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Abstract: The concept of occupational risk assessment is related to the analysis and prioritization of
the hazards arising in a production or service facility and the risks associated with these hazards; risk
assessment considers occupational health and safety (OHS). Elimination or reduction to an acceptable
level of analyzed risks, which is a systematic and proactive process, is then put into action. Although
fuzzy logic-related decision models related to the assessment of these risks have been developed and
applied a lot in the literature, there is an opportunity to develop novel occupational risk assessment
models depending on the development of new fuzzy logic extensions. The 3,4-quasirung fuzzy set
(3,4-QFS) is a new type of fuzzy set theory emerged as an extension of the Pythagorean fuzzy sets
and Fermatean fuzzy sets. In this approach, the sum of the cube of the degree of membership and
the fourth power of the degree of non-membership must be less than or equal to 1. Since this new
approach has a wider space, it can express uncertain information in a more flexible and exhaustive
way. This makes this type of fuzzy set applicable in addressing many problems in multi-criteria
decision making (MCDM). In this study, an occupational risk assessment approach based on 3,4-
quasirung fuzzy MCDM is presented. Within the scope of the study, the hazards pertaining to the
flight and ground training, training management, administrative and facilities in a flight school
were assessed and prioritized. The results of existing studies were tested, and we considered both
Pythagorean and Fermatean fuzzy aggregation operators. In addition, by an innovative sensitivity
analysis, the effect of major changes in the weight of each risk parameter on the final priority score
and ranking of the hazards was evaluated. The outcomes of this study are beneficial for OHS decision-
makers by highlighting the most prioritized hazards causing serious occupational accidents in flights
schools as part of aviation industry. The approach can also be suggested and adapted for production
and service science environments where their occupational health & safety are highly required.

Keywords: 3,4-quasirung fuzzy set; multi-criteria decision making; risk assessment; Pythagorean
fuzzy set; Fermatean fuzzy set; flight school; occupational health and safety; transportation; system
safety; soft computing; uncertainty analysis

1. Introduction

Occupational risk assessment is a process that covers the evaluation, ranking, and clas-
sification of hazards arising within a production or service system and the risks associated
with these hazards from occupational health & safety (OHS) perspective [1]. This process
determines whether the emerging hazards and the risks associated with these hazards
are at an acceptable level and takes the necessary measures with a proactive approach [2].
While the primary purpose of the occupational risk assessment is to protect the employee
from the dangers that arise in and around the workplace, the safety of business operations
is also a secondary objective within the scope of the occupational risk assessment [3]. As
in the manufacturing industry, in all other industries, harmony and good management of
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the workplace environment, resources and employees is necessary for the activities to be
carried out according to OHS principles [4]. Occupational risk assessment is an essential
component of a coherent safety management system and organizations seeking applicable,
fast, and practical risk assessment.

Risk assessment with an OHS perspective is performed with some particular quan-
titative, qualitative, or hybrid methods that are a combination of these two. Many risk
assessment methods are mentioned in the content of IEC 31010:2019, an important stan-
dard of ISO [5]. These methods are used for some purposes such as defining the risks,
determining the source, cause, and trigger elements of the risk, allowing to choose be-
tween options and understanding the consequences of risk and probability. Multi-criteria
decision-making (MCDM) is one of the methods mentioned by ISO within the scope of this
standard. It is a sub-branch of Operations Research rather than a specific approach and
consists of many different methods. MCDM provides an innovative perspective that allows
selection, ranking, or classification among alternatives by considering multiple criteria in
decision making. It is frequently used in risk analysis studies conducted with an OHS
perspective. In this context, MCDM is used in integration with many well-known concepts
such as fuzzy logic, data analytics, and artificial intelligence/expert systems [6]. MCDM,
integrated with fuzzy logic, constitutes an important slice of the OHS risk assessment
literature and contributes to the OHS risk assessment literature, especially by eliminating
some of the drawbacks of traditional qualitative and quantitative risk assessment methods
mentioned in IEC 31010:2019. These disadvantages have been emphasized many times in
the literature [6] For example, in methods such as the risk matrix method, Fine−Kinney
method, Failure Mode and Effect Analysis (FMEA), Event Tree Analysis (ETA), Fault Tree
Analysis (FTA), Bow-tie analysis and Hazard and Operability Analysis (HAZOP), risk
parameters do not have importance weights, and the evaluation is not done precisely due
to the numerical scale defined for the parameters, logical problems and the insufficient
number of parameters are some of the drawbacks [7–13].

Since the fuzzy logic theory was first proposed by Zadeh [14], many versions have
been developed and integrated with many MCDM methods [15]. The 3,4-quasirung fuzzy
set (3,4-QFS) is a new extension of fuzzy set theory [16]. It is proposed as an extension
of the Pythagorean fuzzy sets [17] and Fermatean fuzzy sets [18]. Another study used
fuzzy sets among major accidents in human reliability analysis [19]. Pouyakian et al. used
fuzzy MCDM to assist in obtaining an optimum allocation of control measures [20]. In
this version, the sum of the cube of the degree of membership and the fourth power of
the degree of non-membership must be less than or equal to one. Since this new approach
has a wider space, it can express uncertain information more flexibly and exhaustively in
decision-making problems such as occupational risk assessment. Therefore, in this study, an
occupational risk assessment approach based on 3,4-quasirung fuzzy MCDM is provided.

The aviation industry is one of the industries that have grown in recent years, while it
plays a crucial role and is essential for developing countries. When the aviation sector and
flight school processes are examined, minor and major differences are observed after the
COVID-19 pandemic. According to the figures of the Turkey Directorate General of Civil
Aviation’s 2020 annual bulletin of safety incidents, although it is seen that the number of
traffic movements and the number of safety incidents decreased in 2020 compared to the
data of the previous two years, it is obvious that there will be an increase again in these
days when the effects of COVID-19 have decreased and the return to normal has been
experienced. While the aircraft traffic movement across Turkey was 1,544,169 in 2018 and
1,556,417 in 2019, it decreased to 855,833 in 2020. In 2020, there is a 45% decrease in traffic
movement compared to the previous year. While there was an increase in traffic movements
in January and February of 2020 compared to 2019, there was a serious decrease due to
the subsequent COVID-19 restrictions. Although the traffic movement has increased again
with the reduction of restrictions since June, it is seen that it is far behind 2019. The total
number of incident reports made during the year decreased from 2319 in 2018 and 2736 in
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2019 to 2073 in 2020. With the effect of the decrease in the number of traffic movements, the
number of incident reports decreased by 24% in 2020 [21].

