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Abstract
The aim of this research is to propose the two-stage model to select a set of failures that need to be eliminated or

reduced which leads to improved reliability and effectiveness of the manufacturing process in the automotive industry.

In the first stage, uncertainties under the relative importance of risk factors and costs of manufacturing process downtime

due to failure are modeled by type 2 fuzzy sets. The weights vector of risk factors is obtained by analytical hierarchical

Process which is extended with type 2 fuzzy sets. Evaluation of risk factors at the level of each identified failure is based on

failure mode and effect analysis which is widely used in practice. Determining the set of failures to be eliminated is set as a

knapsack problem. The linear fitness function is defined as the ratio of the overall risk priority index and total costs.

Maintenance costs incurred due to the realization of failure are limited by the available budget and in this knapsack prob-

lem are presented by a linear inequality. The solution to this problem is found by using the Genetic Algorithm and

Variable Neighborhood Search. The model is verified with real-life data originating from automotive companies that

exist in Serbia. Authors have managed to obtain suitable results on different knapsack problem instances. It is shown

that the enhancement of the manufacturing process can be based on the proposed model.
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Introduction

Enhancement of the reliability and effectiveness of the
manufacturing process can be achieved, among other
things, by eliminating potential failures that may occur
in the manufacturing process. Failure Mode and Effect
Analysis (FMEA) is the most widely used method for
detecting, analyzing, and evaluating failures. In practice,
this problem is solved in three basic steps. First, potential
failures, the causes that lead to their occurrence, and the
consequences that occur as a result of the failure realiza-
tion. After that, a risk assessment is performed, i.e., the
priority of identified failures is determined, in order to
propose and implement appropriate actions in the final
phase, in order to prevent the occurrence of failures or
reduce their impact.

The problem of failure analysis is important from
several aspects of the business of industrial companies.
First of all, the aim of conducting the FMEA analysis is
to reduce or eliminate unnecessary delays and downtimes,
reduce the occurrence of scrap, and eliminate unsafe

procedures and conditions that lead to possible injuries
at work, but the implementation of this analysis also has
a financial aspect. Therefore, the importance of this ana-
lysis is recognized in many branches of the manufacturing
industry, and it is primarily important for the automotive
industry. For this reason, the application of FMEA ana-
lysis is mandatory for all suppliers, i.e., companies that
correspond to the automotive supply chain.

Respecting the nature of human thinking, it can be said
that decision-makers (DMs) more easily and accurately
express their estimates using natural language words
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than precise numbers. The development of type 2 fuzzy
sets (IT2FSs) was introduced by1 allowing vagueness to
be represented fairly quantitatively. Some characteristics
of IT2FSs are (1) handling of linguistic and numerical
uncertainties and (2) the modeling of existing uncertainty
in the IT2FSs is not only limited to linguistic variables but
also in the definition of membership functions.2 One of
the main shortcomings of the IT2FSs type is that the hand-
ling of IT2Fs is significantly complex. To overcome this
shortcoming, many authors suggest using the interval
type triangular 2 fuzzy numbers (IT2TFNs) that represent
a special case of the interval type 2 trapezoidal fuzzy
numbers (IT2TrFNs). In this research, uncertainties
under the relative importance of risk factors (RFs) and
manufacturing downtime identified failures are modeled
by IT2TFNs.

There is a number of papers in the literature where ele-
ments of the fuzzy pair-wise comparison matrix of relative
importance are described by IT2FNs.2–4 The authors of
the above papers suggest that the determination of type
2 fuzzy weights vector should be based on the Buckley
method Buckley.5 In this way, unique solutions are
obtained.

In practice, the priority of identified failures is based on
the risk priority index (RPN) which is calculated as the
product of the values of three risk factors (RFs): severity,
occurrence, and detection. Liu et al.6 defined several
shortcomings of conventional FMEA that means affect
the accuracy of prioritizing failures. In the relevant litera-
ture, many authors have suggested different approaches to
improve the shortcomings of the conventional FMEA.7–10

In this research, assumptions were made that the RFs
have different relative importance, by analogy,11–13 and
that their weights are obtained by applying AHP with
IT2TFNs.

