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VALUE FUNCTIONS IN CONTROL SYSTEMS
AND DIFFERENTIAL GAMES:
A VIABILITY METHOD

SEAWOMIR PLASKACZ

ABSTRACT

The present work is the habilitation dissertation of the author written in
the Faculty of Mathematics and Computer Science of the Nicolaus Copernicus
University in Torun, Poland.

The paper, divided into 6 Chapters, is devoted to the study of properties
of value functions in deterministic control systems and differential games. The
main goal is to characterize the value functions as the unique solution of the
Hamilton—Jacobi equations. New definitions of weak solutions are introduced
and uniqueness as well as existence results are obtained. Viability and invariance
theorems for differential inclusions and differential games are the main tools
to study invariance properties of the epigraph and/or hypograpf of the value
functions.

Viability (invariance) problem is considered for time-dependent constraint sets
(tubes) and measurable in time differential inclusions. The tangential condition
necessary and sufficient to viability (invariance) of the tube is assumed to hold
true for almost all ¢. The measurable viability and invariance theorems presented
in Chapter 2 are the main tools to obtain the characterization of the value
function in the Mayer problem with dynamics measurable in time and a lower
semicontinuous terminal cost function. The value function is proved to be the
semicontinuous solution such that the equality in the Hamilton—Jacobi equation
holds true for almost all ¢t and every subgradient.

Control systems with state constraints are considered in Chapter 3. State
constraints are given by a closed, not necessarily smooth, set. The value functions
in the Bolza problem and in the infinite horizon problem are the unique solutions
of the corresponding Hamilton—Jacobi-Bellman equations. Set-valued analysis
tools, like paratingent cones, play crucial role in the formulation of controllability
assumptions at the boundary of the set of constraints. This assumptions do not
imply the continuity of the value function.

Zero sum differential games are considered in the framework of non-antici-
pative strategies. It is shown that the upper and lower values coincide for ga-
mes with dynamics measurable in time. In Chapter 4, viability theory is exten-
ded to differential games. Discriminating and leadership tubes in differential
games play a role similar to the one played by viability and invariance tubes
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in differential inclusions. The proof of the discrimination theorem makes use of
a non-expansive selection theorem in ultrametric spaces. To prove the existence
of value in the Mayer problem for differential games with semicontinuous termi-
nal cost several methods have been used. The viability method was combined
with inf-convolutions approximation and some stability properties of viscosity
solutions.

Oleinik—Lax explicit formula for the solution of Hamilton—Jacobi equation is
generalized in Chapter 6 to the case when Hamiltonians depend on time and
on u, where u(t, x) denotes the solution. It is used together with a commutation
property of reachable maps of differential inclusions to establish the existence and
uniqueness of solutions to some overdetermined systems of the Hamilton—Jacobi
equations.

The work is based on some earlier papers of the author.



INTRODUCTION

We consider value functions for deterministic control systems and zero-sum
differential games with dynamics governed by ordinary differential equations.
Value functions satisfy the Dynamic Programming Property. If the value func-
tion is smooth then the Dynamic Programming Property leads to a first order
PDE which is called Hamilton—Jacobi-Bellman’s equation in control theory and
Hamilton—Jacobi—Isaacs’ equation in games. One of the main difficulties consists
in the fact that the value function usually is not smooth. In the early 80’ Crandall
and Lions introduced a notion of weak solutions to the Hamilton—Jacobi equ-
ations — called viscosity solutions [35], [34]. Another concepts of weak solutions to
first order PDE’s are minimax solutions introduced by Subbotin [93], [95] in the
framework of positional differential games and contingent solutions introduced
by Aubin to study Lyapunov functions [5]. These concepts of weak solutions base
on some tools of nonsmooth analysis. If the value function is continuous then it
is a unique viscosity solution of the corresponding Hamilton-Jacobi equation, as
well as a unique minimax or contingent solution.

In many control problems, especially with state constraints, the value function
is discontinuous. In order to describe the value function as a unique solution
to the corresponding Hamilton—Jacobi equation it was necessary to modify the
notion of a weak solution. It was done by Barron—Jensen [14] and Frankowska [44]
by means of different methods.

Viability approach to the problem of the description of a discontinuous va-
lue function was initiated by Frankowska in [44]. This method is based on the
fact that the value function is uniquely determined by invariance properties of
its epigraph with respect to an appropriate dynamical system. In the Mayer
problem for control systems the epigraph of value function is forward (in time)
viable and backward invariant. These two properties of the epigraph and a termi-
nal condition uniquely characterize the value function. Viability theory provides
geometric conditions which are equivalent to viability or invariance properties.

These conditions can be expressed with contingent cones or with normal cones.
5
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In the dissertation, we present some generalizations of viability and invariance
theorems. Our generalizations are done in the direction determined by our fu-
ture applications. We obtained viability and invariance theorems for differential
inclusions with the right-hand side measurable in time and for varying in time
state constraints (tube). We assume that the tube is (left) absolutely continuous.
The regularity assumption on the tube is justified by the fact that the epitube
corresponding to the value function satisfies it. The obtained viability and in-
variance results allow to characterize value function as the unique solution of
the corresponding Hamilton—Jacobi equation. Solutions are understood in the
meaning given in the dissertation, i.e. the Hamilton—Jacobi equation holds true
for almost all ¢. The uniqueness results justify our definition of solution.

We use a similar scheme to study value functions for differential games. Di-
scriminating and leadership theorems play the role of viability and invariance.
Differential games are considered in the framework of nonanticipative strategies.
The proof of existence of a nonanticipative strategy in discriminating theorem
base on a selection lemma about existence of a nonexpansive selection in ultra-
metric spaces. The lemma, in the author’s opinion, is a convenient tool to reduce
some differential games problems to differential inclusion.

Viability approach to optimal control is especially useful for problems with
state constraints. We describe value function as an appropriate solution to the
corresponding Hamilton—-Jacobi—Bellman equation under assumptions that a pri-
ori exclude continuity of value. Thus other methods seem to be difficult to apply.

We also use viability approach jointly with some other methods. In the Mayer
problem for differential games with semicontinuous terminal cost we prove exi-
stence of value using discriminating theorem and stability of viscosity superso-
lutions. We show that the value function in this problem is a unique generalized
solution (in the meaning similar to envelope solutions) to the corresponding
Hamilton—Jacobi equation.

