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Abstract

This article investigates new score and accuracy functions for ranking interval-valued
intuitionistic fuzzy numbers (IVIFNs). The novelty of these functions is that they allow
the comparison of IVIFNs by taking into account of the decision makers’ attitudinal
character. The new attitudinal expected score and accuracy functions extend Xu and
Chen’s score and accuracy degree functions, and verify the following set of properties:
(1) boundedness; (2) monotonicity; (3) commutativity; and (4) symmetry. These novel
functions are used to propose a total order on the set of IVIFNs, and to develop an
interval-valued intuitionistic fuzzy multi-attribute decision making selection process in
which the final result depends on the decision maker’s risk attitude. In addition, a

ranking sensitivity analysis with respect to the risk attitude is provided.

Keywords: Multi-attribute decision-making, interval-valued intuitionistic sets,
attitudinal expected score function, attitudinal expected accuracy function, COWA

operator

1. Introduction

Atanassov [1] introduced the concept of intuitionistic fuzzy sets (IFSs), which is char-
acterised by both the membership and non-membership functions and therefore it gener-
alises the concept of fuzzy set [2, 3]. Subsequently, Atanassov and Gargov [4] extended
[FSs with the introduction of the concept of interval-valued intuitionistic fuzzy sets (IV-
[FSs). The notions of IFSs and IVIFSs are interesting and very useful in modelling

real life problems with imprecision or uncertainty and they have been applied to many
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different fields, including multiple attribute decision making (MADM) [5-9], group deci-
sion making (GDM) [10-12], supplier selection [13, 14], robot selection [15] and artificial
intelligence [16].

The first step of any MADM process with information modelled using IFSs is to
fuse the intuitionistic fuzzy assessment values of the different attributes into a collective
intuitionistic fuzzy assessment via an appropriate aggregation operator [17]. Once this
step has been completed, the aggregated intuitionistic fuzzy numbers are compared to
produce a final ranking of the alternatives. Consequently, an active research topic is the
investigation of intuitionistic fuzzy MADM that includes suitable and valid intuitionistic
fuzzy aggregation operators. Since Xu [18] developed the intuitionistic fuzzy ordered
weighted averaging (IFOWA) operator, extensive research work has been carried out to
develop aggregation operators for both IFSs and/or IVIFSs (see for example [19-21)).
However, the above cited intuitionistic fuzzy operators are based on additive measures
and are not suitable to aggregate inter-dependent criteria. To resolve this issue, Tan
and Chen [22, 23] proposed the intuitionistic fuzzy Choquet integral operator and the
generalized interval-valued intuitionistic fuzzy geometric aggregation operator for multi-
attribute interval-valued intuitionistic fuzzy group decision making problems.

Another active research topic regards the development of score degree and accuracy
degree functions to make possible the comparison of criterion values that are expressed
by IFSs and IVIFSs, respectively. A comprehensive comparative analysis of existing score
degree and accuracy degree functions to date can be found in [24]. Chen and Tan in [25]
developed a score degree function for IFSs based on the membership degree and non-
membership degree functions, which was later improved by Hong and Choi in [26] with
the addition of an accuracy degree function. In addition, Hong and Choi argued about
the similarity between the role of the score degree and the accuracy degree functions of
IFSs and that of the mean and the variance in statistics. Subsequently, other improved
score degree and accuracy degree functions have been proposed in [27-32]. Also these
functions are extended to the cases of triangular intuitionistic fuzzy numbers [33, 34]
and intuitionistic linguistic numbers [35-37]. It is worth mentioning the score degree and
accuracy degree functions recently developed by Xu and Chen in [38] to propose an order
relation on the set of interval-valued intuitionistic fuzzy numbers (IVIFNs). However, as

it will be proved later with a counter-example (Example 1), the order relation derived



from the application of Xu and Chen’s score degree and accuracy degree functions is
not total. In a attempt to resolve this drawback, Ye in [39] and Lakshmana Gomathi
Nayagam in [40] proposed alternative accuracy degree functions, respectively, which they
claimed produced a total ordering of IVIFNs. However, these alternative degree functions
are not superior to the existing accuracy degree functions but equivalent ‘in the course
of comparing any two interval-valued intuitionistic fuzzy numbers’. As it will be shown
later in Section 3.3, these score degree and accuracy degree functions do not capture well
all the information contained in IVIFNs and consequently can lead to a lack of precision
in the final ordering of IVIFNs. We believe that this is because these functions are simple
and straight forward extensions of their respective proposals for the case of IFNs. An
important limitation of the above approaches resides in the fact that they do not take into
account the attitudinal character of decision makers. Yager in [41] pointed out that the
attitudinal character of each decision maker may affect the final ranking order of fuzzy
numbers (FNs). The problem of ordering FNs, though, has been extensively studied and
an agreed conclusion is that there is no unique best approach to do this. Recall that FNs
are particular cases of IVIFNs. Thus, the same conclusion applies to IVIFNs. Therefore,
it is important to develop a methodology that best captures the decision maker’s risk
attitude regarding the ranking IVIFNs.

In order to achieve this, the the remainder of this paper is organised as follows: The
next section briefly reviews the main score degree and accuracy degree functions of IVIFSs
and an analysis of their relationships as well as their associated drawbacks is carried out,
which it is used in Section 3 to support the development of novel attitudinal expected score
and accuracy functions of IVIFNs driven by the decision maker’s attitudinal character. In
this section, it is also proved that the new attitudinal expected functions extend Xu and
Chen’s score degree and accuracy degree functions. The following desirable properties
are proved to be satisfied by the new attitudinal expected functions: (i) boundedness;
(ii) monotonicity; (iii) commutativity; and (iv) symmetry. This section is completed
with the definition of a total order relation on the set of IVIFNs. Section 4 presents
a sensitivity analysis with respect to the attitudinal character and a resolution process
of MADM problems in an interval-valued intuitionistic fuzzy environment. Finally, in

Section 5 conclusions are drawn and suggestions made for further work.



