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Preface

This text is designed for a one-semester course at the advanced undergraduate
or beginning graduate level. It is also intended for use as a reference book for
researchers in fields such as probability and statistics, artificial intelligence,
computer science, engineering. It is a friendly but solid introduction to the
topic of random sets for those who need a strong background for further
study. After completing the course, the students should be able to read more
specialized and advanced books on the subject as well as articles in technical
and professional journals.

The material presented in this text is drawn from many sources in the
literature, including our own research. The presentation of the material is
from the ground up. The prerequisite consists simply of a good upper-level
undergraduate course in probability and statistics. A summary of concepts
and results in probability theory is given in the Appendix.

The theory of random sets is viewed as a natural generalization of probabil-
ity and statistics on random vectors, i.e., of multivariate statistical analysis.
Random set data can be also viewed as imprecise/incomplete observations
which are frequent in today’s technological societies. As models for set-valued
observations as well as for the process underlying the gathering of perception-
based information, via coarsening schemes, random sets are a new type of
data. As such, new mathematical tools for statistical inference and decision
making need to be developed. In the foreword to Mathéron’s book on ran-
dom sets [73], G. Watson expressed his vision of statistics as follows: “Modern
statistics must be defined as the applications of computers and mathematics
to data analysis. It must grow as new types of data are considered and as
computing technology advances.”

We would like to express our thanks to all participants of the statistics
seminar at New Mexico State University, 20022004, for their discussions on
statistics of random sets and especially for their insistence that the topic of
random sets should be included in a first course in probability.

We thank the Department of Mathematics and Statistics of Bowling Green
State University, Ohio, for providing an excellent environment during our
stay as visiting distinguished Lukacs professor, spring 2002, where parts of
the advanced topics on random sets in this text grew out of our lectures given
there.
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Chapter 1

Generalities on Probability

This chapter is a short review of the basics of probability that are needed
to discuss random sets in subsequent chapters. For more details, see the
Appendix.

1.1 Survey Sampling Revisited

Gathering information for decision making is frequent and essential in hu-
man activities. Rather than being complete, information is in general uncer-
tain in many respects. Throughout this course we will encounter different
types of uncertainty, but first, let us start out with a familiar type of uncer-
tainty, namely randomness. After all, the analysis of randomness will serve
as a guideline for studying other types of uncertainty.

Below is a simple example of information gathering.

Suppose that we are interested in the annual income of individuals in the
population of Las Cruces, say, in 2004. Suppose that, for some reasons (e.g.,
costs and time), we are unable to conduct a census (i.e., a complete enumer-
ation) throughout the entire population, and hence we can only rely on the
information obtained from a small part of that population, i.e., from a sample
of that population. Suppose that the physical population of individuals is
identified as a finite set U = {uq,...,un}, where N is the population size. A
sample in U is a subset of U. Our variable of interest is 8, the annual income.
We use 6(ux) to denote the annual income of the individual ug. Thus, 6 is a
map from U to R, the set of real numbers. To obtain partial knowledge about
0, we are going to conduct a sampling survey, i.e., to select a sample A from
U. Then, from the knowledge of the map 6 on A, i.e., the values 8(u), u € A,
we wish to “guess” or estimate 6, or some function of it, e.g., the population

total
TO)= 0
uclU
by > 0(u).
ueA
This is inductive logic: making statements about the whole population from

the knowledge of a part of it. Then the basic question is: How to make this
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2 An Introduction to Random Sets

inductive logic valid? For example, for some chosen subset A of U, how do

we know that > 6(u) will be a “good” guess for 7(0)? Can we specify the
u€A
error in our estimation process? Questions such as these are clearly related

to the quality of the data we collected, e.g., are our data, gathered on a
selected sample, representative or typical for the whole population? It all
boils down to “how to select a good sample?” It seems that, to eliminate the
bias in the selection of samples, and to gain public acceptance (with regards
to objectivity), we could select samples at random, that is, we could introduce
a manmade randomization into our process of samples selection in the hope of
making our intended inductive logic valid. In other words, we should create
a chance model.

For example, to select at random a subset of U of given size n, we can create
N!

(le)’ where (JD T -

a uniform chance model with probability

n

i.e., each subset of U of size n has the same chance of NN to be selected.

n

Now, we are somewhat familiar with games of chance, such as tossing coins,
rolling dice. These gambling devices have known structures, but their out-
comes remain uncertain before playing. Our manmade randomization in sam-
pling survey is a game of chance, called a probability sampling plan. As we
will see by doing so, we will obtain more than just getting a “good” data set,
namely, we will be able to assess the qualities of our estimation procedure.

Observe that when selecting samples according to a probability sampling
plan, we actually perform a random experiment whose outcomes are subsets
of a set U. Since subsets of U are samples, we call the set of all outcomes of
a random experiment its sample space. An outcome of a random experiment
(i.e., an experiment whose outcomes cannot be predicted with certainty in
advance) is obtained at random. Thus, in survey sampling, a sample is a set
obtained at random. Sets obtained at random are called random sets.

To carry our inductive logic, we need a body of modeling concepts and
techniques, i.e., a science of statistics. Statistics is a science for making infer-
ence from samples to populations. Starting with providing useful information
for states (hence the name statistics), the framework and methodology of
statistical science spread out to almost all fields of our societies.

The science of statistics consists of using probability theory to arrive at
valid inductive logic. It is so mainly because inference cannot be absolutely
certain, and hence we need the language of probability to formulate results.

© 2006 by Taylor & Francis Group, LLC



Generalities on Probability 3

1.2 Mathematical Models for Random Phenomena

Starting with classical probability theory, i.e., modeling and analyzing of
games of chance, we quickly realize that random objects encountered in real-
world applications are much more general. To cover all forms of possible
random objects, an abstract theory is needed.

The following is a mathematical model for general random experiments,
and, by analogy principle, for random phenomena in nature.

To motivate the abstract models for general random phenomena, let us look
at a game of chance.

Consider the game of rolling a pair of dice. Suppose you are interested in
betting on the event that the sum of two numbers shown will be 7. A little bit
of analysis will reveal the following. First, we can list all possible outcomes
of the game, i.e., we can specify its sampling space

= {(Zaj) ENES 1a27~~~a6}'
Next, what you are interested in is a subset A of , i.e., an event, namely,
A={(i,j):i+j=T}

More specifically, you are interested in the chance of A to occur. You might be
interested in the chances of other events as well, i.e., for any B C 2, can you
specify its chance, called probability, and denoted by P(B)? In other words,
besides 2 and its power set 2 (the set of all subsets of ), representing all
possible events of the game, you need a map P : 2 — [0, 1] which assigns, to
each B C U, its probability value P(B).

Note that we denote by 2% its power set, by identifying each subset B of Q
with its indicator function Ip : Q — {0,1},

lifweB
IB(W)—{OifwggB’

ie., 2% is {¢ : Q — {0,1}}, which is also denoted as {0,1}**. We use 2 to
abbreviate the set {0, 1}, which has 2 elements.

Although it is trivial in our game of dice, we take 2? as the domain for our
probability map P, since we can assign P(B) to any B € 29, namely

#(B)
P(B) = :
B %@

where #(B) or |B| denotes the cardinality (the number of elements) of B.

From this definition of P, we see that P satisfies two basic properties,
namely,

i) P(Q) =1

© 2006 by Taylor & Francis Group, LLC



4 An Introduction to Random Sets

ii) If A and B are disjoint, i.e., AN B = ) (the intersection is empty), then
P(AUB) = P(A)+P(B), where U denotes union of sets. The is referred
to as (finite) additivity of P.

Also, 22 has the following basic properties:
a) Qe 2%
b) If A € 29 then its set-complement A° € 2%, where

A={w:weQuw¢g A}l

c) If A,B € 2% then AU B € 2%

Classes of subsets of 2 satisfying a), b), and c) are called fields or algebras (of
subsets) of €.

Thus, for finite games (i.e., games that have finite sample spaces), the
triple (2,2%, P) above is a complete description of the random evolution of
the game.

The situation is more subtle for infinite games or for random experiments
that have an infinite number of outcomes, countable or uncountable. For
example, consider the random experiment of picking at random a number in
the interval [0, 1). The sample space of this experiment is Q = [0, 1). However,
it is not clear how to assign probabilities for A C Q. This is so because, while
it is intuitive to assign P(A) as the “length” of the set A, it is not clear what is
the “length” of an arbitrary subset A of Q. The length of an interval A = [a, b]
is of course b — a, and the length of a subset B, which is a countable union
of pairwise disjoint intervals [ay,, by,] is > (b, — ay,). The question is: what is

n>1
the largest class of subsets of [0,1) for which their lengths can be defined? It
turns out that this class A is different from 2. Also, in view of the infinite
countable summation above, we need to strengthen the basic properties for
both the class of events A and the mapping P defined on A. It should be
clear from all of the above that a general mathematical model for an arbitrary
random experiment is the following.

DEFINITION 1.1 A mathematical model for a random experiment is a
probability space (2, A, P), where:

a) Q is a set, representing the sample space of the experiment,
B) Ais a o-field (representing events), i.e.:
i) Qe A
ii) If Ae A, then A°e A
iii) If A, € A forn > 1, then |J A, € A.

n>1

© 2006 by Taylor & Francis Group, LLC



Generalities on Probability 5

The pair (Q, A) is called o measurable space.
v) P: A—]0,1] is a probability measure, i.e.:
a) P(Q)=1

b) If {A,,n > 1} is a sequence (finite or infinitely countable) of
pairwise disjoint (i.e., Ap N Ay = 0 for n # m) elements of A,
then P(J A,) = > P(A,), a property that is referred to as o-

n>1 n>1

additivity of P.
For example, in sampling from a finite population U with #(U) = N, if we

decide to select samples of given size n, then Q = 2V, A = power set of 2V,

and P: A — [0,1] is defined as P(A) = Y. P(A), A C 2V where for A € 2V,
A€A

L if Ay =n

P(A) = (nN)

0" if #(A) #n

1.3 Random Elements

In our previous example of games of chance, we perform the random ex-
periment of rolling two dice, but we are interested in the sum of two numbers
shown. In other words, we are interested in some wariable associated with
the experiment. A wvariable is the name of a quantity of interest, here “sum.”
Although we know the range of this variable, namely, the set of all its possible
values R(X) = {2,3,...,12}, the concrete value taken by X depends on the
outcomes of the random experiment. Thus, on the one hand, X is a random
variable, and on the other hand, the variable X is in fact a map from the
sample space of the experiment Q = {(i,j) : 4,5 = 1,2,...,6} to the real line
R.

When we are interested in quantities (variables) from natural random phe-
nomena, we can view, by analogy with games of chance, variables as random
variables with similar structures. Now probabilities of interest are in fact in
the range R of a variable X, e.g., P(X € A) for A C R, where (X € A) de-
notes the subset {w : X(w) € A} of Q. This subset is also written as X ~1(A).
For P(X € A) to be well defined, X ~'(A) has to be in the domain of P, i.e.,
X-1(4) e A

For random phenomena, the probability space (€2, .4, P) is rather abstract,
or just be taken to be, say, R together with some o-field B on R. The standard
o-field on R is the Borel o-field B(R) generated by the open sets of R, i.e.,
the smallest o-field containing all open sets of R. The probability measure on

© 2006 by Taylor & Francis Group, LLC



6 An Introduction to Random Sets

R, which governs the random evolution of X, is Px = PX ! : B(R) — [0, 1],
where for A € B(R), Px(A) = P(X € A) = P(X~!(A)). Py is also referred
to as the probability law of X. For the above to be well defined, the variable
X, as a mapping from X to R, should possess some appropriate properties.

DEFINITION 1.2 A random variable X is a map from a set Q (in fact,
by abuse of language, defined on a probability space (R, A, P)) to R such that
X"YB(R)) C A, ie., VB € B(R)), X YB) € A, in other words, X is a
A-B(R)-measurable map.

The above framework can be made general to cover all possible forms of
random “quantities.”

DEFINITION 1.3 Let (Q, A, P) be a probability space and (U,U) be a
measurable space. By a random element, we mean a map X : Q — U, which
is A-U-measurable. The probability law of X is the probability measure on U
defined by Px = PX 1.

Examples.

i) U =2V for some finite set V', U power set of U.
Let X : 2 — U be a map such that VA C V,{w: X(w) = A} € A. Then
X is a finite random set.

ii) U =R, U = B(R?), the Borel o-field of R?.
Let X : Q — R be A-B(R%)-measurable. Then X is a random vector.

iti) Let U = C([0,1]), the space of continuous functions defined on [0, 1]
with the topology generated by the metric

p(f.g) = sup |f(x)—g(z)|,

0<z<1

U is the Borel o-field on C([0, 1]).

Let X : Q — C([0,1]) be A-U-measurable. Then X is a random func-
tion.

1.4 Distribution Functions of Random Variables

The complete information about a random variable

X : (9,4, P) — (R,B(R))

© 2006 by Taylor & Francis Group, LLC



Generalities on Probability 7

is its law Px = PX~! on B(R). From a practical point of view, it is a
probability measure on the measurable space (R,B(R)). Thus, specifying
probability measure on B(R) is at the heart of the analysis. Now, a probability
measure ) on B(R) is a set function with a huge domain B(R). How to specify
it?

A probability measure @ on a finite (or countable) set U is determined
by its values on singletons of U, i.e., Q({u}), u € U. Indeed, by additivity
(or o-additivity) of @, we have Q(A) = > Q({u}), VA C U. The function

u€A

f U — R, f(u) = Q{u}), is called the probability density (or mass)
function associated with Q. Thus the specification of @) in this case reduces
to a much simpler level, namely, from 2V to U.

There is an equivalent way to specify @ in the discrete case. Suppose U is
a discrete set (finite or infinitely countable), which is a subset of R. The cu-

mulative distribution function, or simply the distribution function associated
with @ is F': R — [0, 1] defined by

F(z) = Q((—00, z]).

Then there is a one-to-one relationship between f and F'. Indeed, if f is given,
then F is obtained from f via

F@) =3 f(y),

y<z

with convention that f(y) =0 for y ¢ U. This is so because

Q(—oo,z]) = > f(y) +Q((—oc, 2]\ U),

y<z,yeU

where A\ B = AN B and Q((—o0,z]\U) = 0.
Conversely, if F' is given, then we recover f via

flx) = F(a") = F(a7),
where F(z1), F(z~) denote right and left limits at z, i.e.,

F(z") = lim F(y), F(27)= lim F(y),
y\T y/
noting that in the discrete case, F' is a jump function (specifically, F' is right
continuous but not continuous on R). The above follows from basic properties
of the probability measure Q.

The above equivalence between f and F' is interesting. It does not mean
simply that we can use either f or F' to specify @, but rather it suggests also
what to use in the nondiscrete case, i.e., for more general cases. For example,
when F' is continuous on U = R, the function f(z) = F(azt) — F(z7) is
identically zero on R, and this cannot be used to specify Q. In other words,
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8 An Introduction to Random Sets

there is no longer equivalence between f and F' in general cases, and the
distribution function F' is more fundamental (than f) in characterizing Q
(i.e., for specifying @ uniquely). Consider the random experiment of picking
a number at random in the interval U = [0,1] = {x ¢ R: 0 < < 1}. While
it is intuitive that each point z € [0,1) is possible to be picked, and all points
are “equally likely,” the probability that any x is picked is zero! Indeed, let
f(z) = Q(getting x) = a, V € [0,1). If a« # 0, then we can choose n numbers
Z1y...,2Ty in [0,1) with n > [1/a], the integer part of 1/« (i.e., the largest
integer less than or equal to 1/«), we have that

n

Q{z1,...,x}) =Y f(z:) =na > L.

i=1

Thus o must be zero. Thus, to specify @, we should not assign nonzero
probabilities on singletons, but on more general subsets of [0,1), or of R. On
the other hand, it is intuitive that uniformity means that if A = [a,b] C [0,1),
then Q([a,b]) = b — a. We can in fact assign @ on a larger class of subsets
of [0,1), namely, the class S of subsets, which are finite unions of disjoint
intervals (which forms a field of subsets of [0, 1)), by

Q (U[%M) =Y (bi—a).

i=1

Thus, the problem of specification (or construction) of a probability measure
Q on [0,1), say, is this. We specify a class S of subsets of [0,1) (which is a
field but not a o-field) on which we define @ which is o-additive. But the
domain of @ should be a o-field. Thus, we would like to extend @ further.
It turns out that we can extend Q) uniquely to a probability measure on the
o-field generated by S denoted o(S) (i.e., the smallest o-field containing S).
It turns out that o(S) is the Borel o-field of [0, 1).

Thus, in general, the question of interest is this. How to construct proba-
bility measures ) on B(R)? That is, how to suggest models from empirical
observations? It turns out that the key is in the concept of distribution func-
tions.

Let P be a probability on B(R). The distribution function of @ is

F:R—[0,1], F(x)=Q((—o0,z]).
This function F' satisfies the following basic properties:

(i) F is monotone nondecreasing, i.e., if z < y then F(x) < F(y),

ii) lim F(x)=1, lim F(z)=0,
(i) lim F(@)=1, lm F()

(iii) F is right continuous on R, i.e., for each x € R, F(x) = li{n = F(a™).
Y\
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Generalities on Probability 9

These properties are consequences of the properties of Q.

The upshot is this. All functions on R satisfying (i), (ii), and (iii) above
are distribution functions of probability measures on B(R). In other words,
there is a bijection between functions satisfying (i), (ii), and (iii) above and
probability measures on B(R); see a text like Nguyen and Wang [90]. Thus,
instead of specifying a probability measure @ on B(R), we simply need to
specify a function F on R with the above properties. When F' is specified, the
unique probability measure @ on B(R) such that F(z) = Q((—o0, z]), Va € R,
is often denoted as dF.

In summary, for X : (Q, A, P) — (R, B(R)), we have Px = PX~! =dF on
B(R) where

F:R— 10,1, F(z)=P(X <uz),

i.e., the distribution function F' characterizes the probability law of the ran-
dom variable X.

How about the counterpart of probability density (mass) function in the
discrete case?

As mentioned earlier, if F' is continuous, the probability measure dF' on
B(R) does not charge any singleton sets, i.e., dF({z}) = 0, Vx € R. Such
probability measures are said to be nonatomic. On the other hand, being
monotone, any distribution function is differentiable almost everywhere (a.e.).
Let f = 2—5 be the a.e. derivative of F'. The function f will be useful if F’

can be recovered from it, i.e., Vz € R,

n@:/ﬂww (1.1)

dF
If such a situation holds, then f(z) = I will play the role of probability
i
density function, although f(z) # P(X = z) = Q({z}). Note that, as in the
discrete case, we have

(i) f=0,
+oo
(i) [ fly)dy=1.

But the above is a familiar situation in calculus! Indeed, the answer is in
the Fundamental Theorem of Calculus, namely, (1.1) holds if and only F is
n

absolutely continuous, i.e., Ve > 0, 36 > 0 such that > [F(b;) — F(a;)| < ¢

j=1
for any nonoverlapping open intervals (a;,b;), j = 1,2,...,n, n > 1, with
n
-Zl(bj — (lj) < 4.
J:

For this reason, the random variable X is said to be of absolutely continuous
type when its distribution function F' is absolutely continuous, i.e., when F
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10 An Introduction to Random Sets

has a probability density function f. From this, we see that not all random
variables with range R have density functions, since F' might be continuous
but not absolutely continuous.

1.5 Distribution Functions of Random Vectors

In multivariate statistical analysis, the sample space of observations is the
cartesian product space R?, d integer > 1. Few facts about R? are needed.

A partial order < on R? is defined as follows: For x = (xq,9,...,24),
y=(y1,...,yq) in R? we write z < y to mean x; < y;, Vi =1,2,...,d.

We write y /' x (resp. y \, ) to mean y; " x; (resp. y; \, z;), for all
i=1,2,....d.

When z < y, we denote by (z,y] the “interval” (or d-dimensional rectangle),

d
H(mi,yi] ={z=(z1,22,...,2d) 1 ; < % <y, i =1,2,...,d}.
i=1
d
For example, (—o0,z] = [] (—o0, z4].

i=1
Like R, R? is a metric space (with euclidean distance). Its Borel o-field is
generated also by d-dimensional rectangles of the form (z,y], =,y € R9.
Similar to R, the characterization of probability measures on B(R?) is done
via the concept of distribution functions (the Lebesgue-Stieltjes theorem). Let
X : (2, A, P) — (R B(RY)). The distribution function F of X is

F:R* = 10,1, F(z)=P(X <x)=PX ' ((—o0,2]).
From basic properties of P, F satisfies the following:

(i) lim F(z1,...,2q4) =0 for at least one j, and

lim F(x1,...,2q)=1forall j=1,2,...,d.

x;——+00

(ii) F is right continuous on R?, i.e., h{n F(y) = F(x), Yr € R%.
Y\

(iii) For any (a,b] C RY,
Aa,b(F‘) Z 07

where A, ,(F) = 3 s(x) - F(z), the summation is over the 2¢ vertices

xT
x of (a,b], and s(x) (in fact, sqp(x)) is +1 or —1 according to whether
the number of i satisfying x; = a; is even or odd.
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Generalities on Probability 11

Remark. For d =2, a = (a1,a2) < b= (b1, bs), the four vertices of (a1,b1] x
(ag,bo] are (ay,as), (a1,b2), (b1,az2), and (b1, bs), and

s(al,bl) = S(bl,bg) = +]., S(al,bz) = S(bl,az) = —1,
so that
Aa)b(F) = F(bl, bg) - F(al, bg) - F(bl, ag) + F(al, ag) = P((a, b])

The property (iii) is stronger than the monotonicity of F' (ie., z < y =
F(z) < F(y)), and is referred to as monotonicity of infinite order.

Again, the upshot is that each function F : R¢ — [0, 1] satisfying the above
(i), (ii), and (iii) is the distribution function of a unique probability measure
Q on B(RY), i.e.,

F(z) = Q((—o0,z]),Vz € R

We write Q = dF.
Example. Let I, Fs, ..., Fy be d distribution functions on R. Then

d
F(.’L’l,LEQ, . ,1‘(1) = HFZ(Z‘,)

i=1
is a distribution function on R%. This F is of the form

F(,’L‘l,a?27 e ,.Z‘d) = C(F1<.7,‘1)7F2($(}2), .. .,Fd($d>),

d
where C : [0,1]¢ — [0,1], C(t1,t2,...,ta) = [[ t;- This fact is general. The
=1

1
above function C is a special copula. Copulas (or d-copulas) are distribu-
tion functions F' on R? whose one-dimensional marginal distributions F; are
uniform on (0, 1), where

Fi(x;) = F(00,...,00,2;00,...,00),i=1,2,...,d.

The concept of copulas (which is a Latin word meaning a link) appeared in
probability literature since the work of Sklar in 1959 (see, e.g., [80]) related to
Frechet’s problem on distributions with given marginals. They are functions
that join multivariate distribution functions to their marginals. Specifically,
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12 An Introduction to Random Sets

DEFINITION 1.4 A d-copula is a function C : [0,1]¢ — [0,1] such that

(Z) VJ?J S [0,1], C(l,...,l,mj,l,...,l) =Tj.
d

(ii) For any |a,b] = [][as, b;] € [0, 1], Ay p(C) > 0.
i=1

(iii) C is grounded, i.e., C(x1,...,24) = 0 for all (z1,...,24) € [0,1]? such
that x; = 0 for at least one x;.

Examples of copulas are zy, min(z,y), max(0,z +y — 1).

The Sklar theorem (for d = 2) is this. Let I’ be a bivariate distribution
function whose marginal distribution functions are H and G. Then there
exists a 2-copula C' such that

F(z,y) = C(H(x),G(y)),Y(z,y) € R

Conversely, if C' is a 2-copula, and H, G are one-dimensional distribution
functions, then C(H(z), G(y)) on R? is a 2-dimensional distribution function,
with marginal distribution functions H and G.

1.6 Exercises

1.1 Let U be a finite population of size N. Let 1 < n < N be a fixed sample
size. Consider the sampling plan for selecting subsets of size n from U with

1
bability ——.
probability ——
n
Show that this sampling plan can be implemented sequentially, i.e., by a
series of draws as follows. With probability N select one element from U in

the first draw; select the second element in the second draw with probability

N1 from the remaining N — 1 elements of U, and so one, until the nth

draw.

1.2 (Poincaré’s equalities). Let (€2,.A, P) be a probability space. Show that,
for any n > 1, and Ay, As,..., A, € A,

or(0a)- 5 coronp(na)

i=1 0DAIC{1,2,...,n} i€l
(i) P ( Ai) — % (cpEonp (u Ai)
i=1 9£IC{1,2,....n} i€l
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Generalities on Probability 13
1.3 Let 2 ={1,2,3,...} and A= {A C Q: Ais finite or A€ is finite}.
(i) Verify that A is a o-field.
(ii) Define P: A — [0,1] by

1 if A is infinite
P(4) = {0 if A is finite

Show that P is finitely additive, but not o-additive.

1.4 Show that the Borel o-field B(R) on the real line R is generated by open
intervals with rational end points.

—+oo
1.5 Let f : R — R" = [0, +00), measurable, such that [ f(z)dz = 1. Define

F:R* —[0,1] by F(z) = [ f(y)dy. Show that

(i) F is absolutely continuous on R.
(ii) F is a distribution function.

(iii) f is the derivative of F' almost everywhere.

1.6 Show that the following functions C' : [0, 1] x [0,1] — [0, 1] are 2-copulas:
i) C(z,y) =y
i) C(z,y) = max(z +y — 1,0)

Ty

iii) C(z,y) = m

1.7 Let (2, A, P) be a probability space. Show that, in general, for any
A,Be A, P(B°UA) > P(A|B).

1.8 Let P be the product probability measure on (R?, B(R?)) and let
F :R? — [0,1] be defined by F(z1,22) = P((—00, 1] x (—00, x3]).

(i) Show that F'is monotone nondecreasing in each of its arguments.

(ii) Show that if (z1,22) < (y1,y2), then

F(y1,y2) — F(y1,72) — F(z1,y2) + F(z1,72) > 0.
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14 An Introduction to Random Sets

1.9 Let (X,Y) be a bivariate random vector, defined on (2, A, P). Let
F:R*—[0,1], F(z,y)=PX <z,Y <y)
and Fx(z) = P(X < z), Fy(y) = P(Y < y). Show that

Fx(z)= lim F(z,y), Yz eR.

y——+00

Fy(y)= lim F(z,y), Yy e€R.

r— 400

1.10 Writing 0 and 2 for tails and heads, respectively, consider X,, as the

outcome of the nth toss of a fair coin. Let Y = Y 3—:
n>1

(i) Show that Y is a random variable.

(ii) Show that the distribution function of Y is continuous but not absolutely
continuous.
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Chapter 2

Some Random Sets in Statistics

We provide here some situations in statistics and related fields where random
sets appear naturally. This will bring out necessary concepts and techniques
that need to be developed in subsequent chapters.

2.1 Probability Sampling Designs

We have mentioned in Chapter 1 that manmade randomization is necessary
to make inductive logic valid in sample surveys. A probability sampling design
(or plan) is nothing else than a random set S, defined on some probability
space (€, A, P), taking values as subsets of a finite set U. Such a random
set is called a finite random set. It corresponds to a game of chance where a
probability measure Pg is specified on the power set of the power set of U.
Different Pg lead to different sampling plans, so that there is a need to look
at distributions of random sets. We will see in Chapter 3 that the class of
all sampling plans (having the same specified inclusion probabilities) can be
completely determined.

A manmade chance model is specified by a function f : 2V — [0,1] such
that > f(A4) =1, with f(A) being the probability of selecting the subset A

ACU
of U. Such an f is referred to as a probability sampling design. A selected
sample A is an outcome of the random experiment that is performed according
to the probability sampling design f.

Thus, this random experiment is a random set S, in the sense that its
outcomes are sets (subsets of U). The probability sampling design f is the
probability “density” function of S, i.e.,

F(A)=P(S=A), YACU.

Random sets as sampling designs are similar to games of chance that are
introduced in the teaching of probability before embarking on natural random
phenomena. Let us pursue the context of survey sampling a little further to
show that we can use survey sampling as a concrete motivating example to
address the framework of statistical inference.
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16 An Introduction to Random Sets

With the notation of the situation considered in the beginning of Chapter
1, it is natural to use the statistic ¢(S) = > 6(u) to estimate the population
u€S
total 7(0) = > 6(u). To adjust the bias, let us compute the expected value
uelU
of ¢(S). We have

Ep(S)= Y oA)f(4) = [Z 0(u)

ACU ACU lueA

f(A) =

20w | > (4

uelU A:Adu
where 7(u) = > f(A)=PueSs).

A:Adu
The function 7 : U — [0,1] so defined is called the covering function of the
random set S. The value 7(u) is the probability that the individual v will be
included in the sampling that is “drawn” according to the random mechanism
governed by the density f.
0(u)

Thus, if we consider the Horvit-Thompson estimator Zs m, then we
ue

obtain an unbiased estimator for 7 (#), provided our sampling design f is
such that w(u) > 0. for any v € U. With the random set S playing the role of
a finite random variable, we proceed to compute other quantities of interest
in the analysis of estimation performance, such as the variance of the above
unbiased estimator.

An interesting computation involving the covering function 7 is the ex-
pected sample size of the random set S.

Let |A| denote the cardinality of set A, then, formally,

= fum(uw),

uelU

E|S| =) JAIf(A).
ACU
In survey sampling, a direct calculation leads to E|S| = > 7(u). It turns out

uelU
that this result is a special case of Robbins’ formula [105]. For more general

random sets see 2.2 below.

It is interesting to note that the practical and primitive situation in survey
sampling sets up the general framework of statistical inference.

Let U = {1,2,...,N} be a finite population, and 6, : U — R be our
quantity of interest, where R could be of an arbitrary nature, such as R, R?,
C[0,1], .... We are interested in, say, estimating 6y or some function 7(6p)
from the observations of 6y only on some subset A of U, i.e., by revealing the
restriction of 6y on A, denoted as 6| 4.

As explained previously, one way to carry out our intended inductive logic
is to collect the data in some random fashion. The simplest approach to
random selection is to introduce a manmade random mechanism, called a

© 2006 by Taylor & Francis Group, LLC



Some Random Sets in Statistics 17

probability sampling plan (or scheme, or design). This is achieved by specifying
a probability density function f on the power set of U, i.e.,

fPO) =01, D f(A) =1,

ACU

with the meaning f(A) being the probability for selecting the subset A of
U. Of course, the choice of f is left to the “discretion” of the statisticians in
the field! Seriously speaking, the choice of f is general dictated by subjective
judgments and domain knowledge of the problem under study. These factors
lead to the consideration of a variety of sampling plans such as simple random
sampling, Poisson sampling, stratified sampling, sampling with probability
proportional to size, etc.

In any case, let f be given. First, our population parameter 6 is unknown,
but it is located in the parameter space © = RV = { : U — R}. Next, when
we perform our random experiment, i.e. “draw” a subset of U according to
the probability law f, we obtain, of course, a subset A of U, but we are really
interested in #g|4. Thus, we can view that the “outcome” of our random
experiment is 6y|4, and not A per se.

The sample space of our random experiment (which is the collection of all
its possible outcomes) is then

X = U RA.

ACU

Remark. In probabilistic survey sampling, the outcomes of our random ex-
periment are samples, so that we call its space of all possible outcomes its
sample space (the space of samples). Thus, in general, the set of all possible
outcomes of any random experiment is also called its sample space!

It is clear that an observation x € X is “drawn” from a probability law
related to f and 6 € ©. Specifically, for x € X, i.e., z = 0|4 for some A C U,
the probability of observing such x is

fo(x) = fo(0]a) = f(A).
Thus, let fy: X — [0,1] be

fola) = {f(A) if oz =04

0 otherwise,

we see that fy(x) is a probability density function (or density) on X with
finite support. Indeed, for any 6 € O, since U is finite, the set of restrictions
{04 : A C U} is finite, and is the support of fy(x). Now,

o fol@) =" fo(0la) = > f(A) =1.

zeX ACU ACU
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18 An Introduction to Random Sets

Let Py denote the probability measure on X (or more rigorously, on some
o-field o(X)) generated by fo(-), i.e.,

Py = Z F(A)d)4),

ACU
where dg),) is the Dirac measure on X at the point 0|4, i.e., for B € o(X),

1if 0|4 € B
5M”Q”:A@0:{OHQA¢B

We are led to a family of probability spaces indexed by ©,
{(X,0(X),P): 0 €O}

The statistical interpretation of this statistical model is this. The true but
unknown parameter of interest is 8. We make one observation z € X, which
is “drawn” according to Pp,. The problem is how to “guess” 6y7 Note that
we take in fact one global observation z € X. The sample size is the size of
this global observation. In a simple random sampling plan, we fix in advance
an integer n, so that = 0|4, when A is realized under the sampling scheme,
has n values (#(A4) = n). Otherwise, the sampling size is random.

The above statistical model {(X,0(X), Py) : 0 € O} is general. In fact,
standard statistical models are of the following form:

X =R", o(X)=B[R"), ©CR™
and Py is a product measure on B(R™) of the form
P(;:(X);-l:ldFj_’g, dFj,g =dFy, j=1,2,...,n.

In other words, the data is a random vector X = (X7, Xo,...,X,,) whose
components X,;’s are independent and identically distributed (i.i.d.) as the
population X with distribution function Fy.

Note that while the above statistical model is general, any specific form
of it is dictated by the types of data gathered. For example, if the data is
collected by recording the observations of some phenomena at points in time
(so that the assumption of i.i.d. might not hold), we are facing the problem
of Time Series in which the theory of Stochastic Processes is needed.

2.2 Confidence Regions

Consider a parametric statistical model

{f(z,0): 2 € X CR™ 0 € © CR?Y}
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Some Random Sets in Statistics 19

and a parameter of interest ¢(#). Given a random sample X7, Xo, ..., X, from
the population, the essence of confidence region estimation is to find a random
set C(X1,Xs,...,X,), which contains ¢(fy), 6y being the true parameter,
with high probability. Specifically, the random set C(X;,Xs,...,X,) is a
confidence set for ¢(#) at confidence level 1 — a € (0, 1), if for any 6 € O,

P@((p(a) S C(Xl,Xg,...,Xn)) >1—«a

where dPy = f(x,0)dx.

In simple situations, the construction of the “best” confidence region for
() can be carried out without using the formal concept of random sets and
their associated distributions. For example, let the population X be normally
distributed N(p,0?). Here 6 = (u,0?). Consider p(8) = p. A (1 — )%
confidence interval for the man p can be obtained by using the pivotal quantity

— -  Xi+..+X, N -
VX, —p)/V, where X,, = - and V2 = —— ;(Xz X,)

are sample mean and sample variance, respectively, based on a random sample
X1, Xo,..., X, drawn from X. This is so because we know the distribution

of #(Yn — 1) which is t-distribution with n — 1 degrees of freedom, and we

can actually pivot this quantity to get t; < g(yn — ) < tg if and only if
L(X1,...,X,) < ¢(0) < U(X1,...,Xpn). Obviously, there are many points

(t1,t2) such that P (tl < @(Yn —p) < tz) = 1 — a. The best confidence

interval, at level 1 — o, can be defined as the one with the shortest length
(representing the precision of the estimation of ¢(#)). Here the length is a

random variable, namely, |S| = U — L = —=(ta2 — 1), so that we could choose
n
t1, t2 by minimizing the expected length E|S| of the random set S = [L, U] =
— | ZZ— \%4
X — —=to, Xn — —=t1] .
n \/H 2 \/ﬁ 1}

In higher dimensions, the length of a random set S is replaced by its
Lebesgue volume A(S), so that we will face first the computation of EA(S).
For that to be possible, we need to define the concept of a random set, say,
in R, in such a way that A(S) is a (nonnegative) random variable. Ran-
dom sets encountered in most statistical problems are random closed sets of
euclidean spaces R%. A theory of random closed sets on R? (or more gen-
erally, on Hausdorff, locally compact, second countable spaces) is developed
by Mathéron [73]: Let F denote the space of all closed sets of R%, and B(F)
its Borel o-field generated by the hit-or-miss topology on F; see details in
Chapter 5. Then a random closed set S is a map from 2 to F which is 4-
B(F)-measurable (i.e., S is a random element defined on a probability space
(Q, A, P), with values in the measurable space (F,B(F))). The probability
law of S is the probability measure image Ps = PS™! as usual.
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20 An Introduction to Random Sets
Let ¢ : R% x F — {0,1} be

lifx € F,
¢(Z’F){Oifx¢F.

Then the restriction of the Lebesgue measure A on R to F is
AE) = [ ol FA(d2)
R4

so that, by the Fubini theorem (see Appendix), A : F — R is B(F)-B(R)-
measurable. Thus A(S) = Ao S is A-B(R)-meausurable, i.e., A(S) is a (non-
negative) random variable. On the other hand ¢ is measurable since

{0} ={(z,F):zeR, Fe Fag F} = | J(BxFP) e F(R)® B(F)
BeB

where B is a countable base for the topology of R?, and
B_{FeF:FnB=0}.

As such, we have, by the Fubini theorem,

/Rdxfw(x,F)d(A®Ps) =/Rd/Fgo(x,F)dPS(F)A(dx) —

/Rd/FP(meS)A(dx)Z/f/Rdgo(w,F)A(dx)dPS(F):

/f F)dPs(F / A(S () = E(A(S))

which yields Robbins’ formula:
E(A(9)) = / m(x)A(dz)
Rd

where m)x) = P(x € S) is the covering function of the random set S. Since
the Fubini theorem is valid for o-finite measures, Robbins’s formula yields

E|S| = m(u)

uelU

for finite random sets S with values as subsets of a finite population U, by
considering counting measure | - |.
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2.3 Robust Bayesian Statistics

Perhaps robust Bayesian statistics is the closest example for illustrating a
framework in which random sets appear in a formal way. But before talking
about robust Bayesian methodology, we give an example of a situation of
“imprecise probabilities.”

The following example is about imprecision in the sense that we can only
specify partially the distribution of a random variable.

Let X be a finite random variable with values in {a,b, ¢,d} C R, and with
density fo partially known as

fola) > 0.4, fo(b) >0.2, folc) =02, fo(d)>0.1. (2.1)

Let Py, denote the probability measure on © = {a, b, ¢, d} associated with fj,
ie.,

Py (A) =) fo(8), AcCe.

0cA
Let P denote the class of all probability measures Py on © where f satisfies
(2.1) at the place of fy. Then, we only know that

Pfo eP,

and hence F' < Py, < G where F' = i%f P, G = sup P. Note that since F' and
P

G are conjugate to each other in the sense that
FA)+GA°)=1 for ACO

(where A° denotes the set complement of A), we need only to consider one of
them.

The set function F' on 2 is nonadditive and theoretically known! For
example, for A = {b,¢,d}, F(A) = i%f P(A) = 0.5 by picking P in P, which
assigns masses 0.5,0.2,0.2,0.1 to a, b, ¢, d, respectively.

Since F is defined on the locally finite ordered set (29, C) since © is finite
here, it has the Mébius transform ¢ : 2° — R given by (see Chapter 4 and [1]
for background on combinatorial theory):

o(A) =Y ()N E(B)

BCA

where A\B = AN B¢ and #(A) denotes the cardinality of A.
Thus, the set-function ¢ on 2° is also known. On the other hand, it can be
shown that F satisfies the following properties (see Chapters 3 and 4):

(i) F(0)=0, F(©) =1
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22 An Introduction to Random Sets

(ii) For any n > 2, and A4,..., 4, C O,

F <Lnj Ai> D DR Co S kastany o N Y
i=1

0#IC{1,2,...,n} Jjel

These properties of F' imply that ¢ is nonnegative and

> g(A) =1

ACO

Thus, ¢ is a bona fide probability mass function of some random element .S
taking values in 2©, namely,

p(A)=P(S=A4), ACO.

The random element S is a random set on © with distribution ¢ or equiv-
alently F', since by Mobius inversion, we have

F(A) =) ¢(B).

BCA

From the above analysis, the original problem concerning the population
X can be transformed into a problem concerning the random S with known
“density” ¢:

$:2° —[0,1],

¢({a}) = 0.4, ¢({b}) =02, o({c}) =02,
¢({d}) =0.1, ¢(©)=0.1 and
@(A) = 0 for all other subsets A of O.

The point is this. A problem with imprecision about the distribution of
a random variable can be transformed into a precise problem concerning a
random set. In other words, random sets seem to offer an appropriate frame-
work for problems with imprecise probabilities, especially in robust Bayesian
statistics.

The viewpoint of robust Bayesian inference is as follows. Consider a statis-
tical model of the form {F(z|d), 6 € O} for some random vector X, where
F(x|6) denotes the distribution function under 6, and © is a parameter space.
The Bayesian approach starts out by assuming that there is a prior probabil-
ity measure m on the measurable space (©,0(0)). However, it is realistic to
view both the model and the prior as approximations. Thus robust Bayesian
inference refers to the analysis in which priors are replaced by sets of priors.
Specifically, the imprecision in specifying priors is made explicit by consider-
ing a class of probability measure P on (0, 0(0)) containing the “true” prior
mo. Now the set of priors P induces lower and upper envelops on 7y:

L(A) = i%f?T(A), U(A) = s171)p m(A), VA€ a(O).
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Then inference will be essentially based upon L, say. Note that L(-) is not a
probability measure on (6, 0(0)), since it is nonadditive. In view of this fact,
not only from the framework of random sets, but also from a general axiomatic
consideration, there is an explosion of interests in using Choquet capacities in
statistics. Statistical problems involving these nonadditive set-functions will
be studied in subsequent chapters.

2.4 Probability Density Estimation

Let X be a random vector with values in R, with unknown density f.
The support of f is the set S(f) = {z € R? : f(x) > 0}. If we desire to
estimate S(f) from a random sample X1, X, ..., X,, drawn from X, then the
estimator will be a random set (a set depending on the sample). Recently,
interests are shifted to estimation of the a-level sets of f, i.e., for a > 0,

Aa(f) = Aa = {2 € R : f(2) 2 a}.

See [50, 70, 92, 100, 101, 120], in which motivations for applications are also
outlined.

We outline here the problem of density estimation via the estimation of level
sets. This is an alternative approach to kernel method and orthogonal func-
tions in nonparametric density estimation when qualitative information about
the density (such as its shape, geometric properties of its contour clusters) is
available rather than analytic information.

The density function f : R? — R* can be written in terms of its a-level

sets as
“+ o0

Ve e Ry f(z) = Ay (z)da,
0
where A, (x) = I4,(z) denotes the indicator function of the set A,. Thus, if
each A, is estimated by a random set A, , (measurable with respect to the
sample X1,...,X,), then it is natural to consider the plug-in estimator

+oo

fulx) = Agn(z)do
0

for f(z). Note that here A, , is a random set of more general nature than
finite random sets.

The point is this. We are led to set estimation and random sets, as set
estimators, arise naturally.

It is interesting to note that the excess mass approach [50] to level-set
estimation bears some resemblance with maximum likelihood principle in sta-
tistics. Indeed, for a fixed level «, the target parameter is the set A,. The
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qualitative information about f leads to the statistical model: A, € C, where
C is a specified class of subsets of R%, e.g., closed convex subsets, ellipsoids.

We are in the standard framework of statistical estimation theory: the
parameter space is C, so that estimators of A, should be random sets with
values in C. Due to the nature of the target parameters A, it is possible to
find a general principle to suggest estimators for it.

Let dF denote the probability law of X on RY (i.e., the Stieltjes measure
associated with f), and again, p denotes the Lebesgue measure on R

Clearly, (dF — au)(A,) is the “excess mass” of the set A4, at level a. Thus
we can consider the signed measure dF — au = &, on B(R?), with £,(A) as
the excess mass of A at level o. Writing A = AA, U AAS, we see that

Ea(A) < Ea(As), VA€ BRY,

i.e., the level set A, has the largest excess mass, at level «, among all Borel
sets. This suggests a way to estimate A, using the empirical counterpart of
the measure dF' — ap.

Let dF,, denote the empirical measure associated with the sample

Xl,XQ, NN 7Xn, i.e.,
1 n
dF, = 526)@
iz

with d, being the Dirac measure at = € R?. Then the empirical excess mass,
at level a, of A € B(R?) is

Ean(A) = (dF, — ap)(A).

Thus, it is natural to hope that “good” estimators A,, , of A, can be obtained
by maximizing &, ,(A) over A € C. Note that this optimization problem needs
special attention: the variable is neither a vector, nor a function, but a set.
This type of optimization of set-functions occurs in many areas of applied
mathematics such as shape optimization. Later we will discuss a variational
calculus of set-functions, which seems appropriate for optimization of set-
functions (Chapter 8).

As aroutine in statistical practice, desirable properties of the above random
set estimator A, , need to be assessed. In particular, for large sample sta-
tistics, consistency and limiting distribution problems need to be examined.
This will be carried out by considering statistical convergence in distribution
of sequences of random sets (Chapter 7).

2.5 Coarse Data Analysis

Coarse data are a typical situation where the observations are sets rather
than points in a sample space. By coarse data we mean rough data or data
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with low quality. This happens, for example, when the available data are
imprecise, say, due to imperfection of the data acquiring procedure (e.g., in-
accuracy of the measuring instruments). In such cases, rather than trying
to ascribe unique values to the observations, it might be more preferable to
represent the outcomes of the random experiment as subsets containing the
"true” observation values. Familiar examples of coarse data are missing data,
censored or grouped data in biostatistics. A general framework for set-valued
observations was proposed by Schreiber [113] using random sets. Specifically,
let X be the random variable of interest. The observation process is mod-
eled by a random set S on the range of X. Each unobservable outcome Xj,
Jj =1,2,...,n, is in the observed random set outcomes S;, j = 1,2,...,n,
which is an i.i.d. sample from S. Thus, X is an almost sure selector of S. The
statistical inference problem about X, say, estimating the probability density
functions of X, will be based upon the random set data S;, j = 1,2,...,n.
The point is this. In order to study the above estimation problem, we need a
rigorous theory of random sets, especially their distributions.

The practical situation in coarse data analysis is this. Being unable to
observe with accuracy the values of a random sample X, Xo,...,X,, from
X, the statistician tries to locate these observations in random sets S, j =
1,2,...,n. There are of course various ways for doing so. Each way represents
a coarsening of the data. The observed random sets S; are viewed as a random
sample from a coarsening S, which is a random set. A random set S is called
a coarsening of X if S contains X almost surely (i.e., with probability one),
i.e., X is an almost sure selector of S. Note that here X is given first, and S
is a random set model for X. Thus, selector or coarsening depends on which
is given first!

A useful model for coarsening is the CAR model [51], where CAR stands for
coarsening at random. Here is an example. Let U C R be the range of X, and
{A1, Ay, ..., A} be a (measurable) partition of U. Consider the coarsening
scheme

S:(Q,A P)— {A, A, ..., Ar}.
Suppose the unknown probability density function of X is of a parametric

form, i.e., f(z]0), § € ©. Then the likelihood function based on the random
set sample S;, j =1,2,...,n, is

L(0]S1,Ss,...,5,) = f(z|0)dz.

Thus, the maximum likelihood estimator of € can be computed using only the
observed Sq, Sy, ..., S,. However, the investigation of large sample properties
of the estimator requires also distributional aspects of the random set model

S.
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2.6 Perception-Based Information

Coarse data analysis can be viewed as a special procedure in perception-
based information gathering process by humans. This type of data is used
in the field of artificial intelligence to imitate remarkable human intelligent
behavior, say, in decision making and control. The search for the source of
how humans gather the information in their environments is of course useful
in many applications, such as robotics. For example, being unable with the
naked eye to accurately measure the distance to some referential location,
humans try to extract useful information by considering some simple schemes
over the range of the measurements, such as a partition of it. In other words,
when we cannot exactly measure the values of some variable of interest X, we
coarsen it, e.g., use some random set S such that P(X € S) = 1 to extract
information about X.

For example, a perception-based information of the form “Tony is young”
has the following structure. The underlying variable of interest is X = age(of
Tony) with range U = [0,100]. The linguistic label “young” does not have
sharply defined boundaries, and hence can be modeled as a fuzzy subset of U,
i.e., as a function A : U — [0,1].

Students interested in the theory of fuzzy sets and logics can read a book
like [89]. Since the value of X cannot be observed with accuracy, A = “young”
is taken as an observation value instead. This fuzzy value A is in fact one
of the possible fuzzy values, not of X, but of some coarsening S of X. For
example, a “fuzzy partition” of U could be “very young,” “young,” “middle-
aged,” “old,” so that S is a (random) fuzzy set, i.e., a random element taking
fuzzy subsets of U as values. We will not discuss random fuzzy sets in this
text. Interested students can read, e.g., Li et al. [66] and Nguyen and Wu
[91].

If we consider the special case of random sets as coarsening schemes in
some perception-based information gathering processes, then various types of
uncertainties arising in artificial intelligence can be rigorously justified. To
avoid topological details at this stage, suppose the range U is a finite set.
Let S be a random set, which is a coarsening of a random variable X that
takes values in U, i.e., P(X € S) = 1. Let A C U be an event. A is said
to occur if X(w) € A. But if we cannot observe X (w), but only S(w) is
observed, then clearly we are even uncertain about the occurrence of A. If
S(w) C A, the clearly A occurs. So, from a pessimistic viewpoint, we quantify
our degree of belief in the occurrence of A by P(S C A), which is less than the
actual probability that A occurs, namely P(X € A), since X is an almost sure
selector of S. This fact is a starting point of the well-known Dempster-Shafer
theory of evidence or belief functions that is popular in the field of artificial
intelligence (also in some aspects of robust bayesian statistics). Interested
students can read a text like [114].
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On the other hand, if S(w) N A # 0, then it is possible that A occurs. A
plausible way to quantify this possibility is to take P(SNA # 0). This seems to
be consistent with the common sense that possibilities are always larger than
probabilities since possibilities tend to represent the optimistic assessment as
opposed to beliefs. This is so since X is an almost sure selector of S, we
clearly have {X € A} C {SN A # 0} and hence P(X € A) < P(SNA #0).

However, as argued by Zadeh [128], unlike probability logic, reasoning with
possibilities by humans is semi-truth-functional. Thus, the question is: Is
there a random set .S, which is a coarsening of X, such that the set-function

Im: 2Y — [0,1]

defined by II(A) = P(SN A # ), is semi-truth-functional, i.e., the knowledge
of, say, II(A) and II(B) will determine II(A U B)? As we will see in the
subsequent chapters, the answer is affirmative.

2.7 Stochastic Point Processes

From an application viewpoint, random sets are stochastic models for the
analysis of spatial patterns, such as for the tumor-growth phenomenon, where,
as emphasized by clinicians, the tumor’s appearance is extremely important
in characterizing its growth (e.g. [17]). However, data analysis when the data
are sets, rather than points in some space, is not a nice situation to work with!
Of course, statisticians can employ some techniques of standard exploratory
data analysis to look at the set data, but to characterize geometrically the
pattern, other methods might be required.

Random set theory is relatively recent. Choquet presented some key ideas
in 1953 [15]. Kendall (1974 [61]) and Mathéron (1975 [73]) provided the
foundations. The literature on theoretical developments of the theory and
applications grows significantly ever since. Although difficulties are expected,
not only because of the complexity of set-valued analysis, but also because
of the lack of tractable random set models, the advent of image-analyzing
computers has provided a practical stimulus for the topic.

Random set models can be used to construct stochastic models for the pat-
tern under study as well as to describe an appropriate scheme of randomization
for the probing of a specimen.

We are going to describe the most popular random (closed) set model in
applications, known as the Boolean model. By doing so, we point out that
point processes are special cases of random closed sets. For background on
stochastic processes, see, e.g., Bosq and Nguyen [12].

Recall the Poisson process on RT. In a classical representation, a homo-
geneous Poisson process with intensity A is described by a counting process
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N = (N, t > 0), where N, denotes the number of “events” occurring during
[0,t], according to the following hypotheses:

(i) Each random variable Ny — N, s < t, is Poisson distributed with mean
At — s), ie.,

P(N, — Ny =j) = e M= (A(t — 5))7 /5!
for jeN=1{0,1,2,...}.

(ii) For any t; < tz < ... < t,, the random variables Ny, — Ny, _,, j =
1,2,...,n, are mutually independent.

If (T, n > 1) is the collection of successive (random) “arrival times” of
the process, then the Poisson process can be also described in terms of the
T,,’s. Observe that the T},’s form a random distribution of points in R¥, i.e.,
{T,,n > 1} is a random set on R*. In fact {T,,, n > 1} is almost surely a
random closed set of RT. Indeed, for any ¢t < +o0, EN; = At < +00, so that
N; < 400, a.s. Thus, for w € W€, where W € A with P(W) = 0, the subset
{T,,(w), n > 1} of RT is locally finite in RT in the sense that each bounded
subset B of Rt contains only a finite number of the points T}, (w)’s. This is
so because we can take ¢ so that B C [0, ], and hence

#({Th(w), n > 1} N B) < Ny(w) < +oo0.

As such, {T,(w), n > 1} is necessarily closed. Here is the proof! Let a ¢
{T,,(w), n > 1}. Consider the closed “ball” centered at ¢ with radius ¢ > 0,
imnRT, B={yeR":|z—y| <e}. fTj(w),j=1,2,...,m, say, are the only
points of {T),(w), n > 1}, which are in B, then

B°n{T;(w), j=1,2,...,m}°

is an open neighborhood of @ that does not contain any element of {7}, (w), n >
1} (an hence {7}, (w), n > 1} is equal to its closure).
On the other hand, if we let

S(w) ={Tn(w), n =1}
then, being a closed set of R*, S is the support of the random measure 7 on

B(R™), where
T(A) =) dr(A)

TeS

where ¢; is the Dirac measure at t. Note that the support of a (Borel) measure
7 is the smallest closed set F' such that 7(F¢) = 0. Here note that the support
of 7 is

supp(r)(w) = {z € BT : 7(w)({}) # 0}
={T,(w), n>1}.
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The measure 7 associated with S is very special. It is a random point
measure. A point measure 7 is a Borel measure (i.e., defined here on B(R™))

of the form
T(A) =6, (A)

n>1

where z,, € RT, such that VK € K(RT), 7(K) < +oo (this last property of 7
makes 7 a Radon measure).

Indeed, 7(K) = Y 6r(K)= > Jp(K), which is finite since S is locally
TeS TeSNK
finite.

