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ABSTRACT: Weighting customer requirement is not an easy task to 
undertake since it involves subjective human perception and judgement. In 
this study, both Analytic Hierarchy Process (AHP) and Fuzzy AHP with 
extent analysis (FAHP) methods were applied to determine and to compare 
the differences on the weight of customer requirements. Customer 
requirements for automotive anti-roll bar (ARB) were taken as a case study 
from related literature. The results from both methods showed slight 
differences in weighting customer requirements with an average of 
differences is 0.73%. Thus, the FAHP method could be applied in decision-
making to find the weight of attributes whilst the AHP could also be applied 
in decision-making to deal with vague and imprecise information. 
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1.0  INTR ODU CTION  
 
The voice of customers (VOC) is an important element that needs to 
be considered in the initial stage of the product development process 
since they are the real stakeholders of the product. The VOC is 
important because the customers would voice out what needs to be 
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revised with regards to the features of the current products and also 
their expectations of new product features which need to be 
incorporated into the demand list [1]. This would serve as a guide for 
the design engineers on what they could suggest during 
brainstorming activities on product development. However, there are 
some issues which crop up related to human perception and 
preference. Nahm [2] in his study reported that customer perception is 
usually imprecise and uncertain in nature. Human perception is 
usually influenced by its surroundings and emotions [3]. This could 
lead to vague information. Therefore evaluating the perception and 
preference of this kind could be a relatively complicated task to 
perform. Besides this, in order to satisfy VOC, the technical team 
suggested attributes from the technical perspective to be connected to 
a product design [4]. In 1980 Saaty [5] developed the analytic 
hierarchy process (AHP) to rank the alternatives with respect to 
several criteria. The idea of Saaty [6] in prioritization multi attributes 
has been widely applied in various fields in academic research as well 
as industrial practice. In the product development process, AHP has 
been utilized as a tool to solve various design problems. For example, 
Hambali et al. [7-8] and Mansor et al. [9] had used AHP in the 
determination of a most suitable design concept in product design 
development. Sapuan et al. [10], Jahan et al. [11], Desai et al. [12], and 
Mansor et al. [13] had used AHP in material selection process. 
Gangurde and Akarte [14] and Li et al. [15] had used AHP to 
determine the importance of the alternatives based on customer 
satisfaction.   

AHP has been chosen as a method to prioritize customer requirements 
because of its simplicity in the algorithms. Dalalah [16] reported in his 
study that results from AHP is acceptable with accurate decisions. 
Furthermore, it is easy for the decision maker to deal with imprecise 
human judgements as AHP does not require in-depth technological 
knowledge from the decision maker regarding the specifics of the 
study. Ho [17] in his study reported that it is possible to combine AHP 
with other techniques because of its simplicity and flexibility. 
Nevertheless, there are some issues on conventional AHP that has 
become a debate among researchers. The most common issue that has 
been discussed among researchers is the capability of conventional 
AHP in dealing with vague and imprecise information. Therefore, 
Laarhoven [18] proposed a method to deal with this problem using 
fuzzy judgement by a comparison of the triangular fuzzy number [19]. 
In another study by Leung [20], he stated the fuzzy approach used to 
evaluate human judgement enables a more accurate description for 
decision makers to make a correct decision compared with the 
conventional AHP approach. The conventional AHP is found 
incapable of processing imprecise or vague information [21]. 
Subsequently, Chang [22] had proposed a new approach from fuzzy 
judgement with extension analysis. Fuzzy AHP (FAHP) with extent 
analysis was proposed to obtain a crisp priority vector from a 
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triangular fuzzy comparison matrix. This method is used by 
converting a linguistic assessment into a triangular fuzzy number. The 
“extent analysis” here is referred to as a consideration of the extent of 
an object to be satisfied for a goal [23]. While FAHP with extent 
analysis is being utilized by most decision makers from various fields, 
Wang [24] in his study had corrected normalization methods which 
provided more relevant results. In his study, he found that the 
existing normalization method at that time was incorrect and lead to 
unrealistic intervals and fuzzy weights. Later, Wang [25] re-examined 
FAHP with extent analysis using three numerical examples. He also 
suggested that misapplication in deriving priorities using fuzzy 
comparison matrix could occur because the extent method might 
assign irrational zero weight to some useful decision criteria and sub-
criteria which would lead to wrong decisions. This has led to a study 
by Zhü [26] who pointed out more misunderstandings on FAHP with 
extent analysis. Before that, Saaty in his papers [27-29] had criticized 
fuzzy judgement used in AHP as invalid and concluded that 
fuzzifying inconsistent judgements could lead to a less favourable 
outcome. Comparative studies between FAHP and AHP have been 
conducted by a few researchers [30-31] and they showed that both 
methods have their own capabilities, yet applicable in any 
background of study. Nevertheless, the studies concurred that AHP 
was more superior and easy to use. Therefore, in this study, both 
methods: FAHP with extent analysis and AHP have been applied to 
compare customer judgement towards product design requirements 
based on the voice of customers. 

