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VECTOR VALUED INFORMATION MEASURES AND INTEGRATION
WITH RESPECT TO FUZZY VECTOR CAPACITIES

E.A. SANCHEZ PEREZ AND R. SZWEDEK

ABSTRACT. Integration with respect to vector-valued fuzzy measures is used to define and
study information measuring tools. Motivated by some current developments in Information
Science, we apply the integration of scalar functions with respect to vector-valued fuzzy mea-
sures, also called vector capacities. Bartle-Dunford-Schwartz integration (for the additive
case) and Choquet type integration (for the non-additive case) are considered, showing that
these formalisms can be used to define and develop vector-valued impact measures. Exam-

ples related to existing bibliometric tools as well as to new measuring indices are given.

1. INTRODUCTION

Classical Lebesgue integration of scalar functions has provided some fundamental tools in
several areas of the Information Science, including the definition of indices for measuring some
aspects of information items. For instance, a great part of mathematical definitions of impact
indices for scientific journals can be modeled by means of integrals. Some current research
has also pointed out that a natural vector-valued integration of scalar functions with respect
to vector measures —the so called Bartle-Dunford-Schwartz integration— may be used to
generalize some scalar theoretical settings (scalar-valued impact measures) to vector-valued
settings (multi-valued impact measures). Vector-valued integration theory has appeared in
the context of pure mathematics and until now this theory has found a lot of applications
in Mathematical Analysis and Operator Theory. However, it can be used as an adequate
framework for the analysis of problems in other scientific disciplines, since it provides a
natural way of representing multi-valued mean properties of scalar functions by the simple
rule of “putting each value in a different direction of the space” —that is, vector-valued
integration— [4, 12].

In this paper we are concerned with suitable applications of the non-additive extensions
of this integration theory to some open investigations in Information Science. An exhaustive
study of the spaces of integrable functions that are integrable with respect to a vector-valued
Choquet type integration theory has recently been published in [7]. The present paper can be
considered a continuation of this line of research. Our aim now —after establishing a general
framework of theoretical results—, is to give examples and concrete definitions of new indices
with detailed explanations of several models for information measures.
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There are two facts that must be taken into account in relation with the definition and
application of new impact parameters for measuring the tandem quantity/quality of scientific
publications. On the one hand, and in the context of the new non-standard measures of
information that are called altmetrics [24], there is increasing interest in the design of multi-
valued indices. Indeed, decision making on research assessment based on several indices is an
outstanding challenge in Information Science (see [1, 10, 12, 32] and references therein). The
scientific community agrees on the fact that several (scalar) indices must be jointly used for
research evaluation: the suitable mathematical setting for representing this idea is to consider
vector-valued impact indices.

On the other hand, impact measures that are not defined by additive functions appear in
almost all aspects of measurement of research activity. A relevant example is the h-index
which measures a rate among the number of publications with a certain number of citations,
and is not given by the usual integral. Integration with respect to (scalar) fuzzy measures is
being used nowadays as a standard measure in information science (see for instance [3, 13,
17, 29]). As we said, we will analyze a vector-valued version of these integrals in order to
enrich our knowledge about the design of new information measures.

Several matters appear immediately. A non-linear integral of scalar functions with respect
to non-finitely additive set functions is needed. In the scalar case, the Choquet integral pro-
vides such a tool, although much of the examples recently introduced are not Choquet inte-
grals [13, 17, 29]. However, it seems to be the first natural generalization, and so vector-valued
Choquet integrals and related spaces of integrable functions for vector-valued capacities has
recently been studied from the formal point of view by several authors [16, 30, 31], including
some of the authors of the present paper [7]. Applications of this theory to other fields are
also being currently developed (see for example [5]). Thus, we are interested in analyzing
vector-valued information measures —impact indices— using this theory, since this is the
better-known integration with respect to non-additive measures in the scalar case. This may
show the way to a general analysis of non additive vector-valued information measures. In
a sense, the present paper must be understood as a continuation of the research of one of
the authors of the present paper, who presented a complete theory of the spaces of Choquet
integrable functions with respect to a fuzzy capacity in the article [7]. The main theoretical
results and the framework of the present work can be found in this paper [7]. However, it
must be said that in [7] the problem of integration with respect to a vector-valued capacity is
studied in its full generality, and so we have changed notation and consider more restricted
types of integrals in the present paper for the aim of simplicity. Roughly speaking, in the inte-
gration model for impact measures in Information Science, each integrable function provides
such an index. This relation will become clear in the present article.

Let us present now a picture of the “state of the art” regarding the subjects involved
in this article. Integration with respect to general set functions has become a very active
current research topic, mainly due to its potential applications —mot only in Information
Science—. Concepts such as fuzzy (scalar) measures, pseudo-additive measures, null-additive
set functions and non-monotonic measures cover different aspects of this nonlinear theory.
The interested reader can find information about these integration theories in a lot of classical
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and current sources; see for example [6, 8, 19, 20, 22, 23, 28] and references therein. Several
authors have also recently paid attention to the second aspect that we want to point out in
the paper —the vector-valued generalizations—; we may mention here the papers by Kawabe
(see for example [14, 15, 16] and references therein), as well as by some other authors [30, 31]).
For this vector measure case, the relation between integrable functions and weakly integrable
functions with the Bocher, Dunford and Pettis integrability of the corresponding distribution
functions have recently been studied in the interesting paper [11] by Ferndndez, Mayoral and
Naranjo. Though we will assume some strong requirements on the vector-valued capacity,
countable additivity is not one of them. Of course, some assumptions must be made on the
vector-valued fuzzy measure for assuring a reasonable behavior of the integrals (see [14, 16]
and references therein). Essentially, integration with respect to a Riesz space valued monotone
capacity is defined and analyzed in these papers and the ones to which they refer. Our aim is
to use a Lebesgue type integral being free of the order structure of the Banach space in which
the capacity takes its values. In [26], such a kind of Bartle-Dunford-Schwartz integral for
vector measures on quasi-Banach spaces is considered, but in this case the order properties
of quasi-Banach lattices are also strongly used. In the case of the present paper, we do not
take into account any lattice order in the Banach space where the capacity takes its values
for the construction of our Choquet-Lebesgue type integral. Of course, Banach-lattice-valued
capacities will be considered in examples and applications.

2. PRELIMINARIES

Through this section and in the rest of the paper, let (2,3, u) be a o-finite measure space
and E a Banach space. Consider a measurable function f : Q — RT. The Choquet integral of
f with respect to a scalar capacity ¢ : ¥ — R*T —i.e. a monotone set function that satisfies

/Qfdczz /Oooc({f>t})dt.

We use the standard notation {f >t} = {w € Q: f(w) > t}. Since ¢({f > t}) is decreasing,
this integral is defined in the Lebesgue sense, although it may of course be co.

¢(0) = 0— is given by

We will also use the notion of the Pettis integral, an integral of a vector-valued function
with respect to a scalar measure, which is sometimes called a weak integral. Consider a
function ¢ acting in a set ) with values in the Banach space F and a countably-additive
measure p on a sigma algebra X of subsets of ). The function ¢ is called weakly measurable
if for any 2* € E* the scalar function x* o ¢(-) = (¢(-),z*) is measurable. The function ¢
is Pettis integrable over a measurable subset A if for each z* € E* and A € ¥ the function
x* o ¢ is integrable on A and there exists an element (P) — [, ¢ du € E such that

()~ /Acbdu,x*> - /A 0 gy = /A<¢(t),w*>du(t)-

(P)— fA ¢ dy is called the Pettis integral of ¢ with respect to p. The Dunford integral, which
is defined in a similar way, is given when the integral is not necessarily in E; notice that the
requirement of integrability of all the functions x* o ¢ is enough for ¢ to have an integral in
E** that is the case of Dunford integrable functions.
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Let us define now the Bartle-Dunford-Schwartz integral with respect to a Banach-space-
valued countably additive vector measure m : 3 — F for scalar measurable functions. Let f
be a scalar-valued measurable function. Such a function f is said to be integrable with respect
to m if the following two requirements are satisfied. The first one is that | f| is integrable with
respect to all measures |(m, z*)|, where (m, z*) := 2" om is a (non necessarily positive) scalar
measure and | - | is the variation. The second one is that a vector-valued integral must exist:
for each A € X there exists an element [, fdm € E such that ([, fdm,z*) = [, fd(m,z*),
r* € E*. The space of all equivalence classes of integrable functions is denoted by L!(m); it
is a o-order continuous Banach lattice with the natural order and the norm

£l = swp [ [7ldlima®)l, £ € L)

z*€Bpx JQ
For fundamental notions and results on vector measures, Banach lattices and Banach function
spaces we refer to [2, 9, 18, 21, 27]. If X (u) is a o-order continuous Banach function space over
a finite measure p and T : X (u) — E is an operator, the expression mp(A) :=T(x4), A € &,
provides a canonical way of defining vector measures which was shown to be a powerful tool
in functional analysis (see i.e. [21, Ch.3]).

Let us introduce the main concept used in this paper. A set function C : ¥ — E is a vector
capacity —also called a fuzzy capacity or a fuzzy measure— if C'()) = 0. Sometimes —as
in the definition of the Choquet integral in the scalar case given above— the monotonicity
property is also required, that is, |C(A)| < ||C(B)|| whenever A C B, A,B € ¥. This
requirement is not needed in the general case but is useful when defining an integral with
respect to a Riesz-space-valued capacity (see [14]).

