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1. Introduction

In this paper, we consider a control system governed by a differential inclusion. We are
given a multifunction F' mapping IR™ to the subsets of IR*, and a time interval |a, b].
Associated with F' is the differential inclusion

t(t) € F(z(t)) a.e. tE€]la,bl. (1)

A solution x(-) of (1) is taken to mean an absolutely continuous function x : [a,b] — R®
which, together with &, its derivative with respect to ¢, satisfies (1). For brevity, we will
refer to any absolutely continuous function z from [a, b] to IR™ as an arc on [a, b]. We also
refer to an arc z satisfying (1) as a trajectory of F.

The bilateral minimal time function T : R™ x IR® — [0, +00] is defined as follows, for
(a, B) € R* x R™, T'(r, B) is the minimum time taken by a trajectory to go from « to g
(when no such trajectory exists, T'(«, (3) is taken to be +00). We set

RY ={aeR" : T(0,a) < +oc},

the set of points attainable by trajectories beginning at 0. The lower Hamiltonian
h: R x R* — 1R (resp. upper Hamiltonian H : R* x IR® — IR) corresponding to F
is defined as follows

h = i . H = )
(z,p) vg‘Fl&)(p’w (resp. H(x,p) vr%w»
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Given a lower semicontinuous function f : R* — IR U {400} and a point x in the
effective domain of f, that is, the set

domf := {2’ : f(2") < 400},

we say that a vector ( € IR™ is a proximal subgradient of f at x if there exists ¢ > 0 such
that

fly) = fl@) +olly -l = ¢y —2),

for all y in a neighborhood of z. The set of such (, which could be empty, is denoted by
Op f(x) and referred to as the proximal subdifferential. Then the prozimal superdifferential
of an upper semicontinuous function f at x is defined as 8% f(z) = —0p(—f)(x). The
Proximal Density Theorem asserts that dp f(x) # () for all z in a dense subset of dom f.
We also define the limiting proximal subgradient of f at € dom f by

Opf(x) :={lim¢ : G € Ipf(xi),xzi — x and f(x;) — f(z)}.

For more information about the preceding definitions see [10].

This article focuses on the following problem for the Hamilton-Jacobi equation:
1+ h(z,0pp(x)) =0 Yz € RY, ¢(0) =0 (%)

A solution of (x) means a lower semicontinuous function ¢ : R} — IRU{+oc} such that
©(0) = 0 and for every x € RY, for every ¢ € dpp(x) (if any), we have h(z,{) +1 = 0.
This is equivalent to the statement that ¢ is a viscosity solution (see [11]) of the following

Hamilton-Jacobi equation:
H(z,—¢'(x)) =1 =0 Yz € R}, »(0) =0,

see [8] and [10] for the proof of the equivalence. When F' admits a standard control
representation F'(z) = f(x,U), then this assumes the form

max{(f(z,u),—¢'(z)) : ue U} —1=0,

a familiar object of study in connection with the dynamic programming approach to
optimal control, see for example [2].

When (%) is modified by deleting the origin from the domain of the problem, there results
a well-studied problem. Essentially one finds that the solution is the familiar (unilateral)
minimum time function 7°(-,0). However, T'(-,0) is never a solution on a set containing
the origin, since necessarily we have 0 € 9pT(+,0)(0) and h(0,0) = 0. We refer the reader
to [2], [5] and [21] for discussions of this case.

In this article we explore (apparently for the first time) the consequence of including the
origin in the domain. Our goal is to identify a framework in which such global solutions
can be usefully studied. In contrast to the classical case, it turns out to be the bilateral
minimal time function that plays a central role in determining the solutions of (x) which,
as we shall see, are closely linked to global geodesic trajectories.

The layout of this article is as follows. In the next section we present our notations and
hypotheses. We give some results about the monotonicity of trajectories and the relation
with solutions of (x) in Section 3. Section 4 is devoted to the continuity and Lipschitz
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continuity of 7'(+, ). In Section 5, we show the existence of (minimal) solutions of (*) and
then we study the regularity of solutions and the linear case in Section 6. The relation
between semigeodesic trajectories and solutions is examined in Section 7. In Section 8,
we define a dual equation for (%) and we give necessary and sufficient conditions for the
existence of a geodesic passing through the origin.

2. Notations and hypotheses

The Euclidean norm is denoted || - ||, and (,) is the usual inner product. For p > 0,
B(0;p) :== {z € R : ||z|| < p} and B(0;p) := {x € R™ : ||z|| < p}. The open (resp.

closed) unit ball in IR* is denoted B (resp. B). For a set S C IR", int S is the interior of
S. We define
RI(t):={aeR" : T(B,a)<t}, t>0,

the set of points reachable from [ in time less than .
Similarly, we introduce

o RI=UnoRit)={aeR" : T(8,a) < +oo},
e RP(t):={aeR": T(x,p)<t}), t>0,
RY =UpoRE) ={a €R" : T(a,B) < +o0},
e R()={(a,f) e R*xR" : T(a,5) <t}, t>0,
o R:=U,oR®) ={(a,8) € R* x R* : T(a,f) < +oo}.

The basic hypotheses in force throughout the article are the following. We assume that
for x € IR, F(x) is a nonempty, compact convex set, and that F' satisfies the linear
growth condition: for some positive constants v and ¢, and for all x € R",

v e Fr) = [l <Azl + ¢

The multifunction F' is also taken to be locally Lipschitz: every x € IR™ admits a neigh-
borhood U = U(x) and a positive constant K = K(x) such that

z1,29 € U => F(x3) C F(x1) + K||z1 — 22|| B.

Under these hypotheses, any trajectory can be extended indefinitely both forward and
backward, so all trajectories can be considered as being defined on | — oo, +00[.

We say that F is 3-STLC (S-small-time locally controllable), if 3 € int R (¢) V ¢ > 0
(ie. V¢t >0 30 > 0 such that T'(-,3) <t on B(f3,0)). There is a considerable literature
devoted to this property, see for example [2] and [18]. We can find in these references
that [0 € int F(§) = F is §-STLC= 0 € F(f)] and that the following statements are
equivalent:
(i) Fis 8-STLC.
(ii) T'(-, ) is continuous at 3.
(iti) R” is open and T'(-, 3) is continuous in R’ and for any o € 9R” we have

lim T(«, ) = +o0.

a— g

We posit throughout the article that —F is 0-STLC. Then in view of the above, and by
time reversal, we have:
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° R?r is open.
7(0,-) is continuous in RY.
e For any ag € 9RY we have lim T(0, ) = +o0.!

a—aQ

3. Monotonicity of trajectories

Let Q be an open subset of IR". The class of lower semicontinuous functions ¢ : R" —
IR U {+o0} which are not identically +oo is denoted F(2). We say that (p, F) is strongly
increasing on ) if for any trajectory = on an interval [a, b] for which x([a, b]) C Q, we have

o(x(s)) < p(x(t)) Vs, t € la,bl,s <t.

