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Abstract

We consider a class of second-order evolution inclusions and we
prove that the reachable set of a certain second-order variational in-
clusion is a derived cone in the sense of Hestenes to the reachable
set of the initial differential inclusion. This result allows to obtain a
sufficient condition for local controllability along a reference trajectory.
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1 Introduction

The concept of derived cone to an arbitrary subset of a normed space has
been introduced by M.Hestenes in [8] and successfully used to obtain neces-
sary optimality conditions in Control Theory. Afterwards, this concept has
been largely ignored in favor of other concepts of tangents cones, that may
intrinsically be associated to a point of a given set: the cone of interior direc-
tions, the contingent, the quasitangent and, above all, Clarke’s tangent cone
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A second-order evolution inclusion 129

(e.g., [1]). Mirica ([12,13]) obtained ”an intersection property” of derived
cones that allowed a conceptually simple proof and significant extensions
of the maximum principle in optimal control; moreover, other properties of
derived cones may be used to obtain controllability and other results in the
qualitative theory of control systems.

In this paper we are concerned with the following problem

2" € At)x + F(t,z), =z(0)€ Xy, 2'(0)€ Xy, (1.1)

where F : [0,T] x X — P(X) is a set-valued map, X is a separable Banach
space, Xo, X1 C X and {A(t)}+>0 is a family of linear closed operators from
X into X that generates an evolution system of operators {U(t, s) }; sejo,7]-

The general framework of evolution operators { A(t) }+>¢ that define prob-
lem (1.1) has been developed by Kozak ([11]) and improved by Henriquez
([9]). In several recent papers ([2-5], [9,10]) existence results and qualitative
properties of solutions for problem (1.1) have been obtained by using fixed
point techniques.

Our aim is to prove that the reachable set of a certain second-order vari-
ational inclusion is a derived cone in the sense of Hestenes to the reachable
set of the problem (1.1). In order to obtain the continuity property in the
definition of a derived cone we shall use a continuous version of Filippov’s
theorem for mild solutions of differential inclusions (1.1) obtained in [7]. As
an application, when X is finite dimensional, we obtain a sufficient condition
for local controllability along a reference trajectory. The results in this pa-
per may be interpreted as an extension of the results in our previous paper
[6] obtained for second-order differential inclusions defined by cosine family
of operators to the more general problem (1.1).

The paper is organized as follows: in Section 2 we present the notations
and the preliminary results to be used in the sequel and in Section 3 we
provide our main results.

2 Preliminaries

Since the reachable set to a control system is, generally, neither a differen-
tiable manifold, nor a convex set, its infinitesimal properties may be charac-
terized only by tangent cones in a generalized sense, extending the classical
concepts of tangent cones in Differential Geometry and Convex Analysis,
respectively.

From the rather large number of ” convex approximations”, "tents”, "reg-
ular tangents cones”, etc. in the literature, we choose the concept of derived
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cone introduced by M. Hestenes in [8].
Let (X, ||.||) be a normed space.

Definition 2.1 ([8]). A subset M C X is said to be a derived set to
E C X at z € E if for any finite subset {v1,...,vp} C M, there exist sy > 0
and a continuous mapping a(.) : [0, s0]¥ — E such that a(0) = z and a(.)
is (conically) differentiable at s = 0 with the derivative col[vy, ..., vg] in the

sense that

— Sk 0.0
fi Hal0) = a0) = 55, Owuill _
RE 5050 16]]

We shall write in this case that the derivative of a(.) at s = 0 is given by

k
Da(0)0 => 00, V0 = (b1,....0,) € RE := [0, 00)".
=1

A subset C' C X is said to be a derived cone of E at x if it is a derived
set and also a convex cone.

For the basic properties of derived sets and cones we refer to M. Hestenes
[8]; we recall that if M is a derived set then M |J{0} as well as the convex
cone generated by M, defined by

k
cco(M) = {Z)\jvj; Nj>0,keNvieM, j=1,..,k}
i=1

is also a derived set, hence a derived cone.