Flight schools, which produce professional teams for the aviation industry, are one
of the most important pillars of the sector. It is important to develop an appropriate risk
assessment process by considering the activities carried out in these schools from an OHS
perspective. Delikhoon et al. [22] mentioned that systems thinking accident analysis models
can be utilized in different studies to increase the system’s sustainability of aviation safety.
In 1998, both a flight instructor and a student died in an accident on Lake Manitoba. In
August 2008, a C172 crashed in Toronto during an aviation training flight, killing one
person and seriously injuring two. In the accident that took place in Istanbul in 2020,
a piloting undergraduate student was rescued with injuries. In 2022, 2 pilots lost their
lives as a result of the crash of a single-engine training plane near Bursa Yunuseli Airport.
The examples given are only examples of the accidents that occurred before and after
the pandemic in flight schools and processes, and it is observed that there are a large
number of fatal and serious accidents. At first glance, it may seem like there is nothing in
common between these accidents. Observations and accident analyses reveal the lack of
a feasible and comprehensive risk assessment. Since both the flight and ground training
and training management activities, which are among the activities carried out by the
flight school, contain various risks and the existence of administrative and facility-related
hazards reinforces this need. Flight instructors are responsible for understanding and
taking precautions against a wide variety of risks, both for themselves and their students.
A consistent and comprehensive quantitative risk assessment before flight training can
systematically help you determine if the risk level is too high, and provide an opportunity
to reduce or reject risk before it is too late. For these reasons, the risk assessment model
proposed in this study was applied in a flight school risk prioritization process and it
was emphasized that it should include common features based on expert opinions to be
applicable in flight school risk assessment processes as well.

The 3,4-QFSs are superior to Pythagorean and Fermatean fuzzy sets in the MCDM
domain, but it has not yet been applied to the occupational risk assessment. Therefore,
this study remedies the gap and also improves the traditional risk assessment techniques’
limitations, thereby more accurately transforming expert opinions into computable quanti-
tative data. The characteristics and objectives of this paper are (1) to offer a risk assessment
method for the OHS field, (2) to use a new 5-point 3,4-QF linguistic scale in the approach,
and (3) to apply the proposed approach in a flight school risk assessment process. Along
with this real case application in a flight school, a comparative study is also performed to
confirm its adaptability to any other sector’s OHS process and its applicability.

2. Research Background

Since this research is an occupational risk assessment study based on 3,4-QF-MCDM,
initially the recent occupational risk assessment studies based on fuzzy MCDM are re-
viewed, then a summary of the newly proposed 3,4-QFS theory is given. Finally, the
research gaps and main contributions of the study in terms of research methodology and
application viewpoints are presented.

In recent years, there has been an increase and development in the application of the
combination of MCDM & fuzzy set to the field of occupational risk assessment, due to the
proposal of new methods in the field of MCDM and the gradual development of fuzzy logic
extensions. Since fuzzy MCDM has produced remedies for the deficiencies of traditional
risk assessment approaches such as “weighting of risk parameters” and “prioritizing
hazards more sensitively” and has succeeded in improving it continuously. Starting with
Zadeh’s initial fuzzy theory [14,23], triangular and trapezoidal fuzzy numbers [24], then
intuitionistic fuzzy number [25], type-2 fuzzy number [26], hesitant fuzzy number [27],
Pythagorean fuzzy number [17], Picture fuzzy sets [28], Spherical fuzzy numbers [29],
Fermatean fuzzy number [18], q-rung fuzzy numbers [30], and finally 3,4-quasirung fuzzy
numbers [16] are proposed and are ready to be implemented to many real-world problems.
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Many traditional occupational risk assessment methods have been made more effective
by jointly using with fuzzy MCDM. To cite recent studies, Marhavilas et al. [31] conducted
a study integrating Decision Risk-Matrix (also known as risk matrix) and HAZOP methods
with the Fuzzy Analytical Hierarchy Process (FAHP). They used the study to identify
and prioritize potential hazards at a sour crude oil processing facility. Celik and Gul [32]
performed a two-dimensional occupational risk assessment via BWM-MARCOS integration
under interval type-2 fuzzy sets for dam safety. While two risk parameters (severity
and occurrence) are weighted interval type-2 fuzzy BWM, hazards are prioritized via
interval type-2 fuzzy MARCOS method. Another classical method, the Fine−Kinney
method, is often integrated with fuzzy MCDM. A fundamental book on the subject, Gul
et al. [33], includes many approaches applied to different cases and provided their Python
codes in modeling. Similarly, there are many studies combining this method with fuzzy
MCDM [34–39]. Another important traditional method is FMEA. Many disadvantages of
FMEA such as the lack of weight of risk parameters, loss of information in evaluating failure
modes, not taking into account the relationship between failure modes in the calculation
of risk priority number, different scores of the parameters giving the same risk priority
number, and not considering additional parameters other than three parameters have been
eliminated by its usage with fuzzy MCDM [40–45].

On the other hand, almost all of the fuzzy set extensions mentioned above have
been applied in occupational risk assessment in an integrated manner with MCDM meth-
ods [20,46–52]. Mohandes et al. [48] developed a five-dimensional-safety risk assessment
model to improve construction safety. They used FAHP as a weighting tool for the five
dimensions, and FTOPSIS to obtain a precise prioritized ranking system for the identified
safety risks. Liu et al. [46] developed a new occupational risk assessment model by inte-
grating picture fuzzy sets and the Alternative Queuing Method (AQM) to assess and rank
the risk of occupational hazards for corrective actions. Gul et al. [53] proposed a Fermatean
fuzzy TOPSIS-based approach for occupational risk assessment in manufacturing. Ak
et al. [54] studied occupational health, safety, and environmental risk assessment in the
textile production industry through a Bayesian BWM-VIKOR approach.

The 3,4-QF-MCDM can express a wider field, imprecise information in decision-
making more flexible, applicable, and detailed [16]. The adequacy and suitability of the
proposed model are verified by solving a numerical problem concerned with the occupa-
tional risk assessment pertaining to the flight and ground training, training management,
administration, and facilities in a flight school. When the fuzzy logic-based MCDM meth-
ods in the literature are examined, it is seen that more consistent decisions can be obtained
and more consistent models can be modeled in OHS with the 3,4-QF-MCDM study. It
provides a higher degree of consistency to risk prioritization. The main advantage of
3,4-QFS is that it allows decision-makers to take advantage of additional areas such as flexi-
bility, and reduction of uncertainty when applying to MCDM problems [16]. Occupational
health and safety risk analysis studies require a detailed examination of the effectiveness in
decision-making processes due to the uncertainties in the scope and detail. The literature
has revealed that more detailed and flexible decision-making processes can be performed
with 3,4-QF-MCDM [16].

