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 Deciding conceptual stage of engineering design to identify an optimal design concept from a 
set of alternatives is a task of great interest for manufacturers because it has an impact on 
profitability of the manufacturing firms in terms of extending product demand life cycle and 
gaining more market share. To achieve this task, design concepts encompassing all required 
attributes are developed and the decision is made on the optimal design concept. This article 
proposes the modeling of decision making in the conceptual design stage of a product as a multi-
criteria decision making analysis. The proposition is based on the fact that the design concepts 
can be decided based on considering the available design features and various sub-features under 
each design feature. Pairwise comparison matrix of fuzzy analytic hierarchy process is applied 
to determine the weights for all design features and their sub-features depending on the 
importance to the design features to the optimal design and contributions of the sub-features to 
the performance of the main design features. Fuzzified Pugh matrices are developed for assessing 
the availability of the sub-features in the design concept. The cumulative from the Pugh matrices 
produced a pairwise comparison matrix for the design features from which the design concepts 
are ranked using a minimum degree of possibility. The result obtained show that the decision 
process did not arbitrarily apportion weights to the design concepts because of the moderate 
differences in the final weights.  
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1. Introduction 

Decision making in engineering design towards selection of optimal design of a product or equipment 
still remains a major concern for manufacturers because they are usually interested in versatile designs 
that can be easily fabricated and gain market acceptance with a prolonged design life cycle before 
phasing out (Renzi et al., 2017; Olabanji, 2018). However, these designs cannot be totally achieved 
from the desk of conceptual designer alone but rather from collaboration with design experts’ and 
decision-making team on conceptual design. An excellent strategy to achieve optimal conceptual 
design is usually to identify the design requirements from the users or market demand and also from 
the manufacturing point of view (Sa'Ed & Al-Harris, 2014). The identified requirements are matched 
with design features, and various sub-features that can be used to characterize the design as described 
by the decision-making process in engineering design (Fig. 1). In actual fact, having an all-
encompassing design that satisfies all design requirements or features is a goal that seems not 
achievable because of the dynamic nature of the market that is swamped with diverse design due to 
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customers’ requirements (Olabanji & Mpofu, 2014; Renzi et al., 2015; Toh & Miller, 2015). Given 
this, the design process usually involves the development of different design concepts based on 
functional requirements and design features. Hereafter, the decision-making team will collect the 
design concepts in order to select the optimal design concept (Okudan & Shirwaiker, 2006; Akay et al., 
2011; Aikhuele, 2017). Decision making in the conceptual phase of engineering design usually involves 
an evaluation of the design alternatives based on the identified and grouped design features and sub-
features respectively (Green & Mamtani, 2004; Renzi et al., 2015). Two tasks that are usually done by 
design experts and decision-makers are assigning weights to the relative importance of the design 
features in the optimal design and assigning weights to the sub-features in order to ascertain and 
quantify their contributions to the performance of the design features (Girod et al., 2003; Arjun Raj & 
Vinodh, 2016; Chakraborty et al., 2017). Design expert decision for establishing weight of design 
features in optimal design has been a long-term source of information for creating comparison among 
design features and sub-features when trying to select an optimal design from a set of alternative design 
concepts (Derelöv, 2009; Hambali et al., 2009; Hambali et al., 2011). However, there is a need to 
establish an objective process for determining these weights in order to reduce further or eliminate the 
risk of subjective or bias judgment in the decision process. Further, there is a need to introduce a 
systematic approach to the computational process in determining the optimal design concept from the 
alternatives. 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Decision Making Process in Engineering Design 
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Multicriteria Decision Making Analysis (MDMA) has been applied in different field of science, 
engineering and management to address the problems of decision making in order to select an optimal 
alternative that will suit the decision-makers (Saridakis & Dentsoras, 2008; Baležentis & Baležentis, 
2014). MDMA can be classified into two aspects, namely; Multi-Objective Decision Making (MODM) 
and Multi-Attribute Decision Making (MADM). The MODM models are employed to make a decision 
when there are fewer criteria to be considered for evaluation. In situations like this, the decision matrix 
is developed for the alternatives with minimal consideration on the weights and dimensions of the 
criteria. The MADM models are employed to solve the problem of decision making in situations where 
the effects of the criteria on the optimal alternative is of importance, and there are sub-criteria allotted 
to the criteria of evaluation (Okudan & Tauhid, 2008). In order to avoid bias in apportioning values to 
criteria of different dimensions, the fuzzy set theory is used to assign values to the linguistic terms used 
in ranking and rating the alternatives and criteria, respectively. In recent times, hybridizing MADM 
models to solve the problem of decision making has emerged as it provides an optimized decision-
making process. Hybridized MADM models have been applied in different fields depending on the 
goal of the decision-makers and the importance attached to the decision-making process (Alarcin et al., 
2014; Balin et al., 2016). However, the application of hybridized MADM to decision making at the 
conceptual stage of engineering design still requires attention. Although the Hybridized models provide 
an efficient and systematic procedure for selecting optimal alternative because they harness the 
computational advantage of two MADM models, but they pose a challenge of computational 
complexity. The complexity can be solved by converting the computational process into algorithms 
which can be developed into a program as a decision support tool.  
 