2. Preliminaries

This section presents the key concepts related to IVIFSs that will be used throughout
this paper. First, we present Atanassov and Gargov’s defintion of the notion of IVIFS,
which is characterised by a membership function and a non-membership function that

take interval numbers rather than crisp numbers, as introduced in [4].

Definition 1 (Interval-Valued IFS (IVIFS)). Let INT([0,1]) be the set of all closed
subintervals of the unit interval and X be a universe of discourse. An interval-valued IFS

(IVIFS) A over X is given as:

A={ (o, fial@), 7a(e)) o € X | 1)

where i4(x),va(x) € INT([0,1]), represent the membership and the non-membership

degrees of the element x to the set A subject to the following constraint
0 <suppia(z) +supva(zr) < 1,Vr € X.

Denoting by fiar(x), pav(x), var(z) and vay(z) the lower and upper end points of

fia(x) and va(z), respectively, an IVIFS can be represented as

A= {(@[fian (@), Fav @) [Par (@), Pav (@)

7€ X :0< fiar(a) + vav(z) < 1,7ian(z) ADar(z) > o} 2)

Recall that given two IVIFSs, A and B, Atanassov and Gargov containment concept

is modelled as follows [4]:

ACB
iff
Vo€ X : fian(x) < fipp(z) A fiav () < figu(x) A Dap(z) > Upr(z) A Dav(z) > Upy(a).
The hesitancy degree function of an IVIFS is:
Ta(x) = [1 = prav(x) = Vav (), 1 = par(z) = var(r)]. (3)

Given x € X,

([FaL (@), frav ()], PaL (@), vav (2)])



will be referred to as an interval-valued intuitionistic fuzzy number (IVIFN). For conve-
nience, an IVIFN will be denoted by ([u~, u*], [v—,vT]).
Given two IVIFNs a; = ([uy, ui ], v, viT]) and ae = ([us, 13 |, [v5 , V4 ]), we have the

following definition of containment [4]:
ay Cayiff py < py, pf <pz, v >y, and v > vy

Also, the main arithmetic operations can be expressed in terms of the interval lower and

upper bounds as follows [1, 42]:

1) 31 = ([Vl_’l/f_]? [Ml_vﬂi'_])

2) a1 Das = ([uy +pg —py - po i +ud —ppd) v vy, vt v

3) o @ = ([uy - pg,pi 3], [vr +vy —vp vy vt v — v uf)

) A= (1= @ =p)N 1= (1= pD) (0N @G0Y)
5) i = ([(u)* (W) [ = (1= v 1= (1= )Y

The score degree and accuracy degree functions play a key role in MADM problems
with interval-valued intuitionistic fuzzy information because they allow the comparison
of criteria values using IVIFNs. For IVIFNs, Xu and Chen proposed in [38] the following

score degree and accuracy degree functions:

Definition 2 (Xu and Chen’s IVIFN Score and Accuracy Functions [38]). Leta =
(o=, uT], [v~,vt]) be an IVIFN. The score degree and accuracy degree functions of a are

represented, respectively, by

~ T+ut—v =t
Sxe(@) = (®)

and
po+pt v+t
= 5 . (5)

Axc(@)

Notice that Sxc(a) € [—1,1], while Axc(@) € [0,1], and that both functions are
related as follows:

Axc(@) = Sxc(a) + (v~ +v™). (6)

Thus, the following result is proved:



Proposition 1. Given an IVIFN o = ([, u¥], [V, vT]), the following inequality holds:
Sxc(@) < Axc(a)

The score degree function is monotonic increasing with respect to the containment

relation of IVIFNs are the following result proves:

Proposition 2. Given two IVIFNs oy and a such that oy C an then it is gxc(&l) <

Sxc(as).

Proof. Recall that &; C &y is equivalent to uy < uy, pf < ps, vy > vy, v > v
Therefore it is

T N e R T T S e A R

[]

The score degree and accuracy degree are used by Xu and Chen to propose the

following IVIFNs two level ranking method:

Definition 3 (Xu amnd Chen’s IVIFNs Order Relation [38]). Given two IVIFNs
ar = ([uy,pi ], v, vi]) and as = ([us, 14 ], [v5 , V5 ]), the following ordering relation can

be established:
(1) If Sxe(d1) < Sxe(@s) then & < d,.
(2) If Sxe(ar) = Sxe(@):

(i) If Axc (@) < Axe(ds) then &) < as.

(i) If Axc (@) = Axe(d) then &y = d.

In the first level, the score degree is used to rank the IVIFNs, and the second level
is only applied when two IVIFNs have same score degrees, in which case their accuracy
degrees are used to discern the order relation between the IVIFSs. Two IVIFSs are
considered equivalent in term of ordering when both have same score degree and accuracy
degree.

Ye in [39] proposed an alternative expression for the accuracy degree function of an

IVIFN to Xu and Chen’s accuarcy degree function, but with same range of values, [—1, 1]:



Definition 4 (Ye’s IVIFN Accuracy Function [39]). The accuracy degree function

of an IVIFN & = ([u~, u*],[v~,v"]) can be represented by

~ _ vo+ut
Av(@) =p~ +p"+ —5——1 (7)

Notice that in the above definitions, the hesitancy degree function of IVIFNs is not
implemented, which is not the case in the following accuracy degree function introduced

by Lakshmana and Sivaraman in [40]:

Definition 5 (Lakshmana and Sivaraman’s IVIFN Accuracy Function [40]). The
hesitancy based accuracy degree function of an IVIFN o = ([u~, u™], [v~, vt]) can be rep-

resented by

~ - membership degree + § - (hesitancy degree
Aps.(3) = p deg ' ( y degree) (8)

i.e.
e AR Vi el A A A

Aps, (@) = 5 (9)

where 6 € [0, 1] is a parameter that is used to control the individual’s intentions as follows:
0 = 1 corresponds to an optimistic individual, while a pessimistic one would have a value

of § =0.