3. Research Method
3.1. Preliminaries on 3,4-QFSs

Before moving on to the detailed notation adapted from [16], it is useful to define the
3,4-QFS. For the universal set U, a 3,4-QFS (3, 4Q) is defined as 3,4Q ={〈

d, f3,4Q(d), h3,4Q(d)
∣∣d ∈ U

〉}
. Here, f3,4Q : U → [0, 1] and h3,4Q : U → [0, 1] represent

membership and non-membership degree by satisfying the condition of 0 ≤ ( f3,4Q(d))
3 +

(h3,4Q(d))
4 ≤ 1.

The term of ψ3,4Q(d) =
12
√

1− ( f3,4Q(d))
3 − (h3,4Q(d))

4 is the hesitancy degree. 3,4-
QFSs can describe inexact data more precisely than Pythagorean and Fermatean fuzzy sets.
In addition, 3,4-QFS allows the decision maker to take advantage of more space in the use of
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membership and non-membership values when handling the MCDM problem. Therefore,
there are some decision-making situations that can be handled with 3,4-QFSs, but cannot
be expressed with Pythagorean and Fermatean fuzzy numbers and their corresponding
linguistic terms. As an example, suppose a decision maker sets a satisfaction degree of 0.8
and a dissatisfaction degree of 0.8. We cannot handle this situation with Pythagorean and
Fermatean fuzzy sets since 0.82 + 0.82 > 1 and 0.83 + 0.83 > 1. On the other hand, this can
be expressed with 3,4-QFSs (0.83 + 0.84 < 1). In such decision-making problems, 3,4-QFSs
are more useful to process uncertain information and better reflect this uncertainty [16]. A
comparison of the spaces of all three fuzzy set versions is given in Figure 1.
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In order to be used in the MCDM approach used for this study, the score and accuracy
functions should be formulated for this type of fuzzy extension. According to the Seikh
and Mandal [16], the following equations are suggested:

The score function Φ for the 3,4-QFS δ = ( fδ, hδ) is formulized as in Equation (1).

Φ(δ) =
1 + fδ

3 − hδ
4

2
, Φ(δ)ε[0, 1] (1)

The score function Θ for the 3,4-QFS δ = ( fδ, hδ) is formulized as in Equation (2).

Θ(δ) =
fδ

3 + hδ
4

2
, Θ(δ)ε[0, 1] (2)

For more detailed theorems which the score and accuracy functions have satisfied,
one can be referred the study [16]. Some basic arithmetic operations of 3,4-QFSs are given
in Equations (3)–(6).

Let A = ( fA, hA) and Z = ( fZ, hZ) be two 3,4-QF numbers.

A⊕ Z =

(
3
√

f 3
A + f 3

Z − f 3
A f 3

Z, hAhZ

)
(3)

A⊗ Z =

(
fA fZ, 4

√
h4

A + h4
Z − h4

Ah4
Z

)
(4)

λA =

(
3
√

1−
(
1− f 3

A
)λ, hA

λ

)
(5)

Aλ =

(
fA

λ, 4
√

1−
(
1− h4

A
)λ
)

(6)

Some aggregation operators are needed to combine the evaluations of the decision
makers and to inject the crisp criterion weights (the weights of the risk parameters obtained
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with BWM for this problem) into the calculations in the form of 3,4-QF numbers. These
are the 3,4-Quasirung fuzzy weighted averaging aggregation operator (3,4-QFWA) and the
3,4-Quasirung fuzzy weighted geometric aggregation operator (3,4-QFGA). Formulas and
calculation details are given in Equations (7) and (8).

The aggregated value of a number of 3,4-QF numbers 3, 4Qr = ( f3,4Qr , h3,4Qr ),
r = 1, 2, . . . , k is calculated with the arithmetic operator as in Equation (7).

3, 4−QFWA(3, 4Q1, 3, 4Q2, . . . , 3, 4Qk) = ⊕
k

r = 1
$r ∗ 3, 4Qr =

(
3
√

1−∏k
r=1 (1− f3,4Qr

3)$r , ∏k
r=1 h3,4Qr

$r

)
(7)

Here $ = ($1, $2, . . . , $k)
T is the weight vector of 3, 4Qr = ( f3,4Qr , h3,4Qr ), r = 1, 2, . . . , k.

$r > 0 and ∑k
r=1 $r = 1.

The aggregated value of a number of 3,4-QF numbers 3, 4Qr = ( f3,4Qr , h3,4Qr ),
r = 1, 2, . . . , k is calculated with the geometric operator as in Equation (8).

3, 4−QFGA(3, 4Q1, 3, 4Q2, . . . , 3, 4Qk) = ⊕
k

r = 1
3, 4Qr

$r =

(
∏k

r=1 f3,4Qr
$r , 4
√

1−∏k
r=1 (1− h3,4Qr

4)
$r

)
(8)

To provide an easy understanding of the readers, one small example is given in the
following to show how the QFWA is computed. Let A1 = (0.5, 0.2), A2 = (0.8, 0.3),
A3 = (0.8, 0.3), A4 = (0.7, 0.3), A5 = (0.4, 0.2), and A6 = (0.4, 0.8) be six values
provided under 3,4-QF numbers which are the ratings of an alternative regarding six
different decision criteria. Let the weights of these six criteria be as follows, respectively:
0.2, 0.1, 0.3, 0.15, 0.15 and 0.1. With QFWA, the membership value and non-membership
value of this alternative are calculated as follows:

membership value
= (1
−(((1− 0.53)

0.2
) ∗ ((1− 0.83)

0.1
) ∗ ((1− 0.8)0.3) ∗ ((1− 0.73)

0.15
) ∗ ((1− 0.43)

0.15
)

∗((1− 0.43)
0.1
)))

1
3 = 0.6876

non−membership value = 0.20.2 ∗ 0.30.1 ∗ 0.30.3 ∗ 0.30.15 ∗ 0.20.15 ∗ 0.80.1 = 0.2871

Then, finally the score function Φ for this alternative is computed as follows:

Φ =
1 + 0.68763 − 0.28714

2
= 0.6591

The similar procedure is followed for the QFGA computations.

