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Abstract

The interventions aimed at the early childhood are of a main interest in educational policy, since it is in this period when it is
possible to produce a major impact in the subsequent human development. The quality of children’s social environment is the main
influence to consider in achieving sound child development, affecting throughout school life. For this reason, the development of
child’s environment indexes appears in a natural way in the evaluation of all kind of educational policy research and social programs.
However, crisp measures and indexes, based on usual linear techniques, do not ensure an adequate representation of social reality,
since this last has a fuzzy nature and a nonlinear behavior. The development of indexes can be seen as an aggregation problem.
In this paper, we extend the notions of consistency and strict stability of a family of aggregation operators (FAO), proposed in a
previous work of the authors for the case of an aggregation process in which the data have no particular structure, to the case in
which the information has a prioritized hierarchical structure. This extended notion of strict stability is then used to address the
construction of indexes. Particularly, we apply this approach to develop a construction method of child’s home environment indexes
in which a stable family of prioritized aggregation operators is used in order to ensure robustness of the aggregation process when
the information has a lineal structure. These indexes are built using fuzzy data that fit into a hierarchical structure by means of a
stable family of prioritized aggregation operators based on the prioritized operator formulated by Yager, where the order relationship
over fuzzy information was defined by experts on child development.
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

The interventions aimed at the early childhood are of a main interest in educational policy, because every aspect
of early human development is affected by the encountered environments and experiences in a cumulative fashion,
beginning in the prenatal period and extending throughout the early childhood years. Early family environments are
major predictors of cognitive and non-cognitive abilities [25]. Therefore, early childhood is the most important period
in order to achieve impacts from social-educational interventions, since the social and educational environment in
which the children live influence all their school life.

The quality of parenting practices and, in a global sense, of the whole home environment, plays a major role in
the cognitive and non-cognitive dimensions of an individual during the different development stages. Nowadays, there
is a great interest in the qualitative study of cognitive stimulation at the most significant social environments where
the children grow up [9]. This leads to the analysis of home environment and child care centers quality indexes, as
well as their incidence in different development dimensions (see [15,18]). Additionally, there is a growing interest in
comparing the way different environments affect children growth and the way that different child caring practices are
related with the intellectual and emotional development of the children [7,18].

Some works focus on the relationship between home environment and child development using different approxi-
mations in order to conceptualize and analyze environment quality. Nowadays, a predominant approach is the use of
the Home Observation for Measurement of the Environment (HOME) inventory. This inventory is used in order to eval-
uate the cognitive stimulation at home environment [6]. This kind of studies that combine semi-structured interviews
with observation patterns of the interactions caregiver-child [28] represent an improvement and a complement to the
cognitive development measures based on the isolated use of IQ evaluations as a development predictor, as well as
to the conceptualization of home environment only in terms of structural characteristics by means of social-economic
indicators [7,41].

An alternative in social research, such as HOME, are the mixed research designs, which combine approaches,
methods and qualitative and quantitative techniques [14]. Although they bring knowledge of social phenomena, these
designs also find difficulties to get an adequate knowledge representation. Some social research tends to reduce the
inherent complexity of the phenomenon, because variables and factors are usually represented as segmented and isolated
components, while child development is the result of the combination of many social, cultural, biological, economic
and psychological factors, which are rarely present in a homogeneous and stable way.

In this sense, several difficulties arise because of the social nature of the object of research, which involves a huge
complexity related to the fact that the researcher is actually a part of that object, thus entailing a high degree of reflexivity
[4]. In [27], Lazarsfeld observes that, due to the nature of the involved concepts, in some cases we can only observe
symptoms, behind which we assume a more permanent reality. To some extent, the object of research is so vast that
we can only analyze certain aspects of it. For still other purposes the problem itself seems to require a looser kind
of formulation. This peculiarity of the social scientist’s intellectual tools has been deplored by some, and considered
unavailable by others [28]. In this sense, in [32], it is pointed out that the language of classical sets does not always seem
adequate to formulate psychological problems. The boundaries of many of the sets ordinarily deal with are quite more
fuzzy than those of the sets traditionally used in mathematics. The categories of uncertainty are not really well-defined
sets and their fuzziness is not particularly well summarized by probability notions.

Normally, in order to address such vagueness in the involved concepts, social science researchers have adopted a mixed
approach that complements the registration of qualitative information with a quantitative codification. Nevertheless,
the numeric values assigned to natural language terms are usually generated in a linear and crisp way, in order to enable
the posterior statistical analysis. However, it seems logical to try to maintain the information richness present on the
qualitative discourses, and to focus on an adequate representation of the conceptual constructs when numeric values
are assigned. In this sense, the construction of indexes requires an adequate theoretical discussion in order to provide a
conceptual definition of the construct under consideration, and to relate these concepts with the selected indicators [33].
Expert’s judgments are used on social research in order to establish the validity of the theoretical instrument’s content.
This strategy is useful to state the coherence between the operational definitions used in a study and the theoretical
conceptualizations of the social construct being researched [40].

On the other hand, the development of indexes based on usual statistics techniques (as factorial analysis) does
not ensure an adequate representation of a conceptual construct, as is the case of child’s home environment,
where its fuzzy components are hierarchically related, existing a linear order relationship between them. Thus, an
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aggregation must maintain the priority relationships of the information without allowing compensation between its
components. Therefore, there is a risk of misusing basic notions and tools if the meaning and the importance of the
relationships holding in the information measured to represent a conceptual construct are not considered. In the case
of the HOME inventory, the proposed approximation gives greater relevance to the ecological approach to familiar
and educational systems [41], which considers the mutual dependence and influence between the most meaningful
environments of the children [8]. However, other authors (e.g. [28]) propose the re-evaluation of HOME sub-scales
in order to determine those items that are part of a new scale with a different conceptual meaning. This idea leads
to focus on aggregation indicators based on a theoretical connection instead of those based on the classical factorial
analysis.

Notice that the development of indexes corresponds to an aggregation-fusion process, where the main aim of such
aggregation is to simplify information by means of a reduction of the original data dimension. The aggregated value
must represent the meaning of a conceptual construct theoretically defined by experts, which usually possesses a
hierarchical structure, defining an importance relationship on the information to be aggregated. In this sense, many
indexes have been developed to represent our knowledge of a social reality, normally using crisp information and
linear techniques of dimensionality reduction. This kind of indexes allows the compensation between variables of
different levels, a situation we could not want to allow in many applications. In [45] Yager proposed a weighted
aggregation operator in which the weights are associated with a variable dependent on the higher priority variables, in
such a way that this operator allows to represent a nested structure in terms of the importance and composition of the
variables.

