narodni
N U dlozisté
1 L Sedé
6 literatury

Generalizations and Extensions of Lattice-Valued Possibilistic Measures, Part |

Kramosil, Ivan
2005

Dostupny z http://www.nusl.cz/ntk/nusl-35248

Dilo je chranéno podle autorského zakona ¢. 121/2000 Sb.

Tento dokument byl stazen z Narodniho Ulozisté $edé literatury (NUSL).
Datum stazeni: 29.09.2024

Dalsi dokumenty muzete najit prostrednictvim vyhledavaciho rozhrani nusl.cz .


http://www.nusl.cz/ntk/nusl-35248
http://www.nusl.cz
http://www.nusl.cz

s . .
Institute of Computer Science
Academy of Sciences of the Czech Republic

Generalizations and Extensions of
Lattice-Valued Possibilistic
Measures, Part |

lvan Kramosil
Technical report No. 952

December 2005

Pod Vodarenskou v&zi 2, 18207 Prague 8, phone: (4+420) 266 053 940, fax: (+4202) 86585789,
e-mail:kramosil@cs.cas.cz



s . .
Institute of Computer Science
Academy of Sciences of the Czech Republic

Generalizations and Extensions of
Lattice-Valued Possibilistic
Measures, Part I

lvan Kramosil
Technical report No. 952
December 2005

Abstract:

Since the Zadeh's paper [9], which appeared in 1978, possibilistic (or possiblility) measures have been devel-
oped into an interesting and worth being investigated alternative tool to quantify and process uncertainty
of the kind of randomness, i.e., of the uncertainty classically quantified and processed by the apparata
offered by probability theory and mathematical statistics. In spite of the fact that it is the operation of
additivity and o-additivity which plays the dominating role when processing probability measures and their
values, the principal operations applied in the theory of possibilistic measures are those of supremum and
infimum, which can be defined also in mathematical structures built over sets of non-numerical elements,
in particular, in partially ordered sets and in complete lattices. Consequently, possibilistic measures with
non-numerical values and, in particular, lattice-valued possibilistic measures can be defined, seem to be
worth being investigated in more detail, and also this work is devoted to this goal. Our attention will be
focused to various extensions and generalizations of lattice-valued possibilistic measures and mutual rela-
tions among them. This research report presents the first part of a longer work dealing with the problems
introduced above, the second part is expected to follow the next year.
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1 The Phenomenon of Uncertainty — from a Non-Reflected
Matter of Evidence to a Challenge

During the archaic times, for each human being just a very close and narrow horizon restricted the part
of the world around which one was able to observe, to understand, to reflect and to answer reasonably
the challenges coming from. As a matter of fact, the space inside this horizon was just that of
immediate and elementary emipirical evidence offered by human senses and only very slowly and in
a very small degree extended and generalized due to one’s daily repeated experience. So, uncertainty
was nothing else than an implicit common attribute intrinsically penetrating all phenomena coming
from beyond one’s horizon and influencing, if not directly attacking, one’s life and often even menacing
one’s own ;physical existence. In the enemial world beyond the horizon everything was possible and
nothing was certain, everything could happen and, having happened, could penetrate the horizon and
could emerge in the world surrounded by this horizon. In other words, for an archaic human being
every day was a sequence of surprises, much more often unpleasant or even dangerous than pleasant
and agreable ones.

Nevertheless, with the ages going on, individual experience combined and shared with the expe-
rience of parents, ancestors and other members of the tribe in general, enabled to distinguish, step
by step, the degrees of levels of surprising or, to introduce the term which will be perhaps the most
important and frequent one in what follows, the degrees of uncertainty related to various phenomena
occurring in one’s everyday life. So, the events offering periodical daily and seasonal changes, the rise
and the decline of the Sun, the cycle of Moon’s phases, the regular changes of year’s seasons, have
been rather soon taken as regularities the repeating of which is reasonable to expect contrary to, say,
the changes of the weather which are charged by a non-negligible portion of uncertainty still in our
days. Continually improving manual skillfulness, as well as the tools used, one was able to reduce
the degree of uncertainty related to various operations applied when hunting, farming or preparing
the food. And again, with hundreds and thousands of years going on, this rather vague and relative
classification of various phenomena according to the degrees of uncertainty connected with them, step
by step shifted towards their qualitative distinguishing — some phenomena were taken as regular
or governed by regularity (later on called the Laws of God(s) and still later the Laws of Nature).
The other phenomena remained to be taken as uncertain or random, being then called rather events
than phenomena. In what follows, we will also take profit of this linguistic difference, using the term
“events” for phenomena charged by a non-negligible portion of uncertainty to the quantification and
processing of which all our further effort will be focused.

As a matter of fact, we have to go as back as to those pre-historic times, if we want to find and
discover when and why both the groups to which the phenomena under consideration were separated
taking their evident classification on the axis ranging from “well, good, desirable, ...” to “bad, awful,
undesirable, ...” with regularity, certainty, law, ... taken as positive and desirable attributes and
uncertainty, irregularity, randomness, ... as negative ones. The reason seems to be very simple: the
cases when a pre-historic man or woman could predict and with a degree of certainty high enough
expect the results of his/her action were taken by them as much more favorable when compared with
possible uncertain results charged by randomness which could bring much more often a danger, loss
or disaster, in common, something bad and undesirable, than an unexpected profit or advantage.
Indeed, the human being under consideration was very far from the position of a modern age or
even contemporary hazard game player who hopes to win a great amount of money conditioned
by a risk to loss a small amount given as the stake. And there were just the scientists of 20th
century who discovered that processes and procedures purposely charged by uncertainty may offer
qualitatively better results than deterministic procedures even when solving problems having in their
nature nothing in common with uncertainty and randomness (let us recall probabilistic algorithms or
simulated annealing). Turning back to the idea of individual horizon limiting the position of every
human being in the world around, much more often enemial than friendly, we could say what any
regularity, certainty or causality which one became acquainted extended, in a sense, the space in
front of one’s horizon incorporating into this space also the consequences of one’s activities made
according to the discovered laws, regularities and dependences. It is why, till our days, as positive
results and achievements of scientific effort are taken just the pieces of knowledge expressing some



causalities, dependences and implications like “it is true that if A holds then B holds as well”, not the
negative results like “it is not true that...”, even if it is in spite of the formal emancipation of negative
statements as true assertions concerning the negation of the original assertion, as done by Aristotle.
Let us recall the strange and extraordinary position of the deepest, but in the negative form expressed
results of the antigue geometry: a common unit of length for side and diagonal of a square does not
exist, it is impossible to construct a square equal to a given circle in its size, trisection of angle is
impossible, .... Many antigue mathematicians and philosophers could not prevent themselves from a
non-negligible feelings of fear when considering and analyzing such results.

For the reasons very briefly sketched above, the phenomenon of uncertainty was taken as something
undesirable or even enemial in all fields of human activity and the aim was to suppress or as least
to restrict in the most possible degree. However, this degree was very different even in the antigue
times, and this fact has influenced the reasoning on uncertainty till our days. Among the branches
proving remarkably great successes when fighting again uncertainty two very important were celestial
mechanics and linguistic argumentation — the art of speech and discussion. As already mentioned the
regularities governing the moves of Sun and Moon without any reference to uncertainty were known at
the very rise of the human civilization and the oldest models, sometimes very sophisticated, aiming to
explain and to predict at the same level of certainty all what happens at the heavens are also several
thousand year old. Also the antigue Greek schools of the art of discourse aiming to eliminate the
phenomenon of uncertainty from the process of human reasoning are well known and their successes
are quoted and acknowledged still in our days. The more important were these fields of reasoning,
the stronger the remaining portion of uncertainty was felt as a challenge for further effort of the most
excellent philosophers and scientists to eliminate completely the uncertainty from these domains.
As far as the reasoning and argumentation is concerned, remember the famous Socrates’ dialogues
(written by Plato) and dealing with problems when uncertainty emerges when using the common
non-formalized language in everyday human communication. For the case of celestial mechanics the
problem with explication and, consequently, prediction of solar and lunar eclipses or with the moves
of planets on the heavens are well known (let us recall that in Greek “planet” denotes a “wandering”
or rather “erring” celestial body). In other terms: the leading spirits of human civilization stood
at the position that the domains like reasonable and rational argumentation or celestial mechanics
were governed by laws working beyond any impact of uncertainty and can be also described and used
without any reference to this undesirable phenomenon; it was just a matter of human effort to seek
for and to reach such an explanation, description and application.

Both these domains of uncertainty can be taken as good examples of two qualitatively different
phenomena, but just the second one will be presented and analyzed, in more detain, in what follows.
The first case is that dealing with vagueness, impreciseness, lack of crisp notions, in common and
using the modern term, with fuzziness. Many notions used in common language admit uncertainty,
doubts and hesitation, when applied to particular cases, hence, when still using them, we do so with a
non-negligible portion of subjectivity which cannot be fully avoided in principle: remember the famous
Plato’s dialogues in which Socrates analyses adjectives like “good” or substantives like “justice”, so
arriving at very serious and unsolvable problems. Another well-known and philosophically very deep
problem of this kind is that of the Sorites’ paradox of heap: a single corn is not a heap and joining or
removing a corn does not change “non-heap” to heap or vice versa. Perhaps the best known and the
most widely spread formal mathematical apparatus to describe and process this kind of uncertainty is
that of fuzzy sets, based on the idea that a given individual entity (element) can belong to the given
set only partially, to some degree. Applying this idea to the membership relation between a particular
sentence of a formalized language and the set of true (deducible, resp.) sentences we arrive at the
so called fuzzy logics of various kinds and types. However, as stated already above, we purposely
leave vagueness, fuzziness, lack of crispness and related issues of uncertainty beyond the horizon of
our further reasoning focusing our attention, in what follows, to another type of uncertainty, perhaps
covered by the notion of randomness.



2 From Uncertainty as Randomness to Uncertainty as Mea-
sure

The kind of uncertainty to be described and analyzed in this chapter consists in the lack of the subject’s
ability to predict whether a phenomenon will occur or has occurred before immediately observing it.
However, at the level of observation, no uncertainty, as far as the interpretation and identification
of the observation is concerned, is supposed to enter the scene. E.g., a pre-historic man was not
able to predict the eclipse of Sun or Moon, but when observing the Sun or Moon disc he could see
and say whether this disc is or is not eclipsed (covered by the shadow) at the moment. The same
is the case when tossing a dice in such a way that the resulting side is covered by a hand or a cup.
Before removing the hand or cup we are not able to forecast the resulting number, so that the result
is uncertain in this case, but when doing so, we can see and read the result, the number of points
on the upper side of the dice, without any uncertainty in the sense of ambiguity, vagueness, or lack
of crispness. In textbooks and monographs on probability theory and mathematical statistics great
number of examples of various nature illustrating this kind of uncertainty can be found and, as a rule,
this phenomenon is called randomness and the events governed by such uncertainty are called random
events.

Very often, coin tossing is taken as the most simple example of a procedure influenced by ran-
domness. Let us consider another situation when coin and uncertainty are related to each other.
During an archeological research, an antigue or medieval coin has been dug out, but it is damaged
by erosion or other impacts, so that neither the specialists are able to say, surely and without any
doubts, which coin (from a list of known types of coins listed in a catalogue, say) it is and neither
which is its head and its tail side. This uncertainty can be taken in two qualitatively different senses.
First, we may assume that the dug out coin is, as a matter of fact, a copy of just one particular coin
from the catalogue so that one of its sides is, at least from the Platonist (God-like) point of view, its
head, the other being its tail. However, being hidden in the soil and subjected to various influences,
the coin passed something like the tossing process and we do not know which side is the head and
which is the tail. The difference when compared with the coin tossing consists in the fact that, to
be able to observe and identify the result, much more difficult operations than a simple removing the
hand or the cup are necessary. Sometimes these operations are possible and the “tossed” side of the
coin can be identified (a more detailed investigation of the dug coin by microscope or other technical
tool, consultation with a more skilled and experiences specialist, ... sometimes it is not possible (the
“cup” covering the “tossed” coin is too big and hard to be removed by the individual powers of the
experimenting subject). In every case, however, under this interpretation the uncertainty is caused
by the limited subject’s cognitive and empirical powers, the reality “as such” remains to be crisp and
definite.

The other approach to the phenomenon of uncertainty related to the dug out coin in question can
be illustrated from the position of a collector of, or businessman dealing with, old coins. From this
point of view the dug out damaged coin is not a particular coin from the list as such, it is some other
object which can be taken as a copy of a coin from this list only to a certain degree. Consequently,
a side of this dug out coin is not the head (the tail, resp.), it is some new entity which is related
to the head (the tail, resp.) of a coin from the list in the catalogue only by similarity relation, it is
the head (the tail, resp.) of a particular coin from the list only to a certain degree. This “degree of
similarity” of the dug out object to a coin from the list or, to take profit of the terms of fuzzy sets,
the “degree of membership” of this object to the fuzzy set of coins of a particular type, can be, at
least under some circumstances, expressed even numerically, e.g., by the relation of the amount which
a collector is to pay (or a seller can obtain) for the dug out “coin-like object” related to the financial
value of the perfect (non-damaged, crisp) coin of the type in question. The same is the basic idea
of the laws and bank rules according to which damaged banknotes are changed for the perfect ones.
E.g., if the relative size of the damaged, destroyed, or even missing area of a particular banknote does
not reach 25%, the banknote is taken as fully valid, if the relative size of this area reaches or exceeds
75%, the banknote is totally invalid, and in the remaining cases the degree of validity of the damaged
banknote (the degree of membership of this piece of paper to the fuzzy class of banknotes of the type
in question), and the amount payed by the bank for this damaged copy decreases linearly from 100%



to 0% of its full value with the relative non-damaged size of the banknote in question decreasing from
75% to 25%.

A more systematic and mathematically based scientific investigation and analysis of the phe-
nomenon of uncertainty in the sense of randomness originated in 18th century and was motivated by
hazard games like coin or dice tossing, sampling at random from urns containing black and white (and
perhaps still other colours possessing) balls in various proportions and sampled according to various,
more or less complicated rules. Recall the most simple cases of sampling with of without removing.
the sampled ball into the urn, or more sophisticated urn schemata with hierarchically ordered systems
of many urns with consecutive sampling. This historical background of the mathematical probability
theory, at least in its elementary combinatorial setting, is still conserved in the terminology used till
our days. Also the names of the most famous mathematicians building the foundations of mathe-
matical probability theory (Laplace, de Moivre, d’Alembert, Poisson, Gauss, ...) are still explicitly
demonstrated in the names of the most important notions, theorems and other results achieved when
developing probability theory as a fully valuable and precisely formalized branch of theoretical math-
ematics. The readers interested in the history, but primary in the philosophical and methodological
problems emerging with the times passing, are recommended to consult, e.g. [18] or [22] as interesting
sources of further information and details.

From the point of view of further mathematical formalization and possible semantigue interpreta-
tion of the phenomenon of uncertainty in the sense of randomness, leading to the well-known axiomatic
setting of probability theory as done by Kolmogorov in 1932 [28], the most important notion offered by
the combinatorial probability theory was that of elementary random event. Elementary random events
are the atoms of the field of random events which may occur when realizing the random sampling
procedure under consideration. Hence, as the result of each sample just one elementary random event
occurs and each non-elementary random event is fully and completely defined by a subset of the set
of all elementary random events under consideration. E.g., in the case of dice tossing the elementary
random events are the particular positive integers from 1 to 6, so that every non-elementary random
event, e.g., “number greater than 4”, “odd number”, and so on are uniquely defined by the correspond-
ing subsets of the set {1,2,...,6} of integers. If the set elementary random events is finite or countable,
and if the probability values ascribed to particular elementary random events are non-negative and
their sum (or series) over all elementary random events gives one, the values of probabilities for each
subset of the set of all elementary random events, hence, also for each random event, can be easily
and uniquely defined taking the sum (the series, resp.) of probability values ascribed to all elementary
random events contained in the random event in question (in the terms of probability theory, these
elementary random events are called favorable to the random event in question).

Let us denote by €2 the set of all possible elementary random events which can result when realizing
the random sample in question, let w denote particular elementary random events, i.e., elements of €2,
let P(2) denote the system of all subsets of €} (the power-set over §2). The most important feature of
this model consists in the fact that given the elementary random event wg resulting from a random
sample, the occurrence or non-occurrence of any random event A C €2 is completely determined by
this value wg — A occurs iff wg € A holds (let us recall that we take into consideration only classical
crisp subsets of 2 with no fuzziness entering the scene). E.g., in the case of dice tossing, when
Q={1,2,...,6} if wy = 4 then the random event “even number” occurs, the random event “number
smaller than 3” does not occur, the random event “number greater than 2” occurs, etc. Hence,
from the formalized mathematical point of view, elementary random events play the role of hidden
parameters in models defined by functional deterministic dependences, in other terms, our model
enables to reduce randomness to the lack of full (complete, precise) knowledge as far as the value of the
hidden parameter is concerned. From the philosophical point of view, this approach to uncertainty and
randomness presents the mechanistic and deterministic point of view, inspired by the great successes of
Newtonian physics and astronomy in 18th century and introduced into probability theory by Laplace
[17], [18], [22]. From the methodological point of view, however, this approach enables to embed
probability theory into the standard theoretical mathematics as a particular application of the theory
of real-valued functions and of measure theory. This paradigm is applied also in the Kolmogorov
axiomatic probability theory [38] and will be accepted also here, hence, randomness is nothing else
than our lack of complete knowledge of the actual values of hidden parameters in processes described



by functional dependences.

Having agreed with the idea to restrict our reasoning to the cases when random event can be iden-
tified with the set of “favourable” values of a hidden parameter within the framework of a functional
model of the problem and environment under investigation, let us declare explicitly also our second
basic paradigmatic assumption accepted in all what follows below. This assumption reads that the
degree or amount of uncertainty (i.e., randomness in our case) contained in, or ascribed to, the random
event in question is defined by a mapping which ascribes a value to the subset of {2 identified with this
random event (hence, defined by a set function with the definition domain contained in the power-set
P(£2) but nor, in general, identical with P(€2)). The values taken by his set function need not be, in
general, of numerical nature (as a matter of fact, the greatest portion of our attention, in what follows,
will be focused to uncertainty degrees with non-numerical values), but the mappings under consider-
ation will be supposed to posses at least the perhaps most general property of the intuitive notion of
size of geometric objects and, in particular, sets, and it is the property of monotonicity with respect
to set inclusion. Hence, if ¢ is a mapping ascribing to random events over the system (2 of elementary
random events, i.e., to (some) subsets of 2, degrees of randomness in a space T' of possible values
equipped by a partial binary relation < admitting to understand the relation t; < to, t1,t2 € T, as “t;
is smaller than or equal to t2” (e.g., if < defines a partial ordering in 7'), then for every A, B C Q) such
that A C B holds and ¢ is defined for both A, B, the relation ¢(A) < ¢(B) should hold true. Such
uncertainty degrees are often called 7-valued monotone measures, where 7 = (T, <), and in all what
follows we will limit ourselves to investigation of uncertainty taken as randomness and investigated
within the framework in which such an uncertainty can be defined and processed as 7-valued mono-
tone measure for appropriate, real-valued or non-numerical, set T' of partially ordered uncertainty
(randomness) degrees.

Let us note that perhaps the notion “fuzzy measure” is used more often than “monotone measure”,
but the adjective “fuzzy” in this case does not meet its standard meaning and intuition behind as it
is in the case of fuzzy sets, so that the adjective “monotone” will be preferred below.

3 Additive and Maxitive Real-Valued Monotone Measures

Having agreed with the idea to quantify degrees of uncertainty (in the sense of randomness) by sizes of
certain subsets of the universe 2 of elementary random events, let us note that the common intuition
behind the notion of size of geometric objects was sketched, for the first time, by Euclides [43] in his
well-known eight principles for size. Let us introduce them, for the reader’s convenience, also here,
not trying to translate them verbally, but rather to catch the spirit of each of these principles.

1. Two (values of) sizes being equal to a third size, also these two values are equal to each other.
2. If equal sizes are joined with equal sizes, also the resulting sizes are equal to each other.

If equal sizes are removed from equal sizes, also the remaining sizes are equal to each other.

L

If equal sizes are joined with inequal sizes, also the resulting sizes are not equal to each other.

5. Two sizes being equal to each other and multiplying both of them twice, the resulting sizes are
also equal to each other.

6. Two sizes being equal to each other and dividing both of them to their halves, also the resulting
sizes are equal to each other.

7. If two geometric objects mutually cover each other, their sizes are equal.

8. The whole object is greater than its part.

Hence, using the terms to be introduceds below in this chapter, we could say that the Euclides’
idea of size of geometrical objects meets the demands of monotone measure, shifting the notion of
size toward the additive measures, but this shift is far from being done consecutively. So, wanting to
begin our more formalized reasoning on uncertainty and, in particular, randomness quantification and



processing with real-valued uncertainty degrees, we introduce, first of all, the notion of real-valued
monotone measure.

