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Chapter 1

Introduction

1.1 Research problem

The mathematical models and the computer’s usage became in the last period
instruments increasingly used in the decision making, for solving complex problems
which involves the factors of uncertainty and risk. Most MCDM (Multiple Criteria
Decision Making) problems from real life should be considered, normally, as fuzzy

MCDM problems (see [58]).

1.2 Research motivation

Direct methods for the determination of the weight of the criteria have numerous
disadvantages. Over the past few decades, many authors consider that the weight of
the criteria can be inferred through mathematical methods (see, for example, [27]).
The most appropriate method to obtain derived weight of the criteria is still subject to
continuous debates (see [26]).

The generalization of the existing MCDM methods is necessary either when there
are real situations that are not dealt with in literature, therefore they can not be treated
by existing MCDM methods, or some existing MCDM methods can be improved.

The classical partitioning of a set of criteria in the traditional IPA (Importance-
Performance Analysis) has disadvantages. A more objective approach is the fuzzy

clustering which determines a membership degree of every criterion to each category.



1. INTRODUCTION

1.3 Research objectives

The overall objective of this thesis is to study, design and implement methods and
algorithms for solving multicriteria decision making problems using fuzzy numbers.

This thesis contains the results of the study on indirect methods for computing the
fuzzy weight of the criteria, fuzzy MCDM methods for ranking of the alternatives, as
well as fuzzy clustering methods on a set of criteria.

The first objective is to obtain indirect methods for calculating the fuzzy weights of
the criteria following the idea in the crisp case, namely that the weight of a criterion is
given by the correlation coefficient between the performance of the alternatives related
to criteria and the overall customer satisfaction, all in the opinion of the decision makers
and represented by fuzzy numbers and getting the fuzzy weights of the considered
criteria.

The second objective consists in the generalization of the existing MCDM methods
for the evaluation of the alternatives, when the performance are expressed by fuzzy
numbers.

The third objective is to obtain a fuzzy classification of a set of criteria based on

an adapted form of the fuzzy c-means algorithm.

1.4 Thesis structure

The thesis is structured as follows.

In Chapter [2| we recall notions related to fuzzy mathematics and in Chapter [3| basic
elements of decision theory. Chapters [}ff] contain original contributions. Chapter []
shows two proposed methods for the indirect determination of the fuzzy weights of
criteria, both through correlation method between performances related to considered
criteria and the overall level of satisfaction, all in the opinion of the customers and
represented by fuzzy numbers. Due to the difficulties of the first proposed method de-
rived from the use of the fuzzy arithmetic based on Tj; norm, in the second proposed
method we use the fuzzy arithmetic based on Ty norm, resulting an analytical solu-
tion with low computational resources. For an immediate interpretation of the results,
the obtained fuzzy values must be defuzzified using the expected value. They are also

presented the corresponding algorithms, illustrative examples and a case study based



1.4 Thesis structure

on the results of a recent survey regarding the quality of hotel services in Oradea, Ro-
mania. The proposed indirect methods are compared between them and both with the
direct method for calculation of the fuzzy weights of the criteria. Each section ends
with the immediate conclusions. In Chapter |5l we propose two fuzzy MCDM methods
that generalizes some methods described in the recent literature. The first original
method uses the intervals of trapezoidal fuzzy numbers, modeling the situations when
are allowed two choices or even an intermediate response in a survey. For the rank-
ing of the intervals of trapezoidal fuzzy numbers is used the expected value. They
are also given the corresponding algorithm, theoretical examples, the comparing of the
results obtained by the proposed method with results obtained by other methods and
the immediate conclusions. The second proposed method is based on the trapezoidal
intuitionistic fuzzy numbers, on the two aggregation operators and on the four ranking
methods of trapezoidal intuitionistic fuzzy numbers. They are also presented the cor-
responding algorithm, numerical examples, the comparing of the obtained results with
the results obtained by other methods and the immediate conclusions. In Chapter [0]
it is approached a refinement of classical IPA analysis using fuzzy numbers. The first
original method for fuzzy classification of the criteria in the four categories correspond-
ing to classical IPA analysis is based on the fuzzy c-means algorithm in an adapted
form. They are also presented the corresponding algorithm, case studies and compar-
isons of the results and immediate conclusions. The second proposed method for fuzzy
partitioning use s categories of criteria. They are presented the proposed method, the
corresponding algorithm, case studies and immediate conclusions. Chapter [7] presents
the general conclusions of the thesis, as well as the fulfilling the proposed objectives
and the possible further interest of the ideas launched in this thesis and in Appendices
1 - 6 there are described the applications that implement the proposed methods in this
thesis.

At the end of this introduction, we mention that this thesis contains original con-
tributions published in the papers [7, 8, 9] [11], 12, 51, 52]. Original contributions are

listed at the end of each section, in the conclusions.



Chapter 2

Fuzzy mathematics preliminaries

2.1 Fuzzy sets

Definition 1. ([13]) Let X be a non-empty set. A fuzzy set A (fuzzy subset of X ) is
defined as a mapping A : X — [0,1], where A (x) is the membership degree of x to the
fuzzy set A.

2.2 Fuzzy numbers

Definition 2. (see [13] or [22]) A fuzzy number A is a fuzzy subset of the real line,
A : R — [0,1], satisfying the following properties:

(i) A is normal (i. e. there exists xo € R such that A (xo) =1);

(ii) A is fuzzy convex (i. e. A(Ax1+ (1 —N)x2) > min(A(z1),A (z2)), for every
x1,22 € R and X € [0,1]);

(111) A is upper semicontinuous on R (i.e. Ye > 0,30 > 0 such that A (z) — A (z9) < €,
whenever |x — xg| < J);

(iv) A is compactly supported, i.e. cl{x € R; A(x) > 0} is compact, where cl(M)

denotes the closure of a set M.

2.3 Classes of fuzzy numbers

2.3.1 Trapezoidal fuzzy numbers

Definition 3. ([13]) A trapezoidal fuzzy number AT = (a,b,c,d), a <b<c<dcR
18 the fuzzy set



2.3 Classes of fuzzy numbers

= fa<x<b
1 ifb<z<c

AT (z) = e .
T fc<x<d
0 otherwise

\

The r-level set of a trapezoidal fuzzy number A” = (a,b, c,d) is defined as:

AT = [a+ (b—a)r,d — (d —¢)r], r € [0,1].

r =

For two trapezoidal fuzzy numbers AT = (a1,b1,¢1,d1), AL = (ag,bs,c2,ds) and

A € R, the sum AT 4+ AT and the scalar multiplication AAT are given by:

AT + AT = (a1 + ag, by 4 by, e1 + c2,dy + da),

AT {(Aal,)\bl,)\cl,)\dl), if A >0

7Y (i, Aen, Abr, Aar), i A < 0.

Remark 4. The product and the division of the two trapezoidal fuzzy numbers are not
trapezoidal fuzzy numbers; instead, the cross product of two trapezoidal fuzzy numbers

18 a trapezoidal fuzzy number.

A trapezoidal fuzzy number AT = (a,b,c,d) is positive if a > 0 and respectively
negative if d < 0.
If the trapezoidal fuzzy numbers AT = (ay,b1,¢1,d1) and AL = (ag, by, co, d2) are

both positive or both negative, then the cross product A{ ® Ag is given by:
AT © AL = (a1by + brag — biba, biba, cica, c1da + dica — cica).

If one of the trapezoidal fuzzy numbers AT = (a1, b1, c1,d1) and AL = (a2, by, co, da) is

positive and the other is negative, then the cross product A? ® A;F is given by:

A{ ® AT = (—cld2 —djca + cico, —cica, —biba, —aiby — bras + blbg).

2.3.2 Triangular fuzzy numbers

The triangular fuzzy numbers are particular trapezoidal fuzzy numbers, obtained
when b = ¢ in Definition [3] The particular case a = b = ¢ = d = e leads to real number

e. A triangular fuzzy number is denoted by A2 = (a,b,c), where a < b < c.
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The r-level set of a triangular fuzzy number A% = (a, b, ¢) is given by:
A2 =a+ (b—a)r,c— (c=Db)r], r €0,1].

