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W N e

Abstract: In recent decades, many researchers and practitioners have believed that reaching a high
level of business excellence leads to the continuous realization of a set of business goals. In the
literature, a vast number of models for business excellence evaluation that contain different criteria
depending on the cultural, technological, organizational, and socio-economic factors can be found.
The aims of the proposed fuzzy two-stage model are to address some of the main shortcomings of
the EFQM2020 model and to adapt it to the needs of process manufacturing. The relative importance
of quality criteria and their values are presented by pre-defined linguistic expressions modeled
by the triangular fuzzy numbers. The determination of the weight vector of criteria is stated as a
fuzzy group decision-making problem and determined by using the fuzzy best-worst method. The
proposed fuzzy multi-objective optimization by ratio analysis is implemented for determining the
rank of enterprises. The management initiatives that should lead to the improvement of business
excellence should be based on the business practices of enterprises that are highly placed in the
rank. Testing and verification of the proposed model are performed on real data originating from

enterprises operating in the same economic sector.

Keywords: business excellence; process manufacturing; European Foundation for Quality Management;
fuzzy best-worst method; fuzzy multi-objective optimization by ratio analysis

1. Introduction

Business excellence (BE) is often described as an outstanding practice in achieving
results as well as managing an organization in order to improve and maintain competi-
tiveness while keeping track of their performance [1]. For enterprises, in order to attain
the planned results in today’s competitive world, it is recommended that they use some of
the business excellence models (BEM). The most common are the European Foundation
for Quality Management model (EFQM), the Malcolm Baldrige National Quality Award
(MBNQA), and the Deming Prize used in Japan. Following the mentioned models, there are
also national and regional ones, which contain similar or the same criteria for performance
assessment [2]. Empirical evidence on the validity, reliability, and predictive power of the
BEMs applied to enterprises of different sizes and sectors of activity can be found in the
literature. It is stated in [3] that enterprises that have won some of the recognitions of the
European Foundation for Quality achieve better results than those that do not have awards
or recognitions for excellence. Enterprises with high maturity in BE have better results
than enterprises with low BE maturity, as pointed out in [4]. The most significant benefits
after the implementation of the EFQM model are emphasized in [5]: image improvement,
greater client satisfaction, increased commitment and satisfaction of employees, greater
profit achieved by increasing exports, better predisposition for innovation, strengthening
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the efficiency of knowledge and management projects, and optimization of information
systems within the enterprises observed.

Enterprises operating in different conditions, i.e., in different national frameworks,
have different organizational preferences. By implementing their own way of doing
business and changing the weight of certain criteria, they provide an important basis
for assessing the state of business excellence at the national or regional level. The BEMs
are also the basis for receiving recognition, i.e., a prize for quality, in addition to being
a tool for self-assessment and improving the quality of the organization. Therefore, the
scoring system has been developed. Each dimension of the model carries a certain number
of points, as does each criterion within it. The scientific literature supports the fact that
enterprises operate in an uncertain environment with different national frameworks along
with different conditions, and therefore the dimensions and criteria of the BEM have to
be adjusted [2,6,7]. The EFQM model criteria, since they were developed for the needs
of the European market, meet the needs of enterprises operating on the territory of the
Republic of Serbia; nevertheless, score distribution needs adjustment in order to fulfill
distinctive market needs. This problem was treated as a two-stage fuzzy multi-attribute
decision-making (MADM) model. Firstly, the proposed FBWM is used for obtaining the
weighted vector of quality criteria taken from the EFQM. After that, the rank of identified
enterprises is given by using fuzzy multi-objective optimization on the basis of ratio
analysis (FMOORA).

There are many papers in which the ranking problem is stated by the proposed
two-stage fuzzy multi-criteria decision-making problem. The vagueness in the relative
importance of criteria and their values is expressed by pre-defined linguistic terms that are
modeled by triangular fuzzy numbers (TFNs), as suggested in the relevant literature [8,9].
It should be emphasized that in the literature there are a large number of works in which
different forms of membership functions are used for modeling uncertain and imprecise
data [10,11]. Although the triangular membership function is less tolerant, many authors be-
lieve that triangular fuzzy numbers (TFNs) describe uncertain data well enough. Moreover,
handling TENs requires fewer complex mathematical operations, which is an advantage of
using TFNSs.

In this research, a fuzzy two-stage model for rating and ranking enterprises with
respect to quality criteria is proposed. Calculating the weight vector of quality criteria is
set up as a fuzzy group decision-making problem. It can be considered that it is closer to
the human way of thinking that decision makers (DMs) evaluate the relative importance of
quality criteria in pairs by using pre-defined linguistic terms. Therefore, in this research, it is
supposed that the determination of quality criteria weights is based on the proposed fuzzy
best-worst method (FBWM). The aggregation of decision makers’ assessments into a single
assessment can be performed by applying different operators [12-14]. The aggregated
weights of the quality criteria in this paper were obtained by using a fuzzy geometric mean.

Comparison of different multi-attribute decision-making methods is presented in
Table 1.

Table 1. Comparison of MOORA with MADM techniques [15].

MADM Computational Time Simplicity (1:\: z:;zf;?it:)?il Stability Information Type
MOORA Very less Very simple minimum good quantitative
TOPSIS Very high Very critical maximum poor mixed
AHP moderate Moderate critical moderate medium quantitative
VIKOR less simple moderate medium quantitative
ELECTRE high Moderate critical moderate medium mixed
PROMETHEE high Moderate critical moderate medium mixed

Based on the characteristics presented in Table 1, it can be concluded that MOORA
has certain advantages compared to the other analyzed MADM methods. Starting from the
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fact that quality managers can better describe quality criteria by linguistic terms than using
the measurement scale proposed in the traditional EFQM, in this research, MOORA was
extended with TFNs (FMOORA). There are many papers that use FMOORA [9,16-20], as
in this research. In all analyzed papers, the authors suggested that uncertain values can
be modeled well enough by using TFNs. All these authors suggested the fuzzy arithmetic
mean for aggregating DMs’ opinions into a single rating. Many authors use the common
measurement scale [17-19], as proposed in this research.