An alternative expression for A Lss (@) is:

AVLS(;(a) = 10 (W™ +u") -

5 (v vt 44 (10)

N

Using expression (10), it is easy to prove that Lakshmana and Sivaraman’s accuracy

function is monotonic increasing with respect to the containment relation of IVIFNs:

Proposition 3. Given two IVIFNs & and aiy such that oy C ai, then it is AVLSL;(&l) <

Aps, ().
Notice that Ay (&) and Az, (@) can be re-written as follows:
~ = 3 e
Ay(Oé) = ch(Oé) + 5 . Axc(&) -1

1

~ _ ~ » 1—-2-§ ~
ALS(;(OZI) = 5 . ch(Oé) +

-Axc(@) + 9.

The following relationships between the above score degree and accuracy degree functions

are established:



Proposition 4. The IVIFN accuracy degree function ZLS& and the score degree function

Sxc are related as follows:

Ars,o(@) = 5 - Sxcl@ + 5 (1)

and therefore are equivalent in the ordering [VIFNs.

Proposition 5. Given any two IVIFNs &y = ([uy, ui], vy, vi]) and &y = ([us, 1], vy, v57]),

we have:
1. If Sxc(@y) = Sxc(@s) and Axc (@) = Axc(ds) then
1.a) Ay (d) = Ay (as).
1.b) Apg (@) = Aps, (@)
2. If Sxc (@) = Sxc(@) and Axc (@) < Axc(ds) then
2.0) Ay (a1) < Ay (as).
2.b1) Aps,(ay) < Aps,(da) when & < 0.5.
2.b2) Aps, (@) = Aps,(da) when 6 = 0.5.
2.b3) Aps, (@) > Aps,(d2) when & > 0.5.
As mentioned before, the score degree and accuracy degree functions are widely used
in interval-valued intuitionistic fuzzy MADM problems to produce a final ranking of al-

ternatives. However, as the following example illustrates, they are unable to discriminate

between all pairs of IVIFNs in terms of ranking:
Example 1. The following two IVIFNs
a; = ([0.15,0.35],[0.2,0.4]) and as = ([0.2,0.3],[0.2,0.35])

have the same score value S xol(ay) = S xc(a2) = —0.05, and therefore the accuracy value
is to be used to rank them. However, in this case we have ;{XC<&1> = EXC(&Q) = 0.55.
From expressions (7) and (9), and in accordance to Proposition 5, we have Ay (@) =

Ay (@) = —0.025 and Apg, (@) = Apg, (a@s) = 0.25 4 0.45 - 8, respectively.



The example above manifests that the application of the reviewed score degree and
accuracy degree functions are unable to make a clear decision between two alternatives
with final evaluation represented with apparently different IVIFNs, as they treat them as
equal in terms of ordering. This drawback could be overcome by implementing the score
degree and accuracy degree functions takeing into account of the decision maker’s risk

attitude, as proposed in the following section.

3. The risk attitudinal expected score and accuracy functions

Yager [41] pointed out that the comparison of FNs is a problem that has been ex-
tensively studied and that there is no unique best approach. Indeed, the set of fuzzy
numbers is not totally ordered, and therefore a widely used approach to rank FNs con-
sists in converting them into a representative crisp value, and perform the comparison
on them [41, 43], a methodology originally proposed by Zadeh in [44]. Recently, a study
by Brunelli and Mezei [45] that compares different ranking methods for fuzzy numbers
concludes that ‘it is impossible to give a final answer to the question on what ranking
method is the best. Most of the time choosing a method rather than another is a matter
of preference or is context dependent.” Recall that FNs are particular cases of IVIFNs.
Thus, the same conclusion applies to IVIFNs. In any case, it seems appropriate to take
into account the decision maker’s risk attitude to derive a final solution to the MADM
problem. In the following, we propose the risk attitudinal expected score and accuracy

functions for IVIFNs, which extend the functions reviewed in Section 2.

3.1. The attitudinal expected function and its properties

In the following, an interval valued score function for IVIFNs is introduced and a
novel expected score function that takes into account the decision maker’s attitude via the
application of the concept of attitudinal character of a BUM and the continuous ordered
weighted average (COWA) operator introduced by Yager [41]. A set of properties of the
attitudinal expected score function is also proved. To do this, we start by recalling the

concept of a basic unit-monotonic (BUM) function [46]:

Definition 6 (BUM function). A function @: [0,1] — [0,1] such that Q(0) = 0,
Q1) =1 and Q(x) > Q(y) if x > y is called a basic unit-monotonic (BUM) function



Given a BUM function, @, Yager proposed the following definition of the COWA
operators [41]:

Definition 7 (COWA Operator). Let INT(R) be the set of all closed subintervals of
R. A continuous ordered weighted average (COWA) operator is a mapping Fg: INT(R) —
R which has an associated BUM function, @), such that

Fo([a,b)) = (1—A\)-a+A-b. (12)

where
Az/o Q(y)dy. (13)

is the attitudinal character of (). Thus, Fy ([a,b]) is the weighted average of the end
points of the closed interval with attitudinal character parameter A, and it is known as

the attitudinal expected value of [a, b].