3.2. Development of 3,4-QF MCDM-Based Occupational Risk Assessment Model

In this study, we propose an occupational risk assessment study based on 3,4-QF
MCDM. The structure of the OHS risk assessment problem dealt with in this study is
suitable for 3,4-QF-MCDM. For a 3,4-QF-MCDM problem, (1) evaluation criteria, (2) al-
ternatives, (3) criterion weights, and (4) performance values obtained by evaluating al-
ternatives against criteria are required. For the OHS risk assessment problem discussed
in the study, these four components are planned as follows: Evaluation criteria in an
occupational risk assessment study are the parameters that are effective in defining the
risk. In this study, we consider six risk parameters unlike the traditional risk assessment
methods such as the risk matrix method, Fine−Kinney method, and FMEA as follows:
(1) Probability: The frequency of occurrence of the hazard [11,48,54], (2) Severity: The
degree of hazard that the risk will pose on personnel, machinery-equipment, environment
and continuity of production/service [11,42,48,54], (3) Detectability: The detectability of
the risk with the eye or any digital device [11,48], (4) Cost: Percentage of the total annual
budget determined by the company for OHS measures [42,55], (5) Sensitivity to not using
personal protective equipment: To what extent the use of personal protective equipment
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affects the severity of the risk [56], (6) Applicability of preventive measures: Opportunities
for preventive measures and their degree of applicability [55,57]. The second component
considered as an alternative is the hazards and associated risks identified in the context
of OHS in the observed flight school. Criterion weights represent the relative importance
weights of six risk parameters and were calculated with Best-Worst Method (BWM) [58].
The performance values obtained by evaluating the alternatives according to the criteria
refer to the value obtained by scoring each hazard according to six different risk param-
eters. These ratings were made for different decision makers with relatively the same
level of experience, using a 5-point 3,4 quasirung fuzzy linguistic scale. This scale was
first proposed and used by the authors in this study. Here, the values named as criteria
in a usual MCDM problem and specified as “risk parameter” in our problem consist of
real numbers. These values were obtained by applying the BWM method. The details of
the BWM method have not been given here. Already, the steps of the traditional BWM
method can be followed by Rezaei [58]. The values expressing the performance values
of the alternatives against the criteria and showing the score given as a result of the eval-
uation of each hazard by the expert according to each risk parameter for our study are
expressed with 3,4-QF numbers. For our problem, let H = {H1, H2, . . . , Hm} be a set of
hazards emerged at the observed case study facility and RP = {RP1, RP2, . . . , RPn} be the
set of risk parameters considered. The number of risk parameters for this study is six.
Let $ = {$1, $2, . . . , $n} be the weight vector of risk parameters obtained via BWM where

$j(j = 1, 2, . . . , n), $j > 0,
n
∑

j=1
$j = 1. Let A =

(
αij
)

mxn =
((

f3,4Qij , h3,4Qij

))
mxn

be the 3,4-

QF decision matrix. Here, αij =
(

f3,4Qij , h3,4Qij

)
shows assessment of an expert on the haz-

ard Hi with respect to risk parameter RPj. It should be noted that
(

f3,4Qij

)3
+
(

h3,4Qij

)4
≤ 1

and f3,4Qij ∈ [0, 1] and h3,4Qij ∈ [0, 1]. In our proposed occupational risk assessment model,
both 3,4-QFWA and 3,4-QFGA operators are tested to find the priority values and orders of
each hazard. The steps of the suggested model are adapted from Seikh and Mandal [16]’s
study as in the following:

Step 1: Determine components of the occupational risk assessment model: the risk
parameters; hazard list; OHS experts who participate in the assessment (with their expertise
coefficient).

Step 2: In this second step, OHS experts make their individual assessments on the
hazards with respect to risk parameters, using the scale as suggested by the authors. It is a
new 5-point 3,4-QF linguistic scale and given in Table 1. Individual assessments of experts
are aggregated with the operators of 3,4-QFWA and/or 3,4-QFGA. Experts’ coefficients are
assumed to be equal in terms of experience in the sector. Here, we introduce the aggregated
decision matrix as B =

(
βij
)

mxn =
((

f3,4Qij , h3,4Qij

))
mxn

.

Table 1. 5-point 3,4-QF linguistic scale used for assessing hazards with respect to risk parameters.

Linguistic Term of Risk Parameter Corresponding 3,4-QF Number

RP1 RP2 RP3 RP4 RP5 RP6 Membership
Degree

Non-
Membership

Degree

Very Low Needs first aid Easy Very low cost Negligible Totally possible 0.11 0.99
Low Minor injury Highly possible Lower costs Low Highly possible 0.44 0.95

Medium Serious injury Sometimes possible Moderate cost Medium Medium 0.69 0.82
High Fatality Highly difficult High cost High Low possibility 0.92 0.51

Very High Many fatalities Extremely difficult Very high cost Maximum Not possible at all 1.00 0.00

Note: RP1: Probability; RP2: Severity; RP3: Detectability; RP4: Cost; RP5: Sensitivity to not using personal
protective equipment; RP6: Applicability of preventive measures.
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Step 3: Normalize the aggregated decision matrix B =
(

βij
)

mxn =
((

f3,4Qij , h3,4Qij

))
mxn

into a new matrix named by C =
(
γij
)

mxn =
((

f3,4Qij , h3,4Qij

))
mxn

the following two rules
in Equation (9):

γij =


(

f3,4Qij , h3,4Qij

)
, i f Hj is a bene f it risk parameter(

h3,4Qij , f3,4Qij

)
, i f Hj is a cost risk parameter

(9)

Step 4: Determine weights of risk parameters $j(j = 1, 2, . . . , n) via Rezaei’s BWM [58].
For the computations, two pairwise comparison matrix is required as called Best-to-Others
and Others-to-Worst. Then, optimal weights for each risk parameter is computed by solving
the mathematical optimization model. Also, the consistency of matrices should be checked
by the conditions in Rezaei [58].

Step 5: Compute the information ζk(k = 1, 2, . . . , m) of the hazard Hk(k = 1, 2, . . . , m)
via one of the Equations (10) and (11).

ζk = 3, 4−QFWA(γk1, γk2, . . . , γkn) = ⊕
n

j = 1
$jγkj =

(
3

√
1−∏n

j=1(1−
(

f3,4Qkj
γ)3
)$j

, ∏n
j=1

(
h3,4Qkj

γ
)$j

)
(10)

ζk = 3, 4−QFGA(γk1, γk2, . . . , γkn) = ⊗
n

j = 1

(
γkj

)$j
=

(
∏n

j=1

(
f3,4Qkj

γ
)$j

, 4

√
1−∏n

j=1(1−
(

h3,4Qkj
γ)4
)$j

)
(11)

Step 6: Compute the score function Φ(ζk) for each hazard with Equation (1).
Step 7: If the scores of Φ(ζk) for (k = 1, 2, . . . , m) be all distinct, then the most serious

hazard (the most priority one) is Hk if Φ(ζk) = max
1≤l≤m

{Φ(ζl)}.

Step 8: If there exists more than one hazard, Φ(ζk) (k = 1, 2, . . . , m) are equal, we
consider accuracy values of each hazard Θ(ζk) via Equation (2).

• If Φ(ζk) provides maximum value for one particular hazard, then this hazard has the
highest priority and is the most serious/riskiest.

