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Abstract Improperly handled hazardous waste can pose significant threat to
human health and the environment. Safety of waste transportation is an important
aspect of hazardous waste management. This makes the evaluation and selection of
the most suitable hazardous waste transportation firm (HWTF) a crucial problem for
hazardous waste generators. A number of factors affect the selection of the proper
HWTF, which need to be addressed with usually vague and imprecise data provided
by a team of experts from different backgrounds. This chapter proposes a systematic
and integrated multi criteria decision making (MCDM) approach to support the
HWTF selection process. This approach is based on the Technique for Order of
Preference by Similarity to Ideal Solution (TOPSIS) method in an intuitionistic
fuzzy (IF) environment. A Group Decision Making (GDM) approach is utilized by
the means of IF to minimize the bias stemming from experts’ fuzzy evaluations and
to better manage the associated uncertainties and partiality. A real case application
from Turkey is presented to illustrate the use of the proposed methodology.

2.1 Introduction

In modern societies, almost all materials, devices and objects sooner or later turn
into waste (Gumus 2009). Waste can be classified as hazardous or non-hazardous,
depending on whether they exhibit particular characteristics. Hazardous waste has
been defined for the first time in the USA in early 1980s (Marinković et al. 2008) as
unwanted flammable, oxidizing, poisonous, radioactive, toxic or explosive mate-
rials which pose a threat to humans or environment when handled improperly.
Sources of hazardous waste are various; it may be produced in hospitals, by metal
finishing or timber treatment processes, petrol storage, paint manufacture etc.
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Economic growth and industrial prosperity globally undergone in recent decades
has accelerated the generation of hazardous waste (Duan et al. 2008), putting
hazardous waste concerns into agenda of many developed or developing countries,
which has led to the exploration of alternative ways for proper hazardous waste
management and handling.

Considering associated dangers, it presents to humans and environment, pre-
vention of contamination by hazardous waste is vital, underlining the importance of
its safe transportation. However, hazardous waste generators believe that safe
transportation regulations are particularly enforced by policy makers because other
parties handle those processes (Gumus 2009; Orford 2007). For these reasons,
generators explore safe and cost-effective solutions in hazardous waste management
(HWM), presenting a problem with several different objectives. For a commercial
firm, for instance, the most feasible HWM solution might be the option with the
minimum cost, whereas a public authority might look for the solution with lowest
spillage or leakage risk. Therefore, a hazardous waste transportation firm (HWTF)
must have a certain level of quality, safety, service and responsibility at the same
time, in an environment where it is expected to comply with legislation and act
correctly (Ho 2011).

In this chapter, a Group Decision Making (GDM) approach is implemented for
the selection of the most suitable HWTF. At first, the literature about HWM and
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) methods
under Intuitionistic Fuzzy (IF) environment will be reviewed. Following that, the
proposed methodology structure will be explained and a real case from Turkey will
be presented. Then, procedural IF TOPSIS steps and related calculations will be
provided to introduce the technique. A numerical application of the case study will
be illustrated at the final stage in order to display how the proposed method
functions.

2.2 Literature Review

2.2.1 Hazardous Waste Management

Hazardous waste with explosive, ignitable/flammable, oxidizing, poisonous, cor-
rosive, radioactive or toxic characteristics can be generated during petrol storage,
metal finishing, paint manufacturing, dry cleaning and hospitals, beside others.

If handled poorly, hazardous waste will cause significant damage to both
humans and environment, putting specific emphasis on choosing the right trans-
portation and disposal firm for hazardous waste. Hsu et al. (2008) selected the most
suitable medical hazardous waste disposal firm with the help of AHP and a mod-
ified Delphi technique. They suggested that their method reduced overhead costs
and thus enhanced the management of hazardous waste. Ho (2011) suggested a
fuzzy AHP method for this kind of evaluation with which medical and health care
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institutions could objectively and systematically choose appropriate infectious
medical waste disposal firms. Using a MCDA approach, Feo and Gisi (2014)
developed a hazardous waste minimization procedure with geographical informa-
tion. In their study, AHP is used to define the priorities of evaluation criteria for its
ease and usefulness. A HWM case study in the USA is done using DEA-TOPSIS
techniques by Ali et al. (2015). In another study, Mohsin et al. (2015) made an
assessment of HWM proposal using AHP. Abessi and Saeedi (2014) presented an
approach for siting hazardous waste landfill in large areas using site screening
method and AHP. Alidi (1996) suggested a multi objective optimization model for
the proper management of hazardous waste. They combined AHP with a goal
programming approach to prioritize conflicting goals.

