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Preface

Differential equations have been widely explored in many fields, from applications
in physics, engineering, economics, and biology to theoretical mathematical devel-
opments. Its presence in undergraduate and graduate courses of the aforementioned
areas and countless textbooks and papers ensures their usefulness and importance.

A much newer theory, fuzzy sets theory, created to model subjective concepts
whose boundaries are nonsharp, has also been explored in various fields due to
its great applicability and functionality. As soon as the idea of a function with
fuzzy values was born, it raised the idea of some kind of fuzzy differential equation
(FDE) as well. Since then, researches defined different fuzzy derivatives and fuzzy
functions, giving rise to different theories of FDEs. Great part of its development
is in papers and rare textbooks, which usually dedicate few sections to the subject.
An updated textbook entirely devoted to FDEs has been missing and this book is
intended to cover this gap.

This book is aimed at researchers and graduate students interested in FDEs. It
may be useful to scientists of areas such as engineering, biology, and economics
dealing with uncertain dynamical systems and fuzzy concepts, besides mathemati-
cians interested in theoretical developments. The text focuses on fuzzy initial value
problems (FIVPs) and is intended to be a reference textbook with the basics of
various approaches of FDEs. The best known approaches—via Hukuhara derivative,
fuzzy differential inclusions (FDIs) and via extension of the solution are presented,
as well as the recent strongly generalized derivative and the extension of the
derivative operator. This book is the result of years of study aimed at (but not
restricted to) developing the last approach, including new results related to it.

The theory of FDEs via the extension of the derivative operator is based on
fuzzy calculus for fuzzy bunches of functions. This kind of function is a departure
from the generally known fuzzy-set-valued functions. A deeper understanding of
the different kinds of fuzzy functions is needed, which we endeavor to offer to
the reader. Comparisons and links among all the mentioned approaches of FDEs
are provided through an original interpretation that situates the novel theory of the
extension of the derivative operator as the missing link needed to fill the gap to
connecting all approaches.

vii



viii Preface

The reader is not required to be conversant in fuzzy sets, though it is desired; the
book is intended to cover all the necessary prerequisites in this subject. In order to
understand all the demonstrations, the reader must know basic functional analysis,
but it is not mandatory in order to understand the theory as a whole.

Some highlights that make this book unique are summarized next:

* The text presents the most known approaches of FDEs in an unprecedented view
and with comprehensive historical overview on the subject.

* The book scrutinizes the recent theory of FDEs via extension of the derivative
operator, presenting it for the first time in a textbook.

* The reader is not expected to be conversant in fuzzy sets. A chapter with basic
concepts and illustrative examples is dedicated to eliminate deficiencies.

* The text presents theoretical depth, though it is also intended to serve as a useful
text to researches from application areas.

The authors would like to express their gratitude to Professor Geraldo Silva and
the Springer staff for the assistance provided in preparing the manuscript. The first
and second authors acknowledge CNPq of the Ministry for Science and Technology
of Brazil for financial support.

Sorocaba, Brazil Luciana Takata Gomes
Campinas, Brazil Laécio Carvalho de Barros
Redmond, WA, USA Barnabas Bede
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Hukuhara derivative of the fuzzy function F at x (see Sect. 3.1.2)
Strongly generalized derivative of the fuzzy function F at x (see
Sect.3.1.2)

Generalized Hukuhara derivative of the fuzzy function F at x (see
Sect.3.1.2)

Fuzzy generalized derivative of the fuzzy function F at x (see
Sect.3.1.2)
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Chapter 1
Introduction

Fuzzy systems were created to overcome the binary reasoning deep-rooted in the
classical logic and mathematics. Under the dichotomous thinking, statements are
completely true or completely false and elements are totally in or totally out
of a set—never in the halfway or in different degrees. The creation of fuzzy
systems allowed for reproducing the human reasoning in a computer understandable
language and became successful when applied to modeling engineering problems.
The modeling of any phenomena by humans is subjected to the limitation of the
human being in understanding, collecting data, interpreting, and concluding, aside
from their subjective reasoning. Moreover, the classification of the most various
objects is subjected to the possible nonsharp boundaries inherent to the definition
of classes made by humans. For instance, there is no exact bound in the definition of
the group of the “populous cities.” Taking one person by one out of a populous city
we can reduce its population to zero without ever experiencing the exact moment
when we think “now if I take one individual out this city is no more populous.”

Nowadays fuzzy sets and fuzzy logic are present in various fields, from appli-
cations in the industry passing through applications in natural phenomena and
psychology to mathematical theoretical aspects. What applied areas have in com-
mon is the presence of vague and uncertain information and the modeling done by
the human being, whose reasoning is subjective, imprecise and, not uncommonly,
even contradictory. Since mathematical tools are used to modeling all these
applications, its theoretical aspects have to admit the concept of “fuzziness,” that
is, the partial truth of a statement or the partial membership of an element to a
subset. Mathematical concepts such as numbers, sets, metrics, functions, operators,
now have their “fuzzy versions.”

Fuzzy Set Theory Is Not Fuzzy One should not think, however, that the fuzziness
admitted in a natural phenomena and the tools created to deal with it make the theory
fuzzy itself. Zimmermann in [40] clarifies:

© The Author(s) 2015 1
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2 1 Introduction

Fuzzy set theory provides a strict mathematical framework (there is nothing fuzzy about
fuzzy set theory!) in which vague conceptual phenomena can be precisely and rigorously
studied.

In truth, taking into account the vague information is more realistic than presuming
it crisp and precise, if it is not in fact.

Fuzzy Differential Equations Modeling of various phenomena frequently makes
use of differential equations. In order to include imprecision, the fuzzy approach is
often used. In particular, differential inclusions and, more recently, FDEs, or even
fuzzy differential inclusions (FDIs) have been used.

In population dynamics, for instance, [23] recalls that individuals may exhibit
some preferences or strategies, that is, inside a group they do not behave all in the
same manner. Environmental or demographic noise is also a source of uncertainty.
Via standard theory of differential equations, it is not possible to take these factors
into account.

The authors of [23, 24] claim for the use of FDIs in population dynamics.
According to these studies, the stochastic approach, via the use of white noise
(a linear term in the differential equation) to model the uncertainty of the dynamics,
is not the most appropriate one. The probabilistic approach would be suitable for
the “hard sciences,” such as physics and electronics, not for a “soft science” as
biology. The white noise would emphasize short time scales and would lead to
mathematically tractable models, hence it was used to treat many problems, but
there are many others that demand for a different approach. The alternative would be
the deterministic noise, including what they call the unknown-but-bounded-noise,
i.e., the imprecision enters the dynamics via a parameter whose only assumption
is that its values belong to a bounded set U, which may depend on time or
the state variable. This approach leads to differential inclusions (see [2]) and
considering some kind of “preference” of some parameter(s) in U determines a
higher membership degree of a more suitable solution. This characterizes FDIs.

It is also possible to define fuzzy derivatives and consider the function as fuzzy
as it has been done by many authors [5, 8, 13, 19, 33, 35, 36]. The first proposal,
based on the Hukuhara derivative for interval-valued functions, has been criticized
for presenting nondecreasing fuzziness. In other words, a dynamical system whose
initial uncertainty is different from zero does not evolve to non-uncertain states. In
the fuzzy context, it means that the solution cannot reach a nonfuzzy value. This
situation is not consistent with the nuclear decay model, for instance. Other cited
approaches succeeded to overcome this shortcoming and each of them is based on
different notions of functions, differentiability, solutions, such that the solutions to
FIVPs may differ greatly from each other.



1.2 Fuzzy Initial Value Problem 3
1.1 Initial Value Problems

This book treats fuzzy initial value problems (FIVP). An initial value problem (IVP)
is a system of an ordinary differential equation (ODE) together with a value called
initial condition:

¥() =11, x(0) 0
x(0) =xo . .

In what we call the “classical case,” the solution is usually defined as a real-
valued continuous function x(-) that satisfies the initial condition and the differential
equation at every ¢ in a given domain. The symbol x’(¢) stands for the derivative of x
at t. The function x(-) is interpreted as a curve such that the velocity and the direction
to be followed are determined by the function f, at each real value ¢. In this case,
the solution is a real-valued function with real-valued argument. When the context
demands distinction from the fuzzy case, we will call the IVP a “classical IVP” and
the solution a “classical solution.”

This approach is widely used to model physical, biological, chemical phenom-
ena. In a biological interpretation, x can be the number of individuals of a population
(ants, fishes, predators, humans, viruses, infected people), ¢ is time, and f is the rate
with which the population changes in quantity. The ability of modeling various
phenomena, as well as theorems regarding existence of solution and practical
techniques to find it (analytically or numerically), justifies wide use of IVPs.

Fuzzy set theory treats of sets in universes such that the elements have partial
membership degree. That is, it is admissible that an element is not completely in or
completely out of the set, but presents an intermediate degree. The success of fuzzy
set theory, specially in modeling some control problems, has generated interest in
many fields. Several concepts of the “nonfuzzy” theory were extended to the fuzzy
case. This is no different in differential equations theory.

1.2 Fuzzy Initial Value Problem

IVP (1.1) becomes a new problem if any parameter presents fuzziness and it is
called FIVP. The first time the term fuzzy differential equation (FDE) was used
was in [21] and only in 1987 did FDE take on characteristic of the way it is used
nowadays [19, 35]. Reference [19] made use of the Hukuhara derivative for fuzzy-
set-valued functions and [35] used an equivalent definition. In both studies, the FIVP
was defined using an FDE and a fuzzy initial value:

X'()=F(t.X(1)

X0 =% (1.2)



4 1 Introduction

The function F is a fuzzy-set-valued function, that is, its values are fuzzy sets.
Hence, the derivative X’ of the unknown function X is also fuzzy. It means that
the direction to be followed by the solution is a fuzzy set and the solution, at each ¢,
is a fuzzy set as well.

There is also an integral equation associated with (1.2) as in the classical
case [19]. It involves a fuzzy integral and the Minkowski sum and one realizes that
the solution to this kind of equation always has nondecreasing diameter. That is,
the fuzziness (or, according to the interpretation, the uncertainty) does not decrease
with time. As it will be fully explained in Sect. 4.2, this is considered a shortcoming
since this is not expected from phenomena such as decay in population dynamics.

Generalizations of the Hukuhara derivative fixed this defect (see next Sects. 1.2.1
and 4.3), but before that, other interesting approaches emerged and are still being
intensively studied, namely the FDIs and extension of the solution. These two
approaches are based on a completely different view of fuzzy FDEs. Though they
receive this classification, they are not really FDEs. There is no equality between
the derivative of a fuzzy function and the function that determines the direction of
the dynamic since there is no derivative of fuzzy function. The derivative is that of
classical functions. In the FDIs case, at each pair (¢, x), there are different possible
values of the function f, each one with a membership degree to the set “fuzzy direc-
tion field.” The membership degree of the initial solution (to the set “fuzzy initial
condition”) and the direction field establish the membership degree of a nonfuzzy
function (or its attainable set) to the solution of the FIVP. The common approach
of extension of solution solves classical differential equations. The initial condition
and fuzzy parameters determine the solution, which is usually a fuzzy-set-valued
function.

A novel idea has been recently developed and connects both mentioned interpre-
tations for FIVPs [5, 16, 17]. A fuzzy derivative is proposed, defined via extension of
the derivative operator, denoted by D, and it turns out to be based on differentiating
classical functions. Moreover, an FDE has to be satisfied. Comparisons of the
results between this and the other approaches are inevitable and, in fact, the new
derivative leads to the same solutions produced by the other methods, provided some
conditions are satisfied (see Sect. 3.3).

In summary:

e A solution to IVP (1.1) is a function x(-) € E([a, b]; R"), where E([a, b];R") is a
space of functions from [a,b] to R" and f : [a,b] x R" — R”" (see Fig.1.1).
In words, the solution is a real-valued function and the differential equation
means that its derivative is a real-valued function that depends on the independent
variable (which is real) and the state variable.

* In the novel approach developed in this book, a solution to FIVP (1.2) is a fuzzy
set in a space of functions, that is, X(-) € .% (E([a, b]; R")), where .% (X) denotes
all the fuzzy sets of the universe X. It means that each function has membership
degree to the fuzzy set solution X(-). The differential equation is evaluated at
each 7 € [a, b] and respective X(f) with F : [a,b] X F(R") — Z(R"). In other
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Fig. 1.1 Classical IVP: the solution is a function x(-) € E([a, b]; R) and f is a function such that
fila,b) xR —>R

Fig. 1.2 FIVP using D-derivative: the solution is a fuzzy bunch of functions X(-) €
Z(E([a, b];R)) and F is a fuzzy-set-valued function such that F : [a, b] X #(R) — Z(R)

Fig. 1.3 FIVP via FDIs: the solution is a fuzzy bunch of functions X(:) € .%(E([a, b]; R)) and F
is a fuzzy-set-valued function such that F : [a,b] X R — Z(R)

words, the derivative of the state variable X at t must equal F, which depends on
the real independent variable ¢ and the state variable at ¢, as illustrated in Fig. 1.2.

e A solution to FDIs is also of type X(-) € .% (E([a, b]; R")), but the domain of the
right-hand-side function is crisp, that is, F : [a, b] x R" — .7 (R") (see Fig. 1.3).
One does not solve an equation involving fuzzy sets but differential inclusions in
the a-cuts.



6 1 Introduction

Fig. 1.4 FIVP using H and GH-derivatives: the solution is a fuzzy-set-valued function X(-) €
E([a,b]; #(R)) and F is such that F : [a, b] X F(R) = Z (R)

e The space of the solutions of the approach of Hukuhara derivative
(or H-derivative) and the strongly generalized derivative (or GH-derivative)
is another one: X(-) € E([a,b]; % (R")). In words, X(-) is a function that
maps real values into fuzzy values. The right-hand-side function is of type
F :a,b] x F(R") — Z(R"). The illustration of this approach is displayed in
Fig. 1.4.

 Finally, the extension of the solution solves differential equations and extends the
solution at each ¢ € [a, b] such that X(-) € E([a, b]; % (R")).

The fuzziness in the solution enriches the theory of differential equations since
the solutions are not composed of single points, but of sets of points associated
with membership degrees. The following words are found in [12] where the author
writes about multivalued functions (which is a particular case of fuzzy-set-valued
functions):

while to describe the behaviour of a point valued function is easy (a point can only
displace itself), a set, besides displacing can be larger or smaller, can be convex or not.
All these different facts are relevant to the problem of the existence of solutions and to their
properties.

1.2.1 Historical Overview

The authors of [21] first used the term “fuzzy differential equations,” with a
completely different meaning from nowadays. They used and extended Zadeh’s
definition of the probability of a fuzzy event and solved differential equations
involving the membership function of a given fuzzy set (which was not the unknown
variable).
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Later on, [33] defined the derivative for fuzzy functions based on the concept
of Hukuhara derivative for set-valued functions. The first theorem of existence
using this derivative was proposed by Kaleva [19], where the Lipschitz condition
was used to assure existence and uniqueness of solution to a FIVP. With an
equivalent derivative, in the same year [35] published similar result. Both explored
the equivalence of the FIVP with a fuzzy integral equation using Aumann integral
for fuzzy-set-valued functions proposed by Puri and Ralescu [34] (a generalization
of the Aumann integral for set-valued functions). A version of Peano theorem of
existence of solution was published by Kaleva [20]. Its author proved that the
continuity of the function F in (1.2) and local compactness of the domain and the
codomain of the state variable assured existence of solution to the FIVP.

Many other studies regarding solutions to FIVPs using the Hukuhara derivative
were published. The authors in [38] proposed an existence and uniqueness theorem
based on approximation by successive iterations. Local and global existence and
uniqueness results for functional (or delay) differential equations were established
in [27]. See also [7, 25, 26, 31].

The concept of Hukuhara derivative to solve FDE, in spite their use in many
research articles, is considered to be defective since the differentiable functions have
nondecreasing diameters. Therefore the solutions to differential equations cannot
have decreasing diameter and, consequently, no periodic behavior can be modeled
(nor can contractive behavior), except in the nonfuzzy case.

Based on the theory of differential inclusions for set-valued functions (interested
readers can find good review and list of references in [12] and the main results in
[2, 15]), [1, 3] proposed to solve FDIs. The idea is to solve differential inclusions
considering the membership degrees for initial conditions, right-hand-side functions
and solutions.

Reference [18] suggests to solve differential inclusions for each level of the right-
hand side fuzzy function (a multivalued function). Using this interpretation, [14]
proved an existence theorem for FDIs with fuzzy initial condition. It stated that
if some hypotheses are met, the solutions of the differential inclusions produce a
fuzzy bunch of functions, that is, a fuzzy set in a space of functions. Moreover, its
attainable sets are fuzzy numbers.

The solution of an FDI may present decreasing diameter, overcoming the
Hukuhara defect. This advantage and the richness of the fuzzy and the multivalued
functions led many other authors to study this theory (see [4, 24, 25, 29, 39]).

This approach seems attractive, on the one hand, since it has no fuzzy derivatives.
Hence it avoids the problem of solving equations with fuzzy sets, which looks
much more complicated (minimization and maximization problems have to be
frequently solved). On the other hand, solving differential inclusions is not an easy
task as well. The extension of the solution of the IVP is intuitive and easier to
solve (see [11, 29, 32]). It also preserves the main properties of the nonfuzzy case.
Reference [30] proved that solutions that are stable for classical models are also
stable for the fuzzy case. It does not use any fuzzy derivative, as in FDIs. In fact,
under certain conditions, these two approaches are very similar and produce the
same solutions for FIVPs.
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The theory for the first generalizations of the Hukuhara derivative was proposed
and developed in [8]. The strongly generalized and the weakly generalized dif-
ferentiabilities are derivatives for fuzzy functions that differentiate all Hukuhara
differentiable functions and others, including a class of functions with decreasing
diameter. An existence theorem using the strongly generalized differentiability
was also proven. This result assures two solutions to FIVPs, one for models of
nonincreasing processes and the other one with nondecreasing diameter. A char-
acterization result was obtained in [7] stating that the FDEs are equivalent to
classical differential equation systems. That is, it is possible to solve many FIVPs
by using only classical theory. Some interesting behaviors of solutions to FIVPs via
generalized derivatives are novel in the field of differential equations. Phenomena
such as “switch points,” in which other solutions arise at determined points of the
dynamics (even in very well-behaved dynamics), do not exist in classical theory.

Other more general derivatives—the generalized Hukuhara derivative and the
most general so far, the fuzzy generalized derivative (see [36])—were suggested
more recently. These generalized derivatives have been extensively studied (see
[8, 10, 13, 36]). However, the development of the theory of FDEs using the
generalizations of the Hukuhara differentiability has been limited to the strongly
generalized version (see [8, 9, 22, 28, 37]).

Another derivative, namely the m-derivative, was extended from the case in
which the functions are set-valued to the fuzzy-set-valued ones (see [13]). The
m-derivative is based on the embedding of the family of nonempty compact sets
of R” in a real normed linear space.

The use of the extension principle to define the derivative and integral operators
was suggested in [6]. These concepts were further investigated and an existence
theorem for solutions to FIVPs was stated in [5]. The proof is based on the
theorem of existence of solutions of FDI, revealing a connection between these two
approaches. The mentioned theorem is part of this book, as well as other results
connecting the extension of the derivative operator and via generalized derivatives.
It will be clear that all approaches mentioned here have some similarities. Some of
these results have already been published [5, 16, 17].
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Chapter 2
Basic Concepts

This chapter introduces concepts such as fuzzy sets, extension principle, fuzzy
numbers, «-cuts, fuzzy arithmetic and fuzzy metrics, and the notation we use in
this text. They are fundamental for the reader who is not familiar with the theory
of fuzzy sets in order to understand the following chapters. We also present famous
and important results such as the Characterization Theorem, which characterizes
a-cuts of fuzzy numbers as nonempty closed and bounded intervals. At the end of
this chapter we present different kinds of fuzzy functions and means of comparing
them, which will be needed when studying the solutions of differential equations
under different approaches. For a deeper understanding, the reader can refer to
[4, 8, 19, 30, 31] and the papers cited herein this book.

2.1 Fuzzy Subsets

Definition 2.1. A fuzzy subset A of a universe U is characterized by a function
ta U —[0,1] 2.1)

called membership function.

If
ua s U— {0, 1} 2.2)

the subset A is said to be crisp.

In the nonfuzzy case (2.2), w4 is called the characteristic function (or indicator
function) and it is often denoted by y4. If y4(x) = 0, then x does not belong to A,
whereas if y4(x) = 1, then x belongs to A. The fuzzy subset is a generalization in
which an element of U has partial membership to A characterized by a degree in the

© The Author(s) 2015 11
L.T. Gomes et al., Fuzzy Differential Equations in Various Approaches,
SpringerBriefs in Mathematics, DOI 10.1007/978-3-319-22575-3_2



12 2 Basic Concepts

interval [0, 1]. Hence the assignment 114 (x) = 0 means that x does not belong to A,
while the closer (4 (x) is to 1, the more x is considered in A.

Whenever a function, a set, or any other object is nonfuzzy, we refer to it just
as “function,” “set,” and the like. If we believe it is necessary to stress that it is
nonfuzzy, we use the words crisp, classical, or nonfuzzy.

Some important classical subsets related to fuzzy subsets are defined in what
follows.

Definition 2.2. Given a fuzzy subset A of a topological space U, its a-cuts (or
a-levels) are the subsets

{xeU:puslx) >a}, ifae(0,1]

Al = c{xeU: usx) >0}, ifa =0 @3)
where cl Z denotes the closure of the classical subset Z.
The support is
suppA = {x € U: pua(x) > 0}. 2.4)
The core is
coreA={xeU: us(x) =1}. (2.5)

Two fuzzy subsets A and B of U are said to be equal if their membership functions
are the same for all element in U (i.e., pta(x) = pp(x), Vx € U). Or, equivalently, if
all a-cuts coincide ([A], = [Bla, for all @ € [0, 1]).

We denote by

e 7" the family of all nonempty compact subsets of R";

» ¢ the family of all nonempty compact and convex subsets of R";

o Z(U) the family of all subsets of U;

o #(U) the family of all fuzzy sets of U;

o Z4(U) the family of fuzzy sets of U whose a-cuts are nonempty compact
subsets of U;

o Z¢(U) the family of fuzzy sets of U whose «-cuts are nonempty compact and
convex subsets of U.

e E([a, b]; R") a space of function from [a, b] to R", a < b, a, b € R. For instance,
C([a, b]; R") is the space of continuous functions. Further examples appear in
Appendix A.

If the core of a fuzzy subset is nonempty, the fuzzy subset is called normal. A fuzzy
subset A of a vector space U is said to be fuzzy convex if us(Ax + (1 — d)y) >
min{a (x), wa(y)} for every x,y € U, A € [0, 1], that is, if its membership function
is quasiconcave. If U = R, this condition assures that the «-cuts are intervals
(convex subsets).
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Fig. 2.1 A fuzzy subsetin R 1(x)
that is a fuzzy number

Fig. 2.2 A fuzzy subset in R
that is not a fuzzy number

Definition 2.3. A fuzzy number is a fuzzy convex and normal fuzzy subset in R
with upper semicontinuous membership function and compact support.

The family of the fuzzy numbers coincides with .#»(R) (see Figs.2.1 and 2.2
for examples of fuzzy sets in R, one that is a fuzzy number and another that is not).
Theorem 2.1 assures that all a-cuts of a fuzzy number are nonempty closed and
bounded intervals with some properties whereas Theorem 2.2 is its converse, that
is, if a family of nonempty closed intervals has some properties, they are the a-cuts
of a unique fuzzy number. Hence, when dealing with fuzzy numbers it suffices to
operate with their a-cuts; it is equivalent to operating with the fuzzy number itself.