Based on the results of best practice, it can be argued
that during a predetermined planning period, it is not pos-
sible to eliminate all identified failures due to limited
financial resources. The FMEA team usually bases the
order of eliminating identified failures on a certain prior-
ity. The set of failures that should be eliminated in this
way is significantly overloaded by the subjective ratings
of the FMEA team and can lead to a lack of success the
required level of reliability and effectiveness of the manu-
facturing process, as well as the degree of utilization of
the available budget. The considered problem becomes
significantly more complicated when there is a large
number of failures. In the literature, there are numerous
predictive models that are based on a large amount of
data.14,15

Motivation for this research comes from the fact that it
is necessary to build up a sufficiently friendly model
whose application can effectively determine the order of
elimination of identified failures concerning their priority,
the costs they respond to, and the available budget. In this
way, the obtained solution is significantly less burdened
by the subjective attitudes of the FMEA team, which
leads to a greater improvement in the reliability and
effectiveness of the manufacturing process.

In the literature, there are many industrial problems
whose solution development is based on a genetic algo-
rithm (GA), such as problems for assessing hazard
systems,16 shock absorber process parameters,17 and site
selection.18 There are also many papers in which near-
optimal solutions to various management problems in
the manufacturing process are found by using variable
neighborhood search (VNS), such as manufacturing
scheduling problems,19,20 manufacturing and assembly
problem,21,22 etc. In case, the FMEA report contains a
small number of failures, using metaheuristic algorithms
to solve the considered problem does not make sense. In
cases of limited data samples, the selection of the
optimal set of failures to be eliminated can be based on
statistical classification (by analogy).23

In this research, the problem of choosing failures to
eliminate is set as a knapsack problem. Many authors,
solving this type of problem can be found by using
GA,24 and VNS.25–27 Based on a detailed review of the
relevant literature, it can be clearly concluded that there
are no papers in which the solution to the considered
problem is found in as exact way.

The objective is to evaluate and choose failures that
have the greatest impact on the reliability and effective-
ness of the manufacturing process in the automotive
industry in uncertain conditions. This aim may be inter-
preted as (1) modeling of the existing uncertainties into
(i) the relative importance of RFs and (ii) the costs
incurred due to downtime failures are performed by
using IT2TFNs, (2) the weight vector is obtained by
IT2FAHP, (3) priority of failures is given by fuzzy RPN
(FRPN), which is calculated as sum of weighted of RFs,
(4) selection of failures is stated as problem combinatory
optimization; The fitness function depends on FRPN and
total cost; the limit is the financial resources that are com-
mitted to eliminating failures; a near-optimal solution
can be obtained by applying different metaheuristic algo-
rithms such as GA, and VNS. The obtained solution is sig-
nificantly enabling the FMEA team to take the necessary
actions in a shorter period of time to eliminate the marked
failures, which achieves significantly better reliability and
effectiveness of the manufacturing process.

The paper is organized in the following way: in Section
2 there is a problem statement. The methodology is pre-
sented in Section 3. Numerical results are presented
in Section 4. Conclusion and discussion are given in
Section 5.

Problem statement

This paper discusses the complex problem of operational
management that exists in manufacturing companies that
can be viewed as integrated systems. The solution to this
problem can be found by applying the two-stage model,
which is proposed in this paper and shown in Figure 1.

In the first part, the priority of identified failures
is determined by using the FMEA framework, type 2
fuzzy sets, and IT2FAHP; in this way, the priority of iden-
tified failures is given. In the second part, a linear
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optimization model was set up for choosing the set of fail-
ures that have the greatest impact on the reliability and
effectiveness of the manufacturing process; best practice
experiences show that the choice of failures that need to
be eliminated to increase the reliability and effectiveness
of the manufacturing process depends not only on their
priority but also on the costs associated with them.

Respecting the above fact as well as that the number of
failures that are most important for operational manage-
ment is finite, it can be said that the considered problem
belongs to the class of combinatorial optimization pro-
blems. The solution to such a problem can be found by
applying various metaheuristic algorithms that efficiently
search the space for solving the problem. The choice of a
metaheuristic algorithm for solving a specific problem is
not based on rules or recommendations but on intuition
and experience. In this paper, GA and VNS were used
to determine near-optimal solutions (optimal set of fail-
ures that should be eliminated by applying appropriate
management actions) and a comparison and analysis of
the obtained results were performed.

