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ABSTRACT. We present a survey of recent results concerning generalized mea-
sures and integrals: possibly non-additive measures and possibly non-linear inte-
grals with respect to generalized measures. This theory is very recent, develops
very quickly and the amount of literature dedicated to it is already huge, due to its
multiple applications.
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1. INTRODUCTION

Classical measure theory is based upon the concept of additivity (or, which is
more, upon countable additivity).

Recently it was seen that more varied tools,other than additive measures, are
necessary in order to describe and study a multitude of phenomena. These tools
are the generalized measures which are monotone and possibly non additive. A
rough discussion pertaining to this type of measures can run as follows: superaddi-
tive measures indicate a cooperative action or synergy between the measured items
(sets), while subadditive measures indicate inhibitory effects, lack of cooperation or
incompatibility between the measured items (sets). Additive measures can express
non interaction or indifference.

It is generally accepted that the most important generalized measures are the A—
measures, introduced by the Japanese scholar Michio Sugeno in his doctoral thesis
[9]. He called these measures ,fuzzy measures“, but today most people call the
normalized A—measure Sugeno measures. An important result due to Z. Wang [10]
states that any A—measure can be obtained from a classical measure via a canonical
procedure — composition with a special increasing function (see also [11]). We called
the generalized measures which can be obtained in such a way representable measures
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in [4]. In the same paper it was pointed out that A—measure appear naturally also
within the framework of functional equations.

Aside the mathematical interest of the A—measures, it is worth noticing that
they have an important impact in many domains of activity. For instance, we refer
to the mathematical theory of evidence, created by G. Shafer under the influence of
A. P. Dempster. This theory is based upon belief and plausibility measures, which
are special cases of A—measures (see [8]) and [11].

Other interesting facts concerning A—measures can be found in [1] and [7].

Lebesgue’s philosophy says that, once we have a measure, it is possible to have
an integral (with respect to this measure). Following this line of thinking, integrals
with respect to generalized measures appeared. The most popular such integrals are
the Sugeno and the Choquet integral. The Sugeno integral is very far away from
all standard integrals, while the Choquet integral is a direct generalization of the
standard abstract Lebesgue integral. Because of the possible non additivity of the
measures involved,these integrals are possibly non linear.

Thinking about integrals as information fusion instruments (i.e. aggregation
instruments for compressing a multitude of numerical data into a single numerical
date) we see that the use of non additive measures in computing the integrals allows
us to take into consideration the interaction between the generators of data (see
the beginning of this introduction). The non linear integrals can be used in other
directions, e. g. multiregression, classification. To be synthetic, we can use nonlinear
integrals in a huge lot of data mining operations.

A short presentation of the contents follows. The first part deals with generalized
measures, whilst the second part deals with nonlinear integrals.

The first part (paragraph 2) begins with the presentation of general measures
and their basic properties and continues with A—additive measures. Basic properties
of A—additive measures are presented, among them the idea of representability. The
construction of A—measures with preassigned values follows. Here the recent result
concerning the existence and uniqueness of A—measures on P(N) with preassigned
values appears (see [6]). The first part ends with a recent result concerning the
structure of Sugeno measures on the code space (see [5]).

The second part (paragraph 3) begins with the presentation of the Sugeno and
Choquet integrals with their basic properties. Some results concerning sequences
of positive measurable functions and their Sugeno and Choquet integrals follow.
The second part (i.e. the paper) ends with the transformation theorem for the
Sugeno integral and with a recent result concerning the parametric continuity of the
numerical flow of Sugeno and Choquet integrals attached to the canonical flow of
the A—measures generated by a probability (for the last topic, see [3] and [2], which
is an expanded version of [3]).
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2. NoN AppITIVE (Fuzzy) MEASURES

We shall work only with positive finite measures.

The set [0,00) will be denoted by Ry. The set{1,2,...,n,...} will be denoted
by N. For any T we write P(T") to denote the set of all subsets of 7. We shall
consider classes of sets, i. e. sets T C P(T') such that ) € T.

Definition 1. We shall call measure (or generalized measure) a function p: T —
Ry having the following properties:

(i) (@) = 0.

(ii) For any A, B in T such that A C B,one has u(A) < u(B) (we say that p is
monotone or increasing).

Definition 2. We say that a measure p: T — Ry is normalized if
a) T€T;
b) u(T) = 1.

Recall that a function p: 7 — Ry is additive if
H(AU B) = u(4) + u(B)

whenever A, Barein T, ANB=0and AUB € T. If T is a ring and p is additive,
then u is a (generalized) measure.

