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Abstract

Ordered weighted average (OWA) operators are commonly used to aggregate
information in multiple situations, such as decision making problems or image
processing tasks.

The great variety of weights that can be chosen to determinate an OWA
operator provides a broad family of aggegating functions, which obviously
give different results in the aggregation of the same set of data.

In this paper, some possible classifications of OWA operators are sug-
gested when they are defined on m-dimensional intervals taking values on a
complete lattice satisfying certain local conditions. A first classification is
obtained by means of a quantitative orness measure that gives the proximity
of each OWA to the OR operator. In the case in which the lattice is finite, an-
other classification is obtained by means of a qualitative orness measure. In
the present paper, several theoretical results are obtained in order to perform
this qualitative value for each OWA operator.
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1. Introduction

Interval-valued fuzzy sets have shown to be a good tool for modeling
some situations in which uncertainty is present [3]. This class of fuzzy sets
allows us to assign a whole interval to each element of the set, which is more
flexible than a single value to represent the reality. However, the aggregation
of intervals, necessary in most decision making problems or image processing
techniques in order to obtain a global value from several data, is not always
an easy task.

Ordered weighted average (OWA) operators are commonly used when the
fuzzy sets that are involved in this case of problems take single real values
instead of intervals (]7], [20], [21]). These aggregation functions, introduced
by Yager [18], merge the data after modulating them by means of some
weights, but in such a way that the weight affecting to each datum only
depends on the place it takes in the descending chain of the arranged data.
Hence Yager’s OWA operators are symmetric, i.e., the global value that they
obtain from a collection of data does not depend on either the expert or the
resource that has provided each datum.

One of the advantages of OWA operators is their flexibility. The different
weighting vectors provide a broad family of aggregation functions, varying
from an OR aggregation (maximum) to an AND aggregation (minimum).
One of the most difficult tasks for using OWA operators is the choice of its
weighting vector. For this reason, Yager gives a classification of OWA oper-
ators by assigning an orness measure to each one of them. This value gives
an idea of the proximity of each OWA operator to the OR one. Specifically,
orness yields the maximum value (1) to the OR operator while it yields the
minimum value (0) to the AND one.

Similar to other aggregation functions, see [12], OWA operators were
generalized by Lizasoain and Moreno in [13] from the real unit interval to
a general complete lattice L endowed with a t-norm 7" and a t-conorm S,
whenever the weighting vector satisfies a distributivity condition with respect
to T and S. Moreover, a qualitative parametrization of OWA operators,
based on their proximity to the OR operator, but only in those cases in
which the lattice L is finite, is studied in [16].

In [17], a quantitative parametrization of OWA operators is proposed for a
wider family of lattices L: those containing a Maximal Finite Chain between
any two elements. These lattices have been referred to as (MFC)-lattices and
they comprise in particular all the finite lattices. The quantitative orness on



these (MFC) lattices is defined in the following way:

First, for each weighting vector a = (ay,...,a,) € L", a qualitative
quantifier @ : {0,1,...,n} — L is defined by means of Q,(0) = 0, and
Qa(k) =S (a1,...,ax) for 1 <k <n.

Then, instead of merging the weights as it had been done by Yager in the
real case, the formula for the orness of OWA operators on lattices considers,
for each k € {1,...,m}, the length of the shortest maximal chain pu(k)
between Q,(k—1) and Q. (k). Then it aggregates them according to Yager’s
formula: . )

1 w(k
orness(F,) — ;(n k)p(l) )

The present paper is devoted to the classification of m-dimensional interval-
valued OWA operators. It deals with OWA operators defined on the lattice
L comprising all m-dimensional intervals [ay, ..., a,] with a; <p -+ <p an
belonging to a lattice L. The name of m-dimensional interval responds to
the following reasons.

In the context of real-valued fuzzy sets, binary intervals are commonly
used to express the membership degree of an element to a fuzzy set when some
uncertainty or noise is present. As a generalization of them, m-dimensional
real intervals are introduced in [2] to express membership degrees given by
m different evaluation processes ordered by rigidity. For a general complete
lattice L, m-dimensional intervals are studied in [14].

In the present paper, the case in which L is an (MFC)-lattice is considered.
In particular, it is shown that, in that case, L™ is also an (MFC)-lattice.
The quantitative orness defined in [17] for each lattice m-dimensional interval
OWA operator is performed as a weighted average of the orness measures
carried out componentwise. When m = 1, the results obtained here agree
with those of [17].

In a complementary way, in those cases in which L is finite, it is obvious
that L' is also finite and the qualitative orness given in [16] is well-defined
on this new lattice. However, the calculation of the elements belonging to
L' that occurs in the qualitative orness formula is not an easy task. We
have achieved a formula for these elements in two common cases of L: when
L is a distributive and complemented finite lattice and when L is a finite
chain, which are shown in several examples of decision making problems.
Also in this case, the results when m = 1 agree with those of [16].

The remainder of the paper is organized as follows. Section 2 provides




some preliminary concepts and results regarding OWA operators defined on
a complete lattice. We show that, if a lattice L satisfies some local finiteness
condition, then so does L™, in Section 3. In this section, we also study
the relationship between the quantitative L"-orness and the quantitative L-
orness of OWA operators and we apply it to a decision making problem. In
Section 4, we consider the particular case of finite lattices as well as we shown
how to find the elements in L™ that are necessary to calculate the qualitative
orness of OWA operators defined on it. In Section 5, we analyze those cases
in which the finite lattice is distributive and complemented and show an
application of this modelization to a decision making problem. We study
those cases in which the lattice is a finite chain and apply the results to some
decision making problems in Section 6. We finishes with some conclusions.

2. Preliminaries

Throughout this paper (L, <;) will denote a complete lattice, i.e., a par-
tially ordered set, finite or infinite, for which all subsets have both a supre-
mum (least upper bound) and an infimum (greatest lower bound). We denote
0z and 1, respectively as the least and the greatest elements in L.

Recall that an n-ary aggregation function is a function M : L™ — L such
that:

(i) M(ay,...,a,) <p M(d),...,al) whenever a; < a} for 1 <i <n.

»'n

(11) M<OL;-~-,0L) :OL and M(]'L?"')]-L) :]'L'

It is said to be idempotent if M (a,...,a) = a for every a € L and it is called
symmetric if, for every permutation o of the set {1,...,n}, M(ay,...,a,) =
M(ag(l), .. ,aa(n)).

Definition 2.1 (see [5]). A map T': L x L — L is said to be a t-norm
(resp. t-conorm) on (L, <p) if it is commutative, associative, increasing in
each component and has a neutral element 1, (resp. 0r).

Remark 2.2. If T: L x L — L is a t-norm on (L, <p), then for any a, b € L,
T(a, b) <p a Ab and, hence, T(0y, b) = 0. Analogously, if S : L x L. — L
is a t-conorm on (L, <p), then for any a, b € L, a Vb < S(a, b) and hence
S(lL, b) =1y.

For any n > 2, S(ay,...,a,) will denote S (... (S(S(a1,az2),as),...an_1),a,).
Note that any t-conorm S is symmetric.



A wide family of both symmetric and idempotent aggregation functions
was introduced by Yager [18] on the lattice I = [0, 1], the real unit interval
with the usual order.

Definition 2.3 (Yager [18]). Let o = (au, -+, ) € [0,1]" be a weighting
vector with oy + -+ 4+ a,, = 1. An n-ary ordered weighted average operator
or OWA operator is a map F, : [0,1]" — [0, 1] given by

Fa(ala"' 7an) :a1b1+"'+anbn7

where (by,...,b,) is a rearrangement of (ay,--- ,a,) satisfying that b, >
>,

It is easy to check that OWA operators form a family of aggregation
functions bounded between the AND-operator (or minimum), given by the
weighting vector a = (0,...,0,1),

F.(ay, -+ ,a,) = a1 A--- Aa, for any (ai,...,a,) € [0,1]"

and the OR-operator (or maximum), given by the weighting vector a =
(1,0,...,0),

F.(ai,--+ ,an) =a1 V---Va, for any (ay,...,a,) € [0,1]™.