In Chapter 2, we apply viability approach for the Mayer problem with dy-
namics measurable in time and a lower semicontinuous terminal cost function.
We generalize viability and invariance theorems to the case when the right-hand
side of differential inclusion is measurable in time and the set of constraints
depends upon the time (Theorems 2.2.5, 2.2.2; 2.2.6). Our key observation is
that tangency conditions have to be satisfied almost everywhere with respect
to t. We assume that the tube of constraints is absolutely continuous. Another
measurable viability theorem was obtained by Bothe [20]. The main difference
between our Theorem 2.2.5 and Bothe’s viability results is that our tangency
condition is formulated in a weaker way involving the convexification of Bouli-
gand’s tangent cone. Thanks to this the tangency conditions in viability and
invariance theorems can be equivalently formulated in a dual way involving nor-
mal cones. Next, we apply our measurable viability and invariance theorems to
prove that the value function is the unique weak solution to the corresponding
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Hamilton—Jacobi—Bellman equation in the meaning that the equality in the equ-
ation holds for almost all ¢. If the dynamics is measurable in time, then so is
the Hamiltonian H. Viscosity solutions in this case were also studied in [72], [13]
using super- and subdifferentials involving L! test function. The main result of
the chapter is Theorem 2.3.4.

In Chapter 3, we consider control systems with degenerate state constraints.
The set of constraints K is the closure K = cl D of an arbitrary subset D C R™.
We present two types of control problems: the Bolza problem and infinite hori-
zon problem. In both cases we pose minimal assumptions to apply the viability
approach. In both cases, the main difficulty appears in the proof that if a func-
tion W is a backward invariance domain of a corresponding differential inclusion
then W is dominated by the value function (comp. Propositions 3.1.6, 3.2.11).
The key point of the proof is the construction of a control u( -) and a correspon-
ding trajectory x,(-) that are close to a given pair (U, zz) (zz(t) € K for every
t € [to,T]) and moreover the trajectory xz remains in D. The crucial assump-
tions to perform the construction of (u,x,,) are (3.4), (3.5) for nonautonomous
systems and (3.32), (3.33) for autonomous one. To formulate the assumptions,
we use paratingent cones. If the set D is an open set (2 with a smooth boundary
0f) then our assumptions are equivalent to the following condition

Vi, Yo € 090, Ju, (f(t,z,u),n(z)) >0

where n(z) is an exterior normal.

The control problems with state constraints were considered in [92], [23], [62].
In those papers authors assume that the dynamics of the system satisfies an
opposite condition (called the Soner condition)

Je >0, Vt, Ve € 0Q, Jue U, (f(t,z,u),n(z)) < —c.

Under Soner’s condition the value function is continuous. We provide examples
of control systems for which the value function is discontinuous but despite of
this fact it is the unique solution (in the sense proposed in the chapter) of the
corresponding Hamilton—Jacobi equation.

A different approach to the Mayer control problems with state constraints
is provided in Section 3.3. Using results of Chapter 5 we obtain a general de-
scription of a value function in the Mayer problems with totally discontinuous
terminal cost function. Next adopting the classical method of adding an extra
variable (usually used to reduce the Bolza problem to the Mayer one) and the
technique of penalty function we characterize the value function in the Mayer
control problem with state constraints as a generalized solution of the correspon-
ding Hamilton—-Jacobi equation.

The main results of the chapter are Theorems 3.1.7, 3.2.1 and 3.3.2.
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In the second part of the dissertation we consider zero-sum differential ga-
mes with dynamics given by z'(t) = f(¢, z(t),y, 2). By z(-;to, zo,y(-),2(-)) we
denote the solution of the Cauchy problem

1) { ' (t) = f(t,z(t),y(t),2(t)) for ae. t € [0,T],

x(to) = Xy,

where y:[0,7] — Y, 2:[0,T] — Z are measurable controls (open loops) of player
I and II, respectively and Y, Z are compact metric spaces.

Let M; = {y:[t,T] — Y : yis measurable} and N, = {z:[¢,T] — Z :
z is measurable}. We say that a map a: Ny — M, is a nonanticipative strategy
of the first player if for every control 21, zo € Ny such that

z1(s) = z2(s) for almost all s € [¢, 7]
we have
a(z1)(s) = a(z2)(s) for almost all s € [t, T].

We say that a map §: M; — N, is a nonanticipative strategy of the second player
if for every control y1, y2 € M, such that

y1(s) = ya(s) for almost all s € [t,7]

we have

B(y1)(s) = B(y2)(s) for almost all s € [¢, 7].

Let Ty, A; denote the set of all nonanticipative strategies of the first and of the
second player, respectively.
We shall consider a terminal time payoff functional

Q(y,Z) = Qtowo(y7z) = g(.l?(T, thwovyaz))a

where g:R" — R is a terminal cost function, y € My,, 2 € Ny,. The aim of
the first player is to maximize the payoff, the aim of the second player is to
minimize it.

The value function of the first player is given by

(2) U+(t07$0) = Sup inf Qtomo(a(z)7z)'
€Ty, 2€ Ny,

The value function of the second player is given by

(3) U_(to,.’l,'o) = inf sup Qto,azo(yvﬁ(y))'

BEA:, yEMy,
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The value of the first player U™ is also called an upper value and U~ is called a
lower value. If the upper value is equal to the lower value then we say the game
has a value. The main problem in zero sum differential games is the existence
of value. It has been considered by many authors. A pioneering work was that
of Isaacs [60]. He introduced condition (4) which provides the existence of the
value in the case where both values are smooth,

4 : o
(4) meaxmin(f (¢, 2,9, 2),p) = migmax(f(t, 2,4, 2),p)

for every t, z and p € R"™.

Later on several concepts of strategies appeared (see [39], [37], [67]). For these
concepts of strategy technical proofs of the existence of value were provided.
Evans and Souganidis in [38] proved that if g is Lipschitz continuous and f is
continuous and Lipschitz continuous with respect to x then the upper value U™
is the viscosity solution of the upper Isaacs equation

5) {Ut—kH*(t,x,Um):O (0<t<T, zeR"),

U(T,z) = g(x) (z e R"),
where the upper Hamiltonian H™ is given by

Ht(t,z,p) = min Iynea§<<f(t, z,Y,2),p)

and the lower value U~ is the viscosity solution to the lower Isaacs equation

(©) {Ut—&-H_(t,cv,Ux):O (0<t<T, ze€R"),

U(Ta (E) = g(iﬂ) ($ € Rn)a
where the lower Hamiltonian H ™ is defined by

H™ (t,z,p) = max rzrgg<f(t, T,Y,2),p)-

The Isaacs condition (4) says that H~ = H™'. Thus the upper and the lower
Isaacs equations are the same. A direct conclusion from uniqueness of viscosity
solutions to (5) and to (6) is that the value of the game exists.

In Chapter 4 we prove the existence of value for a game with dynamics given
by a right-hand side f(¢,,u,v) measurable in ¢. Our scheme of proof follows
the same arguments as in [38]. We prove that the upper and the lower values
are generalized solutions to the same Isaacs equation (under Isaacs condition).
Our approach is based on the notions of discriminating and leadership doma-
ins. Briefly speaking, we say that a tube P(t) has discriminating property for
the first player if for every initial condition at the tube there exists a strategy
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of the first player such that whatever control is chosen by the second player
the corresponding trajectory remains in the tube P. In Theorem 4.2.2 we give
a geometric sufficient and necessary condition (4.3) to discriminating property
for games with dynamics measurable in time and absolutely continuous tubes. In
the continuous case analogous result was obtained by Cardaliaguet in [24]. The
crucial role in the proof of Theorem 4.2.2 is played by a nonexpansive selection
theorem in ultrametric spaces (see Lemma 4.1.1) and measurable Viability The-
orem 2.2.2. This lemma became a standard tool for reducing some differential
games problems to differential inclusions.

