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Abstract

Nowadays the multi-criteria decision making is very complicated due to uncertainty, vagueness,
limited sources, knowledge and time. The Decision-making Trial and Evaluation Laboratory
(DEMATEL) method is a widely used multi-criteria decision-making method to analyze the structure
of a complex system. It is useful in analysing the cause and effect relationships between the
components of the system. Fuzzy sets can be used to include uncertainty in multi-criteria decision
making. Linguistic assessments of decision makers can be translated into fuzzy numbers. In this
study, fuzzy numbers, intuitionistic fuzzy numbers and neutrosophic fuzzy numbers were used for
the decision makers evaluations in the DEMATEL method. The aim of this study was to evaluate how
different types of fuzzy numbers affect the final results. An application of risk in construction
projects was selected from the literature, where seven experts used a linguistic scale to evaluate
different criteria. The results showed that there are only slight differences between the weights of the
criteria with regard to the type of fuzzy numbers.
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(Sotoudeh-Anvari, 2020). One of the
problems is that decision makers are often

1. INTRODUCTION

Real world multi-criteria decision-making
is very complex today. The main reasons for
this are the complexity of the problems, the
uncertainty inherent in information and
human thinking, the limitation of knowledge
of decision makers and time constraints
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unable or unwilling to give precise values in
the evaluation process. They tend to make
assessments in the linguistic terms such as:
“bad”, “medium”, “good”, “very good”
rather than in numbers (Chen & Yang, 2011).
There are different types of uncertainty. One



50 T. Smidovnik / SIM 16 (1) (2021) 49 - 59

possible classification is that of vagueness
and ambiguity (Tavana et al., 2013). Vague
data are not detailed or precise, and
ambiguous data can have multiple
interpretations. The fuzzy set theory (Zadeh,
1965) has proven to be effective in dealing
with the uncertainty of human judgments.
Fuzzy sets can deal with uncertain,
incomplete and unavailable information. In
the process of evaluating criteria or
alternatives, linguistic assessments are
translated into fuzzy numbers. The ranking is
then based on the chosen decision method
and fuzzy number operations. Fuzzy sets are
defined by membership functions with grade
between 0 and 1. In order to model different
types of uncertainties more reliably, several
extensions of fuzzy sets have been
developed: intuitionistic fuzzy  sets
(Atanassov, 1986), hesitant fuzzy sets (Torra
& Narukawa, 2009), neutrosophic fuzzy sets
(Smarandache, 1998), etc. and their interval,
soft, dual and other variations. Intuitionistic
fuzzy sets are a generalization of fuzzy sets
and are characterized by membership and
non-membership functions with a sum less
than or equal to 1. Neutrosophic fuzzy sets
are a generalization of intuitionistic sets and
introduce an indeterminacy membership
function in addition to the membership and
non-membership function.

Decision Making Trial and Evaluation
Laboratory (DEMATEL) (Gabus & Fontela,
1973) is one of the well known multi-criteria
decision making methods, which can take
into account the interrelation between the
criteria and visualize the causal relationship.
It has been used in various fields such as
computer science, engineering, business and
management, decision sciences, social
sciences, mathematics, environmental
sciences, medicine, economics, energy and
others (Sheng-Li et al., 2018). The decision

makers assess the influence between the
criteria on the basis of the evaluation scale,
which usually comprises five levels and
ranges from no influence to very high
influence. Since crisp values are more
difficult to reflect human thinking,
DEMATEL was combined with fuzzy logic
and all types of fuzzy sets and their
variations. However, excessive fuzzification
can introduce unnecessary complexity into
the decision making process (Opricovic &
Tzeng, 2003).

The aim of this paper is to investigate how
different types of fuzzy sets in combination
with DEMATEL influence the results of
decision making. We investigated whether
more sophisticated types of fuzzy numbers
such as intuitionistic or neutrosophic fuzzy
numbers have a positive influence on the
final results. We selected an example from
the literature (Vafadarnikjoo et al., 2016) and
compared the results obtained by including
different types of fuzzy sets in DEMATEL.

