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ABSTRACT 

For decades, maintenance management has been applied in diverse industries to 

maximize the equipment productivity through maintenance planning, maintenance 

control, and several improvements regarding to economical features. In maintenance 

management, Maintenance Policy Selection (MPS) has a key role in determining a proper 

maintenance strategy based on the real equipment condition. 

This study is intended to address the concept of Maintenance Policy Selection (MPS) 

by proposing an approach to improve current maintenance selection methods. Further, an 

integrated three-step model is introduced for MPS using Fuzzy Failure Mode and Effects 

Analysis (FFMEA) and Fuzzy Analytical Hierarchy Process (FAHP). In the first step, a 

combination of FFMEA and FAHP are applied to calculate the risk of equipment. For the 

Risk Priority Number computation, three dimensions including Severity, Occurrence, and 

Detection and their identified sub-dimensions are weighted by three domain experts with 

different knowledge and experience. The fuzzy approach overcomes the shortcomings of 

traditional FMEA by considering uncertainty and ambiguity in experts’ point of view. 

The second step is aimed at evaluation of all criteria that crucially affect Maintenance 

Policy Selection where four Key Performance Indicators (KPIs) weighted by Fuzzy AHP 

are defined for equipment criticality assessment. Finally, a new fuzzy approach allocates 

the most appropriate maintenance strategy to each device based on their criticality and 

risk values in the third step. In this methodology, internal and external customers’ safety, 

environmental and economic issues, products quality and equipment reliability and 

availability are taken into account. A case study of an automotive industry is conducted 
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to demonstrate the applicability of the proposed method. The proposed methodology can 

be applied in different industries for selecting the best maintenance strategies.  

Keywords: Maintenance policy selection, Failure Mode and Effects Analysis, Analytic 

Hierarchy Process, Fuzzy Approach 
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Chapter 1 

  Introduction 

 

Machines are born dead and the life has been simulated for them through maintenance 

systems. Maintenance is defined as “Combination of all technical, administrative and 

managerial actions to retain a component or equipment in, or restore it to, a desired 

condition” by British Standard Glossary, BS 3811.   

The objective of maintenance is to improve the equipment reliability, which could 

prevent a failure from occurring and reduce the operating cost and business risk. It also 

could increase customer satisfaction by reducing the production line downtime and meet 

the production and market plan. Maintenance cost is considered as a major portion of 

production costs which can be highly reduced, about 40-60%, by employing an effective 

maintenance strategy (Saidi et al., 2014). However, management personnel, especially 

top managers, often consider maintenance as an unavoidable source of cost, instead of a 

profit center.  

Due to the crucial role of maintenance in productivity of a company, an appropriate 

maintenance allocation could be led to a more efficient decision making for assigning 

limited resources such as workforces, budgets, materials, tools, and spare parts to the 

most important equipment. Moreover, a proper maintenance technique is reducing 
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environmental and safety risks and products quality issues as well as preventing 

consequences such as loss of reputation and profit.  

Allocating a right maintenance strategy is a complicated decision to be made requiring 

various criteria evaluation such as safety and environmental issues, maintenance costs, 

reliability and availability of devices and etc.  

1.1 Motivation 

Maintenance Policy Selection (MPS) as a main component of maintenance 

management constitutes a substantial portion of the maintenance costs. There are many 

methods and models to optimize the maintenance policy selection in the literature, but 

most of them have low applicability in practice and there is a gap between academic and 

industrial environments (Goossens et al., 2015). Therefore, the motivation for this study 

is to introduce a practical model that enables a maintenance manager to select the right 

maintenance policy.  

1.2  Objectives and Contributions 

Maintenance management requires to be well implemented through applicable 

Maintenance Policy Selection (MPS). This thesis is intended to introduce a new 

methodology in MPS by employing a modified Fuzzy FMEA and Fuzzy AHP to compute 

the risk and criticality of equipment. This three-step fuzzy approach considers ambiguity 

and vagueness in the evaluation process. In the first step, six criteria are specified for 

realistic assessment. Furthermore, a comprehensive method is applied to compute the 

MTBF and Maintenance Costs in the second step. Finally, a novel fuzzy approach is 
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proposed to choose a proper maintenance strategy for each facility according to RPN and 

Criticality scores. 

The objective of this research is to suggest an applicable MPS method for reducing 

operating cost and the business risk besides improving the system reliability. 

1.3 Outline of dissertation 

This thesis is structured as follows: 

Chapter two (literature review) discusses the background of MPS. The discussion 

covers topics such as Multi-criteria decision making (MCDM) methods, fuzzy methods, 

Failure Mode and Effects Analysis (FMEA), and combination of fuzzy approach and 

other methods in prioritizing equipment to allocate the most appropriate maintenance 

strategies.  

In Chapter three (fuzzy theory), an introduction to fuzzy theory with an emphasis on 

Mamdani Fuzzy Inference System and triangular membership function is presented. 

A new method of risk and criticality calculation for the most suitable maintenance 

strategies allocation is proposed in chapter four (methodology). In addition, fundamental 

concepts of Failure Modes and Effects Analysis (FMEA), Analytical Hierarchy Process 

(AHP), and incorporation of Fuzzy Logic with FMEA and AHP are provided in this 

chapter.  

Chapter five presents a case study to demonstrate and validate the proposed MPS 

methodology in AR MACHINE Company. 
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Chapter six summarizes the results and conclusions obtained based on the research 

and describes the direction for future works.  
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CHAPTER 2 

2 Literature Review 

 

This chapter presents an extensive review of relevant pervious works on the topic of 

maintenance policy selection for equipment and facilities.   

Changing trends in maintenance management as an “opportunity for profit” instead of 

“inevitable source of cost” has increased the importance of an appropriate maintenance 

strategy as a crucial part of production costs. A right maintenance helps manufacturing 

firms to gain a better competitive position. In addition, it reduces equipment maintenance 

costs and decreases the production costs consequently. Therefore, selecting a proper, 

efficient and effective maintenance strategy- due to its key role in improving of 

availability and reliability of equipment, quality of products, safety and customers’ 

satisfaction as well as in reducing the environmental effects- is a critical requirement for 

every manufacturing company.  

Several methods have been proposed in the literature for Maintenance Policy Selection 

(MPS). Previously, there have been several efforts to apply decision making theory to 

enhance maintenance performance and select the best maintenance strategy. In the 1990s, 

De Almeida et al. and Triantaphyllou et al. suggested the use of Multi Criteria Decision 

Making (MCDM) methods for maintenance decision making. De Almeida et al. (1995) 

highlighted the benefits of using of decision theory to maintenance. And they argued that 

the decision theory can provide a logical framework for identification of an action which 

provides maximum benefits to those making decision. In the 1997, Triantaphyllou et al. 

presented a sensitivity analysis methodology on the decision criteria for MCDM model. 
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They considered four maintenance related criteria: cost, reparability, reliability, and 

availability where using Analytic Hierarchy Process (AHP) determined the most critical 

decision criteria. MCDM provides a decision theory tool considering all decision criteria 

simultaneously and identifies the most appropriate option as well as the priority of the 

options. Labib et al. (1998) used the AHP as an aid in maintenance decision making. 

They considered the combination of both qualitative and quantitative criteria: frequency, 

downtime, spare parts cost, and bottle-neck (quality). Their proposed model consists of 

three stages: In the first stage, they defined evaluation criteria. The second stage was to 

rank the criteria through using the AHP algorithm. Then, equipment was prioritized based 

on their criticality. Luce (1999) used Weibull law to choose the most economical 

maintenance method based on two criteria: ‘maintenance costs’, and ‘reliability’. 

Azadivar et al. (1999) presented a new method to select the best maintenance policy 

based on sixteen simple and composite factors for Just in Time (JIT) type production 

systems. However, their proposed method was just applicable to discrete manufacturing.  

In 2000, Bevilacqua et al. applied the AHP method in an Italian oil refinery to choose 

the most appropriate maintenance policy. In their method, four evaluation criteria: 

“damages produced by a failure”, “applicability of the maintenance policy”, “added-value 

created by the policy “, and “the cost of the policy” were considered. These criteria were 

then broken down into sub-criteria to solve the maintenance selection problem. They did 

a sensitivity analysis to improve the effectiveness of the AHP approach. They also 

considered comprehensive criteria; although, it is difficult to quantify many of the 

maintenance goals. In a follow-up of this study, Bertolini et al. (2006) used a 

combination of the AHP with Goal Programming model (AHP-GP) to solve the selection 
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problem of the best maintenance policy in an oil refinery plant. This method consisted of 

two steps: in the first step, different maintenance policy with respect to the Failure Mode, 

Effects and Criticality Analysis (FMECA) criteria (Occurrence, Severity, and 

Detectability) were prioritized and in the second step, the best set of maintenance policy 

for every failure mode was assigned based on the formulation of the GP model. Arunraj 

et al. (2010) also used a combination of AHP and GP for selecting the maintenance 

strategy based on risk of failure and maintenance cost. Their study is composed of two 

main stages: in the first step, priority level for maintenance policies is determined 

according to the risk and maintenance cost. In the second step, the best set of 

maintenance type is identified by the GP model information. Their results showed CBM 

as the best policy if risk is chosen as a criterion. Further, they concluded if cost is 

considered as a criterion, Corrective Maintenance (CM) would be the most appropriate 

choice. However, by considering both risk and cost as criteria, AHP-GP results showed 

that CBM is the best policy.  

A number of researchers attempted to develop maintenance policy selection 

techniques by integrating fuzzy set theory with other methods such as MCDM. In Al-

Najjar et al. (2003) study, the MCDM is combined with fuzzy approach to assess 

maintenance approaches. They considered failure causes as criteria coupled with weights 

(  ) through Matlab Fuzzy Logic Toolbox and then utilized Mamdani Fuzzy Inference 

System (FIS) to determine the ‘Rate’ for each maintenance policy. By assuming three 

inputs: adequacy, past data, and current data, employing SAW and calculating the 

normalized (  ) ranking of maintenance approaches, the one with maximum    is 

selected as the best informative maintenance approach. Khanlari et al. (2008) gave an 
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application of fuzzy rules to prioritize different devices for preventive maintenance 

activities where six criteria: ‘sensitivity of operation’, ‘MTBF’, ‘MTTR’, ‘Availability of 

required parts’, ‘availability of repair personnel’, and ‘work load’ are specified to define 

the rules. However in their study, cost as an important factor of maintenance activities 

classification is ignored.  

Using the AHP model is one of the fertile areas in maintenance selection problems 

where its combination with other methods has been studied by several authors. Wang et 

al. (2007) evaluated different maintenance strategies with the application of a new fuzzy 

AHP method and determined the most suitable maintenance strategy. The new fuzzy 

AHP method derives crisp priorities from fuzzy comparison judgment matrices according 

to an optimization problem with non-linear constraints. Shyjith et al. (2008) proposed a 

combination of the AHP and Technique for Order Preference by Similarity to Ideal 

Solution (TOPSIS) to select an optimum maintenance policy for a textile industry. Their 

method consists of three main stages: first, evaluation criteria and sub-criteria are 

identified. Second, by applying the AHP method, the criteria weights are calculated by 

constructing the hierarchy diagram. And, the final ranking results in selecting the best 

maintenance strategy obtained by applying TOPSIS method. Due to the conventional 

AHP and TOSIS method weaknesses in handling experts’ opinions uncertainty, 

Ilangkumaran et al. (2009) also analyzed the textile industry by using fuzzy AHP and 

TOPSIS model to select an optimal maintenance policy. Zaim et al. (2012) used AHP and 

Analytical Network Process (ANP) for selecting the best maintenance policy in a local 

newspaper printing facility. ANP model is an improved version of the AHP method that 

not only enables the pairwise comparisons of the sub-criteria under main criteria, but also 
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evaluates all the interacting sub-criteria independently. In their study, four selection 

criteria were considered: “added value”, “cost”, “safety”, and “implementation”. In 

Maletic et al. 2014, the authors proposed a framework for maintenance policy selection 

according to the AHP algorithm in a paper mill company. They selected the Total Quality 

Maintenance (TQM) as the most appropriate maintenance for a paper machine. In their 

study, AHP with a statistical quality control approach is used for consistency test to select 

the maintenance policy. “Equipment/process related measures”, “financial measure”, and 

“health, safety, and environment measures” were defined as criteria for the maintenance 

policy selection. In addition, Failure-based Maintenance (FBM), Preventive Maintenance 

(PM), Total Productive Maintenance (TPM), Reliability Centered Maintenance (RCM), 

and Total Quality Maintenance (TQM) are considered as maintenance policy alternatives. 

After pairwise comparison, the consistency ratio (CR) is applied to evaluate whether a 

criterion can be used for decision making. In the report of Garcia-Cascales et al. (2009), 

the use of the AHP method for choosing the cleaning system for diesel engine 

maintenance by considering the environment assessment was studied. 

De Almeida (2012) proposed a multi-criteria decision making model which is based 

on Multi-Attribute Utility Theory (MAUT) to determine the best maintenance interval 

based on the combination of two conflicting criteria: cost and reliability. A decision 

model based on MAUT involves an approach suitable for dealing with uncertain 

variables (De Almeida 2012).  

Based on mathematical programming, a framework to determine the sequences of 

maintenance activities to perform on equipment by considering limitation on time and 

money has been proposed by Cassady et al. (2001).   
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One of the most popular tools used by numerous researchers to categorize equipment 

in various groups of risk is in accordance with the concept of Failure Modes and Effects 

Analysis (FMEA). Sharma et al. (2005) proposed a methodology to compute RPN by 

fuzzy FMEA. They considered three factors: frequency of occurrence (  ), severity (S), 

and detectability (  ) and define appropriate membership functions for each of them to 

specify the criticality or riskiness level of the failure. The membership functions for these 

factors are extracted from historical failure data combined with experts’ knowledge. 

Yang et al. 2008 presented a fuzzy rule-based Bayesian reasoning method to prioritize 

potential failure modes in FMEA method. They used a benchmarking technique and a 

sensitivity analysis of failure priority amount to test their new method. Kumar et al. 

(2011) explained how to utilize FMEA to prioritize preventive maintenance actions. They 

proposed an approach to rank preventive maintenance actions on equipment by 

evaluating the risk of potential failure modes. In their approach, fuzzy FMEA is used to 

compute RPN. The parameters to calculate the RPN namely, ‘Frequency of occurrence of 

the failure mode (  )’, ‘severity’, and ‘possibility of failure mode detection (   ’ are 

considered as fuzzy sets. Their proposed approach computed RPN using FIS. They used 

the predictive maintenance data and experts’ knowledge to estimate the ‘possibility of 

failure mode detection (   ’ by using three fuzzy input variables. Indicator level, 

operating environment, and frequency of monitoring were characterized as FIS-1’s 

inputs. In FIS-2, the output of the FIS-1 was used as input along with other two inputs 

(  , S) to approximate RPN.  

Recently, Stadnicka et al. (2014) evaluated three machine categorization models in 

three different companies to classify equipment and then propose a new method based on 
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the identified advantages and disadvantages of three classification models. Their 

proposed methodology consists of six criteria ‘actual machine working time’, ‘number of 

failures’, ‘break-down time’, ‘machine changeability’, ‘stability of the machine’, 

‘influence on safety’, and ‘environment’.  

Goossens et al. (2015) proposed a maintenance policy selection (MPS) using the AHP. 

In their proposed method, they used a five-step model to achieve the main criteria and 

construct a list of three maintenance policy: failure-based maintenance, time/use-based 

maintenance, condition-based maintenance as alternatives.  
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Chapter 3 

3 Fuzzy Set Theory 

3.1 Introduction 

Fuzzy set theory is a branch of Soft Computing that deals with uncertainty and 

imprecision of human thinking. In this chapter a brief introduction to the concept of fuzzy 

is provided. 

3.2 Fuzzy Logic 

Fuzzy logic was conceived in the early of 1960s by Prof. Lotfi A. Zadeh (Zadeh 

1965). It is an analytical method developed to deal with uncertainty in decision making 

model (Azadegan et al. 2011). 

3.3 Fuzzy set 

Fuzzy set was defined as “a class of objects with a continuum of grades of 

membership” by Zadeh (1965). A fuzzy set is determined by a membership function that 

assigns a grade between 0 and 1 to each object.  

Assume X is the space of objects (universe) and x is a generic element of X.  

Mathematically, a fuzzy set A in X is determined by a membership function    (   

which maps each member in X to a real number in the interval [0 1].     (   represents the 

“grade of membership” of x in A. (Zadeh, 1965) 

  {(    (  |    }          (1) 
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In the following an example of fuzzy sets is presented: 

Choosing a restaurant 

Assume that we want to select the best restaurant in the city,  

Let 

X = {restaurant 1, restaurant 2, restaurant 3, restaurant 4} 

Be the universe or a set of restaurants in the city, then the fuzzy set (A) may be 

defined as follows: 

A = {(restaurant 1, 0.8), (restaurant 2, 0.5), (restaurant 3, 0.6), (restaurant 4, 0.2)} 

3.4 Fuzzy inference system (FIS) 

The main purpose of Fuzzy Inference System (FIS) is to model human decision 

making within the fuzzy logic and approximate reasoning framework. (Chao et al. 1995) 

A fuzzy inference system is composed of three main phases: Fuzzification, Inference 

Engine, and Defuzzifcation. These phases of Fuzzy Inference System (FIS) are illustrated 

in Figure 3.1.  

 

Figure  3.1 A model of Fuzzy Inference System 
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3.4.1 The fuzzification phase 

The fuzzification phase includes a fuzzifier to transform crisp inputs into linguistic 

term through the membership functions. As mentioned earlier, the membership function 

is a curve that maps the inputs to a membership grade between 0 and 1. 

The most common forms of fuzzy Membership Functions (MFs) are triangular, 

trapezoidal, and Gaussian. (Jang et al. 1997) 

3.4.1.1 Triangular MF 

Triangular Membership function is defined by three parameters (a,b,c) as expressed: 

        (         

{
 
 

 
 

         
   

   
         

   

   
         

       

          (2) 

Where a, b, and c, respectively, indicate the smallest possible value, the most 

promising value, and the largest possible value that illustrate a fuzzy function. Figure 3.2 

shows a simple example of triangular MF defined by triangle(           .  

Assume   and   are Triangular fuzzy numbers (TFNs): 

   (          

   (          

According to Dubois et al. (1979), the fuzzy athematic operations on    and    are as 

follows: 

      (          (          (                             (3) 
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      (          (          (                                        (4) 

(   
   (         

   (
 

  
 
 

  
 
 

  
)                                                            (5) 

 

Figure  3.2 Example of triangular MF: triangle (x; 20, 55, 70) 

3.4.1.2 Trapezoidal MF 

Trapezoidal membership function is specified by four parameters (a,b,c,d) as 

expressed: 

         (           

{
 
 

 
 

           
   

   
          

                 
   

   
          

         

          (6) 

Figure 3.3 shows a trapezoidal MF defined by trapezoid(              .  

 

Figure  3.3 Example of trapezoidal MF: trapezoid (x; 20, 30, 60, 90) 
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3.4.1.3 Gaussian MF 

Gaussian membership function is defined by two parameters {c, σ}: 

Gaussian (x;c,σ ) =  
  

 
(
   

 
)
 

          (7) 

C determines the center of MF and   repreasents the width of MF. Figure 3.4 shows 

the Gaussian membership function.  

 

Figure  3.4 Gaussian Membership Function 

3.4.2 The inference engine 

The inference engine transfers fuzzy inputs to outputs by using Fuzzy rules or IF-

THEN rules.   

3.4.2.1 Fuzzy rules 

Fuzzy rules (IF-THEN rules) have been prescribed as a key tool for describing pieces 

of knowledge in “fuzzy logic”. (Dubois et al. 1996) 

A fuzzy if-then rule supports the form;  

“IF x is A THEN y is B” 



17 
 

“x is A” is called antecedent or premise, and “y is B” is called consequence or 

conclusion. Where A and B are linguistic values defined by fuzzy sets on X and Y 

respectively (Jang et al. 1997)) 

3.4.3 The defuzzification phase        

The defuzzification phase converts fuzzy outputs of inference engine to crisp or 

quantifiable outputs (Jang et al. 1997). In order to obtain crisp outputs from the fuzzy 

outputs, we need to use a defuzzification method. There are many different 

defuzzification methods in literature. Five most practical defuzzification methods are as 

follows: (Jang et al. 1997) 

- Centroid of area(ZCOA): 

     
∫   (      
 

∫   (      
 

          (8) 

            (Z is the universe) 

- Mean of Maximum (ZMOM): 

     
∫    
 ́

∫   
 ́

          (9) 

- Smallest of maximum (zSOM):  

Z SOM is the minimum of the maximizing z. 

- Largest of Maximum (zLOM): 

ZLOM is the maximum of the maximizing z. 

- Bisector of Area (ZBOA): 

∫   (    
    

 
 ∫   (    

 

    
           (10) 
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Figure 3.5 describes the different methods of defuzzification.  

 

Figure  3.5 Various defuzzification methods (Jang et al. 1997) 

3.5 Types of FIS 

There are three commonly used fuzzy inference systems as follows: (Jang et al. 1997) 

3.5.1 Mamdani FIS  

Figure 3.6 illustrates a two-rule Mamdani Fuzzy Inference System where X and Y are 

inputs, and Z is output. This method uses a defuzzification technique to produce the crisp 

outputs. 

3.5.2 Sugeno FIS 

 Figure 3.7 represents a first-order Sugeno fuzzy model. A significant difference 

between Mamdani FIS and Sugeno FIS is the way of producing the crisp output. Sugeno 

FIS applies weighted average to calculate the crisp outputs, but Mamdani FIS utilizes the 

defuzzification methods (Hamam et al. 2008).  
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3.5.3 Tsukamoto FIS 

Tsukamoto method was introduced by Tsukamoto in 1979 (Bon et al. 2014). In this 

model, the overall output is obtained by the weighted average of each rule’s crisp output. 

(Jang et al. 1997) 

 

Figure  3.6 The Mamdani fuzzy model (Jang et al. 1997) 
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Figure  3.7 The Sugeno fuzzy model (Jang et al. 1997) 

Mamdani and Sugeno are more popular fuzzy reasoning approaches. In this research, 

the Mamdani FIS is used. Setnes et al. (1998) and Hamam et al. (2008) believe despite 

Mamdani FIS typically utilized in modeling human expert knowledge, employing Sugeno 

approach makes it difficult to give a linguistic interpretation to the system parameters.  

3.6 Fuzzy Modeling 

Fuzzy modeling is the process of making a FIS which consists of two main steps: 

identification of the surface structure, and deep structure. (Jang et al. 1997) 

3.6.1 Identification of surface structure 

It consists of the following tasks: 

- Choosing appropriate inputs and outputs 

- Selecting a relevant type of Fuzzy Inference System 
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- Considering relevant linguistic terms associated with each input and output 

variables. (for Mamdani model)  

- Defining a set of fuzzy if-then rules 

3.6.2 Identification of deep structure 

After completing the first step, we have a set of rules describing the behavior of the 

target system through linguistic terms. Therefore, in the second step the membership 

function should be determined as following: 

- Selecting an appropriate membership function 

- Using human experts to specify the membership function used in the rules 

- Improve the parameters of membership functions using regression and 

optimization process.  
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Chapter 4 

4 Methodology 

 

In this chapter, a comprehensive explanation of the proposed model for selecting a 

proper maintenance policy for each piece of system is presented.  

4.1  Introduction 

The main objective of maintenance management is to increase the system reliability. 

