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ABSTRACT. In 1955, Martin Kneser showed that the Minkowski content of a
compact p-rectifiable subset M of R™ is equal to its p-Hausdorff measure:
L (B(M,t
L BMY) gy
t—0,t>0 a(n — p) t"~P

We extend his result to the reachable sets of a linear control system
&= f(z)u,

and we give an interpretation in terms of Riemannian distance.

1. INTRODUCTION

The tube of radius ¢ around a subset M of R" is the set of points at distance
less than t to M:

B(M,t) = {x ‘ d(M,z) < t} :

The behavior of its volume
L" (B(M,t))

-assuming that M is compact- as a function of ¢ has been studied from different
point of view.

Exact -polynomial- formulas are given under regularity assumptions on the set
M. When it is convex, Steiner’s formula holds for any positive ¢ (see Steiner [St1840],
Federer [Fed]). When M is a C? submanifold, Weyl’s formula holds for ¢ < tg
(Weyl [We39]). Both approaches have been unified by Herbert Federer [Fe59] with
the sets of positive reach, that he defined for this purpose.

As motivations for the calculus of the volume of tubes, we should first mention
the paper of Herbert Hotelling [Ho39] who gave a polynomial formula when M
is a curve on a sphere, for purposes in statistics. His work apparently motivated
Hermann Weyl who’s paper is published right after Hotelling’s paper. Since then,
many applications have been given in probability and statistics.

When exact formulas are not known, the other important issue is the asymptotic
behavior of the volume of the tube £ (B(M,t)). Two cases are to be looked at,
t — 4o0and t — 0.

The study of the asymptotic behavior at infinity gives information on the space
and is of interest in the Riemmannian setting, and trivial in R™.

When ¢t — 0, with very little regularity (M rectifiable, i.e., M is the image of
a compact subset of RP by a Lipschitzian map), the asymptotic begavior is given
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by the formula on the Minkowski content (name of the left-hand side), by Martin
Kneser (1955):

Theorem A. [Knb5, Satz 3], [Fed, Theorem 3.2.39] Let M be a compact p-rectifiable
subset of R™. Then
L (B(M,1))

. L (B(M,t)
t—}ggo a(n —p) tn—p HE(M),

where (i) = L1(Bgi(0,1)).

The regularity assumption on M is close to be minimal: take M = Upen{1/2"}U
{0}, it is countably O-rectifiable, £'(B(M,6,)) = 6,(—2log(d,)/log2 + 2) for

) =
dp, = 1/2", and limsupt_}o,bow = 4o00. See [Kn55, Satz 5] and [Fed,
3.2.40] for other counter-examples and references. However an extension has been
given by Ambrosio, Fusco, Pallara [AmbFusPal, Theorem 2.104], assuming M to
be countably rectifiable together with a weak regularity assumption.

The aim of our paper is to extend Kneser’s result on the Minkowski content to

reachable sets. Take a dynamic

with f(z) € GL,(R) -f continuous-, and u being a measurable map with values in
B(0,1). The reachable set at time ¢ is the set of points that can be reached by a
trajectory of the control system, at time ¢:

Ry(M,t) = {x ’ dzge M, Ju, =z :x(t;xo,u)}

In our setting (since u can take any values in B(0,1)), it is also the reachable set
at time less than ¢.

Different issues are studied on reachable sets. Regularity, estimates on the
perimeter, on the volume. In fact our paper was initially motivated by Alvarez,
Cardaliaguet, Monneau [AlCaMo05, 2005], on dislocation dynamics. To make it
short, they realize a dislocation (a closed curve moving with normal velocity) as a
reachable set of a time-dependent system

i‘:f(t,l') u,

with f(t,z) € GL,(R) and u having values in the unit ball.
The link with tubes can easily be seen taking f(z) = id, the identity map, for

every x. The trajectory z(t; xo,u) = xo —l—fot u is equal to ¢+t u when w is constant,
and

Ry(M,t) = B(M,1).
More generally, take the minimum time function
7¢(z,y) = inf{t | Ju, z(t;z,u) =y},
which is a “quasi-distance” (possible infinite values) in our setting. Then
Rp(M,t) ~ ETf(M, t),

precisely, R¢(M,t) C B, (M,t) C Ry(M,t') for every t < t'. So our question was:
can we extend Kneser’s result on the Minkowski content, something like



Question.
w £ (B-; (M, 1))
t—0,t>0 an —p)tnP
With H,, denoting the Haussdorff measure associated to the metric 7;. If we take
f(x) = Aid for every =z,

=H2, (M) ?

