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SOLUTIONS TO THE HAMILTON-JACOBI EQUATION FOR BOLZA
PROBLEMS WITH DISCONTINUOUS TIME DEPENDENT DATA

JULIEN BERNIS AND PIERNICOLA BETTIOL®

Abstract. We consider a class of optimal control problems in which the cost to minimize comprises
both a final cost and an integral term, and the data can be discontinuous with respect to the time vari-
able in the following sense: they are continuous w.r.t. ¢ on a set of full measure and have everywhere left
and right limits. For this class of Bolza problems, employing techniques coming from viability theory,
we give characterizations of the value function as the unique generalized solution to the correspond-
ing Hamilton-Jacobi equation in the class of lower semicontinuous functions: if the final cost term is
extended valued, the generalized solution to the Hamilton-Jacobi equation involves the concepts of lower
Dini derivative and the proximal normal vectors; if the final cost term is a locally bounded lower semi-
continuous function, then we can show that this has an equivalent characterization in a viscosity sense.
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1. INTRODUCTION

Consider the non autonomous Bolza problem:

Minimize [g L(t,(t),&(t))dt + g(x(T))
over arcs x € WH1([S, T],R") satisfying
z(t) € F(t,x(t)) for almost every t € [S,T],
z(S) = wo,

(PS,GJO)

in which [S,T] is a given interval, zo € R™ is a given initial datum, g : R™ - RU {+o0} and L : [S,T] x R™ x
R™ — R are given functions, and F': [S,T] x R™ ~» R" is a given multivalued function. The reference problem
(Ps,z,) can be embedded in a family of problems (P; ;) parametrized by pairs of initial data (¢, z) € [S, T] x R™.
This leads to the concept of the value function for (P; ;) V : [S,T] x R™ — RU {+00}, which, for all (¢,z) €
[S,T] x R™, is defined taking the infimum cost for (P, ;):

V(t,z) := inf {/t L(s,z(s),z(s))ds + g(z(T)) | z(-) F-trajectory on [¢,T],x(t) = x} .
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Here, an F-trajectory on the interval [s,t] C [S,T] is an absolutely continuous arc z(-) : [s, t] — R™ which satisfies
the reference differential inclusion #(o) € F(o,z(c)) for a.e. o € [s,t]. We shall consider characterizations of
V(-,) as the unique solution — in a suitable generalized sense — to the Hamilton-Jacobi equation:

{ﬁtga(t, x) +infyep o) 1020t ) - v + L(t,z,v)} =0 (HJE)

(T, z) = g(x),

when we may have a discontinuous behaviour of F' and L w.r.t. the time variable ¢. Many techniques have
been employed to characterize the value function as solution to (HJE), mainly coming from viscosity solutions
theory and viability theory. In both contexts a lot of work has been done including the case of discontinuous
time dependence problems (see for instance the monographs [2, 5, 9, 20] and the references therein). In this
paper we employ nonsmooth analysis tools and a viability approach to provide value function characterizations
involving the notions of lower Dini derivative (also called contingent epiderivative), proximal subdifferential, and
Fréchet subdifferential and superdifferential. An important feature is that we allow the final cost function g to
be a lower semicontinuous function, possibly extended valued, incorporating implicit terminal constraints. As a
consequence the natural class of functions in which we study the value function is the set of lower semicontinuous
functions.

In presence of extended terminal costs, the first result, using viability theory, characterizing lower semicon-
tinuous value functions as solutions to (HJE) in a generalized sense which involves the contingent epiderivatives,
is obtained in [12]. In the same paper we can find also characterizations using (Fréchet) subdifferentials, and
eventually both subdifferentials and superdifferentials leading to a comparison with viscosity solutions for con-
tinuous value functions. These results have been achieved for the Mayer problem (i.e. for L = 0) assuming
velocity sets F which are continuous in (¢,z). A further significant contribution is [9], in which appropriate
invariance theorems allow to characterize the value function also considering proximal subdifferentials.

Passing to discontinuous time-dependent optimal control problems, the relevance of the role of lower Dini
derivatives to deal with measurable time-dependence was highlighted by [21]. Simple examples illustrate that
the value function might not be the unique lower semicontinuous generalized (according to the concepts above-
mentioned) solution to (HJE) in an ‘almost everywhere’ sense (¢f. the discussion in [4]). However, uniqueness
properties of the solution can be derived for the mere measurable time dependent case imposing additional
conditions on the class of functions which are candidate to be solutions, such as the epigraph of the candidate
solution is absolutely continuous w.r.t. ¢, see [14].

A different perspective has been recently suggested in [4] for the intermediate case (between the continuous
one and the merely measurable one) when the multifunction ¢ ~ F(¢,z) has everywhere one-sided limits, for all
x, and is continuous on the complement of a zero-measure subset of [S, T] (without necessarily imposing further
a priori regularity conditions such as the absolute continuity of the epigraph of the candidate solutions). In
this context, considering optimal control problems with a final cost term (i.e. L = 0), the value function turns
out to be the unique lower semicontinuous solution to (HJE) taking into account ‘everywhere in t’ characteri-
zations which involve the concepts of lower Dini derivative and the proximal subdifferential. Further important
features of the results obtained in [4] are: the presence of left and right limits F(¢t*,z) and F(t™,z) (the role
of which cannot be exchanged) in the characterizing conditions and the presence of the horizontal proximal
subdifferentials in the concept of the proximal solution.

The main objective of this paper is to explore lower semicontinuous characterizations of the value function
in the context of non-autonomous Bolza problems, in which the velocity set F' satisfies the same assumptions
as in [4]. The Lagrangian L is assumed to have the same behaviour in ¢ (L(-,x,v) is continuous on a set of
full measure and has everywhere left and right limits), but is just continuous w.r.t. . In addition, L satisfies
standard conditions in v (such as convexity and boundedness on bounded sets). We observe that it would be
natural to invoke a well-known augmentation technique and rewrite the reference Bolza problem (Ps ,,) in
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a Mayer form:

Minimize g(z(T)) + y(T')

over arcs (z,y) € WHL([S, T],R"*1) satisfying
(&(t),9(t)) € G(t,z(t)) for almost every t € [S, T,
2(S) = z0, y(S)=0

where G(t,z) := {(v,w) | v € F(t,z), w > L(t,x,v)}. Even if this method provides a good insight of a correct
outcome, previous results on the Mayer problem are not applicable in our case. On the other hand, keeping
the Bolza formulation of the reference problem allows us, for instance, to impose weaker assumptions on the
Lagrangian L, avoiding additional (and more restrictive) Lipschitz continuity conditions of L w.r.t. the state
variable x, that would be otherwise necessary to impose if we passed to the Mayer form, and which is typically
required in previous work for the Mayer problem (cf. [4, 12, 13, 14]). Therefore, the mere state augmentation
technique does not simplify the task: we would add a step in the analysis and eventually end up with a (possibly
more involved) problem, with exactly the same difficulties as we left the reference optimal control problem in
the Bolza form.

Our first main result (see Thm. 2.1) provides a characterization of lower semicontinuous extended valued
value functions involving both the notions of generalized solution in terms of lower Dini derivatives and in terms
of proximal normals to epigraph sets (confirming that a result consistent with ([4], Thm. 2.2) can be obtained
also for the class of Bolza problems considered here). The second main result of our paper gives a positive answer
to an important question (highlighted in [4]): it was not known whether to achieve an extended-sense viscosity
solution characterization of lower semicontinuous value functions would require employing horizontal Fréchet
subderivatives (and superderivatives). Theorem 2.2 gives (together with the examples in Sect. 2.4) an answer to
this issue and represents, at the same time, an extension to earlier viscosity solutions characterizations such as
in [12, 14] (and [13] for the state constraints free case), to locally bounded lower semicontinuous value functions
for Bolza problems with F' and L discontinuous in ¢ and a discontinuous final cost term g.

To complete the huge picture of this strand, we recall that the viability approach is applicable also to
characterize value functions for state constrained optimal control problems (¢f. [4, 13, 15, 20]). In this case, the
analysis requires some compatibility conditions of the velocity sets F' with the state constraint (called ‘existence
of inward /outward pointing conditions’), which conveys more restrictive assumptions on F' and is based on some
distance estimates results. The discussion on these technical aspects together with the appropriate assumptions
which allow to revisit our results in the context of the state constrained Bolza problems goes beyond the main
purpose of the present paper and is part of an ongoing project (cf. [3]).

The paper is organized as follows. In Section 2 we display the employed notation, the invoked assumptions
(together with an hypotheses reduction technique), our main results (Thms. 2.1 and 2.2) accompanied by
some refinements and a discussion based on three illustrative examples. The third section is dedicated to some
preliminary results. Section 4 provides the proof of Theorem 2.1, which is split into three main steps. The proof
of Theorem 2.2 is provided in Section 5.

2. MAIN RESULTS
2.1. Notation

In the paper we write R the set of non negative real numbers, i.e. {x € R|r > 0}, and B for the closed unit
ball in R™. We denote the Lebesgue subsets of [S,T] and the Borel subsets of R™ by £ and B™ respectively.
The (associated) product o-algebra of sets in [S,T] x R™ is written £ x B™. We denote by L?([a, 8], R™)
the space of P functions for the Lebesgue measure, that are defined on [«, 8], and take values in R™. We
write W11([a, 8], R™), the space of absolutely continuous function for the Lebesgue measure endowed with
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the norm:
B
1w o= 1 F(@)] + / F(s)lds, for all f € W' ([, B, R").

Let D C R™, we denote by coD, D and o D respectively the convex hull, the closure and the closed convex
hull of D. The polar cone D* to a subset D is given by:

D* :={veR™|Vw e D,v-w < 0}.

For arbitrary nonempty closed sets in R™, C’ and C, we denote by dg(C,C”") the ‘Hausdorff distance’ between
C and C":

dp(C,C") :==inf{8>0|C’ C C + BB} Vinf{8 > 0|C C C' + BB}.

Take a closed set C' C R™ and z € R™. Then minyec{|z — y|} is the distance of z from the set C' and is written
de(z). If f: C C R™ — R is a locally bounded function, we denote its lower (resp. upper) semicontinous
envelope by:

felz) = limcinff(y) resp. f*(x) :=limsupf(y) |, for every x € C.

y—x ygx

The notation y S & means that we are considering convergent sequences (y;);en such that y; — x, and each
element y; belongs to C. An increasing function w : Ry — Ry is a modulus of continuity if lims_,o w(s) = 0.

We also recall some basic concepts and tools coming from nonsmooth analysis (detailed dissertations of which
can be found in the monographs [1, 5, 7, 9, 20]). Consider a set D C R™, a point € D and a multifunction
G(-) : D ~» R™. The limit inferior and the limit superior of G(-) at = along D (in the Kuratowski sense) are the
sets

limDinfG(y) = {v € R™ | limsup dg, (v) = O},

y—z y~D>:Jc
lim sup G(y) := {v € R™ | liminf dgy) (v) = O}.
v3a y3e

The Bouligand tangent cone (alternatively referred to as contingent cone) T¢(z) to a closed set C' C R™ at
z € C is defined by:

d h
Teo(z) == {v € R™| liminf do(w + hv)
h—0+ h

:O} zlimsupC;x.

h—0t
The prozimal normal cone to C at x € C, denoted NE (), is defined by:
NE(@x):={neR™|IM >0 st. n-(y—z) < Mly—=zl? VyeC}.