• If Φ(ζk) provides maximum value for more than one particular hazard, then the most
serious/riskiest hazard is one which has the highest Θ(ζk) value.

• If the Θ(ζk) values are equal for two or more than two hazards, the decision maker is
free to select one of them. Both are possible and have the same priority orders.

4. Method Implementation and Results
4.1. Case Study Description

In this section, we applied the 3,4 QF MCDM-based OHS risk assessment in a real case
study concerned with the occupational risk assessment pertaining to the flight and ground
training, training management, administrative, and facilities in a flight school to verify the
validity and effectiveness of the proposed method. In direct proportion to the development
of aviation, the demand for airplanes and pilots is increasing. The demand for flight schools,
a total number of flight schools as well, has been increasing in recent years due to meet it.
The flight school, where the study was carried out, started its training activities as a flight
school in order to meet the pilot needs of the rapidly developing civil aviation industry.
The flight school has the authorization to give Modular ATPL(A), ATPL(A) Integrated, and
Multi Pilot License (MPL) Integrated into flight training.

Flight school activities contain occupational hazards and related risks in different cate-
gories in terms of occupational health and safety. Especially during the training phase, the
possibility and effects of risk require a more detailed examination and a proactive approach.
The processes in which occupational hazards and related risks occur in these activities are
as follows: flight training process, ground services training process, managerial training
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processes, facility and related training processes, and training management process. Use of
equipment, Perception, Task management, Communication, and Personnel actions are the
five highest serious incidents according to European Aviation Safety Agency Report [59].

In this study, we consider six risk parameters unlike the traditional risk assessment
methods such as risk matrix method, Fine−Kinney method, FMEA as follows: (1) Probabil-
ity, (2) Severity, (3) Detectability, (4) Cost, (5) Sensitivity to not using personal protective
equipment, (6) Applicability of preventive measures. Scale for six parameters can be seen
in Tables 2–7. Probability refers to the frequency of occurrence of the hazard. Quantitative
value and qualitative value of the probability parameter, related explanations are given in
Table 2.

Table 2. Ratings of probability.

Quantitative Value Qualitative Value Description of Parameter

1 Very low Hardly ever
2 Low Once a year
3 Medium Once in a month
4 High Once a week
5 Very high Every day (very often)

Table 3. Ratings of severity.

Quantitative Value Qualitativevalue Description of Parameter

1 Very Light No loss of working hours, first aid
required

2 Light No lost workdays, outpatient treatment
3 Serious Minor injury, treatment in bed

4 Very serious Serious injury, loss of limb, occupational
disease

5 Disaster One or more deaths

Table 4. Ratings of detectability.

Quantitative Value Qualitative Value Description of Parameter

1 Very high Risk can be detected very quickly and
easily.

2 High Risk can be detected quickly and easily.

3 Medium Risk can be detected with reasonable
time and experience.

4 Low Determining the risk is very
time-consuming and difficult.

5 Very low Identifying the risk is almost impossible.

Table 5. Ratings of cost.

Quantitative Value Qualitative Value Description of Parameter

1 Very low cost Between 0% and 20% of the total annual
budget is allocated to OHS measures.

2 Lower costs Between 21% and 40% of the total annual
budget is allocated to OHS measures.

3 Moderate cost Between 41% and 60% of the total annual
budget is allocated to OHS measures.

4 High cost Between 61% and 80% of the total annual
budget is allocated to OHS measures.

5 Very high cost
Between 81% and 100% of the total
annual budget is allocated to OHS
measures.
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Table 6. Ratings of sensitivity to not using personal protective equipment.

Quantitative Value Qualitative Value Description of Parameter

1 Negligible Risk can be avoided without using PPE.
2 Low The use of PPE can reasonably reduce the risk.
3 Moderate The use of PPE reduces the risk.
4 High It is necessary to use PPE to reduce the risk.
5 Maximum PPE must be used.

Table 7. Ratings of applicability of preventive measures.

Quantitative Value Qualitative Value Description of Parameter

1 Quite possible Opportunities for preventive measures and their
applicability are entirely possible.

2 High Opportunities for preventive measures and their
feasibility are high.

3 Moderate Opportunities for preventive measures and their
applicability are moderate.

4 High Opportunities for preventive measures and their
viability are low.

5 Practically impossible Opportunities for preventive measures and their
applicability are not possible.

Severity refers to the degree of hazard that the risk will pose on personnel, machinery-
equipment, environment and continuity of production/service. Quantitative value and
qualitative value of the severity parameter, related explanations are given in Table 3.

Detectability refers to the detectability of the risk with the eye or any digital device.
Quantitative value and qualitative value of the detectability parameter, related explanations
are given in Table 4.

Cost refers to the percentage of the total annual budget determined by the company
for OHS measures. Quantitative value and qualitative value of the cost parameter, related
explanations are given in Table 5.

Sensitivity to not using personal protective equipment refers to what extent the use
of personal protective equipment affects the severity of the risk. Quantitative value and
qualitative value of the PPE parameter, related explanations are given in Table 6.

Applicability of preventive measures refers to opportunities for preventive measures
and their degree of applicability. Quantitative value and qualitative value of the PPE
parameter, related explanations are given in Table 7.

Risks and related processes within the scope of flight school activities are 1-Flight
Training, 2-Ground Training, 3-Administrative Process, 4-Training Management, 5-Facilities.
Five basic processes and risks in the processes are listed in Table 8.

In this study, an aviation management specialist, 2 assistant professor trainers, and 2 pilot
trainers evaluated the risks in the process on 6 determined parameters. Instructors have
more than 10 years of teaching and piloting experience. In this study, which includes risk
analysis and evaluation, the fact that the experts have industry experience makes the findings
valuable. The inclusion of experts with field experience and piloting training practice in the
determination process of the parameters provided a more detailed and consistent evaluation
of the problems, hazards, and related risk situations experienced in the flight school processes.
In addition, a format has been created that will allow the use of both the content of the study
and the method applied by other flight schools. In the application of the 3,4-QF MCDM-
based occupational risk assessment model, the provision of literature-supported content and
integration of expert opinions have allowed a comprehensive and consistent assessment of
the dangers and risks inherent in flight schools. A consistent and comprehensive quantitative
risk assessment before flight training can systematically help you determine if the risk level
is too high, and provide an opportunity to reduce or reject risk before it is too late. Flight
instructors are responsible for understanding and taking action against a wide range of risks,
both for themselves and their students. The study provides the opportunity to apply and
use risk assessments specific to flight schools, with information and evaluations obtained
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from instructors who have flight instructor experience, work at different flight schools and
continue their actual training. This study creates a baseline for risk assessing processes of
flight education and brings attention to the decisions makers on the highest priority risks.

