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Abstract. In this paper, we consider a perturbed sweeping process for
a class of subsmooth moving sets. The perturbation is general and takes
the form of a sum of a single-valued mapping and a set-valued mapping.
In the first result, we study some topological proprieties of the attain-
able set, the set-valued mapping considered here is upper semi-continuous
with convex values. In the second result, we treat the autonomous prob-
lem under assumptions that do not require the convexity of the values
and that weaken the assumption on the upper semi-continuity. Then, we
deduce a solution of the time optimality problem.

1 Introduction

The attainable sets plays an important role in control theory; many problems
of optimization, dynamics, planning procedures in mathematical economy and
game theory can be stated and solved in terms of attainable sets. The per-
turbed state-dependent sweeping process is an evolution differential inclusion
governed by the normal cone to a mobile set depending on both time and state
variables, of the following form:

_u(t) € NC(t,u(t))(u(t)) + F(t)u(t))) ae te [TO)T];
x(t) € C(t,u(t)), vt € [To, T, w(To) =uo € C(To, uo),
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where N (g ¢))(w(t)) is the normal cone to C(t,u(t)) at u(t) and F is a set-
valued or single-valued mapping playing the role of a perturbation to the
problem, that is an external force applied on the system. This type of prob-
lems was initiated by J. J. Moreau in the 1970’s and extensively studied
by himself when the sets C(t) are assumed to be convex and F = {0} (see
[24, 25, 26, 27]). The original motivation is to model quasistatic evolution in
elastoplasticity, friction dynamics, granular material, contact dynamics. How-
ever, many applications of the sweeping processes can be also found nowa-
days in nonsmooth mechanics, convex optimization, modeling of crowd mo-
tion, mathematical economics, dynamic networks, switched electrical circuits,
etc, see for example [2, 15, 16, 19, 22| and the references therein. Existence
(and possibly uniqueness) of solutions of such systems and their classical vari-
ants subjected to perturbation forces, state-dependent, second order sweeping
processes, etc, have been studied fruitfully in the literature see for example
[1,3,7,8,9, 10, 11, 14, 17, 21, 22, 28, 29, 30, 31] and the references therein.

In [12], a generalization of convexity has been defined, that is the almost
convexity of sets, the authors have shown the existence of solution to the
upper semi-continuous differential inclusions x(t) € F(x(t)), x(0) = a. This
almost convexity condition has been used successfully by [3, 4, 5] to study the
perturbed first order Moreau’s sweeping process, the right-hand side contains
a set-valued perturbation with almost convex values.

In this work, we extend the results in [3] in many direction. At first, we study
in finite dimensional space, the existence of solution and the compactness of
the attainable sets for the problem

when F is a set-valued mapping with nonempty closed convex values, upper
semi-continuous and the element of minimum norm satisfies a linear growth
condition, f is a continuous single-valued mapping and the moving sets C(t, x)
are equi-uniformlt-subsmooth. It is important to emphasize that this class
of sets, introduced by D. Aussel, A. Daniilidis and L. Thibault in [6], is an
extension of convexity and prox-regularity of a set. In this way, the result
concerning existence of solution of the first order differential inclusion is more
general. Second, we define a larger class contains set-valued mappings with
almost convex values and their translated, then we study the existence of
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solution to the autonomous problem

u(t) € =N t)( ())+F( (1) + f(u(t)), ae. te [To,T];

(ASP)
{ ( (t)), Vte [T, Tk  u(To) =uo € Clug),

under the weaker assumption on the upper semi-continuity and the almost
convexity of the values of F. We mention that C,F and f are assumed time in-
dependent for purely technical reasons. As will be shown, our almost convexity
does not imply that the set of solutions to (ASP) is compact in the space of
continuous functions with uniform convergence, as happens in the case of the
assumption of convexity, but only that the sections of this set of solutions are
compact. As an application, we consider the autonomous control system

a(t) € =N ) (40 + (u(t),2(0) + F(u(1), ac. te [T, Th

(ASPo)

z(t) € U(u(t)), u(t) € C(u(t)), vVt € [To, T, u(To) =up € Cluyg),
controlled by parameters z(t) € U(u(t)), where U : R™ = R" is a set-valued
mapping with compact values that is upper semi-continuous on R™. Under the
almost convexity assumption on the sets

F(u(t)) = h(u(t), U(u(t)) = {h(ult), z(t)) L eumm)

and F(u(t)) +f (u(t)) the solutions of the control problem (ASPn) are so-
lutions to the (ASP), in which the controls do not appear explicitly, we say
that F is parameterized by elements of U. The equivalence between a control
system and the corresponding differential inclusion is the central idea used to
prove the existence of solution to the minimum time problem for (ASPp).
This paper is organized as follows: in the first section, we introduce prelim-
inaries and background. In the second, we study the existence of solution to
the problem (SP) and some topological proprieties of the attainable set when
the perturbation is convex. In the last section, we prove the existence of so-
lution for a differential inclusion (ASP) with almost convex perturbation and
we deduce a solution of the time optimality problem.

