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ABSTRACT 

 

Prioritizing customer requirements in product design requires a tool that could help design 

engineers make the right decisions at the early stages of the design process. In this paper, 

a framework incorporating the fuzzy analytic hierarchy process (FAHP) with extent 

analysis with the analytic hierarchy process (AHP) has been proposed in order to 

overcome the problems of consistent judgement in FAHP and solve conventional AHP 

problems in dealing with subjective judgement, especially in prioritizing customer 

requirements. Based on the case study presented, by incorporating FAHP with AHP, the 

results are not very different from each other where the ranking of the customer 

requirements is similar, which implies the validity of FAHP in evaluating customer 

requirements. The consistency ratio obtained is as much as 8.51%, which is less than 

10%. Thus, the consistency of the judgement can be evaluated, while the proposed 

framework is able to judge imprecise and vague information. Moreover, the incorporation 

of both methods is applicable and analysis of the consistency ratio from a fuzzy 

environment is possible. 

 

Keywords: Customer requirements; Fuzzy Analytic Hierarchy Process; Analytic 

Hierarchy Process; design process. 

  

INTRODUCTION 

 

Customer requirements are important elements that have to be considered for product 

design development. When designing a product, input from customers is very useful in 

order to produce a marketable product and reach sales department targets. The views of 

customers can be collected from interviews, questionnaires and other survey methods [1]. 

When it comes to human judgement, the results are subjective and it is not easy for the 

decision maker to decide the preferences. In common practice, customers are given an 

option to rate their judgement based on a verbal or numerical scale. The verbal scale is in 

a range from equally preferred to extremely strongly preferred, while the numerical scale 

is generally a nine-point scale to show the level of preference. Furthermore, the results 

from customers vary and it is difficult for the design engineer to determine what is the 

most preferred requirement for the product. Imprecise and vague information in the 

prioritizing process makes it difficult to determine the final importance ratings [2]. 

Consistency is one of the key factors when evaluating customer requirements. Human 
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judgement is influenced by surroundings and feelings, which implies that it will usually 

be vague [3]. Therefore, consistency has to be checked in every judgement to avoid any 

mistake during decision making. From the feedback of the customers, it seems that 

everything is important and satisfying one requirement may disfavour another 

requirement. Moreover, decision makers have to choose the most appropriate decision 

making tools to help them to evaluate the judgement. In order to select the most suitable 

tools, the decision maker has to identify the tool that he/she is comfortable with in order 

to avoid any misleading result that might cause a false decision. The most appropriate 

tools are there for them to choose based on their knowledge and understanding to make 

the decision making process less complicated and quicker.  

There is a tool in the multi-criteria decision making (MCDM) method that can 

derive the ranking of requirements and set the preferences numerically. Thomas L. Saaty 

[4] developed AHP to help decision makers make consistent judgements. The analytic 

hierarchy process is a mathematical tool that can derive a priority vector from a consistent 

matrix which contains pairwise comparison of the requirements [5]. This priority vector 

is known as the principal eigenvector and indicates the order of preference and reflects 

this in ratios of numerical value [6]. However, AHP seems to be insufficient and too 

imprecise to derive the importance rates of customer requirements due to the uncertainty 

and vagueness that is attributed to the judgement of those customer requirements [7]. 

There is another tool that extends the analysis of AHP in a fuzzy environment, FAHP 

with extent analysis, which has shown its ability to overcome vague and imprecise 

judgements but still lacks consistency of evaluation [8]. Hence, both these methods can 

be applied in prioritizing customer requirements and the idea of incorporating both 

methods may enhance the decision making outcome.  

In this study, a proposed framework will be introduced in order to help the design 

engineer to determine the importance rating of customer requirements using an integrated 

method of MCDM in fuzzy and non-fuzzy environments. Incorporation of AHP into 

FAHP with the extent analysis framework will help the design engineer to decide which 

requirements from customers are consistently most strongly preferred over others after 

considering the benefits from the fuzzy and non-fuzzy environments.  

