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ABSTRACT. A new definition of random sets is proposed in the pre-
sented paper. It is based on a special distance in a measurable space and
uses negative definite kernels for continuation from the initial space to the
one of the random sets. Motivation for introducing the new definition is
that the classical approach deals with Hausdorff distance between realisa-
tions of the random sets, which is not satisfactory for statistical analysis
in many cases. We place the realisations of the random sets in a complete
Boolean algebra (B.A.) endowed with a positive finite measure intended to
capture important characteristics of the realisations. A distance on B.A. is
introduced as a square root of measure of symmetric difference between its
two elements. The distance is then used to define a class of Borel subsets
of B.A. Consequently, random sets are defined as measurable mappings
taking values in the B.A. This approach enables us to use more general
family of distances between realisations of random sets which allows us
to make new statistical tests concerning equality of some characteristics
of random set distributions. As an extra result, the notion of stability of
newly defined random sets with respect to intersections is proposed and
limit theorems are obtained.

1. INTRODUCTION

Nowadays, mathematical theory of random sets is very popular. Let us
for example mention the books [8] and [10] which include basic definitions,
notions and theoretical results.

Applications of random sets are also very spread since they can be found in
many fields of science like material sciences [12], biology [11], medicine [5] and
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others, where the methods developed for random sets serve as a mathematical
background for their analyses and study of several phenomena.

For statistical purposes concerning comparison of random sets, which is
usually done on their realisations in practice, it is beneficial to define a distance
between two realisations so that it can distinguish between some specific fea-
tures while ignoring some other characteristics that are not important (e.g.
errors resulting from poor quality of images), see example in the following
paragraph.

The classical approach to definition of random sets and relating distance
between their realisations is the following. Suppose the random sets take
values in a family of compact subsets of a metric space.

On the family of the compact subsets, equipped by the Hausdorff metric
[10], Borel probability measures are defined and considered as the distribu-
tions of the given random sets. In order to obtain a "richer” structure, we can
consider compact convex subsets of the Euclidean space R? with Minkowski
sum as an operation. However, the Hausdorff metric is not suitable for com-
paring realisations of random sets in many situations, since, for example, only
one distinct point added to a realisation could increase the value of the dis-
tance between the original and the changed realisations significantly, and it
can be undesirable, see the following situation.

Suppose we want to compare random sets based on their realisations in
Figure 1. When the first and the second realisation come from the same

FIGURE 1. Example of 3 realisations of random set in R?

random set, but the second one is the only contaminated during the image
processing by adding a few isolated points, then the Hausdorff distance pro-
vides misleading information, because it indicates significant difference. On
the other hand, comparing the first and the third realisation, which differs
from the first one by missing a few points in the interior, we obtain the Haus-
dorff distance equal to zero, which could be undesirable again, since such holes
can play an important role in practice.

In such cases, a natural choice of distance between two realisations is
some measure of their symmetric difference [2]. It arises from applications,
e.g. when studying bone pores morphology to determine the progress of os-
teoporosis. A main factor is a change in bone pores volumes distribution (see
[9], [13]) and natural way to study its dynamics is using volume of symmetric
difference between old and new finding.
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Then, we can use the Lebesgue measure of the difference if we want all
realisation from Figure 1 to be considered as the same. Conversely, i.e. when
we want to distinguish between any two realisations from Figure 1, a measure
which assigns mass to isolated points can be employed. Further, if we want to
distinguish between the realisations based on holes only, we can use a measure
assigning the mass to the points in the interior of the set, etc.

In order to apply the above mentioned ideas, we introduce a new definition
of random sets taking values in a more general space. To get more intuition,
let us briefly sketch the interpretation of this mathematical model starting
from a measurable space {E, £} (e.g. a compact subset of R? representing an
observation window endowed with Borel sigma algebra). The idea is to choose
a suitable measure m on it that captures important features of elements in £.
We can then define a relation ~ such that A ~ B if and only if m(AAB) =0,
where AAB = (AN B°) U (A°N B) is the symmetric difference between the
sets A and B (A and B¢ denote the complements of A and B, respectively).
It is easy to see that ~ is the relation of equivalence. Further, we denote
E={[A]: Ac &}, where [A] = {A” € £: A~ A}, ic. the family £ consists
of classes of equivalence on & generated by ~, so in this way, we identify the
realisations having the same characteristics in some sense.