If AlA = (a1,b1,c1) and A5 = (ag,bo, o) are two triangular fuzzy numbers and

A € R, the sum AD + A5 and the scalar multiplication AL are given by:

AR + AS = (a1 + a2, by + ba, 1 + c2),

VAL (Aa1, Ab1, Acr), ifA>0
57 e, Abr, Aag), if A < 0.

In the literature, for a triangular fuzzy number A® = (a,b,c) is also used the
notation A® = (a,a, 3) where « = b —a and 8 = ¢ — b. In this case, the triangular
fuzzy number (see [31]) A® = (a, a, B) has the following membership function:

1—%—1—%@ fa—a<z<a

AR () =S 1+4% -3z, fa<z<a+p (2.1)
0, otherwise.

We summarize the usual Ty -based arithmetic operations based on Zadeh’s exten-
sion principle (see ), on triangular fuzzy numbers.

Let A = (a,,3) and B = (b,7,0) be two triangular fuzzy numbers and A € R, A >
0. We have (see [16], [29], [30], [31], [32], [37], [41]):

(a,a, B) + (b,7,0) = (a + b,max (o, ) ,max (3, 9)), (2.2)
(a,a, B) — (b,7,0) = (a — bymax («a, d) ,max (5,7)) , (2.3)
A (a,a,8) = (Aa,a, B), (2.4)

(ab, max (ab,ya) ,max (b, da)) , if a,b > 0
. _} (ab,—max (ab,va), —max (8b,da)), if a,b <0
(a, 0, 8) - (b,7,0) = (ab, max (ab, —da) , max (b, —va)), if a < 0,b > 0
(ab, max (ya, —fb) ,max (da, —ab)), if a > 0,b < 0,

(a,a, B) = <\/5, %, j&) , for every a > 0, (2.6)
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« ad 8 a
b b(b+6)> , Max (g, 717(1:7))) ,
ifa>0,b>0,b—~>0

8 5
7, max (—3, _b(l?jw)> , ax (—%, —W)) ,
ifa<0,b<0,b4+6<0
0,4.4). ifa—=0b>0b—v>0 o
&—%—%) ifa=0,b<0,b+d<0

ifa>0,b<0,b+6<0

a a B ad
X _b(b17)> , max <§7 _b(b+5)>> )
ifa<0,b>0,b—~>0.

a B8 ad a
po max (‘3’ b(b+6)> , lnax (_%> b(bily)>> ,

2.3.3 Other classes of fuzzy numbers

Another two interesting classes of fuzzy numbers are gaussian fuzzy numbers and

exponential fuzzy numbers.

2.4 Generalizations of fuzzy numbers

2.4.1 Intervals of fuzzy numbers

Definition 5. ([51]) An interval of fuzzy numbers is a pair A = [AL, AV], where AL
and AV are fuzzy numbers such that (AY) < (AY) and (A")F < (AU, for every
r e [0,1].

Definition 6. If ATV = (a®, bk, dL) and ATV = (aY,bY,cV,dY) are two trapezoidal
fuzzy numbers, then AT = [ATL ATY | is an interval of trapezoidal fuzzy numbers if and

only if a¥ < aV,bF <Y, el <V and dF < dV.

In the case of intervals of trapezoidal fuzzy numbers, the sum and the scalar mul-

tiplication are:
AT 4 AT = |
=

af, 17017 ) (alablvcladU)] [(a27527027dL) (a27b2702=dU)]
a%+a2,bL+b2,cl + ek ab +ab), @V +a¥ 6V + 05, + Y, dY + dY)),
=X [(a", 0", " db), (a0, Y )]
{ )\a ,AbE A Adb), (/\aU,/\bU,/\cU,)\dU)], ifA>0

AdE AeE AbE ) hal), ()\dU,)\cU,)\bU,)\aU)}, if A <0,

(
(
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2.4.2 Intuitionistic fuzzy numbers

Definition 7. (see [36]) A trapezoidal intuitionistic fuzzy number AT = {(a,b,¢c,d), (@,b,¢ d))
18 an intuitionistic fuzzy set on R with the membership function “;ﬁ and the non-

membership function V;‘:% defined as:

h
1]
<=
8

m
=
=
S~—

b—a
1, ifz € [b, (]
T fre(cd
L 0, otherwise
=z, fecfab)
R A
=, ifze(cd]
[ 1, otherwise,
wherea <b<c<d, a<b<e<d a<a b<b c<candd<d

The imposed conditions on a, b, ¢, d, @, b, ¢, d ensure that AT is an intuitionistic

fuzzy set.

Definition 8. (see [33]) A trapezoidal intuitionistic fuzzy number AT = ((a, b, ¢, d),
(@, b, ¢, d)) is non-negative if and only if a > 0.

The sum and the scalar multiplication on the set of the intuitionistic fuzzy numbers
(see [2] or [4]) become in the particular case of trapezoidal intuitionistic fuzzy numbers

as follows:

= (a2, by ba.cr + o, da + do), (@7 + 5By + b 475+ ),

(2.8)
)\ : ;1\;1: - A ° <(Qab7§7d)a (E,E,E,a)>
) {Aa, Ab, Mg, M), (Xa, Ab, Ae, M), if A € R, A >0, (2.9)
(M, Ae, Ab, Aa), (A, AS, Ab, Aa)), if A e R\ <0. '

In addition, if the trapezoidal intuitionistic fuzzy numbers are non-negative, it can

be defined the multiplication and the rise to positive power, as follows (see [60]):

AT ® A7 = ((a1, b1, c1, dv), (@1, b, @1, dv)) @ ((az, ba, 2, d2), (@2, b2, T2, d))
= <(a1a2a b1b2a C1C2, d1d2)7 (a1a27m7 @7 d1d2)>7 (210)

10
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= (" b, >, dY), @5, d)), A > 0. 2.11
((

It is obvious that the neutral element for the sum is ((0,0,0,0), (0,0,0,0)) and for
the product is ((1,1,1,1),(1,1,1,1)).

We recall in the following two aggregation operators for trapezoidal intuitionistic
fuzzy numbers. Suppose that E, i={1,...,n} is a set of non-negative trapezoidal in-
tuitionistic fuzzy numbers and cgz a non-negative trapezoidal intuitionistic fuzzy number
as the fuzzy weight of the criterion E, for every ¢ = {1,...,n}, than it can be defined
the arithmetical aggregation operator WAA= : TIFN"(R) — TIFN(R) (see [61]) as

follows:

WAA=(Ar,. .., Ay) = (1/n) - (@1 @ AL+ ... + @ © Ap), (2.12)

using (2.8)), (2.9) and (2.10). If w;, ¢ = {1,...,n} are positive crisp numbers, then it
can be defined the geometrical aggregation operator WGA,, : TIFN™(R) — TIFN(R)
(see [54]) as follows:

1

WGAw(;iIa cee 7An) =

using ([210) and (-11).

w1 Wn,

®..0A, , (2.13)

2.4.3 Interval-valued trapezoidal and triangular fuzzy numbers

Definition 9. (see, e.g., [55]) An interval-valued trapezoidal fuzzy number AT s an

interval-valued fuzzy set on R, defined by AT — LATL, ATU1 , where ATE — (alL, a¥, a%, af)
and ATY = (a(lj, ay, a3U, a4U) are trapezoidal fuzzy numbers such that ATE C ATY,

If af = af and @Y = @Y in the above definition, then we obtain an interval-valued

triangular fuzzy number denoted by AA = | (af,ak,a%), (a¥,af,af)].

2.4.4 Relations between intuitionistic fuzzy numbers and interval-
valued fuzzy numbers

At the end of this section we recall some relationships between trapezoidal (trian-
gular) intuitionistic fuzzy numbers and interval-valued trapezoidal (triangular) fuzzy

numbers, as well as immediate properties of these relationships.