In Chapter 5 we consider the existence of value for a game where the terminal
cost function g is an extended lower semicontinuous function. To prove the exi-
stence of value we have to modify the notion of upper and lower value (see (5.1)).
Since the value function is discontinuous and the Hamiltonian is not convex with
respect to the last variable then the known uniqueness results for viscosity so-
lutions of PDE cannot be used. In the proof of the existence of a value we use
several methods. Firstly, we use viability theory (discriminating theorem in the
version of Theorem 4.2.3) to show that any supersolution (subsolution) is greater
(lower) or equal to the lower (upper) value. Secondly, we apply inf-convolutions
to approximate a lower semicontinuous function by an increasing sequence of
Lipschitz continuous functions. Thirdly, we base on the Barles—Perthame sta-
bility result [10] and the Evans-Souganidis [38] existence of value result in the
Lipschitz case. Our studies were motivated by Subbotin’s existence of a value
result for differential games with positional strategies [94].

In [73], P. L. Lions and J. C. Rochet obtained existence and uniqueness
of viscosity solutions to some overdetermined systems of the Hamilton—Jacobi
equation. In Chapter 6, we generalize this result to a wider class of Hamilto-
nians. In the proof we use a commutation property of reachable maps of diffe-
rential inclusions and the Oleinik—Lax type explicit formula of solution to the
Hamilton—Jacobi equation. We obtain an explicit representation formula of the
value function which generalizes some result obtained recently by Barron—Jen-
sen—Liu [16] and Alvarez—Barron—Ishii [1].

The dissertation is mainly based on some earlier works of the author.

Chapter 2 contains some results obtained with H. Frankowska and T. Rzezu-
chowski and previously published in [50], [51], [46].

Results of Chapter 3 have been obtained with H. Frankowska and M. Quin-
campoix and come from [47]-[49], [80].

Results obtained with P. Cardaliaguet and published in [26], [25] are collected
in Chapter 4.

The contents of Chapter 5 appears in a joint paper with M. Quincampoix [79].
Chapter 6 is based on results obtained with M. Quincampoix [81].



CHAPTER 1

PRELIMINARIES

In this chapter we shall acquaint the reader with set valued analysis, viability
theory and viscosity solutions of Hamilton—Jacobi equations. Comprehensive tre-
atment of these topics can be found in [7], [87], [3], [34], [9]. So the only properties
relevant to our purposes will be listed here, mostly without proofs.

1.1. Set limits

Let 7 be a metric space and {A;};c7 be a family of subsets of a metric
space X. The upper limit Lim sup and the lower limit Lim inf of A, at 7o € T
are closed sets defined by

Limsup A, = {v € X : liminf dist(v, A;) = 0},

T—To T—To0
LiminfA, = {v € X : limsupdist(v, A;) = 0}.
T—T0 T—T0

A subset A C X is said to be the limit of A, if
A=LiminfA, = Limsup A, =: Lim A,.

T—To 70 T—To

1.2. Tangent and normal cones

Let K C R™ be a nonempty subset and = € K. The contingent cone Tk (x)
to K at x is defined by

dist hv, K
v € Ty (x) © liminf SHET AV K)

= 0.
h—0t h

The proximal normal cone Nk (z) to K at z is defined by
Ni(z) ={veR":Ja >0, dist(z + aw, K) = |av]|}.
The negative polar cone T~ to a subset T' C R" is given by
T-={veR":VweT, (v,w) <0}

11
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We set N%(z) = T (z) and say that N (z) is the normal cone to K at x € K.
It is well known that N (z) C N%(z). If K is the graph of y = 2%, 1 < v < 2
then N%(0,0) = {(v1,v2) : v1 = 0} # Ng(0,0) = {(v1,v2) : v1 =0, v2 < 0}
Toffe proved in [59] that
(1.1) Lim sup Ny (y) = Lim sup Nk (y).
Kay—=x K>y—z
We denote by Mg (z) the cone limsupgs, ., Ni(y). For the first time it was
considered by Mordukhovich in [75]. If K = {1/n : n = 1,2,...} U {0} then
Mic(0) = R £ NY(0) = (~00,0].
It was proved by Cornet [33] (see also [7, p. 130]) that

(1.2) Lim inf Tk (y) = Lim inf ¢6(Tk (y)) = Ck (z) C Tk (),
K>y—x K>y—x
where Ck () denotes Clarke tangent cone to K at x

. K-y
Onle) = b =

The paratingent cone PE(z) to K, relative to L C K, at x € L is defined by

v E Pfg(m) < 3h, — 07, I, — v, Iz, — x, x, € L and z,, + hpv, € K.

Proposition 1.2.1 (see Bouligand [21] and Choquet [30]). Let L be a subset
of a closed set K C R", z9 € L and w ¢ P&(xg). Then there is an € > 0 such
that for every x € K N B(xg,¢€)

(z + (0,e] B(~w, ) N K C (K \ L).

Proof. Otherwise there are x,, — o, *, € K, h, — 07, w, — w such that
Yn = Ty — hpwy, € L. Then y, — xg, Yyn € L, yp + hpw, € K, so w € PI%(xO).
Hence we get a contradiction. (|

Remark. (a) Consider an open subset 2 C R™ with sufficiently smooth
boundary and let K = Q, L = 9Q, x € 9. Denote by n(z) the outer normal
to Q at z € 9. We assume that n(-) is continuous on 9. Let v ¢ PE(x). So
for all sequences z., o9, x, hp — 0%, v, — v we have x,, + hpv, ¢ K for n large
enough. In particular, taking x,, = x, we deduce that for some ¢ > 0

(1.3) (x +10,e]B(v,e)) N K = 0.

Hence (n(z),v) > 0. Conversely, if for some v € R", (n(z),v) > 0, then v ¢

(b) If K is a smooth submanifold of R™ with the boundary L = 0K, then
the paratingent cone PI% () at a point 2 € L is equal to the tangent half space
H,K ={veT,K: (v,n(z)) <0}, where n(z) is an exterior normal to K at z
with respect to K.
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Systematic presentation of different concepts of tangent cones can be found
in Chapter 4 in [7].

1.3. Some elements of nonsmooth analysis

Let us recall generalizations of notions of directional derivatives and gradients
for nonsmooth functions.