The system (p, F') is said to be weakly decreasing on Q if for every a € 2 there is a
trajectory x on a nontrivial interval [a, b] satisfying

z(a) = a,p(z(t) < pla) Vit e la,b];

by reducing b if necessary we may also arrange to have x([a,b]) C Q. In each case,
one obtains an equivalent definition by requiring the inequality to hold on |a, 7], where
T €la, +0o0] is the exit time of the trajectory x from Q: the supremum of all 7" > 0 having
the property that z([a,T]) C Q. The following proposition is proven in [10, Chapter 4,

§6).
Proposition 3.1. Let ¢ € F(2). The system (p, F) is strongly increasing on € iff

h('r?anp(x)) > 0 Vze Q7
and weakly decreasing on € iff
h(z,0pp(z)) <0 Ve .

If ¢ satisfies both these properties, then for any o € € N dom p there is a trajectory x
satisfying x(0) = o and
p(a(t)) = ela) Vte|0,7],

where T €]0, +00] is the exit time of the trajectory x from Q.

Now let ¢ be a solution of (x). Applying the preceding proposition to the function ¢+t and
the multifunction F'(z)x{1} (and Q := RY XIR), we deduce that the system (p+t, F x{1})
is both weakly and strongly increasing. Because of the nature of the ¢-dependence here,

the latter property (for example) amounts to saying that for any trajectory x of F' on an
interval [0, 7] such that z(]0,7]) C RY (this being equivalent to z(0) € RY), we have

o(x(s)) +s < p(z(t))+t Vs, t €]0,T],s <t

4. Regularity of the bilateral minimal time function

In this section? we study the regularity of T'(,-). We can easily verify that T'(-,-) satisfies
the following;:

Tt is these properties that make () a suitable framework for the global study that we carry out.
2Tt is not necessary to assume in this section that —F is 0-STLC.
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e T(-,-) is lower semicontinuous.
o If (e, ) < +o0o then the minimum defining T'(«v, 3) is attained.
e For all (o, 3,7) we have the following triangle inequality:

T(a,B) <T(a,y) +T(v, ).

Now we begin to study the continuity of 7°(-,+). In the following proposition, we give a
necessary and sufficient conditions for 7'(-, ) to be continuous at a point (a, 3).

Proposition 4.1. Let (o, 3) € IR* x R™. Then we have:

(¢) T(-) is continuous at (o, ) <= F and —F are a-STLC.
(ii) Assume that one of the following conditions holds:

1. (a,0)€R, Fisa-STLC and —F is 3-STLC.

2. F and —F are a-STLC and 3 € RY.

3. F and —F are 3-STLC and o € R”..

Then T(-,-) is continuous at («, [3).

Proof. (i) Let a € R*. Then we have
T(c,-) and T'(-, ) are continuous in «a <= F and —F are a-STLC.
But using the triangle inequality we also have
T(a,-) and T'(-, ) are continuous at o <= T'(-,-) is continuous at («, ).

The result follows.
(i) 1) Let (o, B) € R and suppose that F' and —F are respectively a-STLC and 5-STLC.
Then we know that R® and Rﬁ are open. Using the fact that (o, 5) € R we get that

(a, B) € RY x Rﬁ C R. Hence (o, 3) € int R. Now let (av,, 5,) be a sequence such that
(tn, Bn) — (a, B). By the triangle inequality we have

T(am, Bn) < T(an, @) + (e, B) + T(5, 5n) (2)

Then by the continuity of T'(-, ) and T'(3,-) we get that T'(,-) is upper semicontinuous
and hence continuous.

2) Clearly we have (o, 3) € int R since (o, ) € R* x RS C R. Now let (o, 3,) be a
sequence such that («,, 3,) — (a, 3). By the triangle inequality we have

T(an, Bn) < T(an, )+ T(a, B).

Since T'(-, o) and T'(e, -) are continuous in R* and R respectively, the result follows as
above.
3) We proceed as in 2) and we find the result. O

For the global continuity we have the following proposition which asserts that the conti-
nuity of 7'(-,-) at every point of the diagonal D := {(«a, «) : @ € IR"} is equivalent to the
continuity in R.

Proposition 4.2. The following statements are equivalent:
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(1) R is open, T(-,-) is continuous in R and for any (o, By) € OR we have

lim T(a, 3) = +o0.
(a,8)—(a0,00) (@.5)
(1) T(,-) is continuous at (a,«) for all o € R™.
(tit) F and —F are 8-STLC for all B € R".

Proof. Clearly we have (i)==(ii).

(il)==(iii): Follows from (i) of Proposition 4.1.

(iii)==(i): The first part (R is open and T'(-,-) is continuous in R) follows from (ii) of
Proposition 4.1. Now we show the second part. Let («g,5y) € OR. Suppose that there

exist a sequence (an,[,) € R and a constant K such that (o, 3,) — (o, ) and
T, :=T(ay, 8,) < K. Since 0 < T,, < K we can assume that T,, converges to T € [0, K].
Now let z,, be a trajectory of F' on [0, +00| which satisfies x,,(0) = «,, and z,(1},,) = [,.
By the compactness property of trajectories, there exists a subsequence of z,, (we do not

relabel) which converges uniformly on [0, 7] to a trajectory Z of F. Hence Z(0) = a and
zZ(T) = By. Therefore (ay, 5y) € R and this contradicts the fact that R is open. O

We proceed to study the Lipschitz continuity of T'(-, -). First we recall that for § € IR", the
(unilateral) minimal time function T(-, 3) is locally Lipschitz in RY iff 0 € int F(3) (see
2], [4], [19] and [21]). The following proposition studies the (local) Lipschitz continuity
of T'(-,-).

Proposition 4.3. Let (o, 3) € IR* x R™. Then we have:

1. If(a,0) € R then
[0 € int F(a) and 0 € int F'(B) | = T'(-,-) is Lipschitz near (o, 3),
2. 0¢€int Fla) < T(-,-) is Lipschitz near (o, @),

Proof. 1) Let (a, ) € R and assume that 0 € int F'(«) and 0 € int F'(3). By a simple
continuity argument there exist p > 0 and § > 0 such that

(+)

h(a/,v) < —6 for all o € B(a;p) and for every unit vector
h(B,v) < —0 forall ' € B(f;p) and for every unit vector -y

Since (o, §) € int R (see Proposition 4.1) we arrange to have
(a, B) € B(a; p) x B(B;p) CR.
Now let (o, 3') € B(a; p) x B(5; p) and let (8,€) € 9pT(-,-)(’, #). Then
(6,€) € 0pT(-, F')(") x OpT () ().