The fact that the derived cone is a proper generalization of the classical
concepts in Differential Geometry and Convex Analysis is illustrated by the
following results ([8]): if £ C R" is a differentiable manifold and T, E is the
tangent space in the sense of Differential Geometry to E at x

T,E ={veR" Jc: (—s,5) = X, ofclass C, ¢(0) = z,(0) = v},

then T,.E is a derived cone; also, if £ C R" is a convex subset then the
tangent cone in the sense of Convex Analysis defined by

TCE=cl{t(ly—=z); t>0,yeE}

is also a derived cone. Since any convex subcone of a derived cone is also
a derived cone, such an object may not be uniquely associated to a point
x € E; moreover, simple examples show that even a maximal with respect
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to set-inclusion derived cone may not be uniquely defined: if the set E C R?
is defined by

E=C UCQ, C1 ={(z,x);x >0}, Cy = {(x,—x),z <0},

then C} and Cy are both maximal derived cones of E at the point (0,0) € E.

On the other hand, the up-to-date experience in Nonsmooth Analysis
shows that for some problems, the use of one of the intrinsic tangent cones
may be preferable. From the multitude of the intrinsic tangent cones in
the literature (e.g. [1]), the contingent, the quasitangent (intermediate) and
Clarke’s tangent cones, defined, respectively, by

K,B={veX; Jsp >0+, Jam oz, 39 € B 2L 50},
QSCE:{’UEX; Vs — 04, 3z — x, $m€E:%_>v}’

C:E={veX; Y(Tm,sm)— (2,04), xm, € E,Jy, € E: In—=mn 4y}

Sm.

seem to be among the most often used in the study of different problems
involving nonsmooth sets and mappings.

An outstanding property of derived cone, obtained by Hestenes ([8],
Theorem 4.7.4) is stated in the next lemma.

Lemma 2.2. Let X = R". Then x € int(E) if and only if C =R"™ is a
derived cone at x € E to E.

Corresponding to each type of tangent cone, say 7, F one may introduce
(e.g. [1]) a set-valued directional derivative of a multifunction G(.) : E C
X — P(X) (in particular of a single-valued mapping) at a point (z,y) €
Graph(G) as follows

7yG(r;v) = {w € X;  (v,w) € T(;,)Graph(G)}, v e E.

We recall that a set-valued map, A(.) : X — P(X) is said to be a
convez (respectively, closed convex) process if Graph(A(.)) € X x X is a
convex (respectively, closed convex) cone. For the basic properties of convex
processes we refer to [1], but we shall use here only the above definition.

Let denote by I the interval [0,7] and let X be a real separable Banach
space with the norm ||.|| and with the corresponding metric d(.,.). Denote
by L£(I) the o-algebra of all Lebesgue measurable subsets of I, by P(X) the
family of all nonempty subsets of X and by B(X) the family of all Borel
subsets of X. Recall that the Pompeiu-Hausdorfl distance of the closed
subsets A, B C X is defined by

du (A, B) = max{dy (A, B),dy(B,A)},
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where dj; (4, B) = sup{d(a, B);a € A} and d(a, B) = inf,cp d(a, y).

Let (Z,d) be a metric space and consider a set valued map T on Z with
nonempty closed values in Z. T is said to be A-Lipschitz if there exists A > 0
such that

dy(T(x), T(y)) < Md(z,y) Yo,y € Z.

As usual, we denote by C(I, X) the Banach space of all continuous functions
z(.) : I — X endowed with the norm ||z(.)||c = sup,e;l||z(t)|], by LY(I, X)
the Banach space of all (Bochner) integrable functions z(.) : I — X endowed
with the norm ||z(.)||1 = [; ||=(¢)||dt and by B(X') the Banach space of linear
bounded operators on X.

In what follows {A(¢)}+>0 is a family of linear closed operators from X
into X that genearates an evolution system of operators {U(t,s)}:scr. By
hypothesis the domain of A(t), D(A(t)) is dense in X and is independent of
t.