Definition 3.1 Let Q be a nonempty set, let A be a system of subsets of Q). A mapping ¢ which
takes A into the unit interval [0,1] of real numbers (p : A — [0,1], in symbols) is called (real-valued)
monotone measure on A, if the inequality p(A) < @(B) holds for each A,B € A such that A C B.
The inner measure ¢, and the outer measure ¢* induced by the monotone measure @ on the power-set

P(2) are defined by

0.(B)=\/{p(A): AC B,Ac A} (3.1)

©*(B) = \{¢(4): AD B, Ac A} (3.2)

for each B C 2, here \/(\, resp.), denotes the standard supremum (infimum, resp.) in [0, 1] with
respect to the linear ordering < of real numbers, and the conventions \/) = 0, A® = 1 apply for
the empty subset of [0,1]. The monotone measure ¢ on A is called normalized, if p(0) = 0 and/or
©(2) =1 supposing that O € A and/or Q € A.

Let us note that this definition is (purposely) conceived at a very general level to that, e.g., if A
contains only nonepmty proper subsets of €2 no pair of them being in the relation of set inclusion,
then each mapping ¢ : A — [0,1] is a normalized real-valued monotone measure on A. Even the case
A = ) is not excluded, so that the “mapping” with the empty domain is also a normalized real-valued
monotone measure (due to the conventions concerning Af) and \/ @) both ¢, and ¢* are defined for
every B C Q, ¢,(B) =0 and ¢*(B) =1 for each such B). As can be easily seen, if ¢ is a monotone
measure on A, then both ¢, and ¢* are monotone measures conservatively extending ¢ from A to
P(Q)(ie.,p.(A) = p(A) = ¢*(A) for every A € A). If {0,Q} C A holds and ¢ is a normalized real-
valued monotone measure on A, then both ¢,(A) and ¢*(A) are normalized real-valued monotone
measures on P(€).

We will not go in more detail, here and now, as far as real-valued monotone measures are concerned.
Later on, we introduce a more general notion of monotone measures taking their values in (complete, as
a rule) lattices. As the interval [0,1] with its standard linear ordering obviously meets the conditions
imposed on complete lattices, our more general results achieved below will cover also real-valued
monotone measures, these later ones being picked up and investigated in particular in all cases when
such an effort will be felt as reasonable and useful.

The size of field used for food plantation can be quantitatively measured by the quantity of corn
harvested every year and the size of an army can be measured by the number of soldiers. On the other
side, however, the size of field can be defined either by the qualitative fact whether there is a source of
water on this field or by the quantitative characteristic giving the distance of the field from the nearest
water source or flow. Analogously, the quality of an army can be given by the individual personal
qualities of the best soldier of this army which could represent it in the case when a respective battle
is replaced by the personal combat of the representatives of the enemial armies (remember Achilleus
and Hector before the walls of Troya).

As can be easily seen when re-considering the Euclidean postulates concerning the sizes of geometric
objects and sketched above, the first interpretation of (or intuition behind) the notion of sizes of sets
prevailed and led to the notion of additive measure. Let us introduce here the definition of additive
measure in such a way that not only values in [0,1], but all non-negative values including the joined
value +o0o are admitted, on the other side, we simplify our definition in such a way that the system
A of subsets of Q for which the measure is defined is supposed to be appropriately structured.

Definition 3.2 Let 2 be a nonempty set. A nonempty system A of subsets of Q is called o field, if
for each A, B € A also @ — A and AU B are sets from A (consequently, due to de Morgan rules,
also ANB =Q—((Q—A)U(Q — B)) belongs to A). The system A is called a o-field, if for each
A A1 As, o€ Aalso Q — A and | J2, Ai (hence, also (=, A;) are sets from A. The system A is
called an ample field, if for each A € A and each nonempty Ay C A also Q—A and JAo(= Urca, 4)
(hence, also (VAo = (Npca, A) are sets from A.



Obviously, each field (o-field, ample field) A contains the empty set ) and the space Q. Indeed,
take no matter which A € A, so that Q— A isin A and AU(Q—A)(U;2, Ai, A1 = A, A; = Q—A for all
i>2, |JAp for Ag = {A,Q — A}) = Q is also in A, the same being valid for ) = Q — Q.

Fields, o-fields and ample fields will be the most often used systems of subsets of the universe
of discourse (the set of all elementary random events under consideration, to recall our primary
motivation) © in what follows.

Definition 3.3 Let Q) be a nonempty set, let A be a field of subsets of Q. A mapping p: A — [0, 00] =
[0,00] U{cc} is a (finitely) additive measure on A, if u(0) =0 and

H(AU B) = j(A) + u(B) (3.3)

hold for each A, B € A such that AN B = (usual conventions applied when operating with the
value oo are adopted). If A is a o-field and the relations u(0) = 0,

o0 oo
p(l 4) =D w4 (3.4)
i=1 i=1

for each sequence Ay, Ao, ... of mutually disjoint sets from A are valid (in the sense that for each
such sequence the series on the right-hand side of (3.4) is defined and the identity (3.4) holds), then
1 is a o-additive measure on A.

Let us note that if there is at least one nonempty A € A such that pu(A) is positive but finite, the
condition £() = 0 is superfluous. Indeed, AN @ = 0, so that pu(AU0) = p(A) + u(0) = p(A) holds
due to (3.3) so that u(0) = 0 follows.

Finally, (finitely) additive (o-additive, resp.) probability measure on A is a normalized additive
(o-additive, resp.) measure on A, i.e., measure for which () = 1. Let us refer to the excellent
monograph [20] on measure theory, perfectly and in more detail analyzing all the notions and relations
concerning measure theory.

Probability measure and probability theory will not be the main tool for uncertainty (randomness)
quantification and processing to which our attention in what follows will be focused, but in every case it
will be the tool with which our alternative, possibilistic and lattice-valued measures will be thoroughly
compared and confronted. It is why we take as useful to introduce the definition of probability measure
explicitly.

Definition 3.4 Let ) be a nonempty set, let A be a nonempty o-field of subsets of Q. A mapping
P:A—10,1] is called a o-additive probability measure on A, if P() =1 and

P (G Ai> = i P(A;) (3.5)

holds for each sequence Ay, As, ... of mutually disjoint sets A; from A. As in the case of o-additive
measure (Definition 3.3), (3.5) is to say that for all sequence Ay, As, ... of mutually disjoint sets from
A the series Y .0, P(A;) is defined and the equality in question holds. The triple (Q, A, P) is called
probability space.

Obviously, each probability measure P on a o-field A C P(2) is a normalized monotone measure
on A. Indeed, if A,B € A are such that A C B holds, then B— A = BN (2 — A) is in A and
AN (B —A)=1,so that P(B) = P(A) + P(B— A) > P(A) holds.

Set functions, perhaps obeying the conditions imposed on monotone measures but, in general,
non-additive in the sense of finite additivity or o-additivity introduced above, are investigated under
the common name “non-additive measures” (cf. [12], e.g.). The latest and rather artificially created
adjective “maxitive” defines the subclass of non-additive measures for which the values ascribed to
particular sets are bound with the value ascribed to the union of the sets in question rather by the
operation of maximum or supremum (no matter whether these sets are mutually disjoint or not) than
by that of addition or series (with the condition of mutual disjointness imposed). Postponing some



reasoning about the origins and appropriateness of the adjective till an appropriate place below, let
us introduce the notion of (real-valued) possibilistic (or possibility measure) in its as general setting
as possible.

Definition 3.5 Let Q2 be a nonempty set, let A be a nonempty system of subsets of Q. A mapping
IT: A — [0,1] is a (real-valued normalized) possibilistic measure on A, if II(#) = 0 and/or TI(Q) = 1
supposing that ) € A and/or Q € A, and if II{AU B) =1I(A) VII(B) for every A, B,AUB € A, here
and below V(\/, resp.) denotes the supremum operation defined in [0, 1] by the standard linear ordering
of real numbers. Possibilistic measure I on A is finitely complete, if II([JAg) = V{II(4) : A € Ao}
holds for each finite Ag C A such that (JAo(= Uyeq, A is in A). Possibilistic measure 11 on A is
complete, if TI(J Ao) = V{II(A) : A € Ao} holds for each nonempty Ay C A such that |JAg € A
holds.

As can be easily seen, a possibilistic measure on A need not be,. in general, finitely complete.
Indeed, take A = {0, Ay, Ao, A3,Q} where Aj, Ay, A3 are such that A; U As U A3 = Q, but no of
the unions Ay U Ag, Ay U A3, A1 U A3 is in A (e.g., A1, Az, A3 define a disjoint covering of ) by
nonempty sets). Setting II(0) = II(A4;) = II(Ay) = II(A3) = 0,11(Q) = 1, we can easily check that
IT is a possibilistic measure on A, as for all the trivial unions () U A;, A; U Q,0 U Q, which are in
A the condition imposed on II holds, but II is not finitely complete, as A1 U As U A3 = Q, but
1=TI(Q2) #1(A;) VII(As) VII(43) =0.

Obviously, each possibilistic measure on 4 is a monotone measure on A. Indeed, if A, B € A are
such that A C B holds, then AU B = B is in A, so that

II(B) = [I(AU B) = II(A) VII(B) > II(A) (3.6)

easily follows.

4 Most Elementary Properties of Real-Valued Possibilistic
Measures

Perhaps the most simple way towards an elementary possibilistic measure may be as follows. Let 2
be the set of all elementary random events describing a sample, procedure or decision making under
uncertainty which is supposed to be of the kind of randomness, hence, which can be formally described
and processed using the idea of hidden parameter the value of which is not known. Let E C € be a
sure event in 2, hence, due to some more knowledge (e.g., obtained due to some further experiments,
observations or consultations with experts) we know that the actual value of w is in E. Given a
random event A C (2, it is quite natural and compatible with the common meaning of the adjective
in question, to call the random event A as possible, if AN E # (), i.e., if it is not avoided that the
actual value of w is in A. Using an appropriate mathematical notation, we may define a mapping
IT: P(Q2) — [0,1] such that II(A) =1, if ANE # 0,II(A) =0, if ANE = (as the set E contains
the actual value w € Q, E is nonempty). As can be easily checked, this mapping defines a real-valued
possibilistic measure on P ().

This idea can be easily applied to the more general case when the sure event F is replaced by a
fuzzy set with the characteristic function 7g, hence, for every w € Q,mg(w) defines the degree with
which w is in E. Consequently, we can say that a random event A C €2 is possible to the degree at
least o, 0 < v < 1, if it has a nonempty intersection with the subset of those w € 2, which belong to
the sure event A to the degree at least «, in symbols, if

An{we Q:mp(w) > a} #0. (4.1)

Tt is quite natural and intuitive to ask which is the supremum of the values « for which (4.1) holds,
as can be easily seen, it is the value

M(A) = \/{re(w) :w € A}. (4.2)



Under the condition that there exists w €  such that mp(wp) = 1 (which replaces the condition
E # () imposed in the case of crisp set E), and applying the convention that \/ @ = 0 for the empty
subset of [0,1], so that TI((}) = 0, we obtain easily that II is a real-valued normalized possibilistic
measure on P(€2). Due to the elementary properties of the supremum operation on ([0, 1], <) this
possibilistic measure is obviously complete.

To conclude, each mapping 7 : © — [0, 1] such that \/ ., 7(w) = 1 defines uniquely a complete
possibilistic measure 1T on P(€2), applying (4.2) (if Q is infinite, the condition \/ ., 7(w) = 1 is
more weaken than that strictly demanding the existence of some wy € Q such that 7(wg) = 1). The
mapping 7 is called, in this context, the possibilistic distribution inducing or defining the possibilistic
measure 1T on P(£2). Each complete possibilistic measure on P(€2) is defined by the uniquely defined
possibilistic distribution 7 on €; set simply m(w) = II({w}) for every w € Q (let us recall that {w}
denotes the singleton in P(€2) — the subset of ) containing just the element w € Q). If Q is finite,
the 1-1 relation between possibilistic distributions and possibilistic measures trivially holds also for
possibilistic measures on P(€2). as each of them is obviously complete, but for infinite spaces € this
need not be the case. Indeed, let © be infinite and let II : PQY — [0, 1] be such that II(4) = 0, if A
is empty or finite, and TI(A) = 1 for infinite A C 2. Then II is, obviously, a possibilistic measure on
P(£2) which is not complete and which is not defined by any possibilistic distribution on €. To cover
also this case, the following formalized definition of real-valued possibilistic measure over the system
of all subsets of a universe of discourse seems to be appropriate for our purposes.

Definition 4.1 Let Q be a nonempty set, let P(Q) denote the system of all subsets of Q. A mapping
IT: P(Q) — [0,1] is called a (real-valued)possibilistic measure on P(Q), if II(Q) = 0,1(N) = 1 and
II(AUB) =1II(A) VII(B) for every A, B C . The possibilistic measure II on P(€2) is called complete,
if II(UA) = V{II(A) : A € A} holds for each ) # A C P(Q).

For each A C Q, either TI(A) = 1 or TI(2 — A) = 1, as the relation II(A) VII(2 — A) =TI(2) =1
holds, but the possibility that II(A) = II(2 — A) = 1 holds simultaneously is not excluded. This
can be interpreted in such a way that of two contradictory events, one at least is completely possible.
Further, when one event is taken as possible, this does not prevent the contrary event from being so as
well, which is consistent with the semantigues of judgements of possibility that commit their makers
very little. More generally, for every finite system A C P(Q2) such that [JA = Q there exists A € A
such that II(A) = 1. Consequently, for each A C €2 the inequality II(A) + II(€2 — A) > 1 holds, more
generally, for each (not necessarily finite) system A of subsets of § there exists finite or countable
subsystem Ao C A such that the inequality >, 4 II(A) > 1 holds.

As shown above, possibilistic measures can be taken as a specific case of (normalized real-valued)
monotone measures on P(£2) supposing that the inequality

(AU B) > II(A) VII(B), (4.3)

obviously valid for each such monotone measure, is strenghened to equality (i.e., this equality is
imposed on IT as a new axiomatic demand). A dual idea would be to strenghen the inequality

o(AN B) < o(A) Ao (B), (4.4)

also trivially valid for each (normalized real-valued) monotone measure o on P(£2), to the equality,
so obtaining the so called (normalized real-valued) necessity measures on P(€2). The most simple case
of such necessity measure is the mapping og : P(©2) — {0,1} such that op(4) = 1if E C A holds,
and op(A) = 0 otherwise, here E is the sure event (subset of 1) and A is also a subset of ). As can
be easily seen, a set function o on P(f) satisfies (4.4) with the equality if and only if the set function
IT on P(), defined by

(A) =1 o(Q — A) (4.5)

for each A C ©, is a (normalized real-valued) possibilistic measure on P(£2). Dually, if II is a
(normalized real-valued) possibilistic measure on P(€2), the mapping defined by

o(A) =1 - II(Q — A) (4.6)



for every A C Q, obviously defines a (normalized real-valued) necessity measure on P(§2). In
particular, o(A) = 1 iff TI(Q2 — A) = 0, hence, an event A is necessary iff its negation (complement) is
possible, i.e., possible to the degree 0, what agrees with the semantigues of the adjectives “possible”
and “necessary” common in modal logics. Given a possibilistic distribution 7 on 2, the necessity
measure o on P(£), defined when using (4.5) and the possibilistic measure II induced by =, can be
obtained also directly through 7, setting

o(A) = N1 -7(w):weQ— A} (4.7)

let us recall that A stands for the standard infimum in the unit interval [0,1] of reals. For A = Q
the convention concerning the empty subset of [0,1] applies, so that o(Q) = A0 =1, for A = 0 we
obtain easily that

o) = N\{1-7w) :weQ=1-\/{rw) :weQ}=1-1=0; (4.8)
As expected, dually to the properties of possibilistic measures, we obtain for each necessity measure

o and each A C €, that
c(AD)No(Q—A)=0c(AN(Q—A) =0(0) =0, (4.9)

so that either o(A) or o(Q — A) (or both) equal to zero.
The following relations binding together the possibilistic and necessity measures mutually induced
by (4.5) and (4.6) can be easily proved and are valid for every A C €.

TI(A) > o(A), (4.10)

if o(A) > 0, then TI(4) = 1, (4.11)
if TI(A) < 1, then o(A) = 0, (4.12)
o(A)+o(Q—A)<1. (4.13)

Possibilistic measures can be used as a base for integration in a way analogous to that in which
standard (probability) measures are used when defining integrals and expected values in the classical
measure and probability theory. Even if these matters are to be analyzed, in more detail, later on when
investigating non-numerical and, in particular, lattice-valued possibilistic measures, let us introduce
the basic ideas just now, in the more simple case of normalized real-valued possibilistic measures.

Definition 4.2 A mapping \ which takes the Cartesian product [0,1] x [0,1] into [0,1] is called a
(normalized real-valued) t-seminorm on [0, 1], if

Az, 1) = A1,z) = x for each x € [0,1], (4.14)

and, for each ,x1,y1,x2,y2 € [0,1] such that x1 < x9 and y1 < yo holds,

A1, 91) < M2, y2) (4.15)

holds. If, moreover, A is symmetric and associative, i.e., if

Az, y) = Ay, ©) (4.16)

and

A@, Ay, 2)) = AA(z,y), 2) (4.17)

hold for each x,y,z € [0, 1], then A is called a (normalized real-valued) ¢t-norm on [0,1].
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The most simple and well-known t-norms on [0,1] are the infimum (i.e., minimum) x A y and
the product xy, moreover, for each t-norm A on [0,1] the inequality A(z,y) < = A y holds for each
x,y € [0,1], so that the minimum is the “largest” ¢t-norm on [0,1]. Indeed, for every z,y € [0,1] the
inequalities A(z,y) < A(z,1) = z and, similarly, A\(z,y) < y easily follow, hence, A(z,y) < 2 Ay holds
as well.

Definition 4.3 Let 2 be a nonempty set, let II be a complete (normalized real-valued) possibilistic
measure on P(Q), let f: Q — [0,1] be any mapping, let X be a t-norm on [0,1]. The Sugeno integral
of f over  and with respect to the possibilistic measure II on P(Q) is denoted by fQ fdIl and defined
as

ﬁfdn =\ Mg, I({weQ: f(w) > 2})). (4.18)

z€[0,1]

Hence, introducing A as an explicit parameter of fﬂ , fdlIl, we obtain that for each t-norm A the
inequality

]ém fat< \/ [AT({we 9 fw) > 2})] = 7{ Fdin (4.19)

z€[0,1] A

is valid. In the particular case when f is the characteristic function (identifier) of a subset A C €,
ie, flw)=Ia(w) =1, fwe Aand T4(w) =0, if w e Q— A, we obtain easily that

j{ 14dIl = \/ AN, TI{w € Q: Ta(w) > 2})] = A[1,I{w € Q: Ix(w) = 1})] = A[1,II(A)] = TI(A),
2,2 2€[0,1]
(4.20)
as it is the case in standard measure and integration theory.

5 Possibilistic Measures Induced by Random Variables

When considering two alternative mathematical tools for uncertainty quantification and processing,
namely the probability and the possibilistic measures, the questions concerning the mutual relations
of the two models are quite legitimate, important and worth being explicitly stated and answered.
As a surveyal discussion concerning these matters the reader can consult [15], but we will also touch
this question several times in what follows. In this chapter let us restrict our reasoning to introduce
perhaps the most simple way in which real-valued possibilistic measures can be defined.

In Chapter 3 above we recalled the notion of probability space, defined as a triple (2, A, P), where
Q is a nonempty set of elementary random events, A is a nonempty o-field of subsets of €2 the elements
of which are called random events, and P : A — [0, 1] is a normalized o-additive measure on A called
probability measure. What is processed by probability measures, and probability theory in general,
are just certain sets of elementary random events and classes of such sets, so that the problem how to
decide, given a particular elementary random event wg € 2 and a set A C 2, whether the membership
relation wy € A does or does not hold, need not be and is not, as a matter of fact, considered and
reflected within the framework of the axiomatic probability theory.

Nevertheless, let us focus our attention, in the rest of this chapter, just to this decision problem
supposing that it is not only far from being trivial, but that it is solvable only in some cases and only in
a partial and negative sense. Namely, given a proper subset A of 2, for no w € A we are able to decide
that this is the case, the only we are able to do is that for some (but not for all, in general) elements
w €  — A we can decide that this w indeed is not in A, i.e., that it is not an elementary random
event favorable to (in favor of) A. In symbols, for each A C Q there exists a subset B4 C 2 — A
(obviously empty for 2 = A and perhaps also for some other A C ) such that, for every w € By, we
are able to decide (check, verify) that w € A does not hold. All w € Q — By are called elementary
random events possibly favorable to A with respect to B 4. The inclusion A C 2— B4 is obvious, hence,
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each elementary random event favorable to A is also possibly favorable to A w.r. to Ba, so that our
application of the adjective “possible” meets the common intuition behind this word. Referring the
reader to [35] as far as a more general mathematical formalization of this model is concerned, let us
limit ourselves to a rather simple particular case how to choose the sets B4 given A C €. The notion
of real-valued random variable in its classical setting will be of use for our purposes and it is, hence,
worth being re-called explicitly.