The correspondence S — 7 is a bijection. Indeed, if 7 is a point measure,
then clearly its support is a locally finite random set (see also [104]). In view
of this, the Poisson process can be defined as a point measure 7. This also
allows the extension of Poisson processes to arbitrary spaces, such as R¢, as
a point measure on B(R?). Note that we continue to call a point measure a
point process even if there is no dynamics involved (time-dependent concepts).
Poisson processes in R? can serve as stochastic models for a random set of
points in R?, e.g., positions of visible stars in a patch of the sky. For further
background on point processes, see e.g., [103].

Remark. From a mathematical view point, a random set S in R¢ can also be
viewed as a random function, namely the indicator function of S. However, as
noted e.g., in [17], the random function approach fails to capture the geometric
complexities of the pattern such as in image analysis.

Now given the data as in the tumor-growth phenomenon (e.g., [17]), a
random set model seems appropriate. The model is somewhat an extension
of the Poisson model to the case of a random distribution of sets in the space
R?. In the first step, “germs” are distributed according to a Poisson process
in R, then in a second step, these germs cause sets of points (grains) modeled
as random closed sets of R%. The union of these grains is a random closed set
in R, called the Boolean model. For practical aspects of the Boolean model
as well as statistical inference involved, we refer the reader to [73, 78]. Here,
we elaborate on its mathematical structure.

We need to consider Poisson model in the space F\{()} of nonempty closed
sets of R%. This space, with relative topology induced by F is locally compact.
A point process is a random point measure on F\{(}}. Given a Radon measure
7 on F\{0}, a point process N is called a Poisson process with mean measure
T if

(i) For any Borel set B of F\{(}, and integer k,

_r K .
== (O <

(ii) For any k > 1, and By, ..., By disjoint Borel sets, the variables N(B;),
7 =1,2,...,k are independent.

© 2006 by Taylor & Francis Group, LLC



30 An Introduction to Random Sets

In the case of a Poisson process on R?, the locally finite random (closed)
set associated is the collection of points generated by the process. When
these points become random sets, its union is the counterpart of the above
locally finite random set. For a Poisson process in F\{0}, let us consider a
realization of the form (F,(w), n > 1), where each F,(w) € F\{0}. Then,

again, S(w) = |J Fn(w) is a closed set of R%. This is so because the proof for
n>1

F,(w) = {z,} (singleton) is extended in a straightforward manner to the case
of arbitrary closed sets F,,(w). Specifically, if a sequence of closed sets F, of
R is locally finite, i.e., for any K € K(RY), {F,, : F,, N K # ()} is finite, then

F = | F, is closed. Indeed, let x € R and z ¢ F. Consider the compact
n>1

K={yeRy: ||z —y|| <e}. Let F\, Fy,...,F,, say, be the only F,’s that

intersect K. Then .
m

i=1
is an open neighborhood of = containing no element of F'.

Finally, the fact that each realization of a Poisson process on F\{0} is
locally finite follows from the structure of R? and the property of the o-finite
measure 7. See [73].

2.8 Exercises
2.1 Let U be a finite set, and 7 : U — [0, 1].
(i) Let f:2Y — R be defined as

f(A) = <H 7r(Z’)) (H (1- 7T(Z’))) -

i€A i€A°

Use a probabilistic argument to show that > f(A4) = 1.
ACU

(ii) For each A C U, let

o) = 30 (-1# |1 - (i)

icBe
BCA !

where A\ B = AN B°. Show that ) g¢g(A)=1.
ACU

2.2 The results in Exercise 2.1 can be obtained in a more general setting,
without using probabilistic arguments. Referring to Exercise 2.1, the finite
set V.= {m(i) : ¢ € U} is a subset on the real line R.
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Let V be a finite subset of R (or, more generally, of a commutative ring
with unit 1). For A C V| let

() (de)

(i) Show that Vo e V, Y~ f(A) =w.
vEACV

where A° =V \ A.

(ii) Since the empty product is 1, prove, by induction on #(V'), that
> f(A)=1
ACV

2.3 Let f:R? — Rt =[0,+00). For a >0, let A, = {x € R¢: f(z) > a}.
(i) Writing A, (z) for the indicator function I4_(z), verify that
+oo

Ve e RY f(z) = Aq(z)da.
0

(i) Let f be a multivariate probability function on R?, with dF as its associ-
ated probability measure on B(R?). Let u denote the Lebesgue measure
on B(R?). For a > 0, consider the signed-measure ¢, = dF — aj. Show
that YA C B(R?), e4(4) < e4(4a).

2.4 Let (2, A, P) be a probability space, and U be a finite set. Let X : Q@ — U.
Verify that the condition
{weQ: X(w)=A}eQ, VACU,

is equivalent to the measurability of X with respect to A and B, where B is
the power set of 2V,

2.5 Let P denote the set of all probability measures on a measurable space
(Q,A). Let P € P, and F,G : A — [0,1] with F(A) = inf{P(A) : P € P},
G(A) =sup{P(A) : P € P}. Verify that VA € A, F(A) + G(A°) = 1.

2.6 Consider the following concrete probability space (2,4, P):
o O =2Y where U is a finite set.
e A is the o-field on Q, which is the power set of 2V.

e P = Pj, where f: 2V — [0,1] is a probability density (mass) function
on 2V (ie., f>0and Y f(4)=1).
ACU
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Let RY the set of all functions from U to R. Let

X = U RA.

ACU

For a fixed t € RY, define f; : X — R as follows. For z € X, z: A — R (for
some A CU),

_JfA)ifz =t
filw) = { 0 otherwise

(where t| 4 is the restriction of t : U — R to A C U). Verify that
(i) The support of f; is finite.

(ii) For a o-field o(X) containing singletons of X, (X,o(X), Py,) is a prob-
ability space, where Py, is the probability measure associated with f;.

2.7 Let (2, A, P) be a probability space. Let S :  — 2Y such that
VACU, {weQ:S5w)=A}c A

(i) Let X : Q — U such that Vw € Q, X (w) € S(w). Verify that S(w) # 0,
Yw € Q, i.e., S is a nonempty random set.

(ii) Suppose that, Vu € U, {w € Q: X(w) =u} € A, and
Plw: X(w) € Sw)) =1.

Verify that VA C U, P(S C A) < P(X € A).

2.8 Let U = {1,2,3,4} and let X be a random variable taking values in
U with probability mass function g(1) = 0.425, ¢(2) = 0.225, g(3) = 0.225,
g(4) = 0.125.

Let S : Q — 2V \ {0} with f(A) = P(S = A) given by f({1}) = 0.4,
F21) = 0.2, F({3)) = 0.2, F({1}) = 0.1, F({1,2,3,4}) = 0.1, and f(4) = 0
for all other subsets A of U.

(i) Show that P(SC A) < P(X € A),VACU.

(ii) Is S a coarsening of X?

2.9 Let (2, A, P) be a probability space, and X : Q@ — U, S : Q — 2Y where
U is a finite set. Suppose both X and S are random elements. Show that S
is coarsening of X if and only if

Y P(X=uS=4)=1

ACU ueA

© 2006 by Taylor & Francis Group, LLC



Some Random Sets in Statistics 33

2.10 Let (£2,.A, P) be a probability space, and (U,U) be a measurable space.
Let S : Q — 2V, Suppose

VACU, {weQ:Sw)=A}ec A
Define P, : U — [0,1] by P,(A) = P(S C A). Verify the following:
(i) If for all w, S(w) # 0, then P, () = 0.
(if) P(U) =
(iii) P, is monotone increasing.
)

(iv) Py is not necessarily additive.
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Chapter 3

Finite Random Sets

As in the study of statistical models, we consider first the counterpart of
classical probability models, namely, the case of random sets on finite spaces.
This framework is simple and is not encumbered with technical details. Many
of the concepts presented here have counterparts in the general theory that is
dealt with in Chapter 5. The study of random sets in this finite case illustrates
the results we can expect to obtain in more abstract spaces.

3.1 Random Sets and Their Distributions

Throughout this chapter, U denotes a finite set. The cardinality of a subset
A of U is denoted by |A| or #(A). (2,4, P) will be a probability space in the
background.

DEFINITION 3.1 A finite random set with values in 2V is a map
X :Q — 2V such that X 1({A}) ={w e Q: X(w)=A} € A, forany ACU.

Remarks.

(i) Clearly, a random set X is a random element when we refer to the
measurable space (2Y, &), where € is the power set of 2V i.e., X71(£) C A.
This is so because, VA € £, X 1(A) = |J X 1({4}).

AcA

(ii) As in the case of finite random variables, the measurability condition
on X is required for us to define rigorously the probability law Px of X on
& via probability values on “singletons.” Specifically, let f : 2V — [0,1] be
f(A) = P(X = A), then f is a bona fide probability density function on 2Y,
ie, f>0and > f(A)=P(X e2V)="Px2Y)=1.

ACU

For A€ &, Px(A) = A%:Af(A).

Example 1 (Random level set). Let ¢ : U — [0,1]. Let o : Q@ — [0, 1] be a
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random variable, uniformly distributed. Consider X : Q — 2V where
Xw)={ueU:pu)>aw)}

The measurability condition is easily verified (say, by renaming the elements
of U so that u; < u; = ¢(u;) < ¢(uj)). Note that this random set is nested
in the sense that its range is totally ordered by set inclusion. To specify its
probability density f on 2V, it is convenient to use the concept of distribution
functions. If we let

F:2V —0,1]

where F(A) = P(X C A), then
F(A)=1-P(XNA“#0)=1-P (w fa(w) < nﬁxg@(u)) =1- rrﬁxgo(u).

Now F(A) = > f(B), and hence we need to express f in terms of F.
BCA
Fortunately this is a familiar situation in combinatorics! See Chapter 4.

As students can guess, we are going to establish a one-to-one correspondence
between f and F so that the concept of distribution functions can be used at
a more fundamental level, especially when we deal with more general types of
random sets (Chapter 5).

Inspired by the situation with random variables, we are going to define
axiomatically the concept of distribution functions (for random sets). Now,
observe that the distribution function F' of a random set X, i.e., F(A4) =
P(X C A) is monotone, i.e., A C B = F(A) < F(B), and moreover, F is
2-monotone, i.e., for any A, B C U,

F(AUB)> F(A)+ F(B)— F(ANB).

But, an arbitrary function F : 2V — [0, 1] which is 2-monotone might not be
necessarily monotone, since for A C B, we have

F(B)=F(AU(B\ A)) > F(A)+F(B\ A) — F(0).

Thus, unless F'(0) = 0, i.e., F(() is the minimum value of F', F might not be
monotone (and hence it is not a distribution function of some random set).
Now, if F' is the distribution function of a random X with density f, then
clearly F(0) = f(0) = P(X = 0). For F(f) = 0, the random set X should
not be allowed to take the value () in 2Y. While it is possible for an arbitrary
random set X to take the value ), we will restrict ourselves from now on to
nonempty random sets, i.e., to random sets X for which F'() = f(0) = 0.
This will allow us to have a neat definition of abstract distribution functions.
Note that most random sets in applications are nonempty random sets. For
example, if P is a class of probability measures on (U,2Y), then F = inf P
(ie.,VAe U, F(A) =inf{P(A) : P € P}), is such that F () = 0. Also, if the
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random set X is a coarsening of some random variable Y, i.e. P(Y € X) =1,
then necessarily X is a nonempty random set.

THEOREM 3.1 Let X be a (nonempty) random set on U. Let F :
2V —[0,1] be F(A) = P(X C A). Then F satisfies the following properties:

(i) F(0)=0, F(U) =1,
(ii) For any k > 2, and Ay, Aa, ..., Ay subsets of U,

F L’]Aj > > (—1)I+1F<ﬂAi>. (3.1)

0AIC{1,2,....k} iel

Proof. The property (i) is obvious. For (ii), we proceed as follows. For
B CU,let

icJ(B)
Clearly,

k
FlU4 = > = > B
j=1 B S 4, BCU,J(B)#8

i=1

|B|+1

Now, since for any nonempty finite set A, > (—1) = 1, we can write

BcCA
(apply to A = J(B)):

oo fB= > > =y pB) =

BCU,J(B)#£0 BCU,J(B)#0 | 0£ICJ(B)
DG L W 0 D W Co Vi Z f(B)
PAICU BCU,J(B)2I P£IC{1,2,....k} BC A
icl
by interchanging the order of the summations). ]
(

It turns out that the properties (i) and (ii) of F(4) = P(X C A) in the
above Theorem 3.1 characterize distribution functions of (nonempty) random
sets. More precisely, any set function F : 2V — [0, 1] satisfying (i), (ii) must
be a distribution of a (nonempty) random set with values in 2Y.

DEFINITION 3.2 A function F : 2V — [0,1] satisfying the properties
(i) and (ii) of Theorem 8.1 is called a distribution function on 2V.

© 2006 by Taylor & Francis Group, LLC



38 An Introduction to Random Sets

We are going to show that if F' is a distribution function on 2V, then it is
the distribution function of some (nonempty) random set X on U, i.e., there
exist a probability space (€2, .4, P) and a (nonempty) random set X on U such
that F(A) = P(X C A), VA C U. For that, it suffices to show that F' is of

the form
= > f(B)

BCA

where f : 2V — [0,1] is a probability density on 2Y.

THEOREM 3.2 IfF:2Y —[0,1] is such that
(i) F(0) =0, F(U) =
(ii) For any k > 2, and Ay, As, ..., Ay, subsets of U,

OAj > > (=nE (ﬂAZ).

B#IC{1,2,....k} iel
then VA C U,
= f(B
BCA
where f : 2Y — [0,1] is such that f(-) >0 and Y. f(B)=1.
BCU
Proof.

a) Let f:2Y —[0,1] be defined by

FA) =Y (- FIR(B),

BCA

where A — B = AN B¢ and | - | denotes cardinality. Then f is nonnegative.

Indeed, by (i), f(#) = F(0) = 0, and by construction f({u}) = F({u}) > 0.
For A C U with |A] > 2, say A = {uy,...,un}, let A; = A\ {w;}, i =
1,2,...,n. Then

f(A):F(A)—Xn:F A+ F(AiNAj)+.. .+(— ”1ZF (A | >0

1<j i=1 Ve

(noting that ﬂ A; = 0), by (ii), since A = U A;.

i=1 i=1

b) Now
S HB) =3 S )ECRCe) = Y (—)ECp(e).
BCA BCACCB CCBCA
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If C = A, the last expression is F(A). If C # A, then A—C has 2/4~CI subsets,

so there are an even number of subsets B with C C B C A, exactly half of

which have an even number of elements. The half of the numbers (—1)/Z=CI

are 1 and half are —1. Thus for each C # A, Y. (=1)IB-CIF(C) = 0 with
CCBCA

the summation taken over B. Therefore, Y. f(B)= F(A).

BCA
In particular, 1 = F(U) = >_ f(A), so that f is a probability density on
ACU
2V, O
Remarks.

a) The above proof of Theorem 3.2 is a direct and elementary one. It was
based upon the fact that if F' is to be of the form

F(A) = > f(B)

BCA

then the function f has to be defined in terms of F as f(A) =

S (=1)A=BIF(B). This is a fact from combinatorial theory that will be
BCA
elaborated in Chapter 4.

b) The condition (ii) in Theorem 3.2 (or Theorem 3.1) is termed monotonic-
ity of infinite order or infinitely monotone. If F' is a probability measure on U,
then F' is infinitely monotone in view of Poincaré’s equalities. In other words,
the monotonicity of infinite order is a generalization of Poincaré’s equalities
for probability measures. Note that distribution functions, as set functions,
are, in general, not additive. In fact, VA C U,

P(XCA)+PXNA“#£0)=1.

A function F' that satisfies (ii) in Theorem 3.2 only for some given k > 2
is called k-monotone. Recall that infinite monotonicity requires (ii) for any
k > 2. Relations between different k-monotonicities will be investigated in
Chapter 4. A set function F' which is 2-monotone, i.e., for for any A, B C U,

F(A)+ F(B)< F(ANnB)+ F(AUB),

is also referred to as convex by the analogy with convex functions in real
analysis (Shapley [115]). In the context of coalitional games (where U is a set
of players, F(A) represents the worth of the coalition A of players), each F is
a game, and 2-monotone F (or supermodular) is called a convex game.

As noticed earlier, 2-monotonicity implies monotonicity only if F(0) is the
minimum value of F on 2V, here F(0)) = 0. Thus, distribution functions are
monotone set functions.
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¢) In the finite case, we can also characterize probability laws of (nonempty)
random sets by a dual concept, namely, capacity functionals. If X is a random
set on U, then we define its capacity functional as the set function

T:2Y —[0,1], T(A) =P(XNAZ#p).

Since T'(A) = 1 — F(A°), where F' is the distribution function of X, T also
characterizes the probability law Px of X in view of Theorem 3.2. Specifically,
the axiomatic definition of capacity functionals of random sets is this.

DEFINITION 3.3 A set function T : 2V — [0,1] is a capacity functional
of some random set if it satisfies

(a) T(®) =0, T(U) =1,
(3) For any k > 2, and Ay, As, ..., Ay in 2Y,

k
T (4| < > (—1)1+1T<UAi>.

PAIC{1,2,....k} i€l

The property (3), dual of monotonicity of infinite order, is referred to as
property of alternating of infinite order. For a given k, T is said to be k-
alternating. Like F', the set function T' is monotone.

As expected, the definition of capacity functionals for random sets on infi-
nite spaces (like R) is more subtle (Chapter 5).

Example 2. Continue with Example 1 where

F(4) =1 - max p(u) = 1 - T(A°),

we see that the probability density function f of the random set X is given
by

£ = 32 (-1 1= gt

cAe
BCA v

Example 3 (continuation of Example 1). Example 1 is typical in survey
sampling from a finite population U. Recall that a probability sampling plan is
a random set X on U with probability density function f on 2V. In statistical
inference in survey sampling, as exemplified by the unbiased estimation of the
population total 7' (8), Chapter 2, the covering functionm of X, w: U — [0, 1],
m(u) = P(u € X), is essential. In example 1, the given function ¢ : U — [0, 1]
plays the role of a predetermined covering function. The general problem in
survey sampling is to find a probability sampling plan f admitting 7 (here
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T = ) as its covering function, i.e., m(u) = > f(A), the summation is taken
u€A
on all A containing a given u € U.

The probability sampling plan f given in example 2 is clearly one solution!
Indeed, w(u) = T'({u}), recalling that

T(A)=P(XNA#0) =maxn(u),

u€A

and
m(u) = P(X N{u} #0) = P(u e X),

i.e., the covering function of a random set X is the restriction of its capacity
functional T" to singleton sets of U.

Note that the randomized level set of the covering function 7 is a very spe-
cial random set (i.e., a special probability sampling design), in the sense that
its probability density function f is completely determined by 7. In general,
the knowledge of the covering function of a random set is not sufficient to de-
termine the probability density function. In that sense, the covering function
(or one-point coverage function, or first-order probabilities of inclusion) of X
(or of f) as well as the many-point coverage function 7w(A) = > f(B), for

ACB

each A CU (= P(A C S)), are similar to moments of random variables; see
also [105].

The following analysis provides a general way for obtaining all possible
probability sampling plans from the specification of a covering function ,
i.e., those admitting 7 as their (common) covering function.

Without loss of generality, let U = {1,2,...,n}, and = : U — [0,1]. If f
is a probability density on 2V, then we write Py for its associated probability
measure on the power set of 2V i.e., for A C 2V,

Pr(A) =Y f(A).

AcA

For each j € U, consider the Bernoulli random variable, defined on the prob-
ability space (2Y, Py):
I;:2Y —[0,1]

_J1lifje A
]j(A)_{Oifj¢A

with parameter Py(I; = 1) = m(j), i.e., f is a probability density on 2V having
precisely 7 as its covering function.

Such an f is determined completely from the joint distribution of the
Bernoulli random vector (I3, Is,...,1,). This can be seen as follows. Ex-
hibiting the following bijection between 2V and {0,1}": for A C U, we as-
sociate € = (e1,€9,...,6,) € {0,1}"™ where ¢; = 1 or 0 according to i € A
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or not; and conversely, for € = (e1,€2,...,e,) € {0,1}", we associate the set
A. ={j :e; = 1}. Then clearly,

f(Ae) = Pi(Iy = 1,1y = €3,...,1, =¢,), Veec{0,1}".

Since 7 is given, the Bernoulli random variables I;, j = 1,2,...,n, have fixed
marginal distributions. As such, their joint distributions are determined by
n-copulas according to Sklar’s theorem (Chapter 1). Specifically, let F; be
the distribution of I, namely,

0 ifr<0
Fij(z)=< 1-m(j)if0o<z <1
1 ifxe>1

Then the joint distribution function of (I1, I, ..., I,) is of the form
G(x1,x2,...,2,) = C[Fy (), F2(x), ..., F,(2)]
where C' is a n-copula.
For example, when C : [0,1]" — [0,1] is the copula C(y1,y2,...,yn) =

n
11 yj, we obtain the well-known Poisson sampling design:
j=1

FA) =TI~ [ =)

jeA igA

3.2 Set-Valued Observations

This section and the next two are illustrations of statistical situations where
random sets seem appropriate for modeling uncertainty and making inference
with imprecise data.

We consider the standard problem of statistics, namely, the estimation of
the unknown probability law my of a random variable X with values in U.
But unlike the conventional situation, the data is an i.i.d. sample of random
sets S1, 59, ...,5,, drawn from a random S, rather than an i.i.d. sample from
X. The relation between X and S is that X € S almost surely, i.e., X is an
a.s. measurable selection (or selector) of S. This clearly extends the structure
of standard data analysis in statistics. By the strong law of large numbers,
the distribution function F' of S is estimated consistently by the empirical
distribution function

P (A) :%Hi L5, C A},

we are led to describe the statistical model in terms of F. Let P denote the set
of all probability measures on U (finite here). The parameter space is some
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subset P C P containing 7y, where before having additional information to
narrow down P, P is simply the set of probability laws of all possible selectors
of copies of S. We would like to specify further the set P. Now observe that
since X is a selector of S (the observed sets S1,S2, . ..,.S, contain unobserved
values X1, Xo,...,X,,), we have that F' < 7. Indeed, let (2,4, P) be a
probability space on which are defined both S and X. Let D € A such that
P(D°) =0 and X (w) € S(w) for all w € D. Then,

F(A)=P(SC A)=P((SCA)ND)<P(X € A) =mp(A)

Thus 79 € C(F) = {w € P: F < 7}. Borrowing a name from game theory,
C(F') we call the core of F or of S. The structure of the core C(F') is very
nice (!), and the question is whether P = C(F)? This amounts to check
the converse of the above fact, namely, given F' on 2Y (or equivalently its
associated probability measure dF on the power set of 2V), and 7 € P with
F < 7, can we find a probability space (2, A, P)and S: Q — 2V, X : Q - U
such that P(X € S) =1 and PS™! =dF, PX~! =7 i.e., is 7 selectionable
with respect to F'?

The positive answer can be found in [4, 96] in a very general setting, see
details in Chapter 5. Here we will discuss this converse problem from an
intuitive viewpoint.

The above converse problem is the problem of existence of a measurable
selection with given image measure. Let us say a few words about the selection
problem in general.

Let S be a set-valued function, defined on some set 2, with values as subsets
of a set U (arbitrary). A selection of S is a function X : Q@ — U such that
X(w) € S(w),Vw € Q. The existence of a selection is guaranteed by the axiom
of choice. In our case, there is more mathematical structure involved, namely,
a probability space (2, A, P) and U together with some o-field B on it. We
seek selections that are A — B-measurable as well as “almost sure selections”
in the sense that the selection X of S is measurable and X € S except on
a P-null set of Q. For existence theorems and further details, we refer the
reader to [62, 124].

Now, from the given structure (U, w), (2Y, F) with F < 7, we consider the
probability space

(2Y x [0,1], dF ® dx)

and the random set S : 2V x [0,1] — 2V defined by S(A,t) = A for all
t € [0,1]. The random set S has F' as its distribution function. The solution
to the converse problem consists of showing that the condition F < 7 is
sufficient for the existence of a random variable

X:2Vx[0,1] - U

such that (dF' ® dz)(X € §) =1 and 7 is the probability law of X on U, i.e.,
X is a selector of S.
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Without going further into technical details at this stage, let us mention that
the result is expected since the framework has the flavor of an old selection
problem, called the marriage problem by Halmos and Vaughan [48]. This old
problem started out with Hall in 1935 [46] as a problem of choosing distinct
representative elements for a class of subsets of some set. The result was
generalized by Everett and Whaples [30] and later by Bollobas and Varapoulos
[11]. The marriage problem is this.

Consider two finite sets B (boys) and G (girls), of the same cardinality, say.
Each boy b € B is acquainted with a set of girls S(b), so that S : B — 2¢.
Suppose we are interested in the question “under what conditions is it possible
for each boy to marry one of his acquaintances?” This is a selection problem
of a particular type, namely, an injective (one-to-one) selection. Specifically,
we seek conditions under which there exists a function X : B — G with X (b)
being the girl in S(b) who is chosen by b for marriage. Clearly, if by # by then
X(br) # X (b2)!

Suppose S(b1) = {q1}, S(b2) = {92}, S(b3) = {g1,92} then it is not
possible for these boys {b1, ba, b3} to marry their acquaintances. Thus, the
necessary condition for the marriage problem is that any & boys should know,
collectively, at least k girls, i.e.,

VA C B,|A| <

J s®)

beA

. (3.2)

The remarkable result of Hall is that (3.2) is also sufficient.

The “analogy” of the marriage problem with the selection problem in coarse
data analysis can be seen as follows. Let U be a finite set (take B = G = U).

Let p be the counting probability measure on U, i.e., A C U, u(A4) = ||2” Let
S be a (nonempty) random set U, defined on the probability space (U, 2Y, u).
Let X : U — U be the map X (u) = u, Vu € U, so that Px = p. Clearly X is
an a.s. selector of S if Vu € U, u € S(u). But then X is also an a.s. of the
random set S’ : U — 2V \ {#} where S’(u) = {v € U : u € S(v)}. This implies
that Yu,v € U, u € S(v) < v € S'(u). The necessary and sufficient condition
of Hall’s theorem takes the form, VA C U,

U 5w

u€A

|A] < =H{ueU:S(u)nA#0b},

which is equivalent to p(A) < u(SN A #0) ie., Px(A4) <Ts(A).
Now, let us get back to our problem of modeling random experiments with
set-valued observations. We are going to take a closer look at the core C(F).
Since here F' is monotone of infinite order, C(F') # (). In fact, this follows
from a more general result of Shapley [115] for convex games on U.
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In our context of random sets, i.e., when F' is a distribution function (and
hence monotone of infinite order), we can show that C(F) # 0 by simply
constructing a m € P such that m > F', as follows.

Let f be the density function of F, i.e.,

F(4) =Y (-)"MPIE(B).

BCA
For a fixed ) # A C U, define
ga:U—R
by
> f(B) foruec A
ueBca | Bl

ga(u) =
7’]0 (B) or u
2 B\Anp) reEa

Then ga(-) > 0 and

Do galw) = ga(w)+ > ga(u)

uelU ucA ug A
But
ZgA Z Z B Z B Zl Zf(B)
u€A ueAueBCA | | BCA ‘ | ueB BCA
and
g 1= f(B)
Thus,
S gawy= Y £(B) =
uel BCU

Hence ga(+) is a probability density on U. Let w4 denote the probability
measure on U associated with g4, then for B C U, we have

dogaw) = > gaw+ Y gau)

ueB u€ANB ueA'NB

DR M P VR M T

u€EANBueDCA u€EDNA’ ue DNA’#()

Yo fD)+ Y (D)

DCANB DNA'#£)

7TA(B)

v
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Thus, 74 is a probability measure in P such that w4 > F, i.e., mqa € C(F).
Moreover, the above construction of w4 exhibits the fact that, in particular,
ma(A) = F(A), so that for each A C U,

F(A)=inf{r(A): 7 € C(F)}
i.e., F' is the lower envelop of its core C(F').

Remark. If F is the lower envelope of some given set Q C P, then in general,
Q C C(F) with possibly strict inclusion.

The above construction leads to a detailed description of C(F). For

0 # A C U, and u € A, let the a(u, A) be nonnegative numbers such
A
that > a(u,A) = f(A). For example, take a(u,A) = f|€4|) but there
ucA
are many other choices. Such an « is called an allocation of F. Then
go(u) = > a(u,A) is a density. It will be shown, in Chapter 4, that the
u€A

probability measure 74 (A4) = >, c 4 go(u) > F'(A), and if 7 > F then 7 = 7,
for some allocation a, i.e., C(F) = {m, : « allocations of F'}.

Next we mention here the use of random sets as models in coarse data
analysis.

Let (2, A, P) be a probability space, and U be a finite set. Let X : Q@ — U,
and S : Q — 2V, the power set of U. Since X(w) € S(w) implies that
S(w) # 0, we have that

{w: X(w) € S(w)} CNQ, where Qo ={w:S(w)=0}.

Thus, P(X € S) < P(2\Q). Now, 1 = P(Q\Qs) + P(Q), which implies
that
P(XefS) <1 if P(Q) >0, (i.e., P(S=0)#0).

A coarsening of X is a nonempty random set S on U such that P(X € S) = 1.
For a pair (X, S), we observe that

{w: X(w)eSw}=J J{w: X(w) =2,5w) = A4}.

ACU z€A

Thus, to check coarsening, we need information about the joint distribution
of (X, S). Specifically, S is a coarsening of X if and only if

Y>> P(X=z5=4)=1

ACU z€A

Also, if S is a coarsening of X, then necessarily the probability law Px has
to belong to the core C(F'), where F' is the distribution function of S.
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Clearly, for a given X, there are many possible coarsenings of X. Among
coarsenings of X, there are special ones which are “nice” for statistical infer-
ence about the unknown distribution Px of X, when X cannot be directly
observed. A coarsening S is said to be a coarsening at random (CAR) if

P(S = A|X = x) = constant, (3.3)

for any A € 2V \ {0} and = € A. The condition (3.3) is referred to as the CAR
Assumption. The constant is denoted as w(A) and is called a CAR probability
(see Heitjan and Rubin [51]).

Some simple analyses are needed to bring out the statistical meaning of the
CAR assumption.

FACT 1 The condition (3.3) is equivalent to:
for any A € 2V \ {0}, and z € A,

P(S=A|X =) = P(S = A|X € A). (3.4)

Proof. Since S is a coarsening of X, we have (S = A) C (X € A) so that
P(X € A|S=A)=1. But

P(X € A[S=A) =) P(X =z|S = A)

T€A
Z P(S = A|X =2)P(X =x)
€A S A)
Thus, if (3.3) holds, then
_ m(4)
1= s A > P(X =u) P(S:A)P(XGA),
meA
ie.,
A
PS=4) P(S=A|X € A4),

A= Fxea)

since, again, (S = A) C (X € A), hence (3.4) holds.
Conversely, assume (3.4). Then clearly (3.3) holds since P(S = A|X € A)
depends only on A. o

FACT 2 The condition (3.4) is equivalent to:
for any A € 2V \ {0}, and z € A,

P(S=AX =z,X € A) = P(S = A|X € A). (3.5)
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Proof. Since (X =x) C (X € A),

P(S=AX=u,X € A)
P(X=zXe€A)
P(S=A,X=x)

i oa  —P=AX=a),

which is P(S = A|X € A) by (3.4). O

P(S=AX=2X € A)

Remark. The condition (3.5) is a conditional independence of the events (S =
A) and (X € A) given (X = z). Let a = (S = A), b = (X € A) and
¢ = (X = z), then a and b are conditionally independent given c if, by
definition,

P(ablc) = P(alc)P(blc),
but that is the same thing as P(a|bc) = P(alc) or by symmetry, P(blac) =
P(b|c). O

FACT 3 The condition (3.3) is equivalent to:
for any A € 2V \ {0}, and z € A,

P(X = |8 = A) = P(X = z|X € A). (3.6)

Proof. By Fact 1 and Fact 2, we have
PX=z|S=A,Xe€A) =P X =x|X cA).
But (S = A4) C (X € A), we obtain (3.6). m|

Interpretation of (3.6). The meaning of the CAR assumption is (3.6), which
says that as far as the distribution of X is concerned, observing the value A
of the random set S is the same as knowing that the unobservable X falls into
the set A.

In the above analysis, we see that, when the CAR assumption holds, we
have

_PS=4A) _ fA)
P(XeA) Px(A)
Let Px be generated by a density on U, say, g, so that

P(X € A)= Y g(x) = P,(A).

z€A

m(A) (3.7)

Recall also that m(A) = P(S = A|X = z), which is zero for x ¢ A. Consider
the conditional density of S given X = x, for any « € U. We have

Y P(S=AX=z)=1=) P(S=AX=x)

ACU A>x
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since, as a coarsening, P(S = A|X = z) = 0 for any A that does not contain
the given . When S is a CAR model for X, P(S = A|X = z) = n(A), thus,
the condition on the families of CAR probabilities is

Z m(A) =1 for any z € U. (3.8)

Adz

FACT 4 The condition (3.7) is a sufficient condition for the existence of
a CAR model for X. Specifically, if a random set S is given by its density
f(A) = P(S = A), and a family of CAR probabilities 7(A), A € 2Y\{0}
satisfying (3.8), such that Q(A) = f(A)/w(A) is a probability measure on U,
then Q(-) is the probability law of some X such that S is a CAR model for
X.

Proof. Assume (3.7), with Py = P,. The situation is this. Given two

marginal densities f and g, such that (3.7) holds with 7 satisfying (3.8). We
can construct a joint distribution for (S, X) so that

(i) S and X have f and g as their respective marginals,
(ii) S is a coarsening of X, and
(iii) S is a CAR model for X.

The following construction does all that:

Define P(X = z|S = A) = g(z)/Py(A) when z € A and f(A) > 0, and zero
for x ¢ A.

Note that, by (3.7), when f(A) > 0, we also have P,(A) > 0 so that the
above conditional density of X given S = A is well defined. The joint density
of (S, X) is

(£)f(4) _ glx)
()~ w(d)

P(S=A,X =2)=P(X =x|S = A)P(S = A) = 7

Thus, the marginal density of X is
Y PS=AX=12)=) gla)r(4) = g(x),
ACU Adx
by (3.8). Next, X is an a.s. selector of S. Indeed, we have
{w: X(w) € S(w)} 2 U {w: X(w) =2z,5w) = A}.
T€A

In view of the construction, P(X = z,5 = A) # 0 only when = € A and
f(A) > 0. Now,

Z Z PX=z,S=A4)=1 (joint density),
zeU Adx
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so that P(X € S) = 1. Finally, since P(X =z,5 = A) = g(z)m(A) and since
g(.) is the marginal density of X, we have

P(S=AX=x)= =m(A),
i.e., the CAR assumption holds. a

Remark. When the statistical model for X is given as the C(F'), then the
problem is to look for the most plausible element of the C(F') to represent
the observations of X; that can be done, e.g., by using the mazimum entropy
principle. In the actual problem of coarse data where X is unobservable, the
problem is to see if there is an element of the C(F) that makes S a CAR
model. In any case, an explicit description of the C(F') seems useful. O

Let Q@ € C(F) then F < @ so that m(A) = f(4)/Q(A) € [0,1]. The
existence of a CAR model is that of a @) € C(F) such that

Az; é;((i)) =1 for any z €U, (3.9)

Now
QeC(F) is equivalent to Q = Qa,

where o : U x 2Y\{(} — R such that for any A C U,
> oz, A) = f(A),  galz) =) oz, A),

z€A A>z

and Qa(4) = Zgoc(x)'

z€A

Thus, the problem is to find « (if any) such that

E ( ) —1 fOl“ any
= CL'EU.
AS Qa(ll)

Gill, Van der Laan, and Robins [36] showed the existence of @, (not construc-
tively) by maximizing F(log f(5)). In fact they showed that the maximum of
>4 f(A)logQ(A) over C(F) is attained at some @, that does satisfy (3.9).

Example. Let (2,4, P) be a probability space and U = {x1, 2,23, 24}.
Let X : Q@ — U be a random variable with probability measure Px and
S :Q — 2V \ {0} be a random set with density f(A) = P(S = A) given by

fmh = fleD =5 flmh =7 fwh) =15
fQonanasl) =5 fO) =5 [(4)=0,
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where A is any other subset of U. Suppose that S is a CAR model for X.

Then 9 97 1
x (1) x (x2) 35 Px (x3) 0 Px (24) 10

Thus, by (3.7), the CAR probabilities are given as

w({orh) = wlfwah) = nlfash) = 5, wlfaa) = 3,

10 1
51’ W(U) R

where A is any other subset of U. It can be checked that the families of CAR
probabilities satisfy the condition (3.8).

7T({$1,.’E2,£L’3}) = 7T(A) = 0,

3.3 Imprecise Probabilities

In the context of statistics, the complete knowledge about a random quan-
tity of interest is its probability law. Thus, by partial or imprecise knowledge
in a probabilistic sense, we mean the partial specification of a probability law.
Typically, the probability law of interest is known only to lie in some known
class of probability measures.

For example, suppose we have a box containing 30 red balls and 60 other
balls, some of which are white and the rest are black. We are going to draw
a ball from this box. The payoffs for getting a red, black, and white ball are
$10, $20, and $30, respectively. What is the expected payoff? Of course, there
is not enough information to answer this question in the classical way since
we do not know the probability distribution of the red, white, and black balls.
We do however have a set of probability densities to which the true density
must belong. It is given by the following table:

z | red black white
30 k 60 — k
Tk

90 90 90

The true density function is one among these 61 densities.

The general situation of imprecise probabilities is this. Let P denote the
class of all probability measures on U. The true probability measure Py is
only known to belong to a given subclass P C P. From the knowledge of P,
we can obtain bounds on Py, namely, FF < Py < T, where F' = inf P and
T =supP. Since T(A) = 1— F(A°), it suffices to consider one of the bounds,
say, F'.

In this section, we consider attractive situations where F' is the distribution
function of some random set on U, and that in the context of decision-making.
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The problem of choosing a “best” course of action in the context of numer-
ical utilities requires a counterpart of expected values of random variables.
Since the information about a probability measure on the set of states of na-
ture is incomplete, one is forced to deal with multivalued random elements,
that is, random sets, rather than with random elements, so that it is not
clear what the counterpart of expectation of a random variable is. Of course,
from a mathematical viewpoint, one can consider expected values of random
sets in the context of theory of integration of random elements with values
in separable Banach spaces. However, from the decision analysis standpoint,
where it is necessary to compare expected utilities, such an approach is not
feasible due to the lack of a total ordering on the set of values of random sets.
Thus, all current approaches to this problem have been directed toward ways
of extracting a single expected value from among a set of possible expected
values, and providing a rationale for the one extracted. As we will see, since
the problem is much less structured than a statistical decision problem, some
form of additional, though subjective, information will be used in extracting
process.

In its simplest form, a decision problem consists of choosing an action among
a collection of relevant actions I' in such a way that utility is maximized.
Specifically, if © denotes the collection of possible “states of nature,” the true
value 0y being unknown, then a utility function

u:I'xO© —R

is specified, where u(a,#) is a “payoff” when action a is chosen and nature
presents 6. In the Bayesian framework, the knowledge about © is described by
a probability P on ©. Then the expected value Epu(a, -) of the utility function
u(a, ) is used to make a choice as to which action a to take. When P is
specified, the “optimal” action is the one that maximizes Fpu(a,-) over a € T.
In practical problems in statistics, one can even gather more information about
0o through experimentation. In evidential knowledge problems, this luxury is
not available.

The following examples illustrate the case when P is not known completely.
To focus on the modeling of incomplete information, we leave aside the space
of actions I', but we will return to it in Section 3.4.

Example 1. Let © = {6;,02,03}. The “true” probability measure Py
is known only up to the extent that Py{f1} = 1/3 and then of course
Py{02,05} = 2/3. Let P denote the class of probability measures P hav-
ing this property. Then P = {P : F < P}, where F is defined on
O by F(A) = inf{P(A) : P € P}. Moreover, it easily checked that
F(A) = > m(B), where m{60:} = 1/3, m{62,03} = 2/3, and m(4) = 0
BCA
for all other subsets of ©. Thus, F is a distribution function of some random
set on ©. Note that the mass function m is a density on 2©. For a density

f on ©, Py is its associated probability. That is, Pr(4) = >, f(f). The
0cA

© 2006 by Taylor & Francis Group, LLC



Finite Random Sets 53

class P consists of those probability measures associated with the densities
fm:{f:FSPf}.

In Pfanzagl [99], the following situation is considered. A box contains 30 red
balls and 60 black and yellow balls in unknown proportions. A ball is going
to be drawn from the box. Suppose the payoff of getting a red, black, and
yellow ball are $5, $10, and $20, respectively. What is the expected payoff?

Let © = {61, 65,05}, with 0, specifying red, 62 black, and 03 yellow. The
density on © is not known, but is one of

O 6 6, 05
F11/3 k/90 (60 — k)/90

where k € {0,1,...,60}. This model is strictly smaller than F,, above since
the mass m{fz, 05} can only be distributed to 2 and 3 in proportions of the
form k/90 and (60 — k)/90, rather than in any proportions.

Example 2. Let © = {1,5,10,20}. Suppose that the information about the
true probability is that P{1} > .4, P{5} > .2, P{10} > .2, and P{20} > .1.
Let P denote the collection of all P satisfying these conditions. Then we can
describe the “model” by P = {P : F < P}, where for A € 29, F(A) =
inf{P(A) : P € P}. If welet m{1} = .4, m{5} = .2, m{10} = .2, m{20} = .1,
and m({1,5,10,20}) = .1, then it can be checked that F(A) = Y m(B), so
BCA
that F' is a distribution function of some random set on ©.

Example 3. Let © = {1,5,10,20} and F = {f1, f2, f3, f4}:

©]1 5 10 20
fil5s 2 2 1
fHla4a 3 2 1
14 2 3 1
B4 2 2 2

If F(A) = min Py, (A), then it is easy to check that P(A) = > m(B)
% BCA
where m is given as in Example 2. However, F is strictly contained in F,,.
Indeed, the density

O 1 ) 10 20
g | .425 225 .225 125

is clearly in F,, but not in F. Also, for p € (0,1), a density f, of the form

© 2006 by Taylor & Francis Group, LLC



54 An Introduction to Random Sets

] 1 5 10 20
fold4+1(1-p) 2 2 14.1p

is in F,, but not in F. If we seek a density to “approximate” the unknown
true one, then it should be in the model F. The model F,, should not be
substituted for the model F unless they are the same.

Example 4. This example generalized Example 1. Let {©1,02,...,04} be
a partition of the finite set ©. Suppose that the information about the true
probability measure is that Py(0;) = ;. Then this model

can be described as a distribution function of some random set on ©. That
is,

(i) F(A) =inf{P(A): P € P} for A € 2° is a distribution function, and
(i) P={P:F < P}.

Indeed, let A € 29. The “best” lower approximation of A by the ©; is

A= U 0;.

0,CA

Now it is clear that all the P € P agree on A and so we may define G : 2° —
[0,1] by G(A) = P(A) for any P € P. We are going to show that

(i) G is infinitely monotone
(i) P={P:G < P}.
(iii) G

For (i), use the obvious facts that

UéQUAi

and
M=

Now, F(#) = P(®) = P(@) = 0, and F(©) = P(©) = P(©) = 1. Now it
follows that
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Re (ii), since A C A, G < P for all P € P. Conversely, if @ is a probability
measure on O such that G < @, then in particular, G(0;) = P(0,) = P(0;) =
a; < Q(O;). Since P and @ are probabilities and {©1,04,...,0;} is a
partition, it follows that Q(©;) = «; for all i.

For (iii), it suffices to show that for A € 2© there is a P4 € P such that
P4(A) = P4(A). But this is obvious.

Example 5. In expert systems, a typical situation is this. The “evidence”
is represented mathematically as a density m on 29, or equivalently, since
O is finite, as a distribution function F'. The class F,, is not empty, but it
might be immaterial. Besides the situation in this example where the model
is given directly by a density function m on 29, the random set modeling of
a probabilistic model such as in Examples 1, 2, and 3 has some advantages.
First, when we know only that the true probability P, is in P, a lower bound
for Py(A) is F(A) = inf{P(A) : P € P}. Also, if u : © — R is a utility
function, a lower bound for the expected utility Ep, (u) is inf{ Ep(u) : P € P}.
In general, these quantities are hard to compute. As we will see in Section
3.4, when P can be modeled by m, inf{Ep(u) : P € P} turns out to be fairly
easy to compute.

Second, when the maximum entropy principle is used as a way of obtaining
a canonical; distribution on ©, the constraint F,, turns out to be easier to
handle than the original model P. This is due essentially to the fact that
densities in F,,, can be related to m in a more “visual” way.

Finally, for decision analysis, where the concept of expected utilities is es-
sential, a model of the form (©,m,u) is convenient. Indeed, as shown in
Section 3.4, the most general way of defining an expected utility is to select a
set function ¢ : 2 — R, depending on u, and take

which is an ordinary expectation of a function of a random set.

3.4 Decision Making with Random Sets

We present in this section three approaches to the problem of decision
making based on distribution functions of random sets.
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Expectation with Respect to a Distribution Function

If w is an integrable random variable defined on a probability space
(U, A, P), then its expected value can be written as

Ep(u) = /Ooo P(ut > t)dt — /OOO P(u~™ > t)dt =

') 0
/ P(u> t)dt + / (P(u> 1) — 1)dt.
0 —0o0
Here, u™ and u™ are the positive and negative parts of u, respectively. If P is
replaced by a capacity F, then Ep is generalized as a Choquet integral (more
details in Chapter 6) by

0

Ep(u) = / F(u > t)dt —l—/ (F(u>t)—1)dt.
0 —o0
If u > 0, then the second term in this definition vanishes. It should be noted
that that this definition is obtained just by replacing P by F in

00 0
/ P(u>t)dt+/ (P(u> t) — D)dt
0

— 00

rather than by defining it for u > 0 and then using v = u™ — ™. This is
necessary because Er is not an additive operator.

When U is finite, the computation of Er(u) is simple. Suppose that U =
{61,02,...,0,}. We may as well take

w(f1) <u(fz) <...<u(,).

It is easy to check that

n

Ep(u) =Y u(@)[F({0i0i1,-.,0n}) = F({0i11,0i12,...,0n})].

i=1

Now
9(92) = F({9i79i+1, ey Gn}) — F({0i+1, 9i+27 e ,gn})

is a probability density on U, so that the Choquet integral Er(u) is an or-
dinary probabilistic expectation, but the density used for this ordinary ex-
pectation depends not only on F' but on the ordering given U via u. When
our probabilistic knowledge about U is modeled by a belief function F', then
Er(u) can be used as a generalized expected value of the utility function w.
This seems attractive since our criteria for decision should involve u rather
than other more subjective factors. The theorem below shows that, using
Ep(u) for decision making leads to the pessimistic strategy of minimizing
probabilistic expected values.
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Recall that if ¢ is a density on U, then P, denotes its associated probability
measure on 2Y. By Fr, we mean the class of densities ¢ on U such that
P, > F.

THEOREM Let U be finite, u : U — R, and F a distribution function
on a random set S. Then there exists a density g € Fr such that

Ep(u) = Ep,(u) = inf{Ep,(u) : f € Fr}.

Proof. As above, let
9(0;) = F({0:,0i11,...,0n}) — F({0i41,0i42,...,0n}).
FOI' Az = {Qi, 9i+1a ey Qn}),
9(0:) = F(A;) - F(Ai\{0:}) = Z m(B)— Z m(B) = Z m(B),

BCA; BCAN{6:} 0;€BCA;

which shows that g is in Fp.
For the rest, it suffices to show that for any ¢t € R and for all f € Fp, we
have
0

Epf(u):‘/oOO Pf(u>t)dt+/ (Pf(u>t) —1)dt > Ep,(u).

—o0
Indeed, let (u > t) = {0;,0;41,...,0,}. Then by construction of g, we have

n

Pyu>1) =3 g(0) = S m(B),

k=i
where the summation is over all subsets of {0;,60;41,...,0,}. If f € Fp, then

Pi(u>t) =) f(bk), where the set of A’s for which m(A) can be distributed
=

=1
to the 0y for k > i is at least as large as that of the set of B’s above. O

In Example 2, g turns out to be f; as seen from
9(2) = F({2,3,4}) = F({3,4}) = 5— 3= 2,
9(3) = F({3,4)) - F({4}) = 3— 1= 2,
g(4) = F({4}) = 1.
Ep(u) = Y u(i)g(i) = 5.5. Further, this expected value is the smallest
of all those whose densities are compatible with mpg. This is clear since
all the mass to be distributed is assigned to the smallest utility. Namely,
mp({1,2,3,4})}) = .1, it is all assigned to 1, and u(1) is smaller than all the

other values of u. This holds in general. Namely, Er(u) = Ep,(u), where g
is a density compatible with mp with the resulting expectation the smallest.
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Expectation of a Function of a Random Set

Current approaches to decision making based on numerical utilities are all
centered around the idea of extracting a single value from the evidence to
form a reasonable concept of expected utility. To do this, they all rely heavily
on various additional subjective assumptions. A plausible naive density for

inference is £(4)
g(u) = Z W
AdSu

The rationale behind the choice of the naive distribution g above is the so-
called Laplace insufficient reason principle [57]. We will elaborate further on
this principle in the next subsection in connection with the maximum entropy
principle.

The approach of the previous subsection, as well as that of the next subsec-
tion based on maximum entropy, leads to the selection of a density f € Fp,
in order to come up with an expected utility E¢(u). Now it is clear that, for
an f € F,,, once can find many set functions ¢ : 2V — R such that

Ef(4) = En(4) = Y p(A)m(A).

Ae2V

In fact, define ¢ arbitrarily on every element of 2V except for some A for
which m(A) # 0, and define

By(w) = Y o(B)m(B)
ol(4) = 2

The point is this. Selecting ¢ and considering E,.(¢) = > ¢(a)m(a) as
expected utility seems to be a more general procedure.

A set function ¢ can be selected for decision making as follows. For p €
[0,1], define

©p(A) = pmax{u() : § € A} + (1 — p) min{u(0) : 6 € A}.

It turns out that E,,(v,) = Ey(u), where the density f is constructed as
follows. Suppose that U = {6,0s,...,0,} is ordered so that

u(01) <wu(b) <...<wu(b,).

Now f is defined by

F6:)=p Y m(A)+(1—p) D> m(A),

AcA AeB

where

A:{Ael €A§{91,92,...,9i}},
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and
B = {A :0; € AC {91',9“_1,...,(9”}}.

The interpretation of this density is this. For each ©;, subsets A containing
0; and made up of elements ¢; with j <4 get the proportion p of their mass
m(A) given to f(6;), and subsets A containing #; and made up of elements 6;
with j > i get the proportion 1— p of their mass m(A) given to f(6;). If p = 0,
then Ef(u) = min{FEj(u) : h € F,,} as in the previous subsection. At the set
function level, we see that the set of values {u(f) : § € A} is transformed into
the single number

pmax{u(f):0 € A} + (1 — p)min{u(9) : 0 € A}.
Two remarks are in order here:
(i) This number is a function only of max and min of w.

(ii) The transformation depends on the parameter p supplied by the decision
maker.

The selection of ¢ can be carried out in a more general fashion. For each
A for which m(A) > 0, the decision maker decides subjectively on a vector
(w1(A), wa(A),...,w4/(A4)), with w;(A) > 0 and ) w;(A) = 1. Then p(A)
is taken to be > w;w;(A), where the u; are the values o the u(f) for 6 € A
arranged in increasing order of magnitude. The choice of the vector of w’s can
be done by the decision maker giving a “degree of optimism” « and replying on
some principle such as maximum entropy to specify this vector. For example,
choose (w1(A),ws(A),...,w4(A)) to maximize ) w;(A)log(w;(A)) subject
to w;(A4) >0 and > w;(A) =1, and

Z|A‘_Z ) ):a
-1t '

(For |A| = 1, there is nothing to do; ¢(A) = u(f), where A = {6}.)

Once ¢ is chosen, the ordinary expectation E,,(p) is used as an expected
utility for decision purposes. In all of the above, the selection of ¢ depends
on an additional parameter. It all boils down to using some additional sub-
jective opinion of the decision maker to transform sets of values of utilities
to numbers, that is, to considering functions of random sets. This leads to
strategies different than the extreme ones, either pessimistic or optimistic.
The justification of the parameters involved in this process remains.

A very general way to define the concept of expected utility in the framework
(U, m,u) is to select a set function ¢ : 2V — R and to form E,,(¢). But there
should be some rationale for the process used to select . As far as the latter
is concerned, the maximum entropy principle seems to be a reasonable one in
some decision making problems. That is the topic of the next subsection.

© 2006 by Taylor & Francis Group, LLC



60 An Introduction to Random Sets

Maximum Entropy Distributions

We investigate in some detail a commonly used rationale for selecting a
canonical probability distribution from among a set of relevant ones. When
there is no information about a finite set of states of nature U, it makes
sense to put the elements of U on equal footing, that is, to endow U with a
uniform distribution. This is Laplace’s insufficient reason principle [57]. If
the occurrence of elements of U are governed by a probability density f on U,
then a measure of uncertainty of the phenomenon is the entropy of f, that is,

Zf ) log(f(6))-

The entropy of f does not involve the utility function. Since the uniform
distribution has the highest entropy among all densities on U, the insufficient
reason principle is equivalent to the principle of maximum entropy. Motivated
by the success of statistical mechanics, the principle of maximum entropy has
been formalized as an inference procedure [56]. The postulated density of
Laplace is one that maximizes H(f) over all densities f on U. More generally,
if F is any set of densities on U, determined by constraints or evidence of the
possible laws governing U, then we are led to seek an f € F with maximum
H(f). A familiar situation is when F is a collection of densities with a given
expected utility value, and in that case, such a density can be found (see, for
example, [44]). In the decision problem under the evidence, the constraint set
is F,n. The case of total ignorance corresponds to the m with m(U) = 1, and
then F,, is the set of all densities on U. Laplace’s insufficient reason principle
is to select the f having the greatest entropy from the set of all densities on
U. A generalization of this principle in the context of evidence is to select
a density f having the greatest entropy from F,,, where the “evidence” is
presented through m. In Example 1,

X | 0, 6 0
F11/3 %/90 (60— k)/90

with k € {0,1,2,...,60}. The density in F,, with maximum entropy is the
uniform density, that is, with each color occurring with probability 1/3. That
this density is actually in the model is somewhat of an accident. The mass of
01 has been fixed at 1/3, and the mass of the other two elements can be equally
distributed between them, making the situation as uncertain as possible.