This article proposes that, in order to have optimal decision-making at the conceptual stage of 
engineering design, it can be modelled as a multicriteria decision-making model. The design 
requirements are matched into design features and the design features are further divided into various 
sub-features. The optimal design concept is determined from Fuzzified Pugh Matrices (FPM) using all 
the design alternatives as a basis. The cumulative performance of the design alternatives is estimated 
using the weights of design features and sub-features that are obtained from fuzzified pairwise 
comparison matrices of Fuzzy Analytic Hierarchy Process (FAHP). Due to multifarious dimensions 
and units of the design features and sub-features and the aim of appropriately quantifying the imprecise 
information about the design alternatives, Trapezoidal Fuzzy Numbers (TrFN) are used to represent the 
linguistic terms for rating and ranking the design features and alternatives respectively. The cumulative 
TrFN of the design alternatives from the Pugh matrices are used to develop a pairwise comparison 
matrix from which the actual performance of the design alternatives is obtained using Fuzzy Synthetic 
Evaluation (FSE). In order to defuzzify and rank the TrFN of the FSE, it was reduced to a Triangular 
Fuzzy Number (TFN) then the degree of possibility that a design concept is better than the other is 
obtained from the orthocenter of three centroids of the plane figure under each TrFN. 

2. Methodology 
 

In order to simplify the analysis, consider a framework for the developed MADM model as presented 
in Fig 2. Pairwise comparison matrices are needed for the sub-features and design features. The Fuzzy 
Synthetic Extent (FSE) of these comparison matrices are computed and used as weights of the design 
features, and sub-features in order to determine the cumulative TrFN for each design alternative from 
the Pugh matrices. The linguistic terms of the TrFN for the pairwise comparison matrices and Pugh 
matrices are different, and as such, they are described in Table 1. The cumulative TrFN from the Pugh 
matrices are also harnessed to create a pairwise comparison matrix for the design alternatives. FSEs are 
obtained for the design alternatives from the pairwise comparison matrices in the form of TrFN, which 
are further reduced to centroids of orthocenter in the form of Triangular Fuzzy Numbers (TFNs).  The 
degree of possibility of is obtained from these orthocenters which provide weights for each of the 
alternative design concepts.  
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Table 1 
TrFNs and Linguistic terms for the Pairwise Comparison Matrices and Pugh Matrices 

Pairwise Comparison Matrices Pugh Matrices 
Linguistic Terms for Raking of 
Relative Significance of design 
features and sub-features in the 

Optimal Design 

Trapezoidal Fuzzy Scale 
Membership Function 

Crisp Value 
of Ranking 

Linguistic Terms for 
rating Design 

concepts considering 
the sub-features 

Trapezoidal Fuzzy Scale 
Membership Function 

Crisp 
Value of 
Rating 

Equally Important 1   1   1   1 1 Much Better 13/4   15/4   17/4   19/4 S++ 
Weakly Important 1   3/2   2   5/2 2 Better 5/2   3   7/2   4 S+ 

Essentially Important 7/4   9/4   11/4   13/4 3 Same 1   1   1   1 S 
Highly Important 5/2   3   7/2   4 4 Worse  7/4   9/4   11/4   13/4 S- 

Very highly Important 13/4   15/4   17/4   19/4 5 Much Worse  1   3/2   2   5/2 S-- 

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2. Framework for the Fuzzified Pugh Matrix Model 
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where p q r s≤ ≤ ≤ with orthocentres of three centroids ( 1 2 3, , G G G ) obtained from equations 2, 3 and 4 

respectively as presented in Fig. 3.  Judgement matrices of the form { }j
giQ q=  can be developed for 

pairwise comparison matrices of the design features and sub-features. Where j and i represent columns 
and rows, respectively. In essence, the judgement matrix for the sub-features can be expressed in 
equation 5. Also, the comparison matrix for the design features can be described as presented in 
equation 6 (Somsuk & Simcharoen, 2011; Thorani et al., 2012; Zamani et al., 2014).  
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Fig. 3. Representation of the TrFN with three centroids orthocentres 
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(6) 