11



2. FUZZY MATHEMATICS PRELIMINARIES

2.5 Numerical characteristics of fuzzy numbers

In [5] and [6] it was proved that the expected value is a simple but effective ranking

method of fuzzy numbers. More exactly, for A, B € FN(R) we introduce the following

relations:
A <py B if and only if EV (A) < EV (B), (2.14)
A ~gy B if and only if EV (A) = EV (B), (2.15)
A =gy B if and only if EV (4) < EV (B). (2.16)

In the case of a trapezoidal fuzzy number AT = (a,b,c,d), with a < b < ¢ < d,
having the r-level sets (A7), = |(AT), (AT)j , for r € [0, 1], with

(A7) =a+ (b—a)r, (AT) =d+ (c—d)r,

the defuzzification measures have the following expressions:

—a—2b+2c+d
Amb(AT): a 6+ ¢+ 7
2b+2c+d
vai(al) = “ERE2ED
card AT = —4727¢T ¢ b2+ °r d7
core (AT) = [b, ],
supp (AT) = [a, d],
+b c+d
Er(AT) = |2
R e [
b d
EV(AT) = #. (2.17)
The expected value of a triangular fuzzy number A2 = (a,a, B) is:
EV (A%) =a+ BTTO‘. (2.18)

The expected value of an interval of fuzzy number is:
~ 1
EV(A) = EV([AL, AY)) = 5(EV(AL) + EV(AY)).

Among many ranking methods on trapezoidal intuitionistic fuzzy numbers from the

literature (see, e.g., [33], [36], [38], [60], [57]), we consider in the following four of them.

12



2.5 Numerical characteristics of fuzzy numbers

We denote by AT — ((a1, by, c1, dy), (ag, ba, c2, da)) the trapezoidal intuitionistic fuzzy
number.

Firstly, we consider a ranking method on trapezoidal intuitionistic fuzzy numbers
based on the index M, ,’f * for membership function and index M,,’B * for non-membership

function (see [33]). In the particular case when 8 = 1/3 and k = 0, these indexes are:
~ 1
M}/BO(AT) = 501+ 21 + 21+ du),

~ 1
MY/3O(AT) = 5 (02423 + 205 + dy). (2.19)

Further, for simplification, we denote M, u(;l\:/r ) =M, ,i/ 3’0(;1\% ) and respectively My(;l\% )
= M/*0(AT).

Definition 10. (see [33]) Let AT and BT be two trapezoidal intuitionistic fuzzy num-
bers. Then

AT <y BT <M, (AT) < M, (BT) or

(M, (AT) = M,(BT) and — M, (AT) < —M,(BT)).

The second ranking method on trapezoidal intuitionistic fuzzy numbers is based on
the value-index V) and ambiguity-index Ay (see [35]). The value of the membership
function is given by VM(;}V\T/) = %(al +2b1+2¢1+d; ) and the value of the non-membership
function is given by VZ,(ANT ) = %(ag + 2Ali2 +2c9+ds). Analogously, the ambiguity of the
membership function is given by A, (ZF}) = %(_a}v_ 2b1 + 2¢1 +d;) and the ambiguity
of the non-membership function is given by ﬁl/l,(;l\% ) = &(—az — 2ba + 2c2 + dz). Then

the value-index and the ambiguity-index of AT are given by

VA(AT) = AV, (A) + (1 = MV (A), Ax(AT) = AAL(A) + (1 = VA (A),  (2.20)
where A € [0,1] is a weight which represents the decision-maker’s preference informa-
tion, namely A € [0,0.5) shows that the decision-maker prefers certainty, A € (0.5, 1]
shows that the decision-maker prefers uncertainty and A = 0.5 shows that the decision-

maker is indifferent between certainty and uncertainty.

Definition 11. (see [35]) Let AT and BT be two trapezoidal intuitionistic fuzzy num-
bers. Then

AT <y 4 BT & Vi(AT) < VA(BT) or (Vi (AT) = VA(BT) and Ax(AT) > A, (BT)).

13



2. FUZZY MATHEMATICS PRELIMINARIES

For a third ranking method, introduced in [61], we recall the following definition of

the score S and of the accuracy E of AT

S(AT) = (a1 — ag + by — by +c1 — c2 +dy — dp) /4,

E(AT) = (a1 + ag + by + by + c1 + c2 + dy + do) /4. (2.21)
If a;, b;, ¢i,d; € [0,1], for i € {1,2}, then S’(ﬁ) € [-1,1] and E(;{VT) € [0,2].

Definition 12. (see [61)]) Let AT and BT be two trapezoidal intuitionistic fuzzy num-
bers. Then

AT <gp BT & S(AT) < S(BT) or (S(AT) = S(BT) and E(AT) < E(BT)).
Last ranking method, but not the least important, because it is simple and has

suitable properties, is based on the expected value EV (see, e.g., [7]):

EV(A\%) = (a1 +b1+c1+di+az+by+ca+da)/8. (2.22)

Definition 13. (see [7]) Let AT and BT be two trapezoidal intuitionistic fuzzy numbers.
Then

AT <py BT & EV(AT) < EV(BT).

2.6 The Zadeh’s extension principle

The Zadeh’s extension principle (see [58], [59] and the recent book [13]) allows to
extend real functions and particularly, the basic operations for crisp numbers, to fuzzy

numbers.

Definition 14. (see, e.g., [28], p. 41) Let X1, ..., Xy, Z be non-empty sets and the
function F : X — Z, where X is the product space X = X1 x XoX...xX,. Furthermore,
we consider the fuzzy sets Ay, ..., A, such that A; : X; — [0,1],1 € {1,...,n}. Taking
use of the function F we can define the fuzzy set F(Ay, Ag,..., Ay) : Z — [0,1] by:

sup min{A;(z1),..., An(xn)},
(1,0 xn)EF~1(2)

0, otherwise.
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2.7 Linguistic variables

Theorem 15. ([/6], Proposition 5.1) Let us consider the continuous function f : R™ —
R and the fuzzy numbers Aq,...,A,. Then F (Aq,...,Ay,) obtained by the extension

principle 1a s fuzzy number given by
(F (A1, ..., An)), = [ ((A1), -, (An),) € [0, 1].

The Zadeh’s extension principle based on a triangular norm 7" extends an arithmeti-
cal operation * with crisp numbers to an arithmetical operation ® with fuzzy numbers
such as (see [31], [59]):

(A® B) () = sup T(A(x), B (y)). (2.24)

TXY=2z

The Th/-based operations are the most used, but the Ty -based operations have some
advantages, namely, the calculation is much simplified, the fuzziness of the results is
small, and the sum and multiplication preserves the form of the fuzzy numbers and

therefore, in particular, of the triangular fuzzy numbers (see [29], [30], [32], [41]).

2.7 Linguistic variables

If we consider a 5-level Likert scale, the linguistic variables used to assess the perfor-
mances of the alternatives may be the set {very poor, poor, medium, good, very good}
whose representation by triangular fuzzy numbers can be one of the Figure 2.1} In this

way, the data can be used in mathematical methods (see [21]).

20 30 50

Figure 2.1: Linguistic variables represented by triangular fuzzy numbers
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Chapter 3

Decision theory preliminaries

3.1 Multicriteria analysis

Multicriteria analysis is (according to [48]) a structured approach used in order

to determine a common preference, choosing from several options, each must meet a

number of objectives.

Classical steps of multicriteria analysis (see [40] or [48]) are:

1.

> W N

decision problem context definition: the aim, the decision makers etc;

decision alternative definition A = {Ay,..., A, };

criteria definition C' = {C1,...,Cp};

creating the decision matrix (having values for consequences R = {r;;,1 < i <

m,1 < j <n});

. determination of the weights of the criteria P = {p1,...,pn} which give the

importance of the criteria in decision making;

. applying a suitable MCDM method in order to determine the final score of each

alternative (e.g. the weighted average of the performances and the weights);
examination and interpretation of the results (computing a hierarchy of alterna-

tives);

. sensitivity analysis of the method, by changing the consequences and/or the

weights and evaluating the deviations scores.

