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INTERIOR SPHERE PROPERTY OF ATTAINABLE SETS AND TIME
OPTIMAL CONTROL PROBLEMS*

PIERMARCO CANNARSA! AND HELENE FRANKOWSKA 2

Abstract. This paper studies the attainable set at time T > 0 for the control system

y(t) = fly@),u(t))  w®) €U

showing that, under suitable assumptions on f, such a set satisfies a uniform interior sphere condition.
The interior sphere property is then applied to recover a semiconcavity result for the value function of
time optimal control problems with a general target, and to deduce C'*'-regularity for boundaries of
attainable sets.
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1. INTRODUCTION

It is a fact quite commonly accepted that the structure of the attainable set (from 0) at time T of the control
system
y(t) = f(y(t),u®)  (£>0) 0
u(t) e U a.e.
should be related to the geometry of the sets {f(x,U)}zern of all admissible velocities. Obviously, the form
that such a relationship can take varies from problem to problem. For instance, the attainable set — hereafter
denoted by A(T) — is compact when all the sets f(x,U) are convex and compact (see, e.g., [1]). Moreover, for
linear systems of the form f(z,u) = Mz + Lu, A(T) is convex for every T. If, in addition, L = I and U is a
convex body with a C1'-smooth boundary, then d.A(T) is C'-smooth as well, see [5].

This paper is a contribution to the analysis of the attainable sets of nonlinear control systems like (1). In
particular, we are interested in detecting structural properties of the system which ensure that, for 7' > 0, A(T)
satisfies a uniform interior sphere condition. This last property is important from various points of view. For
example, it gives a generalized upper bound for the boundary curvature of A(T"). Moreover, it can be used to
study the regularity of the Minimum Time function, as we will explain later on.
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In view of our initial remarks, it seems natural to conjecture that, in order for attainable sets to satisfy
an interior sphere condition, the sets f(x,U) should have the same property. In fact, the rigorous statement
and proof of such a conjecture is the main result of this paper, see Theorem 3.5 and Corollary 3.8. It has to
be underlined, however, that the above condition alone for f(z,U) is not enough to obtain our result, since
the C'!l-smoothness of the map = — f(x,u) also plays an important role. Indeed, in Section 4 we provide
an example that shows that A(7T) may not have the interior sphere property if @ — f(x,u) is just Lipschitz
continuous.

An immediate — yet interesting — application of the above structural analysis, is the C':'-regularity of
OA(T), for T > 0 sufficiently small and f(x,U) a-regular, see Corollary 3.12. This result follows from a classical
convexity criterion proved in [18].

Another application of the interior sphere property of attainable sets concerns the regularity of the value
function of time optimal control problems with a general target. In such problems, as well-known, one seeks
to minimize the time needed to steer the trajectory of system (1), with the initial condition y(0) = z, to a
given closed set L C R™ called the target (see, e.g., [14]). The Minimum Time function Vic(z), defined as the
value function of the above problem, turns out to be nonsmooth, and the maximal regularity one may expect
is local semiconcavity in the complement of the target. Indeed, a semiconcavity result for Vi is derived in [8]
(see also [7]) assuming that the target satisfies a uniform interior sphere condition, see Section 5.

In this paper, we extend the result of [8] to problems with a general target. Our method is straightforward:
using the connection of the levet set R(K;t) := {x € R™ : Vic(x) < t} with the attainable set at time ¢ for
system (1) with f replaced by —f, we can apply Theorem 3.5 to deduce that R(K;t) satisfies a uniform interior
sphere condition. Then, the Minimum Time function with target R(K;t) is semiconcave in the complement
of R(K;t), owing to the result of [8]. Since Vi coincides with such a function — up to the constant ¢ — the
semiconcavity of Vi follows. We note that the semiconcavity of the value function of certain exit time problems
has recently been obtained by Sinestrari [20] using a completely different approach, see Remark 5.5.

The outline of the paper is as follows. In Section 2 we have collected notations, basic definitions and
preliminary results. In Section 3 we prove the interior sphere property, discussing the assumptions and some
consequences of our results. Section 4 contains our counterexample. Section 5 is devoted to the analysis of the
Minimum Time function.

2. PRELIMINARIES

We denote by (-, -) and ||, respectively, the Euclidean scalar product and norm in R™. For any nxn matrix M,
we denote by M* the transpose of M and by || M| the usual operator norm of M, that is || M| = supj, = [Mz|.

For any x € R"™ and any r > 0, we set B(z,r) = {y € R” : |y — x| < r}, and we use the abbreviations
B(r) = B(0,r), B= B(1).

For any subset S C R", we denote by S the closure of S, by S¢ = R™ \ S the complement of S, by 95 the
boundary of S, and by int(S) the interior of S. For any A > 0 and z € R", we set

AS={zeR":z=M\y,y€S}, z+S={xeR":z=z+y,y €S}

So, 4+ rB and B(z,r) will be equivalent symbols for the ball of radius r centered at z.
A well-known function that will be used in the sequel is the distance from S, that is

ds(z) = ;Ielgw — x| Vo € R™.

Another useful function, related to the one above, is the oriented boundary distance function, or, briefly, signed
distance,
bs(z) = ds(z) —dse(x) Vo €R", (2)

whose properties have been analyzed in several papers (see, e.g., [12]).
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The contingent cone to S at a point z € S is defined by

Ts(x) = {’U eR"™ : 1irﬁi0nfw = 0}-

The contingent cone can also be characterized as follows. A vector v € R™ belongs to T's(z) if and only if there
exist sequences {z;} in S and {A;} in Ry such that ; — =, A\; | 0, and

r; — &

i

— . (3)

If S is convex, then Tg(z) is the closed cone spanned by S — . Moreover, v € int(Ts(z)) if and only if, for
some r > 0, z+]0,7] B(v,r) C int(S) (see, e.g., [19]). This fact may be false when S is not convex.
We denote by Ng(z) the normal cone to S at a point « € S, defined as

Ng(z) ={peR" : (p,v) <0, Vv € Tg(x)}.

When S is convex, Ng(z) coincides with the normal cone of convex analysis.
Let now S be closed, and let r > 0.

Definition 2.1. We say that S satisfies an interior sphere condition of radius r at a point € 0S if x belongs
to some closed ball y, + 7B C S. We say that S satisfies an interior sphere condition of radius r, or that S
has the interior r-sphere property, if S satisfies an interior sphere condition of radius r at every point x € 0S.
Finally, we say that S satisfies a uniform interior sphere condition if S has the interior r-sphere property for
some 7 > 0.

Notice that, if S satisfies a uniform interior sphere condition, then it cannot possess “corners” pointing outwards
(but it may well have inward pointing corners). In other terms, if S has the interior r-sphere property, then its
“boundary curvature” is bounded above by 1/r. It is also clear that, if S has the interior r-sphere property,
then S also satisfies an interior sphere condition for any smaller radius 0 < 7’ < r.