Ry(M,t) = B(M,\t) =B, (M,t),
_ Nz =yl
Tf(.fC, y) - )\ )
n " (B(M, Mt
YRyt LM (BOLAN)) NPHP (M)
t—0,t>0 a(n — p) tn—P t—0,t>0 a(n — p) (A t)"—P

but
Hﬁf(M) = \"PHP(M).
This non-intrinsic factor \™ prevents a direct extension like the above question. We

need to adapt the Hausdorff measure, following Cannarsa and Cardaliaguet [CaCa06],
to the dynamic f and we obtain the following extension:

Theorem B. Let M be a compact p-rectifiable subset of R™. Then
LR (M,
( f ( 7)) = 1P ( M),
t—0,t>0 a(n — p) =P
This result can be translated in terms of Riemannian distance. Take a continuous
Riemannian tensor F' and its associated distance dg. Then:

Theorem C. Let M be a compact p-rectifiable subset of R™. Then
1 L" (Ba, (M,t))
t—=0,t>0 «a(n —p)tnP
with an adapted Hausdorff measure H5 (M). This is obtained by the dictionary
F e b=t

Associated to the dynamic f is the Riemannian tensor ¥~! f~!, and the recip-
rocal follows from Cholesky’s decomposition.

Many extensions of the theories covering the formulas on the volume of tubes
have been given in the Riemannian setting. Federer explains how to extend the the-
ory of Hausdorff measures to Riemannian manifolds [Fed, paragraph 3.2.46]. Joseph
H. G. Fu [Fu89] extended much of the theory of Federer on curvature measures.
Steiner-Weyl formulas have been extended to the Riemannian setting, assuming
regularity of the set M (see, for example Gray and Vanhecke [GrVa81]). But ap-
parently, there has been no strict extension of Kneser’s result on the Minkowski
content.

Our paper is organised as follows. We present our main results in Section 2.
Section 2.1 gives the setting, our main result (Theorem B) is properly stated in
Section 2.2, reformulated in terms of minimum time function in Section 2.3 and in
terms of Riemannian distance in Section 2.4; Section 2.5 is devoted to some remarks
on the dynamic f. In Section 3, we state and prove results on the adapted Hausdorff
measure and on reachable sets, that will be useful for the forthcoming proofs. Our
main result is proved in Section 4, and the equivalence with the Riemannian setting
in Section 5.

= Hg (M),
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2. MAIN RESULTS

2.1. Basic definitions. !

2.1.1. The control system. Consider a continuous map
f:Q— GL,(R),
where 2 is a non empty open subset of R™. For any measurable function (control)
u: [0, +00) — B(0,1)
and initial point xg € €2, consider the Cauchy problem
(2.1) = f(z)u, z(0)=ux

Denote by X (xg,u) the solution set of (2.1):
(2.2) X(zo,u) = {(I,x) ’ I is an interval containing 0,

t
xe CULRM), Vte I, z(t) = xo —|—/ f(z(s)) u(s)ds}
0
The solutions are clearly absolutely continuous, hence a.e. differentiable, and:

z(t) = f(z(t)) u(t) ae. t

In view of the classical existence theorem of Peano and Carathéodory, and of Zorn’s
lemma, the set X (zp,u) is non empty, contains maximal elements (I, z(.;zo,u))
which all satisfy:

r

——c I
SUP B (z4,r) I|fl

(2.3) for every r < d(R™\ Q, z0) ,

In other words, we have an estimation (lower bound) of the time for wich the
trajectories are defined. The reachable set, or attainable set, at time ¢, from a set
M, is defined by:

Rp(M,t) = {z | 3zo € M, 3u € L,.([0,400), B),3(I,z(;;z0,u)) € X (0, u),
te[,xzx(t;mo,u)}.

The reachable sets have the semi-group property, which follows from the defini-
tion: for every non negative ¢t and T,

'Rf(MJ +7)= Rf(Rf(M, t)ﬂ').
One easily proves that R (M, t) is compact, if M is compact and for ¢ small enough.

I¥or a linear map A € My, (R), we denote its associated norm by ||A|| = SUp, ¢ F(o,1) A = For
any Q@ CR™ and f: Q — GL,(R) we let

I fllco = sup [If ()]l
zEQ

L™ denotes the Lebesgue measure on R™.



2.1.2. The adapted Hausdorff measure. For a given map
f:Q—GL,(R),

where ) is a non empty subset of R”, and for a fixed integer p € {1,...,n}, we will
now recall the notion of the adapted p-dimensionnal Hausdorff measure to f, HY,
that was introduced in [CaCa06] for p =n — 1.

First of all, for any set K C Q let us denote by diam;,(K) the (adapted)
diameter of K, that is,

diomy,(K) = sup [det( ()" @) @ -v)] -

Then, for any set £ C 2 and any number § > 0, let

HE 5(E) = mf{% f: (diam; (K))" ’ EC G K;, diam;,(K;) < 5},

i=1 i=1
where a(p) is the volume of the unit ball of RP. Finally, define
HY(E) = 51—i>%1+ HY 5(E).

In fact this is exactly the Carathéodory’s construction (see for example [Fed]) on
the set () associated to the map diamy,. If £ C (2, the construction on the set
R™ and the construction on the set Q give the same value for H{(E) and HP(E),
hence removing any ambiguity. It is easily seen that the above quantities H? s(E)
and H%(E) reduce to the usual ones, H(E) and HP(E), when f(z) coincides with

the identity matrix. Let us notice at this point that the factor |det(f (;U))|1/ P _when
differing from 1!- in the definition of the diameter diamy ,(K) makes the adapted
Hausdorff measure heavily depend on the dimension of the ambient space, and thus
somewhat non intrinsic, contrarily to the classical Hausdorff measure. We address
this issue in Section 2.4.