Fundamental examples of vector-valued capacities in classical analysis are easy to find.
For instance, let m: ¥ — F be a vector measure and ®: £ — E a norm bounded function
(i.e. sup,ep, |®(x)| < co), with the requirements as are needed in each special case. The
composition of these functions C(A) := ®(m(A)), A € %, gives an example of a class of
vector-valued capacities. This is of particular interest if ® is given by a classical non-linear
positive operator, as the Hardy-Littlewood maximal operator. Thus, in the same way that
linear operators acting in Banach function spaces provide vector measures, non-linear maps

in these spaces give vector-valued capacities in a natural way.

2.1. Basics on integration with respect to vector-valued capacities. Let us give now
the mathematical motivation for the definition of an integral with respect to a vector-valued
capacity. It follows the lines of the characterization obtained in [11] in the case of vector
measures using the distribution function, which makes sense in the general case of vector-
valued capacities. It also coincides with the natural representation of simple functions and the
corresponding integrals for the case of an order based integral having values in Riesz spaces
(see [14, Proposition 2.14]). Consider a ¥-simple function f > 0 represented as follows: there
are sets Aq,..., A, € ¥ such that A, C A,_1--- C Ay and positive real numbers aq, ..., ay,
such that

n
f= Z Qi XA;-
=1
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Notice that this representation always exists for a positive simple function and is unique
(u-a.e.). We call it the decreasing representation of f. We can define the integral of such a
function f over A € ¥ with respect to the capacity C by

/Ade = (P)—/O C({fXA>t})dt:;aiC(AﬂAi). (2.1)

This Choquet-type definition and the particular formula of the integral for simple functions
provides an interesting framework for the general definition of impact indices in bibliometry
(see for example Definition 3 in [29]). The reader can find a complete explanation of this
relevant application in [13] (see all the paper, but mainly §4.). Actually the ideas laid out
there were the main motivation for our research, since vector-valued capacities allow us to
define a broader class of aggregation functions including the ones appearing in multi-indices
based research evaluation (see also e.g. [25]).

Notice that the function Cy : [0,00) — E given by

Cp(t) = C{f > t}),

whenever f is a positive simple function as above, is always well defined and —since it takes
only a finite set of different values on EF— it is also Pettis integrable. In fact, notice that we
can define the integrals with respect to the scalar components (C,z*) of C as

/Afd<(],1:*> ::/0 <CfXA(t),x*>dt:/0 (C({fxa>t}),z*)dt

=Y ai(C(AN4),z%).
i=1

With these definitions, notice that for every positive simple function f, A € ¥ and z* € E*,

</Afd0,x*>—/Afd(C,x*>.

This motivates the following general definition, which almost coincides with the characteri-
zation of Bartle-Dunford-Schwartz integrable functions in terms of distribution functions in
the case when C' is a vector measure (see Theorem 2.7 in [11]). Note that C|z can be defined

as above for every measurable function f: we will call it the distribution function of f.

Definition 2.1. Consider a measurable capacity C' : ¥ — E, that is, such that its distribution
function is strongly measurable. We say that a measurable function 0 < f : Q — F is
integrable with respect to the capacity C if and only if for every A € X, the function Cf,, :
[0,00) — E is Pettis integrable. In this case,

(o]
/ fdc = (p) / Cpo, dt,
A 0
and, by the properties of the Pettis integral,
(o.)
0

</Afdc’$*> =/ <Cfo<t>,rc*>dt=Afd(o,x*>, * € B*
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Section 5, and mainly Section 7 in [7] provide the technical requirements which are needed
for this integral to extend to a complete space of integrable functions. The reader can find
there all the information required for a general measurable function to belong to the natural
completion of this space. The integration map Ic associates each simple function to its
integral in F, that is

:/de, f simple,
Q

where the integral is defined using formula (2.1). The main properties of this operator can
be found in [7] (see Lemma 4, Proposition 8 and other related results in Section 6 of this

paper).

Remark 2.2. Let us compare the different norms which can be given to a space of (classes of)
integrable functions —using the vector measure integration as a reference— with the Bochner
and Pettis norms of the associated distribution functions. The relevance of these formulas
is that each of them provide a different way of defining an information impact measure, as
will be shown in the remainder of the paper. A total description of the relations between
these norms can be found in [11]. Let us look at the case of a simple function f. Consider an
ordered representation Z?zl a;xa, of |f|, where A,, C A,,_1--- C A; are measurable sets and
ai, ..., an are real numbers. Let C': ¥ — E be a measurable capacity whose semivariation is
equivalent to a measure u in the sense that they have the same null sets. Then we can define
the following norm for the space of (classes of p-a.e.) simple functions using the Bochner
norm of the distribution function Cjy|,

1flle = /0 (G ()l de, f simple.

In the case when C' is a vector measure m, the computation gives

1£le = 1 llm = /0 gy ()] d = Zazum

This formula does not provide the norm of f in Ll(m). In the general case of C' being
just a capacity, we will call this norm —which in fact can be extended to the function space
that is the completion of the space of simple functions— the strong norm for the space of
integrable functions with respect to the capacity C.

However, assume now that C' = m, a positive vector measure, that is, a countably additive
vector measure having values in the positive cone of a Banach lattice. If we consider the

Pettis norm for the Pettis integrable function C|y : [0,00) — E given by

Iflp = sup /0 (O (1), )] dt,

{L‘*EBE*

for C being the positive vector measure m, we obtain

Ifle = sup [ lmpnanldi= s [ Za@ 43), ) dt.

x* GBE* T* EBE*

I3 a4l ||/Q\f|dmuE
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This coincides with the norm of f in L'(m) (see for example Lemma 3.13 in [21]) for any
integrable function f € L!(m). We have that

1fllp = sup /Om|<m.f|<t>7x*>|dts sup /Ooo<m|f<t>,rx*|>dt

z*EBpx* r*EBpx*

~ sup /0 (g (£), 2%} dt < s,up/0 [y (1), )] dt.

T* EBE* x*EBpx*
Then
o0
I£lp= sup [ tmp®.atyde= swp ([ [7]dm,a"),
z*GBE* 0 :v*EBE* Q
and so
n
e = sup (3 am(a.a) = | [ fldml = ]
z*€B}. i—1 Q
Summing up, we obtain that the definition of integrability with respect to a vector-valued
capacity which fits in better with the notion of integrability with respect to a countably
additive vector measure is the Pettis integral of the distribution function, at least in the case
of positive vector measures. This is the natural framework of this paper, since all reasonable
vector-valued impact measures are defined by positive capacities, as we will show later on.

2.2. Semivariations of capacities and scalar variations. Variations and semivariations
for vector measures provide natural norms for vector spaces so that they can be made into Ba-
nach spaces. Thus, it seems reasonable to ask for convenient adaptations of these notions in
the case of vector-valued capacities in order to obtain something that could be considered as
the natural topological structure for these spaces. Due to our interest in integration, the main
properties that we need are associated to the behavior of capacities regarding the uniform
limits of their evaluations on sequences of disjoint sets. As the last remark of the previous
section indicates, it seems natural to associate, on the one hand, variation/Bochner inte-
grability /strong integration of scalar functions, and on the other hand, semivariation/Pettis
integrability /Bartle-Dunford-Schwartz integration of scalar functions. This is the reason why
our first step consists in analyzing the notions of variation and semivariation for vector-valued
capacities and the relations between them. So, in this section we introduce some fundamental
definitions and analyze some properties of vector-valued capacities. We also prove a “capacity
version” of one of the main results concerning vector measures, which provides an equiva-
lence between the weak convergence properties and the norm convergence: the Orlicz-Pettis
Theorem for vector measures.

Let (2,X) be a measure space. Consider a vector-valued capacity C' : ¥ — FE and an
element x* € E*. Consider the scalar (signed) capacity (C,z*) given by

(C,a")(A) == (C(A),z*), Aex.

Notice that the expression [(C(-),z*)| also defines a scalar capacity, in this case positive. We
define the variation |(C,x*)| of this capacity in a set A € 3 by

n

(C,a)|(A) = sup D e, h)];

(Ay)j_ CEpartitionof A
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it is also a positive capacity. We say that the capacity C is scalar bounded if

sup (€, (B) < o
r*€Bpx*
for every B € X.
The semivariation of a vector capacity C on a set A € ¥ is given by
ICI(A) :== sup [(C,z")|(A).
r*€Bpx*
We say that the vector capacity C'is of bounded semivariation if for every A € ¥, ||C||(A4) <
00.

Let us give now some definitions regarding convexity /concavity type inequalities for scalar-
valued capacities. We say that a scalar capacity ¢ : ¥ — R is superadditive if for every couple
of disjoint sets A, B € ¥, ¢(AU B) > ¢(A) + ¢(B). We say that c is subadditive if for every
couple of disjoint sets A, B € ¥, ¢(AU B) < ¢(A) + ¢(B). These notions will be generalized
and extended for vector-valued capacities in different manners later on in the paper.

Almost all the properties of semivariations of a vector capacity are consequences of the
behavior of its scalar-valued components. The main properties of the semivariation of scalar-
valued capacities we need in the present paper can be found in Lemma 2 of [7]. For definitions
of semivariation type set functions and quasi-variations for vector-valued capacities, see Sec-
tion 5 in [7]. In what follow we give some related results that will be used in the following

sections.