Definition 5.1 Let (2, A, P) be a probability space, let R = (—00,00) be the space of all real numbers,
let B be the system of all Borel subsets of R, i.e., B is the minimal o-field of subsets of R containing
all semi-intervals (—oo,a] for each a € R. Hence, (R,B) is the well-known Borel line. A mapping
X :Q — R is called a (real-valued) random variable defined on (Q, A, P), if it is A — B-measurable,
i.e., if the inverse image of each Borel set is in A, in symbols, if the inclusion

{weQ: X(w)eB}:BeB}CA (5.1)

18 valid. As a matter of fact, the inclusion

HweQ: X(w)<a}:aceR}C A (5.2)

is suffient. In the definition of B (—oo,a] can be replaced by (—oo,a] and in (5.2) X (w) < a can
be replaced by X (w) < a. The function Fx : R — [0,1], defined for each x € R by

Fx(z) = P{we Q: X(w) <z}) (5.3)

1s called the distribution function of the random variable X.

Let R* = [—00,00] be the real line enriched by elements —co and oo, let < be the standard linear
ordering on R extended to R* in the usual sense, so that —oco < & < oo holds for every = € R, let \/
denote the supremum and A the infimum in (R*, <). Let X be a random variable defined on a fixed
probability space (2, A, P). The system S (or Sx, to explicitate the role of X) of subsets of 2, defined
by & = {Sz: —oco <z < o0}, where S, = {w € Q: X(w) <z} foreach —co <2 <00, S_oo =10
(the empty subset of ) and So, = Q is called the classification system induced by random variable
X. Obviously, for each —oco < 21 < x5 < 00, the inclusion S, C S,, holds, so that, for each A C €,
the value

i(A)(=i(A,8) or i(A, X)) = \{v e R*: AC S} (5.4)
is defined. As can be easily proved, the relation
Sicay= [ Se (5.5)
A€S,

is valid for each A C 2, so that S;(4) is the minimum (w.r. to set inclusion) set of elementary
random events from €2 possibly favorable to A w.r. to the classification system S.
The value (A4, S) can be easily explicitly computed. Indeed,

i(A,8) = N{-o<ae<o0:ACS,}=
N—o<r<oorAc{we: X(w) <a}} =

{00 <z <00t (Vwe A)(X(w) <a)} =

= Nf—o<z<oo:\/(4X) <z} =\/(4X), (5.6)

where \/(A4,X) = \/_ .4 X(w) denotes the supremum of values taken by X on A. Set, for any
ACQ,

II(A,8) = P(Sia,s) = P(Sy(ax) = P{w € 2: X(w) € \/(4,X)}) = Fx(\/(4, X)),  (5.7)
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where F'x : R — [0, 1] is the distribution function of the random variable X defined by (5.3). E.g.,
if the supremum value of X is reached on A, i.e., if \/(4,X) = V(, X) under our notation, then
II(A,S) = 1. As will be shown and analyzed below, the mapping II : P(Q) — [0, 1], defined by (5.7),
meets the demands imposed on complete normalized real-valued possibilistic measures.

Theorem 5.1 Let (Q, A, P) be a probability space, let X be a real-valued random variable defined on
(A P), let TI: P(Q) — [0,1] be the mapping defined by (5.7). Then I is a complete possibilistic
measure on P(Q).
Proof 5.1 The constraints for § and  can be easily verified. Indeed,
M) =P ({we : X(@) < V(0,X)}) = Pwe 2: X(@) < —00}) = PB) =0 (5.8)
applying the convention according to which \/{X (w) :w € 0} = —o0, and
Q) = P ({w €0 X(w) < \/(Q,X)}) —P(Q) =1 (5.9)
Let A be a nonempty system of subsets of Q1. An easy calculation yields that, for |JA = Jc4 A,

H(UA) - P({weQ:X(w)g\/(UA,X>}):
- P({weQ:X(w)g \/ (\/(A,X)}) _

AcA
= P ( U {weQ:X(w) S\/(A,X)}> =
AcA
S, P({w €0 X(w) < \/(A,X)}) =\/ 1), (5.10)
AcA AcA

as the sets {w € Q: X(w) < V(A, X)} are nested w.r. to the standard linear ordering of the values
V(A, X), A € A as real numbers. The assertion is proved.

A weakened version of Theorem 5.1 can be proved also in the case of more general classification
systems than those defined by a random variable X. Let (Q, A, P) be a probability space. A system
S =185 : —00 <t < oo} is called a general classification system over (Q, A P), it S C A, S_, =
0, Seo = Q, and if the inclusion S;, C &, holds for each —co0 < t1 < t9 < 00, i.e., if the system S of
subsets of 2 is nested w.r. to the standard linear ordering in the real line. The mapping II (or II(.,S),
to explicitate the role of S) is defined, for each A C Q, by

I(A) = P(Sia)), (5.11)
where
i(A) = \{t € (—00,00) : AC Sy} (5.12)

Obviously, i(A) and II(A) are defined for each A C 2, so that IT takes P(£2) into [0, 1]. The general
classification system S is called continuous from abowve, if the relation

St:ﬂ{Ss -0 < s <00,8 >t} (5.13)
holds for each —oo <t < 0.

Theorem 5.2 Let (2, A, P) be a probability space, let R* = [—o00, 0], let S = {S; : t € R*} be a
continuous from above general classification system. Then 11 is a possibilistic measure on P(S).
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Proof 5.2 If A = (), the inclusion A C S; holds for each t € R*, so that i(A) = —oo, Sja) =
0 and TI(Q) = P(0) = 0. If A= Q, then A C Sy holds iff Sy = Q, so that, due to the continuity from

above, we obtain that

Sicay =[{Se 1t >i(A)} =9, (5.14)

as Sy = holds for each t > i(A), if A= Q. Hence, II(Q) = P(Q) =1.
Let us prove that, for each A,B C Q, i(AU B) = i(A) Vi(B). Indeed, for both C = A, B, the
inequality

i(AUB)= \{te R": AUBC S} > A\{te R*:C C S} =i(C), (5.15)

hence, also the inequality i(AUB) > i(A)Vi(B) obviously hold. Suppose, that the strict inequality
is the case, i.e., that (AU B) > tg > i(A) Vi(B) holds for some ty. Then A C Sy, and B C S,
follows, so that AUB C Sy, and i(AU B) <ty results — a contradiction. So, i(AU B) =i(A) Vi(B)
and we may suppose, without any loss of generality, that (AU B) = i(A). Consequently, i(A) >
Z(B), Si(A) D) Si(B) and

II(A) = P(Si(a)) = P(Sip)) = (B) (5.16)

follows. Hence,

I(AU B) = P(Sicaun)) = P(Sicayvi(s)) = P(Sia)) = 11(A) = II(4) VII(B). (5.17)

The assertion is proved.

Let us consider the situation when we have at our disposal two classification systems &, and S, in-
duced by real-valued random variables X and Y, both defined on the same probability space (€2, A, P).
Our aim is to take profit of both these classification systems in order to specify the set of elementary
random events possibly favorable to a given subset A C ) and using as mathematical tools only the
possibilistic measures Il x and IIy induced by the random variables under consideration.

Let us try to approach this problem applying, at a higher level, the idea that not only the actual
elementary random events are recognizable only and in the negative sense, but that the same is the
case with possibly favorable elementary random events. Hence, given a subset A C 2 and a random
variable X defined on the probability space (€2, A, P), we are not able to decide that some w € 2 is
possibly favorable to A C Q with respect to the classification system Sx, only for some (but not for
all, in general) elementary random events which are not possibly favorable to A we are able to decide
(check, verify) that this is indeed the case, i.e., that they are not possibly favorable to A.

So, let (Q, A, P) be a probability space, let X and Y be real-valued random variables defined on
(Q, A, P), let Sx and Sy be the classification systems induced by X and Y, let A C Q. Recalling,
that \/(A4, X) denotes the supremum of the values taken by X on A, denote by AX the set

AX = {weQX <\/AX} (5.18)

so that the inclusion A C AX trivially holds. Hence, due to the notations used and results obtained
above,

Iy (A4) = s, (4) = P(AY) (5.19)

holds for every A C Q. Repeating the same consideration with A replaced by AX and with X
replaced by Y, we obtain that

(AX)Y {weQ Y(w) < /(4% Y } (5.20)

and

My (AX) = P((AX)Y) = P ({w €Q:Y(W) <\/(AXY }) (5.21)
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The value Iy (A%) will be denoted by Ixy (A) and will be called the second-level possibilistic
measure induced on P(Q) by the ordered pair (X,Y) of random wvariables. Obviously, IIxy (A) is
defined for each A C Q, but the justification of the adjective “possibilistic” remains to be proved.

Theorem 5.3 Let X,Y be random wvariables defined on a probability space (2, A, P), let Uxy :
P(Q) — [0,1] be defined by (5.21). Then (i)llxy is a possibilistic measure on 73( ), (1) xx(A) =
IIx (A) for every A C Q and (iii) the inequalities I xy (A) > IIx (A), Hxy (A) > Iy (B) hold for any
AcCQ.

Proof 5.3 For each A, B C Q) we obtain that

(AUB)X = {wEQ:Xw \/AUBX}
- {weQ X(w) < \/(4.X) v\/BX}
= {wen: X V(A X)}u{we: X < V(B,X)}
= AXuB”~. (5.22)

As Iy is a possibilistic measure on P(QY) (c¢f. Theorem 5.1), we obtain that

HXy(AU B) = Hy((A UB)X) = Hy(AX @] BX) = Hy(AX) vV Hy(BX) = ny(A) \/HXy(B) (523)
and (i) is proved. As can be easily seen, \/(AX, X) = \/(A, X) holds for each A C 2, so that
Mxx(A) = P({weQ X(w) < \/(4¥, X }) ({weQ X(w <\/AX})=HX(A)

(5.24)
and (i1) is also proved.

For each A C Q) the inclusions A C AX, A C AY, hence, also the inclusion AX C (AX)Y obviously
hold, so that the inequality \/(AX,Y) > \/(A,Y) and the inclusion

{wGQY <\/AY} {weQY )< \/(A¥ Y } (5.25)

easily follow. So, we obtain that the inequality

Ixy(4) = P({weQ Y(w) < (45, Y })
P({weQ Y(w <\/Ay}) v (A) (5.26)

holds. The inclusion AX C (AX)Y yields that the inequality

Y

My (4) = P((A%)) 2 P(A%) = TTx(4) (5.27)
is also valid and (ii1) holds. The proof is completed.

Let us note that the proof of the relation (5.22) above cannot be extended to infinite systems A
of subsets of 2. In this case, only the inclusion

U {wea:xw <\(a,x)}c {weQX \/\/AX} (5.28)

AcAy Ac Ay

hence, the inclusion

| a¥c (UAO)X (5.29)

AeAp
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and the inequality

\V Ty (4) < Ty (JAo) (5.30)

AeAy

can be proved. Indeed, if Ag is infinite, it is possible that for some wg € Q2 the equality X (wp) =
V acu, V(A, X), but also the inequalities X (wo) > V/ (A, X) for each A € Ag hold together. Modifying
our definition of Iy (A) by setting IIx(4) = P({w € 2 : X(w) < V(4,X)}) (instead of < \/(4, X),
as defined above) we would solve the problem of completeness for IIxy, but the classification system
Sx would not be continuous from above, so that our former constructions and assertions would be
menaced.

Recalling the semantics behind the idea of possibly favorable elementary random events we can
easily see that the best approximation of a set A C by possibly favorable elementary random
events induced by two random variables X, Y defined on the probability space (Q, A, P) would be the
intersection AX NAY, and the most reasonable and intuitive numerical quantification of this set would
be the probability value P(AX N AY). A problem is that this reasoning and formalization cannot be
embedded into the framework of possibilistic measures and nested classification systems induced by
the random variables in question. The next example illustrates the case when the discrepancy between
the values P(AX N AY) and IIxy (A) (or IIxy (A)) is the most remarkable.

Let @ = R = (—00,00), let B = A be a system of all Borel subsets of R, so that (2,.4) is
the Borel line (R, B), let P be a probability measure on A Let X be the identity on R, so that
X(w) = w for each w € R, let A = [a,b] be a closed interval of real numbers such that a < b
holds. As can be easily observed, \/(A, X) = b and AX = {w € Q: X(w) < b} = (—0o0,b], so that
Mx(A) = P(AX) = P((—00,b]). For Y we obtain that \/(4,Y) = V{-w :a < w < b} = —a, so
that AY = {w e Q:-w< —a} ={weQ:w>a} =[a,0), and Ily(A) = P([a,o0)). In this case,
AX N AY = (—o0,b] N [a,00) = [a,b] = A, so that the set A is completely defined by the intersection
of the sets of elementary random events possibly favorable to A w.r. to X and w.r. to Y. On the
other side, when using only the second-level possibly favorable elementary random events, i.e., the
sets (AX)Y and/or (AY)¥X all the information concerning the event A disappears. Indeed,

VAa¥y) = \{-w:we (—o0,b} = o0,
VA, X) = \/{-w:welao0)} =0, (5.31)

so that

(A = {weQ:Y(Ww<ool={we: —w<o0}=0=
= {weQ:w<oo}={we: X(w) <oo}=(4A")¥, (5.32)

hence, ny(A) = HYX (A) =1.

The mapping IIxy : P(Q2) — [0, 1] need not be, in general, commutative in X and Y, i.e., the sets
(AX)Y and (AY)X, as well as the values IIxy (A) and Iy x (A), may differ for some A C Q. Indeed,
let us consider the following example.

Let Q = [0,1], let A be the system of all Borel subsets of [0, 1], let P be the uniform probability
measure on A, so that P([a,b]) = b — a for each interval in [0, 1]. Let X (w) = w for each w € , let
Y (w) = 2w, if 0 <w < $ holds and Y (w) = 2 — 2w, if < w <1 holds. Hence, the graph of Y defines
a triangle shape in [0,1] x [0, 1] with the tops in (0,0),(0,1) and (3,1). Let A = [0,b] with b < 1.
Then

VA, X)=\/{w:we[0,0]} =b, (5.33)
so that AX = [0,b] = A, and

VA, Y)=\/(A4XY) = \/{2w: w < b} = 2b, (5.34)

16



as b < % holds. Consequently,

(AN)Y =AY =[0,b] U1 —b,1], (5.35)

as AY ={w € Q:Y(w) <2b} =[0,b] U1 —b,1], so that [Ixy (A) = P((4A%)Y) =
= P([0,b] U [1 —b,1]) = 2b < 1. On the other side,

VA X)=\{w:we0,)ul-b1]} =1, (5.36)
so that (AY)X ={w € Q:w <1} =Q and the inequality

My x(A) = P(Q) = 1> 2b = Txy (A) (5.37)

is obvious.

The construction of the sets (A%X)Y and the values ITxy (A) can be easily generalized to a finite
sequence X7, Xo,..., X, of random variables defined on the probability space (2,4, P), under con-
sideration. Given A C Q, we define AX! as above and we denote by AX1%X2 the set (AX1)%2 also
defined above. By induction, having already defined AX1Xn-1 we set AX1Xn = (AX1-Xn-1)Xn and
Iy, x, (A) = P(AX1Xn) for each A C Q. As can be easily seen the mapping Ily, . x, defines a pos-
sibilistic measure on P(£2) (not necessarily complete) and the inequality ITx,  x, ,(A4) <IIx,. x,(A)
holds for each A C ) and each n > 2.

6 Preliminaries on Sets and Structures over Them

In all this text, when using the notion of set and when processing sets in various ways and construc-
tions, we will always be able to do so within the framework of the common naive set theory with the
foundations of which the reader is supposed to be familiar. To avoid possible troubles with incon-
sistencies or other formal difficulties, all sets under consideration will be supposed to be subsets of
various universes of discourse and the existence of such universes will be always explicitly assumed,
most often by saying “let X be a set”.

Following [10], let us begin with the notion of power-set and ample field. Given a set X, P(X)
denotes the system of all subsets of X (including the empty set (), which is called the power set (over
X), in symbols,

PX)={A:AC X}. (6.1)

Obviously, for each A € P(X) and for each nonempty system .4 of subsets of X (i.e., for each
A CP(X)), the sets X — A, (JA(= UyecaA4) and NA(= (Ngeq A) are in P(X). Picking up these
three properties as axiomatic demands imposed on a system of subsets of X, we arrive at the notion
of ample field: a system R of subsets of X is called an ample field (over X), if for each A € A and
each nonempty Ay C R also the sets X — A and |JAo(X — A and () Ao, resp.) are in R (as a matter
of fact, due to de Morgan rules both the sets | J Ag and ().Ag are in R in both the cases).

Still weakening the demands imposed on system R of subsets of X, the well-known notions of field
and o-field result. A system A of subsets of X is called a field (over X), if for each A, B € A also
the sets X — A and AU B (hence, also AN B) are in A. If the set |J;—, 4; is in A for each sequence
Aj, Ag, ... of sets from a field A over X, then A is called a o-field or countable field (over X), also in
this case the relation (2, 4; € A immediately follows due to de Morgan rules.

Each ample field over X is also a o-field over X and each o-field over X is also a field over X, as can
be immediately observed, moreover, for each nonempty field A over X the relation ) € A and X € A
hold (if Ac A, then X —Ae€e A, X =(X—-A)UA, and ) = X — X are in A).

Fields and o-fields play an important role when defining and processing standard real-valued
measures and, in particular, probabilities. The reason is simple: the main numerical operations
applied when processing values of measures of probabilities taken as set functions are those of addition
and series calculations and these operations can be defined only when the number of items added is
finite or, under some more conditions imposed, countable. When shifting our attention to possibilistic
measures, the main operation over uncertainty degrees is that of supremum which can be defined
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also for uncountable sets of items. It is why ample fields as definition domains on which possibilistic
measures are defined can be taken as a slight generalization if compared with the case when the
possibilistic measure is supposed to be defined or the whole power-set over the set of elementary
random events under consideration, with the greatest part of technical simplifications resulting in the
case of the power-set in question taken as domain of possibilistic measure still being applicable in the
case of ample fields. These problems are analyzed, in more detail, in [14], the following survey of the
most elementary properties of ample fields is borrowed from [10].

Let X be a set, let R be an ample field over X. This ample field is called proper, if the set X
is nonempty and if both () and X are in R. Obviously, the system {(), X} defines the smallest (when
referring to cardinality) or the roughest (when referring to the ability to separate different elements of
X from each other) ample field over X, on the other side, the largest or the finest ample field over X
is obviously the power-set P(X). In what follows, all ample fields under consideration will be assumed
to be proper, if not explicitly stated otherwise.

The atom of R containing the element z of X is denoted by [z]g and is defined by

[zl =({A:2z€ A, AcR}. (6.2)

As can be easily seen, each [z]g is in R and the system {[z]g : ® € X} defines a partition
(disjoint covering) of X. If R = {0, X}, then [z]g = X for every z € X, if R = P(X), then [z]g =
{z} for every x € X, so that atoms can be taken as generalizations of singletons. Consequently, for
any z € X and A € R, x € A holds iff [z]g C A.

A subset E of X is called R-measurable (or simply measurable, if no misunderstanding menaces),
if B € R (let us recall the case of measure of probability theory, when a subset of the universe of
elementary random events is called measurable simply when belonging to the field or o-field on which
the measure or probability in question is defined). It follows easily that E is in R iff E' = |, p[z]=.

Consider an arbitrary system & of subsets of X, i.e., an arbitrary £ C P(X). The intersection of
any family of ample fields being again an ample field, we obtain that the system

7€) = m{R : & CR, R is an ample field over X} (6.3)

is an ample field over X, called the ample field generated by € (again, recall the idea of minimal
o-field over a system of sets in measure and probability theory). The mapping 7 can be regarded
as an operator on P(P(X)) which defines a closure operator on P(X) in the sense that for any
E,61,E CP(X), ECT(E), T(T(E)) =T(E), and T(&) C T(&2) holds supposing that & C &s.
Moreover, T (€) = £ iff £ is an ample field over X.

This notion can be used to introduce product ample fields. If we consider the universes X7, Xo
equipped with the respective ample fields R; and R, then the product ample field of Ry and R is
the ample field Ry X Ro over X; X Xo, defined as

Ri1 X Ra = T({Al X Ay A1 € R1As € RQ}) (64)

For the atoms of Ry x Ry we obtain, that for any pair (z1,22) € X1 x X»

[<x17$2>]7€1 XRa2 = [‘rl]Rl X [‘xQ]Rz’ (65)

what confirms the interpretation of an atom as a generalization of a singleton. These ideas and
results can be immediately and routinely extended to products of more than two ample fields. Finally,
given an ample field R oven a universe X, we can define a mapping pg : P(X) — P(X), setting for
each A C X

pr(4) = | 2] (6.6)

T€EA

This mapping can be called the closure operator in X associated with the ample field R.