The FSEs for sub features’ and design features pairwise comparison matrices can be obtained from Eq. 
(7) and Eq. (8), respectively. These FSEs represents the weights of the sub-features and design features 
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which can be represented as nfwS  and if
wD  respectively (Nieto-Morote & Ruz-Vila, 2011; Tian & Yan, 

2013).  
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The Pugh matrix is designed and formulated using all the design alternatives as a basis. This implies 
that there is m number of Pugh matrix since there is M number of design alternatives. The matrix can 
be expressed, as presented in equation 9. It is worthwhile to know that equation 9 represents when one 
of the design concepts is taken as baseline. Hence, for m number of design concepts, there will be m 
number of equation 9 (Muller, 2009, Muller et al., 2011).   
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Also, considering Eq. (9), for the design concept considered as a baseline, its sub aggregate takes the 
value of “same” (see Table 1). This implies that; 



O. Olabanji and K. Mpofu / Decision Science Letters 9 (2020) 
 

27

 

= =

=   

*
( )

 1

1   1   1   1

j
k
sub

i i j

Ag  

 
 

(10) 

Further, the sub aggregate of the comparison for a design feature can be obtained for the design 
concepts that are not considered as baseline. These aggregates can be derived from; 

( ) ( )( )
( )

1
*

i n
k fn k jf k

w gisub w k
i

Ag D S P
=

=

 = ×      
(11) 

The overall aggregate for the design concepts that are not considered as a baseline ( AgD ) in a particular 
matrix can be obtained from the summation of the sub aggregates as presented in Eq. (12). 
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The overall aggregates obtained from the Pugh matrices are used to formulate a pairwise comparison 
matrix for the design concepts. The pairwise comparison matrix is o the form; 
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Fuzzy Synthetic Evaluation values in the form of TrFN are also obtained for the design alternatives 
using Eq. (14). 
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Eq. (2) to Eq. (4) can be used to determine the orthocentres of the centroids of TrFNs for the FSE 
obtained in equation 14 (see Fig. 3). Consider the membership function of a trapezoidal fuzzy number 

{ },  ,  ,  M p q r s= , applying Eq. (2) to Eq. (4), the three orthocentres of the centroids can be obtained in 
the form of TFN having a membership function ' ( ) 'gμ y  for { },   ,   =G a b c . This will represent the TFN 

value of the mth design concept. The minimum degree of possibilities ( )i jP P≥  can be obtained for 
each design alternative from Eq. (15) and Eq. (16) in order to obtain their priority values (Somsuk & 
Simcharoen, 2011). The priority values will represent weight vectors that will be normalized from Eq. 
(17) before ranking the design concepts. 
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3. Application 
 

In order to verify the developed model, it was applied to decision making on four conceptual designs 
of liquid spraying machine. A decision tree is developed showing all the design features, sub-features 
and design concepts as presented in Fig. 4. Firstly, the fuzzified pairwise comparison matrix was 
developed for all the sub-features under each of the design features. The FSEs of the pairwise 
comparison matrices for the sub-features and design features were estimated from equations 7 and 8, 
respectively. An example of the fuzzified pairwise comparison matrix for maintainability is presented 
in Table 2. It is worthwhile to know that since there are eight design features, then eight matrices will 
be developed for all the design feature. In order to reduce the content of this article, only the FSEs of 
these matrices will be presented, as shown in Table 3 to Table 10. These FSEs are adopted as the 
weights of the sub-features and design features. The weights of the sub-features are presumed to be a 
function of their relative contributions to the performance of the design features, while the weights of 
the design features are expected to be their relative importance in the optimal design. Further, Pugh 
matrices are developed using the four design concepts as a baseline. An example of the Pugh matrices 
using concept one as a basis is presented in Table 11. These matrices were aggregated using the weights 
of the design feature and sub-features by applying equations 10 and 11. The aggregate TrFNs from the 
Pugh matrices using all the design concepts as a basis is also presented in Table 11. These aggregates 
are then applied to develop a pairwise comparison matrix for the design concepts as presented in Table 
12.      