Definition 3. We say that a measure p: T — R is representable if:

a) T €T and u(T)=A>0.

B) There exists an additive measure m : T — Ry such that m(T) = a > 0 and
a strictly increasing bijection h : [0,a] — [0, A] such that = hom.

In this case, we say that the pair (m,h) represents u and h is a transfer function
for .

Remarks

1. In the previous context, h and h~! are mutually inverse homeomorphisms.

2. Clearly, any additive measure p is representable (if u(7") = A, we have the
transfer function h : [0, A] — [0, A], h(z) = = and the pair (u, h) represents p).

3. It is possible to have more than one pair (m,h) which represents the same
w. For instance, take T'= {1,2}, T = P(T) and p : T — Ry given via u(0) = 0,
w(T) =1, p({1}) = o, p({2}) = B, where 0 < a < f < 1. Let us consider
an additive measure m : T — Ry given via m(0) = 0, m(T) = 1, m({1}) = «q,
m({2}) = b, where 0 < a <1—a =0 < 1. Then, any strictly increasing continuous
function b : [0,1] — [0, 1] such that h(0) = 0, h(1) = 1,h(a) = «a, h(b) = B, generates
the pair (m, h) which represents pu.

O
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Example 1. (Popular transfer functions.) Take the strictly positive numbers a, A.

0
a) For 6 > 0, define h : [0,a] — [0, A], via h(z) = A (g) )

1
b) For any 0 # \ € <—A,oo>, define hy : [0,a] — [0, A), via

o) = LEME =1

O
Not all measures are representable.

Example 2. Take T = {1,2}, T = P(T),u : T — Ry defined via u(0) = 0,
w(T) =1, p({1}) = o, u({2}) = 1, where 0 < a < 1. Then p is a measure which is
not representable.

O
Caution
From now on we shall work only with non null measures having the following
property:
d
a=supp e sup{u(A) | Ae T} < co.
Hence 0 < a < oo. In particular, this property is valid in case T' € T and in this
case a = u(T).
O

Definition 4. For a measure p as above, we say that a number A\ is p—admissible

e e (<)
i case X\ € | — ,00 |.
sup p

We can introduce now a most important class of (generalized) measures

Definition 5. Let p: T — Ry be a measure and \ a p—admissible number. We
say that p satisfies the A—rule (1 is \—additive) if

WEUF) = p(E) + p(F) + Au(E)u(F)

whenever E, F are in T and EUF € T, ENF = .
In case there exists a p—admissible number § such that p satisfies the 6—rule,we
say that p satisfies some A—rule.

From now on, when asserting that p satisfies the A—rule, we tacitly assume that
A is p—admissible.

Remarks
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1. The “necessity” of working with numbers A which are y—admissible can be
explained as follows. Then, if A is y—admissible and A € T, one has 1+ Au(A) > 0.
Hence, if £, F arein T and EUF € T, ENF = (), one has

w(EUF) = p(E) + p(F)(1+ Au(E)) = p(E)
(confirmation of the monotony) . g

2. If p satisfies the A—rule,then
—in case A < 0, p is subadditive

(W(EUF) < u(E) + u(F), whenever EUF € T, ENF =10).
—in case A > 0, u is superadditive
(W(EUF) > u(E)+ u(F), whenever EUF € T, ENF =10).
—in case A = 0, u is additive
(W(EUF) = pu(E) + pu(F), whenever EUF € T, ENF =0).
3. We pointed out in [4] that the measures which satisfy the A—rule appear as

the most natural non additive measure. O

Here are some computations.

Theorem 1. Assume T is a ring and pu satisfies the A— rule. Then, for any E, F
in T, one has

, _ ME) — p(F)
y _ WE) + p(F) + A(E)u(F) — p(ENF)
(it) (B F) = 1+ M(ENF)
p(E) + p(F) + Mu(E)u(F) = M(ENF)* = 2u(ENF)

(iii) W(EAF) =

(14 Au(ENF))? '
(iv) Assuming, supplementarily, that T is an algebra, one has

w(T) — u(E
) (Ba) = P =B
1+ Au(E)
Now, we introduce the dual of a normalized measure.
Definition 6. Assume that T has the following property: Cq € T whenever A € T
(this is true, in particular, if T is an algebra). For any normalized measure p : T —

R4, we define the dual of wu, which is the normalized measure v : T — Ry, acting
via

v(4) =1 p(Ca)
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Remarks

1. The dual of the dual of u is . Hence v is the dual of p if and only if p is the
dual of v

2. In case T is an algebra and p is additive, it follows that the dual of p is p (u
is autodual). O

Theorem 2. Assume that T is an algebra, p: T — Ry is normalized and satisfies
the A\— rule (hence \ € (—1,00)). Then the dual measure v of p satisfies the N —
rule, where

, A

T+

The properties gathered in the following theorem are often useful

Theorem 3. Assume T is a ring and p: T — Ry satisfies the A— rule. Let A € T.
1. For any E € T such that u(E) =0, one has (p is null-additive):

WAUE) = u(A\ E) = y(AAE) = u(A).