If m is a density on 2V, and the focal elements of m are disjoint, then
the density in F,, with maximum entropy is f(0) = > m(4) . That is, the

iso Al
mass of A is distributed equally to all elements of A. In Example 2, where

the focal elements are not mutually disjoint, assigning the remaining mass
.1 equally to each of 1, 5, 10, and 20 yields an entropy of 1.2948, while the
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maximum entropy density is given by f(1) = .4, f(2) = .2, f(10) = .2, and
f(20) = .2. The mass m({1,2,3,4}) can be distributed in any proportion, but
to make the uncertainty maximum, the whole mass .1 should be assigned to
20 in view of the other masses .4, .2, and .2 of 1, 5, and 10, respectively. The
utility function is irrelevant in this process. To achieve maximum entropy,
the mass of {1,5,10,20} is not distributed equally among its elements. The
correct generalization of Laplace’s insufficient reason principle is to maximize
the entropy of the f € F,,, not simply to distribute the mass of a subset of
U equally among its elements. In the rest of this section, we will concentrate
on algorithms for this maximum entropy problem.

The first situation that we will consider is this. Let U = {61,6a,...,0,},
and m be a density on 2V with m({6;}) = a; and m(U) =1—>_ «a; = . The
problem here is to apportion € among the «; so that the resulting density on
U has the largest possible entropy. That is, write € = > &; with &; > 0 so
that the entropy of the density f given by f(6;) = o; + ¢; is maximum. Here
is a precise statement of the problem.

PROBLEM Fori=1,2,...,n,leta; >0,¢e; >0,and > a;+> &;=1.
Determine the €;, which maximize

H(ei,e,...,6n) = — Z(ai + &) log(av; + ¢€4).

Offhand, this problem looks like a nonlinear programming problem, The
constraint on the variables ¢; is linear, but the function H to be maximized is
nonlinear. However, non-linear programming techniques are not needed. The
essence of the matter lies in the following simple lemma whose repeated use
will effect a solution.

LEMMA Let x and ¢ — x be positive. Then
L(z) = —[(c — z)log(c — x) + xlog()]
is increasing in x if c —x > x.

Proof. The derivative L'(z) = 1+log(c—x) — 1 —log(z) = log(c—z) —log(x)
is positive as long as ¢ — x > . a

Now suppose that we have «;’s and ¢;’s satisfying the condition of the
problem. We are interested in maximizing the quantity

H(er,€2,...,6n) = — Z(ai +¢;) log(ay + &;).

Suppose that «; +¢; < oj +¢; with €; > 0. (We may as well take ¢ < j here.)
Let ¢ be such that 6 > 0, ; —d > 0, and o; +¢; +6 < o; +¢; —J. Now
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apply the lemma with ¢ = o; +¢; + o +¢; and © = o; +¢;. Then the lemma
asserts that

—[(cvi +€5) log(c +€;) + (o + ¢5) log(a; +€5)] <

7[(&1‘ +é&; + 5) log(ai +é&; + (S) + (aj +e5 — 5) log(aj +e5; — 5)}
Thus,

H(er,€2,...,6i+0,...,65—0,...,6n) > H(e1,€2,...,6n).

The upshot of this is that if an appointment e1,e9,...,¢, of € to the «;’s
maximizes H, then whenever o; +¢; < o + €5, we must have €; = 0. Now
let the «;’s be indexed so that oy < ag < ... < . Thus to maximize H, we
must have

ajter=arter=...=arter L apr1 << ay, (310)

with €4y, = 0 for ¢ > 0. Of course, k£ may be n. There is at most one
assignment of the g; like this. For any other apportionment ~vi,7ve,...,7n
of €, some ¢; < y; and some €; < ;, and in that case, o; +v; < a; +;
with 7; > 0. But (3.10) does not have this property, so there is at most one
apportionment satisfying (3.10).

To get ¢;’s satisfying (3.10), simply let 6; = ap — «; i = 1,2,... &k with k
maximum such that > d§; <e. Now let g; =; + (e —>.8;)/k, i =1,2,... k,
and ¢; = 0 for ¢ > k. Then,

251—25 + 5—25 )/ k) =¢,
1=1
and for i < k,
ai+€i:ai+5i+(5_25i)/k:ai+ak_ai+(5_25i)/k:

ak+(6—25i)/k:ak+sk.

Thus there is a unique set of g;’s satisfying (3.10) and it is the only set of
€;’s that could maximize H. We call this apportionment the standard appor-
tionment. At this point we do not know that this apportionment maximizes
H. Tt maximizes H if any apportionment does. That one exists maximizing
H follows from a general theorem. The set of points {(g1,€2,...,6n) : & >
0, e; = ¢} for any constant ¢ is a closed and bounded subset of R™, and
thus its image in R under a continuous function

H(e1,€9,...,6n) = — Z(ai + i) log(a; + &;)

has a maximum.
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Thus the standard apportionment maximizes H, and this is the only ap-
portionment that does so. Further, calculating this apportionment as spelled
out is routine, and can be programmed easily. Just put the a; in increasing
order, set 0; = ax — a;, ¢ = 1,2,... k with k& maximum such that > 9; < ¢,
let e;=0;+(—> 0:)/k,i=1,2,...,k, and g; = 0 for i > k.

There is some merit in providing a constructive proof that there is an appor-
tionment maximizing H. We showed that there is at most one such apportion-
ment, and showed how to construct it. But to show that some apportionment
provided a maximum for H, we appealed to a general existence theorem. Here
is a constructive proof that the standard configuration

arter=ast+era=...=op+tep < a1 <... <y

maximizes H. First, we remark that the fact that > a; + > ¢; = 1 is not
crucial in any of the discussion above, but only that the sum is some positive
number.

Suppose that v1,72,...,7, is an apportionment of e, always with a3 <
as < ... < ay. Let i be the smallest index such that g; # ;. If &; > 7; then
the indices 41,42, ..., im such that e, ; > v, satisfy > v, — > i, > i — .

J J
(Some €;; may be 0.) This is simply because ) v; = > ¢;. Thus we have

Let ¢;; be such that v;; —d;; > 0, a;; +viyj — i, = i + 95, and a; +& =
a; + i + > 0i;. By the lemma above, the apportionment obtained from the

J
7’s by replacing v;;, by i, — d;; and ~; by v; 4+ Y d;, has larger entropy. But

now this new apportionment has the first ¢ termjs €1,€2,.-.,Ej.

The argument is entirely similar for e; < ;. Thus we may transform in at
most n steps any apportionment into our standard one, each step increasing
entropy. Thus we have a constructive proof that our standard apportionment
yields maximum entropy. We sum up the discussion above in the following
theorem.

THEOREM Let U = {6,,05,...,0,}, and m be a density on 2V with
m({0;}) = o, and m(U) =1 =" «;. Then there is exactly one density f on
U, which is compatible with m and which has the largest entropy:

Zf ) log(f(6))-

If oy < as < ... < agq, then the density is given by f(0;) = «; + €;, where
k

g; >0, > g, =m(U), and
i=1

arter=as+era=...=op+er < a1 <. Zap.
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This density is constructed by putting the «; in increasing order, setting
0 = ap —ay, i =1,2,...,k with k maximum such that ) 6; < m(U), letting
gi=0;+(m(U)=>0;)/k,i=1,2,...,k, and letting e; = 0 for i > k.

The discussion above generalizes to the case when instead of having
m({0;}) = a;, we have m(0;) = «,, where ©1,0,,...,0,, is a partition
of U. First we observe that there is an assignment yielding maximum en-
tropy. The set of possible assignments is a closed and bounded subset of RIVI,
and entropy is a continuous function of those assignments into R, and hence
achieves a maximum. Maximum entropy is achieved by assigning each 6 in
O, the mass m(0;)/|0;|, and proceeding as before. To see this, note first that
two points in ©; must wind up with same probability. If two points in ©; are
assigned probabilities « + ¢ and 8 + v, where « and 8 come from m(©;) and
¢ and 7 come from m(U), and o+ 8 < € + 1y, then one of 5 and ~ is positive,
and by the lemma above a part of that one may be shifted to a + € so that
entropy be increased. So for entropy to be maximized, a + 3 = € + 7y, and
clearly we may take o = 3 and € = . So to maximize entropy, we may as
well begin by assigning the mass m(0;) equally among its elements. This puts
us in the situation of the above theorem. So there is an assignment yielding
maximum entropy, and we have an algorithm for getting it.

Remarks. The general case is this. Let F be a distribution function on 2V. Let
FF be the class of all densities g on U such that F' < P,. Find an algorithm
to compute the density in Fr with maximum entropy. Two such algorithms
are given by Meyerowitz et al. [75].

It is interesting to note that the maximum entropy probability measure in
the core of F' is precisely the unique maximal element with respect to Lorenz
partial order. See Jaffray [55] and Dutta and Ray [27].

Concluding remarks. Let U : I' x U — R be a utility function in a decision
problem. Optimal actions in terms of expected utility require certain infor-
mation about U. The concept of expected utility value is well formulated as a
mathematical expectation when occurrences of states of nature, the elements
of U, are specified by a probability density f. Then the decision problem
consists of maximizing Eru(a,d) over a in T'.

If the probabilistic information about U is less precise, for example, that
the density on U is known only to be in some collection F of densities, then
some rationale is needed in order to select some density in this collection and
proceeding as in the case the density is known. For example, from a minimax
viewpoint, one might take ag to be the best course of action if

Eru(ag,8) = sup Eyu(a, ).
acl

The set function

P(4) = nf Py(4)
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need not be a distribution function of a random set. That is, it does not need
to be of the form F,, for some density m on 2Y. The domain of applicability
of distribution functions consists of situations in which knowledge about U is
in the form F,,, with m arising from an underlying density on 2V as in the
above example, or from F), being given directly. In the latter case, first m is
formally a probability density density of some random set on 2V, and second,
the “constraint” F), exists as a mathematical entity.

We summarize the potential recipes as follows.

(i) Since the law governing U is a probability density F' of a random subset
of U rather than a probability measure on U, one can generalize the concept of
integral with respect to an additive measure to the case of Choquet’s capacities
like F'. This is

Eru(a,-) = /OOo F(: u(a,0) > t)dt + /0 [F(0: u(a,0) >1t)— 1]dt.

— 00

As we have seen, the computation in the finite case is simple, and

Eru(a,-) = flen}ﬁp Eru(a,-).
In fact, the inf is attained by g, in Fr as we constructed in the previous
subsection.

(ii) If additional information is available, or the decision maker is willing
to incorporate some subjective view into the process, the most general way
to formalize this opinion is in the form of set functions. Specifically, since
the mass function m on 2V is a probability density, we imagine a random set
S, defined on some probability space (2, A, P), with values in 2V, having m
as density. Also, let X be a random variable with values in U with density
fo € Fm. Since fo is unknown, the expected utility Ey,u(A, X) is replaced
by Enpa(S), where @4 is a set function 2V — R depending on u(A4,-),
and possibly on some other parameters. The optimal action is the one that
maximizes F,,@(S) over A € A.

(iii) If the choice of a canonical h in F,, is desired, the maximum entropy
principle can be called upon. Maximize H(f) over the f in Fy,, yielding h,
and then maximize Fju(a,-) over a in I'.

A Related Maximum Entropy Problem for Random Sets

In standard problems of maximum entropy in probability and statistics,
the constraints are in the form of known moments. In the above maximum
entropy problem, the constraint is some set of densities on U. Below is a
related maximum entropy problem for random sets in which the constraint is
in the form of expectation of the size of the random set (when the random set
S is finite, it is the expectation of its cardinality).

If S is a random set on U = {uy,us,...,u,} with known E(|S]) = 6
(1 < 6 < n), then the maximum entropy density of S, i.e., Ps(A4) = P(S = A),
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A C U, is solution of the following.

Maximize ¢ — Z Ps(A)log Ps(A)

ACU
subject to
(i) Ps(A) =0, AXQIU Ps(A) =1,
(ii) E(|S]) = 9.

Note that E(|S|) = 3 jg; where g; = Y Ps(A) and the summation is over all
j=1

A C U such that |A] = j. To simplify the notation, let p;, i =1,2,...,2"—1 =

m be the probabilities Pg(A4), A C U (excluding the empty set) and let

a; € {1,2,...,n},i=1,2,...,2" — 1 = m be such that E(|S]) is written as

Z a;Pi-
i=1

The optimization problem becomes
Maximize H(S) = — Zpi log p;
i=1

subject to

(i) pi >0, > pi=1
=1

.. m
(if) > api =90
i=1
Note that if p;, and p; are probabilities of two sets A and B such that |A| = |B|,
n
then a; = a; = |A|. The summation ) a;p; is not the expectation of some

=1
random variable X with values a;, ¢ = 1,...,m and distribution p;, ¢+ =

1,2,...,m, since the a;’s are not distinct; it is E(|S]), where |S| takes values
in {1,2,...,n} with distributiong;, j = 1,...,n. Let us proceed formally as
in the case of random variables.

Using the Lagrange multiplier technique,

m m

> pi—1 Zaipi_9‘|
i=1 i=1

m 1 m m

> pilos | Ze o] a3 p+ 5 am

i=1 ‘ i=1 i=1

m m
em P — 14 @Zpi + 5Zaipi
i=1 i=1

L(aaﬁap):_zpilogpi+a +ﬁ
i=1

<

I

=1
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(using the fact that logz < x — 1) with equality, if and only if p; = e~*—5%

%(a, B,p) = 0= a =log¢(3), where ¢(8) = Y e~
i=1
oL )
aﬁ(av/87p) =0= (;5(6) = —f
— 1 e_ﬁai
P 50)

where (3 is the unique solution of the equation ¢'(3) + 6¢(8) = 0. To see
that this last statement is true, consider a finite measure space (2, A, ) with
w(Q) = 2™ — 1 = m and consider the measurable mapping Y : (Q, A, u) —
{1,2,...,n} such that p(w:Y(w) =j) = (7), j=1,2,...,n. We can write

_ S —Ba; _ ~ (n —if _ —BY (w) .
$(B) ;e ;(Z)e /Qe dp(w)

Multiplying the equation [¢'(3) + 0¢(8) = 0] by e’ we get
/ 10— Y ()]e®Y DB u(w) = 0.
Q

Note that 8 # EY (when we normalize p to obtain a probability measure).
Set g(w) = 6 — Y (w). Tt is obvious that the measurable function g is bounded
© — a.e., and since we assume 1 < 6 < n, we have

ww:g(w) >0} >0, p{w:gw)<0}>0.

Thus, the function
BeR—-V(B) = / g(w)eﬁg(“’)du(w)
Q

is strictly increasing, with V(4+00) = 400, V(—o0) = —o0, hence, V(3) = 0
has a unique solution.

Interpretation: Since p; = e % we see that if a; = a; = k, say, then

1
¢(B)
pi = pj, i.e., the canonical distribution p = (p1,ps,...,pm), m = 2" —1, of the
random set S puts the same mass on subsets of U having the same cardinality.

Remark. The random variable, |S|, and the measurable function, Y, have the
same set of values, namely, {1,2,...,n}. By construction, the support of the
measure py (= pY 1) is {1,2,...,n}. If d is a number such that 1 < d < n,
we have: p{w:d—Y(w) >0} >0and p{w:d—Y(w) < 0} > 0. Now it is
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clear that E(]S|) = 0 issuch that 1 < 0 <n, and pu{w : —Y (w) > 0} > 0, and
u{w: 60 —-Y(w) <0} >0if 1 < < n. The reader might find this analogous
to sample surveys, e.g., Hajek [45]. Specifically, in sampling from a finite
population, the population U = {uy,us,...,u,} is finite, and by a sampling
design, one means a given probability distribution ) on the collection of all
2™ subsets of U. In other words, ) is the induced probability measure of a
random set S : (Q, A, P) — 2Y. The inclusion probabilities (first and second
order) are precisely the values of the covering functions, i.e.,

w(u) = 3 Q(A) = Pl € )
u; EA

m(uiug) = Y Q(A) = P({ui,u;} C 5).

ui,uJ-EA

The entropy of the random set S (defining the design) is a measure of spread
for sampling probabilities and it is well known that every conditional Poisson
sampling design maximizes the entropy in the class of designs having the same
values 7(u;), i = 1,2,...,n and the same carrier.

3.5 Exercises

3.1 Let U be a finite set, and F be a distribution function on 2Y. Let
T :2Y — [0,1] be defined as T(A) = 1 — F(A¢). Verify that T is monotone,
and alternating of infinite order. Is 7" additive?

3.2 Let U = {uy,ug,...,un}, and 7 : U — [0, 1]. Consider the n-copula:
C:0,1]" = [0,1], C(z1,22,...,2n) =min{z; :i=1,2,...,n}.

Find the probability sampling plan corresponding to C.

3.3 Let U ={1,2,...,n}. For each j € U, let I; : 2V — {0, 1} where

_f1ifjeA
IJ’(A)_{()ifng.

Let X be a random set on U with density f on 2V. Consider I; as Bernoulli
random variables defined on 2V with probability measure P; associated with
f. Verify that, Vj € U,

P(j e X) = Pr({A: [;(A) = 1}).
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3.4 Consider the space 2V x [0,1] with the product o-field (see Appendix)
E® By, where € is the power set of 2V, and B, is the Borel o-field of [0, 1], and
product probability measure dF' ® dx, where dx is the Lebesgue measure on
[0,1], and dF is the probability measure associated with a given distribution
function F on 2V, i.e., for A C 2V,

I

AeA BCA

Let X : 2V x [0,1] — 2Y: X(A,t) = A for all t € [0,1]. Show that X is a
random set (i.e., & ® Bi-E-measurable). What is the probability law of X?

3.5 Let U ={a,b,c,d} and X :  — U be a random variable with density
g(a) =0.425, g¢(b) = g(c) =0.225, g(d) =0.125.
Let S : Q — 2V with density
f({a}) =04, f({b}) = f({c}) = 0.2, f({d}) = 0.1,
f{a,b,e,d}) =0.1, and f(A) =0 for other A C U.
i) Verify that the probability law of X is in the core C(F'), where F is the
distribution function F(A) = BEC:A f(A).

ii) Show that S is not a CAR model for X.

3.6 Let P denote the class of all probability measures on a finite set U. Let
0 <e <1, and Py be a fixed probability. Let P = {(1 —¢)Py+eP : P € P}.
Let F =inf{P: P € P}.

i) Show that F' is the distribution function of some random set on U.
ii) Show that P = C(F) (the core of F).
3.7 Let U = {a,b,c,d}. Let P denote the class of all probability measures P
on U such that
P(a) > 0.4, P(b)>0.2, P(c)>0.2, and P(d) > 0.1.
Let FF =inf P.

i) Determine the density f associated with F'.
ii) Compute ¢(A) = f(A)/|A| for each A for which f(A) # 0

iii) Compute g : U — [0,1] where g(u) = > @
Adu |A|
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iv) Verify that P, > F.

3.8 Let U = {uy,us,...,u,}, and F be a distribution function on 2Y. Let
g:2Y —10,1] be

g(u;) = F({uy,ug,...,u;}) — F({ur,ua, ..., ui—1})
(ifi=1, {uy,...,ui—1} =10).
i) Show that g is a density on U.
ii) Show that F' < P,.

3.9 (continuation of 3.8). Let o be a permutation of {1,2,...,n}, and g, the
density on U constructed as in 3.8 corresponding to {u,(1), Uc(2), - - - » U (n) }-
Show that F' = inf C(F).

3.10 Let S be a coarsening of X on U. Let @ be the probability law of X
such that S is a CAR model for X. Let f be the density of S on 2. Let

g:U —[0,1] be g(u) = %:Aoz(u,A), where a(u, A) = qugg)f(fl) Verify

that g is a density on U and P, > F, where F' is the distribution function of
S.
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Chapter 4

Random Sets and Related
Uncertainty Measures

This chapter is a continuation of Chapter 3 in which the theme of study is
finite random sets. Here we will discuss related uncertainty measures such as
belief functions, possibility measures, lower and upper probabilities. A general
framework to study set functions is presented in the context of incidence
algebras.

4.1 Some Set Functions

We are all familiar with probability measures that are special set functions,
i.e., maps whose domains are classes of subsets of some set. These are additive
(o-additive) set functions defined on o-fields of subsets of some sets and are
used to model laws of random phenomena. Problems in the field of artifi-
cial intelligence exhibit other types of uncertainty as well, due mainly to the
subjectivity, imprecision, and vagueness in the data collected.

For example, expert’s opinion can be expressed in terms of subjective beliefs
or of subjective evaluations; the intuitive qualitative concept of possibility,
once quantified, could be useful in general reasoning under uncertainty; the
meaning representation in natural languages reveals the uncertainty expressed
as fuzziness. General set functions are proposed to model these types of
uncertainty. They are generalizations of probability measures, and in general,
nonadditive. Nonadditive set functions appear in probability and statistics as
lower and upper probabilities. The above uncertainties bear, however, some
relationship with random sets, which we spell out in this chapter.

Belief Functions

In Chapter 3 we considered the following coarsening scheme. Let U be a
finite set. Let (2, A, P) be a probability space and X : Q — U be a random
variable of interest. A coarsening of X is a random set S on U such that
P(X € 5) =1, ie., X is an almost sure selector of S. When performing the
random experiment with outcome X (or observing a random phenomenon),
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the outcome X is not observable, but instead, we observe S containing X with
probability one. In such a situation, the occurrence of an event A C U can
only be estimated. From a pessimistic viewpoint, we believe that A occurs
with degree P(S C A). Thus, a qualitative concept of belief is defined as a set
function F : 2V — [0,1] by F(A) = P(S C A), which is nothing else than the
distribution function of the random set S. As such, F' satisfies the following
properties (see Chapter 3):

(i) F(0) =0, F(U) = 1.

(ii) F is monotone of infinite order, i.e., for n > 2, and Ay, As,..., A,
subsets of U,

F(QAJZ > (4V+T<QAJ.

PAIC{1,2,...,n} iel

Following Shafer [114], we take these properties as azioms for belief functions.
Clearly these axioms can be considered on an arbitrary set U (finite or not),
leading to the definition of belief functions on arbitrary U.

Recall that when U is finite or countably infinite, the domain of probability
measures on U can be taken as 2V. For infinite uncountable U, e.g., U = R,
the situation is more subtle. While some probability measures still can have
domain as 2V, such as the unit mass at some given point ug € U(the Dirac
measure 0,, at ug), where

_ 1 ifuge A
&JM—{Oﬁng’

in general, the domain of probability measures on U is some o-field strictly
contained in 2Y. For example, probability measures on R are defined in the
Borel o-field B(R). This is due essentially to the existence of nonmeasurable
sets of R (see Halmos [47]). In other words, 2V is too big to accommodate
for the axiom of o-additivity of probability measures. Without this constraint
of o-additivity, set functions can be constructed on 2V. For example, outer
measures are set functions y defined on 2V (with values in [0, +oc]) such that

a) p(0) =0
b) g is monotone: A C B = u(A) < p(B),

c¢) p is countably (or o-) subadditive: for any sequence (A,,n > 1), subsets
of U,

H UAn SZ,UJ(An)-

n>1 n>1
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For example, let U = R, and f : R — [0,00) such that [, f(z)dz = 1. Let
P:B(R)—[0,1] be

P(A):/Af(x) dzx.

Then u : 2% — [0, +00] is an outer measure, where u(B) = inf 3 P(A,), and

n>1
the infimum is taken over all finite or infinite sequences A,, € B(R) such that
BC Y A,.
n=>

Also, capacities are set functions defined on 2V (see e.g., Meyer [74]).

Now, belief functions need not be g-additive, and therefore could be con-
structed also on 2V for arbitrary U. For example, let U be an arbitrary set
and f: U — [0,1] such that sup{f(z) : 2 € U} = 1. Let T : 2V — [0,1] be

T(A) =sup{f(z):z € A}.

Then T is magitive, i.e., T(AU B) = max(T(A),T(B)). As such, T is alter-
nating of infinite order. (See subsection on upper and lower probabilities in
this section 4.1.) Thus, its dual F(A) = 1 — T(A) is monotone of infinite
order, i.e., F': 2V — [0, 1] is a belief function.

On the practical side, subjective assignments (say, by “experts”) of degrees
of belief to “events,” measurable or not, are possible from our intuitive view-
point. As such, belief functions have domain 2V for arbitrary set U.

Here is a case where belief functions are induced by probability measures
on arbitrary measurable space (U,U). Let p be a probability measure on U.
Let F : 2Y — [0,1] be the inner measure of p, i.e., for B C U,

F(B) =sup{u(4): AcU,AC B}.

Then F is a belief function on U. Clearly, F'(§)) =0 and F(U) = 1. To prove
the property of monotonicity of infinite order, we proceed as follows. (For
additional details on the following proofs, see Halmos [47], Kampé de Fériet
[58], Fagin and Halpern [31], and Halpern [49].)

LEMMA 4.1 For each B C U, sup{u(A): A€ U, A C B} is attained.

Proof. For each n > 1, let A, € U, A,, C B such that
u(An) > F(B) - 1/n,
where F'(B) =sup{pu(A) : AcUU,AC B}. Let A= |J A,. Then A €U and
A C B. Thus, "
F(B) > u(A) 2 p(4y) = F(B) — 1/n.
Since n is arbitrary, it follows that F(B) = u(A). O
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LEMMA 4.2 Foranyn > 1,let B1,Bs,...,B, in2V and A1, A, ..., A,

o(Aa)

Proof. By Lemma 4.1, there is a C € U, C C () B; such that F’ (ﬂ Bi) =
i=1

i=1

#(C). Thus, it suffices to show that u(C) = <ﬂ A; ) Without loss of

generality, we can assume that ﬂ A; C C (otherwise, replace C' by C' U

i=1

() wer=e(ev(e)) =+ (012)
sothatu(CU<ﬁAi)>:F<ﬁBi>).

Let D = C'\ ﬂA = U(CﬂAc) Now, for each i € {1,2,...,n}, D C

C C B, with D UA CB; 1mply1ng that (DU A;) = F(B;) = u(A;), so that
w(DNAF) =

Since D C U AS, we have

i=1

w(D) = (Dm (UA)) - (O(DmAf)) <Y HDN A =0

i=1 i=1

(ﬂ AZ-) by noting that C'U <ﬂ A) C ﬂ B; and
i=1

Thus, p (ﬂ Ai) = u(C). o
i=1
COROLLARY F is infinitely monotone.

Proof. Forn > 2,let By, By, ..., B, in2Y. By Lemma 4.1, let A1, Ao, ..., A,
in U such that A C B; and M(A ) = F(B;), i =1,2,...,n. We have, since

UA €U and UACUB,,

=1 = =

(Gm) (09,8 ()
i=1 i=1 @¢1g{1,2,...,n} iel
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Z }(—1)I|+1F (m BZ') ’

0AIC{1,2,...n iel

by Lemma 4.2. O
In this chapter, we focus on the case of a finite set U.

Example. Consider the measurable space (U, 2Y), with U finite. Let Q be
a probability measure on it. Then, for any integer £ > 1, the set function
QF : 2V — [0, 1], defined as Q*(A) = [Q(A)]*, is a belief function. Indeed, it
suffices to observe that QF is of the form

=Y f(B)

BCA

where f : 2V — [0,1] is a probability density (on 2V). Using the multinomial
theorem

k
(1 +x2+...+xn)k2<k1k2 i )xlflxgz...xﬁ"

where the summation extends over all nonnegative integral solutions

kl,kzg,...,kn0fk1+k2+...+kn:k,and

k R
bk .. kn)  Kalkol.. k!

the student is asked to verify that the following f will do:
0if A=0or |A| >k
fA=9 X 1I ([P(a)]™

Pla#0 a€A H na

ne=k

k
by noting that Q¥(A) = [E Q(a)] .

a€A

Possibility Measures

As mentioned in the previous chapters, the context of coarse data analysis
reveals not only that degrees of belief (in the occurrences of events) are taken
from a pessimistic point of view, but also that the qualitative concept of
possibility can be quantified from an optimistic point of view. Specifically, if
S is a coarsening of X, then the degree of possibility for the occurrence of an
event A is TI(A) = P(SNA # (). If we start assigning degrees of possibility to
points of U, i.e., considering 7(-) : U — [0, 1] called a possibility distribution
(Zadeh [128]), then a possibility measure associated with 7, denoted as II(-),
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which is a set function II(-) : 2V — [0,1], where 7(u) = I({u}), is defined

as: II(A) = sup7(u). There exists a random S on U such that II(A) =
u€A

P(SNA # (). Indeed, let « : (Q,4,P) — [0,1] be a random variable,
uniformly distributed. Consider the randomized level-set map:

S:0—2Y,

Sw)={ueU:n(u) > afw)}.

Then, S is a finite random set on U with

ucA uelU

P(SNA#0) =P (w La(w) < mam(u)> = max (u).

It is interesting to note that the axioms for possibility measures proposed

by Zadeh are dual to a special case of generalized information measures of

Kampé de Fériet (see e.g., Nguyen [82]). Let (2, A, P) be a probability space.

The Wiener-Shannon information measure J(A) = —clog P(A), where c is

a positive constant (e.g., ¢ = 1/log(2)), led to the concept of information

provided by a (measurable) partition Aq,..., A, of U, namely, the entropy
n

—c Y P(A;)log P(A;). This information measure J, which is a function of a
i=1
probability measure P, is composable in the sense that, if AN B = (), then

J(AUB) = —clog [e_J(A)/C LB/

The meaning of information in the context of localization is this. In localizing
the unknown quantity, such as the number 7, the interval (3.1,3.2) should
provide less information than (3.14,3.15). Thus, a general information J on
Q should be a set function such that J(#) = +oo, J(2) =0, and A C B =
J(A) > J(B). Since J(AU B) < min{J(A), J(B)}, in general, there exist
information measures J, which are not functions of probability measures, and
possess a special property, namely, J (U Ai) = i_n§ J(A4;) for any index set
icl 1€
I. For example, J(A) = inggp(w), where ¢ : Q — R+ = [0, 400] such that
we
igfgo = 0. These are called information measures of type Inf. Note that

Zadeh’s possibility measures are set functions II : 2V — [0, 1] such that:
(i) I(0) =0, I(U) = 1.

(ii) For any family {A;,7 € I} of subsets of U,

I (U AZ-) = sup I1(4;).

iel i€l
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Possibility measures can be interpreted as limits of probability measures in
the large deviation convergence sense.

The purpose of the study of large deviations in probability theory (see
e.g., Akian [3], Dembo and Zeitouni [20] and the Appendix) is to find the
asymptotic rate of convergence of a sequence of probability measures P,, n > 1
(or more generally, of a family P, € > 0) of interest, i.e., nler;o[Pn (A)]M/™ for

1
some “rare” event A, which is the same as looking at lim — log P, (A).
n—oo n

In the simplest setting of classical statistics, let {X,,, n > 1} be a sequence
of independent and identically distributed (i.i.d.) random variables, distrib-
uted as X with E(X) = p, V(X) = 02 < oo, and let the sample mean be
X, = (X1 + X2 +---+ X,,)/n. By the law of large numbers, the distribution
of X,, — j1 converges to the distribution of the random variable degenerate at
0, whereas an appropriate scaling \/n(X,, — u) leads to a nontrivial limiting
distribution, namely, a normal distribution, by the Central Limit Theorem.

While the law of large numbers asserts that the sequence of sample means
X, converges to the common mean EX; = p, it is also of interest to find the
rate at which P(|X,, — p| > a) goes to zero, as n — oo, for given a. This
type of problems is referred to as large deviation problems (e.g., estimation of
probability of large deviations from the mean). Now, the central limit theorem
asserts that, for n sufficiently large,

> 1
P(Z, >x)z/ Ee**/?dt,

where Z,, = /n(X,, — u)/o. Let us find the asymptotics of this integral for
T — 00. ,
Let = > 0. By integration by parts of the function (1/y?)e™¥ /2, we have

1 . 9 1 2 x®
0< —e YV Pdy = —e ¥ /% = eV 2dy
< " o
x x
so that -
/ 67y2/2dy < l6712/2.
z T

Also, by integration by parts of the function (y? —1)/(1 + 3?)2, we have

00 2 o] 2
y*l 72/2 - xT 712/2 y _2/2
e R ey A e v

so that
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since ((y*> +1)? —2)/(1 +y*)?) < 1. Thus

L (xe—m2/2> < L / T 2y
Var \1+a? = Vo L, Y
1 67332/2
SE -

for any = > 0 and hence

oo —1;2
T R
Vo Jy Vor x

as ¢ — oo. It follows that, for n sufficiently large,

2
1 e_an/2 2
P(Zy > ap) = —— = e an(1Fen)/2
(Zn 2 an) Vor  an
as long as a,, — oo and for a sequence ¢, — 0 as n — oo. -
A classical result (Cramer) is this. The sequence of sample means X,
satisfies the large deviation principle in the sense that, for € > 0, we have

P (|Xn _ H| > a) < efnh(a)Jre
for n sufficiently large, the exponential rate of convergence being e~"(@),
The general setup is this. Let € be a complete, separable metric space,
and A its Borel o-field. A sequence (P,,n > 1) of probability measures on
(Q,A) is said to obey the large deviation principle (LDP) if there exists a
lower semicontinuous function I : @ — [0, +o0], called the rate function (in
fact, Vo > 0, {w € Q: I(w) < a} is compact) such that

(i) for each closed set F' of Q,

1
li —log P,(F) < — inf I(w),
imsup - log (F) < nf (w)

(ii) for each open set G of €,

1
li Zlog P, (G) > — inf I(w).
imsup - log (G) > nf (w)

As Puhalskii [102] pointed out, if we let TI(A) = sup e~ /()| then the LDP is
weA
formulated as

(") limsup[P, (F)]'/" < TI(F)

n—oo

(i) limsup[P, (G)]"/" < II(G)

n—oo
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and, referring to the Portmanteau theorem for weak convergence of probability
measures on metric spaces (see Appendix), we can view the set function II(-)
as a limit of P, in the sense of LDP. Clearly, the set function II(+) is formally
a possibility measure. Moreover, its possibility distribution TI({w}) = e~1()
is upper semicontinuous (with values in [0, 1]). As such II(-) characterizes the
distribution of a random closed set on ) (see Chapter 5).

Upper and Lower Probabilities

Upper and lower probabilities are set functions that arise mainly in robust
statistics, see e.g., Huber and Strassen [54]. We have seen several examples
in Chapter 3 where incomplete probabilistic information is of the form of
classes of probability measures. The term imprecise probabilities is also used
to describe such situations.

Let (U,U) be a measurable space. Let PP denote the class of all probability
measures on Y. The law of a random element with values in U is some
probability measure P, € P. In practice, Py might be known to lie in some
subclass P C P. In the context of hypothesis testing, a class P C P could
denote a hypothesis concerning Py. In any case, let P C P. Then the lower
probability f and the upper probability T are defined as

FT:U—[0,1]
F(A) =inf{P(A): P e P}
T(A) =sup{P(A): P € P}.

Note that T(A) =1 — F(A°).

Clearly these set functions are monotone, with F() = T(0)) = 0, F(U) =
T(U) = 1. Depending upon the structure of P, they could satisfy some
stronger conditions, such as monotonicity of order 2, i.e.,

F(AUB)> F(A)+ F(B)— F(AN B),
or dually, T' is alternating of order 2, i.e.,
T(ANB)<T(A)+T(B)-T(AUB).

In particular, F' could be monotone of infinite order on U, or, dually, T could

be alternating of infinite order on U, i.e., for any n > 2, and A1, As, ..., A,
inl,
T (m Ai> < Y (e (U Ai> |
i=1 0AIC{1,2,....n} iel

We have seen in Chapter 3 that random set models are appropriate when the
lower probability associated with P is monotone of infinite order (or dually,
the upper probability associated with P is alternating of infinite order). More
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details on this will be given in Section 4.3. Below is a useful result to check
the property of alternating of infinite order of set functions.

A general class of set functions appearing e.g., in the theory of extreme
stochastic processes (Norberg [93, 95] and Molchanov [77]) consists of set
functions T on (U,U) with T'(0) = 0, and mazitive, i.e.,

T(AU B) = max(T(A), T(B)), AbeU.

Note that maxitive set functions are monotone and for any Aj, As, ..., A,

T (U Ai> = max(T(A1), T(A), ..., T(A)).

It turns out that maxitive set functions are necessarily alternating of infinite
order. This result is interesting in its own right.

THEOREM Let C be a class of subsets of some set ©, containing () and
stable under finite intersections and unions. Let T : C — [0, +00) be maxitive,
ie.,

VA,B € C, T(AUB) = max{T(A),T(B)}.

Then T is alternating of infinite order.

Proof. Clearly T is monotone increasing on C. Note that for any Ay,..., 4,
inC,n>2,

T <CJ Ai> =max{T(4;), i=1,2,...,n}.
i=1

We need to show that
T (ﬂ Ai> < > (=i (U Ai> : (4.1)
i=1 0#£IC{1,2,...,n} icl
Without loss of generalities, we may assume that
0 < Qp = T(An) < Ap_1 = T(An—l) <...<Z a1 = T(Al)

For k € {1,2,...,n}, let J(k) ={I C{1,2,...,n}:|I| = k}. For I € J(k),
let m(I)=min{i: i€ I}, and for i =1,2,...,n —k+ 1, let

Ji(k) ={I € J(k) : m(I) = i}.
Then we have

T UA] = Oy

Jjel
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for every I € J;(k), i=1,2,...,n—k+ 1. Also,

(n—1\ (n—1)!
ik} = (k—l) T k—Dn—i—k+1)!

for every i =1,2,...,n — k+ 1. Thus

> r(UYa)-"2 s r(Ua

IeJ(k) i€l =1 IeJ;(k) jeI
n—k+1 n—k+1 .
n—1
SOV WP Sl (i
=1 IeJ;(k) 1=1

and therefore

> (T (U Az—> = Zn:(fl)’““ Sor (U Ai>

0£IC{1,2,...,n} i€l k=1 1€J(k) iel
n n—k+1 n i
_ _1\k+1 - )
=Sy (k - l)az
k=1 =1

by observing that for any i =1,2,...,n—1,

(nZ ) (-Df=a-yrr=o.

k=0

O
Here is a couple of examples of maxitive set functions.

Measures of noncompactness. Kuratowski introduced a measure of non-
compactness in topology as follows (see e.g., [2, 7]).
Let U be a metric space with metric §. Recall that the diameter of a subset

Aof U is

6(A) = sup{d(z,y) : w,y € A}
(6(0) = 0, 6(A) = oo for A unbounded). Let a : 2V — R* be defined as:
a(A) = inf{e > 0 : A can be covered by a finite number of sets of diameter
smaller than e}.
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It is well known that this measure of noncompactness is maxitive (called
semiadditivity property in topology). Note that for A C RY «(A) = 0 or
oo according to A is bounded or not. But for an infinite dimensional Banach
space, «(-) can take any value between 0 and oo.

Here is an example that will be used to investigate the validity of the Cho-
quet theorem on non-locally-compact Polish spaces in Chapter 5.

Let U be the closed unit ball of the Hilbert space {5, where

ly = {x = (T, n>1): ||z|* = Zﬂc < —l—oo}
—{wety: ol <1}
Let G denote the class of open sets of U, and
B(z,r)={yeU: |z -yl <r}
For A € g, let
n
an(A) = inf {7‘ >0:AC U B(xi,r)} .
i=1
Since (a,(A), n > 1) is a decreasing sequence, we note
a(d) = lim «,(4), VAeg.
Note that each ay,(+) is not maxitive. Indeed, let

{B(zj,r):r>0,i=1,2,...,2n}
be a family of 2n disjoint balls in U. Let A = | B(z;,r), and B =
i=1

2n

U B(zi,r). Then an(A) = an(B) =7, but a(AU B) > 2r.
1=n+1

However, a(-) is maxitive. Indeed, for A, B € G, we have

aon (AU B) < max{an(A),a,(B)}, n>1.

Thus,
a(AU B) < max{a(A),a(B)}

yielding a(A U B) = max{a(A4), «(B)}.

Fractal dimensions. For concreteness, consider various concepts of dimen-
sion in fractal geometry of R (see e.g., [32]).

For A # () and bounded in R? let N,(A) denote the smallest number of
sets of diameter r that cover A. Then the upper boz-dimension of A is defined
to be

log N,.(A
dimp(A) = lim sup M.
r—0 —logr
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A more familiar concept of dimension is that of Hausdorff, which is defined
in terms of measures. We say that a finite or countable collection of subsets
(Up, m > 1) is an r-cover of a set A if it covers A with diameters 6(4,,) <
r, Vn > 1.

For s > 0 and r > 0, let

e}
HP(A) = inf {Z(é(UH))S :{U,, n > 1} is an r-cover of A} .
n=1
Since H(A) decreases as r decreases, we let
H?(A) = lir% H(A).

The Hausdorff dimension of A is defined in terms of these s-Hausdorff
measures:

dimpy (A) = inf{s: H°(A) = 0} = sup{s: H*(A) = oo}.

Another similar concept of dimension is the packing dimension. For r > 0,
a finite or countable collection of disjoint closed balls B,, of radii at most r
with center in A is called a r-packing of A.

For r > 0 and s > 0, let

P3(A) =sup {Z(5(Bn))s :{B,,n > 1} is an r-packing of A} .

n=1

Again, P? decreases as ¢ decreases, we let P§(A) = lir% P#(A), and the s-

packing measure:

P(A) = inf{ZPg’(En) cAc En} .
n=1 n=1
The packing-dimension of A is
dimp(A) = inf{s: P*(4) = 0} = sup{s: P°(A4) = ox}.

All the three above dimensions, as set functions, are maxitive (called finitely
stable in the literature of fractal geometry).
Moreover, the Hausdorff and packing dimensions are countably stable, i.e.,

dim (U An> = sup dim(4,)
n=1

1<n<oo

(or o-mazitive), where dim denotes either the Hausdorff or packing dimension.
This stronger property implies that countable sets of R have Hausdorff and
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packing dimensions zero. The proof of the above properties will be given next,
as a consequence of a general method for constructing maxitive set functions.

Some limit aspects. We indicate here some limiting procedures leading to
the max (V) operation.

In the study of generalized information measures of Kampé de Fériet (see
e.g., [82]), the justification of the minimum (A) operation as a composition
law comes from the study of the convergence of a sequence of Wiener-Shannon
information measures. Specifically, let P, be a sequence of probability meas-
ures on (2, A), and &, > 0 with &, — 0 as n — oo. We are interested in
nlgréo (—enlog P,(A)) for A € A. The reason is this. Suppose this limit exists
for each A, then
can be taken as an information measure. It turns out that J(-) admits the
idempotent operation minimum (A), i.e., J(AU B) = min(J(A4), J(B)), if the
sequence of submeasures P (-) converges (pointwise) to a (o)-maxitive set
function I(-).

Here is an example where such a situation happens.

Let (Q,.A, P) be a probability space.

Let f:Q — RT, measurable and such that f € L>(Q, A, P).

Since P is a finite measure, and f € L>*(Q,A, P), it follows that f €
L(QA,P) for all p > 0. (| fll,)7 = o, |fIPdP < [ FI% fyy dP = || £}, where
|| fllo =inf{a > 0: P{w:|f(w)| > a} = 0}, often written as ess. sup f)

Q

Consider the sequence of probability measures defined by

JalfI"dP

P, (A) = W

If - Lalln IS -1alleo

Then (P, (A))Y" = -
en (Fn(4) 17T 17l

, as n — 00, (where 1,4 is the

indicator function of A).
Now, the set function limit

7(A) = f - 1alls
is maxitive (in fact o-maxitive).
This can be seen as follows.

‘We have

7(A) = inf{t > 0: P(AN (f > 1)) = 0}
:mf{tZOAEWt}
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where

Wy={AeA: P(ANn(f>1t)) =0}
={AceA:ANn(f>t) e W}

where W = {4 € A : P(A) = 0}. Note that W and W;, ¢t > 0 are o-
ideals in A, i.e., WV is a nonempty subset of A, stable under countable unions
(A4, e W= U,4, € W), 0 € W, and hereditary (if A € W and B € A
with B C A, then B € W). Moreover, the family of o-ideals (W;, t > 0) is
increasing (s <t = Wy C W;). Assuch, 7(4) = inf{t > 0: A € W} is
o-maxitive (inf ) = o). Indeed, if A C B then by properties of o-ideals,

{(t:BeW)C{t:AecW,)

and hence 7(-) is monotone increasing.
Next, let A,, € A, then by monotonicity of 7, we have

(UA ) >sup7' (An) (< ).

Let s > sup7(A4,). For any n > 1, 7(A,) < s = A,, € W, since the family

(W, t > 0) is increasing, thus, |J A, € Wk, resulting in 7 (U An> <s

Remark. The above proof says that if (W;, t > 0) is an increasing family of o-
ideals of A, then the set function on A defined by V(A) = inf{t > 0: A € W;}
is necessarily o-maxitive. As an application, if we look back at the Hausdorff
dimension, we see that, with

W, = {A: H'(A) = 0},

the family {W;, t > 0} is an increasing family of o-ideals in the power set of
R4, and as such, the Hausdorff dimension is o-maxitive (and hence alternating
of infinite order).

Of course, the situation is similar for maxitive set functions. Specifically, if
7: A— RY 7(0) =0 and mazitive, then, for each t > 0,

M={AecA:7(A) <t}

is an ideal in A (an ideal is like an o-ideal except the stability of countable
unions is replaced by the stability of finite unions). Moreover, we have 7(A) =
inf{t >0: A e M,;}. Conversely, let (W;, t > 0) be an increasing family of
ideals of A, then the set function on A defined by

T(A)=inf{t >0: A e W;}
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is maxitive. Note that (W, t > 0) might be different than (My, t > 0). They

coincide if and only if (W;, t > 0) is “right continuous,” i.e., Wy = (| W.
s>t
Finally, note that if the ideal W in the construction of

Wy={A:AN(f>t) e W}
is {0}, then

T(A):inf{tEO:Aﬂ(f>t)=®}=sggf(x).

Maxitive set functions of the form
T(A) = sup f(z)

where f : Q — RT are very special, since they are maxitive in a strong sense,
namely, for any index set I, and (A4;, i € I),

T <U Az-) = sup7(Ay),
iel ¢

when 7(Q) = 1, such set functions are called possibility measures (see e.g.,
[23]), or idempotent probabilities [102].

4.2 Incidence Algebras

This section provides a fairly general and convenient setting to study set
functions. Perhaps the most general type of set functions is the class of real-
valued set functions f, defined on some algebra of subsets of some space U,
such that f(@) = 0, which are coalitional games in the theory of cooperative
games, see e.g., Marinacci [71]. We look at functions defined on 2V, where
U is a finite set. Incidence algebras of a locally finite partially ordered set
over a commutative ring with identity is a natural setting for the study of
combinatorial problems.

DEFINITION 4.1 Let U be a finite set, and F = {f : 2V — R}. For
f,g€F andr € R, let

PROPOSITION F is a vector space over R.

© 2006 by Taylor & Francis Group, LLC



Random Sets and Related Uncertainty Measures 87

The proof is routine and left as an exercise. One basis for F as a vector
space over R is the set of functions {fy : Y C U} defined by fy (Y) =1 and
fy (X) =0if X #Y. Thus F has dimension 2/V! over R.

DEFINITION 4.2  Let A be the set of functions (QU)[2] — R, where

(QU)M ={(X,)Y): X CY C U}. On A define addition pointwise and
multiplication by the formula

(@xB)(X,Y)= > a(X,2)3(Z,Y).

XCZCY

A with these operations is the incidence algebra of 2V over the field R.

THEOREM 4.1 A is a ring with identity. Its identity is the function
given by §(X, X)=1and §(X,Y)=0if X £Y.

Proof. Pointwise addition is the operation that we denote by + given by
(a+0)(X,)Y) = a(X,Y) + B(X,Y). Let 0 denote the mapping given by
0(X,Y) = 0 for all X C Y. To show that A is a ring, we must show the
following for all o, 3,7 € A. Their verifications are left as exercises.

l.a+B=p0+a

2. (a+B)+7=a+(B+7)

3. a+0=a

4. For each a, there exists 3 such that a + 8 =0
5. (s f)xy=ax(Bx7)

6. ax(B+7) = (axp)+(axy)

7. (a+pB)xy=(axy)+(B*7)

8. axd=0d%a=a.

O

Properties 1-4 say that A with the operation + is an Abelian group. The
ring A has an identity §, but it is not true that every nonzero element « has
an inverse. That is, there does not necessarily exist for « an element 3 such
that a * 0 = 6 = B % a. The following theorem characterizes those elements
that have inverses.
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THEOREM 4.2 In the ring A, an element « has an inverse if and only
if for all X, (X, X) # 0. Its inverse is given inductively by

—1 _ 1
SR e 9]
a”YX,Y) = a()_(ilx) Y aX,2)aNZY)ifX CY.

XCczCy

Proof. If « has an inverse (3, then (ax*f)(X,X) = a(X,X)8(X,X) =
0(X,X) =1, so that a(X, X) # 0. Now suppose that for all X, «(X,X) # 0.
We need an element (3 such that 8+ a = a x § = §. In particular, we need
(axB)(X,Y) =0for X C Y and (axp)(Y,Y) = 1. We define 5(X,Y)
inductively on the number of elements between X and Y. If That number
is 1, that is, if X =Y, let 8(X,X) = 1/a(X, X), which is possible since
a(X,X) # 0. Assume that §(X, Z) has been defined for elements X and Z
such that the number of elements between the two is < n, and suppose that
the number of elements between X and Y is n > 1. We want

0= (axp)(X,)Y)
Y a(X,2)B(2.Y)

XCZCY

=a(X, X)X, YV)+ > a(X,Z)B(ZY).
XCzZCy

This equation can be solved for §(X,Y) since a (X, X) # 0, yielding

a(Y,

BX,Y) = %) > BX,2)a(Z,Y).

XCZCY

Thus a * # = 4. Similarly, there is an element « such that v % o = ¢. Then

(vxa)xB=36xB=p
= x(axf)=7xd=17.

The theorem follows. O

Elements in a ring that have an inverse are called units. There are two very
special units in A.

o u(X,Y) = (=1)Y=Xlis the Mébius function.

e £(X,Y) =1is the Zeta function.
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The element ¢ is easy to define: it is simply 1 everywhere. The element p
is its inverse. These functions are of particular importance.

PROPOSITION In the ring A, p+x& = £ xu = 0. That is, they are
inverses of each other.

Proof.

(=) (X, V)= > ()" ¥g(zy)

Now notice that 3y ,cy (—=1)1Z7%1 = §(X,Y). Similarly £« u = 6. O

There is a natural operation on the elements of the vector space F by
the elements of the incidence algebra A. This operation is a common one in
combinatorics, and will simplify some of the computations we must make later
with belief functions.

DEFINITION 4.3 Fora €A, feF, and X € 2V, let

(fxa)(X) =Y f(Z)a(Z,X).

ZCX

PROPOSITION F is a (right) module over the ring A. That is,
1. f«6=f

2 (fra)xB=fx(axp)

3 (f+g)xa=frxa+tgxa

4. fx(a+08)=fra+ f*0.

The proof of this proposition is left as an exercise. It is a straightforward
calculation. Notice that for f € F, fx&xpu=fxux&=f.

With the operation f * «, elements of A are linear transformations on the
real vector space F. So A is a ring of linear transformations on F. Since U
is finite, F is finite dimensional and of dimension ’2U , so A is isomorphic
to a subring of the ring of [2Y| x |2Y| real matrices. With a basis ordered
properly, these matrices are upper triangular. Such a matrix has an inverse if
and only if its diagonal entries are nonzero. This corresponds to an element
a € A having an inverse if and only if a(X,X) # 0. Following are some
observations, elementary but significant.
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e For each r € R, we identify r with the constant map r € F defined by
r(X) =r for all X € 2Y.

e A is an algebra over R via the embedding R — A : r — 7§, where
rd (X,Y) =r(6(X,Y)). That is, A is a vector space over R and rd*xa =
axrd. Note that (rd xa) (X,Y) =r(a(X,Y)).

eForreR, feFandacA r(fxa)=(rf)xa=fx(ra).

e Ifaisaunitin A, then F - F: f— frxaand F - F: f — fxa~!
are one-to-one maps of F onto F, and are inverses of one another.

o F - F :f— fxpand F - F : f — fx*E are one-to-one maps of
F onto F, and are inverses of one another. This case is of particular
interest.

e fxp is called the Mobius inverse of f, or the Mobius inversion of f.

We begin now with some facts that will be of particular interest in the study
of belief functions and other uncertainty measures.

DEFINITION 4.4 Letk be > 2. An element f € F is monotone of order
k if for every nonempty subset S of 2V with |S| < k,

(Yr) g o)

Xes PATCS XeT

f is monotone of infinite order if it is monotone of order k for all k.

Of course, monotone of order k implies monotone of smaller order. Our
first goal is to identify those f that are Mobius inversions of maps that are
monotone of order k. This is the same as identifying those f such that f % ¢
is monotone of order k. There is an alternate form for the right-hand side of
the inequality above, which is convenient to have.

LEMMA Let f:2Y — R. Let S be a subset of 2V. Let T' = T'(S) be
the set of subsets that are contained in at least one X in S. Then

S )T (r ) ( N X) =Y 1(x)

@ATCS XeT Xer

Proof.
3 (—1)'T+1(f*€)<ﬂ X>= ST ST )
@ATCS XeT @+TCS YCNxer X
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This last expression is a linear combination of f(Y)’s, for Y a subset of some
elements of S. Fix Y. We will find the coefficient of f(Y'). Let 7y be the
subset of S each of whose elements contains Y. Then for Y,

STy = Y 0Py = fy).
Yehyerx erTED

The result follows. O

Of course, the result could have been stated as

STy ( N X) =" () (X).

@ATCS XeT Xer

The set T" plays an important role in what follows. Let X C U with |X| > 2.
Let S = {X — {z} : © € X}. Then

e JY=X
YeSs

e Every subset Y not X itself is uniquely the intersection of the sets in a

subset of S. In fact
Y= [)(X-{z}).
z¢Y

e The set I' for this S is precisely the subsets Y of X not X itself.

We will use these facts below.