 

2.0 METHODOLOGY 
 
In this study, the automotive anti-roll bar (ARB) was chosen as the 
case study. Anti-roll bar is used to reduce the amount of body roll of 
vehicles during cornering. In order to make a suitable design of ARB, 
important design parameters have been taken out from literature 
studies in view of the various backgrounds of customers such as end 
users and environment.  
 
As in Figure 1, AHP and FAHP with extent analysis are applied in 
parallel. Initially, the hierarchy of attributes was constructed and each 
of the elements was compared with another on a pairwise basis. As in 
Table 1, a nine-point scale was applied as it is commonly used to show 
judgment or preference between options and AHP employs crisp 
number. For FAHP with extent analysis, the triangular fuzzy number 
(TFN) technique was employed to represent a pairwise comparison. 
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Figure 1: Methodology of utilization of FAHP and AHP in parallel. 

2.1  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 stands for lower and upper values of the support M, 
respectively and m is the mid-value of M. According to Table 1, TFN 
were used to represent the assessment from equal to extremely 
preferred for scale M1, M3, M5, M7 and M9 while M2, M4, M6, M8 
were used to represent the moderate values. 
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Table 1: Conversion scale of weighting set [33] 
Intensity of preference Verbal Definition 

Crisp 
Number 

Triangular Fuzzy Number 

1 1,1,1 (M1) Equally preferred 
3 2,3,4 (M3) Moderately preferred 
5 4,5,6 (M5) Strongly preferred 
7 6,7,8 (M7) Very strongly preferred 
9 8,9,9 (M9) Extremely strongly preferred 

2,4,6,8 1,2,3(M2),3,4,5(M4), 5,6,7(M6), 
7,8,9 (M8) 

Moderation 

 
Next, a triangular fuzzy comparison matrix is formed and is 
expressed by 
 

𝐴̃𝐴𝐴𝐴 = (ã𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)𝑛𝑛𝑛𝑛×𝑛𝑛𝑛𝑛 = �
(1,1,1) (𝑙𝑙𝑙𝑙12,𝑚𝑚𝑚𝑚12,𝑢𝑢𝑢𝑢12) …

⋮ (1,1,1) …
(𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛1,𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛1,𝑢𝑢𝑢𝑢𝑛𝑛𝑛𝑛1) (𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛2,𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛2,𝑢𝑢𝑢𝑢𝑛𝑛𝑛𝑛2) …

(𝑙𝑙𝑙𝑙1𝑛𝑛𝑛𝑛,𝑚𝑚𝑚𝑚1𝑛𝑛𝑛𝑛,𝑢𝑢𝑢𝑢1𝑛𝑛𝑛𝑛)
⋮

(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 [22] and modified by several researchers [24-25, 
34] as follows: 
 
Step 1: Each row of the fuzzy comparison matrix 𝐴̃𝐴𝐴𝐴 is summed up by 
fuzzy arithmetic operations as in Equation (2). 
 