The strict normal cone Ne(z) to C at x is defined as follows

Ne(z) = {nERm\lim sup ly —z| ' n- (y — ) SO}.

Yy—x
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We have N¢(z) = [To(z)]* and
NE(z) € Ne(z). (2.1)
Consider an extended valued function ¢ : R™ — R U {+oco}. We write dom (p) := {z € R™|p(z) # too},
epip = {(x,7) € R™* ! |r > p(x)}, and hypp := {(z,7) € R™T! |r < ¢(z)}. Take z € dom (¢) and d € R™.

The lower Dini derivative (also called the contingent epiderivative, cf. [1, 5, 16]) of ¢ at x in the direction
d € R™, denoted Dyy(x,d), is defined by:

Dyp(z,d) = lir&ionf h= Y (p(x 4 he) — @(x)).

e—d

Similarly, one can also define the upper Dini derivative (alternatively referred to as the contingent hypoderiva-
tive), of ¢ at x in the direction d € R™, denoted D p(z,d):

D,p(x,d) := limsup h ™! (¢(x + he) — ().
h10
e—d

We evoke the following useful relations (see [1]):

Tepiy (z,0(2)) = epi Drp(a, -), (2.2)

and

Thyp o (2, () = hyp Dyp(z, ). (2.3)

We recall also that if U is an extended valued function defined on [S,T] x R", taking e € {1, -1}, then for
(t,x) € dom (U) we can use a simpler expression for D+U((t, z), (€, d)):

DiU((t,x), (e,d)) = lir&%nf h=YU(t + eh,x + he) — U(t, z)).

e—d

2.2. Hypotheses

In this paper we shall invoke the following hypotheses: for every given positive number R, there exist
functions cp(-) € LY([S,T],Ry) and kg(-) € L*([S,T],Ry), a modulus of continuity w(-) : Ry — Ry, and
constants cg > 0, My > 0 such that:

(H1): (i) The multivalued function F : [S,T] x R™ ~» R™ takes convex, closed, nonempty values. For every
x € R", F(-,z) is Lebesgue mesurable on [S,T].

(ii) The function g : R™ — RU {+oo} is lower semicontinuous, with nonempty domain.
(H2): (i) For almost every t € [S,T] and x € R

F(t,x) Cep(t)(1+ |z|)B.
(ii) For all (¢,z) € [S,T] x RoB

F(t,x) C coB.
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du(F(t,2"), F(t,2)) < w(|lz —2'|), for all z,2" € RoB and ¢ € [S,T].

F(t,2") C F(t,z) + kp(t)|xz — 2'|B, for all x,2" € RoB and for a.e. t € [S,T].

(H4): (i) For each z € R", s € [S, T, and ¢ €]5, T the following limits (in the sense of Kuratowski) exist and
are nonempty

F(sT,x): _h/IinF(s z) and F(t7,x) —}SlerrtlF(t x).

(ii) For almost every s € [S,T[ and ¢ €]5,T], and every x € R™ we have
F(st,z) = F(s,r) and F(t",z) = F(t,z).
(H5): (i) The Lagrangian L : [S,T] x R" x R" — R is £ x B"*"-measurable. For every t € [S,T] and z € R",
L(t,z,-) is convex.

ii) L is locally bounded in the following sense

|L(t,z,v)| < My, forall (¢t ,z,v)€[S,T]x RoB x 2¢oB.

(H6): (1) |L(t, 2" v) — L(t,z,v)| <w(|Jxz — '|), for all z, 2" € RyB, t € [S,T] and v € ¢B.
(ii) L(t~,x,v) := limy4¢ L(¥', 2, v) exists for every (¢,z,v) €]5,T] X RoB X ¢yB, and
L(t~,z,v) = L(t,x,v) for a.e. t €]S,T] and for all (x,v) € RyB x ¢¢B.
(iii) L(s*,z,v) := limy s L(s', 2, v) exists for every (s,z,v) € [S,T[xRoB x ¢yB, and
L(st,z,v) = L(s,z,v) for a.e. s € [S,T[ and for all (z,v) € RyB X ¢yB.

2.2.1. A priori boundedness and hypotheses reduction technique

We observe that condition (H2) guarantees a well-known a priori uniform boundedness property for
the F-trajectories. More precisely, if we take initial data (¢t,z) € [S,T] x R™ and an F-trajectory y €

WLHL([t, T],R™) such that y(t) = x, then for every s € [t,T],y(s) € (1 + |z|) exp (fs cr(s ds) B. Set Ry :=

(1 + |x]) exp (fs cr(s ds) then, owing to (H2) ii), for almost every s € [¢t,T7], y(s) € coB. As a consequence,

once we fix the initial data (¢, z), using a standard hypotheses reduction argument (cf. [4] or [20]), when we are
interested in studying the behaviour of the value function at (¢, x), we can impose much stronger assumptions.
More precisely, we introduce the multifunction F : [S,T] x R™ ~» R"

o ) F(s,y) if ly| < Ro
Flsy) = { F(s, Roy/lyl) if |y] > Ro.

and the function L : [S,T] x R® x R — R

L(s,y,v) if ly| < Ry
L(s,y,v) 1= { L(s, Roy/|yl,v) if [y| > Ro.
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The multifunction F(-,-) and the function L(-, -, -) satisfy hypotheses (H1), (H2)*, (H3)*, (H4), (H5)* and (H6)*,
where we denote by (H2)*, (H3)*, (H5)* and (H6)* the global (stronger) version of conditions (H2), (H3), (H5)
and (H6), in which we have removed the constant Ry.

The data of the problem (P, ,) involving either (F,L) or (F,L) do coincide in a neighbourhood of the
reference point (¢,x). It follows that in the forthcoming analysis we can invoke the more restrictive version of
conditions (H1)-(H6) without loss of generality.

2.3. Characterizations of lower semicontinuous value functions

We consider the following family of minimization problems indexed by initial data (t,z) € [S,T] x R™:

Minimize [ L(s, 2(s),&(s))ds + g(z(T))
over the arcs z € WH1([t, T],R") satisfying
z(s) € F(s,x(s)), for almost every s € [t, T,
z(t) = x.

(Pt,x)

We recall that the value function V' : [S,T] x R” — RU {+o0} is defined by the infimum cost for (P; ;):
V(t,z) =inf(P, ), forall (t,z) €[S, T] x R™

The first result provides a characterization of lower semicontinuous extended valued value functions in a
generalized sense involving the concepts of Dini derivative and proximal normal (to the epigraph); these are
sometimes referred to as “lower Dini solutions” and “proximal solutions” (cf. [7, 20]).

Theorem 2.1. (Characterization of lower semicontinuous extended valued value functions) Assume
(H1)-(H6). Let U : [S,T] x R® - RU{+00} be an extended valued function. Then the assertions (a), (b) and
(c) below are equivalent.

(a) The function U is the value function for (P, z): U =V.

(b) The function U is lower semicontinuous and satisfies:

i) for every (t,z) € ([S, T[xR"™) Ndom(U)

inf DyU((t 1 L(tt <0:
sont[DU((t ), (1)) + LY, 0)] <0;

ii) for every (t,x) € (]9, T] x R™) N dom(U)

sup  [DyU((t, @), (=1, —v)) — L(t™,z,v)] <0; (2.4)
veF(t—,x)

iii) For all x € R™, U(T,z) = g(x).

(¢) The function U is lower semicontinuous and satisfies:
i) for every (t,z) € (]S, T[xR™) N dom(U)

€+ inf  [¢o+ AL, z,v)] <0, for all (0,6, -N) € Né;U((t,x),U(t,x)) ;

vEF(tt,x)
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ii) for every (t,z) € (]S, T[xR™) Ndom(U)

50 + GFIEf* ) [§1 "V + AL(tivxav)] 2 07 fOT all (507517 _)‘) € NgaiU((tax)7U(t7x)); (25)

iit) for every x € R™,

lim inf Ut 2"y =U(S,x),
{(t",x")—=(S,x) | t/>S}

and

lim inf Ut,2")=U(T,z) = g(z).
{(t"x")—=(T,x) | '<T} ( ) ( ) g( )

We consider now the case when the final cost is lower semicontinuous and locally bounded. In this case
it is immediate to see that the value function acquires the same properties. In presence of a locally bounded
candidate U to be a solution to an Hamilton-Jacobi equation, a well-known approach in viscosity solutions
theory suggests to consider its lower and upper semicontinuous envelopes and check whether the properties of
supersolution and subsolution in the viscosity sense are satisfied (¢f. [2]). From the perspective developed in our
paper, this idea leads to a notion of viscosity solution expressed in terms of strict normals to the epigraph and
the hypograph of the candidate solution U.

Theorem 2.2. (Characterization of lower semicontinuous locally bounded value functions) Assume

(H1)-(HG). Suppose, in addition, that g is locally bounded and satisfies (¢*). = g. Let U : [S,T] x R™ — R be

a locally bounded function. Then, the assertions (a), (b) and (c) of Theorem 2.1 are equivalent to (d) below.
(d) U is lower semicontinuous and satisfies:

i) For every (t,z) €]5, T[xR"

€+ inf [51 v+ AL(tT, z,v)] <0, for all (€, 6h, -\ € NepiU((t,x),U(t,x)) ;

veEF(tt,z)
ii) for every (t,x) €]S, T[xR"™

—&+ sup  [€ -v=AL(tT,z,0)] <0, forall (—€°, €N N) € Nuypo- ((t,x), U*(t,2)) ; (2.6)

veF (tt,x)
iit) for every x € R™,

lim inf Ut 2"y =U(S,x),
{(t",x")—(S,x) | t/>S}

U(T,z) = g(=),
and
U*(T,x) = g"(x).

If the condition (¢*). = g in Theorem 2.2 is removed, then the implication is valid only in one sense.

Proposition 2.3. Assume (H1)-(H6) are satisfied and that g is locally bounded. Let U : [S,T] x R — R be
a locally bounded function. Then, the assertions (a), (b) or (c¢) of Theorem 2.1 imply (d) of Theorem 2.2.
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Imposing also the lower semicontinuity of L w.r.t. ¢, we obtain the following result.

Proposition 2.4. Assume (H1)-(HG6). If, in addition, we suppose that L(-,x,v) is a lower semicontinuous
function for all (z,v) € RyB X ¢yB, then the assertions of Theorem 2.1, Theorem 2.2 and Proposition 2.3
remain valid when we replace L(tT,x,v) by L(t,z,v) in conditions (b) i), (c) i) and (d) i).