2.1.3. Rectifiable sets. We take the terminology of Federer [Fed, 3.2.14]. A subset
M of a metric space X is p rectifiable if and only if there exists a Lipschitzian
function mapping some bounded subset of RP onto M.

2.2. Statement of the results. Our main result, which clearly implies Theorem
B in the introduction, extends Theorem A of Kneser, on the Minkowski content of
a compact p-rectifiable subset M of R™, to a dynamic of the type presented above,
for a continuous map

f:Q— GL,(R),
where € is a non empty open subset of R”. Then the adapted p-Minkowski content

of the set M, where the reachable sets R (M, t) replace the tubes B(M, ), is equal
to the adapted p-dimensionnal Hausdorff measure to f of M.

Theorem 2.1. Let M be a compact p-rectifiable subset of Q). Then

CURe(ME)
0,650 al(m — p) t"—P HEY (M),

where (i) = L1(Bg:(0,1)).
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The proof of Theorem 2.1 is given in Section 4 . The upper bound of the
Minkowski content, Section 4.2, is quite straightforward, by mean of local linear
approximations. It could also be obtained by the general theory, following the lines
of Federer [Fed] on the Minkowski content and on the Carathéodory construction.
The lower bound, Section 4.3, is more tricky to obtain, it still uses local linear
approximations, but it also requires to locally shrink the covering cubes used in the
local linear approximation.

2.3. With the minimum time function. Associated to the control system is
the minimum time function

Tr(x1, x2) = inf{t | Ju, x(t;x1,u) = xa2}.

This is the distance induced by the control system: it is symmetric, due to the
particular form of the dynamic that we consider. It also enjoys the other properties
of a distance -note that it can be infinite, if €2 is not connected. The natural
extension, to our control system, of the definition of an Euclidean tube around a
set M, is the tube for the distance 7:

B,,(M,t) = "f )<t

o0 = {a] i ryte) <o}

The extension oi Theorem 2.1 on the Minkowski content should then be stated in
terms of tubes B, (M,t).

Theorem 2.2. Let M be a compact p-rectifiable subset of . Then

L (B, (M,t))
ta%)7t>0 a(n—p)tnr Hf(M)'

For a general control system, and every 0 < ¢t < t/, the following inclusions hold:
Usgt’R,f(M, S) C E.,-f (M, t) C Usgt/Rf(M, 8),
with possible strict inclusions, hence

£ By 000) £ ORe(M. )

1 =
t—=0,t>0 a(n —p)tnP  t=0t>0 a(n—p)trP

With the control system that we consider, because of its linear structure and because
of the control space equal to the unit ball,

Rf(M, t) = UsgtRf(M; S).

So both statements, Theorem 2.1 in terms of reachable sets, and Theorem 2.2 in
terms of tubes for the minimum time function, are equivalent. Because of our
interest in control, where the notion of reachable sets prevails, we have chosen
a presentation in terms of reachable sets. Also, we have seen that the natural
extension, to reachable sets, of the definition of a tube, would rather be the reachable
set at time less than t:

UsgtRf(M, S).
Since in our case R(M,t) = Us<, R (M, s), we stick to the traditional definition of

reachable sets, and we keep the lighter writing R (M, t) for the convenience of the
reader. Only keep this notice in mind when thinking to other possible dynamics.
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2.4. Interpretation (translation) in terms of Riemannian distance. The-
orem 2.1 can be equivalently reformulated in a Riemannian setting, in terms of
Riemannian distance. We briefly recall the setting, see for example Federer [Fed,
p. 281]. Let Q be an open subset of R™, and

F:Q—>S:{+(R)

be a continuous map such that F'(x) is positive and definite for every = € Q. Cor-
responding to the Riemannian tensor F, we define the distance dp(x,y) (possibly
infinite) between two elements z and y in  by:

1
dea) = int { [ (VOFOOR©) ] 01 - 0

7(0) =z,v(1) =y, is Lispschitzian} .

The fact that dp satisfies the properties of a (quasi)-distance can be found for
example in Federer [Fed]. Associated to dp is the notion of tube around a subset
M of Q:

Ba, (M, t) = {a:

inf dp(z,y) < t} .

yeM
Following Carathéodory’s construction of the Hausdorff measure on the metric
space (2,dr), we obtain the p-dimensional Hausdorf{f measure HﬁF. But the result
on the Minkowski content does not extend with the Hausdorff measure HgF. This
can easily be seen by taking F' = A%idgn, A # 0. Then

dp(z,y) = [A]z -y
Bo(M1t) = B (M, |§|>
: o (o(o4)
im L' (Bap (M, 1) _ lim Al |A[P—"
t—0,t>0 an — p) t"P t—0,t>0 " n—p
a(n —p) (|>\|)

= |APT"HP(M), with M p-rectifiable,

but

Hﬁp = [\PHP(M).
Since the behavior of the Minkowski content depends on the local variations of F,
we have little hope of a direct change in the formula of the Minkowski content, that
would yield the Hausdorff measure HY .

