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Introduction

The primary aim of this work was to create a theory that consistently linked fuzzy
sets to probability theory. The theory had to work with the phenomena described by
fuzzy sets, probability distributions and exact numbers. It had to apply the tools
of probability theory to all these phenomena. The whole required mathematical

consistency.
The new multi-value logic described in this text is named floppy logic.

During the work, floppy logic revealed itself to be not only the bridge searched

between fuzzy sets and probability theory but it was also fascinating in itself.

One of the beautiful and remarkable results of this theory is that floppy logic retains
all the properties of standard two-valued logic which can be formulated as equiv-
alences. Floppy logic, therefore, preserves distributivity, the law of contradiction,
the law of excluded middle, De Morgan laws, the law of contraposition, and so on.
Although floppy logic is similar to fuzzy logic, no fuzzy logic possesses this prop-
erty. The fact that such a multi-valued generalisation of standard two-valued logic

is possible at all is certainly a great surprise.

Another beautiful feature of floppy logic is that it is a model of Kolmogorov prob-
ability theory. It is therefore possible to use the full wealth of relationships and
knowledge of standard probability theory within floppy logic. For example, it is
feasible to define the mean value of a floppy set, use Bayes’ theorem or apply the

law of total probability.

Floppy logic also retains the simplicity and practicality of fuzzy logic. This will
surely be appreciated by anyone who wants to apply this new logic in solving specific

problems.

The work is divided into five chapters.

The first chapter is “Floppy Logic in a Historical Context”. I mention here some
important notions in logic and probability formed in the twentieth century. These

ideas are immediately associated with floppy logic and demonstrate whether and to
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what extent they contributed to the creation of floppy logic. This chapter is very

brief yet contains many references to other literature.

The second chapter “Mathematical Foundations of Floppy Logic” is the mathemat-
ical core of this work. It introduces the basic concepts and relationships of floppy
logic. The most important results of this chapter are three theorems: the first two
link floppy logic with probability theory and the third links with Boolean logic. The

proofs of these theorems are given in the appendices.

The third chapter “Other Interesting Mathematical Outcomes” describes three other
interesting topics. It first introduces the mean value of a floppy set as an example
of the link between fuzzy sets and probability theory.

The chapter then provides many interesting results concerning floppy implication
and introduces several generalisations of the inference rules modus ponens and

modus tollens.

Finally, the chapter describes an interesting relationship between the floppy mem-
bership function of a floppy set and t-norms and t-conorms used in fuzzy logic.
From this relationship, it is possible to derive the quantitative measurement of the

dependence of two statements.

The fourth chapter “Using Floppy Logic to Describe a System” examines in detail
everything required to describe and control a system using floppy logic. It starts
with the selection of suitable primary fuzzy sets, continues with the fuzzification of
input data, implementation of system rules and defuzzification of output data, and
ends with optimal control of the system.

The fifth chapter is “Comparison of Floppy Logic to Other Theories”. The chapter
compares floppy logic with fuzzy logic and Adams’ and Stalnaker’s probability logic.
For example, comparison of floppy implication with Adams’ Thesis is a fascinating
study.

The basis of this work is articles [51}, 52, [53]. However, the text has been reworked
and greatly expanded.

I am confident that discussion of this remarkable theory will not only be instructive

but also a pleasant experience!
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Chapter 1

Floppy Logic in a Historical
Context

In the first chapter, I attempt to describe the basic ideas which contributed to or
hindered the formulation of floppy logic. In floppy logic, several streams of thought

combine. One of them is certainly multi-valued logic.

1.1 Multi-Valued Logic

The first article discussing multi-valued logic, written by Jan f.ukasiewicz, appeared
in 1920 [42]. The author wrote |41] that he was inspired to create a three-valued
logic according to Aristotle’s reasoning in the ninth volume of Hermeneutics, where
a future of naval battle is considered. Before this uncertain future event takes place,

one cannot consider statements about it to be true or false.

Lukasiewicz assigned a logical value of % (or 2 in the original version) to such uncer-

tain statements and supplemented the logical table with rules for the third value.

Fukasiewicz attached great importance to the creation of this new logic |41]: “Each
such logic can be the basis of slightly different mathematics, and each such mathe-

matics can be the basis of slightly different physics.”

1.2 Truth-Functionality

When tukasiewicz discussed logic, he assumed that multi-valued logic must be
truth-functional, just like classical logic [41]. This means that the truth-value of

a composite proposition depends only on the truth-values of its atom propositions.
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This assumption precludes a link between logic and probability theory which is not

truth-functional.

Floppy logic is not truth-functional either.

1.3 Other Multi-Valued Logic

Other three-valued systems of logic were independently introduced by Dmitry Ana-
tolievich Bochvar and Stephen Cole Kleene in 1938 and in 1945 |7, 33].

Many types of multi-valued logic are now known, such as four-valued logic [5] or
16-valued logic [59).

Let us focus on that logic which has truth values from the interval [0, 1]. The

best-known types of logic are probabilistic logic and fuzzy logic.

1.4 Probabilistic Logic

Probabilistic logic is not a unified theory, rather more of a school of thought which

assumes that probability can be considered a generalisation of a truth value.

The notion that a close link exists between probability and logic can be found in
the works of many thinkers of the nineteenth and twentieth centuries. We may cite,
for example, Augustus De Morgan [14], George Boole [§], Frank Plumpton Ramsey
[54], and Rudolf Carnap [13].

However, Lukasiewicz wrote [41]: “Previous attempts to combine multi-valued logic

with probability have encountered great difficulties.”

Floppy logic also interprets probability or conditional probability as a possible gen-

eralisation of a truth value.

1.5 Adams’ and Stalnaker’s Logic

Well-known works on probabilistic logic were written by Robert C. Stalnaker in 1970
[60] and Ernest Wilcox Adams in 1975 [2].

In these theories, probability is a generalisation of the truth value. The main hy-
pothesis behind these theories is Adams’ Thesis, which states that the probability
of implication P(A — B) is equal to relevant conditional probability P(B|A).

18



David Lewis showed [40] that this probability logic has one major problem: it cannot
be used to work with sentences wherein an implication contains some other implica-
tion. For example, the sentence (A A (A = B)) = B departs from the possibilities
of this type of probabilistic logic. This outcome is known as the Lewis’ triviality

result.

Floppy logic also obtains an exact relationship between P(A — B) and P(B|A),
although this is different from Adams’ thesis. In floppy logic, Lewis’ triviality result
does not apply.

1.6 Fuzzy Sets

The first article exploring fuzzy sets was written by Lotfali Askar Zadeh in 1965
[68]. In that work, the author introduced fuzzy sets and their membership functions.
The membership function of a fuzzy set can obtain any value from the interval [0,1].

Therefore, an element can belong to a fuzzy set, for example, only to 20%.

Floppy logic adopts the idea of fuzzy sets and membership functions and applies
them.

1.7 Operations with Fuzzy Sets

Fuzzy logic generalises the intersection and union of fuzzy sets in several ways.

In his first work on fuzzy logic [68], Zadeh already suggested two methods of op-
erating with fuzzy sets. From these two methods, Godel and product fuzzy logics

were devised.

The following years saw the invention of LukasiewicA], drastic, and many other types

of fuzzy logic.

However, floppy logic does not use fuzzy operations. Instead, it uses an ordinary set

intersection and union.

! This logic, named after a Polish mathematician, is a different type of logic to the one published
in 1920 by Jan Lukasiewicz. This logic introduced Robin Giles in a paper [24] in 1976.
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1.8 Problems in Fuzzy Logic

Although fuzzy logic has become very popular and the most widely used multi-value

logic, it has certain problems.

The different types of fuzzy logic provide different results. It is not clear which fuzzy

logic should be used in certain situations.

The second problem is that no fuzzy logic satisfies all the laws of standard two-
valued logic. Proof of this can be found, for example, in [47]. Details on which laws

are satisfied in the most commonly applied types of fuzzy logic are given in Table

LIl

Table 1.1: Logical laws in the most commonly used types of fuzzy logic. G
= Godel logic, . = Lukasiewicz logic, P = product logic, all with standard

negation. Data are drawn from [47].

G L P
involution -~(mA)=A4 OK OK OK
commutativity AVB=BVA OK OK OK

AANB=BAA
associativity (AvB)vC=Av (BVC(C) OK OK OK
(ANB)ANC=AN(BAC)
distributivity ANBVC)=(AANB)V(AANC) OK x X
AV (BANC)=(AVB)AN(AVO)
idempotence AVA=A OK x X
ANA=A
absorption AV(AANB)=A OK x X
AN(AVB)=A
absorption with 1 and 0 Avli=1 OK OK OK
AND=0
neutral elements AvOo=A OK OK OK
AN1=A
law of contradiction AN-A=0 x OK x
law of excluded middle Av-A=1 x  OK
De Morgan’s laws - (AVvB)=-AA-B OK OK OK

-~ (AANB)=-AV-B

Floppy logic satisfies all the properties listed in Table and all properties of

standard Boolean logic which can be formulated as equivalences.
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1.9 Probability Theory

Another stream of thinking significant to floppy logic is the evolution of probability
theory.

Probability theory emerged in the mid-seventeenth century and is associated with

the names of Blaise Pascal, Pierre de Fermat and Christian Huygens.

In 1933, Andrey Nikolajevic Kolmogorov performed an axiomatisation of the theory

[35]. This axiomatisation is very important to us.
First, floppy logic is a model of the Kolmogorov probability theory.

Second, in this axiomatisation, Kolmogorov attributed probability not to the indi-

vidual possible results of a random experiment but their sets.
Applied to fuzzy sets, this step is the main difference between floppy logic and fuzzy

logic.

We can also find other axiomatisations of probability theory. The axiomatisation
performed by Alfred Renyi [57] is compelling since the main concept in his theory
is not probability but conditional probability.

This is similar to floppy logic, where probability is also derived from conditional

probability.

1.10 Attempts to Link Probability Theory and
Fuzzy Logic

The notion to link probability theory and fuzzy set theory is not new.

Both approaches can be combined in many ways. For example, Lotfi Zadeh intro-

duced classical probability of fuzzy phenomena [70].

In another article, the same author examined the probability of fuzzy events not

given by real numbers but fuzzy numbers [67].
In paper [48], the authors discuss the conditional probability of fuzzy objects.

An interesting relationship can be found in an article [21] by Brian R. Gaines, who
introduces “uncertainty logic”. After adding the law of excluded middle, this con-
cept leads to Rescher’s probabilistic logic, which is introduced in the book [55]. Con-

versely, an addition to the requirement of functionality in logic leads to f.ukasiewicz’s
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fuzzy logic. The addition of a combination of both requirements leads to contradic-

tion.

Another relationship between probability theory and fuzzy sets can be found in
the similar properties of conditional probability and fuzzy relative cardinality. This
similarity was highlighted by Bart Kosko [37].

Possibility theory, which falls between probability theory and the theory of fuzzy
sets, was developed by Lotfi Zadeh [69], Didier Dubois and Henri M. Prade [17] and

is important to mention.

I would also like to mention one more work concerning the relationship between
probability theory and the theory of fuzzy sets. The authors in the paper [45]
studied the question of which t-norms and t-conorms, in conjunction with Zadeh’s

definition of probability of fuzzy events [70], satisfied Kolmogorov’s axioms.
A very similar question arose in the formulation of floppy logic.

Despite these attempts, unifying probability theory and fuzzy set theory into a single

consistent theory failed.

The main reasons of the incompatibility between fuzzy sets and probability were as

follows:
(1) Fuzzy logic and probability theory work with different forms of uncertainty [31].
(2) Fuzzy logic is truth-functional whereas probability theory is not [31].

However, we can find a non-truth-functional fuzzy logic system combined with prob-
ability [23].

Floppy logic is not truth-functional and operates with the probabilities of floppy

sets whereas a floppy set is a crisp set of fuzzy sets.

1.11 Floppy Logic

In September 2014, Ivan Nagy, my colleague, posed an interesting question of
whether it would be possible somehow to link statistics and fuzzy logic consistently.
It would be very useful. Frequently, more complex systems described with fuzzy

logic simultaneously require statistical data on this system to be processed.

Ivan Nagy immediately suggested a solution: if a structure which satisfied all the
Kolmogorov Axioms of probability theory was found in the world of fuzzy sets, then
all probability tools could be consistently applied when working with fuzzy sets.

This idea was refreshing, and after two weeks, the first results were obtained.
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The first article on this new logic was published in 2017 [51]. The paper presented

a theoretical foundation, and the new logic was called floppy logic.

Published in 2018, the second article [52] provided many examples of working with
floppy logic.

The third paper [53] demonstrated that floppy logic could be considered a multi-
valued generalisation of standard two-valued logic since it preserves all the properties

of Boolean logic which can be formulated as equivalences. It also contains some

compelling results on floppy implication.

23



24



Chapter 2

Mathematical Foundations of

Floppy Logic

2.1 Basic Floppy Logic

2.1.1 Assumptions and Definitions

Let Ay, A, ... be fuzzy sets whose membership functions are defined in the same

domain. We will call these sets primary fuzzy sets.

Let pa, (x), pa, (), ...be the membership functions of primary fuzzy sets A;, As,

Let X be the domain of the membership functions pa, (z), pa, (z), ...
Let S be the set of all primary fuzzy sets A, A, ...
Let P (S) be the power set of S.

Let S, be a set of all primary fuzzy sets A; whose membership functions are greater

than 0 for given z.

Let the following assumptions be satisfied:

Assumption 2.1.1. For all x € X, S, is a finite or countable set.

Assumption 2.1.2. The membership functions of fuzzy sets A; € S assume values

from the interval [0, 1].
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Assumption 2.1.3.

Ve e X Y pa, (z)=1 (2.1)
A;eS

Assumption 2.1.4. A measure space (X, A, P) is defined in the set X, where A is

a o-algebra on X, and P is a probability measure.

Assumption 2.1.5. All membership functions jg, () of fuzzy sets A; € S are

measurable in the sets X; € A corresponding to measure P.

Definition 2.1.1. All subsets of S are called floppy sets. Floppy sets are denoted
in bold capital letters.

Definition 2.1.2. Each floppy set B C S is associated with a function pp (). The
function pp (x) is defined as:

e (@) = Y i, (). (2.2)

A;eEB

The function pp (x) is called the floppy membership function of the floppy set and
is denoted by the bold Greek letter p.

Definition 2.1.3. Each floppy set B C S is associated with a number R (B). The
number R (B) is defined as:

R(B) = [ pp(x)dp. (2.3)

where the integral is a Lebesgue integral and P is the probability measure given in
Assumption [2.1.4] The number R (B) is called the probability of the floppy set and
is denoted by the capital letter R.