Since £ is in fact an example of Boolean algebra [14] (denoted as B.A.
in the sequel), to make things more general, the random sets are defined as
random elements taking values in B.A.

Let us also mention that B.A. makes a more general space of realisations
than a family of subsets of metric space. The Stone Representation Theorem
for B.A. [14] states that every B.A. is isomorphic to a B.A. of clopen subsets of
the totally disconnected compact topological space. However, corresponding
totally disconnected compact space can be non-metrisable (for example an
uncountable product of Cantor sets). Therefore, in these situations we cannot
use standard procedures based on the Hausdorff distance.

Our approach starts from a normed B.A., i.e. a complete B.A. endowed
with a strictly positive finite measure (positive countably additive function
on B.A.) which is intended to capture the features of interest of elements of
B.A. Without loss of generality, it can be supposed that this is probabilistic
measure, or, shortly, probability. It allows us to introduce a distance on B.A.
as the square root of a measure of symmetric difference between two elements
as mentioned above, which is used to define a class of Borel subsets of B.A.
Further, using this distance, the B.A. is continuously embedded into Hilbert
space of equivalence classes of square integrable functions. This enables to
introduce a notion of characteristics of random set distribution as functions
describing distribution properties. The pseudo-distance between random set
distributions is constructed as an 91-distance using the squared distance as a
negative definite kernel. It is shown that this pseudo-distance corresponds to
the distance between the characteristics of the random sets, and it is further
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used to build statistical tests for equality in distribution of random sets. Con-
sidering the weak convergence in distribution with respect to the introduced
characteristics, a notion of stability of newly defined random sets with respect
to intersections is proposed, and some limit theorems are derived.

The outline of the paper is as follows. In Section 2, we introduce the
B.A. of sets. Section 3 briefly introduces a theory of positive and negative
definite kernels and 91—distances needed for further theory. In Section 4,
we describe the embedding of the normed B.A. into a Hilbert space of the
functions using positive and negative definite kernels. A new point of view of
random sets is introduced in Section 5, together with characteristics of their
distributions. Namely, 91—distance on the space of these characteristics is
constructed here, and moreover, some new operations on the characteristics
are defined here. Section 6 presents results concerning limit theorems for
discrete random sets obtained via point-wise convergence of the characteristics
of their distributions. In Section 7, we explain some applications of the newly
developed theory to statistical testing. We conclude the paper with summary
in Section 8.

2. THEORETICAL BACKROUND

Basics of negative and positive definite kernels and N-distances

Positive and negative definite kernels on an arbitrary space X are very
useful functions that allow to embed the space X into a Hilbert space. In the
Hilbert space, the positive and negative kernels play the role of scalar products
and squared distances. They also allow to build a pseudo-distance (so-called
M—distance) on the space of distributions of random elements taking values in
X. The 91—distances can be further used in many applications in probability
theory, information theory and statistics.

In this section, we present basic definitions concerning the negative and
positive definite kernels and the D—distances. The introduced definitions,
propositions, theorems and proofs can be found in [6].

DEFINITION 2.1. Let X be a non-empty set. A map K : X x X — R is
called positive definite kernel if for any n € N, arbitrary ¢y, ...,c, € R and
arbitrary x1, ...,z, € X it holds

n n
Z Z K(zj,zk)cic, > 0.

j=1k=1

A map L: X xX — R is called negative definite kernel if for any n €
N, arbitrary ci,...,c, € R such that 2?21 cj = 0 and arbitrary x1,...,xn, € X
it holds

(2.1) iiL (xj,zr)cjer < 0.

j=1k=1
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Consider now a negative definite kernel L(z,y) on X x X such that
L(z,y) = L(y,z) and L(z,z) =0 for all z,y € X. Then for any fixed z, € X,
the kernel

(2.2) K(z,y) = L(x,2,) + L(zo,y) — L(z,y), 2,y € X,

is positive definite.

Let us first present the construction of 91—distance starting from a nega-
tive definite kernel. Further on in this section, we suppose that X is a metric
space. We denote B(X) the Borel o—algebra generated by the topology in-
duced by the corresponding metric. When talking about negative definite
kernels on X, we suppose that they are continuous with respect to product
topology, symmetric and real-valued. We denote P the set of all probability
measures on {X, B(X)}.