Example 2.2. A typical example of a set satisfying a uniform interior sphere condition is the ellipsoid
Ev ={zeR": (Mzx,z) <1}

where M is a positive definite symmetric n X n matrix. Denoting by Apin and Apax the smallest and the largest
eigenvalue of M, respectively, it is easy to show that £y, satisfies an interior sphere condition for a suitable
radius 7 = 7(Amin, Amax) > 0. Moreover, r stays bounded away from 0 as long as neither Ay, goes to 0 nor
Amax tO 00. O

Our next result provides a necessary condition for a set to satisfy an interior sphere condition, that will be used
in the analysis of the counterexample of Section 4.

Proposition 2.3. Let S be a closed convex subset of R™ and x € 0S such that S satisfies an interior sphere
condition of radius r > 0 at x. Then, Ng(x) is a half-line and, letting p be the outward unit normal to S at x,
we have:

1
YyedS : (px—y)<2r = (p,x—y)§5|x—y|2. (4)

Proof. By assumption we have that € B,(y,) C S for some point y, € S. Then, Ng(z) is a closed convex
cone contained in Nz (, (z), not reduced to {0}. Thus, Ng(z) is a half-line.

Now, to check (4), let y € 9S be such that (p,z —y) < 2r. Since z —rp+rB C S, an elementary geometric
argument (see Fig. 1) shows that a := z — (p, z — y) p satisfies

ly—al> > |u—al® =z —a|lv—a| = (p,x —y) 2r — (p,x —y)). (5)
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FIGURE 1. An elementary proof of (5).

Therefore,
e =y = (p,w =)’ + |y —al* > 2r (p,z —y)

as desired. O

We conclude this section with a brief account of semiconcave functions. A function ¢ :  — R is said to be
semiconcave with linear modulus — or, briefly, semiconcave — in a subset 2 of R™ if there exists a constant
C € R (called a semiconcavity constant) such that x — ¢(z) — C|z|? is concave on every convex subset of €.
Any semiconcave function in € is also locally Lipschitz continuous in €2, since so are concave functions.

Whenever ¢ : 2 — R is semiconcave on every compact set @@ C €2, we say that ¢ is locally semiconcave in ).
Needless to say, in this case the semiconcavity constant C'g may blow up to +o00 as ) approaches the boundary
of Q.

A function ¢ is said lo be semiconvex if —¢ is semiconcave. It is a fact that ¢ is both semiconcave and
semiconvex in ) if and only if ¢ € CT1(Q).

The class of semiconcave functions plays an important role in nonsmooth analysis, control theory, and partial
differential equations, see [9] for a comprehensive exposition of this theory.

3. THE INTERIOR SPHERE PROPERTY OF ATTAINABLE SETS

In this section we derive the main results of the paper. The exposition is organized in subsections in order
to achieve a more efficient way of presenting the necessary arguments and computations. First, we present the
standing hypotheses needed in the sequel, describe some of their consequences, and recall classical results for
later use. In Section 3.2, we state and prove our main results, for which we have to introduce an additional
assumption that we discuss later, in Section 3.3. Finally, in Section 3.4, we apply the previous theory to obtain
a regularity result for the boundaries of attainable sets.

3.1. Set-up
Let a compact set U C R™, m > 1, and a map f : R™ x U — R” be given. The set

F(x) = f($, U)

will be referred to as the set of admissible velocities at x € R™. The standing hypotheses of this paper are the
following.
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Assumptions (A):

(A0) F(x) is convex for every x € R™;
(A1) f is continuous and 3Ly > 0 such that

[f (@, u) = f(y,w)| < Lolz —y|  Va,y €eR™, VueU; (6)
(A2) f(-,u) is differentiable for every u € U, and 3 Ly > 0 such that

where D, f denotes the Jacobian matrix of f(z,u) with respect to x;
(A3) there exist an open set O C R™ and a number r > 0 such that, for every x € O, F(x) satisfies an interior
sphere condition of radius r.

Assumptions (A0), (A1) and (A2) are standard in control thery. They have been imposed on the whole space
R™ just for simplicity. For the results of interest to this paper, they can be required — like (A3) — only on a
given open set O C R™.

Under assumptions (A0) and (A1), for all z € R™, all T > 0, and every measurable function u : [0,T] — U
(usually called an admissible control), the Cauchy problem

(8)

has a unique solution in [0, 7], that will be hereafter denoted by y(-;x,u). The role of assumption (A2) is to
ensure that y(-;z,u) is differentiable with respect to z.

The geometric assumption (A3) will be crucial for our analysis. It guarantees that the velocity set F(x)
is n-dimensional, and, together with the convexity assumption (A0), ensures that its (topological) boundary,
OF (z), is of class C1.

Further consequences of the above assumptions are discussed in the proposition below. We recall that bp(,)
stands for the oriented distance defined in (2).

Proposition 3.1. Assume (A0) and (Al). Then, for all z,y € R",
vEIF(x) = |bp)(v)|] < Lolz —yl. (9)

If, in addition, (A3) is satisfied, then, for all x € O, the following holds:
(a) the map v — bp(g)(v) is of class CY! on OF (z) + 3B, |Vbp)| =1 on such a set, and

(Vi (0) — Vbpe (0D < 2 o=/ Vo,of € OF(x) + 5B (10)
(b) for every v € OF(x), Vbp(y(v) is the outward unit normal to F(x) at v and
v —1Vbp(y)(v) + rB C F(x) (11)
(c) for every v € (OF (x) + §B) N F(x), we have v — £ Vbp(y) (v) +
Proof. To derive (9), let v := f(x,u). Suppose, first, v € F(y). Then,

0 < bpy)(v) < [f(y,u) = flz,u)] < Lolz —yl. (12)
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Suppose now v € F(y), and fix a unit vector p in the normal cone to the convex set F(x) at v. Then, for all
v = f(yau/) € F(y)a

(p,v" = v) = (p, f(y, ) = f(z, ) + (p, f(w,u') = f(2,u)) < Lo|x — yl.

Let t :=max{t >0 : v+1ip € F(y)}. Then, ¢ is an upper bound for the distance of v from F(y)¢. So, taking
v’ = v + tp we have

by (V)] <T < Lolz —y. (13)
Inequality (9) follows from (12) and (13).

Now, assume (A3). Then, the fact that the signed distance is smooth near OF (z) is well-known. We give a
proof for the reader’s convenience. For all z € O, dp(,) is convex and semiconcave on F(z), with semiconcavity
constant equal to 1/7, see, e.g., [9], Proposition 2.2.2. Hence, dp(,) is of class C11 up to the boundary of F(x)c.
Similarly, dp(z)e is concave on F'(x). Moreover, the set F.(x) := F(x) \ (OF(x) + §B) also satisfies a uniform
interior sphere condition of radius r/2 by construction. So, d F.(z) 1S semiconcave on F. (2)¢ with semiconcavity
constant equal to 2/r. Since dp(g)e(v) +dp, (2)(v) = /2 for every v € (OF (x)+ 5B)NF(x), dp(y) is semiconvex
on (OF (x)+ £ B)NF(x) with semiconvexity constant equal to 2/r. Therefore, dp ;). is of class ! on such a set.
Since the gradients of dp(;)c and —dp(,) agree on OF(x), bp(z) = dp(z) — dp(z)e is continuously differentiable
on (OF (z) + §B) U F(z)°, and Vbp(y is a unit vector satisfying (10).

