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In this paper the space of directional-morphological transitions is analyzed and a tangential regularity
result is established for the subset V. This subset arises in a natural way when one considers via-
bility problems where both, trajectories and constraints, are evolving in time governed by differential
and morphological equations, respectively. Furthermore a control problem associated with this kind of
evolutionary-morphological systems is studied.
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1. Introduction

Mutational Analysis is an extension of the usual differential calculus to metric spaces,
which works in spaces without linear (vectorial) structure. It was introduced by J.-P.
Aubin in the nineties (see [2] and the references therein), mainly with the aim to describe
the evolution of moving sets by means of a suitable notion of “velocity" (properly, “set
of velocities") of a time-evolving set. Motivations to develop this research program come
from dynamical models in economy, image processing, shape optimization, visual control
or propagation of fronts, among others (see, for instance, [2], [9], [10], [13] and also [7],
where a similar theory, without locally compactness assumptions, is developed). The basic
idea is to endow the metric space with a family of generalized directions (that are called
transitions in this framework) which allows to define the mutation of a map. This concept
is the key to introduce a kind of differential equations, called mutational equations, to
describe evolution phenomena in metric spaces. When we consider additional constraints
on such evolutions (mutational viability), the notion of tangent set arises in a natural way
in this framework.
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This paper is devoted to prove a regularity result in the mutational space (X x K(X), X x
LIP(X, X)), where X is a finite dimensional vector space, (X)) is the space of its
nonempty compact subsets and LIP(X, X) denotes the family of all the bounded Lip-
schitz set-valued maps with convex compact values. Indeed, we will show that
Vi, K)eV, Liminf Ty(z, M) = Cy(x, K),
(z, K) poiminf Ty(z, M) = Cy(w, K)
where V 1= {(z,K) € X x K(X) :z € K}, Ty(z, K) denotes the contingent (or Bouli-
gand-Severi) transition set and Cy(z, K) is the circatangent (or Clarke) transition set.

Furthermore, this result provides a sufficient condition of regularity (or sleekness) for V,
which is the key to obtain the existence of viable solution to the control system

under the state (viability) constraint z(t) € K ().

The paper is organized as follows. In Section 2 we recall and discuss basical topics on
Mutational Analysis and introduce two technical lemmas that we use in the next section
to give a proof of Theorem 3.1, linking the lower limit of tangent transition sets and the
Clarke tansition set in general mutational spaces. Section 4 is devoted to state several
results describing tangent sets to V and also to prove the announced tangential regularity
result, Theorem 4.6. Finally, in the last section we investigate the existence of solutions
to a control problem with viability constraints on the state, whose dynamics is described
by a joint evolutionary-morphological system.

2. Mutational Analysis

In this section we will recall some basic topics on Mutational Analysis. We refer to [2] for
details.

2.1. Transitions on metric spaces

Let (E,d) be a metric space. A continuous map ¢ : [0,1] x E — F is said to be a
transition if it satisfies

(H-1) 9(0,z) =2,V € E

d(O(t + h,x), I(h,V(t,x)))

(H-2) Vte 0,1,V 2 € E, thgl+ h =0
(H-3) «a(¥) := max (31;5 (hfli?ip d(ﬁ(h,x),jé&)yy))) — dlz, y)) , O) < oo
(H-4) B(¥) :=sup (lim sup M) < 00.

LA h—07+ h

It is clear that 1(h,z) := z is a transition on E. It is called the neutral transition. Given
two transitions 9, v on the metric space F, (H-4) ensures that

dp (U, v) :=sup (limsup d(V(h,z), U(h’x))) < 0.

(1)

x€ER h—0+ h



J. A. Murillo Herndndez. / Tangential Regularity in the Space of ... 425

Thus, by identifying transitions with dy (¢, v) = 0, we have that d, defines a distance
in the family of all the transitions on E. Finally, we say that (F,©(F)) is a (complete)
mutational space if E is a (complete) metric space and O(F) is a subset of transitions
which contains the neutral one and is closed in C ([0, 1] x E; E) with respect to the distance
dy.

It must be noted that pointwise convergence in (H-2) is actually uniform on compact
subintervals of [0, 1[, as the next lemma shows.

Lemma 2.1. Let ¥ € ©O(F), K C E be a compact and 0 <T < 1. For any e > 0, there
exists n > 0 such that

dO(t + ), I(h, 9(t, 7)) < he, 0<h<n @)
forallt €[0,7T], z € K.

Proof. Given € > 0, by (H-2), for any ¢t € [0,7] and any z € K, we have n;, > 0 such
that
d((t+ h,z),0(h,9(t,x))) < he, 0<h<mn,. (3)

Furthermore, since 9 is continuous, one can find d; ;5 > 0 such that
d(I(s + 1, 2), (W, 9(s,2))) < h'e (4)

whenever s € |t — 0y o p,t 40120 N[0,T], 2 € Bs,, ,(x) NK and b’ € Jy 41, where Jy . p, =
Jh— 08t zny h+ 612 [ N[0, 7). Clearly, the family of open subsets {J;,p:0 < h <mn .}, is
a covering of the compact [0, 7 ,]. Thus there are a finitely many points A4, ..., h, such
that [0,7:.] C Jron U+ U Jien, and taking d;, 1= mini<j<, 0¢2n; We can write

d(V(s+ h, z),0(h,9(s,2))) < he, 0<h<mn, (5)

forany s € I; , := |t—0¢4,t+0:2[N[0,T] and z € Qy, := Bs, , (v)NK. We will use again the
classical compactness argument. In fact the family of open sets {I; , x 2, : (t,2) € [0,T]
x K} is a covering of the compact [0,7] x K. Thus we can obtain a finite subcovering

