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Abstract: A precise evaluation of the actual situation is a significant aspect of making a correct and
informed decision. Due to the bounded accuracy and elements of uncertainty in the data itself, a point
estimate may be less adjusted and rough than an estimate based on fuzzy set theory. The stability
of the Fuzzy AHP Arithmetic mean, Geometric mean, Extent analysis, and Lambda Max methods,
widely used in practice, is verified. Three stages of verification are considered, investigating the
impact of the following: (a) the scale applied; (b) methods of aggregation of the AHP matrices into
the FAHP matrix; and (c) methods of combining several FAHP judgments. Slight changes in experts’
estimates are programmatically simulated tens of thousands of times to track changes in ranking and
deviations of results from the initial estimate. This continues the study of FAHP’s stability due to the
ambiguous results of such verification by the method of extent analysis. As a result of a comparative
analysis of the listed evaluation methods, their specific features and advantages are identified.

Keywords: FAHP; MCDM; uncertainty; subjective evaluation; sensitivity analysis; lambda max;
extent analysis; arithmetic mean; geometric mean
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1. Introduction

When making a decision, decision-makers (DMs) rely on their experience and knowl-
edge, structuring and rationalizing them. Multi-criteria decision-making methods (MCDMs)
are important tools in decision-making. They determine the optimal decision from among a
discrete number of suggested ones. The importance of the criteria in multi-criteria decision-
making varies, and a clear determination of the weights of the criteria has a direct impact
on correct decision-making. Depending on the nature of the data being processed, there
are objective and subjective weights. Objective weights evaluate the structure of a set of
data, dimensions, or values of technological characteristics. Subjective weights are expert
evaluations that can be determined directly or by employing mathematical methods.

The Analytical Hierarchy Process (AHP) method, proposed by Saaty [1], is employed
to determine the weights of the criteria. It has become widely used due to its mathematical
validity and its ability to determine contradictions in expert evaluations. The Eigenvector
AHP method employs pairwise comparisons of the criteria, using evaluations based on crisp
values. However, in real problems, the information is often uncertain or the measurement
parameters are characterised by variation; therefore, the employment of pointwise values
is insufficient. It has been proposed to use fuzzy numbers in such cases. This was first
suggested by Zadeh [2]. Linguistic variables that are natural and understandable for
human-level reasoning are convenient when presenting personal preferences expressed as
interval estimates. The use of fuzzy numbers in the AHP method has increased the capacity
of evaluation under conditions of uncertain data and has further expanded the evaluation
scales and the processes of defuzzification of fuzzy numbers.

Mathematical models can be applied to analyse the data and predict the results,
provided these models are stable and their results are stable relative to the model parameters
employed [3]. The validity of the mathematical model itself is defined as the stability of the
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results despite slight changes in the data. To investigate stability, Monte Carlo Statistical
Modelling is often applied, which simulates changes in the expert evaluations. To change
the raw data, there may be used random number generated using the distribution of the
relevant random variables.

When investigating the stability of the AHP and FAHP methods, Vinogradova et al. [3]
obtained quite ambiguous results. Calculations have shown that the FAHP method sug-
gested by Chang is not universally applicable. Applying the nine-point scale suggested by
Saaty to symmetrical triangular numbers, zero values of criteria weights appeared when
comparing 5–7 criteria. The present study continues the stability investigation of the FAHP
methods, based on Saaty’s theory, with respect to the scales of the triangular fuzzy numbers
employed and the dimension of the pairwise comparison matrices. Saaty theory FAHP
methods are actively used in practice in various government and international studies and
projects. Different counting methods, scoring scales, evaluation methods, and aggrega-
tion methods are applied. The need for this study is motivated by the need for a better
understanding of the reliability and accuracy of the methods used.

In this study, some tasks are formulated to check computational stability.

(1) Identification of the computational stability of the FAHP methods being tested, de-
pending on the selected scale.

(2) Identification of the correlation of the aggregation methods of AHP matrices with the
computational stability of the FAHP methods being tested.

(3) Identification of the correlation of the aggregation methods of FAHP matrices with
the computational stability of the FAHP methods being tested.

This article consists of six parts: the Introduction, Literature Review, Materials and
Methods, Results, Discussion, and Conclusions. The literature review covers major studies
related to the development of the methods of FAHP and their application in various fields,
as well as various approaches to verifying the stability of mathematical models, including
AHP and FAHP methods. There is, as well, an overview of the use of various scales for
triangular fuzzy numbers. Section 3 describes the methods and algorithms employed to
check stability and metrics for quality evaluation. Section 4 presents the results of the three
stages of studying the fuzzy methods listed. The Discussion analyses the results, identifies
the benefits and drawbacks of the study, and suggests ideas for further research in this area.
The Conclusion summarizes the results of this study.

2. Literature Review

One of the important issues relating to fuzzy set theory is the ability to compare and
arrange fuzzy, oscillating subsets of the unit interval, as in Yager [4]. To interpret a fuzzy
set by a single scalar value, Ross [5] proposed the max membership principle, the centroid
method, weighted averages, mean max membership, the centre of sums, the centre of the
largest area, as well as the first or last of the maxima methods of defuzzification for scalars.

To determine the priorities of the alternatives or criteria, the eigenvector method is
used, as well as distance-minimizing methods such as least squares, logarithmic least
squares, weighted least squares, and the Chi-square test, as well as the geometric mean
and extent analysis methods [6,7], linear programming, and the entropy-based fuzzy AHP
method [8]. In van Laarhoven and Pedrycz [9], the distance-minimizing Fuzzy Logarithmic
Least Squares Method (FLLST) is proposed, employing triangular fuzzy numbers to obtain
fuzzy weights. This does not always solve a system of linear equations, which turned
out to be the reason for the modification of the algorithm in Boender et al. [10] and Wang
et al. [11]. Pehlivan et al. [12] note that the LLST method incurs substantial computing costs.
Kazibudzki investigated the priority deriving methods LLSM, Simple Normalized Column
Sum—SNCS, and Logarithmic Squared Deviations Minimization Method—LSDM [13].
Buckley [14] and Lootsma [15] suggested the geometric mean method, which is easy to
understand and realize in comparison with other methods. Chang [16] created the extent
analysis method, which later became one of the most frequently applied methods [12].
Wang et al. [17] suggested changing the normalization formula for a set of triangular fuzzy
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weights. The fuzzy preference programming method was proposed’ by Mikhailov [18].
Csutora and Buckley [19] created the Lambda-Max method, which presents its direct
fuzzification, λmax. Each method has its own theoretical basis and logic; therefore, when
processing the raw data, discrepancies in the results may occur [20]. Triantaphyllou et al.
claim that although the methods’ computational results on test problems demonstrate
inaccuracy, some of them are more accurate than others [21].

Being important, FAHP methods are applied in various scientific fields, as presented
in Figure 1. These are obtained from the Web of Science database when searching by title
‘FAHP’ (in all fields). We have studied those publications of the last ten years, from 2013 to
2023, that have been referred to five or more times. Figure 1 shows the ten categories with
the largest number of publications (from 216 to 66 publications).
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FAHP has demonstrated successful practical applications across various technical
and social domains, spanning health, economics, and mechanics. For instance, a recent
study has showcased the usefulness of the method. Yadav and Lee conducted a study
focused on the selection of zirconia, titanium oxide, and marble dust powder as fillers in
dental restorative composite materials [22], funded by the Korean Ministry of Education.
Ristanović et al. developed a system for operational risk management within the finance
sector [23]. Additionally, Ilić et al. employed FAHP to prioritize strategies for implementing
unmanned aircraft systems for the smart city transformation in Belgrade, the capital of the
Republic of Serbia [24]. Further applications include improving the effectiveness of the
existing community aging-friendly constructions and developing strategies for resource
allocation [25], assessing various factors influencing medical tourism destinations [26],
studying the operational risk of the Chinese Train Control System-Level 3 in China [27],
and conducting a comprehensive evaluation of the hydrodynamic retarders of heavy-duty
vehicles [28].

Despite its popularity, the Saaty method is a subject of criticism, partly due to a lack of
trust in expert assessments, which are subjective. An analysis of a specific case by Mehdic
et al., in which scientific experts, during two separate but parallel assessments of the same
project, came to opposite conclusions, despite relying on the same technical specifications,
similar information, and assessment criteria [29]. In addition, criticisms of the method
have focused on PCMs and their principal right eigenvector, the ability to generate true
ranks, and the subjectivity and inconsistency of pairwise comparisons, but equally other
studies of the method have focused on improving and increasing the reliability of the
method’s solutions [30]. Koczkodaj introduced a new, easily interpretable definition of con-
sistency applicable to expert systems [31]. Koczkodaj and Szybowski explored generators
of pairwise comparison matrices, reducing the number of comparisons and presenting an
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algorithm to reconstruct the matrix from its set of generators [32]. The author proposed
new rules to measure inconsistency in pairwise comparisons, ensuring that submatrices
cannot have higher inconsistency than their containing matrix [33]. Grzybowski proposed
extending consistency indices and developed new optimization techniques to derive pri-
ority weights [34], explored inconsistency in pairwise comparisons, offering a new way
to measure it, and also introduced a novel statistical-backed method to accept pairwise
comparison matrices [35]. Pant et al. reviewed the consistency measure of judgments in
AHP [36].

Despite the criticism, Saaty’s original proposed Consistency Index (CI) is actively used
in significant decision-making processes, as follows: quantum computing challenges in the
software industry [37]; analysis of project benefits of solar energy collection and irrigation
systems (supported by funds for the Sichuan Vanadium and Titanium Materials Engineer-
ing Technology Research Centre Project) [38]; for contractor assessment during project
life cycles (supported by Al-Mansour Contracting Company for Contracts, the Ministry
of Housing and Construction, Iraq, and the University of Baghdad) [39]; for access point
selection in hybrid LiFi/WiFi networks [40]; for reinforcing doctor-patient communication
(supported by the Ministry of Education of the Republic of Korea and the National Research
Foundation of Korea) [41]; to evaluate sustainable healthcare systems [42]; for risk assess-
ment of oil and gas pipelines hot work [43]; the evaluation of the emergency management
capacity of resilient communities (funded by the Humanities and Social Sciences Project of
the Ministry of Education) [44]; for the selection of the type of concrete and the method
of its maintenance in dry, hot climate conditions (supported by the Poznan University of
Technology—Polish Academy of Science) [45]; in changing the damming level of a small
hydropower plant (co-financed within the framework of the Ministry of Science and Higher
Education programme as “Regional Initiative Excellence”) [46]; for the optimal design of
ceramic-based hip implant composites [47]. In a review article covering usage from 1977 to
2022, the highest percentage of publications came from China, India, and Iran. Islamic Azad
University has the most publications, followed by Vilnius Gediminas Technical University
(VGTU). E. Zavadskas and J. Wang have the most articles in the multi-criteria approaches
sector [48]. In the research of VGTU authors, Vinogradova et al., Saaty’s proposed CI is
also used [3].

