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Abstract

Purpose — In this paper, the four popular multiple-criteria decision-making (MCDM) methods in fuzzy
environment are utilized to reflect the vagueness and uncertainty on the judgments of decision-makers (DMs),
because the crisp pairwise comparison in these conventional MCDM methods seems to be insufficient and
imprecise to capture the right judgments of DMs. Of these methods, as Fuzzy analytic hierarchy process
(F-AHP) is used to calculate criteria weights, the other methods; Fuzzy Technique for Order of Preference by
Similarity to Ideal Solution (F-TOPSIS), Fuzzy Grey relational analysis (F-GRA) and Fuzzy Preference Ranking
Organization METhod for Enrichment of Evaluations (F- PROMETHEE II) are used to rank alternatives in the
three different ways for a comparative study.

Design/methodology/approach — The demand for green products has dramatically increased because the
importance and public awareness of the preservation of natural environment was taken into consideration
much more in the last two decades. As a result of this, especially manufacturing companies have been forced to
design more green products, resulting in a problem of how they incorporate environmental issues into their
design and evaluate concept options. The need for the practical decision-making tools to address this problem
is rapidly evolving since the problem turns into an MCDM problem in the presence of a set of green concept
alternatives and criteria.

Findings — The incorporation of fuzzy set theory into these methods is discussed on a real-life case study, and
a comparative analysis is done by using its numerical results in which the three fuzzy-based methods reveal the
same outcomes (or rankings), while F-GRA requires less computational steps. Moreover, more detailed
analyses on the numerical results of the case study are completed on the normalization methods, distance
metrics, aggregation functions, defuzzification methods and other issues.

Research limitations/implications — The designing and manufacturing environmental-friendly products
in a product design process has been a vital issue for many companies which take care of reflecting
environmental issues into their product design and meeting standards of recent green guidelines. These
companies have utilized these guidelines by following special procedures at the design phase. Along the design
process consisting of various steps, the environmental issues have been considered an important factor in the
end-of-life of products since it can reduce the impact on the nature. In the stage of developing a new product
with the aim of environmental-friendly design, the green thinking should be incorporated as early as possible in
the process.

Practical implications — The case study was inspired from the previous work of the author, which was
realized in a hot runner systems manufacturer, used in injection molding systems in a Canada. In a new product
development process, the back- and front-ends of development efforts mainly determine the following criteria:
cost, risk, quality and green used in this paper. The case study showed that the three fuzzy MCDM methods
come to the same ranking outcomes. F-GRA has a better time complexity compared to the other two methods
and uses a smaller number of computational steps. Moreover, a comparative analysis of the three F-MCDM
methods; F-PROMETHEE II, F-TOPSIS and F-GRA used in ranking for green concept alternatives using the
numerical results of the case study. For the case study; as seen in table 20, the three F-MCDM methods
produced the numerical results on the rankings of the green concept alternatives as follows; {Concept A-
Concept C—Concept B—Concept D}.

Social implications — Inclusion of environmental-related criteria into concept selection problem has been
gaining increasing importance in the last decade. Therefore, to facilitate necessary calculations in applying
each method especially with its fuzzy extension, it can be developed a knowledge-based (KB) or an expert
system (ES) to help the DMs make the required calculations of each method, and interpret its results with
detailed analysis.
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Originality/value — The objective of the research was to propose a F-AHP based F-MCDM approach to green
concept selection problem through F-PROMETHEE II, F-TOPSIS and F-GRA methods. As the F-AHP is used
to weight evaluation criteria, the other methods are respectively used for ranking the concept alternatives and
determine the best concept alternative.

Keywords New product development, Green concept selection, Multiple-criteria decision making, Fuzzy logic,
AHP, TOPSIS, GRA, PROMETHEE II
Paper type Research paper

1. Introduction

Designing green products as a result of increasing public awareness about the preservation
of natural environment has become a critical concern for companies, incorporating
environmental issues in their product design in order to meet recent green guidelines. For
companies to follow these guidelines in their new product development environment, special
procedures must be carried out. The bill-of-material or content of a product is an important
factor at its end-of-life since it can reduce the impact on the environment. At the design stage
of a new product, the aim of design, i.e. green thinking must be incorporated as early as
possible in the product development process. At the design process, there are several factors
to be taken into consideration. For example, material selection for different components will
be part of the final product. On the other hand, for the product assembly, the used method and
assembly sequences are the other two critical factors that should be taken into consideration
in the design process (Chu et al, 2009). Furthermore, today’s companies give more attention to
environment-friendly technologies and design applications to minimize waste, and in turn,
transform waste into a profitable product (Zhang et al, 1997; Srivastava, 2007).
Environmentally conscious design and manufacturing is a proactive approach toward
minimizing the impact of products on the environment during all stages of a new product
development (NPD); that is, the sequence of steps or activities which an enterprise employs to
conceive, design and commercialize a product (Ulrich and Eppinger, 2000). This process has
the following activities with environmental issues from raw materials, production,
transportation and distribution to re-use, remanufacturing and recycling to final disposal
(Zhang et al, 1997): (1) identifying customer needs, (2) establishing target specifications,
(3) concept generation, (4) concept selection, (5) concept testing, (6) setting final specifications,
(7) project planning, (8) economic analysis, (9) benchmarking of competitive products,
(10) modeling and (11) prototyping.

Among these activities, the concept selection is a process of evaluating a set of concept
alternatives in terms of the criteria (i. e. quality level and unit cost) to find out the best option
(Ayag, 20054, b). It is also critical because the selected concept plays an important role at
the phase of generating a set of the design alternatives. On the other hand, it is pointed out in
literature that around 70% of the unit cost of a product is committed at this phase (Duffy et al,
1993). After this, the development process will lead to a more detailed solution. Therefore, the
concept selection is shortly defined to evaluate a set of design alternatives in a new product
environment and a critical element to improve design productivity. In addition, during the
development process, a company’s product engineers (or designers) must consider an
increased number of design options to meet the needs of customers. The activity of judging
and selecting from a set of competing design options is referred to as evaluation. As the
number of design options to evaluate increases and the time available decreases, designers or
product engineers need more help with evaluating the possible concept alternatives and
determining the most satisfying one. So, the evaluation process can be defined as a multiple-
criteria decision making (MCDM) problem as there are a set of alternatives which should be
evaluated in terms of evaluation criteria, and a decision-maker(s) (DM) will need at least one of
the MCDM methods in current literature. Therefore, in this paper, the four popular MCDM



methods are chosen for the evaluation design alternatives, such as analytic hierarchy process
(AHP) invented by Saaty (1981); TOPSIS (the Technique for Order of Preference by Similarity
to Ideal Solution) originally developed by Hwang and Yoon (1981); GRA (Grey relational
analysis) first invented by Deng (1982); and PROMETHEE II (Preference Ranking
Organization METhod for Enrichment of Evaluations) by Jean-Pierre Brans (Brans
et al.,, 1986).

On the other hand, these conventional MCDM methods use a crisp scale to reach the best
satisfying alternative. As result of this, some shortcomings are observed as follows: it causes
an unbalanced scale of the judgments of a DM; does not model uncertainty by mapping of
DM’s judgment to a number; and the subjective judgment of a DM has great influence on the
ranking. Due to the vagueness and uncertainty on the judgments of a DM, the crisp
comparison in these conventional methods seems to be insufficient and imprecise to capture
the right judgments of DMs. That is why, in this study, fuzzy logic is utilized to make up for
this deficiency in the conventional methods.

Shortly, the objective of this paper is to propose a fuzzy AHP (F-AHP) based approach to
the green concept evaluation problem through Fuzzy PROMETHEE II (F-PROMETHEE II),
Fuzzy TOPSIS (F-TOPSIS) and Fuzzy GRA (F-GRA) methods. Of these methods, as F-AHP is
used to calculate criteria weights, the others, F-TOPSIS, F-GRA and F- PROMETHEE II are
used to rank alternatives in three different ways for a comparative study. The integration of
fuzzy set theory into the three methods is discussed on a reallife case study; and a
comparative analysis is done by using its numerical results in which the F-AHP based three
F-MCDM methods reveal the same rankings, while F-GRA requires fewer computational
steps. Moreover, more detailed analyses on the numerical results of the case study are
completed on the following issues: normalization methods, distance metrics, aggregation
functions, defuzzification methods and others.

The remaining part of this paper is organized as follows: Section 2 presents a brief review
of the MCDM methods and their fuzzy extensions, used in green concept selection and other
types of MCDM problems. Section 3 presents an introduction to fuzzy set theory and its
incorporation into four popular MCDM methods: AHP, TOPSIS, GRA and PROMETHEE II
In Section 4, a real-life case study is presented inspired by a study previously done by Ayag
(2016). Section 5 presents a detailed comparative analysis using the numerical results of the
case study in which the F-AHP based three F-MCDM methods are used; and Section 6
presents conclusions, research limitations and directions for future work.