Maintenance management is defined as: “all the activities of the management that 

determine the maintenance objectives or priorities (defined as targets assigned and 

accepted by the management and maintenance department), strategies (defined as a 

management method in order to achieve maintenance objectives), and responsibilities and 

implement them by means such as maintenance planning, maintenance control and 

supervision, and several improving methods including economical aspects in the 

organization.” (British Standard Glossary, BS 3811) 

One of the main parts of maintenance management is to select the right maintenance 

strategy. The maintenance strategy determines what types of maintenance activities 

should be done on equipment. Maintenance policy can be classified into three categories: 

(1) Corrective Maintenance (CM), (2) Preventive Maintenance (PM), (3) Condition-

based Maintenance (CBM). The corrective maintenance or breakdown maintenance is the 

maintenance performed after systems failure to repair or replace the failed components or 

devices. In contrast, the preventive maintenance involves all the maintenance tasks 
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performed before systems failure. Oil change, lubrication, minor adjustment, partial or 

complete overhauls are examples of preventive maintenance. In the other words, the PM 

is performed while the system is still working to retain system in a desired level. CBM 

monitors the equipment actual condition to determine which maintenance activity needs 

to be performed. In this strategy, maintenance activity is carried out according to data 

collected from special measurement instruments such as oil analysis, ultrasonic testing, 

and monitoring techniques (Wang et al. 2007).  

To identify an appropriate maintenance strategy, several components such as 

reliability of equipment, maintenance costs, safety and environmental issues are 

simultaneously considered. Due to the decision model complexity, there are scarce 

practical methods to solve Maintenance Policy Selection (MPS). Despite maintenance 

which is done in practice, maintenance optimization and decision model have a low 

applicability in practice which makes a gap between academic and industrial 

environments (Goossens et al. 2015). The real condition of equipment determination and 

an appropriate maintenance strategy allocation are key factors in decision making. 

Furthermore, maintenance systems investigation in practice revel that different 

maintenance policies and the concepts of selective maintenance policy have not been 

fully understood by a number of industrial managers (Zaim et al. 2012). Therefore, this 

research attempts to present a practical method of maintenance policy selection. 

In this thesis, a Maintenance Policy Selection (MPS) is proposed using fuzzy FMEA 

and criticality analysis. This method allocates the most suitable maintenance strategy to 

the facilities based on their actual condition. The suggested methodology is composed of 

three steps; in the first step returning Risk Priority Number (RPN), a fuzzy FMEA is 
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intended to improve risk assessment method efficiency as it handles the uncertainty 

during analysis. The second step aims at evaluating the criticality of equipment based on 

four KPIs where a modified method for the KPIs calculation with significant impacts on 

our decisions is proposed. And finally, a new fuzzy approach is introduced to assign the 

most suitable maintenance strategy to each device respecting to the risk and criticality 

values obtained in the two prior steps. 

The overall process of the proposed approach is illustrated in Figure 4.1.  

 

 

Figure  4.1 Schematic of proposed methodology 
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4.2 Method 

4.2.1 First step 

The main purpose of this step is to determine the risk value for equipment. The term 

“risk” is the keystone in decision making process.  Risk assessment is a method to predict 

and prevent the occurrence of undesirable incident(s) through unifying and collecting 

quantitative and qualitative data of causes, effects and probability of adverse incidents 

(Shahriar et al. 2012). In addition, it has a critical role in maintenance decision making 

that involves the extraction of potential failure modes, assessment of their consequences, 

and their likelihood.  

A number of quantitative and qualitative risk assessment techniques such as Failure 

Mode and Effects Analysis (FMEA), Fault Tree Analysis (FTA), Event Tree Analysis 

(ETA), and Bow-Tie have been studied in literature. The FTA is a graphical and logical 

description of various combinations of failure events that can lead to the occurrence of a 

top event. It is a top-down approach. In this method, precise probability distributions of 

the failure lifetime are required for basic events. However, this is debatable assumption in 

real world (Purba, 2014). Furthermore, it is a time-consuming process that does not 

consider failure detection methods and their severity. The ETA is another risk assessment 

technique that represents the failure events consequences (Shahriar et al. 2012). The 

Bow-Tie is a risk assessment technique combining the FTA and ETA to demonstrate 

causes and consequences in a common platform (Shahriar et al. 2012). However, the 

FMEA is one of the most common methods that calculate the risk as a function of 

severity (consequences), occurrence, and detection. In addition, FMEA is commonly used 
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in the automotive industry over the past decades. Hence, in this study the FMEA method 

is chosen as a risk assessment tool.  

In this step, a brief introduction of Failure Mode and Effects Analysis (FMEA) 

method, Fuzzy FMEA, Analytic Hierarchy Process (AHP), and Fuzzy AHP are provided, 

in advance. Then, a methodology to calculate the risk value will be described 

comprehensively.   

4.2.1.1 Analytic Hierarchy Process (AHP) 

Analytic Hierarchy Process (AHP) is a Multi-Criteria Decision Making method 

(MCDM) for solving unstructured and multi-attribute problems (Garcia-Cascales et al. 

2009). It is one of the most popular and robust MCDM methods developed first by Saaty 

(1980).  

AHP method breaks down a complicated problem into components arranged into 

several levels to make a hierarchical structure (Garcia-Cascales et al. 2009). It can 

consider both qualitative and quantitative evaluation factors.  

Saaty’s AHP method consists of the following steps: (Saaty, 1980) 

(i) Constructing the decision hierarchy: AHP makes a hierarchic structure 

descending from an overall goal to decision criteria and alternatives in successive 

levels. Figure 4.2 represents the AHP structure.  

(ii) Setting up pairwise comparison matrices:   alternatives (           are 

assumed that have the weights(           along with   

criteria,(          . The values of weights (  ) are obtained although a 
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pairwise comparison among the alternatives based on each criteria. Matrix A 

represents the pairwise comparison of alternatives and the judgments of the 

decision makers.  

  [

  

  
    

  

  
 

  

  

   
  

  
     

  

  
 

  

  

]            (11) 

According to Saaty, the value of  
  

  
 is a number between 1 and 9. Saaty 

suggested Table 4.1 to use in making matrix A.  

(iii) In order to retrieve the values of weights (  ) from the matrix A, the following 

equation is considered:  
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The solution of       is the eigenvector of matrix  , means  : 

                    (13) 

 

Where      is the eigenvalue of the matrix  .  
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Figure  4.2 Hierarchical structure of the AHP 

Table  4.1 Saaty's evaluation score for the AHP method 

Definition Numerical rating 

Equal importance 1 

Moderate importance of one over another 3 

Essential or strong importance 5 

Very strong importance 7 

Extreme importance 9 

Intermediate values between the two adjacent 

judgments 

2, 4, 6, 8 

 

AHP is one of the widely used MCDM methods which have been applied to many 

multi-criteria decision making problems in real situations. The major advantages of this 

method are: (Larimian et al. 2013; Jakiel et al. 2015) 
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- The AHP can decompose the decision making process into multi-layered 

hierarchy structure with clear evaluation layers. 

- The AHP consider subject judgments on tangible quantitative criteria and 

intangible qualitative criteria simultaneously. 

- In this method, decision maker can concentrate on the comparison of just two 

elements, which makes the observation to a large extent independent from 

irrelevant effects. 

- Furthermore, subjective preferences, expert knowledge and objective information 

can all be included in the same decision analysis. 

In spite of AHP’s popularity, this method is criticized for its inability to adequately 

handle the uncertainty and imprecision during the process of evaluation (Chen et al. 

2011). Ideally, the information and data should be precise, certain and comprehensive; 

but, in reality it is very difficult or even impossible to have exact and certain data. 

Therefore, there is a need to face the uncertainty of a stochastic and/or fuzzy nature 

(Mandic et al. 2014). Due to these issues, fuzzy AHP methodology has been developed to 

handle the situations of risk and uncertainty (Jakiel et al. 2015) and improve the 

weakness of the traditional AHP method.  

4.2.1.2 Fuzzy Analytic Hierarchy Process (FAHP) 

After introducing the fuzzy concept by Zadeh (1965), there have been several 

researchers attempted to improve the AHP method by integrating fuzzy set theory 

(Laarhoven et al. 1983; Larimian et al. 2013; Jakiel et al. 2015; Mandic et al. 2014, 

among others). 



30 
 

Fuzzy AHP method is an extended version of AHP developed by Saaty. For the first 

time, Laarhoven and Pedrycz in 1983 applied FAHP to find fuzzy weights for decision 

criteria and choose the best alternative (Laarhoven et al. 1983).  

Traditional AHP does not exactly reflect the way humans are thinking; therefore, it is 

often difficult and time-consuming for decision makers to express their idea in crisp 

values (Chen et al. 2010). FAHP uses a range of value instead of a crisp value to deal 

with the decision makers’ vagueness, uncertainties and ambiguities (Larimian et al. 

2013).  

In this paper, the FAHP is employed as a decision-making method to determine 

weighting values for three different experts (Wex1, Wex2, Wex3), sub-dimensions, 

dimensions, and also is applied to identify the weighing values for criteria. 

The main steps of the Fuzzy AHP are as follows (Tavana et al. 2015): 

(i) Similar to the traditional AHP, the first step is to break down the decision making 

problem into a multi-layered hierarchy structure as shown in Figure 4.2.  

(ii) Fuzzy pairwise comparison matrices for criteria and alternatives are constructed. 

Assume we have   alternatives and   criteria. The matrix is as follows: 

 ̃  [ ̃  ]  [
 ̃    ̃  

   
 ̃    ̃  

]            (14) 

And, 

 ̃   (           )                            (15) 
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It is a triangular fuzzy number that represents the fuzzy comparison value of 

criterion (alternative)   regarding to criterion (alternative) . We use the linguistic 

terms of Table 4.2 to complete the fuzzy comparison matrix (A).  

(iii) For each pairwise comparison matrix, following equations are applied to 

determine the eigenvalue: 

 ̃  √ ̃    ̃      ̃  
                     (16) 

 ̃  
 ̃ 

 ̃   ̃     ̃ 
                                       (17) 

(iv) In order to prioritize the alternatives, the local rankings achieved at different 

levels of the decision tree should be aggregate into composite global rankings for 

the alternatives according to the weighted sum method: 

   ∑  ̃ 
 
     ̃                                  (18) 

 

Where  ̃  is the weight of criterion and   ̃   is the number related to evaluation of 

alternative   with respect to criterion  .  

(v) Now to defuzzify the    (      , the graded mean integration representation of 

   would be:  

 (    
      

 
                                           (19) 

             The alternative with greater value  (    is more preferred.  
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Table  4.2 Linguistic variables for FAHP (Tavana et al. 2015) 

Linguistic terms Abbreviations Fuzzy numbers 

Extremely more important EMI (8,9,10) 

Very strong important VSI (6,7,8) 

Strong importance SI (4,5,6) 

Moderate important MI (2,3,4) 

Equal important EI (1,1,2) 

 

4.2.1.3 Failure Modes and Effects Analysis (FMEA) 

Failure Modes and Effects Analysis (FMEA) considers all the potential failure modes 

throughout the production process (Potential Failure Mode and Effects Analysis, 2008). It 

is an analytical technique for defining, determining and removing known and potential 

failure modes problems from system and process before they are received by customers 

(Liu. et al. 2013). 

 FMEA is a risk assessment tool that can be used to specify and prioritize the failure 

modes of equipment based on Risk Priority Number (RPN). In fact, the main objective of 

the FMEA is to identify the potential failure modes and extract the causes and effects of 

those modes. FMEA defines corrective or preventive actions to reduce the probability of 

failure or eliminate the failure modes.  
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FMEA was first developed by NASA as a formal design methodology in the 1960s 

and the Ford Motor Company was the first automotive manufacturer applying FMEA in 

1977 (Kutlu et al. 2012).  

This method has been utilized in a broad range of industries, such as automotive, 

aerospace, and electronics industries (Sharma et al.  2005). Before the FMEA document 

is started, a cross-functional team with the relevant experience should be determined to 

identify the potential failure modes of the system components, their consequences on the 

system behavior, and their causes. The team allocates the proper numbers to Severity (S), 

Detection (D), and Occurrence (O) based on historical data of failure modes and then 

calculates the Risk Priority Number (RPN). Corrective and preventive action plans are 

defined for the failure modes with higher RPN levels.     

A typical FMEA is consisted of the following elements: 

4.2.1.3.1 Potential failure mode 

It is defined as a way in which a system could fail to achieve process or organization 

requirements and specifications. Facilities may have more than one failure mode. As an 

example, the third column of Table 4.3 indicates the potential failure modes for the 

particular equipment called Cut to Length.  

4.2.1.3.2 Consequences of a failure mode 

It is defined as a failure mode impact on customers including end-user customer or 

operator of next operation (internal customer). The fourth column of the Table 4.3 shows 

the consequences of a failure mode for the Cut to Length.  
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4.2.1.3.3 Causes of failure mode 

“It is defined as an indication of how a failure could occur, described in terms of 

something that can be connected or can be controlled”(Potential Failure Mode and 

Effects Analysis, 2008). Table 4.3 illustrates the causes of failure mode in sixth column.  

Table  4.3 Example of FMEA table 
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Strip length not 

complying 

Dimensional 

problem during 

process 

6 

Encoder not 

working properly 

3 4 72 

Strip in correct 

square up 

Make problem in 

Flash Butt Weld 

6 

Wide roller not 

working properly 

1 4 24 

Curve of strip not ok Problem in coiler 2 

Pressure middle 

roller 

maladjustment 

1 4 8 

Burrs on strip length 

Unsuitable 

appearance 

3 

Unsuitable 

pressure 

1 4 12 

 

After determining these components, each failure mode is evaluated by three factors as 

severity, occurrence, and detection.  
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4.2.1.3.4 Severity (S) 

The severity factor indicates how significant of a consequence is on the end-user or 

internal customer. There are cases where financial effects can be considered as a criterion 

to rank the severity.  

Severity is evaluated using the 10-point scale, Where 10 means that the failure 

consequence is tremendous, and 1 means that the failure consequence is very low and 

ignorable.  

There are various scoring guidelines for severity evaluating. Table 4.4 presents the 10-

point linguistic scale for assessing the Severity (S), as suggested by Liu et al. (2013).  

4.2.1.3.5 Occurrence (O)  

Occurrence is the probability of a specific failure mode. The occurrence rating is 

scaled from 1 to 10, where 10 means the probability of failure modes is very high and 1 

means the occurrence is very low.  

Table 4.5 illustrates the 10-point linguistic scale for assessing the Occurrence (O) as 

suggested by Liu et al. (2013).  

4.2.1.3.6 Detection (D)  

This index determines the probability of detection of failures by various methods like 

quality control measures and testing. A number between 1 and 10 is given for Detection. 

A 10 on the detection index means that a failure mode is almost impossible to detect and 

1 means the detection of failure is almost certain (Rhee et al. 2003).  
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Table 4.6 shows the 10-point linguistic scale for assessing the Detection (D) suggested 

by Liu et al. (2013).  

4.2.1.3.7 Calculating RPN 

The main purpose of the FMEA is to compute the Risk Priority Number (RPN) to 

assign limited resources and budget to the most serious risk items.  

RPN is calculated for each potential failure mode by multiplying the S, O, and D as 

expressed: 

               (               (               (       (20) 

The rating is ranged from 1 and 1000 for RPN. Due to inherent limitation on 

resources, time, technology, and other factors, RPN is a valuable method to prioritize the 

potential failure modes. In general, the failure modes with the greatest RPN values have 

the highest risk and priority.  
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Table  4.4 Suggested scores for the Severity (Liu et al. 2013) 

Effects Criteria: severity of effects Rank 

Hazardous 

Failure is hazardous, and occurs without warning. It 

suspends operation of the system and/or involves 

noncompliance with government regulations. 

10 

Serious 

Failure involves hazardous outcomes and/or 

noncompliance with government regulations or standards. 

9 

Extreme 

Product is inoperable with loss of primary function. The 

system is inoperable 

8 

major 

Product performance is severely affected but functions. 

The system may not operate 

7 

Significant 

Product performance is degraded. Comfort or convince 

function may not operate 

6 

Moderate 

Moderate effect on product performance. The product 

requires repair 

5 

Low 

Small effect on product performance. The product 

requires repair. 

4 

Minor Minor effect on product or system performance 3 

Very minor Very minor effect on product or system performance 2 

None No effect 1 
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Table  4.5 Suggested scores for the Occurrence (Liu et al. 2013) 

Likelihood of failure Possible failure rate Rank 

Extremely high, 

failure almost 

inevitable 

≥ in 2 

10 

Very high 1 in 3 9 

Repeated failures 1 in 8 8 

High 1 in 20 7 

Moderately high 1 in 80 6 

Moderate 1 in 400 5 

Relatively low 1 in 2000 4 

Low 1 in 15,000 3 

Remote 1 in 150,000 2 

Nearly impossible ≤ 1 in 1,500,000 1 
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Table  4.6 Suggested scores for the Detection (Liu et al. 2013) 

Likelihood of 

detection 

Criteria: likelihood of detection by design 

control 

Rank 

Absolute uncertainty 

Design control does not detect a potential cause 

of failure or subsequent failure mode; or there 

is no design control 

10 

Very remote 

Very remote chance the design control will 

detect a potential cause of failure or subsequent 

failure mode 

9 

Remote 

Remote chance the design control will detect a 

potential cause of failure or subsequent failure 

mode 

8 

Very low 

Very low chance the design control will detect 

a potential cause of failure or subsequent failure 

mode 

7 

Low 

Low chance the design control will detect a 

potential cause of failure or subsequent failure 

mode 

6 

Moderate 

Moderate chance the design control will detect 

a potential cause of failure or subsequent failure 

mode 

5 
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Moderately high 

Moderately high chance the design control will 

detect a potential cause of failure or subsequent 

failure mode 

4 

High 

high chance the design control will detect a 

potential cause of failure or subsequent failure 

mode 

3 

Very high 

Very high chance the design control will detect 

a potential cause of failure or subsequent failure 

mode 

2 

Almost certain 

Design control will almost certainly detect a 

potential cause of failure or subsequent failure 

mode 

1 

 

4.2.1.3.8 FMEA Weakness 

The traditional FMEA method has been criticized extensively by several authors for a 

variety of reasons. Instances of criticisms include: (Jamshidi et al. 2015; Liu et al. 2013) 

- The relative importance among O, S, and D is ignored. These three criteria are 

conventionally assumed to have a same importance. 

- The same value of RPN may be produced by various combinations of S, O, and 

D. for example, two various set of failure modes with the S, O, and D values of 
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9,2,1 and 1,3,6, respectively, produce the identical RPN value of 18. In traditional 

FMEA, these two failure modes consider with the same priority.  

- It is difficult to evaluate S, O, and D precisely. A lot of data and information in 

FMEA are vague and uncertain and hard to be precisely quantified. 

- The linear mathematical formula for computing RPN is doubtful. 

- The RPN evaluates only three risk criteria mostly in terms of safety. Economical 

and quality aspects are ignored.   

- Using different experts’ ideas are overlooked. 

- The RPN factors have many duplicate values. For example, 60 can be achieved 

from 24 different combinations of S, D, and O.  

- The RPN formula cannot produce many numbers. Many of numbers between 

1and 1000 cannot be generated from the multiplying of S, O, and D and only 120 

of the 1000 numbers can be produced.  

4.2.1.4 Fuzzy FMEA 

As mentioned earlier, one way to express uncertainties is to apply subjective or 

linguistic evaluation according to fuzzy set theory (Yang et al. 2015). Many attempts 

have been performed in literature to integrate the fuzzy set theory with FMEA (Bowles et 

al. 1995; Braglia et al. 2003; Sharma et al. 2005; Yang et al. 2008; Abdelgawad et al. 

2010; Tay et al. 2010; Guimaraes et al. 2011).  

Fuzzy IF-THEN rule is one of the most popular fuzzy logic approaches that have been 

used by many authors for FMEA. A fuzzy rule consists of two parts: antecedent and 

consequence, where consequence part contains linguistic variables. In traditional FMEA, 

failure modes are assessed and prioritized through crisp values of RPN. However in 
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Fuzzy FMEA, linguistic variables are applied to determine the severity, occurrence, and 

detection. Most of the FMEA information is based on human language and it is very easy 

and straightforward to use data and information directly without quantifying them. 

Moreover, using imprecise, uncertain, and vague data is applicable in fuzzy logic. 

Therefore, it enables the consideration of many states (Kutlu et al. 2012). 

Main steps of Fuzzy FMEA can be given as in the following: 

- In the first step, a fuzzy FMEA table is constructed similar to traditional FMEA. 

After identifying potential failure modes, linguistic variables are defined for 

dimensions; Severity (S), Occurrence (O), and Detection (D). Tables 4.7, 4.11, 

and 4.12 describe both linguistic scales and triangular fuzzy numbers for 

evaluating S, O, and D of failure modes. In this study, three sub-dimensions are 

defined for severity and occurrence. The linguistic variables and triangular fuzzy 

number for assessing operator safety (S1), customer safety (S2), environmental 

effects (S3), repeatability (O1), visibility (O2), and frequency (O3) are showed in 

Tables 4.8, 4.9, 4.10, 4.13, and 4.14.  

The fuzzy ratings for dimensions and sub-dimensions are specified based on the 

experts’ opinions and the author’s experience.  

- The second step is rules setting. IF-THEN rules are generated with respect to the 

experts’ ideas. The rules should consider all the possible situations and illustrate 

the interaction of inputs and outputs. Here is given an example of the rules: 

IF severity is very high and occurrence is medium and detection is high THEN 

RPN is very high.  
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Furthermore, a proper fuzzy inference system should be chosen to obtain the 

outputs. The output of the Fuzzy FMEA is the RPN.  

Therefore, in the proposed approach a fuzzy FMEA is applied to provide a reliable 

risk ranking system for the potential failure modes and overcome the inherent weaknesses 

of the conventional FMEA method. 

The methodology is explained in the following.  

4.2.1.5 Calculating the risk value (RPN) 

The overall process of the proposed approach in first step is shown in Figure 4.3.  
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Figure  4.3 Schematic of first step 
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In order to make a fuzzy FMEA, a cross-functional team is chosen to identify the 

potential failure modes of the system components, their causes and consequences. The 

fuzzy FMEA is constructed under three dimensions: severity (S), occurrence (O), and 

detection (D). Both severity and occurrence consist of three new sub-dimensions required 

to evaluate the potential failure modes. Severity includes three following sub-dimensions; 

operator safety (S1), customer safety (S2), and environmental effects (S3). And occurrence 

also includes three sub-dimensions; repeatability (O1), visibility (O2), and frequency (O3). 

Therefore, this step is composed of two main phases; the first phase is defined on sub-

dimensions and the second phase is specified on dimensions. Three experts with different 

knowledge and experience are considered to evaluate the consequences of the failure 

modes and allocate appropriate membership functions to each of sub-dimension. Three 

different experts are used to increase the accuracy of evaluation and reduce bias in 

decision making. In spite of traditional FMEA where different experts’ points of view are 

overlooked, the proposed model is analyzed based on three experts’ opinions.  

Furthermore, the suggested framework encompasses all elements and factors that have 

a crucial effect on the failure modes assessment. In following subsections, all the 

dimensions and sub-dimensions are discussed in more detail:  

4.2.1.5.1 Occurrence (O) 

Occurrence is the frequency of failures. Table 4.7 gives the linguistics scale for 

evaluation of the occurrence. Three sub-dimensions presented in following are 

characterized for the occurrence computation.  