Table 2  
Fuzzy Synthetic Evaluation Matrix for Sub features of Maintainability  

Maintainability MN 
 RM DM MC LP MF MS 

RM 1   1   1   1  
7 9 11 13   
4 4 4 4

 4 4 4 4   
19 17 15 13

 3 51    2  
2 2

 4 4 4 4   
19 17 15 13

 2 1 2   1
5 2 3

 

DM 4 4 4 4   
13 11 9 7

 1   1   1   1  
1 2 1 2   
4 7 3 5

 4 4 4 4   
13 11 9 7

 2 1 2   1
5 2 3

 7 9 11 13   
4 4 4 4

 

MC 13 15 17 19   
4 4 4 4

 5 7 3  4
2 2

 1   1   1   1  
5 7 3  4
2 2

 1 2 1 2   
4 7 3 5

 3 51    2  
2 2

 

LP 2 1 2   1
5 2 3

 7 9 11 13   
4 4 4 4

 1 2 1 2   
4 7 3 5

 1   1   1   1  
7 9 11 13   
4 4 4 4

 4 4 4 4   
13 11 9 7

 

MF 13 15 17 19   
4 4 4 4

 3 51    2  
2 2

 5 7 3  4
2 2

 4 4 4 4   
13 11 9 7

 1   1   1   1  
1 2 1 2   
4 7 3 5

 

MS 3 51    2  
2 2

 4 4 4 4   
13 11 9 7

 2 1 2   1
5 2 3

 7 9 11 13   
4 4 4 4

 5 7 3  4
2 2

 1   1   1   1  

FSE 5 1 14 4   
73 10 97 19

 3 1 11 7   
50 12 94 41

 11 11 23 23   
70 50 76 55

 4 7 15 5   
49 60 91 21

 1 4 11 1   
8 23 46 3

 5 13 20 13   
48 86 93 42
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Fig. 4. Decision Tree for Optimal Design of Liquid Spraying Machine 

 
Table 3  
Fuzzy Synthetic Evaluation Matrix for Sub features of Reliability 

Reliability RE 
 RF UL DC RD RS 

FSE 7 1 5 22   
46 5 19 63

 2 9 31 3   
11 37 96 7

 5 10 13 17   
67 99 95 89

 2 1 1 1   
49 20 16 12

 11 3 7 1   
56 11 19 2
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Manufacturing 

(MA) 
Functionality 

(FU) 
Maintainability 

(MN) 

Pairwise comparison for design 
features

Life Cycle 
Cost (LC) 

Fuzzified Pugh Matrices using
all design concepts as baseline

Transferring weights obtained 
from pairwise comparisons to 

Pugh matrices 

Pairwise comparison for sub-features

Number of 
joints 

connections 
NC 

Accessibility 
of pump and 
connectors 

AP 
Intricacy in 
arrangement 
of hydraulic 
components 

AC 
Accessibility 

of prime 
mover AM 

Total 
assembly and 
disassembly 
time TAD 

Complexity 
of Machine 

parts CP 
Off the 

shelf parts 
SP 

Scalability 
SB 

Customizati
on CU 

Modularity 
ML

Overall 
Weight factor 

WF 
Availability 
of spares AS

Safety 
Measures 
/limits SL 
Ease of use 

EU 
Diagnosability 

DT 
Compactness 
of Hydraulic 
System PM 

Repair 
frequency 

and 
occurrence 

RF 
Usage 

Limits UL 
Design 

complexity 
DC 

Redundancy 
RD 

Robustness 
RS 

Availability of 
parts AP 

Overall cost of 
manufacturing 

OM 
Manufacturing 

time MT 
Interchangeabilit

y of 
component parts 

IP 
Parts intricacy 

PI 
Parts material 

PM 

Spraying 
Force SF 

Frame 
Morphology 

FM 
Tank 

Capacity TC
Stability ST
Mobility MT

Tank 
Morphology 

TM 
Tank 

Positioning 
TP 

Length of 
Discharge 
Line LD 

Required  
Routine 

maintenance  
RM 

Downtime 
maintenance  

DM 
Maintenance  

cost MC 
Logistics part 

replacement LP
Maintenance 

frequency and 
occurrence MF

Maintenance 
safety MS 

Device 
acquisition 

and 
installation 

costs DA 
System 

replacement 
costs SR 

Long term  
repair costs 

RC 
Operation 
cost OC 

Salvage and 
disposal costs

SC 
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Table 4  
Fuzzy Synthetic Evaluation Matrix for Sub features of Flexibility 