With the purpose of classifying these operators, Yager [19] assigned an or-
ness measure to each OWA operator F,, which depends only on the weighting

vector o = (av, ..., ), in the following way:
(F) =~ 3 1)
orness(F,) = n —k)oy.
n—1 — b

It is easy to check that the orness of each operator is a real value situated
between 0, corresponding to the AND-operator, and 1, corresponding to the
OR-operator. In general, the orness is a measure of the proximity of each
OWA operator to the OR-operator. For instance, the orness of the arithmetic
mean, provided by the weighting vector (1/n,...,1/n), is equal to 1/2.

In addition, Yagger defined, for each weighting vector a = (avy, ..., ap,) €
[0,1]", a quantifier function @, : {0,1,...,n} — [0, 1] by means of:

0 itk=0

oy + -+« otherwise

Q) = { @)
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Note that @, is a monotonically increasing function. Moreover, given a
monotonically increasing function @ : {0,1,...,n} — [0,1] with Q(0) = 0
and Q(n) = 1, then there exists a unique weighting vector o = (a, ..., a,) €
[0,1]™ with Q, = Q. Indeed, for any k = 1,...,n, put oy, = Q(k) — Q(k —1)
and check that @), = Q.

In [13] n-ary ordered weighted average (OWA) operators are extended
from the unit interval to any complete lattice (L, <) endowed with a t-
norm 7" and a t-conorm S, which is the framework chosen for our study. We
recall some concepts before writing the definition of lattice OWA operators.

Notation: Troughout this paper, a quadruple (L,<r,T,S) is a complete
lattice (L, <;) endowed with a t-norm 7" and a t-conorm S.
The quadruple (L, <, T,S) is said to satisfy the distributive property if

(D) T'(a, S (b,c)) =S (T(a,b),T(a,c)) for any a,b,c € L.

Recall that, if (L, <p,T,S) satisfies the distributive property (D), then
S is the t-conorm given by the join (see [6] Propositions 3.5, 3.6 and 3.7). In
spite of this, the t-conorm given by the join is not always distributive with
respect to an arbitrary t-norm 7'.

Definition 2.4 ([13]). Consider a quadruple (L, <.,T,S). A lattice vector
a = (ag,...,a,) € L" is said to be a weighting vector in (L,<p,T,S) if
S(a1,...,a,) = 1, and it is referred to as a distributive weighting vector in
(L,<p,T,S) if it also satisfies that

T (a,S(a1,...,a,)) =S (T(a,aq),...,T(a,a,)) for any a € L.

Note that, if (L, <, T,S) satisfies property (D), then any weighting vec-
tor « = (a,...,a,) € L™ with S(ay,...,a,) = 1, is distributive in
(L ) SL) T> S )

In order to define an OWA operator on a lattice L, which is not always
totally ordered, we need to substitute the arrangement of the data in an
increasing order with the construction of a chain starting from the data. We
build it by means of the k-th statistics described below.

Definition 2.5. Let (L, <, T, S) a quadruple. For each vector (ay,..., a,) €
L™, we consider

eby=a;V---Va, € L;



o by = [(a1Naz)V..V(a1ANay)|V[(agAaz) V..V (asAay)| V.. Va1 Nay] € L;

o by=\{ay A Naj, |1 < <jee{l,...,n}} e L;

eb,=a1N---Na, € L.

Remark 2.6. Let (L, <p, T, S) be aquadruple, (ai, ..., a,) € L and {b1, ..., b,}

as introduced in Definition 2.5.

(i) It is easy to check that [b,, ..., bi] is indeed a chain:

ag N Nap=b, <pbp 1 < <p by <pbi=a1V---Va,.
(i) If the set {ai,...,a,} is totally ordered, then [b,,..., bi] agrees with

[as(1), - - - 5 Qo)) for some permutation o of {1,...,n}.
(iii) For each 1 < k < n, by is the k-th order statistic of the vector
(a1,..., a).

The generalization of OWA operators to an arbitrary complete lattice is
based on the previous rearrangement of the data.

Definition 2.7 ([13]). Let (L, <., T, S) be a quadruple. For each distributive
weighting vector « = (v, ..., q,) € L™, the function F,, : L™ — L given by

F.lay,...,a,) = S(T(a1,b1), -, T(an,bn)) (a1,...,a,) € L",

where the elements b, < --- <y b; are calculated according to Def. 2.5 for
each (ay,...,a,) € L", is called an n-ary OWA operator.

If 7 = [0,1] with the usual order <, T'(a,b) = ab for every a,b € [0, 1] and
S(a,b) = min{a + b, 1} for every a,b € [0,1], then o = (ay,...,a,) € [0, 1]"
is a distributive weighting vector if and only if a; + -+ 4+ a,, = 1 (see [13]).

In this case, OWA operators F,, : I™ — [ coincide with those given by
Yager (see [13]). In addition, the main properties of [0, 1]-valued OWA oper-
ators also hold for any quadruple (L, <p,T,S). Indeed, for any distributive
weighting vector «, F,, is an idempotent symmetric n-ary aggregation func-
tion lying between the operators given by the meet (OR-operator) and the
join (AND-operator) on L.



In those cases in which the lattice (L, <j) satisfies some certain local
finiteness condition, denoted by (MFC), a quantitative orness was introduced
in [17] in order to classify n-ary OWA operators:

(MFC) For any a,b € L with a <p, b, there exists some mazimal chain
with a finite length [,

a:aO<La1<L~~<Lal:b,

where the maximality means that, for any 0 < i <[ — 1, thereisno ¢ € L
with o’ < ¢ <, a'tl.

In such lattices, the distance dp(a,b) between two elements a and b, is
considered to be the length of the shortest maximal chain between a and b.

Definition 2.8 ([17]). Let (L,<.,T,S) be a quadruple in which (L, <p)
satisfies condition (MFC). For any distributive weighting vector in (L, <,
,1,58), a« = (oq,...,ap) € L™ consider the qualitative quantifier @, :
{0,1,...,n} — L given by:

Qa(0)
Qa(k)

For each k = 1,...,n, denote pu(k) = dp (Qo(k —1),Qu(k)). If p = p(1) +
-+« + p(n), then we define

Or
S(aq, -+ ,ap) fork=1,... n.

orness(F,) = ! (n— k)M
n—1 — I

(3)

Remark 2.9. Let a = (a1, ...,a,) € L™ be a distributive weighting vector in
(L, <., T,S). Then @, is a monotonically increasing function. Indeed, for
each k € {1,...,n}, Qu(k) = S(Qua(k —1),ar) > Qu(k —1).

In addition, orness(Fy,) is well-defined, i.e., if F,, = Fjs for some distribu-
tive weighting vector 5 € L", then orness(F,) = orness(Fj).

Note that all the finite lattices satisfy condition (MFC). However, this
is not the case for the real unit interval [0, 1], in which, on the other hand,
there is a natural definition of distance d(a,b) between two elements a and
b, named d(a,b) = |a — b|. Obviously, if this distance is placed instead of
dr (Qua(k —1),Q4(k)) in the previous formula, Yager’s orness is obtained.



3. Quantitative orness of m-dimensional interval OWA operators
defined on an (MFC) lattice

In this section, for each quadruple (L, <p,T,S), L' will stand for the set
of all the lattice m-dimensional intervals® [ay, ..., a,] with a; <p -+ <p a,,
contained in L. Note that (L' <;1,) is also a complete lattice with the
partial order relation <, given by

a1, ..., am] <pim [c1,...,cn] if and only if a; <p ¢; fori=1,... m.

