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Preface

This reprint collects twelve papers published in the Special Issue of Mathematics entitled “Fuzzy

Sets in Business Management, Finance, and Economics, 2nd Edition” during the years 2022–2024. It

covers a wide range of different tools from fuzzy set theory and applications in many areas of business

management, economics, and related fields. More specifically, this reprint contains applications

of such instruments as, among others, fuzzy set qualitative comparative analysis (FSQCA), fuzzy

multi-criteria decision-making (FMCDM), forgotten effects algorithm, expertons theory, ordered

weighted averaging (OWA) operators, and fuzzy expert systems.

The most common topic is the application of FMCDM to business decisions and management.

Ionas, cu et al. propose the use of FMCDM for decisions linked to the economic primary sector, Nguyen

to measure employee satisfaction, and Guo and Liu to select among pharmaceutical e-commerce

platforms. Sun et al. demonstrate the usefulness of Dempster–Shafer theory in a project management

setting. Finally, Pompilio et al. apply a mixed methodology, combining hierarchical cluster analysis

and fuzzy technique for order preference by similarity to ideal solution (TOPSIS), to assess firms’

innovation practices.

There are two papers using FSQCA in marketing and managerial topics. Andrés-Sánchez et al.

use FSQCA to identify the profiles that lead to the acceptance or rejection of surgical robots. Wang et

al. show the usefulness of this technique for identifying antecedents of productivity in the industrial

software industry. Blanco-Mesa et al. also use the forgotten effects algorithm and expertons theory

within a business management context to show that there are overlooked factors between knowledge

conversion and routines related to informal communication and social interactions.

There are three papers dealing with the evaluation of public policies. Opreana et al. use

fuzzy analytic network process and principal component analysis to evaluate country risk. Likewise,

two of those three papers measure the compliance of countries with sustainable development goals

using different approaches. While Parra-Domı́nguez proposes the use of fuzzy expert systems,

Barcellos-Paula et al. use OWA operators.

Finally, Andrés-Sánchez reviews the contributions of fuzzy sets to option pricing and expands

Vasicek’s model of the yield curve to include fuzzy volatility and reversion speed.

It is hoped that this reprint will be useful not only for business managers, public

decision-makers, and researchers in the specific fields of business management, finance, and

economics but also in the broader areas of soft mathematics in social sciences. Practitioners will

find methods and ideas that could be fruitful in current management issues. Scholars will find novel

developments that may inspire further applications in social sciences.

Jorge de Andres Sanchez and Laura González-Vila Puchades

Editors
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Influencing Potential Patients’ Attitudes toward Surgical
Robots: A Study in the Jordan University Community
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Abstract: The literature on surgical robots (SRs) usually adopts the perspective of healthcare workers.
However, research on potential patients’ perceptions and the publics’ points of view on SRs is scarce.
This fact motivates our study, which assesses the factors inducing the SRs acceptance in the opinion of
potential patients. We consider three variables, based on the unified theory of acceptance and the use
of technology (UTAUT): the performance expectancy (PE), the effort expectancy (EE), and the social
influence (SI); pleasure (PL), arousal (AR), and the perceived risk (PR). To deal with empirical data,
we used the ordered logistic regression (OLR) and the fuzzy set comparative qualitative analysis
(fsQCA). The OLR allowed us to check for a significant positive average influence of the UTAUT
variables and PL, on the intention to undergo robotic surgery. However, the PR had a significant
negative impact, and AR was not found to be significant. The FsQCA allowed the identification of
the potential patient profiles, linked to acceptance of and resistance to SRs and confirmed that they
are not symmetrical. The proposed input variables are presented as core conditions in at least one
prime implicate robotic-assisted surgery acceptance. The exception to this statement is the PR, which
is affirmed in some recipes and absent in others. The recipes explaining the resistance to SRs were
obtained by combining the absence of PE, EE, SI, and PL (i.e., these variables have a negative impact
on rejection) and the presence of the PR (i.e., the perceived risk has a positive impact on a resistance
attitude toward SRs). Similarly, arousal played a secondary role in explaining the rejection.

Keywords: robot services; surgical robots; robot acceptance; unified theory of acceptance and use
of technology (UTAUT); smart technologies; regression methods; fuzzy set qualitative comparative
analysis (fsQCA)

MSC: 62J05; 94D05; 62P25; 91F99

1. Introduction

1.1. Initial Considerations

The use of surgical robots (SRs) has grown exponentially since the second decade of
the 21st century and is now a standard alternative to traditional ordinary surgery (OS)
and minimally invasive surgery (MIS) techniques [1]. There is a wide literature displaying
health professionals’ points of view about the advantages and drawbacks of SRs, with
respect to those of OS and MIS [2–5]. However, the successful implantation of SRs does
not depend only on health workers’ perceptions, but is also linked to public opinion about
SRs and to potential and actual patients’ willingness to undergo robotic-assisted surgery.
So, Boys et al. [4] report from a survey carried out in the USA, about an average positive

Mathematics 2022, 10, 4319. https://doi.org/10.3390/math10224319 https://www.mdpi.com/journal/mathematics1
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perception of SRs, by a sample of potential patients. In their sample, most answers indicated
that robotic surgery was perceived as safer, faster, less painful, and offered better results
than OS or MIS. Jank et al. [6] also reported a positive perception of SRs in a set of patients
with a cochlear implantation. However, [7,8] found in their samples a preference of MIS
over robotic techniques. Our paper, as [4,7], is focused on the perceptions of potential
patients’ or the publics’ points of view, rather than of actual patients.

The unified theory of acceptance and use of technology (UTAUT) by Venkatesh et al. [9]
is a useful instrument to model the attitudes toward the use of SRs, from both professionals’
and patients’ (actual and potential) perspectives. From the perspective of a surgeon, a
UTAUT input factor, such as the easiness expectation, may be focused on his/her per-
ceived job performance (for example, the absence of haptic feedback could be a barrier
to SRs). Krishnan et al. [10] and BenMessaoud et al. [11] used this theoretical framework
to systematize the advantages and drawbacks of SRs, and assessed their attitudes from
the perspective of health workers. UTAUT factors have also been found to be relevant
in explaining actual and potential patient attitudes toward robotic surgery [6,8,12]. For
example, an issue that may impact the patient performance expectancy, is that robotic
surgery usually allows a faster recovery than OS and MIS. Likewise, not only UTAUT
factors are significant in explaining the acceptance of robotic-assisted surgery, but also
emotional factors [8,12] and cognitive factors, such as the perceived risks [7,12].

The above questions motivated this study to examine how three UTAUT factors
(performance expectancy, easiness expectation, and social influence), two affective variables,
and the perceived risk influence, combine to influence the intention to undergo surgery
that, if needed, will be carried out by a robot. This study used a survey conducted in
Jordan’s university community. Specifically, we attempted to answer two questions.

RQ1: What are the average influence and statistical significance of the explanatory variables of
intention to undergo, if needed, intervention by a SR?

RQ2: How do input variables combine to produce acceptance and induce SR rejection to poten-
tial patients?

To answer RQ1, as in [8,12], we use the ordered logistic regression (OLR). With regard
to RQ2, a suitable analytical method to deal with the combinatory effects of factors and
their asymmetric influence in inducing and non-inducing a given output is the fuzzy set
qualitative comparative analysis (fsQCA) [13,14]. This analytical framework has been
applied in several market and business analyses. Thus, whereas [15–18] use fsQCA to
evaluate the factors that induce acceptance of new technologies, [19] identified several paths
that lead to companies adopting environmental practices in firms. Likewise, fsQCA has
been applied to assess risk factors in audit processes [20] and explore the entrepreneurial
intention of university students [21]. Moreover, although fsQCA has been used in health
research [22–24], all reviewed empirical literature on robot acceptance performs quantitative
analyses using correlational methods, such as a regression analysis.

Thus, the novelty of this study can be summarized in two ways. This work contributes
to the scarce literature on patients’ (actual or potential) attitudes toward robotic surgery.
Moreover, to the best of our knowledge, the use of fsQCA as an analytical tool in this context
is novel. We show that fsQCA and OLR are complementary analytical tools, because they
allow for the analysis of data from two non-excluding focuses. OLR is a variable-oriented
technique that allows the measurement of the net incidence of each input variable on
the attitude toward SRs. In contrast, fsQCA is case-oriented. Thus, fsQCA will allow us
to identify patterns of potential users that are consistently associated with a favorable
perception of robotic-assisted surgery, but also profiles that are strongly linked to negative
perceptions of SRs.

1.2. Theoretical Background

The technology acceptance model (TAM) [25] and UTAUT [10,26] have been used
extensively to evaluate the acceptance of new technologies in healthcare settings from a
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professional perspective [27–30] and from the users’ points of view [31–34]. In the more
concrete field of SRs, it has been applied to explain the intention to use SRs by doctors
and nurses [10,11] and to evaluate the potential and actual patients’ attitudes toward
SRs [6,8,12]. To explain attitudes toward SRs by potential patients, we use three constructs
of the UTAUT model: performance expectancy, easiness expectation, and social influence.

Performance expectancy (PE) is the degree of usefulness perceived by the user of a
new technology [25]. Surgical robots provide many advantages, such as a reduced hospital
stay, decreased postoperative pain, and a lower incidence of wound infections [2–5,11].
Moreover, SRs are well suited for telesurgery. In this regard, Boys et al. [4] stated that
many people prefer telesurgery by a prestigious surgeon to conventional surgery by a
less experienced doctor. The positive impact of actual and potential SRs on performance
expectancy has been confirmed in several studies [6,8,12]

Effort expectancy (EE) is the perceived simplicity and comfort of using a new tech-
nology [25]. Users are more likely to develop a positive attitude toward a new technology
if they perceive it to be comfortable, easy to use, and accessible. The relevance of this
construct to users’ attitudes toward robots was observed in [35–37]. Despite SRs reducing
the effective time of surgical intervention, the entire embedded process may be longer [11].
Another factor that may reduce the ease of using SRs is that not all hospitals are equipped
with this technology, and this kind of surgery can become less accessible [38]. Likewise, the
information provided in an informed consent document is more difficult to understand
than that of other surgery types [2]. Several authors have found that EE has a significant
positive influence on the perception of SRs [6,11].

Social influence (SI) is the degree to which a person perceives that others believe that
they should use a new technology [9]. The opinions of the family and physicians are often
relevant when choosing a surgeon and SRs [6,8,12]. Likewise, it must be noted that not all
professionals support the use of SRs over conventional techniques [5,11]. However, the
presence of SRs is perceived in public opinion as a sign of prestige [5].

While evaluating user attitudes toward robots, several authors have emphasized the
importance of cognitive and emotional factors [39–41]. The acceptance of SRs depends not
only on rational decision-making, but also on emotions and wishes [6,8,12,42]. We have
taken into account these reports in such a way that to explain robotic-assisted surgery, we
combine the three UTAUT factors exposed above with a cognitive variable, a perceived
risk, and two affective variables, pleasure and arousal.

Perceived risk (PR) has been used to study the acceptance of wearable technologies
for healthcare applications [43], attitudes toward cyborg implants [44], and the perception
of SRs [7,8,12]. SRs affect surgical risks in several ways. The first is related to the capability
of SRs to reduce human risks, such as hand tremors and surgeon imprecision. The second
perspective concerns the patient’s perception of risk, which is linked to the fact that a SR
is a disruptive device and innovation that often induces fear [7]. Notice that any failure
of the robot during surgery could expose the patient to serious risk. Furthermore, this
variable is connected to trust, since the increase in risk perception could be a result of trust
absence [45–48].

Pleasure (PL) expressed during the interaction with robots can significantly impact
acceptance, either positively or negatively, as well as a person’s emotional state [49,50].
As far as we are concerned, this construct can also be assimilated into less anxiety and
post-operative pain, a more pleasant intervention recovery, and better aesthetic results [42].

Arousal (AR) refers to a state of feeling stimulated or active in a certain situation [51].
Its impact on the acceptance of cyborgs is shown by [52]. Furthermore, feelings of arousal
promote behavioral engagement, as can be seen in the use of social robots in autism
therapy [53].

1.3. Research Questions and Hypotheses

As mentioned in Section 1.1. This study aimed to answer two research questions.
While the first question, RQ1, inquires about the statistical significance of the assessed input

3
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factors to explain the acceptance of SRs, the second query, RQ2, asks about how explanatory
variables combine to induce the acceptance and non-acceptance of robotic surgery. Notice
that, whereas RQ1 is common in the literature on robots and surgical robot acceptance,
RQ2, which asks about how factors combine to produce a willingness and rejection toward
robotic-assisted surgery, has still not been addressed. This affirmation can be extended to
the literature on the user’s attitude toward robots of any kind.

To answer the first question, we evaluated the direction of the relationship between
acceptance (ACCEPT) and PE, EE, SI, PR, AR, and PL., accordingly, with the exposition in
Section 1.2. Thus, we propose the following hypotheses:

Hypothesis 1.1 (H1.1). Performance Expectancy is linked positively with SRs’ acceptance.

Hypothesis 1.2 (H1.2). Effort Expectancy is linked positively with SRs’ acceptance.

Hypothesis 1.3 (H1.3). Social Influence is linked positively with SRs’ acceptance.

Hypothesis 1.4 (H1.4). Perceived Risk is linked negatively with SRs’ acceptance.

Hypothesis 1.5 (H1.5). Arousal is linked positively with SRs’ acceptance.

Hypothesis 1.6 (H1.6). Pleasure is linked positively with SRs’ acceptance.

To answer the second question, which assesses the combinatorial effects of input
variables on SRs’ acceptance and rejection, we propose testing the following hypotheses:

Hypothesis 2.1 (H2.1). The combination of the high evaluations (presence) in PE, EE, SI, AR,
and PL items, and low evaluations (absence) in PR, produces SRs’ acceptance.

Hypothesis 2.2 (H2.2). The combination of the low evaluations (absence) in PE, EE, SI, AR, and
PL items, and high evaluations (presence) in PR, produces SRs’ rejection

Hypothesis 2.3 (H2.3). The combination of the evaluations of PE, EE, SI, PR, AR, and PL to
explain the acceptance and rejection is not symmetrical.

2. Material and Methods

2.1. Survey Description

The target population of the study was the Jordanian university community, in-
cluding embedded students, professors, and other workers. The answers were pro-
vided using Google Forms, and the hyperlink was provided individually to 1000 indi-
viduals. With this selection we tried to attain sex parity, a representation of all collec-
tives of the university community, and reaching quotas by branches of Science. One
of the authors of the paper was available to all respondents to answer any question
about the research and questionnaire. For example, if the respondent inquires about
the content of an informed consent document, an example of that was provided (see
https://www.medpro.com/roboticsurgery-informedconsent that could be accessed on
4 November 2022). This also applied, of course, to clarify the nuances in similar questions
or giving, if demanded, a more detailed information about robotic surgery by providing
studies [2,4]. The survey was conducted in the second half of 2019, using social networks.
The final number of responses used in this study was 379, with a success rate of 37.9%. The
62.1% of failed surveys embed those that were not answered and those that did not respond
to at least one question. The responses were anonymous. A total of 47% of the respondents
were women and 53% were men. Respondents’ ages were distributed as follows: between
18 and 24 years (51%), between 25 and 34 years (24%), between 35 and 44 years (13%), and
above 44 years (12%). The responses from the public universities and private universities
were 64.3% and 35.7%, respectively. Likewise, 26% of individuals were linked to computer
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and engineering studies, 43% to social sciences, 13% to health sciences, and the rest to arts
and humanities studies. Therefore, similar to [4,7,12], the responses used in this study did
not come from actual patients but from potential users.

Notice that the use of university community members to develop an assessment of
robot acceptance in a non-educational setting has been carried out in several papers [54–56].
We believe that considering Jordan’s university community to develop our study, can allow
us to obtain relevant results for several reasons. First, the answers must be provided using
electronic methods. Practically, all members of the university community are familiar with
these procedures and have an easily available electronic device to complain about the
survey. Therefore, the success rate may be greater than that of the other collectives.

Taking the university environment as a reference, ensures that the surveyed persons
have a cultural status high enough to understand the information in the questionnaire.
Surely most of the respondents were aware beforehand about the existence of surgical
robots, had an idea about the procedures linked with health services, such as “informed
consent”, and the complexity that may present an informed consent in a surgery setting.

In any university environment, there is a great diversity of perspectives, regarding
technological advances. Members of the community are devoted to health sciences, en-
gineering, basic sciences, humanities, etc. It is expected that their point of view, despite
being diverse, has a solid foundation that, of course, could be biased toward technological
arguments and philosophical opinions. Moreover, in a university community, it is not
difficult to achieve parity between men and women.

We are interested in the opinions of potential patients. Of course, any person could
need surgery at any moment, so he/she is a subject of study. However, we also feel that
more reliable answers come from persons who, if they needed a surgical intervention,
have the possibility to choose between more than one alternative. That freedom embeds
choosing hospital and surgeon/surgery techniques, but also has available enough monetary
resources to expend in that medical service. Usually, members of the university community
belong to families of upper middle and high social classes and/or have/aspire to qualified
jobs with considerable wages.

Therefore, we feel that our sample could provide interesting results about SRs ac-
ceptance, linked to members of social classes with high cultural status from Jordan, but
also from other Middle Eastern countries with similar cultural strata, such as Turkey
and Lebanon.

We introduced the survey as follows: According to recent news published in Newsweek
magazine, the smart tissue autonomous robot (STAR), a robot used to perform surgery, has been
proven to be more precise than expert human surgeons in performing the same task in laparoscopic
surgery. Consider that the robot can perform the required surgery. Indicate the extent to which you
agree or disagree with the following statements on a scale of 0 (strongly disagree) to 10 (strongly
agree), 5 being neither ‘agree nor disagree; “I will accept to use services offered by a robot (if I need a
surgery)”. To give enough but not overwhelming information to respondents, the link to
the news article was provided in the survey (https://www.newsweek.com/2016/05/20
/robot-soft-tissue-surgery-pig-bowels-455765.html, accessed on 2 June 2016). Likewise,
if the surveyed person was interested in having more in-depth information on SRs, the
references [2,3] were provided. Notice that the success rate was below 40%, i.e., 60% did
not complete the survey, surely because they did not feel informed enough, as well as
because they had no motivation to gather more information on the issue. Moreover, we
suppose that the responses, which come from people with a high cultural status, were
given honestly, due to the respondents who felt they were aware enough to give an opinion
about the issue, as a potential patient or “public”. All items in the questionnaire were rated
on a Likert 11-point scale (0–10). Table 1 shows these items and the descriptive statistics
of the responses. The measurement scales for PE, EE, and SI were adapted from previous
studies on healthcare technology acceptance [34,47]. The measurement scale of the PR was
based on that in [57]. Whereas in the question linked to “being risky” it is evaluated if
SRs present a risk, i.e., may cause harm; the question linked with “uncertainty about the
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performance” embeds more aspects: uncertainty about the time needed to recover from
the intervention, number of days in the hospital, duration of the surgery, etc. To model
the emotional dimensions of arousal and pleasure, we have used the scale in [58]. Table 1
presents the questions and descriptive statistics of the survey.

Table 1. Items in the survey and descriptive statistics.

Item Average Median Q1 Q3 Std. dev. IV

Output item: Behavioral intention
ACCEPT = If needed, I will accept being assisted by a surgical

robot (SR). 4.66 5 1 8 3.48 7

Input construct: Performance expectancy
PE1 = I find SRs useful. 4.11 4 1 6.5 3.27 5.5

PE2 = SRs allow a better recovery from interventions. 3.97 4 1 6 3.23 5
PE3 = SRs help to achieve a faster recovery from interventions. 3.92 4 1 6 3.22 5

PE4 = SRs allow a more efficient intervention 4.16 4 1 6 3.21 5

Input construct: Effort expectancy
EE1 = The information in the consent document will be easy for me. 4.97 5 2 7 3.26 5

EE2 = The intervention by a SR is more comfortable than other
types of surgery. 4.82 5 2 7 3.23 5

EE3 = It will be easy to access hospitals equipped by SRs. 5.39 6 3 8 3.35 5
EE4 = It will be easy to achieve a good interaction with medical

services that provide SRs. 5.47 5 3 8 3.19 5

Input construct: Social influence
SI1 = People who influence me think that I should use the services

offered by SRs. 4.61 5 2 7 3.11 5

SI2 = People who are important to me think that I should use SRs. 4.60 5 2 7 3.11 5
SI3 = People whose opinions I value, prefer that I use the services

offered by SRs. 4.66 5 2 7 3.12 5

Input construct: Perceived risk
PR1 = The services offered by SRs are risky. 5.74 5 3 9 3.16 6

PR2 = There is too much uncertainty in the performance of SRs. 6.18 6 4 9 3.05 5
PR3 = Compared with other surgeries, the services offered by SRs

is riskier. 5.84 6 4 8 3.12 4

Input construct: Pleasure
PL1 = When I think of the service being provided by a SR, I feel:

Unhappy—Happy 4.89 5 2 8 3.38 6

PL2 = When I think of the service being provided by a SR, I feel:
Annoyed—Pleased 4.78 5 2 7 3.17 5

Input construct: Arousal
AR1 = When I think of the service being provided by a SR, I feel:

Relaxed—Stimulated 4.76 5 2 7 3.06 5

AR2 = When I think of the service being provided by a SR, I feel:
Calm—Excited 4.93 5 2 8 3.17 6

Note: Q1 and Q3 represent the 1st and 3rd quartile. Std. dev is the standard deviation and IV = Q3–Q1.

2.2. Quantitative Analysis

To evaluate the research questions, we used an ordered logistic regression (RQ1) and
fsQCA (RQ2). We then proceed sequentially as follows:

Step 1. We checked the reliability of the measurement scale using Cronbach’s alpha,
the convergent reliability, and the average variance extracted. We also performed the
exploratory factor analysis.

Step 2. To answer RQ1, we fitted an ordered logistic regression (OLR) to ACCEPT [8,12]
in a similar setting. For the value of the input variables, we took their standardized loadings,
obtained in Step 1. The sign of the coefficients and their statistical significance will lead us
to assess hypothesis H1.1–H1.6, and so, provide an answer to RQ1.
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Step 3. The first step in performing the fsQCA and evaluating RQ2, is to build the
membership function of the response variable. It was evaluated on an 11-point Likert
scale; therefore, we considered the thresholds for absolute non-membership, indeterminacy,
and full membership; the values were 2, 5, and 8, respectively [13]. Therefore, for the
jth observation of the output variable ACCEPT, ACCj, the membership value is defined
in [59] as

mACCj =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0 ACCj ≤ 0.2
ACCj−0.2

0.6 0.2 < ACCj ≤ 0.5

0.5 +
ACCj−0.5

0.6 0.5 < ACCj ≤ 0.8
1 ACCj > 0.8

(1)

Step 4. Given that the explanatory variables embed several items, we transformed the
factor loadings obtained in Step 1, after performing the exploratory factor analysis into
the membership scores using the 5, 50 and 95% percentiles as thresholds [15]. For the ith
variable Xi, the value of the jth observation xi,j is transformed into a membership value
mxi,j , as follows [59]:

mxi,j =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0 xi,j ≤ X5th
i

xi,j−X5th
i

2(X50th
i −X5th

i )
X5th

i < xi,j ≤ X50th
i

0.5 +
xi,j−X50th

i
2(X95th

i −X50th
i )

X50th
i < xi,j ≤ X95th

i

1 xi,j ≤ X95th
i

(2)

where Xkth
i stands for the kth percentile of Xi.

Step 5. Run the necessity analysis of the input factors for the acceptance and nonac-
ceptance [14]. The presence or absence of a given input factor is considered as a “necessary
condition” to generate the presence or absence of the output variable, if the consistency
(cons) > 0.9. Otherwise, the factor must be combined with other factors to obtain a sufficient
condition. At this step, we define the consistency that a variable Wi produces the response
Y, whose jth observation is yj as

ConsWi→Y =
∑j min

{
mYj ; mwi,j

}
∑j mYj

(3)

where Wi may symbolize Xi or its negation ~Xi, and consequently, wi,j is its jth observation.
Similarly, Y could be ACCEPT or its negation (~ACCEPT). It should be noted that the
membership degree in the negated variable ~Xi, of the jth observation is m∼xij = 1 − mxij .
Therefore, for ~ACCEPT, we state m∼ACCj = 1 − mACCj .

Step 6. Find the logical implicates that fit the output results by running the Boolean
minimization algorithm in [60] on the truth table. If we symbolize the negation of a variable
as “~”, we adjust independently the Boolean functions:

ACCEPT = f (PE, EE, SI, PR, PL, AR) (4)

~ACCEPT = f (PE, EE, SI, PR, PL, AR) (5)

Thus, (1) explains the acceptance of robots and (2) explains the rejection. It impli-
cates that it come directly from the algorithm [60] to conform to the so-called qualitative
comparative analysis complex solution (CS).

Step 7. CS is usually difficult to interpret because it is built with no more assumptions
than data. A simplified solution, known as a parsimonious solution (PS), is fitted with [33]
and any remainder over a non-observed configuration of variables to make the solution as
easy as possible [14].
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Step 8. To continue the minimization process, it must be supposed for the non-
observed configurations that an input variable contributes to the output exclusively when
it is present, absent, or in both cases, by using well-founded hypotheses. This step allowed
us to obtain an intermediate solution (IS) [14]. In our study, we use the hypotheses tested
to answer RQ1, which are displayed in Section 1.3. Therefore, to implement this step, the
PE, EE, SI, PL, and AR (PR) have a positive (negative) influence on ACCEPT.

For an in-depth explanation of Boolean minimization procedures in the CS, PS, and IS,
see [61].

Step 9. To measure the explanatory power of a given recipe, its consistency (cons) and
coverage (cov) must be determined. Let be a possible prime implicate (configuration or
recipe) Z, that without a loss of generality, we build up as Z = W1•W2• . . . •Wr, where
1 ≤ r ≤ n, n is the number of input variables in the configuration and “*” stands for the
Boolean product. Therefore, we obtain, for the jth observation

mZj =min
{

mw1,j ; mw2,j ; . . . ; mwr,j

}
(6)

The consistency of recipe Z in producing output Y (ACCEPT or ~ACCEPT) is

ConsZ→Y =
∑j min

{
mZj ; mYj

}
∑j mZj

(7)

The coverage of recipe Z to produce Y is:

CovZ→Y =
∑j min

{
mZj ; mYj

}
∑j mYj

(8)

The consistency measures the membership degree of a combination of causes (recipe)
within the outcome set. This was similar to the statistical measure of significance [62].
There is a wide consensus that, to consider an essential prime implicated as a sufficient
condition, cons > 0.75 (or better cons > 0.8). The coverage measures the proportion of
outcomes explained by a recipe; that is, it is a measure of empirical relevance similar to
R2 [62].

Step 10. To assess the impact of the input variables and their combinations on the
acceptance and rejection of robot-assisted surgery, the solutions from the fsQCA must be
interpreted. There is no unified point of view regarding which solution (CS, PS, or IS)
should be taken into account. CS uses only empirical data; however, the recipes in this
solution are often difficult to interpret. In this regard, [13] proposed combining both the IS
and PS to state the core (from the PS) and peripheral (present only in the IS) conditions.

3. Results

When validating the scales (Table 2), we observed for all the constructs, that while
Cronbach’s alpha and composite reliability were > 0.7, the average variance extracted was
>0.5. Table 2 also shows that in all dimensions, the exploratory factor analysis extracted a
significant proportion of the variance in the first factor, since the loadings were >0.7. Thus,
we provide robust evidence for the internal consistency of all explanatory constructs.

8



Mathematics 2022, 10, 4319

Table 2. Results of the factor analysis and the scale validation measures.

Factor
Loading

Cronbach’s Alfa Composite Reliability
Average
Variance
Extracted

Performance Expectancy 0.941 0.957 0.849
PE1 0.938
PE2 0.922
PE3 0.934
PE4 0.891

Effort Expectancy 0.953 0.966 0.875
EE1 0.927
EE2 0.933
EE3 0.942
EE4 0.940

Social Influence 0.926 0.953 0.871
SI1 0.927
SI2 0.945
SI3 0.927

Perceived Risk 0.873 0.922 0.798
PR1 0.895
PR2 0.885
PR3 0.900

Pleasure 0.821 0.918 0.849
PL1 0.921
PL2 0.921

Arousal 0.875 0.941 0.889
AR1 0.943
AR2 0.943

Table 3 presents the results of the regression. The ORL model is significant (pseudo
R2 = 23.44%, LR statistic = 402.94, p < 0.001). Regarding the explanatory variables, as we
expected, we adjusted a positive significant sign for the PE (p < 0.001), EE (p < 0.001), SI
(p = 0.022), and PL (p = 0.005); therefore, H1.1, H1.2, H1.3, and H1.5 are accepted. For the
perceived risk, we also found a negative marginal effect (p = 0.001); therefore, H1.4 was
also accepted. However, arousal was not found to be significant (p = 0.9268); thus, H1.6
was rejected.

Table 3. Results of the ordered logistic regression on intention.

Variable
Marginal

Effect
z-Statistic p-Value

PE 0.653 5.792 <0.001
EE 0.519 5.879 <0.001
SI 0.245 2.297 0.0216
PR −0.243 −3.889 0.0001
PL 0.246 2.816 0.005
AR −0.008 −0.091 0.927

pseudo-R2 23.90%
LR-statistic 402.94 (p < 0.0001)

Table 4 presents the results of the necessity analysis. With the exception of the PR,
the presence of income variables reaches a greater consistency than their negation to
explain the acceptance, and the negation of these factors attains a greater consistency
than their presence to explain the resistance. With regard to the PR, we observed the
opposite result. Therefore, these findings are in accordance with the expected sign of the
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relationship between variables in H1.1-H1.6. The necessity analysis also revealed that
there is no variable whose unique presence/absence is a necessary condition to produce
acceptance/resistance, since always cons < 0.9. This fact reinforces the need for further
configurational study [13].

Table 4. Necessity analysis of the income variables on ACCEPT and ~ACCEPT.

ACCEPT ~ACCEPT

Input Consistency Coverage Consistency Coverage

PE 0.78 0.81 PE 0.45 0.43
~PE 0.41 0.43 ~PE 0.82 0.80
EE 0.80 0.76 EE 0.45 0.39

~EE 0.41 0.48 ~EE 0.79 0.82
SI 0.78 0.76 SI 0.47 0.41

~SI 0.43 0.48 ~SI 0.79 0.81
PR 0.54 0.59 PR 0.66 0.65

~PR 0.62 0.63 ~PR 0.60 0.55
PL 0.73 0.75 PL 0.49 0.45

~PL 0.44 0.48 ~PL 0.77 0.75
AR 0.73 0.74 AR 0.50 0.46

~AR 0.45 0.49 ~AR 0.76 0.75

Tables 5 and 6 show the IS results of the fsQCA for ACCEPT and ~ACCEPT. We
can check:

1. The consistency and coverage of the IS in ACCEPT and ~ACCEPT are similar and
adequate since cons > 0.8 and cov > 0.7 in both cases. Thus, the configurational
analysis explains the acceptance and rejection of surgical robots.

2. In the explanatory recipes of ACCEPT, the variables of the PE, EE, SI, PL, and AR were
affirmed. Moreover, the PR is negated, as expected, in three recipes; however, it is
present within two prime implicates. Therefore, H2.1, is accepted for all explanatory
factors, except for the perceived risk. In the configurations explaining ~ACCEPT,
the input constructs the PE, EE, SI, PL, and AR always appear negated and the PR
affirmed. Therefore, these findings are consistent with H2.2.

3. In Table 5, we can see that the most relevant conditions to explain ACCEPT are the EE,
as it is a core variable in six configurations, and the PR, given that it is a core variable
in five prime implicates. However, the sign of the influence of the PR is not univocal.
However, the performance expectancy seems to be the least relevant factor because its
presence is a core condition in only two configurations. The variables of the SI, AR,
and PL have an intermediate importance, because they are the core conditions in the
three recipes.

4. Table 6 shows that the absence of the PE and the presence of the PR are the most
relevant conditions to explain rejection. They come in four prime implicates as the
core conditions. The absence of the EE and SI (PL) is the core condition in three
(two) recipes, that is, these three variables seem to be less important in explaining a
resistance toward SRs than the PE and PR. Finally, arousal is negated in the two recipes
but as a peripheral condition. Thus, AR does not seem to be relevant in explaining
~ACCEPT.

5. From the comparison of the configurations in Tables 5 and 6 and our comments in
the above paragraph about the most/least relevant variables inducing ACCEPT and
~ACCEPT, we can conclude that there is a clear asymmetry of the effects of the input
variables to produce acceptance and to induce rejection. Therefore, H2.3 is accepted.
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Table 5. fsQCA intermediate solution (IS) ACCEPT = f (PE, EE, SI, PR, PL, AR).

Recipe 1 2 3 4 5 6 7

PE • • • •
EE • • • • • •
SI • • • •
PR ⊗ ⊗ ⊗ • •
PL • • • •
AR • • •

cons 0.862 0.871 0.845 0.858 0.850 0.851 0.853
cov 0.656 0.607 0.457 0.457 0.429 0.488 0.479

Cons of IS 0.829
Cov of IS 0.739

Note: The big circle (•) indicates the presence of a condition, and circles with x (⊗) indicate its absence. Large
circle is for the core conditions, small circles are for the peripheral condition and a blank space, is for the “don’t
care” condition.

Table 6. fsQCA intermediate solution ~ACCEPT = f (PE, EE, SI, PR, PL, AR).

Recipe 1 2 3 4 5

PE ⊗ ⊗ ⊗ ⊗
EE ⊗ ⊗ ⊗
SI ⊗ ⊗ ⊗ ⊗
PR • • • •
PL ⊗ ⊗ ⊗ ⊗
AR ⊗ ⊗

cons 0.880 0.874 0.876 0.872 0.882
cov 0.624 0.496 0.517 0.473 0.469

Cons of IS 0.855
Cov of IS 0.704

Note: The big circle (•) indicates the presence of a condition, and circles with x (⊗) indicate its absence. Large
circle is for the core conditions, the small circles for the peripheral condition and blank space, for the “don’t
care” condition.

4. Discussion

This paper shows the results of a study about the public/potential patients’ perception
of robotic-assisted surgery within the Jordan university community. Therefore, our study
is in line [4,7,12]. that assess the public’s point of view on surgical robots and also close
to [54–56], that studied several issues linked to people’s attitude toward robotic services
in a non-educational setting, within a university context. The survey contained a link to
an article in Newsweek magazine on robotic-assisted surgery and, likewise, the target
population had a high cultural status. Therefore it is expected that many respondents were
aware of the existence of SRs and had some elementary information on the topic. Likewise,
one of the authors of the article gave informational assistance to respondents. For example,
if it were demanded, in-depth information about SRs [2,3] were provided. It is expected
that if any person did not feel that they were aware enough to give an opinion as “public”,
and also had no motivation to obtain information about it, simply did not answer the
survey. In this regard, the response rate of our sample was 40%.

The explanation capability of the ordered logistic regression (OLR) was high, since Mc-
Faddens’ R2 > 20%, which in a logistic regression setting could be considered excellent [63].
The results of the OLR showed a significant positive relationship between the performance
expectancy (PE), easiness expectation (EE), social influence (SI), and pleasure (PL) with the
acceptance of robotic-assisted surgery, if needed (ACCEPT). Similarly, the perceived risk
(PR) displays a negative and significant relationship with ACCEPT. However, the results
did not show a significant effect on arousal (AR). The values of the coefficients suggest that
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the PE and EE have the greatest impact on ACCEPT, while the SI, PR, and PL display a
similar importance. Therefore, hypotheses H1.1-H1.5 are accepted but H1.6 is rejected.

The fsQCA models fitted for ACCEPT and ~ACCEPT presented satisfactory adjust-
ment measures (cons > 0.8 and cov > 0.7). Even though in all recipes, the sign of the
input variables to explain the resistance to SRs is as we expected, this does not follow
when fitting ACCEPT. As we expected, the PE, EE, SI, PL and AR are present in the prime
implicates, but the PR is present in some recipes and negated in others. These findings lead
us to reject H2.1, and accept H2.2. The EE and PR (PE) were the least relevant variables
to explain ACCEPT. When fitting ~ACCEPT, the PR and PE (AR) appear to be the most
(least) decisive explanatory factors. This suggests that the impact of the input variables on
ACCEPT and ~ACCEPT are not mirror opposites, and thus hypothesis H2.3 is not rejected.
This is in accordance with the fact that the explanation of the acceptance and resistance of
any disruptive technology is not symmetrical [64].

Whereas the results of the OLR quantified the average impact of every variable on
the intention to undergo surgical intervention, by means of its marginal effect, the fsQCA
displayed how these factors interact to produce acceptance and non-acceptance. Both
instruments provided complementary information. Thus, the marginal effects fitted with
the OLR indicated that the variables with the greatest impact attitude toward SRs were the
PE and EE. The use of the fsQCA allowed us to observe that both variables impacted with
the expected sign in both acceptance and resistance to SRs. However, to induce acceptance,
the EE, which participated in six of the seven recipes, had a greater influence than the
PE, which only participated in two configurations as a core condition. Moreover, when
explaining resistance, we found that the absence of the perceived performance was more
relevant than the absence of the easiness expectation. While the PE participates as a core
condition negated in four out of five recipes, the EE does so in three prime implicates.

The marginal effects fitted for the SI, PR, and PL indicate that the average impact
of these variables on acceptance is similar. Moreover, the use of the fsQCA allows us to
discover how the impact of social influence and pleasure on attitude and resistance differs
from that of the perceived risk. The SI and PL are present (absent) in all primer implicates,
in which these constructs are conditions that explain acceptance (rejection). Therefore, the
SI and PL have approximately symmetrical effects on the willingness and resistance. With
regard to the perceived risk, we can observe that it is negated in three configurations and
present in two prime implicates explaining ACCEPT; that is, the net effect of the PR on the
favorable attitude toward SRs could be null. Moreover, the PR was present in four of the
five configurations, explaining the resistance. Therefore, the negative marginal effect of
the impact of the PR on attitudes toward SRs is strictly due to the strong influence of the
perceived risk on rejecting robotic surgery. Therefore, the influence of the PR on ACCEPT
and ~ACCEPT is clearly asymmetrical.

With the ORL, we have fitted a positive but not significant effect of the AR on attitude
toward robotic surgery. Moreover, the use of the fsQCA has shown that the AR has some
influence in the attitude toward SRs. In spite of it not being a key variable to explain
ACCEPT and ~ACCEPT, its presence is a core condition in three explanatory recipes of
acceptance and only a peripheral variable inducing resistance.

We confirmed that the UTAUT variables (PE, EE, and SI) have a significant positive
impact on the willingness to use SRs. This finding is in accordance with an important part of
the literature on the users’ attitudes toward robots and wearable technologies in healthcare
services [31–34], concerning social robots [28,35,46,50] and surgical robots [6,8,12]. How-
ever, it must be noted that there are several empirical analyses that did not find significant
differences in the PE, EE, and/or SI to explain the attitudes in fields, such as healthcare
technology acceptance [27,30] and social robots [48].

The perceived risk has a positive impact on the rejection of being operated on by an SR.
This finding coincides with that of [7,8,12], who found a relevant negative relation between
the PR and the behavioral intention to use SRs. This is also coincident with studies that
outline a positive significant link between trust and robot acceptance [28,46,48].
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Regarding emotional variables, the fsQCA shows that these factors have a signifi-
cant relationship with acceptance and rejection of SRs. These results are in accordance
with [42,47,48,50].

5. Conclusions

To the best of our knowledge, a combinatorial analysis of the variables that induce the
acceptance of robot services (in our case, surgical interventions) has not been performed
before. In this regard, this study shows that the fsQCA not only helps to understand how
input variables influence acceptance and rejection of robotic-assisted surgery, but also
allows the evaluation of the usual asymmetrical impact of the factors inducing acceptance
and rejection of a new technology.

On the one hand, with regression, we have measured the mean effect of every variable
on the intention to use, if needed, robotic-assisted surgery. On the other, the fsQCA
displayed that each factor may influence acceptance and non-acceptance attitudes in
different ways. So, social influence and pleasure are significant from a statistical point
of view and also seem to impact symmetrically on acceptance and resistance attitudes
toward SRs. Moreover, the performance expectancy and easiness expectation, that also
display significant marginal effects, influence with asymmetric strength, the acceptance
and non-acceptance. So, whereas the EE provides its greatest influence on ACCEPT, the
strongest impact of the PE comes when this variable is absent contributing to ~ACCEPT.
It must be also remarked that in both cases, the influence of the PE and EE on ACCEPT
and ~ACCEPT is congruent with the positive marginal effect fitted for both constructs,
since the PE and EE always need to be present to produce acceptance and negated to
induce resistance.

The way how the perceived risks contribute to ACCEPT and ~ACCEPT is also different
to that of the PE, EE, SI and PL. The PR has a significant negative marginal effect in the OLR
and impacts asymmetrically on ACCEPT and ~ACCEPT. So, its presence is a key factor to
explain the resistance and therefore, this finding is congruent with its negative marginal
effect, fitted with the OLR. Moreover, the PR is not a defined sign to induce ACCEPT, since
in some recipes it comes affirmed and in others, negated. Notice that the behavior is not
coherent with a significant negative impact on attitudes toward SRs.

Our theoretical approach, which combines the UTAUT variables with the perceived
risk and emotional variables, has been useful in explaining attitudes toward SRs. While
MacFaddens’ R2 in OLR shows a good explanation capability of this correlational method;
the consistency and coverage of the solutions of the fsQCA for ACCEPT and ~ACCEPT
display a good adherence of the configurations to the data. Likewise, note that with the
exception of one configuration of ACCEPT, which exclusively presents the three UTAUT
constructs, all prime implicates explaining acceptance and resistance need to combine the
UTAUT factors with the perceived risk and/or emotional variables.

Our findings have implications for the management and health policies. The combina-
tion of correlational and configurational analyses is a powerful instrument for analyzing
available data to make decisions. While results from the OLR inform about the overall
strength of each variable to explain attitudes toward SRs, the fsQCA discovers profiles of
potential users and potential rejecters. Whereas effort expectancy seems to be the key vari-
able to explain acceptance, the lack of a perceived utility and the presence of the perceived
risk are of special relevance to explain the resistance toward SRs. Therefore, the successful
implantation of any new type of SR needs to show a superior performance and is less risky
than more traditional surgery techniques, such as endoscopy or laparoscopy.

Note that in the profiles linked to acceptance, there are two configurations (the sixth
and seventh) where the perceived risk is affirmed. Hospital managers must be careful with
this information because they do not necessarily imply that these profiles come from risk
seekers. Surely, people perceive that the potential advantages of robotic surgery coming
from the PE, EE, SI, and PL compensate for the perceived risk.
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This study has some limitations of this empirical research. This study was conducted
in a single country (Jordan). The research sample was from a university environment where
students, professors, and administrative workers participated in the survey, and cultural
differences, because of the educational and the social class statuses, may influence potential
patients’ attitudes toward SRs. Likewise, country cultural stratum is also a relevant variable
to explain attitudes toward robots. Therefore, the results obtained in this study could be
extrapolated, at least partially, to potential patients from countries of the same geographical
area and with a similar culture, such as Turkey, Lebanon, or Kuwait, and similar social
groups, but not to countries with different cultures and/or people of lower educational
status. Thus, further research that broadens the number of countries and their social or
cultural status is required.

Moreover, we analyzed a cross-sectional survey; therefore, our results cannot be gen-
eralized in the long run. This issue is relevant because, as mentioned in the introduction,
robotic surgery is an active and dynamic field. It could be of interest to carry out a longitu-
dinal study to understand how perceptions of SRs evolve along with their improvement.
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Abstract: Scientific studies confirm the existence of a crisis caused by climate change, in which global
causes produce local effects. Despite climate agreements, greenhouse gas emissions continue to fall
short of targets to limit global warming. There is still a need for comparable data for Sustainable
Development Goal (SDG) 13—Climate Action. The motivation of the research is to provide data for
decision-making and to propose solutions to address the climate crisis. The article aims to propose
a Fuzzy Logic algorithm to evaluate the SDG13 indicators and to deepen the discussion on climate
change. The research is applied explanatory with a combined approach (quantitative-qualitative)
through modeling, simulation, and case studies. As a result, the OWA operator ranks 10 Ibero-
American countries to SDG13, indicating Colombia, Peru, and Cuba in the first positions. The main
contributions are the reduction of identified knowledge gaps and proposals for action for policy and
decision-makers. A limitation of this study would be the number of participating countries. The
authors indicate future lines of research.

Keywords: climate change; SDG13; fuzzy logic; OWA operator; Ibero-American countries

MSC: 03E75

1. Introduction

Climate change is one of the most complex problems we face [1] because its causes
and effects are interconnected in various areas, such as economic, social, environmental,
political, and health [2]. In addition, it is a dynamic problem marked by increasingly
frequent and intense meteorological events [3]. Carbon dioxide (CO2) emissions are the
major contributor to global warming [4], and its effects cause sea level rise [5], loss of
biodiversity [6], and reduced quality of life [7]. One of the alternative solutions to this
problem would be using renewable energy, an effective policy to mitigate global warming
in the South Asian region [8].

Approximately 10% of the world’s population lives in low-lying coastal regions that
may be affected by sea level rise [9], leading to infiltration of seawater into fresh ground-
water reserves, degradation of croplands, and accelerated coastal erosion [9]. Research
also reveals an increase in concerns about severe heat waves [10], forest fires [11], heavy
rains [12], and droughts [13], leading to an increase in casualties [14] and social tensions [15].
In the same direction, research [15] carried out in Sicily, Italy, revealed climatic effects with
the constant loss of fertile soil for the agricultural sector and advancing phenomena such as
drought and desertification. The same authors warned of the risk of severe socioeconomic
consequences for this region shortly [15].

Natural imbalances bring other implications, such as the costs associated with in-
frastructure destruction [16], floods [3], and reduction of agricultural crop yields [17]. In
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addition, drought is expected to displace 700 million people by 2030 [18], which may
increase social, political, and economic tensions worldwide [19]. The most appropriate
measures are to be found in adaptation and mitigation strategies [19], which will generate
economic costs. In this direction, it is ratified that proactive adaptation has been less
burdensome in life cycle cost than reactive adaptation strategies [16]. Therefore, a crisis
caused by climate change is confirmed, in which global causes produce local effects, and
we are all affected. The solutions will depend on an urgent effort by all.

As an alternative to solve these problems, the United Nations (UN) launched the
17 Sustainable Development Goals (SDGs) in 2015. These goals seek solutions to significant
global environmental, economic and social challenges, designing an agenda for 2030 [20].
SDG13—Climate Action, seeks to adopt urgent measures to address climate change and
its effects and is composed of three targets and six specific indicators [21]. Along these
lines, this goal has become the primary orientation for countries in this area [20]. Despite
the efforts, energy-related CO2 emissions by 2021 increased by 6%, reaching the highest
level in history [18]. To avoid the worst consequences of climate change, as stated in the
Paris Agreement [22], global greenhouse gas (GHG) emissions should reach zero by 2050.
However, GHG emissions will increase by almost 14% by 2030 [18]. Therefore, this research
confirms the relevance of SDG13.2.2 (total GHG emissions per year) among the other
indicators for minimizing the impacts of global warming [4,22]. However, this relevance
needs to be present in the configuration of SDG13 [21] as the indicators have the same
weight. A theoretical contribution would be establishing specific weights to the indicators
correcting this problem.

The UN [18] acknowledges some progress in data availability for the SDGs, with, for
example, SDG3 (health) and SDG7 (energy) having the highest data availability, with more
than 80% of countries having at least one data point since 2015. However, despite progress,
the need for comparable data for SDG13 persists, as only 20% of countries have data for
this target [18]. In this sense, the availability of data on SDG 13 would benefit policymakers
in formulating public policies tailored to the reality of each country, and these actions can
generate a more significant impact on society. For these reasons, the primary motivation of
this article is to provide comparable data on SDG13 and simultaneously propose solutions
to address climate change and reduce the first knowledge gap.

On the other hand, studies [20,23] highlight that policy and decision-makers need
to understand the correlation between the SDGs, mainly climate change (SDG13), which
influences natural resource management (SDG14 and SDG15) and food production (SDG2).
Conversely, climate stability (SDG13) and prevention of ocean acidification (SDG14) will
support sustainable food production and fisheries (SDG2) [24]. Therefore, the manuscript
will seek to moderate this second knowledge gap by broadening the discussion on climate
change and its importance among the SDGs, followed by recommendations that positively
impact society.

Additionally, researchers [25] have proposed a bounded framework for the planet,
identifying a safe operating space for humanity in which climate change and the integrity
of the biosphere occupy a central place. However, the framework needs to include how
societies should develop. The same authors [25] point out that the human factor should
be a priority in public policies concerning climate change. In this sense, this article will
advance the frontier of knowledge with proposals to reduce this third identified gap.

Furthermore, this research identified the need to include weightings for the six SDG13
indicators, as each indicator has a different relevance to climate change [4,22]. Including
weights would allow a more realistic comparison of SDG13 data and facilitate policymakers
in formulating climate strategies and actions. For these reasons, the authors choose Fuzzy
Logic [26] as an alternative methodological approach and apply the Ordered Weighted
Averaging (OWA) operator [27] to reduce the fourth knowledge gap.

Fuzzy Logic [26] was born to guide decision models that reduce uncertainty and
facilitate decision-making [28]. These models have practical applications ranging from
consumption to intelligent products [29]. Their effectiveness also responds to new societal
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needs, such as sustainable development [20], climate change [30], and the COVID-19
pandemic [31]. In the case of the OWA operator, it is a practical algorithm for evaluation
and prioritization [32]. It is also flexible in the modeling and simulation process since it
is defined by a vector of weights and not by a single parameter [32]. Other researchers
claim that this aggregation operator helps merge numerical information and decision-
making problems [33]. Scientists applied the OWA operator to facilitate decision-making
by public managers in sustainable transport [34]. Another study evaluated companies
listed on the Lima Stock Exchange considering the level of compliance with the Principles
of Good Corporate Governance [32] and in the decision-making of consumers in the city
of Barcelona regarding the selection of groceries by neighborhoods that best suit their
needs [35]. Finally, the literature review of this article also showed few publications of
the OWA operator applied to climate change, evidencing the fifth knowledge gap and an
opportunity for academic contribution. As a drawback, this algorithm depends on the
quality of the information received [32], and to overcome this problem, the authors will
use data from official sources to perform the calculations. In addition, the results will be
validated by three academic specialists from Latin American universities.

This research is applied, explanatory, with a combined approach (quantitative-qualitative)
through modeling and simulation, and case studies [36]. As an advantage, the combined
method generates added value to the research since the modeling and simulation method
is born to understand a real problem and provide solutions [37]. In addition, the case study
based on official data is an empirical investigation of a contemporary phenomenon within
its actual context [38]. Lastly, the combined research method supports model validation
and generates interesting theoretical and practical implications [32]. Figure 1 presents the
research classification.

Figure 1. Research classification. Source: [36].

In this context, the research aims to propose an algorithm to evaluate SDG13 indicators
and to deepen the discussion on climate change. The research is novel because it includes
weightings in the SDG13 indicators and evaluates the 10 Ibero-American countries by
applying the OWA operator. As was found in the literature review, the OWA operator is the
most recommended to meet the research objectives, and this algorithm was little applied
to climate change. For these reasons, the research is a scientific novelty for reducing this
knowledge gap regarding applying fuzzy logic algorithms to climate change.

The main results reveal a ranking of the countries regarding climate action, with
Colombia, Peru, and Cuba in the top positions. As main contributions, at a theoretical level,
the research advances the frontier of knowledge on climate change by reducing the five
knowledge gaps identified. On a practical level, the study reveals a ranking of 10 Ibero-
American countries concerning SDG13 and presents recommendations to policymakers that
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will positively impact society. A limitation would be the number of countries participating
in the study, and future research lines may explore this algorithm’s application among
other countries. The article is organized as follows. Section 2 explains the materials and
methods. Section 3 presents the simulation results applying the OWA operator. Section 4
details a discussion of the results. Finally, Section 5 specifies the conclusions.

2. Materials and Methods

The section is organized into six parts to explain the materials and methods of the study.
First, a literature review on climate change and OWA operators is presented. Second, the
study sample is detailed, followed by the methodology. Next, the variables and measures
used, and the data collection process is presented. Finally, the application of the OWA
operator to SDG13 in Latin American countries is presented. Figure 2 shows the workflow
for conducting scientific research.

 

Figure 2. Workflow for conducting scientific research. Source: Own elaboration.

2.1. Literature Review

The subsection presents the literature review supported by a bibliometric study on
Climate Change and OWA operators, and it was conducted on 10 November 2022, through
the Web of Science (WoS) database. The searches comprise only articles published in the last
ten years between 2013 and 2022, with the keywords “Climate Change”, “OWA operator”,
and the combination between “Climate Change” AND “OWA operator”. The results are
presented below.

2.1.1. Climate Change

The results show the importance and academic interest in climate change in the
last ten years with the number of articles published and citations. Figure 3 shows the
distribution of 212,775 publications and 529,686 citations, confirming a positive trend in
these two indicators.
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Figure 3. Bibliometric study using the keywords “Climate change.” Source: WoS (2022).

The main areas of research on climate change are “Environmental Sciences Ecology” in
the first instance, with 90,956 published articles. In second place is “Ecology” with 24,760,
followed by “Meteorology Atmospheric Sciences” with 24,034 publications. Another
bibliometric indicator shows the countries conducting the most research on the subject. In
the first position is the USA with 61,941, followed by China with 37,691, and in the third
position is England with 21,618 publications. Below is a summary of the three most cited
articles on climate change.

First, with 4783 citations, the researchers [25] provide an in-depth analysis of the
planetary boundary framework. The results indicate that climate change and biosphere
integrity are centrally based on their fundamental importance to the Earth system. These
two variables could drive the Earth system to a new state should they be substantially and
persistently transgressed. The authors [25] caution that policy decisions must consider
human dimensions, including equity. As the main contribution, the research identifies a safe
operating space for humanity by establishing a framework of planetary boundaries [25].

Second, with 4480 citations, the authors [39] describe the general configuration of
ERA5, which is based on the Integrated Climate Prediction System, which, when completed,
will incorporate a detailed record of the global atmosphere, land surface, and ocean waves.
The paper also assesses its features and performance, focusing on the publicly available
dataset. The results indicate that the higher temporal and spatial resolution allows the
detailed evolution of weather systems [39].

Third, with 3045 citations, researchers [40] present systematic analyses of the global
disease burden. The results indicate that natural catastrophes claimed thousands of lives
in various parts of the world between 2004 and 2015, such as 1870 Hurricane Katrina in
the United States in 2005. In 2008, 138,000 by a cyclone in Myanmar, and more than 300 by
floods in India in 2015 [40].

In summary, the most cited articles on climate change highlight the limits of the
planet [25], the role of policy and decision-makers [25], the improvement in the weather
system and climate prediction [39], and the consequences of climate change with deaths
caused by natural disasters [40].

Finally, the bibliometric study identified four knowledge gaps in climate change. The
first gap concerns the need for comparable data for SDG13 [18]. The second gap is that
policy and decision-makers need to understand the correlation between the SDGs [20,23],
the third gap refers to that human factor should be a priority in public policies concerning
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climate change [25], and the fourth gap is the need to include weightings for the six
SDG13 indicators [4,22]. In this context, the research is scientifically relevant to reduce the
identified gaps and propose solutions to climate change.

2.1.2. OWA Operator

The results of the bibliometric study show academic interest in the OWA operator over
the last ten years with the number of articles published and citations. Figure 4 shows the
distribution of 491 publications and 8751 citations, which confirms stability in the number
of articles published annually and the high number of citations in this period.

Figure 4. Bibliometric study using the keywords “OWA operator.” Source: WoS (2022).

The main areas of research on OWA operators are “Computer Science” in the first posi-
tion with 309 publications, “Engineering” occupies the second position with 100 published
articles, and in third place is “Mathematics” with 76 publications. The countries with the
most research on OWA operators are China, in first place with 249 published articles, Spain
with 78 articles, and Chile, with 48 publications, in third place. Below is a summary of the
three most cited articles on OWA operators.

In the first position, with 290 citations, the researchers [41] introduce the Hesitant
Fuzzy Linguistic Term Sets (HFLTS) methodology, whose main advantage is facilitating
computational processes with words in fuzzy multicriteria decision models. The article
also presents a multicriteria decision problem of supplier selection solved with a Technique
for Order Preference by Similarity to the Ideal Solution (TOPSIS) model that handles
comparative linguistic expressions [41].

In the second position, with 217 citations, the authors [42] develop a method for
Pythagorean multicriteria decision-making (MCDM) problems with aggregation operators
and distance measures. In addition, the paper introduces a hybrid TOPSIS method for
a Pythagorean fuzzy MCDM problem with the proposed operator as the basis. As an
advantage, this method reflects the degrees of the attribute’s personal information and
the decision maker’s attitude. It also provides a complete representation of the decision
process by considering different scenarios according to their interests [42].

In the third position, with 199 citations, researchers [33] present the 2-tuple induced
generalized linguistic generalized 2-tuple OWA (2-TILGOWA) operator. This aggregation
operator uses generalized means, order-inducing variables in its argument reordering, and
uncertain information evaluated with the 2-tuple linguistic representation model. The
article highlights flexibility as the main advantage of this operator since a wide range of
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specific cases can be included, which allows for considering several different situations and
selecting the one that best suits the interests of the decision maker [33].

In summary, the articles on OWA operator show new extensions and applications, such
as in word computation processes [41], decision methods considering different scenarios
with personal information of the decision maker [42], and finally, method with a qualitative
approach based on linguistic evaluations [33].

2.1.3. Climate Change and OWA Operator

The results of the bibliometric study combining the topics “Climate Change” and
“OWA operator” indicate only three research. This result shows that there are few studies
compared to the searches for the terms separately. A summary of the articles in this
combination is presented below.

In the first study, the researchers [43] employed the method to study climate change
in some provinces of Iran using data from 15 synoptic stations. The results showed the
usefulness of this algorithm, which takes into account the risk attitudes of the decision-
maker, and helps environmental managers to cope with climate uncertainties [43]. The
OWA operator showed acceptable performance and is recommended by the authors in
other climate change studies [43].

In the second research [44] conducted in Spain, the results showed the OWA operator
as a robust decision-making tool to assess the performance of future climate projections
and to design sustainable policies under uncertainty and risk tolerance [44]. In addition,
the methodology made it possible to address stakeholder attitudes and risk preferences
regarding actions to be taken and to minimize uncertainties associated with other climate
projection methods [44].

In the third study conducted in China, operator OWA measured agricultural carbon
emissions in Fujian between 2008 and 2017 [45]. In addition, the present researcher’s rec-
ommendations to governments to reduce emissions include rational land development and
utilization and optimization of land use structure. Other measures would be controlling the
total amount of industrial land to avoid the severe shortage of arable land and improving
the ecological carrying capacity of agricultural land [45].

Finally, the validity and reliability of the OWA operator applied to climate change,
such as in environmental management, climate projections, and carbon measurements in
agriculture, are confirmed. It should be noted that all three investigations used accurate
data from official sources, which reinforces the use of the OWA operator in this research.
Alternative methods or extensions of the OWA operator would be recommended in cases
where the available information could be more precise or where numerical data cannot be
analyzed [33].

In summary, the bibliometric study indicated 212,775 records for Climate Change,
491 for OWA operators, and three for the combination of two terms. The results reveal
a trend of growth in the research over time and an increase in publications and citations.
It reinforces the interest in this topic and advances the frontier of knowledge in these
lines of research. In addition, the result indicates the existence of a fifth research gap, as
the OWA operator was little applied to climate change. Therefore, this algorithm would
be recommended to reduce the lack of comparable data to SDG13 [18], another study’s
scientific merit.

2.2. Research Sample

The research sample comprises 10 Ibero-American countries, and the group comprises
Argentina, Brazil, Chile, Colombia, Cuba, Ecuador, Mexico, Peru, Portugal, and Spain.
These countries have historical, cultural, scientific, and economic ties and participate in the
Ibero-American Intelligent Systems and Expert Computational Models Network project,
project number 522RT0130, in the Ibero-American Program of Science and Technology for
Development [46]. The project is a 4-year plan (2022–2025) with more than 60 researchers,
integrating collaboration, cooperation, and synergy activities that seek to identify areas
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of competence where the applications of Fuzzy models can beneficially interfere and
maximize social and productive benefits in the region with an Ibero-American vision [46].
This project [46] has four phases: Diagnosis and Training (Year 1), Algorithm Production
(Year 2), Consolidation and Synergy (Year 3), and Implementation and Transfer (Year 4).
In this context, this research is in Phase 1 of diagnosis, and the literature review identified
the need for comparable SDG13 data among the ten countries. Therefore, this research is
relevant to this project, and the results will be helpful for the participating countries. For
these reasons, ten countries were selected for this research.

2.3. Methodology

According to other studies [32–34], the OWA operator [27] is a suitable algorithm for
evaluation and prioritization, and for these reasons, the authors will apply it in this research.
In 1998, Ronald Robert Yager established the OWA aggregation operators, generalizing
a model that uses four decision criteria: Optimistic Criterion, Pessimistic Criterion or
Wald Criterion, Hurwicz Criterion, and Laplace Criterion [26]. According to the same
author [27], an OWA operator of dimension n is an application of de F : Rn → R , which
has an associated weighting vector, as:

wi ∈ [0, 1], 1 ≤ i ≤ n and ∑n
i=1 wi = w1 + w2 + . . . ,+wn = 1 (1)

where
F (x1, x2, . . . , xn) = ∑n

k=1 wkxjk = w1x1 + w2x2 + . . . ,+wnxn (2)

and xjk is the kth largest element of the collection {x1, x2, . . . , xn}.
Formula (1) indicates that each element is associated with a weighting vector. In other

words, we are evaluating six SDG13 indicators; each indicator is weighted according to the
established criteria, and the sum of the weights must equal 1. Table 1 shows the weights
(W1, W2, . . . , W6) for each SDG13 indicator. Formula (2) presents the level of adequacy to
a given criterion based on the sum of the corresponding weighting vector multiplied by the
largest element of collection x, as indicated in Formula (1). In this research, the calculation
of the OWA operator is performed by applying Formula (2), using the values presented
in Table 1 (weighting vector) and Table 2 (evaluation of each indicator by country). Other
researchers [34] agree that a critical aspect of OWA operators is reordering weighting. For,
an aggregate xi is not associated with a weight, but rather the weight is associated with an
ordered position j of the arguments. Therefore, this ordering introduces nonlinearity in the
aggregation process [34,47].

Table 1. Vector of weights determined of the SDG13 indicators.

Weights W1 W2 W3 W4 W5 W6

W= 0.05 0.10 0.10 0.25 0.45 0.05
SDG13 Indicators 13.1.1 13.1.2 13.1.3 13.2.1 13.2.2 13.3.1

Source: Own elaboration based on [4,18,25].

2.4. Variables and Measures

The SDG13—Climate Action indicators will be the OWA operator’s application
variables. SDG13 is composed of three targets and six specific indicators [21]. It should
be noted that indicators 13.1.1 and 13.3.1 are composed of four additional indicators.
Table A1 presents the SDG13 targets and indicators in detail. The study uses the en-
decadary scale [48] to facilitate comparability between indicators. Table A2 presents the
scale used in the research. Thus, the value closest to 1 expresses an approach to SDG13,
and the value closest to 0 shows a move away from this target.
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Table 2. Fuzzy subset of the six SDG13 indicators.

SDG13 Indicators

Code Countries 13.1.1 13.1.2 13.1.3 13.2.1 13.2.2 13.3.1

C1 Argentina 0.70 0.78 0.90 1.00 0.40 0.00
C2 Brazil 0.28 0.80 0.75 1.00 0.10 0.97
C3 Chile 0.93 0.90 0.55 1.00 0.65 0.00
C4 Colombia 0.75 1.00 0.85 1.00 0.60 0.93
C5 Cuba 0.20 0.75 0.70 1.00 0.85 0.99
C6 Ecuador 0.71 0.68 0.45 1.00 0.75 0.00
C7 Mexico 0.83 0.93 0.30 1.00 0.20 0.64
C8 Peru 0.54 1.00 1.00 1.00 0.70 0.75
C9 Portugal 0.57 0.90 0.50 1.00 0.80 0.00
C10 Spain 0.46 1.00 0.80 1.00 0.45 0.97

Source: Own elaboration based on [49–51].

2.5. Collection of Official Data for SDG13

Official data collection [49–51] on the six SDG13 indicators occurred in September and
October 2022 and referred to the base year of 2020. The authors chose this baseline for the
study as 2020 contemplates more data available for the ten countries. The data obtained
are detailed below.

Figure 5 presents the results of each country on the SDG13.1.1 indicator in 2020. In
this case, Chile and Mexico present the best results with a comparative approach to SDG13.
On the other hand, Cuba and Brazil moved away from this target due to the need for more
available data on the additional indicators 13.1.1a and 13.1.1b presented in Table A3. As
recommendations, policymakers should keep information on SDG13 updated in official
databases [49–51] and invest in information technology systems for data collection and
processing [18]. Second, adaptation and mitigation strategies are the most appropriate
measures to improve the results of indicator 13.1.1 [19]. In this case, governments should
work proactively [16] by strengthening the resilience of communities to natural disasters
with investment in protective infrastructure in flood risk areas [52]. Another strategy would
be to facilitate the relocation of people living in vulnerable areas to safer places [53,54].

Figure 5. SDG13.1.1 Indicator (2020). Source: Own elaboration based on [49–51].

Figure 6 presents the data for SDG13.1.2 in 2020. In this case, Colombia, Mexico,
and Spain show the best results with a coefficient of 1.00, close to SDG13. On the other
hand, Ecuador shows a greater distance from this target with a coefficient of 0.68. In
terms of strategic planning, the Sendai Framework is essential, as it recognizes the strong
connection between health and disasters and promotes the concept of health resilience at all
times [55]. However, the same researchers warn that measuring health-related indicators is
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a challenge, as health data recording in disasters needs to be standardized [55]. For this
reason, governments should strengthen care and health data records [18].

Figure 6. SDG13.1.2 Indicator (2020). Source: Own elaboration based on [49–51].

Figure 7 shows each country’s information on the SDG13.1.3 indicator in 2020. In this
case, Peru presents the best result with a maximum coefficient of 1.00 and a comparative
approach to SDG13. On the other hand, Mexico shows a distance from this target with a
coefficient of 0.30. One of the reasons for this low performance is the need for more avail-
able data. Therefore, recommendations to central governments involve more significant
participation of local governments [56] and provide data on this indicator.

Figure 7. SDG13.1.3 Indicator (2020). Source: Own elaboration based on [49–51].

Figure 8 presents each country’s data on SDG13.2.1 in 2020. In this case, all ten
countries present a comparative approach to SDG13 with the highest score. However, a
critical analysis of this result is warranted, as indicator 13.2.1 refers to the establishment or
implementation of policy, strategy, or plan and does not identify which countries are in
the implementation or planning phase. A recommendation would be to create additional
indicators to provide this information in greater detail.
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Figure 8. SDG13.2.1 Indicator (2020). Source: Own elaboration based on [49–51].

Figure 9 shows the information on the SDG13.2.2 indicator in 2020. In this case, Cuba
and Portugal present the best results with a comparative approach to SDG13. On the
other hand, Brazil is a move away from this target. According to other research [4,25], this
indicator would be the most important to SDG13 since CO2 emissions are responsible for
global warming [4] and the climate crisis. Therefore, SDG13.2.2 should be the priority of
policy and decision-makers, such as renewable energies [8], circular economy [57], and
optimization of agricultural areas [45].

Figure 9. SDG13.2.2 Indicator (2020). Source: Own elaboration based on [49–51].

Figure 10 reveals the results of indicator SDG13.3.1 in 2020. In this case, Cuba, Brazil,
and Spain present the best results with a comparative approach to SDG13, which shows
the importance of education in climate change awareness. On the other hand, countries
such as Argentina, Chile, Ecuador, and Portugal presented the worst results due to the
need for more available data in the additional indicators presented in Table A4. Proposals
for action would be to invest in climate change education curricula [58] and improve data
management [59].
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Figure 10. SDG13.3.1 Indicator (2020). Source: Own elaboration based on [49–51].

Finally, Figure 11 presents the consolidated data for the ten countries in the three
SDG13 targets in 2020. In this case, Colombia presents the best result for target 13.1 with a
coefficient of 0.87, followed by Peru with 0.85, Argentina and Chile with 0.79. The result
also reveals Cuba leading in target 13.2 with a coefficient of 0.93 and target 13.3 with a
coefficient of 0.99.

Figure 11. SDG13 Targets (2020). Note: T13.1 Strengthen resilience and adaptive capacity to climate-
related hazards and natural disasters in all countries; T13.2 Integrate climate change measures into
national policies, strategies, and planning; 13.3 Improve education, awareness-raising and human
and institutional capacity on climate change mitigation, adaptation, impact reduction, and early
warning. Source: Own elaboration based on [49–51].

In summary, the data collected on the SDG13 indicators allow us to identify the
commitment of the ten countries to climate change and to compare the data between them.
However, the literature review [4,25] showed that each indicator has a different relevance,
but they are calculated with the same weight [49–51]. As an opportunity to improve SDG13,
the authors propose the inclusion of different weights for each indicator based on official
data and scientific studies [4,18,25], which will allow prioritization of the most relevant
indicators to climate change and a more realistic ranking of countries. Finally, the results
of this proposal can guide policymakers and decision-makers in the solutions to address
the climate crisis. The application of the OWA operator to SDG13 is detailed below as the
authors’ theoretical contribution to climate change.

28



Mathematics 2023, 11, 313

2.6. Application of the OWA Operator to SDG13

First, the weights are established by applying the formula (1) supported by official
data [18] and scientific studies [4,25]. Table 1 shows the weights (W1, W2, . . . W6) for each
SDG13 indicator.

Secondly, from official sources [49–51], data is collected, with 2020 as a reference
year, and each indicator is valued using an endecadary scale [48]. Indicators 13.1.1 and
13.3.1 represent the results of an average value of the additional indicators presented in
Tables A3 and A4. Table 2 shows the consolidated result.

Finally, the calculation of the OWA operator is performed by applying the Formula (2),
using the values presented in Table 1 (weighting vector) and Table 2 (evaluation of each
indicator by country). For example, follow the calculations made for Argentina (C1),
Brazil (C2), and Spain (C10). OWACi, for i = 1, 2, . . . , and 10.

OWAC1 = (0.05 ∗ 1.00 + 0.10 ∗ 0.90 + 0.10 ∗ 0.78 + 0.25 ∗ 0.70 + 0.45 ∗ 0.40 + 0.05 ∗ 0.00) = 0.573

OWAC2 = (0.05 ∗ 1.00 + 0.10 ∗ 0.97 + 0.10 ∗ 0.80 + 0.25 ∗ 0.75 + 0.45 ∗ 0.28 + 0.05 ∗ 0.10) = 0.5455

OWAC10 = (0.05 ∗ 1.00 + 0.10 ∗ 1.00 + 0.10 ∗ 0.97 + 0.25 ∗ 0.80 + 0.45 ∗ 0.46 + 0.05 ∗ 0.45) = 0.6765

The following section presents the complete results applying the OWA operator.

3. Results Applying OWA Operator to SDG13

The result of the algorithm indicates that Colombia (C4) reached the highest coefficient
of 0.8230, which means that C4 obtains a better level of adequacy to SDG13. In second
place is Peru (C8), with a coefficient of 0.7795, followed by C5 (0.7465), C10 (0.6765), and
C3 (0.6430), respectively. Countries C4 and C8 are in the top positions, mainly due to the
results on targets 13.1, 13.2, and 13.3. Also, these countries due to the availability of data in
all indicators. Table 3 presents the complete result and the ranking of the ten countries.

Table 3. Ranking of countries applying the OWA operator.

Code Countries OWA Position

C1 Argentina 0.5730 7◦
C2 Brazil 0.5455 9◦
C3 Chile 0.6430 5◦
C4 Colombia 0.8230 1◦
C5 Cuba 0.7465 3◦
C6 Ecuador 0.5685 8◦
C7 Mexico 0.5310 10◦
C8 Peru 0.7795 2◦
C9 Portugal 0.5875 6◦
C10 Spain 0.6765 4◦

Source: Own elaboration applying the OWA operator based on [49–51].

The second half of the ranking is Portugal (C9), with a coefficient of 0.5875. Followed
by Argentina (C1) at 0.5730 and Ecuador (C6) at 0.5685, respectively. On the other hand,
Brazil (C2) and Mexico (C7) were in the last positions with coefficients 0.5455 and 0.5310,
respectively. The low values can explain these results in indicator 13.2.2. Figure 12 shows
the level of adequacy of the ten countries to SDG13.

In addition, the results allow us to classify the countries into sets according to the level
of adequacy of SDG13. In this case, the results indicate four groups of countries, the first
set being at the strong level S3 = {C4} represented by Colombia. Two countries form the
second set at the considerable level S4 = {C8, C5} constituted by Peru and Cuba. The third
set is at the fair level S5 = {C10, C3} with Spain and Chile. Finally, the fourth set S6 = {C9, C1,
C6, C2, C7} is composed of five countries, Portugal, Argentina, Ecuador, Brazil, and Mexico,
and are at the intermediate level. Table 4 presents the classification of countries by level of
adequacy to SDG13.
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Figure 12. Own elaboration applying the OWA operator based on [49–51].

Table 4. Classification of countries by adequacy level to the SDG 13.

Sets Scale Adequacy Level Countries

S1 [0.90; 0.99] Absolute
S2 [0.90; 0.99] Very strong
S3 [0.80; 0.89] Strong C4
S4 [0.70; 0.79] Considerable C8 and C5
S5 [0.60; 0.69] Fair C10 and C3
S6 [0.50; 0.59] Intermediate C9, C1, C6, C2 and C7
S7 [0.40; 0.49] Weak
S8 [0.30; 0.39] Very weak
S9 [0.20; 0.29] Slightly weak
S10 [0.10; 0.19] Practically null
S11 [0.00; 0.09] Null

Source: Own elaboration applying the OWA operator based on [49–51].

The cluster ranking reveals the degree to which a grouping of countries is on SDG13
and helps to understand each country’s progress and weaknesses, facilitating the search
for collaborative solutions among countries. Policy and decision-makers can use this
information to review national and international plans to combat climate change. The
following section is devoted to discussions of the results.

4. Discussion of the Results

This research applied the OWA operator in ten Ibero-American nations, which allowed
evaluating, ranking, and classifying these countries concerning SDG13. The results can
help policymakers review their climate action targets, identify weaknesses, and strengthen
actions to address the climate crisis. In addition, the study generated relevant findings for
academics, policymakers, and decision-makers.

In response to the authors [18], the research compiled information on SDG13 indicators
from Argentina, Brazil, Chile, Colombia, Cuba, Ecuador, Mexico, Peru, Portugal, and Spain
from official databases. The OWA operator was then applied using the data collected, con-
sidering specific weights for each indicator defined by other studies [4,18,25]. As a result,
the article reduced the first concomitance gap [18] by revealing a ranking of the countries
and allowing the comparison of data between them on SDG13. However, another alterna-
tive prioritization method, such as the Pythagorean Fuzzy Uncertain Environments [60],
can be used in future research to compare the results obtained.
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The results of the literature review made it possible to warn [25] and raise awareness
among policy and decision-makers about the correlation between the SDGs [20] and the
urgency of curbing global warming [4], giving priority to the reduction of CO2 emissions
through renewable energies [8], circular economy [57], and optimization of agricultural
areas [45]. Along these lines, the research narrowed the second knowledge gap [20,23].

The study also confirmed the findings of other researchers [55] by highlighting the
importance of the Sendai Framework and recognizing the connection between health and
natural disasters [25]. In the same direction, the study highlighted protection solutions in
flood-risk areas [52] and social justice by relocating people to safer areas [53,54]. Therefore,
the inclusion of the human factor in decision-making is reinforced [25], diminishing the
third knowledge gap.

Additionally, in response to other studies [4,22], the authors proposed the inclusion
of weights in the SDG13 indicators by applying the OWA operator [27]. As a result, the
algorithm generated more reliable data, facilitating policymakers’ formulation of climate
strategies and reducing the fourth knowledge gap.

Finally, in response to other studies [43–45], the OWA operator was shown to be
appropriate for evaluating, prioritizing, and comparing data across countries to SDG13.
Determining weights for each indicator based on official data and scientific studies [4,18,25]
allowed for prioritizing the most relevant climate change indicators and presenting a
more realistic ranking of countries. Besides, the results were validated by three academic
specialists from Ibero-American countries. Furthermore, the method enabled it to merge
numerical information, contributing to decision-making [33] and minimizing the fifth
gap identified.

5. Conclusions

The study proposed applying a fuzzy logic algorithm to evaluate the SDG13 indicators
and deepened the debate on climate change. The following are the main conclusions of
this work:

First, the research broadened the debate on climate change, showing that it is a complex
and dynamic problem. It was confirmed that we are going through a climate crisis in which
global causes produce local effects and that solutions will depend on an urgent effort by all.

Second, the literature review identified five knowledge gaps related to climate change
and the OWA operator. For this reason, the authors applied this algorithm as a method-
ological alternative to evaluate 10 Ibero-American countries and respond to these gaps.

Thirdly, the research ratified that the OWA operator contributes to decision-making
in prioritization processes by ranking Ibero-American countries with SDG13. The study’s
main results indicated that Colombia with the best level of alignment with SDG13, followed
by Peru and Cuba. The last positions are Brazil and Mexico. In addition, the results revealed
the importance of having comparable data on SDG13 to identify solutions and contribute
to sustainable development with possible action methods.

Fourth, as theoretical contributions, the manuscript advanced the frontier of knowl-
edge on Climate Change and operator OWA from a bibliometric study between 2013 and
2022. The study showed the scientific performance in this period, and the highlighted
publications alerted us about the challenges and solutions to address the climate crisis. The
study also revealed a growing interest in these lines of research. Moreover, the research
reduced the five knowledge gaps identified. Finally, academics can benefit from compara-
ble data on SDG13 to deepen their research on climate change and apply this algorithm to
other groups of countries.

Fifth, as practical contributions, the applied study offers governments, society, academia,
and decision-makers solutions to address climate change. The research presented a diag-
nosis of the 10 Ibero-American countries on six SDG13 indicators. It showed proposals
for action aimed at policy and decision-makers to strengthen resilience, integrate climate
change measures into public policies and improve climate change education. As main
recommendations, policymakers should prioritize actions to reduce CO2 emissions, such

31



Mathematics 2023, 11, 313

as renewable energies, circular economy, and optimization of agricultural areas. On the
other hand, the authors recommend keeping information on SDG13 updated in official
databases and investing in IT systems for data collection and processing. In addition,
countries should prioritize climate change adaptation and mitigation strategies, such as
strengthening the resilience of communities to natural disasters by investing in protective
infrastructure in areas at risk of flooding and facilitating the relocation of people to safer
areas. Lastly, the OWA operator helped prioritize and compare data across countries,
facilitating the identification of weaknesses and solutions related to SDG Climate Action.
Other researchers can use these findings in their research, and policymakers can compare
their country’s results with those of other participating countries and take urgent action to
combat climate change and generate a positive impact on society.

Finally, as the main scientific merit of the study, the manuscript was novel for applying
the OWA operator to SDG13 in Ibero-American countries. The authors included different
weightings for each indicator based on official data and scientific studies, which allowed
prioritization of the most relevant indicators for climate change and a more realistic ranking
of countries. Also, it reduced the need for comparable data for the climate action goal. A
limitation of the research would be the number of participating countries. As a suggestion,
future studies can expand the sample used and explore the application of this algorithm
among other countries.
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Appendix A

Table A1. Targets and SDG13 Indicators.

Targets SDG13 Indicators

13.1 Strengthen resilience and adaptive
capacity to climate-related hazards and
natural disasters in all countries.

13.1.1 Number of deaths, missing persons, and people directly affected by disasters per
100,000 people.
a. Deaths—Exposure to forces of nature—Sex: Both—Age: All Ages (Rate).
b. Number of deaths and missing persons attributed to disasters per 100,000 population.
c. Internally displaced persons, new displacement associated with disasters.
d. Number of directly affected persons attributed to disasters per 100,000 population.

13.1.2 Score of adopting and implementing local disaster risk reduction strategies in line
with the Sendai Framework for Disaster Risk Reduction 2015–2030.
13.1.3 Number of local governments adopting and implementing local disaster risk
reduction strategies in line with the national strategy.

13.2 Integrate climate change measures
into national policies, strategies,
and planning.

13.2.1 Number of countries report establishing or implementing an integrated
policy/strategy/plan that enhances their adaptive capacity to the adverse impacts of
climate change and promotes climate resilience and low greenhouse gas
emissions development.
13.2.2—Total emissions of greenhouse gases per year.
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Table A1. Cont.

Targets SDG13 Indicators

13.3 Improve education,
awareness-raising, and human and
institutional capacity on climate change
mitigation, adaptation, impact
reduction, and early warning.

13.3.1 Number of countries that have integrated mitigation, adaptation, impact
reduction, and early warning into primary, secondary, and higher education curricula.
a. Extent to which global citizenship education and education for sustainable
development are mainstreamed in curricula.
b. Extent to which global citizenship education and education for sustainable
development are mainstreamed in national education policies.
c. Extent to which global citizenship education and education for sustainable
development are mainstreamed in student assessment.
d. Extent to which global citizenship education and education for sustainable
development are mainstreamed in teacher education.

Source: Own elaboration based on [61].

Table A2. Endecadary scale.