Lemma 2.3. Let C: ¥ — E be a Banach-space-valued capacity. Then

(1) The variation of a scalar capacity is a superadditive (and so monotone) scalar capac-
1ty.
(2) C is scalar bounded if and only if

1CN[(€) == sup  [{C,27)[(?) < oo.

Cﬂ*eBE*
(3) For every A€ X,
1C1[(A)

= sup {H ZﬁiC(Ai)H el =1, (A)isy C Epartitionof A}.
=1

(4) For every A € 3,

sup [p3xee:zn]l

BCA, (B;)}{_,CX partitionof B ;4

< [lCli(a) <2 sup 1> CBi)ll.

BCA, (By)}_,CEpartitionof B ;7

Consequently, a vector capacity C' is of bounded semivariation if and only if the set
{Z?Zl C(B;): Bi,....,Bp,eX disjoint} is norm bounded.
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Proof. (1) Fix a functional z* € Bpg-, a couple of disjoint sets A, B € 3, and measurable
partitions (A;)7"; of A and (B;)™; of B in ¥. Then (A;)!", U (B;)[~, define a partition of
AU B, and

ZI |+Z| a”)| < (G, 27)|(AU B).

This obviously imphes the superadd1t1v1ty of [(C,z*)|, and the monotonicity |(C,x*)| since
this variation is always nonnegative.

(2) is an obvious consequence of (1). For (3) just take a measurable partition (A4;)7; of A
and z* € Bg~. Then there are ¢; € {41, —1} such that

n

YO, 2] =Y alC(A),2") < || ) eiC(A;
=1 1=1

i=1
which implies (3). The converse inequality also holds using the same kind of straightforward
calculation. To see (4), just take into account that for every A € 3, every partition (A4;)7; C
> of A and every choice of signs ¢;, ¢ 1,...,n, we can reorder (A;)/", in a way that

2o 60 (A) = 3208, O(Ai) = 215,11 C(A ) 0 < ng < n, and so by (3)

1> eC(A !<|Z )l =+l Z c(A
i=1 =1

i=ng+1

<2 sup HZC ) = 1CN(A).

BCA, (B;)}_,CEpartitionof B ;7
For the first inequality in (4), just take a partition (B;)]; C ¥ of B C A, a functional
z* € Bp+ and consider the inequalities

> cBi)x <Z| )| <[l (A),
i=1

where the last inequality is a consequence of the monotonicity of |[(C,z*)|. Then the result
holds just taking the supremum with respect to every z* € Bpg», every measurable B C A
and every partition on the left-hand side. O

From now on we will write ||C||o(A) for the function

IClo(A) := sup 1> C(B)

BCA, (B;)?_, CSpartitionof B 5]
that is defined for every A € X.

Throughout the rest of the paper, we assume that the capacity C' is bounded, i.e. ||C]|(2) <
0o. After Lemma 2.3, this is equivalent to ||C||o(€2) < oo.

In order to get better properties of the associated integration, we require stronger properties
of the vector-valued positive capacities, which will be the case in most of the examples and
models presented in the paper. Recall that we say a Banach-lattice-valued capacity is positive
if C: ¥ — ET, and monotone if A C B implies C'(A4) < C(B) in the lattice order. Recall
also that C'()) = 0. Notice that if C' is superadditive and positive, then for each couple of
disjoint sets A,B € ¥, 0 < C(A) < C(A)+ C(B) < C(AU B), and so C is monotone. In

particular, positive vector measures are always monotone.
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A set N C Bpg- is norming for C' if ||z] := sup, ¢y |(z,2%)|, z € Sum(R(C)), the set of
finite sums of products of elements of R(C') and positive scalars. The same definition makes

sense for families of vector measures: N is norming for a set {C; : 7 € T'} it is such for each
Cr.

Definition 2.4. We say that a vector-valued capacity C' is scalar subadditive with respect
to a norming set N for C if for all disjoint A, B € ¥ and z* € N,

(C(AUB),z")| < [(C(A),2")| + {C(B), "),
i.e. the scalar capacity [(C(-),z*)| is subadditive for every z* € N.

Ezample 2.5. (1) Let ([0, 1], B, 1) the Lebesgue measure space and consider the vector capacity
Cijp:B— L[0,1] given by

C1/2(A) = X(An[0,1/2)U(t_ 2 (AN[1/2,1]))>
where t_; /5 is the linear transformation t_;,o(r) = r — 1/2, r € [1/2,1]; that is t_;/5(A N
[1/2,1]) = AN [1/2,1]) — 1/2. Clearly, C} 5 is not a vector measure, since it is not additive:
for example, C/5([0,1]) = x[o,1/2, but C1/2([0,1/2]) + C1/2([1/2,1]) = 2xo,1/2)- However,
it is subadditive when considered as a function having values in L'[0, 1], and so it is scalar
subadditive with respect to the positively norming set N = (Bpecjo1))" = (Be+)".

(2) Every positive vector measure is scalar subadditive with respect to the positive cone
of E*. In fact, it is enough that for each pair of disjoint measurable sets A and B, the vector
capacity C' having values in the Banach lattice E satisfy 0 < C(AU B) < C(A) + C(B) in
the lattice order. Since all the elements are positive, we have that for each 2* € N = (E*)*
and disjoint A, B € ¥,

{C(AUB),a)| = (C(AU B),a")
< (C(A),2") +(C(B),z7) = (C(A),z7)| + [(C(B), z")].

Lemma 2.6. If C is a scalar subadditive vector capacity and N is a norming set for C, then
the variations of the scalar capacities (C,z*), x* € N, are finitely additive measures.

It is just a consequence of the definition of a scalar subadditive capacity and Lemma 2.3.
In what follows we shall often assume that each scalar capacity |(C,z*)|, z* € N, is a finite
(finitely additive) measure. In particular the lemma above shows that this happens if C' is

scalar subadditive with respect to V.

Definition 2.7. A family of E-valued capacities C = {C; : ¥ — FE|r € T'} is uniformly count-
ably additive if for any sequence (A4,,)22 ; of pairwise disjoint sets of ¥, lim,, [| > 7_ Cr(Ap)| =
0 uniformly in 7 € T.

Notice that we are not assuming that the capacities are additive. That is, countable ad-
ditivity of a capacity does not imply additivity, as is natural in the non-additive context we
are working in. The next theorem is the main result on semivariations of capacities in this
paper. It can be understood as an extension to vector-valued capacities of some classical
fundamental results on summability in Banach spaces and vector measures: the Orlicz-Pettis
Theorem ([9, Cor. 1.4.4]) and the Vitali-Hahn-Sacks Theorem (]9, Cor. 1.5.6]).
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Theorem 2.8. Let C = {C; : 7 € T} be a family of E-valued capacities and let N be a

norming set for C. Then the following are equivalent.

(1) C is uniformly countably additive.

(2) The set {(Cr,x*) : 7 €T, z* € N} is uniformly countably additive.

(3) If (Ay) is a sequence of pairwise disjoint elements of ¥ and (A%);”:’"‘l is a partition of
A, for each n, then

Mn
lim || 7 Cr (A7) =0
j=1
uniformly in T € T.
(4) If (Ap) is a sequence of pairwise disjoint elements of 3, then
tn €, o(4,) = 0

uniformly in T € T.

(5) If (Ay) is a sequence of pairwise disjoint elements of 3, then
lim [|C7[[(An) = 0
uniformly in T € T.

(6) The set {|(Cr,z*)| : 7 € T, x* € Bg~} is uniformly countably additive.

Proof. Clearly, (1) implies (2). To see that (2) implies (3), take € > 0 and consider a sequence
(A,,) with the corresponding partitions (A7), and define the sequence of disjoint sets ordered
by n putting consecutively the elements of each partition of Ay, (A%)°"" . Then there

n=1,j=1"
is an ng such that for every 2* € Bg« and 7 € T, |32 To"j 1 (A]) *) < e, and so
12 e =1 C.(A])|| < e. Since this holds for every e, this gives (3).

For (3) implies (4), suppose that (4) does not hold. Then there is a sequence (A,) of
pairwise disjoint elements of ¥ such that sup,c7 [|Cr|lo(Ar) > 20 > 0 for every n. Then there
is a sequence of disjoint measurable sets (B%)"Zl1 such that UmznlB% C A, and

sup [C,lo(An) < sup | S Co(BI)] + &
€T TeT
This contradicts (3).
By Lemma 2.3, (4) and (5) are equivalent. To see (5) implies (6), suppose that {|{(C;,z*)| :
T €T, z* € N} is not uniformly countably additive. Then we find a disjoint sequence (Ay,)
and a sequence of positive numbers m; such that

mj+1
%) = sup{ Z (Cryz™)|(Ap) : TET, 2 €N, } >0 > 0.

n= mj—f—l
But by Lemma 2.3(1), we have
sup{[[C+[(UpZy) 1 4n) = 7 € T}
> sup{](CT,a;*)](U;niszAn) T €T, "€ N} > (%) >0 >0.

This contradicts (5) and gives the result. Obviously (6) implies (1). O

In the case of a single vector capacity, this result gives the following equivalences.
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Corollary 2.9. Let C be an E-valued capacity and let N be a norming set for C. Then the
following statements are equivalent.