As part of the study to identify the most appropriate FAHP method, a comparative
analysis of several methods has been performed. Liu et al. [49] reviewed the principles
of determining the consistency measurement of AHP methods, such as Saaty’s, fuzzy
programming, and the geometric consistency index. A comparative analysis of FAHP
methods was performed by Chang and Lee [6], Ahmed and Kilic [50], Demirel et al. [51],
Buyukozkan et al. [52], and Saaty and Vargas [53]. Faran and Kilic studied the Compatibility
Index Value (CIV) dimensions of the quality criterion of nine FAHP methods, five of which
are frequently applied in the research literature. Their results show the effectiveness of the
geometric mean algorithm suggested by Buckley. With high matrix dimensions, Boender’s
algorithm, LLST, achieved good results. According to the authors, the methods of Chang
and Wang achieved the worst results compared to other methods [50]. The Triantaphyllou
and Lin computational experiment investigated the stability of fuzzy weighted sum, fuzzy
weighted product, fuzzy analytical hierarchy process, revised analytical hierarchy process,
and fuzzy TOPSIS decision-making methods. The study takes into account three factors of
accuracy: a) discrepancies of the optimal alternative; b) discrepancies in all alternatives;
and c) frequency of the optimal alternative’s change. Ten alternatives and ten criteria were
used in 500 random replications. The results showed that no fuzzy method was absolutely
effective, with the percentage of contradictions manifesting with an increase in the number
of alternatives. According to two of the quality criteria, the FAHP method achieved the best
result [21]. In Balusa and Gorai [54] and in Wu et al. [55], a sensitivity analysis was carried
out by varying the fuzzification coefficient (preference α) and the attitude toward decision-
making (risk tolerance λ). In Balusa and Gorai [54], the attitude toward decision-making
was considered in the context of three conditions (optimistic, pessimistic, and neutral).
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Vinogradova [20] suggested combining the results of several methods depending on the
importance of a particular method, expressed by stability. The stability of a particular
method was measured by the frequency of repetition of the best alternative, expressed as a
percentage. Solving problems by several methods, Vinogradova and Kliukas suggested
taking into account the results of only stable methods and finding a Pareto solution [56].

Modelling of systems in practice employs a linguistic approach, according to which
not only numbers but words or sentences of natural language are allowed as values of the
variables [57]. Particular attention is paid to fuzzy triangular numbers, which makes it
easier and more convenient to express expert opinions [58]. Saaty’s linguistic scale can be
applied to triangular fuzzy numbers (L, M, U) as follows (Table 1).

Table 1. Linguistic variables for scale of relative importance of pairwise comparison.

Intensity of Fuzzy Scale Definition of Linguistic Variables User-Defined
∼
1 Similar importance (SI) (_, 1, _)
∼
3 Moderate importance (MI) (_, 3, _)
∼
5 Strong importance (STI) (_, 5, _)
∼
7 Very strong importance (VSI) (_, 7, _)
∼
9 Extreme importance (EI) (_, 9, _)

∼
2,
∼
4,
∼
6,
∼
8 Intermediate values

(_, 2, _)

(_, 4, _)

(_, 6, _)

(_, 8, _)

In the review article, Liu et al. analysed 109 articles, highlighting 34 9-level scales
and 43 5-level scales, with 6-level and 7-level scales also employed [49]. Triantaphyllou
et al. studied 78 scales using two criteria: ranking reversal and ranking indiscrimination.
They concluded that there was no single scale that could prevail over all other scales and
that some of the scales are very effective under certain conditions [59]. Therefore, for the
successful application of the method of pairwise comparisons, it is necessary to select the
appropriate scale. Ishizaka et al. describe 27 different representations of fuzzy membership
functions [60]. Table 2 presents examples of fuzzy triangle membership functions frequently
employed in FAHP methods.

Table 2. Fuzzy numbers defined by different scientists.

Source SI MI STI VSI EI Intermediate Values

[61] (1,1,1) (2,3,4) (4,5,6) (6,7,8) (9,9,9) (1,2,3) (3,4,5) (5,6,7) (7,8,9)

[62,63] (1,1,1) (2,3,4) (4,5,6) (6,7,8) (8,9,10) (1,2,3) (3,4,5) (5,6,7) (7,8,9)

[64] (1,1,1) (2,3,4) (4,5,6) (6,7,8) (8,9,9) (1,2,3) (3,4,5) (5,6,7) (7,8,9)

[65] (0.5,1,2) (2,3,4) (4,5,6) (6,7,8) (8,9,10) (1,2,3) (3,4,5) (5,6,7) (7,8,9)

[66] (1,1,3) (1,3,5) (3,5,7) (5,7,9) (7,9,9) (1,2,4) (2,4,6) (4,6,8) (6,8,9)

[67] (1,1,1) (1,3,5) (3,5,7) (5,7,9) (7,9,9)

[68] (1,1,3) (1,3,5) (3,5,7) (5,7,9) (7,9,11)

When making collective decisions in a group, in order to present an impartial assess-
ment, experts express their individual opinions, regardless of the positions of the other
participants. It is common practice for each expert to independently fill in the Analytic Hi-
erarchy Process (AHP) matrix, after which these individual matrices are aggregated into a
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collective FAHP matrix, which represents the opinion of the entire group. Alternatively, it is
also possible to have the FAHP matrix filled in by each expert, followed by the aggregation
of these matrices to obtain the final collective FAHP matrix. Kurilov et al. [69], Trinkuniene
et al. [70], and Balezentis et al. [71] employ the min-max aggregation method of a group
of AHP estimates, whereas Vinogradova suggested an arithmetic mean with standard
deviation aggregation method [72]. Liu et al. consider the mean, max-min, and degree of
consensus methods for aggregating fuzzy matrices, bringing together the opinions of all
the experts in the group [49].

Previous studies have involved comparing FAHP methods based on the literature
review. Typically, these are algorithms proposed by van Laarhoven and Pedrycz [9],
Chang [16], Buckley [14], and Lootsma [15]. There are studies that provide a broad overview
of scales used in triangular and trapezoidal numbers [49,60]. However, these works lack
precise recommendations or evaluations regarding which scale or aggregation method
is better to use. This research aims to reduce the aforementioned gaps in this field. The
research is intensified by a larger amount of data, iterations (in comparison to previous
works), and the number of metrics to determine the quality of models.

3. Materials and Methods
3.1. Fundamentals of the Analytic Hierarchy Process and the Theory of Fuzzy Numbers

AHP is an eigenvalue method proposed by Saaty [1] for modelling decision-making
based on multiple criteria in a hierarchical system. The complete set of judgments in the
matrix will be D =

[
dij
]

nxn determined by the number, n(n− 1)/2, of pairwise compar-
isons of criteria C1, C2, . . . , Cn, where n is the number of criteria [73]. The classical approach
applies a numerical scale of values from 1 to 9, independent of the scale of the criterion [74].
Saaty’s scale, which is fundamental in this field, uses odd values, that is, 1, 3, 5, 7, and 9,
where 1 means the criteria have the same importance. With an increase in the estimate, we
observe a significant difference in the importance of the criteria. When a compromise is
necessary, even values of estimates are employed. The upper part of the matrix is filled in,
with the other part being defined as the reciprocal value. The matrix elements dij take the
values dij = 1/dji. A set of positive weights W = (ω1, ω2, . . . , ωn), ∑n

i=1 wi = 1 from the
matrix D is established. The relative importance of the criteria Ci and Cj is given by dij, as
follows: dij = ωi/ωj [6]. The AHP method is mathematically justified, with the eigenvector
of the matrix of priorities being defined as follows:

D·W = λ·W (1)

where W is the eigenvector of unknown weights and λ is a constant, namely, the eigenvalue,
D is the pairwise comparison matrix (PCM).

In the ideal case of filling in the matrix, the eigenvalue λ should be equal n. In real
decision-making problems, ideal cases of filling in the matrix are extremely rare. In this
case, the weights are calculated as a normalized eigenvector, which corresponds to the
maximum eigenvalue λmax.

An important reason why the AHP method is so widespread is to check the matrix
filled in by the expert for the consistency of his or her answers and for the presence of any
contradictions. For this purpose, the consistency ratio is calculated, the value of which
should be less than 0.1 (CR < 0.1).

CR =
CI
RI

, (2)

where the consistency index describes the deviation of the value λmax from n:

CI =
λmax − n

n− 1
, (3)

where RI is the average evaluation of the CI of the simulated matrices of order n [1,73].
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In the real world, in most cases, decision-making takes place under conditions where
we do not have accurate information about the necessary data and sequence of actions.
Therefore, the use of fuzzy data in decision-making problems becomes extremely important
for the description of such situations. Crisp numbers in the Saaty AHP method were
replaced with trapezoidal or triangular fuzzy numbers in FAHP methods. The fuzzy subset
∼
F of a universal set X can be defined by its membership function µ∼

F
(x), which is given by

the following:
∼
F =

{(
x, µ∼

F
(x)
)∣∣∣x ∈ X

}
, (4)

where x ∈ X describes the elements belonging to a universal set and membership function.
µ∼

F
(x) : X → [0, 1] assigns each x a membership function in the range from zero to

one [75]. Crisp sets are multiple elements whose membership function is binary. Unlike
crisp sets, the elements of fuzzy sets have different membership functions. A fuzzy triangle
with values (l, m, u) is the most convenient means of presenting expert judgments. A
fuzzy number is a fuzzy triangular number if its membership function µm(x)→ [0, 1] is as
follows:

µm(x) =


x−l
m−l , l ≤ x ≤ m
u−x
u−m , m ≤ x ≤ u

0 otherwise
. (5)

The perception of the membership function is often associated with the concept of
probability, but these two are still different mathematical concepts. The membership
function has values in the range of 0 to 1, representing the degree of truth. The degree of
truth is maximal at the point m; it is interpreted as a more appropriate value of the estimate
m. The values l and u reflect the expert’s doubts: the wider the base of the triangle, the
greater the uncertainty in the opinion. Accordingly, a narrow triangle indicates a more
confident decision by the expert or a more accurate measurement [76].