2. METHODS
2.1. DEMATEL

DEMATEL was first developed by the
Geneva Research Centre of the Battelle
Memorial Institute to visualize the structure
of complicated causal relationships by means
of matrices of digraphs. It is useful in
analysing the cause- and effect- relationships
between the components of the system. Due
to its advantages, DEMATEL has received
much attention in the last decade. Many
researches have used it to solve complicated
system problems in various fields.

DEMATEL consists of several steps:

Step 1: The first step involves identifying
decision objectives, identifying the criteria
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relevant to the problem and selecting experts
and decision makers with good experience
and knowledge in the relevant decision-
making area.

Step 2: Generate the direct-influence
matrix D: Experts assess the influence
between each pair of criteria. The pairwise
assessment scale is divided into five levels:
no influence (NI), very low influence (VLI),
low influence (LI), high influence (HI) and
very high influence (VHI). The linguistic
terms are then represented by the grades 0, 1,
2, 3 and 4 (Table 1). The assessments of m
experts are arranged in direct matrices, Dk =
[d¥,], where DF is n x n matrix and d¥;
indicates the assessments of expert k in
relation to the direct influence of factor i on
factor j. All principal diagonal elements d¥;
of the matrices Dk are zero. The group direct
matrix D = [d,;] is a mean value of
matrices D¥, where its elements dj; are the
arithmetic mean of elements dk,-j, k=1,.,m.

Step 3: Normalize the initial direct-
relation matrix  D. X:[xij] is the
normalized direct-relation matrix, where xj
is calculated as follows

d.

y

n
madeu
1i<n <= v

=

X.. =

. i, j=1..,n

(1)

Step 4: Calculate the total-relation matrix

T= [tl-ﬁ-]:

Ir=X(1-X) 2)
where / is an identity matrix.

Step 5: Construct the causal diagram: The
row sums R; and the column sums of C; the
total relation matrix are calculated as follows

R, =Z;tl.j,i=1,...,n, &)
=

I 4
Cj—zltl.j,]—l,...,n. 4

R; represents the total influence that
factor i exerts on the other factors, while C;
represents the total influence that factor j
receives from all other factors. If i = j, the
sum R; + C; (Prominence value) indicates
the total effects given and received by factor
i. The difference R, - C; (Relation value)
represents the net effect that factor i
contributes to the system. The causal
diagram is developed, by R, + C;, on the
horizontal axis representing the importance
of a factor, while R; - C; on the vertical axis
divides the factors into cause (with positive
values) and effect (with negative values)
classes.

The importance weights of the criteria
(Baykasoglu et al., 2013; Li et al., 2020;
Zhou et al., 2018) can be calculated as
follows

U, =J(R+C) +(R=C) i=lon (5
and then normalized.
2.2. Fuzzy sets and fuzzy DEMATEL

Many decisions are associated with
inaccuracies due to goals, constraints and
actions that are not precisely known.
Judgments for decision-making are often
given by crisp values, although crisp values
are an inadequate reflection of situation-
related vagueness. Zadeh (1965) introduced
the fuzzy set theory in which uncertainty was
expressed by this theory. In fuzzy set theory
each number between 0 and 1 indicates a
partial truth.

Let X be a space of objects, where a
generic element of X is denoted by x. A fuzzy
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set 4 in X is characterized by a membership

To avoid problems with the inverse fuzzy

function u;(x) representing the grade of matrix, defuzzification method to convert

membership of the element x in 4.

A={(x. ;)| xe X},

(6)
U1y (x): X —>[0,1]

The membership functions can have
different shapes, such as triangular,
trapezoidal or Gaussian. Triangular fuzzy
numbers (TFNs) are used to express human
linguistic evaluations. TFNs are convenient
to use because of their simple calculations.
They are very often used in fuzzy MCDM.
TEN is defined as a triplet 4 = (/,m,u) with
[ and u as the lower and upper bounds, m as
the center of the TFNs. In the fuzzification
process linguistic evaluations are converted
into TFNs. Membership functions are used to
assign a grade to each linguistic term.