To the extent of our knowledge, the most recent studies about HWTF are pre-
sented by Gumus, Kabir and Sumi. Kabir (2015) extended VIKOR method under
fuzzy environment for the selection of HWTF. Kabir and Sumi (2015) also pro-
posed a method for selecting HWTF by using AHP and PROMETHEE. Gumus
(2009) evaluated a two-step methodology for HWTF by using fuzzy AHP and
TOPSIS.

In this study, an IF TOPSIS method is used in order to decide on the most
appropriate HWTF. It must be underlined that this technique is applied for the
problem evaluation and the results of IF TOPSIS show the ranking order of the
HWTFs. To the best of our knowledge, this kind of a study has not appeared in
related literature in earlier publications, differentiating itself by integrating TOPSIS
and IF with a GDM approach for a real case HWTF selection problem.

2.2.2 IF TOPSIS Literature

In this section, literature related to the TOPSIS technique under IF set is reviewed.
This literature survey in the HWT context revealed that key aspects have been,

for the most part, overlooked by researchers, indicating a research gap for selecting
suitable HWTF. Fuzzy TOPSISI is commonly used in HWM to obtain the effective
ranking of HWTF. GDM is often preferred to avoid the bias and minimize the
partiality in this kind of decision process. From literature, however, it is observed
that in some situations classical fuzzy sets can be inadequate and even defective in
handling the ambiguity of the concepts that are associated with human beings’
subjective judgments. IF sets, on the other hand, are useful tools to investigate the
fuzziness in decision makers’ (DMs’) judgments in the complexity of
socio-economic environment and the lack of knowledge or data about the problem.
A fusion of GDM with DMs’ assessments is considered as one uniform group
decision by means of IF set.

Table 2.1 displays a summary of the TOPSIS literature under IF or Interval
Valued IF (IVIF) environment with an emphasis on the focus and the employed
technique.
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2.3 IF TOPSIS Methodology

This section presents the IF TOPSIS multi criteria GDM method. Let us denote,
D = {D1, D2, …, Dk) be a set of DMs, assume that the importance of DM Dk is λk,
where

PK
k¼1 kk ¼ 1, and C ¼ fC1;C2; . . .;Cng be a set of criteria, w ¼

fw1;w2; . . .;wng the weight vector of criteria, where wj � 0; j ¼ 1; 2; . . .; n,Pn
j¼1 wj ¼ 1. The set of alternatives: A ¼ A1;A2; . . .;Amf g in the form of TIFN.

2.3.1 Intuitionistic Fuzzy Sets

In this section, the basic concept of intuitionistic fuzzy sets will be briefly intro-
duced. The Intuitionistic Fuzzy Set (IFS) is developed by Atanassov (1986) and

Table 2.1 IF TOPSIS literature

Author Aim of the study Applied
technique

GDM Illustrative
or case study

Boran et al. (2009) Supplier selection IF TOPSIS X Illustrative

Boran (2011) Supplier selection IF TOPSIS X Illustrative

Park et al. (2011) Equipment selection IVIF TOPSIS X Illustrative

Wang et al. (2011) Supplier selection IVIF TOPSIS – Illustrative

Boran et al. (2012) Technology evaluation IF TOPSIS – Illustrative

İntepe et al. (2013) Forecasting method IVIF TOPSIS X Illustrative

Yue and Jia (2013) Partner selection IF TOPSIS X Illustrative

Aloini et al. (2014) Machine selection IF TOPSIS X Case study

Kucukvar et al. (2014) Sustainability performance IF TOPSIS X Illustrative

Li et al. (2014) Module partitioning
evaluation

IVIF TOPSIS X Case study

Long and Geng (2015) Module selection IVIF TOPSIS – Case study

Wu (2015) Supplier selection IF TOPSIS X Illustrative

Wan et al. (2015) Technology selection IF TOPSIS X Case study

Wang et al. (2015) E-tendering IF TOPSIS – Illustrative

Yang et al. (2015) Method proposal for
deriving weights

IF TOPSIS X Illustrative

Zhang and Xu (2015) Soft computing technique IVIF TOPSIS X Illustrative

Joshi and Kumar
(2016)

Personnel selection IVIF TOPSIS X Illustrative

Wan et al. (2016) Logistics outsourcing IF TOPSIS X Illustrative
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constitutes an extension of Zadeh’s fuzzy set. It assigns a degree of membership to
each element and defines a (crisp) set E, with A � E be a fixed set. An IFS A in E is
an object of the following form:

A ¼ x; lAðxÞ; mAðxÞjx 2 Ef g;

The functions μA: E → [0, 1] and νA: E → [0, 1] define the degree of mem-
bership and the degree of non-membership of the element x 2 E to the set A,
respectively. For every x 2 E:

0� lA xð Þþ mAðxÞ� 1:

hx; lAðxÞ; 1� lAðxÞjx 2 Eif g

If

pAðxÞ ¼ 1� lA xð Þ � mA xð Þ;

then pAðxÞ is the degree of non-determinacy (uncertainty) of the membership of
element x 2 E to set A. In the case of ordinary fuzzy sets, pA xð Þ ¼ 0 for every
x 2 E.

2.3.2 Proposed Computational Steps

In this section, computational steps for IF TOPSIS method is presented. This
integrated method is quite suitable for solving MCDM problems. The alternatives
are ranked using IF TOPSIS method, as adapted from the studies of Boran et al.
(2011) and Boran (2011). The evaluation of the study, which is based on our
method, is given in Fig. 2.1 as a schematic diagram.

The steps of the method for IF TOPSIS MCDM are as follows.

Step 1: Construct a hierarchy for the evaluation of the problem.

Define the goal, objective, attributes and alternatives for resolving the problem.

Step 2: Determine the weights of Experts.

Importance of experts is considered as linguistic variables. The defined TIFNs
seven-point linguistic variable scale is introduced to estimate the weight of each
DM in the GDM process. In order to express DMs’ individual assessments more
precisely, the linguistic variable scale, which is adapted from the five-point scale of
Boran et al. (2009) is improved with a minor addition to intermediate values. The
new seven-point scale used in DMs’ assessment stages ranges from Very
Unimportant to Very Important, as presented in Table 2.2.
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Let Dk ¼ ðlk; vk; pkÞ be an IF number for rating of the kth DM. The weights of
the kth DM are obtained using the following Eq. (2.1) which is adapted from the
study of Boran et al. (2009).

kk ¼
lk þ pk

lk
1�pk

h ih i
PK

k¼1 lk þ pk
lk

1�pk

h ih i ; where
XK
k¼1

kk ¼ 1 ð2:1Þ

Fig. 2.1 The proposed IF TOPSIS MCDM methodology to determine the best alternative for a
HWTF
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Step 3: Based on prior knowledge and expertise on their specific topics, experts are
required to provide their judgments.

In this step, assume that each expert provides his/her judgments on each factor in
linguistic terms.

Step 4: Transform Data into TIFNs.

Construct the preference relation matrix for attributes and alternatives.
After forming the hierarchy, the preference relation matrix is structured. During

the preference relation, a TIFNs preference scale is used for the evaluation. Since
the linguistic terms are not mathematically operable, the next step is to make a
standardization of experts’ evaluations by converting them to TIFNs, once all
linguistic assessments of factors from each expert are obtained. The scale used in
TOPSIS stage for preparing the preference relation matrix ranges from 1 (Extremely
Unimportant) to 9 (Extremely Important), as presented in Table 2.3. The linguistic
scale is adapted from Abdullah and Najib (2014).

Step 5: Aggregate individual TIFNs into group TIFNs for the attributes.

In this step, each individual experts’ opinion is aggregated into IF environment. It
has been decided to use the intuitionistic fuzzy weighted averaging (IFWA)
operator which is used to aggregate the matrix assessment of DMs into a group

Table 2.2 Linguistic
variable for the importance of
each DM

Linguistic variables TIFNs

µ υ Π

Very important 0.90 0.05 0.05

Important 0.75 0.20 0.05

Somewhat important 0.60 0.30 0.10

Medium important 0.50 0.40 0.10

Somewhat unimportant 0.30 0.60 0.10

Unimportant 0.25 0.60 0.15

Very unimportant 0.10 0.80 0.10

Table 2.3 Linguistic
variable for the importance of
factors (Abdullah and Najib
2014)

Linguistic variable µ υ π

Extremely unimportant EU 0.02 0.18 0.80

Very strong unimportance VSU 0.06 0.23 0.70

Strongly unimportant SU 0.13 0.27 0.60

Moderately unimportant MU 0.22 0.28 0.50

Equally important EI 0.33 0.27 0.40

Moderately important MI 0.47 0.23 0.30

Strongly important SI 0.62 0.18 0.20

Very strong importance VSI 0.80 0.10 0.10

Extremely important EMI 1.00 0.00 0.00
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opinion due to Xu (2011) since IFWA weights only the IF arguments but not the
ordered position and practical in use.