2. Assume u(A) = suppu. Then, for any E € T such that AN E = (), one has
w(E) =0. Consequently, for any F € T one has

u(F) = p(ANF).
3. Assume T is an algebra. Then, we have the implication
0<p(A) <u(T)=0<u(T\A) <u(T).
A property which is more restrictive than the A— rule follows

Definition 7. Let p: T — Ry be a measure and A a p— admissible number.
We say that p satisfies the finite A— rule if

W (05)- 1t

i=1

(1+)\M(Ei))—1)7 if AF0

1

> u(E), if A=0,
=1

n
whenever E;, Es, ..., B, are mutually disjoint sets in T with |J E; € T.

=1
In case there exists a p—admissible number § such that u satisfies the finite 6—
rule, we say that u satisfies some finite A—rule.
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Remarks

1. Clearly, to say that p satisfies the finite 0— rule means to say that p is finitely
additive.

2. Clearly, if p satisfies the finite A— rule it follows that p satisfies the A— rule
(and not conversely). In case T is a semiring, the converse assertion is true. U

The analogue of the o— additivity property for measures satisfying the A— rule
is given in

Definition 8. Let i : T — Ry be a measure and X be p admissible. We say that p
satisfies the o — A—rule if

0 ;\(H(l"i_)\ﬂ(Ei))—l), if A#£0
p <U Ez) = =
= > k), if A=0,
=1

o
whenever the mutually disjoint E; € T are such that | E; € T.
i=1
In case there exists a p— admissible 0 such that u satisfies the o — 9 rule, we say
that p satisfies some o — A— rule.

Remarks

1. Clearly, the case A = 0 means that p is c—additive (is a classical measure).

2. Because, for a number A which is p— admissible one has 1 + A\u(A) > 0 for
any A € T, it follows that the infinite product in the definition must be convergent.
O

Definition 9. Let p: T — Ry be a measure.

1. If X is u— admissible and v satisfies the o — A— rule, we say that p is a
A—measure. If T € T, u(T) =1 and p is a A— measure we say that u is a A\—
Sugeno measure. Clearly, the 0— Sugeno measures are the probabilities (on T ).

2. In case there exists a p— admissible dsuch that p is a 6— measure, we say
that p is a some A\— measure.

A some A— measure with T' € T and u(T) =1 is called a Sugeno measure.

Example 3. Toke T = N, T = {¢} U {{n}|n €N} and (a,), a bounded se-
quence of numbers a, > 0. Define u : T — Ry via p(¢) = 0 and p({n}) =

1
=a,. Then p is a A— measure for any A € > where A = sup a,
n
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This example leads us in a natural way to the following question: when is it
possible for a measure p to satisfy the A— rule and the \'— rule for two different p
admissible numbers A\ and \'?

A partial answer is given in

Theorem 4. Assume T is an algebra and p : T — Ry is a measure. The following
assertions are equivalent:

1. There exist two different u— admissible numbers A and X' such that u is both
a \— measure and a N measure.

2. p is a A— measure for any p— admissible A

3. p is o— additive and T is an atom of p (i.e. for any A € T one has either

u(A) =0 or p(A) = pu(T)).

The next fundamental result is essentially due to Z.Wang (see [10]). It asserts
that any measure which satisfies some A—rule is representable.

Theorem 5. Assume T € T and let pn: T — Ry be a measure which satisfies some
A— rule. Then u is representable.