However, although the prioritization of information is considered on this aggregation process by means of a prioritized
weighted operator, the definition of its weights sequence strongly influences the consistency of the associated family of
aggregation operators, and thus it is necessary to establish some conditions to guarantee the robustness of the aggregation
process. In this sense, let us recall that, in an aggregation problem, data cardinality changes can often occur, and each
time this happens a different aggregation operator has to be used to aggregate the new collection of elements. This
rather simple issue is usually known as the dimensionality problem. For this reason, in [38] this dimensionality problem
was analyzed in terms of the notion of family of aggregation operators (FAO), i.e. a set {A, : [0, 1]" — [0, 1], neN}
of aggregation operators, also referred to as extended aggregation function by other authors. In the same work, some
stability properties for FAOs were proposed, addressing the key issue of the relationships that should hold between the
operators in a family so that we can understand they properly constitute a consistent whole. Furthermore, a classification
of the main aggregation families in terms of the stability properties they satisfy was presented, and some weighted FAOs
were analyzed in term of their stability level and the restrictions that should be imposed over the weights sequence to
define a stable family.

In this work, we extend these consistency notions defined on previous works. Particularly, this paper focuses on
aggregation processes in which the information has a prioritized hierarchical structure, the different levels of the
structure being related through a linear order. In this sense, we will first define the notion of hierarchical aggregation
family, which is composed by an unstructured FAO and a FAO that aggregates data with a linear structure. Then, we
will define some stability properties for this kind of structured families. In practical terms, this paper focuses on the
construction issues that allow the development of indexes with an improved ability to represent our knowledge of a
social reality. In this sense, a method to develop indexes of child’s home environment with prioritized information
is proposed. The information involved in home environment has been represented by means of fuzzy sets, where
the membership functions, as well as the priority relationships between the variables, were defined through expert’s
judgments. The developed indexes have been generated by means of a stable family of prioritized aggregation operators,
based on both the prioritized operators defined by Yager and the stability properties of a hierarchical structure proposed
in this paper. This method was applied in the context of a population of Chilean children on a vulnerable condition,
where the qualitative information of its home environment was generated in 2008 through the codification of the
semi-structured interviews of a longitudinal research made by the National Board of Kindergartens (JUNJI) of Chile
government.

Therefore, in the second section of this paper the notion of consistency as well as the definitions of the different
stability levels of a FAO proposed in [38] are reviewed, providing a summary of the stability level of some standard
families of aggregation operators as well as of the conditions a weights sequence must satisfy in order to define a stable
weighted FAO. In the third section, we study the notion of stability of a FAO in the context of data with a prioritized
hierarchical structure, i.e. the stability of hierarchical (HIE) FAOs is analyzed. In the fourth section, these ideas are
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applied to the development of Chilean child’s home environment indexes. Last, the paper concludes with some final
comments.

2. Preliminaries

In this section we recall the notions of consistency and strict stability for FAOs proposed in [38,39], applying them
to the most common FAOs, and particularly stressing that some conditions have to be imposed on the weights of some
weighted FAOs (as the weighted mean) in order to define consistent FAOs.

2.1. Consistency in families of aggregation operators

Without loss of generality, it is possible to say that an aggregation operator is basically defined as a real function A,
that, from n data items x1, ..., x,, in [0, 1], produces an aggregated value A, (xq, ..., x,) in [0,1] [11]. Nevertheless,
each time a data cardinality change occurs, a different aggregation operator A,, has to be used to aggregate the new
collection of m elements. This rather simple issue is known as the dimensionality problem.

Therefore, instead of just a single operator, to effectively solve an aggregation problem it is rather needed to count
with a family of operators, enabling to aggregate collections of items with different dimension. This has led to the
current standard definition [11,24] of a family of aggregation operators (FAO) as a set {A,, : [0, 1]* — [0, 1], neN},
providing instructions on how to aggregate collections of items of any dimension n. This sequence of aggregation
functions {A,},cN 1is also called extended aggregation functions (EAF) by other authors [12,24].

The operators that compose a FAO have to be somehow related so that the aggregation process remains the same
throughout the possible changes in the dimension n of the data. Therefore, it seems logical to study properties giving
sense to the sequences Aj, A3, A4, ..., because otherwise we may have only a bunch of disconnected operators.
Nevertheless, the notion of consistency, in the above-exposed sense of a necessary relation between the members of
a FAO, is perhaps too wide. Many facets have to be taken into account. For example, consistency is indeed a more
general concept than that of recursiveness, since some non-recursive operators, like the median, fulfill such idea of
consistency. Hence, it seems more plausible and convenient, at least as a first step, to define properties expressing such
a notion from different perspectives, allowing different kinds of consistency instead of pursuing a single definition of
such general notion of consistency.

Particularly, in [38] we studied a notion of consistency based on the robustness of the aggregation process. In this
sense, the notion of stability for a family of aggregation operators is inspired in continuity, though our approach focuses
in the cardinality of the data rather than in the data itself, in order to guarantee a certain robustness in the result of
the aggregation process despite the unavoidable cardinality changes. In particular, let A, (x1, ..., x,) be the aggregated
value of the n-dimensional data x1, ..., x,. Now, suppose that a new element x,,;.1 has to be aggregated. If x,,1 is close
to the aggregation result A, (x1, ..., x,) of the n-dimensional data x1, ..., x,, then the result of aggregating these n + 1
elements should not differ too much with the result of aggregating such n items. Following the idea of stability for any
mathematical tool, if |x, 41 — Ap(xq, ..., x,)| is small, then |A, 41 (x1, ..., Xp, Xyt1) — Ap(xq, ..., x,)| should be also
small. Note that our approach is obviously partially gathered in the self-identity definition given in [44], though in this
property it is implicitly imposed that the information has to be aggregated in some order, specifically it is assumed that
the last data has to be placed in the n-th position of the aggregation function.

It is important to note that if the family {A,}, is not symmetric (i.e. there exist a n for which the aggregation operator
A, is not symmetric), then the position of the new data is relevant to the final output of the aggregation process. From
this observation, in [38] we presented the following definitions of stability, which extend the notion of self-identity both
in the direction of allowing its application to non-symmetric operators, as well as in the direction of allowing different
levels (strict, asymptotic, almost sure, etc.) of fulfillment.

Definition 2.1. Let {A, : [0, 1]" — [0, 1], n € N} be a family of aggregation operators. Then, it is said that
1. {A,}, is a R-strictly stable family if
An(xy, X2, o Xp— 1, Ap1 (X, X2 X)) = Ap 1 (1, X2, -, X )

holds Vn > 3 and V{x,},en C [0, 1]
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2. {A,}, is a L-strictly stable family if
Ap(Ap—1(xt, X2, ooy Xp—1), X1, X2, oo Xp—1) = Ap—1(x1, X2, ..., Xp—1)

holds Vn > 3 and V{x,},en C [0, 1]
3. {An}n is a LR-strictly stable family if both properties hold simultaneously.

Let us observe that in case the family {A,, n € N} is symmetric (i.e. for all n, A, is a symmetric aggregation
operator), then the three previous definitions are equivalent and coincide with the self-identity property defined by
Yager. Thus, those symmetric families that satisfy the self-identity property, for instance the well-known minimum,
maximum, median, arithmetic mean, geometric mean FAOs, among others, are RL-strictly stable families.