Furthermore, the map T : Lim x Lim — LI given, for any [ai,...,an),
[c1,...,¢m] € L™ by

T ([a1, .- am],[c1,- - em]) = [T(ar, 1), .., T(am, cm)]

is a t-norm on L™ (see [14]). Similarly, the map S : L' x L' — L™ given,
for any [a1,...,an], [c1,...,cn] € L' by

S([at, ... am],[c1,-. . cm]) = [S(ar, 1), ..., S(am, cm)]

is a t-conorm on L™ (see [14]).

Remark 3.1. Tt is easy to check that, if a quadruple (L, <, T,S) satisfies
distributive property (D), then the quadruple (L™, <;1.,T,S) also satisfies
property (D).
Notation: Note that the symbol V are used indistinctly for operators on
both lattices L and L.

We show that, if (L, <p) satisfies the (MFC) property, then (L' <;1,)
also satisfies it, which allows us to calculate the quantitative orness of any
lattice interval-valued OWA operator.

Theorem 3.2. If (L,<;) satisfies condition (MFC), then so (L™, <pm.)
does. Furthermore, if [a1, ..., am], [c1,...,cm] € L™, then the distance dpi.
defined as the length of any of the shortest maximal chain between them,
satisfies

dpm ([a1, .. aml,[c1, ..o em)) = dp(ar, e1) + -+ -+ dp(am, cm)-

2Tn the literature, m-dimensional intervals are also called chains, but we take the no-
tation from the context of fuzzy sets, as has been explained in the Introduction



Proof. For each 1 < i < m, let a; = a¥ < a} < --- < a* = ¢; be a shortest
maximal chain between a; and ¢; in (L, <p). Consider the following chain C

between [ay, ..., a,] and [c1, ..., cy) in (LI, <pr,):
(a1, amo1,am] =[a), ... ad 1, ad] <[al,....ad j,al]<---<
(@, ...,a0 | alm] =% ...,a% |,cm] <[ ... al, | cm] <---<
[
(@), .. ad o a1 cn] =[ad, . ad o emt,em] < -or <
(@Y, o,y Cmt,Cm] <A1, €2,y CmtyCm] < -0 0 <
[, ca, . Cmety Cm] = €1, Cas - - oy Cmt, Cm).-

Obviously, C is a maximal chain with length equal to Iy +--- + [, =
d(ai,c1) + -+ + d(am, ). Tt only remains to prove that there is not a
shorter chain between [ay, ..., a,] and [c, ..., ¢y] in (LI, <pr,).

Suppose, contrary to the hypothesis, that there exists some maximal chain
D,

[ar, ... am) =[d), ..., d°] <[di,...,d ] <---<][d....d ) =Ici,...,cm)

between [ay,...,ay] and [c1,...,¢p] with [ < Iy 4 -+ + [,,. For each j €
{0,...,1=1}, [d],....d ] < [t ... dit']. Then thereissomei € {1,...,m}
with @/ < d*'. Moreover:

(i) The previous index i is unique (for each j). Otherwise, consider, for
each j € {0,...,1 — 1}, the minimum index i with dg < dg“ and
the minimum i in {i + 1,...,m} with &, < @', then the interval
o=[d,....d,....d"", ... dit) € L' would satisfy

et A
; ; ; ; +1 i+1 j+1 j+1
(@ dl D) < 8 < [ d L di,

contradicting the maximality of D.
(ii) There is no e € L with d/ < e < d*' because it would imply that

], .. d, . B <[d],.. . e ... d)<[dT . AT A,
contrary to the maximality of D again.

Now, consider a fixed i € {1,...,m} with a; < ¢; and call {1, ..., .} all

the indexes j € {1,...,1} with &/~" < d’. By previous remarks (i) and (i),
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the length of the chain D will be the sum of all the cardinals ;. It is obvious
that a; = d? < d' <--- < d?” = ¢; 1s a maximal chain between q; and ¢; in
L. Hence, r; > [;, the length of the shortest maximal chain between a; and

¢; in L. Then the sum of all these r; is greater or equal than Iy +--- 41, = [,
which is an absurdity by the choice of D.

Therefore, chain C is a shortest maximal chain between [a4, ..., a,,] and
[c1,. . em] in (L <pnn). O
Proposition 3.3. Let a = (o' = [al,...;al],....;a" = [a},...,a"]) be a

weighting vector in (L™, <;1.). Then « is a distributive weighting vector in
(LI <11, T,S) if and only if, for each 1 < i < m, oy = (al,...,al) is a
distributive weighting vector in (L, <p,T,S).

Proof. This is easy to check. n

The following result shows that the quantitative orness of a lattice interval-
valued OWA operator can also be performed componentwise.

Theorem 3.4. Let (L,<;,T,S) be a quadruple in which (L, <) satisfies

condition (MFC) and let o = (o' = [af,...,al],....,a" = [af,...,a"]) be
a distributive weighting vector in (L™ <pu.). Then

ornesspin (Fy) = m (uyornessp(Fu,) + -+ + pimornessg(Fa,,)) ,
where for each i € {1,...,m}, the vector a; = (aj,...,a?) and p; =
Zzzl dr, (Qaz(k - 1)a Qaz(k))
Proof. For each i = 1,...,m, consider the distributive weighting vector in

(L, <1, T,S), a; = (a},...,a), and build the qualitative quantifier Q,, :

{0,1,...,n} — L given by:
Qai(O)IOL
Qo, (k) = S(aj,---,af) for k=1,... n.

For each k = 1,...,n, call (k) = dz (Qu,(k — 1), Qu,(k)) and 1 = pi(1) +
o p(n).

If we consider now the qualitative quantifier Q, : {0,1,...,n} — L=
given by:
QCV(O) = [0L7 7OL]
Qalk) =S([ad,...,al],...,[a% ....a"]) for k=1,...,n,



then it is clear that for each £k =0,1,...,n,

Qa(k) = [Qal (k)v BRI Qam<k>] with Qal (k> <L =L Qam (k)

because for each 1 < j < n, we have oz{ <; - <q oz{'n.
By Theorem 3.2,

N(@ =dpim (Qa(k - 1>7Qa(k>> =
dr (Qay (b — 1), Qo (K)) + -+ + dp (Qa,, (k — 1), Qa,, (k)
() + -+ pon(B).

Therefore p(1) + -+ 4+ p(n) = pg + - -+ + py, and then

1 < k
ornessy i, (Fy) = (n—k) (k)
n—14& p(l) + -+ p(n)
RN pa(k) + -+ pm(F)
= n—=k
n—1;< ) pu(l) + -+ p(n)
1 < w1 (k - o (K
— D (n—k) Wy 72 (k) -
= p1 + Hm n P H1 st
1 - k m e m(k
_ NSy k) ST o PN (k)
pa A — 1 G} n—1& o

1
Tt i (prornessy, (Fo,) + -+ - 4 pimorness (Fy,)) -

]

Remark 3.5. Recall that a distributive and complemented finite lattice (L, <p,
) with p atoms (minimal elements in L \ {0.}) is a lattice in which each
element can be written in an only way as the join of r atoms of L for some
0 < r < p. Such number r is referred to as the heigth of the element. The
unique element with heigth equal to 0 is 0. We denote the elements with
heigth equal to 1, i.e., the atoms, by ¢; (i = 1,...,p). Each element with
heigth equal to 2, ¢t; Vt; with 1 <4, j < p, i # j, is denoted by t;t; and so
on. In this manner, 1; will be denoted by ¢ ...¢,.

The order relation <j, is given by the obvious z < y if and only if the
set of atoms of = is contained in the set of atoms of y.
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Since (L, <p) is a distributive lattice, then any weighting vector in (L, <,
, A\, V) is distributive, and so is any weighting vector in (L' <;1., A, V) by
Proposition 3.3.