Remarks concerning the preceding enunciation
1. We exhibit, for a measure p : 7 — Ry with pu(7T) = A > 0 and for A\ €

00
A Y

0 < a < o0, there exists an additive measure m : 7 — Ry with m(7") = a and the

transfer function hy : [0,a] — [0, A] given via

1
<— ) \ {0}, a transfer function. Namely, for p as above and for an arbitrary

(14+AA)a —1

h)\(a:) = )\

such that p = hy om.
Namely, the measure m is obtained from p via the formula m = h;\l ou. We
have hy' = [0, A] — [0, a], given via

1, aln(l+)y)
W)= A
In case @ = A = 1 (the most popular situations) the formulae from above

(0 # A > —1) become, for hy, hy* : [0,1] — [0,1]:

(1+X1)7—1
A

~ In(1+ )y)

ha(z) = and hy'(y) = TN

2. The connection between p and m defined at Remark 1 is very straight: u
satisfies the finite A—rule if and only if m is finitely additive; u satisfies the 0 —A—rule
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if and only if m is o— additive. Working for ¢« = A = 1, we can see that y is a
A— Sugeno measure if and only if m is a classical probability. We say that Sugeno
measures are represented by probabilities. ]

The reciprocal of Theorem 5 is false. Namely, there exist representable measures
which do not satisfy any A—rule, as the following example shows.

Example 4. Take T = [0,1]|, T = the Lebesque measurable subsets of T and m :
T — Ry the Lebesque measure on T. Define i : T — Ry given via u(A) = (m(A))2.
Hence = hom where h : [0,1] — [0,1] is the transfer function given via h(t) = t>.
So 1 is representable.

One can check that i does not satisfy the \— rule for any A € (—1,00). O

The final part of this paragraph will be dedicated to the structure of A—measures
on some special spaces.

Finite A— measures with preassigned values

The preliminary fact used here is

Lemma 6. Let aj,aq,...,a, strictly positive numbers (n > 2) and write
S, =a1+as+ ...+ ay,.

Let A be a number such that A > m%lx a;. Then the equation
1=

n

1+ Az = H(l#—a,a:) (En)
i=1

has an unique admissible solution x = \. Here “admissible” means:
1
—if A< S, then \ € <—A,O> ;

—-if A=5,, then A =0;
—if A> Sy, then A € (0,00).

Using this result, we have

Theorem 7. Again let us consider the strictly positive numbers ay,...,a, (n > 2),
the number A > m%x a; and equation (En). Write T € {1,2,...,n}.

=1
Let X\ be the admissible solution of (En). Under these conditions, there exists
an unique A— measure i : P(T) — Ry having preassigned values, i.e.

u{i}) =a; forany ieT
w(T) = A.
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Countable A\—measures with preassigned values

We succeeded (see [6]) to extend the preceding result in the countable case.
First, we have the following auxiliary result:

Lemma 8. Let (a,),cy be a sequence of strictly positive numbers such that

(o)
S:Zan < o0.
n=1

Let A be a number such that

A > supa, = maxas,.
n n

no
1. Assume A < S. Then there exists ng € N such that A < Zai. Then, for
=1
any n > ng the equation

n
H 1+ax) =1+ Az

=1

1
has ezxactly one solution xz, € | ——,0

A

The sequence (:cn)n>n0 1s strictly decreasing and let

1
oo:1 n:fn T .
T 17Ilncc 117150 E[ AO>

2. Assume A > S. Then, for any n € N, n > 2, the equation
n
H (1+a;x) =1+ Ax
=1

has exactly one solution x, € (0,00).
The sequence (y,),~q 15 strictly decreasing and let

Too = limz, = infz, € [0,00).
n n

The analogue of Lemma 6 follows:

Lemma 9. Let (ay),cy be a sequence of strictly positive numbers such that

o
S:Zan < 0.
n=1
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Let A be a number such that

A > supa, = maxa,.
n n

Consider the equation

o0
[T+ ax) =1+ A (E)
i=1
. . _ 1
I In case A < S equation (E) has an unique solution x € _Z’O

II. In case A = S equation (E) has an unique solution xo € [0,00), namely
Too = 0.

III. In case A > S equation (E) has an unique solution rs € (0,00).

In all cases, x~ is obtained as follows

Too = limxy,,
n

where (xy,),, is the sequence furnished by Lemma 8.
Using this result, we have the following extension of Theorem 7:

Theorem 10. Let (ay,), be a sequence of strictly positive numbers such that

o
S:Zan<oo
n=1

and a number A satisfying the condition

A > sup a, = maxa,.
n n

Consider the o— algebra T = P(N).
1. Existence

1
There exists a real number A > 1 and a A— measure j @ T — Ry with

preassigned values, i.e.

uw{n}) =a, forany mneN
)

II. Uniqueness
The number X from the existence part must be a solution of equation (E) (see
Lemma 9) and is uniquely determined if it satisfies the admissibility condition i.e.