 

RELATED WORKS 

 

Analytic Hierarchy Process 

 

The analytic hierarchy process (AHP) is a tool that has been used by many 

researchers in many applications [9]. For example, AHP has been used to determine the 

best concept design of a product and also to determine a suitable material for the product 

design. Table 1 shows examples of the application of AHP reported by researchers in 

solving other design problems. Furthermore, an integrated method in product design 

development has been used widely in various stages [16]. A method integrating AHP with 

other tools for product design has been introduced by many researchers, such as Mansor 

et al. [17], who integrated AHP with a Technique for Order Preference by Similarity 

(TOPSIS) in order to select a thermoplastic matrix for the formulation of hybrid natural 

fibre composites at the material selection stage. Other than that, Hanumaiah et al. [18] 

introduced the integration of AHP with quality function deployment (QFD) in order to 

select the most appropriate tooling process for process selection in product design. Minyt 

[19] also proposed a framework of intelligent quality function deployment (IQFD), which 

is a compromise AHP in the framework with application in discrete parts in the assembly 
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environment. Hence, the simplicity of the algorithm of the AHP has allowed this tool to 

be integrated with other methods in order to enhance the quality of the decision since the 

consistency of the decision will be evaluated from this method. In prioritizing customer 

requirements, it offers greater benefits and helps the design engineer to identify the most 

and least important requirements for the product design based on customer feedback.  

 

Table 1. Application of AHP related to design problems. 

 

No

. 
Design Problem Reference 

1 Determination of the most suitable design concept for wheelchair 

design 

[10] 

2 Determination of the most appropriate decisions on the design 

concept and material concurrently at the early stage of the product 

development process or conceptual design stage 

[11] 

3 

 

Determination of the most suitable material for an automotive 

dashboard panel 

[12] 

4 Determination of the degree of importance of criteria to overcome the 

shortcomings in material selection during the design process 

[13] 

5 Selection of the most suitable natural fibre to be hybridized with glass 

fibre reinforced polymer composites for the design of a passenger 

vehicle centre lever parking brake component 

[14] 

6 Selection of the best concept design of an automotive component 

based on the product design specifications 

[15] 

 

Fuzzy AHP with Extent Analysis 

 

Chang [8] in his research has introduced FAHP with extent analysis to obtain a crisp 

priority vector from a triangular fuzzy comparison matrix. This method converts the 

linguistic assessment to a triangular fuzzy number. The “extent analysis” here is referred 

to as a consideration of the extent to which an object satisfies the goal [20]. Although 

FAHP has been criticized by the architect of conventional AHP itself, Saaty in his papers 

[21]–[23], numerous researchers are still using fuzzy judgement from FAHP to determine 

the importance weights in many product design applications. These include a study done 

by Kwong and Bai [20] that utilized FAHP to determine the importance weights for 

customer requirements. Chan et al. [24] also reported that FAHP could be used to 

determine the relative importance of product life cycle phases and the main criteria within 

each phase through pairwise comparison. This was followed by Wang [25], who utilized 

FAHP to determine the relative importance evaluation criteria in assessing environmental 

performance with respect to different product designs. FAHP seems to be a suitable 

approach to analyse human judgement in uncertain environments [26]. On the other hand, 

Roy [27] in his study reported that AHP does not perfectly reflect the decision maker’s 

thought and may fail to give accurate preferences due to imprecise information. 

Generally, like AHP, FAHP with extent analysis has been integrated with other 

tools such as QFD, TOPSIS, VIKOR (Vise Kriterijumska Optimizacija I Kompromisno 

Resenje), the artificial neural network approach and Fuzzy TOPSIS in many applications 

including logistics, manufacturing and product design [28]–[31]. Moreover, a 

methodology has been developed including house of quality, FAHP and rough-grey 

analysis to enable designers to make better decisions before finalizing their choices [32]. 
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The triangular fuzzy numbers that have been used in applications of FAHP would give a 

better result in making a decision. In a study by Ishizaka [33], in supplier selection, it is 

difficult to evaluate the judgement because of the complexity, vagueness and uncertainty 

of the problem. In his study, the example of evaluation between scale 4 and 6 would lead 

to the incorporation of fuzzy numbers that will give greater precision. Based on the 

disadvantage of AHP that it fails to give accurate preferences with imprecise information, 

and its advantage in terms of judgement consistency, as mentioned earlier, the 

incorporation of AHP with FAHP with extent analysis is more preferable and would 

combine the benefits from both of these methods.  