46 
 

Table  4.7 Fuzzy rating for the Occurrence assessment 

Occurrence Level Fuzzy numbers 

Failure is almost inevitable Extremely high (9.2, 9.8, 10) 

Very high likelihood of occurrence Very high (8, 8.8, 9.5) 

High likelihood of occurrence High (6.6, 7.2, 8.2) 

Moderate likelihood of occurrence Moderate (4, 5.5, 7) 

Low likelihood of occurrence Low (2.6, 3.6, 4.8) 

Very low likelihood of occurrence Very low (1.5, 2.5, 3) 

Remote  likelihood of occurrence None (0.9, 1.3, 1.7) 

 

4.2.1.5.1.1 Frequency (  ) 

Failure frequency is the likelihood of happening a given failure mode. Required data 

related to frequency of a failure can be obtained from historical failure data. Table 4.8 

shows the linguistic terms and their fuzzy numbers used for evaluating the   . 
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Table  4.8 Linguistic terms for evaluating the frequency of failure 

Frequency of failure (  ) Level Fuzzy numbers 

Extremely high, failure almost inevitable Very high (8.1, 8.8, 10) 

Repeated failures, high High (6.5, 7.5, 8.5) 

Occasional failure Moderate (3.7, 5.5, 7) 

Relatively low Low (1.7, 2.5, 4) 

Remote Very low (0.9, 1.7, 2) 

 

4.2.1.5.1.2 Visibility of failure (  ) 

Visibility of failure shows the clarity of a failure once it is occurred. In Jamshidi et al. 

(2015) study, maintenance experts are assumed to evaluate the visibility of failures. But, 

proposed model in this research, both maintenance staff and production personnel are 

considered in the assessment of visibility. Production personnel as interacts with the 

machine directly have a key role in detection of a failure. Table 4.9 shows the linguistic 

terms and triangular fuzzy numbers for    evaluation.  
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Table  4.9 Linguistic terms for evaluating the visibility of failure 

Visibility of failure (O2) Level Fuzzy numbers 

It is not visible at all Very high (8.1, 8.8, 10) 

Visible indirectly by automatic device High (6.5, 7.5, 8.5) 

Visible directly with device Moderate (3.7, 5.5, 7) 

Visible while inspecting Low (1.7, 2.5, 4) 

Visible without inspection Very low (0.9, 1.7, 2) 

 

4.2.1.5.1.3 Repeatability (  ) 

Repeatability is defined as “a same failure occurring in a period of time for a device or 

component” by Jamshidi et al. (2015). Table 4.10 shows the linguistic terms and 

triangular fuzzy numbers applied    analysis. 

Table  4.10 Linguistic terms for evaluating the repeatability of failure 

Repeatability of failure (O3) Level Fuzzy numbers 

Occur same failure ≤ 1 month Very high (8.1, 8.8, 10) 

1 month ≤Occur same failure ≤ 3 month High (6.5, 7.5, 8.5) 

3 month ≤Occur same failure ≤ 6 month Moderate (3.7, 5.5, 7) 
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6 month ≤Occur same failure ≤ 12 month Low (1.7, 2.5, 4) 

Occur same failure ≥ 12 month Very low (0.9, 1.7, 2) 

 

4.2.1.5.2 Detection (D) 

Detection is described as “assume the failure has occurred and then assess the 

capabilities of all ‘current process control’ to prevent failure mode” by Potential Failure 

Mode and Effects Analysis (2008). Table 4.11 shows the linguistic terms and their fuzzy 

numbers used for evaluating the detection.  

Table  4.11 Fuzzy rating for the Detection assessment 

Detection Level Fuzzy numbers 

No chance of detection Very high (8.7, 9.6, 10) 

Remote or very low chance of detection High (7, 8.3, 9) 

Moderate chance of detection Moderate (4.1, 6, 7.5) 

high chance of detection Low (2.1, 3.9, 4.5) 

Almost certain chance of detection Very low (0.9, 1.5, 2.5) 
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4.2.1.5.3 Severity (S) 

Severity specifies the consequences of a failure on the internal or external customers 

that might occur during or after a process. Table 4.12 gives the linguistic terms for 

assessing the severity where seven membership functions are defined for severity. 

 In this research, severity includes three new sub-dimensions:   

Table  4.12 Fuzzy rating for the Severity assessment 

Severity Level Fuzzy numbers 

Extremely dangerous Extremely high (9.2, 9.8, 10) 

Very dangerous Very high (8, 8.8, 9.5) 

Dangerous High (6.6, 7.2, 8.2) 

Moderate danger Moderate (4, 5.5, 7) 

Low danger Low (2.6, 3.6, 4.8) 

Slight danger Very low (1.5, 2.5, 3) 

No danger None (0.9, 1.3, 1.7) 

 

4.2.1.5.3.1 Operator safety (S1) 

Operator safety refers to the effects of a failure on the equipment’s operators or 

maintenance personnel that can result in death, permanent or long-term injury and minor 

injury. Table 4.13 shows the linguistics scale and triangular fuzzy numbers used for 

evaluating the S1. 
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4.2.1.5.3.2 Customer safety (S2) 

A potential failure mode or defect in a final product can result in short-term or long-

term injury and even death to the customer. Table 4.13 shows the linguistic terms and 

their fuzzy numbers used for evaluating the S2. 

Table  4.13 Linguistic terms for evaluating the S1 & S2 

Consequences of  S1 & S2 Level Fuzzy numbers 

Death High (7.4, 8.9,  10) 

Permanent injury or long-term injury Moderate (3.7, 5.2, 8) 

Minor injury or no effects Low (0.9, 1.9, 4) 

 

4.2.1.5.3.3 Environmental effects (S3) 

Failure environmental impacts are an important issue that should be taken into 

account. Table 4.14 shows both the linguistics scale and triangular fuzzy numbers for 

evaluating S3. 

Table  4.14 Linguistic terms for evaluating the environmental effects 

Consequences of S3 Level Fuzzy numbers 

Huge consequence High (7.4, 8.9,  10) 

Moderate consequence Moderate (3.7, 5.2, 8) 

Minor or no consequence Low (0.9, 1.9, 4) 
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4.2.1.5.4 Computing RPN 

In the first phase, the appropriate membership functions are assigned to all sub-

dimensions for each failure mode using historical failure data of equipment and three 

experts’ ideas. Then, Fuzzy Inference System-1A (FIS-1A) and Fuzzy Inference System-

1B (FIS-1B) determined the Severity, occurrence, and detection. In the FIS-1A, operator 

safety (S1), customer safety (S2), and environmental effects (S3) are characterized as 

inputs and the severity is calculated as an output. In the FIS-1B, frequency (O1), visibility 

(O2), and repeatability (O3) are defined as inputs and the occurrence is computed as an 

output. Figures 4.4 and 4.5 describe the implementation of FIS-1A and FIS-1B. The IF-

THEN rules for these Fuzzy Inference Systems are provided in Appendix B.  

In the second phase, severity, occurrence, and detection through IF-THEN rules are 

applied to calculate the RPN. Fuzzy Inference System-2 (FIS-2) is constructed based on 

experts’ points of view and historical failure data of facilities. The implementation of 

FIS-2 is illustrated in Figure 4.6. The IF-THEN rules for this Fuzzy Inference Systems 

(FIS-2) are given in Appendix B.  

According to Driankov et al. (1996), the use of complex membership function like 

trapezoidal or Gaussian increase the complication of calculation without adding any 

significant benefits over use of computationally less complex membership function such 

as triangular function. Therefore, triangular fuzzy membership functions are considered 

for all variables. Due to the fact that the output of Mamdani FIS has the expressive power 



53 
 

and interpretability which is lost in the output of Sugeno FIS, Mamdani Fuzzy Inference 

System is used and the results are defuzzified by Center-of-area (COA) method. 

 

Figure  4.4 FIS-1A implementation 

 

Figure  4.5 FIS-1B implementation 

 

Figure  4.6 FIS-2 implementation 

 

In this study, three experts including maintenance manager, maintenance supervisor, 

and production manager are chosen that have different experience and knowledge. In 
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order to determine the relative importance among the experts, the Fuzzy AHP is applied 

to assign proper weights to experts.  

Main steps to prioritize the three experts using Fuzzy AHP are explained in the 

following subsection.  

4.2.1.6 Experts’ weights 

As mentioned earlier, the FAHP is a decision making method to rank and analyze 

alternatives in a hierarchal structure. Three alternatives are considered as experts (EX1, 

EX2, and EX3) with the three criteria: experience (  ), education (  ), and individual-

level knowledge (  ). The overall objective of performing FAHP is to prioritize the 

experts.  

- The first step is to break down the problem into a hierarchy structure as Figure 

4.7. The assessment criteria lie at the second level of the structure and the 

alternatives form the third level.  

- The second step is to develop the fuzzy pairwise comparison matrices. We utilize 

the linguistic terms and their corresponding triangular fuzzy numbers in Table 4.2 

to construct the evaluation matrices for all criteria and alternatives presented in 

4.15 to 4.18. Weight values ( ̃ ) are calculated by using Eqs. (16) - (17).  

- In the third step, the global ranking for alternatives (EX1, EX2, and EX3) is 

obtained through Eqs. (18)- (19). The fuzzy triangular numbers for each expert in 

Table 4.19 are defuzzifed by Eq. 16 where  (    stands for the experts rankings.   
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Figure  4.7. Hierarchical structure of AHP to prioritize experts 

 

Table  4.15 Evaluation of criteria using FAHP 

Linguistic Terms Fuzzy Terms 

 Education Experience 

Individual-

level 

Knowledge 

Education Experience 

Individual-level 

Knowledge 

 ̃  

Education - SI MI 1 (4, 5, 6) (2, 3, 4) (0.4, 0.59, 0.83) 

Experience  -  (1/6, 1/5, 1/4) 1 (1/8, 1/7, 1/6) (0.05, 0.07, 0.09) 

Individual-

level 

Knowledge 

 VSI - (1/4, 1/3, 1/2) (6, 7, 8) 1 (0.23, 0.32, 0.46) 
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Table  4.16 Evaluation of the alternatives with respect to education 

Linguistic Terms  Fuzzy Terms 

Education Expert 1 Expert 2 Expert 3 Expert 1 Expert 2 Expert 3 Weight 

Expert 1 - MI VSI 1 (2, 3, 4) (6, 7, 8) (0.36, 0.65, 1.03) 

Expert 2  - SI (1/4, 1/3, 1/2) 1 (4, 5, 6) (0.2, 0.28, 0.47) 

Expert 3   - (1/8, 1/7, 1/6) (1/6, 1/5, 1/4) 1 (0.06, 0.07, 0.11) 

 

Table  4.17 Evaluation of the alternatives with respect to experience 

Linguistic Terms  Fuzzy Terms 

Experience Expert 1 Expert 2 Expert 3 Expert 1 Expert 2 Expert 3 Weight 

Expert 1 -   1 (1/4, 1/3, 1/2) (1/8, 1/7, 1/6) (0.07, 0.09, 0.14) 

Expert 2 MI - MI (2, 3, 4) 1 (2, 3, 4) (0.35, 0.55, 0.83) 

Expert 3 VSI  - (6, 7, 8) (1/4, 1/3, 1/2) 1 (0.25, 0.35, 0.52) 

 

Table  4.18 Evaluation of the alternatives with respect to job 

Linguistic Terms  Fuzzy Terms 

Individual-

level 

Knowledge 

Expert 1 Expert 2 Expert 3 Expert 1 Expert 2 Expert 3 Weight 

Expert 1 - EMI MI 1 (8, 9, 10) (2, 3, 4) (0.48, 0.66, 0.88) 

Expert 2  -  (1/10, 1/9, 1/8) 1 (1/8, 1/7, 1/6) (0.04, 0.05, 0.07) 

Expert 3  VSI - (1/4, 1/3, 1/2) (6, 7, 8) 1 (0.22, 0.29, 0.41) 
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Table  4.19 Final ranking of experts 

 Education Experience 

Individual-level 

Knowledge Fuzzy 

Ranking 

 (    

Criteria 

Weights 

(0.4, 0.59, 0.83) (0.05, 0.07, 0.09) (0.23, 0.32, 0.46) 

Expert 1 (0.36, 0.65, 1.03) (0.07, 0.09, 0.14) (0.48, 0.66, 0.88) (0.26, 0.6, 1.27) 0.64 

Expert 2 (0.2, 0.28, 0.47) (0.35, 0.55, 0.83) (0.04, 0.05, 0.07) (0.11, 0.22, 0.50) 0.23 

Expert 3 (0.06, 0.07, 0.11) (0.25, 0.35, 0.52) (0.22, 0.29, 0.41) (0.09, 0.16, 0.33) 0.13 

 

Similar Fuzzy AHP approach is employed to determine the weight factors for sub-

dimensions and dimensions. The numbers “0.47, 0.47, and 0.06” are calculated for S1, S2, 

and S3, respectively. Moreover, “0.43, 0.38, and 0.19” are the weights assigned to O1, O2, 

and O3, respectively.   

4.2.2 Second step  

In the second step, four Key Performance Indicators (KPIs) are defined in order to 

evaluate the criticality of equipment. These KPIs take other aspects into account such as 

equipment reliability and economical issues that have significant effects on selection of 

the most preferred maintenance policy.  (These KPIs are not considered in FFMEA 

dimensions). Figure 4.9 describes the second step in detail. 
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Figure  4.8 Schematic of second step 

4.2.2.1 Key Performance Indicators (KPI)  

A Key Performance Indicator (KPI) determines how well a company meets the 

operational and strategic goals. The KPIs are performance measurement tools playing a 

key role in assessing system efficiency from point of cost or quality.  

Choosing appropriate KPIs for maintenance can be led to select a suitable 

maintenance policy besides maintenance performance improvement. In this thesis, a sort 

of key performance indicators (KPIs) are utilized to evaluate the criticality of equipment. 

Choosing the right KPIs rely on understanding of organization’s objectives. The KPIs can 

indicate the potential opportunities for improvement and highlight areas requiring further 

attention. A number of authors have provided several guidelines to choose appropriate 

KPIs. Jamshidi et al. (2015) and Taghipour et al. (2011) proposed a set of KPIs to 

analyze and compare different medical devices. Taghipour et al. (2011) considered six 

criteria containing ‘Mission criticality’, ‘Function’, ‘Age’, ‘Risk’, ‘Recalls and hazard 
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alerts’, and ‘Maintenance requirement’. In Jamshidi et al. (2015) study, seven criteria 

defined to compute the intensity of medical devices. Geum et al. (2011) defined 19 sub-

criteria for severity, occurrence, and detection to evaluate the service system. In this 

research, four KPIs including Mean Time To Repair (MTTR), Mean Time Between 

Failure (MTBF), Overall Equipment Effectiveness (OEE), and Maintenance Costs (MC) 

are considered to access the criticality of equipment. To have an exact evaluation, 

appropriate weights (  ) are assigned to the KPIs in accordance with the experts’ ideas. 

In the following subsections, these four KPIs are explained in detail:  

4.2.2.1.1 Mean Time To Repair (MTTR) 

Mean Time To Repair (MTTR) is the average time required to repair failed component 

and/or return it to normal operating conditions. 

 MTTR includes the time it takes to diagnose a problem, the time it takes to 

maintenance personnel start their work, and the time it takes to physically repair 

equipment. The MTTR impacts availability. It is computed as: 

     
         

 
           (21) 

Where,  
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4.2.2.1.2 Mean Time Between Failures (MTBF) 

Mean Time Between Failures (MTBF) is defined as “a stated period in the life of an 

item, the mean value of the length of time between consecutive failures, computed as the 

ratio of the total cumulative observed time to the total number of failures” (Smith, 2005). 

In other words, it can be described as the time between two failures for repairable 

equipment. Failure is the inability of equipment to meet the expected performance of a 

system.  

MTBF calculated in units of hours is often used to describe the reliability of a system. 

Therefore, selecting an appropriate method for MTBF calculation is crucial for 

equipment criticality assessment. The higher value of MTBF means the higher reliability 

of a system. The relationship between reliability and MTBF is expressed as: 

             
 (

    

    
)
           (22) 

  The MTBF is the ratio of the available time to the number of failures. Since during 

repairing time machines are not available, it is suggested to subtract MTTR from the 

conventional MTBF formula to have more accurate evaluation. The total available time 

represents the difference between ‘total time’ and ‘amount of unplanned stoppages time’. 

Material Stoppages and facilities adjustments are examples of unplanned stoppage time.  

The MTBF is computed as follows: 

     
  

 
 (

     

 
)  (

         

 
)  (

     

 
)                (23) 

Where, 
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4.2.2.1.3 Overall Equipment Effectiveness (OEE) 

Overall Equipment Effectiveness (OEE) is a quantitative KPI utilized in various 

industries for monitoring and improving production performance through measuring 

three factors: Performance, Quality, and Availability. In 1988, Nakajima defined OEE 

index in Total Productive Maintenance (TPM) (Nakajima 1988).  

The main purpose of OEE is to reduce or eliminate the inefficiency within planned 

production time. OEE consists of the six big losses that divided into three main 

categories: availability, performance, and Quality (Andersson et al. 2015).  

4.2.2.1.3.1 Six big losses 

- Downtime losses:  

When a breakdown occurs, the production will be stopped. Eliminating unplanned 

breakdown is necessary to improve the OEE.   

- Setup and adjustment (changeover) losses: 

Set up or adjustment is defined as the time between the last good product and the 

first good product after setup or adjustment. Warm-up time, changing molds or 

tools are several examples of setup losses.  

- Minor stoppage: 

Equipment may idle for several reasons such as material shortages. 
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- Reduced speed: 

It defines as the difference between ideal (desired) speed and actual speed of a 

device. 

- Start-up losses: 

At the beginning of production, some machinery need warm-up to meet the 

desired operational parameters.  

- Production rejects:  

When defect products (include rework and scrap) are produced, the equipment 

should be stopped to determine the causes of a problem. Producing defects or 

non-conforming products are considered in the OEE calculation 

As mentioned before, OEE is frequently applied as a performance indicator of equipment 

utilization. And it is a product of availability, performance and quality index.  

                                           (24) 

4.2.2.1.3.2 Availability 

Availability calculates the total time that a system does not operate due to a 

failure, set up, and other stoppage. The availability is the ratio of actual 

production time to the planned production time (Jonsson et al. 1999).  

             
                      

                       
                         (25) 

Where, ‘actual production time’ represents the difference between ‘planned 

production time’ and ‘downtime’. Downtime is defined as the total time that a system 

or machine is unavailable during the production time due to an error. 
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4.2.2.1.3.3 Performance 

According to Jonsson definition, performance computes the ratio of actual 

operating speed of the equipment and the ideal speed (Jonsson et al. 1999). 

            
                

(              
                ⁄ )

        (26) 

4.2.2.1.3.4 Quality 

It determines the quality losses. Reworks and scraps are considered to calculate 

the acceptable products.  

        
                   

              
                                        (27) 

The Figure 4.9 illustrates the OEE definition and calculation according to six big losses.  

 

Figure  4.9 Definition of OEE based on six big losses 

Table 4.20 illustrates the suggested value of OEE factors and corresponding OEE by 

Nakajima (Nakajima, 1988).   
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Table  4.20 Nakajima's suggested value for OEE 

       OEE factors       Ideal Value 

        Availability           90% 

        Performance           95% 

            Quality           99% 

             OEE           85% 

 

 

4.2.2.1.4 Maintenance Costs (MC) 

Due to the lack of maintenance tangible economic effects on an organization, it might 

be rejected. Maintenance costs such as labor force, spare parts, and training are easy to be 

identified and calculated. Organizations try to reduce these costs; however, indirect 

maintenance costs such as maintenance effects on product quality, loss of profit and 

opportunity loss are difficult to calculate.  

Factors that affect maintenance cost are divided into two categories: 

- Direct costs 

There can be three classifications of direct maintenance costs:  

- Routine inspections including man-hour used, material and spare parts 

- Failure repair including man-hour used, material and spare parts  

- Replacement including new components (spare parts), man-hour used 

- Indirect costs 

Indirect maintenance costs can be classified into four groups: 
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- Cost of downtime (hourly production labor rate *the amount of downtime) 

- Loss of profit  

- Loss of reputation  

- The amount of scraps and reworks produced because of equipment failures 

In this thesis, a new formula that contains direct and indirect maintenance cost is 

defined to compute the total Maintenance Cost (MC) as expressed in the following: 

 

                                                                (28) 

   (                                                (29) 

   (          (        (     )      (30) 

Where; 

                    

               

                 

                                (     

               

                       

                              

                 

                      (    
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                               (    

                             

4.2.2.2 Calculating the Criticality 

The criticality of equipment is calculated by using Taghipour’s methodology 

(Taghipour et al. 2011). This model may be simplified as follows: 

- First, various grades or membership functions are defined for each KPI. Five 

grades include; Very High, High, Moderate, Very Low, and Low are specified in 

this study.  

- Second, the analytical hierarchy process (AHP) has been used to construct the 

pairwise comparison matrix and allocate a score to each of grade based on the 

judgment of three experts. Results of this comparison are given in tables 4.21 -

4.24.   

- After that, the weight of each grade (  ) is computed as:  

   
(∏    

 
   )

 
 

∑ (∏    
 
   )

 
  

   

                      (31) 

                

                

                  

By finding   , the intensity for each KPI is calculated as:  

   
  

   (   
                           (32) 
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Tables 4.25 – 4.28 show the intensity for evaluating the MTTR, MTBF, OEE and 

Maintenance Costs. 