2 Preliminaries and background

Throughout this paper R™ is the n-dimensional Euclidean space, Z = [Ty, T]
(T > To > 0) an interval of R, B is the closed unit ball centered at the origin
of R™ and B(a,n) the open ball of center a and radius 1 > 0. We denote
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by Crn(Z) the Banach space of all continuous maps from Z into R™ endowed
with the sup-norm, I—}{n (Z) stands for the space of all Lebesgue integrable R™-
valued mappings defined on Z. A map u: Z — R" is absolutely continuous
if there is a mapping g € L}{n (Z) such that u(t) = u(Ty) + ﬁo g(s) ds, for
all t € Z. For a nonempty closed subset K of R™, co(K) (resp. ﬁ(K)) stands
for the convex (resp. closed convex) hull of K, which can be characterized by
co(K) = {x € R",Vx’ € R", (x/,x) < §*(x’,K)} where &*(x’,K) = sup(x’,y) is
yekK
the support function of K at x’ € R™. We denote by dg(-) the usual distance

function associated with K, i.e., dx(x) = in£ Ix —yl|, Projk(x) ={y € K
ye

dx(x) = ||[x —y||} the projection set of x into K and by m(K) = Projk(0) the
element of K with minimal norm, it is unique whenever K is a closed convex. If F
is a measurable set-valued mapping, with nonempty closed convex values, then
F admits a measurable selection with minimal norm m(F(x)) = Projg(0).
We will need the concept of Clarke subdifferential and normal cone. For a
locally Lipschitzian function ¢ : R™ — R U{oo}, the Clarke subdifferential
0@(x) of @ at x is the nonempty convex compact subset of R™, given by
(see[13])

0p(x) ={& e R": (&§,v) < 0°(x,Vv), forallveR™,

t —
where @°(x,v) = lim sup(p(y ) —ely)
y—x t
tl0

tive of @ at x in the direction v. The Clarke normal cone Ny (x) at x € K is
defined from T]g by polarity, that is,

is the generalized directional deriva-

N (x) ={& € R™: (§,v) <0, for all v € T (x)},

where TKC(X) is the Clarke tangent cone at x € K given by TKC(X) = {v e R":
g (x,v) =0}.

The concept of Fréchet subdifferential will be needed. A vector v € R" is
a Fréchet subdifferential 3" (x) of @ at x (see[23]) provided that for every
€ > 0, there exists 6 > 0 such that

My —x) <oyl —e(x) +elly —x], forally e B(x,5).

We always have the inclusion 0F@(x) C 9 @(x), for all x € K. The Fréchet
normal cone at x € K is given by Ni x) = 0Fx(x), where Pk is the indicator
function of K, that is, Px(x) = 0 if x € K and Pg(x) = +oo otherwise. So
we have the inclusion NE(X) C Ng(x), for all x € K. On the other hand, the
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Fréchet normal cone is also related (see[23]) to the Fréchet subdifferential of
the distance function, since for all x € K

dFdy(x) = Nk (x) N B. (1)
An important property is that, whenever y € Projg(x), one has
X—Yy € Ni(y) hence also  x —y € Ng(y). (2)

Now, we introduce a class of subsmooth sets introduced in [6].

Definition 1 Let K be a closed subset of R". The set K is called subsmooth
at xo € K, if for every € > 0 there exists & > 0, such that for all x1,x2 €
B(x0,8) NK and & € Nx(xi) NB (i € {1,2}), on has

(&1 — &2y x1 —x2) > —¢llx1 — x2]|. (3)

The set K is subsmooth, if it subsmooth at each point of K. We say that K s
uniformly subsmooth, if for every € > 0 there exists & > 0, such that (3) holds
for all x1,x; € K satisfying ||x1 —x2]| < & and all & € Ng(x;) "B (i € {1,2}).

The following subdifferential regularity of the distance function remains true
for subsmooth sets (see [6]).