The most elementary ideas and results dealing with ample fields are closely related to the notion
of rough sets, introduced and investigated by Z. Pawlak in [41], and can be defined and processed
in an alternative way using the apparatus of rough sets. Given a nonempty set X, a binary relations
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= on X, ie., asubset = C X x X, is called an equivalence (relation) on X, if it is reflexive, i.e.,
x = x holds for any = € X, symmetric, i.e., if x1 = x2 holds for some z1, x5 € X, then x5 = z; holds
as well, and transitive, i.e., for each x1,x2,x3 € X such that z; = x5 and x5 = x3 hold together, also
x1 = x3 holds. The pair (X, =), where X is a nonempty set and = is an equivalence relation on X,
is called the rough set induced by = on X. For each x € X, the equivalence class [z|= is defined by

Zlz={yeX :y=x} (6.7)

and the factor-space X| = is defined as the set of all equivalence classes induced in X by =, hence

X|=={[z] =2 € X} (6.8)

Given an ample field R over X and introducing a binary relation = on X in such a way that
21 =g a2 holds iff [x1]gr = [x2]r, sz1,22 € X, we obtain easily that =g is an equivalence relation
on X and atoms [z]g are nothing else than the equivalence classes [z]=. Consequently, instead of
investigating ample fields and atoms, we can investigate the factor-space X| = and the power-set of
all subsets of this factor-space, what enables to take profit of many of the simplifications applicable
in the case when the set functions (possibilistic measures, in what follows) are defined for all subsets
of the universe of discourse.

7 Partial Orderings, Lattices and Complete Lattices

All the standard classical mathematical models for uncertainty quantification and processing, includ-
ing, e.g., probability measures or membership functions of fuzzy sets, were based on the idea to
quantify degrees of uncertainty by real numbers, most often from the unit interval [0,1], taking profit
of the rich mathematical structures over these reals and of powerful mathematical apparata developed
in order to process them.

On the other side, however, when the application of standard mathematical models for uncertainty
quantification and processing is to be justified, reasonable and senseful, very detailed knowledge and
quantifications concerning the input data charged by uncertainty are necessary, e.g., all the input
probabilities or degrees of membership (values of membership functions in fuzzy sets) must be known
either absolutely precisely, or within very narrow tolerance intervals, so that to obtain such input data
is often beyond the user’s abilities in practical applications. Hence, alternative mathematical models
for uncertainty quantification and processing with uncertainties taking their degrees in some non-
numerical sets and structures would be of use and their investigation is well-motivated and deserves a
high support (perhaps the first work in this direction is [19] by J. A. Goguen, dealing with fuzzy sets
defined by appropriate non-numerical membership functions).

Perhaps the most general and still non-trivial demands imposed on non-numerical uncertainty
degrees reads that at least some pairs of these degrees should be comparable with each other as far as
their sizes are concerned, i.e., for at least some pairs of uncertainty degrees a relation like “is greater
than”, “is at least as great as”, or something like this should be defined. As these intuitive demands
are mathematically formalized by the notions of partial orderings and partially ordered sets, let us
begin with their definitions.

Definition 7.1 Let T be a nonempty set. A binary relation < on T (i.e., a subset < C T xT) is
called a pre-ordering on T, if it is a reflective and transitive, i.e., if (i) t <t holds for each t € T and
(ii) for each ty,to,t3 € T such that t1 < ts and ta < t3 hold ,t1 < t3 holds as well. If the pre-ordering
< on T is antisymmetric, i.e., for each t1,to € T, t1 < to and ty < t1 hold simultaneously only when
t1 = to, then the relation < is called a partial ordering on T and the pair T = (T, <) is called partially
ordered set (on T or with the support T').

Two remarks are perhaps worth being introduced explicitly. First, when denoting the relation of
partial ordering, we use purposely the same symbol < as for the standard linear ordering on real line
(—00,00). The reason is that this symbol is easy to process typographically and to combine it with
other standard mathematical symbols. Let us hope that no misunderstanding menaces, describing
the situation explicitly in any case of possible confusion.
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Second remark concerns the fact each pre-ordering on T defines an equivalence relation on T
such that this pre-ordering induces a partial ordering on the resulting factor-space. Indeed, given a
pre-ordering < on 7T, set t; = ty for each t1,t5 € T such that ¢; < ¢35 and to < ¢; hold together.
Obviously, = defines an equivalence relation on T, so that the factor-space T| = can be defined.
Setting, for each [t1]=, [t2]= € T| =, [t1] <* [to] iff t; < 5 holds (the choice of representatives of
the equivalences classes [t1]= and [t2]= is obviously irrelevant) we can easily prove that <* defines a
partial ordering on the factor-space T| =.

The most simple, but also the most important for our purposes, operations enabling to process
elements and subsets of partially ordered sets are those of supremum and infimum.

Definition 7.2 Let T = (T,<) be a partially ordered (p.o., abbreviately) set, let S be a nonempty
subset of T'. If there exists to € T such that

(i) s <ty holds for each s € S and

(i) for each ty € T such that s < ty, holds for each s € S, to < t; holds as well,

then to is called the supremum of S and denoted by \/ . s or simply \/ S. If there exists to € T
such that

(iii) to < s holds for each s € S and

(iv) for each t; € T such that t1 < s holds for each s € S, t1 < tg holds as well,
then to is called the infimum of S and denoted by N\ gt or simply by A\ S.

It S = {t1,t2}(S = {t1,ta,...,tn}, S = {t1,t2,...},resp.), we write often t; V ta(t; Vig...V
too, iy tisti VEa V..o, ooy ti, resp.) for \/ S and ¢ Ato(t1 Ata .. Aty, Niojtis iGN, Ny b,
resp.) for A'S. What is important: in general, neither \/ .S nor A S need not be defined for some
S C T, but if they are defined, they are defined uniquely. Supposing that \/ T and/or A T are defined,
also \/ S and/or A S can be defined by convention for S =}, setting \/ ) = AT and/or AD=\/T.

When processing partially ordered sets at their most general level as just introduced, we would be
put into serious troubles as we have to state explicitly, for each statement declared and proved, for
which subsets of T' their suprema and/or infima are supposed to be defined, leaving aside and perhaps
treating later separately the situations when this is not the case. A standard way how to avoid such
difficulties is to restrict our reasoning to such particular cases of partially ordered sets, where the
existence of some suprema and infima is postulated a priori. Pursuing this idea in a mathematically
formalized way, we arrive at the notions of semilattices and lattices of various kinds.

Definition 7.3 Let T = (T, <) be a p.o. set. T is called
(i) an upper semilattice, if t1 V to is defined for any t1,t2 € T,
(ii) a lower semilattice, if t1 Aty is defined for any ti,ts € T,

(i4i) a lattice, if it is an upper semilattice and a lower semilattice.

T =(T,<) is called
(iv) a complete upper semilattice, if \/ S is defined for any 0 £ S C T
(v) a complete lower semilattice, if \ S is defined for any ® #S C T

(vi) a complete lattice, if it is a complete upper semilattice and a complete lower semilattice, i.e., to
express it explicitly in this case playing the most important role in what follows, if \/ S and N\ S
is defined for each ) # S C T, hence, also \/ O and N\ can be defined using the conventions
mentioned above. In this case, the element \/ T will be denoted by 17 and called the unit or the
maximum element of the complete lattice T, the element \T will be denoted by 07 and called
the zero or the minimum element of T .
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A complete lattice T = (T,<) is called completely distributive with respect to supremum (or
Brouwerian, cf. [2]), if for anyt € T and S C T the identity

A (\/5) =\ (tns) (7.1)

seS
holds. Dually, a complete lattice T = (T, <) is called completely distributive w.r. to infimum, if

tv(/\S) = A(tvs) (7.2)

seS
holds for eacht € T and S CT.

A complete lattice T = (T, <) is called completely distributive, if it is completely distributive with
respect to sumpremum as well as with respect to infimum.

Both the particular complete lattices ([0, 1], <) and (P(X),C), X # 0, are well-known to be
completely distributive, but, in general, this need not be the case, just the inequalities

t/\(\/S)Z\/(t/\s),t\/(/\S)g/\(t\/s) (7.3)
seS sES

can be proved. Indeed, t A (\/S) >t AsandtV (AS) <tV s hold for each s € S, so that (7.3)
easily follows. However, the inequalities inverse to (7.3) do not hold in general, as the following simple
example demonstrates.

Let T'= {0, t1,ta,t3,1}, let 0 < t; < 1, ¢ = 1,2, 3, be the only pairs of elements of T' between which
the relation < applies, hence, no t;,¢;,¢ # j, are mutually comparable by <. The resulting supremum
and infimum operations read as follows: 0V t; =t; =1At;, 0OANt; =0, 1Vt; =1 foreachi=1,2,3,
and for each S C T such that S contains at least two elements t;,t;,7 # j, AS =0and VS = 1.
For every i = 1,2,3, set C; = {s € T : s At; =0} and CF = {s € T : sV t; = 1}. In particular,
Cl = {O,tg,tg} and Cf = {tg,tg, 1}, so that \/Cl = tg V t3 =1 and /\Cf = tQ A t3 = 0. Hence

tl/\(\/C’l):tl/\1:t1:t1v</\01*):t1\/0. (7.4)

But,

\/ {tl /\S} = \/{tl N0, t1 ANta, ty /\tg} = \/{0,0,0} =0 7é th =t A (\/Cl) R (75)

seC
and

A {tvst = Nt Vo, 61Vt vy = A{LL1} =148 =t v (/\cl*) (7.6)
seCt

Analogous inequalities for to and t3 are obvious. Consequently, the complete lattice (7', <) is not
completely distributive.

Complete lattice is perhaps the most specific structure still covering both the most often used
structures in which uncertainty degrees take their values: the unit interval of real numbers with their
standard linear ordering, and the system of (all or some) subsets of a universe partially ordered by set
inclusion — this last case is, as a matter of fact, identical with complete Boolean algebra. It is just the
operation of complement which is defined in both these structures in different ways incompatible with
each other — as the substraction 1 — . in ([0, 1], <) and as the set complement X —. in (P(X), C).
Therefore, it will be useful for our further purposes to define the notion of (pseudo-)complement within
the framework of complete lattices.

Definition 7.4 Let T = (T, <) be a complete lattice. For everyt € T, its (pseudo-)complement ¢¢ is
defined by
te=\/{seT:snt=0r}. (7.7)

The complete lattice T is called semi-Boolean, if t° At = 07 holds for each t € T and it is called
Boolean-like, if, moreover, t* Vit = 11 for everyt e T.
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As can be easily seen, the intuition hidden behind the definition of (pseudo-)complement by (7.3)
is much more close to the idea of set complement, where the set X — A can be taken as the union of all
subsets of X which are disjoint with A, than to the numerical operation of abstraction in [0,1]. Indeed,
it 7 = (0,1}, <), then 2 = \/{y € [0,1] : c Ay =0} =0, if 2 > 0, and 0° = 1, so that 2° Az =
0 for each x € [0, 1], but ¢V < 1 for every 0 < z < 1, hence, the complete lattice ([0, 1], <) is semi-
Boolean but not Boolean-like. For the complete lattice (P(X),C) (pseudo-)complements obviously
are identical with the standard set complements, i.e., A° = X — A for every A C X and the complete
lattice (P(X), C) is Boolean-like.

The above mentioned set-theoretic intuition behind the notion of (pseudo-)complement immedi-
ately involves the idea to define this notion in a dual way, i.e., to set, for each t € T

td:/\{SETiS\/tZ]_T}. (7.8)

If T = (P(X),C) (as a matter of fact, if 7 is Boolean-like), then t? = t¢ for every t € T, i.e.,
Al = A¢ = X — Aforevery A C X. If T = ([0,1], <), then 2¢ = 1 fore every < 1, so that ¢ #
x¢ for every 0 < x < 1. In order to simplify the situation we have decided, rather arbitrarily, to
take (7.7) as the definition of (pseudo-)complement in all our further considerations. Because of an
important role of the operation of (pseudo-)complement in what follows, a number of properties of
this notion will be introduced, and related assertions proved, at the relevant places in the following
chapters.

During our investigations concerning complete lattices and their special cases we have arrived very
close to the notion of Boolean algebra, as a matter of fact, a Boolean-like Brouwerian complete lattice
is a Boolean algebra. Boolean algebras can be taken as an immediate abstraction and generalization
of the power-sets over a universe of discourse with the standard operations of union, intersection and
complement and with the relation of set inclusion defined at the secondary level. So, Boolean algebra
is defined by a set on which two binary and one unary operations are defined with such properties
axiomatically imposed that they can be interpreted as those of supremum (set union), infimum (set
intersection) and complement. There are many equivalent axiomatic systems giving a mathematical
formalization to this intuition behind, let us introduce that one from [42], conserving also the notation
which emphasizes the set-theoretic interpretation and intuition behind.

Definition 7.5 Boolean algebra is a quadruple (B,U,N, =), where B is a nonempty set, U and N are
binary operations taking B x B into B (i.e., ascribing elements of B to each pair of such elements),

and — 1is a unary operation taking B into B, so that the following five axioms are valid for every
A, B,C € B:

(i) AUB=BUA, ANB=BnNA,
(ii)) AU(BUC)=(AUB)UC, AnN(BNC)=(AnB)NnC,

(iii) AN(BUC)=(ANB)U(ANCQC),
AUu(BNC)=(AUB)N(AUC),

(iv) (ANB)UB =B, (AUB)NB = B,
(v) (AnN—-A)UB=B, (AU-A)NB =B.

As can be easily proved, AN—A = BN —-B and AU—-A = BU —B holds foe each A, B € B,
so that, setting 0O = AN —A and 13 = AU —A, the elements 0 and 13 are uniquely defined and
are called the zero (or the minimum) and the unit (or the mazimum) element of the Boolean algebra
(B,U,N, —). Moreover, when introducing a binary relation < on B in such a way that A < B holds
iff AN B = A, we can easily prove that A < B holds iff AU B = B and that < is a partial ordering
on B with O and 15 as the zero and unit elements, i.e., that 05 < A < 15 holds for each A € B.
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8 Triangular Semi-Norms and Triangular Norms on Complete
Lattices

Even if we have decided, for a number of reasons some of them being very briefly sketched above, to
abandon the idea of taking profit of all the rickes of operations over the unit interval of reals when
quantifying and processing uncertainties, we still would like to have at our disposal more operations
than those of supremum and infimum supposing that we want to process the uncertainties in question
within the framework of complete lattices. Instead of thinking over and introducing various more
or less sophisticated particular operations on complete lattices, let us define a rather broad class of
such binary operations called triangular semi-norms and triangular norms. If not stated explicitly
otherwise, we will suppose that all the complete lattices under consideration are proper in the sense
that their support contains at least two elements and the partial ordering relation is nontrivial in the
sense that 07 # 11 holds.

Definition 8.1 Let T = (T,<) be a complete lattice. A binary operation A on T (i.e., a map-
ping which takes T x T into T) is called a triangular seminorm (t-seminorm) on 7, if the following
conditions hold:

(i) for eacht € T, X(17,t) = A(t,17) =1,

(ii) for each s1,s92,t1,ta € T such that 1 < sy and t; < to hold simultaneously, also \(s1,t1) <
A(s2,t2) holds.

A triangular norm (t-norm) A on 7 is a t-seminorm on T which is, furthermore, associative and
commutative, i.e., such that for each t1,1s,t3 € T the relations

(7i3) A(t1, Mta2,t3)) = MA(t1,t2),1t3),
(Z’U) )\(tl,tg) = A(tg,tl)
hold.

Obviously, for each complete lattice 7 = (T, <) the infimum operation A, induced by < on T,
is the only idempotent ¢t-norm on 7T, i.e., such that t At = ¢ holds for each ¢t € T. Moreover, infimum
is the maximal ¢-seminorm (and ¢-norm) on T in the sense that the relation A(s,t) < s At holds for
each t-seminorm A on 7" and each s,t € T. Indeed, applying (ii) and (i), we obtain that for every
s,t €T, A(s,t) < A(s,17) =s, A(s,t) < AM(1r,t) =t, hence, \(s,t) < s At follows.

A t-seminorm X on (T, <) is called completely distributive with respect to supremum, if for each
t € T and each () # S C T the identities A(t,\/ S) =V, cg(A(t,5)) and A(\/ S,t) = \/ cg(A(s, 1)) are
valid. Dually, X is called completely distributive w.r. to infimum, if for each t € T and each @ # S C T
the identities (2, A.S) = A,cg(A(t,8)) and AM(A S, t) = A ,c5(A(s,t)) are valid. The triple (T, <, ),
where (T, <) is a complete lattice and A is a ¢-(semi)norm on (7', <) which is completely distributive
w.r. to supremum is called a complete lattice with t-(semi)norm. Of course, a complete lattice with
t-norm (T, <, A) is a complete Brouwerian lattice.

Let (T, <, ) be a complete lattice with t-seminorm A, let s,t € T. An element o € T is called a
left-inverse for A of s w.r. to t, iff AN(a, s) = ¢, and a right-inverse for X of s w.r. to t, iff A(s,a) =t.
For a t-norm A on (T, <) left inverses and right inverses coincide due to the commutativity of A and
they are simply called inverses. As can be easily proved, if A is a t-seminorm on (7, <) and s,t € T
are such that ¢ < s does not hold, there are no left- and right inverses for A of s w.r. to ¢, consequently,
for the same s and ¢ but with A being a t-norm on (7T, <) there are no inverses for A w.r. to t.

So, a t-seminorm A on (T, <) is called weakly left-invertible, if for any s,¢ € T such that ¢ < s holds
there exists a left-inverse for A of s w.r. to ¢. The definition of weak right-invertibility is completely
similar. A ¢t-norm \ on (T, <) is called weakly invertible, iff for any s,t € T such that ¢ < s holds
there exists an inverse for A of s w.r. to t.

In the rest of this chapter we assume that (T, <) is a complete lattice, v is a t-seminorm on (T, <)
and A is a t-norm on (T, <). As proved in [6], there exists an important relation between the notion
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of a weak (left- and right-)inverse and the order-theoretic notion of residuation (cf. [2]). Let s and ¢
be any elements of T'. The left-residual s <1, t for v of s by t is defined by

s<yt= \/{u ueT, v(ut) < s} (8.1)

For the right-residual ¢ >, s for v of s by t a similar definition can be given. For the t-norm A the
notions of left- and right-residual coincide and are simply called residual and denoted by sAjxt for A
of s by t, hence, sAxt = s <1\t =1, s. In [6], the following propositions are proved.

Lemma 8.1 Let s,t be elements of T

(i) If the equation v(u,s) =t in u admits a solution, then t <, s is the greatest solution w.r. to
the order relation <, and if the equation v(s,u) =t in u admits a solution, then s>, t is the
greatest solution w.r. to the order relation <.

(ii) If the equation A(u,s) =t in u admits a solution, then tAys is the greatest solution w.r. to the
order relation <.

Lemma 8.2 (i) v is weakly left-invertible iff, for all s,t € T, the implication

s>t=v(t<,ss) =t (8.2)

holds, and v is weakly right-invertible iff, for all s,t € T, the implication

s>t=v(s,s>,t) =1 (8.3)
holds

(i) A is weakly invertible iff, for all s,t € T, the implication

s>t = Athys,s) =t (8.4)
holds.

As an example, let us consider the unit interval [0 ,1] of real numbers with their standard ordering
relation <. The structure (< 0,1 >, <) is a complete chain, moreover, it is a complete Brouwerian
chain, i.e., ([0,1], <, min) is a complete chain with ¢-norm min, where min is the standard minimum
in ([0,1], <). As can be easily verified, for each x,y € [0, 1]

D miny = sup{z : z € [0,1], min (z,y) <z} =1, if y <z, (8.5)

TN\ piny = x, if y > x. (8.6)

Alternatively, we may consider the algebraic product operator x on [0,1] which clearly defines a
triangular norm on ([0, 1], <) that is completely distributive w.r. to supremum. In other words, the
structure ([0, 1], <, x) is a complete chain with t-norm, and for any z,y € [0, 1] we obtain that

Ay =sup{z:z€(0,1],z xy <a}=1, (8.7)
if y <z, and
xArimesy = x /vy, (8.8)
if y > x. Moreover,
(zAxy)ry = min (z,y), (8.9)

which implies that x is also weakly invertible.
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As another simple example let us consider the power-set P(X) of all subsets of a nonempty set X,
partially ordered by the relation C of set inclusion. The structure (P(X), C) is obviously a complete
lattice with infimum defined by the set conjuction N which is a t-norm on (P(X),C). For each
A, B C X we obtain that

AAnB=|J{C:Cc X, CnBc A} =B°UA, (8.10)

in particular, AARB = X iff B C A holds. Indeed, if this is not the case, i.e., if there exists
x € B— A, then for each C' C X, x € C we obtain that x € C' N B, hence, the inclusion CNB C A
does not hold.

9 Lattice-Valued Possibilistic Measures and Integration - the
Most Elementary Notions

More or less copying [10], let us introduce here the notion of possibilistic measure with values in
a complete lattice, and the definition of integration with respect to such possibilistic measures. In
the following chapters, both these notions will serve as a starting point for their various extensions,
modifications and weakenings, referring to [10] when some more sophisticated properties of these
measures and integrals are concerned.