Theorem 2.1 (Stacking Theorem, [28]). A fuzzy number A satisfies the following
conditions:

(i) its a-cuts are nonempty closed intervals, for all o« € [0, 1];
(ii) if 0 <oy <y < 1, then [A]y, C [Aly,;
(iii) for any nondecreasing sequence (o) in [0, 1] converging to o € (0, 1] we have

(A, = [Alu: (2.6)
n=1

and
(iv) for any nonincreasing sequence () in [0, 1] converging to zero we have

cl (U[Ala,l) = [Alo. 2.7)
n=1

Theorem 2.2 (Characterization Theorem, [28]). If {A, : a € [0, 1]} is a family
of subsets of R such that

(i) Ay are nonempty closed intervals, for all o € [0, 1];
(ii) l:fO E al S a2 E ]) thenAOlz g Ao“;
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(iii) for any nondecreasing sequence (o) in [0, 1] converging to o € (0, 1] we have

oo
() Ae, = Au: (2.8)

n=1

and
(iv) for any nonincreasing sequence () in [0, 1] converging to zero we have

cl (U Aan) = Ao, (2.9)

n=1

then there exists a unique fuzzy number A such that {A, : a € [0, 1]} are its
a-cuts.

If A is a fuzzy number, we denote its a-cuts by A, = [a;, a] | where a;, and a are

the lower and upper endpoints of the closed interval [A],.
A particular kind of fuzzy number is the triangular fuzzy number. The notation
for a triangular fuzzy number A with support [, ¢] and core {b} is (a; b; ¢) and its

membership function is given by

Z_a, if x € [a, b]

—d

palx) =9 X +bc’ if xe(b,d - (2.10)
P

0, if x ¢ [a, ]

where a < b < ¢ (see Fig. 2.3 for an example).

HA(X)

Fig. 2.3 Triangular fuzzy number
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A particular set of fuzzy numbers is
FgR) = {A € F¢R) : [Ala = [a,.a]].a”.al € C([0, 1:R)}. 2.11)

that is, the lower and upper endpoints of the level set functions of each fuzzy number
are continuous in . Some studies have been done using this particular class of fuzzy
numbers (see, e.g., [4, 5]) and it will play an important role in connection with
the Hukuhara and generalized differentiabilities and the D-derivative (see Chaps. 3
and 4).

The definition of t-norm will be explored in the next section, to define a particular
case of fuzzy arithmetic.

Definition 2.4. A t-norm is a function T : [0, 1] x [0, 1] — [0, 1] that satisfies the
following properties, for all x,y, u, v € [0, 1]:

(i) Neutral element: 7'(x, 1) = x.

(i) Commutativity: T(x,y) = T(y, x).
(iii) Associativity: T(x, T(y, z)) = T(T(x,y), ).
(iv) Monotonicity: if x < uandy < v, then T(x,y) < T(u, v).
In order to deal with fuzzy subsets of general spaces, we present a generalization of
Theorems 2.1 and 2.2 from the space R to more general topological spaces. Since
we will deal not only with fuzzy subsets of R, but with fuzzy subsets of spaces of
functions as well, we state these results in what follows.

Theorem 2.3 ([7]). Let X be a topological space. A fuzzy subset A € F.(X)
satisfies the following conditions:

(i) if0 <oy <oy <1, then [A]ly, € [Aly,;
(ii) for any nondecreasing sequence (o) in [0, 1] converging to o € (0, 1] we have

N2, [Ale, = [Ala; (2.12)

and
(iii) for any nonincreasing sequence (&) in [0, 1] converging to zero we have

cl (U2, [Alw,) = [Ao. (2.13)

n=1

Theorem 2.4 ([7]). Let X be a topological space. If {Ay : « € [0, 11} is a family of
subsets of X such that

(i) Ay are nonempty compact subsets, for all o« € [0, 1];
(”) lfO <o =ap < l; then Aazz - Aoz] y
(iii) for any nondecreasing sequence (o) in [0, 1] converging to o € (0, 1] we have

N2, Ag, = Ag: (2.14)

and
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(iv) for any nonincreasing sequence () in [0, 1] converging to zero we have

cl (U2,A,,) = Ao, (2.15)

n=10n

then there exists a unique fuzzy subset A € ¥ (X) such that {A, : o € [0, 1]}
are its o-cuts.

We finish this section by presenting the linear structure in .%_ (R") used in the
literature.
Consider the fuzzy subsets A, B € % (R") and A € R,

Ma+p(z) = sup min{ua(x), up(y)} (2.16)

xt+y=z

and

paz/A), if A # 0

@ =100 D (2.17)
where we write yo(z) instead of yoy(z) for simplification.
From the theory presented in the next section, one proves that
[A+ Bla = [Ale + [Blo and  [AA], = A[A]., (2.18)
where
[Aly + [Ble ={a+b:ac[Aly,b € [Bla} (2.19)
is the Minkowski sum of [A], and [B], and
AAly = {Aa:a € [Al,}. (2.20)

2.2 Extension Principle

Zadeh’s extension principle (see [29, 36]), to which we refer as extension principle
in the rest of the text, is the fuzzy version of the united extension (according to [22]),
that extends functions whose inputs and outputs are points to functions whose inputs
and outputs are sets. Given a classical function f and a classical subset A as input,
the united extension f (A) is defined as the union of the images of all elements of A
(see Fig.2.4). In the fuzzy case, it is intuitive that if a membership degree w4 (x) is
assigned to one element x in a subset A, the image y = f(x) of this element by means
of an injective function has the same membership degree ji7,) (y) = pa(x) (see
Fig.2.5). If an element has more than one preimage, its membership degree is given
by the supremum of the membership degrees of all possible preimages. This process
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A N

Fig. 2.4 United extension of a function f on a classical subset A: f evaluated at each element of A
defines the united extension of f at A

Fig. 2.5 Extension of a
function f on a fuzzy subset
A: f evaluated at each element
of A, together with its
membership degree to A,
defines the extensionf(A)

of extending a function is known as extension principle and it is defined in the fuzzy
context in Definitions 2.5 and 2.6, where the former is a particular case of the latter.

Definition 2.5 (Extension Principle [29, 36]). Let U and V be two universes and
f U — Vaclassical function. For each A € % (U) we define the extension of f as
f(A) € Z(V) such that

lff ') =

forally € V, where f'(y) = {x e U: f(x) = y}.
Example 2.1. Let

f(x) =ax+b (2.22)

witha,b € R,a # 0. Since f~!(y) = a~'(y — b), the extension of f is the fuzzy
function f such that, given X € .% (R),

M) = sup  px() = px(a' (v = b)) (2.23)
x=a"1(y—b)
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for all y € R. Or
My (ax + b) = px(x) (2.24)
that is,
F(X) = aX + b. (2.25)

The next theorem allows us to determine the extension of continuous and/or
surjective functions more easily. It states that it suffices to calculate the image of
the function on each element of the «-cut of the argument, in order to obtain the
a-cut of the image.

Theorem 2.5 ([1, 29]). Let f : R" — R™ be a function.

(a) Iff is surjective, then a necessary and sufficient condition for

FA)e = £([Al) (2.26)

10 hold is that sup{ji(x) : x € f~Y(y)} be attained for each y € R™.
(b) Iff is continuous, thenf : F »(R") — Z »(R") is well defined and

[F(A)]e = f([Ale) (2.27)

forall a € [0, 1].
A generalization of item (b) and its proof can be found in [7].

Theorem 2.6 ([7]). Let U and Y be two Hausdorff spaces and f : U — V be a
function. If f is continuous, then f : F.»(U) — Z (V) is well defined and

FA)e = £([Al) (2.28)

forall a € [0, 1].

Proof (Adapted from [7]). From Definition 2.21, f (A) is a fuzzy subset in V.

To prove that f F»(U) - Z(V), it is needed to prove that the a-cuts [f(A)]

are nonempty compact subsets of V. Since f is continuous, it assigns compact

subsets to compact subsets, hence it suffices to prove Equation [f(A)]a = f([A]a).
Equation (2.28) will be proved. First we show that

(i) f([Ale) < [f(A)]4. Consider A € %, (U) and y € f([A]). Then there exists x €
[Al such that y = f(x). From Definition 2.21 (extension principle), i, (y) =

N

SUPyep—1(y) Ha(x) > a. Hence y € [f(A)]a and the conclusion is f([A]y)
[):”(A)]a. Now we show that

(ii) [f(A)]le € f([Als)- Let us remark first that, since U and V are Hausdorff spaces, a
single point y € V is closed. Moreover, the continuity of f implies that f~!(y) is
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closed. Since [A]y is compact, f ~1(y)N[A] is also compact. For & > 0, consider
y € [f(A)]e. Then K () = supyef—1(y) Ha(x) = a > 0 and, therefore, there
exist x € f~'(y) such that f~' (y) N [A]y # @.

Also, since p4(x) is upper semicontinuous and f~!(y) N [A]y is compact,
the supremum is attained, that is, there exists x € f~!'(y) N [A]y with
Ky = pa(x) = . Hence y = f(x) for some x € [A]e, thatis, y € f([A]y).

For o = 0, the results obtained yield

U F@le = | £(4l) S f(Al). (229)

@€(0.1] @€ (0,1]

Since f([A]o) is closed,

Flo=c| | F@l | =c| | rAl) | <r(Al). (2.30)

a€(0.1] a€(0.1]

Hence [f(A)]O, C f([A]y) for all « € [0, 1] and (2.28) follows from (i) and (ii).

A fuzzy-set-valued function whose domain is not fuzzy is extended using
Definition 2.6. It is a more general case than Definition 2.5 and it has a wider
application.

Definition 2.6 (Extension Principle [29, 36]). Let U and V be two topological
spaces and F : U — % (V) a function. For each A € .% (U) we define the extension
of F as F(A) € % (V) where its (unique) membership function is given by

Ry ) = szg{um) ) A pa(®)}. 2.31)

forally e V.

2.3 Fuzzy Arithmetics for Fuzzy Numbers

The a-cuts of fuzzy numbers are closed intervals so it is inevitable the influence
of the concepts of the interval arithmetic on the arithmetic of fuzzy numbers. The
first fuzzy arithmetic approach presented in this study is equivalent to the interval
arithmetic with «-cuts of fuzzy numbers.
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2.3.1 Standard Interval Arithmetic and Extension Principle

The standard interval arithmetic (SIA) [27] can be regarded as the united extension
of the operators addition (+), subtraction (—), multiplication (:), and division (=)
between real numbers. For instance, the addition of two intervals A = [a—,a™] and
B = [b~,b™] is defined by applying the operation “addition” on every single pair
(a,b) € A x B, that is,

A+B={a+b:acAbeB} (2.32)
The other three operations are defined likewise, i.e,

A—B ={a—b:acA,beB}
A-B ={a-b:acAbecB (2.33)
A=-=B={a+b:acAbeB,0¢B}

It is obvious from the definition of SIA that the arithmetic for real numbers is a
particular case.

The fuzzy arithmetic based on SIA is the application of SIA on the «-cuts of
two fuzzy numbers. It is equivalent to the proposal in [26] of the extension of the
arithmetic operators, defined for real numbers. Given an arithmetic operator © €

{+,—, -, =} and two fuzzy numbers A and B, the extension principle gives
paos(c) = sup min{ua(a), up(b)}. (2.34)
a®b=c

Since the arithmetic operators are continuous functions, they are equivalent to
operating on the elements of the a-cuts.

Consider two fuzzy numbers A and B with a-cuts [A]l, = [a,,a]] and
[Bl, = [b,.b}]. Using the extension principle (Definition 2.5), levelwise the sum

is equivalent to

[A+ B, = [a, +by.a} +b]]. (2.35)
the subtraction is
[A—Bl, = [a, — b}, al —b]], (2.36)

the product is

A-B] = in & b, SLp | 2.37
[A-B], Lrg{n_r}ﬂaa ar | max | d, } (2.37)
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and the division is

A

[A = B| i {a“% {a;% 0 ¢ supp B (2.38)
- = min — ¢ , Inax — . su . .
¢ s,re{—,+} b(rx s.ore{—,+} b(rx PP

As mentioned above, this is the same as interval arithmetic on a-cuts.
Note that the difference between two identical nonzero width intervals is never
the number zero. The difference in the limit

. F(x+h)—F
lim ————=

2.39
h—>0Tt h ( )

of a constant non-crisp function F is a constant non-crisp fuzzy number. The division
by a variable tending towards zero is not defined. Therefore, to define the derivative
of a fuzzy-number-valued function with the above arithmetic leads to a serious
shortcoming.

This problem in defining the derivative happens due to the fact that this arithmetic
takes into account every possible result. The sum is the same as Minkowski
sum, in which all elements of a subset are added to all elements of the other
subset, generating the largest possible subset as a result. The same happens to the
subtraction. There are some approaches to overcome this, considering some kind of
dependency between the variables.

2.3.2 Interactive Arithmetic

The addition of interactive fuzzy numbers using the generalization of the extension
principle via t-norms (see [10]) provides a means of controlling the growth of
uncertainty in calculations, differently from the arithmetic via traditional extension
principle [13]. To define interactivity, the concept of joint membership function
(analogous to joint possibility distribution, from the possibility theory) is needed.

Definition 2.7. If A; and A, are two fuzzy numbers, C is said to be their joint
membership function if

ma;(a;) = max uclar, az). (2.40)

a;€R jFi

Two fuzzy numbers A; and A, are said to be noninteractive if their joint
membership function satisfies

pelar, az) = min{pua, (ar), pa,(az)}. (2.41)

In words, the joint membership function is given by the t-norm of minimum.
Otherwise, they are said to be interactive.
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The generalization in [10] admits that any t-norm 7 can replace the min operator
in (2.34). Reference [6] generalizes it even more:

su —1(¢ al,a), iff~i(c %)
Mf'(AlA,Az)(c) _ 0’p(01,az)€f ( )/’LC( ) ifff_l((c))i . (2.42)
Addition, subtraction, multiplication, and division are obtained in [12] extending the
respective classical operators via (2.42) where the joint membership are t-norms.
A particular case of joint membership is used in [6] to define addition and
subtraction of interactive fuzzy numbers. It is based on completely correlated fuzzy
numbers, i.e., given two fuzzy numbers A and A,, their joint membership is

/’LC(al’ ay) = Ha, (a1) - X{qa1+r=a2}(al’ ay) = /’LAz(GZ) : X{qa1+r=a2}(alv as),
(2.43)

where (44, +r=a,} 15 the characteristic function of the line

{(a1,a2) € R2|qa1 +r=ay}. (2.44)

2.3.3 Constraint Interval Arithmetic

The constraint interval arithmetic (CIA), which deals with dependencies, redefines
intervals as single-valued functions [21]. That is, an interval [a~, a*] is given by the
function Al(a=,aT, ) ={a:a= (1 —A)a +Aat,0< A, <1}

Addition, multiplication, subtraction, and division between two intervals A =
[a=,a™] and B = [b—, b™] are given by the formula

AoB = {Z : [(1 —A,A)(l_—i-/'{Aa—i_]O[(l—/\B)b_ ~|—AA(1+],0 <Ay <1,0<Ap < 1}
(2.45)

where o stands for any of the four arithmetic operations. In the case in which the
two variables are the same,

AcA={z:[(1=Ax)a” +AsaT]o[(1 —A0)a” 4+ AuaT],0 <Ay <1} (2.46)

where, unlike SIA,A —A = [0,0] and A - A = [1, 1] (see [23]).

This idea is also defined to the fuzzy case [24], based on the affirmation that
arithmetic of fuzzy numbers is arithmetic of intervals in each «-cut. They also have
demonstrated that this arithmetic for fuzzy numbers is the same as gradual number
arithmetic (see [11]).

This approach can be interpreted as a particular case of the arithmetic presented
in Sect.2.3.2, where A is completely correlated to A with ¢ = 1 and A and B are
noninteractive.
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2.3.4 Hukuhara and Generalized Differences

The Hukuhara difference for intervals was defined in order to overcome the fact that
A — A # {0} for any interval A (see [17]) and it was used to define the Hukuhara
difference for elements of %« (R) [32].

Definition 2.8 ([32]). Given two fuzzy numbers, A,B € F4(R) the Hukuhara
difference (H-difference for short) A ©y B = C is the fuzzy number C such that
A = B + C, if it exists.

Levelwise,
[A Oy Bly = [a, — b, ,af —b}] (2.47)

forall ¢ € [0, 1].

The Hukuhara difference has the property AOyA = {0}. However, this difference
is not defined for pairs of fuzzy numbers such that the support of a fuzzy number has
bigger diameter than the one that is subtracted. Two other definitions for difference
of fuzzy numbers generalize the Hukuhara difference and are stated next [34, 35].

Definition 2.9 ([34,35]). Given two fuzzy numbers A, B € % (R), the generalized
Hukuhara difference (gH-difference for short) A O,y B = C is the fuzzy number C,
if it exists, such that

{(i) A=B+C or (2.48)

(ii) B=A—C.

Definition 2.10 ([5,34]). Given two fuzzy numbers A, B € % (R), the generalized
difference (g-difference for short) A ©, B = C is the fuzzy number C, if it exists,
with a-cuts

[A S, B, =cl U([A]ﬂ Ogn [Blg), Y € [0, 1], (2.49)
Bza
where the gH-difference ©,y is with interval operands [A]g and [B]g.
Example 2.2. The fuzzy numbers A and B with membership functions defined by
x+1, ifxe[-1,0],

A = 1 —x 4+ 1, ifre 0.1] sl = {
0, otherwise

1, ifx e [-1,1],

2.50
0, otherwise ( )

have, as gH-difference levelwise,

[A Ogp Blo = [~a, ], (2.51)
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for all @ € [0, 1]. This is not a fuzzy number. But for the g-difference we have

[A©g Bla = cl|_J[-B.8]
’ ) ,g, (2.52)

= [-1.1]

for all ¢ € [0, 1] and this is a fuzzy number.

Example 2.2 illustrates that the Definition 2.10 is more general than Defini-
tion 2.9, that is, it is defined for more pairs of fuzzy numbers. This means that
whenever the gH-difference exists the g-difference exists and it is the same. In terms
of «-cuts we have

[A O By = [min{a, — b, ,a — bl ), max{a; — b, ,af — b} (2.53)

and

[Ae, B, = |:/;rz1£ min{ag — bg,a; — b;},zgli max{ag — bg,a; — b;} .
(2.54)

forall ¢ € [0, 1].

The g-difference is not defined for every pair of fuzzy numbers, though [15]. But
among the differences that generalize the H-difference, it is the most general one
proposed so far. This possibility of non-existence of the g-difference is illustrated in
the next example.

Example 2.3. Consider the fuzzy numbers A and B with membership functions
defined by

1, ifxe]l2,3],
pa(x) = <10.5, ifx €[0,2) U (3,35], (2.55)
0, otherwise
and
1, if x € [2, 3],
mex) =405, ifxe[—1,2) U (3,4], (2.56)
0, otherwise.

The gH-difference levelwise is

{0}, if0.5<a <1,

A O Bly =
A Ogn Bla {1}, if0 <a <0.5.

(2.57)
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Hence we have the g-difference levelwise

{01, if05<a <1,

A©, B, = :
40, Bl {0} U {1}, if0<a <0.5,

(2.58)

which is not a fuzzy number.

Summary of Hukuhara and generalized differences:

e The gH- and g-differences generalize the H-difference. If the H-
difference between two fuzzy numbers exists, the gH- and g-differences
exist and they all have the same value.

* The g-difference generalizes the gH-difference. If the gH-difference
between two fuzzy numbers exists, the g-difference exists and they have
the same value.

e The Hukuhara and the generalized differences do not always exist. The
H-, gH-, and g-differences between two fuzzy numbers do not always exist.

2.4 Fuzzy Metric Spaces

This section reviews some important definitions and results regarding fuzzy metric
spaces. They can be found, together with proofs, in several references, e.g. [4, 8, 32].

The most used metric for fuzzy numbers is the Pompeiu—Hausdorff, based on
Pompeiu—Hausdorff distance for compact convex subsets of a metric space U. It is
in turn based on the concept of Hausdorff separation.

Definition 2.11. Let A and B be two nonempty compact subsets of a metric space U.
The pseudometric

p(A, B) = supd(a, B), (2.59)
a€A
where
d(a, B) = inf||a — b|| (2.60)
beB

is called Hausdorff separation.

Definition 2.12. Let A and B be two nonempty compact subsets of a metric space U.
The Pompeiu—Hausdorff metric dy is given by

dy(A, B) = max{p(A, B), p(B,A)}. 2.61)
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For the space .7 (U) (recall that the space of fuzzy numbers .%« (R) is a particular
case where U = R), the Pompeiu—Hausdorff metric is defined as follows.

Definition 2.13. Let A and B be elements of .%_ (U), where U is a metric space.

The Pompeiu—Hausdorff metric d, is defined as

doo(A, B) = Sl[lp]dH([A]a,[B]al (2.62)
a€l0,1

In the case of fuzzy numbers, that is, A, B € %4 (R), d (A, B) is rewritten as

dog(A,B) = sup max{|a, — b |.lag — by [} (2.63)
a€l0,1]

Another known metrics are the endographic and the LP-type distances.

Definition 2.14. Let A and B be elements of %, (U), where U is a metric space.
The endographic metric dg is defined as

dg(A, B) = dy(send(A), send(B)), (2.64)
where
send(4) = ([A]y x [0, 1]) N end(A) (2.65)
with
end(A) = {(x.a0) € R" x [0, 1] : pa(x) > o)} (2.66)

Definition 2.15. Let A and B be elements of %, (U), where U is a metric space.
The d,, distance is defined as

1 1/p
dy(A,B) = ( [ autia [chza) | @.67)
0
We denote by B(X, ¢) the closed ball
B(X.q) ={A € F¢(U) : deo(X.A) < g}. (2.68)

The following theorem is a well-known result.

Theorem 2.7 ([33]). The space of fuzzy numbers endowed with the do, metric,
denoted (F4(R), dxo), is a complete metric space.

Note that (%« (R), dxo) is not separable. There exist other metrics that make the

space of fuzzy numbers separable, but not complete (e.g., d” with 1 < p < oo, see
[4] and dE [1, 20]).
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Another important result is the Embedding Theorem. It connects the space of
fuzzy numbers to a subset of pairs of functions, that define the endpoints of the
a-cuts of fuzzy numbers. In other words, it allows us to use a well-known theory
and tools for real functions, instead of operating with fuzzy numbers, which is more
complicated. A general version of the theorem is for the space .F»(R") and is as
follows.

Theorem 2.8 (Embedding Theorem, [18, 25, 32]). There exists a real Banach
space X such that the metric space (F4(R"), ds) can be embedded isometrically
into X.

Another application of the ds, metric is a result analogous to Theorem 2.5 (b),
stated in [16]. It regards continuity of fuzzy-number-valued functions and extension
principle. The concept of fuzzy function will be further explored in the next section.