2. Literature review

This section covers a concise review of literature on the related topic as follows: To the best of
our knowledge, a number of studies on concept evaluation have been done in various fields
using the MCDM methods with/out their fuzzy extensions; some of them are given as follows:
Thurston and Carnahan (1992) utilized fuzzy logic and utility analysis in early design
evaluation in terms of a group of criteria. Carnahan et al (1994) also used fuzzy logic
integrated with an MCDM method to rank alternatives based on evaluation criteria.
Buyukozkan et al (2004) used fuzzy integrated ANP to prioritize design requirements by
taking into consideration the degree of the interdependence between the customer needs and
design requirements. Kwong et al. (2007) proposed an approach through the quality function
deployment (QFD) by considering the fuzzy relation measures between customer
requirements and engineering characteristics to determine the weights of engineering
characteristics. Hu and Zhang (2007) utilized the AHP method to determine the HoQ (House of
Quality) parameters, and the method of fuzzy clustering dynamic sort to classify customer
requirements for product design features. Buyukozkan et al. (2007) proposed a fuzzy QFD to
fuse multiple preference styles to respond to customer needs in a product development
process. Chen and Weng (2006) developed a fuzzy-based Gaussian process (GP) model to
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evaluate engineering design alternatives by considering business competition by specifying
the pre-emptive priorities between goals and the minimum meeting levels of design
requirements. Huang and Gu (2006) developed a reasoning scheme to infer the relationships
between the requirements and information, and the feedback control mechanism by
analyzing the conflicting or cooperative relationships among the process requirements.
Karsak (2004) proposed the QFD with the aim of developing new and modifying existing
products to improve the level of customer satisfaction by integrating the business functions
of an organization. Vinodh et al. (2010) proposed a fuzzy ANP for concept evaluation in total
agile design systems. Ng and Chuah (2014) used the AHP and evidential reasoning (ER)
approaches in the environmental performance evaluation and prioritization of different
design options with a case study. Kahraman et al. (2007) developed a systematic decision
process for finding more rational new product ideas using both, a fuzzy heuristic multi-
attributive utility theory (MAUT) for the identification of non-dominated new product
candidates and a hierarchical F-TOPSIS method for the selection of the best design option.
Lin et al. (2008) proposed a framework using the AHP and TOPSIS methods to help designers
to determine customer requirements and design characteristics and achieve an effective
evaluation of the ultimate design solution. Chan (2008) used the GRA method for the product
end-of-life decisions of manufacturing companies. Vinodh and Girubha (2012) developed an
approach using the PROMETHEE method to solve the sustainable concept selection problem
that is vital for manufacturing organizations. Vinodh ef al (2014) also used the AHP and
PROMETHEE for agile concept selection problem. Later, Vinodh et al (2015) also proposed
an integrated grey system rough set theory to evaluate agile concept options for the
automotive sector. On the other hand, Le Teno and Mareschal (1998) proposed an interval
version of PROMETHEE I in order to deal with interval criteria and evaluated the
environmental quality of building products’ design through life cycle assessment.
Geldermann ef al (2000) also used the PROMETHEE method with trapezoidal fuzzy
numbers for specification of fuzzy preferences, scores and weights.

On the other hand, to the best of our knowledge, there are a limited number of studies on
the comparisons of the MCDM methods for concept selection problem, some of which are
summarized here as follows: Lakshmi and Venkatesan (2014) did a comparison study to
determine the effects of various normalization methods on the results of the TOPSIS method
and found out the best method in terms of time and space complexity. Naaz ef al. (2011)
analyzed the effect of five different defuzzification methods in a fuzzy-based load balancing
problem and compared their results to determine the best method. Zavadskas et al. (2006)
used the TOPSIS with vector and linear normalization methods for the ranking accuracy in
construction management problem and compared them to each other. Honkala et @l (2007)
compared existing MCDM methods for concept selection, to identify possible differences in
the methods, and to give recommendations for their use in concept selection under variable
situations. The comparison primarily showed parallel results between compared methods,
but certain noticeable differences also occurred. These differences are pointed out and
clarified, and five suggestions for the general use of MCDM methods were made. Velasquez
and Hester (2013) performed a literature review of common MCDM methods and examined
their advantages and disadvantages. They also explained how their common applications
relate to their relative strengths and weaknesses in order to provide a clear guide for how
MCDM methods should be used for particular problems.

Also, there are many works on the fuzzy based hesitant fuzzy linguistic term sets; and
some of them recently published are summarized as follows: Lin ef al (2020a) proposed a
TODIM-based MCDM approach with hesitant fuzzy linguistic term sets, and applied for the
evaluation and ranking of several satellite launching centers in order to illustrate the validity
and applicability of the proposed method. Lin et al (2020b) developed a model for site
selection of car sharing station under picture fuzzy environment using MULTIMOORA.



Can and Demirok (2019) used an integrated fuzzy MCDM approach for universal usability
evaluation. Li et al. (2020) presented a novel approach to emergency risk assessment using
failure mode and effects analysis (FMEA) with extended MULTIMOORA method under
interval-valued Pythagorean fuzzy environment. Chen ef al (2019) developed a grey
clustering evaluation based on AHP and interval grey number. Wang et al. (2019) proposed an
MCDM approach based on improved cosine similarity measure with interval neutrosophic
sets. Lin et al (2020) presented an approach to evaluate Internet of things (IoT) platforms
using integrated probabilistic linguistic MCDM method. Xiuqin et @l (2021) developed a
probabilistic uncertain linguistic TODIM method based on the generalized Choquet integral
and its application. Qiyas et al. (2020) present an approach for emergency problem selection
issue using the concept of Yager operators with the picture fuzzy set environment.

To the best of our knowledge, in current literature, there is a research gap on the
exploration of different MCDM methods for green concept evaluation; therefore, in this paper,
a F-AHP based methodology through the three popular MCDM methods in fuzzy
environment, F-TOPSIS, F-GRA and F-PROMETHEE 1I are presented for a comparative
work using the numerical results of a case study in terms of the normalization methods,
distance metrics, aggregation functions, defuzzification methods, time complexity and other
issues, as F-AHP is only used for weighting evaluation criteria.

3. Green concept selection using fuzzy decision-making
Designing a green product or components in an NPD environment is a comprehensive
process because the process is progressively detailed through a series of phases. The end of
each phase is generally called “the gate;” a design review is held to approve the design and
release it to the next level. In this paper, as one of the critical phases of the NPD process, the
phase of concept selection is taken into consideration to evaluate the green concept
alternatives in order to find out the most appropriate green concept for further development
activities. On the other hand, the selecting process for the best concept becomes vital and
complicated for companies. As the development progresses on a selected concept, it becomes
more difficult to make any design modifications because of quality, cost and schedule
implications. Therefore, to find out the best green concept alternative among a set of
alternatives, in this paper, as illustrated in Figure 1, a F-AHP-based F-MCDM approach
through F-TOPSIS, F-GRA and F-PROMETHEE 1I is proposed to firstly weight the
evaluation criteria though F-AHP and rank concept alternatives using each of the three
F-MCDM methods. Finally, also a comparative study of the three F-MCDM methods is
presented using the numerical results of a case study. Moreover, more detailed analyses on
the numerical results of the case study are completed on the normalization methods, distance
metrics, aggregation functions, defuzzification methods, time complexity and other issues.
As seen in Figure 1, the approach has three main sections, one of which is the F-AHP
section that includes the steps of determining the relative weights of the evaluation criteria;
another is the section including necessary steps to rank competing concept alternatives to
reach the best one using each of the three F-MCDM methods, as the final section is about a
comparative study of the three ranking methods using the numerical results of a case study.
Next, this approach with three sections is explained in more detail.

3.1 Criteria weighting through F-AHP
The main idea of fuzzy set theory developed by Zadeh is based on an element with a degree of
membership in a fuzzy set (Zadeh, 1965), which is defined by a membership function mapping
elements in the universe of discourse to elements in a certain interval of [0, 1].

In the first section, the AHP is used for weighting a set of criteria using a nine-point scale
and based on a hierarchy considering the distribution of a goal amongst the elements being
compared, and judges which element has a greater influence on that goal. It is one of the most
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commonly used MCDM methods in literature and has been widely used for different kinds of
MCDM problems (Ayag and Ozdemir, 2007). For weighting the evaluation criteria for green
concept selection problem using F-AHP, triangular fuzzy numbers (TFNs), 1to 9, are utilized
to make the required pairwise comparisons of the selection process to capture the vagueness
of a DM as seen in Table 1.

A fuzzy number is a special fuzzy set F' = {(x, ur(x)), x € R}, where x takes it values on
the real line; R: — oo < & < o0 and up(x) is a continuous mapping from R to the closed
interval [0, 1]. A TFN denoted as M = ([, m, u), where [ <m < u, has the following triangular
type of membership function:

0 x <l
x=1 [<x<m

ppley =4It
U—Xx/ gy MIXZU
0 x> u

The TFNs are used to improve the traditional the nine-point scaling scheme of Saaty’s to take
TFNs (1, 3,5,7,9) are defined with their membership function. All evaluation criteria and
alternatives are linguistically depicted by Figure 2. The shape and position of linguistic
elements are chosen to illustrate the fuzzy extension of the method.

Later, the DM is asked to compare the elements at a given level on a pairwise basis to
estimate their relative importance in relation to the element at the immediate proceeding level.
In traditional AHP of Saaty, the required pairwise comparisons, also as seen in Table 1, are
done by using a nine-point ratio scale (Saaty, 1989). Unfortunately, although this scale has the
advantages of simplicity and easiness, it is not enough to reflect the uncertainty associated
with the mapping of DM’s judgment to a number. Therefore, the fuzzy logic is integrated to
the conventional AHP to overcome this difficulty, called F-A HP. Next, the steps of this method
are concisely given:

Step 1. Comparing the performance scores: the TFNs are used to indicate the relative
strength of each pair of elements in the same hierarchy.

F-MCDM
methods to
evaluating
green concepts

Numerical Judgment or
rating preference Remarks TFNs
1 Equally important Two attributes contribute equally to the attribute at the 1,1,2
higher decision level
3 Moderately more Experience and judgment slightly favor one attribute over (2, 3, 4)
important another
5 Strongly more Experience and judgment strongly favor one attribute 4,5,6)
important over another
7 Very strongly more  Experience and judgment strongly favor one attribute 6,7,8)
important over another; its dominance has been demonstrated in
practice
9 Extremely more Experience and judgment extremely favor one attribute (8, 9, 10)

important

over another; the evidence favoring one attribute over
another is of the highest possible order of affirmation

Table 1.
Nine-point

fundamental scale used

in pairwise
comparisons
(Saaty, 1989)
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Figure 2.