Now the total criticality for each facility is obtained by following equation: 

                  ∑     
 
             (33) 

                 

                

Table  4.21 Pairwise comparison matrix for MTTR 

MTTR VH H M L VL 

VH 1 3 4 6 8 

H 0.34 1 3 4 6 

M 0.25 0.34 1 2 3 

L 0.17 0.25 0.5 1 1.2 

VL 0.125 0.17 0.34 0.84 1 

 

Table  4.22 Pairwise comparison matrix for MTBF 

MTBF VH H M L VL 

VH 1 4 6 8 9 

H 0.25 1 5 6 8 

M 0.17 0.2 1 4 2 

L 0.13 0.17 0.25 1 2 

VL 0.12 0.13 0.5 0.5 1 
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Table  4.23 Pairwise comparison matrix for OEE 

OEE VH H M L VL 

VH 1 3 5 7 9 

H 0.34 1 4 5 7 

M 0.2 0.25 1 2 1.5 

L 0.14 0.5 0.5 1 1.1 

VL 0.12 0.14 0.67 0.91 1 

 

Table  4.24 Pairwise comparison matrix for Maintenance Costs 

Maintenance 

Costs  

VH H M L VL 

VH 1 2 5 7 9 

H 0.5 1 3 5 7 

M 0.2 0.34 1 3 5 

L 0.14 0.2 0.34 1 2 

VL 0.12 0.14 0.2 0.5 1 
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Table  4.25 Intensity for evaluating the MTTR 

MTTR  Grade ∏    

 

   
 √∏   

 

   

 

 
   

∏    
 
   

√∏    
 
   

 

    
  

   (   
 

VH MTTR≥  month 576 3.57 0.5 1 

H 

  week MTTR   

month 
24.48 1.9 0.27 0.54 

M 

 day MTTR   

week 

0.51 0.87 0.12 0.24 

L   hr MTTR   day 0.03 0.5 0.07 0.14 

VL 
MTTR≤ 1hr 

0.01 0.36 0.05 0.1 

 ∑       

 

Table  4.26 Intensity for evaluating the MTBF 

MTBF Grade ∏    

 

   
 √∏   

 

   

 

 
   

∏    
 
   

√∏    
 
   

 

 

  

 
  

   (   
 

VH MTBF   weeks 1728 4.44 0.54 1 

H 

  weeks MTBF 4 

weeks 

60 2.27 0.28 0.52 
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M 

4 weeks MTBF   

months 

0.272 0.77 0.09 0.17 

L 

3 months MTBF   

months 

0.01 0.41 0.05 0.09 

VL MTBF≥   months 0.004 0.33 0.04 0.07 

                            ∑        

  

 

Table  4.27 Intensity for evaluating the OEE 

OEE Grade ∏    

 

   
 √∏   

 

   

 

 
   

∏    
 
   

√∏    
 
   

 

    
  

   (   
 

VH OEE≤40 945 3.94 0.51 1 

H 40≤OEE≤55 47.6 2.17 0.28 0.55 

M 55≤OEE≤70 0.375 0.82 0.11 0.21 

L 70≤OEE≤85 0.02 0.46 0.06 0.12 

VL OEE≥ 85 0.01 0.40 0.05 0.10 

        ∑        

 

 



71 
 

Table  4.28 Intensity for evaluating the Maintenance Costs 

Maintenance 

Costs 

Grade 

∏    

 

   
 √∏   

 

   

 

 
   

∏    
 
   

√∏    
 
   

 

    
  

   (   
 

VH MC≥  630 3.63 0.48 1 

H 4 MC   52.5 2.21 0.29 0.6 

M   MC 4 1.02 1.01 0.13 0.27 

L   MC   0.02 0.46 0.06 0.125 

VL MC    0.002 0.29 0.04 0.08 

       ∑      

 

4.2.3 Third step 

Maintenance concept is defined as “a set of various maintenance interventions 

(corrective, preventive, and condition-based), and the general structure in which these 

interventions are brought together” (Pintelon et al. 1999). Maintenance policies can be 

divided into three categories; Corrective maintenance (CM) or Failure-based 

Maintenance (FBM), Preventive maintenance (PM), and Condition based maintenance 

(CBM). 
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4.2.3.1 Corrective Maintenance (CM) or Failure-based Maintenance (FBM) 

Corrective Maintenance (CM) concentrates on the identification of failure causes from 

the failure phenomenon (Wang et al. 2014). It is a repair activity to retrieve a broken 

component to the specified operational state.  

One or all of the following activities may perform in CM: failure location, failure 

isolation, decomposition, replace, reinstall, adjustment, verification and fix the damaged 

components (Fang et al. 2015).  

4.2.3.2 Preventive Maintenance (PM) 

The concept of PM is based on replacing, overhauling and/or reproducing a system at 

fixed or adaptive time intervals, without considering the real condition of system (Coria 

et al. 2015). In preventive maintenance model, the distribution of the system failure is 

commonly assumed to be known (Jonge et al. 2015). The PM actions are performed at 

predetermined times while the equipment is still operating. It helps a system to keep its 

reliability at a desired level (Doostparast et al. 2014). 

PM actions can be divided into three groups: (Doostparast et al. 2014)  

- Inspection only: doing simple and basic services such as cleaning dust, 

lubricating, adjusting, tightening the loose components, and adding supplements 

like water or oil. This category keeps systems on a normal operating condition. 

This type-action does not need a lot of resources and tools. Although inspection 

could not improve the reliability and availability of the system, it reduces the rate 

of degradation.  
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- Low level repair: this action includes replacing of a simple component such as 

belts, bearings, and seals, as well as repairing expensive parts such as engine 

overhauls.  

- High level repair (replacement): it is the highest level and the most resource 

demanding type of PM activities. This category involves replacement of sub 

systems or major components with new ones. This category also uses for key 

components to prevent serious breakdowns to the whole system. 

4.2.3.3 Condition-based Maintenance (CBM) 

Condition-based Maintenance (CBM) is a predictive strategy indicating the equipment 

condition and predicting the failure time with monitoring techniques such as lubrication 

and oil analysis, ultrasonic testing, vibration monitoring, and infrared thermography. An 

ideal condition monitoring can predict the time and type of a failure by receiving data and 

applying techniques for the operational status of system simulation (Van Wyk et al. 

2003).  

CBM reduces the uncertainty of maintenance activities by the equipment condition 

measurement; therefore, unnecessary inspections are eliminated (Shin et al. 2015). 

Moreover, it reduces the equipment failure comparing with other maintenance strategies 

because of its prediction ability. In spite of CBM advantages, it has several limitations 

such as requiring high investment and availability of adequate monitoring hardware (Shin 

et al. 2015).  
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4.2.3.4 Allocating the best maintenance strategy 

Once risk and criticality values for all devices are calculated, next step is the best 

maintenance strategies allocation. In order to consider the uncertainty and vagueness in 

evaluation process, a new fuzzy approach is utilized considering RPN and Criticality of 

equipment. Fuzzy Inference System-3 (FIS-3) as illustrated in Figure 4.10 selects the 

most suitable maintenance policies.  

RPN and Criticality are designed as the inputs of this Mamdani FIS. Tables 4.29 and 

4.30 give the linguistic scales and their triangular fuzzy number employed for RPN and 

Criticality assessments. Three maintenance policies contain; CM, PM, and CBM are 

defined as the output. IF-THEN rules provided in Appendix B are derived based on 

experts’ points of view.  

 

Figure  4.10 FIS-3 implementation 
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Table  4.29 Linguistic terms for the RPN 

Linguistic terms Fuzzy numbers 

None (N) (1, 1.7, 2) 

Very Low (VL) (1.8, 2.5, 3.6) 

Low (L) (3.3, 4.4, 5) 

Moderate (M) (4.8, 5.8, 7) 

High (H) (6.7, 7.3, 8) 

Very High (VH) (7.8, 8.4, 9) 

Extremely high (EH) (8.8, 9.5, 10) 

 

Table  4.30 Linguistic terms for the Criticality 

Linguistic terms Fuzzy numbers 

None (N) (1, 1.7, 2) 

Very Low (VL) (1.8, 2.5, 3.6) 

Low (L) (3.3, 4.4, 5) 

Moderate (M) (4.8, 5.8, 7) 

High (H) (6.7, 7.3, 8) 

Very High (VH) (7.8, 8.4, 9) 

Extremely high (EH) (8.8, 9.5, 10) 
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Chapter 5 

5 Case study 

 

According to Yin (2007) when a researcher wants to show how or why a certain action 

succeeded or failed, the case study is the best way to answer it.  

The case study is conducted in AR MACHINE Company to present how to apply the 

MPS method in maintenance management.  

5.1 Introduction 

AR MACHINE Company is an automobile parts (steel wheel) manufacturer with an 

annual production capacity of 1,000,000 parts. It is one of the leading manufacturers of 

automotive wheels in Iran established in 1973.  

Wheel is one of the most critical parts of automotive that is comprised of Rim and 

Disk. Rim is the outer part of the wheel holding the tire and disk is the center part of 

wheel. Figures 5.1 and 5.2 show a picture of Disk and Rim, receptively. And a picture of 

wheel is shown in Figure 5.3. 

AR MACHINE Company has three production lines: Rim Line, Disk Line, and 

Painting Line. In this research, the Rim Line is chosen that contains 15 work stations. 

Rim line consists of producing Rim and assembly the Rim and Disk. This line has the 

highest cycle time (or lower production speed) in comparison with Disk and Painting 

Line. Therefore, it has more risk of failure and the optimized maintenance selection will 
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be more meaningful for improving reliability and cost saving. Since Rim Line considered 

as the bottle neck of the company causes more downtime in production process and 

wastes higher cost, it is chosen for the case study. 

The maintenance policy in this company is Preventive Maintenance (PM). However 

due to absence reliable data and disorder in administrative programs, the preventive 

maintenance occasionally has changed to Failure-based Maintenance (FBM) which 

caused maintenance system to lose its effectiveness. The proposed MPS methodology 

analyzes a real problem and provides an efficient way to achieve clear and 

understandable idea in order to reduce imposed costs in the maintenance process. 

 

 

Figure  5.1 A picture of Rim 

 

Figure  5.2 A picture of Disk 
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Figure  5.3 A picture of steel Wheel 

5.2 Data collection 

The data collection is a prerequisite to perform the MPS. For the Rim line, it is 

necessary to collect the drawing of equipment, list of spare parts, the maintenance 

requirement for each device, the historical records of failures, system safety, and cost. 

The data are recorded in different departments such as quality assurance and financial.  

In this case study, the required data are obtained from: 

 The maintenance historical records of Rim line  

 The maintenance monthly reports of KPIs 

 Interview with maintenance management, production manager, and maintenance 

supervisor 

 The author’s experience 

 The production report of downtimes 

 Maintenance manuals and procedures 

 Catalogues and drawings of devices 

 Monthly report of storage department for list of spare parts 

 Inspection daily reports of equipment by maintenance inspectors 
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5.3 Selecting the best maintenance strategies for AR MACHINE Company’s 

equipment 

There are three main headlines for the proposed method implemented in AR MACHINE 

Company: 

5.3.1 First step: risk assessment 

The conventional FMEA has a number of drawbacks; hence to overcome to these 

deficiencies, fuzzy approach is used to calculate the RPN.   

First, a cross-functional team extracts potential failure modes, their causes and 

consequences for all equipment in Rim Line of the Company. Appendix A illustrates the 

classification of failure modes for all facilities. A total of 71 potential failure modes were 

identified for 15 machines of this line.  

After the determination of the failure modes, the appropriate membership functions 

are assigned to sub-dimensions (operator safety (S1), customer safety (S2), environmental 

effects (S3), repeatability (O1), visibility (O2), and frequency (O3)) by using experts’ ideas 

as shown in Appendix A. We consider three experts including maintenance manager, 

production manager, and maintenance supervisor.  

In the first phase, FIS-1A and FIS-1B are utilized to calculate the severity, and the 

occurrence. Triangular membership function is considered for all of them. All decision 

rules in FIS-1A and FIS-1B are listed in Appendix B. Subsequently in the second phase, 

FIS-2 is employed to compute the RPN as expressed in Figure 4.6. A complete list of all 

fuzzy IF-THEN rules in FIS-2 is shown in Appendix B.  

Furthermore, the weight factor for S1, S2, S3, O1, O2, and O3 through a FAHP is 

obtained as 0.47, 0.47, 0.06, 0.43, 0.38, and 0.19, respectively.  
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The final results of risk assessment are presented in Table 5.1. According to this table, 

Assembly Welding and Weld Rolling have the highest and lowest ranking among other 

machines, respectively. 

Table  5.1 RPN values for equipment 

Process Name RPN 

Cut to length 3.97 

Coiler Marker Flattener 3.51 

AC Flash But Welding 4.92 

Trimming 2.94 

Weld Rolling 2.89 

Side Trimming 7.02 

Flare Press 5.07 

Roll Forms 4.29 

Expanding 5.06 

Valve Hole Pressing 3.44 

Deburring Press 4.52 

Assembly 3.87 

Assembly Welding 8.63 

Run Out Pressing 8.47 

Measuring 3.74 
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Following figure 5.4 provides the graphical user interface developed for representing 

Severity, Occurrence, RPN, and MPS values regarding to the dependent inputs. 

 

Figure  5.4 GUI for MPS 

5.3.2 Second step:  criticality assessment 

All the KPIs include MTTR, MTBF, OEE, and Maintenance Costs are computed by 

using Eqs. (21) - (30). Tables 5.2 – 5.5 indicate the amount of KPIs for all facilities. The 

amount of maintenance costs is rationally estimated because of restrictions on revealing 

detailed financial information of the Company. Fuzzy AHP method is applied to 

determine the relative importance between the KPIs (Wi) by considering three experts’ 

ideas. The weight factors for MTTR, MTBF, OEE, and Maintenance Cost are achieved as 

0.17, 0.33, 0.22, and 0.28, respectively.  

Finally, the total criticality score for every single device is obtained by Eq. 33 as 

shown in table 5.6.  
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According to this table, ‘Run Out Pressing’ and ‘Cut To Length’ have the highest and 

lowest rankings, respectively.    

Table  5.2 MTTR value 

Process Name 
MTTR 

Cut to Length 
7.8 

Coiler Marker Flattener 
34.2 

AC Flash But Welding 
85 

Trimming 
41.6 

Weld Rolling 
207 

Side Trimming 
37.23 

Flare Press 
42.5 

Roll Forms 
56 

Expanding 
406 

Valve Hole Pressing 
40.9 

Deburring Press 
21 

Assembly 
4.5 

Assembly Welding 
3.9 

Run Out Pressing 
306.4 

Measuring 
0.4 
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Table  5.3 MTBF value 

Process Name 
MTBF 

Cut to Length 
271.1 

Coiler Marker Flattener 
160 

AC Flash But Welding 
40 

Trimming 
479 

Weld Rolling 
680 

Side Trimming 
113.7 

Flare Press 
126.93 

Roll Forms 
65.7 

Expanding 
589 

Valve Hole Pressing 
785.32 

Deburring Press 
1011.3 

Assembly 
232.9 

Assembly Welding 
32 

Run Out Pressing 
13.46 

Measuring 
448.5 
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Table  5.4 OEE value 

Process Name 
OEE 

Cut to Length 
78 

Coiler Marker Flattener 
80 

AC Flash But Welding 
54.5 

Trimming 
60.6 

Weld Rolling 
82 

Side Trimming 
55.8 

Flare Press 
70 

Roll Forms 
81.7 

Expanding 
48 

Valve Hole Pressing 
88.4 

Deburring Press 
39.6 

Assembly 
75 

Assembly Welding 
47.5 

Run Out Pressing 
65.3 

Measuring 
70.1 
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Table  5.5 Maintenance Costs value 

Process Name 
MC 

Cut to Length 
1.6 

Coiler Marker Flattener 
1.64 

AC Flash But Welding 
2.7 

Trimming 
2.54 

Weld Rolling 
2.8 

Side Trimming 
1.77 

Flare Press 
7.3 

Roll Forms 
6.1 

Expanding 
4.8 

Valve Hole Pressing 
5 

Deburring Press 
3.85 

Assembly 
2.66 

Assembly Welding 
5.24 

Run Out Pressing 
4.7 

Measuring 
2.63 
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Table  5.6 Total criticality values 

Process Name 

Intensity Total 

Criticality MTTR MTBF OEE MC 

Cut to Length 
0.14 0.17 0.12 0.08 0.1287 

Coiler Marker 

Flattener 

0.24 0.52 0.12 0.125 0.2738 

AC Flash But 

Welding 

0.54 1 0.55 0.27 0.6184 

Trimming 
0.24 0.17 0.21 0.27 0.2187 

Weld Rolling 
0.54 0.17 0.12 0.27 0.2499 

Side Trimming 
0.24 0.52 0.21 0.125 0.2936 

Flare Press 
0.24 0.52 0.21 0.60 0.4266 

Roll Forms 
0.24 1 0.12 0.60 0.5652 

Expanding 
1 0.17 0.55 0.60 0.5151 

Valve Hole 

Pressing 

0.24 0.09 0.10 0.60 0.2605 

Deburring Press 
0.24 0.09 1 0.27 0.3661 

Assembly 
0.14 0.52 0.12 0.27 0.2974 

Assembly Welding 
0.14 1 0.55 0.60 0.6428 

Run Out Pressing 
1 1 0.21 0.60 0.7142 

Measuring 
0.1 0.17 0.12 0.27 0.3281 

 

5.3.3 Step 3. Implementing the maintenance policy selection 

In this step, FIS-3 is applied to determine the most suitable maintenance strategy for 

each facility based on the RPN and the criticality. A complete list of all fuzzy IF-THEN 

rules in FIS-3 is shown in Appendix B. 
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Table 5.7 presents the final result of Maintenance Policy Selection (MPS) for all 

equipment of Rim Line.  

Table  5.7 MPS results 

Process Name RPN Criticality MPS 

Cut to length 3.97 (L) 0.1287 (N) CM 

Coiler Marker Flattener 3.51 (VL) 0.2738 (VL) CM 

AC Flash But Welding 4.92 (M) 0.6184 (M) PM 

Trimming 2.94 (VL) 0.2187 (VL) CM 

Weld Rolling 2.89 (VL) 0.2499 (VL) CM 

Side Trimming 7.02 (H) 0.2936 (VL) PM 

Flare Press 5.07 (M) 0.4266 (L) PM 

Roll Forms 4.29 (L) 0.5652 (M) PM 

Expanding 5.06 (M) 0.5151 (M) PM 

Valve Hole Pressing 3.44 (L) 0.2605 (VL) CM 

Deburring Press 4.52 (L) 0.3661 (L) PM 

Assembly 3.87 (L) 0.2974 (VL) CM 

Assembly Welding 8.63 (VH) 0.6428 (M) PM 

Run Out Pressing 8.47 (VH) 0.7142 (H) CBM 

Measuring 3.74 (L) 0.3281 (VL) CM 
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Chapter 6 

6 Conclusion and Discussion 

 

6.1 Summary 

In this research, a method has been developed in order to improve the Maintenance 

Policy Selection (MPS) techniques for each piece of equipment. The importance of 

equipment criticality and risk values has been shown in MPS problems.  In the first step, 

a combination of Fuzzy Failure Mode and Effects Analysis (FFMEA) and Fuzzy Analytic 

Hierarchy Process (FAHP) are applied to calculate the risk of equipment. In order to 

compute the Risk Priority Number, different new sub-dimensions are identified for 

Severity, Occurrence, and Detection. Three domain experts with different knowledge and 

experience are considered to identify the weights for all sub-dimensions and dimensions. 

Fuzzy approach is used to consider uncertainty in experts’ point of view. In addition, 

fuzzy AHP is utilized to determine the weight factors of three experts. In the second step, 

equipment criticality as an important factor has been calculated to assign maintenance 

strategies to devices. Four Key Performance Indicators (KPIs) are defined to assess the 

criticality of equipment and improve the decision accuracy.  Finally, a new fuzzy 

approach is proposed to allocate the most appropriate maintenance strategies to devices 

based on their criticality and risk values. The proposed model is applied in AR 

MACHINE Company, a leading automotive parts manufacturing in Iran, to illustrate the 

applicability and efficiency of the approach. The technique demonstrated in the research 

is applicable to different industries for selecting the best maintenance strategies.  
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Since it is a new MPS model, doing sensitivity analysis and comparison with other 

method is not applicable.  

6.2 Contributions 

Maintenance management performance is in a direct relation with maintenance policy 

selection. This thesis suggests an applicable MPS method to reduce the operating cost 

and the business risk while improving the reliability by using a modified Fuzzy FMEA 

and Fuzzy AHP for the risk and criticality of equipment computations.   

Following points are the main contributions of this project: 

- In the proposed framework, a new fuzzy method is applied to assign right 

maintenance strategy to machines. This method evaluates both risk and criticality 

of equipment by defining a database of fuzzy IF-THEN rules. It considers 

ambiguous and vague information in the evaluation process. 

- Three experts with different knowledge are considered to achieve more precise 

and accurate evaluation. Furthermore, Fuzzy AHP is utilized to prioritize the 

experts. 

- A comprehensive and modified method is introduced to calculate the MTBF and 

Maintenance Costs. Both direct and indirect costs are considered in computing 

Maintenance costs. 

- A combination of Fuzzy FMEA and FAHP is used to risk assessment. And 

criticality of equipment is obtained through calculating the KPIs and applying 

FAHP.  
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6.3 Future work 

For future works, we recommend further investigation into the proposed method. The 

sensitivity analysis can be coupled with the proposed method to certify the effectiveness 

of it. The fuzzy approach can be used in the second step of the proposed methodology 

and the obtained results can be evaluated.  
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8 Appendices 

Appendix A 
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Pneumatic Failure 

1 (0.64) L L M L VL L L 

2 (0.23) L L L VL VL L VL 

3 (0.13) M L L L L L L 

Chang Setting 

1 (0.64) L L L L L VL H 

2 (0.23) L L L L L VL M 

3 (0.13) L L L M VL L M 

Cutting power 

transmission shaft 

1 (0.64) L L L M L M VH 

2 (0.23) M L L M L M H 

3 (0.13) L L L L VL L H 

Grease leaking and 
burning out 

1 (0.64) M L L H VL H L 

2 (0.23) L M L M L M VL 

3 (0.13) M L M M L M VL 

Axle failure 

1 (0.64) L L L VL M VL H 

2 (0.23) L L L L M L H 

3 (0.13) L L L VL L L M 

Mold failure 

1 (0.64) M L L VL VL VL H 

2 (0.23) H L L VL H L VH 

3 (0.13) M M M L VL VL H 

Shaft failure 

1 (0.64) L L L L L L M 

2 (0.23) L L L L M M M 

3 (0.13) L L M M M M M 

Hose crack 

1 (0.64) L L L VL M VL L 

2 (0.23) M M L VL L VL L 

3 (0.13) M M L VL L VL VL 

Reduce lubricant 

1 (0.64) L L L VL VL VL L 

2 (0.23) L L M L VL L L 

3 (0.13) L L M L VL L L 

Short circuit 

1 (0.64) H L L L VL L H 

2 (0.23) H L L VL VL M H 

3 (0.13) H L M VL L M VH 
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C
o
il

er
 M

a
rk

er
 F

la
tt

en
er

 

Mold failure 

1 (0.64) L L L L VL L M 

2 (0.23) M L M VL VL VL M 

3 (0.13) M L M VL VL VL H 

Roller failure 

1 (0.64) L L L L L L H 

2 (0.23) M L L L L L M 

3 (0.13) M L L VL VL L M 

Bearing corrosion 

1 (0.64) L L L VL M VL M 

2 (0.23) L L L L H VL M 

3 (0.13) L L L L M L L 

Bearing failure 

1 (0.64) L L L L L M H 

2 (0.23) M L L VL L M H 

3 (0.13) M L L L M L M 

Short circuit 

1 (0.64) H L L VL L L H 

2 (0.23) H L L VL L L H 

3 (0.13) H L L VL M M VH 

Reduce lubricant 

1 (0.64) L L M VL L VL M 

2 (0.23) L L M L VL L M 

3 (0.13) M L L VL VL VL M 

A
C

 F
la

sh
 B

u
t 

W
el

d
in

g
 

Oil contamination 

1 (0.64) L L L L L L M 

2 (0.23) M L L VL L L H 

3 (0.13) L L L VL M VL M 

Short circuit 

1 (0.64) H L L VL VL VL H 

2 (0.23) H L L VL VL L M 

3 (0.13) H L L VL VL L M 

Increasing the machine 

temperature 

1 (0.64) L L L L L L L 

2 (0.23) L L L L L VL L 

3 (0.13) L L L VL VL VL L 

T
ri

m
m

in
g
 

Roller corrosion 

1 (0.64) L L L M L M L 

2 (0.23) L L L L M L VL 

3 (0.13) L L L M M L VL 

Short circuit 

1 (0.64) H L L VL VL VL M 

2 (0.23) H L L VL VL VL M 

3 (0.13) H L L VL VL L L 

Burning up Electro 

Motor 

1 (0.64) M L L L L L L 

2 (0.23) L L L L L L M 

3 (0.13) M L L L VL M M 

Bearing corrosion 

1 (0.64) L L L VL L L M 

2 (0.23) L L L L L M H 

3 (0.13) L L L M VL L H 

W
el

d
 R

o
ll

in
g
 

Bearing corrosion 

1 (0.64) L L L M L M M 

2 (0.23) L L L L VL L L 

3 (0.13) M L L L VL L L 

Short circuit 

1 (0.64) H L L VL VL L L 

2 (0.23) H L L VL VL L L 

3 (0.13) H L L VL VL M L 
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Burning up Electro 