RSi=∑ ã𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = �∑ 𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,∑ 𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1 ∑ 𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1

𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1 �, 𝑖𝑖𝑖𝑖 = 1, … ,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1                          (2) 
                            
Step 2: According to Wang [25] normalization formula suggested by 
Chang [22] led to a wrong decision and some information from the 
comparison matrices would be wasted. Therefore, he suggested the 
following normalization formula for a set of triangular fuzzy weights 
is given by 
 
𝑆𝑆𝑆𝑆𝚤𝚤𝚤𝚤� = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖

∑ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

=

�
∑ 𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

∑ 𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗+∑ ∑ 𝑢𝑢𝑢𝑢𝑘𝑘𝑘𝑘𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

𝑛𝑛𝑛𝑛
𝑘𝑘𝑘𝑘=1,𝑘𝑘𝑘𝑘≠𝑖𝑖𝑖𝑖

𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

,
∑ 𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗
𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

∑ ∑ 𝑚𝑚𝑚𝑚𝑘𝑘𝑘𝑘𝑗𝑗𝑗𝑗
𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

𝑛𝑛𝑛𝑛
𝑘𝑘𝑘𝑘=1

,
∑ 𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

∑ 𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗+∑ ∑ 𝑙𝑙𝑙𝑙𝑘𝑘𝑘𝑘𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

𝑛𝑛𝑛𝑛
𝑘𝑘𝑘𝑘=1,𝑘𝑘𝑘𝑘≠𝑖𝑖𝑖𝑖

𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

�, i=1,…,n     (3)                                                                     

 
Step 3: Wang [25] and Zhu [26] in their studies mentioned that 
Chang’s suggestion in the definition of priority vector does not reflect 
the true priorities and cannot be used to find relative priority values. 
Therefore, Roy et al. [34] in his study  considered the method 
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Figure 1: Methodology of utilization of FAHP and AHP in parallel. 

2.1  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 stands for lower and upper values of the support M, 
respectively and m is the mid-value of M. According to Table 1, TFN 
were used to represent the assessment from equal to extremely 
preferred for scale M1, M3, M5, M7 and M9 while M2, M4, M6, M8 
were used to represent the moderate values. 
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Table 1: Conversion scale of weighting set [33] 
Intensity of preference Verbal Definition 

Crisp 
Number 

Triangular Fuzzy Number 

1 1,1,1 (M1) Equally preferred 
3 2,3,4 (M3) Moderately preferred 
5 4,5,6 (M5) Strongly preferred 
7 6,7,8 (M7) Very strongly preferred 
9 8,9,9 (M9) Extremely strongly preferred 

2,4,6,8 1,2,3(M2),3,4,5(M4), 5,6,7(M6), 
7,8,9 (M8) 

Moderation 

 
Next, a triangular fuzzy comparison matrix is formed and is 
expressed by 
 

𝐴̃𝐴𝐴𝐴 = (ã𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)𝑛𝑛𝑛𝑛×𝑛𝑛𝑛𝑛 = �
(1,1,1) (𝑙𝑙𝑙𝑙12,𝑚𝑚𝑚𝑚12,𝑢𝑢𝑢𝑢12) …

⋮ (1,1,1) …
(𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛1,𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛1,𝑢𝑢𝑢𝑢𝑛𝑛𝑛𝑛1) (𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛2,𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛2,𝑢𝑢𝑢𝑢𝑛𝑛𝑛𝑛2) …

(𝑙𝑙𝑙𝑙1𝑛𝑛𝑛𝑛,𝑚𝑚𝑚𝑚1𝑛𝑛𝑛𝑛,𝑢𝑢𝑢𝑢1𝑛𝑛𝑛𝑛)
⋮

(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 [22] and modified by several researchers [24-25, 
34] as follows: 
 
Step 1: Each row of the fuzzy comparison matrix 𝐴̃𝐴𝐴𝐴 is summed up by 
fuzzy arithmetic operations as in Equation (2). 
 