Fuzzy membership
function for linguistic
values for evaluation
criteria

Mg (x)
A Equally  Moderately Strongly Very strongly  Extremely

0.5F——

0 1 2 3 4 5 6 7 8§ 9 10
Intensity of importance

Step 2. Constructing the fuzzy comparison matrix: the fuzzy judgment matrix A (@) is
constructed via pairwise comparison using TFNs as given below;

1 ay .. .. A
B as 1 e Aoy
A=
a1 An2 1

~ L QU R e .
Where,a;-j =1, 1f21sequa1],anda =1,357, 9or1 3 ,D 1,7 1,9 ,if 7 is not equal j
Step 3. Solving fuzzy eigenvalue: A fuzzy eigenvalue, 1 is a fuzzy number solution to

Ak = Jx (Eq. 1)
where na7 is the fuzzy matrix containing fuzzy numbers a; and ¥ is a non-zero nx 1, fuzzy

vector containing fuzzy number ¥;. To perform fuzzy multlphcatlons and additions by
using the interval arithmetic and a — cut, the equation A¥=A% is equivalent to

\_aillxll’ailuxluJ @ """ @ L ml nl’amuxnuJ = de,/lxm

where

A =g, 5 =(&,... %),

a

b= [t 2 = [t 1 = a2 (0. 2

Y

forO < a<landalls j,wherei=1,2...n,7=12...n

a — cut is commonly known to incorporate a DM confidence over his/her judgments. The
degree of satisfaction for a judgment matrix, A is estimated by using the index of optimism .
A larger value of index p indicates a higher degree of optimism. The index of optimism is a
linear convex combination defined by Lee (1999) and given as in the following equation:

@ = pa, + (1 - p)ag, Vue0,1] (Eq. 3)



while a is fixed, the following matrix is obtained after setting the value of y, to estimate the
degree of satisfaction.

1 a, .. .. 4,
~a “a
. asg, 1 . . a,
A=
g
ay a .. .. 1

The eigenvector is calculated by fixing the y value and identifying the maximal eigenvalue.
Then, the matrix is normalized, and the priority weights of the concept alternatives are
determined.

Step 4. Consistency analysis: To make sure that the result is based on the consistent on the

judgments of the DM, first A, calculated by Eq. (1), then the consistency index (CI) is

calculated for the matrix by Eq. (4). The deviations from the consistency are expressed by

the CI, the measure of inconsistency.

ﬂmax —-n
n—1

Ccl = (Eq. 4)

Later, the consistency ratio (CR) is calculated by Eq. (5) by dividing the value of CI by the
value from the Table of Random Consistency Index (RI), the average index for randomly
generated weights based on the matrix size (Saaty, 1981).

CI

R = Eq. 5)

For consistency of a matrix, the value of CR should be less than 0.10; and it means that the
pairwise comparisons of the DM are consistent and acceptable, otherwise not.

3.2 Ranking alternatives through three F-MCDM methods
In the second section, it is presented one-by-one on how the three F-MCDM methods,
F-TOPSIS, F-GRA and F-PROMETHEE 11, are utilized respectively for ranking green
product alternatives. In these methods, the same linguistic variables and membership
functions, as given in Table 2 and Figure 3, are used for ranking green concept alternatives.
F- TOPSIS for ranking: The TOPSIS method helps us select the best alternative with a set
of criteria. It has been used in various application areas to solve different MCDM problems.
The method is based on the idea that the best alternative should have the shortest distance

F-MCDM
methods to
evaluating
green concepts

Numerical rating Linguistic variables (degree of importance) TFNs

1 Very poor (VP) 0,1,2

2 Poor (P) 1,2 3)

3 Medium poor (MP) 2,35,5)

4 Fair _(F ) 4,5,6) Table 2.
5 Medium good (MG) (5,6.5,8) Linguistic variables for
6 Good (G) (7,8,9)  green concept ratings
7 Very good (VG) (8,9,10)  (Banaeian et al, 2018)
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Figure 3.

Fuzzy membership
function for linguistic
values for alternatives

(Ve) (P) (MP)  (F) (MG) G) (VO)

0 1 2 3 4 5 6 7 8 9 10
Intensity of importance

from the positive-ideal solution and the farthest distance from the negative-ideal solution.
Although its concept is rational and easy to use, and the number of computational steps are
uncomplicated, the inherent difficulty of assigning reliable subjective preferences to the
criteria is noteworthy as a well-known classical MCDM method. It has received much interest
from researchers and practitioners, and the global interest in the method has exponentially
grown (Behzadian ef al,, 2010). The approach uses weighted Euclidean distances to ensure a
meaningful interpretation of the comparison result. Next, the steps of the TOPSIS method are
given (Triantaphyllou 2000);

Step 1. Construct the fuzzy and fuzzy normalized fuzzy decision matrices: First, the
following fuzzy decision matrix (X) using the TFNs based on Table 2 and Figure 3 is
constructed, where 7 and # indicate alternatives and criteria, as X; indicates the
jugdments of the DM (¢ = 1,2,3,..., 1,7 = 1,2, 3,..., m).

x 11 5512 x 13 .. -%ln

Xo1 X2 X3 . . Xy
X =

Xl Xm2  Xm3 - - X

Then, it converts various criteria in different dimensions into non-dimensional ones. An
element 7;; of the normalized fuzzy decision matrix (R) is thus calculated as follows:

~ Xij Ujj

R ) _—
7y = =7 = LJ Y
n ~ n n n
Zj:lxz?j \/Z]‘:W?j \/E]‘:l”?j \/Zj:l”z%‘

Step 2. Construct the fuzzy weighted normalized decision matrix: In Section 3.2, the criteria
weights W = (w1, wo, ws, ..., w,), where > w; = 1¢ =1, 2,....,n)havebeen calculated
through the F-AHP. In ranking alternatives, first these weights are converted to the crisp
values after defuzzification; and later, the weighted normalized fuzzy decision matrix V'
(05 = w;7;j) is obtained as follows:

(Eq. 6)
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where w;7; is the fuzzy weighted normalized matrix obtained by multiplying decision
matrix 7; by the weights of criteria w;.
Step 3. Determine the positive-ideal and the negative-ideal solutions: The positive-ideal

solution, denoted as A is calculated by selecting the largest normalized and weighted score

for each criterion by Eq. (7). Similarly, the negative-ideal solution, denoted as A iscalculated
by selecting the least normalized and weighted score for each criterion by Eq. (8).

A" = {(maxylie)), (mingslj€)"),i=1,2,3,...m} (Eq. 7
B 121* = {171*7172*7 ...717,1*}
A ={(minvzlj€]), (maxzzlje],),i =1,2,3,...m} (Eq. 8

A ={01_,0oy...., Dy}, where,] = {{ =1,2,3,..,n} and J' = {{=1,2,3,...,n}

Step 4. Calculate the separation measures: The n-dimensional Euclidean distance method is
used to measure the separation distances of each concept alternative from the positive-
ideal solution and the negative-ideal solution. Thus, the distances are obtained using the
following equations:

n

do = | Y (@ —0p) for i=1,2,3,..m Eq. 9)
=1

where d;« is the distance of each alternative from the positive-ideal solution.

n

dio= Y (@ —0) for i=1,2,3,..m Eq. 10)

=1

where d;_ is the distance of each alternative from the negative-ideal solution.

Step 5. Calculate the relative closeness to the ideal solution: The relative closeness of an
alternative A; with respect to the ideal solution A is defined as follows:
d;_

e + di- (Eq. 1)

Closeness index: CI; =

where 1 >CI; >0,and i = 1,2, 3, ..., m (m: number of alternatives, apparently, CI; = 1, if
A=A, ,and C[ = 0,ifA; = A"
Step 6. Rank the preference orders: After determining the values of CI; for the alternatives,

itis said that the best alternative is the one with the highest preference order (a.k.a. the one
with the shortest distance to the ideal solution).

F-GRA for ranking: The GRA method has found a significant place in literature for cases in
which there is uncertainty of information and a decision with multiple criteria. The goal of the
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GRA method is to show the degree of difference of development trends between two elements:
an alternative and the ideal alternative. If the trend of change between two elements is
consistent, it is said that they have a stronger relationship; otherwise, the relational grade is
smaller. Shortly, the GRA method is used to measure the relationship between reference and
comparison series. Furthermore, to overcome the vagueness of a DM, the fuzzy logic is
integrated with the GRA, called F-GRA. Next, the steps of the F-GRA method are presented.

Step 1. Construct the fuzzy decision matrix (X) using the TFNSs, specified in Table 2 and
Figure 2, as it is done in the F-TOPSIS.

Step 2. Convert the fuzzy matrix into the fuzzy normalized decision matrix (R). Given an
element 7;; of the fuzzy normalized decision matrix () is thus calculated as follows:

- i my . .
rl»j:(—f,@,ﬂ)z:1,2,...7m;]:1,27...,74 (Eq. 12)
Ujx Ujx Ujx
where
up = max;{u; }Vie =1,2,....m (Eq. 13)

Step 3. Determine the vector of reference series; the reference number for each criterion is
found as in the following equation:

Ry = [Por, Pozy ooy Fon = max (7)) i=1,2,...,n (Eq. 14)

Step 4. Find the distance matrix; the distance &; between the reference value and each
comparison value is calculated using the equations:

d(A, B) = \/% [(h = b) + (1 —me)” + (wr — u5)°] (Eq. 15)

where the distance between A and B is calculated using TFNs.
The grey relational coefficient (£;) is also calculated as in the following equation.
5min + pémax

Eo= T 5w = Max(5;), Smin
Y 52] +p5max ‘ ( ]) (Eq 16)

= min(§;) and p resolving coefficient pe[0, 1]

Step 5. The grey relational grade (y,) is estimated by the following relation.