The following theorem shows that a number selected in this way genuinely has
probability properties.
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2.1.2 Theorem of Basic Floppy Probability Space

Definition 2.1.4. The space (S, P (S), R) is called a basic floppy probability space.

In floppy logic, the following theorem applies:

Theorem 2.1.1. Each basic floppy probability space satisfies all Kolmogorov Ax-

ioms.

Proof of this theorem is given in Appendix [A]

2.1.3 Remarks

Remark 2.1.1. By proving Theorem [2.1.1] the objective set by Ivan Nagy is
achieved. A structure which satisfies all Kolmogorov Axioms is found in the world of
fuzzy sets. All standard probabilistic tools and concepts in floppy logic can therefore
be used. For example, Bayes’ theorem can be applied, or the mean value or median

of the floppy set can be introduced consistently.

Remark 2.1.2. The result of Theorem could be thought of as trivial since the
existence of a probability space is assumed in Assumption and the existence of a
probability space is proved in Theorem [2.1.1] This is not true because (X, A, P) and
(S,P(S), R) are completely different probability spaces. The probability measures

P and R were distinguished for this reason.

Remark 2.1.3. The floppy set is crisp set of the primary fuzzy sets. Its floppy

membership function is the sum of membership functions of its elements.

Remark 2.1.4. In articles [51] and [52], the function pup (z) was called “the mem-
bership function of the floppy set”. This denomination was selected to indicate that
this function has a very similar role in floppy logic to the membership function of
the fuzzy set in fuzzy logic. However, this denomination led to misunderstandings,

and it was therefore changed to “the floppy membership function of the floppy set”.

Remark 2.1.5. The intersection of two different single-element floppy sets is equiv-
alent to an empty set. When a certain reality is modelled, the primary fuzzy sets

which respect this property must therefore be selected.
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For example, the temperature of water can be described with the following three
primary fuzzy sets: unpleasantly cold, pleasant, and unpleasantly warm. It would
never be suggested, for example, that water is unpleasantly cold and pleasant simul-
taneously. Therefore, it is acceptable that the intersection of these two properties

(single-element floppy set) is an empty set.

However, the following primary fuzzy sets cannot be used: cold, pleasant, and warm,

since water can be, for example, warm and pleasant simultaneously.

Remark 2.1.6. In articles [51] and [52], Assumption was stronger: “S is a
finite or countable set.” However, this stronger version is not necessary for proving
Theorem [2.1.1] therefore this assumption was changed.

Remark 2.1.7. Floppy logic is not truth-functional. This means that panp ()
cannot be computed from p4 (z) and pp(x). The common elements (primary

fuzzy sets) of floppy sets A and B must be known.

Similarly, in probability theory, the probability of an event A N B cannot be calcu-
lated from the probabilities of events A and B.

However, standard binary logic and fuzzy logic are truth-functional.

Remark 2.1.8. Many examples of working with floppy sets in practice are presented
in Chapter

2.2 Generalised Floppy Logic

2.2.1 Definitions

We have two probabilistic spaces. The space (X, A, P) was assumed whereas the

space (S,P (S), R) was defined. Let us create a joint probability space.

A sample space, sufficiently o-algebra rich, and a probabilistic measure are needed.
Let us assume satisfaction of Assumptions to [2.1.5l The sample space of this
joint probability space is the Cartesian product S x X.

Definition 2.2.1. The smallest o-algebra over P (S) x A is denoted C.
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Definition 2.2.2. Elements of C are called generalised floppy sets.

The generalised floppy sets are denoted by bold capital letters with an upper index
G.

Definition 2.2.3. The floppy membership function of a generalised floppy set C €
C is defined by the rule:

poo (@)= Y (). (2.4)

A;€8:[A;,z]eCC
The floppy membership function of floppy sets is denoted by the bold letter .

Definition 2.2.4. The probability R of generalised floppy set C¢ € C is defined by

the rule:
R(Cﬂ:i&uaJ@dP (2.5)

The floppy membership function of the generalised floppy set is a generalisation of

the floppy membership function of the floppy set because:
ppxx (1) = > pa, (@) = Y pa; () = pp (2). (2.6)
A;ES: [AZ,{L'}EB x X A;eB

Similarly, the probability of the generalised floppy set is a generalisation of the
probability of the floppy set because:

R(BxX)= [ ppex(@)dP = [ pp(@)dP = R(B). (2.7)

The probabilistic measure R for generalised floppy sets is a generalisation of the

probabilistic measure P:

Let Y be a subset of o-algebra A assumed in Assumption 2.1.4] Therefore:

R(SXY):/

X A;€8:[A; a]eSxy

u&@MP:AJM%d%W. (2.8)

2.2.2 Theorem of Generalised Floppy Probability Space

Definition 2.2.5. The space (S x X,C, R) is called a generalised floppy probability

space.

The names “probability of generalised floppy set” in the Definition [2.2.4 and “gener-
alised floppy probability space” in the Definition are justified in the following

theorem:
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Theorem 2.2.1. Each generalised floppy probability space satisfies all Kolmogorov

axioms.

The proof of Theorem is given in Appendix [B]

Generalised and basic floppy sets can thus be seen as probabilistic events, and it is

possible to work with them in this manner.

Consequence 2.2.1. Theorem [2.2.1f allows us to work with R (CG|QZ) as with a

conditional probability. For discrete cases, we can write:

R(C%) = i R(CCx;) - P (). (2.9)

i=1
For continuous cases, we can can write:
RCG:/RCG f () da, 2.10
(€)= | R(CClx) f(x)da (2.10)

where f (z) is a probability density function and the integral is a Riemann integral.

Generally, we can write:
R(C¢ :/ R (CC|z)dP, 2.11
(€)= [ 7 (CCla) 2.1)
where the integral is a Lebesgue integral.

This equation can be compared to Definition [2.2.4}
R(C%) = / dp. 2.12
(C€) = [ nee (@) (2.12)
The equation

/XMCG (m)dP:/XR(CG|:U) dp (2.13)

applies to all possible sets C%. It also applies to those C¢ whose membership

function has non-zero values only in an arbitrarily narrow interval from X.

Therefore, the equation
pee (r) =R (CG|95> (2.14)

must apply for all z, except for a null set. In this work, I assume that it applies for
all z € X.
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This important relationship between conditional probability R (CG|x> and the floppy
membership function pee () can be interpreted in the following manner: the floppy
membership function pee () can be calculated as the conditional probability of

event C¢ given an exact x.

Example 2.2.1. 60% of experts decide that water is hot when the temperature
reaches 50 °C. The floppy membership function of floppy set “hot” is therefore 0.6

for a temperature of 50 °C.

2.3 Isomorphism Theorem

2.3.1 Formulation

I now introduce a very important theorem in floppy logic. A similar statement

appeared in [51], although no detailed mathematical proof has yet been provided.

Theorem 2.3.1. Let ¢ = (E,A,V,—, L, T, =) be a finite Boolean algebra of sen-

tences.

Let E4 = {Uy,U,,Us,...U,} be a set of all atoms of this Boolean algebra and n

number of these atoms.
Let S = {A, Ay, Az, ... A, } be aset of n primary fuzzy sets and X be their domain.

Let 6 = (P (S),N,U,,0,S,=) be a Boolean algebra of subsets of S.

Let f be a relation which satisfies the following:

a. Vk € {1,2,3,...n}: f(Uy) = {Ax}, (2.15)
b. YWWWeE:f(VAW)=fV)nfW), (2.16)
c. YWWeE:f(VVW)=f(V)UfW), (2.17)
d. YWeE:f(=V)=f(V). (2.18)
Then:

1. f is an isomorphism,

2. € and ¢ are isomorphic,

3. VWWWeE:V=Wef(V)=f(W)), (2.19)
4. VWWWeENr e X:V=W= pyy (r) = (), (2.20)
5. YWWWeE:V=W=R(f(V)=R(f(W)). (2.21)
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The terms Boolean algebra, atom, and isomorphism are explained in Appendix [C]
Also, Theorem is proved in Appendix [C]

2.3.2 Consequences

Consequence 2.3.1. Theorem [2.3.1] states that sentences which are equivalent in
standard Boolean logic (consisting of a finite set of atomic statements) are assigned
the same floppy set, and hence, the same floppy membership function and thus the
same probability. This means that statements which are equivalent in standard

Boolean logic are also equivalent in floppy logic.

Consequence 2.3.2. This means that floppy logic satisfies all the standard binary
logic properties which are formulated as an equivalence of two sentences. All the
properties listed in Table are thus especially satisfied.

Consequence 2.3.3. Floppy logic can hence be considered a generalisation of stan-

dard Boolean logic.

Consequence 2.3.4. Standard Boolean logic often models statements using sets
such as Venn diagrams. In view of Theorem these sets can be interpreted as
floppy sets.

Consequence 2.3.5. Theorem states that the Boolean algebras ¢ and § are
isomorphic. If it is appropriate, the logical and set operations can therefore be used

in combination or exchanged.

Consequence 2.3.6. The probability of implication, for example, can be expressed
as:
R(A= B)=R(-AV(AAB))=R(A'U(ANB)). (2.22)

A’ and AN B are disjoint sets, therefore:

R(AUANB))=R(A)+R(ANB). (2.23)
Theorem declares that R satisfies all the properties of probability. Standard
equations for R (A N B) and R (A’) can therefore be used, obtaining:

R(A= B)=1-R(A)+ R(B|A) R(A). (2.24)

It was found that Adams’ Thesis in floppy logic does not apply.
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Consequence 2.3.7. Similarly, transitivity of implication can be expressed as:
R“(A:>B)/\(B:>C)]:>[A:>CH—1. (2.25)
Floppy logic is not limited by Lewis’ triviality result.

Consequence 2.3.8. In floppy logic, both probabilities (as in probabilistic logic)
and floppy membership functions (as in fuzzy logic) can be worked with. Sentences
equivalent in standard binary logic possess the same floppy membership functions
and probabilities. It is very surprising that both of these different generalisations of

the truth-value encounter each other in a single theory.

As shown in Section the relationship between probability and the floppy mem-
bership function is, in floppy logic, given by the equation:

pa(r) = R(Alz). (2.26)

Consequence 2.3.9. Let us accept that

VeeY :pa(zr)= is the same as VeeY:A(x), (2.27)

JreY :up(x)= is the same as dJreY:A(x), (2.28)

then floppy logic is also a generalisation of predicate logic.

However, care must be taken. The notation which uses the membership functions
of floppy sets is more general than the notation which uses V and d quantifiers.

Therefore, for example, the basic relationship of predicate logic
—~(VeeY :A(x)=3xeY : = (A(x)) (2.29)

does not apply in floppy logic.
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Chapter 3

Other Interesting Mathematical

Outcomes

3.1 Mean Value of Floppy Sets

Theorems [2.1.1}and [2.2.1] guarantee that we can introduce probabilistic concepts for

floppy sets. Let us demonstrate this for the mean value of a floppy set.

Definition 3.1.1. Let us define the mean value of a floppy set as follows:

(B) = E (z|B). (3.1)

For discrete cases, the mean value of a floppy set can be expressed as:

(B)=E(z|B) = > zi-R(x|B) =

IleX
= Z z; - R(B|z;) - R(x;) =
r,€X
inex zi - pp (i) P(x;)
Yuex B (i) - P(x;)
Jx i pp (r;)dP
Jx ps (x;)dP

where the integrals are Lebesgue integrals.
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For continuous cases, we can write:
(B)=E(|B) = [ a-f(|B)ds~
1
= R(B)/X:ER(BM)f(x)dm:
Jxo-ps (@) f(@)de _
Jx pp () f(x)de
Jx - pp (2)dP

= i hn @) dP (3:3)

where the integrals on the final row are Lebesgue integrals and the other integrals

are Riemann integrals.

Let suppose that { By, B, ... B,} is a finite set of pairwise disjoint floppy sets whose

union is whole set S.

We can then write the following interesting relationship:

\E
=
>
&

I

E((By)) =

s
Il
—

—_

,/Xx.R(B,.mdP-R(Bi):

s
Il
i

I
NE

=3

e

<
Il
—

o
s

&
=/
NE

: =

oo

B
~—

o,

=

I

8

(3.4)

o o

Therefore:

E((Bi)) = E(z). (3-5)

This means that to calculate or estimate the mean value of a random variable,
we only need to know the mean values of the floppy sets and their probabilities.

Knowledge of the probability distribution of this random variable is not required.

Example 3.1.1. The performance of a football team is described by a random
variable. The domain of this random variable is a set of real numbers. We do not

know the course of the probability density.

The random variable is described by three floppy sets: “win”, “draw”, “lose”. Their
courses are also unknown. Suppose that three, one, and zero points for a win, draw,

and loss are the mean values of the respective floppy sets.

Our team won 18 times, drew 5 times, and lost 12 times. We can estimate the mean

value of its performance as
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18 5 12
— 3.°41.2 S :
e+l g+ 00 o2 =169, (3.6)

It is a fascinating idea that the points allocated to individual variants can be un-

derstood as the mean values of relevant floppy sets.

3.2 A Noteworthy Implication

One of the important consequences of the isomorphism theorem is the equation for

floppy implication (see Consequence [2.3.6)):

R(A= B)=1-R(A)+ R(B|A)-R(A). (3.7)

This equation, along with the law of total probability and Bayes’ theorem, allows us
to infer a range of interesting relationships for floppy implications. These relation-
ships not only hold for floppy logic but also standard Boolean logic, assuming that

we substitute the probabilities of sentences (floppy sets) with truth values 0 or 1.

3.2.1 Bayes’ Theorem

R(A|B)-R(B
R(Bla) - FEZLEE (5.5
R(BIA)-R(4) = R(AIB) R(B). 3.9)
R(A=B)-1+R(A) = R(B= A)—1+R(B), (3.10)
R(B=A)-R(A= B) = R(A)—R(B), (3.11)
R(A=B) = R(B= A)+R(B)—R(A). (3.12)

The following is a variant of the floppy membership function:

Pasp (T) = ppoq (7)) +pp(T) — py(2). (3.13)

3.2.2 Contraposition

A contraposition of implication is a logical law which states that implication A = B

is logically equivalent to implication =B = —A.
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In floppy logic, the law of contraposition follows directly from Theorem The

variants for probabilities and floppy membership functions are provided below:

R(A = B) = R(—|B = —|A) , (3.14)
Pasp () = popo-a(2). (3.15)

3.2.3 Modus Ponens

Modus ponens is a logical rule which states: If A holds and A = B holds, then B
holds.