The following are assumptions underlying a model of
the treated problem:

• FMEA team is defined for each considered company.
These companies belong to the automotive industry
and are part of various automotive supply chains,
which operate in the Republic of Serbia. It should be
emphasized that the mechanized technological level is
predominantly represented in these companies. Only
some parts of the manufacturing process are automated.
The companies are approximate in size and belong
to the group of small and medium companies.

The structure of manufacturing workers of these com-
panies is similar.

• Failures in the manufacturing process are identified by
the FMEA team.

• Values of RFs are taken from the FMEA reports.
• The assessment of the relative importance of RFs was
performed by FMEA teams by using the online inter-
view method. They made the decision by consensus.

• FMEA team uses pre-defined linguistic terms which are
modeled by IT2TFNs. The fuzzy weights vector is
given by using IT2FAHP.

• The weighted RF values are calculated as product
weights and RFs values by analogy8,10,13

• Priority of failures is determined according to fuzzy
RPN which is calculated as the sum of the weighted
RFs values by analogy9 as in this manuscript.

• The realization of each identified failure leads to the
generation of maintenance costs and costs of downtime
of the manufacturing process, which to a greater or
lesser extent affect the realization of both work tasks
in the manufacturing process and other business pro-
cesses. The total costs associated with each identified
defect are calculated as the sum of maintenance costs
and manufacturing process downtime costs.

• Maintenance cost values can be accurately determined
by the maintenance manager and financial manager.
They base their assessments on evidence data, at the
same time respecting the projected changes in the finan-
cial market.

• The values of costs incurred due to downtime are esti-
mated by the FMEA team based on its knowledge and
experience. These costs are assessed by the FMEA
team and modeled by IT2TFNs.

Figure 1. The proposed two-stage model.
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• As maintenance cost values are expressed in monetary
units, it is necessary to map their value to the interval
[0-1]. The linear normalization procedure was used in
this research.28

• In practice, the FMEA team bases its decision on the
selection of failures to be eliminated on two points:
that the priority is as high as possible and that the
total costs are as low as possible. Hence, in this
research, the fitness function is defined as the quotient
of the fuzzy RPN and the total costs.

• The constraint is related to the budget available to the
FMEA team.

In order to better understand the model, a notation was
introduced, which is presented below:

The choice of linguistic expression for describing the
relative importance of rfs and determining of
weights vector
Respecting the size and complexity of the problem, three
pre-defined linguistic expressions are defined to describe
the relative importance of RFs. These linguistic expres-
sions are modeled by IT2TFNs and Table 1:

In most of the analyzed papers, the authors define the
domain of IT2TFNs on a common measurement scale.29

Some authors2,30 use a scale [1-10]. In this manuscript,
the authors propose a measurement scale defined in the
interval [1-5]. A value of 1 or 5 means that RF k has
the equal or extreme relative importance of RF k in rela-
tion to RF k ′, k, k ′ = 1, .., K .

Since the overlaps from one IT2TFN to the others
are very high. It obviously indicates that there is a
lack of FMEA team knowledge about the degree of
importance of RFs or a lack of sufficient partitioning.
The proposed values represent the initial draft assessed
by the FMEA team’s opinion on the automotive indus-
try in Serbia.

The consistency check is performed by using the Eigen
vector method29 concerning the pair-wise comparisons
matrix to determine if there were errors during evaluation
or not. Element values of the pair-wise comparison matrix
should be obtained by using different defuzzification pro-
cedures. The defuzzification procedure by Kahraman
et al.31 is most used in the literature, as well as in this
research. The type 2 fuzzy weights vectors are given by
using a fuzzy geometric operator, by analogy to
Buckley.5 The weights of RFs are described by IT2TFNs.

Choice linguistic expressions for describing
downtime costs
Reducing business efficiency due to delays in the manu-
facturing process induces certain costs that are difficult
to determine precisely. The FMEA team can describe
these costs well enough by using pre-defined linguistic
expressions. They usually base their assessments on
experience.

In this research, the seven-point scale is used for
describing costs that arise due to manufacturing down-
time which are modeled by IT2TF as follows in
Table 2:

The domains of IT2FNs are defined on the measure-
ment scale defined into interval [0-1]. A value of 0 or 1
means that the costs incurred due to downtime have a neg-
ligible, i.e., extremely high value, respectively.