Proposition 1 Let K be a closed set of R*. If K is subsmooth at x € K, then
Nk (x) = NFK(X) and  ddg(x) = o dk(x). (4)
The concept of equi-uniformly subsmoothness will also be helpful.

Definition 2 Let (K(q))qeq be a family of closed sets of R™ with parameter
q € Q. This family s called equi-uniformly subsmooth, if for every ¢ > 0,
there exists & > 0 such that, for each q € Q, the inequality (3) holds for all
x1,%x2 € K(q) satisfying ||x1 —x2|| < & and all & € Ny(q)(xi) N B.

The next proposition provides partial upper semi-continuity property. For the
proof, we refer the reader to [21].

Proposition 2 Let {K(t,x) : (t,x) € Z x R™} be a family of nonempty closed
sets of R™, which is equi-uniformly-subsmooth and let a real n > 0. Assume
that there exist a real constants Ly > 0, Ly € [0, 1] such that, for any x1,x2,y €
R" and t,s €T

Ak (t.xp) (Y) — disxg) (W) < Lilt — s| + La|[x1 — %2 (5)

Then, the following assertions hold:
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(i) for all (t,x,y) € GphK, we have nddkx)(y) C nB;

(ii) for any sequence (tn,xn)n in T x R™ converging to (t,x), any (Yn)n
converging to y € K(t,x) with yn € K(tn,xn) and any & € R™, we have

lim sup 8" (£, M3dK ¢, ) (Un) ) < 8 (&,m3dkk(e0(v) ).

n—-+oo

In the next, we give the definition of the almost convex sets and attainable
sets.

Definition 3 [12] For a vector space X, a set D C X is called almost convex if
for every & € co(D) there exist Ay and Az, 0 < Ay < 1 < A such that & € D
and A€ € D.

Any convex set is almost convex since D = co(D). If Q is a convex set not
containing the origin, D = 0Q is almost convex, and if the convex set Q
contains the origin, one take D = {0} U 0Q. The origin plays a particular role
in the definition of almost convexity. It ensues that the class of almost convex

sets is not stable under translation, for example the set for example the set

K ={0, 1} is almost convex, while K — % = {—%, %} is not.

Definition 4 The attainable set of any problem at time T € T is defined by
Ruo (1) ={x € R" : x = u(7) such that u(-) € Sc(uo)},
where St(ug) s the set of the trajectories of our problem on the interval [Ty, t].

We will also need the following result, which is a discrete version of Gronwall’s
Lemma.

Lemma 1 Let o > 0, (an) and (by) two nonnegative sequence such that

n—1

an <+ ) byay, forall neN.
k=0

Then, for every n € N*, we have

n—1
an < oexp <Zbk>.
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3 Convex case

In this section, we study the existence of solution and some topological prop-
erties of the attainable set for the sweeping process (SP) when F is an upper
semi-continuous set-valued mapping with nonempty closed convex values un-
necessarily bounded.

Theorem 1 Let C : Z x R™ — R"™ be a set-valued mapping with nonempty
closed values satisfying:

(A?) for all (t,x) € T x R™, the sets C(t,x) are equi-uniformly subsmooth;

(AS) there are two constants Ly > 0, Ly € [0, 1] such that, for all t,s € T and
any x,u,v € R™ on has

|dc(ea (x) — desy) (X)| < Lift — s+ La[Ju—v||.

Let F: T x R™ — R™ be a set-valued mapping with nonempty closed conver
values, upper semi-continuous such that:

(AF) for some real & >0, dr(1x)(0) < (1 +[[x]]), for all (t,x) € Z x R™
And f:Z x R™ — R™ be a continuous mapping such that:

(A" for some real B > 0, Hf(t,x)H < BT+ |x]]), for all (t,x) € Z x R™.
Then, for any uy € C(0,up)
(1) the problem (SP) admits a Lipschitz solution;
(2) for Tt €T fized, the attainable set Ry, (T) is compact;

(3) the set-valued mapping R, (-) is upper semi-continuous.