= wé i=1,2, ..., n (Eq. 17)
j=1

where w) is the weight of the jth criterion, and 7" ,w; = 1.

Finally, the alternatives are ranked in accordance with the value of &;. The higher the
grade, the better the alternatives would be.

F-PROMETHEE II for ranking: In literature, it is reported that the PROMETHEE II has
been used with success to solve various MCDM problems (Samanlioglu and Ayag, 2016). It is
based on a comparison pair per pair of possible decisions along each criterion. Possible
decisions are evaluated according to different criteria, which have to be maximized or
minimized. It also requires two additional types of information for each criterion; a weight and
a preference function. The preference function characterizes the difference for a criterion



between the evaluations obtained by two possible decisions into a preference degree in the
interval of [0, 1]. To facilitate the definition of these functions, six basic preference functions
were proposed by Figueira ef al (2004). Next, the four steps of F-PROMETHEE 1II are
presented (Samanlioglu and Ayag, 2016).

Step 1. Construct a fuzzy decision-making matrix together with the results of the F-AHP
method; W = (w1, wo, ws, ..., wy), where Y w; =1(¢ =1, 2,....,n),andatypicalm by n
fuzzy decision matrix is shown as below:
(wy ... w... wy)
€...¢... )

4
o
A;
ol o
A’n

Here,¢; € C isafuzzy positive criterion. The criterion is a maximum criterion if the DM
prefers more value for it. Otherwise, it is a minimum. A; € A is fuzzy alternative. A* is

the fuzzy alternative from A. 7; € 7 is the utility value. ;€ W is the weight of ¢,

Step 2. Index fuzzy numbers in the fuzzy decision matrix: the fuzzy number in the fuzzy
matrix is defuzzified with centroid defuzzification approach (Wang, 2009) to the crisp
number by Eq. (18);

(mou)=(I+m+u)/3 (Eq. 18)

In other words, the above process converts a fuzzy decision matrix into a crisp decision

matrix as follows:
(wy ... w... wy,)

(C1e.. Cov Cp)

1 2 .. . Ty
. 721 1 e Ty
4
. Yml Vw2 - .. 1
Am

where ¢; € Cis the positive criterion, A; € A is the alternative, A" is the ideal alternative from
A,r; eristheutility value,w; € W is the weight of ¢;. The cap removal from the notations is
crisp value.

Step 3. Calculate aggregated preference indices: Pi(4;, Ar) = Pi(d(4:, Ar)) = Pi(vy — 1)
is a preference function showing how much A4; prefers to A;, with respect to ¢;. Brans et al.
(1986) defined the six types of generalized functions and also pointed out that the Gaussian
criterion rather than the others was mostly preferred by users for practical applications
especially in the case of continuing data. As the evaluation criteria contain continuing
data, the Gaussian criterion preference function was chosen here for the evaluation
process given below:

F-MCDM
methods to
evaluating
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0 d<0
P(d) = 2 , (Eq. 19)
l1—-e¢22 d>0
if the criterion is a maximum and
0 d>0
P(d) = 2 (Eq. 20)
1-e2 d<0

if the criterion is a minimum.
Aggregated preference index z(4;, Ay)expresses the degree of how much A; is preferred
to Ay, over all the criteria. The aggregated preference indices are of the form:
" Pi(A;, Ap)w; .
n(A;, A) = M VA;, A, €A and i#k (Eq. 21)
> i

Step 4. Calculate outranking flow. Each alternative A; faces (m-1) other alternatives in A.
In order to rank the alternatives, the outranking flows are defined as follows:

The positive outranking flow is of the form:
m

@A) = w4, A (Eq. 22)

k=1

The negative outranking flow is of the form:
@ (Ai) =) n(Ay, Aj) (Eq. 23)

k=1

The net outranking flow is applied and is in the form of:
Q(Al) :®+(Al) —Q_(A,), Vi e{lvvm} (Eq 24)

The positive outranking flow expresses how an alternative A; outranks all the others. Higher
@ (4;) gives a better alternative. On the other hand, the negative outranking flow expresses
how an alternative A; is outranked by all the others. The lower @~(4;) gives a better
alternative. The higher @(A;) specifies the final better alternative.

4. Case study

In the previous section, a comparative approach, a F-AHP-based three F-MCDM methods has
been presented to evaluate a set of green conceptual design alternatives in terms of the
evaluation criteria in an NPD environment. In this section, a case study is presented for
potential readers or practitioners to clearly explain how the comparative approach works on a
real-life case. For this purpose, the case study is constructed inspired by a study previously
done in a hot runner system manufacturer in Canada (Ayag, 2014). This case study has four
different concepts, namely Concept A, B, C and D, respectively, together with the four-
evaluation criteria given in Table 3, three of which were determined by utilizing the previous
study. The last one, green criterion was newly-added by taking the principles of Design for
Environment (DfE) into consideration in order to obtain environmental-friendly products,
which are so vital and expected by most mold-manufacturers in today’s business world.



4.1 Determining weights of the criteria through F-AHP

First, by following the steps in Section 3.1 (see also Figure 1), to weight the four-evaluation

criteria; cost, risk, quality and green, the details of which are given in Table 3, the TFNs (1, 3,5,

7, 9) are used to express the preference in the pairwise comparisons using Table 1 and

Figure 2, and the fuzzy pair-wise comparison matrix (4) for the relative importance of the

criteria is constructed given in Table 4. ~
Second, the lower and upper limits of the fuzzy numbers in the fuzzy matrix (4), with

respect to a, the confidence level are defined by applying Eq. (2) as follows:

- ~ o1 1 1 =
1(1 = [173—20},3(1 = [1+26{,5—2(l}73a = [m71_|_—2a:|,5a = [3+2077—20},

~-1 1 1 ~ ~—1 1 1
s |7 _5+22.9-2 B

o {7—2a’3+2a}’7a 15+ 2a,9 - 2a],7, [9—2a’5+2a}’

. -1 1 1

9,1 = [7 + 2“7 11 — 205], 9(1 = [m, 7_"_—2(1:|

Then, the values of @ = 0.5 and p = 0.5 were determined using the interval of [0-1] by the
DM, who works as a design engineer at the company. They are substituted, where y indicates
the coefficient of optimism, above expression into the fuzzy comparison matrix, and the
a — cuts fuzzy comparison matrix is obtained by Eq. (3) as presented in Table 5.

Later, the eigenvalue of the matrix A is calculated by solving the characteristic equation
of A, det(A — AI') = 0and found out all A values for A (41, A2, 13). Next, the largest eigenvalue

Code Criteria  Definition

F-MCDM
methods to
evaluating
green concepts

C Cost Development cost, unit manufacturing cost
R Risk Envisioning risk, design risk, execution risk, on-time delivery
Q Quality  Product quality, cycle time, quick color change, precision, flexibility, conductivity, strength,
resistance, repeatability and reproducibility Table 3.
G Green Environmentally friendly materials and production, amount of recycling content, List of criteria for green
environmentally friendly use of product and sustainable packaging, disposability at the end concept selection
of the product life problem
Criteria Cost Risk Quality Green
Cost 1 3 9 9
Risk 3-1 1 3 7 Table 4.
: 01 | 5 Fuzzy comparison
Quality EL S,V i 1 matrix of the criteria
Green 9-1 7-1 11 1 using TFNs
Criteria Cost Risk Quality Green
Table 5.
Cqst 1 [2,4] [8,10] [8,10] a— cuts fuzzy
Risk [1/4,1/2] 1 [2,4] [6, 8] comparison matrix
Quality [1/10, 1/8] [1/4,1/2] 1 [1,2] for the criteria
Green [1/10,1/8] [1/8,1/6] [1/2,1] 1 (@=05,u=0.5




UICC of pairwise matrix, Amay, 18 calculated by using Eq. (1), where the matrix size, 7 is 4, and the
RI(4) is 1.12. Finally, the CT and the CR of the matrix A are calculated by Eq. (4) and Eq. (5)
and given in Table 6. As seen in the table, the CR value, 0.052 is less than to 0.10; and it means
that all the pairwise comparisons of the DM are consistent. As also seen in the far-right
column of the table, the e-vector of the criteria weights as crisp values are respectively as
follows: W= (0.607, 0.263, 0.077, 0.053).

4.2 Ranking green concept alternatives using three F-MCDM methods

In the previous section, the relative weights of the evaluation criteria are determined; and
next, the three F-MCDM methods for ranking green concept alternatives are implemented,
respectively (see Figure 1);

F-TOPSIS for ranking: First, the four-green concept alternatives, Concept A, B, C, and D
were compared in terms of each criterion; cost, 7isk, quality and green using Table 2 and
Figure 2 in order to obtain the fuzzy decision matrix (X), shown in Table 7. Then, this matrix
is converted to the normalized fuzzy decision matrix (K) by Eq. (6) (Table 8).

Later, the fuzzy weighted normalized decision matrix (V) is calculated by multiplying the
fuzzy normalized decision matrix (X) by the column vector; W= (0.607, 0.263, 0.077, 0.053),
shown in Table 9.