—if A< S, then X\ € (;,0);

—if A= S, then A € [0,00) and in this case A = 0;
—if A> S, then X € (0,00).
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Sugeno measures on the code space

This section is based upon [5].

We begin with some basic facts about the code space.

Let 2 < p € N. We shall consider p distinct elements (called letters) and
write X = {z1,22,...,2p} (call X the alphabet). In most cases, one takes X =
{0,1,...,p—1}.

Next, we introduce X* = the free monoid generated by X. Namely X* is
formed with all words of the form x = wjusy...u, (where u; € X) with length
[(x) = n and we consider also the empty word e with length /(e) = 0. For z, y in
X* we write x < y to denote the fact that x is a prefix of y and this means : either
T =eorxr=uu...u, # e and y = v1v2...0,, with m > n, such that v; = u,
Vo = U3, ..., Un = Up. We accept that X C X* i.e. z € X may be viewed in X*.

Now we introduce

X*=XN={f:N- X}.
Namely, an element f € X* will be considered as follows:
f=Er=uwus...up...,

where u,, = f(n) for any n € N. So, the elements in X are sequences of elements
in X. We call the elements in X*°codes and X is called the code space.

For any x € X* we can form the set zX°°. Namely, if x = e, define e X*® = X
and for e # © = ujus...u,, X is formed with all sequences v = v1vs...Up, ...
such that v; = uy, v9 = ug, ..., v, = u,. Clearly, one has zX®° C yX® < y < x.

Considering the metrizable and compact topological space (X, D), where D is

o
the discrete topology, write (X, D,,) = (X, D) for any n € N. Then X = H X,

and we can consider on X the topology & which is the product topologynof1 the
topologies D,,. Then (X°°,U) is a metrizable and compact topological space. This
space is second countable, namely it has the countable base P = {z X |z € X*}
formed with sets which are both compact and open. The Borel sets of (X°°,U) will
be denoted by B.

Because P is a generalized semiring which generates B if follows that o — additive
or Sugeno measures on B that coincide on P are identical. In other words, such a
measure is known if we know its values on P.

In the sequel, we shall give a concrete (matricial) representation of all Sugeno
measures on B (see [5]).

Notation

For any A € (—1,00) write

Sy={p:B— Ry |p isa A— Sugeno measure}.
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One can prove

Theorem 11. One has the equality

(| S =DIR
AE(—1,00)

where DIR is the set of all Dirac measures d, : B — Ry, © € X*.

We pass to the matricial description of all Sy for A € (—1,00) \ {0}. Write
Up=A{1,2,...,p}.

Definition 10. Let A € (—1,00) \ {0}. A A— distribution is a sequence (Dy(n)),,

where
Di(1) = (ax(1),ax(2),- .-, ax(p)) = (ar(i)1<i<p
Dy(2) = (a/\(iaj)hgigp;gjgp

D,\(n) = (a)\ (il,ig, oo ?Z‘n))lgikgzﬂ fOT' k= 1,2, .on

with the following properties:
a) For any n € N and any (i1,i2,...,in) € Uy, one has
—if =1 < A <0 then 0 < ay (i1,%2,...,1p) < 1;

- if/\>0 then a)\(il,ig,...,in) > 1.
p

b) [Tar(i) =A+1.
=1

¢) For any n € N and any (i1,142, . ..,i,) € U}, one has
n
a)\<i1,i2,...,in) ZHa)\<i1,i2,...,in,i).
i=1

Notation
For any A € (—1,00) \ {0} write Dy = the set of all A— distributions.
The announced “matricial” description of Sugeno measures is given in

Theorem 12. . Let A € (—1,00) \ {0}. We have the bijection T\ : Dy — Si
described as follows:
a) Let (Dy(n)),, € Dy where Dy(n) = (a (i1,12,...,in)) as previously. Then

T\ ((DA(n)),) = p

where o .
ay (11,12, ... 10p) — 1
3 .

w(Tiy s Tigy ooy x5, X)) =
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b) The inverse Zy = T)\_1 : Sy — D, acts via

Zx(1) = (Dx(n)),,

where
D,\(n) = (CL)\ (ila i27 cee 7in))1§ik§p

1s such that
ay (1,02, .., in) = 14+ A (2iy, Tig, - .., 24, X°°) .

