1010 e . /
information ﬂ“\b\w

Article

Failure Mode and Effect Analysis (FMEA) with
Extended MULTIMOORA Method Based on
Interval-Valued Intuitionistic Fuzzy Set: Application
in Operational Risk Evaluation for Infrastructure

Lelin Lv 20, Huimin Li -3*©, Lunyan Wang 13, Qing Xia "2 and Li Ji !

1 Department of Construction Engineering and Management, North China University of Water Resources and

Electric Power, Zhengzhou 450046, China; 1vlelin1205@163.com (L.L.); wanglunyan@ncwu.edu.cn (L.W.);
xiagingncwu@163.com (Q.X.); jili@stu.ncwu.edu.cn (L.J.)

Academician Workstation of Water Environment Governance and Ecological Restoration,

Zhengzhou 450002, China

Henan Key Laboratory of Water Environment Simulation and Treatment, Zhengzhou 450045, China

*  Correspondence: lihuimin3646@163.com; Tel.: +86-150-3906-3656

check for
Received: 7 September 2019; Accepted: 11 October 2019; Published: 13 October 2019 updates

Abstract: Failure Mode and Effect Analysis (FMEA) is a useful risk assessment tool used to identify,
evaluate, and eliminate potential failure modes in numerous fields to improve security and reliability.
Risk evaluation is a crucial step in FMEA and the Risk Priority Number (RPN) is a classical method
for risk evaluation. However, the traditional RPN method has deficiencies in evaluation information,
risk factor weights, robustness of results, etc. To overcome these shortcomings, this paper aims to
develop a new risk evaluation in FMEA method. First, this paper converts linguistic evaluation
information into corresponding interval-valued intuitionistic fuzzy numbers (IVIFNSs) to effectively
address the uncertainty and vagueness of the information. Next, different priorities are assigned to
experts using the interval-valued intuitionistic fuzzy priority weight average (IVIFPWA) operator
to solve the problem of expert weight. Then, the weights of risk factors are subjectively and
objectively determined using the expert evaluation method and the deviation maximization model
method. Finally, the paper innovatively introduces the interval-valued intuitionistic fuzzy weighted
averaging (IVIFWA) operator, Tchebycheff Metric distance, and the interval-valued intuitionistic fuzzy
weighted geometric IVIFWG) operator into the ratio system, the reference point method, and the
full multiplication form of MULTIMOORA sub-methods to optimize the information aggregation
process of FMEA. The extended IVIF-MULTIMOORA method is proposed to obtain the risk ranking
order of failure modes, which will help in obtaining more reasonable and practical results and in
improving the robustness of results. The case of the Middle Route of the South-to-North Water
Diversion Project’s operation risk is used to demonstrate the application and effectiveness of the
proposed FMEA framework.

Keywords: failure mode and effect analysis; risk management; MULTIMOORA,; interval-valued
intuitionistic fuzzy sets; operational risk

1. Introduction

The Failure Mode and Effect Analysis (FMEA) method was first proposed in the 1960s [1], and it
has been widely used to ensure safe and stable production and operation in the aerospace industry,
electric power industry, nuclear industry, and handicraft industry, etc. [2-4]. FMEA can improve the
reliability of systems by identifying and avoiding potential failures or errors [5].
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Risk evaluation is a key step in FMEA, which aims to identify high-risk failure modes and
improve system design to eliminate risks [6,7]. The traditional FMEA always uses the Risk Priority
Number (RPN) method to represent the influence caused by failure modes, i.e., the level of risk [8,9].
By analyzing potential failure modes and their possible effects, the RPN method uses an integer scale
from 1 to 10 for estimating the actual performance of different failure modes under the three risk factors
of occurrence (O), severity (S), and detection (D). The RPN value is determined by multiplying the
evaluation value of these three risk factors. The higher the RPN value of a failure mode, the higher
the risk degree of that failure mode and the greater the possible harm to the system. Therefore, it is
necessary to take appropriate actions to prevent the high-risk failure modes [10]. The risk evaluation in
traditional FMEA with the RPN method is considered to be the most effective method for the prevention
of risks in advance, but applying the RPN method has been widely questioned in practice [10-14].
This is mainly due to the following aspects: (1) The traditional RPN method uses exact values to express
the risk level for risk factors O, S, and D, but this expression is limited by its inability to objectively
reflect the complexity and uncertainty of things and the fuzziness of human thinking in processing
information. (2) The weight information of risk factors is not considered in the traditional FMEA risk
assessment. All risk factors are regarded as equally important, which is inconsistent with the varied
importance that each factor has in actual situations. (3) Different combinations of numerical scores
for O, S and D may generate exactly the same RPN value, but the risk implications may be entirely
different, which is likely to lead to some high-risk failure modes going unnoticed. (4) The method
of obtaining the RPN value using the numerical product calculation of risk factors O, S, and D lacks
reliability because the RPN value will be highly sensitive to changes in the critical factor evaluation.
(5) The robustness of a single decision-making method is relatively low. It is easy for different failure
modes to have the same risk priority value, making it is difficult to determine a risk ranking order,
and the unreasonable information aggregation process will cause information loss.

To resolve the defects of the traditional FMEA, scholars have put forward many improvement
methods [15-18]. In particular, the integrated research and application of the FMEA method
and the fuzzy theory method are widely concerned, because the fuzzy method such as the fuzzy
Delphi method [19] and the fuzzy inference system [20] has the advantage of conducting risk assessment
based on expert knowledge and experience [21]. Panchal etal. [22] used triangular and trapezoidal fuzzy
numbers to represent FMEA information to evaluate the risk of failure modes. Ekmekcioglu et al. [23]
proposed a FMEA risk assessment method based on trapezoidal fuzzy numbers. Chang [24] introduced
binary semantic variables as information carriers to optimize FMEA. Vahdani et al. [25] combined a
fuzzy belief structure with TOPSIS to propose a FMEA method based on a fuzzy confidence structure.
Wang et al. [26] presented a new risk priority model for FMEA by using the House of Reliability—Based
Rough VIKOR approach. Chen and Deng [14] proposed a new FMEA model using the Dempster-Shafer
evidence theory and the grey relational projection method. Moreover, Atanassov [27,28] defined
the intuitionistic fuzzy sets (IFSs) and the interval-valued intuitionistic fuzzy sets (IVIFSs) theory
based on fuzzy set theory, which considers three kinds of information, namely membership degree,
nonmembership degree, and hesitation degree. Therefore, IVIFSs are more flexible and practical than
other theories in the expression of uncertainty, and it can be usefully applied to the FMEA method.

On the other hand, for complex risk management and investment decisions, scholars have
proposed some countermeasures, such as FMEA and simulation analysis [29]. The essence of FMEA
can also be regarded as a multiple criteria decision making (MCDM) problem. Together with the
VIKOR [30,31], TOPSIS [32-34], AHP [35,36], and DEMATEL [37,38] methods, MCDM is widely
used in FMEA research to improve the traditional ranking order method of risk priority value.
However, the above MCDM methods have single decision-making modes, and the robustness of
their ranking order still needs to be improved. The MULTIMOORA method is a robust and flexible
MCDM technique [39]. The MOORA approach, primarily put forward by Brauers and Zavadskas [40],
includes two sub-methods: the ratio system method and the reference point method. Subsequently,
the MOORA method was extended, i.e., MULTIMOORA method, which was proposed by Brauers and
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Zavadskas [41]. This method adds a new sub-method based on MOORA, i.e., the full multiplication
form method. Brauers [42] systematically studied the robustness of MCDM methods, and proposed
that a MCDM method that combines two decision-making methods is superior to a single MCDM
method. Similarly, a MCDM method combining three decision-making methods is superior to a
method that only combines two different decision-making methods. The MULTIMOORA method is
characterized by being simple to calculate and having strong robustness [43], and it has been extended
and applied in numerous fields for solving real-life MCDM problems.