Definition 9.1 Let Q be a nonempty set, let A be an ample field of subsets of Q, let T(T, <) be
a complete lattice with the zero element O7(= AT) and the unit element 17(= \/T). A mapping
II: A — T is called a T-(valued) possibilistic (or possibility) measure on < (Om, A, if for any
system R C A of subsets of Q0 the relation

I (U R) = \/{I(4): A€ R} (9.1)

holds. The T -possibility measure II on (2, A) is called normalized, if II(2) = 17, here | JR =
Uacr A The triple (2, A, 1) is called T -possibilistic (or possibility) space.

Using different terms we could say that IT is a possibilistic measure on (€2, .A) >, if it is a complete
join-morphism between the complete lattices (A, C) and (T, <). When supposing (9.1) to hold, the
case when R = ) is not excluded, hence, by convention, | JR = @ and \/{II(A) : A € 0} = 07 so that
the relation II(()) = 07 follows (more often it is introduced as an independent axiom imposed on IT).

Definition 9.2 Let T = (T, <) be a complete lattice, let (0, A, 1) be a T -possibilistic space. A
mapping w : Q0 — T is the T -possibilistic distribution on €2 induced by I, if for each t € T

{we:n(w)=tte A (9.2)
holds, and if for each A € A the identity

I(A) = \/{w(w) twe A} (9.3)

1s valid.
Obviously, such a T -possibilistic distribution is defined uniquely and for every w € Q the relation
m(w) = ([w]a) holds.

Lattice-valued possibilistic measures are generalizations towards more general domains and codomains
of Zadeh’s real-valued possibilistic measures [46], Wang’s fuzzy contactibilities [44], the possiblistic
measures studied by Wang and Klir [45], and the possibilistic measures introduced in [3]. For a more
detailed discussion on these generalizations let us refer to [7], [5], [3] or to the surveyal work [10].
The introduction of lattice-valued possibilistic measures can be justified as follows. Using a complete
lattice as a codomain (i.e., as the domain in which possibility degrees take their value) allows us
to model potential incomparability of possibility degrees as far as their sizes are concerned, and for
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instance to associate possibilistic measures with the (T, <) - fuzzy sets introduced by Goguen in [19],
in order to represent more general forms of linguistic uncertainty [8], [46].

When abandoning the idea of possibilistic measure as a total function defined on the power-set
P(Q), i.e., for each A C Q, in favour of possibilistic measure as a partial function, the choice of ample
field as the most appropriate structure on which possibilistic measures should be defined can be briefly
justified as follows. Actually, we could call a mapping from an arbitrary subsystem & C P(Q2) to T a
(T, <) - possibilistic measure, if it is extendable to a (T, <) - possibilistic measure on P(2). As proved
in [3], this extendability is equivalent to the extendability to a (T, <) - possibilistic measure on 7(&),
where 7(€) denotes the smallest ample field which includes €. Therefore, ample fields arise naturally
as domains of possibilistic measures. Generally speaking, if we want to define a possibilistic measure
on P(Q2) we have to be more specific than if we want to define one on any other ample field A C P(),
since, e.g., the atoms of P(£2) constitute a refinement of the atoms of A. So, at least in principle, we
want to be able to be as nonspecific as possible, and introduce possibilistic measures rather on ample
fields than on power-set.

Later on in this work we will investigate various generalizations of lattice-valued possibilistic mea-
sures, either in the sense that their definition domain is not necessarily an ample field but simply
a nonempty system of subsets of €2, or in the sense that the structure over the set of values, i.e.,
T = (T, <), need not be a complete lattice, but only a weaker structure, e.g., a partially ordered
set. However, for the moment let us return our attention to the 7-valued possibilistic measures in
the sense of Definition 9.1. and let us define the notion of possibilistic integral with respect to such
possibilistic measures, still copying [10].

In [9], De Cooman and Kerre argued in favour of the idea that a generalization of Sugeno’s fuzzy
integral, the so called semi-normed fuzzy integral, is ideally suited for combination with (T, <) -
valued possibilistic measures. In [10], De Cooman explores this idea in more detail and shows that
these semi-normed fuzzy integrals can be used to give a consistent and unifying account of possibility
theory. The most important points of the argumentation from [10] and the resulting formulas can be
briefly sketched as follows.

Definition 9.3 Let 7 = (T, <) be a complete lattice, let v be a t-semi-norm on (T, <), let (Q2, A, 1)
be a T -possibilistic space such that w denotes the T -possibilistic distribution induced by II. Let A
be an A-measurable subset of Q (i.e., A € A), let h : Q — T be an A-measurable mapping (i.e.,
{weQ:h(w) =t} €A foreacht € T). Then the (T,<,v) - possibilistic (or possibility) integral of
h on A with respect to II is defined by

(v) /A hdll = \/{v(h(z)m(x)) : = € A}. (9.4)

In particular, if ¢ € T and t is the constant mapping on , i.e., t(w) = t for each w € Q, then
obviously

() /A tdIl = v (t,TI(A)), (9.5)

hence, for t = 17,

) /A 17dIT = TI(A). (9.6)

Let x4 be the T-valued characteristic function (identifier) of the set A C Q, i.e., xa(w) = 17, if
weA, xalw) =07, weQ— A, let A be the infimum in (T, <), let (h A xa)(w) = h(w) A xa(w) for
each w € Q. Then we can easily prove that

) /A hdll = (v) /Q (h A xa)dIT. 9.7)

Consequently,
(1/)/ Xadll = (1/)/ 17dI1 =TI(A). (9.8)
Q A
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Moreover, let {h; : j € J} be a system of .A-measurable mappings each of them taking € into T°
(i.e., a system of 7-fuzzy variables on (€2, A) or a system of T-fuzzy subsets of ), let \/,; y hj : @ =T

be defined by (V/;c; hj)(w) = V{h;(w) : j € J]} for each w € Q. Then

(u)/X \/ dH:\/{(u)/thdH:j eJ}, (9.9)

JjeJ

cf. [10] for the proof. Hence, denoting by G#(Q) the set of all 7-fuzzy variables on (€, A, ), and
setting, for each h € GA(Q),

I, (h) = (v) /Q hdll = \/ {v(h(w), 7(w)) : w € 9}, (9.10)

(9.9) yields that II, is a complete join-morphism between the complete lattices (G7(2),C) and
(T, <), where hy C hy means that hy(w) < ha(w) holds for each w € Q. Hence, II,, behaves like a
T-possibilistic measure which can be called a v-extension of 11 from A to G# ().

10 Possibilistic Variables

Also in this chapter, when introducing the notion of possibilistic variable which should play, within
the framework of possibility theory, the same role as random (or stochastic) variables in standard
probability theory, we follow the pattern of explanation from [10]. In probability theory, and in
measure theory in general, it is possible to transfer a (probability) measure from one universe to
another, using a mapping between these universes [4]. It is not difficult to show that something
similar can be done with possibilistic measures.

Let 7 = (T, <) be a complete lattice, let Y be a nonempty set and let f : Q@ — Y be a mapping,

where < Q, A, I1; > is a (T, <)-possibilistic space. Let us define the system A%f) of subsets of Y and
the mapping Hgf) : Agf) — T as follows:

Agf) ={B:BcCY, f}(B)cA), f1{(B)={weQ: f(w) € B}, (10.1)

i (B) = L (f7(B)), B e A, (10.2)

As can be easily seen, Agf) is an ample field of subsets of Y and Hgf) is a (T, <)-possibilistic

measure on (Y, .A(lf)> which can be called the transformed (T, <)-possibilistic measure on (Y, AY))

) (1) of

induced by I1y and f. Moreover, II; is normalized iff Hgf is. The 7T-possibilistic distribution 7,

Hgf ) satisfies, for any x € Y, the relation

(@) = \mi(@1) : flar) € ] 4o}, (10.3)

when 7 is the 7 -possibilistic distribution of II;.
In what follows, let us apply the very general definition of measurability of mappings by Jacobs
[21].

Definition 10.1 Let Y7,Ys be nonempty sets, let By C P(Y1), Ba C P(Y3) be systems of subsets of
the corresponding sets. A mapping f : Y1 — Yo is called By — By-measurable, if the inclusion

{{37 eEYr: f(.’L') S Bg} : By € BQ} C B (104)

holds, i.e., if the inverse image, w.r. to f, of each set from By belongs to By.

Applying this definition to the case above, when Y1 = Q, Yo =Y, By = A, By = Aﬁf) and
f:Q — Y is a mapping, we obtain easily that f is A — Aﬁf ) _measurable. Let Y be an ample fieled
of subsets of Y. If f is A — Y-measurable, it follows immediately that the inclusion Y C A§f ) holds,
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in other terms, Aﬁf ), is the greatest w.r. to inclusion ample field of subsets of Y such that f is
A — Y-measurable.

Hence, let ) be an ample field of subsets of the set Y, let f : 2 — Y be an A — Y-measurable
mapping. As Hgf) is a (T, <)-possibilistic measure on (Y, Agf)> and Y C A§f) holds, we may consider
the restriction of Hgf) to Y (Hgf)) [' Y, in symbols). It is a (T, <)-possibilistic measure on (Y, Y) which
can be called the transformed (T, <)-possibilistic measure on (Y,Y) induced by II; and f. For any
B € )Y we obtain that

M 1 y)(B) =L (f~4(B)) (10.5)

and the 7-possibilistic distribution 7y of Hgf ) [ V satisfies, for each z € Y the relation

mo(x) = \/{mi(21) : f(z1) € [2]y}. (10.6)

Clearly, A§f> is the greatest w.r. to inclusion ample field of subsets of ¥ on which a transformed
(T, <)-possibilistic measure induced by II; and f can be defined.

Informally, a variable may be defined as an abstract object (entity) which can take values in a
certain universe. Hence, let us consider a universe Y and a variable X in Y of the type just informally
described. In general, X can take any value in Y, however, it is possible to restrict the values which
X may take in Y, e.g., saying that only values in a proper subset D of Y can be assumed by X. By
imposing such a restriction the uncertainty concerning the value actually taken by X is reduced, so
that we get more information about the value taken by X in Y.

In general, such information need not always be so strict as giving a subset D of Y, e.g., it can be
given in the form of a probability measure (a detailed discussion can be found in [13]). More explicitly,
we consider a o-field S of subsets of Y and a probability measure Pr on the measurable space (Y, ¢),
supposing that for any A € S, Pr(A) is the probability with which the variable X takes a value in A.
When doing so, we also impose a restriction on the values which can X take in Y, but this restriction
is more flexible than that specified by a subset D of Y and it could be said that the information we
have about the values taken by X in Y is probabilistic or stochastic.

In probability theory, the formalized mathematical model describing what we have just informally
explained goes as follows. First of all, a basic space €2 is considered together with a nonempty o-field
of subsets Sq, the elements of € are called elementary random events and the subsets of €2 which
are in Sq are random events. Then a probability measure Prg on § is introduced, so arriving at the
notion of probability space (Q,Sq, Prq), the basic stone of the axiomatic mathematical probability
theory. A mapping X : Q — Y is called random or stochastic variable defined on (2, Prq) and taking
into values in (Y, S), if it is Sq — S-measurable, i.e., if the inclusion

{{w e Q: X(w) € B} : Be S} C Sa (10.7)

holds. The universe Y is then called the sample space and, for each A C Y, A € S, the probability
with which the random (stochastic) variable X takes its values in A is given by

Pro(X 1 (A)) = Pro({w € Q: X(w) € A}). (10.8)

If the information concerning the values taken by a variable X and being at our disposal is given by
a possibilistic measure, the situation can be processed quite analogously as in the probabilistic case,
on the intuitive as well as on the formalized level, let us limit ourselves to the explicit introduction of
the resulting formalized model.

Definition 10.2 Let T = (T, <) be a complete lattice, let Q be a nonempty set, let A be an ample
field of subsets of Q, let 11 be a T -possibilistic measure on A, let Y be a nonempty set, let Y be an
ample field of subsets of Y. A mapping X : Q@ — Y is called a possibilistic variable defined on the
T -possibilistic space (2, A, II) > and taking its values in the sample space (Y,Y), if it is A — Y
measurable, i.e., if (10.7) holds with S replaced by Y and Sq replaced by A.
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11 Partial Real-Valued Monotone and Possibilistic Measures
and Their Extensions

It is not our aim, in this work, to repeat the ideas, constructions and results contained in [10] or else-
where and dealing with the formalizations of lattice-valued possibilistic measures and their analogies,
formal as well as perhaps semantic, with the axiomatic probability theory, even if we are ready to
take profit of [10] or of other related works in any case when such a reference seems to be necessary or
adequate. Hence, let us return, for a while, to Chapters 2 and 3 above when pursued our path leading
from uncertainty as informal phenomenon from the surrounding us world to mathematical models for
uncertainty quantification and processing.

Namely, let us focus our attention to the stage of our reasoning when we arrived at the idea of
elementary random events and the space € of all such events and when we agreed to take random events
as sets of elementary random events, i.e., as subsets of 2, and to take the degrees of uncertainties
ascribed to random events as values of set functions ascribing to subsets of () real numbers from
the unit interval [0,1]. These set functions should obey some conditions, different in the case of
probabilities from those in the case of possibilities, but in both the cases meeting the most general
properties behind the intuitive idea of size of sets; these common properties were formalized in the
notion of monotone measures.

In the case of finite spaces ) and with uncertainty taken in the sense of randomness, the obtained
formalization completely and conservatively met and extended the common sense, ideas and results
of the most elementary combinatoric probability theory describing our everyday’s experience with
coins and dices tossing or with various simple lotteries. The relation between a random events and
subsets of €2 can be taken as one-to-one, i.e., every subset of 2 defines random event. Real numbers
from [0,1] as degrees of probabilities (uncertainties in the sense of randomness) also seem to be quite
natural and intuitive, as these degrees can be approximated by relative frequences of successes taken
from sufficiently large collections of statistically independent random samples, and values of relative
frequences obviously belong to the real interval [0,1].

As a matter of fact, still keeping in mind probability theory but admitting also infinite and, in
particular, uncountable spaces ) of elementary random events, the situation significantly changes.
Namely, it is not reasonable to expect that every set function, perhaps satisfying the demands im-
posed on probability measure when considering only certain subsets of {2 can be conservatively and
consistently extended to probability measure on the whole power-set P(2) of all subsets of Q. E.g.,
the well-known and intuitive probability measure on the subsets of the unit interval [0,1] of real num-
bers, ascribing ins length b — a to any interval [a,b] of [0,1] can be extended in a uniquely defined,
consistent and conservative way just to the o-field of Lebesque subsets of [0,1], but there exist also
subsets of [0,1] not measurable in this sense (cf. [20] or any elementary textbook on measure theory or
mathematical analysis). The solution to this problem accepted by the axiomatic probability theory is
well-known: probability measure is defined as partial function on P(£2) the values of which are defined
only for some subsets A C ). The system A of such subsets, i.e., the definition domain of probability
measure P in question, is supposed to define a o-field of subsets of €2 because of obvious practical
reasons and this o-field occurs among the most fundamental stones defining the notion of probability
space.

The real-valued possibilistic measures were also conceived as total set functions taking P(2) into
[0,1] and the cardinality of the space € did not play such an important role as in the case of probability
measures. Indeed, the operation of supremum applies to any nonempty subset of [0,1] and for the
empty subset of [0,1] the convention sup (#) = 0 can be accepted. Hence, the idea to define also
possibilistic measures as partial functions on P(€2) reflected rather our limited abilities to obtain the
detailed empirical values of possibilistic measures in various cases of their applications. In the case
of possibilistic measures, however, another way of generalization was more inspirative and general: to
abandon the idea that uncertainty degrees are real numbers from the unit interval in favor of taking
them as elements of some more general, even if not so rich as the unit interval, structure, e.g., a
partially ordered set or, in particular, a complete lattice. Some arguments supporting this choice were
already briefly mentioned above referring to [10], [19] and to other relevant sources for more detail.
We will also return our attention from time to time, in what follows, to this point.
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Let us turn back to real-valued set functions taking their values in the unit interval [0,1]. Perhaps
the most general and still nontrivial mappings of this kind, reflecting at least the weakest properties
of numerically quantified sizes of sets are real-valued monotone measures in the sense of Definition 3.1
above. Denoting by R general subsystems of P(2) with the aim to use A only for o-fields or ample
fields, the definition can be re-called as follows. Given a nonempty set 2 and a nonempty system R
of subsets of , a mapping ¢ : R — [0,1] is called a real-valued partial normalized monotone measure
on R, if (@) = 0 and/or p(Q2) = 1 supposing that ) € R and/or Q € R, and if the inequality
©(A) < p(B) holds for each A C B, A, B € R. The inner (or lower) monotone measure p, induced
on P(2) by ¢ is defined, for each A C Q2 by

¢.(A) =\/{¢(B): BC A, BER}. (11.1)

The outer (or upper) monotone measure ©* induced on P () by ¢ is defined for each A C Q, by

¢.(A) = \{¢(B): B> A, BER}. (11.2)

Let us recall that A denotes the infimum and \/ the supremum defined in [0,1] by its standard
linear ordering and let us apply the conventions \/f) = 0 and A @ = 1 for the empty subset of [0,1],
then ¢* and @, are defined on whole the system P(€2). A set A C Q is called < ¢, R >-measurable,
if 0, (4) = *(A).

E.g., in the most simple case with R = {0, Q}, the only monotone measure on R is such that
©(0) = 0 and p(2) = 1. Then p*(A) = (@) = 0 for each A C Q, A # Q, and p*(A) = 1 for each
) # A C Q, so that the only < ¢, R >-measurable sets are () and .

Lemma 11.1 Let {0,Q} C R C P(Q), let ¢ be a monotone measure on R. Then both o, and ¢* are
monotone measures on P()), conservatively extending ¢ from R to P(£2).

Proof 11.1 The assertions follow immediately from the definitions of p, and ¢* and from the ele-
mentary properties of the operation of supremum and infimum in [0,1].

Let us focus our attention to a partial case of partial monotone measures, namely to normalized
real-valued partial possibilistic measures. The formal definition will read as follows.

Definition 11.1 Let Q be a nonempty set, let {0,Q} € R C P(Q) be a system of subsets of Q.
A mapping 11 : R — [0,1] is called a normalized real-valued partial possibilistic measure on R, if
(@) = 0, II(Q) = 1 and II(AU B) = II(A) V II(B) for each A,B € R such that AUB € R as
well. The partial possibilistic measure I1 on R is finitely complete, if for each finite system Rg C R
of subsets of Q such that JRo = Upcpr, A is in R the equality II(JRo) = V{II(A) : A € Ro}
holds. Supposing that this equality holds for each nonempty Ro C R such that | JRo € R, the partial
possibilistic measure I1 on R is called complete.

In the case of possibilistic measure defined on P(2) or on a rich enough systems of subsets of 2 each
possibilistic measure is obviously finitely complete (in the case of P(£2) even complete), but in general
this need not be the case. Indeed, take R = {0}, Ay, As, A3, Q}, where Ay, Ay, A3 defines a disjoint
covering of © by nonempty sets. Then each IT : R — [0, 1] such that II(()) = 0 and II(2) = 1 holds
defines a partial possibilistic measure on R no matter whether the relation II(A;) vV II(A3) VII(A3) =
1 =TI(£2) holds, hence, II need not be finitely complete.

It is perhaps worth stating explicitly that the definitions of ¢, and ¢*, given a partial monotone
measure on R C P (), cannot be "refined“ or ”improved “ when replacing the simple values ¢(B) for
B CA— (B DA, resp.) and B € R by the sumprema (infima, resp.) of values taken over systems
C C R such that |JC(= Ugee €) € A(NC D A, resp.) but not necessarily |JC € R([C € R, resp.).
In symbols, we can easily prove that

0. (A) :\/{ \/ ¢(B):CCRr, UCCA} (11.3)

BecC

and
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©*(A) :/\{ N\ eB):CcR, (¢ DA}. (11.4)

BeC

Lemma 11.2 Let IT be a possibilistic measure defined on an upper semilattice of subsets of € such
that {0,Q} C R. Then 11* is a possibilistic measure on P(£2).

Proof 11.2 Given A, B C Q, Lemma 11.1 yields that

IT*(A) V II*(B) < IT*(AU B) (11.5)

holds. For each € > 0 there exist A., Be € R such that A D A, B. D B and inequalities TI(A;) <
IT*(A)+e¢, II(B.) < IT*(B) +¢ are valid. As R is an upper semilattice, A;.UB. € R, AcUB. D AUB,
so that an easy calculation yields that

M(AUB) <TI(A. UB.) =TI(A.) VII(B.) < (IT*(A) VII*(B)) + «. (11.6)
The assertion follows immediately from (11.5) and (11.6).