 

PROPOSED FRAMEWORK 

 

The methodology of FAHP with extent analysis and the AHP approach in prioritizing 

customer requirements is proposed in this study as shown in Figure 1. FAHP with extent 

analysis and conventional AHP methods are applied in parallel for the proposed 

framework. Initially, the hierarchy of attributes was constructed. Here, the goal of the 

decision making is set at level 1 at the top of the hierarchy, and decomposition of the main 

goal into sub-goals or criteria is set at level 2 of the hierarchy. At level 3, there are 

alternatives that need to be decided according to the goal. In this case, level 1 is set as a 

goal to prioritize the customer requirements for the product design. Level 2 contains the 

criteria that are required for product design, such as cost, quality and environment. Next, 

in the list of level 3 customer requirements are the alternatives that need to be prioritized 

in order to achieve the goal at level 1. An illustration of the hierarchy is shown in Figure 

2.  

Later, each of the elements was compared with another on a pairwise basis using 

the algorithm of FAHP with extent analysis and AHP. A nine-point scale is used as this 

is commonly used to show the judgement or preference between options, as equally, 

moderately, strongly, very strongly, or extremely preferred.  For FAHP, the triangular 

fuzzy number technique is used to represent pairwise comparisons and the same scale of 

crisp numbers was applied for the pairwise comparison matrix in AHP. 

 

Methodology of Fuzzy AHP with Extent Analysis 

 

A triangular fuzzy number can be denoted as M=ãij= (lij,mij,uij), where l ≤m≤u, l and u 

stand for the lower and upper value of the support M, respectively and m is the mid value 

of M. Triangular fuzzy numbers are used to represent the assessment from equal to 

extremely preferred for the scale M1, M3, M5, M7 and M9, while M2, M4, M6 and M8 are 

used to represent the moderate values. Table 2 shows the triangular fuzzy numbers 

conversion scale of the linguistic values and the crisp values in the weighting set used by 

decision makers [20].  
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Figure 1. Framework of methodology of FAHP with extent analysis and AHP in 

prioritizing customer requirements. 

 

Develop hierarchical framework 

Define goal, criteria and alternatives 

Establish fuzzy comparison 

matrices for each alternative 

and criteria 

Perform pairwise comparison 

using pre-defined rating values for 

each alternative and criterion 

Input pairwise comparison data (actual 

and reciprocal value) into comparison 

Calculate priority vector, w (or 

normalized principal Eigenvector) 

Calculate principal Eigenvalue, 

λmax and Consistency Index (CI) 

Calculate Consistency Ratio (CR) 

Check CR  

< 10% 

Calculate fuzzy synthetic extent with 

respect to the ith object 

Calculate the global weights, multiplying by 

normalized weight of factors and normalized 

weights of each criterion conventional environment 

End 

YES 

NO 

Evaluate and analyse customer 

requirements 

FAHP AHP 
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NO 

START 

FAHP  

Prioritizing customer requirements 

Criterion 1 Criterion 2 Criterion 3 
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Level 1: Goal 

 

 

 

Level 2: Criteria 

 

 

 

 

Level 3: Alternatives 

 

 

 

 

 

Figure 2. The hierarchy framework.    

 

Table 2. Triangular fuzzy numbers and crisp numbers in the weighting set used by 

decision makers. 

 

Intensity of preference Verbal Definition 

Crisp 

Number 

Triangular 

Fuzzy 

Number 

1 1,1,2 Equally preferred 

2 1,2,3 Equally to moderately preferred 

3 2,3,4 Moderately preferred 

4 3,4,5 Moderately to strongly preferred 

5 4,5,6 Strongly preferred 

6 5,6,7 Moderately to very strongly 

preferred 

7 6,7,8 Very strongly preferred 

8 7,8,9 Moderately to extremely strongly 

preferred 

9 8,9,9 Extremely strongly preferred 

 

Next, a triangular fuzzy comparison matrix is expressed as in Eq. (1): 

 

         𝐴̃ = (ã𝑖𝑗)𝑛×𝑛 = [

(1,1,1) (𝑙12, 𝑚12, 𝑢12) …
⋮ (1,1,1) …

(𝑙𝑛1, 𝑚𝑛1, 𝑢𝑛1) (𝑙𝑛2, 𝑚𝑛2, 𝑢𝑛2) …
   

(𝑙1𝑛, 𝑚1𝑛, 𝑢1𝑛)
⋮

(1,1,1)
]          (1) 

 

where ãij=(lij,mij,uij) and ãij
-1 =(1/uij,1/mij,1/lij) for i,j =1,…,n and i ≠ j. 