Proof. (1) The existence of solution: for each (t,x) € ZxR"™, we put m(t,x) =
Projr(1x)(0) the element of minimal norm of F and h(t,x) = m(t,x) + f(t,x).
It follows that, |[h(t,x)|| <v(1+|x||) with y = « + B. For each n € N*, we
T—To

consider a partition of Z by Zf* = [t{" t{"4[, t' = To + itn, un =

0,1, ,n— 1 and T = {t}} =T}
Step 1. We define inductively the sequence (x{')o<i<n in R". Putting xf =
up € C(tg,xy) and for each i € {1,2,--- ,n—1} the following inclusions is well
defined

Lie

Xty € C(t{l-‘r]’x‘{l)’ (6)
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xi + mnh(t, x{) — x4, € NC(tﬂH,x{‘) (xi41)- (7)

1

Indeed, for i = 0 and since C(t},xy) has closed values, we can take
XI € Projeqn xm) (X0 + Hah (5, X)),

clearly
xp € C(t, xp). (8)

Then, by (2), we obtain
xy + Hnh(ty, x5) —x1 € N

)(X?)-

c(tpap

Using (AZC) and (8), we get

5 < g 05+ 5,50 + 5, )
< A o) 0B) — A g ) O] - 2un (5,20
< Lipn + 2ypa (T + ||X8H)
Assume that, for i € {0,1,---,n — 1} the points x}',x},---,x{* have been

n

constructed satisfying (6) and (7). Since C(t{";,x{') is closed, we can take

o xt

n .
Xij1 € Pm)C( ]
i+

) (XF + th(t?»x?)))
and
Xiy1 € C(t{l-‘r]’x‘{l)'

Using the characterization of the normal cone in terms of projection operator,
we can write a.e. t € Z
X{l + th(t{l>x?) - X?H € NC( ) (X?H ).

n n
g

By (.AZC) and (6), we get

IN

et =X = de () OFF BB X)) + [lunh (4,30

< (dc(mx?) () = e (g ) O8] + 20 [0 0

i i—

Lipn + Lofpxi" — x{ [ + 2ypn (T + [Ix{(]).

IN
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By induction, we find for i € {0,1,--- ,n— 1},

i i
Ilr =Xl < (L +2y)kn ) L5+ 2ymn ) L5 ¥R,
k=0 k=0

since L, € [0, 1], we get

n” < L, +2Y

- un+2wnZLl ElI -

k=0

”X?H -

Furthermore, we have

I =xgll < I —=xll + iy = x4+ 4 g — x5
i—1

(9)

Ly +2y k Ly + 2y
< 2 I_L
< St wnkZO L R
i-2 )
+ 2ymn > LSRG - pn(Ly A+ 2y) + 2vpnlxg |
k=0
Ly +2y i1

IN

1—-1, =

i i1
+ 2y X5 Y5 4 2yl 1) 1E

k=0
i—1
Li+2y  2yT
< T =1
< TG
Then,
i—1
L1+2y ZyT

el < ol + T=— ZH Xl
By Lemma 1 and for all 1 € {0,1,--- ,n— 1}, we can write

L +ZV) ex (ﬂ) -

n < T
Il < (I8l + T =1 T

Using relations (9) and (10), we get

Ly +2y
X =X < T, Mt unZL} “n.

k=0

i—1

(i —T1) 4+ 2yunlg D L5 + 2y X7 D15

k=0

(10)
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Since L € [0, 1[, we obtain

[y =l < bn (L1 + 2y +2ym). (11)

1-0L;

Step 2. Construction of sequence (un(-))n>0.

For any t € I with i € {0,1,--- ,n — 1} and for every n > 1, we define

_ N _n X?—H _X?
un(t) =x + (t—tf) —/——. (12)
Hn
Observe that un,(t') = xI', and
xt . —xh
U (t) = 2~ (13)
Hn

By (6) and (7) we can write
un(t?ﬂ) € C(t?ﬂ»un(tm) (14)

Un(t) € =N )(un(t{‘Jr])) +h(t}, un(t})), ae. t eI (15)

C e un ()

Relations (11) and (13) imply that

()] <

S (L1 + 2y + 2yn) = A. (16)

Now let us defined the step functions from Z to Z by

B ttif teId,
On(t) = {t21 i ot=To. (17)

_ ] B i tedd,
pn(t) = { T =T (18)
Observe that, for all t € Z,
ngrfoo 0 (t) —t| = ngrfoo lon(t) —t| = 0. (19)

Combining (14), (15), (17) and (18), it results
Un(pn(t)) € C(pn(t),un(Bn(t))), forall teZ, (20)

Un(pn (1)) +h(Bn(t), un(Bn(t))), ae. t €T,
(21)

un(t) € _Nc(pn(t),un(en(t])) (
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Furthermore, for all t € Z, we have