Table 8. Description of hazards, associated risks and related process.

Hazard ID Hazard Related Risk Process

H1 Lack of flight safety Mid-air collusion Flight Training

H2 Mechanical: Engine Engine fails in flight Flight Training

H3 Mechanical: Control Mechanism Flight Control Mechanism Malfunction Flight Training

H4 Mechanical: Landing Gear Landing gear not deployed Flight Training

H5 Inadequate preflight planning Smoke, fire, and fumes Flight Training

H6 Mismanagement of fuel Critical level of fuel Flight Training

H7 Mechanical: Control Mechanism System malfunction Flight Training

H8 Misjudgment of distance and speed Excursion Flight Training

H9 Misjudgment of distance and speed Incursion Flight Training

H10 Improper in-flight decision Abandoned take-off Flight Training

H11 Improper in-flight decision Emergency declaration Flight Training

H12 Lack of flight safety Forced landing off track Flight Training

H13 Improper in-flight decisions Hard landing Flight Training

H14 Failure to maintain directional control Landing on the wrong runway Flight Training

H15 Inadequate preflight planning Tire damage and blowouts Flight Training

H16 Lack of flight safety Runway Crossing Incursion Flight Training

H17 Failure to see and avoid objects or
obstructions. Bird Strike Flight Training

H18 Improper in-flight decision Getting lost in flight (individual flight) Flight Training

H19 Physiological factors Pilot Incapacitation Flight Training

H20 Violation of aviation safety rules NOTAM Flight Training

H21 Violation of aviation safety rules Worksite Violation Flight Training

H22 Lack of flight safety Disobey ATC instructions Flight Training

H23 Work environment factors FOD on runway Flight Training

H24 Inadequate preflight controls Planning with a lack of Instructor
Authorization: Ground training Ground Training

H25 Inadequate preflight controls Lack of training of trainers certificate:
Ground training Ground Training

H26 Inadequate preflight controls Availability of staff/teachers who were
recruited without registration

Administrative
Process

H27 Insufficient practical training Ensuring the integration of theoretical
training and flight training

Training
Management

H28 Improper in-flight decisions
Uncertainty of communication in
emergency situations, course of action
in incidents or accidents

Flight Training

H29 Mechanical Injury in the candidate selection
process Facilities

H30 Human error Injury in the candidate selection
process Facilities

H31 Violation of aviation safety rules Candidate restricted area entry and
simulator use Flight Training

H32 Weakness of communication in
education

Distrust between candidate and
instructor

Administrative
Process

H33 COVID-19 virus COVID-19 transmission risk Administrative
Process

H34 COVID-19 virus Online course due to pandemic risk Training
Management
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Table 8. Cont.

Hazard ID Hazard Related Risk Process

H35 COVID-19 virus Continuation of flight activity in the
pandemic Flight Training

H36 COVID-19 virus Delay of the normalization process due
to the pandemic

Administrative
Process

H37 COVID-19 virus
The risk of mass transmission in
theoretical trainings made face-to-face
due to the pandemic

Training
Management

H38 COVID-19 virus Risk of virus transmission from
headphones

Training
Management

H39 COVID-19 virus
The need to give online lessons to
students during the full closure of the
pandemic

Training
Management

H40 COVID-19 virus Continuation of flight activity during
the full closure of the pandemic Flight Training

4.2. Results of 3,4-QF MCDM-Based Occupational Risk Assessment Model

In order to demonstrate the applicability of the adapted approach to the field of
occupational risk assessment, the step-by-step implementation results of the approach
detailed in Section 3.2 is presented below. Since detailed information is given in the
previous sub section about the preparation stage before the occupational risk assessment
and the components needed, it is useful to start with the steps in which direct numerical
calculations are made. This corresponds to the second step of the steps given in Section 3.2.
In this step, the evaluations of 40 hazards according to 6 risk parameters and the scale in
Table 1. The risk parameters were taken from 4 decision-making expert participants. These
evaluations taken are aggregated using both the operators given in Equations (7) and (8). It
should be noted here that the expert weights are taken equally as 0.25. Considering that
the geometric mean, which is one of the applied operators, reduces the information loss
relatively less, 3,4-QFGA was preferred in the calculation. The aggregated decision matrix
as B is computed as in Table 9. In the third step, the normalized aggregated decision matrix
is the same as the aggregated decision matrix, since all risk parameters are evaluated as
“benefit” and the scale is prepared accordingly. Fourth step is on the determination of six
risk parameter weights via BWM method. It is a recently proposed MCDM method based
on pairwise comparison [54]. It requires less pairwise comparisons when compared to the
most known and applied pairwise comparison-based MCDM method “Analytic Hierarchy
Process”.

It also provides a more consistent assessment of the subjective judgments of ex-
perts. Therefore, we used BWM to determine the importance weights of RP1−probability,
RP2−severity, RP3−detectability, RP4−cost, RP5−sensitivity to not using personal protective
equipment and RP6−applicability of preventive measures parameters. With the Saaty’s 1-9
scale on the Best-to-Others and Others-to-Worst evaluations (the OHS experts from the
facility make this assessment in a group consensus), we computed the weights of six risk
parameters by using the BWM solver (developed by Rezaei) as shown in Figure 2. More-
over, the consistency has been checked and found valid and consistent. With the proposed
risk assessment method, it will be possible to minimize the uncertainty of hazards and
risks, analyze, evaluate and examine them consistently. For the implementation of the
model, it is necessary to report in detail the experienced and possible cases and to ensure
data reliability. The flight school will be able to benefit from the proposed risk assessment
method during the curriculum formation, theoretical and practical training process.
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Table 9. The aggregated decision matrix.