Hence
h(a/,0) > —1 and h(G,—&) > —1.3

3This follows since T'(+,«) is a solution on IR™ of the Hamilton-Jacobi inequality

1+ h(z, Opp(z)) > 0.
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Using (4) we get that
“1 < h(o/,0) < —0]6] and —1 < h(F,—¢) < 3¢l

Hence

ol < 5 and ] < 5.

Therefore 0pT(+,-) is bounded on B(«;p) X B(f3;p). Then by [10, Theorem 1.7.3] T'(-,-)
is Lipschitz on B(«;p) x B(0;p).

2) The necessary condition follows from 1) and the sufficient condition follows from the
fact that if T'(-,-) is Lipschitz near (a,«) then T'(-,a) is Lipschitz near « and this is
equivalent to 0 € int F'(«). O

The following proposition gives a necessary and sufficient condition for T'(-, ) to be locally
Lipschitz in R. As in the continuity case, if T'(-, -) is Lipschitz near every point of D then
T(-,-) is locally Lipschitz in R.

Proposition 4.4. The following statements are equivalent:

(1) R is open and T(-,-) is locally Lipschitz in R.
(16) T(,-) is Lipschitz near (a, ) for all a € IR™.
(1it) 0 € int F(B) for all B € R".

Proof. Clearly we have (i)==(ii).

(il)==(iii): Follows from Proposition 4.3.

(iii)==(i): By Proposition 4.2 we have R is open, and by Proposition 4.3, T'(-, -) is locally
Lipschitz in R. O]

Remark 4.5. We can find more properties for the bilateral minimal time function in [14]
(semiconvexity, differentiability, characterization by a system of partial Hamilton-Jacobi
equations....).

5. Existence of solutions

We begin this section by the following proposition which gives some properties of a solution
of ().

Proposition 5.1. Let ¢ a solution of (x). Then we have:

1. T(a,B)+ ¢(B) > (), for all a, § € RY.

2. T(a,0) > p(a) > =T(0,«), for all @ € RY..

3. RENRY C domep.

4. For every a € dom ¢ there exists a trajectory x of F such that x(0) = « and

p(a(t) +1=pla), VE=0.

Proof. The statements 2) and 3) follow immediately from 1). For the proof of 1), let
¢ a solution of (x) and let a, § € RY. We can assume that (o, 3) € R, then let
z : [0, +00o[— IR be a trajectory which realizes the (finite) minimal time from « to 3,

that is, (0) = « and Z(T'(«, 5)) = 3. Because the system (¢ + ¢, F' x {1}) is strongly
increasing in the sense explained above, we get that

pla) = ¢((0)) < T(ev, B) + o(2(T(ex, 5))) = T, ) + ¢(9)-
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The statement 1) follows.
Now we give the proof of 4). We consider & € dom ¢. Since the system (¢4 ¢, {1} x F) is
strongly increasing and weakly decreasing and using the fact that every trajectory which

begins at o remains in RY, there exists a trajectory z : [0, +0co[— IR of F' in RY such
that 2(0) = o and

p(x(t) +t=p(a), Vt=0.
This completes the proof. n

Now we define the following set (of subsets of RY):
G :={T' C RY : there exists a sequence 3; € I' such that T(0, ;) — +oo}, which is
nonempty since for any ay € ORY. we have
lim 7(0,a) = +o00.4
a—aq

The following theorem implies that the set of solutions of () is nonempty. We use the
set G and the function 7'(-,-) for the construction of solutions.

Theorem 5.2. Let I' € G and let or : RS — R U {—00,+00} be the function defined
as follows:

pr(a) == lminf [T(, ) - T(0, B)].
P05y o0

Then @r is a solution of ().

Proof. By the triangle inequality we have that for all o/, 3 € RS
T(a/,B8) —T(0,8) > =T(0,a"), (3)

then using the continuity of 7'(0, -) we get that ¢r(0) > 0 and ¢r(a) > —oo for all« € RY..
But clearly we have ¢r(0) < 0, then ¢r(0) = 0. The function ¢r is lower semicontinuous
by the definition. Let us show that this function satisfies the Hamilton-Jacobi equation. It
is sufficient to show that the function ¢ + ¢r is strongly increasing and weakly decreasing.
We begin by weakly decreasing.

Let @ € dom ¢r. Then there exist two sequences a; and f; in Rg_ such that o, — «,
T(0,3;) — +o0 and

er(@) = Tim [T(as, 4) — T(0, ).

1——+00
Then T'(ay, ;) — +oo and for ¢ sufficiently large there exists a trajectory z; of F' on
[0, +00] such that z;(0) = «; and z;(T (e, 8;)) = B; (x; realizes the minimum time between
a; and 3;). Then for i sufficiently large we have

T(xi(t), B) = T(ew, B) — t, Vit € [0,1]

and then
By the compactness of trajectories we can assume that there exists a trajectory z of F
on [0, +oo such that z; converges uniformly to  on [0, 1]. Then

20) — 1 (0) = i —a

0= Dy m(0) = Dip oi=o

“If RY. is unbounded then we have  lim  7T(0,a) = +oo (by the linear growth condition).

llal|—+o0
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Moreover, taking i — +oo in (4) we get that
@F(;f(t» +1< (,01*(06), Vit € [0, 1]

The weak decrease follows.

To prove strong increase, we consider an interval [a, b] C] — oo, +00[ and a trajectory x of
F such that z([a,b]) C RY. It is sufficient to show that

er(z(b)) +b > ¢r(x(t)) +t, Vt € [a,b].

We set a = x(b) and we consider the sequence «; and f3; as above. Letting t € [a,b],
we invoke continuous dependence on the initial (or terminal) condition to deduce the
existence of a sequence z; of trajectories of F' on [t,b] such that x;(b) = «o; and

lim  z;(t) = x(¢).

i—+400
By the triangle inequality we have
T(xi(t), ) <b—t+T(a, 5)
then
T(xi(t), B;) —T(0,3) +t < T, B;) — T(0, ;) + b.
Taking i — +00 we get
er(z(t) +t < or(z(b) +b.

The strong increase follows. O

We denote by ¢ the function ¢r corresponding to the choice RY of T

Theorem 5.3. The function ¢y defined above is the minimal solution of (x).