Suppose that L is a real continuous function, and denote P, the set of
all the measures P € P for which the integral

| | pemap@ar)

DEFINITION 2.2. Let L be a negative definite kernel. Then L is called
strongly negative definite kernel if for arbz'tmry measure Q € P and for
an arbitrary real function ¢ on X such that [, c(x)dQ(z) =

/ / (2, 9)e(e)c(y)AQ(x)AQ(y) =

implies c(x) = 0 Q-almost everywhere.

exists.

THEOREM 2.3. Let L be a strongly negative definite kernel on X x X
satisfying L(z,y) = L(y,z) and L(z,x) = 0 for all z,y € X. Let N : Py x
Pr — R be defined by
(2.

)
2i/(P1,P2 —2// (x,y)dPy(z)dPs(y // (z,y)dPy(z)dPy(y)

_/X/XL(x,y)dPQ(-T)dPZ(y)'

Then N = N'Y2 is a distance on Py,.
If L is only a negative definite kernel, then M is a pseudo-distance on Pr,.

For the proof of this theorem, see [6].

THEOREM 2.4. Let K : X x X — R be a positive definite kernel. Then
there exists a unique Hilbert space H(K) with properties:
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1. elements of H(K) are real functions defined on X,
2. ky(-) = K(-,y) e H(K) forally € X,
3. for each y € X and ¢ € H(K) the relationship

<%07 ky)m(K) = ‘P(y)
holds.

For the proof of this theorem, see [1].
By Theorem 2.4, if we take ¢ = k, we have

Thus, positive definite kernels appear to be nonlinear generalisations of the
inherent similarity measure created by the dot product. Also, it is easy to see
that
2
”kﬂ? - kyHH = L("E»y)7
where L is obtained from K by using relation

(2.4) L(z,y) = K(x,2) + K(y,y) — 2K (z,y), z,y € X.

So, negative definite kernels appear to be the nonlinear generalisations of the
inherent dissimilarity measure created by the distance.

Embedding of normed Boolean algebra into a Hilbert space

Consider a measure space {E, £, m} and corresponding B.A. & resulting
from factorisation of initial o-algebra by the ideal of negligible sets. Then &
is a complete normed B.A. endowed with the measure m such that m([A]) =
m(A).

Inversely, for each complete normed B.A. {X, u}, there exists a measure
space {E, &, m} such that the normed B.A.s {X, u} and {5, m} are isomorphic
(see [14]).

According to this result, we further consider complete normed B.A. {X, u}
and identify it with isomorphic {€, 7}, which is denoted as {X, u} = {£,7m}.
If the corresponding measure space {E, £, m} is such that m(A) = 0 implies
A = (), then we can consider X as family of subsets of E. Just note that we
use the notation A for subset of F, and A for element of the Boolean algebra
that corresponds to the class of equivalence of subsets of E.

Let us now consider a complete normed B.A. {X, u} and let a measure
space {E, £, m} be such that {g’,ﬁz} is isomorphic to {X, u}. As mentioned
above, the B.A. {X, u} is identified with {£,7}. Analogously, we identify
[A] € £ with A € X in the sequel.

Define

(2.5) L(A,B) = u(AAB), A, Be€ X.

LEMMA 2.5. The function L given by (2.5) is a negative definite kernel
on X X X.
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PrOOF. We have

L(A, B) = u(AAB) = m(AAB) = /E(I[A(u) + g (u) — 20a(u)Tg(uw))dm(u).

Let Aq,..., A, be arbitrary elements of X. Then

n

SN LA, A

j=1k=1

; (u) + Ta, (u) — 21p, (u)a, (u))dm(u) - cjc

<.
Il
—

Il
M:
M-
.
F

Ta, (u)cjer + Z Z Ta, (u)cjcr

j=1k=1

I
5

<
i M:
I
>
i 3
[

Tp, (u)la, (w)cjer | dm(u)

NE

<

Il
—
=~

Il
_

I
—

Ta, (u)c; (Z ck> + ch Z]IAk (u)ex,
k=1 i=1 k=1

Jj=1

_22 Z ]IA]. (u)]IAk (u)cjck dm(u)

It is easy to see that

20 L(AB) = u(A8B) = [ (Ta(w) = To(w) dm(u).

Therefore
(2.7) d.(A,B) = L'*(A, B) = (W(AAB))

for A, B € X is a distance on B.A. X.

