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1 Introduction

The set-valued differential and integral equations are an important part of the theory of
set-valued analysis, and they play an important role in the theory and application of con-
trol theory; and they were first studied in 1969 by De Blasi and Iervolino [1]. Recently,
set-valued differential equations have been studied by many scientists due to their appli-
cations in many areas. For the basic theory on set-valued differential and integral equa-
tions, the readers can be referred to the following books and papers [2—-13] and references
therein. Integro-differential equations are encountered in many areas of science, where
it is necessary to take into account aftereffect or delay (for example, in control theory,
biology, ecology, medicine, etc. [14—16]). Especially, one always describes a model which
possesses hereditary properties by integro-differential equations in practice.

The interval-valued analysis and interval differential equations (IDEs) are the special
cases of the set-valued analysis and set-valued differential equations, respectively. In many
situations, when modeling real-world phenomena, information about the behavior of a dy-
namic system is uncertain and one has to consider these uncertainties to gain better mean-
ing of full models. Interval-valued differential equation is a natural way to model dynamic
systems subject to uncertainties. Recently, many works have been done by several authors
in the theory of interval-valued differential equations (see, e.g., [17-20]). There are several
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approaches to the study of interval differential equations. One popular approach is based
on H-differentiability. The approach based on H-derivative has the disadvantage that it
leads to solutions which have an increasing length of their support. Recently, Stefanini
and Bede [17] solved the above mentioned approach under strongly generalized differen-
tiability of interval-valued functions. In this case, the derivative exists and the solution of
an interval-valued differential equation may have decreasing length of the support, but
the uniqueness is lost. The paper of Stefanini and Bede was the starting point for the topic
of interval-valued differential equations (see [19, 20]) and later also for fuzzy differential
equations. Also, a very important generalization and development related to the subject
of the present paper is in the field of fuzzy sets, i.e., fuzzy calculus and fuzzy differential
equations under the generalized Hukuhara derivative. Recently, several works, e.g., [7, 10,
16, 21-39], have been done on set-valued differential equations, fuzzy differential equa-
tions and random fuzzy differential equations.

In [17, 19, 20] the authors presented interval-valued differential equations under gener-
alized Hukuhara differentiability which were given the following form:

X'@t)=F(t,X(®), X(to)=Xo € Kc(R),¢ € [to, T), 1.1)

where ' denotes two kinds of derivatives, namely the classical Hukuhara derivative and the
second type Hukuhara derivative (generalized Hukuhara differentiability). The existence
and uniqueness of a Cauchy problem is then obtained under an assumption that the coef-
ficients satisfy a condition with the Lipschitz constant (see [17]). The proof is based on the
application of the Banach fixed point theorem. In [20], under the generalized Lipschitz
condition, Malinowski obtained the existence and uniqueness of solutions to both kinds
of IDEs.

In this paper, we study two kinds of solutions to IIDEs. The different types of solutions to
IIDEs are generated by the usage of two different concepts of interval-valued derivative.
This direction of research is motivated by the results of Stefanini and Bede [17], Mali-
nowski [19, 20] concerning deterministic IDEs with generalized interval-valued deriva-
tive.

This paper is organized as follows. In Section 2, we recall some basic concepts and no-
tations about interval analysis and interval-valued differential equations. In Section 3, we
present the global existence of solutions to the interval-valued integro-differential equa-
tions under two kinds of the Hukuhara derivative. Finally, we give some examples for IIDEs
in Section 4.

2 Preliminaries

Let Kc(R”) be the space of nonempty compact and convex sets of R”. The set of real inter-
vals will be denoted by K¢(R). The addition and scalar multiplication in K¢(R), we define
asusual, i.e.,,forA,Be Kc(R),A=[a",a"],B=[b",b"],wherea™ <a*,b~ <b*,and A > 0,
then we have

A+B=[a +b,a" +b"], M =[ra",ra"] (-AA = [ra*, ha”]).

