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Abstract. We study the stability criteria for set integro-differential equations in terms of Lyapunov-
like functions. Sufficient conditions for the stability of the null solution of set integro-differential
equations are presented.

1. Introduction

The study of set differential equations has been initiated as an independent subject
and several results of interest can be found in [2-3, 6-9]. The interesting feature
of the set differential equations is that the results obtained in this new framework
become the corresponding results of ordinary differential equations as the Hukuhara
derivative and the integral used in formulating the set differential equations reduce to
the ordinary vector derivative and integral when the set under consideration is a single
valued mapping. Moreover, in the present setup, we have only semilinear complete
metric space to work with, instead of complete normed linear space required in the
study of the ordinary differential systems. Furthermore, set differential equations, that
are generated by multivalued differential inclusions when the multivalued functions
involved do not possess convex values, can be used as a tool for studying multivalued
differential inclusions [11]. Set differential equations can also be utilized to investigate
fuzzy differential equations [7].

In this paper, we discuss stability criteria for set integro-differential equations. In
section 3, we present some basic results for the set integro-differential equations while
the stability criteria is developed in section 4. It has been found that the formulation
of the set integro-differential equations has an intrinsic disadvantage that the diameter
of the solution is nondecreasing as time increases and consequently the behavior of
the solutions, in some cases, does not match with the solutions of ordinary integro-
differential equations from which the set integro-differential equations are generated.
A criterion is also devised to overcome this inconsistency problem.
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2. Terminology and preliminaries

Let K(R") denote the collection of nonempty, compact and convex subsets of R".
We define the Hausdorff metric as

DI[X, Y] = max[supd(y, X),supd(x, Y)], (1)
yeY xeX

where d(y,X) = inf[d(y,x) : x € X] and X,Y are bounded subsets of R". Notice
that K(R") with the metric is a complete metric space. Moreover, K(R") equipped
with the natural algebraic operations of addition and nonnegative scalar multiplication
becomes a semilinear metric space which can be embedded as a complete cone into a
corresponding Banach space [1, 11]. The Hausdorff metric (1) satisfies the following
properties: VX, Y,Z € K(R") and u € R;, we have

DIX+Z,Y+Z]=D[X,Y] and DI[X,Y]=D[Y,X], (2)
DluX, uY] = uD[X, Y], 3)
D[X,Y] < D[X,Z] + D[Z,Y]. 4)

DEFINITION 1. Theset Z € K(R") satisfying X = Y+Z is known as the Hukuhara
difference of the sets X and Y in K(R") and is denoted as X — Y.

DEFINITION 2. For any interval I € R, the mapping F : I — K(R") has a
Hukuhara derivative Dy F(ty) at a point #, € I if there exists an element DyF(ty) €
K(R") such that the limits

F(t —
m M and  lim
h—0t h h—0+

F(lo) — F(lo — h)
Ho) = Pl —h), 8

exist in the topology of K(R") and each one is equal to Dy F(ty).

If F: 1 — K(R") is Hukuhara differentiable, then the real valued function
t — diam[F(7)], t € I is nondecreasing on I. Moreover, Hukuhara differentiability of
F on I and diam[F(7)] > 0,z € I does not necessarily imply that F(z) is monotone
relative to the set inclusion [9].

By embedding K(R") as a complete cone in a corresponding Banach space and
taking into account the result on differentiation of Bochner integral, it is found that if

F@—%+A}mememm» (6)

where ¢ : I — K(R") is integrable in the sense of Bochner, then Dy F(z) exists and
DypF(t) = ¢(r) ae. onl. (7)

Also, for any compact set I C R, the Hukuhara integral is defined by

/F(n)dn = [/f(n)dn : f is a continuous selector of FJ.
1 1
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Consider the set integro-differential equation

t
DuU(0) = Fs,U(0) + [ K nU()dn. Ulh) = Uy € K(RY), 10>0. (8)
to
where F € C[R; x K(R"),K(R")],K € C[R, x R, x K(R"),K(R").
The mapping U € C'[J,K(R")], J = [to,to + T], T > 0, is said to be a solution
of (8) on J if it satisfies (8) on J. Since U(¢) is continuously differentiable, we have

U(t) = Uy + /IDHU(n)dn, tel, 9)

fo

which can be put in the form [10)

t

U(t) =Up+ /t[F(n, Uu(n)) +/ K(o,n,U(n))doldn, t € J, (10)
to n

where the integral is in the sense of Hukuhara integral [4-5]. Thus, we can say that U(r)
is a solution of (8) if and only if it satisfies (10) on J.