Adequacy Level Evaluation

Null 0
Practically null 0.1
Almost weak 0.2
Very weak 0.3
Weak 0.4
Intermediate 0.5
Fair 0.6
Considerable 0.7
Strong 0.8
Very strong 0.9
Absolute 1

Source: Own elaboration based on [48].

Table A3. SDG13.1.1 Indicators.

Indicator/
Countries

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

a. 1 0.9 0.8 0.85 0.7 0.6 1 0.2 1 1
b. 0 0 1 0.9 0 0.3 0.95 0.85 0.2 0
c. 0.89 0.2 0.9 0.6 0.1 0.94 0.5 0.8 0.98 0.82
d. 0.9 0 1 0.65 0 1 0.85 0.3 0.1 0
Total 0.6975 0.275 0.925 0.75 0.2 0.71 0.825 0.5375 0.57 0.455

Note: a. Deaths—Exposure to forces of nature—Sex: Both—Age: All Ages (Rate); b. Number of deaths and
missing persons attributed to disasters per 100,000 population; c. Internally displaced persons, new displacement
associated with disasters; d. Number of directly affected persons attributed to disasters per 100,000 population.

Table A4. SDG13.3.1 Indicators.

Indicator/
Countries

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

a. 0 0.94 0 0.88 1 0 0 0.81 0 0.91
b. 0 1 0 1 1 0 0.75 1 0 1
c. 0 0.92 0 1 1 0 1 1 0 1
d. 0 1 0 0.85 0.95 0 0.8 0.2 0 0.95
Total 0 0.965 0 0.9325 0.9875 0 0.6375 0.7525 0 0.965

Note: a. Extent to which global citizenship education and education for sustainable development are main-
streamed in curricula; b. Extent to which global citizenship education and education for sustainable development
are mainstreamed in national education policies, c. Extent to which global citizenship education and education for
sustainable development are mainstreamed in student assessment; d. Extent to which global citizenship education
and education for sustainable development are mainstreamed in teacher education.
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Abstract: The department of Boyacá accounts for only 0.93% of national exports, which means that
the participation of exporting companies in the region is low. One of the most important factors
within these organizations is the knowledge of the collaborators, since it is an asset that contributes
to the daily activities carried out within an organization. Hence, the objective of this research was to
analyze the incidence of the forgotten factors in knowledge management through the conversion of
knowledge and the routines of the personnel in Boyacá’s exporting companies, by means of causal
analysis using fuzzy methodologies. The participants are exporting activity collaborators in the
companies, who were consulted as sources of information for the Boyacá chamber of commerce. For
the treatment, the forgotten effects theory, the experton method, and the adequacy coefficient are used.
The information collected is processed using FuzzyLog software. The findings highlight that there are
forgotten factors between the knowledge conversion and routines related to informal communication
and social interactions. It is worth noting that it is important to carry out a more in-depth analysis
of each of the individual knowledge spiral pillars in exporting companies in different regions of
the country, focusing on social interactions (linguistic expression) and informal communication
(electronic meetings).

Keywords: forgotten effects; knowledge; knowledge management; knowledge conversion; human
talent; routines

MSC: 03B52

1. Introduction

Knowledge management arises from the need of organizations to know how to create,
transmit, and apply knowledge to the processes of each entity [1], which implies the trust
and cooperation of the people involved in the organization, who share an organizational
vision and develop in an environment that should promote learning [2]. In fact, learning
on repeated occasions is centered on transferred knowledge, which is divided into tacit
and explicit knowledge. The first refers to personal and subjective knowledge, which is
the result of acquired experience; accordingly, it is embedded in people and, thus, difficult
to articulate, explain, and learn. The second is objective knowledge that can be codified
and systematized, and, for this reason, it is more easily transferable between people [1].
The knowledge management process should include a cyclical development containing
the following phases: identification, acquisition (knowledge conversion), classification and
storage, distribution, and application. One of the main components of knowledge manage-
ment is knowledge conversion, which is the process of making available and extending
the knowledge created by individuals, as well as crystallizing and connecting it to an
organization’s knowledge system [3,4]. Here, knowledge is generated by the collaborators
(people) themselves, who follow the routines established by the companies. These routines
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are transformed into stable patterns of behavior that characterize organizational reactions
to internal and external stimuli [5]. In fact, a routine is a repeated action sequence, which
may have its roots in algorithms and heuristics on how the enterprise achieves things [6,7].

The main problem with the research is the department of Boyacá’s low participation
in the country’s exports, considering that it only represents 0.93% at the national level [8],
showing that the companies in the region are at a disadvantage compared with those in
other departments. It is important to keep in mind that human capital is the driver of
productive activity, and, for this reason, it is relevant to analyze the features and trends in
human talent management, which cannot be disengaged from knowledge management to
adapt its systems through the nature of that resource [9]. In the same way, companies can
gain and understand knowledge, but may not have the skills to transform and exploit it,
thus generating profits [10], which demonstrates the low relevance that organizations have
given to the creation, conversion, and management of knowledge in a dynamic way [11].
Therefore, it is essential to study and analyze the incidences of knowledge conversion in
the routines of exporting company collaborators in Boyacá to understand the factors that
can help to improve the flow of knowledge conversion according to the characteristics
and environment of the organization. The knowledge spiral is undoubtedly the model
that presents the main variables used to determine the relationships between knowledge
management and routines, i.e., socialization, internalization, combination, and externaliza-
tion [12]. Routines are also classified into operational routines and search routines, which
are intended to generate current revenues and increase profits in the future, respectively [5].
In fact, the incidence of knowledge conversion in routines may arise from the elements that
compose the conversion of tacit and explicit knowledge, the shared context, and/or the set
of possible patterns allowed and constrained by a variety of organizational, social, fiscal,
and cognitive structures, on the basis of which organizational members carry out certain
actions [13]. In this sense, understanding the relationship between knowledge conversion
and routines is a complex problem that involves the interrelation among multiple factors,
some of which are generally difficult for organizations to perceive, and are critical to the
efficiency of data analysis, since they emphasize organizational and human aspects through
the application of knowledge conversion theories [14].

On the basis of the above, this study aims to use subjective information to analyze the
incidence of neglected factors in knowledge management through knowledge conversion
and routines. The study is carried out on exporting companies in Boyacá registered in
the Tunja and Sogamoso chambers of commerce. For the treatment of the data and its
validity, fuzzy methods, the experton method [15], the adequacy coefficient [16], and the
forgotten effects theory [17,18] are used to analyze the second order incidences between
the conversion of knowledge and routines to identify an important interrelation between
variables that at first seemed nonexistent (see Appendix A, Appendix B, Appendix C).
The results show that the key incidence pathways of informal communication and social
interactions, belonging to the socialization dimension, present a fracture in the knowledge
management related to the incidences of informal communication and social interactions.
Furthermore, the research has limitations related to the sample size and the subjective
nature of the dataset. Moreover, when using these methodologies, it should be considered
that the results obtained depend on the semantic configuration of the research design, even
though they do not accurately capture these semantic nuances; hence, a careful design
must be made. Here, it is remarkable that these methods give greater relevance to the
meaning of the statements than to the measurement that can be derived from them [19].
Lastly, an analysis of the causes and effects is necessary to obtain a better diagnosis and to
guide business decision making. Additionally, it is worth noting that a deeper analysis of
each of the knowledge spiral pillars individually focusing on social interactions (linguistic
expression) and in informal communication (electronic meetings) aids in understanding
the particularities of conversion and routines in knowledge management.

The paper is organized as follows: Section 2 deals with the theoretical framework;
Section 3 consists of the methodology, the type of approach, the model for finding second-
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generation relationships, case study, data collection, methods, and direct and indirect
causal relationships; Section 4 shows the results; Section 5 comprises the discussion; lastly,
Section 6 states the conclusions.

2. Theoretical Framework

This section presents a summary of the central characteristics of knowledge manage-
ment, knowledge conversion, and routines, which were searched for and examined in the
Web of Science (WoS) database using the following keywords: knowledge management
OR knowledge conversion OR routines. Knowledge management in organizations favors
knowledge exchange environments, by means of different models, as well as knowledge
conversion, which is based on the relationship between tacit and explicit knowledge that
exists in multiple areas of an organization, specifically in the routines of the collaborators
that belong to it.

2.1. Knowledge Management

Knowledge management contributes to the creation of environments that allow the
organization to develop scenarios conducive to the exchange and implementation of its
knowledge in each of its departments [20]. The main objective of knowledge management
is to facilitate organizations to create or capture critical knowledge, and, in the same way,
to make it perceptible and evident for people to use it in an effective time or place. Hence,
additional effort is made to generate an applicable knowledge base in datasets [14].

Knowledge management has become a relevant topic for organizations, since it gen-
erally deals with various groups of success factors that are oriented to the human being,
the organization, technology, and management processes [21]. With respect to the human-
oriented factors, which include culture, people, and leadership, it is worth highlighting
the important role that people play in an organization, since the future of organizations
depends to a great extent on people. This is because those people possess the knowledge
and develop the skills and abilities that generate vital economic value for organizations,
allowing companies to gain a greater competitive advantage over their rivals through the
mastery of information [21].

In addition, the productive factor of excellence is knowledge, which serves as leverage
in growing and rapid technological change, where all the information that an individual
possesses in their mind is personalized and subjectively related to elements that may or
may not be unique, useful, precise, or structural [22]. To test the concept of knowledge
management, there is a model that identifies three main components: the linking of people
with knowledge to help others, the structuring of processes to synthesize the process
of filtering, legitimizing, and sharing knowledge, and the development of robust and
enjoyable technologies to improve communication [14].

Similarly, knowledge management strategies can be described in two dimensions,
manifesting the knowledge management approach. The first is the exchange of knowledge
through interpersonal interaction, and the second is the ability to help create, store, share,
and use an organization’s explicitly documented knowledge. These strategies also confirm
that knowledge creation is associated with cultural factors, such as collaboration, trust, and
learning [23].

The theory of organizational knowledge creation is defined as the process of organiza-
tionally extending the knowledge created by individuals and crystallizing it as part of an
organization’s knowledge system, implying the importance of people in the development
of knowledge. This process contemplates the distinction between tacit knowledge and
explicit knowledge. The first type of knowledge is a cornerstone in the theory of organi-
zational knowledge creation and covers knowledge that is not articulated but is linked to
the senses, movement skills, physical experiences, intuition, or implicit rules. The second
type of knowledge is transmissible in a formal and systematic language. Consequently, the
two types of knowledge have been developed throughout history by individuals and/or
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collaborators. Therefore, the relationship between tacit and explicit knowledge configures
the characteristics of the knowledge conversion model [12].

2.2. Knowledge Conversion

Knowledge conversion is based on the fact that human knowledge is created and
expanded through the interaction between tacit knowledge and explicit knowledge, which
increases both in quality and in quantity through the SECI process, i.e., the four different
modes of knowledge conversion: socialization, externalization, combination, and internal-
ization [24,25].

Socialization is the conversion of tacit knowledge to tacit knowledge, which means that
it is the process of creating tacit knowledge as shared mental models and technical skills.
Externalization is the conversion of tacit knowledge to explicit knowledge, being the process
of articulating tacit knowledge into explicit concepts that take the form of metaphors,
analogies, concepts, or models. Combination is the conversion of explicit knowledge into
explicit knowledge, i.e., the systematization of concepts into a knowledge system, which
implies that individuals exchange and combine knowledge through documents, meetings,
conversations, or communication networks. Lastly, internalization is the transformation of
explicit knowledge into tacit knowledge, which is related to “learning by learning”.

The “knowledge spiral” is the interaction between tacit and explicit knowledge, which
increases in scale as the ontological levels ascend; the organization must mobilize the tacit
knowledge created and accumulated at the individual level, and this is later amplified
organizationally through the four modes of knowledge conversion and crystallized at
higher ontological levels. Thus, knowledge creation is a spiral process, which starts at
the individual level and advances through the expanding community of interactions,
overcoming the limits of sections, departments, divisions, and organizations [24].

Individual actions model organizational actions, leading to environmental responses;
then, the learning cycle is complete when these environmental responses alter individual
representations and, thus, lead to better individual and organizational action [3]. Further-
more, knowledge requires a physical environment and/or context to be created, based on a
concept called “Ba” [11], meaning “place”, i.e., the interaction space inhabited by different
actors, where knowledge is shared, created, and used, in addition to providing the energy
and quality to make individual conversions and advance in the spiral of knowledge. This
space is not only physical (office, workshop, factory, etc.), but also virtual (email, video
calls, etc.) and mental (shared ideals, values, beliefs, etc.) [11].

The authors also describe the four types of Ba. The first is the original Ba, which
creates a context for socialization, as it is defined by individual and face-to-face interactions,
where experiences, feelings, emotions, and mental models are shared. It is the only way
to capture the full range of physical senses and psycho-emotional reactions, which are
important elements for sharing tacit knowledge [26]. According to [11], the socialization
dimension is the process of converting new tacit knowledge through shared experiences.
This process derives from group collaborations in which individuals cooperate to share
tacit knowledge that has been acquired through the internalization of explicit knowledge
gained from information. This correlation results in tacit knowledge that is new to everyone
involved (see Table 1) [14].

Table 1. The socialization dimension.

Dimension Subdimension Definition

Socialization

Informal communication Some researchers discussed the importance of informal communication for
feedback and socialization [27].

Social interactions

From an organizational perspective, experiences are perhaps one of the most
significant ways of converting tacit knowledge into tacit knowledge [28]. The

epistemology of practice perspective suggests that effective knowledge sharing
requires extensive and direct social interactions between people, as only during

these processes can the tacit component of knowledge be shared [29].

Source: Own elaboration.
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The second is the dialog Ba, which provides a context for externalization through
collective, face-to-face interaction, where individuals’ mental models and skills are shared,
converted into common terms, and articulated as concepts. Selecting people with the right
combination of specific knowledge and skills is the key to successful knowledge manage-
ment within the dialog Ba [11]. The externalization dimension is the transformation of tacit
knowledge into explicit knowledge, being the process of articulating tacit knowledge into
explicit concepts, taking the form of metaphors, analogies, concepts, or models (Table 2) [24].
In a multiorganizational context, externalization can become difficult, considering that tacit
knowledge is related to culture and context, i.e., it is rooted in individuals [30].

Table 2. The externalization dimension.

Dimension Subdimension Definition

Externalization Learning teams

Tacit knowledge can be made explicit at the organizational level through the
organization of the company into learning-based teams, where practical

experience based on encouragement and a helping attitude predominates [31].
The best way to convert tacit knowledge to explicit knowledge is to organize
the company into teams based on learning, considering practical experience

based on drive and a predominantly helpful attitude [31].

Source: Own elaboration.

The other type of Ba is systematization, defined by collective and virtual interac-
tions, mainly providing a context for the combination of explicit knowledge, and generally
supported by information technology. The combination dimension is the conversion of
explicit-to-explicit knowledge, i.e., the systematization of concepts, which implies that
individuals exchange knowledge through documents, meetings, conversations, or com-
munication networks (Table 3) [24]. In this process, aggregated knowledge can become a
source of value creation, where participants collaborate to promote and communicate new
learning to different teams, such that an organizational knowledge asset is developed [30].

Table 3. The combination dimension.

Dimension Subdimension Definition

Combination

Information processing

The synthesis and integration of information, whether by means of manuals,
documents, and databases, among others, on products, services, processes, etc.,

in addition to the recovery of material that supports the management or
technical information of the entire company [11].

Dissemination of
information

One of the main issues for the management of knowledge resources is the
dissemination of knowledge within organizations through computerized
communication networks and databases available to the organization. For

dissemination to be successful, a process of codification and externalization
must first be made [11].

Source: Own elaboration.

The last classification of Ba is that of exercise, which is constituted by individual
and virtual interactions, offering an internalization context, where individuals incorporate
explicit knowledge that is communicated through virtual media, written manuals, and
simulation programs, among others, to later convert it into tacit knowledge [11]. The
internalization dimension is the process of converting explicit knowledge into tacit knowledge.
Through internalization, the explicit knowledge created is shared by the whole organization
and converted into tacit knowledge by individuals (Table 4) [11]. This procedure changes to
an individual dimension, where professionals and operators take explicit knowledge and
interpret it according to their own intuition and professional experience, thus internalizing
it as tacit knowledge [14].
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Table 4. The internalization dimension.

Dimension Subdimension Definition

Internalization Learning

In traditional learning, individuals learn the tacit knowledge needed in their
trade through practical experience or by reading and analyzing manuals or

through simulations and experiments that trigger learning by doing [4].
Collective learning occurs when individuals express their opinions and beliefs,
engage in constructive confrontations, and challenge the views of others [32].

Source: Own elaboration.

Both tacit and explicit knowledge are important. However, treating them individually,
as applied in the process of combination and socialization, can cause problems, since it can
result in a superficial interpretation of the existing knowledge that has little to do with the
current reality. Furthermore, this knowledge can be limited and difficult to apply in other
fields that are different from the specific one in which it was created, respectively [33].

2.3. Routines

Routines are one of the keys to understanding organizational functioning [34]. Rou-
tines have qualities of both stability and change, and, by means of an analogy, it is un-
derstood that an organizational routine is not a single pattern; on the contrary, it is a
set of possible patterns allowed and limited by diverse organizational, social, physical,
and cognitive structures from which the members of the organization perform certain
actions [35].

Considering the above, routines are understood as flows of ideas, actions, and con-
nected results. First, ideas produce actions; subsequently, actions produce results, so that
these produce new ideas, generating change [6]. However, the relationship among ideas,
actions, and results is not always close, as ideas can generate actions that, in fact, do not
execute the ideas; actions can generate results that make possible or necessary new and
different actions [13]. On the other hand, some authors oppose considering routines as
rules that are definitively established, and propose that routines be understood as adaptive
rationality [36].

Routines are stable patterns of behavior that characterize organizational reactions to
various internal or external stimuli, with two types of routines demarcated: organizational
and accumulation of experience [7]. The former involves the execution of known procedures
with the objective of generating current revenues and profits, while the latter seeks to bring
about desirable changes in the existing set of operating routines, with the purpose of
increasing profits in the future.

The dimension of operational routines: The application of processes that are known by
staff to achieve current goals (Table 5) [5]. Team behavioral interaction patterns (TBIP) are a
very important feature of team adaptation, as research affirms that, to make groups effective
in the performance of stable or routine tasks, long and complex interaction patterns are
required to increase team efficiency [37].

Table 5. Dimension of operational routines.

Dimension Subdimension Definition

Operational routines

Operating frequency Frequency with which the operating routine is activated and
executed in a specific time period [5].

Heterogeneity
The variation in the characteristics of the task, as it is presented in

different events, or how novel the task appears each time to the unit
that has to perform it [5].

Source: Own elaboration.

The dimension of search routines: The objective of these routines is to elicit and
generate desirable alterations to previously established operating routines in such a way as
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to increase future profits (Table 6) [5]. These can be found as organizational functions aimed
at learning and change in a specific department, such as innovation and development,
marketing, or human resources, or as processes that are requested in response to a need or
problem, so that an individual, a committee, a working group, or a consultant studies and
analyzes them [38].

Table 6. Dimension of search routines.

Dimension Subdimension Definition

Search routines
Active search

The search for knowledge can be a time-consuming activity, and
managers often end their search for knowledge too early or rely on

their own experience [39].

Knowledge mobilization Mobilize different knowledge components through the different
functions, where several knowledge components are located [40].

Modification or adaptation

(Re)architecture solutions, which were generated by exploring how
to integrate knowledge, leverage, and develop their knowledge

architecture competencies, which in turn allows them to design novel
solutions [40].

Source: Own elaboration.

The previous theoretical review supports the construction of the instrument, since a
theoretical framework was developed, from which the dimensions of knowledge conversion
and routines emerged. Subsequently, subdimensions are identified to define the statements
according to the practices of the organizations and to consider the knowledge spiral.
These are evaluated by means of the semantic scale (see Table 9), to capture the subjective
perceptions of the companies’ collaborators.

Considering that the objective is to analyze the second-degree incidences of knowl-
edge conversion in the routines of the collaborators who provided subjective information
by means of the instrument, fuzzy methods are used for its treatment. These allow an
understanding and comprehension of the meaning of the results, beyond generating a
measurement of the results [19].

3. Methodology

This research analyzes the forgotten factors between the conversion of knowledge and
the routines of collaborators in exporting companies in Boyacá, using subjective information.
Thus, the research type and approach, the model of identification of the second-generation
relationships, the description of the case study, and the organization of the subjective data
are presented. The methods used to analyze the dataset deal with the subjective information
of the collaborators, to correct the underestimation of the data and to obtain the accurate
estimates.

3.1. Type and Approach

The present research is of an explanatory or causal type since it intends to establish
the incidence of the forgotten factors in knowledge management through the conversion of
knowledge and the routines of the personnel of the exporting companies of Boyaca. This
section presents the model of forgotten or second-generation factors, the description of the
case study, the organization of the subjective data and the methods to be used, which are
the experton method, the adequacy coefficient, and forgotten effects theory.

3.2. Model for Finding Second-Generation Relationship

The realization of the model considered the theoretical review presented in the theoret-
ical framework and the methods studied for the design (data collection, called criteria), the
dimensions, the methods, and the results of the relationships, presented in Figure 1, estab-
lishing a logical sequence that allows aggregation for the treatment process. This process
(Figure 1) contains three elements that determine how to find and establish the forgotten
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factors. The first is the process, which sets out how second-generation relationships can
be established. The second is a description that presents the processing of the information
and the creation of the working model, where dimensions and the type of information to
be collected were defined. The internal processing then considers the proposed methods;
lastly, the new relationships found are shown. The third element describes the stages
necessary to obtain the findings [41].

Figure 1. A second-generation relationship model in the incidence of the conversion of knowledge
into routines. Source: Own elaboration based on the studies of Blanco-Mesa, Leon-Castro, and
Castro-Amado [41].

The methods implement calculations and procedures to understand the variations
within semantic scales, which are transformed into numerical values representative of the
same, generating approximate relationships and relative explanations, creating a large
number of possibilities [41].

Models used to search for ignored effects can generate multiple data, since they are
often binary-valued systems (i.e., they are evaluated through numbers in [0,1] or confidence
intervals of [0,1]), which represent the meaning given to the relationships and not a measure
of the relationships in absolute terms [17]; that is, they do not consider the relationship
between incidence and the linkage between different arguments that apparently have
nothing in common. Indeed, the incidence of relationships is determined by intensity and
linkage. Intensity considers the presence of a connecting agent in the relationships, making
it possible to analyze the convergence of the boundary, periodicity, and non-standardized
situations reflected in elements such as time, space, and possible connections [42]. On
the other hand, linkage shows the direct and indirect connections in the relationships,
analyzing variations in the intensities and strengths of the relationships to observe the
behavior and the links that strengthen or weaken them, either in a period or in a sequence
of stages [42].

3.3. Case Study

The target population of the study consisted of the collaborators in the exporting
companies registered in the chamber of commerce of the department of Boyacá, Colombia.
Chambers of commerce are private, nonprofit organizations that represent a group of
companies and traders in a region, promoting competitiveness, formalization, and regional
development, as well as serving as a consultative body on economic issues, among other
characteristics [43]. The exporting companies in this study were registered in the chambers
of commerce of Tunja and Sogamoso in the department of Boyacá, and were engaged in
different economic activities, such as engineering activities, retail and wholesale trade of
different products, legal activities, mixed exploitation (agriculture and livestock), data
processing, medical activities, call centers, real estate activities, extraction of emeralds, and
the processing and preservation of fruits, vegetables, and legumes.
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Initially, the research proposed the participation of all the companies registered in
the chambers of commerce in the department of Boyacá, but this was not possible due to
different limitations. The first limitation was related to the fact that some companies, even
though they are registered, had not carried out any commercial movement, i.e., they were
never in operation. On the other hand, there were some difficulties in accessing companies
registered with outdated data that prevented face-to-face, telephone, or electronic contact.
Similarly, when contacted, some companies showed interest in participating in the research,
but postponed the application of the instrument. Consequently, the instrument was applied
to 40 collaborators in the 40 companies registered in the Tunja and Sogamoso chambers of
commerce.

The instrument was applied in three stages. The first stage involved contacting the
chambers of commerce to learn about the exporting companies registered in the region.
In the second stage, the first contact was made with the collaborators by telephone and
email to confirm their participation and to arrange for the link to the instrument to be
sent by email or to be applied by telephone. In the third stage, the survey was carried out
via telephone and email, where the link was sent and support was provided in resolving
doubts and concerns about the instrument, and in person in some cases. Although the
population was small, this did not affect the main objective, which was to analyze the
incidence of forgotten factors in knowledge conversion in the routines of the personnel.
This objective sought to make sense of the information but not to measure it [19]. Therefore,
a fuzzy point of view was used to obtain the expected results.

3.4. Data Collection

An instrument was built according to the theory of organizational knowledge creation,
which organizationally expands the knowledge created by people and connects it to the
knowledge system of an organization, where tacit and explicit knowledge interact dynami-
cally [12]. This instrument was implemented as a scale, considering the forgotten effects
theory, since the intention of the study was to establish a causal relationship and to identify
forgotten elements that are apparently not related [44–46]. Subsequently, for the treatment
of the instrument and its validity, fuzzy methods, the experton method, and the adequacy
coefficient were used. The use of fuzzy methods allows us to focus on the meaning of
the results rather than on their measurement [19]. The experton method facilitates an
understanding of the distribution and trend of the subjective opinions of the individuals,
aggregating them to obtain an overall opinion. Lastly, the adequacy coefficient calculates
the differences between two elements by neutralizing the real value when it exceeds the
ideal value [41]. The causes and effects used in the study are presented below with their
respective identifiers and statements (see Tables 7 and 8).

Table 7. Causes in the study.

Dimension Indicator Statement Identifier

Socialization

Informal communication
Extra workspace CI_EEL

Spontaneous conversations in workspaces CI_CEEL

Social interactions
Business meetings IS_RE

After work conversations with bosses IS_CEJ
Interactions in different areas and positions IS_IDAC

Externalization Learning teams
Willingness to teach peers EA_DEC

Conversation of work topics EA_CTL
Teamwork EA_TE

Combination

Information processing

Record of results TI_RR
Reports of work completed TI_ITR

Supplier knowledge TI_CP
Knowledge about clients TI_CCL

Dissemination of information
Access to organization information DI_AIO

Clear and understandable information DI_ICE
Access to information from other areas DI_AIA
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Table 7. Cont.

Dimension Indicator Statement Identifier

Operating routines Operating frequency Permanent working group FO_GTP

Internalization Learning Database discussion AP_DBD
Explanation of functions AP_EF

Search routines

Active search

Problem communication BA_CP
Share doubts BA_CD

Ask for help in difficulties BA_SAD
Search for continuous improvement BA_BMC

Knowledge mobilization Make some change MC_RAC
Interference in a different area MC_IAD

Modification or adaptation Freedom to make changes MA_LRC
Agreements with the working group MA_AGT

Source: Own elaboration.

Table 8. Effects in the study.

Dimension Indicator Statement Identifier

Socialization
Informal communication

Peer relations CI_RC
Linguistic expression CI_EL
Everyday vocabulary CI_VC

Social interactions
Virtual meetings IS_RV

Personal conversations with my colleagues IS_CPC

Externalization Learning teams

Trainings EA_C
Share knowledge to other areas EA_CCA

Associate words or images EA_API
List of known concepts EA_RCC

Database EA_BD

Combination
Information processing Use of old reports TI_UIA

Dissemination of information
Sharing information with other areas DI_CIA

Share changes to collaborators DI_CCC

Internalization Learning
Implementation of manuals and documentation AP_IMD

Constant practice of functions AP_PCF
Problem resolution AP_RP

Heterogeneity
Operating frequency

Consult the operation manuals FO_CMO
Constantly changing roles FO_CFC

Change of functions according to the area FO_CFA
Change in the way of performing functions FO_CFRF

Heterogeneity Excessive number of tasks H_CET
Error anticipation H_AE

Search routines

Active search Identify actions to improve BA_IAM

Knowledge mobilization Suggestions are valued MC_SV
A change involves all areas MC_CIA

Modification or adaptation
Improvements help other areas MA_MAA

Training improves my work MA_CMT
Adaptation of functions MA_AF

Source: Own elaboration.

For the evaluation of the elements considered as cause and effect for knowledge
conversion, routines and knowledge management are expressed on the scale in Table 9.
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Table 9. Semantic scale.

SS TD SD DI I AG SA TA

SC 0.14 0.29 0.43 0.57 0.71 0.86 1

Source: Own elaboration. SS: semantic scale, SC: standardization criteria, TD: totally disagree, SD: strongly
disagree, DI: disagree, I: indifferent, AG: agree, SA: strongly agree, TA: totally agree.

After collecting the information, fuzzy methods, the experton method, and the ad-
equacy coefficient were used for its treatment and validity. The approach was from a
fuzzy perspective, using software such as FuzzyLog, which is a calculation program that
elaborates and works with models on the basis of uncertainty mathematics to recover the
so-called forgotten effects in causality relationships.

To achieve the research aim, three methodological phases are proposed, which give a
logical order to the research process. In phase one, a review of the literature on knowledge
management is carried out. To observe the context of these topics and their main advances
in a holistic way, the Web of Science database is used. The following keywords are used
in the search: knowledge creation, routines, and knowledge management. These results
are then filtered under the concept of “management” so that the information is closer
to the expected field of research. A theory of the creation of organizational knowledge,
which has a dynamic model that expands through the interaction between tacit and explicit
knowledge, was exposed by Nonaka and Takeuchi. Similarly, Nelson and Winter made
important contributions to the concept of routines, which allowed the construction of the
theoretical framework and the research methodology. In phase two, a scale instrument is
implemented, which is treated with the forgotten effects theory, the experton method, and
the adequacy coefficient. The information obtained is analyzed using FuzzyLog software.
Lastly, in phase three, with the theoretical review complete, the data treatment is carried
out and the preliminary conclusions obtained.

3.5. Methods

The present research employed different methods for data analysis, i.e., the experton
method, the adequacy coefficient, and the theory of forgotten effects.

3.5.1. Experton Method

The experton method facilitates the addition of close or distant opinions as subjective
uncertainty information [15]. The experton is a tool that uses fuzzy set theory and possi-
bility analysis to unify information from different experts using a cumulative distribution
function, which is obtained using linguistic expressions from a group of experts on an
endecadary scale [0,1]. The experton method is defined as an extension of the probabilistic
set, where the probability of each α-slice is replaced by a probability interval according to
the experts. The structure of the formula is as follows:

∀a ∈ E :
[

aj∗(a)
]
,
[
aj∗(a)

] ⊂ [0, 1], (1)

where ⊂ is the inclusion set, and j represents the expert.
Derived from the fact that the experton method is an extension of the probabilistic set,

it has the same characteristics, as follows:

• Non-strict horizontal increasing monotonicity property (i.e., the membership character-
istic function of the positively sloping function is less than or equal to the characteristic
function of the negative slope function).

• Non-strict vertical increasing monotonicity property, except at level 0, which always
takes the value 1.

Thus,
∀α ∈ [0, 1] : α1(a) ≤ α2(a)en α1[α1(a), α2(a)], (2)
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∀αα′ ∈ [0, 1] : a′ > a ⇒ (α1(a)) ≤ α1a′, α2(a) < a2(a′), (3)

(a = 0) ⇒ (a1(a) = 1, a2(a) = 1). (4)

The variables must be evaluated, using a number α ∈ [0,1] or through confidence
intervals.

• The individual opinions should be converted into an overall opinion of the group of
individuals.

• The statistics are generated and the complementary cumulation law is applied.

The importance of the experton method lies in the fact that the distribution and trend
of the subjective opinions can be determined and, in the end, aggregated to generate an
overall opinion of the group.

3.5.2. Adequacy Coefficient

The notion of distance in the use of fuzzy subsets is based on the premise that every
metric is always a distance, but not every distance is a metric [16]. Considering this premise,
the adequacy coefficient is a measure of distance called infradistance, which determines
appreciable differences by correcting the overestimation of information without being a
given metric.

The adequacy coefficient [47,48] is an index that allows us to calculate the differences
between two elements, which neutralizes the result when the comparison shows that the
real element has a higher value than the ideal element. For the two elements A and B, the
adequacy coefficient weight is defined below.

Definition 1. A weighted adequacy coefficient of dimension n has a mapping of K : [0, 1]n −
x[0, 1]n → [0, 1] which has associated with it a weighting vector w of dimension n with the sum of
the weights 1 y wj ∈ [0, 1], such as

K(〈x1, y1〉, · · · , 〈xn, yn, 〉) = ∑n
i=1 wi[1 ∧ (1 − xi + yi)], (5)

where xj, y, and yj are the i-th arguments of the elements X and Y.

3.5.3. Forgotten Effects Theory

The forgotten effects theory is based on the concept of incidence, which is a subjective
notion linked to reasoned action. Incidence is studied based on a network of links that omit
several stages and forget conclusions [17].

Therefore, its operation is focused on second-generation effects that make it possible
to find the effects forgotten in the first instance. In this way, incidence is a remarkably
subjective definition, and its analysis enhances reasoned action and decision making. There
is an incidence ai on bj. Here, the values of the characteristic function of the pair (ai, bj) are
valued between [0,1]:

∀ (ai, bj
) ⇒ M(

ai, bj
) ∈ [0, 1]. (6)

The direct incidence matrix is defined by the set of pairs of valued elements, which
shows the cause–effect relationship that occurs in different degrees between the elements
of set a (causes) and the elements of set b (effects):

b1 b2 · · · bj
a1 ua1b1 ua1b2 · · · ua1bj

M̃ = a2 ua2b1 ua2b1 · · · ua2bj
...

...
...

...
...

ai uaib1 ua1b2 · · · uaibj
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All events show three ways of representing cause–effect relationships, which are
denoted within the matrix of direct or first-order events. These relationships are considered
when establishing the impact of some elements of one set on those of another.

3.6. Direct and Indirect Causal Relationship

It is possible to obtain hidden cause–effect relationships. Causal relationships are
given by [

M̃
]
=
{

Majbi ε [0, 1]/i = 1, 2, . . . , n; j = 1, 2, . . . , m
}

. (7)

According to Maibj
, the characteristic function of the permanence of the elements of

the matrix [M̃] is formed by the rows corresponding to the elements of set a (causes) and the
columns corresponding to the elements of set b (effects). In fact, the matrix [M] is formed by
the effects that the elements of set a have on set b. If [M̃] shows the first-generation cause–
effect relationships, the next step is to obtain an incidence matrix reflecting the indirect
relationships. To do this, it must be considered that the different causes can have effects
on themselves, and that the effects can have incidences on themselves. Therefore, two
additional relationships are created. Consequently, two auxiliary matrices are formulated
and defined as square matrices:

[Ã] =
{

Maiaj ∈ [0, 1] i, j = 1, 2, . . . , n
}

, (8)

[B̃] =
{

Mbibj ∈ [0, 1] i, j = 1, 2, . . . , m
}

, (9)

where [Ã] collects the incidence relationships between the causes, and [B̃] does so on the
effects. Both matrices are reflexive, and it is satisfied that Maiaj = 1 ∀ i = 1, 2 . . . , n and that
Mbibj

= 1 ∀ i = 1, 2 . . . , m. This implies that any element, whether cause or effect, indicates

with the maximum assumption about itself; thus, neither [Ã] nor [B̃] is a symmetric matrix.
With the three matrices defined, the causal relationships between them must be established.
Therefore, the maximum–minimum composition of the three matrices is given by [Ã] ◦ [M̃]
◦ [B̃] = [M̃∗].

→ a1 a2 · · · an
a1 1 ua1a2 · · · ua1an

a2 ua2a1 1 · · · ua2an
...

...
...

...
...

an uana1 uana2 · · · 1[
Ã
]

→ b1 b2 · · · bm
a1 1 ua1b2 · · · ua1bm

a2 ua2b1 1 · · · ua2bm
...

...
...

...
...

an uanb1 uanb2 · · · 1
[M̃]

→ b1 b2 · · · bn
b1 1 ub1b2 · · · ub1bm

b2 ub2b1 1 · · · ub2bm
...

...
...

...
...

bm ubmb1 ubmb2 · · · 1[
B̃
]

→ b1 b2 · · · bm
a1 ua1b1 ua1b2 · · · ua1bm

= a2 ua2b1 ua2b2 · · · ua2bm
...

...
...

...
...

an uanb1 uanb2 · · · uanbm[
M̃∗

]
The degree of neglect of some causal relationships is given by the difference between

the matrix of second-generation effects and the matrix of direct incidences:
[
Õ
]
=
[

M̃∗
]
−[

M̃
]
. Therefore, if the value of the characteristic function of the matrix elements [Õ] is high,

the degree of forgetting in the initial incidence ratio is the highest.
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[
Õ
]
=

→ b1 b2 · · · bm
a1 u∗

a1b1
− ua1b1 u∗

a1b2
− ua1b2 · · · u∗

a1bm
− ua1bm

a2 u∗
a2b1

− ua2b1 u∗
a2b2

− ua2b2 · · · u∗
a2bm

− ua2bm
...

...
...

...
...

an u∗
anb1

− uanb1 u∗
anb2

− uanb2 · · · u∗
anbm

− uanbm

4. Results

4.1. Knowledge Conversion

Figure 2 describes incidences C14 (the information provided by the company is clear
and understandable) and E16 (the information provided by the company has allowed me to
solve problems and create solutions), which have a forgotten effect equal to one, indicating
that there is no direct relationship between cause and effect. The entry of collaborators
into companies implies the transfer of explicit knowledge in a clear and understandable
way, which requires time, especially in the detailed description of the functions of each
collaborator, with the purpose that this becomes tacit knowledge in the future. This is
a challenge for organizations; therefore, by structuring the company in teams based on
learning, strategies are implemented that relate the thoughts and concepts known by each
of the collaborators. It is possible to have a mutual understanding that allows a process
to be executed whereby tacit knowledge becomes explicit and permits this information
to contribute to problem solving. This is a strategic competitive factor for the exporting
companies in Boyacá, in which tacit knowledge plays a fundamental role [14].

Figure 2. Incidence between information dissemination and learning C14→E16. Source: Own
elaboration. C14 DI_ICE: The information provided by the company is clear and understandable; C17

AP_EF: Upon joining the organization, they took the time to clearly explain my functions to me; E9

EA_RCC: I relate known concepts to express what I know; E16 AP_RP: The information provided by
the company has allowed me to solve problems and create solutions. Initially estimated value: 0.99.
Accumulated value cause–effect: 1. Difference of values (forgotten effect): 1. Relevant interposed key
relationship: AP_EF.

Figure 3 describes incidences C16 (I am motivated to discuss databases, documentation,
and manuals, among others, with my colleagues) and E2 (sometimes I do not know how
to express what I think in words), which have a forgotten effect equal to one, indicating
that there is no direct relationship between cause and effect. The starting point is based
on the internalization process, where collaborators could transfer explicit knowledge to
tacit knowledge through the discussion of codified knowledge [11]. Therefore, the key
relationship is the recording of improvements in a database. However, the effect of this
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process refers to the difficulty for employees to express their thoughts in words, constituting
a disadvantage in socialization [12].

Figure 3. Incidence between information dissemination and learning C16→E2. Source: Own elabora-
tion. C16 AP_DBD: They motivate me to discuss databases, documentation, and manuals, among
others, with my colleagues; E10 EA_BD: My work team records improvement ideas in a database; E2

CI_EL: Sometimes I do not know how to express what I think in words. Initially estimated value: 0.99.
Accumulated value cause–effect: 1. Difference of values (forgotten effect): 1. Relevant interposed key
relationship: AP_DBD.

4.2. Routines

Figure 4 describes incidences C1 (my work group is always the same) and E9 (when
making a change in each area, the company involves all its personnel), which have a
forgotten effect close to one (0.8), indicating that there is no direct relationship between
cause and effect. The starting point is the high operational frequency of the work group;
that is, generally, the collaborators keep the same team in the long term. In this case,
when there is freedom to make changes, either because the execution of the routines is
not achieving an expected or desired result, or because such results do not reveal new
possibilities, the collaborators will try to repair or improve the routine, affecting other areas
of the company. This can expand the repertoire of modification or adaptation, considering
that there are more environments involved [5].

Figure 5 describes incidences C6 (forbidden to make any change, both in the tasks
I perform and in the way I execute them) and E9 (a change involves all the personnel in
the area), which have a forgotten effect close to one (0.8), indicating that there is no direct
relationship between cause and effect. In organizations, there is an established routine,
which does not allow employees to make changes in their functions. However, often, there
are both small and large disturbances. The former is absorbed by the different members
of the company, and the latter highlights the differences that exist in the interpretations
of the routine in each area, considering that these bring with them understandings and
motivations. Therefore, interferences, interactions, and the dynamics of knowledge in the
different areas are necessary. In addition, organizations have exceptions at specific times
and moments, since these changes can shape the adoption, persistence, or mobilization of
routines, resulting in improvements that can be useful in other areas and, in the same way,
involve the collaborators who interact in them [5].
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Figure 4. Incidences between operating frequency and mobilization of knowledge C1→E9. Source:
Own elaboration. C1 FO_GTP: My working group is always the same; C8 MA_LRC: I am free to
make changes to my process when I deem it necessary; E10 MA_MAA: The improvements that I
implemented in my work helped other areas of the company; E9 MC_CIA: When making a change
in a certain area, the company involves all its personnel. Initially estimated value: 1. Cumulative
cause–effect value: 0.98. Value difference (forgotten effect): 0.8. Relevant interposed key relationship:
MA_LRC.

Figure 5. Incidence of knowledge mobilization C6→E9. Source: Own elaboration. C6 MC_RAC: I
am prohibited from making any changes, both in the tasks I perform and in the way I execute them;
C7 MC_IAD: I cannot interfere in an area other than mine, unless the company allows me to; E10

MA_MAA: The improvements that I implemented in my work helped other areas of the company; E9

MC_CIA: When making a change in a certain area, the company involves all its personnel. Initially
estimated value: 1. Cumulative cause–effect value: 0.98. Value difference (forgotten effect): 0.8.
Relevant interposed key relationship: MC_IAD.

4.3. Knowledge Management

On the basis of the theoretical concepts and different tests performed in the FuzzyLog
program, the dimensions of socialization, internalization, and search routines are found as
cause and effect, specifically the variables of informal communication, social interactions,
learning, and active search (Table 10). Among them, the causal relationships between
knowledge conversion and routines that presented forgotten effects the most are E2 (some-
times I do not know how to express what I think in words) and E4 (in virtual meetings, I
feel it is more difficult to express myself than personally).
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Table 10. Causes and effects of knowledge management.

Causes

V D I S Id T Ex

Knowledge
conversion

Socialization

Informal
communication

Extra workspace CI_EEL C1 0.759

Spontaneous conversations in
workspaces CI_CEEL C2 0.763

Social
interactions

Business meetings IS_RE C3 0.806

After work conversations with bosses IS_CEJ C4 0.753

Interactions in different areas and
positions IS_IDAC C5 0.791

Internalization Learning Database discussion AP_DBD C6 0.716

Explanation of functions AP_EF C7 0.825

Routines Search routines Active search

Problem communication BA_CP C8 0.806

Share doubts BA_CD C9 0.803

Ask for help in difficulties BA_SAD C10 0.781

Search for continuous improvement BA_BMC C11 0.797

Effects

V D I S Id T Ex

Knowledge
conversion

Socialization

Informal
communication

Peer relations CI_RC E1 0.781

Linguistic expression CI_EL E2 0.672

Social
interactions

Everyday vocabulary CI_VC E3 0.781

Virtual meetings IS_RV E4 0.663

Personal conversations with my
colleagues IS_CPC E5 0.800

Internalization Learning

Implementation of manuals and
documentation AP_IMD E6 0.759

Constant practice of functions AP_PCF E7 0.859

Problem resolution AP_RP E8 0.822

Routines Search routines Active search Identify actions to improve BA_IAM E9 0.806

Source: Own elaboration. V: variable; D: dimension; I: indicator; S: statement; Id: identifier; T: type; Ex: expert.

Consequently, the fractured routes of incidence were identified for each of the effects,
i.e., one was chosen for socialization, another for internalization, and one for search routines
for both informal communication and social interactions, considering that this is where the
greatest number of forgotten effects occurred.

In informal communication, with respect to socialization, case 32 was selected, where
the causes are IS_RE and AP_DBD, and the effects are AP_IMD and CI_EL. In the case of
internalization, case 33 was chosen, where the causes are AP_DBD and BA_CD, and the
effects are AP_RP and CI_EL. In search routines, case 19 was chosen, where the causes are
BA_SAD and BA_CD, and the effects are AP_RP and CI_EL. In social interactions, case
4 was selected for socialization, with IS_RE as cause, and IS_CPC and IS_RV as effects.
For internalization, case 6 was chosen, in which the cause is AP_DBD, and the effects are
AP_IMD and IS_RV. For the search routines, case 4 was chosen, in which the causes are
BA_SAD and BA_CD, and the effects are IS_CPC and IS_RV.

5. Discussion

The results show the most relevant factors in the knowledge conversion and routines
of the collaborators in exporting companies in Boyacá. The incidences between the causes
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and effects of both knowledge conversion and routines were observed using mathematical
tools based on fuzzy models, which establish second-generation relationships between
factors that apparently had no evident relationship. The research revealed the incidences in
knowledge management by means of the forgotten factors between knowledge conversion
and routines, evidencing that the effects that most presented forgetfulness are part of
informal communication and social interactions, i.e., that these indicators represent the key
route of the incidence, which manifested a fractured route for knowledge management in
the Boyacá exporting companies, specifically in the capacity to express linguistically and
in a virtual way. This fracture refers to the difficulty of sharing and disseminating tacit
knowledge electronically, once it has been produced and appropriated by collaborators. In
other words, one of the elements that characterizes tacit knowledge is that people are not
aware of its full range, as, once it is internalized, it becomes a natural part of one’s behavior
or way of thinking [48]; hence, it is more difficult to specify and to express.

Knowledge Management

The knowledge management model showed that the effects presenting the highest
number of forgotten effects were part of informal communication (E2) and social interac-
tions (E4), and that in these variables, there was a fractured route in the incidences, which
hinders the process of knowledge creation. By virtue of this, it can be observed that the
system presented 129 alternative routes for E2 and 29 for E4 (see Table 11).

Table 11. Number of alternative routes for knowledge management.

Socialization Internalization
Search

Routines
Total

Informal communication (E2) 55 44 30 129

Social interactions (E4) 13 10 6 29
Source: Own elaboration.

According to the FuzzyLog results, one case was selected for socialization, one for
internalization, and one for search routines, and, both for informal communication and
socialization, considering the cases that were most consistent with the theoretical frame-
work (see Tables 12 and 13). These relationships show that, in informal communication,
the causes are part of socialization, internalization, and search routines, which are positive
statements, since they refer to situations where employees have the freedom to express
their opinions and doubts, discuss codified information, and feel confident enough to
ask for help. These causes generated common effects, which are part of learning and
informal communication. The effects of learning are favorable, considering that they are
based on improvement and problem solving, while the effects that are part of informal
communication represent a disadvantage, as it is difficult for employees to express what
they think to their colleagues.

This means that organizations have tried to apply collaborative exchange mechanisms
that promote the capture, representation, and application of knowledge, improving individ-
ual learning [49]. However, the effect of informal communication presented a disadvantage
in the linguistic expression of tacit knowledge, evidencing the difficulty of externalizing the
level of understanding with words. Consequently, even though the collaborators have the
capacity and ability to solve problems, no practices have been developed in socialization
for individuals to communicate their ideas, confirming the definition that Michael Polanyi
gave to tacit knowledge: “We can know more than we can say” [31].

With respect to relationships in social interactions, the causes reflected are part of social
interactions, learning, and active search, showing that there is a deepening in the behavior,
emotion (socialization), and cognition (internalization) of the collaborators, which allows
an understanding of the daily implementation of routines in the different areas [50]. These
causes triggered effects that promoted knowledge conversion and others that limited it. On
one hand, the understanding of routines, the discussion of explicit information, and group
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interactions made possible the connection of individual capabilities with those of employees
and managers, resulting in improved functions and spontaneous collaborative exchanges.
However, the common effect in the three dimensions reflected the difficulty for employees
to express themselves virtually, proving one of the most debated characteristics of tacit
knowledge, which states that sharing tacit knowledge through information technology
systems is extremely difficult, considering that disseminating tacit knowledge in an explicit
and objective way prevents it from being shared electronically [29].

Table 12. Alternate routes of informal communication.

Informal Communication

Socialization Internalization Search routines

Causes

IS_RE
In business meetings, they allow me to

express my opinions and share my
experiences

AP_DBD
They motivate me to discuss databases,
documentation, manuals, among others

with my colleagues

BA_SAD
I ask my bosses for help when I have
difficulties in carrying out my work

AP_DBD
They motivate me to discuss databases,
documentation, manuals, among others

with my colleagues

BA_CD
I share my doubts with colleagues from

other departments to resolve them

BA_CD
I share my doubts with colleagues from

other departments to resolve them

Effects

AP_IMD
Through the implementation of manuals
and documentation, among other reports,

I have improved the execution of my
functions

AP_RP
The information provided by the
company has allowed me to solve

problems and create solutions

AP_RP
The information provided by the
company has allowed me to solve

problems and create solutions

CI_EL
Sometimes I do not know how to express

what I think in words

CI_EL
Sometimes I do not know how to express

what I think in words

CI_EL
Sometimes I do not know how to express

what I think in words

Source: Own elaboration.

Table 13. Alternate routes of social interactions.

Social Interactions

Socialization Internalization Search routines

Causes

IS_RE
In business meetings, they allow me to

express my opinions and share my
experiences

AP_DBD
They motivate me to discuss databases,
documentation, and manuals, among

others, with my colleagues

BA_SAD
I ask my bosses for help when I have
difficulties in carrying out my work

BA_CD
I share my doubts with colleagues from

other departments to resolve them

Effects

IS_CPC
Personal conversations with my

colleagues allow me to give my opinions
in a more open and relaxed way

Through the implementation of manuals
and documentation, among other reports,

I have improved the execution of my
functions

IS_CPC
Personal conversations with my

colleagues allow me to give my opinions
in a more open and relaxed way

IS_RV
In virtual meetings, I feel that it is more

difficult to express myself than personally

IS_RV
In virtual meetings, I feel that it is more

difficult to express myself than personally

IS_RV
In virtual meetings, I feel that it is more

difficult to express myself than personally

Source: Own elaboration.
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Considering the above relationships, Figure 6 is presented, which exemplifies the
second-order incidences for knowledge management. Area one (A1) shows the incidences
between knowledge conversion and routines, and the key route of incidence, through infor-
mal communication and social interactions. On the other hand, area two (A2) presents a
fractured route for knowledge management, i.e., the different constraints found in Boyacá’s
exporting companies.

Figure 6. Second-order incidents for knowledge management. Source: Own elaboration.

6. Conclusions

This research summarizes the theory related to knowledge management, knowledge
conversion, and routines. A model is applied to identify the second-degree relationships
between knowledge conversion and routines in exporting companies. This model deals
with subjective information by means of internal processing, considering the proposed
methods, which are the experton method, the adequacy coefficient, and the forgotten effects
theory [17]. The notion of expertons contributes to foresight in situations where there is
a lack of information [51]. The notion of distance used in the adequacy coefficient, called
infradistance, makes it possible to determine the appreciable differences, correcting the
overestimation of information without a given metric. The notion of incidences facilitates
study of the basis of a network of links that omit several stages and forget the conclu-
sions [17]. In this sense, the methods used make it possible to aggregate the subjective
criteria of the collaborators, correct the underestimation of the data to obtain the true
estimates, and determine the second-generation incidences.

The case study focused on exporting companies registered with the Tunja and Sog-
amoso chambers of commerce. The collaborators occupy different positions, reflecting the
diversity and heterogeneity in the instrument. The findings allow us to observe incidences
in the conversion of knowledge, which show that, in the causes, the four pillars of the
knowledge spiral are present. Meanwhile, in the effects generated and the alternative
route proposed, socialization, externalization, and internalization prevail in a positive way,
specifically informal communication, social interactions, learning teams, and learning.

The relationships found in the routines were revealed as causes of the operational
frequency in the routines and the mobilization of knowledge. These triggered favorable
common effects that are part of the search routines dimension, showing that the improve-
ments implemented by the collaborators helped other areas and, in the same way, involved
the personnel who produced the change. For these relationships, different alternative
routes were projected, where the indicators of modification or adaptation, knowledge
mobilization, and operational frequency prevailed.
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The results obtained can help us to understand both the virtues and the fractures
that exist in the knowledge management process, offering a vision of knowledge spiral
development within organizations. Thus, the practical implications of the research can help
to guide the practices of socialization, externalization, combination, and internalization in
the routines of individuals to foster knowledge creation. On the other hand, the theoretical
implications of the study refer to the findings of incidence among knowledge management,
knowledge conversion, and routines, where a relationship was found among the four
components of the SECI model, search routines, and operational routines, showing that
knowledge creation is a daily organizational issue, and that it is present in each area of
the company.

The advantage of using the proposed method is that it is an effective alternative
for dealing with subjective information, which is complex for traditional methods to
process. For this reason, this method enables the implementation of subjective criteria,
and correction of the overestimates that may occur when comparing the values given with
those established to obtain the true estimates. Lastly, it makes it possible to determine
second-generation cause–effect incidences to find and analyze hidden relationships.

The limitations of the research are associated with the size of the sample, as the
number of respondents was small; therefore, being subjective data, the results are based on
the subjective perceptions of the employees, focusing on a specific reality that cannot be
generalized. Consequently, the population that could be contacted and that applied the
instrument totaled 40 employees in the 40 exporting companies.

When using these methodologies, it should be remembered that the results obtained
depend on the semantic configuration of the research design, where academic, cultural, and
social aspects influence the manner in which we communicate. In this sense, the methods
do not allow us to accurately capture these semantic nuances, and a careful prior design
must be made. Similarly, it should be considered that fuzzy methods allow us to deal
with soft data; thus, their results are flexible in their interpretation with a solid formal
methodological structure. Hence, these methods give greater relevance to the meaning of
the statements than to the measurement that can be derived from them [19].

Lastly, as recommendations for future research, from a methodological point of view,
an analysis of the causes and effects is necessary to achieve a better diagnosis and guide
to business decision making. From an academic perspective, it is important to carry out
a deeper analysis of each of the pillars of the knowledge spiral individually in exporting
companies belonging to different regions of the country, especially in socialization, social
interactions (linguistic expression), and informal communication (electronic meetings).
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Abstract: This study examined the practices of innovation management used by Brazilian industries.
A survey was carried out with specialists that assessed 27 practices (PR) proposed by ISO 56002,
considering two types of firms: small and medium-sized industries (SMI) and large industries (LI).
The methodological approach included Hierarchical Cluster Analysis to identify the similarities
between the specialists and define levels of specialists, as well as Fuzzy TOPSIS and frequency and
sensitivity analyses to examine their responses. PR1 (analysis of internal and external issues that
impact innovation management) was deemed the best practice for LIs, whereas PR10 (adequate
assessment of potential partnerships) was best evaluated for SMIs. The PR27 (periodic audits to
identify opportunities for improvement) received the lowest rating from both LIs and SMIs. In
general, SMIs in the Brazilian context have more severe deficiencies in terms of applying innovation
management practices than LIs. A broad overview of the innovation practices adopted in the
Brazilian industrial scenario is provided. The study’s findings may assist managers and policymakers
to develop initiatives and actions to improve the capacity of Brazilian industries to innovate. This
research can also support future studies aimed at better understanding specific practices related to
the topic.

Keywords: fuzzy sets in business management; multiple criteria decision making; mathematics
applied to business; fuzzy TOPSIS; Hierarchical Cluster Analysis; innovation management; ISO 56002;
Brazilian industries
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1. Introduction

Innovation processes are directly related to business evolution, since they are what
drive industries to improve their products and services, enhance performance and expand
market share [1–3]. Innovation enables organisations to explore new businesses and
services, allowing access to external knowledge [4,5] and, at its limit, it is the factor that
determines the survival of a company in an environment with increasing complexity,
dynamics and competitiveness [6–8].
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Through the innovation process, firms can gain a competitive advantage over time [9].
Openness to change and the implementation of innovation is an excellent way to increase
performance, as it reduces the response time for customers and increases satisfaction
rates [10]. Santoro et al. [11] and Nwankpa et al. [12] argue that resources are only trans-
formed into a competitive advantage when used strategically and wisely and that inno-
vation management can greatly contribute in this regard. Innovation management is an
extremely powerful tool in a context of rapid technological change, high flow of information,
increasing production costs and pressure for corporate responsibility [6,13]. Innovation
plays an important role in the growth of both rich and developing economies [14,15], being
a crucial factor for the social and economic development of the latter [16–19].

For innovation management to work, there must be tangible factors that measure
effectiveness and success rate, an issue that proves to be a challenge [20]. Benraouane and
Harrington [21] reinforce this idea and state that the clear definition of practices within
a well-organised operational innovation management system is a differentiating factor
between failure and sustained growth. In addition, it is important to emphasise that
innovation management must be sensitive to the specifics of each firm, since factors such as
size, pre-existing levels of technological advancement, type of industry, consumer market,
strategies and organisational factors, greatly interfere in the approach to be adopted [22,23].
Thus, innovation management practices have a great impact on the results achieved by the
organisation and, therefore, must be very well structured [9].

In this context, the ISO 56002 standard [24] has been regarded as an important instru-
ment for the structuring, implementation, maintenance and continuous improvement of
innovation management systems [21,25]. Hyland and Karlsson [26] state that ISO 56002
provided a common language and framework for building an innovation capability, while
Mir et al. [27] highlight that there was no international consensus about how to manage
innovation until prior to their publication. Anholon et al. [28] discussed the importance of
the ISO 56002 standard in the context of COVID-19 in Brazil, arguing that it is critical that
managers adopt the concepts and guidelines presented in this standard in order to recover
organisations and their innovative approach, which is a vital component in this country’s
economic recovery. Khan et al. [6] support this view and state that the COVID-19 pandemic
is the perfect example which clearly shows that innovative companies can survive and
continue their business due to innovation and technology.

Despite its importance, the literature on ISO 56002 is still quite scarce [6]. Considering
its relatively recent launch and the importance of innovation management for the com-
petitiveness and long-term survival of companies, studies that shed light on the process
of implementing the ISO 56002 standard can be of great value [26,28]. In this setting, the
objective of this article was to examine the innovation management practices adopted in
the Brazilian industrial sector, using the ISO 56002 standard as a framework of analysis.
This research is relevant to the spread of information about this key instrument and to the
managers who can enhance innovation management practices based on ISO 56002. It is
also relevant for companies that can improve their competitiveness and for developing
countries whose economic development is heavily reliant on their ability to innovate. These
factors were the primary motivation for conducting this study, which could contribute to
debates and other research about the topic, regardless of the area of expertise.

It is important to note that this study is part of a larger project whose main goal was to
conduct exploratory research in three areas in the Brazilian industrial context: (i) business
continuity management; (ii) innovation management; and (iii) competence management.
Each study used as a framework the corresponding ISO standard, namely ISO 22301,
ISO 56002 and ISO 10015, respectively. In all studies, data was collected via survey from
specialists with extensive academic and professional experience in the specific area (i, ii
or iii). Regarding the data analysis, all studies used an adapted version of Fuzzy TOPSIS
(Technique for Order Preference by Similarity to Ideal Solution), in which specialists were
used as criteria and their responses were weighted based on their level of knowledge
and experience in the area, as well as Hierarchical Cluster Analysis (HCA) to group the
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specialists according to their characteristics, frequency analysis and sensitivity analysis.
The first study of this macro-project was published in the Mathematics journal with the title,
“Analysis of the Level of Adoption of Business Continuity Practices by Brazilian Industries:
An Exploratory Study Using Fuzzy TOPSIS” [29]. It featured in a special edition called,
“Advances in Fuzzy Logic and Artificial Neural Networks”. In the present paper, the study
concerning innovation management is presented.

2. Background

2.1. Innovation Management and the Growing Need for Structured Systems

Innovation management has great potential to add value to businesses and society
as a whole [6,30]. In order to enhance innovation capacity, organisations need systemic
changes that encompass not only the products offered, but also the way business is carried
out [31]. Thus, innovation management systems need to be adaptable and sensitive to new
knowledge [14].

According to Albors-Garrigos et al. [22], an organisation will successfully implement
innovation processes if three key points are followed: (1) an innovation principle that
challenges a previous obsolete model; (2) systematisation of innovation with well-defined
phases and processes; and (3) transformation of innovation into a continuous process
within the company. Rajapathirana and Hui [32] emphasise that innovation management
incorporates well-established tools to support strategic decisions, in order to enable the
integration of new technologies into key activities of the organisation. Tools, practices and
management systems are critical components for organisations seeking to innovate. With-
out them, it is difficult to address the uncertainties and risks involved in the technological
environment [22,23,33].

The innovation environment has been characterised by volatility, uncertainty, complex-
ity and ambiguity (VUCA). Each aspect was pursued independently for a long period by
academics in the strategy arena [34]. These characteristics arise because of several factors,
among which are volatility, associated with unstable economic factors, uncertainty of rapid
technological advances, complexity surrounding the emergence of multifactorial issues in
an increasingly globally connected world and ambiguity due to the difficulty of choosing
approaches suitable for specific situations [35]. The VUCA world, while posing significant
challenges to companies seeking innovation, also represents an opportunity to innovate,
as it produces conditions for the generation of ideas and technological evolution, thereby
boosting the development of new systems and practices for managing innovation [36].

In this context, there is a growing need for structured innovation management systems
(IMS) [25,26]. Mir et al. [37] studied the impacts of standardised IMS and found a significant
positive relationship between a company’s innovative capability and business performance.
Idris and Durmuşoğlu [38] added that the standardisation of IMS is essential to provide a
common language, terminology, credibility, facilitated implementation and a benchmarking
basis. Finally, the importance of IMS guidelines in systematically and efficiently managing
innovation should be emphasized, with a focus on understanding the effects of innovation
processes not only on R&D departments, but the whole company [37].

2.2. Innovation Management from the Perspective of ISO 56002 Standard

An important instrument in the search for systematic innovation is the ISO 56002
standard, since it makes it possible to manage innovation processes in a more integrated,
systemic and effective way, thus adding value to companies’ business models [21,30].

According to the International Organization for Standardization [24], ISO 56002 pro-
vides guidance for the establishment, implementation, maintenance and continuous im-
provement of an innovation management system for use in all organisations. It is important
to mention that it does not impose detailed methods for its implementation, such as tools
or requirements, but rather establishes an overview for guidance [25].

In addition to an introductory section, ISO 56002 has ten other sections. The first three
sections cover scope, normative references, and terminology and definitions. Section 4.1 of
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ISO 56002 introduces essential elements for businesses to have a good understanding of
external (e.g., socioeconomic, geopolitical and market) and internal (e.g., strategic objectives,
leadership, individual and organisational competencies) factors that affect innovation
management. These factors must be evaluated on a regular basis to ensure that innovation
management is successful and that the results are long-lasting [21].

Section 4.4 of ISO 56002 is concerned with the establishment of the IMS, which must
be continually reviewed and improved. To accomplish this, organisations should foster an
innovation culture within the business environment, as well as a strategy for managing
internal and external collaborations [24].

For these efforts to be effective, it is essential that the leadership has a clear focus,
vision and innovation strategy [6]. This entails demonstrating a willingness to take risks
and tolerance for failure. Communication across all sectors and hierarchies is also essential.
Section 5 of ISO 56002 addresses these concerns [24].

Another important part of ISO 56002 to be highlighted is Section 6.2, which proposes
that, when commencing system planning, it is necessary to keep in mind: the goals to be
achieved; how this will be done; who will be involved with each task; deadlines to be met;
required resources; parameters for evaluating the results; and methods for communicating
and recording them [24].

Throughout the entire process of planning, developing and implementing the
ISO 56002 guidelines, the organisation must provide support, such as managing peo-
ple, time, financial resources, infrastructure and knowledge [28]. Those in charge of the
organisation must ensure that everyone involved is aware of the strategies to be used,
objectives, the importance of innovation and the importance of each individual to this
process [21]. Furthermore, the activities must be documented, updated as needed and
controlled. Section 7 of the standard, specifically Sections 7.1 and 7.5, contains a description
of these elements [24].

Section 8 of ISO 56002 focuses on the innovation process itself, proposing the following
steps: identifying opportunities (8.3.2); creating concepts (8.3.3); validating concepts (8.3.4);
developing solutions (8.3.5); and implementing solutions (8.3.6) [24]. It is important to
emphasise that, in this standard, the innovation process is conceived in a non-linear manner,
as illustrated in Figure 1.

 

Figure 1. Innovation processes and their interactions. Source: Elaborated based on ISO 56002 [24].

Finally, based on Sections 9 and 10 of the standard, the performance achieved must be
evaluated in order to implement improvements. This process is encouraged to go through
an internal audit as well as a leadership critical review [26], and improvement must occur
on an ongoing basis for the IMS to be implemented effectively [24].

2.3. Innovation Management and Firm Size in the Brazilian Industrial Context

In the industrial sector of emerging countries such as Brazil, adaptability is regarded
as an important characteristic to overcome the various daily problems, and the presence of
an innovation management system can greatly contribute to this context [16]. Vrchota and
Řehoř [39] state that firms without investments in innovation become much more limited,
especially in terms of a qualified workforce. Innovating is, therefore, an essential process
for overcoming crises and distinguishing those companies that will survive from those that
will go bankrupt [6].
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Literature has shown that firm size influences innovation management and the deci-
sions involved in its implementation [19,40,41]. According to the National Confederation
of Industry [42], the main representative entity of Brazilian industry, large industries (LI)
have an advantage in managing risks because an unsuccessful investment or one with
a slow return has less impact. Brazilian LIs are characterised by R&D strategies that are
already validated and well-structured, as well as significant capital commitments for this
purpose. Overall, they have a large consumer market and a large number of employees,
and their operations have a national and even global impact [42].

In the case of medium-sized industries, innovation can lead to reaching new markets
and overcoming crises [43], being a decisive factor in launching them into the global
market [44]. However, there are several obstacles along the way, notably the company’s
need to distinguish itself from so many other companies with similar characteristics. For
Brazilian medium-sized enterprises, factors such as economic instability and investment
uncertainty in the industry impose barriers to innovation. In addition, the capital allocated
for innovation in this type of industry is scarce, increasing the risk and pressure to make
the right decisions [42].

With regard to small industries in Brazil, the discussion on innovation is also necessary.
While it is clear that management approaches and organisational objectives are different
from those adopted by large and medium-sized companies, the reasons for innovating
remain the same. Many of the challenges for small Brazilian industries, however, arise even
before there is any financial return, necessitating constant re-elaboration of the business
plan, redirection of monetary and technological efforts and high resilience on the part of all
involved [42].

All types of businesses, companies and industries, regardless of their size, can benefit
from well-structured innovation management systems [25,37,38]. Managers, firms and
society as a whole may benefit from innovation, particularly in emerging economies, as is
the case for Brazil [17,28].

2.4. Fuzzy Set Theory and Its Application in Innovation Management

There are several types of related uncertainties in the context of innovation manage-
ment. Thus, Fuzzy Set Theories are a powerful tool with which to investigate topics in this
field and they are increasingly used by researchers interested in the subject. Table 1 dis-
plays studies that used various fuzzy approaches to investigate topics related to innovation
management.

Table 1. Applications of fuzzy approaches to innovation management research.

Author(s) Methodological Approach Description

Alfaro-García et al. [45] Expertons models, fuzzy sets, intervals of
confidence and random sets

An innovation management measurement
approach is presented to manufacturing SMIs

Ju et al. [46] Intuitionistic fuzzy set
A divergence-based distance measure of
intuitionistic fuzzy sets is applied to
decision-making in innovation management

Yue [47] Interval-valued intuitionistic fuzzy sets A decision-making method for knowledge
innovation management is proposed

Hessami [48] Fuzzy DEMATEL and fuzzy ANP
An open innovation management model was
formulated considering the elements that
influence innovation diffusion

Dinesh and Sushil [49] Total Interpretive Structural
Modeling (TISM)

A simulation-based study was conducted to
investigate hierarchical models of strategic
innovation
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Table 1. Cont.

Author(s) Methodological Approach Description

Yang et al. [50] Triangular Fuzzy AHP

A study was conducted to determine a risk
factor set of collaborative innovation in the
context of environmental protection equipment
manufacturing enterprises

Yin et al. [51] VIKOR method, intuitional fuzzy entropy
and TOPSIS

A framework for collaboration in digital green
innovation management was developed

Poorkavoos et al. [52] Fuzzy-set Qualitative Comparative
Analysis (fsQCA)

The study examined how SMIs’
inter-organisational knowledge transfer
networks and organisations’ internal
capabilities impact types of innovation

Kumar et al. [53] Fuzzy Delphi and DEMATEL
This study evaluated the technology and
human resources innovation capabilities of
Indian real estate firms

Li and Wang [54]
K-means clustering, Ordinary Least
Squares (OLS), Coupling
coordination metrics

This study applied a fuzzy approach to
investigate the technological innovation
diffusion behaviour in industrial clusters

García and Velásquez [55] Fuzzy inference system method
A methodology to evaluate technological
innovation capabilities in universities is
proposed

Jing et al. [56] Fuzzy proximity method
A framework for selecting management
strategies and enterprise life cycle periods was
created

Velazquez-Cazares et al. [57] Expertons model, adequacy coefficient
and forgotten effects theory

This study looked into the hidden occurrences
that can help beekeeper SMIs improve specific
aspects of their innovation capabilities.

Source: Elaborated by the authors.

More specifically, Fuzzy TOPSIS is a widely used research approach that has been
used in a wide range of management-related areas, including, for example, business
resilience [29], technology [58], environment [59] and team performance [60].

Fuzzy TOPSIS, proposed by Chen [61], is defined as a multi-criteria decision method
that, in addition to providing an approximation of the Positive Ideal Solution (PIS) and the
greatest possible distance from the Negative Ideal Solution (NIS), incorporates the factor of
uncertainty of the numbers obtained, i.e., fuzzy logic [62].

Lima Junior and Carpinetti [63] conducted a study comparative analysis of TOPSIS
and Fuzzy TOPSIS. The advantages of Fuzzy TOPSIS, according to these authors, are its ap-
propriateness for investigating qualitative criteria and weights, for modelling quantitative
criteria in situations of uncertainty, and the fact that the inclusion or exclusion of alter-
natives does not cause inversion in the generated ranking. In terms of its disadvantages,
Fuzzy TOPSIS presents greater data collection complexity, needs additional judgments to
parameterize fuzzy numbers and requires greater computational complexity [63].

Lima Junior et al. [64] conducted a study comparing Fuzzy TOPSIS and Fuzzy AHP.
These authors pointed out that Fuzzy TOPSIS produces consistent preference order in terms
of adequacy to changes of alternatives. When it comes to decision-making agility, Fuzzy
TOPSIS outperforms Fuzzy AHP in most cases, except when there are very few criteria and
alternatives. In terms of time complexity, Fuzzy AHP performs better than Fuzzy TOPSIS
in most cases. Finally, it is critical to consider the number of criteria and alternatives in
the problem under consideration, as Fuzzy TOPSIS has no such limitation, whereas Fuzzy
AHP does [64].
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3. Methodological Approach

For a better understanding of the research steps, Figure 2 depicts the sequence of
activities performed and, subsequently, a more detailed description of them is presented.

 

Figure 2. Research steps and activities. Source: Elaborated by the authors.

3.1. Survey Design and Research Questionnaire Creation

In order to establish a panorama of the adoption of innovation management guidelines
by Brazilian firms, a survey was carried out with specialists with extensive knowledge
and experience in innovation management activities in Brazilian industries. This research
was evaluated and approved by the university’s Research Ethics Committee (CAAE No.
50589321.2.0000.5404). In Brazil, all research involving information provided by human
beings, even in terms of opinions, must be approved by a Research Ethics Committee.
The CAAE is the protocol number that designates that this research has been approved
to be conducted in Brazil. The survey addressed 27 practices related to the innovation
management system proposed by ISO 56002 (Table 2).

Table 2. The innovation management practices considered for analysis.

Practice Description

PR1 Firms frequently analyse internal and external issues that may compromise results related to innovation management

PR2 Firms monitor, interact with all interested parties and constantly review their desires and needs in order to incorporate
such information into innovation initiatives

PR3 Firms clearly define the scope of innovation management, that is, the limits and applicability of their processes, as well
as functions, collaboration interest and willingness to face uncertainty

PR4 Firms promote a culture of innovation, allowing creative attitudes and behaviours to coexist with others focused on
operations

PR5 Firms seek to develop leaders committed to innovation at all levels of the hierarchical hierarchy

PR6 Firms’ top management constantly supports and commits to activities in favour of innovation, as well as providing the
necessary resources so that initiatives can take place and the desired results can be achieved

PR7 Firms’ top management conducts critical analyses of initiatives related to innovation management on a regular basis,
covering topics such as value generated, goals achieved, successes and failures and performance indicators; following
that, it takes actions to continuously improve innovation management

PR8 The roles and responsibilities associated with managing innovation in organisations are correctly defined and
understood by all employees

PR9 Firms value the diversity of employees when forming teams to develop activities related to innovation in order to
capitalise on experiences and ideas and generate positive results

PR10 Firms have a system to correctly assess the need for collaboration to innovate (including innovation in terms of
knowledge, competence, infrastructure and resources) and, if relevant, adopt guidelines to improve the selection
process of partners
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Table 2. Cont.

Practice Description

PR11 Firms have established procedures to correctly measure risks and support debates about their acceptability when
analysing opportunities related to innovation

PR12 Firms assess existing deficiencies in terms of organisational competencies for innovation (individual or team
competencies) and offer training programs to employees in order to achieve better performance in initiatives

PR13 Firms clearly define the innovation objectives to be achieved in each initiative in a coherent and easy-to- monitor way,
and then communicate those objectives to all stakeholders

PR14 Firms have flexible and adaptable innovation strategies, so that they can be adjusted based on the performance and
feedback of innovation activities

PR15 Firms correctly define plans to achieve innovation goals, including what will be done, who will be involved, the
timeline, how the results will be evaluated and how communication will occur

PR16 Firms manage their innovation portfolios properly, that is, they check how each initiative contributes to the
achievement of the strategic objectives on a regular basis, analyse synergies between initiatives and communicate the
progress of initiatives to stakeholders

PR17 Firms develop innovation management in tandem with knowledge management; they seek to understand the external
context, apply lessons learned, facilitate access and reuse of acquired knowledge and maintain mechanisms for
knowledge flow, throughout the entire innovation process

PR18 Firms have a documentation control system in place to assist with innovation management

PR19 Firms correctly develop intellectual property management associated with innovation management, seeking to
understand the assets they should or should not protect, creating an inventory of the firms’ intellectual assets

PR20 Firms continually review their innovation initiatives in terms of adequacy of scope and expected results

PR21 Managers debate and reflect on the best approach to implementing innovation initiatives before putting them into
action, whether through internal implementation or collaborative agreements or outsourcing

PR22 Firms clearly communicate to employees that innovation processes are not always linear. Identifying opportunities,
developing and validating concepts, developing and implementing solutions may necessitate feedback and non-direct
connections in both directions

PR23 Firms have well-structured activities and use tools and methods such as scanning, prospective analysis, benchmarking,
internal and external research, ethnography, forecasting activities and dynamic models to identify opportunities to
innovate

PR24 Firms have well-structured activities that allow them to leverage the initial ideas, analyse the most viable ones and
determine the associated uncertainties, in addition to defining technical, financial and organisational aspects relevant to
this phase

PR25 Firms have well-structured activities that allow for greater added value in the development of solutions and their
implementation in the innovation process, such as solution delivery, customer feedback, identification of new
implications for intellectual property and lessons learned

PR26 Firms are clear about how they measure the performance of their innovation initiatives, taking into account critical
parameters, frequency of monitoring and responsible workers

PR27 Firms audit their innovation management processes on a regular basis to identify areas for improvement, seeking to
document the entire cycle so that such data can support decision-making and/or be used as lessons learned

Source: Elaborated by the authors based on ISO 56002:2020 [24].

For each of the practices presented in Table 2, specialists were asked about their
adoption considering two types of firms: small and medium-sized industries (SMI) and
large industries (LI).

The first part of the questionnaire was dedicated to sampling characterisation, includ-
ing questions about the specialist’s research area, academic titles and professional and
research experience in innovation management.

The second part assessed the level of adoption of ISO 56002 innovation management
practices by Brazilian LIs and SMIs. The questions in the research instrument (questionnaire)
were the practices from PR1 to PR27. The methodological approach proposed by Bobel
et al. [29] was used as follows: For each practice and each category, specialists should
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evaluate based on a five-point Likert scale: ‘Not applied’ (NA); ‘Applied superficially’ (AS);
‘Applied reasonably’ (AR); ‘Applied properly’ (AP); or ‘Applied in a well-structured way’
(AW). Each practice was analysed considering the type of firm (LI and SMI).

Sampling was done through a non-probabilistic and judgmental procedure, following
the recommendations of Apostolopoulos and Liargovas [65], in which the researchers chose
the audience based on the research purpose, conceptual and practical knowledge of the
specialists that qualifies them to participate in the research, and relevance of the information
to be obtained. The invitation to participate in the study was sent to potential participants
identified based on the information available in the Brazilian National Council for Scientific
and Technological Development Researchers Platform [66], obtaining 26 acceptances.

3.2. Procedures and Methods for Data Analysis

Following the completion of data collection, data analysis was carried out using HCA,
Fuzzy TOPSIS and frequency and sensitivity analysis.

The HCA allowed defining how the data are grouped according to the characteristics
of the specialists, resulting in a hierarchy that can be represented by a dendrogram [67].
In this study, the HCA was applied to understand specialists’ similarities and group them
according to their academic titles and professional experience in the innovation manage-
ment field. These aspects were chosen for analysis because the researchers considered they
were the most relevant to the purpose of allocating the specialists in levels of ability to
express opinions about the topics under investigation. The HCA produced seven groups of
specialists (see Section 4.1 for a detailed explanation).

The percentage indicated by specialists for each of the 27 innovation management
practices evaluated according to the type of firms (i.e., SMI and LI) was analyzed using
frequency analysis. Fuzzy TOPSIS was employed to order the practices in Table 2 based on
their level of application in Brazilian LIs and SMIs.

Following the methodological procedures proposed by Chen [61], the innovation
management practices represented the alternatives (Ai) and the specialists the criteria (Cj),
with weights (wj) based on their level of expertise (groups defined by the HCA). The matrix
D̃ composed of the fuzzy numbers x̃ij and the vector Ẽ, which represents the fuzzy weights
of the specialists, are presented below.

D̃ =

⎡⎢⎢⎣
x̃11 x̃12 . . . x̃1n
x̃21 x̃22 . . . x̃2n
. . . . . . . . . . . .
x̃m1 x̃m2 . . . x̃mn

⎤⎥⎥⎦ ; x̃ij =
[
aij, bij, cij

]
; Ẽ = [w̃1 , w̃2, . . . w̃n] ; w̃j = [w1, w2, w3]

Figure 3 depicts the fuzzy version of the scales used (Figure 3a) and the levels for allo-
cating specialists based on their educational level, experience and knowledge of innovation
management (Figure 3b).

Following Chen’s [61] recommendations, the matrix D̃ was normalised based on the
highest value, obtaining the matrix R̃, which was then weighted by the vector Ẽ, generating
the matrix Ṽ. The equations used in the calculation are shown in the sequence.

R̃ =
[
r̃ij
]

m×n where r̃ij =

(
aij

C∗
J

,
bij

C∗
J

,
cij

C∗
J

,

)
; C∗

J = max (i)cij

Ṽ =
[
ṽij
]

m×n ; ṽij = r̃ij (.)w̃j

The next step was to calculate the distances d(m̃, ñ) between each element of the
matrix Ṽ and the PIS (unit vector) and NIS (null vector).

(m̃, ñ) =

√
1
3
[(m1 − n1 )

2 + (m2 − n2 )
2 + (m3 − n3 )

2]

80



Mathematics 2023, 11, 1313

The sum of distances—positive (d∗i ) and negative (d−i )—related to each alternative
was calculated using the partial distances, allowing the structuring of the ranking of the
alternatives based on the proximity coefficient (CCi).

d∗i = ∑ n
j=1d(ṽij, ṽ∗j ) ; d−i = ∑ n

j=1d(ṽij, ṽ−j ) ; CCi =
d−i

(d∗i + d−i )

In the last step, a sensitivity analysis was performed to determine the impact of remov-
ing each group of specialists in the final comparative ranking of innovation management
practices generated by Fuzzy TOPSIS. Seven scenarios for the sensitivity analysis were con-
sidered, each with a different group of specialists defined by the HCA removed: scenario 1
(remove Group 1 and keep the others); scenario 2 (remove Group 2 and keep the others);
scenario 3 (remove Group 3 and keep the others); scenario 4 (remove Group 4 and keep the
others); scenario 5 (remove Group 5 and keep the others); scenario 6 (remove Group 6 and
keep the others); and scenario 7 (remove Group 7 and keep the others).

 

Figure 3. Fuzzyfication of the evaluation scale of practices and levels for allocation of specialists.
(a) depicts the fuzzy version of the scales used and (b) shows the levels for allocating specialists
based on their educational level, experience and knowledge of innovation management. * Note: The
scales used were based on Bobel et al. [29] as follows: Not applied (NA); Applied superficially (AS);
Applied reasonably (AR); Applied properly (AP); Applied in a well-structured way (AW).