Furthermore, let A € Kc(R), A1, 2,A3,A4 € R and A3,A4 > 0, then we have A(AA) =
(AMA2)A and (A3 + Ag)A = A3A + A4A. Let A, B € Kc(R) as above. Then the Hausdorff metric
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H in Kc(R) is defined as follows:

H(A,B) = max{’a‘ -b

Jat-b*|}. 2.1)

We notice that (K¢(R), H) is a complete, separable and locally compact metric space. We
define the magnitude and the length of A € K¢(R) by

+

H(A,{0}) = |A|l = max{|a”|,|a

Jatl}, len(A)=a™ —a,
respectively, where {0} is the zero element of K¢ (R), which is regarded as one point. The
Hausdorff metric (2.1) satisfies the following properties:

H(A+C,B+C)=H(A,B) and H(A,B)=H(B,A),
H(A +B,C +D) < H(A,C) + H(B, D),
H(\A,AB) = |»|H(A, B)

forall A,B,C,D € Kc(R) and A € R. Let A, B € Kc(R). If there exists an interval C € K¢(R)
such that A = B + C, then we call C the Hukuhara difference of A and B. We denote the
interval C by A © B. Note that A © B # A + (-)B. It is known that A © B exists in the
case len(A) > len(B). Besides that, we can see [19, 20, 40, 41] the following properties for
A,B,C,D € Kc(R):

- IfA© B, A6 C exist,then HA© B,Ao C) =H(B,C);

- IfA©B,Co Dexist,then HA©B,CoD)=H(A+D,B+ C);

- If A6 B, Ao (B+ C) exist, then there exist A©B)© Cand (A6 B)©6C=A6(B+C);

- IfA6 B,A6 C, C O B exist, then there exist (A ©B)© (A6 C) and

(AeB)o(Ae(C)=CoB.

Definition 2.1 [20] We say that the interval-valued mapping X : [a,b] C R* — K¢(R) is
continuous at the point ¢ € [a, b] if for every € > 0 there exists § = §(¢,€) > 0 such that, for
all s € [a, b] such that |t —s| < §, one has H(X(£), X(s)) <e.

The strongly generalized differentiability was introduced in [17] and studied in [19,
36-38].

Definition 2.2 Let X : [4,b] — Kc(R) and ¢ € [a, b]. We say that X is strongly generalized
differentiable at ¢ if there exists Df_,X (t) € Kc(R) such that
(i) forall > 0 sufficiently small, 3X(¢ + &) © X(¢), AX(¢) © X(t — h) and the limits

. X(t+h) e X(¢t) . X))o X(t-h)
%%H(T,Df{)((t)) =0, %@)H(T,D}Z{X(t)) =0,

or
(ii) for all &2 > 0 sufficiently small, 3X(¢) © X (¢t + k), 3X(t — h) © X(¢) and the limits

. XteXit+h . Xt-hoeXit
%@)H<%’Dix(t)> =0, %{%H(%r%)ﬂﬂ) =0,

or
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(iii) for all & > 0 sufficiently small, 3X(¢ + &) © X(£), AX (¢t — h) © X(¢) and the limits

] X(t+h) e X() ) X(t-h)eX@)
%@)H(T,Df{X(t)) =0, %{%H(f,Dﬁ,X@)) =0,

or
(iv) for all & > 0 sufficiently small, 3X(¢) © X (¢ + k), AX(¢t) © X(t — h) and the limits

_ Xt oX(t+h . Xt eXt-h
ili‘]})H(%,DgHX(t)) =0, %@)H(%,D}ﬂﬂﬂ) =0

(1 at denominators means %). In this definition, case (i) ((i)-differentiability for short) cor-
responds to the classical H-derivative, so this differentiability concept is a generalization of
the Hukuhara derivative. In [17], Stefanini and Bede considered four cases for the deriva-
tive. In this paper, we consider only the two first items of Definition 2.2. In other cases,

the derivative is trivial because it is reduced to a crisp element.