 

An extent analysis method was used to calculate the priority vector of the above 

triangular fuzzy comparison matrix from formulas suggested by Chang [8] and modified 

by several researchers [27], [34], [35] as follows: 
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Step 1: Each row of the fuzzy comparison matrix 𝐴̃ is summed up by fuzzy arithmetic 

operations as in Eq. (2): 

 

                    RSi=∑ ã𝑖𝑗 = (∑ 𝑙𝑖𝑗 , ∑ 𝑚𝑖𝑗 ,𝑛
𝑗=1 ∑ 𝑢𝑖𝑗

𝑛
𝑗=1

𝑛
𝑗=1 ), 𝑖 = 1, … , 𝑛𝑛

𝑗=1                         (2) 

 

Step 2: According to Wang [35], the normalization formula suggested by Chang [8] led 

to a wrong decision and some information from the comparison matrices would be 

wasted. Therefore, he suggested a normalization formula for a set of triangular fuzzy 

weights as in Eq. (3): 

 

𝑆𝑖̃ =
𝑅𝑆𝑖

∑ 𝑅𝑆𝑗
𝑛
𝑗=1

= (

∑ 𝑙𝑖𝑗
𝑛
𝑗=1

∑ 𝑙𝑖𝑗+∑ ∑ 𝑢𝑘𝑗
𝑛
𝑗=1

𝑛
𝑘=1,𝑘≠𝑖

𝑛
𝑗=1

,
∑ 𝑚𝑖𝑗

𝑛
𝑗=1

∑ ∑ 𝑚𝑘𝑗
𝑛
𝑗=1

𝑛
𝑘=1

,

 
∑ 𝑢𝑖𝑗

𝑛
𝑗=1

∑ 𝑢𝑖𝑗+∑ ∑ 𝑙𝑘𝑗
𝑛
𝑗=1

𝑛
𝑘=1,𝑘≠𝑖

𝑛
𝑗=1

), i=1,…,n       (3) 

 

Step 3: Wang [35] and Zhu [36] mentioned that Chang’s suggestion on the definition of 

the priority vector does not reflect the true priorities and cannot be used to find the relative 

priority values. Therefore, Roy et al. [27] considered the method suggested by Liou and 

Wang [37] for finding the priorities of synthetic extent. Roy et al. [27] used the total 

integral value method developed by Liou and Wang [37] to deal with the zero-weight 

problem found in Chang’s method. The formula to find the total integral value is shown 

in Eq. (4): 

 

       𝐽𝑇
𝛼(𝑆𝐸𝑗) =

1

2
𝛼(𝑏𝑗 + 𝑐𝑗) +

1

2
(1 − 𝛼)(𝑎𝑗 + 𝑏𝑗) =

1

2
[𝛼𝑐𝑗 + 𝑏𝑗 + (1 − 𝛼)𝑎𝑗]            (4) 

 

where α represents the degree of optimism of the decision maker and its value can range 

from 0 to 1. When α=0, it represents the pessimistic decision maker’s point of view and 

α=1 represents the optimistic decision maker’s point of view. Thus, in this study α=0.5 

was used to represent moderation.  

 

Step 4: Next, the normalized priority vector W=(w1,w2,…,wn)
T, a non-fuzzy number, is 

calculated by Eq. (5): 

 

                                                  𝑤𝑗 =
𝐽𝑇

𝛼(𝑆𝐸𝑗)

∑ 𝐽𝑇
𝛼(𝑆𝐸𝑗)𝑛

𝑗=1

                                          (5) 

 

Methodology of Analytic Hierarchy Process 

 

In AHP, the common hierarchy is used and the nine-point scale with conversion value 

from triangular fuzzy numbers to crisp numbers is used to construct pairwise comparison 

matrixes. In order to obtain priority vectors, the principal eigenvector of comparison 

matrix, A as in Eq. (6) will be calculated.  