On the other hand, it is important to stress that these three definitions are generally not equivalent for non-symmetric
families. In fact, in this case it is possible to consider them as mutually exclusive properties, since a non-symmetric
FAO fulfilling one of them would rarely verify any of the other. For example, as discussed in [38], the weighted mean
family

n
Wn(xt1, ..., xp) = Zwi -x;, neN,
i=1

is a LR-strictly stable FAO if and only if the weights w; are the same (i.e. w; = 1/n) foralli = 1, ..., n, that is, if
it coincides with the arithmetic mean FAO, which indeed is a symmetric family. Thus, as we shall discuss later in this
paper, the notion of stability is closely related to the structure of the data being aggregated, allowing to generalize the
notion of self-identity in the case of structured, non-symmetric aggregation processes.

Although the previous definition presents a reasonable approach to the idea of consistency of a FAO (i.e. from the
point of view of its stability in front of cardinality changes), it is important to note that not all consistent families
are included in this definition. Let us consider for example the productory family of aggregation operators, defined
as {Py(x1, ..., xy) = ]_[f:l(xi), n € N},. This family defines an aggregation process that can be considered as
consistent, but it does not satisfy any of the three previous definitions. In this way the productory FAO shows that there
are differences between the properties of recursion and stability, since it is a recursive family but not a strictly stable
one. Similarly, some weighted mean based aggregation processes can be considered as consistent though they do not
fulfill the above definitions either.

Thus, in order to extend the proposed approach to other consistent FAOs, the following two definitions express a
relaxed version of the same stability concept: in the first one, stability is fulfilled in the limit, while in the second one,
a weaker concept of stability is reached by demanding the operators to be, in the limit, almost sure stable.

Definition 2.2. Let {A, : [0, 1]" — [0, 1], n € N} be a family of aggregation operators. Then, it is said that

1. {A,}, is an asymptotically R-strictly stable family if

lim [A,(x1, ... X1, Apc1 (X1, ooy Xp1)) — Apc1 (X1, o, Xp=1)| =0
n—-+00

holds Y{x,},en C [0, 1].
2. {A,}, is an asymptotically L-strictly stable family if

lim [A,(Ap—1(x1, oo Xp21), X1, oo Xpm1) — Apo1 (X, o, X—)] =0
n——+00

holds V{x,},en C [0, 1].
3. {A,}, is an asymptotically LR-strictly stable family if the two above properties simultaneously hold.

Definition 2.3. Let {A, : [0, 1]" — [0, 1], n € N} be a family of aggregation operators. Then, it is said that

1. {A,}, is an almost sure R-strictly stable family if

P [ngl}rloo [Ap(x1, oo X1, A1 (X1, ooy X0m1)) — Ap 1 (X1, ooy X)) = 0} =1, Vx; ~U(Q,1)

holds V{x,}uen C [0, 1].
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2. {A,}, is an almost sure L-strictly stable family if

|p [HETOOHAH(AH—I(XI’ 7-xn—1)7xl’ "'-xll—l) - Al’l—l(xlﬂ 7-xl’t—1)| = 0:| = ]» V.X[ ~ U(Ov ])

holds V{xn}nen C [0, 1].
3. {A,}, is an almost sure LR-strictly stable family if the above two conditions hold simultaneously.

Remark 1. Let us observe that the previous definitions are fully meaningful only when the cardinality of the ag-
gregation is big. However, for aggregation problems with small data size, these definitions could actually not make
sense or at least look not enough for our proposal. Nevertheless, the spirit of these definition can be preserved and
adapted to small data problems if it is possible to obtain an uniform bound on the error or the difference between
Ap(xy, oo xp—1, Ap—1(x1, ..., xp—1)) and A,,—1(x1, ..., x,—1) (as in a Lipschitzian-like condition) in terms of the car-
dinality n of the data, for all n. In this case, it is then possible to estimate and control the departures from stability to
be expected for any data size.

Since for almost sure and asymptotically strictly stable FAOs such bounds are assumed to converge to zero, the speed
of convergence of these bounds can be used to establish relevant differences in the observed stability level for small
data problems. The following are some examples of this idea:

e A family {A,, n € N}canbe said to be linearly stable if Vn € N and Vx1, ..., x,—; in [0, 1] the following holds:
[Ap(x1, oo Xp—1, A1 (X1, oo, Xp—1) — A (X1, ooy X)) < 1/

e This implies that the previous difference converges to 0 with at least the same speed as 1/n.
e A family {A,, n € N} is k-polynomially stable if Yn € N and Vxy, ..., x,—1 in [0, 1] the following holds:

|An(x1. oo Xt Anm1 (X1, oo X)) — A1 (51, oo X)) < 1/nF

e A family {A,, n € N}is exponentially stable if Vn € N and Vxy, ..., x,—1 in [0, 1] the following holds:
[An(X1, oo Xp—1, Apm1 (X1, oo, Xn—1) — A1 (X1, .o, Xpm1)] < /€5

e A family {A,, n € N}islogarithmically stable if Yn € N and Vxy, ..., x,—1 in [0, 1] the following holds:

[Ap(x1, oo X1, A1 (X1, -, Xp— 1)) — Ap_1(x1, .., xp—1)| < 1/Log(n).

Obviously, these three levels of strict stability (normal, asymptotic and almost sure) are connected. Particularly, the
following results are immediate:

Proposition 2.1. Let {A, : [0, 1]" — [0, 1], n € N} be a family of aggregation operators. Then

1. If {An}n is (L, R, LR)-strictly stable then it also is (L, R, LR)-asymptotically strictly stable.
2. If {An}n is (L, R, LR)-asymptotically strictly stable then it also is almost-sure strictly stable.

Therefore, if a FAO is not almost sure stable, then it does not verify any of the three levels of stability. In this case
we will talk about an unstable FAO.

Definition 2.4. Let {A, : [0, 1]* — [0, 1], n € N} be a family of aggregation operators. Then, we will say that

1. {A,}, fulfills the property of R-instability if it is not almost sure R-strictly stable, and then it will be called R-unstable
family.

2. {A,}, fulfills the property of L-instability if it is not almost sure L-strictly stable, and then it will be called L-unstable
family.

3. {A,}, fulfills the property of LR-instability if it satisfies the above two points, and then it will be called LR-unstable
family.

Thus, it is now possible to differentiate the families of aggregation operators in relation to their level of stability.
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Table 1
Stability level of some families of aggregation operators.

Family of aggregation Strict Asymptotic Almost sure Instability
operators {A, }ue N stability stability stability
Min, = Min(x1, ..., x,) RL R L RL -
Max, = Max(xy, ..., X,) R, L R, L R L -
Md, = Md(xi, ..., x,) R L R L R L -
n 'xl
M,=> — R L R L R L -
i=1n
n 1/n
n:<1_[xi) R L R L R L -
i=1
_ n
H, = ST T R L R L R L -
n
On =[] x| - - R L -
i=1
n
P, =1l x - - R L -
=l
AL = Al (xr, . x) R R R L
AL = Ab(xy,  x) L L L R
n
Wy =2 xi-w - - - R L
17]
On = Z X(i) * Wi bl - bl R, L

i=1

Note: R and L indicate level of stability from the right and from the left respectively.
Note: The weights of the weighted families of aggregation operators are not constrained.