Point (b) is clear: (11) follows from (A3).

Finally, to prove (c), observe that T = v — bp(;)(v)Vbp (g (v) is the projection of v onto JF (x). Moreover,
pr(m)(ﬁ) = pr(z)(v). Then,

v — %pr(x)(’l))+ %E C ﬁfTVbF(x)(ﬁ)%»TE C F(:L'),

thanks to (11). 0
Let X C R” be a closed set. We introduce below the object of our analysis, that is the notion of attainable
set for system (8). Let ¢t > 0 be given.

Definition 3.2. The attainable set from K at time ¢, A(K;t), is the set of all points y(¢; z, u), where z € K
and u(-) is an admissible control.

The set A(K;t) is also referred to as the reachable set, or the accessibility set, from K at time ¢t. It is
well-known that A(K;t) is closed for all ¢ > 0 (see, e.g. [1]).
We will first analyze the special case L = {0}, abbreviating notations as follows:

y(5u) =y(50,u),  A{0};1) = A().
It is easy to see that A(t) is bounded for every ¢t > 0. Indeed,

|f (@, w)| <|f(0,u)[ + Lolz| < Ho + Lolz|  V(z,u) eR" x U,

where
Hy = 14
0= max |£(0,u)] (14)
(hereafter, we shall assume Hy > 0, otherwise A(t) = {0}). Then, for every ¢t > 0 and every control u : [0,¢] — U,
H
k) < 20 (etor 1) (13)
0

and so A(t) is bounded. More precisely, for any R > 0 there exists T > 0 such that A(t) is contained in B(R)
for all real numbers t € [0, Tg], a possible choice of Tk being

1 LoR
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Now, let = € A(T) for a given T > 0. Since A(T) is closed, z is the endpoint of a trajectory, i.e., x = y(T;u)
for some admissible control u(+). Such a trajectory is said to be a boundary trajectory for system (8) for one can
prove that y(t;u) € d.A(t) for every t € [0,T]. Boundary trajectories satisfy the Pontryagin Maximum Principle
below (see, for instance, [10,15], or [13]).

Theorem 3.3. Let yo(-) = y(-; ug) be a boundary trajectory for system (8), associated with a control ug : [0,T] —
U. Then, there exists an absolutely continuous function pg, with po(t) # 0 for every t € [0,T], satisfying the
adjoint system

—p(t) = (Da f)"(yo(t), uo(t))p(t) (17)
and the mazimum principle

max (p(t), f(yo(t),u)) = (p(t), f(yo(t), uo(t))) (18)

uelU
for a.e. t €10,T).

3.2. Main results

Our analysis of attainable sets requires assumptions (A) described in the previous section, as well as an
additional smoothness property of the set-valued map F(z) = f(x,U) which we introduce in the definition
below. Let r and Lo be the constants appearing in (A).

Definition 3.4. We say that « ~» 9F (z) is a Lipschitz boundary map if, for certain real numbers ¢ € (0, ﬁ]
and Cy > 0,

[Vbr(y)(v) = Vbr) ()] < Colz — y| (19)
forall z € O, all y € B(z,70) N O, and all v € IF ().

Notice that, in (19), v turns out to be in F(y) + §B in view of (9). So, owing to Proposition 3.1(a), Vbg(,)(v)
exists and is equal to the outward unit normal to F(y) at the projection of v onto OF (y). The above notion
will be further discussed in Section 3.3.

We are now ready for our first main result.

Theorem 3.5. Under assumptions (A), suppose 0 € O and let R > 0 be such that RB C O. If x ~ OF (z) is
a Lipschitz boundary map, then, for every T € (0,Tg)!, there exists pr > 0 such that A(T) satisfies an interior
sphere condition of radius pr.

Proof. To begin with, let 0 < T < Tg, let z0 = y(T;up) be a boundary point of A(T), and denote by
yo(+) := y(-;up) the corresponding boundary trajectory. Then, Theorem 3.3 guarantees the existence of an
absolutely continuous function pg, with pg(t) # 0 for every ¢ € [0, T, satisfying the adjoint system (17) and the
Maximum Principle (18). In particular, from the last property, it follows that vg(t) := f(yo(t), uo(t)) stays on
OF (yo(t)) for a.e. t € [0,T], and po(t) is an outward normal vector to F'(yo(t)). So,

po(t)

[po ()]

Moreover, pg can be normalized so that 6y := po(T') is a unit vector. Then,

Vbr(yo () (vo(t)) = for a.e. t € [0, T). (20)

pO(t) = P*(Tv t)GO vt € [OvT]a (21)
where P(t, s), defined for ¢, s € [0, T}, is the matrix solution of

OP

%2, (t,5) = Defwo(0) w0 () Pt )

P(s,s)=1.

1Ty is defined in (16).
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Clearly,
|P(t,s)| <elolt=sl s te0,T) (22)

Now, for any vector § € B, let us set
yG(t) - yO(t) - Ttp(ta T)(90 - 9) vt € [07 T] ) (23)

where 7 > 0 is fixed so that yy(t) € B(yo(t), %) N RB for all t € [0,T], and r € (0, 1) is the radius provided
by Definition 3.4. For this, in view of (15), it suffices to satisfy the following inequalities:
0

H
2TT€LOT + L_O

7
2rTekoT < 2 ,

(eloT —1) <R. (24)

Notice that R — Ig—g(eLoT —1) > 0 since T < Tkg.
Next, observe that
20 = Yoo (T) € {yo(T) : 0 € B} = 20 — 770y + 7T B.
Moreover, y5(0) = 0. So, in order to show that A(T) satisfies an interior sphere condition of radius 771" at zg, it

suffices to prove that, for every @ € B, yy is a solution of 5 = f(y,u) for some control u(-).
Aiming at this, let us set vg(t) = f(yo(t), uo(t)). We claim that

vﬂﬂé&ﬁ@ﬂM+§B)ﬂﬂm@D for a.e. € [0,T). (25)
Indeed, since yo(t) € B(yo(t), 3) and ro < 57—, we have that
vo(t) € OF (yo(t)) + EB for a.e. t€0,T],

according to (9). Moreover, |vg(t) — vo(t)| < 7 due to (Al) and the choice of ry, whence the conclusion (25).
Then, in view of Proposition 3.1(a), we can represent the derivative gy as

3o (1) = v0(t) = 5 Vbr(y(0) (v0(t) + 9(t) + 5 w(t) for ace. t€[0,T], (26)

where
o(t) = f(yo(t), uo(t)) — f(ye(t), uo(t)) — TtDa f (yo(t), uo(t)) P (£, T) (60 — 0)
and 5
.
w(t) = VbF(ye(t))(UO(t)) - 7P(t, T)(HO — 9)

