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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 (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.
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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. [2,3,4]. FMEA can improve the reliability of systems by identifying and avoiding potential failures or errors [5].



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 [10,11,12,13,14]. 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 [15,16,17,18]. 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 et al. [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 [32,33,34], 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 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 ,  μ  A ˜    ( x )  ,  υ  A ˜    ( x )   〉   |  x ∈ X    }   



(1)




where    μ  A ˜    ( x )    denotes the membership degree of the element  x  belonging to  X ;    υ  A ˜    ( x )    denotes the nonmembership degree of the element  x  belonging to  X ;    μ  A ˜    ( x )  : X →  [  0 , 1  ]    and    υ  A ˜    ( x )  : X →  [  0 , 1  ]    with the condition   0 ≤ sup  μ  A ˜    ( x )  + sup  υ  A ˜    ( x )  ≤ 1  .





Definition 2

([28,46]). For every   x ∈ X  ,    μ  A ˜    ( x )    and    υ  A ˜    ( x )    are closed intervals whose lower and upper end points are denoted by    μ  A ˜  −   ( x )   ,    μ  A ˜  +   ( x )   ,    υ  A ˜  −   ( x )   , and    υ  A ˜  +   ( x )   . Then the IVIFS was denoted as follows:


   A ˜  =  {   〈  x ,  [   μ  A ˜  −   ( x )  ,  μ  A ˜  +   ( x )   ]  ,  [   υ  A ˜  −   ( x )  ,  υ  A ˜  +   ( x )   ]   〉   |  x ∈ X    }   



(2)




where   0 ≤  μ  A ˜  +   ( x )  +  υ  A ˜  +   ( x )  ≤ 1  ,    μ  A ˜  −   ( x )  ,  μ  A ˜  +   ( x )  ≥ 0  .



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


    π ˜   A ˜    ( x )  =  [    π ˜   A ˜  −   ( x )  ,   π ˜   A ˜  +   ( x )   ]        =  [  1 −  μ  A ˜  +   ( x )  −  υ  A ˜  +   ( x )  , 1 −  μ  A ˜  −   ( x )  −  υ  A ˜  −   ( x )   ]   



(3)







If    μ  A ˜  −   ( x )  =  μ  A ˜  +   ( x )    and    υ  A ˜  −   ( x )  =  υ  A ˜  +   ( x )   , then an ordinary intuitionistic fuzzy set is obtained. For convenience, the IVIFS value can be denoted as    A ˜  =  (   [  a , b  ]  ,  [  c , d  ]   )    and it was called an interval-valued intuitionistic fuzzy number (IVIFN), where    [  a , b  ]  ⊂  [  0 , 1  ]   ,    [  c , d  ]  ⊂  [  0 , 1  ]    and   b + d ≤ 1  .





Definition 3

([46]). The algebraic operations were extended over IVIFNs. Let     A ˜  1  =  (   [   a 1  ,  b 1   ]  ,  [   c 1  ,  d 1   ]   )    and     A ˜  2  =  (   [   a 2  ,  b 2   ]  ,  [   c 2  ,  d 2   ]   )    be any two IVIFSs; then some basic operations with respect to IVIFNs were defined as follows:


    A ˜  1  +   A ˜  2  =  (   [   a 1  +  a 2  −  a 1   a 2  ,  b 1  +  b 2  −  b 1   b 2   ]  ,  [   c 1   c 2  ,  d 1   d 2   ]   )   



(4)






    A ˜  1  ⋅   A ˜  2  =  (   [   a 1   a 2  ,  b 1   b 2   ]  ,  [   c 1  +  c 2  −  c 1   c 2  ,  d 1  +  d 2  −  d 1   d 2   ]   )   



(5)






  λ   A ˜  1  =  (   [  1 −    (  1 −  a 1   )   λ  , 1 −    (  1 −  b 1   )   λ   ]  ,  [   c 1 λ  ,  d 1 λ   ]   )  , λ ≥ 0  



(6)






    A ˜  1 λ  =  (   [   a 1 λ  ,  b 1 λ   ]  ,  [  1 −    (  1 −  c 1   )   λ  , 1 −    (  1 −  d 1   )   λ   ]   )  , λ ≥ 0  



(7)









Definition 4

([46]). Let     A ˜  1  =  (   [   a 1  ,  b 1   ]  ,  [   c 1  ,  d 1   ]   )    and     A ˜  2  =  (   [   a 2  ,  b 2   ]  ,  [   c 2  ,  d 2   ]   )    be any two IVIFNs, the normalized Euclidean distance between     A ˜  1    and     A ˜  2    was defined as follows:


  d  (    A ˜  1  ,   A ˜  2   )  =  1 2       (   a 1  −  a 2   )   2  +    (   b 1  −  b 2   )   2  +    (   c 1  −  c 2   )   2  +    (   d 1  −  d 2   )   2     



(8)









Definition 5

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


  s  (  A ˜  )  =  1 2   (  a − c + b − d  )   



(9)






  h  (  A ˜  )  =  1 2   (  a + c + b + d  )   