2.2. Stability levels of some well-known families of aggregation operators

In [38], the stability level of some frequently used aggregation operators was analyzed, allowing to know in advance
the level of robustness of the correspondent aggregation processes. Table 1 summarizes this analysis.

Table 1 shows the stability level of some of the most used families of aggregation operators: the minimum and
maximum operators, as well as the arithmetic, harmonic and geometric means and the median constitute strictly stable
FAO. Recursive extensions of binary idempotent operators only satisfy R-strict stability if the inductive extension is
forward and L-strict stability if the inductive extension is backward. Both the productory {P,}, and the geometric
productory {Q,}, FAOs are almost sure-asymptotic-strictly stable. Finally, since it is possible to choose the weights
wy, in such a way that the corresponding weighted FAO does not fulfill any of the previous stability levels, those FAOs
based on the usage of weights, as the weighted mean or the OWA families, are generally unstable.

As just pointed out, if no conditions are imposed over the weights, then the weighted mean aggregation family {W, },
is unstable in general. Let us recall that in a weighted mean, the weights associated to the elements being aggregated
represent the importance of each one of these elements in the aggregation process. Moreover, for any data cardinality
n, the weights are usually assumed to form a vector w" = (w]’, ...,wy) € [0, 11", such that Z?:l w? = 1, and the
corresponding weighted mean operator is then given by W, (x1, ..., x,) = Y 71_; Xi - ;.

In [38], necessary and sufficient conditions for the strict stability of a weighted mean FAO were given by means of
the following propositions.

Proposition 2.2. Let w" = (w}, ..., wy) € [0,1]",n € N be a sequence of weights of a weighted mean family
{Wy, n € N} such that )_;_; w! =1 holds Vn > 2. Then, the family {W,}, is a R-strictly stable family if and only if
the sequence of weights satisfies w! = (1 — wj;) - (w;’_l), Vn € N.

Proposition 2.3. Let w" = (wf, ..., wy) € [0, 11", n € N be a sequence of weights of the weighted means {W,, n €
N} such that )"} w! = 1 holdsVn > 2. Then, the family {W,}, is a L-strictly stable family if and only if the sequence

of weights satisfies wi, | = (1 —wf{) - (w;l_l), vn € N.
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Observe that, if the family {W,,},, is an R- or L-strictly stable family, then any vector of weights w” = (wf, ..., wy)
can be built from a given w*®, where r < 5. Therefore, with these propositions it is possible to specify the relationships
that should exist between two vectors of weights of dimension r and s in order to produce a consistent aggregation
process.

Finally, to conclude this analysis, we show that strict stability is conserved through transformations. To this aim, let
us first introduce the following notations and definitions.

Definition 2.5. Let f : [0, 1] — D be a continuous and injective function, and let {A, : D — D, n € N} be a family

of aggregation operators defined in the domain A. Then, the transformed aggregation operator family {M ?"}neN is
defined as ‘

M Cer, o) = f N ARCF O, oo f)))

Let us observe that if f is the identity function, then the transformed family coincides with the original family.
If {A,},en is the mean or the weighted mean then M?" is respectively called quasi-arithmetic mean or weighted
quasi-arithmetic mean. The quasi-arithmetic mean FAOs are very important in many aggregation analyses. Some well-
known quasi-arithmetic aggregation families are: the geometric mean (when f(x) = log(x)), the harmonic mean (when
f(x) = 1/x) and the power mean (when f(x) = x”), among others. It is important to remark that some of the FAOs
defined in this paper (as for example { P, },,c), can not be transformed or extended directly. For example if f(x) = Sx,
then D = [0, 5], but it is not possible to guarantee that for alln € N, P, (f(xl), e, f(x,,)) = ]_[:-’=1 f(x;) belongs to
the interval [0, 5].

In [39] it was proved that strict stability remains after transformation.

Proposition 2.4 (Rojas et al. [39]). Let {A,},en and {M ?" tneN be afamily of aggregation operators and its extension
or transformed FAO. Then '

° {M;‘”}neN is a R-strictly stable family if and only if {A, }neN is a R-strictly stable family.
° {M?” }neN is a L-strictly stable family if and only if {A,},eN is a R-strictly stable family.

Corollary 1 (Rojas et al. [39]). The quasi-arithmetic FAO is LR-strictly stable.
3. Stability in prioritized hierarchical aggregation operators families

In the previous section, the notion of strict stability has been introduced without actually taking into account the
structure of the data to be aggregated (see [39] for more details). The properties of L- and R-strict stability were
established in a general way, and similar definitions could be given considering other possible positions (not just the
last or the first) in which the new datum enters in the aggregation process. However, the existence of several definitions
of strict stability only starts to fully make sense in aggregation frameworks in which the data present a relevant, non-
trivial structure. In fact, as previously pointed out, the notion of strict stability is closely connected with the structure
of the data that has to be aggregated.

In a situation in which the data has not inherent structure, the position of a particular data item in the aggregation
process is not relevant at all, and thus such an aggregation process has to be resolved in terms of a symmetric FAO
(i.e. the aggregation operators of the whole family should be symmetric). This is an important point, since if this is
the case, the consistency of a symmetric family of aggregation operators (at least in the sense of robustness in front of
cardinality changes or stability exposed above) can then be univocally associated to LR-strict stability, which in this
context is equivalent to L and R-strict stability (and thus also to self-identity). That is, in a non-structured, symmetric
aggregation framework, there is no point in distinguishing between consistency from the right or from the left, since
these notions are already the same as the general notion of consistency (in the above mentioned sense).

On the other hand, when the data to be aggregated has an inherent structure (for example, when the data items
that arrive later have more importance than the previous), the position of a data item in the aggregation process is
relevant, and thus this last should be addressed through a non-symmetric FAO. However, it has to be emphasized that
in this context it is no longer possible to associate consistency to LR-strict stability, since no non-symmetric FAO can
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Fig. 1. Representation of a linear structure of data. Note: X1 < Xo < X3 < X4 with respect to its prioritization.

simultaneously fulfill L- and R-strict stability. This is, a non-symmetric aggregation process can be consistent from the
right or from the left, but now these notions are exclusive and thus not equivalent to any general notion of consistency.
In fact, the point is that in a non-symmetric aggregation framework, different non-equivalent notions of consistency
do exist in relation with the different structures the data can present. Therefore, the election of a particular notion of
consistency to be imposed (as L- or R-strict stability) has to be dependent on the particular structure of the data to be
aggregated.