RSi=∑ ã𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = �∑ 𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,∑ 𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1 ∑ 𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1

𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1 �, 𝑖𝑖𝑖𝑖 = 1, … ,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1                          (2) 
                            
Step 2: According to Wang [25] normalization formula suggested by 
Chang [22] led to a wrong decision and some information from the 
comparison matrices would be wasted. Therefore, he suggested the 
following normalization formula for a set of triangular fuzzy weights 
is given by 
 
𝑆𝑆𝑆𝑆𝚤𝚤𝚤𝚤� = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖

∑ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

=

�
∑ 𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

∑ 𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗+∑ ∑ 𝑢𝑢𝑢𝑢𝑘𝑘𝑘𝑘𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

𝑛𝑛𝑛𝑛
𝑘𝑘𝑘𝑘=1,𝑘𝑘𝑘𝑘≠𝑖𝑖𝑖𝑖

𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

,
∑ 𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗
𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

∑ ∑ 𝑚𝑚𝑚𝑚𝑘𝑘𝑘𝑘𝑗𝑗𝑗𝑗
𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

𝑛𝑛𝑛𝑛
𝑘𝑘𝑘𝑘=1

,
∑ 𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

∑ 𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗+∑ ∑ 𝑙𝑙𝑙𝑙𝑘𝑘𝑘𝑘𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

𝑛𝑛𝑛𝑛
𝑘𝑘𝑘𝑘=1,𝑘𝑘𝑘𝑘≠𝑖𝑖𝑖𝑖

𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

�, i=1,…,n     (3)                                                                     

 
Step 3: Wang [25] and Zhu [26] in their studies mentioned that 
Chang’s suggestion in the definition of priority vector does not reflect 
the true priorities and cannot be used to find relative priority values. 
Therefore, Roy et al. [34] in his study  considered the method 
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suggested by Liou and Wang [35] for finding the priorities of 
synthetic extent. Roy used the total integral value method to deal with 
the zero-weight problem found in Chang’s method. The equation to 
find total integral value is shown as 
 
 
𝐽𝐽𝐽𝐽𝑇𝑇𝑇𝑇𝛼𝛼𝛼𝛼(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖) = 1

2
𝛼𝛼𝛼𝛼�𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖 + 𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖� + 1

2
(1 − 𝛼𝛼𝛼𝛼)�𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 + 𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖� = 1

2
�𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖 + 𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖 + (1 − 𝛼𝛼𝛼𝛼)𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖�   (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, non-
fuzzy number, is calculated by formula  (5) as follows: 
 

                             𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 = 𝐽𝐽𝐽𝐽𝑇𝑇𝑇𝑇
𝛼𝛼𝛼𝛼(𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑗𝑗𝑗𝑗)

∑ 𝐽𝐽𝐽𝐽𝑇𝑇𝑇𝑇
𝛼𝛼𝛼𝛼(𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑗𝑗𝑗𝑗)𝑛𝑛𝑛𝑛

𝑗𝑗𝑗𝑗=1
                                 (5) 

 
2.2 Analytic Hierarchy Process 
In AHP, the common hierarchy is used whilst a nine-point scale with 
conversion value from TFN to crisp value is used to construct 
pairwise comparison matrixes. The method to obtain priority vectors 
is by calculating the eigenvector of comparison matrix. The 
eigenvalue of the comparison matrix would be used to calculate the 
consistency index (CI) and the consistency ratio (CR) of the judgments 
in pairwise comparison. 
 