Proof. By Theorem 5.2, ¢ is a solution of (x). For the minimality, let ¢ be a solution of
(%) and let @ € dom ¢ (we can take @ € dom ¢ since we need to show that po(a) < p(a)).
By Proposition 5.1, there exists a trajectory z : [0, 400[— IR™ of F in RY such that
z(0) = o and

p(x(t) +t=¢(a), vt=0.

Hence
T<07 l’(t)) > _Qp(x(t)) =1- 90(04)7 vt > 0,
and then
tﬂgloo T(0,z(t)) = +oo.
Therefore
pol0) < lim_[T(0, (1)) = T(O0, ()] < lm_[t 1+ p(a)] = o(0),
which completes the proof. ]

Now we give some examples. We show in the first that the Hamilton-Jacobi equation (x)
does not necessarily admit a maximal solution.
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Example 5.4. For n € IN* let F(z) := C, for all z € R*, where C' C IR" is a nonempty,
convex and compact set with 0 € int C. In this case h(z, () = ho((), V(z,() € R* x IR",
where h¢ is the lower support function of C"

ho(€) :=min{{(,c) : ce€ C}.

The bilateral minimal time function is defined on IR* x IR"™ by
T(a, ) = go(B — o),
for all («, 5) € R™ x IR™, where g¢ is the Minkowski gauge of C":
, x

go(z) :==min{A >0 : Y€ C}.

Then RY = IR™ and the Hamilton-Jacobi equation (x) becomes the “eikonal equation”:
1+ he(Opp(z)) =0, Vo € IR", ¢(0) =0.

For every 6 € IR™ \ {0}, the function

is evidently a solution of (x). The upper envelope of all such solutions is seen to be the
function x — go(—x) = T'(x,0). In view of Proposition 5.1, this coincides with the upper
envelope of all solutions of (x). It follows that no maximal solution to () exists.

The lower envelope of all solutions exhibited above is given by g = —g¢c. This is a concave
function nondifferentiable at 0, so that dppo(x) # 0 implies x # 0 and dppo(x) = {¢L(z)}.
Then since 1+ he(0pT(+,0)(x)) = 0 for all x # 0 we get that

1+ he(Oppo(z)) =0 Vo € IR,

so that ¢g is a solution of (). Since ¢g is a lower bound on all solutions of (%), it is
revealed as the minimal solution.

Example 5.5. For n = 1 we consider F(z) := [—|z — 1|, +|z — 1|]. In this case R} =
{a e R: a <1} and h(z,¢) = —[¢]Jz — 1, V(x,{) € R x IR. For @ € RY. we calculate

In(l —a)=In(1-0F) iff>a
T(a,ﬁ)Z{ In(1-08)—In(l-a) iff<a

Then for I'y = [0, 1] (resp. I's =] — 00, 0]) the corresponding solution of (x), obtained as
in Theorem 5.2, is:

e1(x) =In(1 —z) (resp. po(x) = —In(l — x)),

and the minimal solution ¢y is calculated to be —|In(1 — z)]|.
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6. Regularity of solutions and the linear case

In this section we study the regularity of a solution of (x). We begin by the following
proposition which gives a sufficient condition for the continuity and the Lipschitz conti-
nuity of a solution ¢ of (x) at a point o € dom ¢.

Proposition 6.1. Let ¢ be a solution of (x) and let « € dom . Then we have:

1.  Fisa-STLC = ¢ is continuous at «.

2. 0€ intF(a) = ¢ is Lipschitz near c.

Proof. 1) Since RY is open and F is a-STLC there exists p > 0 such that
B(a;p) C RY and B(a;p) C R.

Then for 5 € B(a;p) and by Proposition 5.1 we have

p(B) < pla) + T (B, @) < +oo, (5)

hence ¢ is finite on B(a;p). Now let a; be a sequence such that a; — « and let € > 0.
By the lower semicontinuity of ¢ it is sufficient to prove that for i sufficiently large we
have

(i) < pla) +e,

but this follows immediately from (5) since T'(-, ) is continuous in R®.

2) Since 0 € int F'(«) and by Proposition 4.3 we have that T'(-, -) is Lipschitz near (o, «v).
Hence there exist p > 0 and K > 0 such that 7'(-,-) is K-Lipschitz on B(a;p) x B(a;p).
By 1) and since [0 € int F'(a) = F is a-STLC], we can assume that B(c; p) C RS and
that ¢ is finite on B(a;p) . We claim that ¢ is K-Lipschitz on B(«q;p). Indeed, let oy,
ay € B(a;p). By Proposition 5.1 we have

—T(on, az) < p(on) — @(az) < T, ),
but since T'(,-) is K-Lipschitz on B(a;p) X B(a; p) we have

T (2, )| = |T(az, 1) = T, )| < Kl — as|,

and
T(ou, a2)| = |T(c, ) — T, an)| < Kl — |-
Then
—Kllon = aaf| < (o) — p(az) < Klar — as,
and the Lipschitz continuity follows. m

Proposition 6.2. We have the following statements:

1. Assume that F is 3-STLC for all § € RS NRY. Then all solutions of (x) are
continuous in the open set RY. NRY.

2. Assume that 0 € int F(3) for all 8 € R.NRY. Then all solutions of (x) are locally
Lipschitz in the open set R). NRY.

Proof. Since 0 € R} NRY, we have that F is 0-STLC in 1) and 2). Then R? is open
and hence RY N'RY is open. By Proposition 5.1 we have R} NRY C dom g for all ¢ a
solution of (k). Then by Proposition 6.1 we find the two results. O
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We recall that for f : R* — IR U {400} an extended real-valued function and for z €
dom f, the directional derivative of f at x in the direction v € IR* is defined by

Fln) e i L)~ @)

—0 t ?

when the limits exists. For f Lipschitz near x and given v € IR", one defines the generalized
directional derivative of f at x in the direction v as

f(x;v) := limsup fly +tv) - f(y)

y—a t
10

The generalized gradient of f at x (f still assumed Lipschitz near z), is the following
(nonempty) set
of(z) :={€ e R": f°(z;v) > (&, v) Vv e R"}.

For more information about the preceding definitions see [7] or [10]. A function ¢ :
R" — IR is said to be regular at x € IR", if it is Lipschitz near x and admits directional
derivatives ¢'(z;v) at = for all v, with ¢'(x;v) = ¢°(z;v). If U C IR" is open, then we
say that ¢ is regular in U if it is regular at = for all x € U. A necessary condition for
the regularity of ¢ at x is dpp(x) = dp(x). We say that ¢ is semiconvexr on an open set
U c IR" if it is continuous on U and for all ¢y € U there exist o, C' > 0 such that

r+y

) —e(@) —ely) < Cle —yl* Va,y € Blxo;0).

20(

We can show (see [5]) that a semiconvex function is regular. For more information about
these properties, see [5], [7] and [10].