The proposed mathematical model

The proposed algorithm is presented through the follow-
ing steps:

Step 1: The fuzzy pair-wise comparison matrix of the
relative importance of RFs is stated:

[˜̃Wkk ′ ]KxK

where:

˜̃Wkk ′ = ((aU1kk′ , a
U
2kk ′ , a

U
3kk ′ ; 1)(a

L
1kk′ , a

L
2kk ′ , a

L
3kk′ ; α))

Step 2: Transform the fuzzy pair-wise comparison
matrix to a pair-wise comparison matrix by using the
defuzzification procedure31:

[Wkk′ ]KxK

Table 1. Pre-defined linguistic expressions used to describe

the relative importance of RFs.

Low importance (W1) ((1, 1, 5; 1), (1, 1, 4; 0.7))
Moderate importance (W2) ((1, 3, 5; 1), (2, 3, 4; 0.7))
Very high importance (W3) ((1, 5, 5; 1), (2, 5, 5; 0.7))

Table 2. Pre-defined linguistic expressions used to describe describing costs that arise due to manufacturing downtime.

Almost negligible costs (C1) ((0.10, 0.10, 0.25; 1), (0.10, 0.10, 0.2; 0.85))
Very low costs (C2) ((0.15, 0.25, 0.35; 1), (0.2, 0.25, 0.30; 0.85))
Fairly low moderate costs (C3) ((0.25, 0.40, 0.55; 1), (0.30, 0.35, 0.50; 0.85))
Moderate costs value (C4) ((0.40, 0.55, 0.70; 1), (0.45, 0.55, 0.65; 0.85))
Fairly high moderate costs (C5) ((0.55, 0.70, 0.85; 1), (0.60, 0.70, 0.80; 0.85))
Very high costs (C6) ((0.75, 0.85, 0.95; 1), (0.80, 0.85, 0.90; 0.85))
Extremely high costs (C7) ((0.85, 1, 1; 1), (0.90, 1, 1; 0.85))
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Where:

Wkk ′ = DTriT ˜̃Wkk ′

×
1

2

(aU3kk ′ − aU1kk′ )+ (aU2kk ′ − aU1kk ′ )

3
+ aU1kk′

{

+ α · (aL3kk′ − aL1kk ′ )+ (aL2kk ′ − aL1kk′ )

3
+ aL1kk ′

[ ]}

Using the Eigenvector method29 the consistency of the
estimates of DMs is checked.

Step 3: The weights vector, [˜̃ωk]1xK is given by using
the procedure31:

and

˜̃ωk = ((bU1k , b
U
2k , b

U
3k ; 1)(b

L
1k , b

L
2k , b

L
3k ; α))

Step 4: The overall fuzzy risk priority index, ˜̃pt:
˜̃pt = ∑

k=1,..,K

vtk · ˜̃ωk

and

˜̃pt = ((dU1t , d
U
2t , d

U
3t ; 1)(d

L
1t, d

L
2t, d

L
3t; α))

Step 5: Each failure is accompanied by maintenance
costs, c1t., and downtime of manufacturing process costs˜̃c2t., t = 1, . . . , T .

Step 6: The total costs due to the realization of failure
are determined t, ˜̃ct, t = 1, .., T :

˜̃ct = r1t +˜̃c2t
Where:

r1t = c1t∑
t=1,..,T c1t

and

˜̃ct = ((gU1t , g
U
2t , g

U
3t ; 1)(g

L
1t, g

L
2t, g

L
3t; β))

Step 7: The optimization mode is set:

The fitness function

max
j=1,..,J

(defuzz
∑˜̃pt˜̃ct )

max
j=1,..,J

defuzz
∑ dU1t

gU3t
,
dU2t
gU2t

,
dU3t
gU1t

; min (1, 1)
( )

,
(

dL1t
gL3t

,
dL2t
gL2t

,
dL3t
gL1t

; min (α, β)
( ))

Objective

∑
j=1,..,J

c1j ≤ C

The model contains a linear fitness function that corre-
sponds to the maximization of the relationship between
total priority and total cost failure for the considered
time period under the analysis. In the considered
problem, the time period is one year. The model contains
one linear constraint expressing the total maintenance
costs for the selected set of failures.

In the next section, this model is solved by using
two metaheuristic algorithms: GA and VNS. The
verification of the efficiency of the used metaheuristic
elements was performed by testing on FMEA reports
that have a different number of failures. Time, as well
as the number of iterations of obtaining a near-
optimal solution, are the criteria on the basis of
which a metaheuristic algorithm can be proposed,
which is the most applicable for solving the consid-
ered problem.