One of the problems with calculating with
fuzzy numbers is that fuzzy numbers are not
suitable for matrix operations (Zhou et al.,
2011). However, the DEMATEL method is
based on matrix operations. The main
problem with DEMATEL is the calculation
of the inverse matrix of TFNs. The results
are incorrect if the matrix 4 is divided into
three crisp matrices of lower bounds, middle
values and upper bounds, the inverse matrix
is calculated separately for each matrix and
the inverse matrices are then combined to
form an inverse fuzzy matrix (Pandey &
Kumar, 2017). The elements of the inverse
fuzzy matrix are not necessarily TFNs since
for TFNs the lower bound should be less than
or equal to the middle value, which is less
than or equal to the upper bound. However,
this approach has been employed in many
applications of fuzzy DEMATEL (Kiani
Mavi & Standing, 2018; Li et al., 2020; Lin
and Wu, 2008; Zhou et al., 2018).

fuzzy numbers into crisp numbers is
required. Various types of defuzzification
approaches have been proposed in the
literature. Defuzzification methods should
consider the type of fuzzy sets, the shape of
the fuzzy numbers, their relative position on
the x-axis, the range and height of their
membership functions (Opricovic & Tzeng,
2003). Centroid method with centre of
gravity (Yager & Filev, 1994) is one of the
most known methods. A well-known and
frequently used one is also the graded mean
integration representation (GMIR) (Chen &
Hsieh, 2000), which avoids a zero in the
denominator and has been used in several
DEMATEL applications (Dong and Huo,
2017; Francés-Chust et al., 2020). Its main
disadvantage is that it can convert two fuzzy
numbers with different shapes into the same
crisp number (Wu & Lee, 2007). In our study
we chose the CFCS method (Converting
Fuzzy data into Crisp Scores) (Opricovic &
Tzeng, 2003), which is one of the best
known defuzzification methods in fuzzy
DEMATEL and has been used in many
applications (Chang et al., 2011; Feng & Ma,
2020; Kazancoglu et al., 2018).

The CFCS of converting fuzzy
evaluations into crisp values consists of
several stages: first the normalization of the
fuzzy numbers, then determination of the left
and right normalized scores, the calculation
of the crisp values and finally the
aggregation of the individual values to a
group evaluation by arithmetic mean.

Fuzzy DEMATEL differs from the classic
DEMATEL only in the second step. First,
linguistic evaluations are converted into
corresponding fuzzy numbers. There are
several fuzzy scales in the literature. We
have selected one (Table 1), which has been
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Table 1. Corresponding relationship between linguistic judgments and fuzzy numbers

L . Corresponding e e e Corresponding
_LlnglllStlc (i(:;sresrf)l:);(:z:g triangular fuzzy Correspondnlllguﬁll:)l’l:l:lomstlc fuzzy neutrosophic fuzzy
Jjudgments P number number
inﬂl“nce 0 (0,0,025) ((0,0,0,0), (0,0,0,0)) ((0,0,0); 0.5,0.5, 0.5)
Very low ((0,0.1,0.2,0.3), .
influence ! (0.025,0.5) 0,0.1,02,0.3)) ((0.1,2):03,075,0.7)
inf!l-;):lvlce 2 (0.25,0.5,0.75) ((0.3,0.4,0.5,0.6), (02,04, 0.5,0.7)) ((1,2,3);0.8,0.15,0.2)
High ((0.7,0.8,09, 1), .
influence 3 0.5,0.75, 1) (0.7.08.09, 1)) ((2,3,4);09,0.1,0.1)
Yery high 4 075,11 (11,11, (1, 1,1, 1) ((4.4,4):1,0,0)

used in many applications (Dong & Huo,
2017; Feng & Ma, 2020; Patil & Kant,
2014).

Fuzzy evaluations from experts are
collected in direct fuzzy matrices Zk=/zk;].
The matrices are then defuzzified and the
individual evaluations are aggregated to
group evaluations using CFCS procedure,
resulting in a group direct crisp matrix

D=[d,].

2.3. Intiutionistic fuzzy
intuitionistic DEMATEL

sets and

Intuitionistic fuzzy set theory was
proposed by Atanassov (1986). Intuitionistic
trapezoidal fuzzy numbers are the
continuous extensions of the intuitionistic
fuzzy sets. The main advantage of the
intuitionistic fuzzy set theory compared to
the traditional fuzzy set theory is the ability
to take into account the hesitancy degree of
experts (Govindan et al., 2015) and deal with
vagueness and uncertainty better.

