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CONTROLLABILITY OF SOME NONLINEAR SYSTEMS WITH
DRIFT VIA GENERALIZED CURVATURE PROPERTIES*
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Abstract. We discuss the problem of local attainability for finite-dimensional nonlinear control
systems with quite general assumptions on the target set. Special emphasis is given to control-affine
systems with a possibly nontrivial drift term. To this end, we provide some sufficient conditions
ensuring local attainability, which involve geometric properties both of the target itself (such as a
notion of generalized curvature), and of the Lie algebra associated with the control system. The
main technique used is a convenient representation formula for the power expansion of the distance
function along the trajectories, made at points sufficiently near to the target set.
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1. Introduction.

1.1. Statement of the problem. Consider a time-independent control system
in R? of the form

y(t) = fy(t), u(t))  for ¢ >0,

y(0) = o,

where u € % = {v : [0,4+00[— U, measurable}, and U is a given compact subset of
R™, called the set of admissible controls.

Given a closed S of R?, called the target set, in this work we are interested in the
problem of providing sufficient conditions ensuring the small-time local attainability
(STLA; see Definition 2.19) property of S. The STLA property amounts to the
existence for every T' > 0 of a suitable neighborhood of the target set S whose points
can be steered to S in time less than T along admissible trajectories of the system
(see also section 6 in Chapter 4 of [5]). This problem is crucial in control theory, and
is strongly related to many applications.

1.2. A first order condition for STLA. Petrov’s condition is one of the
most common conditions ensuring this property even in the fully nonlinear case (see,
among the others, [2] and references therein). For a compact and smooth target,
Petrov’s condition requires that there exist positive constants ¢, u > 0 such that for
allz € S5\ S:={zcR?: dg(z) <6} \ S we have

gélqr} <Vds(l‘), f(d?, u)> < —fy

where Vdg(z) is the gradient of the distance function from S evaluated at z. In
the case of a nonsmooth target, the condition requires the existence of a generalized
gradient of dg satisfying the same condition.
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We notice that Petrov’s condition is a first order condition in the sense that it
involves only admissible velocities.

From another point of view, this condition requires dg to be a sort of Lyapunov
function for the system. Indeed, from a geometrical point of view, Petrov’s condition
states that at every point = of a neighborhood of the target there exists an admissible
control u, € U such that the corresponding trajectory points sufficiently toward the
target. Moreover, the scalar product between the admissible velocity f(z,u,) and the
gradient of the distance is uniformly bounded away from zero.

Petrov’s condition is very strong, even if it is weaker than full controllability,
which requires that every initial state can be steered to any final state in finite time
along admissible trajectories. Moreover, it can be also shown that Petrov’s condition
is equivalent to the Lipschitz continuity of the minimal time function 7" up to the
boundary of S (see [23]). However, it is also very easy to give simple examples
where it fails. For instance, in R? take S = {0} and (i(t),4(t)) = (y(¢),u(t)), where
u: R — [—1,1] is measurable: Petrov’s condition fails on the z-axis.

1.3. Higher order condition for pointwise target. When Petrov’s condition
is not satisfied, i.e., the trajectories of the system do not approach the target at the
first order, it is natural to search for higher order conditions, which involve higher
order terms in a convenient expansion of the trajectory itself. These conditions will
be related to some properties of the Lie algebra generated by the family of vector
fields associated with the system (see [15] for a complete introduction).

In the early 1960s, Kalman proved the following result. Assume that f is linear,
ie., f(z,u) = Az + Bu, where A € Mat,, xn(R), B € Mat,,»n»(R) are two constant
matrices, and S = {0}. Then the following are equivalent:

1. the system is controllable to the equilibrium point 0, i.e., every point can be
steered to the origin in finite time;
2. the matrix (B|AB|A%B]|...|A""1B) has full rank (equals n).
The second condition above is the celebrated Kalman rank condition, and implies the
Hoélder continuity of 7', with exponent depending on the smallest 0 < k < n — 1 such
that the matrix

(B|AB|A?B|...|A*B)

has full rank.

Later, in the 1970s, several generalizations, mainly concerning the case when
target set S is an equilibrium point for the system, of this condition to nonlinear
systems were proved by several authors among which we recall Hermes, Sussmann,
Hormander, and many others. The simplest result can be formulated as follows: if
the linearization of the system is STLA around the target equilibrium point, then
the system itself is STLA. All these results involve a suitable expansion around the
equilibrium point, and STLA is achieved by imposing some conditions on the Lie
algebra generated by the vector fields.

1.4. Higher order conditions for nonpointwise target. The aforemen-
tioned higher order conditions assume that the target is reduced to a single point.
Thus, if the target is not a singleton, a natural choice would be to apply them to
each point of its boundary. However, as pointed out in [16], the problem of local
attainability of a closed set with respect to the trajectories of a control system can-
not be reduced to the problem of small-time local attainability at every point of its
boundary. The reason is that the small-time local attainability depends not only on
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the dynamics of the control system, but also on the geometry of the considered closed
set. So, it needs a specific study.

Theorem 1.18, p. 235 in [1] gives a condition yielding Holder continuity of 7" in
the case of nonlinear symmetric (driftless) systems:

h
B(t) = fx,u) =Y wigi(w), lu;| <1,
i=1

for a smooth target S, not necessarily reduced to a single equilibrium point. The term
“symmetric” comes from the fact that in this case f(xz, —u) = — f(z,u), thus the set
of trajectories enjoys time reversal symmetry.

The condition requires that if at a point Z € 0.5 Petrov’s condition does not hold,
then there exists a vector field F'(z) generated by bracket operations from the vector
fields of the family

F={f(,u): uel}
associated with the system such that
(F(z),v(2)) <0,

where v(Z) is the normal unit vector to the target S at 7.

Equivalently, there exists a constant u > 0 such that for every point § ¢ S in
a neighborhood of Z there exists a vector field F(§) generated by bracket operations
from the vector field of F such that

(F(y), Vds(y)) < —p.

This condition can be viewed as a Petrov’s condition of higher order, and in fact
it leads to Holder continuity of 7" and no longer to Lipschitz continuity, where the
exponent of the modulus of continuity depends again on the order of the Lie brackets
involved.

A natural question is whether such a condition can be extended to control systems
with drift of the form

d
&= fl2)+ Y wigi(x), i <1,i=1...d.
=1

It would be very interesting also to relax the assumption on F(x), requiring in a
neighborhood of S the existence of a vector field generated by bracket operations
from vector fields of F pointing towards the target, but allowing the scalar product
between F(y) and Vdg to vanish sufficiently slowly when y approaches the target
(thus no longer necessarily bounded away from zero).

Among recent papers, we should mention [16] and [17], where the problem was
studied by assuming the existence for every x near to the target of a suitable selection
Yz (t) € %5(t) having a special expansion. In this way, a set of regular higher order
variations to the attainable set is defined, which is related to the first term of a
suitable approximation of admissible trajectories. Then the behavior of the scalar
product between their leading term and the normal to the target is analyzed. In [16]
this scalar product is required to be negative and bounded away from O.

In the paper [18] a first attempt to relax this assumption was made, stating a
second order condition for general systems with drift for a possibly nonsmooth target
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S satisfying some regularity conditions, where the regularity assumptions on the target
automatically hold in the smooth case.

This condition ensures the existence of an admissible trajectory steering every
point z of a neighborhood of S (or a neighborhood relative to the reachable set) to
S in a finite amount of time T(;zc)7 continuously depending on the starting point x.
In order to make the required estimates, we need the expansion of the distance along
such a trajectory. This procedure involves the scalar product of the Lie brackets of
the controlled vector fields with generalized gradients of the distance, and must also
take into account the effect of a nontrivial drift.

In [17], which follows closely the approach of [16] and [18], the results are gener-
alized by relaxing the regularity assumptions on the target.

1.5. Our contribution. The aim of this paper is to extend the result of [18]
beyond the second order, considering higher order expansion, and possibly taking into
account further geometrical properties of the target itself, e.g., curvature.

In Example 5.21 we will present a situation in which the main results of both [16]
and [17] do not apply, while our results can be used. However our results cannot be
considered a full generalization of [16] and [17], since we assume more regularity on
the target set.

We underline also that the authors of [16] and [17] do not take into account any
curvature property of the target, since their hypotheses on the regularity of the target
are very mild.

To better illustrate the kind of results we are going to prove, let us sketch a
simplified version of one of our main results (see Theorem 5.10).

THEOREM 1.1. Given a compact set U C R™, f : RY x U — R?, and a com-
pact target set S C R? of class C?, consider the control system #(t) = f(x(t),u(t)),
z(0) = xo, with u : R — U measurable. Let §,L,C,a > 0, and k € N\ {0} be
constants with 0 < ak < 1 and 0 < 1/k — a < 1. Assume that for any x € S5 :=
{p € R? : dg(p) := dist(p,S) < 6} and for any 0 < t < 1 there ewist a point
y:(t) € RY and vf € R? such that |[v¥]| < L, y.(0) = @, t = y.(t) is continuous,
(vi,Vds(z)) < Cdg(x), and

Then STLA holds and, more precisely, the minimum time function T is Hélder con-
tinuous with exponent min{l — ak,1/k — «a} in S5\ S.

Roughly speaking, the theorem states that if from every point x near the target we
can approximately reach a point y nearer to the target itself, with a suitable relation
between the rate of decrease of the distance (which depends on the scalar product
between the gradient of the distance and the nonzero terms in the expansion) and the
time needed to reach the point, then STLA holds. Indeed, this result holds true not
only for control-affine systems but also for general ones. The problem of providing
necessary and sufficient conditions in order to ensure the existence of the desired
expansion is still open. Indeed, it is clear that full controllability would be sufficient,
but in this case the result would become trivial. We give two sufficient conditions for
control-affine systems in Lemma 4.9.

The second main goal of the paper is to study the role of the curvature of the
target in controllability issues. Consider for example the simple system (&(t),y(t)) =
(0,u(t)), where u(t) € [—1,1] and target S = R\ B(0,1). It is clear that given
(z,y) € B(0,1), we have T(z,y) = v1— a2 — |y|, which is Holder-1 continuous.

xT
Yo(t) — x — Sk k|| < peht1,

k!
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However, we have that at every point of the form (z,0) with 0 < |z| < 1, the reachable
set from (x,0) is a segment orthogonal to Vdg(z,0). Thus the Petrov condition and
also higher order Petrov’s conditions will fail. Nevertheless, we will prove that negative
curvature of the target will generate a second order effect which allows us to reach
the target and have good estimates on the minimum time function even in this case.

The paper is structured as follows: in section 2, we fix the notation, recall some
notions of nonsmooth analysis such as generalized gradients and semiconcave func-
tions, and review basic concepts of control theory. In section 3 we introduce a notion
of generalized curvature that will be used later to improve controllability conditions.
In section 4 we focus on control-affine systems with drift. In section 5 we state and
prove the main results about higher order sufficient conditions for STLA to a possi-
bly nonsmooth target S, providing some illustrative examples. Finally, section 6 is
devoted to conclusions and still open problems.

2. Preliminaries and notation. In this section we will fix the notation we will
use and recall some fundamental results that will be used throughout the paper.
Our main reference for this section will be Chapter 1 of [5].

2.1. General notation.

DEFINITION 2.1. Let K be a closed subset of R, S C RY, & = (x1,...,24) € K,
y=(y1,...,9q) € R4, r >0, X be a vector space, and f : X — RU {400} be a
function.