The CI and CR for a comparison matrix can be computed from 
Equations (6) and (7) as follows: 
 

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = λmax−n
n−1

                                                           (6) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � CI
RI(n)

� 100%                                           (7)           

 
where, 𝜆𝜆𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the largest eigenvalue of the comparison matrix, n is the dimension of the 
matrix and RI(n) is a random index which depends on n. In this study, n is 15 , so RI(n) is 
1.59 [36]. If the calculated consistency ratio is less than 10%, the pairwise judgement could 
be thought of as being acceptable.  
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Table 1: Conversion scale of weighting set [33] 
Intensity of preference Verbal Definition 

Crisp 
Number 

Triangular Fuzzy Number 

1 1,1,1 (M1) Equally preferred 
3 2,3,4 (M3) Moderately preferred 
5 4,5,6 (M5) Strongly preferred 
7 6,7,8 (M7) Very strongly preferred 
9 8,9,9 (M9) Extremely strongly preferred 

2,4,6,8 1,2,3(M2),3,4,5(M4), 5,6,7(M6), 
7,8,9 (M8) 

Moderation 

 
Next, a triangular fuzzy comparison matrix is formed and is 
expressed by 
 

𝐴̃𝐴𝐴𝐴 = (ã𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)𝑛𝑛𝑛𝑛×𝑛𝑛𝑛𝑛 = �
(1,1,1) (𝑙𝑙𝑙𝑙12,𝑚𝑚𝑚𝑚12,𝑢𝑢𝑢𝑢12) …

⋮ (1,1,1) …
(𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛1,𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛1,𝑢𝑢𝑢𝑢𝑛𝑛𝑛𝑛1) (𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛2,𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛2,𝑢𝑢𝑢𝑢𝑛𝑛𝑛𝑛2) …

(𝑙𝑙𝑙𝑙1𝑛𝑛𝑛𝑛,𝑚𝑚𝑚𝑚1𝑛𝑛𝑛𝑛,𝑢𝑢𝑢𝑢1𝑛𝑛𝑛𝑛)
⋮

(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 [22] and modified by several researchers [24-25, 
34] as follows: 
 
Step 1: Each row of the fuzzy comparison matrix 𝐴̃𝐴𝐴𝐴 is summed up by 
fuzzy arithmetic operations as in Equation (2). 
 
RSi=∑ ã𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = �∑ 𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,∑ 𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1 ∑ 𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1

𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1 �, 𝑖𝑖𝑖𝑖 = 1, … ,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1                          (2) 
                            
Step 2: According to Wang [25] normalization formula suggested by 
Chang [22] led to a wrong decision and some information from the 
comparison matrices would be wasted. Therefore, he suggested the 
following normalization formula for a set of triangular fuzzy weights 
is given by 
 
𝑆𝑆𝑆𝑆𝚤𝚤𝚤𝚤� = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖

∑ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

=

�
∑ 𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

∑ 𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗+∑ ∑ 𝑢𝑢𝑢𝑢𝑘𝑘𝑘𝑘𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

𝑛𝑛𝑛𝑛
𝑘𝑘𝑘𝑘=1,𝑘𝑘𝑘𝑘≠𝑖𝑖𝑖𝑖

𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

,
∑ 𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗
𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

∑ ∑ 𝑚𝑚𝑚𝑚𝑘𝑘𝑘𝑘𝑗𝑗𝑗𝑗
𝑛𝑛𝑛𝑛
𝑗𝑗𝑗𝑗=1

𝑛𝑛𝑛𝑛
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eigenvalue of the comparison matrix would be used to calculate the 
consistency index (CI) and the consistency ratio (CR) of the judgments 
in pairwise comparison. 
 
The CI and CR for a comparison matrix can be computed from 
Equations (6) and (7) as follows: 
 

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = λmax−n
n−1

                                                           (6) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � CI
RI(n)

� 100%                                           (7)           

 
where, 𝜆𝜆𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the largest eigenvalue of the comparison matrix, n is the dimension of the 
matrix and RI(n) is a random index which depends on n. In this study, n is 15 , so RI(n) is 
1.59 [36]. If the calculated consistency ratio is less than 10%, the pairwise judgement could 
be thought of as being acceptable.  
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 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = λmax−n
n−1

                                                           (6) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � CI
RI(n)
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where, 𝜆𝜆𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the largest eigenvalue of the comparison matrix, n is the dimension of the 
matrix and RI(n) is a random index which depends on n. In this study, n is 15 , so RI(n) is 
1.59 [36]. If the calculated consistency ratio is less than 10%, the pairwise judgement could 
be thought of as being acceptable.  
 