Motor 

1 (0.64) M L L VL L L VL 

2 (0.23) L L L L L VL VL 

3 (0.13) M L L L M VL L 

S
id

e 
T

ri
m

m
in

g
 

Bearing corrosion 

1 (0.64) L L L VL L L M 

2 (0.23) L L L L VL L M 

3 (0.13) M L L L VL M L 

Decreasing oil 

1 (0.64) L L L M M H H 

2 (0.23) M L L H L H VH 

3 (0.13) L L M H M H M 

F
la

re
 P

re
ss

 

Increasing the machine 

temperature 

1 (0.64) M L L M L M M 

2 (0.23) M L L M M M L 

3 (0.13) L L L M L H L 

Oil contamination 

1 (0.64) L L L H M M M 

2 (0.23) L L M H L M M 

3 (0.13) M L L VH L H M 

Tearing filter 

1 (0.64) L L L H H H H 

2 (0.23) L L L VH H VH H 

3 (0.13) M L L H M VH M 

Short circuit 

1 (0.64) H L L VL VL VL M 

2 (0.23) H L L VL VL VL H 

3 (0.13) H L L VL VL L M 

Burning up Electro 

Motor 

1 (0.64) L L L L L M L 

2 (0.23) M L L M L L L 

3 (0.13) M L L M VL L L 

R
o

ll
 F

o
rm

s 

Cylinder and roller 

corrosion 

1 (0.64) L L L L L VL M 

2 (0.23) M L L L L L M 

3 (0.13) M L L M VL L M 

Bearing corrosion 

1 (0.64) L L L L L VL VH 

2 (0.23) L L L L L L H 

3 (0.13) L L L M M L H 

Cylinder failure 

1 (0.64) L L M H L M H 

2 (0.23) M L L H M H M 

3 (0.13) M L M H M H M 

Short circuit 

1 (0.64) H L L VL VL VL M 

2 (0.23) H L L VL VL L M 

3 (0.13) H L L VL VL L M 

Shaft sticking 

1 (0.64) L L L L L M L 

2 (0.23) L L L M M M L 

3 (0.13) L L L M M L VL 

E
x

p
a
n

d
in

g
 Cylinder and roller 

corrosion 

1 (0.64) L L L L L M M 

2 (0.23) M L L M M L M 

3 (0.13) M L L M M M H 

Short circuit 

1 (0.64) H L L VL VL VL M 

2 (0.23) H L L VL VL VL M 

3 (0.13) H L L VL VL VL M 
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Tearing filter 

1 (0.64) L L L H VL VH H 

2 (0.23) L L M VH L H H 

3 (0.13) M L L H L H H 

Oil contamination 

1 (0.64) L L M H VL M H 

2 (0.23) L L L M VL H M 

3 (0.13) M L L M VL H M 

Burning up Electro 

Motor 

1 (0.64) L L L M L M M 

2 (0.23) L L L H M M L 

3 (0.13) L L L H M H L 

V
a

lv
e 

H
o

le
 P

re
ss

in
g
 

Cylinder and roller 

corrosion 

1 (0.64) M L M H L M M 

2 (0.23) M L L M L H M 

3 (0.13) L L L M M VH M 

Roller failure 

1 (0.64) L L L L M VL L 

2 (0.23) L L L L M L L 

3 (0.13) L L L L L L VL 

Short circuit 

1 (0.64) H L L VL VL L M 

2 (0.23) H L L VL VL VL H 

3 (0.13) H L L VL VL L M 

Locking roller 

1 (0.64) L L L L VH VL L 

2 (0.23) L L L L H L L 

3 (0.13) L L L M H L L 

Burning up Electro 

Motor 

1 (0.64) M L L VL M L L 

2 (0.23) M L L VL L VL VL 

3 (0.13) L L L VL L VL L 

D
eb

u
ri

n
g
 P

re
ss

 

Cylinder and roller 

corrosion 

1 (0.64) M L L M M H M 

2 (0.23) M L L M L M M 

3 (0.13) L L L L L M H 

Coupling Rupturing 

1 (0.64) L L L L M L M 

2 (0.23) L L L L M L H 

3 (0.13) L L L M L M M 

Short circuit 

1 (0.64) H L L VL VL L M 

2 (0.23) H L L VL VL VL H 

3 (0.13) H L L VL L VL M 

Oil contamination 

1 (0.64) M L L L M M M 

2 (0.23) L L M L M L H 

3 (0.13) M L M VL M L M 

Burning up Electro 

Motor 

1 (0.64) L L L L L VL L 

2 (0.23) M L M L L VL L 

3 (0.13) M L L M M L L 

Oil reducing 

1 (0.64) M L H VL L L M 

2 (0.23) H M M VL L M M 

3 (0.13) H M M VL VL M M 
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A
ss

em
b

ly
 

Filter Rupturing 

1 (0.64) L L M M L L M 

2 (0.23) L L M M M M M 

3 (0.13) L L L L M M H 

Coupling tearing 

1 (0.64) M L L L M L M 

2 (0.23) L L L L L L L 

3 (0.13) L L L VL L L L 

Short circuit 

1 (0.64) H L L VL VL L M 

2 (0.23) H L L VL L VL M 

3 (0.13) H L L VL L VL H 

Parts Breaking & 

Cracking 

1 (0.64) M L L L M M M 

2 (0.23) L L L L H L H 

3 (0.13) L L L L H L H 

Oil contamination 

1 (0.64) M L M M M M M 

2 (0.23) L L M M L L M 

3 (0.13) M L M L L L H 

A
ss

em
b

ly
 W

el
d

in
g
 Weld rupture 

1 (0.64) M H L M VL M M 

2 (0.23) L H L M VL M L 

3 (0.13) L H L H VL L L 

Incomplete weld 

1 (0.64) L H L H L VH VL 

2 (0.23) L H L M M H VL 

3 (0.13) M H L M M M L 

Stop in spraying 

1 (0.64) H H M H L H VL 

2 (0.23) M H L VH L H VL 

3 (0.13) H H L VH L H L 

R
u

n
 O

u
t 

P
re

ss
in

g
 

Filter Rupturing 

1 (0.64) M L L M M M L 

2 (0.23) H L L H M M M 

3 (0.13) H L L M M H M 

Break & crack parts of 

machine 

1 (0.64) M L M M L H M 

2 (0.23) H L M L M H M 

3 (0.13) H L L L M M M 

Burning up Electro 

Motor 

1 (0.64) M L L L M M L 

2 (0.23) M L L VL L M L 

3 (0.13) L L L VL L M M 

Short circuit 

1 (0.64) H L L VL L L M 

2 (0.23) H L L VL VL L H 

3 (0.13) H L L VL L VL M 

M
ea

su
ri

n
g
 

Sensor stop 

1 (0.64) L L L M L L M 

2 (0.23) M L L L VL L M 

3 (0.13) M L L L L M L 

Short circuit 

1 (0.64) H L L VL L L M 

2 (0.23) H L L VL M VL M 

3 (0.13) H L L VL L VL H 

Burning up Electro 

Motor 

1 (0.64) M L L L L L M 

2 (0.23) M L L L M L L 

3 (0.13) L L L M L VL L 



102 
 

Bearing crush 

1 (0.64) L L L VL M L L 

2 (0.23) L L L VL H L L 

3 (0.13) L L L VL H L L 

Decreasing oil 

1 (0.64) H M M L L VL VL 

2 (0.23) M L L L M L VL 

3 (0.13) H L L M M L VL 
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Appendix B 

Phase 1: FIS1-A 

1. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is N) (1)  

2. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is L) then 

(Severity is N) (1)  

3. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is M) then 

(Severity is VL) (1)  

4. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is H) then 

(Severity is VL) (1)  

5. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is VH) 

then (Severity is L) (1)  

6. If (Operatoe_safety is VL) and (Customer_safety is L) and (Envionmental_effects is VL) then 

(Severity is N) (1)  

7. If (Operatoe_safety is VL) and (Customer_safety is L) and (Envionmental_effects is L) then 

(Severity is VL) (1)  

8. If (Operatoe_safety is VL) and (Customer_safety is L) and (Envionmental_effects is M) then 

(Severity is VL) (1)  

9. If (Operatoe_safety is VL) and (Customer_safety is L) and (Envionmental_effects is H) then 

(Severity is L) (1)  

10. If (Operatoe_safety is VL) and (Customer_safety is L) and (Envionmental_effects is VH) then 

(Severity is L) (1)  

11. If (Operatoe_safety is VL) and (Customer_safety is M) and (Envionmental_effects is VL) 

then (Severity is VL) (1)  

12. If (Operatoe_safety is VL) and (Customer_safety is M) and (Envionmental_effects is L) then 

(Severity is VL) (1)  

13. If (Operatoe_safety is VL) and (Customer_safety is M) and (Envionmental_effects is M) then 

(Severity is L) (1)  
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14. If (Operatoe_safety is VL) and (Customer_safety is M) and (Envionmental_effects is H) then 

(Severity is L) (1)  

15. If (Operatoe_safety is VL) and (Customer_safety is M) and (Envionmental_effects is VH) 

then (Severity is L) (1)  

16. If (Operatoe_safety is VL) and (Customer_safety is H) and (Envionmental_effects is VL) then 

(Severity is VL) (1)  

17. If (Operatoe_safety is VL) and (Customer_safety is H) and (Envionmental_effects is L) then 

(Severity is L) (1)  

18. If (Operatoe_safety is VL) and (Customer_safety is H) and (Envionmental_effects is M) then 

(Severity is L) (1)  

19. If (Operatoe_safety is VL) and (Customer_safety is H) and (Envionmental_effects is H) then 

(Severity is L) (1)  

20. If (Operatoe_safety is VL) and (Customer_safety is H) and (Envionmental_effects is VH) 

then (Severity is M) (1)  

21. If (Operatoe_safety is VL) and (Customer_safety is VH) and (Envionmental_effects is VL) 

then (Severity is L) (1)  

22. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is N) (1)  

23. If (Operatoe_safety is VL) and (Customer_safety is VH) and (Envionmental_effects is L) then 

(Severity is L) (1)  

24. If (Operatoe_safety is VL) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is M) (1)  

25. If (Operatoe_safety is VL) and (Customer_safety is VH) and (Envionmental_effects is H) 

then (Severity is M) (1)  

26. If (Operatoe_safety is VL) and (Customer_safety is VH) and (Envionmental_effects is VH) 

then (Severity is H) (1)  

27. If (Operatoe_safety is L) and (Customer_safety is VL) and (Envionmental_effects is VL) then 

(Severity is N) (1)  

28. If (Operatoe_safety is L) and (Customer_safety is VL) and (Envionmental_effects is L) then 

(Severity is VL) (1)  
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29. If (Operatoe_safety is L) and (Customer_safety is VL) and (Envionmental_effects is M) then 

(Severity is VL) (1)  

30. If (Operatoe_safety is L) and (Customer_safety is VL) and (Envionmental_effects is H) then 

(Severity is L) (1)  

31. If (Operatoe_safety is L) and (Customer_safety is VL) and (Envionmental_effects is VH) then 

(Severity is L) (1)  

32. If (Operatoe_safety is L) and (Customer_safety is L) and (Envionmental_effects is VL) then 

(Severity is VL) (1)  

33. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is N) (1)  

34. If (Operatoe_safety is L) and (Customer_safety is L) and (Envionmental_effects is L) then 

(Severity is VL) (1)  

35. If (Operatoe_safety is L) and (Customer_safety is L) and (Envionmental_effects is M) then 

(Severity is L) (1)  

36. If (Operatoe_safety is L) and (Customer_safety is L) and (Envionmental_effects is H) then 

(Severity is L) (1)  

37. If (Operatoe_safety is L) and (Customer_safety is L) and (Envionmental_effects is VH) then 

(Severity is L) (1)  

38. If (Operatoe_safety is L) and (Customer_safety is M) and (Envionmental_effects is VL) then 

(Severity is VL) (1)  

39. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is N) (1)  

40. If (Operatoe_safety is L) and (Customer_safety is M) and (Envionmental_effects is L) then 

(Severity is L) (1)  

41. If (Operatoe_safety is L) and (Customer_safety is M) and (Envionmental_effects is L) then 

(Severity is L) (1)  

42. If (Operatoe_safety is L) and (Customer_safety is M) and (Envionmental_effects is H) then 

(Severity is M) (1)  

43. If (Operatoe_safety is L) and (Customer_safety is M) and (Envionmental_effects is VH) then 

(Severity is M) (1)  
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44. If (Operatoe_safety is L) and (Customer_safety is H) and (Envionmental_effects is VL) then 

(Severity is L) (1)  

45. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is N) (1)  

46. If (Operatoe_safety is L) and (Customer_safety is H) and (Envionmental_effects is L) then 

(Severity is L) (1)  

47. If (Operatoe_safety is L) and (Customer_safety is H) and (Envionmental_effects is M) then 

(Severity is M) (1)  

48. If (Operatoe_safety is L) and (Customer_safety is H) and (Envionmental_effects is H) then 

(Severity is M) (1)  

49. If (Operatoe_safety is L) and (Customer_safety is H) and (Envionmental_effects is VH) then 

(Severity is H) (1)  

50. If (Operatoe_safety is L) and (Customer_safety is VH) and (Envionmental_effects is VL) then 

(Severity is L) (1)  

51. If (Operatoe_safety is H) and (Customer_safety is VL) and (Envionmental_effects is VL) then 

(Severity is L) (1)  

52. If (Operatoe_safety is L) and (Customer_safety is VH) and (Envionmental_effects is L) then 

(Severity is M) (1)  

53. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is N) (1)  

54. If (Operatoe_safety is L) and (Customer_safety is VH) and (Envionmental_effects is M) then 

(Severity is M) (1)  

55. If (Operatoe_safety is L) and (Customer_safety is VH) and (Envionmental_effects is H) then 

(Severity is H) (1)  

56. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is N) (1)  

57. If (Operatoe_safety is L) and (Customer_safety is VH) and (Envionmental_effects is VH) 

then (Severity is H) (1)  

58. If (Operatoe_safety is M) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is L) (1)  
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59. If (Operatoe_safety is M) and (Customer_safety is VL) and (Envionmental_effects is L) then 

(Severity is L) (1)  

60. If (Operatoe_safety is H) and (Customer_safety is VL) and (Envionmental_effects is VL) then 

(Severity is L) (1)  

61. If (Operatoe_safety is M) and (Customer_safety is VL) and (Envionmental_effects is M) then 

(Severity is M) (1)  

62. If (Operatoe_safety is M) and (Customer_safety is VL) and (Envionmental_effects is H) then 

(Severity is M) (1)  

63. If (Operatoe_safety is M) and (Customer_safety is VL) and (Envionmental_effects is VH) 

then (Severity is H) (1) 

64. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is N) (1)   

65. If (Operatoe_safety is M) and (Customer_safety is L) and (Envionmental_effects is VL) then 

(Severity is L) (1)  

66. If (Operatoe_safety is H) and (Customer_safety is VL) and (Envionmental_effects is VL) then 

(Severity is L) (1)  

67. If (Operatoe_safety is M) and (Customer_safety is L) and (Envionmental_effects is L) then 

(Severity is M) (1)  

68. If (Operatoe_safety is M) and (Customer_safety is L) and (Envionmental_effects is M) then 

(Severity is M) (1)  

69. If (Operatoe_safety is M) and (Customer_safety is L) and (Envionmental_effects is H) then 

(Severity is H) (1)  

70. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is N) (1)  

71. If (Operatoe_safety is M) and (Customer_safety is L) and (Envionmental_effects is VH) then 

(Severity is H) (1)  

72. If (Operatoe_safety is M) and (Customer_safety is M) and (Envionmental_effects is VL) then 

(Severity is L) (1)  

73. If (Operatoe_safety is H) and (Customer_safety is VL) and (Envionmental_effects is VL) then 

(Severity is L) (1)  
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74. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is N) (1)  

75. If (Operatoe_safety is M) and (Customer_safety is M) and (Envionmental_effects is L) then 

(Severity is M) (1)  

76. If (Operatoe_safety is M) and (Customer_safety is M) and (Envionmental_effects is M) then 

(Severity is M) (1)  

77. If (Operatoe_safety is M) and (Customer_safety is M) and (Envionmental_effects is H) then 

(Severity is H) (1)  

78. If (Operatoe_safety is M) and (Customer_safety is M) and (Envionmental_effects is VH) then 

(Severity is H) (1) 

79. If (Operatoe_safety is H) and (Customer_safety is VL) and (Envionmental_effects is VL) then 

(Severity is L) (1)   

80. If (Operatoe_safety is M) and (Customer_safety is H) and (Envionmental_effects is VL) then 

(Severity is M) (1)  

81. If (Operatoe_safety is M) and (Customer_safety is H) and (Envionmental_effects is L) then 

(Severity is M) (1)  

82. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is N) (1)  

83. If (Operatoe_safety is M) and (Customer_safety is H) and (Envionmental_effects is M) then 

(Severity is H) (1)  

84. If (Operatoe_safety is H) and (Customer_safety is VL) and (Envionmental_effects is VL) then 

(Severity is L) (1)  

85. If (Operatoe_safety is M) and (Customer_safety is H) and (Envionmental_effects is H) then 

(Severity is H) (1)  

86. If (Operatoe_safety is VL) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is N) (1)  

87. If (Operatoe_safety is M) and (Customer_safety is H) and (Envionmental_effects is VH) then 

(Severity is H) (1)  

88. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is VL) 

then (Severity is M) (1)  



109 
 

89. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is L) then 

(Severity is M) (1)  

90. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) then 

(Severity is H) (1)  

91. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is H) then 

(Severity is H) (1)  

92. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is VH) 

then (Severity is VH) (1)  

93. If (Operatoe_safety is H) and (Customer_safety is VL) and (Envionmental_effects is VL) then 

(Severity is L) (1)  

94. If (Operatoe_safety is H) and (Customer_safety is VL) and (Envionmental_effects is L) then 

(Severity is L) (1)  

95. If (Operatoe_safety is H) and (Customer_safety is VL) and (Envionmental_effects is M) then 

(Severity is M) (1)  

96. If (Operatoe_safety is H) and (Customer_safety is VL) and (Envionmental_effects is H) then 

(Severity is M) (1)  

97. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) then 

(Severity is H) (1)  

98. If (Operatoe_safety is H) and (Customer_safety is VL) and (Envionmental_effects is VH) 

then (Severity is H) (1)  

99. If (Operatoe_safety is H) and (Customer_safety is L) and (Envionmental_effects is VL) then 

(Severity is L) (1)  

100. If (Operatoe_safety is H) and (Customer_safety is L) and (Envionmental_effects is L) then 

(Severity is M) (1)  

101. If (Operatoe_safety is H) and (Customer_safety is L) and (Envionmental_effects is M) then 

(Severity is M) (1)  

102. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)  

103. If (Operatoe_safety is H) and (Customer_safety is L) and (Envionmental_effects is H) then 

(Severity is M) (1)  
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104. If (Operatoe_safety is H) and (Customer_safety is L) and (Envionmental_effects is VH) then 

(Severity is H) (1)  

105. If (Operatoe_safety is H) and (Customer_safety is M) and (Envionmental_effects is VL) 

then (Severity is M) (1) 

106. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)  

107. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)   

108. If (Operatoe_safety is H) and (Customer_safety is M) and (Envionmental_effects is L) then 

(Severity is M) (1)  

109. If (Operatoe_safety is H) and (Customer_safety is M) and (Envionmental_effects is M) then 

(Severity is H) (1)  

110. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)  

111. If (Operatoe_safety is VH) and (Customer_safety is M) and (Envionmental_effects is H) 

then (Severity is VH) (1) 

112. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)   

113. If (Operatoe_safety is H) and (Customer_safety is M) and (Envionmental_effects is H) then 

(Severity is H) (1)  

114. If (Operatoe_safety is H) and (Customer_safety is M) and (Envionmental_effects is VH) 

then (Severity is H) (1)  

115. If (Operatoe_safety is H) and (Customer_safety is H) and (Envionmental_effects is VL) then 

(Severity is M) (1) 

116. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)   

117. If (Operatoe_safety is H) and (Customer_safety is H) and (Envionmental_effects is L) then 

(Severity is H) (1)  

118. If (Operatoe_safety is H) and (Customer_safety is H) and (Envionmental_effects is M) then 

(Severity is H) (1)  
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119. If (Operatoe_safety is H) and (Customer_safety is H) and (Envionmental_effects is H) then 

(Severity is H) (1)  

120. If (Operatoe_safety is H) and (Customer_safety is H) and (Envionmental_effects is VH) then 

(Severity is VH) (1)  

121. If (Operatoe_safety is H) and (Customer_safety is VH) and (Envionmental_effects is VL) 

then (Severity is H) (1) 

122. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)  

123. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)  

124. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)   

125. If (Operatoe_safety is H) and (Customer_safety is VH) and (Envionmental_effects is L) then 

(Severity is H) (1)  

126. If (Operatoe_safety is H) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is VH) (1)  

127. If (Operatoe_safety is H) and (Customer_safety is VH) and (Envionmental_effects is H) then 

(Severity is VH) (1)  

128. If (Operatoe_safety is VH) and (Customer_safety is M) and (Envionmental_effects is H) 

then (Severity is VH) (1)  

129. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)  

130. If (Operatoe_safety is H) and (Customer_safety is VH) and (Envionmental_effects is VH) 

then (Severity is VH) (1)  

131. If (Operatoe_safety is VH) and (Customer_safety is VL) and (Envionmental_effects is VL) 

then (Severity is M) (1)  

132. If (Operatoe_safety is VH) and (Customer_safety is VL) and (Envionmental_effects is L) 

then (Severity is M) (1)  

133. If (Operatoe_safety is VH) and (Customer_safety is VL) and (Envionmental_effects is M) 

then (Severity is H) (1)  
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134. If (Operatoe_safety is VH) and (Customer_safety is VL) and (Envionmental_effects is H) 

then (Severity is H) (1)  

135. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)  

136. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)  

137. If (Operatoe_safety is VH) and (Customer_safety is M) and (Envionmental_effects is H) 

then (Severity is VH) (1)  

138. If (Operatoe_safety is VH) and (Customer_safety is VL) and (Envionmental_effects is VH) 

then (Severity is H) (1)  

139. If (Operatoe_safety is VH) and (Customer_safety is L) and (Envionmental_effects is VL) 

then (Severity is M) (1)  

140. If (Operatoe_safety is VH) and (Customer_safety is L) and (Envionmental_effects is L) then 

(Severity is H) (1)  

141. If (Operatoe_safety is VH) and (Customer_safety is M) and (Envionmental_effects is H) 

then (Severity is VH) (1)  

142. If (Operatoe_safety is VH) and (Customer_safety is L) and (Envionmental_effects is M) 

then (Severity is H) (1)  

143. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)  

144. If (Operatoe_safety is VH) and (Customer_safety is L) and (Envionmental_effects is H) then 

(Severity is VH) (1)  

145. If (Operatoe_safety is VH) and (Customer_safety is L) and (Envionmental_effects is VH) 

then (Severity is VH) (1)  

146. If (Operatoe_safety is VH) and (Customer_safety is M) and (Envionmental_effects is VL) 

then (Severity is H) (1)  

147. If (Operatoe_safety is VH) and (Customer_safety is M) and (Envionmental_effects is L) 

then (Severity is H) (1)  