(1) C is countably additive.
(2) The set {(C,x*) : * € N} is uniformly countably additive.
(3) If (Ay) is a sequence of pairwise disjoint elements of ¥ and (A7)

Mn

7 is a partition of

A, for each n, then
Mmn
tim || C(47)] = 0.
n ot
(4) If (Ay,) is a sequence of pairwise disjoint elements of X, then
lim [Cllo(4,) = 0.
(5) If (Ay) is a sequence of pairwise disjoint elements of 3, then
lim [[C] (An) = 0.
(6) The set {|(C,z*)| : z* € N} is uniformly countably additive.

The following definitions will be used later on. They allow us to give easy conditions under
which some of the requirements of the previous results are fulfilled.

Definition 2.10. A vector capacity is said to satisfy the Fatou property if

This is the natural extension of the notion of Fatou capacity [6, p. 2] to the vector-valued
case.

Moreover, a vector capacity is said to satisfy the weak Fatou property if for every z* € E*
and A,, A€ X, if A, 1T A, then (C(A4,),z*) — (C(A),z*).

Finally, a vector-valued capacity is absolutely continuous with respect to a measure A if
and only if ||C(A)|| — 0 whenever A(A) — 0.

Notice that if C' is scalar subadditive and absolutely continuous with respect to a finite
measure A, then it is Fatou, and then weakly Fatou.

3. THE FIRST MODEL: C-INTEGRABLE FUNCTIONS OF BOCHNER TYPE

In this section we will explain the basics of one of the types of integration with respect to
capacities —the strongest one— which we propose as models for impact measuring tools. We
will use the symbol L}(C) for this space in the present paper. The B in this notation refers
to “Bochner”; since we use the vector-valued integration for the distribution function in the
definition. The space Lj;(C) can be identified with the space L!(||A]|) studied in Section 5
of [7], and is also related to the spaces S| and w — LL(A) appearing there. Let ¥ be a
o-algebra of subsets of an abstract set {2, E a Banach space and C': ¥ — FE a set function
satisfying C(@)) = 0. Sometimes, monotonicity of the set function C' is also required in the
definition of scalar capacities, specially in the setting of Information Science (see for example
[29]). The reason is that it is difficult to find a reasonable meaning for an impact measure
which would not increase when the set of information items increases. The vector-valued
version of monotonicity involves the evaluation of the norm of the corresponding vectors, and
will be considered latter together with subadditivity.
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Denote by M the space of all ¥-measurable functions f: & — R. For every 0 < f € M,
we denote by Cy the map Cy: [0,00) — E defined as

Crt)=C({we Q: f(w) > t}).

Consider a simple function ¢: Q — [0,00). If ¢ = 0 then we have C, = 0. In other case,
we always can write ¢ = Z?:l ajxA; with (Aj)?zl being a disjoint sequence of measurable
sets and g =0 < a1 < -+ < ay, and so

C, = ic( U A )Xo
k=1 j=k

Hence, C, is an E-step function (see [2, p. 423]) considering the Lebesgue measure m on
[0,00), and its integral with respect to m is given by

/ Cpdm = znjc( O Aj)(ak ~ ag_1).
@ k=1 j=k

Note that if C' is finitely additive then [, Cy, dm = 2?21 a; C(Aj), i.e. the integral of ¢ with
respect to C.
We define the integral of ¢ with respect to the set function C' as

/(pdC ::/C¢dm.
Q Q

Assume now that C' is Fatou. Then C} is strongly m-measurable for every 0 < f € M ([2,
Definition 11.36]). Indeed, taking a sequence (¢,,) of simple functions such that 0 < ¢, 1 f,
for each fixed ¢t € [0,00) we have that {w € Q: @,(w) >t} 1+ {w e Q: f(w) >t} and so by
(2.10), Cyp, (t) = C¢(t) in E and C,,, is an E-simple function.

Definition 3.1. We will say that f € M is (strongly) integrable with respect to C —in
symbols, f € Li(C)— if Cjg: [0,00) — E is Bochner integrable with respect to m ([2,
Definition 11.42]).

Assume that
A,BeX¥ with ACB = ||C(A)|eg <||C(B)|Eg. (3.1)

This is the vector-valued version of the notion of the monotonicity of capacity (see [6, p.98])
in the vector-valued case.

This result can be found in Proposition 15 (c¢) in [7], taking into account that here we
say that f is (strongly) integrable if it belongs to the Choquet space L'(||C]|) of the scalar
capacity ||C|| (L*(||A]]) in the notation of [7]).

From now on, we assume that the vector-valued capacity has the Fatou property (condi-
tion (2.10) in what follows); although not always needed, it provides suitable conditions for
structures with good properties. Notice that it is not needed for the capacity C' for a simple
function to be (strongly) integrable with respect to C, since for these functions the next result
always holds.

Lemma 3.2. Let C be a vector capacity with the Fatou property. A measurable function
f € M is (strongly) integrable with respect to C —that is, f € LE(C)— if and only if
fooo HCm(t)”E dt < 0.
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Proof. If f € M is integrable with respect to C then, C|g: [0,00) — E is Bochner integrable
with respect to m (by definition). So, there exists a sequence (¢,) of E-step functions on
[0, 00) such that [ [|C|f(t) — ¢n|l£ dt — 0 and thus,

Ammmmagé|mﬂw~%Mﬁ+Au%mw<m.

Conversely, suppose that f € M satisfies fooo |C ()| £ dt < oo. Taking a sequence of simple
functions (g5, ) such that 0 < ¢, 1 |f| by (2.10) it follows that

1C5(t) = Co,, (D) |2 — 0 pointwise for ¢ € [0, o0).
Since, by (3.1),
1C171(t) = Co,, DllE < IC|(DlE + 1Cp,, )2 < 21C1(t) | 2

and the function t — [|Cjz(t)|| g is in L'[0,00), applying the Dominated Convergence Theo-

rem,
|16 = el it o

Hence C)y| is Bochner integrable as Cy, are E-step functions. Therefore f belongs to L}g(C’),
the space of integrable functions with respect to C. O

Let || - || LL(C) be the positive map defined for every function f € M by

liyer = | 1€ ®lzd: < .

Lemma 3.3. The following assertions hold.

a) Hf||L18(C) =0 if and only if f =0 C-a.e. (i.e. except on a set Z of null capacity in the
natural sense: for every A C Z we have C(A) = 0, or equivalently (by (3.1)), C(Z) =0.)

b) H)‘fHL}),(C) = Al HfHL};(C) for all A € R and all f € M.
c) If f,g € M are such that |f| < |g| pointwise, then HfHL};(C) < HQHL};(C)‘

Proof. a) Suppose f = 0 C-a.e., that is, there exists Z € ¥ of null capacity such that f =0
in Q\Z. Then, for every ¢ € [0,00), we have that {w € Q: |f| >t} C Z and so Cj(t) = 0.
Hence HfHL%(C) = 0. Conversely, suppose that HfHL%(C) = 0. Since

fweQ:|fl>i}1Z:={we:|f] >0}
by (2.10), we have Cm(%) — C(Z). On the other hand, by (3.1) and since
{weQ:|fl>i}c{we: |f|>t}

for all t < %, we have

o 1
0=1fluger = [ G0z > [ TG0 edt = LICH e

So HC|f|(1)HE = 0 for all n, and thus C(Z) = 0, that is, f =0 C-a.e.

n
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b) Let f € M and XA € R\{0}. It follows that
Mlger = [ ICw®lzdt= [ ICi e d

= W[ IC @ ds = Ny

c) If f, g € M are such that |f| < |g| pointwise, then {w € Q: |f| >t} C{w e Q: |g| >t}
for every t € [0,00) and so, by (3.1), [|Cif(t)|[e < [|Clg(t)|| for every t € [0,00). Then

1l < lgllzyor- O
In what follows we assume that C' is norm subadditive. Let us explain this concept.

Definition 3.4. A vector-valued capacity C' : ¥ — F is said to be quasi-subadditive if there
is a constant () > 1 such that

1C(AUB)[[e < QIC(A)lle + IC(B)llg) forall A, BeX. (3-2)

If Q@ = 1, we simply say that it is subadditive. This is a natural extension of quasi-subadditive
capacity [6, p.2] to the vector-valued case; all the cases we will consider will in fact be
subadditive.

Remark 3.5.

(1) Recall that a vector-valued capacity C' is monotone if ||C(A)| < ||C(B)| whenever
A C B, A, B € % (see Equation (3.1)). This assumption, together with the previous
one, are usually adopted for the aim of obtaining reasonably good properties for
Choquet integration. This is not a strong restriction for the construction of impact
measures, since the usual ones can be modeled by means of Choquet integrals with
respect to capacities that satisfy these properties.

(2) All the vector-valued impact measures that we are analyzing are positive —that is,
take values in the positive cone of a Banach lattice, usually R™ with the canonical
order.

(3) The corresponding capacities are also monotone, and this makes it easier to verify
some of the results on subadditivity. Although we have written the definition of
subadditivity considering all pairs of sets, for monotone capacities the definition for
only disjoint sets also works. To see this, note that obviously if C is subadditive for
any pair of sets A, B € ¥, then it is so when only disjoint A and B are considered.
Conversely, if C' is monotone and A and B are any pair of subsets in X, then we have
that

Ic(Au Bl < (IC(A\B)| + [lc(B)ll) < (ICAIl + Ic®B)l),

and so both definitions coincide.

FExample 3.6.