The idea of the proof consists in applying Proposition 3.1(c) to the right-hand side of (26), to conclude that
Yo(t) € F(yp(t)). For this, we will have to show that ¢(t) + 5 w(t) € §B. Now, an easy computation based
on (7) yields

()] < Lilyo(t) — ya(t)* < Li7??e* 0T 190 — 0 vt e [0, 7). (27)

So, let us proceed to estimate w. Recalling (20) and (21), we obtain

2
(O =1~ TP~ 0), e (D) + (2 ) 1P, 700~ 0)

4t

~ rlpo(D)]

— ZTUP(1,T) (8 — 0), Ve 0y (20(0)) — Voo (vo(t)):

(P T) b0~ 0P (080 + (2 ) P70 - 0) (29)
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Moreover, since |0 < 1 = |0y,

1
(P(t,T)(0o — 0), P*(Tt)00) = (6o — 0,00) = = (I6]* — 01 + |60 — 6%) > =160 — 0.
2

DN | =

Furthermore, to bound the last term in (28) we note that

VO (y(t)) (v6(2)) = Vbp(yo (1)) (vo(1))]
< Vb (ye (1)) (0(E) = Vbr(y, () (Vo(t))| + [VbE(y, ) (V0 (t)) = Vbp(yey) (vo(t))]
9
< ;I’Ue(t) —vo(t)] + Colya(t) — yo(t)]
using (10) since vo(t), vo(t) € OF (yo(t))+ 5B, and using (19) since vo(t) € OF (yo(t)). Therefore, in view of (22),

2L _
|pr(y9(t))(v9(t)) — VbF(yg(t))(UO(t))| < (TO -+ CO> frteLo(T t)|90 _ 9|

Then,
[(P(£.T) (60 — 6), Vb0 (00(8)) = V(e (v()}] < Curte2oT=D]g, — o,
where C := 2Le 1 Cj. Therefore, again by (22),

r

2 2
27 27 47
|w(t)|2 <1-— mwo N 9|2 + <7) eQLo(Tft)wO _ 9|2 + thle2Lo(T7t)|90 _ 9|2
<1- 27%*%”*0 {1 - 27Te3L0<T*t>(1 + rtcl)} 160 — 6],

Thus, using the elementary inequality v/1 + a < 14 «/2, we conclude that

2
lw(t)] <1 — Le~Lo(T=1) {1 — ZTBLo(T=)(1 4 rtCl)} 6o — 6>  Vtel[o,T]. (29)

- r r

Next, combine estimates (27) and (29), to derive

$(t) + = w(t)] <

1
5 e~ Lo(T=t) {1 — 27e3L0(T=1) (; + Ot + L1t2) } 0o — 01>  Vte[0,T].

Now, possibly reducing 7 in order to have
. 1
1 —2re?bo(T=0) <— +Cit + L1t2> >0  Vtelo,T), (30)
r

we obtain |¢(t) + 5 w(t)| < § for every ¢t € [0,T]. So, ys(t) € F(ye(t)) owing to (26) and Proposition 3.1(c).
Then, the Measurable Selection theorem (see, e.g., [2]) implies that yg(-) is a trajectory of (8) with x =0. O

Remark 3.6. From the above proof we obtain an estimate for pr. Indeed, since pr = 7T and T must satisfy (24)
and (30) with Cy := % + Cp, one can take

—LoT H, e
e . To 0 LoT rLe
p— - R - © 1 . 31
pr = B mm{27 [O(G ), 1+ Lo +rCOT+rL122} &

Consequently, there exists constants p, Ty > 0, depending on the data rg, R, Cy, Hy, Lo, L1, such that, for every
T € (0,Tp), the attainable set A(T") satisfies an interior sphere condition of radius pr = pT'. Knowing that pr
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is linear in 7' — at least for T' € (0,Tp) — could be useful to further investigate the structure of attainable sets,
as shown in [6] where such a property is used to study the evolution of perimeters for attainable sets. a

Example 3.7. Let us discuss some applications of the above results when our system is affine in the control
variables, i.e.

flz,u) = M(x)u + g(x) (x,u) e R" x U
where M (z) = {a;;(z)}}';—; is an n x n matrix, g(z) = (91(2), ..., gn(x)) an n-dimensional vector, and U C R"

a compact convex set. We will show that, if

(i) U has the interior r-sphere property ;
(i) aiy, gi € CVH(R™) for every i,j =1,...,7n;
(iii) M (0) is nonsingular ;

then all the assumptions of Theorem 3.5 are satisfied taking O equal to a suitable open neighbourhood of 0.
Indeed, conditions (6) and 7) are immediate to check. So, let us prove that M(z)U + g(z) has the interior
sphere property. For this, we may as well suppose g = 0 since the interior sphere property is invariant under
translations. Now, on account of (iii), there exists R > 0 such that det M(x) # 0 for every x € RB. Then,
O(M (x)U) = M(z)(0U) for every x € RB. Hereafter, we will only consider points = € RB.

Let vg € (M (z)U) and ug € OU be such that vg = M (x)ug. Set Ty = ug — rVby (ug), and observe that

wg EUg+rBCU
in view of (i). It is easy to realize that M (x)(%y + rB) is the ellipsoid
Engzy(Wo,7) == {v R : (A(z)(v—7Tp),v—Tp) <1’}
where Ty = M (x)%y, M ~1(x) denotes the inverse of M(z), and A(z) = M~ (z)* M ~*(z). Thus,
vo € Ep(z) (Do, ) C M (z)U. (32)
Since, as recalled in Example 2.2, £ A(z)(r) has the interior sphere property, so does M (x)U.

Finally, assumption (19) is satisfied on account of Proposition 3.9 below. Indeed, the nondegeneracy of M
on RB implies that f satisfies (34). O

Let us now turn to the analysis of general attainable sets A(KC; T). We note, first, that Theorem 3.5 can be
immediately generalized to the set A({x};T) for any point = € R™. Moreover, for any closed set  C R™,

A T) = | Az} 7).

e

Since any union of sets satisfying an interior sphere condition radius p satisfies an interior sphere condition of
the same radius, the general result below easily follows recalling Remark 3.6.

Theorem 3.8. Assume (A), and let K C O be a closed set. Suppose that
Fauwl<H  Wauw) ekxU (33)

for some constant H > 0. If x ~ OF(x) is a Lipschitz boundary map, then numbers p, Ty > 0 exist such that,
for all T € (0,Tp), A(K;T) satisfies an interior sphere condition of radius pT .
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3.3. Lipschitz boundary maps

In this section we will discuss the notion of Lipschitz boundary map, introduced in Definition 3.4. To begin
with, we observe that a similar property that could be derived just from (A0), (A1) and (A3), is that z ~~ OF (z)
is a “Holder boundary map” of exponent 1/2, that is

[Vbr(y) (v) — Vb (v)] < Colz — y|*/?

for all z € O, all y € B(z,79) N O, and all v € JF(x). However, we will omit further details since we are
interested in the above estimate with exponent 1. We propose, instead, two different sufficient conditions to
guarantee that (19) is satisfied. Our first condition is the following.