Step 6: Construct the aggregated IF preference relation matrix

B ¼

b̂11 b̂12 . . . b̂1n
b21 b̂21 . . . b̂2n

:
:
:

b̂m1 b̂m2 . . . b̂mn

2
6666664

3
7777775

where ~bij ¼ lij; tij
� �

i ¼ 1; 2; . . .; n; j ¼ 1; 2; . . .; nð Þ and satisfies the following
Eqs. (2.2) and (2.3).

ðlijÞ� ¼ max lij;maxp
liplpj

liplpj þð1� lipÞð1� lpjÞ

( )( )
ð2:2Þ

ðtijÞ� ¼ max tij;maxp
tiptpj

tiptpj þð1� tipÞð1� tpjÞ
� �� �

ð2:3Þ

Step 7: Obtain the priority vector of criteria:

w ¼ w1;w2; . . .;wnð ÞT

Weights of the criteria can be estimated with the help of the equation proposed
by Genç et al. (2010).

wj ¼ wL
j ;w

U
j

h i
¼ 1Pn

j¼1
1�~l�ijð Þ
~l�ij

� � ;
1Pn

j¼1
1�~v�ijð Þ
~v�ij

� �
0
BB@

1
CCA ð2:4Þ

Step 8: Aggregate individual TIFNs into group TIFNs for the alternatives.

In this step, each individual expert’s opinion is aggregated into IF environment and
the aggregated IF decision matrices for each expert is constructed:

Assume that R is the group decision making matrix where
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R ¼ Rk
ij

� 	
¼

Rk
11 � � � Rk

1n

..

. . .
. ..

.

Rk
m1 � � � Rk

mn

2
64

3
75; k�K

where Rk
ij ¼ lkij; t

k
ij; p

�
ij

� 	
: Use the following Eq. (2.5) for individual aggregation of

each expert’s opinions.

Rij ¼ IFWAk R kð Þ
ij

� 	
¼ kkr

kð Þ
ij ð2:5Þ

Step 9: Determine the positive ideal solution and the negative ideal solution.

A* is the positive ideal solution, and A− is the negative ideal solution,

A� ¼ ~r�1 ;~r
�
2 ; . . .;~r

�
n

� �
;~r�j ¼ l�j ; t

�
j ; p

�
j

� 	
; j ¼ 1; 2; . . .; n ð2:6Þ

A� ¼ ~r�1 ;~r
�
2 ; . . .;~r

�
n

� �
;~r�j ¼ l�j ; t

�
j ; p

�
j

� 	
; j ¼ 1; 2; . . .; n ð2:7Þ

where

l�j ¼ max
i

lij

 �jj 2 J1

� �� �
; min

i
lij

 �jj 2 J2

� �� �

t�j ¼ min
i

tij

 �jj 2 J1

� �� �
; max

i
tij

 �jj 2 J2

� �� �

l�j ¼ min
i

lij

 �jj 2 J1

� �� �
; max

i
lij

 �jj 2 J2

� �� �

t�j ¼ max
i

tij

 �jj 2 J1

� �� �
; min

i
tij

 �jj 2 J2

� �� �

Step 10: Calculate the weighted separation measures.

The weighted Hamming distance is utilized to calculate the separation measures
(Xu 2011).

S�i
� �L¼ 1

2

Xn
j¼1

wL
j lij � l�j
��� ���þ vij � v�j

��� ���þ pij � p�j
��� ���h i

ð2:8Þ

S�i
� �U¼ 1

2

Xn
j¼1

wU
j lij � l�j
��� ���þ vij � v�j

��� ���þ pij � p�j
��� ���h i

ð2:9Þ
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S�i
� �L¼ 1

2

Xn
j¼1

wL
j lij � l�j
��� ���þ vij � v�j

��� ���þ pij � p�j
��� ���h i

ð2:10Þ

S�i
� �U¼ 1

2

Xn
j¼1

wU
j lij � l�j
��� ���þ vij � v�j

��� ���þ pij � p�j
��� ���h i

ð2:11Þ

Step 11: Calculate the relative closeness coefficients.

C�
i

� �L¼ S�i
� �L

S�ið ÞU þ S�ið ÞU
 !

ð2:12Þ

C�
i

� �U¼ S�i
� �U

S�ið ÞL þ S�ið ÞL
 !