Remark 2.5. (i) The characterizations (c¢) and (d) of the value function V(-,-) are expressed in terms of
proximal normals to its epigraph, and strict normals to its epigraph and hypograph. Invoking the well-known
relations between subdifferentials (superdifferentials) of a given function and the normal vectors to its epi-
graph (and hypograph) these properties can be alternatively rewritten considering proximal subdifferentials,
and (Fréchet) subdifferentials and superdifferentials of V(+,-) at points (¢, z) belonging to the domain of V (-, ).
In [4], for instance, where the velocity set F' has the same discontinuous behaviour, characterizations of the
values function are provided by conditions involving both horizontal and non-horizontal proximal subdiffer-
entials. Here, we prefer to use the formulation with normal vectors because it summarizes in a concise way
the characterization of interest, which in our case has to take into consideration also the Lagrangian term L.
Moreover, the normal vectors expression highlights the somewhat ‘abnormal’ feature of the horizontal normal
vectors (£9,&1, X = 0), which corresponds to the case in which the Lagrangian disappears in conditions (c) and
(d). The contribution of horizontal normals can be easily removed when ‘F' is continuous’ (¢f. [12, 20]) owing
to the well-known (Rockafellar) horizontal approximation theorem (cf. [9]), and it is not clear whether this
simplification procedure would be in general applicable in the discontinuous context (cf. the issue raised in
Remark 2.2-(d) of [4]).

(ii) Conditions in (b), (c¢) and (d) are formulated taking into account particular left and right limits w.r.t. ¢ of
F and L. For the Mayer problem, in [4] it is shown that the role of the left/right limits is crucial to characterize
the value function, and assertions (b) and (c) become in general false if we try to exchange the role of those
limits. As one may expect, our results for Bolza problems are consistent with [4]. We underline the fact that
also for the viscosity solutions characterization (d) the role of the right limit is crucial as illustrated by Example
2.6. Finally we observe that, in (b) i), (c) i) and (d) i) of Theorems 2.1 and 2.2 we can avoid consideration of
the limits of L w.r.t. ¢, imposing also the lower semicontinuity of L in ¢ (see Prop. 2.4).

(iii) The characterization (d) provided by Theorem 2.2 concerns lower semicontinuous value functions for optimal
control problems having a terminal cost g which is locally bounded and satisfies the condition (¢*). = g. A
natural question would be:

Is that possible to characterize V(+,-) in the sense of Theorem 2.2 for optimal control problems removing
the conditions ‘g is locally bounded or (¢*). = ¢’?

If g is a lower semicontinuous extended valued function (taking the value +oco at some points), the issue of
interpreting the viscosity subsolution replacing the condition (d)-ii) immediately arises and it is not clear how
we have to interpret U*. Taking the limsup operator we would lose crucial information on the boundary of
dom(V) and the viability approach would not be applicable or give the desired information. On the other hand,
if we consider the smaller (extended valued) upper semicontinuous function bigger than V on the domain of
V, under some circumstances (such as V' is continuous on its domain and dom(V) is a closed set) we would
be induced to end up with the function V'~ which coincides with V' on dom(V) and takes the value —oo
on [S,T] x R™\ dom(V). The latter technique would not help either, as clarified by Example 2.7. Condition
(g%)« = g can be removed if we are interested in proving that the value function is a viscosity solution in the
sense of (d) of Theorem 2.2 (as established by Prop. 2.3). However, condition (¢g*). = g becomes far from being
just a technical hypothesis and emerges as crucial if we want a characterization (comparison result) for the value
function. This point is illustrated in Example 2.8.

(iv) The results above are still valid if we start from a slightly more general context in which the Lagrangian
in now extended valued L : [S,T] x R® x R" — R U {400} and assumption (H5)-ii) is replaced by a ‘local
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boundedness a.e. in ¢’ in the following sense: there exists a set of full measure E C [S,T] such that
|L(t,z,v)] < My, forall (t,z,v) € E x RoB x 2¢yB .

Indeed, using (H6) we can reduce attention to the case in which L is locally bounded in the sense of (H5), and
then the analysis remains the same.

(v) Assertions (c¢) and (d) of Theorems 2.1 and 2.2 can be easily reformulated in terms of an Hamiltonian
function

Hy(t,z,p) == UE;_I}(E :v)[p v+ AL(t, z,v)] .

Observe that under our assumptions H, (-, z,p) turns out to be continuous on the complement of a zero-measure
subset of [S,T] and has everywhere one-sided limits Hy(t",z,p) and Hy(t™,z,p).
2.4. Examples

Example 2.6. Consider the optimal control problem

Minimize g(z(1)) + [ L(t, z(t), &(t))dt
(Pyya,) { OVer ares x(-) € Whi([to, 1], R) such that
o2l N w(t) € F(t) for ae. t € [to, 1],
z(to) = o,

where ty € [0,1], 29 € R,

|
—
=
=1
=
IN
-
IN

—
iy
[
AN
~
IA
—_ N

1+z, if z>0,
g(z) =

x, if =<0,
and
(v+1)?, if 0<t<g,
L(t,z,v) :=
(w+3)?2+2, if F<t<L

The value function V : [0,1] x R — R is

x—i—t—i—%, if Ogtgé and m+t—%>0,

Vitx) = z4+t+3, if 0<t<i and z+t-32<0,
’ r—3+3 if l<t<1l and z+Li-1>0,
m—%—f—%, if %<t§1 and m—l—%—%SO.

As a result of a routine analysis, one can see that conditions (b)—(c) of Theorem 2.1 and condition (d) of

Theorem 2.2 are satisfied by V. Here, we only display some calculations at the point (tg,zg) = (%, i), which is
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of particular interest since it carries information about the discontinuous behaviour of the data F'; L and g at
the same time. Consider, for instance, (d) ii) of Theorem 2.2. Take any (u,v) € R?. We have:

U+ v, ifu<0and u+v>0,

* 11 . —00, ifu<0and u+wv <0,

DV ((274),(%1}))— f37“+u, ifu>0and §+v>0,

—00, ifu>0and § +v <0,

and hence:
u<0 u>0
11\ /11 , ;

Thyp v 21 vV 31 =2)=q(wv,0) eR*| utv>0 or {%4+0v>0
(<u+tv (< -3 4o

By polarity, we deduce that:
- 11 1
NhypV* (<2a4>72>:{(_goa_glvA)|)‘€R+a £1>)\v£1>607_£0+2_2>\<0}~

Consistently with condition (d) ii) in Theorem 2.2, the value function satisfies:

1\ 2
= 2
<v + 2> +
for every (—£0,—¢10) € Nhypv* ((3,1),2).
On the other hand, switching the roles of F’ (%+) and F' <%_> in the analysis above, we would not obtain

—£% 4+ max {flv - A

v€[-3,3]

1
}§+22A§Q

the validity of condition (d) ii) since, taking the vector (2,—1,1) € Nuyp v+ ((3,1),2), we obtain:

2
1 3 o5 1

Similarly, switching the roles of L (%7:r0,v) and L ((%)*,xmv) for the same normal vector, we would not
obtain condition (d) ii) either:

§+ max {—v—
2 wel-1,1]

+

N w

7
—>>0.
1 >

| =

§—i— max {—U—(U+1)2} =

2 wel-1,1

Even if we switched limits for both L and F, condition (d) ii) would not be satisfied since we have:

3 2 3 5
2+vér[1§fl]{ v—(v+1) 2+ 2>

This example shows that condition (d) ii) must involve the right limits F(t*,x) and L(¢*,z,v), for, if the
limits were taken from the other side, the assertion would be false in general. Similar considerations show the
fundamental significance of the right limits also in condition (d) i) of Theorem 2.2.

Theorem 2.2 provides a characterization for the class of lower semicontinuous functions which are also locally
bounded. One might wonder whether this result can be generalized to the class of lower semicontinuous extended
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valued functions, like for the characterization provided by Theorem 2.1. The major difficulty comes from inter-
preting the concept of viscosity subsolution (which would correspond to condition (d) ii)) on the boundary of
the domain of the candidate to be value function. The notion of viscosity subsolution used in our paper involves
consideration of the upper semicontinuous envelope V*, which has a clear meaning if V' is locally bounded. On
the other hand, if V' were extended valued (with a closed nonempty domain), one might be tempted to take
into account the upper semicontinuous extended valued function V

V(t,x), if (t,z) € dom(V),
—00, elsewhere.

Vo (ta) = {

The following simple example shows that this would not provide the desired effect, even if F' is continuous
and the value function V' is continuous on dom(V).

Example 2.7. Consider the optimal control problem:
Minimize g(z(1))
over arcs z(-) € WH1([tg,1],R) such that
(t) € F(t) fora.e.t€ [to,1],
x(to) = X,
where ty € [0,1], 29 € R,
+o0, if >0,
g(x) =

x, if z <0,

and for all (¢,z,v) € [0,1] x R x R,

The value function V : [0,1] x R - RU {400} is:

_ 400, if z+t—1>0,
Vit,z) = { z4+t—1, ifz+t—1<0.

Then

_ . —00, ifx+t—1>0,
Vo(t,z) = { z4+t—1, ifz+t—1<0.

Let us consider (tg,xo) €]0, 1[xR such that xg + tg + 1 = 0. We have:
Nhyp V- ((thxO)v V(t07x0) = O) = {(_507 _507 )‘) | A€ R-‘m 60 < )\} .
However if we use (1,1,1) € ](]hyp‘F ((to,x0), V(to, o)), then condition (d) ii) is violated since:

1+ max {v}=1+1>0.
ve[—1,1]

Observe that the issue here is not due to the fact that horizontal vectors might be involved in the character-
ization, indeed the vector (1,1,1) € Ny, v - ((to,z0), V(to,20)), considered above, is definitely non-horizontal
and corresponds to the superdifferential p = (=1, —1) € 4+ V (to, x0)-



SOLUTIONS TO THE HAMILTON-JACOBI EQUATION 13

Example 2.8. Consider the Mayer problem:
Minimize g(z(1))
over arcs z(-) € Wh([to, 1],R) such that
x(t) € F(t) fora.e. t€ [to,1],

.’)S(t()) = X,
where ty € [0,1], 29 € R,
o 1, if x #£0,
9@)"{Q if 2 =0,

and for all (¢,z) € [0,1] x R,

The value function V : [0,1] x R — R is:

Vit,z) = 0, if x+1—¢t>0andx <0,
T 1, ifz+1—t<0orxz>0.

One can easily check that V' is a vicosity solution, i.e. satisfies (d) i)-iii). Consider the function U : [0, 1]x
R —R:

0, ifz=0,
Ult,) == ¢ 4, if 2#0,24+1—-t>0and 2 <0,
1, ifx+1—t<Oorxz>0.

Then U is also a viscosity solution in the sense of condition (d). This shows that, if we do not have the property
(9*)« = g, we do not obtain the uniqueness of the viscosity solution in the sense of (d).

3. PRELIMINARY RESULTS

We observe that, under our reference assumptions (H1)—(H6) (or under their more restrictive form provided
by the a priori boundedness argument), for every (¢,z) € [S,T] x R™, the problem

inf J(a()) = /t L(s, 2(s), (s))ds + g((T))

z(+) F-trajectory on [t,T], z(t)=z

has a minimizer. This is due to the fact that, with respect to the W'! topology, the set of F-trajectories
{z(-) F-trajectory on [t,T], x(t) = x} is compact (¢f. [7], Thm. 6.39 or [20], Thm. 2.5.3) and the functional J(-)
is lower semicontinuous.

Taking into account (H5)*, we can state a local Lipschitz regularity lemma for the function L(s,y,-) (locally
uniformly with respect to (s,y)), the proof of which is based on standard arguments on convex functions, and
therefore it is omitted. We just observe that the role of the number 2¢q (instead of the simpler ¢y) allows to
deduce the Lipschitz regularity of L in v in a ball with the smaller radius cy.