Therefore, in this section, we investigate the notion of consistency to be imposed in aggregation processes in
which data has a prioritized hierarchical structure. First of all, it is important to mention that, as it happens with
any mathematical representation, the meaning of a hierarchical structure can be variable. Hierarchical structures can
represent different things: the organization of an enterprise, how a set of concepts are related or how an index is built,
among others. In preference modeling, for example, a hierarchical structure is usually obtained by means of a partial
order structure on the set of alternatives, in such a way that it is possible that some alternatives can not be compared or
differentiated between them, but at the same time there exists some kind of prioritization between the different levels
of such a hierarchical structure.

Here we assume that the relations among the items to be aggregated belong to two classes: there are some items for
which their relative importance in the information aggregation process is clear (and thus they have to be considered as
structured); and there are others for which such importance is not so clear or makes no sense (i.e. they are unstructured),
at least in a first step. The main aim of this section is to investigate the application of the stability notions exposed
above to those situations in which the data present a structure that involves some preferences or priorities to be taken
into account in the aggregation process.

Thus, let us introduce the simplest hierarchical structure, that of a linear order. Suppose that {x, },, denotes the data
to be aggregated, and suppose also that the importance of each datum x; (i.e. its hierarchy) in the aggregation process
increases (or decreases) as i increases. This kind of data structures can be represented by a linear order, either from
right to left if the first item is the most important, i.e. x; > x» > --- > x,, or from left to right if the last item is the
most important, i.e. x; < x < --- < x, as shown in Fig. 1. Note that these two kinds of linear order are in fact dual
notions, as a linear order from left to right can be obtained from a linear order from right to left by reversing the order
of the indexes i. Linear structures of data appear in a natural way in those situations in which more importance is given
to the last (or first) elements than to the first (resp. last) ones, as in time series analysis and some multi-criteria decision
problems, among others.

Note that, as just explained, to be able to represent this asymmetric configuration of the data, the aggregation process
has to be based on a non-symmetric FAO, in which some data items (either the first or the last ones) are assigned more
importance than the others. In this situation, to defend against possible cardinality changes and obtain a consistent
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aggregation process, it could be desirable to impose the condition that if the most important datum is the aggregation of
the other data items, then the new aggregation should coincide with the previous one, since the most relevant information
is just a confirmation of the information we had after the first aggregation. For example, let us suppose that with the
information available until yesterday a rain probability of 0.6 is forecasted. If today’s information is a confirmation of
this fact, then our estimation should not change. Also, consider some tests ordered by its increasing importance. If the
mark in the last test coincides with the aggregation of the previous ones, the final evaluation should not change.

Thus, if the most important item is the last one, i.e. if x| < xp < --+ < x,,, and we desire our aggregation process
to be consistent with this structure (in the sense of being stable under cardinality changes), then it is clear that the
condition of R-strict stability is the correct one to be imposed, since then

An(xy, o, x0) =X i x, = Ap (X1, -0, X2 1)-

Similarly, if the most important item is the first one, i.e. if x; > x > --- > Xx,, the condition of L-strict stability
guarantees the consistency of the aggregation process, as it holds that

Ap(xy, ...oxp)=x1 ifx1 =A,_1(x2, ..., xp).

Therefore, in the context of the aggregation of data with a linear structure, consistency is associated with either L- or
R-strict stability, depending on whether the data relevance is ordered from right to left or from left to right, respectively.
As in this setting the involved (non-symmetric) FAO can not be LR-strictly stable, we conclude that at least two (dual
but exclusive) notions of consistency has to be considered, and that the one to be applied depends on the particular
structure of the data.

Once the adequate conditions of consistency to be imposed in the context of linear data structures have been analyzed,
it is possible to study more general hierarchical structures. As pointed out above, a prioritized hierarchical structure of
data represents a situation in which there are some clusters or levels H, ... H,, with respect to which some preferences
are clear. H, is more important in the aggregation process than H,_1, and so on until Hj, hence a linear order among
the different levels { H; }i=1. o is defined. Elements or variables of the data associated to each cluster are unstructured
since no preferences regarding the aggregation process are given a priori for them. In the next definition, the concept
of a prioritized hierarchical structure is introduced.

Definition 3.1. Let X be a set of data. X has a prioritized hierarchical structure if it is possible to classify the elements
of X into r clusters Hy, ... H,, satisfying the following conditions:

e {H|, ... H} constitute a partition of X, i.e. | J/_y H; = X,and H; N H; = 0, if i # .

e A linear order is defined regarding the subsets Hi, ..., H,, in the following sense: given two elements x, y € X, if
x € Hi,and y € Hj, withi < j, then element y has more importance in the aggregation process than x.

e Elements belonging to the same class are aggregated as in the unstructured case. A priori, two elements x, y € X
are given the same importance in the aggregation process if x, y € H;, fora giveni € {1, ..., r}.

Although it is clear that more complex hierarchical structures could be considered, as for example with overlapping
levels, in this work we will focus in this class of linearly prioritized hierarchical structures. It is important to emphasize
that when an aggregation is done in a prioritized hierarchical structure like the one presented above, such an aggregation
process usually consists of two steps. First, elements in the same class or cluster, for which a clear preference is not
defined, are aggregated in an unstructured way. And once this aggregation is done, then the aggregated information of
these classes is aggregated according to its importance in the aggregation process (see for example [45]), as shown in
Fig. 3. This leads to the following definition:

Definition 3.2. Let {V,, : [0, 1]" — [0, 1], n € N} and {U,’; :[0,1]" — [0,1], n € N} fori € N, be families of
aggregation operators. The prioritized hierarchical aggregation family {H1E,}, composed by {V,},, and {U!}, for
i € N is defined as follows: for any set of items X having a prioritized hierarchical structure with clusters Hy, ..., H,
and cardinal | X| = }"/_, |H;|, the aggregation operator function HIE|x, : [0, 11X — [0, 1] is given by

HIE|x(X) = Vet (U, (H1). Uy, (). ... Ul ((H,))
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Fig. 3. Aggregation process of a prioritized hierarchical data.
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Let us observe that for a set of items X with |H;| = 1, Vi = 1, ...r, an aggregation family on a linear structure is
obtained. Also, in the following example, we show that some prioritized hierarchical aggregation operators, as those
proposed in [45] can be viewed as a particular case of the previous definition.

Example 3.1. The family of prioritized aggregation operators defined in [45] can be viewed as a particular case of
prioritized hierarchical aggregation family { H I E,,, n € N}, where the vertical aggregation operator family {V,,, n € N}
is defined as

n

i
Vats ooyn) = > wi [ yn-ksr, ¥n €N
i=1 k=1

and the unstructured aggregation operators families {U,lz, n € N} are given by the minimum FAO {Min,, n € N} V.

However, note that in order to guarantee some robustness in an aggregation process involving this last operator, the
definition of the weights w;’ must satisfy some conditions similar to those described in Section 2. In the next definitions,
we extend the notion of consistent FAO as well as these conditions to the context of prioritized hierarchical data.