In practical application of FMEA, the traditional MULTIMOORA method cannot address the
uncertainty and vagueness of information. Yet, the IVIFSs can better address the expression of linguistic
uncertainty, which is more flexible and practical. Hence, the motivation of this paper is to merge IVIFSs
into the MULTIMOORA method of FMEA risk assessment, which can not only effectively deal with
these problems, but also improve the robustness of the results [44,45]. In addition, most existing FMEA
related research directly assigns weight to experts and risk factors, ignoring the importance of how
weight affects the accuracy of research results. Therefore, to overcome these shortcomings, this paper
aims to develop a new risk evaluation in FMEA using the MULTIMOORA method within the context of
IVIFSs. First, this paper converts linguistic evaluation information into corresponding interval-valued
intuitionistic fuzzy numbers (IVIFNs) to effectively address the uncertainty and vagueness of the
information. Next, different priorities are assigned to experts using the interval-valued intuitionistic
fuzzy priority weight average (IVIFPWA) operator to solve the problem of expert weight. Then,
the weights of risk factors are subjectively and objectively determined using the expert evaluation
method and the deviation maximization model method. Finally, the paper innovatively introduces the
interval-valued intuitionistic fuzzy weighted averaging (IVIFWA) operator, Tchebycheff Metric distance,
and the interval-valued intuitionistic fuzzy weighted geometric IVIFWG) operator into the ratio
system, the reference point method, and the full multiplication form of MULTIMOORA sub-methods
to optimize the information aggregation process of FMEA. The extended IVIF-MULTIMOORA method
is proposed to obtain the risk ranking order of failure modes, which will help in obtaining more
reasonable and practical results and in improving the robustness of results. The case of the Middle
Route of the South-to-North Water Diversion Project’s operation risk is used to demonstrate the
application and effectiveness of the proposed FMEA framework.

This paper is organized as follows. Section 2 introduces preliminaries about IVIFSs and the
traditional MULTIMOORA method. Section 3 proposes a risk evaluation in FMEA with the extended
MULTIMOORA method in an interval-valued intuitionistic fuzzy environment. Section 4 provides
a case study of the Middle Route of the South-to-North Water Diversion Project’s operation risk to
demonstrate the application and effectiveness of the proposed method. Section 5 includes sensitivity
analysis and comparison analysis. Section 6 offers conclusions and further research directions.

2. Preliminaries

2.1. Interval-Valued Intuitionistic Fuzzy Sets

Definition 1 ([28]). Let X be a non-empty set; then an interval-valued intuitionistic fuzzy set (IVIFS) was
defined as follows:

A ={(x, uz(x),07(2))lx € X} (1)
where pi7(x) denotes the membership degree of the element x belonging to X; vz(x) denotes the nonmembership
degree of the element x belonging to X; px(x):X —[0,1] and vz(x): X — [0,1] with the condition
0 < suppz(x) +supvz(x) < 1.

Definition 2 ([28,46]). For every x € X, puz(x) and vz(x) are closed intervals whose lower and upper end
points are denoted by /,L;T(x), y}(x), v;?(x), and v}(x). Then the IVIFS was denoted as follows:
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A= {{x [z, 120 [z, vt @ i e x) @

A
where 0 < y}(x) + v}(x) <1, y;?(x),y%(x) > 0.

For each x € X, its hesitation interval was denoted as follows:

) = [F 0, 70| =[1- b - v (0,1 - g () -0

()] ©

If yi(x) = y}(x) and v;?(x) = v}(x), then an ordinary intuitionistic fuzzy set is obtained.

For convenience, the IVIFS value can be denoted as A = ([a, b], [, d]) and it was called an interval-valued
intuitionistic fuzzy number (IVIEN), where [a,b] c [0,1], [c,d] € [0,1] and b +d < 1.

Definition 3 ([46]). The algebraic operations were extended over IVIFNs. Let A = ([a1,b1], [c1,d1]) and
Ay = ([az, b2, [c2,d2]) be any two IVIFSs; then some basic operations with respect to IVIFNs were defined
as follows:

Z1 +Z2 = ([a1 + a2 —maz, by + by = b1by], [c102, d1dr) ) ()
Ay - Ay = ([a1a2,b1by], [c1 + c2 — c100,dy + d — dydy)) ®)
Ay = (1= (1=a) 1= (1=b1)"] [ d]]) A > 0 (6)
At =([o} b7 [1--c)t1-(1-d)']) A 20 @)

Definition 4 ([46]). Let A = ([a1, b1], [e1,d1]) and Ay = (a2, by, [co, do]) be any two IVIFNs, the normalized
Euclidean distance between A1 and Ay was defined as follows:

d(gl,gz) = % \/(ﬂ1 —ay)’ + (b1~ 1)’ + (c1—2)* + (d1 — do)? ®)

Definition 5 ([46,47]). Let A = ([a,b],[c,d]) be any IVIFNs; then the score and accuracy function were
denoted as follows:
-

h(;\)zz(a—kc—l—b—kd) (10)

(a—c+b—d) )

= N =

where s(;l_) is the score function, s(;}) €[-1,1], and h(g) is the accuracy function, h(;l_) €[0,1].

The interval-value intuitionistic fuzzy priority weight average (IVIFPWA) operator is used to
aggregate the experts’ evaluation information in this study, so the score function value S(A) must be
greater than zero. Therefore, based on the accuracy function form, the score function is modified
as follows:

s(;l) = %la—c%—b—dl
For the two IVIENs A; = ([ay, b1], [c1,d1]) and Ay = ([az, b2], [c2,d2]), @ comparison was made
using the score and accuracy functions as follows:
(1 1t s(;fl) < s(gz), then Xl < ;1'2;
2 I s(gl) = s(gz), and
(@) Ifh
(b) Ifh

) < h(gz), then gl < ;fz;

(A1
(A) = W), then 7, = A
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(©)  Ifh(A1) > h(A3), then A1 > A,.

Definition 6 ([46]). Let X] = ([aj, b]-], [c]-, d]-]), (j=1,2,...,n) bea collection of IVIFNs, and let IVIFWA be
V" — V, then the function for interval-valued intuitionistic fuzzy weighted averaging (IVIFWA) was defined
by the IVIFWA operator as follows:

—_— —_— —_— —_— —_— n
IVIFWA(Al,Az, - ,An) = W1 A] 4+ WrAy + -+ wpAy = '21 wiA;

n w; n w; n n (11)
(= fr == fra-n) ) fre e
j=1 j=1 =1

j=1 ]

where V is the interval-valued intuitionistic fuzzy set; w = (wq,wo, .. .,wn)T is the weight vector of 1:1},
wj = O,Z?:l w; = 1.