Theorem 2.9 ([16]). Let F : R — Z4(R) be a deo-continuous function. Then the
extension F : 4 (R) — F4(R) is well defined, is do-continuous, and

FW = | F@la (2.69)
a€lAly
foralla €0, 1].
Example 2.4. Let
F(x) = Ax (2.70)

with A € F4(R). Then F is a dy-continuous function and F : R — ZF¢(R).
Applying Theorem 2.9,

FXl = [ [ = [ #Ale = Xlu[Ale = [AX]a @.71)

X€[X]a X€[X]o

where multiplication between intervals and multiplication between fuzzy numbers
is the one defined in Sect.2.3.1 (SIA).
As aresult,

F(X) = AX. (2.72)
Since the mentioned results are important in this study, whenever we treat limits

of sequences of fuzzy subsets or continuity of fuzzy-set-valued functions, it will
assumed to be with respect to the do, metric, unless another distance is specified.
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2.5 Fuzzy Functions

Both the fuzzy bunches of functions and the fuzzy-set-valued functions are called
fuzzy functions in [9]. The same is done in this text. In the literature in general,
operations such as differentiation and integration are defined only for mappings
from a classical space to a fuzzy space, called fuzzy-set-valued function. A mapping
from a fuzzy space to another fuzzy space is more general and it appears in FIVPs
as the function of the right-hand-side of the FDE. A fuzzy-number-valued function is
a more restricted case: it takes classical points to fuzzy numbers. Fuzzy-set-valued
functions are generalizations of set-valued functions. A set-valued function on [ is
amapping G : I — P (X) such that G(r) # @ for all ¢t € I, where [ is usually an
interval. That is, it takes points of 7 to the powerset of X.

A fuzzy bunch of functions (or fuzzy bunch, for short) is a fuzzy subset of a
space of functions. To be precise, it is not a function, but it is used to define
solutions to fuzzy initial value problems. Also, to each fuzzy bunch of functions
there corresponds a fuzzy-set-valued function, via attainable fuzzy sets. For each
fuzzy bunch F € % (E(I;R")), where E(I; R") is a space of functions from / C R
to R", the attainable fuzzy sets at t, F(t), are the fuzzy sets of R” such that

[F(t)]a = [F]ot(t) = {f(t) S [F]a}- (2.73)

Example 2.5. The mapping F(x) = Ax, where A = [—1,1] and x € R, is a set-
valued function whose images are intervals.

Example 2.6. The mapping F(x) = Ax, where A = (—1;0;1) and x € R, is a
fuzzy-set-valued function whose images are triangular fuzzy numbers.

Example 2.7. Consider f1, f>, and f5 continuous functions on an interval I = [a, b].
The fuzzy subset F € .% (C([a, b]; R)) such that

a, if f=fi+al—1f)
ur(f) =4 o, if f=fH+al—1) , a €]0,1], (2.74)
0, otherwise

has triangular fuzzy numbers as attainable fuzzy sets. This is defined in [14] and is
a particular kind of fuzzy bunch of functions, called triangular fuzzy function.

The fuzzy-number-valued function of the previous example can be constructed
by considering the triangular fuzzy function with f; (x) = —x, f>(x) = 0 and f3(x) =
x, x € R and calculating its attainable sets.

Using the definition of attainable sets, to each fuzzy bunch there corresponds only
one fuzzy-set-valued function. But the converse is not true, as the next examples
illustrate.

Example 2.8. The authors in [2] define the fuzzy bunches in .7 4 (27 C(]0, 2]; R))
[see Appendix A for definition of .27 C([a, b]; R)] such that
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Fi = {x(-) : x(t) = a,a € [0,2]}
F,=FU{C):y@)=2-1

where x,y : [0,2] — [0, 2].
We have [F1]y = [F2]e = [0, 2], for all @ € [0, 1], though F| # F,.
Example 2.9. The fuzzy bunches of functions Fy, F, € % (C([—1, 1];R))
a, if f:f(x) =—x(1—0a)
pr (f) = o if fif) =x(1-a)

0, otherwise

and

a, if f:f(x) = —[x[(1-a)
wr,(f) =4 o, if f:f(x) = x| —a) .,

0, otherwise

29

(2.75)

(2.76)

(2.77)

are not equal, though their attainable sets are the same: they are the images of the
function in Example 2.5. Each function in F| is a straight line on [—1, 1], different

from the functions in F3, as Figs. 2.6 and 2.7 illustrate.

Fig. 2.6 A function of the 1
support of the fuzzy bunch of
functions F; of Example 2.9 051
~ 0
-0.5
-1 : ‘
-1 -0.5 0 0.5 1
X
Fig. 2.7 A function of the 1
support of the fuzzy bunch of
functions F, of Example 2.9 0.5
~ 0
-0.5
-1 : ‘
-1 -0.5 0 0.5 1
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Fig. 2.8 Level set functions of the (a) 1-cut, (b) 0.6-cut, and (c) 0.2-cut of a fuzzy-number-valued
function

a b c

Fig. 2.9 Convex combinations of the level set functions of the (a) 1-cut, (b) 0.6-cut, and (c) 0.2-
cut of a fuzzy-number-valued function and construction of the «-cuts of the representative bunch
of first kind. These a-cuts of the representative bunch of first kind are defined as the union of the
convex combinations corresponding to the «-cut and the «-cuts above: (d) 1-cut, (e) 0.6-cut, and
(f) 0.2-cut

The level set function that defines the a-cuts of a fuzzy-number-valued function
F : x > F(x) will always be denoted f; (x) and £, (x) for this text. That is,

[FO)a = [fy @).f;F @)]. (2.78)

We are interested in defining fuzzy bunches of functions from fuzzy-number-valued
functions such that the former preserves the main properties of the latter. The
main property is the equivalence of its attainable sets and the fuzzy-number-valued
function.

Given a fuzzy-number-valued function F : [a,b] — % (R), the idea (in order
to a fuzzy bunch be similar in its properties to that of the fuzzy-set-valued function
that generated it) is to consider the convex combinations of the functions £, and £,
(see Figs. 2.8a—c and 2.9a—c). This assures that the attainable sets of the «-cuts of
the fuzzy bunches have no “holes,” that is, they are convex subsets of R. Convexity
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a b c
d e f
g h i
| k |

Fig. 2.10 Convex combinations of the level set functions of the (a) 1-cut, (b) 0.6-cut, (c) 0.2-cut,
(d), (e) 1-cut with 0.6-cut, (), (g) 1-cut with 0.2-cut, and (h), (i) 0.2-cut with 0.6-cut of a fuzzy-
number-valued function and construction of the -cuts of the representative bunch of second kind.
These a-cuts of the representative bunch of second kind are defined as the union of the convex
combinations corresponding to the a-cut and the a-cuts above: (j) 1-cut, (k) 0.6-cut, and (1) 0.2-cut

also preserves properties such as continuity and differentiability, which is a very
important point. A possible problem is that an «-cut may not contain another o-cut
with smaller value of «. The solution is to take all convex combinations of the upper
a-cuts (see Fig.2.9d-f). Finally, to make compactness (a desirable property) more
likely to occur, the closedness of each «-cut is a property that we will require.

Based on these observations, two types of fuzzy bunches are created. The first
one is simpler and the second kind has more elements (contains the elements in the
first kind, see Fig. 2.10). The reason why we define both kinds of fuzzy bunches has
to do with differentiability which will be explained in Sect. 3.2.2.
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Definition 2.16. Consider F : [a,b] — ZF#(R) where f, (x) and f, (x) are
continuous functions with respect to x.
Define the subsets of functions

Av=c| ) U #O] ec0.1] (2.79)

B=a 0<A<1

wherefé‘(-) =1 =1fy () + )Lf/;' (+) and

Bo=c| |J U fp0] «clo.1] (2.80)

B1.B2=a 0<A<1

where £ o () = (1= 0)f; () + A5 (),

If the families {A, : o« € [0,1]} and {B, : @ € [0, 1]} each define a fuzzy
bunch of functions, we call them representative affine fuzzy bunch of functions of
first kind (or representative bunch of first kind for short) and representative affine
Jfuzzy bunch of functions of second kind (or representative bunch of second kind for
short), respectively.

It is important to remark that whenever the symbol F(x) is used where F is a
fuzzy bunch of functions, it refers to the attainable fuzzy sets of F at x.

Example 2.10. Consider the triangular fuzzy functions of [14] (see Example 2.7)
with f, — fi = f3 — f>, that is, the attainable sets are symmetrical triangular fuzzy
numbers, and f (x) # f3(x) for all x. This is an example of representative bunches
of first kind.

Example 2.11. A function F : [a,b] — Z2(R) [see (2.11)], where ff(x) are
continuous, defines representative bunches of first and second kinds in C([a, b]; R).

Proof. In order to prove this statement, it suffices to demonstrate that the subsets A,
and B,, of Definition 2.16 satisfy conditions (i), (ii), (iii), and (iv) of Theorem 2.4.
We prove this with respect to A, . For B, the reasoning is analogous.

Let us first prove (i), that is, A, are nonempty compact sets, for all « € [0, 1].

Since 4, = cl|{ U U fé (-) | contains f£(-), it is nonempty. Note that the
B=a 0<A<1
continuity in ¢« implies

fEe) > fFe) if o>« 2.81)

for o, € I C [0,1], for all x € [a,b]. According to Dini’s Theorem [3],
pointwise convergence implies uniform convergence if the pointwise limits define
a continuous function, the sequence of functions is monotonic and each function is
defined on a compact set. Since this is the case, the convergence is uniform in x.
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Hence
fEO = O i a—a (2.82)
Similarly,
Fie) = 20 if Ay — A (2.83)
Asa consequence,
a,l()_)f/l() if ap—>caandd, - A (2.84)

fora,,a € I C [0,1]and A,,, A € [0, 1].

This means that |J U fﬁ() is sequentially compact. Since C([a, b];R) is
B>a 0<A<I
a metric space, sequentially compactness is equivalent to compactness. Hence

U U f’*( -) is closed and equals A,.
B> 0<A<I
Condition (ii) states that if 0 < o; <y < 1 then A,, € Ay, . Indeed,

an=U Urocl U URolU[U U #o|=4a

B=az 0<A<I a1 <f<az 0<A<I Bz 0<A<I
(2.85)
We now prove condition (iii), that is, for any nondecreasing sequence (c,) in
[0, 1] converging to « € (0, 1] we have N°2 A, = A,. From condition (ii) we have
Ay € N2 A,,. To prove A, D NS2 A, consider f € N2 A, . The function f is
in each A, and it can be written as f = fﬂ” , with 8, € [, 1], A, € [0, 1] (it is
the same function f but written differently, according to the set A, in which it is).
Hence B, admits subsequence converging to 8 € [a, 1] and A, admits subsequence
converging to A € [0, 1], so that it defines fﬂ € Ay. Therefore, A, 2 N2 A, and
condition (iii) is proved.
The last condition is proved if for any nonincreasing sequence (c,) in [0, 1]
converging to zero we have cl (U,filAan) C Ap and cl (U,‘f‘;lAa”) D Ap. We first
simplify the expression

cl (UA%)_cl U U U Aol=a(U U AO). @36

n=1 f>a, 0<A<I1 B>00<A<l

Note that

U U Aolca|lU U #0|=4 (2.87)

B>00<A<I B>00<A<I
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which is the first inclusion. To prove the second one we need to prove that f €

A=U U fé(-) impliesf ecl | U U fé(-) . There are two possibilities
B>00=<1<1 B>00=<1<1

forfedp@fe U U ffOox®fe U U 0 =0LAJ 1f&(-).We only

B>00<A<1 p=00<Ar<l1 <A<
need to prove case (b). We use the fact that F(x) is a fuzzy number and therefore
satisfies

cl (U[f;(X),fJ (X)]) = [fy (0.7 @) (2.88)
n=1

for (o,) a nonincreasing sequence converging to zero. Hence
fi@) —>ff@) and £ () > fi (%) (2.89)

fora, \(Oand A, - A, @, € [0,1] and A,,, A € [0, 1]. Using the same arguments
as before we have

() = () (2.90)

uniformly and hence f(;\ (+) is a point of closure. This means that

fived (U U HO). (2.91)

B>00<A<1

That is, the second inclusion is also satisfied and we have obtained the equality of
condition (iv).

Having proved (i), (ii), (iii), and (iv), it follows that A, are a-cuts of the
representative bunch of first kind of F.

Example 2.12. Consider the fuzzy-number-valued function F : [—1, 1] = ZF¢(R)
with «-cuts

10x2 —12,10x* + 2], if 0 <a <05
F(x)]o = [ ’ ’ - - . 2.92
[F ()] { [1,1],if 05<a <1 (2.92)
The representative bunch of first kind is given by the a-cuts
2
U U »0e.if 0<a=<05
[F1()a = § i=10<is1 (2.93)

L »O.if 05<a =<1

0o<ic<l
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-1 -0.5 0 0.5 1
X

Fig. 2.11 Some elements of the support of the representative bunch of first kind of Example 2.12.
The real-valued functions are the convex combinations of a level set function (of a fuzzy number-
valued function) with the opposite level set function in the same «-cut

and the representative bunch of second kind is defined by

4
U U »o.if 0<a<05
[Fi()]e = { i=t0<i<i (2.94)
L »O.if 05<a =<1
0<i<l

where

YO ) = (1= ) (1027 — 12) + A(102% + 2),

YO 1y = (1= (=1) + 4, 2.95)
YA 1y ) = (1= A)(=1) + A(10x2 4 2), '
YO @) = (1= )10 = 12) + 4,

forall A € [0, 1].

Figures 2.11 and 2.12 present some of the elements of the supports of F(-)
and Fz (). It is remarkable that Fz(-) has more elements in its support than in the
support of F(-) [in fact, F»(-) contains F;(-)]. Moreover, some elements in F(-)
have different behavior than those in F; (), though both fuzzy bunches have the
same attainable sets.

Example 2.13. Consider the fuzzy-number-valued function F : [0,0.5] - Z2(R)
with a-cuts

[ =3+a (1—-2a)*—2a+2],if 0<a=<05

F()]o = :
Fla [¥ =3+ o, Qu—1)x*—6a+4],if 0.5<a<1

(2.96)
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Fig. 2.12 Some elements of the support of the representative bunch of second kind of Exam-
ple 2.12. The real-valued functions are the convex combinations of a level set function (of a fuzzy
number-valued function) with opposite level set function that may belong to different cc-cuts

The representative bunch of first kind is given by the a-cuts

A A :
3 cl U Ufﬂ U U Ugﬁ Jif 0<a <05
[F1()]e = >0.50<A<I «<f<050<i<1
U f.if 05<a<1
pza 0=l (2.97)
U U#IUl U U s if osa<o0s
= B>0.50<A<I @<B=<0.50<r<l
U U #.if 05<e<1
Bza 0<A<1
where

f5O ff@) = (1= =3+ ) + A2 — D> — 68 + 4),
85() 18500 = (1= =3+ p) +A((1 =28 =28 +2).

forall A € [0,1] and B € [0, 1].

(2.98)

We define semicontinuity of set-valued functions as follows.

Definition 2.17 ([8]). A set-valued function F : 2 — ZR"), 2 C R™, is upper
semicontinuous (usc) at ty € S2 if for every € > 0 there exists a § = §(zp,€¢) > 0
such that

p(F(1). F(to)) < € (2.99)

if ||t —1o]] <$,t € $2.

Definition 2.18 ([8]). A set-valued function F : 2 — Z(R"), 2 C R™, is lower
semicontinuous (Isc) at ty € §2 if for every € > 0 there exists a § = §(¢p,€) > 0
such that
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p(F(to), F(1)) < € (2.100)

if ||t —1o]] <$,t € $2.

The set-valued function F is said to be usc (Isc) if it is usc (Isc) at every ¢ € £2.
If it is both usc and Isc, the function is continuous.

Example 2.14. The set-valued functions F, G : R — Z?(R) such that

C([-L1], ifx=0

[1,1], ifx #£0
FOO=01" 01 ifx 20

and GO =) ", " a0

(2.101)

are usc and Isc, respectively.
The concept of semicontinuity of fuzzy-set-valued functions is similar.

Definition 2.19 ([8]). A fuzzy-set-valued function F : 2 — Z,(R"), 2 € R™,
is upper semicontinuous (usc) at ty € §2 if for every € > 0 there exists a
8 = 68(tp, €) > 0 such that

P(F@)]*. [F(D]*) <€ (2.102)

if ||t—1|| <$8,te 2, forall @ € [0, 1].

Definition 2.20 ([8]). A fuzzy-set-valued function F : 2 — % (R"), 2 € R", is
lower semicontinuous (Isc) at ty € S2 if for every € > 0 there exists a § = (g, €) >
0 such that

P(IFO, [F(1)]*) < € (2.103)

if ||t —to|| < 8,1 € 2, forall @ € [0, 1].

The fuzzy-set-valued function F is said to be usc (Isc) if it is usc (Isc) at every
t € £2. If the fuzzy-set-valued function F is usc (Isc), the set-valued functions [F]* :
£2 — ™" are clearly usc (Isc). The converse implication is not necessarily true,
unless [F]* are uniformly usc (Isc) in « € [0, 1]. As a result of these definitions, a
fuzzy-set-valued function F is duo-continuous if and only if it is usc and Isc. In this
text if a function is dso-continuous it will be said that it is continuous. If another
metric is used, we will specify it.

Denote by C([a,b]; #4(R")) the space of continuous fuzzy-set-valued
functions from [a,b] to F4(R") endowed with the metric H(F,G) =
SUP,e(ap) oo (F (%), G(x)) for F, G € C([a, b]; F4(R")). The next result is important
to assure existence of solution of FDEs.

Theorem 2.10 ([4]). The space C([a, b]; ¢ (R)) is a complete metric space.
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2 Basic Concepts

Summary of fuzzy functions:

* Two kinds. This text explores two kinds of fuzzy functions: the fuzzy-
number-valued functions (from R to the space of fuzzy numbers .#« (R))
and fuzzy bunches of functions (fuzzy subsets of spaces of functions).

* One fuzzy-number-valued function to one fuzzy bunch of functions.
Each fuzzy bunch of functions may define a fuzzy-number-valued function
via attainable sets.

e Various fuzzy bunches of functions to one fuzzy-number-valued
function. Each fuzzy-number-valued function may define several fuzzy
bunches of functions. The definition of the representative bunches of first
and second kind help us to choose one fuzzy bunch.

2.6 Summary

Some basic concepts and results were presented in this chapter and we briefly
summarize them:

A fuzzy set is a set characterized by a membership function pus : U — [0, 1],
where p4(x) = 1 means x is completely in the subset A, 4 (x) = 0 means x is
completely out the subset A and 0 < p4(x) < 1 belongs to A with an intermediate
degree.

The a-cut of a fuzzy subset in U is the collection of elements whose membership
function is at least «.

A fuzzy number is a particular kind of fuzzy subset in R.

The a-cuts of a fuzzy number are nonempty compact intervals. Also, a family of
nonempty compact intervals satisfying some conditions always defines a fuzzy
number.

Fuzzy-set-valued functions are functions corresponding real numbers to fuzzy
subsets.

Fuzzy bunches of functions are fuzzy subsets of a space of functions.

To relate these two last concepts we use the attainable fuzzy sets (from a
fuzzy bunch we obtain a fuzzy-set-valued function) and the representative fuzzy
bunches (from a fuzzy-set-valued function we obtain a fuzzy bunch).
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Chapter 3
Fuzzy Calculus

This chapter treats two types of fuzzy calculus: one for fuzzy-set-valued functions
and other for fuzzy bunches of functions. Section 3.1 reviews definitions of fuzzy
Aumann, Henstock, and Riemann integrals and the Hukuhara derivative and its
generalizations. It also provides some theorems, including a Fundamental Theorem
of Calculus. All these definitions and results were previously presented in the
literature. Section 3.2 introduces derivative and integral for fuzzy bunches of
functions and results concerning them, some of which never published before.
Examples illustrate some of the concepts and theorems, especially in the last section,
where new results provide comparisons between the different approaches.

3.1 Fuzzy Calculus for Fuzzy-Set-Valued Functions

This section reviews some known approaches of integrals (Aumann, Riemann,
and Henstock integrals) and derivatives (Hukuhara and generalized derivatives) for
fuzzy-set-valued functions. It also presents results connecting these fuzzy integrals
and derivatives. The reader interested in other proposals may refer to (e.g., [11-
13, 16]).

3.1.1 Integrals

The first integral proposed for fuzzy-number-valued functions is based on Aumann
integral for multivalued functions [2] and was defined in [21] and [23].

© The Author(s) 2015 41
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Denote by S(G) the subset of all integrable selections of a set-valued function
G:I—-> Z2MR"),ie,

S(G) = {g: I — R": gis integrable and g(¢) € G(¢), Vt € I}. 3.1

Definition 3.1 ([21, 23]). The Aumann integral of a fuzzy-set-valued function F :
[a, b] > F4(R") over [a, b] is defined levelwise

|:(A) /b F(x) dx:| = /h [F], dx (3.2)

b
- { / g0 dr g € S(F().) (3.3)

for all @ € [0, 1].

The function F : [a, b] — F4(R") is said to be Aumann integrable over [a, b] if
(A) [P F(x)dx € Fg(RY).
The following integrals have been defined for functions F : [a, b] — F«(R).

Definition 3.2 ([15,26]). The Riemann integral of a fuzzy-number-valued function
F : [a,b] > Z4(R) over [a, b] is the fuzzy number A such that for every € > 0
there exist § > 0 such that for any divisiond : a = xp < x; < ... < x, = b with
Xi—Xi—1 < 8, i=1,... , N, and Si S [)Ci —x,-_l]

n—l1
doo <Z F(&)(x; — xi—l)vA) <e. (3.4)

i=1

The function F : [a,b] — F4(R) is said to be Riemann integrable over [a, b] if
A € F¢(R). We denote (R) [ F(x)dx = A

Definition 3.3 ([7, 26]). Consider 6, : a = xp < x; < ... < X, = b a partition of
the interval [a, b], & € [x; — x;—1],i = 1,...,n, a sequence £ in §, and §(x) > O a
real-valued function over [a, b]. The division P(§,, £) is considered to be §-fine if

[xi—1, %] © (§im1 — 8(&i=1), §im1 + 8(6i-1)) (3.5)

The Henstock integral of a fuzzy-number-valued function F : [a,b] — Z¢(R)
over [a, b] is the fuzzy number A such that for every € > 0 there exist a real-valued
function § such that for any §-fine division P(6,, £),

n—1
doo <Z F(&)(x;i — xi—l)vA) <e. (3.6)

i=1
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The function F : [a, b] — F%(R) is said to be Henstock integrable over [a, b] if
A € F4(R). We denote (H) fab F(x)dx = A.

Henstock integral is more general than Riemann, i.e., whenever a function is
Riemann integrable, it is Henstock integrable as well.

Remark 3.1. Writing that a function is integrable, without specifying whether it is
Aumann, Riemann, or Henstock, means it is integrable in all these three senses.

Corollary 3.1 ([5, 21, 26]). If afunction F : [a,b] — F4(R) is continuous, then it

is integrable. Moreover,
-1 fe]
forall x € [0,1].

Theorem 3.1 ([5, 21, 26]). Let F : [a,b] — F4(R) be integrable and a < x| <

Xy <x3 <b. Then
X3 X2 X3
/ F:/ F+/ F. (3.8)
X1 X1 X2

Theorem 3.2 ([5, 21, 26]). Let F, G : [a, b] — F¢(R) be integrable, then
(i) [(F+G) = [F+ [G;

(ii) [(AF) = A [F, forany A € R;

(iii) deo(F, G) is integrable;

3.1.2 Derivatives

The Hukuhara differentiability for fuzzy functions is based on the concept of
Hukubhara differentiability for interval-valued functions [20].

Definition 3.4 ([22]). Let F : (a,b) — F4(R"). If the limits

F h F F F —h
lim (xo + h) On F(xo) and Tim (x0) ©n F(xo — h) (3.9)

h—0t h h—0t h

exist and equal some element F},(xg) € F«(R"), then F is Hukuhara differentiable
(H-differentiable for short) at xo and F};(xo) is its Hukuhara derivative (H-derivative
for short) at x.