3. Some basic results in set integro-differential equations

In order to establish the stability criteria for set integro-differential equations, we
present some basic results relative to such equations.

THEOREM 1. (Comparison result) Assume that F € C[R. x K(R"),K(R")],K €
C[R, x R. x K(R"),K(R")] andfor t € R,,X,Y € K(R"),

t

DIF(t,X) +/IK(t, n,X)dn, F(t,Y) +/ K(t,n,Y)dn]

to to

< (DI, 11) + [ 6., DIX, V),

1o

where g € C[Ry X Ry,R.] and G € C[R. X R X Ry, R|. Moreover, we require that
there exists the maximal solution r(t, 1y, wo) of the scalar integro-differential equation

t
w'(1) = g(t,w(1)) +/ G(t,n,w(n))dn, w(to) =wo =0, =t
To
Then, if U(t) = U(t, 19, Uyp), V(t) = V(t, 10, Vo) are any two solutions of (8) such that
Uy, Vo € K(R") exist for t >ty and U(ty) = Uy, V(to) = Vo, we have
D[U(1), V(1)] < r(t,10,w0), 1 = 10,

provided that D[Uy, Vo] < wy.



600 BASHIR AHMAD AND S. SIVASUNDARAM

Proof. Since U(t), V(t) are solutions of (8), the differences U(r+h)—U(z), V(t+
h) — V(z) exist for small & > 0. For ¢t € Ry, we set m(t) = D(U(t), V(¢)). Using the
properties (2)-(4) of Hausdorff metric, we have

m(t+h) —m(t) = D[U(t + h), V(t + h)] — D[U(t), V(1))

SDIU@+h), U() + h{F(1,U(1)) + /t K(z,n,U(n))dn}] + D[U(z)

t t

+R{F(L () + / K(t, 1, U(m)dn}, V() + h{F(, V(1)) + / K(t, 0. V(n))dn}]

I to

+ DV +(F V) + | K(e,n, VOn)dn}. Ve -+ )] — DU, V(e)
< DUt + ), U(t) + h{F(t, U(1) /KtnU m)dn}]

T DV() + h{F( V(i /Ktn V(m)dn} V(i + i)

DI 0.00) + [ K6 0m)an Fo. V) + [ Koo, viman)

which implies that

w < D[W7F(L U(r) + /t K(t,n, U(n))dn]
+ D[F(t,V(2)) + /t K(t,n,V(n))dn, w]

+DiF00) + [ K(e,m, U(m)dn, (1, V(1) + / (e, v(n))dnl,

Taking limsup as & — 0" yields

D*m(1) = lim sup %[m(t +h) — m(?)]

h—0*

< DIFU0) + [ KGmm)an £, V@) + [ Ko, v
<DV + [ Glo,n, DU Vi)an

t
< g(r,D[Uo, Vo)) +/ G(t,n, D[Uo, Vol)dn.
4]

Which together with the fact that D[Uy, Vo] < wy and by the comparison theorem
for ordinary integro-differential equations [10] gives

D[U(1), V(r)] < r(t, 10, wp), t = 1o.

This completes the proof of the theorem.
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The following existence and uniqueness theorem is more general than Lipschitz
condition whose proof is based on the comparison result.

THEOREM 2. Assume that

(A)) F € ClJ xB(Up,b),K(R")], K € ClJ xJ x B(Ug, b), K(R")], where B(Uy, b) =
[U € K(R") : DU, Uy < b] and D[F(t,U),0] < My on J x B(Uy,b),
fr;D[K(O', n,U(M)),0ldo < Ny on J x J x B(Uy,b), where 0 is the zero el-
ement of R" regarded as a one point set.