0.T)x K C | Iay %

1<j<n
and setting 7 := min;<j<, N, ., the lemma is proved. O

Moreover, (H-3) and (H-4) provide estimates for transitions, as next lemma shows. Its
proof easily follows from Lemma 1.1.3 in [2] and 3(¢)-Lipschitzianity of transitions with
respect to the first variable (see Lemma 1.2 in [12]).

Lemma 2.2. Let ¥ € O(FE). Then for any x,y € E and any 0 < h < 1:
d(9(h, x),9(h,y)) — d(z,y) < d(z,y) (™" = 1), (6)

and also

AW (h,z),x) < hB(D). (7)
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2.2. Directional and morphological transitions

Let X be a finite dimensional vector space (we keep this notation throughout the rest of
the paper) endowed with the usual Euclidean norm denoted by | - |. Given an arbitrary
vector (direction) v € X, we define the transition

Uy(h,x) =2+ hv (8)

which clearly satisfies a(v,) = 0 and B(9,) = |v|. Furthermore, for any v,u € X,
dp (9y,7,) = |v — u|. Thus, identifying any direction v with its associated directional
transition v,, we can regard X as a family of transitions. This allows to consider X as a
mutational space.

On the other hand, let (X)) be the family of all the nonempty compact subsets of X
equipped with the Hausdorff distance,
d(K, M) = max (e(K, M), e(M, K)) 9)

where e(K, M) = sup, ¢ dy () := sup,c g infyen | — y| is the excess of K over M. The
metric space (K(X),dl) is separable and complete, and closed balls

Bx(K,0) == {M € K(X): d(M, K) < &}

are compact (see [2], [8]). Let us consider the family LIP(X, X) of all the bounded Lips-
chitz set-valued maps with compact convex values, equipped with the uniform Hausdorff

distance:
d (P, V) :=supd(P(z),¥(x)), &,V eLIP(X,X). (10)

zeX

Associated with any ® € LIP(X, X), for every x € X, we consider the (nonempty) set
So(x) C AC(0, 00; X) of all the solutions of the Cauchy problem

2'(t) € (x(t)),
z(0) ==z } (11)

Then for any h € [0,1], K € K£(X), we define the map
Yo(h, K) :=={x(h): z() € So(x), v € K} (12)

taking the compact K into the reachable set from K by ® at time h. This map is a
transition, called morphological transition, on the metric space (K(X),dl), with

d (¢ (z), 9(2))

a(Jg) < [|®[| := sup (13)
! e |z =7
and
B(Vs) < [|®]|oo 1= sup ( sup Iy\> (14)
zeX \ yed(x)

(see [2] for details). Identifying any map ® with the transition 94, and since the inequality

dr (9, y) < do(®, ) (15)
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holds, we get the complete mutational space (K(X), LIP(X, X)), called the space of mor-
phological transitions or morphological space over X.

The mutational space (X x (X)), X x LIP(X, X)), that we call directional-morphological
space, is the cartesian product of the previously described spaces. Therefore, associated
with any transition J € X x LIP(X, X), there are a vector v € X and a morphological
map ¢ such that

V (2, K) € X x K(X), O(h,(x,K)) = (z + hv, 9a(h, K)).

For simplicity we write ¢ = (v, ®).

3. Tangent transition sets

The natural concept of tangent direction to a set at a point can be adapted in the frame-
work of metric spaces by using “tangent transitions". Then given a subset M C FE, with
(E,O(F)) a mutational space, the contingent transition set to M at a point x € M, with
respect to the family of transitions ©(F), is defined by

Ty (x) := {19 € O(E): liminfM = O} (16)

h—0t h
and the Clarke tangent (or circatangent) transition set is

dp (9(h, "))

Cu(x) = {19 €O(E): A

-0 ash—>0+,M9x’—>x} (17)

where M 2 2/ — x means ' — z with 2’ € M.

Clearly, 1 € Cy(x) C Ty (x), which implies that these sets are always nonempty. It is
also clear that above definitions coincide with the usual ones when FE is a normed space
and O(F) = F is the family of directional transitions.

Another notion of tangent set in mutational spaces can be found in [12], where the se-
quential tangent set is defined as

Ty (x) == {9 € ©(F):3h, — 0", ¥, -0 such that ,,(h,,2) € M}. (18)

This set is nonempty (1 € T3 (x)) and closed, and it is (in general) strictly contained
in the contingent transition set (see [12]). However, when F is a normed space and one
considers directional transitions, both tangent sets Ty () and Ty (x) coincide.

Given a closed subset M C FE, the lower limit (in the sense of Painlevé-Kuratowski) of
the tangent transition sets T/ (y), as y — x, is always contained in the Clarke tangent
transition set to M at x. This result can be deduced from Theorem 1.5.6 in [2], never-
theless we present here a different proof based on Lemma 2.1 and estimates provided by
Lemma 2.2.