Definition 7 ([46]). Let A~j = ([a]-, b]-], [c]-,dj]), (j=1,2,...,n) bea collection of IVIFNs, and let IVIFWG be
V" — V, then the function interval-valued intuitionistic fuzzy weighted geometric (IVIFWG) was defined as
the IVIFWG operator as follows:

—_ o~ —_— —_— —_ —_ n —
IVIFEWG(A1, Ay, -+, Ay) = A1 - A2 - A, = HlAjwf‘
]:

n n n w; n w; (12)
- [Lnlajw]',jnl bjwf'], [1— I(1-¢) ", 1-TI(1-4d)) fD

j=1 j=1

where V is the interval-valued intuitionistic fuzzy set; w = (wy,wy, .. .,wn)T is the weight vector of ;4‘]',
wi > 0,2;-1:1 wi = 1.

2.2. Traditional MULTIMOORA Method

Like most MCDM methods, the initial decision-making matrix is constructed as X = [xi]-]mxn,
where xij(i =1,2,...,m;j=1,2,...,n) is the evaluation value for the alternative A; under the Cj

The alternative set is A = (A1, Ay, ..., A;) and the attribute set is C = (cl,cz, ... ,c]-). To facilitate the

comparison by normalizing the initial decision matrix X = [xi]-]mxn into the standardized decision

matrix X* = [x:] , it can be defined as the following form according to Brauers and Zavadskas [40]:
mXxn

x,-]-

X = — (13)
m 2

Zi:l Xl.].

where xij is the initial evaluation value, that is, the evaluation of the alternative A; under the attribute
c;i=12,...,mj=12,...,n;mis the number of alternatives and 7 is the number of attributes; and
x;; is the dimensionless evaluation value of the decision matrix.

The traditional MULTIMOORA method comprises three sub-methods: the ratio system method,
the reference point method, and the full multiplicative form method. The final ranking of each
alternative can be determined based on the results of the three sub-methods.

2.2.1. The Ratio System Method

The ration system method is the first part of the MULTIMOORA method. After standardization,
the evaluation value of all alternatives under the ratio system method can be obtained as follows:
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8
I W w
j=1 j=g+1
where g and n — g respectively indicate the number of benefit-type and cost-type attributes. y; represents
the evaluation value of the alternative A;; The higher the value of y;, the better the corresponding

alternative. Therefore, the optimal alternative A;; according to the ratio system method can be obtained
as follows [40]:

maxyi) (15)

1

Apg = (Ai

2.2.2. The Reference Point Method

The reference point method is the second part of the MULTIMOORA method. The first step of
the reference point method is to determine the optimal reference point of each attribute. The optimal
reference point of all attributes can be conceived as the following form:

miaxx;f]., j<g

T]' = (16)

minx’, j>g
i

After determining the optimal reference point, the deviation degree between all attribute values

x;]. and the corresponding optimal reference point 7; can be obtained, that is ‘rj - x:| Therefore,

the maximum deviation of each alternative, i.e., the evaluation value of each alternative according to
the reference point method, can be expressed as follows:

zi = max’r]- - x;j
J

(17)

The smaller the value of z;, the better the corresponding alternative. Finally, the optimal alternative

Ay p according to the reference point method can be obtained as follows [40]:

e = {Adminz; } (18)

2.2.3. The Full Multiplicative Form Method

The full multiplicative form method is the third part of the MULTIMOORA method. It embodies
the minimization and maximization problems of the purely multiplicative utility function [41]. Based
on this, the evaluation values of all alternatives under the full multiplicative form method can be
expressed as follows:

I8 . x
N (19)

ul n *
j=g+1%

where Hf‘:l x;.*]. represents the product of the evaluation values of all the benefit-type attributes; similarly,
?: ¢+1%;; represents the product of the evaluation values of all the cost-type attributes.

The }(ﬁgher the value of Uj, the better the corresponding alternative. Therefore, the optimal

alternative A}, according to the full multiplicative form method can be obtained as follows [41]:

Apy = {Ai‘miaxui } (20)
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2.2.4. The Final Ranking of Alternatives Based on Dominance Theory

Based on the fundamental idea of dominance theory, the ranking results obtained in
Sections 2.2.1-2.2.3 are integrated to get the final ranking result [48,49], which is called the
MULTIMOORA ranking.

3. Risk Evaluation in FMEA with IVIF-MULTIMOORA

In this section, a novel FMEA framework with an extended MULTIMOORA method for risk
evaluation is proposed under an interval-valued intuitionistic fuzzy environment. The flow chart for
risk evaluation in Figure 1 shows the proposed ranking method of failure modes in the FMEA process.

- List the potential failure modes | Obtain priority levels for experts

Identify the potential failure modes and problem
description

Obtain IVIF evaluation matrix by transforming the

linguistic evaluation information of experts

Determine the synthetic evaluation matrix of failure
modes considering experts’ weight

Calculate the objective weight vectors of risk Calculate the objective weight vectors of risk
factors using the maximum deviation model factors using the IVIFPWA operator L

Obtain the synthetic weight vectors of risk factors

The IVIF full multiplicative

The IVIF ratio system b The IVIF reference point
. form |

Determine the final risk ranking of failure modes I
with IVIF-MULTIMOORA method |

Figure 1. Risk evaluation in Failure Mode and Effect Analysis (FMEA) with interval-valued intuitionistic
fuzzy (IVIF)-MULTIMOORA method flow chart.

3.1. Identify the Potential Failure Modes and Problem Description

The FMEA expert team is responsible for the evaluation of m failure modes FM;(i = 1,2,--- ,m)
with respect to n risk factor RF;(j = 1,2,--- ,n), and assessment of the importance of risk factors using
linguistic variables. Then, the linguistic assessment results are transformed into relative interval-valued

intuitionistic fuzzy numbers. Where the Ap = (Zi() denotes an IVIF assessment matrix for the failure
mXn

mode given by the expert DM, suppose the FMEA team consists of s experts DM(k =1,2,---,s).
According to their different knowledge structure and domain experience, the experts are divided into s
priority levels. The knowledge structure of DM); is closer to the evaluation objects of FMEA and the
domain experience is more extensive. Thus, the evaluation information of DM has the highest priority



Information 2019, 10, 313 8 of 22

ij 7 Vij
denotes an IVIFN of failure mode FM; with respect to the risk factor RF;. Wk = (A’]‘) is an IVIF

1xn

level. Conversely, the priority level of DM; is the lowest. ZZ = (‘ui.‘]., vi‘]) = ([yi.‘].‘, yi.‘].*], [vk_ vk+])

assessment matrix for the weight of risk factors given by DMj. g’]‘ = ([u’]?, v’]‘, ) is an IVIFN for importance

with respect to risk factor RF; given by DM. w?(] =1,2,---,n) and wf(] =1,2,---,n) denote the
objective and subjective weight vector of risk factor, respectively.

3.2. Obtain IVIF Evaluation Matrix by Transforming the Linguistic Evaluation Information of Experts

The FMEA experts team conducts risk assessment and management by collecting historical data
such as occurrence frequency, consequence severity, and detection rate of failure mode, etc. However,
most existing accident data are incomplete, so this section adopts the method of expert reference
historical data to evaluate failure mode in order to obtain risk assessment information.