(A2) DIF(1,U), F(1, V)] < g(t, DIU,V]) on J x B(Uo,b), DIK(t,n, U), K(t,m,V)] <
G(1,n,D[U,V]) on J x J x B(Uy,b), where g € C[J x [0,2b],R,], G € C[J x
J x [0,2b],Ry], g(t,w) < My on J x [0,2b], G(t,n,w) < Ny on J x J X
[0,2b], g(2,0) = 0,G(t,1n,0) = 0, g(t,w) and G(t,n,w) are nondecreasing in
w foreach t € J, (t,n) € J X J.

(A3) w(t) = 0 is the only solution of

W0 = low() + [ G, w(m)dn, wlto) = w.

Then the successive approximations defined by

Uria(0) = U+ [ 1F )+ [ K(o,m, Gy(myacian, n=0,1.2....
to n

exist on Jo = [to,t + ], where oo = min(a,b/(M + N)], M = max(My,M,), N =
max(No, Ny), as continuous functions and converge uniformly to the unique solution
U(l, 1o, U()) Of (8) on Jy.

Now, we present a global existence result dealing with continuous dependence of
solution of (8) with respect to initial value (7, Up). As the reasoning and working of
the proof of this theorem is similar to the one employed in proving comparison theorem,
SO we omit its proof.

THEOREM 3. Assume that
(B)) F € CI|Ry x K(R"),K(R")] and for (t,X) € Ry x K(R"),

D[F(t,X), 0] < q(t,D[X, 0]),

where q € C[R; X Ry,R.]| and q(t,w) is nondecreasing in w for each t € R,
and 0 is the zero element of K(R") regarded as a one point set.
(B2) K € CIR: x Ry x K(R"),K(R")] and let

DIK(1,n,X), 6] < Q(1,n, D[X, 6]),

where Q(t,M,w) is nondecreasing in w for each (t,1) € R. X R;.
(B3) The maximal solution r(t,t9, wo) of

W = attwo) + [ 0t w(m)dn, wlto) = wo,

exists for t > to and for every wy = 0.
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(Bs) There exists a local solution U(t) = Ul(t,t0, Uy) of (8) for every (ty,Up) €
R. x K(R").
Then, for every Uy € K(R") such that D[Uy, 0] < wy, the initial value problem
(8) possesses a solution U(t) = U(t, ty, Up) definedfor t > ty satisfying D[U(t), 0] <
r(t,to, wo), t = fo.

4. Stability criteria
The following comparison theorem provides a basis to investigate the stability
criteria of set integro-differential equation (8) in term of Lyapunov-like functions.

THEOREM 4. Assume that

(C1) V€C[Ry xK(R"),K(R")] and |V(t,X) — V(t,Y)| < LD[X,Y], where L is the
local Lipschitz constant, X, Y € K(R"), t € R;.

(C;) g€ C[Ry XRy,R:], GEC[R: X Ry XR,R;] andfor X € K(R"), t € R,

D*V(t,X) = limsup %[V(t + R, X+ h{F(t,X) + /t K(1,n,X)dn}) — V(1,X))]

h—0+ o

g6, V0) + [ Gl v X

4]

Then, if U(t) = U(t, 1, Up) is any solution of (8) existing on [ty,00) such that
V(to, Up) < wo, we have

V(t,U(t)) < r(t,10,wo),t € [ty, 0),

where r(t,ty, wo) is the maximal solution of

w'(t) = g(t,w(t)) + /t G(t,n,w(n))dn, w(to) =wo 20, (11)
existing on [y, 00). i

Proof. Define m(t) = V(z,U(t)) so that m(tg) = V(tp, Up) < wo. For small
h > 0, we consider

m(t-+h)—m(t) = V(t +h, Ut + h)) — V(1, U(t))

= V(t+h, U(t+h))—=V(t+h, U(t)+h{F(t, U(2))+ /IK(t, n,U(n))dn})
F V(4 b UG +h{F(t, UGt /Kt n, Um))dn})—V (1, U(1))
< LD+ ). U0) + W{F(. V() + / K(t,n, Un))an)]