We proceed to introduce a new property that will play an important role. A continuous
function ¢ is said to be mildly regular at a point x if it satisfies

"¢ (x) C dpp(x).
The following proposition gives sufficient conditions for a continuous function to be mildly
regular at a point x.

Proposition 6.3. Let ¢ be continuous in a neighborhood of a point x. Suppose that one
of the following conditions holds:

1. @ 1is reqular at x,
2. s differentiable al x,
3. Opp(x) is nonempty.

Then o is mildly regular at x.

Proof. 1) If ¢ is regular at « then we have

0" p(w) = —0p(—¢)(x) C —0(—¢)(x) = dp(x) = Orp(z),

so ¢ is mildly regular at x.
2) If ¢ is differentiable at x, then we have 0" p(x) C {¢'(z)}. Moreover by Subbotin’s
Theorem (see [10, Theorem 3.4.2]) we have ¢/'(z) € drp(x). Then 0 p(x) C drp(x) and

this gives that ¢ is mildly regular at x.



F.H. Clarke, C. Nour / The Hamilton-Jacobi Equation of Minimal Time Control 425

3) Suppose that dpp(z) is nonempty. Then there are two cases. First, if 07 ¢(z) is empty,
then ¢ is mildly regular at . Second, if 97 ¢(z) is nonempty, then 9 p(x) and Opp(z)
are simultaneously nonempty, which implies that ¢ is differentiable at x (see [10]). By 2)
@ is mildly regular at x. O]

We remark that the property of mild regularity, like the stronger ones of regularity or
semiconvexity, can be thought of intuitively as one which rules out “concave corners”. Its
first use here is in the following theorem which gives an important characterization for
the function ¢y.

Theorem 6.4. Suppose that the function T(0,-) is mildly reqular on RY. \ {0}. Then ¢q
coincides with —1'(0, -).

Proof. By Proposition 5.1 we have that ¢y > —T(0, ) then by the minimality of ¢ it is
sufficient to prove that —7°(0, -) is a solution of (k). First we have that —7(0,0) = 0. Let
us show that —7'(0,-) satisfies the Hamilton-Jacobi equation of (x). Let a € RY, then
there are two cases:

Case 1. a # 0.
Let ¢ € Op(=T(0,-))(a). Then —¢ € 97T(0,-)(a) C LT(0,-)(ex), since T(0,-) is mildly
regular at o. But we have

1+ h_F(Oé, aPT(O, )(O()) = 0, 0

Hence since h_p is continuous and Jy, is constructed from dp by a limiting process we get
that

1 + h—F(a7 _C) = 07
and then
1+ h(a,¢) = 0.

Case 2. a = 0.
We claim that dp(—T(0,-))(0) = @. Indeed, if not then 9°T(0,-)(0) # (. Hence since
0 € 9pT(0,-)(0) we get that T'(0,-) is differentiable at 0 and we have

and this gives a contradiction since 0 € int 9pT'(0,-)(0)°. O

Corollary 6.5. Let F' admit a representation of the form
Fz)={Az+u : ue U},

where A is an n x n matriz and U is a conver and compact set such that 0 € intU. Then

@o is semiconcave on RS and coincides with —T(0,-). Moreover, if we assume that U
is of class C* then ¢y € CH(RY\ {0}).

°This follows since T'(0, -) is a solution on IR™ \ {0} of the Hamilton-Jacobi equation
1+ h_p(z,0pp(z)) =0,

where h_p is the lower Hamiltonian corresponding to —F'.
69pT(0,-)(0) = {¢ € R™ : h(0,{) > —1}, see [21, Theorem 5.1].
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Proof. Clearly F' satisfies our hypotheses (—F is 0-STLC since 0 € int F'(0)) and when
F has the stated form, it is known that the function 7°(0,-) is semiconvex on RY, see
[4, Theorem 4.1]. Then T°(0,-) is mildly regular on R and by Theorem 6.4 we find the
result. When 9U is of class C* it is known that T'(0,-) € C*(RY \ {0}) (see [4, Corollary
5.10])7 then ¢o(-) = =T(0,-) € C*(RY \ {0}). O

It is known that if OU is not of class C! in the preceding corollary then 7'(0,-) (and thus
o) fails in general to be in C'(RY \ {0}), see [4, Example 3.5]

Remark 6.6. Let us return to Example 5.4 and Example 5.5. We remark that in these
two examples we have ¢q(-) = —T'(0, -). This follows from that fact that in these examples
the function 7°(0,-) is mildly regular. In the next section we give an example in which
©o(+) does not coincide with —7(0, -), see Example 7.8.

7. Semigeodesics

Let a € IR". A trajectory x : [0, 400[— IR™ of F'is a semigeodesic from « iff 2(0) = «
and T'(z(s),z(t)) = t—sforall s <t € [0,+o00]. In this section we present the relationship
between the solutions of (x) and semigeodesic trajectories. We begin with the following
proposition which affirms that for a given solution ¢ of (x) (there exist such solutions by
Theorem 5.2), there exists a semigeodesic from every point a € dom .

Proposition 7.1. Let ¢ be a solution of (x). Then for every a € dom ¢ there exists a
semigeodesic x from « such that

o(x(t)) +t=p(a), Vt>0.

Proof. Let ¢ be a solution of () and let a € dom . By Proposition 5.1, there exists a
trajectory x : [0, +o0[— IR™ of F' in RY such that 2(0) = o and

o(x(t)) +t=0, ¥Vt>0. (6)

We claim that z is a semigeodesic from a. Indeed, let s < ¢ € [0,4o00[, then by (6) and
Proposition 5.1 we have

T(x(s), x(t)) 2 p(x(s)) — p(x(t)) =t = s,

but
T(x(s),x(t)) <t —s,

therefore T'(z(s),z(t)) =t — s. O

Remark 7.2. The preceding proposition implies that under our hypotheses, there exists
at least one semigeodesic from the origin. This can be deduced directly as follows. We
consider a sequence v, in RY such that T(0, o,,) — 400 (this sequence exists since —F
is 0-STLC). Let x,, be the trajectory of F' which realizes the minimum time between 0
and «,,. By the compactness property of trajectories, there exists a trajectory x of F' on
[0, 4+00] such that 2(0) = 0 and x,, converges uniformly to = on compact interval. We
claim that x is a semigeodesic from 0. Indeed, let ¢ € [0, +oo[, then since T'(0, v, ) — 400
there exists n; such that for n > n; we have

T(0, 20 (t)) = t.

"This result was first conjectured in [12] and then proved in [3].
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Using the continuity of 7'(0, -) we get that

T0,z(t)) = lm T(0,z,(t)) = lim t=t,

n—-—+00 n—--—+00
and this shows that x is a semigeodesic from 0.