Proposition 3.9. Assume (A) and suppose that, for some constant Co > 0 and every pair (z,u) € O x U
satisfying f(x,u) € OF (x) + 5B,
|[Daf(z,u') = Do f(2,u)]"Vbp@ (f(z,u)| < Co|f(z,u) — flz,u)] VU €U (34)

Then, x ~ OF (z) is a Lipschitz boundary map.
The proof of Proposition 3.9 requires the following lemma.

Lemma 3.10. Assume (A) and (34), and define r1 := min{io, ﬁ} Then, for allx € O, ally € B(z,r1)NO,
and all w € U satisfying f(x,u) € OF (z),

b (f(y,u)| < Cslz —yf? (36)

for some constant C3 > 0.

Proof. Let z € O, v := f(z,u) € OF(z), and recall that, in view of Proposition 3.1(a), b, € C*1(dF (y)+
for every y € O. Let us also observe that, on account of (9), f(x,u) € OF(y)+ 7B and so f(y,u) € 0F (y) + 5B
for every y € B(xz, 1) N O. Hence, owing to (10),

|bF(y)(f(y7u)) - bF(y)(U) - <VbF(y)(U)7f(yau) - U> | < %|f(y7u) - U|2'

Since | f(y,u) — v| < Lo|x — y|, estimate (35) follows.
In order to prove (36), let ¢ > 0 be such that f(y,u) + tVbp)(v) € F(y). Then, for some u; € U,
f(y,ut) = f(y,u) +tVbp(y)(v). Therefore, invoking the convexity of F(y) and (34),

t = (Vbr@)(v), f(y,u) — fy,u))
< {(Vbp) (v), f(2,u0) — f,u)) + (Vbpe) (v), [De f (2, u) — Do f(z,u)](y — 2))
+ Ly|z — y|?
< Colf(,ue) — fla,u)| o — y| + Lafa — y|*.

On the other hand,

[f (@ ue) = [, w)] < |f(@,u) = f g, w)| + 1 f(y,ue) = fly,w)l +1F (g, u) = fz,u)]
< 2Lglz — y| + ¢.
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So, owing to our choice of 7y,
t
t < (2L002 + L1)|I — y|2 + 57
and (36) follows, by a maximality argument, with C5 = 2(2LoCs + L1). O

Proof of Proposition 8.9. Define 1 as in Lemma 3.10, and let z € O, y € B(z,r1)NO, and v = f(z,u) € IF(x).
In view of (11), v — rVbp(y)(v) +rVbp(y (v) € F(x). So,

v —1Vbpz)(v) + rVbpy) (v) = f(z,uy)

for some u, € U. Consider the projection vy, = v — bp(,)(v)Vbp(,)(v) of v onto IF(y). Invoking convexity and
the fact that Vbp(,)(vy) = Vbp(,)(v), we obtain

0= <VbF(y) (’Uy)v f(ya uy) - Uy>
= <VbF(y) (v)ﬂ f(ma Uy) - Uy> + <VbF(y) (v)ﬂ f(yauy) - f(ma Uy)>
=-T <VbF(y) (’U), VbF(;c)(v)> +r+ bF(y) (’U) + <VbF(y) (U), f(ya uy) - f(xv uy)> ’

Therefore, owing to Lemma 3.10,

r <VbF(y)(U)a VbF(z)(/U)> >r+ bF(y)(f(yvu)) + <VbF(y)(U)7 f(x,u) - f(ya u)>

212 )
+(Vbrgy) (0), f(y,uy) — fl@,uy)) — =2z —y|
2
Z r—+ <va(y) (’U)a [f(y; Uy) - f(y; u)] - [f(x,uy) — f(x, u)]> — (CS + 2_50) |I _ y|2.
On the other hand, in view of (A2), (10), and (34), we have

(Vb (0), [f (y, uy) = fy,w)] = [f (2, uy) = fz,u)])
> <VbF(y)(f($a u)), [Dxf(ya uy) - Dl-f(y, u)](y - $)> - L1|$ — y|2

> (Vbr (0 D2 0) = Doy =) = (52 4 L0 ) o = o

Y

4L
~Cal )~ Sl o =l = (522 4 L) o ol
Moreover,

[F (Y uy) = Fy,w)l <1 F(ysuy) = Fluy)| + [ (2 uy) = fzu)] + | f(20) = fy,u)]
< 2Lglw — y| + 7|Vbp@) (v) — Vbpy (v)].

Now, combine the above estimates with the binomial inequality af < %2 + 32, to conclude that
r{Vbr(y)(v), Vbr@) (v)
4L 2L2
>r— TC2|VbF(:c)(U) - pr(y)(v)| |£L’ - y| - <L1 + C5+2LgCoy + TO + TO> |ﬂ? _ y|2

T 2 2 4L0 2L(2) 2
>r— Z|pr(l.)(v) — VbF(y)(’U)| —( L1+ Cs+2LoCy +1rC5 + T + T |£E — y| .
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Thus, recalling that Vbg(,) and Vbg(, are unit vectors,

|VbF(m)(U) - vbF(y) (U)|2 = 2(1 - <VbF(y) (U)7 vbF(aE) (U)>)
1
< §|VbF(a-)(U) — Vbp ) (v)]* + Calz —yI?,

where Cy = %(Ll + C3 +2LoCo + rC3 + % + ﬁ) The conclusion follows, with Cy = +/2C}y. O

Our second sufficient condition for x ~» OF(x) to satisfy (19) is expressed in Hamiltonian form. Let

H(z,p) := max (v,p) z,p € R"
veF (x)

be the Hamiltonian associated with F(x), and denote by S™~! the unit sphere in R"™.

Proposition 3.11. Under assumptions (A), suppose H is differentiable with respect to p on O x (R™\ {0}),
and NV, H (-, p) is Lipschitz continuous on O, uniformly in p € S"~'. Then, x ~ OF (x) is a Lipschitz boundary
map.

Proof. Observe that, for all (z,p) € O x S"~1 H(z,p) = (vyp,p) for some v, , € OF(z). Moreover, for any
such vector vy, we have that p = Vbp(,)(vs,) and V,H(x,p) = v, p. Therefore, for all z € O and p,q € S" 1,
inequality (10) yields

2
|p_q| S ;|va(xap)_va(Iaq)| (37)

Now, fix z € O, y € B(x, ﬁ), and v € 9F(x). Let w be the projection of v onto OF (y). Consider the unit
vectors p := Vbp(z)(v) and q := Vbp(,)(w) = Vbp(y) (v). Then, in view of (37) we have

2
[Vbp ) (v) = Vbp@) (v)| < =[VpH(z,p) — VpH(z,q)|

< = (|VpH(z,p) = VpH(y,q)| + L|z — y|)

31

where L denotes a Lipschitz constant for V,H (-, q). Since V,H(z,p) = v and V,H(y,q) = w, (9) ensures
\VoH (z,p) = VpH(y, q)| = [bry)(v)] < Loz —yl.
The conclusion follows from the last two inequalities above. a

3.4. C1! regularity

We conclude this section with a C1! regularity result for attainable sets. We recall that a subset S of R”
is called a-regular, for some given real number a > 0, if, for all points zg,z1 € S and numbers A € (0, 1), the
closed ball

{2 eR" : |z —Axy — (1= N)wo| < aX(l — |21 — z0]?}
is contained in S. Clearly, any a-regular set is convex.