So we introduce an adapted, non intrinsic, Hausdorff measure H% -with hopefully
no confusion on the notations!- as in Section 2.1.2, by defining

(2.4) diamg ,(K) := sup |det(F(z))| "/ dg(z,y),

z,yeK
and following Carathéodory’s construction. We can now give the result on the
Minkowski content in this simple Riemannian setting, which clearly implies Theo-
rem C in the introduction:
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Theorem 2.3. Let M be a compact p-rectifiable subset of Q). Then
L" (Ba, (M,t))
im —————

t—0,>0 an —p)tnP

= He(M).

Theorem 2.1 and Theorem 2.3 are equivalent. A control system & = f(x)u, with
a continuous map f and a control u with values in B(0,1), induces a Riemannian
tensor

F=t

and the continuity of F' is obvious. Conversely, given a Riemannian tensor F|,
Cholesky’s decomposition provides a (unique) map f such that F =if~1 f=1 with
f(x) upper triangular for every x. The elementary operations yielding Cholesky’s
decomposition and the continuity of A +— A~! in GL,(R), allow to derive the
continuity of the map f from the continuity of F.

The equivalence between Theorem 2.1 and Theorem 2.3 follows then from the
following two observations. First,

Tf = dtf—l -1

which implies that
BTf(M’ t) = BdF (M7 t),

with F ='f~1 f~1. Second, the adapted p-dimensional Hausdorff measure to f, HY,
is also obtained on compact sets by Carathéodory’s construction, taking

. 1
(2.5) dianr, () = sup_|det(f(@)"? 7y (,y),

z,y
which is obviously equal to diamg ,(K). Thus ’H?, the adapted Hausdorff measure
to the dynamic f, and Hp, the adapted Hausdorff measure to the Riemannian
tensor F' = ‘f~1 f~1 do coincide on the set M:

Hin(M) = HE(M).

These two observations imply the equivalence between Theorem 2.2 and Theo-
rem 2.3, hence between Theorem 2.1 and Theorem 2.3.
We prove these two facts in Section 5.

2.5. Remarks about the dynamic.

2.5.1. Considering more general dynamics. The control system that we consider im-
mediately extends the usual euclidean distance, keeping its main properties. Among
others, the distance induced by the control system, namely the minimum time func-
tion is locally Lipschitz equivalent to the euclidean distance. More precisely, the
associated ball is almost the linear transformation of the euclidean ball

f(ZC()) E(Io, t)
This explains why the Minkowski content extends so nicely to this control system.
Of course one would want to extend the Minkowski content type result to more
general control system

&= f(z,u).
With comparisons between R¢(zo,t) and sets of the type A(xo) B(xo,T), with 7
depending on ¢, one can expect bounds on the upper and lower Minkowski contents.
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But, in general, two difficulties immediately appear, already with the linear control
system

One from the configuration of the control space. The other from the rank of the
linear map f. In R?, consider, for example,

[ = idge, u(t) € [0,1] x {0}.
Or
f= ( (1) 8 ),u(t)eB(O,l).

In both cases, the associated dynamic is

= (%) mwena
and
Ry([0,1] x {0}, ) = [0,1+1] x {0};
Ry({0} x[0,1],1) = [0,4] x [0,1].
This makes a general formulation already more tricky! Although one can look at
a degenerate linear map f as a limit of linear maps of full rank, and consider the

possible limit of the associated formulas, given by Theorem 2.1. Such a study is of
deep interest, but it goes beyond the scope of our paper.

2.5.2. Regularity of the dynamic. The continuity of the function f is not essential
to define the adapted Hausdorff measure H’;. So one will wonder what happens
when considering the same problem with a non continuous map f. Several concepts
of solutions exist when dealing with non continuous maps. The general study of
this issue goes far beyond the scope of our paper. Let us mention that, in this
direction, it will be worth studying the question for a differential inclusion

& € F(z).

3. PRELIMINARY RESULTS

In this section, we give lemmas on the adapted Hausdorff measure (Section 3.1)
and on reachable sets (Section 3.2), which will be crucial for the proof of Theo-
rem 2.1, but that can also be read independently from its proof.

3.1. On the adapted Hausdorff measure. As noted in [CaCa06], the adapted
Hausdorff measure H? can be easily estimated by the usual Hausdorff measure H?
as follows. Let 2 C R™ be such that, for some constant p > 0,

[det f(x)] = i If@l<p VoeQ.

Then,

1
e(p)
for every set E C Q and some constant c¢(u) > 1.

If f is constant, then H? is a simple rescaling of the usual Hausdorff measure as
shown by the following lemma.

(3.1) HP(E) < Hy(E) < co(p) HP(E)
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Lemma 3.1. Let A € GL,(R). Then, for every set E C R",

HY(E) = |det A|HP (AT E).

Proof of Lemma 3.1. Observe that, for any set K C R",

diam 4 ,(K) := |det A|*/P sup |A™ (z — y)| = |det AlYPdiam(AT'K) .

z,ye K

Therefore, for any § > 0 and any £ C R"”

My s(E)
_ D) =, §
= |det A|1nf{ N ; (dlam(A ‘ EcC HK“ diam(A~1K;) < et AP
o fa(p) o
= |detA|1nf{ 2(p Z (diam(K. ‘ AT'E C UK diam(K)) < )\5}
i=1
= |det A|HE;(AT'E),
where ) := 1/|det A|'/P. The conclusion follows as § — 0. [

We now turn to analyze the dependance of the adapted Hausdorff measure ch on
the dynamic f.