16



3.2 Determination of the weights of the criteria

3.2 Determination of the weights of the criteria

3.2.1 Direct method

Let us consider n criteria C1, ..., ), of a service and k decision makers D1, ..., Dy.
We denote by W;; the weight of the criterion Cj, j € {1,...,n} in the opinion of the
decision maker Dy, t € {1,...,k}, obtained by answers to questions as "How important
is ...7”7. The weight of a criterion C}; can be given by a direct method, aggregating the
values Wi;. As an example, using the triangular fuzzy numbers as in and the arith-
metical operations generated by the drastic triangular norm Ty, we get the Algorithm
used to obtain a hierarchy of the criteria according to fuzzy weights determined by

direct method.

Algoritmul 1 The hierarchy of the criteria according to fuzzy weights determined by
direct method.

for j=1—ndo
compute (see (2.2)), (2.4)))

1 ., 1k ) \
W; = o Wiy +...+Wy ) = %t;wtj’ tegﬁfk}atj’teﬁﬁ%k}ﬁtj
compute (see (2.18]))

k

—~ % 1 1
W:EV(W):f *, — * _ .
J J kt;lwt] * 4&%?.%5” dteft,.ky 9

end for
order the vector W* according to W in the following way: if W;, > W, then W;* >

Wj/*, otherwise ﬁ/\;* < W;* (see —)

3.2.2 Indirect correlation method

An indirect method for the calculation of the weights of the criteria in the crisp case
is based on correlation coefficient between the performances related to each criterion
and the overall customer satisfaction (see, e.g., [19], [44], [43]). Using the notation from

the previous section, the weight of the criterion Cj,j € {1,...,n}, denoted by Wj, is

17



3. DECISION THEORY PRELIMINARIES

given by the correlation coefficient between variables (X1j,..., Xx;) and (X1,..., Xy),
therefore

k
2

(% 1) (35— 30

W, = : (3.1)

\/Zk: (th—XjM)Z (X, — XM’

t=1 t=1

where XM = ’1%22 X and XM = ’ié X;.

It is well-known that the correlation coefficient takes values from -1 to 1, therefore
W; € [—1,1]. Even if sometimes are preferred other methods that avoid negative values,
regression analysis and correlation coefficient are considered most appropriate methods
used to measure the derived weights from a survey. The negativity of the weights of

the criteria is not a problem when the results have subsequent employments, between

these the best example being the IPA.

3.3 Importance-performance analysis

IPA is a simple and effective marketing technique which can help in identifying
improvement priorities and quality-based marketing strategies. IPA consists in placing
the points with performance as the first coordinate and weight as the second coordinate
on a two-dimensional plot called an IPA grid. The two axes, the horizontal one, which
shows the performance related to criterion in the customer opinion and the vertical
one, which shows the weight of the criterion, determine four quadrants and, implicitly,

a classification of criteria as in Table

Table 3.1: Quadrants in traditional TPA

Quadrant Performance Weight
1: Keep up the good work (GW) high high
2: Concentrate here (CH) low high
3: Low priority (LP) low low
4: Possible overkill (PO) high low

The placement of the axes is subject of a continuous debate. On the other hand,

most classes from the real world are fuzzy rather then crisp. The tools which identify

18



3.3 Importance-performance analysis

natural structure of date - like fuzzy clustering - seem to be more suitable than other

artificial approaches in IPA.

3.3.1 Fuzzy partition using fuzzy c-means algorithm

Proposition 16. Let A;,..., A, s > 2, be fuzzy sets on X. The family P = {Ay, ..., As}

S
is a fuzzy partition of X if and only if > A; (z) =1, for every x € X.
i=1

Let X = {a:l, ,:1:"} C RP be a set of vectors, where n is the number of objects
and p is the number of characteristics, 7 = <wjl, e ,m{;), and L = {Ll, . ,LS} be a s-
tuple of prototypes, L' = (Lil, ey L;), each of them characterizing one of the s clusters
of the data set. A partition of X into s fuzzy clusters is performed by minimizing the

objective function (see [18], [24], [25], [47])

S n
. 2 . .
TR0 =35 (4 (o)) & (. 11). 32)
i=1 j=1
where P = {Aj,..., A} is the fuzzy partition of X, A; (:UJ) € [0,1] represents the
membership degree of a point 7 to cluster A; and d is a distance on RP, usually the

Euclidean distance, that is

o LI \ 2
a2 (a:J, L’) = (:n,g - L;) . (3.3)
=1
For a given set of prototypes L, the minimum of the function J (-, L) is obtained for
(see [25])
4i(29) = —— i (L8} g € {Ln) (3.4)
i @) sy S} sy LY .
21 (a7 IF)
For a given partition P, the minimum of the function J (P, ) is obtained for (see [25])
. (A (x4)? 2l
L= Zﬂ*nl( (=5)) —ie{l,..s}). (3.5)
Zj:l (A; (z5))

Therefore, the optimal fuzzy partition of X is determined by using the iterative

method described before, where J is successively minimized with respect to P and L.

The procedure is called fuzzy c-means algorithm (see [14] and [25], p. 293-295).
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Chapter 4

Indirect methods for determining

the fuzzy weighting of the criteria

4.1 Method for determining the derived fuzzy weighting
of the criteria based on correlation coefficient as well

as on the arithmetic generated by triangular norm 77,

The correlation coefficient of fuzzy numbers as a fuzzy number was introduced in
[39]. We benefit from this contribution and we propose an indirect method for com-
puting the fuzzy weights of the criteria. More exactly, the calculus is based on the
arithmetic generated by the triangular norm 7}, through Zadeh’s extension principle.
The numerical results are obtained by working on different r-level sets, taking into
account that an analytical solution is difficult to be given. Even so, the amount of
calculation is very big, so that the proposed practical method is preferable when the
number of customers and/or criteria is large. The practical method has another im-
portant advantage, namely that it furnish us trapezoidal fuzzy numbers which can be

easily compared, interpreted and handled in subsequent processing of data.
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4.1 Method for determining the derived fuzzy weighting of the criteria
based on correlation coefficient as well as on the arithmetic generated by
triangular norm T,

4.1.1 General method description

We introduce
- (% - ) (% x)

&
Wi = k —~\2 k , _ —\ 2
B () & (-

(4.1)

t=1

as the fuzzy weight of the criterion Cj,j € {1,...,n}, where fX\t; denotes the per-
formance related to criterion Cj,j € {1,...,n} in the opinion of the decision maker
Dyt € {1,...,k}, expressed as a fuzzy number, 5(; denotes the overall satisfaction in
the opinion of the decision maker Dy, t € {1,...,k}, expressed as a fuzzy number, and,

in addition, we denote

?v\r—‘

k k
Z +;j and XM: Z)z
t=1 t=1

Formula (4.1)) is rather formal, the effective calculus of the fuzzy number w; is based
on the Zadeh’s extension principle, more exactly we obtain the r-level sets (w;), and

(w; );", for every r € [0, 1], by solving the following pair of crisp mathematical programs:

(wj),” = min f; (z15, ..., Tkj, T1,. .., Tk) (4.2)
such that
(X)) <oy < (X)) vee (. k), (4.3)
(Z)_ <z (Xt> Ve {l,... .k} (4.4)
and
(IT);):— :maxfj (xlj,...,xkj,:rl,...,xk) (45)
such that
(X)) <ay<(Xy) We{l...k, (4.6)
(X)) << (X)) Ve{l....k, (4.7)
where

fi @i,y 0,0 = . r N2 & Eo\2
J Z (wt]i Z th> Zl <lel€tzl rt)
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4. INDIRECT METHODS FOR DETERMINING THE FUZZY
WEIGHTING OF THE CRITERIA

for every j € {1,...,n}. The fuzzy number w; can be reconstitute by the Negoita-
Ralescu characterization theorem ([45]).