14 J. BERNIS AND P. BETTIOL

Lemma 3.1. Assume (H5)*. Then, there exists a positive constant ki, such that for every (s,y) € [S,T] x R™,
and v,v" € coB:

|L(s,y,v) — L(s,y,v")| < kplv—]. (3.1)

In the following lemma we establish a further (uniform) regularity property of the Lagrangian, which we will
invoke several times in our analysis.

Lemma 3.2. (i) Assume that L satisfies (H5)* i), (H6)* i) and (H6)* iii) . Let t € [S,T[ and x € R™. Then,
for every e > 0, there exists § > 0 such that, for every y € x + 6B, for every real s €]t,t + 8] N[S,T], and every
u € coB:

L(s,y,u) > L(t*,z,u) —¢. (3.2)

(ii) Assume that L satisfies (H5)* i) and (H6)* i)-ii). Let t €]S,T] and x € R™. Then, for every ¢ > 0, there
exists 0 > 0 such that, for every y € x 4+ 0B, for every s € [t — 0,t[N[S,T], and every u € ¢yB:

L(s,y,u) > L(t™,z,u) —e. (3.3)

(i1i) Assume that L satisfies (H5)* and (H6)* i), and that L(-,z,v) is lower semicontinuous for all (x,v) €
RoB x ¢oB. Let t € [S,T[ and x € R™. Then, for every e > 0, there exists § > 0 such that, for every y € x + 0B,
for every s € [t — 6,t + 8] N[S,T), and for every u € coB:

L(s,y,u) > L(t,z,u) — €. (3.4)

Proof. We start proving i). Fix any € > 0. Take any v € ¢oB. Invoking (H6)* iii), there exists 0 < d1(v,¢) < 1
such that, for all s €]t,t + 01 (v, )] N [S,T], we have

L(s,a,v) > L(t+, z,v) — Z (3.5)

Invoking Lemma 3.1 we also know that, for all 7 € [S,T] and v, u € ¢B,
|L(7,z,v) — L(1,2,u)| < kr|lu—0v|. (3.6)

Set 02(v, ) := min{d1(v,€); 7z} (> 0). Then, combining inequalities (3.5) and (3.6) (this is used twice, i.e. for
7 =1t" and 7 = s5) yields: for every s €]t,t + d2(v,€)] N [S, T}, and every u € (v + d2(v,&)B) N coB we have
3

L(s,x,u) > L(t", z,u) — e (3.7)

o

Using the compactness of coB, from the open cover of the set coB C J, ¢ 5 v + d2(v,€)B (IB% is the open unit
ball) we can extract a finite subcover:

N
coB C U v; + 52(1}]',8)@.
j=1

Define 63 := minj—; . n d2(vj,€). We obtain:

L(s,x,u) > L(tT, x,u) — ~¢, (3.8)
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for all s €]t,t + 03] N[S,T], and every u € coB. From (H6)* i), we know that there exists 0 < § < 5 such that
w(d) < 1e, and so

1
|L(s,y,u) — L(s,x,u)| < 15 for all y € z + B.

As a consequence, from this inequality and from (3.8), we deduce the validity of (3.2). The proofs of ii) and
iii) follow along the same lines. Indeed, in the first step of the proof, we can use respectively (H6)* ii) and the
lower semicontinuity of L( -, z,v) instead of (H6)* iii) to obtain (3.5) on the suitable time interval. O

We now introduce the auxiliary Lagrangian L~ which will be used as a technical tool in the characterization
of solutions to the Hamilton-Jacobi equation. Take any (t,z) €]5,7T] x R™. We consider the following modulus
of continuity of F' with respect to time (from the left) 6, : [0, — S] — R, defined by: for every h € [0,t — 5],

lz—y|<cgoh (39)
0, otherwise.

B sup o<t—s<n dg(F(s,y), F(t™,x)), if h # 0,
0, (h) := {
Write K := exp (fST kr (s)ds). If we take also a vector v € F(t™,x), we define the following set:
Z(t,x,v) := {z(-) F-trajectory on [S,¢t] | z(t) = = (3.10)

and ||z + (- — t)v — 2(-)||Loe (t=h,g,rm) < KO, (h)h, for all h € [0, — S]}.

The Lagrangian L~ :]S,T] x R" x R" — R U {400} is defined as follows: for every (¢,z,v) €]S,T] x R™ x R,

t
. 1. . . _
L (tx,0) = ll%l&lfh inf {/th L(s, z(s),2(s))ds | z € Z(t,z,v)} , ifveFt™, ),

L(t~,x,v), otherwise .

(3.11)

The map L~ arises in a somehow natural way in some crucial steps of our analysis (c¢f. the proofs of Prop. 3.3 and
Thm. 2.1). A similar auxiliary Lagrangian function was introduced in [10, 11] to investigate characterization of
solutions to Hamilton-Jacobi equations in the context of calculus of variations. In our framework the expression
of L™ is more involved since we have to take account of the velocity constraint given by the differential inclusion
2(s) € F(s,z(s)) and the possible different (from the left and from the right) limit behaviour of F w.r.t. t.

Proposition 3.3. Suppose that (H1), (H2)*, (H3)*, (H4) and (H5)* are satisfied.
(i) Then, for all (t,z,v) €]5,T] x R™ x R™, we have L™ (t,z,v) € R and

L(t™,z,v) < L™ (t,x,v). (3.12)
(it) If, in addition, L satisfies (H6)* i)-ii), then for every (t,z,v) € |S,T] x R™ x R™ we also obtain
L™ (t,z,v) < L(t™,z,v). (3.13)

Proof. (i) Consider (t,z) € ]5,T] x R™. We can assume that v € F(t~, z), since otherwise the stated inequal-
ity immediately follows from the definition of L~. Using Filippov existence theorem (c¢f. [20], Thm. 2.4.3),

we have Z(t,z,v) # (). As a consequence, we obtain inf {ftt_h L(s,z(s),%(s))ds| z € Z(t,x,v)} # 400, for all
h €]0,t —S].
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Invoking the a priori uniform boundedness of the F-trajectories, it is straightforward to see that all the arcs

in Z(t,z,v) are uniformly bounded and uniformly Lipschitz continuous. Since L is bounded in the sense of
condition (H5)*, we deduce that there exists a constant My > 0 such that, for every z(-) € Z(¢,z,v),

|L(s,2(s),2(s))| < My, for almost every s € [S,t].

It follows that, for all h €]0,t — S]: ’inf{ftt_h
|L=(t,z,v)| < My, and therefore L™ (t,z,v) € R.

L(s,z(s),2(s))ds|z € Z(t,x,v)}‘ < hMj, which implies that

We now establish (3.12). Let & > 0. For every h €]0,t — S], small enough, we choose z, € WH1([S,¢],R") an
eh-minimizer for the following Lagrange problem:

inf{/tthL(s,z(s),,é(s))ds v e Z(t,x,v)}.

Invoking again the a priori boundedness of F-trajectories, the family (Z)ne)0,t—s) is bounded in > by cq.
Using (3.3) of Lemma 3.2 and Jensen’s inequality, we obtain for all h €]0,¢ — S
t 1 st
T, —

h Jin

1 t

- L(t™,x,2n(s))ds —e > L <t_7
h Jin

L(s, zn(s), 2n(s))ds > %/ z'h(s)ds> —e.

t—h

From standard analysis, we also know that limy, o % ftt_ h 2p(s)ds = v. Passing to the limit inferior in the last
equation, we have:

e+ L™ (t,z,v) > Lt ,x,v) —&,

which confirms (3.12) since ¢ is arbitrary.

(ii) Consider (t,z) €]S,T] x R™. Again, we can restrict attention to the case v € F (¢, x), since otherwise
the assertion easily follows from the definition of L™, and claim that

L™ (t,z,v) <lim sup L(s,y,v). (3.14)
hi0 o<t—s<nh
le—y|<ecoh

Indeed, using Filippov existence theorem, we can find an F-trajectory z € WhHL([S,¢],R"), such that 2(¢) = x
and for every h € [0,t — S]:

t
Iz = (@ + (- = £)0) Lo (o zr) < / 1(s) — vlds < K6; (h)h, (3.15)
t—h

where K = exp (fST kp(s)ds>. From Lemma 3.1, there exists kz > 0 such that for every (¢',2') € [S,T] x R",

v, v € ¢oB:

|L(t/a zla U) - L(t/azlvv/” < kL‘U - UI|'
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As a consequence, for every h €10,t — S|, we have:

t

inf {/tt L(s,2(s),%(s))ds | z € Z(t,h,v)} < /t L(s, 2(s), 2(s))ds,

—h —h

</tt L(s,z(s),v)ds—f—/t kr|2(s) — v|ds

—h t—h

<h sup L(s,y,v)+hky K6, (h).
O<t—s<h
|z—y[<coh

Dividing across by h, passing to the limit inferior as h goes to 0, yields (3.14). If L satisfies satisfies also (H6)*
i)-ii), then:

L™ (t,z,v) <lim sup L(s,y,v)=L(t",z,v),
R0 0<t72§hh
|z—y|<cqo

which confirms (3.13). O

We conclude this section recalling a well-known result, referred to as the Weak Invariance/Global Viability
Theorem (cf. [1] or [20]).

Theorem 3.4 (Weak invariance theorem). Take a multifunction T : R¥ ~» R¥ an interval [S,T] and a closed
set D C R*. Assume:

(i) The graph of T is closed and T'(z) is a nonempty, convex set for each x € R¥;
(i1) there exists ¢ > 0 such that

I(z) C ¢(1+|z))B for all z € R,
(i) for every x € D we have

min (-v < 0 forall( € Nh(2).
vel(x)

Then, given any xog € D, there exists an absolutely continuous function x(-) satisfying
L(xz(t)) for a.e. t €[S,T],

Zo,

D forallte[S,T).

B

wn

~—
m I m

4. PROOF OF THEOREM 2.1

The proof has the following structure: we first show that the value function satisfies property (b) of
Theorem 2.1. We subsequently prove that condition (b) implies condition (c). Finally, if a lower semicontinuous
function U satisfies (¢) then we show that it coincides with the value function. Each step is highlighted by a
proposition or a theorem statement.

4.1. The value function satisfies (b) of Theorem 2.1

Proposition 4.1. Assume (H1)-(HG6). Let V : [S,T] x R™ — RU {400} be the value function of the problem.
Then V satisfies (b) i)—iii) of Theorem 2.1.
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Proof. From the definition of V' it immediately follows that V(T,-) = g(-) confirming (b) iii). The lower semi-
continuity of V' can be deduced by standard arguments (see for instance [17], Thm. 1.1). We have to prove that
V satisfies (b) i) and (b) ii) of Theorem 2.1.

Step 1. The first part of this step is somewhat standard (cf. [4, 20]). We briefly reproduce this analysis since,
in the second part of this step, it has to be properly combined with suitable properties on the Lagrangian L,
mainly described by Lemma 3.2.

Take (t,z) € ([S, T[xR™) Ndom(V). Let y € Wh1([t, T],R"™) be a minimizing F-trajectory for (P, ), whose
existence is guaranteed by our assumptions on F and L (see Sect. 3). Using the principle of optimality, for every
0 €]0,T — t], we have:

t

V(t+0,y(t+9)) —V(t,x) = /t+6 L(s,y(s),y(s))ds.