Example 3.1. The fuzzy-number-valued function of Example 2.6, F(x) = Ax with
A = (—1;0; 1), is an H-differentiable function for x > 0 and

Fl,(x) = A. (3.10)
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For x < 0, F is not H-differentiable since F(x 4+ h) ©y F(x) is not defined.
Considering x > 0, F is a particular case of Example 8.30 in [5], which shows
that any function G(x) = Bg(x) with g(x) > 0, g’(x) > 0 and B a fuzzy number is
H-differentiable. Moreover,

Gy (x) = Bg'(x). 3.11)

An H-differentiable fuzzy function has H-differentiable -cuts (that is, its a-cuts
are interval-valued H-differentiable functions). The converse, however, is not true,
unless its a-cuts are uniformly H-differentiable (see [21]).

Definition 3.5 ([24]). Let F : [a,b] = F¢(R). If

() (x0), (£5) (x0)] (3.12)

exists for all o € [0, 1] and defines the a-cuts of a fuzzy number F(xo), then F is
Seikkala differentiable at xo and F(xo) is the Seikkala derivative of F at xo.

IfF : [a,b] - Z4(R) is H-differentiable, then £ (x) and f;' (x) are differentiable
and

[F'(x)le = [(£;) (x0), (£:5) (x0)], (3.13)

that is, if F' is H-differentiable, it is Seikkala differentiable and the derivatives are
the same [21].

Theorem 3.3 ([21]). Let F : [a,b] — F4(R") be an H-differentiable function.
Then it is continuous.

Theorem 3.4 ([21]). Let F,G : [a, b] — F¢(R") be H-differentiable functions and
A € R. Then (F + G)}; = Fy; + Gy and (AF)y, = AFy,.

If F is Seikkala (or Hukuhara) differentiable, (£;)'(x) < (£;7)'(x), hence the
function diam [F(x)], = £} (x) —f; (x) is nondecreasing on [a, b]. It means that the
function has nondecreasing fuzziness. As will be clear in Chap. 4, this is considered
a shortcoming since an H-differentiable function cannot represent a function with
decreasing fuzziness or periodicity. In order to overcome this, the generalized
differentiability concepts were created. They generalize the H-differentiability, that
is, they are defined for more cases of fuzzy-number-valued functions and whenever
the H-derivative of a function exists, its generalization exists and has the same value.

Definition 3.6 ([6, 8]). Let F : (a,b) — Z«(R). If the limits of some pair
F(xo + h) On F(xo) F(x0) Oy F(xo — h) or

(i) lim and lim
h—>0t h h—0F h
o v F(xo) On F(xo + h) . F(xo—h) ©n F(x)
(i1) lim and lim or

h—0+ —h h—0t —h
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F(xo + h) ©On F(xo) F(xo —h) Oy F(xo) or

(iii) lim and lim
>0t h h—0+ —h
. . F(xo) On F(xo + h) . F(xo) Ou F(xo — h)
@iv) lim and lim
h—0t —h h—0t h

exist and are equal to some element F;(xo) of %4 (R), then F is strongly generalized
differentiable (or GH-differentiable) at xo and Fi;(xo) is the strongly generalized
derivative (GH-derivative for short) of F at xj.

An (i)-strongly generalized differentiable function presents nondecreasing diam-
eter, since it is the definition of the H-differentiability. (ii)-strongly generalized
differentiability (we call (ii)-differentiability, for short), on the other hand, implies
in nonincreasing diameter. The (iii) and (iv)-differentiability cases correspond to
points where the function changes its behavior with respect to the diameter. It means
that a strongly differentiable non-crisp function may present periodical behavior, as
well as convergence to a single point.

In case F is defined on a closed interval, that is, F : [a, b] = F%(R), we define
the derivative at a using the limit from the right and at b using the limit from the left.

Example 3.2. The fuzzy-number-valued function of Example 2.6, F(x) = Ax with
A = (—1;0; 1), is a GH-differentiable function for x € R and

Flu() = A. (3.14)

Different from the H-derivative case, the GH-derivative of F is defined for x < 0.
According to Example 8.35 in [5], any function G(x) = Bg(x) with B a fuzzy
number and g : (a,b) — R differentiable with at most a finite number of roots
in (a, b) is GH-differentiable. Moreover,

Gy (x) = Bg' (x). (3.15)

Example 3.2 illustrates that, different from the H-derivative, GH-differentiable
functions can have decreasing diameter.

Definition 3.7 ([8]). Let F : (a,b) - F¢(R) and xy € (a, b). For a nonincreasing
sequence h, — 0 and ny € N we denote

AD = {n > ng; 3ED 1= F(xo + hy) On F(xo)} . (3.16)
AD = {n > ny:3IED := F(xo) O F(xo + hy)} . (3.17)
AY = {n > ne;3EY := F(x0) O F(xo — hy)} , (3.18)
AY = {n > ng;IEY 1= F(xo — hy) O Flxo)} . (3.19)

The function F is said to be weakly generalized differentiable at x, if for any
nonincreasing sequence h, — 0 there exists ny € N, such that
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AP UAD UAD UAL = {n e N;in = no} (3.20)

and moreover, th¢re exists an element in .#¢(R), such that if for some j € {1, 2, 3, 4}
we have card (A,(fo) ) = 400, then

E(i)
lim doo | ————,F'(x0) | = 0. (3.21)

i —_1y+!
By \On—>00,n€AY) (=1y*th,

Definition 3.7 is more general than Definition 3.6, that is, it is defined for more
cases of fuzzy-number-valued functions and whenever the latter exists, the former
also exists and has the same value.

The next definition is equivalent to Definition 3.7 (see [10]).

Definition 3.8 ([10, 25]). Let F : (a,b) — Z»(R). If the limit

i F(xo + h) OgH F(xo)
m
h—>0 h

(3.22)

exists and belongs to Z»(R), then F is generalized Hukuhara differentiable (gH-
differentiable for short) at xo and F ;,H(xo) is the generalized Hukuhara derivative
(gH-derivative for short) of F at xy.

Theorem 3.5 ([10]). Let F : [a,b] — F4(R") be a gH-differentiable function at
xo. Then it is levelwise continuous at x.

Theorem 3.6 ([10]). Let F : [a,b] — F»(R) be such that the functions f, (x)
and f;f (x) are real-valued functions, differentiable with respect to x, uniformly in
a € [0, 1]. Then the function F(x) is gH-differentiable at a fixed x € [a, D] if and
only if one of the following two cases holds:

(a) (fa_ )/ (x) is increasing, (f;‘ )/ (x) is decreasing as functions of o, and (fl_ )/ x) <

(i) @, or
(b) (fa_ )/ (x) is decreasing, (fof ), (x) is increasing as functions of a, and (fl+)/ (x) <

() @.
Moreover,
[Fly @], = min{(£,) ®). (") @} max{(£;) 0. (KN @}, (3.23)
forall a € [0, 1].
The next concept further extends the gH-differentiability.
Definition 3.9 ([25]). Let F : (a,b) — %% (R). If the limit

. F(xo +h) Og F(xo)
lim
h—0 h

(3.24)
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exists and belongs to %« (R), then F is generalized differentiable (g-differentiable
for short) at xy and F’ ; (x0) is the fuzzy generalized derivative (g-derivative for short)
of F at xg.

Example 3.3. Recall the fuzzy-number-valued function of Example 2.13, F :
[0,0.5] —> F4(R) with a-cuts

[ =3+a (1—-20)x*—2a+2],if 0<a=<05

F(0)]a = : '
[F(x)] [x2—3+oe,(2a—1)x2—60l+4],1f 05<ac<l1

(3.25)

The aim is to calculate the gH and the g-derivative of F.
Equation (2.53) provides easy means to calculate (3.22). For « € [0,0.5] one
obtains

[F(x 4+ h) Ogn F(0)]e = [(1 — 20)(2xh + h?), 2xh + h*]. (3.26)
Thus

. [F(x + h) Ogn F(0)]a
1m
h—0 h

= [(1 — 2ar)2x, 2x] (3.27)

and as consequence

i [F(x + h) Ogu F(x)]o
im

h—0 b = {2x} (3.28)

and

lim [F(x + h) Ogn F(x)]o.25
h—0 h

= [x, 24]. (3.29)

The condition

0 <f = lim FEEN O FWs [Pt h) O FD)la
h—0 h h—0 h

(3.30)

does not hold, hence limj,—_¢ w

gH-derivative is not defined for this function.

Equation (2.54) can be used in this case to find (3.24), for all @ € [0, 1]. Since
Jp x+h)—f5 (x) = 2xh+ h? andf/;r(x+h)—fﬁ+(x) = (1—-2a)2xh+h*for B < 0.5
and f” (x + h) — f3 (x) = 20k + 1> and 3 (x + h) = f7 (x) = (2 — 1)2xh + K for
B > 0.5, we obtain for o > 0.5:

cannot be a fuzzy number and the
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. [F(x+h) 04 F(x)]a
lim
h—0 h

=cl [ [2B—D2x.24 = [(2a — 1)2x. 24].
B=>a>0.5
(3.31)
For a < 0.5, the levelwise limit becomes

cl U a=-2p2c20 ||| U I@B-D2x.24 | =1[0.20].  (332)

0.5>B>a>0 B>05

The result is the fuzzy number Fy : [0,0.5] — F(R) with a-cuts

[0,2x],if 0 <& <0.5

. 3.33
[(2a — 1)2x, 2], if 0.5<a <1 (3-33)

[F ()] = {

as the g-derivative.

The g-difference is not defined for all pairs of fuzzy numbers, as we showed in
Example 2.3. The same happens to the g-derivative, that is, it is not always well-
defined (see also [17]).

Example 3.4. The definition of the g-derivative of the fuzzy-number-valued
function of Example 2.12 leads to

{20x} {0}, if 0 <a <0.5

Fe @l = O if 05<a<1’

(3.34)
That is, it is not a fuzzy-number-valued function. Hence F is not g-differentiable.

The function F in Example 3.4 has £, (x) and £, (x) differentiable real-valued
functions with respect to x, uniformly with respect to € [0, 1], but it is not
g-differentiable. In the case a function is g-differentiable and satisfy the just
mentioned hypothesis, it has a formula that has been proved by [10].

Theorem 3.7. Let F : [a,b] — Ry withf, (x) and f;} (x) differentiable real-valued
functions with respect to x, uniformly with respect to a € [0, 1]. Then

[FL)], (3.35)

- [ int mini(777) @ (77) @03 supmasi(57) - (7). (x)}} (336)

whenever F is g-differentiable.
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Proof. See [10].

Summary of the derivatives for fuzzy-number-valued functions:

e The GH-, gH-, and g-derivatives generalize the H-derivative. An
H-differentiable function is always GH-, gH-, and g-differentiable.

* The gH- and g-derivatives generalize the GH-derivative. A GH-
differentiable function is always gH- and g-differentiable.

* The g-derivative generalizes the gH-derivative. A gH-differentiable
function is always g-differentiable.

3.1.3 Fundamental Theorem of Calculus

Fundamental Theorems of Calculus provide connections between derivatives and
integrals, showing that they are inverses of one another.

Theorem 3.8 ([21]). Let F : [a,b] — F¢(R") be continuous, then G(x) =
[¥ F(s)ds is H-differentiable and
Gy (x) = F(x). (3.37)

Theorem 3.9 ([21)). Let F : [a,b] — F¢(R") be H-differentiability and the
H-derivative Fy, be integrable over [a, b]. Then

F(x) = F(a) + /X Fpy(s)ds, (3.38)

for each x € [a, D].

The H-differentiable is equivalent to strongly generalized differentiability (i) in
Definition 3.6. For the case (ii) in the same definition, Bede and Gal have proved
the following theorem.

Theorem 3.10 ([9]). Let F : [a,b] — F¢(R) be (ii)-differentiable. Then the
derivative F, is integrable over [a, b] and

b
F(x) = F(b) —/ F(s)ds, (3.39)

for each x € [a, D].
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3.2 Fuzzy Calculus for Fuzzy Bunches of Functions

The fuzzy calculus for fuzzy bunches of functions, based on the definitions of
derivative and integral via extension of the correspondent classical operators, was
recently elaborated in [4, 18, 19]. This theory is reviewed and further developed in
the present section.

3.2.1 Integral

The integral operator will be represented by |, i.e.,
[ L'([a,b];R") — &/ C([a. b]; R")
ffuf
t € [a, b] (see Appendix for definitions of spaces of functions).

Definition 3.10 ([3, 18]). Let F € .Z(L'([a, b]; R")). The integral of F is given by
[ F, whose membership function is

(3.40)

sup,e -1, (). i [Ty £ 0

_ : (3.41
0, if ['y=0 .

1y () = {
for all y € &/ C([a, b]; R"). In words, ] is the extension of the operator f .

The next theorem is a consequence of Theorem 2.6.

Theorem 3.11. IfF € .7 (L'([a. b]; R")),

[[FL = [[Fl. (3.42)
={[f :f € [Fla C L'([a,b];RM)},
forall a € [0, 1].

Proof. Since the integral is a continuous operator, the result follows directly from
Theorem 2.6.

We next define a linear structure in .% (L' ([a, b]; R")). Given two fuzzy bunches
of functions F and G and A € R,

mr+g(h) = sup min{ur(f), nc(g)}. (3.43)
ftg=h
par(p) = | HrB/A) A 7O (3.44)

w0 iA=0



3.2 Fuzzy Calculus for Fuzzy Bunches of Functions 51

Since these operations are extensions of addition and multiplication by scalar, which
are continuous, Theorem 2.6 assures that given F,G € %, (L'([a, b]; R")) and
A eR,

F+Ge Zy(L'(a.b;R") and [F+ Gly = [Flo + [Gla (3.45)
and
AF € f/‘,;g(Ll([a, b;R") and [AF]y = A[F]. (3.46)

forall ¢ € [0, 1].
Theorem 3.12. Let F,G € % (L' ([a. b]; R")), then

(i) [(F+G) = JF+ ]G;
(ii) [AF = A[F, forany A € R.

Proof. From Theorem 2.6 and the linearity of the integral operator,

[f(F+G)]a :f[F+G]a
= [th:h=f+g.f €[Flo g€ [Glo}
= {f(f+g)»f € [F]a’g € [G]a}
={/f+[&f€Flg <Gl (3.47)
= {ff7f€ [F]a}+{fgag € [G]a}
zj;[F]a‘i‘./;[G]a
:[fF]Ot+[fG]Ol

and

[JAFl, = [[AFl,
= {/}f f € [Fla)
— (A [f:f € [Fla}
—M[ff € [Fla) (3.48)
=2 fA[F]ot
= A/ Flo

for all « € [0, 1].

Example 3.5. Let A be the symmetrical triangular fuzzy number with support
[—a, a], a > 0. The fuzzy function F(-) € .Z (L' ([0, T]; R)) such that

FOle =0 :f(0) = yt.y € [A]"} (3.49)
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where f(-) : [0, T] — R, for each « € [0, 1], has attainable sets
F() = At. (3.50)

To determine the integral of F using Definition 3.10, one needs to explicit the
membership function of A and F:

Y11 if—a<y<0
pay) = fz+1, if0<y<a (3.51)
O,a otherwise
and
£+1, iff(f) = yrwith —a <y <0
ur(f) = § =X 41, it f(1) = yrwith0 < y < a (3.52)
0,a otherwise

Formula (3.41) states that Iy F(y) # 0 only if there exists f such that [f =y
and pp(f) # 0. In this example, it happens only if f(r) = y¢ with y € [A]%, that is,
y=yr/2.

Wip (VP [2) = supp iy e (f)
= SUP (yn=yr2/2 pr(yt)

= ur(yt)
Lyl if —a<y<0 (3.53)
=1-L+1,if0<y<a
0, otherwise
= pa(y).
Hence
Y41, iff4) = y2/2 with —a<y <0
a
wip) ==L 41, iff () = y2/2with0 <y <a (3.54)
’ a
0, otherwise
or

[FOla = {f() 1 () = y*/2,y € [Ala}- (3.55)
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For each o € [0, 1], its attainable sets are
F(t) = A%/2. (3.56)

The Aumann integral of (3.50) can be calculated levelwise and we obtain the
same attainable sets as obtained with f :

[JFDle = [[ £ [ /]
= [~at?/2,at/2] (3.57)
= [Al.#3/2.

The next section introduces the derivative operator for fuzzy bunches of func-
tions. It is defined for more restricted spaces than the integral since they are
extensions of the classical case. Also, different from the integral case, we explore
the derivative on different spaces (Example 3.9) due to the fact that it is not a
continuous operator (in general). We are more interested, though, in differentiating
fuzzy bunches of the space of absolutely continuous functions (see Appendix), since
we can differentiate more elements in this space than in the space of differentiable
functions. Furthermore, it is used and has been explored in the differential inclusions
theory, which, as already mentioned, has important connections with the theory we
propose to develop.

3.2.2 Derivative

The derivative operator in the sense of distributions (see [1]) will be represented by
D, that is,

D: /C([a,b];R") — L'([a, b]; R")

Fis Df (3.58)

Thus, there exists Df (t) a.e., in [a, D].

Definition 3.11. Let F € .% (<7 C([a, b]; R")). The derivative of F is given by DF,
whose membership function is

SuprDfly /’LF(f)’ lfD_ly # Y (359)

/’LbF(y) = 0’ if D—ly — g

for all y € L' ([a, b]; R"). In words, D is the extension of operator D.

Example 3.6. Let F(-) be the same fuzzy bunch as in Example 3.5. We note that
F() € #(#/C([a. bl R)).
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Following the same reasoning as Example 3.5,

Kpp(y) = supp—, wr(f)
SUPp(yr=y ur(y?)

= pr(y?)

%—1—1, if —a<y<0 (3.60)
= —%—1—1, if0<y<a

0, otherwise
= pa(y).

It means that the support of DF () is composed of constant functions such that,
at each instant ¢, the derivative of F(-) is always the fuzzy number A.

Lemma 3.1. For D defined as above, the preimage D™'g is a closed nonempty
subset in the space of functions o/ C([a, b]; R") with respect to the uniform norm
for each g € L'([a, b];R").

Proof. D™'g is a finite dimensional subspace of .«7 C([a, b]; R") since D™'g = {f +
k:k e R"} forf € &/ C([a,b]; R") such that f = fax g. Hence D™ g is closed.

Theorem 3.13 ([4]). Let F € % (/' C([a, b];R")). Then
[DF]q = D[F],. (3.61)

Proof. This proof will make use of the result: [F]o N D™!(g) is compact. It is true
since the subset D! (g) is nonempty and it is closed (from Lemma 3.1). Also, [F]o N
D~!(g) is a closed subset of the compact set [F]o, hence it is compact.

We show inclusion [D(F)]e C D([F],) considering two cases: & € (0, 1] and
later « = 0.

(i) Fora € (0, 1], let g € [D(F)]a, then

@ <D(F)(g)= sup F(h)= sup F(h) =F(f)
heD~1(g) he[FloND~1(g)

for some f, since F is an upper semicontinuous function (that is, the membership
of F is usc) and [F]o N D™'(g) is compact. So, F(f) > «. Thatis, f € [Fle N
D~ '(g). Hence g € D([F]a).
(i) Fora =0,
Uae©.[D(F)la C Uae.D([Fla) S D([Flo).

Consequently,

[D(F)]o = UaE(O.l][b(F)]a C Ugeo1D([Flo) € D([Flo) = D([Flo).
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The last equality holds because D is a closed operator.

Now we prove the inclusion D([F],) C [D(F)]a. If g € D([F],), there exists
f € [F]q such that D(f) = g. Thus,

D(F)(g) = sup )F(h) > F(f) > a = g € [D(F)],
heD~1(g

for all @ € [0, 1]. . .
We have proved that [D(F)], C D([F]y) and D([F]y) C [D(F)]a, for all « €
[0, 1], then (3.61) holds.

Example 3.7. Consider g : [a,b] — R a differentiable and positive function, A =
(c; d; e) a triangular fuzzy number and the fuzzy-number-valued function

F(x) = Ag(x). (3.62)
We have
[F®)le = [y @£ W] (3.63)
with
fr@=lat+ab-algx) and fx) =I[e—ale—d)]g) (3.64)

differentiable with respect to x and continuous with respect to .

The continuity in o means that F(x) € Z2(R). It will be proved in Theorem 3.17
that the representative bunch of first kind of this function has compact «-cuts in
2/ C([a, b]; R), since it satisfies the hypotheses of the theorem.

The derivative of the representative bunch of first kind has «-cuts

DF. =J U ¢

B>a 0<A<1

=(=Ma+a®—a)lg + Ale—ale—d)]g (3.65)
={a-g a €A}
for all ¢ € [0, 1], that is,
DF = Ag'. (3.66)

It is a similar result as in Example 3.2 for GH-derivative, in terms of attainable
sets.

Example 3.8. Let

f(x) = Be™ (3.67)
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be a fuzzy-set-valued function where c is a real constant and B is a fuzzy subset in
R such that B(1) = 1, B(0.5) = 0.5 and B(x) = 0 everywhere else. Hence f(x)
is not differentiable using Hukuhara or any generalized derivatives since it is not
a fuzzy-number-valued function. On the other hand, the fuzzy bunch of functions
with a-levels

D16), 320}, if0<a <05

VO = { MmO} if0s<as1’

where y|(x) = ¢ and y,(x) = 0.5¢, has (3.67) as attainable fuzzy sets and is D-
differentiable. Since this a-levels are compact subsets of 27 C([a, b]; R), we apply
Theorem 3.13 and obtain

{z1(),22()}, If0 <@ <0.5

[DFOI" = { o if0.5<a<1’

where z;(x) = ce® and z(x) = 0.5ce™. Its attainable sets are
Df(x) = cBe®™. (3.68)

Remark 3.2. The Hukuhara or the generalized derivatives cannot be used to dif-
ferentiate fuzzy-set-valued functions whose images are not fuzzy numbers, as the
function in Example 3.8. On the other hand, one can use the D on correspondent
fuzzy bunches of functions and regard its attainable fuzzy sets as derivative.

Example 3.9 ([4]). The operator D : %, (C'([a, b];R")) — Z(C([a, b];R")) is
well defined and for each F € .7, (C!([a, b]; R")) we have

~

[DF)" = D[F]* (3.69)

for all « € [0,1], if C'([a,b];R") is endowed with the norm || x ;=
SUPg<;<7ix(®)| + |¥'()|} and C([a, b];R") is endowed with the usual supremum
norm. The result follows from Theorem 2.6 since D is a continuous function for
these spaces.

Another possibility of D being a continuous operator is as follows:

Theorem 3.14 ([4]). Consider the subset in <7 C([0, T|; R"):
Zr(R") = {x(-) € C([0, T]; R™) : 3X/ () € L*([0, T]; R")}, (3.70)

with Zy(R™) having the uniform norm topology and L*° ([0, T]; R") with the weak*-
topology. Thus,

D: Zy(Zr(R") — FZ (L0, T];R")), (3.71)
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where D is the extension of theAderivative D, is well defined, that is, for each
F € Z 4 (Zr(R"Y)), the a-level [DF]* is a compact subset in L>([0,T]; R") and

A

[DF]* = D[F]".

Proof. The result follows from the Theorem 2.6 because
D : Zr(R") — L*°([0, T]; R"™) (3.72)

is a continuous linear operator (see [1, p. 104]).
Theorem 3.15. Let F, G € F_(2/ C([a, b]; R")), then

(i) D(F + G) = DF + DG;
(ii) DAF = ADF, for any A € R.

Proof. This proof is completely analogous to the one of Theorem 3.15, due to the
linearity of the derivative operator.

3.2.3 Fundamental Theorem of Calculus

A result connects the concepts of derivative and integral for fuzzy bunches of
functions as in the classical case and in the fuzzy-set-valued function case.