Definition 1.3.1. Consider an extended function ¢: R" — R U {£o0}.
(a) The domain of ¢, Dom(yp), is the set of all z¢ such that p(zg) # too.
(b) The subdifferential and the superdifferential of ¢ at o € Dom(p) are
respectively given by

8_<p(.7}0) — {p c R" : liminf QO(‘T) — (,O(io) — <p,x — 170> > 0}

a—y [l = ol

and

T—x |z — o]

Orp(xg) = {p € R™ : limsup () = p(wo) = {p, @ — o) < 0}.

(¢) The contingent epiderivative and the contingent hypoderivative of ¢ at
2o € Dom(¢p) in the direction u € RY are respectively defined by

s . iy +hu’ — €T
Dyp(zo)(u) = hlbrfﬂ?ﬂu (2o h) @(x0)

and

hu') —
D p(zo)(u) = limsup o + hu') 90(950)'
h—0+, v —u h

It was shown in [7, p. 226] that for all xy € Dom(yp)
(1.4) Epi(Dyo(z0)) = Tepi(e) (o, ©(20)),
where Epi denotes the epigraph. Similarly

Hyp(D, (20)) = Tryp(e) (o, p(20)),

where Hyp denotes the hypograph.
From [43] (see also [7, pp. 249, 253]) we know that

Proposition 1.3.2. Let p: R? — R U {£o00} and z¢g € Dom(yp). Then
p€d_p(xo) & VueR?, (p,u) < Dyp(wo)(u)
& (p,—1) € [Tepicp) (w0, 9(20))]”  (the negative polar cone)
and

p € O p(wo) & Vu € R, (p,u) > Dyp(wo)(u)
& (p,—1) € [Tryp(o) (o, ©(0))]"  (the positive polar cone).
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Proposition 1.3.3. Let p: R? — R U {£00} and z¢ € Dom(yp). Then

0_p(x0) # 0 = [Tepi(p) (z0, (0))] ™ = | A(0-(x0),—1)
A>0

and

1 0(w0) # 0 = [Tryp(p) (o, 0(0))]t = U AO4p(xg), —1).
A>0

Proof. We only prove the first statement. By Proposition 1.3.2

(Tepio) (o, p(0))] ™ D U AM0-p(70), —1).
A>0

Fix any (p,q) € [Tepi(p) (w0, p(x0))] " Since {0} x Ry C Tepi(y) (w0, p(w0)) we
deduce that ¢ < 0. If ¢ <0, then (p/|q|, —1) € [Tepi(p) (20, @(70))]” and by Pro-
position 1.3.2, p/|q| € O_p(xo). Hence (p, q) € Uy>o A(O-p(x0), —1). It remains
to consider the case ¢ = 0. Let p € 8_¢(x0). Then (p, —1) € (Tepice) (o, p(x0))] ™
and from convexity of the polar cone, for all u €10, 1]

(1P + (1 = p)p, =) € [Tepi(y)(os p(20))] -

By the first part of the proof, (up+(1—p)p, —p) € Uyso A(9-p(20), —1). Taking
the limit when y — 0+ we end the proof. ]

The following Rockafellar’s result (see [87]) gives more information about the
connection beetwen subgradients and normals to epigraph.

Lemma 1.3.4. Let p:R"™ — RU{+00} be an extended lower semicontinuous
function. If (p,0) € [Tepi(ep) (o, 0(x0))]” then there exist x, — o, pn — p,
gn — 0, g, < 0 such that

(Pr>an) € [T5pi(w)($mw(xn))}_ and  p(zn) — ¢(x0).

1.4. Viability and invariance for fixed set of state constraint

A subset K C R" is locally compact if for every x € K there exists a closed
ball B(z,r) centered at x with a radius r > 0 such that the set D N B(x,r) is
closed. A locally compact subset K of R™ is a viability domain of a set-valued
map G:R"~» R"™ if for every x € K

G(x) N Tk (z) # 0.

Define the Hamiltonian H: R"™ x R™ — R by

H(z,p) = sup (g,p)
g€G(x)

The following formulation summarizes several versions of the viability theorem
(comp. [4], [3]).
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Theorem 1.4.1 (Viability). Suppose that G:R™ ~R"™ is an upper semicon-
tinuous map with compact convex values. For a locally compact subset K C R™
the following conditions are equivalent:

(a) K is a viability domain of G;
(b) G(z)NcoTk(x) # 0 for every x € K;
(¢) H(z,—n) >0 for every x € K and every n € [Tk (x)]~;
(d) H(z,—n) >0 for every x € K and every n € Nk (x);
(e) H(z,—n) >0 for every x € K and every n € Mg (x);
(f) for every xy € K there is T > 0 and a solution z:[0,T] — K of the
Cauchy problem

(L6) { a'(t) € G(x(t)),

z(0) = zo;
(g) for every xg € K there is T > 0 such that for every h € (0,T), € > 0
there is a solution x:[0,h] — R™ of (1.6) such that

dist(z(h), K) < e.

If K is closed and G is of linear growth the above conditions (a)—(g) are equiva-
lent to

(h) for every xy € K there is a solution x:[0,00) — K of the Cauchy
problem (1.6)

Proof. We sketch the proof for the reader’s convenience. Since G is an upper
semicontinuous set-valued map, it follows that the Hamiltonian H is an upper
semicontinuous function. Thus, by (1.1) we obtain equivalence of (c)—(e). The im-
plication (c) = (b) follows from the separation theorem. In [55], the equivalence
(a) < (b) was proved. The fact that (a) < (f) can be found in Aubin—Cellina
[5] or Aubin [4], [3]. Below we prove that (g) = (a).

Fix 2y € K, € > 0 and choose 6 > 0 such that for |x — 2] < § we have
G(x) C G(xzg)+eB. Thereis 6 > 0 such that every solution z(-) to (1.6) satisfies
|z(t) — x| < 0 for t € [0,0]. Thus z(t) —z¢ = fo s)ds and 2'(s) € G(zo) +eB
for almost all s € [0, 6]. Then (x(t) — zo)/t € G(xo) —|— eB. It follows that

(1.7) Lim sup {x(h)h—xo :x(+) is a solution of (1.6)} C G(zo).
h—0t

Now, we choose h,, — 0% and ¢, — 0% such that &,/h,, — 0. For every n there
is a solution z,: [0, h,] — R™ of (1.6) such that

dist(xy, (hn), K) < &,.
Passing to a subsequence (again denoted by z,,, h,) we can obtain

lim 7xn(hn) — %0

n— oo h,,n

=v € G(zo).
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Since
dist(xo + hpv, K) _ |zo + hnv — zp(hy)|  dist(zy,(hy,), K)
h = n T ’

we obtain v € Tk (x¢).

It remains to prove that (f) = (h). Since G is of linear growth then a solution
of (1.6) does not escape to infinity in finite time. If z is a solution on the interval
[0,T) then the limit lim;_ ;- 2(¢) exists and belongs to K. So, the condition
(f) (existence of local viable solution) implies (h) (existence of global viable
solution). O

A short and elementary proof of (d) = (f) is given in [32].