Let us assume that there are fuzzy numbers
∼
F1 and

∼
F2, which are respectively specified

by the triad of numbers (l1, m1, u1) and (l2, m2, u2). The basic operations with triangular

fuzzy numbers
∼
F1 and

∼
F2 are described as follows [21]:

∼
F1 ⊕

∼
F2 = (l1, m1, u1)⊕ (l2, m2, u2) = (l1 + l2, m1 + m2, u1 + u2) addition

∼
F1 ⊗

∼
F2 = (l1, m1, u1)⊗ (l2, m2, u2) = (l1l2, m1m2, u1u2) multiplication

(λ, λ, λ)(l2, m2, u2) = (λl2, λm2, λu2), λ > 0, λ ∈ R
(l1, m1, u1)

−1 =
(

1
u1

, 1
m1

, 1
l1

)
for division

∼
F1

∼
F2 ∼

=
(

l1l2 , m1
m2 , u1

u2
)

the power.

(6)

3.2. Description of Fuzzy Analytic Hierarchy Process and Defuzzification Methods

This section discusses FAHP methods for dealing with judgments using various

criteria based on a fuzzy pairwise comparison matrix (FPCM)
∼
D =

∼
d ij. A fuzzy triangular

number
∼
d is defined by a triad of numbers (l, m, u). The criteria weights are calculated

based on fuzzy comparison matrices. Subsequently, the weights are used in the further
evaluation of alternatives, applying the same system of criteria.

3.2.1. Fuzzy Arithmetic Mean Method

Step 1. The fuzzy arithmetic mean is calculated for each criterion i.

The fuzzy arithmetic mean is calculated based on the matrix
∼
Di =

∼
d ij as follows [77]:

∼
a i =

1
n

(∼
d i1 ⊕

∼
d i2 ⊕ . . .⊕

∼
d in

)
, (7)
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where
∼
d in is a fuzzy comparison value of criterion i to criterion n.

Step 2. Calculation of fuzzy criteria weights

∼
wi =

∼
a i

∼
a1 ⊕

∼
a2 ⊕ . . .⊕ ∼an

. (8)

3.2.2. Fuzzy Geometric Mean Method

Step 1. The fuzzy geometric mean [75] is calculated for each criterion i, based on the

matrix as
∼
Di =

∼
d ij, as follows:

∼
a i =

(∼
d i1 ⊗

∼
d i2 ⊗ . . .⊗

∼
d in

)1/n
, (9)

where
∼
d in is a fuzzy comparison value of criterion i to criterion n.

Step 2. Calculation of fuzzy criteria weights:

∼
wi =

∼
a i

∼
a1 ⊕

∼
a2 ⊕ . . .⊕ ∼an

. (10)

3.2.3. Extent Analysis Method

The extent analysis method was proposed by Chang [16]. According to Kubler et al.,
the extent analysis method is the most frequently used [78]. The method can be recorded
as a sequence of actions, as follows:

Step 1. The extension of the fuzzy synthesis is
∼
Si calculated for each i criterion. The

arithmetic mean is used in this calculation, as in the previous method:

∼
Si = ∑n

j=1

∼
d ij ⊗

{
∑n

i=1 ∑n
j=1

∼
d ij

}−1
; i = 1, . . . , n. (11)

This formula can be rewritten as follows:

• Summing up the values of the i-th criterion, we get a sub-total STi:

STi =
∼
d i1 ⊕

∼
d i2 ⊕ . . .⊕

∼
d in. (12)

• To calculate the DEV divisor, we sum up the obtained values of the sums STi and
perform the division operation (∑n

i=1 STi)
−1:

∑n
i=1 STi = ST1 ⊕ ST2 ⊕ . . .⊕ STn =

(
l̂, m̂, û

)
, (13)

DEV =
(

l̂, m̂, û
)−1

=

(
1
û

,
1
m̂

,
1
l̂

)
. (14)

• To get the
∼
Si DEV value, the above is multiplied by the values of the i-th criteria STi.

∼
Si = STi ⊗ DEV. (15)

Step 2. Next, the
∼
Si = (li, mi, ui) criteria are compared pairwise:

V
(∼

Si ≥
∼
S j

)
=


1, i f mi ≥ mj

ui−l j

(ui−mi)+(mj−lj)
, i f lj ≤ uj

0, in otherwise

, i = 1, . . . , n; j = 1, . . . , n. (16)
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Step 3. The degree of possibility Vj is calculated, which is
∼
Si preferable to all other

n − 1 fuzzy numbers. Comparing two fuzzy
∼
S j and

∼
Si, we get a real number Vj as a

result (Figure 2). According to the rules of comparison of V
(∼

S j ≥
∼
Si

)
values, we select the

smallest value for each i criterion:

Vi = V
(∼

Si ≥
∼
Sj, j = 1, . . . n, j ̸= i

)
= min

j∈{1,...,n;j ̸=i}
V
(∼

Si ≥
∼
S j

)
, i = 1, .., n. (17)
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V
(∼

Si ≥
∼
S j

)
.

The zero value V is set in the case when the triangles
∼
Si and

∼
S j do not intersect mi < mj.

The diagram shows that V
(∼

Si ≥
∼
S j

)
is set as the value of the membership function, in the

range from 0 to 1.
The obtained values of the weights are Vi normalized using the formula

wi =
Vi

∑n
i=1 Vi

, i = 1, . . . , n. (18)

3.2.4. Lambda-Max Method

The Lambda-Max method was proposed by Csutora and Buckley (2001) [19]. This
method converts a fuzzy comparison matrix into several clear comparison matrices via an
α-cut (0 < α ≤ 1) and then calculates the fuzzy weights by adjusting the eigenvectors of
the clear matrices [49,79].

Let
∼
D =

∼
d ij be a fuzzy comparison matrix of triangular fuzzy numbers. The α− cut

triangular fuzzy numbers
∼
d ij =

(
lij, mij, uij

)
can be representedas follows [49]:

∼
d ijα =

[
lij +

(
mij − lij

)
α, uij −

(
uij −mij

)
α
]
. (19)

Liu et al. believe that, in comparison with the average value method, the Lambda-Max
method is complicated due to the multiple steps required for calculating eigenvalues [49].
The Lambda-Max algorithm for aggregating the opinions of several experts, suggested by
Wang et al., will be applied to stability verification [79].

There is a group of K experts, and each of them fills in a fuzzy pairwise comparison

matrix
∼
D

k
, where k = 1, . . . , K.
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Step 1. Let α = 1. In this case, the average value mij of each element of the fuzzy

pairwise comparison matrix
∼
D is equal to mij =

∼
d ijα=1. We obtain a clear matrix of average

elements’ comparisons Dm = dijm =
[
mij
]

nxn [49]. For expert groups, we obtain clear

pairwise matrices dij
k
m, k = 1 . . . K. Then, using Formula (1), the vector of weights is

calculated Wm = wim. For an expert group, we get K vectors Wk
m = wk

i m.

Step 2. Let α = 0. As before with a fuzzy pairwise comparison matrix
∼
D, clear matrices

Dl =
[
lij
]

nxn and Du =
[
uij
]

nxn are formed, and criteria weights Wl and Wu are calculated.
For a group of experts, we obtain K vectors Wk

l = wk
i l and Wk

u= wk
i u.

Step 3. The coefficient of fuzzy weights’ adjustment. To do this, the following constants
are calculated:

Qk
l = min

{
wk

i m
wk

i l
, 1 ≤ i ≤ n

}
Qk

u = max
{

wk
i m

wk
i u

, 1 ≤ i ≤ n
} (20)

Step 4. New adjusted fuzzy weights are calculated:

vk
i l = Qk

l ∗ wk
i l

vk
i u = Qk

u ∗ wk
i u.

(21)

Step 5. From the vectors vk
i l , wk

i m, and vk
i u we form columns j of fuzzy matrix:

∼
W

k

ij =
[
vk

i l , wk
i m , vk

i u

]
. (22)

Step 6. Counting fuzzy weights:
The geometric mean method is used to calculate the fuzzy weights:

K

√√√√ K

∏
k=1

∼
W

k

ij (23)

For the subsequent comparative analysis of the results, the fuzzy weights are defuzzi-
fied using the centre-of-gravity method (26).

3.2.5. Defuzzification

To compare the results obtained by different methods, they are ranked and converted
into exact values. In the case of triangular fuzzy numbers, the m values are refined by the
l and u values. There are several defuzzification methods. The two main ones are averaging
values or using them to calculate the centre of gravity of a triangle.

Defuzzification with the centroid method
hi = f

(∼
wi

)
is the defuzzified value of the fuzzy weight

∼
wi [5,80]

f
(∼

wi

)
=

1
3
[(u− l) + (m− l)] + l, (24)

which is equivalent to

f
(∼

wi

)
=

l + m + u
3

. (25)

Defuzzification with the centre-of-gravity method
hi = f

(∼
wi

)
is the defuzzified value of the fuzzy weight

∼
wi [5].

f
(∼

wi

)
=

1
6
[4m + l + u]. (26)
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Since the sum of the weights should be equal to 1, the results obtained are normalized
by the following:

wi =
hi

∑n
i=1 hi

. (27)

3.3. Method for the Study of the Stability of the Methods

Any mathematical model or method can be applied in practice, provided it is stable
with respect to changing parameters. The model is verified by statistical modelling using
a sequence of random numbers from a given distribution. In this study, three stages of
verification are carried out: (1) identification of the influence of the scale used in the fuzzy
pairwise comparison matrix; (2) identification of the optimal method for combining several
AHP expert judgments into one FAHP matrix; and (3) identification of the best way to
aggregate fuzzy matrices (Figure 3).
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In the study of the stability of methods, regardless of the verification algorithm, the

criteria weights are calculated first wi from the initial fuzzy pairwise comparison matrix
∼
D.

Then the initial matrix changes slightly
∼
Dnew, with new weights calculated ŵi. The stability

verification process is cyclical, with the original matrix changing s times.
The weights wi obtained from the original matrix, as well as the new values of the

weights ŵi (which were calculated s times) are combined into a matrix of weights
∼
W. Thus,

the matrix is
∼
W formed from a s + 1 column of initial wi and iteratively obtained s times

ŵi values of criteria weights, where the number of rows is the number of criteria, which is

equal to the degree of the matrix
∼
D. The results of the weights obtained by separate and

FAHP methods are stored in various combined matrices of weights
∼
W.