We denote by

d

= Z TiYi the scalar product in R?;
||| := 7(;10, x) the Euclidean norm in RY;
a8, int(S), S the topological boundary,

interior and closure of S;
diam(S) :=sup{||z1 — 22|l : 21,22 € S} the diameter of S;

B¢ :={weR?: ||w| <1} the open unit ball
(centered at the origin);
Sti={weR?¢: ||w| =1} = OB the unit sphere

(centered at the origin);
B(y,r):=={2€R?: ||z —y| <7} =y +rB?  the open ball centered

at y of radius r;
d (y) :=dist(y, K) = min{||z —y| : z€ K} the distance of y from K;

K
(y) = 2dg (y) — dok () the signed distance of y from K;
mx(y) ={2€ K: ||z—vy| =dk(y)} the set of projections of y
onto K;
@)= (] ¢ the convex hull of S;
C' convex
c2oS
Se:=R4\ S the complement of S;
Ss = B(S,6) == {y € R?: ds(y) <6} the S-neighborhood of S;
NE(z) the proximal normal cone to K
at x (see Definition 2.5);
domf:={zeX: f(z) < +oo} the domain of f;

epif i ={(z,8) e X xR: xedomf, > f(x)} the epigraph of f;
hypo f :={(xz,a) € X xR: z €dom f, « < f(x)} the hypograph of f;
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opf(x), OF f(x) the proximal subdifferential and the
proximal superdifferential of f at x
(see Definition 2.6);

of(x) the Clarke generalized gradient of
f at x (see Definition 2.7);
T(-) the minimum time function
(see Definition 2.18);
v(-) the Gauss map (see Definition 3.1);
S the shape operator (see Definition 3.1);

7] :=max{n €Z: n<r} the integer part of r.
If mk(y) = {&}, i.e., it is a singleton, we will identify it with its unique element
and write 7 (y) = &.
DEFINITION 2.2. If X is a topological vector space, we say that f : X — RU{+4o00}
is lower semicontinuous if epi f is closed in X x R with respect to the product topology
on X xR, i.e.,

liminf f(y) > f(z).
y—)f
A function g : X — RU{—o0} is called upper semicontinuous if —g is lower semi-
continuous.
DEFINITION 2.3. Given the Banach spaces X and Y, U C X, V CY be open,
a function f : U — V is said to be a Lipschitz continuous function (f € Lip(U)) if
there exists C' > 0, called a Lipschitz constant, such that for every x1,xs € U

[f(x1) = fz2)lly < Cllwr — 22 x.

A function f : U — V s called locally Lipschitz continuous (f € Lip,,.(U)) if it is
Lipschitz continuous on every compact set of U.

Similarly, given 0 < a < 1, f is said to be a Holder continuous function of
exponent « if there exists C > 0, such that for every x1,x9 € U

[f(x1) = fz2)lly < Cllwr — 22l

We recall the following classical result on regularity of Lipschitz functions on
finite-dimensional spaces (the proof can be found, e.g., in Corollary 4.19 p. 148 of

[5])-

THEOREM 2.4 (Rademacher’s theorem). Let X be a finite-dimensional Banach
space, U C X be open, and f : U — R be a locally Lipschitz function. Then f is
differentiable a.e.

2.2. Nonsmooth analysis. We recall now a generalized concept of a normal
vector to possibly nonsmooth closed sets.

DEFINITION 2.5 (proximal normals). Let K be a closed subset of RY. A vector v
is called a proximal normal to K at x € K if there exists 0 = o(v,z) > 0 such that

(v,y —2) < ollvfllly — |

for every y € K. The set of all proximal normals to K at x will be denoted by N};(x)
and called the proximal normal cone to K at x. We recall that when K is closed and
conver, we can take o = 0 in the above definition, whence the proximal normal cone
at x reduces to the normal cone at x in the sense of convex analysis, namely, the set
of vectors v € R? such that (v,y —z) <0 for ally € K.
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When the closed set K is taken to be the epigraph of a lower semicontinuous
function, we can use the above definition to define a geometric object generalizing the
classical differential.

DEFINITION 2.6 (proximal subdifferential). Let f : R? — R U {400} be a lower
semicontinuous map, x € dom(f), and ¢ € RY. We say that ¢ is a proximal subgra-
dient of f at x if ((,—1) € Né;i(f)(x,f(x)). The possibly empty set of all prorimal
subgradients of f at x will be denoted by Op f () and called the proximal subdifferential
of f at x. The following proximal inequality formula gives another characterization

of Op f(x):
¢ € Opf(x) iff there exist o, > 0 s.t. f(y) > f(z)+ ((,y —z) — oy — z||?

for ally € B(x,n).
Symmetrically, it is possible to define the proximal superdifferential 0 g(x) of an
upper semicontinuous function g : R* — R U {—oco} by taking

dTg(x) = {C € R?: ((,1) € Nigppoq(2)}-
In this case the prozimal inequality formula becomes
¢ € 0P f(x) iff there exist o,n > 0 s.t.f(y) < f(x) + ({,y — x) + oy — 2|2

for ally € B(x,n).

DEFINITION 2.7 (Clarke’s generalized gradient). Let Q be an open subset of R,
f+Q — R be locally Lipschitz continuous, and x € ). We recall that Clarke’s
generalized gradient of f at x is given by

Of (x) :=co {kli_{go Vi) : {urtren € Q, IVF(yr), and yr — a:} -

Notice that, by Rademacher’s theorem, we have f(x) # 0 for all z € Q.

The multidimensional version of Clarke’s generalized gradient is Clarke’s gener-
alized Jacobian.

DEFINITION 2.8. Let Q be an open subset of RY, F' : Q — R™ be a Lipschitz
continuous map. We denote the components of F by f;, i1 =1,...,m, i.e.,

F(zy,...,zq) = (fi(z1, ... za),. .., fa(x1, ... xa)) .

The generalized Jacobian OF(z) of F at x € Q is the set

OF (z) := co { llim Jac F(z;) : i — x and F is differentiable at xl} .
In the case m = 1, we identify the 1 x d matriz in the right-hand side with a d-
dimensional vector.
We recall the following properties of the generalized Jacobian, referring the reader
to Propositions 2.6.2, 2.6.4, 2.6.5 in [4] for a proof.
PROPOSITION 2.9. Using the same notation as Definition 2.8, the following hold:
1. OF (x) is a compact conver subset of R™*4  bounded by the ball centered at
the origin of radius K = ||(K1, ..., Kn)||, where K; is the Lipschitz constant
Offi, 1= 1,...,m.
2. OF(x) is contained in the set of all matrices whose ith row belongs to Of;(x)
for everyi=1,... ,m.
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3. Given v € R, w € R™, we have that

OF (x)v = OF (z)v, (OF () w = (OF ()T w,

OF (x) := Co{‘lim Jac F(x;): @ = x, x; ¢ N, and F is differentiable at a:l} ,
71— 00
and N is an arbitrary set of Lebesque measure zero.
4. OF is an upper semicontinuous multifunction: if {(x;, M;)}ien € RYxMat,,xq
is a sequence such that x; — x, M; — M, and M; € OF (x;), then M € OF(z).
5. We have that

F(z) —F(y) €co{Z(y—=x): Z€dF(tx + (1 —t)y): t €[0,1]}.

Now we recall the definition of a particular class of functions generalizing convex
functions. Our main reference is [2].

DEFINITION 2.10 (semiconcavity). A continuous functionv : Q — R with Q C R?
is called locally semiconcave in € if, for any compact convex set K C § there exists
c=c(K) >0 such that

(2.1) Xo(@) + (1= No(y) = vz + (1= N)y) < AL = Nellz —y|?

for any x,y € K, A € [0,1]. The constant ¢ = ¢(K) appearing in (2.1) is called a
semiconcavity constant for v on K. Given a compact convex set K C ), the minimal
constant ¢ = ¢(K) such that (2.1) is satisfied for any x,y € K, X € [0,1] will be called
the sharp semiconcavity constant of v(-) on K, and will be denoted by cx > 0.
We say that u is locally semiconvex if —u is locally semiconcave. If cx can be
chosen independently of IC, we will omit the adjective “locally.”

Semiconcave functions enjoy some remarkable properties, summarized in the fol-
lowing.

PROPOSITION 2.11. Letv: Q2 — R be a function. Then

1. v is semiconcave if and only if there exists ¢ > 0 such that v(z) —

concave in every convex subset of §;

2. if v:Q — R is both semiconcave and semiconver, then v € CH1(Q);

3. let v:Q — R be semiconver. Then v is locally Lipschitz in Q and Opv(x) =

Ov(x) at every x € Q. In particular, the subdifferentials Opv(xz) # 0 at
each point. If v is semiconcave, the same results hold, with superdifferentials
instead of subdifferentials;

4. if v is semiconcave, then it is twice differentiable a.e. in the domain.
Alternative characterizations of semiconcave functions can be given (see [2]).
PROPOSITION 2.12. Let Q be an open convex subset of R, v : Q@ — R be a

function, and ¢ > 0. The following are equivalent:

1. v is semiconcave and ¢ is a semiconcavity constant for v;

2. for every p € 0Fv(x) we have

v(y) —v(x) < (p.y —x) +clly — %

3. for any w € R? such that ||w| = 1 we have 92,v < 2c in the sense of
distributions in €.
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The prototype of a semiconcave function is the distance function from a closed
subset S of R? i.e. the function dg : R — R defined as

ds(z) = min{|ly — «| : y € S}.

The following semiconcavity result is proved, e.g., in Proposition 3.2 in [2].
PROPOSITION 2.13. Let S C R? be a closed set. Then
(i) the distance function ds is locally semiconcave in R\ S, more precisely, dg is
semiconcave on each open bounded set A whose closure is contained in R\ S
with constant 1/dg(A), where

ds(A) = inf{ds(y) : y € A};

(ii) if there exists p > 0 such that the following condition (called p-internal sphere
condition) holds,

(2.2) VeeS FxgeS:xze B(xg,p) CS,

then dg is semiconcave also in R? \ int S, i.e., it is semiconcave up to the
boundary of S.

Remark 2.14. The above result states that for every closed set S C RY the
distance function is locally semiconcave in R?\ S and the constant of semiconcavity
in general blows up as we consider domains approaching the boundary of S. If S
satisfies the p-internal sphere condition, the constants of semiconcavity in each domain
of R%\ S are bounded, i.e., for every z,y € R?\ S we have

1
ds(y) —ds(z) < (Vds(x),y —z) + ;Hy — x|
In particular, if 9S is a smooth hypersurface of class C? property (2.2) holds locally,
i.e., for every R > 0 with SN B(0, R) # ) there exists p = pr > 0 such that
(2.3) Vee SNB(0,R) FJzg€S:xze Blxg,pr) CS.

2.3. Control theory.

DEFINITION 2.15 (control system). Let U be a compact subset of R™, called the
set of admissible controls, f : R? x U — R be a function continuous in the variable
w and Lipschitz continuous in the variable x € R?, uniformly w.r.t. uw € U. We are
interested in Carathéodory solutions of the system

L(t) = f(z(t), u(t), t >0,
24 { 2(0) =7 € RY,

where u(-), which is called an open-loop control function, belongs to the set % of
admissible control functions, defined as

U = {u:[0,+oc[— U, measurable}.

Given 7 > 0 and u(-) € %, an admissible trajectory of system (2.4) generated by u(-)
and defined on [0,7] is a function x : [0, 7] — R? satisfying for all t € [0, 7]

x(t) :95—1—/0 fz(s),u(s)) ds.

In particular, z(-) is an absolutely continuous function satisfying the initial condition
x(0) = & and the ordinary differential equation in (2.4) for a.e. t € [0,7].
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By the regularity of f and the compactness of U, for every & € R% and u(-) € %,
for any T > 0 there exists a unique solution of (2.4) defined on [0, 7] (see, e.g., section 5
of Chapter 2 in [1]). A relazed version of this result will be presented in Lemma 5.1.

DEFINITION 2.16 (reachable set). Given the system (2.4) and t > 0, we define
the reachable set %z (t) in time t from T by setting

Ry (t) ;== {y € R there exists a trajectory of (2.4) with x(0) = & and x(t) = y}.

We will be interested in the following particular case of (2.4).
DEFINITION 2.17 (control-affine system). We say that system (2.4) is control
affine if the dynamics assumes the following special form

N
i(t) = fa(0) + 3 wiBgi(a(), >0,
=1

z(0) =z € R9.

The function f : R4 — R? is called the drift term, while g; : R* — R are the
controlled vector fields. If f = 0 the system is called driftless or symmetric.

The main object of our study is the following.

DEFINITION 2.18 (minimum time function). Consider the control system (2.4)
and let S be a closed subset of R?, called the target set. Given z € R? and u(-) € %,
we consider the trajectory x(-) of (2.4) generated by u(-). Let I be its maximum
interval of definition, define IT =1N10,+oc[, and set

“+oo if lim 2(s) ¢ S for every t € IT,
s—t—

7(z,u()) = _ ,
inf<telIt: lim z(s) €S otherwise.
s—t—

The minimum time function 7" : R? — [0, +oc] is defined as

T(z) = u(1§1€f% 7(z,u(:)).

The property in which we are interested is the following (see also [16], [17]).

DEFINITION 2.19 (STLA). We say that S is STLA for the system (2.4) if for
any T > 0 there exists an open neighborhood Ur C R of S such that T(x) < T for
all x € Up.

Remark 2.20. We will deal mainly with the case in which there exists 6 > 0 and
a continuous increasing function w : [0, +o00[— [0, +00] with w(p) = 0 iff p = 0 such
that in S5 we have T'(z) < w(dg(x)). In this case, by the properties of w(-), for any
T > 0 there exists 0 < r < § such that w(s) < T for any s € [0,7]. Thus if we set
Ur = S, we obtain T'(z) < w(r) < T for any = € S,.