4. Results

4.1. Hierarchical Cluster Analysis

The specialists’ characteristics were assessed based on time working with innovation
(years), research projects in the field of innovation management and experience in educating
and developing innovation management professionals. The application of HCA resulted in
the classification of the 26 specialists into seven groups, as shown in Figure 4.

The groups of specialists were then assigned in ascending order in levels 1 (Group 5),
2 (Groups 2, 3 and 7) and 3 (Groups 1, 4 and 6) (Table 3).

Table 3. Classification of specialists based on their similarities.

Level Specialists

N1 S1, S7 and S8
N2 S3, S5, S6, S15, S16, S20 and S25
N3 S2, S4, S9, S10, S11, S12, S13, S14, S17, S18, S19, S21, S22, S23, S24 and S26

Based on the characteristics of the specialists, N1, N2 and N3 correspond, respectively,
to groups of those with lower, intermediate and high educational levels, experience and
knowledge. It should be highlighted that the sample is composed of 84.6% of participants
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with a PhD, with an average of 17.7 years of experience in teaching and research in the area
of innovation management. Moreover, it is important to note that this grouping used the
fuzzy numbers technique, as explained in Section 3.2, which allowed for the incorporation
of uncertainty in the allocation of specialists to levels through weighting.

 

Figure 4. Dendrogram from the Hierarchical Cluster Analysis.

4.2. Frequency Analysis of the Specialists’ Responses

For each of the 27 practices evaluated (see Table 2), the frequency of responses was
calculated and the analysis was performed considering the types of firms (LI and SMI) and
the groups of specialists (N1, N2, N3).

4.2.1. Adoption of Innovation Management Practices in Large Industries (LI)

The results for LIs are examined in this section. Following an analysis of the responses
provided by the specialists considering the levels determined through the HCA (N1, N2
and N3), the unified global frequencies for LIs are analyzed.

Considering Brazilian LIs, none of the N1 specialists chose the response ‘Not applied’
(NA) for any of the 27 practices. In general, the most common responses in this group were
distributed between the alternatives ‘Applied reasonably’ (AR) and ‘Applied properly’
(AP). Concerning PR3 (firms clearly define the scope of innovation management, that is, the
limits and applicability of their processes, as well as functions, collaboration interest and
willingness to face uncertainty), there was unanimous agreement in N1 on the alternative
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‘Applied properly’ (AP). For N2, the option ‘Not applied’ (NA) was also not selected for
any of the 27 practices. The option ‘Applied in a well-structured way’ (AW) was selected
for fewer practices in N2 compared to N1. In terms of overall response distribution,
N2 demonstrated greater homogeneity amongst the three intermediate options of the
scale, namely AS, AR and AP, with emphasis on the latter two. N3 was the only group to
provide answers that covered all five levels of practice application, focusing on intermediate
alternatives (AS, AR and AP).

These findings show that, despite the perceived differences between N1, N2 and N3,
specialists believe that Brazilian LIs have well-structured and consolidated innovation
management practices. Based on the global frequency analysis, the LIs in Brazil present
practices that are consistent with the literature on organisations with high revenue streams
and high innovation performance.

Table 4 shows the global frequency of the evaluation of practices for LIs.

Table 4. Level of adoption of innovation management practices in LIs.

Practices
Level of Application

NA AS AR AP AW

PR1 0.000 0.077 0.462 0.346 0.115
PR2 0.000 0.154 0.462 0.308 0.077
PR3 0.000 0.231 0.231 0.500 0.038
PR4 0.000 0.269 0.308 0.385 0.038
PR5 0.000 0.346 0.385 0.231 0.038
PR6 0.000 0.385 0.192 0.385 0.038
PR7 0.000 0.346 0.308 0.308 0.038
PR8 0.038 0.462 0.346 0.115 0.038
PR9 0.038 0.308 0.231 0.346 0.077

PR10 0.000 0.269 0.346 0.346 0.038
PR11 0.077 0.346 0.192 0.346 0.038
PR12 0.038 0.154 0.538 0.192 0.077
PR13 0.000 0.269 0.423 0.269 0.038
PR14 0.000 0.308 0.385 0.269 0.038
PR15 0.038 0.115 0.346 0.423 0.077
PR16 0.038 0.269 0.385 0.192 0.115
PR17 0.038 0.385 0.308 0.231 0.038
PR18 0.038 0.192 0.462 0.269 0.038
PR19 0.000 0.154 0.538 0.231 0.077
PR20 0.000 0.192 0.462 0.308 0.038
PR21 0.038 0.231 0.423 0.192 0.115
PR22 0.077 0.346 0.269 0.269 0.038
PR23 0.000 0.231 0.462 0.269 0.038
PR24 0.038 0.115 0.500 0.308 0.038
PR25 0.000 0.346 0.308 0.231 0.115
PR26 0.038 0.192 0.462 0.192 0.115
PR27 0.154 0.192 0.423 0.192 0.038

4.2.2. Adoption of Innovation Management Practices in Small and Medium-Sized
Industries (SMI)

The results for SMIs are examined in this section. Following an analysis of the re-
sponses provided by the specialists considering the levels determined through the HCA
(N1, N2 and N3), the unified global frequencies for SMIs are analyzed.

In the scenario of SMIs in Brazil, the N1 specialists did not mark the options ‘Applied
reasonably’ (AR) and ‘Applied properly’ (AP) for any of the 27 practices, while ‘Not applied’
(NA) was selected only for PR16 (firms manage their innovation portfolios properly, that is,
they check how each initiative contributes to the achievement of the strategic objectives
on a regular basis, analyse synergies between initiatives and communicate the progress
of initiatives to stakeholders) by only one specialist. Thus, for N1, there is a significant
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concentration on the alternatives ‘Applied superficially’ (AS) and ‘Applied reasonably’
(AR), with complete agreement for several practices, which was not observed for the
LIs. In the case of N2, there was also a clear concentration on the AS and AR, with only
the alternative ‘Applied in a well-structured way’ (AW) not being chosen for any of the
evaluated practices, a fact that also occurred for N3. These findings are consistent with
those obtained for N1.

In general, the frequency analysis reveals a trend in which specialists at all levels (N1,
N2 and N3) believe that there is no well-implemented innovation management practice in
Brazilian SMIs. In addition, it is worth noting that the alternative ‘Applied properly’ (AP)
was only chosen for a few practices and by a few specialists, causing the highest frequencies
observed to be in the initial levels of application (NA, AS and AR).

Table 5 shows the global frequency of the evaluation of practices for SMIs.

Table 5. Level of adoption of innovation management practices in SMIs.

Practices
Level of Application

NA AS AR AP AW

PR1 0.154 0.615 0.154 0.077 0.000
PR2 0.231 0.500 0.231 0.038 0.000
PR3 0.154 0.577 0.231 0.038 0.000
PR4 0.154 0.538 0.308 0.000 0.000
PR5 0.231 0.462 0.308 0.000 0.000
PR6 0.115 0.538 0.308 0.038 0.000
PR7 0.231 0.423 0.308 0.038 0.000
PR8 0.269 0.538 0.115 0.077 0.000
PR9 0.231 0.423 0.269 0.077 0.000

PR10 0.115 0.538 0.308 0.038 0.000
PR11 0.269 0.500 0.231 0.000 0.000
PR12 0.077 0.615 0.308 0.000 0.000
PR13 0.154 0.538 0.308 0.000 0.000
PR14 0.154 0.577 0.269 0.000 0.000
PR15 0.231 0.423 0.269 0.077 0.000
PR16 0.231 0.654 0.115 0.000 0.000
PR17 0.269 0.654 0.077 0.000 0.000
PR18 0.192 0.615 0.192 0.000 0.000
PR19 0.231 0.615 0.154 0.000 0.000
PR20 0.154 0.577 0.231 0.038 0.000
PR21 0.154 0.577 0.231 0.038 0.000
PR22 0.192 0.615 0.154 0.038 0.000
PR23 0.231 0.577 0.192 0.000 0.000
PR24 0.154 0.577 0.231 0.038 0.000
PR25 0.231 0.462 0.308 0.000 0.000
PR26 0.192 0.577 0.231 0.000 0.000
PR27 0.385 0.500 0.115 0.000 0.000

4.3. Ranking of Adoption of Innovation Management Practices via Fuzzy TOPSIS

Based on Chen’s [61] approach to Fuzzy TOPSIS (see Section 3.2 for a step-by-step
description), a ranking was obtained ordering the practices according to their level of
adoption in LIs and SMIs.

4.3.1. Ordering Practices for Large Industries (LI)

Table 6 displays the outcomes of the innovation management practices ordering and
the sensitivity analysis for LIs.
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Table 6. Ordering of practices via Fuzzy TOPSIS and sensitivity analysis for LIs.

Practices CCi
All

Groups

Group Excluded for Sensitivity Analysis

G1 G2 G3 G4 G5 G6 G7

PR1 0.4916 1st 1st 1st 1st 1st 1st 1st 1st
PR2 0.4613 6th 4th 8th 6th 10th 8th 3rd 7th
PR3 0.4719 3rd 2nd 3rd 4th 3rd 3rd 5th 3rd
PR4 0.4615 5th 8th 5th 3rd 8th 6th 9th 4th
PR5 0.4288 21st 22nd 18th 19th 21st 21st 21st 21st
PR6 0.4340 19th 12th 21st 15th 20th 19th 19th 17th
PR7 0.4305 20th 19th 20th 21st 18th 20th 14th 16th
PR8 0.3844 26th 24th 26th 26th 27th 26th 26th 26th
PR9 0.4427 13th 5th 14th 14th 17th 14th 15th 14th

PR10 0.4611 7th 16th 6th 5th 5th 4th 4th 6th
PR11 0.4137 22nd 10th 23rd 22nd 24th 23rd 25th 22nd
PR12 0.4470 11th 21st 10th 11th 6th 12th 12th 10th
PR13 0.4474 10th 11th 11th 9th 13th 11th 11th 12th
PR14 0.4460 12th 18th 12th 12th 11th 10th 13th 11th
PR15 0.4810 2nd 3rd 2nd 2nd 2nd 2nd 2nd 2nd
PR16 0.4414 14th 20th 13th 13th 12th 13th 17th 13th
PR17 0.4007 24th 23rd 24th 24th 25th 24th 23rd 25th
PR18 0.4369 17th 13th 17th 17th 19th 18th 10th 19th
PR19 0.4599 8th 9th 7th 8th 7th 7th 6th 8th
PR20 0.4640 4th 7th 4th 7th 4th 5th 7th 5th
PR21 0.4385 16th 14th 15th 18th 15th 16th 20th 18th
PR22 0.3986 25th 25th 25th 25th 23rd 25th 24th 24th
PR23 0.4107 23rd 27th 22nd 23rd 22nd 22nd 22nd 23rd
PR24 0.4536 9th 6th 9th 10th 14th 9th 8th 9th
PR25 0.4356 18th 15th 19th 20th 16th 17th 16th 20th
PR26 0.4411 15th 17th 16th 16th 9th 15th 18th 15th
PR27 0.3802 27th 26th 27th 27th 26th 27th 27th 27th

The first place in the scenario of Brazilian LIs—i.e., the practice with the highest
level of adoption—was PR1 (Firms frequently analyse internal and external issues that
may compromise results related to innovation management), while the last place was
PR27 (firms conduct periodic audits of their innovation management processes in order
to identify opportunities for improvement; they seek to document the entire cycle so that
such data can support decision-making and/or be used as lessons learned).

The group that had the most influence was G1, showing that the assignment of
different weights to the three levels was done properly, as N3 (which encompasses G1, G4
and G6) should always be the one with the greatest impact.

4.3.2. Ordering Practices for Small and Medium-Sized Industries (SMI)

Table 7 shows the results of the innovation management practices ordering and the
sensitivity analysis for SMIs.

In the scenario of SMIs in Brazil, it was observed that PR10 (firms have a system to
correctly assess the need for collaboration to innovate—including innovation in terms of
knowledge, competence, infrastructure and resources—and, if relevant, adopt guidelines
to improve the selection process of partners) is the most well-established, while PR27
remained the least applied. Although PR10 was in first place in most of the tested scenarios
and in the overall ranking, the sensitivity analysis revealed a fluctuation in the first position
in the following cases: PR20 (firms continually review their innovation initiatives in terms of
adequacy of scope and expected results) when G1 is excluded; PR6 (firms top management
constantly supports and commits to activities in favour of innovation, as well as providing
the necessary resources so that initiatives can take place and the desired results can be
achieved) when G3 is excluded; and PR12 (firms assess existing deficiencies in terms of
organisational competencies for innovation (individual or team competencies) and offer
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training programs to employees in order to achieve better performance in initiatives) when
G7 is excluded.

The G6 was the most influential group, also belonging to the N3, which is method-
ologically consistent as it corresponds to specialists with the highest educational level,
experience and knowledge in the area of innovation management.

Table 7. Ordering of practices via Fuzzy TOPSIS and sensitivity analysis for SMIs.

Practices CCi
All

Groups

Group Excluded for Sensitivity Analysis

G1 G2 G3 G4 G5 G6 G7

PR1 0.3924 10th 20th 11th 10th 9th 7th 3rd 10th
PR2 0.3819 15th 21st 15th 11th 15th 13th 5th 15th
PR3 0.3936 7th 10th 7th 5th 5th 8th 11th 8th
PR4 0.3952 6th 4th 6th 4th 12th 6th 9th 6th
PR5 0.3726 16th 16th 16th 16th 17th 19th 17th 16th
PR6 0.4099 2nd 2nd 2nd 1st 4th 3rd 2nd 3rd
PR7 0.3847 14th 9th 14th 14th 14th 15th 14th 11th
PR8 0.3592 22nd 13th 22nd 23rd 22nd 22nd 24th 20th
PR9 0.3955 5th 3rd 5th 7th 11th 5th 6th 5th

PR10 0.4109 1st 8th 1st 2nd 1st 1st 1st 2nd
PR11 0.3528 23rd 15th 23rd 22nd 24th 23rd 26th 23rd
PR12 0.4080 3rd 5th 3rd 3rd 2nd 2nd 4th 1st
PR13 0.3856 13th 18th 13th 13th 13th 14th 7th 14th
PR14 0.3860 12th 19th 12th 12th 8th 12th 12th 13th
PR15 0.3933 8th 14th 8th 8th 6th 9th 8th 7th
PR16 0.3426 25th 26th 25th 25th 25th 25th 23rd 25th
PR17 0.3321 26th 27th 26th 26th 26th 26th 25th 26th
PR18 0.3647 20th 22nd 20th 17th 21st 20th 18th 21st
PR19 0.3480 24th 24th 24th 24th 23rd 24th 22nd 24th
PR20 0.3888 11th 1st 10th 15th 10th 11th 15th 12th
PR21 0.3956 4th 11th 4th 6th 3rd 4th 13th 4th
PR22 0.3715 17th 7th 17th 18th 18th 16th 21st 17th
PR23 0.3616 21st 23rd 21st 20th 20th 21st 20th 22nd
PR24 0.3931 9th 6th 9th 9th 7th 10th 10th 9th
PR25 0.3706 19th 12th 19th 21st 16th 18th 19th 19th
PR26 0.3712 18th 17th 18th 19th 19th 17th 16th 18th
PR27 0.3173 27th 25th 27th 27th 27th 27th 27th 27th

5. Discussion

In general, SMIs in the Brazilian context have more severe deficiencies in terms
of applying innovation management practices than LIs. SMIs did not have any of the
27 practices evaluated at the highest level of application, indicating that there is still much
work to be done. Regardless of the fact that a number of barriers to SMIs’ innovation have
been documented in the literature [16,42], it is critical that managers and policymakers pay
attention to this issue, since innovation capacity can be a determining factor not only for
SMIs’ growth [3,43,44], but also for their survival [6,21].

Although the results indicated that there is room for improvement in terms of innova-
tion management in LIs, it is clear that the consolidation of practices is already much more
evident when compared to SMIs. In the context of LIs, the corporate structure, materials,
technologies and people are superior and can be adapted to market demands, the firm’s ob-
jectives and unexpected changes in a VUCA world [30,35,36]. This flexibility and reliability
present in LIs, together with the willingness to take risks, are vital for the consolidation
and effectiveness of an innovation management system [21].

When considering the ordering of practices based on their level of application, the
results obtained spark important discussions. Although PR1 ranked first in all tested
scenarios for Brazilian LIs, it is worth noting that three practices (PR3, PR15 and PR20)
related to planning, scope definition and supervision of innovation management rank
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immediately after. Such practices express, respectively, the need to: identify the limits
and applicability of innovation management; define plans for the innovation management
process; and review the innovation initiatives put in place. These three practices are
considered essential for the proper operation of the innovation management cycle, and it is
significant that the results of this research are consistent with the qualified literature [26,28].
Furthermore, precisely because it is characterised as a cycle, it is necessary to consider the
importance of feedback for the innovation management process, and it is concerning that
PR27—related to the audit to identify opportunities for change and improvement—has
received the lowest ratings, a result observed for both LIs and SMIs.

6. Conclusions

Based on the structure of the ISO 56002 standard and the opinions of specialists
in the field, the goal of this study was to examine the level of adoption of innovation
management practices in the Brazilian industrial sector. PR1 was regarded as having the
highest application rate for LIs. In turn, PR10 was evaluated as the most adopted by SMIs.
PR27 received the lowest rating from both LIs and SMIs. Taking into account all scenarios
tested through sensitivity analysis, PR27 ranked last in 13 of the 16 cases.

Despite ISO 56002 being recently published and companies still working to comply
with its guidelines, the recommended innovation management practices have seen some
adherence in the reality of Brazilian LIs, while SMIs continue to be in more deficient circum-
stances. For Brazilian managers seeking to establish a structured innovation management
system and/or consolidate current practices in their companies, the study’s findings may be
helpful. Since innovation is a crucial component of the economic growth of countries, par-
ticularly in emerging economies like Brazil, it is also important to emphasize the systemic
impact that improvements in a firm’s innovative capacity can have.

Although exploratory in nature, the findings of this study contribute to a better un-
derstanding of the reality of Brazilian industries in terms of innovation management and
correlated practices, allowing for the expansion of the scientific literature in the field.
The methodological approach developed in this study (i.e., survey, Fuzzy TOPSIS, HCA,
frequency and sensitivity analysis) can be applied in other contexts to understand how
industries are leading with innovation management systems. Thus, the research instru-
ments and methods can be useful to advance a scholar and practitioner’s knowledge on
innovation management by conducting studies or actions that compare their reality (in-
cluding both developing and developed countries) with the findings of this study. The
results and discussions presented in this paper can also be used to inform future studies
aimed at better understanding specific practices related to the topic.

The limitations of the study are related to the specific context studied and the methods
used. Regarding the method, it should be noted that triangular functions were used in the
application of the Fuzzy TOPSIS method to determine both the scale of variables and the
level of experience of the specialists (other types of functions could have been used), and
that the weight vector was defined in three categories (N1, N2 and N3). It should be noted,
however, that this study was designed with an exploratory purpose in mind, with the goal
of better understanding the Brazilian industrial reality in terms of innovation management.

It is suggested that future research delve deeper into the innovation management
practices in the Brazilian context, employing qualitative methods and expanding the sample
of specialists. An interesting possibility is to use the Delphi method to refine debates on
specific practices. Another suggestion is to compare the results using other multi-criteria
decision-making approaches, providing more information for discussion.

Finally, it is worth noting that the ISO 56002 standard serves as an important reference
for firms looking to implement practices related to innovation management, and researchers
can be excellent partners in this regard.
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Abstract: The selection of a pharmaceutical e-commerce platform is a typical multi-attribute group
decision-making (MAGDM) problem. MAGDM is a common problem in the field of decision-making,
which is full of uncertainty and fuzziness. A probabilistic hesitant fuzzy multi-attribute group
decision-making method based on generalized TODIM is proposed for the selection of pharmaceutical
e-commerce under an uncertain environment. Firstly, the credibility of a probabilistic hesitant fuzzy
element is defined, and a credibility-based method for adjusting the weights of decision-makers
and determining attribute weights is proposed, which fully considers the reliability of information
provided by the decision-makers. Secondly, the power average (PA) operator is extended to the
probabilistic hesitant fuzzy environment. The probabilistic hesitant fuzzy power average (PHFPA)
operator and the probabilistic hesitant fuzzy power weighted average (PHFPWA) operator are
defined, and their properties are discussed. Thirdly, considering the usual information expression of
decision-makers in real life and the different risk attitudes towards gain and loss, the generalized
TODIM method is extended to the probabilistic hesitant fuzzy environment to construct a prospect
theory-based group decision-making method in the probabilistic hesitant fuzzy environment. Finally,
the feasibility of the method in this paper is proved through the case of pharmaceutical e-commerce
platform selection, and the stability of the method in this paper is verified by sensitivity analysis.

Keywords: multi-attribute group decision-making; probabilistic hesitant fuzzy sets; selection of
pharmaceutical e-commerce platform; TODIM; credibility

MSC: 90B50

1. Introduction

With the development of China’s Internet technology and e-commerce, online shop-
ping has become an important channel for consumer spending. In 2020, under the influence
of COVID-19, the demand for pharmaceutical e-commerce platforms increased significantly,
and the demand for online drug sales became prominent. According to the 49th Statistical
Report on the Development of the Internet in China [1] released by the Internet Information
Center, the number of online medical users in China reached 298 million by December
2021, which is an increase of 83.08 million compared to December 2020, accounting for
28.9% of the total Internet users. Online pharmacies provide people with more choices and
practical convenience. By purchasing drugs online, consumers can greatly save time and
transportation costs. At the same time, online medical care and online pharmacies have
effectively distributed outpatient services, alleviating the current situation of difficulty
in getting medical service. Consumers have realized the advantages of e-commerce in
many aspects, and the public has a greater demand and expectation for pharmaceutical
e-commerce platforms. For pharmaceutical enterprises, if they can choose an appropriate
high-quality pharmaceutical e-commerce platform and carry out long-term cooperation,
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they can fully seize the opportunity, expand the coverage of drugs to achieve digital mar-
keting, and improve the development speed of enterprises. Therefore, it is of great practical
significance to study the selection of pharmaceutical e-commerce platform.

Since the evaluation of pharmaceutical e-commerce platforms needs to consider
multiple indicators, the selection of a pharmaceutical e-commerce platform belongs to
a multi-attribute decision-making problem. A single decision-maker may make mistakes
in decision-making due to insufficient understanding of pharmaceutical e-commerce plat-
forms or personal preferences. In order to reduce the risk of decision-making, several
decision-makers are selected to evaluate and choose pharmaceutical e-commerce platform,
and multi-attribute group decision-making method is used to study the selection of phar-
maceutical e-commerce platform. There are two important difficulties in the multi-attribute
group decision-making process, one of which is the representation of uncertain information.
Professor Zadeh proposed the fuzzy set theory in 1965 [2]. Subsequently, the theory of fuzzy
sets is extended by some scholars, such as trapezoidal fuzzy sets [3–6], intuitionistic fuzzy
sets [7], interval intuitionistic fuzzy sets [8–10], Pythagorean fuzzy sets [11], hesitant fuzzy
sets (HFS) [12], probabilistic hesitant fuzzy sets (PHFS) [13], etc. Among them, PHFS, as
one of the extended forms of fuzzy sets, adds probability information to each membership
degree, which can well express the different importance levels between different member-
ship degrees and effectively describe the preferences of decision-makers. Therefore, PHFS
can retain more original information and can express the uncertain preference information
of decision-makers in a more comprehensive and detailed way, which can well enhance
the rationality and credibility of decision results and be more in line with objective reality
and the human way of thinking. In the multi-attribute group decision-making problem of
selecting pharmaceutical e-commerce platforms, it is inaccurate to use accurate numbers
to evaluate pharmaceutical e-commerce platforms due to the subjective evaluation factors
involved in the evaluation indicators. In order to make the expression of decision informa-
tion more accurate, this article chooses to use probability hesitant fuzzy sets to evaluate
pharmaceutical e-commerce platforms.

Another important difficulty in multi-attribute group decision-making is the procedure
of aggregating the decision-making information provided by decision-makers. Considering
the correlation between indicators, many scholars choose to use aggregation operators
such as Heronian mean operator, Bonferroni mean operator, Maclaurin symmetric mean
operator, and other operators to aggregate information, but these operators cannot deal with
outliers in the evaluation information. In the real multi-attribute group decision-making
problem, the decision-maker’s evaluation of the alternative is often subjective due to the
influence of the decision-maker’s personal preference and the fuzziness of the decision
environment. However, from an objective point of view, the evaluation of multiple decision-
makers on the same alternative under various attributes should be similar. Therefore, when
decision-makers have bias or wrong information collection, abnormal data may appear,
which may easily lead to unreasonable decision results. To solve this problem, Yager [14]
proposed the Power Average (PA) operator in 2001. The PA operator can not only express
the relationship between a single evaluation value and other evaluation values through the
degree of support, but also obtain the corresponding harmonic weight through the degree
of support so as to reduce the influence of unreasonable data on the final decision result.
Subsequently, Xu and Yager [15] further developed the PA operator and defined the power
ordered weighted average (POWA) operator. Since then, many scholars have studied the
extension of the PA operator, resulting in the PA operator becoming rapidly developed and
widely used [16–20].

After reviewing the literature, we find that there are some problems in the current
research on multi-attribute group decision-making: (1) Compared with the classical hes-
itant fuzzy set, the probabilistic hesitant fuzzy set has better performance in expressing
the hesitation of decision-makers, but there are few studies on the multi-attribute group
decision-making problem with the evaluation information of a probabilistic hesitant fuzzy
set. (2) As one of the classical aggregation operators, the PA operator has not been extended
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to the probabilistic hesitant fuzzy set; (3) In the process of multi-attribute group decision-
making, decision-makers are not completely rational people, and their behaviors in the
decision-making process will have an impact on the decision-making results.

To address the above problems, this study aims to propose a multi-attribute group
decision-making method considering bounded rationality in a probabilistic hesitant fuzzy
environment. The main work of this study is as follows: (1) In order to improve the relia-
bility of group opinions, the credibility of probabilistic hesitant fuzzy element is defined,
and the weights of decision-makers are adjusted according to the credibility. (2) The PA
operator is extended to the probabilistic hesitant fuzzy environment, and the probabilis-
tic hesitant fuzzy power average operator is defined for information aggregation of the
decision-makers. (3) Taking into account the bounded rationality of decision-makers, the
generalized TODIM method developed from prospect theory is extended to the probabilis-
tic hesitant fuzzy environment. (4) The effectiveness and feasibility of the method in this
paper are illustrated through a case study of pharmaceutical e-commerce selection.

The rest of this paper is organized as follows. Some basic concepts of PHFS are
introduced in Section 2. The credibility of probabilistic hesitant fuzzy elements and the
method for adjusting weights of decision-makers based on credibility are described in
Section 3. The probabilistic hesitant fuzzy power average operator and its weighted form
are defined, and their properties are explored in Section 4. A generalized TODIM multi-
attribute group decision-making method in a probabilistic hesitant fuzzy environment
is proposed in Section 5. A numerical example of pharmaceutical e-commerce platform
selection is analyzed by the proposed method in Section 6 to demonstrate its validity and
applicability. Finally, this paper is concluded in Section 7.

2. Preliminaries

In this section, some basic definitions and concepts associated with PHFS will be
overviewed briefly.

2.1. Concept of PHFS

PHFS, as one of the important extended forms of fuzzy sets, take into full consideration
both the different membership degrees and the probability of each membership degree,
effectively taking into account the preferences of the decision-makers. The basic concept of
PHFS is defined as follows:

Definition 1 ([21]). Let X be a fixed set, then a PHFS on X is expressed by a mathematical symbol:

H = { 〈x, h(p)〉|x ∈ X} (1)

where the set h(p) =
{

γλ
(

pλ
)
, λ = 1, 2, . . . , l

}
is the basic tool to describe PHFS H, which is

usually called probabilistic hesitant fuzzy element (PHFE). Membership degree γλ ∈ [0, 1] represents
the possibility that the element x ∈ X belongs to the PHFS H. pλ ∈ [0, 1] indicates the possibility of
γλ, and meets ∑l

λ=1 pλ = 1. In particular, when pλ = 1
l , the PHFS degenerates into HFS.

2.2. The Ranking Method of PHFE

In order to compare the size of PHFE, the score function, deviation function and
comparison law of PHFE are defined as follows:

Definition 2 ([21]). Generally, the elements in all PHFE h(p) are sorted from small to large
according to the membership degree. For a PHFE h(p) =

{
γλ
(

pλ
)
, λ = 1, 2, . . . , l

}
, then its score

function is defined as follows:
s(h(p)) = ∑l

λ=1 γλ · pλ (2)

where γλ denotes the smallest value of λ in the PHFE.
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Definition 3 ([21]). Let h(p) =
{

γλ
(

pλ
)
, λ = 1, 2, . . . , l

}
be the PHFE, then the deviation

function is defined as follows:

D(h(p)) = ∑l
λ=1

(
γλ pλ − s(h(p))

)2
(3)

Definition 4 ([21]). According to the score function and the deviation function, the comparison
rules of the two PHFE h1(p), h2(p) can be presented as follows:

If s(h1(p)) > s(h2(p)), then h1(p) is greater than h2(p) which is denoted by h1(p) � h2(p);
If s(h1(p)) = s(h2(p)), then:
if D(h1(p)) > D(h2(p)), then h2(p) is greater than h1(p) which is denoted by h2(p) � h1(p);
if D(h1(p)) = D(h2(p)), then h1(p) and h2(p) represent the same information
which is denoted by h1(p) ∼ h2(p).

Since the element dimension will increase when PHFE is operated, which leads to a geometric
growth in calculation, a new type of PHFE operation rule is proposed in the literature.

Definition 5 ([22]). Let h(p), h1(p), h2(p) be three PHFE, λ > 0, then:

hC(p) =
{[

1 − γλ
](

pλ
)

, λ = 1, 2, · · · , l
}

(4)

αh(p) =
{[

1 −
(

1 − γλ
)α](

pλ
)

, λ = 1, 2, · · · , l
}

, α > 0 (5)

(h(p))α =
{[(

γλ
)α](

pλ
)

, λ = 1, 2, · · · , l
}

, α > 0 (6)

h1(p)⊕ h2(p) =
{[

γλ
1 + γλ

2 − γλ
1 γλ

2

](
pλ

1 + pλ
2

)
, λ = 1, 2, · · · , l

}
(7)

h1(p)⊗ h2(p) =
{[

γλ
1 γλ

2

](
pλ

1 + pλ
2

)
, λ = 1, 2, · · · , l

}
(8)

where the normalized probability pλ
1 + pλ

2 =
pλ

1 +pλ
2

∑l
λ=1(pλ

1 +pλ
2 )

, λ = 1, 2, · · · , l, therefore

∑l
λ=1

(
pλ

1 + pλ
2
)
= 1. The calculation rules defined in this way allow the number of elements

contained in the integrated result to remain unchanged, avoiding an increase in computational effort
due to the increase in the number of dimensions during the PHFE operation.

2.3. The Distance Measure of PHFE

In the probabilistic hesitant fuzzy environment, a new probabilistic hesitant fuzzy
distance measure is defined as follows:

Definition 6 ([23]). Let h1 =
{

γλ
1
(

pλ
1
)
, λ = 1, 2, . . . , l

}
and h2 =

{
γλ

2
(

pλ
2
)
, λ = 1, 2, . . . , l

}
be

two PHFEs elements that are equal. The probabilistic hesitant fuzzy distance measure can be defined as:

d(h1, h2) = | f (h1)− f (h2)|+ q(h1, h2) (9)

where f (hi) is the hesitancy degree of PHFE hi, q(h1, h2) is the difference measure between the
PHFEs h1, h2, and the hesitancy and difference measure of PHFE are defined as follows:

f (hi) =
1
2

⎛⎝1
l

l

∑
λ=1

[
γλ

i pλ
i −

(
1
l

l

∑
λ=1

γλ
i pλ

i

)]2

+

√(
1 − 1

1 + ln l

)⎞⎠ (10)

q(h1, h2) =
1
2l ∑

l
λ=1

(∣∣∣γλ
1 pλ

1 − γλ
2 pλ

2

∣∣∣+ ∣∣∣γλ
1 − γλ

2

∣∣∣ · ∣∣∣pλ
1 − pλ

2

∣∣∣) (11)

94



Mathematics 2023, 11, 1859

3. Credibility of PHFE

In this section, the concept of credibility of PHFE is defined, the method of adjusting
the weights of the decision-makers based on credibility, and the method of determining
attribute weights based on credibility are proposed. Credibility is applied to the selection
of pharmaceutical e-commerce platforms to eliminate the influence of decision-makers on
decision-making results due to personal bias or insufficient access to information.

3.1. Concept of Credibility of PHFE

With the gradual refinement of the social division of labor, in order to ensure the
rationality and accuracy of the evaluation provided by decision-makers in the multi-
attribute decision-making process, the level of knowledge of decision-makers with the
domain being decided needs to be taken into account. In order to measure the reliability of
evaluation information, the concept of credibility of PHFE is defined in this section, which
indicates the familiarity of decision-makers with the domain to be decided. The higher
the hesitancy degree of an alternative under a particular attribute, the more uncertain the
evaluation of the decision-maker under this attribute and the lower the credibility of this
decision-maker is. Therefore, the credibility of PHFE is defined as follows.

Definition 7. Let h(p) =
{

γλ
(

pλ
)
, λ = 1, 2, . . . , l

}
be a PHFE, then the credibility of PHFE is

defined as:
R(h(p)) = 1 − f (h(p)) (12)

where f (h(p)) is the hesitancy degree of h(p).

Property 1. According to the properties of hesitancy degree, credibility has the following properties:

(1) 0 ≤ R(h(p)) ≤ 1;
(2) When there is only one membership degree in the PHFE, R(h(p)) = 1.

Proof. (1) Since l ≥ 1, so 1 − 1
1+ln l ≤ 1 and therefore

√(
1 − 1

1+ln l

)
≤ 1. Because

γλ ∈ [0, 1], pλ ∈ [0, 1], then γλ
i pλ

i ∈ [0, 1], therefore 1
l ∑l

λ=1 γλ
i pλ

i ∈ [0, 1], we can get
1
l ∑l

λ=1

[
γλ

i pλ
i −

(
1
l ∑l

λ=1 γλ
i pλ

i

)]2 ∈ [0, 1]. Then the hesitancy degree is

f (hi) = 1
2

(
1
l ∑l

λ=1

[
γλ

i pλ
i −

(
1
l ∑l

λ=1 γλ
i pλ

i

)]2
+

√(
1 − 1

1+ln l

))
∈ [0, 1], and according

to Equation (14) we can get R(h(p)) ∈ [0, 1].
(2) When there is only one membership degree in the PHFE, it is obtained that:⎧⎨⎩ γλ

i pλ
i = 1

l

l
∑

λ=1
γλ

i pλ
i

1 − 1
1+ln l = 0

Then f (hi) = 0, R(h(p)) = 1.
Thus, we complete the proof of properties of credibility of PHFE. �

3.2. Adjustment for Weights of the Decision-Makers

Due to the different knowledge level and expertise of each decision-maker, there will
be some bias in the evaluation of pharmaceutical e-commerce platforms. Excessive trust
in the evaluation of one decision-maker will lead to one-sided decision results. There-
fore, the weights of decision-makers need to be adjusted in the multi-attribute group
decision-making process. Generally, decision-maker weights are subjectively determined,
representing the importance of the decision information provided by that decision-maker in
the decision-making process. How to determine the decision-maker weights effectively has
a huge impact on the decision result. Therefore, a method to adjust the decision-maker’s
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weight based on the decision-maker’s credibility in the probabilistic hesitant fuzzy envi-
ronment is proposed in this paper. On the basis of considering the subjective weight of
decision-makers, the original weight of the decision-makers is adjusted according to the
credibility of the decision-makers. A higher weight is assigned to decision-makers with
high credibility and a lower weight is assigned to decision-makers with low credibility,
so as to obtain decision-maker weights that are more in line with the actual situation.
Considering the above ideas, the formula for adjusting decision-maker weights based on
credibility is defined as:

η′
k =

ηk

1 + ηk − 1
mn ∑m

i=1 ∑n
j=1 R

(
hk

ij

) (13)

where η′
k is the adjusted weight of the decision-maker, which can be regarded as the degree

of support provided by the decision-maker, and meets η′
k ∈ [0, 1]; 1

mn ∑m
i=1 ∑n

j=1 R
(

hk
ij

)
is

the average credibility of the decision-maker.
The final weight of decision-maker dk is obtained by normalizing η′

k:

η
′′
k =

η′
k

∑t
k=1 η′

k
(14)

Equation (13) can adjust the weight of the decision-maker according to the credibility
of the decision-maker. When the credibility of decision-maker dk is high, but the weight
assigned to it is low, the decision-maker weight will be adjusted. The denominator of
Equation (13) is less than 1, so the adjusted decision-maker weight is higher than the
original decision-maker weight (η′

k > ηk). Thus, this decision-maker will receive more
attention in the process of decision-making aggregation, which is more conducive to
obtaining scientific and objective decision-making opinions. Similarly, when the credibility
of a decision-maker is low, but the original weight is high, the above formula can also
reduce the influence of his preference in the decision-making process.

3.3. Attribute Weight Determination Model Based on Credibility

According to the credibility defined in this paper, the higher the credibility, the better
the real situation of the alternative can be reflected. Therefore, in order to ensure the
rationality of the results, this paper determines the attribute weight of each pharmaceutical
e-commerce platform according to the credibility of the evaluation of the decision-maker.
That is, the higher the credibility of the evaluation of the alternative under attribute Cj, the
more important the attribute is, and the higher the weight assigned to it. On the contrary,
the lower the credibility, the lower the weight assigned to the attribute. According to the
above ideas, the maximum deviation method is used to determine the attribute weights,
and the PHFS is combined with the TODIM method to construct a selection method of
pharmaceutical e-commerce platform. By extending the maximum deviation method to
the probabilistic hesitant fuzzy environment to determine attribute weight, the objective
function can be constructed as follows:⎧⎪⎪⎨⎪⎪⎩

max
m
∑

i=1

n
∑

j=1
ωjR

(
hij
)

n
∑

j=1
ω2

j = 1, 0 ≤ ωj ≤ 1
(15)

where ωj are the attribute weights, and R
(
hij
)

is the credibility of hij.
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In order to solve the above maximization deviation model, a Lagrangian function
needs to be constructed.

L
(
ωj, ξ

)
=

m

∑
i=1

n

∑
j=1

ωjR
(
hij
)
+

1
2

ξ

(
n

∑
j=1

ω2
j − 1

)
(16)

where ξ is the Lagrangian multiplier.
Let the partial derivatives of both ωj and ξ be 0, then we can get:⎧⎪⎪⎨⎪⎪⎩

∂L(ωj ,ξ)
∂ωj

=
m
∑

i=1
R
(
hij
)
+ ξωj = 0

∂L(ωj ,ξ)
∂ξ =

n
∑

j=1
ω2

j − 1 = 0
(17)

The optimal solution of attribute weight can be obtained as follows:

ω*
j =

∑m
i=1 R

(
hij
)√

∑n
j=1

(
∑m

i=1 R
(
hij
))2

(18)

By normalizing the above equation, the final weight of the evaluation index Cj can be
written as follows:

ωj =
ω*

j

∑n
j=1 ω*

j
=

∑m
i=1 R

(
hij
)

∑m
i=1 ∑n

j=1 R
(
hij
) , j = 1, 2, . . . , n (19)

4. Probabilistic Hesitant Fuzzy Information Aggregation Operators

In this section, the PA operator is introduced into the probabilistic hesitant fuzzy
environment, the probabilistic hesitant fuzzy power average (PHFPA) operator and the
probabilistic hesitant fuzzy power weighted average (PHFPWA) operator are defined, and
their properties including idempotence, boundedness, and permutation invariance are
discussed. The PHFPWA operator is applied to the selection of pharmaceutical e-commerce
platforms to eliminate the impact of extreme values on the decision results in the process of
information aggregation.

4.1. PHFPA Operator

Firstly, the degree of support of PHFEs is defined.

Definition 8. Let hi(p) =
{

γλ
i
(

pλ
i
)
, λ = 1, 2, . . . , l

}
(i = 1, 2) be two PHFEs and the degree of

support between them is defined as:

sup(h1(p), h2(p)) = 1 − d(h1(p), h2(p)) (20)

where d(h1(p), h2(p)) represents the distance between PHFE h1(p) and h2(p).

Property 2. The degree of support meets following three properties:

(1) sup
(
hi(p), hj(p)

) ∈ [0, 1];
(2) sup

(
hi(p), hj(p)

)
= sup

(
hj(p), hi(p)

)
;

(3) If d
(
hi(p), hj(p)

)
< d

(
hj(p), hi(p)

)
, then sup

(
hi(p), hj(p)

) ≥ sup
(
hj(p), hi(p)

)
.

According to the distance measure in Definition 6, Property 2 is easy to prove and will not be
discussed here.

Based on Definition 8, the PHFPA operator is defined as follows:
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Definition 9. Let hi(p) =
{

γλ
i
(

pλ
i
)
, λ = 1, 2, . . . , l

}
be a set of PHFEs, then the probabilistic

hesitant fuzzy power average (PHFPA) operator can be defined as:

PHFPA(h1(p), h2(p), . . . , hn(p)) =
⊕n

i=1(1 + T(hi(p)))hi(p)
∑n

i=1(1 + T(hi(p)))
(21)

where T(hi(p)) = ∑n
j=1,j �=i sup

(
hi(p), hj(p)

)
, and sup

(
hi(p), hj(p)

)
denotes the degree of sup-

port of hi(p) and hj(p).

From Definitions 5 and 9, we can get the following result by using mathematical in-duction.

Theorem 1. Let hi(p) =
{

γλ
i
(

pλ
i
)
, λ = 1, 2, . . . , l

}
be a set of PHFEs, then the aggregated value

by the PHFPA operator is also a PHFE, and

PHFPA(h1(p), h2(p), . . . , hn(p))
=

⊕n
i=1(1+T(hi(p)))hi(p)
∑n

i=1(1+T(hi(p)))

=

{[
1 − n

∏
i=1

(
1 − γλ

i
) 1+T(hi(p))

∑n
i=1 (1+T(hi(p)))

](
− n

∑
i=1

pλ
i

)
, λ = 1, 2, · · · , l

} (22)

Proof. Firstly, prove the following formula using mathematical induction:⊕n
i=1(1 + T(hi(p)))hi(p)

=

{[
1 − n

∏
i=1

(
1 − γλ

i
)1+T(hi(p))

](
n
∑

i=1
pλ

i

)
, λ = 1, 2, · · · , l

}
,

When n = 2, then⊕2
i=1(1 + T(hi(p)))hi(p)

= (1 + T(h1(p)))h1(p)
⊕
(1 + T(h2(p)))h2(p)

=
{[

1 − (
1 − γλ

1
)1+T(h1(p))

](
pλ

1
)}⊕{[

1 − (
1 − γλ

2
)1+T(h2(p))

](
pλ

2
)}

=
{[

1 − (
1 − γλ

1
)1+T(h1(p))(1 − γλ

2
)1+T(h2(p))

](
pλ

1 + pλ
2

)
, λ = 1, 2, · · · , l

}
,

Assume that when n = k, the following equation is established:

⊕k

i=1
(1 + T(hi(p)))hi(p) =

{[
1 − ∏k

i=1

(
1 − γλ

i

)1+T(hi(p))
](

∑k
i=1 pλ

i

)
, λ = 1, 2, · · · , l

}
Then, when n = k + 1,⊕k+1

i=1 (1 + T(hi(p)))hi(p)
=

⊕k
i=1(1 + T(hi(p)))hi(p)

⊕
(1 + T(hk+1(p)))hk+1(p)

=

{[
1 − k

∏
i=1

(
1 − γλ

i
)1+T(hi(p))

](
k
∑

i=1
pλ

i

)}⊕{[
1 −

(
1 − γλ

k+1

)1+T(hk+1(p))
](

pλ
k+1

)}
=

{[
1 − k+1

∏
i=1

(
1 − γλ

i
)1+T(hi(p))

](
k+1
∑

i=1
pλ

i

)
, λ = 1, 2, · · · , l

}
,
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Secondly, according to the Definition 4 on PHFE operation rule, the result can be
obtained as:⊕n

i=1(1+T(hi(p)))hi(p)
∑n

i=1(1+T(hi(p)))

= 1
∑n

i=1(1+T(hi(p)))

{[
1 − n

∏
i=1

(
1 − γλ

i
)1+T(hi(p))

](
n
∑

i=1
pλ

i

)
, λ = 1, 2, · · · , l

}
=

{[
1 − n

∏
i=1

((
1 − γλ

i
)1+T(hi(p))

) 1
∑n

i=1 (1+T(hi(p)))

](
n
∑

i=1
pλ

i

)
, λ = 1, 2, · · · , l

}

=

{[
1 − n

∏
i=1

(
1 − γλ

i
) 1+T(hi(p))

∑n
i=1 (1+T(hi(p)))

](
n
∑

i=1
pλ

i

)
, λ = 1, 2, · · · , l

}
,

where γλ
i ∈ [0, 1], 1+T(hi(p))

∑n
i=1(1+T(hi(p))) ∈ [0, 1], then ∏n

i=1
(
1 − γλ

i
) 1+T(hi(p))

∑n
i=1 (1+T(hi(p))) ∈ [0, 1]. There-

fore, the aggregation result of membership degree is 1− ∏n
i=1

(
1 − γλ

i
) 1+T(hi(p))

∑n
i=1 (1+T(hi(p))) ∈ [0, 1],

which meets the property of membership degree of PHFE.
Furthermore, because of the definition of standardized probability in Definition 4, we

can obtain that ∑n
i=1 pλ

i ∈ [0, 1], and then ∑l
λ=1 ∑n

i=1 pλ
i = 1, which meets the requirement

of probability of PHFE.
Therefore, the result after aggregation by using PHFPA is still a PHFE.
Thus, we complete the proof of Theorem 1. �

Based on Theorem 1, the basic properties of the HPFPA operator are as follows:

Property 3 (Idempotence). Let hi(p) =
{

γλ
i
(

pλ
i
)
, λ = 1, 2, . . . , l

}
be a set of PHFEs, if for all

i = 1, 2, · · · , n, we have hi(p) = h(p) =
{

γλ
(

pλ
)
, λ = 1, 2, . . . , l

}
, then:

PHFPA(h1(p), h2(p), . . . , hn(p)) = h(p) (23)

Proof.

PHFPA(h1(p), h2(p), . . . , hn(p))
= PHFPA(h(p), h(p), . . . , h(p))

=

{[
1 − n

∏
i=1

(
1 − γλ

) 1+T(hi(p))
∑n

i=1 (1+T(hi(p)))

](
n
∑

i=1
pλ

i /
l

∑
λ=1

n
∑

i=1
pλ

i

)
, λ = 1, 2, · · · , l

}

=

{[
1 − (

1 − γλ
)∑n

i=1
1+T(hi(p))

∑n
i=1 (1+T(hi(p)))

](
n
∑

i=1
pλ

i /
n
∑

i=1

l
∑

λ=1
pλ

i

)
, λ = 1, 2, · · · , l

}
=

{[
1 − (

1 − γλ
)1
](

npλ/
n
∑

i=1
1
)

, λ = 1, 2, · · · , l
}

=
{

γλ
(

pλ
)
, λ = 1, 2, · · · , l

}
= h(p)

Thus, we complete the proof of idempotence. �

Property 4 (Boundedness). Let hi(p) =
{

γλ
i
(

pλ
i
)
, λ = 1, 2, . . . , l

}
be a set of PHFEs, if

h−(p) =
{

min
i

γλ
i

(
min

i
pλ

i

)
, λ = 1, 2, . . . , l

}
, h+(p) =

{
max

i
γλ

i

(
max

i
pλ

i

)
, λ = 1, 2, . . . , l

}
,

then:
h−(p) ≤ PHFPA(h1(p), h2(p), . . . , hn(p)) ≤ h+(p) (24)
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Proof. Let h(p) = PHFPA(h1(p), h2(p), . . . , hn(p)), and ωi =
1+T(hi(p))

n
∑

i=1
(1+T(hi(p)))

, then

s(h(p)) =
l

∑
λ=1

{[
1 −

n

∏
i=1

(
1 − γλ

i

)ωi

]
·

n

∑
i=1

pλ
i

}
,

According to Definition 2 of the score function, it can be obtained that:

sh−(p) =
l

∑
λ=1

min
i

γλ
i ·min

i
pλ

i , sh+(p) =
l

∑
λ=1

max
i

γλ
i ·max

i
pλ

i ,

Since 0 ≤ min
i

γλ
i ≤ γλ

i ≤ max
i

γλ
i ≤ 1, it can be obtained that:

1 − min
i

γλ
i ≥ 1 − γλ

i ≥ 1 − max
i

γλ
i ,

Thus,

n

∏
i=1

(
1 − min

i
γλ

i

)ωi

≥
n

∏
i=1

(
1 − γλ

i

)ωi ≥
n

∏
i=1

(
1 − max

i
γλ

i

)ωi

,

Hence,

1 −
n

∏
i=1

(
1 − min

i
γλ

i

)ωi

≤ 1 −
n

∏
i=1

(
1 − γλ

i

)ωi ≤ 1 −
n

∏
i=1

(
1 − max

i
γλ

i

)ωi

,

Therefore,

min
i

γλ
i ≤ 1 −

n

∏
i=1

(
1 − γλ

i

)ωi ≤ max
i

γλ
i ,

Furthermore, because of 0 ≤ min
i

pλ
i ≤ pλ

i ≤ max
i

pλ
i ≤ 1, it can be obtained that:

n

∑
i=1

min
i

pλ
i ≤

n

∑
i=1

pλ
i ≤

n

∑
i=1

max
i

pλ
i

Thus,

min
i

pλ
i ≤

n

∑
i=1

pλ
i ≤ max

i
pλ

i

Hence,

l

∑
λ=1

min
i

γλ
i ·min

i
pλ

i ≤
l

∑
λ=1

{[
1 −

n

∏
i=1

(
1 − γλ

i

)ωi

]
·

n

∑
i=1

pλ
i

}
≤

l

∑
λ=1

max
i

γλ
i ·max

i
pλ

i

Therefore,

h−(p) ≤ PHFPA(h1(p), h2(p), . . . , hn(p)) ≤ h+(p)

Thus, we complete the proof of boundedness. �

Property 5 (Permutation invariance). Let hi(p) =
{

γλ
i
(

pλ
i
)
, λ = 1, 2, . . . , l

}
be a set of PHFEs,

if
(
h′1(p), h′2(p), · · · , h′n(p)

)
is any permutation of (h1(p), h2(p), · · · , hn(p)), then:

PHFPA(h1(p), h2(p), . . . , hn(p)) = PHFPA
(
h′1(p), h′2(p), · · · , h′n(p)

)
(25)
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Proof. Since
(
h′1(p), h′2(p), · · · , h′n(p)

)
is the permutation of (h1(p), h2(p), · · · , hn(p)),

there must exist a unique h′j(p) for each hi(p), then h′j(p) = hi(p) and vice versa. Thus,

T
(

h′j(p)
)
= T(hi(p)). It can be obtained that:

PHFPA(h1(p), h2(p), . . . , hn(p)) =
⊕n

i=1(1+T(hi(p)))hi(p)
n
∑

i=1
(1+T(hi(p)))

=

⊕n
j=1

(
1+T

(
h′j(p)

))
h′j(p)

∑n
j=1

(
1+T

(
h′j(p)

))
= PHFPA

(
h′1(p), h′2(p), . . . , h′n(p)

)
Thus, we complete the proof of permutation invariance. �

4.2. PHFPWA Operator

According to the definition of PHFPA operator, the probabilistic hesitant fuzzy power
weighted average operator is defined as below.

Definition 10. Let hi(p) =
{

γλ
i
(

pλ
i
)
, λ = 1, 2, . . . , l

}
be a set of PHFEs, and ω = (ω1, ω2, · · · , ωn)

T

be a vector of weights, which meets
n
∑

i=1
ωi = 1, ωi ≥ 0(i = 1, 2, · · · , n), then the probabilistic hesi-

tant fuzzy power weighted average (PHFPWA) operator can be defined as:

PHFPWA(h1(p), h2(p), . . . , hn(p)) =
⊕n

i=1 ωi(1 + T(hi(p)))hi(p)
∑n

i=1 ωi(1 + T(hi(p)))
(26)

Theorem 2. Let hi(p) =
{

γλ
i
(

pλ
i
)
, λ = 1, 2, . . . , l

}
be a set of PHFEs, then the aggregated value

by the PHFPWA operator is also a PHFE, and

PHFPWA(h1(p), h2(p), . . . , hn(p))
=

⊕n
i=1 ωi(1+T(hi(p)))hi(p)
∑n

i=1 ωi(1+T(hi(p)))

=

{[
1 − n

∏
i=1

(
1 − γλ

i
) ωi(1+T(hi(p)))

∑n
i=1 ωi(1+T(hi(p)))

](
n
∏
i=1

pλ
i

)} (27)

The proof of Theorem 2 is similar to Theorem 1 and it is therefore omitted.

Let hi(p) =
{

γλ
i
(

pλ
i
)
, λ = 1, 2, . . . , l

}
be a set of PHFEs, then the PHFPWA operator

satisfies the following properties:

Property 6 (Idempotence). If hi(p) = h(p) =
{

γλ
(

pλ
)
, λ = 1, 2, . . . , l

}
(i = 1, 2, · · · , n), then:

PHFPWA(h1(p), h2(p), . . . , hn(p)) = h(p) (28)

Property 7 (Boundedness). If we make h−(p) =

{
min

i
γλ

i

(
min

i
pλ

i

)
, λ = 1, 2, . . . , l

}
,

h+(p) =
{

max
i

γλ
i

(
max

i
pλ

i

)
, λ = 1, 2, . . . , l

}
, then:

h−(p) ≤ PHFPWA(h1(p), h2(p), . . . , hn(p)) ≤ h+(p) (29)
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Property 8 (Permutation invariance). If
(
h′1(p), h′2(p), · · · , h′n(p)

)
is any permutation of

(h1(p), h2(p), · · · , hn(p)), then:

PHFPWA(h1(p), h2(p), . . . , hn(p)) = PHFPWA
(
h′1(p), h′2(p), · · · , h′n(p)

)
(30)

The above three properties are proved in a similar way to Properties 3–5 and they are therefore
omitted.

5. A Method of Pharmaceutical E-Commerce Platform Selection Based on Generalized
TODIM under Probabilistic Hesitant Fuzzy Environment

5.1. Description of the Problem

For the selection of a pharmaceutical e-commerce platform, it is assumed that there
are m pharmaceutical e-commerce platforms, and then the pharmaceutical e-commerce
platform set is expressed as A = {A1, A2, . . . , Am}(i = 1, 2, . . . , m). There are n evalua-
tion indexes in the evaluation index system of the pharmaceutical e-commerce platform,
then the evaluation index set is C = {C1, C2, . . . , Cn}(j = 1, 2, . . . , n), and the attribute
weight vector is ω = (ω1, ω2, . . . , ωn)

T , which satisfies ∑n
j=1 ωj = 1, ωj ≥ 0(i = 1, 2, · · · , n).

Let D = {d1, d2, · · · , dt} be the set of decision-makers, and the weights of the decision-
makers satisfies ∑t

k=1 ηk = 1, ηk ≥ 0(k = 1, 2, · · · , t). The decision-maker evaluates the
pharmaceutical e-commerce platforms using PHFE, which is denoted as
h(p) =

{
γλ
(

pλ
)
, λ = 1, 2, . . . , l

}
. For the k-th decision-maker dk, the evaluation value of the

pharmaceutical e-commerce platform Ai on the evaluation index Cj is represented by the

PHFE h′kij
(

pij
)
=
{

γ′kλ
ij

(
p′kλ

ij

)
, i = 1, 2, . . . , m; j = 1, 2, . . . , n; k = 1, 2, · · · , t; λ = 1, 2, . . . , l

}
,

then the k-th decision-maker’s probabilistic hesitant fuzzy multi-attribute decision-making
matrix H′k(P) =

(
h′kij

(
pij
))

m×n
can be expressed as:

H′k(P) =

⎡⎢⎢⎢⎣
h′k11(p11) h′k12(p12) · · · h′k1n(p1n)

h′k21(p21)
...

h′k22(p22)
...

· · ·
. . .

h′k2n(p2n)
...

h′km1(pm1) h′km2(pm2) · · · h′kmn(pmn)

⎤⎥⎥⎥⎦ (31)

When dealing with practical problems, different attributes have different physical
scales. The evaluation attributes of pharmaceutical e-commerce platforms are generally
classified as two types: benefit-type J1 and cost-type J2. For the benefit-type attributes,
the corresponding probability hesitant fuzzy information remains unchanged. For the
cost-type attributes, the membership degree in the probabilistic hesitant fuzzy informa-
tion is complemented and the corresponding probability remains unchanged. Then the
standardized matrix Ek(P) =

(
ek

ij
(

pij
))

m×n
can be shown as:

ek
ij
(

pij
)
=

⎧⎨⎩
{

γk,λ
ij

(
pk,λ

ij

)∣∣∣λ = 1, 2, · · · , l
}

, Cj ∈ J1{(
1 − γk,λ

ij

)(
pk,λ

ij

)∣∣∣λ = 1, 2, · · · , l
}

, Cj ∈ J2
(32)

5.2. Probabilistic Hesitant Fuzzy Generalized TODIM Method

The TODIM (Tomada de decisao interativae multicritévio) method, as a multi-attribute
decision-making method proposed on the basis of prospect theory, can take into account
the different psychological behaviors of decision-makers on losses and gains, affecting the
decision-making results. In the traditional TODIM method, the results may be contrary to
the facts in some cases. Therefore, a simplified model of the TODIM method was proposed
by Llamazares [24], and two examples were given to illustrate the results contrary to the
expectations caused by the change of attribute weights, and then the concepts of weight
consistency and weight monotonicity were proposed. By using the non-decreasing function
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in the definition of dominance, a generalized TODIM method is proposed, which avoids
the violation of the results and facts caused by weight changes in some cases.

In the generalized TODIM method, the dominance of pharmaceutical e-commerce
platform Ai to pharmaceutical e-commerce platform Ak under attribute Cj is defined as:

Φj(Ai, Ak) =

⎧⎨⎩g1(ωk) f1

(
yij − ykj

)
,

(
yij − ykj

)
≥ 0

−g2(ωk) f2

(
ykj − yij

)
,

(
yij − ykj

)
< 0

(33)

Among them, g1, g2 : (0, 1) → (0,+∞), f1, f2 : [0, 1] → [0,+∞), f1(0) = f2(0) = 0 .
In this paper, the generalized TODIM method is extended to the probabilistic hesitant

fuzzy environment, and the probabilistic hesitant fuzzy generalized TODIM method is
constructed based on credibility. Then, the dominance of pharmaceutical e-commerce
platform Ai to pharmaceutical e-commerce platform Ak under attribute Cj is defined as:

Φj(Ai, Ak) =

⎧⎨⎩ g1
(
ωj
)

f1

(
Rij − Rkj

)
, Rij > Rkj

−g2
(
ωj
)

f2

(
Rij − Rkj

)
, Rij < Rkj

(34)

where Rij is the credibility of pharmaceutical e-commerce platform Ai under attribute Cj,
g1, g2 : (0, 1) → (0,+∞) , f1, f2 : [0, 1] → [0,+∞) and f1(0) = f2(0) = 0.

The total dominance degree of pharmaceutical e-commerce platform Ai is calculated
according to the relative dominance degree, and the pharmaceutical e-commerce platforms
are sorted according to the value of Φ(Ai). The total dominance degree of pharmaceutical
e-commerce platform Ai is defined as:

Φ(Ai) =
m

∑
k=1

n

∑
j=1

Φj(Ai, Ak) (35)

The basic principle of the generalized TODIM method is consistent with that of
the traditional TODIM method, but the calculation steps are simplified in the process of
processing, making the calculation more concise. This paper assumes g1(x) = f1(x) = xα,
g2(x) = 1

θ xβ, f2(x) = xβ, α = β = 0.5, θ = 2.25, which is consistent with the traditional
TODIM method.

5.3. Decision-Making Process

Based on the above analysis, we give the specific steps of the selection method of a
pharmaceutical e-commerce platform under a probabilistic hesitant fuzzy environment:

Step 1: The performance of each pharmaceutical e-commerce platform under each
attribute is evaluated by each decision-maker using PHFE, and t probabilistic hesitant
fuzzy decision-making matrices Hk(k = 1, 2, · · · , t) are obtained.

Step 2: Considering the cost attributes, the initial probabilistic hesitant fuzzy matrix is
normalized according to Equation (32) to obtain the matrix Ek(P).

Step 3: The hesitancy degree f
(

hk
ij

)
and credibility R

(
hk

ij

)
of PHFE hk

ij are calculated by
Equations (10) and (12), respectively, and adjust the subjective weights of decision-makers by
Equations (13) and (14) to obtain the adjusted weights of decision-makers η

′′
k .

Step 4: Integrate the information of decision-makers using the PHFPWA operator to
obtain the comprehensive decision matrix H =

[
hij
]

m×n.
Step 5: The credibility of the comprehensive decision matrix is calculated, and the

attribute weight determination model is built based on the credibility. The attribute weight
vector W = (ω1, ω2, · · · , ωn)

T is obtained by Equations (18) and (19).
Step 6: Calculate the dominance Φj(Ai, As) of each pharmaceutical e-commerce plat-

form for attribute Cj according to Equation (34), and the dominance matrix is obtained.
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Step 7: Calculate the total dominance Φ(Ai) of pharmaceutical e-commerce platform
Ai by Equation (35), and sort the pharmaceutical e-commerce platforms according to the
size of Φ(Ai).

6. Numerical Example

6.1. Background

With the continuous promotion of the “Healthy China” strategy, the “Internet + medical
health” model represented by pharmaceutical e-commerce platform is becoming a new
trend. On 6 September 2022, the Ministry of Commerce released the 2021 Statistical Report
on Pharmaceutical Circulation Industry. The report pointed out that in 2021, the total sales
volume of seven categories of medical commodities in China reached CNY 2.6 trillion, and
the total sales volume of pharmaceutical e-commerce platform direct reporting enterprises
in 2021 reached CNY 216.2 billion (including the transaction volume of third-party trading
service platform), accounting for 8.3% of the total scale of the national pharmaceutical
market in the same period [25]. Since the outbreak of the COVID-19, the pharmaceutical
e-commerce platform industry has developed rapidly, and the recognition of consumers of
the pharmaceutical e-commerce platform has gradually increased. S Online consultation,
self-testing, and drug sales have brought a lot of convenience to residents, and the demand
for online drug sales has grown significantly. According to relevant data, during the
epidemic, the number of daily online active users of pharmaceutical e-commerce platforms
such as JD and Alibaba increased significantly from the previous month, and the peak
could even rise to 1.48 million, with a maximum growth rate of 10% in the same period in
2019. According to data, based on the development of digital medical industry, China’s
pharmaceutical e-commerce platform and online consultation will enter a stage of rapid
growth, and the market size is expected to reach CNY 1.2 trillion and CNY 407 billion,
respectively, in 2030.

After a period of exploration and cultivation, China’s pharmaceutical e-commerce
platform industry has been basically formed, and a number of representative enterprises
have emerged in their fields. Since 2018, the government has issued a series of policies to
support the development of Internet hospitals, and has gradually liberalized the online
sales of some prescription medicine, bringing a bright light to the development of phar-
maceutical e-commerce platforms. In the future, compliant pharmaceutical e-commerce
platforms are expected to establish a matching licensed pharmacist remote prescription
examination system and prescription drug distribution system. The vigorous develop-
ment of pharmaceutical e-commerce platforms has also brought new opportunities for
pharmaceutical enterprises. The new Internet channels have broadened the sales scope
of pharmaceutical enterprises, and the area covered by consumers is not limited by time
and space. At the same time, through the management of the intelligent supply chain
system and the unified deployment of medical storage and transportation, pharmaceutical
enterprises have developed into low-cost modern green logistics to reduce the circulation
cost. Therefore, it is of great practical significance for pharmaceutical enterprises to select
an appropriate pharmaceutical e-commerce platform.

6.2. Research Hypothesis

Take pharmaceutical company A as an example. The enterprise has developed a new
drug, and the management of the company plans to cooperate with a pharmaceutical e-
commerce platform to promote the new drug. At present, there are four pharmaceutical
e-commerce platforms A = {A1, A2, A3, A4} for a company to choose from. We will eval-
uate these four platforms in five aspects, including type of drugs (C1), price (C2), response
speed (C3), level of medical personnel (C4), and company qualification (C5). The evaluation
committee is composed of three decision-makers di(i = 1, 2, 3), and the weight vector of the
decision-makers is ω = (0.5, 0.3, 0.2). The evaluation value given by invited decision-makers
is expressed by PHFE, and the initial evaluation results are shown in Tables 1–3.
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Table 1. Original evaluation matrix of Expert 1 (d1).

A1 A2

c1 {0.2(0.3), 0.8(0.7)} {0.3(0.2), 0.7(0.8)}
c2 {0.3(0.8), 0.8(0.2)} {0.2(0.7), 0.9(0.3)}
c3 {0.4(0.4), 0.5(0.6)} {0.3(0.2), 0.6(0.8)}
c4 {0.1(0.3), 0.4(0.7)} {0.3(0.4), 0.6(0.6)}
c5 {0.2(0.4), 0.6(0.6)} {0.4(0.3), 0.5(0.7)}

A3 A4

c1 {0.6(0.9), 0.9(0.1)} {0.4(0.4), 0.6(0.6)}
c2 {0.3(0.4), 0.6(0.6)} {0.6(0.4), 0.8(0.6)}
c3 {0.5(0.7), 0.8(0.3)} {0.7(0.4), 0.8(0.6)}
c4 {0.3(0.4), 0.9(0.6)} {0.2(0.6), 0.7(0.4)}
c5 {0.2(0.4), 0.6(0.6)} {0.2(0.4), 0.5(0.6)}

Table 2. Original evaluation matrix of Expert 2 (d2).

A1 A2

c1 {0.5(0.3), 0.8(0.7)} {0.3(0.2), 0.6(0.8)}
c2 {0.3(0.8), 0.8(0.2)} {0.4(0.7), 0.9(0.3)}
c3 {0.4(0.3), 0.5(0.7)} {0.3(0.4), 0.7(0.6)}
c4 {0.2(0.4), 0.5(0.6)} {0.4(0.3), 0.6(0.7)}
c5 {0.3(0.5), 0.6(0.5)} {0.4(0.3), 0.5(0.7)}

A3 A4

c1 {0.6(0.7), 0.8(0.3)} {0.3(0.3), 0.6(0.7)}
c2 {0.2(0.3), 0.3(0.7)} {0.5(0.4), 0.8(0.6)}
c3 {0.4(0.4), 0.7(0.6)} {0.5(0.7), 0.8(0.3)}
c4 {0.4(0.4), 0.9(0.6)} {0.2(0.6), 0.7(0.4)}
c5 {0.5(0.4), 0.8(0.6)} {0.2(0.6), 0.6(0.4)}

Table 3. Original evaluation matrix of Expert 3 (d3).

A1 A2

c1 {0.4(0.3), 0.8(0.7)} {0.3(0.2), 0.6(0.8)}
c2 {0.3(0.8), 0.9(0.2)} {0.4(0.7), 0.9(0.3)}
c3 {0.4(0.4), 0.5(0.6)} {0.4(0.4), 0.6(0.6)}
c4 {0.1(0.4), 0.4(0.6)} {0.3(0.6), 0.7(0.4)}
c5 {0.2(0.4), 0.6(0.6)} {0.4(0.4), 0.5(0.6)}

A3 A4

c1 {0.5(0.6), 0.8(0.4)} {0.4(0.3), 0.6(0.7)}
c2 {0.5(0.2), 0.8(0.8)} {0.2(0.4), 0.8(0.6)}
c3 {0.3(0.4), 0.6(0.6)} {0.7(0.4), 0.8(0.6)}
c4 {0.5(0.4), 0.6(0.6)} {0.4(0.6), 0.7(0.4)}
c5 {0.3(0.4), 0.5(0.6)} {0.3(0.3), 0.5(0.7)}

6.3. Data Processing and Alternative Ranking

Step 1: Data normalization processing. According to Equation (32), the decision matrix
of the three decision-makers H′k(P) were transformed into Ek(P), and the transformed
results are shown in Tables 4–6.
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Table 4. Standardized evaluation matrix of Expert 1 (d1).

A1 A2

c1 {0.2(0.3), 0.8(0.7)} {0.3(0.2), 0.7(0.8)}
c2 {0.2(0.2), 0.7(0.8)} {0.1(0.3), 0.8(0.7)}
c3 {0.4(0.4), 0.5(0.6)} {0.3(0.2), 0.6(0.8)}
c4 {0.1(0.3), 0.4(0.7)} {0.3(0.4), 0.6(0.6)}
c5 {0.2(0.4), 0.6(0.6)} {0.4(0.3), 0.5(0.7)}

A3 A4

c1 {0.6(0.9), 0.9(0.1)} {0.4(0.4), 0.6(0.6)}
c2 {0.4(0.6), 0.7(0.4)} {0.2(0.6), 0.4(0.4)}
c3 {0.5(0.7), 0.8(0.3)} {0.7(0.4), 0.8(0.6)}
c4 {0.3(0.4), 0.9(0.6)} {0.2(0.6), 0.7(0.4)}
c5 {0.2(0.4), 0.6(0.6)} {0.2(0.4), 0.5(0.6)}

Table 5. Standardized evaluation matrix of Expert 2 (d2).

A1 A2

c1 {0.5(0.3), 0.8(0.7)} {0.3(0.2), 0.6(0.8)}
c2 {0.2(0.2), 0.7(0.8)} {0.1(0.3), 0.6(0.7)}
c3 {0.4(0.3), 0.5(0.7)} {0.3(0.4), 0.7(0.6)}
c4 {0.2(0.4), 0.5(0.6)} {0.4(0.3), 0.6(0.7)}
c5 {0.3(0.5), 0.6(0.5)} {0.4(0.3), 0.5(0.7)}

A3 A4

c1 {0.6(0.7), 0.8(0.3)} {0.3(0.3), 0.6(0.7)}
c2 {0.7(0.7), 0.8(0.3)} {0.2(0.6), 0.5(0.4)}
c3 {0.4(0.4), 0.7(0.6)} {0.5(0.7), 0.8(0.3)}
c4 {0.4(0.4), 0.9(0.6)} {0.2(0.6), 0.7(0.4)}
c5 {0.5(0.4), 0.8(0.6)} {0.2(0.6), 0.6(0.4)}

Table 6. Standardized evaluation matrix of Expert 3 (d3).

A1 A2

c1 {0.4(0.3), 0.8(0.7)} {0.3(0.2), 0.6(0.8)}
c2 {0.1(0.2), 0.7(0.8)} {0.1(0.3), 0.6(0.7)}
c3 {0.4(0.4), 0.5(0.6)} {0.4(0.4), 0.6(0.6)}
c4 {0.1(0.4), 0.4(0.6)} {0.3(0.6), 0.7(0.4)}
c5 {0.2(0.4), 0.6(0.6)} {0.4(0.4), 0.5(0.6)}

A3 A4

c1 {0.5(0.6), 0.8(0.4)} {0.4(0.3), 0.6(0.7)}
c2 {0.2(0.8), 0.5(0.2)} {0.2(0.6), 0.8(0.4)}
c3 {0.3(0.4), 0.6(0.6)} {0.7(0.4), 0.8(0.6)}
c4 {0.5(0.4), 0.6(0.6)} {0.4(0.6), 0.7(0.4)}
c5 {0.3(0.4), 0.5(0.6)} {0.3(0.3), 0.5(0.7)}

Step 2: Firstly, according to Equations (10) and (12), the hesitancy and credibility of
decision-maker dk about pharmaceutical e-commerce platform Ai under attribute Cj are
obtained. Then, the weight of decision-maker is adjusted by Equations (13) and (14). The
adjusted weight of decision-maker is as follows:

η
′′
k = (0.4126, 0.3272, 0.2602)T

Step 3: Integrate the information of decision-makers using the PHFPWA operator to
obtain the comprehensive decision matrix H =

[
hij
]

m×n (Table 7):

106



Mathematics 2023, 11, 1859

Table 7. Evaluation matrix H.

A1 A2

c1 {0.364(0.300), 0.800(0.700)} {0.300(0.200), 0.645(0.800)}
c2 {0.175(0.200), 0.700(0.800)} {0.100(0.300), 0.699(0.700)}
c3 {0.400(0.367), 0.500(0.633)} {0.327(0.333), 0.636(0.667)}
c4 {0.134(0.367), 0.435(0.633)} {0.334(0.433), 0.629(0.567)}
c5 {0.234(0.433), 0.600(0.567)} {0.400(0.333), 0.500(0.667)}

A3 A4

c1 {0.567(0.733), 0.849(0.267)} {0.369(0.333), 0.600(0.667)}
c2 {0.484(0.700), 0.700(0.300)} {0.200(0.600), 0.575(0.400)}
c3 {0.420(0.500), 0.725(0.500)} {0.647(0.500), 0.800(0.500)}
c4 {0.390(0.400), 0.857(0.600)} {0.257(0.600), 0.700(0.400)}
c5 {0.337(0.400), 0.661(0.600)} {0.227(0.433), 0.535(0.567)}

Step 4: The credibility of the comprehensive decision matrix is calculated according
to Equations (10) and (12), and then the reliability-based attribute weight determination
model is built. The attribute weight is calculated according to Equations (18) and (19):

ωj = (0.1982, 0.1983, 0.2016, 0.2008, 0.2011)T

Step 5: According to Equation (34), the dominance matrix Φj under attribute Cj can be
obtained.

Φ1 =

⎡⎢⎢⎣
0 0

0.0103 −0.2019
0 0 0

0.0421 −0.0283 −0.0456
−0.1433 −0.4034
−0.1256 −0.4069

−0.0260 0.0441 0.0172
−0.0531 −0.0659 −0.0430

⎤⎥⎥⎦

Φ2 =

⎡⎢⎢⎣
−0.0232 0.0401

0 0
−0.0928 0.0128 0.0206

0 0 0
−0.1452 −0.1555
−0.1277 −0.1573

−0.0964 0.0459 0.0269
−0.1069 −0.0596 0.0069

⎤⎥⎥⎦

Φ3 =

⎡⎢⎢⎣
0.0639 0.0801
0.0647 0.0694

0.0118 −0.0976 −0.0381
0.0437 −0.1016 −0.0594

0 0
0.0308 −0.0237

0 0 0
−0.0463 −0.1178 −0.0574

⎤⎥⎥⎦

Φ4 =

⎡⎢⎢⎣
0.0560 0.0808
0.0569 0.0702

0.0241 0.0298 0.0195
0.0485 0.0269 −0.0152

−0.0691 0.0106
0 0

0.0210 0.0532 0.0260
0 0 0

⎤⎥⎥⎦
Step 6: The total dominance degree of pharmaceutical e-commerce platform Ai is

calculated by Equation (35) as follows:

Φ(A1) = −1.4292, Φ(A2) = −0.8113
Φ(A3) = −0.1773, Φ(A4) = 0.4391

Finally, according to the size of Φ(Ai), the order of pharmaceutical e-commerce
platforms can be obtained: A4 � A3 � A2 � A1, and A4 should be selected as the
cooperative pharmaceutical e-commerce platform.

6.4. Analysis of Sensitivity

Three different parameters are involved in this paper, which are risk preference
coefficient θ and sensitivity coefficient α, β. In order to verify the robustness of the method
proposed in this paper, different parameter values are calculated in this section.
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(1) When α = β = 0.5, by selecting different risk preference coefficients θ, the total
dominance of each pharmaceutical e-commerce platform was calculated and ranked, and
the result was shown in Figure 1.

(2) When θ = 2.25, β = 0.5, by selecting different parameters α, the total dominance of
each pharmaceutical e-commerce platform was calculated and ranked, and the result was
shown in Figure 2a.

(3) When θ = 2.25, α = 0.5, by selecting different parameters β, the total dominance of
each pharmaceutical e-commerce platform was calculated and ranked, and the result was
shown in Figure 2b.

 

Figure 1. Influence of different values of θ on pharmaceutical e-commerce platform ranking.

 
(a) 

 
(b) 

Figure 2. Influence of different values of α and β on pharmaceutical e-commerce platform ranking.
(a) Influence of different values of α on pharmaceutical e-commerce platform ranking. (b) Influence
of different values of β on pharmaceutical e-commerce platform ranking.
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It can be clearly seen from Figures 1 and 2 that:
(1) In the case study of this paper, when parameters θ, α, and β are changed, respec-

tively, the optimal pharmaceutical e-commerce platform is always A4.
(2) The difference between different parameter values is that the total dominance

degree of pharmaceutical e-commerce platforms is different with different parameters,
and the degree of differentiation between pharmaceutical e-commerce platforms is also
different. According to Figure 1, the total dominance of each pharmaceutical e-commerce
platform increases as θ increases. θ reflects the degree of sensitivity of the decision-maker
to risk. The greater θ is, the lower the degree of risk aversion of the decision-maker is. That
is, when facing risk, the smaller the impact of loss of the decision-makers and the smaller
the gap of dominance degree between pharmaceutical e-commerce platforms will be. On
the contrary, the smaller θ is, the higher the degree of risk aversion of decision-maker and
the greater the gap of dominance degree between pharmaceutical e-commerce platforms.
According to Figure 2a, with the increase of α, the total dominance of pharmaceutical e-
commerce platforms gradually decreases, and the gap between pharmaceutical e-commerce
platforms is also gradually narrowed. Similarly, according to Figure 2b, the total dominance
of pharmaceutical e-commerce platforms increases with the increase of β, and the gap
between pharmaceutical e-commerce platforms is also narrowed.

From the above analysis, it can be seen that the changes of θ, α and β will affect the
total dominance degree, but the impact on the final ranking results of the pharmaceutical
e-commerce platform is not obvious, which proves that the method proposed in this paper
has stability within a certain range.

6.5. Comparative Analysis

In order to illustrate the reliability and rationality of the method proposed in this paper, a
comparative analysis will be conducted with the PHFWBM operator and PHFWGBM operator
proposed in Ref. [22], the PHFWMGSM operator proposed in Ref. [26], and the PHFOWA
operator and PHFOWG operator proposed in Ref. [27]. The results are shown in Table 8.

Table 8. The combined score and sorting results obtained by using different operators.

Operator A1 A2 A3 A4 Ranking Results

PHFPWA −1.4292 −0.8113 −0.1773 0.4391 A4 � A3 � A2 � A1
PHFWBM [22] 0.218 0.202 0.232 0.251 A4 � A3 � A1 � A2

PHFWGBM [22] 0.372 0.357 0.394 0.425 A4 � A3 � A1 � A2
PHFWMGSM [26] 0.956 0.947 0.961 0.967 A4 � A3 � A1 � A2

PHFOWA [27] 0.404 0.433 0.419 0.453 A4 � A2 � A3 � A1
PHFOWG [27] 0.331 0.364 0.349 0.380 A4 � A2 � A3 � A1

It can be seen from Table 8 that the method proposed in this paper and the optimal
pharmaceutical e-commerce platform obtained in Refs. [22,26,27] are all A4, that is, the
pharmaceutical company A should cooperate with pharmaceutical e-commerce platform
A4, indicating that the multi-attribute group decision-making method constructed in this
paper is reasonable. The ranking results of PHFWBM operator, PHFWGBM operator, and
PHFWMGSM operator are A4 � A3 � A1 � A2, and the ranking results of PHFOWA
operator and PHFOWG operator are A4 � A2 � A3 � A1, which are different from the
ranking results proposed by this paper (A4 � A3 � A2 � A1).

The main reasons for this difference are:
(1) Different comparison methods: The score function and deviation function defined

in Ref. [21] are used in this paper to compare the size of the PHFE, while Ref. [22] used the
distance of the PHFE proposed in it to compare the size of the PHFE, and the calculation is
more complicated. Refs. [26,27] used score function and deviation function to compare the
size of PHFE, but the function formulas used are different from those in this paper and are
more outdated than those in this paper.
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(2) Different aggregation methods: The above methods only focus on the relation
between attributes when aggregating information, ignoring the influence of extreme value
in group decision-making on the decision results. However, this paper not only considers
the relation between attributes, but also pays attention to the extreme value in evaluation
information, which is more consistent with reality.

(3) The irrationality of decision-makers can have an impact on decision results. The
method proposed in this paper is a generalized TODIM multi-attribute group decision-making
model, while the TODIM method is an effective tool for dealing with the multi-attribute
decision-making problem considering the preference of the DMs. However, Refs. [22,26,27]
did not consider the impact of decision-maker irrationality on decision results.

In fact, according to the assessment information in the original evaluation matrix of
the experts, the values of pharmaceutical e-commerce platform A3 are higher than pharma-
ceutical e-commerce platform A2, and the values of pharmaceutical e-commerce platform
A2 are higher than pharmaceutical e-commerce platform A1, namely A4 � A3 � A2 � A1,
which agree with the decision results proposed in this paper. However, the results obtained
in Refs. [22,26,27] are inconsistent with the original data, so the decision method proposed
in this paper is more reliable.