[R(On (1), un(Ba(1)))]| < v(1 +m) =@, (22)

and
[[m(6n (1), un (6n (1)) || < «(1+m) (23)

with m(0n(+), un(0n(-))) = Projr(o, () (0n(-)) (0)-
Step 3. The convergence of the sequences.
By relation (12) and (16) we have for all t € Z,

| un (P () [Hlun (D] < [un(pn () Am ()| < [ (s)] (pn(tt) < A (pnltht),
then

TimJun(pa(t) = un(t)| =0, (24)
In the same way
nEI-ir-loo Hun(Gn(t)) —Un(t) H =0. (25)

So, (un(t))n>1 is relatively compact for all t € Z, on the other hand (un(-))n>1
is equi-continuous according to (16). Using Ascoli-Arzela’s theorem, (un(+))n>1
is relatively compact in Cgrn(Z), so we can extract a subsequence of (Un(-))n>1
(that we do not relabel) which converges uniformly to some mapping u(-) €
Crn(Z) and (Un(-))n>1 converges weakly in L}{n (Z) to a mapping y with
ly(t)]| < A. Fixing t € Z and taking any & € R™, the above weak conver-
gence in L}{n (Z) yields

T T
i LO (xrls) £,tin(s)) ds = LO (xz(s) £, y(s)) ds
or equivalently
t t
im (gt JTO inls) ds) = (Eug + JTOy(s) as).

Then, ngrfoo ﬁo Un(s) ds = ﬂo y(s) ds. Since uy(+) is an of absolutely contin-

uous mapping, we get

t t
lim (un(t) —up) = lim J Un(s) ds :J y(s) ds.

n—+o0 n—-+o0 To To

Then u(t) = up + ﬁoy(s) ds and y = 1L
Let set (m(Gn(-),un(en(-)))> = (Pn('))n, for all n > 0, by (23) we get
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lpn(t)]] < «(1 4+ 1), which means that (pn) is integrably bounded, so, by
extracting a subsequence, not relabeled, we may assume that (pn) weakly
converges in L}, (Z) to some mapping p € L}{n (Z), with |lp(t)|| < «(1+mn) for
allt e 7.

Let put (f(en(-),un(en(-)))> = (qn(-))n, according to the continuity of f,
(19) and (25) we get that (an-)) converges to q(-) and for all t € Z, ||q(t)|| <

B(1+m).
Step 4. We prove that the mapping u is a solution of (SP). Fix any t € Z, by

(AS) and (20), we have
de(t,ut)) (un(t)) < un(t) —unlpen ()] + dC (t,u(t)) (U—n(pn(t)))

< utn ()=t (oa(0) 4 d ) (2 (n(0)) =y o) (anlon(0)]
< un(pn(t)) —un(t)]| + Lilt — pn(t)| + I—ZHU(t) _un(en(t))H'

Using (19), (24), (25), and by passing to the limit in the preceding inequality,
thanks to the closedness of C(t,u(t)), we get

u(t) € C(t,u(t)), forall teZ.
Furthermore, by (16) and (22), we have
| —wn(t) +pu(t) + gu(t)| <A+ O =T. (26)
Then, (21) and (26) yield that

—n (1) + pu(t) + qu(t) € NC( un(pn(t))) N YB,

pn(t)un (8n (1)) (
from relation (1) and Proposition 1, we get

—Un(t) +pn(t) + gn(t) € Yadc( un(pn(t))), ae. t€Z (27)

o (L) (8 (1)) ) (

and

Pn(t) € F(Bn(t), un(6n(t))). (28)
Since (—1n+Pn+ Gn, Pn) weakly converges in Ly gn(Z) to (—t+p+q,p),
by Mazur’s Lemma, there exists a sequence (wn, C“)n>1 with

wn € co{—ly +Ppr+qx} and (n €co{py, k>n}j,n>0

such that (wn, Cn)n>1 converges strongly in Lkann (Z) to (—ﬂ-i-p-i- q, p). By

extracting a subsequence if necessary, we suppose that (wn, Cn) converges

n>1
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a.e. to (— u+p+ q,p). Then, there is a Lebesgue negligible set § C 7
such that, for every t € Z\8, on one hand (wn, Cn)n>] converges strongly to

(—1t4+p+q,p) and on the other hand the inclusions (27) and (28) hold true
for every integer n as well as the inclusions

—u(t)+p e [ {wk(t), k> n} c [ col—tu(t)+px(t)+ax(t), k> n),
n>0 n>0
(29)
and
n>0 n>0

Fix any t € Z\8 and z € R™ the relations (27) and (29) gives

(z,—(t) +p(t) + (1)) < limsup &* (Z, YO () e oaie) (un(pn(t)))>.

n—-+oo

By Proposition 2, we get
(z,—(t) + p(t) + q(t)) < & (z, Yode(, ) (u(t))).