Theorem 3.1. Let (E,O(FE)) be a mutational space, satisfying that all the closed balls in

E are compact. Given a nonempty closed subset M C FE, then

Ve M, Liminf Ty(y) C Cy(x). (19)

M>3y—zx
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Proof. Let ¢ be a transition in the lower limit of the tangent transition sets:

v e Ij\}iminf Tu(ly) & lim dr,q)(0) =0.

SY—x M>3y—z

Hence, given ¢ > 0, there exists 6 > 0 such that Ty (y) N B.(¥) # (), whenever y €
Bs(x) N M, that is, there exists ¥, € Ty (y) satisfying dy(d,, V) < e.

For any fixed y € Bs(z) N M, let us consider the map
gy(t) = du(9(t,y)), te€[0,1]. (20)

Clearly, |g,(t) — g,(s)| < d(V(t,y),9(s,y)). Moreover, by assuming that ¢ > s, we can
write

d((t,y), (s, y)) < d((s+ (t—s),y),0(t —s,9(s,9))

+ d(I(t — s5,9(s,9)),9(s,y))- (21)

Since 9 is continuous, for every fixed 0 < T' < 1, ([0, T], Bs(x) N M) is a compact subset
of E and, by virtue of Lemmas 2.1 and 2.2, there exists n > 0 such that

d(¥(s+ (t —s),y),0(t —s,9(s,y)) <t—s (22)

and
d(O(t = s,9(s,9)),V(s,y)) < (t = s)B(V) (23)
for any s,t € [0,7] with 0 <t — s <7, and any y € Bs(x) N M. Combining (21)-(23) we
obtain
19y () = gy(s)| < (1 + B(9)) |t — ] (24)
whenever s, ¢ € [0,7] with |s —t| < n, which implies that g,(-) is locally Lipschitz. Even
more, we have actually shown that the Lipschitz constant of g,(-) is the same whenever
y € Bs(xr) N M. In addition, since g,(-) is locally Lipschitz it is almost everywhere

differentiable on |0, 1[. Let us now estimate the derivative g, (¢), for every ¢ € |0, T'[ such
that g,(-) is differentiable at such a point:

gy(t+h) =g,(t) = du(I(+h,y)) —du(0(t,y))
< At + hyy), 2) = d(O(L,y), 2) (25)

where z; € T1);(¥(t,y)), the set of projectors of ¥(t,y) onto M, and 2 € M is an arbitrary
point. Furthermore, by the triangular inequality,

< d((t + h,y), 9(h, 0(t,y))) + d(I(h, 9(t, y)), 2) — d(I(h, (L, y)), I(h, )
+d(I(h, 9(t, ), V(h, z¢)) — d(I(t,y), =)
< he+d(W(h,z),2) + d((t,y), z) (e — 1) (26)
whenever 0 < h <., where the constant 7. > 0 is provided by Lemma 2.1 applied to the
compact Bj(z), and we have also used (6). Let us now estimate the distance between z
and z:
< d(z,y) +2d(0(t,y),y) (27)
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By (7), for any 0 < ¢ < T and any y € Bs(x) N M, d(V(t,
Yy € Bsp(r) and 0 < ¢ < min(T,/46(0)), by virtue of (
2z € Bs(x) N M and, therefore, there will exist 9., € Th(z)
[y (9, (h, 2)). Clearly,

d(9(h, ), 2)

Y),y) < tB(Y). Then, if
7) we can conclude that
B

-(V). Let us pick Z €

d(9(h, 2),9., (h, ) + d(0, (h, z), 2)

<
< he+dy (9, (hy 2t)) (28)

if 0 < h < p, where this constant comes from the very definition of the distance between
transitions. Inserting (28) into (26) we obtain

a(®)h __ 1
WD Z900) ¢ gy W22y g g0 (2 ) (29)
h h h

and taking upper limit as h — 07, since ¥,, € Ty (z), we get

g,(t) < 28 +d(I(t,y), z)a(0) (30)
whenever 0 < ¢t < min (7,6/43(¢¥)) and y € Bs/2(x) N M. Moreover,
and then

gy(t) < 22 +1B(D)alV) < 3¢ (32

if 0 <t <n:=min(7,6/46(0),e/(a(¥) + 1)B(¥)). Since the above inequality is satisfied
for almost every 0 < ¢t < 7, integrating in (32) we obtain g,(t) < 3et, which implies that

dpr(9(t, y))

" <3e, 0<t<mn, y€ Bspqlr)NM.

Hence it follows that 9 € Cj/(z) and the proof is complete. O

Definition 3.2. When the lower limit in (19) coincides with the contingent transition
set Thr(z), then the set M is said to be sleek or tangent regqular at x € M.

4. Tangential regularity in X X IC(X)

This section is devoted to investigate the properties of tangent transitions to
Vi={(z,K) e X xK(X):2€ K}. (33)

This set arises in a natural way when one considers viability trajectories. Its contingent
transitions were first investigated in [2].