A generalisation of modus ponens in floppy logic might appear as follows: We know
the probability of A and the probability of A = B. What is the probability of B?

The correct answer is that we do not have enough information to answer the question.

Let us now consider the case where we are given more information. For instance,

we may know the probability of =A = B. We can then write the following:

R(B) = R(ANB)+ R(mANB) = (3.16)
= R(B|A)-R(A)+ R(B|-A) -R(-A) = (3.17)
= R(A=B)-1+R(A)+R(—~A=B)—-1+R(0A). (3.18)

Therefore:

R(B)=R(A=B)+R(—mA= B)—1. (3.19)

This is a very interesting generalisation of modus ponens. It is surprising that we do
not need R (A) to compute R (B). All the required information about A is given
in the probabilities R (A = B) and R (—~A = B).

Let us now show that equation (3.19)) is indeed a generalisation of modus ponens:
If R(A)=1and R(A = B) =1, then:

R(-(mA)V(~AAB))=1, R(~A=B)=1, R(B)=1.  (3.20)
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Other generalisations of modus ponens can be similarly derived:

R(B) = R(A= B)+R(A)—R(B= A), (3.21)
R(B) = 2—R(B=-A)-R(B= A), (3.22)
R(B) = R(~A= B)+R(-A) - R(B= —A). (3.23)

The following are variants for floppy membership functions:

(#) = pasp @)+ popsp (@) -1, (3.24)
pp () = Haop(®)+ ps(2) —ppoqa (@), (3.25)
(®) = 2—ppo-a (@) — ppoa (), (3.26)

(x) (3.27)

= Poanp (@) + o4 (2) — ppo_a (7).

3.2.4 Modus Ponens for a Finite Partition of the Sample
Space

Let {A;} be a finite set of n pairwise disjoint floppy sets whose union is the whole

sample space. We can then generalise modus ponens as follows:

n

R(B) = S R(A=B)-nlL (3.28)
R(B) = "= ?:;R_(f = A) (3.29)
R(B) = n— znle(B = —A;), (3.30)
R(B) = ?:R (;A_i ? B -1 (3.31)
pg(z) = j;uAPB (@) —n+1, (3.32)
pp () = "o Embeea () (3.33)
p () = 03 e, (). (3.34)
ppe) = Zierbeassl 21 (3.5
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Example 3.2.1. Let us show that in standard two-valued logic, the relation [3.29
holds for four sentences A, Ay, Az, and B:

Table 3.1: Demonstration of the validity of equation [3.29

n-y " R(B=A;)
R(A1) | R(A2) | R(As) | R(B) | R(B= A1) | R(B= Az) | R(B= As) | —&=1 "
1 0 0 1 1 0 0 1
1 0 0 0 1 1 1 0
0 1 0 1 0 1 0 1
0 1 0 0 1 1 1 0
0 0 1 1 0 0 1 1
0 0 1 0 1 1 1 0

We see that the fourth and eighth columns of Table [3.1] are the same.

3.2.5 Modus Tollens

Modus tollens is a logical rule which states that if A = B holds and B does not
hold, then A does not hold.

In floppy logic, we can describe these generalisations of modus tollens as follows:

R(-A) = R(A=B)+R(A=-B)— (3.36)
R(nA) = R(A= B)+ R(—B)— (B = A) (3.37)
R(mnA) = 2—R(—mA=B)—R(B=A), (3.38)
R(~A) = R(B=—-A)+R(B)-R(~A= B). (3.39)
Hoa(®) = pas (2)+ pasg (@) — 1, (3.40)
Pon(2) = pasp(®)+pp(2) = ppoa (@), (3.41)
Poa(®) = 2—pap (@) = ppy(2), (3.42)
P-a(z) = ppo-a(x)+pp (@) — possp(2). (3.43)
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3.2.6 Modus Tollens for a Finite Partition of the Sample

Space

Let {B;} be a finite set of n pairwise disjoint floppy sets whose union is the entire

sample space. We can then generalise modus tollens:

R(-A)
R(~A)
R(~A)

R(—A)

Hoa ()

Poa (2)
Hoa ()

Hoa (2)

" R(A= B;) -1

n—1
i=1
i=1

n—zyle(ﬂA = BZ)
n—1

Y

Z?:l l“l'A:>BZ (x) B 1
n—1

n— Z“Bi:>A (l’) )

=1

Z I’I’B¢:>—|A (ﬂ:) -—n + 17
=1

Y

n— Z?:l MﬂAZ}Bi (x)
n—1 '

3.2.7 Relationships between Implications

Implications can be substituted according to the following rules:

R(A= B)
R(A = B)
R(A = B)

Ha=pB (ZL‘)
Ha=B (.T)

Ha=pB (.CL")

R(A= B)+R(A= -B)+ R(~A= B)+ R(—A= —B)

R(B=A)—R(A)+R(B),

R(B)+1— R(~A= B),
R(-A)+1—-R(A= -B),

Bpoa(T) — g (@) + pp (),
pp () +1—p_anp(z),
Pog (@) +1—pas p(2).

41

(3.44)

(3.45)
(3.46)

(3.47)

(3.48)

(3.49)
(3.50)

(3.51)

(3.52)
(3.53)
(3.54)

(3.55)

(3.56)
(3.57)

3, (3.58)

3. (3.59)



3.3 Dependence Measurement

It is possible to compare the (floppy) membership functions of intersection and union

in both floppy logic and fuzzy logic:

Let A and B be two floppy sets with membership functions g4 (z) and pp (z). The
following applies to the union of floppy sets:

max {pa (2), pp (1)} < pavp (r) < min{pa (2) +pp (), 13 (3.60)

Therefore, paup (x) is bounded by Godel and Lukasiewicz t-conorms.

The following applies to the intersection of floppy sets:

max {pa () + pp (2) =1, 0} < panp (v) < min{pa (2), pp ()} (3.61)

pang (x) must be greater than or equal to max {4 (z) + pp () — 1, 0}, because
if wanp (x) were less than max {pa () + pp (x) — 1, 0}, then paup () > 1 would

apply.

Therefore, panp (x) is bounded by Lukasiewicz and Goédel t-norms.

The intersection is equal to the Yfukasiewicz t-norm, and the union is equal to
the Lukasiewicz t-conorm simultaneously. In this case, paep () is as minimal as

possible.

Similarly, the intersection is equal to the Godel t-norm, and the union is equal to the

Godel t-conorm simultaneously. In this case, paep (7) is as maximal as possible.

Interestingly, a coefficient which measures dependence can be derived from this

comparison of (floppy) membership functions in floppy logic and fuzzy logic:

If the floppy membership functions of intersection and equivalence are as maximal
as possible and the floppy membership function of union is as minimal as possible,
then the dependence of A and B is as maximal possible (for a given p, (z) and

pp (x)), and vice versa.

The floppy membership function of equivalence (or intersection or union) can be
used to measure dependency, either directly or after normalisation to the interval

0, 1].
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Of course, normalisation is possible only if a spectrum of possible values of equiv-
alence (or intersection or union) exists in the floppy membership function. If some
of the floppy membership functions g4 () or pp (x) are equal to zero or one, then
the membership function of equivalence (and intersection and union) is given un-

ambiguously and normalisation is impossible.

The normalised measure of dependency can be calculated in the following manner:

Intersection:

max {14 () + g (7) — 1, 0} < pang (z) < min {pa (1), ps ()}, (3.62)

prang (v) — max {pa (v) + pp (r) =1, 0}

S i (a (@), pm (@)} — max {pa (@) + g (@)~ L0y =0 36
 pans () — max {pa (o) + s (1) — 1, 0)
B () = A (), 1o @)) — max (ea (@) + pip (@) — L0} 04
Union:
mox {14 (2) . pip (2)} < pravs () < min {pua (2) + 5 (z), 1}, (3.69)
paup (v) —max {pa (2), pp(z)}
0 i (pa @) +ps (), 1) —max {pa (o), p (@) = 00
B Maup () —max {pa (2), pup(7)}

Ko@) = i ia @) + s (@), 1) —max (pa (@), s @] 00
Equivalence:

Pass () = pans () + panp (¥) = (3.68)

= 1—pa(z) —ps(r)+2pa08 (7)), (3.69)

paos (@) > 1 pa(e) - ps (x) +2max {pa () + pp (2) — 1, 0},(3.70)

baos (@) € 1—pa(e) - ps (@) +2min {pa (@), s (@)}, (3.71)

Pasp (T) =1+ pa(r) + pp(z) — 2max{ps (z) + pp (v) — 1, 0}
2min {pa (z), pp (2)} — 2max{pa (v) + pp (v) — 1, 0}

0<

<1,(3.72)

43



K. (z) =
_ Paep (2) — 1+ pa (@) + pp(r) — 2max {pa (2) + pp (z) — 1, 0}

- 3.73
Ymin (pia (2) » pi ()} — 200 {poa (1) + o (2) — 1, 0} 373)
It is curious that
Kn(z)=Ks(x)=1- K, (z) =K (2), (3.74)
where K (x) is the dependence coefficient.
For independent events A and B, for a given z, the following is satisfied:
R(ANB|z) = R(A|z)-R(B|z), (3.75)
Pang (r) = pa(z)- ps(2). (3.76)
In this case, for all x, the following simple relationship applies:
K () = px (). (3.77)
where X is a friend of Y € {A, B, A’, B’} and
py () =min{pa (), pp (), par (), pp (7)}. (3.78)

A and B are friends and A’ and B’ are friends.

A similar dependency coefficient can be created if we repeat the entire procedure

with probabilities instead of floppy membership functions.
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Chapter 4

Using Floppy Logic to Describe a
System

4.1 Introductory Example

This chapter illustrates how to work with a system using floppy logic. We start with
the choice of primary fuzzy sets and end with optimal control. First, however, the
most important concepts and relationships of floppy logic are demonstrated in the

following example.

We want to describe a quantity, such as the speed of a car, using primary fuzzy
sets, such as Ay — “too slow”, Ay — “satisfactory”, As — “too fast”. The membership

functions of these primary fuzzy sets can be represented as in Figure

| Al‘— T(;o SlO‘W _—
© Ay - Satisfactory
o As - Too fast —_—
B0
[}
<1
B
=
95}
g
o)
g
<]
=
0 | | L | | | L | | | |

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Speed (kTm)

Figure 4.1: Primary fuzzy sets
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Floppy sets are crisp sets of these primary fuzzy sets. For example, floppy set

Bo11 — “Not too slow” obtains two primary fuzzy sets Ay and As:

BOll = {AQ, Ag} . (41)

The floppy membership function of a floppy set is the sum of the membership func-

tions of its elements:

PBows () = pray () + prag (1) . (4.2)
We can write (see Section [2.2.2)):
M Bo11 ({L‘) =R (B011|$) . (43)

This conditional probability can be interpreted as the probability that somebody

(e.g. an expert) decides that speed z “is not too slow”.

Besides floppy sets, speed can also be described by the probability density function

f(zx). This function can be, for example, estimated from measured data.

Let the speed of the car at this point and time have a normal distribution with
a mean value of 901%11 and standard deviation of 151%“. This probability density
function is shown in Figure

— 0.04 ‘
=2 f(x)

0.03 i

0.02

0.01

Density of probability (

Speed (kTm)

Figure 4.2: Probability density function

When we know the membership functions and the probability density, we can calcu-

late, for example, the probability or the mean value of the floppy sets. For example:

R (Bom) = /X fnos, () - f (2) dz = 0.9841, (4.4)

(Bopy) = X #pon (1) f (x) dr _ 89.08
Y i (1) f (2) e 0.9841

= 90.52. (4.5)
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The functions from Figures [4.1] and [4.2] were inserted.

When we model statements using floppy sets, conjunction and disjunction are mod-
elled by ordinary intersection and union. For example, the statement “the speed is

too slow or too fast” is modelled as follows:

BlOO V BOOI = {Al} U {Ag} = {Al, Ag} . (46)

The relevant floppy membership function can be written in the following manner:

K B100VBoo1 (l’) = HA, (l’) + Ha, (I) : (47)

Other logical connectives must first be converted into conjunctions, disjunctions,
and negations. It does not matter how it is done (see Isomorphism Theorem [2.3)).
For example, the sentence "If the speed is not too slow, then it is satisfactory," can

be modelled as follows:

—B1oo = Bo1o = B1oo V Bo1o = {41} U{As} = {A;, Ao} (4.8)

Another way might be

—B1oo = Boio = 7Boio = Bioo =
= Boio V (mBoio A Bigo) =
= {42} U ({42} n{A1}) =
={A2} U ({A1, A5} n{A1}) =
={A} U{A} = {A, A }. (4.9)

The relevant floppy membership function can be written as

H—B100=Bo1o ("L‘) = Ha, (CL’) + [, (w) . (41())

In this example, the basic properties of floppy logic are shown.

The following sections will show in detail the requirements for describing and con-

trolling a system using floppy logic:

e How to select primary fuzzy sets and their membership functions.
e How to create input and output floppy sets from primary fuzzy sets.
e How to calculate the probabilities of input floppy sets.

e How to implement system rules and calculate the probabilities of output floppy

sets.
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e How to determine probability distributions and the mean values of output

quantities from the probabilities of output floppy sets.

e How to control a system described by floppy logic.

4.2 Selection of Primary Fuzzy Sets

We want to describe a discrete or continuous quantity using several primary fuzzy

sets. What primary fuzzy sets should we select?

1. We select the primary fuzzy sets which correspond to the floppy sets used in

the system rules.

2. Each point of the domain of the input and output quantities must be covered

by a primary fuzzy set.

3. Primary fuzzy sets describing the same variable must be mutually incompati-

ble[d

Example 4.2.1. Let us have a system where we switch on heating according to the

water temperature. We consider the following system rules:
If the water is cold, then ...
If the water is pleasant, then ...

Our first choice of primary fuzzy set is “cold” and “pleasant” since these properties

appeared in the system rules.

However, this is not completely right since these properties are compatible. Water
can be cold and pleasant simultaneously. Our second choice therefore is “unpleas-

antly cold”, “cold and pleasant”, “pleasant but not cold”.

This is still not satisfactory, because we do not consider hot water. We add the

primary fuzzy set “warm”.

This is also not right, because water can be warm and pleasant simultaneously.

Our final choice therefore looks like this: “unpleasantly cold”, “pleasantly cold”,

»”

“pleasant but not cold and not warm”, “pleasantly warm”, “unpleasantly warm”.
Then we add a system rule to consider warm water. For example:

If water is warm, then ...’