An intuitionistic fuzzy set 4 in X is
characterized by a membership function
1 i(x) representing the grade of membership
of the element x in 4 and by a non-
membership function v;(x) representing the
grade of non-membership of the element x in
A.

A :{(X’ﬂA(X),VA(X))‘XE X},
1:(x): X —[0,1],
vi(x): X —[0,1],

0< () +v,(x) <l xe X

(7)

Let A=((a,asa;a, ),(b;,b,b;b, )) be an
intuitionistic trapezoidal fuzzy number. The
expected crisp value of 4 can be calculated
as (Grzegrorzewski, 2003):

EV(A):%(aI+a2+a3+a4+bl+b2+b3+b4) (8)

In the intuitionistic DEMATEL, linguistic
evaluations are converted into corresponding
intuitionistic trapezoidal fuzzy numbers
(Table 1) (Gan & Luo, 2017; Govindan et al.,
2015; Nikjoo & Saeedpoor, 2014;
Vafadarnikjoo et al., 2016) in the second
step.

Intuitionistic assessments by m experts
are recorded in direct intuitionistic matrices
I=[ik,]. Then, the expected crisp values dF;
of the intuitionistic evaluations i*; are
calculated (eq. 8, Table 2) and the individual
values are aggregated to group evaluations
with arithmetic mean, resulting in a group
direct crisp matrix D=/d].



54 T. Smidovnik / SIM 16 (1) (2021) 49 - 59

Table 2. Expected crisp values

Linguistic term Mark Exp e.cted.c.r P Expected crisp .
values - intuitionistic  values - neutrosophic
No influence NI 0 0
Very low influence VLI 0.15 0.84
Low influence LI 0.45 2.14
High influence HI 0.85 3.26
Very high influence VHI 1 4.5
2.4. Neutrosophic fuzzy sets and Let a;f45y;€ [0,1] and a,aj5a3a,€ R,
neutrosophic DEMATEL with a,<a,<a;<a,. The single valued
trapezoidal neutrosophic number
Smarandache (1998) proposed the A=((a,a,asza,);0504y;) 18 a special

neutrosophic set theory to improve the
intuitionistic fuzzy set theory. Neutrosophy
deals with vagueness and uncertainty and
attend the indeterminacy of values. Using the
indeterminacy degree, neutrosophic set
theory offers the possibility to represent
unknown information in our model, so that
the experts can give opinions about the
uncertain preferences. With neutrosophic set
theory we can show the disagreement of the
experts. Neutrosophy considers all aspects of
decision-making situations by considering
truthiness, indeterminacy and falsity in their
entirety.

Let X be a space of objects, with a generic
element of X denoted by x. A neutrosophic
fuzzy set 4 in X is characterized by a true-
membership  function Tyx), by a
indeterminacy-membership function /;(x)
and a falsity-membership function Fz(x) of
element x in 4.

A={(e T, (0.1, (0. Fy () xe X,
T, (x): X —[0,1],
I;(x): X —[0,1],

F,(x): X —[0,1],xe X

€))

with 0T, (x)+1;(x)+ F,(x) <3, xe X .

neutrosophic set on the real line set R, with
truth-membership, indeterminacy-
membership and falsity membership
functions. The expected crisp value can be
calculated by the following equation:

EV(A):%[aI+bl+cl](2+ag—ﬂg+7fé) (10)

In neutrosophic DEMATEL, linguistic
evaluations are converted into corresponding
neutrosophic numbers (Table 1) (Montalvo
Pantoja et al., 2020) in the second step.

Fuzzy evaluations from experts are
collected in direct neutrosophic matrices
Nk=[nk;]. Then the expected crisp values d¥;
of the intuitionistic evaluations nk; are
calculated (Eq. 10, Table 2) and the
aggregation of individual values to group
evaluations with arithmetic mean are
provided, resulting in a group direct crisp
matrix D=/d,].