Corollary 3.12. Assume (A) and (33), where K C O is a closed set. Suppose that, for some a > 0, K and
F(x) are a-regular for every v € O. If x ~ OF (x) is a Lipschitz boundary map, then there exists Ty > 0 such
that, for every T € (0,T1), the oriented distance b,y is of class CY1 on some neighborhood of OA(K;T). In
particular, 0A(K;T) € CY for all T € (0,T1).

Proof. In view of Theorem 3.8 we have that A(/C;T') satisfies a uniform interior sphere condition for every
T € (0,Tp). Moreover, for T sufficiently small, A(KC; T') is convex as shown in [18]. Then, the conclusion follows
arguing as in the proof of Proposition 3.1(a). O
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4. A COUNTEREXAMPLE

This section completes the previous one showing that the result of Theorem 3.5 is sharp. Indeed, we will
construct a control system ¢ = f(y,u), with f(-,u) Lipschitz and f(z,U) satisfying a uniform interior sphere
condition, such that, for all sufficiently small ¢t > 0, the attainable set at time ¢ fails to possess such a property.

Consider the control system in R", n > 2,

{1) =1 —lyhu(s) —q, u(s)€B .

y(0)=0

where ¢ is a unit vector. Observe that y = 0 is a solution to the above system corresponding to the constant
control u = g and, for all small ¢ > 0, the origin belongs to the boundary of A(t). Indeed, for every solution y
to (38) and ¢ > 0 small enough,

t

{90, y(t)) = /O (g0, (1 = ly(s)[)u(s)) ds —t < / (1 —Tly(s))ds =t <0.

0

This implies that zero is a boundary point of A(t).
Clearly the sets F(z) := (1 — |z|)B — qo satisfy an interior sphere condition of radius 1/2 for all z € B(3).
Let ¢ > 0 be such that te’ < 1 and every solution y(-) to (38) verifies y([0,¢]) C B(3).

Claim 1. The reachable set A(t) of (38) is convex and compact.

The compactness of A(t) was recalled in Section 3. As for its convexity, we note that the set of all trajectories

of (38) is convex. Indeed, since map = — 1 — |z| is concave, for any pair of solutions yo, y1 to (38) and any
A € [0,1], we have

(A1 + (1= XNyo) (1) € (AL =g (@)]) + (1 = AL = lyo(t)]))B — q0
C (L= [Ay(t) + (L = Nwo(®)]) B — qo-
Claim 2. If y is a solution to (38) and y(t) = 0, then y =0 in [0, ¢].

Indeed, by the nonsmooth Maximum Principle (see, for instance, [13]), there exists a nonvanishing absolutely
continuous function p(s) satisfying, for a.e. s € [0,¢],

p(s)
()|~ P

Consider § = %y Since §(t) = 0 € JA(t), again by the Maximum Principle, there exists a control u, with
|u(s)| = 1, such that, for a.e. s € [0, 1],

y(s) = (L =ly(s)D)

~/ 1 1 p(S) 1
= (1-= o=~ (1— ~ e
7'(s) ( 51Y(s)] | uls) = a0 = 5 |y(5)|)|p(s)| 590
So,
p(s) 1
“(1- P = (1
J0 = DA+ a0 = (1= Ju(o)] ) uls),
whence, since |u(s)| =1,
1 1 p(s) 1 1 1 1
1= . Sl < =(1— S =1 Zly(s)|.
) =50~ DL+ Jao] < 20— ol + 5 = 1= 3luts)
This yields ;gz;‘ = qp for a.e. s € [0,¢]. But ;gz;‘ is the control corresponding to y and gqg is the control

corresponding to the zero trajectory. So y = 0 on [0, t].
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Claim 3. N 4(+)(0) contains exactly one unit vector, namely go.
Indeed, let pg € N)(0) be a unit vector and y(-) be the solution of (38) with u = po. Note that y(s) € A(t),
hence (pg, y(s)) <0, for every s € [0,t]. Moreover, (pg,y(0)) = 0. Therefore,

d
> — = 1-
0> ds (Po,y(s)) a0 (Po, qo),

and so pg = qo since pg and ¢p are unit vectors.

We will now complete the analysis of system (38) showing that .A(¢t) fails to satisfy an interior sphere condition.
This will follow from Proposition 2.3 provided we can construct a sequence {y;} of boundary trajectories
satisfying 0 # y;(t) — 0 as i — oo, and

i 890, —i(1)

im = 4-00. 39
O (39)

In fact, we will prove that (39) is true for any sequence of boundary trajectories such that 0 # y;(t) — 0 as
i — oo. Indeed, let {y;} be any such sequence (here, the fact that n > 2 is used), let u;(-) be the corresponding
controls, and recall that |u;(s)] =1 for a.e. s € [0,t].

Claim 4. {u;} converges to the constant vector ¢o uniformly in [0, ¢].

Indeed, by the nonsmooth Maximum Principle there exist adjoint states p;(-) corresponding to y; such that
Ipi(t)] = 1, pi(t) € Naw)(yi(t)) and p; are Lipschitz with the same constant. From Claim 3 we deduce that
pi(t) — go. By the Maximum Principle,

(o) Pi(s)
w8 = @]

From the Lipschitz continuity of p; we deduce that the above identity holds for all s € [0,¢] and that u, are
Lipschitz continuous with the same Lipschitz constant. Since u;(t) — go we deduce that the set {u;},~; is
precompact in C([0,#]). Let @ be a cluster point of this set and 4 be the corresponding trajectory. Then,
7(t) = 0. Therefore, by Claim 2, 7 = 0. Consequently, @ = go. This implies that u; — ¢go uniformly on [0, ¢].

for a.e. s€]0,t].

Claim 5. The map s — |y;(s)| is nondecreasing.
Indeed, from [16] it follows that p;(s) € N a(s)(yi(s)) for a.e. s € [0,t]. Therefore,

<IZ$;|’%(S)> >0

by definition. Similarly, {go, yi(s)) < 0. Thus, from Claim 1 and Claim 3, we obtain

(619 = { (= D 2 — (o)) 2 0,

which in turn proves our claim.

Now, let B;(s) € [-1,1], v;(s) € {go}* and a;(s) > 0 be such that
loi(s)| =1, i(s)>+Bi(s)2 =1 and wui(s) = a;(s)vi(s) + Bi(s)qo (s €10, 7).
By Claim 4, 5;(-) — 1 uniformly on [0,¢]. Thus, o; — 0 uniformly, implying that

lim fot |yi(s)|cv(s)ds

4 = 0. 40
=y ls)ds 1o
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e |>‘/ w(r *QOdT*/h/z |d7>\/ (us() — qo)dr

We complete {qo} to an orthogonal basis of R”. In this basis we write v;(s) = (v}(s),...,v" *(s),0). Then,
recalling that s < 1, we have

By Claim 5,

— slyi(s)|.