Uncertainty and incomplete information exist in practice, and it is difficult for experts to accurately
assess information using real numbers. Therefore, experts tend to use linguistic variables to evaluate
the actual performance of failure modes from all aspects of risk factors. Linguistic variables can be
converted into the corresponding IVIFNs according to certain rules (Table 1) [10], and it is possible to

obtain an IVIF evaluation matrix of the failure modes Zk = (XZ) . The traditional FMEA method

comprises three types of risk factors: Occurrence (O), severity (S), and detection (D), where occurrence
denotes the frequency of the failure, severity denotes the seriousness of the failure, and detection
denotes the likelihood of the failure not being detected.

Table 1. Linguistic variables for rating failure mode.

Linguistic Variables Benefit-Type for IVIFNs Cost-Type for IVIFNs
Extremely low (EL) ([0.00,0.05], [0.90,0.90]) ([0.90,0.90], [0.00,0.05])
Very low (VL) ([0.05,0.10], [0.80,0.90]) ([0.80,0.90], [0.05,0.10])
Low (L) ([0.10,0.20], [0.70,0.80]) ([0.70,0.80], [0.10,0.20])
Medium low (ML) ([0.30,0.40], [0.50,0.601) ([0.50,0.60], [0.30,0.40])
Medium (M) ([0.50,0.50], [0.50,0.50]) ([0.50,0.50], [0.50,0.50])
Medium high (MH) ([0.50,0.60], [0.30,0.40]) ([0.30,0.40], [0.50,0.601)
High (H) ([0.70,0.80], [0.10,0.20]) ([0.10,0.20], [0.70,0.80])

Very high (VH) ([0.80,0.90], [0.05,0.107]) ([0.05,0.10], [0.80,0.90])
Extremely high (EH) ([0.90,0.90], [0.00,0.05]) ([0.00,0.05], [0.90,0.90])

The IVIF-MULTIMOORA ranking method needs to subtract and divide the assessment information
according to the types of risk factors, but the corresponding operation rules of IVIFNs have not been

unified. To enhance the universality of the method, the ZXZ‘] = (yifj, vf]) is transformed as follows:
ak [,k ok :
Al.]. = (yl.j, vij), jEB

Ak —
k [,k K ;
NegAij = (vl.]., yi],), jecC

= 1)

Then Ai‘(j = (ﬁi‘}, ﬁi‘]) is obtained, where B is the benefit-type risk factor subset, and C is the cost-type

risk factor subset.

3.3. Determine the Synthetic Evaluation Matrix of Failure Modes Considering Experts” Weight

Most existing FMEA related research directly gives weight to experts, which has a certain impact
on the accuracy of research results. It is difficult to accurately determine the weight of experts
using a subjective weighting method, but it is simple and feasible to determine the priority levels of
experts according to the difference of their knowledge structures and experience. Yu [50] defined the
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interval-valued intuitionistic fuzzy priority weight average (IVIFPWA) operator based on the priority
average operator constructed by Yager [51] as follows:

Definition 8 Let AZ = ([ﬁi.‘]., IA?:.‘]], [@1‘], dz.‘].]), (k=1,2,---,s) bea collection of evaluation information of IVIFNs
for failure modes given by s experts, and let IVIFPWA be V" — V, then the function for interval-valued
intuitionistic fuzzy priority weight average (IVIFPWA) is defined by the IVIFPWA operator as follows:

IVIFPWA(A}]., Afj, e A8 ) = Ajj

k=1 k=1
k=1 4
where Ty = ] s(Alt.j), T1 = 1, in the process of information aggregation, the expert weight information is
t=1

T/ él Tk]] (22)

determined acc:)rding to the score function value of the information itself, and the IVIF comprehensive evaluation
matrix for failure modes is obtained by A = (Aij)mxn'

3.4. Obtain the Synthetic Weight Vectors of Risk Factors

In the traditional FMEA risk assessment, weight information of risk factors is not considered.
So, occurrence (O), severity (S), and detection (D) are regarded as equally important, which is obviously
inconsistent with practice and leads to inaccurate risk ranking of the final failure modes. Approaches
to determine the weight of risk factors mainly include the subjective weighting method, the objective
weighting method, and the comprehensive weighting method. The comprehensive weighting method
has been adopted by numerous scholars because it can consider both subjective and objective factors,
and overcome the limitation of only considering unilateral methods. This subsection will determine the
weight of risk factors from both subjective and objective aspects by using the comprehensive weight
method and combining the expert evaluation method and deviation maximization model method in
order to overcome the gap that exists in traditional FMEA risk assessment when the weight of risk
factors is not considered.

Determine the subjective weight. First, s experts evaluate the importance of the three risk factors
for occurrence (O), severity (S), and detection (D) with Table 1, and the IVIF evaluation matrix for

risk factor weights Wk = (;17]( ) is obtained. Then, the IVIF evaluation matrix of risk factor weights

Ixn

W = (Zj)lx is obtained by aggregating the weight information of s experts using the IVIFPWA
operator. Firr{ally, the subjective weight of risk factors is determined according to the score function
of the weight information. The greater the score function value of risk factor weight information,
the greater the impact of the risk factor on the risk ranking, and the greater the weight. On the contrary,
the less that the risk factor influences the ranking, the less the weight. According to Equation (9),
the score function value S(K ]-) of the risk factor weight information is obtained, and then the subjective
weight of the risk factor can be determined as follows:

w]S = ﬁ (23)

=1 S(AJ')

Determine the objective weight. According to the information theory, under the circumstance that
the attribute weight is completely unknown in MCDM problems, if all alternatives have similar attribute
values with respect to an attribute. Then, a small weight should be assigned to the attribute. This is due
to the fact that such an attribute does not help in differentiating alternatives [52]. An IVIF evaluation
matrix A = (Al- j)mxn can be obtained based on the above principles and failure modes. Let the deviation
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m ~ ~
between FM; and other failure modes with respect to the risk factor RF; be d; ](w) =Y d(AZ-]-, Ay, ]-) w?,
h=1

where d(Al-]-,Ahj) is the Euclidean distance between Ai]- and A, j- Then, the total deviation for the

n m N N
evaluation information of failure modes denotes d(w) = Y, ¥ ¥ d(Ai]-,Ahj) w].o. The deviation

j=1i=1h#i
maximization model is constructed as follows [53]:
n m N R 0
max *21 421 };.d(Aij’Ahj) w]
=1i=1h+
o 24
st Y, (w@) =1,w9>0,j=1,2,--,n
S\ j

To solve this optimization model, we constructed the Lagrange function as follows:

L(w,A) = d(w) + %[Zn:(w?)z - 1] (25)

j=1

where A is the Lagrange multiplier.
The partial derivatives of Equation (25) are calculated with respect to w].o and A, respectively,
and their partial derivatives are set to equal zero as follows:

m

Lwé/\) =2 X d<Aij/Ahj> w® + Aw? =0
ow; i=1h#i ] ]

Awr) L o (26)
oA = ]E‘] w] - 1 = 0

The optimal solution of the objective weight of the risk factor can be found by solving Equation (26),
and then can be normalized as follows:

m ~ ~
L ¥ Ay, Ay)
w© — i=1 h#i ,i=1,2-,n (27)
] nom PO
Y Y X d(Ay, Ay)
j=1i=1h#i
Determine the comprehensive weight. Aggregate subjective weight w]S = (wi,wz,,w;)

0
1/
wi = (wq,wa, ..., wy) of risk factor as follows:

0

and objective weight w? = (w wg,...,wn>, and then determine the comprehensive weight

wj = 61sz. + 6210? (28)

where 61 and 0; are the relative importance for the subjective and objective weight, respectively, where
0<61,00 <1, 601+ 0p =1, j:1,2,...,n.