(10)




where   s  (  A ˜  )    is the score function,   s  (  A ˜  )  ∈  [  − 1 , 1  ]   , and   h  (  A ˜  )    is the accuracy function,   h  (  A ˜  )  ∈  [  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  (  A ˜  )  =  1 2   |  a − c + b − d  |   











For the two IVIFNs     A ˜  1  =  (   [   a 1  ,  b 1   ]  ,  [   c 1  ,  d 1   ]   )    and     A ˜  2  =  (   [   a 2  ,  b 2   ]  ,  [   c 2  ,  d 2   ]   )   , a comparison was made using the score and accuracy functions as follows:




	(1)

	
If   s  (    A ˜  1   )  < s  (    A ˜  2   )   , then     A ˜  1  <   A ˜  2   ;




	(2)

	
If   s  (    A ˜  1   )  = s  (    A ˜  2   )   , and




	(a)

	
If   h  (    A ˜  1   )  < h  (    A ˜  2   )   , then     A ˜  1  <   A ˜  2   ;




	(b)

	
If   h  (    A ˜  1   )  = h  (    A ˜  2   )   , then     A ˜  1  =   A ˜  2   ;




	(c)

	
If   h  (    A ˜  1   )  > h  (    A ˜  2   )   , then     A ˜  1  >   A ˜  2   .















Definition 6

([46]). Let     A ˜  j  =  (   [   a j  ,  b j   ]  ,  [   c j  ,  d j   ]   )  ,  (  j = 1 , 2 , … , n  )    be a collection of IVIFNs, and let IVIFWA be    V n  → V  , then the function for interval-valued intuitionistic fuzzy weighted averaging (IVIFWA) was defined by the IVIFWA operator as follows:


    IVIFWA  (    A ˜  1  ,   A ˜  2  , ⋯ ,   A ˜  n   )  =  w 1    A ˜  1  +  w 2    A ˜  2  + ⋯ +  w n    A ˜  n  =   ∑  j = 1  n    w j      A ˜  j              =  (   [  1 −   ∏  j = 1  n      (  1 −  a j   )     w j    , 1 −   ∏  j = 1  n      (  1 −  b j   )     w j         ]  ,  [    ∏  j = 1  n    c j      w j      ,   ∏  j = 1  n    d j      w j       ]   )     



(11)




where  V  is the interval-valued intuitionistic fuzzy set;   w =    (   w 1  ,  w 2  , … ,  w n   )   T    is the weight vector of     A ˜  j   ,    w j  ≥ 0 ,   ∑  j = 1  n    w j    = 1  .





Definition 7

([46]). Let     A ˜  j  =  (   [   a j  ,  b j   ]  ,  [   c j  ,  d j   ]   )  ,  (  j = 1 , 2 , … , n  )    be a collection of IVIFNs, and let IVIFWG be    V n  → V  , then the function interval-valued intuitionistic fuzzy weighted geometric (IVIFWG) was defined as the IVIFWG operator as follows:


    IVIFWG  (    A ˜  1  ,   A ˜  2  , ⋯ ,   A ˜  n   )  =   A ˜  1      w 1    ⋅   A ˜  2      w 2    ⋅ ⋯   A ˜  n      w n    =   ∏  j = 1  n     A ˜  j      w j                  =  (   [    ∏  j = 1  n    a j      w j      ,   ∏  j = 1  n    b j      w j       ]  ,  [  1 −   ∏  j = 1  n      (  1 −  c j   )     w j    , 1 −   ∏  j = 1  n      (  1 −  d j   )     w j         ]   )     



(12)




where  V  is the interval-valued intuitionistic fuzzy set;   w =    (   w 1  ,  w 2  , … ,  w n   )   T    is the weight vector of     A ˜  j   ,    w j  ≥ 0 ,   ∑  j = 1  n    w j    = 1  .






2.2. Traditional MULTIMOORA Method


Like most MCDM methods, the initial decision-making matrix is constructed as   X =    [   x  i j    ]    m × n    , where    x  i j    (  i = 1 , 2 , … , m ; j = 1 , 2 , … , n  )    is the evaluation value for the alternative    A i    under the    c j   . The alternative set is   A =  (   A 1  ,  A 2  , … ,  A i   )    and the attribute set is   C =  (   c 1  ,  c 2  , … ,  c j   )   . To facilitate the comparison by normalizing the initial decision matrix   X =    [   x  i j    ]    m × n     into the standardized decision matrix    X ∗  =    [   x  i j  ∗   ]    m × n    , it can be defined as the following form according to Brauers and Zavadskas [40]:


   x  i j  ∗  =    x  i j         ∑  i = 1  m    x  i j  2         



(13)




where    x  i j     is the initial evaluation value, that is, the evaluation of the alternative    A i    under the attribute    c j   ;   i = 1 , 2 , … , m  ,   j = 1 , 2 , … , n  ;  m  is the number of alternatives and  n  is the number of attributes; and    x  i j  ∗    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:


   y i  =   ∑  j = 1  g    x  i j  ∗    −   ∑  j = g + 1  n    x  i j  ∗     



(14)




where  g  and   n − g   respectively indicate the number of benefit-type and cost-type attributes.    y i    represents the evaluation value of the alternative    A i   ; The higher the value of    y i   , the better the corresponding alternative. Therefore, the optimal alternative    A  r s  ∗    according to the ratio system method can be obtained as follows [40]:


   A  R S  ∗  =  (   A i   |    max  y i   i     )   



(15)








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:


   r j  =  {        max  i   x  i j  ∗  ,           j ≤ g         min  i   x  i j  ∗  ,           j > g        



(16)







After determining the optimal reference point, the deviation degree between all attribute values    x  i j  *    and the corresponding optimal reference point    r j    can be obtained, that is    |   r j  −  x  i j  ∗   |   . 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:


   z i  =   max  j   |   r j  −  x  i j  ∗   |   



(17)







The smaller the value of    z i   , the better the corresponding alternative. Finally, the optimal alternative    A  R P  ∗    according to the reference point method can be obtained as follows [40]:


   A  R P  ∗  =  {   A i   |    min  i   z i     }   



(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:


   U i  =     ∏  j = 1  g    x  i j  ∗        ∏  j = g + 1  n    x  i j  ∗       



(19)




where     ∏  j = 1  g    x  i j  ∗      represents the product of the evaluation values of all the benefit-type attributes; similarly,     ∏  j = g + 1  n    x  i j  ∗      represents the product of the evaluation values of all the cost-type attributes.



The higher the value of    U i   , the better the corresponding alternative. Therefore, the optimal alternative    A  R P  ∗    according to the full multiplicative form method can be obtained as follows [41]:


   A  F M  ∗  =  {   A i   |    max  i   U i     }   



(20)








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 Section 2.2.1, Section 2.2.2 and Section 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.



3.1. Identify the Potential Failure Modes and Problem Description


The FMEA expert team is responsible for the evaluation of  m  failure modes   F  M i   (  i = 1 , 2 , ⋯ , m  )    with respect to  n  risk factor   R  F j   (  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     A ˜  k  =    (    A ˜   i j  k   )    m × n     denotes an IVIF assessment matrix for the failure mode given by the expert   D  M k   , suppose the FMEA team consists of s experts   D  M k   (  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   D  M 1    is closer to the evaluation objects of FMEA and the domain experience is more extensive. Thus, the evaluation information of   D  M 1    has the highest priority level. Conversely, the priority level of   D  M s    is the lowest.     A ˜   i j  k  =  (   μ  i j  k  ,  υ  i j  k   )  =  (   [   μ  i j   k −   ,  μ  i j   k +    ]  ,  [   υ  i j   k −   ,  υ  i j   k +    ]   )    denotes an IVIFN of failure mode   F  M i    with respect to the risk factor   R  F j   .     W ˜  k  =    (    A ˜  j k   )    1 × n     is an IVIF assessment matrix for the weight of risk factors given by   D  M k   .     A ˜  j k  =  (   μ j k  ,  υ j k   )    is an IVIFN for importance with respect to risk factor   R  F j    given by   D  M k   .    w j O   (  j = 1 , 2 , ⋯ , n  )    and    w j S   (  j = 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     A ˜  k  =    (    A ˜   i j  k   )    m × n    . 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.



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     A ˜   i j  k  =  (   μ  i j  k  ,  υ  i j  k   )    is transformed as follows:


    A ^   i j  k  =  {       A ˜   i j  k  =  (   μ  i j  k  ,  υ  i j  k   )  ,    j ∈ B      N e g   A ˜   i j  k  =  (   υ  i j  k  ,  μ  i j  k   )  ,    j ∈ C        



(21)







Then     A ^   i j  k  =  (    μ ^   i j  k  ,   υ ^   i j  k   )    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 interval-valued intuitionistic fuzzy priority weight average (IVIFPWA) operator based on the priority average operator constructed by Yager [51] as follows:

Definition 8

Let    A ^   i j  k  =  (   [    a ^   i j  k  ,   b ^   i j  k   ]  ,  [    c ^   i j  k  ,   d ^   i j  k   ]   )  ,  (  k = 1 , 2 , ⋯ , s  )   be a collection of evaluation information of IVIFNs for failure modes given by s experts, and let IVIFPWA be    V n  → V  , then the function for interval-valued intuitionistic fuzzy priority weight average (IVIFPWA) is defined by the IVIFPWA operator as follows:


    IVIFPWA  (    A ^   i j  1  ,   A ^   i j  2  , ⋯ ,   A ^   i j  s   )    =   A ^   i j        (   [  1 −   ∏  k = 1  s      (  1 −   a ^  j   )       T k   /    ∑  k = 1  s    T k        , 1 −   ∏  k = 1  s      (  1 −   b ^  j   )       T k   /    ∑  k = 1  s    T k             ]  ,  [    ∏  k = 1  s     c ^  j        T k   /    ∑  k = 1  s    T k          ,   ∏  k = 1  s     d ^  j        T k   /    ∑  k = 1  s    T k           ]   )     
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where    T k  =   ∏  t = 1   k − 1    s  (    A ^   i j  t   )    ,  T 1  = 1  , in the process of information aggregation, the expert weight information is determined according to the score function value of the information itself, and the IVIF comprehensive evaluation matrix for failure modes is obtained by    A ˜  =    (    A ^   i j    )    m × n    .