 

                        𝐴 = (a𝑖𝑗)𝑛×𝑛 = [

a11 a12 …
⋮ 1 …

(a𝑛1 a𝑛2 …

a1𝑛

⋮
1

]                                                     (6)  

where aij = k automatically implies that aji = 1/k and i,j=1,…,n and i≠ j. 
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As in Saaty’s [5] approach, the priority vector is the vector w that are normalized 

components of the eigenvector corresponding to the largest eigenvalue, 𝜆𝑚𝑎𝑥 as in 

Eq. (7): 

 

                                                  𝐴𝒘 = 𝜆𝑚𝑎𝑥𝒘           (7) 

A priority vector, w, must satisfy the above relationship with a positive eigenvalue 

to remain invariant under the hierarchic composition principle so that it does not keep 

getting new priority vectors from the matrix if the judgement is changing [38]. This would 

show the consistency of the judgement. The eigenvalue of the comparison matrix, A, is 

used to indicate the degree of inconsistency of matrix A. The consistency index (CI) and 

consistency ratio (CR) for a comparison matrix can be computed from Eq. (8) and Eq. (9) 

respectively: 

 

                                                CI =
𝜆𝑚𝑎𝑥−𝑛

𝑛−1
                                                       (8)

                            

                                              CR = (
CI

𝑅𝐼(𝑛)
) 100%          (9)   

              

where, 𝜆𝑚𝑎𝑥 is the largest eigenvalue of the comparison matrix, n is the dimension of the 

matrix and RI(n) is a random index that depends on n as shown in Table 3. If the calculated 

consistency ratio is less than 10%, the pairwise judgement can be thought of as acceptable.  

 

Table 3. Random index (RI(n)) of random matrix [39]. 

n 3 4 5 6 7 8 9 10 11 12 13 14 15 

RI(n) 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.48 1.56 1.57 1.59 

 

CASE STUDY 

 

In this study, the design requirements for an automotive anti-roll bar (ARB) are taken as 

a case study. The case study is carried out to obtain the validity of the proposed framework 

and improve the proposal. Here, the requirements from the customers were collected and 

the next activities will be explained in the following section. 

 

Development of Hierarchical Framework 

 

A list of customer requirements was collected from related studies for the design of an 

ARB [40]–[47] as summarized in Figure 3. At level 1, the main goal is to prioritize 

customer requirements that are divided into sub-goals in terms of the cost, quality and 

environmental aspect in level 2. A list of the customer requirements can be found at level 

3. All the requirements that are obtained have considered the operation of the ARB and 

the pre- and post-process of its development. Cost is an expected requirement since the 

automotive ARB is applicable for all types of vehicle. The operation of the ARB  includes 

bending and torsion load, and it is expected that the design of the ARB must be durable, 

reliable and stiff enough to withstand the loading during operation. In terms of the 

environment, the process of the automotive ARB must be environmentally safe and free 

from any hazardous substance. Thus, design engineers need to identify the most and least 

important customer requirements to consider for the design of the automotive ARB.  
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Level 1: Goal 

 

 

 

Level 2: Criteria 

 

 

 

 

Level 3: Alternatives 

 

 

 

 

 

 

Figure 3. The hierarchy framework in prioritizing customer requirements. 

 

Table 4. Pairwise comparison matrix of alternatives with respect to the environment 

criteria using AHP. 

 

 
 

Prioritizing Customer Requirements  

 

In this section, only the pairwise comparison matrix for the criteria with respect to the 

environment is shown in Tables 4 and 5(a–b). All the attributes in level 3 of the hierarchy 

are compared on a pairwise basis with respect to the environment. The more important an 

attribute is when compared with another attribute, the higher on the scale it is rated. As 

mentioned before, a nine-point scale is used in the evaluation in order to rate the 

importance of the attributes compared with other attributes with respect to the 

environment, ranging from equally important to extremely strongly important.  

 

 

Weighting customer requirements 

Cost Quality Environment 

Cheap Easy to reuse  Easy to recycle                                                        

Easy to maintain    Less transportation    Durable                                   

Reliable Easy to manufacture Less materials                              

Free of hazardous substances Environmentally safe   Not 

easy to break Impact-resistant     Long lifespan     Lightweight 
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Table 5(a). Fuzzy pairwise comparison matrix with respect to environment using FAHP. 