It is difficult to give analytical solutions of the systems given by Egs. - and
Eqgs. —, even if the constrained variable method and reduced gradient method
could be useful. Nevertheless, numerical solutions can be easily obtained by finding a fi-
nite set of r-level, r € {ro =0<r; < ... <rs_1 <rg=1}, forevery w;,j € {1,...,n}.
The idea was launched in [39] related with the calculation of the fuzzy correlation co-
efficient. Of course, we obtain a good solution by choosing small differences rp 11 — 73,
for any h € {0,...,s — 1} and a large s, but we pay a better quality by an increasing
volume of computation.

The results obtained by fuzzy methods can be easily interpreted after defuzzifica-
tion. A ranking method based on the expected value and adjusted to our structure of

data consists in the following. Let A be a fuzzy number for which we know the r-level
sets rj, = %,h €{0,...,s}, s > 2. Then:
S

- A; + AT+ A7 + AT 1 & 1 &
BV (A)="0T20 T8 T L - NT A+ — S AL 4.
v (4) 4s +2s; Z+23; S (48)

4.1.2 Practical method description

A good choice for the approximation of a fuzzy number A, having the r-level sets
A, = [A7,Af], r € [0,1] is the trapezoidal fuzzy number (A, , A7, AT, AJ). In this
case it is enough to solve the following four problems to find the fuzzy weight w; =

(Pjaq]'ﬂ“j,Sj) ,J € {1,...,n}:

pj:minfj (xlj,...,xkj,xl,...,a:k)
such that N
(5(7]-)0 <y < (Yg)o Ve {l,... k),
—~\ — —~\ T
<Xt>0 S.’L‘t S (Xt>0 ,VtE {1,...,]€},
QJ:mlnf] (xlja"'a'xk‘jal'lv"')xk)
such that

=\ —\t
(th)l S:Utj < (th>1 ,Vte {1,...,]{},
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4.1 Method for determining the derived fuzzy weighting of the criteria
based on correlation coefficient as well as on the arithmetic generated by
triangular norm T,

(E); <z < (Z)j,we{l,...,k},

Ty = maxfj (.Z‘lj, sy Thgy Ty - - .,.%'k>
such that N
(th)l < Tt < (th)l ,Vt € {1,...,/{7},
—~\ — ~\ t
(Xt>1 < Tt < (Xt)l ,Vt S {1,,]43}
and
Sj = maxfj (.Z'lj, vy Ty L1y e - ,l‘k)
such that
(3515;)0 < Ltj < (Xt]) 7Vt € {17 7k}7
(E); Sxtg (Z) 7Vt6{17 ak}a
where

fj (a;lj,...,a;kj,ml,...,xk) = J

for every j € {1,...,n}.
Regarding the ranking method, the expected value of the naive trapezoidal approx-
imation (Ay, A7, AT, Af) of A is (see (2.17)):

- Ay + AT + AT + A}
EV (A) = 0+011+1.

(4.9)

4.1.3 The algorithms

4.1.4 Numerical examples and a case study on the quality of hotel

services
4.1.5 Conclusions

The obtained results regarding to the weights of the criteria can be used in subse-
quent studies as classical or fuzzy MCDM methods or TPA analysis. On the other hand,
we emphasize here that the choice of appropriate sets of criteria are a very important
step in any analysis related to different parts of the service industry (see, e.g., [34]).

The obtained results presented in Section were published in the paper [§].
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4. INDIRECT METHODS FOR DETERMINING THE FUZZY
WEIGHTING OF THE CRITERIA

4.2 Method for determining the derived fuzzy weighting
of the criteria based on correlation coefficient as well

as on the arithmetic generated by triangular norm Ty

In this section it is also proposed an indirect method for calculation of the fuzzy
weights of the criteria based on the correlation coefficient, the triangular fuzzy numbers,

but on the fuzzy arithmetic generated by the triangular norm Ty .

4.2.1 Method description

It is well-known that the shape of fuzzy numbers is preserved by the generated ad-
dition and multiplication from Ty, the calculus is simple and, moreover, the ambiguity
of the output data is preserved in reasonable limits. It is considered that all operations
in are obtained by the extension principle using Ty norm (see (2.24))). If the input
data are triangular fuzzy numbers, that is 5(; € AFN(R) and X; € AFN(R) for every
i € {1,...,m} and j € {1,...,n}, then for the calculation of the fuzzy weights of the
criteria in we can use the operations introduced by —. By defuzzification

we get, in the same time, a hierarchy of the criteria too.

4.2.2 The algorithm

4.2.3 Numerical examples and a case study on the quality of hotel

services

4.2.3.1 The global case and the dependence on subjective choices of the

fuzzy numbers. Symmetric case versus drastic case.
4.2.3.2 Segmented case and the dependence on various characteristics
4.2.4 Comparison with other methods of calculations
4.2.4.1 Proposed method versus direct method
4.2.4.2 Proposed method versus indirect method in [§]

4.2.5 Conclusions

Based on the presented case study regarding the quality of the hotel services in

Oradea, Romania, we can conclude that in the calculation of the weights of the criteria
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4.2 Method for determining the derived fuzzy weighting of the criteria
based on correlation coefficient as well as on the arithmetic generated by
triangular norm Ty

based on the correlation method, already classical arithmetical operations obtained by
the standard Zadeh extension principle could be replaced by the Ty -based arithmetical
operations generated by (see —). The main advantages are related with
the possibility of an analytical calculation and a less complicated calculation from the
point of view of computational resources, both important for subsequent developments.
Also, the case study illustrates both the similarities between the results obtained by
the two indirect proposed methods and the differences between them and the direct
method for calculation of the fuzzy weights of the criteria.

The obtained results presented in Section were published in the papers [9, 12].
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Chapter 5

Fuzzy multiple criteria decision

making methods

5.1 Fuzzy MCDM method based on intervals of trape-

zoidal fuzzy numbers

In this section we intend to generalize the method from [3] by using the intervals of
trapezoidal fuzzy numbers, to be applied into situations in which people surveyed want

to choose two answers or an intermediate answer from the given response options.

5.1.1 Method description

A standard multicriteria decision making problem assumes a committee of k decision

makers D1, ..., Dy, which is responsible for evaluating m alternatives Ay, ..., A, under
n criteria C1, ..., Cy,. We consider that C1, ..., C}, are subjective criteria, Cp41,...,C)
are objective criteria of benefit kind and Cp1,...,C), are objective criteria of cost

kind. In addition, as a generalization of the fuzzy multicriteria decision making method
proposed in [3] we consider that the evaluations are given by intervals of trapezoidal
fuzzy numbers.

If 7:ZJV?f = [(eithvfz%t’g%jt’ zgt) ( ’L]t’f]t7ngt7 zgt)]? S {1,...,m}, J = {1""7h}7

t € {1,...,k} is the performance of alternative A; versus subjective criterion C; in the
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5.1 Fuzzy MCDM method based on intervals of trapezoidal fuzzy numbers

opinion of the decision maker Dy, then for i € {1,...,m}, j € {1,...,h},

’EJ/': [(eiLj’ iljvgijth) ( €ijs zg?gzyhU)] (5'1)
k k k k k k
_ Z 6z‘th ijt gi]t hfjt Z e%t Z fz‘l]]‘t Z ggt Z h%t
k-’ k-’ k-’ k-’ k-’ k
t=1 t=1 t=1 t=1 t=1 t=1 t=1
is the averaged rating of A; under C;. On the other hand, if z;; = [(a zLJ, ble, 78 dL)

(a g, b%, g, dU)], ie{l,...,m},j€{h+1,...,n}is the performance of alternative A;

versus objective criterion C}, then the normalized values of performances with respect
to benefit criteria are r;; = [(eiLj, z%,gij, ) (e J,f],gg,hU)], ie{l,...,m}, j€
{h+1,...,p}, where