1 s 1 s ;
o)1= 5| [t~ aar] = 3| [ astoniorar ()
0 0
for all 1 < j <n — 1. Consequently,
t 1 t s .
/ ly:(s)|ds > —/ / a;(T)v! (1)dr| ds. (42)
0 2 Jo 1Jo
In order to prove (39), observe that
t t
(@0, = [ (= B(eNds + [ ln)o)ds
0 0
and
2
O = (a0, :() + [ f5 (1 = lya(s) Dexs(s)vils)dls|
Hence, to obtain (39), it is enough to show that
\f | aw(s)oi(s)ds|
y’L 3 5‘
: (43)

s, fa s))ds + [ |yi(s)|G:(s)ds

Since, for i large enough,

t ) t
| i eas = it 6(s) [ pwolas

(40) implies that, in order to prove (43), it suffices to show that

] 2
fo ai(s)v-(s)ds‘
lim

tee fo |yz |d5

But
t 2 n—1 t 2
/ a;(s)vi(s)ds| = Z / a; (s)v](s)ds
0 = o
Therefore, by (42), it is enough to show that
Ji (s)ed (s)as|
a;(s)v! (s)ds
0 ' =0 (45)

lim ,
1—00
Jo
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where we have set % = 0. Notice that

2 2

( /0 tm(s)v{(s)ds) = /0 t% ( /0 ) ai(T)vg(T)dT) ds

i / ai(s)v] (5) / ai(r)o(r)drds <2 sup ai(s) /

s€0,t]

ds.

/0 ) o (1) (1)dT

Since {a;} converges uniformly to zero, the last inequality yields (45).

5. APPLICATION TO TIME OPTIMAL CONTROL

The subject of this last section is strictly related to the analysis of Section 3. The control system we will be
concerned with is again (8), still subject to assumptions (A). There will be, however, an important difference
in perspective: in Section 3 we studied the attainable set A(KC;T') from a given closed set K C O; here, we will
rather consider the controllable set to IC in time T, that is, the set of all points x € R™ such that y(¢;z,u) € K
for some t € [0,T] and some control w.

More specifically, for any control u : [0,00) — U, let us consider the transfer time to K, i.e.,

c(z,u) =inf{t >0 : y{t;z,u) €K},

where 7c(x,u) = oo if there exists no control steering y(¢; x,u) to K in finite time. Then, the controllable set
to KC, hereafter denoted by R(K), is defined as the set of all points € R™ such that 7ic(z,u) < oo for some
control .

The time optimal control problem for system (8), with target K, consists in minimizing the transfer time to
K over all admissible controls. This classical problem, investigated from several points of view, is the object of
an immense literature, see, e.g., the monographs [3,9,11,14]. A well-known result guarantees that time optimal
controls — that is, controls minimizing 7i(z, ) — do exist for any z € R(K).

The value function of the above problem, namely

Vic(x) = inf Tic(z,w) Vo € R(K),

u(
is the so-called Minimum Time function. Its level set
R(K;t) :={xzeR" : Vi(z) <t} (t>0)

is the so-called controllable set to K in time < ¢. Moreover, R(K;t) is closed and OR(K;t) C {x € R"
Vic(x) =t} whenever Vi is upper semicontinuous.

Guaranteeing sufficient regularity properties of Vi is one of the basic issues of modern Dynamic Programming.
While mild controllability assumptions on 0K ensure that the Minimum Time function is continuous in R(K)
(see, e.g., [3]), the situation is different for Lipschitz continuity. The first Lipschitz continuity result for Vi was
obtained by Petrov in [17], for the case of K = {0}, under the so-called positive-basis condition. Such a result

was then extended to more general target sets in [4,8,21,22]. For any closed target K, it turns out that Vi is
locally Lipschitz in R(K) (and R(K) is open), provided that

Ju >0 such that min (f(z,u),p) < —ulpl, Va € 9K, Vp € Ni(x) (46)

uelU

where Ny (x) denotes the normal cone to K at . Moreover, condition (46) is satisfied if and only if Vic(z) <
Cd(x,K) holds, for some constant C' > 0, in a neighbourhood of K.

Stronger regularity properties of the Minimum Time function are harder to recover, since Vi is known to be,
in general, a nonsmooth function even for very smooth data. The maximal kind of regularity we can expect for
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Vi is local semiconcavity in R(KC)\ K (see Sect. 2 for the definition of semiconcave functions). Since semiconcave
functions are locally Lipschitz continuous, condition (46) is necessary, in some sense, for Vic to be semiconcave.
The result below, ensuring that such a condition is also sufficient when K satisfies a uniform interior sphere
condition, follows from [8].

Proposition 5.1. Assume (A), (33) and (46). If K satisfies a uniform interior sphere condition, then Vi is
semiconcave in R(K) \ K.

Actually, in [8], condition (46) is imposed for every proximal normal to K, rather than for every v € Ni(z)
as we do here. However, these two formulations of the controllability property are equivalent in our context,
see the Appendix.

The main result of this section is the following alternative criterion for the semiconcavity of Vic. Here, we
assume that the velocity sets f(x,U), instead of K, satisfy a uniform interior sphere condition. Notice that
Vi may fail to be semiconcave when neither I nor f(z,U) satisfy an interior sphere condition, as shown in
Example 5.4 below.

Theorem 5.2. Assume (A), (33) and (46). If © ~» OF(x) is a Lipschitz boundary map, then Vi is locally
semiconcave in R(KC) \ K.

The proof of Theorem 5.2 relies on the following lemma.

Lemma 5.3. Assume (A), (33) and (46). Then, for any t > 0 sufficiently small,

min (f(z,u).p) < —Slpl, Vo € IR(K:1). ¥p € Ny (@).

Proof. Let T € OR(K;t) be fixed. Since Vi is continuous, Vi (Z) = t. Let 4(-) be time optimal at T, i.e.,
y(t;T,u) € K. Then, the arc x(s) := y(t — s; T, @) satisfies

x(s) = —f(x(s),u(s)) s €(0,t) a.e.

x(t) =T
where u(s) = u(t — s). Moreover, by assumptions (A) and (33), we have
lz(s) — z(0)| < tHetlo Vs € [0,¢]. (47)
Now, denote by X (-) the matrix solution of
X'(s) = =Dy f(z(s),u(s))X(s) (0<s<t)
{ X(0)=1.

Again, observe that
| X (s) = I|| < tLoe't® Vs e 0,1]. (48)
By well-known properties of the variational equation, we have that

w € T (x(0)) = X(tw € Tric (x(t)).