Theorem 3.16. Let F € .% (L' ([a, b]; R")). Hence

D (fF) =F, (3.73)
that is,
[i) (fF)]a — [F]°. (3.74)
foralla € [0, 1].
Proof. Since Theorem 3.11 holds,
U Fla = [[Fla (3.75)

={/f:f€lFlo}
forall « € [0, 1] and ]F € F (A C([0,T];R")). Then Theorem 3.13 holds and,

[D]Fl, = D[] Fla
={D[f:f €[Fla} (3.76)
= [F]oc

foralla € [0,1].
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3.3 Comparison

Different fuzzy bunches of functions may present the same attainable fuzzy sets, that
is, more than one fuzzy bunch of functions may correspond to one single fuzzy-set-
valued function. Choosing the suitable fuzzy bunch may lead to equivalence of D
with derivatives for fuzzy-set-valued functions and equivalence of [ with integrals
for fuzzy-set-valued functions (in terms of attainable sets). This section discloses
similarities of the proposed theory with other approaches.

The motivation for this comparison and the definition of the two different fuzzy
bunches of functions of Definition 2.16 is what happens to the fuzzy-number-valued
functions of Examples 3.3 and 3.4. In the former the gH-derivative does not exist
whereas the g-derivative does and in the latter both do not exist. We calculate the
D-derivative of the corresponding fuzzy bunches of the fuzzy-valued functions in
Examples 3.3 and 3.4 next. The fuzzy-number-valued functions do not meet the
conditions of the theorems to be stated, revealing the importance of the hypotheses
of these theorems.

Example 3.10. Recall Examples 2.13 and 3.3 where the representative bunch of first
kind are given by the a-cuts

U UAlUl U U s&]ifose<os

[F1()]e = B=0.50<A<I @<p=<0.50=<A<I (3.77)
U U #if 05<a <1
B0 0<A<I
where
f5O) 1 fp) = 1= =3+ B) + A28 — Dx* — 68 + 4), (3.78)
g0 g = (1 =D =3+ +A((1 =202 =28 +2),
for all A € [0, 1]. Since
(f3)() 1 fy() = (1 =24 +2BA)2x, (3.79)
(85)'() 1 g5(x) = (1 —2BA)2x, '

using Theorem 3.13 to calculate [DF) (-)], we obtain

U U |Ul U U e|if ose=<os

B>0.50<A<I a<f<0.50<1<l (3.80)

U U bt o5<a<1.

B=a 0<A<1
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Atx € [0,0.8]
[DF1(x)]o = [m. M]
with m as
mind | U U@ lUl U U epw]i=0
B=>0.50<A<1 a<p=0.50=A<I
if0 <a <0.5and
min{ | ) J ('@ = Qe —12x
B=a 0<A<I

if 0.5 <« < 1. And M equals

max{ | ) UHolUl U U eye|p =2

£=0.50=A<1 a<B<0.50<A<l

if0 <o <0.5and

max U U (fé)’(x) = 2x

B=a 0<1<1

if0.5 <o <1.
Hence the attainable sets of the D-derivative are

[0,2x],if 0 <& <0.5

[DF1(x)]y = % [Qo — 1)2x,2x],if 0.5<a <1

that is, the same as the g-derivative of the fuzzy-number-valued function F.

59

(3.81)

(3.82)

(3.83)

(3.84)

(3.85)

(3.86)

Example 3.11. Recall Examples 2.12 and 3.4 where the representative bunch of first

kind is given by the a-cuts

[10x* — 12,102 + 2], if 0 <& <0.5

[Fe = { [-1,1],if 05<a<1’

(3.87)



60 3 Fuzzy Calculus

and the representative bunch of second kind is defined by

2
U U »o.if 0=a=o05
[F1(-)]e = 4 i=10<a<l
U yiO.if 05<a<1

0o<ic<l

where

YVEE) 1) = (1= 2)(10x% — 12) + A(10x* + 2),
YO tyix) = (1= 2)(=1) + A,

YA YA ) = (1= A)(=1) + 2(10:2 4 2),

VIO i yh ) = (1= A)(10x%2 — 12) + A,

forall A € [0, 1].

(3.88)

(3.89)

The derivatives of the representative bunch of first kind is given by the «-cuts

2
U U ohyo.if 0sa<o0s
[DF()]q = { i=10<1<1

U »O.if 05<a=<1
0<i<l1

and the representative bunch of second kind is defined by

4
U U oe.if 0<a=<05

[DF,()]o = i=10<A<l
0O J yOif 05<a <t

0<A<l1

where

1)) () (x) = 20x,
(2)' () : (1) (x) =0,

33)'() : 3)'(x) = A20x,
(4)'() = ()" (x) = (1 — 2)20x,

forall A € [0, 1].

(3.90)

(3.91)

(3.92)
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In terms of attainable sets, the derivative of the representative bunch of first kind
has attainable sets

{0} J{20x}, if 0 <a <05

. 3.93
{20x}, if 0.5 <o <1 (3-93)

DFy (0] = {

The derivative of the representative bunch of second kind for x € [0, 1] has
attainable sets

- [0,204], if 0 <a <0.5

DFy(x)]y = 3.94

[DF2(0)la { 20x}, if 05<a <1 G99
and for x € [—1, 0],

- [20x,0], if 0 <a <0.5

DFy ()] = . 3.95

IDF ()] { 20x}, if 05<a <1 G99

Hence the derivative of the representative bunch of first kind at each x € [—1, 1]
does not define fuzzy numbers while the derivative of the representative bunch of
second kind does.

Example 3.10 illustrates that the D-derivative of the fuzzy bunch of first kind
of the given fuzzy-number-valued function F exists but its attainable sets are
not fuzzy numbers (while the gH-derivative of the fuzzy-number-valued function
does not exist). The result that we state next regards the necessary conditions for
equivalence between the gH-derivative of a fuzzy-number-valued function and the
D-derivative of the corresponding fuzzy bunch of first kind. The result we state later
is connected with Example 3.11, that is, it is necessary that the g-derivative exist
for the equivalence with the derivative of the representative bunch of second kind.
The D derivative in this last case provided a fuzzy-number-valued function, which
no derivative for fuzzy-number-valued functions that we presented can do.

Theorem 3.17. Let F : [a,b] — Z2(R) be such that the functions f; (x) and f;" (x)
are real-valued functions, differentiable with respect to x, uniformly in o € [0, 1].
Suppose also that one of the following two cases holds:

(a) (fa_ )/ (x) is increasing, (fj )/ (x) is decreasing as functions of «, and

) & < (1) @, (3.96)

or
(b) (f(; )/ (x) is decreasing, (fof), (x) is increasing as functions of a, and

) @) = () W. (3.97)
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Then F generates a representative bunch of first kind F(-) with compact a-levels
and whose D-derivative has attainable sets

[DFe]| = min{() 00, (51 @ maxt () @, (5) @3 (398)

In words, the D-derivative coincides with the gH-derivative at each x.

Proof. We prove that the sets A, in Definition 2.16 are «-cuts of a fuzzy set in
27 C([a, b]; R) using the same arguments as in Example 2.11. The only differ-
ence is to demonstrate compactness, which we do next. Note that any sequence

(fof.") in J U fé(-) has a convergent subsequence whose limit belongs to
1 Bz 0=<A<1

U U fﬂ? (+), due to the continuity of fé () as function of the real parameters A
Bza 0=<A<1

and B defined on closed intervals (compact subsets) [0, 1] and [e, 1], respectively.
And since f[;t are differentiable, so are fﬂA. According to [14], the differentiability
with respect to x, uniformly in @ € [0, 1], assures that if a sequence of functions
converges to a function f, the sequence of its derivatives converges to f’. Since f is
differentiable, it belongs to </ C([a,b];R). As aresult, | ] | fﬂA is compact in

B>a 0<A<l1
 C([a, b];R) and it is equal to its closure and hence to A.
We next make use of Theorem 3.13 since F € % 4 (</ C([a, b]; R)):

[DF), = D[F],

= U U (fﬁ‘)/ (3.99)

B=a 0<A<1

for all « € [0, 1]. And we observe that for case (a)

U @&Y@ =103 0. () 0] (3.100)

0<i<l
and
()@ = () < ()Y@ = (YW < ()0 < ()0 (3.101)
for0<a<p =<1,
[(F5) @), () @] S [(F) @), (57) )] (3.102)
Hence

[DF@)]e = |15 @), (55 )]
* é;i pr I (3.103)

= [(i) @), (5 )]

forall ¢ € [0, 1].
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Similarly, case (b) leads to

[DF()]e = (K1) (). (F,) ). (3.104)

As aresult we obtain the desired expression,

[DF)| = [mint( ) (. (6 @} maxt () (0, (Y (1] (3.105)

for all @ € [0, 1], which the same as stated in Theorem 3.6 for the gH-derivative.

A similar result for connecting D-derivative and g-derivative is presented in what
follows.

Theorem 3.18. Let F € [a,b] — F2(R) be a function such that £, (x) and f.} (x)
are differentiable real-valued functions with respect to x, uniformly with respect
to o € [0,1]. Then F generates a representative bunch of second kind F(-) with
compact a-levels and whose D-derivative has attainable sets with levels [bi’ ()]
given by

[ fnf min {057/, G 00} sup max {75 (9. 05 (0 ] (3.106)

It means that the values of the g-derivative of F(x) and the attainable sets of the
D-derivative of F(-) coincide in every x € |[a, b], whenever the g-derivative exists.

Proof. Using the same argument of the previous proof, it follows that the resultant
B, in Definition 2.16 are compact sets in </ C([a, b]; R) and are the a-cuts of the
representative bunch of second kind of F, F. We use Theorem 3.13 and obtain

[DF, = D[F],
= U U (fﬁl_y)/ (3.107)

B.y=a 0<A<I

We will prove that L = infg ;>4 {(fé.y)’ (x)} is attained, that is, that there exists
a triple (A, B, %) such that (fg7)/(x) = L with 8.7 € [, 1], A € [0,1]. From the

definition of infimum, y > Lifye |J U (féy)’ (x) and there exists a sequence
Byza0=<ast

Vn)s Yn = (f;:’y”)’ (x) such that

()@ =L L= (f,) (). (3.108)

To the sequence (y,) in R there corresponds a sequence (g, (-)) of functions such
that g,(-) = (fé:,y,,)/ (). This sequence of functions has a convergent subsequence,
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since the set is sequentially compact (where we use the same result in [14] as
previously used). This subsequence of functions defines a subsequence in (y,),
Yme = 8&n.(x). The subsequence (y,,) also converges to L. The limit of g, (-) is
attained for some triple (A, 8,7) and its value in x is

Ggy)/(x) = limg,, (x) = limy,, = L. (3.109)

Similarly we prove that the supremum M is also attained. Now we prove that
L = inf min {(fﬁ—)’(x), (f;)’(x)} . (3.110)
Bza

For any (fgy)’(x), we have

) < ()@ <G or (1 < (75, ) < (). G.111)
Hence
inf min {50, (7@} < inf {7, @) (3.112)
Since
Ulr® ¢hwpc U {6 ) (3.113)
Bz By=a

the equality of the infimum holds.
Hence the value L = infg>, min {(fﬁ_ ) (x),(fﬁ+ )’(x)} is attained by
(ffj)’(x) or (f;)’(x), for some B > «. The same happens to M =

Supg>, Max {(fﬁ_ ) (x), (fﬂ+ ) (x)}. As a consequence, there are four possible cases:

(D) L= (fz)(x)and M = (f/;;)’(x) and any value between L and M is attained
by (félﬁz)’(x) for some A € [0, 1];

2 L= (f/; ) (x) and M = (s, )'(x) and any value between L and M is attained
by (fézﬁl)’(x) for some A € [0, 1];

(3) L= (fg )'(x) and M = (fg,)'(x) and any value between L and M is attained by
(fﬂA] ,ﬂ])’(x) or (f/éz.ﬂl)/(x) for some A € [0, 1].

4 L= (f/;l ) (x) and M = (fﬂ+2 )(x) and any value between L and M is attained by
(fé}yﬁl)’(x) or (fél,ﬁz)’(x) for some A € [0, 1].
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It proves that all values in
[ fnf min {5/, G 0} - sup max {75 (9. (f;)’(x)}] (3.114)

are attained.
Then the same expression as in Theorem 3.7 for g-differentiable functions is
found and the desired result is proved.

The attainable sets of the [-integral of certain bunches of functions also coincide
with integrals for fuzzy-set-valued functions, as it will be stated in Theorem 3.19.

Theorem 3.19. Let F : [a,b] — 9}2(11%) be continuous. Then the j-integral of the
representative bunch of first kind has attainable fuzzy sets

[/ F] = Ux ;,[xfj] (3.115)
forall @ € [0, 1]

In words, the [-integral coincides with the integrals for fuzzy-set-valued func-
tions at each x.

A~

Proof. Tt is not hard to prove the compacity of A, (Definition 2.16) in L' ([a, b]; R).
This is assured by the arguments previously used in proving compacity in
2/ C([a, b]; R). Following the reasoning of the previous results one demonstrate
that A, are the a-cuts of a fuzzy subset in L' ([a, b]; R).

We observe that [ fé‘ is well defined and that

/xf‘ffxfé and /Xf,jffxfj (3.116)

forall A € [0,1] and 0 < o < B < 1. Hence we obtain, for all & € [0, 1],
7= U / 7}
B>a r€f0,1]V4 (3.117)
=/fa 1]

where the last identity holds due to the continuity of fax fé(x) on A, B, and x.

Thus, we have proved that the attainable sets of the [-integral of F have the same
expression of the integrals for fuzzy-set-valued functions at each x.
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Summary of the comparison of derivatives and integrals:

» Equivalence between gH- and D-derivatives. The gH-derivative of a cer-
tain class of fuzzy-number-valued functions coincides with the attainable
sets of the D-derivative (using the representative bunch of first kind).

e Equivalence between g- and D-derivatives. The g-derivative of a certain
class of fuzzy-number-valued functions coincides with the attainable sets
of the D-derivative (using the representative bunch of second kind).

* Equivalence among integrals. The Aumann, Riemann, and Henstock
integrals of a certain classAof fuzzy-number-valued functions coincide with
the attainable sets of the [-integral (using the representative bunch of first
kind).

3.4 Summary

This chapter reviewed fuzzy calculus for fuzzy-set-valued functions and presented
the new fuzzy calculus using fuzzy bunches of functions. The concepts and results
here displayed are essential for the development of the various approaches of FDE:s,
to be presented in the next chapter. They are summarized next:

The Hukuhara derivative is defined for a class of fuzzy-set-valued functions
and uses the concept of Hukuhara difference. The strongly generalized
Hukuhara derivative, weakly generalized Hukuhara derivative, generalized
Hukuhara derivative, and the fuzzy generalized derivative generalize the
Hukuhara derivative and are defined for wider classes of fuzzy-number-valued
functions.

The Aumann, Riemann, and Henstock integrals are defined for fuzzy-set-valued
functions.

The derivative and the integral via extension of the derivative and integral
operators, denoted by D and /[, are defined for fuzzy bunches of functions.

The D-derivative of a class of fuzzy bunches of functions coincides with the
generalized derivatives in terms of attainable sets.

The [-integral of a class of fuzzy bunches of functions coincides with the
integrals for fuzzy-number-valued functions in terms of attainable sets.
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Chapter 4
Fuzzy Differential Equations

We review some approaches of FDEs in this chapter and propose and explore a new
theory of FDEs using the D-derivative introduced in Sect. 3.2.2. Two theorems of
existence of solutions to fuzzy initial value problems (FIVPs) are proved and we
compare the theory with other approaches, exemplifying with biological models.

4.1 Approaches of FIVPs

FDEs have been extensively studied after [22] first used this expression in 1980.
However, the treated problems were not FDE:s, strictly, since they did not explicitly
use fuzzy sets. Only after the definition of Hukuhara derivative in 1983 did [19]
develop a theory for FDEs proposing an existence and uniqueness theorem for
solutions to FIVPs. Simultaneously, [28] built up a similar theory for fuzzy-number-
valued functions. The proposal of this chapter is to find x satisfying

/
X @)=F(tX@) @.1)
X(0) =Xy
where F is a function that indicates the rate of change of the state variable X at a
given instant ¢.

The function F is real-valued in the IVP as well as the initial condition and
the solution. This can be interpreted as a crisp alternative (unique, given some
conditions) for the direction to the state variable to follow, at each instant ¢.

The fuzzy function F indicates a fuzzy direction to be followed in the FIVP.
In this case, there are two interpretations. One can fill this trajectory with different
crisp solutions, attaching a membership degree to each of them, or one can fill
this trajectory with a function that assigns to each instant ¢ a fuzzy subset (that
is, the state variable is fuzzy). In the first approach the solution is a fuzzy bunch

© The Author(s) 2015 69
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of functions while in the second one obtains a fuzzy-set-valued function. The use
of fuzzy functions as solution to FIVPs is justified by the condition of continuity
over the function. Having a fuzzy initial value, a continuous fuzzy function does
not change abruptly to nonfuzzy states. On the other hand, if the initial value is not
fuzzy, only its parameters, then the FDE means that the solution has fuzzy derivative
and it is possible only if it is a fuzzy function.

The theories of FDEs in [19, 28] were developed for fuzzy-set-valued functions.
The existence theorem for these fuzzy-valued functions is found in Sect. 4.3 is for
this kind of functions. The theory for FDEs using fuzzy bunches is what is original
research and is presented in Sect. 4.6.

Other approaches that are not strictly FDEs are the extension of the solution and
FDIs. The latter makes use of fuzzy bunches of functions and both are based on
solving differential equations. Though they do not explicitly use equality of fuzzy
sets, they are explored in this chapter since they have similarities with the approach
in Sect. 4.6.

It is important to make it clear what “solution” means in each method. Solutions
of different approaches may lie in distinct spaces of fuzzy functions, which makes
them incomparable, a priori. In this case, we will compare the respective attainable
sets. In what follows it will briefly be explained in order to make the comparisons
clearer and will be further explored in the next sections. The various approaches of
FIVPs that we treat are displayed in Fig. 4.1, where we stress the use of derivatives
by three of them.

4.1.1 Fuzzy Differential Equations with Fuzzy Derivatives

Consider the FIVP

!

X(0) = F.X() @2
X(0) = Xo
where F : [0,T] x ¢ (R") — F¢(R") and Xy € F¢(R"). A solution, if the
derivative is Hukuhara derivative, is a continuous fuzzy-set-valued function X :
[0, T] - F%(R") that satisfies X'(r) = F(t,X(¢)), for all ¢ € [0, T], and the initial
condition X(0) = Xj. In case the derivative is the strongly generalized derivative,
the FIVP is defined only for case n = 1 and the solution is a continuous fuzzy-
number-valued function X : [0, 7] — %« (R) that satisfies X'(r) = F(t,X(¢)), for
all € [0, T], and the initial condition X(0) = X,. If the derivative is D-derivative,
the solution is a fuzzy bunch of functions X(-) € %, (/' C([0, T]; R")) that satisfies
DX(t) = F(1,X(f)) a.e. in [0, T] and the initial condition. That is, given a solution
X(-), its derivative DX (-) calculated in ¢ (attainable set in f) must be equal to
F(t,X(1)), a.e. in [0, T]. Moreover, the attainable set at ¢ = 0, X(0) must satisfy
the initial condition.
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Hukuhara
Zadeh's < Derivative
; Fuzzy
Extension of Derivati
the Derivative ’ erivatives Strongly
Operator < Generalized
¢ Derivative
Fuzzy Initial
Value
Problems
Zadeh's Ex- Fuzzy
tension of the Differential
Classical Sol. Inclusions

Fig. 4.1 Approaches of FIVPs

4.1.2 Fuzzy Differential Inclusions

FDIs are defined levelwise

(1) € [F(,2(0)e “3)
x(0) € [Xo«
for all « € [0, 1], where [F], : [0,T] x R" — ) and [Xole« € £ . The solution
to (4.3) is a fuzzy bunch of functions X(-) € % (/' C([0, T]; R")) whose elements
(functions) of its a-cuts satisfy the differential inclusions (4.3) a.e. in [0, T7.
Note that there is no fuzzy derivative. We use the derivative for real-valued
functions and there is no equality between fuzzy sets, hence we do not have a fuzzy
differential equation.
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4.1.3 Extension of the Solution

Consider the classical IVP

X(0) =[x W) )

x(0) = xo
where f : [0, T] x R"*? — R”", with w a parameter in R”, is continuous and x, € R”".
If the parameter w and/or the initial condition x( are now fuzzy subsets (W and X)),
the solution via extension of the solution is a fuzzy-set-valued function X : [0, 7] —
Z (R") obtained from the use of the extension on the solution of (4.4) at each ¢ €
[0, T, x(t, xp, w), that depends on xy and w. In other words, X is a solution to the
FIVP if

X(t) = x(t, Xo, W). 4.5)

As in the previous case, since there is no fuzzy derivative, it is not a fuzzy differential
equation.

Note that in each case, the right-hand-side term of the differential equation
belongs to a different space or is defined over a different space. However, to compare
all the approaches we need to analyze equivalent FIVPs, in some sense.

First, given the function of the right-hand-side term of the differential equation
of one approach, we want to be able to find the corresponding function for the other
approaches. Second, we want to compare the five different kinds of FIVPs when
they are modeling the same phenomenon. For instance, consider A € R, x € R and

f(x) = Ax. (4.6)
It is intuitive to compare IVP (4.4) with this f to FIVP (4.2) having
F(X) = AX, 4.7

X € % (R), since the idea of both is that the rate of change of the variable x (or X)
is proportional do the variable itself. In this case, the FDI (4.3) is also well defined
when H(x) = Ax.

An option is to consider the extension of f. But, given f, one cannot always
find explicitly the expression of F. If f = x(1 — x), the extension of f is not
F(X) = X(1 — X), unless the definition of arithmetic via extension principle is
not given by Mizumoto and Tanaka [24] and the multiplication carries some kind of
interactivity (see Sects. 2.3.2 and 2.3.3). But the Hukuhara and strongly generalized
differentiability approaches use other arithmetic to define the derivatives, hence
the use of different arithmetics in each side of the equation could be criticized
for not being the same. Furthermore, given F, it is not always possible to find a
corresponding expression for f [12], as, for example, in the case [F(X)], = [x;, x]]
for [X]. = [} .
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In conclusion, “equivalent FIVPs” does not have a clear meaning. In this text we
will first take into consideration the interpretation of the FIVP. We will compare the
different approaches trying to model the same biological phenomenon.

The solution may belong to different spaces as well. To compare the solutions
to the different approaches we do the same as when comparing the derivatives in
Sect. 3.3. That is, in case the solution is a fuzzy bunch of functions (via D-derivative
and FDIs), we compare the approaches to the fuzzy attainable sets defined in
Sect. 2.5.

This comparison will be carried out for the exponential decay and the logistic
models. The classical models are the following IVPs

X (t) = —Ax(t), x(0) = xo (exponential decay) 4.8)
and
X (t) = ax(t)(k — x(t)), x(0) = xo (logistic equation) 4.9)

with A, a, k,xy > 0.

We are interested in these models for mathematical and biological reasons.
Mathematically, these models are interesting for their equilibrium points: X = 0
in (48) and ¥ = 0 and X = k in (4.9). Moreover, ¥ = 0 in (4.8) and X = k
in (4.9) are asymptotically stable, which means that, given an initial condition in a
certain neighborhood, the solution will tend to these equilibrium points. Indeed,
any positive initial condition will lead to this behavior. The biological meaning
of this is that a population that is represented by (4.8) tends to disappear. This is
consistent with the model, since the mathematical equation means that the rate of
change is negative and proportional to the existing population. A population which
is modeled by (4.9) will tend to the constant k, called carrying capacity (the amount
of the population that the environment can support), since if x < k the rate of change
is positive and if x > k it is negative.