 
 

Journal of Advanced Manufacturing Technology (JAMT) 
 
 

3.0  RESULTS AND DISCUSSION 
 

3.1  Hierarchy of Decision Problem 
After identification of customer requirements from a literature review 
[37-45], a hierarchy framework of customer requirements was 
developed for weighting customer requirements as in Figure 2. The 
goal of this decision-making is to weight customer requirements 
which are in level 1 (L1). The second level (L2) represents three 
important criteria which include quality, cost and environmental 
concerns. The third level (L3) of the hierarchy represents 15 
alternatives based on the criteria at the second level which need to be 
prioritized. 
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matrices for the 15 alternatives but only one of the comparison 
matrices with respect to quality is shown as in Table 2. From these 
comparison matrices, weights of the alternatives are calculated using 
Equations (2)-(5). Finally, the global weights are calculated and 
presented in Table 5. Considering all the criteria, “durability” is the 
most important feature and “less materials” is the least important 
feature for ARB.  
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Table 2: The fuzzy pairwise comparison matrix with respect to  
quality using FAHP 

 
  CH ERU ERC LT EF D 

CH 1 1 1  1/7  1/6  1/5  1/6  1/5  1/4  1/3  1/2 1     1 2 3  1/9  1/9  1/8 
ERU 5     6     7     1 1 1 1     2     3     2     3     4     1     2     3      1/6  1/5  1/4 
ERC 4     5     6      1/3  1/2 1     1     1     1     1     2     3     2     3     4      1/6  1/5  1/4 
LT 1     2     3      1/4  1/3  1/2  1/3  1/2 1     1     1     1     1     2     3      1/8  1/7  1/6 
EF  1/3  1/2 1      1/3  1/2 1      1/4  1/3  1/2  1/3  1/2 1     1     1     1      1/7  1/6  1/5 
D 8     9     9     4     5     6     4     5     6     6     7     8     5     6     7     1     1     1     

LW 6     7     8     2     3     4     2     3     4     4     5     6     4     5     6      1/5  1/4  1/3 
EM 6     7     8     2     3     4     2     3     4     4     5     6     3     4     5      1/5  1/4  1/3 
R 6     7     8     2     3     4     4     5     6     6     7     8     3     4     5      1/4  1/3  1/2 

LL 6     7     8     2     3     4     2     3     4     4     5     6     4     5     6      1/4  1/3  1/2 
EI 6     7     8     2     3     4     2     3     4     4     5     6     2     3     4      1/4  1/3  1/2 
NB 6     7     8     1     2     3     1     2     3     3     4     5     2     3     4      1/6  1/5  1/4 
FH  1/3  1/2 1      1/4  1/3  1/2  1/4  1/3  1/2  1/3  1/2 1      1/4  1/3  1/2  1/8  1/7  1/6 
LM  1/4  1/3  1/2  1/7  1/6  1/5  1/6  1/5  1/4  1/5  1/4  1/3  1/3  1/2 1      1/9  1/9  1/8 
ES  1/3  1/2 1      1/5  1/4  1/3  1/4  1/3  1/2  1/3  1/2 1      1/3  1/2 1      1/9  1/9  1/8 

 
 
3.3  Analytic Hierarchy Process (AHP) 
As in the FAHP method, there are 15 alternatives with respect to the 
three criteria which are cost, quality and environment. With the same 
15 alternatives, there are three comparison matrices. From these 
comparison matrices, the criteria and weights of the alternatives are 
calculated by obtaining the eigen vector and eigen value. The 
consistency ratio for comparison matrix with respect to goal is less 
than 10% which is 4.73%. This would indicate that judgment on the 
criteria with respect to goal is considered consistent. Finally, the 
global weights were calculated and presented in Table 5. Considering 
all the criteria, as in the FAHP method, “durability” is the most 
important feature and “less materials” is the least important feature 
for ARB which appeared as a result of the AHP method. 
 