Criteria Cost Risk Quality Green e-Vector
Cost 1.000 3.000 9.000 9.000 0.607
Risk 0.375 1.000 3.000 7.000 0.263
Quality 0.113 0.375 1.000 1.500 0.077

Table 6. Green 0.113 0.146 0.750 1.000 0.053

Eigenvector for Amax 4174

comparison matrix of Cl 0.058

the criteria RI 112

(CR = 0.052) CR 0.052
Criteria
Alternatives Cost Risk Quality Green

Table 7.

Fuzzy decision matrix, Concept A G MP MP MG

X for green Concept B F F P VG

alternatives in terms of Concept C MP VG MG G

each criterion Concept D P MP F MP
Criteria
Alternatives Cost Risk Quality Green
Concept A 0.57,0.65, 0.73) (0.15, 0.26, 0.37) 0.17,0.30, 0.43) (0.30, 0.40, 0.49)

Table 8. Concept B (0.33, 0.41, 0.49) (0.29, 0.37, 0.44) (0.09,0.17, 0.26) (049, 055, 0.61)

Fuzzy normalized Concept C (0.16, 0.28, 0.41) 0.59, 0.66, 0.73) (0.43, 0.56, 0.69) (043, 0.49, 0.55)

matrix, R for F-TOPSIS Concept D (0.08, 0.16, 0.24) (0.15, 0.26, 0.37) 0.35, 0.43, 0.52) 0.12, 0.21, 0.30)




Next, the positive and negative-ideal solution values for each criterion are calculated by
Eq. (7) and Eq. (8), and marked them as seen in Table 9. These values in the set form are as
follows:

A* = {(0.35,0.40,0.44), (0.15,0.17,0.19), (0.03,0.04,0.05), (0.03,0.03,0.03) }
A” = {(0.05 — 0.10,0.15), (0.04,0.07,0.10), (0.01,0.01,0.02), (0.01,0.01, 0.02) }

Then, the separation measures d;+ and d;_ by Eq. (9) and Eq. (10), and the relative closeness CI;
to the ideal solution by Eq. (11) are calculated and shown in Table 10. As seen in the table, the
green concept alternative, Concept A with the highest CI; value is found as the best alternative
among the others.

Finally, the ranking is found as {Concept A-Concept C— Concept B — Concept D}

F-GRA for ranking: The weight column vector (W) and the fuzzy decision matrix (X) in
Table 7 are used, and later the normalized fuzzy decision matrix (F) in Table 11 by Eq. (12)
and Eq. (13).

7.0 8.0 9.0

= max;{9.0, 6.0, 5.0,3.0} =9.0,7; = (ﬁ, 90'50

) = (0.78, 0.89,1.00)

Next, the reference series for green concept alternatives are determined by Eq. (14) as follows:

Ry = [(0.78,0.89,1.00), (0.20,0.35,0.50), (0.25,0.44, 0.63), (0.50, 0.65, 0.80)]

Criteria

Alternatives Cost Risk Quality Green
Concept A (0.35%, 0.40%, 0.44%) (0.04, 0.07,0.10) (0.01, 0.02, 0.03) (0.02, 0.02, 0.03)
Concept B (0.20, 0.25, 0.30) (0.08,0.10,0.12) (0.01-, 0.01-, 0.02-) (0.03*, 0.03*, 0.03*)
Concept C (0.10,0.17, 0.25) (0.15%*, 0.17%*, 0.19%) (0.03%*, 0.04%*, 0.05%*) (0.02, 0.03, 0.03)
Concept D (0.05-, 0.10-, 0.15-) (0.04—, 0.07—, 0.10-) (0.03, 0.03, 0.04) 0.01-, 0.01-, 0.02-)

Note(s): *Indicates the positive-ideal solution and — indicates the negative-ideal solution for related criterion

F-MCDM
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Table 9.
Fuzzy weighted
normalized matrix, V'

Alternatives di d;_ CI; Ranking

Table 10.
Concept A 0.134 0.316 0.702 1 Final weights for the
Concept B 0.255 0.196 0434 3 green concept
Concept C 0.226 0.228 0.501 2 alternatives through
Concept D 0431 0.020 0.044 4 F-TOPSIS
Criteria
Alternatives Cost Risk Quality Green
Concept A (0.78, 0.89, 1.00) (0.20, 0.35, 0.50) (0.25,0.44, 0.63) (0.50, 0.65, 0.80) Table 11.
Concept B (0.44, 0.56, 0.67) (0.40, 0.50, 0.60) (0.13,0.25, 0.38) (0.80, 0.90, 1.00) Fuzzy normalized
Concept C (0.22, 0.39, 0.56) (0.80, 0.90, 1.00) 0.63, 0.81, 1.00) (0.70,0.80,0.90)  matrix, matrix, R for

)

Concept D

(0.11, 0.22, 0.33

(020, 0.35, 0.50)

—_—

0.50, 0.63, 0.75)

(020, 0.35, 0.50)

F-GRA
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by Eq. (15) and shown in Table 12. An example on how a distance is calculated is also
formalized for 611 below:

1
oy = \/§ [(0.78 — 0.78)* + (0.89 — 0.89)” + (1.00 — 1.00)*] = 0.00
By using distance matrix (6;), the values of 6y, and dmax are found as 0.00 and 0.67. Later, the
matrix for the grey relational coefficient (£;) is also calculated by Eq. (16) and shown in
Table 13.

Finally, by using criteria weights () and the matrix (£;), the grey relational grades (y,) are
calculated by Eq. (17) for all the alternatives and are given in Table 14. More explanation of
this computation is given below:

71 = (1.00 * 0.607) + (0.38 * 0.263) + (0.47 * 0.077) + (0.57 * 0.053) = 0.773
As seen in the table, the ranking is found as {Concept A-Concept C— Concept B— Concept D}.

F-PROMETHEE II for ranking: First, the vector of criteria weights () and fuzzy decision
matrix (X) using the TFNs from Table 7 are given to the alternatives with respect to all the
criteria; cost, visk, quality and green as shown in Table 15. Moreover, the values of s in the table
indicate a maximum as each criterion is maximum with the value of s being equal to 5. For
example, if the alternatives Concept A, Concept B, Concept C and Concept D are evaluated in
Criteria
Alternatives Cost Risk Quality Green

Table 12. Concept A 0.000 0.552 0375 0.253

Distance between Concept B 0.333 0.400 0.565 0.000

reference value and Concept C 0.502 0.000 0.000 0.100

each comparison value Concept D 0.667 0.552 0.194 0.552
Criteria
Alternatives Cost Risk Quality Green
Concept A 1.00 0.38 047 0.57

Table 13. Concept B 0.50 0.46 0.37 1.00

Matrix of grey Concept C 0.40 1.00 1.00 0.77

relational coefficient Concept D 0.33 0.38 0.63 0.38
Criteria
Alternatives Grade (y,) Ranking

Table 14.

Final weights for the Concept A 0.773 1

green concept COHCept B 0.506 3

alternatives through ~ Concept C 0.624 2

F-GRA Concept D 0.371 4




terms of the criterion Cost, using the TFNSs, the fuzzy values {(7.0, 8.0, 9.0), (4.0, 5.0, 6.0), (2.0,
3.5,5.0), (1.0, 2.0, 3.0)} are respectively obtained.

Later, the fuzzy decision matrix is converted into the crisp decision matrix by Eq. (18) as
shown in Table 16. With respect to the crisp decision matrix in Table 16, the aggregated
preference matrix for P1 (Concept A, Concept B) is shown in Table 17.

The Gaussian criterion function is chosen for all the criteria where the parameter s for each
criterion is the value of 5. To show the calculation steps of how the values in Table 17 are
obtained, the following example can be given as follows: If the alternative Concept A is
compared with the alternative Concept B, the related the values x1, y; for P1 (Concept A,
Concept B) are calculated using the data in Table 16 by Eq. (20) and Eq. (21) given below:

~3.0002 4
%1 =8.00—-5.00=3.00,y =1- o(-6)/ () — 1 _ e( Mz ) =0.1647,z = Zwl*yl

=1

= (0.10338

In addition, the z value is found after determining all the values of x;, y;for P;(¢ = 1,2, 3,4)as
the number of the concept alternatives. The results of all the elements are given in Table 18.

F-MCDM
methods to
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Criteria Cost Risk Quality Green

Value Max. Max. Max. Max.

s 5 5 5 5

Weight 0.607 0.263 0.077 0.053 Table 15.

Concept A (7.0, 8.0,9.0) (2.0, 35,5.0) (2.0,35,5.0) (6.0,65,80)  Fuzzy decision matrix

Concept B 4.0,5.0,6.0) 4.0,5.0,6.0) (1.0,2.0, 3.0) 80,9.0,100)  for the green concept

Concept C 2.0, 35,5.0) 8.0,9.0,10.0 (5.0, 6.5, 8.0) (7.0, 8.0,9.0) selection for

Concept D (1.0, 2.0, 3.0) (2.0, 3.5,5.0) 4.0,5.0,6.0) (2.0, 35,5.0) F-PROMETHEE II

Criteria Cost Risk Quality Green

Value Max. Max. Max. Max.

s 5 5 5 5

Weight 0.607 0.263 0.077 0.053

Concept A 8.000 3.500 3.500 6.500

Concept B 5.000 5.000 2.000 9.000 Table 16.

Concept C 3.500 9.000 6.500 8.000 Decision-making

Concept D 2.000 3.500 5.000 3500  matrix after indexing

Pairwise comparison w; Xj i Z Table 17.
Calculation steps of

P1 (Concept A, Concept B 0.607 3.000 0.1647 0.10338 each element of

P2 (Concept A, Concept B 0.263 —1.500 0.0000 aggregated preference

P3 (Concept A, Concept B
P4 (Concept A, Concept B

0.077 1.500 0.0440
0.053 —2.500 0.0000

NN AN

index matrix for P1
(Concept A, Concept B)




[JICC

Table 18.