3. CASE STUDY

The aim of including the fuzziness in
DEMATEL is to be able to express human
thinking more accurately. To investigate how
the described differences influence the final
results of decision making process, we
provided a case study. For the case study we
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Table 3. The pairwise comparisons of criteria: technical, external, organizational and
project management of seven experts (NI — no influence, VLI — very low influence, LI — low
influence, HI — high influence, VHI — very high influence)

exl T E 0O PM ex2 T E 0O PM ex3 T E 0O PM
T NI HI LI VHI T NI VLI HI VHI T NI NI NI VLI
E LI NI LI LI E HI NI LI HI E HI NI HI  VHI
O VLI LI NI LI O VHI VLI NI HI O VLI LI NI VHI
PM VLI LI LI NI PM VHI VLI VHI NI PM HI LI  VHI NI
ex4 T E 0O PM ex5 T E 0O PM ex6 T E (0) P
T NI VHI LI VHI T NI HI HI HI T NI LI HI  HI
E VHI NI HI VHI E HI NI VHI LI E LI NI LI LI
(0] LI HI NI HI (0] HI VHI NI VHI (0] HI LI NI  HI
PM VHI VHI HI NI PM HI LI  VHI NI PM HI LI HI NI
ex7 T E (0] P
T NI HI VHI HI
E HI NI  HI HI
O VLI VLI NI LI
PM VLI VLI LI NI

selected a DEMATEL application from the
literature: An Intuitionistic Fuzzy-Based
DEMATEL to Rank Risk of Construction
Project (Vafadarnikjoo et al., 2016). The
framework of the study was the risk
breakdown structure, which consists of the
groups of common project risks: technical
(T), external (E), organizational (O) and
project management (PM). Seven experts
with appropriate knowledge and experience
in project management in different project-
based organizations were selected to
evaluate the relationship between the risk
groups using a five-level linguistic rating
scale (Table 1). Table 3 presents linguistic
evaluations of all seven experts.

The linguistic evaluations were then
converted into crisp values, TFNs,
trapezoidal intuitionistic numbers and
neutrosophic numbers according to Table 1

and DEMATEL was used to calculate
prominence and relation values and the
weights of criteria.

4. RESULTS AND DISCUSION

Table 4 shows prominence and relation
values as well as the weights of the criteria
obtained by DEMATEL, using different
types of fuzzy numbers. The results show
that the weights are equal for all types of
fuzzy evaluations. The prominence and the
relation values differ but the graphical
representation (Figure 1) shows that cause
criteria (with positive values) and effect
criteria (with negative values) are the same.
There is only a translation in values, but the
relationships between the criteria are similar.

Since decision makers are only interested
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Table 4. The prominence and relation values calculated by different fuzzy sets and the

weights of criteria

classic fuzzy intuitionistic  neutrosophic weight
R+C R-C R+C R-C R+C R-C R+C R-C
Technical (T) 26.05 0.23 2894 027 1951 035 2321 0.35 0.25
External (E) 25.09 2.65 27.89 275 1837 254 2233 2.60 0.24
Organizational (O) 26.14  -1.37 2899 -144 1929 -1.39 2335 -145 0.25
Project management (PM) 2765 -1.51 3057 -157 2042 -1.50 2479 -1.50 0.26
3
° =
° : .
E E
2
1 @ intiutionistic
Q ® classi
o ° . . classic
0 T T T neutrosophic
0 5 10 15 20 25 30 35  efuzy
-1
®e e,

R+C

Opm O pm©

PM O py

Figure 1. The cause (positive values) and effect (negative values) criteria calculated by different

fuzzy sets

in the relationships between the criteria, we
can conclude that there is no difference in the
type of fuzzy numbers used in the
evaluations. The main reason is that the use
of fuzzy, intuitionistic or neutrosophic
numbers in DEMATEL is limited to the
second step. Linguistic judgments provided

by experts are converted into TFNs,
trapezoidal intuitionistic numbers or
neutrosophic ~ numbers. They  are

immediately defuzzified into crisp numbers
before further DEMATEL calculations are
performed. Therefore, the only difference
between the different types of fuzzification
are different crisp values resulting from the
defuzzification formulas. We can conclude

that it does not matter what type of
evaluations (crisp, fuzzy, intuitionistic or
neutrosophic) are used in DEMATEL. It is
true that more sophisticated types of
fuzziness can express human thinking more
precisely, but they are also more complicated
and more difficult for decision makers to
understand. However, their sophistication is
lost in defuzzification process in the early
phase of DEMATEL. It is therefore
unnecessary to use them and we recommend
using crisp or TFNs evaluations in
DEMATEL.
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5. CONCLUSIONS