Remark 7.3. Using Proposition 7.1, we can show that under our hypotheses the Hamil-
ton-Jacobi equation (x) does not necessarily admit a solution on IR* (if we consider lower

semicontinuous functions and exclude the value —o00). Let us give an example. For n =1
we consider F(z) := —z + [—1,1] for all € IR. In this case, we have R} =] —1,1[ and

_f -In(l—-2) it 0<z<1,
T<0’x)_{—ln(1+x) if —1<z<0.
There exist only two semigeodesics from the origin, namely

e z(t)=1—-ett>0.
e ylt)=et—-1,t>0.

Now assume that there exists a lower semicontinuous function ¢ : R — R U {400}
which is a solution of (x) on IR", we shall derive a contradiction. By Proposition 7.1,
there exists a semigeodesic z from the origin such that

e(z(t)+t=0 Vt>0.
We assume that z = z (the case z = y follows using the same argument). Then we have
p(l—e ™) =—t Vt>0.
Hence if t — 400 then
p(l—e") — —oo,

and this gives a contradiction since (1 —e™*) — 1 and ¢ is lower semicontinuous on IR.

The following theorem proves that semigeodesics from 0 are closely related to the minimal
solution g of (*).

Theorem 7.4. Let x : [0, +00[— R™ be a trajectory of F' from 0. Then the following
statements are equivalent:

1. The trajectory x is a semigeodesic from 0.
2. Forallt >0, we have po(z(t)) +t=0.

Proof. 2)=-1): Follows immediately by Proposition 5.1 (as in the proof of the preceding

proposition).

1)==2): Since T'(0,x(t)) =t and by the definition of ¢, we have that for all s > 0
wo(z(s)) < lminf[T(z(s),z(t)) — T(0,x(t))] = liminf[t — s — t] = —s,

T t—+4o0 t—+oo

then
wo(x(s)) + s <0.

The reverse inequality follows by the strong increase property. O]
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In the following proposition, we present the relationship between an arbitrary solution of
() and a solution of the type ¢r.

Proposition 7.5. Let ¢ be any solution of (x). Then there exists a solution or of (%)
of the type provided by Theorem 5.2 such that or > ¢ > g, and a semigeodesic from 0
along which ¢, pr and @y all coincide.

Proof. Let ¢ be any solution of (x), then by Proposition 7.1 there exists a semigeodesic
x from 0 such that
o(x(t)) +t=0, ¥Vt>0.

Let I' := {z(¢t) : t > 0}, then since T(0,z(t)) = t we have ' € G. We consider the
solution ¢r of (x) corresponding to I'. Then we have:
or(a) = iminf[T(o/, 2(t)) — T(0,2(t))].

Ctl
t—+oo

—a

But using Proposition 5.1 and since T'(0,z(t)) =t and ¢(z(t)) +t = 0 we get that

T(o/,2(t)) = T(0,2(t)) = p(a’) — (x(t)) —t = (o).

Then ¢r(a) > p(a) since ¢ is lower semicontinuous.
By Theorem 7.4, ¢ and ¢q agree along z(-). But for any 7 > 0, we have

er(z(r)) < liminf[T'(z(7),z(t)) — T(0, z(t))]

t—+o0
= liminf[t — 7 —¢]
t—4o00
= -7
p(x(7)) < er(z(r)),
which establishes that ¢ and ¢r agree along z(-). O

In Corollary 6.5, we have proved that in the linear case the function ¢, coincides with
—T(0,-). For a € RY, the following theorem gives a necessary and sufficient conditions
for po(ar) to be equal to —7'(0, «) at a given point a.

Theorem 7.6. Let a € RY. Then the following statements are equivalent:

1. The point « lies on a semigeodesic from 0.

2. pola)=-T(0,a).

Proof. 1)=2): Let o € RY and assume that there exists a semigeodesic z from 0 and
t > 0 such that z(t) = a. By Theorem 7.4, we have @o(x(t)) +t = 0. But 7'(0,«) = t,
then po(a) = =T(0, a).

2)=1): Let @ € R} and assume that ¢o(«) = —T(0, ). We can assume that a # 0.
Since () is finite and by Proposition 7.1 there exists a semigeodesic y from « such that

wo(y(t)) +t=o(a) = =T(0,0), Vt>0. (7)

Let z : [0,7(0, )] — IR be the minimal trajectory between 0 and « and let z be the
trajectory of F' on [0, +oo[ obtained by concatenating x and y. We claim that z is the
required semigeodesic from 0. Indeed, by Theorem 7.4 it is sufficient to prove that

wo(2(t)) +t=0, Vt>O0.
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We note that z is defined as follows, z(t) = x(t) for t € [0,7(0, )] and 2(t) = y(t—T(0, «))
for t > T'(0, ). Then by (7) we have
wo(z(t))+t=0, Vt>T(0,a).
For t € [0,7(0, «)[ and by Proposition 5.1, we have
po(z(t)) = =T(0,2(t)) = =T(0,z(t)) = —,

hence

wo(z(t)) +t >0 =po(a) +T(0, ).
The reverse inequality follows by the strong increase property.
This completes the proof. O

Corollary 7.7. Let F admit a representation of the form
F(z)={Az+u : ue U},

where A is an n x n matriz and U is a conver and compact set such that 0 € intU. Then
every point in RY. lies on a semigeodesic from 0.

Proof. Follows from Corollary 6.5 and Theorem 7.6. O]

In the following example, we show that ¢g(-) does not always coincide with —7°(0,-). We
also prove that og(-) can take positive values.

Example 7.8. We take n = 2 and we define the following two multifunctions:

1.
22 —y? 2y
if 0
Fi(z,y) = {($2+y2’$2+y2)} ity #
{(1,0)} ify=0

2. Fy(x,y) = B for all (z,y) € IR2.
Now we consider the multifunction F' defined by the following:

o F(z,y) = Fy(x,y) for all (z,y) such that ||(z,y)] < 1.

o F(z,y) = Fi(x,y) for all (z,y) such that ||(z,y)| > 2.

. F(z,y) ={(2—=r)vg+ (r — 1)vy : v; € Fi(x,y) and vy € Fy(x,y)} for all (z,y) such
that 1 < ||(z,y)| =7 < 2.

Clearly F satisfies our hypotheses (0 € int F(0)). We note that for all (z,y) € R*\{(«,0) :
a € R}, Fi(z,y) is the unit tangent vector at (z,y) (pointing clockwise if y < 0 and
counterclockwise if y > 0) to the unique circle centered on the y-axis and passing through
both (x,y) and the origin. This implies that in the region ||(z,y)|| > 2, the trajectories
of F move along such circles.