Aggregated preference

index matrix

Later, by using the aggregated preference index matrix, the positive, negative and net
outranking flows for each alternative are calculated by Eq. (22—24) and presented in Table 19.
As seen in the table, the best alternative is Concept A and the ranking is found as {Concept A-
Concept C—Concept B—Concept D}.

5. Comparative analysis of three F-MCDM methods in concept selection

In this section, a comparative analysis of the three F-MCDM methods, F-PROMETHEE II,
F-TOPSIS and F-GRA, on green concept selection using the case study is carried out. Based
on the case study in Section 4, Table 20 shows the numerical results of the three MCDM
methods corresponding to the rankings of the green concept alternatives. As seen in the table,
all the methods produce the same rankings {Concept A-Concept C—Concept B—Concept D}
regardless of various technical background and evaluation approaches.

Let us discuss some of the foundational and structural background of the three F-MCDM
methods in terms of normalization methods, distance metrics, aggregation functions,
defuzzification methods, uncertainty and other issues, such as time complexity
computational time, simplicity, number of mathematical calculations and stability.

(1) Normalization: 1t is a function to eliminate the element units so all the elements
become dimensionless ranging from 0 to 1. Various normalization methods can be
used by any MCDM. For example, the GRA uses linear normalization function, as the
TOPSIS uses vector one. The main difference between two normalization methods is
that the results of linear normalization does not depend on the original units of the
data, as vector normalization cannot be independent from the evaluation unit.

Alternatives Concept A Concept B Concept C Concept D

Concept A 0 0.10338
Concept B 0.01780 0

Concept C 0.13440 0.09767
Concept D 0.00339 0.01268

0.20215
0.02776

0.31154
0.13562
0 0.16713
0.00000 0

Table 19.
Outranking flow
indices and rank
through
F-PROMETHEE II

Alternatives Concept A Concept B Concept C Concept D

0.18118
0.21373

—0.03255
3

0.39919
0.22990
0.16929
2

0.01607
0.61429

—0.59822
4

ot 0.61707
@ 0.15559
%) 0.46148
Ranking 1

Table 20.
Comparison of the

numerical results of the

three F-MCDM
methods

F-PROMETHEE II

Alternatives F-TOPSIS (CI;) F-GRA () @(4;)

0.702 (1)

0434 (3 0.506
0.501 (2) .
0.044 (4) 0.371

Concept A
Concept B
Concept C

Concept D —0.59822 (4)




Although, in literature, several normalization methods have been introduced, here
both of them, linear and vector normalization methods were used for F-GRA and
F-TOPSIS to determine whether any of these methods affect the ranking of the green
alternatives. The results are presented in Table 21.

As seen in the table, the ranking changes in both the F-GRA and the F-TOPSIS with linear
and vector normalization methods. In this case, it can be said that under the conditions for this
case study, selecting the normalization method is critical of ranking at these methods.

(2) Distance metrics: It is a numerical description of how far apart two points are from

(©)

“)

each other. This metrics is used by the MCDM methods to determine how far a
solution is from optimality. The TOPSIS uses the distance of a solution from positive
and negative ideal solutions, as the GRA uses only the distance from an ideal solution.
The TOPSIS and GRA methods use the Euclidean distance metric, the results are
shown in Table 20 by Eq. (15). Moreover, the TOPSIS has been used with other
distance metrics, especially with city-block (Manhattan) distance metrics (Banaeian
et al., 2018). On the other hand, in this study, the effect of different distance metrics
with both methods are investigated; and the results are given in Table 22. As seen in
the table, although the CI values in the F-TOPSIS are not similar, and the same results
are obtained in the F-GRA under different distance metrics Euclidean and City-block
(Manhattan), the rankings do not change in either of the methods.

Aggregation functions: There are different aggregation functions used by MCDM
methods to represent the reference points (Banaeian et al., 2018). These functions for
F-AHP, F-PROMETHEE II, F-TOPSIS and F-GRA are seen in Eq. (3, 11, 17, 21). The
TOPSIS does not consider the relative importance of distances from the best to worst
solutions, as a main drawback of the method.

Defuzzification methods: MCDM methods use different defuzzification methods to mainly
convert a fuzzy number to a crisp value. In this study, for the F-PROMETHEE II method,
two different methods, the weighted defuzzification method (£, m, «) = (I + 2m + u) /4)
and centroid defuzzification method ((/, m, u) = (I +m + u)/3) by Eq. (18) are used to
see whether a defuzzification method plays an important role on the final ranking. The
results are given in Table 23.

Vector normalization Linear normalization

F-MCDM
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Alternatives F-TOPSIS rank F-GRA rank F-TOPSIS rank F-GRA rank

Table 21.
Concept A 0.702 (1) 0834 (1) 0.675 (2) 0.773(1)  Results from F-TOPSIS
Concept B 0434 (3) 0.783 (2) 0.688 (1) 0.506 (3) and F-GRA under
Concept C 0.501 (2) 0.500 (3) 0452 (3) 0624 (2)  different normalization
Concept D 0.044 (4) 0.359 (4) 0.072 (4) 0.371 (4) methods

Euclidean metric City-block (Manhattan) metric

Alternatives F-TOPSIS rank F-GRA rank F-TOPSIS rank F-GRA rank

Table 22.
Concept A 0.702 (1) 0.773 (1) 0.702 (1) 0.773 (1)  Results from F-TOPSIS
Concept B 0434 (3) 0.506 (3) 0433 (3) 0.505 (3) and F-GRA under
Concept C 0.501 (2) 0.624 (2) 0.499 (2) 0.624 (2) different distance
Concept D 0.044 4) 0.371 (4) 0.044 (4) 0.371 (4) metrics
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Table 23.
Results from
F-PROMETHEE II
under different
defuzzification
methods

As seen in the table, although the @(A4;) values in the F-PROMETHEE II are partly
dissimilar, and different defuzzification methods are used in the F-PROMETHEE II, the same
ranking results are obtained. In short, applying each of the defuzzification methods does not
change the ranking alternatives.

() Uncertainty: In case any uncertainty exists in the judgments of a DM related to
qualitative variables, the parameters of the TFN (a, b, ¢) need to be selected in a way to
better represent the linguistic terms. That is why, the fuzzy logic theory is utilized
to overcome this difficulty by minimizing the effects of imprecise data. In looking at
the methods in this study, only the F-GRA method defines situations with no
available information as black and those with perfect information as white. Although
neither of these kinds of situations might ever occur in reality, the F-GRA method
addresses a situation with partly available information (Banaeian et al.,, 2015). As a
result of this, an integrated approach by combining fuzzy logic and the GRA methods
can be used to handle both incomplete information and problem ambiguities.

Other issues are also discussed next. The F-TOPSIS does not impose any restrictions on the
number of alternatives or criteria in the concept evaluation process, as the F-AHP imposes a
limitation of them. Because, if the number of criteria and alternatives increases more than
mine specified by Saaty (1981), a human evaluator cannot comprise human judgments and
consistency (Lima ef al, 2014). Lima ef al (2014) also make suggestions that F-TOPSIS is a
better choice when having a number of alternatives and criteria. Compared to the other
methods, F-GRA and F-PROMETHEE II, F-GRA shows the best performance and no limit to
their numbers because its computational steps are relatively simple. All the methods allow
the aggregation of judgments with multiple DMs. Although the four methods support group
decision-making, because of the impact on time complexity, F-GRA is preferable as these
methods use different amounts of data required by each. On the other hand, the methods
F-PROMETHEE II, F-TOPSIS and F-GRA require the same amount of data for ranking the
green concept alternatives, as only the F-AHP needs less data because it is used to weight
evaluation criteria. In addition, even if the same number of judgments are needed for three
methods, the computational complexity may change according to Banaeian et al, 2015. As
seen in Table 20, the F-GRA method produces the same results in less time complexity, and
the final ranking can be reached in smaller numbers of computational steps (Banaeian
et al, 2015).

Moreover, Wang et al. (2013) compared the following MCDM methods: AHP, TOPSIS,
GRA and PROMETHEE 1I in terms of computational time, simplicity, mathematical
calculations involved and stability. They also concluded that all the methods are moderate and
medium in terms of mathematical calculations involved and stability. Furthermore, in terms of
simplicity, except for the AHP, which is very critical, the others are moderately critical.
Moreover, the AHP with very high, and PROMETHEE II with Zuigh computational time, the
remaining two methods are moderate. Finally, it is revealed that in all aspects, based on the
studies of Wang ef al. (2013) and Banaeian ef al,, 2015, the GRA clearly outperforms the other
methods. This proves its universal applicability and flexibility as an effective MCDM tool in
solving complex decision-making problems.

Alternatives Weighted defuzzification approach Centroid defuzzification approach
Concept A 0.46148 (1) 047021 (1)
Concept B —0.03255 (3) —0.03255 (3)
Concept C 0.16929 (2) 0.16929 (2)
Concept D —0.59822 (4) —0.60695 (4)




6. Conclusions

The designing and manufacturing environmental-friendly products in a product design
process has been a vital issue for many companies which take account of reflecting
environmental issues in their product design and meeting standards of recent green
guidelines. These companies have utilized these guidelines by following special procedures at
the design phase. Along the design process consisting of various steps, the environmental
issues have been considered an important factor in the end-of-life of products since it can
reduce the impact on nature. In the stage of developing a new product with the aim of
environment-friendly design, the green thinking should be incorporated as early as possible
in the process. On the other hand, green concept evaluation has been a critical milestone in a
product design environment in transition leading to design and management of more
environmentally sustainable concepts. Most modeling efforts on the issue of green concept
evaluation are based on the integration of fuzzy logic and conventional MCDM methods. The
objective of the research was to propose a F-AHP based F-MCDM approach to green concept
selection problem through F-PROMETHEE II, F-TOPSIS and F-GRA methods. As the F-AHP
is used to weight evaluation criteria, the other methods are respectively used for ranking the
concept alternatives and determine the best concept alternative.