The motivation for this research comes from the fact that there are no research pa-
pers that treat the problem of business excellence evaluation of enterprises according
to the new EFQM 2020 model in an uncertain environment in an exact way in a fuzzy
environment. The wider objective of this research may be presented as the integration
of embracing methods: (a) introduction of quality criteria for evaluation enterprises by
analogy EFQM; (b) modeling of the relative importance of quality criteria and their values
by TENSs; (c) determination of weights of the quality criteria by FBWM and fuzzy geometric
mean; (d) ranking of enterprises by using the proposed FMOORA; and (e) in order to
increase business excellence, the enterprise’s management can apply to benchmarks based
on the obtained ranking of the considered enterprises.

The novelty of this research paper can be expressed as follows: (1) Using the new
EFQM 2020 model; (2) BWM was used because the rationale of the BWM method is clearer
and more understandable for DMs compared to FAHP; (3) FMOORA was used, which is
clear and easy to apply, and with its application, adequate results are obtained.

The research gap of this paper is reflected in the determination of the number of lin-
guistic terms as well as the form of membership function and granulation of fuzzy numbers
that are burdened by subjective assessments of decision-makers and the researchers. The
rest of the paper is organized as follows: Section 2 presents a literature review of EFQM,
integration fuzzy sets theory, BWM, and FMOORA. The proposed model is presented in
Section 3. The proposed model is tested with real-life data in Section 4, and Section 5 sets
a conclusion.

2. Literature Review
2.1. European Foundation for Quality Management Model

Over the years, the EFQM model has undergone some changes and evolved in order
to keep pace with trends in business. The weights of the criteria have been changed over
time to keep up with changes in business trends. Along with those changes, practitioners
and academics have made efforts to modify EFQM model scores and adapt them to various
fields of study. Several modified EFQM models based on the model established in 1992
and its following revisions up to 2013, processed with MCDM techniques, can be found in
the literature. EFQM model adapted to: (i) a specific country by [21], (ii) a service industry
by [22], (iii) a management tool within the organization by [23]. However, studies on the
EFQM 2020 model are still scarce [24].

The main focus of the new EFQM 2020 model is shifted from excellence to outstanding
results. This new version of the model integrates the United Nations Sustainable Devel-
opment Goals and gains a wider scope of use. The EFQM?2020 model consists of seven
criteria grouped in three dimensions, in contrast to previous versions, which consisted of
nine criteria grouped in two dimensions [25].

2.2. Fuzzy Best-Worst Method

The best-worst method (BWM) is a compromise-based method that requires less
information than other methods from this group, and also the comparisons are more
consistent [26]. For applying BWM it is important to identify the best and the worst
criterion. Each criterion is compared to the best criterion and the worst criterion using
the proposed measurement scale [26]. Although the classic BWM method has found its
application in the relevant literature [27], considering the subjective nature of sustainability
criteria, many authors have extended conventional BWM with fuzzy set theory, such as that
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presented in Table 2. The extension of BWM to fuzzy numbers includes the use of linguistic
scales for constructing fuzzy best for other vectors and fuzzy worst for other vectors. A
comparative analysis of the presented papers shows similarities and differences between
the FBWM proposed in this research and various FBWMs from the relevant literature.

Table 2. Comparative analyses the proposed FBWM.

Number, Type

Group Decision- Criteria

Authors and Domains of =~ Making/Aggregation Weights/Aggregated Cor(lzs}::ttle(ncy Application Domain
Linguistic Terms Method Criteria Weights
The proposed Procedure based
6/TFNs/ prop . on self-reliance .
[28] - procedure for solvin . Mlustrative example
[1-9] FLP [28]/TFNs 8 coefficient and
possibility level
5/TFNs/ ; Procedure proposed Fuzzy Consistency .
[29] [1-4.5] by [28]/TENs Index [29] Mlustrative example
Weighing
[30] 5/TFNs/ _ Procedure proposed Fuzzy Consistency sub-indicators for
[1-4.5] by [28]/TFNs Index [29] finding power
plant prob-lems
[31] 6/TENs/ } method to fully solve Conventional ri;ﬁiiﬁcii
g [1-9] FLP with TFNs [32] BWM [26] the hospitals
5/TENs/ _ Procedure proposed = Fuzzy Consistency . .
[33] [1-4.5] by [28]/TFNs Index [29] Supplier selection
Determination criteria
[34] 5/TENs/ Yes, - Procedure proposed  Fuzzy Consistency = weights for sustainable
[1-4.5] by [28]/TFNs Index [29] supplier
selection problems
Determine the
importance and
[35] 5/TENs/ ) Procedure proposed Fuzzy Consistency =~ weight of Fine-Kinney
. [1-4.5] by [28] Index [29] parameters prior to be
used in
ranking hazards
Procedure proposed
by the [28]/mean
5,7,9/TENs/ method, the max-min  Fuzzy Consistency .
[36] [1-9] Yes/- method, and the Index [37] Mlustrative example
method based on
consensus degree
. Evaluating Driver
5/TFNs/ Procedure proposed Fuzzy Consistency .
[38] [1-4.5] - by [28]/ TFNs Index [29] Behavior Factors
’ y Related to Road Safety
Criteria weights for
5/TENs/ mixed approach by evaluation of a
[39] [1-4.5] ) [40]/TENs/ crisp Procedure by [40] sustainable credit
score system
Procedure proposed Assess the potential
[41] 5/TFNs/ Yes /- by [28]/precise Fuzzy Consistency  environmental impacts
[1-4.5] numbers by GMIR/ Index [29] of the process of

averaging method ship recycling
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Table 2. Cont.