Definition 2.3. ([9,11]) A family of bounded linear operators U(t, s) :
X — X, (t,s) € A:={(t,s) € I x I;s <t} is called an evolution operator
of the equation

2" (t) = A(t)z(t) (2.1)
if
i) For any x € X, the map (t,s) — U(t, s)x is continuously differentiable
and
a) U(t,t) =0,tel.

b)Ift € I,z € X then EU(t $)T|t=s = = and 81/{( S)T|t=s = —2.
ii) If (t,s) € A, then EZ/I(t s)x € D(A(t)), the map (t,s) — U(t,s)z is of
class C? and

a) tQU(t s)x =AU, s)x.

b) 682u(t s)x =U(t, s)A(t)z.

c) ‘2atl/{(t 8)x|t=s = 0.
iii) If (¢,s) € A, then there exist agzsl/{(t s)x, aSzatl/l(t s)x and

a) mZ/{(t, s)x = A(t) SU(t,s)x and the map (t,s) — A(t ) 5 U(t, s)x is
continuous.

b) a%atu(t s)xr = tZ/l(t, s)A(s)x.

As an example for equation (2.1) one may consider the problem (e.g.,
[9)
02z 02z 0z
—5 T 2
8t2 (t7 ) 87’2( )+a( )8t(t77—)7 te [07 ]7T€ [07 ﬂ-]a



A second-order evolution inclusion 133

0z 0z
2(t,0) = z(t,m) =0, E(t,O) = E(t,?w), t € 0,7,

where a(.) : I — R is a continuous function. This problem is modeled in
the space X = L%(R,C) of 27r-periodic 2-integrable functions from R. to

C, Az = di;g) with domain H?(R, C) the Sobolev space of 2m-periodic
functions whose derivatives belong to L?(R, C). It is well known thatA; is
the infinitesimal generator of strongly continuous cosine functions C(¢) on
X. Moreover, Ay has discrete spectrum; namely the spectrum of A; consists

of eigenvalues —n?, n € Z with associated eigenvectors z,(7) = 7"

n € N. The set z,, n € N is an orthonormal basis of X. In particular,
Az =37 —n? < 2,2, > zn, 2 € D(A;). The cosine function is given
by C(t)z = > ,czcos(nt) < z,2, > z, with the associated sine function
St)z=t<z,20> 20+ pez= % < Z,2p > Zn.

For t € I define the operator As(t)z = a(t) dil(:) with domain D(As(t)) =
HY(R,C). Set A(t) = A1 + As(t). It has been proved in [9] that this family

generates an evolution operator as in Definition 2.1.

Definition 2.4. A continuous mapping z(.) € C(I, X) is called a mild
solution of problem (1.1) if there exists a (Bochner) integrable function
f(.) € LY(I, X) such that

f(t) e F(t,z(t)) a.e.(I), (2.2)

z(t) = —%L{(t, 0)zo + U(t,0)yo + /Otl/{(t, s)f(s)ds, teI. (2.3)

We shall call (z(.), f(.)) a trajectory-selection pair of (1.1) if f(.) verifies
(2.2) and x(.) is defined by (2.3).

Hypothesis 2.5. i) F(.,.) : I x X — P(X) has nonempty closed values
and is £(I) ® B(X) measurable.

ii) There exists L(.) € L'(I,Ry) such that, for any t € I, F(t,.) is
L(t)-Lipschitz in the sense that

dH(F(t,xl),F(t, xg)) < L(t)Hxl — .TQH V.%'l,xg e X.

Hypothesis 2.6. Let S be a separable metric space, X, X7 C X are
closed sets, ag(.) : S — Xp, a1(.) : S = X7 and ¢(.) : § — (0,00) are given
continuous mappings.

The continuous mappings g(.) : S — LY(I,X), y(.) : S — C(I, X) are
given such that

()" (1) = A@)y(s)(t) + 9(s)(t),  y(s)(0) € Xo, (y(5))'(0) € X1.
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and there exists a continuous function ¢(.) : $ — L'(I, R, ) such that

d(g(s)(t), F(t.y(s)(1)) < q(s)(t) ace. (D), Vs € 5.