Flexibility FY 
 CP SP SB CU ML 

FSE 2 5 25 17   
15 27 97 46

 3 14 1 6   
17 57 3 13

 1 11 7 11   
9 70 32 36

 2 1 1 3   
45 18 14 31

 1 17 23 20   
7 82 79 49

 

Table 5  
Fuzzy Synthetic Evaluation Matrix for Sub features of Operation  

Operation OP 
 WF AS SL EU DT PM 

FSE 9 9 13 1   
98 70 73 4

 1 6 6 12   
10 41 29 41

 7 1 19 19   
74 7 92 62

 9 17 22 15   
47 63 59 29

 3 3 5 2   
49 35 41 11

 3 4 8 12   
62 57 79 79

 

Table 6  
Fuzzy Synthetic Evaluation Matrix for Sub features of Manufacturing  

Manufacturing MA 
 AP OM MT IP PI PM 

FSE 5 5 17 6   
63 41 95 23

 7 21 5 1   
39 82 14 2

 3 7 5 12   
52 79 38 61

 3 4 4 9   
64 59 41 62

 4 1 5 9   
97 18 63 71

 2 1 31 11   
11 4 90 23

 

Table 7  
Fuzzy Synthetic Evaluation Matrix for Sub features of Assembly and Disassembly  

Assembly and Disassembly AD 
 NC AP AC AM TAD 

FSE 3 1 2 7   
71 19 29 79

 2 7 3 11   
21 55 17 46

 1 14 7 14   
9 89 31 45

 5 1 2 13   
36 5 7 34

 4 27 4 7   
17 91 9 12

 

Table 8 
Fuzzy Synthetic Evaluation Matrix for Sub features of Life Cycle Cost 

Life Cycle Cost LC 
 DA SR RC OC SC 

FSE 9 20 26 10   
58 97 95 27

 2 7 1 2   
35 87 9 13

 5 10 13 15   
47 67 63 52

 11 14 5 5   
48 45 12 9

 3 11 12 16   
34 95 79 79

 

 
Table 9  
Fuzzy Synthetic Evaluation Matrix for Sub features of Functionality 

Functionality FU 
 SF FM ST MT TM LD 

FSE 5 5 5 16   
49 36 26 61

 3 4 5 6   
82 85 78 67

 1 9 8 1   
8 58 33 3

 4 1 10 2   
51 9 63 9

 16 16 26 31   
85 61 71 63

 4 7 3 1   
51 59 17 4

 

Table 10  
Fuzzy Synthetic Evaluation Matrix for the Design Features 

Design Features 
 MA AD FU LC MN RE OP FT 

FSE 2 6 18 2   
19 41 89 7

 5 3 2 6   
46 19 9 19

 3 14 13 16   
29 95 63 55

 3 3 2 9   
55 37 17 52

 2 3 11 9   
33 34 87 49

 5 4 7 15   
91 49 59 86

 5 4 3 2   
73 39 20 9

 2 3 1 4   
79 89 21 55
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Table 11 
Fuzzified Pugh Matrix using Design Concept one as a baseline 

Design Features Sub-Features Design Concepts 
Concept 1 Concept 2 Concept 3 Concept 4 

Manufacturing 
2 6 18 2   

19 41 89 7
 

AP (5/63   5/41   17/95   6/23) 1   1   1   1 13/4   15/4   17/4   19/4 5/2   3   7/2   4 1   1   1   1 
OM (7/39   21/82   5/14   1/2) 1   1   1   1 7/4   9/4   11/4   13/4 1   3/2   2   5/2 5/2   3   7/2   4 
MT (3/52   7/79   3/58   12/61) 1   1   1   1 7/4   9/4   11/4   13/4 13/4   15/4   17/4   19/4 13/4   15/4   17/4   19/4 
IP (3/64   4/59   4/41   9/62) 1   1   1   1 13/4   15/4   17/4   19/4 5/2   3   7/2   4 5/2   3   7/2   4 
PI (4/97   1/18   5/63   9/71) 1   1   1   1 5/2   3   7/2   4 13/4   15/4   17/4   19/4 7/4   9/4   11/4   13/4 
PM (2/11   1/4   31/90   11/23) 1   1   1   1 13/4   15/4   17/4   19/4 13/4   15/4   17/4   19/4 5/2   3   7/2   4 

Assembly and 
Disassembly 

5 3 2 6   
46 19 9 19

 