Number, Type

Group Decision- Criteria

Authors and Domains of = Making/Aggregation Weights/Aggregated Cogs;ztcincy Application Domain
Linguistic Terms Method Criteria Weights
Determination of
Procedure proposed criteria weights in the
[42] 6/TENs/ Yes,/ - by [28]/precise Fuzzy Consistency ~ problem evaluate the
[1-5.5] numbers by GMIR/ Index [29] service level of
averaging method bike-sharing
enterprises
Determination weights
of criteria and
[43] -/TENs/ ; Procedure proposed  Fuzzy Consistency piggfgﬁféﬁéﬁ;ﬁi ¢
[0-1] by [28]/TFNs Index [29] locations in the
emerging economy for
electronic waste
Determination criteria
The 9/TFNs/ Procedure proposed Fuzzy Consistency weights for the.
proposed [1-9] Yes/- by [28]/fuzzy Index [29] problem of assessing
model geometric mean/TFNs the quality of the

enterprise’s operations

Almost all authors use five linguistic terms for describing the elements of the fuzzy
best ordered matrix (FBO) and fuzzy worst ordered matrix (FWO) [29,30,33-35,38,39,41].
Some authors suggest adding another linguistic term that describes the equal relative
importance of one criterion to another [28,31,42]. Ref. [36] investigated the satisfiability
of the results if a different number of linguistic expressions were used. The choice of
linguistic expressions depends on several factors, such as the type of problem, as well as on
the number of DMs participating in the decision-making process. Starting from this fact,
the authors of this research have defined five linguistic variables to describe the relative
importance of the criteria according to which the quality of the enterprise’s operations is
evaluated, which represents a difference compared to the analyzed works. Modeling of
linguistic expressions is based on using TFNs in all analyzed papers, as in this research.
Researchers use different intervals on the set of real numbers on which the domains of
TFNs are defined. The standard measurement scale defined in conventional AHP [44],
i.e., (1-9), is used in Refs. [28,31,36], as well as in this research.

Many authors suggest that the construction of FBO and FWO is realistically given as a
fuzzy group decision-making problem [34,36,41-43], as in this research. Firstly, weights of
considered items at the level of each DM were performed, and then their aggregation was
performed. It should be emphasized that this assumption was introduced considering the fact
that it is easier to repeat the survey only with those DMs who made inconsistent assessments.

As it is known, Ref. [26] transformed the proposed model into a linear programming
(LP) model. The optimal solution of LP presents the criteria weights. Analogy, the proposed
fuzzy model is transformed into the fuzzy linear programming (FLP) model. Procedures
for solving FLP were developed by [28]. In the proposed procedure, the defuzzified
sum of the weights is normalized. These authors used the graded mean integration
representation (GRIM) [45] defuzzification method. The proposed procedure [28] is applied
in the analyzed papers. FLP solving procedures were used by [31,32] to determine criteria
weights. In Ref. [39] authors got the weight vector using the mixed approach developed
by [40]. Procedures for checking consistency based on the self-reliance coefficient and
possibility level were developed by [28]. Ref. [31] first performed defuzzification and then
used consistency check procedures developed in conventional BWM [26]. The consistency
check of estimates by [39] was performed by analogy [40]. The fuzzy consistency index,
defined by [29], was used in all other analyzed papers as well as in this research.
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The authors suggest that FBWM is convenient to apply for determining criteria weights
according to which alternatives in different economic domains are evaluated.

2.3. Fuzzy Multi-Objective Optimization by Ratio Analysis

Multi-objective optimization by ratio analysis (MOORA) has a wide range of appli-
cations to make decisions in conflicting and complex areas of various decision-making
problems. In conventional MOORA, value criteria are obtained by measurement or assess-
ment using pre-defined measurement scales on the real line. The outcomes can be measured
for each decision alternative. Objective outcomes provide the basis for the comparison of
choices and ultimately lead to the selection of the best. The fuzzification of these MADM
methods consists of the use of linguistic terms for describing the values of criteria.

The conventional MOORA consists of three parts: (i) the fuzzy ratio method, (ii) the
fuzzy reference point, and (iii) the fuzzy multiplicative form. Some authors believed that
the optimal solution should be based on the fuzzy ratio method [16-20], the ratio method
extended with grey theory [46], or a combination of all three parts [9]. The ratio system is
based on the calculation of aggregated, weighted, normalized values of attributes. By using
ratio analysis, an alternative with poor performance with respect to some criteria and fine
performance with respect to the remaining criteria can be substituted by an alternative with
moderate performance with respect to all criteria [47], which can be marked as a deficiency
in these procedures. In the reference point approach, a maximum objective reference point
is considered [48]. Some authors believe [49] that the maximal objective reference point
approach is more realistic than the ratio system. Therefore, the ranking of considered
enterprises is based on the reference points. Since all considered quality criteria are of the
benefit type, the fuzzy multiplicative form does not make sense to use for ranking.

There are papers in which MOORA is extended with fuzzy set theory. Furthermore,
the similarities and differences between different FMOORA approaches are presented in
Table 3.

Table 3. Comparative analyses the proposed FMOORA.

The
Group A
Auth Trlllén ]l)’f)l;’ng’rrl’: ll?/lecli(s'ior} No;r:;;;fzed The Fuzzy RFfuzzy M lF.u?zy . Application
uthors of Linguis- axang Decision Ratio Method ererence ultiplicative Domain
tic Texms Agl,(gllre%at(lion Matrix Point Form
etho Procedure
+/fuzzy The vector e Sustainable
[16] 5[61;;115]/ arithmetic normalization Deé;z]\z/[l(f%coagon - - reverse logistic
; mean procedure [49] provider
+/fuzzy The vector By applying
[17] 5/ [11-3\][ s/ arithmetic normalization Euclidean - - S(ezl(;lcl{is(;en
mean procedure [49] distance
e tainable
5/TFNs/ Defuzzification sus .
(18] [1-9] - - by MCOA - - supplier
selection
design and
+/fuzzy The vector - fabrication of
[19] 5/ ["{fgl\]T s/ arithmetic normalization Deguzl\z/fgglltion - - an automated
mean procedure [49] y hammering
machine
The vector By applying .
[20] 7{(;[_1111838/ - normalization Euclidean - - Greerl1 sttl.ppher
procedure [49] distance selection
The vector P e Defuzzification Selection of
[9] 7/ [Fgfﬁs/ - normalization Deéuzl\z/llgggon Deguzl\z/[lgcoaglon by center of solar power
procedure [49] y y area plant location
Extended Grze- Rankin,
The proposed 7/TENs/ o '8
II;)\odpel (1-9] - - - gorzewski’s - production

method [50]

enterprises
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Elements of the fuzzy decision matrix are described by using five linguistic terms [16-19]
or seven linguistic terms [9,20], as in this paper. In all the analyzed papers, the authors
suggested that uncertain values can be modeled well enough by using TFNs. All these
authors suggested the fuzzy arithmetic mean for aggregating DMs’ opinions into a single
rating. Many authors use the common measurement scale [17-19], as in this research.