16

(1)

EA. SANCHEZ PEREZ AND R. SZWEDEK

An easy example of vector-valued additive measure is the one provided by an aggre-
gation of weighted measures. Take a set A of articles that were published in 2010
and the (o)-algebra % of all its subsets. Consider the canonical basis {e1,ea} of R?
endowed with the Euclidean norm || - ||2, and define the vector measure v : ¥ — R?
by
v(A)=W(A)e; + V(A)es, AC A

Here W(A) is the number of citations the papers of the set A had until 2015, where
the sum is weighted by the 2015 Thomson-Reuters 2-year impact factor of the journal
in which each citation appeared. That is,

W) =S wa) =Y ( 3 IF(C)), AC A,
a€A a€A  cec(a)

where c(a) is the set of citations of the paper a and IF(c) is the 2-year impact factor
of the journal where the paper which contains the citation ¢ was published. The scalar
measure V is defined in the same way but changing the 2-year impact factor IF(c)
appearing in the definition of W by the 5-year (Thomson-Reuters) impact factor of
the year 2015.

Let us write an easy non-additive scalar case. We start with an example which
is inspired by the number of citations (NC)-index explained as a case of Choquet
integral in [29, Def.5]. Consider a (finite) set of authors R and the algebra ¥ of all
its subsets. Define the scalar capacity n(A), A C R, given by the number of citations
that all the papers of the authors in A have received. This function is not in general
additive but it is subadditive. To see this, suppose first that authors a; and ao in R
are not coauthors of any paper. In this case we have that

n({a1,a2}) = n({ar}) + n({az})-

However, assume now that there is a paper coauthored by both a; and ag with at
least one citation. Then we have that

n({a1,a2}) <n({a1,a2}) +1 <n({a1r}) + n({az}).

since the coauthored paper is considered both in n({a1}) and n({az2}). Actually, it
can be easily seen that subadditivity is satisfied for any pair of disjoint subsets of R.
Therefore, the capacity n is subadditive but not additive.

Finally, we can use the ideas in (1) and (2) to define a 2-dimensional example of a
vector-valued index that is a subadditive capacity but not a vector measure. In the
context of (2), define a new scalar index p given by p(A4) = % where |A] is the
number of elements in the set A C R. This provides the citation author-mean of the
set of authors A, and is subadditive since

p(Ay U Ag) = n(A1 U Az) < n(A1) n(Az2)
|A1 U Ag| |A1 U Ag| A1 U Ay

n(A) | n(42)

<

for disjoint A; and As.
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Define now a vector-valued function a : ¥ — R? by a(A) = n(A) ey + p(A) ea. For
every pair of disjoint sets Ay, Ay C A we have

a(A1 U Az) = ?7(A1 U Ag) e1 + p(A1 U AQ) €9
<n(A1)er + p(A1) e2 +n(Az) e1 + p(Az2) e2 = (A1) + a(Asz),

where the inequalities are written considering the standard ordering in the lattice
R?. Therefore, [|a(A; U As)|l2 < ||a(A1)|]2 + ||a(As2)|2. This gives an example of a
vector-valued impact measure that is defined by a subadditive —but not additive—

capacity.

Example 3.7. Level indices. Let us show a method for measuring the influence of a set of
papers using not only the number of citations they have, but also the number of citations of
all the papers which cite the items of the first set. We present a recursive construction of
such a vector-valued capacity. Consider a set of papers P and let B C P.

e First we will define a sequence of n-th level indices LI, of B, where all indices of
this form are scalar capacities. Let us take the set X7 of all the papers which cite
the papers in By := B. We define LI;(B) as |B;| where By := X;\ By as we want to
exclude the impact of citations between members of By. In the second step, we take
the set Xy of all the papers which cite the papers in B;. Then LIy(B) := |Bs| for
By := X5\ (ByU By), excluding the citations which were counted in the previous step.
For the n-th step, n € N, we take the set X,, of all the papers which cite the papers
in B,_1. We set B, := X,,\ UZ;& By and LI, (B) := |By|. Each n-th level index LI,
is a scalar capacity. We define the level index LI of B by

B) =) LI,(Bi)ex
k=1

LI(B) is a vector-valued capacity and ||LI(B)]|, represents the number of all unique
recursive citations of the papers from B. The above motivates our calling of || LI( - )|,
the total index TI. Clearly, LI(B) cannot be additive in general. To see this, suppose
first that B consists of two papers say pi,p2 which are cited by only one paper ps.
Let assume for simplicity that ps has no citations. In this case LI;(B) = 1 and
LI, (B)=0,n>1,and

LI(B) = e1 # 2e1 = LI({p1})e1 + LI({p2})es

e Having defined the level index LI, we present a scalar variant of the previous con-
struction. Let us take a sequence a := (ay,) from [0,1] (e.g. an = z7=7). We define

the a-combined level index LI, by
LI, (B) := || LI(B)| 1 (o) Zan\B .

By the above, LI, is (merely) a subadditive set function.
e We finish by giving a countably additive version of LI, namely

ALI(B Z LI(p

peEB
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Example 3.8. A non-additive subadditive impact index. Consider a set of papers P that
satisfies the requirement that each of them has at least one of the members of a group of
authors A among its authors. Define an impact index for the elements of P related to the
authorship following similar ideas as the ones that can be found in the definition of the
interaction index (see [19]). In our case, we define the index [ A as follows.

e Let n be the number of authors in the set A. Consider a set {p; : i = 1,...,n} of
positive real numbers that will be the weight given to each paper which has a; € A
as author as follows. Write A; for the set of articles in P which have a; among their
authors.

e Let B C P, and define the index I A for the subset B C P as

TAB) = pi(B),
=1

where p;(B) =0if BN A; =0, and p;(B) = p; ift BN A; # 0.
Let us show that this measure is subadditive. Consider a pair B; and By of disjoint sets
of P. Fixi=1,...,n. Then

pi(BiUB2) =0, if(BiUB2)NA; =10,

and

pi(Bl U Bz) =p; Zf (Bl U Bg) M AZ ?é .
For the same i, if (B1 U By) N A; = () we have p;(B1) = p;(B2) = 0. On the other hand, if
(B1UBg)NA; # () we have max{p;(B1), pi(B2)} = pi, but p;(B1)+ p;(B2) can be equal to 2p;
if both By N A; # 0 and Bo N A; # (). Summing up, and taking into account that this is true
for every ¢ we get that the scalar capacity IA is subadditive, but not necessarily additive.
This provides a proper example of a subadditive capacity.

Lemma 3.9. For every f,g € M, we have that || f + 9llrro) < QK(HfHng(C’) + HgHLzlS(C))
Proof. Let f,g € M. Since
{fweQ:|f+gl>t}c{weQ: |f|>itu{weq: g > 1L},

by (3.1) and (3.2) we have

I +ale) = [ M@z

IN

/OOOHC({weQ: 1> U{wen: gl > L)), di
< k([ 1en@isd [ 1ca@led)
= 2k ( [l leds+ [ I 6)e ds)

2K (I1f | iycoy + 90y o)

Lemma 3.10. Let f,g € M be such that |f| < |g| C-a.e. Then, ||f||L%(C) < K||g||L%(C).
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Proof. Take a C-null set Z such that |f| < |g| in Q\Z. Since,
fweQ:|fI>t} = fweQ: |fI>3NANZ)U({weQ: |f|>t}NZ)
C {we:lgl>t}nN2)U({weQ: |f|>t}nZ),
by (3.1) and (3.2) we have that

fliyer = [ ICHOlsa

IN

/O“’ lo({w: gl > BN O\Z) U ({w: |f] > 11N 2))]|,dt

IN

K/OOO lo(w e @+ |9l > N O\Z)]|
; K/OOO lC(w e 1£1> 11 2))]| e

- & [ ctwen > nnaz),
0

IN

K [ 1C 00z dt = K lalyc
O

Let us denote by Lk (C) the set of functions in M which are integrable with respect to C
(i.e. f € M such that HfHLllg(C) < 00), where functions which are equal C-a.e. are identified.
Then Lk(C) is a vector space and || - || Li(c) 1s a quasi-norm, as a consequence of the previous
lemma. We call it the space of C-integrable functions of Bochner type. Moreover it is an
ideal of M.

Proposition 3.11. The space L;(C) has the Fatou property, i.e. if (f,) C Lg(C) is such
that 0 < f, 1 f C-a.e. and sup ||fn||Lg(C) < 0o, then f = sup f, € Ly(C) and ||fn”Lg(C) 0
11y 0)-

Proof. Let us suppose first that (f,,) C L;(C) is such that 0 < f,, 1 pointwise and sup || f,, Hng(C) <
oo. Note that for the measurable function f = sup f,,: Q@ — [0, 00] we can consider the map
Cp(t) =C({w € Q: f(w) >t}) € E for t € [0,00), which is strongly m-measurable just as

in the finite-valued function case. Since, for every ¢ € [0, 00),

{weQ: fu(w) >t} t{we: flw) >t}
by the previous arguments and (2.10) and (3.1), ||Cy, (t)||e 1T ||Cf(t)||e. Then, applying the

Monotone Convergence Theorem in L'[0, 00), we obtain ||anL}3(C) 0 ||f||Lg(C). In particular,
IfllLy ) < oo, that is, f € Li(C). Note that [°[|C(t)||gdt < oo implies f < oo C-a.e.,
and since
{we: flwy=00} C{we: fw)>t} forallte|0,00),
then, by (3.1),
[C(weQ: f) =o0})le < ICrM)lz for all t € [0,00),

and so it must be C({w €Q: flw) = oo}) =
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When 0 < f, T C-a.e., we only have to take a C-null set Z such that 0 < foxo\z 1
pointwise and apply the previous result (have in mind that if f = g C-a.e. then || f|| LL() =

HgHng(C))' (]
Remark 3.12. From (3.2) with K =1 and (2.10), it follows that
IC(UnAR)l[E < Z 1C(An) |-

Indeed, |C(U_145)e < X707, IC(A)le < 32,51 1IC(Aj)[|e. On the other hand, B, =
Ui_14; T B = U;>14;, hence C(B,,) — C(B) in E and consequently ||C(B, )|z — [C(B)||&-

Proposition 3.13. The space Lj(C) endowed with the quasi-norm || - ”Lg(()) is complete.
Consequently, Ls(C) is a quasi-Banach space.