Another controllability property for the system (2.4) which turns out to be strictly
related to STLA is the following.

DEFINITION 2.21 (small-time locally controllable). We say that the system (2.4)
is small-time locally controllable if for any T > 0 and o € R? we have that Z,,(T)
contains a neighborhood of .

Similarly, a control system is defined to be small-time locally controllable on a
target S if

(2.5) int ({y e RY: T(y) <T}) 28 forall T > 0.
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It is clear that the notion of small-time controllability on the target given in (2.5)
is equivalent to STLA: given T > 0,
1. assume that (2.5) holds. Then we define Uz = int({y € R% : T(y) < T})
which by (2.5) is an open neighborhood of S and satisfies T'(y) < T for all
y € Ur, hence STLA holds;
2. assume that STLA holds. Then we have the existence of an open set Uz,
such that

S CUpp Cint({y: T(y) <T/2}) Cint({y: T(y) < T}),

thus (2.5) is satisfied.

3. Generalized curvature. In this section we will define a notion of curvature
for a class of sets whose boundary is not assumed necessarily to be of class C?.

Indeed, we recall that our objective is to steer every point zy belonging to a
suitable neighborhood of the target S to the target itself in finite time. To this end, we
will construct a Cauchy sequence of points {w; };en € R? and times {t; };en €0, +00[
with the following properties:

1. iy1 € %y, (t;), i.e., every point ;1 of the sequence can be reached from its
predecessor x; in time ¢; by an admissible trajectory;

2. dg(x;) is strictly decreasing and dg(z;) — 0, i.e., the x; are approaching S;

3. > . ti < 400, ie., the process will take a finite amount of time.

The results that we will prove in this section will be used mainly regarding issue (2)
above, providing a suitable second order quadratic expansion of the distance function.

The semiconcavity property of the distance stated in Proposition 2.13, and in
particular the semiconcavity inequality of Remark 2.14, seem to be natural tools to
give a quantitative estimate of the decreasing of the distance from the target, even in
a nonsmooth setting in which the distance fails to be differentiable at every point.

We recall the following classical definitions (see, e.g., [13]).

DEFINITION 3.1. Let Q C R% an open bounded set whose boundary S is an
hypersurface of class C?, oriented with unit normal external to ). For every x € S,
we denote by v, € R? the positive unit normal to S at x (i.e., the external unit normal
to Q at x). The Gauss map v : S — S~ of S associates with every x € S the vector
vg. If the map v(-) is differentiable at x, its differential dv(z) at x € S is called the
shape operator (or Weingarten map) S,. If we represent S, as a square matriz of
order d, we have that its eigenvalues are the classical principal curvatures of S at x,
while its determinant is the Gaussian curvature of S at x.

We start from a simple remark giving a useful geometric interpretation of the
sharp semiconcavity constant of the distance to the target set.

LEMMA 3.2. Let Q C R? an open bounded set whose boundary S is a hypersurface
of class C?, oriented with unit normal external to Q. Then all the principal curvatures
of S at each point are bounded above by twice the sharp semiconcavity constant of dg.

Proof. Since S is smooth, we have that the signed distance dﬁﬁ() from Q (see

Definition 2.1) is of class C? near S, hence x + S, is continuous on S. Indeed, for
every x € S, v,w € R? we have, according to Definition 3.1,

V((E) = Vduﬁ(ir% <<S$7 vl>7w/> = <<V2dﬁﬁ(x)a ’U> 7w> ’
where v’,w’ are the projection on the tangent space to S at z of v, w, respectively.

Since S is compact and C?, it follows from Proposition 2.13 that dg is semiconcave
up to the boundary of 2 . Let C' > 0 be a semiconcavity constant for dg. We recall
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from Proposition 2.12 that 82,,ds < 2C in the sense of distributions, but since dg is
smooth sufficiently near to S, we have that this inequality holds pointwise at every
y ¢ Q sufficiently near to S. For every z € S and w € R?, we write w = pv(x) + \w’
with p, A € R, (v(z),w’) = 0, and ||w’| = 1. Thus, since V2dg is continuous and
VQdﬂﬁ(y) = V2dg(y) for every y ¢ Q, we have

N((Sy, w'), w') = <<v2dﬁ§(x),w> w> — lim (V2ds(y), w),w) < 2032 + u2).
Yy
yEQ
By the arbitrariness of A, i, w, this means that all the eigenvalues of S,, i.e., all the
principal curvatures of S at x, are bounded above by 2C, and since C' was an arbitrary
semiconcavity constant for dg, the proof is concluded. O
Lemma 3.2 links semiconcavity to curvature in the smooth hypersurface case,
leading to an interpretation of the sharp semiconcavity constant of the distance as
an upper bound for principal curvatures, even in the nonsmooth case. Nevertheless,
even in the smooth case, the signs of the principal curvatures turn out to play an
important role when we have to consider second order phenomena. This is illustrated
by the following simple example.
Example 3.3. The ground space is R%2. Consider the system

#1(t) = u(t) € [1,1],
da(t) = 0.

Take S :=R?\ B((0,0),1). Given z = (z1,72) € B((0,0),1) we have dg(z) = 1 — ||,
moreover, for z € B((0,0),1) \ {(0,0)}, we have

1 22 mz
D2d5($)zw< 2 122>

T
Vds(l’) = — T12o —q2

|z|’

Let —1 < a < —1/2 and set = (0,«). We have Vdg(Z) = (0,1) and D?*dg(z) =
(@' 9). The cigenvalues of Ddg(Z) are o~ < 0 and 0, hence we can choose K =0
in the semiconcavity inequality (this follows also from the fact that since S is the
complement of a convex set, it enjoys the internal sphere condition with arbitrary
large p).

Ift — a(t) = (z1(t), z2(t)) € B((0,0), 1) is an admissible trajectory for the system
satisfying 2:(0) = Z, using Taylor’s expansion we get

£C2
ds(a(t)) = 1= /(0 + 0 =1~ ] - T + O (")

CEZ
— ds(o) - o +0(a(0),

where |O(z1(t))| < %x‘*(f).
In this case, the semiconcavity inequality yields just the much weaker estimate

ds(x(t)) — ds(@) < (Vds(2), 2(t) — z) + K||=(t) — z]|* = 0.

We conclude that starting from Z we can approach the target at second order
thanks to (negative) curvature properties of the target. This fact cannot be deduced
from the semiconcavity inequality only. However, a strong smoothness assumption on
the target was crucial in order to obtain second order derivatives of the distance, while
the semiconcavity inequality holds for a much wider class of closed sets, including also
nonsmooth sets (e.g.,the complement of nonsmooth convex sets).
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3.1. Sets with positive reach and generalized curvature. In order to im-
prove the estimate given by the semiconcavity inequality taking into account, more
carefully, curvature effects, we focus our attention on sets belonging to an intermedi-
ate class of smoothness between general closed sets and sets with boundary of class
C?. The sets belonging to this class, called sets with positive reach, enjoy a strong
reqularity property of the proximal normals, which results in certain regularity prop-
erties of the boundary. The class of sets with positive reach was introduced first by
Federer in [10], and then was studied by several authors, both in finite and infinite
dimensions. We refer the reader to [6], [7], and [9], for a recent survey on this subject.

DEFINITION 3.4 (Federer). Let A C RY, a € A. We denote by Unp(A) the
(possibly empty) set of all those points x € RY for which there erists a unique point
of A closest to x. Then the projection map s : Unp(A) — A, which associates with
x € Unp(A) the unique a € A such that da(x) = ||x — al|, is well defined for all
x € Unp(A). We set

reach(A,a) :=sup{r > 0: B(a,r) C Unp(4)},
reach(A) := inf {reach(A4,a) : a € A}.

Classical results on closed sets and sets with positive reach are collected in the
following.
THEOREM 3.5 (Federer). For every nonempty closed subset A of R? the following
statements hold, with d(-) = da(-), 7(-) = wa(:), U = Unp(A):
L. |ld(z) —d(y)| < ||z — || whenever x,y € RY.
2. If v € R4\ A and d(-) is differentiable at x, then x € U and

grad d(z) = z - (@)

3. () is continuous.
4. d(-) is continuously differentiable on int(U \ A) and d? is continuously differ-
entiable on int U with

gradd?(z) = 2[z — m(x)]

forx e intU.
5 Ifx e U, a=mn(x), reach(4,a) >0, and b € A, then

<ZIJ—Cl,b—Cl>< HZI’—Cl”

a2
_2reach(A,a)”a oI

i.e., for every x € U we have v — nn(x) € NY(z — wa(x)) and we can take
o= m in the proximal normal inequality.
6. Assume that 0 < r < reach A. Then ma(-) is Lipschitz continuous on A, \ A,
where A, = {y € R?: da(y) < r} with constant r/(reach A — ).
For a set A with positive reach, we notice that Vda(z) € N (7a(x)) for every
x € Unp(A)\ A, but, since the distance function is just C*1, we have that the second
order differential of d4 is defined just a.e. in a neighborhood of A. Our aim is to
replace it by a suitable construction employing Clarke’s generalized Jacobian of Vdy,
which is Lipschitz continuous in Unp(A4) \ A.
We are ready now to formulate a quite simple and natural notion of generalized
curvature as follows.
DEFINITION 3.6 (generalized curvature). Let A be a closed subset of R? with
positive reach, r,y € R\ A such that tz + (1 —t)y € Unp(A) \ A for every t € [0, 1].
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We define the following generalized curvature operator:
1
H(x,y) = §CO {{Z,y —x),y—x): Z€IVda(z+tly—x)), t€[0,1]},

where OVd A(p) is taken in the sense of the generalized Jacobian of the Lipschitz map
Vdal(-) atp.

Remark 3.7. If we assume that the boundary of A is a smooth hypersurface, and
that  and y are sufficiently near to A, we can replace the generalized Jacobian with
the classical one, and consider

M:%CO{<<HessdA(x+t(y—x)) y_x> yo o >:te[0,1]}.

ly — | y =2l /7y — =

In particular, for every v € S"~! we have

lim H(x,x + tv) _

1
— Q —_—
Jim 2 5 ((Hessda(x),v) ,v)

1
5 <<S7TA(ac)a U>v 11>,
where S, () is the shape operator at 74 (x).
The main motivation of Definition 3.6 is illustrated by the following.
PROPOSITION 3.8. Let A be a closed subset of RY with positive reach, x,y € R\ A
such that tx + (1 — t)y € Unp(A) \ A for every t € [0,1]. We have the following
generalized Taylor formula:

da(y) —da(z) — (Vda(z),y — x) € X (x,y).

In particular, given p > 0, 0 < 6 < da(z), if we assume that there exists v € S~!
such that for every p € B(x,0) we have

((Z,v),v) < —p for all Z € OVdA(p),
then for every t €]0,4[
da(z +tv) < da(z) +H{Vda(z),v) — t*p.

Remark 3.9. The above result can be interpreted as follows. Suppose that we
can choose v € (Vda(z))" in the above proposition. Then the above result states
that if we move from z in direction v for a short time, we are still approaching the
target at the second order, due to curvature effects.

Proof of Proposition 3.8 is based on the following lemma, which is a special case
of Theorem 2.3 in [14], to which we refer the reader for a proof.

LEMMA 3.10. Let Q be an open convex subset of R?, f: Q — R™ be a function
of class CY1. Then for every x,y € Q we have that

fly) = f(2) = (Vf(x),y — )

belongs to the set
8Vf[x,y] = %CO{<<Z7y_$>7y _$> VS 8Vf(x+s(y—oc)), s € [071]}

Proof of Proposition 3.8. We apply Lemma 3.10 to d4 choosing as €2 an open
tubular neighborhood of {tz + (1 —t)y : t € [0,1]}. 0
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We present now a variation of Example 3.3, where we are able to explicitly com-
pute the generalized curvature operator.
Example 3.11. The ground space is R%. Consider the system

Define

—V/1—22 for —1<x<0,
gla):=¢ 1—+v4—-22 for0<x <2

400 forz < —1or x> 2,

and set S := hypog. We have that reach(S) = 1. Consider now
U= (R2\ 8) N {y < —1/2} C Unp(3),

which can be written as U = UM UU~ U U, where UT :== UN{z > 0}, U™ =
Un{z<0},and U :=Un{z=0}={0}x]—1,-1/2].

As in Example 3.3, the sharp semiconcavity constant of dg(-) is 0 since S is the
complement of an open convex set, hence satisfies the internal sphere condition at
every point of the boundary with arbitrary large radius.