Since Yod c (t (t)) (u(t)) is closed convex values, we obtain

)

—u(t) +p(t) + q(t) € Yodc(u) (ult)) C NC(t,u(t)

) (u{t)).  (31)

Furthermore, according to (28), (30) and the upper semi-continuous of F, we
have

(z,p(t)) < limsup &* (z,F(Gn(t),un(en(t))> < 6*(2,F(t,u(t))).

n—+oo

Since F has closed convex values, we conclude that p(t) € F(t,u(t)) for all
t € 7\S. By (31)

u(t) € —Nc(t’u(t]) (u(t)) + F(t,ut)) + f(t,u(t)), ae. teZ.

2) It suffice to show that the solution set
St(up) = {u € Crn([To,7T]) : wis a Lipschitz solution of (SP)}

is compact for T € Z. By part 1, we have St(ug) # (0. Let (un)n be a sequence
in S¢(up). Then, for each n € N, u, is a Lipschitz solution of (SP) with

(@] < 4, ae. ie Mo, (32)
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and

t
PO < ool + [ [t s < o] + a6 T
0

Then, (un(t))n is relatively compact in R™, in addition, it is equi-continuous
according to (32). By Arzela-Ascoli theorem (un)n is relatively compact in
Crn ([To, T]), so, we can extract a subsequence of (un)n (that we do not rela-
bel) which converges uniformly to some mapping u on [Ty, T]. By the inequal-
ity (32), ({tn)n converges in Lhn([To,'d) to mapping u(-) € L}{n([To,’t]) with
Hu({)H < A a.e. t € [Ty, 1]. For the rest of the demonstration we can follow
the proof of the part 1 to get

u(t) e _NC(i,u(i)) (u(®) + F(t,u(t)) + f(t,u(t), ae. te [To,T.
Then, St(up) is compact.
3) Now we show the upper semi-continuity of the set-valued mapping Ry, (-)
on Z. Consider the graph of Ry, (-) defined by

Gph(Ry,) ={(1,x) € Z x R": x € Ry, (1)}

Let (Tn,xn) € Gph(Ry,) converges to (t,x), then, for all n > 0 there exists a
Lipschitz mapping (un(-)) € St(up) such that un(tn) = xn € Ry, (Tn), by the
compactness of St(up) we can extract a subsequence of (u,(-))n (that we do
not relabel) which converges uniformly to the Lipschitz mapping u(-) € St(up),
and we have

x = lim xn, = lim un(th) = u(7),
n—oo n—oo

S0 X € Ry, (T). We deduce that Gph(R.,) is closed, then Ry, (-) is upper
semi-continuous. ]

4 Almost convex case

In this section we study the existence of solution and a property of the at-
tainable set to the perturbed sweeping process (ASP), when we weaken the
condition of convexity and upper semi-continuity. Then we present an exis-
tence result of the minimum time of the problem (ASPo). We begin by the
following preliminary lemma.

Lemma 2 Let G : R" — R" be a measurable set valued mapping with nonempty
compact and almost convex values. Then, there exist two integrable functions
£1(+) and &(-) defined on I, satisfying 0 < &1(t) <1< &,(t) and fort €T

E)m(u(t) € G(u(t)) and &(t) m(u(t)) € G(u(t)). (33)
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Proof. By the almost convexity of the values of G there exist two nonempty
set-valued mappings Q1(-) and Q;(-) such that

={& €0,1] : &m(u(t) € G(u(t)},

and

(1) ={& € [1,+ool : E;m(u(t)) € G(u(t))}.
Let show that Q;(-) is measurable. Consider its graph
Gph() ={(t,&) € T x [0,1]: § m(u(t)) € G(u(t))},

then,

GPR(O1) ={(t, &) €T 0,111 dg ) (B m(u(v)) =0}

o' ({0}) N (Z < 0,1])

where o : (t,&) — dG(um) (51 m(u(t))) is measurable. Then Gph(Q;) is

measurable. It follows that (7 is measurable on Z, then there exists a measur-
able selection &;(-) defined on Z. The proof that Q,(-) is measurable is similar,
since G(u(t)) is bounded, and the same reasoning as in the previous point can
be applied . Then, there exists measurable selection &,(-) defined on Z. O

Consider the following assumptions:
Assumption 1: Let C: R™ — R"™ be a set-valued mapping with nonempty
closed values satisfying;:

(}Cf) for all x € R™, the sets C(x) are equi-uniformly subsmooth;

ZHC) there is a constant L, € [0, 1[ and for any x,u,v € R™ on has
( 2 ) y X, W,

|deq (%) — dewy(¥)]| < Lafjlu—v)|.