Denote L?*(E,&,m) a Hilbert space of measurable functions for which
the 2nd power is a Lebesgue integrable function with respect to the measure
m, where functions which agree m almost everywhere are identified. The

1/2
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distance d,, is equivalent to L?(E, &, m)-distance. Suppose we have a mapping
m: X — & such that

(2.8) m(A) = A for some A € A.
According to the mapping ¢ : (X,d,) — L?(E, £, m), we have

(29) L(A) = I[‘n-(A)~

B.A. X with such a distance d,, is continuously embedded in a subset of a
Hilbert space, since

1/2
du(A, B) = ((AAB))"* = ( /E (Teay(u) - nw<3><u>)2dm<u>)

for arbitrary 7 : X — & such that 7(A4) = A for some A € A.

Note that the mapping defined in (2.9) does not depend on the chosen
representant A € [A], i.e. on the choice of the function =, since for arbitrary
two mappings w1, me : X — &, it holds that

( [E (T, ay(u) — ]IﬂQ(A)(u))2dm(u)> = m(m1(A)Ama(A)) =0

for A € X implying 1, (a) = Lr,(a) m-a.e.
Graphical representation of the mappings 7 and ¢ is presented in Figure
2.

(X, p) 22 (E.m) < L2(E,€,m)
<>

O (&9

FI1GURE 2. Graphical representation of the mappings 7 and
¢ defined by (2.8) and (2.9), respectively.

REMARK 2.6. There are many topologies introduced in B.A.s. The most
popular is the order topology. It is known that the topology of the metric
space {X,d,} coincides with the order topology (see [14]). Therefore, the
order topology coincides with the topology induced from Hilbert space. Thus,
we embedded the B.A. X into Hilbert space in such a way that the standard
topology is preserved.
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To define random set as a measurable mapping taking values in metric
space it would be beneficial to ensure that this space is a Polish metric space
in order to avoid some measure-theoretic difficulties. In case of (E,E&) =
(R4, B(R?)), which is important for applications, for corresponding (X,d,,)
this property holds. It follows form the fact that (X,d,) is homeomorfic to
subset of indicators in L?(R%, B(R?), 1) and this is a Polish metric subspace
(see [4]).

3. DEFINITION OF RANDOM SETS

Denote B(X') the Borel o-algebra of subsets X with respect to the topol-
ogy induced by distance d,.

Let a measure space {F,€,m} be such that {(‘:’,ﬁz} is identified with
{X,u}. As mentioned above, each A € X can be identified with the corre-
sponding indicator 1 (4).

DEFINITION 3.1. Let {Q,%, P} be a probability space. A random set
A Q — X is measurable mapping from {Q, X} to {X,B(X)}. Its distribution
is a measure m on {X,B(X)} defined by

m(V) = P(A™'(V)) = P(A € V), V € B(X).

REMARK 3.2. If one wishes that realisations of random set are not a
family of sets (e.g. one class of equivalence), choosing © we can identify a
class A with its representant 7(A) and consider 7(A) as a random set taking
values in 7(X).

ExAMPLE 3.3. Consider (R, B(R?), \) and a map 7 such that it takes an
open set as a representative of each class of equivalence, we obtain definition of
random open set in R?. Similarly, we can obtain definitions of random closed
sets with nonempty interior, or random sets that are neither closed nor open.

ExAMPLE 3.4. Consider (R,B(R),dp), where dy is Dirac delta measure

concentrated at point 0. Then the classes of equivalence are A; = {A :
A contains 0} and As = {A : A does not contain 0}. Then, we can define e.g.
m(A1) =[-1,1) and 7(A2) = [1,2), so we obtain random set taking values in

{[_17 1) ) [17 2)}

Our first aim is to define a pseudo-distance between distributions of ran-
dom sets. Recall the notation P for the set of all probabilities on {X, B(X)}.
Consider m € P as a distribution of corresponding random set.

DEFINITION 3.5. Let m € P be an arbitrary probability measure on B(X).
A function fI : E — R defined by

fru) = /X T, 1) (u)dm(A), u € B,
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in which m is the function defined by (2.8) is called a characteristic of the
measure .

In the sequel, we denote § the set of all functions {fy,, m € P} C
L*(E, F,m).

REMARK 3.6. Characteristic of the measure m generally depends on the
choice of 7, unless the space (E,&,m) is complete. However, it is easy to see
that

/ 7 () — £72 () Pdm(u) = 0,
E

so frt = fr2 m-almost surely. Further on, for arbitrary fixed 7, we will denote
fm = fm keeping in mind that it is unique m-a.s.

REMARK 3.7. Note that if A is a random set with distribution m, fi, is
expectation of random indicator (), i.e.

fu(u) = P(u € w(A)).