The stability of the methods is assessed by various metrics of model quality, which are
presented in Section 3.3.4. The results of the study are presented in Section 4.

3.3.1. Algorithm for Checking the Influence of the Scale Employed in FAHP Methods

Step 1. The choice of data used in the context of this study, is the pairwise comparison
matrix D. The pairwise comparison matrix is checked D for a contradiction, that is, we
check the condition CR < 0.1.

Step 2. Formation of a fuzzy pairwise comparison matrix
∼
Dsc based on the matrix D,

using one of the scales sc = 1,..., 5. The scale is applied to the integers of the matrix, with the
remaining elements of the matrix being formed according to

(
lij, mij, uij

)
=
(

1
uji

, 1
mji

, 1
lji

)
.

The diagonal elements of the matrix
∼
Dsc are equal to (1,1,1).

Step 3. Next, the weights of the criteria are calculated based on the fuzzy matrices
∼
Dsc, applying the following methods: fuzzy arithmetic mean with centroid defuzzification
(FAMCD), fuzzy arithmetic mean method with gravity center defuzzification (FAMGD),
fuzzy arithmetic mean method with centroid defuzzification (FGMSD), fuzzy geometric
mean method with gravity centre defuzzification (FGMGD), extent analysis method (EAM),
and the extent analysis method with Wang’s normalization (EAMW). A subscripted variable
is used to indicate these six methods f m = 1, . . . , 6. As a result, we get the initial weights
Wsc

f m, sc = 1, . . . , 5; f m = 1, . . . , 6.
Step 4. The stage of creating new fuzzy matrices and calculating the criteria weights.

The integers of the matrices D change slightly, increasing or decreasing by 1, except for
the numbers on the diagonal of the matrix. Applying the statistical modeling method, a
sequence of uniformly distributed pseudorandom numbers is generated in the interval
[0, 1]. The following condition is formulated: if a randomly generated number is greater
than or equal to 0.5, then 1 is added to a certain element of the matrix; otherwise, it is
subtracted. The fractional values of the matrix are subtracted accordingly; dij =

1
∼
d ji

. Each

of the pairwise comparison matrices is checked for contradictions between the estimates
when filling out the matrix. And if the consistency coefficient CR exceeds 0.1, the generated
matrix D is excluded from consideration. The number of consistent matrices is recorded.

Step 5. Then, in a repeating cycle (s = 10,000), the actions described from Steps 2 to 4
are performed. The previously obtained results of the weights are combined into matrices

with the newly obtained ones
∼
W

sc

f m. There will be s + 1 records in the matrices, while s
columns will correspond to the weights of the generated matrices, and the initial weights
obtained from the initial data will be entered in the first column.

Step 6. The quality of each fuzzy method is evaluated using various scales. The

evaluation is based on the obtained values of the weights
∼
W

sc

f m, where sc = 1, . . . , 5;
f m = 1, . . . , 6. In the process of evaluating the quality of a model, the metrics described in
Section 3.3.4 are employed.
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3.3.2. Algorithm for Checking Methods of AHP Matrices’ Aggregation into FAHP Matrix

Step 1. The choice of data used in the context of this study leads to the pairwise
comparison matrices Dk, where the index k takes values from 1 to K and represents the
identification of the expert. Each of the pairwise comparison matrices Dk is checked for a
contradiction, that is, we check the condition CR < 0.1. In addition, the consistency of the
opinions of the group of experts is checked using the Concordance coefficient [81].

Step 2. Integrating multiple AHP expert judgments into one FAHP matrix. The aggre-

gation of the fuzzy pairwise comparison matrices
∼
D

k
is carried out using three aggregation

methods (Table 3): Min-Max with arithmetic mean (MinMax-AM), Min-Max with geometric
mean (MinMax-GM), and Arithmetic mean with standard deviation (AM-SD).

Table 3. Aggregation methods for triangle fuzzy number (for (j > i)).

Aggregation Methods Formulas Source

Min-max with
arithmetic mean

Lij = min
(

dk
ij

)
Mij =

1
K∑K

k=1 dk
ij Uij = max

(
dk

ij

)
[49,69,82]

Min-max with
geometric mean Lij = min

(
dk

ij

)
Mij =

K

√
∏K

k=1 dk
ij Uij = max

(
dk

ij

)
[49,55]

Arithmetic mean with
standard deviation

Mij = dij =
1
K ∑K

k=1 dk
ij Lij = Mij − Sdij

Uij = Mij + Sdij

Sdij
=

√
∑K

k=1

(
dk

ij−dij

)2

K
if Lij < 0.1, then Lij = 0.1;
if Mij < 0, then Mij = 0.1;
if Uij > 10, then Uij = 10;

[72]

A variable is used to denote these methods, ag = 1, . . . , 3.

Aggregation is applied to the part of the matrix
∼
D where j > i (Table 3). The inverse

of the matrix is formed according to
(
lij, mij, uij

)
=
(

1
uji

, 1
mji

, 1
lji

)
. The diagonal elements

of the matrix
∼
D are equal to (1,1,1). After aggregation of the matrices, the corresponding

fuzzy matrices are obtained:
∼
DMAMA,

∼
DMGMA,

∼
DAMSDA.

Step 3. Next, the criteria weights are calculated based on the fuzzy matrices
∼
DMinMax−AM,

∼
DMinMax−GM,

∼
DAM−SD, by the following methods: fuzzy arithmetic mean method with

centroid defuzzification (FAMCD), fuzzy arithmetic mean method with gravity center defuzzi-
fication (FAMGD), fuzzy arithmetic mean method with centorid defuzzification (FGMSD),
fuzzy geometric mean method with gravity centre defuzzification (FGMGD), extent analysis
method (EAM), and the extent analysis method with Wang’s normalization (EAMW). A
variable is used to denote these six methods f m = 1, . . . , 6. As a result, we get the weights
Wag

f m, ag = 1, . . . , 3; f m = 1, . . . , 6.
Step 4. The stage of creating new fuzzy matrices and calculating the criteria weights.

The integers of the matrices Dk change slightly, increasing or decreasing by 1, except for
the numbers on the diagonal of the matrix. Applying the statistical modeling method, a se-
quence of uniformly distributed pseudorandom numbers is generated in the
interval [0, 1]. The following condition is formulated: if the randomly generated number is
greater than or equal to 0.5, then 1 is added to a certain element of the matrix; otherwise,
it is subtracted. The fractional values of the matrix are subtracted accordingly dij =

1
∼
d ji

.

Each of the pairwise comparison matrices Dk is checked for the contradictions between the
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estimates, when filling out the matrix. And if the consistency coefficient CR exceeds 0.1,
then Dk is excluded from consideration.

Step 5. Then, in a repeating cycle (s = 10,000), the actions described from Steps 2 to

4 are performed. From the matrices Dk
new selected at step 5, the fuzzy matrices

∼
D

k

new are
formed by MinMax-AM, MinMax-GM, AM-SD, and then the criteria weights are calculated.
As a result, new weights Wag

new f m, are obtained, where ag = 1, . . . , 3; f m = 1, . . . , 6. The
previously obtained results of the weights are integrated with the newly obtained ones into

matrices
∼
W

ag

f m. There will be s + 1 records in the matrices: s columns will correspond to the
weights of the generated matrices, and the initial weights obtained from the initial data
will be entered in the first column.

Step 6. The quality of various aggregation methods is evaluated, including Min-
Max with arithmetic mean aggregation (MinMax-AM), Min-Max with geometric mean
aggregation (MinMax-GM), and Arithmetic mean with standard deviation aggregation

(AM-SD). The evaluation is based on the obtained values of the weights
∼
W

ag

f m, where
ag = 1, . . . , 3; f m = 1, . . . , 6. In the process of evaluating the quality of the model, the
metrics described in Section 3.3.4 are employed.

3.3.3. Algorithm for Checking the Methods of Aggregating the Fuzzy Matrices

Step 1. First, we select the data used in the context of this study. The fuzzy matrix is
formed on the basis of a pairwise comparison matrix Dk, where k takes values from 1 to K,
and represents the expert’s identification. At this stage, each of the pairwise comparisons
Dk is checked for a contradiction, that is, we check the condition CR < 0.1. In addition,
the consistency of the opinions of the group of experts is checked using the Concordance
coefficient [81].

Step 2. The fuzzy matrix
∼
D

k
isformed. To form m matrices

∼
D of numbers, using matrix

elements of D when j > i. According to the 1-scale of triangular fuzzy numbers (Table 1),

the upper part (j > i) of the matrix
∼
D is formed. For its other part, we set

∼
d ij =

1
∼
d ji

, that

is,
(
lij, mij, uij

)
=
(

1
uji

, 1
mji

, 1
lji

)
. The elements of the fuzzy matrix are equal (1,1,1) at i = j.

Step 3. Aggregation of fuzzy pairwise comparison matrices
∼
D

k
is carried out, applying

the mean and min-max methods (Table 4). Four aggregation methods are considered:
Arithmetic Mean Aggregation (AMA), Geometric Mean Aggregation (GMA), Min-max with
Arithmetic Mean Aggregation (MAMA), and Min-max with Geometric Mean Aggregation
(MGMA). A variable is used to denote these methods, ag = 1, . . . , 4.

Table 4. Aggregation for the group solution of fuzzy pairwise comparison matrices.

Aggregations Methods Mean Methods Source

Arithmetic mean (AM) Lij =
1
K ∑K

k=1 lk
ij Mij =

1
K ∑K

k=1 mk
ij Uij =

1
K ∑K

k=1 uk
ij [49,83]

Geometric mean (GM) Lij = K
√

∏K
k=1 lk

ij Mij = K
√

∏K
k=1 mk

ij Uij = K
√

∏K
k=1 uk

ij
[49,84,85]

Min–Max Methods

Min-max arithmetic mean (MAM) Lij = min
k=1,2,...,K

lk
ij Mij =

1
K ∑K

k=1 mk
ij Uij = max

k=1,2,...,K
uk

ij [49,86]

Min-max geometric mean (MGM) Lij = min
k=1,2,...,K

lk
ij Mij = K

√
∏K

k=1 mk
ij Uij = max

k=1,2,...,K
uk

ij
[49,85,87,88]

Aggregation is applied to a part (j > i) of the matrix
∼
D, in that the inverse of the

matrix is formed according to
(
lij, mij, uij

)
=
(

1
uji

, 1
mji

, 1
lji

)
. The diagonal elements of the
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matrix
∼
D are equal to (1,1,1). After aggregation of the matrices

∼
D

k
, the corresponding fuzzy

matrices
∼
DAMA,

∼
DGMA,

∼
DMAMA, and

∼
DMGMA are obtained.