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     W ˜  k  =    (    A ˜  j k   )    1 × n     is obtained. Then, the IVIF evaluation matrix of risk factor weights    W ˜  =    (    A ˜  j    )    1 × n     is obtained by aggregating the weight information of  s  experts using the IVIFPWA operator. Finally, 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  (    A ˜  j   )    of the risk factor weight information is obtained, and then the subjective weight of the risk factor can be determined as follows:


   w j S  =   s  (    A ˜  j   )      ∑  j = 1  n   s  (    A ˜  j   )       



(23)







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 ˜  =    (    A ^   i j    )    m × n     can be obtained based on the above principles and failure modes. Let the deviation between   F  M i    and other failure modes with respect to the risk factor   R  F j    be    d  i j    ( w )  =   ∑  h = 1  m   d  (    A ^   i j   ,   A ^   h j    )           w j O   , where   d  (    A ^   i j   ,   A ^   h j    )    is the Euclidean distance between     A ^   i j     and     A ^   h j    . Then, the total deviation for the evaluation information of failure modes denotes   d  ( w )  =   ∑  j = 1  n     ∑  i = 1  m     ∑  h ≠ i     d  (    A ^   i j   ,   A ^   h j    )             w j O   . The deviation maximization model is constructed as follows [53]:


    max     ∑  j = 1  n     ∑  i = 1  m     ∑  h ≠ i     d  (    A ^   i j   ,   A ^   h j    )             w j O      s . t .          ∑  j = 1  n    (   w j O   )    2  = 1 ,  w j O  ≥ 0 , j = 1 , 2 , ⋯ , n    
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To solve this optimization model, we constructed the Lagrange function as follows:


  L  (  w , λ  )  = d  ( w )  +  λ 2   (    ∑  j = 1  n      (   w j O   )   2    − 1  )   



(25)




where  λ  is the Lagrange multiplier.



The partial derivatives of Equation (25) are calculated with respect to    w j O    and  λ , respectively, and their partial derivatives are set to equal zero as follows:


   {        ∂ L  (  w , λ  )    ∂  w j O    =   ∑  i = 1  m     ∑  h ≠ i     d  (    A ^   i j   ,   A ^   h j    )           w j O  + λ  w j O  = 0         ∂ L  (  w , λ  )    ∂ λ   =   ∑  j = 1  n    w j O      − 1 = 0                                                                                                                                                            
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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:


   w j O  =     ∑  i = 1  m     ∑  h ≠ i     d  (    A ^   i j   ,   A ^   h j    )              ∑  j = 1  n     ∑  i = 1  m     ∑  h ≠ i     d  (    A ^   i j   ,   A ^   h j    )          , j = 1 , 2 , ⋯ , n  
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Determine the comprehensive weight. Aggregate subjective weight    w j S  =  (   w 1 s  ,  w 2 s  , … ,  w n s   )    and objective weight    w j O  =  (   w 1 o  ,  w 2 o  , … ,  w n o   )   , and then determine the comprehensive weight    w j  =  (   w 1  ,  w 2  , … ,  w n   )    of risk factor as follows:


   w j  =  δ 1   w j S  +  δ 2   w j O   



(28)




where    δ 1    and    δ 2    are the relative importance for the subjective and objective weight, respectively, where   0 ≤  δ 1  ,  δ 2  ≤ 1 ,              δ 1  +  δ 2  = 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.



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   F  M i    is obtained by using the IVIF evaluation matrix    A ˜  =    (    A ^   i j    )    m × n     of failure mode and the weight vector    w j  =  (   w 1  ,  w 2  , … ,  w n   )    of the risk factor as follows:


     y i   = IVIFWA     (    A ^   i 1   ,   A ^   i 2   , ⋯ ,   A ^   i n    )  =  ⊕  j = 1  n   w j    A ^   i j             =  (   [  1 −   ∏  j = 1  n    w j   (  1 −  a  i j    )  , 1 −   ∏  j = 1  n    w j   (  1 −  b  i j    )       ]  ,  [    ∏  j = 1  n    w j   c  i j     ,   ∏  j = 1  n    w j   d  i j      ]   )     
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where    y i    denotes the comprehensive utility value under all risk factors of   F  M i   . According to Definition 5 and Equations (9) and (10), the score function value   s  (  A ˜  )    and accuracy function value   h  (  A ˜  )    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 i   . The smaller the    y i    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     ϕ ^  j  =  (   [  1 , 1  ]  ,  [  0 , 0  ]   )   . Then, the distances between failure mode   F  M i    and the reference point under different risk factors was calculated using the Minkowski Metric [54] method [55]:


  d  (    ϕ ^  j  , F  M i   )  =    {    ∑  j = 1  n      [  d  (    ϕ ^  j  ,   A ^   i j    )   ]   γ     }     1 / γ    ,         γ ∈  N +   