If K is an open subset then it is locally compact. If K is open and G is an
arbitrary map then K is a viability domain to G. Obviously (a) does not imply
(h) in this case.

We say that a locally compact subset D C R”™ is a backward invariance
domain of a set-valued map G:R" +— R" if for every x € D

*G(IE) (- TD(I)

To make the presentation self-contained we recall the following formulation of
the invariance theorem.

Theorem 1.4.2 (Invariance). Assume that G:R"™ ~»R" is a locally Lipschitz
continuous map with nonempty compact values and D is a locally compact subset
of R™. Then the following conditions are equivalent:

(a) D is a backward invariance domain of G;
(b) —G(x) C coTp(x) for every x € D;
(¢) H(z,—n) <0 for every x € D, n € [Tp(z)]~;
(d) H(z,—n) <0 for every x € D, n € Np(x);
) H(x,—n) <0 for every x € D, n € Mp(z);
) for every xo € D there exists T > 0 such that every solution x(-) to
(1.6) satisfies x(t) € D fort e [-T,0].

e

(
(

Proof. The implications (a) = (b) and (b) = (c) are obvious. Since the
Hamiltonian H is lower semicontinuous, it follows, from (1.1) that (c)—(e) are
equivalent. (c¢) = (b) by separation theorem. By (1.2), (b) = (a). (a) < (f) by
Aubin—Cellina [5]. O

Considering control systems with state constraint we shall use the following

Proposition 1.4.3. Assume that f: R™ — R"™ is a locally Lipschitz continu-
ous map and D is a locally compact subset of R"™. Let K := cl(D), M := K\ D.
Suppose that

(1.8) Vee D, —f(z) € Tp(x),
(1.9) Vee M, f(z) ¢ PM(x).
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Then for every xg € M there exists 6 > 0 such that for every yo € K, |yo—xo| < ¢
we have

z(t;yo) € D for every t € (—4,0),
where x(-;yo) denotes the solution of the Cauchy problem

{ () = f(x(t)),
z(0) = yo.

Proof. Let w := f(xg). By Proposition 1.2.1 and (1.9), there exists ¢ > 0
such that for every yo € K N B(xg,¢) we have

(1.10) yo + (0,e)B(—w,e) N K C D.

Let C > 1,1 > 1 be an upper bound and a Lipschitz constant of f on the ball
B(zg, ), respectively. We set § = ¢/2CI.
Fix yo € K such that |yo — o] < ¢. For [t| < § we have

|z(t;90) — (yo + tw)| < [t|(l]zo — yo| + ICt|/2).
Hence, for —§ <t < 0 we have
(1.11) z(t;y0) € yo + (0,€) B(—w, ).

First we consider the case yo € D. We define t; := inf{t € (—6,0) : z(s,y0) €
D for s € (t,0)}. By Invariance Theorem 1.4.2 and (1.8), we have t; < 0. We
claim that ¢; = §. Suppose to the contrary that t; > —¢. By (1.10), (1.11), we
obtain z(t1;yo) € D. By Invariance Theorem 1.4.2 and (1.8), there exists to < 1
such that x(s,y9) € D for s € (t2,t1), which contradicts the definition of ¢;.
Next, we consider the case yo € K, |yo — xo| < §/2. We choose a sequence
(yn) C D such that y, — yo and |y, — xo| < 6. By the previous part of the
proof we have z(t;y,) € D for t € (—6,0). Thus, taking the limit, we deduce
that x(t;y0) € K for t € (—4,0). Combining it with (1.10) and (1.11) we get
x(t;yo) € D for ¢t € (—6,0). O

1.5. Regularity of tubes

If the set of state constrains P(t) depends on a real variable ¢ (time) we shall
call it a tube. Tubes considered here and in the sequel are assumed to have closed
values in R™.

Definition 1.5.1. Let P:[0,7]~R? be a nonempty valued map. We say
that P is left (right) absolutely continuous on [0,T] if for every R > 0 there
exists an integrable function p:[0,7] — [0,4o00) such that for every t; < to

(ta < t1) we have
(1.12) P(t)) N B(0, R) C P(ts) + B(O, /tQ u(s) ds )
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where B(xg,r) denotes the ball in R™ centered at x¢ with radius r and A+ D =
{a+d:a€Aand de D} for A,D C R".

We say that P is absolutely continuous if it is left absolutely continuous and
right absolutely continuous.

If a tube P is left absolutely continuous then the following property holds:

Ve > 0, V compact K C R%, 3§ >0, VA C N,
(113) V{ti,’]’i < T, 1 E A} with ]ti,Ti[m]tj,Tj[ = () for ¢ # 7,
Z(Ti — tz’) <= Ze(P(tz) N K,P(Ti)) <eg,

where e(U,V) = inf{e > 0: U C V +eB} and N is the set of natural numbers
(we choose § > 0 in such a way that for every measurable subset C' C [0,T] if
m(C) < 6 then [,y < e; m denotes the Lebesque measure).

In general, an absolutely continuous tube P does not have an absolutely
continuous selection passing through each point of its graph. For instance, one
can check that the tube P:[0,1] — R given by

(1/(1—1),0} ifteo,1),
Pt = { (0} it =1,

is absolutely continuous. However, there is no absolutely continuous function
2:[0,1] — R such that (0) = 1 and z(t) € P(t) for every ¢ € [0, 1].

A different definition of (- )-absolutely continuous tubes is given in [83].
A tube P is called d-absolutely continuous (where d: (0,00) — (0,00) is an ar-
bitrary function) if for every € > 0 and for arbitrary 0 < ¢; <7 < ... <t <
Tm T

> (ri—ti) <d(e) =Y H(P(t:),P(r;)) < ¢
where H denotes the Hausdorff distance.

Lemma 1 in [83] states that if P is (- )-absolutely continuous, then for
every tog € [0,T] and zo € P(ty) there is a 6(-)-absolutely continuous function
2:[0,T] — R™ such that z(tg) = zo and x(t) € P(t) for every t € [0,T]. In conc-
lusion, absolutely continuous tubes represent a larger family then §( - )-absolutely
continuous tubes.

The contingent derivative DP(7,y) of P at (7,y) € Graph(P) is defined as
the set-valued map from R to R? whose graph is described by

Graph(DP(7,y)) = TGrapn(p) (T, Y)-
It is not difficult to prove, using Proposition 5.1.4. from [7], that

P(T+h)y> o

1.14 DP 1) < lim inf dist
(1.14) v € DP(r,y)(1) & liminf dis (v, h
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1.6. Viscosity solutions of Hamilton—Jacobi equations

The theory of viscosity solution is a topic to broad to cover it in this sec-
tion. Below we provide only some basic definitions and selected facts which we
will need later on. For a more complete presentation we refer to [34], [14], [10],
[12], [95].