Theorem 2.7 ([7]). Assume that Hypotheses 2.5 and 2.6 are satisfied.

Then there exist M > 0 and the continuous functions z(.) : S —
LYI,X), h(.) : S — C(I,X) such that for any s € S (x(s)(.),h(s)(.))
is a trajectory-selection pair of (1.1) satisfying for any (t,s) € I x S

[|z(s) (&) — y(s)(D)]] < (2.5)
Me(s) + llao(s) — y(s)(O)|| + llaz(s) — (y())' (O)I| + Jfy a(s)(w)du]. ™

3 Main results
Our object of study is the reachable set of (1.1) defined by
Rp(T, X0, X1) :=={x(T); x(.)is a mild solution of (1.1)}.

We consider a certain variational second-order differential inclusion and we
shall prove that the reachable set of this variational inclusion from derived
cones Cy C X to Xg and C; C X to X; at time T is a derived cone to the
reachable set Rp (T, Xo, X1).

Throughout in this section we assume

Hypothesis 3.1. i) Hypothesis 2.5 is satisfied and Xy, X; C X are
closed sets.

i) (2(.), f(.)) € C(I, X) x L(I, X) is a trajectory-selection pair of (1.1)
and a family P(t,.) : X — P(X), t € I of convex processes satisfying the
condition

P(t,u) C QppyF(t,.)(2(t);u) Yu € dom(P(t,.)), ae tel (3.1)
is assumed to be given and defines the variational inclusion
V" € A(t)v + P(t,v). (3.2)

Remark 3.2. We note that for any set-valued map F'(.,.), one may find
an infinite number of families of convex process P(t,.), t € I, satisfying con-
dition (3.1); in fact any family of closed convex subcones of the quasitangent
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cones, P(t) C Q. f(t))Graph(F(t,.)), defines the family of closed convex
process
P(t,u) ={veX; (u,v) € P()}, uwveX tel

that satisfy condition (3.1). One is tempted, of course, to take as an ”intrin-
sic” family of such closed convex process, for example Clarke’s convex-valued
directional derivatives Cpq) F(t,.)(2(t);.).

We recall (e.g. [1]) that, since F'(¢,.) is assumed to be Lipschitz a.e. on
I, the quasitangent directional derivative is given by

1
Qe F(t, )((2(t);u)) = {w € X5 lim —d(f(t) + 0w, F'(t, 2(t) + 0u)) = 0}.
9—0+ 0
(3.3)
We are able now to prove the main result of this paper.

Theorem 3.3. Assume that Hypothesis 3.1 is satisfied, let Cy C X
be a derived cone to Xo at z(0) and C1 C X be a derived cone to X at
2'(0). Then the reachable set Rp(T,Cy,C1) of (3.2) is a derived cone to
RF(T, X(],Xl) at Z(T)

Proof. In view of Definition 2.1, let {v1,...,v,} C Rp(T, Cp,C1), hence
such that there exist the trajectory-selection pairs (u1(.), g1(.)), .., (um(.),
gm(.)) of the variational inclusion (3.2) such that

’LL](T) = Vj, u](O) € Co, U;(O) € Ch, J=12,...m (34)

Since Cyp C X is a derived cone to Xy at z(0) and C; C X is a derived
cone to X7 at 2/(0), there exist the continuous mappings ag : S = [0, 6p]™ —
Xg, a1 : S — X such that

ap(0) = 2(0), Dag(0)s =37, sju;(0) Vs e R,

a1(0) = Z(0), Day(0)s = S, s;u/(0) WseRr, D)

Further on, for any s = (s1,...,$n) € S and ¢t € I we denote

y(s)(t) = =(t) + Z] 185U (t),

g9(s)(t) = f(t) + 271 5595(t), (3.6)
p(s)(t) = d(g(s)(¢ ) F(t,y(S)(t)))
and we prove that y(.), p(.) satisfy the hypothesis of Theorem 2.7.