4.1. Characterization of tangents to V

We start by showing that the contingent transition set to V at any point (z, K) can be
described in terms of tangent vectors to K at z. Although this result appears in [2]
(Theorem 4.2.2) as a particular case of a more general statement (Theorem 4.2.4), in this
paper we shall provide a direct proof, which can be easily adapted to obtain an analogous
representation for the Clarke tangent transition set. With this aim we need estimates
for solutions of differential inclusions associated with morphological maps. Proofs of next
lemmas easily come from Gronwall’s inequality.
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Lemma 4.1. Let x,(-) be a sequence of solutions of the differential inclusion x’ € ®(x),
with ® € LIP(X, X) such that x,(0) — &9. Given a constant € > 0, there ezist 0. > 0
and n. such that, for any n > n.,

sup |z, (t) — 20| < e. (34)
0<t<6.

Lemma 4.2. Given ® € LIP(X, X) and x € X, we have that

o(t) —x € O(x)t + % (el — || ®[[xt — 1) By (35)

for any x(-) € Sg(x), where |®(x)|| := SUD,ep(a) |z].

Theorem 4.3. Let X be a finite dimensional vector space and IC(X) be the metric space
of all its compact subsets equipped with the Hausdorff metric. Then for any (x, K) € V,

To(z, K) = {(v,®) € X x LIP(X, X) : v € ®(x) + Tk (x)}. (36)

Proof. Let ¥ € Ty(z, K). From the very definition of the tangent transition set there
exist sequences h, — 07, e, — 07 and (z,,C,) € V such that

d(I(hn, (7, K)), (20, Cp)) < b, (37)

or equivalently,
|z + hyv — 2z,| < ephy, and d(Cy,de(hy,, K)) < ephy (38)
¥ = (v, ®) being. Second inequality yields C,, C V¢ (hp, K) + €,h,Bx, where By is the

unit closed ball in X', which implies that there exists a map z,(-) € Sg(K) satisfying

hn
et > |2 — ()| = |2 — 2 (0) — / 2 (s)ds| (39)
0

Since z,(0) € K and this set is compact, there will exist a subsequence, again denoted
x,(0) for simplicity, convergent to a point & € K. By Lemma 4.1, given n > 0, we have

P(xn(s)) C (&) + nl|P[|aBx (40)
if 0 < s < h,, for n great enough, also by using that ® is Lipschitz. Hence

1 [hn 1 [hn
h_/ x(s)ds € h_/ O(z,(s))ds C P(z) + n||P||aBx (41)
n J0O n JO

and applying again that sequences in a compact set have convergent subsequences, now
to the compact ®(z) + n||®||aBx, we obtain y, € ®(2) + n||®||aBx such that

1 hn
—/ z,,(s)ds — y, (42)
hn Jo

as n — o0. On the other hand, setting

wn = (2,(0) — ) /hy, (43)
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we can write x + h,w, € K and, moreover,

|z + hyv — 2,(0) — hyy,|

|U_yn_wn’ =

h,
< |z + hpv — 2, n |2, — 2 (0) — hpyy|
hn b,
|z 4+ hyv — 2, |20 — n(hn)] 1 [

< ™ + I + ), 7, (s) ds — yy
I

< 2e,+ = z,(s)ds — yy (44)
n Jo

by using (38) and (39). Letting n — oo in (44), it follows from (42), that w, converges
to v — y, and, therefore, v —y, € Tx(x), for any n > 0. We now remember that
Yy € ©(2)+n||®||aBx. Hence, lettingn — 07, we obtain ¢ € ®(z) such that v—y € Tk (z).
Finally, since |z — x,(0)| = hy|w,| — 0, we get © = 2 and then v € ®(z) + Tx(x). Thus
we have the inclusion

Ty(z, K) C {(v,®) € X x LIP(X, X) 1 v € ®(x) + T (2)} . (45)

The converse is also true. Indeed, if we take y € ®(z) with v —y € Tk (x), then there are
h, — 0%, w, — v — y such that x + h,w, € K. Let us consider the sequence

Zn = X+ hpw, + hpy (46)

and the family of compact sets

Cp = (z+ hn (®(2) + 1 Bx)) (47)
2€K
where 7, — 0. Clearly, y € ®(z) C ®(z + hyowy) + ||®||ahn|wn|Bx, which implies that
(2n, Cp) € V, provided that ||®|[shy|wn| < 7, Furthermore
|z + hyv — 2| = hp|v — w, — Y| (48)
where [v —y — w,| — 0. Let us take z € K. Now we use Lemma 4.2 to get
Vo (hn, 2) C 2+ hy®(2) + (| @(2)] (" 1*I8 — || @[ sk, — 1) /|| ®]|a) Bx C C,,
if [|®(K)|| (el®lar» —||®||sh,, — 1) < hynp. Therefore
Vo (hn, K) C C,,. (49)

On the other hand, given z € K, y € ®(z) and u € By, as a consequence of the Filippov
theorem (see [2] or [11]), we can get z(:) € Sp(z) such that 2’(0) = y, also satisfying

t
|2(t) — z —ty| < 6”‘1)”“5/ Aoy sy (y) 1145 s, (50)
0
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But, do(z1sy)(y) < d(P(2), P(2+sy)) < [|[P]|aly|s, and combining this inequality with the
integral on the right-hand side of (50) we conclude that

t
[ dotcran )€ 1000 ds < Jy] (1= 1O @fte ) s (5D
0

Thus, from (50)-(51), we can write
[2(ha) = 2 = huy| < [yl (/14" — || @]|ahy — 1) /[[@]|a- (52)

Finally (52) provides the estimate

SO | (®Iahn |17 — 1
2(hn) = (2 4 By + hyiuue)] < hi, (%Jr [ (e i hH la )\
Altn

Hence

@ K Hq)HAhn _ (p hn _ 1
€ © Dl K) + T (W” (K] (e1*1x% — j@] >)BX

1] aFan

and. taking =, += max (o — y — el + 90| (L)) e can combine
(48), (49) and the above-stated inclusion to obtain

|z 4+ hpv — 2| < hpen,  d(Ch, Ve (hn, K)) < hye, (53)
which clearly implies that (v, ®) € Ty,(x, K), and the proof is done. O

As a corollary of this result we can ensure that the contingent transition set and the
sequential tangent set to V coincide at any point (z, K) € V.