Remark 2.1 [19, 41] If for intervals X, Y, Z € Kc(R) there exist Hukuhara differences X ©
Y, XS Z then HX S Y,{0}) =H(X,Y) and HX © Y,X © Z) = H(Y, Z).

Let X,Y : [a,b] — Kc(R). We have (see [8]) some properties ofoL[ as follows:
(i) If X is (i)-differentiable, then it is continuous.
(if) If X, Y are (i)-differentiable and A € R, then D%(X +Y)() = D%X(t) + DZY(L‘),
D (AX)(¢) = AD5, X (2).
(iii) Let X be (i)-differentiable and assume that D‘ZX is integrable over [a, b]. Then we
have X(¢) = X(a) + f; D% X(s)ds.
(iv) If X is (i)-differentiable on [a, b], then the real function ¢ — len(X()) is
nondecreasing on [a, b].
(v) Let X be (ii)-differentiable and assume that D%X is integrable over [a, b]. Then we
have X(a) = X(¢) + (-1) [, D}, X(s) ds.
(vi) If X is (ii)-differentiable on [a, b], then the real function ¢ — len(X(¢)) is

nonincreasing on [a, b].

Corollary 2.1 (see, e.g., [17, 19]) Let X : [ty, T] — Kc(R) be given. Denote X(t) = [X~(¢),
X*(t)] for t € [to, T], where X~, X* : [to, T] — R.
(i) If the mapping X is (i)-differentiable (i.e., classical Hukuhara differentiability) at
t € [to, T, then the real-valued functions X~, X* are differentiable at t and
DEX(E) = [(X) (0, (XY ().
(i) Ifthe mapping X is (ii)-differentiable at t € [ty, T, then the real-valued functions X,
X* are differentiable at t and D%X(t) = [(XT) (), X)) ().

Lemma 2.1 (see [17,19,20]) The interval-valued differential equation D‘Ig{X (t) = F(t, X(t)),
X(to) = Xo € Kc(R), where F : [ty, T] x Kc(R) — Kc(R) is supposed to be continuous, is

equivalent to one of the integral equations

X)) =X, + / tF(s,X(s)) ds, Vtel[ty,T]

to
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or
Xo =X(t) + (1) /tF(s,X(s)) ds, Vtelty, T]

on the interval [ty, T] € R, under the strong differentiability condition, (i) or (ii), respec-
tively. We notice that the equivalence between two equations in this lemma means that any
solution is a solution for the other one.

We consider the Cauchy problem for IIDEs under the form

t

DY X(6) = F(6,X(2)) + / K(t,5,X(s))ds, X(to) = Xo (2.2)
to

for all t € [to, T], where F : I = [ty, T] x Kc(R) - Kc(R) and K : D x Kc(R) — Kc(R) are

continuous interval-valued mappings on [, with D = {(¢,s) e I x I : ty <s <t < T}.

Definition 2.3 A mapping X : [£9, T] — Kc(R) is called a solution to problem (2.2) on /
if and only if X is a continuous mapping on [ and it satisfies one of the following interval-
valued integral equations:
(S1) X() = Xo + ([, (s, X(s))ds + [; [ K(s,u,X(w))duds), t € I, if X is
(i)-differentiable or (iii)-differentiable.
(S2) X)) =Xy © (—1)(ftf) F(s,X(s)) ds + fti) ftz K(s,u,X(u))duds), t €I, if X is
(ii)-differentiable or (iv)-differentiable.

Definition 2.4 Let X : [ty, T] — Kc(R) be an interval-valued function which is (i)-
differentiable. If X and its derivative satisfy problem (2.2), we say X is a (i)-solution of
problem (2.2).

Definition 2.5 Let X : [ty, T] — Kc(R) be an interval-valued function which is (ii)-
differentiable. If X and its derivative satisfy problem (2.2), we say X is a (ii)-solution of
problem (2.2).