As a matter of fact, an analogous assertion or II, does not hold. Indeed, take Q # (), § # C C
Q, C#Q, 0# A BCQsuch that AUB,C, A, B # C (hence, A # B), take R = {0,C,Q} and set
(@) =0, II(Q2) =1, II(C) = o, 0 < a < 1. Then R is evidently a lattice and II is a possibilistic
measure on R. Nevertheless, for both A, B,

m.(A) =\/{II(D): Dc A, De R} =\/{II(D): DC B, De R} =11(B) =0, (11.7)

so that II,(A) VIL.(B) = 0. However, II,(AU B) = II,(C') = o > 0. Let us recall that the roles
of set-theoretical operations of the union and intersection are not dual in the context of possibilistic
measures, namely, for each A, B € R such that ANB € R just the inequality ITI(ANB) < II(A) AII(B)
can be proved with the equality holding only under strong supplementary conditions.

A system R of subsets of a nonempty set € is called nested (or hereditary, cf. [20]), if for all A € R
and all B C A also B C R holds. Consequently, in this case R = (J o P(A).

Lemma 11.3 Let I be a possibilistic measure defined on a nonempty nested system R C P () such
that \/ cer II(C) = 1 holds. Then I, is a possibilistic measure on P(£2).

Proof 11.3 There exists A € R, so that ) C A, 0 € R and 11, (0) = 0 follows. The condition
Veer IH(C) =1 immediately yields that 11, (2) = 1. Given A, B C Q we obtain that

II,(AUB) = \V (C) = \ I(CN(AUB)) = \V I((CNA)U(CNB)).
CCAUB, CeR CCAUB, CER CCAUB, CER
(11.8)
As Cisin R, also CNA and CN B are in R, so that

IT, (AUB) = \/  (I(CnAVII(CNB)) = \V I((CNA)|V \/ II((C N B)
CCAUB, CeER CCAUB, CeER CCAUB, CER
(11.9)
IfCCc AUB, C€R holds, CNACC, CNAE€ER holds as well, hence,
\ necna < \/ T(D)=T(A). (11.10)
CCAUB, CER DCA, DER

Inversely, for each D C A, D € R, we obtain that D C AUB, D € R and DN A= D, so that
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mA)= \/ D)< \/ I(C) (11.11)

DCA, DER CCAUB, CeR
holds as well. Consequently,
IL(A) = \/ II(C N A), I, (B) = \/ I(C N B), (11.12)
CCAUB, CeR CCAUB, CeR
so that
I, (AU B) =1I,(A) VIL/(B) (11.13)

and the proof is completed.

Theorem 11.1 Let {0,Q} C R C P(Q) be a complete upper semilattice, let 11 be a complete possi-
bilistic measure on R, let M(II,R) be the system of all (II, R)-measurable subsets of Q2. Then

. (JA) :A\G/AH*(A), m (Ja) =V ) (11.14)

AcA
hold for each O < A C M(II, R).

Proof 11.4 As I, is a monotone measure on P(Q), the inequalities T1,(A) < TI,(JA), A € A and
Voaca Hi(A) <TL (U A) easily follow. In order to arrive at a contradiction suppose that

\/ I(4) = \/ TL(4) <L (UA) (11.15)
AeA AeA
holds (the equality in (11.15) follows from the fact that A C M(II,R)). So, there exists C' € R,
C Cc UA, such that II(C) > \/ 44 TI*(A) holds, consequently, there exists € > 0 such that the
inequality II(C') > IT*(A) + € holds for all A € A. Hence, there exists e1 > 0 and, for every A € A,
a set Ag(A) C Q such that Ag(A) D A, Ap(A) € R and II(C) > II(Ag(A)) + &1 hold for each
A € A. However, we obtain that \J,c 4 Ao(A) D UA and, due to the condition imposed on R and
I, U sc4 Ao(A) € R and the relation

I(C) > \/ I(A(A) +e1 =P ( U AO(A)> e, > I ( U A) + &1 (11.16)
AcA AcA AcA

follows. This contradicts the fact that C C | J.A, hence, C C D for each D € R such that D D |J A,
so that the strict inequality in (11.15) cannot hold.

The inequality II*(IJ A) > \/ 4c 4 II*(A) is obvious, so let its strict version hold. Then there exists
e > 0 such that TTI*(|J.A) > IT*(A) + ¢ is valid for every A € A, consequently, there exists g > 0 and,
for each A € A, Ag(A) C Q such that Ag(A) D A, Ao(A) € R, and TT*(J.A) > TI(Ag(A)) + o for
every A € A. Using the supposed properties of R and I1 we arrive at the inequality

I (UA) > \/ I(Ag(A)) + 5 =11 ( U AO(A)> +e1. (11.17)
AcA AcA
However, as |J 4 4 Ao(A) D A holds, this relation contradicts the definition of IT*({J.A). So, the
equality IT*(|J A) =\ 44 I*(A) must hold and Theorem 11.1 is proved. In other terms, the system
M(IL,R) of (II, R)-measurable subsets of Q is a complete lattice, like R itself.

Corollary 11.1 Omitting the adjective ”complete “ from the conditions imposed on R and I1 in The-
orem 11.1, (11.14) can be proved for any finite A,0 # A C M(II, R).

The idea behind the notions of inner and outer measures seems to be reasonable and fruithful
either when the original set function cannot be, in principle, defined for all subsets of the universe of
discourse ) (as it is, e.g., the case of Borel measure), or the actual values, ascribed in the Platonist
sense to some (or even to most of the) subsets of Q cannot be effectively obtained or processed due
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to some theoretical and/or practical restrictions. This problem occurs, e.g., when some elements of
the universe 2 are indistinquishable elements are just the equivalence classes induced in €2 by an
equivalence relation, we arrive at the notion of rough sets introduced by Z. Pawlak in [41].

Hence, from a formalized point of view, a rough set is a pair (£, ), where  is a nonempty set and
~ is an equivalence relation on 2, i.e., &~ is a reflexive, symmetric and transitive binary relation on 2.
Denote by Py C P(2) the factor-space @/ =, so that, for every w € Q, [w] = {w; € Q: wy ~ w} denotes
the equivalence class (i.e., the subset of ) of all elements of Q equivalent to (or: indistinguishable
from) the element w € Q. Denoting by Py, two mappings [}, () : P(2) — Py can be defined. Given
AcCQ,

4] = Il £ [w] © A3, 44) = J{l] : [w]n 4 # 0}, (11.18)

applying the conventions that [§] = (@) = (. The similarity of the symbols [| and () to those of
necessity and possibility functors in modal logics is justified by a common philosophical idea behind.

The inclusion [A] C (A) holds for each A C Q with the equality being valid iff [A] = (4) = A € P;.
Consequently, for each A C Q, (([4]) = [4] and [(A)] = (A). For every § # A C P(Q), in particular,
for each A, B C (2, the following inclusions and identities hold:

U < [UA},[A]u[B]c[AUB],
U@ = (JA (4 u(B)=(AuB),
Nl = |NA]. [4n[B]=4nB)
(4 > (A, (4)n(B)>(ANB). (11.19)

AcA

Easy to obtain counter-examples demonstrate that none of the inclusions above can be, in general,
replaced by the equality relation.

Let 7 be a possibilistic distribution on Py = Q| a2, so that 7 : Po — [0,1],\/ ,cp, 7(a) = 1. 7 is
called compact, if there exists wy € Q such that 7([wo]) = 1. Setting for every R € P,

I(R) = \/ (), (11.20)

aER

we can easily verify that II is a partially defined possibilistic measure on P(2) with Dom (II) = P;.
For the inner and outer measures induced by II on P(2) we obtain easily that

I,(A) = \/{II(B):Be Py, BCA}=II([4)), (11.21)
*(A) = A{I(B):Be Py, BDA}=TI((4)) (11.22)

for each A C €, as could be expected. The following facts are almost self-evident:

e [i] Both II, and IT* are monotone measures on P (), conservatively extending II from P; to
P(€2). Hence, for each A C B C Q and each C € Py, II,(A) < IL(B),II*(A) < II*(B), and
I1,(C) = I1*(C) hold.

e [ii] IT* is a complete possibilistic measure on P(£2).

Let us close this chapter by focusing our attention to the particular case of possibilistic measures
taking only the extremal values 0 and 1 as their possible degrees. Consequently, everything that
follows can be expressed, stated and proved within the standard language of (crisp) set theory. Let Q
be a nonempty set, let Ag be a fixed (nonempty and proper, to avoid the most trivial cases) subset of
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Q, let w4, be the characteristic function (identifier) of Ay, so that 7w, (w) =1, if w € Ag, 74, (w) =0,
ifweQ— Ay Given A C Q, setting I14,(A4) =1, if AN Ay # 0, 4, (A) = 0 otherwise, we can
easily check that II,, is a complete (two-valued or binary) possibilistic measure on P(£2) defined by
the possibilistic distribution 74, (the identity I14,({J.A) = V 4c4 14,(A) evidently holds for every
0 #ACP(Q)). Any binary complete possibilistic measure defined on the whole power-set P(Q2) can
be expressed as I14,, where Ag = {w € Q: II({w}) = 1}.

As II,4, is defined for every A C €, it is beyond any sense to define the inner and the outer
measures induced by II4,. The situation becomes less trivial when setting II as a partial mapping on
P(Q). To limit ourselves to a very simple case, we will keep continuity with the explanation above
and we will suppose that the definition domain of II consists of equivalence classes generated by an
equivalence relation on Q. So, let Q, ~, Py and P; keep their former meaning, let mo : Py — {0,1} be
a binary possibilistic distribution on Py, let II be the binary possibilistic measure defined by my on
P1. For the corresponding inner and outer measures Il4, , and Hf% we obtain that for each A C Q)

4,4 (A) = T, ([A]), T4, (A) = TLa, ((4)). (11.23)

In other terms, Tl4, (A) = 1iff [A] N Ay # 0, I (A) = 1iff (A) N Ag # . The following simple
assertion defines some conditions under which the class of (II4,,P;)-measurable sets is larger than
P1.

Lemma 11.4 Let (Q,~) be a rough set, let 11 be a binary complete possibilistic measure on Py, let
Ag C Q be such that there exists wg € Ao possessing the property that = is not the identity on
Q — [wo], hence, that there exist wy,ws € Q — [wo] such that wy # wa, but wy ~ we. Then there exists
a (I 4,, P1)-measurable set which is not in Py.

Proof 11.5 Let A C Q be such that [wo] C A and just one of the elements wy,wy is in A. Hence, A
is not in Py, but 14, (A) =114, ([A4]) = 1, as [wo] C A yields that [wo] C [Ao], so that Ay N [A] # 0.
The inequality T4, »(A) <115 (A) holds in general, so that 114, .(A) =113 (A) =1 and the set A is
(I14,, P1)-measurable.

12 Almost-Measurability Induced by Real-Valued Monotone
and Possibilistic Measures

The notion of almost-measurability in a natural way weakens and generalizes that of (IT, R)-measurability
introduced and briefly analyzed in the foregoing chapter. In order to arrive at this generalization in
an intuitive way, let us recall the well-known standard construction applied in measure theory in order
to obtain the system of subsets of the real line measurable in the Lebesgue sense, cf. [20] or other
textbook on classical measure and integration theory. In order to simplify the construction let us limit
ourselves to the unit interval [0,1] of real numbers.

We will start from the system R of all semi-open intervals [a,b) C [0,1], ascribing to each such
interval the non-negative real number p([a,b)) = b — a. i.e., its length. As a matter of fact, we could
begin with the open or closed subintervals of [0,1] as well. This mapping can be uniquely extended to
the o-additive (probability) measure p defined on the minimal o-field B of subsets of [0,1] such that
B contains R. The sets in B are just the so called Borel subsets of [0,1] or subsets of [0,1] measurable
in the Borel sense. It is a well known fact that far not any subset of [0,1] is measurable in the Borel
sense. Hence, we define the inner and the outer measures u, and p* induced by p and we denote by
L the system of all subsets of [0,1] for which the equality uy(A) = p*(A) holds. The sets from L are
called measurable in the Lebesgue sense and, as a matter of fact, cf. again [20], [38] or elsewhere, A
is measurable in the Lebesgue sense iff A differs from a Borel set on a subset of a Borel set of zero
measure. In symbols

L={AC|0,1]: there exist Ay, By € B such that p(Bg) =0 and A+ Ay C By}, (12.1)

where + denotes the set-theoretic operation of symmetric difference. Obviously, B € £ holds and,
as can be proved, B # L, but still for not any subset of [0,1] is measurable in the Lebesgue sense.
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Moreover, what is important in our context, there exist subsets A C [0,1] such that p.(A) = 0 and
w*(A) =1 (cf. [20], e.g). However, this is the price we have to pay for the intuitive semantic behind
the measure p enabling to reduce it to the length of intervals. In the foregoing chapter we applied this
way of reasoning when defining (p, R)-measurable sets with respect to a real-valued monotone (or, in
particular, possibilistic) measure defined on a system R of subsets of the universe of discourse .

The condition p,(A) = p*(A) which defines the system L of subsets of [0,1] which are measurable
in the Lebesgue sense can be obviously written as |u(A) — p*(A)| = 0. The straighforward idea now
reads as follows: fiven a real number € > 0, a subset A of [0.1] could be called e-almost-measurable,
if the inequality |p«(A) — p*(A)| < € holds. This notion generalizes (in the sense of weakening) the
notion of measurability in the Lebesgue sense which is identical with the 0-almost-measurability. On
the other side, this extension is nontrivial in the sense that for each e < 1 there exist subsets of [0.1]
which are not e-almost-measurable, as there exist A C [0,1] such that u,(A) =0 and p*(A) = 1.

In the case of a o-additive measure u (probabilistic, say), defined on the system of sets measurable
in the Lebesgue sense and generated by a o-field of subsets of a universe €2, the notion of almost
measurability is of a rather limited use, because in this case neither the values uy(A) nor p*(A) can
be used as reasonable extensions of the set function u from £ to P(€2). Indeed, given an infinite
sequence A, As, ... of mutually disjoint subsets of €2, we would like to obtain that

H <U Ai) = ZN’(A7) (12.2)

holds, as it is the case with subsets Aj, Ay, ... measurable in the Lebesgue sense. But, given a
sequence i, &g, ... of reals from [0,1] such that |u(A;) — ;| < € holds for a fixed € > 0 and for each
i=1,2,..., the series Y .7, «; still may vary along all the extended line [—co, oc]. Hence, neither the
uniform e-approximation of measure values ascribed to particular subsets of €2 offer any reasonable
approximation of the measure value ascribed to their union.

However, due to the qualitative differences between the properties of summation (series taking)
and those of standard supremum in [0,1] the notion of almost-measurability induced by possibilistic
measures can be taken as quite reasonable and useful. Let us begin with the following definition.

Definition 12.1 Let ¢ be a real-valued normalized monotone measure defined on a nonempty system
R of subsets of a universe Q #£ 0, let 0 < e < 1 be a real number. A set A C Q is called (o, R,€)-
almost measurable, if the inequality p*(A) — o« (A) < e holds, and A is called (¢, R, €)-strictly almost
measurable, if o*(A) — ¢, (A) < € is the case. The system of all (¢, R,e)-almost measurable subsets
of Q will be denoted by M(p,R,eT) and that of all (p, R, e)-strictly almost measurable subsets of
by M(p,R,e7).

As the following assertion demonstrates, in the case of possibilistic measures and under some more
conditions imposed on the definition domain R, the system of all e-almost measurable sets is closed
with respect to unions.

Lemma 12.1 Let IT be a complete real-valued possibilistic measure defined on a nonempty system R
of subsets of Q which is closed w.r. to unions, i.c., for each ) # AC R, |[JA =Usca A € R holds.
Let A C P(QQ) be a system of subsets of Q such that, for a given £ > 0, the relation II*(A) =TI, (A) < e
holds for every A € A. Then also II*(|JA) — I, (JA) < & holds.

Proof 12.1 Take a § > 0 and combine the inequality 1T*(A) — I, (A) < e, supposed to hold for each
A € A, with the definition of I1*(A) and IL,(A). So there exist, for each A € A, sets Af and Ay from
R such that Ay C AC Af and

H(AY) —I(A;) <e+6 (12.3)
is valid for each A € A. It follows easily that
\ A - \/ I(4y) <e+56 (12.4)
AcA AcA
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holds. Indeed, supposing that this inequality does not hold, i.e., that the difference in (12.4.) is
greater that € + ¢, it follows that there exists Ay € A such that the inequality

H(Af,) — \/ (A7) >e+6 (12.5)
AcA
1s valid. However, in this case
I(Afs) — (A7) > e+ (12.6)

holds for all A € A including Ao, but this contradicts (12.3). The inclusions
U 4; cAc | af (12.7)
AcA AcA

are valid and both the sets | c 4 Ay and U c g Ag‘ are in R due to the assumptions imposed on
R. Applying the assumption of completeness of the possibilistic measure I1 on R, we obtain that

\V nead) = (Ja) 2w (JA) =/ meag) (12.8)

AcA AcA
holds, so that the inequality

I (U A) —I, (U A) <e (12.9)

easily follows from (12.4) and from the fact that § > 0 was arbitrary. The assertion is proved.

Definition 12.2 A nonempty system R of subsets of a nonempty space 2 is called an upper (a lower,
resp.) semilattice, if for each nonempty finite system A C R its union | J A = J 4.4 A (its intersection
NA=Naca A, resp.) also belongs to R. If this relation holds for every A C R, the upper (lower,
resp.) semilattice A is called complete.

Theorem 12.1 Let IT be a possibilistic measure defined on a nonempty upper semilattice R of subsets
of Q. Then, for each € > 0 the system M(II, R,e™) of all II, R, e)-strictly almost measurable subsets
of Q0 is also an upper semilattice.

Proof 12.2 Let 0 # A C M(II,R,e™) be a finite system of subsets of Q, so that [I*(A) — I (A) < e
holds for each A € A. Due to the definitions of II*(A) and I1,(A) there exist, for each A € A, subsets
AT and A~ in R such that A~ C AC AT and II(AT) —II(A™) < & holds. Hence,

Jato4ao Y 4 (12.10)

AcA AcA

immediately implies that

ne| ) ah=\/ ma+ > (UA) > 11, (UA) > 11 < U A) = \/ m@A). a2y
AcA AcA

AcA AcA

Suppose, in order to arrive at a contradiction, that the relation

\ A = \/ (A7) > ¢ (12.12)
AcA AcA
1s valid. Then
MAS) - \/ (A7) >« (12.13)
AcA

also holds, taking Ao € A such that II(A$) = \/ ;e 4 II(AT). As the system A is finite, such A
always exists. In particular, (12.12) yields that
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Pi(AJ) — TI(Ay) > & holds, but this contradicts the way in which A* and A~ have been chosen.
Consequently, the inequality

I (U) ~ 10, (UA) < \/ It - \/ ma) <« (12.14)
AcA AcA

follows, so that | J A also belongs to M(II, R,e™), hence, M(IL, R,e™) is an upper semilattice.
A slight and easy to prove modification of the assertion just achieved reads as follows.

Theorem 12.2 Let II be a complete possibilistic measure defined on a monempty complete upper
semilattice R of subsets of Q. Then, for each ¢ > 0, the system M(II,R,e™) of (II,R,¢e)-almost
measurable subsets of ) is also a complete upper semilattice.

Proof 12.3 Let) # A C M(II,R,e"), so that IT*(A)—I1,(A) < ¢ holds for each A € A. Given§, >0
there exist, for each A € A, two subsets AT, A~ € R such that AT D A D A~ and [I(A") —TI(A7) <
€ 4 01 holds. Consequently, (12.10) holds and also (12.11) can be deduced due to assumption of
completeness imposed on R and II. In order to arrive at a contradiction, suppose that the inequality

\ IAY) = \/ A7) > e+ 6 (12.15)
AcA AcA

1s valid. Given 6o > 0, there exists Ag € A such that

( \/ H(A*)) —TI(AJ) < 6o (12.16)

AcA

holds, hence, also

M(A$) —TI(Ay) > &+ 62 (12.17)

holds. This is compatible with the inequality TI(AJ) — II(Ay) < & + 61 only when §; = 62 = 0, so
that the inequality

\/ (A - \/ (A7) <« (12.18)

AcA acA

1s valid and the same way of reasoning as in the end of the proof of Theorem 12.1 yields that
UA € M(II, R, e*) holds. The assertion is proved.

Assertions dual to Theorems 12.1 and 12.2 for lower semilattices and complete lower semilattices
cannot be achieved by a simple dualization of the proofs above. It is caused by the fact that for a
possibilistic measure IT just the inequalities II(AN B) < TI(A) ATI(B) (or TI((V4c 4 A) < AscaT1(4))
can be proved, but not the equalities, as it is, by definition, the case for unions and suprema. Conse-
quently, under the notation used above, the value A ,. 4 II(A™) cannot be used as a lower bound for
IL.(Nacq A) and the dual analogies of the proofs presented above fail.