Claim 7.9. RY = R?\] — o0, —2] x {0}.

Proof. It can be seen without much difficulty that we have
R*\] — o0, —1[x{0} € R} C R*\] — o0, —2] x {0}.

Let us prove that the points of the form (—a,0) where 1 < a < 2 are in RY. We fix
e €]0,1] and we consider the multifunction F. defined exactly like F' but replaced B by

(1 —¢)B. We can easily verify that we have:
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° F.(-) C F(+).
° There exist w > 0 and v > 0 such that

F.(x,y) +vB C F(z,y) ¥(z,y) € B((—a,0);w),

and B((—a,0);w) C {(a, ) : 1 <a?+ 3% < 4}.

Now let K > 1 be the Lipschitz constant of F. on B((—a,0);w) and let u > 0 such that
vow

pisgi gt

We consider a point (z,y) and an arc z(-) which verify:

© @y - (-a0)="5 o< -amdy>0.
o 2 : [0, +00[— IR? and satisfies the following differential inclusion:
2(t) € Fi(2(t)) a.e. t €[0,+00[, 2(0) = (z,y).
We take T' > 0 and (2/,%') € IR? such that (z/,y) := 2(T) € {(—a,8) : 3 > 0}. Clearly
we have T > |(z,y) — (2/,%/)|| and z(t) € B((—a, 0);%) for all ¢ € [0,7]. Then by

the definition of F., the arc z(-) is a trajectory of F. and taking (z,y) sufficiently near

(—a — H, 0), we can assume that

2
I(=",y") = (=a.0)] _ |I(z",y) = (=a,0)]| _ v
T S ey @l S 2 ®
Now we define the arc w(-) by
w(t) = 2(t) + &% O>T_ @)y v e 0,1,
Then for all ¢ € [0,T] we have
lw(®) = (=a,0)]| < [2(t) = (=a,0)[| +[[(=a,0) = («",¥)| < p+p < w,
hence
w(t) € B((—a,0);w) Vi € [t, T].
Using the fact that F, is K-Lipschitz on B((—a,0);w) we get that for all ¢ € [0, T]
Fz—:(Z(t)) F(w(t)) + K|=(t) — w(t)|| B
F.(w(t)) + K,uB
Fe(w(t)) +
This gives that
F.(2(8) + gB C E(w(t)) +vB C Flw(t)) ¥t € [0,T]. 9)

On the other hand, we have

L (Ce0 =@y

a.e. t €[0,7].
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Then by (8) and (9), we get that a.e. t € [0,7] we have

w(t) = (t) + (—a,O); @) ¢ p ) + gB c F(w(t)),

and this shows that w(-) is a trajectory of F' on [0, T]. By the definition of w(-) we have
w(0) = (z,y) and w(T) = (—a,0), whence (—a,0) € R, Since (z,y) € RY we get that
(—a,0) € RY, and this completes the proof of the claim. n

Claim 7.10. The trajectory z(t) = (t,0), t € [0+ 00| is the unique semigeodesic from the
origin.

Proof. Clearly the trajectory z(t) = (¢,0), t € [0 4 oo[ is a semigeodesic from the origin
since all velocities are bounded by 1 in norm, and no arc between two points is shorter than
a straight line. To prove the uniqueness, first we remark that there exists —2 < b < —1
such that the set S := {(«, 3) : a*+ % < 4 and —2 < « < b} satisfies the following: for all
(x,y) € S and for all v = (vy,vy) € F(z,y) we have v; > 0. Using this fact, the continuity
of T(0,-) and the fact that if z is a semigeodesic from 0 then T'(0, z(t)) — +o00, we can
easily establish our claim (details are omitted). ]

Claim 7.11. ¢g(-) does not coincide with —T'((0,0), -)
Proof. Since z(t) = (¢,0), t € [0+ oo is the unique semigeodesic from the origin and by

Theorem 7.6 we get that ¢y agrees with —7°((0,0), ) at points of the form (z,0) (z > 0),
and is strictly greater otherwise. O]

Claim 7.12. ¢, takes positive values.

1
Proof. We consider the point (—5, 0), and we remark that as for the origin, there exists
1
only one semigeodesic from this point, namely the trajectory w(t) = (¢t — 2 0),t € [0400].

1
Then since (—5, 0) € R NRY C dom g and by Proposition 7.1 we have

fol=5:0) = 1+ po(w()

1 1 1 1
hence for t = 5 we get that @0(—5,0) =5+ ©0(0,0) = 5> 0. O

8. Geodesics and the dual problem
A trajectory x :] — 00, +00[— IR" of F is a geodesic iff
T(x(s),2(t)) =t —s,

for all s <t €] — 0o, +00[. We have proved in the preceding section that the solutions
of (x) are closely linked to semigeodesic trajectories. A natural question concerns the
relationship between solutions of (x) and geodesic trajectories.

We remark that in each of the three examples above (5.4, 5.5 and 7.8), there is in fact a
geodesic through the origin®. We now give an example to show that such a geodesic need

not exist in general.

8See Remark 8.7 for the proof of the existence of a geodesic through the origin for these examples.
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Figure 8.1: Example 8.1

Example 8.1. We take n = 2 and we define the following two multifunctions:

1. Fi(z,y) is the closed segment between the points (z.9) and ) if (z,y) #

/xZ + y2 /172 + y2
(0,0) and the set {(0,0)} if (x,y) = (0,0).
2. Fy(z,y) = B for all (z,y) € R?.
Now we consider the multifunction F' defined by the following:

o F(z,y) = Fy(x,y) for all (z,y) such that ||(z,y)] < 1.

o F(z,y) = Fi(x,y) for all (z,y) such that ||(z,y)| > 2.

. F(z,y) ={(2—=r)va+ (r—1)vy : v1 € Fi(z,y) and vy € Fy(x,y)} for all (z,y) such
that 1 < ||(z,y)| =7 < 2.

Clearly F satisfies our hypotheses and it is easily seen that we have
RS =R?, R’ =2B.

Now assume that there exists (z(t),y(t)) a geodesic passing through the origin at ¢ = 0;
we shall derive a contradiction. Since points in the complement of 25 cannot be steered
to (0,0) we have that

(), y@)] < 2, vt < 0.