3. NoN LINEAR (Fuzzy) INTEGRALS

We shall present the Choquet and the Sugeno integrals (with respect to some gen-
eralized measure)

Let (T,7) be a measurable space i.e. T is a non empty set and 7 C P(T)is a
o— algebra. We shall work with positive measurable functions, i.e. with functions
f: T — R, having the property that f~'(A) € T for any Borel set A C [0, 00). For
such a function f and for any a € [0,00), let us define the level set

Fu) Y Fa={teT| f(t)>a}

(ie. Fy = f~Y(a,0)); we write F, instead of F,(f), because in most cases f is
understood).

Clearly F,, € T for any « € [0, 00).

For any A € T, ¢4 is the characteristic (indicator) function of A.

Let us consider a generalized measure p : 7 — R. Recall that u is called
continuous if one has

i (li}ln An> = li}lnu (An),

for any monotone sequence of sets A, € 7. To be more precise, (A,),, can be either
o

increasing (in this case lim 4,, = |J A, € T and we must have
n n=1

m (U An) = lim 1. (A,) = SUD 41 (An))

o0
or decreasing (in this case lim A, = (] A, € T and we must have
n n=1

Iz <ﬂ An) = lim g (Ap) = inf 1 (An)).
n=1
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Notice that one has F,, D F if 0 < oo < 8 < 00. Consequently, for any A € T,
the function ¢ : [0,00) — R4 given via

p(a) = p(Fa(f) N A)
is decreasing (here f : T — R, is measurable).

A. The Sugeno integral (basics)
Let (T,7) be a measurable space, u : T — R, a generalized measure, f : T —
R, a measurable function and A € 7. Write F}, instead of F,(f) for any o € R.

Definition 11. The Sugeno integral of f with respect to u on A is

() [ fdu =L sup (@A p(Fan A) < p(T) < oo.
QERJr
A

In case A =T we write only

() / fdu= sup (oA p(Fa)) < u(T) < oo

acRy
(this is the Sugeno integral of f with respect to ).

Remarks. 1. One has the formula

(S)/fduz (S)/stAdué (S)/fdu-
A
2. In case u(T) < M one has

®) [ Fdu= swp (@np(Fana)
4 a€l0,M]

because, for a > M, one has
aAp(FanNA)=p(FaNA) <p(FyNA)=MAp(FynA).

3. In case p is continuous, it follows that the function a +— ¢(a) =
= u(Fyn A) is decreasing and continuous. Hence, the function a — u(a) =
= ¢(a) —« is strictly decreasing and continuous, with «(0) > 0 and lim u(a) =

a—r 00

= —00. The unique zero of u, call it ag, has the property that ag=(5) / fdu.
A
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4. Consequently, we have the following geometric interpretation of the
Sugeno integral if T C R is an interval, p is the Lebesgue measure and f: 7T — Ry

is continuous and unimodal. Namely, in this case (.5) / fdu is the edge’s length of

the largest square between the graph of f and the x— axis.
5. M. Sugeno called his integral “fuzzy integral” (see his doctoral thesis [9]).
Now, the name Sugeno integral is much more in use. O

Here are some properties of the Sugeno integral (f1, f2, f : T — R4 measurable,
A, Bin T and a € [0,00)).

Theorem 13. 1. If u(A) =0 then (S)/fdu =0;
A
2. If u is continous and (S)/fdu =0 then p(AN{teT| f(t) >0})=0;
A
3. If f1 < fg then (S) fldu < fgdu;
=]
4. If AC B then (S) | fdu < (S) [ fdu.
[rm=e]

5. (S) [ adp=an u(A).
/

6. (8) [(£+ < (S) [ sau+(s) [ adp.
A A A

B. The Choquet integral (basics)

Let wus consider a measurable space (7,7), a measurable function
f:T — R, a generalized measure : 7 — Ry and A€ T.

As always, for any a € Ry write F, de F,(f) and consider again the decreasing
function ¢ : [0,00) — [0,00) given via p(a) = u(FyNA). If L is the Lebesgue
measure on R, it is possible to integrate ¢ with respect to L and we write

o0

/,u(FaﬂA)dozdéf/ndegoo.
0

Definition 12. Within the framework from above, the Choquet integral of f with
respect to i on A is

(C) [ fdu def pu(FoNA)da < oco.
[m=]
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[e.o]

In case A =T we write only (C)/fdu = /u (Fy) da

0
(this is the Choquet integral of f with respect to ).