Step 4. The stage of calculating the criteria weights. The Lambda-Max method

(LMM) includes both the aggregation of fuzzy pairwise comparison matrices
∼
D

k
and

the calculation of the criteria weights WLMM. Next, the criteria weights are calculated

based on the fuzzy matrices
∼
DAMA,

∼
DGMA,

∼
DMAMA, and

∼
DMGMA, applying the following

methods: Fuzzy arithmetic mean method with centroid defuzzification (FAMCD), fuzzy
arithmetic mean method with gravity centre defuzzification (FAMGD), fuzzy arithmetic
mean method with centroid defuzzification (FGMSD), fuzzy geometric mean method with
gravity centre defuzzification (FGMGD), extent analysis method (EAM), extent analysis
method with Wang’s normalization (EAMW). A variable is used to denote these six methods
f m = 1, . . . , 6. As a result, we get the weights Wag

f m,ag = 1, . . . , 4; f m = 1, . . . , 6.
Step 5. The stage of creating new fuzzy matrices and calculating the criteria weights.

The integers of the matrices Dk change slightly, increasing or decreasing by 1, except for
the numbers on the diagonal of the matrix. Applying the statistical modelling method, a se-
quence of uniformly distributed pseudorandom numbers is generated in the
interval [0, 1]. The following condition is formulated: if the randomly generated number is
greater than or equal to 0.5, then 1 is added to a certain element of the matrix; otherwise, it
is subtracted. The fractional values of the matrix are subtracted accordingly dij =

1
∼
d ji

. Each

of the pairwise comparison matrices is checked for a contradiction of estimates when filling
out the matrix. And if the consistency coefficient CR exceeds the value of 0.1, the generated
matrix Dk is excluded from consideration.

Step 6. Next, in a repeating cycle (s =10,000), the actions described from Steps 2 to 5

are performed. To be more precise, the fuzzy matrices
∼
D

k

new are formed from the matrices

selected at step 5, viz., Dk
new. The aggregation of the matrices

∼
D

k

new by AMA, GMA, MAMA,
and MGMA, and the calculation of the criteria weights is carried out. As a result, new
weights Wnew LMM and Wag

new f m are obtained, where ag = 1, . . . , 4; f m = 1, . . . , 6. The
previously obtained weights are integrated with the newly obtained ones into matrices
∼
WLMM,

∼
W

ag

f m. There will be s + 1 records in the matrices, while s columns will correspond
to the weights of the generated matrices, and the initial weights obtained from the initial
data will be entered in the first column.

Step 7. The quality of various aggregation methods is evaluated, including Lambda-
Max, Arithmetic Mean Aggregation (AMA), Geometric Mean Aggregation (GMA), Min-
max with Arithmetic Mean Aggregation (MAMA), and Min-max with Geometric Mean Ag-

gregation (MGMA). The evaluation is based on the obtained values of weights
∼
WLMM,

∼
W

ag

f m,
where ag = 1, . . . , 4; f m = 1, . . . , 6. In the process of evaluating the quality of the model,
the metrics described in Section 3.3.4 were employed.

3.3.4. Metrics for Evaluating the Quality of the Model

There are initial values of criteria weights wi and new values of weights ŵi obtained
from slightly modified matrices, where i is the index of the criterion (i = 1, . . . , n). The
verification of the stability of each method is checked in a cycle ς = 1, . . . , s. To evaluate
the quality of a model, such quality criteria as Maximum Mean Relative Error (MxMRE),
Maximal Maximum Relative Error (MxMxRE), Mean of Mean Absolute Error (MMAE),
and the Rank Repeatability Metric (RRM) are employed.

Maximum Mean Relative Error
The Mean Relative Error (MRE) shows how, on average, the weights obtained from a

slightly modified matrix differ from the initial weights. The metric is not defined if wi = 0
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or may grow at very small values of the initial weights wi. Summarizing the obtained MRE
by all criteria i, the maximum error MxMRE is calculated.

MxMRE = max
i

(
1
s

s

∑
ς=1

∣∣ŵς
i − wi

∣∣
wi

)
(28)

Maximal Maximum Relative Error
The Maximum Relative Error (MxRE) indicates the maximum, critical changes in the

weights obtained from a slightly modified matrix from the initial weights. In MxRE, as in
MRE, values may occur due to a small value wi in the denominator. The mean error by all
criteria is defined as the maximum value:

MxMxRE = max
i

(
max

ς

∣∣ŵς
i − wi

∣∣
wi

)
. (29)

Mean or Maximum of Mean Absolute Error
The Mean Absolute Error (MAE) is the simplest and most intuitive metric. For each

criterion, the absolute difference ŵς
i between the primary wi and the new values of the

weights is calculated in each cycle ς. Each difference proportionally contributes to the
overall error. The MAE values are averaged by the number of cycles s, and then by the
number of criteria n, obtaining a generalized MMAE metric. Also, for comparison with
other metrics, in MxMAE, the error by all criteria is defined as the maximum value.

MMAE =
1
n

n

∑
i=1

(
1
s

s

∑
ς=1

∣∣ŵς
i − wi

∣∣), (30)

MxMAE = max
i

(
1
s

s

∑
ς=1

∣∣ŵς
i − wi

∣∣). (31)

The Rank Repeatability Metric (RRM) records the frequency of repetition of the ranks
of the primary criteria weights. There is a practice of recording the repetition rate of the best
rank (BR), which corresponds to the highest value of the criterion weight argmax

i
(wi) [20].

The pseudocode of this metric is as follows (Algorithm 1):

Algorithm 1 RRM-BR

procedure RRM-BR(W)
n, m← size(W)
wi, ŵς

i ←W , iϵ[1,n]
s← m− 1
ς← 0 , ςϵ[1, s]
count← 0
imax ← argmax

i
(wi)

while ς ≤ s do
while i ≤ n do

îς
max = argmax

i

(
ŵς

i
)

if
(
imax = îς

max
)

then
count← count + 1

end if
i← i + 1

end while
ς← ς + 1
end while

RRM = count
s ∗ 100%

end procedure



Mathematics 2023, 11, 4984 17 of 39

In this study, the verification will record the repetitions of all ranks (AR) of the initial
weights wi. First, the Criterion Rank Repeatability (CRR) is calculated for each criterion. To
obtain the value of RRM, the values of the CRR of the criteria are averaged and presented
in percentage terms (Algorithm 2).

Algorithm 2 RRM-AR

procedure RRM-AR(W)
n, m← size(W)
wi, ŵς

i ←W , iϵ[1,n]
s← m− 1
ς← 0 , ςϵ[1, s]
counti ← 0 , i iϵ[1,n]
ri ← argrank

i
(wi)

while ς ≤ s do
while i ≤ n do

r̂i
ς = argrank

i

(
ŵς

i
)

if (ri = r̂i
ς) then

counti ← counti + 1
end if

i← i + 1
end while

ς← ς + 1
end while

CRRi =
counti

s
RRM = ΣCRRi

n ∗ 100%
end procedure

All calculations of the practical part were implemented in Python language (ver-
sion 3.10.12) using Google Research Colaboratory.

4. Results

At the first stage of the study, the relationship between the selected triangular FAHP
scale and the final results obtained using the methods detailed in Section 3.2 was analysed.
Table 5 shows the triangular scales applied in this study. The 1-scale, the most widely
used, forms triangular values l = m− 1, u = m + 1, while remaining within the range of
estimates of the classical scale of Saaty [1, 9], values SI = (1, 1, 1), EI = (8, 9, 9). The 2-scale
is identical to the first one, except for the extension of the range of estimates: SI = (0.5, 1, 1),
EI = (8, 9, 10). It should be noted that the use of a zero estimate for SI is avoided. The
3-scale forms a broader fuzzy number l = m− 2, u = m + 2, while also remaining within
the limits of the interval of Saaty’s scale [1, 9]. The 4-scale is equal to the first one, except
EI, where all values l, m, u are equal to 9. This indicates a high degree of confidence of the
expert in the assessment, the highest EI = (9, 9, 9) and the lowest is SI = (1, 1, 1).

Table 5. Scales used in FAHP methods.

Scales SI MI STI VSI EI Intermediate Values

1-scale (1,1,1) (2,3,4) (4,5,6) (6,7,8) (8,9,9) (1,2,3) (3,4,5) (5,6,7) (7,8,9)

2-scale (0.5,1,2) (2,3,4) (4,5,6) (6,7,8) (8,9,10) (1,2,3) (3,4,5) (5,6,7) (7,8,9)

3-scale (1,1,3) (1,3,5) (3,5,7) (5,7,9) (7,9,9) (1,2,4) (2,4,6) (4,6,8) (6,8,9)

4-scale (1,1,1) (2,3,4) (4,5,6) (6,7,8) (9,9,9) (1,2,3) (3,4,5) (5,6,7) (7,8,9)

5-scale (1,1,1) (2,3,4) (1,2,3) (3,4,5)
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To conduct the study using the mentioned scales, 11 pairwise comparison matrices
were selected. In each of the matrices, estimates from 1 to 9 were used, with different values
of CI, CR, and different ranks ranging from 4 to 7 (Table 6). The table also shows cases of
repetition of the criteria weights. The data were taken from the author’s previous research.

Table 6. Characteristics of AHP matrices, with a 1–9 scale being used.

Matrix 1 Matrix 2 Matrix 3 Matrix 4 Matrix 5 Matrix 6 Matrix 7 Matrix 8 Matrix 9 Matrix 10 Matrix 11

CI 0.010 0.064 0.018 0.051 0.095 0.016 0.098 0.007 0.005 0.091 0.081

CR 0.011 0.072 0.016 0.046 0.086 0.013 0.078 0.005 0.004 0.067 0.060

rank 4 4 5 5 5 6 6 7 7 7 7

Repeating
weights no no yes no no no no yes no no no

The 5-scale employs the values of SI and MI that match the values used in the 1- and
4-scales. To study the 5-scale, 8 additional matrices were used, in which experts gave
estimates in the range of 1–4. The detailed characteristics of these matrices are given
in Table 7. The method for verification provides for minor modifications in the original
pairwise comparison matrices in order to create new matrices (see Section 3.3.1), generating
10,000 matrices, of which only those with an acceptable (CR < 0.1) were applied; their
number (in percentage terms) is presented in Table 8.