Determining the value of the fuzzy decision matrix is constructed as a fuzzy group
decision-making problem [16,17,19]. The authors of paper [18] used the FMEA framework
to evaluate suppliers, so that DMs evaluate suppliers with respect to the type of criteria by
analogy to conventional FMEA. Therefore, it can be considered that these criteria are of
the same type. In this research, quality criteria were taken from the EFQM model, so they
are of the benefit type. The authors believed that in order to reduce the complexity of the
calculation, there was no need to construct a normalized fuzzy decision matrix. In all other
analyzed works, the authors used the vector normalization procedure developed by [49].
The rank of treated alternatives is based on the ratio system used in all analyzed papers.
Some authors calculated the assessment values criteria as the Euclidean distance between
the sum of weighted normalized fuzzy values for benefit criteria and the sum of weighted
normalized fuzzy values for cost criteria [17,20].

The sum of the weighted normalized fuzzy criteria values is defuzzified by using
the modified center of area (MCOA) defined by [51]. After that, the rank of alternatives
is determined by using conventional MOORA [16,18,19]. By using fuzzy referents, the
point for determination of rank is applied by [9], as in this research. In our paper, the
difference between the assessment values of quality criteria and fuzzy reference points is
based on the extension of Grzegorzewski’s method [50] as well as the procedure proposed
in conventional MOORA. It can be marked as a basic difference, at the same time as an
advantage, between the procedure proposed in our paper and the procedure proposed

by [9].

3. The Methodology

The proposed model combines the FBWM and FMOORA for estimation and ranking
of enterprises as presented in Figure 1.

| |
| . e . |

Defining criteria for evaluating | | - S |
| EFQM ot 1o | Fuzzy decision matrix [« DMs |
\ business excellence | | |
I [ | I
| SiE l | | l |
I - S > e I | |
| o Fuzzy best-to-others vectors | | . . |
| Linguistic terms Fuzzy worst-to-others vectors : The weighted fuzzy decision Fuzzy algebra rules I
\ TFNs | | matrix |
| l | | |
| By analogy | | |
| conventional BWM | gy177y mathematical model I | 2 |
I I | I
| | | Fuzzy reference point |
I | | I
I | | I
: Fuzzy Linear Programming I : |
| |
| | | . By analogy |
\ l | | Assessment of criteria values | conventional MOORA |
| | | for each enterprise |
| Weights vector of criteria at the | | |
| level of DMs I | |
I | | I
| l | | |
\ l | Maximum amount approach |
| Consistency check : | :
| | | I
! ] | ' n
| Fuzzy geometric | | |

| The aggregated weights vector | 2
| me= > e s l | Rank of enterprises I
of criteria | |
I | ! I
g g g S S S S U ——— g g g g g S S S U ———

Figure 1. The proposed model for business excellence evaluation.
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3.1. Definition of a Finite Set of Criteria

According to the relevant literature, many quality criteria have been identified accord-
ing to which enterprises are evaluated in order to improve the enterprise’s ability to meet
the demands of all stakeholders. Generally, they may be presented by the set of indexes
{1,...,k,...,K}, where K presents the total number of quality criteria and the index of
each quality criterion is denoted as k, k = 1,...,K. The quality criteria in this research
paper are taken from EFQM?2020 model and are as follows: Organizational culture and
leadership (k = 1), Purpose, Vision, and Strategy (k = 2), Stakeholder perceptions (k = 3),
Strategic and operational performance (k = 4), Engaging stakeholders (k = 5), Creating
sustainable value (k = 6), and Driving performance and transformation (k = 7). These
quality criteria, since they were developed for the distinctive European market needs, are
suitable for the enterprises operating at the territory of Republic of Serbia.

3.2. Definition of a Finite Set of Enterprises

The observed enterprises operate in the process manufacturing sector. These en-
terprises can be formally represented by the set {1,...,7,...,I}. The total number of
enterprises is denoted as I, and i, i = 1,..., I is the index of enterprises. It should be noted
that these enterprises belong to a group of small and medium-sized enterprises operating
in one region of the Republic of Serbia.

3.3. Definition of Set of Decision Makers

Decision makers (DMs) are formally represented by a set of indices {1,...,e,...,E},
where E is the total number of DMs. The index of DM is denoted ase, e = 1,...,E. The set
of DMs that evaluate the relative importance of quality criteria are: (i) a representative from
the quality agency, (ii) a representative of the chamber of commerce, and (iii) a professor
from the department of industrial engineering. At the level of each enterprise, the criteria
values are rated by the quality manager.

Although some authors suggest that decision-makers should have different relative
importance [14], in this research, it is considered that decision-makers have the same
relative importance as is considered in solving different problems [34,42,52].

3.4. Modeling of the Existing Uncertainties

The uncertainties about the relative importance of quality criteria and their values can
be better expressed by natural language words than by crisp values. Existing uncertainties
can be modeled by using TFNs. Formally, each TEN can be presented as (I, m, u). Upper
and lower bounds are denoted as u and I, respectively. Modal value is denoted as m.
Generally, these values are determined based on the subjective assessment of DMs with
respect to relevant literature sources. The crisp value, e.g., 1, is represented as (1,1,1). In
general, the number of linguistic expressions is determined with respect to the size and
type of the problem. In the literature, the common measurement scale is Saaty’s scale [44],
which was used in the largest number of works, as in this research.