THEOREM 4.3 f x & is monotone of order k if and only if for all A,C

with2 <|C| <k, Y f(X)>0.
CCXCA

Proof. Suppose f * £ is monotone of order k, and 2 < |C] < k. For C C A,
let S={A—{u}:ueC}. Then A= J V,|S|=]|C|, and
ves

(f+&) (A) = (f*¢) (U V) > f(Y)

ves Yer

where I' is as in the lemma. The elements of I are those subsets of A that
do not contain some element of C, and thus are precisely those that do not
contain C. Thus

(fOA) =D f¥V)= > fX)+ > )

YCA CCXCA Yerl
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Now suppose that >, f(X) > 0 for all A,C with 2 < |C| < k. Let
CCXCA

k
@ #8={A1,As,...,Ar}. Then letting A = | A,
i=1

(F+OA) =D fV)= > fX)+ D f).

YCA XCA,X¢r yer

We need to show that > f(X) > 0. To do this, we will write it as
XCA,X¢T
disjoint sums of the form >  f(X) with 2 <|C| < k.
CCXCA
Fori=1,2,...,k, let
Ei=A—-A;={xi,...,2in, }
Ay = A—UE;
Eij = {.’L'Z'j, ey (qu}
For each B ¢ T', let m; be the smallest integer such that z;,, € B, ¢ =
1,2,...,k. Let

C = {$1m13x2m25-~-7kak}
Ac = Eipm, U...U B, U Ag.

Then the intervals [C, Ac] consist of elements of T' and each B € T is in
exactly one of these intervals. The theorem follows. O

Again, the result could have been stated as f is monotone of order k if and
only if > (f*p)(X) >0 for all A,C with 2 < |C|< k. Taking A = C,
CCXCA

we get

COROLLARY If f x & is monotone of order k, then f(X) > 0 for
2<|X| < k.

The following corollary is of special note.

COROLLARY fx¢ is monotone of infinite order if and only if f(X) > 0
for 2 < |X]|.

Proof. Suppose that f(X) > 0 for all X such that 2 < |X|. Let S be a
nonempty set of subsets of U. We need

(f*ﬁ)(U X) =Y (—1)T'+1(f*§)<ﬂ X).

Xes GATCS XeT
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Let I" be as in the lemma. Using the fact that I' contains all the subsets Y
such that f(Y) < 0, we have

(f*f)(U X) Yot = D)

Xes YCU, X yer
= Y (—1)'T'“(f*£)<ﬂ X)
@+TCS XeT

So f % £ is monotone of infinite order.

Now suppose that f *¢ is monotone of infinite order. Let | X| > 2. We need
f(X)>0.Let S ={X — {2} : z € X}. Then using the fact that I" is the set
of all subsets of X except X itself, we have

(f #&) (UyesY) = (f % €) (X)

Y f(2)

ZCX

> f(2)

zZel’

S £(Z) - F(X).

ZCX

Y

Therefore, 0 > —f(X), or f(X) > 0. O

Some additional easy consequences of the theorem are these.

COROLLARY The following hold.

1. Constants are monotone of infinite order. In fact, (r*p)(X) = 0 if
X #0, and (r*p) (@) =r.

2. If f and g are monotone of order k, then so is f + g.
3. If f is monotone of order k and r > 0, then r f is monotone of order k.
4. A function f is monotone of order k if and only if for r € R, f + r is

monotone of order k.

A connection with ordinary monotonicity is the following.

THEOREM 4.4 If f is monotone of order 2, then f is monotone if and
only if f(&) is the minimum value of f.
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Proof. If f is monotone, then clearly f(&) is its minimum value. Suppose
that f(@) is minimum. Let Y C X. Then X =Y U Z with Y NZ = @. By
2-monotonicity, f(X) = f(YUZ) > f(Y)+ f(Z)— f(@). Since f(Z) > f(2),
F(X) = f(Y). o

COROLLARY If f is monotone of order 2 and not monotone, then
f{z}) < f(@) for some z € U.

Proof. Suppose that f is monotone of order 2 and not monotone. By the
theorem, there is an X € 2Y with f(X) < f(@). Let X be such an element
with |X| minimum. If |X| = 1 we are done. Otherwise, X = Y U {z}
with f(Y) > 0. By 2-monotonicity, f(X) > f(Y) + f ({z}) — f(&). Thus
f(X) = f(Y) > f({z}) — f(2), and the left side is negative. Hence f({z}) <
f(2). o

By choosing f appropriately, it is easy to get f * & that are monotone of
infinite order and not monotone, for example, so that (f * &) (U) is not the
biggest value of f % £. Just make f(x) very large negatively, and f(X) of the
other subsets positive. Then (f * &) (U) < (f *&) (U — {z}), so that f ¢ is
not monotone.

One cannot state the definition of ordinary monotonicity in the form of
Definition 4.4. Having the |S| = 1 imposes no condition at all. However,

THEOREM 4.5 fx¢ is monotone if and only if for all A, C with 1 = |C],
>, f(X)=0.

CCXCA

Proof. It is clear that f * ¢ is monotone if and only if for A = B U {a},
(f*&)(B) < (f*€&)(A). This latter holds if and only if

DX X)) =D (X + D f(X)

XCB XCA XCB {b}CXCA

ifandonly if 0 < 5~ f(X). O
(prCxcA

We turn now to the study of functions that are of particular interest to us,
namely, belief functions. Recall the following.

DEFINITION 4.5 A function F : 2V — [0,1] is a belief function if
1. F(@)=0
2. FU)=1

3. F is monotone of infinite order.
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Note the following.
e A belief function is monotone of order k for any k.
e A belief function is monotone by Theorem 4.4.

There is an intimate connection between belief functions on 2¥ and densities
on 2. We establish that connection now.

DEFINITION 4.6 A density on 2V is a function f : 2Y — [0,1] such
that . f(X)=1.

XCU

THEOREM 4.6 Let f be a density on 2V with f(@) = 0. Then
1. (f=¢&)(@)=0
2. (fx§U)=1

3. f % & is monotone of infinite order.

Proof. The first two items are immediate. Since densities are nonnegative,
by corollary on the criterion for monotone of infinite order, f £ is monotone
of infinite order. a

Now we get the precise correspondence between belief functions and densi-
ties.

THEOREM 4.7 F is a belief function if and only if F x p is a density
with value 0 at @.

Proof. If Fxp is a density with value 0 at &, then the previous theorem gets
(F*xu)*x& = F to be a belief function. Assume that F' is a belief function.
Then

S (Fap) (X) = (Fxp) +€) (U) = FU) = 1.

XCcU
We need g * p > 0.

(F*p) (9) = F(o)u(2,2) = F(2) = 0.

For {x},
(Fx p) ({a}) = F(@)u(@,{z}) + F({z})p({z}, {z}) = F({z}) = 0.
Since ¢ is monotone of infinite order, (F * u) (X) > 0 for | X| > 2. ]
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COROLLARY Let D be the set of densities on 2V with value 0 at @,

and B let be the set of belief functions on 2V. Then DLB is a one-to-one
correspondence with inverse p.

COROLLARY A belief function F' is a probability measure if and only
if Fxp is a density on U, that is, if and only if (F % ) (X) = 0 for all | X| > 2.

Proof. Densities f on U give measures F on 2V via F(X) = Y f(z). Any
zeX

measure on 2V comes about this way. O

Note on Mobius Transforms of Set Functions

An interesting and natural question, not only for possible applications, but
also as a mathematical problem of its independent interest is whether there
exists Mdbius transforms in the non-locally-finite case. In [71], a formulation
of such a counterpart is presented. The question is this. Suppose U is infinite,
and U is an infinite algebra of subsets of U. Let g : Y — R, and denote the
set of all such functions by V. With pointwise addition and multiplication by
scalars, V' is a vector space over R.

First, consider the case where U is finite. Then the Mobius transform of
g € V plays the role of coefficients in the development of g with respect to
some linear basis of V. Specifically,

g(A)= Y ay(Blus(4) (4.2)

@#BeU

where ug € V for any B € U,

1f BC A
0 otherwise

un(4) = {

and

ag(B) = Y (-1)!F~Plg(D).
DCB

Now, if we view the Mo&bius transform o, of g as a signed measure on the

3

finite set U, for A = {A1,..., A} CU, and define ay(A) = > ay(A;), then
i=1

the Mobius transform of a set function is a signed measure on U satisfying

(4.2).

We need another identification. For each A € U, we identify A with the
principal filter generated by A, namely, p(A) = {B € U : A C B}. But, each
principal filter p generated by A corresponds uniquely to an element u, where
u,(B) is equal to 1 if B € p and zero otherwise. Thus in the case of a finite
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algebra U, the Mobius transform o4 of a set function g : i/ — R is a signed
measure on the space

F = {u, : p a principal filter of U}

satisfying (4.2). Its existence is well known from combinatorial theory. As
we will see, its existence is due to the fact that the “composition norm” of g,
namely [gl| = > 4oy lag(A)], is finite.

Now consider the case where the algebra U of subsets of U is arbitrary. From
the identifications above, it seems natural to define the M&bius transform
g : U — R by generalizing the space F and the relation (4.2) to an integral
representation, as well as specifying sufficient conditions for their existence.
In other works, the M&bius transform of g, when it exists, will be a signed
measure living on some appropriate space.

The space F is generalized as follows. Observe that an element wu, in R is
a special case of a set-function v, on U where p is a proper filter of U, that is
p#U, v, =1if A€ pand 0 otherwise. Thus F is generalized to

G = {v, : p a proper filter of U}.

Note that the space G can be topologized appropriately. By a measure on G,
we mean a Borel measure on G. For a set-function g” : i — R, we define its
composition norm by

llgll = sup{|lg|#|| : F a finite subalgebra of U},

where g|+ denotes the restriction of g to F.
The basic representation theorem of Marinacci [71] is this. If ||g]| < oo,

then there is a unique regular and bounded signed measure ay on G such that
for AeclU,

o(4) = [ oyl v,
It is clear that this is an extension of (4.2). Thus, via identifications, the

signed measure oy on G can be viewed in the infinite case as the Mobius
transform of the set-function g with bounded norm.

4.3 Cores of Capacity Functionals

Let S be a nonempty random set on a finite set U. The probability law of
S is determined either by the distribution function F(A) = P(S C A) or by
its capacity functional T(A) = P(SNA # 0) =1 — F(A°). Recall that, in the
finite case, T satisfies
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(i) T(0) =0, T(U) =1

(ii) T is alternating of infinite order, i.e., ¥n > 2, VA, Ay, ..., A, in 2V,

T (éA) < ) (=piitr (U A,-).

OAIC{1,2,...,n} il

Let P denote the class of all probability measures on U. The core of T,
denoted by C(T), is C(T) = {P € P: P < T}, where P < T means VA C U,
P(A) < T(A). The motivation to look at C(T") in statistical inference with set-
valued observations is this. Consider the situation in coarse data analysis. The
random variable X with values in U is unobservable. Instead, a coarsening
S of X is observable. X is an almost sure selector of S which is a (non-
empty) random set on U with unknown capacity functional T. The true
(unknown) probability law of X is an element of C(T), which plays the role
of a “parameter space.” However C(T) is unknown. It can be consistently
estimated from a random sample Sy, .55, ..., S, drawn from S. Indeed, let T,
denote the empirical capacity functional based on Sy, Ss,..., Sy, i.e.,

Tn(A):%#{lgjgn:SjﬂA;&@}.

Then by the strong law of large numbers, T,,(A) — T'(A), with probability 1,
as n — +o00. Moreover, the empirical probability dF;, based on the unobserv-
able X1, X5, ..., X,, from X belongs to C(T},) almost surely. As such, inference
about the true probability law of X can be based upon the approximation of
C(T) by C(T,), for n sufficiently large.

We proceed to investigate the structure of the core of a capacity functional
T, denoted by C(T), or equivalently, the core of its associated distribution
function F' (of a nonempty random set on the finite set U), denoted by C(F),
where C(F) = {P € P : F < P}. In the following f always denoted the
Mobius transform of F, which is a probability density on 2V with f(0) = 0.

Given f, there is a natural way to construct densities on U. These are
allocations.

DEFINITION 4.7  Let f be a density on 2V with f(0) = 0. An allocation
of f is a function o : U x (2Y \{0}) — [0,1] such that VA C U, > a(u,A) =

ucA
f(A).

Each allocation a gives rise to a density g, on U, namely, g, (u

) =
> a(u, A) where the sum is over all sets A containing u. Indeed, go(-) > 0,
u€A
and

Yogalw) =) Y alw A=Y Y alu )= f(A)=1

wel ueU ueA ACU ueA ACU
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Example 1. Let p(:) : U — [0, 1] be a density such that p(u) # 0, Vu € U.
We write P(A) = > p(u) for A C U. Then clearly

ucA
f(A)
A) ==
a(u.4) = Lo
is an allocation. In particular, if p(-) is the uniform probability density on U,
ie p(u)—i Yu € U, then
M) ‘U|7 )
f(A)
a(u, A) = ——=.
4]

Example 2. Let {Uy,Us,...,U,} be a partition of U with U; # 0, i =
1,2,...,k. Let P be a probability measure on U and p(-) its associated density
onU,ie., p(-): U —1[0,1], p(u) = P({u}).
Let f:2Y —[0,1] be
_JPU)iIEA=T;
fA) = { 0 if A is not one of the U;’s

Then f is a density on 2V with f(()) = 0. Let

(u)ifue A=U;
0 otherwise.

alu, A) = {p
Then clearly « is an allocation of f.

Example 3. Let U with |U| = n and f be a density on 2V with f(0)) = 0.
Let U = {uy,u2,...,u,} be an ordering of the set U. Let a(u, A) = f(A) if
u=u; €A with j = max{i : u; € A}, and zero otherwise. The associated
density g, is

galui) = Y alu;, A) = > f(A) =

u; €A u; EAC{u1,uz,...,u; }

F({uhUQ,...,Ui}) 7F({U17U2,...,ui_1})

fori=1,2,...,n (ifi = 1, then F({u1,...,u;—1}) = F(0) = 0) where F is the
corresponding distribution function with density f, i.e., F(A) = > f(B).
BCA

Let U with |U| = n, and P be the set of all probability measures on U.
Since each P € P is uniquely determined by its density p, we identify P with
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a vector p = (p1,pa,l...,pn), where p; = P({u;}). Thus, we identify P with
the unit simplex S,, of R™, where

Sn={p= (p1,p2,....pn) € [0, 1]",Zpi =1}.

We recall some facts from convezr analysis here (for more background, see a
text like [52]).
A subset A of R" is conver if ax + (1 — a)y € A whenever z,y € A and
€ [0,1]. The simplex S,, is a convex subset of R™. A convex combination

k
of the elements z1,...,x; in R™ is an element of R™ of the form Y a;x;
i=1
k
with @; > 0 and . a; = 1. A subset A of R™ if convex if and only if A

i=1

contains every convex combination of its elements. Let A be a (nonempty,
closed) convex subset of R™. A point « € A is called an extreme point of A
isz=ay+(1—a)z withy,z€ Aand 0 <a < limplyxz =y =2 If A
is a compact convex subset of R™, then each element of A is a finite convex
combination of extreme points of A, noting that compact convex subsets have
extreme points.

In the following, F' denotes a distribution function (of a nonempty random
set) on 2Y with density f on 2Y. The capacity functional T is dual to F as
T(A) =1— F(A°). The cores of F' and of T are the same:

{PeP:P<T}=coreof T ={PeP:F <P} =coreof F,

denoted as C(F).

It can be checked that C(F), by identification, is a compact convex subset
of the simplex S,, (|U| = n).

There are n! different orderings of the elements of a set U with |U| = n.
Specifically, let ¥ denote the set of all permutations of {1,2,...,n}. For
o € %, the elements of U are indexed as {ug(1), Ug(2), - - - Us(n)}. For each o,
we associate a density g, on U as follows:

9o (Uo(1)) = F({us(1)}), and for i > 2,

gg(ug(i)) = F({ug(l), ug(z), ‘e ,ug(i)}) — F({ua(l), PN ,ua(i,l)}).
For example, to simplify notations, take o(i) = i, Vi = 1,...,n, we write
U = {uy,uz,...,un}, and dropping o from our writing (but not from our
mind!). The associated probability measure P is defined as P(A) = Z g(u),

A C U, then F(A) < P(A) when A = U. Suppose A # U. Since U \ A=
A¢ £ 0, let j = min{i : v; € A°}. For B = {uq,us,...,u;}, we have
ANB = {u,ug,...,uj_1}, AUB = AU {u;}. Since F is monotone of
order 2, we have F(AUB) > F(A)+ F(B) — F(AN B), i.e

F(AU {’U,J}) Z F(A) —l—F({uhug,...,uj}) - F({ul,u%...,uj,l}),
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or g}(:w) < F(AU{u;}) = F(A). But g(u;) = P({u;}) = P(AU{u;}) — P(A4),
so that
F(A) — P(4) < F(AU{u;}) — P(AU{u;}).

On the right-hand side of the above inequality, viewing AU{u;} as another
set A’, and using the same argument, we have

F(AU{u;})—P(AU{u;}) = F(A")—P(A") < F(AU{u;, un }) = P(AU{u;, ur }),
where uy, # u;. Continuing this process, we arrive at
F(A) = P(A) < F(AU{u;}) — P(AU{u;}) <

F(AU {uj,up}) — P(AU{uj,up}) < ... < F(U) - P(U) =1—1=0,

ie., for VA C U, F(A) < P(A), so that P € C(F).

For each permutation o of {1,2,...,n}, we obtain an element of C(F) as
above, denoted as P,. There are n! (not necessarily distinct) P,. These
elements of C(F) are very special. For example, as indicated in Example
3, they all come from allocations, namely, for every o, allocate f(A) to the
element of A with highest rank. Secondly, we have, VA C U,

F(A) =inf{P(A): P €C(F)},
and the infimum is attained for some P,(A). Indeed, by definition of C(F),

F(A) < inf{P(A) : P € C(F)},

Now for given A, choose o so that A = {u1,ua,...,ux}, say. Then
k
Po(A) =) [F({u1, ..., ui}) = F({us,...,u; 1})] =
i=1

F({us, .., u}) = F(A).

Thus, F(A) > inf{P(A): P € C(F)}.

But the most important fact about these P, is that they are the only
extreme points of C(F') (when C(F) is identified as a convex subset of the
simplex S,, in R™), a remarkable result of Shapley [115]. We state Shapley’s
result in the following special form:

THEOREM (Shapley) Let F be the distribution function of some non-
empty random set U with |U| = n. Then C(F) is a compact convex polyhedron

with at most n! extreme points that are precisely the P, ’s.

Interested students could find the proof of Shapley’s theorem in a more
general form (for convex games) in his paper in 1971.
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With Shapley’s theorem, we are now in a position to describe the structure
of C(F).

THEOREM C(F) consists of probability measures coming from alloca-
tions.

Proof. Let A denote the subset of P consisting of all probability measures
P, on U coming from allocations « (of the Mobius inverse f of F). Let « be
an allocation of f. Then, VA C U,

F(A) =Y fB)=> > awB) <> Y a(u,B)=P.(A).

BCA BCAu€eB uEAuEB

Thus, A C C(F).

Conversely, by Shapley’s theorem, C(F’) has the P,’s as extreme points, and
thus C(F') is the set of convex combinations of these extreme points. But the
P,’s are elements of A so that, since A is clearly convex, A contains all convex
combinations of its elements, in particular, convex combinations of these P,’s,

which is C(F). ad
Remarks.

(i) In the context of coarse data modeling, a nonempty random set S (ob-
servable) or a finite set U is viewed as the coarsening of some random variable
X with values (unobservable) in U, i.e., X is an a.s. selector of S. The un-
known probability law Px of X lies precisely in C(T) where T is the capacity
functional of S. In other words, as far as statistical inference about Px is
concerned (from, say, i.i.d. observations Si,Ss,...,S, of S), the parameter
space is C(T). This requires a proof to the fact that a probability measure
pon U is sectionable with respect to T if and only if p comes from an allo-
cation of T. Recall that (see Chapter 3) p is said to be sectionable w.r.t. T
if there exists a probability space (2,4, P), a random set S’ on U, defined
on , a random variable X which is also defined on it the same {2, such that
Px = p, Ts = Ts (we simply write T as the capacity functional of S when
no confusion is possible, otherwise, Ts is the capacity functional of S), and
P(Xes)=1.

The theorem essentially says this. C(T') is the set of all possible probability
laws of a.s. selectors of S and these probability laws can be described in terms
of allocations of T'. We will provide, to this effect, a probabilistic proof of the
above theorem in a more general setting of random sets on topological spaces
in Chapter 5. Unlike the above proof of the theorem the probabilistic proof
will need neither Shapley’s theorem nor some convex analysis!

(ii) We can show directly that F'(A) = inf{P(A) : P € A} as follows. For
A CU, let ay be the allocation such that a4 (u, B) = 0 whenever u € A and
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B not contained in A. Let P denote the probability measure associated with
a4, then

P(A)=Y"> aaw,B)=> >  aawB)=

ucEAueB u€A BCAueB
>N aa(w,B)= Y f(B)=F(A).
BCAueB BCA

(iii) In general, C(F’) is infinite, unless F' is a probability measure, in which
case, F' is the sole element of its core. At the other extreme, let F' be the
“vacuous prior” on U, i.e.,

Lif A=U
'ﬂm{OﬁA#M

then C(F) =P.
(iv) F is always the lower envelope of its core, i.e.,
F(A)=inf{P(A): PeC(F)}, VACU.

It is now true that the lower envelope of any subset P C P is a distribution
function (belief function). It seems to be a difficult problem to give a rea-
sonable classification of sets of probability measures on (U,2Y) whose lower
envelope is a distribution function of a random set on U.

(iv) Let P C P and F = inf P. If the lower probability F is a distribution
function of some random set, then F C C(F') and F = inf C(F'). However, it
might happen that either P = C(F) or P is strictly contained in C(F).

Example 4. (Shapley value). As a set function, a distribution function F'
can be viewed as a coalitional game (e.g., Owen [97]). The Shapley value of
the game F is the center of gravity of the extreme points P, of C(F), i.e., it
is a probability measure p on U (JU| = n) whose density on U is given by

hw) = 3 go(w),
‘oex

where g, are densities defined, in terms of F'j as

9o (Uo(iy) = F({to), Uo2)s - - Uo(iy }) — F({Us1), - - s Uo@i—1)}),

weU,i=1,2,...,n (for o(1), F(0) =0, so that go(us(1)) = F({us(1)})-
As an element of C(F'), p comes from some allocation . To see this, we
need to write h(-) in terms of the Mobius transform f of F.
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Using the relation F(A) = > f(B), a direct computation leads to (the

BCA
details of the manipulations are left as an exercise for students): Yu € U,
A
h(u) = 3, Jm where, as understood, the sum is over A. Thus, the Shapley
u€A

value p comes from the allocation

f(A)

afu, A) = A

It is interesting to observe that the Shapley value u, viewing as a point u =

(1, ph2y - -+, fin) in the simplex S,,, maximizes the function H : S,, — R,
/|4
Hp)= > f(Alog|]] p(u)l
PALACU u€A

Wherep: (plap27"'apn) € Sn and Di :p(uz)v t= 172,...77?,.

Example 5. (Allocations for the CAR model). Recall the CAR model in
coarse data analysis. Let X be a random variable, defined on a probability
space (2, A, Pr) with values in the finite set U with |U| = n. A coarsening
of X is a nonempty random set S with values in 2 \ {0} such that X is an
almost sure selector of S, i.e., Pr(X € S) = 1. Let f be the density on 2V
of S. The random set S is called a coarsening at random (CAR) of X if its
distribution is related to the probability law P of X in some special way. The
existence of CAR is proved in Gill et al. [36]. Specifically, there exist CAR
probabilities m(A), A C U, and a density g(-) on U such that

Y wA)=1, YueU (4.3)
u€EA

where the sum is over A, and
f(A) = Py(A)m(A), Vuel, (4.4)
where, as usual, P;(A) = ) g(u). Define

u€eA

f(4)

au, 4) = 9 Py(A)
0

if P,(A)#0
if P,(A)=0
In view of (4.4), we see that a(-,-) is an allocation. Now, if g(u) = 0, then

> a(u, A) =0, and if g(u) # 0, then P,(A) # 0 for any A > u, thus,
i€A
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in view of (4.3). Thus the CAR model of X, i.e., P;, comes from the above
a(-,-) allocation (and hence belongs to C(F)! where F is the distribution
function with density f on 2Y).

Note that, like the Shapley value, the CAR solution Py, viewed as a point
in the simplex §,,, maximizes the following entropy function:

G:S, —R,
P(A
G = 3 f(A)log M” 7
§£ACU
where P(A) = Y P(u),p= (p1,p2,---,Pn) €Sp, pi = P(w;),i1=1,2,...,n.

u€A
(See Exercises.)

4.4 Exercises
4.1 Let P and @ be two probability measures on the finite set U.
i) Show that P3 is a distribution function of some random set on U.

ii) Is F'(A) = P(A)Q(A), A C U, a distribution function of some random
set on U?

4.2 Let (2, A, P) be a probability space. A measurable kernel of a set B C {2,
is a measurable set A € A such that A € B and whenever D € A and
D C B\ A, we have P(D) = 0.

i) Let A be a measurable kernel, where B € 2. Verify that if G € A and
G C B, then P(G) < P(A).

ii) For B € 2%, define P, : 2 — [0,1] by
P.(B) =sup{P(A): A€ A A C B}.

Show that if A € A and A C B with P(A) = P.(B), then A is a
measurable kernel of B.

iii) Show that every B € 2% has a measurable kernel.

4.3 Let F,T :2Y — [0,1], such that F(A) =1 — T(A°). Suppose that F is

monotone of order n, i.e., for some n > 2, and any Aq,..., A,,
F (U Ai) < Y (e (m AZ-) |
i=1 0AIC{1,2,....n} icl
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Show that T is then alternating of order n, i.e.,

T(éAJg 2: (4V+W<UAO.

PAIC{1,2,...,n} icl

4.4 Let (U,U) be a measurable space. An ideal J in Y is a nonempty subset
of U, which is stable under finite unions and hereditary, i.e., if A € J and
B € U with B C A, then B € J. A family of ideals {J;,¢ > 0} is said to be
increasing if s <t = Js; C J;.

i) Show that any maxitive set function 7" on U is of the form
T(A)=inf{t >0: A e J;}
where {J;,t > 0} is an increasing family of ideals in U.

ii) Let {Ny,t > 0} be an increasing family of ideals in U which is “right
continuous” in the sense that

M:ﬂm

s>t

Let T(A) =inf{t > 0: A € N;}. Let {J;,t > 0} be an increasing family
of ideals associated with the maxitive set function T' (from i)). Show
that Jt = Nt, Vit 2 0.

4.5 Let F be a distribution function on U with |U| = n. Let ¥ denote the set
of all permutations of {1,2,...,n}. Consider the densities g, on U, o € X,

ga'(uo'(z)) = F({uo(l), Ug(2) - - - 7“0(7)}) - F({ua(l); s aua(i—l)})
fori=1,2,...,n, U= {usn), Uo(2) - - - Uo(n) }. Show that, Vu € U,
1 f(4)
o1 2 9e(u) = 32 T
ocex uceA

where the sum is over A containing u, and f is the Mdbius inverse of F.

4.6 Let U = {uy,uzg,...,un}. Let

P= {pZ(pl,pz,n-,pn) L pi >0,Zpi=1}~

i=1
For A C U, P(A) = > p; where p; = P{u;}). Let p(p) =
u;EA
P(4)

ST f(A)log (> where f:2Y\ {#} — [0,1] is a probability density.
0£ACU |A|
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Use the Lagrange multiplier technique to show that the CAR model is a
point in P maximizing ¢(+).

4.7 Continuing with the setting of Exercise 4.6, show that the Shapley value
of a point in P is a point in P maximizing the function ¥ defined on P as

H pi] /14| |

u; EA

V)= S f(4)log

PA£ACU

4.8 Let U ={1,2,3} and f:2Y\ {0} — [0,1] be
FR1h) =r{2}) = f{1,2}) = 1/9, f({3}) =0,

f({la'?’}) = f({2a3}) = 1/67 and f({17273}) = 1/3
Find the CAR model and the Shapley value.

4.9 Let U = {u1,us,...,u,} and let S be a (nonempty) random set on U
with density f. Show that if the CAR model is equal to the Shapley value p,
then VA with f(A) > 0 and u € A, P(A) = p(u)|A].

410 Let U = {1,2,...,n} be a set of “players.” A cooperative game is a
set function T : 2V — R such that T()) = 0, where for A C U, T(A) is the
amount of utility that the members of the coalition A can obtain from the
game. For () # A C U, let T4 denote the game

1if ACB
TalB) = {Oifnot

Show that there exist 2" — 1 real numbers as, A C U, such that

T()= Y aaTal)

ACU

4.11 Let Z denote the set of integers. The partial order on Z x Z is defined
as (z,y) < (¢/,y) iff z <z’ and y < ¢/'.
Determine the Mébius function of Z x Z.

4.12 Let U = {uj,ug,...,un}, and T : 2V — [0,1], T(0) = 0, T(U) = 1,
alternating of order 2. Let P denote the set of all probability measures on U,
and C(T) ={P € P: P <T}. Define g : U — [0,1] by g(u1) = T({u1}), and
for i > 2,

g(u;) = T{ug,ua, ..., ui}) — T{ur, ..., ui—1}).

Let P, : 2V — [0,1] be Py(A) = 3 g(u).
u€A
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i) Show that P, € C(T).
ii) Show that VA C U, T(A) = sup{P(A4): P € C(T)}.
4.13 Let f be a density on 2V with f(0) = 0. Let F,T : 2V — [0,1] where
F(A) = Y f(B)and T(A) =1 — F(A°). Show that T is maxitive if and
BCA
only if {ACU: f(A) > 0} is totally ordered.
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Chapter 5

Random Closed Sets

This chapter is concerned with the foundations of random sets taking values
as closed subsets of R? (or more generally of a Hausdorff, locally compact and
second countable topological space).

5.1 Introduction

In Chapters 3 and 4 we considered random sets on a finite set U, i.e., random
elements taking subsets of U as values. These correspond to games of chance
in classical probability theory. While the theory of discrete random variables
(or vectors), i.e., random elements with values in an at most countable subset
D of R, follow in a straightforward manner from finite random variables,
the situation is different for random sets. This is so because if U is discrete
(infinitely countable, e.g., the set of integers Z), its power set 2V is infinitely
uncountable, and its power set (2Y, C) is not locally finite. Note that we are
talking about random sets on a discrete space U, i.e., random elements with
values in 2V. If we consider discrete random sets, i.e., random sets taking
values in a discrete subset D of 2V, then of course, their probability laws are
determined by their densities on D. Specifically, let X be a discrete random
set on U, with density f on D (ie., f : D — [0,1], > f(A) = 1), then

AeD

P(Xeh)= > f(4)

AeDNA

VA C 2V,

Thus, for example, a random set X on Z is a discrete random set if X only
takes finite subsets of Z as values, otherwise it is not.

Random sets on discrete spaces appear typically in image analysis. For
example, black and white images in two-dimensional space R? are modeled
as random sets taking values in the power set of Z x Z. As usual, in cases
such as these, in order to specify probability laws, we need to consider prob-
ability measures on some appropriate o-field on the power set of Z x Z. For
applications, it is necessary to be able to specify probability measures in some
simpler way, similar to the ways to specify probability measures on B(R?) by
distribution functions via the Lebesgue-Stieltjes theorem (see Appendix).
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We will address this problem in a specific context, namely for random sets
on topological spaces.

Now a random vector X : Q — R can be viewed as random set taking
values as singletons {X} in the power set of R Singletons are closed sets
in R?. Thus, a random vector is a random set taking closed sets as values.
Similarly, point processes are such random sets (see chapter 2). If X : Q — R¥
is a non-negative random variable, then S(w) = [0, X (w)] is a random set on
RT, taking values in the class of closed sets of R™. The expected value of X
is

+oo +oo
EX = / P(X >t)dt = / 7(t) dt
0 0

where 7(t) is P(t € S). As pointed out in Chapter 2, confidence regions are
random closed sets (i.e., random sets taking closed subsets of R? as values),
and the above observation led to the general Robbins’ formula for the compu-
tation of expected volume A(S) of S (where A denotes the Lebesgue measure
on B(R?)) via m, without using the distribution of S. However, in general,
when using random sets to model patterns with emphasis on shape, it is nec-
essary to define random sets rigorously, i.e., as bona fide random elements.

Let U be a set and B C 2Y (and (9, A, P) be always a probability space in
the background!). To define random elements, defined on 2, we need to specify
a o-field o(B) of subsets of B. We will proceed to do so in a fairly general
setting, namely when U is a Hausdorff, locally compact and second countable
space (see Appendix). In fact, for concreteness, we will take U = R As
spelled out above, random closed sets are general enough for applications. As
such B will be taken as F(R%), or simply F, the class of all closed subsets of
R?. The two remaining questions are:

e What is the o-field o(F)?
e How to specify probability measures on o(F)?

Fortunately, the answers to these basic questions are given in Mathéron [73].
This chapter is devoted to the foundations of random closed sets as laid down
by Mathéron. At the end of the chapter, for interested students, we discuss
Choquet’s theorem on non-locally compact Polish spaces.

5.2 The Hit-or-Miss Topology

Let F denote the class of all closed subsets of R?. A natural way to specify
a o-field o(F) on F is to equip F with an appropriate topology and to take
o(F) as its Borel o-field. Of course one can topologize F in many different
ways. We look for a topology 7 on F which is appropriate in the sense
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that probability laws on random closed sets can be characterized by simpler
objects just like the case of random vectors (via Lebesgue-Stieltjes theorem),
since after all, random closed sets are generalizations of random vectors.

If we view a finite set U as a topological space with its discrete topology
(i.e., all subsets of U are open sets), then a finite random set X is a random
closed set, and its probability law as a probability measure on the o-filed
of 2V, namely the power set of 2V, is uniquely determined via its capacity
functional:

T:2Y - 10,1, T(A)=P(XNA#0).
Now we observe that {w: X(w) N A # 0} = X~ 1(F4), where

Fa={BCU:BNA#0D}.

Thus, when U = R, and X : Q — F, we would like to have subsets of F of
the form Fy = {F € F: FN A # 0}, for A C RY, to belong to the Borel
o-filed o(F) generated by the topology 7. But then the set complement of
Fa, namely F4 = {F € F: F N A= (}, should be in o(F) too.

For given A C R%, F4 is the class of closed subsets which hit A, while F4
is the class of closed subsets which miss A. These considerations lead to the
following way to define an appropriate topology on F.

Just like open intervals in R form a base for its topology (i.e., open sets of
R are taken to be unions of open intervals), the space of closed sets F of R?,
can be topologized in a similar fashion.

In the following, F, G, K denote the classes of closed, open, and compact
subsets of R?, respectively.

For ACRY Fy={FeF: FNA#0, FA={FecF:FNA=0} Let

B ={F5 Gy...c. 1 KEK,Gi€G,n+#0}

where
fgl,c;z,...,cn =FENFe,n...nFq,.

Note that in B, when n = 0, fgl,Gz,.u,Gn means FX. Also, for G € G, we
have

Fo=Fb Fy=0, F=7F"

It is left as an exercise for students to check that B is qualified as a base for a
topology 7 on F, its generated topology is called the hit-or-miss topology of
F. The associated Borel o-field on F is denoted as B(F).

DEFINITION 5.1 Let (Q, A, P) be a probability space. By a random
closed set on R?, we mean a map X : Q — R? which is A-B(F)-measurable.

The probability law of X is the probability measure Px on B(F) where Px =
pPX—1
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Before giving examples of random closed sets and their probability laws, let
us mention few important facts about the measurable space (F, B(F)) which
is the range of random closed sets. In general, random elements take values
in metric spaces, such as R, C([0,1]). Weak convergence (i.e., convergence
in distribution) of random elements is well-established for metric spaces (see
Appendix). For random closed sets, the range F with the hit-or-miss topology
turns out to be a metric space. Specifically, the space F(RY) with the hit-or-
miss topology is compact, Hausdorff, and second countable (i.e., the hit-or-miss
topology has a countable base); see Mathéron [73]. As such, F is metrizable.
This fact is important for the consideration of weak convergence of random
closed sets in the next chapter 6.

Remark. By definition, a random closed set X in R¢ is a map from Q to
F(RY) which is A-B(F)-measurable, i.e., VF € B(F), X 1(F) € A. Similarly
to the measurability of random vectors, it can be checked that X is A-B(F)-
measurable if and only if X~} (Fr) € A, VF € F(RY). In fact, the last
condition is equivalent to (see an exercise):

(i) X 1(Fe) € A, VG € G(RY),

(i) X Y Fk) € A, VK € K(R?).

Example 1 (Randomized level-sets). Let ¢ : R? — [0,1] be upper semi-
continuous (w.s.c.), i.e., Va € R, {x € R? : p(z) > a} is a closed set in
R

Let « : © — [0,1] be a random variable, uniformly distributed. Define
S:Q — F(RY) by

S(w) ={z e R?: p(z) > a(w)}.
Then clearly S is a random closed set on R?

Example 2. Let S be a random closed set on R. Let A be the Lebesgue
measure on B(R?). Then A(S) is a non-negative random variable (see chapter
2, section 2.2).

5.3 Capacity Functionals

Let S : (Q,A4,P) — (F(RY),B(F)) be a random closed set on R?. The
probability law on S is the probability Ps on B(F) where Pg = PS~1.
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When S is singleton-valued, we can view S as a random vector. Now,
as it is well known, probability laws of random vectors are characterized by
distribution functions, via the Lebesgue-Stieltjes theorem, which are defined
on R%. We wish to be able to characterize probability laws of random closed
sets on R?, generalized random vectors, in some similar way. Note that for
applications, such a possibility is very important for specifying probability
measures on B(F).

We have seen that (Chapter 3) a set function 7 on 2Y, for U finite, such
that

(i) T)=0,0<T <1,

(ii) T is alternating of infinite order, i.e., Vn > 2, Ay, A5, ..., A, subsets of

U, T (é Ai> < Z (—)H1T (U Ai)

0£1C{1,2,...,n} i€l

characterizes a probability measure @ on the power set of 2V, i.e., a probability
law of some random set S on U, via T(A) = Q(F4), VA C U, where Fy =
{BCU:BNAG#0}.

More specifically, there exist a probability space (22,4, P), a random ele-
ment S : Q — 2V, such that

VACU, P(SNA#0)=Ps(Fa)=Q(Fa)=T(A).

On the other hand, let X : (Q, 4, P) — (R B(RY)) be a random vector,
then its probability law Px on B(R?) is determined from the values of Py on
the class K of compact subsets of R%. For ease of reference, here is the proof
of this fact.

Sample spaces like R? are metric spaces, and as such, probability measures
on their Borel o-fields are somewhat special, in the sense that each P on B(R?)
is determined by its values on closed sets or open sets of R%, a property which
is called regularity. Specifically, any probability measure P on (R?, B(R?)) or,
more generally, on any metric space (U,B(p)), where p denotes a metric on
U, and B(p) denotes its Borel o-field, is regular, i.e., for any A € B(p),

P(A)=sup{P(F): FeF, FC A} =inf{P(G): Ge G, ACGY},

where F and G denote the classes of closed and open sets of R?, respectively.

Observe that, by definition of supremum and infimum, the above regularity
condition is equivalent to:

if A € B(p), and € > 0, then there exist F. € F and G. € G such that
F. CACG: and P(G:\ F.) < e.

The above assertion is proved as follows.
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Let A denotes the class of A € B(p) which are regular in the above sense.
Since clearly U € A, A is not empty! A is also clearly closed under comple-
mentation. Now let 4, € A. Let F,, G, such that F,, C A,, C G,, with

£

Take G = |J G, € G. Next, since

n>1

UF"/ UF" as N — oo,

n<N n>1

it follows from the continuity of P that there exists N such that

PILUF |\ U Fa||<e/2

n>1 n<N

Take F'= |J F, € F, then F C|J,5, 4, C G, and

n<N

pilUG.|\[ U Fa

n>1 n<N

<> PG NE)+P[[UF )\ U Fa|| <=

n>1 n>1 n<N

Thus |U,~; An € A and hence A is a o-field. On the other hand, F C
A, since if A € F and € > 0, then take ' = A, and observe that, for
p(x, A) = inf{p(z,y) : y € A}, the map x — p(x, A) is continuous, so that
G, ={y: p(x,A) < 1/n} is open and \, A. Thus, there exists N such that
P(Gn\A) < e, noting that A C G. Therefore, A = B(p).

In fact, for spaces like R?, probability measures on their Borel o-fields are
even more special, namely that they are determined by their values on compact
sets. This is a consequence of the following: if P is a probability measure on a
complete, separable metric space (U, B(p)), then P is tight, i.e. for each ¢ > 0,
there exists K. € K (class of compact sets of U) such that P(K.) > 1 —e.
Indeed, let € > 0. For each n > 1, let S, (z) = {y € U : p(x,y) < 1/n}. The
family S,,(z), x € U, is a covering of U, and since U is separable, there is a
countable sub-collection, say, {Sn(x;), j > 1}, such that

The sequence
U Sp(z;) € F /U as m— o

j<m
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implies that there is jo such that

Let K. = () By, where B, = |J Sn(z;). Then, for each n, K. C B,,
n>1 J<Jjo

and hence K. is compact (a topological fact, see e.g., Billingsley [10] or

Parthasarathy [98]), and

P(Ke) <Y P(BE) <.
n>1

Now for A € B(p) and € > 0. Since P is regular, thereisan F. € F, F. C A
such that
P(A) — P(F.) = P(A\F.) <¢/2.

Since P is tight, for each n, let K,, € K such that P(KZ) < 1/n so that
P(KS,) < g/2 for, say, m > [2/¢]. Take K, = F.NK,, € K. Then K. C F, C
A and P(A\K,) <e, ie.,

P(A)=sup{P(K): KeK, KC A}

From the above fact we see that it suffices to consider Px on K. Let
T:K —10,1],
T(K)=P(X € K) = Px(K).

Then T determines completely the probability law Px of the random vector
X. The set function T satisfies the following properties (exercise):

() T)=0,0<T <1,
(i) If K, \\ K (i.e., Kpi1 C Kn, K = () K,), then T(K,,) \, T(K).

n>1

(iii) 7T is monotone increasing (K7 C Ky = T(K;) < T(K3)) and for n > 2,
and Kl, KQ, ey Kn in IC,

T (ﬂ KZ) < > (=pir (U Ki> :
i=1 0AIC{1,2,...,n} i€l
Now let S = {X} be a singleton-valued random closed set on R?. We have
Px(K)=P(X e K)=PH{X}NK #0)=P(SNK #0).

Thus, for general random closed set S on R¢, we could consider the set function
Ts, defined on K, by

Ts(K)=P(SNK #0) = Ps(Fx),
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where Fx = {F € F: FNK # (}. When no confusion is possible, we write
simply T for Tg.
Then T satisfies the following properties.

(a) 0 <T(-) <1 with T(0) = P(Fp) = P(0) = 0.

(b) Writing in terms of T" the probabilities P (.7-"{({1)___71(”), for K, Ky, ..., K,
ek, n>1,
P(FR ..k,) =0n(K; Ki,... Ky,

where

Al(K;Kl) = T(KUKl) - T(K)
Ao (K Ky, Ko) = A (K Kq) — A (K UKy Ky)

An(K,Kl,,Kn) = Anfl(K;Kl,...,anl)
7An_1(KUKn;K17. . ~;Kn—1)~

As such, A, > 0 for all n > 1. Note that we also let Ag(K) =1-T(K).
(c) If K, \, K then T'(K,) \, T(K).
This can be seen as follows. We have
Fr, N[ Fx. 2 Fox, = F.

But since K, \, K, the sequence of compact sets {4, = FNK,, n > 1}, for
any F' € 1,,~; Fk, , has the finite intersection property, i.e.,

ﬂAn:Fm (ﬂK) =FNK,#0, n>1,
i=1 i=1
and hence

NAn=Fn| () Kn| #0,

n>1 n>1
ie., F' € Fnk, = Fx. Thus, by continuity of P, we get the announced
property.

Remark. Clearly the setting of (b) is similar to the way we impose conditions
of multi-dimensional distribution functions to characterize probability mea-
sures on (R4, B(R?)), namely probabilities of d-dimensional rectangles. The
property A, > 0 for all n > 0 in (b) can be equivalently written as follows.

© 2006 by Taylor & Francis Group, LLC



Random Closed Sets 117

(b*) T is monotone increasing on K, i.e.,
KiCKy, = T(K;)<T(K>),
and for any Ky,..., K, in K, n > 2,

T (ﬁ Kl-> < > =yl (U Ki> .

0£I1C{1,2,...,n} i€l

This condition (b*) is called the alternating of infinite order property of T.
Indeed, observe that

An(K;K15K27 s 7Kn)
— > (=piEir (KU (U KL>> ~T(K).
PA£IC{1,2,...,n} i€l
Thus for any n > 1, A, > 0 is the same as
(o) For any K, K1,..., K, € K, n>1,

T(K) < > }(—1)I+1T (K U (U K)) :

0£IC{1,2,...n iel

But («) is equivalent to

(8) T is monotone increasing on K and for any K;,..., K, € K, n > 2, we
have
T (ﬂ Ki> < Yoo =y (U Ki> : (5.1)
i=1 0AIC{1,2,...,n} i€l

Indeed, assume («), then T' is monotone increasing (take n = 1 in («)). For
Ki,...,K, with n > 2, take K = (), K; in () yielding (5.1). Conversely,
assume (). Then («) holds for n = 1 by monotonicity of T. For n > 2, apply
(B)to A4, =KUK;,i=1,2,...,n yielding

1)+, 5 ol

P£IC{1,2,...,n} iel
= > (=piiHr (K U <U K)) .
0£I1C{1,2,...,n} i€l

But K C () A; and hence
i=1

1=
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again, by monotonicity of 7.
As in the case of distribution functions, we arrive at

DEFINITION 5.2 A set-function T : K — R is called a capacity func-
tional if it satisfies:

(i) 0<T <1, T(0)=0.
(i) T is alternating of infinite order.

(iii) If Kn N\ K then T(K,) \, T(K).

It turns out that capacity functionals characterize the probability measures
on (F,B(F)), a remarkable result due to Choquet. This can be viewed as the
counter-part of Lebesgue/Stieltjes theorem.

CHOQUET THEOREM IfT : K — R is a capacity functional, then
there exists a unique probability measure P on B(F) such that

P (Fk) =T(K), for all K € K.

Although a complete probabilistic proof of Choquet theorem is given in
Matheron [73], we sketch below the main ideas for students to gain some
insights. The students should recognize the analogy between “intervals” of R
or rectangles of R? and various subsets of F in the below approach.

As in the case of distribution functions on R¢, we seek a field A of subsets
of F such that the o-field generated by A, o(A) = B(F) and on A we can
define unambiguously an o-additive probability measure in terms of 7', and
then use Caratheodory theorem to conclude (see Appendix). First note that
T defined on K can be extended to P(R?) as follows.

For G € G, define

T(G)=sup{T(K): K e K, K CG},
and for A € P(R?), define
T(A)=inf{T(G): Ge GACG}.

Note that such extended T is left continuous on P(RY), i.e., if 4, € P(RY)
and A, /" A then T(A,) / T(A). Also, the alternating of infinite order is
preserved on P(R?), i.e., the above A,, > 0 for any n > 0, when the compacts
are replaced by A, Ay, ..., A, in P(RY). To get an idea, consider n = 2 and
Borel sets of R%. We have

AQ(A, Al,A2> == T(AU Al) - T(A) - T(A @] A1 @] AQ) + T(A @] Ag)
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Since Borel sets are T-capacitable (i.e., approximable by compact sets, a prop-
erty similar to tightness of probability measures, see e.g., Meyer [74]), if we
let K, Kfll), KT(?) be compacts subsets of A, Ay, A, respectively, and tending

upwards to them, then
T(K,UK"Y)-T(K,) - T(K,UK®YUK?)+T(K, UK?)
S T(AUA)) —T(A) —T(AU AL UAy) +T(AU Ag)

so that
Ao(A; Ay, Ag) = lim Ag(K,; KV, K?) > 0.

n—oo

Let C be the class of subsets of R of the form
{V=KUG,K ek, GeGg},
and A be the class of subsets of F of the form
{(Fhv, s Vi VieCl

Then A is a semi-field of subsets of F (i.e., A contains () and F, closed under
finite intersection, and if A € A, then A€ is the union of a finite collection of
elements of A), and o(A) = B(F). Define P: A — [0, 1] by

P (f\‘//:l,...,\/n) = An(V1 V17 ey Vn),
then P is well-defined, additive and P(F) = 1, since F = F? and
P(F") =Ag(0) =1-T(0) =1.

As such, it suffices to verify that P can be approximated by some “compact”
subclass of A (see Appendix).

Few technical comments are in order here. The results on fields remain valid
for semi-fields. The proof of Choquet theorem relies heavily on topological
properties of R? as a locally compact, Hausdorff and second countable space.
In other words, Choquet theorem is valid on such general spaces. However,
we will make a remark on infinitely dimensional polish spaces after presenting
an example.

Example. Let ¢ : R? — [0,1] be upper semi-continuous (u.s.c.), i.e., for any
s € R, the set {z € RY : ¢(z) > s} is closed. Define

T: K — R, T(K) = sup ¢(x).
zeK

Then T is a capacity functional.

A simple probabilistic proof will be left as an exercise, but here is a direct
proof!
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Proof. Since ¢ : R? — [0,1], the property (i) in the definition of a capacity
functional is obvious, noting also that the supremum over the empty set is
zero. For (iii), let K,, \, K in K. We have

T(K) <infT(K,) = s,
say. Let € > 0 and consider
A, ={zeR?: ¢(x) >s—e}NK,.

By hypothesis, the set {z € R? : ¢(x) > s — ¢} is closed, and so is A,. The
A,’s are contained in K7, and hence [ A, # 0 (since the A,,’s have the finite
n>1
intersection property, and noting that A, # 0 for each n). We have A,, C K,
for all n, and hence
T(K)> sup ¢(x)>s—e¢

TENA,
(noting that T is obviously monotone increasing). Thus (iii) follows.

We reserve to prove the property (ii), namely alternating of infinite order
property of T to the end because of an interesting phenomenon. The set-
function T(K) = sup ¢(z) is very special. It is mazitive in the sense that, for

zeK

any K, Ko,
T(K1 @] KQ) = max{T(Kl),T(Kg)}

Such set-functions are necessarily alternating of infinite order. (See chapter 4).
O

Notes on the Core of Capacity Functionals of Random Closed
Sets

In Chapter 4, using Shapley’s theorem in game theory, we have shown that
probability measures in the core C(T") of a capacity functional T of a finite
random set S (i.e., a random element, defined on (2, .4, P), with values in
2V with U being a finite set) all come from allocations of the probability
density f on 2V (where f is the Mobius inverse of the dual F of T, i.e.,
F(A) =1—T(A%). It turns out that this result can be obtained without
using Shapley’s theorem. In other words, the description of C(T') can be
obtained from a probabilistic proof. Specifically, as pointed out in chapter 3, if
X is an almost sure (a.s.) selection of S, then its probability law Px belongs
to C(T), i.e., Px < T on 2Y. The converse holds: C(T') consists precisely of
all probability laws of a.s. selections of S. Here is a probabilistic proof of
this result in which the necessity condition is interesting since it will involve
a concept of ordered coupling for general random closed sets.

THEOREM Let T be a capacity functional on a finite set U. Let f :
2V — [0,1] be the Mébius inverse of the dual F of T. Then a probability
measure p on U is in C(T') is and only if 1 comes from an allocation of f.
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Probabilistic proof.
(i) Sufficiency. Consider the probability space (€2, A, P) where
Q=2"\{0}) x U,

A = power set of Q, and P((A4,u)) = a(u, A), where « is an allocation of f.
Define S : Q — 2V \ {#} and X : Q — U by

S(Au)=A, X(Au)=u, VY(uA) e
Then, clearly,

Pw:S(w)=A)=P(AxU)= > P((Au) = f(A),
uclU
i.e. S has f (or T) as its distribution. Also, if p is the probability measure

on U defined by u({u}) = > a(u,A) (the sum is over all A containing u),
ucA
then g is the probability law of X, since

P(w: X(w) =u) = P(2"\ {0}) x {u}) =
Z P((A,u)) = Z a(u, A).
0£ACU PAACU

Moreover, X is a P-a.s. selection of S, since

Plw: X(w) € Sw))=P((A,u) :ue A)=

S a(u )= f(A) =1

ACU ueA ACU
Thus, p < T, ie., p€C(T).

(ii) Necessity. Suppose pu € C(T). Then according to Norberg’s theorem
(stated after this proof), there exists a probability space (2,.4, P), on which
are defined a random set S : U — 2V \ {0} and a random variable X : Q — U
such that P(X € S) = 1, and S and X have as distributions T and ,
respectively.

Define o : U x (2Y \ {0) — R* by:

a(u,A) = P(w: S(w) =4, X(w) = u).
Clearly « is an allocation of f, i.e., a(u,A) = 0 for u € A, and VA C U,
> a(u, A) = f(A), and

u€A

u({u}) = Plo: X() =u) = 3" a(u, ).

ucA
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Ordered Coupling of Random Sets (Norberg [96])

Given two capacity functionals on C(R?), v and v/, we say that there exists
an ordered coupling for v and v/ if there exists a common probability space
(©, A, P) on which are defined two random closed sets S and S’ such that
S’ C S, P-almost surely, where S and S’ have v and v/ as their distributions,
respectively. When the random closed set S’ takes only singletons as values
(identified as a random vector on R?), we have S’ as an P-a.s. selector of
S. Note that this setting covers the case of finite sets as a special case when
considering the discrete topology (every subset of the finite set U is open).
A necessary and sufficient condition for the existence of random closed sets
on R? is given by Norberg [96]. We state below the result in our context of
almost sure selectors.

THEOREM (Norberg [96]) Let i be a probability measure on B(R)
and T be a capacity functional on KC(R?). Then the following are equivalent:

(a) peC(T), ie, u<T onK(R?).

(b) There exists a common probability space (2, A, P) on which are defined
a random closed set S : Q — F(R?), and a random vector X : Q —
R? such that P(X € S) = 1, and S and X have T and i as their
distributions, respectively.