7. Conclusions

In this paper, a probabilistic hesitant fuzzy pharmaceutical e-commerce platform
selection method based on prospect theory is proposed. In the probabilistic hesitant fuzzy
environment, firstly, the credibility of the decision-makers is proposed. Based on the
credibility, the weights of the decision-makers are adjusted to eliminate the influence of
insufficient information acquisition or personal bias on the decision results. Secondly,
the PHFPA operator and PHFPWA operator are defined for information aggregation to
eliminate the influence of extreme values on the decision results. Thirdly, considering that
the decision-makers are not completely rational, a generalized TODIM method developed
from prospect theory is introduced to construct a probabilistic hesitant fuzzy generalized
TODIM multi-attribute group decision-making model. Finally, the method is applied to the
selection of a pharmaceutical e-commerce platform.

In the future, we will further extend the model proposed in this paper from the
two following aspects: (1) This paper used a single PA operator to assemble information.
In the future, the PA operator will be considered to integrate with other operators with
different characteristics, such as Bonferroni mean operator and Heronian mean operator, to
solve the multi-attribute group decision-making problem more comprehensively. (2) This
paper proved the effectiveness of the method with a numerical example. In order to more
fully prove the feasibility and innovation of the method, actual data will be obtained for
empirical research in the future.
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Abstract: This study proposes a two-stage MCDM model that combines Delphi and decision-making
trial and evaluation laboratory methods based on spherical fuzzy sets (SF-Delphi and SF-DEMATEL)
to analyze the motivation and demotivation factors affecting employee satisfaction in the Vietnamese
logistics service industry. In the first stage, the SF-Delphi approach is used to gather expert opinions
and develop consensus on the significance of criteria. In the second stage, the SF-DEMATEL tech-
nique explores causal linkages between the criteria and identifies root causes of the issues. Based
on a comprehensive literature review and feedback from 40 experts, this study identified crucial
factors affecting employee satisfaction related to both motivation and demotivation aspects. The
findings of this study provide recommendations for managers to improve employee satisfaction,
such as establishing clear and detailed wage and bonus rules, offering training courses, developing a
positive work culture, recognizing employee efforts, and addressing poor treatment by supervisors
and inadequate leadership support. Furthermore, the proposed model accurately identifies essen-
tial elements, represents uncertainty, adapts to various contexts, has resilience and accuracy, and
has practical implications for mitigating demotivating factors and enhancing motivation, thereby
positively influencing employee satisfaction in the logistics service industry.

Keywords: motivation; demotivation; employee satisfaction; logistics service industry; spherical
fuzzy sets; Delphi; DEMATEL; Vietnam
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1. Introduction

Logistics is a crucial aspect of commercial and economic systems, playing a significant
role in the global economy. In Vietnam, the logistics industry is thriving and productive,
with an average annual growth rate of 14–16% and a value of around USD 40–42 billion
per year. Vietnam’s status as an emerging logistics market was confirmed by Agility’s
2022 ranking, which placed it as the 11th top market out of 50 [1]. Additionally, Vietnam’s
logistics performance index (LPI) ranking by the World Bank in 2023 places it at 43rd out
of 139 countries and fourth in the ASEAN region, following Singapore, Malaysia, and
Thailand [2].

It is vital to approach the logistics industry with caution, diligence, and foresight
due to its vast and varied activities worldwide. Challenges can arise depending on the
job’s stage and type, such as meeting deadlines for document completion, complying with
new import/export regulations, ensuring transportation compliance, meeting transparency
requirements in goods production, and navigating time zones or cultural differences with
agents [3]. Handling these complex and demanding challenges requires highly skilled
individuals who can work under pressure. As such, human resource management (HRM)
plays a critical role in understanding employee satisfaction, which significantly impacts the
success of service sectors such as logistics [4].

To optimize productivity and engagement within a workforce, leaders and managers
must understand the factors contributing to employee satisfaction. However, numerous
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previous studies [5–8] have shown that using quantitative analysis to study employee
satisfaction can be challenging due to the intangible nature of employee motivation and
demotivation [9]. Furthermore, quantitative analysis fails to account for the inherent
uncertainty and imprecision of human behavior, leading to a limited ability to comprehend
the complexity of employee satisfaction. Qualitative analysis, on the other hand, can
provide more profound comprehension of the underlying factors that influence employee
behavior, but it can be resource-intensive and struggles to quantify the interrelationships
among various factors [10]. Consequently, a comprehensive research approach is necessary
to identify and quantify the interrelationships among factors related to employee motivation
and demotivation.

To address this problem, multiple criteria decision making (MCDM) presents a viable
solution by developing and implementing decision-making models for issues that incorpo-
rate multiple criteria or decision attributes in situations where uncertainties and incomplete
information exist. The features commonly utilized can be imprecise and capable of being
represented as fuzzy information [11]. Fuzzy set theory, initially proposed by Zadeh [12],
has received significant attention from researchers worldwide who have explored its the-
oretical and practical aspects. Researchers have extended general fuzzy sets since 1965,
resulting in various extensions, such as type-2 fuzzy sets by Zadeh [13], intuitionistic fuzzy
sets by Atanassov [14], neutrosophic sets by Smarandache [15], hesitant fuzzy sets by
Torra [16], Pythagorean fuzzy sets by Yager [17], picture fuzzy sets by Cuong [18], and
spherical fuzzy sets by Mahmood et al. [19] and Kahraman and Gündoğdu [20], which
have gained popularity in the literature. Spherical fuzzy sets (SFSs) are the recent extension
of fuzzy sets, allowing experts to express their indeterminacy, membership, and non-
membership degrees as long as they are within the unit sphere, which is a notable feature
that distinguishes SFSs from other fuzzy set models [4]. As a result, MCDM-model-based
SFSs have been applied in various fields, such as international trade [21], vaccination [22],
supply chain management [23], tourism and hospitality management [4], etc.

In the context of HRM problems, it is appropriate to employ an MCDM approach
that utilizes SFSs to capture the uncertainty and ambiguity inherent in expert evaluations.
Among the various MCDM models, the Delphi and decision-making trial and evaluation
laboratory (DEMATEL) methods represent a balanced approach between quantitative
and qualitative analysis, including subjective judgments and linguistic variables typically
ignored by conventional research methods [24]. Notably, the Delphi method serves as a
useful MCDM tool for verifying crucial factors before evaluating them. The DEMATEL
model is better suited than the analytic hierarchy process (AHP) and analytic network
process (ANP) models for exploring the interrelationships among the various factors. The
DEMATEL model evaluates the interrelationships among factors, capturing both direct
and indirect relationships, leading to a more comprehensive understanding of the factors
influencing employee motivation and demotivation. Unlike previous studies reviewed in
this literature, this study aims to better reflect the interrelationships between criteria that
directly affect the decision-making process. Rather than treating criteria as independent
concepts, this research proposes a two-stage, data-driven approach that combines SFS and
MCDM models to comprehensively analyze and evaluate the significant factors that impact
employee satisfaction in the Vietnamese logistics service industry from both motivational
and demotivational perspectives.

The research questions guiding this study are as follows:

(i) What are the critical factors that impact employee satisfaction from both motivation
and demotivation perspectives in the logistics service industry in Vietnam?

(ii) What is the nature of the interrelationships between these from both motivation and
demotivation perspectives in the logistics service industry in Vietnam?

The following research goals are expected to be realized by this study:

(i) Identify the critical factors that impact employee satisfaction from both motivation
and demotivation perspectives in the logistics service industry in Vietnam.
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(ii) Quantify the interrelationships among these factors from both motivation and demo-
tivation perspectives in the logistics service industry in Vietnam.

Remarkably, in contrast to prior studies such as [25–28], the proposed model, which
comprises SF-Delphi and SF-DEMATEL, involves fully computing SFSs to detect and
measure the interdependencies among the critical factors impacting employee satisfaction
in the Vietnamese logistics service industry, thereby leveraging the strengths of both SFS
and MCDM models.

The structure of this study is organized into several sections. Section 2 presents
a comprehensive literature review covering related theories, employee motivation and
demotivation perspectives, and previous research that applied MCDM models in HRM.
Section 3 describes spherical fuzzy sets and the proposed method. Section 4 presents a
case study from Vietnam, including the main results and discussion. Finally, conclusions,
implications, and suggestions for further investigation are summarized in Section 5.

2. Literature Review

2.1. Theoretical Frameworks

Employee satisfaction is crucial to any organization’s success, and various theories
have been proposed to understand it better.

Maslow’s hierarchy of needs theory [29] is often used in HRM research to understand
employee behavior, which states that human needs can be organized into a hierarchy,
starting with basic physiological needs, such as food, water, and shelter, and progressing to
higher needs, such as safety, love and belonging, esteem, and self-actualization. Maslow
suggests that employees are motivated by fulfilling these needs, and once a lower-level
need is met, the employee is motivated by the next higher need [30]. Additionally, it
can provide a valuable framework for understanding the different levels of needs that
must be met to increase employee satisfaction and motivation. By including this theory in
the theoretical framework, this study can provide a comprehensive understanding of the
factors that impact employee satisfaction in the Vietnamese logistics service industry.

Herzberg’s two-factor theory [31] is another popular theory that explains the impact
of hygiene and motivators on employee motivation and satisfaction. Hygiene factors are
associated with the work environment, such as salary, working conditions, and company
policies, and although they can prevent dissatisfaction, they do not necessarily motivate
employees. On the other hand, motivators are linked to the nature of the work, such
as job recognition, growth opportunities, and achievement, and can lead to satisfaction
and motivation [32]. This theory is relevant to the present study as it emphasizes the
importance of both environmental and intrinsic factors in influencing employee satisfaction.
Additionally, equity theory [33] suggests that employees are motivated by the perceived
fairness of their treatment in the workplace. Employees compare their inputs (effort,
skills, experience) to their outputs (salary, recognition, promotion) with their peers. If
they perceive inequity, they may become demotivated, leading to lower productivity and
satisfaction [34]. This theory highlights the importance of fairness and the negative impact
of perceived inequity on employee motivation and satisfaction.

Similarly, Victor Vroom’s expectancy theory [35] implies that employees are motivated
by the expectation that their efforts will lead to desired outcomes. The theory proposes
that employees make decisions based on their belief that their efforts will lead to good
performance, which leads to rewards such as recognition, promotion, and pay raises. Thus,
employees are more motivated when they perceive a clear relationship between their efforts,
performance, and rewards [36]. Moreover, self-determination theory highlights that people
are naturally motivated to pursue their goals and interests and that autonomy, competence,
and relatedness are essential for intrinsic motivation. Autonomy refers to the need for
control over one’s work and environment, competence refers to the need to feel competent
and capable of achieving goals, and relatedness refers to the need for social connection and
belongingness [37].
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By integrating these theories into the theoretical framework, the study can thoroughly
examine the factors that affect employee satisfaction, encompassing both motivational
and demotivational aspects. The suggested approach can aid stakeholders in devising
strategies and implementing practices that increase employee motivation while mitigating
demotivation. This, in turn, can lead to improvements in HRM practices in the Vietnamese
logistics service sector.

2.2. Employee Satisfaction, Motivation and Demotivation

Employee satisfaction refers to an employee’s level of contentment or fulfilment
with their job and work environment [38]. It encompasses various aspects, such as job
satisfaction, pay and benefits, opportunities for growth and development, recognition and
appreciation, workplace relationships, and work-life balance. High employee satisfaction
can increase motivation, productivity, and organizational commitment. It can also result in
lower employee turnover rates and absenteeism, as satisfied employees are more likely to
remain with their current employer. Employee satisfaction is essential for the success of
any organization as it plays a significant role in attracting and retaining talented employees,
maintaining a positive organizational culture, and ultimately achieving business objectives.
Therefore, organizations must prioritize employee satisfaction and implement strategies to
ensure employees feel valued and supported in their roles.

Employee motivation is the driving force that propels individuals to take action and
make decisions to achieve their goals [39]. In the workplace, motivation is the willingness
of employees to exert and maintain an effort towards reaching organizational goals. There
are two types of motivation: intrinsic and extrinsic [40]. Extrinsic motivation includes
external incentives, such as salary, promotions, benefits, and work environment, while
intrinsic motivation includes the internal drive to use one’s talents, meet challenges, and
receive recognition for accomplishments. High levels of employee motivation are linked
with increased job satisfaction and engagement. The concept of motivation is complex
and influenced by various factors, including working conditions, resource availability,
infrastructure, supervision, training, and career advancement opportunities [40,41]. The
interactions between employees and their workplaces affect the development of motivation,
making it a psychological and transactional process [6,42].

Employee demotivation refers to the state of lowered motivation or even the absence
of motivation among employees, which can negatively impact their job performance, health,
and overall well-being [43]. It can be caused by poor leadership, lack of organizational sup-
port, unfulfilled needs and expectations, or a hostile work environment [44]. Demotivated
employees experience frustration, disappointment, and low morale, leading to decreased
productivity, absenteeism, and turnover [45]. Therefore, management must identify and ad-
dress the causes of employee demotivation by implementing various policies and strategies
to improve their job satisfaction, well-being, and engagement.

2.3. Motivation Categories

(A) Compensation and benefits: This dimension includes salary, bonuses, benefits,
and perks. Intrinsically motivated employees (i.e., who genuinely enjoy their work) and
those who are motivated by extrinsic rewards (i.e., pay and perks) both perform better for
both themselves and their companies, with lesser burnout, fewer physical symptoms, and
higher levels of commitment [46].

(B) Career growth and development: This dimension includes factors such as op-
portunities for advancement, training, and development. Employees who feel they have
opportunities to grow and develop their skills may be more motivated and invested in
their work. Opportunities for training are generally linked to greater motivation levels,
are widely seen as motivators, and are favorably correlated with satisfaction [41,47,48].
According to workers’ employment intentions, the likelihood of receiving a promotion
is a negative predictor of their intention to quit, indicating that extrinsic incentives also
favorably affect their levels of commitment [49].
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(C) Work environment and culture: This dimension includes workplace safety, cleanli-
ness, and culture. Employees who work in a positive and supportive environment may be
more motivated and engaged. The interactions between people and their work environ-
ment lead to motivation, which is a psychological and transactional process [6]. According
to [50,51], workplace improvement can impact performance and behaviors by encouraging
self-motivated actions and demoralizing ineffective personnel.

(D) Recognition and feedback: This dimension includes positive feedback, constructive
criticism, and recognition for good performance. This is when someone is acknowledged
for a job well done, feels appreciated for accomplishing or finishing a task, and is given the
appropriate credit for it [8]. Employees who receive regular feedback and recognition for
their work may be more motivated and engaged.

(E) Organizational support: This dimension includes organizational communication,
organizational justice, organizational commitment, and employee retention strategies. When
an organization supports employees, they may feel more inspired and committed [52].

(F) Management style: This dimension includes leadership, trust in management
and purposeful work. The motivation of employees is directly impacted by management
style [5]. People may feel more motivated when they work with appropriate leadership
and trust the organization’s governance.

Reviewing previous research papers and referring to experts’ recommendations, our
study proposes 38 factors divided into six dimensions. The names and meanings of the
factors are presented in Table 1.

Table 1. Employees’ motivation factors.

Dimension Factor Description References

A
Compensation and

benefits

M1 Equity in pay The fairness and equality in pay between employees who
perform similar work.

[46,50,51]

M2 Base salary The fixed amount of money paid to an employee for their work.

M3 Compensation
Providing fair and competitive wages and benefits. For example,

offering a bonus or salary increase to an employee who
consistently meets or exceeds performance goals.

M4 Relaxation allowances A part of the time is added to the primary time to allow workers
or operators to recover after fatigue.

M5 Bonus structure A system of extra payments given to employees based on their
performance or company profits.

M6 Performance-based pay The compensation given to employees based on their individual
or team performance.

M7 Health insurance The coverage provided to employees to help pay for
medical expenses.

M8 Retirement benefits The financial benefits given to employees after they retire from
the company.

M9 Benefits package The collection of benefits offered to employees, including health
insurance, retirement plans, and other perks.

B
Career growth

and development

M10 Professional development
Offering opportunities for skill-building and career

advancement. For example, providing training programs,
mentorship, or tuition reimbursement for further education

[47,48]

M11 Opportunities for creativity
and innovation

Providing opportunities for employees to share their ideas and
implement new strategies.

M12 Training Providing opportunities for employees to learn and grow.

M13 Opportunities for
social connection

Providing opportunities for employees to connect and build
relationships with their colleagues.

M14 Challenging work

Providing opportunities for employees to work on challenging
projects and assignments that stretch their skills and abilities.

For example, assigning a complex project that requires
problem-solving and creativity
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Table 1. Cont.

Dimension Factor Description References

C
Work environment

and culture

M15 Work-life balance
Supporting employees’ personal lives and well-being and, for

example, offering flexible work arrangements or generous
vacation time.

[6,50,51]

M16 Flexibility

Being responsive to changing circumstances and
accommodating employees’ needs by, for example, allowing
employees to adjust their work schedule or take a leave of

absence when needed.

M17 Resources and support Refers to the resources and support employees required to
perform their job duties.

M18 Job security

Providing a stable and secure work environment. For example,
communicating clearly about the company’s plans for growth

and stability and providing fair and consistent
employment policies.

M19 Teamwork
Fostering a culture of collaboration and teamwork. For example,

encouraging employees to work together on projects and
providing opportunities for team-building activities.

M20 Workload Refers to the amount of work an employee is responsible
for completing.

M21 Positive work culture
Fostering a culture of trust, respect, and collaboration. For

example, encouraging open communication and teamwork and
recognizing and addressing toxic behavior.

M22 Social support Refers to the support employees receive from colleagues
and supervisors.

M23 Physical environment Refers to the conditions in which employees work, such as
lighting, noise levels, and temperature.

M24 Autonomy
It gives employees the freedom to make decisions and take

ownership of their work, empowering them to work on projects
that align with their strengths and interests.

D
Recognition and

feedback

M25 Positive feedback and
constructive criticism

Providing constructive feedback and encouragement
to employees.

[8,50,51]

M26 Recognition
Acknowledging employees’ contributions and achievements.
For example, publicly thanking an employee who went above

and beyond on a project.

M27 Employee empowerment
Giving employees the authority to make decisions and take
responsibility for their work allows them to make decisions
independently without needing approval from higher-ups.

M28 Recognition of
individual differences

Understanding and valuing each employee’s unique
perspectives, backgrounds, and experiences. For example,

providing accommodations for employees with disabilities and
celebrating diversity and inclusion in the workplace.

E
Organizational

support

M29 Perceived organizational
support

The degree to which employees perceive the company as
supportive of their well-being and success.

[50–52]

M30 Employee satisfaction
surveys

Surveys are used to measure employee satisfaction with various
aspects of their job.

M31 Organizational support The support provided to employees to help them succeed in
their roles.

M32 Organizational
communication

The degree to which communication is effective and efficient
within the company.

M33 Employee retention
strategies The strategies used to retain employees within the company.

M34 Organizational commitment The degree to which employees are committed to the company’s
goals and values.

M35 Organizational justice The fairness and equality in the treatment of employees within
the company.

F
Management style

M36 Trust in management The degree to which employees trust and have confidence in the
company’s management.

[50,51]M37 Leadership

Providing effective leadership that inspires and guides
employees. For example, modeling the behavior they want to

see in their employees and providing clear direction
and feedback.

M38 Purposeful work Providing employees with a sense of purpose and meaning in
their work.
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2.4. Demotivation Categories

Likewise, there are several broad categories into which the demotivating causes
for workers in the logistic service industry can be divided. The following examples of
dimensions are possible:

(G) Poor Management: This dimension includes factors such as lack of supervisor
support, poor communication, and inadequate management. It is believed that three main
organizational management theories have been supported [53–56]. These include the “dis-
tributive justice theory”, which emphasizes equity in resource distribution; the “procedural
justice theory”, which emphasizes fairness in the procedures and decisions that lead to
results; and the “interactional justice theory”, which emphasizes the fairness that employ-
ees experience at work when interacting with others. Employees under poor management
may feel undervalued and unsupported, decreasing motivation and engagement. Particu-
larly, inadequate leadership support affects employees’ perceptions regarding insufficient
support from their leaders. It is related to the organization’s overall management and
how leaders are perceived in their roles. Demotivation in a workplace can also result from
people’s perceptions of organizational politics, in which people behave to further their
interests at the expense of others or in opposition to organizational aims [57].

(H) Inadequate compensation and benefits: This dimension includes low pay, lack
of benefits, and inadequate perks. The biggest issue causing employee demotivation
is the issue of low pay and salaries [58]. Poor pay leads to discontent and a lack of
motivation. Employees who feel they are not fairly compensated for their work may
become demotivated and disengaged.

(I) Lack of career growth and development opportunities: This dimension includes
limited opportunities for advancement, lack of training and development, and poor career
paths [59]. The ability to advance one’s career inside an organization is provided by career
development. A lack of professional development would make it difficult for logistics and
supply chains to hold onto their critical human assets in a growing market where logistical
knowledge is in short supply [60].

(J) Poor work environment and culture: This dimension includes workplace safety,
cleanliness, job security, workload pressure, and culture. All organizations have traditions
that shape their culture and affect employees’ behavior. Demotivating factors in this cate-
gory include those specific to the organization, including organizational culture and ethics,
leadership, and decision-making [43]. Furthermore, a lack of freedom can undermine con-
trol and ownership over one’s work. High workloads can positively or negatively impact
creativity and performance at work. On the positive side, the intellectually demanding
nature of a project can make up for excessive workloads. On the negative side, when em-
ployees are under too much pressure to complete their tasks, it can result in stress, mistakes,
and a general drop in productivity [61]. On the other hand, inept leadership behavior can
have a negative impact on employee satisfaction. It refers to the inappropriate behavior of
leaders, such as disrespect, discrimination, or favoritism, which can create a hostile work
environment and culture. This is similar to the way that poor physical surroundings can
impact inspiration for creativity and depress morale if they are not viewed as attractive [62].
Employees who work in a harmful or toxic work environment may become demotivated
and disengaged from their work.

(K) Lack of recognition and feedback: This dimension includes factors such as lack of
feedback, criticism without guidance, and lack of recognition for good performance [63].
Employees will become demotivated in a workplace with a feedback system that only em-
phasizes the poor aspects of their job and does not praise the good or provide constructive
criticism [64].

After evaluating prior research publications and consulting expert recommendations,
our analysis suggests 21 factors broken down into the five dimensions mentioned earlier.
Table 2 lists the names and definitions of the factors.
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Table 2. Employees’ demotivation factors.

Dimension Factor Description References

G
Poor management

DM1 Poor organization ethics
False accounting, data privacy, nepotism, and
discrimination are just some of the ethical dilemmas in
the workplace.

[53–56]

DM2 Inadequate leadership support Leaders do not provide support and guidance.

DM3 Poor management
Bad management practices, such as micromanagement,
and lack of communication and support, can
demotivate employees.

DM4 Bad treatment by supervisors

Employees who feel treated unfairly or differently than
their colleagues can become demotivated. Employers
need to ensure that policies and procedures are applied
consistently and fairly to all employees.

DM5 Working excessively
long hours Working 12 or more hours per day (Dembe et al., 2005).

H
Inadequate compensation

and benefits

DM6 Back pay Workers do not receive wages according to the company’s
commitment time.

[58]DM7 Inadequate salaries
and rewards

Salary and bonuses are paid below the capacity and
efficiency of the employee.

DM8 Unfair pay in comparison
to colleagues

Some businesses pay men more than women in the same
job position

I
Lack of career growth

and development
opportunities

DM9 Inadequate opportunity for
career promotion

Lack of advancement opportunities is the most commonly
cited reason for employees to seek new jobs elsewhere.
Lack of advancement creates morale problems when
employees realize they are stuck in a dead-end position.

[59,60]

DM10 Underutilization of skills Workers have skills beyond those needed to do
their work.

DM11 Inadequate training
and development

Employees without the necessary training and resources
to perform their job effectively can become demotivated.
Employers need to ensure that employees are trained
and supported.

J
Poor work environment

and culture

DM12 Inadequate freedom in the
day-to-day conduct of work

Employees do not have a chance to propose and
coordinate the work freely or have adequate autonomy to
execute project deliverables

DM13 Lack of job security
Employees who feel their job is insecure can become
demotivated and may not feel invested in their work.
Employers need to provide job security and stability.

[43,61,62]

DM14 Poor working environment

Employees who work in unpleasant or unsafe conditions
can become demotivated and may not feel valued by their
employer. Employers must ensure the workplace is safe,
clean, and comfortable.

DM15 Inept leadership
personal behaviors

Leaders ignoring employees’ opinions and suggestions
can negatively impact their motivation.

DM16 Unsafe work conditions

Employees who work in unacceptable conditions, such as
lack of proper personal protective equipment, unqualified
personnel working with dangerous tools, improper
workstation layout, and poorly maintained equipment,
can become demotivated.

DM17 Unhealthy competition
among co-workers

If the goal is for every individual to win on their own,
then individuals will do whatever it takes to win against
their ‘competition’. The result is that people are always
trying to sabotage one another.

DM18 Excessive workload pressure

Employees who are overworked and overwhelmed can
become demotivated and burnt out. Employers must
ensure that the workload is reasonable and that
employees have the resources and support to manage
their work effectively.

K
Lack of recognition

and feedback

DM19
Poor feedback and
inappropriate evaluation
system

Employees would work harder if they felt their efforts
were being recognized. When managers offer little or no
feedback, it can lead to employees feeling ignored by their
manager and not feeling valued by their employer. [63,64]

DM20 Low participation in
decision making

Workers who are less involved in decision-making may
feel their capacity is not recognized. Their opinions may
be seen as less valuable for managers.

DM21 Lack of recognition

Employees who feel their work is not appreciated or
acknowledged can become demotivated. Lack of
recognition can lead to feelings of unimportance and
low morale.
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2.5. MCDM Methods in HRM Sector

In recent years, MCDM methods have gained popularity in human resource manage-
ment to achieve organizational sustainability. MCDM models are of value in HRM due to
the complexity of the decision-making processes involved in managing employees, such
as employee selection, promotion, training, performance evaluation, and compensation.
By employing MCDM techniques, HR managers can make more informed and objective
decisions, considering the various criteria and trade-offs involved. AHP has been applied
in various HRM-related decision-making processes, such as recruitment and selection [65],
performance evaluation [66] and employee retention [67].

Among commonly used MCDM models in HRM, the technique for order preference
by similarity to ideal solution (TOPSIS) has been widely applied. For instance, Saeidi
et al. [68] introduced a new approach that combines stepwise weight assessment ratio
analysis (SWARA) and TOPSIS methods to prioritize factors and alternatives in sustainable
HRM problems. Similarly, Lai et al. [69] applied MCDM methods to identify potential
talents in a high-tech company’s sales and marketing team, while Stević et al. [70] used
MCDM to evaluate and motivate drivers in an international transport company.

Regarding employee productivity and selection, Knežević et al. [71] integrated fuzzy
sets and TOPSIS to analyze employee productivity in selected D-electrical power supply
companies operating in Serbia. Thus, Safari et al. [72] ranked bank branches based on
employee empowerment using fuzzy AHP and Vlse Kriterijumska Optimizacija Kompro-
misno Resenje (VIKOR) methods to determine the weights of the criteria and rank the
branches based on eight indexes that have a significant impact on employee empowerment.
These studies provide valuable insights into the practical application of MCDM methods
in real-world employee productivity and selection scenarios.

To evaluate different aspects of HRM, Kalvakolanu et al. [73] applied a combination
of Entropy, CRiteria Importance Through Inter-criteria Correlation (CRITIC), and TOPSIS
methods to measure job satisfaction levels of airport employees through a shorter variant
of the Minnesota Satisfaction Questionnaire (MSQ). Esangbedo et al. [66] used two new
hybrid MCDM methods to evaluate human resource information systems provided by
different vendors. Grey-PA-FUCOM combines the simple point-allocation method and
the advanced FUCOM method. At the same time, the grey regime is an extension of the
classical regime method based on grey system theory, while Malebye et al. [74] proposed an
objective selection sequence for job candidates, which involves a quantitative/mathematical
measure and two other independent measures to validate the decision taken. The approach
combines statistics and operations research (StoR) methods, such as SAW, TOPSIS, and WP.
SAW is used in the first-cut selection process, while TOPSIS and WP validate selections.

In summary, the existing literature has demonstrated the potential of MCDM methods
to solve various HRM problems. MCDM methods offer a flexible and practical decision-
making approach in complex situations where multiple criteria must be considered. Incor-
porating multiple criteria and decision-makers’ preferences can help organizations make
informed and objective decisions, improve their productivity, and enhance their competi-
tiveness in the marketplace. These studies illustrate the various applications and benefits
of MCDM in HRM contexts, including sustainable HRM, talent identification, employee
motivation, productivity analysis, recruitment, and supplier selection.

2.6. Research Gaps

Despite the growing popularity of MCDM methods in HRM contexts, there is a lack
of research on the application of MCDM in analyzing motivation and demotivation factors
impacting employee satisfaction in the logistics service sector, particularly in Vietnam.
Therefore, there is a need for a comprehensive MCDM model that can identify and prioritize
critical factors and how they affect employee satisfaction in the logistics service industry
in Vietnam.

In addition, there is a gap in the literature on combining SFS and MCDM models
in HRM contexts. Furthermore, established MCDM models have limitations in handling
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complex and multidimensional problems, such as employee satisfaction. In particular,
pairwise comparisons among various factors can be time-consuming and prone to errors,
and the assumption of independence among decision criteria is often not valid in real-
world situations. Thus, it is necessary to investigate the efficacy of the spherical fuzzy
decision-making approach in the field of HRM. To overcome these limitations, this study
proposes a two-stage Delphi and DEMATEL method based on spherical fuzzy sets for
analyzing the motivation and demotivation factors affecting employee satisfaction in the
Vietnamese logistics service.

The proposed method can incorporate subjective judgments and linguistic variables
often overlooked in traditional research methods, and it can capture both direct and indirect
relationships among factors, providing a more comprehensive understanding of the factors
influencing employee satisfaction. In the first stage, the SF-Delphi method is applied to
identify the vital motivation and demotivation factors affecting employee satisfaction. The
SF-Delphi method helps to remove unsuitable factors effectively and reach a consensus
among experts, and the use of SFSs can handle uncertainty and imprecision in the experts’
judgments. In the second stage, the SF-DEMATEL method evaluates the interrelationships
among the identified factors.

The proposed research can contribute to the existing literature by providing insights
into the application of MCDM and SFSs in HRM contexts and its potential benefits for
organizations in the Vietnamese logistics service industry context.

3. Methodology

3.1. Spherical Fuzzy Sets (SFSs)

According to Mahmood et al. [19] or Kahraman and Gündoğdu [20], when it comes
to complex issues, individuals tend to convey their level of satisfaction, abstention, and
dissatisfaction in different ways. In response to this, the concept of SFSs was developed,
which includes the degree of membership α(x), the neutral-membership degree β(x), and
the non-membership degree γ(x), ultimately providing a more comprehensive understand-
ing of the situation. Spherical fuzzy linguistic scales are presented in Figure 1 and Table 3.

Figure 1. Representations of SFSs [4].
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Table 3. Linguistic scales.

Scales (α, β, γ) Score Index (SI)

Absolutely more importance (AMI) (0.9, 0.1, 0.1) 9
Very high importance (VHI) (0.8, 0.2, 0.2) 7
High importance (HI) (0.7, 0.3, 0.3) 5
Slightly more importance (SMI) (0.6, 0.4, 0.4) 3
Equal importance (EI) (0.5, 0.5, 0.5) 1
Slightly low importance (SLI) (0.4, 0.6, 0.4) 1/3
Low importance (LI) (0.3, 0.7, 0.3) 1/5
Very low importance (VLI) (0.2, 0.8, 0.2) 1/7
Absolutely low importance (ALI) (0.1, 0.9, 0.1) 1/9

Definition 1. Spherical fuzzy set F̃S of the universe X is denoted as follows:

F̃S = {x, (αF̃S
(x), βF̃S

(x), γF̃S
(x))|x ∈ X} (1)

αF̃S
(x) : X → [0, 1], βF̃S

(x) : X → [0, 1], γF̃S
(x) : X → [0, 1] (2)

and
0 ≤ α2

F̃S
(x) + β2

F̃S
(x) + γ2

F̃S
(x) ≤ 1 (3)

with ∀x ∈ X, for each x, αF̃S
(x) f or membership, βF̃S

(x) f or non − membership and γF̃S
(x)

for hesitancy levels of x to F̃S.

Definition 2. Basic operations of SFS are presented as follows. Let S̃s = (αS̃s
, βS̃s

, γS̃s
) and

Fs = (αFs , βFs , γFs) be two SFSs.
Union operation

Ss ∪ F̃s =

{
max{αS̃s

, αF̃s
}, min{βS̃s

, βF̃s
}, min

{(
1 −

(
(max {αS̃s

, αF̃s
})2 + (min{βS̃s

, βF̃s
})2

)) 1
2 , max{ γS̃s

, γF̃s
}
}}

(4)

Intersection operation

S̃s ∩ F̃s =

{
min{αS̃s

, αF̃s
}, max{βS̃s

, βF̃s
}, max

{(
1 −

(
(min{αS̃s

, αF̃s
})2 + (max{βS̃s

, βF̃s
})2

)) 1
2 , min{ γS̃s

, γF̃s
}
}}

(5)

Addition operation

S̃s ⊕ F̃s =

{(
α2

S̃s
+ α2

F̃s
− α2

S̃s
α2

F̃s

) 1
2 , βS̃s

βF̃s
,
(
(1 − α2

F̃s
)γ2

Ss
+
(

1 − α2
S̃s

)
γ2

F̃s
− γ2

S̃s
γ2

F̃s

) 1
2
}

(6)

Multiplication operation

S̃s ⊗ F̃s =

{
αS̃s

αF̃s
,
(

β2
S̃s
+ β2

F̃s
− β2

S̃s
β2

F̃s

) 1
2 ,
(
(1 − β2

F̃s
)γ2

S̃s
+
(

1 − β2
S̃s

)
γ2

F̃s
− γ2

S̃s
γ2

F̃s

) 1
2
}

(7)

Multiplication by λ scalar; λ > 0

λ.S̃s =

{(
1 −

(
1 − α2

S̃s

)λ
) 1

2
, βλ

S̃s
,
((

1 − α2
S̃s

)λ −
(

1 − α2
S̃s
− γ2

S̃s

)λ
) 1

2
}

(8)

Power of FS; λ > 0

S̃λ
s =

{
αλ

S̃s
,
(

1 −
(

1 − β2
S̃s

)λ
) 1

2
,
((

1 − β2
S̃s

)λ −
(

1 − β2
S̃s
− γ2

Ss

)λ
) 1

2
}

(9)
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Definition 3. For these SFSs S̃s = (αS̃s
, βS̃s

, γS̃s
) and F̃s = (αF̃s

, βF̃s
, γF̃s

) , the following are
valid under the condition μ, μ1, μ2 > 0:

S̃s + F̃s = F̃s + S̃s (10)

S̃s.F̃s = F̃s.S̃s (11)

μ
(

S̃s + F̃s

)
= μS̃s + μF̃s (12)

μ1S̃s + μ2S̃s = (μ1 + μ2)S̃s (13)(
S̃s.F̃s

)μ
= S̃μ

s .F̃μ
s (14)

S̃μ1
s .S̃μ2

s = S̃μ1+μ2
s (15)

Definition 4. Spherical weighted arithmetic mean (SWAM) concerning w = (w1, w2, . . . , wn);
wi ∈ [0, 1] ; ∑n

i=1 wi = 1, SWAM is defined as follows:

SWAMw

(
S̃S1, . . . , S̃Sn

)
= w1S̃S1 + w2S̃S2 + . . . + wnS̃Sn

=

{[
1 − n

∏
i=1

(1 − α2
S̃Si

)wi

]0.5
,

n
∏
i=1

β
wi
S̃Si

,
[

n
∏
i=1

(1 − α2
S̃Si

)wi − n
∏
i=1

(1 − α2
S̃Si

− γ2
S̃Si

)wi

]1/2
} (16)

Definition 5. Spherical weighted geometric mean (SWGM) concerning w = (w1, w2 . . . , wn;
wi ∈ [0, 1] ; ∑n

i=1 wi = 1, SWGM is defined as follows:

SWGMw(S̃S1, . . . ,
..
SSn) = S̃w1

S1 + S̃w2
S2 + . . . + S̃wn

Sn

=

{
n
∏
i=1

α
wi
S̃Si

[
1 − n

∏
i=1

(1 − β2
S̃Si

)wi

]0.5
,
[

n
∏
i=1

(1 − β2
S̃Si

)wi

− n
∏
i=1

(1 − β2
S̃Si

− γ2
S̃Si

)wi

]1/2
} (17)

3.2. Proposed Model of SF-Delphi and SF-DEMATEL
3.2.1. Research Process

The proposed model includes a two-stage procedure of the SF-Delphi and SF-DEMATEL
methods, as shown in Figure 2.

The research process began with the author establishing research goals and conduct-
ing a literature review on HRM and employee satisfaction from both motivation and
demotivation aspects.

A panel of experts was then selected based on their expertise and background in the
logistic service industry, and university scholars researched HRM to obtain expert opinions.
The experts were questioned about the dimensions and factors that enhance employee
satisfaction from both the motivation and demotivation aspects.

The SF-Delphi technique was used in the first analysis stage to determine the most
crucial dimensions and factors. In the second stage, the SF-DEMATEL method was utilized
to identify the causal connections between the factors and dimensions of preference and
to determine the degree of impact of each dimension and factor related to employee
motivation and demotivation.
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Figure 2. Proposed research framework.

The data was processed using Microsoft Office 2021’s Excel functions, and Origin 2022
software was used to create visual representations of the study’s results.
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3.2.2. SF-Delphi Method

The details of the SF-Delphi technique proposed by Nguyen [4] in 2022 are demon-
strated below:

Step 1: To aggregate experts’ opinions.
The experts use the linguistic terms in Table 2 to evaluate the list of potential dimen-

sions and factors in the context of this study. The SWAM operator is used to obtain the
significance vector for each indicator [20], and it is shown in Equations (17) and (18):

Ũagg =

⎡⎢⎣α11, β11, γ11 · · · α1m, β1m, γ1m
...

. . .
...

αn1, βn1, γn1 · · · αnm, βnm, γnm

⎤⎥⎦ (18)

Step 2: To defuzzy the aggregated criteria score.
Equation (19) is applied to obtain the score of each criterion.

Score(di) =
(
2αij − γij

)2 − (
βij − γij

)2 (19)

Step 3: A threshold is attained using Equation (20) to validate the list of critical criteria.
If di < D, criterion Ci is removed, and if di > D, criterion Ci is valid.

Di = ∑n
i=1

di
m

(20)

3.2.3. SF-DEMATEL Method

This study introduces a new approach to the SF-DEMATEL method that employs full
spherical fuzzy operators in the computation process without the normalization step used
in previous studies [25–28]. The steps of the extended SF-DEMATEL method are outlined
as follows:

Step 1: Creating direct influence matrices following the expert’s evaluation.
To describe the expert’s assessment of the influence of the criteria, Equation (21) is

applied to obtain the score index (SI) value using the linguistic scales in Table 4.

SI =
√
|100 ∗ [(μ − π)2 − (v − π)2]| (21)

Table 4. Linguistics scales of SF-DEMATEL.

Linguistic Scales (α, β, γ) Index (SI)

No influence (NI) (0, 0.3, 0.2) 0
Weak influence (WI) (0.35, 0.25, 0.25) 1

Moderate influence (MI) (0.6, 0.2, 0.35) 2
Strong influence (SI) (0.85, 0.15, 0.45) 3

The direct influence matrix form (De) is created in Equation (22) based on the expert
pairwise comparisons:

De =
[
de

ij

]
n×n

=
[
αe

ij, βe
ij, γe

ij

]
n×n

i, j = 1, . . . , n and e = 1, . . . , k (22)

where n is a factor, De is the direct influence matrix and
[
de

ij

]
n×n

=
[
αe

ij, βe
ij, γe

ij

]
n×n

is the

spherical fuzzy value of the impact of factor ith to jth by eth expert.
Step 2: Creating a matrix of pooled direct influence (Dagg).
To combine the individual judgments of the decision-makers, the next step involves

creating a matrix of pooled direct influence (Dagg). The SWAM process is employed using
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Equation (16) as the basis to generate the aggregated direct influence matrix (Dagg) in
Equation (23).

(Dagg) =

⎡⎢⎢⎢⎢⎣
0 (α

agg
12 , β

agg
12 , γ

agg
12 ) · · · (α

agg
1n , β

agg
1n , γ

agg
1n )

(α
agg
21 , β

agg
21 , γ

agg
21 ) 0 · · · (α

agg
2n , β

agg
2n , γ

agg
2n )

...
...

. . .
...

(α
agg
n1 , β

agg
n1 , γ

agg
n1 ) (α

agg
n2 , β

agg
n2 , γ

agg
n2 ) · · · 0

⎤⎥⎥⎥⎥⎦ (23)

where
(

α
agg
ij , β

agg
ij , γ

agg
ij

)
is the aggregated SF value of the impact of criterion ith to jth.

Step 3: Building the initial direct influence matrix (X).
The SF value of each comparison contains three dimensions, including membership

(α), non-membership (β), and hesitancy level (γ). The normalization of matrix (D) will
be carried out to produce the initial direct influence matrix (X), after dividing them into
three submatrices Equation (24). Equation (25) describes the final matrix form in this stage.

X = sD where s = min

[
1

maxi ∑n
j=1

∣∣dij
∣∣ ,

1
maxj ∑n

i=1
∣∣dij

∣∣
]

(24)

where s is the normalization index

Xα =

⎡⎢⎢⎢⎣
0 α12 · · · α1n

α21 0 · · · α21
...

...
. . .

...
αn1 αn2 · · · 0

⎤⎥⎥⎥⎦, Xβ =

⎡⎢⎢⎢⎣
0 β12 · · · β1n

β21 0 · · · β21
...

...
. . .

...
βn1 βn2 · · · 0

⎤⎥⎥⎥⎦, Xγ =

⎡⎢⎢⎢⎣
0 γ12 · · · γ1n

γ21 0 · · · γ21
...

...
. . .

...
γn1 γn2 · · · 0

⎤⎥⎥⎥⎦
(25)

Step 4: Calculating the total influence matrix (T).
Using Equation (26), the submatrices of X are changed into the submatrices of (T). The

(T) matrix in Equation (27) is created by combining these matrices.

T = X + X′ = X(1 − X) =

⎡⎢⎣t11 · · · t1n
...

. . .
...

tn1 · · · tnn

⎤⎥⎦ i, j = 1, . . . , n (26)

(T) =

⎡⎢⎢⎢⎢⎣
(
αT

11, βT
11, γT

11
) (

αT
11, βT

11, γT
11
) · · · (

αT
11, βT

11, γT
11
)(

αT
21, βT

21, γT
21
) (

αT
21, βT

21, γT
21
) · · · (

αT
21, βT

21, γT
21
)

...
...

. . .
...(

αT
n1, βT

n1, γT
n1
) (

αT
n1, βT

n1, γT
n1
) · · · (

αT
n1, βT

n1, γT
n1
)

⎤⎥⎥⎥⎥⎦ (27)

The impact from factor ith to jth is represented by the SF value of the (T) matrix,
where (T) is the total influence matrix, (X) is the direct influence matrix, (X′) is the indirect
influence matrix, and (αT

ij , βT
ij, γT

ij) is the SF value of the (T) matrix.
Step 5: The spherical fuzzy column (ci) and row sum (ri) calculation.
Row sum (ri) and column sum (ci) spherical fuzzy values are computed using

Equations (28) and (29), respectively.

ri = ∑n
i=1

(
αT

ij , βT
ij, γT

ij

)
i, j = 1, . . . , n (28)

ci = ∑n
j=1

(
αT

ij , βT
ij, γT

ij

)
i, j = 1, . . . , n (29)

Step 6: Evaluating the significance of relation and prominence.
Defuzzification into crisp numbers, shown as score values using Equation (19).
The (ri + ci) value describes the degree of importance of factors and the ri − ci values

describe the cause and effect among factors.
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If ( ri − ci) value greater than zero, the factor belongs to the “cause” group.
If ( ri − ci) value lower than zero, the factor belongs to the “effect” group.
Step 7: Drawing Network Relations Map (NRM).
In this research, establishing a threshold value is crucial for obtaining the digraph from

the total influence matrix (T), which provides information about the impact of one factor on
another. The decision-maker must determine the threshold value to filter out insignificant
effects, ensuring that only effects greater than the threshold value are displayed in the
digraph. The average of the elements in the matrix (T) is computed to establish the threshold
value. The NRM visualizes the relationship between factors based on their prominence and
relation in Step 6. The NRM consists of two axes, the “Prominence” axis and the “Relation”
axis, which are horizontal and vertical, respectively. In the NRM, a single arrow represents
a one-way impact of one factor on another, while a double arrow represents a two-way
interrelationship between two factors. This distinction is important because it can help
identify feedback loops and other complex relationships between factors. By analyzing the
NRM, decision-makers can gain insights into the relationships between different factors
and identify which factors are most influential in the system.

4. Case Study

4.1. Expert Selection

The SF-Delphi survey participants are not selected randomly; instead, they are care-
fully chosen based on their knowledge and experience in a specific field relevant to the
research topic [75]. While there is no established rule for the panel size, it is generally
believed that a larger panel will lead to more reliable group judgments [76,77]. It has
been suggested that each area of expertise should have a minimum of 10 to 18 panel mem-
bers [78,79]. Given the complexity of the dimensions and factors involved in this study,
the author aimed for a minimum sample size of 40 participants. The survey was created
using Google Forms and distributed via email to 56 specialists. Out of those, 40 responses
were received and included in the research. The selected experts had at least 15 years
of experience in the logistics industry and worked in some well-known universities in
Vietnam; their profiles are presented in Table 5.

Table 5. Experts’ Profiles.

Gender Education Working Years Position

Male Female Master PhD Average University Scholars Managers

23 17 27 13 18.7 11 29
persons persons persons persons years persons persons

4.2. Results of the SF-Delphi Technique
4.2.1. Results of Motivation Categories

In this study, secondary sources and experts’ feedback were used to list 38 potential
indicators. It was anticipated that the test would take 30 min to complete and was split
into two parts. Section 1 collected demographic data, such as position, years of experience,
education, and industry sector. The questionnaire was only circulated once permission had
been obtained, and the invites were initially delivered by email. Data were gathered from
November 2022 to February 2023 utilizing an online survey using Google Forms in both
English and Vietnamese. Experts’ opinions after collection were converted from linguistic
to spherical fuzzy numbers (Table 3). The SWAM operator was then used to integrate the
experts’ judgments, and then score functions were calculated by Equation (19) to determine
the threshold value. The SF-Delphi method results are displayed in Table 6. Based on
comparisons between the score values (Sdi) of each criterion and the threshold (Di), seven
motivation factors, including M3, M6, M8, M16, M19, M27, and M30 were rejected.
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Table 6. The SF-Delphi method results in motivation categories.

Factor α β γ Score Decision

M1 0.721 0.310 0.320 1.256 Accepted
M2 0.683 0.347 0.323 1.089 Accepted
M3 0.555 0.456 0.420 0.475 Rejected
M4 0.647 0.374 0.360 0.872 Accepted
M5 0.649 0.388 0.338 0.921 Accepted
M6 0.563 0.451 0.428 0.487 Rejected
M7 0.654 0.366 0.369 0.880 Accepted
M8 0.618 0.392 0.383 0.727 Rejected
M9 0.654 0.377 0.368 0.882 Accepted
M10 0.644 0.391 0.348 0.884 Accepted
M11 0.652 0.364 0.375 0.861 Accepted
M12 0.648 0.384 0.361 0.874 Accepted
M13 0.652 0.371 0.377 0.858 Accepted
M14 0.645 0.371 0.356 0.874 Accepted
M15 0.655 0.367 0.363 0.895 Accepted
M16 0.551 0.462 0.423 0.459 Rejected
M17 0.645 0.375 0.355 0.874 Accepted
M18 0.656 0.366 0.360 0.906 Accepted
M19 0.573 0.432 0.409 0.544 Rejected
M20 0.688 0.340 0.324 1.107 Accepted
M21 0.666 0.366 0.366 0.933 Accepted
M22 0.644 0.388 0.362 0.857 Accepted
M23 0.644 0.370 0.361 0.859 Accepted
M24 0.674 0.352 0.349 0.998 Accepted
M25 0.651 0.372 0.370 0.869 Accepted
M26 0.659 0.364 0.354 0.930 Accepted
M27 0.558 0.450 0.411 0.497 Rejected
M28 0.655 0.366 0.368 0.889 Accepted
M29 0.653 0.385 0.340 0.933 Accepted
M30 0.544 0.466 0.431 0.430 Rejected
M31 0.648 0.382 0.357 0.879 Accepted
M32 0.650 0.366 0.368 0.867 Accepted
M33 0.657 0.369 0.360 0.910 Accepted
M34 0.678 0.352 0.330 1.053 Accepted
M35 0.651 0.379 0.360 0.889 Accepted
M36 0.661 0.352 0.378 0.889 Accepted
M37 0.659 0.363 0.366 0.904 Accepted
M38 0.673 0.343 0.356 0.980 Accepted

Threshold 0.850

4.2.2. Results of Demotivation Categories

The experts also assessed a list of 21 factors of demotivation factors. As a result, only
M15 was rejected because the score function value (0.419) was lower than the threshold
value (0.878), as shown in Table 7.

Table 7. The SF-Delphi method results in demotivation categories.

Factor α β γ Score Decision

DM1 0.672 0.344 0.354 0.980 Accepted
DM2 0.651 0.372 0.359 0.890 Accepted
DM3 0.649 0.370 0.355 0.888 Accepted
DM4 0.656 0.371 0.365 0.898 Accepted
DM5 0.646 0.387 0.354 0.879 Accepted
DM6 0.652 0.370 0.356 0.898 Accepted
DM7 0.656 0.368 0.365 0.896 Accepted
DM8 0.659 0.354 0.360 0.918 Accepted
DM9 0.662 0.368 0.369 0.913 Accepted
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Table 7. Cont.

Factor α β γ Score Decision

DM10 0.656 0.364 0.340 0.944 Accepted
DM11 0.652 0.365 0.368 0.878 Accepted
DM12 0.652 0.378 0.363 0.886 Accepted
DM13 0.652 0.376 0.358 0.894 Accepted
DM14 0.648 0.368 0.351 0.893 Accepted
DM15 0.542 0.469 0.436 0.419 Rejected
DM16 0.661 0.359 0.353 0.940 Accepted
DM17 0.647 0.374 0.354 0.884 Accepted
DM18 0.653 0.369 0.364 0.886 Accepted
DM19 0.651 0.369 0.363 0.883 Accepted
DM20 0.648 0.372 0.359 0.878 Accepted
DM21 0.658 0.374 0.374 0.889 Accepted

Threshold 0.878

4.3. Results of SF-DEMATEL Method
4.3.1. SF-DEMATEL Results of Employee Motivation Factors

The second poll was conducted with 40 experts who participated in the first phase
after using the Delphi approach to identify 31 significant elements affecting employee
motivation. The survey asked experts to evaluate the impact of each pair of factors using
the linguistic scale shown in Table 3. The SF-DEMATEL method results of motivation are
presented in Tables 8–13, and the influence relation maps is displayed in Figures 3–9.

Table 8. The SF-DEMATEL results of employee motivation dimensions.

Dimension (ri+ci) (ri−ci) Classification

A Compensation and benefits 1.916 0.037 Cause
B Career growth and development 1.842 0.007 Cause
C Work environment and culture 1.903 0.075 Cause
D Recognition and feedback 1.895 0.105 Cause
E Organizational support 1.849 −0.121 Effect
F Management 1.854 −0.103 Effect

Based on the data presented in Table 8, it can be seen that A was the most important
causal factor affecting the motivation of employees because it had the largest (ri + ci) value
and had a positive value (ri − ci). Furthermore, C was the second-most significant causal
factor, followed by D and B, respectively. Considering that E and F had low (ri − ci) values,
they are two effect factors. E and F are two factors that were impacted by all four factors,
according to the influence relationship map among the dimensions in Figure 3.

Figure 3. Network relations map of employee motivation dimensions.
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However, E and F did not have an impact on one another. In addition, in the cause
group, factors A, C, and D. A and D had mutual effects and impacted on factor B. Therefore,
to improve the motivation of employees, it is necessary to focus resources on improving A,
C, and D, and then factors B, E, and F will be simultaneously addressed.

Next, Table 9 presents SF-Dematel results between factors in compensation and ben-
efits, and Figure 4 presents an impact relationship among them. The results show that,
M2, M5 and M7 are cause factors by the positive (ri − ci) values, in which M2 is the most
significant factor with the greatest (ri + ci) value. Similarly, due to their (ri − ci) value lower
than 0, M1, M4 and M8 are the affected factors.

Table 9. The SF-DEMATEL results of compensation and benefits.

Factor (ri+ci) (ri−ci) Classification

M1 Equity in pay 1.4349 −0.2188 Effect
M2 Base salary 1.7833 0.2167 Cause
M4 Relaxation allowances 1.4966 −0.0443 Effect
M5 Bonus structure 1.5713 0.0349 Cause
M7 Health insurance 1.5047 0.1408 Cause
M8 Retirement benefits 1.3897 −0.1294 Effect

Considering the direction of the arrow, it can be seen that M2 and M7 affect all
the remaining factors and affect each other. Therefore, it is necessary to concentrate on
exploiting these two factors to have a suitable compensation and benefits system.

Figure 4. Network relations map of compensation and benefits.

Similarly, in the dimension of career growth and development, M10, M11, and M12
are the primary factors that contribute to a rise in employee motivation due to the positive
(ri − ci) values. In particular, M10 is the most critical factor, followed by M11 and M12,
respectively. The factors of the affected group include M13 and M14; all three cause factors
influence these factors. The results are shown in Table 10 and Figure 5.
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Table 10. The SF-DEMATEL results in career growth and development.

Factor (ri+ci) (ri−ci) Classification

M10 Professional development 1.9232 0.0768 Cause
M11 Opportunities for creativity and innovation 1.9098 0.0221 Cause
M12 Training 1.8797 0.0714 Cause
M13 Opportunities for social connection 1.8410 −0.0575 Effect
M14 Challenging work 1.8312 −0.1128 Effect

Figure 5. Network relations map of career growth and development.

The work environment and culture dimension has eight factors, as listed in Table 11;
the results show that M15, M18, M20, M21, M22, and M23 are cause factors, in which the
three most important reasons are M21, M15, and M20, respectively. The other two factors
are M17 and M24, acting as factors affected by negative (ri − ci) values. The direction of
the arrow in Figure 6 shows how the M21 influences all the other variables. Hence, this
aspect must be highlighted most when attempting to create a pleasant work environment
for staff members.

Table 11. The SF-DEMATEL results of work environment and culture.

Factor (ri+ci) (ri−ci) Classification

M15 Work-life balance 1.9099 0.0051 Cause
M17 Resources and support 1.8094 −0.0825 Effect
M18 Job security 1.8916 0.0334 Cause
M20 Workload 1.9099 0.0208 Cause
M21 Positive work culture 1.9592 0.0408 Cause
M22 Social support 1.8605 0.0442 Cause
M23 Physical environment 1.831 0.0685 Cause
M24 Autonomy 1.8582 −0.1303 Effect
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Figure 6. Network relations map of work environment and culture.

One of the critical dimensions for motivation is the dimension of recognition and feed-
back. The measurement findings and the relationships between the factors are displayed in
Table 12 and Figure 7 below.

Table 12. The SF-DEMATEL results of recognition and feedback.

Factor (ri+ci) (ri−ci) Classification

M25 Positive feedback and constructive criticism 1.8404 0.1596 Cause
M26 Recognition 1.8628 0.0976 Cause
M28 Employee empowerment 1.7272 −0.2575 Effect

The results show that M25 and M26 are the cause factors because of positive (ri − ci)
values. M25 and M26 impact the remaining factors and impact each other. In particular,
M26 is the most crucial factor, with the largest (ri + ci) value. The factor acting as an affected
factor is M28.

Figure 7. Network relations map of recognition and feedback.
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Likewise, Table 13 and Figure 8 demonstrate the outcomes of the organizational
support dimension. M29 is the most significant factor because it has the highest (ri + ci)
value, but because it has a negative (ri − ci) value, M29 belongs to the effect group. With
positive (ri − ci), M31, M33, M34 and M35 are identified as cause factors. As a result,
it is crucial to concentrate on enhancing the components that contribute to the problem,
particularly the M35 factor, because it has the second highest (ri + ci) value and affects the
other factors, including M29.

Table 13. The SF-DEMATEL results of organizational support.

Factor (ri+ci) (ri−ci) Classification

M29 Perceived organizational support 1.964 −0.020 Effect
M31 Organizational support 1.916 0.030 Cause
M32 Organizational communication 1.868 −0.100 Effect
M33 Employee retention strategies 1.859 0.010 Cause
M34 Organizational commitment 1.804 0.013 Cause
M35 Organizational justice 1.933 0.067 Cause

Figure 8. Network relations map of organizational support.

Lastly, Table 14 illustrates the management style dimension’s measurement results.
The outcome demonstrates that M37 is this dimension’s sole and most significant element.
M37 influences the other two factors in the group, while M36 and M38 also have the
opposite effect, as shown in Figure 9.

Table 14. The SF-DEMATEL results of management.

Factor (ri+ci) (ri−ci) Classification

M36 Trust in management 1.577 −0.023 Effect
M37 Leadership 1.922 0.079 Cause
M38 Purposeful work 1.602 −0.056 Effect
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Figure 9. Network relations map of management style.

4.3.2. SF-DEMATEL Results of Employee Demotivation Dimension

The results of the SF-DEMATEL method for 20 factors belonging to the demotivation
categories are presented in Tables 15–20 and in Figures 10–15.

First, five dimensions are investigated for their importance and relationship. J and
K are recognized as the effect dimensions since the (ri − ci) values are less than zero. G,
H, and I, however, are the cause dimensions. G is the most significant factor because its
(ri + ci) value is the highest.

Table 15. The SF-DEMATEL results of employee demotivation dimensions.

Dimension (ri+ci) (ri−ci) Classification

G Inadequate compensation and benefits 1.8808 0.0527 Cause
H Poor management 1.6910 0.0018 Cause
I Lack of career growth and development opportunities 1.8155 0.1845 Cause
J Poor work environment and culture 1.6431 −0.1870 Effect
K Lack of recognition and feedback 1.6764 −0.0520 Effect

Regarding the arrow direction of the factors, it can be seen that all causal factors
influence K and J. In contrast, G, H, and I affect all other factors, and they have a reciprocal
relationship. Therefore, decision-makers should address the cause factors, especially G, to
minimize employee demotivation, as shown in Table 15 and Figure 10.

Figure 10. Network relations map of employee demotivation dimensions.
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For the first dimension, Table 16 and Figure 11 indicate the outcomes of an inadequate
compensation and benefits dimension. DM1 and DM2 are causative factors because the
(r − c) values are higher than zero. Moreover, considering the direction of the arrow, DM2
not only has the largest (ri + ci) value, but also affects all factors in the group. Therefore it
is necessary to focus on solving DM2.

Table 16. The SF-DEMATEL results for inadequate compensation and benefits.

Factor (ri+ci) (ri−ci) Classification

DM1 Back pay 1.806 0.029 Cause
DM2 Inadequate salaries and rewards 1.972 0.028 Cause
DM3 Unfair pay in comparison to colleagues 1.832 −0.057 Effect

Figure 11. Network relations map of inadequate compensation and benefits.

Moreover, DM5, DM6, and DM7 belong to the cause group due to the positive (ri − ci)
values and DM4 and DM8 belong to the effect group because of the negative (ri − ci) values.
Because DM7 is the causal factor with the highest (ri + ci) value, it is essential to pay
attention to it if management is to be improved. In Table 17 and Figure 12, the results
are displayed.

Table 17. The SF-DEMATEL results from poor management (H).

Factor (ri+ci) (ri−ci) Classification

DM4 Poor organization ethics 1.506 −0.062 Effect
DM5 Inadequate leadership support 1.585 0.030 Cause
DM6 Poor management 1.583 0.069 Cause
DM7 Bad treatment by supervisors 1.834 0.166 Cause
DM8 Working excessively long hours 1.617 −0.203 Effect

135



Mathematics 2023, 11, 2235

Figure 12. Network relations map of poor management.

Similarly, the lack of career growth and development opportunities has three factors,
and DM9 is both the cause and the most essential factor that needs to be improved. DM10
and DM11, the other two factors, are the effect factors. Table 18 and Figure 13 show the
measurement results.

Table 18. The SF-DEMATEL results for a lack of career growth and development opportunities (I).

Factor (ri+ci) (ri−ci) Classification

DM9 Inadequate opportunity for career promotion 1.859 0.141 Cause
DM10 Underutilization of skill 1.524 −0.019 Effect
DM11 Inadequate training and development 1.456 −0.122 Effect

Figure 13. Network relations map of a lack of career growth and development opportunities.

The next crucial dimension to be investigated is poor work environment and culture
(Table 19). Due to the positive (ri − ci) value, the factors DM13, DM14 and DM17 are the
influencing factors; on the other hand, DM12, DM 16 and DM18 are the factors affected by
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the negative (ri − ci) value. DM13 was identified as the most critical factor and should be
improved because it affects all the remaining factors in the group, as shown in Figure 14.

Table 19. The SF-DEMATEL results for poor work environment and culture (J).

Factor (ri+ci) (ri−ci) Classification

DM12 Inadequate freedom in the
day-to-day conduct of work 1.844 −0.036 Effect

DM13 Lack of job security 1.926 0.075 Cause
DM14 Poor working environment 1.856 0.111 Cause
DM16 Unsafe work conditions 1.869 −0.126 Effect

DM17 Unhealthy competition
among co-workers 1.872 0.041 Cause

DM18 Excessive workload pressure 1.868 −0.064 Effect

Figure 14. Network relations map of poor work environment and culture.

Finally, the measurement results of lack of recognition and feedback dimension are
presented in Table 20. The group’s most significant causal element was found to be DM21;
nevertheless, when the arrow’s direction was considered in Figure 15, it became clear
that DM21 had no impact on DM19. On the other hand, DM19 affects DM21 and DM20.
Decision-makers must be concerned not just with DM21 but also with DM19 to improve
this dimension because DM19 is a causal factor.

Table 20. The SF-DEMATEL results for a lack of recognition and feedback (K).

Factor (ri+ci) (ri−ci) Classification

DM19 Poor feedback and
inappropriateevaluation system 2.086 0.086 Cause

DM20 Low participation in decision making 2.248 −0.116 Effect
DM21 Lack of recognition 2.383 0.030 Cause
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Figure 15. Network relations map of lack of recognition and feedback (K).

4.4. Discussion

In the first stage, this study identified motivation categories, including six dimensions
affecting employee satisfaction. The dimensions of compensation and benefits (A), career
growth and development (B), work environment and culture (C), and recognition and
feedback (D) were classified under the cause group. Conversely, organizational support (E)
and management (F) fell under the effect group. Based on the study results, managers in
logistics service firms should prioritize recognition and feedback (D) as it has the highest
relationship compared to other dimensions, such as compensation and benefits (A), career
growth and development (B), and work environment and culture (C). This prioritization is
crucial in enhancing employee motivation as recognition and feedback (D) have a significant
causal effect.

Compensation and benefits (A) have the most substantial impact within the cause
group and are essential for enhancing employees’ work performance. Previous stud-
ies [5,80] have supported this by showing that high-income employees contribute more
to the organization, and higher salaries lead to increased job satisfaction. Therefore, it is
crucial for companies to establish a reasonable salary and bonus system that takes into
account employees’ demands and regularly investigates them [81].

In addition, career growth and development (B) is also critical for retaining top talent.
According to Deloitte, employees who receive regular career development opportunities
are ten times more likely to stay with their current organization than those who do not
receive such opportunities [82]. Employees who feel they have a future in the organization
and opportunities for career advancement are more motivated to work harder and remain
loyal to the company [83]. Therefore, investing in employee training and development
programs can improve employee motivation and the organization’s overall retention rate.

The impact of the work environment and culture (C) on employee motivation is
undeniable, as it directly affects the organization’s performance. Research consistently
shows that a positive work environment, which includes safety, proper facilities and
equipment, and a healthy atmosphere, enhances job satisfaction and boosts employee
motivation [6,84,85]. However, creating an ideal workplace is a significant investment
for organizations, as it requires substantial financial and human capital. Despite this,
organizations must prioritize creating a positive and supportive work environment to
retain employees, ensure motivation, and promote overall job satisfaction. These efforts
can substantially impact the organization’s long-term success and growth.
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Furthermore, recognition and feedback (D) is vital in developing a positive work
culture where employees feel appreciated and valued. Maslow’s theory suggests that
recognition encourages employees to exceed their duties and to take the initiative [29].
By recognizing their achievements, employees feel a sense of accomplishment and are
motivated to continue performing at a high level. Additionally, recognition and feedback
can improve employee retention rates, as employees are more likely to stay with an orga-
nization that values and appreciates their work. Therefore, organizations must establish
a formal recognition program that acknowledges and rewards employees for their hard
work and dedication.

In the second stage, it is essential to identify the factors that contribute to employee de-
motivation, as these factors can harm a company’s productivity and performance. The study
reveals that insufficient compensation and benefits (G), poor management (H) and a lack
of career growth and development opportunities (I) are the primary drivers of employee
demotivation. On the other hand, poor work environment and culture (J) and inadequate
recognition and feedback (K) are lesser causes of demotivation. Therefore, companies must
prioritize addressing inadequate compensation and benefits, poor management, and a lack
of career growth and development opportunities to eradicate employee demotivation. By
doing so, firms can foster a positive work environment that promotes employee satisfaction
and motivation, resulting in heightened productivity and performance.

The role of compensation and benefits in employee motivation and demotivation
cannot be overstated, particularly in industries such as logistics that involve high work-
loads and require professional competence. This aligns with the theories of Maslow and
Herzberg [86], which stress the importance of financial incentives in motivating employ-
ees. However, while sufficient compensation and benefits can boost employee motivation,
inadequate ones can also lead to demotivation. As such, firms must establish a fair and
just system of salary and bonuses to prevent employee demotivation. Beyond insufficient
compensation and benefits (G), addressing poor work environment and culture (J) and lack
of career growth and development opportunities (I) are also vital in preventing employee
demotivation. Such factors can have a significant impact on employee satisfaction and
motivation, which, in turn, can influence productivity and performance. Therefore, logis-
tics service firms should prioritize developing positive work environments that promote
employee satisfaction, address poor management practices, and offer opportunities for
career growth and development.

Finally, it is widely recognized that the absence of career advancement and growth
opportunities is a critical factor in employee demotivation in the Vietnamese logistics
industry [3]. As the majority of workers in this industry are young adults, they have a
strong desire for training and development opportunities that can help them progress
in their careers. The lack of such opportunities can lead to disengagement and a decline
in motivation among employees. To address this issue, HR professionals must provide
employees with opportunities for growth and development that can keep them motivated
and committed to their work. This can not only improve retention rates but also contribute
to the overall success of the organization [59].

The optimal functioning of an organization is significantly contingent upon its human
resources. Consequently, it is essential for managers to possess a comprehensive under-
standing of the factors that influence employee performance. Critical determinants of
employee satisfaction include personal motivators and demotivators. Therefore, this study
made three substantial contributions to the HRM literature as follows:

Firstly, this study proposed a novel approach that considers multiple criteria to syn-
thesize the principal dimensions and factors of employee satisfaction from both motivation
and demotivation perspectives. This leads to a more comprehensive understanding of
HRM problems and ultimately enhances employee satisfaction. The use of SFSs sets them
apart from other fuzzy sets because they define membership, non-membership, and hes-
itant degrees independently. Furthermore, the membership functions are defined on a
spherical surface, providing a wider range of options for experts to express their preferences
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compared to other fuzzy sets. This feature enables accounting for uncertain and ambiguous
information in the process of rating the relative importance of factors, leading to more
accurate results.

Secondly, this study contributed to the advancement of the methodological calculation
process by developing a fully completed spherical fuzzy MCDM technique (SF-Delphi-SF-
DEMATEL), which is an improvement over previous studies that only applied partial SFS
operations, thereby, leading to a more robust and data-driven decision-making process.

Thirdly, this study made significant contributions to the theoretical and methodological
development of the HRM field, providing insights into effective decision-making across
various contexts. These insights are valuable not only for HRM but also for other fields,
such as finance and economics, where complex decisions require careful consideration.

5. Conclusions, Implications, Limitations, and Future Work

5.1. Conclusions

In this study, the spherical fuzzy MCDM model, which integrates multiple decision-
making techniques, successfully achieved all the research objectives. Firstly, the model’s
distinct features, such as the use of fully completed spherical fuzzy operations, set it
apart from previous decision-making methods. Secondly, the SF-Delphi approach was
employed in the preliminary phase to validate 31 critical factors of employee motivation
and 20 factors of demotivation based on the consensus opinions of 40 experts. Thirdly,
the SF-DEMATEL technique identified the root causes of motivators and demotivators
affecting employee satisfaction in the Vietnamese logistics service industry by exploring the
causal linkages among both nominated dimensions and factors. Finally, the insights gained
from the proposed model has provided guidance for developing effective interventions
and policies to enhance employee satisfaction in the logistics service industry. In summary,
the effectiveness of the proposed model highlights its potential to improve decision-making
in various fields, including HRM, finance, and economics.

5.2. Theoretical Implications

The theoretical implications of this study are significant for both researchers and
practitioners in HRM.

Firstly, this study’s identification of the 11 main dimensions that impact employee
satisfaction related to both motivation and demotivation perspectives provides valuable
insights for managers and HR professionals in the logistics industry. Focusing on these criti-
cal areas can effectively improve employee motivation and reduce demotivation, ultimately
enhancing overall employee satisfaction and organizational performance.

Secondly, this study provides additional evidence to support the significance of specific
dimensions of employee motivation, such as compensation and benefits, work environment
and culture, and recognition and support. While previous research has identified these
factors as necessary, this study reinforces their importance in the logistics service industry.
This information can guide future research to investigate further and confirm the impact of
these factors on employee satisfaction and retention, leading to improved productivity and
overall organizational success.

Thirdly, this study provides insights into the factors that have causal relationships
with employee motivation and demotivation in the logistics industry. These findings can
help stakeholders identify potential areas for improving employee satisfaction and develop
appropriate interventions to address any issues.

Finally, drawing on related theories of employee satisfaction, this study provides
valuable insights into the complex nature of employee satisfaction in the logistics industry.
Specifically, it emphasizes the importance of addressing both physical and psychological fac-
tors in the workplace and highlights the need for significant financial and human resources
investments to enhance employee motivation and reduce demotivators in further analysis.
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5.3. Managerial Implications

The findings of the study have significant managerial implications for the logistics
sector. To improve employee engagement and motivation, human resource managers must
focus on several key elements related to pay and bonuses, including base salary, bonus
structure, inadequate salaries and rewards, and back pay.

Firstly, regarding pay and bonuses, it is essential to establish a clear and detailed
system of wage and bonus rules and make timely payments. Inadequate salaries and
rewards, as well as back pay, can significantly demotivate employees, leading to reduced
job satisfaction and employee turnover. To retain and motivate employees, human resource
managers should prioritize developing a competitive compensation structure that includes
base salary and bonus structures.

Secondly, career growth and development opportunities are another crucial factor in
enhancing employee motivation. Logistics service firms must provide employees with
opportunities for professional development, creativity, and innovation and offer career
advancement opportunities. Lack of growth and development opportunities can lead to
employees feeling undervalued, leading to reduced job satisfaction and employee turnover.

Thirdly, the working environment and culture play a critical role in employee mo-
tivation. A positive work culture, work-life balance, and workload are essential factors
in this dimension. Managers in the logistics service sector must develop a collaborative,
trusting, and respectful workplace atmosphere, provide flexible work arrangements, good
vacation time, and manage workloads in a sensible manner to keep employees motivated
and engaged.

Fourth, recognition, positive feedback, and constructive feedback also motivate em-
ployees. Therefore, companies must consistently recognize and reward employees’ efforts
and create a reward system for their contributions. This can include offering incentives for
meeting performance targets, providing bonuses, and creating a culture of appreciation
through positive feedback and constructive criticism.

Finally, to mitigate employee demotivation, organizations must address issues related
to poor treatment by supervisors, inadequate leadership support, and ineffective manage-
ment. This requires providing management-level members with capacity-building training
and fostering a charismatic leadership image. Effective leadership involves appropriate
delegation, evaluating and rewarding constructive alternatives, and fostering team en-
gagement, while charismatic leadership involves setting an example for subordinates and
creating a sense of pride in being part of the team. By improving management practices
and fostering positive leadership, organizations can increase employee motivation and
ultimately improve overall performance.

5.4. Limitations and Future Work

Although the fully completed two-stage spherical fuzzy MCDM model made signifi-
cant contributions in identifying the main factors that affect employee satisfaction and their
causal relationships in the logistics service industry, the study has certain limitations that
require attention.

Firstly, the study did not consider the “weight” of the experts in the analysis, relying
only on their subjective evaluations without considering their years of experience and
expertise. To enhance the validity of the findings, increasing the number of experts and
considering their weights in future research is necessary. Secondly, while involving experts
(e.g., master’s and Ph.D.s) is valuable, involving employees directly in the testing process
could provide a more accurate representation of the proposed method’s effectiveness and
practicality in real-world situations. Future studies may consider involving employees
to further validate the model’s effectiveness in the logistics service industry. Thirdly, the
study only focused on the logistics service sector in Vietnam, limiting the generalizability
of the results to other industries and countries. Future research can use a similar approach
to analyze employee motivation and demotivation in different businesses, nations, or
areas to address this issue. Fourthly, the study did not consider other potential factors
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influencing employee satisfaction, such as technological advancements and the effects
of globalization. Therefore, exploring these factors in future research can improve the
accuracy and applicability of the proposed model. Finally, while the proposed model
provides a valuable tool, further research is necessary to overcome the identified limitations
and improve the model’s accuracy and applicability in different contexts.

Funding: This research received no external funding.

Data Availability Statement: All the data generated or analyzed during the study are available
upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Vietnam Logistics Business Association. Vietnam International Logistics. Available online: https://vilog.vn/en/overview/
(accessed on 11 April 2023).

2. World Bank. Logistics Performance Index 2023. Available online: https://lpi.worldbank.org/international/global (accessed on
11 April 2023).

3. Nguyen, H.P. Human Resource Management of Logistics in Vietnam: Status and Policy Solutions. Int. J. Innov. Creat. Chang.
2020, 11, 569–583.

4. Nguyen, P.-H. Spherical Fuzzy Decision-Making Approach Integrating Delphi and TOPSIS for Package Tour Provider Selection.
Math. Probl. Eng. 2022, 2022, 29. [CrossRef]

5. Smithers, G.L.; Walker, D.H.T. The Effect of the Workplace on Motivation and Demotivation of Construction Professionals. Constr.
Manag. Econ. 2000, 18, 833–841. [CrossRef]

6. Thi Hoai Thu, N.; Wilson, A.; McDonald, F. Motivation or Demotivation of Health Workers Providing Maternal Health Services
in Rural Areas in Vietnam: Findings from a Mixed-Methods Study. Hum. Resour. Health 2015, 13, 91. [CrossRef]

7. Kikulwe, E.M.; Okurut, S.; Ajambo, S.; Nowakunda, K.; Stoian, D.; Naziri, D. Postharvest Losses and Their Determinants: A
Challenge to Creating a Sustainable Cooking Banana Value Chain in Uganda. Sustainability 2018, 10, 2381. [CrossRef]

8. Anisah, C.; Wisesa, A. The Impact of Covid-19 towards Employee Motivation and Demotivation Influence Employee Performance:
A Study of Sayurmoms. Eqien J. Ekon. Dan Bisnis 2021, 8, 371–380. [CrossRef]

9. Sukamolson, S. Fundamentals of Quantitative Research. Lang. Inst. Chulalongkorn Univ. 2007, 1, 1–20.
10. Yauch, C.A.; Steudel, H.J. Complementary Use of Qualitative and Quantitative Cultural Assessment Methods. Organ. Res. methods

2003, 6, 465–481. [CrossRef]
11. Butdee, S.; Phuangsalee, P. Uncertain Risk Assessment Modelling for Bus Body Manufacturing Supply Chain Using AHP and

Fuzzy AHP. Procedia Manuf. 2019, 30, 663–670. [CrossRef]
12. Zadeh, L.A. Fuzzy Sets. Inf. Control. 1965, 8, 338–353. [CrossRef]
13. Zadeh, L.A. The Concept of a Linguistic Variable and Its Application to Approximate Reasoning—I. Inf. Sci. 1975, 8, 199–249.

[CrossRef]
14. Atanassov, K.T. Intuitionistic Fuzzy Sets. Intuit. Fuzzy Sets 1999, 35, 1–137.
15. Smarandache, F. Neutrosophy: Neutrosophic Probability, Set, and Logic: Analytic Synthesis & Synthetic Analysis. Am. Res. Press

1998, 105, 97–99.
16. Torra, V. Hesitant Fuzzy Sets. Int. J. Intell. Syst. 2010, 25, 529–539. [CrossRef]
17. Yager, R.R. Pythagorean Fuzzy Subsets. In Proceedings of the 2013 Joint IFSA World Congress and NAFIPS Annual Meeting

(IFSA/NAFIPS), Edmonton, AB, Canada, 24–28 June 2013; pp. 57–61.
18. Cuong, B.C.; Kreinovich, V. Picture Fuzzy Sets. J. Comput. Sci. Cybern. 2014, 30, 409–420.
19. Mahmood, T.; Ullah, K.; Khan, Q.; Jan, N. An Approach toward Decision-Making and Medical Diagnosis Problems Using the

Concept of Spherical Fuzzy Sets. Neural Comput. Appl. 2019, 31, 7041–7053. [CrossRef]
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Abstract: Fuzzy random option pricing in continuous time (FROPCT) has emerged as an active
research field over the past two decades; thus, there is a need for a comprehensive review that
provides a broad perspective on the literature and identifies research gaps. In this regard, we
conducted a structure review of the literature by using the WoS and SCOPUS databases while
following the PRISMA criteria. With this review, we outline the primary research streams, publication
outlets, and notable authors in this domain. Furthermore, the literature review revealed a lack
of advancements for the equilibrium models of the yield curve. This finding serves as a primary
motivation for the second contribution of this paper, which involves an extension of Vasicek’s
yield curve equilibrium model. Specifically, we introduce the existence of fuzzy uncertainty in
the parameters governing interest rate movements, including the speed of reversion, equilibrium
short-term interest rate, and volatility. By incorporating fuzzy uncertainty, we enhance the model’s
ability to capture the complexities of real-world interest rate dynamics. Moreover, this paper presents
an empirical application of the proposed extension to the term structure of fixed-income public bonds
in European Union. The empirical analysis suggests the suitability of the proposed extension of
Vasicek’s model for practical applications.

Keywords: option pricing; fuzzy random variables; fuzzy numbers; fuzzy random option pricing;
Vasicek’s model of term structure

MSC: 62A88; 91G20; 91G30

1. Introduction

Option pricing mathematics started its development at the end of the 19th century [1]
and has been an active research field since the second half of the 20th century [2]. The
Black–Scholes–Merton option pricing model [3,4] (the BSM model hereinafter) is commonly
considered a milestone, not only in the constrained field of option pricing, but also in the
financial arena [2]. The value of the model [3,4] is twofold. From a strict perspective of
the options on financial asset pricing, the BSM model provides a very operational formula,
as the parameters required for its implementation are easy to obtain and do not depend
on subjective risk attitudes. From a more general setting of pricing any asset, valuation
through the so-called “arbitrage argument”, which is generalized by the concepts of “risk-
neutral valuation” and “equivalent martingale measure”, allows for any asset to be valued
according to the mathematical expectation of the present value of its future cash flows [5].

Thus, the BSM model can be applied to options on stocks but also to any asset that
includes some type of optionality. Therefore, it can be used to determine the price of assets
such as convertible bonds and develop formulas for new types of options such as exotic
options or novel derivative assets such as catastrophe bonds [2]. Additionally, the model
has also been applied to traditional assets such as mortgage-backed loans or life insurance
policies with guaranteed returns [2] and real assets by using real option theory [6]. In
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fact, Black and Scholes [3] explicitly state in their work that their formula can be used to
value companies.

The analytical framework of the BSM model has been particularly productive at
modeling the term structure of interest rates with arbitrage-based models, and it has
provided a solid mathematical foundation for pricing interest rate derivative instruments
such as bond options, caps, floors, or other options, and also to assess the dynamics of
the yield curve. Following [7], the BSM model can be differentiated into models whose
parameters do not depend on time [8–10] and those with time-varying parameters [11].
The first type of development, while providing a valuable analytical framework to conduct
economic analyses on the yield curve, does not capture its empirical shapes especially
well. Thus, due to its parsimony, it is very useful to conduct a great deal of financial and
economic analyses, but when valuing interest rate derivatives, their usefulness is limited [7].
On the other hand, time-dependent parameter models are calibrated based on the actual
observed prices of zero-coupon instruments, which results in perfect adherence to the
observed temporal structure forms, but they suffer from a lack of parsimony [7].

Option valuation models, since their early stages in the late 19th century, have been
grounded in the analytical framework of statistics and stochastic calculus. Therefore, they
assume a strict risk environment where probabilities of alternative event realizations can
be established [12]. Undoubtedly, these models provide a valuable analytical framework.
However, financial activities are conducted with information that involves different degrees
of knowledge, and these models can combine risk with other sources of uncertainty, such
as imprecision or vagueness. Fuzzy set theory (FST) has provided tools for option pricing
when modeling nonprobabilistic uncertainty, such as fuzzy measures, fuzzy numbers, or
fuzzy regression, since the early 2000s [13]. While stochastic models provide rigorous
analytical groundwork, the addition of fuzzy tools can improve their results by allowing
for the introduction of additional sources of uncertainty to risk [12,13].