Table 7. Characteristics of AHP matrices, with a 1–4 scale used.

Matrix 1 Matrix 2 Matrix 3 Matrix 4 Matrix 5 Matrix 6 Matrix 7 Matrix 8

CI 0.007 0.057 0.008 0.092 0.007 0.092 0.012 0.098

CR 0.008 0.064 0.007 0.083 0.006 0.074 0.009 0.073

rank 4 4 5 5 6 6 7 7

no no yes no yes no yes yes

Table 8. Percentage of consistent matrices (PrCM) (out of 10,000).

Matrix 1 Matrix 2 Matrix 3 Matrix 4 Matrix 5 Matrix 6 Matrix 7 Matrix 8 Matrix 9 Matrix 10 Matrix 11

min 85.34 68.71 98.51 80.00 58.91 99.61 45.29 100.00 99.40 53.97 83.94

max 87.18 69.04 98.76 80.69 59.41 99.73 45.96 100.00 99.47 54.51 84.88

Matrix 1 Matrix 2 Matrix 3 Matrix 4 Matrix 5 Matrix 6 Matrix 7 Matrix 8

min 81.52 49.17 93.11 26.99 98.31 36.84 99.04 39.26

max 81.81 50.21 93.51 27.62 98.54 37.9 99.17 40.27

The matrix consistency percentage was checked 4–5 times, with records of the min-
imum and maximum values made. The min-max interval of the consistency percentage
was set to check the sufficiency of the number of iterations. The difference between the
minimum and maximum values turned out to be insignificant, not exceeding 1%, which
confirms a number of iterations—10,000—was satisfactory. There is a tendency for the
matrices initially characterized by small CR (Tables 6 and 7) to have a low percentage of
consistency (Table 8) after these modifications.

Figure 4 shows the correlation of weights obtained using various methods of analysing
the hierarchy of fuzzy pairwise comparison numbers (AHPF), such as the fuzzy arithmetic
mean method with centroid defuzzification (FAMCD), fuzzy arithmetic mean method with
gravity centre defuzzification (FAMGD), fuzzy arithmetic mean method with centroid de-
fuzzification (FGMSD), fuzzy geometric mean method with gravity centre defuzzification
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(FGMGD), extent analysis method (EAM), extent analysis method with Wang’s normaliza-
tion (EAMW) and weights obtained by the AHP method. By analysing the correlation of
the weights of 11 matrices, we can observe the similarity of the results, regardless of the
scale applied. The correlation is high (0.91–1), which confirms the reliability of the results.
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With the use of the 1–4 scale by FGMCD and FGMGD methods, the correlation of the
criteria weights of all the matrices used is close to 1 (0.9982–0.999). The triangular values
of the 1- and 4-scale are septenary, the values [l, u] = m± 1 differ only in the EI values (1-
scale: (8,9,9), 4-scale: (9,9,9)). When expanding the interval of triangular numbers (2-scale:
extensions of SI, EI values; 3-scale: [l, u] = m± 2), the results vary slightly depending on
the matrix used.

The correlation results obtained by FAMCD and FAMGD methods differ depending
on the matrix itself; it is remarkable that the correlation in the case of applying 2-scale is
lower compared to the other cases. We can see that the defuzzification method has no
particular effect on the results obtained.

The results of the EAM and EAMW methods are ambiguous; they depend on the
matrix and the scale employed. Table 9, which indicates the number of zero criteria weights
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obtained by the EAM and EAMW methods, shows a tendency to increase zero weights
with the dimension of the matrix itself. When comparing the application of 1-scale and
2-scale, 2-scale shows the best results, despite small differences in the values of SI, 1-scale:
(1,1,1), 2-scale: (0.5,1,2), and EI of the 1-scale: (8,9,9), and 2-scale: (8,9,10). An important
aspect of the 2-scale is the wider range of triangular values SI and EI, which go beyond the
interval of the classic scale of Saaty.

Table 9. The number of criteria with zero weights, when using four different scales.

1-Scale 2-Scale 3-Scale 4-Scale

EAM EAMW EAM EAMW EAM EAMW EAM EAM

Matrix 1 1 1 0 1 0 0 1 1
Matrix 2 2 2 2 2 0 1 2 2
Matrix 3 2 2 1 1 0 0 3 3
Matrix 4 2 2 1 2 0 0 2 2
Matrix 5 3 3 2 3 1 2 3 3
Matrix 6 3 3 1 1 0 0 3 3
Matrix 7 3 3 0 0 0 0 3 3
Matrix 8 2 3 1 2 0 0 2 5
Matrix 9 3 4 3 3 2 2 3 4

Matrix 10 4 4 2 3 0 0 4 4
Matrix 11 4 4 3 3 1 2 4 4

The narrowing of the EI value in the 4-scale demonstrates the worst results of applying
the EAM and EAMW methods. Applying a wider triangle value in the 3-scale reduces the
number of zero values, although it does not completely solve the problem of zero criteria
weights for any pairwise comparison matrix. When applying all scales, the EAMW method
shows worse results than the EAM method. For a better understanding of the results
obtained by the EAM and EAMW methods, we will study a special case of the 1 matrix
(Figures 5 and 6).
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Figure 5 shows the problem of zero values of weights, a sharp increase in the values of
other criteria weights, compensating for the difference, and the total sum of the weights (equal to
1). The criteria weights obtained by the EAM and EAMW methods when employing the 1-scale
differ significantly from the values of the weights resulting from employing other methods.

When applying 3-scale, the ranked (ordered) values of the weights obtained by all
methods are the same (Figure 6). However, the numerical values of the weights obtained
by the EAM and EAMW methods differ from the others. The difference between the values
of the weights of all criteria in the case of EAM and EAMW methods is not significant; the
values are being averaged to some extent.

When conducting the analysis employing 5-scale, which uses a narrower range of
estimates from 1 to 4, 8 matrices were used. A detailed description of these matrices is
presented in Tables 7 and 8. The analysis showed a high correlation between the criteria
weights of the six fuzzy algorithms and the weight values obtained by the AHP method
(Figure 7). It was the FGMCD and FGMGD methods that demonstrated the highest
correlation rates in this context.
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Analysing the number of zero values of weights obtained by the EAM and EAMW
methods (Table 10), one may note that it turned out to be relatively less compared to the
results obtained when applying the 1-scale. The results from the use of the 5-scale are
identical to those from the 1-scale; they differ only in a reduced number of estimates.

Table 10. The number of criteria with zero values of weights, when employing the 5-scale.

Matrix 1 Matrix 2 Matrix 3 Matrix 4 Matrix 5 Matrix 6 Matrix 7 Matrix 8

EAM 1 0 1 1 1 1 0 0

EAMW 1 2 1 1 1 1 1 3

Based on the presented data, we may conclude that when using a smaller number of
estimates in the triangular membership function, the EAM and EAMW methods demon-
strated fewer zero values.

According to the Rank Repeatability Metric (RMM-AR, RMM-BR), the best result is
the result with the highest percentage value. Having studied the Rank Repeatability Metric
for all ranks, the 3-scale turned out to be the best, according to the averaged results of
11 matrices obtained by all methods (Figure 8a), although the percentile difference with
the 1-, 2-, and 4-scales is insignificant (1.5–2%). The 5-scale showed the worst results. By
recording the repetition rate of the best-ranking RMM-BR, we get the results being on
average 10% higher than with RMM-AR (Figure 8b). The stability of all methods differs by
1%, with the 2-scale prevailing to some extent. Comparing the averaged stability results
of FAHP methods (Figure 8c,d), the values of the RRM-BR metric are 11–15% higher than
the values of the RRM-AR metric; they vary between [81.03–84.6%] and [64.41–73.39%],
respectively. In both cases, the stability is higher for FAMCD and FAMGD. The high
estimate of the RRM-BR metric of the EAM and EAMW methods is explained by the
frequent occurrence of zero weights for the remaining criteria; therefore, the repetition rate
metric for all ranks is significantly lower than the results of the other methods.

The following metrics (Figures 9 and 10) show the error, so the best scale or method
will be the value that is the smallest one. The Maximum Mean Relative Error (MxMRE)
metric shows the trend, the average value of errors according to all criteria, unlike the
Maximal Maximum Relative Error (MxMxRE) metric, which finds abnormal error values.
In this problem, maximum of mean absolute error reveals only significant errors.

Figure 9 shows that the best fuzzy triangle scale for the above-applied FAHP methods
is the 3-scale, based on the rates of all metrics. Also, the error values are not large when
applying 2-scale. MxMxRE showed an abnormally large error when using the 5-scale.
The error values for FAMCD, FAMGD, FGMCD, and FGMGD methods are similar and
insignificant. The MxMxRE metric revealed abnormal values for the EAM and EAMW
methods (Figure 10).

Having summarized the results of the metrics, it is advisable to use the 3-scale, which
reduces the number of zero values in the EAM and EAMW methods. To verify the methods,
the RRM-AR metric turned out to be the best, as it accurately identified problems in the
EAM and EAMW methods. Also, the general trend was established by the MxMRE metric.
The MxMxRE metric detects any abnormal error values.

At the second stage of the study of the method of the AHP matrices’ aggregation,
the matrices of the expert commission were employed; the number of criteria for each
matrix was 6, and the number of experts was 7. Each expert expressed his/her independent
opinion by filling in a separate pairwise decision matrix.

In the event of making a common decision, the degree of consistency of all experts
is checked by finding the concordance coefficient and the Pearson correlation coefficient.
Those pairwise comparison matrices are selected so that their consistency coefficient W is
high. In this study, the concordance coefficient is 0.895, χ2 = 31.33 (more than the tabulated
value of 11.07). The ranked values of the criteria weights of 7 experts are provided in
Table 11.
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Table 11. The ranked value of the criteria weights.