3.5. Determine the Final Risk Ranking of Failure Modes with IVIF-MULTIMOORA Method

The IVIFWA operator and IVIFGA operator are introduced into the ratio system and the full
multiplicative form model respectively, to avoid the information loss. Calculate the improved Euclidean
distance between the evaluation information and the reference point in the reference point method.
In this subsection, the IVIF-MULTIMOORA method is constructed to determine the final risk ranking
based on dominance theory.
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3.5.1. The IVIF-Ratio System is Used to Determine the Risk Ranking Order of Failure Modes

For each IVIFN A = ([a, b], [c,d]), satisfying [a,b] € [0,1], [c,d] € [0,1], and b+ d < 1, there is no
need to standardize the evaluation information. According to Definition 6, the comprehensive utility
value of FM,; is obtained by using the IVIF evaluation matrix A= (Ai f)mxn of failure mode and the
weight vector w; = (wq,wo, ..., wy) of the risk factor as follows:

A A N n N
yi= VIFWA (A, Ag, -, Ain) = & wjA;

n n n n (29)
= ([1 - ]1;[1 w]<1 - ai]'), 1- ]1;[1 wj(l - bij):|: []1:[1 w]'c,']-, ]1;[1 w]d,]D
where y; denotes the comprehensive utility value under all risk factors of FM;. According to Definition 5
and Equations (9) and (10), the score function value s(;l_) and accuracy function value h(g) of the
comprehensive utility value of different failure modes are obtained. Then, the risk of failure mode is
ranked based on the comprehensive utility value y;. The smaller the y; value is, the higher the risk rank.

3.5.2. The IVIF-Reference Point is Used to Determine the Risk Ranking Order of Failure Modes

There are two kinds of reference points: (1) the maximum or minimum value of the failure mode
evaluation information under different risk factors, and (2) positive and negative ideal reference points.
This study adopted positive ideal reference points, that is qAbj = ([1,1],[0,0]). Then, the distances
between failure mode FM; and the reference point under different risk factors was calculated using the
Minkowski Metric [54] method [55]:

l/y

d(bj, FM;) = Z[d i A; , yeN* (30)

The robustness of the optimal ranking problem based on the Minkowski Metric method increases
with the increase of the y value [42], so set ¥ — oo. The distance was called the Tchebycheff Metric,
and it was calculated as follows:

(@ FM;) = maxd(8;,4y) G

Combined with Equation (8), the risk factor weight vector wj = (wq,wa, ..., wy,) is introduced as
the significance coefficient. The Minkowski Metric is calculated between failure mode FM; and the
reference point under different risk factors, which can be obtained as follows:

d(ci)]-, FM; ) maxd(qb], 1]) max% (al-j - 1)2 + (bi]- - 1)2 + (ci].)z + (dij)z (32)

1<j<n 1<j<n

where d(qf) i FMZ-) denotes the Minkowski Metric distance. The higher the d(cf) jr FMZ'> value is, the higher
the risk ranking order is.

3.5.3. The IVIF-Full Multiplicative Form is Used to Determine the Risk Ranking Order of
Failure Modes

According to Definition 7, the multiplicative utility value of FM; was obtained using the IVIF evaluation
matrix A = (Aij)mxn of failure mode, and weight vector w; = (wy,wy, ..., w,) of risk factor as follows:

PO o noa
U= IVIFWG(Ail,Aiz,”' /Ain) = ® Aij 1

z w; 1 w; L wj wj (33)
e e-orie-or)



Information 2019, 10, 313 12 of 22

where U; denotes the multiplicative utility value under all risk factors of failure modes. The scoring
function value and accuracy function value of the multiplication utility value can be obtained and the
failure mode risk ranking order can be determined. The smaller the U; value is, the higher the risk
ranking order is.

3.5.4. Determine the Final Risk Ranking Order of Failure Modes Based on Dominance Theory

The IVIF-MULTIMOORA method comprises the IVIF-ratio system, the IVIF-reference point,
and the IVIF-full multiplicative method, that is, three kinds of risk ranking of failure modes exist,
and have equal importance. According to dominance theory, the final risk ranking of the failure modes
is determined based on the three kinds of risk ranking in each of the fault modes.

4. Case Study on Middle Route of the South-to-North Water Diversion Project

The Middle Route of the South-to-North Water Diversion Project contains many types of hydraulic
structures, such as open channel, aqueduct, inverted siphon, closed conduit, tunnel, Prestressed
Concrete Cylinder Pipe (PCCP) pipeline, and concrete gravity dam. For the abovementioned hydraulic
structures, Xiong et al. [56] determined eleven common potential failure modes for the Middle Route
of the South-to-North Water Diversion Project though the systematic analysis of the following risks:
Capsizing (FM;), Slippage (FM3), Crack (FM3), Leakage (FMy), Geological Disaster (FMs), Overtopping
(FMg), Pipeline Bursting (FMy), Ice Damage (FMg), Pollution (FMy), Power Failure of Electromechanical
Equipment (FMyy), and Terrorist Attack (FMi1). In this section, an extended MULTIMOORA approach
based on IVIF is proposed to evaluate the risk prioritization of the eleven failure modes.

Step 1: Determine the IVIF comprehensive evaluation matrix. Suppose the team of experts
for FMEA comprises three members with different knowledge structures and domain experience.
The experts are divided into three priority levels, i.e., DM, DMj and DM3. First, the actual performance
of the failure modes under the three risk factors (O, S, D) and the importance of the risk factors were
evaluated by the three experts, as shown in Table 2. Second, the evaluation information of linguistic

ij
is constructed. Third, since O, S, and D are cost-type risk factors, the evaluation matrix was transformed
according to Equation (21), as shown in Table 3. Finally, according to Definition 8, the three experts’
evaluation information is aggregated by using the IVIFPWA operator, and then the IVIF comprehensive

~

evaluation matrix A = (Ai f)mxn for failure modes is obtained in Table 4.

variables is converted into the corresponding IVIFNs, and then the IVIF evaluation matrix Ap = (gk )
mxn

Table 2. Evaluation information from experts using linguistic variables.