ð2:13Þ

Step 12: Rank the alternatives in ascending order of the relative closeness
coefficients.

The best alternative is selected in ascending order of the relative closeness coef-
ficient. The possibility degree formula, which is proposed by Xu and Da (2002), is
used to rank the alternatives as shown in Eqs. (2.14) and (2.15).

p a� bð Þ ¼ maxf1�max
bU � aL

bU � bL þ aU � aL
; 0

� �
; 0g ð2:14Þ

p b� að Þ ¼ maxf1�max
aU � bL

bU � bL þ aU � aL
; 0

� �
; 0g ð2:15Þ

2.4 Case Study

2.4.1 Company Background

The proposed method has been implemented in a chemical company registered in
Turkey. Due to privacy concerns, the identity of the firm is kept anonymous. In this
chapter, the company is referred as ABC Company from now on.

The ABC Company is established in 1924 to deal with chemicals trading with
recognized international suppliers, mainly polymer emulsions and specialty
chemicals. The first polymer emulsions and textile auxiliaries investment of ABC
had a plant capacity of 6000 tons. As of 2007, over the last 28 years this production
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capacity grew more than 30-fold to 200,000 tons per year, thanks to 5 plant
expansions with an ambition to grow and passion for its business.

Environment is a key concern for ABC, not only in production, but also in new
product development, both at individual and corporate levels. ABC is well aware
that reducing the use of Polyethylene (PE) adds up to sizable benefits for the
environment. ABC’s goal is to improve the production performance by analyzing
each step in the production, logistics and transport and determine the way for
decreasing energy consumption, raw material use, equipment wear and tear and
byproducts and increasing the customer satisfaction, hygiene, environmental safety
and the wellbeing of its workers and community. For this reason, ABC is willing to
find a suitable HWTF for all its hazardous waste.

2.4.2 Implementation of the Proposed Methodology

ABC’s main objective is to select the most suitable HWTF that can satisfy its needs.
There are 5 HWTF alternatives with which ABC has worked in the past for haz-
ardous waste material transportation. At this stage, experts’ earlier works done with
the company’s existing firms is taken as reference. These 5 firms, referred as A1,
A2, A3, A4 and A5 from now on, are assessed in the following case study.

The criteria determined for the purpose of evaluating and ranking alternative
transportation firms are taken from similar studies in literature (Gumus 2009; Kabir
and Sumi 2015; Kabir 2015) and experts’ opinions. Three experts are designated for
evaluation; the logistics and distribution manager, the sales coordination manager
and the health-safety and environment specialist. ABC’s logistic director has been
employed since 1990 to manage stock levels, delivery times and negotiations with
customers and suppliers, etc. He is one of the most experienced and longest serving
staff of the company. ABC’s sales coordination manager is working for the com-
pany since 1999. He has worked in different departments in the company in the past
and currently works as a manager for coordinating the sales team, assessing the
progress of the department and developing sales strategies. Health-safety and
environmental specialist works for the company in order to ensure that environ-
mental regulations and workplace safety standards are fully met to protect the
wellbeing of the public and the environment. She is employed in ABC since 2005.

The details of the HWTF selection process for ABC Company is illustrated
below.

Step 1. The hierarchical structure is constructed.

The goal of finding the best suitable HWTF and 5 transportation firm alternatives
for resolving the problem is defined. The evaluation criteria that are grouped under
10 categories for evaluating transportation firms are given as follows:

C1 Economic Capability (EC)
C2 Cost of Service (CS)
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C3 Financial Stability (FS)
C4 Service Capability (SC)
C5 Service Time (ST)
C6 Experience and Qualification (E&Q)
C7 Technical Capability (TC)
C8 Environmental and Safety (ES)
C9 Hygiene and Safety (HS)
C10 Taking Care of Human Health (TCH)

Step 2. Weights of the DMs are determined.

Importance weights of the experts are calculated, as seen in Table 2.4.

Step 3. Experts’ judgments are collected for each HWTF.

Table 2.5 shows the judgment matrix of the first DM as an example. Table 2.6
shows the judgment matrix for all alternatives for each DM.

Step 4. Linguistic data are transformed into TIFNs.

The sample of the transformed TIFNs is shown in Table 2.7 for the first alternative.

Step 5. Individual data are aggregated into group TIFNs.

Table 2.8 displays B matrix, the group TIFNs for attributes.