In the following, an interval-valued score function is proposed for IVIFNs to derive,
after the application of expression (12), the new attitudinal expected score function to

be applied in the resolution of interval-valued intuitionistic fuzzy MADM problems:

Definition 8 (IVIFN Interval-Valued Score Function). Let INT([-1,1]) be the
set of all closed subintervals of [—1,1]. The interval-valued score function associated

to an IVIFN a(z) = ([u (x), u™ (x)], [v~(z), v (x)]) is given as follows:
Swe(@): X — INT([~1,1]),
Swe(@)(@) = [u™ (@), u* (@) = [ (@), v (@)] = [0 (2) = v (@), p" (@) = v (2)]  (14)
As it was done before, we will drop the symbol x when referring to the interval-valued

score function of an IVIFN @, and it will be denoted simply as gwc(&) =[pu —vhut—

v

Definition 9 (IVIFN Attitudinal Expected Score Function). The attitudinal ex-

pected score function associated to an IVIFN a, §Wc is
B (Swol@) ==X =vH)+A- (" =) (15)

where A is the attitudinal character of a BUM function Q.

10



Notice that because the attitudinal expected score function is based on the COWA
operator, some of the properties of this last one are expected to be inherited by the former
one. In the following, we provide such set of properties.

The attitudinal expected score function is monotonic with respect to the containment

relation of IVIFNs:

Proposition 6. Given any two IVIFNs &y = ([uy, ], [vr,viT]) and &y = ([uy , g ], vy v ]),
such that

a; C o
then

E <§Wc(a1)))\ <FE (gwc(@))A
Proof. According to Definition 9, we have
B (Swe@)) —B (Swe(@)), = 0=2)-[(n7 =)= (g —v) J+0 [ =00 = (s =17

Because a; C i then it is u; < py, pf < pus, vy > vy, and v > v, and therefore

Thus, we conclude:

]

Notice that fixing an IVIFN « the attitudinal expected score function can be con-
sider a function of the attitudinal character A, of which it exhibits the following type of

monotonicity property.

Proposition 7. Given an IVIFN, a = ([u~, pt], [v~,v ™)), the attitudinal expected score

function E (gwc(&)> 1s monotonic with respect to the argument A, i.e.
A

AM2>X=>FE <§WC(&)>/\1 > F (gWC(&)>

Ao
Proof. Notice that E (gwc(&)))\ can be re-written as follows
E <§Wc(&)>A =W —v)+ X (ut—pu +vt—v7)

Because ut —p~ +vt —v~ > 0 it is obvious that F (§Wc(a)> is increasing with respect
A
to A O

11



The attitudinal expected score function is also bounded.

Proposition 8. Given an IVIFN a = ([u~, u*], [v=,vT]), we have
1<y —vt<FE <§Wc(&)> <put—v <1.
by

Proof. From Proposition 7 we know that the minimum and maximum values of F (§W0(5)>
A

are obtained for A = 0 and A = 1, respectively. We have:
E <§Wc(62)> =pu —v'
0

E <§Wc<a)> = ,u+ Z
1
This completes the proof. O
From the results of the preceding theorems, we see that the attitudinal expected score

function is a mean operator. The following result proves that the attitudinal expected

score function is additive and therefore it is a weighted averaging operator.
Proposition 9. Given any two IVIFNs &, = ([uy, ui ], v, vi]) and & = ([, 1 ], [vy , v57]),
we have
B (Swe@) + Swe(@)), = (Swo(@)) +F (Swe(@))
Proof. Because Swo(@) + Swo(@) = [(ur — vf) + (na — v, (uf — vi) + (ug — v3)]

then it is
B (Swe(@) + Swe@)) = (1=X): [ = vi) + (i = vih)]+2 [0 = i) + (5 — )]
Re-arranging the right-hand side we have
B (Swe@) + Swel@) = [(0=2) - (i = 15) + A+ (uf =)
=N (g = i)+ A (i =)

Thus:
E (§Wc(a1> ¥ §Wc(azz))A _E (Q“Wc@zl))A +E (é“wc@zz))A
O

The attitudinal expected score function generalises Xu and Chen’s score function as

the following result proves:

12



Proposition 10. The IVIFN score function §XC and the IVIFN attitudinal expected

score function E (:S'VWC(&))A are related as follows

E (Swo(@), . = Sxo(@). (16)

0.5

Proof. When X = 0.5 the expression of £ (gwc(a)>/\ reduces to

B (Bwe@) =g —v) g o) =D T 5@)

O

In the following we will provide a sensitivity analysis of the attitudinal expected score
function with respect to the attitudinal character A, i.e we will provide the conditions
under which the ordering of two IVIFNs is not affected by a change in the attitudinal

parameter.

Theorem 1. Let a; = ([ , 1|, [vi ,v7]) and & = ([uy, 17 ], [v; ,v)"]) be two IVIFNS,
and let X be the attitudinal parameter associated to BUM function QQ under which it has

been established that
E(%@@wAgEG%d@DX

Let AN be a perturbation of the attitudinal character X with 0 < X+ AX < 1. Then we

have
E <§W0(ai)>/\+A)\ <E <§Wc(aj)>>\+A)\
if
( maX{ — A, ’ <§Wo(&])>ﬂ)\:§ <§WC(&i)>)\} SAXNLST =N, if B < B
“A<SANS 1), if Bj = B
E <§Wc(&j)>A - K (gwc(&i)>

—AgA)\gmin{l—)\, 5 =5 A}, if Bi > B;

\
whereﬁi:u;r—u;+vi+—Vf andﬁjzuj—ufr’/f—ﬁ-

Proof. Firstly, we note that A\ is subject to the following constraint:

“AZ<ANLS 1T— A

13



We have the following relation between E <§WC(&1‘)> and E <§WC<&i)> :
A A

+AX

E(Swe@) =B (Swe@)) +axr-5,

A+AN

where 8; = u — ;7 + vt — v; . The following equivalence holds:

& AN(Bi—B;) < E (gWC(aj))A_E (gwc(ai))A
(17

E (§WC’(ai>> <FE <§Wc(aj)>

A+AX A+AN

Three scenarios are possible:

e [, = [3;. Because £ (gwc(&})))\ <F <§Wc(&j)>)\ then (17) is true for any value of
A\, ie.
“A<ANLS 11—

B (Zq'WC@))A —E (§Wc<&i))

e 3 >p& AN A and therefore:
Bi — B;
E (gwc(&D) - B (%vc@))
“A<AN<min< 11—\, B)‘ 3 AL
T M

o 3 < B AN> " <§WC(&j)>A — b (gWC(ai)>>\

, and therefore:

Bi — B;
max{ — A, . (§WC(&J>)BA:§ <§W0(ai)))‘} <ANLZS 1=\

3.2. The attitudinal expected accuracy function and its properties

Following the methodology of Section 3.1, an interval valued accuracy function for
IVIFNs and a novel expected accuracy function that takes into account the decision

maker’s attitude are introduced.

Definition 10 (IVIFN Interval-Valued Accuarcy Function). Let INT([0, 1]) be the
set of all closed subintervals of [0, 1]. The interval-valued accuracy function associated to

an IVIFN, a(z) = ([u~(z), pt(2)], [ (x),vT()]) is given as follows
Awe(@): X — INT([0,1]),

14



Awe(@)(@) = [p (@), pH(@)] + [ (), (2)] = (1™ (2) + v (2), 17 (2) + ¥ (2)]  (18)
Again, we will drop the symbol x when referring to the interval-valued accuracy function

of an IVIFN a, and it will be denoted simply as gwc(&) = +v,ut+vT].

Definition 11 (IVIFN Attitudinal Expected Accuarcy Function). The attitudi-

nal expected accuracy function associated to an IVIFN a, EWC is
B (Awe@) = (1= (0 +v7) + A (u" +v7) (19)
where X is the attitudinal character of a BUM function Q.

As with the attitudinal expected score function, the attitudinal expected accuracy

function verifies some kind of monotonicity property with respect to the IVIFN argument.

Proposition 11. Given two IVIFNs, &y = ([uy, ui], (v, v1]) and & = ([pg, pg |, [vs s va ),

such that
pr+vr Spp vy Aol v <y vy
then
E <gwc(5z1)>)\ <FE (1&/{/0@2)))\
Proof. Obvious m

In Proposition 11, it is sufficient that pu; < py, vy < vy, pf < pg and v < v to
ensure that (gwc(aﬁ) <FE (ZWC(aQ)) is true.
A A
Notice that F <AWC(6Z)> can be re-written as follows:
by

E <A/WC(&)))\ =(u +v )+ (ur—p +vt—v)=F (gwc(&)>/\+ (vt +v7). (20)

Therefore, the following relationship between the attitudinal expected accuracy score

function and the attitudinal expected accuracy function is proved:
Proposition 12. Given an IVIFN a = ([u~, u*], [v™,vT]), the following holds:
B (Swe@) < B (Ave@), (21)

An immediate consequence of expression (20) is that the attitudinal expected score
function properties of monotonicity with respect to the argument A, boundedness and

additivity are also verified by the attitudinal expected accuarcy function.

15



Proposition 13. Given an IVIFN a = ([u~, pt], [v—,vT]), the attitudinal expected ac-

cuarcy function E <AVWC(&)>)\ 15 monotonic with respect to the argument X, i.e.

N2 = B (Awe@) = B (Awe(@)

)\1 >\2

Proposition 14. Given an IVIFN a = ([u~, u*], [v~,vT]), we have

ogu—+u—§E<ZWC(az)) <ut vt <1
A

Proposition 15. Given any two IVIFNs &y = ([uy, pui], [vi, viT]) and s = ([uy, u3 ], [ve, v ]),

we have
E (ch(&l) + gWc(&2)>/\ =L (EWC(aI»,\ +E (ZWC(&E))A

Additionally, the attitudinal expected accuracy function verifies a type of symmetry
property with respect to the interval-valued membership and non-membership degrees of

the IVIFN argument.
Proposition 16. Given an IVIFN a = ([u~, pt], [v—,v"]), we have
b (@), - £ (ne®),
Proof. Recall that a = ([v—,v*], [, u*]), therefore we have
B (Awe(@) = 1= (7 +p7) + - (0 + ).
This expression coincides with (19). O

As it happened before with the attitudinal expected score function and Xu and Chen’s
score function, we have the following result that proves that the attitudinal expected

accuracy function extends Xu and Chen’s accuracy function:

Proposition 17. The IVIFN accuracy function gxo and the IVIFN attitudinal expected

accuracy function E (ch(a)> are related as follows
A

E (ch(a)) = Axe(@). (22)

0.5

We observe that Proposition 5 applies to E <§Wc(6§)> and F (ch(&)> when
A A
A = 0.5.
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The attitudinal expected accuracy functions E (ch(b@-» R and E (AVWC(&i))
A+AN A

are related as follows:

E(Awe@)) = E(Awe@)) +a1-5

A+AN

where 3; = p — pu; +v;" — v;. Therefore, the proof of Theorem 1 is applicable to prove
the following result regarding the sensitivity analysis of the attitudinal expected accuracy

function with respect to the attitudinal parameter \:

Theorem 2. Let &; = ([, 1), [vi 1)) and & = ([uy, 17 ], [v; ,v)"]) be two IVIFN,
and let X\ be the attitudinal parameter associated to BUM function QQ under which it has
been established that

‘E(EWCQLDAEQE<EWCQ@DA.