Lemma 3.2. Let Q C R™ be an open domain and let f,g : R® — GL,(R) be
continuous maps satisfying

@ @I, ls@I <
o el {(b) |det £(a)], | detg(z)| > L

for some constant p > 0. Then there is a constant cp(p) > 0 such that
(3.3) [HG(E) = HG(E)| < cp(m) | f = glloo min{H}(E), Hy(E)}
for every set E C (.

Proof. Observe, first, that for all sets K C (2

(3.4) diam, , (K) < dy(f, g) diamy,, (K)
where
| det g(x)|"/7|lg(z) " f(=)]|
W)= s [det J (x)[1/7 :

Now, let E C Q, fix positive numbers ¢ and §, and let {K;};en be a family of
subsets of ) such that diamy,(K;) <d, E C U; K; and

oo

H

z=1

j
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In view of (3.4), diamg ,(K;) < d,(f,9)d =: dpd for all i > 1, and

HE 4 5(E) — Mo 5(B) < a;f) f; [(diamg,,,(m))” ~ (diamy,(K:)"| +e
< |dy(f,9) 3 Pie
2!
< [d(f.07 1] (H§5<E> )
Thus, since ¢ is arbitrary,
HE 105 (E) = 13 5(E) < [dy(f,9) — 1] 3 5(E),
whence, as § — 07,
(35) HA(E) ~ H}(B) < [dy(f,0)? — 1] HE(E).
Finally, let us bound the term d,(f,g)? — 1. We have
dp(f,9)" —
< sup I S O oo )P+ sup (o)A@~ 1).
Since
la? —b°| < p(a+b)Ptb—al  Va,b>0,
we conclude that
o) @I ~1 < (L g™ F@I) o)™ @) -1

<
< op(w)llgla) " f@)]| - 1]

Moreover, owing to assumption (3.2),

llg@) = f @l =1 = [lgl)~" f@)] ~ llglz) ™ g ()l
< lg@) S (@) — gl )HScp( NS =9l -

Furthermore, noting that det f and det g are polynomials in f;; and g;;, respectively,
we also have

N

|det g(x)| — [det f(2)] < cp(W)IIf — glloo -
So,

(3.6) dp(f,9)" =1 < ()|l f = 9llos
Then, by (3.5),

Hy(E) = HY(E) < cp()llf — gllee HE(E).
Exchanging f and g, we obtain

HYH(E) = Hg(E) < cp()ll.f — gllee H(E) ,
whence

(H3(E) = Hg(E) < cp(w)llf = glloo max{H}(E), H{(E)}.

9
The conclusion follows noting that, on account of (3.5) and (3.6),

Hy(E) < dy(f,9)PHE(E) < [L+cp()If — gl HE(E) .- u
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We now give a result describing an additivity property of the adapted Hausdorff
measure with respect to cubic coverings. For any z° € R™ and any r > 0, we denote
by F(2°,r) the covering of R"

n
F(a®,r) = {H [a:? + k;r, x? + (ks + 1)7‘] ‘ (k1,...,kn) € Z"}
i=1

made of cubes with sides of length r, parallel to the coordinate planes x; = 0, and
vertices in the lattice generated by zg.

Lemma 3.3. Let M C R™ be such that H?(M) < oo. Then, for any r > 0 there is
a countable set D € R™ such that, for every zo € R*\ D and r >0,

HE M) = Y HEMNEK)= Y HYMNintK).
KeF(x0,r) KeF(x0,r)
Proof of Lemma 3.3. Since
S HUMNintK) < HHM) < Y HUMNK),
KeF KeF

it suffices to show that H%(M NbdK) = 0 for every cube K € F(x0, 7). For this
purpose we note that, if

K =

for some (k1,...,ky) € Z™, then

[2) + ki, 20 + (ki + 1)r]
1

n

n
MnbdK c | ((MmHaic?+k7;r> U (MﬂHi?-i-(kri-l)r))
=1

where H, = { x € R" | x; = X }. It is thus sufficient to show that there is a
countable set D; C R such that H'; (M N HY) = 0 for all A\ ¢ D, or, recalling (3.1),
such that HP(M N H}) = 0 for all A € D,. This can be done by a classical measure
theoretic argument. Indeed, let

Di:={XeR|H(MNH)>0}.

Then, DF :={ ANe R | HP(M NHi) >1/k } 1 D; as k — oo. Moreover, D¥ is a
finite set since H? (M) > 3, o pr HP(M N H}). Therefore, D; is at most countable.
This completes the proof. [ |

3.2. On reachable sets. The following result will be of use in the proof of Theo-
rem 2.1. It can easily be generalized by only assuming || f — g]|cc < &, adapting the

values in the inclusion. Note that the second inclusion amounts to an interior ball
property, see [?] in a more general setting.