Given a monotone measure II defined on a nonempty system R of a basic space 2 and given a
real number € > 0, a subset A C € is called to be of e-differential II-measure, if there exist, for every
§>e¢,sets A7 AT € R such that A~ C At, AC AT — A, and I[I(AT) —TI(A~) < § holds. It follows
easily that a subset B C Q is (II, R,e™)-almost measurable, i.e., B € M(II,R,e"), if there exists a
subset A C Q which is of e-differential II-measure and sets B~.B* € R, B~ C B C B™, such that
B differs from B~ as well as from BT on subsets of the set A. In particular, for £ = 0 we obtain
that B is in M(II, R,0%"), iff there are, for every 6 > 0, sets B~, BT € R such that B~ C B C B"
and II(BT) —TI(B™) < § holds, consequently, iff I1*(B) = I1,(B). Hence, using the terms introduced
in the foregoing chapter, (II, R)-measurable sets are those which differ from a set in R on a subset
of a set of zero-differential II-measure. This formulation reads very closely to that from the classical
measure theory according to which sets measurable in the Lebesgue sense are those differing from
Borel sets on subsets of sets of zero Borel measure (cf. [20], e.g., for more detail).
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13 Pseudo-Complement Operation and Lattice-Valued
Metric Spaces over Complete Lattices

In several following chapters, our aim will be to look for appropriate analogies of the notions of
inner and outer measures, measurability in the Lebesgue sense and almost-measurability in the case
of lattice-valued possibilistic measures and to analyze them in more detail. Doing so in the case of
real-valued possibilistic measures, which take their values in the complete lattice ([0, 1], <), we have
taken profit of the operation of complement 1-. in [0,1] and of the metric |z — y| describing to each
pair x,y of reals from [0,1] the absolute value of their difference as their distance from each other. In
this chapter we will try to introduce some more or less appropriate analogies of these two notions in
the case of a general complete lattice 7 = (T, <).

The notion of complete lattice is perhaps the most specific particular case of partially ordered
sets still covering both the best-known and most often used structures in which various quantification
functions take their values — the unit interval of reals together with their standard linear ordering
and the power-set of all subsets of a nonempty universe of discourse partially ordered by the relation
of set-theoretic inclusion. However, the structure of a complete lattice does not contain an analogy
of the operation of complement compatible with the operation of substraction 1 — z in the case
of ([0,1],<), « € [0,1], and with the operation of set-theoretic complement X — A in the case of
(P(X),C), A C X. One remedy would consist in enriching the partially ordered set (or complete
lattice, in particular), by definition, by a new primary unary operation of complement, binding its
properties by appropriate axiomatic demands. E.g., when taking inspiration from the properties
of supremum and infimum operations in the power-set over a nonempty set, we arrive at the well-
known idea of complete Boolean algebra. However, taking inspiration from the notion of the so called
residuated lattices, a way how to define at least a weakened notion of complement in every complete
lattice may read as follows.

Let T = (T,<) be a complete lattice. Elements t1,to € T are called mutually orthogonal, if
t1 ANty = 07 (= AT, by definition). Given t € T, let C; denote the set of all elements of T" which
are mutually orthogonal with ¢, hence, C; = {s € T : s At = 07}. C; is nonempty for each ¢t € T,
as 07 € Cy obviously holds. Consequently, \/ C; is defined (even without the conventions concerning
the empty set), will be denoted by t“ and called the (pseudo-)complement of t in T (cf. Definition
(7.4) and (7.7)). The possible dual version of definition of pseudo-complement according to which
td = N{s € T :sVt=17} is also introduced in Chapter 7 (cf. (7.8)), but will not be applied in what
follows.

In the particular case when 7 = P(X), C> for some nonempty set X, the notion of the pseudo-
complement obviously coincides with the standard set-theoretic definition of complement, so that for
each A C X the identity

A°=|J{BcX:BnA=0}=X-A (13.1)

easily follows. Consequently, (A¢)¢ = A holds.
Let 7 = (T, <) be a complete lattice. For each s € T, s A 07 = 07 holds, on the other side,
s = 07 is the only s € T such that s A 17 = 07. So

0f =\/{seT:sn0r =07} =\/T =17, (13.2)

1§ =\/{s € T:sA1r =07} = \/{07} =07, (13.3)

and the relations Og VOr =17, 05[3 A O7 = 07 (and similarly for 17 and lg) follow. However,
neither ¢ At = 07 nor ¢t V t€ = 17 need hold for each ¢ € T. Indeed, consider the complete lattice
({0,t1,to,t3,1}, <) introduced in Chapter 7. Then

tcz\/{seT:s/\h:OT}:\/Cl:l, (13.4)

so that t; At = t; # O (and similarly for ¢, and t3). Now, take the complete lattice ([0, 1], <).
Then, for each 0 <t < 1,
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t9=\/{s€0,1]:sAt =0} =0, (13.5)

sothat t V¢ =t # 1. If T = (T, <) is a completely distributive complete lattice, then t At¢ = 07
holds for each ¢t € T'. Indeed,

t/\tC:t/\<\/{5€T:5/\t:OT}) —\/{sAt:seT,sAt=0r}=\/{07} =07.  (13.6)

However, as can be easily proved, the complete lattice ([0, 1], <) is completely distributive, but
still in this case t V t© < 1 holds for every 0 < t < 1.

Applying the operation of the pseudo-complement twice, step by step, neither t¢ < ( nor
t > (t9)¢ hold in general. Considering, again, the complete lattice ({0,t;,%2,%3,1}, <), we obtain
that (t€)¢ = 19 = 0 < t; holds for each i = 1,2,3. On the other hand, for 7 = ([0,1],<) and
0 <t < 1 we have that (t©)¢ =09 =1 > ¢ holds. If 7 = (T, <) is a completely distributive complete
lattice, then ¢ A t¢ = 07 holds, so that t € {s € T : s At® = 07} holds, hence, the inequality

tC)C

t<\/{seT:snt =07} =" (13.7)
follows. However, neither in this case the inverse inequality ¢ > (t¢)¢
as the example with 7 = ([0, 1], <) demonstrates.

can be proved in general,

Lemma 13.1 Let 7 = (T, <) be a completely distributive complete lattice. Then for every ty,ta € T
the identity

(t1 V)¢ =t§ ALY (13.8)
holds.

Proof 13.1 For each s € T, if s A (t1 Vt2) = O7, then s At; = Of for both i = 1,2. Hence, for both
i=1,2,

(Vi) =\{s€T:sA(ti Vi) =07} <\[{s €T :snt; =07} =1 (13.9)
holds, so that the inequality

(t1 V12)¢ <t¥ ALY (13.10)

immediately follows. On the other hand,

(tr Vi) AT ALS) = [tr A (S AV [t A AL < (8 ATV (2 ALS) = 07 VOr =07, (13.11)

as t ANt¢ = O holds for each t € T in each completely distributive complete lattice, as proved
above. So,

t9NtS e{seT:sA(t1 Vi) =07}, (13.12)
so that

tOAtS <\[{s €T :sA(t1 Via) =07} = (t1 Vi12)© (13.13)
and (13.8) immediately follows.

If 7 is not completely distributive, (13.8) does not hold in general. Indeed, taking again the
complete lattice ({0,%1,t2,t3,1}, <) from Chapter 7 we obtain that

(tivt)©=19=0#£tI At =1A1=1 (13.14)
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holds for each i # j,i,7 = 1,2, 3. Let us note that the identity

(ti Ntj) =t VS, (13.15)
dual to (13.8), is valid in ({0, ¢1,t2,t3,1}, <), as in this case the identity

(tint)C =0 =1=tZVvi§=1vi=1 (13.16)

holds for each i # j,4,j = 1,2,3. Leaving aside the question whether (13.6) holds in general for
each completely distributive complete lattice, let us remark that this is the case when (t¢)¢ = ¢ holds
for each t € T, e.g., when (,V,A,“) is a Boolean algebra. Indeed, in this case (13.8) immediately
yields that

(1 A2)C = (1) A () = (17 v #5)9) T =47 v i5. (13.17)

Approaching the task how to define a metric or a relation possessing the properties of numerical
metrics in an appropriate degree, we take, again, an inspiration from the naive and intuitive set
theory. Within the framework of this theory, it is the operation of symmetric difference which proves
some properties which a distance between two subsets of a set ) should satisfy. Indeed, setting
A+ B = (A— B)U(B — A), the first two axioms of metrics hold trivially, as A + A = § and
A+ B = B+ A are valid for every A, B C Q. Given A, B,C C (2, we obtain easily that

A-C = (A-C)NB)U((A-C)NBY) =(ANB-CNB)U
UANBY —CnNBY c(B-C)u(AnB“ncCY) c
c(B-C)U(A-B). (13.18)

Analogously, C — A C (C — B) U (B — A) holds, so that

A+C=(A-C)U(C—A) C(A-B)U(B-C)U(C—B)U(B—A)=(A+B)U(B=+C) (13.19)

follows. However, just this relation can be taken as the set-valued equivalent of the triangular
inequality for real-valued measures according to which p(z, z) < p(z,y) + ply, z) holds for each z,y,
and z.

As the following assertion demonstrates, this idea can be generalized to distributive complete
lattices, i.e., to complete lattices in which the identities sA\/ S = \/,c g(sAt) and sV(A S) = A\,c5(sV1)
are valid for each s € T" and each finite S C T.

Theorem 13.1 Let T = (T,<) be a distributive complete lattice such that the pseudo-complement
operation (-)¢, defined by (7.7), is Boolean-like, i.c., t A\t® = 07 and t\Vt¢ = 11 hold for everyt € T.
Let p: T xT — T be the mapping defined by

p(t,ta) = (1 AtS) V (ta A L) (13.20)
for each ty,to € T. Then the mapping p is a T -valued metric on T in the sense that it is
o [if reflexive, i.e., p(t1,t1) = 07 for each t; € T,
e [ii] symmetric, i.e., p(t1,t2) = p(ta,t1) for each t1,t2 € T,
e [iii] triangular inequality holds, i.e., p(t1,t3) < p(t1,ta) V p(ta,ts) for each ti,ta,t3 €T
Proof 13.2 For each t; € T,

plt1,t1) = (L AtE) v (1€ Aty) =07, (13.21)

as (-)¢ is supposed to be Boolean-like, so that t; At$ = 07 holds. The symmetry of p is obvious.
Let t1,to,t3 €T. Then
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[(t AtV (ta A At A ) = (L AtS Aty AS)V (ta At At ALS) =
= (AT AV (1 Ata ALS) = (8 AS) A (t2 VES) =t AT, (13.22)

applying the distributivity and the Boolean property of ()¢, according to which ta V t§ = 1.
Hence,
[(t1 AtS)V (ta AtS)] >t A LS (13.23)

holds. Interchanging mutually the role of t1 and ts, we obtain that the inequality

[(t5 Ata) v (1§ Ats)] > t§ Ats (13.24)
is also valid. Combining (13.23) and (13.24), the inequality

p(ti,t2) V p(ta, ts) =
[(ti AtS)V (ta AV [(Ea ALS) V (E3 ALS)] >
> (L AV (ts AtT) = plta, ts) (13.25)

easily follows and the proof is completed.

14 Dual Axiomatic Approach to Partial Lattice-Valued
Possibility and Necessity Measures

Let us begin our reasoning with almost the most general definitions of partial lattice-valued possibility
(or possibilistic) and necessity measures, re-phrasing more or less routinely their definitions applied
to the case of real-valued set functions. Step by step we will impose, below, more conditions on these
measures approaching some more specific but perhaps also more interesting examples of lattice-valued
possibility and necessity measures. Some notions have been already introduced, but we take their
explicit re-calling in the context of the corresponding dual notions as useful and perhaps convenient
for the reader.

Definition 14.1 Let Q) be a nonempty set, let R be a monempty system of subsets of Q, let
T = (T,<) be a complete lattice. A mapping I1 which takes R into T(Il : R — T, in symbols)
is called a partial T-(valued) monotone measure on R, if

o [i/TI(0) =07 (= AT) supposing that ) € R,
o [ii/ II(Q) =17(=\T) supposing that Q € R
o [iii] II(A) <TII(B) holds for each A,B € R such that A C B holds.

A partial T -monotone measure 11 on R is called a partial T-(valued) possibilistic measure on R,
if (AU B) = II(A) VII(B) for each A,B,AU B € R. A partial T -possibilistic measure Il on R is
called complete, if TI({JA) = \ 44 TI(A) holds for every § # A C R such that JA =Uycy A ER
holds.

A mapping I : R — T is called a dual partial 7-(valued) possibilistic measure on R, if (i) and
(ii) hold and if TI(A N B) = II(A) ATI(B) for each A,B,AN B € R. A dual partial T -possibilistic
measure I on R is called complete, if TI((A) = A 4c4 I(A) holds for each ) # A C R such that
NA=NpgcaAER also holds.
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Each dual partial 7-possibilistic measure on R is obviously also a 7-monotone measure on R.
Indeed, given A, B € R such that A C B, we obtain that

II(A) = (AN B) = II(A) ATI(B) < II(B). (14.1)

For each partial 7-possibilistic measure II on R, and for each A, B € R such that AN B € R, the
relation II(A N B) < TI(A) ATI(B) holds. Dually, for each dual partial 7-possibilistic measure IT on
R, and for each A, B € R such that AU B € R, the relation II(A) VII(B) < II(A U B) holds; in no of
the two cases the equality holds in general. Indeed, take TI(()) = 07, TI(A) = 17 for all § # A C Q,
card © > 2, in the first case, and II(Q2) = 17, II(A) = O for each A C 2, A # Q, card 2 > 2, in the
other case, as the most trivial counter-examples.

In the way analogous to that applied when investigating the real-valued possibilistic measures,
we can introduce the notion of 7-(valued) partial necessity measure induced by a given partial
T -possiblistic measure, and to investigate the relation between dual partial 7-possibilistic measures
and the partial 7 -necessity measures.

Definition 14.2 Let T and R be as in Definition 14.1, let I1 : R — T be a partial T -monotone
measure on R, let R~ ={A CQ:Q— AR} be the system of all complements of the subsets from
R. The mapping Ny : R~ — T, defined by

Nu(A) = (T(Q — 4))° (14.2)

for every A € R~ is called the partial T-(valued) necessity measure induced by II on R~ ; here
()¢ is the (pseudo-)complement operation defined in Chapter 13.

It seems to be worth stating explicitly that Definitions 14.1 and 14.2 have been purposely conceived
in a very general form. E.g., if R is a decomposition of {2 into disjoint nonempty subsets, then any
mapping Il : R — T defines a complete partial 7-possibilistic measure, but also a complete dual
partial 7-possibilistic measure on R, simply due to the fact that all the conditions imposed on II
expire tautologically.

Lemma 14.1 Under the notations and conditions of Lemma 13.1 and Definition 14.2, and supposing
that 11 is a partial T -possibilistic measure on R, the mapping Ny is a dual partial T -possibilistic
measure on R~.

Proof 14.1 If ) € R™, then Q € R and 1I(Q) = 17, so that Nu(0) = (II(Q — 0))¢ = 1€ = 07.

Dually, if @ € R™, then § € R and TI(}) = 07, so that Np(Q2) = (II(Q — Q)¢ = 07 = 17. If
A,B € R~ are such that ANB R, thenQ—A, Q—B, and Q— (ANB)=(Q—A)U(Q— B) are
in R, so that
Nn(ANB)=(I(Q— (AN B)))° =
= [I(© - ) U@ B)C = (0 — 4) VII(Q — B))C =
(I1(© — 4))° A (T — B))C = N (A) A N (B) (14.3)

due to Lemma 13.1. The assertion is proved.

Theorem 14.1 Let the notations and conditions of Definition 14.2 hold, let T = (T, <) be a complete
lattice such that (t°)¢ =t for each t € T. Then there exists, for each dual partial T -possibilistic
measure ¥ defined on a nonempty system R of subsets of Q, a partial T -possibilistic measure 11 on
R~ such that X is identical with Ny on R.

Proof 14.2 Given a dual partial T -possibilistic measure ¥ on ) # R C P(Q), apply the same con-
struction as in Lemma 14.1, setting

I3 (4) = (2(Q - A)° (14.4)

42



foreveryAe R~ ={Q—A:AeR}. Inthe same way as in the proof of Lemma 14.1 we obtain that
s (0) = 07 and 15 (Q) = 17. Let A, B € R be such that ANB € R. ThenQQ—AeR™, Q—BeR™
and @ — (ANB)=(Q—A)U(Q—B) e R hold, so that

Is(AUB) = (2(Q—(AUB))® =

(@ -A4)n Q- B)))C =
= (2(Q-A)AXQ-DB)°

(B(Q - ANV (B(Q - B)) =M (A) vIIx(B) (14.5)
due to (13.8) (Lemma 13.1) which holds supposing that (t©)¢ =t for each t € T. Hence, Ilyx, is

a partial T -possibilistic measure on R~. Defining the corresponding partial T -necessity measure on

(R™)~ =R we obtain that
Ny (4) = (M (2 = A)7 = (B2 - (2 - 4))9) =5(4) (14.6)
for every A € R. The assertion is proved.

It is almost self-evident that if IT is a 7-monotone measure on R, then Ny is a 7-monotone
measure on R~ . The relations Nyp(f) = 07 and Nyp(2) = 17 are obvious. If A, B € R~ are such that
A C Bholds, then Q —AeR, Q—BeR,and Q — A D Q— B, hence, II(2 — A) > TI(Q2 — B) holds
and the inequality

Nu(A) = (I(Q - A)) < (I(Q - B))® = Nu(B) (14.7)

follows.
Let 7 : Q@ — T be a T-possibilistic distribution on . The dual T -possibilistic distribution v = vy :
) — T will be defined as follows:

v(w) = (r(w))? = \/{s €T :sAm(w)=07}. (14.8)

Theorem 14.2 Let T = (T, <) be a complete lattice, let 2 be a nonempty set, let w: Q — T be a
T -possibilistic distribution on £ which defines the T -possibilistic measure IT on P(2). Then for every
A C Q the inequality

Np(A) < N\ v(w) (14.9)
weN—A
holds. Moreover, if T is completely distributive in the sense that the identity

sn\/S=\/(snt) (14.10)

tesS
is valid for each s € T and each S C T, the the equality holds in (14.9).

Proof 14.3 By definition,

c
NH(A):(H(Q—A))C:< \/ 7r(w)> Z\/{SETZS/\ \/ 71'((4)):07’}. (14.11)

weN—A weN—A

For each s € T and each w € Q— A, if sA\/ ,cq_4 T(w) = 07, then s A\m(w) = 07 follows, hence,
the inequalities

\/{seT sh\/ 7 —07} <\{seT:sAm(w) =07} = (n(w))’ (14.12)

weEN—A
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and

NH(A)\/{seT:s/\ \ W(w)OT}g N @)= A vw) (14.13)

weN—A weN—A weN—A

can be obtained immediately.
If T is completely distributive, then for each s € T and A C Q the identity

s/\( \/ W(M))Z \/ (s Am(w)) (14.14)

weN—A weN—A

is valid. In order to prove the equality in (14.9) we have to prove the inverse inequality

C
A (ﬂ'(w))C§< \V ﬂ'(cu)) . (14.15)

weN—A weN—A

Due to the supposed complete distributively we obtain that

( A (W(W))C>/\< \ (W(w))):

weN—A weN—A

V [( A (W(w))C>AW(w)1 <

weN—A weN—A

V ((x@)“Axw) =\ 0r=o0r, (14.16)

weN—A weN—A

IN

and (14.15) immediately follows, so that the equality in (14.9) is proved.

15 Inner and Outer 7-Monotone and 7 -Possibilistic Measures

The pattern applied below in order to extend a partial set function from its domain R C P(Q) to
the whole power-set P(2) is the same as that one used in standard measure theory dealing with
real-valued measures (cf. 20] or [38], e.g.), and its most general form reads as follows.

Definition 15.1 Let 7 = (T, <) be a complete lattice, let Q be a nonempty set, let R be a system of
subsets of Q, let 11 : R — T be a partial T -valued set function on R. The inner (lower) measure II,
and the outer (upper) measure II*, induced by II on P(QQ), are defined for each A C Q by

I (A) = \/{II(B) : BC A, Be R}, (15.1)

*(A) = \{TI(B) : B> A, B€R}. (15.2)

Both the values II,(A) and IT*(A) are uniquely defined when applying the standard conventions
according to which \/) = 07 = AT and A = 17 = \/ T holds for the empty subset of T. Our
definition applies also in the most trivial (or the most pathological) case when R = (), i.e., when II is
nowhere defined 7 -valued function. In this case the conventions apply to each A C € and we obtain
that IT,(A) = 07 and II*(A) = 17 for each A C Q. If R = {0, Q} and II(0) = 07, () = 17, the
only difference will be that I1,(Q2) = 17 and IT*()) = 07 follows.

Lemma 15.1 Let 7 = (T,<),Q,R, and II be as in Definition 15.1, let {0,Q} C R, let TI(0) =
07, II(QY) = 17. Then both the mappings I, and IT* are T -monotone measures on P(2).
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Proof 15.1 The relations 11, (0)) = I1*(0) = 07 and I1,(Q) = I1*(Q) = 17 are obvious. Let AC B C
Q hold. Then, for each C € R, C C A, also C C B holds, and for each C € R, C D B, also C D A

holds. Hence, the inequalities

I,(A) = \/{II(C): C c A, Ce R} < \/{II(C) : C C B, C € R} =11,(B), (15.3)

m*(A) = A{TI(C): €D A, CeR} < A{TI(C): C D B, C € R} =1I"(B). (15.4)
easily follow and the assertion is proved.