L _ L* L _ L L _ L* L _ L*
LG g by cimaef o, di—a) (5.2)
eij - mL* 9 zj - m L* 9 gz] - mL* 9 ’L] - mL* 9 .
j j j j
U __ U* U U* u __ U* U U*
v_ % Y% v bij—a; v_ % Y% WU — dis — a; (5.3)
eij - U* 9 z] - U* 9 gzg - U* 9 z] - U* 9 .
m; mj m; m;

and the normalized values of performances with respect to cost criteria are r;; =

[(e j,f],g”, ) ( f”,gg,hU)],iE{1,...,m},j€{p-i—l,...,n},where

L _ gL L _ Lyl L _ gL
L _ dj dij L _ d ] L dj bU hL — d] @i (5 4)
eij - mL* ) zj - m L* ) gz] mL* ) @] - mL* 9 .
J J J J
Ut _ qu Ut _ U Ut _ U Ut _ U
U _ dj dw U _ dJ S U d bw hU d] @i ( 5 5)
€5 = 7mU* y Jij = 7771(]* y 9i5 = 7[]* - U+ .
J J m; J

and for j € {h+1,...,n}

L* _ . L L* _ L
aj =minie(1, .. m}@ij, di = maTici1 . myd;

J 1> J 15 J Jj oo
U* _ . U U* o U U . U* U*
a; = Man;e{1,.. m};, dj = maxie{l,...,m}dij7 m; = dj —ay

If wj; = [(of, Pk afs sk, (05,05, ¢5,s5)), 5 € {1,...,n}, t € {1,...,k} is the

weight of the criterion C) in opinion of the decision maker Dy, then the averaged

weight of the criterion Cj is wj, j € {1,...,n}, given by

—~ L L v, U U U
wj:[(O])pjvq]wS] )a(oj)pjuc_I] 78]' )]_
k L k L k L k L k U k U k U k U
0 P! q! s ot p q st
_ Jt Jt Jt Jjt jt jt jt jt
S [PE SRRk N o Bt Bt Sk 3]
t=1 t=1 t=1 t=1 t=1 t=1 t=1 t=1
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5. FUZZY MULTIPLE CRITERIA DECISION MAKING METHODS

The final evaluation value G; of alternatives A; is the aggregation of the weighted

ratings by interval of fuzzy numbers, under formula:

1., —
G; = ﬁ((n‘l@’wl)—l-...-i-(Tin®wn)),iG {1,...,m}.

We obtain:
— 1 o L
EV(G)) = ﬁ(EV(Tﬂ Quw1) 4 ...+ EV(ri @ wy)), (5.7)
where the calculus of each terms in the sum can be performed for every j € {1,...,n},
such as:

BV (75 9 ) =

=512 ejs0f + fiof +efipy + 2fhpy) + 24(29qu hisay + giisy + 2hfsk)+
1 U vy, 1 U
+ 24( i ] + fl]oj + eszj + 2fz'jpj ) + 24( Z]qj + hngJ +glj8] + 2hz] 7 )

Finally, knowing the crisp values of the final scores of alternatives, after defuzzi-
fication using the expected value, we get a hierarchy of alternatives, using the order

relation on the real numbers.

5.1.2 The algorithm
5.1.3 Numerical example
5.1.4 Comparison with other methods

5.1.5 Conclusions

The comparison made in Section from the fact that were obtained the same
hierarchies, it does nothing but confirm the validity of the proposed method. We can
assume with conviction that the hierarchy in a generalized case that contains many
different inputs than in the individual case, will be different from that of the individual

case.

The obtained results presented in Section were published in the paper [51].
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5.2 Fuzzy MCDM method based on intuitionistic fuzzy numbers

5.2 Fuzzy MCDM method based on intuitionistic fuzzy

numbers

Due to the simple form and easy computation, the trapezoidal intuitionistic fuzzy
numbers can be successfully used in the intuitionistic fuzzy MCDM methods. The
proposed method is based on two aggregation operators and four ranking methods for

trapezoidal intuitionistic fuzzy numbers.

5.2.1 Method description

We consider that the performance of an alternative A; under the criterion Cj in
the opinion of the decision maker D; is given by a non-negative trapezoidal intu-
itionistic fuzzy number 7%15 = ((avijt, b14jt, Crijes duije), (@24jt, b24j¢, C2ije, d2ij¢)) and the
weight of the criterion C; in the opinion of the decision maker D; it is also given
by a non-negative trapezoidal intuitionistic fuzzy number uAJN;t = ((evje> f11 91jt> Mje),
(62jt7f2jt792jt7h2jt)>'

The first step of the proposed method consists in calculating the average rating 7%

of performances of alternative A; under criteria C;, ¢ € {1,...,m}, j € {1,...,n}, in

order to obtain the decision matrix, as follows:

T = (1/k) - (Tt + .- .+ Tijh)s (5.8)

more exactly, using the operations (2.8) and (2.9)) from Section

~ 1< 1 & 1 & 1 &
RIS SIS NS S Sr]
t=1 t=1 t=1 t=1
1 < 1 < 1 @ 1 <
(% > v, 7 > by, T > cagt, 7 > daij))- (5.9)
t=1 t=1 t=1 t=1
Next step is the calculation of the average weight ;T; of the criterion Cj, j € {1,...,n},

as follows:

w; = (1/k) - (W1 + ...+ wyp), (5.10)
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5. FUZZY MULTIPLE CRITERIA DECISION MAKING METHODS

and also using the operations ([2.8]) and (2.9) from Section

k

1 1 g 1< 1 g
wj = <(E ) Zeljta r Zfljb% : Zgljta E Zhljt),
t=1 t=1 t=1

t=1

1 & 1 & 1 & 1 &

(77 Do €2itn g Do g D920 g, D hage)): (5.11)
=1 =1 t=1 t=1

For the next step we have to normalize the values of average performances with respect
to criteria and the values of averaged weights of criteria. This is only necessary if
the maximum value of the performances and/or respectively the maximum value of the

weights are greater than 1. We normalize as follows: if 7;; = ((a145, b14j, C1i5, d14j), (@2,

baij, C2ij, d2ij)), i € {1,...,m}, j € {1,...,n} and we find that o = ax da;; > 1,
<i<m
then lsj<n
rij = (1/a) - 7ij, (5.12)

using 1} from Section For simplicity, we used the same notation % for the
normalized values in decision matrix too. In the same way, if ﬁ;f:j = ((exj, f1 915, i)

(€2, f25, 925, h2;)), § € {1,...,n} and we find that g = 1I£ja§xnh2j > 1, then

w; = (1/8) - wj, (5.13)

using also the operation 1) from Section We also used the same notation w;
for the normalized values of the weights of the criteria. Next step is to evaluate the
alternatives A;, ¢ € {1,...,m} by the aggregation of the performances with weights

using the WAA= operator, developed as:

Gi=(1/n) - (F1 @ W1 + ... + Fin @ W), (5.14)

and using the operations (2.8)), (2.9) and (2.10) from Section [2.4]
Gi=(( > (avij-e1), - > (b - 1)), ” > (erij - 91)), ” > (duij - b)),
j=1 j=1 j=1 j=1
n n n n

(D angge2)s - D (baig o)+ D (enig - 92), - D (dagy - hay))- (5.15)
j=1 j=1 j=1 j=1
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5.2 Fuzzy MCDM method based on intuitionistic fuzzy numbers

Then, if we use the WG A, operator, then, for the beginning, the weights must be
defuzzified using the expected value (see (2.22))), namely

wj = EV(wj) = (e1j + f1; + g1; + h1j +e2j + fo; + 925 + h2j)/8, (5.16)

for j ={1,...,n}, then

— —~— w1

H, =711 ®...®7ﬁwn, pentru i € {1,...,m}, (5.17)

and using the operations (2.10) and (2.11]) from Section
-~ n n n n
H; = <(H a5, H b1y, H 13", H di4;"7), (5.18)
j=1 j=1 i=1 i1
n n n
(H a2ijwjaHb22] Hc2zg j:Hd%j J))
J=1 j=1 j=1

In order to obtain the ranking of alternatives, we used, one at a time, all four criteria
from Definitions and separately for @j and E, thus obtaining eight

hierarchies.