Using the lipschitzianity of F'(¢,.,.) we have that for any s € S, the
measurable function p(s)(.) in (3.6) it is also integrable.

p(s)(t) = d(g(s)(t), F(t,y(s)())) < X511 sllg; ()] + du (F(¢, 2(1)),
F(t,y(s)(1))) < 255 s5llgs (O] + L) 258 s5llus ()]
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Moreover, the mapping s — p(s)(.) € L*(I,R,) is continuous (in fact
Lipschitzian) since for any s,s’ € S one may write succesively

1p(s)() = p() ()= Jg llp(s)(8) = p(s)DlIdt < [y [llg(s)(E) — g(') (2|t
+da (F(t,y(s)(1)), F(t,y() ()t < [|s = '[|(52y fy [Hlgs 0]+
+HL()[u; (D]]]

Let us define S; := S\{(0,...,0)} and ¢(.) : S — (0,00), c(s) := ||s||*.
It follows from Theorem 2.7 the existence of a continuous function z(.) :
S1 — C(I,X) such that for any s € S1, z(s)(.) is a mild solution of (1.1)
with the properties (2.4)-(2.5).

For s = 0 we define z(0)(t) = y(0)(t) = z(¢t) Vt € I. Obviously, z(.) :
S — C(I,X) is also continuous.

Finally, we define the function a(.) : S — Rp(T, Xo, X1) by

(
dt)

a(s) =x(s)(T) VseS.

Obviously, a(.) is continuous on S and satisfies a(0) = z(7T).
To end the proof we need to show that a(.) is differentiable at so =0 € S
and its derivative is given by

Da(0)(s) = Z sjv; VseRY
j=1

which is equivalent with the fact that

1
Jimg gy llats) ZSJUJH (3.7)
From (2.7) we obtain
HlH ZSJUJH H H lz(s)(T)—y(s)(T)[| < M‘|5|’+Hﬂ$‘|ao(s)—

M

Zsju] I+ ypllan(s) - Zsj ||+M/

and therefore in view of (3.5), relation (3.7) is implied by the following
property of the mapping p(.) in (3.6)

QIO

=0 ||s|

=0 a.e. (I). (3.8)
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In order to prove the last property we note since P(t,.) is a convex
process for any s € S one has

f: ) € P(t, Z s H ) C Qi F ,f: 8] a.e. (I).

j:l
Hence by (3.3) we obtain
1 ULy ULR
lim —d(f(t)+hY —Lg:t),Ft,zt) +h> —Lu;(t))) =0. 3.9

In order to prove that (3.9) implies (3.8) we consider the compact metric
space ST = {0 € R7;||o|| = 1} and the real function ¢(.,.) : (0,60] x
S7=1 — R defined by

1 m m
$i(h,0) = +d(f(t) + h Y 0igi(6), Ft, z(t) + hY_oju;(t)),  (3.10)
i=1 =1

where o = (01, ..., 04,,) and which according to (3.9) has the property

: _ m—1
61—1>r(§1+ ¢i(0,0) =0 VoeS!  ae(I) (3.11)

Using the fact that ¢;(0,.) is Lipschitzian and the fact that ST ! is a
compact metric space, from (3.11) it follows that

01—1>I51+ gﬁ)& $(0,0) =0

which implies the fact that

11m¢t(H3H ) =0 ae.(I)

and the proof is complete.

An application of Theorem 3.3 concerns local controllability of the second-
order differential inclusion in (1.1) along a reference trajectory, z(.) at time
T, in the sense that

2(T) € int(Rp(T, Xo, X1)).

Theorem 3.4. Let X = R", z(.),F(.,.) and P(.,.) satisfy Hypothesis
3.1, let Cy C X be a derived cone to Xo at z(0) and C; C X be a derived
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cone to X at 2'(0). If the variational second-order differential inclusion in
(3.2) is controllable at T in the sense that Rp(T,Cy,C1) = R™, then the
differential inclusion (1.1) is locally controllable along z(.) at time T.

Proof. The proof is a straightforward application of Lemma 2.2 and of

Theorem 3.3.
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