Proposition 3.6. Let (L, <p) be a distributive and complemented finite lat-
tice with p atoms. Then, for any weighting vector in (L', <pu., A, V),

n

a=(a'=af,...,;a}],...,a" = [al,...,al]),

(i) the value p; considered in Definition 3.4 is equal to p.
(i) ornesspim (Fu) = =+ (orness(Fy,) + - -+ + ornessp(Fu,,))-

Proof. (i) For any 1 < i < m, consider the qualitative quantifier Q,, :
{0,1,...,n} — L given by:

Q&i<0):OL
Qo (k) =alV---Varfork=1,... n.

Observe that 0, = Qq,(0) <1 Qu,(1) <p -+ Qq,(n) = 11 is a chain

connecting 0y and 1, and that all the maximal chains connecting 0,
and 17, inside L have the same length. Therefore,

i = (1) + -+ pi(n) = d (Qa, (0), Qa, (1)) + dr (Qu, (1), Qu, (2))
+oo 4 dy (Qui(n — 1), Qu,(n))
= dL<OL, 1L) =Pp

(ii) Now, by Theorem 3.4, ornessy. (Fy,)

1
= P (ppornessy (Fy,) + -+ + pmornessy (F,, )
L,
= mip (ornessy (Fy,) + - - - + ornessy(F,,,))
1
= (ornessy(F,,) + - - - + ornessy(Fy,,))

O

Remark 3.7. Proposition 3.6 also holds when L is a finite chain with length
equal to p.

13



Example 3.8. Let (L, <;) be a distributive and complemented finite lat-
tice with 4 atoms. Consider the lattice (L%, <;1,) comprising all the 3-
dimensional lattice intervals,

L" = {[a1,a2,a3) | a1, as, a3 € Lwith a; <; as < az},

and the following weighting vector o in (L3, <, 15, A, V):

(o', a? a? a?) = ([t tite, tata), [ta, tats, tatsts], [tsts, tsta, tsta], [0r,0r,11])

with o' Va?VvadVvat =1, 11, 1z].
Note that both symbols A and V are used indistinctly on L or on L%,
Finding out the quantitative orness of the OWA operator F, : (L3)* —
L3 is easier if we apply Theorem 3.4. First, we must obtain the quantitative
orness of the following OWA operators defined on L:

(1) Fal with o) = (tl,t?,t3t4,0L).

The quantifier Q,, : {0,1,2,3,4} — L is given by

Qal(()) - OL7 Qa1(1> - tl) ch (2) - 751t27 Qoq (3) - ch (4) - ]-L7
whence p1(1) = p1(2) = 1; pa(3) = 25 pa(4) = Oand

p1 =141+ 2+ 0 = 4. Therefore ornessy(F,,) =

4
1 (k) 1 1 1 2 7
Y A Fat ANk 422412 = —.
n—1kz_4:(" it S G AR IR ) B o

(11) Fa2 Wlth Qo = (tltg,t2t4,t3t4, OL)

The quantifier Q,, : {0,1,2,3,4} — L is given by

Qa2(0> = OL7 Qaz(l) = t1t27 Qa2<2) - t1t2t47 Qag (3) = Qa2<4> - 1L7
whence ip(1) = 2, p2(2) = 1, p2(3) = 1, p2(4) = Oand

p2 =2+ 1+ 1+ 0 = 4. Therefore ornessy,(F,,) =

4
1 wek) 1/, 2 1. 1\ 3
_k ——(3.249.241.2) =2
n—1;(" T Ta\Fatrathg) T

(111) Fas with 3 — <t1t27t2t3t4, t3t4, 1L)

14



The quantifier Qq, : {0,1,2,3,4} — L is given by

Qag(o) =0y, Qag,(l) = t1to, Qa3(2> =1z, Qag(g) = Qa3<4) =1z,
whence p3(1) =2, p3(2) =2, p3(3) = 0, p3(4) = Oand

ps =2+ 2+ 0+ 0 = 4. Therefore ornessy,(F,,) =

4
1 ps(k) 1 2 2 0 5
—k =_-(3-2492.241.2) =2,
n—1;(" s T3\ atratthg) TG

Now, Proposition 3.6 gives:

1
orness; i (Fy) = 3 (ornessy (F,,) + ornessy (F,,) + ornessy (Fy,))

Y n 3 n 5y 13
S 3\12 4 6) 18
This result means that the OWA operator F, is more similar to the OR-

operator than to the AND-one. In Section 5, we show an application of these
results in a decision making problem.

In some cases, it is possible to recover the weighting vector (o, ..., a,) €
L™ from the quantifier Q).

Theorem 3.9 ([17]). Let (L,<,T,V) be a quadruple satisfying distributive
property (D).
For each monotonically increasing function Q : {0,1,...,n} — L' with
Q(0) =1[0z,...,0L] and Q(n) = [1p,...,1;], the following statements hold.
(

i) There exists some weighting vector o in (LI, < ., T, V) with Qo = Q.
(ii) Such a weighting vector « is not necessarily unique. However, if both
a and 8 are weighting vectors in (L™, <pr,, T, V) with Qo = Qs, then

the OWA operators F, and Fj agree on L',

Proof. The assertion has been proved in [17] Theorem 4.5 for each function
Q, satisfying the conditions given above, that takes values on a distribu-
tive quadruple (L,<p,T,V). Since the quadruple (L', <;r.,T,V) is also
distributive by Remark 3.1, the result follows. O

Example 3.8 above is a particular case of a distributive lattice.
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4. Qualitative orness of m-dimensional interval OWA operators de-
fined on a finite lattice

In this section, we only consider quadruples (L, <p, T, .S) in which (L, <)
is a finite bounded lattice endowed with a t-norm 7" and a t-conorm S.

In [16] a qualitative orness is introduced for OWA operators defined on
finite lattices in order to have some extra information regarding to the in-
fluence of the choice of the weighting vector in the aggregation result. The
qualitative orness of an OWA operator is defined as an element of the lat-
tice L and its position on the lattice gives an idea of the tendency that the
aggregation of the results will have.

The aim of this section is extending that qualitative value to the case of
the quadruple (L' <;1,,T,S), in which L’ is also finite, which comprises
all the m-dimensional intervals taking values on L.

It is clear that L~ is finite. However, calculating its cardinal is not an
easy task. In this section we will find this cardinality for two special cases:
the case in which (L, <;) is a distributive and complemented finite lattice
and that case in which (L, <p) is a finite chain. In addition, we will calculate
the elements of L™ necessary to obtain the qualitative orness of each m-
dimensional interval OWA operator on each case.

Definition 4.1 ([16]). Let L = {ay,...,a;} be a finite lattice and call
by >1 -+ > b the descending chain introduced in Definition 2.5, involv-
ing all the elements of the lattice. For any distributive weighting vector a@ =
(a1,...,0ap) € L™ a qualitative orness measure of the corresponding OWA
operator F,, is calculated by means of a descending chain d; > -+ > d,
that consists of some equidistant elements in the lattice, which are performed
following some steps:

(i) Call s =1(n—1).

(ii) Consider the descending chain ¢; > - -+ > ¢s defined by
cL=:=C1=b;¢cp == Co(n—1) = ba; .. ; Cl-1)(n—-1)+1 = =+ =
Cl(n—l) = bl.

Note that C1 = b1 = 1L and Cl(n—l) = bl = OL.

(iii) Build a descending subchain of {cy, ..., ¢}, dy >1 -+ > d,, by means

of

dl = 1L7 d2 = q, d3 =Coy- -+ dn = Cn—-1)1 = OL7

16



ie. ,dy =15 and, for each j € {1,..., n — 1}, dj41 = ¢j; = by with

il —1

E=1+ V 1 J , in which the symbol {%J denotes the integer part of
n —

a

6.
(iv) Call orness(F,) = S (T (v, dy), ..., T (o, dy)).

Remark 4.2. Note that the definition of orness(F,) depends only on the
vector o = (v, ..., ). So, it is necessary to check that, if 5= (01,..., 5,)
is another distributive weighting vector with F,, = Fj, then orness(F,) =
orness(Fj). Indeed, note that

orness(F,) = S (T(aq,dy), ..., T(an,d,)) = Fo(dy, ..., d,).