Corollary 4.4. Let X be a finite dimensional vector space and K(X) be the metric space
of all its compact subsets equipped with the Hausdorff metric. Then for any (x, K) € V,
Ty(z, K) = TS (z, K). (54)

Proof. Tt suffices to show that Ty, (z, K) C T (2, K). Thus, let us take (v, ®) in Ty(z, K).
By Theorem 4.3 we can find y € ®(z) such that v —y € Tk(x), which means that there
exist sequences h, — 0% and w, — v — y satisfying = + h,w, € K. Given a map
() € So(z + hpw, + h,y), we define the absolutely continuous function

<
anlt) = { x + hpw, + ty, 0<t<h, (55)

xn(t_hn)a t> hn~
Clearly, for a.e. 0 <t < h,

Z(t) = y € ®(x) C P(zu(t)) + [hnwn + tyl | D] Bx
C O(2u(t) + hn (lwnl + ly]) @A Bx

and, since x,(-) € Sp, we have that z,(-) is a solution of

2 (1) € Pr(zn(t))
2(0) =2+ hyw, € K } (56)
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where ®,,(2) := ®(2) + hy, (Jwn| + |y]) ||®||aBx. Therefore 2,(-) € Sp,(K) and setting
Uy = wy + Y, Uy = (v, ®,), we have

2+ bty = 2n(hy) € Vg, (hn, K) & On(hn, (x,K)) € V. (57)

Finally, since v, — v and dloo(®, ®,) < h, (|wn| + |y]) [|®]|a — 0, we conclude that the

sequence ¥, of transitions converges to (v, ®) in the topology defined by the metric dy
and, therefore, (v, ®) € T (z, K). O

A relationship similar to (36) can be established between circatangent transitions to V at
(x, K) and vectors in the Clarke tangent cone to K at x. Actually only slight changes in
the proof of Theorem 4.3 are needed.

Theorem 4.5. Let X be a finite dimensional vector space and K(X) be the metric space
of all its compact subsets equipped with the Hausdorff metric. Then for any (x,K) € V,
{(v,®) € X xLIP(X, X) : v € ®(z) + Cx(z)} C Cy(z, K). (58)

Proof. Let (z,K) € V and v—y € Ck(z), with y € ®(z). Given sequences h,, — 07 and
(xn, Kp) — (2, K), with (z,, K,,) € V, we can find !, € K such that |2/, —z,| < d(K, K,).
Thus K > z/, — z and, since v —y € Ck(x), there exists a sequence w,, — v —y satisfying

z 4+ hpw, € K. (59)

Let us consider the family of compact sets

Coi=|J (z+ hn (®(2) + 1. Bx)) (60)

2€K,
where 1, — 07. Setting &, := 2dl(K, K,,) we can write
Tp + hpw, € 2, + hpw, + (£./2)Bx € K+ (£,/2)Bx C K, + &,Bx (61)
which yields the existence of u,, € Bx satisfying
Zn = Xy + hpw, + Eu, € K. (62)
Hence, if we define z, := 2, + h,y, the following inclusion is satisfied
Zn € Zn + hy®(x) C 2, + hy (P(2,) + ||P||a] 20 — x| Bx) (63)

and, therefore, choosing 7, such that ||®||s|2, —z| < 1, we have z, € C,, or, equivalently,
(2n, Cp) € V. Furthermore,

|2y + hov — 2| = hp|v —wp — ¥ — (&) hn) wy| (64)

and taking &,/h, — 0% (assuming, for instance, dl(K, K,,) < h2, which involves no loss

n’

of generality) we have [v — w, —y — ({,/hy) uy] — 01, In addition, for any z € K,,
Lemma 4.2 gives

[2(2)] (e"®Iatn —||@[|shn — 1)

121
c G, (65)

Vo(hn,2) C z+4+ h,®(2) +

X
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whenever ||®(K,)|| (ell®lshn — ||| sk, — 1) /|| ®]|ahn < 1, and, therefore,
Vo (hn, K,,) C C,. (66)
Conversely, following the same procedure as in the proof of Theorem 4.3 we obtain
Cy,, C Vo(hn, Ky) + hnpnBx (67)

P = (nn + || P(K,)|| (e”q’”/\h’L — [|®]|ahn — 1) /H@H/\hn) being. Finally, setting &, :=
max ([v — wy, — (§u/hn) Un — Y|, pn), (64), (66) and (67) yield

|Tn + hov — 25| < hpen,  d(Ch, 96 (hn, Ky)) < hpen (68)
with (z,,C,) € V. This clearly implies that

dy (0 (hy, (T, Kp))) <
hn — n

where ¥ := (v, ®). Hence (v, ®) € Cy(x, K), and the proof is done. O

4.2. Tangential regularity of V

We shall finally show that the inclusion established by Theorem 3.1 becomes an equality
for the subset ¥V C X x K(X) defined by (33). A characterization of points where V is
sleek will be obtained as a corollary.