NC (3/71   1/19   2/29   7/79) 1   1   1   1 5/2   3   7/2   4 13/4   15/4   17/4   19/4 5/2   3   7/2   4 
AP (2/21   7/55   3/17   11/46) 1   1   1   1 5/2   3   7/2   4 5/2   3   7/2   4 7/4   9/4   11/4   13/4 
AC (1/9   14/89   7/31   14/45) 1   1   1   1 13/4   15/4   17/4   19/4 1   3/2   2   5/2 7/4   9/4   11/4   13/4 
AM (5/36   1/5   2/7   13/34) 1   1   1   1 1   1   1   1 5/2   3   7/2   4 1   1   1   1 
TAD (4/17   27/91   4/9   7/12) 1   1   1   1 5/2   3   7/2   4 13/4   15/4   17/4   19/4 1   1   1   1 

Functionality 
3 14 13 16   
29 95 63 55

 

SF (5/49   5/36   5/26   16/61) 1   1   1   1 13/4   15/4   17/4   19/4 7/4   9/4   11/4   13/4 1   3/2   2   5/2 
FM (3/82   4/85   5/78   6/67) 1   1   1   1 5/2   3   7/2   4 7/4   9/4   11/4   13/4 1   3/2   2   5/2 
ST (1/8   9/58   8/33   1/3) 1   1   1   1 5/2   3   7/2   4 13/4   15/4   17/4   19/4 7/4   9/4   11/4   13/4 
MT (4/51   1/9   10/63   2/9) 1   1   1   1 13/4   15/4   17/4   19/4 5/2   3   7/2   4 5/2   3   7/2   4 
TM (16/85   16/61   26/71   31/63) 1   1   1   1 13/4   15/4   17/4   19/4 13/4   15/4   17/4   19/4 7/4   9/4   11/4   13/4 
LD (4/51   7/59   3/17   1/4) 1   1   1   1 1   1   1   1 1   1   1   1 1   1   1   1 

Life Cycle 
Cost 

3 3 2 9   
55 37 17 52

 

DA (9/58   20/97   26/95   10/27) 1   1   1   1 7/4   9/4   11/4   13/4 1   3/2   2   5/2 5/2   3   7/2   4 
SR (2/35   7/87   1/9   2/13) 1   1   1   1 5/2   3   7/2   4 5/2   3   7/2   4 7/4   9/4   11/4   13/4 
RC (5/47   10/67   13/63   15/32) 1   1   1   1 13/4   15/4   17/4   19/4 5/2   3   7/2   4 1   3/2   2   5/2 
OC (11/48   14/45   5/12   5/9) 1   1   1   1 5/2   3   7/2   4 7/4   9/4   11/4   13/4 1   3/2   2   5/2 
SC (3/34   11/95   12/79   16/79) 1   1   1   1 1   1   1   1 1   1   1   1 1   1   1   1 

Maintainability 
2 3 11 9   
33 34 87 49

 

RM (5/73   1/10   14/79   4/19) 1   1   1   1 1   1   1   1 1   1   1   1 1   1   1   1 
DM (3/50   1/12   11/94   7/41) 1   1   1   1 5/2   3   7/2   4 5/2   3   7/2   4 7/4   9/4   11/4   13/4 
MC (11/70   11/50   23/76   23/55) 1   1   1   1 13/4   15/4   17/4   19/4 5/2   3   7/2   4 13/4   15/4   17/4   19/4 
LP (4/49   7/60   15/91   5/21) 1   1   1   1 13/4   15/4   17/4   19/4 13/4   15/4   17/4   19/4 1   3/2   2   5/2 
MF (1/8   4/23   11/46   1/3) 1   1   1   1 5/2   3   7/2   4 5/2   3   7/2   4 7/4   9/4   11/4   13/4 
MS (5/48   13/86   20/93   13/42) 1   1   1   1 1   1   1   1 1   1   1   1 1   1   1   1 

Reliability 
5 4 7 15   
91 49 59 86

 

RF (7/46   1/5   5/19   22/63) 1   1   1   1 5/2   3   7/2   4 7/4   9/4   11/4   13/4 1   3/2   2   5/2 
UL (2/11   9/37   31/96   3/7) 1   1   1   1 5/2   3   7/2   4 5/2   3   7/2   4 1   3/2   2   5/2 
DC (5/67   10/99   13/95   17/89) 1   1   1   1 7/4   9/4   11/4   13/4 7/4   9/4   11/4   13/4 5/2   3   7/2   4 
RD (2/49   1/20   1/16   1/12) 1   1   1   1 1   1   1   1 1   1   1   1 1   1   1   1 
RS (11/56   3/11   7/19   1/2) 1   1   1   1 13/4   15/4   17/4   19/4 5/2   3   7/2   4 7/4   9/4   11/4   13/4 