Among the various ways in which FST has been applied to option valuation (FOP),
the most fruitful is what we can label as fuzzy random option pricing (FROP) [13]. This
set of contributions extends conventional option valuation models to the hypothesis that
knowledge of the parameters governing financial asset price movements is not crisp, as
they could be affected by issues such as fuzziness or imprecision [12]. The uncertainty
existing in these parameters, such as volatility, observed price of the underlying asset, or
discount rates, is modeled by using fuzzy numbers [12]. Thus, FROP can be applied to
continuous time models by using the BSM framework or to discrete-time models [12]. The
first approach, which is the scope of this paper, will be referred to as FROP in continuous
time (FROPCT).

This work has two research objectives within the field of FROPCT:

1. The first objective is to present the results of a systematic literature review on FROP
that covers the period from the first work up to March 2023 by using Web of Knowl-
edge (WoS) and SCOPUS. We will focus on contributions related to FROPCT. This
systematic review aims to offer a valuable perspective on the main contributions
and developments in FROPCT and to identify research gaps. Among these research
gaps, we have observed that FROPCT has achieved significant development in the
context of equity [14–18] and real options [19–21]. However, extensions to the context
of fixed-income markets and interest-rate-sensitive instruments are relatively scarce.

2. The aforementioned research gap motivated the second research objective of this
study, which involves developing a fuzzy random extension of Vasicek’s yield curve
model [8]. In this regard, we will assume that the uncertainty about the parameters
governing interest rates (mean reverting rate, long-term mean, and volatility) is
modeled by using fuzzy numbers. Our extension will be applied to the zero-coupon
curve published by the European Central Bank for bonds with the highest credit
rating in Europe.

We believe that this paper provides three contributions to FROPCT. The structured
literature review serves as a foundation for subsequent advancements in this field by
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identifying several research gaps. The introduction of a FROP focus to model uncertainty
in parameters that describe the yield curve is a novelty. Additionally, the proposed method-
ology for estimating these parameters by using objective information from fixed-income
markets is an original approach that combines autoregressive time series with a coherent
probability–possibility transformation criterion [22] instead of a fuzzy regression method
such as those proposed in [23] in a fuzzy option pricing setting.

The rest of the paper is structured as follows: In Section 2, we present the results of a
comprehensive review of related works framed within FROPCT, following the PRISMA
criteria. The findings of this section motivated Section 3, which proposes an extension of
Vasicek’s equilibrium model for the term structure [8]. This extension will be applied to the
curve fitting of coupon bonds in the risk-free bond market of European Union issuers. In
Section 4, we discuss the main results obtained in this study. We conclude by highlighting
the main limitations of the presented work and suggesting future lines of research.

2. Bibliographical Analysis

2.1. Methodology

The bibliographic review was conducted following the PRISMA guidelines [24]. Its
implementation required us to specify the methodology used to search for the documents
to be reviewed, the databases where these documents should be found, the types of
documents that will be considered, etc. Subsequently, how the obtained documents have
been compiled must be determined. The next step is to classify the papers identifying the
sources, authors, and main areas of application of FROP in continuous time.

Regarding the eligible studies, we only considered articles written in English and
published as journal articles or book chapters until 31 March 2023. We did not consider other
types of documents that are typically categorized as “grey literature,” such as conference
proceedings or documents in digital repositories. The reason is that normally, after a
peer review process, these types of contributions are usually published as articles or
book chapters. Additionally, we only analyzed works written in English. We chose to
combine two databases, SCOPUS and WoS, in this review, as they are commonly used in
bibliographic reviews, and it is recommended to combine more than one bibliographic
source when the topic is not very broad [13].

The search was executed on titles, abstracts, and keywords using the following search:
(“option pricing” OR “arbitrage model” OR “risk neutral pricing” OR “equivalent mar-
tingale measure”) AND (“fuzzy sets” OR “fuzzy mathematics” OR “fuzzy numbers”).
Figure 1 graphically shows how we proceeded.

There were a total of 117 documents reported by SCOPUS and 144 by WoS. We
eliminated duplicate works and examined the title, abstract, keywords, and, if necessary,
the full document to ensure that the papers were effectively related to FROP.

Finally, we identified 104 documents related to FROP. We found 83 documents common
to both databases; 7 were exclusively provided by WoS, and SCOPUS provided 15. At
this stage, the Meyer’s index, which quantifies the level of coverage attributable to each
database, recorded a rate of 46.15% for WoS and 53.85% for SCOPUS. The degree of overlap,
i.e., the redundancy rate of a database, was 92.13% for WoS and 84.54% for SCOPUS.

Our bibliographic exploration showed that FROPCT was developed in 77 articles.
Within these documents, 2 came exclusively from the WoS database and 11 from SCOPUS.
Therefore, 64 documents were common to both SCOPUS and WoS. At this step, Meyer’s
index was 55.84% for SCOPUS and 44.16% for WoS. We verified an overlap level of 85.33%
for SCOPUS and 96.97% for WoS.
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Figure 1. Protocol used to select articles on FROP and FROPCT for review. Source: own elaboration
by following PRISMA guidelines [22].

2.2. Classification

Figure 2 shows the evolution of the production of FROPCT by year of publication. The
first works were published in the years 2001–2003, which means that the introduction of
fuzzy numbers in option valuation started in the beginning of the 21st century. We could
observe a trend until 2013 that, although not monotonic, was clearly increasing. In that
year, the maximum number of published works (8) was reached. From that year, works
on FROPCT remained within a fluctuation range of 3 to 8 annual contributions. Therefore,
although FROP is not a mainstream topic in fuzzy mathematics, it can be considered a
consolidated topic within the applications of fuzzy logic.

Figure 2. Evolution of the papers on fuzzy random option pricing in continuous time published
during 2003–2023. Source: own elaboration based on the WoS and Scopus databases.

Table 1 displays the works reviewed in this article that were published in 2015 or
received more than 25 citations in the WoS or SCOPUS databases. These were classified in
columns according to the stochastic process that serves as the basis for fuzzy extensions.
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Table 1. Revised papers on fuzzy stochastic option pricing in continuous time from 2015 or at least
with 25 citations in the WoS or Scopus databases.

Geometric Brownian
Process (BSM)

Geometric Brownian Process (More
than One Asset)

Other Brownian
Processes

All papers in the table [14,15,21,25–50] [19,20,51–53] [48,54]
Fuzzy numbers of higher degree [42,47] [48]

Non-European options [38,49] [19,20,51–53] [48,54]
Hedging [14,28,31,33,35] [54]

Application to financial markets [23,25,26,36,37]
Real Options [21,30,42] [19,20,51–53] [54]

Other financial applications [45,47,50] [48]

Jump diffusion Heston Fractional Levy

All papers in the table [55,56] [57] [18,58–63] [16,17,55,64–71]
Fuzzy numbers of higher degree [61]

Non-European options [60,61] [17,70]
Hedging

Application to financial markets [57] [18] [17,71]
Real Options

Other financial applications [67,69]

Source: own elaboration based on WoS and Scopus databases.

Table 1 shows that the majority of works (29) assumed a single underlying asset
and geometric Brownian motion. Thus, the majority were based on the application of
the Black–Scholes–Merton (BSM) model. However, there are several nuances to consider
in this regard. For example, ref. [49] extended the Asian option valuation formula of
Kemma and Vorst [72]. Additionally, within the framework of geometric Brownian motion,
there were 5 works that assumed that various parameters of the Margrabe exchange
valuation model [73] and Geske’s compound option model pricing formula [74] are given
by fuzzy numbers.

In the framework of more complex stochastic models, fractional Brownian motion
(7 works) and the more general Levy modeling (11 works) have been extensively addressed.
It is also worth mentioning that Merton’s jump-diffusion model [75] and the Heston
formula [76] have been objects of attention in the FROPCT literature.

In most cases, the analyzed topics are technical aspects that emerge from the juxta-
position of stochastic calculus with fuzzy mathematics. The most common mathematical
issue is the application of fuzzy arithmetic, which quantifies certain parameters of the
generalized option formula. Without being exhaustive, we can indicate that [43,44] quan-
tified these parameters in the context of the BSM model, refs. [20,51] quantified them by
using a multiple underlying asset options framework that was governed by Brownian
motion, ref. [55] quantified them by using the framework of a diffusion and jump model,
ref. [57] quantified them via the fuzzification of Heston’s model, and ref. [58] quantified
them via fuzzy fractional models or the fuzzy extension to Levy stochastic processes [16,71].
In some cases, especially in articles that were based on the standard BSM model, issues
associated with fuzzy analysis were refined. These issues may embed in areas such as
defuzzification [39,40,48] or the construction of membership functions for the inputs of the
pricing formula or the final price of the asset [26,27,36,37].

The first row of Table 1 indicates that the modeling of uncertainty in the parameters
of the valuation formula is usually conducted by using type-1 fuzzy numbers (i.e., con-
ventional fuzzy numbers). Exceptions are [42,61], which model uncertain parameters with
type-2 fuzzy numbers, and [47], which use intuitionistic fuzzy numbers. In most cases, the
assumed form of the fuzzy magnitude is linear, i.e., triangular or trapezoidal. However,
within type-1 fuzzy numbers, the literature has also used other shapes, such as adaptive
fuzzy numbers [14,39,40], Gaussian fuzzy numbers [28], or parabolic fuzzy numbers [17].
The parameters that are considered crisp and those that are considered fuzzy are estab-
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lished ad hoc depending on the problem being addressed. In options on financial assets
traded in financial markets, the volatility (always), risk-free interest rate, and underlying
asset value (in most cases) are assumed to be estimated with fuzzy numbers. However,
the strike price and expiration are crisp parameters because they are clearly defined in the
contract. However, in terms of real options, the strike price [21] or even the expiration [13]
may not be known with precision and, therefore, are susceptible to being quantified with
fuzzy numbers.

Starting from the second row (included), relevant topics on financial pricing addressed
by concrete papers are indicated. A great proportion of papers price European options.
However, other types of options, such as American [17], binary [60,66], exchange [19,20,51],
or compound [53,63,70] options, were analyzed. A sensitivity analysis of the option prices
from the perspective of the BSM model has been the subject of attention of various au-
thors [28,31]. Likewise, while fuzzy Malliavin calculus has been applied in [33,54], ref. [26]
showed that the use of Greeks can be useful in the linear approximation of the membership
functions of fuzzy option prices.

We must acknowledge that there is a relative scarcity of empirical applications of
FROPCT [12,13]. Among these works, notable contributions include [27], which proposes
the utilization of congruent probability–possibility transformations [27] to model option
volatility based on empirical data, and [23,36,37], which employ fuzzy regression models
to estimate the volatility, kurtosis, and skewness of the asset returns. The papers [25,26]
demonstrated the good adherence of the fuzzy version of the standard BSM formula
to the traded prices on the Spanish stock index IBEX-35. Additionally, ref. [57], which
is an extension of [76]; ref. [18], which explored the fuzzy extension of the geometric
fractional Brownian motion; and [17,71], who conducted fuzzy Levy modeling, present
comprehensive empirical applications for options regarding indexes such as the SSE 50 or
Standard and Poor’s indexes.

Beyond the options for stocks or indexes traded on stock exchanges, a very fruitful
field of FROPCT has been real options. In a sense, it is logical since for this type of option,
the underlying asset is usually an investment project, and the data on it are often given
by subjective estimates from experts that can be well represented through trapezoidal
or triangular numbers [19,21]. While the simplest real options can be valued by using
a fuzzy version of the BSM formula [21,30,41,42], other works [19,20,51–53,63,70] extend
more complex option valuation frameworks to real asset-related optionality.

Other residual applications of FROPCT to asset valuation include assessing the firms’
value [50], as suggested by the seminal work of Black and Scholes [3]; credit default
swaps [47,48]; bank deposit insurance [45]; catastrophe bonds [69]; and forward contracts
in energy markets [67].

Table 2 shows the main outlets where the contributions of FROPCT have been pub-
lished. We only included journals with two or more contributions. Undoubtedly, the main
journal was Fuzzy Sets and Systems (10 contributions), which was one of the principal
academic references in fuzzy mathematics. Other journals whose scope was fuzzy logic
and where FROP had a significant impact were the International Journal of Fuzzy Systems
(4 contributions), IEEE Transactions on Fuzzy Systems, Fuzzy Optimization and Decision
Making, and Journal of Intelligent and Fuzzy Systems (2 contributions). Other types of
journals that publish a large proportion of studies of the contributions of FROPCT are more
generalist journals dedicated to computing and/or soft computing (for example, Journal of
Computational and Applied Mathematics, 4 contributions; Soft Computing, 3 contributions;
or International Journal of Intelligent Systems, 2 contributions). Likewise, generalist jour-
nals of operational research have also been a vehicle for relevant productions of FROPCT
(e.g., European Journal of Operational Research with 4 contributions; International Journal
of Information Technology and Decision Making and Journal of Applied Mathematics and
Statistics with 2 contributions).
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Table 2. Principal outlets of fuzzy random option pricing in continuous time.

Journal Number of Items

Fuzzy Sets and Systems 10
Journal of Computational and Applied Mathematics 4

International Journal of Fuzzy Systems 4
European Journal of Operational Research 4

Soft Computing 3
IEEE Transactions on Fuzzy Systems 2

Fuzzy Optimization and Decision Making 2
Journal of Intelligent and Fuzzy Systems 2

Computers and Mathematics with Applications 2
Discrete Dynamics in Nature and Society 2

International Journal of Information Technology and
Decision Making 2

International Journal of Intelligent Systems 2
International Journal of Applied Mathematics and

Statistics 2

Journal of Applied Mathematics 2
Source: own elaboration based on WoS and Scopus databases.

Table 3a,b list the most relevant works according to the WoS (Table 3a) and SCOPUS
(Table 3b) databases. We determined the relevance based on the number of citations, and
we included works referenced at least 25 times. We observed that both databases essentially
included the same works, and the ordering, although not identical, was very similar. It
can also be noted that works were usually more cited in SCOPUS than in WoS, which was
expected since the SCOPUS database is more comprehensive. The most cited works were
usually the oldest works that fell between 2001 and 2010 and were all within the framework
of the BSM formula.

Table 3. (a) Papers with at least 25 citations in the WoS database. (b) Papers with at least 25 citations
in the Scopus database.

(a)

Year Authors Article Title Source Title Citations

2003 Carlsson, C; Fuller, R. [21] A fuzzy approach to real
option valuation Fuzzy Sets and Systems 168

2003 Yoshida, Y. [15]
The valuation of European

options in
uncertain environment

European Journal of
Operational Research 119

2004 Wu, H.C. [43]
Pricing European options based

on the fuzzy pattern of
Black-Scholes formula

Computers and
Operations Research 105

2001 Zmeskal, Z. [50]

Application of the
fuzzy-stochastic methodology to
appraising the firm value as an

European call option

European Journal of
Operational Research 81

2007 Wu, H.C. [44]

Using fuzzy sets theory and
Black-Scholes formula to

generate pricing boundaries of
European options

Applied Mathematics
and Computation 80

2009 Chrysafis, K.A.;
Papadopoulos, BK. [14]

On theoretical pricing of options
with fuzzy estimators

Journal of
Computational and

Applied Mathematics
50
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Table 3. Cont.

(a)

Year Authors Article Title Source Title Citations

2009 Thavaneswaran, A.;
Appadoo, S.S.; Paseka, A. [39]

Weighted possibilistic moments
of fuzzy numbers with
applications to GARCH

modeling and option pricing

Mathematical and
Computer Modeling 50

2007 Thiagarajah, K.; Appadoo, S.S.;
Thavaneswaran, A. [40]

Option valuation model with
adaptive fuzzy numbers

Computers and
Mathematics

with Applications
49

2005 Wu, H.C. [53] European option pricing under
fuzzy environments

International Journal of
Intelligent Systems 36

2010 Nowak, P.;
Romaniuk, M. [16]

Computing option price for Levy
process with fuzzy parameters

European Journal of
Operational Research 35

2013 Thavaneswaran, A.;
Appadoo, S.S.; Frank, J. [38]

Binary option pricing using
fuzzy numbers

Applied
Mathematics Letters 33

2015 Muzzioli, S.; Ruggieri, A.;
De Baets, B. [23]

A comparison of fuzzy
regression methods for the
estimation of the implied
volatility smile function

Fuzzy Sets and Systems 31

2009 Xu, W.; Wu, C.;
Xu, W.; Li, H. [55]

A jump-diffusion model for
option pricing under
fuzzy environments

Insurance Mathematics
and Economics 31

2014 Nowak, P.;
Romaniuk, M. [68]

Application of Levy processes
and Esscher transformed

martingale measures for option
pricing in fuzzy framework

Journal of
Computational and

Applied Mathematics
29

2012
Zhang, L.H.; Zhang, W.G.;

Xu, W.J;.
Xiao, W.J. [56]

The double exponential jump
diffusion model for pricing

European options under
fuzzy environments

Economic Modeling 29

2017 Muzzioli, S.;
De Baets, B. [12]

Fuzzy Approaches to Option
Price Modeling

IEEE Transactions on
Fuzzy Systems 28

(b)

Year Author Tittle Source Tittle Citations

2003 Carlsson, C., Fullér, R. [21] A fuzzy approach to real
option tvaluation Fuzzy Sets and Systems 195

2003 Yoshida, Y. [15]
The valuation of European

options in
uncertain environment

European Journal of
Operational Research 122

2004 Wu, H.C. [43]
Pricing European options based

on the fuzzy pattern of
Black-Scholes formula

Computers and
Operations Research 112

2007 Wu, H.C. [44]

Using fuzzy sets theory and
Black-Scholes formula to

generate pricing boundaries of
European options

Applied Mathematics
and Computation 76

2001 Zmeškal, Z. [50]

Application of the
fuzzy-stochastic methodology to
appraising the firm value as an

European call option

European Journal of
Operational Research 73
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Table 3. Cont.

(b)

Year Author Tittle Source Tittle Citations

2009 Thavaneswaran, A.,
Appadoo, S.S., Paseka, A. [39]

Weighted possibilistic moments
of fuzzy numbers with
applications to GARCH

modeling and option pricing

Mathematical and
Computer Modeling 55

2009 Chrysafis, K.A.,
Papadopoulos, B.K. [14]

On theoretical pricing of options
with fuzzy estimators

Journal of
Computational and

Applied Mathematics
51

2007 Thiagarajah, K., Appadoo, S.S.,
Thavaneswaran, A. [40]

Option valuation model with
adaptive fuzzy numbers

Computers and
Mathematics

with Applications
51

2005 Wu, H.C., [53] European option pricing under
fuzzy environments

International Journal of
Intelligent Systems 46

2015 Muzzioli, S.; Ruggieri, A.;
De Baets, B. [23]

A comparison of fuzzy
regression methods for the
estimation of the implied
volatility smile function

Fuzzy Sets and Systems 31

2010 Nowak, P.,
Romaniuk, M., [16]

Computing option price for Levy
process with fuzzy parameters

European Journal of
Operational Research 36

2017 Muzzioli, S., De Baets, B. [12] Fuzzy Approaches to Option
Price Modeling

IEEE Transactions on
Fuzzy Systems 32

2009 Xu, W., Wu, C.,
Xu, W., Li, H. [55]

A jump-diffusion model for
option pricing under
fuzzy environments

Insurance:
Mathematics

and Economics
32

2013 Thavaneswaran, A.,
Appadoo, S.S., Frank, J. [38]

Binary option pricing using
fuzzy numbers

Applied
Mathematics Letters 31

2014 Nowak, P.,
Romaniuk, M. [68]

Application of Levy processes
and Esscher transformed

martingale measures for option
pricing in fuzzy framework

Journal of
Computational and

Applied Mathematics
29

2012 Zhang, L.-H., Zhang, W.-G.,
Xu, W.-J., Xiao, W.-L. [56]

The double exponential jump
diffusion model for pricing

European options under
fuzzy environments

Economic Modeling 29

2011 Guerra, M.L., Sorini, L.,
Stefanini, L. [31]

Option price sensitivities
through fuzzy numbers

Computers and
Mathematics

with Applications
27

(a) Source: own elaboration based on WoS database. (b) Source: own elaboration based on the Scopus database.

Within the WoS database (Table 3a), the most cited paper was [21], which applied
a fuzzy version of the BSM model to real options, followed by [15,43], which devel-
oped the valuation of European-style options with the BSM model on stocks. The pa-
pers [14,15,39,40,43,44,50] also fell within the scope of the BSM model and value European-
style options, but some of them introduced new nuances related to nonlinear fuzzy num-
bers [14,40], defuzzification [39], sensitivity analysis of prices [14], or valuation of compa-
nies [50]. It was not until the tenth work [16] that we observed an analytical framework
different from that provided by the geometric Brownian motion; specifically, it was a more
general Levy stochastic process. In the eleventh cited contribution, ref. [38], a different
type of option from the European binary options was evaluated. In later positions, there
were several contributions whereby more alternative fuzzy stochastic modeling was used
to model stock prices movements such as in [55,56], whereby the authors addressed the
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jump-diffusion processes, and in [68], whereby the authors used fuzzy Levy processes.
Additionally, noteworthy are the contributions of [23], who applied fuzzy regression in
the adjustment of implied volatility, and [12], who provided a review of fuzzy random
option pricing in both continuous and discrete time. The patterns observed in the SCOPUS
database (Table 3b) were very similar to those in WoS, although there may have been small
changes. Changes in the ranking were not very pronounced in any case. The top three
most cited works continued to be [15,21,43]. However, starting from the fourth work, the
order underwent subtle modifications. For example, in the SCOPUS database, ref. [50] was
the fifth most referenced work instead of the fourth. On the other hand, ref. [44] went from
being the fifth in SCOPUS to the fourth in WoS.

Table 4 shows that the authors who, as of March 2023, had the highest indexed
production in WoS and SCOPUS in the field of FROPCT were Nowak (7 contributions),
followed by Muzzioli, Romaniuk, and Guerra (4 contributions). These 4 authors were
followed by 11 authors with 3 papers.

Table 4. Authors with at least 3 items.

Author Country Items Author Country Items

Nowak, P. Poland 7 Liu, S. China 3
Muzzioli, S. Italy 4 Pawlowski, M. Poland 3

Romaniuk, M. Poland 4 Sorini, L. Italy 3
Guerra, M.L. Italy 4 Stefanini, L. Italy 3

Andres-Sanchez, J. Spain 3 Thavaneswaran, A. Canada 3
Appadoo, S.S. Canada 3 Vilani, G. Italy 3

de Baets, B. Belgium 3 Wu, H.C. Taiwan 3
Figa-Talamanca, G. Italy 3

Source: own elaboration based on WoS and Scopus databases.

3. Fuzzy Random Extension to Vasicek’s Equilibrium Term Model

3.1. Preeliminary Questions

Table 1 shows that the main focus of fuzzy random option pricing in continuous time is
on options on stocks, primarily European-style options and real options. However, we did
not find any fuzzy random approaches to equilibrium models of yield rates or option pricing
formulas derived from these models. We can only mention [48], which assumes a crisp
model of the term structure by using the Cox–Ingersoll and Ross model [10] to determine
the risk-free interest rate to evaluate credit default swaps. However, the observed short rate
is considered a fuzzy number. This observation motivates the extension developed in this
section, which applies the one-factor model for the yield curve by Vasicek [8] to incorporate
fuzziness in the parameters. This extension is based on the following hypotheses:

1. The evolution of short rates can be described by using a mean-reverting process with
a constant mean. This hypothesis is commonly employed in practical applications,
such as in [77], whereby it was employed in the context of life insurance.

2. Uncertainty regarding the parameters governing interest rate movements can be
represented by using fuzzy numbers. Following the concept commonly adopted in
FROPCT, we consider fuzzy parameters as epistemic fuzzy numbers, assuming they
are disjunctive sets [78].

3. A fuzzy number can represent an ill-defined deterministic value and provide a rough
approximation of information about the population being observed [79]. This can be
achieved through an appropriate transformation of a probability distribution function
into a possibility distribution [22].

4. In the empirical application presented in this paper, the fuzzy parameters are con-
structed based on objective information obtained from bond markets.

The fuzzy extension of [8] presented in this section was applied to the prices of default-
free zero-coupon bonds in European Union fixed income markets, which serve as the main
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reference for investors of euro-denominated fixed-income assets and for the European
Central Bank when assessing the evolution of long-term interest rates.

3.2. The Equilibrium Model of the Yield Curve by Vasicek

As with any one-factor model, in ref. [8] it is assumed that the stochastic variability
comes from short-term interest rate (r) fluctuations. The ultimate goal of equilibrium
models is to obtain the price that would be agreed upon at t for a risk-free zero-coupon
bond that pays one monetary unit (u.m) at T ≥ t, P(t, T). In term structure models,
stochastic variation does not directly apply to P(t, T), as in the case of stocks, but rather to
the interest rate (r), which is directly connected to P(t, T). In general, one-factor models
suppose that r follows an Ito process such as [8]:

dr = m(r, t)dt + σ(r, t)dz, (1)

where m(r, t) and σ(r, t) are the instantaneous drift and variance, respectively, and dz is a
Wiener process with a standard deviation of dt. The price of any asset affected by r (bonds,
derivatives on fixed-income assets, etc.), P, must accomplish:

∂P
∂t

+ m(r, t)
∂P
∂r

dt +
1
2

∂2P
∂r2 σ2(r, t) = rP, (2)

and thus, to obtain P(t, T), we have to consider the condition P(T, T) = 1.
Among the many models proposed for dr (see Hull [80]), we extend the classical

Vasicek’s model [8]. It supposes that the fluctuations in the short interest rate follow a
mean-reverting process:

dr = a(b − r)dt + σdz, (3)

where a ≥ 0 is the reversion rate, i.e., the speed at which the interest rates return to
equilibrium, and the b is the equilibrium short rate. By naming rT the short interest rate in
year T and rt to that rate in t ≤ T, the expectation of rT in t Et(rT) is

Et(rT) = b + (rt − b)e−a(T−t), (4a)

and the variance Vt(rT) is

Vt(rT) =
σ2

2a

(
1 − e−2a(T−t)

)
. (4b)

Note that for → ∞, Et(rT) = b, i.e., rT is increasing with respect to b. Likewise, (4b)
suggests that the variance in the short-term rate is affected by an exponential decay at rate a.
That decreasing behavior can be easily checked by the limit because if T → ∞, Vt(rT) =

σ2

2a ,
and the long-term variance is decreasing with respect to a and of course increasing with
respect to σ.

Therefore, in the mean-reverting groundwork (3), the general Equation (2) becomes

∂P
∂t

+ a(b − r)
∂P
∂r

dt +
1
2

∂2P
∂r2 σ

2 = rC. (5)

Thus, for the zero-coupon bond, we find

P(t, T, a, b,σ, rt) = A(t, T, a, b,σ)e−B(t,T,a)·rt , (6a)

where

B(t, T, a) =
1 − e−a(T−t)

a
, (6b)
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A(t, T, a, b, σ) = exp

⎡⎣ (B(t, T, a)− T + t)
(

a2b − σ2

2

)
a2 − σ2B2(t, T, a)

4a

⎤⎦. (6c)

Note that the fact that b and rt are the discount rates of the zero-coupon bond implies
that the partial derivatives must be ∂P

∂b < 0 and ∂P
∂rt

< 0. Likewise, the price of a bond is
a decreasing function of the interest rate volatility because its profit is positively linked
with volatility [81]. Therefore, ∂P

∂σ < 0 and ∂P
∂a > 0 since a basically negatively affects the

volatility of the short-term interest rate (see (4b)).

3.3. An Extension of Vasicek’s Yield Curve with Fuzzy Parameters

In the following, we will suppose that with the exception of the maturities t and T, all
the parameters of (6a)–(6c) are imprecise and are given by means of fuzzy numbers (FNs).
A FN is a fuzzy set f̃ defined on the reference set R and is normal (i.e., max

x∈R
μ f (x) = 1,

where μ f (x) is its membership function) and convex, i.e., all its α-cuts are convex and
compact sets. Therefore, the fuzzy set can be represented as confidence intervals (so-called
α-cuts or α-level sets) fα =

[
fα, fα

]
, where fα ( fα) are continuously increasing (decreasing)

functions of α. A FN can be interpreted as a fuzzy quantity that is approximately equal to
the value x ∈ R whose membership function is one, f1.

Therefore, the parameters a, b,σ, and rt are now the imprecise quantities ã, b̃, σ̃,
and r̃t whose α-cuts are denoted as aα =

[
aα, aα

]
, bα =

[
bα, bα

]
, σα =

[
σα,σα

]
and

rtα =
[
rtα, rtα

]
.

Therefore, under our hypothesis, the mean-reverting process (3) turns into a fuzzy
random process where the parameters that rule the interest rate movements are fuzzy
numbers. In the fuzzy random approach setting of the FOP, the differential Equation (5)
has fuzzy parameters but a crisp boundary condition P(T, T) = 1.

Studies in the FROPCT literature obtain fuzzy option prices by evaluating the crisp
pricing formula that comes from the assumed stochastic process (e.g., the BSM model after
accepting that geometrical Brownian motion explains the price movements of subjacent
assets) with fuzzy numbers by using the rules in [82]. This procedure is theoretically
supported by the concept of the solution of differential equations with fuzzy coefficients [83].
Thus, in our case, the assumption of fuzzy parameters in (3) leads to the need to solve
(6a)–(6c) with FNs. Therefore, the price of a zero-coupon bond turns into a fuzzy number
P̃(t, T) = P

(
t, T, ã, b̃, σ̃, r̃t

)
whose α-levels P(t, T)α =

[
P(t, T)

α
, P(t, T)α

]
can be obtained

by evaluating (6a)–(6c) in aα, bα, σα, and rtα:

P(t, T)α =
{

x
∣∣∣x = P(t, T, a, b,σ, rt) = A(t, T, a, b,σ)e−B(t,T,a)·rt , a ∈ aα, b ∈ bα, σ ∈ σα, rt ∈ rtα

}
, (7a)

and given that ∂P
∂b < 0, ∂P

∂rt
< 0, ∂P

∂σ < 0, and ∂P
∂a > 0, we can obtain the extremes of the

α-cuts by evaluating (6a)–(6c) in the extremes of aα, bα, σα, and rtα as

P(t, T)
α
= P

(
t, T, aα, bα, σα, rtα

)
= A

(
t, T, aα, bα, σα

)
e−B(t,T,aα ,)·rtα , (7b)

and
P(t, T)α = P

(
t, T, aα, bα, σα, rtα

)
= A

(
t, T, aα, bα, σα

)
e−B(t,T,aα)·rtα . (7c)

3.4. Empirical Application of Fuzzy Vasicek’s Model in the Public Debt Bond Market of Europe

The empirical application developed in this work estimates the theoretical yield
curve by using the Vasicek model [8] for European public bonds with the highest rating
(AAA) on April 18, 2023. The data we worked with were obtained from the website
of the European Central Bank (https://www.ecb.europa.eu/home/html/index.en.html
accessed on 18 April 2023). The short-term interest rate considered was the 3-month interest
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rate, which was the lowest term published in the public bond market by the European
Central Bank.

We will use the parameters in (3) as the fuzzy numbers ã, b̃, σ̃ by using the probability–possibility
criterion exposed in [22], in which these FN will be modeled by means of symmetrical
fuzzy numbers, which we will also suppose are triangular. A triangular symmetrical
fuzzy number (TSFN) can be represented as f̃ = ( fC, fR), where fC is the center of the FN
and fR is the spread. Its membership function is μ f (x) = max

{
0, |x− fC |

fR

}
, and its α-cut

representation fα =
[

fα, fα

]
= [ fC − fR(1 − α), fC + fR(1 − α)]. Therefore, its support

is f0 =
[

f0, f0

]
= [ fC − fR, fC + fR]. For example, for the equilibrium short-term rate

b̃ = (3%, 0.5%), it can be interpreted that the most reliable value for that rate is 3%, but
deviations of approximately 0.5% are viewed as possible.

To fit the parameters, we used the ground of the conventional AR(1) model that serves
as the basis to empirically estimate (3) [7]. Therefore, the time series model to fit is [7]

rt+1 = γ + βrt + εt+1, t = 1, 2, . . . , n. (8)

where γ is the intercept, β is the slope, and εt+1 is the normal white noise and i.i.d. with
mean 0 and standard deviation σε. A commonly used methodology to adjust (8) is ordinary
least squares. In this regard, it is easy to check that the relations between the parameters of
(3), (4a), and (8) are a = − ln β·h, b = γ

1−β , and σ = σε

√
h, where h is the frequency of the

data. Thus, for daily data, h = 252.
To fit the temporal structure in the calendar date m, we adjusted (8) in the moments

i = 1, 2, . . . , m in all cases by using n observations. Therefore, for the ith adjustment
of (8), we obtain point estimates in (8) γ̂(i), β̂(i), σ̂ε

(i), i = 1,2, . . . ,m, and consequently,
â(i), b̂(i), σ̂(i), i = 1,2, . . . ., m.

After fitting the m AR(1) models (8), we can fit an empirical probability distribu-
tion for every parameter; for the parameter f , we symbolize it as f̂ , an its outcomes are
f̂ (i), i = 1, 2, . . . , m. Therefore, we can calculate the mean and the standard deviation of f
simply as

f̂mean =
∑i f̂ (i)

m
and f̂sd =

√√√√∑i

(
f̂ (i) − f̂mean

)2

m
. (9)

A natural way to adjust a fuzzy number to an unimodal probability distribution f
with mean f̂mean and standard deviation f̂sd is to fit an STFM f̃ = ( fC, fR) with a center
fC = f̂mean and fit the spread fR by considering the Chebyshev inequality [22]. Specifically,
given that

P
(

x ∈
[

f̂mean − k· f̂sd, f̂mean + k· f̂sd

])
≥ 1 − 1

2.25·k2 , k ≥ 1, (10)

where P(·) is a probability measure, and we choose fR such that P(x ∈ [ f̂mean − fR,
f̂mean + fR]) ≥ 1 − 1

2.25·k2 , after fixing k, fR = k· f̂sd.
In our empirical application, to implement the set of regressions (8), we considered

n = 50 and s = 25 so that all the observations from the year 2023 until 18 April were
used. The data used had a daily periodicity, so h = 252. Figure 3a–c show the estimated
empirical distribution functions for the parameters ruling the model. The coefficients must
be quantified through fuzzy numbers that must be coherent with the empirical distribution
function of these parameters. Although there are various criteria for this purpose [22], we
used the one described in Equations (9) and (10). We found it interesting to analyze whether
the observations were compatible with a unimodal probability distribution, as it was the
underlying hypothesis in Equations (9) and (10). In this regard, by using a Chi-square test,
we tested whether the observations of parameters a and σ were compatible with a normal
probability distribution while parameter b was compatible with a Gamma distribution
which, in any case, is also a unimodal distribution.
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(a)

(b)

(c)

Figure 3. (a) Empirical distribution function of the speed of adjustment rate a; (b) empirical distribu-
tion function of the equilibrium interest rate b; (c) empirical distribution function of the parameter σ.
Source: own elaboration-based data from the European Central Bank.

Table 5 displays the center of the fuzzy numbers ã, b̃, and σ̃, as well as their possible
spreads for k = 2, 3, 4, considering Equation (10). Note that there is no optimal value for k.
On the one hand, a higher value of k results in more uncertain and imprecise estimates of
zero-coupon bond prices, but on the other hand, it allows for a better fit of the real yield
curve shapes.
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Table 5. Estimates of ã, b̃, and σ̃ on 18 April 2023.

^
a

^
b

^
σ

mean 1.117 0.02882 0.0067075
std. dev. 0.245 0.00174 0.0002121

k ã b̃ σ̃

center 1.117 0.02882 0.0067075
2 spread 0.491 0.00349 0.0004242
3 spread 0.736 0.00523 0.0006363
4 spread 0.982 0.00697 0.0008484

Source: own elaboration-based data from the European Central Bank.

Table 6 presents the observed prices of zero-coupon bonds with a face value of 100,
ranging from 3 months to 20 years, as well as the fuzzy estimations of these prices using
the proposed extension to [8]. At the given date, the 3-month interest rate was r0 = 2.877%.
Despite one of the main criticisms of one-factor models with fixed parameters being
their inability to capture all possible shapes of the term structure [7], the proposed fuzzy
extension to [8] successfully generated predictions of zero-coupon bond prices that aligned
with the observed prices. Therefore, ref. [8] can be considered valuable for explaining
term structure equilibria and conducting economic analyses that require a parametric
and parsimonious estimation of the yield rates. It can be observed that the 0 cut of
Equations (7a) and (7b) adequately captured the prices of the zero-coupon bonds across
various maturities, with the exception of the bonds maturing in 3, 4, and 5 years. However,
even in these cases, the maximum deviation between the 0-cut predictions and the actual
prices was consistently less than 0.5%. For instance, for the 4-year maturity bond, the
deviation was 90.56−90.37

90.56 = 0.002.

Table 6. Spot prices of zero-coupon bonds with face value 100 monetary units on 18 April 2023
in the European Union public debt market and α-cuts of the estimates (α = 0, 0.5, 1) from fuzzy
Vasicek’s model.

Estimated by Vasicek’s Model

Observed 1-Cut 0.5-Cut 0-Cut

T P(0,T) P(0,T)1 P(0,T)
0.5

P(0,T)0.5 P(0,T)
0

P(0,T)0

3 months 99.29 99.28 99.27 99.29 99.25 99.29
1 year 97.04 97.16 97.00 97.26 96.79 97.28
2 years 94.62 94.40 93.96 94.72 93.44 94.81
3 years 92.57 91.72 90.98 92.31 90.16 92.52
4 years 90.56 89.12 88.09 89.98 86.99 90.37
5 years 88.49 86.59 85.29 87.72 83.93 88.32
6 years 86.36 84.13 82.58 85.53 80.98 86.35
7 years 84.20 81.74 79.96 83.39 78.14 84.45
8 years 82.02 79.42 77.42 81.31 75.39 82.61
9 years 79.86 77.17 74.96 79.28 72.74 80.82

10 years 77.73 74.98 72.57 77.30 70.18 79.07
11 years 75.64 72.85 70.27 75.37 67.72 77.37
12 years 73.61 70.78 68.03 73.48 65.34 75.70
13 years 71.64 68.77 65.87 71.65 63.04 74.08
14 years 69.73 66.82 63.78 69.86 60.82 72.49
15 years 67.90 64.92 61.75 68.12 58.69 70.93
16 years 66.13 63.08 59.79 66.41 56.62 69.41
17 years 64.44 61.29 57.89 64.76 54.63 67.93
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Table 6. Cont.

Estimated by Vasicek’s Model

Observed 1-Cut 0.5-Cut 0-Cut

T P(0,T) P(0,T)1 P(0,T)
0.5

P(0,T)0.5 P(0,T)
0

P(0,T)0

18 years 62.82 59.55 56.05 63.14 52.71 66.47
19 years 61.27 57.86 54.27 61.56 50.86 65.05
20 years 59.79 56.22 52.54 60.03 49.07 63.65

Note: The spread of parameters used in the estimation of prices was stated as k = 4. Likewise, the 3-month rate at
that date was 2.877%. Source: own elaboration-based data from the European Central Bank.

4. Discussion and Implications

4.1. Discussion of Findings

This paper presents a double contribution. On the one hand, we systematically re-
viewed a set of contributions that we can label as fuzzy random option prices in continuous
time (FROPCT), which is the dominant approach within fuzzy option pricing [13]. On the
other hand, we extended the fuzzy random approach to model the term structure with
an equilibrium model. We concretely extended the classical model [12] to the existence of
imprecise parameters in the mean-reverting process.

We checked that journals of soft computing and fuzzy mathematics were the most bur-
geoning outlets of FROPCT. However, journals devoted to the wider fields of computational
mathematics and operational research have also actively published papers on FROPCT. We
checked that the contributions to FROPCT grew continuously from early 2000 to 2013. In
the mid 2010s, the literature on FROPCT stopped having a growing constant production;
thus, FROPCT can be labeled as a small but well-established branch of fuzzy mathematics.

The mainstream FROPCT models have imprecise knowledge of the parameters that
govern the subjacent random movements of subjacent assets with type-1 fuzzy numbers
that are often triangular and trapezoidal. More complex forms of uncertain quantities such
as type-2 fuzzy numbers or intuitionistic fuzzy numbers are rarely applied.

The main applications of FROPCT have focused on the development of the valuation
of stocks on stock and stock market indexes. Most developments take the analytical
framework of the Black–Scholes–Merton (BSM) formula as a reference [3,4], which is
based on the consideration of the geometric Brownian motion of the subjacent asset price.
However, the literature has also provided other approaches with more complex stochastic
processes such as jump diffusion [55,56], stochastic variance [57], fractional stochastic
movements (e.g., [58,59,66]), or Levy processes (e.g., [64,65,71]). The development of real
options with fuzziness in the parameters has been another relevant stream of FROPCT. The
reviewed developments of fuzzy real options are based on the assumption of conventional
geometric Brownian motion. Thus, when it comes to the modeling of the simplest options,
the FROPCT literature uses the BSM framework (e.g., [21]), but in the case of options
on options or compound options, the analytical frameworks that support contributions
such as [19,20,42,51,52] are option-pricing models [73,74]. The use of fuzzy subset theory
has been more extensive than the approach through FROPCT, as other tools such as
fuzzy measures or fuzzy inference systems have been applied [13]. In our opinion, the
combination of game theory and fuzzy inference systems in the assessment of real options
can be particularly fruitful, as it has already been applied to similar business problems such
as the establishment of hotel pricing policies within the Stackelberg game framework [84].

The no-arbitrage approach to option valuation initiated in [3,4] has been particularly
fruitful when modeling the term structure of interest rates [7,80]. Surprisingly, we observed
that developments by the FROPCT literature in this setting have been scarce, if not nonex-
istent. In this regard, we highlight [85], which does not use a fuzzy random approach
but rather uncertain Liu processes. This lack of the no-arbitrage approach has motivated
the second contribution of the paper, in which we extended the equilibrium model of the
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yield rate curve by Vasicek [8] to fuzziness in the reverting rate, long-term equilibrium
short-term rate, and volatility.

A key aspect in the fuzzy random modeling of asset prices is the calibration of the
fuzzy parameters that govern their variation [7]. Naturally, since the parameters that
govern the movements of short-term interest rates have a clear economic interpretation,
it could be assumed that they can be set intuitively by experts. Alternatively, follow-
ing [14,17,18,23,25–27,57,71], we can adjust the parameters that are assumed to be fuzzy
numbers based on existing evidence in financial markets. Likewise, it should be noted
that the existence of studies that empirically apply FROPCT developments is relatively
scarce [12,13]. Both considerations motivate the parameter adjustment methodology of
the mean reversion process outlined in this study, which is also a novelty. The speed
of the return to equilibrium, the asymptotic short-term interest rate, and the volatility
are fitted by using symmetric triangular fuzzy numbers that are obtained by combining
the conventional autoregressive modeling of the Ornstein–Uhlenbeck process [7] and the
application of a consistent probability–possibility transformation criterion [22].

The empirical application developed in the European public debt market suggests
that the extension of model [8] can reasonably capture the prices of zero-coupon bonds for
all analyzed maturities (up to 20 years); this is performed by using only the fuzzy random
modeling of the 3-month interest rate as the input with a fuzzy stochastic process with
mean reversion and constant volatility. This finding is in accordance with the reviewed
literature. In Spanish option markets, it has been observed that the introduction of fuzzy
uncertainty on the parameters governing market prices yields good estimates of observed
prices of valued assets [25,26]. Similarly, in the option market of Shanghai [18] and over
options on Standard and Poor’s index [18,57,71], similar results have been obtained.

4.2. Practical Implications

In our opinion, this work presents various consequences both from a theoretical
perspective and from the perspective of financial practice. From an academic point of view,
we provided an overview of the contributions of FROPCT to the field of option theory,
which allows for the identification of research gaps. In this regard, we can highlight the
additional use of comprehensive fuzzy modeling of uncertainty over type-1 fuzzy numbers,
the further development of FROPCT in equilibrium models of the term structure and the
valuation of interest-sensitive instruments, or the increased applications of FROPCT with
empirical data from financial derivative markets.

The results of this paper have practical implications as well. We observed the via-
bility of a parametric interest rate model such as Vasicek [8], which has wide practical
applications, such as modeling the returns obtained by life insurance companies [77] while
considering the fact that the uncertainty governing the movement of interest rates is mod-
eled through fuzzy numbers. The proposed extension, which allows for the uncertainty
of risk-free interest rates to be captured with fuzzy numbers based on market data, is
particularly applicable in fuzzy capital budgeting [86]. Furthermore, the implementation of
the presented developments and their interpretation from the perspective of a nonexpert
professional in fuzzy logic is straightforward. For the interpretation of the results, while
the endpoints of the 0 cut provide an understanding of the values of zero-coupon bonds
in the most extreme scenarios regarding equilibrium interest rates, the equilibrium return
ratio, and volatility, the 1 cut quantifies the price in the most plausible scenario. In all cases,
the calculations were performed by using formulas widely known to practitioners.

We believe that the proposed methodology of adjusting the parameters governing the
movement of short-term interest rates also has potential implications. We constructed a
method for estimating the fuzzy parameters of the mean-reverting process which, start-
ing from the widely used autoregressive modeling and a coherent probability–possibility
transformation criterion, allows us to capture the uncertainty of the parameters governing
the mean-reversion process through fuzzy numbers. Of course, this method can be ap-
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plied to any variable whose fluctuations may exhibit mean reversion, such as commodity
prices [87].

5. Conclusions and Further Research

Given that the majority of the literature in the field of FROPCT has introduced un-
certainty when using type-1 fuzzy numbers, the application of such more complex fuzzy
numbers in FROPCT may be a natural and fruitful research field. However, it must also
be taken into account that the introduction of these more sophisticated forms of imprecise
quantities could also be a source of drawbacks. Note that defining their shape requires
estimating more parameters than for conventional fuzzy numbers, and their arithmetical
handle is less parsimonious in such a way that the developments of FROPCT with this type
of uncertainty may be more difficult to put into practice.

The fuzzy random extension of the model [8] has been applied in an empirical appli-
cation in the European market for public debt bonds with the highest credit rating. We are
aware that one of the main criticisms of [8] is that the model allows negative interest rates
that, from an economic perspective, have no meaning. However, the empirical evidence in
European fixed-income markets, such as that of public debt assets, contradicts this alleged
disadvantage because in 2010, the internal rate of returns was consistently negative.

Of course, there are better alternatives to equilibrium term structure models if the
only objective is to obtain the best adjustment of the yield curve. For example, econometric
models usually provide better results, and some of them have been implemented with fuzzy
regression [88]. However, in our empirical application, we were interested in demonstrating
that the extension of the FROPCT in [8], which is a parsimonious parametric model, can be
useful in further analytical developments, not only because of its good properties and ease
of interpretation but also because it is coherent with empirical evidence.

A natural extension of this paper involves extending the possibility of fuzziness in the
coefficients that govern the movement of interest rates to other yield curve models based on
arbitrage arguments; these models can be either single factor [10] or multifactorial [9], and
this extension can occur in continuous time, such as in [10], or in discrete time [11]. It should
be noted that while models with fixed parameters, such as those in [8–10], which were
built simply on the basis of a no-arbitrage argument, do not necessarily provide a perfect
fit for the term structure, they are very useful in a wide variety of economic and financial
analyses. Conversely, models that are referred to as consistent with variable parameters
such as [11] require a greater number of parameters to be estimated, which allows them to
perfectly fit the zero-coupon yield curve existing on a particular date; however, they are
less parsimonious, and their application is usually limited to the valuation of interest-rate-
sensitive instruments such as swaptions, options on bonds, cap and floor options, etc.
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Abstract: Sustainable development and its significant challenges motivate various international
organisations in a way that has never been seen before. With Europe at the forefront, countries such
as the United States want to be included in the progress and what a clear and determined commitment
to sustainability means for future generations. Our study aimed to go deeper into the follow-up
and monitoring of the development of reliable indicators that make the continuous improvement
process in sustainability robust. To this end, and using the fuzzy logic methodology, we applied
it to one of the indices that have been developed to date, the “Sustainable Development Report”
(in its 2022 edition), working on the specific application of SDG 11. Our results show favourable
positions for countries such as Brunei Darussalam, Tonga, Tuvalu, Andorra, and the Netherlands and
provide robustness when there is a lack of data quality and improvements in the implementation of
the process when experts intervene.
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1. Introduction

Humanity’s continuous challenges are characteristic of a developing world [1]. Tech-
nology, and working together with it, is part of this development, making the pace of
development faster [2] and giving rise to currents of thought that have to work towards
measuring the reaction to the high speed of progress while taking care of the possible
negative impacts that may result [3]. The objectives as a society are not only set for the
present, but the challenge is to work towards the best objectives and quality of life for
future generations. Reflection on progress must be based on homogenisation to have the
capacity for objective criteria. In this sense, the SDGs [1] and, in our case, the concern for
their fulfilment have been developed. Once homogeneous measurement criteria are in
place, it is time to move on to interpretation and work on concrete improvements where
objectivity accompanies a rigorous and necessary subjectivity in approximating the reality
of human beings’ experiences of the fact of the space that surrounds us. This research will
focus on establishing criteria to measure, control, and favour decision-making motivated
by the treatment of fuzzy logic as a method since it is an approach capable of involving
objectivity and subjectivity in an indicator. It is essential to emphasise that this will be
undertaken from a theoretical point of view and will not be overdimensioned, based on
the model proposed for SDG 11 (sustainable cities and communities: making cities and
human settlements inclusive, safe, resilient, and sustainable), which represents one of the
significant challenges of the world’s population, which is none other than the existence of
cities that, as ecosystems, bring together a large part of the population. All of the above
highlights the novelty of in the current study, which is none other than the incorporation
of fuzzy logic systems in the expert judgement that participates in an improvement of
the homogeneous measurement of sustainability based on the SDGs. The development
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was carried out on SDG 11 and was based on a use case. To develop the research, the
link between the SDGs and sustainable development was first explored in depth, and the
reality of fuzzy logic systems as a support for decision-making was introduced. The second
section examined the progress of different SDG measurement and monitoring systems,
focusing on SDG 11. The third section incorporated the proposed fuzzy logic system for
action on SDG 11. Subsequently, comparative results will be presented, and finally, the
discussion and conclusions will be included.

1.1. The SDGs and Sustainable Development

In today’s changing world, knowing where we are heading is essential. There are var-
ious tools for monitoring humanity’s progress in its sustainable development, one of
the most relevant at present being compliance with the Sustainable Development Goals
(SDGs) [4].

At this point, it is essential to highlight the current SDGs and their implication for
recent development, especially for what is considered sustainable development [5,6]. There
are 17 SDGs and the United Nations classifies them as “No poverty”, “Zero hunger”, “Good
health and well-being”, “Quality education”, “Gender quality”, “Clean water and sani-
tation”, “Affordable and clean energy”, “Decent work and economic growth”, “Industry,
innovation and infrastructure”, “Reduced inequalities”, “Sustainable cities and communi-
ties”, “Responsible consumption and production”, “Climate action”, “Life below water”,
“Life on land”, “Peace, justice and strong institutions”, and “Partnerships for the goals”.

The 17 SDGs were established in 2015 [7], when world leaders established them as a
set of global goals to eradicate poverty, protect the planet, and ensure prosperity for all as
part of the new sustainable development agenda. The deadline for achieving these goals
was set at 15 years [8].

To introduce the historical context, it is essential to point out that concern for the
environment began to emerge at the end of the Second World War [9], which is the period
when concerns about the significant problems of that period became evident. At this stage,
we should highlight the First Report of the Club of Rome, dated 1972, called "the limits of
growth" [10], which concluded that the planet would reach the limits of its growth over the
next one hundred years. It was in 1987 that the concept of sustainable development came
into existence [11], which had international repercussions thanks to the Brundtland Report
presented by the World Commission on Environment and Development [12]. The idea in
question, defined in 1983 by the Commission, created by the United Nations (UN), was
limited to “development that meets the needs of the present without compromising the ability of
future generations to meet their own needs”[13]. Although this may be one of the broadest
conceptions of sustainability to date, it can be refined by clearly distinguishing, for example,
between development and sustainability, which is not entirely clear. While development is
based on cultural uniformity and the destruction of natural resources [14], sustainability
leans towards conservation and the rational use of the environment [15].

The above evolution shapes the so-called 2030 agenda [16], an initiative taken forward
by UN country leaders. Previously, 189 leaders formed and signed the so-called Millennium
Declaration [17], the objective of which was to be achieved by 2015 and was made up of
the so-called Millennium Development Goals (MDGs) [18]. It should be noted that, at the
end of the period, essential conclusions were drawn for the United Nations, and this led to
a commitment by these leaders to the achievement of future goals to make global action
work while at the same time pushing for the adoption of new ambitions to meet global
needs better [19–21]. With 193 countries now signatories, the MDGs were replaced by the
action plan “Transforming our World: The 2030 Agenda for Sustainable Development”, which
set out the 17 known SDGs and 169 associated targets [22].

Of the 17 SDGs, this article will focus on SDG 11. SDG 11 focuses on sustainable cities
and communities in an increasingly urbanised world [23]. The article will link SDG 11
with the mathematical methodology of fuzzy logic [24,25], allowing us to take into account
aspects of mainstreaming in the measurement given the characterisation of systems and
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society and the economy [26,27]. With the representation of the theoretical model to be
introduced, the aim was to respond to the challenge posed by the fact that, since 2007, more
of the world’s population has been living in cities, a trend that is expected to reach 60 per
cent by 2030 [28]. The importance of SDG 11 is evident in addressing challenges ranging
from protecting cultural heritage to constructing sustainable and resilient buildings [29].
These challenges could also improve air quality or transport efficiency by expanding public
transport services and enhancing their accessibility and safety. The targets of SDG 11, in
concrete terms, are “11.1 Ensuring access to adequate, safe, affordable housing and essential
services, and slum upgrading”, “11.2 Providing access to safe, affordable, accessible, and
sustainable transport systems for all and improving road safety”, “11.3 Increasing inclusive
and sustainable urbanisation and capacity for participatory planning and management”,
“11.4 Increased efforts to protect and safeguard the world’s cultural and natural heritage”,
“11.5 Reducing the number of deaths caused by disasters, including water-related disasters”,
“11.6 Reducing the negative per capita environmental impact of cities”, “11.7 Providing
universal access to safe, inclusive and accessible green spaces and public spaces”, “11.a Sup-
porting positive economic, social and environmental linkages between urban, peri-urban
and rural areas”, “11.b Significantly increase the number of cities and human settlements
adopting and implementing integrated policies and plans to promote inclusiveness, re-
source efficiency, climate change mitigation and adaptation, and disaster resilience”, and
“11.c Provide support to least developed countries for more efficient building construction”.

As will be described when introducing the methodological framework and the the-
oretical model developed, fuzzy logic will also link measurable variables to each of the
targets involved in the monitoring of SDG 11.

1.2. Fuzzy Systems for Decision Making

The theory of fuzzy logic based systems approximates the behaviour of a system
when there are no analytical functions or numerical relations to define it. Social or political
problems are complex systems for which it is often not possible to capture analytically the
information required to represent them. The more complex a system is, the more imprecise
or inaccurate the knowledge available to characterise it. The uncertainty surrounding a
problem can be caused by its complexity, the lack of knowledge, the inability to make
adequate measurements, or the inherent vagueness of natural language. Using vagueness
to describe a system allows some intuitive information or inaccuracies to be incorporated,
for example, by determining whether the biodiversity of an area is “adequate”. Ragin’s
seminal work [30] critiqued the conventional approach to social research and proposed
the use of set-theoretic methods to overcome its limitations. In his book, Ragin argues
for the integration of fuzzy-set analysis, a set-theoretic method, as a means to strengthen
the connection between qualitative researchers’ deep case knowledge and quantitative
researchers’ exploration of cross-case patterns. Schneider and Wageman [31] provide
an extensive guide to Qualitative Comparative Analysis (QCA), a set-theoretic method
that has gained popularity in social science research. This book covers both basic and
advanced issues in set-theoretic methods, equipping researchers with a comprehensive
understanding of QCA. The authors also offer practical tips on software handling and
exercises to facilitate the application of QCA in empirical research. Another article [32]
highlights the use of Qualitative Comparative Analysis (QCA), encompassing crisp and
fuzzy sets, in the field of business and management research. The authors emphasize the
significance of incorporating contextual information and cognitive aspects into the analysis,
which leads to a more comprehensive understanding of the subject matter. By utilizing
QCA, researchers in business and management can gain valuable insights into complex
phenomena. Pappas and Woodside’s article [33] focuses on providing guidelines for using
Fuzzy-set Qualitative Comparative Analysis (fsQCA) in Information Systems and mar-
keting research. The authors discuss the distinctions between fsQCA and variance-based
approaches, as well as structured equation modeling. Moreover, they offer a summary of
thresholds and guidelines for practical implementation. The article also emphasizes how

169



Mathematics 2023, 11, 2967

existing papers employing variance-based approaches can benefit from integrating fsQCA
into their research.

In the case of the SDGs, many countries lack data and some variables cannot be
measured accurately, suggesting that the assessment of the SDGs should be modelled
assuming some uncertainty. The idea of thinking of this problem as a mathematical model
based on fuzzy logic has been raised before to apply it to the study of human trafficking
or to score test policies [34]. Establishing such frameworks provides great flexibility and
allows for subsequent adaptation and continuous improvement. In decision-making, it
is important to highlight the work of fuzzy logic in approximating complex assignments
when the data set is to be decided upon, and the decision rules need to be clarified [35].
In addition to the examples mentioned earlier and the referenced handbook that evaluates
the role of fuzzy logic in the field of decision-making, all of the above is reinforced due to
the strong links in the field of medical sciences [36,37] and widely referenced fields such as
engineering [38]or social sciences [39], specifically within business development [40].

2. The Current Implementation and Monitoring of the SDGs—The SDG 11 Case

As previously introduced, one of the main difficulties in approximating effective
compliance with sustainability is the lack of robust and, above all, homogeneous criteria for
follow-up and monitoring of the variables that give rise to knowing [41,42], for example,
the position of each country or region concerning sustainability. There are even voices in
favour of the scientific community considering whether the SDGs are suitable for measuring
progress on the 2030 Agenda. In any case, they are also the ones that allow us to go beyond
merely economic measurements.

Following Díaz-Sarachaga et al. (2017) [43], the indicators that already motivated, in
one way or another, the provision of monitoring criteria important for humanity, were
as follows:

• The Human Development Index (HDI) reflects three important human aspects: the pur-
suit of a long and healthy life, access to knowledge, and a good standard of living.
This index, developed by the Human Development Report Office of the United Na-
tions Development Programme (UNDP) in 2016, is calculated from the geometric
mean of three normalised sub-indices representing the life expectancy index, the
education index, and the gross national income index [44].

• The Ecological Footprint (EF) is an indicator that aims to determine the area of land
required to cover the consumption of natural resources by a defined population [45].
It is a helpful measure developed by the University of British Columbia to quickly
compare the demand for nature required to meet the needs of a given human settle-
ment. Another indicator motivated by environmental sustainability monitoring is the
Living Planet Index developed by the Worldwide Wildlife Foundation (WWF) and the
Zoological Society of London (ZSL) [46].

• Another key indicator that has accompanied society in its well-being assessment
is the result of collaboration between the International Union for Conservation of
Nature (IUCN) and the International Development Research Centre (IDRC). It began
with the birth of the Sustainability Barometer tool [47]. It led to what is known as
the Well-being Assessment Method [48], which has been applied in 180 countries as
the first global assessment of sustainability. Importantly, sustainable development
is measured by combining four indices: the Human Well-being Index (HWI), the
Ecosystem Well-being Index (EWI), the Well-being Index (WI), and the Well-being
Stress Index (WSI).

• Focusing on current research, there are also indices and indicators related to the con-
cern for the advancement of cities. The so-called Urban Development Index (UDI)
classifies cities according to their urban development based on criteria of liveability,
poverty, traffic congestion, inclusion and different sustainability factors. Also notewor-
thy is the emergence, in 2012, of City Prosperity. This indicator promotes and integrates
other elements such as those supporting local, regional, and national decision-makers
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in productivity, infrastructure, quality of life, equity, and inclusion, environmental
sustainability and factors related to governance and legislation. It is divided into
four scenarios:

1. Global City Ranking for global and regional monitoring.
2. Basic CPI provides the first internationally comparable diagnosis.
3. Extended CPI, consisting of a comparable in-depth analysis within the country.
4. Contextual CPI serves as an urban monitoring tool that includes national ur-

ban policies.

• In addition to the above, and already related to purely economic criteria, there are
indices of a financial nature such as the Gross Domestic Product (GDP) [49], which
evaluates economic well-being and for which alternatives emerged, such as the Eco-
nomic Well-being Measure, which adjusted GDP by adding values relating to leisure
time, unpaid work, and subtracting the importance of environmental damage due to
industrial production and consumption. Another alternative is the Genuine Progress
Indicator (GPI) [50], which considers income inequality, crime costs, environmental
damage, and reduced leisure time. Finally, another of the highlights is the Adjusted
Net Savings Index (ANSI), also known as the Genuine Savings Index (GSI) [51],
which measures the change in annual net national wealth, taking into account the
human, natural and economic dimensions. The latter indicator is also concerned with
the wealth that future generations may receive; otherwise, sustainability would not
be guaranteed.

In addition to the above indicators, the so-called SDG index describes the progress
towards the SDGs of different countries, i.e., it works at the aggregate country level,
establishing critical points where progress may be considered insufficient. This is an optimal
representation of development represented through percentages in what is indicated as
an SDG index. This index works by establishing a series of differences between any given
country’s score and the maximum value given, 100, and establishing this as the distance
in percentage points that each country is from the development optimum. Of course,
the SDG index uses the same indicators for all countries and tracks them by ranking
against the particular index. Details on the applied statistics can be found in Papadimitriou
et al. (2019) [52], within their studies conducted at the Joint Research Centre of the European
Commission (EU JCR), and the methodology developed in the latest report can be found
in Lafortune et al. (2018) [53], also developed within the EU JCR. All of the above was
developed and can be visualised in the dashboard, which allows the development of the
different countries concerning the 17 SDGs to be visualised by colour. The index in question
has limitations that have been observed and expressed in the different annual reports that
have been developed, among which we would highlight the following:

• The change in some of the metrics or the indicators developed annually may cause
the indicator to be affected by a lack of complete comparability concerning the
previous year.

• The index incorporates data from official and non-official sources. Official sources
include FAO, ILO, OECD, UNICEF, WHO, and The World Bank. At this point, what is
noteworthy as a possible gap is the non-availability of weights and aggregation criteria
by experts, as there is no consensus, given the disaggregation and idiosyncrasies of
each area at the global level. In this sense, the index favours the existence of equal
weights for each of the variables mentioned.

After the first strategic step, where a five-step decision tree is established, the normali-
sation criterion is followed by the equation

x′ = x − min .(x)
max .(x)− min .(x)

100, (1)

where x is the raw data value, the min . and max . denote the lower and upper bounds,
respectively and, therefore, x′ is the normalized value. The requirements already mentioned
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for the weights and rankings are then selected and the dashboard is generated, where the
different trends in the measurement of the SDGs can be observed. Specifically, concerning
SDG 11, which is the one we worked on in this theoretical study, the indicators included in
the latest Sustainable Development Report are as follows [54]:

• Proportion of urban population living in a slum, in percentage terms.
• Annual mean concentration of particulate matter of less than 2.5 microns in diameter

(PM2.5) (mg/m3).
• Access to improved water source, in percentage terms of urban population.
• Satisfaction with public transport, in percentage.
• Population with rent overburden, in percentage.

In order, each of the above corresponds to the following optimal criteria:

• Proportion of urban population living in a slum. Zero is the optimum and is justified
by the premise “leave no one behind”.

• Annual mean concentration of particulate matter of less than 2.5 microns in diameter
(PM2.5) (mg/m3); 6.3 is the optimum and is justified on the premise “average of five
best performers”.

• Access to improved water source. One hundred is the optimum and is justified by the
premise “leave no one behind”.

• Satisfaction with public transport; 82.6 is the optimum and is justified by the premise
“average of five best performers”.

• Population with rent overburden; 4.6 is the optimum and is justified by the premise
“average of three best OECD performers”.

With all of the above, and as has been introduced, we will work on optimising the
incorporation of fuzzy logic systems which, for cities, as units of vital development, favour
the incorporation of expert criteria. Furthermore, the automation in the homogenisation of
the process will allow for agility in compiling different sources in different cities.

3. The Proposed Fuzzy Assessment System

The diagram in the Figure 1 represents the steps to be followed to define the fuzzy
logic system [55]. The first phase consists of identifying the variables that govern the system
(input and output) and set criteria indicating the interaction between them. In a fuzzy logic
system, the association between input and output variables is determined by a collection
of fuzzy rules. These rules delineate the manner in which inputs are linked to outputs,
taking into account their linguistic terms and accompanying membership functions. Input
variables are commonly characterized by fuzzy sets, representing varying degrees of mem-
bership for each linguistic term. Likewise, output variables are also defined by fuzzy sets
that encompass linguistic terms and their respective membership functions. Fuzzy rules
elucidate the behavior of the system by establishing logical connections between input and
output variables. Each rule comprises an antecedent (input) and a consequent (output).
The antecedent evaluates the extent to which the input variables fulfill the conditions
specified by linguistic terms and membership functions. The consequent determines the
degree to which output variables are assigned to specific linguistic terms and their corre-
sponding membership functions. The process of mapping inputs to outputs in a fuzzy logic
system entails fuzzification, rule evaluation, aggregation, and defuzzification. Fuzzification
converts precise input values into fuzzy sets, associating them with appropriate linguistic
terms and membership degrees. Rule evaluation quantifies the degree of activation for each
rule based on the membership values of the input variables. Aggregation combines the ac-
tivated rules to ascertain the overall output membership functions. Finally, defuzzification
converts the fuzzy output sets into precise output values by calculating a representative
value, such as the centroid or maximum membership, derived from the aggregated mem-
bership functions. Finally, if data are available, they are fed into the system to obtain output
values. The last phase consists of the interpretation and validation by experts of the results
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obtained. Each of these steps is detailed below as applied to the particular case of defining
a fuzzy logic system that assesses compliance with SDG 11.

Fuzzy Inference System

Fuzzification

Rule Base

Inference

Defuzzification

Fuzzy
Input

Values

Fuzzy
Output
Values

Crips Input
Values

Crips Output
Values

Identification

Variables

Criteria

Interpretation and
Validation

Figure 1. Fuzzy logic evaluation system architecture.

First, the system must be defined by identifying the variables governing the system
and how the input variables are related to each other and to the output variable. In this
study, the indicators included in the Sustainable Development Report 2022 for SDG 11
(Table A.5) [54], which will be described in detail below, are taken as input variables and
mathematically denoted as follows.Let {νi}5

i=1 be the set of the fuzzy input variables,
where ν1 is the proportion of urban population living in slums (%); ν2 is the annual mean
concentration of particulate matter of less than 2.5 microns in diameter (PM2.5) (μg/m3);
ν3 is the access to improved source, piped (% of urban population); ν4 is the satisfaction with
public transport (%); and ν5 is the population with rent overburden (%). Each fuzzy variable
is fully characterised in the following paragraphs in terms of its universe of discourse and
fuzzy subsets.

Let Xi be the universe of discourse, that is, the set of real values x ∈ Xi for which a
variable νi, ∀i ∈ {1, ..., 5} is defined. In practice, it could be defined by giving the minimum
ai, maximum bi and number of points contained between these two extremes si (in theory
it is possible to define a real interval with infinite values between the points defining an
interval but in any practical implementation it is necessary to define some way to discretise
the domain, in this case, it is proposed to fix the number of intermediate points contained
between extremes). The universe of discourse for the indicators measured in percentages
will be [0, 100] by definition of percentage and we take X2 = [5, 107] as these are the floor
of the minimum and ceiling of the maximum values for ν2 found by studying the available
data per country obtained from the Sustainable Development Report 2022. For example,
the annual mean concentration of particulate matter of less than 2.5 microns in diameter
(ν2) for a country could be any value between 5 and 107, including both.

Currently, each variable is divided exactly into subsets defined by quantitative thresh-
olds that map each value of an indicator to a colour code (green, yellow, orange, red, or
grey). These colour codes represent how far a country is from meeting a given SDG [54].
The colour legend used is illustrated in Figure 2 and associates a colour with a linguistic
description of the progress of a country towards achieving an SDG [56].
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Figure 2. Colour scales to benchmark progress towards achieving the SDGs.

The colour green should not be taken to mean that the state has achieved the SDG
indicator but rather that it is on track to do so by 2030 [56]. A range is associated with
each colour so that, if an indicator takes values in that range, the corresponding colour is
associated with it. The limits of each interval have been defined by experts, scientifically
determined levels, or using summary statistics of data when the previous options are
not possible [56]. This definition of the ranges suggests that the fuzzy logic approach to
the problem may be more suitable due to factors such as possible discrepancies between
expert judgement or future changes in the data that would shift the thresholds. For SDG 11
indicators, the current ranges Ai

j associated with each variable νi are shown in the Table 1.
For example, if the proportion of the urban population living in slums (ν1) is 3% for a
country, then it is considered as SDG-achieved or green (A1

1).

Table 1. Defined bounds per indicator for SDG 11.

ν1 ν2 ν3 ν4 ν5

Universe of discourse (Xi) [0, 100] [5, 107] [0, 100] [0, 100] [0, 100]
SDG achieved—Green—(Ai

1) [0, 5] [5, 10] [98, 100) [72, 100] [0, 7]
Challenges remain—Yellow—(Ai

2) (5, 15] (10, 17.5] [86.5, 98) [57.5, 72) (7, 12]
Significant challenges remain—Orange—(Ai

3) (15, 25] (17.5, 25] [75, 86.5) [43, 57.5) (12, 17]
Major challenges remain—Red—(Ai

4) (25, 100] (25, 107] [0, 75) [0, 43) (17, 100]

At this point, it is important to mention a drawback related to data availability: some
countries are not fully characterised, this is, the corresponding value of νi is not available
for one or more i ∈ {1, ..., 5}. Therefore, to deal with this, we proposed to create the system
dynamically according to the input variables for which information is available, provided
that the number of available input variables is equal to or greater than two. In case a country
has no information for any variable or has information for only one, the current criterion—
identifying SDG 11 compliance with grey as information not available—is maintained.
As a consequence, it will not be possible to define a single system but there will be as
many as there are combinations of two or more variables. This is equivalent to saying that
the number of fuzzy logic systems, #FLS, resulting from this approach are the number of
possible combinations formed by two or more unordered and non-repeating variables:

#FLS ≤
5

∑
k=2

Ck(n) = 26, Ck(n) =
(

n
k

)
=

n!
k!(n − k)!

, (2)

where n = 5 is the maximum number of variables.
To conclude with the identification of variables, we define the output variable, η, as

the degree of SDG compliance, measured as a percentage. The universe of discourse and
the ranges we have considered for the output variable are shown in Table 2.
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Table 2. Crisp bounds for the output variable.

η

Universe of discourse (X6) [0, 100]
SDG achieved—Green—(A6

1) (80, 100]
Challenges remain—Yellow—(A6

2) (50, 80]
Significant challenges remain—Orange—(A6

3) (20, 50]
Major challenges remain—Red—(A6

4) [0, 20]

Finally, the relationships of the input variables to each other and to the output vari-
able must be established. One simple rule block is defined per variable present in the
system plus two additional rules combining multiple variables. Each simple block consists
of four rules—one for each interval of values defined in each input variable—and each
rule relates each interval of an input variable to an interval of those of the output vari-
able following a relationship of direct proportionality. Let ξ j, j = {1, 2, 3, 4} denote each
qualitative range of values that defines a variable, such that ξ1 := SDG achieved (Green),
ξ2 := Challenges remain (Yellow), ξ3 := Significant challenges remain (Orange), and
ξ4 := Major challenges remain (Red). Then ,a simple block of rules for a variable νi is
given by:

If (νi = ξ j), then (η = ξ j), ∀j = 1, .., 4. (3)

Examples of these rules inside a block in natural language include “if slum population
is SDG-achieved, then compliance degree is SDG-achieved” or “if matter concentration is
that significant challenges remain, then compliance degree is that significant challenges
remain”. These rule blocks establish the relationships between the input variables and the
output variable based on the defined qualitative ranges (Green, Yellow, Orange, Red). Each
input variable’s interval is mapped to an interval of the output variable, maintaining a
direct proportionality relationship.

The other two additional rules can be deduced from the following extract:

“Averaging across all indicators for an SDG might hide areas of policy concern if a
country performs well on most indicators but faces serious shortfalls on one or two
metrics within the same SDG (often called the “substitutability” or “compensation”
issue). [...] We applied the added rule that a red rating is given only if the country scores
red on both of its worst-performing indicators for that goal. Similarly, to score green, both
of these indicators had to be green [54].”

This implies that η = ξ4 for a country if at least two of its indicators are red and
that it is green if and only if all its indicators are green. These rules are transformed into
implication type for inclusion in the rule base:

If
(
((ν1 = ξ4) and (ν2 = ξ4)) or ((ν1 = ξ4) and (ν3 = ξ4)) or (4)

((ν1 = ξ4) and (ν4 = ξ4)) or ((ν2 = ξ4) and (ν3 = ξ4)) or

((ν2 = ξ4) and (ν4 = ξ4)) or ((ν3 = ξ4) and (ν4 = ξ4))
)

, then (η = ξ4)

If
(
(ν1 = ξ1) and (ν2 = ξ1) and (ν3 = ξ1) and (ν4 = ξ1)

)
, then (η = ξ1). (5)

That is: “If ((((((((((slum population is Major challenges remain) and (matter con-
centration is Major challenges remain)) or ((slum population is Major challenges remain)
and (water access is Major challenges remain))) or ((slum population is Major challenges
remain) and (public transport satisfaction is Major challenges remain))) or ((slum popu-
lation is Major challenges remain) and (rent overburden population is Major challenges
remain))) or ((matter concentration is Major challenges remain) and (water access is Major
challenges remain))) or ((matter concentration is Major challenges remain) and (public
transport satisfaction is Major challenges remain))) or ((matter concentration is Major chal-
lenges remain) and (rent overburden population is Major challenges remain))) or ((water
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access is Major challenges remain) and (public transport satisfaction is Major challenges
remain))) or ((water access is Major challenges remain) and (rent overburden population is
Major challenges remain))) or ((public transport satisfaction is Major challenges remain)
and (rent overburden population is Major challenges remain)), then compliance degree
is Major challenges remain”; and “If ((((slum population is SDG achieved) and (matter
concentration is SDG achieved)) and (water access is SDG achieved)) and (public transport
satisfaction is SDG achieved)) and (rent overburden population is SDG achieved), then
compliance degree is SDG achieved”. In what follows, we will refer to these rules as “red
rule” and “green rule”.

By incorporating these two additional rules along with the previous rule blocks for
each input variable, a complete set of rules is defined to evaluate the degree of compliance
(output variable) based on the given input variables. This concludes the identification
phase and leads to the construction of a fuzzy logic system.

Fuzzification can be described as the process of transforming crisp input values into
fuzzy sets, which are completely characterized by the set of pairs:

ξ̃ i
j =

{(
x, μ

ξ̃ i
j
(x)

)
, x ∈ Xi

}
, i = {1, ..., 6}, j = {1, ..., 4}, (6)

where μ
ξ̃ i

j
denotes the membership function that associates a degree of membership to

each x ∈ ξ i
j such that μ

ξ̃ i
j
(x) ∈ [0, 1]. The membership functions are intended to describe

vagueness and ambiguity: if the degree of membership is one, x ∈ ξ i
j; if it is zero, x /∈ ξ i

j;
any value between zero and one indicates the degree of uncertainty associated with the
value being in a given set.

For this phase, we have taken the limits defined in Tables 1 and 2 and blurred their
boundaries to incorporate uncertainty. This is justified by the difficulty of defining precise
upper and lower limits in practice. We chos S-shaped, Z-shaped, and bell-shaped mem-
bership functions as shown in the Figure 3. However, this choice is not unique and other
types of functions, such as trapezoidal or triangular, can be considered. Each fuzzy set
has an associated description in linguistic terms, as described above. For example, the
membership functions for the slum population variable can be defined formally as follows:

μξ̃1
1
(x) =

⎧⎪⎨⎪⎩
0 if x ≤ 3

1 − 2
( x−3

5−3
)2

if 3 ≤ x ≤ 4
1 if x ≥ 5

(7)

μξ̃1
2
(x) =

1

1 +
∣∣∣ x−10

5

∣∣∣10 (8)

μξ̃1
3
(x) =

1

1 +
∣∣ x−20

5

∣∣10 (9)

μξ̃1
4
(x) =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
0 if x ≤ 23

2
( x−23

30−23
)2

if 23 ≤ x ≤ 26.5

1 − 2
( x−30

30−23
)2

if 26.5 ≤ x ≤ 30
1 if x ≥ 30

. (10)

These equations represent the membership functions that associate a degree of mem-
bership μ ˜ξ i j(x) to each value x. The membership functions of the other variables are
defined analogously.
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(a) (b)

(c) (d)

(e) (f)

Figure 3. Fuzzy membership functions per variable. (a) ξ̃1
j ; (b) ξ̃2

j ; (c) ξ̃3
j ; (d) ξ̃4

j ; (e) ξ̃5
j ; (f) ξ̃6

j .

The rule set in the identification phase indicates how to relate the input variables to
the output variable. In terms of fuzzy logic, each block of simple rules is converted into:

If (νi = ξ̃ i
j), then (η = ξ̃6

j ), ∀j = 1, .., 4, (11)

where νi and η are now fuzzy variables, ξ̃ i
j is the j-th fuzzy set of the variable νi, and ξ̃6

j is
the j-th fuzzy set of the variable η. The remaining two rules (4) and (5) are translated analo-
gously. The operations of or and and of the last two rules are the Zadeh logical operators of
fuzzy logic, where (x or y) := max(x, y) and (x and y) := min(x, y). In addition, each rule
is weighted with a ωk ∈ (0, 1], k ∈ {1, ..., 22}, according to the importance assigned to it in
relation to the other rules. Note that if the current approach is to be respected, the last two
rules should have considerably more weight than the other simple rules. Consequently, we
tentatively assign ωk = 0.1 for each simple rule and ωk = 1 for red and green rules.

After evaluating each rule in a fuzzy inference system, a fuzzy set is obtained as
output. These outputs are aggregated using the maximum aggregation function to produce
another fuzzy set. Defuzzification converts this aggregate fuzzy set into a single number
by selecting the best possible crisp value. For this, the centroid method was applied, which
gives the value of the centre of the area under the curve.

The output is precisely the degree of compliance with SDG 11 for each country,
obtained after combining the values of the input variables collected with the rule base.

177



Mathematics 2023, 11, 2967

The current implementation of the method can be found in the following repository:
https://github.com/marialonsogar/fuzzy-compliance-SDG11, (accessed on 20 May 2023).

4. Results

The results of the previous research are now presented. The first outcome of the
research is the identification of the lack of data and the limitations this places on any further
analysis or modelling.

Ideally, all countries covered by the report should have values for each of the five
indicators. However, in the data used for the report, only 28 countries (14.51%) have
complete information. On the other hand, there are 11 countries (5.7%) that have only one
non-missing value—marked as grey, meaning information unavailable.

As indicated by Equation (2), there is one model for each possible combination of
indicators available. Theoretically, there are 26 possible combinations but in practice this
dataset contains only eight of them. Therefore, the same number of fuzzy logic-based
models is defined. After applying this method, the best and worst ranked countries are
collected in Tables 3 and 4, respectively, along with their corresponding input values.

Table 3. Best ranked countries for SDG 11.

Country ν1 ν2 ν3 ν4 ν5 FIS Evaluation

Brunei Darussalam - 5.102 99.60 - - 89.771
Tonga - 10.117 99.75 - - 83.243
Tuvalu - 10.251 100.00 - - 82.202

Andorra - 11.189 100.00 - - 75.114
Netherlands 0 11.411 100.00 78.0 6.144 74.950

Table 4. Worst ranked countries for SDG 11.

Country ν1 ν2 ν3 ν4 ν5 FIS Evaluation

Togo 53.3 41.082 41.827 29.0 - 10.079
South Sudan 97.3 46.141 10.489 18.0 - 10.079
Afghanistan 73.5 54.950 41.859 34.0 - 10.078

Equatorial Guinea 66.1 59.020 48.115 - - 10.078
Central African Republic 98.5 61.733 32.291 25.0 - 10.078

Brunei Darussalam, the country with the highest score, aligns with the current report’s
classification and has been assigned a green colour. This country is the only one to receive
a green colour designation within the report. It is crucial to note that this evaluation came
from having only some green indicators but rather from having two green ones and the rest
not reported. This could suggest that the model might favour information gaps, a trend in
other top-ranking countries. On the other hand, countries with the lowest scores correspond
with those assigned a red colour in the report, indicating their two worst indicators as
red. A clear pattern emerged in the analysis, showing a superior overall performance
from countries in Asia, Oceania, and Europe. At the same time, Africa and the notable
outlier, Afghanistan in Asia, demonstrate comparatively unfavourable results. Sustainable
Development Goal 11 (SDG 11) currently focuses on cities as unique units within countries
and continents. As cities are a significant driving force for societal progression, they play
a critical role in fostering social development. Therefore, adopting a holistic perspective
and actively engaging in discussions regarding this indicator is vital, as it provides an
all-encompassing evaluation of sustainability progress.