Furthermore, the case study was inspired by the previous work of the author, which was
realized in a hot runner systems manufacturer, used in injection molding systems in Canada.
In an NPD process, the back-and front-ends of development efforts mainly determine the
following criteria: cost, visk, quality and green as used in this paper. The case study showed
that the three fuzzy MCDM methods reach the same ranking outcomes. F-GRA has a better
time complexity compared to the other two methods and used a smaller number of
computational steps. Moreover, a comparative analysis of the three F-MCDM methods,
F-PROMETHEEII, F-TOPSIS and F-GRA, are used in ranking for green concept alternatives
using the numerical results of the case study. For the case study, as seen in Table 20, the three
F-MCDM methods produced the numerical results on the rankings of the green concept
alternatives as follows: {Concept A-Concept C-Concept B—Concept D}. Moreover, the
incorporation of fuzzy set theory into these methods was discussed on a real-life case study,
and a comparative analysis was done using its numerical results in which the three fuzzy-
based methods revealed the same outcomes (or rankings), while F-GRA requires fewer
computational steps.

The motivation and contribution of this paper lies on a comparative analysis through
a case study in which the well-lknown MCDM methods F-AHP, F-TOPSIS, F-GRA
and F-PROMETHEE 1I are used together for the green concept evaluation problem.
The numerical results of the case study are used to do a comparative analysis to compare the
performances of the three F-MCDM methods for the related problem in terms of the
normalization methods, distance metrics, aggregation functions, defuzzification methods,
time complexity and other issues, as F-AHP is only used for weighting evaluation criteria.

On the other hand, the F-MCDM methods have the following limitations: For instance, the
result (or ranking) of any method depends on the judgments of a DM. The possibility of bias
of the DM to any particular alternative cannot be easily managed as especially in the F-AHP
because inconsistency value might lead to wrong results.

Inclusion of environmental-related criteria into the concept selection problem has been
gaining increasing importance in the last decade. Therefore, to facilitate necessary
calculations in applying each method, especially with its fuzzy extension, a knowledge-
based (KB) or an expert system (ES) can be developed to help the DMs make the required
calculations of each method and interpret its results with a detailed analysis. In addition, for
future studies, these proposed methods in this work can be extended to Pythagorean fuzzy
uncertain environments (i. e. Pythagorean fuzzy interactive Hamacher power aggregation
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operators, Pythagorean fuzzy interaction power Bonferroni mean aggregation operators) and
other fuzzy approaches.

References

Ayag, Z. (2005a), “An integrated approach to evaluating conceptual design alternatives in a new
product development environment”, International Journal of Production Research, Vol. 43,
pp. 687-713.

Ayag, Z. (2005b), “A fuzzy AHP-based simulation approach to concept evaluation in a NPD
environment”, IIE Transactions, Vol. 37, pp. 827-842.

Ayag, Z. (2014), “A fuzzy analytic hierarchy process to evaluate computer-aided manufacturing
software alternatives”, Turkish Journal of Fuzzy Systems, Vol. 5 No. 2, pp. 114-127.

Ayag, Z. (2016), “An integrated approach to concept evaluation in a new product development”,
Journal of Intelligent Manufacturing, Vol. 27, pp. 991-1005.

Ayag, Z. and Ozdemir, R.G. (2007), “An analytic hierarchy process-based approach to concept
evaluation in a new product development environment”, Journal of Engineering Design, Vol. 18,
pp. 209-226.

Banaeian, N., Mobli, H., Nielsen, LE. and Omid, M. (2015), “Criteria definition and approaches in green
supplier selection — a case study for rew material and packaging of food industry”, Production
and Manufacturing Research, Vol. 3 No. 1, pp. 149-168.

Banaeian, N., Mobli, H., Fahimnia, B., Nielsen, LE. and Omid, M. (2018), “Green supplier selection using
fuzzy group decision making methods: a case study from the agri-food industry”, Computers
and Operations Research, Vol. 89, pp. 337-347.

Behzadian, M., Kazemzadeh, R.B., Albadvi, A. and Aghdas, M. (2010), “PROMETHEE: a
comprehensive literature review on methodologies and applications”, European Journal of
Operational Research, Vol. 200, pp. 198-215.

Brans, ]J.P., Vincke, Ph. and Marechal, B. (1986), “How to select and how to rank projects: the
PROMETHEE method”, European Journal of Operational Research, Vol. 24, pp. 228-238.

Buyukozkan, G., Ertay, T., Kahraman, C. and Ruan, D. (2004), “Determining the importance weights
for the design requirements in house of quality using fuzzy analytic network approach”,
International Journal of Intelligent Systems, Vol. 19, pp. 443-461.

Buyukozkan, G., Feyzioglu, O. and Ruan, D. (2007), “Fuzzy group decision-making to multiple
preference formats in quality function deployment”, Computers in Industry, Vol. 58, pp. 392-402.

Can, G.F. and Demirok, S. (2019), “Universal usability evaluation by using an integrated fuzzy multi
criteria decision making approach”, International Journal of Intelligent Computing and
Cybernetics, Vol. 12, pp. 194-223.

Carnahan, J.V., Thurston, D.L. and Liu, T. (1994), “Fuzzing ratings for multi attribute design decision-
making”, Journal of Mechanical Design, Vol. 116, pp. 511-521.

Chan, JW. (2008), “Product end-of-life options selection: grey relational analysis approach”,
International Journal of Production Research, Vol. 46, pp. 2889-2912.

Chen, L.-H. and Weng, M.-C. (2006), “An evaluation approach to engineering design in QFD processes
using fuzzy goal programming models”, European Journal of Operational Research, Vol. 172,
pp. 230-248.

Chen, K., Chen, P,, Yang, L. and Jin, L. (2019), “Grey clustering evaluation based on AHP and interval
grey number”, International Journal of Intelligent Computing and Cybernetics, Vol. 12,
pp. 127-137.

Chu, CH, Luh, Y.P, Li, T.C. and Chen, H. (2009), “Economical green product design based on

simplified computer-aided product structure variation”, Computers in Industry, Vol. 60,
pp. 485-500.



Deng, J.L. (1982), “Control problems of grey system”, Systems and Control Letters, Vol. 1, pp. 288-294.

Duffy, AHB. Andreasen, M.M., Maccallum, KJ. and Reijers, L.N. (1993), “Design co-ordination for
concurrent engineering”, Journal of Engineering Design, Vol. 4, pp. 251-261.

Figueira, J., Greco, S. and Ehrgott, M. (2004), Multiple Criteria Decision Analysis: State of the Art
Surveys, Springer, New York.

Geldermann, J., Spengler, T. and Rentz, O. (2000), “Fuzzy outranking for environmental assessment.
Case study: iron and steel making industry”, Fuzzy Sets and Systems, Vol. 115, pp. 45-65.

Honkala, S., Himéldinen, M. and Salonen, M. (2007), “Comparison of four existing concept selection
methods”, The Proceedings of the 16th International Conference on Engineering Design,
August, pp. 1-11.

Hu, Q.G. and Zhang, P. (2007), “Improved QFD based on group-decision AHP and fuzzy clustering”,
Computer Integrated Manufacturing Systems, Vol. 13, pp. 1374-1380.

Huang, H.-Z. and Gu, Y.-K. (2006), “Product development process modeling based on information

feedback and requirement cooperation”, Concurrent Engineering Research and Applications,
Vol. 14, pp. 87-98.

Hwang, CL. and Yoon, K. (1981), Multiple Attribute Decision Making: Methods and Applications,
Springer-Verlag, New York.
Kahraman, C, Cevik, S, Ates, N.Y. and Gulbay, M. (2007), “Fuzzy multi-criteria evaluation of
industrial robotic systems”, Computers and Industrial Engineering, Vol. 52, pp. 414-433.
Karsak, EE. (2004), “Fuzzy multiple objective programming framework to prioritize design
requirements in quality function deployment”, Computers and Industrial Engineering, Vol. 47,
pp. 149-163.

Kwong, CK,, Chen, Y., Bai, H. and Chan, D.SK. (2007), “A methodology of determining aggregated
importance of engineering characteristics in QFD”, Computers and Industrial Engineering,
Vol. 53, pp. 667-679.

Lakshmi, T.M. and Venkatesan, V.P. (2014), “A Comparison of various normalization in techniques for
order performance by similarity to ideal solution (TOPSIS)”, International Journal of Computing
Algorithm, Vol. 3, pp. 882-888.

Le Teno, J.F. and Mareschal, B. (1998), “An interval version of PROMETHEE for the comparison of
building products’ design with ill-defined data on environmental quality”, European Journal of
Operational Research, Vol. 109, pp. 522-529.

Lee, AR. (1999), Application of Modified Fuzzy AHP Method to Analyze Bolting Sequence of Structural
Joints, UMI Dissertation Services, A Bell & Howell Company.

Li H, Lv, L., Li, F., Wang, L. and Xia, Q. (2020), “A novel approach to emergency risk assessment
using FMEA with extended MULTIMOORA method under interval-valued Pythagorean fuzzy
environment”, International Journal of Intelligent Computing and Cybernetics, Vol. 13, pp. 41-65.

Lima, FR., Osirob, L. and Carpinettia, L.CR. (2014), “A comparison between fuzzy AHP and fuzzy
TOPSIS methods to supplier selection”, Applied Soft Computing, Vol. 21, pp. 194-209.