Flexibility 
5 4 3 2   
73 39 20 9

 

CP (2/15   5/27   25/97   17/46) 1   1   1   1 1   3/2   2   5/2 7/4   9/4   11/4   13/4 5/2   3   7/2   4 
SP (3/17   14/57   1/3   6/13) 1   1   1   1 13/4   15/4   17/4   19/4 5/2   3   7/2   4 5/2   3   7/2   4 
SB (1/9   11/70   7/32   11/36) 1   1   1   1 5/2   3   7/2   4 7/4   9/4   11/4   13/4 1   1   1   1 
CU (2/45   1/18   1/14   3/31) 1   1   1   1 1   1   1   1 1   1   1   1 1   1   1   1 
ML (1/7   17/82   23/79   20/49) 1   1   1   1 5/2   3   7/2   4 13/4   15/4   17/4   19/4 7/4   9/4   11/4   13/4 

Operation 
2 3 1 4   

79 89 21 55
 

WF (9/98   9/70   13/73   1/4) 1   1   1   1 5/2   3   7/2   4 5/2   3   7/2   4 13/4   15/4   17/4   19/4 
AS (1/10   6/41   6/29   12/41) 1   1   1   1 1   1   1   1 1   1   1   1 1   1   1   1 
SL (7/74   1/7   19/92   19/62) 1   1   1   1 5/2   3   7/2   4 5/2   3   7/2   4 1   1   1   1 
EU (9/47   17/63   22/59   15/29) 1   1   1   1 1   1   1   1 1   1   1   1 1   1   1   1 
DT (3/49   3/35   5/41   2/11) 1   1   1   1 13/4   15/4   17/4   19/4 5/2   3   7/2   4 5/2   3   7/2   4 
PM (3/62   4/57   8/79   12/79) 1   1   1   1 13/4   15/4   17/4   19/4 7/4   9/4   11/4   13/4 1   3/2   2   5/2 

Cumulative TFN Concept 1 as basis  
13 105 88 229      
15 52 19 22

  
13 128 305 61      
16 67 68 6

 
44 19 58 439      
73 13 17 56

 

Cumulative TFN Concept 2 as basis 
41 131 75 208      
79 98 23 27

  
41 40 269      7
77 31 88

 
1 55 103 59      
2 43 33 8

 

Cumulative TFN Concept 3 as basis 
49 103 279 316      
80 67 76 37

23 17 39 655      
35 11 11 82

  
43 13 113 111      
74 9 13 14

 

Cumulative TFN Concept 4 as basis 
52 41 301 76      
75 25 80 9

 
79 378 398  2    
92 83 39

 
19 163 409 812      
24 88 96 85

  

 
Table 12  
FSE Aggregating the comparison and Ranking the Design Concepts 

 Concept 1 Concept 2 Concept 3 Concept 4 

Concept 1 1   1   1   1 
13 105 88 229      
15 52 19 22

 
13 128 305 61      
16 67 68 6

 
44 19 58 439      
73 13 17 56

 

Concept 2 
41 131 75 208      
79 98 23 27

 1   1   1   1 
41 40 269      7
77 31 88

 
1 55 103 59      
2 43 33 8

 

Concept 3 
49 103 279 316      
80 67 76 37

 
23 17 39 655      
35 11 11 82

 1   1   1   1 
43 13 113 111      
74 9 13 14

 

Concept 4 
52 41 301 76      
75 25 80 9

 
79 378 398  2    
92 83 39

 
19 163 409 812      
24 88 96 85

 1   1   1   1 
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Table 12  
FSE Aggregating the comparison and Ranking the Design Concepts (Continued) 

 Concept 1 Concept 2 Concept 3 Concept 4 

FSE 
3 10 47 137      

98 77 81 56
 

1 1 30 48      
42 10 67 25

 
2 10 1 36      
75 89 2 17

 
1 12 53 17      

32 91 91 7
 

Orthocenter of 
centroids 

 ( ,   ,    )a b c   

3 207 208  
31 583 173

 
47 43 931  
630 157 992

 
15 109 53  
179 356 51

 
53 5 109  

539 14 91
 

 

Fuzzy synthetic extent values are also obtained from the comparison matrix of the alternative design 
concepts in Table 15 in terms of TrFN, and the orthocenters of centroids of these values are derived by 
applying Eq. (2) to Eq. (4). Considering the orthocenters obtained in Table 15, the degree of possibility 
of ( ) ( ),  ,  ,  ,  = ≥ =i i i i n m m mP a b c P a b c  can be expressed by applying Eq. (15) as follows; 