Let AN be a perturbation of the attitudinal character A\ with 0 < X4+ AX < 1. Then we

have
E <EWC(&")>A+AA = (ﬁwc(&j ))A+AA
if
rmw{AE(&m@w%EC%M@”A}<A»<1A,U@<@
i = D)
“A<ANS 1), if By = Bi
E (ZWC(&']-)>)\ - K (/TWC(CN%')>

—AgAAgmm{1—x A}, if B; > B

Bi = B

\

where B; = i — p7 +viT — v and B; = pf —p; + S — vy

3.3. Ordering relation of interval-valued intuitionistic fuzzy numbers

Example 1 demonstrates that a two level ordering relation based on the score function
and accuracy function developed up to know is insufficient to discriminate correctly be-
tween different IVIFNs. The reason for this is that an IVIFN is completely characterised
by four parameters in the unit interval subject to a constraint on two of the parameters
(the upper membership and non-membership degrees) that reduces the degrees of free-
dom from four to three. Therefore, it seems as if a three level ordering relation might be
needed to accurately identified equality of IVIFNs, and therefore to properly discriminate

between different IVIFNs. To achieve this, a new index function is used in conjunction
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with the attitudinal expected score function and the attitudinal expected accuracy func-
tion previously developed, which was introduced by Wang et al. in [31] and that is

presented in the following definition:

Definition 12 (Membership Uncertainty Index Function). The membership un-
certainty index function of an IVIFN, a(z) = ([u~ (), u (2)], [v™ (x), vt (z)]) is given as
follows
T(a): X — [—1,1],
T(@)(z) = (u*(2) —p () = (v*(2) — v (2)) (23)
For simplicity and consistency with the previous defined functions, we will drop the

symbol x when referring to the membership uncertainty index function of an IVIFN a,

and it will be denoted simply as T'(@) = (u™ —p~) — (v —v7).
Atanassov and Gargov’s defintion of equality of IVIFNs is the following [4]:

Definition 13 (Equality of IVIFNs). Given two IVIFNs, a; = ([uy, il v, v1])

and as = ([ug, i3 |, [V5 , V5 ]), we have the following equivalence:

Qi =0y =y N pf =p3 ANvp=vy Ayl =uy (24)
Next, we characterise the equality of IVIFNs using the above three functions:

Proposition 18 (Characterisation of Equality of IVIFNs). Given two IVIFNs, a; =

([, 1), v, vl ]) and aa = ([us, 13 ], (V5 , v ]), we have the following equivalence:

a; =
iff
E(Swe@) = E (Swe@), A E(Awe@)) =B (Awe(@)) A T (@) =T (@)
Proof. We only need to prove that when

B (Swe(@)) = £ (Swe@)) A E(Awe(@)) = E(Awe(@) AT(@) =T )

then it is

P =py A pg =p3 A vp=vy Ayl =1y
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1. B (gwc(&f)>/\ =F (S’Wc(a;))A is equivalent to
(=) (i =)+ X =) = [A=N) - (g 1) + A (3 —15)), YA€ [0,1].

Making A = 0 and A = 1 we have:
(a) py — v =py — vy
(b) pf — vy =p3 —vy
2. E (ZWC(&\IDA =F (ch(ag)% is equivalent to
(=2 (D) + A (@ + )] = [(1= ) (g +v5) + A (p3 +15)), VA€ [0,1].
Making A = 0 and A = 1 we have:
(&) pn v =py + 1y
(b) ui +u =pg +vy
3. T (ay) =T (az) is equivalent to
(" =) = (" =) = (3 =) = (5 —w2)
The following expression is computed
2-1(a) +2(a) +2(b) — 3
resulting in
depy =4 py Sy = iy

Applying this to 1(a) and 2(a) we have that v;” = v and v; = vy, respectively. Finally,
from 1(b) we derive that p = . O

This result allows the development of the following order relation on the set of IVIFNs:

Definition 14 (Attitudinal IVIFN Order Relation). Given two IVIFNs, a; and as,
we say that
Q) < Qo
if and only if one the following conditions is true:
1. B (Swo(@) < B (Swel@)),
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The next result proves that the order relation < is a strict order.

Theorem 3 (Strict Order). The relation < on the set of IVIFNs is a strict order, i.e.

< 18
1. Irreflexive: ¥ o : a < « does not hold.
2. Asymmetric: ¥ aq, Qs @ if aq < ai, then as < ag does not hold.
3. Transitive: ¥ aq, s, a3 : if a; < as and ag < as, then a; < as.

Proof. Ttems 1. and 2. are obvious from Definition 14. We prove the transitivity property.

Starting with a; < as, from Definition 14 we have three possible cases:

1. E (gwc(&1)>/\ < FE (gwc(&ﬂ)/\- In this case, it is clear that E <§WC<621)>)\ <

E (§Wc(&3)> , no matter which condition is true for as < as.
A

2. I <§WC’(&1)>>\ =F (gwc(%)))\ AN E (ch(aﬂ))\ < FE (1&}/{/0(&2)))\. Because

ap < a3 then one of the following is true:

(o)

weo(ag ) < FE <ch(a3)>)\. In this case, we conclude that E <§WC(&1))A <

Dj Djtij

(SWC ) and therefore it is a; < as.

Swol@ ) —E <§Wc(a3)>A AE (ch(a2)>A <E (ch(ag))k. In this
case, we conclude that F <§WC(&1)>>\ =F <§Wc(&3)))\ N E (EWC(&1)>/\ <

(Awe

) E(Swe(@) = B(Swe@) A E(Awe@) = E(Awc@)) A
(ag) > T (ar3). In this case, we conclude that £ <§Wc(541)))\ =F <§WC’(&3)>>\ A
(KWC(&]))/\ <FE (AVWC(E)Zg))/\ and therefore it is a; < as.