148. If (Operatoe_safety is VH) and (Customer_safety is M) and (Envionmental_effects is M) 

then (Severity is VH) (1)  
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149. If (Operatoe_safety is VH) and (Customer_safety is M) and (Envionmental_effects is H) 

then (Severity is VH) (1)  

150. If (Operatoe_safety is VH) and (Customer_safety is M) and (Envionmental_effects is VH) 

then (Severity is VH) (1)  

151. If (Operatoe_safety is VH) and (Customer_safety is H) and (Envionmental_effects is VL) 

then (Severity is H) (1)  

152. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)  

153. If (Operatoe_safety is VH) and (Customer_safety is H) and (Envionmental_effects is L) then 

(Severity is VH) (1)  

154. If (Operatoe_safety is VH) and (Customer_safety is H) and (Envionmental_effects is M) 

then (Severity is VH) (1)  

155. If (Operatoe_safety is VH) and (Customer_safety is M) and (Envionmental_effects is H) 

then (Severity is VH) (1)  

156. If (Operatoe_safety is VH) and (Customer_safety is H) and (Envionmental_effects is H) then 

(Severity is VH) (1)  

157. If (Operatoe_safety is VH) and (Customer_safety is H) and (Envionmental_effects is VH) 

then (Severity is EH) (1)  

158. If (Operatoe_safety is VH) and (Customer_safety is VH) and (Envionmental_effects is VL) 

then (Severity is H) (1)  

159. If (Operatoe_safety is VH) and (Customer_safety is VH) and (Envionmental_effects is L) 

then (Severity is VH) (1)  

160. If (Operatoe_safety is VH) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is EH) (1)  

161. If (Operatoe_safety is VH) and (Customer_safety is M) and (Envionmental_effects is H) 

then (Severity is VH) (1)  

162. If (Operatoe_safety is M) and (Customer_safety is VH) and (Envionmental_effects is M) 

then (Severity is H) (1)  

163. If (Operatoe_safety is VH) and (Customer_safety is VH) and (Envionmental_effects is H) 

then (Severity is EH) (1)  
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164. If (Operatoe_safety is VH) and (Customer_safety is VH) and (Envionmental_effects is VH) 

then (Severity is EH) (1)  

 

Phase 1: FIS1-B 

 

165. If (Frequency is VL) and (Visibility is VL) and (Repeatability is VL) then 

(Occurrence___(O) is N) (1)  

166. If (Frequency is VL) and (Visibility is VL) and (Repeatability is L) then (Occurrence___(O) 

is N) (1)  

167. If (Frequency is VL) and (Visibility is VL) and (Repeatability is M) then (Occurrence___(O) 

is VL) (1)  

168. If (Frequency is VL) and (Visibility is VL) and (Repeatability is H) then (Occurrence___(O) 

is L) (1)  

169. If (Frequency is VL) and (Visibility is VL) and (Repeatability is VH) then 

(Occurrence___(O) is M) (1)  

170. If (Frequency is VL) and (Visibility is L) and (Repeatability is VL) then (Occurrence___(O) 

is N) (1)  

171. If (Frequency is VL) and (Visibility is L) and (Repeatability is L) then (Occurrence___(O) is 

VL) (1)  

172. If (Frequency is VL) and (Visibility is L) and (Repeatability is M) then (Occurrence___(O) 

is L) (1)  

173. If (Frequency is VL) and (Visibility is L) and (Repeatability is H) then (Occurrence___(O) is 

M) (1)  

174. If (Frequency is VL) and (Visibility is L) and (Repeatability is VH) then (Occurrence___(O) 

is M) (1)  

175. If (Frequency is VL) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

176. If (Frequency is VL) and (Visibility is M) and (Repeatability is L) then (Occurrence___(O) 

is L) (1)  
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177. If (Frequency is VL) and (Visibility is M) and (Repeatability is M) then (Occurrence___(O) 

is M) (1)  

178. If (Frequency is VL) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) 

is M) (1)  

179. If (Frequency is VL) and (Visibility is M) and (Repeatability is VH) then 

(Occurrence___(O) is H) (1)  

180. If (Frequency is VL) and (Visibility is H) and (Repeatability is VL) then (Occurrence___(O) 

is M) (1)  

181. If (Frequency is VL) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) 

is M) (1)  

182. If (Frequency is VL) and (Visibility is H) and (Repeatability is L) then (Occurrence___(O) is 

M) (1)  

183. If (Frequency is VL) and (Visibility is H) and (Repeatability is M) then (Occurrence___(O) 

is H) (1)  

184. If (Frequency is VL) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) 

is H) (1)  

185. If (Frequency is VL) and (Visibility is H) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  

186. If (Frequency is VL) and (Visibility is VH) and (Repeatability is VL) then 

(Occurrence___(O) is M) (1)  

187. If (Frequency is VL) and (Visibility is VH) and (Repeatability is L) then (Occurrence___(O) 

is M) (1)  

188. If (Frequency is VL) and (Visibility is VH) and (Repeatability is M) then 

(Occurrence___(O) is H) (1)  

189. If (Frequency is VL) and (Visibility is VH) and (Repeatability is H) then (Occurrence___(O) 

is H) (1)  

190. If (Frequency is VL) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) 

is M) (1)  

191. If (Frequency is VL) and (Visibility is VH) and (Repeatability is VH) then 

(Occurrence___(O) is VH) (1)  
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192. If (Frequency is L) and (Visibility is VL) and (Repeatability is VL) then (Occurrence___(O) 

is VL) (1)  

193. If (Frequency is L) and (Visibility is VL) and (Repeatability is L) then (Occurrence___(O) is 

L) (1)  

194. If (Frequency is L) and (Visibility is VL) and (Repeatability is M) then (Occurrence___(O) 

is L) (1)  

195. If (Frequency is VL) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) 

is M) (1)  

196. If (Frequency is L) and (Visibility is VL) and (Repeatability is H) then (Occurrence___(O) is 

L) (1)  

197. If (Frequency is L) and (Visibility is VL) and (Repeatability is VH) then (Occurrence___(O) 

is M) (1)  

198. If (Frequency is L) and (Visibility is L) and (Repeatability is VL) then (Occurrence___(O) is 

L) (1)  

199. If (Frequency is L) and (Visibility is L) and (Repeatability is L) then (Occurrence___(O) is 

L) (1)  

200. If (Frequency is L) and (Visibility is L) and (Repeatability is M) then (Occurrence___(O) is 

L) (1)  

201. If (Frequency is L) and (Visibility is L) and (Repeatability is H) then (Occurrence___(O) is 

M) (1)  

202. If (Frequency is L) and (Visibility is L) and (Repeatability is VH) then (Occurrence___(O) is 

M) (1)  

203. If (Frequency is L) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

204. If (Frequency is L) and (Visibility is M) and (Repeatability is L) then (Occurrence___(O) is 

L) (1)  

205. If (Frequency is L) and (Visibility is M) and (Repeatability is M) then (Occurrence___(O) is 

M) (1)  

206. If (Frequency is L) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) is 

M) (1)  
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207. If (Frequency is VL) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) 

is M) (1)  

208. If (Frequency is L) and (Visibility is M) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  

 

209. If (Frequency is VL) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) 

is M) (1)  

210. If (Frequency is L) and (Visibility is H) and (Repeatability is VL) then (Occurrence___(O) is 

L) (1)  

211. If (Frequency is L) and (Visibility is H) and (Repeatability is L) then (Occurrence___(O) is 

M) (1)  

212. If (Frequency is L) and (Visibility is H) and (Repeatability is M) then (Occurrence___(O) is 

M) (1)  

213. If (Frequency is L) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) is 

H) (1)  

214. If (Frequency is L) and (Visibility is H) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  

215. If (Frequency is L) and (Visibility is VH) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

216. If (Frequency is L) and (Visibility is VH) and (Repeatability is L) then (Occurrence___(O) is 

M) (1)  

217. If (Frequency is VL) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) 

is M) (1)  

218. If (Frequency is L) and (Visibility is VH) and (Repeatability is M) then (Occurrence___(O) 

is M) (1)  

219. If (Frequency is L) and (Visibility is VH) and (Repeatability is H) then (Occurrence___(O) 

is H) (1)  

220. If (Frequency is L) and (Visibility is VH) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  
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221. If (Frequency is M) and (Visibility is VL) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

222. If (Frequency is M) and (Visibility is VL) and (Repeatability is L) then (Occurrence___(O) 

is M) (1)  

223. If (Frequency is M) and (Visibility is VL) and (Repeatability is M) then (Occurrence___(O) 

is M) (1)  

224. If (Frequency is M) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

225. If (Frequency is VL) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) 

is M) (1)  

226. If (Frequency is M) and (Visibility is VL) and (Repeatability is H) then (Occurrence___(O) 

is M) (1)  

227. If (Frequency is M) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

228. If (Frequency is M) and (Visibility is VL) and (Repeatability is VH) then 

(Occurrence___(O) is M) (1)  

229. If (Frequency is M) and (Visibility is L) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

230. If (Frequency is M) and (Visibility is L) and (Repeatability is L) then (Occurrence___(O) is 

M) (1)  

231. If (Frequency is M) and (Visibility is L) and (Repeatability is M) then (Occurrence___(O) is 

M) (1)  

232. If (Frequency is M) and (Visibility is L) and (Repeatability is H) then (Occurrence___(O) is 

M) (1)  

233. If (Frequency is M) and (Visibility is L) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  

234. If (Frequency is M) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

235. If (Frequency is M) and (Visibility is M) and (Repeatability is L) then (Occurrence___(O) is 

M) (1)  
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236. If (Frequency is M) and (Visibility is M) and (Repeatability is M) then (Occurrence___(O) is 

M) (1)  

237. If (Frequency is VL) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) 

is M) (1)  

238. If (Frequency is M) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

239. If (Frequency is M) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) is 

H) (1)  

240. If (Frequency is M) and (Visibility is M) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  

241. If (Frequency is M) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1) 

242. If (Frequency is VL) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) 

is M) (1)   

243. If (Frequency is VL) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) 

is M) (1)  

244. If (Frequency is M) and (Visibility is H) and (Repeatability is VL) then (Occurrence___(O) 

is M) (1)  

245. If (Frequency is M) and (Visibility is H) and (Repeatability is L) then (Occurrence___(O) is 

M) (1)  

246. If (Frequency is M) and (Visibility is H) and (Repeatability is M) then (Occurrence___(O) is 

M) (1)  

247. If (Frequency is VH) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) 

is VH) (1)  

248. If (Frequency is M) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) is 

H) (1)  

249. If (Frequency is M) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

250. If (Frequency is M) and (Visibility is H) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  
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251. If (Frequency is VH) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) 

is VH) (1)  

252. If (Frequency is M) and (Visibility is VH) and (Repeatability is VL) then 

(Occurrence___(O) is M) (1)  

253. If (Frequency is M) and (Visibility is VH) and (Repeatability is L) then (Occurrence___(O) 

is H) (1)  

254. If (Frequency is M) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

255. If (Frequency is M) and (Visibility is VH) and (Repeatability is M) then (Occurrence___(O) 

is H) (1)  

256. If (Frequency is M) and (Visibility is H) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  

257. If (Frequency is VH) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) 

is VH) (1)  

258. If (Frequency is M) and (Visibility is VH) and (Repeatability is H) then (Occurrence___(O) 

is H) (1)  

259. If (Frequency is M) and (Visibility is H) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  

260. If (Frequency is M) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

261. If (Frequency is M) and (Visibility is VH) and (Repeatability is VH) then 

(Occurrence___(O) is VH) (1)  

262. If (Frequency is H) and (Visibility is VL) and (Repeatability is VL) then (Occurrence___(O) 

is M) (1)  

263. If (Frequency is VH) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) 

is VH) (1)  

264. If (Frequency is H) and (Visibility is VL) and (Repeatability is L) then (Occurrence___(O) is 

M) (1)  

265. If (Frequency is H) and (Visibility is VL) and (Repeatability is M) then (Occurrence___(O) 

is H) (1)  
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266. If (Frequency is H) and (Visibility is VL) and (Repeatability is H) then (Occurrence___(O) 

is H) (1)  

267. If (Frequency is M) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

268. If (Frequency is H) and (Visibility is VL) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  

269. If (Frequency is H) and (Visibility is L) and (Repeatability is VL) then (Occurrence___(O) is 

M) (1)  

270. If (Frequency is H) and (Visibility is L) and (Repeatability is L) then (Occurrence___(O) is 

H) (1)  

271. If (Frequency is H) and (Visibility is L) and (Repeatability is M) then (Occurrence___(O) is 

H) (1)  

272. If (Frequency is M) and (Visibility is H) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  

273. If (Frequency is M) and (Visibility is H) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  

274. If (Frequency is VH) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) 

is VH) (1) 

275. If (Frequency is M) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)   

276. If (Frequency is H) and (Visibility is L) and (Repeatability is H) then (Occurrence___(O) is 

H) (1)  

277. If (Frequency is H) and (Visibility is L) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  

278. If (Frequency is H) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is M) (1)  

279. If (Frequency is VH) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) 

is VH) (1)  

280. If (Frequency is H) and (Visibility is M) and (Repeatability is L) then (Occurrence___(O) is 

H) (1)  
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281. If (Frequency is M) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

282. If (Frequency is H) and (Visibility is M) and (Repeatability is M) then (Occurrence___(O) is 

H) (1)  

283. If (Frequency is H) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) is 

H) (1)  

284. If (Frequency is H) and (Visibility is M) and (Repeatability is VH) then (Occurrence___(O) 

is VH) (1)  

285. If (Frequency is H) and (Visibility is H) and (Repeatability is VL) then (Occurrence___(O) 

is M) (1)  

286. If (Frequency is M) and (Visibility is H) and (Repeatability is VH) then (Occurrence___(O) 

is H) (1)  

287. If (Frequency is H) and (Visibility is H) and (Repeatability is L) then (Occurrence___(O) is 

H) (1)  

288. If (Frequency is H) and (Visibility is H) and (Repeatability is M) then (Occurrence___(O) is 

H) (1)  

289. If (Frequency is H) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) is 

VH) (1)  

290. If (Frequency is M) and (Visibility is M) and (Repeatability is VL) then (Occurrence___(O) 

is L) (1)  

291. If (Frequency is H) and (Visibility is H) and (Repeatability is VH) then (Occurrence___(O) 

is VH) (1)  

292. If (Frequency is VH) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) 

is VH) (1)  

293. If (Frequency is H) and (Visibility is VH) and (Repeatability is VL) then (Occurrence___(O) 

is H) (1)  

294. If (Frequency is H) and (Visibility is VH) and (Repeatability is L) then (Occurrence___(O) 

is H) (1)  

295. If (Frequency is H) and (Visibility is VH) and (Repeatability is M) then (Occurrence___(O) 

is VH) (1)  
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296. If (Frequency is H) and (Visibility is VH) and (Repeatability is H) then (Occurrence___(O) 

is VH) (1)  

297. If (Frequency is H) and (Visibility is VH) and (Repeatability is VH) then 

(Occurrence___(O) is VH) (1)  

298. If (Frequency is VH) and (Visibility is VL) and (Repeatability is VL) then 

(Occurrence___(O) is M) (1)  

299. If (Frequency is VH) and (Visibility is VL) and (Repeatability is L) then (Occurrence___(O) 

is M) (1)  

300. If (Frequency is VH) and (Visibility is VL) and (Repeatability is M) then 

(Occurrence___(O) is M) (1)  

301. If (Frequency is VH) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) 

is VH) (1)  

302. If (Frequency is VH) and (Visibility is VL) and (Repeatability is H) then (Occurrence___(O) 

is H) (1)  

303. If (Frequency is VH) and (Visibility is VL) and (Repeatability is VH) then 

(Occurrence___(O) is VH) (1)  

304. If (Frequency is VH) and (Visibility is L) and (Repeatability is VL) then (Occurrence___(O) 

is M) (1)  

305. If (Frequency is VH) and (Visibility is L) and (Repeatability is L) then (Occurrence___(O) is 

H) (1)  

306. If (Frequency is VH) and (Visibility is L) and (Repeatability is M) then (Occurrence___(O) 

is H) (1)  

307. If (Frequency is VH) and (Visibility is L) and (Repeatability is H) then (Occurrence___(O) 

is H) (1)  

308. If (Frequency is VH) and (Visibility is L) and (Repeatability is VH) then (Occurrence___(O) 

is VH) (1)  

309. If (Frequency is VH) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) 

is VH) (1)  

310. If (Frequency is VH) and (Visibility is M) and (Repeatability is VL) then 

(Occurrence___(O) is H) (1)  
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311. If (Frequency is VH) and (Visibility is M) and (Repeatability is L) then (Occurrence___(O) 

is H) (1)  

312. If (Frequency is VH) and (Visibility is M) and (Repeatability is M) then (Occurrence___(O) 

is H) (1)  

313. If (Frequency is VH) and (Visibility is M) and (Repeatability is H) then (Occurrence___(O) 

is VH) (1)  

314. If (Frequency is VH) and (Visibility is M) and (Repeatability is VH) then 

(Occurrence___(O) is VH) (1)  

315. If (Frequency is VH) and (Visibility is VL) and (Repeatability is M) then 

(Occurrence___(O) is M) (1)  

316. If (Frequency is VH) and (Visibility is H) and (Repeatability is VL) then (Occurrence___(O) 

is H) (1)  

317. If (Frequency is VH) and (Visibility is H) and (Repeatability is L) then (Occurrence___(O) 

is H) (1)  

318. If (Frequency is VH) and (Visibility is H) and (Repeatability is M) then (Occurrence___(O) 

is VH) (1)  

319. If (Frequency is VH) and (Visibility is H) and (Repeatability is H) then (Occurrence___(O) 

is VH) (1)  

320. If (Frequency is VH) and (Visibility is H) and (Repeatability is VH) then 

(Occurrence___(O) is EH) (1)  

321. If (Frequency is VH) and (Visibility is VH) and (Repeatability is VL) then 

(Occurrence___(O) is H) (1)  

322. If (Frequency is VH) and (Visibility is VH) and (Repeatability is L) then (Occurrence___(O) 

is H) (1)  

323. If (Frequency is VH) and (Visibility is VL) and (Repeatability is M) then 

(Occurrence___(O) is M) (1)  

324. If (Frequency is VH) and (Visibility is VH) and (Repeatability is M) then 

(Occurrence___(O) is VH) (1)  

325. If (Frequency is VH) and (Visibility is VH) and (Repeatability is H) then 

(Occurrence___(O) is EH) (1)  
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326. If (Frequency is VH) and (Visibility is VH) and (Repeatability is VH) then 

(Occurrence___(O) is EH) (1)  

 

Phase 2: FIS 2 

327. If (Severity is N) and (Occurrence is N) and (Detection is N) then (RPN is N) (1)  

328. If (Severity is N) and (Occurrence is N) and (Detection is VL) then (RPN is N) (1)  

329. If (Severity is N) and (Occurrence is N) and (Detection is L) then (RPN is N) (1)  

330. If (Severity is N) and (Occurrence is N) and (Detection is M) then (RPN is N) (1)  

331. If (Severity is N) and (Occurrence is N) and (Detection is H) then (RPN is VL) (1)  

332. If (Severity is N) and (Occurrence is N) and (Detection is VH) then (RPN is VL) (1)  

333. If (Severity is N) and (Occurrence is N) and (Detection is EH) then (RPN is L) (1)  

334. If (Severity is N) and (Occurrence is VL) and (Detection is N) then (RPN is N) (1)  

335. If (Severity is N) and (Occurrence is VL) and (Detection is VL) then (RPN is N) (1)  

336. If (Severity is N) and (Occurrence is N) and (Detection is N) then (RPN is N) (1)  

337. If (Severity is N) and (Occurrence is VL) and (Detection is L) then (RPN is VL) (1)  

338. If (Severity is N) and (Occurrence is VL) and (Detection is M) then (RPN is VL) (1)  

339. If (Severity is N) and (Occurrence is VL) and (Detection is H) then (RPN is VL) (1)  

340. If (Severity is N) and (Occurrence is VL) and (Detection is VH) then (RPN is L) (1)  

341. If (Severity is N) and (Occurrence is VL) and (Detection is EH) then (RPN is L) (1)  

342. If (Severity is N) and (Occurrence is L) and (Detection is N) then (RPN is N) (1)  

343. If (Severity is N) and (Occurrence is L) and (Detection is VL) then (RPN is VL) (1)  

344. If (Severity is N) and (Occurrence is L) and (Detection is L) then (RPN is VL) (1)  

345. If (Severity is N) and (Occurrence is L) and (Detection is M) then (RPN is L) (1)  



126 
 

346. If (Severity is N) and (Occurrence is L) and (Detection is H) then (RPN is L) (1)  

347. If (Severity is N) and (Occurrence is L) and (Detection is VH) then (RPN is L) (1)  

348. If (Severity is N) and (Occurrence is L) and (Detection is EH) then (RPN is L) (1)  

349. If (Severity is N) and (Occurrence is M) and (Detection is N) then (RPN is VL) (1)  

350. If (Severity is N) and (Occurrence is M) and (Detection is VL) then (RPN is VL) (1)  

351.If (Severity is N) and (Occurrence is N) and (Detection is N) then (RPN is N) (1)  

 

352. If (Severity is N) and (Occurrence is M) and (Detection is L) then (RPN is L) (1)  

353. If (Severity is N) and (Occurrence is M) and (Detection is M) then (RPN is L) (1)  

354. If (Severity is N) and (Occurrence is M) and (Detection is H) then (RPN is L) (1)  

355. If (Severity is N) and (Occurrence is M) and (Detection is VH) then (RPN is L) (1)  

356. If (Severity is N) and (Occurrence is M) and (Detection is EH) then (RPN is M) (1)  

357. If (Severity is N) and (Occurrence is H) and (Detection is N) then (RPN is VL) (1)  

358. If (Severity is N) and (Occurrence is N) and (Detection is N) then (RPN is N) (1)  

359. If (Severity is N) and (Occurrence is H) and (Detection is VL) then (RPN is L) (1)  

360. If (Severity is N) and (Occurrence is H) and (Detection is L) then (RPN is L) (1)  

361. If (Severity is N) and (Occurrence is H) and (Detection is M) then (RPN is L) (1)  

362. If (Severity is N) and (Occurrence is H) and (Detection is H) then (RPN is M) (1)  

363. If (Severity is N) and (Occurrence is H) and (Detection is VH) then (RPN is M) (1)  

364. If (Severity is N) and (Occurrence is H) and (Detection is EH) then (RPN is H) (1)  

365. If (Severity is N) and (Occurrence is VH) and (Detection is N) then (RPN is L) (1)  

366. If (Severity is N) and (Occurrence is VH) and (Detection is VL) then (RPN is L) (1)  

367. If (Severity is N) and (Occurrence is VH) and (Detection is L) then (RPN is M) (1)  
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368. If (Severity is N) and (Occurrence is VH) and (Detection is M) then (RPN is M) (1)  