Proof. Let (f,) be a Cauchy sequence in L;(C). There exists a strictly increasing sequence

. k
(ny) such that [fuyy — fuslloyicy < s Taking g = S5, |fuyey — fu| € LE(C) and
g= 2]21 | fn; 1 — fn; |, we have that 0 < gx T g pointwise. Moreover, since for each t € [0, 00),
we have that

{weQ: gu(w) >t} C{we: gw) >t} C [ J{w: 1fujn = fasl(w) > £,

Jjz1

by (3.1) and Remark 3.12, it follows that

ooy = [ ICuleat <3 [T 1Cl, ., -plled:

7j>1
= 2.7 / Cltn ot ds =3 2| sy = fu, i)
j>1 j>1
< Zzﬂ— < 1.
7j>1

Hence, SUPHQkHLlB(C) < oo. Then, by Proposition 3.11, g € L;(C). Consider now h =
> j>1(fny41 — fny)- Since || < |g| and LE(C) is an ideal, we have that h € L;(C). Note that

{0 e X e~ @) > 1) € {we: Yl — fulw) > ¢}

=k Jjzk
C {weQ: |fo, 1 — fo,|(w) > %}
Tj+1 j 21 17
Jjzk

by (3.1) and Remark 3.12, it follows

oo
[ =l ey = 1O sttt O
ji>k
< [ g Bl
>k
j 1
= ZQanj-H fn]HLl < 27
Jj2k Jj=k

Therefore, f,,, — h+ fa, in LE(C) and so does (f,) as it is a Cauchy sequence. O
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Remark 3.14. Let ¢ be a positive simple function. Then,

| [eac], <leluyor

Indeed, as a direct consequence of the definition of the Bochner integral of the distribution
function C, we have

)
| [eac|, = [ o], < [1cowlsat = leluyer

Consequently, the integration operator with respect to C' is continuous from the set of positive
simple functions endowed with || - || Li(c) into E. These inequalities will be useful when
comparing different norms of functions appearing in the models of impact measures, which
provide evaluations of such indices.

We finish the section with a characterization of one of the most relevant lattice properties of
the spaces of integrable functions. If the space is o-order continuous, in Information Science
modeling it means that the evaluation of an impact measure given by a function f can be
successfully approximated by means of an increasing sequence of simple functions converging
pointwise to f.

It must be pointed out that this is not necessarily the case: condition (3.3) appearing
below does not hold for every vector capacity. For example, consider Lebesgue measure
space ([0, 1], B([0,1]), 1) and the vector capacity Cp : B([0,1]) — E given by Cy(A) =z # 0
if 4(A) # 0 and Cp(A) = 0 if u(A) = 0, where E is a nontrivial Banach space and z( is a
fixed vector in it.

Proposition 3.15. The space Lllg(C) has o-order continuous norm if and only if the condition
(A,) C Y with 4,10 = C(4,) =0 inE (3.3)
holds.

Proof. Suppose that Lj;(C) is o-order continuous. If (4,) C ¥ is such that A4, | 0, then
XA, + 0 and so xa,\a, T xa,. By o-order continuity and from Remark 3.14,
IC(An)llE < lIXaallzyc) = XA = xapna, Ly ) — O

Conversely, suppose that condition (3.3) holds. Given f, f, € L};(C) such that 0 < f, 1 f
pointwise, since 0 < f — f, | 0 pointwise, for every ¢t > 0 we have that

{weQ: (f—fu)w) >t} L[ fweQ: (f - fu)w) >t} =0

Then, by (3.3), [|Cf—y, (t)||z — 0. On the other hand, ||Cs_y, (t)||g < |C¢(t)|| g € L]0, 00).
So, by applying the Dominated Convergence Theorem in L![0, 00), we obtain

oo
I = Fullsgier = [ 1Cs-s.Ollodt 0.

Note that if 0 < f,, T f C-a.e., we only have to take a C-null set Z such that 0 < f,xq\z T
fXa\z pointwise and apply the previous result (have in mind that if f = g C-a.e. then

1Ay ) = lgllzyc))- 0
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Note that under condition (3.3) the simple functions are dense in L;(C). Indeed, every
0< fe L}S(C) is the pointwise limit of simple functions 0 < ¢, 1 f and by o-order continuity
of Li(C) (Proposition 3.15) we have that ¢, — f in L;(C). For a general f € L(C), the
result follows by taking positive and negative parts.

4. THE SECOND MODEL: C-INTEGRABLE FUNCTIONS OF PETTIS TYPE

Although the integration defined in the previous section would be enough for applications
to impact indices, the definition provided there does not coincide with the one of integrable
functions in the case when C is a countably additive vector measure. Indeed, as we al-
ready explained, the definition is stronger than the one needed for a direct extension of
Bartle-Dunford-Schwartz integrability, and it will provide a different norm for measuring in-
formation, as will be shown in Section 5. The corresponding space of integrable functions can
be identified with the space w — LL(A) appearing in Section 5 of [7]. In this section we will
show how this integration can be generalized to the case of adequate vector capacities. The
results concerning semivariations and variations of capacities presented in Section 2.2 will be
necessary.

In order to have a nice definition of this kind of integrability, we will require C' to be scalar
bounded. Note that in this case we can define the Choquet integral of a measurable function
f > 0 with respect to the scalar capacity |(C,z*)| in the usual way,

/Qfd|<0,x*>| = /OOO (C,x™)]| dt.

The natural formula for defining the integral of a non-negative function —at least for simple
functions— is the Pettis integral of the distribution function Cp; that is, if f > 0 is a
measurable function we can define its integral as in the case of Bochner integrable functions,

/Qde = /Ooon(t)dt.

Definition 4.1. Let N C Bp+ be a norming set for the N-scalar bounded vector capacity
C:Y¥ — E. We say that a measurable function f is weakly C-integrable with respect to N if

(1) Cyy) is Pettis integrable, and
(2) the functional HfHL%)’N(C) defined as sup,«cy [, |f|d[(C, 2*)| is finite.

Remark 4.2. Let us show now that under reasonable requirements and for positive lattice-
valued capacities, it is possible to compare the functional || - || L (C) with the Pettis norm
of Cjy and with the norm of the integral [, [f|dC), if it can be defined in the correct way.
Assume that C is a positive Fatou capacity on the Banach lattice E (see Definition 2.10 in
Section 2.2) and consider the norming set N = BE* for C. Suppose also that E is reflexive.
Note that in the case || - || Lh v (C) is a norm, the Pettis norm for the functions C is smaller
than this norm, as the following calculations show. Take a simple measurable function f with
a decreasing representation of | f| given by > "' | a;xB,, Bit1 C B;. Then for every z* € N,
o0
0

Iy 0 = [ 1A1d1Can] = [ K
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n n n
=Y ail(C,a)(Bi) 2 ) ail(C(Bi),a")| > () aiC(By),x")]
i=1 i=1 i=1

:/O (O] dt.

This proves that norm || - || L, (C) is stronger than the Pettis norm for simple functions.
Take now a measurable function 0 < f that is integrable with respect to every [(C,x*)].
Take a sequence of simple functions (f,) such that 0 < f,, T f. Assume that we have that
Cy, — Cj pointwise, and so for every z* € (E*)*, (C},,z*) — (Cf,z*) pointwise (use
the Fatou property for C'). Then by the Monotone Convergence Theorem all the functions
(Cf,x*) are integrable, and an easy argument proves that for all v = 2t — 2~ € E*, (Cy,z*)
are also integrable. Thus we have that Cy is Dunford integrable and so Pettis integrable,
since F is reflexive. Therefore f is weakly C-integrable with respect to V.
Moreover,

oo 00 o
/0 |<C|f‘,x*>‘dt > ‘/0 (Cm,x*) dt‘ = ‘</0 Cm dt, z*)|,

and taking sup with respect to all x* € Bg+ we obtain that

g wier 2 1 [ 1714l

Definition 4.3. Let N C Bpg« be a norming set for the scalar subadditive (with respect
to N) vector capacity C' : ¥ — E. Suppose that C' is equivalent to a finite measure A —
that is, for all A € X, suppc4 pex [|C(B)|| = 0 if and only if A(A) = 0. Then we define the
space L71>7 ~(C) as the subset of LO()) of the classes of C-a.e. equal functions that are weakly
C-integrable with respect to N. We will simply write L}L(C) if N = Bg-.

Standard arguments as the ones given in the previous sections prove also the next result.
Lemma 4.4. Let N be a norming set for C. Then L%,’N(C) is a linear space.