Table 2.4 Importance weights of the experts

DM-1 DM-2 DM-3

Linguistic terms Very important Important Medium important

Weight 0.4133 0.3444 0.2423

Table 2.5 Judgment matrix of criteria for DM1

EC CS FS SC ST E&Q TC ES HS TCH

EC EU EI SU SI EI EI SU SU VSU SU

CS EI EU EI MU SI MI MU MU SU VSU

FS MI EI EU EI SU EI SU VSU MU VSU

SC VSU MI EI EU MU VSU MU SU SU SU

ST EI SI MI SI EU MU EI VSU VSU VSU

E&Q EI MU EI VSI SI EU MU SU MU SU

TC MI SI MI SI EI SI EU VSU SU VSU

ES MI SI VSI MI VSI MI VSI EU VSU SU

HS VSI MI SI MI VSI SI MI VSI EU VSU

TCH MI VSI VSI MI VSI VSI VSI MI VSI EU
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Table 2.7 TIFNs for the first alternative

DM1 DM2 DM3

µ υ π µ υ π µ υ π

A1 EC 0.62 0.18 0.2 0.8 0.1 0.1 0.47 0.23 0.3

CS 0.47 0.23 0.3 0.62 0.18 0.2 0.62 0.18 0.2

FS 0.47 0.23 0.3 0.33 0.27 0.4 0.8 0.1 0.1

SC 0.22 0.28 0.5 0.33 0.27 0.4 0.22 0.28 0.5

ST 0.33 0.27 0.4 0.47 0.23 0.3 0.47 0.23 0.3

E&Q 0.22 0.28 0.5 0.62 0.18 0.2 0.47 0.23 0.3

TC 0.47 0.23 0.3 0.22 0.28 0.5 0.33 0.27 0.4

ES 0.8 0.1 0.1 0.8 0.1 0.1 0.8 0.1 0.1

HS 0.62 0.18 0.2 0.47 0.23 0.3 0.62 0.18 0.2

TCH 0.62 0.18 0.2 0.62 0.18 0.2 0.8 0.1 0.1

Table 2.8 Aggregated TIFNs for attributes (B)

EC CS FS SC ST

l t t l l t l t l t

EC 0.02 0.18 0.48 0.23 0.23 0.27 0.5 0.22 0.36 0.26

CS 0.23 0.45 0.02 0.18 0.24 0.27 0.41 0.24 0.59 0.19

FS 0.27 0.2 0.27 0.22 0.02 0.18 0.36 0.26 0.15 0.26

SC 0.26 0.24 0.24 0.35 0.26 0.34 0.02 0.18 0.24 0.27

ST 0.26 0.34 0.19 0.58 0.27 0.13 0.27 0.22 0.02 0.18

E&Q 0.26 0.31 0.22 0.5 0.27 0.3 0.25 0.08 0.27 0.22

TC 0.27 0.2 0.28 0.22 0.26 0.1 0.27 0.28 0.27 0.3

ES 0.26 0.11 0.28 0.19 0.26 0.1 0.26 0.15 0.2 0.11

HS 0.24 0.08 0.25 0.09 0.28 0.19 0.25 0.09 0.25 0.1

TCH 0.25 0.09 0.26 0.12 0.26 0.1 0.26 0.11 0.2 0.11

E&Q TC ES HS TCH

l t l t l t l t l t

EC 0.33 0.26 0.23 0.27 0.11 0.26 0.08 0.24 0.09 0.25

CS 0.51 0.22 0.22 0.28 0.2 0.28 0.09 0.25 0.14 0.26

FS 0.3 0.27 0.11 0.26 0.1 0.25 0.2 0.28 0.1 0.25

SC 0.09 0.25 0.29 0.27 0.19 0.26 0.09 0.25 0.11 0.26

ST 0.24 0.27 0.3 0.27 0.08 0.23 0.12 0.25 0.08 0.23

E&Q 0.02 0.18 0.25 0.28 0.15 0.27 0.17 0.27 0.15 0.27

TC 0.28 0.24 0.02 0.18 0.12 0.25 0.09 0.23 0.11 0.25

ES 0.27 0.15 0.25 0.1 0.02 0.18 0.05 0.22 0.11 0.26

HS 0.27 0.16 0.24 0.07 0.19 0.08 0.02 0.18 0.06 0.24

TCH 0.26 0.11 0.25 0.09 0.26 0.11 0.18 0.07 0.02 0.18
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Step 6. Aggregated IF preference relation matrix is constructed.