5.4 Notes on the Choquet Theorem on Polish Spaces
(optional)

Since the natural domain of probability theory is polish spaces (i.e., com-
pletely metrizable separable spaces), it is necessary to see whether or not
Choquet theorem holds on non-locally compact polish spaces.

In this preliminary work towards a definite answer to the question, we
provide an example showing that in some non-locally compact polish spaces,
the version of Choquet theorem on open sets (which is equivalent to that on
compact sets, in the case of locally compact spaces) fails if we equip the space
of all closed sets with the topology induced by the Hausdorff metric.

In the case of a locally compact separable Hausdorff space, an equivalent
version of Choquet theorem is this. Let S : G — [0, 1] be a set function. Then
there exists a unique probability measure P on o (F) such that

P(Fa)=5(G) for every GG (5.2)
if and only if
() S@)=0,0<5<1,
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(B) S is alternating of infinite order on G, and

(v) ifG, /Gong (i.e., G, C Gpyp foreveryn e Nand G = |J Gn),
n=1
then T(G,) / T(G).

As stated earlier, the need to consider non-locally-compact polish spaces (or
more generally, metric spaces) is because these spaces form the most general
domain of probability theory, e.g., the space C[0,1] of continuous functions
on the unit interval [0, 1], see e.g., Billingsley [10]. Also, capacities on infinite
dimensional spaces are considered for control theory of distributed systems,
see, e.g., Li and Yong [67].

To be specific, we take E to be the closed unit ball of the Hilbert space

o 1/2
fr= = ()« |2l = (Zx> <00,
n=1
that is,
o 1/2
E= xz(fcn)€fzi||$|:<zxi> =1
n=1

Note that F is a bounded, infinite dimensional Polish space. Moreover, F
is not locally compact at any point (that is no point of E has a compact
neighborhood). As a consequence, if we equip the space F of closed subsets
of E with the miss-or-hit topology, then the space F is no longer Hausdorff.
In fact, we have the following stronger result.

LEMMA If E is not locally compact at any point, then the miss-or-hit
topology on F has the following property:

Any two nonempty open sets in F have a nonempty intersection.

Proof. Assume that E is not locally compact at any point. Let U and
V be two nonempty open sets in F. By the definition of the miss-or-hit
topology there exist fgl,_“’Gn C U and fghm’om CV, where K, C' € K, and
Gi,05€Gfori=1,....,n, j=1,...,m. Since K UC is compact and F
is not locally compact at any point, for each i = 1,...,n, and j =1,...,m,
there exists y; € G;\(K UC) and z; € O;\(K UC). It is easy to see that

{Y1, -+ s Yn, 215 -+, Zm} € .7:(};(17.“76;" N .7:817.“70m cuny.

Therefore U NV # (. O

Remark. By the above lemma, if E' is an open set in an infinite dimensional
Banach space, then any two nonempty open sets in F have nonempty inter-
section. Observe that an open set in a Banach space is not complete with
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respect to the norm, but it can be metrizable by a topologically equivalent
metric so that it will be complete with respect to the new metric. O

In considering the Choquet theorem on non-locally-compact spaces, we have
a choice between a version on K or a version on G. As stated, the two versions
are equivalent in the locally compact case. However, it is not clear whether
they remain equivalent in the non-locally-compact case.

In the following example, we consider the version of the Choquet theorem
on open sets. In fact, we will provide an example showing that there is a
functional S on G satisfying the conditions («), () and () such that no
probability measure on (F,o(F)) satisfying (5.2), where o(F) is the Borel
o-field defined below.

Example. Let E denote the closed unit ball of the Hilbert space ¢5. As
stated earlier, this space F is not locally compact at any point. Therefore by
lemma, the space F of all closed subsets of F equipped with the miss-or-hit
topology is no longer Hausdorff. Thus, if we insist on having F as a Hausdorff
topological space, we need to use another topology. An appropriate topology
for the space of all closed subsets of a metric space is, perhaps, the topology
induced by the Hausdorff metric. Our result says that the Choquet theorem
does not hold for this space FE if we use the topology induced by the Hausdorff
metric instead of the miss-or-hit topology.

Since E is bounded, it is possible to define the Hausdorff metric on F
(including empty set @)). Indeed,

max{sup||:1c—B|, sup |33—A||} if A#0,B#0
T€EA zeB

0 if A=B=10
2 otherwise,

p(A,B) =

where
|z — Al = inf{llz —y[| : y € A}.

It is easy to see that d is indeed a metric on F. Let o(F) denote the Borel
o-field of F (with respect to the Hausdorff metric).

Remark. We observe that the space F equipped with the Hausdorff metric is
not separable. In fact, for each n € N; let e,, denote the nth standard unit
vector of ¢, (i.e., e, has 1 at its nth position and zeros elsewhere). Then the
sequence {e, : n € N} C F satisfies

lle, —em| =1 for every n # m.
Let 2N denote the family of all nonempty subsets of N. For every S € 2V, let

Ag = {z, : n € S}. It is easy to see that p(As, Ar) = 1 for every S # T.
Since {Ag : S € 2} is uncountable, it follows that F is not separable.
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In general, it is easily shown that if F is any set in an infinite dimensional
Banach space that contains at least one interior point, then the family of all
closed subsets in FE equipped with the Hausdorff metric is not separable.

We are going to define a set-function S : G — [0, 1] satisfying the previous
conditions («), (8), and (), equivalent conditions of (5.2). Denote

Ba,r) ={y € E: |lz -yl <r}.
For every G € G, let
Sp(G) =inf{r >0 : G C B(z1,7)U...UB(zy,r)}.
It is easy to see that {S,(G)} is a decreasing sequence. Define

S(G) = lim S,(G) for every G € G.

n—oo

Observe that the Kuratowski measure of moncompactness is defined on any
subset A of a metric space and depends on A metrically, i.e., two topologically
equivalent metrics on E may induce two different Kuratowski measures of
noncompactness on E. For instance, let R% = R"™ U {oco} denote the one-
point compactification of R™. Let d be any compatible metric on RZ . Then
S4(A) = 0 for any A C R". However S|.(A) = oo if A is unbounded (with
respect to the norm || - || in R™).

S satisfies («). Obviously, S(#) = 0. The fact that S(E) = 1 is a special
case of the following more general result.

CLAIM 1 S(G) =1 for any open set G of E containing {ey : n € N}.

Proof. Assume on the contrary that S(G) < 1. Take r so that S(G) < r < 1.
N

By definition of S there exists N € N such that G C |J B(x;, 7). Let x; =
i=1

(zi(n)) for i =1,...,N. Observe that

n—1 o)
i = enl® =D [wa(R)” + ws(n) =17+ D |aa(B)* > |ai(n) — 1P,
k=1 k=n-+1
for every i = 1,...,N. Since z;(n) — 0 as n — oo, it follows that for each
i=1,...,N,
lz; —enll > r for infinitely many n.
Therefore, for each i =1, ..., N,
en & B(x;,r) for infinitely many n.

N

Thus, |J B(z;,r) contains only finitely many e,, and cannot cover G. This
i=1

contradiction indicates that S(G) = 1. O
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S satisfies (3). Observe that S is maxzitive, i.e.,

S(UUV)=max{SU),S(V)} for every U,V € G.

Indeed, for every U,V € G we have

Son (U UV) <max{S,(U),S,(V)} for every n € N.
Therefore

S(UUV)<max{SU),S(V)} for every U,V € G,
which yields

SUUV)=max{S(U),S(V)} for every U,V € G.

Thus, S is alternating of infinite order.

S satisfies (7). We need to elaborate the condition (). If E is a locally
compact separable Hausdorff space, then F has a one-point compactification
E. = EU{co}. Since FE is separable and Hausdorff, E., is metrizable. Let
d be any compatible metric on E,. Then, if G, / G in E, we have

sup p(z,G,) — 0 as n— oo, (5.3)
zeG

where p(z, A) = inf{p(z,y) : y € A}.
Indeed, assume that (5.3) fails. Then there exist § > 0, a sequence {z}} C
G, and a subsequence {G),(x)} C {G,} such that
p(xr, Grry) >0 for every ke N.

Since F is compact, by passing to a subsequence if necessary, we may assume
that zp, — = € G, where G denotes the closure of G in F,. It follows that

p(x,Gppy) >0 for every ke N.

Since {G,} is increasing,

U Guwy =] Gn=06.
k=1 n=1

Therefore we get
plx,G,) > 38  for every k€N,

which contradicts the fact that x € G = U3 |G,,. Consequently, our claim is
justified.
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For non-locally-compact spaces, the condition (5.3) does not follow from
G, /" G. Thus (5.3) needs to be added. In other words, the condition (v) is
strengthened to be

G, /G and supp(z,Gp,) —0 as n— oo. (5.4)
zeG

We are going to show that (5.4) implies S(G,,) / S(G). Since S is monotone,
lim S(G,) < S(G). We claim that

lim S(Gn) = S(G).

n—oo

Suppose it is not the case, say,

lim S(G,) < a < S(G),

n—oo

then we take 6 > 0 such that a +J < S(G). By (5.4), there exists N € N
such that

G C B(Gyn,9), where B(Gn,0)={ze€ E:|lz—Gn|| <}
Since {G,} in increasing,

S(Gy) < lim S(Gp) < a.

n—oo

By definition
Gy C G(zy, ) U...UB(xg, ) for sufficiently large k € N,

which implies
G C B(x1,a+6)U...UB(xg,a+0)

for sufficiently large & € N. It follows that S(G) < o+ ¢ < S(G), a contra-
diction. Consequently, S(G,) — S(G).

Now we are going to show that no probability measure P on F satisfies the
condition (5.2). Of course for (5.2) to make sense, we need to verify first that

CLAIM 2 Fg € o(F) for any open set G of E.

Proof. Recall that
Fe={AeF:ANG #0}.

We are going to prove that F¢ is open in F (in the Hausdorff metric) for any
open set G of E. Indeed, let A € Fg. Then AN G # (). Since G is an open
set of E, there exist r > 0 and « € A such that B(x,r) C G. We claim that
B(A,r) C Fg, where B(A,r) denotes the ball in F (in the Hausdorff metric)
with center at A and radius r. Observe that if B € B(A,r), then there exists
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y € B such that ||z — y|| < r, which implies y € B(x,r) C G. Therefore
BNG # (. The claim is proved. O

Let {a, : n € N} be a countable dense subset of E. For every n € N, let

oo
B,, = convi{ey,...,en,a1,...,a,} and B:UBn.

n=1

Observe that B,, is a compact convex set of E for every n € N.

CLAIM 3 For each n € N, there exists an open set G,, O B,, such that
S(G,) <27 L

Proof. Let ¢ = 27771, Since B,, is compact, there exist B(z;,¢), i =
k

,k, such that B, C U B(zi,e). Denote G, = |J B(zi,e). Then we
i=1

have Sk(G,) < &, which 1mphes S(Gp) <e=2"""L o
Now, assume on the contrary that there is a probability measure P on o(F)
such that P(Fg) = S(G) for every G € G. By Claim 3, for each n € N there

exists an open set G, D B,, such that T(G,) < 27!, Denote G = U Gp.

Then G is an open set containing B. Therefore, from Claim 3 and Clalm 1
we obtain

P(Fg)=P(FS= ¢,)=P ([j FG>
< ZP Fg,) = i

n=1
< 22*”*1 =271 <1=5(@Q),
n=1

e., (5.2) is violated. Consequently, our result is established. O

Remark. Obviously, we are interested in finding a “positive version” of the
Choquet theorem on non-locally-compact spaces, but finally a “negative ver-
sion” has come to us before we get a “positive one”! The negative result in
this note is not quite “a counterexample” to the Choquet theorem on polish
spaces. It simply says this: if we try to introduce probability measures for
closed sets on non-locally-compact spaces by looking at capacities defined on
open sets, then it is not the right way to proceed when the space of closed sets
F is topologized by the Hausdorff metric. As a consequence, we should try
other venues, such as using other topologies for F, or considering capacities
on compact sets K rather than on open sets G. As far as we know, the problem
remains open.
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5.5 Exercises
5.1 Let {A;,i € I'} be a class of subsets of R%. Show that

S
A;
() FS a4 = U Fas Frer "= N FN
i€l iel i€l
T AL
(i) FT 4 € () Fas YFhCcFe
i€l iel i€l

5.2 (continued) Show that
(i) the family {FX : K € K} is closed under finite intersections;

(ii) the family {fglGﬂ : K € K,G; € G,n >0} is a base for a topology
of F.

5.3 Let U be a finite set. Let T : 2V — [0, 1] such that
(i) T(0)=0,T(U) =1
(11) Vn Z 2 and A17A2,. .. 7An g U,

T (éA) < ) (=piiHr (U A,-).

0AIC{1,2,...,n} iel

Show that T" determines uniquely a probability measure ) on the power set
of 2V such that Q(Fa) = T(A), VA C U, where

Fa={BCU:ANB#0}.

5.4 Let X : (Q,4, P) — (R B(R?)) be a random vector. Let T : K(R?) —
[0,1], T(K) = P(X € K). Show that T satisfies the following properties:

(i) If K,, \, K then T(K,) \, T(K).
(ii) T is monotonic: K C Ky = T(K;) < T(K3).
(iii) For n > 2, and K1, K>, ..., K, in K,

T (é Kl-) < > =y (U Ki> :

0AIC{1,2,...,n} iel
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5.5 Let f : R — [0, 1] be semi-upper-continuous. Let (€, A, P) be a proba-
bility space, and « :  — [0, 1] be a random variable, uniformly distributed.
Compute the capacity functional T" of the random closed set on R,

Sw)={zeR: f(z) 2 a(w)}

to show that the set function defined on K(R) by K — sup{f(z):z € K} is
a capacity functional.

5.6 Let F(R?) be topologized by hit-or-miss topology. Verify that its Borel
o-field B(F) is also generated by

i) {Fc:G € G}
or by
i) {FK . K eK}.

5.7 Let S: (Q,A4) — (F(R?),B(F)). Show that S is a random closed set if
it satisfies any of the following:

i) VFeF, S~ Y Fr) e A
i) VK e K, ST (Fx) e A
iii) VG € G, S™1(Fg) € A.

58 Let X,Y : (Q,A) — (f(Rd),B(}')). Show that X NY is A-B(F)-
measurable.

5.9 Let T : K(R?) — [0,1] be a capacity functional. Extend T to B(R?) as
T(A) =sup{T'(K): K e K,K C A}.

Show that T is alternating of infinite order on B(R?).

5.10 Let T be the capacity functional of the random closed set S on R¢. Show

that, VA € B(R?), T*(A) = P(SN A # (), where T* denotes the extension of
T on K(R?) to the power set of R%) (Section 5.3).
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Chapter 6

The Choquet Integral

This chapter is devoted to the concept of the integral with respect to nonaddi-
tive set functions, known as the Choquet integral. This concept of integral will
be used in Chapter 7 to study the convergence in distribution of random closed
sets when the nonadditive set functions are capacity functionals. However the
Choquet integral is also useful in many other fields such as mathematical eco-
nomics (e.g., Marinacci and Montrucchio [72]), multicriteria decision making
(e.g., Grabisch et al. [42]). As such we are going to present the material in a
fairly general context as well as providing some motivations.

6.1 Some Motivations

Let X be a nonnegative random variable defined on (2, A, P). Then it is
well known that

EX = /QX(w)dP(w) = /;OO P(X > t)dt.

It is interesting to note that the above equality can be proved by using Rob-
bins’ formula (Chapter 2) applied to the random closed set w — [0, X (w)] of
R+, see Exercise 6.1, by noting that

“+o0 “+o0
P(X > t)dt = P(X > t)dt. (6.1)
0 0

The equality (6.1) can be proved as follows. For n > 1 and ¢t € R, we have
1
{w:X(w) Zt—l—} C{w: X(w) >t} C{w: X(w) >t}.
n
Since P is a monotone increasing set function, it follows that

P<X2t+i>§P(X>t)§P(th).
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The function t — P(X > t) is monotonic nonincreasing on R, it is continuous
except in some countable subset D C R. Thus, for ¢t &€ D,

1
lim P(X>t+> =P(X >1),
n

n—oo

and hence
P(X>t)=P(X >t), Vt¢ D,
which implies that

+o00 +oo
/ P(X > t)dt = P(X > t)dt.
0 0

Remark. The above proof depends only on the measurability of X and the
monotonicity of P. As such, the result still holds when the probability measure
P is replaced by any monotone set function on A.

We have seen in Section 3.4 that in the case of incomplete statistical in-
formation, the lower bound on expected values is written in terms of the
distribution F' (of a random set), which is a monotone set function, namely,

—+oo
/ F(X > t)dt.
0

This expression is referred to as the Choquet integral of the function X with
respect to the monotone (not necessarily additive) set function F, in view of
the pioneering work of Choquet [15].

Another similar situation in coarse data analysis is this. Let X be a random
variable of interest, defined on (Q, A, P), and g : R — R™, measurable. Sup-
pose that X is not observable and S is a coarsening of X, i.e., §: Q — F(R)
is a random closed set on R such that P(X € S) = 1. Let

g«(w) = inf{g(z) : x € S(w)} < g(X(w)) < inf{g(2) : v € S(w)} < g"(w).
Thus, g. < g(X) < g%, a.s., and hence

E(g«) < E(9(X)) < E(g%).

Remark. Of course, we need to verify that g, and g* are measurable! See
Exercise 6.5.

Let F,, F* : B(R) — [0, 1] be
F.(B)=P(SCB), F*(B)=P(SNB=#0).
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We have
+oo 400
B@) = [ 9.@iP@) = [ Plo.> it = [ Pla (e o0t =
Q 0 0
“+o00
/ P[S C g7 (t,+00)]dt =
0
400 +00
/ Fulg™ ' (t, +o0))dt = F (X : g(z) > t)dt.
0 0

Similarly,

+oo
E(g") = /0 F*(z: g(x) > t)dt.

Although both F, and F* are not probability measures on B(R), they can
be used for approximate inference process. Thus, Choquet integrals represent
some practical quantities of interest.

Another important motivation for using the Choquet integral, in the finite
case, is in the theory of multicriteria decision making.

The problem of ranking of alternatives with respect to a set of criteria is
this. Let N ={1,2,...,n} be the set of criteria under consideration in some
decision problem. An evaluation is a map, say, X : N — R*. Given several
X® N SR i=1,2,...,n, we wish to linearly rank them according to N.
For this to be possible, we need to map each X, viewed as a vector in (RT)™,
to R. Such a mapping is called an aggregation operator.

n
Let o = (ay,9,...,a,) with a; > 0 and > «; = 1. The value ¢; is

=1
intended to denote the degree of importance of the criterion ¢. Then the

weighted average (linear) aggregation operator is
My :R" =R,  My(X) =) oz
i=1

where z; = X (i), the value of X at s.
If we view « as a probability measure on 2V, i.e., for A C N,

alA) = Zai,

i€EA
then M, (X) = E,(X), the expected value of X with law a.
Consider the “order statistic” 1y Sz <. STy associated with the

values of X, and let
Awy ={06),(+1),...,(n)} CN, i=12,...,n
Then

n

M (X) = Z O = Za(i)z(i) = Z(l'(i) —z-1)(Awm),
=1 =1

i=1
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where gy = 0.

It was argued in the theory of multicriteria decision making that when the
criteria are interactive (i.e., not independent), nonlinear aggregation operators
are more suitable for ranking. In some situations where degrees of important
criteria can be determined by pairwise comparisons, such as in the Analytical
Hierarchy Process (Saaty [107]), linear aggregation operators are still in use.

As we will see in the next section, the Choquet integral is nonlinear. On the
other hand, the Choquet integral generalizes the Lebesgue integral and hence
generalizes weighted average operators. As such, it is a plausible candidate
for a nonlinear aggregation operator in decision making.

From its definition, or simply replacing the probability measure « in the
above M, (X), by the aggregation operator M,(-), where p is a map from
2V — [0,1] such that u(N) =1, u(0) = 0, and for A C B, u(A) < u(B), we

have
n

Mu(X) = (2@ — 2—1)(Agw),
i=1

which is the discrete version of the Choquet integral of X with respect to p.

Note that for A C N, the value p(A) is intended to represent the degree
of importance of the collection of criteria in A, whereas for each i € N,
u({i}) is the degree of importance of the individual criterion . In the context
of coalitional games (or transferable utility games), where N is the set of
players, each subset A of N is a coalition, and p(A) is interpreted as the
amount the members in A can achieve by teaming up. Note, however, the
subtle distinction with scaling weights in decision with multiple objectives
(see Keeney and Raifa [59]), where (additive) aggregation is used to obtain a
utility function for optimization purpose.

6.2 The Choquet Integral

In view of the discussion in Section 6.1, we are going to formulate a fairly
general concept of the Choquet integral of numerical functions with respect
to set functions that need not be o-additive. This concept of the Choquet
integral will generalize the Lebesgue integral. Note that, in Chapter 7, we
will consider a specific setting for studying the convergence in distribution of
random closed sets, namely, the Choquet integral for continuous and bounded
functions defined on R? (or, more generally, on a Hausdorff, locally compact,
second countable space) with respect to set functions on B(R?).

In the following, € is a set, and pu is real-valued set function, defined on
some class A of subsets of Q (containing the empty set @), such that (@) = 0,
and for A, B € A with A C B, we have p(A) < p(B), ie., u is a monotone
nondecreasing set function.
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Standard measure theory is a theory of integrals motivated by the need to
compute important quantities such as volumes, expected values, and so on.
Similarly, here we are going to consider “integrals” of real-valued functions f
defined on 2. As in analysis, it is convenient to extend the possible values to
+00, so that the range of functions is the interval [—oo, +00], and all suprema,
such as sup{f(w) : w € A C Q}, exist. Arithmetic operations are extended
from R = (—o0, +00) to R = [~00, +00] in the usual way.

For practical purposes, A will be taken as a o-field of subsets of Q. Let
f: Q — R be A-B(R)-measurable, where B(R) is the Borel o-field on R
generated by B(R) and {—o0, +00}. Note that

BRF) = B([0,+00]) = {AN[0, +00] : A € B{R)} = {A: A C [0, +o0]NB(R)}.

To avoid meaningless expressions like —oo + 0o, we start out by considering
nonnegative and nonpositive functions separately. Thus, let f : @ — R* be
A-B(R*)-measurable. Then there exists an increasing sequence f1, fa,... of
n
simple functions f, : 2 — [0, +-oc], that is, functions of the form } a;14;(w)
j=1
with a; € R* and the A; pairwise disjoint elements of A, such that for all
weQ, flw)= lim fp(w). If f:Q — [—00,00], then we write
n—oo

fw) = fw)lio(w) + f(w)lj<o(w) =

F@)lgzo(w) = (= f(W)lfco(w)) = [T (w) = f (w).
Then f* and f~ are maps  — [0, 00, and f is measurable if and only if both
fT and f~ are measurable. When p is a nonnegative o-additive measure on
(Q,A), the Lebesgue integral of a nonnegative f with respect to p is defined
to be

[ F)dn(w) = lim_fu()u(e),

where f,, is simple and converges from below to f, and

/fn )dp(w Zam

when the A;’ s form a A-partition of Q. Because of the additivity of u, the
quantity fQ w)dpu(w) is well defined. It is independent on the particular
choices of the f,.

For f: Q) — R measurable, we define

/f e /f+ Japu(w /f w)da(w

provided that both terms in the right-hand side are not co. When u(Q) < oo,

oo 0
/ F(@)du(w) = / u(f > t)d + / W(f > ) — p(@ld. (62)
Q 0 —00
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Indeed, since fT > 0, we have

+(w W) = e _ -
| @) = [ utrt > 0= [ s > na

Similarly, [, f~ (w) = [;7u(f~ > t)dt. For each t > 0, (f~ > t) and
(f > —t) form a partltlon of Q. By the add1t1v1ty of u,

p(f™ >t) = p() —p(f = 1),

and (6.2) follows.
Still in the case u(Q)) < oo, for A € A, we get in a similar way that

Afdu=/52(1Af)du=

o] 0
| utr>naas [ > 004 -

For f > 0, we have [, fdu = [,u(f > t)dt. The right-hand side is an
integral of the numerical function ¢ — pu(f > t) with respect to the Lebesgue
measure dt on [0, 00]. It is well defined as long as the function is measurable.
Thus if p is a monotone set function on (€2, A) and f is A-[0, co]-measurable,
then (f > t) € A for all t € [0,00]. Since p is increasing, t — u(f > t)
is B([0, 00])-B([0, co])-measurable since it is a decreasing function. This is
proved as follows: for t € [0, 0], let ¢(t) = pu(f > t). Then

| a, o] if a = inf{p < t} is attained
(p>1)= { (a, 0] if not

In either case, (¢ < t) € B([0,00]). Indeed if inf{p < ¢} is attained at a,
then for b > a, we have ¢(b) < ¢(a) < x so that b € (p < z). Conversely, if
o(c) < x, then a < x by the definition of a.

If a = inf{p < t} is not attained, then if p(b) < z, we must have a < b.
Conversely, if ¢ > a, then for € = ¢ — a > 0, there exists y such that p(y) <
and a <y < ¢. But ¢ is decreasing, so ¢(c¢) < ¢(y) < z. Thus ¢ € (¢ < z).

Thus for f: Q — [O oo], one can define the Choquet integral of f with
respect to p as C,( fo (f > t)dt. A general definition of the Choquet
integral is as follows

DEFINITION 6.1 When f: Q — [—00,00] and u(§2) < oo, the Choquet
integral of f with respect to u is defined as

o) 0
Culp = [ utr> v+ [ s >0 - e

— 00
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We also write C,,(f) = [, fdpu. And for A e A,

(Laf) = /A fp =
0

| ute =00 [ s> 004 - atae

Remarks.

(i) In view of Exercise 6.3, when u(£2) < oo,

0

Culf) = [t > e+ [ fuls > 1) - ot -

— 00

o) 0
[ ontezndes [ u(r =0 - @
0

— 00

(ii) As shown in Marinacci and Montrucchio [72], the above definition of
the Choquet integral is the unique translation invariant extension from non-
negative functions to real-valued functions, i.e., for « € R, C,(f + al) =
Cu(f)) + aCy(1), where 1 stands for the function 1(w) = 1, Vw € Q. See
Exercise 6.9.

We say that f is p-integrable on A when the above right side is finite. When
w() < oo, say u(2) =1, and p represents subjective evaluations concerning
variables, then the “variable” f has the “distribution”

(f>t) ift>0
pr(t) = {Z(f >t) —u(Q)  ift<O.

The “expected value” of f under p is the Lebesgue integral of the distribution
@y(t), that is [*_ ¢s(t)dt. Some remarks are in order.
When f=1a w1th A€ A, we have u(f >t) = u(A)lp,1)(t), so that
Cu(la) = p(A).
More generally, for f(w) = 3 a;14,(w) with the A;’s pairwise disjoint subsets
=1

1=
of Qand ag =0<ay; <...< ay, we have

u(f >1t) Zu U A 1[,“717(“)
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so that

n

Culf) = (e —ai) | J 4

=1

n
For an arbitrary simple function of the form f = > a;14,, and with the
i=1
A;’s forming a measurable partition of 2 and

a<...<ap<0<app1 <...<apn
we have for ¢t > 0

0 if t € [an, 0)
U Az ifte [aj,ajH)

U A4 ift €[0,ar+1)

i=k+1
and for t < 0
U Az ift e (ak,O)
i=k+1
(fzt)=¢ U A if t € (aj,a;41]
i=j5+1
0= U A; iftE(—OO,al].
i=1
Thus

n

/Ooo,u(f>t)dt:ak+1u< U Ai> +...+
1

i=k+

(aj41 —aj)p U Ai |+ (an — an—1)p(An).
i=j+1

Also
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so that

CulH) =Y aj |u| U 4| -n{UA
Jj=1 i=j

i=j+1

Example 1. Let T be the capacity functional of a random closed st S on R<.
Let g : RY — Rt measurable. Since T is extended to the power set of R%, in
particular to B(R?), we can consider

—+oo
/ T(x € R%: g(z) > t)dt.
0
By Exercise 5.10,
T(g=t)=P(SN(g=t)#0).
Obviously,
S(w)N(g>1t)#0 < sup{g(z):z € S(w)} >t
Thus,
+o0o
/ T(g > t)dt =
0

/O+OO Plsup{g(x) : x € S} > t]dt =

Elsup{z : z € S}].

Example 2. Let (€, A) be a measurable space. For ) # A € A, let ug : A —
{0,1} be

0if AC B,
ua(B) = {1 if not.

Let f:Q — RT, A-B(R)-measurable and bounded. Then

400 inf{f(z):z€A}
Cua(f) =/0 ua(z : f(x) > t)dt =/0 dt = inf{f(x) : 2 € A}

since

AC(f>2t) et <inf{f(z):z € A}

so that
0if t <inf{f(z):z € A}
1 otherwise.

uA<fzt){
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While the Choquet integral is monotone and positive homogeneous of degree
one, that is, f < g implies that C,(f) < Cu(g) and for A > 0, C,(A\f) =
AC,(f), its additivity fails. For example, if f = (1/4)14 and g = (1/2)13,
then

Cu(f +9) # Cu(f) + Culy)
as an easy calculation shows. However, if we consider two simple functions f
and g of the form

f=alg+blpwith ANB=0, 0<a<b,

g=aly+plgwith0<a<pg

then
C/L(f +g) = O,u(f) + Clt(g)'

n n
More generally, this equality holds for f =} a;l14;, and g = > b;j14,, with
j=1 j=1
the A; pairwise disjoint and the a; and b; increasing and nonnegative. Such
pairs of functions satisfy the inequality

(f(w) = f(@))(g(w) = g(w")) = 0.

That is, the pair is comonotonic, or similarly ordered. It turns out that the
concept of comonotonicity of real-valued bounded measurable functions is
essential for the characterization of the Choquet integrals.

DEFINITION 6.2 Two real-valued functions f and g defined on Q are
comonotonic if for all w and W' in Q,

(f (@) = f@)(g(w) = g(w)) = 0.

Roughly speaking, this means that f and g have the same “tableau of
variation.” Here are a few elementary facts about comonotonic functions.

e The comonotonicity relation is symmetric and reflexive, but not transi-
tive.

e Any function is comonotonic with a constant function.

e If f and g are comonotonic and r and s are positive numbers, then rf
and sg are comonotonic.

e As we saw above, two functions f = E ajla; and g = E bjla,, with
j=
the A; pairwise disjoint and the a; and b; increasing and nonnegatlve

are COHIODOtOIllC
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DEFINITION 6.3 A functional H from the space B of bounded real-
valued measurable functions on (2, A) to R is comonotonic additive if when-
ever f and g are comonotonic, H(f +¢g) = H(f) + H(g).

If H(f) = [, fdu with p being the Lebesgue measure, then H is additive,
and in particular, comonotonic additive. Choquet integrals are comonotonic
additive.

Here are some facts about comonotonic additivity.

e If H is comonotonic additive, then H(0) = 0. This follows since 0 is
comonotonic with itself, whence H(0) = H(0+0) = H(0) + H(0).

e If H is comonotonic additive and f € B, then for positive integers n,
H(nf) =nH(f). This is an easy induction. It is clearly true for n =1,
and for n > 1 and using the induction hypothesis,

H(nf) =H(f+(n-1f)=H(f)+H((n-1)f)=
H(f)+ (n = DH(f) = nH(f).

e If H is comonotonic additive and f € B, then for positive integers m
and n, H((m/n)f) = (m/n)H(f). Indeed,

(m/n)H(f) = (m/n)H (n(f/n)) = mH(f/n) = H((m/n)f).

e If H is comonotonic additive and monotonic increasing, then H(rf) =
rH(f) for positive r and f € B. Just take an increasing sequence of
positive rational numbers r; converging to r. Then H(r;f) = r;H(f)
converges to rH(f) and r;f converges to rf. Thus H(r;f) converges
also to H(rf).

We now state the result concerning the characterization of Choquet inte-
grals. Consider the case when p(£2) = 1. Let

0

Culf) = [ uts >0+ [ s =0 - 1.

— 00

THEOREM The function C,, on B satisfies the following:
() Cu(la) =1;
(ii) C,, is monotone increasing;

(iii) C,, is comonotone additive.
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Conversely, if H is a functional on B satisfying these three conditions, then
H of the form C,, for the monotone set function p defined on (92, A) by
n(A) = H(La).

The first two parts are trivial. To get the third, it is sufficient to show that
C}, is comonotonic additive on simple functions. The proof is cumbersome
and we omit the details.

For the converse, if u(A) = H(14), then by the comonotonic additivity of
H, H(0) = 0, so u(@) = 0. By the second condition, y is a monotone set
function. For the rest it is sufficient to consider nonnegative simple functions.
We refer to Schneidler [112] for the details.

6.3 Radon-Nikodym Derivatives

Let p and v be two o-additive set functions (measures) defined on a o-
algebra U of subsets of a set U. If there is a U-measurable function f : U —
[0,00) such that p(A) = [, fdv for all A € U, then f is called (a version
of) the Radon-Nikodym derivative of u with respect to v, and is written as
f=du/dv.

It is well known that the situation above happens if and only if p is ab-
solutely continuous with respect to v, in symbols u < v, that is, if v(A) = 0,
then pu(A) = 0. When p and v are no longer additive, a similar situation still
exists. Here is the motivating example. Let f : U — [0, 00) be u-measurable.
Consider the maxitive measure p(A) = sup f(u). Also let vy : Y — [0,00) be

u€A

defined by

Cf0ifA=0
= 1ifA#£D

Then p can be written as the Choquet integral of f with respect to the 1.
Indeed

_ _JOif f(u)<tforue A
Vo({u-f(u)zt}mA){1iff(u)2tf0rsomeu€A

Thus

[e%S) SUP, e f(u)
/ vol{u: flu) >t} NA)dt = / dt = u(A).
0 0

By analogy with ordinary measure theory, we say that f is the Radon-
Nikodym derivative of p with respect to vg.
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DEFINITION 6.4 Let p,v: U — [0,00] be two increasing set-functions.
If there exists a U-measurable function f:U — [0,00) such that for A € U

uta) = | T ufus fu) > 1) 0 A)dr,

then p is said to have f as its Radon-Nikodym derivative with respect to v,
d
and we write f = d—u, or du = fdv.
v

Here is another example. Let U = R and U = B(R), the Borel o-field of R.
Let B=[0,1), A€ B(R), d(A,B) =inf{lx —y|: x € A, y € B}, and A’ be
the complement of A in Y. Define p and v by

0 if A=0
1 (A) = %sup{|x|:x€A} it A#0and d(A,B) >0
1 A#(and d(A,B") =0
0if A=0

v(A) = %if A0 and d(A,B) > 0
1if A#0Qand d(A,B')=0.

d
Then f(x) =z if x € B and 1 otherwise is d—u
v

Obviously, if du = fdv, then p < v. But unlike the situation for ordinary
measures, the absolute continuity is only a necessary condition for p to admit
a Radon-Nikodym derivative with respect to v. For example, with U = R and
U = B(R) as before, and N the positive integers, let © and v be defined by

0if ANN=0
“(A)—{lif ANN#(
0 if ANN=10

v(4) = sup{;:xeAﬂN} if ANN #£ 0.

By construction, 4 < v. Suppose that du = fdv. Then f : R — [0,00)
is a B(R)-measurable function such that for A € B(R), u(A) = [, fdv (in
Choquet’s sense). We then have for n € N,

(i) = | T = 00 ()t

f(n) f(n) 4 1
= /0 v({n})dt = /0 ﬁdt = —f(n).

n
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But by construction of u, u({n}) =1 so that f(n) = n. Now

n=1 n=1/n-1

oo n oo 1
= v({k : k> nh)dt = sups —:k>n
Z/ { har=3 p{k > }
1
:Zfzoo

n:ln

This contradicts the fact that u(N) = 1. Thus, even though p < v, u does
not admit a Radon-Nikodym derivative with respect to v. Depending on
additional properties of 1 and v, sufficient conditions for y to admit a Radon-
Nikodym derivative with respect to v can be found.

It is well known that probability measures (distributions of random vari-
ables) can be defined in terms of probability density functions via Lebesgue
integration. For distributions of random sets, namely, capacities alternating
of infinite order, a similar situation occurs when the Radon-Nikodym prop-
erty is satisfied. Specifically, suppose that dyu = fdv. Then pu is alternating
of infinite order whenever v is. We restrict the proof of this fact to the case
where U is finite, in which case f can take only finitely many values, say,
r1 < w9 < ... <z, with zg = 0, we can write

where By, = {u € U : f(u) > zx} for k <n. Take A = [ A;. Then we have

=1

L )]

Since By N (ﬂ Ai> = (N (Br N A;) and v is alternating of infinite order, we
iel iel
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have

v (Bk N (ﬁ A¢>> < Z (=)l (U (Br N A¢)>

1=1 0AI C{1,2,....m} i el
- Z (—1)lHy <Bk N (U Ai>> :
0#I C{1,2,....,m} i €l

Thus
() =S w2 com(nn(na)

i=1 k=1 0#I C{1,2,...,m} i€l

= > (1)1 kzi:l($k — Tp_1)V <Bk N (ﬂ Ai>>

0£I C{1,2,...,m}

_ 3 P+ (ﬂA>

0#AI C{1,2,..., m} i el

Now, we establish a new version of Graf’s theorem [43] for submeasures.

DEFINITION 6.5 Let (U,U) be a measurable space. A set-function
U — [0,00) is called a submeasure if p(B) = 0, p is monotone increasing,
and o-subadditive, i.e.,

U Al < Z,u(An) for any {A,,n>1} CU.

n>1 n>1

Note that any capacity in Graf’s sense is a submeasure, but the class of
submeasures is strictly larger than the class of capacities in the sense of Graf
[43], see an example below.

Let us recall the following fact of Graf [43]. Let (U,U) be a measurable space
and let {A(t) : t € [0,00)} C U be a family of measurable sets. A decreasing
family {B(t) : t € [0,00)} C U is defined as follows: first let B(0) = U and for
every t > 0 let Q(t) = Q N[0,¢) and QT = Q N [0,00), where @ denotes the
set of rational numbers, let B(t) = (,cq) A(g)- Since Q(t) is countable, it
follows that B(t) is U-measurable for every t € [0,00). We define a function
f:U —[0,00) by Graf’s formula:

0 ifee (| B()
flx)= { teQ* (6.3)
sup{t : « € B(t)} otherwise.

Observe that f is U-measurable.
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Now we prove the following result which is our version of Graf’s theorem
for submeasures.

THEOREM Let p,v:U — [0,00) be submeasures. Then (u,v) has the
RNP if and only if there exists a family {A(t) : t € [0,00)} C U, satisfying
the following conditions:

(i) #( N A(Q)) =V< N A(Q)) =
qeQT qeEQT

(ii) u(B(t)\A(t)) = 0 for every t € [0, 00);
(iii) For any s,t € [0,00) with s <t and A € U,

SI(AN A(s) — (AN AW)] < p(AN A(s)) - u(AN A1)
< (AN A(s)) — V(AN A(t))).

Remark. Conditions (i)—(iii) are natural. In fact, we want to find a measurable
function f : U — [0, 00) such that

/fdy_/ V(AN{f>t))dt VYAeU.

If A C {z: f(z) < a}, then u(A) = [Jv(An{f > t})dt. To com-
pute this definite integral, we d1V1de [O o mto small intervals and then
take the Riemann sum. The first inequality of (iii) is used to show that

) < fo v(AN{f > t})dt and the second inequality of (iii) is used to show

thatu >f0 v(AN{f >t})dt.

Proof. Assume that (u,v) has the RNP. Let f = du/dv. For every t €
[0,00), denote A(t) = {f > t}. Then it suffices to show that the family
{A(t) : t € [0,00)} satisfies the conditions (i)—(iii). Since f(z) < oo for every
z €U, Nyeq+ Alg) = 0. Thus

el ) A(q)) =v| N A(q)) =

qeQt qeQt

proving (i). It is easy to see that B(t) = A(t) for every t € [0,00) and hence
(ii) follows. (iii) can be obtained by noting that

HANAE) - (40 40) = [ RS / =

/ “IMANAE N {F 2 a)) — (AN AW N {f > a))lda <
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/ (AN A N {f > a)) — (AN A®W) N {f > a})lda =

/OS[V(A NA(s)) —v(ANA(t)|da = slv(AN A(s)) —v(AN A(t))]

and
(AN A(s)) — u(AN At) =

/OOO[V(AmA(s) A >a)) - (AN A®) N {f > a})da =
/Ot[yum A(S) N {f > a}) — (AN A@#))da <

/0 (AN A(s)) — v(ANA®))|da = tlr(AN A(s)) — v(A N A(t))).

Now we prove that the existence of a family {A(t) : ¢ € [0,00)}, satisfying
the conditions (i)—(iii), will imply the RNP for (u, ). First we establish some
relations between the two families {A(¢)} and {B(t)}.

CLAIM 1. (ﬁlB(i)) —y (ﬁB(k)) 0.

Proof. Observe that (| B(q) = [\ A(g). Thus by (i), we have
qeQ™ qeQt

u( N B(Q)) V( N B(Q)) =0,
qeEQT qeEQT

which implies that p ( N B(n)) =v < N B(n)) =0 as B(n) is decreasing
neN neN
in n.

CLAIM 2. lim p(B(n)) = lim v(B(n)) =0.

n—oo n—oo

Proof. Since

u(B(n)) < p (ﬂ B(k)) +p (B(n) n <U BC(k)))
k=1 k=1

> u[B(n)\B(k)] (by Claim 1).
k=1

IN
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Since {B(n)} is decreasing,

lim p(B(n)\B(k)) =0 for each k € N,

n—oo

and the result follows. A similar reasoning applies to v.

CLAIM 3. For every A € U we have
uw(A) = lim pu(AnNB(n)), v(A)= lim v(ANB%n)).

Proof. For any n € N, we have

H(ANB(n)) < p(A) < p(AN B(n)) + (AN B(n))
< j(B(n)) + u(AN B(n),

and the result follows from Claim 2. Similarly

v(A) = lim v(AnN B(n)).

n—oo

CLAIM 4. p(A@)\B(t)) =v(A(t)\B(t)) =0 for every t € [0, 00).

Proof. Let A = A(t)\A(s) in (iii), then we obtain
—sv[A(\A(s)] < —p[A()\A(s)] < —tw[A(E))\A(s))]
for any s,t € [0,00) with s < ¢. It follows that
V[AWD\A(s)] = p[A0)\A(s)] =

for any s,t € [0,00) with s < t. Observe that

A)\B(t) ( M Al ) U (Aa@\Adg).

q€Q(t) q€Q(t)
Since ¢ < t, we obtain from (6.4),
PAB\B(D) < Y u(A(t)\A(g)) = 0 for every ¢ € [0, 00)
q€Q(?)

and
v(A()\B(t)) < Z v(A(t)\A(q)) = 0 for every t € [0, 00).

q€Q(t)
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Note that Claim 4 and (ii) imply that

CLAIM 5. Foranyt € [0,00) and A € U,

WANA®) = w(ANB(t) and v(ANA(t)) = v(AN B(t)).

Proof. Note that
ANA@R) =[AN(AW\B(@))]U[AN A(t) N B(t)].
By Claim 4, we obtain u(A N A(t)) = p(A N A(t) N B(t)). Similarly we can
).

obtain p(ANB(t)) = p(ANB(t)NA(t)). Thus p(ANA(t)) = u(ANB(t)). A
similar reasoning applies to v.

CLAIM 6. For any s,t € [0,00) with s <t and A €U,

slw(AN B(s)) —v(ANB(t)] < p(AN B(s)) = (AN B(t))

<
<tlv(ANB(s)) —v(AN B(t))].

Proof. By (iii) and Claim 5,

slv(AN B(s)) —v(ANB(t))] = s[v(AN A(s)) — v(AN A(t))]
< w(AN A(s)) — u(AN A1)
= u(AN B(s)) — p(AN B(1))

and

(AN B(s) — p(AN B(t)) = p(AN A(s)) — n(A N A(t))
(AN A(s)) —v(ANA(t))]
(

tlv -
tiv(AN B(s)) —v(AN B(t))].

VAN

Remark. Observe that conditions (i)—(iii) imply the absolute continuity of y
with respect to v. In fact, assume that v(A4) = 0. Then from Claim 6,

(AN B(s)) — u(AN B(t)) = 0 for every s,t € [0,00) with s < t.
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Letting ¢ = n — oo, we obtain from Claim 2, u(A N A(s)) = 0 for every
s € [0,00). It follows that u(AN B(0)) = u(ANU) = u(A) =0.

Now we are able to complete the proof of our result.
CLAIM 7. u(A)= [, fdv for every A € U.

Proof. Let f : U — [0,1] be given in (6.3) and A,, = AN{f < n} = ANB(n)
for every A € Y and n € N. Then as A, C {f < n},

/n V(An O {F > t})dt = /Oo V(An O {f > )t (6.5)
0 0
We first prove that
w(Ay) = /00 v(A, N{f > t}dt for every n € N.
0

Let 0=ty <t1 <...<tp =n,
k
sk= 3 (ti—tii)v(An N {f > t;}),

i=1

and

k

Sk = Z(tl —ti)v(An N {f > ti_1}).

i=1
Then we have

o g/ny(Anﬂ{fzt})dthk.
0

Note that as max{t;, —t;—1:i=1,...,k} — 0,

- /On V(A O {f > 11)dt, Sk — /On V(AL O{f > )d. (66)

By using the first inequality in Claim 6 and the fact that p(A, N{f > tx}) =
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v(A, N{f > tx}) =0, we obtain
k

sk =Y (ti—ti)v(An N {f > t:})

=1

k k
= th(An n{f>t}) - Zti_w(An n{f >t}

k—1
= Zti[vwn N{f >t:}) — v(An N {f > tis1})]

k—1

< Z[M(An N{f>t}) — u(An N {f > tig1)]

i=1

= p(An N {f = t1}) — p(An 0 {f 2 ti})
= ,U(An N {f > tl}) < N'(An)~
Hence s; < u(A,). Similarly, by using the second inequality in Claim 6,

Sk > p(Ay). Therefore s < p(A,) < Sk. Combining (6.5) and (6.6), we
obtain

) = [“vtann sz pa= [ fav

By Claim 3 we have

W(A) = lim p(A,) = / T AN > )t = /A fdv.

Consequently the theorem is proved. O

The following example is a pair of set-functions that are not capacities in
Graf’s sense, but are submeasures. Moreover, they satisfy the conditions of
the Theorem and hence (u,v) has the RNP.

Example. Let U be a Banach space, Y = B(U), and S = {z : ||z|| < 1}.
Define

0 if A=10
1
w(A) = 5 SUPzea ||| if A # @ and d(A,S¢) >0
1 if AZ( and d(A,S5°) =0

where S€ is the set complement of S and

d(A,B) = inf{||z —y||: 2 € A, y € B}.

Proof. First observe that u and v are not capacities in the sense of Graf. In
o0
fact, for S, = {z : ||z]| <1 —1/n}, we have S,, /S = |J S, but

n=1
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Therefore the lower continuity condition of capacities is violated.

It is easy to see that p and v are submeasures. Moreover, applying the
Theorem we will show that (u, ) has the RNP.

To verify the conditions (i)—(iii) of the theorem let

At) = {{x : ||i%|| >t} for t € [0, 1]

fort>1

Then (1] A(g) =0, and hence (i) holds. Clearly, B(t) = [\ A(¢), which
qeQt q€Q(t)

implies (ii). Thus it suffices to verify that (iii) holds. Note that A(t) C A(s)

for all s < t, and (iii) holds if AN A(s) = ). So we need only consider the case

where AN A(s) # (0 (in this case, s <1 as A(s) =0 for s > 1).

Case 1. d(AN A(s),S¢) > 0 and AN A(t) = ). We have

s< sup |z|| <t

Py
and (AN A(t)) = v(A N A(t)) = 0. Therefore
HANAG) = 3 s ol 2 § = sl (4N )
as (AN A(s)) = 1/2. Also
HANAW) = 5 s [l £ § = H(A0 AG)

hence (iii) follows.

Case 2. d(AN A(s),S¢) > 0 and AN A(t) # 0. We have d(A N A(t), S¢) >
) =

d(AN A(s),S¢) > 0, (AN A(s)) = v(AN A(t)) = 1/2, and
WANAG) = 5 sup e =5 sup llall = u(A0 A1),
ANA(s) ANA(t)

Thus (iii) holds.

Case 3. d(ANA(s),S¢) = 0and ANA(t) = 0. We havet > 1 and u(ANA(s)) =
v(AN A(s)) = 1. Therefore

s(ANA(s))] = s < 1= pu(ANA(s)) <t =tw(AN Afs)),

i.e., (iii) holds.

Case 4. d(AN A(s),S¢) = 0 and AN A(t) # 0. We have s < 1, ¢
1, p(ANA(s)) = v(ANA(s)) = 1, and d(ANA(t), S¢) = 0. Thus u(ANA(t))
v(AN A(t)) = 1 and hence (iii) follows.

[ IA
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Since (u,v) satisfies the conditions (i)—(iii) of the theorem, (u,v) has the
RNP and hence du/dv exists. Moreover, the Radon-Nikodym derivative
du/dv can be obtained by:

dp ezl ifxeS
du_f(x)_{ 1 ifzese

6.4 Exercises

6.1 Let X be a nonnegative random variable, defined on a probability space
(Q, A, P). Consider the random closed set S on R* defines by S(w) =
[0, X (w)]. Verify that the covering function of S on R is

m(z) =Pz € 8)=P(X >x).

Use the Robbins’ formula (Section 2.2) to show that EX = f0+°° P(X > z)dx.

6.2 Let X be an integrable random variable, defined on (2, .4, P). Show that

EX = /%o P(X > t)dt + /O [P(X >t)— 1]dt.
0

— 00

6.3 Let p be a set function, defined on B(R?), with values in [0, 1], such that
(@) = 0 and g is monotone increasing. Let f : R? — R, continuous and
bounded. Show that

“+o0 0
/ uﬁ>0ﬁ+/ (f > ) — (R dt =
0

— 00

“+o00 0
/ MUZﬂﬁ+/ (f > £) — p(RY)dt.
0

— 00

6.4 Let N ={1,2,...,n}, and p: 2N — [0,1] such that u(N) =1, u(0) =0
and for A C B, u(A) < u(B). For X : N — R™T, let

n

Cu(X) = () — 2-n)u(Awp),

i=1

where z; = X (i), Ty < w2 < ... < T(p) is an arrangement of x;’s in an
increasing order, with z(g) = 0, and Ay = {(9), (¢ +1),...,(n)}.

© 2006 by Taylor & Francis Group, LLC



154 An Introduction to Random Sets

a) Verify that C,,(X) = f0+°° w(X > t)dt.

b) If Y : N — R* is such that X <Y in R" (i.e., z; < w;, VI =1,2,...,n),
then
Cu(X) < CL(Y).

c¢) Show that if z € R™, r > 0, and s € R, then
CulrX +s)=1rC,(X)+s,

where
rX+s=(rz1+sree+s,...,1rx, +3).

d) For A C N, verify that
Cu(la) = u(A).

e) Show that there exist 2" functions f4 : R™ — R, A C N, such that if
X : N — Rt then

Cu(X) =D p(A)fa(X)

ACN

(where X is viewed as a vector in R™).

Hint: consider the Mdbius inverse of .

6.5 Let S be a random closed set on R, defined on (2,4, P) and g : R — R*
measurable. We say that S is strongly measurable if VB € B(R),

B,={w:Sw)CB}eA B'={w:SwnB#0}cA

Let
g(w) = inf{g(x) : 2 € S}, ¢*(w) = suplg(x) : 2 € S(w}.
Show that if S is strongly measurable, then g, and g* are measurable.
6.6 Let T be the capacity functional of a random closed set S on R?, and

g : R — R* measurable. Let F be the dual of T, i.e., F(A) = 1 — T(A°),
A € B(R%). Show that

+oo +oo
/ Flg > 1)t = / Plinf{g(z) : z € S} > tldt.
0 0

6.7 Let (©,.A4) be a measurable space, and f : Q@ — Rt A-BR")-
measurable. Let p,v : A — RT be monotone set functions such that

(@) = v(0) =0.
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Suppose p(A) = 0+°° v({z € A, f(z) > t})dt, VA € A (i.e., the pair (u, )
has the Radon-Nikodym property, RNP). Show that p is alternating of infinite
order whenever v is alternating of infinite order.

6.8 Let (Q,.A) be a measurable space. Let ' : A — {0,1} be defined by

{0 ifAAD
F(A)_{l if A =0

Recall that p: A — RT is maxitive if u(A U B) = max(u(A), u(B)).

Let pn: A — RT be such that p(0)) =0, for A C B, u(A) < u(B). Show
that p is maxitive if and only if (i, I') has the RNP on every finite subalgebra
of A.

6.9 Let (©2,.A) be a measurable space, and B(£2), BT () denote the classes of
measurable, bounded and of nonnegative measurable bounded (real-valued)

functions, respectively. Let u: A — R such that u(0)) = 0, and g is monotone.
For f € BT(), let

+o00
%uw5£ u(f > bt

and for f € B(Q2), let

0

+oo
Cih = [ utr=vde+ [ s =0 - e

— o0
Show that C};(-) is the unique translation invariant extension of Cy,(-) in the
sense that for each o € R, and f € B(2), C}:(f + al) = C;i(f) + aC}i(1).
6.10 Let X be a nonnegative random variable defined on (92, A, P). Use the
Fubini’s Theorem (see Appendix) to show that
—+oo

EX = P(X > t)dt.
0
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Chapter 7

Choquet Weak Convergence

This chapter is about various concepts of convergence of sequences of random
closed sets on R?. They are generalizations of familiar concepts for random
vectors. Our focus is on the convergence in distribution in which the concept of
the Choquet integral with respect to capacity functionals is used to generalize
weak convergence of probability measures on metric spaces.

7.1 Stochastic Convergence of Random Sets

Let (Q,A, P) be a probability space on which all considered random ele-
ments are defined. Recall that the space of closed sets F(R?) is topologized by
the hit-or-miss topology 7, and B(F) denotes the Borel o-filed of F(R%). Let
S, S, be random closed sets, i.e., S, S, : @ — F(R?), A-B(F)-measurable.

DEFINITION 7.1  The sequence (Sp,n > 1) is said to converge almost
surely (a.s.) to S if P(w: Sp(w) — S(w)) = 1. In other words, S, — S a.s.
if there exists Qo € A with P(Qo) = 0 such that for w € Qf, S,(w) — S(w)

as n — oQo.