The relative importance of quality criteria can be appropriately described by using a
five-point scale:
equally important (E1): (1,1,1)
slightly more important (E2): (1,2.5,4)
medium more important (E3): (3,5,7)
much more important (E4): (6,7.5,9)
extremely more important (E5): (9,9,9)

The values of quality criteria can be assessed by using seven linguistic terms which
are modeled by TFNs:

e very low value (V1): (1,1,2.5)
e low value (V2): (1,2.5,4)
e fairly low value (V3):(2.5,4,5.5)
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medium value (V4): (3.5,5.5,7.5)
fairly high value (V5): (5.5,7,8.5)
high value (V6): (6,7.5,9)

very high value (V7): (7.5,9,9)

3.5. The Proposed Fuzzy Best-Worst Method

The weight vector of quality criteria is given by using the proposed FBWM. For an
easier understanding of the proposed FBWM, the following notation is given.
Notation:

agx = (Igx, mpy, upy) is TEN that corresponds to the relative importance of the best criterion
over the rest criteria

awk = (Iwk, Mwi, uwi) is TEN that corresponds to the relative importance of the worst
criterion over the rest criteria

wp = (Ig,mp, up) is TEN that corresponds to the weight of the best criterion

ww = (lw, my, uw) is TEN that corresponds to the weight of the worst criterion

Wi = (Ix, my, uy) is TEN that corresponds to the weight of the criterion k,k = 1,...,K.

This extended model could be realized through the following steps:

Step 1. Each DM should assess the relative importance of quality criteria by using
the pre-defined linguistic expressions that are modeled by TENs. The resulting fuzzy
best-to-others vector (FBO) Ap and fuzzy other-to-worst vector (FOW) Aw would be
presented as:

A ~ ~ ~ A ~ ~ ~ T
AB = (aBl,...,aBk,...,aBK) and AW = (aw1,...,aWk,...,aWK) (1)

where:

Step 2. Atthelevelof DM ¢, e =1,...,E, the optimal weights of criteria are found by
using the following mathematical model:

The objective function

w ~

o akw]} @

wpB ~
— —da
Wi Bk

7

min max
1=1,..,K

Subject to
defuzz (Z,Ile Wy = 1)

L, >0 k=1,...,K 3)
lkgmkkzl,...,K
mkgukkzl,...,K

Step 3. The transformation of the presented mathematical model into a linear pro-
gramming model can be calculated as minimum of the absolute gap as (¢*, ¢*, ¢*):
The objective function
ming”*



Axioms 2022, 11, 704 10 of 18
Subject to
|Ip — up-lpi| < @* k=1,...,K
|mp — my-mp| < ¢* k=1,...,K
lup — l-upi| < ¢ k=1,...,K
e — uw-Iwk| < ¢* k=1,...,K
[y — myy-my| < @* k=1,...,K
|”k*lW'”Wk| < p* k=1,...,K @)
é( Y hk+4 X m+ uk>:1
k=1,..K k=1,..K k=1,..K
ik < my k=1,...,K
my < g k=1,...,K
Ik >0 k=1,...,K

Step 4. The minimum consistency is achieved if the following condition is satisfied:
2 - (T—2~ABW)-S+ (A%;W —ABW) -0 ®)

where: Agyw = (1,1,1)
The fuzzy Equation (5) is transformed into equation:

62— (1—2-Apw)-6 + (A%;w - ABW) =0 (6)

where: Ap is the representative scalar of TEN A BW-
The consistency index (CI) is obtained by solving the equation (Equation (7)). The
consistency ratio (CR):
5*
CR = CI (7)

The degree of consistency and reliability of the obtained criteria weights can be checked
by calculating CR.

Step 5. The weight vector of quality criteria, (C(NJT ore e 1 Wiy (D}‘(e) is determined by
LINGO software.

Step 6. The aggregated weight vector of quality criteria (@],...,&F, ..., @) is given
by using fuzzy geometric operator.

3.6. The Proposed Fuzzy Multi-Objective Optimization by Ratio Analysis

The proposed MOORA is extended with TFNs and presented as:
Step 1. The assessment of identified criteria values at the level of each enterprise is
stated in matrix form:

[Xik] 1k ®)

The elements of this matrix are defined as criteria values at the level of each enterprise
i,i=1,...,.1

Step 2. The weighted normalized fuzzy decision matrix is given by using the fuzzy
algebra rule [53], where:

Zix = WxXix = (Lig, Mg, wig) )
Step 3. The fuzzy reference point, fk is determined for each criterionk, k =1,...,K:
fe= (.max lig, max mi, .maXI”ik> = (Lg, Mg, Uy) (10)

Step 4. The assessment value criteria for each enterprise are calculated as:

die = =-d(Fo ) )
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where d (ﬁ,fik) is the distance between the two TFNs based on the extension of Grze-
gorzewski’s method [50]:

~ 1
d(fr, zix) = 5-{max(|Lk — Li|, IMy — my|) + max(|My — myl, |Ux — u|)} (12)

Step 5. By specifying the maximum amount of dj; for each enterprisei, i =1,...,1is

given according to [54]:
6; = min max d; (13)

Step 6. The ranking of the enterprises is determined according to the calculated
values ¢;.

Step 7. Improving the quality of business operations of the considered enterprises is
done by taking measures that should lead to an improvement in the value of the quality
criteria, considering their target values to be those of the first-ranked enterprises.

4. Case Study

The proposed model has been tested on real-life data obtained from 20 randomly
selected SMEs from the Republic of Serbia. These enterprises differ from each other in
terms of size and represented technological level, as well as in terms of final product diver-
sity. The metal processing industry is implemented in 50% of the considered companies.
Products made of wood, plastic, and leather are produced in five, three, and two enterprises,
respectively. Some of these companies, predominantly from the metal processing industry,
are parts of larger production supply chains that exist on the territory of the Republic of
Serbia. The common characteristic of the considered enterprises is that they are classified
as SMEs and belong to the process manufacturing industry, which has the greatest impact
on the gross national income of the Republic of Serbia. It should be emphasized that all the
considered companies are certified according to the ISO 9001 standard.

In the first part of this research, the relative importance of quality criteria taken from
the EFQM model was assessed by three DMs through an interview: (i) a representative from
the quality agency, (ii) a representative of the chamber of commerce, and (iii) a professor
from the department of industrial engineering.

In the second part of this research, the organizations’ performances were assessed by
quality managers at the level of each considered enterprise according to the given criteria.
Each quality manager received a questionnaire via email, in which it was explained that the
estimations of organization performance according to given criteria can be described using
one of seven linguistic expressions. Quality managers sent their evaluations by email.