Definition 2.6 A solution X : [fo, T] — Kc(R) is unique if sup,(,, 71 H(X(2), Y(¢)) = 0 for
any mapping Y : [£y, T] — K¢ (R) that is a solution to (2.2) on [to, T].

Theorem 2.1 (see [42]) Let F:I = [tg, T] x Kc(R) — Kc(R) and K : D x Kc(R) — Kc(R)
be continuous interval-valued mappings on 1. Suppose that there exists L > 0 such that

max {H (F(¢,X1), F(t,X2)), H(K(t,5,X1),K(t,5,X2)) } < LH(X1,X,)

forallt,s eI, X1,Xs € Kc(R). Then there exists the only local solution X to IIDE (2.2) on
some intervals [ty, T] (T < T - ty) for each case ((i)-solution and (ii)-solution).

3 Main results
In this section of the paper, we consider again the following initial value problem for the
interval-valued integro-differential equations (IIDEs) under the form

DY X(6) = F(6,X(2)) + / t[((t,s,X(s)) ds, X(ty) =Xo (3.1)

to
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for all t € J = [ty,00), where F : ] x Kc(R) = Kc(R) and K : D x Kc(R) — Kc(R) are

continuous interval-valued mappings on J, with D = {(¢,s) € ] X J : thp <s <t < 00}.

Theorem 3.1 Assume that
(i) F(t,X), G(t,s,X) are locally Lipschitzian for all t,s € ], X € Kc(R);
(i) f e C[J x [0,00),[0,00)] and k € C[D x [0,00), [0, 00)] are nondecreasing in x > 0,

and the maximal solution r(t, ty, xo) of the scalar integro-differential equation

& () =f (6,x(2)) + /tk(t,s,x(s)) ds, x(ty) =x09 >0, (3.2)

to

exists throughout J;
(i) H(F(t,X),{0}) <f(t, H(X,{0})), H(K(t,s,X),{0}) < k(¢t,s, H(X,{0})) forall t,s €],
X e Kc(R);
(iv) H(X(t,t0,X0),{0}) < r(Z, to,%0), H(Xo,{0}) < xo.
Then the largest interval of the existence of any solution X(t,ty,Xo) of (3.1) for each case
((i)-solution and (ii)-solution) such that H(X,,{0}) < xo is J. In addition, if r(t,ty,xo) is
bounded on ], then lim,_, o X(t, to, Xo) exists in (Kc(R), H).

Proof Since the way of the proof is similar for both cases ((i)-solution and (ii)-solution),
we only prove case (i)-differentiability. By hypothesis (i), there exists a T > £y such that the
unique (i)-solution of problem (3.1) exists on [£, T]. Let

S= {X(t) | X(¢) is defined on [£y, ] and is the (i)-solution to (3.1)}.

Then S # ¢. Taking « = sup{ax | X(¢) € S}, clearly, there exists a unique (i)-solution of
problem (3.1) which is defined on [£y, «) with H(Xp, {0}) < x¢. Next, we shall prove that

a = 00. We suppose « < oo and define
m(t) = H(X(t,t0,X0,{0})), to<t<a.

Using assumptions (ii) and (iii), we have

H(X(t + hr tOrXO)! {0}) - H(X(t’ tO’XO)r {0})
h
. H(X(t+h: t01XO):X(t: t07X0))
< liminf
h—+0 h
. H(X(t+h,t0,X0)@X(t,t(),X()),{O})
= lpmint 7

D.m(t) = liminf
t—+0

_ H(D%,X(0),10) :H(F(t,X(t)) o K(t5,X(5)) s, {0})

to

< H(F(ex(0). o) + [ H(K(65,X()), (01) ds

<f( m(t)) + / k(z, s,m(s)) ds, ty<t<ua,

to
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and m(ty) = H(Xo, {0}) < x¢. Further, by assumption (iv), it follows that m(¢) < r(¢, to, x0),
tp <t < . Next, we deduce that lim,_, ,_o X(Z, £y, Xo) exists in (Kc(R), H). In fact, for any