Definition 3.3. Let X be a set of data with a prioritized hierarchical structure from left to right (resp. from right
to left), i.e. such that H; < --- < H,. Given a prioritized hierarchical aggregation family {H I E,}, composed by
{V, - 10, 17" — [0, 1], n € N} and {U,’; :[0,11" — [0,1], n € N}, fori € N, it is said that { HIE,}, is consistent
with respect to the hierarchy of X (or simply hierarchically consistent) if and only if {V,}, is R-strictly stable family
and Vi € N, the symmetric family {U}}, is an LR-strictly stable family.
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As it happens in the case in which no structure is considered (Section 2), it is also possible to extend the notion of
hierarchical consistency in terms of asymptotic and almost sure convergence, as well as to establish different levels of
stability for small data problems in terms of uniform bounds dependent on the cardinality of the data.

Continuing Example 3.1, the next proposition shows that the hierarchical consistency of the prioritized operator
proposed in [45] by Yager depends on the definition of the sequence of weights of the family {V,,},, since {Min,}, is
a strictly stable FAO and the strict stability of {V,}, only depends on its weights.

Proposition 3.1. Let {HIE,}, be the prioritized hierarchical FAO defined as follows:

e Foralli € N, the families {U,l;, n € N} are given by the Minimum FAO, i.e. {U,’;, n € N} = {Min,,, n € N}.

o The family {V,, n € N} is defined as V,(y1, y2, ..., Yu) = Z?:l w’; ]_[]j€=1 Vi—k+1-
Then, {HIE,}, is a hierarchically consistent family if and only if the sequence of weights of {V,}, satisfies w;f =

(A—wh)- @' YWneNandV¥j=1,n—1.

Proof. {HIE,}, is a hierarchically consistent family if and only if the families {U,’;, n € N} are LR-strictly stable
families and the family {V,}, is a R-strictly stable family. Taking into account that {Min,}, is a LR strictly stable
family, we only have to prove that {V},}, is a R-strictly stable family, i.e. we have to prove that for a given n € N, and
forall yy, ..., y,—1 € [0, 1]

Vi ())1, ey Yu=1s Vo115 -+ yn—l)) = Vu—1(¥1, .., Yn—1) holds.
Note that the previous equation is equivalent to

n—1 j

2o T | @ —wi='a —wp =o0.
j=1 \k=1

Now, observe that this equation holds Vyy, ..., y,—1 € [0, 1]ifand only ifVj = 1,n — 1, w’; = w;.’_l(l —w}), and

thus the proposition holds.

4. Development of child’s home environment indexes

In order to apply the approach presented in last section, we propose a method to develop indexes to assess the quality
level of children’s home environment. The data set used for this study contains information of the home environment
of Chilean children in condition of vulnerability, on the context of a longitudinal research made by the National Board
of Kindergartens (JUNJI) of Chile government.

The sample of this study has a probabilistic design, particularly stratified random sampling with proportional al-
location, where the stratums correspond to geographical areas of Chile. Furthermore, a clustered sampling was used,
where the kindergartens correspond to the clusters, and all children’s mothers enrolled on the sample centers were
interviewed. The size of the sample is 715 children, who were between 15 and 30 months of life at the time of the
interview. Out of the total sample, 71% of the children were enrolled in a public kindergarten, while 29% were not
enrolled, and they were selected from the public health centers near to the kindergartens of the sample.

The environmental information of the children was generated in 2008 through the codification of the semi-structured
qualitative interviews. The result of this codification process was a data set with crisp linguistic variables, wherein the
distance between the linguistic values was always the same, thus not adequately representing the theoretical meaning
defined by the experts.

To model the knowledge in a fuzzy framework, the crisp linguistic variables were transformed into fuzzy sets in
the following way. For each linguistic variable, a fuzzy set was build taking into account the expert opinion and the
fact that the values associated with each linguistic variable are ordered from the optimal case to the worst case for the
child development. These truth values were defined by experts in order to represent its incidence level on the concept
associated with each component of the diagram, as can be seen in Fig. 5 (a further example is presented in Fig. 6).
Thus, the membership function of each child to each variable represents the degree up to which this child belongs to
the adequate value of this variable for a good development.
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Fig. 4. The complete nested structure of Child’s home environment index.

After this fuzzy modelization, for each child x, we have a set of values xy, ..., x, that represent the membership
degree to the fuzzy sets associated with each variable. Now, the problem in which we are interested is how to aggregate
this information in order to obtain an index or set of subindexes for each child. The main difference of this aggregation
process with classical approaches is that in this case the fuzzy information that has to be aggregated is assumed to
possess a prioritized hierarchical structure.

4.1. The structure of the data

As has been pointed out, the data that we want to aggregate present a complex structure. In this subsection, the
relationships between the different child environment variables and its hierarchical structure are shown. Also, the
variables involved in the different factors and sub-factors are described.

The concept of child’s home environment has been studied and defined by experts on child development, in such a
way that it is disaggregated into six theoretical constructs called factors. Each factor is composed by sub-factors, and
these are further discomposed into linguistic variables, which are prioritized by experts according to its impact over
children development achievement. These six factors are unstructured, since they represent different and incomparable
aspects of child’s home environment, but each one of them is composed by structured sub-factors with a linear order.
In the same way, each one of these sub-factors is composed by linguistic variables also presenting a linear order, as
shown in the diagram of Fig. 5.

Formally, each factor F;,i =1, ..., 6, is decomposed in s; sub-factors S;, j = 1, ..., 10, each of which is in turn
decomposed into ¢; unstructured clusters Hy = {xll‘, e, x{fk} of v variables each (for a total of | X| = 24 variables).
The prioritized hierarchical structure of sub-factors is illustrated in Fig. 5. Note that taking into account this structure,
the value of the different children in each sub-factor S; is obtained from the aggregation process of the corresponding
c¢;j unstructured clusters of variables.

As an example, the structure associated to the sub-factor 4 Resources and planning of activities for development is also
illustrated in Fig. 6. The clusters of the hierarchical structure of this sub-factor are then given by H; = {X } , X % Y, Hy =
{X?}, H3 = {X3} and Hs = {X{}. For instance, let ¢ be a child that has the values 0.6, 0.8, 0.2, 1, 0.6 associated to the
variables X 1, X 1, X? , X 13 and X f’ respectively. Note that x13 is a dichotomous variable, which can not be transformed
into a fuzzy set. This kind of variables was defined as a contribution in the degree of membership of other related
variables belonging to the same sub-factor (issue that was also defined by experts). In this case, when x13 = 1, the
membership degree of x12 increases in 0.2 if its original membership degree was lower than 0.5, and it increases in 0.1
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Fig. 6. Theoretical representation of the factor “Resources and planning of activities for development”.

if its original membership degree was higher than 0.5. So, the child ¢ has the new values H; = {0.6, 0.8}, Hy» = {0.3}
and H3z = {0.6} for the second sub-factor.