Lemma 3.4. Let Q be an open subset of R™, let f and g be two continuous maps
from Q to GL,(R), let € > 0 such that

sup [|f(z) —g()| <e.
(z,y) QX

Let M be a compact subset of Q. Then, for every t > 0 small enough
R(M,t) C Ry(M,t) + B(0,et) C Ry (M, (1+¢llg™"||0) t)
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Proof of Lemma 3.4. We denote by X (¢, u) -respectively Y (zo, u)- the solution
set of the equation

&= f(z)u, x(0)=uxg-resp.,y = f(y)u, y(0)==xze-u(.)e€ B(0,1).
We noticed, see (2.3), that all the maximal elements in X (zg,u) and Y (g, u) -the
trajectories- are defined at least till a given time. Since the set M is compact, we
obtain a -positive- lower bound t¢,; of the time till which the trajectories starting
in M are defined. Assume that t < t57, take an element x(t;xo,u) in Rs(M,t).
Consider a maximal element y(.;zg,u) in Y (zo,u), which is thus defined till ¢,;.
The first inclusion follows from the observation

t
(2(t 20, u) — y(t;z0,u)| = / (53 20, 0) — (51 0, u)ds
0

/0 (F(x(s: 20, u)) — g(u(s: 20, w)) u(s)ds

< et.

The second inclusion is merely an interior ball property. Since the trajectories
are locally Lipschitz, Rq(M,t) C B(M, Kt) for some constant K and for ¢ small
enough. Since M is at a positive distance from R™ \ Q, take ¢ small enough such
that

Ry(M,t) + B(0,et) C Q.

Take a point yo = y(t; 2o, u) in R,(M,t) and an element h in B(0, et). The segment
[yo, Yo + h] is thus contained in . Let

T = max||g~ " ([yo, yo + h))|| |R]
Take the control v defined, for 0 < 7 < T, by
_ -1 T
o(T) =g (yo + Th)

Then v(7) € B(0,1) for every 7, and the map

h
T

-
. _ “h
y(T390,0) = 9o +
satisfies

= 9(y(75 90, 0))(7)

Nl =

9(T390,v) =
Thus
Yo +h =y(m590,v) € Rg(Ry(M, 1), T).
By the semigroup property of the reachable sets, we have

Ry(M,t)+B(0,et) C Ry(Ry(M,t),T) = Ry(M,t+T) C Ry (M (1 + g™ ) t)

4. PROOF OF THEOREM 2.1

In this section, we prove Theorem 2.1 in three steps. First, if we assume that the
dynamic f is constant (Section 4.1). Then, in the general case, we show (Section 4.2)
the inequality:

LM(Rs(M,t
lim sup (Ry (M)

I < HE(M
t—0,t>0 o(n —p) t"P (M)
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Finally, in Section 4.3, we show the reverse inequality:

. LRy (M,2))
p < Z AT
Hf(M) = tl:n(}’%gf() a(n —p) tn—r

4.1. The constant case. Assume that the dynamic f is constant, i.e., f(z) = A
for every x, with A € GL,(R). Notice that

Ra(M,t) =M +tAB(0,1).
then
LY Ra(M,t) = L"(A(A™'M+1tB(0,1)))
= |det A|L" (A™'M +tB(0,1))

Apply Kneser’s Theorem A on the Minkowski content, to the set A~'M, and
Lemma 3.1 to the set M and the linear map A

LM"(RA(M,t

LM (Ra(M, 1) ’7)) = |det A| HP(A™*M)
t—0,t>0 a(n — p) t"—P

= HY(M)m

4.2. Upper bound. Since the map f is uniformly continuous on a neighborhood
of the compact set M, for every positive integer v, let r > 0 such that

o=yl < (4" = [£@) — f)] < 5

We cover the set M by a finite family F' of cubes with disjoint interiors, each
one with side length r and meeting M. Assume that r is small enough to have
K + B(0,7) C € for every cube K € F. We write

M =UgerMNK

and we notice that
Ryp(M,t) =UgerRs(MNK,t).
Take an element zx in each cube K. By definition of the covering F,

1
sup [|f(z) = flex)ll < —
x€K+B(0,r) v’

and from Lemma 3.4,
1
Rp(M K, t) C Ry <M nK, ( Hf(xK) H ) t)
Then

(1) L'(Ryp(M,t) < > L (Rf(m<MmK,< [BACT )1”> >>

KeF

Notice that, for every cube K, in view of Section 4.1 (Theorem 2.1 in the constant
case)

lim
t—0,t>0 a(n —p) tn—p

£ Ry (MK, (14 1H20) 1)) ( M- 1||> M MR

flzx)

Divide Equation (4.1) by a(n — p) t"~P, take the upper limit when ¢ — 0 noticing
that the sum of the upper limits is greater than the upper limit of the sum, and
take C to be greater than the supremum of the || f(zx)~!|,
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4.2 lim su
(42) t—>0,t>% a(n —p)tn=r —

LRy (M. 1)) _ (1 .\ c>”—1’

v

ZHM J(M N K)

KeF

For every cube K, sup,cf || f(z) — f(zk)| < 2, and from Lemma 3.2, by even-
tually changing the constant C,

H oy (M NEK) < (1 + S) HY(MNK)
From Lemma 3.3, it is possible to choose the cubic covering such that
HE(M) = Y HY(MNK)
KeF
Equation (4.2) then implies
n—p+1
g e < (155) H0n
and taking the limit when v — oo,

lim sup LRy (M. 1)

———= <H
t—0,¢>0 a(n —p) tn—P

(M) =

-3

4.3. Lower bound. Take an integer v and associate a covering F' like in the pre-
vious section. Recall that

Rf(M, t) = UKGFRf(M NK,t).