Therefore, if F, = Fp, then orness(F,) = orness(Fj) and this concept is
well-defined.

In a complementary way, note that the same chain dy > --- > d, is
obtained if we let s be any common multiple of {/, n — 1}. In that case, if
s = le with e € N, the chain ¢; > --- > ¢, must be

1=+ =C =Dby;Cep1 =+ =2 = boj..; Cll-1)e+1 = ** " = Cle = by
and, if s = (n — 1)h with h € N, then the chain d; >, - -+ > d,, must be

di =1p, dy = ¢y, d3 = cop, - . ., dy = Ctn—1)n = Or.

In this manner, the chain d; >, --- > d,, obtained in this way is the
same as that obtained in Definition 4.1. Indeed, for each j € {1,..., n— 1},

ih—1
de:cjh:bkwithk:HV J

e

Example 4.3. Let (L, <;) be the distributive and complemented lattice

with exactly 2 atoms.
55
] 23
Or
The lattice (L2, <;1,) is given by
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Consider the weighting vector o = ([to, ta], [t1, 1], [t1,t1]) with [to, o] V
[t1,1.] V [t1,t1] = [11,1L]). In order to calculate its qualitative orness, the
chains defined in Definition 4.1 are obtained:

(i) Calls=1(n—1)=9-2=18.
(ii) First, consider the descending chain by >;r, -+ >11, by defined by
by =by=0bs=[11,11]; by = bs = bs = [0r,1.]; by = bg = bg = [01,,01].
(iii) Then, obtain the descending chain ¢; >;r, -+ >1, ¢15 defined by
1 = ¢y =biyc3 =cq4 =Dbyc5 =06 =b3;cr =cg = by;cg =cr9g=
bs; c11 = c12 = bg; c13 = c1a = by; c15 = c16 = bg; 17 = c18 = by.
(iv) Build a descending subchain of {¢1, ..., 13} by means of

di =[11,1.], do = cog = bs = [0p, 1], d35 = 15 = [0, O]
Therefore,

orness(F,) = (an A dy) V (a2 Ads) V (ag, d3)
= ([to, ta] A1, 1)) V ([t1, 1] A [0z, 1)) V ([t1, 8] A [0r,0L])
= [ta,t2] V [0, 1] V [0r,0L] = [t2, 1]

Remark 4.4. The previous example shows that

ornessyr, (F,) # [ornessy (Fy, ), ornessy (Fu,)].
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Indeed, if a; = (to,t1,t1) and ag = (t2,11,t1), then

OI'HGSSL(FQI) = (tg A dl) V (tl A dg) V (tl A dg) = 1L and
OI‘HGSSL(Fa2> = (tg A dl) V (]-L N dQ) V (tl N dg) = 1L

where the chains considered in Definition 4.1 for the lattice L are:

by =11, by =1, b3 =0p, by = 0p;
ci=br=1p, co=by=1p, c3 =b3 =0p, c4 = by = Op;
dy =1p, dy =co =11, d3 = by = 0.

5. The case in which L is a distributive and complemented finite
lattice. An application in a decision making problem

In this section, L is a distributive and complemented finite lattice with p
atoms, as described in Remark 3.5 .

Note that, for each 0 < r < p, there are exactly (p) elements in L with
r

p
heigth equal to r. Recall that Z (p) is equal to 27, the number of elements
r
r=0

of L.

The lattice consisting of all the m-dimensional intervals with elements in
L, (L™, <y, A, V), is also distributive by Remark 3.1.

Note that the symbols A and V are used indistinctly on both lattices L
and L',

Proposition 5.1. Let L be a distributive and complemented finite lattice
with p atoms. For each m > 1, the lattice L' has exactly (m+1)P elements.

Proof. By using induction on m. If m = 1, then L' = L, which has 2°
elements.

Let m > 1. The set L' consists of all the m-dimensional intervals
lay, ..., ay) with a; <p --- <p a,, in L. Now, for each fixed a,, of height
r € {0,...,p}, write a,, = t; V --- V t,, where ty,...,t, are atoms of L. It
is clear that all the possible [ay,...,a,] € L™ must consist only of joins
of atoms occurring in {t,...,t.}, i.e., [a1,...,ay,_1] must be an (m — 1)-
dimensional interval on the sublattice of L consisting of all the joins of atoms
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in {t1,...,t.} together with 0,. The inductive hypothesis says that there is
exactly m” such (m — 1)-dimensional intervals for each a,,.
But now a,, must run all the elements of L: For each 0 < r < p, there

is (f) possible a,, of height r and, fixed a,,, there is m" possible intervals

a1, ..., @m_1,am,]. Therefore, the whole number of elements in L™ is
— (P
> < )m = (m+ 1)
r=0 "
because this is an special case of Newton’s binomial theorem. O

The next results are addressed to calculate the chain by >y, by >p1.
“++ 2 ptm bng1)e considered in Definition 4.1, which involves all the elements
of the lattice L. This chain must be performed in order to find the quali-
tative orness of any lattice-interval OWA operator.

Lemma 5.2. Let t be an atom of L. For each i € {0,1,...,m}, call e;(t) =
[0z,...,0p,t,...,t], the element in L' with i bounds equal to Oy, and (m —1)
bounds equal to t. Call M;(t) the set

Mz(t> = {[al, ce ,am] S ij | €Z(t) SLIm [al, SN 76Lm]}.
Then, M;(t) has exactly (i +1)(m + 1)P~1 elements.

Proof. Call L; the sublattice of L generated by all the atoms in L, except t,
and consider the map fy : Li™ — My(t) given by

foller, - vem)) =laa Vit ..o em V.

Note that, if ¢, ¢ € L; with ¢ <, ¢, then ¢Vt <; Vi, i.e., fyis well-defined.
Moreover, if a € L\ Ly, then there exists an only ¢ € L; with ¢Vt = a, i.e.,
the map fy is bijective. As a consequence, My(t) has as many elements as
L{™, which has exactly (m -+ 1)?~! elements by Proposition 5.1.
Now, for each i € {0,1,...,m — 1}, define fiy; : Li™ — My (t) \ My(t)
by
fixi([er, -y em]) = ety oy Cinns Cia Vi, oo e V .

Note that f;; is well-defined because, for every [c1, ..., ¢m] € Li™, €i41(t) <pim

fix1([er, - sem]) but e;(t) Lo firi([er, - em)), e firi([er, ..o em]) €
M (t) \ M;(2).
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It is easy to check that f;,; is one-to-one. In addition, for each interval
[at, ..., @, Qig1y ey a] € Mg (t) \ M;(t), it is clear that ay,...,a; € Ly
whereas a;i1,...,a, ¢ L. Write a;41 = ¢;11 V t,..., Gy = ¢ V t. Then
lat,...,a; a1, .. a0 = firi(lar,. .., ai, Cio1, .., Cn], Which means that
fixt1 is surjective and consequently it is bijective.

Therefore, the number of elements in M, () \ M;(t) agrees with that in
L{™, which is (m + 1)*~! by Proposition 5.1. Finally, for i € {1,...,m},

[ M;(t)] = [M; (8)\ M1 (8) |+ M1 ())\Mi—a(t) |+ - +|Mo(8)] = (i+1)(m+1)P .
[l

Theorem 5.3. Let L be a distributive and complemented finite lattice with
a set A of p atoms and consider the lattice L' for some m > 1. For
each k € {1,...,(m + 1)P}, consider the join of all the possible meets of
k different elements in L™, which is by, according to Definition 4.1. If we
write k = i(m+1)P"' +j withi € {0,1,...,m} and j € {1,...,(m+1)P1},
then

(@)
bk = 61(1) = [0L7...,0L,1L7...,1L].