V(t+h, U(t)+h{F(t, U(t /Kt n,U(m))dn})—V(t, U(1)),

where we have used the Lipschitz condition described in (Cy). Thus,
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D m(t) = limsup %[m(t +h) — m(t)]
h—0*

<D'V(t,U(t)) + Llim sup% {D[U(l—k h), U(r)
h—0+

SHF0W) + [ K, U()an)]

1o

Let U(t+ h) = U(t) + Z(t), where Z(t) is the Hukuhara difference of U(t + h)
and U(z) for small & > 0 and is assumed to exist. Hence, employing the properties of
DJ., ], it follows that

DU+ h), U(t) + H{F(z, U(r)) + /t K(z,n,U(n))dn}]

1o

= D[U(t) + Z(1), U(1) + h{F (1, U(1)) + /t K(z,n,U(n))dn}]

1o

_ DIZ(0). h{F(,UW) + / K(1,n, U(n)dn}]

= D[U(t + h) — U(t), h{F(t, U(t /Kt n, U(n)dn}.

Consequently, we find that

HIDIU+ 1), U0) + 1F( U0) + [ KGen, 0Gn)an))

fo

o OO vy + [ kG vt

which, in view of the fact that U(r) is a solution of (8), yields

lim sup %[D[U(t +h),U(t)+h{F(t,U(t)) + /t K(t,n,U(n))dn}]

h—0* to

= lim supD[w F(t,U(t)) + /t K(t,n,U(n))dn|

h—0t 1o
= D{Uy 0, K6, U) + | Ko 06 <o

Hence, we have the scalar integro-differential inequality

Dim() < gl + [ Gty mm(m))dn, mit) < wo,

fo
which, by following the method of proof for Theorem 1.4.1 (page 13 [10]), provides
the desired estimate
m(t) < r(t, to,wo), t € [tg,00).
This proves the assertion of the theorem.
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REMARK The set integro-differential equation (SIDE) (8) reduces to an ordinary
integro-differential equation (OIDE) when U(r) is single valued and SIDE (8) can be
generated from OIDE by setting F(¢,X) = cof (t,X), G(t,n,X) = cog(t,n,X), X €
K(R") where co denotes closed convexhulland f : Ry xR" — R", g : R, xR XR" —
R" arise from OIDE

¢ = o) + [ g(t.mu(m)dn, u(to) = uo € R"

to
Consequently, the solution of OIDE is imbedded in the solutions of SIDE.

For the stability criteria of the null solution of (8), one can employ the measure
D[U(z), 0] = ||U(¢)|| = diam[U(¢)], ¢ > t so that diam[U(¢)] is nondecreasing in .
This measure needs to be introduced for the generation of SIDE from OIDE otherwise
the undesired elements enter the solution and the measure ||U(¢)|| becomes unsuitable
to develop the stability theory. It has been noticed that the cause of the problem in SIDE
is due to the requirement of Hukuhara difference in its formulation. This problem can
be overcome by utilizing the existence of Hukuhara difference in the initial conditions
also, which in fact makes it possible to match the behavior of the solution of SIDE
with the corresponding solutions of OIDE. In order to do so, we suppose that the
Hukuhara difference exists for any given initial values Up, Vo € K(R") so that we set
Uy — Vo = Wy and consider the stability of the solution U(z, 1y, Uy — Vo) = U(t, ty, Wo)
of (8).

We are now in a position to formulate the stability criteria for the trivial solution
of (8) as follows:

THEOREM 5. Assume that the system (8) has the trivial solution, and (C), (C)
of Theorem 4 hold on R, x Q(p) instead of K(R"), where Q(p) = [U € K(R") :
U]l < pl.

Further, suppose that b(||U||) < V(t,U) < a(||U])) on Ry x Q(p), where
a,b € [[0,p],Ry] are the usual K class functions.

Then the stability properties of the trivial solution of (11) imply the corresponding
properties of the trivial solution of (8) subject to the condition U(t,ty, Uy — Vo) =
Ul(t,t9, W).

Proof. We only provide the outline of the proof. By Theorem 4 and using the
standard method of proof of known results [10], the conclusion of the theorem can be
established in a straightforward way.
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