From the fundamental theorem of calculus we also have for every 6 € 10,7 — t]:

t+5
5N (y(t +8) — y(t)) = 61 / 3(5)ds.

Let (d;)ien be a strictly decreasing sequence of positive real numbers that converges to 0. For every integer

1 € N, let us define v; € R™ by:
t+6;
v; 1= 51-_1/ y(s)ds.
t

From the a priori boundedness of the F-trajectories guaranteed by the hypotheses reduction of Section 2,
[9(s)| < ¢o for almost every s € [¢,T]. From this inequality, we deduce that the sequence (v;);ecy is bounded by
co- Then, there exists a vector v € ¢oB such that, up to a subsequence, v; — .

1—400
Take any p € R™ and ¢ € N. Since F(s™,y(s)) = F(s,y(s)) almost everywhere for each i € N, we have:

prv=06;" /Héi p-y(s)ds < ;7 t /Héi max p-vds. (4.1)
¢ t  vEF(sTy(s))

But since the function s — max, ¢ p(s+,y(s)) P - v is right continuous at s = ¢, letting 4 go to +oc in equation
(4.1), we have:

-0 < max V.
p - veF(ﬁ,y(t))p

Employing the characterization of the closed convex hull of a set by the support function ([19], Thm. 13.1), we
deduce that v € F(tT,y(t)) = F(t*, z).

Using the definition of D4V ((¢,z), (1,7)) and the principle of optimality, we obtain:

D+V((t,2), (1,0)) + L(t*, 2,0) < liminf6; "(V (¢t + 6;,y(t + 6;)) — V(t,z)) + L(t+, z,9),
11— 00

t
= liminf §; ! L(s,y(s),9(s))ds + L(t", z,v),

71— 00

t+08;
= liminf —4; * / L(s,y(s),9(s))ds + L(t", z,v). (4.2)
¢
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Fix any € > 0. We consider the constant d. > 0 given by Lemma 3.2 i) for the reference pair (¢, x) € [S, T[xR".

Since v; p v and L(t*,x,-) is continuous, there exists Ny € N such that:
1—>+00

|L(tT,x,v;) — L(tT,2,9)| <e, for all i > Ny,
and from the continuity of the F-trajectory y(-), we can choose an integer N > Ny such that for every integer

1> N:§; <., and for all s € [t,t+ d;],|y(s) — x| < .. Since for almost every s € [¢,T], |y(s)| < co, Lemma 3.2
guarantees that for almost every s € [t,t + d.] N [¢, T1,

L(s,y(s),§(s)) > L(t*, 2, 9(s)) — .

Thus, for any integer ¢ > N:

t+8; t+0;
5 [ Ll ae)ds = 67 [ L is)ds -
t t

Applying Jensen’s inequality to the convex function L(t,z,-), we also obtain:
t+06; t+9;
5;1/ Lt z,9(s))ds > L t+,x,(5;1/ g(s)ds| —e=1L (t+,x,vi) —c.
t ¢
We deduce that —d; ! :Hi L(s,y(s),y(s))ds + L(tT,z,v) < 2¢ for every integer ¢ > N, and so, from (4.2) we
obtain:
DTV((tv l’), (1’ 1_))) + L(t+’ T, 1_)) < 2e.
Since € is arbitrary, this confirms (b)-i).
Step 2. Let (t,z) € dom(V)N]S,T] x R™. Let o € F(t~,z). For every s € [S,t], set y(s) = = + (s — t)0.

Hypotheses on the multifunction F allow us to use the Filippov existence theorem: there exists an F-trajectory
Z(-) that satisfies Z(t) = x, such that for every h €]0,t — 5],

t
12 =yl -ngrmy < K (/t hdF<s,y<s>>(5)dS> < K6 (h)h,

where K = exp ( /. g kp (s)ds) and 6; is the modulus of continuity defined in (3.9). Recalling the hypotheses

reduction and definition of Z(¢,z,0) given in (3.10) (see Sect. 2), it follows that Z(-) € Z(¢,x,0) # 0. For any
h €]0,t — 5], there exists an h? minimizer zj,(-) € Z(t,x,¥) of the Lagrange problem:

wt { [ L6s.2(6) 20905 2 € 200,00}

—h
For any h €]0,t — S], we write vy, := h™1(x — 2;,(t — h)). We obtain:
|8 = val = ™ |en(t = B) —y(t = )| < KO, (R).

We deduce v, — 0.
hi0



20 J. BERNIS AND P. BETTIOL

Using the principle of optimality applied to the F-trajectories z (), we also have:
t
V(t—h,z— hvp) = V(t,x) < / L(s,zn(8), 2n(s))ds, for every h €]0,t — S].
t—h

It follows that for every h €]0,t — S|,

t

W= (V(t = hyx — hoy) = V(t,2)) < b7 inf {/t

L(s, z(s),2(s))ds | z € Z(t,xﬁ)} + h.
—h

Hence, passing to the limit inferior when h goes to 0 and recalling the definition of L™ in (3.11),

DV ((t,x),(—-1,-0)) < 1i£nj51f =Y (V(t — hyx — hvy) — V(t,2)) < L™ (t,z,9).

As a consequence, owing to ii) of Proposition 3.3, we obtain:
DTV((t7 x)a (_17 _6)) < L(t_a Z, 17)7
which establishes the validity of (b)-ii), concluding the proof of Proposition 4.1. O

4.2. The value function is a proximal solution

In this subsection we prove that any lower semicontinous function U : [S,T] x R™ — RU {400} satisfying
condition (b) from Theorem 2.1 also verifies condition (c) from Theorem 2.1, i.e. is a proximal solution.
Proposition 4.2. Assume (H1)-(H6) and let U : [S,T] x R" — RU{+0o0} be a lower semicontinuous function
satisfying (b) i)-iii) from Theorem 2.1. Then U is a proximal solution to (HJE), i.e. satisfies (c) i)—iii).

We shall make use of two technical lemmas, which provide consequences of properties (b) i) and (b) ii) of
Theorem 2.1.

Lemma 4.3. Let U : [S,T] x R" — R U {400} be a lower semicontinous function. Take any (t,x) €
([S, T[xR™) ndom(U). Then, there exists v € F(tT,z), a sequence (v;)ien in R"™ converging to v, and a strictly
decreasing sequence (h;);en in Ry, converging to 0 as i goes to 400, such that:

lim h; YUt + hi, o + hyvy) — U(t, o)) = ( inf  DyU((¢t,2),(1,w)) + L(t+,x,w)> — L(tT,x,v).

i—+o00 weF(t+,)
Assume, in addition, that U satisfies (b) i). Then we have:

lim h; Y (U(t+ hi,x + hivy) = U(t,z)) < —L(tT, z,v). (4.3)

i——+00
Proof. Fix any (t,z) € ([S,T[xR™) N dom(U). Write A := inf,¢cp(e+ ) D1U((t, x), (1,w)) + L(tT, z, w). Let
(€j)jen in Ry be a strictly decreasing sequence that converges to 0. For any j € N, there exists a vector
vj € F(t*,z) such that:
A < DyU((t,2), (1,v5)) + L(tT, @, v;) < A+ej.

Since F(t*,x) is compact, there exists 0 in F(t*,z) for which, up to a subsequence, (v;);en converges to 0.
By definition of the limit inferior, for each j € N, there exists a sequence (v;;);en in R” converging to v; and a
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strictly decreasing sequence (h;;);en in R4 converging to 0 such that:

Wm ho HU(t+ hji, @+ hjv) — U(t,x)) = liminf B7NU(t+ bz + B'0') = U, x)).

i—+o00 v’ —wvj,h' L0

It follows that we can construct a sequence (¢(j));en for which the subsequence (h; o (;y) en is strictly decreasing,
converges to 0, and such that for every j € N*:

[vj = Ve < €5

Ry U+ o) s+ () 0.0)) = UL @) € [A —ej = Lt 2,05), A+ 225 — L(tT, 2, 05)]. (4.4)

Write hj := hj ) and 05 1= v; ;) for each j € N*. As a consequence, we have lim; ., ¥; = ¥ and
lim; 4o hj = 0. Moreover, using the continuity of L(¢t*,z,-), we obtain _lir+n L(tt,z,v;) = L(tT,z,0).
j—+o0
Therefore, letting j go to 400 in (4.4) yields:

lim A (U(t+ by, o+ h;t;) = U(t,x)) = A = L(t%, 2,70).

Jj—+oo

If U satisfies (b) i), we have A < 0, which implies

lim A (U(t+ by, 2+ h;v;) — Ut x)) < —L(t+, 2,7),

Jj—+o0
and concludes the proof of the lemma. O

Lemma 4.4. Let U : [S,T] x R™ = RU {400} be a lower semicontinous function. Assume that U satisfies
(b) i). Let (t,x) € (]S,T] x R™) Ndom(U). Then for every v € F(t~,x), there exists a sequence (v;)ien in R"
converging to v and a decreasing sequence (h;);en in Ry which converges to 0, such that:

lim h; YUt — hi, o — hyv;) — U(t,x)) < L(t™, z,0). (4.5)

i——+00
Proof. Consider any (¢,z) € (]S,7] x R") Ndom(U) and v € F(t~,z). We have:
DU ((t,z),(—1,—v)) < L(t™,z,v).

Using the definition of D4U, there exists a sequence (v;);en in R™ converging to v and a decreasing sequence
(hi)ien in R4, converging to 0, such that:

liminf h=Y(U(t — h,t — hvy) — U(t,x)) = lim h; " (U(t — hy,t — hiv;) — U(t,x)) < L(t™, z,v),

hl0,vp—v i—+o00

which concludes the proof. O

We are now ready to prove Proposition 4.2. The proof is split into three steps.

Step 1. We first claim that (c) i) from Theorem 2.1 holds: for every (¢, z) € (]S, T[xR"™) N dom(U), for every
proximal vector (£0,&1,—)) € NiiU((Lm), U(t,z)), we have

€+ min € v AL w0) <0
veF(tT,x
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Take any (t,z) € (]S, T[xR™)Ndom(U) and (£°,&1, - )\) € Nel;U((t,x), U(t,z)). We necessarily have A € R.

Invoking the definition of the proximal normal cone, there exists M € R such that for every (¢, 2',a’) € epiU:
Ot —t)+e (@' —x) =N —Ut,x) S Mt =) + |2’ — x> + |o/ —U(t,z)?). (4.6)

From Lemma 4.3, there exists v € F(tT,x), a sequence (v;);en in R™ that converges to v and a strictly
decreasing sequence (h;);en in R4, converging to 0, such that:

lim h; YUt + hy, o+ hivy) — U(t,x)) < —L(tT, 2, 0).

1——+00
In particular we have:

lim YU+ hy, @ + hivg) — U(t,z)|? =0,

i—+oo

since it is the product of the sequence ([h; *(U(t + hi, © 4+ hjv;) — U(t, x))]?)ien, which converges and is therefore
bounded, with the sequence (h;);en, that converges to 0.

Taking the particular values (¢t + h;, x + hv, U(t + hi, x + hv;)) for (¢',2',¢/) in (4.6), and dividing across
by h;, for every ¢ € N, we obtain:

EO +§1 * Vg S )\h:l(U(t—F hi,ZIJ—F hﬂ/,’) - U(t,l‘)) +Mh1(1 + |’Ui‘2) + Mhl_1|U(t+ hi,l‘ + hi’Ui) - U(t,$)|2.