It is interesting to examine the fuzzy case of these two models because the
first one has the extension given by —AX, as has already been mentioned. Hence
the formula is similar to the classical case. And, as it has been discussed earlier,
the extension principle is a good criteria to decide which FIVPs to compare. The
expression of the extension of the logistic model, on the other hand, does not
have the same representation with the standard arithmetic for fuzzy numbers. But
this does not mean that the fuzzy logistic model cannot be written as X'(¢f) =
AX(t)(K—X(1)), where all the involved terms are fuzzy. The examples involving the
logistic case will use parameters based on the research of Gause (1969), presented as
an example by Edelstein-Keshet [15]. Gause carried out an experiment of cultivation
of the yeast Scrhizosaccharomyces kephir and found out that, beginning with the
amount of xy = 0.45 the population of this yeast clearly satisfied the logistic
equation with parameters k = 5.8 and a = 0.01 for a total time of 160 h.
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4.2 Hukuhara Derivative

The authors of [19, 28] independently stated conditions for existence of solution
to differential equations in which the involved functions were fuzzy-set-valued
functions and the derivative was also fuzzy. Both proposed a theorem for existence
and uniqueness of solutions to FIVPs, that is, a Picard—Lindel6f type theorem, one
using the Hukuhara derivative and the other, the Seikkala derivative. The Peano
Theorem was proven not to hold for FDEs because the metric space (% (R"), deo)
generally is not locally compact [20]. Adding a new condition (boundedness) solved
it [25]. Solution means a fuzzy-set-valued function X : [0,T] — F¥(R") that
satisfies the differential equation for each ¢ € [0, 7] and the initial condition in (1.2).
Consider (1.2) with the Hukuhara derivative:

Xy (1) = F(t.X(1))

50 — %, , (4.10)

where F : [0,T] x Z4(R) — Z¢(R) is continuous and Xy € % (R"). The
following lemma is stated in [19].

Lemma 4.1 ([19]). A fuzzy-set-valued function x : [0, T] — F¢(R") is a solution
to FIVP (4.10) if and only if it is continuous and satisfies

t

X() = Xo +A F(s,X(s))ds 4.11)

forallt € [0,T).

It is not possible to extend Lemma 4.1 for + < 0 due to the property of
nondecreasing diameter of the «-levels.

Theorem 4.1 ([25]). Consider F : [0,T] x %4 (R") — Fx(R") continuous and
bounded. Then there is at least one solution to FIVP (1.2) on [0, T].

The following result is close to Picard—Lindelof type theorem, since it establishes
continuity and the Lipschitz condition as sufficient for existence and uniqueness of
solution.

Theorem 4.2 ([19]). Consider a continuous function F : [0,T] x Fx(R") —
F4(R") satisfying the Lipschitz condition in the second argument, that is, there
exists k > 0 such that

doo(F(t,X),F(1,Y)) < kdoo (X, Y) (4.12)

forallt € [0,T],X,Y € 4 (R"). Then there is a unique solution to FIVP (1.2) on
[0, 77.
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A characterization theorem, stated in [6] simplifies the calculations. The result
assures that it suffices to solve system of ODEs.

TheoreIE 4.3 ([6, 71). Consider a continuous function F : Ry — F¢(R), Ry =
[0, T] x B(Xo,q), ¢ > 0, Xo € F4(R), such that

[F(t,0)e = [fy (.35 x0) £ (x5, . xD)], a€[0,1] (4.13)

with f; (t,x,,, x}) and f;f (1, x;,x}) equicontinuous and uniformly Lipschitz in the
second and third arguments, that is, there exists L > 0 such that

I (t.x; ., xF) = fF (xg xD)] < Ly =yl + x5 =D, (4.14)

for any (t,x), (t,y) € Ry and for any o € [0, 1]. Then the FIVP (1.2) has a unique
solution in an interval [0, k|, for some k > 0, characterized levelwise by the system
of ODEs

() (1) = fiy (t.x;, (1), xF (1)
) (1) = £ (1.5 (1), xF (1)
x5 (0) = (5 )a ’
xF(0) = 0

(4.15)

a €0, 1].

Some examples with biological interpretation will illustrate the use of Hukuhara
derivative in FIVPs.

Example 4.1. Consider the decay model

Xy (1) = —AX(@) ’ (4.16)

X(0) =X
where A € RT and Xy € .Z¢(R), supp(Xy) C RT. From now on denote [Xo], =
[(x0)y > (o).

The crisp case associated with system (4.16) is frequently used to model
population growth (or decay, depending on the sign of A) or nuclear decay. It is
a simple model, yet a reasonable approximation for a short period of observation
of the phenomenon. The interpretation of FIVP (4.16) is the decay model with
nonfuzzy coefficient and fuzzy initial condition. One explanation is that X, can be a
label such as “high” or “small” and each real number in R has a membership degree
to this subset. Another interpretation is that there is a partial knowledge of the initial
condition, and the most likely values have membership degrees close to one.
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Levelwise, solving (4.16) is equivalent to solving

[X;,(0], = [FAX ()]
{ [X(0)], = [Xol, (4.17)
forall ¢ € [0, 1].
Hence,
[ (0.5 (0] = [ (@), =45 ()]
% [x5(0). xF(0)] = [xgy. ] ; (4.18)
that is,

(o, () = —Axg (1)

(i (1) = —Ax; (1)
x0) = xp @19
o) = X

The solution one obtains is:

x,(n) = et + Pe M

420
xH@ = —cPeM 4 P (4-20)
with
— o+ -+
o = w and cf = w 421)

forall ¢ € [0, 1].

Since it models population or nuclear particles, there is no meaning in the
solution when it assumes negative values. This is why it is omitted in Figs. 4.2
and 4.3. The result of nonzero membership degree to negative values is a defect
resulting of the Hukuhara derivative. Hence, from ¢ ~ 40 on, the solution has no
biological meaning anymore, since in the calculations negative values for the state
variable are used. Furthermore, in a population that is decreasing proportionally
to its quantity it is expected that it tends towards zero, no matter its initial value,
uncertainty or its membership to a determined subset (“large,” “medium,” or
“small,” for instance). It is expected, actually, that the fuzziness goes to zero. Hence
the increasing fuzziness (or diameter) is not considered a good modeling of the
decay phenomenon.

Example 4.2. Consider the coefficient of X also fuzzy in the decay model:

Xpy () = —AX()

X(0) = X, , (4.22)



4.2 Hukuhara Derivative

Fig. 4.2 The O-level
(continuous line) and the core
(dashed-dotted line) of
solution to the decay model
via Hukuhara derivative in
Example 4.1. Initial condition
(0.35;0.45; 0.55) and
parameter A = 0.02

Fig. 4.3 Attainable fuzzy
sets of solution to the decay
model via Hukuhara
derivative in Example 4.1.
Initial condition
(0.35;0.45; 0.55) and
parameter A = 0.02
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where A € .F4(R), supp(A) C RT, Xy € Z4(R) and supp(Xp) C R™. From now

on assume [A], = [A;,A[]].

The biological meaning of this model is the same as the previous one. The sole
difference is in the parameter A, which is fuzzy in the present example.
Since [—AX(D)]e = [—ASxF(r),—A,x; (1)], the FDE in levels is equivalent to
the following system of differential equations

The solution is

(g (1)
(g ()
X, (0)
x; (0)

—A o
Y
X
3o

e Iy
x; () = C((ll)e Ay Aa t_i_c((xz)e* Agha t

2o (D) Ja=af 1o (2 —Jaad
#C&)e A“A"’t+ A_ﬁ_ct(x)e Ay Ayt
o o

x;r(t) = —

(4.23)

(4.24)
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Fig. 4.4 The 0-level
(continuous line) and the core
(dashed-dotted line) of
solution to the decay model
via Hukuhara derivative in
Example 4.2. Initial condition
(0.35;0.45; 0.55) and
parameter

A = (0.016; 0.020; 0.024)

Fig. 4.5 Attainable fuzzy
sets of solution to the decay
model via Hukuhara
derivative in Example 4.2.
Initial condition
(0.35;0.45; 0.55) and
parameter

A = (0.016; 0.020; 0.024)

with

Yoo — VA&F/AOTXE)Z

o =

2

forall « € [0, 1].

4 Fuzzy Differential Equations

0.6

0.51

0.41°

%034\ "\

100 120 140 160

0 20 40 60 80
t

0 20 40 60 80 100 120 140 160
t

- - 4
@ _ Yoot Ad /Ay Xoq

and ¢, >

(4.25)

As in the previous case, no matter the fuzziness of the initial condition or the
parameter, it is not expected to increase the diameter of the solution, though it
always happens when employing the Hukuhara derivative (Figs. 4.4 and 4.5).

Example 4.3. Another well-known biological model is the logistic growth

X (1) = aX()(k— X(1)

(4.26)

X(0) = X,

Here fuzziness is present only in the initial condition, that is, Xy € % (R) and
supp(Xy) C RY. The other parameters are nonfuzzy, a € R™ and k € R™.
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The model takes into account that the environment has a limited number of
individuals it can support, in a given population. This is characterized by the
parameter k, called carrying capacity, here considered constant. Parameter a has to
do with reproduction. The term akX () corresponds to the growth rate, controlled by
the term —aX(r)%, which corresponds to intraspecific competition. If the population
is modeled by a crisp variable, note that if X(r) ~ 0, X},(t) ~ akX(¢), that is,
there is no obstruction for the population to grow. The change rate is positive while
X(t) < k, but it tends towards zero while X (¢) tends to k. For X(f) > k, that is, above
the carrying capacity, the change of rate is negative.

The Hukuhara difference is not defined for k ©y X(¢) if X(7) is fuzzy. Therefore
consider the difference based on SIA (or gH-difference, which gives us the same
result for this case). Condition 0 < u < v implies

min{au(k — u). au(k — v), av(k — u), av(k — v)} = au(k — v) (4.27)
and
max{au(k — u), au(k — v), av(k — u), av(k — v)} = av(k — ). (4.28)
Hence
[aX (1) (k — X (1)), = [axg (1) (k — x; (1), axgy (1) (k — x;, (1))] (4.29)

since 0 < x;, (1) < x;} (7).
The system of equations

(o (1) = ax, (0)(k — x5 (1)

(g () = axg (k= x5 (1) (4.30)
Xo (O) = X0
xF(0) = x(—)tv

is solved numerically, by applying first-order Euler method. This method approx-

imates x;, (1), xI (¢), x; (t + h) and x] (t + h) by u 0w and v such

that

u((xi+1) _ ufj) +h- aufj)(k _ vg)) 4.31)
and

vt =30 4 hav®k— ul), (4.32)
where i = 1,2,....n, nis the number of divisions of [0, 7] and h = T/(n — 1) is

the size of each subinterval of [0, T].



80

Fig. 4.6 The O-level
(continuous line) and the core
(dashed-dotted line) of
solution to the logistic model
via Hukuhara derivative in
Example 4.3. Initial condition
(0.35;0.45; 0.55) below
carrying support k = 5.8 and
growth parameter a = 0.01

Fig. 4.7 Attainable fuzzy
sets of solution to the decay
model via Hukuhara
derivative in Example 4.3.
Initial condition

(0.35;0.45; 0.55) below
carrying support k = 5.8 and
growth parameter a = 0.01

Fig. 4.8 The 0-level
(continuous line) and the core
(dashed-dotted line) of
solution to the logistic model
via Hukuhara derivative in
Example 4.3. Initial condition
(8.5;9.0; 9.5) above carrying
support kK = 5.8 and growth
parameter a = 0.01
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The results are illustrated in Figs. 4.6, 4.7, 4.8, and 4.9. As expected, the solution
has increasing diameter. Since the core of the initial condition is just one point, the
core of the solution is the same as the solution of the crisp case, with initial condition
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Fig. 4.9 Attainable fuzzy
sets of solution to the decay
model via Hukuhara
derivative in Example 4.3.
Initial condition

(8.5;9.0; 9.5) above carrying
support £k = 5.8 and growth
parameter a = 0.01
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Xy = x(‘)"l. But as in the decay model, it is expected, no matter the initial condition,
from*“very small” to “very large,” that the population goes to a determined value
(k, in this case) as f increases.

As mentioned at the beginning of this section, other arithmetics can be used.
Though interactivity is not used in the definition of the Hukuhara derivative, let us
see what happens if we admit the CIA to calculate the differential field aX (k — X):

[aX(k — X)], = [ min {ax(k — x)}, max {ax(k — x)}]. (4.33)
x€[X]y XE([X]o

The Euler method is used again, calculating at each step the minimum and the
maximum in the last equation and solving

() (0. () ()] = [ min {ax(r)(k —x(1))}, max {ax(t)(k—x(@)}|.
*EX(D]a XE[X()]a @34

Since f(x) = ax(k — x) is a parabola with maximum value at x = k/2, it is not
hard to determine the minimum and the maximum at each step:

o Ifx,(t) < k/2 < x}(t), the maximum of f(x) is attained by x = k/2. And
the minimum is attained at min{ax, (k — x;), ax} (k — x})}.

o If xJ (1) < k/2, f(x) is increasing with respect to x € [x;,x]], hence the
minimum is f(x) and the maximum is f(x;").

o If xJ (1) < k/2, f(x) is decreasing with respect to x € [x,,x]], hence the
minimum is f(x}) and the maximum is f (x).

The results are displayed in Fig.4.10. It is different from the result employing
noninteractive arithmetic, especially when the 0-level starts to assume negative
values. It is mathematically interesting, though biologically it is meaningless from
t ~ 125, since negative values are used to calculate the upper 0-level set function
and negative values do not make sense as number of individuals.
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Fig. 4.10 The O-level 81
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solution to the logistic model 64 ~—]
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Nevertheless, as mentioned before, it seems incoherent to use different arith-
metics to define the derivative and to operate with the right-hand-side function. One
would expect thence to define the derivative via CIA.

The FIVPs of the examples in this section satisfy the hypotheses of Theorem 4.3,
that is, each a-cut of the function F can be written as function of x, and x.
However, this is not always true and solving the system may become more
complicated if this condition is dropped. The reader can refer to [12] for further
information about this subject. To briefly illustrate this case, consider the next
example.

Example 4.4. Consider FIVP (4.10) with F such that

[F(t,X(t)]a = [y (). %] (1)] (4.35)

which is equivalent to

Q) (1) = x5 (1), x5 (0) = (65)a
(0 = ng(t), xF(0) = ()%)a : (4.36)

The second equation can be solved directly: x} (1) = (xgr )w€'. The first one needs
two steps and we begin with o = 0:

()" (1) = x5 (1), x5 (0) = (x5)o (4.37)

which leads to x; (1) = (x5 )oe’ and

()" (1) = (x5 )oe’. x5 (0) = (x5)a (4.38)
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The result is

S0 = 070+ ()~ (7
HO= e 43

Example 4.4 illustrated the fact that the function F in FIVP (4.10) may not be
written directly as function of x; and x} (in this example, F is function of x
and x;7). The process of solving may become more difficult but since F satisfies
the existence Theorem 4.2, there is a solution (and we managed to find it).

4.3 Strongly Generalized Derivative

Section 3.1.2 has shown that the strongly generalized derivative (see Definition 3.6)
“fixes” the defect of nondecreasing length of the support of a H-differentiable fuzzy
function. In this section we present the existence and uniqueness of two solution
theorem, first stated by Bede and Gal [8]. As in the Hukuhara case, the solution
to an FIVP is given by integral equations, in such manner that, provided some
conditions, there is always a solution with increasing diameter (strongly generalized
differentiability of type (i)) and other with decreasing diameter (strongly generalized
differentiability of type (ii)) [8]. The possibility of change of type of differentiability
(i)—(iv) characterizes interesting phenomena called switch points.
Consider (1.2) with the strongly generalized derivative:

X.(1) = F(t, X(¥))
{ XCEO) ~ X , (4.40)

where F : R x Z4(R) - F4(R) is continuous and Xy € F«(R). As in Hukuhara
derivative case, there is a result connecting FDEs with fuzzy integral equations.

Theorem 4.4 ([8]). The FIVP (4.40) is equivalent to the integral equation
t
X(t) = Xo + / F(s,X(s))ds, (4.41)
0
if the derivative considered is type (i), or to the integral equation
t
Xo = X0+ (1) [ Fe.X6)ds 442
0

if the derivative considered is type (ii), on some interval [t;, ;] C [0, T).

Based on the next lemma, Bede [7] proves the existence and uniqueness of two
solutions (Theorem 4.5).
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Lemma 4.2 ([7]). Let X € F4(R) be such that [X], = [x,,x}], « € [0,1], x;
and x} differentiable, with x~ strictly increasing on [0, 1], such that there exist the
constants c; > 0, ¢ < 0 satisfying (x;) > ¢y and (x}) < ¢ forall « € [0, 1].
Let F : [a,b] = F¢(R) be continuous with respect to t, having the level sets
- ot
[F(D)e = [f, (0).f (1)] with bounded partial derivatives % and % for all
t € [a,b].
If one of the following two cases occurs
(a) x| < x{" or
(b) x| = xf' and the core [F(s)]y consists of exactly one element for any s € [a, b],

then there exists h > a such that the H-difference
t
Xo / F(s)ds (4.43)

exists for any t € [a, h].

Theorem 4.5 ([7]). LetRy = [0, T]xB(Xo.q), ¢ > 0, Xo € F4(R) and F : Ry —
F¢(R) be continuous such that the following assumptions hold:

(i) There exists a constant L > 0 such that

for all (t,X),(t,Y) € Ry.

(ii) Let [F(t,X)]e = [f, (t.X).f (t,X)] be the level set representation of F, then
£, £+ Ry — R have bounded partial derivatives with respect to o € [0, 1],
the bounds being independent of (t,X) € Ry and a € [0, 1].

(iii) The functions x;; and xg' are differentiable (as functions of a), existing ¢; > 0
with (xa); > c1, and ¢ < 0 with (x(')"); < ¢y, for all a € [0, 1], and we have
the following possibilities

(a) (o) < (x0)
or
(b) if (x0)] = (x0)1+, then the core [F(t,X)]; consists in exactly one element
for any (t,X) € Ry, whenever [X]; consists in exactly one element.

Then the FIVP (1.2) has exactly two solutions on some interval [0, k], k > 0.

The solution of FIVPs using strongly generalized differentiability, as in
Hukuhara case, can also be obtained by solving systems of ODEs to find the
level set functions of the solution.

Theorem 4.6 ([7]). Let Ry = [0, T] xB(Xo.q), ¢ > 0, Xo € F»(R) and F : Ry —
F ¢ (R) be such that

F(t, X))o = I, (t.x,, ). £ @, x,,xD)], Yo €[0,1] (4.45)

>
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and the following assumptions hold:

(i) fajE (t,x;,xF) are equicontinuous, uniformly Lipschitz in their second and third
arguments, that is, there exists a constant L > 0 such that

E @ xy xD) — £y D] < Ly — v |+ x5 =y, (4.46)

V(t,X),(Y) € Ry, €0, 1].

(i) £, f;7 : Ro — R have bounded partial derivatives with respect to a € [0, 1],
the bounds being independent of (t,X) € Ry and o € [0, 1].

(iii) The functions x, and x{f are differentiable, existing ¢y > 0 with (xg ); > c,

and ¢y < 0 with (x(')"); < ¢y, for all o € [0, 1], and we have the following

possibilities
(@) (x0)7 < (xo0)7
or
(b) if (x0)] = (xo)i" then the core [F(t,X)]; consists in exactly one element

for any (t,X) € Ry, whenever [X]; consists in exactly one element.

Then the FIVP (1.2) is equivalent on some interval [ty, ty + k| with the union of
the following two ODEs:

() (1) = f (t.x7 (1) xF (1))
() (1) = £ (x5, (1), xF () . e €[0.1] (4.47)
x5 (t0) = (x0)y . X} (f0) = (x0)st

()
()
x (to)

(1) = f;H (6. x, (1), x5 (1))
(1) = f7(t.x (0. xT (1) a €[0,1]. (4.48)

(x0)y »xF(t0) = (x0)

Example 4.5. Consider the decay model

! e
Xg(H) = —AX(1) ’ (4.49)
X(0) =X,
where A € R, Xy € Z4(R) and supp(Xp) C RT.
The (i)-differentiable solution is Hukuhara differentiable solution, the same as in
Example 4.1. The other solution is the one obtained solving

(xy (1) = —Ax, (1)
(e (@) = =Axt ()
x5 (0) Xy,
x(;" (0) xg;

(4.50)



86 4 Fuzzy Differential Equations

The solution is

x, (0 = an
{f (1) = xgoe ™ @D

forall ¢ € [0, 1].

The (ii)-differentiable solution is a good alternative to the Hukuhara differen-
tiable solution, since it “fixes” the defect of increasing diameter of the solution
of the decay model. It is biologically more meaningful in Example 4.5 since it is
expected that the uncertainty vanishes as the population gets close to zero (Figs.
4.11 and 4.12).

Example 4.6. As in Example 4.2, consider the coefficient of X also fuzzy in the
decay model:

Fig. 4.11 Solutions to the F

decay model via strongly % /

generalized derivative in 0.59% N A

Example 4.5: the 0-level LN '\h__,//

(continuous line) of the 0.44™, -y

(i)-differentiable solution (in N %

the strongly generalized * 0.3 \\ %

sense), the 0-level (dashed __\\ O N

line) of the (ii)-differentiable 021 N MO

solution and the core \ S T

(dashed-dotted line) of both. 0.1 i P e

Initial condition \‘\ TUSTEEImao ..
(0.35;0.45; 0.55) and 0 —y . g — ]
parameter A = 0.02 0 20 40 60 8t0 100 120 140 160

Fig. 4.12 Attainable fuzzy
sets of the (ii)-differentiable

solution to the decay model 0.5
via strongly generalized
derivative in Example 4.5. 0.4
Initial condition
(0.35;0.45;0.55) and *0.31
parameter A = 0.02
0.2
0.1
0

0 20 40 60 80 100 120 140 160
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/ —_ —
X5(H) = —AX(1) , 4.52)
X(0) =X,
where A € Z(R), supp(A) C R, Xy € Z»(R) and supp(Xy) C RT.
The (i)-differentiable solution is Hukuhara differentiable solution, the same as in
Example 4.2. The other solution is obtained by solving

(0 (1) = =25 x, ()

()Y = )ty
x,0) = xg
o) = xb
The solution is
X, (1) = xp et !
. 4.54
§ 30 = e 39
This solution is defined while x;, () < xJ (¢), that is, for
1 xt
t<Tp=———1In["2]. (4.55)
)L(jz_ - Ao? (x()oz)

The solution also has to satisfy x, (f) < Xg (1) and x} (1) > x; () for0 < a <
B < 1. For the same values as Example 4.2, that is, X = (0.35;0.45;0.55) and
A = (0.016;0.020; 0.024), numerically we find T,, & 48. The solution is displayed
in Figs.4.13 and 4.14. It is clear that the solution does not exist from 7, ~ 44 on.

The condition x, (f) < x;(f) restricts the domain for which the solution is
defined. This is a particular problem of the solution with decreasing diameter, that
is, the Hukuhara differentiable solution does not degenerate and hence its domain
is bigger. On the other hand, since this particular problem is an application in
population modeling, it does not make sense (biologically) that x, (f) < 0, what
limits the Hukuhara solution as well.

Note also that if the initial condition is nonfuzzy with x; (1) = x} (¢), then
In ;LJ_’E = 0 and hence there is no domain for the solution. Since the crisp

O
condition violates a hypothesis of Theorem 4.5, it cannot assure existence of a
solution.