4.1. An application of the proposed Fuzzy Best-Worst Method for Determining the Criteria Weights

The developed FBWM procedure is illustrated in the example of calculating the weight
vector for the first DM.
Assessments of the relative importance of quality criteria are presented (Step 1):

Ap = (E5,E4,E3,E2,E2,E2,E1)

Ay = (E1,E2,E3, E4, E3, E3, E5)

The model of linear programming can be stated by applying the proposed algorithm
(Step 2 to Step 4):
The objective function
ming”*
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Subject to

|l7 — u1-9\ S q)*
|l7 — uz-6] < ¢*
|l7 —u3-3| < ¢*
|l7 — u4-1\ S q)*
|l7 — M5~1‘ S (p*
|l7 —ue-1| < @*
|12 — ul-l\ S q)*
I3 —up-3| < ¢*
Iy —u1-6] < 9"
I5s —u1-3] < ¢*
\le —up-3| < ¢*

|my —mq1-9| < @*
|my — my-7.5] < ¢*
jm7 —m3-5] < @*
|my —my-2.5] < ¢*
|my — ms-2.5] < ¢*
|my — mg-2.5] < ¢*
|my — mq-2.5] < ¢*
|m3 —my-5| < ¢*
|1’I14 — m1~7.5| < (p*
jms —my-5] < @*
|meg — my-5| < @*

\u7—11~9| S q)*
luy — -9 < ¢*
ju7 —I3-7| < ¢*
\u7—13~4| S q)*
\u7—15~4| S (p*
ju7 —le+4| < ¢*
\u2—11~4| S q)*
luz — 11-7| < ¢*
g — 9] < ¢*
jus —1I17| < ¢*
lug — 11-7| < ¢*

é-(kz k4 T om+ ¥ uk>—1

=1,...7 k=1,....7 k=1,....7
Zkgmkguk k=1,...,7
Ik >0 k=1,...,7
0.071
CR= —— =0.014
5.23
Weight vector of quality criteria (Step 5) at the level of the first DM are obtained by

applying LINGO software:
@11 = (0.03,0.03,0.03) @y = (0.04,0.05,0.07) w31 = (0.06,0.08,0.13)
ws1 = (0.09,0.16,0.27) @we1 = (0.09,0.16,0.27) w7 = (0.33,0.32,0.32)
The fuzzy other-to-best and fuzzy other-to-worst vector for the second DM is assessed:

@41 = (0.09,0.16,0.32)

Ap = (E4,E2,E2,E1,E5,E3, E2)

Ay = (E2,E3,E3,E4, E1, E4, E4)

The consistency index is:
0.097
CR = — =0.019
5.23
Weights vector of quality criteria at the level of the second DM is:
w12 = (0.05,0.05,0.07) Wy = (0.10,0.16,0.26) w3 = (0.10,0.16,0.26) Wy = (0.31,0.31,0.31)
wsp = (0.02,0.02,0.03) wep = (0.06,0.08,0.14) w7, = (0.10,0.16,0.31)

The weight vector of quality criteria for the third DM is determined in a similar way.
FBO and FWO are assessed:

Ag = (E4,E5,E1,E2, E3, E4, E2)

Aw = (E2,E1,E5,E4,E3,E3,E4)

The consistency index is:
0.109
R=——=0.021
¢ 5.23 00

Weight vector of quality criteria at the level of the third DM is:
@13 = (0.05,0.06,0.08) @3 = (0.03,0.03,0.04)  @ss = (0.35,0.35,0.35)
@s3 = (0.06,0.09,0.15)  @e3 = (0.05,0.06,0.08) @3 = (0.11,0.18,0.35)

Determining the aggregated weights of quality criteria (Step 6 of the proposed algo-

rithm) is illustrated for quality criterion (k = 1):

@3 = (0.11,0.18,0.35)

W = V@ -Wip-w13 = (&0.03.0.050.05, v/0.03-0.05-0.06, 3¢0.03~0.07-0.08)
= (0.04,0.04,0.06)
The aggregated weights for the reset considered quality criteria are given in this way:

@, = (0.05,0.06,0.09) @3 = (0.13,0.16,0.23) @4 = (0.15,0.21,0.33)
@s = (0.05,0.07,0.11) @e = (0.06,0.09,0.14) @7 = (0.15,0.21,0.33)
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4.2. An Application of the Proposed Fuzzy Multi-Objective Optimization by Ratio Analysis

The quality criteria values are assessed by a quality manager at the level of each treated

enterprise (Step 1) and presented in Table 4.

Table 4. The fuzzy decision matrix.