Theorem 4.6. Let X be a finite dimensional vector space and K(X) be the metric space
of all its compact subsets equipped with the Hausdorff metric. Then for any (x, K) € V,
Liminf Ty(z, M) = Cy(z, K). (69)

V3(z2,M)—(z,K)

Proof. From Theorem 3.1 it suffices to show that any transition in Cy(z, K) belongs to
the lower limit of the contingent transition sets 7\ (z, M). Given ¥ = (v, ®) € Cy(x, K)
and € > 0, from the very definition of Clarke tangent transition set, we have § > 0 such
that for any 0 < h < § and any (2/, K') € V with |2’ — x| < § and d(K’', K) < ¢, then

dy(9(h, (', K"))) < he,
or, equivalently, there exists (z(h), M (h)) € V satisfying
|z’ + hv — z(h)| < he, dI(M(h),0s(h, K")) < he. (70)

Let us take arbitrary sequences V 5 (z,, K,) — (x, K) and h,, — 07, and let (2,,,, M,,,) €
V denote the element associated by (70). Clearly

[T + hpv — 2| < hpe & v — (20 —2y) [hn] <€

and since (z,, — x,.) /hy, is bounded (and X is a finite dimensional vector space), a classical
argument (Cantor’s diagonalization) shows that for any r we can assume that there exists
the limit

vp = lm (200 — @) [ho, (71)

n—oo
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satisfying |v, —v| < € and also
| + hypvr — Zen| = B [Ur — (2o — @) [hn] - (72)

On the other hand, since z,, € M,,, C V¢ (hpn, K;) + hpe Bx, we can find z,,(-) € So(K,)
satisfying
Zrn = $rn<hn> + hngurn (7?))

where u,,, € Bx. Hence,

Zrn — Ty xrn(hn) + 5hnurn — Ty

= . 74
W W (74)
Let us consider the map z,.,(t) := z,,(t) + teu,,. Clearly,
2.t = 2 () + et € D(xm (L)) + iy,
C D(zn(t) + ||®||a|tewrmn| Bx + ety
C D(zn(t)) + ||P|[ate Bx (75)

®.(z2) := ®(z)+eBx, being. This map belongs to LIP(X, X), also satisfying dlo.(®, ®.) <
e. Moreover, dg_(,, 1) (71, (t)) < ||®|laet, and Filippov theorem provides a function
Yrn(+) € So.(K,), such that y,,,(0) = x,,(0) € K,, and also

|2 () = Yrn(t)] < quH (el®Iat —1 —[|®lst), ¢ >0. (76)
A

Combining (74) with (76) we can write

Zon — Ty Yrn (hn) + ”qf”A (6”¢”Ah" —1- ||<I>|]Ahn) Upy, — Ty
hn hn

with #,,, € Bx. From Lemma 4.2

yrn(hn) - yrn(o)
hn

p (qu)HAhn —1- ||(I>||Ahn)

€ . (yrn(0)) +
(4(0)) @l

X

where p > 0 is a constant with ®.(z) C pBx for all z € X, ¢ > 0. Moreover

’ym(o) - xr| < |yrn(0) - Zv'm| + |Zm - xr| < hy, (p+ 2e + |U|> — 0

n—oo

by using (73) and the very definition of z,.,. Since ®. is continuous, the above claims
imply that (yrn(hn) — Yrn(0)) /by — G € Po(z,) as n — oo for any r, and

B Y (0) + ||<I>€||A (€||<I>||Ahn — || ®|| by — 1) T —
b,

(78)

VUrn =

converges to a vector, denoted by v,, as n — co. Furthermore,
dKT ((177« + hn@r) < dK,« (xr + hnﬁrn)
h, - b,
I®labn _ |D|| 1 F — 1
gl\e n ~ ~
= ( || ||A ) | ™ _UT| — 0
1| aen n—oo

+ yﬁrn - 171“’
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which implies o, € Tk, (z,). Hence, v, = g, + 0, € ®.(z,) + Tk, (z,), or, equivalently,
(see Theorem 4.3) (v, ®.) € Ty(x,, K,). We have, therefore, obtained a transition 9, . :=
(v, ®.) in TV (z,, K,) satisfying

da(9,9,.) < max (Jv — v,], doo(P, D)) < e

which implies dr, (s, k) (¥) — 0 as 7 — oo for every sequence (z,, K,) — (x, K) in V.
Hence

Y= (v,®) € Liminf Ty(z, M
(v ) Va(z,]l\?)lin(m,K) V(Z )

and the proof is done. O

Theorem 4.7. Let X be a finite dimensional vector space and IC(X) be the metric space
of all its compact subsets equipped with the Hausdorff metric. If K is sleek at x, (x, K) €
V, then V is sleek at (v, K).