Lin, M.C., Wang, C.C., Chen, M.S. and Chang, C.A. (2008), “Using AHP and TOPSIS approaches in
customer-driven product design process”, Computers in Industry, Vol. 59, pp. 17-31.

Lin, M,, Huang, C, Xu, Z. and Chen, R. (2020), “Evaluating IoT platforms using integrated
probabilistic linguistic MCDM method”, [EEE Internet of Things Journal, Vol. 7,
pp. 11195-11208.

Lin, M,, Wang, H. and Xu, Z. (2020a), “TODIM-based multi-criteria decision-making method with
hesitant fuzzy linguistic term sets”, Artificial Intelligence Review, Vol. 53, pp. 3647-3671.

Lin, M., Huang, C. and Xu, Z. (2020b), “MULTIMOORA based MCDM model for site selection of car
sharing station under picture fuzzy environment”, Sustainable Cities and Society, Vol. 53,
101873.

F-MCDM
methods to
evaluating
green concepts




[JICC

Naaz, S., Alam, A. and Ranjit Biswas, R. (2011), “Effect of different defuzzification methods in a fuzzy
based load balancing application”, International Journal of Computer Science, Vol. 8,
pp. 261-267.

Ng, V.Y. and Chuah, K.B. (2014), “Evaluation of design alternatives’ environmental performance using
AHP and ER approaches”, IEEE Systems Journal, Vol. 8, pp. 1182-1189.

Qiyas, M., Khan, M.A,, Khan, S. and Abdullah, S. (2020), “Concept of Yager operators with the picture
fuzzy set environment and its application to emergency program selection”, International
Jowrnal of Intelligent Computing and Cybernetics, Vol. 13, pp. 455-483.

Saaty, T.L. (1981), The Analytical Hierarchy Process, McGraw Hill, New York.

Saaty, T.L. (1989), “Decision making, scaling, and number crunching”, Decision Science, Vol. 20,
pp. 404-409.

Samanliogly, F. and Ayag, Z. (2016), “A fuzzy ANP-based PROMETHEE II approach for evaluation of
machine tool alternatives”, Journal of Intelligent and Fuzzy Systems, Vol. 30, pp. 2223-2235.

Srivastava, SK. (2007), “Green supply-chain management: a state-of-the-art literature review”,
International Journal of Management Review, Vol. 9, pp. 53-80.

Thurston, D.L. and Carnahan, J.V. (1992), “Fuzzy ratings and utility analysis in preliminary design
evaluation of multiple attributes”, Journal of Mechanical Design, Vol. 114, pp. 648-658.

Triantaphyllou, E. (2000), Multi-Criteria Decision-Making Methods: A Comparative Study, Kluwer
Academic Publishers, Dordrecht.

Ulrich, K.T. and Eppinger, S.D. (2000), Product Design and Development, 2nd ed., McGraw-Hill,
New York.

Velasquez, M. and Hester, P.T. (2013), “An analysis of multi-criteria decision-making methods”,
International Journal of Operations Research, Vol. 10, pp. 56-66.

Vinodh, S. and Girubha, RJ. (2012), “PROMETHEE based sustainable concept selection”, Applied
Mathematical Modelling, Vol. 36, pp. 5301-5308.

Vinodh, S., Patil, A., Balagi, TS.S. and Natarajan, P.S. (2014), “AHP-PROMETHEE integrated
approach for agile concept selection”, International Journal of Services and Operations
Management, Vol. 18, pp. 449-467.

Vinodh, S., Kumar, S. and Mohan, R.R. (2015), “Grey rough set evaluation approach for agile concept
selection”, International Journal of Mass Customization, Vol. 5, pp. 55-72.

Vinodha, S., Gauthama, S.G., Ramiyaa, R.A. and Rajanayagamb, D. (2010), “Application of fuzzy
analytic network process for agile concept selection in a manufacturing organization”,
International Journal of Production Research, Vol. 48, pp. 7243-7264.

Wang, Y. (2009), “Centroid defuzzification and the maximizing set and minimizing set ranking based
on alpha level sets”, Computers and Industrial Engineering, Vol. 57, pp. 228-236.

Wang, p., Meng, P., Zhai, ].Y. and Zhu, Z.Q. (2013), “A hybrid method using experiment design and
grey relational analysis for multiple criteria decision-making problems”, Knowledge-Based
Systems, Vol. 53, pp. 100-107.

Wang, L., Xia, Q, Li, H. and Cao, Y. (2019), “Multi-criteria decision-making method based on improved
cosine similarity measure with interval neutrosophic sets”, International Journal of Intelligent
Computing and Cybernetics, Vol. 12, pp. 414-423.

Xiuqin, X., Jialiang, X., Na, Y. and Honghui, W. (2021), “Probabilistic uncertain linguistic TODIM
method based on the generalized Choquet integral and its application”, International Journal of
Intelligent Computing and Cybernetics, Vol. ahead-of-print No. ahead of print, doi: 10.1108/IJICC-
09-2020-0108.

Zadeh, L.A. (1965), “Fuzzy sets”, Information and Control, Vol. 8, pp. 338-353.

Zavadskas, EK., Zakarevicius, A. and Antucheviciene, J. (2006), “Evaluation of ranking accuracy in
multi-criteria decisions”, Informatica, Vol. 17, pp. 601-618.


https://doi.org/10.1108/IJICC-09-2020-0108
https://doi.org/10.1108/IJICC-09-2020-0108

Zhang, H.C., Kuo, T.C. and Lu, H. (1997), “Environmentally conscious design and manufacturing: a
state-of-the-art survey”, Journal of Manufacturing Systems, Vol. 16, pp. 352-371.

About the author

i Zeki Ayag, Ph.D., P. Eng. is currently a full professor of Industrial Engineering at the
Faculty of Engineering and Natural Sciences at Kadir Has University. Before, he served
as Director of the Graduate School of Science and Engineering between 2014 and 2017,
and Founding Chairman of Industrial Engineering between 2005 and 2015 at the same
university. He holds an undergraduate degree in Industrial Engineering Department of
Faculty of Business Administration, a master’s in Engineering Management Program
of Industrial Engineering and a Ph.D. degree in Industrial Engineering Program of
Industrial Engineering at Istanbul TECHNICAL UNIVERSITY (I.T.U). Before joining
to KADIR HAS UNIVERSITY, he worked as an assistant professor in Istanbul KULTUR UNIVERSITY
for almost 2 years. In addition to his academic experience, he has national and international industrial
experience such as CAD Engineer in MAGNA INTERNATIONAL, INC., Cam-Slide Mfg. (Canada),
Engineering Designer in MOLD-MASTERS LTD. (Canada), Construction Department Chief in MAKINA
TAKIM ENDUSTRISI A.S., and Quality Assurance Engineer in PIMAS A.S. He also worked as a full-
time Research and Teaching Assistant in the IE Department at LT.U. for 4 years. He taught many
courses, such as Operations Research I and II, Systems Simulation, MCDM, Facility Design and Plant
Layout, Integrated Enterprise Systems, Computer Integrated Manufacturing (CIM) and so on. His
research interests include MCDM, Analytic Hierarchy/Network Process (AHP/ANP), Fuzzy Logic,
Simulation of Manufacturing Systems, New Product Development (NPD). He has published many
articles in leading periodical journals indexed by SCI®) and SCI-Expanded®, such as International
Journal of Production Research, Journal of Intelligent Manufacturing, IIE Transactions, Journal of
Engineering Design and Journal of Intelligent and Fuzzy Systems and so on. He is also an active referee
for the leading journals such as International Journal of Production Research and Computer and
Industrial Engineering, International Journal of Approximate Reasoning, Information Sciences, Journal
of Engineering Design and so on, and for conferences such as International Conference on Information
Systems (ICIS, 2005). He has also given many seminars on his interest fields with numerous publications
in conference and congress proceedings. He is a licensed Professional Engineer (P. Eng.) from both
Society of Professional Engineers in Ontario (PEO) in Canada, and Chamber of Mechanical Engineers of
Turkey (TMMOB). He is Senior Member of Institute of Industrial Engineers (IIE). He has also various
memberships such as Operational Research Society, Turkey (YAD), Society of Fuzzy Systems, Turkey
(BUSIDE), International Society on Multiple Criteria Decision Making (MCDM), International
Association of Engineers (IAENG), IAENG Society of Industrial Engineering, IAENG Society of
Operations Research, JAENG Society of Artificial Intelligence, IAENG Society of Information System
Engineering and so on. He is also listed in various editions of Who is Who in Engineering in the World,
and Leading Engineers of the World. He is also associate editor in Advances in Fuzzy Systems, former
EBM of International Journal of Production Research, and in different capacities for other journals. He
also serves Program Evaluator for MUDEK, and Institutional External Evaluator and Team Leader for
YOK Quality Council. Zeki Ayag can be contacted at: zekia@khas.edu.tr

For instructions on how to order reprints of this article, please visit our website:
www.emeraldgrouppublishing.com/licensing/reprints.htm
Or contact us for further details: permissions@emeraldinsight.com

F-MCDM
methods to
evaluating
green concepts



mailto:zekia@khas.edu.tr

	A comparison study of fuzzy-based multiple-criteria decision-making methods to evaluating green concept alternatives in a n ...
	Introduction
	Literature review
	Green concept selection using fuzzy decision-making
	Criteria weighting through F-AHP
	Ranking alternatives through three F-MCDM methods

	Case study
	Ranking green concept alternatives using three F-MCDM methods

	Comparative analysis of three F-MCDM methods in concept selection
	Conclusions
	References