Solution methods

In this section, two meta-heuristics are presented to
obtain good solutions for different problem instances.
Respecting to the nature of considered problem, it can
be said that we consider problems with medium instances.
For this problem, GA is implemented in Section 4.1 and
VNS in Section 4.2.

The assumptions introduced in the VNS are: (1) that
the systematic application of several local searches can

˜̃ωk =

���������������∏
k ′=1,..,K aU1kk ′

K

√
∑

k=1,..,K

���������������∏
k ′=1,..,K aU3kk ′

K

√ ,

���������������∏
k′=1,..,K aU2kk′

K

√
∑

k=1,..,K

���������������∏
k′=1,..,K aU2kk ′

K

√ ,

���������������∏
k ′=1,..,K aU3kk ′

K

√
∑

k=1,..,K

���������������∏
k ′=1,..,K aU1kk ′

K

√ ; 1

⎛
⎜⎝

⎞
⎟⎠

���������������∏
k ′=1,..,K aL1kk ′

K

√
∑

k=1,..,K

���������������∏
k ′=1,..,K aL3kk ′

K

√ ,

���������������∏
k′=1,..,K aL2kk′

K

√
∑

k=1,..,K

���������������∏
k′=1,..,K aL2kk ′

K

√ ,

���������������∏
k ′=1,..,K aL3kk ′

K

√
∑

k=1,..,K

���������������∏
k ′=1,..,K aL1kk ′

K

√ ; α

⎛
⎜⎝

⎞
⎟⎠

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝
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be found the local optimum, which preserves the best
current solution, and (2) by defining neighboring solu-
tions it will expectantly cover the global optimum.

Genetic algorithm
The basic GA developed by Holland32 was inspired by
evolutionary biology such as inheritance, mutation, selec-
tion, which are evolutionary algorithms that are inspired
by and crossover.33 The main difference between clas-
sical, isolated-based optimization algorithms and GA
are34: (i) a classical algorithm produces one solution at

each replication and the suite of solution approaches
optimal solutions and (ii) a GA generates a population
of solution at each replication and the best solution
in the population accosts an optimal solution. The
basic steps of a GA are the initialization, the evaluation,
the selection, the crossover, the mutation, and the
repetition.

In this manuscript, applied GA is performed under the
following statements: (i) The probability of parental selec-
tion is defined as proportional to fitness, (ii) The elitism
parameter is set to 0.05%, (iii) Chromosomes are
encoded by a binary record of length equal to the

Figure 2. Ga algorithm.

6 Proc IMechE Part E: J Process Mechanical Engineering 0(0)



number elements, (iv) A uniform crossing operator with
one fixed point was used, (v) GA parameters: number of
population units 100, number of iterations limited to
1000000, as is shown in Figure 2.

A new function in the implementation of GA has been
introduced, which enables automated adaptive program
control of crossover and mutation parameters for each
individual data set, which is a form of hyperheuristics,
such as:

GA is implemented in the C# (C Sharp) programming
language Table 3.

Variable neighborhood search
Solving of many global optimization problems is based on
VNS.35 VNS is a metaheuristic algorithm, which system-
atically varies the neighborhood structure to constantly
search for new neighborhood solutions, where to derive
a feasible global optimal solution.21 They authors empha-
size that there are different ways to make an order of
neighborhood structure. In this research, we defined the
structures of the neighborhood using the concept of insert-
ing and ejecting elements from the knapsack as follows
(Figure 3):

(1) Neighborhood 1: inserting 1 element and ejecting 1,
(2) Neighborhood 2: inserting 2 elements and ejecting 2,
(3) Neighborhood 3: inserting 3 elements and ejecting 3
elements, (4) Neighborhood 4: ejecting 2 elements,
(5) Neighborhood 5: inserting 2 elements, Neighborhood
(6) Neighborhood 6: ejecting 3 elements, (7) Neighborhood
7: inserting 3 elements.

When determining the order of the neighborhoods, two
factors were taken into account that describes the differ-
ence between a current solution and a solution from a par-
ticular neighborhood: Change in the number of elements
in the knapsack - “B” and Hamming distance of solution
presentation - “H”. This is expressed in defined neighbor-
hoods as follows B, H:

Neighborhood 1 - 0.2; Neighborhood 2 - 0.4;
Neighborhood 3 - 0.6; Neighborhood 4 - 2.2;
Neighborhood 5 - 2.2; Neighborhood 6 - 3.3; and
Neighborhood 7 - 3.3.