After taking the judgments of experts about all criteria, the aggregated preference
relation matrix is formed and then using the Eqs. (2.2) and (2.3), the consistent IF
preference relation matrix is constructed, as shown in Table 2.9.

Step 7. Obtain the priority vector.

The priority vector of criteria is estimated using Eq. (2.4). Table 2.10 displays the
calculated data.

Step 8. Alternatives are aggregated into group TIFNs.

Table 2.11 displays the aggregated IF decision matrix for each alternative.

Step 9. Positive and negative ideal solutions are calculated.

The positive and negative ideal solutions are calculated by considering ranking
values and Eqs. (2.6) and (2.7) (Table 2.12). Economic capability, cost of service
and financial stability criteria are considered as cost criteria and the rest are con-
sidered as benefit criteria.

Table 2.9 IF preference relation matrix for attributes (consistent B*)

EC CS FS SC ST

l t l t l t l t l t

EC 0.260 0.191 0.479 0.324 0.258 0.272 0.499 0.220 0.568 0.258

CS 0.333 0.447 0.254 0.246 0.340 0.272 0.413 0.238 0.588 0.219

FS 0.272 0.204 0.272 0.331 0.164 0.180 0.359 0.258 0.348 0.264

SC 0.261 0.300 0.245 0.347 0.259 0.338 0.260 0.180 0.316 0.274

ST 0.259 0.527 0.243 0.580 0.265 0.341 0.274 0.302 0.254 0.246

E&Q 0.264 0.449 0.248 0.503 0.272 0.299 0.263 0.240 0.285 0.223

TC 0.272 0.204 0.280 0.371 0.258 0.165 0.274 0.279 0.357 0.299

ES 0.262 0.162 0.278 0.194 0.256 0.098 0.262 0.151 0.354 0.106

HS 0.244 0.081 0.250 0.163 0.278 0.194 0.250 0.087 0.322 0.099

TCH 0.250 0.097 0.259 0.140 0.256 0.098 0.262 0.110 0.333 0.106

E&Q TC ES HS TCH

l t l t l t l t l t

EC 0.490 0.263 0.286 0.272 0.190 0.261 0.092 0.243 0.127 0.249

CS 0.511 0.224 0.385 0.280 0.199 0.278 0.175 0.249 0.159 0.258

FS 0.305 0.272 0.183 0.257 0.117 0.255 0.199 0.278 0.104 0.255

SC 0.253 0.247 0.287 0.274 0.191 0.261 0.092 0.249 0.115 0.261

ST 0.240 0.276 0.305 0.349 0.082 0.346 0.122 0.314 0.077 0.324

E&Q 0.226 0.219 0.248 0.282 0.153 0.280 0.168 0.274 0.153 0.272

TC 0.289 0.243 0.141 0.180 0.122 0.250 0.094 0.235 0.105 0.245

ES 0.287 0.148 0.251 0.099 0.087 0.180 0.079 0.220 0.115 0.261

HS 0.274 0.162 0.240 0.077 0.188 0.083 0.087 0.180 0.065 0.235

TCH 0.268 0.111 0.246 0.087 0.262 0.110 0.180 0.065 0.059 0.180
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Table 2.10 Priority weight vector