Since (0,0) €int F(0,0) we have T'((0,0), -) is continuous on IR? and then bounded above
on 2B. Then there exists a first b > 0 such that ||(xz(b),y(b))|| = 2. But for all (u,v) € 2B
we have

T((u,v), (x(0),y(b)) < T((u,v),(u',v)) +T((,0"), (x(b),y(b))
< 2+A4m,

where (u/,v") is as in Figure 8.1.
It follows that T'((z(t),y(t)), (z(b),y(b))) = b — t is bounded for ¢ < 0 and this gives the
desired contradiction.
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We refer to the following as the dual equation to (x):
1+ h(z,0%¢(x)) =0, Vo € R%, ¢(0)=0. (%—)

A solution of (x—) refers to an upper semicontinuous function. It is easy to see that ¢
satisfies (x—) iff ¢ = —1 is a solution of the version of () obtained by replacing F' by
—F'. Since the trajectories of —F correspond to trajectories of F' in reversed time, our
previous results, applied to (x—), give rise to consequences for F' with respect to past
(rather than future) time. For this purpose, the following hypothesis is relevant:

Fis 0-STLC.

To illustrate the use of the dual problem, suppose that 1 is a solution of (x—), and that
F is 0-STLC. Then we deduce the existence of a trajectory x of F' on | — oo, 0] such that
z(0) = 0 and

P(x(t))+t=0, vVt <0.

In the following theorem we use the dual problem to show the existence of a geodesic
passing through the origin.

Theorem 8.2. Assume that the following hypotheses hold:

1.  Fis 0-STLC.
2. RYCRSL.
3. There exists solutions @ and ¥ of (x) and (x—) respectively such that ¢ > 1 on R.

Then there exists a geodesic passing through 0.

Proof. There exists a trajectory « with 2(0) = 0 such that
o(x(t)) +t=0 YVt >0,
and a trajectory y with y(0) = 0 such that
Y(y(t)) +t=0 vt <O0.

We have then
e(y(t)+t>0 Vvt <0,

but the opposite inequality holds by strong increase. Then the trajectory z defined on
| — 00, 400 by concatenating y and x satisfies

e(z(t) +t=0 Vt € R.

This gives using Proposition 5.1 that z is a geodesic. [

Remark 8.3. We can replace the second and third hypotheses of the preceding theorem
by the following hypotheses and we find the same result:

1. Ry cCR.
2. There exist solution ¢ and ¢ of (%) and (x—) respectively such that ¢ < 1 on RY..
Remark 8.4. In Example 8.1 we have that F' and —F are 0-STLC (0 € int £'(0)) and

R C RQL, but there is no geodesic passing through 0. This shows the necessity of the
third hypothesis in Theorem 8.2.



434 F.H. Clarke, C. Nour / The Hamilton-Jacobi Equation of Minimal Time Control

Corollary 8.5. Assume that the following hypotheses hold:
1. F isis 0-STLC.
2. RYCRL. )

3. There exists a continuous solution ¢ of (x) which is mildly reqular on RY.

Then there exists a geodesic passing through 0.

Proof. The function ¢ satisfies
1+ h(x, dpp(x)) =0, Vo € Ry, ¢(0) =0,

since h is continuous, and since Jy, is constructed from Op by a limiting process. Then
since ¢ is mildly regular on RY, we get that ¢ is a solution of (*—). The result follows
from Theorem 8.2. O

The pointwise upper envelope F(-) of all solutions of (x) defines a lower semicontinuous
function on RY that is bounded above by T'(-,0). This function will play an important

role to give a necessary and sufficient condition for the existence of a geodesic passing
through the origin.

Theorem 8.6. Assume that the following hypotheses hold:

1. RY°CRY.
2. F and —F are 8-STLC for all 3 € R%.?

Then the following statements are equivalent:

(1) There exists a geodesic passing through 0.
(t7)  limsup [E(a)—T(a,0)] =0.

ocERO_
T(a,0)— 400

Proof. (i)=(ii): Let = be a geodesic passing through the origin. Set I' := {z(t) : ¢ > 0},
and consider the solution ¢r of (x). Set o = z(—i). Then for any o € RY and for ¢ > 0
we have

T(a,z(t)) = T(0,2(t)) = T(,x(t)) —T(0,2(t)) + T(,z(t)) — T(cv, z(t))
> T(aza O) - T(OZ“ O[).
Using the definition of ¢r and since T'(,-) is continuous at (ay, ;) € R2 x RY we get
that
or(a;) > T'(a;,0).

Then E(a;) = T(;,0). Since T'(a;,0) — +oo and a; € RY, the result follows.
(i))==(i): Let o; be a sequence in R® such that T'(c;,0) — 400 and E(a;)—T(cy,0) —
0. Then for each i there exists a solution ¢; of (%) such that

pi(a;) > T(a;,0) — &,

9Gince R% C Ri and using Proposition 4.1 we can show that this condition is equivalent to the continuity
of T(-,-) on RY x RY.
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where ¢; is a positive sequence converging to 0. Set 7; = T'(a;, 0), and let z; be an optimal
trajectory on the interval [—7;, 0] joining «; to 0. By Proposition 7.1 we can extend x; to
[0, +00[ by a trajectory satisfying

@i(zi(t)) +t =0, V¥t >0.

Since z;(t) € R%. C R} Vt € [—7;,0] and by the strong increasing property, we have that
for any t € [—;, 0],

0=p(z:(0) +0 > i(zi(t)) +1
> pi(zi(-m)) — 7
= Spi(ai) - T(aiv 0)
Z —¢&;

We deduce that
—&; S gOz(JIZ@)) +t S 0, \V/t - [—Ti, +OO[

By Proposition 5.1, we get that for any two points s <t € [—7;, +00[ we have
t—s>T(xi(s),zi(t) >t —s—¢. (10)

By the compactness property of trajectories, we can assume that the sequence x; converges
uniformly on bounded intervals to a trajectory . We claim that z is a geodesic. Indeed,
let s €] — 00,0] and let ¢ € [0, +00[. We have z(s) € RY and z(t) € RY. Then T'(-,-) is
continuous at (z(s),z(t)) and by (10) we get that

T(x(s), x(t)) =t = s,

which completes the proof. O

Remark 8.7. In this remark, we show how to prove the existence of a geodesic passing
through the origin for the examples 5.4, 5.5 and 7.8.

1. Example 5.4. In this example we have that:
e RY=R’=R"
e T(--)is continuous in R = IR" x R™.
o FKE()=T(0).
Then by Theorem 8.6 there exists a geodesic passing through the origin.
2. Example 5.5. In this example we have that:
e [is 0-STLC (0 € int F(0)).
e RE=R"={aeR:a<l}
e The function ¢(-) =In(1 — ) is a solution of (x) which is mildly regular on RY..
Then by Corollary 8.5 there exists a geodesic passing through the origin.
3. Example 7.8. In this example, clearly the trajectory z(t) = (¢,0) is a geodesic
passing through the origin.
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