 
 

Table 5(b). Fuzzy pairwise comparison matrix with respect to environment using FAHP (continued). 

http://dx.doi.org/10.15282/jmes.9.2015.12.0160
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From all the comparison matrices, the criteria and weights of the alternatives are 

calculated by obtaining the eigenvector and eigenvalue using AHP and also the priority 

vector using FAHP, as presented in Table 6. The consistency ratio for the comparison 

matrix of the alternatives with respect to the environment is less than 10%, namely 8.51%. 

This result is considered to be consistent with the judgement towards the 15 alternatives 

with respect to the environment in terms of conventional AHP and FAHP.  

 

Table 6. Priority vector (w) of alternatives with respect to the environment. 

 

No Alternatives 
Priority vector (w) 

FAHP Rank AHP Rank 

1 Cheap 0.0109 15 0.0112 15 

2 Easy to reuse 0.1416 2 0.1589 2 

3 Easy to recycle 0.1252 3 0.1246 3 

4 Less transportation 0.1163 4 0.1090 4 

5 Easy to manufacture 0.0201 12 0.0173 12 

6 Durable 0.0807 6 0.0663 6 

7 Lightweight 0.0160 13 0.0136 13 

8 Easy to maintain 0.0130 14 0.0119 14 

9 Reliable 0.0445 8 0.0394 8 

10 Long lifespan 0.0344 10 0.0291 10 

11 Impact-resistant 0.0266 11 0.0236 11 

12 Not easy to break 0.0401 9 0.0327 9 

13 Free from hazardous substances 0.1602 1 0.2119 1 

14 Less materials 0.0554 7 0.0453 7 

15 Environmentally safe 0.1151 5 0.1053 5 

 

As shown in Table 6, the results computed from the AHP and FAHP with extent 

analysis methods provide similar priority ranking for the analysed customer requirements 

while also showing minimal differences in terms of the priority vector scores between 

both methods. For instance, according to the FAHP method, the top three customer 

requirements based on the analysis were freedom from hazardous substances, followed 

by ease of use and easy recycling, and the AHP method produced  the same top three 

customer requirements. This implies that the proposed framework using the FAHP 

method to calculate the global weight is applicable, since similar preference rankings are 

obtained from AHP and FAHP for the priority vector.  

Validation of the consistency of human judgement, which has become a problem 

in product design, may be solved by the incorporation of AHP into FAHP with extent 

analysis. Moreover, according to the results shown, AHP is also applicable for 

determining human preferences, and specifically for prioritizing customer requirements 

for product design. Even though the quality of the judgement from a fuzzy environment 

has been claimed to be more precise and better at dealing with imprecise and vague 

information, it is proved that the result of the prioritizing is not very different from the 

judgement in the conventional environment. Customer requirements can be subjective 

and easily influenced by surroundings. Therefore, more precise and consistent analysis is 

needed. The proposed framework suggests that the method using FAHP with extent 

analysis offers benefits from the background of the method in dealing with imprecise and 

http://dx.doi.org/10.15282/jmes.9.2015.12.0160
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vague information in decision making. On the other hand, AHP offers consistent 

evaluation, which can help the decision maker to check for the consistency of the 

judgement. 

 

CONCLUSIONS 

 

A framework of prioritizing customer requirements by incorporating AHP in the FAHP 

extent analysis work flow is proposed in order to deal with the consistency judgement 

analysis in the FAHP method. Although more tools are available for decision making, 

conventional AHP has been applied widely because of the simplicity of the algorithm, 

and FAHP with extent analysis has been applied in various areas because of its ability to 

deal with imprecise and vague information during decision making. In contrast, FAHP 

with extent analysis does not show the validity of the consistency in the judgement and 

so incorporation of AHP results in a more consistent judgement to tackle subjectivity 

problems. This study has shown the validity of integrating FAHP with AHP by presenting 

their similar rankings and the consistency of fuzzy judgement analysed from the AHP 

method. The consistency ratio obtained from this study is acceptable, at a value below 

10%. Thus, FAHP with extent analysis combined with AHP is a suitable tool for 

prioritizing customer requirements in a consistent judgement and helps the design 

engineer to identify the most and least important product design requirements.  
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