This study shows how uncertainty and
vagueness of decision problems, human
thinking and evaluations of decision makers
can be included in DEMATEL. It describes
how different types of fuzzy sets can be
included in DEMATEL. The data for the case
study were taken from the literature
(Vafadarnikjoo et al., 2016). Seven experts
compared the four criteria linguistically.
Their linguistic assessments were converted
into different types of fuzzy numbers. Then
the prominence values, relation values and
the weights were calculated by DEMATEL
method. The causal diagram was presented.
We found that the weights calculated with
different types of fuzzy sets are the same and
that the relations between prominence and
relation values are very similar.

We concluded that the results are the
consequence of early defuzzification in
DEMATEL and recommended using crisp or
TFNs evaluations in DEMATEL since the
use of more sophisticated intuitionistic or
neutrosophic evaluations does not contribute
anything to the final results.

In the future research more in-depth
analyses should be performed and more
applications evaluated to confirm our results.
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YK/IbYUYNBAILE HECUT'YPHOCTH CA PAJIMMUTUM BPCTAMA
®A3U BPOJEBA Y “DEMATEL”

Tjasa Smidovnik, Petra Gro3elj

H3Bog

Jlamac je BUIIEKPUTEPHUjYMCKO OJJIYYHMBAC BEOMa KOMIUJIMKOBAaHO 300T HEHW3BECHOCTH,
HejacHohe, orpaHWYCHHUX H3BOpa, 3HAaWmAa W BpeMeHa. Jlaboparopuje 3a TpeHHpAme U OICHUBAE
meToma ommyuuBamba (DEMATEL) je mmpoko kopuimheHa MeToma BHINEKPHTEPHUjYMCKOT
OJNTyYHMBaHA 32 AaHATIN3Y CTPYKTYpE CIOKEHOT crctemMa. KopucHa je y aHann31 y3pOuHO-TIOCIICIHYHE
Be3e usMely KommoHeHTH cucteMa. da3u CKYNOBU C€ MOTY KOPUCTHUTH 32 YKIJbYYHBAHE
HECUTYPHOCTH Y BHIICKPUTEPH]YMCKO OJTy4YHBam-e. JIMHIBUCTHYKE MPOIEHE JIOHOCHIIAIA OJUTyKa
MOTY ce TpeBecTH y ¢a3u OpojeBe. Y O0BOj CTyOHjU Cy 3a TIPOICHY IOHOCHJAIA OIIyKa Y
“DEMATEL” w™etomn xopumihenu ¢a3u OpojeBH, HWHTYHUIIHOHHCTHYKH (a3um OpojeBu U
HeyTpocodcku ¢dazm OpojeBu. Llwb oBe cTyauje OMO je Ma MPOICHHM KaKOo PasiHdnuTe BPCTE (asu
OpojeBa yTUdy Ha KoHauHe pesyaTare. [IpuMena pusnka y rpal)eBHHCKAM MPOjEeKTUMA, Kao TIPIMeED,
ofabpaHa je W3 JIMTeparype, Iie je cefaM CTPydmhaka KOPUCTHIIO JIMHTBUCTHYKY CKally 3a MpPOIEHY
pa3TUIUTHX KpUTEpHjyMa. Pe3ynaratu ¢y mokasaiy qa mocToje caMmo Maje pasinuke n3Mmehy monmepa
KpHUTEpHjyMa ¢ 003upoM Ha BpCTy (ha3u Opojena.

Kwyune peuu: DEMATEL, da3u ckynoBu, HHTYUIIHOHUCTHYKH (a3l CKYIIOBH, HEYTPOCOPCKH
(hazum ckymoBu
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