5.2.2 The algorithm
5.2.3 Numerical examples
5.2.4 Comparison with other methods

5.2.5 Conclusions

A MCDM method based on more aggregating operators and/or ranking methods
is particularly effective because, when we obtain the same hierarchies, the solution is
a secure one and when we obtain different hierarchies, we can review the evaluations,
then the solution of the problem will certainly lead to finding the best alternative. In
addition, the proposed method that uses trapezoidal intuitionistic fuzzy numbers can
be easily translated into a method that uses interval-valued trapezoidal fuzzy numbers,
based on bijections proven in Section

The obtained results presented in Section were published in the paper [52] and
the results in Section in the paper [7].
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Chapter 6

Fuzzy criteria partitioning
methods in TPA

6.1 Fuzzy partitioning method using four categories

In this section we propose a method of determination of a fuzzy partition of a set

of criteria, using the same four categories as in traditional IPA, namely:

P ={Ay, A2, A3, Ay} =
= {"Keep up the good work”,” Concentrate here”,

”Low priority”, ”Possible overkill”y = {GW, CH, LP, PO}.

6.1.1 Method description

Let {al,...,a”} be a set of criteria and we denote by 27, j € {1,...,n}, the pair
(performance, weight) corresponding to the criterion a/, that is 27 = (p7 L w) ) A fuzzy
partition of the set X = {xl, vy x”} C R? determines a degree of membership of each
criteria to a set A;,i € {1,2,3,4}. The method is based on the fuzzy c-means algorithm,

using the atoms from P and the most suitable initial prototypes L', L%, L3, L* of the
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6.1 Fuzzy partitioning method using four categories

fuzzy sets A1 = GW, As = CH, A3 = LP and respectively A4 = PO, namely:

max p’/, max w’ |, (6.1)
1<j<n’ ' 1<j<n

)=
(12), = ((12), . < wmin P/, max w3> , (6.2)
)=

1<j<n 1<j<n

(1), = ((12), i 7, i ) 63)
(1), = (1), (4),) = <121?<anj, i ! 64

We chose the Euclidean distance on R? and fixed the permissible error as ¢ = 107°. We

present below the needed calculation formulas. For calculating the distances we have
(dig), = & (7, (L)) = (" = (L}),)" + (w — (£4),)", (6.5)

for calculating the partition matrix we have

1
q; , (6.6)
T (dy), n dij), n (dij), n dij),
(dij),  (doj);  (dsj),  (daj),
and for calculating the prototypes we have
2 2
| o i (d5t) P (d) v
(L), = ((£1),, (L)) = . (6.7)

2 2
-1 -1
Z?:l (qij ) Z?:l (qij )
for every i € {1,...,4} and j € {1,...,n}.
Sometimes, for an easy interpretation and subsequent developments, especially in
practice, it is mandatory to obtain a crisp partition P = {El, . ,ZS} of X, derived

from the fuzzy partition P, even if this means a loss of information. The most natural

definition of P is (see [23], p. 333)

27 € A; if and only if A; (xj) =qij = 111132( Opj = 1I£1ax Ap (z ) (6.8)

Subsequent decisions can be taken on the basis of this crisp partition, but the
practitioners must be very careful with respect to criteria which have large membership

degrees to two or more atoms of the fuzzy partition.
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6. FUZZY CRITERIA PARTITIONING METHODS IN IPA

6.1.2 The algorithm
6.1.3 Case studies and comparisons

6.1.4 Conclusions

The proposed method was applied on data from some studies in the recent literature
and the obtained results were compared with results from the traditional IPA. They
were given both examples in which the results obtained by fuzzy clustering were not
very different from those obtained by traditional IPA and examples in which the results
showed great differences. The comparison it was possible only after the defuzzification
of the fuzzy partition, even if this means a loss of information. At our level of knowledge
do not exist other methods related with IPA having fuzzy output data such that, at
the moment, a such comparison is not possible. On the other hand, a mathematical
proof on the quality of the method in comparison with other methods, crisp or fuzzy,
will be very difficult, rather impossible, to be given.

The proposed method, besides the fact that determine a more natural partition of
the criteria, because the fuzzy c-means algorithm uses the data structure, still has an
advantage, namely that it improves the traditional IPA in at least two aspects: the
points that are very close or even on the border between partitions are treated better
and it is avoided the subjective drawing of axes.

The obtained results presented in Section were published in the paper [11].

6.2 Fuzzy partitioning method using s categories

6.2.1 Method description

For the proposed method, we consider a traditional IPA model with fixed categories
{A1,..., As}, s > 2 and, for determining a fuzzy partition of the criteria, or, in other
words, the membership degree of each criterion to each category A;, i € {1,...,s}, we
apply an adapted fuzzy c-means algorithm. The crisp partition is obtain by a simple
procedure of defuzzification. The method is exemplified to the case of nine categories
of criteria. The solution of partitioning of a set of criteria certainly depends from the
input data, such that the fuzzy clustering is a technique that can furnish indeed useful
methods in relationship with IPA.

Further we describe the proposed method.
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6.2 Fuzzy partitioning method using s categories

Let X = {al, . ,a"} be the set of the criteria and we denote by #7, j € {1,...,n},
the pair (performance, weight) corresponding to the criterion a/, that is 27 = (pj, w’ )

We present below the needed calculation formulas. For calculating the distances we

have
(dij), = d* (7, (L)) = (0 = (L1)))" + (v’ = (Ld),)", (6.9)
for calculating the partition matrix we have
1
I _
U= (diy), i (), (6.10)
(dlj)l (de)l
and for calculating the prototypes we have
2 2
. , ) Yo QEfl Py qzlil w’
(L), = ((£1),, (L3),) = . ( : ) - ( d ) (6.11)

-1\% ' 1-1)? ’
n — n —
Zj:l (qij ) Zj:l (qij )

for every i € {1,...,s} and j € {1,...,n}.

The crisp partition P = {Zl, . ,ZS} of X can be obtain from the fuzzy partition
P ={A;,..., A} of X following (6.8). The crisp partition allows a simple interpreta-
tion and subsequent developments related with the problem under study.

In [I] it is assigned a ranking to both the weight scores and performance scores of
each criteria, namely ”High”, ” Medium” or ” Low” for the weight scores and respectively
"A”, "B” or "C” for performance scores. This created nine possible categories of

criteria, as follows:

High | A7: Competitive vulnerability | Ag: High B Ay : Competitive strength

Weight Ag: Medium C Ag: Gray zone As: Medium A
Low As: Relative indifference Ay: Low B As: Irrelevant superiority
Low (C) Performance High (A)

Our aim is to determine for the set X of criteria, the fuzzy partition P = {Ay, ..., Ag},
corresponding to the above scheme, that is Ay =”Competitive strength”, Ao =" Medium
A7, As ="Irrelevant superiority”, Ay ="Low B”, A5 =" Relative indifference”, Ag =" Me-
dium C7, A7 =7 Competitive vulnerability”, As =”High B” and A9 =”Gray zone”. Let
X = {al, .. .,a"} C R? and 27 = (pj,wj) be the set of points (performance, weight)

corresponding to criteria. The following natural choice of the initial prototypes of the
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6. FUZZY CRITERIA PARTITIONING METHODS IN IPA

atoms A;, i € {1,...

L9
1<j<n

,9} can be considered as

=
=
=
=

maX
1<j<n

max
1<j<n

min
1<5<n

mln
1<j<n

1<j<n

1<j<n

> vn,

6.2.2 The algorithm

6.2.3 Case studies

6.2.4 Conclusions

In the second section of this chapter we proposed a generalization of the method
from the first section of this chapter, namely it has been proposed a method for catego-
rization of a set of criteria using s fuzzy partitions. The generalized achieved method
was exemplified in the case of nine possible categories, whose prototypes were obtained
in a natural way. We used four case studies taken from the recent literature.