1, t, such that £y < #; < £, < o, we obtain

H(X(t1, to, Xo0), X (£, to, Xo))

_ g [0+ Sy X6 ds + [ [, Kl X () duds,
U\ X+ ft? F(s,X(s))ds + ftf)z f;) K(s,u,X(u)) duds

SH(/;IF(S,X(S)) ds + /ttl /;K(s,u,X(u)) duds,
/ttz F(s,X(s)) ds + /;2 /tsl((s, 1, X (u)) duds)

§/t2H(F(S,X(S)),{0}) ds+/t2 /SH(]((S,M,X(M)),{O}) duds

5]

< / ® fsur(s)) ds+ / § / k(5,10 700)) duls = / % s ds = r(t) - r(ty).

4

Since lim;—.4—o (¢, tp,%o) exists and is finite, taking the limits as #,f, — « — 0 and using
the completeness of (K¢(R), H), it follows from the estimate H (X (¢, £, Xo), X (£2, to, Xo)) <
r(ty) — r(t) that lim,_,_gX( £y, Xo) exists in (Kc(R),H). Now we define X(«) =
lim;_,,_o X(#) and consider the IVP

t

DY X(t) = F(6,X(1) + / K(t,5,X(s))ds, X(a)= lim X(t). (3.3)

t t—a-0

By the assumption (i) again, it follows that X(¢) can be extended beyond «, which con-
tradicts our assumption. So, any (i)-solution of problem (3.1) exists on J = [¢,00), and so
o = 00. (]

Example 3.2 Consider the IIDE

D X(t) = a(t)X(2) + /tb(s)X(s) ds, X(to) = Xo, (3.4)

]

where we assume that a(¢),b(t) : R* — R* are continuous functions. We see that
F(t,X(t)) = a(t)X(¢t) and K(¢,s, X(£)) = b(t)X(¢) are locally Lipschitzian. If we let f (¢, x(¢)) =
a(t)x(t) and k(¢,s,x(t)) = b(¢)x(¢), then x(¢) = 0 is an unique solution of

X' () = a(t)x(t) + /t b(s)x(s)ds, x(tp) =0,
on [fy,00). Moreover, we see that H(a(t)X(¢),{0}) < a(t)H(X(¢),{0}) = f(t, H(X(¢),{0}))
and H(b(£)X(t),{0}) < b(t)H(X(t),{0}) = k(t,s, H(X(t),{0})). Therefore, the solutions of

problem (3.4) are on [£y, 00).

Employing the comparison Theorem 3.1, we shall prove the following global existence
result.
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Theorem 3.3 Assume that
(i) FeClJ x Kc(R),Kc(R)], K € C[D x Kc(R), Kc(R)], F and K are bounded on
bounded sets, and there exists a local (i)-solution of (3.1) for every (to, Xo), to > 0
and Xy € Kc(R);
(ii) V e C[J] x Kc(R),[0,00)]; [V (t,A) — V(t,B)| < LH(A, B), where L is the local
Lipschitz constant, for A,B € Kc(R), t € J, V(t,A) — oo as H(A,{0}) — oo
uniformly for [ty, T], for every T >ty and for t € J, A € Kc(R),

lim sup % [V(t +h,A+ h{F(t,A) + ftl((t,s,A)ds}> - V(t,A):|

h—0* 0

§f(t, V(t,A)) + /tk(t,s, V(s,A)) ds,

to

where f € C[J x [0,00),R], k € C[D x [0, 00),R];

(ili) The maximal solution r(t) = r(t, to, x0) of the scalar integro-differential equation

& (&) =f(t,%(t)) + /tk(t,s,x(s)) ds, x(ty)=x0>0 (3.5)

to

exists on ] and is positive whenever x > 0.