REMARK 3.8. Transformation m — f, from P to § is not one-to-one.
For example, two random sets A taking two values [A] and [E \ A] with equal
probabilities 1/2 and B taking values [E] and [)] with the same probabilities
have the same characteristic f,.

We would like to define a pseudo-distance on the space of probability
measures P, which is proposed as a pseudo-distance between corresponding
independent random sets. For this purpose, we introduce a negative definite
kernel on the pairs of such measures. Namely, for m,n € P we define

N(m,n) =2 / / L£(A, B)dm(A)dn(B)

//LABdm )dm(B //,CABdn )dn(B).

Let us transform expression (3.1) using (2.6)
N(m,n) =2 / / ((AAB)dm(A)dn(B)
/ / (AAB)dm(A)dm(B / / (AAB)dn(A)dn(B)
:/ 2/ / (]Iﬁ(A)(u)+]I,r(B)(u) —2]I7T(A)(u)~]I7T(B)(u))dm(A)dn(B)
[ (e 0+ T (0) = 20 )00 - T () A)l( )
- /X /X(]LT(A)(U) + Mgy (u) — 204y (u) - ]ITF(B)(u))dn(A)dn(B))dm(u)

=2 [ (fnl0) = fuw)) dm(w).

(3.1)
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Now, it is seen that A/(m, n) is a negative definite kernel on the set P2, which
is strongly negative definite kernel on the space §2 of pairs (fm, fa) for (m,n) €
P2. Finally, we define a pseudo-distance 9 on P as

(3.2) N(m,n) = (Q/E(fm(u) — fn(u))2dm(u)) 1/2.

It is obvious that the pseudo-metric space {P,91} is isometric to a sub-
space of Hilbert space. Therefore, the first natural step in the study of random
sets distributions is investigation of properties of the space §.

Since M? is negative definite kernel, it is easy to see, using (2.2), that

ﬁmmzz/mwnwmm>
(3.3) B

= % (9% (m, 0) + 9N?(0,n) — N*(m,n)),

where 0 denotes the measure concentrated at [(}] (note that its characteristic
is the zero function) is a positive definite kernel on §.
Now, we can define multiplication of the measures m and n as

(3'4) Jmo fo = fm - fa

When we consider two independent random sets A and B with the dis-
tributions m and n, respectively, it is easy to prove that the characteristic
fm o fn corresponds to the characteristic of the random set A N B. Moreover,
§ equipped with the operation (3.4) and the kernel (3.3) is a semi-group with
positive definite kernel in the sense of [6].

Note that there exist more ways to turn § into semi-group with positive
definite kernel. For example, we can define a new operation on § as

(3.5) fm*fn:(l_fm)'(l_fn)
with the kernel
(36) R (e fo) = [ (1= Falw) - (1= o)) dm(u).

Then for two independent random sets A and B with the distributions m and
n, respectively, it is easy to prove that the characteristic fy, * f, corresponds
to the characteristic of the random set A° N B°.

4. LIMIT THEOREMS AND STABILITY FOR INTERSECTIONS OF DISCRETE
RANDOM SETS

Let us now obtain limit theorems connected to the large number of o-
multipliers. The limit theorems are related to the point-wise convergence of
the characteristics of random sets. For this purpose, denote f, the character-
istic of the distribution of a random set A.
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DEFINITION 4.1. Let {An}, .y be a sequence of random sets and A be
a random set. We say that the sequence {A,}, .y converges weakly in
characteristic to a random set A if

nh_}n;o fa, (W) = falu) m—a.s.

It is easy to verify that in this case, it holds that hm MN(my
where N is the pseudo-distance defined by (3.2).

my) =0,

717

THEOREM 4.2. Let A be a discrete random set taking values Ay, Ag, . ..
with probabilities p1,pa, ... Suppose that py > 0 and A; = ﬂ;; Aj. Then

(4.1) nh—>Holo (Z ]I,T(Ak_)(u)pk) = Tra(w) m—a.s.
k=1

Proor. Using the properties
m(A1) Nw(4;) =7(41) m—a.s.
and

L (annm(ay) (1) = Treay () - Tra,) (u)
for all j =1,2,..., we have

(i Hﬂ(Ak)(U)pk)n
k=1
= T () [} +Zpk ‘(1) (Z)] + (i Toayy (w)p;)

j=2
=(1-(1-p)")1, (Z A, (u )n ety Tra,y(u) m—a.s.