Letting the integer i go to +00, we have: €0+ €1 v = lim; oo (€Y + &1 - v;) < —AL(tT, 2,v), and thus we obtain:
&4+ MiN, e p(i+ 2) €' v+ AL(tT, 2,v) <0, which confirms the claim of step 1.

Step 2. We now prove that (c) ii) is satisfied: for every (¢, z) € (]S, T[xR™) Ndom(U), for every proximal vector
(£%,€",=X) € Niiy((t,2), U(t,x)), we have

epiU

€4+ min & v+ AL, z,0) > 0.
veF(t—,x)

Consider any (t,7) € (]S, T[xR") N dom(U) and (£°, &1, —)) € NEI;U((t,x), U(t,x)).
Take any v € F(t~,z). Owing to Lemma 4.4, we can find two sequences (v;);en and (h;);en satisfying (4.5).
Employing the same arguments used in the first step, there exists M € R, such that for every i € N:

(04t ) < /\hi_l(U(t — hi, & — hyv) — U(t,z)) + Mhy(1 + |v;|*) + Mhi_1|U(t — hi,x — hyvy) — U(t, )%,
where lim;_, 4 oo hy U (t — hi,x — hjv;) — U(t,x)|? = 0. Bearing in mind (4.5), letting i go to +oc, we obtain:
—(&0 4 ¢t cv) < AL(t™, x,v).
Thus we have €% + &1 - v + AL(t 7, z,v) > 0 and consequently:

€ € ) 20

Step 3. To conclude the proof we have to consider the boundary conditions (c) iii). Take any x € R™. Using
the lower semicontinuity of U, we have:

Ut',2") > U(S,z), and U',z') > U(T,z).

lim inf lim inf
{(t"x")—=(S,x) | t'>S} {(t"x")—=(T,x) | t'<T}
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If (S,x) ¢ dom(U), then we immediately obtain:

lim inf Ut',2") <U(S,z) = +o0.
{(t' @)= (S.x) | >5}

If (S,x) € dom(U), then using Lemma 4.3, we can find v € F(ST,z), a sequence (v;);en in R™ converging to v,
and a strictly decreasing sequence (h;);cy in Ry converging to 0, such that (4.3) holds at ¢ = S.
As a consequence limsup;_, , . U(S + hi, x + hyv;) < U(S,x). Thus we have:

U(s,z) < liminf ~ U(¢,2') < liminf U(S + hi,z + hiv;) < U(S, @),
{(#2)~(5.2) | #>5) e

which gives the first equality in (c) iii) from Theorem 2.1.

If (T,z) ¢ dom(U), clearly we have: iminfy o)1) | v<ry U(t',2") < U(T,x), so we consider the case
when (T,z) € dom(U). Then fix any v € F(T~,z). Using Lemma 4.4, we deduce the existence of a sequence
(vi)ien in R™ converging to v and a decreasing sequence (h;);cn in Ry, that converges to 0, such that (4.5)
holds at ¢t =T

Since L(t™,x,v) is finite, from (4.5) we deduce that limsup;_, . U(T — hj,x — hyv;) < U(T,x). It follows
that

U(T,z) < lim inf U, 2") <liminf U(T — h;, 2 — hyv;) < U(T, x).
{(t'2")—=(T,x) | t'’<T} i—+400

Using the relation U(T,z) = g(z), given by the fact U satisfies (b) iii), we obtain the last desired boundary
condition at ¢t =T

4.3. A proximal solution coincides with the value function: comparison results

We display the last part of the proof which consists in showing that if a lower semicontinuous function
U : [S,T] x R" - RU{+oo} satisfies (c) of Theorem 2.1, then it coincides with the value function for (P ;).
We observe that for the inequality V' (¢,z) < U(t,z) conditions (H6) ii) and iii) are not necessary, but they are
required for the opposite inequality. More precisely we will prove the following result.

Theorem 4.5. Assume (H1)-(H5) and (H6) i). Let U : [S,T] x R" = RU {+o0} be a lower semicontinous
Sfunction.

(i) Suppose that U satisfies (c) i), and that, for all x € R™,

U(T,z) = g(x) and Ut',2')=U(S,x).

lim inf
{(t',2")—(S,z) | t'/>S}
Then V (t,z) < U(t,x) for any (t,x) € ([S,T] x R™) N dom(U).

(ii) Assume, in addition, that L satisfies (H6) ii) and iii). Suppose that U satisfies (c) ii), and for all z € R™

lim inf Ult,2)=U(T, z) = g(z).
{(t"x")—=(T,x) | /<T} ( ) ( ) g( )

Then V (t,z) > U(t, z) for any (t,x) € ([S,T] x R™) N dom(U).

Theorem 4.5 contains two ‘comparison results’ establishing the last part of the proof of Theorem 2.1 with
the implication ‘(c) = (a)’. Combined with Propositions 4.1 and 4.2, it provides uniqueness result for the
characterization of the value function in the class of lower semicontinuous functions, as summarized in the
Corollary below.



24 J. BERNIS AND P. BETTIOL

Corollary 4.6. Assume that (H1)-(H6) are satisfied. Then the wvalue function V is the unique lower
semicontinuous function solution to (HJE) in the sense of (b)—(c) of Theorem 2.1.

Proof of Theorem 4.5 ). In order to establish the first comparison result, bearing in mind the hypotheses
reduction of Section 2, we introduce an auxiliary multivalued function: @ : [S,T] x R™ ~» R™ x R defined
by:

{(v,—n)\veF(S*,x),Mo27)2L(S+,x,v)}, if 7=,
Q(r,z) = CO{(U, —n)|ve{F(r—,z) UF(rT,2)}, My >n > E(T,J},’U)}, it 7€lS T,
{(u—n)\veF(T‘,x),MoEUZL(T—,I,U)}, if r=T),

where L(7,z,v) := min{L(7T,z,v), L(r—,z,v)}. A routine analysis allows to verify that the multifunction Q
takes as values nonempty convex sets with elements which are (uniformly) bounded by ¢ := /2 + M ; moreover
the graph of @ is closed.

Take any (to, zo) € (]S, T[xR"™)Ndom(U). The crucial point of Theorem 4.5 i) is establishing the applicability
of the Weak Invariance Theorem 3.4 for the following differential inclusion:

(7,2, 0)(t) € D((t), 2(t),£(t)), for a.e.t € [ty,T],
(7(¢),z(t),£(t)) € epi U, for all t € [tg, T,
T(to),x(to),g(to)) (to,xo, U(to,.%’())),

where I : [S,T] x R"™! ~s R"*2 is defined by

o ({(0,0,0)} U ({1} x Q(S,2))), if 7=25,
I(r,z,0) = {1} x Q(7,z), it 7€]S,T],
o ({(0,0,0)}U ({1} x Q(T,x))), if 7=T.

Clearly the multifunction T inherits the following properties from @Q: the graph of T is closed, for all (7, z,¢) €
[S,T] x R"™ T'(r,2,¢) is nonempty convex set and I'(r,z,¢) C (¢ + 1)B. The ‘inward pointing condition’ iii)
of Theorem 3.4 is also satisfied. Indeed, for 7 = S, T the construction of I' immediately yields the required
inequality (for instance taking w = 0 that belongs to both I'(S, z, £) and I'(T, z, ¢)). On the other hand, since U
satisfies (c) i) of Theorem 2.1, for every (7,2) € dom(U), and every (£°,&, —)) € eplU((T, x),U(t,x)), there
exists v € F(77,z) (recall that F(7T, ) is compact) such that:

4+ AL(TT,2,0) <0 (4.7)
and ming,er(rq,0) (%, —A) - w < 0 +&H- 0+ AL(7 T, 2, 0). Then, the Weak Invariance Theorem 3.4 is applicable

and there exists (7(-),z(-),£(-)) € Wh([te, T],R x R™ x R) satisfying 7(¢) = ¢t and

= w9, L(to) = Ulto, 7o)
Lt) > U(t,z(t)) for all t € [to,T].
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Taking into account the definition of the multivalued function @) and the hypotheses on both F' and L, we
deduce that z(-) is an F-trajectory and that £(s) < —L(s,z(s),Z(s)) for a.e. s € [tg, T]. Hence we have:

T T
g(x(T)) = U(T, 2(T)) < 6(T) = €(to) + / i(s)ds < Ulto, 20) - / L(s,2(s), &(s))ds,

to

which implies:

WMM+/L@ﬂ$ﬂm®SWmm)

to
Thus we obtain:
V(to, l‘o) S U(to, J)o).

If (S, zo) belongs to dom(U), we pick a decreasing sequence (h;);en in Ry that converges to 0 and a sequence
(yi)ien in R™ that converges to xg such that:

lim U(S + hi,y) = lim inf Ut,2") = U(S, z0).
zﬁlinoo ( y) {(t’,z’)—{r(%',lz%\t’>s} ( x) ( :L’O)

From what precedes, for every integer i € N, we have:

Passing to the limit inferior in that last equation yields:

V(S = lim inf V(' 2") <lUminf V(S + hy,y:) < lim U(S+ hy, ;) = U(S, x0).
(550 = (0 g8 sy V) SURBIVIS +hiw) < Jip VIS +hiowi) = U5, 20)
Note that we also have g(zg) = V(T,z9) < U(T,x0) = g(xo). O

Proof of Theorem 4.5 ii). Pick (t,z) € ([S,T] x R") Ndom(U) and let x € WHL([t, T],R™) be an F-trajectory
such that x(t) = z. We want to prove:

We can assume that g(x(T")) < 400, otherwise we automatically have the desired inequality. Using the fact
that iminfy s (1w | v<ry Ut 2") = U(T, ) = g(x), we can find a sequence of points (73, y;) in ], T[xR"
such that lim; o0 (T, 4;) = (T, 2(T)) and lim; 400 U(T;, y;) = U(T, 2(T)). Invoking Filippov’s existence the-
orem and arguing as in [4], we obtain a subsequence of F-trajectories z;(-) on [t,T] such that z;(T;) = y;, for
all ¢, and ||z;(*) — z(*)||wr1 — 0 as i — +oo.

The multivalued function F' satisfies the assumptions which allow to apply Carathéodory’s parametrization
theorems ([1], Thms. 9.6.2 and 9.7.2). Hence there exists a mesurable function:

f ST xR"xB — R",
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such that:

For every (t,z) € [S,T] x R™, F(t,x) = f(t,z,B);

For every (z,u) € R™ x B, f(-,z,u) is mesurable;

t,u) € [S,T] x B, f(t,-,u) is 10nkp(t)-Lipschitz;

t,z) € [S,T] x R™, (u,u') € B, |f(t,x,u) — f(t,x,u")| < 5nmax,ecp(t,q) [v]|u —u'|.

(
(

For every ( (4.8)
(

For every
Under our hypotheses, for all (s, z,u) €], T[xR"™ x B, we have (cf. [4]):

lim (s, 2" u') € F(s™,z) and lim f(s', 2" u') e F(sT,x).

s'ls,x’ =z u' —u s'ts,x’ —x,u’ —u

Fix ¢ > 0. Since z;(+) is an F-trajectory, for almost every ¢ € [¢, T]:

&;(t) € f(t,z:(t),B).

and, using Filippov’s selection theorem (cf. [20], Thm. 2.3.13), there exists a mesurable selection u; : [{,T] — B
such that:

;i (t) = f(t,24(t), u;(t)), for almost every ¢ € [¢,T].