Hazard
Aggregated Value in 3,4-QF Number

RP1 RP2 RP3 RP4 RP5 RP6

H1 0.11 0.99 1.00 0.00 0.77 0.78 0.83 0.71 0.55 0.91 0.69 0.82
H2 0.22 0.98 0.92 0.51 0.86 0.65 0.89 0.63 0.55 0.91 0.62 0.87
H3 0.44 0.95 1.00 0.00 0.86 0.65 0.83 0.71 0.55 0.91 0.62 0.87
H4 0.22 0.98 0.92 0.51 0.86 0.65 0.83 0.71 0.55 0.91 0.49 0.93
H5 0.11 0.99 1.00 0.00 0.86 0.65 0.83 0.71 0.62 0.87 0.62 0.87
H6 0.11 0.99 0.92 0.51 0.77 0.78 0.66 0.87 0.39 0.94 0.16 0.99
H7 0.11 0.99 0.55 0.91 0.86 0.65 0.83 0.71 0.28 0.96 0.49 0.93
H8 0.11 0.99 0.92 0.51 0.86 0.65 0.66 0.87 0.28 0.96 0.44 0.95
H9 0.11 0.99 0.94 0.48 0.86 0.65 0.74 0.81 0.28 0.96 0.49 0.93
H10 0.22 0.98 0.92 0.51 0.86 0.65 0.66 0.87 0.28 0.96 0.11 0.99
H11 0.11 0.99 0.92 0.51 0.92 0.51 0.98 0.36 0.28 0.96 0.44 0.95
H12 0.31 0.97 0.94 0.48 0.77 0.78 0.83 0.71 0.28 0.96 0.44 0.95
H13 0.25 0.97 0.92 0.51 0.86 0.65 0.66 0.87 0.28 0.96 0.49 0.93
H14 0.11 0.99 0.86 0.65 0.86 0.65 0.66 0.87 0.28 0.96 0.11 0.99
H15 0.11 0.99 0.92 0.51 0.86 0.65 0.66 0.87 0.28 0.96 0.49 0.93
H16 0.55 0.91 0.69 0.82 0.77 0.78 0.33 0.95 0.28 0.96 0.44 0.95
H17 0.55 0.91 1.00 0.00 0.77 0.78 0.66 0.87 0.28 0.96 0.49 0.93
H18 0.11 0.99 0.49 0.93 0.77 0.78 0.83 0.71 0.28 0.96 0.44 0.95
H19 0.11 0.99 0.92 0.51 0.86 0.65 0.83 0.71 0.28 0.96 0.31 0.97
H20 0.22 0.98 0.80 0.73 0.77 0.78 0.66 0.87 0.28 0.96 0.44 0.95
H21 0.31 0.97 0.69 0.82 0.77 0.78 0.66 0.87 0.28 0.96 0.44 0.95
H22 0.11 0.99 0.74 0.78 0.86 0.65 0.33 0.95 0.28 0.96 0.44 0.95
H23 0.16 0.99 0.69 0.82 0.86 0.65 0.33 0.95 0.28 0.96 0.44 0.95
H24 0.11 0.99 0.11 0.99 0.77 0.78 0.33 0.95 0.28 0.96 0.11 0.99
H25 0.11 0.99 0.11 0.99 0.77 0.78 0.33 0.95 0.28 0.96 0.11 0.99
H26 0.11 0.99 0.11 0.99 0.77 0.78 0.33 0.95 0.28 0.96 0.11 0.99
H27 0.11 0.99 0.11 0.99 0.77 0.78 0.33 0.95 0.28 0.96 0.44 0.95
H28 0.11 0.99 0.11 0.99 0.77 0.78 0.33 0.95 0.28 0.96 0.44 0.95
H29 0.11 0.99 0.69 0.82 0.77 0.78 0.33 0.95 0.28 0.96 0.69 0.82
H30 0.11 0.99 0.69 0.82 0.77 0.78 0.33 0.95 0.28 0.96 0.69 0.82
H31 0.11 0.99 0.11 0.99 0.77 0.78 0.33 0.95 0.28 0.96 0.44 0.95
H32 0.86 0.65 0.11 0.99 0.77 0.78 0.33 0.95 0.28 0.96 0.44 0.95
H33 0.86 0.65 0.44 0.95 0.77 0.78 0.33 0.95 0.28 0.96 0.62 0.87
H34 0.69 0.82 0.44 0.95 0.77 0.78 0.33 0.95 0.28 0.96 0.44 0.95
H35 0.44 0.95 0.44 0.95 0.77 0.78 0.33 0.95 0.28 0.96 0.44 0.95
H36 0.44 0.95 0.44 0.95 0.77 0.78 0.33 0.95 0.28 0.96 0.69 0.82
H37 0.44 0.95 0.44 0.95 0.77 0.78 0.33 0.95 0.28 0.96 0.69 0.82
H38 0.44 0.95 0.44 0.95 0.77 0.78 0.33 0.95 0.28 0.96 0.86 0.65
H39 0.44 0.95 0.44 0.95 0.77 0.78 0.33 0.95 0.28 0.96 0.69 0.82
H40 0.44 0.95 0.44 0.95 0.77 0.78 0.33 0.95 0.28 0.96 0.62 0.87
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In the fifth step, we have computed the information ζk(k = 1 to 40) of each hazard via
the Equation (11). Then, we have computed the score function Φ(ζk) for each hazard. The
results are demonstrated in Figure 3.
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According to the calculation results, the hazards H3 (0.4944) and H17 (0.4367) have
the highest Φ values, and they are in the first and second place. These are control failure
and bird strike hazards, respectively. These are followed by H2 (0.3701), H12 (0.3439), and
H4 (0.3410), respectively. These are related to engine failure, forced landing and failure of
landing gear. It’s important to see that all of these five top priorities relate to flight training.
To identify hazards with the same Φ value, H10 & H8 (0.227), H36 & H37 & H39 (0.1730),
H29 & H30 (0.1691), H27 & H28 & H31 (0.0487) and H24 & H25 & H26 (0.0407), the Θ
values of the relevant groups were examined. Since it was seen that the Θ values of all
these five groups, which were looked for in order to rank within themselves, were the same
(Figure 4), it was observed that there was no difference between their rankings. The final
rankings are presented in Table 10. According to the numerical results of the priority scores
of each emerged hazard in the flight school, the most important hazards and associated
risks are related to flight training such as control failure, engine failure and bird strike.
However, some of the flight training hazards that we will prioritize secondary are: forced
landing, landing gear not deployed, hard landing, fire and smoke, mid-air collision, fuel
criticality, and emergency declaration.

For H3, H17 and H2 hazards, training should be planned in a structure that will include
interpersonal activities such as optimizing the human-machine interface, building and
maintaining effective teams, problem solving, decision making and maintaining situational
awareness. In terms of flight school training, human factor-related errors will be integrated
into the curriculum, and practical and theoretical knowledge will be developed. Crew
Resource Management, Line Oriented Flight Training and Threat and Error Management
have been developed and mandated by the International Civil Aviation Organization
(ICAO). Safety management regulations are supplemented by ICAO [60] with manuals
such as; ICAO Bird Strike Information System Manual, Air Traffic Services Planning
Manual.
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Table 10. Final priority ranking of each hazard.