k=1 k=2 k=3 k=4 k=5 k=6 k=7
i=1 V5 V5 V4 Vé V5 V5 V4
i=2 V5 V5 V5 V5 V5 V5 Vé
i=3 Vo6 Vé V4 V5 V4 Vo6 V5
i=4 V7 Vé Vé V7 V7 V5 V7
i=5 V5 Vo6 V4 V5 V4 V4 V5
i=6 Vo6 Vé Vo6 V4 Veé V4 Vé
i= V4 V4 V4 V4 V3 V5 V5
i=8 V5 V4 V4 V5 V3 V4 V7
i=9 Vo6 V4 V4 V3 V3 V5 V5
i=10 Vé v7 Vé Vé V7 Vé V7
i=11 V7 Vo6 V5 V5 V3 Vo6 V7
i=12 V5 V5 V5 Vé Vo6 V4 V5
i=13 Vé V5 V4 V5 V3 V5 V4
i=14 A\ V5 Vo6 Vo6 V7 Vo6 V7
i=15 V4 V5 V4 V5 Veé Vo6 V7
i=16 Vé V4 V4 V5 V5 V5 V4
i=17 A\ Vo6 V5 V5 V7 Vo6 V7
i=18 Vo6 V5 V4 V5 V6 Vo6 Vé
i=19 Vé V5 V5 Vé V5 V4 V7
i=20 Vo6 V5 V5 Vo6 V5 V5 Vé
The weighted fuzzy decision matrix and reference points are constructed and pre-
sented in Table 5 by applying the proposed algorithm (Step 2 to Step 3).
Table 5. The weighted fuzzy decision matrix and reference points.
k=1 k=2 k=3 k=4 k=5 k=6 k=7
i=1  (0.22,0.28,051) (0.27,0.42,0.76) (0.46,0.88,1.72) (0.90,1.57,2.97) (0.28,0.49,0.93) (0.33,0.63,1.19) (0.53,1.16,2.48)
i=2  (0.22,0.28,051) (0.27,042,0.76) (0.71,1.12,1.96) (0.82,1.47,2.81) (0.28,0.49,0.93) (0.33,0.63,1.19) (0.90,1.58,2.97)
i=3  (0.24,0.30,0.54) (0.30,0.45,0.81) (0.46,0.88,1.72) (0.82,1.47,2.81) (0.17,0.38,0.82) (0.36,0.68,1.26) (0.82,1.47,2.81)
i=4  (0.30,0.36,0.54) (0.30,0.45,0.81) (0.78,1.20,2.07) (1.12,1.89,2.97) (0.37,0.63,0.99) (0.33,0.63,1.19) (1.13,1.89,2.97)
i=5 (0.22,0.28,0.51) (0.30,0.45,0.81) (0.46,0.88,1.72) (0.82,1.47,2.81) (0.17,0.38,0.82) (0.21,0.49,1.05) (0.82,1.47,2.81)
i=6  (0.24,0.30,0.54) (0.30,0.45,0.81) (0.78,1.20,2.07) (0.52,1.16,2.48) (0.30,0.53,0.99) (0.21,0.49,1.05) (0.90,1.58,2.97)
i=7  (0.14,0.22,045) (0.17,0.33,0.67) (0.46,0.88,1.72) (0.52,1.16,2.48) (0.12,0.28,0.61) (0.33,0.63,1.19) (0.82,1.47,2.81)
i=8 (0.22,0.28,0.51) (0.17,0.33,0.67) (0.46,0.88,1.72) (0.82,1.47,2.81) (0.12,0.28,0.61) (0.21,0.49,1.05) (1.13,1.89,2.97)
i=9  (0.24,0.30,0.54) (0.17,0.33,0.67) (0.46,0.88,1.72) (0.37,0.84,1.82) (0.12,0.28,0.61) (0.33,0.63,1.19) (0.82,1.47,2.81)
i=10  (0.24,0.30,0.54) (0.37,0.54,0.81) (0.78,1.20,2.07) (0.90,1.57,2.97) (0.37,0.63,0.99) (0.36,0.68,1.26) (1.13,1.89,2.97)
i=11  (0.30,0.36,0.54) (0.30,0.45,0.81) (0.71,1.12,1.96) (0.82,1.47,2.81) (0.12,0.28,0.61) (0.36,0.68,1.26) (1.13,1.89,2.97)
i=12  (0.22,0.28,0.51) (0.27,0.42,0.76) (0.71,1.12,1.96) (0.90,1.57,2.97) (0.30,0.53,0.99) (0.21,0.49,1.05) (0.82,1.47,2.81)
i=13  (0.24,0.30,0.54) (0.27,0.42,0.76) (0.46,0.88,1.72) (0.82,1.47,2.81) (0.12,0.28,0.61) (0.33,0.63,1.19) (0.53,1.16,2.48)
i=14  (0.24,030,0.54) (0.27,0.42,0.76) (0.78,1.20,2.07) (0.90,1.57,2.97) (0.37,0.63,0.99) (0.36,0.68,1.26) (1.13,1.89,2.97)
i=15  (0.14,0.22,0.45) (0.27,0.42,0.76) (0.46,0.88,1.72) (0.82,1.47,2.81) (0.30,0.53,0.99) (0.36,0.68,1.26) (1.13,1.89,2.97)
i=16  (0.24,0.30,0.54) (0.17,0.33,0.67) (0.46,0.88,1.72) (0.82,1.47,2.81) (0.28,0.49,0.93) (0.33,0.63,1.19) (0.53,1.16,2.48)
i=17  (0.24,0.30,0.54) (0.30,0.45,0.81) (0.71,1.12,1.96) (0.82,1.47,2.81) (0.37,0.63,0.99) (0.36,0.68,1.26) (1.13,1.89,2.97)
i=18  (0.24,0.30,0.54) (0.27,0.42,0.76) (0.46,0.88,1.72) (0.82,1.47,2.81) (0.30,0.53,0.99) (0.36,0.68,1.26) (0.90,1.58,2.97)
i=19  (0.24,0.30,0.54) (0.30,0.45,0.81) (0.71,1.12,1.96) (0.90,1.57,2.97) (0.28,0.49,0.93) (0.21,0.49,1.05) (1.13,1.89,2.97)
i=20  (0.24,0.30,0.54) (0.27,0.42,0.76) (0.71,1.12,1.96) (0.90,1.57,2.97) (0.28,0.49,0.93) (0.33,0.63,1.19) (0.90,1.58,2.97)
e (0.30,0.36,0.54) (0.37,0.54,0.81) (0.78,1.20,2.07) (1.12,1.89,2.97) (0.37,0.63,0.99) (0.36,0.68,1.26) (1.13,1.89,2.97)
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Determining distance between two TFNs is illustrated on the following example:

d(fl,zn) = 1-{max(]0.30 — 0.22],0.36 — 0.28]) + max(]0.36 — 0.28], |0.54 — 0.51|) } =
1.{max(0.08,0.08) + max(0.08,0.03)} = 1-{0.08 + 0.08} = 0.08

The assessment values of quality criteria are illustrated on an example of company
i = 1 at the level the first quality criteria:

1
diy = --0.08 = 0.0114

The assessment values of quality criteria as well as specifying the maximum amount
of djx, 6; and rank enterprises (Step 4 to Step 6) are calculated and presented in Table 6.