Proof. Consider first any index k associated with the greatest possible index
j,ie, k=1i(m+1)P 1+ (m+1)P"! withi € {0,...,m—1}. For each atom ¢
in L, Lemma 5.2 asserts that e;(¢) is the least element of the set M;(t), which
has exactly (7 +1)(m + 1)P~! = k elements. Hence, e;(t) is the meet of the
k different elements in M;(t), whence e;(t) <. by and consequently

(i) (i)
\oeit) = \/100,....00.t,. .. ] =[0s,...,00, 1, ..., 1p] Spim b

teA tecA

If i = 0, the inequality [1g,...,11] <pm bg gives by = [11,...,1L].

Fori € {1,...,m—1}, consider by = aj \V---Va}°, where {a},...,a}°} is
the set comprising the meets of all the possible sets in L™ that have exactly
k different elements.

We show that, for each 1 < s < ky, the first ¢ components in a; must be

T
equal to 0p: otherwise, there would be some s and some element [0, ...,0r
s Crals ooy Cm| <pmm af with ¢,.41 # 0f, and r < i. Consequently, there would

be some atom ¢ in L with e,.(t) = [0z,...,0.,t,...,t] <pm aj, which is an
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absurdity because there are only (r + 1)(m + 1)P~! < k different elements
greater than e,(t) by Lemma 5.2.
Since b, = aj. V- - ~\/aZO, then the first 7« components in b, must be equal to
(4)

0z and, since [0r,...,07,17,..., 1] <pm bk, the equality holds, as desired.
(i+1)
We show now that byy1 = [0g,..., 0 ,1.,...,1.]: Clearly,
(i+1)
bk+1 > Lim bk—o—(m—i-l)P*l = b(i—l—l)(m—i—l)P*l—l—(m—l—l)P*l - [OLa cows Oy g,y 1L]

by the previous reasoning. But b, = aj_,V- - -\/a,(glf:rll)o, where {a;_,, .., a,gj:rll)o}

is the set comprising the meets of all the possible sets in L' with (k + 1)
different elements. Reasoning as before, it can be seen that each aj , has its

(i+1)
first (i4+1) components equal to 0y,. Hence, bx11 = [0r,..., Op , fize, -, fm]
(i+1)
for some fiio,..., fm € L. Consequently, we have by,1 <pmm [0r,..., Op
,1p,...,1.] and the equality holds. [

Example 5.4. Let L be the distributive and complemented finite lattice
with 4 atoms described in Example 3.8 and consider again the weighting
vector av in (L3, <, 1,, A, V) given in Example 3.8,

(at, a2, a® a*) = ([t1, tite, tits], [ta, tata, tatsta], [tsta, tsta, tsta], [0z, 01, 11]).

In order to calculate the qualitative orness of the OWA operator F,,, we must
find out all the elements occurring in Definition 4.1:

Number of options: n = 4.
Length of the lattice L (by Theorem 5.1): [ = (m + 1)? = (3 + 1)* = 256.
Length of the chain {¢;}: I(n — 1) = 256(4 — 1) = 768.

First chain: Ci = Cy = C3 = bl, Cy = Cy = Cg — bz, ...y Cr66 = Crg7 = Cr68 = 6256.

Second chain (by using Theorem 5.3): dy = 11,1, 1.]; do = ¢; = 56 = bse

= [0p,11,1.]; d3 = 512 = biy1 = [01,0p, 11]; dy = bres = [01, 01, 0]

Now, the qualitative orness is defined in 4.1 as:
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orness(F,) =

= (dy Aa')V (da Aa?) V (d3s Aa®) Vv (dy A at)

= [t1, tita, tita] V [0, tata, totsts] V [01, 0p, tsta] V [01, 0z, 0]
= [t1, titots, 11].

We will show in the application given in Section 5 that this qualitative
orness tells us which is the tendency in the aggregation result of four 3-
dimensional intervals by means of the OWA operator Fy,.

5.1. An application in a decision making problem

The following example shows an application of this theory in a decision
making problem. It is extendible to all the cases in which several experts are
asked to express an opinion about different aspects involved in the decision
problem: different complementary tasks to be assigned (or not assigned) to
a worker, different accessories to be incorporated (or not incorporated) to a
prototype... The only condition is that each expert is required to answer yes,
no or optional to the incorporation of each aspect in an independent way.

The mathematical model considers the distributive and complemented
finite lattice L with 4 atoms considered in Example 3.8.

A car factory has to decide which accessories will be included in each
range of a specific car model. Before reaching a decision, they ask for the
services of four consultancy firms. Each firm has to make a proposal about
which accessories would be standard in the low-end car, in the middle-range
car and in the high-end car. In addition, the standard accessories in each
range that are not standard in the immediately lower range are offered as
optional there. The accessories non included as standard in the high-end car
are offered as optional in this range of cars.

The possible accessories are:

t; = GPS navigation system, t, = multifunction steering wheel,

t3 = glazed panoramic roof, t, = stability control systems.

The answers are collected in the following table:
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Low-end car Middle-range car High-end car
standard access. | standard access. | standard accessories
Firm A t 1, 1o t1, Lo, t3, ta
Firm B t1, ta t1, ta, t3 t1, ta, t3, 4
Firm C ty ta, t3 ta, t3, L4
Firm D t t1, t3, ta t1, ta, t3, s

The mathematical model represents each possible car as an element in
the complemented and distributive lattice L with four atoms, {t, s, t3,%4},
described in Example 3.8. For instance, a car with accessories t; and t3
(without ¢y and t4) would be represented by t;t3 € L while a car with the
four accessories is represented as titot3ty or simply by 1.

In this manner, the answer of each consultancy can be seen as a three-
dimensional interval [a, as,a3] € L3, with a; <p ay < as, where the in-
terval [a1, as] models all the possible cars included in the low-end range, the
interval [ag, az] models all the possible cars included in the middle range and
las, 1] models the high-end car.

The aggregation of the four options is carried out by means of an OWA
operator defined on the lattice L?, which comprises the 3-dimensional in-
tervals. The aim is obtaining a single interval in L’ that determines which
accessories are suitable for the cars of each range. The first step in the
aggregation is obtaining the chain considered in Definition 2.5:

by = [t1, tate, 11] V [tite, titats, 1]V [ta, tots, tatsts] V [ty titsts, 11]
= [t1ta, 11, 11],

by = [t1, tyte, 1] V [Op, to, tatsta] V [t t1, 10] V [Ee, tots, totsts]

V([ty, tits, 10] V (0L, ts, tatsts] = [tita, trtats, 1),

by = [0, ta, totsts] V [t1, 1, 1] V [0p, O, tatsts] V [0p, ts, totsty]

= [t1, trtats, 11),

by = [t1, trta, 11) A [trte, titats, 1] A [t, tots, tatsts] A [ty titsts, 11]
= 01,0, totsts).
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Obviously, the aggregation result of the options given by the consultancy
firms will depend on the weighting vector chosen by the car factory. We will
show four possible aggregations of the possible options, by means of four
different weighting vectors in L'3.

First, consider the weighting vector o given in Example 3.8:

(o', a? a? a?) = ([t tite, tita], [to, tots, tatsty], [tsts, tsta, tsta], [0r,0r,11])

with o' Va?vVadva? =1, 11,1z
The aggregation of the three options given in the table is

Fo([ty, tita, 11), [tita, titats, 1], [ta, tots, tatsty], [t1, titsts, 11]) =
(b Aa') V(bg Aa®) V (bs Aa®) V (by Aa?) =

[t1, tit, tita] V [ta, ta, tatsts] V [0, t3, tsts] V [Op, Or, tatsty]

= [tito, titots, 11)].

This result means that, if the factory uses the weighting vector «, it would
be inclined to make low-end cars with both GPS navigation system and
multifunction steering wheel as standard accessories, middle-range cars with
a glazed panoramic roof, added to the previous ones, as standard accessories,
and high end cars with stability control systems as standard accessories.