( )1 2 1 21;  Since ≥ = >A AV D D b b  (18) 

( )1 3 1 31;  Since ≥ = >A AV D D b b  (19) 

( )1 4

53 208
528539 173

207 208 5 53 531
583 173 14 539

A AV D D

 − 
 ≥ = =

   − − −   
   

 
 

(20) 

Following the same manner, the degree of possibilities for all other design concepts can be obtained 
from Eq. (15). The results obtained for the analysis of minimum degree are as follows 

( )1 2 3 4
528 528min ,  ,  min 1,  1, 
531 531A A A AV D D D D V  ≥ = = 

 
 (21) 

( )2 1 3 4
197 344 111 111min ,  ,  min ,  , 
216 357 122 122A A A AV D D D D V  ≥ = = 

 
 (22) 

( )3 1 2 4
617 240 240min ,  ,  min ,  1, 
649 253 253A A A AV D D D D V  ≥ = = 

 
 (23) 

( ) ( )4 1 2 3min ,  ,  min 1,   1,  1 1A A A AV D D D D V≥ = =  (24) 

In essence, the weight vector for the design concepts can be written as; 

1

2

3

4

528(  1)
531
111(  2)
122
240(  3)
253

(  4)   1

A

A

A

A

D Concept

D Concept

D Concept

D Concept

 = 
 
 = 
 
 =
 
 = 

 

 

 

(25) 

Normalizing the weight vector by applying Eq. (17) yields the overall weight for each of the design 
concepts alongside with their rankings (Eq. (26)). These weights are presented in Fig. 5 in order to see 
the performance of all the design concepts. 
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nd
1

th
2

rd
3

4

                                                   Ranking
209(  1)    2    
823
67(  2)   4   
284   
168(  3)   3  
683
251 1   (  4)   
968

A

A

A

st
A

D Concept

D Concept

D Concept

D Concept

  =  
 
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 
 = 
 
 
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 


 
 
 
 
 
 
 
 
 



 

 

 

 

 

(26) 

 
Fig. 5. Ranking of Design Concepts 

4. Conclusion 
 
Considering the results obtained from the decision process (Fig. 5), the developed model has been able 
to identify a design concept as the optimal design. Although the difference between the optimal design 
concept and the second design alternative is minimal, the trend in the difference of final weights of the 
design concepts shows that the decision process does not apportion values to the design concepts 
arbitrarily. This can be proven from the weights of concepts three and two because there is also a 
reasonable difference between the final weight of the optimal design concept to these two design 
concepts. The closeness in final weights of the design concepts can also be attributed to the involvement 
of the weights of design features and sub-features in determining the cumulative TrFN of the design 
concepts. The involvement of these weights tends to neutralize the effects of over scoring a concept.  
 
Likewise, the idea of using all the design concepts as baselines also provide a case for all the design 
alternative to be compared among each other. Further, the usage of all the design alternative as baseline 
also provides computational integrity in terms of the final aggregates available for all the design 
concepts considering the weights of the design features and sub-features. Contrary to the conventional 
Pugh matrix evaluation, where the final values of the alternatives are direct cumulative of scores, the 
model presented in this article further compares this aggregate in order to eliminate the effect of over 
scoring a concept by bias through the use of FSEs for the pairwise comparison of the alternative design.  
Finally, the determination of the final weights of the design concepts from the degree of possibility 
further compares the design concepts rather than defuzzifying the TrFNs of the design concepts. 
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In essence, modelling the decision-making process for identification of optimal design concept from a 
set of alternatives can be modelled as an MCDA by hybridizing different MADM models. Hybridizing 
the fuzzy synthetic extent analysis of the FAHP model and fuzzifying the conventional Pugh matrix 
using all the alternatives as a basis has been able to identify a design concept as the optimal design. The 
method is suitable for decision making in conceptual engineering design because the final values of the 
design concepts representing the weights of their performance are moderately different. This indicates 
that the comparison was done based on the relative availability of the design features and sub-features 
in the design concepts and also based on a comparison among the design concepts. Also, the idea of 
determining the weights of design features and sub-features from pairwise comparison matrices limits 
the possibility of having bias judgement from decision-makers or design engineers. This is possible 
because the fuzzy pairwise comparison matrix is built based on the relative importance of the design 
features in the optimal design and contributions of the sub-features to the performance of the main 
design features.         
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