Let € > 0. Lusin’s theorem (cf. [7], Prop. 6.14) allows us to find a pair of functions (£, u$) defined on [¢, T
such that x5 (7T;) = x;(T;) and
5 (t) = f(t,25(t),us(t)) for almost every t € [t,T];

7

the control u$ is continuous; (4.9)
2; — @5 lLee (7,1 R7) < €5 '

meas ({t € [£, 7] | u,(t) — uf(t) # 0}) < e

For every (t,z) € [t,T] x R™, we write v (¢t,2) := f(tT,z,u5(t)), v (t,z) := f(t,z,u5(t)). We define
two multivalued functions Ff : [t,T;] x R™ ~» R", A : [t,T;] x R™ ~» R by the relations: for every (¢,z) €
[, T}] x R™:

Ff(t,x) :==co{v (t,z),v" (t,2)},
As(t, ) i=co{L(t",m,v (t,2)), L(t",z,vT (t,2))}.

Then we set a new multifunction I'f : [0,7; — ] x R" X R ~» R x R™ x R defined for every (t,z,¢) € [0,T; —
t] xR™ x R:

CO{(O7O,O)U{1}X—Fe(f:c)xA?( x)}, ft=T; -1,

L5t @, 0) = {{1} x —F£(T; — t,x) x A5(T; — t, ), ifte [O,Ti —t[.

The multivalued function I'{ is convex, compact valued and has closed graph. We consider the following
differential inclusion:

(7(1), 5(1), (1)) € T5 (7 (1), y (1), £(1)), for ae. t € [0,T; — ],
7(0) = 0,y(0) = 5 (T3) = z:(T3), £(0) = U(T;, 2(T7)), (4.10)

Lt) > U(T; — 7(t),y(t)), for all t € [0,T; —t].
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We define the arc
t
t= (17 (1),y5 (1), 65 (1) == (t,l‘f(Ti — 1), U(T;, 2:(T3)) +/ L(T; — s,25(T; — ), &5 (T; — 8))d8> :
0

The arc (77,y5,¢5) is the unique I'{-trajectory with initial condition (0,z(T;),U(T;, x;(T;))). Owing to the

3
‘hypotheses reduction’ argument of Section 2, we deduce that there exists a constant ¢ := \/cZ + Mg such that

Is(t,x,£) C (c+ 1)B, for every (t,x,{).

For every (7,z) € [0,T; — ] x R", we set U(r,z) := U(T, — 7, z). Therefore the last condition in (4.10) can
be interpreted as the inclusion (7(t), y(t), £(t)) € epiU for all t € [0, T; — £]. We claim that the Weak Invariance
Theorem 3.4 is applicable to the differential inclusion (4.10). We have already observed that the assumptions i)
and ii) of this theorem are satisfied. We show now that I'¢ also satisfies the last (‘inward pointing’) condition
iii). That is, for every pair (7, ) € ([0,T; — £ [xR™) N dom(U) and every ¢ > U(r, z):

min )(go,gl, —A)-w <0, forall (69,1, -\) € N;iﬁ((r,x),ﬂ). (4.11)

wels (7,2,¢

Indeed, let (1,z) € ([0,T; — £ [xR™) N dom(U) and (£°,€%, —\) € NP (), U(r,z)) (we recall that we can

always reduce to the case £ = U(7, z)), which is equivalent to say:
(—€% ¢t -\ e Nel;U((ﬂ —7,2),U(T; — 7,x)).

We notice that v=(T; — 7,z) € F£(T;, — 7,2) N F((T; — 7)~,x) and, bearing in mind U satisfies (2.5) of
condition (c) ii), we obtain:

O+ v (T —1,2) + A\L((T; — 7) ", z, v~ (Ty — 7,)) > 0.

Hence we can confirm (4.11) by choosing w = (1, —v~(T; — 7,2), L((T; — 7) ", x,v (T; — 7,x))). As a conse-
quence we can apply the Weak Invariance Theorem obtaining that the arc (77(-), y5(-), £5(+)) is the solution to
(4.10). For t = T; — ¢, by a change of variable, we have:

T;
U(T;, x:(Ty)) +/ L(s,z5(s),35(s))ds > U(t, x5 (t)), for all e. (4.12)
t
Invoking condition (H2)*, for all ¢ € [t, T], max,cp(t,a, 1)) [v] < co. So, for almost every s € [t,T] we have:

, U
(S),u

V)

)

|25 (s) = @i(s)] = | f (s, 27 (5), ui(s)) = f(s,2i(5), ui(s))|
< |f(s,27(5),ui(s)) = f(s,2i(s), ui(s))] + [f (s, 2i(s), ui (s)) = [ (5, 2i(s), ui(s))]
| |

< 10nkp(s)|zi(s) — zi(s)| +5n  max  |v]|ui(s) — u;(s)
vEF (s,x:(8))

< 10nkp(s)e + dneolus (s) — ui(s)].

Since meas ({t € [t, T] | ui(t) — u5(t) # 0}) < e and |Ju; — us||L= < 2, this implies that

e L' ([£,T],R™)
v e—0 g
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As a consequence, up to a subsequence, #<(-) converges to #;(-) almost everywhere in [£, T|. Using (H6)* and
(3.1), we can apply Lebesgue’s dominated convergence theorem, and we obtain:

T;

/f i L(s,25(s),d5(s))ds — | L(s,x;(s), é:(s))ds.

e—0 i

Passing to the limit inferior in (4.12), bearing in mind that x5 (t) - z;(t), and U is lower semicontinuous,
e—

we obtain
T;
U(T;, z;(T;)) +/ L(s,z;(s),;(s))ds > U(t,x;(t)), for all i.
t

Then, as ¢ — +o00,

T —
g(z(T)) Jr/i L(s,x(s),z(s))ds > U(t, ).

Since z(-) was an arbitrary F-trajectory satisfying z(t) = Z, we deduce that
V(t,z) > U(t,z).

This concludes the proof. O

5. PROOFS OF THEOREM 2.2, AND PROPOSITIONS 2.3 AND 2.4

Proof of Theorem 2.2. The proof is organized as follows: in Step 1 we show that, assuming hypotheses (H1)—
(H6), the value function V' is a viscosity solution in the sense of condition (d) of Theorem 2.2. In Step 2, we
prove that if a lower semicontinuous function U satisfies (d) i) and (d) iii) of Theorem 2.2, then V' < U. In Step
3 we prove that if we impose the additional assumption (¢*). = g, then any lower semicontinuous function U
satisfying (d) ii) and (d) iii) satisfies U < V.
Step 1: The value function V satisfies (d) i)-iii).

Assume that hypotheses (H1)—(H6) are satisfied. We first observe that, from the a priori boundedness of the
F-trajectories, and the local boundedness of g and L, it immediately follows that V' is locally bounded.

Let (t,z) €15, T[xR"™. We invoke the ‘hypotheses reduction’ of Section 2, and we can apply the same argument
of the proof of Step 1 of Proposition 4.1, obtaining the existence of a vector v € F(t*, z) such that:

DV ((t,z), (1,v)) < —L(t1,z,v).
This and the relation (2.2) imply that:
(1,v, —L(t",2,v)) € Tepiv ((t, ), V(t,2)).

Let (2,6, —=)\) € Nepiv((t,2),V(t,z)). Since Nepiv((t,z),V(t,z)) is the polar cone to the set
Tepiv ((t, ),V (¢, z)) we have:

(€0, ¢, =N - (1,0, —L(tT, z,v)) <0.
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This easily implies that:

&+ min )[51 v+ AL, 2,0)] <0, for all (€01, -)) € Nepiv ((t,2), V(£ 2)),
veF(tT,x

which confirms (d) i).

Let (t,z) €]S,T[xR™ and © € F(t*,x). There exists a sequence (t;,z;)ien in ]S, T[xR™\ {(t,z)} that
converges to (¢,x) such that:

lim V(t;,x;) = V*(t, ).

1—+o00

We claim that we can extract a subsequence such that ¢; > ¢ for all ¢ € N. Let us assume that t; < ¢ for every
i € N and take a strictly decreasing sequence (7;);en in Jt, T'] that converges to ¢. Fix any ¢ € N, and take an
F-trajectory x;(-) € WH([t;, T],R™) such that z;(¢;) = x;. Using the principle of optimality, we obtain:

Vit w:) — /t L(s, 24(s), &:(s))ds < V (s, 25(7)).

Using the local boundedness of L given by condition (H5)*, there exists My > 0 such that for every ¢ € N:
V(ti,mi) — MQ|7',' — ti| S V(Ti,l‘i(ﬂ‘)).
Passing to the limit superior and using the upper semicontinuity of V*, we obtain:

V*(t,x) = limsup V(t;, z;) < limsup V (7, z;(r)) < limsup V*(1;, 2:(1;)) < V*(¢, x).

i——4o00 i—~400 1—+00
Hence limsup,_, | o V(7i,xi(7;)) = V*(t,x) and there exists a subsequence (ij)ren for which:

V(7 @iy, (12,,)) k—> V*(t,x).
——+o00

Fix any @ € F(tT,z). Then for every i € N, there exists v; € F(t;, ;) such that lim;, ;o v; = 9. For every
i € N, we consider the arc

yi(s) =z + (s — t;)v;, for all s € [t;,T).

Using the Filippov existence theorem, for every i € N there exists an F-trajectory z;(-) that satisfies z;(¢;) = z;
and such that for every h €1]0,T — ;]

ti+h
lzi = yillLoo ([ts ts 417y < K /t dp(s,y(s))(vi)ds | ,

i

where K = exp (fST kF(s)ds). From the a priori boundedness of F-trajectories, we can pick Ry > 0
such that, for every i € N, |y;(s)| < Ry for every s € [t;,T]. Observe also that |g;(s)| < ¢, for any i €
N and for almost every s € [t;,T].

For every i € N, we define §; = max{|V (¢;, z;) — V*(t, )|, |x; — x|, |t; — t|}. Take a strictly decreasing sequence
(hi)ien that converges to 0 such that h; > /§;.
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We recall the definition of D V*((¢,z), (1,9)):

D V*((t,z),(1,9)) = limsup h™ " [V*(t + he,x + hw) — V*(t,z)].
hlO
e—1, w—7v

Fix any i € N, and set w; = 7- ft#hi

. " Zi(s)ds. Note that we have:

ti+h;
lv; —w;| < K (/ dF(s,yi(s))(Ui)d5> < K0;(h;),

t;
where

Sup o<s—t,<n dp (F(s,y), F(t5,2:)), if h #0,
ez(h) = lz;—y|<coh

0, otherwise.

There exists 7 € [t;,t; + h;] and z € R™ verifying |z; — z| < ¢oh; such that:

1
(h;) < T x; )
0ilhi) < du(F(7,2), F(F 00) + 7

Hence we obtain:

0;(h;) < du(F(r,2), F(t*,2)) + du(F(t*,2), F(t], ;) + Zi T

We notice that:
T—t<(T—t;)+ (t; —t) < h; + h? and |z — 2| < |z — x| + |2; — 2| < hico + h2.