5. Discussion

In this paper, a dynamic method based on fuzzy logic was proposed to translate human
criteria involving some uncertainty into technical and computational language in order to
define a robust evaluation system for SDGs accomplishment degree. This approach should
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be understood as an initial proposal for understanding and automating the evaluation
of policies where human reasoning is involved in some way. Several limitations have
been identified herein, primarily stemming from the availability of data. In this particular
instance, the absence of certain indicators may potentially yield overly optimistic scores for
certain countries. Furthermore, the comparison between countries lacks complete precision,
as not all cases consider identical information, despite being a commendable approximation.
Consequently, the scarcity of information necessitates a penalization mechanism, either
through the inclusion of a new rule or by subsequent adjustment of the results. Moreover,
all rules pertaining to individual indicators were regarded as equally significant in this
study, implying that each indicator carries the same weightage in the final evaluation.
To address this, it is imperative to incorporate expert judgment in order to discern the
relative importance of various indicators. For instance, prioritizing the minimization of the
population residing in suburban areas may be deemed more significant than evaluating
satisfaction with public transportation.

On the other hand, fuzzy logic, despite its usefulness in handling imprecision and
uncertainty, faces several limitations that need to be considered. Firstly, the subjectivity
involved in designing membership functions introduces inconsistencies and potential
bias in the system, as different experts may have varying opinions. Additionally, fuzzy
logic systems can be sensitive to small changes in input values, leading to unexpected
outputs. Furthermore, the absence of universally accepted standards for system design, rule
formulation, and performance evaluation makes it challenging to compare and benchmark
different fuzzy logic systems, hindering widespread adoption. Addressing these limitations
by experts is crucial for ensuring the effective and reliable use of fuzzy logic systems.

Beyond the possible future lines of work in mathematics, future studies must move
forward in transferring this study to other SDGs by generating a monitoring system to
support decision-making that acquires the operation for complex fields of fuzzy logic.
Furthermore, in the work of the cities themselves, it is also possible to observe the scope of
the measurements, not only in terms of a specific indicator such as SDG 11 but also because
the activity in the cities can affect the following SDGs:

• Good health and well-being;
• Clean water and sanitation;
• Affordable and clean energy;
• Industry, innovation, and infrastructure;
• Sustainable cities and communities;
• Responsible consumption and production;
• Climate action;
• Life on land.

In addition to the application to other SDGs as future lines, future research may benefit
from exploring extensions to research more complex types of fuzzy subsets, allowing for
further deepening of the analysis. Still, it is essential to note that using more complex types
requires more parameter tuning, which may result in a more parsimonious analysis.

6. Conclusions

Several international organisations and institutions are concerned about sustainable
development and its consequences. In addition to the different organisations and insti-
tutions, there is a notable concern on the part of experts and academics in the sense of
accompanying and monitoring this sustainable development. The primary motivation
for our study lies precisely in the capacity of governments and institutions to generate
sustainability reports based on the necessary expert judgement. Sustainability must comply
with the premises observed in the 2030 Agenda, which, disaggregated, can be found in the
different Sustainable Development Goals that currently exist. With this research, working
on an already completed “Sustainable Development Report” (in its 2022 edition), it is
possible to incorporate the field of fuzzy logic to the necessary progress in the marking
of sustainability criteria that robustly make the systems ready not only to issue reporting
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information but also to take this information as information that can be monitored and can
be subjected to comparability criteria.

This study highlights some of the current limitations in assessing compliance with
the SDGs and, in particular, with SDG 11. The lack of data for some indicators makes
it impossible to provide a fully objective and comparable assessment. In addition, the
information collected is not necessarily up to date: the reference years may be earlier
than 2022. However, the approach presented here provides a way of assessing a country’s
performance while respecting the current reporting guidelines and is intended to serve as a
basis for evaluating future policies. As the Sustainable Development Report (2022) sets out
certain rules for evaluating an SDG, it seems natural to provide a fuzzy logic-based system
that incorporates precisely this rule engine. As indicated above, the importance assigned to
each defined rule must be refined by experts.

As a result, a ranking of countries was obtained, where the best rated country with
our method—Brunei Darussalam—coincides with the best rated country with the current
evaluation method and analogously for the worst scoring countries. Some results change
as all available information is incorporated into this system and not only the information
from the two worst indicators, as had been the case in the past. We have also highlighted
some limitations of the system, caused mainly by the quality of the data collected so
far. The technical limitations encountered are in line with the current monitoring system.
A greater homogenisation of criteria through techniques such as fuzzy logic will allow the
correct monitoring so that, in later phases such as verification, cities can make use of it in
their progress concerning key factors such as:

• Mobility

1. Air quality;
2. Noise measurement;
3. Parking and access;
4. Low emission zone;

• Environment

1. Intelligent irrigation;
2. Waste monitoring;

• Energy

1. Renewable energy;
2. Smart lighting;
3. Energy efficiency;

• Water

1. Remote meter reading;
2. Industrial water management.
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Abstract: Management consulting (MC) has been heavily involved in emerging business opportuni-
ties in mainland China. However, there are no well-known local MC project management models
to help evaluate whether an MC project can be successful or not. This paper reports a model for
the self-assessment of management consulting projects, which has been validated by 15 experts and
13 cases. The new model, with seven factors that are critical to the success of MC projects, was
developed from a literature review. The model was then verified by developing a questionnaire that
was sent to 15 experts and using Dempster–Shafer theory to obtain the weight of each part of the
model. The model was applied to 13 real cases to verify its effectiveness in evaluating an MC project.
This new MC model can help consulting teams to conduct assessments in the early and middle stages,
and evaluate in the late stage, of consulting projects, and also can help teams improve the probability
of project success and client satisfaction. It can be used by consultants, client companies, or both.

Keywords: management consulting; project management; fuzzy assessment; case study

MSC: 90B50

1. Introduction

In recent decades, virtually every enterprise has been engaged in the process of project
development or system reform. The enterprise normally invites outside consultants when
their internal experience and ability are insufficient. This has made management consulting
(MC) increasingly popular as a management practice applicable to many industries and
has prompted the need to develop better standards, technologies, and practices for MC [1].
However, managing an MC project is a complex endeavor. Finding a comprehensive
and applicable process model that can help MC projects succeed has been a critical and
challenging task in the study of MC projects. Several MC project models have been
proposed, but a truly comprehensive one remains elusive.

The above issue is even more challenging for Hong Kong MC teams in exploring the
mainland market of China. Backed by the mainland market, the MC industry in Hong
Kong has a huge potential market. The central government of China and Hong Kong
signed the Closer Economic Partnership Arrangement (CEPA) for the first time in 2003. The
purpose of the CEPA is to promote the industrial restructuring and upgrading of the two
sides to achieve mutual benefit and complementarity. Since then, a supplement to the CEPA
has been signed each year with the aim of continuously expanding market liberalization
measures to further facilitate Hong Kong service providers. In 2014, the two sides signed a
sub-agreement under the CEPA, namely the agreement on fundamentally liberalizing the
mainland’s trade in services in Guangdong and Hong Kong (the Guangdong Agreement).
In December 2015, the two sides signed the trade-in services agreement, delineating the
liberalization measures that the mainland would undertake to open its doors to service
providers and professionals from Hong Kong from June 2016. Furthermore, this agreement
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expanded the geographic scope of service trade liberalization to encompass the entirety
of the mainland. The Chinese mainland has provided Hong Kong MC enterprises with a
vast market place and unlimited growth potential. Hong Kong companies are the largest
outside investors in mainland China, and mainland companies are significant investors in
the Hong Kong economy.

MC is expected to provide a systematic approach to cover all phases of a management
project and ensure that each phase is carefully planned, monitored, and measured [2].
While many researchers have solved the problems related to project management in large
companies [3,4], more research should be conducted on project management in small and
medium-sized enterprises (SMEs) [5].

At present, most of the international MC ideas have been widely accepted in the global
scope. It is not difficult for entrepreneurs to accept advanced ideas, but helping them imple-
ment these theories in the local market remains a challenge. For the management consulting
industry in mainland China, after 30 years of exploration, the dual transformation of the
consulting subject and the consulting content is realized [6]. With the rapid development
of local management consulting institutions in China, there is still a large-scale gap with
international consulting companies, such as a lack of profitability and core competitiveness.
Compared to mature international MC companies, Hong Kong’s local consultants fully
understand the local market environment, but in the face of strong competitors, there is
not a good selection of MC companies in Hong Kong, and the use of the MC method lacks
many innovative and targeted MC models.

This paper aims to report a proposal and validation of a more suitable model for Hong
Kong MC enterprises, enabling them to conduct management consulting effectively in
Hong Kong and/or mainland China. From the literature review, we identified seven factors
that are critical to the success of MC projects. The model was then evaluated by 15 experts,
and the Dempster–Shafer theory was used to obtain the weight of each factor. Thirteen
case studies are reported to verify the application. Section 2 provides the development of
the new model from the literature review. The model is then evaluated using the Dempster–
Shafer theory in Sections 3 and 4 to obtain the weight of each part of the model, and in
Section 5 is applied to 13 real cases to verify its effectiveness.

2. Literature Review and Model Development

2.1. Concepts and Terminologies

As a form of modern consulting, MC in contemporary society has rapidly developed
and played a huge role. It is often referred to as a “brain industry” that helps managers
identify and analyze problems, advise, and get out of trouble. However, there is still no
unified definition of MC.

The Association of MC Engineers defines MC by stating: “a person with theoretical
knowledge or experience in MC exposes problems in The Management of the enterprise
and proposes practical solutions to help implement them”. As defined by The Interna-
tional Council of Management Consulting Institutes, “an MC consultant is an individual
responsible for Management who provides independent Consulting advice and guidance to
clients”. The International Labor Committee defines MC as “helping to solve management
and business problems, to identify new opportunities, and to use it for the purpose of
organizing administrative agencies to help continue and expand learning opportunities”.

According to [7], MC is “dynamically facing new challenges because the management
tools, methods and methods that make up the field are applied in different fields, for
different purposes and in different cultures”.

To sum up, MC refers to the management behavior in which natural persons or legal
persons with professional knowledge and experience or training accept commissions,
take operation and management as their primary business, and use management tools to
provide knowledge, functions, planning, and other high-intelligence services in various
fields for different purposes.
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2.2. Previous Models for Consultation Management

While undeniably crucial, MC is fraught with challenges. Planning and implementing
a successful MC project is not easy. It requires a criterion for success or a complete, compre-
hensive, and applicable process model. The ASQ team spent approximately 35 years and
engaged numerous teams from over 30 countries, to create the International Team Excel-
lence Award (ITEA) Criteria, and provide a framework for assessing team performance and
project processes. On this basis, we searched the literature on MC and project management
(PM) and reviewed the influencing factors and models related to MC.

From the literature, seven different MC models and seven associated factors were
identified (see Table 1 below).

Table 1. Factors in previous MC models.

Factors Affecting MC Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

1. Project background and purpose
2. Project framework
3. Project stakeholders and the project team
4. Project overview
5. Project walkthrough
6. Project tracking and control
7. Project presentation

: indicates one model includes the factor.

In the following, the seven models will be elaborated from the following aspects:
which factors will be included, to which fields and industries do they apply, whether to
conduct quantitative analysis, whether there is empirical analysis or just a conceptual
model, whether there is a flow chart, advantages and disadvantages, etc.

Model 1—The ASQ organization’s ITEA model [8] provides a six-section framework to
help organizations improve the results of their projects, providing guidance and repeatable
benchmarks for projects of different organization sizes, industry types, or project types.
This model starts from the identification and selection of the project and ends with a project
presentation, which relatively clearly and fully presents the process of all parts of the
project. Every part is responsible for the detailed and rich further subdivided activities and
description. For each sub-part, this model provides scoring criteria of differing maturity.
The scores range from 0 to 4, with each layer having to perform better based on covering
the previous layer. At the same time, the model emphasizes the relevance of each phase,
its importance to the long-term planning of an MC project, and the relevant planning of
the organization to support the project. However, the model does not provide a process or
sequence, leaving the user with many considerations but no idea where to start or what to
do at a certain point in time. This model is only suitable for evaluating completed projects,
but it cannot be used as a starting point for a project.

Model 2—Reference [9] provided four main phases of a project decision analysis
process (PDAP): decision framing, modelling the alternatives, quantitative analysis, and
actual performance tracking. The four phases run in sequence, while part of the actual
performance trace is continuously fed back to the remaining three. These four stages
correspond to the project framework, project walkthrough, project background and purpose,
and project tracking and control. The PDAP model provides process guidance that requires
both qualitative and quantitative analysis, and in which the quantitative analysis method
can be adjusted according to different requirements. This model takes more account of
process quality and relationships with the system organization and is effective and practical:
it is practical because it is easy to integrate with existing processes; its effectiveness is
reflected in the scalability and flexibility of the model to provide effective feedback and
adaptability. At the same time, this model also considers the correlation degree and
strength between its effectiveness and organizational effectiveness under the framework of
competitive value. However, the model is implemented on the premise that there must
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be high-quality useful information, sufficient and accurate information about competitors,
that the project leader or decision maker needs to be trained, and that the appropriate, but
not all, project processes can be integrated.

Model 3—Reference [3] discussed how to establish a project organization in a telecom-
munications environment and developed a standardized project management process,
which was divided into four steps: project initiation, project definition, project implementa-
tion, and project completion. These four stages correspond to the project background and
purpose, the project framework, project overview, and project walkthrough. At each stage,
validation was repeated until all conditions were met. The main purpose of this model is to
provide a common operational framework and major control mechanisms for all project
managers. The advantage is that the framework is relatively flexible and can accommodate
and monitor the situation of each part while maintaining necessary system control. Second,
the model facilitates stakeholder participation in each phase of the project lifecycle. In
addition, the model’s versatility makes it easy for new employees to start. However, this
model is only a qualitative analysis and lacks a quantitative data analysis. In addition, the
absence of risk anticipation and response procedures makes it difficult for project personnel
or organizations to respond promptly to the changes in project requirements. At the same
time, this model also lacks benchmarks as it is confined to individual project management
and is not suitable for comparing or measuring different project management processes.

Model 4—Reference [5] identified six factors of successful project management with
the greatest potential benefits for small and medium-sized businesses (SMEs). They are
clear objectives, top management support, resource allocation, planning, monitoring and
control, client consulting and risk management. The six success factors correspond to the
project background and purpose, project framework, project stakeholders and project team,
project overview, project walkthrough, project tracking and control. The six factors are
based on a survey conducted asking managers of small and medium-sized enterprises their
opinions on the six factors in their enterprises on a scale of 1 to 5. Each of the more than 200
small and medium-sized businesses in the survey had fewer than 250 employees, and they
covered a wide range of sectors, including health care, telecommunications, electronics
and engineering, and were mostly in high-tech industries. Although high-tech companies
contribute a lot to society in terms of wealth creation and employment, these technical
entrepreneurs have relatively poor business management skills, so this model is a good way
to help these high-tech SMEs. The model analyzed the questionnaire results using SPSS 27
software and ranked the importance of six influencing factors. Among these factors, clear
objectives and support from senior management were identified as the most important
success factors. The significance of this model lies in the in-depth study of its project
management model based on the characteristics of small and medium-sized enterprises,
but the scope of use is also limited to small and medium-sized enterprises, therefore, there
is no way of it being widely promoted.

Model 5—Reference [10] proposed a comprehensive project management model that
elaborated several stages of systematic management of university processes: the general
concept of processes, environmental characteristics and internal accuracy, and the ability to
plan, organize, implement, evaluate, adjust and improve. These stages correspond to the
project background and purpose, project framework, project overview, project walkthrough,
and project presentation. This model is applicable to general university management and
is an effective method of substantive process management. It helps optimize human,
material, technical, financial and information resources to improve the quality and impact
of management results. Notably, this model is characterized by high interactivity, meaning
the completion of each stage affects the entire process and depends on at least one other
stage. This feature facilitates the guidance of the process and allows for recalibration when
necessary. The system model was successfully implemented during the 2012–2013 academic
year at the tested universities, resulting in improvement in all its selected indicators. By
observing the process and communicating with the actors involved in the process, Aguilera
found that all stakeholders had a high degree of satisfaction with the management of the
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substantive process. The limitation of this comprehensive project management model is
that it only extends to the organization and functions of the university, and only applies to
the management of the university.

Model 6—In the Project Excellence Model®, reference [11] proposed a series of critical
key success factors, five project types and six organizational domains through a literature
review. The critical factors for project success are organization, results, and feedback, respec-
tively. These factors include (1) leadership and team, (2) policy and strategy, (3) stakeholder
management, (4) resources, (5) contracting, (6) project management, (7) success criteria and
(8) external factors, respectively. These factors are interrelated to form a coherent model.

Project types play a critical role in project management because the project objectives
of different areas and types must match external factors. The five project types in the
model include (1) product-oriented, (2) tool-oriented, (3) system-oriented, (4) process-
oriented and (5) complete project management. The six result areas include (1) project
results, (2) appreciation by the client, (3) appreciation by project personnel, (4) appreciation
by users, (5) appreciation by contracting partners, and (6) appreciation by clients. This
model includes the project background and purpose, project stakeholders and project team,
project overview, project walkthrough, project tracking and control. At project startup,
it is imperative to categorize the six resulting domain reads of the model and select the
corresponding project type in each domain. This model has been successfully demonstrated
in a medium-sized organization and is generally flexible in adapting to project objectives.
Linking project outcome areas, organizational areas, and different project types can provide
good insights into improving project organizational functions. However, the model has its
limitations in terms of comprehensively covering all relevant success factors.

Model 7—Reference [12] proposed PRINCE2, a standard project management tool.
PINS2 is a structured project management method that encompasses elements related
to project organization, management, and control. It finds primary application with
commercial, government and construction projects in the UK. The authors used it in
clinical trial management and obtained good results. This model mainly has the following
four characteristics: clear objectives, measurable conclusions, clearly defined resources and
clearly defined organizational responsibilities. This model includes the project background
and purpose, project framework, project overview, project tracking and control. This model
can be used in different areas to improve management efficiency and reduce process costs.
However, it should be noted that this approach comes with certain limitations. The tools
and terminology employed may not be readily familiar to most participants, necessitating
additional training to surmount the considerable learning curve.

Two gaps are identified from the above review of the seven MC models. First, these
seven models identify seven factors that are important for MC. However, as shown in
Table 1, they only cover some of the seven factors that are related to successful MC. All
of them miss one or another factor. The following section will propose a new model that
integrates all the seven factors identified from previous models.

Secondly, most of these models are qualitative, and only those involving maturity are
quantitatively analyzed. The models rely more on managers’ experience and judgment
of subjective consciousness. There is no complete and systematic model to conduct both
qualitative and quantitative analysis of these factors step by step. Even these MC factors
have differences in partitioning and qualification between different models, as shown in
Table 1 above. This study solves this problem by proposing and applying a new model to
the MC project.

2.3. The Proposal of a New Model

The success of the MC project firstly depends on the manager who leads the project.
Therefore, this study proposes an MC project manager-oriented model, as shown in Figure 1.
Managers can use this model to have clear control over the overall project framework and
direction. In this model, the initial three parts (part A to part C) are mainly dedicated
to understanding and mastering the basic information of the project, part D to part F
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place emphasis on methods, processes and results of the project, part G underscores the
notion that, as a management consulting project, the presentation of project results and
the project’s completion process should be conducted by consultants for the benefit of the
client. This brings about the holistic process of management consultation. The subsequent
section elaborates on the seven factors (categories) of this new model.

 
Figure 1. A new conceptual model for MC in Hong Kong and mainland China.

2.3.1. Project Background and Purpose

The project background and purpose include these parts: organizational approach to
project planning, project identification process, project selection process, project goals and
benefits, and success measures/criteria identified [8]. Before the start of an MC project,
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the manager should select and prioritize. Total resources resemble a pie, and they are
limited. Each project cannot share the same amount of manpower, funds, equipment and
other resources. It is the first step of the model, which is how to identify the scope of the
project and allocate resources according to the project’s revenue and requirements. In this
step, the project needs to be evaluated and predicted in terms of cost, potential benefits,
development risks, time to market and so on. Methods commonly used in project selection
are the checklist model, scoring model and analytic hierarchy process (AHP) [13].

Secondly, success criteria are the criteria to measure the success or failure of a project,
and an MC project manager should clearly distinguish between critical success factors and
critical success criteria before starting.

2.3.2. Project Framework

This project framework section builds upon the project selection, goals, and success
measures discussed in Factor 1. For maximum effectiveness, it is crucial that all team
members have a clear understanding of both the “what” and the “why” (the significance) of
their projects. Whether an organization follows a formal project charter process or not, team
members should possess the ability to succinctly summarize their project, comprehend the
type of project they are undertaking, grasp the scope of their work, and be aware of the
project’s timeline. The team should explicitly define the project type, which can include
problem-solving, process/continuous improvement, design, or transformational, among
other examples. Documenting basic assumptions and anticipated risks is important to
prevent unexpected challenges during the project. Furthermore, the team should have a
thorough understanding of the resources available to them. A project framework template
is provided to ensure consistency in capturing and sharing the necessary information.

The project framework includes these parts: concise project statement, type of project,
scope statement, assumptions/expectations, project schedule/high-level plan, budget
(financial or resource) and risk management. The combination of project type and team
is crucial, in particular because the personality and personal style of the project manager
have a certain influence on the success of the project [14].

The project scope needs to state everything about the project, including all activities to
perform, resources to consume, end products and quality standards. A scoping statement
usually uses a work breakdown structure (WBS), an organization breakdown structure
(OBS), and a linear responsibility chart. Gantt charts are a popular way of time scheduling
which is crucial. Reference [5] proved that the completion schedule can make the project
more likely to succeed.

2.3.3. Project Stakeholders and the Project Team

Project stakeholders include these elements: stakeholders and how they are identified,
project champions, project team selection, team preparation, and team routines. Project
stakeholders are significant. A successful operation of the MC project requires the support
and cooperation of banks, governments, environmental groups, customers, employers, em-
ployees, the public, shareholders, suppliers, distributors and other groups. In a successful
MC project, stakeholders can be involved throughout the whole process. Reference [11]
also considered appreciation and other feedback from both the direct and indirect parties
involved in the project.

In addition, as far as team development is concerned, there are generally four stages:
forming, storming, cooperation, and performing [15]. Managers need to keep an eye on the
development of the team and resolve internal and external conflicts.

Team preparation requires training in tools, techniques, and knowledge of the project.
Consulting training has not been given sufficient concern [16]. The lack of training practice
may be related to the lack of research on consulting training [17]. In the past, a project
would provide consultation courses focused on the theoretical knowledge of consulting,
the development of the intervention, the process, and the maintenance of the intervention
through consultation [18]. After determining the background, purpose, framework and
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team members of the MC project, the manager needs to organize training and preparation
for the members of the team in terms of content, culture, methodology, and development.
This is a critical step. Sufficient training can improve the efficiency of project members
and project completion. In terms of content, each member should be made aware of all
information about the project. Regarding culture, members need to understand each other’s
cultural differences and the cultural backgrounds of other stakeholders. There are clear
cultural elements in the consulting literature, such as “multicultural consulting” [19] and
“cross-cultural consulting” [20], which can be regarded as the theoretical framework of con-
sulting. Project participants usually spend much less time in the field of multiculturalism or
diversity [18]. Skills and methods can be taught to engineers without many difficulties [21].
Only with simple and rapid training can project members continuously learn in action [22].

2.3.4. Project Overview

The project overview serves as a bridge between the background/preparation work
and project execution/results. The project overview includes these parts: project approach,
tools used throughout project, tool output at different stages of a project, how a team was
prepared to use the tools, dealing with project risk, encountering and handling resistance
as a risk and stakeholder involvement in a project. The project needs to be subdivided
into more detailed work steps at each stage, and one or more project management tools
must be used at each stage [10]. Project tools are many, such as project management
maturity models (PMMMs) [23], critical path method (CPM), process evaluation and review
techniques(PERT) [24], critical chain project management (CCPM) [25] and increasingly
popular hybrid methods [26].

2.3.5. Project Walkthrough

The project walkthrough is the core of the project to demonstrate how they moved
from decision to decision to complete their project. The project walkthrough includes
these parts: data-driven project flow, solution validation, solution justification, results,
maintaining the gains and project communication. Process improvement has been a top
priority for the past decade [27]. Teams should validate and improve their solutions and
always communicate with project stakeholders before implementing project solutions.

2.3.6. Project Tracking and Control

Project tracking and control is further discussions and implementation of the risks in the
project overview. This must be a continuous process overseen by a designated individual.

Project tracking includes the implementation, monitoring and review of project [9].
Specifically, the team is implementing the best alternative, monitoring project execution, and
reviewing the project experience. Project tracking and monitoring is a very important phase
for the execution and management of an MC project. A previous study by [28] pointed
out that proper tracking and monitoring practices are critical to successfully delivering
a project.

Project control includes the control of time, process progress, capital use, risk and
uncertainty factors, etc. Risk management is the most important part of project control.
Uncertainty and risk are at the heart of all projects. Effective risk management is essential
of successful project management [1]. Appropriate risk management can help project
managers mitigate known and unexpected risks for various of projects [29].

2.3.7. Project Presentation

Although the project presentation is not a separate phase of a project, it is a collection
of key points for the project team to share with stakeholders.

Project presentation includes slide readability, logical flow of information, use of
graphics and illustrations, and narrative and visual text. In addition, the speaker’s body
language and eye contact with the audience are important.
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Project presentation is the integration of everything, such as project purpose, team,
stakeholders, method of use, process, end results and gap with expectations. The speaker
needs to concisely explain these key points and key information to the internal and external
groups. It is the final stage of completion of the project.

3. Model Evaluation Methodology

3.1. Data Collection Method

To verify the model shown in Figure 1, a questionnaire (assessment tool) was designed
based on the seven factors in Figure 1 and supported by relevant literature. For each
factor, about 6–12 questions were asked to measure the importance of the factor. Scores
ranged from 1 to 10, from unimportant to very important. This questionnaire is supposed
to be used for two purposes. The first is that the questionnaire will be used for the expert
assessment of the seven factors and the questions under each factor, and the data analysis
of the assessment results will be carried out. The weight of each factor will be determined
based on the results of the expert assessment. The second is that the questionnaire will be
used for the next phase of the case project evaluation.

The questionnaire (assessment tool) is attached in Appendix A.

3.2. Data Analysis Method

To quantitatively assess the model, integrate expert ratings, and enhance its applica-
bility in real-world scenarios, the following seven factors should be evaluated to obtain
their respective weights. The MC model proposed in this paper contains seven factors
and dozens of problems, so we did not use methods like AHP (analytical hierarchical
process), but adopted the combination method of Dempster–Shafer, based on upper and
lower bound probability [30].

The D-S theory was proposed by Dempster in 1967. It belongs to artificial intelligence
and the expert system. The method has the ability to cope with uncertain information by
the expert scoring and represented in the data structure [31]. D-S evidence theory is a tool
for decision making on multi-source data with uncertain information [32]. D-S theory has
been widely used in many fields including sensor data, biometric recognition, and decision
support systems [33–35].

Dempster–Shafer theory provides many combination rules for framework construction.
This paper uses the combined Dempster–Shafer method, which is widely used, easy to
implement, and emphasizes the consistency between multiple sources.

The process of determining the weight for each category is shown as follows. First, for
each expert, we calculate the score of each category as the mean value of the questions in
that category. Then, the category scores were normalized using the following formula:

mi(X) = mix/sumi

where mix is the score of categories X(X = A to H) from expert i, and sumi is the sum of all
category score by expert i.

Then, according to the Dempster–Shafer combination rule, to combines 2 experts’ score.

[m1 ⊕ m2](y) =

⎧⎪⎨⎪⎩
0 y = ϕ

∑A∩B=y m1(A)m2(B)
1 − ∑A∩B=ϕ m1(A)m2(B)

y �= ϕ

4. Model Evaluation Process

4.1. Experts Evaluation

We invited 15 experts who agreed to support this project, as listed in Table 2. They
all have experience in management consultation for years in China. During the separate
correspondence process with each expert, the information gathered reveals that the new
MC model is comprehensive and can be used to evaluate an MC project relatively fully. The
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15 experts were finally invited for the evaluation of the model according to the questionnaire
(assessment tool) in Appendix A. The backgrounds of the 15 experts are listed in Table 2.

Table 2. The background of the 15 experts.

Gender Age Range Work Area Years of Experiences in MC Industry of MC Projects Involved

1 Male 26~30 East China 10 IT, Engineering and Construction
2 Male Over 60 Hong Kong 30 Manufacturing
3 Female 31~40 East China 8 Quality Management
4 Male 51~60 East China 22 Utilities, Enterprises, Hospitals
5 Female 31~40 Southwest of China 5 Communication, Transportation Industries
6 Male 31~40 South China 5 Finance, State-owned Enterprises
7 Female 26~30 South China 5 Finance Industry
8 Male 26~30 Greater Bay Area 5 Finance Industry
9 Male 51~60 North China 15 Aviation Industry

10 Male 41~50 Greater Bay Area 20 Technology, Mergers and Acquisitions,
Marketing, Production

11 Male 51~60 Hong Kong 20 Information Technology
12 Male Over 60 Greater Bay Area 24 Manufacturing Industry
13 Male 51~60 East China 25 Manufacturing Industry
14 Female 26~30 South China 5 Strategy Management, Human Resources
15 Male 26~30 East China 5 Internet, Medical Industry

4.2. Expert Evaluation Analysis via the Dempster–Shafer Combination Method

According to the expert scoring, we obtained 15 pieces of data with different weights.
In order to obtain a more accurate and comprehensive weight, the data need to be nor-
malized according to the principles and guidelines of the Delphi method to obtain a
comprehensive evaluation of the model [36]. Through the D-S data processing method
described above, 15 expert scores were combined one by one to obtain the D-S value.

The weight of each category is determined as follows. First, for each expert, we
calculate the average of their response to the questions with each category. Subsequently,
we calculate the sum of these averages across all specialists.

Average score (A) = (A1 + A2 + . . . + Ai)/i;

Average score (B) = (B1 + B2 + . . . + Bj)/j;

. . .. . .

Average score (G) = (G1 + G2 + . . . + Gm)/m;

SUM of Average score = Average score (A) + Average

score (B) + . . .. . . + Average score (G)

As shown in Table 3, the scores of 15 experts on seven factors are processed.

Table 3. The average and sum scores from the 15 experts.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

A 8.167 8.000 8.000 8.500 8.000 8.500 8.167 9.667 8.000 9.167 8.833 6.667 7.667 8.333 8.500
B 9.429 7.714 9.143 9.000 8.429 8.429 9.000 8.714 8.571 9.571 8.857 7.000 7.857 6.429 8.429
C 7.286 6.857 8.857 8.429 8.571 7.714 8.429 7.571 7.571 9.429 8.857 6.714 8.571 3.571 7.714
D 8.000 7.000 8.000 8.429 8.143 9.571 8.571 8.000 8.429 8.714 8.714 5.286 8.000 3.000 7.000
E 8.167 7.000 9.000 8.667 9.000 8.667 7.667 7.667 7.667 9.000 9.167 6.167 7.000 3.833 9.000
F 8.167 7.333 8.333 8.500 9.167 9.167 7.500 8.167 8.000 10.00 8.000 4.167 9.000 3.000 9.000
G 6.250 6.917 8.083 8.167 9.667 7.083 8.000 8.083 7.500 8.083 8.667 5.833 7.833 4.333 8.333

SUM 55.464 50.821 59.417 59.690 60.976 59.131 57.333 57.869 55.738 63.964 61.095 41.833 55.929 32.500 57.976
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Second, the following formula is used to standardize category scores:

mi(X) = mix/sumi

where mix is the score of categories X (X = A to G) from expert i, and sumi is the sum of all
category score by expert i.

As shown in Table 4, scores are standardized.

Table 4. The standard scores.

m1 m2 m3 m4 m5 m6 m7 m8 m9 m10 m11 m12 m13 m14 m15

A 0.147 0.157 0.135 0.142 0.131 0.144 0.142 0.167 0.144 0.143 0.145 0.159 0.137 0.256 0.147
B 0.170 0.152 0.154 0.151 0.138 0.143 0.157 0.151 0.154 0.150 0.145 0.167 0.140 0.198 0.145
C 0.131 0.135 0.149 0.141 0.141 0.130 0.147 0.131 0.136 0.147 0.145 0.161 0.153 0.110 0.133
D 0.144 0.138 0.135 0.141 0.134 0.162 0.150 0.138 0.151 0.136 0.143 0.126 0.143 0.092 0.121
E 0.147 0.138 0.151 0.145 0.148 0.147 0.134 0.132 0.138 0.141 0.150 0.147 0.125 0.118 0.155
F 0.147 0.144 0.140 0.142 0.150 0.155 0.131 0.141 0.144 0.156 0.131 0.100 0.161 0.092 0.155
G 0.113 0.136 0.136 0.137 0.159 0.120 0.140 0.140 0.135 0.126 0.142 0.139 0.140 0.133 0.144

SUM 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Then, using the Dempster–Shafer combination rule to combine two experts’ score.
To illustrate the combination rule, see the following example. If the normalized

score from expert 1 is [m1(A), m1(B), m1(C). . ., m1(F), m1(G)] for category A to G, and the
normalized score from expert 2 is [m2(A), m2(B), m2(C). . ., m2(F), m2(G)] for category A to G
it would be optimized to calculate the Dempster–Shafer value for the expert 1 and expert 2
for category A as follows:

DS2(A) =
m1(A)m2(A)

1 − (∑ m1(A)m1(B)m1(C) . . . m1(H)m2(A)m2(B)m2(C) . . . m2(G))

=
m1(A)m2(A)

1 − ((1 − m1(A))× m2(A) + (1 − m1(B))× m2(B) + . . . + (1 − m1(G))× m2(G))

For category B:

DS2(B) =
m1(B)m2(B)

1 − (∑ m1(A)m1(B)m1(C) . . . m1(H)m2(A)m2(B)m2(C) . . . m2(G))

=
m1(B)m2(B)

1 − ((1 − m1(A))× m2(A) + (1 − m1(B))× m2(B) + . . . + (1 − m1(G))× m2(G))

For category C:

DS2(C) =
m1(C)m2(C)

1 − (∑ m1(A)m1(B)m1(C) . . . m1(H)m2(A)m2(B)m2(C) . . . m2(G))

=
m1(C)m2(C)

1 − ((1 − m1(A))× m2(A) + (1 − m1(B))× m2(B) + . . . + (1 − m1(G))× m2(G))

. . . . . .

For category G:

DS2(G) =
m1(G)m2(G)

1 − (∑ m1(A)m1(B)m1(C) . . . m1(H)m2(A)m2(B)m2(C) . . . m2(G))

=
m1(G)m2(G)

1 − ((1 − m1(A))× m2(A) + (1 − m1(B))× m2(B) + . . . + (1 − m1(G))× m2(G))

where DS2 means 2 experts’ score are combined.
After the scores from expert 1 and expert 2 are combined, the result would be combined

with score from expert 3, as follows:
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For category A:

DS3(A) =
DS2(A)m3(A)

1 − (∑ DS2(A)DS2(B)DS2(C) . . . DS2(H)m3(A)m3(B)m3(C) . . . m3(G))

=
DS2(A)m3(A)

1 − ((1 − DS2(A))× m3(A) + (1 − DS2(B))× m3(B) + . . . + (1 − DS2(G))× m3(G))

For category B:

DS3(B) =
DS2(B)m3(B)

1 − (∑ DS2(A)DS2(B)DS2(C) . . . DS2(H)m3(A)m3(B)m3(C) . . . m3(G))

=
DS2(B)m3(B)

1 − ((1 − DS2(A))× m3(A) + (1 − DS2(B))× m3(B) + . . . + (1 − DS2(G))× m3(G))

. . . . . .

For category G:

DS3(G) =
DS2(G)m3(G)

1 − (∑ DS2(A)DS2(B)DS2(C) . . . DS2(H)m3(A)m3(B)m3(C) . . . m3(G))

=
DS2(G)m3(G)

1 − ((1 − DS2(A))× m3(A) + (1 − DS2(B))× m3(B) + . . . + (1 − DS2(G))× m3(G))

where DS3 means 3 experts’ score are combined.
And then the result would be combined with expert 4. It would be repeated until all

of the experts’ score are combined.
As shown in Table 5, the D-S scores of 15 experts for seven factors are shown.

Table 5. The D-S value of 7 sections from expert 1 to expert 15 (weight of section).

DS2 DS3 DS4 DS5 DS6 DS7 DS8 DS9 DS10 DS11 DS12 DS13 DS14 DS15

A 0.162 0.152 0.151 0.139 0.139 0.139 0.161 0.160 0.159 0.161 0.176 0.171 0.276 0.280
B 0.180 0.193 0.203 0.198 0.196 0.215 0.225 0.240 0.248 0.252 0.290 0.288 0.359 0.362
C 0.124 0.129 0.126 0.125 0.114 0.117 0.106 0.100 0.102 0.104 0.114 0.124 0.086 0.079
D 0.139 0.130 0.128 0.120 0.136 0.142 0.136 0.143 0.135 0.134 0.117 0.118 0.069 0.057
E 0.141 0.150 0.151 0.157 0.160 0.150 0.138 0.131 0.128 0.135 0.136 0.121 0.090 0.096
F 0.148 0.145 0.144 0.152 0.164 0.150 0.147 0.147 0.159 0.145 0.100 0.113 0.066 0.071
G 0.107 0.102 0.097 0.108 0.090 0.088 0.085 0.080 0.070 0.069 0.066 0.066 0.055 0.055

The scores of DS 15 are the composite weight scores of 15 experts for 7 factors, also
called weight of section.

After the weighting factor of each issue at organization readiness has been calculated,
it is time to generate the weighting factor for each KPI in each section, which is the result of
the multiplication of the MC factors’ weight and the KPI weight of that related issue.

First, the same method is used to standardize the data. Subsequently, according to the
Dempster–Shafer combination rule, the DS value of KPI in each section can be calculated
in Table 6.

And the weight of each KPI is the result of the multiplication of the weight of the
section and DS15 of KPI, the combined weight value of 15 experts in Table 7.
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Table 6. The DS value of KPI in each section by 15 experts.

DS2 DS3 DS4 DS5 DS6 DS7 DS8 DS9 DS10 DS11 DS12 DS13 DS14 DS15

A

A1 0.229 0.229 0.242 0.185 0.210 0.225 0.227 0.250 0.253 0.235 0.239 0.307 0.286 0.261
A2 0.142 0.142 0.134 0.154 0.174 0.166 0.167 0.144 0.145 0.118 0.171 0.176 0.205 0.210
A3 0.183 0.183 0.172 0.198 0.224 0.213 0.215 0.237 0.240 0.251 0.109 0.112 0.131 0.134
A4 0.142 0.142 0.134 0.120 0.041 0.034 0.027 0.023 0.012 0.014 0.006 0.005 0.004 0.003
A5 0.160 0.160 0.151 0.173 0.157 0.131 0.132 0.145 0.147 0.171 0.198 0.153 0.143 0.130
A6 0.142 0.142 0.167 0.171 0.194 0.231 0.232 0.200 0.202 0.211 0.276 0.247 0.231 0.263

B

B1 0.156 0.137 0.135 0.128 0.147 0.113 0.114 0.117 0.085 0.094 0.089 0.083 0.096 0.096
B2 0.082 0.081 0.071 0.067 0.054 0.060 0.060 0.061 0.063 0.056 0.053 0.044 0.025 0.020
B3 0.137 0.149 0.131 0.155 0.125 0.138 0.154 0.158 0.163 0.181 0.221 0.258 0.374 0.372
B4 0.117 0.115 0.114 0.108 0.087 0.077 0.060 0.048 0.049 0.044 0.047 0.028 0.024 0.019
B5 0.156 0.154 0.168 0.180 0.207 0.228 0.229 0.234 0.243 0.242 0.230 0.215 0.156 0.172
B6 0.176 0.192 0.211 0.200 0.230 0.253 0.282 0.289 0.300 0.299 0.324 0.341 0.296 0.296
B7 0.176 0.173 0.171 0.162 0.149 0.131 0.102 0.093 0.097 0.086 0.035 0.033 0.028 0.025

C

C1 0.225 0.205 0.217 0.247 0.264 0.249 0.169 0.154 0.165 0.152 0.138 0.111 0.088 0.089
C2 0.197 0.201 0.213 0.244 0.162 0.191 0.182 0.166 0.107 0.110 0.117 0.094 0.074 0.084
C3 0.138 0.141 0.100 0.114 0.121 0.129 0.175 0.160 0.171 0.157 0.190 0.218 0.231 0.203
C4 0.099 0.089 0.084 0.077 0.062 0.058 0.063 0.058 0.062 0.071 0.075 0.069 0.036 0.028
C5 0.085 0.086 0.091 0.084 0.078 0.073 0.080 0.083 0.089 0.102 0.109 0.125 0.165 0.145
C6 0.118 0.121 0.128 0.102 0.136 0.112 0.076 0.080 0.085 0.078 0.071 0.074 0.078 0.078
C7 0.138 0.157 0.166 0.133 0.177 0.187 0.255 0.299 0.320 0.330 0.301 0.310 0.328 0.372

D

D1 0.075 0.074 0.079 0.076 0.078 0.094 0.098 0.103 0.123 0.115 0.115 0.152 0.157 0.197
D2 0.105 0.091 0.097 0.081 0.084 0.091 0.095 0.089 0.084 0.089 0.107 0.113 0.155 0.130
D3 0.140 0.121 0.100 0.096 0.099 0.095 0.112 0.092 0.109 0.115 0.162 0.149 0.103 0.086
D4 0.123 0.121 0.114 0.110 0.079 0.086 0.112 0.105 0.100 0.117 0.094 0.099 0.068 0.057
D5 0.175 0.173 0.163 0.157 0.162 0.156 0.143 0.150 0.179 0.167 0.101 0.133 0.182 0.178
D6 0.201 0.198 0.210 0.227 0.234 0.225 0.207 0.217 0.259 0.242 0.145 0.134 0.185 0.206
D7 0.180 0.222 0.236 0.255 0.264 0.253 0.232 0.244 0.145 0.153 0.276 0.219 0.150 0.147

E

E1 0.122 0.108 0.099 0.086 0.058 0.070 0.072 0.079 0.089 0.077 0.066 0.088 0.044 0.044
E2 0.187 0.185 0.211 0.231 0.209 0.193 0.201 0.192 0.216 0.211 0.179 0.213 0.213 0.237
E3 0.157 0.156 0.160 0.175 0.158 0.147 0.153 0.187 0.210 0.206 0.210 0.218 0.219 0.170
E4 0.143 0.142 0.129 0.127 0.144 0.152 0.119 0.113 0.089 0.097 0.165 0.171 0.172 0.190
E5 0.187 0.185 0.169 0.129 0.146 0.135 0.141 0.172 0.194 0.190 0.194 0.144 0.144 0.128
E6 0.204 0.225 0.231 0.252 0.285 0.302 0.314 0.257 0.202 0.220 0.187 0.166 0.208 0.231

F

F1 0.218 0.207 0.215 0.237 0.258 0.263 0.285 0.308 0.308 0.274 0.379 0.407 0.471 0.510
F2 0.218 0.233 0.242 0.214 0.232 0.267 0.289 0.311 0.311 0.357 0.197 0.212 0.245 0.212
F3 0.218 0.233 0.242 0.240 0.209 0.213 0.180 0.151 0.151 0.134 0.074 0.072 0.062 0.061
F4 0.098 0.093 0.097 0.096 0.104 0.080 0.077 0.083 0.083 0.085 0.094 0.090 0.052 0.057
F5 0.134 0.127 0.103 0.102 0.077 0.069 0.067 0.048 0.048 0.061 0.084 0.072 0.042 0.036
F6 0.114 0.109 0.101 0.111 0.120 0.108 0.103 0.099 0.099 0.089 0.171 0.147 0.128 0.124

G

G1 0.070 0.079 0.078 0.081 0.089 0.087 0.085 0.101 0.070 0.065 0.063 0.051 0.043 0.044
G2 0.070 0.061 0.061 0.056 0.047 0.040 0.039 0.046 0.032 0.034 0.016 0.009 0.008 0.006
G3 0.082 0.072 0.071 0.073 0.071 0.087 0.074 0.088 0.061 0.057 0.055 0.050 0.042 0.048
G4 0.068 0.077 0.085 0.088 0.110 0.134 0.115 0.121 0.140 0.114 0.146 0.135 0.141 0.161
G5 0.094 0.094 0.104 0.107 0.149 0.146 0.142 0.131 0.152 0.177 0.113 0.130 0.137 0.141
G6 0.078 0.088 0.098 0.101 0.098 0.108 0.131 0.138 0.160 0.149 0.191 0.220 0.231 0.211
G7 0.082 0.092 0.091 0.094 0.104 0.127 0.156 0.163 0.190 0.199 0.223 0.256 0.269 0.277
G8 0.123 0.108 0.093 0.077 0.064 0.062 0.053 0.049 0.057 0.060 0.076 0.044 0.046 0.037
G9 0.110 0.109 0.095 0.097 0.081 0.069 0.068 0.053 0.043 0.040 0.032 0.026 0.022 0.017
G10 0.068 0.068 0.068 0.070 0.058 0.050 0.048 0.038 0.031 0.032 0.016 0.013 0.011 0.008
G11 0.047 0.047 0.052 0.048 0.040 0.034 0.034 0.031 0.025 0.026 0.025 0.026 0.016 0.015
G12 0.106 0.105 0.104 0.107 0.089 0.055 0.053 0.042 0.039 0.045 0.044 0.040 0.034 0.035
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Table 7. The weight of KPI by 15 experts.

DS15 Weight of Section Weight of KPI

A

A1 0.261

0.280

0.07295
A2 0.210 0.05884
A3 0.134 0.03752
A4 0.003 0.00084
A5 0.130 0.03631
A6 0.263 0.07355

B

B1 0.096

0.362

0.03475
B2 0.020 0.00709
B3 0.372 0.13466
B4 0.019 0.00676
B5 0.172 0.06233
B6 0.296 0.10685
B7 0.025 0.00908

C

C1 0.089

0.079

0.00699
C2 0.084 0.00667
C3 0.203 0.01607
C4 0.028 0.00218
C5 0.145 0.01148
C6 0.078 0.00620
C7 0.372 0.02941

D

D1 0.197

0.057

0.01131
D2 0.130 0.00745
D3 0.086 0.00493
D4 0.057 0.00327
D5 0.178 0.01022
D6 0.206 0.01182
D7 0.147 0.00842

E

E1 0.044

0.096

0.00423
E2 0.237 0.02283
E3 0.170 0.01638
E4 0.190 0.01835
E5 0.128 0.01233
E6 0.231 0.02229

F

F1 0.510

0.071

0.03610
F2 0.212 0.01504
F3 0.061 0.00430
F4 0.057 0.00401
F5 0.036 0.00257
F6 0.124 0.00881

G

G1 0.044

0.055

0.00240
G2 0.006 0.00034
G3 0.048 0.00264
G4 0.161 0.00885
G5 0.141 0.00771
G6 0.211 0.01156
G7 0.277 0.01517
G8 0.037 0.00202
G9 0.017 0.00096

G10 0.008 0.00046
G11 0.015 0.00083
G12 0.035 0.00190
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5. Case Studies

5.1. Background of 13 Cases

With the help of several consulting firms, we found some real cases of MC projects.
These companies are located in China’s Hong Kong, Greater Bay Area, southwest, east and
south, and they are all typical companies that meet the application conditions of the MC
model (in China’s market background and corresponding demand). As shown in Table 8,
these projects cover different industries, have different application scopes and project sizes,
which can verify that the MC model can effectively evaluate a management consulting
project, regardless of organizational size, industry type or project type.

Table 8. Background of the 13 cases.

Industry Type Location/Area
The

Number of
Team

Estimated
Project

Duration

Actual
Project

Duration

The Rate of
Time

Overruns

Customer
Satisfaction

(0–10)

Case 1 Energy Strategy
management Southwest 3 3 months 3.5 months 16.67% 5

Case 2 Agriculture Human
resources South 3 5 months 18 months 260% 3

Case 3 Finance Strategy
management Southeast 4 3 months 3 months 0 7

Case 4 Grid Technology
management Northwest 6 3 months 2 months −33.33% 8

Case 5 Manufacture
Technology

training
management

North 10 4 weeks 4.5 weeks 12.5% 7

Case 6 Finance Post-investment
management Southeast 6 18 weeks 18 months 300% 4

Case 7 Finance Strategy
management Southeast 11 14 weeks 12 months 242.86% 7

Case 8 Food Manu-
facturing ERP Hong Kong 6 14 months 20 months 42.86% 8

Case 9 Wholesales ERP Hong Kong 8 16 months 18 months 12.5% 9

Case 10
Properties
Manage-

ment

Corporate
Performance
Management

(CPM)

Hong Kong 4 8 months 9 months 12.5% 9

Case 11 Medicine
Performance

Excellence
Coaching

East 3 3 weeks 3 weeks 0 9

Case 12 Grid
Performance

Excellence
Coaching

Northwest 3 6 months 5.5 months −8.33% 10

Case 13 Grid
Science and
technology
innovation

East 4 5 months 4 months −20% 10

5.2. The Process of Case Studies

The process is divided into the following four steps: project study (basic information
acquisition and statement), project evaluation, weighted score calculation (combined with
project evaluation scores and MC model weight scores), score comparison and conclusion.
Project research mainly introduces the project background, including project type, industry
involved, number of team members, expected completion time, actual completion time,
client satisfaction, etc. Project scoring is to invite the consultant or the person in charge of
the consultant to fill in the project measurement and evaluation questionnaire. Weighted
score calculation is based on the score of the project and the weight of the experts.

5.3. Case Study One as an Example

Case 1 is from Team A, which is a management consulting team from a consulting
firm in the Greater Bay Area. The total number in the team is 10. It has been established for
eight years and has completed nearly 100 management consulting projects.
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The project was carried out by Team A in Sichuan Province in March 2018. The
project enterprise is a newly established provincial state-owned enterprise with more
than 20 employees at its headquarters and six subordinate companies, each with about
30 employees. The purpose of this project is to establish an organizational structure and
develop a performance appraisal plan for the enterprise. It was planned to be completed in
three months, but it was actually delayed by two weeks. In this project, the participation of
the senior management is high, but the cooperation between the middle management and
the grassroots is not high, which leads to some resistance and affects the project schedule.

We obtained the project evaluation data according to the team leader’s score of the
project through the project measure and assessment tool (Appendix A).

In order to evaluate the project through the model, we combined the evaluation data
provided by the team leader with KPI weight.

KPI Score = Evaluation from Case × Weight of KPI

Weight% = ∑ of weight of each KPI, which shows the importance of that section,
which also is weight of section (see Table 7).

Score of Section = ∑ of KPI score/∑ of weight of each KPI

The project weight data processing of case 1 is shown in Table 9.

Table 9. Project weight data of case 1.

Section KPI Weight of KPI
Evaluation
from Case 1

KPI Score 1
Score 1 of

Section
Weight %

A

A1 0.07295 3 0.219

1.787 28.00%

A2 0.05884 1 0.059
A3 0.03752 1 0.038
A4 0.00084 2 0.002
A5 0.03631 1 0.036
A6 0.07355 2 0.147

sub-sum 10 0.500

B

B1 0.03475 3 0.104

2.476 36.15%

B2 0.00709 2 0.014
B3 0.13466 2 0.269
B4 0.00676 0 0.000
B5 0.06233 3 0.187
B6 0.10685 3 0.321
B7 0.00908 0 0.000

sub-sum 13 0.895

C

C1 0.00699 2 0.014

0.816 7.90%

C2 0.00667 0 0.000
C3 0.01607 1 0.016
C4 0.00218 2 0.004
C5 0.01148 1 0.011
C6 0.00620 3 0.019
C7 0.02941 0 0.000

sub-sum 9 0.064

D

D1 0.01131 3 0.034

2.090 5.74%

D2 0.00745 3 0.022
D3 0.00493 3 0.015
D4 0.00327 1 0.003
D5 0.01022 1 0.010
D6 0.01182 3 0.035
D7 0.00842 0 0.000

sub-sum 14 0.120
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Table 9. Cont.

Section KPI Weight of KPI
Evaluation
from Case 1

KPI Score 1
Score 1 of

Section
Weight %

E

E1 0.00423 1 0.004

1.601 9.64%

E2 0.02283 3 0.068
E3 0.01638 1 0.016
E4 0.01835 1 0.018
E5 0.01233 2 0.025
E6 0.02229 1 0.022

sub-sum 9 0.154

F

F1 0.03610 2 0.072

1.634 7.08%

F2 0.01504 2 0.030
F3 0.00430 1 0.004
F4 0.00401 1 0.004
F5 0.00257 2 0.005
F6 0.00881 0 0.000

sub-sum 8 0.116

G

G1 0.00240 1 0.002

1.470 5.48%

G2 0.00034 1 0.000
G3 0.00264 2 0.005
G4 0.00885 1 0.009
G5 0.00771 1 0.008
G6 0.01156 3 0.035
G7 0.01517 1 0.015
G8 0.00202 1 0.002
G9 0.00096 1 0.001

G10 0.00046 1 0.000
G11 0.00083 1 0.001
G12 0.00190 1 0.002

sub-sum 0.07295 15 0.081

SUM 11.875 1.000

5.4. Comparison of the 13 Cases

Due to page limitations, we will not report the application of the other 12 cases.
Through the project evaluation of 13 management consulting cases of 6 consulting compa-
nies by the new MC model, we can obtain the weight score of these 13 cases as shown in
Table 10.

Table 10. Comparison of weight scores and client satisfaction of 13 cases.

Case A B C D E F G SUM Client Satisfaction (0–10)

1 1.787 2.478 0.816 2.090 1.601 1.634 1.470 11.876 5
2 1.997 1.778 1.189 2.090 1.601 1.124 1.470 11.249 3
3 2.526 2.975 1.737 2.090 1.601 2.004 1.470 14.403 7
4 2.729 2.141 1.710 0.551 1.342 2.722 1.470 12.665 8
5 2.605 2.249 1.129 1.092 1.549 2.846 1.048 12.519 7
6 2.081 1.755 1.680 1.315 1.829 1.742 0.815 11.219 4
7 2.003 2.313 2.651 2.558 2.956 1.062 1.455 14.998 7
8 0.263 0.879 0.346 0.635 0.872 0.305 0.863 4.153 8
9 1.736 2.706 2.478 2.372 2.555 2.305 1.161 15.315 9
10 3.000 3.000 3.000 2.943 3.000 2.876 1.209 19.028 9
11 2.870 3.000 2.855 3.000 3.000 3.000 1.470 19.195 9
12 3.000 3.000 3.000 3.000 3.000 3.000 1.470 19.470 10
13 3.000 2.980 2.743 3.000 3.000 3.000 1.470 19.193 10
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As can be seen from Table 10, it is evident that projects with evaluation scores above
12 are generally more recognized and satisfied by clients, while projects with evaluation
scores below 12 are generally less successful and less satisfactory.

We can divide the project into the following fractional sections. From the perspective
of different sections, the individual scores of the first six sections also impact the success of
the project, as shown in Table 11.

Table 11. The benchmarks for assessing MC projects.

SUM Score Range The Number of Section Points > 2 (Section A–F) Project Degree of Success

<12 <2 Failure projects

12–15 3–4 Projects with fair performance and client
satisfaction

>15 5–6 Projects with outstanding performance

According to the classification in Table 11, among the 13 cases found in this paper,
there are 4 failure cases, namely, cases 1, 2, 6 and 8; there are 4 common cases (with general
performance), namely, cases 3, 4, 5 and 7; and there are 5 success cases, namely, cases 9, 10,
11, 12 and 13. This is shown in Table 12. Feedback was provided to the case projects and
mostly matched the client satisfaction measure except for case 8.

Table 12. The assessment results for 13 cases under 3 categories.

Degrees of Success Case A B C D E F G SUM
Customer Satisfaction

(0–10)

Unsatisfied cases

1 1.787 2.478 0.816 2.090 1.601 1.634 1.470 11.876 5
2 1.997 1.778 1.189 2.090 1.601 1.124 1.470 11.249 3
6 2.081 1.755 1.680 1.315 1.829 1.742 0.815 11.219 4
8 0.263 0.879 0.346 0.635 0.872 0.305 0.863 4.153 8

Fair cases

3 2.526 2.975 1.737 2.090 1.601 2.004 1.470 14.403 7
4 2.729 2.141 1.710 0.551 1.342 2.722 1.470 12.665 8
5 2.605 2.249 1.129 1.092 1.549 2.846 1.048 12.519 7
7 2.003 2.313 2.651 2.558 2.956 1.062 1.455 14.998 7

Satisfactory cases

9 1.736 2.706 2.478 2.372 2.555 2.305 1.161 15.315 9
10 3.000 3.000 3.000 2.943 3.000 2.876 1.209 19.028 9
11 2.870 3.000 2.855 3.000 3.000 3.000 1.470 19.195 9
12 3.000 3.000 3.000 3.000 3.000 3.000 1.470 19.470 10
13 3.000 2.980 2.743 3.000 3.000 3.000 1.470 19.193 10

6. Discussions and Implications

6.1. Theoretical Implications

Using models to help manage consulting projects is not a novel approach. There
are many such models, but some parts of these models need to be improved. The ITEA
model of the ASQ organization only carries out post-project evaluations and lacks the
weight analysis and process analysis of each part, so it cannot be used as a reference model
in the early stages of the project. Reference [9] provided the project decision analysis
process (PDAP), and reference [3] presented the project organization model, providing
only a process guide. Reference [5] only proposed six management factors for successful
projects. References [10–12] proposed a qualitative conceptual model without quantifying
the model.

Compared with previous models, this new management consulting model explains
the relationship between the factors and processes. It covers the tracking and control part
of the project. It is convenient for the consulting team to follow the D-S theory, and it can
help the consulting team to predict, track and evaluate the consulting project in the early,
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middle and late stages, thereby helping the team to improve the success of a project and
client satisfaction.

The new management consulting model was validated through the professional
evaluation by 15 experts with 5–30 years of experience and Dempster–Shafer theory. This
allows the new model to perform both qualitative and quantitative analysis of management
consulting projects. This was not possible in all the previous models.

6.2. Practical Implications

The new model can help the project team to conduct guidance, self-tests and cor-
rection in the early and middle stages of the project. The process-based model and the
maturity scale with clear levels can help the project team to conduct self-assessment and
improvement in the early stage of a project, and improve the success probability and client
satisfaction of the project through clear standards. In the middle of the project, it can be
based on the model to fill in the missing pieces of the successful factors.

A good management consulting model can be applied to different stages and situations
in a project [12]. This model can be used for project establishment, management and
evaluation, providing a transparent and powerful tool for managing the risk, budget and
more aspects of consulting projects [11].

7. Conclusions

Based on the review of the previous management consulting models, this paper
discovered the existing deficiencies and proposed a new MC model. A total of 15 experts
with 5–30 years of experience were invited to assess the importance of the seven factors
of the new model. The Dempster–Shafer algorithm was used to summarize the 15 expert
scores and obtain the weight of each part of the model. Then, the MC model was proved
to be effective in the evaluation of management consulting projects in Hong Kong and
mainland China through 13 cases. This new MC model can help the consulting team to
conduct an assessment in early stage, track in the middle stage and evaluate in the late
stage of the consulting project, and also can help the team improve the probability of project
success, and client satisfaction.

The contribution of the new model can be summarized as follows. (1) the model
covers all seven important factors identified from the literature review, providing a more
integrated and systematic model to evaluate an MC project; (2) the model is evaluated
by D-S theory and verified by case study, providing a complete and systematic model
to conduct qualitative and quantitative analysis for an MC project; (3) the model can be
applied to different stages of an MC project, allow flexibility in real-world applications and
improve both project success and client satisfaction.

The research is not without limitations. First, the study was conducted in the Chinese
context. As the success of an MC project may be related to cultural factors, the effectiveness
of the proposed model beyond the boundary of China is questionable. Second, this model
was only applied in a relatively small sample size of 13 cases. In the future, the model
should be verified in an international context to see its validation across cultures and
verified by more real cases.
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Appendix A. A Quantitative Assessment Tool for Management Consultation Model

Pls. rate the importance of the following factors for MC Not important←→ Important

Part A Project Background and Purpose 1 2 3 4 5 6 7 8 9 10

A1 Should organizations have a general approach to selecting projects? 1 2 3 4 5 6 7 8 9 10

A2
Should the team understand how the need for projects is identified
in their organization?

1 2 3 4 5 6 7 8 9 10

A3
Should the team understand how project prioritization/selection
be done?

1 2 3 4 5 6 7 8 9 10

A4 Should the project selection process be data-based? 1 2 3 4 5 6 7 8 9 10
A5 Are project goals and benefits well-documented? 1 2 3 4 5 6 7 8 9 10
A6 Are project goals and benefits evaluated? 1 2 3 4 5 6 7 8 9 10

Not important←→ Important

Part B Project Framework 1 2 3 4 5 6 7 8 9 10

B1
Does the project have concise project statement which includes
three parts (the current state, desired future state and the gap)?

1 2 3 4 5 6 7 8 9 10

B2 Are the type of project specified? 1 2 3 4 5 6 7 8 9 10
B3 Are the project scope stated? 1 2 3 4 5 6 7 8 9 10

B4
Are the assumptions/expectations documented? (Assumptions
typically include timing, resource availability, or products or
services that will come from outside the group.)

1 2 3 4 5 6 7 8 9 10

B5 Is there a project schedule or high-level plan? 1 2 3 4 5 6 7 8 9 10
B6 Is there a financial or resource budget? 1 2 3 4 5 6 7 8 9 10
B7 Is there a risk management plan? 1 2 3 4 5 6 7 8 9 10

Not important←→ Important

Part C Project Stakeholders and the Project Team 1 2 3 4 5 6 7 8 9 10

C1 Are stakeholders or stakeholder groups identified? 1 2 3 4 5 6 7 8 9 10
C2 Is project champion who is the primary stakeholder identified? 1 2 3 4 5 6 7 8 9 10
C3 Should skills be required during project team selection? 1 2 3 4 5 6 7 8 9 10
C4 Are there any team preparation activities? 1 2 3 4 5 6 7 8 9 10

C5
Is there any team training (such as skill, tool, or project
background)?

1 2 3 4 5 6 7 8 9 10

C6 Are the team routines discussed and be understood? 1 2 3 4 5 6 7 8 9 10
C7 Are internal and external conflicts considered? 1 2 3 4 5 6 7 8 9 10

Not important←→ Important

Part D Project Overview 1 2 3 4 5 6 7 8 9 10

D1 Is there a formal project approach or structure? 1 2 3 4 5 6 7 8 9 10
D2 Is there a tools selection and explanation? 1 2 3 4 5 6 7 8 9 10
D3 Is there tool output at different stages of project? 1 2 3 4 5 6 7 8 9 10
D4 How team was prepared to use the tools? 1 2 3 4 5 6 7 8 9 10
D5 Are there some mitigation plans for common risk ahead of time? 1 2 3 4 5 6 7 8 9 10

D6
Are there ways to identified and addressed risk of stakeholder
resistance?

1 2 3 4 5 6 7 8 9 10

D7
Are stakeholders or stakeholder groups involved throughout the
whole project?

1 2 3 4 5 6 7 8 9 10

Not important←→ Important

Part E Project Walkthrough 1 2 3 4 5 6 7 8 9 10

E1 Is there a data-driven project flow? 1 2 3 4 5 6 7 8 9 10
E2 Is there a statement of solution validation? 1 2 3 4 5 6 7 8 9 10

E3
Is there a statement of solution justification (to show the final
solution’s appropriateness)?

1 2 3 4 5 6 7 8 9 10

E4
Is there is a statement of project results which can show how the
gap has been closed?

1 2 3 4 5 6 7 8 9 10

E5
Is there a need to ensure that the changes remain in place and that
the results are maintained?

1 2 3 4 5 6 7 8 9 10

E6 Are results communicated during stakeholders? 1 2 3 4 5 6 7 8 9 10
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Not important←→ Important

Part F Project Tracking and Control 1 2 3 4 5 6 7 8 9 10

F1 Is there any plan for tracking process (time control)? 1 2 3 4 5 6 7 8 9 10
F2 Is there any plan for tracking finance (budget control)? 1 2 3 4 5 6 7 8 9 10
F3 Are there any tools for project tracking and control? 1 2 3 4 5 6 7 8 9 10
F4 Is there any specific person who response for project tracking? 1 2 3 4 5 6 7 8 9 10
F5 Is there any adjustment during project? 1 2 3 4 5 6 7 8 9 10
F6 Is there a review or summary of the project? 1 2 3 4 5 6 7 8 9 10

Not important←→ Important

Part G Project Presentation 1 2 3 4 5 6 7 8 9 10

G1 Are slide numbers mostly visible or readable? 1 2 3 4 5 6 7 8 9 10
G2 Are items numbers mostly visible or readable? 1 2 3 4 5 6 7 8 9 10
G3 Are most slide contents visible and easy to read? 1 2 3 4 5 6 7 8 9 10
G4 Is the presentation easy to follow logically? 1 2 3 4 5 6 7 8 9 10

G5
Do the item numbers and slide labeling mostly matched material
being presented?

1 2 3 4 5 6 7 8 9 10

G6 Are graphics, illustrations and narrative used as presentation tools? 1 2 3 4 5 6 7 8 9 10

G7
Are graphics, illustrations and narrative integrated to support the
presentation and emphasize key points?

1 2 3 4 5 6 7 8 9 10

G8
Are there any errors on English grammar, spelling or sentence
structure?

1 2 3 4 5 6 7 8 9 10

G9 Is presenter volume acceptable? 1 2 3 4 5 6 7 8 9 10
G10 Is pace of narration acceptable? 1 2 3 4 5 6 7 8 9 10
G11 Do written and spoken narratives match? 1 2 3 4 5 6 7 8 9 10

G12
Is there any body language or eye contact to help the presentation
and interaction?

1 2 3 4 5 6 7 8 9 10
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Abstract: The high-quality development of the industrial software industry is of strategic signif-
icance to enhancing the core competitiveness of the manufacturing industry and promoting the
high-quality development of China’s industrial economy. By integrating the “capital-technology-
environment-human” production factor theory and configuration perspective, this paper constructs a
comprehensive analysis framework that drives the total factor productivity (TFP) of the industrial
software industry. This paper uses 40 typical industrial software firms in 2018–2020 as case samples
and uses fuzzy set Qualitative Comparative Analysis (fsQCA) to empirically explore the influencing
factors and complex mechanisms that achieve high-quality development of the industrial software
industry. It is found that: (1) a single industrial factor is hardly a necessary condition to drive the
industrial software industry; (2) there are four paths to achieving high TFP, which are summarized
as “technical-human-environmental” balanced driving type, “capital-human-environmental” bal-
anced driving type, “technical-capital” dual driving type, and “capital” single driving type. There
are four driving mechanisms. There are also four not-high TFP configurations with asymmetric
characteristics; (3) under certain conditions, the combination of capital factors, technical factors,
environmental factors, and human factors can drive TFP in an “all roads lead to Rome”. In this
process, the government’s attention plays a more universal role. The study not only expands the
application scenarios of fsQCA but also provides decision guidelines for the practice of strategic
emerging industrialization represented by the industrial software industry.

Keywords: industrial software industry; total factor productivity; fsQCA; path

MSC: 03E75; 91B86

1. Introduction

At present, many world manufacturing powers, such as “Made in China 2025” in
China, “Industrial Internet” in the United States, and “Industry 4.0” in Germany, have
implemented the development strategy of “intelligent manufacturing” at the national level.
Although China’s industrial capacity and export scale have been at the world’s leading
level, and its industrial added value as the world’s largest manufacturing country accounts
for about 30% of the world’s total, China is the only country with all industrial categories
(41 major categories, 207 medium categories, and 666 subcategories) in the United Nations
Industrial Classification, and has been leading other manufacturing economies in the world
for many consecutive years. However, even though China has such a huge industrial
scale, it is still facing “industrial software”, which cannot be bypassed by “intelligent
manufacturing” so far [1]. In 2021, at the General Assembly of the China Association for
Science and Technology and the General Assembly of the academicians of the Chinese
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Academy of Sciences and the Chinese Academy of Engineering, China’s scientific and
technological breakthroughs should be based on the urgent needs of current and long-term
development, and focus on breakthroughs in core technologies in high-end chip fields and
industrial software. Industrial software is considered to be the most urgent problem to
be solved today, which is related to the country’s current economic development needs
and highlights the important strategic value of industrial software [2]. In 2021, industrial
software was included in the “National Key Research and Development Plan—the first
batch of key special research plan” of the Ministry of Science and Technology for the first
time, which represents that it has become the highest level of strategic deployment in the
domestic science and technology field, and also marks that China’s domestic industrial
software will step into a new stage of vigorous development. Academite Ni Guangnan
(2019) pointed out that China is facing the transformation from a “manufacturing power” to
a “manufacturing power”, and vigorously developing industrial software is the key support
for “intelligent manufacturing” and an important foundation for realizing high-quality
development of manufacturing [3]. Promoting the development of China’s “intelligent
manufacturing” to industrial “intelligent digitalization” can not only give priority to the
layout of the transformation and upgrading of “manufacturing power”, but also achieve
the purpose of rapidly occupying the middle- and high-end global market [4].

According to the statistics of the White Paper on China’s Industrial Software Indus-
try (2020), the market size of China’s industrial software in 2020 was 197.4 billion CNY,
accounting for only 6% of the global industrial software market size, with a year-on-year
growth rate of up to 15% (see Figure 1). In 2020, for example, China’s industrial-added
value exceeded 31.3 trillion CNY, accounting for nearly 30% of the world’s total. Although
the scale of the industrial added value industry is huge, the proportion of China’s industrial
software market in the world is too low, resulting in a very strong domestic demand for
industrial software [5,6]. Since 2020, with the continuous spread of COVID-19 worldwide
and the increased risk of anti-globalization in the international situation, China’s economic
development environment has undergone great changes, and the policy of “new pattern of
internal circulation” has become the main line of our future economic and social develop-
ment. In the process of high-quality development into a “manufacturing power”, China
is also facing a series of problems from the “bottleneck” of industrial software in Europe
and the United States. As shown in Figure 2, such as the United States banned ZTE and
Huawei from using industrial software related to chip design of integrated circuit Electronic
Design Automation (EDA), and then prohibited some domestic universities from using
MATLAB software (MATLAB Campus Edition) in course teaching [7]. Based on the above
research background, we find that the state attaches special importance to the development
of the industrial software industry and has formulated promotion policies through relevant
departments, which also shows that the government recognizes the important role of indus-
trial software in promoting the growth of the industrial economy. In October 2022, China’s
“Report to the 20th National Congress” emphasized the need to “accelerate the construction
of a modern economic system, strive to improve total factor productivity, and strive to
improve the resilience and safety level of industrial and supply chains. In addition, the
“14th Five-Year Plan for the Development of Software and Information Technology Service
Industry” issued by the Ministry of Industry and Information Technology of China in
November 2021 has a more detailed plan for the future development of industrial software.
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Figure 1. (a) 2012–2022 Global industrial software market size and growth rate; (b) 2012–2020 China
industrial software market size and growth rate.

Figure 2. Industrial software disablement event.

Why study total factor productivity (TFP) and improvement paths in the industrial
software industry? First, China’s industrial software affects the high-quality development
of intelligent manufacturing. The way to achieve high-quality development of the indus-
trial software industry is to optimize the allocation efficiency of the industry. Therefore,
improving the total factor productivity (TFP) of the industrial software industry is an
effective means to achieve development of the industrial software industry. The total factor
productivity (TFP) of the industrial software industry is a measure of the high-quality
development of the industrial software industry. Second, when analyzing the influencing
factors of the industrial software industry, capital, technology, environment, and human
factors cannot fully explain the impact on the industrial software industry. Therefore, it is
necessary to study the path to improving the total factor productivity (TFP) of the software
industry through the configuration and combination of production factors. Finally, in the
process of China’s intelligent manufacturing transformation, a considerable number of
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industrial enterprises have low efficiency due to low intelligence and informatization, and
the industrial software industry directly affects the transformation and upgrading of the
manufacturing industry. Therefore, it is necessary to study whether China’s industrial
software industry can develop with high quality. The high-quality development of the
industrial software industry is measured by the total factor productivity (TFP) of the indus-
trial software industry. The improvement of the total factor productivity (TFP) of China’s
industrial software industry depends to a large extent on the R&D investment of domestic
industrial software companies, government support, and corporate R&D personnel invest-
ment. How to improve the total factor productivity (TFP) of the industry has become an
extremely realistic issue.

In summary, this paper starts with the total factor productivity (TFP) of the industrial
software industry, quantitatively measures the total factor productivity of my country’s
industrial software industry, analyzes the influencing factors of the total factor productivity
of the industrial software industry, and uses the fsQCA method to study its improvement
path. From the perspective of the overall analysis, we explore the best path for different
factors to improve the total factor productivity of the industrial software industry [8].

The main purposes of this study mainly include the following aspects: Firstly, using
fsQCA to study the improvement of TFP in China’s industrial software industry is to enrich
the literature and efficiency methods of China’s industrial software industry, especially
for the specific path to improve TFP in the industrial software industry [9,10]. Secondly,
explore the relationship between influencing factor variables and outcome variables from a
system perspective and use fsQCA to explain the outcome achieved by multiple different
path configurations. The research results of this paper not only conform to fuzzy logic
but are also more critical to the high-quality development of China’s industrial software
industry [9,11]. Thirdly, the fsQCA method is used to focus on the asymmetric causal
relationship between cause and effect, which makes up for the limitations of symmet-
ric thinking based on correlation coefficients in traditional quantitative linear regression
research [9,12,13].

The rest of the paper is structured as follows: This article continues with Section 2,
which presents the relevant theoretical basis and analytical framework. In Section 3, we
discuss the materials and methods. Section 4 exhibits the empirical analysis of the TFP
of the Chinese industrial software industry and also conducts a fsQCA to explore the
configurations of TFP improvement [14]. Conclusions and discussion are presented in
Section 5.

2. Theoretical Basis and Analytical Framework

Existing research has conducted preliminary and useful explorations on the topic of in-
dustrial software industry development, which has laid a certain foundation for subsequent
related research. However, there is still room for improvement in existing research. On the
one hand, existing research still lacks direct empirical evidence to explore the relationship
between relevant industry factors and industrial software industrialization. Compared
with traditional industries, the industrial software industry is a strategic emerging industry.
The differences in industrial attributes may lead to certain differences in the elements of
its industrialization. Therefore, it is very necessary to summarize the supporting factors
related to the industrial software industry with the help of theory. On the other hand, exist-
ing industrialization research is mostly one-dimensional and prefers to explore the single
impact of industrial factors on the level of industrialization. However, the industrialization
of industrial software itself is a highly complex phenomenon. During the development
process, there will definitely be the joint action of multiple factors and the coordinated
interaction of multiple factors. At the same time, there may also be situations where the
combination of factors is equivalent. In this context, multi-dimensional research is more in
line with the reality of high-quality development of industrial software. In addition, there
are certain limitations and mismatches in the methods adopted by existing studies. First,
quantitative methods based on regression ideas can only explain linear relationships or net
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effects but cannot reveal the nonlinear relationship between industrial factors, the level of
industrial software industrialization, or the underlying mechanism. Second, the application
of qualitative methods represented by case analysis has always faced doubts about the
representativeness of the sample and the validity of the generalization of the results.

In view of this, this paper attempts to creatively introduce the production factor theory
of “capital-technical-environmental-human” into the field of industrial development and
combines the configuration perspective to build an integrated analysis framework. It
uses the fuzzy set qualitative comparative analysis method to analyze China’s typical
industrial software companies, which are used as case samples to empirically analyze the
influencing factors and implementation mechanisms of industrial software industrialization.
Therefore, on the basis of this theory, this paper introduces the configuration perspective for
modification and finally forms an integrated analysis framework including six influencing
factors at the four levels of technology, capital, human resources, and environment (as
shown in Figure 3).

Figure 3. Analysis framework of total factor productivity driving mechanism in the industrial
software industry.

2.1. In Terms of Capital Factors

The development of the industrial software industry requires a large amount of capital
investment, and capital investment plays an important role in the production process of
the industrial software industry. Capital investment is support for the stable development
of the industrial software industry, which is conducive to improving the development
environment of the industrial software industry and the infrastructure level of the industrial
software industry. The intensity of fixed asset investment can reflect the development in
the industrial software industry, so the amount of fixed asset investment is also closely
related to the total factor productivity of the industrial software industry. When Bai Wen
studied the factors affecting the efficiency of my country’s provincial software industry
through Tobit model regression analysis, he found that increasing fixed asset investment
is conducive to improving industrial efficiency [15]. He Xiong used empirical analysis of
soft packaging industry data from 28 provinces in China and found that industry scale,
human input level, capital investment level, etc. are the main factors affecting total factor
productivity, and believed that the level of capital investment can improve soft packaging
industrial efficiency [16]. Based on the availability of data on China’s software industry
from 2000 to 2015, Guo Rengui and Qiao Yongzhong believe that the software industry is
affected by factors such as the intensity of copyright protection, income quota, fixed asset
investment, number of employees, export quota, etc. The intensity of copyright protection
A significant negative impact occurs, fixed asset investment has a significant negative
impact, and other remaining influencing factors are not significant [17].
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2.2. In Terms of Technical Factors

Li Xu analyzed the relationship between the technological innovation of software
companies and the performance of listed companies. The use of R&D funds and personnel
investment levels can reflect technological innovation capabilities. The higher the level
of R&D investment, the higher the technological innovation capabilities and corporate
performance levels [18]. Shao Jinju and Wang Pei measured the input and output efficiency
of China’s domestic software service industry. The key influencing factor, R&D investment,
is significantly positively correlated with the efficiency of the software service industry [19].
Jiao Yunxia [20] used the SFA method to analyze the factors that affect the efficiency of
China’s software industry. The influencing factors include the level of informatization (rep-
resented by the informatization development index), the level of specialization (represented
by the proportion of R&D personnel), and the level of R&D investment (represented by the
proportion of R&D funds) (represented by ratio), government support level (represented
by the proportion of government funding), and enterprise size (represented by the ratio of
total business income to the number of regional enterprises). Among them, investment in
R&D personnel can improve the efficiency level of the software industry, but the level of
R&D investment has a negative impact on the efficiency of the software industry. Chen
Guanju (2015) used the SFA method to study relevant data from 31 national-level software
industry bases from 2008 to 2012. The results showed that science and technology funding
can promote efficiency improvement, and science and technology funding is a key factor
affecting innovation efficiency [21]. Jiao Yunxia [22] used the SFA method to analyze the
factors that affect the efficiency of the software industry. The influencing factors include the
level of specialization (represented by the proportion of R&D personnel), the level of R&D
investment (represented by the proportion of R&D funds), and the degree of industrial
trade openness (represented by the proportion of export revenue) (represented by ratio),
enterprise size (represented by the ratio of total business revenue to the number of regional
enterprises), and these factors have a very significant impact. Among them, the level of
R&D personnel investment can improve the efficiency of the software industry, and the
level of R&D investment has a negative impact on the efficiency of the software industry.
Du Qiaoqiao (2019) analyzed the dimensions of production factors (indicating human
capital and innovation capabilities), industry dimension (indicating the development in
related industries), urban dimension (indicating city scale), and institutional dimension (in-
dicating government support) that affect the agglomeration level of the information service
industry. Five-dimensional factors include intensity (indicating intensity) and international
dimension (indicating the level of opening up to the outside world) [23]. Ye Hongyun
(2020) obtained two main factors that affect the performance of the industrial software in-
dustry through a literature review: technological innovation capability factors and resource
integration factors. The study also found that technological innovation has a significant
positive impact on the performance of enterprises, and resource integration also has a
significant positive impact on performance [24]. When Guo Chaoxian, Miao Yufei, et al.
(2022) analyzed the current competitiveness level of China’s industrial software industry,
the study believed that increasing R&D investment can improve the development level of
the industrial software industry [25]. Dai Xiaolong (2022) believes that industrial software
technology innovation and R&D investment are the keys to the development of industrial
software companies and are the key factors that promote high-quality development of
industrial software companies [26].

2.3. In Terms of Environmental Factors

When Chen Na (2013) analyzed the operating performance of China’s listed software
companies, she found that the company’s performance was positively correlated with the
proportion of the top five shareholders’ shareholdings to the company’s total shares [27].
When Zhiguang Li (2020) analyzed industrial ownership concentration, he believed that
there was a negative relationship between company performance and the shareholding
ratio of the company’s largest shareholder [28]. When Liao Mingyan et al. (2018) studied
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the efficiency of software industry clusters, they used the four-stage DEA method to mea-
sure the decomposition of TFP. Their study found that environmental factors are the key
influencing factors that limit the improvement of cluster efficiency [29]. Yan Xiaochang and
Huang Guitian (2019) used the software industry base as a research data sample and used
a panel regression model to measure the influencing factors on the development of the
software industry. The results concluded that enterprises and central government funds, tax
incentives, land incentives, and the preferential policies available to talents are significantly
positive. Therefore, they believe that government support policies are the main influencing
factor [30]. Tao Zhuo and Huang Weidong (2021) sorted out a series of relevant policies at
the national level and major provinces and cities regarding the domestic industrial software
industry, analyzed the specific current situation of the industrial chain, R&D chain, and
market chain, and distinguished between foreign and domestic representative provinces
(Jiangsu, Guangdong) industry development trends. It is proposed to improve the govern-
ment support environment (policies, tax incentives) [31]. Long Yuntao, Huang Tingting,
and others (2021) analyzed the root causes of bottlenecks that restrict the development
of domestic industrial software in China and proposed that improving the innovative
ecological environment (intellectual property protection, government tax exemptions) can
improve the development of industrial software [32]. When Zhou Yong, Zhao Dan, et al.
(2022) analyzed the development of China’s industrial software industry, they believed
that preferential tax policies, support for software trade, and other forms could enhance
the development of China’s industrial software [33]. When Guo Chaoxian, Miao Yufei,
and others (2022) analyzed the current competitiveness level of China’s industrial software
industry, they proposed ways to increase government loan support, insurance subsidy
support, application reward and subsidy support, and intellectual property protection to
improve industrial software industrial development [25].