Risk Factors o S D
Experts DM- 1 DM, 2 DM. 3 DM 1 DM, 2 DM, 3 DM 1 DM. 2 DM, 3
Importance of Risk Factors H VH VH EH VH EH H H VH
FM; EL VL VL EH VH VH VL L L
FM, ML M L VH H VH ML M M
FM;3 H MH H H H MH MH H H
FMy VH VH H MH H MH H VH VH
FM5 M M ML H EH VH H L H
FMg ML ML L H H MH L VL EL
FM; VL L L VH EH H VL EL VL
FMg H MH H H MH MH M H MH
FMy ML L ML EH VH EH MH H L
FMyq M M ML M L ML ML L L
FMyq EL EL VL EH EH EH L VL VL
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Table 3. Interval-valued intuitionistic fuzzy evaluation matrix.
Risk Factors (0] S D
Experts. DM, DM, DM; DM, DM, DM; DM, DM, DM;
Failure Modes
™ ([0.90,0.90], ([0.80,0.90], ([0.80,0.90], ([0.00,0.05], ([0.05,0.10], ([0.05,0.10], ([0.80,0.90], ([0.70,0.80], ([0.70,0.80],
1 [0.00,0.05]) [0.05,0.10]) [0.05,0.10]) [0.90,0.90]) [0.80,0.90]) [0.80,0.90]) [0.05,0.10]) [0.10,0.20]) [0.10,0.20])
™M ([0.50,0.60], ([0.50,0.50], ([0.70,0.80], ([0.05,0.10], ([0.10,0.20], ([0.05,0.10], ([0.50,0.60], ([0.50,0.50], ([0.50,0.50],
2 [0.30,0.40]) [0.50,0.50]) [0.10,0.20]) [0.80,0.90]) [0.70,0.80]) [0.80,0.90]) [0.30,0.40]) [0.50,0.50]) [0.50,0.50])
M ([0.10,0.20], ([0.30,0.40], ([0.10,0.20], ([0.10,0.20], ([0.10,0.20], ([0.30,0.40], ([0.30,0.40], ([0.10,0.20], ([0.10,0.20],
3 [0.70,0.80]) [0.50,0.60]) [0.70,0.80]) [0.70,0.80]) [0.70,0.80]) [0.50,0.60]) [0.50,0.60]) [0.70,0.80]) [0.70,0.80])
™ ([0.05,0.10], ([0.05,0.10], ([0.10,0.20], ([0.30,0.40], ([0.10,0.20], ([0.30,0.40], ([0.10,0.20], ([0.05,0.10], ([0.05,0.10],
4 [0.80,0.90]) [0.80,0.90]) [0.70,0.80]) [0.50,0.60]) [0.70,0.80]) [0.50,0.60]) [0.70,0.80]) [0.80,0.90]) [0.80,0.90])
™M ([0.50,0.50], ([0.50,0.50], ([0.50,0.60], ([0.10,0.20], ([0.00,0.05], ([0.05,0.10], ([0.10,0.20], ([0.70,0.80], ([0.10,0.20],
5 [0.50,0.50]) [0.50,0.50]) [0.30,0.40]) [0.70,0.80]) [0.90,0.90]) [0.80,0.90]) [0.70,0.80]) [0.10,0.20]) [0.70,0.80])
M ([0.50,0.60], ([0.50,0.60], ([0.70,0.80], ([0.10,0.20], ([0.10,0.20], ([0.30,0.40], ([0.70,0.80], ([0.80,0.90], ([0.90,0.90],
6 [0.30,0.40]) [0.30,0.40]) [0.10,0.20]) [0.70,0.80]) [0.70,0.80]) [0.50,0.60]) [0.10,0.20]) [0.05,0.10]) [0.00,0.05])
™ ([0.80,0.90], ([0.70,0.80], ([0.70,0.80], ([0.05,0.10], ([0.00,0.05], ([0.10,0.20], ([0.80,0.90], ([0.90,0.90], ([0.80,0.90],
7 [0.05,0.10]) [0.10,0.20]) [0.10,0.20]) [0.80,0.90]) [0.90,0.90]) [0.70,0.80]) [0.05,0.10]) [0.00,0.05]) [0.05,0.10])
™ ([0.10,0.20], ([0.30,0.40], ([0.10,0.20], ([0.10,0.20], ([0.30,0.40], ([0.30,0.40], ([0.50,0.50], ([0.10,0.20], ([0.30,0.40],
8 [0.70,0.80]) [0.50,0.60]) [0.70,0.80]) [0.70,0.80]) [0.50,0.60]) [0.50,0.60]) [0.50,0.50]) [0.70,0.80]) [0.50,0.60])
M ([0.50,0.60], ([0.70,0.80], ([0.50,0.60], ([0.00,0.05], ([0.05,0.10], ([0.00,0.05], ([0.00,0.05], ([0.10,0.20], ([0.70,0.80],
o [0.30,0.40]) [0.10,0.20]) [0.30,0.40]) [0.90,0.90]) [0.80,0.90]) [0.90,0.90]) [0.90,0.90]) [0.70,0.80]) [0.10,0.20])
M ([0.50,0.50], ([0.50,0.50], ([0.50,0.60], ([0.50,0.50], ([0.70,0.80], ([0.50,0.60], ([0.50,0.60], ([0.70,0.80], ([0.70,0.80],
10 [0.50,0.50]) [0.50,0.50]) [0.30,0.40]) [0.50,0.50]) [0.10,0.20]) [0.30,0.40]) [0.30,0.40]) [0.10,0.20]) [0.10,0.20])
M ([0.90,0.90], ([0.90,0.90], ([0.80,0.90], ([0.00,0.05], ([0.00,0.05], ([0.00,0.05], ([0.70,0.80], ([0.80,0.90], ([0.80,0.90],
u [0.00,0.05]) [0.00,0.05]) [0.05,0.10]) [0.90,0.90]) [0.90,0.90]) [0.90,0.90]) [0.10,0.20]) [0.05,0.10]) [0.05,0.10])
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Table 4. Interval-valued intuitionistic fuzzy comprehensive evaluation matrix.

Failure Modes (0] S D
M ([0.839,0.900], ([0.030,0.080], ([0.745,0.845],
1 [0.030,0.080]) [0.839,0.900) [0.078,0.155])
M ([0.500,0.583], ([0.067,0.135], ([0.500,0.583],
2 [0.333,0.417]) [0.765,0.865]) [0.333,0.417])
M ([0.170,0.270], ([0.137,0.237], ([0.252,0.352],
3 [0.630,0.730]) [0.663,0.763]) [0.548,0.648])
M ([0.063,0.125], ([0.270,0.370], ([0.074,0.148],
4 [0.775,0.875]) [0.530,0.630]) [0.752,0.852])
M ([0.500,0.500], ([0.059,0.133], ([0.284,0.384],
5 [0.500,0.500]) [0.781,0.853]) [0.516,0.616])
M ([0.506,0.606], ([0.137,0.237], ([0.774,0.852],
6 [0.294,0.394]) [0.663,0.763]) [0.063,0.137])
M ([0.745,0.845], ([0.048,0.112], ([0.832,0.900],
7 [0.078,0.155]) [0.804,0.872) [0.034,0.084])
M ([0.170,0.270], ([0.184,0.284], ([0.500,0.500],
8 [0.630,0.730]) [0.616,0.716]) [0.500,0.500])
M ([0.530,0.630], ([0.017,0.067], ([0.190,0.269],
9 [0.270,0.370]) [0.866,0.900]) [0.652,0.710])
M ([0.500,0.500], ([0.500,0.800], ([0.548,0.648],
10 [0.500,0.500) [0.500,0.500]) [0.252,0.352])
M ([0.871,0.900], ([0.000,0.050], ([0.752,0.852],
n [0.014,0.064]) [0.900,0900]) [0.074,0.148])

14 of 22

Step 2: Determine the Weight of Risk Factors. First, the IVIF comprehensive evaluation matrix

Wy = (Z’;) of risk factor weight can be determined from Tables 1 and 2. Second, the weight
1x
evaluation information for risk factors given by the three experts in Table 2 can be aggregated using

of risk factor weight and the
1xn

corresponding score function value S(A j> are obtained in Table 5. Then, the subjective weight vector
of risk factors is obtained using Equation (23), i.e., w3 = (0.319,0.389,0.292). Third, according to the
IVIF comprehensive evaluation matrix of failure moc{es in Table 4, the deviations between evaluation
information of different failure modes can be obtained as shown in Table 6. Then, the objective weight
vector of risk factors is obtained as w? = (0.385,0.310,0.305) by solving the deviation maximization
optimization model using Equation (24). Finally, supposing that the 6; = 62 = 0.5, i.e., subjective
and objective weights are equally important, then the comprehensive weights of risk factors were
determined, w; = 5lw§ + 52w].0 = (0.352,0.350,0.298).