Jj=2

d

Suppose we have a sequence of i.i.d. discrete random sets Aq, Ao, ...,
equally distributed as a discrete random set A satisfying the conditions from
Theorem 4.2. The equation (4.1) implies that the sequence {N}_;A}
converges in characteristic to random set that is a.s. equal to A;.

For example, if we have a sample of n realisations of a random set in a
form of a pixelised black and white image, for large n its intersections should
converge in characteristic to the intersection of all sets in support of the given
random set.

As a particular case, we obtain that for A; = [(}], the limit in (4.1) is the
zero function.

Using Theorem 4.2 we can prove that the minimal value of the sample is
a consistent estimator of the minimum value of a discrete random variable.

neN
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COROLLARY 4.3. Consider a discrete random variable X taking values
T1,T2,... with positive probabilities p1,pa, ..., where x(;y = min{z,zs,...},
and X1, Xo, ... i.i.d. random variables equally distributed as X. For alln € N,
denote X1y = min{Xy,..., X,}. Then

X1y = ®a) as n— oo,
in distribution.

PROOF. To obtain this statement, we only apply Theorem 4.2 to the sets
Aj = (—oo,zj] for j =1,2,... d

Recall that for A; = [@], the limit in (4.1) is the zero function. The question is
how fast is the convergence to the zero function. To understand the problem
of such convergence more precisely, let us first introduce an example.

EXAMPLE 4.4. Let A ¢ {0, E} be a set from €. Consider a random set A
taking only two values, namely A = [A] and A° = [E \ A], each of them with
probability 1/2. Then

1 1\ 1 1 1
(I[TF(A) (u)- B + ]IW(Ac)(u) . 5) = o1 (]IT((A) (u)- 5 + ]IW(Ac)(u) . 5) m—a.s.
Note that since AN A€ = [()], but the probability of [(}] is zero, we cannot
apply Theorem 4.2. Despite this fact, we can clearly see from the right-hand
side the convergence of the term to zero function. We can interpret 2,%1 as
a “normalising constant” which indicates the speed of convergence to zero of
the characteristic of n-times intersection of random sets.

Let A be a discrete random set taking values Ay, Ao, ... with probabilities
P1, P2, - .. and suppose that p; > 0 and A; = [()]. Then

= Z ]I7T(A_7‘) (’U,)pj
j=1

and thus, the random set B taking values As, As, ... with probabilities p; /(1 —
p1) for 5 = 2,3, ... has the characteristic

(42) fiolt) = T=—=fa(u).

This follows from the fact that T[g = 0 m-a.s., so

ZJIJ

fr(u)

1—191

1 o0
T—p (P ho > Tngay (W
=2
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REMARK 4.5. Suppose A is discrete random set taking values Ay, Ao, ...
with probabilities p1,ps,... and let 0 < XA < 1. Then Afy is a characteristic of
a random set B taking values in [}], A1, Ao, ... with probabilities

/\pj = P(B = AJ) if Aj 7é [@]7
17/\4’)\[7]‘ :P(B:AJ) lfAJ = [m,
where j = 1,2, ..., while in the special case when all A; # [(}], we have
PB=[0)=1-\
If follows from
(4.3) Ma =Y Apilaia, + (1= M)
JEN
DEFINITION 4.6. Suppose that A is a discrete random set taking values

Ay, Ag, ... with probabilities p1,ps, ... We call A to be a stable random set if
for any integer n > 2, there exists a positive number k, such that

(4.4) fa(u) = Ky fa(w).
EXAMPLE 4.7. The random set from Example 4.4 is stable.

ExAMPLE 4.8. If A takes only one value A with probability 1, then A is
stable.

ExamMpLE 4.9. Consider a random set A taking non-empty values
Ay, ..., Ay with equal probabilities 1/k. Suppose that A; N A; = [] for
i # 7. Then A is stable. Really, we have

k

k
(%ZHW(AJ)(U)) = kinzﬁﬂ(AJ)(u) m-—a.s.,
Jj=1 j

j=1
and (4.4) is true with ,, = k17"

We can obtain some results on convergence to stable random sets. The-
orem 4.2 gives the sufficient conditions for the convergence to degenerate
random sets.