2.4. In Terms of Human Factors

Shao Jinju and Wang Pei (2013) used the SFA method to measure the input and output
efficiency of China’s domestic software service industry and the Tobit model to empiri-
cally test the key factors affecting the efficiency of the software service industry. The key
influencing factors include scientific and technological innovation capabilities (represented
by R&D investment), urbanization level (represented by the proportion of the tertiary
industry to GDP and the proportion of non-agricultural population), human resource levels
(represented by the cost of employees with college or above and labor costs), infrastructure
level (represented by the number of Internet accounts), and industrial accumulation degree
(represented by location entropy). However, the results found that human capital has a
positive but not significant impact on efficiency [19]. Wu Lei et al. (2013) studied 12 soft-
ware industry cities in China. They believed that factors such as the number of high-tech
talents, R&D investment, and government support policies were important influencing
factors. Among them, the number of high-tech talents as a human capital factor can im-
prove efficiency levels [34]. Chen Guanju (2015) used the SFA method to study relevant
data from 31 national-level software industry bases from 2008 to 2012. The results showed
that human capital stock can promote efficiency improvement; human capital structure
is a key factor affecting innovation efficiency [21]. Tao Zhuo and Huang Weidong (2021)
sorted out a series of relevant policies at the national level and major provinces and cities
(Beijing, Guangdong, Shanghai, Jiangsu) about the domestic industrial software industry
and analyzed the specific status of the industrial chain, R&D chain, and market chain.
The development trend of the industry in foreign and domestic representative provinces
(Jiangsu and Guangdong) was analyzed, and it was pointed out that the talent structure of
industrial software practitioners is a key factor affecting the development of the industrial
software industry [31]. When Zhou Yong, Zhao Dan, et al. (2022) analyzed the break-
through path of industrial software development, based on the development situation of
China’s industrial software industry, they believed that supporting the training of industrial
software talents could improve the development of China’s industrial software [33]. Guo
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Chaoxian, Miao Yufei, and others (2022) found that the competitiveness level of China’s
industrial software industry needs to be improved compared with European and American
countries; they believe that paying attention to the talents of industrial software companies
can improve the development level of the industrial software industry [25].

3. Materials and Methods

3.1. Data Collection

After combing through the relevant literature of domestic scholars in China, it was
found that there is currently no sample data for the industrial software industry, and no
scholars have empirically studied how to obtain it because there is no statistical yearbook or
related database on the industrial software industry in China. Therefore, this paper refers to
the data acquisition methods of Ma Hong and Wang Yuanyue, Chu Deyin et al. (2016) [35],
and Ye Hongyun (2020) [24]. This paper considers the development of listed firms in the
industrial software industry or firms that have received IPO GEM acceptance. It is relatively
good. These typical firms are basically within 100 in the industrial software ranking list
and can represent the current development level of China’s domestic industrial software
industry. Therefore, this paper conducts sample screening and analysis of 848 domestic
industrial software firms in the “Directory of Chinese Industrial Software and Service
Firms” and collects and compiles available relevant data on industrial software firms.

As shown in Figure 4 above, judging from the distribution of industrial software firms
in various provinces in China, the development of China’s industrial software industry is
extremely uneven. About 80% of the total number of industrial software firms is concen-
trated in five provinces, namely Beijing, Shanghai, Guangdong, Jiangsu, and Zhejiang. The
industry in these provinces is relatively developed, with a relatively large number of firms
in the industrial field, and the operating efficiency of industrial firms is relatively good.
Compared with other regions, they pay more attention to digital transformation. These
regions have a greater demand for industrial software. Therefore, this paper chooses to
study the basic situation of typical enterprises in the industrial software industry at the
micro-level.

This paper collects and collates the relevant data of industrial software firms and
takes the listed firms or IPO firms accepted by GEM among 848 industrial software firms
as samples, mainly including R&D and design industrial software firms, operation and
management industrial software firms, production control industrial software firms, indus-
trial Internet platform, and industrial APP industrial software firms. For the purpose of
empirical research, the data of the above firms is processed:

• First of all, the input-output data of the DEA model cannot be negative. However, due
to the characteristics of some indicators, there may be situations where the original
data of some indicators is negative. This requires dimensionless processing of these
indicator data so that the processed original data is scaled to be within the positive
range.

• Secondly, firms with missing enterprise indicator data or input-output indicators of
0 are eliminated. In order to ensure the research sample size, industrial software
accounts for the main business firms or certain comparable firms in the listed annual
reports of category firms are also used as supplementary samples.

• Finally, after processing, relevant data of 40 typical industrial software firms from 2018
to 2020 were obtained (because the listing of typical industrial software firms in the
R&D and design category or the platform category is relatively late; even ZW Software
will be launched in 2021, resulting in a short time interval for data acquisition, so only
data from 2018 to 2020 can be selected in a limited manner).
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Figure 4. Distribution of Chinese industrial software firms in 2021.

3.2. Variable Selection: Input-Output

The investment indicators selected by the industrial software industry are in line
with Bai Wen (2015) [15], Wang Zhen et al. (2016) [36], Wang Zhe et al. (2017) [37], and
Wang Huanfang et al. (2020) [35]. For research and analysis in the field, the number of
industry personnel at the end of the year is selected to represent the labor input index; in
line with the research of Zhou Jing (2011) [38], Liao Jing (2016) [39], and others, fixed asset
investment is taken as a capital investment; fixed asset investment can indirectly reflect
the scale of the firm and its development, etc. It is generally considered to be the material
guarantee for innovation and development; it is in line with the views of Ren Yousheng
and Qiu Xiaodong (2017) [40], Wang Huanfang et al. (2020) [35], etc., who choose R&D
investment as the capital investment indicator of the industrial software industry.

This paper takes the main business income and net profit of industrial software firms
as output indicators. Refer to the research of Li Zhifeng (2018), Yang Ruoxia (2018) [41],
and Wang Huanfang et al. (2020) [35]. Corporate performance can generally be measured
by corporate net profit indicators. Obtaining net profits is the purpose of corporate partic-
ipation in economic activities. Drawing on the research of Bai Wen (2015) [15], Liao Jing
(2016) [39], and others, they classified each enterprise into software. The main operating
income is used as an output indicator to measure the efficiency of software firms.

Based on the above analysis, according to the characteristics of the industrial software
industry and the common ground of industrial development in related fields, and referring
to the empirical research of scholars in related fields, the final selected input indicators are
the number of employees at the end of the year, investment in fixed assets, and investment
in R&D funds. The output indicators are the operating income and net profit of each
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software business owner (see Table 1). By processing the relevant data collected and
collated, this paper selects the input-output indicators of data. First of all, it fully considers
their availability, and second, it also refers to the index selection of other scholars to verify
the effectiveness of the index selection of the paper.

Table 1. Input-output indicators of typical industrial software firms.

Category Indicators Indicators Meaning

Input
Labor input Number of employees at the end of the year (person)

Capital input R&D expenditure (10,000 CNY)
Investment in Fixed Assets (10,000 CNY)

Output Industry revenue Operating income of each business owner
(10,000 CNY)

Total net profit Total net profit of each firm (10,000 CNY)

3.3. Measurement Methods of TFP in China’s Industrial Software Industry

This paper chooses to use the DEA-Malmquist index method to measure the TFP of
typical firms in China’s industrial software industry for the following reasons:

• First, this method does not require certain constraints or specific forms for the function.
The real development time of China’s industrial software industry is not long, and
the specific development situations of each category of industrial software are also
different, which makes it difficult to set a consistent production function suitable for
different types of industrial software. In this field, using the DEA-Malmquist index
method can avoid measurement deviations caused by setting different functional
forms to the greatest extent possible.

• Second, the study uses relevant data from typical industrial software firms in China
from 2018 to 2020, which can analyze the overall TFP changes of the industrial soft-
ware industry and the TFP changes of sub-categories from the perspective of time
and category.

• Third, this method is not affected by the selected input-output data unit, and it can
incorporate multiple input and output indicators.

• Fourth, the TFP change index obtained by this method is the product of the technical
efficiency change index (EFFCH) and the technological progress rate change index
(TECHCH), and EFFCH is the change index of pure technical efficiency (PECH) and
the scale efficiency change index. EFFCH can be used to empirically analyze TFP from
the aspects of technological innovation level, capital investment status, R&D funds,
and changes in the number of employees in related industries, and explore the sources
of dynamic changes in TFP and the internal influencing mechanisms.

This section discusses methods of measuring TFP. Malmquist proposed the Malmquist
index for analyzing the consumption domain, and then the application of the Malmquist
index was extended to the production domain and combined with the data envelopment
method (DEA) to calculate the TFP [9,42]. At present, the DEA-Malmquist index method
based on output constructed by Fare et al. [9] is generally adopted to measure TFP. Its
formula is expressed as follows:

TFPCH = M0(xt+1, yt+1, xt, yt) =

√√√√Dt
0(xt+1, yt+1)

Dt
0(xt, yt)

× Dt+1
0 (xt+1, yt+1)

Dt+1
0 (xt, yt)

(1)

Among them, Dt
0(xt, yt), Dt+1

0 (xt+1, yt+1), respectively, represent the production ef-
ficiency distance function of period t with the technology of period t as a reference and
the production efficiency distance function of period t + 1 with the technology of period
t + 1 as a reference; (xt, yt),(xt+1, yt+1) represents the input-output combination of period t
and t + 1 [9]. Formula (1) expresses the change in total factor production efficiency of the
input-output combination of the software industry in period t to the input-output mix of
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the software industry in period t + 1 [9,42]. When M0 < 1, it means that the total factor
productivity from period t to period t + 1 is decreasing; when M0 = 1, it means that the
TFP from period t to period t + 1 remains unchanged; when M0 > 1, it means that the total
factor productivity from period t to period t + 1 is increasing [9,42]. Formula (1) can be
further decomposed into the following:

M0(xt+1, yt+1, xt, yt) =
Dt+1

0 (xt+1, yt+1)

Dt
0(xt, yt)

×
√√√√ Dt

0(xt, yt)

Dt+1
0 (xt, yt)

× Dt+1
0 (xt+1, yt+1)

Dt
0(xt+1, yt+1)

(2)

In Formula (2), the first term Dt+1
0 (xt+1,yt+1)

Dt
0(xt ,yt)

on the right side of the equal sign represents

the change index of technical efficiency from period t to period t + 1, denoted as EFFCH;

The second term
√

Dt
0(xt ,yt)

Dt+1
0 (xt ,yt)

∗ Dt+1
0 (xt+1,yt+1)

Dt
0(xt+1,yt+1)

represents the change index of technological

progress from period t to period t + 1, denoted as TECHCH [9,42].
It can be seen that, under the condition of constant returns to scale [9], the equation of

TFP is as follows:
TFPCH = EFFCH × TECHCH (3)

3.4. Methodology: Apply fsQCA to Improvement Paths

This paper uses qualitative comparative analysis (QCA) to analyze the factors and
mechanisms that drive total factor productivity in the industrial software industry. There
are three main reasons: First, the improvement of TFP in industrial software is a complex
issue caused by multiple concurrent causes and effects. QCA can use configuration thinking
to test the linkage-matching effect of multiple factors, identify multiple equivalent paths
that drive the improvement of total factor productivity in the industrial software industry,
and explore potential substitute relationships between various factors. Second, the QCA
method can accurately locate The typical enterprise cases covered by each equivalent path
helping this article provide an in-depth explanation of the industrial development paths
of different types of industrial software enterprises. At the same time, QCA follows the
assumption of causality asymmetry, which can help this paper discover the differences and
reasons for the combination of conditions that produce high and non-high levels of total
factor productivity in the industrial software industry. Third, the variables selected in this
study are all continuous variables, and it is more suitable to adopt fuzzy set qualitative
comparative analysis (fsQCA) to reflect the changes in the degree and level of variables [42].

The QCA method set operation logical relationship is expressed in the form of Boolean
algebra, stipulating that the ~ symbol represents “not”, the * symbol represents “and”,
and the + symbol represents “or”. This method is to obtain different paths with strong
explanatory power for the outcome variables by screening and optimizing the consistency
value and coverage level of the antecedent condition configuration [43]. The consistency
value represents the similarity between the corresponding sample configuration combi-
nation and the original data, and the coverage represents the extent to which the sample
result variable can be explained by a specific configuration. The following are formulas
representing consistency value and coverage, respectively:

Consistency(Y ≤ X) = ∑ min(xi, yi)/∑ xi (4)

Converage(Y ≤ X) = ∑ min(xi, yi)/∑ yi (5)

Research steps of fsQCA method:

• Step 1: Select research case objects. Based on determining the content of the research,
delineate a scope according to attributes, such as category or subdivision level, and
then select the case objects to be studied based on the standards.
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• Step 2: Determine the antecedent conditions and outcome variables. The outcome
variable of the research content is the core point, and the antecedent condition variables
are selected from the influencing factors involved in the previous research by scholars
to further construct the antecedent condition variable configuration. In the fsQCA
antecedent condition variable selection process, the range of the number of antecedent
condition variables is usually relatively small; generally, 4–6 are selected. Too many
antecedent condition variables will make the case objects “individualized,” which
cannot fully explain the regularity and integrity of cross-case objects [44].

• Step 3: Quantify each variable and obtain case data. Based on the clarified variables,
combined with available case data, each variable is quantified, and relevant data
values are obtained using databases, corporate yearbooks, survey prospectuses, etc.

• Step 4: Variable data calibration. Three calibration anchor points are set for each
variable to transform the original case data into a membership value between 0
and 1. The membership includes complete membership (membership value = 1),
fuzzy intersection point (membership value = 0.50), and complete non-membership.
(Membership value = 0), drawing on the research experience of relevant scholars,
95% is selected as the complete membership point, 5% as the incomplete membership
point, and 0.5 as the fuzzy intersection point. The original case data for each variable
is calibrated to fuzzy membership values [45].

• Step 5: Test the sufficiency and necessity of a single variable. The adequacy test of
fsQCA can tell whether a single factor as an antecedent condition variable is a subset
of the outcome variable. If the test is not ideal, it means that improving total factor
productivity is the result of the interaction of multiple factors. Multiple different
antecedent condition variables are important for improving total factor productivity.
There is a complex relationship between factor productivity. fsQCA analysis tests
the necessity of a single factor and can determine whether the outcome variable is a
subset of the antecedent condition variables. The fsQCA method explores the impact
of different configurations of antecedent condition variables on outcome variables
under non-essential conditions. The antecedent condition variables are selected by
eliminating variables that pass the necessity test. According to scholars’ research,
if the consistency value exceeds 0.9, it is deemed that the test result is sufficient or
necessary [45].

• Step 6: Construct a truth table. The calibrated case sample data is converted into a set
membership value, and a 2k row truth table can be generated, where k represents the
number of antecedent conditions, and the antecedent condition variable configuration
in each row is a path that promotes the outcome variable. Set reasonable case sample
frequencies and consistency threshold values, eliminate configurations that do not
meet the set conditions, and finally build a truth table. Considering that the sample
size of domestic industrial software enterprise cases is relatively small, the frequency
threshold is set to 1 and the consistency threshold is 0.85 in this paper, which also
satisfies the requirement that the selected configuration samples account for more than
75% of the total case samples [46].

• Step 7: Conditional combination configuration analysis. After calibration and analysis
of this method, complex solutions, simple solutions, and intermediate solutions can
be obtained. The complex solution does not consider the logical remainder, and
its analysis is more complicated and cumbersome. The simple solution completely
takes into account all the logical remainders, and it is definitely inconsistent with
the actual situation. The intermediate solution is to add the consistent part of the
logical remainder to the configuration without removing the necessary conditions for
the outcome variable. Researchers generally believe that the intermediate solution
is better than the other two solutions. The analysis of the paper is an intermediate
solution adopted to obtain the consistency value, original coverage, and unique
coverage values under each configuration. At the same time, this method also needs
to judge and analyze the antecedent condition variables. If the antecedent condition
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variables in the configuration all appear in the configuration of the intermediate and
parsimonious solutions, then this variable is considered to be the core variable, which
has an important influence on the outcome variable. It has a super strong influence; if
the antecedent condition variable only appears in the intermediate plan configuration,
then the variable is considered a non-core variable, and its impact on the outcome
variable is relatively weak [47].

4. Results

4.1. Results from the Measurement Model

From the perspective of the industrial software industry as a whole, the DEA-Malmquist
index analysis was conducted on the relevant data of listed companies or IPO GEM-
accepting companies in China’s industrial software industry from 2018 to 2020 to measure
the total factor productivity change index and its decomposition of typical companies
in the industrial software industry. The summary of results shows (see Table 2) that the
average annual total factor productivity of typical enterprises in China’s industrial soft-
ware industry is 0.965 and the average annual growth rate is −3.5%. After decomposing
the average total factor productivity of typical enterprises in China’s industrial software
industry, we get the annual average technical efficiency is 0.793, the annual average growth
rate of technical efficiency is −20.7%, the annual average technical progress rate is 1.216,
and the annual average growth rate is 21.6%, which shows the annual average growth rate
of typical enterprises in China’s industrial software industry. The reason for the decline in
total factor productivity comes from the decline in the annual average technical efficiency
growth rate. Further decomposing the technical efficiency of typical industrial software
enterprises in China, it can be seen that the annual average growth rate of pure technical
efficiency and scale efficiency has declined. The annual average growth rate of pure techni-
cal efficiency is 0.814, and the average annual growth rate is −18.6%. The annual average
value of scale efficiency is 0.975, and the average annual growth rate is −2.5%. From the
above analysis, it can be seen that the decline in the annual average growth rate of technical
efficiency is due to the decrease in the annual average value of pure technical efficiency
and the annual average value of scale efficiency. As a result, the total factor productivity
of China’s industrial software industry has declined, resulting in a low-end development
trend. This is due to the low level of optimal allocation efficiency of typical industrial
software enterprises; that is, the scale of the enterprise is too small, the daily management
capabilities of the enterprise are too weak, and the utilization of enterprise resources is too
low. Problems such as low levels are the main bottlenecks in improving the total factor
productivity of the industrial software industry.

Table 2. 2018–2020 Industrial software TFP change index and its decomposition.

Year EFFCH=PECH ∗ SECH TECHCH PECH SECH TFPCH

2018–2019 0.612 1.473 0.683 0.896 0.901
2019–2020 1.029 1.004 0.969 1.061 1.033

Mean value 0.793 1.216 0.814 0.975 0.965

The analysis of the measurement model was done in Appendix A and quantitative
results are summarized in Tables A1 and A2 of Appendix A.

From the index change from 2018 to 2019 (see Table A1), the technological progress rate
index is 1.473, and the technical efficiency, pure technical efficiency, and scale efficiency are
0.612, 0.683, and 0.896, respectively, indicating that the decline in TFP of typical enterprises
in China’s industrial software industry from 2018 to 2019 is mainly caused by the decline
in technical efficiency. Although enterprises have improved in technology update and
iteration, technology introduction, and other aspects, the utilization efficiency of production
factors in industrial software enterprises has been greatly reduced. From the index change
from 2019 to 2020 (see Table A2), the TFP of typical industrial software enterprises is 1.033,
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which indicates that the TFP of typical industrial software enterprises has increased by
3.3%, and its technical efficiency, pure technical efficiency, scale efficiency, and technological
progress rate are 1.029, 0.969, 1.061, and 1.004, respectively. Technical efficiency and
technological progress rates have changed significantly. It can be seen that although the
technological innovation and technological progress of industrial software enterprises have
not improved much from 2019 to 2020, the scale efficiency and daily management level of
industrial software enterprises have greatly improved from 2019 to 2020. This shows that
the combined effect of technical efficiency and technological progress rate promotes the
positive growth of TFP in the industrial software industry.

4.2. Results from fsQCA
4.2.1. Variable Selection and Descriptive Statistics

Wang and Jiang et al. [48] pointed out that the sample size of the fsQCA method
should be at least greater than or equal to 10. In this paper, the DEA-Malmquist index
analysis method is used to measure the TFP of the industrial software industry, and the
TFP of the industrial software industry in 2020 is used as the outcome variable of fsQCA [9].
Considering the time lag of the input and output of the industrial software industry, six
variables under the four dimensions that affect the TFP of the industrial software industry
in 2019 are selected, and the level of government support, fixed asset investment intensity,
R&D investment level, R&D personnel investment level, ownership concentration, and
education level are the antecedent condition variables (see Table 3).

Table 3. Descriptive statistics.

Variable Measurement Variables Variable Mean SD Max Min

Outcome Total factor productivity of industrial software industry TFP 1.134 0.510 3.004 0.136

Condition

Capital factors Fixed asset intensity (%) FIX 8.781 8.410 38.300 0.100

Technical factors
R&D intensity (%) RD 16.644 12.227 54.550 0.330

R&D personnel intensity (%) RDP 41.857 19.593 90.280 11.400

Environmental factors
Government support (‰) GOV 50.190 64.560 287.400 0.100

Ownership concentration (%) OC 56.145 19.325 97.750 23.330
Human factors Higher education (year) HE 16.349 0.619 18.329 15.332

4.2.2. Calibration of Variables

Unlike traditional variables, the dataset must be calibrated before it can be analyzed
by fuzzy set software. In the current version of the fsQCA 3.0 software, the calibration
is automatic and easy to perform once the three qualitative anchors are defined: full
membership, full non-membership, and crossover point [9]. This paper uses fsQCA to
analyze the relationship between the causal conditions (namely, the intensity of fixed
asset investment, the level of R&D investment, the level of R&D personnel investment,
the level of government support, and the level of education) and the outcome (TFP of
industrial software firms). In this paper, fsQCA is used to set the three qualitative anchors
of fuzzy sets of outcome variables and condition variables as full membership (95%), full
non-membership (5%), and crossover point (0.50) [49]. All variable calibration anchors
are shown in Table 4. Through qualitative anchors of outcome variables and condition
variables, the original values of all variables are transformed into fuzzy membership scores
(values between 0 and 1) by using the “calibrate” calibration command in fsQCA 3.0
software. However, there is a problem with the calibration in that it can produce a fuzzy
set membership score of exactly 0.5, which makes it difficult to analyze this situation due to
the ambiguity of the case member set. Therefore, the use of an exact membership score of
0.5 for causal conditions should be avoided. According to the research practices of previous
scholars, this paper adds a constant of 0.01 to the score of all fuzzy set members. Doing so
ensures that no cases are removed from the fuzzy set analysis [50]. Finally, the membership
scores of fuzzy sets are obtained.
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Table 4. Summary of the calibration of all variables.

Variable
Measurement

Variables

Calibration Anchors

Full
Membership

Crossover
Full Non-

Membership

Outcome TFP 2.09 0.99 0.58

Condition

Capital factors FIX 17.40 6.95 0.30

Technical factors
RD 40.45 13.26 2.31

RDP 78.08 38.49 12.86

Environmental
factors

GOV 211.10 29.35 0.40
OC 93.4 52.11 26.26

Human factors HE 17.44 16.22 15.56

4.2.3. Analysis of Necessity Conditions

Although the analysis of sufficient condition combinations is the most critical part of
the fsQCA study, the necessity of each condition must be tested before constructing the
truth table [9]. As suggested by researchers such as Xie, X., Wang, H. (2020) [49], and Ragin,
C. C. (2008) [51], if a single condition variable is required, the consistency and coverage of
each condition variable must be above the recommended threshold of 0.9; otherwise, it is
not a requirement. This study analyzes several condition variables of production factors
such as FIX, RD, RDP, and GOV, as well as the prerequisites for OC and HE to produce TFP
in the industrial software industry. In order to determine whether any of these 6 conditions
are required for total factor productivity in the industrial software industry, this paper
analyzes whether this antecedent condition variable always exists (does not exist) in all
cases where the outcome variable exists (does not exist). The results in Table 5 show that
the necessary consistency of all individual variables is less than 0.9, which is not enough to
constitute a necessary condition for TFP in the industrial software industry. No antecedent
condition variable can independently improve the TFP of the industrial software industry.
One possible reason is that TFP in the industrial software industry is caused by multiple
factors, and therefore, no single factor is necessary for high or not-high TFP in the industrial
software industry [9].

Table 5. Necessity analysis on TFP and ~TFP.

Outcome/Condition
TFP ~TFP

Consistency Coverage Consistency Coverage

FIX 0.678659 0.701478 0.588534 0.590932
~FIX 0.604238 0.601865 0.702689 0.679922
RD 0.719073 0.752450 0.651953 0.662713

~RD 0.677674 0.667152 0.756469 0.723435
RDP 0.650074 0.666835 0.714865 0.712336

~RDP 0.719566 0.722057 0.665652 0.648863
GOV 0.643174 0.769004 0.592085 0.687684

~GOV 0.738787 0.650890 0.801116 0.685627
OC 0.705274 0.704926 0.714865 0.694089

~OC 0.693938 0.714721 0.696093 0.696447
HE 0.676195 0.701432 0.705226 0.710634

~HE 0.721045 0.715753 0.703704 0.678571

4.2.4. Constructing the Truth Table

In order to identify combinations of conditions that are logically sufficient for the
existence of an outcome, it is necessary to construct a truth table. The truth table needs to
be preliminary refined according to three criteria of frequency threshold, original consis-
tency, and proportional reduction in inconsistency (PRI) consistency before analysis [9,49].
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Although some recent scholars have shown that the fsQCA method is a very useful tool
for analyzing large N (i.e., more than 50 cases) case situations, most previous scholars’
studies using the fsQCA method mostly involve relatively small N case situations (i.e.,
10–50 cases) [9,52]. Ragin (2008) [51] and Jin et al. (2020) [50] suggested that for the case of
small N, the frequency cutoff of 1 is the most appropriate. However, for case scenarios with
large N, the frequency cutoff should be set higher with the number of cases. This paper
studies 40 cases of typical Chinese industrial software companies, which are consistent
with the situation of small N. Therefore, the frequency cutoff value is set to 1 in this paper.
In addition, the main representative scholar studies of the fsQCA approach suggest [9,53]
that at least 75–80% of all empirical cases should be included as part of the analysis [9,54].

In the study presented in this paper, we rely on both original consistency and PRI
consistency. This paper adopts the two rules suggested by Park (2020) [55] and other
scholars on the QCA method to determine the critical value of original consistency. Firstly,
the raw consistency should be higher than 0.85 for combinations/rows that reliably produce
high or non-high TFP [52]. Second, if there is a breakpoint in which agreement between
two rows decreases significantly from the row with a high level of raw consistency to the
row with the next level of raw consistency, then the breakpoint can be either high TFP or
not-high TFP [9]. For example, in the high TFP of the industrial software industry, there
is a significant decrease in consistency from line 29 with a consistency of 0.851163 to line
30 with a consistency of 0.845343 at the next level (see Table 6). For the not-high TFP of
the industrial software industry, there is a breakpoint between the consistency of 0.852252
in line 27 and 0.846875 in line 28 (see Table 6); therefore, we can decide to use 0.85 as the
original consistency cutoff. Therefore, the critical value selection to determine the original
consistency of the result column values in the truth table ultimately depends on the context,
and researchers should consider some decision criteria to determine the critical value cutoff
value based on their knowledge of the case and context [55]. In fsQCA fuzzy set analysis, it
is also important to consider PRI consistency scores. PRI consistency scores should be high
and ideally not too far from raw consistency scores (e.g., 0.75), Current best practice further
recommends that each solution meet a PRI consistency cutoff of 0.65 [9].

In summary, this paper excluded from the subsequent analysis the leading combina-
tions that did not satisfy the frequency (1 or above), raw consistency (above 0.85), and PRI
consistency (above 0.60) criteria. As a result, the retained truth table contains 31 rows of
high TFP and 31 rows of not-high TFP [9]. Tables of truth values are shown in Appendix B
(see Tables A3 and A4).

4.2.5. Path Configuration Analysis

After obtaining the truth table in the previous section, this paper uses Ragin’s truth
table algorithm to conduct sufficiency analysis in this step so as to identify the attribute
combination that is always associated with the outcome and can obtain the complex
solution, parsimonious solution and intermediate solution of TFP and ~TFP, respectively.
Generally speaking, most researchers use an intermediate solution that is both general and
heuristic. This paper uses the intermediate solution to analyze the specific configuration
and combination model to improve the TFP of the industrial software industry, including
the configuration of each path, the raw coverage, unique coverage, consistency value, as
well as the coverage of the overall solution and the consistency value of the overall solution
in the configuration mode.
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Table 6. Path configurations for achieving a high TFP.

Condition
Outcome = TFP

H1a H1b H1c H2a H2b H3 H4

FIX
RD

RDP
GOV
OC
HE

Raw Coverage 0.4032 0.3800 0.3849 0.2765 0.2666 0.3760 0.2755
Unique Coverage 0.0276 0.0079 0.0039 0.0074 0.0030 0.1774 0.0237

Consistency 0.9317 0.9256 0.9029 0.9525 0.9508 0.8760 0.9459
Overall solution

Coverage 0.723016

Overall solution
Consistency 0.830221

Fiss (2011) defined the antecedent conditions for the overlap between the intermediate
solution configuration and the simple solution configuration as core conditions, recorded
as “ ” or “ ” [9]; the antecedent conditions and parsimonious solutions that appear in
the intermediate solution are excluded the antecedent condition is defined as a peripheral
condition, represented by a small “ ” or “ ”, and a blank indicates that the condition
variable is insignificant [45]. Under the conditions of satisfying the consistency and cov-
erage of path configurations, the results show that there are 4 path configurations with
core conditions that can be used to evaluate the high TFP (i.e., paths H1–H4) and 4 path
configurations with core conditions that can be used to evaluate the not-high TFP (i.e.,
paths L1–L4). The specific path configuration of TFP in China’s industrial software industry
is shown in Tables 6 and 7 [9].

Table 7. Path configurations for achieving a not-high TFP.

Condition
Outcome = ~TFP

L1a L1b L1c L1d L2a L2b L3 L4

FIX
RD

RDP

GOV
OC
HE

Raw Coverage 0.3415 0.3333 0.3699 0.3338 0.3470 0.3409 0.3125 0.2268
Unique Coverage 0.0178 0.0091 0.0036 0.0091 0.0223 0.0213 0.0036 0.0320

Consistency 0.9479 0.9467 0.9251 0.9777 0.9072 0.9573 0.9319 0.9293
Overall solution

Coverage 0.645358

Overall solution
Consistency 0.888268

The path configuration of China’s industrial software industry with high TFP as the
outcome variable is shown in Table 6. Through the analysis of intermediate solutions and
parsimonious solutions, four path configurations with core conditions were obtained to
improve the TFP of China’s industrial software industry. The overall solution consistency
score of the high TFP improvement path configuration of the industrial software industry
is 0.830221. The consistency scores of specific path configurations are 0.9317 (for path
configuration H1a), 0.9256 (for path configuration H1b), 0.9029 (for path configuration
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H1c), 0.9525 (for path configuration H2a), 0.9508 (for path configuration H2b), 0.8760 (for
path configuration H3), 0.9459 (for path configuration H4) [9]. Therefore, it can be seen that
the consistency value of each path configuration exceeds 0.85, and the consistency value of
the overall solution exceeds 0.80. This shows that the four path configurations have a good
explanation for the industrial software industry with high TFP. The TFP of the industrial
software industry can be improved through these four paths. The overall solution coverage
is 0.723016. Among the four path configurations, path configuration H1 (H1a raw coverage
value 0.4032, H1b raw coverage value 0.3800, H1c raw coverage value 0.3849) achieved
better performance than other path configurations (H2a raw coverage value 0.2765, H2b
raw coverage value 0.2666, H3 raw coverage value 0.3760, H4 raw coverage value 0.2755),
which indicates a higher relative empirical correlation [56]. Among them, H1 has higher
coverage, and most industrial software firms with high TFP achieve TFP improvement
through H1 path configuration. The above is in line with the qualitative comparative
analysis standards proposed by Woodside (2017) [53].

The detailed analysis of these four path configurations is as follows:

• The capital path takes high fixed asset investment intensity, low R&D personnel
investment, and low equity concentration as the main adjustment means. High TFP
path configuration H1 includes path H1a (FIX*~RDP*~GOV*~OC*~HE), path H1b
(FIX*~RD*~RDP*~OC*~HE), and path H1c (FIX*~RD*~RDP*~GOV*~OC). Paths H1a,
H1b, and H1c show that high fixed asset investment intensity, low R&D personnel
investment, and low equity concentration are the core conditions for improving the
TFP efficiency of the industrial software industry. The auxiliary conditions of path
H1a are low government support and low education level. In path H1b, the other
two auxiliary conditions are a low R&D investment level and a low education level.
In path H1c, the other two auxiliary conditions are a low R&D investment level and
low government support. Path H1a describes that when the level of R&D personnel
investment is low, the degree of ownership concentration is low, but the fixed asset
investment intensity of industrial software companies is high, the TFP of the industrial
software industry can be improved even if there is a lack of high government support
and good education. Path H1b describes that when the level of R&D personnel
investment is low, the degree of ownership concentration is low, but when the fixed
asset investment intensity of industrial software companies is high, the TFP of the
industrial software industry can be improved even if there is a lack of high R&D
investment levels and good education levels. Path H1c describes that when the level
of R&D personnel investment is low, the degree of equity concentration is low, but
the fixed asset investment intensity of industrial software companies is high, the
TFP of the industrial software industry can be improved even if there is a lack of
high R&D investment levels and higher levels of government support. High TFP
path configuration H1 includes path H1a, path H1b, and path H1c. The case firms
represented by paths H1a, H1b, and H1c are Runhe Software firm, Jinzhi Technology
firm, and Dingjie Software firm, respectively.

• The capital-human-environmental path takes high fixed asset investment intensity,
high equity concentration, and high educational attainment as the main adjustment
means. The high total factor productivity path configuration H2 includes path H2a
(FIX*~RDP*~GOV*OC*HE) and path H2b (FIX*~RD*~RDP*OC*HE). Paths H2a and
H2b show that high fixed asset investment intensity, high ownership concentration,
and high educational level are the core conditions for improving the total factor
productivity efficiency of the industrial software industry. The auxiliary conditions
for path H2a are low government support and low R&D personnel investment. In
path H2b, the other two auxiliary conditions are low R&D investment level and low
R&D personnel investment level. Path H2a describes that when the intensity of fixed
asset investment, ownership concentration, and educational level are high, the TFP
of the industrial software industry can be improved even if there is a lack of high
government support and R&D personnel investment. Path H2b describes that when
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the intensity of fixed asset investment, ownership concentration, and educational level
are all high, the TFP of the industrial software industry can be improved even if there
is a lack of higher R&D investment levels and R&D personnel investment levels. The
high TFP path configuration H2 includes path H2a and path H2b. The case firms
represented by paths H2a and H2b are Qingyun Technology firm and Baoxin Software
firm, respectively.

• The technical-human-environmental path is based on high R&D investment lev-
els, high R&D personnel investment levels, high equity concentration, and high
education levels as the main adjustment means. High TFP path configuration H3
(RD*RDP*GOV*OC*HE). Path H3 shows that high R&D investment levels, high R&D
personnel investment levels, high ownership concentration, and high education levels
are the core conditions for improving the total factor productivity efficiency of the
industrial software industry. The auxiliary condition of path H3 is higher government
support. Path H3 describes that when there is a high level of R&D investment, a high
level of R&D personnel investment, a high degree of equity concentration, and a high
level of education, the TFP of the industrial software industry can be improved even if
there is a lack of high government support. The case firm represented by path H3 is
Zhongwang Software firm.

• The technical-capital path is based on high fixed asset investment intensity, high R&D
investment level, and low R&D personnel investment level as the main adjustment
means [9]. High TFP path H4 (FAI*RD*~RDP*GOV*OC*~HE). Path H4 shows that
high fixed asset investment intensity, high R&D investment level, and low R&D
personnel investment level are the core conditions for improving the total factor
productivity efficiency of the industrial software industry. The auxiliary conditions of
path H4 are higher government support, higher ownership concentration, and lower
educational level. Path H4 describes when there is high fixed asset investment intensity,
high R&D investment level, and low R&D personnel investment level [9]. Even in the
absence of higher government support, higher ownership concentration, and lower
education levels, the TFP of the industrial software industry can be improved. The
case firm represented by path H4 is Yonyou Software firm.

The path configuration of China’s industrial software industry with not-high TFP as
the outcome variable is shown in Table 7. The overall solution consistency score of not-high
TFP path configuration in the industrial software industry is 0.888268. It can be seen that
the consistency value of each path configuration exceeds 0.85 and the overall solution
consistency value exceeds 0.80, which indicates that there are 4 path configurations with a
good explanation for the industrial software industry with low TFP, and the analysis of the
not-high TFP of the industrial software industry can be realized through these four paths.
The overall solution coverage is 0.645358, and most industrial software companies without
high TFP are configured for the L1c path.

The detailed analysis of these four path configurations is as follows:

• External Environmental constrained path. The not-high TFP path configuration L1
includes L1a “FIX*~RD*RDP*~GOV*~HE”, L1b “FIX*~RD*RDP*~GOV*~OC”, and
L1c “RD*RDP*~GOV*~OC*~HE”, L1d “~FIX*RD*RDP*~GOV*~OC”. Paths L1a, L1b,
L1c, and L1d show that high levels of personnel investment and low levels of govern-
ment support are core conditions that are not conducive to improving the TFP of the
industrial software industry.

• Capital-technical constrained path. The not-high TFP path configuration L2 includes
path L2a (~FIX*~RD*~GOV*OC*HE), and (~FIX*~RD*RDP*OC*HE). Paths L2a and
L2b show that low fixed asset investment intensity, low R&D investment level, and
high education level are core conditions that are not conducive to improving the TFP
of the industrial software industry.

• Internal environmental-constrained path. Not-high TFP path configuration L3 (RD*RDP*
GOV*~OC*HE). Path H3 shows that high R&D investment levels, low ownership
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concentration, and high education levels are core conditions that are detrimental to
the TFP of the industrial software industry.

• Environmental-human-constrained path. Not-high total factor productivity path L4
(~FIX*RD*~RDP*~GOV*OC*~HE). Path L4 shows that high R&D investment levels,
low government support, high ownership concentration, and low education levels are
core conditions that are unfavorable to the TFP of the industrial software industry.

5. Discussion and Conclusions

There are not many empirical studies on the TFP of the industrial software industry at
the micro-level, which provides a new perspective for studying the TFP of the industrial
software industry. Apply fsQCA to the analysis of the high-quality development path of
industrial software in the field of economics and obtain the synergistic path of multiple
variable factors, providing reference suggestions for industrial software companies to
choose a higher TFP path. Scholars’ current research using the fsQCA method is mostly
applied in management, sociology, and other fields. In recent years, some researchers have
begun to extend the application of the fsQCA method to the field of economics. Based on
the analysis of the configuration principle and the applicability of this method, this paper
uses the fsQCA method to obtain the path configuration of each factor to improve the TFP
of the industrial software industry [57].

This study has four findings: first, the necessity test finds that the six factors, includ-
ing technological innovation, cannot constitute the necessary conditions for promoting
high-quality development of the industrial software industry alone. Secondly, the config-
uration analysis finds that there are four paths to drive high-quality development in the
industrial software industry, which can be summed up as four driving modes: “technical-
human-environmental” balanced driving type, “capital-human-environmental” balanced
driving type, “technical-capital” dual driving type, and “capital” single driving type. These
four configurations and four modes reflect the multiple implementation methods of typical
enterprises in different industrial software industries. In addition, there are four paths
that produce non-high industrialization, and there is an obvious asymmetric relationship
between the two types of configurations. Finally, the analysis of the potential substitution
relationship finds that under specific objective endowment conditions, the combination
of technology, capital, human resources, and environmental factors can promote high-
quality development of the industrial software industry through equivalent substitution.
Among them, the government attaches importance to the significance of more important
values. Based on industrial development theory, the balanced drive of “technical -capital-
environmental-human” is an ideal implementation model. Industrial economics points out
that industrial development is a process of absorbing and integrating resource elements.
The balanced driving model of ideality means that the intensity of fixed asset investment,
the level of R&D investment, the level of R&D personnel investment, the degree of gov-
ernment support, the degree of ownership concentration, and the level of education in the
path allocation, as the production demand factors supporting the development of relevant
industries, together become the influencing factors to promote the improvement of total
factor productivity [58].

Based on the above conclusions, this paper makes four suggestions:

• Implementing the technological innovation-driven strategy and implementing the
classification policy: Increase investment in R&D funds and human capital in the in-
dustrial software industry, implement a strategy centered on technological innovation,
and improve the utilization of R&D funds and human capital based on technological
innovation. In the early stages of technological innovation, a large amount of human
capital, R&D funds, etc. are required to be invested. Since the transformation of
technological innovation results is extremely slow, a long-term mechanism must be
established to ensure the sustainable operation of technological innovation. In October
2021, the 34th collective study session of the Political Bureau of the Chinese Central
Committee pointed out that it is necessary to comprehensively promote industrializa-
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tion and large-scale application, focus on breakthroughs in key software, promote the
software industry to become bigger and stronger, and enhance key software technology
innovation and supply capabilities.

• Increase government support and accurately formulate government support policies:
The government and relevant industry participants should follow the development
rules of strategic emerging industries, gain insight into the internal correlations and
conflicts between various factors that affect industrial development, explore the key
factors and paths that restrict industrial development, and use information and intelli-
gent means for good industry whole-process management.

• Coordinate efforts to support the training of industrial software talents through multi-
ple channels: Give full play to the open nature of the open source community, based
on national conditions, gather talents from multiple parties, promote the construc-
tion of industrial software open-source ecosystem, technical community construction,
open-source project cultivation, open-source group standard formulation, open source
technology promotion and application, open-source talent training, etc., and explore
the formation of an Internet environment. A new model for open source development
of industrial software. Provide policy guidance, intellectual property protection, open
source community construction, relevant standard formulation, data asset protection,
and other services for talent targets at all levels. It is necessary to improve the industrial
innovation distribution system and incentive mechanism, improve the development
evaluation system that is consistent with the characteristics of various talents, and
fully stimulate the motivation of talents to innovate. Respect human input and wis-
dom output, reasonably ensure personnel treatment, and increase the proportion of
personnel costs in project implementation. Promote the “industry-university-research-
application” coordination mechanism and encourage industrial software companies
to collaborate with universities and scientific research institutions to cultivate the
industry. Add industrial software courses in colleges and universities, strengthen the
construction of domestic industrial software training systems, and improve the level
of human-related industrial software applications.

• The promotion of industrial software classification creates a good environment for
the development of China’s domestic industrial software industry. Promote the com-
bination of effective markets and promising governments around the industrial soft-
ware development environment, start from the market demand driven by industrial
enterprise software products and industrial enterprise application scenarios, imple-
ment policies by coordinating and integrating the policy resources of all parties, and
rationally allocate taxation and finance in the domestic manufacturing market, fi-
nancial support, and other resource support, forming an “internal circulation” and
“internal and external dual circulation” pattern for the development of the industrial
software industry.

This research had some limitations. This paper has shortcomings and issues worthy of
future research. This paper only uses relevant data from 40 industrial software firms, which
may lead to less than ideal accuracy of TFP and its decomposition indicators. Since the
development cycle of industrial software is relatively long and may be interfered with by
random factors, this paper uses the DEA-Malmquist index method, which is only suitable
for non-parametric estimation. This method ignores the impact of random factors on TFP
and attempts to use the SFA method to explore these factors.
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Appendix A

Table A1. 2018–2019 Industrial software industry TFP change index and its decomposition.

Category Firm Name EFFCH TECHCH PECH SECH TFPCH

R&D and design

ZWsoft 0.612 1.449 0.753 0.812 0.886
Glodon 0.476 1.557 0.231 2.055 0.741

General electron 0.056 1.687 0.507 0.110 0.094
Gstarsoft 0.258 1.254 0.649 0.398 0.324
Anwise 0.462 1.634 0.942 0.490 0.754

S2C 0.802 1.217 1.000 0.802 0.977
Empyrean 0.706 1.362 0.820 0.861 0.962
Semitronix 1.289 1.634 0.933 1.381 2.106

YJK Building 1.000 1.139 1.000 1.000 1.139
Hollywave 0.668 1.417 1.000 0.668 0.946

Business
management

Yonyou Network 0.942 1.404 1.430 0.658 1.323
Neusoft 0.568 1.581 0.384 1.478 0.898

Dahua Technology 0.763 1.534 1.000 0.763 1.171
BMsoft 0.675 1.307 0.499 1.351 0.882
YGsoft 0.805 1.248 0.519 1.551 1.005

QM information 1.087 1.268 1.346 0.808 1.378
DHC Software 0.562 1.692 0.577 0.975 0.952

HAND Enterprise 0.168 1.615 0.081 2.072 0.272
HopeRun 0.140 1.452 0.112 1.253 0.203

DigiwinSoft 0.979 1.284 1.092 0.896 1.257

Production
control

Baosight 0.787 1.501 0.998 0.789 1.182
Taiji Computer 0.624 1.713 0.670 0.933 1.070

Supcon 0.834 1.239 0.865 0.964 1.034
Friendess Electronic 1.000 1.344 1.000 1.000 1.344

Wiscom System 0.716 1.713 0.776 0.922 1.226
Sifang Automation 0.564 1.703 0.498 1.132 0.961

Integrated Electronic 0.518 1.618 0.695 0.745 0.839
HITE 0.698 1.830 0.756 0.924 1.277

SCIYON 0.738 1.253 0.838 0.882 0.925
HuazhongCNC 0.599 1.861 0.779 0.769 1.115

Industrial
Internet and

industrial app

Nancal 0.800 1.486 0.874 0.916 1.189
Yonyou auto 0.793 1.331 0.578 1.373 1.056

QingCloud Tech 0.585 1.861 0.860 0.680 1.089
Thunder Soft 0.746 1.550 0.548 1.362 1.157

Autel 0.590 1.243 0.594 0.994 0.734
Seeyon 0.833 1.468 0.879 0.947 1.222
BONC 0.595 1.248 0.553 1.076 0.743

FII 0.763 1.474 1.000 0.763 1.125
GUOLIAN 1.000 1.581 1.000 1.000 1.581

UNIS 0.606 1.681 1.000 0.606 1.019

mean value 0.612 1.473 0.683 0.896 0.901
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Table A2. 2019–2020 Industrial software industry TFP change index and its decomposition.

Category Firm Name EFFCH TECHCH PECH SECH TFPCH

R&D and design

ZWsoft 1.219 0.828 1.120 1.089 1.010
Glodon 0.763 1.471 0.715 1.067 1.122

General electron 2.944 0.867 1.181 2.493 2.552
Gstarsoft 2.285 0.916 1.131 2.020 2.093
Anwise 1.175 0.492 1.714 0.686 0.578

S2C 0.179 0.760 0.835 0.215 0.136
Empyrean 1.034 1.242 0.994 1.040 1.284
Semitronix 1.337 1.208 0.958 1.396 1.615

YJK Building 1.000 0.925 1.000 1.000 0.925
Hollywave 0.770 1.139 1.000 0.770 0.877

Business
management

Yonyou Network 1.061 0.963 0.926 1.146 1.021
Neusoft 0.535 1.394 0.348 1.539 0.746

Dahua Technology 0.784 1.263 1.000 0.784 0.990
BMsoft 0.897 1.077 0.684 1.312 0.966
YGsoft 1.454 0.763 1.480 0.982 1.109

QM information 0.759 1.038 0.728 1.042 0.788
DHC Software 1.533 0.601 0.758 2.021 0.921

HAND Enterprise 1.947 0.491 1.761 1.106 0.956
HopeRun 2.958 1.015 1.872 1.580 3.004

DigiwinSoft 0.985 1.052 1.083 0.910 1.036

Production
control

Baosight 1.063 1.262 1.120 0.949 1.341
Taiji Computer 0.640 1.538 0.372 1.722 0.984

Supcon 1.190 0.828 0.750 1.587 0.986
Friendess Electronic 1.000 0.954 1.000 1.000 0.954

Wiscom System 0.544 1.731 0.773 0.704 0.942
Sifang Automation 1.131 1.455 1.129 1.002 1.646

Integrated Electronic 0.889 1.097 1.028 0.864 0.975
HITE 1.424 1.285 1.473 0.967 1.830

SCIYON 0.835 1.085 0.931 0.897 0.906
HuazhongCNC 0.754 1.952 1.053 0.717 1.472

Industrial
Internet and

industrial app

Nancal 0.805 1.358 0.940 0.856 1.094
Yonyou auto 1.314 0.725 1.329 0.989 0.952

QingCloud Tech 0.491 2.073 1.166 0.421 1.019
Thunder Soft 1.419 0.771 1.899 0.748 1.094

Autel 0.985 0.865 0.737 1.335 0.851
Seeyon 1.383 0.736 1.341 1.032 1.018
BONC 0.748 0.788 0.278 2.691 0.590

FII 1.447 0.647 1.000 1.447 0.936
GUOLIAN 1.000 0.998 1.000 1.000 0.998

UNIS 1.345 0.777 1.000 1.345 1.045

mean value 1.029 1.004 0.969 1.061 1.033

Appendix B

Table A3. Truth table (Outcome = TFP).

FIX RD RDP GOV OC HE NUMBER TFP
RAW

CONSIST
PRI

CONSIST
SYM

CONSIST

1 1 1 1 1 1 1 1 0.966229 0.810527 0.810527
1 1 0 0 1 1 1 1 0.965251 0.766233 0.766234
1 0 0 1 1 1 1 1 0.961621 0.766234 0.766234
1 1 0 0 0 0 1 1 0.951563 0.75969 0.75969
1 0 0 0 1 1 1 1 0.949549 0.745454 0.745455
1 1 0 1 1 0 2 1 0.945854 0.776223 0.776224
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Table A3. Cont.

FIX RD RDP GOV OC HE NUMBER TFP
RAW

CONSIST
PRI

CONSIST
SYM

CONSIST

1 0 0 0 0 1 1 1 0.937407 0.65 0.661018
1 0 0 1 0 0 1 1 0.937288 0.637255 0.637255
1 0 0 1 0 0 2 1 0.93426 0.727749 0.727749
0 0 0 1 1 0 1 0 0.930328 0.507247 0.507247
0 0 0 0 0 7 2 0 0.927565 0.5 0.571429
0 0 0 0 0 0 1 0 0.915398 0.468086 0.468085
0 1 0 1 1 1 1 0 0.913481 0.537634 0.537635
0 0 0 0 1 0 1 0 0.912162 0.469389 0.469389
1 1 1 1 1 0 1 0 0.910985 0.548076 0.548077
1 1 1 1 0 0 1 0 0.907873 0.59854 0.59854
1 0 0 1 1 0 1 0 0.906621 0.583333 0.583334
1 1 1 0 0 0 2 0 0.902208 0.392157 0.392157
1 0 1 0 0 0 1 0 0.894188 0.342593 0.342593
1 1 1 1 0 1 1 0 0.893855 0.366667 0.366666
0 0 1 1 1 1 2 0 0.886364 0.076923 0.086206
0 1 0 0 1 0 1 0 0.883576 0.377779 0.377778
1 0 1 0 1 0 1 0 0.879859 0.352381 0.352381
0 1 1 1 1 1 4 1 0.879357 0.623431 0.680365
1 0 1 0 0 1 1 0 0.877388 0.197916 0.197916
0 1 0 0 0 0 1 0 0.872381 0.417392 0.417392
0 1 1 1 0 1 1 0 0.86907 0.233334 0.233334
0 1 1 0 0 0 1 0 0.859247 0.148514 0.148515
0 0 1 0 1 1 2 0 0.851163 0.119266 0.131313
0 0 0 0 1 1 1 0 0.845343 0.278689 0.278689
0 1 1 0 0 1 1 0 0.84168 0.066667 0.066667

Table A4. Truth table (Outcome = ~TFP).

FIX RD RDP GOV OC HE NUMBER TFP
RAW

CONSIST
PRI

CONSIST
SYM

CONSIST

1 1 1 1 1 1 1 1 0.988691 0.933333 0.933333
1 1 0 0 1 1 1 1 0.977273 0.815384 0.913793
1 0 0 1 1 1 1 1 0.97545 0.851484 0.851485
1 1 0 0 0 0 1 1 0.969745 0.802083 0.802084
1 0 0 0 1 1 1 1 0.964341 0.788991 0.868687
1 1 0 1 1 0 2 1 0.960152 0.766666 0.766666
1 0 0 0 0 1 1 1 0.944858 0.657407 0.657407
1 0 0 1 0 0 1 1 0.940246 0.721312 0.721311
1 0 0 1 0 0 2 1 0.938548 0.633334 0.633334
0 0 0 1 1 0 1 1 0.936909 0.607843 0.607843
0 0 0 0 0 7 2 1 0.934629 0.647618 0.647619
0 0 0 0 0 0 1 1 0.929314 0.622223 0.622222
0 1 0 1 1 1 1 0 0.928279 0.492754 0.492753
0 0 0 0 1 0 1 0 0.92555 0.531914 0.531915
1 1 1 1 1 0 1 0 0.922297 0.530611 0.530611
1 1 1 1 0 0 1 0 0.909457 0.375 0.428571
1 0 0 1 1 0 1 0 0.908571 0.582609 0.582608
1 1 1 0 0 0 2 0 0.899396 0.462365 0.462365
1 0 1 0 0 0 1 0 0.892045 0.451923 0.451923
1 1 1 1 0 1 1 0 0.889831 0.362745 0.362745
0 0 1 1 1 1 2 0 0.8861 0.233766 0.233766
0 1 0 0 1 0 1 0 0.880775 0.333333 0.338983
1 0 1 0 1 0 1 0 0.8742 0.233766 0.233766
0 1 1 1 1 1 4 0 0.86927 0.416666 0.416667
1 0 1 0 0 1 1 0 0.862647 0.40146 0.40146
0 1 0 0 0 0 1 0 0.855535 0.189473 0.189473
0 1 1 1 0 1 1 0 0.852252 0.254545 0.254545
0 1 1 0 0 0 1 0 0.846875 0.24031 0.24031
0 0 1 0 1 1 2 0 0.824273 0.272251 0.272251
0 0 0 0 1 1 1 0 0.812183 0.223776 0.223776
0 1 1 0 0 1 1 0 0.773458 0.292887 0.319635
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Abstract: This study presents an in-depth analysis of the selection process for primary sectors impact-
ing the economic activity in Romania, employing an interval-valued fuzzy (IVF) approach combined
with multi-criteria decision-making (MCDM) methodologies. This research aims to identify eight
key criteria influencing the selection of Romanian primary sectors, including technology adaptation,
infrastructure development and investment, gross domestic product (GDP), sustainability, employ-
ment generation, market demand, risk management and government policies. The current analysis
evaluates eight primary sector performances against these eight criteria through the application of
three MCDM methods, namely, Simple Additive Weighting (SAW), Weighted Product Model (WPM),
and Weighted Aggregated Sum Product Assessment (WASPAS). Ten economic experts comprising
a committee have been invited to provide their views on the criteria’s importance and the alterna-
tives’ performance. Based on the decision-maker’s qualitative judgement, GDP acquires the highest
weightage, followed by environmental impact and sustainability, thus indicating the most critical
factors among the group. The IVF-MCDM hybrid model indicates the energy sector as Romanian
primary sector with the most potential, followed by the agriculture and forestry sector among the
list of eight alternatives. It also explores the robustness of results by considering sensitivity analysis
and the potential impacts of political and international factors, such as pandemics or armed conflicts,
on sector selection. The findings indicate consistency in sector rankings across the different method-
ologies employed, underscoring the importance of methodological choice and criteria weighting.
Additionally, this study sheds light on the potential influence of political and international dynamics
on sector prioritization, emphasizing the need for comprehensive decision-making frameworks in
economic planning processes.

Keywords: interval-valued fuzzy sets (IVFS); multi-criteria decision-making (MCDM); SAW; WPM;
WASPAS; primary sector; Romanian economy

MSC: 03B52; 90B50; 91B06; 62C86; 97M40

1. Introduction

The primary sector (PS), a cornerstone of Romania’s economic activity, significantly
shapes its economic landscape. Situated in south-eastern Europe with abundant natural
resources, fertile lands, and a favorable climate for agriculture, Romania’s primary sector,
including agriculture, forestry, fishing, and mining, has historically driven economic growth
and sustainability [1]. The primary sector selection process holds critical significance for

Mathematics 2024, 12, 1157. https://doi.org/10.3390/math12081157 https://www.mdpi.com/journal/mathematics269



Mathematics 2024, 12, 1157

Romania’s economic development, given its pivotal role in driving growth, employment,
and sustainability. Against a backdrop of evolving economic challenges and opportunities,
understanding the dynamics of primary sector selection becomes imperative. Romania, as
an emerging market economy, faces distinct challenges in optimizing its primary sector
activities to maximize economic productivity and resilience. This section delves into the
crucial role the primary sector plays in Romania’s economy, encompassing its historical
significance and implications for economic development [2]. From the lush fields of Tran-
sylvania to the mineral-rich Carpathian Mountains, Romania’s dynamic primary sector
continues to mold the nation’s economic destiny. The significance of this study lies in its ex-
ploration of the nuanced factors influencing primary sector selection and the methodologies
employed to address them. Romania’s economic landscape is characterized by a diverse
range of primary sector activities, spanning agriculture, manufacturing, energy, and natural
resource extraction. However, navigating the complexities of sectoral prioritization amidst
fluctuating market dynamics, technological advancements, and geopolitical uncertainties
presents a formidable challenge [3]. The significance of this research can be described
as follows.

• Economic development: The primary sector plays a crucial role in Romania’s economy,
contributing significantly to GDP, employment, and overall economic activity. Un-
derstanding which primary sectors drive economic activity in Romania is important
for fostering economic growth and development [4]. By identifying key sectors and
understanding their contributions, policymakers can formulate targeted strategies to
strengthen these sectors and enhance overall economic performance.

• Resource allocation: Effective resource allocation is essential for maximizing produc-
tivity and efficiency within primary sectors [5]. This research identifies key criteria
influencing sector selection and evaluates sector performance against these criteria,
allowing policymakers and stakeholders to optimize resources more strategically, di-
recting investments, subsidies, and support towards sectors with the greatest potential
for growth and impact on the economy.

• Diversification: Romania’s economy may benefit from diversifying its primary sector
activities to reduce dependence on a narrow range of industries [6]. Studying sector
selection can reveal opportunities for diversification into new sectors or value chains,
thereby spreading risk and enhancing economic resilience against external shocks or
market fluctuations.

• Employment opportunities: The primary sector is a significant source of employment
in Romania, particularly in rural areas [7]. Understanding which sectors contribute
most to job creation and income generation can inform policies aimed at promot-
ing employment growth and improving livelihoods, especially in regions with high
unemployment rates or limited economic opportunities.

• Sustainability: As sustainability becomes increasingly important globally, studying
the selection of primary sectors can help identify opportunities to promote environ-
mentally friendly practices and sustainable development. By prioritizing sectors with
lower environmental impacts and higher resource efficiency, Romania can contribute
to environmental protection and meet its international commitments towards sustain-
able development goals [8]. This research evaluates primary sector performance with
respect to criteria such as environmental impact and income distribution, facilitating
the identification of sustainable development pathways and the promotion of green
growth strategies.

• Policy formulation: Insights from studying sector selection can inform the formulation
of economic policies and strategies at the national and regional levels [9]. Decision-
makers can use this knowledge to design policies that support the growth and com-
petitiveness of priority sectors, foster innovation and technological advancement, and
create an enabling environment for business development and investment.

Hence, it is very important to study the primary sectors that directly or indirectly
influence the Romanian economy. This research aims to identify the potential primary
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sectors and rate them according to their effect on the Romanian economy. Romania faces
unique challenges and opportunities in its primary sector activities, ranging from agri-
cultural modernization and industrial diversification to environmental sustainability and
technological innovation [10]. This research seeks to address these challenges and leverage
opportunities by providing insights into sectoral performance and identifying areas for
improvement. In an increasingly globalized and uncertain economic landscape, enhancing
the resilience of primary sectors is essential for mitigating risks and adapting to chang-
ing market conditions. By analyzing sectoral performance under different scenarios and
considering external factors such as political events or international trade dynamics, this
research aims to contribute to the development of robust and adaptive economic strategies.
Moreover, the selection of primary sectors involves complex decision-making processes
that consider various economic, social, environmental, and political factors. By employing
an IVF-MCDM approach, this research aims to provide a structured framework for ana-
lyzing and prioritizing primary sectors effectively [11]. Therefore, the motivation behind
this research is to provide actionable insights and decision support tools that can inform
strategic interventions aimed at strengthening Romania’s primary sector activities, driving
economic growth, and promoting sustainable development.

1.1. Historical Significance of the Primary Sector in Romania

Centuries of agrarian and extractive activities form the historical foundation of Roma-
nia’s primary sector [3]. Agriculture, a cornerstone of the country’s culture and economy,
thrived owing to its fertile plains, extensive river systems, and temperate climate, enabling
the cultivation of crops like wheat, corn, barley, and sunflowers. Romania’s historical
agricultural output played a crucial role in sustaining its population and establishing its
prominence as a regional agricultural producer. Simultaneously, the Carpathian Mountains’
vast forests provided timber and forest products, supporting local communities and serving
as valuable resources for construction, fuel, and export [4]. Forestry activities became more
regulated during the late medieval period. Additionally, Romania’s rich mining history
involved the extraction of gold, silver, salt, coal, and other minerals. This mining heritage
expanded during the 19th century industrialization, contributing significantly to Romania’s
primary sector and its broader European importance. The historical significance of the
eight primary sectors in Romania highlights their pivotal roles in shaping the country’s
economy, society, and identity over time. Let us delve deeper into historical information
about each of the primary sectors in Romania.

• Energy sector: Romania’s energy sector has historical significance dating back to the
late 19th century, when oil fields were discovered in Ploies, ti. This discovery propelled
Romania into the ranks of major oil-producing nations, fueling industrialization and
economic growth. Throughout the 20th century, Romania invested in expanding its
energy infrastructure, including the development of hydropower plants, coal mines,
and nuclear reactors. The energy sector played a crucial role during periods of political
change, providing a source of national revenue and energy independence.

• Agriculture and forestry: Agriculture and forestry have been central to Romania’s
economy and culture for centuries. Historically, Romania’s fertile plains and favorable
climate supported diverse agricultural activities, including wheat, corn, grapes, and
orchards. Traditional farming methods, such as crop rotation and transhumance, were
practiced for generations. Similarly, Romania’s vast forests have been a vital source
of timber, fuel, and biodiversity, contributing to rural livelihoods and environmental
conservation efforts.

• Manufacturing and construction: Romania’s manufacturing and construction sectors
have undergone significant transformations throughout history. Industrialization
gained momentum in the late 19th and early 20th centuries, with the establishment of
textile mills, metallurgical plants, and machinery factories. The construction industry
boomed during periods of urbanization and infrastructure development, with notable
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projects including roads, railways, and buildings. These sectors played pivotal roles in
shaping Romania’s modern economy and urban landscape.

• Information technology: The Information Technology (IT) sector in Romania has
evolved rapidly since the late 20th century. Following the fall of communism, Romania
embarked on economic reforms and invested in technology and telecommunications
infrastructure. The IT industry experienced exponential growth, driven by a skilled
workforce, favorable business environment, and government support. Today, Romania
is known for its thriving IT sector, with strengths in software development, IT services,
and innovation.

• Mining: Romania’s mining industry has ancient origins, with evidence of mining
activities dating back to Roman times. Throughout history, Romania has been known
for its rich mineral deposits, including gold, silver, copper, salt, and coal. Mining
played a vital role in the country’s economy, attracting investment, generating revenue,
and supporting industrialization. However, the mining sector also faced challenges
related to environmental degradation, labor conditions, and economic fluctuations.

• Automobile industry: The automobile industry in Romania emerged in the mid-20th
century, with the establishment of manufacturing plants and assembly lines. Initially
focused on producing vehicles for domestic consumption, Romania later attracted
foreign investment from multinational automakers. This led to the expansion of the
automobile industry, with the production of passenger cars, commercial vehicles, and
automotive components. The sector became a significant contributor to Romania’s
GDP and exports.

• Textile industry: Romania’s textile industry has a long history dating back centuries,
rooted in traditional craftsmanship and artisanal production. Textile manufacturing
flourished during the Industrial Revolution, with the establishment of factories and
mills in urban centers. Romania’s textile sector boomed in the 20th century, producing
a wide range of fabrics, garments, and textiles for domestic and international markets.
The industry provided employment opportunities and contributed to Romania’s
export earnings.

• Fishing industry: Romania’s fishing industry has ancient origins, supported by its
extensive coastline along the Black Sea and numerous rivers and lakes. Historically,
fishing was a vital source of food, trade, and livelihoods for coastal communities
and inland regions. Traditional fishing techniques and practices were passed down
through generations, sustaining local economies and cultural traditions. Today, the
fishing industry continues to play a significant role in Romania’s coastal regions, albeit
facing challenges related to overfishing, environmental degradation, and regulatory
issues.

These historical insights highlight the enduring importance of Romania’s primary sec-
tors, reflecting a rich tapestry of traditions, innovations, and socio-economic developments
over the centuries.

1.2. The Current State of Romania’s Primary Sector

In contemporary Romania, the primary sector remains vital to the economy, especially
agriculture, which constitutes a major part of the GDP and employs a significant portion
of the population. The fertile plains yield diverse crops, and Romania is renowned for
its quality wine, sunflower oil, and maize production [5,8]. Despite these strengths, the
agricultural sector grapples with modern challenges, such as the imperative for increased
mechanization and technological advancements to boost productivity and sustainability.
Historical land reforms have left a legacy of land fragmentation, hindering economies of
scale in agriculture. Ongoing efforts focus on modernizing the sector, adopting sustainable
farming practices, and promoting rural development to enhance competitiveness in the
global market.

Forestry is pivotal in Romania’s primary sector, contributing to domestic and export
revenues. The country’s diverse forests, prized for biodiversity and esthetics, serve as both
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a tourist attraction and a timber resource. Emphasis on sustainable forest management
aims to balance economic gains with environmental conservation. Mining remains a
significant economic force, leveraging Romania’s wealth in minerals like coal, salt, copper,
and industrial minerals [3,4]. Despite facing environmental and modernization challenges,
the mining industry remains crucial for GDP and export revenue [6]. In the primary
sector, the fishing industry, though less prominent than agriculture and forestry, utilizes
Romania’s extensive Black Sea coastline and inland waters for sustainable freshwater
fishing. However, Romania also faces several specific challenges in primary sector selection,
which may include the following points.

• Romania’s transition from a centrally planned to a market economy has left a legacy
of inefficiencies and structural challenges in its primary sectors [7]. The legacy of
state-owned enterprises, outdated infrastructure, and bureaucratic barriers can hinder
effective sector selection and impede the competitiveness of certain industries.

• Agriculture is a significant primary sector in Romania, but the prevalence of small-
scale farming and land fragmentation presents challenges for modernization and
efficiency [8]. Fragmented land ownership makes it difficult to implement large-scale
agricultural projects, adopt modern technologies, and achieve economies of scale.

• Access to financing is a challenge for many primary sector businesses in Romania,
particularly small and medium-sized enterprises (SMEs) [5,6]. Limited access to
capital constrains investment in modernization, technology adoption, and value-
added activities, hindering the competitiveness of primary sectors.

• Many primary sector industries in Romania lag behind in terms of technology adop-
tion and innovation [10,11]. Outdated equipment, inadequate infrastructure, and
limited investment in research and development (R&D) hamper productivity and
competitiveness, making it challenging to compete in global markets.

• Ensuring the environmental sustainability of primary sector activities is a growing
challenge for Romania. Agriculture, forestry, and mining activities can have significant
environmental impacts, including soil degradation, deforestation, and pollution [12].
Balancing economic development with environmental protection requires careful
sector selection and the implementation of sustainable practices.

• Romania’s primary sectors, including agriculture, forestry, and mining, are heavily
dependent on natural resources [8,9]. Overexploitation of natural resources can lead to
environmental degradation, resource depletion, and vulnerability to external shocks
such as climate change and fluctuations in commodity prices.

• Primary sector businesses in Romania face challenges in accessing international mar-
kets due to trade barriers, tariffs, and non-tariff barriers [1,2]. Limited market access
restricts export opportunities and exposes primary sector industries to competition
from imports, affecting their competitiveness and profitability.

Addressing these challenges requires targeted policies and interventions to promote
modernization, technological innovation, access to finance, environmental sustainability,
and market access for Romania’s primary sectors. By overcoming these challenges, Romania
can enhance the competitiveness and sustainability of its primary sector activities and drive
economic growth and development.

1.3. Implications for Romania’s Economic Development

Romania’s evolving primary sector, while maintaining historical significance, plays a
multifaceted role in economic development. It remains a crucial source of employment,
especially in rural areas, supporting communities and contributing to regional develop-
ment and stability. The sector, encompassing agriculture and mining, generates valuable
export revenue, with agricultural products like grains and sunflower oil contributing to
foreign exchange earnings. Sustainable resource management practices are increasingly
prioritized, emphasizing responsible agriculture, forestry, and mining for long-term viabil-
ity [7]. Investment in the primary sector aligns with rural development initiatives, focusing
on improving infrastructure, education, and healthcare to enhance living conditions and
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encourage community residency. Modernizing agriculture and mining through technology
adoption is essential for productivity and competitiveness, prompting Romania’s invest-
ments in research and innovation to stay abreast of global trends. Balancing economic
interests with environmental conservation is a vital concern, emphasizing the need for
sustainable practices and responsible resource management to preserve natural beauty and
biodiversity.

Romania’s primary sector, rooted in a rich historical legacy, remains pivotal in shaping
the country’s present-day economic activity. Agriculture, forestry, mining, and fishing
contribute significantly to employment, export earnings, and rural development [8]. In the
pursuit of sustainable growth and development, the primary sector serves as a cornerstone,
harmonizing tradition with innovation and economic progress with environmental respon-
sibility. Let us discuss in detail the key important roles that the primary sector plays in
developing the Romanian economy.

• The primary sector, which includes agriculture, forestry, mining, and fishing, con-
tributes significantly to Romania’s gross domestic product (GDP) [4]. Although the
share of the primary sector in GDP has declined over the years due to industrialization
and the service sector growth, it remains an essential component of the economy.

• The primary sector is a major source of employment in Romania, particularly in
rural areas where agriculture and forestry activities are prevalent [5,6]. The sector
provides livelihoods for a significant portion of the population, contributing to poverty
reduction and rural development.

• Agriculture plays a crucial role in ensuring food security for Romania’s population.
The country has fertile agricultural land and favorable climatic conditions for crop
cultivation and livestock rearing [7]. The primary sector contributes to domestic food
production, reducing reliance on imports and enhancing food self-sufficiency.

• Romania’s primary sector generates export revenue through the export of agricultural
products, timber, minerals, and other natural resources [10]. Export earnings from
primary sector commodities contribute to the country’s trade balance and foreign
exchange reserves, supporting economic stability and growth.

• The primary sector is closely linked to rural development in Romania, where many
agricultural and forestry activities take place [11]. Investment in primary sector
infrastructure, agricultural extension services, and rural development programs can
stimulate economic growth, improve living standards, and reduce regional disparities.

• Romania’s natural landscapes, traditional agriculture, and rural way of life attract
tourists and contribute to cultural heritage preservation [4,5]. Agriculture-related
tourism, agro-tourism, and eco-tourism activities in rural areas provide additional
income opportunities for farmers and support local economies.

• The primary sector plays a role in environmental stewardship and biodiversity con-
servation in Romania [12]. Sustainable agriculture practices, reforestation efforts, and
responsible mining practices help mitigate environmental degradation and preserve
natural habitats and ecosystems.

The primary sector is of paramount importance to the Romanian economy, contribut-
ing to GDP, employment, food security, export earnings, rural development, tourism,
cultural heritage preservation, and environmental sustainability. Ensuring the viability and
competitiveness of the primary sector is essential for achieving balanced and sustainable
economic development in Romania.

1.4. Outlining the Issue for Solution

The primary sector, which includes agriculture, forestry, fishing, and mining, is crucial
in shaping a nation’s economic landscape. In Romania, with its rich agricultural heritage
and diverse resource base, understanding the selection of primary sector activities and
their impact on economic activity is paramount [9]. This research paper aims to explore the
multifaceted relationship between the primary sector and economic activity in Romania,
utilizing advanced MCDM techniques, specifically the IVF version of SAW, WPM, and
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WASPAS. It is the firm belief of the authors that the developed model of IVF integrated with
SAW, WPM, and WASPAS MCDM techniques can significantly contribute to addressing
the challenges that Romania faces in primary sector selection in the following ways.

• These techniques incorporate IVF sets to represent uncertainty and imprecision in
decision-making. In the context of challenges such as land fragmentation, limited
access to capital, and environmental sustainability, where data may be uncertain or
imprecise, interval-valued fuzzy techniques provide a robust framework for analyzing
and prioritizing primary sectors.

• Primary sector selection involves evaluating multiple criteria, including economic,
social, environmental, and technological factors. IVF integrated with SAW, WPM, and
WASPAS techniques allow for the integration of diverse criteria and their respective
importance weights, enabling a comprehensive assessment of sector performance
against multiple dimensions.

• These techniques offer flexibility in modeling decision-making preferences and adapt-
ing to different decision contexts. In the face of challenges such as technological
obsolescence and market access barriers, where decision criteria may evolve over time,
interval-valued fuzzy techniques allow decision-makers to update criteria weights
and adjust their decision models accordingly.

• IVF-MCDM techniques facilitate sensitivity analysis to assess the robustness of de-
cision outcomes to changes in criteria weights and input data [13]. This capability
is particularly valuable in addressing challenges such as dependence on natural re-
sources and environmental sustainability, where uncertainties and fluctuations in
input parameters may affect decision outcomes.

• IVF-MCDM techniques allow for the incorporation of expert judgment and subjective
preferences into decision-making processes. In the context of challenges such as
the legacy of communism and bureaucratic barriers, where qualitative insights and
expert knowledge play a crucial role in decision-making, these techniques enable
decision-makers to capture and integrate expert opinions effectively.

• IVF-MCDM techniques provide transparent and interpretable decision models, en-
abling decision-makers to understand the rationale behind decision outcomes and
identify areas for improvement. This transparency is essential for building consensus
among stakeholders and gaining buy-in for primary sector selection decisions.

IVF integrated with SAW, WPM, and WASPAS MCDM techniques offer a comprehen-
sive and flexible framework for addressing the challenges that Romania faces in primary
sector selection [12,13]. By providing robust decision support tools that handle uncertainty,
integrate multiple criteria, facilitate sensitivity analysis, and incorporate expert judgment,
these techniques empower decision-makers to make informed and effective decisions that
drive economic growth and development in Romania’s primary sectors.

1.4.1. Problem Statement

The selection and development of Romania’s primary sector depends on different
critical determinants of the nation’s economic stability and growth. Despite ongoing policy
initiatives and economic reforms, effective allocation of resources, investments, and atten-
tion to the primary sector remains a significant challenge [10]. The primary sector selection
process in Romania lacks a systematic framework for evaluating sectoral performance
and guiding strategic decisions. This deficiency hinders the country’s ability to optimize
resource allocation, promote sustainable development, and enhance overall economic pros-
perity. Specifically, the lack of clarity regarding which primary sectors to prioritize and the
criteria for evaluating their performance poses challenges for policymakers, investors, and
stakeholders. Eight sectors have been identified in this research that are believed to have
the greatest influence on the Romanian economy. These primary sectors include Fishing
(A1), Automobile (A2), Agriculture and Forestry (A3), Energy (A4), Manufacturing and
Construction (A5), Textile (A6), Information Technology (A7) and Mining (A8). The central
question guiding this research is as follows: “To what extent does the strategic choice of
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primary sector activities impact economic activity in Romania, and how can advanced
MCDM methods, specifically IVF combined with techniques such as SAW, WPM and
WASPAS, assist in assessing and optimizing resource allocation and policy interventions in
this sector?”

This research paper proposes investigating the use of interval-valued fuzzy MCDM to
address the primary sector selection challenge, emphasizing inclusivity in economic activity.
IVF logic allows decision-makers to express preferences as intervals, accommodates impre-
cision and diverse perspectives [11]. This approach effectively navigates the complexity
and uncertainty inherent in economic problems, defining primary sector options within
a desirability range. IVF logic provides a flexible and precise framework, aligning with
the nuanced nature of the economy and incorporating uncertainty and subjectivity into
decision-making. This research aims to improve primary sector selection decision-making,
promoting economic inclusivity and robustness in Romania. The main objective involves
facilitating a multi-criteria discussion with ten economic experts assessing eight primary
sectors based on eight factors including Technological Adaptation and Innovation (TAI),
Infrastructure Development and Investment (IDI), Gross Domestic Product Contribution
(GDP), Environmental Impact and Sustainability (EIS), Employment Generation (EG), Mar-
ket Demand and Export Opportunities (MDE), Risk Management and Resilience (RMR),
and Government Policies and Subsidies (GPS).

The primary sectors under examination form the foundation for the selection criteria in
shaping the evaluation framework meticulously identified through expert discussions and
an extensive literature review. Figure 1 depicts a hierarchical structure, visually conveying
interrelationships and relative importance among these criteria [12]. These parameters have
garnered favorable feedback, indicating strong economic preferences for their inclusion. By
synthesizing insights from decision-makers and the existing literature, this research aims
to create an economic framework aligned with objectives and positively resonant with the
populace, enhancing engagement and effectiveness in economic processes for the benefit of
the nation.
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Figure 1. Flow chart of the proposed study. (Source: author’s own elaboration).

1.4.2. Research Objectives

The objectives of the current research can be formulated as follows.

1. To identify the key factors and criteria influencing the selection and performance of
the primary sector in Romania, encompassing economic, environmental, and policy-
related dimensions.

2. To apply advanced MCDM techniques, including IVF-embedded SAW, WPM, and
WASPAS, to evaluate the performance of eight primary sectors based on eight eco-
nomic factors in Romania while considering the inherent uncertainty and imprecision
in decision-making.

3. Assess the robustness of decision outcomes and the sensitivity of results to changes
in criteria weights, input data, and external factors such as geopolitical uncertainties,
market dynamics, and environmental regulations.

4. To develop a decision support framework that can assist policymakers and investors
in making informed decisions related to the development, resource allocation and
driving economic growth in Romania’s primary sector.

By addressing these objectives, this research aims to contribute to a deeper under-
standing of the dynamics of primary sector selection and development in Romania and
provide practical guidance for policymakers, stakeholders, and researchers involved in
economic planning and decision-making processes.

2. Literature Review

Since the end of communism in 1989, Romania’s south-eastern European economy
has transformed significantly, transitioning from a centrally planned to a market-oriented
system and joining the EU in 2007, shaping its economic landscape [13]. Key indicators,
including GDP growth, inflation rates, and employment trends, reflect its economic perfor-
mance, influenced by foreign direct investment, government policies, and external factors.
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Understanding Romania’s economic dynamics is crucial for assessing its growth prospects
and evolving role in broader European and global contexts.

2.1. Past Studies on Economical Role of Primary Sectors

Throughout history, the primary sector has been a vital aspect of human economies,
serving as the main livelihood for early agrarian societies and playing a pivotal role in
their development. Scholars like Siksnelyte-Butkiene et al. [14] emphasize agriculture’s
central role in transitioning from nomadic lifestyles to settled communities, enabling food
surplus, population growth, and complex societies. The Industrial Revolution witnessed
a significant shift away from agriculture toward industrialization in Western countries,
leading to structural transformation. Nasri et al. [15] note the declining share of agriculture
in national income and employment during this period. Despite these shifts, the primary
sector remains crucial, especially in low-income and developing nations, with agriculture
seen as a pathway out of poverty. Hsueh et al.’s [16] research underscores the link be-
tween agricultural productivity and poverty reduction, highlighting the importance of
modernizing agricultural practices.

The primary sector acts as a catalyst for economic growth by supplying inputs to
other sectors, such as the mining sector, and providing raw materials to manufacturing
industries, thus fostering industrialization [17]. The interdependence between the primary
and secondary sectors underscores its significance in economic development. However, it
faces challenges, particularly in environmental sustainability. Agriculture, linked to defor-
estation and soil erosion, prompts discussions on sustainable practices [18]. The mining
sector faces concerns like resource depletion and environmental degradation, emphasizing
the need for sustainable resource management [19]. Globalization brings opportunities for
new markets and increased demand but exposes primary sector producers to international
competition and market fluctuations.

The global agricultural trade regime, marked by subsidies and tariffs, sparks debate
about its impact on the primary sector’s development [20]. Technological advancements,
like the Green Revolution and innovations in farming and mining, have boosted productiv-
ity [21]. However, these innovations pose challenges, such as declining employment in the
primary sector, especially in transitioning economies. Urbanization raises concerns about
the sustainability of rural communities [22]. Some propose policies that create non-farm
jobs in rural areas to alleviate pressure on urban centers [23]. Despite challenges, the
primary sector remains a critical component of the modern economy, playing a pivotal
role in development, sustaining livelihoods, and addressing food needs. Technological
advancements reshape the sector, and rural–urban dynamics continue to evolve.