!Primary fuzzy sets describing the same variable must be mutually incompatible because the

intersection of two different single-element floppy sets is the empty set.
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The floppy sets, “cold”, “pleasant”, and “warm”, which appeared in the system

rules, contain two, three, and two elements (primary fuzzy sets), respectively.

4.3 Determination of the Membership Functions
of Primary Fuzzy Sets

In the previous section, we selected primary fuzzy sets. Membership functions must
now be assigned to these primary fuzzy sets. When we search for membership

functions, we follow these three rules:

1. The sum of the membership functions of all primary fuzzy sets must be 1

everywhere:

S, (2) = L. (4.11)

2. The floppy membership function of floppy set B is the sum of the membership

functions of its elements:

pe (@)= Y pa, (@), (4.12)

A;eEB

3. The floppy membership function of floppy set B can be understood as a con-
ditional probability:

us (2) = R(Blo). (4.13)

Now, let us study some examples of how to determine the membership functions of

primary fuzzy sets in different situations.

4.3.1 Determination of Membership Functions from Experts’

Opinions

We start from the relation:

pe () = R(B|z). (4.14)
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Membership degree

a b
Temperature (°C)

Figure 4.3: Membership functions for cold and warm water

Conditional probability R (B]z) can be understood as the probability that an expert

(or someone else) will state that for a given z, the system possesses property B.

Of course, sometimes it is not necessary to ask experts. We can often estimate
membership functions ourselves. We can estimate conditional probability R (B|z)

for several x and determine the course of the membership function.

This method can be applied to the floppy membership function of floppy sets and

to the membership function of primary fuzzy sets.

Example 4.3.1. We want to describe water temperature using two primary fuzzy
sets: cold (C') and warm (W).

For membership functions e (z) and pw (x), we want to use piecewise linear func-
tions, as shown in Figure [4.3]

We want to determine the membership functions to best suit experts’ opinions. We

must therefore estimate the coefficients ¢ and b as best we can.

We ask fifty people (experts) to determine whether the water is cold or warm. The

results are shown in Table .11

Table 4.1: Responses from participants to whether the water is cold or warm

Temperature (°C) | Cold | Warm
10 50 0
15 48 2
20 42 8
25 27 23
30 4 46
35 0 50
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For pue (z) and pw (z), it applies:
pe (@) =1 —pw (). (4.15)

It is therefore sufficient to determine, for example, only e (z).

We use the least-squares method to estimate the coefficients @ and b and minimise

the expression:

+0-(1— e (35)* +50- (0 — pue (35))°. (4.16)

We obtain the parameters:

a = 18.246, (4.17)
b = 31.404. (4.18)

4.3.2 Determination of the Membership Functions of
Primary Fuzzy Sets from the Applied Floppy Sets

The following example shows how to proceed if the membership functions of primary
fuzzy sets are required and some floppy membership functions have already been
specified.

Example 4.3.2. We now describe the water temperature again and begin with
three floppy sets: A; — Unhealthily cold, As — Pleasant, A4 — Warm. We assume

that these properties appear in the system rules. The membership functions are

presented in Figure [1.4](a).

First, we add floppy set Ay — Healthily cold — so that the sum is not less than one
anywhere (Fig. [£.4]Db)).

If the sum for x is greater than one and two nonzero floppy sets A; and A; exist
for this =, we substitute floppy sets A; and A; with the three primary fuzzy sets
“Only A;”, “Only A;” and “A; and A;".

The primary fuzzy sets “Only A;” are denoted A with binary index containing 0
and 1 at the i-th position. The fuzzy sets “A; and A;” will contain 1 at the ¢-th
and j-th positions.
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Figure 4.4: Applied membership functions

For simplicity, the (floppy) membership functions in the following equations are

denoted in the same manner as the floppy sets and primary fuzzy sets:

For example, for floppy sets Az and A4, the following must be satisfied:

Aooio + Aooor + Acorr = 1, (4.19)
Agoro + Agor1 = As, (4.20)
Agoon + Aot = Ag, (4.21)
such that
Ao = Az +Ag—1, (4.22)
Aooro = Az — Ao, (4.23)
Aoor = Ag— Aoonr- (4.24)

The membership degree of floppy set “A; and A;” is the sum minus 1, and we must
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subtract the same value from A; and A; to obtain the membership functions of
“Only A;”, “Only A;”.

A problem arises if for some x more non-zero membership functions exist. This case
occurs for z € (25, 35).

Floppy sets As, As, and A4 can be substituted with primary fuzzy sets Agioo,
AOOlO; AOOOI; AOHO, A0101, AOOH; and A0111. We suppose that no expert states that
the water is cold and warm simultaneously. Therefore, we can eliminate sets Ago1

and A0111.
The following must be satisfied:

Ao1o0 + Aooro + Aooor + Aorro + Ao = 1,
Agro0 + Aot = Aa,
Agoro + Aorio + Aoon = As,
Agoor + Aoorr = Ag.

For = € [30,35) is the A3 floppy membership function 1. The membership functions

of primary fuzzy sets can therefore be calculated unambiguously.

Many solutions exist at interval (25,30). For example, let us decide that the best
choice in our mathematical model is Ag119 (28) = 0.55 and Agp11 (28) = 0.05. This
solution is illustrated in Figure [4.4fc).

This solution is rather strange, however. The primary fuzzy set “Only warm” is
non-zero at interval (25,30) and then at interval (40, 50). If we want a more elegant
solution, we can divide the fuzzy set “Only warm” into two fuzzy sets, one for each

interval.

Another option here is to select the values on interval (25, 30) to be zero on the fuzzy
set “Only warm”. This solution is illustrated in Figure (d) These membership
functions are listed in Appendix [D]

4.3.3 Two-Dimensional Case — Marginal Floppy Sets

The following example shows how to proceed to create joint (floppy) membership

functions from marginal (floppy) membership functions.

Example 4.3.3. Variable T' is the air temperature. We select the following floppy
sets to describe this property: T — Cold, Ty — Tepid, T3 — Warm.

Variable P is the air pressure. We select the following floppy sets to describe this
property: Py — Low, P> — Normal, P3 — High.
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These floppy sets satisfy all their required rules.

We want to describe the conditions in the air according to both temperature and
pressure. The Cartesian product of temperature and pressure is therefore the do-
main of the floppy membership functions of the new floppy sets. Floppy set T; is
understood as “it is cold and pressure is arbitrary”. Other floppy sets may be sim-

ilarly understood. These marginal floppy sets are listed in Appendix [E] and shown
in Figure [£.5(a) and (b).

We can observe that the sum of all floppy membership functions of T; and P;j is 2
everywhere. We therefore introduce the primary fuzzy sets “Only T;”, “Only P;”
and “T; and P;”.

The primary fuzzy sets “Only T;” and “Only P;” are denoted A;( and Aj;. The

primary fuzzy sets “T; and P;” are denoted A, ;.

As in the previous example, instead of the (floppy) membership functions, we write

directly the relevant floppy or primary fuzzy sets.

We solve the following system of equations:

Y Aig+Y Ao+ > Ay = 1, (4.29)

Aig+ > Ay = To, (4.30)
J

A07j+ZAi7j - Pj, (431)
ZZTi = 1, (4.32)
ZZ:PJ- = 1. (4.33)
J

In solving this system, we find that the membership functions of all fuzzy sets “Only
T;” and “Only P;” must be zero.

The system has an unambiguous solution only for a small number of non-zero fuzzy

sets. Larger systems have more solutions.

However, one solution, always valid, is very simple:

The primary fuzzy set “Tepid and normal” obtained in this way is shown in Figure
T50).
Multiplication of the floppy membership functions of marginal floppy sets is, of

course, possible even in cases which are more than two-dimensional.
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4.3.4 Two-Dimensional Case — Clusters

This example demonstrates that clusters can be understood as primary fuzzy sets

(or floppy sets) and how their (floppy) membership functions can be calculated.

The example was inspired by article [9], in which the authors described a fuzzy

C-means clustering algorithm. This method was introduced in [6].

Example 4.3.4. We need to divide points in the plane into three clusters. These
clusters are understood as the primary fuzzy sets Aj,...As. The cluster centres
are at points C',...C3. How do we obtain the cluster membership functions which

satisfy all the required rules?

The method is very simple: Let us assign a non-negative function g; (X) to each
cluster For example, function g; (X) = %, where d; is the distance between points
X and C; | This is a standard choice in a C-means method.

Now, we calculate cluster membership functions according to the equation:
9: (X)

pa, (X) = m (4.35)

Many functions g; are permissible. However, which functions best match the de-

scribed reality?

We require such membership functions so that their ratio in X corresponds to the
ratio in which the points at X belong to individual clusters. The best choice of
g; (X)) is therefore the density of intensity. This may often be calculated as the
probability density function of the cluster multiplied by the intensity of the cluster.

For example, our three clusters have three different multivariate normal distributions

(see |38] and Appendix [E|) with mean vectors (centres of clusters):

ml:(—loo) m2:(20>, m3:(80)7 (4.36)
30 -5 0

covariance matrices:
1600 —&00 200 0 300 100
M1 - 5 M2 - 5 M3 - 5 (437)
—800 1600 0 200 100 300

and cluster intensities of 70, 50 and 80 points per minute.

2At least one positive function must be everywhere.
30f course, the singularities must be solved.
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We multiply the relevant multivariate normal distributions by the intensity of the

clusters and substitute into equation .35 These three membership functions are
shown in Figure [£.6(a), (b), (c).

But these membership functions are somewhat strange. A large membership degree

is also evident in places very distant from the centres.

How can this be improved? Article [64] can offer insight. The authors considered not
only clusters but also backgrounds. We add the new fuzzy set Ay — “Backgrounds”.
Its function g4 (X) is constant everywhere. For example, the intensity of this fuzzy

set is 30 points per minute in rectangle 300 x 200. Therefore, g4 (X) = 305’200.

We now recompute the membership functions of all A; as shown above. The results
are presented in Figure [1.6](d), (e), (f), (g). These functions better typify the degree

of cluster membership.

4.4 Fuzzification

The previous two sections show how to determine primary fuzzy sets and their

membership functions.

From these primary fuzzy sets, we construct floppy sets which occur in the rules
defining the system. A floppy set is a set of respective primary fuzzy sets. The
floppy membership function of the floppy set is the sum of the membership functions

of its elements.
Some floppy sets appearing in the system rules are input whereas others are output.

To implement the system rules, we must first determine the probabilities of the

input floppy sets.

Let us demonstrate how to calculate the probabilities of input floppy sets in several

different situations.

4.4.1 An Exact Number Is Given

We know that the exact value of variable A is xq.

The probability of floppy set B is calculated according to the equation:

R (Blxzo) = ps (o) - (4.38)
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Example 4.4.1. Let us continue in Example |4.3.4. What is the probability that a
point with coordinates (10, 40) belongs to cluster Ay?

R ({As} ] (10,40)) = g4, (10,40) = M (4.39)

> g5 (10,40)
7j=1

where

Biayy (@) = pia, (z). (4.40)

After applying the functions from Example [4.3.4] we obtain:

0.0001961

We found that the ratio of the probabilities that the point belong to the cluster A;
to Ay is equal to the ratio of the intensity densities. It is the right result. This is

why we chose intensity densities as g; functions.

4.4.2 A Probability Distribution Is Given

We know the probability distribution of variable A. It might be the probability
distribution given in Assumptions [2.1.4] and [2.1.5]

The probability of floppy set B can be calculated according to the equation:

R(B) = /X g () dP, (4.42)

where the integral is the Lebesgue integral.

If A is a discrete random variable, then we can use a simpler equation:

R(B)= ) pp(x;) P(z;), (4.43)

r,€X

where P (z;) is the known probability function.

If A is a continuous random variable, then we can use the equation:
R(B) = /X pp (z) - f(z)dz, (4.44)

where the integral is a Riemann integral and f (x) is the known probability density.
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Example 4.4.2. Let us continue in Example [4.3.3] We know the joint probability
distribution of air temperature ¢t and air pressure p. What is the probability that
air pressure is high?

R({A1s, Asg, Ass}) = [

p=0

o0

| s 0)-f (6p) dbdp, (4.45)

where

p’{Al,s,Az,s,As,s} (t’p) = KA 3 (t>p) + KAy 5 (t,p) + HAs 5 (t,p) . (4.46)
After applying the functions from Appendix [E] we obtain:

R ({Al’g, A2’3, Ag’g}) - 02290 (447)

4.4.3 A Floppy Set and an Exact Value Are Given

We know that variable A is described by floppy set C and that the exact value of

variable A is xg.

The probability of floppy set B is calculated according to the equation:

R(B N C|xo) _ KBnC (x0)
R(Clo) pc (zo)

Example 4.4.3. We continue in Example A point has coordinates [50, 0].

We know that the point belongs to either cluster As or cluster As. What is the
probability that the point belongs to cluster As?

R(B|C, zo) = (4.48)

R({As} | {Az, A3} ) [507 0]) =

_ M{Ag}ﬁ{A27A3} ([507 0]) _ l"l’{A3} ([507 O]) —
Hoiay, a5 ([50,0]) Feia,, 450 ([50,0])

493([5070])
;([50,01)
_ A" = 92 (150,0)) . (4.49)

(500D tas(p00) 2 ([50,0]) + g5 ([50, 0])

>~ 9;([50,0])

Jj=1

After applying the functions from Example 4.3.4] we obtain:
0.008327

A: Ay A =——— =0.679. 4.

4.4.4 A Floppy Set and a Probability Distribution Are Given

We know that variable A is described by floppy set C, and we also know the prob-
ability distribution of variable A.
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The probability of floppy set B can be calculated according to the equation:

R(BNC) [ ppno (z)dP

R(B|C) = = , 4.51
BIO="Re) ~ fnewadp oy
where the integrals are Lebesgue integrals.
If A is a discrete random variable, then we use the equation:

Yaex Mo (73) - P(z;)
If A is a continuous random variable, then we use the equation:

Jx pe (x) - f (z)de

where the integrals are Riemann integrals.

Example 4.4.4. We continue in Example [£.3.2] We know that the water is cold.
The probability density function of temperature is f (). What is the probability

that the water is pleasant?