Proof. Since K is assumed to be sleek at x, Theorems 4.3 and 4.5 give
Ty(x, K) ={(v,®) € X x LIP(X,X) : v € ®(x) + Cx(z)} C Cy(z, K)
and, by Theorem 4.6, we can conclude that

Ty(z.K) = Liminf Ty(z, M
v(z, K) po lminf v(z, M)

and the proof is complete. n

5. An application to the control of joint systems

Let us consider a control problem where the evolution of states is governed by the joint
evolutionary-morphological system

O(t, x(t), K(t), u(t)) (79)

We assume that f: IR,y XV x Y — X is a continuous function (Y a finite dimensional
vector space), ® : Ry xV x Y — LIP(X, X) is continuous and, finally, U : V — 2¥ is
a lower semicontinuous set-valued map with closed convex values. Trajectories (states) to
this problem on an interval I C IR, will be pairs (z(-), K(-)), where z(-) is an absolutely
continuous function (we write z(-) € AC(I; X)), and K (-) is a compact-valued Lipschitz
tube, denoted K(-) € C™(I; (X)), such that:

(1) Forae. tel,2'(t) = f(t,x(t), K(t),u(t))
(2) Foreveryte [

lim d(K(t + h), Vagta),k ) (b K(t)))

h—0Tt h

where Uy (h, K) = {2(h) : 2/(s) € ¥(t)(2(s)), 2(0) € K} is the morphological tran-
sition associated with W(t) := & (¢, z(t), K(t),u(t)). In this case, it is said that K(-)
is a morphological primitive of ®(-,z(-), K(-),u(-)) (we refer to [2], [5] for more in-
formation about morphological equations).

=0
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In this section we shall investigate the existence of trajectories of (79) viable in the sense
that
z(t) e K(t) < (z(t),K(t)eV. (80)

This problem has been studied in [2] for evolutionary-morphological systems without
controls and also in [5], when the control variable only appears in f as f(¢t,z, K,u) =
g(t,z, K) —u, and U(z, K) = ¢(x, K)Bx, as a way of correcting the dynamics of a joint
evolutionary-morphological system to get viable solutions.

Lemma 5.1. Let X be a finite dimensional vector space and IC(X) be the metric space
of all its compact subsets equipped with the Hausdorff metric. Given a set-valued map
¢ € LIP(X, X)) such that Graph(®) is a convex set, then

{(v,P) :v € d(x) +Tk(zx)} C Ty.(z,K) (81)
where Ke(X) is the family of all compact convex subsets of X and Ve is the closed subset
Ve ={(z,K) € X x Ke(X) 1z € K} (82)

Proof. Since the set C,, defined by (47) is also convex when the graph of ® is assumed
to be convex, it suffices to reproduce the proof of Theorem 4.3. O

Let us denote by LIPc(X, X) the family of all the maps in LIP(X, X) having convex
graph.

Theorem 5.2. Let f: IRy XV xY — X be a continuous map affine with respect to the
variable u and having linear growth

|f(t,x, K u)| < e(t) <1+ |z| + sup |z| + |u|) , t>20, (z,K)eV, ueY
z€K

where c(-) € L}, (0,00), ® : Ry xV x Y — LIP:(X, X), be continuous, affine with

loc
respect to u and also skirted

1®]la = sup 1 (¢, 2, K, u)l[a < o0, (83)
t>0, (z,K)EV, ueY
and bounded, ”(I)HOO = SUDP¢>0, (2,K)eV, ueY (Supy€<1>(t,x,K,u) |y|) < oo LetU:V —

2Y be lower semicontinuous with closed convexr values and linear growth, U(x,K) C
B(1+|z| +sup,ex |2]), (x,K) € V, also satisfying that for any t > 0, (z,K) € V,
there are 7,9, > 0 such that yBxxrip(x,x) 5 contained in

(f(s,2, M,U(z, M)NeBy),®(s,z, M,U(z, M) NeBy)) — Ty(z, M) (84)

whenever |s —t| < § and (z, M) € V with |z — x| < 6, d(M,K) < 6. Then, for any
initial state (xo, Ko) € Ve, there exists a joint trajectory (z(-), K(-)) in AC(0,00; X) X
C%1(0,00; K(X)) to (79) starting from (zg, Ko) and such that (80) holds for all t > 0.

Proof. Let us consider the regulation map R taking any (¢,z, K) € IR; XV, into the
nonempty closed convex set

{lueU(x,K): (f(t,z, K,u),®(t,z, K,u)) € Ty(z,K)}. (85)
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By virtue of Theorem 4.7 we have that the set-valued map (z, K) ~» Ty(z, K) is lower
semicontinuous at every (z,K) € Ve. Hence, Proposition 1.5.1 in [4] states that the
regulation map R is lower semicontinuous at every (¢,z,K) € IR, XV, since (84) is
satisfied.