Then, for every Xy € Kc(R) such that V(ty, Xo) < xo, problem (3.1) has a (i)-solution X(t)

on [y, 00), which satisfies the estimate

V(6X(@®) < rt,to,x0), > to. (3.6)

Proof Let S denote the set of all functions X defined on Jx = [¢y, cx) with values in K¢(R)
such that X(¢) is a (i)-solution of problem (3.1) on Jx and V' (¢, X(¢£)) < r(¢t), ¢t € Jx. We define
a partial order < on S as follows: the relation X < Y implies that Jx C Jy and Y (¢) = X(¢)
on Jx. We shall first show that S is nonempty. Indeed, by assumption (i), there exists a
(i)-solution X (¢) of problem (3.1) defined on Jx = [0, ¢cx). Let X(¢) = X(¢, to, Xo) be any (i)-
solution of (3.1) existing on Jx. Define k(£) = V/(¢, X(¢)) so that k(o) = V(£9, Xo) < x. Now,

for small / > 0 and using assumption (ii), we consider

k(t +h) — k(¢)
= V(t+hX(t+h) - V(6X()

<V(t+hX(t+h)+ V<t+h,X(t) +h{F(t,X(t)) + /tK(t,s,X(s)) ds})

to

- V(t +h,X(t) + h{F(t,X(t)) + /tl((t,s,X(s)) ds}) -V (t,X()

to

< LH(X(t +h),X(t) + h{F(t,X(t) + / tK(t,s,X(s)) ds) })

to

+ V(t +h,X(t) + h{F(t,X(t)) + / tK(t,s,X(s)) ds}) - V(6X()

to

Page 8 of 16
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using the Lipschitz condition in assumption (ii). Thus

D*k(t) = limsup 1 [k(t +h)— k(t)]

h—0*

<D'V(t,X(t))

+ Llim sup %H(X(t +h), X(t) + h{F(t,X(t)) + /tl((t,s,X(s)) ds}).

h—0* ]

Since

%H(X(t +h), X(t) + h{F(t,X(t)) + / tK(t, 5,X(s)) ds})

=H(X(z:+h) o X(t)

7 F(£,X(1)) +/

to

K{(t,s,X(s)) ds)

and X(¢) is any (i)-solution of (3.1), we find that

lim sup %H(X(t +h), X(t) + h{F(t,X(t)) + /tl((t,s,X(s)) ds})

h—0* to

=limsupH
h—0*

<X(t+ h) e X(t)

? JF(6,X(1)) + / t]((t, 5, X(s)) ds>

to

= H|:D§_,X(t),F(t,X(t)) + f tl((t, 5, X(s)) dsi| =0.

0
Therefore, we have the scalar integro-differential inequality
t
D k(t) §f(t, k(t)) + / k(t, s,x(s)) ds, k(ty) < xo.
to

According to Proposition 2.3 in [12], we get the estimate
k(£) <r(t, to,%0),  t € lx.
It follows that
V(t,X(8)) <r(t,to,%0), €Iy, (3.7)

where r(t) is the maximal solution of (3.5). This shows that X € S, and so S is nonempty.
If (X;)s is a chain (S, <), then there is a uniquely defined mapping Y on Jy = [¢o, supg cxﬂ]
that coincides with Xz on ]xﬁ. Clearly, Y € S and therefore Y is an upper bound of (Xg)g
in (S, <). The proof of the theorem is completed if we show that ¢z = co. Suppose that
it is not true, so that ¢z < 00. Since r(t) is assumed to exist on [£y,00), r(f) is bounded
on Jz. Since V(t,X(t)) — oo as H(X(¢),{0}) — oo uniformly in ¢ on [, cz], the relation
V (¢, X(t)) < r(t) on Jz implies that H(Z(t), {0}) is bounded on J. By assumption (i), this
shows that there is an M > 0 such that

max{H (F(¢,X(2)),{0}), H(K(t,5,X(1)),{0})} <M, te]z.
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We have, for all t1,¢, € J; with 1 < t5,

[ Xo+ ([ Fs, Z(9)ds + [, [ K(s,u, Z(w)) duds),
H(2(e) 2(00) = H (XO + ([ Fs, () ds + [, [ K, u,Z(u))duds))

< /tz H(F(s,Z(s)),{O}) ds+/t2 /SH(K(S, u,Z(u)),{O}) duds

<2M(t, - t1),

where £y <t < t,. Hence, Z is Lipschitzian on J; and consequently has a continuous ex-

tension Zy on [to, cz]. By continuity of Zy, we get

Zo(cz) = Xo + (/CZ F(s,Z(s)) ds + /CZ /SK(S, u, Zo(u)) duds).