First, we recall the definition of viscosity sub- and supersolution for the class
of the Hamilton—Jacobi equations that most often appear in the paper

(1.15) ug + H(t, z,u,) =0,

where H:[0,7T] x R™ x R® — R is a continuous function. A smooth function
u: (0,T) x R™ — R is a classical solution of if (1.15) holds true for every (¢,z) €
(0,T) x R™. (The function H is called Hamiltonian.)

We say that a lower semicontinuous function : (0,7] x R™ — R is a super-
solution of (1.15) if

V(t,l‘) € (OaT) X Rna v(ptapx> S 3—1/)(ta$), Dt + H(t,ﬂ?,px) S 0
An upper semicontinuous function ¢: (0, 7] x R™ — R is a subsolution of (1.15) if
V(tvx) € (0’ T) X Rna V(ptapz) € 8+¢(t7x)a Dt + H(tvxapz) > 0.

A continuous function u: (0,70 x R™ — R is a viscosity solution of (1.15) if it is
a super- and a subsolution.
If H is positively homogeneous with respect to the last variable, that is

H(t,z,ap) = aH(t,z,p)

for every a > 0, then supersolutions (subsolutions) can be defined equivalently
using normal cones to epigraph (hypograph) instead of subdifferentials (super-
differentials).

Proposition 1.6.1. Let H: [0, T]xR"xR™ — R be continuous and positively
homogeneous with respect to the last variable.

(a) A lower semicontinuous function ¢: (0,T] x R™ — R is a supersolution
of (1.15) if and only if for every (t,z) € (0,T) x R"

(1.16) YV(ne, g, ny) € ngi(w) (t,x,9(t,x)), ne+ H(t,z,n,) <O0.

(b) An upper semicontinuous function ¢:(0,T] x R™ — R is a subsolution
of (1.15) if and only if for every (t,z) € (0,T) x R"

(1.17) V(14 s 1) € Njyypore (62, 0(t, ), —ny + H(t, 2, —ny) > 0.
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Proof. We provide the proof for (a) only. By Proposition 1.3.2, if (1.16) holds
true for every (¢, ) then ¢ is a supersolution. To prove the opposite, let us assume
that 4 is a supersolution and let (n;, ng,n,) € ngi(\l,)(t,xm/)(t,x)).

If n, < 0 then (ny/—ny,n./—ny) € 0_w(t,x). As H(t,x, -) is homogeneous,
we are done.

Let n,, = 0. By Proposition 1.3.4, there exist sequences (tx, zx) — (t,2) and
(Ntk, N ks Nuk) — (Mg, Mg, Myy) such that

(Rths T ks Muk) € Ny by Thy (g, 2x)) and ny, < 0.

By the previous part of the proof we have ny, + H(tg, xg,ngr) < 0. As H is
continuous, we obtain n; + H(t, z,n,) < 0. O

Proposition 1.6.1 is a special version of the results presented in [95], [31].

Below we recall — in an adapted version — a result proved in [10] (cf. The-
orem 4.1 in [10]).

Lemma 1.6.2. Assume that H: (0,T) x R?*"™ — R is a continuous Hamilton-
ian. If w,: (0,T)xR™ — R is an increasing sequence of uniformly locally bounded
supersolutions of the Hamilton—Jacobi equation (1.15) and w: (0,T) x R™ — R
is a pointwise limit of wy,, then w is a supersolution of (1.15).

1.7. Value function of generalized Bolza problem

We apply Frankowska’s method (see [44]) to characterize the value function
of the generalized Bolza problem as a lower semicontinuous solution of the cor-
responding Hamilton—Jacobi equation.

Suppose that L:[0,7] x R™ x R x R™ — [0, +00) satisfies:

L(-, -, -, ) is locally Lipschitz continuous,
(1.18) L(t,z,u, -) is convex,
L(t,z, -,v) is nonincreasing,

and let a set-valued map F:[0,7] x R” x R — R™ be as follows

F(t,x,u) is nonempty convex compact for every (¢, z,u),
F' is locally Lipschitz,

(1.19) y P
F(t,x,u1) C F(t,z,us) for u; < ua,

Vu, 3C, Vt,z, |F(-, -, u)] < C( +|z|).
We define a new Lagrangian Lg:[0,7] x R” x R x R" — [0, +00] by

L(t,z,u,v) ifve F(txz,u),

1.20 Lr(t,x,u,v) =
( ) P ) {—i—oo elsewhere.
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We shall consider a dynamical system

(1.21) { 2'(t) € F(t,z(t), u(t),

u/(t) < _L(tv w(t)’ u(t)a x/(t))v
where z(-), u(-) are absolutely continuous functions with values in R", R, re-

spectively. A pair (x(-),u(-)) is a solution of (1.21) if and only if it is a solution
of the differential inclusion

(1.22) (2 (1), 4/ (t)) € Q(t, x(t),u(t)) for almost all t € [to, T,

where Q: [0,7] x R™ x R~»R™ x R denotes the following set-valued map

(123) Q(t,LE,U) - {(fa 77’) 'n Z L(t,x,u,f)}.

We define a value function V:[0,7] x R® — R U {+o0} corresponding to L, F
and a terminal cost function g: R” — R U {400} by

(1.24)  V(to,x0) = inf{u(to) : (x(-),u(-)) solves (1.21)
and z(tg) = xg, u(T) > g(x(T))}

(we set inf ) = +00). When L does not depend on u, the definition of V' reduces
to the value function

(1.25) V(to,l‘o) =

min g
z(-)EWL[to,T], x(to)=0o

(2(T)) + / Li(s,2(s),2'(s)) ds

to

associated with the following control system
z'(t) € F(t,z(t)).
To a pair L(t,z,u, f), F(t,z,u) we associate a Hamiltonian H (¢, x, u,p)

(1.26) H(t,z,u,p) = inf  (f,p) + Lt,2,u, f)
fer(tzu)
which can be viewed as the Legendre—Fenchel transform of Lp.
If the value function V'(¢,x) is smooth then it is a classical solution of the
Hamilton—Jacobi equation

oU oU §
(1.27) at+H<ta$,U, 695) =0, (t,z)€]0,T[xR",

U(T,z) = g(z), r € R™
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Definition 1.7.1. An extended lower semicontinuous function U: (0,T] x
R™ — RU{+o0} is a lower semicontinuous solution of (1.27) if for every (¢,x) €
Dom(U), t < T

v(ptﬂpz) € an(tax)v Dt + H(t7x7 U(tvx)vp:r) =0

and

for every x € Dom(U(T, -) there exist x,, — x, t, — T~
1.28
(1.28) such that lim U(t,,z,) = U(T, z).

Below we recall a result about the existence and uniqueness of lower semi-
continuous solution of (1.27), which also gives the exact representation of the
solution. The result comes from [82], where, in fact, a more general class of La-
grangians was considered. In the proof of Theorem 1.7.2 it would be enough to
apply the technics of proof used for the first time in [44].