Example 4.7. The FIVP

X'(t) = aX(@®)(k—X(1))

X(0) — X (4.56)
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Fig. 4.13 Solutions to the decay model via strongly generalized derivative in Example 4.6: the
O-level (continuous line) of the (i)-differentiable solution (in the strongly generalized sense),
the O-level (dashed line) of the (ii)-differentiable solution, defined for ¢t < T,,, T,, ~ 48, and
the core (dashed-dotted line) of both (for the (ii)-differentiable solution, it is defined for t < T,,).
Initial condition (0.35; 0.45; 0.55) and parameter A = (0.016; 0.020; 0.024)
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Fig. 4.14 Attainable fuzzy sets of the (ii)-differentiable solution to the decay model via strongly
generalized derivative in Example 4.6, which is defined for t < T,,, T,, =~ 48. Initial condition
(0.35;0.45; 0.55) and parameter A = (0.016; 0.020; 0.024)

where Xy € Z4(R) and supp(Xo) C Rt, a € R" and k € Rt was evaluated
numerically in Example 4.3 using the Hukuhara derivative (which is equal to (i)-
differentiability).

The (ii)-differentiable solution is obtained considering

(g () = axf @) (k — x; (1)

(@ 0) = axg Ok = 0) s
x,(0) = Xo

x&" 0) = xg;
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Fig. 4.15 Solutions to the logistic model via strongly generalized derivative in Example 4.7: the
0-level (continuous line) of the (i)-differentiable solution (in the strongly generalized sense), the
0-level (dashed line) of the (ii)-differentiable solution and the core (dashed-dotted line) of both.
Initial condition (0.35; 0.45; 0.55) below carrying support k = 5.8 and growth parameter a = 0.01

In order to solve it numerically, we approximate x;, (¢), x} (¢), x; (t + h) and
xF(t+ h) by U vy and vt such that

u ) = 4D 4 g v (k — u?) (4.58)
and
v+ =0 4 hau® (k — v?), (4.59)

where i = 1,2,...,n, n is the number of divisions of [0,T] and h = T/(n — 1) is
the size of each subinterval of [0, T7.

The diameter of the solution in the previous example decreases and the function
tends to k (see Fig.4.15). As it was earlier observed, no matter the positive initial
condition, the trajectory of the classical case always tends towards k, and that is
what is expected from (4.56), considering the phenomenon that originated it. Hence
it does not matter the initial fuzziness as well, it is certain that, after a certain time,
the state variable will be very close to the carrying capacity. With this point of view
the (ii)-differentiable solution is more appropriate.
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Example 4.8 ([7, 9]). This example is similar to the one presented in [7, 9].
The authors propose to numerically solve

Xy (1) = AX(1)(K ©gn X®)

X0 — (4.60)

where xo € R?, K € .Z4(R), supp(K) C R*, A € .Z4(R) and supp(4) C R*.
The values of the parameters are different from [7, 9]. We set [K], = [k, , k] and
[A]Ot - [aa ’ ;_

The crisp initial value does not meet condition (iii) of Theorem 4.5, that guar-
antees two solutions. In fact, only the Hukuhara differentiable (or (i)-differentiable)
solution is admitted, since the initial condition is not fuzzy.

We obtain it by solving

(x ;) = fiy (t.x; (). xF (1))
() ) = £ (637 (1), xF (1) . €]0,1] (4.61)
x5 (o) = (xo>;,x:(ro) = (xo))

To obtain the expression of £, and £, note that the supports of A and X are positive,
in order to preserve the biological meaning. Hence

[AX], = [AlL[X]o = [a; x;, ,afx}]. (4.62)

oo

Also,

[K Ogn X]o = [minfk, —x,, k5 —xF} max{k, —x, kf —xF1], (4.63)

o’ o

provided K O,y X defines a fuzzy number. As a result,

+(tv o i) _mlnvpe{ +}{a (kg_xft))} ae [0,1] (464)
fa (t? Xo s ot) = maxs,pe{—.—i-}{aa a(kg _xla)}
We solve it using the Euler method, calculating at each step the minimum and
maximum needed to determine £, and f;". If at some point (x;)' () = (x})'(?),
that is, f,; = f.F, then the solution would be (iv)-differentiable, according to
Definition 3.6. Hence, considering this point as new initial condition, from this
point on it would have decreasing diameter or increasing diameter, that is, be
(i)-differentiable or (ii)-differentiable. The new problem would meet all conditions
of Theorem 4.5 and we would be able to find these two solutions.
This point at which there are two options of solutions, each one with a different
differentiability, is called switch point. With the parameters used in this example,

there is no such point. Hence, there exists only the Hukuhara differentiable solution
(Fig.4.16).
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Fig. 4.16 The 0O-level (continuous line) and the core (dashed-dotted line) of the (i)-differentiable
solution to the logistic model via strongly generalized derivative in Example 4.8. Initial condition
0.45 below carrying support K = (5.3; 5.8; 6.3) and growth parameter A = (0.005; 0.010; 0.015)

4.4 Fuzzy Differential Inclusions

The theory of differential inclusions was developed to deal with some kinds of
uncertainties not described by classical dynamical systems. These uncertainties
are due, for instance, to partial knowledge arisen from the impossibility of total
understanding of a phenomenon or to the ignorance of laws related to the control
of the system. Control can be direction, acceleration, fuel, temperature, weight or
other variables that may affect the system.

The mathematical model involves a family of differential equations

X(1) =fx(®).u(®).  u() € U(x(1), (4.65)

where x € R” is the state variable, u € R is the control, and U is the subset of
admissible controls. Together with x, u defines the velocity of the system.

Defining the set-valued map H : R* — Z(R") as H(x) = f(x, U(x)) = {f(x,u) :
u € U(x)}, the equation in (4.65) can be rewritten as

¥ (1) € H(x(t), u(f)). (4.66)

Finding a solution x means finding an everywhere differentiable function that
satisfies (4.65) and a given initial condition. This problem is said to be parameteriz-
able, that is, there exists a single-valued function f of two variables x, u# such that, for
every x, H(x) = f(x, U). The initial condition can also assume values in a given set
in R”. Being parameterizable is an important property, since f continuous implies
that, for every fixed wWelU x— fx, uo) is a continuous selection. The existence
of a continuous selection guarantees at least one solution to the Problem (4.66),
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that is, an everywhere differentiable function that satisfies the inclusion, obtained
by solving the (4.65) (and given an initial condition x(0) = x).
The differential inclusion can take a more general form:

/
X' (t) € F(t,x(1)) 4.67)
x(0) eI

where F : R x R" — Z(R") and I" C R”. In this case, which we call the time-
dependent case, the selections of F' that are measurable with respect to the time
variable are considered, and hence the concept of solution is also more general. It is
an absolutely continuous (see Appendix) function that satisfies the inclusion a.e.
in (4.67), obtained by solving the differential equation x'(r) = f(z,x(r)), x(0) =
xo € I', where f is a selection of F.

The absolutely continuous functions are the weakest acceptable solutions,
according to [3], since they are continuous and, moreover, they are differentiable
except on a set of measure zero. This allows solutions with discontinuities in its
derivatives at some points and at the same time avoids some bizarre cases (such as
a function that has derivative zero a.e. but is strictly monotonic).

An FDI is a generalization of a differential inclusion and was first proposed by
Aubin [2] and Baidosov [4]. It is symbolically written as

X' (1) € F(t,x(t))
{ x(0) € Xo (4.68)

and, as [18] proposed, is interpreted levelwise as the family of differential inclusions

X (1) € [F(t.x(t)]a
{x(O) € Xola (4.69)

forall a € [0, 1], where [F], : [0, T] x R" — J7 and [Xo], € 7.

A solution to Problem (4.69) is an absolutely continuous function x : [0, 7] — R”
that satisfies the inclusion a.e. in [0, 7] and x(0) = xy € [Xply. The set of all
solutions of (4.69) is denoted by X, (xo,T) and the attainable set at ¢ € [0, T]
by %, (xo,t). Diamond [14] proved that the sets X, (xo,T) are the a-cuts of the
fuzzy solution X'(xg, T') of (4.68), a fuzzy subset in Zr(R") (see Appendix), that is,
X(x0,T) € F(Zr(R")).

In the FDIs some trajectories may have more “preference” than the others which
is characterized by the value of its membership degree. This discrimination does not
exist in the traditional differential inclusions.

The following assumption assures that all the absolutely continuous solutions to
Problem (4.69) are defined on the same interval of existence.

Let £2 be an open subset in R x R” such that (0, x) € £2 and H a mapping from
£2 into the compact and convex subsets of R”. If there exist b, T, M > 0 such that:



4.4 Fuzzy Differential Inclusions 93

e theset Q =[0,T] X (xo + (b + MT)B") C 2, where B" is the unit ball of R";
e H maps Q into the ball of radius M

then it is said that the boundedness assumption holds (see [3, 14]).

The existence of solutions to FDIs for the time-dependent case is assured by
Theorem 4.7, stated and proved in [14]. It does not require continuity of the
differential field, but needs upper semicontinuity and boundedness assumption.

Theorem 4.7 ([14]). Suppose that Xy € F4(R"), let 2 be an open set in R x R"
containing {0} x supp(Xo) and let F : 2 x F¢(R") — F»(R") be usc. Suppose
that the boundedness assumption holds for all xy € supp(Xo) and

X € [F(t,x)]o, x(0) € supp(Xo). (4.70)

The families X (Xo, T) of all solutions to (4.69) are compact subsets in Zy(R")
for all o € [0, 1]. Moreover, these subsets are a-cuts of a fuzzy subset in Zr(R"),
X (Xo,T) € Fu(Zr(R"™), which is the solution to (4.68). The attainable sets
Py (Xo, 1) of Xo(Xo, T) define the fuzzy subset <f (Xo, t) € F.» (R").

The selection method is considered in order to search for solutions. It consists
in finding a selection f(z,x) of the set-valued function [F(z,x)], and solving the
classical IVP

X(t) = f(t,x(1)
{ (0 — 30 , .71

where xg € [Xo]e. If f is continuous and bounded, for instance, there will be a
solution to (4.71) and hence a solution to the differential inclusion.

Example 4.9. Let us solve the FDI associated with the family of problems

X0 € [“Ax(D)la
% *(0) = xo € Xola (4-72)

where 1,xy € RT, Xy € Z%(R) and supp(Xo) C RT. The function [—Ax(?)] is a

singleton, therefore (4.72) is equivalent to

X () = —Ax(?)
% x(0) = xo € [Xolo *73)

The set of all solutions is

Yo (X0, T) = {x: x(1) = xoe ™, x0 € [Xolo}- (4.74)
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These are the a-cuts of the fuzzy bunch of functions that is the solution to the FDI.
Its attainable sets are

o (Xo,1) = e MX,. (4.75)

Note that the FDI (4.72) is comparable with the decay model with initial
condition in Example 4.5, since F(t,X) = AX is the extension of f(z,x) = Ax.
Indeed, the attainable sets .7 (Xy,t) are the same as the solution at ¢ via (ii)-
differentiability, the one that presents decreasing diameter. And it is obviously
different from the H-differentiable solution, that has increasing diameter (Figs. 4.17
and 4.18).
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Fig. 4.17 Attainable sets of the O-level (continuous line) and the core (dashed-dotted line) of
solution to the decay model via FDIs in Example 4.9. Initial condition (0.35;0.45;0.55) and
parameter A = 0.02
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Fig. 4.18 Solution to the decay model via FDIs in Example 4.9, that is, a fuzzy bunch of functions
whose membership of each function to the solution is represented by the scale of gray: the darker
the color the higher the membership degree. Initial condition (0.35;0.45;0.55) and parameter
A =10.02
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Example 4.10. Now we also consider the parameter as a fuzzy number:

X (@) € [—Ax(D)]a

s 4.76
%(0) = xo € [Xola (476)

where A €€ Z»(R), supp(A) C RT, xy € RT, Xy € F»(R) and supp(Xy) C RT.
All solutions to (4.76) are confined between two values, for each ¢:

x~ (1)) = min{x(¢) : X' (1) = A(D)x(0), A1) € [~ Ao, x(0) € [Xolo}

. @477
xF (1) = max{x(r) : X'(1) = A(O)x(2), (1) € [~ A, x(0) € [Xola} @77
That is,
+
X (1) = xge ! 478
()= xte et (478)
The set of all solutions has the attainable sets
Ay(Xo. 1) = Pigye™ e, (4.79)

The FDI that has been just solved is also comparable to one FDE in the previous
section, namely System (4.52). The present solution has decreasing diameter,
hence it is clearly different from H-differentiable solution. It also has different
attainable sets from the (ii)-differentiable solution. Example 4.6 showed that the (ii)-
differentiable solution collapses at a certain value of 7. The solution via differential
inclusions is defined for all ¢ > 0, preserving the property of asymptotic solution of
the classical case (Fig.4.19).
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Fig. 4.19 Attainable sets of the O-level (continuous line) and the core (dashed-dotted line) of
solution to the decay model via FDIs in Example 4.10. Initial condition (0.35;0.45;0.55) and
parameter A = (0.016; 0.020; 0.024)
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Fig. 4.20 Attainable sets of the O-level (continuous line) and the core (dashed-dotted line) of
solution to the logistic model via FDIs in Example 4.11. Initial condition (0.35;0.45;0.55) and
parameters k = 5.8 and a = 0.01

Example 4.11. Let us solve the FDI associated with the family of problems

X'(1) € [alk — x(1))]a
X0) = xo € Koy (4.80)

where a, k,xo € R, and Xy € Z4(R) and supp(Xy) C R*. As in Example 4.9, the
function [a(k — x(¢))]y is a singleton. The set of all solutions of (4.80) is obtained
by solving the classical case and varying the value of the initial condition (as in
Example 4.9):

kxo eakt

EQ(X(),T) = qX: X(t) = m

0 € Kol - 4.81)

The fuzzy solution X' (X, T') has a-cuts given by (4.81) (Figs. 4.20 and 4.21).

The functions that constitute the fuzzy solution in Example 4.11 are solutions of
the associated IVP just as in Example 4.9 and hence preserve the properties of the
classical case. In these two examples the method for finding solutions is the same as
the one that will be presented in the next section, hence the solutions are the same.

4.5 Extension of the Solution

The extension of the solution is a very intuitive method. It consists in solving an
ODE and extending the solution according to a fuzzy parameter, which can be the
initial condition or some other parameter of the FDE. It will be clear that, besides
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Fig. 4.21 Solution to the logistic model via FDIs in Example 4.11, that is, a fuzzy bunch of
functions whose membership of each function to the solution is represented by the scale of gray:
the darker the color the higher the membership degree. Initial condition (0.35;0.45;0.55) and
parameters k = 5.8 and a = 0.01

intuitive, the fuzzy solution preserves properties from the crisp solution. Hence
the function may present decreasing length of its support, periodicity, and other
behaviors that may be inherent of the phenomenon being modeled.

The method of extension of the solution was presented in [10, 26] for solving
first-order FIVPs. Many other authors developed the same idea in the following
years (see, for instance, [11, 16, 23]), though the authors do not always use the
specific term extension of the solution.

It must be clear that this method does not solve an FDE and has no fuzzy deriva-
tives involved. Solutions are obtained by extending the operator that associates each
ODE and its parameter with a solution, in each value in the domain. The result of
this operation is a fuzzy subset in R”. Buckley and Feuring [10] claims that it is
equivalent to the united extension of the operator that associates each ODE and its
parameter with a solution (obtaining a fuzzy subset in a space of functions) and
calculating its attainable sets. This is a connection to the approach via fuzzification
of the derivative operator (see Sect. 4.6).

We consider the IVP

X (1) = f(t,x(r), w)
0 — 30 , (4.82)

where xp € R", w € R¥and f : R x R* — R” is continuous. A solution is a
continuous function that satisfies the initial condition and the differential equation
for all . For each pair of parameter and initial condition there is a solution associated
with (4.82) that we denote by x(-, xo, w).



98 4 Fuzzy Differential Equations
4.5.1 Autonomous FIVP with Fuzzy Initial Condition

Let us first consider that a phenomenon is modeled by system (4.82) and that only its
initial condition is a fuzzy subset. Each element x of this fuzzy subset X, leads to a
different solution x(-, xp). It is natural to consider that, given an initial value, there is
a solution and, given a set of initial values, there is a set of solutions. Each classical
solution evaluated at t is associated with the membership of the correspondent
initial value via extension principle. This fuzzy subset is the solution to the FIVP
at t. In other words, given x(+, x9) a solution to (4.82), if the initial condition is the
fuzzy subset Xj, the solution to the FIVP is based on the extension of x(z, xy), that
is, )%(I,X()), Xy € y(g(Rn)
The authors in [23] considered the autonomous system:

X (1) = f(x(1)
{ O —x (4.83)

with fuzzy initial value. They have proved existence and uniqueness of the solution
via extension of the solution and also demonstrated the equivalence with the FDI

X (1) = f(x(1)
{x Ocx (4.84)

where Xy € F4(R").

Theorem 4.8 ([23]). Consider U an open set in R" and suppose that the IVP (4.83)
admits only one solution x(-, xy) for each xy € U, with f continuous. Suppose also
that x(t,-) depends continuously on the initial condition. Given Xy € F4(U), the
extension x(t,Xo) of x(t,Xy), that is, the solution of the FIVP with fuzzy initial
condition correspondent to (4.83), is well defined. Moreover, the solution coincides
with the (attainable sets of the) solution of the FDI (4.84).

Remark 4.1. We can assure existence of the solution by using Lipschitz condition.
That is, if there exists a constant L > 0 such that

[F () =fWII < Lf|x =yl (4.85)

then there is only one solution x(-, xg), for each xg € R”", to IVP (4.83).

Remark 4.2. Theorem 4.8 establishes that, given some conditions, the attainable
sets of the solution via FDIs are the same as the solution calculated at each ¢ € via
extension of the solution.

Example 4.12. The classical decay model

X(t) = —Ax(?)

O — (4.86)
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where A € R* and xy € Rt has
x(f) = xpe ™™ (4.87)

as solution.

According to the method of the present section, if the initial condition xj is
considered to be fuzzy, that is, xo = Xy € -« (R), the solution to the new problem
is the extension of the solution x(#) = x(t, xo) with respect to the initial condition.
Levelwise we obtain

X(D)]e = X(1. Xo) = {x0e ™, x0 € [Xola}. (4.88)
Example 4.13. The logistic model

X' (1) = ax(t)(k — x(1))
WO — , (4.89)

where a, k, xo € RT is known to have the solution

kX() eakt

O e e 1)

(4.90)

Considering the initial condition xy a fuzzy number X, the solution to the new
problem is the extension of the solution x(¢f) = x(t, x¢):
k)C() eakr

[X(0)]a = X(1. Xo) = K+ xo(e® — 1)

%0 € Xola - 4.91)

4.5.2 FIVP with Fuzzy Initial Condition and Fuzzy Parameter

The general case, in which the FIVP is not autonomous and there are other fuzzy
parameters influencing the differential equation, is treated by Bede [7]. If the
parameter w is also fuzzy, the solution to the FIVP is the extension of x(¢, xy, w),
that is, X(t,Xo, W), Xo € Zx(R"), W € Z4(R"). According to the result in
[27], Lipschitz condition on the second and third variables of f assures existence,
uniqueness, and continuity of the solution, with respect to the parameter w and
the initial condition. Bede [7] uses this result to state the existence and uniqueness
theorem for the FIVP.

Remark 4.3. Many authors write X' () = F (t,X(), W), X(0) = Xy, which is just
a notation. As we said, this is not an FDE since there is no fuzzy derivative, hence
X'(t) does not make sense.
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Theorem 4.9 ([7]). Letf : [ty. to + p] X [xo — ¢, X0 + q] x B(w, r) and assume that
F is Lipschitz in its second and third variables, that is, there exist constants L; > 0
and Ly > 0 such that

U@t x, w) = f (2,3, | < Lallx =] (4.92)

and
It x,w) —f(t,x,2)|| < La|lw —2]| (4.93)

Then the solution to (4.82) with fuzzy parameter, defined as the extension
x(t, Xo, W), where x(-, xo, w) is solution to (4.82) in its classical form, is well defined,
unique, and continuous. Moreover, it can be defined levelwise:

[X(t)]a = [)Ac(thO’ W)]Ot = x(t, [XO]ou [W]a)~ (4.94)

Example 4.14. Now in the decay model we also consider the parameter A as a fuzzy
number. The solution is the extension of the solution x(f) = x(z, x9, A) with respect
to the xy and A. Levelwise we obtain

[X(1)]o = &(t, Xo, A) = {xoe ', X0 € [Xolu, A € [Alu}. (4.95)
Hence
[X()]e = [gue ™ " xfe %], (4.96)

In this case, the solution is the same as via FDIs (see Example 4.10), but it does not
happen in general (see [1]).

Example 4.15. Now consider the parameter k and a in the logistic model as fuzzy
numbers K and A with supp(K) C R" and supp(A) C RT and set Z = A x K.
The solution is the extension of the solution x(f) = x(, x¢, z) with respect to xo and
7z = k x a. Levelwise we obtain

kXO eakr

X(®)]e = x(t,X0,2) = K+ xo(e™ —1)

, X0 € [Xola,a € [Alg, k € [K]a}
(4.97)

To obtain the expression of the level set functions we need to find the minimum and
the maximum of the expression above. We calculate numerically the 0-levels and
cores of the solution at each 7 € [0, 7] and display it in Fig. 4.22.

The extension of the solution is an intuitive method. However, calculating the
solution at each ¢ in the domain is not obvious. It demands minimization and
maximization for each ¢ and each «-cut and, most of the times, it cannot be done
analytically. The previous approaches present the same difficulty. The next approach
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Fig. 4.22 The 0-level (continuous line) and the core (dashed-dotted line) of solution to the logistic
model via extension of the solution in Example 4.15. Initial condition (0.35;0.45;0.55) below
carrying support K = (5.3;5.8; 6.3) and growth parameter A = (0.005;0.010; 0.015)

does not solve this problem, since operating with fuzzy subsets is complex, which
also makes the theory more challenging. On the contrary, the next approach unifies
all the others presented so far.

4.6 Extension of the Derivative Operator

The D-derivative operates on fuzzy subsets of functions, but the equality in the FDE
is evaluated for each ¢, that is, on the attainable sets.
FIVP (1.2) becomes

DX(1) = F(t, X(1))
; 4.98
X(0) =X, @9
where X, € .Z(R") and DX(r) € .Z(R") is the attainable set of the D-derivative
(see Sect. 3.2.2) of the fuzzy bunch of functions X(-) at ¢.

This approach is not equivalent to any other considered, but has many similarities
with them. Some points should be highlighted:

« Disa fuzzy derivative and so are Hukuhara and strongly generalized
derivatives. FDIs and the extension of the solution do not use fuzzy
derivatives.

(continued)
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« D-derivative does not differentiate fuzzy-set-valued functions (differently
from Hukuhara and strongly generalized Hukuhara derivatives). It operates
on fuzzy bunches of functions (fuzzy subsets in spaces of functions).

* Provided some conditions, D-derivative operates by differentiating classi-
cal functions (as FDIs and extension of the solution).

* The FIVP demands equality between the fuzzy subset of the left-hand-side
and the fuzzy subset of the right-hand-side, as with Hukuhara and strongly
generalized Hukuhara derivatives.

In what follows we will prove that

1. Provided some hypotheses hold, the solution of the FIVP via FDIs is one solution
via extension of the derivative operator.

2. Provided some hypotheses hold, the solution of the FIVP via extension of the
solution is one solution via extension of the derivative operator (in the sense of
attainable sets).