R ({A01107 AOOIO, AOOH} | {A10007 AOIOO: AOIlO}) =

jX 1 A6110,40010,40011 }N{A1000,A0100,A0110 } (ZB) ) f (ZE) dz

fX F{ A1600,A0100,40110} (x) - f (.I') dz
fX i Ag110} (l‘) f (l’) dx

- : (4.54)
fX Fe{ A1000,40100,40110} <x) f ("L‘) dx
After applying the functions from Appendix [D] we obtain:
0.1456
R ({Ao110, Aoo10, Aoor1 } | {A1000, Ao100, Aot10}) = 06344 = 0.2127. (4.55)

4.4.5 An Interval and a Probability Density Function Are

Given

We know that the value of continuous random variable A lies in the interval [a, 0]
and that the probability density function is f (z).

The probability of floppy set B can be calculated according to the equation:

R(BNa,b) _ Jyps(x)-f(z)de
R ([a,b]) Pf(xyde
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Example 4.4.5. We continue in Example [4.3.2l The water temperature is in the
interval [20,40] °C. What is the probability that the water is pleasant?

_ f2400 l’l’{Aouo,Ao()lo,Aogn} (:L') ' f (‘x) dx

R ({Ao1105 Aoo10; Aoo11] [20,40]}) (4.57)
20 [ (z)de
After applying the functions from Appendix [D] we obtain:
0.3944
A A A 20,4 = = (0.6314. 4.
R ({Ao1105 Aoo10, Aoo11] [20,40]}) 06247 0.63 (4.58)

4.4.6 A Floppy Set, an Interval and a Probability Density

Function Are Given

We know that the continuous random variable A is described by floppy set C, its

exact value lies within the interval [a, b] and the probability density function is f (x).

The probability of floppy set B is calculated according to the equation:

R(BNC|[a,b])
MBIt = = R Cla,b)
[} pBac(@)f(z) dx
f: f(z)dz
[} wo(@)-f(z) de
[} f()dz
Jy pBc (x) - f () dx

)
Jape (@) - f(z)dz

Example 4.4.6. We continue in Example The water is not warm and the
water temperature is over 15 °C. The probability density function is f (). What is

(4.59)

the probability that the water is pleasant?

R ({Ao110, Aoo10s Aoo11 } | {A1000s Ao100s Aor1o, Aooro} 5 [15, 00)) =
_ J15 B A0110, 40010, 40011 { A1000, Ao100, Aot 10, Acoro} () * f () d
Ii5 1 A1000,A0100,A0110,A0010 } (z) - f(z)dx
Ji5 1 A0110,A0010} (z) - f(z)dx

— oo . (4.60)
f15 F{ A1000,A0100,40110,A0010} (x) ’ f (l‘) da
After applying the functions from Appendix [D] we obtain:
0.2660
R ({Ao110, Aoor0; Aoor1 } | { Arooo, Aoroo, Aot10, Aooto} , [15,00)) = 06461 0.4117.
' (4.61)
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4.4.7 A Floppy Set, a Subset of X and a Probability

Distribution Are Given

We know that variable A is described by floppy set C', and we also know the proba-
bility distribution of variable A. The exact value of A lies in set Y, which is a subset
of X and Y € A.

The probability of floppy set B can be calculated according to the equation:

R(B‘C,Y) _ fY EBnC (l’) dp (4.62)

Jy pe (z)dP ’

where the integrals are Lebesgue integrals.

If A is a discrete random variable, then we apply the equation:

Yey UBne (7)) - P (z;)
2zey Mo (i) - P (2:)

R(B|C,Y) = (4.63)

If A is a continuous random variable, then we apply the equation:

R(BIC,Y) = Py #enc (@) - J () dr (4.64)

fy e (@) - f(z)de

where the integrals are Riemann integrals.

Example 4.4.7. Let us continue in Example(4.3.3| It is warm. The joint probability
density function is f (¢,p). The set Y is given:

t<32°C, p > 952 hPa,

=+ 3
=~

=

)—U

jsv

What is the probability that the air pressure is low?

R ({A1,17 A2,17 A3,l} ‘ {A3,17 A3,27 Ad,d} ) Y) =
B f;f% ;iéts)z Feay 1 Agr Ag 13 As 1, As 0,45 5} (LD) = [ (E,p) dp dt B
- t3:293572 5352 Fefag g0 a5} (60) - f(Ep) dp dt a
JZ0s ;igsz Piag.y (Lp) - [ (tp) dp dt

= : . (4.66)
t3:228 ;?igtw Hias, As g As s} (t,p)- f(t,p) dp dt

After applying the functions from Appendix [E] we obtain:

0.002085
A1, A1, A Asq. Ass A Y)=— =0. ) 4.
R({A11,A21,A31} [{A31,A32,A33},Y) 0.02808 0.0737 (4.67)
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4.5 System Rules

4.5.1 System Rules as a Conditional Probability

Distribution

In the previous section, we calculated the probabilities of input floppy sets. Using
system rules, we now calculate the probabilities of output floppy sets. The system
rules will therefore take the form of a conditional probability distribution. This

method enables more options than strict IF-THEN rules.

The probabilities of output floppy sets can be calculated as follows:

R"(B;) =) R(Bi|A;) - R(A;j), (4.68)

J

where A; are input floppy sets and B; are output floppy sets. R (B;|A;) is the
conditional probability distribution which describes the system rules. Probabilities
R (A;) are the probabilities calculated in the previous section .

Note that now we have two different probabilities of output floppy sets. A priori
probability is given by Definition [2.1.3]

In Equation [4.68] an a posteriori probability which depends on the probabilities of
the input floppy sets was introduced. We denote the a posteriori probability by the
upper index P.

Example 4.5.1. Let us continue in Example 4.3.4f We suppose that points in the

plane are patients and that individual clusters are different types of patients.

A system can be described according to the following rules:

1. If we give medicine to a patient from “cluster 17, their condition will be good.

2. If we give medicine to a patient from “cluster 2”7, their condition will be good

in 70% or fair in 30% of cases.
3. If we give medicine to a patient from “cluster 37, their condition will be serious.

4. If we give medicine to a patient from “background”, their condition will be

good in 50%, fair in 30%, or serious in 20% of cases.
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We thus have four input floppy sets (A; = cluster 1, Ay = cluster 2, As = cluster
3, A4 = background) and three output floppy sets (B; = good, By = fair, Bs =

serious). The matrix of the conditional probability distribution is:

1 07 0 05
R(BiA;)=|0 03 0 03 |. (4.69)
00 1 02

Note that the sum in each column is equal to one.

We have a patient. The probabilities that he or she belongs to individual clusters

are as follows:

R(A,)=0.2, R(A3) = 0.5, R(A3)=0.2, R(A4) =0.1. (4.70)
We calculate the a posteriori probabilities of the output floppy sets:

R"(B;) =) R(B;|A;)- R(Aj) =

j=1
0.2
1 07 0 05 05 0.60
=0 030 03]- 0'2 = 018 |. (4.71)
00 1 02 ' 0.22
0.1

4.5.2 Estimation of System Rules Parameters

Values R (B;|A; ) are sometimes known, but often it is necessary to determine them

from data. How should we proceed?

Our model, which consists of one family of input floppy sets, one family of output
floppy sets, and the conditional probability distribution, is equivalent to a discrete
model with one input and one output variable. The values R (B;|A;) can therefore
be estimated as follows [46, p. 14]:

R(B;|A;) = Z\Z;% (4.72)

where £; ; (n) are statistics obtained from n data vectors. These statistics describe
how many times a particular combination of input and output floppy sets has oc-

curred.
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Example 4.5.2. We continue in Example Again, we suppose that points in
the plane are patients and that individual clusters are different types of patients,
yet we do not know the values R (B;|A;).

Table [£.2) presents data on five patients.

Table 4.2: Patients data

Patient Input floppy sets Output floppy sets
Cluster 1 | Cluster 2 | Cluster 3 | Backgr. Good Fair Serious
1 1 1
2 1 1
3 1 0.5 0.5
4 0.8 0.2 1
) 0.6 0.4 0.7 0.3

The first data vector states that input floppy set As occurred with output floppy

set By. We can therefore determine x; ; (1):

0 0
0 0
Then, we add the second patient’s data:
0
i (2) = (4.74)
000

The third patient’s data indicate that the output floppy sets “Fair” and “Serious”
have a membership degree of 0.5. We add these data:

010 O
1 0 05 0
0 0 05 0

Similarly, for the fourth patient, we see non-integer degrees of membership in the

input floppy sets:

08 1 0 02
kM) =1 0 05 0 (4.76)
0 0 050

A problem arises when we discover non-integer membership degrees in the input and
output floppy sets simultaneously. We do not know exactly how we should increase

individual statistics &; ;.
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We may exclude such data or proceed as if the input and output data were inde-

pendent. We selected this (not entirely correct) method in this example:

08 1 0 02
kij(5)=| 1 042 05 028 |. (4.77)
0 018 0.5 0.12

Now we calculate R (B;|A;) according to equation [£.72}

0.4444 0625 0 0.3333
R(B;|A;) = | 0.5556 0.2625 0.5 0.4667 |. (4.78)
0 0.1125 0.5 0.2

Note that the sum in each column is equal to one.

The conditional probability distribution R (B;|A;) is now determined only by the
data for the five patients in Table[d.2] However, we may have some other information
in the form of an expert estimate or some other research. If we want to include this
information in our estimate of R (B;|A;), we create an a priori statistic ;; (0).
Then we add the data from Table and proceed according to equation

The sum in each column &; ; (0) indicates how many fictitious patients the estimate

corresponds to.

For example, an expert’s estimate might appear as follows:

10 700 0 0
ki (0)=1 0300 0 0 |. (4.79)
0 0 10 0

The sum in the first and third columns is ten. This means that the expert is not very
confident with the patients from clusters 1 and 3. The sum in the second column
is 1000. The expert is very confident with the patients from cluster 2. The sum in
the fourth column is zero. This means that the expert does not estimate at all the

conditions with patients from the “background”.

If we include the expert estimate ;; (0), we obtain an estimate of R (B;|A;) as
follows:
0.9153 0.6999 0 0.3333
R(Bi|A;) = | 0.0847 0.2099 0.0455 0.4667 |. (4.80)
0 0.0002 0.9545 0.2
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4.6 Defuzzification

4.6.1 Calculation of A Posteriori Probability Distributions

In Section we calculated the a posteriori probabilities of output floppy sets.
This form of output data can be absolutely satisfactory in some situations. For

example: It will be 80% sunny, 15% cloudy, and 5% rainy.

Sometimes we want to know which floppy set has the highest probability. For
example: It will probably be sunny.

Sometimes we are interested in point estimation. For example: It will be 28 °C.
These point estimations as either a mean or median can be computed from an a

posteriori probability distribution.

The aim in this section is to calculate an a posteriori probability distribution from the
a posteriori probabilities of the output floppy sets. The point or interval estimations

can then be calculated as usual.

Let {B;} be a family of pairwise disjoint floppy sets whose union is the entire sample

space.

Then, the a posteriori probability distribution can be computed with the law of total
probability and Bayes’ theorem.

Variant for discrete case:
RP(x) = Y R(x|Bj) R°(B)) =
J
B R (Bjl|z;) - R (z;)
2 h(B)
ws; (v;) - P (%)

N EJ: Soex gy (11) - P (i) FB). (481)

-RU(B;) =

Variant for continuous case:

ffx) = Zf(x\Bj)'RP(Bj):
R (Bjlz) - f (z)

zj: R (B;) By =
ps; (x) - f(x) o p
%j T i, (@) (@) o R"(By). (4.82)
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Example 4.6.1. Let us have a system which heats water with the aid of the sun.

ny o«

The weather is described according to three primary fuzzy sets: “sunny"”, “cloudy”,
“rainy”. Water temperature is described as in Example [4.3.2l The system is defined
by the following rules:

1. If it is sunny, then the water is cold in 10% or warm in 50% of cases.

2. If it is cloudy, then the water is cold in 20% or warm in 30% of cases.

3. If it is rainy, then the water is cold in 40% or warm in 10% of cases.

Today it is 50% sunny and 50% cloudy. Calculate the probability distribution for

the water temperature.

We determine three output floppy sets:

e cold — By = {Ai000, Ao100; Ao110}
e not cold and not warm — By = {Ago10},

e warm — Bz = {Ago11, Aooo1 }-

We create matrix R (B;|A;):

0.1 02 04
R(B;jlA;)=| 04 05 05 |. (4.83)
05 0.3 0.1

We compute the a posteriori probabilities of output floppy sets B;:

0.1 0.2 04 0.5 0.15
RF(B)=104 05 05 |- 05 |=] 045 |. (4.84)
0.5 0.3 0.1 0 0.40

We calculate the a posteriori probability density function of temperature:

P 129:1 (93) - f (37)
T AT R
us, (@) f (@)
Toox timy (@) - f (2) dz
s, (2) £ (2)
Toox timy (@) - F (1) da
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Figure 4.7: Comparison of a priori and a posteriori probability densities

After applying the functions from Appendix [D] we obtain:

fP(x) =1[0.2192 - pp, (z) +3.7375 - pup, (v) +2.0489 - pup, ()] - f (z).  (4.86)

A comparison of a priori and a posteriori probability densities of water temperature

is presented in Figure [1.7]

4.6.2 Calculation of Mean Values

The mean value can be calculated from the a posteriori probability distribution in

the standard manner.

For discrete cases, we use the equation:

E(z)= Y z;- Rf(z;) (4.87)

z,€X

For continuous cases, we use the equation:

E(z) = /xexx - fP(x) da. (4.88)
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Sometimes, the a posteriori probability distribution is barely determinable. To com-
pute it, we must know the membership functions of all output floppy sets and the a
priori probability distribution. We do not know these required properties, especially

regarding subjective variables such as “the need for something”.

In these cases, we cannot compute the a posteriori probability distribution, but we
can calculate the mean value using equation 3.5 In that equation, we need to know

or estimate only the mean values of all individual output floppy setsE]

Example 4.6.2. We continue with Example 4.6.1] Calculate the mean value to
make a point estimate of the water temperature.

We compute the mean value of z from the a posteriori probability density function:

E(z) = / - fP(z)d. (4.89)
zeX
After applying the functions from Appendix [D] we obtain:
E (z) = 32.98. (4.90)
If we do not know the a posteriori probability density, we calculate the mean value

using the mean values of the individual output floppy sets.

Assume that the mean value of cold water is 20.01 °C, the mean value of not cold
and not warm water is 33.53 °C, and the mean value of warm water is 37.22 °C.

(We calculated these values by applying the functions from Appendix @ in equation
53)

We proceed according to formula [3.5¢

20.01 \ [ 0.15
E()=| 3353 | -| 045 | = 3298 (4.91)
37.99 0.40

The resulting mean values obtained in both methods were, of course, the same.