Theorem 1.7.2. Assume that Lp is given by (1.20), where L, F satisfy
(1.19), (1.18) and g:R™ — R is a lower semicontinuous function bounded from
below. Then the value funtion V given by (1.24) is the unique bounded from below
lower semicontinuous solution of the corresponding Hamilton—Jacobi equation.

1.8. Inf-convolution

The aim of the section is to provide a tool to approximate a lower semicon-
tinuous function by Lipschitz continuous functions. The suitable one is so called
inf-convolution. We consider it in a special case. A general approach can be found
in [87, Chapter 1].

Suppose that ¢: R™ — R is a function bounded from below and L > 0. We
define the inf-convolution ¢ :R™ — R by

or@) = inf o{y) + Lly—al.

Proposition 1.8.1. Suppose that ¢:R™ — R is a lower semicontinuous
function bounded from below and L, is an increasing sequence converging to
+o0o. Then ¢, = ¢r, is Lipschitz continuous with constant L, and ¢, (x) is
nondecreasing and convergent to ¢(x) for every x € R™.

For the readers’ convenience we list some elementary properties of inf-con-
volution.

e If ¢ is bounded from below by a constant ¢ then ¢ < ¢ (z) < ¢(z) for
every .

e ¢1(y)—oér(x) < L|ly—=x|| for every x, y (¢, is L-Lipschitz continuous).

e If ¢ is L-Lipschitz continuous, then ¢ = ¢.

e If ¢, ¢ are bounded from below and 1 < ¢, then ¥y < ¢r,.
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e If ¢ is L-Lipschitz continuous and ¢ < ¢, then ¢ < ¢r. Thus, ¢, is the
greatest L-Lipschitz continuous function dominated by ¢.
o If Ly < Lo, then ¢, < ¢r, and (é1,)n, = b1,
Proof of Proposition 1.8.1. It remains to show the pointwise convergence
of ¢ to ¢. Fix x. If ||y — z|| > (¢(2) — ¢)/L := R, then

o) + Llly — 2| = ¢+ Llly — x| > ¢+ ¢(z) — c.

Thus, there exists yr, such that ¢ (z) = ¢(yr) + Lllyr — z|| and ||y —z| < Ry.
So,

liminf ¢r (x) > liminf ¢(yr, ) > o(z). O

n—00






CHAPTER 2

TIME MEASURABLE CONTROL SYSTEMS

In the chapter we consider the Mayer problem with an extended lower semi-
continuous terminal cost function and dynamics given by a differential inclusion
with right-hand side measurable in time and Lipschitz continuous in space varia-
ble. To describe the value function as the unique solution of the corresponding
Hamilton—-Jacobi equation we developed viability theory and adapted it to the
case where the right-hand side is as above and state constraints vary in time.
We assume that the tube of constraints is absolutely continuous. We show that
the necessary and sufficient condition for viability is the Nagumo type one for
almost all £. In the Nagumo type condition we can take the convexification of
the Bouligand tangent cone to the tube. An analogous result is obtained for in-
variance. To investigate viability and invariance problems in measurable case we
use an extension of the Scorza—Dragoni theorem to set-valued maps from [64] and
[88]. Viability problems for nonautonomous case were considered in [20] and [96],
where Nagumo type conditions are in a stronger version, i.e. the right-hand side
of the differential inclusion is supposed to have a nonempty intersection with the
Bouligand tangent cone to the tube. The stronger Nagumo condition cannot be
expressed in an equivalent dual version involving normal cones, what is the key
point in applications to the Hamilton—Jacobi-Bellman equations.

2.1. Infinitesimal generators of reachable maps

2.1.1. Scorza—Dragoni type properties for set-valued maps. We shall
use in the sequel several consequences of the so called Scorza—Dragoni type the-
orems. We first recall a theorem for set-valued maps which are upper semiconti-
nuous with respect to one of its variables. Next we show how some other related
properties can be deduced from it.

We denote by m the Lebesgue measure on [0,7] and by B the closed unit
ball in R?. If ¢: X ~+ Y is a set-valued map from a set X to a set Y, then by

25
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Graph(p) we denote the graph of ¢ given by

Graph(p) = {(z,y) € X x Y 1y € p(2)}.

When Y = R? we set ||} = —oo and if ¢(x) # 0

le(@)|| = sup{lly]l : y € o(2)}.
Let X, Y be separable metric spaces.

Theorem 2.1.1 ([88]). Let F:[0,T]x X ~ Y be a set-valued map such that
Graph(F(t, -)) is a closed subset of X x'Y for almost all t € [0,T]. Then there
exists a closed-valued map F: [0, T]x X ~» RY satisfying the following conditions:

(a) For almost all t € [0,T) and for all x € X, F(t,x) C F(t,z).

(b) For every measurable set A C [0,T] and all measurable maps u: A — X,
v: A — R? such that v(t) € F(t,u(t)) almost everywhere (a.e.) in A we
have v(t) € F(t,u(t)) a.e. in A.

(c) For anye > 0 there is a closed set A, C [0,T] such that m([0,T]\ A:) <
e and ﬁ\AEXx has a closed graph.

The proof of Theorem 2.1.1 given in [88] was based on Lusin’s Theorem.

Corollary 2.1.2 ([63]). Suppose that F:[0,T] x X ~ R? has conver closed
values and:

o for almost allt € [0,T], F(t, -) is upper semicontinuous, F is measura-
bly bounded, i.e. there is a measurable function p:[0,T] — R such that
for almost all t € [0,T) and every x € X, ||F(t,x)| < p(t).

Then there exists a set-valued map F: [0, 7] x X ~ R? with closed convex values
satisfying the following conditions:

(a) for almost all t € [0,T) and for all z € X, F(t,z) C F(t,x),

(b) for every measurable set A C [0,T] and every u: A — X, v: A — R
measurable maps such that v(t) € F(t,u(t)) a.e. in A we have v(t) €
F(t,u(t)) a.e. in A,

(c) for anye > 0 there is a closed set A. C [0,T] such that m([0,T]\A:) < e
and F |A.xx 15 an upper semicontinuous map.

Remark. The set valued maps F , F can also have empty values at some
points. We would like to underline that in (b) the condition v(t) € F(t,u(t))
holds true “only” for almost all £ € A and the sets of measure zero on which it
does not hold can be different for distinct u, v.

We shall use in the proof of the following theorem and in the sequel the
notion of points of density. We recall it now as well as the one of the Lebesgue
points of measurable functions.
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A point 2 € R is a point of density of a measurable set U C R® if

ma(UNQ)

im =1
5(Q)—0,2eQ  mq(Q)

where () denotes d-dimensional cubes, mg the Lebesgue measure in R? and §(Q)
is the diameter of @, i.e. 6(Q) =sup{|z —y| : z,y € Q}.