By elementary computations we have

1— /22 + 92 if (z,y) e U™,
ds(z,y) =4 2= /a2 +(y—1)? if (x,y) €UT,

1— 1yl if (z,y) € U°.
-1
@y ey e U
2%+ (y — 1)
Vds(z,y) =
s —7M for (z,y) e U™,
!,C2 +y2
(0,1) for (z,y) € U°.
1 —y*  ay B
(x2+y2)3/2 ( Ty —§C2 ) for (xay) ev )
Dst(Jf,y) = . . ) .
— < _(y_ ) x(?/‘g ) > for (x,y)€U+.
(22 + (y —1)2)*2 \ zly—-1)  —=

If we consider an admissible trajectory ¢ +— (z(t),y(t)) starting from U° at to = 0,
we have (Vdg(0,4(0)), ((t),0)) = 0, so the semiconcavity inequality yields no strong
information about approaching the target.

It is clear that dg(-) € CY(U) N C?*(UT UU™); however, it turns out that Vdg(+)
is not differentiable on U® and hence its classical Hessian cannot be defined on the
whole of U. Thus the method used in Example 3.3 cannot be used.

Since we have that Vdg is Lipschitz continuous on U it make sense to consider
Clarke’s generalized Jacobian 0Vdg(z,y) at every point of U.
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In particular, since dg € C?(UT UU™), we have that OVdg(z,y) = D?*ds(x,y)
for every (z,y) € UT UU™. Noticing that

. 1 1 0
lim D2dg(z,y < )
@ y') = (0,1) (@y) = 00
(z,y) U™
1 1 0
lim D?dg(z,y) = —— ( > ,
@,y') = (0,9) (.9) y—110 0
(x,y) e UT

we have

OVds (0, y) = {ﬁ( (1) 8 ) SAe [0,1]}.

Given (z,y) € UT, we compute the generalized curvature operator

A((2)(2)
- {{{(2(3)-(3) - e}

(5
{({rsann (5)).(5)) )
:;co@x_ L |
vy Ty @ -1y
x )2

2

x 2y -1

20" 2(22 4 (y—1)2)°7 ]
Recalling that since —1 < y < —1/2 we have 2 < 9/4 < (y—1)? < 4, and that 22 < 1,
we can give the following estimate:

v ((Ovy)v (JI, Z/)) C [_xQ’ _332/10]-

According to Proposition 3.8, this means that if t — (z(t), y(t)) is an admissible
trajectory starting at to = 0 from U, and such that (z(t),y(t)) € UT, we have

s(a(), (1)) — ds(0,4(0) < —155°(0)

i.e., we are approaching the target at the second order due to curvature effects. Similar
computations can be performed for the case in which (x(¢),y(t)) € U™.

3.2. Comparison with existing notions of generalized curvature. In Chap-
ter 13 of [22] properties of different notions of second order generalized differentials
for several classes of functions are studied. We recall that our main motivation for in-
troducing the generalized curvature was to obtain a suitable quadratic approximation
of the distance function dg(-) around each point Z sufficiently near to S.

In this spirit, according to Theorem 13.2 of [22], given a lower semicontinuous
function f : R? — R, vz € RY, and A; € Matgxq(R), we have that f has the following
second order expansion at ,

(3.1) f@) = f(@) + (va, & — 2) + ((Az, & — 7), 2 — T) + 05 (|2 — 2[?),
if and only if 91, f(Z) = {vz} and
0 # 0Lf(x) C vz + Ag(x — T) + 0z (|x — T|)BY
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where Jr, f(x) is defined in Definition 8.3 of [22] as

of(z) :={veRe: 3{ Tn 7% ot liminf fy) - f(xn/) ~ (Y — 2n)
Up — U y;wn 1Y — Ynl
y# T

>0Vn eN

(actually in [22] J1, f is denoted by df, but we use this symbol for a different purpose).

If we want to apply this result to the distance function dg, we obtain that the
assumption for S to be a set with positive reach is sharp. More precisely we have the
following result.

PROPOSITION 3.12. Given a closed set S C R and an open set U C R such
that S C U, we have that if ds(-) possesses a second order expansion around every
point T € U\ S then S has locally positive reach and U C Unp(S).

Proof. According to Theorem 13.2 of [22], we have that drdg must be a singleton
at every point & € U \ S. Since dg is locally semiconcave we have that this implies
that dg is differentiable at Z by Theorem 3.3.15 in [3]. Hence we have that dg is dif-
ferentiable at Z for every T € U \ S. According to Proposition 4.4 in [3], this implies
that every point of U \ S has a unique projection on S and thus U C Unp(S5).
Since U is an open neighborhood of S, we conclude that S has locally positive
reach. O

The generalized curvature operator introduced in Definition 3.6 improves the
second order expansion (3.1) giving some uniformity for the remainder term.

Another approach to study curvature properties in the nonsmooth setting is sug-
gested after Exercise 13.17, p. 600 of [22] by means of another kind of second order
generalized differential applied to the indicator function I : R? — {0, +oc} defined
as

0 ifzeC,
le(x) '_{ +oo ifax¢gC

for a given set C' C R?. Clearly, if I is finite and classically differentiable at a point
Z, it turns out that Io(-) must be constant around Z, since it must be continuous
at T and Io(y) € R iff Io(y) = 0. In particular, all classical differentials vanish at
Z. The notion of second order generalized differential used by authors is the second
order epi-differential, defined in Definition 13.6, p. 586 of [22]. An explicit formula
for the second order epi-differential of I(-) is provided by Exercise 13.17 in the case
when C' has the special form C = {z € X : F(z) € D}, where F : R? — R™ is a
C? function, and X C R%, D C R™ are polyhedral sets, i.e. intersections of a finite
family of hyperplanes or half-spaces in R? and in R™, respectively. Also, a suitable
constraint qualification condition is required to be satisfied involving D and F'. The
following example will show that this notion of generalized curvature differs from the
one we introduced.

Ezample 3.13. In R? let h(z) = |2[3/2. Set C = epih. Notice that C' is
convex, hence reachC = +4o0o0. Thus the generalized curvature operator J# (x,y)
can be computed for every z,y € R? such that the segment joining x and y does
not intersect C. If we take X = R?, D = {0}, F(x,y) = y — h(z) we have that
C={x € X: F(z) € D}, but F fails to be of class C*(R?) since h € C*(R)\ C*(R)
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as its second order derivative is not continuous at = 0. Thus the notion of curvature
given by the formula in Exercise 13.17, p. 600 of [22] cannot be used.

From a totally different point of view, in [10] were introduced the curvature mea-
sures as a generalization of Steiner’s formula for convex bodies. More precisely, given
a set A C R? with reach(A) > 0 it was proved that for each bounded Borel subset Q
of R% and for 0 < r < reach(A), the d-dimensional measure of

{z € RY: da(x) <r and ma(z) € Q}

is given by a polynomial of degree at most d in r, say

d

> rtla(d - i)®i(A, Q),

=0

where «(j) is the j-dimensional measure of the unit ball in R7.

The coefficients ®(A, Q) are countably additive with respect to @, defining the
curvature measures ®;(A,-), i =0,...,d. If the Hausdorff dimension of A is k, then
®;(A,) = 0 for ¢ > k, ®x(A,-) is the restriction of the k-dimensional Hausdorft
measure to A, and the measures ®;(A4,-) corresponding to ¢ < k depend on second
order properties of A.

Curvature measures also enjoy some remarkable stability properties, namely, given
e > 0 and a sequence {Ay }ren of sets with reach(A,) > ¢ for all h € N and such that
Aj — A in the Hausdorff metric, then the associated sequences of curvature measures
converge weakly to the curvature measures of the limit set A, whose reach is also at
least €. Federer concludes that in this way any set A with positive reach may be
approximated in curvature by the solids {z € R? : d(z) < s} for s — 0%.

According to Definition 5.7 in [10], if the numbers ®;(A, A), i = 0,...,d are finite
(this is true e.g., if A is compact) they can be considered the total curvatures of A
in the following sense. If JA is smooth, then ®;(A, A) is the ith mean curvature
of A, i.e., the integral on 0A of the ith elementary symmetric polynomial of the
principal curvatures. In the positive reach case, curvature measures are constructed
as the limit as s — 07 of the integral of the ith mean curvature of the (smooth) sets
{zx € R%: da(x) < s} (Theorem 5.5 in [10]). Thus it is possible to use the generalized
curvature operator introduced in Definition 3.6 to give upper and lower bounds on
them. However, since we are interested more in a pointwise directional decreasing
property of the distance and not in the mean curvature properties of the surface, the
use of curvature measures seems not to be natural.

4. Control-affine systems with drift. We turn now our attention to control-
affine systems. Our problem will be to give a suitable approximation of %;(z) for
t > 0 sufficiently small. These results will be later applied to particularize the general
results of section 5. Throughout this section we will assume that we have a control
system in R? of the form

(4.1) i=1

where |u;(-)| <1, f,g; € Lip(R%), i = 1,..., N (thus conditions in Definition 2.15 are
satisfied).
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We consider now the problem of approaching a target S along admissible trajec-
tories of the control system (4.1) starting from a point Z sufficiently near to S. We
are interested to find ¢ > 0 and yz(t) € Zz(t) such that ds(yz(t)) < ds(Z).

If the system is fully controllable this turns out to be trivial. In this case, by
definition, for any ¢ > 0 we have that %z(t) contains a ball centered at z. The
aim of this section is to give some sufficient condition weaker than controllability,
guaranteeing the existence of points yz (t) € Zz(t) for any t € [0, dz[, dz > 0 sufficiently
small, such that ¢t — dg(yz(t)) is strictly decreasing.

DEFINITION 4.1. Given the system (4.1), define the sets

N
F(a) = {f(:v) 3 wigi(a) i € [—1,1]},
=1

N
ZF(x) = {f(a:) + Zulgz(x) cu; € {—1,0, 1}} C F(x).

We recall that since co Z(z) D F(z) for every x € R?, every trajectory of the sys-
tem, which can be written in the form of the differential inclusion & € # (x), can be
uniformly approxzimated by trajectories of the control system & € .Z (x). Thus in order
to study controllability properties of the original system, it is sufficient to study the
analogous properties of & € .7 (x), which are strictly related to the Lie algebra Lie(.#)
generated by the vector fields of % .

DEFINITION 4.2 (formal bracket). We denote by Diffeo(R?) the set of all dif-
feomorphism of R?. Let 1, p € Diffeo(R?) be two diffeomorphisms. We define their
formal bracket by setting

[, ¢l(z) = oo™ op ().

Since for every v, ¢ € Diffeo(R%) we have that [1,¢] € Diffeo(R), by iterating the
procedure we can construct formal bracket expressions by nesting formal brackets of
diffeomorphisms. Given a subset . C Diffeo(R?), we define the length (also order
or depth) of nested formal brackets of elements of % by induction. If p € % is a
single diffeomorphism, then ord (@) = 1. Otherwise, if A and B are formal bracket
expressions of elements of .7, we set ord [A, B] = ord A+ ord B. We define similarly
pw (p) = 1 if ¢ € .7, otherwise we set pw[A, B] = 2pw A + 2pw B if A and B are
formal bracket expressions of elements of .

DEFINITION 4.3. Let X : R? — R? be a locally Lipschitz vector field. Given
x € R4, we denote by ¢X (r) or ¢X(t,z) the flow of X starting from x the (unique)
solution of ©(s) = X(x(s)), (0) = = evaluated at s =t. We have ¢*(0,z) = x and
%QSX (tv x) = X((bx (tv 33))

For t sufficiently small, it is well known that ¢;* () is a diffeomorphism and that
if X,Y are two C?-smooth vector fields, we have that

d
%[gb;‘,xv (bz/](x)\tzo - Oa

d2

ﬁ[@xa ¢>f](:v)|t:o =2[X,Y](x),

where on the right-hand side we have the usual Lie bracket of vector fields defined by
(X, Y](z) = (VX (2),Y(x)) = (VY (z), X (2)).
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The correspondence between the first nonvanishing derivative at 0 of flows gener-
ating the bracket and the order of the Lie bracket is explained in this classical result
(see, e.g., Theorem 1 in [20]).

THEOREM 4.4. Let k € N\ {0}, M be a manifold of class C***, and for i =
1,...,klet ¢ :Rx MD Ugi — M be a smooth map of class Ck+1 such that

L. Ugi is an open neighborhood of {0} x M in R x M,

2. ¢! is a diffeomorphism of class C**1 on its domain,

3. ¢y = Idy and Z6}|,_ = Xi € Vecy(M),
where Vecy (M) is the set of vector fields on M of class C*. Then for each formal
bracket expression B of order k (w.r.t. & ={¢*: i =1,...,k}) we have

o7 L i .