Table 6. The rank of enterprises based on the reference point.

k=1 k=2 k=3 k=4 k=5 k=6 k=7 S; Rank
i=1 0.0114 0.0171 0.0479 0.0450 0.0200 0.0082 0.1050 0.1050 15-19
i=2 0.0114 0.0171 0.0139 0.0600 0.0200 0.0082 0.0450 0.0600 6-14
i= 0.0086 0.0129 0.0479 0.0600 0.0350 0 0.0600 0.0600 6-14
i=4 0 0.0129 0 0 0 0.0082 0 0.0129 1
i= 0.0114 0.0129 0.0479 0.0450 0.0350 0.0279 0.0600 0.0600 6-14
i= 0.0086 0.0129 0 0.1050 0.0150 0.0279 0.0450 0.1050 15-19
i= 0.0214 0.0300 0.0479 0.1050 0.0525 0.0082 0.0600 0.1050 15-19
i=8 0.0114 0.0300 0.0479 0.0600 0.0525 0.0279 0 0.0600 6-14
i=9 0.0086 0.0300 0.0479 0.1575 0.0525 0.0082 0.0600 0.1575 20
i=10 0.0086 0 0 0.0450 0 0 0 0.0450 2-5
i=11 0 0.0129 0.0139 0.0600 0.0525 0 0 0.0600 6-14
i=12 0.0114 0.0171 0.0139 0.0450 0.0150 0.0279 0.0600 0.0600 6-14
i=13 0.0086 0.0171 0.0479 0.0600 0.0350 0.0082 0.1050 0.1050 15-19
i=14 0.0086 0.0171 0 0.0450 0 0 0 0.0450 2-5
i=15 0.0214 0.0171 0.0479 0.0600 0.0150 0 0 0.0600 6-14
i=16 0.0086 0.0300 0.0479 0.0600 0.0200 0.0082 0.1050 0.1050 15-19
i=17 0.0086 0.0129 0.0139 0.0600 0 0 0 0.0600 6-14
i=18 0.0086 0.0171 0.0479 0.0600 0.0150 0 0.0450 0.0600 6-14
i=19 0.0086 0.0129 0.0139 0.0450 0.0200 0.0279 0 0.0450 2-5
i=20 0.0086 0.0171 0.0139 0.0450 0.0200 0.0082 0.0450 0.0450 2-5

By respecting the obtained results, it can be clearly concluded that company i = 4
has reached the highest level of business excellence. The obtained result can be very
useful to other companies from the considered group of companies for conducting bench-
marking. Criteria that have the greatest weight, such as performance management and
transformations (k = 7), as well as strategic and operational performance (k = 4), should
be enhanced by applying appropriate management initiatives. Applying modern methods
for performance measurement and management can significantly improve the value of
these two criteria.
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5. Conclusions

This research proposes a fuzzy two-model whose application should lead to the
ranking of enterprises under a fuzzy environment and set the base for the realization of the
brainstorming method appointed to improve the business excellence of enterprises.

The proposed model is tested and verified using real-life data obtained from 20 manu-
facturing enterprises. The assessment of business excellence in SMEs is based on a modified
EFQM model that is adapted to distinctive European market needs. The assessment of the
relative importance of the EFQM criteria as well as their estimated value at the level of
each enterprise is based on the assessment of DMs. The DMs used their experience and
evidence data for their assessments.

The main contributions of the presented research, are:

(1) Modeling of existing uncertainties based on TFNSs,

(2)  The relative importance of the EFQM criteria is set as a fuzzy group decision-making problem;

(38) The weight vector of EFQM criteria at the level of each DM is determined by FBWM,;
from the aspect of practical application, applying FBWM has certain advantages
related to the AHP framework;

(4) The aggregated weighted vector of EFQM criteria is given by using a fuzzy geometric
mean. The authors believe that the aggregation procedure applied in this research
has significantly better characteristics in relation to the aggregation of estimates of
DMs because, due to the occurrence of inconsistency in the estimates of DMs, it can
be easily determined and the error can be eliminated more quickly;

(5) The SMEs are ranked by using the proposed FMOORA based on the fuzzy refer-
ence point; compared to other similar MADMs extended with fuzzy sets theory the
proposed FMOORA requires less complex calculation.

The practical implications of the proposed fuzzy two-level model are oriented towards
the practice of managers, who should apply the benchmarking method and choose appro-
priate management initiatives, whose implementation should lead to the improvement of
business excellence in SMEs.

The main advantage of the proposed fuzzy two-stage model in relation to the con-
ventional EFQM is that: (i) it introduces that the weight of the criteria is not equal, this
assumption fully corresponds to best practice experiences; (ii) the rank of enterprises is
determined in an exact way; and (iii) changes in the number of enterprises, the relative
importance of business excellence criteria, as well as the fact that the values can be easily
incorporated into the model. In this way, it is possible to apply benchmarking and deter-
mine a set of management initiatives that contribute to improving business excellence at
the level of each SME. The proposed model can be extended to the analysis of different
types of enterprises that exist in various economic sectors.

The main limitations of the proposed fuzzy two-stage model are: (i) subjectivity in
the assessments of DMs, which affects the accuracy of the input data; (ii) the practical
application of the proposed model requires a software solution. Future research in the
theoretical domain includes: (i) modeling existing uncertainties using higher-order fuzzy
numbers and (ii) using different MCDM methods for ranking companies. In the practical
domain, future research should include: (i) testing and verification of the model on large
enterprises as well as on enterprises that operate in various economic sectors, and (ii) the
development of a software solution that would enable the user-friendliness of the proposed
fuzzy two-stage model.
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Abbreviations

AHP Analytic Hierarchy Process

BE Business Excellence

BEM Business Excellence Model

BWM Best Worst Method

DM Decision Makers

EFQM European Foundation for Quality Management model
ELECTRE Elimination and Choice Translating Reality

FBO Fuzzy Best-Ordered Matrix

FBWM Fuzzy Best-Worst Method

FLP Fuzzy Linear Programming

FMEA Failure Mode and Effect Analysis

FMOORA Fuzzy Multi-Objective Optimization by Ratio Analysis
FOW fuzzy Other-to-Worst Vector

FWO Fuzzy Worst Ordered Matrix

GRIM Graded Mean Integration Representation

MADM Multi-Attribute Decision-Making

MBNQA Malcolm Baldrige National Quality Award

MCDM Multi-Criteria Decision-Making

MCOA Modified Center of Area

MOORA Multi-Objective Optimization by Ratio Analysis
PROMETHEE The Preference Ranking Organization Method for Enrichment of Evaluations
TEN Triangular Fuzzy Number

TOPSIS Technique for Order of Preference by Similarity to Ideal Solution
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