Take an integer 4, greater than v. For every cube K of the covering F, let K, be
the smaller cube, at distance i from R™\ K:

K, = {x eR" | d(z,R"\ K) > ;}

Then, for every cube K,

Rf(MﬂK t) C Rf(MﬂK t).

v

be the supremum? of ||f~'(M 4+ B(0,r))||, for ¢ small enough,

Recalling that sup,c i o, If (@) — flzr)l < 1 and by Lemma 3.4, taking C to

C —1
Rf(z;() <MQK'U,, (1 + l/) t) C Rf(MﬂKH7t)

We thus have the inclusion

C —1
U Rewn <MQKH, (1+ U) t> C Ry (M,1).

KeF

The union in the left-hand side is clearly disjoint for ¢ small enough. Then
o\ !
(4.3) Lr ( U Ry (MHKH, <1 + ) t)) < LR (M, 1)).
v
KeF

Zsince the map A — A~ is continuous in GL,(R), the map f~! is continuous.



16 PIERMARCO CANNARSA AND MARC-OLIVIER CZARNECKI

Notice that, for every cube K, in view of Section 4.1 (Theorem 2.1 in the constant
case)

lim
t—0,t>0 a(n —p)tn—p

1+ — L N(MNK,)
v

£ Ry (MO K, (14 €)' 1)) o\ P
= ( ) Mo

Divide Equation (4.3) by a(n — p) t" P, take the lower limit when ¢t — 0 noticing
that the sum of the lower limits is smaller than the lower limit of the sum,

C p—n ) ) En R ]\4’1L
4 <1 * v> D H oy (M NK,) < liminf LRy (M, 1))

= t—0,t>0 a(n — p) t"~P

For every cube K, sup, ¢ ||f(z) — f(zx)| < 1, and from Lemma 3.2, by eventually
changing the constant C'

C -1
(1 + V) HY(MNK,) < H’;(W)(MHKH)

Thus

c\P ! . LRy (M, 1))
— ) < liminf =S 2)
(1 + 1/) I;Hf (MK, < th—{%,gfo a(n —p)tr—p

Take the limit when p — oo, notice that lim,, .o H (M N K),) = H} (M Nint K):

p—n—1 n i
(4.5) 1+ ¢ > HR(M NintK) < lim inf LRy (M. 1))
v = f t—0,t>0 a(n — p) t7~P

From Lemma 3.3, it is possible to choose the cubic covering such that
HE(M) = > H(M NintK)
KeF
Equation (4.5) then implies
p—n—1
n M
(1 + C) H’;(M) < liminf M
v t—0,t>0 a(n — p) =P

and taking the limit when v — oo,

LM (Ry(M,t
HE(M) < liminf L(Ry(M, 1))
t—0,t>0 a(n — p) tn—p
5. PROOF OF THE EQUIVALENCE OF THEOREM 2.1 AND THEOREM 2.3

We recall that the equivalence between Theorem 2.1 and Theorem 2.3 is a direct
consequence of the following two facts:
7y =dyoa g,
and
HE (M) = HE (M), with F =f~1 f~1.

They imply the equivalence between Theorem 2.2 and Theorem 2.3, hence between
Theorem 2.1 and Theorem 2.3. We now proceed to prove this two facts in the
following two subsections.
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5.1. Minimum time function and Riemannian distance.

Lemma 5.1. Le Q be a nonempty open subset of R™, and f : Q@ — R" be a
continuous map. Then:

Tf = dtf—l f-t-

Proof of Lemma 5.1. Consider two elements y and z in 2. take a positive
real number T and a control u : [0, +00) — B(0,1) such that:

(T y,u) = 2.
Then

T t
| Catts) (570 57 Gl i) P = [ utola
0 0
< T
In order to keep the normalization in the definition of the distance d+f—1 y-1, define
v(t) = (Tt;y,u). Thus dig-1 p-1(y,2) < T, and by taking the infimum on T', we
obtain
depr p1(y,2) < 74(y,2).

Now, to prove the converse inequality, take a Lipschitz continuous ~ : [0, 1] — £,
such that v(0) =y, v(1) = z and let

té (/) (F7 £ () 7' (1)

1/2

T dt

1
- A!ﬂ%ﬂr“ﬂwwt

Define ¢ : [0,1] — Ry by

t
wlt) = [ |fo@) o) ds
0
Assume that 7/(¢) # 0 for almost every t. Then ¢ is absolutely continuous, increas-
ing, $(0) = 0, (1) = ¢ and
Y1) = [fr®) A @)

Moreover, since ¢'(t) # 0 for a.e. t, the map ¢! is also absolutely continuous.
Define:
(t) = @) forte[0,7]
_ fe@) Y @)
O = i@y e T

The map u is measurable and has values in B(0,1). Having in mind that o ¢!
is absolutely continuous, notice that