Criteria/Experts 1 2 3 4 5 6 7

C1 4 4 3 3 3 2 3

C2 1 1 2 1 2 1 1

C3 3 3 4 4 5 4 4

C4 2 2 1 2 1 3 2

C5 5 5 5 6 4 5 5

C6 6 6 6 5 6 6 6
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Those pairwise comparison matrices are selected so that their consistency coefficient W is 
high. In this study, the concordance coefficient is 0.895, 𝜒ଶ = 31.33 (more than the tabu-
lated value of 11.07). The ranked values of the criteria weights of 7 experts are provided 
in Table 11. 
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The choice of matrices with high consistency is so that when creating new data based
on the original data, the results obtained would make sense, that is, W would be acceptable.

When verifying the stability of the methods 10,000 times after aggregating by the
arithmetic mean with standard deviation method, rare ambiguous results associated with
small values in the denominator were obtained, since the inverse part of the matrix is
formed according to

(
lij, mij, uij

)
=
(

1
uji

, 1
mji

, 1
lji

)
. This led to the introduction of several

restrictions (if Lij < 0.1, then Lij = 0.1; if Mij < 0, then Mij = 0.1; if Uij > 10, then Uij = 10),
which does not allow values to go beyond the range [0.1–10].

The results of the criteria weights and their standard deviation obtained by FAHP
methods after aggregation of Min-max with arithmetic mean, Min-max with geometric
mean, and arithmetic mean with standard deviation methods are presented in Figures 11
and 12. It should be noted that after aggregation by the AM-SD algorithm, a large number
of zero weights were obtained by the EAM method (Figure 12). The specifics of the AM-
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SD aggregation algorithm lead to a greater variation in the value of the criteria weights
(Figure 11), especially when applying Chang’s method. The correlation of the weight
vectors is high, ranging from 0.967 to 1 (Figure 13).
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The MxMxRE metric revealed critical errors in EAMW and EAMW (Figure 14). The
MinMax-GM aggregation showed a minor error of the MxMxRE metric for most of the
FAHP methods used (Figure 15).

Figure 15 shows that a smaller error is achieved using the FAMGD method and
MinMax-GM aggregation. There is a higher error with the FAMCD method when applying
AM-SD aggregation. MxMRE shows the average error value, the highest error value of the
EAMW method when applying MinMax-AM and MinMax-GM aggregation. This metric
shows a lower error value for AM-SD aggregation due to zero weights. That is, the metric
does not sufficiently reflect this problem (Figure 16). The results of MxMRE and MxMAE
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(Figure 17) metrics for MinMax-AM and MinMax-GM aggregations are identical or have a
slight difference. MxMAE indicates higher errors in EAM and EAMW methods.
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Given the RRM-AR metric, the stability of the methods after MinMax-AM and
MinMax-GM aggregation is high, mainly 99%, with a difference of 0.1–0.3%. The RRM-AR
metric indicates the problem areas of the EAM and EAMW methods. It is not advisable
to use AM-SD in the FAMCD method when checking stability for all ranks: RRM-AR
(Figure 18) and the best rank–RRM-BR (Figure 19), where the metrics showed a low stabil-
ity value. RRM-AR and RRM-BR indicate the high stability of the FAMGD and FGMGD
methods, regardless of the aggregation method.

At the third stage of the study, five ways of combining fuzzy pairwise comparison
matrices are studied: Arithmetic mean (AM), Geometric mean (GM), Min-max arithmetic
mean (MAM), Min-max geometric mean (MGM) (Table 2) and Lambda Max. To implement
the study, 7 pairwise comparison matrices from the second stage of verification are em-
ployed, characterized by agreed-upon expert assessments. Fuzzy matrices are formed from
these pairwise comparison matrices using the 1-scale given in Table 5.

The values of criteria weights for various methods of FAHP matrices’ aggregation are
shown in Figure 20. The ranked values of the criteria weights obtained by the Lambda
Max, FAMCD, FAMGD, FGMCD, and FGMGD methods coincide with all the aggregation
methods considered. The values of the weights obtained by the Lambda Max method have
the greatest similarity (correlation 0.999) with the FGMCD and FGMGD methods with
Geometric Mean Aggregation (Figure 20b).
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When using the methods of aggregation of average values (AMA, GMA), during the
calculations of the two smallest weights by the EAM method, zero values are obtained
(Figure 20a,b). The same is observed in calculations using the EAMW method, resulting in
three zero values of weights (Figure 20a,b), while the weights of the other criteria obtained
by the EAM and EAMW methods (Figure 20a,b) increase significantly.

The min-max aggregation method successfully solves the problem of zero weights,
while the ranked values of the criteria weight obtained by the EAM and EAMW methods co-
incide with all other methods (Figure 20c,d). When applying the Min-Max Geometric Mean
Method, the criteria weights with the highest values (criterion 2 and 4) become more similar.
A similar trend is observed with the Min-Max Arithmetic Mean Aggregation method.

The Maximum Mean Relative Error (MxMRE) metric indicates a high error in EAM
and EAMW methods, especially with AMA and GMA aggregation methods (Figure 21).
In the MAMA and MGMA methods, the error value decreases sharply, but remains large,
unlike other methods. In determining the MxMRE metric by other methods, the result
turns out to be contradictory, since with the AMA and GMA aggregation methods, the
error takes the smallest value. The best result was obtained by the FGMGD method for all
aggregation methods.
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Having studied the extreme values of the MxMxRE metric, the lowest error value is
observed in the AMA and GMA aggregation methods for the FGMCD, FGMGD, FAMCD,
and FAMGD methods. However, drawbacks are also found with MAMA and MGMA
aggregations for the above methods, which is a drawback in their effectiveness (Figure 22).

To compare all FAHP aggregations, the error values for AMA, GMA, MAMA, and
MGMA methods obtained by FAMCD, FAMGD, FGMCD, FGMGD, EAM, and EAMW
methods are averaged. Another metric, Mean of Mean Relative Error (MMRE), is also
calculated; that is, MRE is calculated for all criteria, with their values getting averaged. The
lowest error in terms of all metrics is observed with the Lambda Max aggregation method
(Figure 23).

It should be noted that the MxMxRE error value is very high for the MAMA and
MGMA methods, although the average values of the MMRE and MxMRE errors are not
large; in the case of MMRE, the error is comparable to the Lambda Max method. The
MxMxRE value is not high for the AMA method, but on average the MMRE and MxMRE
error values are high.
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Figure 22. MxMxRE error metric for various methods of FAHP matrices’ aggregation.
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Figure 23. MxMRE, MxMxRE, MMRE, and MMAE errors for FAHP aggregation methods.

Having studied the stability of the methods for all ranks (RRM-AR), the best result was
found when applying the Lambda Max method—99.71, MAMA method—99.29, MGMA
method—99.04 (Figure 24). But it is the AMA method that determines the rank of the best
alternative, RRM-BR (Figure 25). In general, the metric estimates of RRM-BR methods are
higher than those of RRM-AR and range from 99.44 to 100.

We should note that the difference between RRM-AR and RRM-BR metric values for
these aggregation methods is insignificant.
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5. Discussion

Having studied the statistics of the literature of applications of the FAHP methods of
paired comparison fuzzy numbers hierarchy for the last 10 years, a dozen categories (Figure 1)
have been identified in which the largest number of significant research papers (995 research
papers in total) have been published: “Environmental Science”, “Green Sustainable Science
Technology”, “Computer Science Artificial Intelligence”, “Engineering Civil”, “Computer
Science Information Systems”, “Environmental Studies”, “Management”, “Engineering Multi-
disciplinary”, “Water Resource” and “Geoscience Multidisciplinary”. This shows the wide
range of applications of FAHP methods and the importance of this study.

In the numerical stability testing, we applied six different Fuzzy Analytic Hierarchy
Process (FAHP) algorithms: fuzzy arithmetic mean method with centroid defuzzification
(FAMCD), fuzzy arithmetic mean method with gravity centre defuzzification (FAMGD),
fuzzy arithmetic mean method with centroid defuzzification (FGMSD), fuzzy geometric
mean method with gravity centre defuzzification (FGMGD), extent analysis method (EAM),
and the extent analysis method with Wang’s normalization (EAMW).

This research presents a list of metrics that have allowed a more profound investigation
of FAHP methods in the context of determining the criteria weights. These metrics can be
useful when choosing the appropriate algorithm for solving specific multi-criteria problems.
To verify the effectiveness of the methods and to calculate the criteria weights, the RRM-AR
metric was applied, which made it possible to accurately identify problems associated with
zero values of weights when applying the EAM and EAMW methods. Also, MxMxRE is
able to detect any abnormal values of errors in the criteria weights. The general trend is
established by MxMRE, although it does not clearly reflect the problem of zero weights,
similar to the RRM-AR metric. The MxMAE metric helps identify only significant errors.
RRM-AR is a new approach suggested by the authors of this study.

A linguistic approach to modelling and evaluating criteria systems allows employing
not only numbers but also words or sentences of natural language as values of the variables.
Triangular fuzzy numbers are especially convenient and are often used to express expert
opinions. Data analysis of literary texts showed a variety of about 80 different triangular
fuzzy scales used in research. There are several different scales in FAHP methods, including
9-level, 4-level, 5-level, 6-level, and 7-level scales, each of which has different meanings
and definitions. This speaks to the fact that researchers and decision-making experts are
actively experimenting with various fuzzy scales.

Therefore, in the first part of the study, we investigated the specific aspects of 9-level,
with four different variations, and 4-level scales in FAHP methods (Table 5). We observed
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different trends when applying different scales. For this purpose, 19 different matrices
(Tables 6–8) have been selected, ranging in size from 4 to 7, and having different consistency
values (CR < 0.1).

The results obtained by the EAM and EAMW methods differ from the other algorithms
listed above due to obtaining zero values for the criteria weights (Figure 5). 11 matrices
of selected pairwise comparison matrices (Table 6) have been used for calculations. In
this context, the application of four different variations of 9-level scales shows noticeable
differences in a seemingly insignificant change in the selected scale (Table 9).

We are talking about the 1-scale and 4-scale, the difference of which in the EI interval
is as follows: 1-scale: (8,9,9) and 4-scale: (9,9,9). Calculating by EAM and EAMW methods
the criteria weights of matrix 3 (CR = 0.016, rank = 5, the criteria weights are repeated,
PrCMϵ[98.51–98.76%]) and matrix 8 (CR = 0.005, rank = 7, the criteria weights are repeated,
PrCM = 100%), the number of zero weights increases when using a narrower interval of
the triangular EI estimate of the 4-scale. In the case of 3 matrices, using the 1-scale, EAM
and EAMW methods helped obtain two zero values, respectively, using the 4-scale, we
obtained three zero values of criteria. Comparing the results of estimates of 8-matrix by the
EAMW method, the number of zero weights has increased from 3 to 5 values (Table 9).