Ranking Order Hazard Ranking Order Hazard

1 H3 17 H8; H10
2 H17 18 H34
3 H2 19 H6
4 H12 20 H38
5 H4 21 H23
6 H13 22 H36; H37; H39
7 H5 23 H14
8 H1 24 H29; H30
9 H16 25 H40
10 H11 26 H22
11 H21 27 H7
12 H9 28 H35
13 H20 29 H18
14 H33 30 H32
15 H15 31 H27; H28; H31
16 H19 32 H24; H25; H26

4.3. Comparative Study and Discussion

In this section, the numerical results obtained by applying the 3,4-QF MCDM-based
occupational risk assessment model proposed in the article and numerical results obtained
by solving the same problem with the Pythagorean and Fermatean fuzzy aggregation
operators were compared. While the applied Fermatean fuzzy weighted geometric (FFWG)
operator is adapted from the works of Senapati and Yager [61] and Zhou et al. [62], the
Pythagorean fuzzy weighted geometric (PFWG) operator is used as in [63,64] These results
are given in Figure 5. According to the results obtained with all three collection operators,
the top five hazards have not changed. These are H3, H17, H2, H12 and H4 respectively.
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In fact, the Pearson correlation coefficient between the final scores of each hazard
solved with these three operators was also found to be quite high (Figure 6). Note that the
values obtained from the problem solved with PFWG are in the range of [−1, 1]. Because,
score function values can be negative in Pythagorean fuzzy set [65]. Similarly, the final
scores of the last eight hazards (H18, H32, H27, H28, H31, H24, H25 and H26) are the
same with respect to all three aggregation operators based MCDM models, and the same
measures can be arranged for the control measures to be taken for these eight least serious
hazards.

A sensitivity analysis is also needed for implementation. Sensitivity analysis is the
process of determining how changes in risk parameter weights will affect the final scores of
hazards. In many occupational risk assessment studies, this is an extra study. As a matter
of fact, it is an analysis that strengthens the robustness of the applied approach. In this
sensitivity analysis, one of the risk parameters was defined as the major parameter and the
others as the minor parameters. By highlighting the weight of the major parameter and
keeping the other minor parameters at the same weight, it can be observed how much the
results are affected by the major parameter. Three different scenarios listed in Table 11 are
discussed in this section. According to the first scenario, the major parameter is selected as
one of the six risk parameters one by one respectively (with a weight value of 0.20), while
the other parameters are determined as minor parameters (all the same and with a weight
value of 0.16).
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Table 11. Scenario design of sensitivity analysis.

Scenario # Weight of Major Risk
Parameter

Weight of Minor Risk
Parameter

Scenario 1 0.20 0.16
Scenario 2 0.40 0.12
Scenario 3 0.60 0.08

According to the results of scenario 1 as provided in Figure 7, it is seen that the H17
hazard is affected by the “RP1−Probability” risk parameter. The frequency of occurrence
of the H17 risk appears to be a priority hazard when very significant. Additionally, when
the weight of the “RP2−Severity” parameter is the highest, the hazard H17 falls one step
back and takes less priority. Instead, H4 becomes a priority hazard. Overall speaking, H3 is
the highest priority hazard, followed by H2, H4, H5 and H17. In addition, another striking
result is that the hazard H1 is not affected by none of the risk parameters’ weight increase.
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5. Conclusions

In this study, an occupational risk assessment approach based on 3,4-QF MCDM
was proposed as the first attempt in the literature. Risk parameters, which are one of the
basic components of occupational risk assessment studies, are modeled via six different
parameters, different from classical risk analysis methods with two or three parameters.
The weights of these parameters were obtained by [58]. The evaluations of the hazards
arising in the workplace environment depending on each risk parameter were made by
OHS experts and aggregated by the 3,4-QFGA operator. Comparative and sensitivity
analyzes were also performed to consolidate the results of the approach.
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5.1. Summary of Findings

According to the results of the risk parameter weight values determined by the BWM
model, the most important parameter for this occupational risk assessment is the “severity”
parameter with a weight value of 0.37. This is followed by “probability” with a significance
weight of 0.20. These two parameters are followed by “detectability” and “cost” with weight
values of about 0.14. The two least important parameters are “applicability of preventive
measures (0.10)” and “sensitivity to not using PPE (0.05)”, respectively. According to
3,4-QF MCDM risk assessment model, the most important hazards and associated risks are
stemmed from the processes of flight training such as control failure, engine failure and bird
strike. Moreover, secondary flight training hazards are forced landing, landing gear not
deployed, hard landing, fire and smoke, mid-air collision, fuel criticality, and emergency
declaration. According to the comparison analysis, there is not a significant difference
between the results of the model solved with the other two types of fuzzy version-based
aggregation operators (FFWG and PFWG) and the results of the current model. According
to the results of the sensitivity analysis, it is seen that the H33 hazard, which is the hazard
related to facilities, has the highest priority in increasing the weight of the RP1−probability
risk parameter. This result appeared in both Scenario 2 and Scenario 3. A similar case shows
that in the case of Scenario 3, H38 is the top priority hazard where the RP6−applicability of
preventive measures parameter has a weight of 0.60 and each of the other parameters has a
weight of 0.08.

5.2. Research Contributions

This study has made the following contributions from both a methodological and
practical perspective.

• A new extension 3,4-QFS with a broader space than the Fermatean and Pythagorean
fuzzy numbers has been adapted for the first time to an occupational risk assessment
study. The proposed 3,4-QF-MCDM based approach uses more risk parameters than
conventional risk assessments and calculates their weight values with Rezaei’s BWM
method.

• In addition, with the developed 3,4-QF scale, each hazard can be evaluated according
to the relevant risk parameter, and the subjective judgments given by all the experts
participating in the evaluation are aggregated with the 3,4-QFGA operator.

• Experts with field experience and pilot training practice were included in the process
of determining risk assessment parameters which allows for a more detailed and con-
sistent evaluation of problems, hazards, and related risk situations in the flight school
processes. It made model more sustainable and applicable model. An innovative
sensitivity analysis was conducted to analyze how the change in the weights of the
parameters used in the flight school occupational risk assessment affected the priority
score and, of course, the order of each hazard. In this respect, it is considered to make
an important methodological contribution.

• Risk assessment for flight schools, which constitute the education pillar of the aviation
industry, is undoubtedly extremely important in terms of serious hazards it contains.
In this context, the occupational risk assessment study carried out in a flight school
in order to test the applicability of the model contributes to the application as it is an
adaptable model.

5.3. Limitations and Future Remarks

Since the proposed fuzzy set extension is still new, it is seen that this set has not yet
been integrated into the MCDM methods that are widely applied in the field of occupational
risk assessment. For future studies, it is planned to develop new risk assessment approaches
such as 3,4-QFS-based TOPSIS and VIKOR. In addition, an approach can be suggested
in which each risk parameter can be modeled how the production or service facility will
be affected by some future states. With this approach, it can be considered how the risk
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parameter weights change in response to possible states and this change can be modeled
with a fuzzy stratified MCDM structure.
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