THEOREM 4.10. Suppose that A is a discrete random set and B is a stable
random set with normalising constant k,. Suppose that

(4.5) Ja(u) = p1fa(u) + p2h(u),

where 0 < p1,pa < 1, |h(u)] <1, p5/(p¥kn) — 0 as n — oo and fg(u)h(u) =
0. Then there exists a sequence A\, of positive constants such that

(4.6) Anfi(u) — fa(u) as n —o00 m—a.s.
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ProoFr. Using the condition fg(u)h(u) = 0, it is not difficult to calculate
that

A MafE) = fo(w) = (Apir, — 1) fau) + Aapsh" (u)

for any A, > 0. Now it is sufficient to choose A, so that A,p{k, — 1 from
below as n — oco. For such \,, it holds

Anpy W (u) = (Anpl kn) (P2 / (PT Kn))A"™ (u) — 0,
which implies (4.6). O

To see why the convergence from below is needed, let us first note that
APl kn fe(u) corresponds to a characteristic of a random set, since in this
case 0 < A\,pPKy < 1 and use the same argument as in Remark 4.5. Further,
it follows from (4.7) that

)‘nfg(u) = Anp?“nfﬂ%(u) + )\np;hn (u)a

and since for sufficiently large n, the term A,p3h™(u) is close to zero, we can
conclude that for n large enough, we have A, ff (v) = A\, pYkn, fis(u). This rela-
tion gives us an interpretation of the left hand term in (4.6) as approximately
equal to characteristic of some random set for sufficiently large n.

It is possible to use other definition of stability for the case of discrete
random sets. The idea is similar to the one in the definition of casual stability
given in [7].

DEFINITION 4.11. Let a > 0 be a parameter and A, be a family of discrete
random sets with P{A, = A;} =pj;(a), j =1,2,... We say that A, is stable

with respect to a family of transformation a — &,(a), n = 1,2,... if for any
positive integer n, it holds that
(4.8) fa(u) = fe (y(w) m—a.s.,

where fu(u) = Z;)il Lr(a;)(w)pi(a).

EXAMPLE 4.12. Let a € (0,1] be a parameter and A, be a family of
discrete random sets with P{A, = A;} = p;(a) = a(l —a)i™1, j =1,2,...,
where A; # Ay, for j # k and

A1CA2CA3C"'

Denote &,(a) = 1 — (1 —a)™ Then A, is stable with respect to a family of
transformation &, (a).
Let
o0
fa(w) = Toa,(w)p;(a)

j=1

for
A CAy C A3 C -



150 V. GOTOVAC DOGAS ET AL.

It is not difficult to calculate that

oo

fo(u) = (sio1(a) = s7.(@) Lnay) (w),
k=1
where si(a) = 3772, | pj(a). For the case pj(a) = a(l —a)’~! we have
sp(a)=(1—a)* k=0,1,2,...

Therefore

M

o () (1 =)= — (1 = a)") Ly (a,(u)

<.
I
—

M

(1= )"0V (1 = (1 = a)") L) (u)

<.
I
—

M

(1= &n(a)) " &nla) Tn(ay)(u)

<.
I
—

e

Pj(&n (@)U (a;) (1) = fe,(a)(w)-

<
I
—

REMARK 4.13. Recall that the results obtained in this section are con-
nected to the operation o. However, the results for the operation * defined
by (3.5) are very similar. It follows from the fact that the operation * corre-
sponds to the intersection of the complements of the sets (or equivalently the
complement of the union of the sets). It means that the study of *-operation
is equivalent to that of o for the complements, while we only have to change

fm(u) by 1 — fu(u).
5. STATISTICAL TESTING

In this section, we show how the theory introduced above can be used for
statistical testing in the field of random sets. Here, we assume that (E, &, m)
is such that m(A) = 0 implies A = (). Then we can set X = £.

Consider two random samples (i.e. 2 x n i.i.d. random sets) Aq,... A,
and Byq,...,B,, n > 2. We want to test the hypothesis f,, = fi, where m and
n are the distributions the samples Aq,..., A, and Bq,...,B,,, respectively,
come from.

This hypothesis is in fact equivalent to

(5.1) N2 (foms fr) = [E (fon (1) — fu(w)) dm(u) =0,

which is equivalent to

(5.2) /E (2 (1) — fun(t) - fu(us)) i) = /E (Fon () - fi0) — F2(0))dima(as).
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To construct a statistical test, we have to estimate fy(u) and f,(u) by their
empirical analogues. Then on both left and right side of the equality (5.2), we
obtain the samples from one-dimensional distributions. Thus, we may apply
any free-of-distribution two-sample one-dimensional test.