(30)







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


  d  (    ϕ ^  j  , F  M i   )  =   max   1 ≤ j ≤ n   d  (    ϕ ^  j  ,   A ^   i j    )   



(31)







Combined with Equation (8), the risk factor weight vector    w j  =  (   w 1  ,  w 2  , … ,  w n   )    is introduced as the significance coefficient. The Minkowski Metric is calculated between failure mode   F  M i    and the reference point under different risk factors, which can be obtained as follows:


  d  (    ϕ ^  j  , F  M i   )  =   max   1 ≤ j ≤ n   d  (    ϕ ^  j  ,   A ^   i j    )  =   max   1 ≤ j ≤ n      w j   2       (   a  i j   − 1  )   2  +    (   b  i j   − 1  )   2  +    (   c  i j    )   2  +    (   d  i j    )   2     



(32)




where   d  (    ϕ ^  j  , F  M i   )    denotes the Minkowski Metric distance. The higher the   d  (    ϕ ^  j  , F  M i   )    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   F  M i    was obtained using the IVIF evaluation matrix    A ˜  =    (    A ^   i j    )    m × n     of failure mode, and weight vector    w j  =  (   w 1  ,  w 2  , … ,  w n   )    of risk factor as follows:


     U i   = IVIFWG   (    A ^   i 1   ,   A ^   i 2   , ⋯ ,   A ^   i n    )  =  ⊗  j = 1  n    A ^   i j       w j                =  (   [    ∏  j = 1  n    a  i j       w j      ,   ∏  j = 1  n    b  i j       w j       ]  ,  [  1 −   ∏  j = 1  n      (  1 −  c  i j    )     w j    , 1 −   ∏  j = 1  n      (  1 −  d  i j    )     w j         ]   )     



(33)




where    U i    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 i    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 (FM1), Slippage (FM2), Crack (FM3), Leakage (FM4), Geological Disaster (FM5), Overtopping (FM6), Pipeline Bursting (FM7), Ice Damage (FM8), Pollution (FM9), Power Failure of Electromechanical Equipment (FM10), and Terrorist Attack (FM11). 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.,   D  M 1   ,   D  M 2    and   D  M 3   . 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 variables is converted into the corresponding IVIFNs, and then the IVIF evaluation matrix     A ˜  k  =    (    A ˜   i j  k   )    m × n     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 ˜  =    (    A ^   i j    )    m × n     for failure modes is obtained in Table 4.



Step 2: Determine the Weight of Risk Factors. First, the IVIF comprehensive evaluation matrix     W ˜  k  =    (    A ˜  j k   )    1 × n     of risk factor weight can be determined from Table 1 and Table 2. Second, the weight evaluation information for risk factors given by the three experts in Table 2 can be aggregated using Equation (22). The IVIF comprehensive evaluation matrix    W ˜  =    (    A ˜  j    )    1 × n     of risk factor weight and the 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.,    w j S  =  (  0.319 , 0.389 , 0.292  )   . Third, according to the IVIF comprehensive evaluation matrix of failure modes 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 j O  =  (  0.385 , 0.310 , 0.305  )    by solving the deviation maximization optimization model using Equation (24). Finally, supposing that the    δ 1  =  δ 2  = 0.5  , i.e., subjective and objective weights are equally important, then the comprehensive weights of risk factors were determined,    w j  =  δ 1   w j S  +  δ 2   w j O  =  (  0.352 , 0.350 , 0.298  )   .



Step 3: Determine the Final Risk Ranking Order of Potential Failure Modes. The comprehensive utility value    y i   , the Tchebycheff Metric distance    d  max    , and the multiplicative utility value    U i    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, Leakage (FM4) has the highest risk degree among the failure modes. Power Failure of Electromechanical Equipment (FM10) has the lowest risk degree among the failure modes. The risk ranking order for the remaining failure modes is as follows: Pollution (FM9), Crack (FM3), Geological Disaster (FM5), Terrorist Attack (FM11), Slippage (FM2), Ice Damage (FM8), Capsizing (FM1), Pipeline Bursting (FM7), and Overtopping (FM6). From the results, we can determine that the risk ranking order of failure modes is acceptable for practical applications.




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 (FM2) 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 FM2 would be reduced. Similarly, for the failure mode Leakage (FM4), 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 (FM1) and Slippage (FM2) [57]. In Case 3, the weight of risk factor S changed to extremely low, which decreased the risk degree. The Leakage (FM4) 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.




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 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 (FM8), Pollution (FM9), and Terrorist Attack (FM11). 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 (FM8) occurs only in winter. Therefore, the risk ranking order of FM8 is seventh consistent with the actual situation. For the failure mode Pollution (FM9), 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 FM9. In China, the probability of a Terrorist Attack (FM11) 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, 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 (FM4) is at the first rank. Moreover, both the proposed method and the traditional MULTIMOORA method reveal failure mode of Power Failure of Electromechanical Equipment (FM10) 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 (FM8), Pollution (FM9), and Terrorist Attack (FM11) 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.