0

This implies that Zy(¢) is a (i)-solution of problem (3.1) on [£y, ¢z] and, clearly, V (¢, Zo(2)) <
r(t), t € [to, cz]. Consider the problem

Dj{,X(t) = F(t,X(t)) + /tl((t,s,X(s)) ds, X(to)=Zo(cz).

to

The assumption of local existence implies that there exists a (i)-solution X (£) on [cz, ¢z +
8), 8 > 0. Define

Zo(t) fort e[ty ,
2.(0) = o(t) forte [ty cz]
Xo(t) forte[cz,cz+3].

Therefore Z(¢) is a (i)-solution of problem (3.1) on [£y, cz + §), and, by repeating the argu-
ments that were used to obtain (3.7), we get V (¢, Z1(¢t)) < (), t € [ty, cz + §). This contra-

dicts the maximality of Z, and hence ¢z = +00. The proof is complete. O

Corollary 3.1 Assume that
(i) FeClJ] x Kc(R),Kc(R)], K € C[D x Kc(R), Kc(R)], F and K are bounded on
bounded sets, and there exists a local (ii)-solution of (3.1) for every (¢9,Xo), to > 0
and Xy € Kc(R);
(ii) V e C[J x Kc(R),[0,00)]; [V (t,A) — V(t,B)| < LH(A, B), where L is the local
Lipschitz constant, for A,B € Kc(R), t €], V(t,A) — oo as H(A,{0}) — oo
uniformly for [ty, T, for every T > ty and fort € J, A € Kc(R),

lim sup % [V(t +h,AS (—l)h{F(t,A) + /tl((t, s,A) ds}) - V(t,A)i|

h—0* Lo

<f(tV(A)+ / tk(t,s, V(s,A))ds,

to

where f € C[] x [0,00),R], k € C[D x [0,00), R];
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(ili) The maximal solution r(t) = r(¢, ty, x0) of the scalar integro-differential equation

t

& (t) =f(t,x()) + / k(ts,x(s)) ds,  x(to) =x0 > 0, (3.8)

to

exists on J and is positive whenever xg > 0.
Then, for every Xo € Kc(R) such that V (ty, Xo) < %o, problem (3.1) has a (ii)-solution X(t)

on [y, 00), which satisfies the estimate
V(t)X(t)) = r(t) tOer)v t = tO- (39)

Proof One can obtain this result easily by using the methods as in the proof of Theo-
rem 3.3. 0

4 Some examples
In this section, we present some examples being simple illustrations of the theory of IIDEs.
We will consider IIDEs (3.1) with (i) and (ii) derivatives, respectively. For convenience,
from now on, we denote the solution of IIDE (3.1) with (i) derivative by X; and the solution
with (ii) derivative by X,.

Let us start the illustrations by considering the following interval-valued integro-

differential equation:
t
D} X(t) = F(t) + / k(t,5)X(s)ds, X(to) = Xo = [Xg, X5 ], t € [to, T, (4.1)
to

where F : [ty, T] — Kc(R) is an interval-valued function (i.e., F(t) = [F~(£), F*(¢)]), k(¢,s)
is a real known function, and Xy € K¢(R). In equation (4.1), we shall solve it by two types
of the Hukuhara derivative, which are defined in Definition 2.2. Consequently, based on
the type of differentiability, we have the following two cases.