In order to get reasonable properties of the space L7137 ~(C), from now on we will assume
that C is scalar subadditive with respect to a norming set N and equivalent to a finite measure
A

Lemma 4.5. Suppose that E is reflexive and C : X — E is scalar subadditive with respect to
a norming set N and equivalent to a finite measure X. Then L}, \(C) is an ideal in LO(X).

Proof. Consider a couple of (classes of A-a.e.) measurable functions f and g such that | f| < |g]
and g € L%;JV(C). Then clearly f € L*(|(C,z*)]) for every z* € N and sup,«cy [q |f] d|(C, z*)|
00.

On the other hand, since

fwe: |flw) >t C {we R [glw) > 1),

we have that for every 2* € N, [((Cjy,2*)dt < [7°(Clgp,2*) dt, so (Cy,x*) is integrable
with respect to each z* € N. This implies that the integrals are uniformly bounded (by
Remark 4.2). In particular, they are Dunford integrable and since E is reflexive they are also
Pettis integrable. O
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Theorem 4.6. Suppose that C is positive, scalar subadditive for positive functionals, Fatou
and such that C is equivalent to a finite measure X\. Assume that E is reflexive. Then the
space L (C) endowed with the quasi-norm || - HL%?(C) is complete. Consequently, L}, (C) is a

quasi-Banach space.

Proof. First note that we can consider the intersection of the unit ball and the positive cone
as N, since C' is a positive capacity. Let (f,) be a Cauchy sequence in L%)(C). First, notice
that the space of all functions that are integrable with respect to all the measures |(C, z*)|
is complete, so there is a measurable function f that is integrable with respect to every such
measure and || f|| < co. Let us prove now that the Pettis integral of C'y exists for such an f.

1) Note that there exists a strictly increasing sequence (n;) such that || fn.,, — fu, || i) <
57 If we define g, = Zle | frjir — fn;l € Lp(C) and g = >_i>1 [fnj1 — [y, We obtain that
gr € LP(C') by Lemma 4.4 and 0 < gi 1 ¢g pointwise. Moreover, we have that

{weQ: gw) >t} C{weQ: gw) >t} C (J{weR: [faer — ful@) > &1,

j=1
for every t € [0, 00).
2) Fix a positive element z* € (E*)". Then, by the subadditivity of [(C(-),z*)|, we obtain

(C{w € Q: gr(w) > t}),27) < (C({w € Q: g(w) > t}),27)
< Z<C({w € |fnj+1 - fn]|(w) > 2%}),1’*>,

j>1

for every t € [0,00). By the positive monotonicity of C' and Lemma 2.3(2), it follows that

/0 <Cgk(t)vx*>dt < Z/ \fng-H fn; |(2i) *> dt

j>1

_ J ]7

= 22 / |fnj+1 fn d8<22 %7 < 1.
7>1 7>1

Hence, sup,«cp, . ken Jo (Cy(t),2*)dt < oo. So the functions (Cy, (t),2*) define an in-
creasing sequence that converges pointwise to (Cy(t),2*) and by the Monotone Convergence
Theorem, (Cy(t),z*) € L(|(C,z*)|) and

/0<Cgk(t),$*>dt—>/0 (Cy(t),z*) dt.

This implies that C, is Pettis integrable. Indeed, it is easy to see that it is Dunford
integrable, so by the reflexivity of E we have that it is Pettis integrable.
Therefore, g € L},(C). Since f = > i1 (frjpa = fy)s |f] < lg] and LL(C) is an ideal, we
have that f € L, (C).
O

To finish this section, let us note that under the assumptions on C given above if f € L, (C)
there exists an integral of f that is [, fdC = [, Cy+ dC — [, C- dC, satisfying, for every

z* € E*, the equality
([ saca) = [ raca)
Q Q
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This formula is the “vector capacity version” of the equality which is satisfied by integrable
functions with respect to vector measures in the Bartle-Dunford-Schwartz sense.

Ezample 4.7. Consider the vector-valued capacity given in Example 3.6(3). Suppose that
we want to use this index for evaluating which is the better combination of 2 teams of 3
researchers for developing a particular research program. Write R3 for all the subsets of
3 elements of R. Each team has an initial mark reflecting its “quality” —for example,
evaluating the previous common experience of the members of the group— which is given
by a function ¢ : R3 — R™. Thus, in the model, each option © of two teams © = {Ry, Ry}
can be represented by an integrable function fo = q(R1)xr, +9(R2)XR,- A measure of “how
good” a given option is would be given by the norm of the integral of the function, that is

I ] ol

Comparing the norm of the integrals of all functions defined in this way would give the
solution of the problem.

5. AN APPLICATION: AN IMPACT MEASURE FOR DATABASES

Suppose that there is a —potentially infinite— set of companies S = {¢; : ¢ € N}, which
provide databases for business purposes to a given company C'O. This company offers them
to individual customers. Consider the set €2 defined as the union of all the sets of information
items €; of each databases d; provided by each company ¢;. Assume that the information
items are organized in all of the database d; in a collection of subsets that define o-algebras
>.;; for example, if each set §2; is finite, we can consider the o-algebra ¥; of all the subsets of
Q; for each i € N. Consider now the g-algebra ¥ on () generated by the countable unions of
the elements of the g-algebras ¥;, i € N. We will assume that all the data in ) are divided
in a countable class of (disjoint) categories { Dy : k € N} defined as thematic areas.

We will show two suitable constructions of impact measures for the database service 2
a company in S offers. Consider an information set A that offers; note that the following
definition works for any subset A € ¥ if we assume that the total number of searches for any
set A € ¥ in a year is finite and all of them refer to information items A that are distributed in
a finite set of thematic areas. Each one of the following definitions would be useful depending
on the use the company C'O wants to make of them; note that both of them are naturally
defined for use in the context.

(1) Consider a function N : 3 — RT defined as
N(A) = the number of queries about subsets B € ¥ of A

in the preceding year, A € X.

Notice that this function is not subadditive, but it is increasing. It measures how
relevant a subset A is in view of the queries about the information items contained

in its subsets. Consequently, let us define the vector capacity Cy : ¥ — ¢2 by

Ci(A):=) N(ANDy)e, €’ AcX.
k=1
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(2) Suppose now that we are interested in giving an impact index defined by a subad-
ditive measure based on the numbers of queries about a given information set. We
are interested in producing a measure which rewards the fact that the size of the
information items provided by the companies is as small as possible but with a big
impact. For this aim, define a new function n : ¥ — R by

n(A) = the number of queries about sets B € ¥ containing A

in the preceding year, A € X.

It is easy to see that this function is subadditive, but not increasing. In this case,
we define the vector capacity Cy : ¥ — £2 by
00
Cy(A) =) n(ANDy)e €, AcX.
k=1

Because of the assumption on the finite number of searches and thematic areas, both sums
are in fact finite and so both capacities are well defined.

Suppose now that CO is planning a business policy for the next year and it wants to
measure how to what extent the contracts with the companies of S should be preserved.
They need to rank them by measuring their usefulness, taking into account that they have
to reduce expenses both in contracts and in computers for storing data. Both measures
explained above give information about the use of the elements of the databases, but the
second is focused on rewarding frequently used small data sets. Therefore, we center our
attention on C5.

With the aim of ranking the set S we consider an “evaluation function” which will be
computed for all the companies. To define it, all the information in € will be classified
in three categories depending on its interest (measured in number of queries, for example):
Caty for the most relevant information, Caty for the second-order data and Catg for the
—still interesting but— only occasionally searched information sets. We have then that
Q) = Caty U Caty U Cats. Since we are interested in saving resources by rewarding important

information as much as possible, we will consider the following testing function
fe;(w) = 3 xcat,na; (W) + 2 XCatonn; (W) + Xcatsna, (W),  w € Q,
for each company c;, © € N. The decreasing rearrangement of the function f., is given by

fCi = XCat1NQ; + X(Cat1UCat2)NQ; + X(Cat1UCataUCat3)N8; -

Integration with respect to Cs can be used for ranking the companies. Using the notions
introduced in the paper, two definitions are possible. By the computations explained at the
beginning of the paper, we obtain the following indices.

(a) A ranking index based on Bochner integration. Define the ranking index
Ig(ci), i € N, as
IB(Ci) = chl

+H02((Cat1 U Catg) N Ql) HE + HCQ((Catl U Catqy U Catg) N QZ) ”E

LL(Cy) = ||Cy(Caty N Q)| g
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— (Z n(Cat; NN D,.C)Q)l/2 + (Z n((Caty U Catg) N Q; N Dk)2) 2
k=1 k=1

> 1/2
+<Zn((Cat1 U Cato U Catg) NN Dk)2) .
k=1

(b) A ranking index based on Pettis integration. Other index can be defined with
the aim of comparing the different companies using the (quasi) norm of the space
L,})(Cg). It is more difficult to compute, but it also gives a ranking tool. Define the
ranking index Ip(¢;), i € N, as

Ip(ei) = || fe LL(C2) —
= swp [ [7ld(Coa) = swp [ |(Cosa)p
z*€Bp JQ z*€By JO
= sup (](Cg,x*)](Catl N ;) + [(Ca,x™)|(Caty N Caty N £Y;)
T*EB)2

—H<02, :r*)\(Catl N Caty N Catg N Qz)),

where the variation of the scalar components of Cy is given by

[(Co, 27)|(A) = sup DD INICa(Ad), )

[(Ai)?:l partition of A] i=1 j=1

= sup ZZ’)‘j|n(AiﬂDj)7

[(Ai)?zl partition of A] i=1 j=1
for A € ¥, where z* = Z;";l \jej € Bp.