Equation (22). The IVIF comprehensive evaluation matrix W= (A~])

Table 5. Relevant parameters of subjective weight.

~1 ~2 ~3 -~

Risk Factors Ai A]. A j Aj S(Z]')

o ([0.70,0.80],  ([0.80,0.90], ([0.80,0.90], ([0.690,0.841], 0.690
[0.10,0.20]) [0.05,0.10]) [0.05,0.10])  [0.070,0.150]) ’

S ([0.90,0.90], ([0.80,0.90], ([0.90,0.90], ([0.870,0.900], 0.841
[0.00,0.05]) [0.05,0.10]) [0.00,0.05])  [0.020,0.070]) ’

D ([0.70,0.80], ([0.70,0.80], ([0.80,0.90], ([0.720,0.820], 0.632
[0.10,0.20]) [0.10,0.20]) [0.05,0.10])  [0.090,0.180]) ’

Step 3: Determine the Final Risk Ranking Order of Potential Failure Modes. The comprehensive
utility value y;, the Tchebycheff Metric distance dmax, and the multiplicative utility value U; of potential
failure modes are obtained using Equations (29), (32), and (33) in Table 7. Then, the risk ranking of
potential failure mode is obtained, as expressed in Table 8, by the IVIF-ratio system, the IVIF-reference
point, and the IVIF-full multiplicative form method. Finally, the final risk ranking of potential failure
modes is determined based on dominance theory as seen in the last column of Table 8. Therefore,
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Leakage (FM,) has the highest risk degree among the failure modes. Power Failure of Electromechanical
Equipment (FM;p) has the lowest risk degree among the failure modes. The risk ranking order for
the remaining failure modes is as follows: Pollution (FMy), Crack (FM3), Geological Disaster (FMs),
Terrorist Attack (FM11), Slippage (FMy), Ice Damage (FMg), Capsizing (FM;), Pipeline Bursting (FMy),
and Overtopping (FMg). From the results, we can determine that the risk ranking order of failure
modes is acceptable for practical applications.

Table 6. Relevant parameters of objective weight.

Failure Modes d(A;0,AL0) d(A;g,Aps) d(A;p,Aup)
FM; 3.851 1.355 3.076
FM, 2.275 1.988 1.843
FM3 3.423 2.853 2.429
FMy 4.589 3.929 3.288
FM;5 2.399 2912 2.010
FMg 2.265 1.967 1.810
FM; 3.452 3.035 2.622
FMg 3.472 2.092 2.507
FMy 2.387 2.098 1.987
FMyp 2.358 2.047 2.740
FMy, 4207 3.613 3.175

Table 7. Relevant parameters of the IVIF-MULTIMOORA method.

Failure Modes Y, Amax u;

B ooy 20 lolorosmey
I A
M lgzony 070 oo
B oasorm) 0% lozmnsmy
Fi Desocs) % loasnen)
Mo lowsioar) 07 [oansis)
EC T e S e e
ST e S
Mo osoe O ooz
o oazsoase) 76 0w60a0)
I e S e

Table 8. The final risk ranking order of failure modes with the IVIF-MULTIMOORA method.

Failure Modes IVIF-Ratio System  IVIF-Reference Point  IVIF-Full Multiplicative Form  IVIF-MULTIMOORA
FM; 10 3 8 8
FM, 6 7 7 6
FM; 2 9 3 3
FMy 1 5 1 1
FMs5 4 6 4 4
FMg 8 8 10 10
FM; 11 4 9 9
FMg 5 10 6 7
FMy 3 2 2 2
FMyp 7 11 11 11
FMy; 9 1 5 5
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5. Sensitivity Analysis and Comparison Analysis

5.1. Sensitivity Analysis

The sensitivity analysis of the risk evaluation results of the FMEA with the proposed
IVIF-MULTIMOORA method is conducted in this section according to the five cases of weighting
risk factors shown in Table 9. Among them, Case 1 is the result of this study, and Case 2-5 are the
weight of other risk factors that may occur. The risk ranking order of five cases for the 11 failure
modes of Middle Route of the South-to-North Water Diversion Project is obtained as shown in Figure 2.
As can be seen from Figure 2, the change of risk factor weight has a certain impact on the final risk
ranking order of failure modes. For example, under the circumstances of occurrence (O) and severity
(S) with high weight and detection (D) with low weight, Slippage (FM;) is ranked low in the risk
order. This indicates that the frequency of Slippage in the Middle Route of the South-to-North Water
Diversion Project is relatively low. If the focus is on frequency, the risk ranking of FM; would be
reduced. Similarly, for the failure mode Leakage (FMy), the excessive leakage of channels not only
affects the benefit of irrigation and water supply, but also damages the banks of channels by infiltration,
causing problems such as Capsizing (FM;) and Slippage (FM;) [57]. In Case 3, the weight of risk factor
S changed to extremely low, which decreased the risk degree. The Leakage (FM,) risk ranking order
changed from first to third. Therefore, it is particularly important to select appropriate methods to
determine the weight information of risk factors. The proposed comprehensive weighting method
in this paper gives full consideration to experts’ opinions and to the assessment information itself in
weight determination, which makes the risk ranking order closer to what it is in practice.

Table 9. Risk factor weights in sensitivity analysis.

Risk Factors Case 1 Case 2 Case 3 Case 4 Case 5

0] 0.352 0.4 0.4 0.4 0.5
S 0.350 0.4 0.2 0.3 0.3
D 0.298 0.2 0.4 0.3 0.2
mCase ]l ®mCase2 mCase3 = Case4 mCasel
12 Rank
10 -
8 L
6 L
4 t
2 L
0
1 2 3 4 5 6 7 8 9 10 11
FM

Figure 2. Results of sensitivity analysis for different risk factor weights.



Information 2019, 10, 313 17 of 22

5.2. Comparison Analysis

To verify the feasibility and effectiveness of the method proposed in this paper, the risk ranking
results for failure modes using the IVIF-MULTIMOORA method are compared with the traditional
MULTIMOORA method and the RPN method, as shown in Figure 3.

—— The proposed method The MULTIMOORA RPN method
12° rRank
10 \
~~

8 \

6

4 r v

2 -

FM
0 1 1 1 1 1 1 1 1 1 1 J
1 2 3 4 5 6 7 8 9 10 11

Figure 3. Results of comparison analysis.