In the final evaluation, all priority rate of each customer requirement 
obtained using both methods are as shown in Table 3. The difference 
in percentage was calculated and the values were found to be less 
than 3%. The average value of differences is only 0.73%. The 
differences in the values may have occurred due to the effect of 
rounding-off when converting crisp numbers into triangular fuzzy 
numbers for intensity of preference. If actual values (without round-
offs) were applied during calculation, then the lower value of 
differences between both methods would be achieved.  
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As in the FAHP method, there are 15 alternatives with respect to the 
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15 alternatives, there are three comparison matrices. From these 
comparison matrices, the criteria and weights of the alternatives are 
calculated by obtaining the eigen vector and eigen value. The 
consistency ratio for comparison matrix with respect to goal is less 
than 10% which is 4.73%. This would indicate that judgment on the 
criteria with respect to goal is considered consistent. Finally, the 
global weights were calculated and presented in Table 5. Considering 
all the criteria, as in the FAHP method, “durability” is the most 
important feature and “less materials” is the least important feature 
for ARB which appeared as a result of the AHP method. 
 
In the final evaluation, all priority rate of each customer requirement 
obtained using both methods are as shown in Table 3. The difference 
in percentage was calculated and the values were found to be less 
than 3%. The average value of differences is only 0.73%. The 
differences in the values may have occurred due to the effect of 
rounding-off when converting crisp numbers into triangular fuzzy 
numbers for intensity of preference. If actual values (without round-
offs) were applied during calculation, then the lower value of 
differences between both methods would be achieved.  
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Table 3: Comparison of global weight results from FAHP and AHP methods 
 

Alternatives 
Global weight (Wg) 

FAHP AHP 
Value of differences 

(%) 
Price 0.0391 0.0417 0.26 

Easy to reuse 0.0946 0.0886 0.61 

Easy to recycle 0.0810 0.0713 0.96 

Less transportation 0.0653 0.0577 0.76 

Easy to manufacture 0.0304 0.0278 0.27 

Durability 0.1284 0.1534 2.50 

Lightweight 0.0732 0.0835 1.03 

Easy to maintain 0.0729 0.0779 0.51 

Reliability 0.0845 0.0868 0.23 

Long lifetime 0.0764 0.0731 0.33 

Impact resistant 0.0629 0.0568 0.61 

Not easy to break 0.0609 0.0514 0.95 
Free from hazardous 
substances 

0.0614 0.0708 0.94 

Less materials 0.0249 0.0220 0.29 

Environmentally safe 0.0442 0.0373 0.69 

 
The ranking amongst the alternatives in FAHP and AHP is different. 
Thus, it can be noted that the use of FAHP to determine the weights 
of customer requirements is acceptable. On the other hand, in view of 
AHP, it shows that AHP could be considered in weighting customer 
requirements and would not provide much difference in results from 
the fuzzy environment even though the issue on vague and imprecise 
judgement has been raised by fuzzy practitioners.  

 
As mentioned earlier, FAHP is considered invalid by a few 
researchers. However, this study has shown that FAHP is less likely 
to give a ranking on each attribute but it is more on giving a rating on 
how much should be considered as compared to another attribute. In 
which case, most FAHP applications have been integrated into QFD 
in order to rank the technical attributes with respect to customer 
requirements [33]. FAHP with extent analysis with the utilization of 
TFN in customer judgement would be more accurate since it has the 
lower and upper values implied in the range of preference intensity. 
Unlike AHP with its utilization of crisp numbers, the intensity of 
preference is more rigid and has no range as compared to the TFN in 
FAHP. Hence, FAHP is more suitable to be used in fuzzy 
environments and in a way where uncertainty exists in the evaluation 
of certain judgments. On the other hand, AHP is more likely to be 
used when there are certain judgments to be made. Furthermore, this 
case study has also demonstrated that FAHP is not as complicated as 
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obtained using both methods are as shown in Table 3. The difference 
in percentage was calculated and the values were found to be less 
than 3%. The average value of differences is only 0.73%. The 
differences in the values may have occurred due to the effect of 
rounding-off when converting crisp numbers into triangular fuzzy 
numbers for intensity of preference. If actual values (without round-
offs) were applied during calculation, then the lower value of 
differences between both methods would be achieved.  
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Table 3: Comparison of global weight results from FAHP and AHP methods 
 