An example of application of the described procedure for statistical testing
using (5.1) can be found in [3]. There the author dealt with a permutation
version of the test and used the Lebesgue measure as the measure m. The
approach was moreover justified by a simulation study and applied to real
data, namely for distinguishing between different types of breast tissue based
on their histological images.

6. CONCLUSION

We introduced a new definition of random sets on the normed B.A. and
proposed a characteristic of their distributions. We also considered some -
distances on the space of those characteristic together with obtaining limiting
theorems for discrete random sets using those characteristics. The presence of
I-distances allows to have a Hilbert structure on the class of corresponding
sets instead of usually used Banach structure.

Some possible applications in statistical testing were also proposed.

Our future work would be concentrated on investigating more the char-
acteristics of random sets and defining more 9i-distances on the space of dis-
tributions of random sets. Further on, we will apply the obtained theory in
statistical testing for random sets concerning some practical problems.

APPENDIX A. MORE DETAILS CONCERNING EMBEDDING OF NORMED
BOOLEAN ALGEBRA INTO A HILBERT SPACE

Negative definite kernel £ generates positive definite kernel KC (see [6]) as
follows:

(A1) K(A,B) = % (E(A, E) + L(E, B) — L(A, B)) = (AN B).

The kernel K plays the role of the inner product in the corresponding Hilbert
space [6]. This fact is also obvious from the representation

/C(A, B) = /E ]ITI'(A) (u) . ]ITF(B) (u)dm

This allows us to define some characteristics of the elements of our B.A.
using geometric properties of the Hilbert space. For example, we may define
a norm of a set as ||A|| = K(A, A) = u(A) and an angle a(A, B) between the
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nonempty sets (the elements of B.A.) A and B by setting
fE ]Iﬂ—(A) (u) . ]LT(B)(u)dm(u)

( [, (A)(u)dm(u)> v ( Jo 120 (u)dm(u))
___ WANB)
©(u(A) - pu(B))2

As the measure p is strictly positive, it is clear that

cosa(A, B) =

1/2

0 <cosa(4,B) <1,
cosa(A,B)=0<= AN B =1,

cosa(A,B)=1<= A=B.

Therefore, the sets with an empty intersection may be considered as orthog-
onal. The main property of the measure p: p(AU B) = pu(A) 4+ u(B) for the
orthogonal sets A and B may be interpreted as Pythagorean theorem in the
Hilbert space.

Let Aq,...,A, be a complete system of the events, i.e. the n elements
of the B.A. satisfying to the conditions U?:1 A; = [E] and A; N A; = [0]

for i # j. Then 2?21 | 2% I = 1 and Jp Tra,) - Tnayydm =
0 for i« # j, i.e. the functions Tr(a,),..., Ir(a,) compose an orthogonal
system. Inverse statement is not completely true. If some indicator-functions
Tr(a,),---» Lrea,) compose an orthogonal system then [A;] N [A;] = [0] for
i # j, but, possibly, Jj_, 7(4;) # E.

Suppose now that the indicator-functions T (4,), ..., Ir(a,) compose an
orthogonal system, and 1,(A) is an indicator, corresponding to an event A.
We can find the best approximation of 1,4y by the linear combinations of
Trcay)s-- -5 Ix(a,) in our Hilbert space:

n 2
almirz /E(]IW(A)(U)*Z%']IW(AJ)(U)) dm(u).
EARRE Ak (3 j:1

It is well-known (and easy to obtain) that the optimal values of the coefficients
a; are

ot — S Tray () - T a,) (u)dm(u) _ (AN Aj)
’ S Ln(ay) (w)?dm(u) u(4;)

Obviously, the optimal coefficients a} are the conditional probabilities of A
given A;, and their interpretation is clear. However, how is it possible to give
an interpretation of Z?zl aj - I;(a,)? This sum is not an indicator-function
and, therefore, does not correspond to any set. Let us mention that 0 < aj <1

(A.2) ji=1,...,n.
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and Y., a* < 1. If we define a},

i a; < o =1=%" a3 and A1 =0 then

J=1"7
n n+1

D a5 May =) a) Tnay).
j=1

Jj=1

Here the sum 27;1 aj -1 (4,) is the convex combination of indicators Iy (4,),
j=1,...,n+ 1 and, therefore, may be interpreted as the mean value of the
random indicator T, 4y (or, equivalently, the random set A), where A takes
values A; with the probabilities a3, j =1,...,n+ 1.
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