Given (z(-), K(-)) a trajectory of (79) starting from (zo, Ko), it is known (see [2]) that,
under assumptions made on @, the tube K(-) is ||®||s-Lipschitz and, therefore,

K(t) C Ko+ ||®||atBx. (86)
Setting 7(t) := sup,¢g, |2+ || ®||at, if u(-) is a control associated with this trajectory, then
u(®)] < 5 (1 +r(t) + |z(B)])- (87)

Thus, by using that f has a linear growth, we get

2(t)] < |0l + / o(5)(1+ B)(1 4+ r(s)) ds + / o()(1+ B)le(s)] ds

and Gronwall’s inequality gives the estimate

[@(t)] < Jwole + /Ot c(s)(L+ B)(L +r(s))e" O ds (88)

J/

-~

o(t)

where p(7) := (14 5) fOT c¢(s)ds. This yields that, for any fixed 7" > 0, the regulation map
R is lower semicontinuous with closed convex values on the compact

My ={(t,z,K) € [0,T] x V¢ : |x| < ¢(t), K Cr(t)Bx} (89)

and the well-known Michael’s Theorem provides a continuous selection, that is, there is a
continuous map u : My — X such that u(t,z, K) € R(t,z, K). This allows to consider
the joint system

o

2(t) = [tz (), K(), ult, z(t), K (t))) } (0)
K(t) > ®(t,x(t), K (), a(t, z(t), K(t)))

Furthermore, since u is a selection of R, by Theorem 4.3,

f(twru K7 a<t’x7 K)) € q)(twra K’ a(twru K))((L’) + TK(:E)
for any (t,z, K) € My and, since ® has been assumed taking values with convex graph,
O(t,z, K,u(t,z, K)) € LIP¢(X, X), Lemma 5.1 gives

(f(t,z, K u(t,z, K)), ®(t,z, K, u(t,z, K))) € Ty, (z, K). (91)
We are, therefore, under assumptions of the usual viability theorem for joint evolutionary-
morphological systems (see Theorem 4.3.1 in [2]) and there will exist a solution (x(-), K(+))
to (90) such that z(0) = g, K(0) = Ky, with (z(t), K(t)) € Ve, for all t € [0,T]. This
pair of maps is the desired viable trajectory to (79), with

u(t) := u(t, x(t), K(t)) (92)

the associated control. Finally, since we have proved the existence of solution to (79)-(80)
on [0, 7T}, for every T' > 0, and assumptions made on f and ¢ prevent from blow-up, a
standard procedure allows to extend the solution to the whole interval [0, co]. O
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Remark 5.3. Notice that we have proved more than it is claimed in the theorem. Ac-
tually we have shown that the tube K(-) remains convex and (z(t), K(t)) € Ve for every
t>0.

Remark 5.4. It is clear that, for every T' > 0, the regulation map R is lower semicon-
tinuous on the bounded subset

Op ={(t,z,K) €[0,T] x Vs : || < p(t), K Cr(t)Bx} (93)

where Ks(X) denotes the family of all the compact regular (sleek) subsets of X and
Vs = {(z,K) € X x Ks(X) :x € K}. However, this set is not closed and, therefore,
Michael’s Theorem does not work.

To close the paper we will show that ICs(X) is not closed in K(X), when this space is
endowed with the Hausdorff metric. With this aim let us consider the compact set

K = {(a:,y)ElR2:I2+y2§17 y < |zf} (94)

that is, the intersection of the unit closed ball in IR? and the hypograph of the absolute
value function | - |. It is a trivial matter to see that the Bouligand tangent cone to K at
(0,0) coincides with the hypograph of | - |, i.e.

Ty (0,0) = {(z,y) e R* : y < ||} . (95)

Therefore K is not sleek at the origin because Clarke tangent cone is always convex. In
order to construct a sequence of sleek sets converging to K, let us first consider the C*°
function (standard mollifier)

e V/0=2) if 2| < 1

p@%:{o, if 2] > 1 (96)

then the sequence, p,(x) := np(nx)/|p||L:, and, finally, the sequence of mollifications

bule) = | - | * pula /rx—yrpn (97)

This sequence provides smooth approximations to |- |, in fact ¢,(-) — | - | uniformly on
compact subsets of IR. Let us consider the family of nonempty compact sets (see Figure
5.1):

K, = {(x,y) ceR?:22+¢y° <1, y< gbn(x)} (98)

By the very definition of the Pompeiu-Hausdorff distance it follows that

d(K, Ky,) < sup [¢n(x) —[z]| =0 (99)

ze[—1,1]

as n — 00. Therefore, to have the announced claim only remains to show that sets K,
are sleek.

Proposition 5.5. The set K,, defined by (98) is sleek.



440 J. A. Murillo Herndndez. / Tangential Regularity in the Space of ...

0.5 0.5 0.5

.25 0.25] 0.25

Figure 5.1: K, converges to K

Proof. By using elementary properties of convolutions we have that ¢,(-) is increasing
(decreasing) on ]0, +oo[ (] — o0, 0]) with ¢,(1) = 1 and

1/n  py
0< ¢,(0) = % — 2/0 /0 pn(s)dsdy < % (100)

Hence there exits #, € ]0,1[ such that ¢,(,)? + 22 = 1 and, since ¢,(-) is an even
function, we have that the boundary of the unit ball in IR* cuts the graph of ¢,(-) at
points

(T, On(Tn)); (=, On(En))- (101)

The boundary of K, is smooth (and consequently K, is sleek) at every point different
from (£, ¢n(Z,)). Therefore to complete the proof it suffices to show that K, is sleek
at the nonsmooth points (101). This fact follows by a direct computation providing the
desired equality

T, (s Gn(8n) = {(v,w) € R*: &0 + ¢p(@n)w < 0, w < ¢, (En)0}
= OKn(i‘nagbn(fin))y

and in an analogous way for the point (=2, ¢,(Z,)). O
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