Aw > and therefore it is a; < as.

E
) E
T
E

3. E (§Wc(a1))A _E (§WC(5.72))A A E (A}VC(al))A _E (ﬁwc(az))A AT (@) >

T (&2). Because ay < as then one of the following is true:
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SWC (g ) < FE (ch(a3)>A. In this case, we conclude that E <§WC(671))A <

& Dij

(SWC Qs ) and therefore it is a; < as.

Sweol@ ) —E (§WC(5;3)>A AE (ch(ag))A <E (ch(a?)))x In this
case, we conclude that F <§WC’(&1)>>\ =F <§Wc(623)))\ N E <gvyc(&1)>A <

A > and therefore it is a; < as.

E (Swo(@) ) = E(Swe@)) A E(Awo(@) = E(Awe(@)) A
ay) > T (as). In this case, we conclude that £ (gwc(aﬁ))\ =F (§Wc(&3)>/\ A
(AWC > = E(ZWC(&;;,))/\ A T (ay) > T (az) and therefore it is

521 < 043.
We conclude that a; < @ and as < as implies a; < as. O

Theorem 3 allows the following construction of a total order on the set of IVIFNs:

621 < 622 if and Ol’lly if 621 < 622 V &1 = 622. (25)
Proposition 6 can be re-written as follows:
Proposition 19. Given any two IVIFNs &y = ([uy, puf], [vi, vi7]) and e = ([uy, 131, [ve , va ),
the following holds:

&1§&2 = &15&2.

Notice that the results presented in this section are applicable to constant IVIFNs,
i.e. IVIFNs verifying

([ar (@), av ()], [Par (@), vav (@)]) = (07, 7], 7, v7]) Vo € X

4. Interval-valued intuitionistic fuzzy multi-attribute decision-making method

based on the attitudinal expected functions

Let A = {A1, As, ..., A, } be aset of alternatives and a set of criteria C' = {Cy,Cs, ..., C,}

that have associated an importance weight vector W = (wy, ws, ..., w,) such that:

w; >0 A Y wy=1.
j=1
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Each alternative A; is assessed using the following assessment profile of constant

IVIFNs on the set of criteria

Vie {1,2,...,m): A; = {(Cj,[ﬁm(cj),ﬁw(c ), B (Cy), i (CH|VG € {1,2, ..., n} -

Cj € C:0 < iw(Cy) + T (Cy) < 1,7ur(Cy) AT (Cy) > o} (26)
Using the following notation from the previous section

([:(C5), i (C)], [Pin(Cy), v (CRY) = ([haago 5], vig» vi51) = g

An interval-valued intuitionistic fuzzy decision matrix, D = (Qij)mxn, is elicited. The
problem here to solve is to produce a final ranking of the alternatives based on the

information contained in the interval-valued intuitionistic fuzzy decision matrix.

Example 2. Let us assume a set of four alternatives {A;, Ay, A3, A;} that are assessed
against a set of four criteria {Cy, Cy, C3, Cy}, with corresponding weighting vector W =

(0.1,0.4,0.4,0.1), resulting in the following interval-valued intuitionistic fuzzy decision

matrix.
([0.4,0.5],]0.2,0.3]) ([0.3,0.6],]0.3,0.4]) ([0.6,0.7],[0.2,0.3]) ([0.4,0.6],[0.1,0.2])
5_ ([0.4,0.7],10.1,0.2]) (]0.6,0.7],[0.1,0.2]) ([0.3,0.6],[0.2,0.3]) ([0.4,0.5],[0.1,0.4])
B ([0.3,0.4],10.2,0.3]) (]0.4,0.7],[0.2,0.3]) ([0.4,0.5],[0.1,0.3]) ([0.6,0.8],[0.1,0.2])
([0.3,0.6],[0.2,0.3]) (]0.4,0.5],[0.1,0.4]) (]0.5,0.8],[0.1,0.2]) (]0.5,0.6],[0.1,0.2])

Each alternative, A;, can be associated its collective attitudinal expected score value

as the weighted average of its corresponding assessment profile

sn(4) = > w; - B (Swel@y)) | ij ) g = vi) + A (= )] (27)

Example 3 (Continuation of Example 2). Assume the following BUM function Q(y) =

y'/3, which results in the following attitudinal character value A = 3 /4 and attitudinal

expected score value matrix

0.250 0.200 0.450 0.425

E(§ @) 0.500 0.550 0.300 0.300
wo Qg ) =
sy 0.150 0.400 0.325 0.625

0.300 0.300 0.600 0.450

22



The collective attitudinal expected score values are:
s3/4(A1) = 0.3275, s3/4(As) = 0.42, s3/4(A3) = 0.3675, s3/4(As) = 0.510.
The final ranking of the alternatives would be:
Ay = Ay = Az = A;.

The ranking of the alternatives depends on the value chosen for the attitudinal pa-
rameter A, and therefore it would be interesting to know the conditions under which a
change in the attitudinal value does not result in a reverse ordering of two alternatives.
These conditions are given in the following sensitivity analysis theorem of the collective

attitudinal expected score value (27).