Basic VNS (BVNS) method which combines deter-
ministic and stochastic changes - the best improvement
ascent method with randomization, was applied to find a
set of failures that have the greatest impact on the reli-
ability and effectiveness of the manufacturing process
with the following properties: (1) the initial feasible

solution is constructed randomly, (2) the initial feasible
solution is achieved by applied best improvement local
search; the obtained solution is denoted as the best solu-
tion, (3) in the phase of shaking, the permissible solu-
tion in the current neighborhood is chosen in a
random way. By applying the best improvement local
search, the current solution found has been improved.
If the improved solution from the current neighborhood
is better than the currently best solution, there is a new
best solution and the neighborhood counter is reset. If
not, move on to the next neighborhood and repeat the
last step. The termination criterion is a predetermined
time period. Local search in our implementation is per-
formed by searching all solutions at Hamming distance
1 from the current solution.

Numerical results

The near-optimal solution (Step 6 of the proposed
Algorithm) is obtained by GA and VNS. For all five
FMEA reports, optimal solutions were found using both
algorithms in a reasonable time on a Pentium PC
(Intel(R) Core(TM) i5-9600KF CPU @ 3.70GHz - 16.0
GB RAM). The obtained results are presented in Table 4.

Discussion
The set of failures considered in FMEA reports in the
automotive industry can be observed as a small sample
size problem. Determining the optimal set of failures
that must be eliminated, in a broader sense, can be
stated as a classification problem. In the literature, may
be found numerous methods for classification with
small data size,23 can be used to obtain sufficiently reli-
able results. It is known that these methods can be
applied if it is possible to estimate the probability distribu-
tion of the model parameters.

In this research, there is not enough evidence on the
basis of which the probability distribution of the rela-
tive importance of RFs and downtime of manufactur-
ing process costs would be estimated. Therefore,
determining the optimal set of failures is based on the
application of GA and VNS. This significantly short-
ens the application time of the FMEA analysis and
increases the efficiency of the FMEA team. In this
way, the reliability and effectiveness of the manufac-
turing process increase, which further leads to the real-
ization of operational aims.

Based on the results shown in Table 4, it is clear that
the application of both methods gives the same results.
From the engineering aspect, the obtained solution is
stable. It should be noted that for the problem discussed
in this paper, the application of VNS for a shorter time
can be obtained near the optimal solution, which gives
an advantage to this method over GA.

By analyzing the FMEA report and the results shown
in Table 4, it can be clearly concluded that the optimal
solution at the level of each company is a set of failures
caused by human factors. Respecting this fact, the

Table 3. Used GA parameters.

Sample

size

Crossover

parameter

Mutation

parameter

25 0.90 0.10

50 0.90 0.05

87 0.95 0.05

93 0.95 0.05

146 0.90 0.02

Komatina et al. 7



FMEA team should: (i) prescribe a procedure for control-
ling the work of workers in the workplace to prevent the
occurrence of selected failures, (ii) introduce visual

management methods, such as the Poka-Yoke system,
(iii) propose the various employe training courses, and
(iv) introduce source failure control, etc.

Figure 3. VNS algorithm.
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Conclusion

Companies in the automotive industry that are organized as
a global supply chain have a strong influence on the devel-
opment of the national economies of many countries. The
competitiveness and sustainability of these companies
can be achieved, among other things, by increasing the reli-
ability and effectiveness of the manufacturing process.

Themain contribution of the researchmay be structured
through the following components: (1) improving FMEA,
and (2) determining the failures that need to be eliminated.

According to Liu et al.6 some of the shortcomings of
conventional FMEA analysis are: (i) the assessments of
the FMEA team are based on using precise numbers; in
this article, the relative importance of RFs is expressed
by linguistic terms which are modeled by IT2TFNs and
(ii) equal relative importance of criteria. In this paper,
the relative importance of risk factors is set using a pair-
wise comparison matrix with IT2TFNs. The weights
vector is obtained by using a fuzzy geometric mean.