The following table compares this aggregation result with that obtained
by means of the OWA operators determined by other weighting vectors (3,
v, 0 and € below. Both quantitative and qualitative orness of each OWA
operator have been calculated in order to understand their influence on the
aggregation result. The last two columns in the table show the aggregation
of some different elements in L by means of each OWA operator.

a = ([t1, tity, tita], [ta, taty, tatsty], [tats, tats, tsty], [0, 0p, 11]),
B = ([trtats, trtats, 11], [tsty, 1, 1], [tite, trtats, 11], (11,12, 1L]),
v = ([ts, ts, tatal], [ta, ta, tata], [tr,t1, 1], [ta, t2, tats]),

6 = ([ts, ts, ts), [ta, ta, ta], [ta, to, ta], [t1,t1,11]),

€= [tg,t3,t3], [tg,tg,t;;], [tltg,tltg,tth], [t4,t4,t4]).
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Quantitative Qualitative | Aggregation Aggregation
orness orness result of (*) by | result of (**)
of each OWA | of each OWA | means of by means of
each OWA each OWA

13

AR [t1, tatats, 1) | [tite, titats, 1] | [tate, 1p, 12)]
17

B 8 [titats, 1, 1] | [tato, tatats, 11] | [titats, 11, 1;)]
19

7| 35 [t3, tata, titsts] | [t1, s, 1] [, t3ts, 11]
1

0 3 [t3, tata, totsta] | [Op, tots, totsts] | [ts, tatsts, tatsty]
)

T [ts, t3, titats] | [t1,titats, 1;] [t3, tats, 11]

(*) [t1, tata, 1], [tata, tatats, 1], [ta, tats, tatstyl, [t1, titsta, 11]
(**) [ts, tsta, 11], [tils, tatats, 1], [to, tats, 11], [ta, tats, talsty]

6. The case in which L is a finite chain. Applications to several
decising making problems

In this subsection, we consider (L, <) to be a finite chain. The symbols
0 <1< --- < pdenote the elements of L. We only consider the t-norm
given by the minimum, A, and the t-conorm given by the maximum, V.

For each integer m > 1, the quadruple (L, <, A, V) will refer to the
lattice (L', <) comprising all the m-dimensional intervals as defined in Sec-
tion 3, endowed with the t-norm and the t-conorm given respectively by the
join and the meet. The cardinal of L™ is equal to the number of ways to
sample m elements from a set of p + 1 elements allowing for duplicates, i.e.,
the m-combinations with repetition of (p + 1) elements.

CR(p+1,m) = (p+m>.

m

The following results are addressed to calculate the chain by >y, by >p1m
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“++ 2pim boRr(pt1,m) considered in Definition 4.1, which is necessary in order
to find the qualitative orness of any lattice-interval OWA operator.

Lemma 6.1. Fiz r € L with r # 0. For each 1 < i < m, let ¢;(r) =

0,...,0,7,...,7r]. Then
i1

m—i+1

i—1
{d € L™ | ci(r) <d} =) CR(r,j)-CR(p—r+1,m—j),

=0
which will be denoted by f(i,r).

Proof. 1t i =1, ¢; = [r,...,r] and f(1,r) is the number of m-dimensional
intervals with all its coordinates greater than or equal to r. This number
is equal to the number of ways of sampling m elements from the set {r,r +
1,...,p} allowing for duplicates, i.e., CR(p — r 4+ 1, m). Since CR(r,0) = 1,
the formula works for ¢ = 1.

Suppose, by using induction on 7, that the formula works for 7. We show
that it works for ¢ + 1:

{d € L' | cia(r) < d}] =
{d e L™ | cr) < d}| +{d € L™ | e(r) £ d, con(r) < d}).

The induction hypothesis asserts that the first summand on the right hand
is equal to f(i,7). The second is the cardinal of the set of m-intervals in which
both the i-th component (and then the first i components) are less than r and
the other (m — i) components are greater than or equal to r. This cardinal is
equal to CR(r,i)- CR(p —r+ 1, m — 1), i.e., the number of ways of sampling
the first ¢ coordinates from {0, 1,...,r—1} multiplied by the number of ways
of sampling the last (m — i) coordinates from {r,r +1,..., p}. ]

Remark 6.2. For each 1 <14 < m, call f(i,0) = [{d € L' | [0,...,0] < d}|.
It is obvious that

f(i,0) = |L'™| = CR(p+ 1,m) for any 1 <i < m.

Note that the definition of f(i,r) forces this function to be strictly in-
creasing in the first component and strictly decreasing in the second one.
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Theorem 6.3. For each k € {1,2,...,CR(p + 1,m)}, call by, € L' the
m-dimensional interval which is the join of all the meets of k different m-
dimensional intervals. Then by = [r1,72, ..., |, where for eachi € {1,...,m},

ri =maz{r € {0,1,....,p} | k< f(i,7)}.

Remark 6.4. Note that b, = [ry,79,...,7ry] is an m-dimensional interval
for any k € {1,2,...,CR(p+ 1,m)}. Indeed, r; < r;;1 because f(i,r) <
f(@+1,r) and then {r € {0,1,...,p} | & < f(i,r)} C {r € {0,1,...,p} |
k < f(i +1,r)} and consequently,

max{r € {0,1,...,p} | k < f(i,r)} <max{r € {0,1,...,p} | k < f(i+1,7)}.
Proof. Fixk € {1,2,...,CR(p+1,m)}. Foreach1 <i<m,[0,...,0,r;,...,7]

i—1
has f(i,7;), and, hence, k, elements greater than or equal to itself. This means

that [0,...,0,7,...,7;] < br and hence

i—1
m
(11,72, .o T] = \/ 0,...,0,7,...,7] < b
=l
In order to prove the equality, suppose that, for some i € {1,...,m},

the i-th coordinate of by was equal to a certain s > r;. In this case, ¢;(s) =
0,...,0,s,...,8 < by. But f(i,s) < f(i,7;) by Remark 6.2 and, since
i1
fli,r) =min{f(i,r) | k < f(i,r)}, it would be k > f(i, s), i.e., any sampling
of k elements in L™ would contain some element neither greater than nor
equal to ¢;(s). This would mean that its i-th coordinate would be less than s.
In other words, the i-th coordinate of the meet of any sampling of k elements
in L'm would be less than s and hence, the i-th coordinate of the join of all
these meets would be less than s too, contradicting the hypothesis of s being
the i-th coordinate of by,. O

We show two examples of how this modelization can be applied in decision
making problems.

Example 6.5. Consider the finite chain L of linguistic terms,

very bad < bad < fair < good < very good,
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which is frequently used in problems of decision making in order to express
the opinion of an expert about the quality of some product or the satisfaction
degree of a client, among others. According to the notation of Theorem 6.3,
p = 4 and the elements of L are represented as 0 < 1 < 2 < 3 < 4.

Suppose now that 4 experts are asked about the quality of a product.
Each opinion is represented by a 2-dimensional interval, such as [fair, good),
denoted by [2,3], or [very bad, fair], denoted by [0,2]. The aggregation of
their opinions can be carried out by means of an OWA operator F, : (L2)* —
L™, where « is a weighting vector in (L2, <1, A, V).

In order to find out the qualitative orness of F,, the chain d; > dy >
ds > ds must be calculated according to Definition 4.1. The first step is
performing the chain {b;, | 1 < k < 15}, where 15 = |L%].

This task is easy due to Theorem 6.3 and the following table, which shows
the values of {f(i,7) |1 <:<2,0<r <4}

’ H r=0 ‘ r=1 ‘ r=2 ‘ r=3 ‘ r=4 ‘
i=1 15 10 6 3 1
=2 15 14 12 9 5

Now, by = [r1,72] with

r; = max{r € {0,1,2,3,4} | f(i,r) > k} for each i =1, 2.