—_— = <

5Bk o) =0 vi<j<k,
! 8kB 1 k = B(X X
Eﬁ (¢t7"'7¢t>‘t20_ ( 1y« k)

DEFINITION 4.5. Given the system (4.1), we will set
&= {B(Xy,...,Xx): k€ N\ {0}, B is a formal bracket of order k w.r.t. F,
X; € C* are vector fields with X;(x) € F(z) for every z,
37 >0 s.t. te B}, ..., ¢8) (x) is an admissible trajectory for 0 <t < T}.

Moreover, if Z € £, we will define ord Z as the minimum natural number k > 0 such
that there exists a formal bracket B and k vector fields X; € CH1, with X;(x) €
j(x) for every x, satisfying Z = B(Xi,...,Xk). In this case, we set pwZ =
min{pw B : ord B = ord Z}.

An immediate consequence of Theorem 4.4 is the following,.

LEMMA 4.6. Consider the system (4.1) and the sets defined in Definitions 4.1
and 4.5. Let Z € £, ordZ = k. Then there exists a curve t — yz(t) such that
yz(t) € Xz (t) for every t and

tk
(4.2) yz(t) —x = Z(Z) - p— + o(t%).

Moreover, for each compact K there evists L > 0 such that |o(tF)| < Lyttt for
T e K. )

Proof. Since Z is in the Lie algebra generated by the elements of .7, it can be
written as Z = B(Xy,...,Xg), where B(Xq,...,X) is a bracket expression of or-
der k depending on k vector fields X; € .Z for 1 < i < k. We define yz (pw* B -t) =
B(67", ..., ¢*)(Z). We have by construction that yz(pw* B-t) € Zz(pw" B). More-
over, according to Theorem 4.4, we have the following Taylor expansion in a neigh-
borhood of 0:

k

- 1d Xiy (s j k
yf(pWBt)_x_F;F@B( t oo Pt )(x)t:O.t +O(t)

=T+ B(Xy,...,Xp) (@) t°+ o(th).

This is the desired expansion up to a reparametrization of the time variable. The last
assertion follows from the smoothness of the vector fields. d

Lemma 4.6 gives us an approximation of %z(t) using the elements of .£. We
can give a natural sufficient condition ensuring that there are points of %z (t) whose
distance from S is strictly less than dg(Z).
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COROLLARY 4.7. Given the control system (4.1), assume that there exist a neigh-
borhood V' of the target S, a vector field Y € £, and a real number y > 0 such that
for every x € V'\ S there exists ¢, € 0P dg(x) such that

(G, Y(2)) < —pu.

Then given T € V' \ S there exist § = 6z > 0 and a curve t — yz(t) defined on [0, 0],
such that yz(t) € Zz(t) for any t € [0,06] and t — ds(yz(t)) is strictly decreasing.
Proof. According to Lemma 4.6, there exists a curve ¢t — yz(¢) such that yz(¢) €
Xz (t) satisfying
L8 =T+ Y(3) — o)
yaib) =& 7 opwkY ’
where k is the order of Y. Moreover, we choose § > 0 so small such that for 0 < ¢ < ¢
ya(t) € B(z, ds(2)/2) N V.

In particular, we have for 0 < ¢t < ¢,

ds (s (1)) — ds(z) < (Corya(t) — 7) + o [l (t) — 2]

ds ()
=(¢,Y L—Fo(tk) +L Y(z) i+0(tk) 2
S\ pwhY ds(T) pwkY
Kk k
< —
< pkat + o(t")
by the local semiconcavity of dg on B(z, dsz(j)).

By further shrinking §, we obtain that for every € V'\ S there exists §z > 0 and
a curve yz(-) of points of admissible trajectories such that

ds(yz(t)) —ds(z) < Bk

C2pwhY
for 0 < t < §z, from which the result follows. Notice that if dg is differentiable at z
(or, equivalently, if Z has a unique projection on S) then (z = Vdg(Z). d

Remark 4.8. We can repeat the procedure described in Corollary 4.7 starting
from yz(d,), and in this way we construct a sequence of points belonging to admissible
trajectories starting from Z along which the distance is strictly decreasing. However
Corollary 4.7 does not imply that the constructed trajectory actually will reach the
target in finite time, since at each step we have no uniformity properties on §z; further
assumptions are needed to grant suitable estimates on 9.

The computation of £ turns out to be quite simple in the driftless case (sym-
metric systems) as in this case the set of admissible trajectories enjoys time reversal
symmetry. In particular, we have that £ coincides with all possible nested brackets
of the vector fields g;(-) of suitable order (depending on the smoothness of the field)
and, more specifically, if g;(-) € C*°, we have ¥ = Lie({g:}Y,).

In the presence of a nontrivial drift term, which breaks the time reversal symmetry
of the system, this is no longer true. The computation of elements of .Z becomes much
more tricky but can be done using repeatedly the classical Baker—-Campbell-Hausdorff
formula (see, e.g., sections I11.4 and IIL.5 in [12]) and induction.

To cover the example we provided at the end of section 5, we give some explicit
computations of this case, giving explicit formulas for some elements of . in two
simple cases.
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LEMMA 4.9 (second order expansion). Let X1,...,X; be a finite family of C*-
vector fields on R?, ¢ € RY. Fori = 1,...,5 denote by ¢*i(s,q) the flow of X; at
time t = s starting from q at t = 0. Fiz x € R?, and define by induction po(t) = ,
pilt) = 6% (t,pi_1(t)) for 0 < i< j. Then

dp,
&t~ 2
d?p; ! :
| =2 ) VXu(@) Xi(@) + Y VXn(2)  Xa(a).
t=0 iwh=1 h=1

i< h

In particular, given f,g,g1,92 € CY1(R?), and u € R,
1. if we define Xy (x) := f(z) + ug(x), Xo(x) = f(z) — ug(x) we have

d
GO )| =21,
j—;¢X2 (t, o™ (t, )| =4V f(x)f(z)+ 2ulf,g](z);
=0
2. if we define
Xi(z) = Xq7(z) = f(2) + g1(w), Xo(z) = Xs(z) = f(z) + g2(),
Xs(z) = Xs5(z) = f(x) — g1(w), Xa(z) = Xo(z) = f(x) — g2(2),
then we have
d =38
E¢8(ta ¢7(ta s )) o - f(fl’),
d2
st dr(t,...))|  =64VF(2)f(z) + 4lg1, g2 ().
=0
Proof. We have
p;(0) = ¢x,(0,p;-1(0)) = p;j—1(0) = --- = po(0) = x,
Wi & (o, (tps0)] = X505, (ps ) + Vo, (1py-1) - 22
= X;(pj) + Vox, (t,pj-1) - dpét_l ;
dp; v _ dpj—1
Bl = X500+ T, 0.0 0) - B 0

= X0 + s - 2L(0) = X, (0) + 2L (0) = 3 Xio),

where we use induction in the last step.
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The computation of the second order derivative yields

% = % |:Xj(pj) + Vox,(t,pj-1) - dpétl}
= VX;(p;)- % + Vox, (t,pj-1) - dzg;;l
+ <V%¢Xj (t,pj—1) + Vox, (t,pj_1) - dpét1> ' dpégl
= VX,(p;)- % +Vox, (tpj-1)- d2§;{1 +VX;(pj) - %
+V2%0x; (t,pj-1) - % ' %'

If we evaluate at t = 0, we notice that VZQSX]. (0,z) = 0, and hence by induction again

d°p; : — d"pj—1
= VX;(z) (Zl Xi(z) + ;XZ(:E)> + 3
B ! ‘ d®pj_1
2;%] (2) - Xi(x) = VX () - X;(o) + =5
=2 > VXu(x) Xi(z) =) VXu(x) Xp(2)
i’,h =1 h=1

The two statements (1) and (2) follow from the above computations (see also Lem-
mas 1 and 2 in [18] for a different approach). O

5. Small-time attainability in control systems. In this section we prove the
main results of the paper.
Throughout this section we consider the following control system

(5.1) { @(t) = f(a(t), u(t), t>0,

where u € % = {u : [0, +00[— U measurable}, U is a compact subset of R™ S C R?
is a given closed target set, f : R? x R™ — R? f is of class Cﬁ.’i((Rd \S) xU) (in
particular we have local existence and uniqueness of the Carathéodory solution for
every T ¢ S).

We recall that our aim is to give sufficient conditions in order to find an admissible
trajectory of (5.1) steering z to S in finite time.

We collect in this lemma some basic properties of solutions of (5.1). The proof
can be found, e.g., in Theorem 5.4 in Chapter III, section 5, p. 219 of [1].

LEMMA 5.1. Let §,m > 0 and assume that U is a compact subset of R™, S C R?
is a given closed target set, f : R? x R™ — R, f is of class Cllo’i((Rd \ S) x U),

[[flloc < m on S5\ S. Given a measurable function u : [0,+oco[— U, consider the
Carathéodory solution of (5.1), let I be its (open) mazimal interval of existence, and
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set It = IN[0, +oo[. We recall that by assumption we have uniqueness of the trajectory
in Ss\ S. For any t € T+, we have that if 0 < lim,_,— ds(x(s)) < & then sup [T > t.
For any t € I such that x(s) € Ss \ S for all 0 < s <t we have ||z(t) — Z|| < mt.

DEFINITION 5.2 (&/-trajectory). Let # € R?, T > 0. We say that a continuous
curve yz : [0,T] — R? is an o/-trajectory starting from T if we have yz(0) = Z and
yz(t) € Zz(t) for any t € [0,T] (see also section 3.1 in [16]).

It is clear that every admissible trajectory of (5.1) starting from a point Z is an
o/ -trajectory starting from the same point, as shown in this classical example.

Ezample 5.3. In R3, define X;(x,y,2) := (1,0, —y) and Xa(z,y,2) := (0,1, ).
Consider the system (t) = u1(t)X1(y(t)) + u2(t) X2(v(¢t)), where uq, ug : [0, +oo[—
[~1, 1] are measurable. Set P = (0,0,0), and define a smooth curve y5(-) by setting

t2
(1) =10,0,— | .
yP( ) < ’ 716>
For every ¢t > 0 we have that

Up(t) & {urXi(yp(t)) + uaXa(yp(t)) : ur,uz € [—1,1]}.

Hence yp(+) is not an admissible trajectory for the system starting from the origin.
However, given ¢t > 0 and defining the controls

( ,0) fOI“OSSSt/Zl,
() () ) (0,1)fort/4 <s<t/2,
(ul (5), u3 (S)) ) (—1,0) for t/2 < s < 3t/4,
(0,—1) for 3t/4 < s <,

we have that the trajectory 5 () generated by the system using (uj (¢ )( ), uét)()) with
initial condition ¥ (0) = 0 is an admissible trajectory starting from the origin and
satisfying 7 (t) = yp(t). By the arbitrariness of ¢ > 0 in the previous construction,
we conclude that yp(-) is an «7-trajectory starting from the origin.

We now start to consider the behavior of the distance function from S along
smooth o7-trajectories of (5.1), providing a first result concerning estimates on the
distance to S of yz(t), ¢ > 0 sufficiently small. The main tool will be the semiconcavity
estimates of dg provided in Proposition 2.13. This proposition may be viewed as a
quantitative counterpart of Corollary 4.7 for the system (5.1).

Remark 5.4. The following simple fact, that can be easily proved by induction,

will be used: given &, ..., En € R, we have
N
> & —H£o||2+2250,@ +ZH&H2+2 Z (€, &)
=0 11]<7J1
[N/2]
Z ”51”2"’_22 Z glaé-j
Yl/v i
L+gj=i
N N N
Y lElP+2 YD (&) Sl +2) (&)
i=14|N/2] Li=1 i=1
l+j>]N

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 02/13/15 to 157.27.226.188. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

458 ANTONIO MARIGONDA AND SILVIA RIGO

PROPOSITION 5.5. Consider the control system (5.1). Letz ¢ S, L > 0, k €
N\ {0}, and {vf,...,0f} C R? with Zle [v¥| < L. Denote by Kz a semiconcavity
constant of dg(-) on B(Z,ds(T)/2). Assume that there exists an < -trajectory yz(-)
starting from T such that for any t > 0 with yz(t) € B(Z,ds(x)/2),

k .
= t T k+1
yw(t)—x—zlﬁvl < Lt¥T
Then for every ¢z € 0Pds(z), 0 <t < min{QHi‘SIIiO)H , 1}, we have
k .
(5:2) ds(yz(t)) = ds(z) <Y CilGo)t" + Cyt* T,
i=1

where Cy = Cy(Kz, L) > 0 is a constant independent of t, and

1 = = .
rﬂ(vf,vf), i odd,
1

i

1 _
5(@,1}?)4—21{5
! .
i
j

A~
~ I

(5.3)  Ci(Cz):

k 2
1 1, . . 1 i ,
5<Ci,1}f) + 2Kz z —— (v, v7) + Kz (W) ||vf/2||2, i even.