Lower Upper

EC 0.030 0.033

CS 0.039 0.035

FS 0.024 0.033

SC 0.024 0.036

ST 0.020 0.051

E&Q 0.028 0.040

TC 0.021 0.031

ES 0.021 0.017

HS 0.020 0.013

TCH 0.023 0.012

Table 2.11 IF decision matrix

EC CS FS SC ST

l t l t l t l t l t

A1 0.670 0.156 0.564 0.199 0.546 0.199 0.260 0.277 0.416 0.246

A2 0.546 0.199 0.441 0.232 0.605 0.179 0.317 0.262 0.335 0.258

A3 0.369 0.255 0.449 0.235 0.317 0.262 0.330 0.270 0.441 0.231

A4 0.546 0.199 0.322 0.232 0.605 0.179 0.317 0.262 0.335 0.258

A5 0.470 0.230 0.449 0.235 0.330 0.270 0.190 0.277 0.441 0.231

E&Q TC ES HS TCH E&Q

l t l t l t l t l t

A1 0.446 0.229 0.359 0.256 0.800 0.100 0.574 0.196 0.675 0.156

A2 0.163 0.257 0.406 0.218 0.392 0.253 0.479 0.226 0.470 0.230

A3 0.369 0.255 0.147 0.261 0.461 0.232 0.511 0.216 0.470 0.230

A4 0.441 0.232 0.479 0.226 0.392 0.253 0.202 0.257 0.470 0.230

A5 0.330 0.270 0.511 0.216 0.461 0.232 0.317 0.262 0.369 0.255

Table 2.12 The negative and positive ideal solutions

A* A−

EC 0.369 0.255 0.376 0.670 0.156 0.174

CS 0.322 0.235 0.443 0.564 0.199 0.237

FS 0.317 0.270 0.413 0.605 0.179 0.216

SC 0.330 0.262 0.408 0.190 0.277 0.533

ST 0.441 0.231 0.327 0.335 0.258 0.407

E&Q 0.446 0.229 0.325 0.163 0.270 0.567

TC 0.511 0.216 0.273 0.147 0.261 0.591

ES 0.800 0.100 0.100 0.392 0.253 0.355

HS 0.574 0.196 0.230 0.202 0.262 0.536

TCH 0.675 0.156 0.169 0.369 0.255 0.376
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Step 10. Weighted separation measures are calculated.

Negative and positive separation measures, based on the weighted lower and upper
hamming distance for each alternative, have been calculated using the Eqs. (2.8),
(2.9), (2.10), and (2.11) (Table 2.13).

Step 11. Relative closeness coefficient is calculated.

The distances of each alternative to the ideal solutions and the closeness coefficient
are calculated as given in Table 2.14.

Step 12. Alternatives are ranked.

Five candidate HWTF have been ranked in descending order of the relative
closeness coefficients. The candidates are ranked by using the possibility degree
formula, thus the matrix in Table 2.15 is created. The ranking of the alternatives is
A2 > A1 > A3 > A4 > A5. Finally, A2 is selected as the best alternative for ABC
Company.

Table 2.13 Separation measures

Si* Si
−

Upper Lower Upper Lower

A1 0.035 0.030 0.042 0.040

A2 0.051 0.045 0.026 0.026

A3 0.028 0.028 0.049 0.042

A4 0.037 0.037 0.040 0.034

A5 0.031 0.034 0.046 0.036

Table 2.14 Closeness coefficient

Lower Upper

0.528 0.596

0.333 0.374

0.545 0.693

0.438 0.566

0.466 0.655

Table 2.15 Possibility degree matrix

A1 0.500 1.000 0.765 0.197 0.494 2.956 2

A2 0.000 0.500 1.000 1.000 1.000 3.500 1

A3 0.235 0.000 0.500 0.923 0.674 2.333 3

A4 0.803 0.000 0.077 0.500 0.683 2.063 4

A5 0.506 0.000 0.326 0.317 0.500 1.649 5
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2.5 Conclusion

MCDM methods are used for comparing, ranking and selecting multiple alterna-
tives with multiple criteria. When there are several alternatives available, MCDM
can be used, since a decision needs to be taken that is favorable over others.
The HWTF selection problem is often influenced by vagueness and uncertainty in
practice since DMs’ judgments cannot be explained precisely in numerical values.
Therefore, DMs’ preferences and evaluations are very often expressed in linguistic
terms. Some of researchers extend the typical MCDM methods to the fuzzy envi-
ronment. A fuzzy MCDM is used in case of uncertainty and vagueness in DMs’
perceptions. A variety of different MCDM/fuzzy MCDM approaches have been
proposed by researchers (such as AHP, ANP, TOPSIS, ELECTRE, etc.). From
literature, it is observed that in some situations Fuzzy Sets can be insufficient for
dealing with subjectivity and ambiguity which is an unavoidable aspect of human
statements. IF sets, however, are useful tools to investigate the fuzziness in DMs’
judgments in the lack of knowledge or data about the problem. This study proposes
integrated IF TOPSIS as a MCDM technique with a group decision making
approach for a real case HWTF selection problem in order to decide on the most
appropriate HWTF. Our approach is used to obtain the effective ranking of HWTF
alternatives. IF TOPSIS approach is a flexible and robust way for DMs to better
understand a decision problem in case of uncertainty and vagueness in DMs
perceptions.

There are several future research directions to follow this study. Only ten criteria
are used for this analysis. More HWTF evaluation criteria can be used to improve
the effectiveness of the decision making process. Also, the present approach only
considers IF sets. Another promising future work would be to consider the regular
fuzzy logic and to compare the results by a sensitivity analysis. Another area to be
studied could be the use of other MCDM methods in integration with fuzzy or IF,
AHP, TOPSIS or VIKOR, etc. in order to resolve these problems effectively and
satisfactorily.
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