369. If (Severity is N) and (Occurrence is VH) and (Detection is H) then (RPN is M) (1)  

370. If (Severity is N) and (Occurrence is VH) and (Detection is VH) then (RPN is H) (1)  

371. If (Severity is N) and (Occurrence is N) and (Detection is N) then (RPN is N) (1)  

372. If (Severity is N) and (Occurrence is VH) and (Detection is EH) then (RPN is H) (1)  

373. If (Severity is N) and (Occurrence is EH) and (Detection is N) then (RPN is M) (1)  

374. If (Severity is N) and (Occurrence is EH) and (Detection is VL) then (RPN is M) (1)  

375. If (Severity is N) and (Occurrence is EH) and (Detection is L) then (RPN is H) (1)  

376. If (Severity is N) and (Occurrence is EH) and (Detection is M) then (RPN is H) (1)  

377. If (Severity is N) and (Occurrence is EH) and (Detection is H) then (RPN is H) (1)  

378. If (Severity is N) and (Occurrence is EH) and (Detection is VH) then (RPN is H) (1)  

379. If (Severity is N) and (Occurrence is EH) and (Detection is EH) then (RPN is VH) (1)  

380. If (Severity is VL) and (Occurrence is N) and (Detection is N) then (RPN is N) (1)  

381. If (Severity is VL) and (Occurrence is N) and (Detection is VL) then (RPN is VL) (1)  

382. If (Severity is VL) and (Occurrence is N) and (Detection is L) then (RPN is VL) (1)  

383. If (Severity is VL) and (Occurrence is N) and (Detection is M) then (RPN is VL) (1)  

384. If (Severity is VL) and (Occurrence is N) and (Detection is H) then (RPN is L) (1)  

385. If (Severity is VL) and (Occurrence is N) and (Detection is VH) then (RPN is L) (1)  

386. If (Severity is VL) and (Occurrence is N) and (Detection is EH) then (RPN is L) (1)  

387. If (Severity is VL) and (Occurrence is VL) and (Detection is N) then (RPN is VL) (1)  

388. If (Severity is VL) and (Occurrence is VL) and (Detection is VL) then (RPN is VL) (1)  

389. If (Severity is VL) and (Occurrence is VL) and (Detection is L) then (RPN is L) (1)  

390. If (Severity is VL) and (Occurrence is VL) and (Detection is M) then (RPN is L) (1)  



128 
 

391. If (Severity is N) and (Occurrence is N) and (Detection is N) then (RPN is N) (1)  

392. If (Severity is VL) and (Occurrence is VL) and (Detection is H) then (RPN is L) (1)  

393. If (Severity is VL) and (Occurrence is VL) and (Detection is VH) then (RPN is L) (1)  

394. If (Severity is VL) and (Occurrence is VL) and (Detection is EH) then (RPN is M) (1)  

395. If (Severity is VL) and (Occurrence is L) and (Detection is N) then (RPN is VL) (1)  

396. If (Severity is VL) and (Occurrence is L) and (Detection is VL) then (RPN is L) (1)  

397. If (Severity is VL) and (Occurrence is VL) and (Detection is VH) then (RPN is L) (1)  

398. If (Severity is VL) and (Occurrence is L) and (Detection is L) then (RPN is L) (1)  

399. If (Severity is VL) and (Occurrence is L) and (Detection is M) then (RPN is L) (1)  

400. If (Severity is VL) and (Occurrence is L) and (Detection is H) then (RPN is L) (1)  

401. If (Severity is VL) and (Occurrence is L) and (Detection is VH) then (RPN is M) (1)  

402. If (Severity is VL) and (Occurrence is L) and (Detection is EH) then (RPN is M) (1)  

403. If (Severity is VL) and (Occurrence is M) and (Detection is N) then (RPN is L) (1)  

404. If (Severity is VL) and (Occurrence is M) and (Detection is VL) then (RPN is L) (1)  

405. If (Severity is VL) and (Occurrence is M) and (Detection is L) then (RPN is L) (1)  

406. If (Severity is VL) and (Occurrence is M) and (Detection is M) then (RPN is L) (1)  

407. If (Severity is VL) and (Occurrence is M) and (Detection is H) then (RPN is M) (1)  

408. If (Severity is VL) and (Occurrence is M) and (Detection is VH) then (RPN is M) (1)  

409. If (Severity is VL) and (Occurrence is M) and (Detection is EH) then (RPN is H) (1)  

410. If (Severity is VL) and (Occurrence is H) and (Detection is N) then (RPN is L) (1)  

411. If (Severity is VL) and (Occurrence is H) and (Detection is VL) then (RPN is L) (1)  

412. If (Severity is VL) and (Occurrence is H) and (Detection is L) then (RPN is M) (1)  

413. If (Severity is VL) and (Occurrence is M) and (Detection is N) then (RPN is L) (1) 
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414. If (Severity is VL) and (Occurrence is H) and (Detection is M) then (RPN is M) (1)  

415. If (Severity is VL) and (Occurrence is H) and (Detection is VH) then (RPN is H) (1)  

416. If (Severity is VL) and (Occurrence is H) and (Detection is EH) then (RPN is H) (1)  

417. If (Severity is VL) and (Occurrence is VH) and (Detection is N) then (RPN is L) (1)  

418. If (Severity is VL) and (Occurrence is VH) and (Detection is VL) then (RPN is M) (1)  

419. If (Severity is VL) and (Occurrence is VH) and (Detection is L) then (RPN is M) (1)  

420. If (Severity is VL) and (Occurrence is VH) and (Detection is M) then (RPN is M) (1)  

421. If (Severity is VL) and (Occurrence is VH) and (Detection is H) then (RPN is H) (1)  

422. If (Severity is VL) and (Occurrence is VH) and (Detection is VH) then (RPN is H) (1)  

423. If (Severity is VL) and (Occurrence is VH) and (Detection is EH) then (RPN is H) (1)  

424. If (Severity is VL) and (Occurrence is EH) and (Detection is N) then (RPN is M) (1)  

425. If (Severity is VL) and (Occurrence is EH) and (Detection is VL) then (RPN is M) (1)  

426. If (Severity is VL) and (Occurrence is EH) and (Detection is L) then (RPN is H) (1)  

427. If (Severity is VL) and (Occurrence is EH) and (Detection is M) then (RPN is H) (1)  

428. If (Severity is VL) and (Occurrence is EH) and (Detection is H) then (RPN is H) (1)  

429. If (Severity is VL) and (Occurrence is EH) and (Detection is VH) then (RPN is VH) (1)  

430. If (Severity is VL) and (Occurrence is EH) and (Detection is EH) then (RPN is VH) (1)  

431. If (Severity is L) and (Occurrence is N) and (Detection is EH) then (RPN is M) (1)  

432. If (Severity is L) and (Occurrence is N) and (Detection is N) then (RPN is VL) (1)  

433. If (Severity is L) and (Occurrence is N) and (Detection is VL) then (RPN is VL) (1)  

434. If (Severity is L) and (Occurrence is N) and (Detection is L) then (RPN is VL) (1)  

435. If (Severity is L) and (Occurrence is N) and (Detection is M) then (RPN is L) (1)  

436. If (Severity is VL) and (Occurrence is M) and (Detection is N) then (RPN is L) (1) 
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437. If (Severity is L) and (Occurrence is N) and (Detection is H) then (RPN is L) (1)  

438. If (Severity is L) and (Occurrence is N) and (Detection is VH) then (RPN is M) (1)  

439. If (Severity is L) and (Occurrence is N) and (Detection is EH) then (RPN is M) (1)  

440. If (Severity is L) and (Occurrence is VL) and (Detection is N) then (RPN is VL) (1)  

441. If (Severity is L) and (Occurrence is VL) and (Detection is VL) then (RPN is L) (1)  

442. If (Severity is L) and (Occurrence is VL) and (Detection is L) then (RPN is L) (1)  

443. If (Severity is VL) and (Occurrence is M) and (Detection is N) then (RPN is L) (1) 

444. If (Severity is L) and (Occurrence is VL) and (Detection is M) then (RPN is L) (1)  

445. If (Severity is L) and (Occurrence is VL) and (Detection is H) then (RPN is M) (1)  

446. If (Severity is L) and (Occurrence is N) and (Detection is EH) then (RPN is M) (1)  

447. If (Severity is L) and (Occurrence is VL) and (Detection is VH) then (RPN is M) (1)  

448. If (Severity is L) and (Occurrence is VL) and (Detection is EH) then (RPN is M) (1)  

449. If (Severity is L) and (Occurrence is L) and (Detection is N) then (RPN is VL) (1)  

450. If (Severity is L) and (Occurrence is L) and (Detection is VL) then (RPN is L) (1)  

451. If (Severity is L) and (Occurrence is L) and (Detection is L) then (RPN is L) (1)  

452. If (Severity is L) and (Occurrence is L) and (Detection is M) then (RPN is M) (1)  

453. If (Severity is L) and (Occurrence is L) and (Detection is H) then (RPN is M) (1)  

454. If (Severity is L) and (Occurrence is L) and (Detection is VH) then (RPN is M) (1)  

455. If (Severity is L) and (Occurrence is L) and (Detection is EH) then (RPN is H) (1)  

456. If (Severity is M) and (Occurrence is M) and (Detection is H) then (RPN is H) (1)  

457. If (Severity is VL) and (Occurrence is M) and (Detection is N) then (RPN is L) (1) 

458. If (Severity is L) and (Occurrence is N) and (Detection is EH) then (RPN is M) (1)  

459. If (Severity is L) and (Occurrence is M) and (Detection is N) then (RPN is L) (1)  
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460. If (Severity is L) and (Occurrence is M) and (Detection is VL) then (RPN is L) (1)  

461. If (Severity is L) and (Occurrence is M) and (Detection is L) then (RPN is M) (1)  

462. If (Severity is L) and (Occurrence is M) and (Detection is M) then (RPN is M) (1)  

463. If (Severity is L) and (Occurrence is M) and (Detection is H) then (RPN is M) (1)  

464. If (Severity is L) and (Occurrence is M) and (Detection is VH) then (RPN is H) (1)  

465. If (Severity is L) and (Occurrence is M) and (Detection is EH) then (RPN is H) (1)  

466. If (Severity is M) and (Occurrence is M) and (Detection is H) then (RPN is H) (1)  

467. If (Severity is L) and (Occurrence is H) and (Detection is N) then (RPN is L) (1) 

468. If (Severity is VL) and (Occurrence is M) and (Detection is N) then (RPN is L) (1)   

469. If (Severity is L) and (Occurrence is N) and (Detection is EH) then (RPN is M) (1)  

470. If (Severity is L) and (Occurrence is H) and (Detection is VL) then (RPN is M) (1)  

471. If (Severity is L) and (Occurrence is H) and (Detection is L) then (RPN is M) (1)  

472. If (Severity is L) and (Occurrence is H) and (Detection is M) then (RPN is M) (1)  

473. If (Severity is L) and (Occurrence is N) and (Detection is EH) then (RPN is M) (1)  

474. If (Severity is L) and (Occurrence is H) and (Detection is H) then (RPN is H) (1)  

475. If (Severity is L) and (Occurrence is H) and (Detection is VH) then (RPN is H) (1)  

476. If (Severity is L) and (Occurrence is H) and (Detection is EH) then (RPN is H) (1)  

477. If (Severity is M) and (Occurrence is M) and (Detection is H) then (RPN is H) (1)  

478. If (Severity is VL) and (Occurrence is M) and (Detection is N) then (RPN is L) (1) 

479. If (Severity is L) and (Occurrence is VH) and (Detection is N) then (RPN is L) (1)  

480. If (Severity is L) and (Occurrence is VH) and (Detection is VL) then (RPN is M) (1)  

481. If (Severity is L) and (Occurrence is VH) and (Detection is L) then (RPN is M) (1)  

482. If (Severity is L) and (Occurrence is VH) and (Detection is M) then (RPN is H) (1)  
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483. If (Severity is L) and (Occurrence is VH) and (Detection is H) then (RPN is H) (1)  

484. If (Severity is VL) and (Occurrence is M) and (Detection is N) then (RPN is L) (1) 

485. If (Severity is L) and (Occurrence is VH) and (Detection is VH) then (RPN is VH) (1)  

486. If (Severity is L) and (Occurrence is VH) and (Detection is EH) then (RPN is VH) (1)  

487. If (Severity is M) and (Occurrence is M) and (Detection is H) then (RPN is H) (1)  

488. If (Severity is L) and (Occurrence is EH) and (Detection is N) then (RPN is L) (1)  

489. If (Severity is L) and (Occurrence is EH) and (Detection is VL) then (RPN is M) (1)  

490. If (Severity is L) and (Occurrence is EH) and (Detection is L) then (RPN is M) (1)  

491. If (Severity is L) and (Occurrence is EH) and (Detection is M) then (RPN is H) (1)  

492. If (Severity is L) and (Occurrence is EH) and (Detection is H) then (RPN is H) (1)  

493. If (Severity is L) and (Occurrence is EH) and (Detection is VH) then (RPN is VH) (1)  

494. If (Severity is L) and (Occurrence is EH) and (Detection is EH) then (RPN is VH) (1)  

495. If (Severity is L) and (Occurrence is EH) and (Detection is M) then (RPN is H) (1)  

496. If (Severity is M) and (Occurrence is M) and (Detection is H) then (RPN is H) (1)  

497. If (Severity is M) and (Occurrence is N) and (Detection is N) then (RPN is VL) (1)  

498. If (Severity is M) and (Occurrence is N) and (Detection is VL) then (RPN is L) (1)  

499. If (Severity is M) and (Occurrence is N) and (Detection is L) then (RPN is L) (1)  

500. If (Severity is L) and (Occurrence is EH) and (Detection is M) then (RPN is H) (1)  

501. If (Severity is M) and (Occurrence is N) and (Detection is M) then (RPN is L) (1)  

502. If (Severity is M) and (Occurrence is N) and (Detection is H) then (RPN is M) (1)  

503. If (Severity is M) and (Occurrence is N) and (Detection is VH) then (RPN is M) (1)  

504. If (Severity is M) and (Occurrence is N) and (Detection is EH) then (RPN is M) (1)  

505. If (Severity is M) and (Occurrence is VL) and (Detection is N) then (RPN is L) (1)  
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506. If (Severity is M) and (Occurrence is M) and (Detection is H) then (RPN is H) (1)  

507. If (Severity is M) and (Occurrence is VL) and (Detection is VL) then (RPN is L) (1)  

508. If (Severity is L) and (Occurrence is EH) and (Detection is M) then (RPN is H) (1)  

509. If (Severity is L) and (Occurrence is EH) and (Detection is M) then (RPN is H) (1)  

510. If (Severity is M) and (Occurrence is VL) and (Detection is L) then (RPN is L) (1)  

511. If (Severity is M) and (Occurrence is VL) and (Detection is M) then (RPN is L) (1)  

512. If (Severity is M) and (Occurrence is VL) and (Detection is H) then (RPN is M) (1)  

513. If (Severity is M) and (Occurrence is VL) and (Detection is VH) then (RPN is M) (1)  

514. If (Severity is M) and (Occurrence is VL) and (Detection is EH) then (RPN is H) (1)  

515. If (Severity is M) and (Occurrence is L) and (Detection is N) then (RPN is L) (1)  

516. If (Severity is M) and (Occurrence is L) and (Detection is VL) then (RPN is L) (1)  

517. If (Severity is M) and (Occurrence is L) and (Detection is L) then (RPN is M) (1)  

518. If (Severity is L) and (Occurrence is EH) and (Detection is M) then (RPN is H) (1)  

519. If (Severity is M) and (Occurrence is L) and (Detection is M) then (RPN is M) (1)  

520. If (Severity is M) and (Occurrence is L) and (Detection is H) then (RPN is M) (1)  

521. If (Severity is M) and (Occurrence is L) and (Detection is VH) then (RPN is H) (1)  

522. If (Severity is M) and (Occurrence is L) and (Detection is EH) then (RPN is H) (1)  

523. If (Severity is M) and (Occurrence is M) and (Detection is N) then (RPN is M) (1)  

524. If (Severity is M) and (Occurrence is M) and (Detection is VL) then (RPN is M) (1)  

525. If (Severity is M) and (Occurrence is M) and (Detection is L) then (RPN is M) (1)  

526. If (Severity is M) and (Occurrence is M) and (Detection is M) then (RPN is H) (1)  

527. If (Severity is M) and (Occurrence is M) and (Detection is H) then (RPN is H) (1)  

528. If (Severity is M) and (Occurrence is M) and (Detection is VH) then (RPN is H) (1)  
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529. If (Severity is M) and (Occurrence is M) and (Detection is EH) then (RPN is VH) (1)  

530. If (Severity is M) and (Occurrence is H) and (Detection is N) then (RPN is M) (1)  

531. If (Severity is M) and (Occurrence is H) and (Detection is VL) then (RPN is M) (1)  

532. If (Severity is L) and (Occurrence is EH) and (Detection is M) then (RPN is H) (1)  

533. If (Severity is M) and (Occurrence is H) and (Detection is L) then (RPN is H) (1)  

534. If (Severity is M) and (Occurrence is H) and (Detection is M) then (RPN is H) (1)  

535. If (Severity is M) and (Occurrence is H) and (Detection is H) then (RPN is H) (1)  

536. If (Severity is M) and (Occurrence is H) and (Detection is VH) then (RPN is VH) (1)  

537. If (Severity is M) and (Occurrence is H) and (Detection is EH) then (RPN is VH) (1)  

538. If (Severity is L) and (Occurrence is EH) and (Detection is M) then (RPN is H) (1)  

539. If (Severity is M) and (Occurrence is VH) and (Detection is N) then (RPN is M) (1)  

540. If (Severity is M) and (Occurrence is VH) and (Detection is VL) then (RPN is M) (1)  

541. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

542. If (Severity is M) and (Occurrence is VH) and (Detection is L) then (RPN is H) (1)  

543. If (Severity is M) and (Occurrence is VH) and (Detection is M) then (RPN is H) (1)  

544. If (Severity is M) and (Occurrence is VH) and (Detection is H) then (RPN is H) (1)  

545. If (Severity is M) and (Occurrence is VH) and (Detection is VH) then (RPN is VH) (1)  

546. If (Severity is M) and (Occurrence is VH) and (Detection is EH) then (RPN is VH) (1)  

547. If (Severity is M) and (Occurrence is EH) and (Detection is N) then (RPN is M) (1)  

548. If (Severity is M) and (Occurrence is VH) and (Detection is H) then (RPN is H) (1)  

549. If (Severity is M) and (Occurrence is EH) and (Detection is VL) then (RPN is H) (1)  

550. If (Severity is M) and (Occurrence is EH) and (Detection is L) then (RPN is H) (1)  

551. If (Severity is M) and (Occurrence is EH) and (Detection is M) then (RPN is H) (1)  
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552. If (Severity is M) and (Occurrence is EH) and (Detection is H) then (RPN is H) (1)  

553. If (Severity is M) and (Occurrence is EH) and (Detection is VH) then (RPN is VH) (1)  

554. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

555. If (Severity is M) and (Occurrence is EH) and (Detection is EH) then (RPN is EH) (1)  

556. If (Severity is H) and (Occurrence is N) and (Detection is N) then (RPN is VL) (1)  

557. If (Severity is H) and (Occurrence is N) and (Detection is VL) then (RPN is L) (1)  

558. If (Severity is H) and (Occurrence is N) and (Detection is L) then (RPN is L) (1)  

559. If (Severity is H) and (Occurrence is N) and (Detection is M) then (RPN is L) (1)  

560. If (Severity is H) and (Occurrence is N) and (Detection is H) then (RPN is M) (1)  

561. If (Severity is H) and (Occurrence is N) and (Detection is VH) then (RPN is M) (1)  

561. If (Severity is M) and (Occurrence is VH) and (Detection is H) then (RPN is H) (1)  

562. If (Severity is H) and (Occurrence is N) and (Detection is EH) then (RPN is M) (1)  

563. If (Severity is H) and (Occurrence is VL) and (Detection is N) then (RPN is L) (1)  

564. If (Severity is H) and (Occurrence is VL) and (Detection is VL) then (RPN is L) (1)  

565. If (Severity is H) and (Occurrence is VL) and (Detection is L) then (RPN is L) (1)  

566. If (Severity is H) and (Occurrence is VL) and (Detection is M) then (RPN is M) (1)  

567. If (Severity is H) and (Occurrence is VL) and (Detection is H) then (RPN is M) (1)  

568. If (Severity is H) and (Occurrence is VL) and (Detection is VH) then (RPN is M) (1)  

569. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

570. If (Severity is H) and (Occurrence is VL) and (Detection is EH) then (RPN is H) (1)  

571. If (Severity is M) and (Occurrence is VH) and (Detection is H) then (RPN is H) (1)  

572. If (Severity is M) and (Occurrence is VH) and (Detection is H) then (RPN is H) (1)  

573. If (Severity is H) and (Occurrence is L) and (Detection is N) then (RPN is L) (1)  



136 
 

574. If (Severity is H) and (Occurrence is L) and (Detection is VL) then (RPN is L) (1)  

575. If (Severity is H) and (Occurrence is L) and (Detection is M) then (RPN is M) (1)  

576. If (Severity is H) and (Occurrence is L) and (Detection is H) then (RPN is M) (1)  

577. If (Severity is H) and (Occurrence is L) and (Detection is VH) then (RPN is H) (1)  

578. If (Severity is H) and (Occurrence is L) and (Detection is EH) then (RPN is H) (1)  

579. If (Severity is H) and (Occurrence is M) and (Detection is N) then (RPN is L) (1)  

580. If (Severity is H) and (Occurrence is M) and (Detection is VL) then (RPN is M) (1)  

590. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

591. If (Severity is M) and (Occurrence is VH) and (Detection is H) then (RPN is H) (1)  

592. If (Severity is H) and (Occurrence is M) and (Detection is L) then (RPN is M) (1)  

593. If (Severity is H) and (Occurrence is M) and (Detection is M) then (RPN is M) (1)  

594. If (Severity is H) and (Occurrence is M) and (Detection is H) then (RPN is H) (1)  

595. If (Severity is H) and (Occurrence is M) and (Detection is VH) then (RPN is H) (1)  

596. If (Severity is H) and (Occurrence is M) and (Detection is EH) then (RPN is VH) (1)  

597. If (Severity is H) and (Occurrence is H) and (Detection is N) then (RPN is M) (1)  

598. If (Severity is H) and (Occurrence is H) and (Detection is VL) then (RPN is M) (1)  

599. If (Severity is H) and (Occurrence is H) and (Detection is L) then (RPN is H) (1)  

600. If (Severity is H) and (Occurrence is H) and (Detection is M) then (RPN is H) (1)  

601. If (Severity is M) and (Occurrence is VH) and (Detection is H) then (RPN is H) (1)  

602. If (Severity is M) and (Occurrence is VH) and (Detection is H) then (RPN is H) (1)  

603. If (Severity is H) and (Occurrence is H) and (Detection is H) then (RPN is VH) (1)  

604. If (Severity is H) and (Occurrence is H) and (Detection is VH) then (RPN is VH) (1)  

605. If (Severity is H) and (Occurrence is H) and (Detection is EH) then (RPN is VH) (1)  
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606. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