Unlike the 4-scale, the 2-scale does not narrow but expands the triangular SI and EI
values of the 1-scale. The differences in the SI values are as follows: 1-scale: (1,1,1), 2-scale:
(0.5,1,2), and EI values: 1-scale: (8,9,9) and 2-scale: (8,9,10). Analysing the results of the
zero criteria weight obtained by the EAM and EAMW methods, in percentage terms, their
number decreased by 45% and 32%, respectively.

3-scale forms a broader fuzzy number l = m− 2u = m + 2, while, like the first, it
remains in the limits of the interval of the Saaty’s scale [1, 9]. When compared with the
1-scale, the results of zero criteria weights obtained by the EAM and EAMW methods,
in percentage terms, decreased by 86% and 77%, respectively. When comparing the zero
values of the weights obtained using the 2-scale and the 3-scale, the number decreased by
41% and 45%, respectively.

The number of zero values of weights obtained by EAM and EAMW methods using
the 5-scale on another set of 8 matrices (Table 7) is significantly less. We should note that
the 5-scale is identical to the 1-scale; it differs in a reduced number of estimates STI, VSI,
and EI (Table 5). Based on the presented results, we may conclude that when using fewer
estimates in the triangular shape membership function (4-level), the EAM and EAMW
methods demonstrate fewer zero values.

Based on the Rank Repeatability Metric results, the 3-scale turned out to be the best.
Although the percentile difference with the 1-, 2-, and 4-scales is insignificant (1.5–2%),
among them, the results of the 2-scale are slightly prevalent. 5-scale showed the worst
result. Based on the results of the other MxMRE, MxMxRE, and MxMAE metrics, the
3-scale is good for all FAHP algorithms employed. Also, the errors are not large when
applying a 2-scale. The MxMxRE error showed an abnormally large error when applying
the 5-scale. Summarizing, it is advisable to use the 3-scale (suggested by Lu and Wang [66]),
which reduces the number of zero values in the EAM and EAMW methods and results in
lower errors in terms of the MxMRE, MxMxRE, and MxMAE metrics, as well as a greater
stability value for RRM-BR and RRM-AR. Comparing the averaged stability results of
FAHP methods, the values of the RRM-BR metric are 11–15% higher than the values of the
RRM-AR metric.

In the second part of the study, three different ways of aggregating the AHP matrices
into one fuzzy pairwise comparison matrix were investigated, using triangular fuzzy
numbers: Min-Max with arithmetic mean aggregation (MinMax-AM), Min-Max with
geometric mean aggregation (MinMax-GM), and Arithmetic mean with standard deviation
aggregation (AM-SD). During the study of the stability of the methods, the weaknesses
of the AM-SD aggregation method were revealed, and this resulted in the introduction of
several restrictions (if Lij < 0.1, then Lij = 0.1; if Mij < 0, then Mij = 0.1; if Uij > 10, then
Uij = 10), which does not allow the values to go beyond the range [0.1–10]. Despite the
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improvement of the AMS-DA aggregation method, it showed significant weight deviations,
higher error values of the MxMxRE metric, and lower stability indicators for the RRM-AR
and RRM-BR metrics.

The correlation of the values of the criteria weights calculated by FAMCD, FAMGD,
FGMCD, and FGMGD is high regardless of the aggregation method. The stability of the
methods (RRM-BR and RRM-AR) and error metrics (MxMRE, MxMxRE, MxMAE) obtained
after aggregation by MinMax-AM and MinMax-GM methods do not differ significantly. It
is possible to highlight the results of the FAMGD method for all quality metrics by applying
the MinMax-AM and MinMax-GM aggregation methods.

At the third stage of the study, five methods of combining fuzzy pairwise comparison
matrices are studied: Arithmetic mean (AM), Geometric mean (GM), Min-Max arithmetic
mean (MAM), Min-max geometric mean (MGM), and Lambda Max. When applying AMA
and GMA, zero values are obtained during the calculation of the criteria weights by the EAM
and EAMW methods. The Min-Max aggregation method successfully solves the problem
of zero weights, while the rank values of the criteria weights obtained by EAM and EAMW
coincide with all other results obtained by other methods, as indicated by the MxMRE metric.
For the rest of the FAMCD, FAMGD, FGMCD, and FGMGD calculation methods, the values
of MxMRE and MxMxRE are better for AMA and GMA (Figures 21 and 22).

Summarising the results of the error metrics, the best aggregation method is Lambda
Max and AMA. Having studied the stability of the methods for all ranks (RRM-AR), the
best result was shown by: Lambda Max—99.71, but AMA (RRM-BR = 100%) uniquely
determines the rank of the best alternative.

It should be noted that the problematic areas of Chang’s method (EAM and EAMW)
are associated with zero values of the criteria weights. The reason is that the method has a
different defuzzification for calculating the weights, in contrast to the other studied methods.

In order to determine the best of the other four (FAMCD, FAMGD, FGMCD, and
FGMGD) methods, the results were ranked according to all quality metrics, with the total
score of the ranks calculated. Given the ranked data obtained, we recommend the FAMCD
and FGMGD methods as the most universal among the FAHP methods studied. The high
correlation of weights obtained using various scales and methods should be highlighted.
This clearly demonstrates the consistency and correctness of the logic of these methods and
algorithms for the calculations.

The AHP method (FAHP) finds application in solving personal tasks in various as-
pects of everyday life, such as buying a home or choosing a car, allocating household
budgets, or prioritising tasks based on their importance and urgency for more efficient time
management. The responsibility for making decisions regarding such tasks lies with the
individual themselves or a few members of a small social group (friends, family). Typically,
between 1 and 6 individuals are involved in solving personal tasks. Such decisions can be
made through general discussions, forming a hierarchy of criteria, and completing shared
pairwise comparison matrices. When solving public-oriented tasks, the individual making
the decision should be accountable for collective benefit rather than personal interests. For
addressing collective tasks (departments, organisations, governments, unions), the AHP
(FAHP) method is applicable alongside other methodologies and techniques. Their aim is
to verify the consensus among specialists with diverse perspectives and ensure impartiality
in decision-making. There are methods to assess specialists for their competence, such as
selecting them based on their achievements (education, position held, work experience).
The selected specialists entrusted with solving societal problems are termed experts. The
consistency of experts’ opinions is checked by using a coefficient of concordance. It is
recommended that no fewer than seven experts participate in decision-making. The com-
plexity of tasks addressed by AHP can be grouped based on a number of subgroups in
the hierarchy: simple: 2-3; moderate complexity: 5-7; complex: 7; and more. However, in
the real world, the importance of the task is often determined not by the complexity of the
hierarchy but by the financial benefit derived from the decision taken. Factors to consider
in recommending the suitable FAHP method include: whether the decision-making is
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individual or collective; the complexity of the task; the nature of criteria (the interpretation
of criteria, which may be ambiguous); and the type of PCM (Table 12).

Table 12. Recommendations for selecting an appropriate FAHP method.

Decision Complexity of
the Task

Number of
Decision-Makers

Nature of the
Decision Criteria Type of PCM Recommended Methods

Personal Low 1–6 Precise General PCM AHP
Personal Low 1–6 Ambiguous General FPCM FAMCD or FGMGD

Collective Low 7–12 Precise General FPCM FAMCD or FGMGD

Collective Low-Medium-High 7 and more Precise Individual PCM

MinMax-AM or
MinMax-GM aggregation
method with FAMCD or

FGMGD
Collective Low 7–12 Ambiguous General FPCM FAMCD or FGMGD

Collective Low-High 7 and more Ambiguous Individual FPCM
Lambda-Max;

AMA aggregation with
FAMCD or FGMGD.

One of the key problems that needs further research is Chang’s method improvement
in order to avoid the occurrence of zero values in the criteria. This process may include the
development of advanced mathematical methods or improvements in the normalization
procedure. Moreover, it is important that future research consider using alternative meth-
ods that establish objective weights from a specific data set. In future studies, it would be
necessary to focus on the methods of such groups as distance-minimizing methods. A sepa-
rate focus should be given to the review article devoted to the research of the AHP method,
from the creation of the method itself to improvement, criticism, and the author’s responses
to criticism. It would be useful to arrange the authors’ works in chronological order.

The novelty of this research on the sensitivity of FAHP methods, which are actively
used in various applied problems, should be emphasised. The practice of method sensitivity
itself is not new, but limited attention has been paid to FAHP method validation in the
scientific literature. This paper investigates ways of aggregating multiple expert judgements
into one common FAHP matrix, which has not been done before. This study uses a
significant number of matrices, compared to previous checks of the stability of methods [3].
In addition, this paper proposes metrics for evaluating the quality of FAHP methods,
namely, the Maximum Mean Relative Error and Best Rank Repeatability Metric, which
have not been used before. The metrics presented in this paper can be further used to
investigate the quality of MCDM methods. The results of this research have significance in
selecting the appropriate FAHP method, scale to be used, or aggregation method, providing
reliable decision-making in applied problems.

6. Conclusions

A literature review revealed a wide range of applications of the FAHP fuzzy paired
comparison numbers hierarchy in many academic fields, as well as a variety of triangular
fuzzy scales employed.

The paper presents a list of metrics that help explore decision-making methods more
deeply in the context of determining the criteria weights. These metrics can be useful when
choosing the best algorithm for solving specific multi-criteria problems.

The importance of choosing a specific scale in FAHP methods has been investigated,
and it has been suggested that the 3-scale may be the most appropriate for most FAHP
algorithms, providing fewer null values and higher stability.

In the second part of the study, various methods of aggregating AHP matrices have
been investigated. The best results were achieved when applying Min-Max with arithmetic
and geometric mean, while the aggregation method Arithmetic mean with standard devia-
tion (AMS-DA) required the introduction of restrictions within the algorithm and yielded
larger rate deviations of weights and lower stability indicators.
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At the third stage of the study, five ways of combining fuzzy pairwise comparison
matrices were investigated, with the best results achieved when applying the Lambda Max
and Arithmetic Mean (AMA) aggregation methods. These methods provided the highest
stability and accuracy in calculating the criteria weights.

The high correlation of the results obtained using various FAHP methods and scales
speaks for the similarity of the results, which indicates the consistency and correctness of
the logic of the methods and algorithms studied. This conclusion is an important factor in
making informed multi-criteria decisions.
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