Assumption 2: Let F: R"™ — R™ be a measurable set valued mapping with
nonempty compact and almost convex values such that:

1. (3{1F) the set-valued mapping co(F(-)) is upper semi-continuous on R™;

2. (35) for some real & > 0, deo(r(x))(0) < (1 + ||x]|) for all x € R™.
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Assumption 3: Let f: R™ — R"™ be a continuous mapping such that, for
some real >0,
[FO)| < BT+ [1x]D), ¥x € R™

Let
X ={F:R"™ — R": Fsatisfies Assumption 1},
Y = {f € Cgn(R") : fsatisfies Assumption 2}.

Since the class of almost convex sets is not stable under translation, we will
define a larger class

Z={FeX,3feY: F+f has almost convex values}

which contains the set-valued mappings with almost convex values and their
translated.

Theorem 2 Assume that the Assumption 1 holds and let ¥ € Z. Then, for
every ug € Clug),

1. the problem (ASP) admits a solution;

2. for all T € I, the attainable set of the problem (ASP) at T, Ru,(T)
coincides with R{P (), the attainable set at T of the convezified problem.

Proof. 1) (a) Let [&, 3] C Z be an interval, and assume that, there exist two
integrable functions &;(-) and &;(-) such that 0 < &;(t) < 1 < &;(t) for all
t € [«, B]. In addition, assume that &;(-) > 0 a.e., using the same technique
as in the proof in [5] and [12], there exist two measurable subsets of [«, 3],
having characteristic functions x; and Xz such that X1 + X2 = X[«,p) and an
absolutely continuous function y = y(t) on [«, ], such that

y(t) = x1(t) + x2(t) and y(B) —yla) =P — .

1
&1(t) £(t)

(b) By Theorem 1 there exists a Lipschitz solution x : Z — R™ of the convex-
ified problem

(ASPeo) (t) €-N c(ul) (u(t)) + co(F(u(t))) + f(u(t)), ae. teT;
Cu(t)), VteZ; u(Ty)=uoe Clug).

Let set mr (X(T)) = PT0jco(F(x(1)))+f(x(r) (0) and consider the closed set

A={teZ: mr(x(1)) =0}
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Case 1: A is empty. In this case &;(t) > 0, so, we can apply the part (a) to
the interval Z. Set y(t) = To + ﬁo y(s) ds is increasing and we have y(Ty) =
To andy(T) =T, so, y defined from Z into itself. Let & : Z — Z be its inverse,
then 9(To) = To, 9(T) =T, 1 =y ((1)) H(7) and

(1) = & (0(7) x1 (1) + &2(8(7)) X2 (7).
Define the map x : Z — R™, as x(1) = X(S(T)) for all T € Z, then we have

d _ . d .
ax(’r) =9d(1) ax(ﬁ(’t)) e d1)(—N
using the property of the normal cone and the definition of the set Z. we get,

farallteZ

di:ri(’c) € —N

(o)) (x(®(1))) +m1(x(9(1))),

c(xo(x)) (x(d(1))) + F(x(3(1))) + f(x(3(1)))
= N (s (K0) + F(R(D) + F(3(7)).

Case 2: A is non-empty. Let ¢ = sup{t, T € A}, so that ¢ € A because A is
closed relative to Z. The complement of A is open relative to Z, it consists of
at most countably many overlapping open intervals Jo, Bi[, with the possible
exception of one of the form [c, B;,[. For each i, apply part (a) to the interval
Jog, Bil, to infer the existence of two measurable subsets of Joy, B[ with char-
acteristic functions x} (-) and x}(+) such that x} (1) +xi(-) = Xo,;[ (). Setting,

. 1 : 1 : .
y(t) = £ X (t) + mx}( T), we obtain fﬁl T)dT = Bi — 4.
On [Ty, c], set
o T
U(T) - E,Z(T) X.A(T) E,Z(T) XZ(T)))

where the sum is over all intervals contained in [Ty, c], in addition to that
&(t) > 1 and ﬁog(T)dT = k < ¢ — Tp. Setting y(t) = To + ﬂog(’r)d”c
we obtain that y(-) is an invertible map from [Ty, c] to [Ty, k]. Define & = (1)
from [Ty, k] to [Ty, c] to be the inverse of y(-), then extend §(-) as an absolutely
continuous map d(-) on [Ty, c]. Setting ¥(t) = 0 for all T €]k, c]. We prove the
mapping X(T) = x(¥(7)) is a solution of the problem (ASP) on [Ty, c] satisfying
x(c) =x(c).