The method proposed in this paper is compared with the traditional MULTIMOORA method and
the RPN method, and much of the risk ranking order for failure modes is unchanged or only slightly
changed, while a few failure modes show dramatic changes, such as Ice Damage (FMg), Pollution (FMy),
and Terrorist Attack (FM71). The Middle Route of the South-to-North Water Diversion Project is long
and spans extensive latitudes [58]. There is a risk of ice jams and ice dams during water transmission
in winter [59,60]. The appearance of ice jams and ice dams will reduce the water-carrying capacity
of the channel, cause the water level upstream to rise, threaten the dykes, and interrupt the water
supply in serious cases. However, after several years of operation, a variety of effective prevention
and control measures have been implemented to address these problems [61,62], such as setting up
an electric heating system or a water disturbance system, and enhancing inspections. Moreover, Ice
Damage (FMg) occurs only in winter. Therefore, the risk ranking order of FMg is seventh consistent
with the actual situation. For the failure mode Pollution (FMy), it must be noted that the Middle Route
of the South-to-North Water Diversion Project is a long, open channel susceptible to pollution, which is
difficult to prevent. Once a water pollution accident occurs, the hazard is large and involves a wide
area [63]. Therefore, it is reasonable to have a high-risk ranking order for failure mode FMy. In China,
the probability of a Terrorist Attack (FMy;) is almost zero. However, if an attack happens, the severity
would be extremely serious and the harm would be immeasurable. Therefore, it is practical that the
risk is ranked as moderate.

The causes of the differences among these methods are as follow: (1) Real numbers have insufficient
utility in depicting the uncertainty of assessment information using these methods, i.e., the traditional
MULTIMOORA method and the RPN method have certain limitations for they cannot objectively reflect
the complexity and uncertainty of things. (2) The proposed method in the paper introduces IVIFWA
operator, improved Euclidean distance, and IVIFWG operator into the traditional MULTIMOORA
method to optimize the information aggregation process and to highlight the effect of risk factor weight
on risk ranking order. However, risk factors are regarded as equally important in the traditional
MULTIMOORA method and the RPN method. (3) Brauers and Zavadskas [43] proposed conditions to
measure the robustness of MCDM methods, and concluded that the robustness of MCDM methods,
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when combined with multiple decision-making methods, are better than that of the MCDM method
combined with a single decision-making method. The IVIF-MULTIMOORA method comprises three
decision making methods, which improves the robustness of the results to some extent. The comparison
analysis presents that the risk ranking order for FMEA with the proposed method is more reasonable
and robust. Therefore, the ranking results obtained by the IVIF-MULTIMOORA method are more
scientific and applicable than those obtained by the MULTIMOORA and the RPN methods.

To conclude, although the results appear to have a slight difference in risk ranking among
the IVIF-MULTIMOORA method, the traditional MULTIMOORA method, and the RPN method,
the highest risk ranking of failure mode is completely the same with these three methods, that is, Leakage
(FMy) is at the first rank. Moreover, both the proposed method and the traditional MULTIMOORA
method reveal failure mode of Power Failure of Electromechanical Equipment (FMjo) with the lowest
risk. From the comparative results shown in Figure 3, the ranking results of the three methods
are basically the same, but Ice Damage (FMg), Pollution (FMy), and Terrorist Attack (FMj;) have
obvious differences in risk ranking. As previously discussed, compared with the other two methods,
the calculation results of the proposed method in this paper are more consistent with the actual situation
of the project, thus verifying that the proposed method has more reference value than the above two
traditional methods. In addition, the proposed method in this paper has been optimized in every step
of the FMEA process, and the results can provide decision-makers with more accurate reference basis
for risk management, thus confirming the feasibility and effectiveness of the proposed method.

6. Conclusions

The traditional FMEA risk evaluation method has been widely used in the aerospace industry,
the electric power industry, the nuclear industry, and the handicraft industry, etc., but some deficiencies
still exist. This paper proposed a risk evaluation with the IVIF-MULTIMOORA method to improve
the accuracy and scientificity of the FMEA process. First, to solve the uncertainty and vagueness of
evaluation information, this paper converted the linguistic evaluation information of experts into
corresponding interval-valued intuitionistic fuzzy numbers. Second, priority to experts was assigned
with the interval-value intuitionistic fuzzy priority weight average operator to solve the problem of
determining expert weight, and information loss was avoided in information aggregation. Third,
the weights of risk factors were determined based on the full consideration of the experts” opinions and
assessment information itself by using the expert evaluation method and deviation maximization model
method, respectively. Finally, the ratio system, the reference point method, and the full multiplication
model of MULTIMOORA sub-methods were improved by using the interval-value intuitionistic
fuzzy weighted averaging operator, Tchebycheff Metric distance, and interval-value intuitionistic
fuzzy weighted geometric operator, respectively, which optimized information aggregation process.
The IVIF-MULTIMOORA method is proposed to obtain the reasonable and practical risk ranking order
for failure modes. The feasibility and effectiveness of the proposed method were testified by carrying
out the operational risk evaluation of the Middle Route of the South-to-North Water Diversion Project.
Moreover, sensitivity analysis and comparative analysis were conducted. Compared with the existing
methods of FMEA, the proposed approach is superior in the following ways:

(1) Linguistic variables are used to represent the evaluation information, which is more in line
with the practical thinking habits than traditional methods that use real numbers. Converting
linguistic evaluation information into corresponding interval-valued intuitionistic fuzzy numbers
effectively deals with the uncertainty of experts’ evaluation information and retains the integrality
of the information.

(2) Different priority levels are assigned to experts according to differences in experts” knowledge
structures and domain experience. Experts’ evaluation information is aggregated using the
IVIFPWA operator, which solves the problem of determining expert weight and improves the
accuracy of results.
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(3) The comprehensive weighting method, which is composed of the expert evaluation method and
the deviation maximization model method, is proposed to determine the weight information
of risk factors. The comprehensive weighting method in this paper gives full consideration to
the experts’ opinions and the assessment information itself in the weight determination, which
makes the risk ranking order more accurate and closer to what it is in practice.

(4) By innovatively introducing the IVIFWA operator, Tchebycheff Metric distance, and the IVIFWG
operator into the ratio system, the reference point method, and the full multiplication model of
MULTIMOORA sub-methods, respectively, the information aggregation of the FMEA process is
optimized. The extended IVIF-MULTIMOORA method can effectively obtain a more feasible and
practical result and can improve the robustness of the result.

This paper analyzes the operational risk of the Middle Route of the South-to-North Water
Diversion Project using the IVIF-MULTIMOORA method. It has a certain guiding significance and
provides reference for the practical popularization and application of risk management strategies in
the operation of other infrastructure projects, such as highways, waterworks, and sewage treatment
plants. Throughout the process of the research and in practice, we realized that precise evaluation
results are important for risk management of infrastructure, but we lacked actual accident data in the
course of the project. Thus, important questions arise: How can relevant research be conducted in
the absence of accident data and experts” evaluation information? Furthermore, how can available
accident data be converted to the corresponding evaluation information form? These questions will be
the research focus of risk assessment in the future.
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