Therefore
bl [4,4], b2 - [3,4], bg - [3,4], b4 — [2,4], b5 [2,4],
b = [2,3], br = [1,3], bs = [1,3 1,2,

Consider, for instance, the weighting vector:
(', a? a3 o) = ([0,1], [1,2], [3,3], [4,4]) with o' Va?VadVad =11,
In order to calculate the qualitative orness of the OWA operator F,, we

29



must find out all the elements occurring in Definition 4.1:

Dimension of the lattice intervals: m = 2.
Number of options: n = 4.

Length of the lattice L2: | = CR(4 + 1,2) = 15.
Length of the chain {¢;}: lem(l,n — 1) = 15.
First chain: ¢; = by; co = ba; .. .5 ¢15 = bys.
Second chain: dy = [4,4]; do = ¢5 = bs = [2,4];
ds = c190 = bip = [1,2]; dy = b15 = [0, 0].

Now, the qualitative orness of « is equal to:

(@' Ady) V (@® Ady) V (® Ad3) V (a* Ady) =
([0, 1] AT

[0, A4, 4) v ([1, 2] A 2,4]) v ([3,3] A [1,2]) v ([4,4] A [0,00)
=0, vI[L2] V1,21 v[0,0] = [1,2].

The following table shows the influence of both the quantitative and the
qualitative orness of F, on the aggregation result of two possible collections
of expert opinions. It can be compared with the result provided by other
OWA operators, defined by the weighting vectors 3, v and ¢ below.

a=((0,1], [1,2], 3,3], [4,4]),
p= (1,2, 3,3], [4,4], [0,1]),
v =([3,3], [4,4], [0, 1], [1,2]),
d = ([4,4], [0,1], [1,2], [3,3]).
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Quantitative | Qualitative | Aggregation | Aggregation
orness orness result of (*) | result of (**)
of each OWA | of each OWA | by means of | by means of
each OWA | each OWA

)
— 1,2 1,2 2

«a 12 [ ? ] [ ? ] [ 73]
17
— 2 1

k. 23 |13 3.9
11
— 4 1 4

e 34 |03 3.4

511 LA L3 5.1

(*)[0,1], [1,2], [1,3], [0,3], with by = by = [1,3], by = [0, 2] and by = [0, 1].
(%%) 3,4], [2,3], [2,4], [3,3], with b, = by = [3,4], by = by = [2,3].

Note that weighting vectors with higher orness give a more optimistic
aggregation, while weighting vectors with lower orness provide a more pes-
simistic result.

Example 6.6. The public health department of a certain country decides
to launch a vaccination campaign targeting to children against a determi-
nate desease. Its application requires a primary shot of the vaccine and two
booster vaccinations, all of them before the children are 10 years old. The
health department commisiones four independent studies in order to deter-
mine which age is most suitable to apply both the primary and the two
booster vaccinations.

The first ten years of a child life must be represented as 0 < 1 < --- < 9,
i.e., as the elements of a chain L with p = 9 according to the notation of
Theorem 6.3. The results of the studies are collected in the following table.
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Primary First booster Second booster

vaccination date | vaccination date | vaccination date
Study A 0 4 7
Study B 1 4 6
Study C 1 3 9

The result of each study can be represented by a 3-dimensional interval,
i.e., by an element of the lattice L’3. The aggregation of the three results is
made by means of an OWA operator, which allows the health department to
prioritise either the earlier ages, by choosing for instance the vector a below,
or the older ones, by choosing for instance the vector f:

a=([1,2,3], [2,3,4], [9,9,9]) with c; V g V g = 115,
B = ([97979]7 [37474]7 [17 173])W1th 51 vﬁZ \/63 = 1L13'

The first step in the aggregation by means of any OWA operator is ob-
taining the chain considered in Definition 2.5:

by =1[0,4,7]V[1,4,6] Vv [1,3,9] = [1,4,9],
by = [0,4,6] v [0,3,7] v [1,3,6] = [1,4,7],
by = [0,4,7) A[1,4,6] A[1,3,9] = [0,3,6].

Now, the aggregation result by means of the OWA F, is
([ ]7[1 476]7[173’9]):
(by At )v(bQ/\aQ)\/(bg/\a?’) =
(L 4,90 A[1,2,3]) v ([1,4, 7] A [2,3,4]) V ([0, 3,6] A [9,9,9])
=11,2,3] V[1,3,4] vV [0,3,6] = [1, 3, 6]

while the aggregation result by means of Fj is

Fﬂ([0,4, 7], [1,4,6], [1,3,9]) =

(b1 ABY)V (ba A B?)V (bs A B%) =

[1,4,9) A [9,9,9) v ([1,4, 7] A [3,4,4]) v ([0,3,6] A [1,1,3])
= [1,4,9] v [1,4,4] v [0,1,3] = [1,4,9]
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In order to calculate the qualitative orness of the OWA operators F,,, Fj :
(L)3 — L%, we must find out all the elements occurring in Definition 4.1:

Dimension of the intervals: m = 3.

Number of options: n = 3.

Length of the lattice L*: [ = CR(p + 1,m) = 220.

Length of the chain {¢;}: lem(l,n — 1) = 220.

First chain: ¢y = by; co = bg; ... Ca99 = baag.

Second chain: d; =1[9,9,9]; do = ¢110 = b110; d3 = Cao9 = bazo = [0, 0, 0],
where the term by19 = [ry, 2, 73] is given by Theorem 6.3, which says that

ri = max{r € {0,1,...,9} | f(i,r) > k} for : = 1, 2, 3, and the following
table, which shows the values of {f(i,7)} for m = 3.

’ H r=0 ‘ r=1 ‘ r=2 ‘ r=3 ‘ r=4 ‘ r=>5 ‘ r=6 ‘ r=7 ‘ r=8 ‘ r=9 ‘
i=11 220 | 165 | 120 | &4 56 35 20 10 4 1
21220 | 210 | 192 | 168 | 140 | 110 | 80 52 28 10
3 220 | 219 | 216 | 210 | 200 | 185 | 164 | 136 | 100 | 55

i
i

Observe that, according to the table above, b1 = [2,5,7]. Hence, the
qualitative orness of F}, is equal to:

(@' Ady) V(o Ada) V (® A ds)
= ([1,2,3] A 9,9,9]) V ([2,3,4] A [2,5,7]) V ([9,9,9] A [0,0,0])
=[1,2,3] Vv [2,3,4] V [0,0,0] = [2, 3, 4]

In the same manner, the qualitative orness of Fj is

(B' Ady) V(87 Ndo) V (B° A ds)
= (19,9,9] A 9,9,9]) V ([3,4,4] A [2,5,7)) V ([1,1,3] A [0,0,0])
—19,9,9] V [3,4,4] v [0,0,0] = [9,9,9].

Note the influence of the qualitative orness of each OWA operator on
the aggregation result. If the weighting vector chosen was «, with a low
qualitative orness, then the primary vaccunation would be applied at the
age of 1 and the two booster vaccunations at the ages of 3 and 6 years old
respectively. However, if the weighting vector chosen was 3, with a high
qualitative orness, then the two booster vaccunations would be applied at
the ages of 4 and 9 years old respectively.
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7. Conclusions

The quantitative orness measure defined for OWA operators with values
on the lattice of all the m-dimensional intervals with bounds in a complete
lattice endowed with a t-norm 7" and a t-conorm .S, whenever it satisfies some
local finiteness condition, can be calculated in terms of the orness measures
of their components in L. This quantitative orness measure gives some idea
of the proximity of each OWA operator to the OR-operator and allows us to
classify all of these lattice interval-valued OWA operators.

In a complementary way, the qualitative orness measure defined for OWA
operators on a finite lattice has also sense for OWA operators defined on
the lattice comprising all the lattice-valued m-dimensional intervals. The
elements necessary to carry out the qualitative orness can easily be performed
thanks to the main results obtained in this paper for both the cases of a
distributive and complemented finite lattice and a finite chain.
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