The proposed method has the same advantages as the proposed method in Section
namely that it cause a natural partition on the set of criteria, avoid the rigorous

classification of the criteria located near the axes and avoid the subjective drawing of

axes.

The obtained results presented in Section were included in the submitted paper

[10].

1<]<n

, max wj>, (L2)0
}1g§gﬁwj>, (L%,
?1§?§;wj>’ (L%,

, max wj>, (LS)O

wj/n
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g p’ /n, max w’
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Chapter 7

Conclusions

This thesis contains original contributions in the field of the fuzzy MCDM methods,
namely six fuzzy methods published in the papers [7, 8, O 1T, 12} 51l 52], two fuzzy
methods for indirect calculations of the fuzzy weights of the criteria, two fuzzy MCDM
methods in order to obtain the hierarchy of the alternatives and another two fuzzy

partitioning methods for a classification of criteria.

7.1 Fulfilling the research objectives

The first specific objective O has been assessed by two proposed indirect methods
for calculating the fuzzy weights of the criteria based on correlation coefficient between
alternatives performances and the overall level of satisfaction, both of them in the
opinion of the decision makers. The proposed methods use the correlation coefficient
between two fuzzy numbers, the result being a fuzzy number too. The effective calculus
is based on Zadeh’s extension principle. As far as the first method described in Section
[4.1.1)is concerned, the numerical results are obtained considering the r-level sets because
it is difficult to give an analytical solution when using the Tjs-based arithmetic. Even
though, the amount of calculation is very big, so that the proposed practical method
described in Section is to be preferred when the number of the decision makers
and/or criteria is big. The proposed practical method thus obtained has one more
important advantage, that is it furnishes trapezoidal fuzzy numbers, which can be
easily compared, interpreted and used in further calculus. In order to improve the

proposed method in Section we proposed in Section an indirect method to
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7. CONCLUSIONS

obtain fuzzy weights of the criteria, but using the Ty -based arithmetic. The method
provide a hierarchy of the given criteria, considering the obtained weights, beginning
with the most important criterion and ending with the least important. The proposed
methods represent an important stage within a fuzzy IPA analysis development, as well
as in the fuzzy MCDM methods. They also bring something new because the existing
contributions in the literature (see [17], [20]) contain a premature defuzzification of the
data, which leads to denaturation of the results.

The second specific objective Oy was realized, first of all, by proposed fuzzy MCDM
method from Section [5.1} which models the situation when in a survey you can answer
to certain questions with an intermediate response or even with two responses. Its
applicability was illustrated by an example in Section As far as this objective
is concern, we proposed another fuzzy MCDM method in Section based on trape-
zoidal intuitionistic fuzzy numbers, which models well the uncertainties. The proposed
method improves other existing methods in the literature (see, e.g., [38], [53]) because
it stocks more information using operations with trapezoidal intuitionistic fuzzy num-
bers all along the method and only at the end the results are defuzzified for easy
interpretation of the results.

For the achieving of the third specific objective O3, we proposed a fuzzy partitioning
method. The fuzzy clustering is known as an excellent tool to identify the structure
in data, therefore, we adapt the fuzzy c-means algorithm. As it is illustrated in the
scientific literature, the problem of categorization of criteria in IPA is very important.
We do not have the possibility to prove by mathematical means that the proposed
method is better than other methods, therefore we cannot affirm that our method
completely solve this problem. Nevertheless, the developed method has some significant
advantages. Besides the results are more suitable for deriving managerial decisions than
in traditional IPA, we overcome the important problem of categorization of the criteria

which are in the nearness of axes in the traditional IPA.

7.2 Future research directions

The results obtained by the proposed methods in Chapter[dcan be exploited in other
directions. One of them consists, for example, in choosing a representative hotel for

which to study the customer behavior approaching to the general level of satisfaction.
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7.2 Future research directions

Also, future researches will be dedicated to the application of the elaborated method to
different categories of customers, according with certain criteria, or to the identification
of the representative hotel in an area or resort. As it was already remarked even in the
crisp case (see, e.g., [26]), it is very difficult to give a final answer to the question of
the best method of calculation of the weights of the criteria. The choosing of a method
is context dependent and it is a matter of preference. Nevertheless, in the case of a
derived fuzzy weighting based on the correlation coefficient, the method proposed in
Sections and has some already pointed out advantages.

In Sectionwere demonstrated bijections between the set of trapezoidal (triangu-
lar) intuitionistic fuzzy numbers and the set of interval-valued trapezoidal (triangular)
fuzzy numbers. These bijections lead immediately to extending and generalizing the
existing methods, as shown in Section The proposed method in Section [5.2 can
be easly applied for interval-valued trapezoidal fuzzy numbers too, by a simple adap-
tation. As future research directions too, it can be seen that the proposed method
in Section [5.2| can be easily extended to other types of intuitionistic fuzzy numbers.
Also, because of the fact that trapezoidal intuitionistic fuzzy numbers are a general-
ization of trapezoidal fuzzy numbers, other existing fuzzy MCDM methods that use
fuzzy numbers can be extended to intuitionistic fuzzy numbers. Last but not least, we
intend to search for other effective aggregation operators and/or ranking methods for
the trapezoidal intuitionistic fuzzy numbers which will be integrated in our method.

The problem of partitioning a set of criteria depends certainly on the input data,
such that fuzzy grouping is a technique that can provide really useful methods regarding
IPA analysis. We do not consider that our proposed method in Section [6.1] completely
solves the very important problem of categorization of criteria, but it proposes a new
possible approach in this topic and has clear advantages, pointed out in the thesis. The
new approach can be continued at least in the directions of research discussed in the
sequel. Even if the traditional IPA assumes the categorization of criteria by partition-
ing the (performance, weight) plane in four sets, there have been attempts to divide
the plane in two (see [49], [50]), three (see [42]) or even nine (see [I]) areas. Based
on the idea developed in Section [6.1], it would be very interesting to apply the same
adapted fuzzy c-means algorithm in these cases. On the other hand, we can deduce
that it is not very clear whether a good IPA means a partitioning of the performance,

weight) plane in two, three, four, nine or another number of sets. We believe that the
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7. CONCLUSIONS

number depends rather from the input data. Because the fuzzy clustering identify the
structure of data in a natural way (see, e.g., [I14] and [25]), by applying an adequate
algorithm we can simultaneously obtain the optimal number of categories of criteria
and the categorization of criteria. Such a result would be valuable for determining the
optimal number of criteria from the point of view of their significance related to the
problem under study, an important subject of debate in the recent literature (see [34]).
A more laborious project looks on the development of a fuzzy IPA, that is an analysis
starting from fuzzy data and having as output data fuzzy sets too. On the other hand,
the IPA was expanded from two dimensional grid (performance, weight) to three di-
mensions (performance, weight, competitors’ performance) (see [15]) or four dimensions
(performance, weight, competitors’ performance, criterion determinacy) (see [56]) such
that the methods and algorithms of fuzzy clustering, discussed in the present thesis or

not, could be useful in the developing of these directions of research.
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Appendices

Appendix 1
Application to Chapter 4] Section Indirect calculus of fuzzy weights based on

correlation coefficient as well as on the arithmetic generated by triangular norm T}y.

Appendix 2
Application to Chapter [ Section Indirect calculus of fuzzy weights based on

correlation coefficient as well as on the arithmetic generated by triangular norm Ty .

Appendix 3
Application to Chapter [5 Section Fuzzy multicriteria decision making method

based on intervals of trapezoidal fuzzy numbers.

Appendix 4
Application to Chapter [5] Section Fuzzy multicriteria decision making method

based on trapezoidal intuitionistic fuzzy numbers.

Appendix 5
Application to Chapter [} Section Fuzzy criteria partitioning using four cate-

gories and an adapted form of the fuzzy c-means algorithm.

Appendix 6
Application to Chapter [6] Section Fuzzy criteria partitioning using nine cate-

gories and an adapted form of the fuzzy c-means algorithm.
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