Lemma 15.1 perhaps justifies the substantive “measure” used for I, and II*.

A weakened form of Lemma 15.1 can be found in [31], Theorem 3.1: If ) € R and 7 is a complete
upper semilattice, then II, is a 7-monotone measure on P(Q2) and, dually, if @ € R and 7 is a
complete lower semilattice, then IT* is a 7-monotonous measure on P () (in the weakened sense of
7 -monotone measure as introduced in [31], when conditions IT1(()) = 07 and I1(Q) = 17 are omitted).
Moreover, if II is a 7-monotone measure on R, then both II, and IT* extend II from R to P(Q2)
conservatively. Indeed, for each A € R,

I, (A) = \/{II(B) : BC A, Be R} =TI(A) (15.5)

and, dually, IT*(A4) = II(A).

As a matter of fact, if I is a 7 -possibilistic measure on R,. then neither II, nor IT* need be a 7-
possibilistic measure on P(Q2). Indeed, take Ry = {0, Q} and set IT; (#) = 07, 11 (Q) = 17, so that IT;
is the most trivial partial 7-possiblistic measure. Given a nonempty proper subset A of {2, we obtain
that Hl*(A) = Hl*(ﬂfA) = 0']‘7 so that Hl*(AU(QfA)) = Hl*(Q) = ]_T > OT = Hl*(A)\/Hl*(QfA).
Now, take Ry = {0, A, B,Q}, where A and B are mutually disjoint nonempty subsets of Q such that
AUB # Q, hence, AU B is not in R, and set II5(0) = IIy(A) = IIo(B) = 07, () = 17. So,
II, is a partial 7-possibilistic measure on Ry and we obtain that II5(Q) = II5(AU B) = 17 > 07 =
I3 (A) Vv II5(B). Consequently, neither ITj, nor IT5 are 7-possibilistic measures on P(£2).

The next statement introduces some sufficient conditions under which the mapping IL, induced by
a partial 7-possibilistic measure on R is also a 7-possibilistic measure.

Theorem 15.1 Let 7,9, and R be as in Definition 15.1, let 11 be a partial T -possibilistic measure
on R. Let

Ro={ACQ:ANC R for each C € R}. (15.6)

Then 11, is a partial T -possibilistic measure on Ry.

Proof 15.2 For every A, B € Ry,

I(AuB) = \/ I(0)=

CeR,CCAUB

= \/  I(CNn(AUB)) =
CeR,CCAUB

- \/  I(CnAUCNB)). (15.7)
CeR,CCAUB

As C € R and A, B € Ry, we obtain that CNA € R and CNB € R, so that

I((CNnA)U(CNB))=TI(CNA) VII(CNB), (15.8)

as I is a T -possibilistic measure on R. Hence,
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IL(AUB)= \/  (I(CNAVII(CNB)) = \V/  mena)|v \/ m(CnB)
CeR,CCAUB CeR,CCAUB CeR,CCAUB
(15.9)
Consider the value \/ ccr cc aup INCNA). IfC € R, A€ Ry holds, then CNAC A, CNAE€ Ry
follows, so that TI(C'N A) is among the values the supremum of which defines 11, (A) and the inequality

\V  @cn4 < \/ (D) =TIL(4) (15.10)
CER,CCAUB DER,DCA
follows. On the other side, if D € R, D C A holds, then D C AU B, D = DN A holds so well,
so that TI(D) is among the values the supremum of which stands on the left-hand side of (15.10).
Consequently, the inequality inverse to (15.10) is also proved so that the equality follows. In the same
way we obtain that

\/ (I(CnB)=1L(B), (15.11)
CeR,CCAUB

and we arrive at the conclusion that II,(AU B) = II,(A) V II,(B), hence, 1L, is a T -possibilistic
measure on Ry.

The three following remarks are worth being stated explicitly

e [i] If R is closed with respect to intersection, i.e., if AN B € R for each A,B € R, then the
inclusion R C Ry easily follows, so that II, extends I conservatively from R to Rg.

e [ii] If R is closed w.r. to the subsets, i.e., if C € R and D C C implies that D € R, and if
€ R, then Ry = P(Q) (the system closed w.r. to subsets are called hereditary in [20]).

e [iii] If IT is a complete partial 7T-possibilistic measure on R and the other conditions of Theorem
15.1 are fulfilled, then II, is a complete T-possibilistic measure on Ry, as an easy modification
of the proof of Theorem 15.1 demonstrates.

A partially ordered set 7 = (T, <) is called continuous from above (|-continuous), if for each x € T
the infimum of all elements greater than x is defined and equals to x, in symbols, if z = A{t € T :
t > x} holds for each z € T.

Theorem 15.2 Let 7,8, and R be as in Definition 15.1, let R be closed with respect to union,
t.e., AUB € R for each A,B € R, let T be a |-continuous complete lower semilattice and (not
necessarily complete) upper semilattice, let I1 be a partial T -possibilistic measure on R. Then II* is a
T -possibilistic measure on P(S2).

Proof 15.3 For each A, B C Q the value
mAuB) = A\ 1) (15.12)
CeR,CDAUB

is defined, as T is supposed to be a complete lower semilattice. For each C € R, if C D AU B,
then C' D A and C D B, hence, the relations

M (AuB)> \/ TI(C)=TI"(4), (15.13)
CER,CDA

m*(AuB)> \/ II(C)=T"(B), (15.14)
CeR,CDOB

and
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II*(AU B) > II*(A) v II*(B) (15.15)

follow, the last supremum being defined due to the assumption that T is an upper semilattice. Due
to the definition of infimum in T, for each t1 € T, t1 > II*(A), there exists C1 € R such that C1 D A
and TI(Cy) < t1 holds, analogously, for each ty € T, to > II*(B), there exists Cy € R such that
Cy D B and TI(Cy) < tg hold. As R is closed with respect to unions, C; UCy € R, C1UCy D AUB,
hence, IT*(AU B) < TI(Cy U Cy) =TI(Cy) VII(Cs) <ty V ty follows, as 11 is a partial T -possibilistic
measure on R. In particular, for every t > II*(A) V II*(B) we obtain that t > II*(A), t > II*(B),
hence, II*(AU B) <t. So,

IM"(AUB) = /\{t eT:t>1T"(A) vII*(B)} =1I"(A) v IT*(B), (15.16)
as T is |-continuous. So, IT* is a T -possibilistic measure on P(§2).

Given a partial 7-monotone measure IT on a system R of subsets of a nonempty set 0 and
supposing, in order to simplify further considerations and reasoning, that {(), 2} C R, we may either
extend it to P(Q), introducing II, and/or IT* as above, or we may define the necessity measure N
onR™ ={ACQ:Q—Ac R}, setting Niy(A) = (II(Q — A))® for each A € R~. These operations
can be applied also sequentially, step by step, and in different order. So, we arrive at N(q,), if Il is
defined first, or to (N1)4, if Nip on R~ is defined and then extended to the whole power-set P ().
The dual case with N+y and (Npp)* will be investigated later.

Lemma 15.2 Under the notations just introduced, the inequality

(Nm)«(A) < N,y (A) (15.17)
holds foe each A C S.

Proof 15.4 For each A C Q we obtain that

(N1« (4)

\/{Nu(B): BC A BER } =
V{I©Q-B)°:Q-B>5Q—-A, Q-BeR} =

\/{\/{sGT:s/\H(QfB):OT}:QfBDQ—A, Q—BGR}. (15.18)
For each BC Q, if Q) — B € R and Q0 — B D Q — A holds, then the inequality

[(Q — B) > IT*(Q — A) > I, (Q — A) (15.19)

follows. Consequently, for each B C Q, Q — B € R, and each s € T, if s NII(Q2 — B) = O, then
also s N11,(2 — B) = 07 holds. Hence, the inclusion

U {{s€T:s"II(21—B)=07}:BCcQ, Q—BeR, Q—BD>OQ—-A}C
C {seT:sANIL(Q—A) =07} (15.20)

is valid. Taking the suprema of both the sets in (15.20) and applying (15.18) we obtain that the
relation

(M) (A) < \/{s € T: s AIL(Q — A) = 07} = (IL(Q — A)7 = Np,(A) (15.21)

holds. The assertion is proved.
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The most trivial example illustrates that equality in (15.17) need not hold in general. Take
R ={0,Q}, II(0) = 07, II(Q) = 17. Then

Nu(0) = (II(Q - 0))° = ((2)° =177 =07, (15.22)

Nu(€) = (T(Q - @))€ = (T1(0))° = 07 = 17. (15.23)
Hence, for each A C Q, ) # A # Q, we obtain that
(Nm)«(A) = \/{Nu(B): BC A, B€ R™} = Nu(0)) = 07, (15.24)

as ) is the only subset of A which is in R~. However,

N,y (A) = (IL(Q — A)C = (\/{H(B) :BCA, Be R})C = (M) =17 (15.25)

as ) is the only subset of 2 — A which is in R, so that the strict inequality (Nrr).(A) < N, )(A)
follows.
The assertion dual to Lemma 15.2 reads as follows.

Lemma 15.3 Under the notations and conditions introduced, the inequality
(Nm)*(A) > Ny (A) (15.26)
holds for each A C 2.

Proof 15.5 Analyzing the definitions of (Nm1)*(A) and N+ (A), we obtain that

(Nm)*(4) = A{Nu(B):BD>A BeER }=
= NMI©Q-B)°:Bo>A, BER } =
- N{[Viser:san@-B)=or}|: 854, Ber ) (527)
and
Nary(A) < (IT(Q = A)° = \/{s € T: s AII"(Q - A) = 07} (15.28)

Take A C €, take B € R~ such that B O A holds, then Q@ — B € R, Q — B C Q — A and,
consequently, also

Q- B) <IL(Q—-A) = \/[{II(C): C c Q- A, CeR}<II*(Q- A) (15.29)

follows. Hence, for each s € T such that s NTI*(Q — A) = 07 also s NII(2 — B) = 07 holds, so
that the set inclusion

{seT:s"NII"(Q—A) =07} C{seT:sN1I(Q—B) =07} (15.30)
is valid for each B € R, B D A. Consequently, for each such B we obtain that

\V{seT:snI*(Q—A) =07} < \/{s € T:sATI(Q— B) =07}, (15.31)
so that the inequality
\/{s € T: sAI*(Q-A) = 07} < A\ { [\/{s eT:sAI(Q - B) = OTH :BeR, B> A} (15.32)

follows. Due to (15.27) and (15.28) this inequality immediately applies (15.26), so that the asser-
tion is proved.
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The example above with R = {0, Q}, II(#) = 07 and II(Q2) = 17 demonstrates that also in (15.26)
the equality does not hold in general. Again, taking A C Q, () # A # Q, we obtain that

(Nm)*(A4) = A{Nu(B) : BER™, BD A} = Nu(Q) =17, (15.33)
but

Ny (A) = (I (Q — A))¢ = (/\{H(C) :CDA Ce R})C = (I(N))° = 07, (15.34)

so that the strict inequality (Nm)*(A) > N+)(A) follows.

16 Possibilistic Completion of Partial Lattice-Valued Possi-
bilistic Measures

Besides the inner and outer measures, another way how to extend a partial 7-possiblistic measure I1
from its domain R C P(Q) to the whole power-set P(2) can be inspired by the following property
of the total (i.e., defined on P(2)) 7-possibilistic measures. Let T be a complete lattice, let II be a
T-monotone measure on P(£2). Hence, {w} C R and TI({w}) < II(R) holds for each R,w € R C Q.
As {w} itself is one of such R’s, the identity

I({w}) = A{II(R) :w € RC Q} (16.1)

follows. If IT is a 7-possibilistic measure on P(£2), defined by a 7 -possibilistic distribution 7 : 2 —
T, then m(w) = II({w}) for every w € Q, and for each A C © we obtain that

mn(4) = \/ (/\{H(R) ‘Re Rw}) : (16.2)
weA
where R, = {R € P(Q) : w € R}. Each R,, is nonempty, as Q € R, for every w € Q.
If Q is finite, then {II({w}) : w € Q} is the 7-possibilistic distribution which defines II, as in this
case the identities

17 = 1(Q) =11 ( U {w}> = \/ I({w}) (16.3)

weN weN
and, for each A C Q,

M(4) =11 ( U {w}> —\/ T({w]) (16.4)
wEA w€eA

are obvious. However, if {2 is infinite, this need not be the case. Indeed, let II : P(2) — T be such
that TI(A) = Or, if A is empty or finite, and II(4) = 17 for infinite A’s. Then II({w}) = A{II(R) :
w € R C Q} =07 for each w € Q, but this mapping does not define a 7-possibilistic distribution on
Q.

Let R be a system of subsets of 2 on which a partial 7-possibilistic measure II is defined. As
above, let us set

mo(w) = A{TI(R) :we Re R} = A{II(R): R € R} (16.5)

for every w € Q, here R, = {R € R : w € R}. Either we may suppose that {,Q} C R, so
that Q2 € R, so that 2 € R, for every w € ), or we may apply the convention according to which
A0 = 17 for the empty subset of T', so that mo(w) = 17 for every w € Q@ — JR(UR = Uger R)-
Obviously, the resulting mapping 7y : Q — T will be the same as if joining 2 with R and setting
Q) =1r.
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Below, we will investigate whether, and under which conditions, 7y defines a 7 -possibilistic dis-
tribution on . This being the case, we set IIo(A) = \/ ., To(w) for each A C Q and we will analyze
the properties of the possibilistic measure Iy and its relations to II, IL, and II*.

Lemma 16.1 Let T = (T, <) be a complete lattice, let 2 be a finite nonempty set, let R C P(2) be
such that {0,Q} C R, let I be a partial T -possibilistic measure on R. Let, for each w € Q,

mo(w) = \{II(R) :w € Re R}. (16.6)
Then mo : Q — T is a T -possibilistic distribution on Q, i.e. \/ .o mo(w) = 17.

Proof 16.1 We have to prove that

\/ mow) =\ (/\{H(R) weRE R}) =17, (16.7)
we we
where R, = {R € R :w € R} as above. First, suppose that T = (T, <) is such that \/[{t € T : t <
17} =t < 17 holds, so thatt < tg < 17 is valid for each t < 17, and suppose that (16.7) does not
hold. Hence,

V (/\{H(R) tweERE R}) < to (16.8)

weN

and

A\{II(R) :we ReR} <t (16.9)

for each w € Q follows. IfTI(R) > to holds for each R € R,,, the only case may be that TI(R) = 17
for each R € Ry, but in this case N{II(R) : w € R € R} = 17 > to. Consequently, for each w € Q
there exists R, € R, such that II(R,) < to holds. However, w € R, so that |J,.q R, = Q and
H(U,eq Bo) = Ve II(R,) = 17 follows. On the other hand, 1I(R,,) < to for each w € Q yields
that \/ ,cq I(Rw) < to < 17 should be valid. This contradiction implies that under the condition that
V{teT:t <17} <1z holds, (16.7) follows.

Hence, suppose that \/{t € T : t < 17} = 17 holds and suppose, moreover, that there exists
teT, t <1z such that, for each w € Q, there exists R, € R, such that TI(R,) <t holds, in symbols,
suppose that

(GteT, t<17)(Vw € Q)(3R, € Ro)IL(R,) < ). (16.10)

Using the same way of reasoning as above, we arrive again at the contradiction that | .o Ry = €,
but \/ ,cqII(R,) < t < 17 should be valid simultaneously. Hence, the only what remains is that
V{t € T:t <17} = 17 and the negation of (16.10) holds simultaneously. However, the negation of
(16.10) means that

VteT, t<1l7)(Fw e N)(VR, € Ru)(II(R,) > t). (16.11)
This implies, using (16.6), that

(WMteT, t<17)(Fw € Q)(mo(w) > 1), (16.12)
consequently,

\ molw)=\/{teT:t <17} =17 (16.13)

weN

The assertion is proved.
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The idea immediately arising is to define the possibilistic measure IIy on P(£), setting

Mo(4) = \/ mo(w) (16.14)

weN

for every A C Q. For each A € R and each w € A the relation A € R, = {R € R :w € R} is
obvious, so that the relations

mo(w) = \{TI(R) : R € R} <TI(A) (16.15)
and
Mo(4) = \/ mo(w) < II(4) (16.16)
w€eA

easily follow. In general, the inequality in (16.16) cannot be replaced by equality, as the following
simple example demonstrates.

Let Q = {1,2,3,4,5}, let Ay = {1,2}, Ay = {3,4}, A3 = {2,3}, let R = {0}, Ay, Ay, A3, Q}, let
IT : R — T be such that II()) = TI(4;) = TI(As) = 07, II(A3) = () = 17. Up to trivial cases
PuUQ, PUA; and A; UQ, i = 1,2,3, no unions created by sets A, Ay, A3 are in R, so that II is a
partial 7 -possibilistic measure on R.

For each 1 = 1,2, 3, 4,

mo(i) = \{II(R) : i € R € R} = 0, (16.17)

as there always exists R € R such that i« € R and II(R) = 07 (namely, R = A,, for 1,2, R = A,
for 3,4). For 5 we obtain that my(5) = 17 = II(Q2), as Q is the only set in R which contains 5,
consequently, {mo(i) : 4 =1,2,...,5} defines, indeed, a T-possibilistic distribution on €. So

Ho(Ag) = HQ({2, 3}) = 71'0(2) V 7T0(3) = OT < ]_T = H(Ag) (1618)

Let us recall that for singletons the equality IIo({w}) = II({w}) holds for each w such that {w} € R.
Indeed, I ({w}) < II({w}) follows from (16.16) as a particular case. If {w}, A € R are such that w € A,
then {w} C A and TI({w}) < TI(A) follows. Hence, the relation

I{w}) < A{I(4) :w € A€ R} = m(w) = Ho({w}) (16.19)

is valid due to the definition of my(w). Consequently, if € is finite and all singletons are in R, then
the only IT; which extends conservatively IT from R to P(£2) is such that, for every A C ),

M(4) = I < U {w}> =/ 1w} = \/ molw) = To(A). (16.20)
weA weA w€eA

The same result, i.e., the identity of the only conservative extension of Il with II; on the whole
power-set P(Q), follows also when R is closed with respect to intersections, i.e., when AN B € R
holds for each A, B € R. Indeed, given A € R, consider the system R4 = {RNA: R € R} of subsets
of A; due to the assumption, R4 C R holds, so that II(B) < II(A) is defined for each B € R4.
Each covering A C R such that |JA D A can be replaced by covering A4 = {BN A : B € A} such
that (JAa = A, JA1 € R, and TI(A4) < V{II(C) : C € A} holds, so that the main idea of the
counter-example above with Q = {1,2,...,5} fails. Consequently, the equality \/ ., mo(w) = II(A)
can be proved in the same way as the relation \/ ., mo(w) = 17 = II(Q) in Lemma 16.1, just with €
replaced by A, 17 replaced by II(A), and R C P(Q) replaced by Ra C P(A).

Lemma 16.2 Let II be a partial T -possibilistic measure defined on a system R C P(§)) such that
{0,Q} C R. Then, for each A€ R~ ={Q — B: B € R}, the inequality

(Ni)o(A) < Nu(4) < Ny (4) (16.21)
holds.
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Proof 16.2 For each A € R™,

(Nm)o(4) = \/ X(w), (16.22)
w€eA
where
N(w) = A{Nn(R) :w € Re R} (16.23)

As A € R™, the inequality \°(w) < Ni(A) easily follows for each w € A, so that the inequality

(Nm)o(4) = \/ X°(w) < Nua(4) (16.24)

weA

s obuvious.
For N1,)(A) we compute easily that

c
Ny (4) = (TIp(Q — A))€ = ( \V 7To(w)> . (16.25)

weN—A

If A€ R, then Q — A € R, so that II(Q — A) is defined and the inequality

MH(—A) <TI(Q— A) (16.26)
follows from (16.16). Consequently, the inequality
Ny (A) = ((2 — A))° > (I(Q — A))° = Nu(4) (16.27)
also holds and the assertion is proved.

No inequality relation valid in general binds the values of the mappings IIy and II,. Indeed, take
R ={0,Q} and TI()) = 07, TI(2) = 17. Then, foe each w €

mo(w) = A\{TI(R) :w € Re R} =TI(Q) = 17, (16.28)
so that
(o(A) = \/ mo(w) =17 (16.29)
weA

for every ) # A C Q. On the other side,

I, (A) = \/{II(B) : BER, BC A} =TI()) = 07 (16.30)

for every A C Q, A # Q. Hence, the inequality IT,(A) < TIo(A) holds foe each § # A #£ Q, A C Q.
However, considering example with Q = {1,2,...,5} described above, we remember that II,(A3) =
07, but

I, (As) = \/{II(B) : BER, B C A3} =1I(43) = 17, (16.31)

so that the inequality IIp(As) < I (Ag) follows.
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