Alternatives 
Global weight (Wg) 

FAHP AHP 
Value of differences 

(%) 
Price 0.0391 0.0417 0.26 

Easy to reuse 0.0946 0.0886 0.61 

Easy to recycle 0.0810 0.0713 0.96 

Less transportation 0.0653 0.0577 0.76 

Easy to manufacture 0.0304 0.0278 0.27 

Durability 0.1284 0.1534 2.50 

Lightweight 0.0732 0.0835 1.03 

Easy to maintain 0.0729 0.0779 0.51 

Reliability 0.0845 0.0868 0.23 

Long lifetime 0.0764 0.0731 0.33 

Impact resistant 0.0629 0.0568 0.61 

Not easy to break 0.0609 0.0514 0.95 
Free from hazardous 
substances 

0.0614 0.0708 0.94 

Less materials 0.0249 0.0220 0.29 

Environmentally safe 0.0442 0.0373 0.69 

 
The ranking amongst the alternatives in FAHP and AHP is different. 
Thus, it can be noted that the use of FAHP to determine the weights 
of customer requirements is acceptable. On the other hand, in view of 
AHP, it shows that AHP could be considered in weighting customer 
requirements and would not provide much difference in results from 
the fuzzy environment even though the issue on vague and imprecise 
judgement has been raised by fuzzy practitioners.  

 
As mentioned earlier, FAHP is considered invalid by a few 
researchers. However, this study has shown that FAHP is less likely 
to give a ranking on each attribute but it is more on giving a rating on 
how much should be considered as compared to another attribute. In 
which case, most FAHP applications have been integrated into QFD 
in order to rank the technical attributes with respect to customer 
requirements [33]. FAHP with extent analysis with the utilization of 
TFN in customer judgement would be more accurate since it has the 
lower and upper values implied in the range of preference intensity. 
Unlike AHP with its utilization of crisp numbers, the intensity of 
preference is more rigid and has no range as compared to the TFN in 
FAHP. Hence, FAHP is more suitable to be used in fuzzy 
environments and in a way where uncertainty exists in the evaluation 
of certain judgments. On the other hand, AHP is more likely to be 
used when there are certain judgments to be made. Furthermore, this 
case study has also demonstrated that FAHP is not as complicated as 
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it is reported to be and can be easily understood by practitioners of 
AHP as the concept is quite similar.    
 

4.0  CONCLUSION 
 

In conclusion, both FAHP and AHP methods have their own 
characteristics that are reflected in the results obtained in 
prioritization. Based on the case study, this implies that both methods 
are acceptable in giving a weight for each attribute in decision-
making by only having less than 3% difference in final results. 
However, ranking the attributes in order to decide which attributes 
are the best or the worst is not appropriate since the ranking numbers 
of each attribute in this study are different in both methods. 
Moreover, identification of the type of judgment, either subjective or 
objective judgment is the initial process to be conducted before 
evaluation. This is to determine which method is more appropriate to 
apply for the evaluation - either conventional AHP or FAHP. Further 
studies need to be conducted on the sensitivity analysis for both 
methods in order to obtain validation for both methods on the 
weighting of customer requirements. Thus, both methods are 
acceptable in giving weight such as problems which concern 
determining the weightage of customer requirements. 
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