Bl 15!
JHl=1i
j<l
Proof. Set
LT
n(t) = yz(t) -2 — Z 5“?
i=1

—ds

According to Lemma 5.1, we have that yz(t) € Zz(t) C B(z, ) for any 0 <t <
ds(z)

mm{lefH 7+ 1}, so the segment joining yz(t) and 7 lies 1n81de B(z,ds(z)/2), and

hence outside S. We apply now Remark 5.4 with & = n(¢t) and & = ’;—,vf, recalling
that ||¢z|] < 1 by the 1-Lipschitz continuity of the distance function and 0 < ¢ < 1,
and that by assumption [v7| < L, to obtain

ds(yz(t)) — ds(z)

<Cﬂcayw( ) >+K7”yi(t)_j”2

Zl'vl +’r]()

=1

Czaz "UZ—F?? +K

k th [k/2] 42 k k 4i
z||2 T T
SRR W LTS 2 DT
i=1 i=1 1,j=1
1<
I+j=1i
k 2% k H+i
i=14|k/2] z,lj<:_1
l+jik

ki
+ Kaln()|” + 2Kz Y %W(t),vf%

=1
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Since Zle % < e — 1, we can estimate from above all the terms with order greater
than or equal to k + 1 by Cyt*™!, where

Cyp =L+ Ki;L(L(e —1)+2L(e — 1)*+ L+ 2L(e — 1)).

Rearranging the terms in the previous inequality, the result follows. d

Remark 5.6. For a general closed set, the local sharp semiconcavity constant
cx of dg(-) on a compact convex subset K of R? disjoint from S can blow up as the
minimum distance between elements of L and S tends to zero. In particular, given
z ¢ S, if we take K = B(%,ds(x)/2), then 2/ds(Z) is a semiconcavity constant of
ds(-) on K. However, if the set S satisfies the p-internal sphere condition, according
to Proposition 2.13 we have that 1/p is a semiconcavity constant for dg(-) on every
compact convex set disjoint from the interior of S, thus the sharp semiconcavity
constant is uniformly bounded.

When we consider (5.2), for ¢ > 0 sufficiently small, the sign of the right-hand
side is determined by the first nonzero element of {C;(¢z)}¥_,, since we can neglect
higher order terms. In particular, if this coefficient is negative, we have that for ¢ > 0,
t sufficiently small, the distance is decreasing along the trajectory.

Now we introduce a sort of higher order Petrov’s condition. Our aim is to show
that for every & ¢ S there exists an admissible trajectory of the system and a time
tz > 0 such that for 0 < t < t; the trajectory is strictly approaching the target .S,
moreover, we will provide a lower estimate on tz, linking it to p,, thus providing the
information lacking in Remark 4.8.

LEMMA 5.7. Consider the control system (5.1), assuming that S satisfies a p-
internal sphere condition for a certain p > 0. Assume that there exists L > 0, 6 > 0
such that for every x € S5\ S the following property is satisfied:

(HP) there exist i, > 0, ky € N\ {0}, {vf,..., 0¥} C RY, Ef;l lv;| < L, ¢ €
oFds(z), and an o -trajectory y.(+) starting from x satisfying for any yz(t) €
Ss\ S

Ci(Cx) <0 fori=1,...,ky —1 and Cx,((z) < —pla,
k .

o,

yz(t) — 2 — '§—1 i

where the C;((;) are defined as in Proposition 5.5.
Then there exists a constant ¢ > 0 such that if we set

1/kq
T, := min{l,u—w7 (_ds(x)) }7
c [

we have that for all 0 <t < T, such that y.(t) ¢ S,

(5.4) -

ds(y=(t)) — ds(z) < —“—; ke

Proof. Set K = 1/p. We notice from (5.3) that |C;((,)| < L+KL?*(2k*+1) =: 1.
Define

Ty =sup{t > 0: y,(s) € S5\ S for every 0 < s < t}.

We have 7, > 0 according to Lemma 5.1. Using the same argument as in Proposi-
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tion 5.5, for y,(s) ¢ S we have
ds (yz(s)) — ds(z) < (CorYa(s) — ) + K|lya(t) — ||

k
< — g - s 4 Z Ci(C)s + sPT1oy,
i=kat1

< —ptg 8P Oyt

where Cy = kC1+Cy > 0 does not depend on z, t. Letting ¢ = 2C,, forall0 <t < T,
such that y,(t) ¢ S we have

ds(yo (1) = ds (@) < —p -t + ot < —Ehe D

Remark 5.8. We have that (5.4) reduces to the classical Petrov’s condition if we
assume that it is satisfied for every Z in a neighborhood of the target with kz = 1 and
z = > 0 which do not depend on z.

We have introduced the higher order Petrov’s condition pointwise, so we can
consider p, as a function defined in a suitable neighborhood V' of S and strictly
positive in V'\ S. An interesting case is when we take it to be continuous, satisfying
ppv\s > 0 but allowing )55 = 0. Geometrically speaking, this case means that we are
allowing the (negative) coefficient of the leading term in expansion (5.2) to vanish as
we approach the target; the modulus of the component of the speed pointing toward
the target becomes smaller and smaller. In particular, we may not conclude that the
target is reached in finite time, even if the distance is still strictly decreasing along at
least one «7-trajectory starting from every point of V'\ S.

We will consider in particular the case in which u, = p(ds(x)), where u : [0, 0[—
[0, 4+00[ is a nondecreasing continuous function satisfying p(r) # 0 if » # 0 (but
allowing the possibility that p(0) = 0). This case occurs frequently in applications.
We will give sufficient conditions on i to ensure for every 2 € B(.S,d) the existence of
an admissible trajectory starting from Z that reaches the target S in finite time. We
will use a strategy similar to [18].

Remark 5.9. Since we will provide different results for targets satisfying the p-
internal sphere condition and for targets with positive reach, we summarize here the
relationships between sets with positive reach, sets satisfying the p-internal sphere
condition, and smooth sets:

1. if C is closed and convex then reach C' = +o00 and R? \ C' enjoys the p-internal
sphere condition, for every p > 0. However C' may fail to enjoy the p-internal
sphere condition (an example is given by taking a square in R?, where the
internal sphere property fails at the vertices);

2. if K is has positive reach, then R? \ K enjoys the p-internal sphere condition,
with p = reach K;
3. in general, if R \ K enjoys just the p-internal sphere condition we have that
K may not have positive reach, additional hypotheses are required (see ref-
erences below);
4. if K is a compact set with C! boundary then both K and R4\ K have
positive reach (possibly reach K # reachR? \ K).
We refer the reader to [21] and [8] for further details and applications, and to [19] for
a generalized version of these results.
Our first main result is the following.
THEOREM 5.10 (controllability result). Consider the control system (5.1) with
feCLl(RI\S) x U). Let p,6,m >0, k € N\ {0} be constants, and p :]0,5[— [0,1]

loc
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be continuous, nondecreasing, satisfying p(p) > 0 for any p > 0 and

Y .
0 pk(r)  Jo =k p(r) '

We make the following assumptions:

1. the closed target set S satisfies the p-internal sphere condition;

2. |f(zu)|| <moin (S2s5 \ S) x U (automatically satisfied if S is compact);

3. there exists L > 0 such that for every x € Ss\ S there exist 1 < k, < k,
{vi,...,u5,} €RY, ¢, € OPds(x), and an o -trajectory y,(-) starting from x
such that (5.4) is satisfied with pu, = p(ds(x)).

Then T'(z) < w(ds(x)) for every x € Ss, where

wt =0 ([ i+ [ =)

for a suitable constant C' > 0, thus STLA holds.

If we have also |V f(x,u)|| < m in (Sas \ S) x U, then T is continuous in S5 with
modulus of continuity bounded by w(s).

Proof. Fix T € Ss5. The strategy of the proof will be to define by induction a
sequence {(t;,x;)}ien such that (to, o) = (0,Z) and x;41 € X, (tiv1), 1-€., X941 can
be reached from z; in time t;;1 by an admissible trajectory of the system. Gluing
all these trajectories we can construct an admissible trajectory starting from z that
passes through each x; at time E;:o tp. Our aim is to show that lim; ,o ds(x;) =0
and Y77 th < 400, i.e., this admissible trajectory reaches S in finite time.

The basic idea is to apply at each step the estimates of Proposition 5.5 and
Lemma 5.7, ensuring that at each step we satisfy their assumptions.

Let K := 1/p. For every z € S5 we define T, as in Lemma 5.7. Define by
induction a sequence of times and points {(t;, z;)}ien C [0, +0o[xR? as follows. We
set (tg, z0) = (0,7) and given (t;,x;) € [0, +oo[xR?, we define

T (@), 00, (T (i) i T(a) < T,

where 6,,(-) is an optimal trajectory starting from z;. Notice that if T'(z;) < Ty,
then in particular T'(x;) < +00, so we have that there exists a trajectory of the system
such that 0,,(T(xz;)) € S. We set also r; := dg(z;).
We have to check the following.
Claim (a). If x; € Ss, then z; 41 € Ss.
Claim (b). lim;_, 4o r; = 0.
Claim (c). S5t < +oc.
Proof of Claim (a). If t,11 = T(x;) we have x;41 € S C Ss5. Otherwise, we have
that y,,(t) ¢ S for all 0 < ¢t < T,, since Ty, < T(x;). According to Lemma 5.7, we
have that for 0 <t < t;44

p(r:)
2
By passing to the limit for t — T,., we have r;+1 < r; so ;41 € Ss. O
Proof of Claim (b). If there exists ¢ € N such that r; = 0, we have that r; =t; =0
for all j > i and the proof is concluded. Assume now that r; # 0 for all i € N.
According to Claim (a), the sequence {r;};en is a strictly decreasing sequence of
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positive numbers, thus there exists » > 0 such that lim; .., 7; = r. Moreover, for
every i € N

Tig1 =T < —

w(ri) ke, preit ) () ()
> Ty, <max{— Y e e R < 0.

If we pass to the limit for ¢ — +o00 and recall the continuity of u(-) we obtain

lim p(ri) = p(r) = 0.
11— 00
Then necessarily r = 0 and the proof of this claim is concluded. a
Proof of Claim (c). This claim states that we are going to reach the target in a
finite time. The result is trivial if there exists ¢ such that r; = 0, so we assume that
r; # 0 for all : € N, i.e., T(x;) > Ty, for every i € N. According to the estimate given
in Claim (b), and recalling that 1 < k,, < k and that T, < 1, we have that

1 1 1
Tig1 — 1 < —ETffiu(Tz‘) < —§Tfi < —§Tk_1#(7"z‘)Tzi

2 o 22, (2) )

() pRE ) 1 e
—mln{ 5 ’2ck—1’§ri M/ (Tz‘) Twi

—C'3 min {uk(ri), rilfl/ku(m)} T,

IN

where C'5 > 0 is a suitable constant independent of x;, ;. This implies that

2(r; —7ig1) 2(ry — rig1)
Cy ik (i) Cgril_l/ku(ri)

2 Twi .

Since (- is positive and nondecreasing we have that p — =% (p) and p — (p'~* u(p))
are nonincreasing, and thus we have

0 9 ds(@)  gp ds () dr
T <S> T, <= L A ,
EPIEE e (/ w ), ) <

which concludes the proof of the claim. |
To conclude the proof of the theorem, we define

w(0) =7 (/ ud—() * / rl—lc/l:w)) :

and notice that we have that T'(v) < w(dg(x)) for all x € Ss.

If Vf is bounded in S5\ S, we can obtain more information by proceeding in a
way similar to Proposition 1.6 of Chapter 4, p. 230 in [1], or to Propositions 2 and 3
of [18].