	(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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Figure 1. Risk evaluation in Failure Mode and Effect Analysis (FMEA) with interval-valued intuitionistic fuzzy (IVIF)-MULTIMOORA method flow chart. 
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Figure 2. Results of sensitivity analysis for different risk factor weights. 
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Figure 3. Results of comparison analysis. 
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Table 1. Linguistic variables for rating failure mode.
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	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], [0.50,0.60])
	([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], [0.50,0.60])



	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], [0.05,0.10])
	([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])
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Table 2. Evaluation information from experts using linguistic variables.
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Risk Factors

	
O

	
S

	
D




	
Experts

	
DM1

	
DM2

	
DM3

	
DM1

	
DM2

	
DM3

	
DM1

	
DM2

	
DM3






	
Importance of Risk Factors

	
H

	
VH

	
VH

	
EH

	
VH

	
EH

	
H

	
H

	
VH




	
FM1

	
EL

	
VL

	
VL

	
EH

	
VH

	
VH

	
VL

	
L

	
L




	
FM2

	
ML

	
M

	
L

	
VH

	
H

	
VH

	
ML

	
M

	
M




	
FM3

	
H

	
MH

	
H

	
H

	
H

	
MH

	
MH

	
H

	
H




	
FM4

	
VH

	
VH

	
H

	
MH

	
H

	
MH

	
H

	
VH

	
VH




	
FM5

	
M

	
M

	
ML

	
H

	
EH

	
VH

	
H

	
L

	
H




	
FM6

	
ML

	
ML

	
L

	
H

	
H

	
MH

	
L

	
VL

	
EL




	
FM7

	
VL

	
L

	
L

	
VH

	
EH

	
H

	
VL

	
EL

	
VL




	
FM8

	
H

	
MH

	
H

	
H

	
MH

	
MH

	
M

	
H

	
MH




	
FM9

	
ML

	
L

	
ML

	
EH

	
VH

	
EH

	
MH

	
H

	
L




	
FM10

	
M

	
M

	
ML

	
M

	
L

	
ML

	
ML

	
L

	
L




	
FM11

	
EL

	
EL

	
VL

	
EH

	
EH

	
EH

	
L

	
VL

	
VL
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Table 3. Interval-valued intuitionistic fuzzy evaluation matrix.
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Risk Factors

	
O

	
S

	
D




	

	
Experts.

	
DM1

	
DM2

	
DM3

	
DM1

	
DM2

	
DM3

	
DM1

	
DM2

	
DM3




	
Failure Modes

	






	
FM1

	
([0.90,0.90], [0.00,0.05])

	
([0.80,0.90], [0.05,0.10])

	
([0.80,0.90], [0.05,0.10])

	
([0.00,0.05], [0.90,0.90])

	
([0.05,0.10], [0.80,0.90])

	
([0.05,0.10], [0.80,0.90])

	
([0.80,0.90], [0.05,0.10])

	
([0.70,0.80], [0.10,0.20])

	
([0.70,0.80], [0.10,0.20])




	
FM2

	
([0.50,0.60], [0.30,0.40])

	
([0.50,0.50], [0.50,0.50])

	
([0.70,0.80], [0.10,0.20])

	
([0.05,0.10], [0.80,0.90])

	
([0.10,0.20], [0.70,0.80])

	
([0.05,0.10], [0.80,0.90])

	
([0.50,0.60], [0.30,0.40])

	
([0.50,0.50], [0.50,0.50])

	
([0.50,0.50], [0.50,0.50])




	
FM3

	
([0.10,0.20], [0.70,0.80])

	
([0.30,0.40], [0.50,0.60])

	
([0.10,0.20], [0.70,0.80])

	
([0.10,0.20], [0.70,0.80])

	
([0.10,0.20], [0.70,0.80])

	
([0.30,0.40], [0.50,0.60])

	
([0.30,0.40], [0.50,0.60])

	
([0.10,0.20], [0.70,0.80])

	
([0.10,0.20], [0.70,0.80])




	
FM4

	
([0.05,0.10], [0.80,0.90])

	
([0.05,0.10], [0.80,0.90])

	
([0.10,0.20], [0.70,0.80])

	
([0.30,0.40], [0.50,0.60])

	
([0.10,0.20], [0.70,0.80])

	
([0.30,0.40], [0.50,0.60])

	
([0.10,0.20], [0.70,0.80])

	
([0.05,0.10], [0.80,0.90])

	
([0.05,0.10], [0.80,0.90])




	
FM5

	
([0.50,0.50], [0.50,0.50])

	
([0.50,0.50], [0.50,0.50])

	
([0.50,0.60], [0.30,0.40])

	
([0.10,0.20], [0.70,0.80])

	
([0.00,0.05], [0.90,0.90])

	
([0.05,0.10], [0.80,0.90])