In automotive practice, determining the set of failures to
be eliminated is based on the assessment of the FMEA
team. They base their estimates on the priority of failures
(determined according toRPNvalues), knowledge, experi-
ence, and available budget. In order to increase the
efficiency of GA in solving the observed data sets, an add-
itional logical layer in the implementation that program-
matically managed the GA parameters and modified
themaccording to the results of the algorithm is introduced.
Taking into account the nature of the KP (knapsack
problem) and the fact that best-improvement local search
in the proposed VNS variant quickly leads to a solution
with a constraint limit value, neighborhood structures
that combine solution distance with changing a number
of solution elements in both directions were used. In this
way, we additionally avoided premature jams in local opti-
mums, which was especially seen through the improve-
ment of results by shifting to neighborhoods 4 and 6. The
presented results show the success of the proposed VNS
algorithm in solving the presented data sets.

The model is flexible enough that changes in the type
and number of failures, as well as the relative importance
of RFs which depends on the place of appearances of fail-
ures, for example,36 as well as the type of industry, for
example,37 can be easily incorporated into the model.

The practical contribution of this paper can be seen as
the development of two algorithms that helps DMs to
have less subjectivity in making these decisions. Using
a user-friendly algorithm increases the accuracy of the
FMEA team’s decision, which implies increasing the reli-
ability and effectiveness of the production process. The
main limitation of the proposed model is the high subject-
ivity of DMs in assessing existing uncertainties.

Future research includes: (1) failure estimates respect-
ing multiple risk factors, such as product importance38

and severity in terms of cost,39–41 (2) modification of
the proposed KP problem, which implies the introduction
of constrains and (3) the application of the proposed
model in different industrial domains.
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processing of input data, analysis of the obtained results.

ORCID iD

Nikola Komatina https://orcid.org/0000-0001-6964-5673

References

1. Mendel JM. Uncertain rule-based fuzzy systems. Introduction
and new directions 2017; 684.

2. Ecer F. Multi-criteria decision making for green supplier selec-
tion using interval type-2 fuzzy AHP: a case study of a home
appliance manufacturer. Operational Research 2020; 1: 1–35.

3. Ayodele TR, Ogunjuyigbe ASO, Odigie O, et al. A multi-
criteria GIS based model for wind farm site selection
using interval type-2 fuzzy analytic hierarchy process: the
case study of Nigeria. Appl Energy 2018; 228: 1853–1869.

4. Kayapinar Kaya S and Aycin E. An integrated interval type
2 fuzzy AHP and COPRAS-G methodologies for supplier
selection in the era of industry 4.0. Neural Comput Appl
2021; 33: 10515–10535.

5. Buckley JJ. Fuzzy hierarchical analysis. Fuzzy Sets Syst
1985; 17: 233–247.

6. Liu HC, Liu L and Liu N. Risk evaluation approaches in
failure mode and effects analysis: a literature review.
Expert Syst Appl 2013; 40: 828–838.

7. Silva MM, de Gusmão APH, Poleto T, et al. A multidimensional
approach to information security risk management using FMEA
and fuzzy theory. Int J Inf Manage 2014; 34: 733–740.
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38. Komatina N, Tadić D, Aleksić A, et al. The integrated PFMEA
approach with interval type-2 fuzzy sets and FBWM: a case
study in the automotive industry. Proceedings of the
Institution of Mechanical Engineers, Part D: Journal of
Automobile Engineering 2022; 236: 1201–1212.
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Appendix

Notation
T Total number of identified failures
t Index of failure
K Total number of RFs
k Index of RF˜̃Wkk′ IT2TFN describing the relative importance of RF,

k over RF k ′ ; k, k ′ = 1, .., K; k ≠ k ′˜̃ωk IT2TFNdescribing fuzzyweight of RF k, k = 1, .., K
vtk Crisp values of RF k, k = 1, .., K for failure

t, t = 1, . . . , T˜̃pt IT2TFN describing the overall fuzzy risk priority
index

c1t Maintenance costs incurred due to the realization
of failure t, t = 1, . . . , T

r1t Normalized value of maintenance costs incurred
due to the realization of failure t, t = 1, . . . , T˜̃c2t IT2TFN that correspond to costs of manufacturing
process downtime due to failure t, t = 1, . . . , T˜̃ct Total costs incurred due to the realization of
failure t, t = 1, . . . , T

C Total funds allocated to the activities of the FMEA
team
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