Take x,y € S5 and without loss of generality assume that T'(y) < T'(z). According
to the previous estimate, we have that

T(y) <T(x) < wlds(z)) <w(9),
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since by definition w is nondecreasing. Let u, : [0, T(y)] — U be an optimal control
steering y to y € S in time T'(y). Consider the solution Z(-) of () = f(x(t), uy(t)),
2(0) = x, and set T := Z(T'(y)). By Gronwall’s inequality we have that there exist
constants ¢1, co > 0 such that

ds(z) < ||g— )| < e Ty —a| < ezlly — 2]
By the dynamic programming principle,
T(x) <T(y)+T(x) <T(y) +wlds(z)) = T(y) + wleally — =[]),

so [T(x) —T(y)| =T(x) — T(y) < w(eally — x|), as desired. O

Remark 5.11. In the above assumption, if we are allowed to choose pu(r) = Cr® for
a suitable C, o > 0 such that 0 < ok <1and 0 < 1/k—a <1, then T'(z) < C'd%(x),
where n = min{l — ak,1/k — a}. If the dynamics is Lipschitz, this implies Holder
continuity with exponent 7. Petrov’s condition corresponds to o = 0 and k£ =1, i.e.,
1 = const., and in this case we have w(r) = c¢r for a suitable positive constant ¢ > 0,
which yields Lipschitz continuity, as is well known.

Now we want to apply Theorem 5.10 to the affine control systems we considered
in (4.1), exploiting Lemma 4.6.

COROLLARY 5.12. Consider the control-affine system (4.1). Let p,d,m > 0,
k € N\ {0} be constants, and p :]0,6[— [0,1] be continuous, nondecreasing, with
wu(p) >0 for any p > 0 and

/ds(r) dr +/ds(z) dr e
0 pk () 0 =1k (r) .

We make the following assumptions:

1. the closed target set S satisfies the p-internal sphere condition;

2. f,g; € CPYRY) with |D'f||Le, ||D'gj||re uniformly bounded in Sas by a
constant m > 1 for j=0,....k+1;

3. for every x € Ss\ S there exist 1 < k, <k, (, € 0Fds(x), and Y* € £ such
that ordY?® =k, and

(G, Y¥(2)) < —plds ().

Then T is continuous in Ss with the modulus of continuity bounded by

w(s):=0(/osuf—@)+/osrllc+u(m>

for a suitable constant C' > 0.
Proof. According to Lemma 4.6, since Y* € .Z is of order k,, then there exists
an o/ -trajectory y,(-) such that

o the gl
Yu(t) — T — o

V() = 0 (1),

By the smoothness and boundedness assumptions on f,g; we have that |o(t*=)| <
mF k4 and | Y ®)(z)| < m*. Moreover, since

(€, Y) < —plds(z)),

the assumptions of Theorem 5.10 are satisfied (possibly replacing pu(-) by u(-)/k! and
setting L = (m + 1)**1). O

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 02/13/15 to 157.27.226.188. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

464 ANTONIO MARIGONDA AND SILVIA RIGO

The previous results concern closed target sets satisfying the internal sphere con-
dition property with uniform radius. Now we are going to switch to the case when the
target set S has positive reach. In this case, we can refine the rough semiconcavity
estimate of Proposition 5.5 with the generalized curvature defined in Definition 3.6.

PROPOSITION 5.13. Consider the control system (5.1). Let 6 > 0, L > 0,
ke N\ {0}, {vf,...,vf} CR? with Zle [vF| < L. We assume that

1. reach S > 26;
2. for every T € S5\ S there exists an of -trajectory yz(-) starting from T such

that
kg
E:‘r' < L+,
Then for every 0 <t < mln{guf” 1+ 1}, we have
(5.5) ds(yz(t)) — ds(z) < max Z Ciz( U Oyttt

Z € 9Vdg(p)
p € B A3 ®)75) dg(@)/2) =1

where Cy, s a constant not depending on Z, and

(5.6) Ciz(z,vF,...,v)

1 _ " 1 x T
5<Vd5(:r),vl>+ R l']'<<Z7Ul>a j> <<Z U > > i odd
= 1 - <<Z7vij/2>’vz/2>
R (7T
Y U () e

Proof. The proof follows exactly the argument of Proposition 5.5 using the
estimate proved in Proposition 3.8. Since for every 0 < ¢t < #ﬁll we have

yz(t) € B(z,ds(Z)/2), we then have

(5.7) ds(yz(t)) — ds(2) — (Vds(2),yz(t) — @)
< max % (Z,yz(t))

1

2

L max - (Zya(t) @), ys(t) — T).
p €B@E, d5@)/2)

IN

Set

k .z
n(t) = valt) =2 = 3 ot

i=1

and recall that ||n(t)|| < Lt**! by assumption.
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Given Z € {0Vdg(p) : p € B(Z,ds(Z)/2)}, and performing a computation similar
to Proposition 5.5 (recalling that 0 < ¢ < 1 and ||Z|| < Lip(Vdg)), we have

(2, y2(t) = 7), 42 (t) — )

x
K2

Lk/2] 42 ) k k 4 k 42 -
B Z (Z')2 <<Z7’in>7 +2Z Z ll l<<Z b >’ J> Z (Z')2 <<Z,’U$>,’U-
i=1 i=1 1,j= i=1+k/2]
Z+jii
k tl+j k t,L -
+20 30 ) + (Za@)n) +2 3 (Zn () v
l,lj<:j1 i=1
L+7>k
Lk/2] (2 k k 4 )
< (Z.,)2<<Z,vf>,vf>+22 Z i (Z.0f),07)
=1 i=1 l,l]<:j1
I+j=1
. k tQi k tl+j . k ti
+Lip(Vds)L | L. > a2k Z TR +2Z5
i=1+k/2] L,j=1 —
1<y
L+3j >k
Recalling that 0 < ¢ < 1, we notice that
(5.8) <Vds Z_Z'Z >
i
1 k+1
SZﬁWdS() TS lany
(5.9) (Z,n(t)),n(t))
< | Z| L2,
k tl
(5.10) 22 —,<<Z vf),n(t))
=1
Uy
<2 Z|| Ly 5 < 2¢|| Z|| LtF+
1=1
k S
tZJrJ x x
(5.11) 2 Z Tt {(Z.90), )
‘L,i_7<:j1
tH—J . - t1+3 . .
=2 ). qplaeden+2 3. (Zed)
g =1 ihj=1
k 4 k
£ k1 2 1
<2 Z i (Z,v7),vf) + 28" Z|| L Z g
g =1 i, =1
i< P<J
it+j <k it+J >k
<2 Zk: ﬂ«zm 7y + 2tF ke?|| Z|| L2
S~ Z'j' ) Y 7
oy
i+j <k
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Substituting this estimate into inequality (5.7), and taking into account that

T t z k+1
(Vds(2),yz Z; ﬁ (Vds(z),v]) + Lt" T,
we end up with
t b t% )
(1) — dg(z) < T z
Is) - s < mx > S(vas() W)+ 3 () o)
pe B dg(z)/2) =1 i=1
T i 1H+J<<Z o), vf) + Oyt
=il
;']<7j
iti<k

Rearranging the terms, and setting
Cy = L+ Lip(Vds)L(L(e — 1) + 2L(e — 1)* + L + 2L(e — 1)),

we obtain the desired inequality. Notice the similarity between this expression and
the corresponding one obtained in Proposition 5.5. |

Finally, we give the second main result of the paper, about controllability via
generalized curvature properties.

THEOREM 5.14 (controllability via curvature). Consider the control system (5.1).

Let p,6,m > 0, k € N\ {0} be constants, and 1 :]0,[— [0, 1] be a continuous and
nondecreasing function, satisfying u(p) > 0 for any p > 0 and

/ds(r) dr +/ds(z) dr e
0 pF(r) 0 ri=kp(r) .

We make the following assumptions:

1. reach S > 26;

2. |f(zw)|| + IVf(z,u)|| <m in (S2s \ S) x U (automatically satisfied if S is
compact);

3. there exists L > 0 such that for every x € S5\ S there exist 1 < k, < k,
{v1,...,05,} €RY, Zfil lv;| < L, and an < -trajectory y;(-) starting from x
satisfying

(5.12) {C:’i,z(x,vl,...,vk)_ fori=1,... k,—1,
' Chp.z(@, 07, . 0F) < —p(ds(x))

for every Z € {0Vds(p) : p € B(z,ds(x)/2)}.
Then T is continuous in Ss with the modulus of continuity bounded by

w<s>:=0(/osuf—@)+[rl—f/+um)

for a suitable constant C' > 0.
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Proof. The proof follows the same argument as Theorem 5.10 replacing Proposi-
tion 5.5 and the occurrence of C;(-), by Proposition 5.13 and C; z(-). a

Remark 5.15. We observe that if 9.5 is C*!', and hence satisfies both the internal
sphere condition and the positive reach property (see Remark 5.9), we have that
Ci(x) < C3(Vds(x)). In particular, the controllability condition given in terms of C; is
sharper. A situation where strict inequality holds will be presented in Example 5.22.

We state here a special case of Theorem 5.14.

COROLLARY 5.16. Consider the control system (5.1). Let p,6,m > 0, k € N\ {0}
be constants, and p :]0,6[— [0,1] be continuous, nondecreasing, satisfying p(p) > 0

for any p >0 and
/ds(w) dr ds@@) gy
St | s <o
0 pk(r) 0 ri=/kp(r)

We make the following assumptions:

1. reach S > 24;

2. |If(x,w)|| + |V f(z,w)]| <m in (Sos \ S) x U (automatically satisfied if S is
compact);

3. there exists L > 0 such for every x € S5\ S there exist 1 < k, <k, ”Zm € RY,
lvg | < L, and an o -trajectory y.(-) starting from x satisfying

(5.13) H (p,p+

tk
balt) = v — —of,

ds()
2m

< Lkt

1&><M%@D

for every p € B(x,dg(x)/2).
Then T is continuous in Ss with the modulus of continuity bounded by

o= ([ i+ | 7m)

for a suitable constant C' > 0.
We conclude this section by providing some examples illustrating the results.
Ezample 5.17 (Brockett’s nonholonomic integrator). The ground space is R3.
Set

9121, 22, w3) == (1,0, 22), g2(x1, 22, 23) = (0,1, —21),
and consider the (driftless) system @ (t) = u1(t)g1(x)+u2(t)g2(z), where ui(t), ua(t) €
[—1,1]. It is well known that at every point of R? we have
dim (span{gi (), g2(2), [91, 92](2)}) = 3,

and hence the system is fully controllable, according to the classical Chow—Rashevskii’s
theorem (see, e.g., section 0.4 in [11]). We set k = 2, i.e., the min order of Lie bracket

needed to generate the whole space. Take S := B(0,1) and § = 1. We notice that

Vds(z) = ﬁ for every z € S5 = B(0,2), and so
min  (uig1(x), Vdg(z)) = —|z1 + z223],
ule[—l,l]
min (uz92(z), Vds(2)) = —[z2 — 2123,
’qu[—l,l]

min - ([u1g1, u292(2), Vds (x)) = —|223].
ul,uge[—l,l]
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These three values are identically 0 if and only if z; = 9 = 23 = 0. Consequently in
Ss \ S there exists p > 0 independent of x such that

{Vneier(w),Vds(x» < —p.

Theorem 5.10 applies, yielding T'(x) < C+/ds(x), i.e., T(:) turns out to be Holder
continuous with exponent 1/2.

Remark 5.18. We notice that if we take the origin S = {(0,0)} as target set for
the system of Example 5.17, given a point z = (x1, 2, x3) the corresponding minimum
time function 7”(z) is equivalent to the Carnot—Carathéodory distance between z and
the origin, while dg/(z) = |z| is the Euclidean distance between z and the origin.
Applying the well-known Ball-Box theorem (see, e.g., section 0.5 in [11]), we recover
also in this case that there exists C’ > 0 such that 7"(z) < C’4/|z|, and thus the
Holder continuity of 77(-) with exponent 1/2.

A similar situation is given by the following.

Example 5.19. The ground space is R%. Set S := B(0,1), f(z,y) = 1073(~y, z),
g(z,y) = (—y,22), and consider the system

{ (@(8),9(t) = f(x(t), y(t)) + u(t)g(2(t), y(t)),
(#(0),5(0)) = (20, o),
where u(t) € [-1,1].

We notice that (f, Vdg) = 0, whence (f + ug, Vds) = u(g,Vds). The scalar

product vanishes on the axis, so along these lines Petrov’s condition cannot be satis-
fied.

Set z = (z,7) and Xi(2) = f(z) + w1g(z), Xa(2) = f(z) —wg(z), X3(z) =
f(2)+uz2g(z), where u; := —sign(—z2+%2) 6 {0,+1}, and ug := —sign(zy) € {0, +1}.
We consider the «7-trajectories yg )( t) == da(t/2,01(t/2,2)) and y(2)( t) = ¢1(t, 2)
starting from z. According to Lemma 4.9, we have

2

Wy s bopes e _ )
(5.14) =2+ 1 [+ 7 @VIE)fE) +wlf,6l(2) + ou(t),
_|_

We have also h(z) := [f, g](z) = 1073(—z, y).