In case (C) / fdu < oo, we say that f is Choquet integrable with respect to p.
A

Remarks 1. We have the formula

©) [ sau=(©) [ foadu= () [ o
A A

2. The definition of the Choquet integral is a generalization of the usual abstract
Lebesgue integral. Indeed, if p is a classical measure (i.e. p is o— additive), then

we have the equality
(C)/fdu—/fdu
A A

the last integral being classical. O

Here are some properties of the Choquet integral (f1, f2, f : T — R4 measurable,
A, Bin T and a € [0,00)).

Theorem 14. 1. If u(A) = 0 then (C) / fdu = 0.
2 I p(AN{teT| f(t)>0}) = Ojlthen (©) / fdp = 0. Conversely, if 1 is
continuous and (C) / Fdp =0, then p(AN{t € TA| £() > 0}) = 0.
4
5. If f1 < f then (C) A/ fidye < (C) A/ fod.
4. If A C B then (C)A/fd,u < (C’)B/fd,u.
5. (C) A/ 1dp = p(A).

6. (C)/afd,u:a((})/fdu.

A A
7. (C) / (f +a)dp = () / Fdut ap(A).
A A

43



I. Chitescu — Non additive (fuzzy) measures ...

C. Sugeno and Choquet integrals for sequences of measurable func-
tions

C.1. Sugeno integral
We shall work with a generalized measure p: 7 — Ry which is continuous.

Theorem 15. (Monotone Convergence). Let (f,), be a sequence of positive mea-
surable functions which is monotone and let f = lim f,.
n

Then, for any A € T one has

(8) [ fdn=tim(s) [ fucd.
A A

(in case (fn), is increasing, this means (S)/fdu = sup(S)/fnd,u and in case
A " A
(fn),, is decreasing this means (S)/fd,u = inf(S)/fnd,u).
A A

The analogue of Fatou’s Lemma follows:

Theorem 16. For any sequence (f,), of positive measurable functions and any
A €T one has

(S)/liminffnd,u < liminf(S)/fndu.
A A

Theorem 17. (Uniform Convergence). Assume the sequence (fy),, of positive mea-
surable functions converges uniformly to f. Then, for any A € T one has

(8) [ s =tim(s) [ fuck.
A A

Remark In the case of the Sugeno integral, the Sugeno-mean convergence co-
incides with the usual convergence in measure. More precisely: the fact that the
sequence ( fy,), of positive measurable functions (S) converges in mean to the posi-

tive measurable f (i.e. (.9) / | fn — fldp — 0) is equivalent to the fact that for any

a > 0 one has
pit e T [[falt) = F(H)] = a} — 0. O

C.2. Choquet integral
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Again we shall work with a generalized measure p : 7 — R4 which is continu-
ous.

We shall use the following concepts, concerning a sequence (f,), of positive
measurable functions and a positive measurable function f.

Definition 13. We say that (fy), (C)—convergence in mean to f if

©) [\ = Fld 0.
We say that (fy), converges in measure to f if, for any a > 0, one has
p({teT[|fat) = F{)] = a}) = 0.

Theorem 18. We have the implications:
((fn),, converges uniformly to f) = ((fn), (C)— converges in mean to f) =

= ((fn),, converges in measure to f).

Theorem 19. (Dominated Convergence). Let (fy), be a sequence of positive mea-

surable functions, f and g positive measurable functions and A € T. Assume that

fn = [ pointwise, f, < g for any n and g is Choquet integrable (with respect to ).
n

Then
© [ futn > (©) [ fan.
A A

and fn, [ are all Choquet integrable (with respect to u).

Theorem 20. (Uniform Convergence). Let (fy), be a sequence of positive measur-
able functions, which converges uniformly to f and f,, f are Choquet integrable with
respect to . and let A € T. Then

© [ futn > (©) [ fan.
A A

D. Sugeno and Choquet integrals: special properties

The first result of this section shows that any Sugeno integral on an abstract space
can be computed as a Sugeno integral on R4 with respect to Lebesgue measure.

So, let us consider a measurable space (T',7) and a generalized measure p : T —
R . We consider also the measurable space (R4, By ), where B, stands for the Borel
sets of Ry and the Lebesgue measure L : By — R.
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Theorem 21. (Transformation Theorem) For any positive measurable function f :
T — R4 and any A € T, one has

(5) [ fdn=(3) [ i,
A

where ¢ : [0,00) — [0,00) is the decreasing function which acts via

o(t) = p(ANFi(f))-

Remarks. 1. Clearly ¢(t) < p(T) for any ¢t € [0,00). According to the
definition

(S)/gde— sup (aAL(Fa(p))).

a€l0,00)

For any « € [0, 00), one has
Fa(p) = {u€0,00) [ p(u) = a} = {u €0,00) | p (AN Fu(f)) = a}

hence F,(p) =0 for a > u(T).
It follows that

(9) / pdL= sup (anL(Fa(9).
a€l0,u(T)]

It is worth noticing that, for any 0 < o < 00, the set Fi,(¢) is a bounded interval
with left extremity 0 in [0, 00), hence only the finite values of the measure L are used

in the computation of (S) [ ¢dL. Actually, we allowed here for L to have infinite

values (which are not used!) in computing (.5) / pdL.