4.2. The aggregation process

Once the structure of the data has been defined, in this subsection we formally define the way in which the sub-factors
and factors are calculated. Taking into account that each factor and sub-factor is defined as an aggregation of some data
that present a prioritized hierarchical structure, now we provide the family {H 1 E,}, used for building the different
factors and sub-factors that appear in Figs. 5 and 6.
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In order to aggregate a set of items X with a hierarchical prioritized structure, we are going to use the prioritized
aggregation family {V,,, n € N} previously defined as V,,(y;, ..., yu) = Z?:l w'/?(]_[izl Yn—k+1) for the lineal order
structure and the arithmetic mean for the unstructured levels. Following the experts’ opinion, we want to impose that
the importance of a level j decrease a factor o € [0, 1] with respect to the importance (in the aggregation of the
corresponding factor or sub-factor) of the level j — 1, i.e. w;? = ocw’;_l. Taking this into account, and also imposing the
hierarchical consistency of the aggregation process, the following definition is proposed in order to build the aggregation
process of the different factors and sub-factors just described.

Definition 4.1. An o prioritized hierarchical FAO {HIE 21, is given by the composition of two families {V,*, n € N}
and {U}, n € N} as in Definition 3.5, where

{(U!}, = {M,, n € N} (the arithmetic mean),
and
n Jj 0(/._1
VI ey = D U [ [ onksr. with I = ——— V¥j € {1,2.....n} and [0, 1].

=S5 ko
=1 k=1 Y@

In this aggregation process, o represents a discount factor in the importance of the different levels of the hierarchical
structure when computing a specific factor or sub-factor. Notice that if o« = 1, then I = 1/n. Otherwise, more
importance is given to the first elements of this addend. If « = 0, only the elements that appear in the highest level of
the hierarchical structure are considered.

Example 4.1. Let X be a hierarchical structure with H; = {x1, xa}, H» = {x3, x4}, H3 = {x5}, and let x be an
element (a specific child) with membership degrees for this 5 variables given by (0.6, 0.7, 1, 1, 04). If « =
0.8, the prioritized hierarchical operator HIEg'8 is given by the composition HIEg'8(0.6, 0.7, 1, 1, 04) =
VIR(U(0.6,0.7), Un(1, 1), U1(0.4)), where VO3, Y2, ¥3) = Y5 BT, Yackr, 13 = 0.8771/370_, 0.8,
and U, = M, i.c. the arithmetic mean of n elements.

Therefore, elements in the same cluster H; are first aggregated by M, Hjl» and hence Y|, Y>, Y3 have values 0.65,1,
0.4 respectively. Then, the aggregated information of these clusters is aggregated according to its importance in the
aggregation process, given by l?. Thus, the aggregation of this 5 values is

1 0.8 0.82
0.4-0.65———— =0.363
+( )1+0.8+0.82

HIEY3(0.6,0.7,1,1,0.4) = 0.4 0.4
57 ) 1+0.8+0.82+ 1+0.8+0.82

As explained in Section 2, the arithmetic mean FAO {M,,}, is strictly stable. Then, {HIE>}, is a hierarchically
consistent family if and only if {V,*},, is a R-strictly stable family for structures with linear order. Following Proposition
3.1, it is then possible to prove the consistency of the family { HI E}}, proposed in Definition 4.1.

Proposition 4.1. The a prioritized hierarchical FAO {H I E}},, proposed in Definition 4.1 is a hierarchically consistent
family.

Proof. Taking the previous considerations into account, we just have to prove that l;’ — (1= l,’l’)l;’_1 = 0, where
lj = ity Y ket «*=1 for each particular sub-factor. And effectively

(X'i_l (1 O(n_l ) ij_l aj—l[zz;} OCk_l _ “k—l _ O(n_l] + OCn_2+j
n k=1 =1 —1 n k—1 =1 _k—1
2 k=1 k=1 % k=1 4T 2T

—o =2 4 gitn=2

1 ok—1

n —t =1 -1
jt XTI T

which concludes the proof. [J
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Table 2

General statistics of the child’s home environment indexes.

Indexes Mean Median Std.Desv. Min Max I Range
Adequate family characteristics and socioeconomic status 0.30 0.29 0.14 0.00 072 0.19
Adequate organization of the physical and temporal environment 0.50 0.47 0.26 000 099 045
Presence of pattern of cognitive stimulation and verbal development 0.56 0.53 0.25 0.00 1.00 0.46
Quality of affective interactions in childbearing 0.81 0.88 0.16 0.00 1.00 0.12
Presence of pattern in setting behavior limits 0.59 0.63 0.29 0.04 100 048
Presence of patterns that encourages social interaction outside family environment  0.74 0.80 0.21 027 1.0 0.22

Therefore, it is possible to develop child’s home environment indexes by means of a nested pattern of prioritized
hierarchical structures. Particularly, it has been shown that when the associated structured data set is aggregated by
means of two consistent FAOs (i.e. a prioritized family in order to aggregate the linearly structured data, and the
arithmetic mean in order to aggregate the unstructured data), then a consistent prioritized hierarchical aggregation
process is obtained.

The prioritized and unstructured aggregation operators (V,* and U,’;l_) being used for the construction of the proposed
index were presented in Definition 4.1, where the importance level of the structures was represented by o = 0.7 when
four elements are aggregated, and o = 0.8 to aggregate two or three elements. Therefore, the aggregated value that
represents the membership degree of child ¢ to the fuzzy set associated with the factor Adequate organization of the
physical and temporal environment is 0.3548.

As shown in Fig. 5, each one of the six factors that represent the child’s home environment is composed by prioritized
sub-factors. Hence, it is possible to develop each factor and sub-factor of the same manner as illustrated for the second
sub-factor. Thus, the child’s home environment index is composed by a set of nested hierarchical structures, to be
aggregated by means of a total of 16 prioritized weighted operators V,*, as well as by 23 unstructured, un-weighted
operators U,’;i, where the operators V,* are used to aggregate the data sets with linear order and the operators U,‘;l, are
used to aggregate the unstructured data sets.

Therefore, the child’s home environment index can be defined by

Index(X) = UG(Fl, Fz, F3, F4, F5, F()) where Fk = HIEr(Sk|(Sk)» Vk e {1, 2, ey 6},

where each factor F; is obtained as the prioritized aggregation of its s; sub-factors S;, which in turn are obtained
from the prioritized aggregation of its c¢; unstructured clusters Hy, each one of which is computed as the unstructured
aggregation of its vy variables.

4.3. Experimental results and validation

The same procedure shown to develop the second sub-factor, composed of a fuzzy modeling stage — where each child
x has associated a set of values xp, ..., x, that represent the membership degree to the fuzzy sets associated with each
linguistic variable-, and an aggregation process — where this information is aggregated in order to obtain a sub-index
for each child-, was replicated for the other sub-factors and factors. A statistical synthesis of the obtained results is
presented in Table 2.