607. If (Severity is H) and (Occurrence is VH) and (Detection is N) then (RPN is M) (1)  

608. If (Severity is H) and (Occurrence is VH) and (Detection is VL) then (RPN is M) (1)  

609. If (Severity is H) and (Occurrence is VH) and (Detection is L) then (RPN is H) (1)  

610. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

611. If (Severity is H) and (Occurrence is VH) and (Detection is M) then (RPN is H) (1)  

612. If (Severity is H) and (Occurrence is VH) and (Detection is H) then (RPN is VH) (1)  

613. If (Severity is H) and (Occurrence is VH) and (Detection is VH) then (RPN is VH) (1)  

614. If (Severity is H) and (Occurrence is VH) and (Detection is EH) then (RPN is VH) (1)  

615. If (Severity is H) and (Occurrence is EH) and (Detection is N) then (RPN is M) (1)  

616. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

617. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

618. If (Severity is H) and (Occurrence is EH) and (Detection is VL) then (RPN is M) (1)  

619. If (Severity is H) and (Occurrence is EH) and (Detection is L) then (RPN is H) (1)  

620. If (Severity is H) and (Occurrence is EH) and (Detection is M) then (RPN is H) (1)  

621. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

622. If (Severity is H) and (Occurrence is EH) and (Detection is H) then (RPN is VH) (1)  

623. If (Severity is H) and (Occurrence is EH) and (Detection is VH) then (RPN is VH) (1)  

624. If (Severity is H) and (Occurrence is EH) and (Detection is EH) then (RPN is VH) (1)  

625. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

626. If (Severity is VH) and (Occurrence is N) and (Detection is N) then (RPN is L) (1)  

627. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

628. If (Severity is VH) and (Occurrence is N) and (Detection is VL) then (RPN is M) (1)  



138 
 

629. If (Severity is VH) and (Occurrence is N) and (Detection is L) then (RPN is M) (1)  

630. If (Severity is VH) and (Occurrence is N) and (Detection is M) then (RPN is M) (1)  

631. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

632. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

633. If (Severity is VH) and (Occurrence is N) and (Detection is H) then (RPN is M) (1)  

634. If (Severity is VH) and (Occurrence is N) and (Detection is VH) then (RPN is H) (1)  

635. If (Severity is VH) and (Occurrence is N) and (Detection is EH) then (RPN is H) (1)  

636. If (Severity is VH) and (Occurrence is VL) and (Detection is N) then (RPN is L) (1)  

637. If (Severity is VH) and (Occurrence is VL) and (Detection is VL) then (RPN is M) (1)  

638. If (Severity is VH) and (Occurrence is VL) and (Detection is L) then (RPN is M) (1)  

639. If (Severity is VH) and (Occurrence is VL) and (Detection is M) then (RPN is M) (1)  

640. If (Severity is VH) and (Occurrence is VL) and (Detection is H) then (RPN is H) (1)  

641. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

642. If (Severity is VH) and (Occurrence is VL) and (Detection is VH) then (RPN is H) (1)  

643. If (Severity is VH) and (Occurrence is VL) and (Detection is EH) then (RPN is H) (1)  

644. If (Severity is VH) and (Occurrence is L) and (Detection is N) then (RPN is M) (1)  

645. If (Severity is VH) and (Occurrence is L) and (Detection is VL) then (RPN is M) (1)  

646. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

647. If (Severity is VH) and (Occurrence is L) and (Detection is L) then (RPN is M) (1)  

648. If (Severity is VH) and (Occurrence is VL) and (Detection is H) then (RPN is H) (1)  

649. If (Severity is VH) and (Occurrence is L) and (Detection is M) then (RPN is H) (1)  

650. If (Severity is VH) and (Occurrence is VL) and (Detection is H) then (RPN is H) (1)  

651. If (Severity is VH) and (Occurrence is L) and (Detection is H) then (RPN is H) (1)  
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652. If (Severity is VH) and (Occurrence is L) and (Detection is VH) then (RPN is H) (1)  

653. If (Severity is VH) and (Occurrence is L) and (Detection is EH) then (RPN is H) (1)  

654. If (Severity is VH) and (Occurrence is L) and (Detection is EH) then (RPN is H) (1)  

655. If (Severity is VH) and (Occurrence is M) and (Detection is VL) then (RPN is M) (1)  

656. If (Severity is VH) and (Occurrence is M) and (Detection is L) then (RPN is H) (1)  

657. If (Severity is VH) and (Occurrence is M) and (Detection is M) then (RPN is H) (1)  

658. If (Severity is VH) and (Occurrence is M) and (Detection is H) then (RPN is H) (1)  

659. If (Severity is VH) and (Occurrence is M) and (Detection is VH) then (RPN is H) (1)  

660. If (Severity is VH) and (Occurrence is M) and (Detection is EH) then (RPN is VH) (1)  

661. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

662. If (Severity is VH) and (Occurrence is VL) and (Detection is H) then (RPN is H) (1)  

663. If (Severity is VH) and (Occurrence is H) and (Detection is N) then (RPN is M) (1)  

664. If (Severity is VH) and (Occurrence is H) and (Detection is VL) then (RPN is H) (1)  

665. If (Severity is VH) and (Occurrence is VL) and (Detection is H) then (RPN is H) (1)  

666. If (Severity is VH) and (Occurrence is H) and (Detection is L) then (RPN is H) (1)  

667. If (Severity is VH) and (Occurrence is H) and (Detection is M) then (RPN is H) (1)  

668. If (Severity is VH) and (Occurrence is H) and (Detection is H) then (RPN is VH) (1)  

669. If (Severity is VH) and (Occurrence is H) and (Detection is VH) then (RPN is VH) (1)  

670. If (Severity is VH) and (Occurrence is H) and (Detection is EH) then (RPN is VH) (1)  

671. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

672. If (Severity is VH) and (Occurrence is VH) and (Detection is VL) then (RPN is H) (1)  

673. If (Severity is VH) and (Occurrence is VL) and (Detection is H) then (RPN is H) (1)  

674. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  
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675. If (Severity is VH) and (Occurrence is VH) and (Detection is L) then (RPN is VH) (1)  

676. If (Severity is VH) and (Occurrence is VH) and (Detection is M) then (RPN is VH) (1)  

677. If (Severity is VH) and (Occurrence is VH) and (Detection is H) then (RPN is VH) (1)  

678. If (Severity is VH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

679. If (Severity is VH) and (Occurrence is VH) and (Detection is VH) then (RPN is VH) (1)  

680. If (Severity is VH) and (Occurrence is VH) and (Detection is EH) then (RPN is VH) (1)  

681. If (Severity is VH) and (Occurrence is EH) and (Detection is N) then (RPN is H) (1)  

682. If (Severity is VH) and (Occurrence is EH) and (Detection is VL) then (RPN is VH) (1)  

683. If (Severity is VH) and (Occurrence is EH) and (Detection is L) then (RPN is VH) (1)  

684. If (Severity is VH) and (Occurrence is EH) and (Detection is M) then (RPN is VH) (1)  

685. If (Severity is VH) and (Occurrence is VL) and (Detection is H) then (RPN is H) (1)  

686. If (Severity is VH) and (Occurrence is VL) and (Detection is H) then (RPN is H) (1)  

687. If (Severity is VH) and (Occurrence is EH) and (Detection is H) then (RPN is VH) (1)  

688. If (Severity is VH) and (Occurrence is EH) and (Detection is VH) then (RPN is EH) (1)  

689. If (Severity is VH) and (Occurrence is EH) and (Detection is EH) then (RPN is EH) (1)  

690. If (Severity is EH) and (Occurrence is N) and (Detection is N) then (RPN is L) (1)  

691. If (Severity is EH) and (Occurrence is N) and (Detection is VL) then (RPN is M) (1)  

692. If (Severity is EH) and (Occurrence is N) and (Detection is L) then (RPN is M) (1)  

693. If (Severity is EH) and (Occurrence is N) and (Detection is M) then (RPN is M) (1)  

694. If (Severity is EH) and (Occurrence is N) and (Detection is H) then (RPN is M) (1)  

695. If (Severity is EH) and (Occurrence is N) and (Detection is VH) then (RPN is M) (1)  

696. If (Severity is EH) and (Occurrence is N) and (Detection is VL) then (RPN is M) (1)  

697. If (Severity is EH) and (Occurrence is N) and (Detection is EH) then (RPN is M) (1)  
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698. If (Severity is EH) and (Occurrence is VL) and (Detection is N) then (RPN is M) (1)  

699. If (Severity is EH) and (Occurrence is N) and (Detection is VL) then (RPN is M) (1)  

700. If (Severity is EH) and (Occurrence is VL) and (Detection is VL) then (RPN is M) (1)  

701. If (Severity is EH) and (Occurrence is VL) and (Detection is L) then (RPN is M) (1)  

702. If (Severity is EH) and (Occurrence is N) and (Detection is VL) then (RPN is M) (1)  

703. If (Severity is EH) and (Occurrence is VL) and (Detection is M) then (RPN is M) (1)  

704. If (Severity is EH) and (Occurrence is VL) and (Detection is H) then (RPN is H) (1)  

705. If (Severity is EH) and (Occurrence is VL) and (Detection is VH) then (RPN is H) (1)  

706. If (Severity is EH) and (Occurrence is VH) and (Detection is VL) then (RPN is H) (1)  

708. If (Severity is EH) and (Occurrence is N) and (Detection is VL) then (RPN is M) (1)  

709. If (Severity is EH) and (Occurrence is VL) and (Detection is EH) then (RPN is H) (1)  

710. If (Severity is EH) and (Occurrence is N) and (Detection is N) then (RPN is L) (1)  

711. If (Severity is EH) and (Occurrence is L) and (Detection is N) then (RPN is M) (1)  

712. If (Severity is EH) and (Occurrence is L) and (Detection is VL) then (RPN is M) (1)  

713. If (Severity is EH) and (Occurrence is L) and (Detection is L) then (RPN is M) (1)  

714. If (Severity is EH) and (Occurrence is L) and (Detection is M) then (RPN is H) (1)  

715. If (Severity is EH) and (Occurrence is L) and (Detection is H) then (RPN is H) (1)  

716. If (Severity is EH) and (Occurrence is L) and (Detection is VH) then (RPN is VH) (1)  

717. If (Severity is EH) and (Occurrence is L) and (Detection is EH) then (RPN is VH) (1)  

718. If (Severity is EH) and (Occurrence is M) and (Detection is N) then (RPN is M) (1)  

719. If (Severity is EH) and (Occurrence is N) and (Detection is VL) then (RPN is M) (1)  

720. If (Severity is EH) and (Occurrence is N) and (Detection is VL) then (RPN is M) (1)  

721. If (Severity is EH) and (Occurrence is M) and (Detection is VL) then (RPN is H) (1)  
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722. If (Severity is EH) and (Occurrence is M) and (Detection is L) then (RPN is H) (1)  

723. If (Severity is EH) and (Occurrence is M) and (Detection is M) then (RPN is H) (1)  

724. If (Severity is EH) and (Occurrence is M) and (Detection is H) then (RPN is VH) (1)  

725. If (Severity is EH) and (Occurrence is M) and (Detection is VH) then (RPN is VH) (1) 

726. If (Severity is EH) and (Occurrence is M) and (Detection is N) then (RPN is M) (1)   

727. If (Severity is EH) and (Occurrence is N) and (Detection is N) then (RPN is L) (1)  

728. If (Severity is EH) and (Occurrence is M) and (Detection is EH) then (RPN is EH) (1)  

729. If (Severity is EH) and (Occurrence is H) and (Detection is N) then (RPN is M) (1)  

730. If (Severity is EH) and (Occurrence is H) and (Detection is VL) then (RPN is H) (1)  

731. If (Severity is EH) and (Occurrence is M) and (Detection is N) then (RPN is M) (1)  

732. If (Severity is EH) and (Occurrence is H) and (Detection is L) then (RPN is H) (1)  

733. If (Severity is EH) and (Occurrence is H) and (Detection is M) then (RPN is VH) (1)  

734. If (Severity is EH) and (Occurrence is H) and (Detection is H) then (RPN is VH) (1)  

735. If (Severity is EH) and (Occurrence is H) and (Detection is VH) then (RPN is EH) (1)  

736. If (Severity is EH) and (Occurrence is H) and (Detection is EH) then (RPN is EH) (1)  

737. If (Severity is EH) and (Occurrence is N) and (Detection is N) then (RPN is L) (1)  

738. If (Severity is EH) and (Occurrence is M) and (Detection is N) then (RPN is M) (1)  

739. If (Severity is EH) and (Occurrence is M) and (Detection is N) then (RPN is M) (1)  

740. If (Severity is EH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

741. If (Severity is EH) and (Occurrence is VH) and (Detection is VL) then (RPN is H) (1)  

742. If (Severity is EH) and (Occurrence is VH) and (Detection is L) then (RPN is VH) (1)  

743. If (Severity is EH) and (Occurrence is VH) and (Detection is M) then (RPN is VH) (1)  

744. If (Severity is EH) and (Occurrence is VH) and (Detection is H) then (RPN is VH) (1)  
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745. If (Severity is EH) and (Occurrence is VH) and (Detection is VH) then (RPN is EH) (1)  

746. If (Severity is EH) and (Occurrence is VH) and (Detection is VL) then (RPN is H) (1)  

747. If (Severity is EH) and (Occurrence is VH) and (Detection is EH) then (RPN is EH) (1)  

748. If (Severity is EH) and (Occurrence is EH) and (Detection is N) then (RPN is H) (1)  

749. If (Severity is EH) and (Occurrence is EH) and (Detection is VL) then (RPN is VH) (1)  

750. If (Severity is EH) and (Occurrence is N) and (Detection is N) then (RPN is L) (1)  

751. If (Severity is EH) and (Occurrence is EH) and (Detection is L) then (RPN is VH) (1)  

752. If (Severity is EH) and (Occurrence is EH) and (Detection is M) then (RPN is VH) (1)  

753. If (Severity is EH) and (Occurrence is H) and (Detection is H) then (RPN is VH) (1)  

754. If (Severity is EH) and (Occurrence is H) and (Detection is VH) then (RPN is EH) (1)  

755. If (Severity is EH) and (Occurrence is H) and (Detection is EH) then (RPN is EH) (1)  

756. If (Severity is EH) and (Occurrence is N) and (Detection is N) then (RPN is L) (1)  

757. If (Severity is EH) and (Occurrence is M) and (Detection is N) then (RPN is M) (1)  

758. If (Severity is EH) and (Occurrence is M) and (Detection is N) then (RPN is M) (1)  

759. If (Severity is EH) and (Occurrence is VL) and (Detection is M) then (RPN is M) (1)  

760. If (Severity is EH) and (Occurrence is VL) and (Detection is H) then (RPN is H) (1)  

761. If (Severity is EH) and (Occurrence is VL) and (Detection is VH) then (RPN is H) (1)  

762. If (Severity is EH) and (Occurrence is VH) and (Detection is VL) then (RPN is H) (1)  

763. If (Severity is EH) and (Occurrence is N) and (Detection is VL) then (RPN is M) (1)  

764. If (Severity is EH) and (Occurrence is VL) and (Detection is EH) then (RPN is H) (1)  

765. If (Severity is EH) and (Occurrence is N) and (Detection is N) then (RPN is L) (1)  

766. If (Severity is EH) and (Occurrence is L) and (Detection is N) then (RPN is M) (1)  

767. If (Severity is EH) and (Occurrence is L) and (Detection is VL) then (RPN is M) (1)  
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768. If (Severity is EH) and (Occurrence is L) and (Detection is L) then (RPN is M) (1)  

769. If (Severity is EH) and (Occurrence is L) and (Detection is M) then (RPN is H) (1)  

770. If (Severity is EH) and (Occurrence is VH) and (Detection is N) then (RPN is H) (1)  

771. If (Severity is EH) and (Occurrence is VH) and (Detection is VL) then (RPN is H) (1)  

772. If (Severity is EH) and (Occurrence is VH) and (Detection is VH) then (RPN is EH) (1)  

773. If (Severity is EH) and (Occurrence is VH) and (Detection is VL) then (RPN is H) (1)  

774. If (Severity is EH) and (Occurrence is EH) and (Detection is H) then (RPN is EH) (1)  

775. If (Severity is EH) and (Occurrence is N) and (Detection is N) then (RPN is L) (1)  

776. If (Severity is EH) and (Occurrence is L) and (Detection is N) then (RPN is M) (1)  

777. If (Severity is EH) and (Occurrence is L) and (Detection is VL) then (RPN is M) (1)  

778. If (Severity is EH) and (Occurrence is L) and (Detection is L) then (RPN is M) (1)  

779. If (Severity is EH) and (Occurrence is L) and (Detection is M) then (RPN is H) (1)  

780. If (Severity is EH) and (Occurrence is EH) and (Detection is VH) then (RPN is EH) (1)  

781. If (Severity is EH) and (Occurrence is EH) and (Detection is EH) then (RPN is EH) (1)  

782. If (Severity is EH) and (Occurrence is VH) and (Detection is VH) then (RPN is EH) (1)  

783. If (Severity is EH) and (Occurrence is EH) and (Detection is VH) then (RPN is EH) (1)  

784. If (Severity is EH) and (Occurrence is VH) and (Detection is VH) then (RPN is EH) (1)  

785. If (Severity is EH) and (Occurrence is VH) and (Detection is H) then (RPN is EH) (1)  

786. If (Severity is EH) and (Occurrence is VH) and (Detection is H) then (RPN is EH) (1)  

787. If (Severity is EH) and (Occurrence is VH) and (Detection is VL) then (RPN is H) (1)  

788. If (Severity is EH) and (Occurrence is N) and (Detection is N) then (RPN is L) (1) 

789. If (Severity is EH) and (Occurrence is VH) and (Detection is VH) then (RPN is EH) (1)   

790. If (Severity is EH) and (Occurrence is VH) and (Detection is H) then (RPN is EH) (1)  
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791. If (Severity is EH) and (Occurrence is VH) and (Detection is H) then (RPN is EH) (1)  

 

 

FIS 3: 

792. If (RPN is N) and (Criticality is N) then (Type___of___Maintenance is CM) (1)  

793. If (RPN is N) and (Criticality is VL) then (Type___of___Maintenance is CM) (1)  

794. If (RPN is N) and (Criticality is L) then (Type___of___Maintenance is CM) (1)  

795. If (RPN is N) and (Criticality is M) then (Type___of___Maintenance is CM) (1)  

796. If (RPN is N) and (Criticality is H) then (Type___of___Maintenance is PM) (1)  

797. If (RPN is N) and (Criticality is VH) then (Type___of___Maintenance is PM) (1)  

798. If (RPN is N) and (Criticality is EH) then (Type___of___Maintenance is PM) (1)  

799. If (RPN is VL) and (Criticality is N) then (Type___of___Maintenance is CM) (1)  

800. If (RPN is VL) and (Criticality is VL) then (Type___of___Maintenance is CM) (1)  

801. If (RPN is VL) and (Criticality is L) then (Type___of___Maintenance is CM) (1)  

802. If (RPN is N) and (Criticality is H) then (Type___of___Maintenance is PM) (1)  

803. If (RPN is N) and (Criticality is VH) then (Type___of___Maintenance is PM) (1)  

804. If (RPN is N) and (Criticality is EH) then (Type___of___Maintenance is PM) (1)  

805. If (RPN is VL) and (Criticality is N) then (Type___of___Maintenance is CM) (1)  

806. If (RPN is N) and (Criticality is M) then (Type___of___Maintenance is CM) (1)  

807. If (RPN is VL) and (Criticality is M) then (Type___of___Maintenance is PM) (1)  

808. If (RPN is VL) and (Criticality is H) then (Type___of___Maintenance is PM) (1)  

809. If (RPN is VL) and (Criticality is VH) then (Type___of___Maintenance is PM) (1)  

810. If (RPN is N) and (Criticality is M) then (Type___of___Maintenance is CM) (1)  
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811. If (RPN is L) and (Criticality is N) then (Type___of___Maintenance is CM) (1)  

812. If (RPN is L) and (Criticality is VL) then (Type___of___Maintenance is CM) (1)  

813. If (RPN is L) and (Criticality is L) then (Type___of___Maintenance is PM) (1)  

814. If (RPN is L) and (Criticality is M) then (Type___of___Maintenance is PM) (1)  

815. If (RPN is N) and (Criticality is M) then (Type___of___Maintenance is CM) (1)  

816. If (RPN is L) and (Criticality is H) then (Type___of___Maintenance is PM) (1)  

817. If (RPN is L) and (Criticality is VH) then (Type___of___Maintenance is PM) (1)  

818. If (RPN is L) and (Criticality is EH) then (Type___of___Maintenance is CBM) (1)  

819. If (RPN is M) and (Criticality is N) then (Type___of___Maintenance is CM) (1)  

820. If (RPN is M) and (Criticality is VL) then (Type___of___Maintenance is PM) (1)  

821. If (RPN is M) and (Criticality is L) then (Type___of___Maintenance is PM) (1)  

822. If (RPN is M) and (Criticality is M) then (Type___of___Maintenance is PM) (1)  

823. If (RPN is M) and (Criticality is H) then (Type___of___Maintenance is PM) (1)  

824. If (RPN is L) and (Criticality is EH) then (Type___of___Maintenance is CBM) (1)  

825. If (RPN is M) and (Criticality is M) then (Type___of___Maintenance is PM) (1)  

826. If (RPN is M) and (Criticality is H) then (Type___of___Maintenance is PM) (1)  

827. If (RPN is L) and (Criticality is EH) then (Type___of___Maintenance is CBM) (1)  

828. If (RPN is M) and (Criticality is VH) then (Type___of___Maintenance is PM) (1)  

829. If (RPN is M) and (Criticality is EH) then (Type___of___Maintenance is CBM) (1)  

830. If (RPN is H) and (Criticality is N) then (Type___of___Maintenance is CM) (1)  

831. If (RPN is L) and (Criticality is EH) then (Type___of___Maintenance is CBM) (1)  

832. If (RPN is H) and (Criticality is VL) then (Type___of___Maintenance is PM) (1)  

833. If (RPN is H) and (Criticality is L) then (Type___of___Maintenance is PM) (1)  
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834. If (RPN is H) and (Criticality is M) then (Type___of___Maintenance is PM) (1)  

835. If (RPN is H) and (Criticality is H) then (Type___of___Maintenance is PM) (1)  

836. If (RPN is H) and (Criticality is VH) then (Type___of___Maintenance is CBM) (1)  

837. If (RPN is H) and (Criticality is EH) then (Type___of___Maintenance is CBM) (1)  

838. If (RPN is L) and (Criticality is EH) then (Type___of___Maintenance is CBM) (1)  

839. If (RPN is VH) and (Criticality is N) then (Type___of___Maintenance is PM) (1)  

840. If (RPN is VH) and (Criticality is VL) then (Type___of___Maintenance is PM) (1)  

841. If (RPN is VH) and (Criticality is L) then (Type___of___Maintenance is PM) (1)  

842. If (RPN is VH) and (Criticality is M) then (Type___of___Maintenance is PM) (1) 

843. If (RPN is L) and (Criticality is EH) then (Type___of___Maintenance is CBM) (1)   

844. If (RPN is VH) and (Criticality is H) then (Type___of___Maintenance is CBM) (1)  

845. If (RPN is VH) and (Criticality is VH) then (Type___of___Maintenance is CBM) (1)  

846. If (RPN is VH) and (Criticality is EH) then (Type___of___Maintenance is CBM) (1)  

847. If (RPN is EH) and (Criticality is N) then (Type___of___Maintenance is PM) (1)  

848. If (RPN is EH) and (Criticality is VL) then (Type___of___Maintenance is PM) (1)  

849. If (RPN is EH) and (Criticality is L) then (Type___of___Maintenance is PM) (1)  

850. If (RPN is EH) and (Criticality is M) then (Type___of___Maintenance is CBM) (1)  

851. If (RPN is VH) and (Criticality is EH) then (Type___of___Maintenance is CBM) (1)  

852. If (RPN is EH) and (Criticality is N) then (Type___of___Maintenance is PM) (1)  

853. If (RPN is EH) and (Criticality is H) then (Type___of___Maintenance is CBM) (1)  

854. If (RPN is EH) and (Criticality is VH) then (Type___of___Maintenance is CBM) (1)  

855. If (RPN is EH) and (Criticality is EH) then (Type___of___Maintenance is CBM) (1)  
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