Here S and S,, are random closed sets, the convergence S, (w) — S(w) is of
course taken in the sense of topology 7. Specifically, S, (w) — S(w) in T if
for any neighborhood V' of the set S(w), in the topology 7, there exists n(V)
such that S, (w) € V for all n > n(V).

Let us elaborate a little bit on this convergence. Details for proofs can be
found, e.g., in Mathéron [73], Salinetti and Wets [108]. Let F, F,, € F(R),

we write F), R F' to mean that F, converges to F' in the topology 7. The
following are equivalent:

a) F, L F

b) If G € G and GNF # (), then GN F,, #  for all n sufficiently large (i.e.,
there exists n(G) such that Yn > n(G), GNF, # 0); and if K € K and
KNF #0(, then KN F, # 0 for all n sufficiently large.
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158 An Introduction to Random Sets

Remark. The above tractable criterion for the convergence in 7 is valid for
general Hausdorff, locally compact, second countable spaces. For R¢ or metric
spaces, the situation is simpler. Let p denote the Euclidean metric on R?, then
F, Z Fif and only if Vo € R?, the sequence {p(z, F},,),n > 1} converges in
R¥ to p(x, F), where p(z, F) = inf{p(z,y) : y € F}.

The hit-or-miss topology 7 turns out to be the topology that corresponds
to a notion of convergence of closed sets in topological spaces. Specifically,
the following definition of convergence of closed sets corresponds precisely to
the convergence in the topology 7 (see Beer [9] for details).

A sequence of subsets A,, in R is said to converge in the Painlevé sense to
the set A if

liminf A,, = limsup 4,, = A,

where
liminf A, = {z € R? : 2, — 2,2, € A,,,n > 1}
limsup A, = {z € R?: Tnk) = T, k) € An(k),
with n(k), k > 1, being a subsequence}.
Remarks.

(i) Clearly lim inf A,, C limsup A,,. OnRY, F, F,, € F(R?), we have F,, LF
if and only if F,, — F in the above Painlevé sense.

(ii) Do not confuse the above concepts of liminf 4,, and limsup 4,, with
are defined in a topological context with set-theoretic concepts! Recall that
in discussing “continuity property” of probability measures, the following set-
theoretic concept of convergence of sequences of events is considered. A se-
quence of subsets A,, is said to converge to a set A if limA,, = limA4,, = A,

where o
limd, = J () 4, Tmd, = (1) [J 4%
n>1n>k n>1n>k
Note that in a topological context, limA, C liminfA, and limA4, C

limsup A4,.

(iii) A natural question to ask when a definition of convergence of sequences
of “points” in a space is given is this. Is there a topology on the space such
that the given concept of convergence corresponds to the convergence in that
topology? For this topic, see e.g., Kelley [60], Klein and Thompson [62].

(iv) The space F is metrizable. Let A be any metric on F compatible with
the topology 7. Then S,, %% S iff A(S,,S) — 0, a.s., as n — o0.

© 2006 by Taylor & Francis Group, LLC



Choquet Weak Convergence 159

In the context of coarsening schemes for coarse data, we deal with non-
empty random closed sets, say, on metric spaces such as R%. Let fo(Rd)
denote F(R9)\ {#}. A metric on Fy is given by

Z% min{1, |p(zn, 4) = p(en, B},

where p is the euclidean metric on R?, D = {z,, : n > 1} is a countable
dense subset of RY, and p(x, A) = inf{p(z,y) : y € A}. Note that this metric
is compatible with the Wijsman topology on Fy, i.e., the weakest topology
on Fy making all the maps p(z,-) : Fo — RT, z € R? continuous. In this
topology, F,,, F' € Fy, F,, — F is equivalent to p(z, F,,) — p(x, F), as n — o0,
Vz € R4,

In the special case where our base space U is a compact subspace of R?,
the a.s. convergence of random compact sets can be expressed in terms of the
Hausdorff distance. Specifically, the sequence of nonempty random compact
sets S, converges a.s. to a nonempty compact set S iff S, — S in the
Hausdorft distance H,, a.s., as n — oo, where the Hausdorff distance H, on
Ko(U) is defined as

H,(A, B) = max {sup p(z, B), sup p(z, A)}
z€A r€EB

(=inf{e >0: AC B*, B C A%}, where A°* ={z € U : p(z,A) <e}).

Students who are interested in various topologies on the spaces of closed sets
of topological spaces should read a text like Beer [9].

We turn now to the concept of convergence in probability of random closed
sets. Random vectors are random elements with values in the metric space
(R?, p). While the metric property of R is essential for the concept of a.s.
convergence, e.g., if X,, — X, a.s., as n — oo, then X is a random vector
(i.e., measurable), see Dudley [24].

The formulation of convergence in probability requires a little more, namely,

the separability of R%. Indeed, to define X, L, X as
Ve >0, lim P{w: p(X,(w),X(w)) >e} =0,

we need p(X,,, X) to be a random variable! Now p(X,,(w), X (w)) = (po f)(w),
where

f(w) = (Xn(w), X(w))-

On the other hand, p : RY x R — R* is continuous in the product
topology of R? x R¢ (i.e., topology on R? x RY generated by the base
{Ax B : A, B opens of R?}), and hence measurable with respect to the Borel
o-field B(R? x R?) in the metric product topology.
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Now B(R? x R?) = B(R%) ® B(R?), the product o-field (see Appendix),
since R? is second countable. Thus p(X,,, X) is indeed a random variable.

Remark. The fact that B(RY x RY) = B(R?) ® B(R?) can be seen as follows, in
the general context. Let (U, 7) and (V, v) be two topological spaces. The Borel
o-field B(U x V) is the smallest o-field making the projections U x V' — U and
U x V — V measurable. As such, B(U) ® B(V) C B(U x V). Suppose that
both U and V are second countable. Let B(U) and B(V') be countable bases of
U, V, respectively. Then, © = {A x B: A€ B(U),B € B(V)} is a countable
base for the product topology 7 of U x V', and we have © C B(U) ® B(V).
On the other hand, each open set in 7 is a countable union of open sets in ©,
and hence 7 C B(U) ® B(V) implying that B(U x V) =0(T) C B{U)B(V).

Remark. The fact that B(RY x R?) = B(RY) @ B(R?) can be seen as follows, in
the general context. Let (U, 7) and (V,v) be two topological spaces. The Borel
o-field B(U x V') is the smallest o-filed making the projections U x V' — U and
U x V — V measurable. As such, B(U) @ B(V) C B(U x V). Suppose that
both U and V are second countable. Let B(U) and B(V') be countable bases of
U, V, respectively. Then, © = {A x B: A€ B(U),B € B(V)} is a countable
base for the product topology 7 of U x V, and we have © C B(U) ® B(V).
On the other hand, each open set in 7 is a countable union of open sets in O,
and hence 7 C B(U)® B(V) implying that B(U x V) =0(7) C B(U)B(V).

In view of the fact that a metric space is second countable if and only if it
is separable, we arrive at the natural setting for the concept of convergence in
probability, namely separable metric spaces. See the excellent text of Dudley
[24]. Note also that the convergence in distribution of random elements is
formulated on metric spaces Billingsley [10]. But on separable metric spaces,
the convergence in distribution of random elements (i.e., weak convergence of
their probability laws) can be metrizable by the Prohorov metric.

Specifically, let (U, p) be a metric space. Let M(U) denote the class of all
probability measures on the Borel o-field B(U) of U. The Prohorov metric A
on M(U) is defined as

Ap,v) =inf{e > 0: u(F) <v(F®)+eforal F € F(U)}.
If (U, p) is separable then for pu,, u € M(U),

tn — p weakly < A(pn, p) — 0.

Remark. The following Skorohod representation for random elements with
values in separable metric spaces is useful for statistics with coarse data in
Chapter 8.
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If Qn, @ are probability measures on B(U), where (U, p) is a separable
metric space, such that ), — @ in the Prohorov metric, then there exists a
probability space (Q,.A, P) on which are defined U-valued random elements
X, X whose probability laws are @,,, @, respectively, and X,, — X, P-a.s.,
as n — oo. For a proof, see Ethier and Kurtz [29)].

Now in the context of random closed sets on RY, or more generally, on a
Hausdorff, locally compact and second countable space, the space F, with
the hit-or-miss topology 7, is a separable metric space. Thus, the concept
of convergence in probability of random closed sets is formulated just in the
general theory of random elements taking values in a separable metric space.

Let V be any metric on F compatible with the topology 7. Then the
sequence of random closed sets S,, converges in probability to the random

closed set S, in symbol, S, LA S, if
Ve >0, P(V(S,,S)>¢)—0

as n — 0o.
The following equivalent definition of the convergence in probability of ran-
dom closed sets (see Molchanov [79]) seems to be more tractable.
Recall that if X, X,,, n > 1, are random variables, then X,, =% X implies
that, for any € > 0,
lim P(|X, — X|>¢)=0.

n—00

This last property means that X, tends to X with “high probability” (or with
probability tending to one). This weaker concept is termed the convergence
in probability of X, to X.
Now, on R,
{w:|Xp(w) = X(w)| >e} =

{w: X(w) > Xp(w)+etU{w: Xp(w) > X(w)+e} =
{w: X(w) € B(Xp(w),e)} U{w: Xp(w) € B(X(w),e)},
where for x € R, B(z,r) ={y e R: |z —y| <r}.
Thus, when replacing X, X,, by random closed sets S, \S,, on a metric space
like (R?, p), we look at
Ene= (S \ 5781) U (Sn \ 5%),
where for A C R? and ¢ > 0,
A® = {z eR?: p(zx,A) < e},
p(z, A) = inf{p(z,y) : y € A}.

Now it can be shown that (see Salinetti and Wets [108]) the following are
equivalent:
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a) S, % 8
B) For each ¢ >0, E,, . == ().

7v) For every compact K € K(R?), E, . N K =0, a.s., for all n sufficiently
large.

Moreover, if E, . < ), then for every K € K(R?), P[E,.NK # 0] — 0 as
n — oo.
In view of all these motivations, we consider the following concept.

DEFINITION 7.2 A sequence of random closed sets S,, is said to con-
verge in probability to a random closed set S if for every € > 0 and compact
K € K(RY),

lim P{[(S\ S5)U (S, \ S%)NK # 0} =0.

n—oo

Recall that, in the case of random variables, the convergence in probability
can be expressed in terms of a metric on the space of equivalence classes of
random variables, i.e.,

X ~Y iff X=Y a.s.

Specifically, let X denote the equivalence class of X. Then, for X € X and

Yey,
. X Y|
T(X’Y)_E<1+|X—Y|

is a metric, and
X, 2 X ifand only if r(X,,Y) — 0.

We will prove the last assertion, leaving the verification of the properties of r
as a metric as an exercise!

LEMMA 7.1 Let g:R — [0,00), measurable, even and nondecreasing
on [0,00) Let X be any random variable. Then, for any a > 0,

Elg(X)] — g(a)

<P(X|>a) < —~
ess.supg(z) ~ (X[ za) <

where ess.sup |Y|, the essential supremum or a.s. supremum of a random
variable Y, is inf{c > 0: P(|Y| > ¢) = 0}.

Proof. Note that

E (g(X)) = / 9(X)dP = /{ oy SO0 /{ S0P
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Since
0< / 9(X)dP < g(a)
{IX|<a}

and

g(a)P(1X] > a) < /{ oy SP < (a5 s g ()P(X] 2 ),

we have
g(a)P(|X] > a) < E(g(X)) < (ess.sup g(X))P(|X] > a) + g(a),

and hence the desired result follows. O

Now, if we take

_ =
90 = T

and consider the sequence {X,, — X, n > 1}, then, for any ¢ > 0,

|Xn *X| €
E - < P(IX, — X| >
(1+|Xn—X| 73:) =P [z¢)
< 1+ cp | X, — X| .
T o€ 1+ X, — X|
From these inequalities, if follows that, as n — oo, X, P, X if and only if

5 ¥ [ Xn — X|
X, X)=E(—/—0 1 0.
p( ) (1+X'IL_X| -~

The convergence in probability of random elements with values in a sepa-
rable metric space (U, p) is metrizable by the following Ky Fan metric.

Let £°(,U) be the class of A-B(U)-measurable mappings from Q to U.
Define o, : L2(Q,U) x L°(Q,U) — RT by

a,(X,Y)=inf{e > 0: P(p(X,Y) >¢) < ¢e}.

Then it can be checked that «, is a metric on £L°(Q,U), and «, is called the

Ky Fan metric. Moreover, X, L, X if and only if X)n converges to X in

the metric a,, i.e., lim a,(X,,X) = 0. In other words, the Ky Fan metric
n—oo

a, metrizes the convergence in probability on separable metric spaces.

The convergence in probability of random elements implies their conver-
gence in distribution is manifested by the fact that, for any random elements
X, Y (with values in a separable metric spaces) with probability laws Px,
Py, respectively, we have

A(PX7PY) < O((X,Y),
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where A, « are the Prohorov and the Ky Fan metrics, respectively. For a
proof, see Dudley [24].

In our context of random closed sets on R?, the space (U, p) is (F(R%), V)
where V is some metric compatible with the topology 7.

The Ky Fan metric ay on £°(£2, F) is defined similarly. For example, let
(U, p) be a complete metric subspace of R?. Consider nonempty random closed
(compact) sets on U, i.e., with values in I, (U) = K(U) — {0}. Let H, denote
the Hausdorff metric on Ky. Then, for random compact sets S, S’,

a(S,8") =inf{e >0: P(w: Hy(S(w), S (w)) >¢) <e}.

7.2 Convergence in Distribution

We turn now to the concept of convergence in distribution of random closed
sets. Although the concept can be investigated in the general setting of Haus-
dorff, locally compact and second countable topological spaces, we consider R?
for concreteness. Some special structures of R? allow us to go deeper in the
analysis.

Let us recall the notation of Chapter 5. Having the space R? in mind, we
drop from the notation for simplicity. F, G, K denote the spaces of closed,
open, and compact subsets of R%, respectively. 7 denotes the hit-or-miss
topology on F, and B(F) denotes the Borel o-field of subsets of F generated
by 7. A and (A)° denote the closure and interior of A C F, in the topology
T, respectively. The boundary of A is denoted as A = A\ (A)°.

Let (2, A, P) be a probability space. We will consider random closed sets
(Sp,n > 1), S, defined on Q, i.e., A-B(F)-measurable maps from w to F.
Their probability laws are probability measures on B(F), defined by @, =
PS; 1, Q = PS~!. Their associate capacity functionals are denoted as T;,, T,
respectively, where, for K € K,

T, (K) = P(S, N K # 0) = Qu(Fx),

T(K)= P(S, N K #0) = Q(Fk),

where Fg = {F € F: FN K # 0}.
Note that the hit-or-miss topology 7 is generated by the base B, where

B={F& . .c KEK G eG}

(when n = 0, the elements are FK K e K), with
F& o, =FENFe,N...NFg

n?

Fe={FeF:FNG=0}
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Note also that capacity functionals, defined on /C, are extended to the power
set of R? as usual, i.e., for G € G,

T(G)=sup{T(K): K € K,K C G},

and for A C R?,
T(A) =inf{T(G): Ge€G,ACG}.

The range space F of random closed sets is a topological space which is
compact, Hausdorff, and second countable. As such, F is metrizable (see a
text like Engelking [28]), and the concept of convergence in distribution of
random closed sets can be neatly formulated in the general setting of conver-
gence of probability measures in metric spaces (see Billingsley [10] or Appen-
dix). Specifically, we say that S,, converges in distribution to S (in symbol,
S, 2 S) iff Qn(A) — Q(A) for any A € B(F) such that Q(0A) =0 (i.e., for
any @Q-continuous set A). In view of the Portmanteu Theorem (Appendix),
this definition is equivalent to either:

(i) [ f(F)dQu(F) — [ f(F)dQ(F), as n — oo, for any f € Cy(F), the

set of real-valued, continuous and bounded functions defined on F (i.e.,

Q,, converges weakly to @, in symbol, Q, v, Q), or

(ii) For any open set G € G,

Q(G) < liminf Q,(G).

n—oo

Remark. The concept of convergence in (i) on the space of all probability
measures on B(F), denoted as M(F), is termed the weak convergence of
probability measures, and can be topologized (see Exercises 7.1 and 7.2). In
the context of functional analysis, it is the relative topology on M(F) induced
by the weak-star (weak*) topology on the dual of the Banach space Cy(F),
i.e., the space of all finite signed measures on B(F). See, e.g., Walters [126].

Thus, we also say that Q,, converges weakly to @, in symbol, Q, v, @, when
S, converges in distribution to S.

This section is devoted to the study of convergence in distribution of ran-
dom closed sets in terms of their capacity functionals, which play the role of
distribution functions in the setting of random vectors. Note that, like the
case of random vectors, such a study reduces the complicated situation of “set
functions” to the simpler one of “point functions”, where here, point functions
mean functions defined on F rather than on subsets of F. In the next section,
we will establish an equivalence of (i) above with the Chogquet integral with
respect to capacity functionals.

The material in this section is drawn mainly from Salinetti and West [110].
The main result is this. A sequence of random closed sets .S, converges in
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distribution to a random closed set S on R? if and only if the sequence of
capacity functionals T, converges pointwise to the capacity functional T' of .S
on some subclass of K(R?).

Having the capacity functional T of the random closed set S playing the
role of the distribution function of a random vector, we first establish some
sort of “continuity set” for T. A set of “continuity points” C(T") for T is

intended to show that @, Y, Qe T,—TonCT).
Now, in view of the correspondence T'(K) = Q(Fk) on K € K, it is natural
to look for K such that Fg is a Q-continuity set, i.e., Q(0F k) = 0.

LEMMA 7.2 {K €K :Q(0Fk)=0}={K e K:T(K)=T(K°?}.

Proof. For K € K, F¥ is open in the 7 topology since it is a member of the
subbase of 7. Thus, Fx = (Fx)¢ = F \ FX is a closed set in 7, and hence
O(Fk) = Frx \ (Fk)° = Fx \ Fko. (The fact that (Fg)° = Fgo is left as
Exercise 7.4.)

If Q(OFk) =0 then Q(Fk) = Q(Fko), i.e., T(K) = Q(Fko). Lemma 7.2
is proved if

T(K°) = Q(Fke),

where T(K°) = sup{T(K') : K’ € K, K’ C K°}.

This fact is true since for any open set in R¢, such as K°, there exists an

increasing sequence of compact sets K, such that K/ C K°and K° = |J KJ,.
n>1
Details are left in Exercise 7.7.

Remark. The capacity functional T is defined on the topological space F and

as such we can also consider the continuity of T' in the topology 7, i.e., T

is continuous at K € K if K,, — K in 7, then T(K) = lim T(K,). It is
n—oo

not clear whether 7' is continuous at K will imply that Q(0Fk) = 0. On the

other hand, if K, is an increasing sequence of compact sets in R¢, K,, — K

in 7 means K = [ |J K, |. We say that a sequence is regularly increasing
n>1
to K if, in addition, K° = |J K,. Let U(T') denote the class of compact sets
n>1

K such that for any sequence of compact sets K,,, regularly increasing to K,
we have T(K) = lim T(K,). It turns out that if K € Y(T) and K = (K9),

e.g., K is a finite union of closed balls in RY, then Q(0Ff) = 0. Indeed, let
K], be a sequence regularly increasing to K, i.e.,

K=|JK,| E°=|JK,

n>1 n>1
We have
Q(Fko) = nh_)n;o Q(Fk,) = lim T(K,)=T(K) = Q(F)

n—00
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and hence Q(0Fk) = 0.

Conversely, if Q(0Fk) = 0, then K € U(T). Indeed, when Q(0Fk) = 0,
we have T(K) = Q(Fk) = Q(Fko).

Let K, be a sequence regularly increasing to K, then

lim Q(Fk,) = lim T(Kp,).

n—oo

T(K) = Q(Fko) <Q (f S Kn)

n>1

On the other hand, since
T(Ky) = Q(Fk,) < Q(Fx) = T(K),

we have T'(K) = lim T(K,).

n—oo

In view of this analysis, the class of compact sets K in U(T) and K =
(K°) can be used to generate a convergence-determining class of the weak
convergence of probability measures on B(F). For details on this, see Salinetti
and Wets [110].

LEMMA 7.3 Let
D(T) = {Fg° g, :Ki€ K, T(K;)=T(K),i=0,1,...,n},
then:
(i) D(T) is closed under finite intersections,

(ii) for every closed set F, and any neighborhood V of F (in T ), there is an
AeDsuchthat Fe A°CACYV.

Proof.
(i) Let F° . and F{°  in D(T). Then,
Fretin VL ot = Fhe e Lo Lon
It remains to verify that
T(KoU L) =T((KoU Lo)°).

In view of Lemma 7.2, it suffices to show that Q(0Fk,ur,) = 0. But it is
obvious since
fKoULO :fKo U‘7:L0

and O(Fx, U Fr,) C 0(Fr,) UI(FL,).

(ii) The proof of (ii) is cumbersome! We refer the reader to page 416 in
Salinetti and Wets [110]. O
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Remark. Since the topological space (F, 7)) is separable, Lemma 7.3 says that
the class D(T) is a convergence-determining class. Thus in view of Corollary
1 (p. 14) in Billingsley [10], to establish the weak convergence of Q,, to Q, it
suffices that Q,, — Q on D.

Note also that if }"{é{’Kn € D(T), then Q(@]—"{gf’“”Kn) = 0. Indeed,

FEo o =FRONFg 0...NFk,
so that

AFR® . k) S 0Tk,
1=0

by noting that 9(FK) = §(Fg,). Thus, if T(K;) = T(K?), i = 0,1,...,n,
then, in view of Lemma 7.2, Q(0Fk,) = 0 and hence,

vvvvvv

THEOREM 7.1 Let Q, Q, be probability laws on the random closed
sets S, S, on R%, and T, T,, be their associated capacity functionals. Then

Qn , Q if and only if T,, — T on

C(T) = {K € K : T(K) = T(K°)}.

Proof.
(i) Necessity. In view of Lemma 7.2, if K € C(T), then Fk is a Q-continuity
set, and hence Q,(Fk) — Q(Fk), i.e., Tp(K) — T(K).

(ii) Sufficiency. In view of the above remark, it suffices to show that the
pointwise convergence of T}, to T on C(T) imply that @, — @ on D(T'). This
is achieved by induction, by noting that

For F&o € D(T),

Qn(}—KO) =1-Qn(Fk,) =1-T,(Ko) —

1 - T(Ko) =1 - Q(Fi,) = Qu(F ).
For F° € D(T)

Qn(FR®) = Qn(Frour,) — Qu(FX°) = Ty (Ko U K1) — Tn(Ko) —

T(KoUKy) — T(Ko) = Q(Fruk,) — Q(F) = Q(FL0).
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7.3 Weak Convergence of Capacity Functionals

The convergence in distribution of random elements with values in metric
spaces is formulated neatly in the Portmanteau theorem (see Appendix). The
large deviations principle (LDP) can be viewed as a generalization of weak
convergence of probability measures (see Appendix). Specifically, Let U be a
polish space (i.e., a complete, separable metric space), and U its Borel o-field.
A rate function is a function I : U — [0, 00] which is lower semicontinuous
(Ls.c.). A family {P., e > 0} of probability measures on U is said to satisfy
the large deviations principle with rate function I if, for all A € U,

- i}llf I <lim iélf& log P.(A) < limsupelog P-(A) < —inf . (7.1)
o e—s A

e—0

Remark. For a sequence of probability measures, we have ¢ = 1/n. If, in
addition, the rate function I is assumed to have compact level-sets, then
in[f] I(u) = 0 is attained at some wg since then I attains its infimum on a
ue

closed set.

As stated earlier, (7.1) is equivalent to

limsupelog P.(F) < —I(F), for F closed (7.2)
e—0
and
lim i(r)lfelog P.(G) > —-1(G), for G open, (7.3)
£E—

where I(A) = ing I(u).
ue
Now, let us take a closer look at (7.2) and (7.3). The set function 7 on U,
defined by 7(A) = e~ 1Y) is an idempotent probability, i.c.,

T(A) =suwpr({u}),  T({u}) =7(w) =",

u€A

which is upper semicontinuous (u.s.c.). Next, {Pf, ¢ > 0} is a family of
subprobability measures. Rewrite (7.2) and (7.3) as:

lirgljélp[Pa(F)]s < 7(F) (7.4)
and
lim inf[P(G)]° > (@) (7.5)

and take this as a definition for the convergence of the family of sub-
probability measures {P¢, & > 0} to the idempotent probability 7. Then,
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clearly, (7.4) and (7.5) remind us of the weak convergence of probability meas-
ures, in which, if P, 7 are replaced by probability measures, then (7.4)
and (7.5) are equivalent. Thus, the above concept of convergence of sub-
probabilities to idempotent probabilities (which is another way of stating the
large deviations principle (LDP)) is a generalization of weak convergence of
probability measures.

Note that u.s.c. “densities” of idempotent probability measures are rate
functions for LDP. Such idempotent probability measures are capacity func-
tionals of random closed sets on R?. By subprobability measures, we mean
here set functions v : B(U) — [0, 1] such that

a) v(0) =0.
b) v(A) = inf{v(G) : A C G open}, for any A € B(U).

o) v @1 An> < niv(An).

d) For any open G, v(G) = ;in% v(G~?), where G=% = ((G°)5)¢ with A5 =
{ueU: p(u,A) < 6}).

Note that v is monotone increasing in view of b). Also, the space M(U) of all
subprobability measures contains all idempotent probability measures (also
called supmeasures) and set functions of the form P¢ with € € (0,1] and P a
probability measure. The space M(U) is relevant to capacity functionals of
random closed sets in locally compact spaces.

In the following, we are going to consider another generalization of weak
convergence of probability measures.

In Section 7.2, we studied the convergence in distribution of random closed
sets by looking at the pointwise convergence of their capacity functionals.
In this section we view capacity functionals as generalizations of probability
measures on B(RY) and as such, we generalize the concept of weak conver-
gence of probability measures to the case of capacity functional, where the
Choquet integral will replace the Lebesgue integral in its formulation. We
then establish criteria for the convergence in distribution of random closed
sets in terms of this generalized weak convergence concept, called the Choquet
weak convergence. Students interested in a general framework for weak con-
vergence of bounded, monotonic set functions could read Girotto and Holzer
[37].

Random sets considered in this section are random closed sets on Euclid-
ean spaces or more generally, on Hausdorff, second countable, locally com-
pact spaces (HSLC). As random elements, probability laws of random closed
sets are probability measures on the Borel o-field (generated by the hit-or-
miss topology) of subsets of the space of closed sets of a HSLC space. Since
this space is metrizable (and compact), the convergence in distribution of se-
quences of random closed sets can be formally studied in the lines of weak
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convergence of probability measures on metric spaces (Billingsley [10]). How-
ever, due to the complexity of the spaces of sets, one would like to be able to
study this type of convergence at some simpler level. This is indeed possible,
thanks to Choquet’s theorem [15] characterizing probability laws of random
closed sets in terms of their corresponding capacity functionals. In other
words, it is possible to study the convergence in distribution of random closed
sets by looking at the convergence of capacity functionals as set functions.
This was done by several authors, including Molchanov [77], Norberg [93, 94],
Salinetti and Wets [110], and Vervaat [123]. Here, we investigate the conver-
gence in distribution of random closed sets also by looking at their capacity
functionals, but from a different point of view. We regard capacity functionals
are generalizations of probability measures, and as such, we first define a gen-
eralized weak convergence type for them, called Choquet weak convergence,
in which ordinary Lebesgue integral (of continuous and bounded functions)
with respect to probability measures is replaced by an integral with respect to
nonadditive set functions, namely, the Choquet integral. We next investigate
conditions on this type of Choquet weak convergence of capacity functionals
in order to obtain the convergence in distribution of underlying random closed
sets.

In the following, the Borel o-field on U will be denoted as B(U); the spaces
of closed, compact, and open subsets of U are denoted, respectively, as F,
IC, and G. The space F is topologized, as usual, by the hit-or-miss topology
generating the borel o-field B(F) on F. A random closed set is a measurable
map S from a probability space (2,4, P) to (F,B(F)). The probability law
of S is the probability measure Qs = PSS!, or simply @), when no confusion is
possible. According to Choquet’s theorem, Qg is characterized by its capacity
functional T, or simply T, defined on K by Ts(K) = P(SNK # 0) = Q(Fk),
where Fix = {F € F : FNK # 0}. Since F is Hausdorff, second countable and
compact, it is metrizable. As such, convergence in distribution of sequences
of random closed sets is defined as weak convergence of probability measures

n (F,B(F)). However, as in the case of random vectors, convergence of
corresponding capacity functionals seems simpler. When U is metric, conver-

gence of probability measures on (U, B( )) is defined as: p, w, p (weakly
convergent) iff [, f(u)dun(u) — [ f( ) for any f € Cy(U), the space
of continuous, bounded real- valued functlons on U. Since capacity functionals
(when extended to B(U) via T(A) = sup{T(K) : K € K, K C A}) are more
general than probability measures on B(U), we could extend the weak con-
vergence of probability measures to capacity functionals by simply replacing
the integral with respect to measures du by an integral with respect to a non-
additive set-function 7. Such an integral is known as the Choquet integral.
Recall that (see Chapter 6) the Choquet integral of a measurable function f,
with respect to a capacity functional T, is defined as

[e) 0
/U fdT = /O T(f >t)dt + / [T(f >t) — T(U)]dt.

—0o0
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A sequence of capacity functionals T;, converges, in the Choquet weak sense,
or Choquet Weakly converges, to a capacity functional T"iff [, f(u)dT,(u) —
Ju f( ), for any f € Cy(U), where the integrals are taken as the Choquet
mtegrals in symbol, T —ecw T.

While this seems to be a natural, and a convenient way of studying the
convergence in distribution of a sequence of random closed sets, S, to S, i.e.,

the weak convergence of their probability laws Q. to Q on the metrizable

space (F,B(F)), it is not clear whether @, w, Q is equivalent to T}, oW

T, where T,,, T are associated capacity functionals of @,, @, respectively.
It turns out that, unlike the neat situation for random vectors where weak
convergence of distribution functions is equivalent to weak convergence of
their associated Stieltjes probability measures, the Choquet weak convergence
of capacity functionals is a little stronger than the weak convergence of their
associated probability laws. Thus, the rest of this chapter is devoted to the
investigation of relationships between these two related types of convergence.

In all of the following, we always denote T', T;, the capacity functionals
associated with the probability measures @, Q.

First, here is an example showing that @, , () does not necessarily imply

T, /g T. Consider U = R and a sequence of random variables X,, with
distributions functions

Fn(x)—< j—l) for z > 0, and zero for x < 0.
x

Since for each z € R, F,(z) — 0, as n — oo, X,, does not converge weakly.
Let S,, = {X,,} be the sequence of singleton random closed sets with capacity
functionals

T,(K) = P(S, N K #0) = P(X, € K)

For any K € K, P(X,, € K) < P(X,, < maxK) = F,(maxK) — 0 as
n — oo, we have that T,,(K) — 0 as n — oco. Now, T' = 0, identically, is a
capacity functional, and as such, according to the Choquet theorem, there is
a random closed set S with probability law () determined by T'. Note that @
is the Dirac probability measure at the point () of F(R). Let @,, denote the

probability laws of S,,, n > 1. Then @, oW @ since T, converges to T on
K, see e.g., Molchanov ([77], p. 8). However, T, does not converge to T in
the Choquet weak sense. This can be seen as follows.

Let f(x) = 1 for any € R. Then, for any n, [ f() = 1, since for
0<t<l, (f>=t)=R,and T,(R) = sup{T,(K) : KEIC}— (XnER)—
since probability measures on R are tight, whereas [ f(z)dT = 0.

It is interesting to note that, for HSLC space U, the Weak convergence of
Q, Y Q does imply that Jo f(w)dT, — [ f( ) for f € CF(U),
the space of nonnegative continuous functlons with compact supports on U,
a subset of Cy(U).
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THEOREM 7.2 Let U be a HSLC space. Then Q, —— Q implies
fU f(w)dT, fU ) for f € CH(U).

Proof. For f € Cy(U), we write ||f|| for sup{|f(z)| : 2 € U}. Now let f €
CH(U). First, observe that for each ¢t € (0, f]|), the closed set {f >t} C K, a
compact containing { f # 0}, and hence compact, so that Fys>) = F-Flrzt}
is closed in F. Moreover, iy is open in F. We denote by J(.) and (.)°
the boundary and interior operators, respectively. Then

N Fyp>ty) = Fypzey — (Fryon))” © Fupsey — Fipsey
Thus,
I£1 £
0< QO(Fyp>ey)]dt < Q[Fi>1y — Frpsnyldt
0 0

= /”fl[T(f 2t)=T(f >t)]dt =0,
0

meaning that Fys> is a Q-continuity set, for almost all ¢ € (0, [|f]|). Now,
assuming @, —, @, and using Lebesgue’s Dominated Convergence theorem
(noting that |Q,| < 1, |Q] < 1), together with Billingsley’s Portmanteau
theorem, we have

lim [/den—/de} = lim Hf“[Tn(fzt)dt—T(th)]dt

n—o0 n—o0 0
1

— lim [Qn(Fis21y) — Q(Fp>ey)ldt

n—oo

n—oo

1

O

In the special case of metric spaces like U = R?, it turns out that Theorem
7.2 admits a converse.

THEOREM 7.3 Let U =R®. Then [, f(u)dT, — [y f( ) for
any f € CH(R?) implies Q,, Y. 0.
Proof. Let p denote the euclidean distance on R?. For K € K, = K \ (), and

j > 1, define ¥ : R? — [0,1] by W (z) = max{0,1 — jp(z, K)}. Clearly,
W € CFH(RY), so that, by hypothesis,

n—00

lim [ W (z)dT, = /\If%{(x)dT, for any K € K, and j > 1
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and, in particular,

lim [ W (z)dT, = /\If{((x)dT, for any K € S(T)\ 0, and j > 1

n—oo

where S(T') = {K € K: T(K) = T(K°)}. Since F is compact metrizable, the
space of (Borel) probability measures M(F) on F is also compact metrizable
in the weak topology. Thus, for each subsequence @, of the sequence @,
there exists a further subsequence @),,; weakly converging to some probability
measure W of /\/l( ). Let R be the corresponding capacity functional of

W. Since Q. w, W, we have, by Theorem 7.2, that hm f \I/J x)dT,, =

[ Wl (x)dR, for any K € Sg\ 0, and j > 1. Thus, [ ¥/ (= dT [ (x dR
for any K € SpNSr\ 0, and 5 > 1. But then, by Lemma 7.4 below, T R
on K which, in turn, implies that Q = W, by the Choquet theorem. O

LEMMA 7.4 Let T and R be two capacity functionals on KC(R?). If
f\IIJ )dT = [ W (x)dR for any K € SgN Sy \ 0, and j > 1, then T = R

Proof. For K € Sg NSt \ §, we have
K C{z: W (z) >t} ={z:plx,K) < (1-1t)/j} for any t € (0,1]

i.e., the sequence of compacts {z : W (z) > t} decreases to K as j — oo.
By Lebesgue’s Dominated Convergence theorem and upper semicontinuity of
capacity functionals, we have

1
R(K) = / hm R({W). > t})dt = hm / W (z)dR
0 Jj—
1 1 _
= lim | W (a)dT :/ lim T({¥e > t))dt = T(K)
—o0 Jg 0 J—o©
ie., T=Ron SgNSr. Now, for K € I, let
f(z) =max{0,1 — p(z, K)}.

Since fo (f > t)dt = fo (f > t)dt, we have T(f > t) = T(f > t) almost
everywhere in t € (0, 1).
But T(f > )~ T(f > 1)° < T(f > t) = T(f > t) and

(f > 8) = {e:pla.K) <11}

is compact, so we have (f > t) € Sy, a.e. t € (0,1). Similarly for R at the
place of T, we have (f > t) € S NSy, ae. t € (0,1). Choose a sequence t;
C (0,1) such that (f > ¢;) € SkNSp, i > 1and t; /1 asi — oo. Since
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(f > t;) \\ K as i — 00, as before, we have R(f > t;) =T(f > t;), for i > 1.
By semi-upper-continuity,

R(K) = lim R(f > t;) = lim T(f > t;) = T(K).

i—00 1—00

In order to prepare for the following results, we need to spell out some
concepts as well as some known results. In this section, U will be a HSLC
space.

First, if K € K, then Fg is closed in the hit-or-miss topology on F, and
Fro is open, and O(Fg) C Fx —Fgo. For a given capacity functional T'
with its associated probability measure @, we have

QO(FKk)) < Q(Fkx — Fgo) = T(K) — T(K?).

Thus if T(K) = T(K?°), then Fk is a Q-continuity set. We let C(T") = {K €
K:T(K)=T(K°)}.

Let W= {A € B(U) : A € K}, the class of Borel sets with compact closure.
Following Norberg [93], a subclass H of W is said to be separating if for
K ek, Geg, with K C G, there is some A € H such that K ¢ A C G.

We need three lemmas.

LEMMA 7.5 (Norberg [93]) Let {T,,} be a sequence of capacity func-
tionals, with associated {Q,}. If there exists a separating subclass H of W
and a capacity functional R such that

R(A°) < liminf T, (A) < limsupT},(A) < R(A) for any A € H,

n—oo n—00

then there exists a probability measure () with associated capacity functional
T satisfying Qy, v, Q and T =R on K.

LEMMA 7.6 (Norberg [93]) IfT, oW T, then limsup T,,(F) < T(F)

n—oo

for any F' € F.

Proof. Let ) # F € F. Let Gy € G such that G \, F' and T(Gy) \, T(F).
For each k, let fi be a continuous function from U — [0, 1], zero on U \ G,
and equal 1 on F' (which exists by Urysohn lemma, valid on the HSLC space
U since a LC space is regular, and, together with second countability, it is
Lindelof, and hence normal. See a text on general topology like Engelking
[28]). Note that, for 0 <t <1, F C {fi >t} C {fx > 0} C Gy, it follows
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that, for each k, in view of T}, oW T,

1
limsup 7, (F') = lim sup / T, (F)dt
0

n—oo n—oo

1
< limsup/O To({fr > t})dt

n—oo

1 1 1
:limsup/o fden:/O fdez/O T({fx > t})dt

n—oo

Thus,
1
lim sup T, (F) < lim inf / T({fx > t})dt
n— o0 — 00 0
1
< Jim [ T(Gr)dt =T(F).
— 00 0
O

LEMMA 7.7 IfT, =% T, then liminf T,(G) > T(G) for any G € G.

Proof. Let § # G € G. Let K, € K such that Ky /G and T(Ky) / T(G).
By Urysohn’s lemma, let g : U — [0, 1] which is continuous, zero on U\ G and
equal 1 on K, for each k. Taking into account the fact that, for 0 <t < 1,
we have

Ky C{gr >t} C{gr >0} C G

and, by hypothesis, T, oW T, we get

1
liminf T,,(GQ) = liminf/ T, (G)dt
0

n— 00 n—00
1
> liminf [ T,({gr > t})dt
0

1 1 1
= lim inf/ g dT, = / grdT = / T({gr > t})dt.
0 0 0

n—oo

Thus,
1
liminf 7,,(G) > limsup/ T({gr > t})dt
n—0o0 k—oo Jo
1
> limsup/ T(Ky)dt =T(G).
k—oo 0
O
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We set out now to show that the Choquet weak convergence of capacity
functionals is stronger than the weak convergence of their associated proba-
bility laws.

THEOREM 7.4 Let U be an HSLC space. Then T, “=% T implies
Qu > Q.

Proof. The class C(T') is separating. Indeed, for K € K, G € G, with K C
G, since U is HSLC, by the compactness of K, there exists A € G, such that
AeK,and K C ACG. Since K and U \ A are closed disjoint sets, there is,
by Urysohn’s lemma, a continuous function f : U — [0, 1] zero on U — A, and
equal 1 on K, so that

KC{f>t} CACGforanyte(0,1).

Note also that T{f >t} = T{f > ¢} almost everywhere on ¢ € (0,1). Choose
B = {f > t,} for some t, € (0,1) with T{f > t,} = T{f > t,}. Keeping
in mind that {f > t,} C B° C B, we have T(B) = T(B°) = T({f > to})-
Moreover, B = B~ C A~ € K implies that B € K and thus, B € C(T'). On
the other hand, in view of Lemmas 7.6 and 7.7, we have, when T}, oW T, for
any K in K,

limsup T,,(K) < T(K)

n—oo

liminf T, (K°) > T(K°),

n—oo

hence, for any K € C(T),

T(K?) <liminf T,,(K°) < liminf T, (K) < limsup T,,(K) < T(K).

n—oo n—oo n—00

By Lemma 7.5, there exists a random set S’ with probability law @’ and

corresponding capacity functional R satisfying @, v, Q" and T = R on K.
It then suffices to use the Choquet theorem to conclude that Q = QV, i.e.,

Qn —w Q. O

Remark. We can use this result to show that the Choquet weak limit of
capacity functionals is unique. Indeed, since F with the hit-or-miss topology
is compact and metrizable, the space of all probability measures on its borel o-
field, equipped with the weak topology (generated by the weak convergence of

probability measures), is compact, metric (and hence Hausdorff). It T;, oW

T, and T, % 7', then Q,, 2% Q and Q, 2 @'. But then Q = ', and
hence, T = T’, by uniqueness in the Choquet theorem.

To find out how strong T, =W T is with respect to @, w, @, we introduce
the concept of tightness in the context of capacity functionals as follows. Let
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T be a capacity functional. A family I' of capacity functionals is said to
be T-tight if for each set of the form A = {z € U : f(z) > a}, for some
f €Cy(U) and a € R, such that T(f > a) = T(f > a) (such a set A is called
a T-continuous functional closed set) and each € > 0, there exists a compact
set K (A, ¢) such that

sup{R(A) — R(ANK): ReT} <e.

Note that U is obviously a T-continuous functional closed set for any T, there
exists a compact K (U,¢) such that

sup{R(U) — R(K): ReT} <e.

Also, finite families of capacity functionals are T-tight, for any T'.

THEOREM 7.5 IfT, % T then the sequence {T,,,n > 1} is T-tight.

Proof. Since U is HSLC, there exists a sequence Oy, € G such that O, € K
and 0y /" U. Let A= {f > a} be a T-continuous functional closed set. Since
O, N{f >a} / {f > a}, we have, by upper semicontinuity of T,

T(Ox{f>a}) /THS >a}).
For each € > 0, there is a k, such that
0<TH{f>a})—TON{f>a}) <e/2for k> k,.
By Lemmas 7.6 and 7.7, we get
lim sup(T (4) — T, (05 N A)] < limsup[T,(A) — To(Og N {f > a})] <

n—oo n—oo

limsup T;,(A) — iminf 75, (O, N {f > a}) <

TA)—TOrN{f>a})=T{f >a}) —T(OrN{f >a}) <e/2.
Since any finite family of capacity functionals is T-tight, we obtain that
{T,,n > 1} is T-tight. O

THEOREM 7.6 T, % T if and only if Q, ~~ Q and {T,,n > 1}
is T-tight.

Proof. The necessity comes from Theorems 7.4 and 7.5. The sufficiency
follows from Lemmas 7.8 and 7.9 below. O

LEMMA 7.8 If Q, -5 Q and {T,,n > 1} is T-tight, then
liminf [ fdT, > [ fdT, for any f € Cy(U).
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Proof. For f € C,(U), we have, for n > 1,
LAl
[tz = [ 15> i - 1,0) 5]

[ gar= [ 1> nat - ) 151
=I£ll

Since @, w, @, we have, by Billingsley’s Portmanteau theorem, noting that
F(f>¢) is open in F,

lim inf Qu(Fiy50) > Q(Firon) for t € (— 7], 1£1)-

On the other hand, for each € > 0, since {T,,,n > 1} is T-tight, there exists
a compact K such that sup, [T, (U) — T, (K)] < . Since Fx is closed in F,
we have limsup Q,(Fk) < Q(Fk). By the Choquet theorem and the Fatou

n—oo

lemma,

1
liminf | fdT, > 1iminf/ To(f > t)dt — limsup T,,(U) || f]| >

L1l
lim inf Qn(F(y>e))dt — limsup[T, (K) +¢] || f|| >
n—oo

SRR Vil

0
[ timint Qu (gt ~ limsupiQu(Fic) 1] - €] 1] =

I

71l

1Ig QF(s>0)dt = Q(FK) IfIl = €] IFIl =

71l

|y Q)= Q) 1 =<l =

I1£1
/ T(f>t)dt =TO) [l f]| =l 1] :/def6||f||~
il

Since ¢ is arbitrary, we have that liminf [ fdT,, > [ fdT. O
n—oo

LEMMA 7.9 If Q, -5 Q and {T,,n > 1} is T-tight, then
limsup [ fdT,, < [ fdT, for any f € Cy(U).

Proof. For any fixed f € Cy(U), the decreasing function ¢ — T(f > t) is
Riemann integrable on [— | f|, || f|]]. Since (f > t) is a T-continuous func-
tional closed set, a.e. on (— || f|| — 1, ||f]| + 1), there exists, for each ¢ > 0, a
subdivision

—|fll=to<ti <...<tm=]|f|

of [ I, |If|l] such that
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(i) (f >t;) is a T-continuous functional closed set for j =0,1,...,m —1,
m—1

(ii) ZO T(f 2 tj)(tj41 —t;) =T |l < [ fdT +e.
i=

Since, by hypothesis, {T},,n > 1} is T-tight, there is a compact K such that
sup[T,(f > t;) —Tn((f >t;)NK)] <¢, for j=0,1,...,m—1.

Since Fy is open and F(y>¢,)nk is closed in F, we have, by the Billingsley’s
Portmanteau theorem,

lim inf Q. (Fv) > Q(Fv)

and
lim sup Qn (F(y>1,)nk) < Q(F(r>t,)nK)-

n—oo

Hence, by the increasing monotonicity of 7T}, and the Choquet theorem,

lim sup / fdT,

n—oo

Wl
~ Jimsup| / Tu(f > t)dt — T (U) | £]]

n—oo £

mol o ortie
<timsup( Y [ T(f > )dt] ~ limint Qu(Fy) ]

nTmee =0 Yl

m—1

< limsup Z To(f > t5)(tj+1 —t5) — Q(Fu) || fl

n—oo

o

<.

3

<limsup » [To((f >1t;) N K)+el(tj41 —t;) =TU) S|l

n—oo

<.
I
o

3
L

<limsup » [Qn(F(r2e)nr)t41 — ) + 2 [ f| = TU) [ /1]

n— oo

o

—
<.

m—

IN

Q(F(>t)nK )ty —t5) + 2| f = TU) || £l

3 <
I
Lo

T((f = t;) N K) (1 — t5) + 2 | fI = TO) | £]]

3 .
Il
Lo

IA

T((f = t) (e = t5) + 2 [ fI| = T@O) [ f]]

(=)

< [ fdT +e+2¢|f|.
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Since £ > 0 is arbitrary, we have limsup [ fdT, < [ fdT. O

n—oo

Remark. On compact metric spaces, the Choquet weak convergence of capac-
ity functionals is equivalent to the convergence in distribution of their associ-
ated random closed sets, since then, every sequence of capacity functionals is
T-tight, for any capacity functional T'.

7.4 Exercises

7.1 Let (U,p) be a metric space and M(U) be the space of all probability
measures on the Borel o-filed of U. Consider the following collection of subsets
V of M(U):

A eV iff Ais of the form

[Q e M) ‘/fidQ - /fidP

where P € M(U), e >0, f; € Cp(U), k > 1.

<ei=12...k}

(i) Verify that V forms a base for a topology.

(ii) Show that for P,, P € M(U), P, — P in the above topology is equiva-
lent to P, — P weakly.

7.2 Let (U,p) be a metric and separable space. The Prohorov metric on
M(U) is defined as follows:
A(P,Q) =inf{e > 0: P(A) < Q(A®) + ¢ for all closed sets A of U},

where
A*={zeU:p(x,A) <e},

p(z, A) =inf{p(z,y) : y € A}.
(i) Verify that A is indeed a metric.
(ii) Show that for P,, P in M(U),

P, — P weakly <= A(P,,P) — 0, as n — oc.

7.3 Let F,, € F(R?). Define

liminf F,, = {z € R?: 2z =limz,, x, € E.},
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limsup F, = {z € R?: 2 = lim 2, 1),
Ty (k) € Fpy for subsequence n(k), k> 1}.

Define F,, — F when F = liminf F,, = limsup F},.

Show that F,, — {) if and only if for each compact K € K(RY), there exists
n(K) such that n > n(K) implies F,, N K = (.
7.4 For K € K(R?), show that

(fK)O = f(K)u.

7.5 Let Q, Q,, be probability measures on B(F) with corresponding capacity

functionals T', T}, on K(R?). Show that T,, — T on K implies @, , Q.

7.6 Consider the relation Q(Fy) = T(K) for K € K. For Ky, K; € K such
that T(Ko) = T(KS), T(K1) = T(K?), show that Q (af{go) = 0, where

Fro=FRo N Fr,.

7.7 With the notation of Exercise 7.6, define
T(G)=sup{T(K): K e K,K C G}
for any open set G of R%. Let K € K, show that

T(K°) = Q(Fxo).

7.8 Let K; € K(R?),i=0,1,2,... Show that if Q(0Fx,) = 0, then

@(0(7kiw)) =0

where
K K
]:5’2_]: °NFr, N Fr,.

7.9 Show that if S, % S, then S, — S.

7.10 Show that if S, £, S, then S,, — S in distribution.
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Chapter 8

Some Aspects of Statistical Inference
with Coarse Data

The theory of random sets is developed, within the general theory of probabil-
ity, for a variety of applications. In this introductory text, we will only touch
upon its applications to statistics. Specifically, having coarse data analysis as
a potential application of random set theory, we will present in the following
sections some preliminary frameworks for random set observations.

8.1 Expectations and Limit Theorems

In previous chapters, basic concepts of random closed sets, as a specific
type of random elements taking values in a metric space, have been devel-
oped without major difficulties. With capacity functionals playing the role
of probability measures, we define the integral of real-valued functions with
respect to capacity functionals by the Choquet integral. Now, let @ be the
probability law of a random closed set S on R%, say. While it is intuitive and
in fact desirable to consider the “expected set” of S, it is not clear how this
generalization of the concept of an expected value of a random variable can
be formulated. Locally speaking, the technical difficulty comes from the fact
that we are dealing with set-valued functions, rather than with point-valued
functions. Integration of set-valued functions is a difficult mathematical topic,
due mainly to the structure of sets. There are attempts to formulate such a
theory of integration such as in mathematical economics (e.g., Debreu [18]),
as well as embedding sets into Banach spaces and considering abstract inte-
gration in such spaces. From an application viewpoint, the above approaches
do not seem to be practical.

A simpler way to address this problem is to directly define a concept of
expectation of a random set generalizing expected value of a random variable.
There are different ways of doing so as in any generalization problem. For a
survey of different concepts of expectation of random sets, see Molchanov [79].

The most popular definition of the expectation of a random closed set is
based on Aumann integral (Aumann [6]). The development of the Aumann
integral has the flavor of coarse data analysis in which the random set under
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consideration plays the role of a coarsening scheme.

Let S be a random closed set, defined on (92,4, P), and taking values in
F(R?), say. Let L'(, A, P), or, more generally, LP(Q, A, P), for 1 < p < oo,
denote the space of (equivalent classes of) integrable random vectors X : Q —
R?. Specifically, let X : Q — R be a d-dimensional random vector, i.e.,

X1 (w)
X(w) = ,
Xd(w)

where X; : Q - R, i=1,2,...,d.
For x = (21,...,74) € R%, the euclidean norm of z is

d 1/2
]| = (Z 9«"?) :
i=1

The random set X is said to be integrable if E(]|X||) < 400, where, as usual,

B(|X]) = /Q X | ()dP(w),

X =(X1,X0,....Xq), X;:Q—>R, i=1,2,,....d

The class of a.s. selectors of S (i.e., random vectors X :  — R? such that
Plw: X(w) € S(w)) =1) is denoted as S(5). The class

T(9) =8(S)NLY(Q, A, P)
is the class of integrable selectors of S.

Remark. In view of Norberg’s theorem (Chapter 5), the study of a.s. selectors
of S (as models for population with coarsening scheme S) can be reduced to
the study of the core(T) of the capacity functional T of S.

When 7 (S) # 0, the Aumann integral of S is defined to be

E(S)={EX: X eT(8S)).

Remarks.

(i) Since S takes values in F(R%), E(S) should be in F(R%). In a general
setting (such as separable Banach space), E(S) might not be a closed set, the
expectation of S should be taken as the closure {EX : X € 7(S)}. However, on

finite-dimensional spaces like R, () is a closed subset of R? (see Molchanov
[79]).
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(ii) The expectation of a random closed set S on R? is taken to be the
Aumann integral ES above when 7(S) # 0. By analogy, we say that the
random closed set S is integrable if T(S) # (. A necessary and sufficient
condition for 7(S) # 0 is that the random variable w — {inf{||z| : z € S(w)}
is integrable (see Molchanov [79)]).

(iii) Note that S, being a (nonempty) random closed set on RY, S(S) # 0,
and moreover S admits a Catsaing representation, i.e., S is the closure of a
sequence of its selectors.

The estimation of F(S) from a random sample S1, 52, ...,5, drawn from
S is typically justified by the strong law of large numbers. If we look at the
sample mean of a random sample X1, Xo, ..., X,, of a random variable X, i.e.,

Xi+Xo+...+ X,

)

n

then we realize that we need to define addition and multiplication (with
scalars) for random sets. On the vector space RY, these operations can be
taken as Minkowski operations for sets.

For A,B C R? and o € R, we put

A B={z+y:z€ A,y € B},

aA={ax:z € A}.

Note that if A and B are compact then A® B is also compact, but a Minkowski
addition of arbitrary closed sets might not be a closed set. Thus, in a simple
case, we shall consider (nonempty) compact random sets in the setting of laws
of large numbers.