This yields:

bih) < s dp(F(s,y) F@H o)+ sup  dp(F(ET,2), F(st,y) + —

i)
0<s—t<h;+h? 0<s—t<h? 1+
\yfa:\gcohiﬁ»h? \y—z|§h?

which implies that 6;(h;) ——— 0. Recalling that for every i € N, |0 — w;| < 6;(h;) + |v; — |, we obtain:

i—~+o00

w; —— .
1—+o00
For every i € N, we define: ¢; := 1 — t;fl and w; := w; — T;:“, and immediately notice that lim; 4 (€, W;) =

(1,9). This yields:

D, V*((t,z),(1,9)) > limsup h;l [V*(t+ hie;, x + hiw;) — V*(t, )],
i—+400
= lim sup hi_l [V*(t; + hi,x; + hyw;) — V(¢ 2)],
1——+o00
> lim sup h;l [V (t; + hiy zi + hjw;) = V*(t,z)].

1—+o00
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Fix ¢ € N. We have:
V(ti + h;,x; + hzwl) — V*(t,x) > V(tl + h;,x; + hiwi) — V(ti,l'i) —0;. (51)

Using the principle of optimality, we obtain:

t;+h;
V(b + his s + hiws) — V(ts, 35) > —/ L(s, 2(5), 2(s))ds.
t

i

Hence, dividing across equation (5.1) by h;, passing to the limit superior in this inequality while recalling
% < V/6;, we obtain:

t4h;
D, V*((t,x),(1,0)) > —ljminfi/ L(s, zi(s), 2i(s))ds. (5.2)

1——+o0 i Jt;
We recall that from Lemma 3.1, there exists kz, > 0 such that for every (¢',2’) € [S,T] x R, and v, v’ € ¢oB:
Lt 2", v) — L(t', 2", v")| < kp|v =)

As a consequence, for every i € N we have:

ti+h;
/t L(s, 2(s), 2(s))ds

i

IN

i

ti+h; ti+h;

/ L(s,zi(s),f})ds—i—/ ki 54(s) — ods,
t;

hi

IN

sup L(s,2,0) + hi kp (K0;(hi) + |vi — ©).
\z—a‘,|§c0hi+h?
0<s—t§hi+hl2

Dividing across by h;, passing to the limit inferior as 7 goes to +oco gives:

1 t+h;
lim inf 7/ L(s, zi(s), %(s))ds < L(t", z,0). (5.3)
t,

i—+oo h;
Combining (5.2) and (5.3) we obtain:
D \V*((t,x),(1,0)) > —L(t", x, ).
From the relation (2.3), this implies that:
(1,0, —L(t", 2,0)) € Thypv~ ((t,x), V*(t, x))

Let (—£%, =€, ) € Niypv+((t,2), V*(t,2)). Necessarily we have A € R,. Hence using the polarity relation
between the contingent cone and the strict normal cone we have:

—€0 ¢ o= AL(tT, 2, D) 0.
This relation being valid for all v € F(t*, z), we obtain:

0 1~ ¥ . =
— & -0—AL(t",z, <0,
f + vEIFI}(%')F{,w) [ € v ( . U)] -
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which confirms (d) ii).

To prove that V satisfies (d) iii), only the assertion V*(T),-) = g*(-) remains to be proved. Since V(T ) = ¢(-),
it is obvious that V*(T,x) > g*(z) for every x € R™. We prove that the converse inequality is also satisfied.
Fix any z € R™. There exists a sequence (t;, 2;)ien in [S,T] x R\ {(T,x)} converging to (T, ) such that:

lim V(t;,z;) = limsup V(t,y) =V*(T, z).

i=+too (ty)—(T,z)

For every i € N there exists an F-trajectory x;(-) € WbHi([t;, T],R") such that x;(¢;) = x;. By the principle
of optimality:

t
Vit 20) —/ L(s, 24(s), 4(s))ds < V(& 2i(t)), for all ¢ € [t T).
t;
Using again condition (H5)*, we know that there exists a constant My > 0 such that for every i € N:
V(ti,xi) — Mo|T — t;| < V(T,24(T)) = g(x(T)).
Using the fact lim; 1o x;(T) = x, we pass to the limit superior as ¢ tends to +o0o and obtain:

V(T z) <limsup g(z;(T)) < limsup g(y) = g"(z),

1—+00 Yy—T

which achieves to show that V satisfies (d) iii).
Step 2. We show that if U satisfies (d) 1) and (d) iii), then for every (¢,Z) € [S,T] x R™ we have V (t,z) < U(t, Z).
Bearing in mind (2.1), from (2.6) we deduce that for all (¢,z) €]5, T[xR"

€+ g%ig : (€ v+ AL{T, 2,v)] <0, for all (£°,¢',—N) € N2, ((t,2),U(t, 2)).
veF(tT,x

This implies that U satisfies (c) i) from Theorem 2.1. Since U satisfies (d) iii), we can use the same arguments
employed in the proof of Theorem 4.5 i) we have:

V(t,z) < U(t, ), for every (¢, 7) € [S,T] x R™.

Step 3. We prove that if U satisfies (d) ii) and (d) iii), then for every (f,z) € [S,T] x R"™ we have U(t,z) <
V (¢, 7).

Using (d) iii), we can restrict attention to the case when (f,z) €]5, T[xR". Let x € WHL([t,T],R") be an
F-trajectory such that z(t) = z. We want to prove prove that:

We can find a sequence (§;), en+ in R”, converging to x(T), such that:

lim ¢*(&;) = (97)«(2(T)).

Jj—+o0o

Applying Carathéodory’s parametrization theorem and Filippov’s selection theorem, we can find a mesurable
function wu(-) such that &(t) = f(¢,x(t), u(t)) for almost every ¢ € [¢,T], for a Lipschitz continuous parametriza-
tion f of F satisfying (4.8). Applying Lusin’s theorem, for every j € N* we construct a pair of functions (z;, u;)
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defined on [¢, T] such that:

2i(t) = f(t, zj(t),u;(t)) for almost every ¢ € [t,T] and z;(t) = z(t);
the control w; is continuous;

1 (5.4)
lz = 2jllLee (7,778 < 55

meas ({t € [S,T]|u(t) — u;(t) # 0}) < 5.

For every j € N*, we define y;(-) € WH1([0,T — #],R") as the solution to the following differential equation:

—f(T = s,y(T — 5),u;(T — s)) for a.e. s € [0,T —t],

—N—
Na NN
—_ =
S ®»
~—
[
i\"‘r

For every j € N*, we note z; := y;(T — t) and define z;(-) € WHI([¢, T],R™) by:
zj(s) = y; (T = s),

which implies that x;(-) is the solution to the following differential equation:

{y(s) = f(s,y(s),u;(s)) for a.e. s € [t,T7,

Owing to the Lipschitz continuity of f and the properties of (u;);en+ we have:

- n —>O
e = @llwaa @ e~

For every (t,z) € [t,T] x R™, we write vT (t,z) := f(tT,z,u;(t)), v ( x) = f(t7,z,u;(t)).
We then define two multivalued functions Fj : [¢,T] x R” ~ R™, 6, T x R” ~» R by the relations: for
every (t,z) € [t,T] x R™:
Fj(t,x) :=co{v™(t,z),v" (t,z)},
Aj(t,z) == —co{L(t™,z,v" (t,z)), LT, z,0vF(t,2))}.

Then we set a new multifunction I'; : [£,7] x R™ X R ~» R x R” x R defined for every (t,z,¢) € [t,T] x R" x R:

P gy o { 00X Filom) x Ayt o), fre BT
THETT o {00,000 {1} x Fy(T.2) x Aj(T.2)}, if 6 =T

Observe that the multivalued function I'; is convex, compact valued and has closed graph.
We consider the following differential inclusion:

(7(t),5(t), £(t)) € T;((t),y(t), £(t)), for ae. t € [£,T],
P() = L y(f) = 25, 1(0) = U* (1, 2,). (55)
(T(t),y(t),£(t)) € hypU*, for all t € [t,T).

Observe that the last condition in (5.5) means that £(t) < U*(7(t),y(t)), for all ¢ € [t, T].
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We define the arc on [¢, T

b (1), (1), €5(1)) := (tvxj(t)vU*(t’xj)—/t_ L(vaj(S),ﬂbj(S))dS)-

Observe that (75, x;,£;) is the unique I'j-trajectory with initial condition (¢,Z;, U*(t, Z;)).

Assumptions i) and ii) of Weak Invariance Theorem 3.4 are satisfied from the discussion above and from the
fact that the ‘hypotheses reduction’ of Section 2 guarantee also that I';(7,z,¢) C (c+ 1)B, for every (7,z,¥),
where ¢ := y/c3 + Mg . The ‘inward pointing’ condition iii) is also satisfied, we prove the validity of the following
property: for every pair (,z) €], T [xR™ and every £ < U*(t,x)

Fm(in é)(—go, =40 - w <0, for all (—€°,—¢5 ) € Nyt - ((7, @), £). (5.6)
wel';(7,z,

Let (1,2) € [t, T[xR™ and (=€°,—=€',\) € N 1. ((7,2), U*(7,2)) (we recall that we can always reduce to the
case { = U*(r, z)). We notice that v* (7, z) € Fj(r,2) N F(r+, z) and, bearing in mind (2.1) and that U satisfies
(2.6), we obtain:
—&0 — ¢t T () = AL(TT, 2,07 (1,2)) < 0.
So (5.6) is confirmed since (1,v" (7, z), —L(7F,z,v" (1, 2))) € T';(,z,U*(7, x)).
As a consequence, the Weak Invariance Theorem 3.4 is applicable to the differential inclusion (5.5), and we

can conclude that the arc (7, ;,¢;) is a solution to the constrained differential inclusion (5.5). It follows that
att=1T:

T
U*(t,z;) —/ L(s,x;(s),2;(s))ds <U*(T,z;(T)) = ¢"(z;(T)), for every j. (5.7)
t
Since ||z; — z|lw1 (5,7),Rm) —+> 0, by Lebesgue’s dominated convergence theorem we have:
j—+4oo

T T
/{ L(s,z;(s),&;(s))ds —— L(s,z(s),2(s))ds.

Jj—+o0 i

Since U < U*, and U is lower semicontinuous, passing to the limit inferior in (5.7) yields:

U(t,z) < liminf g*(&;) —l—/{ L(s,z(s),2(s))ds.

J—+oo

Recalling that lim;_, ¢*(§;) = (¢%)«(z(T)) and (¢*)« = g, we obtain:

which implies

and concludes the proof. O
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Proof of Proposition 2.3. The proof immediately follows from the proof of Theorem 2.2, observing that condition
(g*)« = g is used only in Step 3. ]

Proof of Proposition 2.4. The proof of Proposition 2.4 follows along the same lines as the proof of Theorem 2.1
and Theorem 2.2, replacing L with L in the definition of the the multivalued function @ (steps ‘(c) = (a)’, ‘(d)
= (a)’, and proof of Thm. 4.5 1)), and taking into account that, when L is lower semicontinuous with respect
to the time variable, we have L(t,z,v) < L(tT,z,v), for all (t,z,v) € [S,T[x R" x R™ (steps ‘(a) = (b)’, ‘(b)
= (c)” and ‘(a) = (d)). O
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