Recalling that a semiconcavity constant K for the unit ball is equal to 1, that
IVds(2)]| < 1, ||f(2)| < 1073|z|, and ||[Vf(2)|| < 1, with the notation of Theo-
rem 5.10, we have

M (Vds(2)) = (Vds(2), f(z)/4) = 0,

(Vs () = 5 (Vds(), V() f(2) + 2 [F0](2) + 15 17 C)?
<110 6 10722 vd
< 5107|422 4 (Vds(2),wmlf 6)(2))

1076y/22 4+ 32 1+ Vai+y?\ 1078 | —a? + 7
2 8 4 ‘/x2+y2 ’
O (Vds(2)) = u2(Vds(2), g(2)) = —|ayl,

where Ci(h)(Vds(z)), h = 1,2, are the coefficients C;(Vdg(z)) computed, respectively,
for the expansions of ygh)(-), h=1,2.
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Consider now a point z € R? such that 1 < |z| < 8. In polar coordinates, we have
z = (pcosb, psind), with 1 < p < 8 and

01V (Vds(2)) = 0. i

M (Vds(z)) < 8-1076 — | cos 26,
1

c?(Vds(2)) < —5sin20)

We can always choose y!(t) or y2(t) in such a way that
max {C:El)(z), 01(2) (z)} <0.

Moreover, we have

-3

10
min{C{", c{¥}1 <8.107¢ -
2
=103 (8- 1073 — %) < —107%

max{|sin 26|, | cos 20|}

So if we take pu(-) = 10~%, the assumptions of Theorem 5.10 are satisfied with k = 2.
Thus 7T'(-) is 1/2-Hdlder continuous.

A more complex situation is described in the following

Example 5.20. The ground space is R2. Set S := B(0,1),

f(xay) = 1073 16\/ 2 + y2 - 1(_y7$)7 g(xay) = 16\/ 2 + y2 - 1(]—7 1)7

and consider the system

where u(t) € [-1,1].

We notice again that (f, Vds) = 0 and hence (f + ug, Vdgs) = u(g, Vdg). Thus
(g9, Vdg) vanishes on the line z + y = 0 and so Petrov’s condition cannot be satisfied
at these points.

We proceed in the same way as Example 5.19, defining ygl)(t) and yEQ)(t) as in
(5.14). When we consider higher order terms, we have to compute

h(z,y) = [f,gl(z,y) =

1073 [ —82% —ay — 9y +8 922 + 2y +8y% -8
8 ( (22 +y2 — 1)7/8 (x2+y2—1)7/8 ) ’
_10-3 (y—z)va? +y* -1

Vi + 42 ’

(Vf(@)f(2), Vds(z)) <107°/a2 +y2 — 1v/a? + 2.

<h(‘Tv y)a Vds(fl?, y)> =

If we consider points z = (x,y) with 1 < |z] < 2, recalling that || f(2)] < 10’2alk1.;/16 (,y),
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and that 0 < dg(z) < 1, we have

cV(Vds(z)) =0,

107° 1 _ 1. _
3 (Vds(2)) < —5=dg/*(v.9) + 75 - 10744y (w,y) = 7107y — 2ld ().
3 —
<1073 <§ 21072 — —|y 1 I|> d}g/g(x,y),

O (Vs (2)) < ~d (. y)le +y] <~ @yl + 9.
As in Example 5.19, we can always choose y.(¢) or y2(¢) in such a way that
max {C:El)(z), Cl(z) (z)} <0,

and there exists ¢ > 0 such that we have also

103 2
minfC), 0} < 20— df*(zy) <§ 5 10_2) < —edg/*(,y).

So if we take k = 2, u(r) = cr'/8, the assumptions of Theorem 5.10 are satisfied,
yielding that T'(z) < Cd?;/s(x) (see Remark 5.11 with o = 1/8).

We discuss now the example marking the difference between our results and the
results in [16] and [17].

Ezample 5.21. The ground space is R. Set S =] — 00, 0], thus it satisfies the
internal sphere condition and has compact boundary. Define f(z,u) = ez for 0 <

x<1/2,ue[-1,1], f(x) =0 for < 0. We have that f € Cl’l(Sl/Q \ S) x [-1,1])

loc
and without loss of generality, we can extend it to a function CL!((R\ S) x [~1,1]).

Clearly, for any 0 < & < 1/2 the optimal control corresponds to u(t) = 1. We

consider the optimal solution vz (t) = & + 102 — + o(t) corresponding to this choice of

control. We notice that if we take yz(t) = = + #gj, we have that Z > yz(t) > vz (¢),

thus yz(-) is an «/-trajectory. We choose v{ = 5 l(fgi. Recalling that dg(z) = = for any

0 <z <1/2, we have (Vdg(z),v1) < p(ds(z)), where u(s) = ngs' The assumptions
of Theorem 5.10 are satisfied, providing the estimate T'(x) < C(x — zlogx) for some
C > 0 (we recall that dg(x) = x for x > 0). Indeed, we can compute exactly the
minimum time function in this case, which turns out to be T'(z) =  — zlogx.

To compare our result with Theorem 3.1 of [16], consider now any </-trajectory

oz(+) starting from Z of the form

(5.15) oz(t) =T+ a(t,z) +t*A(Z) + o(t, Z),

where A(-) is a Lipschitz continuous map, ||a(t, z)|| < t°c¢(x) for s > 0, and a Lipschitz
map c(-) satistying ¢(xz) — 0 when dg(x) — 0. Since for small ¢ we have % (t) —z C
[2t/logZ, —2t/log T], we have

2t
| log |

la(t,Z) + t*A(Z) + o(t*, Z)| <

If we pass to the limit for z — 0, divide by ¢, and let ¢ — 0T, we have that A(0) = 0.
We conclude that Assumption A3 of Theorem 3.1 of [16], requiring the existence of a
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Lipschitz function b(-) such that

r—§
. <B s <||x—§|| Alw )> < b(2) <0,

&€ mg(x)

is violated, because the right-hand side is greater than or equal to 0, thus the main
result in [16] cannot be applied. Theorem 3.4 of [16], based on the same techniques as
Theorem 3.1 of [16] and dealing with control-affine systems, requires the vector fields
to be analytic and the target to be compact, but does not assume that the target S
satisfies any internal sphere condition or positive reach property. So this result seems
to be not directly comparable with ours in general. However, in this case, it cannot
be applied, too.

In [17] the results of [16] were extended allowing (x — 7g(x), A(x)) to vanish as
ds(xz) — 0. More precisely, Theorem 3.1, which is the main result of [17], requires the
existence of 0 < A < 522~ for the @/-trajectory o3 (-) defined in (5.15) such that

(x — ws(x), A(z)) < —5d§(aj).

Since A(0) = 0, by the Lipschitz continuity of A(-) we have |A(x)| < C|z|, and this
implies A > 2. However, since it is assumed a > 1, we have 22& < 2, thus even
Theorem 3.1 in [17] cannot be used.

Finally, we provide an example where the negative curvature of the target plays
a distinguished role, thus indicating the difference between Theorem 5.10 and Theo-
rem 5.14.

Ezample 5.22. The ground space is R%.  Set S := R?\ B(0,1), f(z,y) =
(0,2%+9?), g(z,y) = (0,2(2®+y?)). Notice that [f, g] = 0. We notice that z(t) is con-
stant for every admissible trajectory, so no horizontal shifting is allowed. This implies

that for every o-trajectory we have that the first component of any UE;)7U) appearing

in item (4) of Theorem 5.10 vanishes. In particular, we notice that (f +ug, Vds(z,))
vanishes on | —1, 1{x {0} for every u € [—1, 1], so Petrov’s condition cannot be satisfied
on this line. More precisely, we have that

D{un (f +ug,Vdg(z,y)) = — n{lai(l]y(l +2u)va?+y? < —lylvaz+y? <0.
— ue|—1,

Moreover, on this line we have Vds(x 0) = (signx, 0) for every = # 0, and hence
< (wo ,Vdg(x,0)) = 0.

In particular, we have C1(Vdg(z,0)) = 0 and C3(Vdg(z,0)) > 0, so the higher order
conditions required by Theorem 5.10 also fail.
Fix 0 < € < 1, consider

- 1 €
Ut = { () € BO.: dson) < 5.1l > 5

it

wl

05 o= { 0.9) € BO.D): dsten) < 5. 1ol < 5
and observe that in U} we have
i (f +ug, Vds(w,y) < —5.
We have that (Uf UU5) \ S = Sy/3.
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Indeed, we have that dg is concave on R? \ S, and by direct calculation we have
that

1 —y?
Hessdgs(z,y) = 7|(x P ( !EZ _52 )

is smooth and semidefinite negative on B(0,1)\ {0} =R?\ (S U {0}).
Given z := (z,y),2" := (2/,y") € B(0,1)\ {0} such that (0,0) ¢ co{z, 2’} we have

H(2,2) = %co{((Hess ds(z+ Xz —2"),z—2"),z—2'),\ € [0,1]}

= é{((Z, z—2"),2—2"), Z € co{Hessds(z + ANz — 2')), A € [0, 1]} }
since, according to the smoothness of dg(-) in B(0,1) \ {0}, we have that the Clarke
generalized gradient OVdgs(z + Az — 2’)) reduces to Hessdg(z + A(z — 2/)) at all
A€ 0,1].

If 2’ can be reached from z in time ¢ by an admissible trajectory, we must have
x =2, and if (0,0) ¢ co{z, 2z’}, we have

H(2,2)) = 1co{— = ~u)” A e, 1]}.

(@, y + Ay —y)]

In particular, given z € U5 and 2’ € B(z,ds(z)/2) NZ%.(t) such that (0,0) ¢ co{z, z'},
we have that
4—¢?
9

since on U5 we have 2% > (4 —£2)/9 and |z + (2’ — 2)| < 1.

Take now the admissible trajectory v of the system satisfying v(0,0) = z := (Z, §)
obtained by using u(t) = 1if g > 0, and u(t) = —1if y < 0.

In this case, we have

max J# (z,2') < —2*(y —y)* < — (v —v)?,

iy - o ’3324— 2 lf >Oa
o™ = f(7,9) +ug(#,9) = { —(0, 22 +y§2) ify§_< 0
and

6y(0,2% +¢°%) if >0,

og™ = V(f(@,9) +ug(2,9)) - (/(2,9) + ug(z,7)) = { —25(0,2% + %) if § < 0.

Accordingly, if (z,7) € Us, for every p = (ps, py) € B((Z,7), @) we have

Cr,p2as (@, 01" 05") = (Vds (@, 9),01"")) < 0.
We have also
(Vds(z,7),05"") <0,
which yields
Co,peas (2,017 0§ 7) < (D (p), vf™), o)
g2 4—¢?

4_
< —pi(a® +y?) < —pl 5 <
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recalling that [p;| > 1/2, since

ds(z
1—ds(z) = lHl < Ip— 21 + ol < & 1y

Hence
3 _
1-— 5615(2) < Ipl.

Taking ¢ = 1/3, we obtain that on 5,3 the assumptions of Theorem 5.14 are
satisfied with ¥ = 2 and g = —1/27. This yields Holder continuity of 7'(-) with
exponent 1/2.

6. Conclusions. We provided some controllability results both for general con-
trol systems and for affine control systems. These results rely on some estimates on
the distance function, which depend on the smoothness of the target, together with
structural assumptions on the dynamics, in a sort of interplay between the smooth-
ness of the target and the speed of approach, linking them also to the modulus of
continuity of the minimum time function 7'(-) in a neighborhood of the target.

The stated higher order Petrov’s condition generalizes the first order Petrov’s
condition and the results of [18], extending controllability conditions for this class of
nonlinear systems to quite general target sets, and do not require the target to be
an equilibrium point for the system, as in many known results. In particular, we are
able to cover a broad class of affine systems with nontrivial drift, thus extending the
result of [1].

The role of (generalized) curvature can be crucial in some cases to have controlla-
bility, helping to improve the rough semiconcavity estimate of the distance function.
It would be very interesting to substitute the pointwise formula provided with an in-
tegral estimate on curvature, in the spirit of the generalized Steiner formula proved by
Federer in [10] which involves the generalized curvatures as measures. This would lead
to conditions for controllability in a measure theoretic generic sense, and no longer
pointwise.
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