On the other hand, the convergence of sequences of random vectors can
be generalized to the convergence of nonempty compact subsets of R? in the
sense of the Hausdorff distance on IC(R?) \ {}}. Let p denote the euclidean
distance on RY, i.e., for & = (21, 29,...,24), ¥ = (Y1,Y2,...,%q) in RY,

d 1/2
p(z,y) = (Z(xi - Z/z‘)2> :

i=1

The Hausdorff metric H, on K(R?) \ {0} is defined as follows. For A, B €
KR\ {0},
,(4,) = max {sup o, ) sup pla 4) |
TE€EA z€B

where p(x, A) = inf{p(x,y) : y € A}.
A typical law of large numbers for random sets is this (see, e.g., Artstein
and Vitale [5]).
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THEOREM (SLLN) Let S1,Ss,...,S, be an iid. sample from a
random compact set S on R?. Suppose that E||S|| < oo, where ||S|(w) =
sup{||z| : € S(w)}. Then

1 a.s.
as n — oo, in the H ,-sense.

As expected, central limit theorems for random sets should also be investi-
gated for the purpose of large sample statistics with random set observations,
in particular for coarse data analysis. We simply refer the interested readers
to, e.g., Molchanov [79].

8.2 A Statistical Inference Framework for Coarse Data

Recall that the statistical problem for set-valued observations is as follows.
Let X be a random vector, defined on some probability space (2, A, P) with
values in R?. The probability law pg of X is the probability measure PX !
on B(RY), the collection of all Borel subsets of R<.

Let X1, Xo,..., X, be a random sample drawn from X. The Glivenko-
Cantelli theorem asserts that pg can be estimated by the empirical measures
dF,, where

Fn(m):%#{lgign:Xigx}

is the empirical distribution based on the sample X, X, ..., X,,, where #
denotes the cardinality. In other words, for n sufficiently large, pg is in some
neighborhood of dF,.

Suppose that we cannot observe the X;’s directly, but instead, we observe
random sets S1,Ss,...,S5, with X; € S;, i = 1,2,...,n. In this situation,
in order to construct an estimator of uy based on S1,S5s,...,5,, we need to
develop an appropriate model. Schreiber [113] assumed that the observed sets
S1,89,...,5, are an i.i.d. (independently and identically distributed) sample
from a random set S and the population X is an almost sure selector of S.
We are going to extend Schreiber’s work from finite sample spaces to compact
metric spaces.

Thus, we consider now a random element X taking values in a compact
metric space (Y, p), such as [0,1] with the usual euclidean metric, i.e., X is
A-B(Y)-measurable, where B(Y') is the Borel-o-field on Y generated by the
metric p.

Recall that the core of the capacity functional T of S is defined by

core(T) ={pe M) : p<T},
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where M(Y) is the collection of all probability measures on B(Y), and we
write p X T if u(K) < T(K) for all K € Ky. Here Ky denotes the collection
of all nonempty compact subsets of Y.

It is well known that core(T) # () if Y is compact metric space. It follows
that the set of almost sure selectors X of S, i.e., random elements with val-
ues in Y such that P(X € S) = 1, is nonempty since core(T') is the set of
probability laws of selectors of S (see Norberg [96]). Thus, the population
X, viewed as an almost sure selector of S, is adequate. Let us elaborate a
little more on this. Essentially, probabilistic models are proposed to model
observed data when uncertainty is present. Depending on the type of observed
data, statistical procedures are derived in order to make inference about the
random phenomenon under study.

Set-valued observations are an example of a new type of data, generaliz-
ing point-valued observations in standard statistical applications. They arise
in several different contexts. Traditionally, statistics of random sets was in-
vestigated to study random patterns of objects such as the Boolean model
(Molchanov [73, 78]). Here, random compact sets in euclidean spaces are
used to model observed sets (as a generalization of point processes), and the
associated statistics is concerned with the inference about various parameters
of the random patterns under study such as the expected area, the expected
perimeter, and the distribution of the random set model. Note that random
set data can arise even in standard framework of multivariate statistics. This
is exemplified by the problem of probability density estimation using Harti-
gan’s excess mass approach (Hartigan [50], Polonik [100]). In biostatistics,
set-valued observations arise as coarse data: Heijtian and Rubin [51], Gill
et al. [36]. Here, the random variable of interest X is not observable, but
instead, one observes the values of some random set .S containing X almost
surely. From a modeling point of view, X is an almost sure selector of S,
ie., P(X € S) = 1. In the above cited works in biostatistics, the emphasis is
on models of S that make inference about X feasible. This is the essence of
the CAR model. In a related direction, Schreiber [113] set out to investigate
a general framework for inference with set-valued observations. His result
were reported for the case where the random variable of interest X takes a
finite number of values. As in Schreiber’s work, our emphasis is on models
based upon the capacity functional T' of the observed random set S. As an
example, consider the the simplest model in Van der Vaart [121]. Let the
observed random variable be V' which takes values in the compact subspace
[0, M] C R. The random variable of interest X is not directly observable,
but P(X € S) = 1 where S(w) = [0,V (w)], i.e., P(X < V) = 1. The sto-
chastic ordering X < V (a.s.), in the context of coupling, is equivalent to
Fy(.) < Fx(.), where Fx and Fy denote the distribution functions of V' and
X, respectively. If X is assumed to be independent of V', the independence
assumption restricts further the class of distribution functions dominating Fy/,
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namely, y
PX<V)= /0 Fx(v)dFy(v) =1 (8.1)

Let © be the class of distribution functions F' such that F(z) = 0,Vx < 0,
Fy < F and satistying (8.1). Then O is the parameter space for F'x. Now, in
our setting, the capacity functional T' of the random set S = [0, V] is defined
on Borel sets of [0, M] by

T(A) =sup{T(K),K C A,K € K} (8.2)
where IC denotes the class of all compact subsets of [0, M], and here
T(K)=P(SNK #0)=PV >minK)=1- Fy(min K)
where min K denote the greatest lower bound of the compact subset K. Thus,
core(T) ={dF : dF <XT} ={dF : F € 0},

where, again, dF' denotes the probability measure associated with the distri-
bution function F.

Now, back to our general framework, the empirical capacity function 7
based on the i.i.d. random set sample S, So, ...,.S, is defined on I as

TM(K) = %#{1 <i<n:SiNK#0}.

Clearly by the strong law of large numbers, 7" (K) — T(K) almost surely
as n — oo for any K € K. Note that dF,, € core(T™) a.s. for any n.

The counterpart of the empirical measure dF,, is the core(T(”)), which
is a subset of M(Y). Since pg € core(T), the estimation of uo based on
S1,8s,...,S, is based on the approximation of core(T) by core(T(™)). We will
also show that the rate of convergence of core(T™) to core(T) is exponential.

Remark. In applications, we assume, as in Schreiber [113], that the unknown
1o belongs to a priori known class = of probability measures on B(Y). In
the special case where =N core(T) = {uo}, the approximation of core(T") by
core(T},) leads to a consistent estimator of pg.

The following material is drawn mainly from Feng and Feng [33]. Let (Y, p)
be a compact metric space. Denote by Ky = K(Y) the collection of all non-
empty compact subsets of Y. Endow Ky with the Hausdorff metric H,. It is
well known that (Ko, H,) is also a compact metric space (see, e.g., Mathéron
[73]). Let B(Y) and B(Ky) be the collections of Borel sets in (Y, p) and
(Ko, H,), respectively.

Denote by M(Y') the collection of all probability measures on Y, and C(Y)
the space of all continuous real functions on Y endowed with the uniform
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topology. Since Y is compact, there exists a sequence {f;} of continuous real
functions dense in C'(Y). Define a metric A on M(Y) by

- \[ fidp — [ fidv|
) =2 ST (53

where || f]| := maxyey |f(y)|. Then the metric A on M(Y) gives the weak-
star topology, and (M(Y),A) is a compact space (see, e.g., Walters [126],
Theorems 6.4-6.5).

Let Ko(M(Y)) denote the collection of all nonempty compact subsets of
M(Y') endowed with the Hausdorff metric Ha, and B(Ko(M(Y))) the collec-
tion of all Borel sets in Ko(M(Y)).

Denote by A(Y") the class of all nonempty sets E C Y such that

{KEK:()KQE#Q)}EB(K())

We will see that the class A(Y") contains all the nonempty compact sets and
open sets in (Y] p).

Recall that a nonempty compact random set S is a map defined on a prob-
ability space (£2,.4, P) taking values in Ky, and measurable with respect to
A-B(Kg). The capacity functional of S is denoted as T or simply T

First, we define a pseudometric on the space of all capacity functionals on
A(Y). For any € > 0 and E C Y, denote by B.(E) the e-neighborhood of E
in Y. That is,

B.(E):={y €Y : 3z € E with p(z,y) < e}.

For simplicity, we denote B:(y) = B-({y}) fory € Y. A set E C Y is called
an e-spanning set of Y if B.(F) = Y. By the compactness of Y, for each
€ > 0 there exists an e-spanning set consisting of finitely many points. For
n > 1, we choose a 1/n-spanning set H,, of Y such that H,, is a finite set.
Define

0, = {Bl/n(E) :ECHn}, n>1. (8.4)

For two capacity functionals T' and T”, define

AT, Ty = 27 #i N (W) = T'(W)). (8.5)

n>1 weo,

We establish some lemmas that will be needed in subsequent analysis.
LEMMA 8.1
(i) If {E,} is an increasing sequence of sets in A(Y"), then 117{11 E, € AY).
(ii)) E € A(Y) for any FE € K.
(iii) E € A(Y) for each open subset E of Y.

© 2006 by Taylor & Francis Group, LLC



190 An Introduction to Random Sets
Proof. Note that if {E,} is an increasing sequence of sets in A(Y), then
(KeK:KNlimE, £0} =lim{K € K: KNE, #0},  (8.6)

from which (i) follows. For (ii) and (iii), see Sections 1.1, 1.2, and 2.1 of
Mathéron [73] 0

LEMMA 8.2

(i) If {E,,} is an increasing sequence of sets in A(Y'), then T <lim En) =
Hm T(E,).

(ii) If {E,} is a decreasing sequence of sets in K, then T (limEn> =

lim T (E,).

Proof. To see (i), note that if { £, } is an increasing sequence of sets in A(Y),
T (limEn) —p (5—1({K €K:KNlmE, # @}))
n n

=P (USl({KeIC:KﬂEn #@}))

= lim P (ST'{K e K: KNE, #0}))
= liTEnT(En).

For (ii), see Sections 1.1 and 1.2 of Molchanov [77]. O
As a direct corollary, we get
COROLLARY 8.1 Forany E € K, we have

lim 7 (B-(E)) = lim T (B.(E)) = T(E).

Proof. It suffices to show lim T (Bl/n(E)) = T(E). To see this, note that
{Bl/n(E)} is a decreasing sequence of compact sets in Y with lim B, /,,(E) =
n
E. Tt follows from Lemma 8.2 that lim T (B; (E)) =T(E). m|
n n

PROPOSITION 8.1 If u € core(T), then for any E € B(Y), there
exists F C E with F € A(Y) such that u(E) < T(F).
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Proof. Since Y is compact, p is a Radon measure. Thus for any E € B(Y),
there exists an increasing sequence of compact sets K,, C FE with u(E) =

limpu(K,) = p (lim Kn) Denote by K = lim K,,. By Lemma 8.1, we have
K € A(Y). By Lemma 8.2, we have

T(K) =1lmT(K,) > limu(K,) = u(F).
O
PROPOSITION 8.2 A(T,T") = 0 += T(K) = T'(K),¥K € K.

Proof. First we prove “<=." Assume T(K) = T'(K) for all K € K. For
any W € O,, there exists an increasing sequence of sets K; € K such that
W =lim K,. By Lemma 8.2,

3

T(W) = im T(K,) = im T'(K,) = T'(W),

from which A(T,T") = 0 follows.

Now we prove “=." Assume A(T,7’) = 0, that is, T(W) = T"(W)
for any n and W € O,. For any K € K define E, = B;/,(K) N H, and
Wy = Bi/n(Ey). It can be checked that W, € O,, and W,, > K. Moreover the

sequences {W,,} and {W,,} are decreasing and they converge to K. Therefore
T(K)=limT(W,) =limT(W) =limT' (W) =limT'(W,) = T'(K).
n n n n
O

For any n > 1, let H,, be the finite 1/n-spanning set of Y defined previously.
Define m,, : 2¥ — 2f» by

1
T (E) = {1’ € Hy, : 3y € E with d(z,y) < n} , VE CY. (8.7)

The set m,(E) may be considered as the projection of F onto H,. Since H,
is a finite set, there exists a map 6,, from 27~ (the class of all subsets of H,,)
to H,, such that 6,,(F) € E for any § # E C H,,.

LEMMA 8.3 Foreachn > 1,
(i) mnlic (the restriction of m, on K) is measurable from K to H,.

(i) 6., is continuous from 28~ to H,,.

(iii) For any E C H, and € > 0, the set {x €Y m, (Be(cc)) = E} is a
measurable subset of Y.
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Proof. To see (i), note that for each nonempty subset £ C H,,
1 1

Tnl(K) = FE <= d(z,K) < — for any = € F and d(y, K) > — for any y € H,\E,
n n

Therefore )
(mnle) " (E) =

(N freraen<io( N frecamn=])

yEH,\E
Note that for each z € H,, the set {K € K : d(z, K) < £} is an open set in
K, while {K € K : d(z,K) > 1} is closed in K. Thus (mnlic) " (B) is B(K)
measurable.
The proof (ii) is trivial since the topology on finite set 27 is the discrete
topology. The proof of (iii) is similar to that of (i). To make proof more
precise, note that

{xeY:wn<f(x)):E}:

ﬂ{xGY:d(y,Bg(:c))<le} N {xeY:d(z,M)Z:L}

yeE z€EH,\E
Note that
{m eY:p (y,BE(x)) < 1/n}
is open in Y and {z €Y :p (z,BE(x)> > l/n} is closed in Y, we obtain the
desired result. O

The following result is known (see Molchanov [77], p. 102), we include a
proof for convenience of the readers.

PROPOSITION 8.3 There exists a map q : K — Y such that q is
B(K)-B(Y) measurable and q(K) € K,VK € K.

Proof. Let H,,, 7, and 6,, (n > 1) be defined as above. Now define a sequence
{qn}n21 of maps from K to Y by induction as follows.

q1(K) =00 (71(K)), VKeK

and for any k > 2,

qr(K) = O (Wzk (K) N 7gn (Bz—w—l) (Qk—1(K))> ), VK € K.
One may show by induction that

p(ae(K), K) <275, p(gri1(K), qe(K)) < 27% 42701
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for each £ > 1 and K € K. Therefore we can define a map ¢ : K — Y by
q(K) = 1i71Ln gn(K). Tt is clear ¢(K) € K for each K € K. Now we prove that ¢
is B(IC)-B(Y) measurable. To show this it suffices to prove ¢, is B()-B(Y)
measurable for each n > 1. By Lemma 8.3, ¢; is B(K)-B(Y) measurable.
Suppose ¢x—1 is B(K)-B(Y') measurable for some k > 2. Then by Lemma 8.3,
for any F, E C H,, the set

{K €K : o (K) = F, o (32_<k_1> (qk_l(K))> - E}

is a Borel set in B(K). This implies that g is measurable. By induction we
conclude that ¢, is measurable for each n > 1. O

PROPOSITION 8.4 Suppose (2, A, P) is a probability space, and
S:Q =K, y:Q—Y are A-B(K) and A-B(Y) measurable, respectively.
Assume there exists € > 0 such that p(y(w), S(w)) < €, Yw € Q. Then there
exists a A-B(Y) measurable map x from € to Y such that

z(w) € S(w) and p(x(w),y(w)) < 6¢, Yw € .

Proof. Let ky be the integer so that e < 27%0 < 2¢. We construct a sequence
of maps {gx }x>k, from Q to Y by

ko (W) = y(w),
Ghy 1) = Ot (Waro (S(w) N graer (Byva (a0 @))) ),

and

ar() = O (7 (S(w) N 7ax (B (an-1(«)) ) )
for any k£ > ko + 1. It can be checked that
p (@1 (W), ar (@) <3-27%FD 1 p(g(w), Sw)) <27F (88)
for any k > ko.
Take q(w) = liinqk(w). By (8.8), ¢(w) € S(w) and
p(aw)y(@) < Y plar1(w),ar(w)) < 3-27% < 6e.
k>ko

By Lemma 8.3, g is A-B(Y) measurable for any k > 1, which implies that ¢
is A-B(Y') measurable. O

THEOREM 8.1 LetY be a compact metric space. For each capacity
functional T on A(Y), core(T) is a nonempty compact convex subset of M(Y).
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Proof.

(i) We prove that core(T") is compact and convex. The convexity is trivial.
To see the compactness, suppose u, € core(T) and u, converges to p. It
suffices to show p € core(T). Note that for each K € K and € > 0

w(K) < p(B(K)) < limnsupun (B.(K)) <

timsup o, (Bo(K)) < 7 (B.(K))
Letting € | 0, by Corollary 8.1 we have pu(K) < T(K). Thus pu € core(T).

(ii) We prove that core(T) is nonempty. Let ¢ be defined as in Proposition
8.3. Then ¢(S(w)) is a random variable taking values in Y. Denote by p the
distribution of ¢(S(w)) on Y, that is,

u(E)=P(w:q(Sw)) € ), VE € B(Y).
By the definition of T one can check directly that u € core(T). O

Now we need to study the perturbation of core(T), i.e., the way in which
the core(T") depends on T, in the finite case.

LEMMA 8.4 SupposeY is a finite set. Let Ty and Ts be two capacity
functionals on 2¥. Assume

IT\(B) - T»(E)| <6, VECY, (8.9)

Then
pa (core(Th), core(Ty)) < #Y - 4#Y .6,

Proof. Define

$i(BE)=Y (-DFEIT(E),  VEe2"\{0},i=1,2
FCE,F#0

By (8.9),
61(E) — ¢2(E)| < #(27) -6 <#(2") -6 =27V 4.

Let py € core(Ty). By the characterization of core(T1) (see Chapter 5), there
is a map p: 2Y\{0} x Y — R* satisfying

(i) p(E,x) =0if z € E;
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(i) > p(E,z) =1for any E € 2Y\{0}.
relE

such that
m{a}) =Y p(E.2)é1(E), Vrey.

E>zx

Now define a probability measure pus on Y by

p({z}) = > p(E.2)¢a(E),  Vzey.

E>x

Using the characterization of core(T') again, we know that ps € core(T3).
Since for any x € Y,

i ({a}) — ma({z})] < Y [61(B) — do(B)| < 2% 2% .5 = a#Yg,

by (8.3),
A, i) <Y [ ({a}) — po({a})| < #Y -4#7 .5

This implies that
core(T) C Bc(core(T3)),

where € = #Y - 47Y . §. In a similar way, we can prove
core(Ty) C B (core(Th)).

Therefore we have pa (core(T}),core(Ty)) < #Y - 4#Y . 6. O

To study the perturbation of core(7T') in the case where Y is an arbitrary
compact space, we use a technique to approach core(T) in the following way.

Suppose Y is a compact space. T is the capacity functional of a random set
S:Q — K. Let H,, 7, and 0,, be defined before. Define a capacity ©,,(T")
on 28 as follows:

O0,(T)(E) = P{lw e Q: m,(S(w)) NE # 0}, VE € H,, (8.10)
It is clear that
0,.(TYE)=T (Bl/n(E)) , VE € H,, (8.11)

As we know, ©,,(T") is the capacity functional of the random set 7,5, taking
values in the finite collection of all subsets of H,,. And core(0,,(T)) is a set of
probability measures on H,. Since every probability measure on H,, can be
viewed as a Borel probability measure on Y, core(0,,(T")) can be treated as a
compact subset of M(Y"). In the following we consider the distance between
core(©,(T)) and core(T) in the Hausdorff metric H,.
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LEMMA 8.5 SupposeY is a metric compact space. Let {f;} be defined
as in (8.3). T and ©,,(T) are given as above. Then

H, (core(©,(T)),core(T)) < Z C;”(;/”n , (8.12)

where Cy(e) = sup{|f(z) — f(y)| : d(z,y) < e}.
Proof. The proof will be divided into two steps.

(1) core(0,(T)) C Bs(core(T)) with

o~ Cr. (1/n)
0= —
; 2 fall

To show this for each u € core(T), by Norberg’s theorem (Chapter 5) there
exists a probability space (Q1,S1,P1), a random set S; : 3 — K and a
random variable x; : 23 — Y such that S; has the same distribution as .S,
1 has the distribution g and moreover x; € S7 almost surely. Now define
Sy : )y — 2fn and x5 : 3 — H, by

Sa(w1) = T (S1(w1)) and zo(wy) = O (T (21 (w1)).
Denote by ps the distribution of xs. Since ©,(T) is the capacity functional
of Sy and zo € Sy almost surely, pa € core(©,(T)). And by (8.3),
Z |[ fi(@2(w1))dPr(w1) = [ fi(z1(w1))dPy(ws)]
2’Hf |

S fi(zz(wr)) — fi(@1(wi))| dPy(wr)
= Z 204

Mz,

B 21||f H ’
from which we get the desired result.
(ii) core(T) C Bs(core(0,(T))) with

&0 (6/0)
=2 AT

To show this, assume p € core(©,(T))). Define ¢ by
p(E)=P{lweQ:m,(Sw))=E}, VECH,.

i=1

By the characterization of core(T), there exists a map p : 277\ {0} x H,, — R*
satisfying
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(i) p(E,2)=0if z & F;

(ii) %:Ep(E, r) =1 for any E € 21\ {0}.

such that
p({z}) = Zp (E,z)p(E), Vo € Hy.

E>x
For any ) # E C H,,, define

Qp ={we:m,(Sw)) =E}.
By Lemma 8.3, Qg € A. Construct
M= J Qex{(E2:zcE}
0#AECH,

Define a o-algebra S; such that each element of S; is the finite union of
elements of following form:

Ag x {(E,z)}, ECH, xcE A CQp, Ag € A.

By Kolmogorov’s consistency theorem, there is a unique probability measure
on the measurable space (€21, S1) such that

Pi(Ag x {(E,z)}) = P(Ag)p(E, x), EFECH,x€E,Ap CQp,Ap € A
Define S; : Q1 — IC, Sa : Qp — 287 and x5 : Q) — H,,, respectively, by
Si(w,E,z) =8Sw), S:w,E,z)=FE, 3w, E,x)=u.

One can check that S; has the same distribution as S, S; has the same

distribution as m,,S and that induces the capacity ©,,(T). Further, 2 has the
distribution p. Moreover for each (w, E, ) € (),

x € E=m,(Sw)),

hence d(z2(w, E,x),S1(w, E,x)) < 1/n. By Proposition 8.4, there exists a
S1-B(Y) measurable map y : ; — Y such that

Y(w, B.a) € Si(w, Eva),  dly(w, Bya), aa(w, By ) < ©

3

for any (w, E,x) € Q1. Let 1 denote the distribution of y, then uy € core(T).
Furthermore

[ fi(za(w, B,2))dP; — [ fi(y(w, B, x))dP,|
Z 2 fill

[l fiea(w, B,2)) — fily(w, Bya))| dPy
: Z 24

/1417

Cf; 6/n
_Z 210 fill
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from which we get the desired result. O

THEOREM 8.2 Suppose Y is a metric compact space. Let {f;} be a
sequence of continuous real-valued functions dense in C(Y') and Ty and T are
two capacity functionals on A(Y). Then for any n > 1,

pa (core(Th), core(Ty)) <

Cy, (6/n)
H, - 4#Hn . T PR Y LA 1
# g W) = (W)l + Z 25 (319

where O, is defined as in (8.4), and C(e) = sup{|f(z) — f(y)| : d(z,y) < e}.

Proof. Fix an integer n. Let ©,,(71) and ©,,(T3) be defined as in (8.11). By
Lemma 8.5, we have

pa (core(0,(T})), core(Ty)) < Z C;ﬁ%”) j=1,2. (8.14)

In Lemma 8.4, replacing Y, T1, T5, respectively, by H,, ©,(T1) and ©,,(Ts) we

obtain that
pa (core (0,(T1)) , core (0, (T))) <

CAFHA - =
#Hy, -4 max |0, (T1)(E) — On(T2)(E)|
#H, - 47Hn . max T (W) — To(W)].
Combining this with (8.14), we have

pa (core(Th), core(Ts)) <

ZPA core(0,,(T})), core(T})) + pa (core (0,(T1)) , core (0,(T2))) <
n Cy, (6/n)
4% s [100) = T+ 23 GO
O

COROLLARY 8.2 SupposeY is a compact space. Let Ty, (k > 1) and
T be capacity functionals on A(Y). If lilgn A(Ty,,T) =0, then

1i]£n pa(core(Ty), core(T)) = 0.
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By the definition of the Hausdorff metric, under the condition of the above
result, for any p € core(T'), there exists a sequence py, € core(Ty), k > 1, such
that A(pg, ) — 0 and thus pg converges to p weakly.

The above results have an important application in the analysis of the
convergence property of empirical capacity functionals.

Now suppose T is the capacity functional on A(Y") of a random set S : Q —
Ko. And {S,} is a sequence of i.i.d. random sets with the same distribution
as S. For each w € €, define a sequence of set functions y;(w, ) on A(Y) by

1, if S;(w)NE #0,
Xi(w, E) = {O, ;thel("bv‘ir)ise. ? VE € A(Y), (8.15)
and define T (n € N) on A(Y) by
T(E) = i;Xi(“’ E)= %#{1 <i<n,Si(w)NE #0}. (8.16)

TO(J") is called the nth empirical capacity functional based on {S, },,>1. In fact,

for each w, Tf,n) is really the capacity functional of a random set. To see this,
define a probability space (2,2, P,) by ,, = {1,2,...,n} and

pE) = TE vECa,
n

The random set V,, : , — K is defined by
V(i) = Si(w).
One may check that
TUNE) =P {i: Vo) NE#0},  VE € A®Y).

Moreover if X is a selector of 9, i.e., X is a random variable on (2 taking values
inY and P(X € S) = 1. And X is a sequence of i.i.d. random variables
with the same distribution as X and P(X; € S;) = 1. The empirical measure
based on X,..., X, is

1
an(W) = n Z 6zi(w)7
=1

where J,, denotes the Dirac measure at y. Set
Uw(i> = X,(w)

v, is a random variable on 2, which has the distribution dF,,(w). Since
PlweQ:v, € S;(w)) =1, we have

dF,(w) € core(TV),  a.s.w.
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LEMMA 8.6 Fix an integer m > 1. For any § > 0, there exists N5 and
Rs > 0 such that

P{weﬁz > ’TU(J”)(W)T(W)‘2>52} < e M

wWeO,,

for all n > Njs.

Proof. For any i > 1, let x;(w, W) be defined as in (8.15). Denote by Y;(w)
the #0,, dimensional vector (x;(w,W))weo,, indexed by W € O,,. It is
clear that {Y;} is a sequence of i.i.d random vector taking values in R#Om
with a distribution supported on finitely many points. Note that

%Zy;(w) = (T0n)) BE(Y1) = (T(W))weo, -
i=1

weo,,’

Applying the classical Cramer Principle to the i.i.d random vector {Y;} (see,
e.g., Theorem 3.5.1 of Dupuis and Ellis [25], p. 87), we get the desired result.
See also the Appendix for large deviations principle. o

THEOREM 8.3 Suppose Y is a compact metric space, T is the ca-
pacity functional on A(Y) of a random set S : Q@ — Ky, and {Tu(,n)}nzl
is a sequence of empirical capacity functionals generated by a sequence
of iid. random sets {S,}n>1 (with the same distribution as S). Then

lim pA(core(TLgn))7 core(T)) = 0 almost surely. Moreover, for any € > 0, there
exist n. and L. > 0 such that

P {w €Q:pa (core(Tu()")), core(T)) > s} < ke
for all n > n..

Proof. Fix ¢ > 0. Choose a large integer m such that

6
= i)

—_— <
i

£
1

i

Set
€

0= ——— .
2#H,, 4% HHm
By Lemma 8.6, there exists ns and Rs > 0 such that

P{weQ: 3 ’T£”)(W)T(W)‘2>52} < enhs

weO,,
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for all n > ng.
By Theorem 8.2,

pa(core (Tgﬂ, core(T)) > e = max [I{(W) = T(W)| > 4.

Therefore
P {w €Q:pa (core(T‘E"), core(T)) > E} < e s

for all n > ns. Define n. = Ns and L. = Rs. Then the above fact implies the
desired result. O

We remark that under the conditions of the above theorem, for any py €

core(T') and for almost all w € Q, there exists a sequence p, (w) € core( U(Jn))7
n > 1, such that u,(w) converges to u in the weak-star topology. Moreover,
the above p,(w) can clearly be constructed using the steps in the proofs of
Lemma 8.4 and Lemma 8.5.

Let = be a nonempty subset of M(Y') considered as a statistical model in
Schreiber [113]. For any capacity functional 7" on A(Y"), define

A(T|E) = inf{A(p,v) : p € core(T),v € E}.
For two capacity functionals T} and T3, it is easy to check that

A(Ty|E) — A(Ty|2)| < pa(core(Ty), core(Ty)).

COROLLARY 8.3 Under the conditions of above, we have for any
0 #ZcC M(Y), lim A(Tcgn)|E) = A(T|E) almost surely. Moreover, for any
€ > 0, there exist n. and L. > 0 such that

P (w € )E(Tg,")\z) _A(T|E)

> 5) < g nle

for all n > n..

8.3 A Related Statistical Setting

The analysis in the previous section follows closely the work of Schreiber
[113] in the finite case, leading to the obtainment of the rate of convergence
via the large deviations principle. Now, since the space F(R?) is a separable
metric space, the statistical inference with random closes sets can be carried
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out in the setting of such topological spaces. We elaborate this setting in this
section when we evoke the concept of Choquet weak convergence of capacity
functionals.

Let (U, p) be a compact subspace of R?. Let S be a nonempty random closed
(compact) set with values in KCo(U) = K(U) \ {0}. The relative hit-or-miss
topology 7 on K is equivalent to the topology generated by the Hausdorff
metric H,. The metric space (Ko, H,) is separable (compact). Let T denote
the capacity functional of S. In the context of coarse data analysis, S is a
coarsening scheme of our random vector of interest X whose probability law
lies in core(T) which is a nonempty compact (convex) subset of M(U), the
space of all probability measures on the Borel o-filed B(U) of U. As in Section
7.1, the space M(U) is topologized by the Prohorov metric A.

Let S1,S5,...,S, be an i.i.d. random sample from S. Let 7™ denote the
empirical capacity functional based on S1,Ss,...,S,, i.e.,

T(n)(K):%#ﬂgign:SmK7é®}.

By the strong law of large numbers, 7™ — T almost surely on K and hence
(see Section 7.2), Q™ — Q weakly, where Q™) Q denote the probability
measures associated with 7", T, respectively. In view of Section 7.3, we
have that Q™ w, Q < T™ — T in the Choquet weak sense.

The Hausdorff metric on K(M(U)) generated by the Prohorov metric A on
M(U) is denoted as Ha. We are going to prove that

lim Ha (core(T™),core(T)) =0, a.s.,

implying that there exist p, € core(T™), n > 1, such that A(u,,p) — 0,
a.s.

More generally, with (U, p) being a compact metric subspace of R?, let T,,
T be capacity functionals on U, such that T(U) = T,,(U) = 1, n > 1, then

Ha(core(T,), core(T)) = 0 if and only if T;, — T in Choquet weak sense.

The following results will allow us to carry on the above program.
First, in view of Skorohod representation (of random closed sets) and related
topological properties, we have:

LEMMA 8.7 Let T, T,, n > 1, be capacity functionals on U such that

T, =¥ T, then there exists a probability space (), A, P) on which are de-
fined random closed sets S, Sy, n > 1, having T, T,, as capacity functionals,
respectively, such that S, — S, a.s., in the Hausdorff metric H, of IC(U).

LEMMA 8.8 Let S:Q — Fo(R?) and X : Q — R? be random elements.
Define the projection of X on S as

75(X) : Q — power set of R?
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by
m5(X)(w) ={z € R*: p(z, X (w)) = p(X (w), S(w))}.

Then wg(X) is a nonempty random closed set.

Proof. For each w, S(w) is a nonempty closed set of RZ. Thus, p(X (w), S(w))
is attained, and hence mg(X)(w) is a nonempty closed set. We need to verify
that mg(X) is A-B(F)-measurable.

Let h(w,y) = p(y, X (w) — p(X (w), S(w)). h is A ® B(F)-measurable since
it is measurable in w and continuous in y. Note that

ms(X)(w) = S(w) N{y : hw,y) = 0}.

Now W(w) = {y € R?: h(w,y) = 0} is a random closed set on R? because it
can be written as

W(w) = (J o L)(w),
where L(w) = (X (w), S(w)) and
J R x Fo(RY) — Ko(RY) :
J(z, F) = {y € R?: p(x,y) = p(x, F)},
and by noting that
H,y(J (21, Fy), J (22, F2)) < p(21,22) + [p(21, F1) — p(22, F2)],

implying that .J is continuous.
The result follows from the following lemma:

LEMMA 8.9 The intersection of two random closed sets is a random
closed set.

Proof. Let S,W : (2, A, P) — (F(R%), B(F)) be two random closed sets on
R<. Clearly the mapping w — (S(w), W(w)) from (Q,.A) into

(F(R?) x F(RY), B(F) @ B(F))
is measurable. Moreover, the mapping ¢ : (Fy, Fp) — Fy N Fy from F(R%) x

F(R?) into F(R?) is upper-semicontinuous (i.e., ¢~ 1(FX) is open for any
K € K(R%)), and hence measurable. a

LEMMA 8.10 Let S : Q — Fy(R%) and X : Q — Fo(R?) be random
elements. Then there exists a random vector Y : Q — R% such that

(i) YeS, as;

(ii) p(X(w),Y(w)) = p(X(w), S(w)), a.s.
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Proof. It suffices to take Y as a selector of the nonempty random closed set
ms(X), which is also a selector of S. O

PROPOSITION 8.5 Let S : Q — Fo(R?) with capacity functional T,
and X : Q — R be a random vector with the probability law pu on B(R?).
Then

A(p, core(T)) < a,p(X, 5).

Proof. Let Y be a selector of S as in Lemma 8.10. Then the probability law
Py of Y is in the core(T). In view of the dominance of the Ky Fan metric
over the Prohorov metric (Section 7.1), we have

A(p, core(T)) < A(p, Py) < (X, Y) < o, ({X},59),

where
ap(X,Y)=inf{e >0: P(p(X,Y) >¢) < e} =
inf{e > 0: P(p(X,S) >¢) <e} <a,({X},5)
with a, standing for the Ky Fan metric on the space £($, Fo(R%)). O

PROPOSITION 8.6 Let (U, p) be a compact subspace of R%. Let S and
S’ be two nonempty compact random sets on U, with capacity functionals T,
T', respectively. Then,

Ha(core(T), core(T")) < (S, S"),
where « is the Ky Fan metric on £(£2, Ko(R%)).

Proof. For each p € core(T), there is a selection Y of S’ with law pu.
By Lemma 8.10, there exists a selector X of S such that p(X(w),Y (w)) =
p(X(w), S(w)), a.s., so that

P(X(w), Y (w)) = p(X(w), S(w)) < Hy(S(w), 5" (w)).
Let v denote the law of X. Then v € core(T") and hence, by Proposition 8.5,
A(p, core(T)) < A(p,v) < a,(X,Y) < afS, ).
Similarly, for each v € core(T), we have
A(v, core(T")) < a(S,5"),

and hence
Ha(core(T), core(T")) < (S, S").
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THEOREM 8.4 Let (U,p) be a compact subspace of R and T, T,
n > 1, be capacity functionals on U such that T,,(U) = T(U) = 1, ¥n > 1.

Then lim HAa/(core(T,,), core(T)) = 0 if and only if T, oW Too.
n—oo

Proof.
a) Sufficiency. Note that F, with the hit-or-miss topology, is compact and

metrizable. Let § be a metric on F. By using the fact that T, =W if and
only if @, v, @ and Ethier and Kurtz ([29], Theorem 3.1, p. 108), we obtain

T, Worig A(Qn, Q) — 0. By virtue of Skorohod’s Representation theorem
(see Theorem 1.8 in Ethier and Kurtz [29]), there exists a probability space
(Q, A,v) on which are defined F-valued random variables S,, n = 1,2,...,
and S with distributions @,, n = 1,2,..., and @, respectively, such that
mliinoo Sm =5 in (F,d) a.s. Now we need to prove that S,, n =1,2,..., and
Shave capacity functionals T,,, n =1,2,..., and T, respectively.

To see this, simply note that, for each K € I, the Choquet’s theorem
implies

v{w: S(w)NK # 0} =v{w: Sp(w) € Fx} = Qun(Fk) = Th(K),

for n > 1. Next step is to show that all S,,, n = 1,2,..., and S are a.s.
nonempty random compact sets and lim S, = S a.s. in (Ko H,). We note

F = K by compactness of U. Keeping in mind that T,,(U) = T(U) = 1, we
can easily obtain v{S, = 0} = v{S = 0} = 0. By virtue of Proposition
1-4-4 in Mathéron [73], the topology on Ky defined by the Hausdorff metric
H, is equivalent to the relative hit-or-miss topology on Ky. That is to say,
lim S, = S in (Ko,0d|x,) if and only if lim S, = S in (Ko, H,). Hence

n—oo n—0o0

lim agy,(S,,S) = 0.

Finally, since T, W T if and only if @, v, @, by using Proposition 8.6,
we have

0 < lim Ha(core(Ty),core(T)) < lim apy,(Sn,S) = 0.

n—oo

b) Necessity. By using the fact that T, W T if and only if Q. v, Q,

we only need to prove @, w, Q. Since the space F, with the hit-or-miss
topology, is a compact metric space, the space of all Borel probability meas-
ures is weakly compact. For each subsequence {Q, }59_; of the sequence
{@n}7Z,, there exists a further subsequence {Q,:}72, weakly converging
to some Borel probability measure P on F. Let R be the the correspond-

ing capacity functional on I determined by P. Since Qn; V.o pis equiva-

lent to T, g R, we have lim Ha(core(T,),core(R)) = 0. So we obtain
j j—oo j
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Ha(core(T),core(R)) = 0, i.e., core(T) = core(R). By the following Lemma
8.11, we obtain T = R on K. So, it implies Q = P by the Choquet theorem,
e, Qu Q. Thus Q, -5 Q by Theorem 2.3 in Billingsley [10]. O

LEMMA 8.11 Let U be a compact subspace of R?, and T be a capacity
functional with T(U) = 1. Then T(K) = max{u(K) : p € core(T)}, K € K.

Proof. Let ) # K € K. Let St be a random closed set in R™ with the
capacity functional T. Then we have

TWU)=P{w: Sr(w)NU #0} =1,

ie, P{Sr =0} =1—P{w: Sp(w)NU # 0} = 0. Note that core(T) is non-
empty. Choose u € core(T). Then there exist a probability space (2, 4, P),
a random compact set S : ) — K with the same probability law as St and a
random variable X : Q — U with law u such that

P{w: X(w)e Sw)} =1
Let S1 : Q — K defined by

SwWYNK, if Sw)NK #0
Silw) = {{X(w)}, if S(w) N K = 0.

Then 57 is a nonempty random compact set. Then there exists a variable
Y : Q — U such that Y € S7 a.s. Hence Y € S; C S a.s. Let X\ denote the
probability distribution of Y. Then X € core(T"). Now,

MK)=P{w:Y(w) e K} =P{w: S(w)NK # 0} =T(K).

O

COROLLARY 8.4 Let U C R? be a compact subspace, S1,S2,...,5n,...
be a random sample from a random closed set S in U. IfT is the capac-
ity functional of S, and T, is the empirical capacity functionals based on
51,82, ...,5,, then

lim Ha(core(T),), core(T)) = 0 a.s.

n—oo

8.4 A Variational Calculus of Set Functions

As exemplified by the excess mass approach to density estimation (Chapter
2), random sets appear as set estimators and an analog of the maximum
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likelihood principle in standard statistics needs algorithms to produce set
estimators. We present in this section a proposed variational calculus of set
functions for this purpose.

Optimizing (maximizing or minimizing) set functions can occur in many
situations of scientific investigations.

Example 1: Neyman-Pearson Lemma. The Neyman-Pearson lemma in test-
ing statistical hypotheses is a problem of optimization of set function S.

Let the observable X take values in R™. The null hypothesis Hy specifies
the distribution Py for X, whereas the alternative hypothesis specifies the
distribution P, for X. For simplicity, assume that

Py(dx) = fo(x)dz, P,(z) = fo(x)dx

If B is a critical region of a test, then the two types of errors are

— P(X € BHy) = [ fala)ds

B8 =P(X & B|H,) = . fa(2)dx

The most powerful test is the one whose critical region is B, € B(R™) where
B, is the solution of the following problem:

Find B, in {B € B(R /fo Jdr < a}=C

so that fo(z)dr =«
B.

and fa(x)dx < fa(x)dx, VB €C,
B¢ Be

which requires maximizing the set function B € B(R") — [ g Ja(x)dx subject
to B € C.

Example 2: Bayes tests between capacities (Huber and Strassen [54]). Con-
sider the following situation in robust statistics. Let M denote the class of all
probability measures on a complete, separable and metrizable space. Consider
testing the null hypothesis Hy against the alternative H,, where

HOZ{PGMZPST()}
H,={PeM:P<T}
where Ty, T} are 2-alternating capacities.

Let A be a critical region for the above test, i.e., rejecting Hy if x € A is
observed. Then the upper probability of falsely rejecting Hy is Tp(A), and
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of falsely accepting Hy is T1(A’). If we assume that Hy is true with prior
t
probability T3¢ 0 <t < 400, then the (upper) Bayes risk of A is
t 1 t 1

T 2 To(A) + mTﬂA/) = mTO(A) + m(l - Vi(4)),

where V] is the conjugate of T1, i.e., V1(A) =1 — T (A’). Thus, one is led to
minimizing the set function

A— tTo(A) - V1 (A), for t fixed.

Example 3: Dividing a territory. Let U be an open bounded set of R¢, and
v; : U — Rt i=1,2 continuous. Find a closed set F' C U such that

/Fvl(x)dx-/U\F vo(x)dx

is maximal among all closed subsets of U.

Example 4: Statistics of random sets. The excess mass approach to density
estimation (see Chapter 2) leads to the maximization of the set function

AeC —Eyn(A)=(F,—ar)(4).

As far as we know, there seems to be no appropriate available variational
calculus for the above type of problems. As such, below is our attempt to
provide a tool for solving optimization problems of set functions. We are
going to define a concept of derivative DF' for a set function F, defined on
some class of subsets of a set U so that when DF(A) = 0, F(A) will be a
stationary value for F. Although this can be formulated in a fairly general
context, we restrict ourself to the concrete case of U = R¢, and the domain
of Fis B(RY), i.e., F: B— R.

In order to extend the classical notion of derivatives of functions to set
functions, we choose to use the symmetric form of derivatives (also called
Schwartz derivatives).

For f : R — R, defined in some neighborhood of x, and provided that the
limit exists, the symmetric (Schwartz) derivative of f at z is by definition

h) — —h
o) = i LD =SB

Remark. This type of symmetric derivatives is useful in numerical es-
timation since its truncation error is of order of O(h?). Recall that if
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h) —

L fa )~ (@)
h—0 h

the converse is not true: it is possible that f does not have a derivative in the

usual sense, but yet it has a derivative f'(z) above.
Our second idea about extending f’(z) to the setting of set functions is

exists, then f’(x) leads to the same value. However,

based upon an analogy with partial derivative of a function f(z1,...,z,) of
several variables, we need to specify two things: the point (21,...,2,) at
which the derivative is computed, and which variable z; (among 1, ..., x,)

over which we differentiate. Thus, for F': B — R, the analogy is this. Each
A € B is characterized by its indicator function 14 : R? — {0,1}. To deter-
mine A from 14 we need to evaluate 14(t) for all t € R%. Viewing the 14(¢)’s
as “variables,” we need also to specify a particular variable 14(t), or equiva-
lently a t € R?. Therefore we are led to consider the notion of derivative of
F at (A,t) for A € B, t € R, See Nguyen and Kreinovich [85].

DEFINITION 8.1 Let F : B(RY) — R, and 7 be the Lebesgue measure
on B. The derivative of F at (A,t), for A€ B, t € R? is defined to be

N ’
DF(Af) = Tim F(AUH)—-F(AnH’)
H—{t} 7(H)

provided the limit exists, where the limit is taken over H such that 7(H) # 0,
and H — {t} in the Hausdorff metric sense.

Remark. If ||-|| denotes the usual norm on R%, then the (extended, pseudo)
Hausdorff metric on nonempty subsets of RY is

d(A, B) = inf |la — b inf |la — b||}.
(A, B) max{ilelgl}gBHa ||,§gg;gAlla I}

Clearly, the definition of DF(A,t) is inspired from f’(z) in which its numer-
ator f(z + h) — f(x — h) is replaced by F(A U H) — f(A\H), whereas its
denominator 2h (the length of [—h, h]) is replaced by 7(H) with 7(H) # 0.
([=h, h] — {0}, a singleton, corresponds to H — {t}).

Note also that if F' is additive, then F(AUH) — F(AN H') = F(H), and
hence the definition of DF(A,t) turns into the so-called “general derivative”
DF(t) (see e.g., Shilov and Gurevich [116]):

F(H)

DF(t) = i
(*) H—»{t}l,rf—l(H);éO 7(H)

If F is a measure that is absolutely continuous with respect to 7, then its

dF
Radon-Nikodym derivative d—(t) is equal almost everywhere to DF'(¢).
T

DEFINITION 8.2  The set function F' : B — R is said to be differentiable
if it has a derivative at every point (A,t) € BxR®. F is said to be continuously
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differentiable if it is differentiable and the map t — DF(A,t) is continuous
for every A € B(R?).

Examples.

(i) In the territorial division problem, the set functions Fi, F», defined on
subset A C U (an open bounded subset of R?), are continuously differentiable,
where

) = [ n@dre), R - /U v(a)dr(a) = [ oa(e)ir(o)

with
DFl(A, t) = Ul(t), DFQ(A, t) = 71)2(15).

And hence F(A) = F;1(A)F»(A) is also continuously differentiable with

l)F‘(147 t) =1 (t)Fg(A) - Ug(t)Fl (A)

(ii) The excess mass set function (see Chapter 2)

€a(A) = (F —a7)(4)

F
is continuously differentiable if the density f(z) = d—(x) is continuous. As
T

such,
DEL(At) = f(t) — a.

In the following, the interior, closure and boundary of a set A is denoted as
A°, A, §(A), respectively. Of course, we assume A° # .

Observe that if F attains its maximum at A, then DF(A,t) > 0 or < 0 for
allt € A° orallt € (A°)°, respectively. Indeed, assume that A is a set at which
F is maximum. Fort € A°, the open ball B(t,r) = {x € R4 : ||z—t|| <r} C A
for r sufficiently small. Thus, F(AUB(t,r)) = F(A) and hence DF(A,t) >0
since F'(A) is a maximum value. Similarly, for ¢t € (A°)°, B(t,r) C A° for
small » and hence A\B(t,r) = A, implying that DF(A,t) < 0. The situation
for minimum is dual: DF(A,t) > 0 or < 0 according to ¢t € A° or t € (A°)°.

The following result is useful for optimization of set functions.

THEOREM 8.5 Let I be continuously differentiable. If F' attains its

maximum (or minimum) at some set A (with A° and (A€)° nonempty), then
necessarily DF(A,t) = 0 for all t € §(A°) N §((A°)°).
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Proof. Suppose F' attains its maximum at A. For ¢t € 0(A°), t is limit
of a sequence t, € A° with DF(A,t,) > 0, for each n, as observed above.
Thus, DF(A,t) > 0, by continuity. Similarly, for ¢ € §((A°)°), ¢ is limit of a
sequence s, € (A°)° with DF (A, s,,) < 0 for each n, and hence DF(A,t) < 0.
O

For applications of the above theorem to examples mentioned at the begin-
ning of this section, see Nguyen and Kreinovich [85].

8.5 Exercises

8.1 Let S be a random closed set on R%. Show that the intersection of
the set of all a.s. selectors S(S) of S with L'(Q, A, P) is a closed subset of
LY(Q, A, P).

8.2 Let S be a random closed set on R%. Let Y(w) = sup{||z|| : € S(w)},
where ||z|| is the norm of x € R<.

(i) Show that Y is a random variable.

(ii) Show that if Y is integrable, then S(S) # 0 and S(S) C LY(Q, A, P).
8.3 The Hausdorfl metric H, on the set Ky of nonempty compact subsets of
(R4, p) is defined as

HP(Av B) = max{sup p(z, B), sup p(z, A)},
T€EA z€EB

where p(x, A) = inf{p(z,y) : y € A}. For ¢ > 0 and A € Ky, let
A* ={z eRY: p(x,A) <e}.
Show that:
(i) Hy(A,B) = max{inf{e > 0: A C B°},inf{e >0: B C A°}},
(i) Hy(A,B) =inf{e > 0: AC B*,B C A°}.

8.4 Let S be a random set taking values as subsets of {0,1}, with density
f(A)=P(S = A), AC{0,1} given by

F{0D) = F(1) = £({0,1}) = 5.
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Specify the core(T') of its capacity functional T'.

8.5 Let Si,...,S, be arandom sample from a random closed set .S on [0, 1].
Let S1,..., X, be a random sample from an a.s. selector X of S. The empir-
ical capacity functional 7}, is defined as

ﬂﬂQz%#Uu&ﬁK#@L

and the empirical probability measure is

1 n
anzﬁiZ;axi,

where dx, is the random Dirac measure at Xj.
Show that, ¥n > 1, dF,, € core(T,), a.s.

8.6 Let C denote the class of (nonempty) compact convex subsets of RY. Let
L(dz) denote the Lebesgue measure on B(R9). Let Az (A, B) = L(AAB) for
A,BeC,and AAB=(ANB)U (BN A°).

Show that if A,, A € C and A,, — A in the Hausdorff metric H, (where p
is the euclidean metric on Rd), then A,, — A in the metric Ay,.

8.7 Let (U, p) be a metric space. Let M(U) denote the space of all probability
measures on the Borel o-field B(U) of U. For A C U and € > 0, let

A*={z € U:p(x,A) <e}.
Define A, : M(U) x M(U) — R* by
Ay(p,v) =inf{e > 0: pu(A) <v(A%) +¢, forall Ae F(U)},

where F(U) is the class of closed sets of U.
Verify that A, is a metric on M(U).

8.8 (continuation of 8.7) Suppose in addition that the metric space (U, p) is
separable. Show that j, — p in the metric A, if and only if p, — p weakly
(i.e., un(A) — u(A), YA € B(U) such that u(0A) = 0).

8.9 Let U be an open bounded set of R? and f; : U — RT, i = 1,2, be
continuous.

(i) Show that the set functions
AgUﬁmmz/ﬁmwszz
A
are continuously differentiable in the sense of Definition 8.2 of Sec-

tion 8.2.
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(ii) Compute the derivative of the set function

A — F(A) = Fi(A)Fy(A°).

(iii) Verify that the set function in (ii) attains its maximum at some subset

A of the form
{xEU: vi() Zoz},
v2(z)

for some o > 0.

8.10 Let f : R — R? be a continuous probability density function. Let
L(dz) denote the Lebesgue measure on B(R%). For a > 0, the excess mass at
A € B(RY) is defined as

EalA) = /A f(z)dL(z) — aL(A).

(i) Verify that the set function &,(+) is differentiable and compute its deriv-
ative.

(ii) Verify that &,(-) attains its maximum at some set in B(R?) of the form
{zx eRY: f(z) > a}.
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Appendix

Basic Concepts and Results of
Probability Theory

A.1 Probability Spaces

A probability space (2,4, P) is a mathematical model for a random ex-
periment or phenomenon, in which € is a set (representing outcomes of an
experiment, called the sample space), A is a o-field of subsets of Q (repre-
senting events), and P : A — [0,1] is a probability measure. Specifically, A
satisfies the following.

(i) Qe A
(ii) If A € A, then A° € A,
(iii) If A, € A, n>1, then |J 4, € A.

n>1
When (iii) is replaced by the weaker condition: if A, B in A then AUB € A,

the A is called a field.
The map P satisfies the following.

(a) P(2) =1

(b) If {4,,n > 1} is a sequence (finite or countably infinite) of pairwise
disjoint elements of A (i.e., A, N A,, =0, n # m), then

P UAn :ZP(An).

n>1 n>1

The property (b) is refereed to as o-additivity of P. P is said to be finitely
additive if (b) is only satisfied for finite sequences.

Let C be a class of subsets of a set 2, then the smallest o-field containing C,
denoted by o(C), is called the o-field generated by C. Note that the class of all
o-fields containing any C is not empty since the power set P(€2) of 2 is such a
o-field. Also, arbitrary intersection of o-fields is a o-field. The partial order
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relation on o-fields is inclusion. Thus ¢(C) is the intersection of all o-fields
containing C.

CARATHEODORY THEOREM (extension of probability meas-
ures) Let C be a field of subsets of an abstract space Q, and P : C — [0, 1]
such that

(i) P() =1

(ii) For A, € C, n > 1, pairwise disjoint, and |J A, €C,
n>1

U 4. | =D P4y

n>1 n>1
(i.e., P is o-additive on C),

then P is uniquely extended to a probability measure on o(C).

The following result is useful for checking whether a finitely additive set
function on a o-field is a probability measure.

THEOREM Let (2, A) be a measurable space, and P : A — [0,1] be a
finitely additive set function with P(Q) = 1. Then the following statements
are equivalent.

(i) P is a probability measure,
(ii) If {A,,n > 1} is a nondecreasing sequence of elements of A, then

lim P(A UA

n—oo
n>1

(iii) If {A,,n > 1} is a nonincreasing sequence of elements of A, then

lim P(A ﬂA

n—oo
n>1

(iv) P is continuous at (, i.e., if A, \, 0, then lim P(A4,)=0.

n—oo

The continuity at () of an additive probability measure P on a o-field A
follows from the finite intersection property. This is made explicit by Neveu
[81], pp. 26—28. Inspired from the finite intersection property of compact sets
in a topological space (see A.2 next), we say that a class K of subsets of a set
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0 is a compact class if every sequence {K,,,n > 1} C K, such that (| K, =0
n>1

N
implies the existence of an integer N such that (| K, = 0.

n=1

THEOREM Let K be a compact subclass of a field A (of subsets of ).
Let P: A — [0,1] be additive and P(Q) = 1. If

VAe A, P(A)=supl{P(K): K € K,K C A},

then P is continuous at (), and hence o-additive on A.