0
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Hence ([0,7T],z) € X(y,u). Moreover

2(T) =y~ HT)) =1(1) = 2,
hence 74(y,z) < T'. Taking the infimum on T

Tf(y, Z) S dtf—l f—l(y7 Z)
Now, if 7/(¢) = 0 on a set of positive measure, a simple way is to define

vt = [ 166D )] +e ds

and to observe that the above proof can be adapted with minor modifications,
letting € — 0 at the end. [ |

5.2. Adapted Hausdorff measures.

Lemma 5.2. Le Q be a nonempty open subset of R™, and f : Q@ — R" be a
continuous map. Let M be a compact subset of ), and let F =t~ f~1. Then:

HA(M) = H?(M).
Proof of Lemma 5.2. Since
T = dtf—l F1

from Lemma 5.1, recalling the definitions of diam,, ;, (2.5) and diamg , (2.4), we
have

diam,, , = diamg .
Thus the proof of Lemma 5.2 is finished if we prove that H?, the adapted Hausdorff
measure to the dynamic f of the set M, is also obtained by Carathéodory’s con-
struction with diam,, ;, (instead of diamy ;). This is achieved with a comparison

between diamy ; and diam;, ;.
Take r > 0 such that

B(M,r) C Q
and K > 1 such that, for every € B(M,r),

@I <K @ I<K < ldef@)

For ¢ > 0, using the uniform continuity of f and f~! on the set B(M,r), take a > 0
such that

= z)~! < l+e
Vo) € BOLP oyl <a={ | M HW]
Take 6 > 0 small enough (6 < 7=, § < 27). Let (K;);en be a countable covering of

M, such that diamy ,(K;) < 6. We assume that K; C M (replace K; by K; N M).
Take a set K;, and two points y and z in K;. Then

|det f()7 |/ ()~ (y = 2)| < diamy, (K;) <3,
hence
1f(y) "My —2)| < K§
and
ly—2| < K*§ <,
which implies that -since y (and z) belongs to M-
[y, 2] € B(M,r)
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hence [y, z] C Q. Define
v(t) =tz + (1 —t)y.
In view of Lemma 5.1 and of the definition of the Riemannian distance dep—1 y-1:

rr(,z) < /\f '(#)] dt
< /\ftz+1—t)) 1z — )|
< 1f@) e — )+ sup [+ (1—0y) " — F@) 7 |2yl

t€(0,1]
But |z —y| < K?6 < «, and
Il f(tz+ (1 —t)y)™" — f(y) || < e for every t € [0,1].
Thus
1f() " (= =)l +€|Z—y\
(1+ Ke) ‘f z—y)|

71 (Y, 2)

IN A

So, we obtain that
diam,, ,(K;) < (14 Ke) diamy , (K;),
and
Hyps(M) < (1 + Ke) H} 5(M).
At the limit when § — 0,
Hyp (M) < (1+ Ke) H} (M),
and, when € — 0,
HAR(M) < H’;(M).

Now, to prove the other inequality, take a countable covering (K;);en be a count-
able covering of M, such that diam,, ,(K;) < §, and such that K; C M (as noted
above, possibly replacing K; by K; N M). Take a set K;, and two points y and z
in K;. Then

|det f(y)|7 |7¢(y, z)| < diam,, ,(K;) <,
hence
77 (y, 2)| < K.

= z. Assume that the trajectory z(.;y,u) remains in

Take t such that z(t;y, u)
(siy,u) € B(M,r) for every s € [0,4]. Let a()) = a(;y,u).

th set B(M,r), i.e., x
Then, for a.e s,

()] = [f(z(s))uls)| < K
and
hence

|z —y| < K74(y,2) < K26.

Now, if the trajectory does not remain in B(M,r), let
T =inf{s|z(s) ¢ B(M,r)}.
Then z([0,7]) € B(M,r) and
=d(M,z(7)) < |z(r) —y| < KT < Kt.
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If ¢ has been chosen close enough to 7¢(y, 2), we obtain a contradiction with 0 < .

Thus,
r
Define

Then

@'(s) = f(y) 7' fx()uls).
If, for every s, |z(s) —y| < a, then ||f(y) " f(x(s))]| < 1+¢ and ¢'(s) < 1 +¢,
hence

[F) "y = 2)| = le(t) — 0(0)] < (1 + o)t
hence
[f) Hy—2)| < A+ o)75(y,2).

If, for some s, |z(s) — y| > «, take

T =inf{s ||z(s) —y| > a}.
Then |2(7) — y| = , 2([0,7]) C B(y, ), and

[f) 7 @) =y < A +e)r < (L+e)t.

Also,
F) My —2)| < Kly—z|< K%
< 2lelr) 3l = = @) W) ()~ )
< |fy) Halr) —y)| < A+ o)t
Hence

1f@) My —2)| < A +e)rs(y, 2).
‘We thus obtain
diamy ,(K;) < (1 + Ke) diam,, ,(K;),
and
H’;’é(M) < (1+ Keg) H%’é(M).
At the limit when § — 0,
H?(M) < (1+ Ke) HR(M).

and, when € — 0,
H?(M) < HR(M). m
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