4.7 Control of Floppy Systems

4.7.1 General Approach

To control floppy systems, we can successfully use the strategies developed to control

systems in general. Much quality literature is available on this topic |4, |28} 39].

4Definition
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This section presents a procedure based on penalising individual states of the system.
A penalty is assigned to each combination of control and output variables.

Floppy systems are stochastic. We therefore do not know the exact output which

will be achieved. The resulting penalty is therefore also unknown.

However, we know the probability distribution for the individual outputs. This

allows us to calculate the mean value of the penalty for each variant of control.

We then select a control variant which has the smallest mean value for the penalty.

4.7.2 Static Discrete Systems

A system specified by one family of input floppy sets {A;}, one family of output
floppy sets {B;}, and the conditional probability distribution matrix {B;|A;} cor-

responds to a discrete static model.

If we add a discrete control, we can use the standard procedure for controlling

discrete models.

Example 4.7.1. We continue with Example 4.5.1}

We add the control variables: u; = “We administer the medicine.” uy = “We do not

administer the medicine.”

We add the following system rules:

5. If we do not administer the medicine to a patient from “cluster 17, their

condition will be good in 50% of cases or fair in 50%.

6. If we do not administer the medicine to a patient from “cluster 27, their

condition will be good in 20% of cases, fair in 40%, or serious in 40%.

7. If we do not administer the medicine to a patient from “cluster 37, their

condition will be good in 10% of cases, fair in 70%, or serious in 20%.

8. If we do not administer the medicine to a patient from “background”, their

condition will be good in 30% of cases, fair in 40%, or serious in 30%.
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We write all rules into matrices:

1 07 0 05
R(Bi|Aj,u1)=| 0 03 0 03 |, (4.92)
00 1 02

0.5 0.2 0.1 0.3
R (B;|Aj,us) =1 05 04 07 04 |. (4.93)
0 04 02 03

The probabilities that our patient belongs to individual clusters are as follows:

R(A;) =02, R(A3) =05 R(A3) =02 R(As) =01 (4.94)

We calculate the a posteriori probabilities of output floppy sets for individual control

variants:
0.2
1 07 0 05 05 0.60
RP(Bsj,u1)=1]0 03 0 03 |- 0'2 =1 018 [, (4.95)
00 1 02 ’ 0.22
0.1
0.2
0.5 0.2 0.1 0.3 05 0.25
R (Bj,us) = | 05 04 0.7 04 |- 0'2 =1 048 |. (4.96)
0 04 02 0.3 ' 0.27
0.1

We determine the penalty for individual output floppy sets and control variables.

Good condition in a patient is not penalised, fair condition is penalised with 10
points, and serious condition with 50 points. If we administer the medicine, we add
3 points (price, side effects).

We therefore create the following penalty vectors for output floppy sets and control

variants:

3 0
k(u)=1| 13 |, k(up) = | 10 |. (4.97)
53 50
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We calculate the mean value of the penalty for both control variants:

3\ [ 0.60

K (u)=Fk(u)" - RF(Bj,uy)=| 13 | -] 018 | =158, (4.98)
53 0.22
0\ /025

K (ug) = k(ug)” - R (Bj,up) = | 10 | -| 048 | =183. (4.99)
50 0.27

If we administer the medicine, the mean value of the penalty is lower. We select

this variant.

4.7.3 Dynamic Discrete Systems

The previous example was static. In this example, the current output variable

depends on the previous output variable and the previous discrete control.

Because the outputs in the individual steps depend on each other, the control in one
step also affects the other steps. Therefore, if we want to penalise individual control
variants, we must penalise the consequences of control not only in the current steps

but also any future steps.

The n-step penalisation of individual control variants is therefore:

K (th01,00,000) = D K (uvm_l)T - R, (Bi), (4.100)

m=1

where w,,,_, is v-th variant of the control in (m — 1)-th step, wyy.v, .0, is the
(B;) is the vector of the probabilities of
output floppy sets in m-th step, and k (uvm_1> is the penalty vector dependent on

control sequence Uy, Uy,, Uyy, - - - Uy, , RY

the control w,,, ,.

Assume that the probability of the output floppy sets in one round depends on the

probability of output floppy sets in the previous round, as follows:
R} (B;) =R (Bz-\Bj, uum_l) -RY_(By), (4.101)

where R (Bi|Bj, uvm_l) is a matrix dependent on the m — 1-th control.
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We then substitute into equation [4.100}
K (s, n.00,.0) = b ()" R (Bil By, uyy) - By (Bj) +
+k ()" - R(Bi| By, u,) - R(Bi|Bj, u,) - R (Bj) +
+...=
= [k (w)" - R (BIBj )+
+k (uy,)" - R(Bi|Bj, u,) - R (Bi| By, ) +
+...]- RE(By). (4.102)

The expression in square brackets is denoted L (wy, vy 09,0, )

K (togv1,09,.00) = L (Uog01,09,.00) * R(I)D (Bj) - (4.103)
We calculate K (Uyg v, y,.0,) for all combinations of control and select the variant
with the least penalty. From this variant, we use only the first control w,,.

The disadvantage of this control method is that we must calculate the penalty for all
control variants. However, the expressions L (g, ,v,...0,) Need only be computed
once. If we save the results, we can use them without change in any subsequent
control steps.

Example 4.7.2. We can use one of two medicines to treat a patient: u; = “the

first medicine”, uy = “the second medicine.”

The patient’s condition is described according to three floppy sets: By = “good”,
By = “fair”, B3 = “serious”.

Each day, we determine the patient’s condition by determining the probabilities of

individual floppy sets B;.
We model the progress of the patient’s condition in the following manner:

RZ (BZ) =R (Bz|BJ> uvm_l) : erz_l (BJ) (4104)

The system rules are given by the following matrices:

0.9 0.7 0.1 0.8 0.4 0.1
R(Bj|Bj,u1)=| 0.1 02 0.1 |, R(BiBj,u)=| 02 05 05 |. (4.105)
0 01 08 0 0.1 04

The penalty is given by the following vectors:

3 5
k(u)=1| 13 |, k(up) =] 15 |. (4.106)
53 55
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We perform a three-step control and decide which medicine to administer to a patient

whose condition was rated today by two doctors as serious and one doctor as fair.

We know the current vector RY (B;):

0
RY(Bj) =1 1/3 |. (4.107)
2/3

Now, we calculate L (g v;.0,) a0d K (Uyy ., ,0,) for all control variants. For example,

for a three-step control u = (u;22), we calculate:
L (U1,2,2) =
=k (up)" - R(B;|Bj,up) +
+ k (Ul)T - R (B,|BJ, Ul) - R (Bz’BJ, U()> +
+ k (UQ)T -R (Bi|Bj,u2) - R (BJBJ, ul) -R (Bi|Bj,u0) =

T
3 0.9 0.7 0.1

=]l 13| -] 010201 |+
53 0 01 08
5\ /08 04 0.1 0.9 07 0.1
+l 15| -[o205 05|01 0201]|=
55 0 01 04 0 0.1 08
5\ (/08 04 0.1 0.8 04 0.1 0.9 0.7 0.1
+{ 15| 1020505020505/ |01 0201]|=
55 0 0.1 04 0 0.1 04 0 0.1 08
= (120.87 31.60 88.55 ). (4.108)
0
K (u122) = (12087 31.60 8855 )- | 1/3 | =69.57. (4.109)
2/3

The results are given in Table [4.3]

We obtained the smallest mean value of the penalty for the control sequence us 2 ;.

Today, therefore, we administer the second medicine.

When we check the patient’s condition tomorrow, we perform the entire procedure

again. We already have the calculated values L (uy,,0,). It is therefore enough
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Table 4.3: Calculation of penalties for individual control sequences

Control sequence L (g 01,00) K (g 0,,00)
U111 (13.66 27.92 111.26) 83.48
i1 (16.71 29.46 103.43) 78.77
u1,2,1 (17.58 29.04 90.22) 69.83
Uu1,2,2 (20.87 31.60 88.55) 69.57
U211 (17.72 36.10 72.70) 60.50
Uz 10 (20.62 37.19 69.71) 58.87
Uz 91 (21.96 38.18 68.42) 56.34
U222 (25.14 40.41 65.79) 57.33

to calculate the values K (uy,.,4,). For example, if all doctors agree that a pa-
tient’s condition is fair, then we determine the smallest penalty for variant u,

and administer the first medicine to the patient.
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Chapter 5

Comparison of Floppy Logic to
Other Theories

5.1 Floppy Logic and Kolmogorov Probability
Theory

The relationship between floppy logic and probability theory is very simple. Theo-

rems [2.1.1] and [2.2.1] state that both basic floppy logic and generalised floppy logic

are models of probability theory.

We can therefore use all the constructions and tools of Kolmogorov probability the-
ory in floppy logic. An example is the floppy set’s mean value. This was introduced
in section [3.I] and used in section 6.2

We can translate the concepts of floppy logic into the language of probability theory.
The set of all primary fuzzy sets is the sample space.
A floppy set is a probability event.

The floppy membership function of floppy set B is a conditional probability:

pp () = R(B|zr), (5.1)

where x is an element of the domain.

From the assumptions of floppy logic (Section [2.1.1)), this relation follows for all
z € X, except for a null set. (Section [2.2.2]) The natural choice is to accept this

relation for all x € X.
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The case is similar to a probability density function in probability theory. This func-
tion must be non-negative throughout the domain, except for a null set. However,

it is usually selected non-negatively everywhere.

The number
R(B):/X/J,B () dP (5.2)

is the probability of event B.

Interestingly, in floppy logic, the probability is derived from the floppy member-
ship function, which is interpreted as the conditional probability. In floppy logic,
therefore, the fundamental concept is conditional probability, not probability, as
in Kolmogorov probability theory. It would therefore be interesting to compare
floppy logic with alternative probability theories (e.g. |50, [57]) in which conditional
probability is the central concept.

5.2 Floppy Logic and Standard Bivalent Logic

The relationship between floppy logic and standard Boolean logic is discussed in
Theorem [2.3.1] This theorem states that every two statements which are equivalent

in standard Boolean logic are also equivalent in floppy logic.

Therefore, distributivity, idempotence, the law of excluded middle and all the prop-
erties listed in Table [I.1] are also preserved in floppy logic.

It is very surprising that some multi-valued logic exists with these properties.

For the reasons above, floppy logic can be considered a multi-valued generalisation

of standard propositional logic.

If we accept that floppy membership functions are the generalisations of quantifiers
(Consequence [2.3.9), we may consider floppy logic as a generalisation of standard

predicate logic.

5.3 Floppy Logic and Fuzzy Logic

5.3.1 The Basic Differences

Floppy logic and fuzzy logic have in common that they both work with fuzzy sets

and their membership functions.
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The basic difference between floppy logic and fuzzy logic is that events are modelled
according to fuzzy sets in fuzzy logic whereas in floppy logic, they are modelled
according to floppy sets. A floppy set is a set of primary fuzzy sets. Floppy sets are
introduced in Sections 2.1.1l and [2.2.1]

This shift from elements to sets is not a new concept. A similar step was made by
Andrey Nikolaevich Kolmogorov in his probability theory [35], where he assigned

probabilities not to elements but to subsets of the sample space.

The second difference is that fuzzy logic is truth-functional, while floppy logic is not.
More about this is examined in Section [(.3.4l

Another important difference is that floppy logic, unlike fuzzy logic, preserves the

equivalence of statements. More about this is written in detail in Section [2.3]

The great advantage of floppy logic is that it is fully compatible with Kolmogorov
probability theory. See Sections to [2.2.2]

Another advantage of floppy logic is that it consistently works with data in the form
of exact values, probability distributions, crisp sets and floppy sets simultaneously.
See Chapter [4

5.3.2 Intersections and Unions in Fuzzy Logic

In his first article on fuzzy logic [68], Zadeh already discusses two methods of gen-
eralising the intersection and union of sets. The first pair of these functions is the

minimum and maximum of membership functions (Gédel t-norm and t-conorm):

HanB = min {,LLA7 /’LB} ;

pavp = max{pa,pp}.

The second pair is now called the algebraic product (= product t-norm) and algebraic

sum (= product t-conorm):

HAnB = Ha - UB,

HAUB = Ha+ B — ha - UB.

The third pair of these functions was introduced by Robin Giles in 1976 [24] (bounded
product = FLukasiewict t-norm) and Lotfi Zadeh in 1975 [66] (bounded sum =

bukasiewicz t-conorm):

pang = max{0,puas+pp — 1},
pavp = min{l,pa+ pup}.
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The next pair, drastic sum and drastic product, was introduced by Didier Dubois
in 1979 [16, 44]:

27\ if U = 17
pane = § pp ifpa=1,

0 if pa,pup < 1.

Ha if UB = 07
pave = § mp if pa =0,

1 iqu,uB>O.

Over time, the notion arose that any t-norm and t-conorm could be used as a

generalisation of intersection and union. This concept first appeared in the study
[18].

T-norms are binary operations which first appeared in 1942 in Menger’s article [43].
They were studied before the advent of fuzzy logic. For example, in paper [58] from
1960, all four basic t-norms above can be found. Many families of t-norms and
t-conorms are now known; for example Schweizer-Sklar, Hamacher, Frank, Yager,

Dombi, Sugeno-Weber, Aczel-Alsina, and Mayor-Torrens [34].

All t-norms (and t-conorms) can be arranged by size [18]. The smallest is the
drastic t-norm, the largest is the Goédel t-norm. Similarly, the smallest t-conorm is

the Godel t-conorm, and the largest is the drastic t-conorm.

Negation, as with the complement, can also be modelled in several ways; for example,
standard (= Lukasiewicz) negation, Godel negation [30] and the Sugeno class of

negations [22] are all known.

5.3.3 Intersections and Unions in Floppy Logic

In floppy logic, we generally apply intersection, union and complement.

Interestingly, it is possible to compare the (floppy) membership functions of inter-

section and union in both floppy logic and fuzzy logic.

The floppy membership function of the intersection of two floppy sets in floppy logic
is bounded from above by a Godel t-norm and from below by a Lukasiewicz t-norm.
The floppy membership function of the union of two floppy sets is bounded from
above by a Lukasiewicz t-conorm and from below by a Godel t-conorm. More about
this is described in Section [3.3
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5.3.4 Truth-Functionality Problem

The previous result is curiously related to the truth-functionality problem. Fuzzy

logic is truth-functional, while floppy logic is not.

This means that in fuzzy logic, we can calculate the membership function of panp ()
or paup (z) from the membership functions of 4 () and g (x). By contrast, this
is not possible in floppy logic. In floppy logic, the elements of individual floppy sets

and their membership functions must be known.