Theorem 4. Let A be an attitudinal parameter value under which it has been established
that sx(Ax) < sa(A4;). Let AN be a perturbation of the attitudinal character A with

0< AN+ANZ 1. Then we have

Sxran(Ar) < sxran(4r)

iff
(
A) — sx(A
max —A,SA( ) = x(Ax) <AAN<1—), iff, <0
6 — 6,
CA<SANS 1o, if 0 = 6,
A<Ar<mind 12 =aE@) L,
\ 0 — 0,

where 0y, = > 7 wj - (,u,j] — My TV — Vk_j) and 0; = Y7, w; - (u;; — pi; + v — Vl;)
Proof. Notice that A\ is subject to the following constraint:
“AZ<ANLS 1T— A

We have the following relation between sy ax(Ax) and sy(Ax):

snean(Ar) = sx(Ap) + AN - O, with 0, =Y " w; - (uf; — g + vl — vig) -

j=1

The following equivalence holds:
Saran(Ar) < snpan(Ar) & AN (0 — 61) < sa(Ar) — sa(Ar). (28)
Three scenarios are possible:
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o 0, = 0,. Because s)(Ay) < sx(A;) then (28) is true for any value of A), i.e.
“A<ANS 1T- A

S)\(Al) — S)\(Ak)

e 0. >0, AN , and therefore:

0, — 6,
“A<AN<min< 11—\, sx(A) = 5 (Ax) )
0, — 6,
e 0. <6, AXN> sx(A) — S’\(Aw, and therefore:
Or — 0
max{ — A, Sx (Al — 5x(Ax) <AN<ZT -
0, — 6,

]

Example 4 (Continuation of Example 2). The general attitudinal expected score

value matrix expression with respect to A is

0.1+02-A =01+04-X 03402-X 02+0.3-A

E<§ - 024+04-A 04402\ 0.4\ 0.4\

WcOéz“) =
7 02-A 01+04-X 01+03-A 04+03-\
0.4\ 04-A 03+03-A 03+02-A

The collective attitudinal expected score values are:
sx(A1) = 0.1140.29-A, sy(Az) = 0.18+0.32-A, s)(A3) = 0.1240.33-\, s5(A4) = 0.154+0.38-\.
We observe that

Sx(Ay) > sa(A3) > 55 (A1) VA= Ay = Az = A VA

Sx(Ag) > sa(Az) > sx(A1) VA= Ay = Az = A VA
However, regarding the comparison of A and Ay, we have the following
e If A €10,0.5) then Ay = Ay
e If A =0.5then Ay ~ Ay

o If A € (0.5,1] then Ay = A
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Summarising, we have the following:
e V A €0,0.5) we have: Ay = Ay = Az = Aj.
e [f A\=0.5then Ay ~ Ay = A3 = Aj.
o V) € (0.5,1] we have: Ay = Ay = Az = Aj.

Therefore only when the value of X is close to 0.5, we may have a reversal ordering of
the alternatives A, and Ay. It is worth remarking here that the final ordering of the
alternatives not only depends on the value of the attitudinal character but also on the
particular criteria weighting vector, an issue that will be the focus of future research

work.

The collective attitudinal expected score values results in a total ordering of the
set of alternatives. For those alternatives with same collective attitudinal expected score
values, we apply the second level ordering with the application of the collective attitudinal

accuracy score value
A) =Y ;- B (Awo(@y)), ij ) (i +v5) + A i+ )] (29)
j=1

An alternative expression to (29) for the collective attitudinal accuracy score value can
be obtained if the relationship (20) between the the attitudinal expected accuracy score

function and the attitudinal expected accuracy function is used:
(4) =Y w; - B (Awe(@y)), Z w; - | B (Swol@y)), + W +v5)]
j=1
=sx(A) + ) wj- (h + ). (30)

Example 5 (Continuation of Example 2). In Example 4, we had sq5(As) = s05(A2) =
0.34. It is easy to prove that in this case we have that ag5(As) = ags(A42) = 0.74, so
we can not decide yet which alternative is the best. To do that, we apply the third level
ordering based on the use of the membership uncertainty index. Obviously, a different
criteria weighting vector to the one used in these examples might have led to different

attitudinal expected accuracy values.

A similar reasoning to that of Theorem 4 can be used to prove the following sensitivity

analysis of the collective attitudinal expected accuracy value (27):
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Theorem 5. Let A be an attitudinal parameter value under which it has been established
that ax(Ax) < ax(A;). Let AX be a perturbation of the attitudinal character A with
0<AN+ANZ 1. Then we have

axtax(Ar) < axian(4;)

iff
maxd A, QA ZaA) L gy g g
0 — 0,
CA<SANS 1- A, if 0 = 6,
A< AN< min{l Y “*(Ale) - C;A(A’“) } if 0 > 0,
k — V]

n

where Oy, = Y7 wj - (s — s + Vit — ;) and 0, = > wj (s — gy + v — vi5).

For those alternatives with same collective attitudinal expected score values and col-
lective attitudinal accuracy score value, we apply the third level ordering with the com-

putation of their respective collective membership uncertainty indexes.
_ + - - —
T(A;) = ij (s = i) = (v —vig) ] (31)
j=1

Example 6 (Finishing Example 2). The collective membership uncertainty indexes
corresponding to alternatives A, and A, are T(Ay) = —0.04 and T'(A4) = 0.04, and

therefore the final ranking of the set of alternatives when A = 0.5 would be:

A2>—A4>—A3>A1.

5. Conclusion

Based on the concept of attitudinal character of a BUM and the continuous ordered
weighted average (COWA) operator, attitudinal expected score and accuracy functions
for IVIFNs are introduced and their relationship with existing score and accuracy degree
functions are investigated. A set of properties are also proved, which makes them to be
a type of weighted average operators. A key result provided is the construction of a total
order on the set of IVIFNs using a three level ordering relation based on the conjunction
application of the attitudinal expected score and accuracy functions and Wang et al.’s
membership uncertainty index function. A resolution process of interval-valued intuition-

istic fuzzy multi-attribute decision making problems that ranks the alternatives by taking
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accounting of the decision makers’ risk attitude is also provided. It was remarked before

that the final ordering of the alternatives not only depends on the value of the attitudinal

character but also on the particular criteria weighting vector, which in conjunction with

the development of consistency based decision models [47] will be the focus of future

research work.
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