Therefore, (p, X(t)w) < 0 for all w € Tx(x(0)) and p € Nrcu)(T). Hereby, X*(t)p € Ni(x(0)) for all

pE NR(IC;t) (E)
Let p be a fixed unit vector of Ngx.1)(Z). Then, in view of (46),

(f(x(0),u), X*()p) < — p|X"(t)D (49)
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for some uw € U. We claim that

(f(z,m),p) < —g Vi € (o%) (50)

Indeed, owing to (47), (48) and (49),

(f@,1),p) < (f((0),7),p) + tLoHe'"
< —p|X*()P| + 2tLoHeto < tLoe™0 (2H + p) — p.

Our claim follows noting that ¢tLoe’?(2H 4 y1) < & when ¢ is chosen as in (50). O

Proof of Theorem 5.2. Let us observe, first, that OR(K; t) C 0.A(K;t), where A(K;t) now denotes the attainable
set for the control system associated with — f. Indeed, let Z € OR(K;t). Arguing as in the proof of the previous
lemma we conclude that T € A(K;t). Moreover, T must be on the boundary of A(K;t) for otherwise there
would be a ball B,(T) C A(K;t). Then, the same standard argument as above, based on time inversion, would
show that Vic(z) <t for all the points z of such a ball, contradicting z € OR(K; t).

Therefore, in view of Theorem 3.8, we conclude that R(K;t) satisfies a uniform interior sphere condition for
t sufficiently small, say 0 < t < ty9. Moreover, invoking Lemma 5.3, we have that R(K;t) satisfies (46), with
w replaced by p/2, for all ¢ of a possibly smaller interval (0,t1). Therefore, by Proposition 5.1, the Minimum
Time function with target R(K;t), Vr(x), is semiconcave in R(K)\ R(K;t) for every t € (0,t1).

Next, we claim that, for any ¢ € (0,t1),

Vic(z) = VR () +t Vo € R(K) \ R(K; t). (51)
Indeed, the optimality principle implies that, for any € R(K)\ R(K;t) and any control u(-),

Vi (I) < TR(K;t) (Ia ’U,) + Vi (y(TR(IC;t) (Ia ’U/), €, u)) < TR(K;t) (Ia ’U,) + 1,

whence Vi (z) < Vr(x;)(z)+t. For the converse inequality, let u.(-) be time-optimal at 2 and denote by . (-) the
corresponding trajectory. Since y.(Tr ;) (%, u«)) € OR(K;t) and Vi is continuous, Vi (y«(Tr (k) (2, ux))) = t.
Thus, again the optimality principle yields

Vic(z) = Trct) (T, us) +1 > Ve () + 1,

which proves our claim.
Now, in view of (51), Vi is semiconcave in R(K)\ R(K;t) since so is Vg (i,). Moreover, this must be true
for every t € (0,%1). But {R(K;t)} is an increasing family of sets, and

(] RK:t) =K.
o<t<t;

Hence, Vi is locally semiconcave in R(K) \ K. O
Example 5.4. Consider the control system ¢ = u, with y € R? and u(t) € U = [-1,1] x [-1,1]. Taking
K ={(0,0)} as our target, we have that

Vic(w1, v2) = max{|z1|, |z2|}-

Since Vi is convex and not differentiable at all points (x1,z2) with |x1| = |x2|, Vi cannot be semiconcave.
Observe, also, that the points where Vi is not differentiable are exactly the ones where the time optimal
trajectory is unique. a
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Remark 5.5. For certain optimal exit time problems including the minimum time problem, Sinestrari [20]
obtained a semiconcavity result under the same assumptions of Theorem 5.2, except for (19) that he replaced
with the condition

||D1f($,ul) - Dxf(x,u)H < le(maul) - f(xau)l Vo € Oavuvul eU

for some constant C' > 0. It is then straightforward to show that the level sets R(K;t) satisfy a uniform interior
sphere condition for ¢ > 0.

On the one hand, let us note that the above condition is stronger than (34). So, as shown by Proposition 3.9,
it is also stronger than requiring x ~ F (x) to be a Lipschitz boundary map.

On the other hand, we would like to point out that the perspective of the present paper differs from the one
of [20]: our main result is the interior sphere property of attainable sets, for which we need no controllability
assumption of type (46). Then, applying such a property together with assumption (46), we can deduce the
semiconcavity of Vi (which in turn yields the interior sphere property of controllable sets).

It is easy to see that, without assumption (46), the interior sphere property may fail for R(KC; t). For example,
let ug € R™, n > 2, be any vector of norm 2, and consider the control system ¢(t) = u(t) with u(t) € U := up+B
and K = {0}. Then,

A(K;t) = tU = By(tuo)

has the interior sphere property, unlike the star-shaped set
R(K;t)={su : 0<s<t,u€cuy+B}- O

APPENDIX

Let K C R™ be a closed set and z € 0K. We recall that a vector p € R™ is called a proximal normal to K
at x if

x>0 such that dg(z + Ap) = Alp| (52)

In this case, one has that B(z + N'p, N |p|) N K = {z} for every X' € (0,\). We denote by N} () the cone of
all proximal normals to K at . We note that, for any x € 0K,

N ™ () C Ng(z), (53)

whilst the opposite inclusion is false, in general.

Proposition 5.6. Let F': R™ ~» R"™ be an upper semicontinuous set-valued map with compact convex values,
and let a > 0. Then, the following properties are equivalent:

(a)  forallx € K and p € Ni(x) there exists v € F(x) such that (p,v) > alp|;

(b)  forallz € K and p € Ny () there exists v € F(x) such that (p,v) > a|p|.

Proof. Since the implication (a)=(b) follows from (53), we need only prove the opposite implication (b)=(a).
Incidentally, we note this fact is related to the approximation property in [19], 6.18(a).
Let a point g € OK and a vector pg € Nk (zo) be fixed, with |pg| = 1. For any A > 0, let ) € K be such
that
|£L’)\ — (l‘o+>\p0)| :d(l'0+>\p0,K). (54)

We claim that
I\ — 2o

— 0 as AJ]0. (55)

Indeed, suppose \; | 0, let wy := (zx — x0)/A, and observe that, in view of (54), |wx| < 1+ A. Then, up to
extracting a subsequence, wy, will converge to some limit as ¢ — oo, say to wg. Also, wy € Tk (xo) owing to (3),
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and so (pg,wp) < 0 by definition. Since, again by (54), |wy, — po|? < 1, we have that |wy,|? < 2 (po,wy,). In
the limit as ¢ — oo, this implies that wy = 0. Since this is true for any sequence \; | 0, our claim is proved.
Now, let us note that zg + Apg — xx € N& “(x). Therefore, (b) guarantees that, for some vy € F(zy),

(xo + Apo — T, vn) > alzg + Apo — - (56)

Since F is usc, we conclude that, for some sequence A; | 0, vy, will converge to some limit in F(xg), say vo.
Moreover, dividing by A; both sides of (56), we obtain

< Ty, — o > - Ty, — o
Do——<—,U\ ) 2Q|Pp0— —F—
i i
Hereby, (55) implies that (po,vo) > a|pol|, as required. O
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