A.2 Topological Spaces
A topological space is a set A and a class 7 of subsets of A such that

(i) 0 and A are in T,
(ii) 7 is closed under arbitrary unions,
(iii) 7 is closed under finite intersections.

The topological space is denoted as (A,7), the elements of 7 are called
open sets, and 7 is called a topology on A. For any topological space, the set
complement of an open set is called a closed set. By DeMorgan’s laws, we see
that the following dual properties hold for the set F of closed sets.

(a) 0 and A are in F.
(b) F is closed under arbitrary intersections.
(¢) F is closed under finite unions.

Topologies can be generated from bases. If 7 is a topology on A, then a
subclass C of 7 is called a base for 7 if each element of 7 is the union of
elements of C. For a class C of subsets of 7 to be a basis for some topology,
C has to have the property that for any B,C € C. and each x € BN C, there
exists a D € C such that z € D C BN C. A class C of subsets is a subbase
for a topology 7 if the class of finite intersections of elements of C is a base
for 7. Thus, a nonempty class C is the subbase for some topology uniquely
determined by C, namely, the smallest topology containing C.

Other basic concepts are these. For x € A, a set U containing x is called
a neighborhood of x if there is an open set T containing x and contained
in U. For the topological space (R,7), if z,y € R, and = # y, then there
are disjoint open sets, in fact, disjoint open intervals, one containing z, the
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other containing y. These open sets are, of course, neighborhoods of x and y,
respectively. A topological space having this property, namely that distinct
points are contained in distinct disjoint neighborhoods is called a Hausdorff
space.

The smallest closed set containing a subset S of A is called the closure of
S, and denoted S. The closure of S is the intersection of all closed subsets of
A containing S, of which A itself is one. Similarly, there is a largest open set
contained in S. It is called the interior of S, and denoted S°. The boundary
of S is the closed set S\ S°, and denoted 9(S).

If Q denotes the set of rational numbers, then Q = R. A set with this
property is called a dense subset. That is, if D is a subset of a topological
space A, and D = A, then D is dense in A. If D is countable, and D = A,
then the topological space (A, T) is called a separable space. For example, the
space (R, 7)) is separable since Q is countable.

Moreover, R is second countable, i.e., its topology has a countable base,
namely the class of intervals with rational endpoints. In general, a topological
space (A, T) is said to be second countable if 7 has a countable base. Note
that second countable topological spaces are separable.

In R, a closed interval [a,b] has the property that any set of open sets
whose union contains [a,b] has a finite subset whose union contains [a, b].
This is phrased by saying that any open cover of [a,b] has a finite subcover.
The set [a,b] is an example of a compact set. That is, if C' is a subset of
topological space A and every open cover of C has a finite subcover, then C
is called a compact set. A space is called locally compact if every point has a
neighborhood that is compact. For example, in R, [x — &,z + €] is a compact
neighborhood of the point z.

The function p : R x R — R* defined by p(z,y) = |z —y| is called a metric,
or a distance, and satisfies the following properties.

(i) p(x,y) =0 if and only if x = y.
(i) p(z,y) = ply,©).

(iii) p(z, 2) < p(z,y) + p(y, 2)-
The real line R, together with this metric, denoted by (R, p), is a metric
space. More generally, any set A with a function p: Ax A — [0, c0) satisfying
(i)—(iii) above is called a metric space. Further, any metric p on a set A
gives rise to a topology on A by taking as open sets unions of sets of the
form {y : p(x,y) < r}, where r ranges over the positive real numbers, and =
over the elements of A. In the case of R, the metric above gives rise to the
topology discussed on R, since the set {y : p(z,y) < r} are open intervals. If
there is a metric on a topological space that gives rise to its topology, then
that topological space is called metrizable. As just noted, the topological
space R is metrizable.

A sequence {z,,n > 1} in a metric space is said to converge to the element
z if for each ¢ > 0, there is a positive integer N such that for n > N,
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p(xn, x) < e. The sequence {z,,n > 1} is a Cauchy sequence if for each € > 0,
there is a positive integer N such that if m,n > N, then p(z,,zm,) <e. If in
a metric space, every Cauchy sequence converges, then that metric space is
said to be complete. The metric space R is complete. The topological space
R is metrizable, has a countable dense subset, and is complete with respect
to a metric that gives rise to its topology. Such a topological space is called a
Polish space. Note that Polish spaces are natural spaces in probability theory.
On a topological space, the smallest o-field containing the open sets is called
the Borel o-field of that space. The Borel o-field of R is denoted from now
on as B(R). Elements of B(R) are called Borel sets of R. Examples of Borel
sets are singletons {a} and all types of intervals such as

(avb)’ [a’b]a [avb)7 (—OO,b), (_OoabL (a7 oo),

It is left as exercises to show that B(R) is also generated by any of the
following:

a) all closed sets of R.

b) all open intervals (a,b) with end points a, b rationals.
c¢) all intervals of the form (—o0,al,a € R.
)

d) all intervals of the form (a,b], —o0 < a < b < oo, with (a, 0] to be
taken as (a, 00).

In summary, on a topological space such as R, the collection of events
is its Borel o-field B(R), and hence models for random experiments with
outcomes in R are probability spaces of the form (R, B(R), P), where each
P is a probability measure on B(R). Note that, when needed, the extended
real line [—o0, o] is topologized appropriately with Borel o-field generated by
{(a,b],—00 < a < b< oo}

Now, in practice, how to construct probability measures on B(R)? That is,
how to suggest models from empirical observations? It turns out that the key
is in the concept of distribution functions.

Let P be a probability measure on B(R), define F : R — [0, 1] by

F(x) = P((—00,z]), z eR.
This function satisfies the following basic properties:
(i) F is monotone non-decreasing, i.e x < y implies F(x) < F(y).

ii lim F =0and lim F =1.
(i) lim F(x) =0 and lim F(a)

(iii) F' is right continuous on R, i.e.,

lim F(y) = F(z) for any = € R.
UNT
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These simply follow from the basic properties of probability measures. First,
note that, as a monotone function, F' has left and right limits at all points,
i.e., both
F(r7)=lim F(y) and lim F(y) = F(z™")
vz YN\

exist for each z, and moreover

F(z7) < F(z) < F(z™).

We usually write F'(—oo) and F'(co) for the right and left limits in the above
(ii).

The upshot is this. All functions on R which satisfy the above (i)—(iii)
properties are distribution functions of probability measures on B(R), and
hence it suffices to look at such functions (which are simpler than probability
measures!) when suggesting models for laws of random evolution on R.

Specifically, if we define a distribution function on R as any function F
satisfying the above properties (i)—(iii), then we have the following result.

THEOREM (characterization theorem/Lebesgue-Stieltjes) There
exists a bijection between distribution functions F' on R and probability meas-
ures P on B(R) via F(x) = P((—o0, z]).

Remark. The probability measure P on B(R) associated with a given distrib-
ution function F' is also denoted as dF' (called the Stieltjes measure associated
with F'). The Stieltjes measure associated with the distribution function

0 if y<O0
Flyy=<y if 0<y<1
1 i y>1

is the Lebesgue measure on [0, 1]. Stieltjes measures can be defined in a more
general context, namely, for functions of bounded variation, in particular for
monotone functions, such as F'(x) = 2 on R whose associated Stieltjes measure
is the Lebesque measure on R. Note that a (nonnegative) measure on a
measurable space like (R, B(R)) is a set function v : B(R) — [0, o] such that
v()) = 0 and o-additive. The Lebesgue measure v on R is the unique measure
v such that v(a,b) = b — a, for a,b € R. The Lebesgue measure v(A) on a
Borel set A of R is the “length” of A. A property that holds on R except
a Borel set with zero Lebesgue measure is said to hold almost everywhere
(a.e.). The Lebesgue measure p on R is o-finite, i.e., there exists a sequence
A, € BR, n > 1, such that |J A, = R and pu(A,) < +oo for each n (e.g.,

n>1
A, = (—n,n)).
In multivariate statistical analysis, the sample space of observations is the
Cartesian product space R?. The space R? denotes the set of points x =
(x1,29,...,24), where each z; € R, i =1,2,...,d. Note that d > 1 is a fixed
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integer and the integer n is reserved for “sample size” or index in sequences
of events (or variables) where we could let n tend to infinity!
The Euclidean space R? is a metric space with metric

d 1/2
p(x,y) = [Z(% - yz)2] )

i=1

where x = (z1,72,...,74) and y = (y1,¥2,.--,¥a). The partial order on R?
is
x <yifandonlyif z; <y, i=12,...,d.

We write y \ x to mean that y; \, z;, 1 =1,2,...,d.

The program for R? is similar to R, namely, we seek to define a canonical
o-field A on R?, and then probability measures on A via multivariate (or
joint) distribution functions. Now A can arrive from two points of view. We
can take A directly as the Borel o-field B(R?) of R?, which is topologized by
the above Euclidean metric, or as a product o-field of d identical measurable
spaces (R,B(R). It turns out that two approaches coincide since R? is a
separable metric space. We will elaborate this in a more general setting that
is useful in applications.

Let (Q;,A;), 1 =1,2,...,d be d measurable spaces and

Q=01 x Qs x...xQq,
the product space of the ;’s, i.e.,
w=(w1,wa,...,wq) €Q iff w; €0 i=1,2,....d

Let C denote the class of subsets of €2 of the form A x Ay X...x Ay, where A; €
Ai,1=1,2,...,d. Each element of C is called a d-dimensional “rectangle.”

DEFINITION Given d measurable spaces (Q;, A;), i = 1,2,...,d, the
product o-field of the A;’s, denoted as A1 @ As @ ... ® Ay is the o-field on
0 X Q9 X ... x Qg generated by C.

In applications, it happens that the spaces €2;’s are topological, and the
A;’s are their Borel o-fields. Then € is also topological with the product
topology and hence has its own Borel o-field B(€2). We will leave as exercises
for interested students to work out some of the technical results, and simply
say here that, in general, 4; ® A, ® ... ® Ay C B(Q2). However, if each Q;
has a countable base for its topology, then A; ® Ao ® ... ® Aq = B(€). This
is precisely the case of R?. Thus B(R?) is also the product o-field B(RY) @
BR) ® ... ® B(R) (d times). In fact, B(R?) is generated by d-dimensional
rectangles of the form

(xlayl] X ($2>y2] X ... X (xd7yd]a
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where z;,y;, € R, i =1,2,...,d.

Thus for RY, we consider (R?, B(R?)) and probability models for “random
vectors” are probability measures on B(R9)).

First, there is a special kind of probability measures on B(R%)), or more
generally, on = Q1 x Q9 X ... X €y, corresponding to the concept of in-
dependence of random variables. To be simple, consider d = 2, the case
d > 3 is similar. Let (Q;,B;, P;), i = 1,2, be two probability spaces. Let
Q = Q1 x Oy, and consider A; ® A, as a o-field on 2. Define P on the class
C={A1 x Ay : A; € A;,i =1,2} as

P(Al X AQ) = P1(A1)P2(A2), (Al)

then using arguments that should be familiar to students now, P can be
extended to a unique probability measure on ¢(C) = A; ® As.

DEFINITION The product probability measure P = P; ® P, is the
probability measure on A1 ® As satisfying (A.1) above.

Of course, probability measures on A; ® Ay can be of various different
forms! To characterize all of them, we are guided by the situation in R. Let
us consider (R?, B(R?)). Let P be a probability measure on B(R?)). The joint
(multivariate) distribution function F' is defined as

d
F:Rdﬂ[ovlL F($1,x27...,:z‘d)P<H(OO,;L‘Z-]> )
i=1
where [] stands for product. Then F' has the following basic properties

(i) lim F(z1,...,2q4) =0 for at least one j and

lim F(z1,...,2q) =1

forall j =1,2,...d.
(ii) F is right continuous on R?,

lim F(y) = F(x), for any x € R%
MANS

(iii) For any a = (a1,...,aq), b = (b1,...,bg) € R with a < b, define
Ay, b RT— R as

Aai,biF(X) = F(Z‘l, ey i1, bi7xi+17 N .J?d)

_F(xh cees Ti—1, Ay Tit 1, - - .$d)~
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Then

where o denotes composition of operations. Thus the property (iii) is

AapF(x) >0  fora<becR%

As in the case of R, the above properties follow from the properties of the
probability measure P. As expected, these basic properties will characterize
P, so that we consider the following.

DEFINITION A d-dimensional distribution function is a function
F :R% — [0, 1] satisfying conditions (i)(iii) above.

The following is the characterization theorem (Lebesgue/Stieltjes) in R9,
its proof is similar to the case of R.

THEOREM Each distribution function F on R? is the distribution func-
tion of a unique probability measure P on B(R?), i.e.,

d

Fx)=P (H(—oo,aﬂ) , for x=(x1,...,74) € R

i=1

A.3 Expectation of a Random Variable

Let (£2, A, P) be a probability space and X is a map from 2 to R that is
A-B(R)-measurable. The probability law of X is the probability measure Py
on B(R) where

Px(4) = P(X"'(4)) = P({w: X(w) € A}).

Since a probability measure Px on B(R) is characterized by a distribution
function F via F(z) = P((—o0, x]), we also denote Px by the notation dF(z),
emphasizing the Lebesgue-Stieltjes probability measure associated with F'. To
make the analysis rigorous, we allow random variables to take values in the
extended real line R = [—o0, oc]. This is necessary to talk about the existence
of quantities such as sup A, or limits of monotone sequences of numbers that
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exist in R. For this, B(R) will be taken to be the o-field generated by B(R)
and {—oo},{cc}. Of course, B(R™) is the trace o-field of B(R) on R*. We
also extend multiplication and addition to [—o0, o] as follows.

0= (—00)0=0(—0c0) =0,
T = 00 if x>0,
z(—00) = (—o0)z = 0 if x<0,
x4+ (00) = (00) + 2 =00 for all z eR,
00 + (—00) is undefined.
We start out with simple random variables. A simple random variable is

a random variable X, which has a finite set of values. If x1,xo,...,x; are
distinct values of X in R, the X can be written in the canonical form

k
X = wila,
=1

where A; = {w : X(w) = =;}, noting again that {41, As,..., Ar} form a
A-measurable partition of Q.

DEFINITION The expected value of a simple random variable X, de-
noted as E(X), is defined as

k

B(X) =Y a;P(A).

=1

This definition does not depend on this particular choice of canonical rep-
resentation of X.
Next, for nonnegative random variables, we make two basic observations:

(a) Let X be a nonnegative random variable. Then there exists a sequence
of nonnegative, simple random variables {X,,, n > 1}, such that

Xn(w) < Xpp1(w), for we
(i.e., the sequence {X,,, n > 1} is nondecreasing), and
X(w) = lim X,(w), for we .
n—oo
(b) For any sequence of nondecreasing, simple and nonnegative random vari-

ables {X,,,n > 1} converging to a nonnegative random variable X, we
have

lim E(X,)=sup{E(Y): Y simpleand 0 <Y < X}.

n—oo

© 2006 by Taylor & Francis Group, LLC



Basic Concepts and Results of Probability Theory 225

The implication of the above two observations is this. We can define the
expected value of a nonnegative random variable X either by a or b given
above. If a is chosen, the definition is well-defined since a does not depend on
any particular choice of the approximate sequence, i.e., for any two sequences
of nonnegative simple random variables such that X,, / X, and Y,, /~ X, we
have

lim F(X,)= lim E(Y,)

n—oo n—oo
since they are both equal to b. We choose a for convenience of analysis,
namely, for using “monotone convergence property.”

DEFINITION The expected value of a nonnegative random variable X
is defined to be
E(X)= lim E(X,),

n—oo

where {X,,,n > 1} is any sequence of nondecreasing, nonnegative, and simple
random variables such that X,, / X.

Finally, for arbitrary random variable X, we write X = X — X, where
X+ (w) = max{X(w),0} (positive part of X) and X~ (w) = —min{X (w), 0}
(negative part of X). Note that both X+ >0 and X~ > 0. We then define

E(X) = E(X*) - B(X™)

and we write

E(X)= / X(w)dP(w),
Q
provided, of course, that not both E(X ™) and E(X ™) are oco.

Remark. Clearly E(X) < oo when E(X1) < oo and F(X~) < co. Now
| X (w)] = XT(w) + X~ (w), we see that F(X) < oo if and only if F|X| < oo,
in which case, we say that X has a finite expected value, or X is integrable
(with respect to P). If only one of E(XT) , E(X ™) is oo, then X has an
infinite expected value, and if both E(X™) and F(X ™) are oo, then we say
that X does not have an expected value or F(X) does not exist.

MONOTONE CONVERGENCE THEOREM Let {X,, n > 1} be
a nondecreasing sequence of nonnegative random variables with measurable
limit X a.s., i.e.,
P (w 2 lim X, (w) # X(w)) =0,

n—oo

then
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FATOU’S LEMMA If{X,, n > 1} is a sequence of nonnegative random

variables such that liminf X,, = X a.s., then
n—oo

/ X(w)dP(w) <liminf [ X, (w)dP(w).
A

n—oo A

DOMINATED CONVERGENCE THEOREM Let {X,,n > 1} be
a sequence of random variables with lim X, = X a.s., and |X,,| <Y for any

n—oo

n>1, with [, Y(w)dP(w) < co. Then

/ | X (w)]| dP(w) < oo.
A

and
/AX(w) dP(w) = lim | X,(w)dP(w).

n—oo A

FUBINI’S THEOREM Let u; be o-finite measures on (;, A;), 1= 1,2
and h: Qp x Q5 — R measurable (i.e., A ® Ay-B(R)-measurable).

(i) If h is nonnegative, then

/ h(wy,we) d(p1 ® po)(wr,ws)
Ql XQz

= /Q1 (/Q2 h(wl,wz)duz(w)) dpy(wr)

= /Q2 ( o h(WhW?)dﬂl(Wl)) dpa(wz).

(ii) If h is arbitrary (not necessarily nonnegative), but integrable with re-
spect to p1 ® pa, ie.,

/ a(wr,w2)| (i1 ® paz) (w1, w2) < oo,
Ql XQQ

then the equalities in (i) hold.

Remarks. (a) The hypothesis of “o-finite measures” is used to establish the
existence and measurability of quantities involved in the above formula.

(b) The practical example is (€2;,4;) = (R, B(R)), i = 1,2 and pu1 = po=the
Lebesgue measure dx on R. The Fubini’s theorem says that, for appropriate
h, the double integral of h is computed by an iterated integral in any order
of preference. But it should be noted that if h is not integrable (with respect
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to w1 ® ), it can happen that the above two iterated integrals (in different
orders) are not equal. Also, these two integrals can be equal to but h is not
integrable. See exercises.

(¢) To apply Fubini’s theorem in computations, besides the case where
h > 0, we should first check the integrability of h with respect to the product
measure p1 ® po. This is done as follows. Since |h| > 0, the equalities in (i) of
Fubini’s theorem hold for || at the place of h. Thus h is 1 ® ps integrable if
and only if any of the iterated integral of |h| is finite. Thus, simply compute,

say,
/91 (/Q |h(W17W2)|d,u2(w2)> dpir (ws2)

to see whether it is finite.
(d) In the discrete case, this is known in the context of absolutely convergent

series (see any calculus text), namely the following. Let > z, be an infinite
n>1

series of numbers. If the sequence of partial sums s, = Zn: x; converges to
s < 00, then we say that the series > x,, is convergent andl Ttls sum is denoted
by > xz, = s. Of course a seriesni% nonnegative numbers such as > |x,]
alvxf;;s1 has a sum < co. When Y |z,| < oo, we say that the seriesnzi T,
is absolutely convergent. (For t}?aztlto happen, it is necessary and suf%zcilent
that the increasing sequence Xn: |2n| is bounded from above). Note that if
> |an| < oo, then >z, i;:filnite and is the same for any reordering of
:}iel sequence {x,, n ;11}. For discrete random vectors, we are using double
series. The double series

E Tmn 18 absolutely convergent when E |Timn| < 00,
m>1 m>1
n>1 n>1

and in this case, we have

PRETESD DI D SES IS 9l D pitH) IEp

m>1 n>1 \m>1 m>1 \n>1
n>1

i.e., the finite value of the double series is computed via its iterated series and
its value is independent of the order of summations. For this to happen, it is
necessary and sufficient that >~ |Zmn| < oo for each n and

Z Z|xmn\ < o0.

n>1 \m>1
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Note that the limit sum of the double series given above is the limit of the
convergent double sequence

o —
{Sm,’ﬂ}m,n:h Sm,n - Z Tij,

i<m
Jj<n
i.e., for any € > 0, there exist N, M such that
|Smn — Ll <e forall m>M, n>N,

and we write
lim =L.
m-—o00 Sm,n

n—oo

A.4 Convergence of Random Elements

Let {X,,,n > 1} be a sequence of random variables, defined on (2, A, P).
Since the X,,’s are functions, X, : @ — R, we first need to investigate the
convergence of {X,,n > 1}, as n — oo, as a sequence of functions. Conver-
gence concepts related directly to the X,,’s are grouped under the headline of
stochastic convergence.

First, as functions, it is natural to look at

lim X, (w) = X(w), for all w € Q.

n—oo
This is the pointwise convergence of random variables (as functions), or con-
vergence everywhere, or X,, converges surely to X.

It turns out that this type of convergence of random variables is too strong in
the context of probability and statistics. To see this, consider the experiment
of tossing a biased coin repeatedly. Let Y, denote the outcome of the nth
toss.

PY,=1)=1-P(X,=0)=06.
Here Q = {0,1}N and Y,, : Q — {0,1} with Y, (w) being the nth component

of w. Consider .
>
k=1

For {X,,,n > 1} to be a consistent estimator of 6, we require that X,, converges
to 6. But X,, cannot converge to 0 for all w € Q. Indeed, for w = (w1, ws, ...)
containing a finite number of 1’s, we have

X, =

S|
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Thus, we should weaken the sure convergence to make sense for consistency
of estimators. As we will see in the next chapter, X,, will converge to # in the
following weaker concepts of convergence of random variables.

First, we weaken the above sure convergence by requiring only X,, to con-
verge almost surely, i.e., X,, converges to X only on some subset A of Q such
that P(A) = 1.

DEFINITION A sequence of random variables {X,,,n > 1} is said to
converge almost surely to the random variable X if

P (w : lim X, (w) # X(w)) =0,

n—oo

and is denoted as X,, =5 X.

Remark. Let
A=A{w: lim X,(w) =X (w)},
Then P(A) = 1. The a.s. convergence is also called the convergence with

probability one.

DEFINITION A sequence of random variables {X,,,n > 1} converges to
X in probability, denoted as X, P x , if for each € > 0,
lim P (| X, —X|>¢)=0.

n—oo

or equivalently
lim P(| X, —X|<e¢)=1.

n—oo

A.5 Convergence in Distribution

Again, a typical situation in statistics is this. Let Y be a population with
unknown distribution function F. Let Y7,Y5,...,Y, be a random sample
from Y. We are interested in using the statistic (i.e., an observable random
variable) X, = (Y1 + Yo +...+Y,,)/n for statistical inference. For that to be
possible, among other things, we need to know the (sampling) distribution of
X,

F,(z) = P(X, <x), x eR.

Now, F), can be written in terms of F', say,

F,.(z) = Fr() (nx),
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where F*(") denotes the n-fold convolution of F, i.e.,
F*0(g) = (F«Fx...x F)(z) (n times),

+
(F*G)(z) = [T Fz —y)dG(y).

But F is unknown, and so is F,. Can we approximate the distribution
F,, of X,, when n is sufficiently large? This is the essentials of large sample

statistics.

DEFINITION The sequence of random variables {X,,n > 1} is said to

converge in distribution to a random variable X, in symbol, X, L, X, if

lim F,(x) = F(x) for z e C(F),

n—oo
where F,,’s and F' are distribution functions of X,,’s and X, respectively, and
C(F) is the continuity set of F.

The concepts of convergence in distribution was developed for random ele-
ments taking values in Euclidean spaces (random vectors) in terms of distri-
bution functions. This will be no longer possible for the case where random
elements of interest take values in spaces for which, in one hand, there is no
concept of distribution functions, and on the other hand, a counterpart of
the Lebesgue-Stieltjes theorem (for R?) seems not possible. In such cases, we
have to study directly the convergence of their probability laws.

In the following, after giving some typical situations arising from statistics,
we set out to generalize the convergence in distribution to random elements
taking values in metric spaces, by establishing various equivalences for the
convergence in distribution of random vectors.

Standard statistical applications concern data that are vector-valued ob-
servations, where the probability theory, and induced statistical methods are
well developed on Euclidean spaces. As Fréchet [35] has pointed out, there
are many random elements in nature and technology.

PORTMANTEAU THEOREM Let (U,p) be a metric space. Let Q,
Qn, n > 1, be probability measures on the Borel o-field of U. Then the
following are equivalent.

(i) [, 9(x)dQn(z) — [, g(x)dQ(x) for all bounded, continuous, real-
valued funct10ns g, L.e., g € Cp(U).

(i) [; 9(x)dQn(x) — [, g(x)dQ(z) for all bounded, uniformly continu-
ous, real—va]ued functions g.

(iii) limsup @, (A4) < Q(A) for all closed sets A of U.

n—oo

(iv) liminf Q,(A) > Q(A) for all open sets A of U.
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(v) Qn(A) — Q(A) for Q-continuity sets A of U.

In view of this theorem, the convergence in distribution of random vectors,

X Dox , is equivalent to the convergence of the sequence of probability
measures {Q,,,n > 1} to the probability measure @ on R? (where Q,,’s, Q are
probability laws of X,,’s, X, respectively) in the sense that

[ 9@ dQu@) — [ o) Q)

Rd Rd

for all bounded, continuous, real-valued functions g, defined on R?. Thus,
consistently, if X, X,,, n > 1 are random elements taking values in an arbitrary
metric space U, with corresponding probability laws @, @,, n > 1, being
probability measures on U, we say that X,, converge in distribution to X,

X, 2 xif
/ 9(2) dQn(z) — / g(x)dQ(z) for all g € Cp(U).
R4 R4

This convergence of probability measures is termed weak convergence of prob-
ability measures, and is denoted as @, W, Q.

Remarks. (a) If Q is a probability measure on U, then the map f € Cp(U) —
fU fdQ is a positive, continuous linear form, since

\/ fd@] < [ 1714@ < 111 = sup |72
U U xeU

Let
B={fec@:|fl<1}.  [Ql=su \/ fd@].
feB U

We say that @,, converges strongly to @ when ||Q, — Q| — 0 as n — oco. Let
up € U such that u, — u (in the metric p). Then we should expect that &,
converges to d,. Consider the case where a,, # a for n > 1. Now, for each n,
let f,, € Cp(U) such that f, : U — [—1,1] with f,(u,) =1 and f,(u) = —1,
we see that [|d,, — &, = 2, so that d,, does not converge strongly to d,
whereas, clearly, §,, — 0, weakly. Thus, the weak convergence concept is
more natural.

(b) Weak topology. The space of probability measures on a metric space U
can be topologized in a compactable way with the weak convergence. More-
over, when U is separable, the weak topology is metrizable by Prohorov’s
metric. See Billingsley [10], pp. 236-239. Prohorov’s metric can be defined
in a simple way in Ethier and Kurtz [29], pp. 96 and 108-110.

(c) The equivalences in the Portmanteau theorem are useful in appropriate
situations.
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A.6 Radon-Nikodym Theorem

Various situations in statistics can be described as the process of seeking
information (or knowledge) on some random variable X of interest based on
the observations of some related random variable Y. For example, suppose
that the random vector (X, Y") describes some stochastic system. Consider the
problem of predicting the values of X (which are, say, not directly observable)
when we can observe Y. If a is a predicted value for X, then the prediction
error can be taken as E(X — a)?2. We have seen that, without information of
Y, the expected value of X, E(X), is the (unique) best predictor since E(X)
minimizes E(X — a)? over all a’s. Recall that it is so because

E(X —a)* = E[(X - B(X)) + (BE(X) - a)]* = V(X) + (B(X) - a)*.

Now suppose that we are able to observe Y. Then we should use this in-
formation in predicting X. Roughly speaking, instead of the unconditional
expectation E(X), we should employ a conditional expectation of X with re-
spect to 'Y in order to revise our predictor. Specifically, if the observed value
of Y is y, then our update predictor should be E(X|Y = y). Of course, like
the unconditional case, we need to show that this leads to the best predictor
in this new situation. Thus, at the design phase, we consider F(X|Y") as our
predictor.

As another example, in the search for “best” estimators of population
parameters, we might want to revise an estimator S by conditioning it on
another estimator 7', i.e., considering E(S|T").

In order to carry out the above statistical procedures, we need to define
the concept of conditional expectation of a random variable with respect to
another random variable.

The Discrete Case

Let X and Y be two random variables, defined on a probability space
(Q, A, P), with Y being discrete. When Y =y with P{w : Y(w) = y}) > 0,
we consider the probability measure P(-|B), where B = {Y =y}, on A, i.e.,
P(ANB)

P(B) ~
Suppose that [, X (w) dP(w) exists, then the expected value of X whenY =y
is the average of X with respect to P(-|Y = y), i.e.,

P(A|B) = for Ae A

E(X|Y:y):/QX(w)dP(w|Y:y).

This is consistent with the fact that, the conditional probability is just the
probability in a reduced or restricted space, conditional expectation is their
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expectation in that reduced space. Now

/QX(W) diP(w|B) :/BX(w)dP(w|B)+/BCX(w) dP(w|B)
= %/j}X(w)dP(w)
we have )
EX|)Y =y) = Y =9 /{Y—y} X(w)dP(w).

Note that if X is P-integrable, i.e., E(]X|) < oo, then E(X|Y = y) is defined
for all y such that P(Y = y) > 0. Indeed, for any B; = {Y = y,}, with
P(BJ) > 0,

B; (W)X (w)|dP(w /|X )| dP(w

Thus, in considering conditional expectation of X with respect to Y, we always
assume that E(|X]) < oo.

As stated before, at the design phase, we would like to consider a random
variable denoted as E(X|Y'), before making the observations on the variable
Y, so that when Y (w) = y, we should have

EXY)(w) = E(X[Y =Y(w)) =¢oY(w),

where
Y:RY) =R, Yy = EX|Y =y),

and R(Y) is the range of Y. In other words, E(X|Y = y) is a value of the ran-
dom variable denoted as E(XY), and E(X]Y) will be called the conditional
expectation of X with respect to (or given) Y.

First, for E(X|Y = y) = ¢¥(y), a function of y, the variable E(X|Y") should
be o(Y)-measurable, where

o(Y)={Y'(D): D e B(R)}

is the sub-o-field of A, generated by Y. Do not confuse o(Y") with the standard
deviation of Y here!

Now, in the above case where B = {Y = y} with P(B) > 0. if we also
assume that P(B) < 1, then P(B°) > 0. The events {B, B} form an A-
partition of Q with positive probabilities, so that quantities like FE(X|B),
E(X|B°¢) are well-defined. Note also that the o-field generated by the par-
tition {B, B¢} is {0,, B, B} which is the same as o(Ig). More generally,
let Y be discrete, then Y induces a (countable) A-partitions of €, namely,
B ={w:Y(w) =y;}, j > 1, recalling that

w) =Y yilp, W)

Jj=1
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The o-field of YV, o(Y), is the same as the o-field generated by its induced
partition {B;, j > 1}, denoted as o(B;, j > 1). We are going to define E(X|Y")
as follows.

BXIY)(w) = {E().(Bj) if weBj, P(B;)>0
arbitrary if P(B;)=0.

As such we have in fact a family of random variables, but these random
variables are equal almost surely since they differ only on the union of the
Bj’s with P(B;) = 0, which is of probability zero. Thus, in fact, by E(X|Y),
we mean an equivalence class of random variables. Any member of this class is
called a version of E(X|Y'), and by abuse of language, we often take F(X|Y)
to be some version of it. For computations, suppose that P(Y = y;) > 0 for
all j > 1, we have

E(X|Y)(w) =Y E(X|Y = yj)y=y,} ).

Jj=1

We realize immediately in this construction that F(XY) is measurable with
respect to the sub-o-field (of A) o(Y) = o(Bj,j > 1), since each Ip,; is so.
Sometimes, by abuse of notation, we also write Ip, € o(Y) = o(Bj,j > 1) to
denote the fact that the variable I, is measurable with respect to o(Y) =
U(ijj > 1).

It is important to realize that the concept of o-fields generated by ran-
dom variables captures the concept of information provided by these random
variables. Saying that F(X|Y) is o-measurable means that F(X|Y) can be
determined from Y, i.e., E(X]Y) is a function ¥(Y") of Y. Thus,

EX|Y)(w) = E(X|Y =Y(w)) =¢oY(w),

where ¢¥(y) = E(X|Y = v).

Thus, it is advantageous to view E(X|Y) as E(X|o(Y)), ie., the condi-
tional expectation of X with respect to a o-field. This allows us to consider
E(X|Y1,Ya,...) as E(X|o(Y1,Ya,...)), where o(Y1,Ya,...) is the o-field gen-
erated by the random variables Y7,Y5, ... .

We are led to consider E(X|B) where B is a sub-o-field of A. For example,
B =0(Y), where Y is discrete here, which is the same as the o-field generated
by the countable partition {B;,j > 1}, where B; = {Y = y,}. Note that if X
is a d-dimensional random vector, X = (X1, Xo,..., Xy), then E(X|B) is the

random vector
E(X[B) = (E(X1]|B), E(X2|B), ..., E(X4|B)).

In this case of discrete Y, i.e., B is o(Bj,j > 1), we recognize the following
two basic properties of E(X|B).

(i) E(X|B) is B-measurable.
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(ii) For any B € B, we have

/EX|B ) dP(w /X ) dP(w

Indeed, (i) follows from the construction of E(X|B) above. As for (ii), observe
that elements in o(B;j,j > 1) are of the form |J B;, for J C {1,2,...}. Thus,
JET
let B = LJZ%}
jEJ

/EX\B )dP = /ZE X|B)Ipns, (@) dP(w)

jeJ
/ZE (X|Bj)Ip,(w) dP(w)
]EJ
= E(X|B;)P(B Z/ X (w)dP(w
jedJ jed

_ /  X@ap) = /B X(w) dP(w)

The above two basic properties of F(X|B), when B is generated by a count-
able partition, will be used to define E(X|B) for arbitrary B.

The General Case

In the view of the two basic properties of conditional expectation of X
with respect to a sub-o-field B of A in the previous section, we consider the
following general definition.

DEFINITION Let X be an integrable random variable defined on
(Q, A, P) and B be a sub-o-field of A. A version of the conditional expectation
of X with respect to B is any random variable W such that

(i) W is B-measurable, i.e., W—1(B~}(R)) C B.

/W )dP(w /X )dP(w

and we write W as E(X|B).

(ii) For any B € B,

Remarks. a) A general concept of conditional expectation is needed to make
sense of a situation where the observable random variable Y is of continuous
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type, so that P(Y = y) = 0 for any y € R. And yet, it is intuitive that
P(X € A]Y = y) or more generally, E(X|Y = y) should make sense.

b) The above definition for conditional expectation in the general case only
stands if random variables like E(X|B) exist! For this crucial reason, we are

going to lay down some necessary mathematics to establish the existence of
E(X|B).

Let Py denote the restriction of P from A to B. Consider the set function
v:B—R, v(B) = / X(w) dPg(w).
B

Since E(]X|) < 0o, v(-) is finite (or bounded). However, since X takes values
in R, and so does v(-). Also, v(#) = 0 and v(+) is o-additive. As such, v(-) is
a signed measure. Note that Pg is a nonnegative, finite measure. Moreover,
if Pg(B) =0, then v(B) = 0, i.e., v is absolutely continuous with respect to
Pg, and we write v < Pg. In the above definition of v, X is not necessarily
B-measurable. We seek a B-measurable random variable Y (as a candidate
for E(X|B)) so that

v(B) = /BY(w) dPg(w), for any B € B.

It turns out that the existence and uniqueness (Pg-almost surely) of E(X|B)
are given in the simplest version of a result in measure theory known as the
Radon-Nikodym theorem.

RADON-NIKODYM THEOREM Let P be a probability measure on
(Q,B), and v be a finite signed measure on B, such that v << P. Then there
exists a random variable Y : ! — R, (i.e., B-measurable) such that

v(B) = /BY(w) dP(w), B eB.

Any two such random variables are equal P-a.s.

A.7 Large Deviations

The techniques of large deviations can be used to investigate certain as-
pects of large sample theory of statistics. As such, we provide here a friendly
introduction of the topic of large deviations. Interested students should also
consult a standard text such as Dembo and Zeitouni [20].
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A.7.1 Some motivations

Consider the following problem in quality control. In a production line, a
machine produces items with a proportion p of defectives. The population is
a Bernoulli random variable X taking values in {0,1} (good, defective) with
mean E(X) = p.

If we wish to estimate p, we take a random sample X7, Xo,..., X, from X
and form the sample mean X,, = Sp/n where S, = X1+ Xo+...+ X,,. The
estimator X,, of p is weakly consistent by the law of large numbers, or simply
by Chebyshev’s inequality, i.e., for any € > 0,

p(1—p)

P(‘Xn _p‘ Z 5) S TL52

— 0, as n — 0.

The rate at which X,, — p can be made more explicit as follows.
Since - - -
P(|X, —pl>e)=P(X,>2p+e)+P(X,<p—e)

we will investigate the asymptotics of P(X,, > a) for a > p, and P(X,, < b),
for b < p. For a > p, we have

(X, >a} <= {X,—a>0}
< {t(X, —a) >0}, forany t>0

<— {exp[t(X, —a)] > 1}, forany t>0.

Let Y denote the nonnegative random variable et(X"’“), for a fixed t > 0.

Then
PY>1)< / YdP < / YdP +/ YdP = E(Y).
{Y>1} {y>1} {v<1}

Thus
P(X,>a)=P (e’f()?n*a) > 1)

O}

where ¢(t) = E(e!X) is the moment generating function of X or the Laplace
transform of the distribution F' of X i.e.,

o(t) = /]Ret””dF(gc)7 t eR,

here ¢(t) = 1 — p + pel. Now,

P el v 1)
oot ()]
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Since t > 0 is arbitrary, we can replace t by nt leading to
P(X,, > a) < exp[—n(at — log ¢(t))], t > 0.

Hence
P(X'n >a) < exp |—nsup(at — log ¢(t))] .
>0

Observe that the function
9a(t) = at —log ¢(t) = at — log(1 — p + pe’)

is concave with ¢,(0) = 0 and ¢/,(0) = a —p > 0. Thus g, attains a positive
maximum [(a), say, on t > 0, and we have

P(X, >a) <e @) (A.2)

Similarly, for b < p,

P(X, <b) <exp |-nsup(bt — log p(t))]| .
<0
Now ¢;(0) = b —p < 0, and hence g, attains a positive maximum I(b) on
t < 0. Thus, -
P(X, <b) <e™®), (A.3)

Hence, let a = p+ ¢ and b = p — ¢, we have
P(| Xy —p| > €) < 27 H@ONO

and we say that X, converges to p at an exponential rate, where x Ay =
min{z,y}. In general, if P(X,, € A) — 0 as n — oo, then

alA) = —nlirréO % log P(X,, € A)
(if existed) is the exponential rate of convergence, i.e., for n large, X,, € A with
small probability of the order of e~ "*(4) For example, let X,, be the sample
mean of a random sample of size n from the standard normal population.
Consider A = (—o00,—a] U [a,0), for some a > 0. Then P(X, € A) =
P(|X,| > a). For each n,

_ _ 1 avn ,
P(|Xn‘Za)zl—P(|Xn|<a,):1_7/ ef;v/2dx'

Thus
2

— lim 1 log P(X, € A) = % = a(4).

n—oo n

The events {|)_(n - p‘ > e}, e > 0, are very rare events in the sense that their
probabilities decay to zero exponentially fast. They represent large deviations
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of X,, from the mean E(X) = p, since X,, avoids some neighborhood of E(X),
whereas the events {‘)_(n - p’ < e}, € > 0, represent small deviations of Xn
from p, i.e., X, is in some neighborhood of p.

If we denote by P, the probability law of X,,, then (A.2) and (A.3) are

rewritten as
a>p,  Pulla.c0) <@ (A4)

and
a <p, Pn((—oo,a]) < e—nI(a). (A5)

In fact the above inequalities hold for a > p, and a < p, respectively, since
A(p) = 0, where A(-) is the function defined on R by

A(z) = Sup [zt —log ¢(t)] .

This function is called the Cramer transform of the distribution F of X.
Indeed, since for any = € R, ¢,(0) = 0, we have A : R — [0, 4+00]. Next, for
each fixed t, Jensen’s inequality implies

E(etX) > etEX —etP o tp < log ¢(t)
so that
tp—logg(t) <0,  forany teR

implying that A(p) < 0. But A(-) > 0, and hence A(p) = 0.

Now, note that in (A.4) and (A.5), the events (in B(R)) [a, c0) and (—o0, a]
are closed sets of R. In fact, every closed set F' of R satisfies a similar upper
bound, namely,

1
limsup — log P, (F) < — inf A(z). (A.6)

n—oo N zeF
Also, every open set G of R satisfies the lower bound
1
liminf — log P, (G) > — inf A(z). (A.7)
n

n—oo zeG

Clearly (A.6) and (A.7) are equivalent to

— inf A(z) <lim infl log P,,(A)

rEA° n—oo N
1
< limsup — log P,(A4) < — inf A(z), (A.8)
n—oo T z€A

for any A € B(R). Thus, if A € B(R) is such that, say,

inf A(z) = inf A(z) =1(A
inf Aa) = inf Aa) = 1(4)
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then P, (A) will decay exponentially fast with rate I(A), i.e.,

lim 1 log P,,(A) = —I(A).

n—oo N

Remark. In our Bernoulli example,

Aw) = xlog (z) + (1 —z)log (T;) for z € [0, 1]
00 for x ¢ [0, 1]

with the convention 0log0 = 0 (Use Stirling’s formula: n! &~ /27 n"t2e=m).

The rate function A is convexr since it is the upper envelope of a family
of linear functions. It is lower semicontinuous (l.s.c.), i.e., the level-sets, for
a >0, {r € R: A(z) < a} are closed, but A is not continuous. However,
this A has an additional property which is stronger than l.s.c., namely, having
compact level-sets. This follows from the fact that 0 € D°(¢), where D(¢) =
{z € R: ¢(x) < oo}, recalling

o(t) = Ee'™ =1—p+pe',

so that D(¢) = D°(¢) = R.

In general, A need not be of compact level-sets. Finally, note that the
exponential rate of convergence of P(X,, € A) depends not only on A, but
also on the distribution of X.

Now, let us continue with our example in quality control. Suppose we
are concerned with the quality of items produced by a machine, expressed
as the proportion p of defectives. To detect whether the machine functions
normally (i.e., p < pg or p > pg), we take a sample Xq,...,X, from the
production line and look at the number of defectives S,, = X1+ Xo+...+ X,,.
Based on this observation, we will decide to let the machine keep running
or call for repair. This decision problem is formulated as the problem of
testing the null hypothesis Hy : p = po against the alternative hypothesis
Hy :p=p1 (po < p1). The likelihood ratio test has a rejection region of
the form S, > a. The performance of the test is determined by the error
probabilities of Type I and Type II

an, = P(S, > a|Hy) and B, = P(S, < a|Hy).

The exponential rates of «,,, B, are of interest, and can be studied within
the framework of large deviations. Note also that a measure of (asymptotic)
efficiency of a test as above can be defined by examining probabilities of large
deviations.

The motivation for studying probabilities of large deviations is not restricted
to i.i.d. samples. In fact, large deviations is a branch of probability theory that
deals with rare events, and as such, large deviations techniques are useful for
stochastic systems in which a qualitative theory for understanding rare events
is desirable.
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A.7.2 Formulation of large deviations principles

To investigate large deviations in many other situations, it is necessary
to formulate the problem in its most general form. The above elementary
exposition provides ideas for extensions.

From the above discussions, we see that the sequence of probability meas-
ures P, on R converges weakly to the Dirac measure §, as n — oo (as a
consequence of the weak law of large numbers). Events A € B(R) such that
p ¢ A are rare in the sense that P,(A) — 0 as n — oo. Very rare events
are rare events such that P,(A) — 0 exponentially fast. Thus, in general,
the problem is the study of the large deviations of a sequence of probability
measures (or more generally, of a family P., € > 0) on some measurable space
(U, U).

On finite dimensional spaces like U = R?, the exponential rate of conver-
gence is typically given by the Cramer transform, which is defined in terms
of a reference measure on R? (Lebesgue measure). Large deviations of sam-
ple paths of stochastic processes, such as Brownian motions, require infinite
dimensional spaces, like C[0,1]. In order to cover all cases, a general large
deviations principle should be formulated without reference to any reference
measure. In view of the properties of the Cramer transform and the result
(A.8), the abstraction is this.

LARGE DEVIATIONS PRINCIPLE Let U be a polish space (i.e.,
a complete, separable metric space), and U its Borel o-field. A rate function
is a function I : U — [0, 00|, which is lower semicontinuous (Is.c.). A family
{P., € > 0} of probability measures on U is said to satisfy the large deviations
principle with rate function I if, for all A € U,

- i}llfI <lim i(I)le log P.(A) < limsupelog P.(A) < —inf I. (A.9)
o e—s A

e—0

Remark. For a sequence of probability measures, we have ¢ = 1/n. If, in
addition, the rate function I is assumed to have compact level-sets, then
infU I(u) = 0 is attained at some wug since then I attains its infimum on a
ue

closed set.

As stated earlier, (A.9) is equivalent to

limsupelog P.(F) < —I(F), for F closed (A.10)
e—0
and
limi(r)lfalog P.(G) > -1(G), for G open, (A.11)
E—

where I(A) = ;IelfA I(u).
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Now, let us take a closer look at (A.10) and (A.11). The set function 7 on
U, defined by 7(A) = e~ 1) is an idempotent probability, i.e.,

7(4) =suwpr({ud),  7({u}) =r(u) = e,

which is upper semicontinuous (u.s.c.). Next, {Pf, ¢ > 0} is a family of
subprobability measures. Rewrite (A.10) and (A.11) as

liI;lj(l)lp[PE(F)]E < 7(F) (A.12)
and
ligiigf[PE(G)]E > 7(G) (A.13)

and take this as a definition for the convergence of the family of subprobability
measures { P2, € > 0} to the idempotent probability 7. Then, clearly, (A.12)
and (A.13) remind us of the weak convergence of probability measures, in
which, if PZ, 7 are replaced by probability measures, then (A.12) and (A.13)
are equivalent. Thus, the above concept of convergence of subprobabilities
to idempotent probabilities (which is another way of stating the large devia-
tions principle (LDP)) is a generalization of weak convergence of probability
measures.

Note that u.s.c. “densities” of idempotent probability measures are rate
functions for LDP. Such idempotent probability measures are capacity func-
tionals of random closed sets on R?. By subprobability measures, we mean
here set functions v : B(U) — [0, 1] such that

a) v(0) = 0.
b) v(A) = inf{v(G) : A C G open}, for any A € B(U).

¢) v (nf_jl An) < Z;lv(An).

d) For any open G, v(G) = ;in% v(G79), where G0 = ((G°);)¢ with A5 =
{ueU: pu,A) < 6}).

Note that v is monotone increasing in view of b). Also, the space M(U)

of all subprobability measures contains all idempotent probability measures

(also called supmeasures) and set functions of the form P¢ with ¢ € (0, 1] and

P a probability measure. See Dembo and Zeitouni [20]. The space M(U)

is relevant to capacity functionals of random closed sets in locally compact
spaces. Below are some examples of LDP.

The Finite Case

Large deviations for sample means in a Bernoulli population is an example
of LDP in the finite case. Here is another one. Let U = {uy,uz,...,ux} be a
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finite set with |U| = k. The space of all probability measures on U is identified
with the simplex Sj, of R¥. A LDP for a sequence of probability measures
{Pn, n>1} on (Sk, B(Sk)) is given by Sanov as follows.

Let X : (Q,A,P) — U be a random variable with Px = 7 € S;. Let
{X,, n > 1} be a sequence i.i.d. random variables distributed as X. Let
Y, : Q — S be defined as

f&“?w)
Y,(w) = :
f(ukvw)

where f(u,w) = fraction of w in X;(w),..., X, (w). Let P, be the probability
law of Y,, on B(S). Then {P,, n > 1} satisfies the LDP with rate function
I: S, — [0,00] given by

\/

k
I(v) = H(v|7) :ZVu] 1og
j=1

N

Uuj

Note that H(v|7) is the relative entropy of v with respect to 7. It can be
checked that I(-) is indeed a rate function, and in fact I(-) has compact
level-sets.

R¢ Case

Cramér’s large deviations principle for R can be extended to RY. The
corresponding rate function is now called the Fenchel-Legendre transform.
Specifically, let X be a random vector with values in R?, with distribution
function F'. The Laplace transform of dF' is

d
oty =FE (e<t’x>) = /]Rd exp ;tjmj dF(x),

where x = (z1,...,24), t = (t1,...,tq) € R The Fenchel-Legendre trans-
form of dF is

A(t) = sup [(t,x) —log¢(4)] .

xcR4
For example, let S be a random set with values in P(U), U finite, and having
capacity functional

T(A)=P(SNA#0D), for ACU.

Consider the associated random vector X with values in R?, with d = |U],
given by
Tisna20)
X = :

I(snaq,0)
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where the A;’s, j = 1,...,d = |U|, are all the subsets of U. If we identify
each map h: P(U) — R with a vector in RY, namely,

h(A1) t1
h(Ay) ta

then we can consider the Laplace transform of X as a function defined on
maps h

bs(h) = dx(t) = B (X))

[ d

=E |exp [ Y h(A)I(a,0520)
L j:1

= F |exp h(A)
L ANS#D

Also, by identifying the capacity functional T' with the vector (T(A), A C U)
in R?, the Fenchel-Legendre transform of X is written as

As(T) = sup | S h(A)T(A) ~ log s (h)

h:2U SR ACU

The Infinite Dimensional Case

Consider the Brownian motion W (t), t € [0,1], with paths in the space
Cy[0, 1] of continuous functions vanishing at zero. The space Cy[0, 1] is topol-
ogized by the supremum norm as usual. In the study of random perturbations
of dynamical systems one wishes to investigate the convergence of the solu-
tion of the perturbed system to the solution of the unperturbed system as
the effect of the perturbation decreases. For example, consider the perturbed
diffusion process expressed by the stochastic differential equation

dX (t,e) = b(X (t,e))dt + /e dWy,

for t € [0,1], x(0,e) = 0, € > 0. The process (ve Wy, ¢ € [0,1]) is normal
with covariance function c.(t,s) = £(t A s). Let P. be the law governing this
process, i.e., the probability measure (Wiener) on Cy[0,1] (with its Borel o-
field) determined by its covariance function. Since P. converges weakly, as
€ — 0, to dp, where 0 denotes the function in C[0, 1], which is identically zero,
one wishes to study the probabilities of large deviations of Brownian motion
sample paths, i.e., LDP for the family (P.,e > 0) on Cy[0,1]. An LDP exists
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with a rate function I given by

1
ICl0.1) = 0ocl 1) = 5 [ (o

for f absolutely continuous with a square integrable derivative f’(t), otherwise

I(f) = oo.

A.7.3 Large deviations techniques

We have addressed the questions “What is the problem of large deviations?”
and “Why do we need to study large deviations?” Now it is time to turn to
the question “How to study large deviations?”

Let U be a polish space with its Borel o-field &. Probability measures on
U are probability laws of random elements, defined on some (92,4, P), with
values in U, i.e., if X, : Q — U, then its probability law P, is defined by

P,(A) = P(X, € A), for Ael.

The problem of large deviations focuses on {X,,, n > 1} or {P,, n > 1} for
which P, (A) — 0, as n — o0, exponentially fast, with some rate I, for a class
of Borel sets A in U. Thus, the problem consists of establishing the ezistence
of a LDP for {P,, n > 1}, followed by the determination (identification)
of the rate function I. Note that the rate function is unique. Below is a
panorama of tools for achieving the above.

As in the case of weak convergence of probability measures, it is more
convenient to deal with functions rather than with sets (via the Portmanteau
theorem). The following necessary condition of LDP is crucial.

VARADHAN’S THEOREM If {X,, n > 1} satisfies the LDP with a
rate function I having compact level-sets, then for any bounded continuous
function h on U,

lim llogE {e"h(‘x")] = sup[h(u) — I(u)].

n—oon uelU

Remark. By taking h = 0, we see that infU I(u) = I(up) = 0 for some ug € U.
ue
Thus, in studying LDP for {P,, n > 1}, we need to be able to evaluate, for

all bounded continuous functions h, the asymptotics of

1
flog/ e WP, (u) as n — oo.
n U

The existence of LDP for {P,, n > 1} is a consequence of the existence of this
limit and some “compactness” condition.
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The “compactness” condition for {P,, n > 1} is expressed as follows. The
sequence (P,, n > 1) is said to be exponentially tight if for each 0 < o < o0,
there is a compact set K, of U such that

lim sup 1 log P, (K7,) < —a.
n—oo T
Note that exponential tightness is not a necessary condition for LDP, i.e.,
{P,, n > 1} might not need to be exponentially tight in order to satisfy an
LDP with a rate function having compact level-sets.

A form of the converse to Varadhan’s theorem provides a sufficient condition
for establishing LDP.

BRYC’S THEOREM If {P,, n > 1} is exponentially tight and

lim l1og / "MW P, (u) = L(h)
U

n—oo N

exists for every h € Cp(U), then {P,, n > 1} satisfies the LDP with the rate
function I (having compact level-sets) given by

W)= sup [h(w) — L(R).
heCy(U)

Moreover,

L(h) = suplh(u) ~ I(w)].

The following contraction principle is useful, for example, to bring down
LDP on complicated spaces to simpler ones.

CONTRACTION PRINCIPLE If{P,, n > 1} satisfies the LDP with
a rate function I having compact level-sets, and f : U — V (another polish
space) continuous, then

(i) J : V. — [0,00], defined by J(v) = inf{I(u) : u € f~1(v)} is a rate
function on V', having compact level-sets,

(i) {P.f~', n > 1} satisfies the LDP on V with rate function J.

In the opposite direction, a method for establishing LDP on complicated
spaces from simpler ones is projective limits. For large deviations for projective
limits, see e.g., Dembo and Zeitouni [20].
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