2. The formula in Theorem 3.12 is often written as follows
(5) [ fdn=(8) [ (40 Fa)da. O
A 0

The second result of this section pertains to the parametric continuity of a “flow”
of Sugeno and Choquet integrals with respect to a “flow” of Sugeno measures, which
is canonically generated by a fixed probability. The precise facts follow.

Let (T,7T) be a measurable space. A suitable interpretation of the already men-
tioned Z.Wang’s theorem ([10] and [11]) leads to the following theorem:
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Theorem 22. Denote by M the set of all probabilities p : T — Ry (i.e.u are
o—additive and p(T) = 1). For any A\ € (—1,00), denote by Sy the set of all \—
Sugeno measures m : T — Ry (of course, So = M).

Then, for fited A\ € (—1,00), there ezists a bijection B(X) : M — Sy acting via

B(A) (1) = m(X, )
where, for any A € T, one has

A+ 1A -1
mA ()= o T AFD

Remark. Remembering the representability facts, let us consider, for any A €
(—1, 00), the transfer function hy : [0,1]) — [0, 1] given via

(IT+A =1
NG E S w— incase A#0
t, in case A =0.

It is seen that B()\)(u) = hy o i in all cases. Then B(A\)~! : Sy — M acts via
B(\)7Y(m) = h,' om where hy' :[0,1] — [0,1] is defined via

In(1+Xy) .
—_— A
hxl(y) _ TEESVE in case A #0
v, incase A=0
(see Theorem 5 and the afferent remarks). O

Now, we can state the promised parametric continuity theorems (see [2] and [3]).

Theorem 23. Let (T,T) be a measurable space, f : T — Ry a measurable function
and i : T — Ry a probability.
Then, for any A € T, the function V : (—=1,00) — Ry, given via

V() = (8) / fdm(A )

A

18 continuous.

Theorem 24. Let (T,T) be a measurable space, pn : T — Ry a probability and
f:T — Ry a p—integrable function. Then:

1. The function f is Choquet integrable with respect to m(\, u) for any A €
(—1,00).
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2. For any A € T, the function W : (—1,00) — Ry given via
W) = (©) [ famix.p)
A

18 continuous.

We also can study the asymptotic behaviour, i.e. we can try to extend the
previous continuity results to “the marginal values” A = —1 and A = oo (see[2] and
3])-

For the same fixed probability u: 7 — Ry the asymptotic (marginal) mea-
sures m(—1,u) : T — Ry and m(oo, u) : T — R4 are defined as follows:

m(_lnu’)(A) = )\l_i>H_11 m<)‘nu')(A)
(o0, i)(4) = Jim m(\, p)(A).

Theorem 25. The marginal measures are computed as follows (for any A € T ):
0, if pu(A)=0
0, of wpld) <1
meona) =4 3 D5
being both atomic (T is an atom) generalized measures.
For any —1 < \1 < A2 < o0, one has m(=1,u) > m (A, u) > m(Ag, ) >
m(oo, ).
Also: m(—1, u) is countably subadditive and m(oo, u) is countably superadditive.
Supplementarily: 1) In case p is atomic (I is an atom), one has m(—1,p) =
m(oo, u) = m(\, p) = p for any A € (—1,00).
2) In case u is not atomic:
a) m(—1,u) is “—1—additive” (i.e.

whenever A, B are in T and AN B = 0) and m(—1, ) is not A\—additive for any
A€ (—1,00);
b) m(oo, p) is not A—additive for any A € [—1,00).

The result concerning the asymptotic behaviour follows.
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Theorem 26. Assume f: T — Ry is measurable. Then, for any A € T one has:

i ( /fdm/\u /fdm —1,p);

hm /fdm)\u /fdmoop
Theorem 27. Assume f: T — Ry is p—integrable. Then, for any A € T one has

hm /fdm (A, ) /fdm —1,p);
lim ( /fdm (A, ) /fdm 00, 1);
>\—>oo
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