Similarly, in probability theory, we must know the conditional probability, which

then determines the degree of dependence of both events.

If we compare floppy logic and fuzzy logic, we can generally state that in fuzzy
logic, the degree of dependence is determined by the choice of the relevant t-norm
and t-conorm. The product t-norm and t-conorm correspond to independent events.
The t-(co)norms between product and Godel t-(co)norms correspond to positive
dependent events. The t-(co)norms between product and F.ukasiewicz t-(co)norms

correspond to negative dependent events.

5.3.5 Implications in Floppy Logic and Fuzzy Logic

Implication is another important operation. In floppy logic, the case is simple. The

implication is calculated according to the equation:

Ma=B =1—pa+ pranB. (5.3)

Some interesting results from floppy implication are examined in section

Fuzzy logic has three main methods of defining an implication [3, 47]. The first (e.g

[62]) uses the equation:

HA=B = HU-AVB, (5.4)
where = is a fuzzy negation and V is a t-conorm.
For standard negation and the Lukasiewicz, Godel and product t-conorms, we ob-

tain:

L —pa+pp if pa > ps,

e tukasiewicz implication: pa—p = )
1 if ua < pup.

e Kleene-Dienes implication: pa—p = max {1 — ua, tip}.
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e Reichenbach implication: paep =1 — pta + pta - 5.

A second method of defining fuzzy implication is explored in [19, [30]:

pasp = max {jc : praic < pB}, (5.5)

where A is a continuous t-norm.

For tukasiewicz, Godel and product t-norms, we obtain the following implications:

e lukasiewicz implication.

pe i pa > pp,

e Godel implication: =
P HA=B { 1 if s < g,

pe/pa if pa > pp,

e Goguen implication: pa—p = .
1 if ua < pp.

The third method of obtaining a fuzzy implication is the equation:

pa=p =1 — pia + pass, (5.6)

which is similar to the corresponding relationship from floppy logic. For Lukasiewicz,
Godel and product t-norms, we obtain Kleene-Dienes, Y.ukasiewicz and Reichenbach

implications (in this order).
5.3.6 Probability in Fuzzy Logic and Floppy Logic
Fuzzy logic contains Zadeh’s definition of the probability of a fuzzy set [70]:

P(A) = [ pa(x) dP. (5.7)

where the integral is a Lebesgue Stieltjes integral and P is a probability measure.

A is a fuzzy set and py () is its membership function.

In floppy logic, the probability of a floppy set is defined as:
R(B) = | ps(2) dP, (5.8)

where the integral is a Lebesgue (or Lebesgue Stieltjes) integral and P is the prob-
ability measure presumed in Assumption B is a floppy set and pp () is its

membership function.
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These two equations are very similar, although they yield the same results only for

single-element floppy sets.

For example, an event “warm or tepid water” in fuzzy logic is modelled according

to the fuzzy union of the fuzzy sets “warm water” and “tepid water”: Ay VArp.

In floppy logic, this event can be modelled according to the two-element floppy set:
{Aw, Ar}. In both these cases we obtain, generally, different (floppy) membership

functions and probabilities.

5.3.7 Assumptions of Floppy Logic

For floppy logic to be a model of Kolmogorov probability theory, Assumptions [2.1.]]
to must be satisfied. Let us now examine the validity of these assumptions in

fuzzy logic:

In floppy logic, Assumption[2.1.1]is required so that the loppy membership functions
of floppy sets, which are the sum of the membership functions of its elements, are

well defined. In fuzzy logic, this assumption is usually not required.

In fuzzy logic, Assumption is often accepted (e.g. [30, 47, |68]). Sometimes it
is generalised (e.g. [26, [65]).

Assumption [2.1.3] is not a component of fuzzy logic and is sometimes highlighted
as such (e.g. [27]). However, especially in practical applications, this assumption is
often added (e.g. [10} |12, 20, |32, |49| 56]).

If we want to use Zadeh’s definition of the probability of a fuzzy set [70], we must

accept Assumptions [2.1.4 and [2.1.5]

One more assumption must be satisfied to model reality well: “Two properties which

are described by two different primary fuzzy sets cannot simultaneously describe
reality.” This assumption is explained in Remark [2.1.5]

This assumption is not required in fuzzy logic.

The unpleasant consequence of this assumption is that in floppy logic, we must work
with a larger set of primary fuzzy sets than in fuzzy logic. If the number of these
primary fuzzy sets is great, we can use standard fuzzy operations to automatically
estimate their membership functions. If the events are independent, we use the
product t-norm. If the events are heavily positively dependent, we can use the Godel
t-norm. If the events are heavily negatively dependent, we can use the YLukasiewicz

t-norm.
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5.4 Floppy Logic and Adams’ and Stalnaker’s
Probability Logic
Except for the membership function, the probability of a floppy set R(A) is the

second possible generalisation of the truth value in floppy logic. In this aspect,

floppy logic is similar to the probability logic of Ernest Adams and Robert Stalnaker.

The main idea of these theories is Adams’ Thesis or the PCCP hypothesis [29]: The

probabilities of conditionals are conditional probabilities [2, [60]:
P(A= B)=P(B|A), if P(A) > 0. (5.9)
Adams adds that:

P(A= B) =1, if P(A)=0. (5.10)

This idea, best known from Adams’ and Stalnaker’s works, can already be found in

some older studies, for example [54] from 1931.

Two important arguments against this idea are presented by Lewis [40]. However,
Adams [1] and Douven and Verbrugge [15] defend the PCCP hypothesis.

In floppy logic, the relationship between the probability of conditionals and condi-

tional probabilities is rather more complicated. We can deriveE] the equation:

R(A= B)=1-R(A)+ R(B|A) R(A). (5.11)

A comparison of the probability of implication in probabilistic logic and floppy logic
is presented in Figure [5.1]

The benefits of floppy implication include, for example, the fact that the implication

is logically equivalent to its contrapositive (as in standard logic):

R(A=>B):R(—|B=>—|A). (5.12)

The PCCP implication does not possess this property.

IFor the derivation of this equation, see Consequence m
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Adams’ Thesis

Floppy implication

Figure 5.1: Comparison of the probability of implication in probabilistic
logic according to Adams’ Thesis (a) and floppy logic (b)

Let us show one more advantage of floppy logic versus probability logic. In floppy
logic, Lewis’ triviality result presents no problems, and implications may be
used in the antecedent and consequent of other implications. For example, in floppy

logic, the distributivity and transitivity of an implication apply such that:
R“A:>(B:>C)]:>[(A:>B):>(A:>C)H = 1, (5.13)

RH(A:>B)/\(B:>C)}:>[A:>CH — L (5.14)

The truth of these statements derives directly from Theorem and the distribu-

tivity and transitivity of implications in standard bivalent logic.
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Conclusion

The main objective of this research was to find a consistent link between fuzzy sets
and probability theory. The objective was attained and resulted in a new multi-

valued logic, which was named floppy logic.

Floppy logic is a non-truth-functional logic similar to fuzzy logic. It works with

floppy sets, which are crisp families of primary fuzzy sets.

Three important theorems concerning floppy logic were proved. The first two theo-
rems claimed that floppy logic is a model of Kolmogorov probability theory. There-
fore, it is possible to apply all the concepts and tools of this theory in floppy logic.
This principle was demonstrated with an example which defined the mean value of
a floppy set. Bayes’ theorem and the law of total probability were also frequently
applied.

The third theorem linked floppy logic with Boolean logic. The theorem demonstrated
that each two statements which are logically equivalent in standard Boolean logic
are also equivalent in floppy logic. It followed that floppy logic retains all the
properties of standard two-valued logic which can be expressed as equivalences. I am
confident that this remarkable feature lets us consider floppy logic as a multi-valued

generalisation of standard two-valued logic.

Floppy logic also links two streams of thinking which generalise the truth value
in different ways. It is a probabilistic logic which generalises truth values by ap-
plying probability and fuzzy logic which generalises truth values using membership

functions. Both these concepts have their place in floppy logic.

Several other interesting results concern the mean value of the floppy set, floppy

implication, and measurement of statement dependence.

In addition to the theoretical results, the practical aspects of floppy logic were
explored. The thesis described detailed work with a system, including the selection of
suitable primary fuzzy sets, fuzzification, application of system rules, defuzzification
and optimal control. The thesis attempted to demonstrate that floppy logic is a

relatively simple, intuitive, practical and elegant theory.
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This research is certainly only the foundation of a new theory. Many options are
available for the application or theoretical development of floppy logic. I cordially

encourage the reader to engage in this research.

For example, it may be important to elaborate the concept of floppy logic as a

generalisation of predicate logic.

Reduction of the computational difficulty of the multi-step control algorithm would
be very useful. It would also be interesting to further develop the notion of mea-
surement of the dependence of statements or to derive additional relationships for

floppy implication or other floppy operations.

I am confident that this text contains everything essential for researchers to conduct

theoretical or practical work with floppy logic.
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Appendix A

Proof of Theorem on Basic Floppy
Probability Space

A.1 Kolmogorov Axioms

Kolmogorov axioms are taken from the studies [35] 61 in the following form:

Let us have a set of values which can be adopted by a random variable. This set is

denoted 2 and known as the sample space.

Let us also have the g-algebra B of subsets of ). We therefore assume:

Axiom A.1.1. ¥ € B.
Axiom A.1.2. If A € B, then A’ € B.[]

Axiom A.1.3. If Ay, Ay, ..., A,, ... € B, then

U A; € B. (A.1)
i=1
The elements of B are called events.

A real number P (A) is assigned to all events A € B. The number P (A) is known
as the the probability of event A.

We assume that the probability satisfies:

Axiom A.1.4. P(Q) = 1.

LA’ is the designation for the set ) — A.
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Axiom A.1.5. VAe B: P(A) > 0.

Axiom A.1.6. If M = {A,} is a finite or countable sequence of pairwise disjoint

sets from B, then

P( U An> = Y P(4,). (A.2)

ATL EM A’!L EM

A.2 The Floppy Membership Function pup () and
the Probability R (B) of Floppy Set B Are
Well Defined

Lemma A.2.1. For all z € X and for each set B C S, the sum pug(z) =

Yoa,eB ta, () converges absolutely to a number from the interval [0, 1].

First, we prove absolute convergence:

e () = Yacepha, () = Ya,epns, Ha, (x), which is a finite or countable sum.
(Assumption [2.1.1})

Let n be a natural number.

A sequence of partial sums Y- 4.c g, ri<n M4, (@) is non-decreasing since we add only

non-negative functions. (Assumption [2.1.2])

The sequence of partial sums Y- 4. c pricn t4a; (@) is bounded above by the number 1:

S @)<Y pa @) < Y pa(w) =1 (A.3)

A;,EBAiI<n A;eB A;eS

where Assumption was applied in the previous equation.

A finite limit of a non-decreasing, bounded from above sequence always exists, and

therefore the sum ) 4. cp 14, (x) converges (e.g. [63, p. 55]).

The sum Y- 4,cp f1a, () converges absolutely since we add only non-negative num-

bers.

Let us show that the sum Y 4.cp pa, () converges to a number in the interval [0, 1]:

The sum > 4.cp fta, () is equal to or greater than zero since we add only non-
negative numbers. (Assumption [2.1.2])

The sum Y 4.cp pa, () is equal to or less than one because:

> g (0) < X pa () =1, (A.4)

A;eB A;eS
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where Assumption [2.1.3]is applied.

Lemma A.2.2. The sum pp (x) = Y 4,cp fta, () does not depend on the order in
which the addends are added together.

The sum Y 4.cp pa, () = Y a.eBns, Ha, (z) is a finite or countable sum according

to Assumption [2.1.1
A finite sum does not depend on the order of the addends.

If the sum is countable, then the expression Y4 cp ja, () converges absolutely
according to Lemma The sum of an absolutely convergent sequence also does
not depend on the order of addends (e.g. [63, p. 99]).

Lemma A.2.3. The function pup (z) is measurable on the set X with respect to

the measure P.

The sum Y 4.cp pia, () = Ya,eBns, Ha, (¢) is a finite or countable sum (Assump-
tion 2.1.1])

All functions p4, are measurable on the set X with respect to the measure P.

(Assumption [2.1.5])

Finite series:

The sum of two measurable functions is a measurable function (e.g. [11}, p. 24]). A
finite sum of measurable functions is thus a measurable function. Therefore, if the

sum pp () = Ya.eBns, Ha, (T) is a finite sum, then it is measurable.
Countable series:

If the sum pp () = X 4.cpns, M4, () is countable, then its partial sums are mea-
surable functions (according to the previous paragraph). A sequence of partial sums
is non-decreasing. (Assumption [2.1.2]) and a limit of a monotonous sequence of

measurable functions is a measurable function (e.g. |11, p. 25]).

In both cases, the function ppg () is measurable.

Lemma A.2.4. The Lebesgue integral R (B) = [y pp (x) dP always exists.

The function pp (x) is bounded (according to Lemma |A.2.1]) and measurable on the
set X with respect to the measure P (according to Lemma [A.2.3)).

(X, A, P) is a space with a probability measure. (Assumption [2.1.4]) Therefore, it
satisfies all Kolmogorov axioms, especially Axiom |[A.1.4, So P (X) = 1. Therefore,

the set X is measurable with respect to the measure P, and its measure is finite.
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A Lebesgue integral of a bounded measurable function over a measurable set with

a finite measure always exists (e.g. [11, pp. 29 - 31]).

A.3 The Basic Floppy Probability Space Satisfies

All Kolmogorov Axioms

Proposition A.3.1. P (S) satisfies Axiom [A.1.1]

The power set P (S) contains all subsets of S and therefore specifically ). Ax-
iom [A.1.1] is therefore satisfied.

Proposition A.3.2. P (S) satisfies Axiom [A.1.2]

A set of elements of S that does not belong to B is a subset of S. The power
set P (S) contains all subsets of S and therefore specifically B’. Axiom is

therefore satisfied.
Proposition A.3.3. P (S) satisfies Axiom [A.1.3]

The union of any system of subsets S is a subset of S. The power set P (.S) contains
all subsets of S and therefore specifically U2, B; where B; € P (S). Axiom
is therefore satisfied.