	
([0.10,0.20], [0.70,0.80])

	
([0.70,0.80], [0.10,0.20])

	
([0.10,0.20], [0.70,0.80])




	
FM6

	
([0.50,0.60], [0.30,0.40])

	
([0.50,0.60], [0.30,0.40])

	
([0.70,0.80], [0.10,0.20])

	
([0.10,0.20], [0.70,0.80])

	
([0.10,0.20], [0.70,0.80])

	
([0.30,0.40], [0.50,0.60])

	
([0.70,0.80], [0.10,0.20])

	
([0.80,0.90], [0.05,0.10])

	
([0.90,0.90], [0.00,0.05])




	
FM7

	
([0.80,0.90], [0.05,0.10])

	
([0.70,0.80], [0.10,0.20])

	
([0.70,0.80], [0.10,0.20])

	
([0.05,0.10], [0.80,0.90])

	
([0.00,0.05], [0.90,0.90])

	
([0.10,0.20], [0.70,0.80])

	
([0.80,0.90], [0.05,0.10])

	
([0.90,0.90], [0.00,0.05])

	
([0.80,0.90], [0.05,0.10])




	
FM8

	
([0.10,0.20], [0.70,0.80])

	
([0.30,0.40], [0.50,0.60])

	
([0.10,0.20], [0.70,0.80])

	
([0.10,0.20], [0.70,0.80])

	
([0.30,0.40], [0.50,0.60])

	
([0.30,0.40], [0.50,0.60])

	
([0.50,0.50], [0.50,0.50])

	
([0.10,0.20], [0.70,0.80])

	
([0.30,0.40], [0.50,0.60])




	
FM9

	
([0.50,0.60], [0.30,0.40])

	
([0.70,0.80], [0.10,0.20])

	
([0.50,0.60], [0.30,0.40])

	
([0.00,0.05], [0.90,0.90])

	
([0.05,0.10], [0.80,0.90])

	
([0.00,0.05], [0.90,0.90])

	
([0.00,0.05], [0.90,0.90])

	
([0.10,0.20], [0.70,0.80])

	
([0.70,0.80], [0.10,0.20])




	
FM10

	
([0.50,0.50], [0.50,0.50])

	
([0.50,0.50], [0.50,0.50])

	
([0.50,0.60], [0.30,0.40])

	
([0.50,0.50], [0.50,0.50])

	
([0.70,0.80], [0.10,0.20])

	
([0.50,0.60], [0.30,0.40])

	
([0.50,0.60], [0.30,0.40])

	
([0.70,0.80], [0.10,0.20])

	
([0.70,0.80], [0.10,0.20])




	
FM11

	
([0.90,0.90], [0.00,0.05])

	
([0.90,0.90], [0.00,0.05])

	
([0.80,0.90], [0.05,0.10])

	
([0.00,0.05], [0.90,0.90])

	
([0.00,0.05], [0.90,0.90])

	
([0.00,0.05], [0.90,0.90])

	
([0.70,0.80], [0.10,0.20])

	
([0.80,0.90], [0.05,0.10])

	
([0.80,0.90], [0.05,0.10])
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Table 4. Interval-valued intuitionistic fuzzy comprehensive evaluation matrix.
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	Failure Modes
	O
	S
	D





	FM1
	([0.839,0.900], [0.030,0.080])
	([0.030,0.080], [0.839,0.900)
	([0.745,0.845], [0.078,0.155])



	FM2
	([0.500,0.583], [0.333,0.417])
	([0.067,0.135], [0.765,0.865])
	([0.500,0.583], [0.333,0.417])



	FM3
	([0.170,0.270], [0.630,0.730])
	([0.137,0.237], [0.663,0.763])
	([0.252,0.352], [0.548,0.648])



	FM4
	([0.063,0.125], [0.775,0.875])
	([0.270,0.370], [0.530,0.630])
	([0.074,0.148], [0.752,0.852])



	FM5
	([0.500,0.500], [0.500,0.500])
	([0.059,0.133], [0.781,0.853])
	([0.284,0.384], [0.516,0.616])



	FM6
	([0.506,0.606], [0.294,0.394])
	([0.137,0.237], [0.663,0.763])
	([0.774,0.852], [0.063,0.137])



	FM7
	([0.745,0.845], [0.078,0.155])
	([0.048,0.112], [0.804,0.872)
	([0.832,0.900], [0.034,0.084])



	FM8
	([0.170,0.270], [0.630,0.730])
	([0.184,0.284], [0.616,0.716])
	([0.500,0.500], [0.500,0.500])



	FM9
	([0.530,0.630], [0.270,0.370])
	([0.017,0.067], [0.866,0.900])
	([0.190,0.269], [0.652,0.710])



	FM10
	([0.500,0.500], [0.500,0.500)
	([0.500,0.800], [0.500,0.500])
	([0.548,0.648], [0.252,0.352])



	FM11
	([0.871,0.900], [0.014,0.064])
	([0.000,0.050], [0.900,0900])
	([0.752,0.852], [0.074,0.148])
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Table 5. Relevant parameters of subjective weight.