For T € [Ty, k], we get 9(t) = (1) it is invertible and

3(1) = £(9(7) +Z (B0 (1) + E2(0(1)X3(3(1))).
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d : d
As ax(’t) =d(7) ax(%(’t)), we have
4= N 9 34
340 =30 (= N gy (O1D) (1) ). (34)

Using (33) and the properties of the normal cone we get

) =D(k) = (k)

For T €]k, c], we get ¥(k) = ¢ an df)( ) = 0, then we have 9
= ), and we have

K) = (T
so (1) = x(9(1)) = x(8(k)) = X(k), then X is constant on ]k,
) X(t

%%(T) =0 € co(F(x(1))+f(x(T)), in addition 0 € Nc(im)(

that for all T €]k, c]

c]
) we conclude

i =0e N (1) (K(D) + F(R(0) + £(7(7).

On Jc, Tl, A is empty and &;(t) > 0, then we can repeat the arguments of the
part (a). We conclude, That X is a solution of the problem (ASP).

2) For all T € Z, Ry, (1) € R (7). It is enough to prove the converse inclusion.
Let u(t) € R (7), so, u(t) is a Lipschitz solution of (ASPc,) on [To, T]. Then
the proof of Theorem 2 can be repeated on [Tp,v] and we find a solution
u(-) @ [To,v] — R™ of the problem (ASP) such that (1) = u(t) € Ry, (1).
Then R{ (t) C Ruy,(t). Hence we get the needed coincidence. O

The following corollary to Theorem 2, to be compared with Theorem 1
of Filippov [20], shows that, in the case of autonomous control systems, for
the existence of a time optimal solution, Filippov’s assumption that the set
h(x, U(x)) is convex can be replaced by the weaker assumption that the same
set is almost convex.

Corollary 1 Assume that Assumption 1 holds. Let U : R™ = R" be a set-
valued mapping with compact valued that is upper semi-continuous on R™ and
h:R"XR™ — R"™ be a continuous mapping satisfying the following assumption

(HM) there is a nonnegative constant &, such that |h(x,y)|| < (1 + [|x|)), for
all (x,y) € R™ x R™;
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We associate with these data the set-valued mapping F: R™ — R™ defined by
F(x) ={h(x,2)}seup), for allx € R".
Assume that F € Z, where
Z={FeX,dfeY: F+1f has almost convex values}.

Let ug and C be given in R™ such that uy € C(ug) and for some t € [Ty, T],
( € Ruyy(t). Then, the problem of reaching ¢ from wy in a minimum time
admits a solution.

Proof. Consider

M ={t e [To,t] : (€ Ry,(t)}

By hypothesis M # (). We put T = inf M, then, there exists a decreasing
sequence (Tn) in [Ty, t] converges to T, and a mapping u,(-) solution of

u(t) € —Nc(u(t)) (u(t) + Flu(t)) + f(u(t)) ae. te [To,tnl;
u(t) € C(u(t)), vVt € [To,tal; w(To) =uo € Cluo).

such that for all n > 1, uy (1) = ¢. Also, for all n > 1, u,(-) is solution of

{ 1(t) C( )( t)) + co(F) (u(t)) + f(u(t)) ae. te [To,l;
u(t) € C(u (t)) vt € [To,tn); u(To) =up € Clup).

Let wi(t) = un(t) for t € [0,7] and n > 1, w,(-) € St(up), by the proof of
theorem 2 this set is compact, then by extracting a subsequence if necessary we
may conclude that (wy(+) converges uniformly to w(-) € S(up). On the other
hand, we have { = un(tn) € R (Tn), by Theorem 2 again, the multifunction
R () is upper semi-continuous with nonempty compact values, so we get
limsupRy2 (tn) = R2(T). Then, ¢ € R (T) = Ry, (). Consequently, w is

n—oo
the solution of the problem (ASPp) that reaches ¢ in the minimum time, and

T is the value of the minimum time. O
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