3. Provided some conditions hold, the solutions of the FIVP via strongly general-
ized Hukuhara derivative (and particularly, via Hukuhara derivative) are solutions
via extension of the derivative operator (in the sense of attainable sets).

Items 1 and 2 will be briefly illustrated in the next example.

Example 4.16. The decay model with nonfuzzy coefficient was solved using other
methods. Now consider

DX(t) = —=AX(®©)

, 4.99
X(0) =X, (4.99)
where A € R*, Xy € Z4 (R and supp(Xy) C RT.
The solution via FDIs,
T (X0, T) = {x: x(t) = xoe ™, x0 € [Xo]a}- (4.100)

is solution to (4.99), since X(-) = X (X, T) satisfies the hypothesis of Theorem 3.13
and hence

[DX()]e = DIX()]a
= {Dx(-) : x(t) = xo¢™", x0 € [Xo]a}
= {2x(") : x(t) = xoe™™, x9 € [Xo]a}
= [)LX()]a

(4.101)

for all @ € [0, 1].
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Since it has already been shown that the attainable sets of the cited solution is
solution via extension of the solution, the FIVP via extension of the solution and
FDIs have the same solution, which is one solution via D-derivative.

The fact that the solutions via FDIs and via D-derivative are the same is not
a mere coincidence. In what follows we make this connection between these two
theories. Let us first recall the FIVP modeled by FDIs:

X' (t) € F(t,x(t))
{ 2(0) € Xo (4.102)
Levelwise it is equivalent to
X, (1) € [F(txa (0 i
oy e o, @109

Taking the union of all functions x,(+)

Ux, (1) € UIF(tx0(0)]a
{ Uxot(o) C [Xol« : (4.104)

The union of all solutions x,(-) of the differential inclusion (4.103) defines the
a-cut of the solution X(-) of problem (4.102). We can rewrite last system as

D[X(0)], € UIF(t, x4 (1))
{ XO)], < Xole ’ (4.105)

where [X()]e = {xa(*) : x4 (+) is solution to (4.103)}.

We have [X(0)], = [Xo]o by the construction of the solution. We are interested
in finding conditions for

[Dx)] = Fe.xw)), (4.106)
to hold, that is,

[Dx)] < Fexm), (4.107)
and

[DmﬂL;nmegma. (4.108)
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If D[X(1)], = [bx@)] , the condition
o

[F(t. X)), = | JIF (. xe(1))]a (4.109)

guarantees (4.107) Since X(+) is a solution via FDIs, it has compact «-cuts in Z7(R)
and hence Theorem 3.13 can be used.

Hence the solution via FDIs is a good candidate for being a solution to (4.98),
provided condition (4.109) holds. We need only to prove (4.108).

Example 4.17. The function F(z,X(f)) = AX(t), where A € R, satisfies condi-
tion (4.109), that is,

Ux, e [Axe (0]* = [AX(0)]°. (4.110)
If the parameter A is fuzzy, we also have that:
Usepxge [Axa(D]* = [AX(1)]". (4.111)

Note that AX is the extension of Ax with respect to x according to Definition 2.5.
And according to Definition 2.6, AX is the extension of Ax. On the other hand,
(1 — X)X is not the extension of (1 — x)x and

Urexte [(1 = Xa(D)xa (D]* C [(1 = X(@)X(1)]*. (4.112)

The next result is important to prove the existence Theorem 4.11.

Theorem 4.10 (Michael’s Selection Theorem, See e.g. [3]). Let X be a metric
space, Y a Banach space, and G a map from X to convex and closed subsets of Y. If
G is lower semicontinuous, then there exists a continuous selection f : X — Y of G.

The following statement is a result of Michael’s Selection Theorem according to
[31, p. 83: if X is a paracompact space (R” is paracompact), for any yy € G(xj) the
set-valued map Gy defined by

Go(xo) = {yo}, Go(x) = G(x) Vx # xo (4.113)

is also Isc with convex values and hence there exists a continuous selection gg of Gy.
In other words, for every yo in G(xg) there passes a continuous selection of G.
The proof of the existence Theorem 4.11 (published in [5]) is reproduced next.

Theorem 4.11 ([5]). Let Xy € Fc(R") and §2 be an open set in R x R" containing
{0} x suppXp and F : R x F (R") — Z»(R") a fuzzy-set-valued function such
that F(t,x) = F|g is continuous with [F(t,x)]* compact, convex, and [F(t,X)]* =
UXE[X]D‘ [F(t,x)]*. Also, suppose that the boundedness assumption holds. Then, there
exists a solution X(-) € F 4 (Zy(R")) for problem (4.98). Moreover, [X(1)]* are
compact and connected in R", for all « € [0, 1].
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Proof. The stated hypotheses are stronger than those in Theorem 4.7, including
condition (4.109). Hence the solution X(-) to (4.102), whose existence is guaranteed,
satisfies (4.107). In what follows we prove that X(-) also satisfies (4.108).

We want to prove that given z € [F(s, x)], there exists x(-) € [X(:)], such that
X' (s) = z, or z € D[X],. Note that, given z € [F(s, )]s, there exists y(-) € [X(-)]y
such that y(s) = x, hence z € [F(s, y(s))]y- Michael’s Selection Theorem applied to
[F(z,y(?))], guarantees that there exists a continuous selection z(-) such that z(¢) €
[F(t,y(t))]y, forall t € [0, T).

We use this selection z(-) to define

x(t) = xo + /[z(r)dt (4.114)
0

for some xy € [Xp]q-
This function x(-) belongs to [X()]y, since x'(f) = z(¢) for all ¢ € [0, T]. Hence
we have proved (4.108).

Remark 4.4. Theorem 4.11 establishes that, provided some conditions hold, the
solution via FDIs is the same as via ﬁ—derivative, that is, the fuzzy bunches of
functions that satisfy the respective FIVPs are the same. Consequently, the attainable
sets obtained from the two methods are the same.

FIVPs using extension of real-valued functions has a rich literature (see [11, 13,
21, 23]). The generalized case, though, is not much mentioned. In what follows we
use the second case, that is, f : R" — % (R"), which has a wider application.

Corollary 4.1. Let Xo € Fc(R), 2 be an open set in R x R" containing {0} x
suppXo, f : R x R = Z4(R) be doo-continuous and f : R x Fg(R) — F¢(R) be
the extension of f. Also, let the boundedness assumption hold. Then the FIVP (4.98),
with right-hand-side function f has a solution.

Proof. From Theorem 2.9 f" is dso-continuous and [f(t, X)* = UxG[X]D‘ [f (£, x)]*.
Thus the conditions of Theorem 4.11 are satisfied and therefore the FIVP (4.98) has
a solution.

Example 4.18. The FIVP

DX (1) = —AX(?) ’ @.115)
X0) =X,
where A € F4(R), supp(A) C R, Xy € F»(R) and supp(Xy) C R™T, has right-
hand-side function given by the extension principle, according to Definition 2.6.
Indeed, F(X) = —AX is the extension of G(x) = Ax.
We apply Theorem 4.11 and the solution via FDIs of Example 4.10 is solution
to (4.115). Hence the attainable sets of the solution are

X(1) = [xg e | xh e, (4.116)
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Reference [23] has proved that the solution of an IVP with fuzzy initial condition
via extension of the solution is the same as the solution of the associated FDI
(in terms of attainable sets), provided the function f is continuous and the IVP
has a unique solution. As a result of Theorem 4.11 and Corollary 4.1, if the right-
hand-side function F is the extension of a continuous function f : R x R — R,
the solution of the FDI is a solution to the associated FIVP with the derivative via
extension principle. Hence, if the associated IVP has a unique solution for each
initial condition, we have the same attainable sets of the fuzzy solutions for the
three mentioned approaches.

We next prove the following autonomous case: if the differential field F is the
extension of f : R” — R”, the solutions via FDI, the extension of the solution to

X (t) = f(x(1)
{x(o) e 4.117)

and D-derivative are the same (in terms of attainable sets).

Theorem 4.12. Consider the FIVP

DX(1) = f(X(t))
{ X(0) = X, , 4.118)

where Xy € Fc(R"), f is the extension of a continuous function f : R" — R"
such that (4.117) has only one solution. Then the solution of (4.118) is given by the
extension of the solution of (4.117), X(-) = x(-, xp).

Proof. The extension of the solution was previously (Sect.4.5) defined at each
t € [0, T]. However, it is also possible to define it as a fuzzy bunch of functions,
considering the solution not at each ¢, but as the whole function. References [10, 17]
claim that both approaches are equivalent in terms of attainable sets. The approach
we adopt here is the one that deals with fuzzy bunch of functions.

Consider x4 (-, xo) an element of the «-cut of the extension X(-) = x(-, xy) of the
solution x(+, xo) to (4.117).

Dxo () = f(xa(*))
UxQE[X(-)]a Do (1) = Uqu[X(‘)]af(xOl )
DU, ey, e () = (U, ey, X ()
DIX()]e = f([X()]e)

(4.119)

Since X(-) is also solution (fuzzy bunch of functions) via FDIs, we have X(-) €
Z v (Zr(R™)) and Theorem 3.13 is valid. Also, since f is continuous, Theorem 2.5
holds. Hence

[5X()], = DXL = FIXOL) = FEKO)a (4.120)
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forall € [0, 1]. Thus
DX() = f(X() (4.121)
and, in particular,
DX(r) = F(X(¥)) (4.122)

forall t € [0, T].

Remark 4.5. Theorem 4.12 establishes that, under some conditions, the fuzzy
bunches of functions of the solution via extension of the solution is the same as
via D-derivative. Consequently, the attainable sets obtained from the two methods
are the same.

Example 4.19. The solution of the logistic model

DX (1) = f(t. X(1)))
=g ’ (4.123)

where f(1,x) = ax(k — x), a,k € RT, Xy € Z»(R and supp(Xy) C RT is based
on the solution of Example 4.13, that is, the same problem solved via extension of
the solution. In that example, we solved the classical differential equation. Instead
of extending the solution at each ¢ of the domain, here we extend the solutions as
elements in the space of functions. Hence we consider the solution x(-) such that

kxo eakt

O e

(4.124)

Applying Theorem 4.123, a solution to (4.123) is the extension of x(-) = x(:, x¢),
X() = x(-, Xo). (4.125)

As in Example 4.16, it can be verified that the solution satisfies (4.123) by applying
Theorem 3.13:

[DX], = D[X].

kerakz
= 1Dx() 1 x(t) = ——————.,x0 € [X ]a}
{ ke + xo (e _lgoeaif ' (4.126)
= {ax()(k—x()) :x(t) = m,)ﬂ) S [X()]a}

= [F(t.X(1)]a-

See Fig. 4.23 for illustration.
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Fig. 4.23 Solution to the 6
logistic model via
D-derivative in Example 4.19, 5

that is, a fuzzy bunch of

functions whose membership 4-
of each function to the

solution is represented by the X3
scale of gray: the darker the
color the higher the
membership degree. Initial
condition (0.35;0.45;0.55)
and parameters k = 5.8 and
a=0.01

-2
!

0 20 40 60 80 100 120 140 160
t

Note that we do not have the expression for f‘ in terms of the standard arithmetic. As
it has been already mentioned, f(z, X(¢))) € aX(¢)(k — X(¢)), hence

DX(1) = aX(t)(k — X (1))
X0 — %, , (4.127)

is a different problem, which will be solved using other method (see Theorem 4.13
and Example 4.20).

A connection between the generalized differentiabilities and the D-derivative
was established in Sect. 3.3. Since they coincide for the representative bunches of
functions of a special class of fuzzy-number-valued numbers (see Theorems 3.17
and 3.18), it is natural to wonder if the solution to an FIVP also coincides in both
approaches. Indeed, provided some conditions hold, they do: the hypotheses of
the characterization Theorem 4.6 for strongly generalized differentiability assure
two solutions (fuzzy-number-valued functions) that generate two different fuzzy
bunches of functions that are solutions to the corresponding FIVP with D-derivative.

Theorem 4.13. Assume the hypotheses of Theorem 4.6 hold true for F and X,
in FIVP (4.98) and that the solutions obtained from (4.47) and (4.48) belong to
g}g(R). Then FIVP (4.98) has at least two solutions.

Proof. Theorem 4.6 assures two solutions via strongly generalized differentiability.
We will prove that if the solutions assume values in ﬁ%(R), they satisfy Theo-
rem 3.17 which provides us with two representative bunches of functions whose
derivative is the same as those via generalized Hukuhara differentiability.

Let X be the solution to the FIVP via strongly generalized differentiability
obtained by solving (4.47). It is obvious that X is continuous and x, and x are
differentiable with respect to . We will prove that this differentiability is uniform
with respect to « € [0, 1]. Since X is strongly generalized differentiable, it is gH-
differentiable (the latter is more general than the former) and, by Theorem 3.6, it
satisfies (a) or (b) of Theorem 3.17.
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First we will show uniform differentiability, that is, given € > 0, there exists
8 > 0 such that

D) =@

- Y@ <e (4.128)

o

if || < 8, forall & € [0, 1]. In what follows we will use the fact that x,, and x} are
solutions to (4.47) and thus satisfy

t+h
xojf t+h) = xojf @+ f f(;t (s,x;, (s), %} (5))ds. (4.129)

Therefore,

+ +
xOl (t + h]z _xot (t) _ (x;t)/(t)' —

+ -
_ e+ 5@ _f;t(t,x;(t),x:(l‘))'

h
_ xojf (t+h) — xojf (1) — hfwi (1, x5 (1), x} (1))
o h (4.130)
CxEO + LT o (). x5 (90)ds — xE () — [ g (). x5 (0)ds
N h
= T g (9.5 (9)) — fiF (1 (0.5 ()| ds
- ]

The hypothesis of equicontinuity ensures that there is a § > 0 such that
5 (5.5 (5), X3 () — £ (x5 (1), xF ()] < eif s — 1] <6, (4.131)

that is,

t+h
/ o (5.5 (). 5] () — £ (1. x5, (). xF (0)dis| < e]h. (4.132)

This means that

xE(t+h) —xE@)
) _

() (0)] <e. (4.133)

if |h| < §, that is, x, and xj are differentiable real-valued functions with respect
to ¢, uniformly with respect to .
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We have proved that the solution X obtained by solving (4.47) satisfies the
conditions of Theorem 3.17. Hence the representative bunch of first kind, X(-) has
D-derivative equal to generalized Hukuhara derivative (in terms of attainable sets),
which is the same as strongly generalized differentiability, since both exist. Thus

F(t.x(1)) = Xg(1) = Xy (1) = DX (1) (4.134)

and it is proved that X is a solution to FIVP (4.98).
Following the same reasoning one obtains that the solution to (4.48) leads to
other representative bunch of first kind which is also solution to (4.98).

Example 4.20. All examples in Sect. 4.3, that is, Examples 4.5—4.8 have solutions
X with X(7) € L%g (R). Hence, the representative bunches of first kind are solutions

of the respective problems using the D-derivative.

The last example of this section regards a system in which the state variable has
values in R2. The solution belongs to .Zx (<7 C([0, T]; R?)).

Example 4.21. Consider

DX(1) = F(X(1)))

, 4.135
X(0) = X, (4.135)
where X € .7 (R?) and F : .% (R?) — .% (R?) such that

MFX) (z,y) = ux(y,2) (4.136)

We will try the solution obtained via extension of the following associated
problem:

Y () = 2(1). y(0) = yo
{ 20 =y, 200) =2 (4.137)

whose solution is
y(t) Yo e +e! 20 e —e!
t, = == — 4.138
x(t,%0) (z(t)) 2 (e’ —e! + 2 \e+e! ( )

where xy = (yo)-
20

The function x(z, xo) is continuous with respect to the initial condition. Hence the
extension of this solution can be defined levelwise

[X(1, Xo)], = X(t, [Xo]o) = {x(t.%0). X0 € [Xo]u} (4.139)
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Hence

[bx(-,xo)]a = D{x() : x(t) = x(t, %0), %0 € [Xoa}

(4.140)
= {X'() : x(t) = x(,x0), %0 € [Xo]u}

where

NY

X/(I,XQ) — (y/(t’yO»ZO)) —

Z(t,¥0, 20)

. (el_e—t) +Z70(et+e—l)
' —t -t
¢ +e ¢ e (4.141)
_ (Z(f,)’o,Zo))
¥(t, 0, 20)
Thus,

[D3(0.X0)| = {0 5(0) : x(1.x0) = (6(0).2(0). % € [Xolu}
= [F(;C(I’XO))]a'

(4.142)

The method that has been used to solve the last example is based on the extension

of the solution. We have also shown that other techniques to find solutions to FIVPs
involving D-derivative are solving the FIVP via strongly generalized derivative and
taking the representative bunches as solutions via D-derivative; and using FDIs.

4.7 Summary

The most known approaches for FDEs were reviewed and compared to the new
proposal developed in [5]. Some of the results are new in the literature and they
are summarized next, together with other important concepts and results already
known.

The most known approaches for FDEs are via Hukuhara and strongly generalized
derivatives (the former being a particular case of the latter), FDIs and extension
of the solution.

FDIs and the extension of the solution do not make use of fuzzy derivatives.
FDEs via b—derivative, introduced in [5] and herein further developed make use
of fuzzy derivatives on fuzzy bunches of functions. Although it is considered a
fuzzy derivative in this text, it differentiates classical functions as FDIs and the
extension of the solution do.

Conditions assure existence of solutions to FIVPs for all mentioned approaches.
The use of attainable sets is necessary to compare the different approaches, since
the solution of FIVPs via FDIs and D-derivative are fuzzy bunches of functions,
not fuzzy-set-valued functions as in the other proposals.
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The solutions of certain FIVPs via extension of the solution are the same as
via FDIs.

The solutions of certain FIVPs via D-derivative are the same as via FDIs.

The solutions of certain FIVPs via D-derivative are the same as via extension of
the solution.

In terms of attainable sets the solutions of certain FIVPs via D-derivative are the
same as via strongly generalized derivative, that is, all the mentioned approaches
can be reproduced via D-derivative.
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Appendix A
Mathematical Background

Some readers may find it necessary to review some mathematical concepts, which
we intend to briefly cover in this appendix. For further understanding refer to [1-4].

A.1 Continuity and Semicontinuity

Definition A.1. A function f : X — R is said to be upper semi-continuous at x if
for any € > 0 there exist a § > 0 such that f(x) < f(xp) + € whenever |x — xo| < §.

Definition A.2. A function f : X — R is said to be lower semi-continuous at xq if
for any € > 0 there exist a § > 0 such that f(x) > f(xy) — € whenever |x — xo| < 4.

Definition A.3. A family of real-valued functions {f, }, is equicontinuous if given
€ > 0 and x, there exists § > 0 such that

lfa(x) _fa(x0)| <€

whenever |x — xo| < 6, for all f,.

A.2 Spaces of Functions

Denote by L°(£2) the space of all Lebesgue measurable functions on 2 € R”". The
L7 spaces, to be defined in what follows, are contained in L0,

© The Author(s) 2015 115
L.T. Gomes et al., Fuzzy Differential Equations in Various Approaches,
SpringerBriefs in Mathematics, DOI 10.1007/978-3-319-22575-3



116 A Mathematical Background

Definition A.4. Let £2 be a measurable set, f € L°(£2) and

1/p .
il = Ua OPd)™ if0<p<oo. A
r ess sup |f], ifp=o0

The space LP(£2) is the collection of the equivalence classes of all Lebesgue
measurable functions such that

[F1ly < o0

and equivalence means f ~ g iff f = g a.e.

The ess sup is the essential supremum,
esssupf = inf{c € R : uf{w : f(w) > ¢} = 0}
that is, the smallest value ¢ such that f < c a.e. Hence ||f||cc < 00 means that f is

bounded except on a set of measure zero.
If £2 is a measurable set, we say that f is Lebesgue integrable if

/ F(8)]dt < oo.
2

Definition A.5 (See, e.g., [2]). A function f : [a,b] — R is called absolutely
continuous if, given € > 0, there exists § > 0 such that for every countable
collection of disjoint subintervals [ay, b] of [a, b] such that

Y i—a) <8
we have
Y (Fb) —f(@) <e.

Equivalently, we can say that a function f : [a, b] — R is absolutely continuous
if it has a derivative almost everywhere (that is, except on a set of measure zero) and

£ —fa) = / £(5) ds.

This result is stated in the Lebesgue Theorem:
Theorem A.1 (See e.g. [3]).
(a) Let g € L'([a, b]) and
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fx) :/ g(ndt, xé€]a,b].

Then f is absolutely continuous and f' = g a.e.
(b) Let f : [a,b] € R be an absolutely continuous function. Then f' is integrable in
[a,b), that is, f' € L'([a, b]), and

£ —fa) = / F)d. xelabl.

The set of all absolutely continuous functions f : [a,b] — R”" is denoted
by &7 C([a, b]; R"). The notation o7 C([a,b],R") and L’([a, b]; R") stand for the
generalization of these spaces from codomain R to R”. Derivative and integral are
calculated term-by-term on the n-dimensional vector. A subset in 7 C([a, b], R")
that will be used is

Z(la,b].R") = {x(-) € C([a.D: R") : X'(-) € L™([0, T]: R")}

and will be denoted Zy(R") when [a, b] = [0, T].
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a-cuts, 12

D-derivative or derivative via extension of the
classical operator, 53

[ -integral or integral via extension of the
classical operator, 50

5&2(1&), 15,61, 108

d, distance, 26

A
attainable fuzzy sets, 28
Aumann integral, 42

B
boundedness assumption, 93, 104

C

characteristic function, 11
Characterization Theorem, 13
completely correlated fuzzy numbers, 22
constraint interval arithmetic, 22

core, 12

crisp subset, 11

E

Embedding Theorem, 27
endographic metric, 26
extension of the solution, 4, 72
extension principle, 17, 19
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F

Fundamental Theorem of Calculus for fuzzy
bunches of functions, 57

Fundamental Theorem of Calculus for
fuzzy-set-valued functions, 49

fuzzy bunch of functions, 28

fuzzy convex, 12

fuzzy differential equation (FDE), 2, 70

fuzzy differential equations with fuzzy
derivatives, 70

fuzzy differential inclusion (FDI), 2,4, 7,71,
91

fuzzy generalized derivative or g-derivative,
47

fuzzy initial value problem (FIVP), 3, 69

fuzzy number, 13

fuzzy subset, 11

fuzzy-number-valued functions, 28

G

generalized difference or g-difference, 23

generalized Hukuhara derivative or gH-
derivative, 46

generalized Hukuhara difference or
gH-difference, 23

H

Hausdorff separation, 25

Henstock integral, 42

Hukuhara derivative or H-derivative, 43
Hukuhara difference or H-difference, 23
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1
interactive arithmetic, 21

J

joint membership function, 21

M
membership function, 11
Michael’s Selection Theorem, 104

N
normal fuzzy subset, 12

P
Pompeiu—Hausdorff metric, 26

R

representative affine fuzzy bunch of functions
of first kind, 32

representative affine fuzzy bunch of functions
of second kind, 32

Riemann integral, 42

S
Seikkala derivative, 44

Index

semicontinuity of fuzzy-set-valued functions,
37

semicontinuity of set-valued functions, 36

space of absolutely continuous functions
</ C([a, b]; R), 28

Stacking Theorem, 13

standard interval arithmetic, 20

strongly generalized derivative or GH-
derivative, 45

support, 12
T
t-norm, 15

theorem of existence and uniqueness of two
solutions to FIVPs via GH-derivative,
84

theorem of existence of solution to FDIs, 93

theorem of existence of solution to FIVPs via
D-derivative, 104

triangular fuzzy function, 28

triangular fuzzy number, 14

U
united extension, 16

W
weakly generalized derivative, 45
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