Case 1: Suppose that X(£) in equation (4.1) is (i)-differentiable. By using Corollary 2.1,
then we get D}g{X(t) = [(X~(2)), (X*(t))']. Hence, we have the following:

X)) = F(8) + [, kt,9)X(s)ds,

— (4.2)
(X)) = F*(0) + [ k(t,9)X(s) ds,

where
K(t,5)X(s) dis = k(t,s)X~(t), k(t,s)>0,
| k@t 9)X*(2), k(ts)<O0
and
ors k(t,$)X*(t), k(ts) =0,

k(t,$)X(t), k(t,s)<O0.
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From (4.2), we have

(X)) = F~(0) + [, k(t,9)X(s) ds,
(X @) = F(6) + [, k(£,5)X(s) ds,
X~ (to) = Xy,
X*(to) = Xg.

Case 2: Suppose that X(¢) in (4.1) is (ii)-differentiable, then we proceed as in Case 1.
Hence (4.3) can be rewritten in the sense of (ii)-differentiability as follows:

(X)) = F~(0) + [, k(t,)X(s) ds,
(X=@) = F*(6) + [, k(£,5)X(s) ds,
X~ (o) = Xo,
X*(to) = Xg.

Example 4.1 Let us consider the following IIDE:

D} X(¢t) = / tX(s)ds, X(0)=Xp = [-1,1],t € [0,7/2].
0

Case 1. From (4.3), we get

X)) = [y X (s)ds,
X*(®) = [y X*(s)ds,
X(0) = -1,

X*(0) =1.

t

(4.4)

(4.5)

(4.6)

By solving IDEs (4.6), we obtain X;(¢) = [@, @], and this solution is shown in

Figure 1.

Figure 1 Solution of Example 4.1 in Case 1.

Of-len(X,(0.25))|

X4

len(X,(1.0))

Page 12 of 16
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Case 2. From (4.4), we get

X @) = [y X (s)ds,
(X~(@) = [y X*(s)ds,
X(0) = -1,

x*(0) =1.

(4.7)

By solving IDEs (4.7), we obtain X;(¢) = [-cos(£),cos(£)], and this solution is shown in
Figure 2.

Example 4.2 Let us consider the following IIDE:
t
DS X(8) = [-2,2] + / X(s)ds, X(0) =X = [2,2],¢ € [0,0.5]. (4.8)
0
Case 1. We obtain X (¢) = [-2¢f, 2¢], and this solution is shown in Figure 3.

Case 2. We obtain X;(¢) = [-2cos(¢) + 2sin(z), 2 cos(t) — 2sin(£)], and this solution is

shown in Figure 4.

Figure 2 Solution of Example 4.1 in Case 2. 1 T T

05

len(X,(0.5)) len(X,(1.25))
-0.5
- 05
t
Figure 3 Solution of Example 4.2 in Case 1. 4 T T T T 1
2 o
§ 0 len(X,(0.4))

len(X,(1.0))

,2 \V\‘ ]
p—

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
t
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Figure 4 Solution of Example 4.2 in Case 2. 2

X(t)

0
LenGX,01) Ten(X,(0.4))

/T/1 | | | | | | |

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 05

As we see in figures, the first type and second type Hukuhara differentiable interval-
valued solutions X behave in various ways, i.e., one can say that len(Xi(¢)) in examples is
nondecreasing in time (see Figures 1 and 3) and len(X,(¢)) in examples is nonincreasing in
time (see Figures 2 and 4).

5 Conclusions and further work

From Example 4.1 to Example 4.2, we notice that the solutions under the classical
Hukuhara derivative ((i)-differentiable) have increasing length of their values. Indeed, we
can see this in Figures 1 and 3. However, if we consider the second type Hukuhara deriva-
tive ((ii)-differentiable), the length of solutions changes. Under the second type Hukuhara
derivative, differentiable solutions have nonincreasing length of its values (see Figures 2
and 4). In [17, 18], authors introduced and studied new generalized differentiability con-
cepts for interval-valued functions. Our point is that the generalization of this concept
can be of great help in the dynamic study of interval-valued differential equations and
interval-valued integro-differential equations.
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