2.2. Past Studies on Interval-Valued Fuzzy MCDM Method Application

MCDM is essential in diverse fields like engineering, economics, environmental sci-
ence, and management, helping decision-makers choose the best alternative from multiple
criteria. Interval-valued fuzzy MCDM, an extension dealing with uncertainty, uses interval-
valued fuzzy numbers for effective handling of imprecise information. Researchers, includ-
ing Opreana et al. [24] in 2023, have extensively explored its application, leading to various
methodologies and practical uses. IVF sets have become a prominent tool due to their
ability to capture uncertainty. The widely used Interval-Valued Fuzzy Analytic Hierarchy
Process (IVF-AHP) method, introduced by Martín et al. [25] in 2020, extends AHP by
utilizing interval-valued fuzzy numbers for more realistic and flexible decision modeling.

Another notable method is the Technique for Order of Preference by Similarity to Ideal
Solution (IVF-TOPSIS) developed by Makarevic and Stavrou [26] in 2022, integrating fuzzy
set theory and TOPSIS to rank alternatives based on their closeness to the ideal solution.
Interval-valued fuzzy preference relations have led to the IVF Preference Programming
(IVFPP) method, enabling comprehensive representation of decision-makers’ preferences.
Interval-valued fuzzy MCDM methods find applications in various domains, addressing
uncertain decision-making problems. In environmental decision-making, they assess the
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impact of projects, considering fuzzy intervals to account for uncertainties in input data. In
healthcare, these methods optimize medical treatment and provider selection, considering
both qualitative and quantitative factors to inform decisions amid uncertainties in patient
preferences and medical outcomes.

IVF-MCDM is pivotal in energy planning and resource allocation, evaluating alter-
natives considering economic, environmental, and social criteria for sustainable energy
development [27]. In transportation planning, IVF-MCDM assesses complex trade-offs in
infrastructure projects, aiding decision-makers in making robust choices amid uncertain-
ties [28]. Financial decision-making, particularly in portfolio selection and risk assessment,
benefits from IVF-MCDM by incorporating fuzzy intervals for better risk management [29].
As a potent tool for dealing with complex problems characterized by uncertainty, IVF-
MCDM finds applications in various domains, including environmental management,
healthcare, energy planning, transportation, and financial management [30]. The continual
development and refinement of these methods have the potential to significantly contribute
to more informed and robust decision-making processes across diverse fields.

2.3. Comparative Studies on SAW, WPM, WASPAS MCDM Method

MCDM methods play a pivotal role in addressing complex decision problems by
considering multiple criteria simultaneously. Among the various MCDM techniques, SAW,
WPM and WASPAS are widely recognized and applied in diverse decision-making contexts.
These methods offer distinct approaches to evaluating alternatives based on their perfor-
mance across multiple criteria, each with its own strengths and limitations [19]. In recent
years, there has been growing interest in the application of SAW, WPM, and WASPAS to bet-
ter understand their relative merits and applicability in different decision scenarios. Such
studies aim to provide insights into the performance, robustness, transparency, and compu-
tational efficiency of these methods, thereby aiding decision-makers in selecting the most
suitable approach for their specific needs. This section presents a comprehensive review
and comparative analysis of SAW, WPM, and WASPAS MCDM methods. By examining
key characteristics such as ease of implementation, transparency, flexibility, consideration
of criteria interactions, robustness, and computational efficiency, this discussion seeks to
elucidate the strengths and weaknesses of each method [22]. Additionally, it also discusses
real-world applications and case studies where these methods have been successfully em-
ployed, highlighting their effectiveness in addressing practical decision-making challenges.
Through a systematic comparison of SAW, WPM, and WASPAS, this argument aims to
provide valuable insights for decision-makers, researchers, and practitioners involved in
MCDM applications. By understanding the unique features and performance attributes of
each method, stakeholders can make informed choices and enhance the effectiveness of
their decision-making processes.

To provide a detailed comparative analysis of SAW, WPM and WASPAS methods with
other MCDM methodologies, let us consider several key aspects.

• Complexity and ease of use: SAW, WPM, and WASPAS are relatively simple and easy
to understand compared to some other MCDM techniques such as AHP, TOPSIS, and
ELECTRE (Elimination and Choice Translating Reality). These three methods typically
involve straightforward calculations and do not require complex pairwise comparisons
or extensive data manipulation, making them more accessible to practitioners and
decision-makers with limited technical expertise. They also offer a balance between
computational complexity and analytical rigor, making them suitable choices for the
research context [23].

• Transparency and interpretability: SAW, WPM, and WASPAS provide transparent
results that are easy to interpret, as they directly assign weights to criteria and alter-
natives based on predetermined preferences or performance metrics [15]. In contrast,
methods like AHP and ELECTRE involve subjective judgments in pairwise compar-
isons or complex mathematical formulations, which can introduce ambiguity and
make it challenging to understand the rationale behind the final rankings.

279



Mathematics 2024, 12, 1157

• Flexibility and adaptability: SAW, WPM, and WASPAS offer flexibility in handling var-
ious types of criteria and decision contexts. They can accommodate both quantitative
and qualitative data and allow for the incorporation of stakeholder preferences through
adjustable weighting schemes [20,21]. Some MCDM methods like PROMETHEE (Pref-
erence Ranking Organization Method for Enrichment Evaluations) and AHP may
have more rigid structures or require specific data formats, limiting their applicability
in diverse decision-making scenarios.

• Computational efficiency: SAW, WPM, and WASPAS are computationally efficient and
can be implemented using simple spreadsheet-based tools or software packages. They
require minimal computational resources and are suitable for analyzing large datasets
or conducting sensitivity analyses [6,7]. By contrast, methods like PROMETHEE and
AHP may involve iterative calculations or complex algorithms, leading to longer
processing times and potentially higher computational costs.

• Robustness and stability: SAW, WPM, and WASPAS are robust methods that generally
produce consistent results across different decision scenarios and datasets. They rely
on additive or multiplicative aggregation principles, which are mathematically well-
founded and less sensitive to variations in input parameters. These methods are
more preferable because they are well-established and widely used in the MCDM
literature, indicating their robustness and stability in decision-making contexts [17,18].
Researchers may have confidence in the reliability of results obtained using these
methods. Other MCDM techniques such as TOPSIS and ELECTRE may be more
sensitive to changes in criteria weights or alternative rankings, leading to greater
variability in outcomes and potentially less reliable decision support.

• Applicability to real-world problems: SAW, WPM, and WASPAS have been widely
used in various practical applications across industries and domains, ranging from
project selection and supplier evaluation to resource allocation and strategic plan-
ning [10,11]. While other MCDM methodologies offer specialized features or ad-
dress specific decision contexts (e.g., uncertainty handling in Fuzzy TOPSIS or group
decision-making in Group ELECTRE), SAW, WPM, and WASPAS are versatile tech-
niques that can be applied effectively in a wide range of decision problems.

While each MCDM method has its strengths and weaknesses, SAW, WPM, and WAS-
PAS stand out for their simplicity, transparency, flexibility, computational efficiency, robust-
ness, and broad applicability, making them preferred choices in many decision-making
situations. However, a detailed comparison of SAW, WPM and WASPAS with other widely
used MCDM methodologies is provided in Table 1.
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Table 1. Comparative analysis among different MCDM tools.

Criteria SAW WPM WASPAS TOPSIS AHP ELECTRE PROMETHEE ANP TOPSIS GRA

Methodology Weighted
sum

Weighted
product

Weighted
sum &

weighted
product

Ideal and
anti-ideal

Pair-wise
compar-

isons
Outranking Outranking

Network of
interdepen-

dent
criteria

Ideal
solution

Similarity
to ideal
solution

Weighting Equal/
preassigned

Equal/
preassigned

Expert
opinion

Equal/
importance
hierarchy

Pair-wise
compar-

isons

Importance
ranks

Pair-wise
compar-

isons

Pairwise
and inter-

actions

Equal/
preassigned

Correlation
between
factors

Sensitivity
to

weighting
Sensitive Sensitive Sensitive Sensitive Sensitive Sensitive Sensitive Sensitive Sensitive Sensitive

Computation
complexity Low Moderate Moderate Low Moderate Moderate Moderate Moderate Low Moderate

Handling
of objective
functions

Linear/
Nonlinear

Linear/
Nonlinear

Linear/
Nonlinear

Linear/
Nonlinear

Pair-wise
compar-

isons

Not
applicable

Not
applicable

Linear/
Nonlinear

Linear/
Nonlinear

Linear/
Nonlinear

Transparency
and inter-
pretability

Transparent Transparent Transparent Transparent Transparent Interpretation
may vary

Interpretation
may vary

Interpretation
may vary Transparent Interpretation

may vary

Scalability Small to
medium

Small to
medium

Small to
medium

Small to
medium

Small to
medium

Small to
medium

Small to
medium

Small to
medium

Small to
medium

Small to
medium

Decision
space rep-

resentation
Additive Multiplicative Additive Geometric Hierarchy Relationship

matrices
Preference
functions Network Geometric Relational

Ease of
implemen-

tation

Relatively
easy Moderate Moderate Moderate Moderate Moderate Moderate Moderate Relatively

easy Moderate

Flexibility Limited Moderate Moderate Limited High Moderate Moderate High Limited Moderate

Consideration
of Criteria

Interac-
tions

Limited Limited Limited Limited Limited Yes Yes Yes Limited Yes

Consideration
of perfor-

mance and
Importance

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Robustness Moderate Moderate Moderate Moderate High Moderate Moderate High Moderate Moderate

Computational
efficiency Low Moderate Moderate Low Moderate Moderate Moderate Moderate Low Moderate

Applicability Generalized Generalized Generalized Generalized Generalized Specialized Specialized Generalized Generalized Generalized

(Source: author’s own elaboration.)

SAW, introduced in the early 1980s, is a widely applied MCDM method that assigns
weights to criteria and calculates the weighted sum for each alternative. The highest sum
identifies the best choice, and SAW is valued for its simplicity and ease of implementation.
However, it has limitations in handling non-commensurate criteria and lacks consideration
for trade-offs [31,32]. Another model from the same period, WPM, calculates the product
of each alternative’s performance raised to the power of the corresponding weight. WPM is
useful for emphasizing deviations from the ideal solution, allowing for non-linear relation-
ship modeling and flexible weight assignment. However, it assumes criteria independence
and does not capture interactions.

WASPAS, a recent MCDM method addressing SAW and WPM limitations, combines
the weighted sum and product to calculate the overall performance, accommodating
additive and multiplicative interactions between criteria [33]. It is valuable for complex
problems with significant criteria interactions, allowing for trade-offs’ consideration while
accounting for overall performance. SAW, WPM, and WASPAS are vital MCDM methods
widely applied in various contexts. SAW is simple but may overlook interactions. WPM
models non-linear relationships but assumes criterion independence. WASPAS combines
SAW and WPM strengths, considering interactions and offering flexibility in decision
modeling. The advantages and limitations of the three applied techniques SAW, WPM and
WASPAS are summarized in Table 2.
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Table 2. Strengths and weaknesses of SAW, WPM and WASPAS.

MCDM
Tools

Strengths Weakness

Criteria Explanation Criteria Explanation

SAW

Ease of
implementation

SAW is straightforward to
implement and understand. It
involves assigning weights to
criteria and then calculating the
overall performance score for each
alternative by summing the
weighted scores. Subjectivity in weight

assignment

SAW relies on the assignment of
subjective weights to criteria,
which can introduce bias and
uncertainty into the
decision-making process. If the
weights are not assigned
appropriately, it may lead to
skewed results.

Scalability

SAW is highly scalable, making it
suitable for decision problems
with a large number of alternatives
and criteria. Its straightforward
nature allows for efficient scaling
without significant increases in
computational complexity.

Transparency

The method provides transparent
results, as the decision-making
process is based on explicit criteria
weights and performance scores.
This transparency facilitates
understanding and acceptance of
the decision outcomes. No consideration of

criteria interactions

SAW assumes that criteria are
independent of each other,
ignoring potential interactions or
dependencies among them. This
simplification may not accurately
reflect real-world decision
scenarios where criteria may
influence each other.Flexibility

SAW can accommodate various
types of criteria, whether
quantitative or qualitative, making
it adaptable to different
decision contexts.

Computational
efficiency

SAW requires minimal
computational resources, making
it suitable for analyzing large
datasets or conducting
sensitivity analyses.

Scoring inconsistencies

Inconsistencies in scoring across
different criteria or
decision-makers can affect the
reliability and validity of the
results obtained through SAW.

Versatility

SAW can be applied to a wide
range of decision problems,
including project selection,
supplier evaluation, and
performance assessment.
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Table 2. Cont.

MCDM
Tools

Strengths Weakness

Criteria Explanation Criteria Explanation

WPM

Consideration
of criteria

interactions

WPM accounts for interactions
between criteria by multiplying
the normalized scores of
alternatives across all criteria,
weighted by their respective
importance.

Difficulty in
determining weights

Like SAW, WPM requires the
assignment of weights to criteria,
which can be challenging and
subjective. Determining
appropriate weights for each
criterion may be difficult,
especially when stakeholders have
differing opinions or preferences.Emphasis on

dominant
alternatives

WPM tends to highlight dominant
alternatives that perform
exceptionally well across all
criteria. This emphasis can help
decision-makers identify and
prioritize alternatives that excel in
multiple aspects, leading to more
robust decisions.

Transparency

Similar to SAW, WPM provides
transparent results, enabling
stakeholders to understand how
each criterion contributes to the
overall evaluation of alternatives. Complexity with

many criteria

WPM becomes increasingly
complex and computationally
intensive as the number of criteria
increases. Calculating the
weighted product of performance
scores across numerous criteria
may lead to computational
challenges and longer processing
times.

Flexibility

WPM allows for the incorporation
of stakeholder preferences through
adjustable weighting schemes,
providing flexibility in
decision-making.

Robustness

WPM tends to produce stable and
consistent results, as it considers
both the importance of criteria and
the performance of alternatives
across all criteria. Risk of

oversimplification

WPM assumes that the
relationship between criteria is
purely multiplicative, which may
oversimplify the decision problem
and fail to capture more nuanced
relationships among criteria.

Applicability

WPM is applicable to decision
problems where criteria
interactions are significant, such as
product selection, project
prioritization, and resource
allocation.

WASPAS

Consideration
of performance
and importance

WASPAS integrates both the
performance and importance of
criteria in the decision-making
process, ensuring a comprehensive
evaluation of alternatives.

Difficulty in setting
decision thresholds

WASPAS requires the specification
of decision thresholds for each
criterion, which can be arbitrary
and difficult to determine
objectively. Setting appropriate
thresholds may require significant
expertise and stakeholder input.

Integration of
qualitative and

quantitative
data

WASPAS effectively integrates
qualitative and quantitative data
in the decision-making process.
This integration allows
decision-makers to incorporate
both objective performance
metrics and subjective expert
judgments, resulting in a more
holistic assessment of alternatives.
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Table 2. Cont.

MCDM
Tools

Strengths Weakness

Criteria Explanation Criteria Explanation

Flexibility

Similar to SAW and WPM,
WASPAS offers flexibility in
handling diverse types of criteria
and decision contexts.

Sensitivity to threshold
selection

The choice of decision thresholds
in WASPAS can significantly
impact the ranking and selection
of alternatives. Small variations in
threshold values may lead to
different outcomes, making the
method sensitive to threshold
selection.

Robustness

WASPAS tends to produce robust
results by aggregating weighted
sums and products of criteria
performance scores, reducing
sensitivity to variations in criteria
importance.

Ability to
handle

non-linear
relationships

WASPAS can capture non-linear
relationships between criteria and
alternatives, allowing for more
nuanced evaluations in complex
decision problems.

Complexity in
parameter setting

WASPAS involves multiple
parameters, such as weights,
decision thresholds, and
aggregation functions, which need
to be set appropriately. The
complexity of parameter setting
may pose challenges, particularly
in decision problems with high
uncertainty or ambiguity.

Applicability

WASPAS is suitable for decision
problems where both the
performance and importance of
criteria need to be considered,
such as supplier selection,
investment decision-making, and
technology assessment.

Source: Author’s own elaboration.

While SAW, WPM, and WASPAS are valuable MCDM methods, it is important to
recognize their limitations and consider them carefully when applying these techniques in
real-world decision-making contexts [29]. The authors have made full efforts to address
the limitations by integrating the interval-valued fuzzy concept, which can enhance the
reliability and effectiveness of these three methods. Moreover, this study engages with a di-
verse group of experts through consultative workshops, interviews, and structured surveys
to elicit their judgments on criteria weights and performance scores. By aggregating and
synthesizing expert judgments, this analysis aims to capture a broad range of perspectives
and insights while mitigating individual biases and uncertainties. Fuzzy logic and IVF
numbers have been utilized to represent uncertainties associated with criteria weights and
performance scores. Fuzzy numbers allow for the representation of imprecise or uncertain
information, enabling us to capture the vagueness and ambiguity inherent in expert judg-
ments. This approach acknowledges the uncertainty surrounding criteria assessments and
provides a formal framework for their representation and analysis. The significances of the
IVF concept towards the ongoing analysis may be interpreted as follows.

• Enhanced representation of uncertainty: IVF sets provide a robust framework and
flexible representation of uncertainty compared to other fuzzy variants [34]. While
triangular or trapezoidal fuzzy sets represent uncertainty with single membership
values, interval-valued fuzzy sets capture uncertainty through intervals of member-
ship values. This allows for a more flexible representation of vague or imprecise
information.

• Better Handling of Ambiguity: The IVF concept excels in handling ambiguity by
allowing for a broader range of membership possibilities [35]. Unlike other fuzzy
variants that assign a single membership value to each element, IVF sets accommodate
multiple membership degrees within an interval, providing a more comprehensive
characterization of uncertainty.
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• Increased expressiveness: IVF sets offer increased expressiveness in representing
complex and multifaceted uncertainty [36]. By capturing the variability and fuzziness
inherent in real-world data more accurately, the IVF concept enables richer and more
in-depth descriptions of uncertain phenomena.

• Greater robustness: The IVF concept is often more robust in the face of noise or
imprecision in data [15,16]. The interval-based representation allows for a degree of
tolerance to fluctuations or errors in the input, enhancing the stability and reliability
of fuzzy inference systems.

• Improved decision-making: The IVF concept facilitates more informed decision-
making by providing decision-makers with a more comprehensive understanding
of uncertainty [30,31]. The interval-based representation allows decision-makers to
explore a wider range of possible outcomes and assess the robustness of their decisions
under different scenarios.

• Flexibility in modeling: IVF concept offers greater flexibility in modeling complex
systems and phenomena. It can accommodate varying degrees of uncertainty and
ambiguity, making them suitable for a wide range of applications across different
domains, including engineering, finance, and decision sciences [24]. It can also capture
the gradual transition between membership degrees, allowing for a more detailed
representation of uncertainty compared to binary approaches.

• Adaptability to changing conditions: IVF concepts are well-suited for dynamic envi-
ronments where conditions and preferences may change over time [25]. Their flexible
nature allows for an easy adaptation to evolving circumstances, ensuring that fuzzy
models remain relevant and effective in dynamic decision-making scenarios. It also
ensures decision-makers to update and revise fuzzy sets as new information becomes
available.

• Handling of incomplete information: In many practical situations, information may
be incomplete or ambiguous [11]. The IVF concept enables decision-makers to han-
dle such incomplete information by allowing for partial memberships to different
categories, thereby facilitating more informed decisions.

• Integration of multiple criteria: IVF concepts are well-suited for integrating multiple
criteria or attributes in decision-making processes [11,12]. These provide a unified
framework for aggregating diverse sources of information, including qualitative judg-
ments, expert opinions, and quantitative data.

It is evident from the overall comparative analysis that the three applied tools are
chosen for specific purposes, and offer significant benefits over the other available MCDM
tools. After conducting profound research on these three tools, the decision-makers were
impressed by their merits and found it suitable for the present analysis. All the expert
members also agreed to integrate the IVF concept to overcome the challenges offered
by SAW, WPM and WASPAS. Therefore, the hybrid model of IVF integrated with SAW-
WPM-WASPAS is capable of making effective decisions under vague conditions, thereby
improving the quality and reliability of decisions across diverse applications and domains.

2.4. Research Gaps and Novelty

Despite notable contributions, this research addresses critical gaps. While MCDM
techniques are widely used, their application in analyzing the primary sector’s role in a
national economy is sparse. This study bridges this gap by applying advanced MCDM tech-
niques to a specific economic context. Previous applications of fuzzy MCDM in economics
often focused on individual techniques or methodologies. However, this study integrates
the IVF concept with the MCDM frameworks, to provide a comprehensive approach. This
integration allows for a more holistic analysis of primary sector selection in Romania,
considering both qualitative and quantitative aspects in decision-making. Fuzzy logic is an
underexplored topic in economic studies designed to handle uncertainty and imprecision
in decision-making. However, previous applications have struggled to effectively model
and incorporate uncertainty, leading to less robust decision outcomes. By employing an
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IVF approach, this study addresses this limitation by representing uncertainty as IVF
numbers, allowing for a more accurate representation of decision-maker preferences and
uncertainties. Moreover, economic decision-making often involves evaluating multiple
criteria or objectives. Previous applications of fuzzy MCDM have focused on a limited set
of criteria or failed to adequately consider the interrelationships among criteria. This study
addresses this limitation by incorporating a comprehensive set of criteria influencing pri-
mary sector selection in Romania and evaluating sector performance against these criteria
using multiple MCDM techniques. Additionally, there is a lack of research on the primary
sector’s role in Romania’s economic development. Choosing Romania as a case study, this
research fills a literature gap on MCDM applications in a country-specific context. Many
previous applications of fuzzy MCDM in economics have been theoretical or hypothetical
in nature, lacking practical relevance or applicability to real-world decision problems. This
study addresses the limitation by applying IVF-MCDM techniques to analyze the selection
of primary sectors influencing the economic activity in Romania, a context of significant
importance and relevance to policymakers, stakeholders, and researchers.

This research makes unique contributions by integrating three advanced MCDM ap-
proaches, SAW, WPM, and WASPAS, to analyze the primary sector’s role in the Romanian
economy. The interdisciplinary approach offers a novel perspective on decision-making.
The incorporation of IVF logic addresses the uncertainty in economic activity analysis,
where data can be imprecise. Focusing on the Romanian economy adds a specific and
valuable dimension, contributing to understanding the role of the primary sector in a transi-
tioning economy. This research aims to fill gaps by combining advanced MCDM techniques
with fuzzy logic, providing insights into economic decision-making in a transitioning
economy. In addition, the present research also aims at providing actionable insights
and decision support tools that can inform strategic interventions aimed at strengthening
Romania’s primary sector activities and driving economic growth and development.

3. Listing of Primary Sectors and the Factors Influencing Them

In this section, let us discuss in detail the significance of the eight identified primary
sectors and their contribution towards the development of Romanian economy. Simul-
taneously, this section also sheds light on the significance of eight chosen factors and
their influence on the Romanian primary sectors. Let us begin with the eight primary
sector alternatives.

1. Fishing: Fishing contributes to food security, employment, and economic develop-
ment in coastal areas. While Romania’s fishing industry is relatively small compared
to other sectors, it provides employment opportunities, particularly in coastal re-
gions [37]. Additionally, it contributes to domestic food supply and exports, support-
ing economic growth. Pandemics can disrupt fishing activities due to restrictions on
movement, labor shortages, and changes in consumer behavior. Reduced demand
for seafood products and logistical challenges may affect Romania’s fishing industry.
Armed conflict may restrict fishing activities in coastal areas or maritime zones due to
security concerns. Damage to infrastructure and displacement of coastal populations
may further impact the fishing sector.

2. Automobile: The automobile industry plays a crucial role in manufacturing, em-
ployment generation, and technological advancement. Romania has emerged as an
important player in the European automobile manufacturing sector [2,3]. The pres-
ence of major automobile manufacturers and supply chain companies has boosted
exports, provided employment opportunities, and attracted foreign direct investment,
contributing significantly to the country’s GDP. Pandemics can impact the automobile
industry through reduced consumer demand, supply chain disruptions, and factory
closures. Economic uncertainty may also affect purchasing power and consumer
confidence, leading to lower vehicle sales. Armed conflict can disrupt automobile
supply chains, hinder cross-border trade, and lead to market volatility. Security con-
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cerns and geopolitical tensions may impact consumer sentiment and investment in
the automotive sector.

3. Agriculture and Forestry: The agriculture and forestry sectors provide food security,
raw materials, employment, and contribute to rural development. Agriculture and
forestry are traditional sectors in Romania, supporting rural livelihoods and con-
tributing to GDP [35,36]. These sectors provide employment, ensure food security,
and supply raw materials for various industries such as food processing and wood
products. Pandemics can disrupt agricultural supply chains, labor availability, and
export markets, affecting Romania’s agricultural exports and revenues. Reduced
demand and logistical challenges may also impact forestry operations. Armed conflict
in neighboring countries can lead to disruptions in trade routes and market access for
Romanian agricultural products. Additionally, land degradation and displacement
may affect agricultural productivity and rural livelihoods.

4. Energy: Energy is essential for economic activities, industrial production, and improv-
ing living standards. Romania has diverse energy resources including coal, natural
gas, oil, and renewable energy sources such as hydro and wind [23]. The energy
sector contributes significantly to GDP through energy production, exports, and in-
vestment in infrastructure, supporting industrial growth and domestic consumption.
During pandemics, energy demand may fluctuate due to changes in industrial activity,
transportation, and commercial sectors. Reduced economic activity can lead to lower
energy consumption, affecting revenues for energy companies. In times of armed
conflict, energy supply routes may be disrupted, affecting Romania’s energy imports
and exports. Geopolitical tensions can also impact energy prices and investment in
the sector.

5. Manufacturing and Construction: The manufacturing and construction sectors drive
industrialization, infrastructure development, and economic growth. Manufacturing
and construction are key contributors to Romania’s GDP, providing employment
and generating revenue through exports [38]. These sectors encompass a wide range
of industries including machinery, electronics, chemicals, and building materials,
supporting economic diversification and development. Pandemics can disrupt man-
ufacturing operations due to workforce shortages, supply chain disruptions, and
reduced demand for goods. Construction projects may face delays or cancellations
due to economic uncertainty and logistical challenges. Armed conflict can disrupt
manufacturing supply chains, damage infrastructure, and pose risks to worker safety.
Uncertainty and security concerns may deter investment in construction projects,
affecting sectoral growth.

6. Textile: The textile industry is important for providing clothing, employment, and sup-
porting local economies. The textile industry in Romania contributes to employment
generation, exports, and value addition to raw materials [39]. It provides opportuni-
ties for small and medium enterprises (SMEs) and supports the country’s integration
into global supply chains. Pandemics can disrupt textile manufacturing operations
due to workforce shortages, supply chain disruptions, and changes in consumer be-
havior. Reduced demand for apparel and textile products may affect Romania’s textile
exports. Armed conflict may disrupt textile supply chains, damage manufacturing
facilities, and lead to workforce displacement. Security concerns may also impact
access to raw materials and export markets.

7. Information Technology: Information technology drives innovation, productivity,
and competitiveness in the digital age. Romania has a growing IT sector known for
software development, outsourcing, and IT services [40]. The IT industry contributes
to GDP growth, exports, and job creation, attracting foreign investment and fostering
entrepreneurship and innovation. Pandemics can accelerate digital transformation
and increase demand for IT solutions such as remote work technologies, online
education platforms, and telemedicine services. However, economic downturns
may lead to reduced IT spending by businesses and consumers. Armed conflict
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may disrupt IT infrastructure, cybersecurity measures, and data centers, posing
risks to digital operations and online services. Geopolitical tensions can also impact
technology exports and collaborations.

8. Mining: Mining provides essential raw materials for industrial production and in-
frastructure development. Although the mining sector in Romania has declined in
recent years, it still contributes to GDP through the extraction of minerals such as
coal, metals, and salt. Mining activities support industrial sectors, provide employ-
ment in mining regions, and generate revenue through exports [41]. Additionally,
efforts to modernize and diversify the mining sector can contribute to sustainable
economic development. Pandemics can affect mining operations through workforce
shortages, supply chain disruptions, and fluctuations in commodity prices. Reduced
global demand for minerals and metals may impact Romania’s mining exports and
revenues. Armed conflict may disrupt mining operations and lead to damage to
infrastructure, affecting production and exports. Geopolitical tensions can also impact
mining investment decisions and trade relations.

Let us now focus on why the eight identified factors are considered significant for in-
fluencing the primary factors in Romania. These eight factors are considered to collectively
shape a country’s economic performance and development.

1. Technological Adaptation and Innovation (TAI): It helps to drive efficiency and com-
petitiveness by enabling the adoption of modern technologies, improving production
processes, and enhancing product quality. It also fosters innovation and leads to the
development of new products, services, and business models, which can stimulate
growth and create new market opportunities [2,3]. Political and international factors
also influence TAI through policies, collaborations, and trade relations. For example,
during pandemics or conflicts, governments may prioritize technological innovation
in healthcare, cybersecurity, or defense industries to address emerging challenges
or threats.

2. Infrastructure Development and Investment (IDI): It enhances connectivity, logistics
efficiency, and transportation networks, reducing costs and improving accessibility
to markets. It also attracts investment, stimulates economic growth, and improves
living standards through better access to essential services such as energy, water,
and telecommunications [6]. Political stability and international relations also play a
crucial role in IDI. Conflicts or geopolitical tensions can disrupt infrastructure projects,
while diplomatic relations and international agreements can facilitate cross-border
investments and infrastructure development initiatives.

3. Gross Domestic Product Contribution (GDP): It reflects the overall economic health
and size of the sectors, providing a crucial indicator for assessing economic per-
formance and guiding policymaking. It also serves as a measure of the sector’s
contribution to national income and its importance in driving economic growth and
development [16]. Moreover, political stability, trade policies, and international eco-
nomic conditions impact GDP contribution. Pandemics or armed conflicts can disrupt
economic activities, trade flows, and supply chains, affecting GDP growth rates and
overall economic performance.

4. Environmental Impact and Sustainability (EIS): It mitigates environmental degrada-
tion, conserves natural resources, and protects ecosystems, ensuring the long-term
viability of sectors and promoting sustainable development. It also responds to
consumer demand for environmentally friendly products and practices, enhancing
reputation and market competitiveness [14,15]. Political decisions and international
agreements help to shape environmental policies and sustainability initiatives. Con-
flicts or geopolitical tensions may exacerbate environmental degradation, while inter-
national cooperation and agreements promote sustainable development goals and
environmental conservation efforts.

5. Employment Generation (EG): It alleviates poverty, reduces inequality, and promotes
social cohesion by providing job opportunities and income generation. It also stim-
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ulates economic activity and consumption, driving demand for goods and services
and contributing to overall economic growth [22]. Additionally, political stability,
economic policies, and international relations influence EG. Pandemics or armed
conflicts can lead to job losses, displacement, and labor market disruptions, while
government policies and international assistance programs may support employment
recovery and livelihood restoration efforts.

6. Market Demand and Export Opportunities (MDE): It drives revenue growth and
expansion opportunities for sectors by responding to consumer preferences and
accessing new markets. It also enhances competitiveness and diversifies revenue
streams, reducing dependency on domestic demand and improving resilience to
economic fluctuations [29]. Political stability, trade policies, and geopolitical dynamics
also affect MDE opportunities. Conflicts or diplomatic tensions can disrupt trade
relations and market access, while international cooperation and trade agreements
open up new export markets and opportunities for economic growth.

7. Risk Management and Resilience (RMR): It helps to mitigate risks associated with mar-
ket volatility, natural disasters, and regulatory changes, ensuring business continuity
and sectoral stability. It also enhances resilience by implementing risk management
strategies, diversifying operations, and building adaptive capacity to withstand dis-
ruptions [19,20]. Furthermore, political stability, crisis management capabilities, and
international alliances determine RMR strategies. Pandemics or armed conflicts pose
significant risks to sectors and economies, requiring effective risk mitigation measures,
contingency planning, and international cooperation to enhance resilience.

8. Government Policies and Subsidies (GPS): These help to shape sectoral develop-
ment, stimulate investment, and address market failures through targeted policies,
regulations, and financial incentives. These also support innovation, research and de-
velopment, and capacity building, fostering competitiveness and sustainable growth
across sectors [8,9]. Political decisions, regulatory frameworks, and international
agreements assist in shaping GPS. During pandemics or conflicts, governments may
implement emergency measures, stimulus packages, or subsidies to support affected
sectors, promote recovery, and mitigate socio-economic impacts.

These parameters collectively shape a country’s economic landscape. A well-rounded
economy aims for balance, fostering growth, job creation, technological advancement,
income equality, and environmental sustainability. Government policies play a vital role in
influencing and regulating these factors for a healthy economy [40]. In addition, incorpo-
rating political and international factors into the analysis allows decision-makers to assess
the broader context in which primary sector selection occurs. By considering these factors
alongside the eight criteria, policymakers can develop more robust strategies, policies,
and interventions to navigate complex geopolitical dynamics, mitigate risks, and promote
sustainable economic development in Romania.

4. Methodology

The expected primary sector platforms, with eight competing criteria, are listed in
the following subsection. Using the IVF tool, parameter weights are calculated to rank
the primary sectors, representing fuzzy values to address decision-making uncertainty.
The IVF SAW, WPM, and WASPAS processes, and MCDM techniques are employed to
determine the ranking of primary sectors based on set standards.

4.1. Brainstorming Session

The following research work starts with the formation of an expert committee com-
prising ten economists who can offer their relevant views on the topic. The formation of
this committee comprising ten economists from various fields aims to identify the most
important Romanian sectors and to evaluate different factors influencing the respective
primary sectors and their impact on Romanian economic activity. The evaluation criteria
and their respective weights are determined through a structured process involving expert
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consultations, a literature review, and stakeholder engagement. Initially, we conduct in-
terviews and workshops with a diverse group of experts, including economists, industry
professionals, and policymakers, to identify and prioritize the key criteria relevant to each
primary sector. These criteria are then refined through iterative discussions and consensus-
building exercises to ensure their relevance and comprehensiveness. The weighting of
criteria is achieved through a combination of expert judgment, where experts assign rela-
tive importance to each criterion based on their expertise and experience. The committee
will conduct cross-sectoral analysis to identify interdependencies and synergies among
different primary sectors and factors influencing them. In addition, the committee will
also provide insights and recommendations to policymakers and stakeholders to optimize
resource allocation and promote sustainable development in primary sectors. Experts with
a minimum of ten years of relevant experience are selected based on their expertise in
specific sectors related to the Romanian economy. Diversity in specialization ensures a
comprehensive understanding of the factors influencing primary sectors. The demographic
details of the ten expert committee members are provided in Table 3. The names of the
experts are kept completely anonymous to avoid any future conflict of interest issues.

Table 3. Demographic details of the expert members.

Expert
Groups

Experts Field
Experience
(In Years)

Description

EG-1

Expert 1 Agricultural
economist 13

With extensive experience in agricultural economics, expert
1 specializes in analyzing factors affecting crop production,
land use, and agricultural policy.

Expert 2 Forestry economist 12
Expert 2 is a leading expert in forestry economics, focusing
on sustainable forest management, timber production, and
environmental conservation.

EG-2

Expert 3 Mining economist 15
Expert 3 brings expertise in mining economics, including
mineral resource extraction, mine development, and
regulatory frameworks.

Expert 4 Energy economist 14
Expert 5’s expertise lies in energy economics, including
energy production, consumption patterns, renewable energy
adoption, and energy policy.

EG-3

Expert 5 Manufacturing
economist 13

Expert 4 specializes in manufacturing economics, analyzing
factors such as industrial production, technology adoption,
and supply chain management.

Expert 6 Construction
economist 13

Expert 6 focuses on construction economics, examining
factors influencing building construction, infrastructure
development, and real estate markets.

EG-4

Expert 7
Information
Technology
economist

11

Expert 7 brings expertise in information technology
economics, focusing on factors influencing technology
adoption, digital innovation, and IT industry
competitiveness.

Expert 8 Environmental
economist 15

Expert 8’s expertise lies in environmental economics,
examining factors such as resource utilization, pollution
control, and sustainable development strategies.

EG-5

Expert 9 Fisheries economist 11
Expert 9 specializes in fisheries economics, analyzing factors
affecting fishery management, aquaculture development,
and marine resource conservation.

Expert 10 Textile economist 12
Expert 10 specializes in textile economics, focusing on
factors influencing textile production, supply chain
dynamics, and international trade in textiles.

Source: Author’s own elaboration.

290



Mathematics 2024, 12, 1157

The first stage of the session began with a discussion to identify the primary sectors
that have the most significant influence on the Romanian economy. Data for this analysis
were sourced from reputable sources, including government statistics, industry reports,
academic publications, and expert assessments. Quantitative and qualitative data on
various indicators related to the evaluation criteria were gathered, such as production vol-
umes, employment rates, technological adoption levels, environmental impact assessments,
and socioeconomic indicators. The experts’ panel mainly relied on the Scopus and WoS
databases to access numerous research articles on the field. After applying various filters
and a thorough analysis of the abstracts, the committee found 200 research articles that
suited the best related to the main theme, “Romanian economy”. The list of 200 articles
was further narrowed down by eliminating some of the irrelevant research articles after
in-depth research and discussions. Finally, around 100 research papers were short-listed
and considered for the ongoing analysis. After detailed investigation, the panel mem-
bers agreed that the sectors listed in Table 4 have the greatest contribution towards the
Romanian economy.

Table 4. Mapping of the selected factors to different sectors.

Factors Technological
Adaptation

and
Innovation

(TAI)

Infrastructure
Develop-
ment and

Investment
(IDI)

Gross
Domestic
Product

Contribution
(GDP)

Environmental
Impact and

Sustainability
(EIS)

Employment
Genera-

tion
(EG)

Market
Demand and

Export
Opportunities

(MDE)

Risk Man-
agement

and
Resilience

(RMR)

Govt.
Policies &
Subsidies

(GPS)

Alternatives

Fishing (A1) � � � � � �
Automobile (A2) � � � � � �

Agriculture and forestry (A3) � � � � � � � �
Energy (A4) � � � � � � � �

Manufacturing and
construction (A5)

� � � � �

Textile (A6) � � � � �
Information technology (A7) � � � �

Mining (A8) � � � � � � �

Source: Panel of expert members.

In the second stage of the session, each participant was asked to brainstorm factors
that have the greatest effect on these primary sectors. The facilitator recorded and refined
the suggestions from past studies. After thorough deliberation, the eight factors listed
in Table 4 were identified. The group then mapped each factor to the primary sectors,
considering their relevance and impact, as shown in Table 4. It should be noted that for the
current analysis of Romanian primary sector selection, political and international factors
were implicitly taken into consideration through the eight factors considered in the analysis.
The expert committee systematically explored how these factors intersect with political and
international dynamics, particularly in the context of pandemics and armed conflicts, such
as the conflict in Ukraine or the Israel/Gaza conflict.

In the final stage, the facilitator reviewed and summarized all the factors and their
mapping to the primary sectors, ensuring alignment with the objectives of the brainstorm-
ing session. The experts were encouraged to provide any additional feedback or insights
before concluding the session.

4.2. Interval-Valued Fuzzy WSM Method

The IVF-SAW method combines interval-valued fuzzy sets with the SAW method to
address decision-making issues. It employs interval-valued fuzzy numbers to represent
ambiguous information. The decision issue involves alternatives and criteria, each with
specific aims or traits [30,31]. The goal is to rate options for overall effectiveness considering
all criteria. The process begins with a decision matrix, where rows represent courses
of action and columns represent criteria, using IVF numbers to convey ambiguity and
imprecision in performance assessments. IVF numbers are a representation of uncertainty
in expert judgments, particularly in situations where qualitative assessments are made.
Gathering IVF numbers from qualitative judgments of experts involves a systematic process
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to translate linguistic expressions or qualitative assessments into fuzzy numbers that
capture the uncertainty associated with the judgments.

Step 1: Establish language-based criteria for performance assessment and weight. In
a MCGDM problem, create a fuzzy decision matrix Xk

ij using linguistic specifications for
criteria weights and performance ratings outlined in Table 5.

Table 5. Known linguistic specifications (criteria and alternative ratings).

Language Standards for Criteria Language Standards for Alternatives

Linguistic Specifications TFNs Linguistic Specifications TFNs

Very Low (VL) (0.0, 0.0, 0.1) Very Poor (VP) (0.0, 0.0, 0.1)
Low (L) (0.0, 0.1, 0.3) Poor (P) (0.0, 0.1, 0.3)

Medium Low (ML) (0.1, 0.3, 0.5) Medium Poor (MP) (0.1, 0.3, 0.5)
Medium (M) (0.3, 0.5, 0.7) Fair (F) (0.3, 0.5, 0.7)

Medium High (MH) (0.5, 0.7, 0.9) Medium Good (MG) (0.5, 0.7, 0.9)
High (H) (0.7, 0.7, 1.0) Good (G) (0.7, 0.7, 1.0)

Very High (VH) (0.9, 1.0, 1.0) Very Good (VG) (0.9, 1.0, 1.0)
Source: Panel of expert members.

Step 2: This will help to determine the fuzzy decision matrix X’s weight and its ‘m’
alternative possibilities with ‘n’ features, and E-1, E-2, E-3, E-4,..., Ej economist experts (or
groups) related to linguistic variables PA-1, PA-2, PA-3, PA-4,. . . PAm. Therefore, as seen in
Equation (1), the performance of alternative PAm with regard to decision matrix is denoted
by Xk

ij.

Xk
ij =

⎛⎜⎝Xk
11 · · · Xk

1n
...

. . .
...

Xk
m1 · · · Xk

mn

⎞⎟⎠ (1)

Linguistic variables serve the mentioned objectives but are not directly transformed
into IVF integers. In this work [32], they are converted into conventional TFNs for better
utilization of the opportunities presented by IVF numbers.

The linguistic specification set-1 = “Very low (VL), Low (L), Medium Low (ML),
Medium (M), Medium High (MH), High (H), and Very High (VH)” shown in Table 5 is
used to rate the criteria performances and the linguistic specification set-2 = “Very poor
(VP), Poor (P), Medium Poor (MP), Fair (F), Medium Good (MG), Good (G), and Very Good
(VG)” represented in Table 5 is used by the economy experts to determine the alternatives
performances with respect to each criteria. Experts are asked to provide their qualitative
judgments using linguistic expressions such as “very low”, “low”, “medium”, “high”,
and “very high” to describe the degree of membership or fulfillment of a criterion by
an alternative. Each linguistic expression is mapped to a fuzzy linguistic term, typically
represented by a triangular or trapezoidal membership function. However, Triangular
Fuzzy Numbers (TFNs) were used in this article, which contains lower, middle and upper
bound values as depicted in Table 5. The linguistic specification value of an expert opinion
is converted into triangular fuzzy integers with interval values using Equations (2)–(6).

l = mind

(
ld
)

(2)

l′ =
(
∏d

d=1 ld
)1/d

(3)

m =
(
∏d

d=1 md
)1/d

(4)

u′ =
(
∏d

d=1 ud
)1/d

(5)
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u = maxd

(
ud
)

(6)

where x = [(l, l′), m, (u′, u)] represents the corresponding interval-valued triangular fuzzy
number; xd =

(
ld, md, ud

)
represents the triangular fuzzy number obtained on the basis of

opinion of dth decision maker, d = 1. . .. . .D; and D is the number of decision makers.
Eight criteria are considered, and the ten economists clustered into five groups offered

opinions regarding the criteria importance based on linguistic specifications
xd =

(
ld, md, ud

)
for each factor, as shown in Table 6. The linguistic values were con-

verted to respective TFNs in Table 6 using scores from Table 5. Experts were able to discuss
and calibrate their judgments to ensure consistency and coherence across the assessments.
This could involve averaging or aggregating individual judgments or adjusting fuzzy
numbers based on group consensus. The resulting fuzzy linguistic terms represent the
uncertainty inherent in the qualitative judgments. The width of the fuzzy numbers reflects
the degree of uncertainty or vagueness associated with the experts’ assessments. The TFNs
were then transformed into IVF numbers using Equations (2)–(6), as illustrated in Table 7.
These weights were implemented in the SAW method to rank different pedagogy methods.

Table 6. Criteria rating by the expert members.

Specification Criteria Rating Linguistic Specifications into TFNs

Criteria TAI IDI GDP EIS EG MDE RMR GPS

EG-1
(0.7,0.7,1.0) (0.7,0.7,1.0) (0.7,0.7,1.0) (0.7,0.7,1.0) (0.5,0.7,0.9) (0.9,1.0,1.0) (0.3,0.5,0.7) (0.5,0.7,0.9)

H H H H MH VH M MH

EG-2
(0.5,0.7,0.9) (0.5,0.7,0.9) (0.7,0.7,1.0) (0.9,1.0,1.0) (0.7,0.7,1.0) (0.7,0.7,1.0) (0.5,0.7,0.9) (0.5,0.7,0.9)

MH MH H VH H H MH MH

EG-3
(0.5,0.7,0.9) (0.7,0.7,1.0) (0.9,1.0,1.0) (0.7,0.7,1.0) (0.5,0.7,0.9) (0.5,0.7,0.9) (0.3,0.5,0.7) (0.3,0.5,0.7)

MH H VH H MH MH M M

EG-4
(0.7,0.7,1.0) (0.5,0.7,0.9) (0.7,0.7,1.0) (0.5,0.7,0.9) (0.7,0.7,1.0) (0.7,0.7,1.0) (01,0.3,0.5) (0.3,0.5,0.7)

H MH H MH H H ML M

EG-5
(0.5,0.7,0.9) (0.3,0.5,0.7) (0.7,0.7,1.0) (0.5,0.7,0.9) (0.7,0.7,1.0) (0.3,0.5,0.7) (0.7,0.7,1.0) (01,0.3,0.5)

MH M H MH H M H ML

Source: Panel of expert members.

Table 7. Interval-valued triangular fuzzy weights of criteria.

Criteria l l′ m u′ u DNCj

TAI 0.5000 0.5720 0.7000 0.9387 1.0000 0.1345
IDI 0.3000 0.5165 0.6544 0.8927 1.0000 0.1219

GDP 0.7000 0.7361 0.7518 1.0000 1.0000 0.1518
EIS 0.5000 0.6434 0.7518 0.9587 1.0000 0.1397
EG 0.5000 0.6119 0.7000 0.9587 1.0000 0.1367

MDE 0.3000 0.5809 0.7028 0.9117 1.0000 0.1267
RMR 0.1000 0.3160 0.5165 0.7391 1.0000 0.0968
GPS 0.1000 0.2954 0.5165 0.7237 0.9000 0.0919

Source: Panel of expert members.

Step 3: Rate optimum performance for each category by selecting the performance
rating that best meets each criterion. Optimal performance ratings should be expressed as
IVF numbers instead of precise ones. The formula below is used to determine these ratings.

xj =
[(

lj, l′ j
)
, mj,

(
u′

j, uj
)]

(7)
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Here, xj stands for the jth criterion’s interval-valued fuzzy best performance rating.

lj =

{
maxilij; j ∈ ωmax
minilij; j ∈ ωmin

(8)

l′j =
{

maxil′ij; j ∈ ωmax

mini l′ij; j ∈ ωmin
(9)

mj =

{
maximij; j ∈ ωmax
minimij; j ∈ ωmin

(10)

u′
j =

{
maxi u′

ij; j ∈ ωmax

miniu′
ij; j ∈ ωmin

(11)

uj =

{
maxiuij; j ∈ ωmax
miniuij; j ∈ ωmin

(12)

Maximum for benefit criteria (prefer higher values) and minimum for cost criteria
(prefer lower values).

The five expert groups use the linguistic specifications from Table 5 to evaluate the
performances of the eight primary sectors with respect to each factor, as shown in Table 8.
Fuzzy numbers obtained from multiple experts for each criterion and alternative are
aggregated using fuzzy arithmetic operations from Equations (2)–(6) to receive the alter-
native performance scores with respect to each criterion in terms of IVF values. These
aggregated fuzzy numbers provide a comprehensive representation of the overall expert
judgments, considering both the central tendency and the variability of the assessments.
The final decision matrix, presented in Table 9 as IVF numbers, undergoes assessment using
Equations (7)–(6) for the IVF extension of the SAW model. The initial step in this approach
is to obtain the suitable performance ratings using Equation (7).

Table 8. Alternative performance rating of group discussion in linguistic terms.

PS TAI IDI GDP EIS EG MDE RMR GPS

A1 MG, G, M,
MP, M

G, MG, M, M,
MG

M, M, MG,
MG, M

MP, M, P, G,
MG

G, VG, G, MG,
MG

MG, M, MP, P,
M

M, MP, G,
MG, MP

P, VP, VP, MP,
MP

A2 G, MP, MG, G,
MP

MP, MP, M, M,
MG

MP, P, MP, MP,
P

MP, MP, P, P,
MP

M, MG, M,
MG, MG

MG, M, MP,
M, M

M, MP, M,
MG.MP

MG, M, MP,
M, M

A3 VG, G, VG, G,
G

M, MG, MG,
M, MG

M, M, MG,
MG, M

MG, G, M,
MG, G

MG, G, M,
MP, MG

G, MG, G,
MG, M

G, MG, G, G,
G

VG, G, VG,
VG, G

A4 MG, G, MG,
MP, MG

MP, M, MG,
MG, M

MG, G, G, G,
G

M, MG, M,
MG, MG

G, VG, G, G,
MG

MG, G, G,
MG, G

MG, G, MG,
VG, G

G, MG, MG,
MG, MG

A5 P, VP, VP, MP,
P P, P, VP, VP, P M, MP, MP, M,

M
MP, MP, P, P,

VP
MP, P, VP, P,

VP
M, MP, P, M,

MP
MP, P, MP, M,

MP
M, VP, MP,

MP, MP

A6 MP, MP, M,
MP, M

M, MG, M,
MP, M

VP, VP, P, P,
VP

MP, M, M, MP,
M P, MP, P, MP, P VP, P, MP, MP,

MP
MP, VP, P, MP,

P
VP, P, MP, MP,

P

A7 P, VP, MP, VP,
P

VP, P, MP, MP,
VP

MP, MP, VP,
MP, P

MP, MP, VP,
VP, P

VP, MP, MP, P,
VP

P, MP, MP, VP,
VP

VP, P, VP, MP,
VP

VP, MP, P, MP,
P

A8 M, M, MG,
MG, G

M, MG, M, M,
MG

MP, MP, M, M,
MP

G, MG, G,
MG, M

MG, M, MG,
G, VG

G, MG, MG,
MG, G

MG, G, M, G,
MG

MP, MP, MP,
MP, MP

Source: Author’s own elaboration.

Table 9. Interval-valued performance ratings of the primary sectors.

PS TAI IDI GDP EIS EG MDE RMR GPS

A1

0.1000 0.3000 0.3000 0.0000 0.5000 0.0000 0.1000 0.0000
0.3160 0.4360 0.3680 0.0000 0.6434 0.0000 0.2537 0.0000
0.5165 0.6119 0.5720 0.3743 0.7518 0.3500 0.4663 0.0000
0.7391 0.8313 0.7740 0.6239 0.9587 0.5809 0.6910 0.2371
1.0000 1.0000 0.9000 1.0000 1.0000 0.9000 1.0000 0.5000
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Table 9. Cont.

PS TAI IDI GDP EIS EG MDE RMR GPS

A2

0.1000 0.1000 0.0000 0.0000 0.3000 0.1000 0.1000 0.1000
0.3005 0.2141 0.0000 0.0000 0.5186 0.2667 0.2141 0.2667
0.4988 0.4360 0.1933 0.1933 0.7028 0.4829 0.4360 0.4829
0.7421 0.6434 0.4076 0.4076 0.8741 0.6882 0.6434 0.6882
1.0000 0.9000 0.5000 0.5000 0.9000 0.9000 0.9000 0.9000

A3

0.7000 0.3000 0.3000 0.3000 0.1000 0.3000 0.5000 0.7000
0.7740 0.4076 0.3680 0.5165 0.3500 0.5165 0.6544 0.8139
0.8073 0.6119 0.5720 0.6544 0.5524 0.6544 0.7000 0.8670
1.0000 0.8139 0.7740 0.8927 0.7772 0.8927 0.9791 1.0000
1.0000 0.9000 0.9000 1.0000 1.0000 1.0000 1.0000 1.0000

A4

0.1000 0.1000 0.5000 0.3000 0.5000 0.5000 0.5000 0.5000
0.3876 0.2954 0.6544 0.4076 0.6882 0.6119 0.6434 0.5348
0.5909 0.5165 0.7000 0.6119 0.7518 0.7000 0.7518 0.7000
0.8172 0.7237 0.9791 0.8139 0.9791 0.9587 0.9587 0.9192
1.0000 0.9000 1.0000 0.9000 1.0000 1.0000 1.0000 1.0000

A5

0.0000 0.0000 0.1000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.1933 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.4076 0.0000 0.0000 0.2954 0.2667 0.0000
0.2141 0.1933 0.6119 0.2954 0.2141 0.5165 0.4829 0.3876
0.5000 0.3000 0.7000 0.5000 0.5000 0.7000 0.7000 0.7000

A6

0.1000 0.1000 0.0000 0.1000 0.0000 0.0000 0.0000 0.0000
0.1552 0.2667 0.0000 0.1933 0.0000 0.0000 0.0000 0.0000
0.3680 0.4829 0.0000 0.4076 0.1552 0.0000 0.0000 0.0000
0.5720 0.6882 0.1552 0.6119 0.3680 0.3272 0.2954 0.2954
0.7000 0.9000 0.3000 0.7000 0.5000 0.5000 0.5000 0.5000

A7

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.2141 0.2371 0.3272 0.2371 0.3758 0.2371 0.2724 0.2954
0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000

A8

0.3000 0.3000 0.1000 0.3000 0.3000 0.5000 0.3000 0.1000
0.4360 0.3680 0.1552 0.5165 0.5431 0.5720 0.5165 0.1000
0.6119 0.5720 0.3680 0.6544 0.7028 0.7000 0.6544 0.3000
0.8313 0.7740 0.5720 0.8927 0.8927 0.9387 0.8927 0.5000
1.0000 0.9000 0.7000 1.0000 1.0000 1.0000 1.0000 0.5000

Source: Author’s own elaboration.

Step 4: Normalize the decision matrix with Equations (13) and (14) based on parameter
nature. Equation (13) is applied for benefit criteria, where larger values are expected.

Nij =
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Use the following Equation (14) for non-benefit criterion (minimum parameter) whose
smaller values are anticipated.
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Step 5: Determine the weighted normalized matrix using Equations (15) and (16).

WNij = Nij × DNCj (15)

DNCj =
lc + lc ′ + mc + uc

′ + uc

5
(16)
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Step 6: Defuzzification of IVF-weighted normalized performance rating using
Equation (17) to calculate the defuzzification (DFW) and weighted sum (WS

i ) using
Equation (18). The ranking of primary sectors and the corresponding values of (Wi

S) are
shown in Table 10.

DFWi =
l + l′ + m + u′ + u

5
(17)

WiP = WS
i = DFGDPi + DFEMPi + DFTAi + DFIVTi + DFIDi + DFGPSi + DFRMi + DFEIi (18)

Table 10. Prescribed rankings using IVF-SAW, IVF-WSM and IVF-WASPAS.

PS WSM (Ws
i ) Rank WPM (Wp

i ) Rank WASPAS (Qi) Rank

A1 0.6063 4 0.0411 4 0.3237 4
A2 0.4304 5 0.0281 5 0.2293 5
A3 0.7220 2 0.1126 2 0.4173 2
A4 0.7427 1 0.1149 1 0.4288 1
A5 0.2350 7 0.0010 7 0.1180 7
A6 0.3451 6 0.0069 6 0.1760 6
A7 0.1994 8 0.0003 8 0.0999 8
A8 0.6907 3 0.1114 3 0.4010 3

Source: Author’s own elaboration.

4.3. Interval-Valued Fuzzy WPM Method

In fuzzy MCDM problems, relative weights are often represented by fuzzy numbers.
A fuzzy number is defined as a convex fuzzy set with a given interval of real numbers, each
with a membership value between 0 and 1. To accommodate a situation where determining
precise values is challenging, membership values can be expressed as an interval of real
values. In this study, criteria weights are treated as linguistic variables, which is particularly
useful for complex or poorly defined circumstances. These linguistic variables can be
transformed into triangular fuzzy numbers with interval values [32]. Considering the
difficulty in determining precise criteria levels in the physical world, we modify the WPM
approach to address the MCGDM problem using linguistic criteria values.

Step 1: Define linguistic parameters for criteria weight and performance rating of eight
alternatives in a fuzzy decision matrix for group decision, as outlined in Tables 6 and 8.

Step 2: Convert expert judgment to IVF numbers, following the same process as in
IVF-SAW Step 2. IVF-WPM method uses the exact same data from IVF-SAW step 2.

Step 3: Rate optimal performance for each category, following the same process as in
IVF-SAW Step 3. IVF-WPM method uses the data from IVF-SAW Step 3.

Step 4: Determine the normalized decision matrix, which is the same as in IVF-SAW
Step 4. The same value is used for this step.

Step 5: Determine the weighted normalized matrix using Equation (19).

WNij = N
DNCj
ij (19)

Step 6: Defuzzify IVF-weighted normalized performance ratings using the same
method as in IVF-SAW with Equations (17) and (18). The rank of pedagogy methods and
corresponding values ‘Wp

i ’ are presented in Table 10.

4.4. Interval-Valued Fuzzy WASPAS Method

Combining IVF-SAW and IVF-WPM creates IVF-WASPAS, ranking alternatives us-
ing the aggregated sum product weightage (Qi). This method integrates the weighted
summation (Ws

i ) and multiplication (Wp
i ) procedures, as shown in Equation (20).

Qi = 0.5Ws
i + 0.5Wp

i = 0.5∑n
j=1 NijWj + 0.5∑n

j=1 Nij
Wj (20)
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where, Qi is the aggregated sum product weightage of the ith alternative (i = 1, 2, 3. . ., m;
j = 1, 2, 3. . ., n)

5. Result and Discussion

Using the IVF-SAW, IVF-WPM, and IVF-WASPAS methodologies, the primary sectors
are evaluated and compared. Defuzzified IVF values for SAW, WPM, and WASPAS are
established for each model. The subsequent section provides a detailed discussion on the
impact of these strategies. A-4 (Energy sector) receives the highest preference score in all
three techniques, while the A-7 (Information Technology) alternative scores the lowest as
per the expert judgements and opinions. The preferred order for various primary sector
options is as follows.

• IVF-SAW: A-4 > A-3 > A-8 > A-1 > A-2 > A-6 > A- 5 > A-7
• IVF-WPM: A-4 > A-3 > A-8 > A-1 > A-2 > A-6 > A- 5 > A-7
• IVF-WASPAS: A-4 > A-3 > A-8 > A-1 > A-2 > A-6 > A- 5 > A-7

The discussion of the Romanian primary sectors ratings prescribed by the three MCDM
methods offers valuable insights into the relative importance and performance of each
sector. Let us discuss and justify these rankings in the context of the Romanian economy
and real-world considerations with the help of Table 11, provided below.

Table 11. Aligning the alternatives’ rating with the real-world application.

Rank Primary Sectors Justifications

1 Energy

Energy consistently ranks highest across all three MCDM methods. This ranking is justified by the
sector’s significant contributions to technological adaptation and innovation through advancements
in renewable energy technologies and efficiency measures. Furthermore, energy infrastructure
development and investment, such as power plants and transmission networks, play crucial roles in
supporting economic growth and industrial activities. The energy sector also contributes
substantially to GDP, employment generation, and market demand, while government policies and
subsidies encourage investment in sustainable energy sources, further solidifying its top-ranking
position.

2 Agriculture and
Forestry

Agriculture and forestry consistently rank second among the primary sectors. These sectors
contribute to technological adaptation and innovation through the adoption of modern farming
practices and sustainable forestry management techniques. Infrastructure development and
investment in rural areas, such as irrigation systems and forest management facilities, support
agricultural and forestry activities. Moreover, agriculture and forestry make significant contributions
to GDP, employment generation, and environmental sustainability by preserving ecosystems and
providing renewable resources. Government policies and subsidies further promote growth in these
sectors through incentives for sustainable practices and rural development initiatives.

3 Mining

Mining consistently ranks third across all MCDM methods. While the sector may lag behind in
technological adaptation compared to other industries, it still contributes to innovation through
advancements in mining technologies and extraction methods. Infrastructure development and
investment in mining operations, such as mine infrastructure and transportation networks, support
economic activities in mining regions. Mining contributes significantly to GDP through mineral
extraction and processing, albeit with potential environmental impacts that require sustainable
practices and mitigation measures. Employment generation, market demand, and government
policies also influence the sector’s ranking, with subsidies aimed at promoting responsible mining
practices and community development.

297



Mathematics 2024, 12, 1157

Table 11. Cont.

Rank Primary Sectors Justifications

4 Fishing

Fishing consistently ranks fourth among the primary sectors. While the sector may have limited
technological innovation compared to other industries, infrastructure development and investment
in fishing fleets and processing facilities support maritime activities. Fishing contributes to GDP
through seafood production and export opportunities, while employment generation and market
demand drive the sector’s importance in coastal communities. Environmental sustainability is
crucial for the fishing industry, with regulations and conservation efforts aimed at preserving marine
ecosystems. Government policies and subsidies support sustainable fishing practices and resource
management, influencing the sector’s ranking.

5 Automobile

The automobile industry consistently ranks fifth across all MCDM methods. Technological
adaptation and innovation are significant drivers in the automotive sector, with advancements in
electric vehicles and autonomous driving technologies. Infrastructure development and investment
in automotive manufacturing plants and transportation networks support industry growth. The
automobile industry contributes significantly to GDP through manufacturing and exports, while
employment generation and market demand influence its importance in the economy. Government
policies and subsidies incentivize investment in research and development, emission reduction
measures, and automotive production, impacting the sector’s ranking.

6 Textile

The textile industry consistently ranks sixth among the primary sectors. While the sector may have
limited technological innovation compared to other industries, infrastructure development and
investment in textile manufacturing facilities support production activities. Textile manufacturing
contributes to GDP through domestic production and export opportunities, while employment
generation and market demand drive industry dynamics. Environmental sustainability is a growing
concern, with initiatives aimed at reducing water consumption and promoting sustainable textile
production. Government policies and subsidies support industry competitiveness and sustainability,
influencing its ranking.

7 Manufacturing and
Construction

The manufacturing and construction sectors consistently rank seventh across all MCDM methods.
While these sectors may exhibit some technological adaptation and innovation, infrastructure
development and investment in manufacturing facilities and construction projects support economic
activities. Manufacturing and construction contribute significantly to GDP through industrial
production and infrastructure development, while employment generation and market demand
drive sector dynamics. Environmental sustainability considerations are important, with regulations
and green building initiatives aimed at reducing environmental impact. Government policies and
subsidies support industry growth and sustainability, impacting the sector’s ranking.

8 Information
Technology

Information technology consistently ranks lowest among the primary sectors. While the sector excels
in technological adaptation and innovation, infrastructure development and investment in IT
infrastructure and digital connectivity support industry growth. Information technology contributes
to GDP through software development, IT services, and digital innovation, while employment
generation and market demand drive sector dynamics. Environmental sustainability considerations
are relevant, with initiatives aimed at reducing e-waste and promoting energy-efficient technologies.
Government policies and subsidies support digital transformation and innovation, influencing the
sector’s ranking.

Source: Author’s own elaboration.

The rankings of Romanian primary sectors prescribed by the IVF-SAW, IVF-WPM, and
IVF-WASPAS MCDM tools shown in Figure 2 align with real-world considerations across
various factors. These rankings provide valuable insights for policymakers, investors, and
stakeholders in strategic decision-making and resource allocation to promote sustainable
economic development in Romania.
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Figure 2. Ranking comparison of IVF-SAW, IVF-WPM, IVF-WASPAS. (Source: Author’s own elaboration).

5.1. Sensitivity Analysis

Incorporating the diffusion coefficient (λ) into choice frameworks reflects the economic
experts’ views on uncertainty. Ensuring model stability requires a sensitivity analysis,
varying λ from 0 to 1 and fine-tuning values. Probing the parameter’s impact assesses
the framework’s responsiveness to changes in expert’s perspective. This iterative process
aligns the model with the intended pedagogical approach and enhances reliability in
accommodating uncertainty. Sensitivity analysis validates stability and exhibits adaptability
to the experts’ evolving viewpoint on uncertainty in education.

5.1.1. Sensitivity Analysis on IVF-SAW Method

To determine the weighted sum score, convert overall performance ratings into exact
IVF values. The choice of defuzzification techniques may impact outcomes, making it
crucial to decide which technique to use and when to use it. Adjusting ‘λ’ in Equation (21)
provides more options than Equation (17), allowing for a flexible weighting of lower
(l, l’) and upper (u, u’) bounds. Table 12 presents results from Equation (21) for various
coefficient values.

DFλ =
(1 − λ)l + λl′ + m + λu′ + (1 − λ)u

3
(21)

Table 12. Ranking for various parameters λ on IVF-SAW and IVF-WPM method.

PS
λ = 0 λ = 0.5 λ = 1

Ws
i Rank Wp

i Rank Ws
i Rank Wp

i Rank Ws
i Rank Wp

i Rank

A1 1.2162 4 0.0356 4 0.5993 4 0.0346 4 1.2162 4 3.8220 4
A2 0.8534 5 0.0241 5 0.4262 5 0.0236 5 0.8534 5 2.5410 5
A3 1.6117 2 0.0822 2 0.7178 2 0.0785 2 1.6117 2 11.8604 2
A4 1.6728 1 0.0826 3 0.7395 1 0.0803 1 1.6728 1 12.3922 1
A5 0.3008 7 0.0004 7 0.2157 7 0.0004 7 0.3008 7 0.0014 7
A6 0.5850 6 0.0040 6 0.3287 6 0.0036 6 0.5850 6 0.0802 6
A7 0.1348 8 0.0001 8 0.1662 8 0.0001 8 0.1348 8 0.0001 8
A8 1.4834 3 0.0820 1 0.6828 3 0.0775 3 1.4834 3 11.4447 3

Source: Author’s own elaboration.

The rankings in Table 12 and Figure 3 demonstrate that the proposed IVF integrated
with SAW approach is a valuable tool for assessing decision-making scenarios and selecting
the best alternative.
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Figure 3. Ranking with change of λ for IVF-SAW. Source: Author’s own elaboration.

5.1.2. Sensitivity Analysis on IVF-WPM Method

The same process is followed here as in IVF-SAW. By using Equation (21) and adjusting
‘λ’, it is possible to give more weight to the lower (l, l’) or upper (u, u’) bounds, allowing
for sensitivity analysis. The weighted product of each alternative considering varying the
‘λ’ values is presented in Table 12. The rankings in Table 12 and Figure 4 demonstrate
that the proposed IVF integrated with WPM approach is a valuable tool for assessing
decision-making scenarios and selecting the best alternative.

Figure 4. Ranking with change of λ for IVF-WPM. (Source: Author’s own elaboration).

5.1.3. Sensitivity Analysis on IVF-WASPAS Method

A more generalized equation represented by Equation (22) is used to improve the
efficacy and ranking accuracy. The corresponding values are shown in Table 13 and the
alternative’s ranking deviations are illustrated using Figure 5. Where, λ = 0, 0.1, 0.2, 0.3. . ., 1.

Qi = λWs
i + (1 − λ)Wp

i = λ∑n
j=1 NijWj + (1 − λ)∑n

j=1 Nij
Wj (22)
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Table 13. Ranking of IVF-WASPAS method for varying ‘λ’.

PS λ = 0 λ = 0.1 λ = 0.2 λ = 0.3 λ = 0.4 λ = 0.5 λ = 0.6 λ = 0.7 λ = 0.8 λ = 0.9 λ = 1

A1 4 4 4 4 4 4 4 4 4 4 4
A2 5 5 5 5 5 5 5 5 5 5 5
A3 2 2 2 2 2 2 2 2 2 2 2
A4 1 1 1 1 1 1 1 1 1 1 1
A5 7 7 7 7 7 7 7 7 7 7 7
A6 6 6 6 6 6 6 6 6 6 6 6
A7 8 8 8 8 8 8 8 8 8 8 8
A8 3 3 3 3 3 3 3 3 3 3 3

Source: Author’s own elaboration.

Figure 5. Ranking with change of λ for IVF-WASPAS. (Source: Author’s own elaboration).

In conclusion, varying the variables from 0 to 1 in intervals of 0.1 does not impact
the ranking order of alternatives. This suggests that, without changes, A-4 remains the
top choice. This study highlights the reliability and robustness of the evaluation model,
recommending the optimal method from a range of options. Overall, it is evident from
Tables 12 and 13 that for every value of ‘λ’ variation, the exact same rankings have been ob-
tained for every case, thus indicating the robustness and stability in the final output rankings.

The findings from the rankings of Romanian primary sectors can provide valuable
guidance to decision-makers in selecting and prioritizing sectors for investment, policy
intervention, and development initiatives. By leveraging sectoral strengths, addressing
challenges, and promoting sustainability and resilience, decision-makers can foster in-
clusive and sustainable economic growth in Romania. Table 14 provides more concrete
insights into how the findings from the rankings of Romanian primary sectors prescribed
by the IVF-SAW, IVF-WPM, and IVF-WASPAS MCDM tools could influence primary sector
selection and guide decision-making.
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Table 14. Implications and recommendation of the experts.

Area of Implications Implications and Recommendation

Strategic investment
prioritization

Implications
The consistent top rankings of the energy, agriculture, and forestry sectors
indicate their significant contributions to economic development and
sustainability.

Recommendations

Decision-makers should prioritize strategic investments in these sectors to
capitalize on their strengths and potential for growth. This could involve
allocating resources for infrastructure development, research and development,
and capacity-building initiatives to enhance productivity and competitiveness.

Diversification and
innovation

Implications
While certain sectors like energy and agriculture perform well across all
MCDM methods, others like information technology and manufacturing show
variability in their rankings.

Recommendations

Decision-makers should focus on diversifying the economy and fostering
innovation in sectors with lower rankings. This could involve implementing
policies to support technology adoption, research and development, and
entrepreneurship to stimulate growth and competitiveness in these sectors.

Environmental
sustainability

Implications
The rankings provide insights into the environmental impact and
sustainability practices of different sectors, with sectors like mining and
manufacturing potentially facing challenges.

Recommendations

Decision-makers should prioritize environmental sustainability in sector
selection by promoting sustainable practices, implementing stricter
regulations, and investing in clean technologies and renewable energy sources.
This would not only mitigate environmental risks but also enhance long-term
resilience and competitiveness.

Market demand and
export opportunities

Implications
Sectors with high rankings in market demand and export opportunities, such
as energy and agriculture, indicate their potential for driving economic growth
through international trade.

Recommendations

Decision-makers should leverage these sectors’ strengths by promoting
exports, facilitating market access, and fostering international partnerships.
This could involve implementing trade policies, providing export incentives,
and supporting market intelligence and export promotion initiatives.

Employment generation
and rural development

Implications Sectors like agriculture and forestry play a crucial role in employment
generation and rural development, as indicated by their high rankings.

Recommendations

Decision-makers should prioritize sectors with strong potential for job creation
and rural development through targeted investments, skills training programs,
and entrepreneurship support. This could help address unemployment,
reduce rural-urban disparities, and stimulate inclusive economic growth.

Policy alignment and
coordination

Implications Government policies and subsidies can significantly influence sector
performance and competitiveness.

Recommendations

Decision-makers should ensure alignment and coordination of policies across
sectors to create a conducive business environment and address sector-specific
challenges. This could involve developing sectoral strategies, establishing
policy coherence mechanisms, and enhancing stakeholder engagement to
maximize policy effectiveness and impact.

Resilience and risk
management

Implications
Sectors with lower rankings may face challenges related to resilience and risk
management, such as technological disruptions, market volatility, and
environmental risks.

Recommendations

Decision-makers should assess and address sector-specific risks by
implementing proactive measures, diversifying revenue streams, and
enhancing adaptive capacity. This could involve establishing risk management
frameworks, promoting innovation and flexibility, and providing targeted
support to vulnerable sectors.

Source: Author’s own elaboration.

302



Mathematics 2024, 12, 1157

5.2. Ranking Comparisons

The following section highlights the comparisons of the present rankings with other
methods to observe any differences in the outcome results. To prove the robustness of the
present hybrid model, traditional SAW, WPM and WASPAS without considering fuzzy
were further applied and the alterations in the output rankings were observed. It is to be
noted from Table 15 that the alternative rankings vary across the three traditional MCDM
tools. Although conventional SAW and WASPAS prescribe the same ranking order, the
ranking proposed by traditional WPM is completely different, thus indicating the instability
and lack of cooperation among these three traditional methods. On the other hand, when
IVF is integrated with SAW, WPM and WASPAS, the ranking order is modified and the
stability is further enhanced, thus producing the same ranking across the three methods
as evident from Table 15. The variations in the ranking order among the applied MCDM
methods are also illustrated graphically in Figure 6.

Table 15. Ranking comparisons among different MCDM models.

PS
IVF-Fuzzy Non-Fuzzy

WSM WPM WASPAS WSM WPM WASPAS

A1 4 4 4 4 1 4
A2 5 5 5 5 5 5
A3 2 2 2 2 4 2
A4 1 1 1 1 2 1
A5 7 7 7 8 8 8
A6 6 6 6 6 6 6
A7 8 8 8 7 7 7
A8 3 3 3 3 3 3

Source: Author’s own elaboration.

Figure 6. Graphical representation of the ranking comparisons. (Source: Author’s own elaboration.)

Some other insights can be derived from this comparative analysis. Across both
analyses, alternatives A2, A6 and A8 maintain the same ranks. This suggests that these
alternatives possess a consistent performance across both IVF and traditional methods.
Notably, there are differences in the rankings of alternatives A1, A3, A4, A5 and A7 between
the two analyses. In the IVF analysis, all the alternatives are consistently ranked at the
same positions for all three methods, respectively. In the second analysis of traditional
methods, alternatives A2, A5, A6, A7 and A8 remain at positions 5, 8, 6, 7, and 3, but A1,
A3 and A4 swap positions with ranks 1, 2 and 4, respectively. Hence, from the traditional
methods, it would be contradictory to accomplish the first and second-rank alternatives
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since different methods suggest different ranking orders to the alternatives A1, A3 and
A4. The discrepancies in rankings could be attributed to the handling of uncertainty and
fuzziness in the IVF methods. IVF techniques allow for a more nuanced representation
of uncertainty, which may lead to different rankings compared to traditional methods
that do not account for fuzziness. Fuzzy methods tend to capture the imprecision and
ambiguity present in decision-making processes more effectively, potentially resulting in
better prioritization of alternatives.

In conclusion, the ranking comparisons between the two MCDM analyses reveal both
consistencies and differences, primarily driven by the inclusion of fuzziness in IVF methods.
The performance and the robustness of the results of any MCDM tools can be enhanced by
integrating the fuzzy concept. However, it can be observed that fuzzy-embedded hybrid
MCDM tools perform better compared to the traditional MCDM methodologies. Fuzzy
models can produce consistent rankings and their stability is also better compared to
other alternative models. Therefore, if decision-makers want to prioritize a more nuanced
handling of uncertainty and are willing to accept potentially different rankings due to
fuzziness, IVF methods might be preferred. Conversely, if decision-makers prefer straight-
forward, deterministic rankings without considering fuzziness, traditional methods could
be more suitable.

6. Conclusions

This research delves into a comprehensive analysis of the primary sector’s role in
shaping the economic activity in Romania. Using advanced decision-making methodologies
like IVF-SAW, IVF-WPM, and IVF-WASPAS within the MCDM framework, this study
emphasizes the pivotal role of the energy sector compared to other alternatives. The
findings underscore the critical significance of the energy sector in driving economic
growth and development. Rigorous evaluation demonstrates its superior performance,
indicating its capacity to generate economic value, create employment opportunities, and
contribute significantly to overall prosperity in Romania. This research highlights the
importance of prioritizing investments and initiatives in the energy sector for sustainable
economic progress and increased resilience to economic fluctuations.

While the success of the energy sector is crucial, it does not diminish the importance of
other primary sectors in Romania’s economic landscape. These sectors play vital roles and
must be nurtured alongside the energy sector for a balanced and diversified economy. This
research provides a solid foundation for future studies and policy decisions related to the
primary sector’s selection in Romania. Acknowledging the central role of the energy sector
and adopting a holistic approach to economic development can guide Romania towards
greater prosperity and resilience in the evolving global economic landscape.

6.1. Managerial Implications

The present research on the selection of Romanian primary sectors using an integrated
SAW, WPM, and WASPAS approach provides valuable insights for managers involved
in sectoral development and investment decisions. By leveraging the findings and impli-
cations of this research, managers can make informed decisions that support the growth,
competitiveness, and sustainability of primary sectors in Romania. The following research
has several managerial implications that may be discussed as follows.

• Managers can use the integrated approach to allocate resources effectively across
different primary sectors in Romania. By considering the strengths and weaknesses
of each sector identified through the integrated SAW, WPM, and WASPAS approach,
managers can allocate resources such as funding, manpower, and technology to
maximize sectoral performance.

• The integrated approach provides a systematic framework for evaluating the per-
formance of primary sectors. Managers can use the findings to identify areas for
improvement within each sector and develop strategies to enhance performance. This
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may involve implementing process improvements, adopting new technologies, or
investing in workforce training and development.

• Managers can use the integrated approach to assess and mitigate risks associated with
sectoral selection and investment decisions. By considering the uncertainties inherent
in the decision-making process, managers can identify potential risks and develop
contingency plans to manage them effectively.

• The integrated approach can facilitate collaboration and partnerships between different
stakeholders within the primary sectors. Managers can leverage the findings to identify
complementary strengths and opportunities for collaboration, such as joint research
initiatives, supply chain partnerships, or market development efforts.

• This research’s findings can inform policy formulation and advocacy efforts aimed at
supporting the growth and development of primary sectors in Romania. Managers
can use the insights gained from the integrated approach to advocate for policies
that address sector-specific challenges, promote innovation, and create a conducive
business environment.

• Managers can use the integrated approach to inform long-term planning and invest-
ment decisions within the primary sectors. By considering the sectoral priorities and
opportunities identified through the approach, managers can develop strategic plans
and investment strategies that support sustainable growth and development over the
long term.

• Effective stakeholder engagement and communication are essential for the successful
implementation of sectoral development initiatives. Managers can use the integrated
approach to engage stakeholders such as government agencies, industry associations,
and local communities in the decision-making process and communicate the rationale
behind sectoral selection and investment decisions.

6.2. Limitations of the Present Research

Despite numerous positive interpretations, every decision-making analysis involving
different factors involves certain limitations that need to be addressed properly to enhance
the robustness and applicability of the MCDM models. Below are some of the identified
limitations that may be associated with this research.

• The accuracy and reliability of the decision-making process heavily rely on the avail-
ability and quality of the data used in the analysis. Limitations in data availability or
inaccuracies in data collection may introduce biases or uncertainties into the results.

• The integration of expert judgments in assigning criteria weights or assessing perfor-
mance scores may introduce subjectivity and bias into the decision-making process.
Differences in expertise, perspectives, or preferences among experts may influence the
outcomes of the analysis.

• This research may involve simplifying assumptions or constraints to facilitate the
decision-making process. These assumptions may not fully capture the complexities
and nuances of the primary sector selection problem, potentially leading to oversim-
plification or unrealistic conclusions.

• The integrated SAW, WPM, and WASPAS decision-making approach may be complex
and computationally intensive, particularly when dealing with a large number of criteria
and alternatives. This complexity may limit the practical applicability of the approach or
require significant computational resources and expertise for implementation.

• While interval-valued fuzzy sets offer a flexible framework for handling uncertainty,
their validity and effectiveness depend on the appropriateness of the membership func-
tions and the accuracy of interval assignments. Inaccurate or arbitrary assignments of
interval values may undermine the reliability of the analysis.

• The findings and recommendations derived from this research may be specific to the
context of the Romanian primary sector and may not be directly applicable to other
regions or sectors. Factors such as cultural, economic, or institutional differences may
limit the generalizability of the results.
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• The primary sector selection problem is inherently dynamic, with evolving trends,
preferences, and external factors influencing decision outcomes over time. This re-
search may not adequately capture the dynamic nature of the decision context, leading
to static or outdated recommendations.

6.3. Future Directions

Future work stemming from this research could focus on several areas to enhance the
understanding and applicability of the decision-making process. By addressing these areas
in future research, the understanding and applicability of the decision-making approach for
selecting primary sectors in Romania can be further advanced, leading to more informed
and effective decision outcomes.

• Further research could refine the methodology for defining and using interval-valued
fuzzy sets in the decision-making process. This includes exploring alternative ap-
proaches for assigning interval values and membership functions to better capture the
uncertainty and variability in criteria weights and performance scores.

• Future work could explore the integration of additional MCDM models beyond SAW,
WPM, and WASPAS. Incorporating other models such as PROMETHEE, ELECTRE,
or TOPSIS could provide alternative perspectives and enhance the robustness of the
decision-making process.

• Developing dynamic decision-making frameworks that account for changes and
uncertainties over time could be a promising avenue for future research. This includes
exploring methods for updating criteria weights and performance scores in response
to evolving conditions and preferences within the primary sectors.

• Extending this research to other sectors and regions beyond the Romanian primary
sector could broaden the scope and impact of the decision-making approach. This
includes adapting the methodology to address sector-specific challenges and priorities
in different contexts and geographical areas.
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