In order to validate these results, the indices of the child’s home environment have been compared with the family
psychosocial risk perceived by the interviewer in the child’s home after the in-depth interview to the mother. Further-
more, in order to validate the proposed methodology, we compared the results of the indices obtained through two
different procedures. The first procedure corresponds to the methodology proposed in this paper, which uses fuzzy
sets associated to linguistic variables and a prioritized hierarchical aggregation process, while the second procedure is
based on the additive methodology applied by Ramey [37] to construct the High-Risk Index, a measure used to distin-
guish children by origin-family economic status and exposition level to multiple risks. High-Risk Index considers 13
child’s home risk factors, measured from variables related to the child’s family socio-educational and economic level,
where each of these variables have an associated weight representing its contribution to the child’s home risk indicator.
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Table 3
Additive index vs. prioritized index of quality of the child’s home environment.

Prioritized hierarchical index Total
Precarious Normal Right
environment environment environment
Additive index
Precarious environment 89 30 1 (Case 1) 120
Normal environment 34 71 26 131
Right environment 1 (Case 2) 27 100 128
Total 124 128 127 379

The construction of the index is additive, and thus the higher accumulation of factors the more likely the child is in a
home at risk.

Though the construction of the second index is based on an additive method of accumulation of risk factors measured
by crisp linguistic variables, for this comparison, linguistic variables associated to fuzzy sets have been used, since
we are interested in validate the aggregation method and not the theoretical construction of child’s home environment.
Therefore, the development of indexes through both procedures is based on the same data set, the same theoretical
conceptualization presented in Fig. 4 and the same fuzzy modeling of the data.

The familial psychosocial risk perceived by the interviewer was measured on a part of the sample by an ordinal
variable with three levels that represent high, medium and low familial risk. Then, in order to enable the comparative
analysis with the indexes, a classification rule was applied to assign index values to these three levels. The proportions
of correct risk classifications obtained by the two indexes are similar. Nevertheless, there exist some cases affected by
the trade-off produced by the additive method, which render this last as not acceptable since it fails to take into account
that the conceptual definition of child’s home environment given by the experts has a hierarchical structure, in which
the variables have different levels of importance or influence. Table 3 shows the similarities and differences between
the familial risk classifications resulting from each index construction method.

Notice that there exist two highly discordant cases. Therefore, the behavior of these two children on the different
factors was studied more deeply. Particularly, these children present a significant discordance in the factor “Adequate
family characteristics and socioeconomic status”, and thus the valuations of the sub-factors and variables that composed
this factor were further analyzed. The sub-factor “Family composition and parenting roles” is composed by a prioritized
hierarchical structure of three variables, where the variable “Mother’s available time for caring” has the highest
importance. The sub-factor “Nonviolent climate at home™ has the same structure, in which the variable “Maternal
psychological adjustment” has the highest importance.

Table 4 shows the degrees of membership of the fuzzy variables associated to these sub-factors, and the resulting
scores obtained by each method. In both cases, the additive aggregation method compensates the low valuation of the
higher priority variables with the other variables that have lower level of importance, while the prioritized hierarchical
aggregation method does not produce this trade-off since it considers the structure of priorities when aggregating the
information.

Particularly, it is possible to see that the additive method overestimates Case 1 in the sub-factor Nonviolent climate
at home, since the high relevance of the variable with low score Maternal psychological adjustment is not considered
in the aggregation process. The same applies to Case 2 in the sub-factor Family composition and parenting roles, since
the relevance of the variable with low score Exist a father figure is not taken into account.

5. Conclusions and final remarks

The point of departure of this paper is the classical definition of an aggregation family, which does not impose any
relation among its members. Meanwhile such a relation does not exist, the resulting notion could not be understood
as a proper family, but just as a set of n-ary operators. Aggregation operators within a proper family must be deeply
related, following a somehow unique building procedure throughout the aggregation process. Since it is clear that we
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Table 4
Membership degrees of fuzzy sets associated to the factor “Family characteristics and socioeconomic status”.

Sub-factor Variable Case 1 Case 2
1. Family composition Mother’s available time for caring 0.00 0.99
and parenting roles Exist a father figure 0.00 0.00
Father involves in childbearing 0.00 1.00
Score of the sub-factor 1 with prioritized hierarchical method 0.00 0.41
Score of the sub-factor 1 with additive method 0.00 0.66
2. Nonviolent climate Maternal psychological adjustment 0.09 0.99
at home Perception of family relation 0.71 0.99
No presence of family violence 1.00 0.99
Score of the sub-factor 2 with prioritized hierarchical method 0.07 0.98
Score of the sub-factor 2 with additive method 0.60 0.99
3. Economic stability Low income is not a problem 0.52 0.72
Score of the sub-factor 3 with prioritized hierarchical method 0.52 0.72
Score of the sub-factor 3 with additive method 0.52 0.72
Score of the factor with prioritized hierarchical method 0.00 0.37
Score of the factor with additive method 0.33 0.81

should not define a family of aggregation operators {A,}, in which each operator is randomly chosen, the aggregation
process demands a conceptual unit idea rather than a mathematical formula. From this approach, different issues have
been addressed in this paper.

On one hand, we have focused on the notions of consistency and stability initially presented in [38], where the notions
of consistency and strict stability were proposed in a general way, i.e. without taking into account a possible structure of
the data. Nevertheless, there exist many real situations in which the data to be aggregated present some inherent relations
or structure. As an example, consider the aggregation of different variables involved in the construction of an index,
with different roles or importance. In this work, the initial notion of consistency presented in [38] has been translated to
the context of prioritized structured data, distinguishing between linear orders and hierarchical structures. Prioritized
aggregation operators based on linear orders or hierarchical structures are more adequate for those aggregation processes
in which trade-offs between the different elements are not acceptable. As happens in multi-criteria analysis, there are
some circumstances (as ethical or safety issues), in which a bad evaluation in some variables or criteria can not be
compensated by a good evaluation on the others.

On the other hand, the relevance of the notion of consistency when the information has a prioritized hierarchical
structure has been stressed through its application to the development of indexes, with the aim of improving the
representation of our knowledge of a social reality. Also, a method to develop indexes of child’s home environment
with prioritized information was proposed. The information involved in the development of these indexes has been
represented by means of fuzzy sets, where the membership functions were defined by experts’ judgments, just as the
prioritization relationships between the variables. Social indexes developed in this work have been generated by means
of a consistent family of prioritized aggregation operators. This method was applied in the context of a population of
Chilean children on a vulnerable condition, showing actual advantages with previous approaches based on classical
statistical multivariate analysis, quite often subject to some unrealistic assumptions.

Obviously, this work opens several questions. For example, how to extend the notion of consistency to other kinds of
particular structures. In this paper we have obtained necessary and sufficient conditions to guarantee consistency of the
prioritized aggregation family {HIE,},. A general approach when the structure is not completely known is another
issue to be addressed in future works. Moreover, some technical problems already pointed out in previous works, as
the analysis of the consistency of OWA operators (in any of its levels and in relation with the conditions that have to be
imposed on its weights sequence), remain still open for future works.
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