Proposition A.3.4. (S,P (S), R) satisfies Axiom

Axiom is applicable because:

R(S):/Xp,s(x)dP:/X ZuAi(x)dP:/deP:P(X)zl, (A.5)

A;eS
where Assumption was first applied followed by Axiom for the probability
space (X, A, P) (according to Assumption [2.1.4)).
Proposition A.3.5. (S,P (S), R) satisfies Axiom

A number R (B) exists for every set B. (Lemma [A.2.4) The number R (B) =

Jx pB () dP is non-negative since we integrate a non-negative function (according

to Lemma )
The space (S, P (S), R) therefore satisfies Axiom |A.1.5|
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Proposition A.3.6. (S,P (S), R) satisfies Axiom [A.1.6]

Let M = {B,} be a finite or countable sequence of pairwise disjoint sets from P (.S).
Each fuzzy set A, € U B; is therefore an element of just one floppy set B;.
B;eM

We can therefore write:

R(U Bz’) = /XMU B; ()dP =

B;eM B;,eM
= [ pa@ar=
XAkGUBi
= [ S| X s ap=
X B,eM | AyeB;
= [ 3 pp (@)ap. (A.6)
X BieM

The sum and the integral can be exchanged since pp_ (x) are non-negative and

measurable functions according to Lemmas [A.2.1} and |A.2.3] (e.g. [36, p. 106]).

Therefore:

R( U Bz-) = % [ s (2)aP= ¥ R(By). (A7)

B;eM B;eM B;eM

Therefore, the space (S,P (S), R) satisfies Axiom [A.1.6]

103



104



Appendix B

Proof of Theorem on Generalised

Floppy Probability Space

Proposition B.0.1. C satisfies Axioms [A. 1.1} [A.1.2) and [A.1.3]

C is a o-algebra. (Definition [2.2.1])

Proposition B.0.2. (S x X,C, R) satisfies Axiom [A.1.4]

R(SxX):/XuSXX(x)dP: L, (x)dP:/dele. (B.1)

X A;€S:[A;,z]eSxX

Assumption followed by Axiom for the probability space (X, A, P) (ac-
cording to Assumption [2.1.4)) were applied.

Proposition B.0.3. (S x X,C, R) satisfies Axiom [A.1.5]

We can write:

/ pee () dP = / Z jia (z)dP, (B.2)
A€

S:[A;,x]€CE

where g4, () is measurable on the set {$ € X :[A,zx] € CG} (Assumption [2.1.5
and non-negative (Assumption [2.1.2). Thus, the sum Y- 4. cg.(4, sjece Ha, (7) is mea-

surable and non-negative. The integral R(CG) = Jx X ases: (A p)ece ta, (x)dP

therefore exists and is non-negative.

Proposition B.0.4. (S x X,C, R) satisfies Axiom [A.1.6]
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Let M = {C’g} be a finite or countable sequence of pairwise disjoint sets from C.

Therefore, each point [A;, 2] € U C’G is an element of just one floppy set CG

CGcM
We can therefore write:
Rl U e8| = [uy cotmar-
CSeM cGem

- /[ = pa, ()| 4P =

CSecM | A;e8:[4; z}eCG

- / > hee (x)dP. (B.3)

CcGeM

The sum and the integral can be exchanged since pce (r) are non-negative and

measurable functions.

Therefore:

Rl U cl=3 /MCG iP= Y R(CS). (B.4)

cSeM cSeM CcSeM

The space (S x X,C, R) therefore satisfies Axiom [A.1.6]
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Appendix C

Proof of Theorem on Isomorphism

C.1 Explanation of Concepts

C.1.1 Boolean Algebra

A Boolean algebra is a non-empty set B, together with two binary operations A and
V (on B), a unary operation /, and two distinguished elements 0 and 1, satisfying

the following axioms [25, p. 10]:

0 =1, 1 =0, (C.1)

p A0 =0, pV1=1, (C.2)
pA1l=np, pVO0=np, (C.3)
pAp =0, pVyp =1, (C.4)

) =p, (C.5)
pPADP=D, pVp=p, (C.6)
(pAhg) =p'Vd, (pVa) =v N, (C.7)
PAG=qAD, pVg=qVp, (C.8)
pA(gAT)=(PNg) AT, pV(gVr)=@(mVaqVr, (C.9)
pA(gVr)=@AgQV(pAT),  pVigAr)={@VaA(pVr). (C.10)

These axioms are not independent. Often, a smaller group of axioms is selected.

Boolean algebra is often denoted as follows: (B, A,V,,0,1,=). Operations A, V,
and / are often called meet, join, and complement. Elements 0 and 1 are called zero

and one.
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C.1.2 Atoms

An atom g of a Boolean algebra B is an element that satisfies the following propo-
sitions [25, p. 117]:

a.  q¢#0,
b. for every element p € B, either p A ¢ = q or p A ¢ = 0, but not both.

Example 1: Atoms of a Boolean algebra of sentences given by sentence Ay, Ay, As,
... A, are sentences By A By A B3 A ... A\ B,, where either B; = A; or B; = —A;.

Example 2: Atoms of a Boolean algebra of subsets of S are one-element subsets of

S.

C.1.3 Isomorphism

The Isomorphism f of two Boolean algebras B; and Bs is a bijection which preserves

the operations meet, join, and complement. Thus:

a. VpaeBi:f(pAg)=f)Aflq), (C.11)
b. VpgeBi:f(pVva)=fp)V f(q), (C.12)
c. VpeBi:f()=[(p)" (C.13)

C.2 Proof of Theorem

The proof begins with the statement: “Each finite Boolean algebra B is isomorphic
to the field P (n), or, equivalently, to the Boolean algebra 2", for a non-negative

integer n. In fact, n is the number of atoms in B” |25, p. 127].

e and ¢ are finite algebras, P (S) is the field P (n), n is the number of atoms in

and 0. Therefore, ¢ is isomorphic to 9.

An isomorphism between ¢ and  therefore must exist. Let us find it:
Let g be a binary relation over F and a set B of binary indices of length n.

The indices to the statements are as follows: If a sentence V satisfies V A Uy = Uy,
then 1 is in the k-th place.

If V satisfies VA U, = L, then 0 is in the k-th place. No other possibility exists

since Uy are atoms.

Let us show that g is a bijection:
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a. Each statement is assigned a binary index. Therefore, g is a left-total relation.

b. Each statement is assigned exactly one binary index.

Let us suppose that two equivalent sentences V' = W are assigned two different
binary indices. Let these indices be different in the k-th place. This means
that VAU, = Ug and W A Uy = L (or vice versa).

V and W are equivalent and can therefore be exchanged: W AU, = Uy. Thus,
U, = L1, which is a contradiction since U}, is an atom and atoms are non-zero

elements.
Therefore, g is a left-total function.

c. FEach binary index is assigned a statement. The statement U; V U; VU, V . ..
can be assigned to the binary index with 1 in the ¢-th, j-th, k-th, ... places.
Therefore, g is a surjection.

d. E and B are finite sets with the same number of elements. The number of
elements is 2" |25, p. 82].

Therefore, g is a bijection.

Let h be a binary relation P (S) to the set B of binary indices of length n.
The indices are assigned to the floppy sets as follows:

If a floppy set B satisfies BN {A;} = {Ax}, then 1 is in the k-th place.

If BN{A;} =0, then 0 is in the k-th place.

h is also a bijection. It can be proven in the same manner as bijection g.

Therefore, h=! o g is a bijection. Let us show that h~! o ¢ is an isomorphism:

a. Preservation of the binary operation meet:

Sentences V and W have the same binary indices as floppy sets h=' o g (V)
and h='o g (W).

V' AW has a binary index, where 1 is in the places where 1 is in both binary

indices of V' and W simultaneously.

h=tog(V)Nh™'og (W) has a binary index where 1 is in the places where 1
is in both binary indices of h™ o g (V) and h~! o g (W) simultaneously.

Therefore, VAW and h=t o g (V)N h~t o g (W) have the same binary index.
Therefore: VV,W € E:htog(VAW)=htog(V)Nhtog(W).
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b. Preservation of binary operation join can be proved in the same manner.

c. Preservation of unary operation complementation:
A binary index of sentence L has 0 in all positions since Vk : L AU, = L.
A binary index of sentence T has 1 in all positions since Vk : T A Uy, = Uy.

Applying the axiom of Boolean Algebra: VA=V = 1. Therefore, in the index

of =V, 1 must not be in the positions where 1 is in the index of V.

Now, applying the axiom: V' V=V = T. Therefore, in the index of =V, 1 must

be in all positions where 1 is not in the index of V.
Therefore, the index of =V has 1 exactly in these positions where V' has 0.

Similarly, it can be shown that (k=10 ¢(V)) has 1 exactly in these positions
where h™! o g (V) has 0.

Therefore, =V and (h~" o0 g (V)" have the same binary indices.
Therefore: YV € E:h™tog(=V) = (h tog(V)).
d. Preservation of neutral elements:

Sentence 1 and empty floppy set () have a binary index with all zeros. There-

fore:
h™tog(L)=0.
Similarly, it can be shown that h™*o g (T) = S.

Bijection h™! o g preserves all operations, therefore it is an isomorphism.

Let us show that h~! o g satisfies all properties of relation f:

Properties [2.16], 2.17], and 2.1§ were proved above. Now, we prove property

First, U; AU; = L, if i # j is applied. The second possibility for atoms U; AU; = U;

cannot apply since U; would not be an atom, which is a contradiction.

Therefore, all atoms have only one 1 in their binary indices. Sentence U, has 1 in
the k-th position and the floppy set {Ax}.

Therefore: Vk € {1,2,3,...n}: h=t o g(Uy) = {Ax}-.

Now, let us show that h=1o g = f.

First, the set of all sentences whose binary indices contain no more than k 1 is
denoted Mj,.

It was proved above that h=' o g (Uy,) = f (Uy).
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Now, let us show that h~'og (L) = f(L). It is simple, because h ' o g (L) = () and
fL=FfVA-V)=FfWV)NfEV)=FV)NFIV) =0

The equivalence h™! o g = f for all sentences from M, is thus proved.

All sentences from M; can be expressed as a disjunction of two sentences from Mj:

VZEMy:3V,WeEM : Z=VVW. (C.14)

Therefore:

htog(Z) = hilog(VVW)=
T og(V) U og (W) =
= fMUrw)=r(2). (C.15)

The equivalence h™! o g = f for all sentences from M, is thus proved.

This procedure can be repeated to prove the equivalence h™!' o g = f for Ms,
My, ... M,.

Since M,, = E, the equivalence h=' o g = f is proved for all sentences from E.

Therefore, f is an isomorphism.

It represents the first assertion of Theorem [2.3.1] The following assertions are im-

plied immediately.
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Appendix D

Entry of Functions Used in

4.3.2

Examples

Y

41.4.4, 4.4.5)

4.4.6,

and 4.6.2

.6

The membership functions of the primary fuzzy sets are presented as they are shown

in Figure [1.4/(d).
Unhealthlly cold — AIOOO:

t € (—o0,10]
t € (10,20]
t € (20, 00)

Only healthlly cold — Aomol

113

HAz1000 (t) =1,
HJAwoo(t) =2-0.1- t,

HA1000 (t) = 0. (Dl)
K Ao100 (t> =0
,UAowo(t) =—-140.1-t
K Ao100 (t> =1,
30 t
K Ao100 (t) - g - g
HAp100 (t> =0 (DQ)



Healthily cold and pleasant — Agq10:

te (_007 22] :UAouo(t) =0,
22 t
te (227 25] MA0110(t) = _§ + ga
10 t
2 - 4
le ( 5730] MAouo(t) 40 + 40°
35 t
le (30? 35] :quuo(t) - E - 1707
te (357 OO) MA0110(t) = 0.
Only pleasant — Agg1o:
te (—OO, 25] NA0010(t) =0,
25 t
te (25’ 35] /“LAoom(t) = _% + 20°
45 t
te (357 45] HAgo10 (t> = % - 2707
te (457 OO) MAoom(t) =0.
Warm and pleasant — Agp11:
le (_007 25] HAgo11 (t) =0,
25 t
25,4 e
te ( 57 O] HAgo11 (t) 20 + 20’
135 3-t
t G (40,45] ILLAOOII (t) — % — %’
te (457 OO) :quou(t) =0.
Only warm — AOOUl:
le (—OO, 40] HAooo1 (t) =0,
40 ¢t
te (407 45] HAooo1 (t) = _E + 57
te (45’ OO) HAoo01 (t) =L

Let us select the probability density as follows:

1 (t—p)?
f(t) pry e 20 3
o\ 2T
where
p= 29,
= 10.

(D.3)

(D.4)

(D.5)



Appendix

E

Entry of Functions Used in

Examples

41.3.3,4.4.2

and 4.4.7

The (floppy) membership functions are presented as they are shown in Figure [£.5

Cold — T7:
t € (—o0, 10]
t € (10, 20]
t € (20, 00)
Tepid — T5:

peR
peR

pER

peR
p€ER
peR
p€ER

peR

peR
peR

peR
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IJ’T1(t7p) = 17
"I’Tl(t>p) =2- T07
IJ’T1(t7p) = 0.
l’l’Tz(tap) :()7
(tp) = 14—

M1\, D) = 107
I‘I’Tz(tap> =1

t
IJ’Tz(tap> =6-— 57
I‘l'Tz(tap) =0
/J’T3<t7p) = 07

t

pry(t,p) = =5+
/J’T3<t7p) =1

(E.1)

(E.2)

(E.3)



Low — Pi:
teR
teR

telR

Normal — Ps:

teR
teR

teR
teR

teR

ngh - P32

teR
teR

teR

p € (=00, 960)
p € (960, 980]
p € (980, 00)

p € (—00,960]
p € (960, 980]

p € (980, 1010]
p € (1010, 1020]
p € (1020, 00)

p € (—00,1010]
p € (1010, 1020]

p € (1020, o)

l'l’Pl(tap) = 17
p
t =4 —
”’Pl( 7p) 9 207
I‘I’P1(t7p) =0
“Pz(tap) = 07
p
tp) =48+ L
y'Pz( 7p) 8 + 207
I‘l’Pz(tvp) = 1a
p
l’l’Pz(t7p) =102 57
“Pz(tap) =0
IJ’Ps(t>p) = 07
b
— 1014+ 2
.U‘Ps(tap) 01 + 107
l’l’P3(t7p) =1

(E.4)

(E.5)

(E.6)

The membership functions of the primary fuzzy sets are obtained from the equation:

KA, (t,p) = I’I’Ti(t7p) " Hp; (t7p)‘

(E.7)

Let us select, as a joint probability density, a multivariate normal probability density

with mean vector m = (

The two-dimensional normal probability density is given by the equation:

t
where x = .
p

f(t,p) =

15
1000

1
QW\/@
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) and covariance matrix S = (

e 2

100 20
20 400

~(x—m)T~S*1-(X—m)

)

(E.8)
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