Table 5. Relevant parameters of subjective weight.





	Risk Factors
	      A ˜  j 1     
	      A ˜  j 2     
	      A ˜  j 3     
	      A ˜  j     
	    s  (    A ˜  j   )     





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



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



	D
	([0.70,0.80], [0.10,0.20])
	([0.70,0.80], [0.10,0.20])
	([0.80,0.90], [0.05,0.10])
	([0.720,0.820], [0.090,0.180])
	0.632
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Table 6. Relevant parameters of objective weight.






Table 6. Relevant parameters of objective weight.





	Failure Modes
	    d  (    A ^   i O   ,   A ^   h O    )     
	    d  (    A ^   i S   ,   A ^   h S    )     
	    d  (    A ^   i D   ,   A ^   h D    )     





	FM1
	3.851
	1.355
	3.076



	FM2
	2.275
	1.988
	1.843



	FM3
	3.423
	2.853
	2.429



	FM4
	4.589
	3.929
	3.288



	FM5
	2.399
	2.912
	2.010



	FM6
	2.265
	1.967
	1.810



	FM7
	3.452
	3.035
	2.622



	FM8
	3.472
	2.092
	2.507



	FM9
	2.387
	2.098
	1.987



	FM10
	2.358
	2.047
	2.740



	FM11
	4.207
	3.613
	3.175
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Table 7. Relevant parameters of the IVIF-MULTIMOORA method.






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





	Failure Modes
	     y i     
	     d  max      
	     U i     





	FM1
	([0.528,0.597], [0.328,0.390])
	0.320
	([0.254,0.379], [0.491,0.588])



	FM2
	([0.349,0.426], [0.485,0.574])
	0.302
	([0.248,0.349], [0.537,0.588])



	FM3
	([0.183,0.283], [0.617,0.717])
	0.270
	([0.177,0.279], [0.620,0.721])



	FM4
	([0.139,0.218], [0.628,0.782])
	0.305
	([0.110,0.192], [0.700,0.808])



	FM5
	([0.281,0.337], [0.603,0.658])
	0.304
	([0.200,0.291], [0.629,0.699])



	FM6
	([0.457,0.550], [0.354,0.447])
	0.271
	([0.363,0.483], [0.407,0.515])



	FM7
	([0.527,0.605], [0.319,0.385])
	0.310
	([0.295,0.424], [0.456,0.553])



	FM8
	([0.273,0.343], [0.587,0.657])
	0.258
	([0.241,0.330], [0.590,0.670])



	FM9
	([0.249,0.325], [0.592,0.657])
	0.324
	([0.117,0.223], [0.676,0.738])



	FM10
	([0.514,0.544], [0.426,0.456])
	0.176
	([0.514,0.540], [0.436,0.460])



	FM11
	([0.531,0.588], [0.342,0.382])
	0.330
	([0.000,0.322], [0.566,0.584])
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Table 8. The final risk ranking order of failure modes with the IVIF-MULTIMOORA method.






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





	FM1
	10
	3
	8
	8



	FM2
	6
	7
	7
	6



	FM3
	2
	9
	3
	3



	FM4
	1
	5
	1
	1



	FM5
	4
	6
	4
	4



	FM6
	8
	8
	10
	10



	FM7
	11
	4
	9
	9



	FM8
	5
	10
	6
	7



	FM9
	3
	2
	2
	2



	FM10
	7
	11
	11
	11



	FM11
	9
	1
	5
	5
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Table 9. Risk factor weights in sensitivity analysis.






Table 9. Risk factor weights in sensitivity analysis.





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





	O
	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











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
12

10

WCase]l mCase2 mCase3 mCase4 mCaseS






nav.xhtml


  information-10-00313


  
    		
      information-10-00313
    


  




  





media/file0.png





media/file2.png
i — List the potential failure modes Obtain priority levels for experts =

Identity 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

The IVIF full multiplicative

i
i
-

form i

— The IVIF ratio system The IVIF reference point : :
| I

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






media/file5.jpg
~—+—The proposed method ~ ~-—The MULTIMOORA >~ RPN method
12 Rank
10

8

M






media/file6.png
12

10

=== The proposed method

"Rank

=3é=The MULTIMOORA  =>¢= RPN method

/N A

M

11






media/file3.jpg
10

o

°

mCasel mCase2 mCase3 ®Cased mCase$
Rank

12 3 4 5 6 7 8 9 10 1

M





media/file1.jpg
Listheptenil i modes

Identify the potential failure modes and problem
ription

Obiain IVIF evaluation marix by transformi
Tinguistic evaluation information of

Determine the synthetic e
modes consid

1 Caleulate the oestive weght sctos o sk Calelate heabcive weighvestorsofsk | |
icor sing he s deition model ctor sing he IVIFPWA opertr

symthete weight vectors of isk fcto

The IVIF ll matiphesive |

e VI o sysim he VI reference point i

Determine the

e —— i
i with IVIF-MULTIMOORA method