(c) A ranking index based on the integral of simple functions. In this case, the
index is just given by the norm of the integral, that is

Iey(es) = || /Q fur dCs|

= (Z (n(Catl NN Dk) + n((Cat1 U Catg) NN Dk)
k=1

2\ 1/2
—l—n((Catl U Caty U Catg) NN Dk)) ) .

The reader can notice that the indices given in (a) and (c) are easy to compute and have
a clear meaning. They give measures of how relevant the databases provided by the different
companies ¢; are regarding the number of consultations of information sets containing their
products. More precisely, they measure how many times a searched subset in a specific
thematic area Dy contains one of the three sets of information of different categories Caty N
Q;,N Dy, C (Cat; UCaty)NQ;N Dy C (Cat; UCatyUCats) N N Dy, offered by a fixed company
¢;. Both indices may then be used for ranking the relevance of the companies concerning the
searching of information by the users of the global database provided by the company CO.
And both are constructed using our technique of integration with respect to vector capacities,
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once the selection tool —the vector capacity Co— and the test functions —the functions f.,—
are fixed by the managing team of C'O following their strategic criteria.

6. CONCLUSIONS

The increase in the number of new information measures that have appeared in recent
developments in Information Science suggests the need to clearly establish the mathemati-
cal framework in which these measures should be included. Indeed, meaningful information
measures should satisfy certain mathematical properties, but there are other classical require-
ments that are not needed and should be removed. Information measures should be vector
valued functions, and in general do not need to be additive on disjoint sets. In this way, the
vector valued nature of the measures allows information from different scalar indices to be
combined in a single mathematical object. In addition, the lack of additivity of some of the
most important impact measures, such as the h-index, must be accepted in fact.

These basic requirements justify the work shown in the paper, which proposes Choquet
integrable functions with respect to vector capacities —both Bochner and Pettis type— as
models for information measures. Once the model —an integrable function f— is set for a
given information measure, there are three ways to define the index that evaluates it when it
acts in information subsets: 1) the Bochner type norm of f, 2) the Pettis type norm of f, and
3) the norm of the vector valued integral of f. In addition to the specific calculation formulas,
this procedure also provides a way of classifying the information measures, depending on the
type of formula used in their definition. This was shown in Section 5 on a particular impact
index, and opens up new perspectives in the development of these theoretical and applied
aspects of Information Science.

While this opens the door to a systematic way of introducing new indices in Information
Sciences, it should be noted that Choquet integration is not the only method of defining
non-additive information measures. Once the additivity requirement is removed, many dif-
ferent integrals appear on the scene (fuzzy integrals, universal integrals,...). Some of them
have already proved useful in some contexts, although they are mainly defined for scalar
capacities. Therefore, it would be interesting to investigate also vector-valued versions of the
most important non-additive scalar integrals, in order to facilitate the creation of new specific

mathematical indices for measuring information sets.
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References

REFERENCES

[1] R. Aleixandre Benavent, J.C. Valderrama Zuridn, and G., Gonzdlez Alcaide, Scientific journals impact
factor: limitations and alternative indicators. El Profesional de la Informacién, 16(1) (2007), 4-11.

[2] C.D. Aliprantis and K.C. Border, Infinite Dimensional Analysis, Springer, Berlin, 1999.

[3] G. Beliakov, and S. James, S. Citation-based journal ranks: the use of fuzzy measures. Fuzzy Sets and
Systems, 167 (2011), 101-119.



(4]

[13]

[14]
[15]

[16]
[17]

18]
[19]

[20]
21]
[22]
23]

24]
[25]

[26]

27]
28]

[29]

[30]

VECTOR VALUED INFORMATION MEASURES 29

J.M. Calabuig, A. Ferrer-Sapena, and E. A. Sdnchez-Pérez, Vector-valued impact measures and generation
of specific indices for research assessment, Scientometrics 108,3 (2016), 1425-1443.

S. Cao, Y. Wang, and J. Li, Approximation of fuzzy neural networks based on Choquet integral, Journal
of Intelligent & Fuzzy Systems 31.2 (2016), 691-698.

J. Cerda, J. Martin and P. Silvestre, Capacitary function spaces, Collectanea Math. 62,1 (2011), 95-118.
0. Delgado and E.A. Sanchez Pérez, Choquet type L' -spaces of a vector capacity, Fuzzy Sets and Systems
327 (2017), 98-122.

D. Denneberg, Non-additive Measure and Integral, Kluwer Academic Publishers, Dordrecht, 1994.

J. Diestel and J. J. Uhl Jr., Vector Measures, Math. Surveys 15, Amer. Math. Soc., Providence, R.I.,
1977.

L. Egghe, and R. Rousseau, A general framework for relative impact indicators. Canadian Journal of
Information and Library Science, 27(1) (2002), 29-48.

A. Fernindez, F. Mayoral and F. Naranjo, Bartle-Dunford-Schwartz integral versus Bochner, Pettis and
Dunford integrals, J. Convex Anal. 20 (2013), 339-353.

A. Ferrer-Sapena, E.A. Sinchez-Pérez, L.M. Gonzélez, F., Peset, and R. Aleixandre-Benavent, Mathe-
matical properties of weighted impact factors based on measures of prestige of the citing journals. Scien-
tometrics, 105(3), (2015), 2089-2108.

M. Gagolewski, and R. Mesiar, Monotone measures and universal integrals in a uniform framework for
the scientific impact assessment problem. Information Sciences, 263, (2014), 166-174.

J. Kawabe, The Choquet integral in Riesz space. Fuzzy Sets and Systems 159, (2008), 629-645.

J. Kawabe, The Choquet integral representability of comonotonically additive functionals in locally compact
spaces. Inter. J. Approximate Reasoning 54,3 (2013), 418-426.

J. Kawave, The Bounded Convergence Theorem for Riesz Space-Valued Choquet Integrals. Bull.
Malays.Math. Sci. Soc. 35 (2A), (2012), 537-545.

E. Klement, R. Mesiar, and E. Pap, A wuniversal integral as common frame for Choquet and Sugeno
integral. IEEE Trans. Fuzzy Syst. 18, (2010), 178-187.

Lindenstrauss, J.; Tzafriri, L. Classical Banach Spaces II, Springer, Berlin, 1979.

T. Murofushi and S. Soneda, Techniques for reading fuzzy measures (4ii): interaction indez, in Proc. 9th
Fuzzy Syst. Symp., Sapporo, Japan, 1993, pp. 693-696.

T. Murofushi, M. Sugeno and M. Machida, Non-monotonic fuzzy measures and the Choquet integral,
Fuzzy Sets and Systems 64 (1994), 73-86.

S. Okada, W. J. Ricker and E. A. Sanchez Pérez, Optimal Domain and Integral Extension of Operators
acting in Function Spaces, Operator Theory: Adv. Appl., vol. 180, Birkhauser, Basel, 2008.

E. Pap, Pseudo-Additive Measures and their Applications, Ch.35 in: Handbook of measure Theory
(Vol.IT), Ch.35, Elsevier, Amsterdam, 2002.

E. Pap, M. Strboja and I. Rudas, Pseudo-LP space and convergence, Fuzzy Sets and Systems 238 (2014),
113-128.

H. Piwowar, Altmetrics: Value all research products. Nature 493(7431) (2013), 159.

D. Ruan, Choquet integral based aggregation approach to software development risk assessment, Informa-
tion Sciences 180(3) (2010), 441-451.

E.A. Sédnchez Pérez and P. Tradacete, Bartle-Dunford-Schwartz integration for positive vector measures
and representation of quasi-banach lattices, J. Non Lin. Conv. Anal. 17(2) (2016), 387-402.

H.H. Schaeffer, Banach Lattices and Positive Operators, Springer, Berlin, 1974.

G. Tatjana, I. Stajner-Papuga and M. Strboja, An approach to pseudo-integration of set-valued functions,
Information Sciences 181 (2011), 2278-2292.

V. Torra and Y. Narukawa, The h-index and the number of citations: two fuzzy integrals. IEEE Trans.
Fuzzy Syst. 16 (2008), 795-797.

T. Watanabe, On sufficient conditions for the Egoroff theorem of an ordered topological vector space-valued
non-additive measure. Fuzzy sets and Systems 162.1 (2011), 79-83.



30 EA. SANCHEZ PEREZ AND R. SZWEDEK

[31] T. Watanabe, and T. Tanaka, On Lusin’s theorem for non-additive measures that take values in an ordered
topological vector space. Fuzzy sets and Systems 244 (2014), 41-50.

[32] Z. Zahedi, R., Costas, and P., Wouters, How well developed are altmetrics? A cross-disciplinary analysis of
the presence of “alternative metrics’ in scientific publications. Scientometrics, 101(2), (2014), 1491-1513.

INSTITUTO UNIVERSITARIO DE MATEMATICA PURA Y APLICADA, UNIVERSITAT POLITECNICA DE VALENCIA,
CAMINO DE VERA S/N, 46022 VALENCIA, SPAIN.

E-mail address: easancpe@mat.upv.es

FACULTY OF MATHEMATIS AND COMPUTER SIENCE, ADAM MICKIEWICZ UNIVERSITY POZNAN, UMUL-
TOWSKA 87, 61-616 POZNAN, POLAND

E-mail address: szwedek@amu.edu.pl