Let V be the set of all density points of U. It is well known that mq(U \ V)
= 0. For an arbitrary set M C R of measure zero the equality V' =V \ M holds
true. If the original set U was closed, then V C U and, of course, V C U.

A point 2 € R? is the Lebesgue point of a measurable function f:R? — R if

1
lim
5(Q)—0,2eQ mq(Q)

/ 1F(w) — £(@)]| du= 0.
Q

The set of points which are not the Lebesgue points of f has measure 0.

Here is a version of the original Theorem of Scorza—Dragoni [90]. We give it,
as well as the next theorem, not in the most general possible form but sufficient
for our purposes.

Theorem 2.1.3. Let f:[0,7] x R? — R be measurable with respect to t €
[0,T] and continuous with respect to x € R%. Then, for every e > 0, there is
a closed set A, C [0,T] such that m([0,T] \ Ac) < € and the restriction f|a_yxgra
18 continuous.

Proof. Fix e > 0, k € N and consider the restriction fx = f|j0,7]xx5 and the
function ug(t) = sup{|| f(¢,z)| : € kB}. The function yuj has finite values. We
apply Theorem 2.1.1 to the map Fy (¢, z) = { fr (¢, 2)} with the domain [0,T] x kB
and get a corresponding map Fy. We take Ay C [0,7] for which m([0,T] \
Ay) < /281 Fy|a, xep has closed graph and Fy(t,z) C Fy(t, z) for all (t,z) €
A x kB. Let Zlk C Aj be a closed set for which m(Ay \ gk) < g/2k1 and
SUp;c 3, Mk (t) < oo. Finally, let Uy, be the set of density points of /le. For any fixed
x € kB there is (by (b) of Theorem 2.1.1) a set J, C [0,T] of measure zero such
that fi(t,z) € F, (t,x), for t € Ay \ Jy. By the definition of Ay we have, for those
t, the equality F(t,z) = {f(t,z)}. Since the graph of F}, restricted to Uy, x {z}is
compact and Uy, = Uy, \ J, so the equality F(t, z) = {f(t,z)} holds for all t € U.
The graph of the restriction of fi to Uy x kB is compact so this restriction
is continuous with respect to (¢,z). This implies the required continuity of f
restricted to ((;—, Ux) x R? and we have, of course, m([0, 7]\ Nr—, Ux) < .0

The following theorem was proved by N. Kikuchi in [65] for convex valued
maps.

Theorem 2.1.4. Let the compact-valued map F:[0,T] x R? ~» R4 be me-
asurable with respect to t € [0,T] and continuous with respect to x € RY. Then,
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for every e > 0, there exists a closed set A. C [0,T] for which m([0,T]\ A.) < e
and the restriction of F to A. x R? is continuous.

Proof. Consider the function f(¢,x,z) = dist(z, F((¢,z)). It is measurable
in ¢t and continuous in (z,z) so we get A., as in Theorem 2.1.3, for which the
restriction of f to A. x R x R% is continuous with respect to (t,z,z). This
implies that the restriction of F' to the set A. x R? is lower semicontinuous and
has closed graph. For every k > 0 the function uk(t) = sup{|ly|| : y € F(¢,z),
|z < k} is measurable. Hence we can choose a closed subset A., C A, such
that the graph of the restriction F|a_, xxp is compact and m(A. \ Acx) < £/2F.
Thus F|(ﬂk21AEk)><Rd is both upper and lower semicontinuous and m([0, 7] \
mk21 Agk) < 2e. O

2.1.2. Infinitesimal behaviour of reachable maps. Let V' be a separa-
ble, metric space and F: [0, T] x R x V ~» R? a convex-valued map. We consider
a family of differential inclusions

{ 2'(t) € F(t,x(t),v),

(2.1) o).

where 7 € [0,7], #, € R% v € V. The family of solutions of this problem,
defined on some interval contained in [0, T, for some fixed v, will be denoted by
Sol(F,v, T, x;). The reachable set of (2.1) at time ¢ € [0, 7] is given by

R,(t,7)(x,) = {x(t) : © € Sol(F,v,7,z,)}.
We study here the sets

R t T) 4T . . R ta T) 4T
Lim sup olt, ) (@r) — 2 and Lim inf ot 7)(@r) — @ .
t—T t—T1 t—T1 t—T1

Theorem 2.1.5. Let F:[0,T] xR4xV ~» R? have closed convez values and
satisfy:
o (x,v) ~ F(t,xz,v) is continuous for almost all t € [0,T);
o t ~ F(t,z,v) is measurable for all (x,v) € R x V;
o |F(t,z,v)|| < u(t) for almost all t € [0,T] and for all (z,v) € R x V,
where () is integrable.

Then there exists a set A C [0,T] of full measure, i.e. m([0,T]\ A) = 0, such
that for every (T,z,,v) € A xR x V

Lim R,(t,7)(x,) — xr
t—T t—rT1

= F(1,2;,0).

The proof will follow from the properties given below.
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Lemma 2.1.6. Assume that F:[0,T] x R? x V ~» R? have closed convex
values and
(a) the graphs Graph(F(t, -, -)) are closed for almost all t € [0,T];
(b) |F(t,x,v)|| < u(t) for almost all t € [0,T] and for all (x,v) € R¢ x V,
where (- ) is integrable;
(c) for all (z,v) € R? x V the set-valued map F(-,x,v) is measurable.

Then there exists a set A C [0,T] of full measure such that

V(1,2,,v) € AX R XV, Ve >0, 36 >0, Vo € Sol(F,v,7,z,), Y0 < |h| <
1

E(.’E(T +h)—=x,) € F(r,z,,v) +eB.

In particular, for every (1,z,,v) € Ax REx V

) # Lim sup Ru(t, )(@:) = @ C F(r,z,,v).
t—T t—7

Proof. We give a slight modification of the proof from [89] where the case
without a parameter was considered. The method used in [89] was, in turn, based
on [77] (see also [64]).

Let F be as in Corollary 2.1.2 with X = R? x V. Then, for every v € V,
solutions of differential inclusions z’ € F(t,z,v) and 2/ € F(t,z,v) coincide.

Fix v > 0 and choose a closed set A, C [0,T] for which m([0,T]\ 4,) <7,
ﬁ\waRdXv is upper semicontinuous with respect to (¢,z,v) and ﬁ(t,x,v) C
F(t,z,v) for all (t,z,v) € A, x REx V.

Let 117 C A, be the set of density points of A, which also are the Lebesgue
points of the function u(-) - X[o,r]\4,(+) — note that m(gﬂ,) = m(4,). We fix
now a 7 € gﬁ and an arbitrary (z,,v) € R x V. To make the notations simpler
we shall suppose that ¢t > 7. The case ¢t < 7 follows by the same arguments.

Due to assumptions (a), (b) there is 6; > 0 such that if t—7 < 6, and t € A,
then for every z(-) € Sol(F,v, T, z,)

ﬁ@x@ﬂocﬁﬁwﬂm+ga

There also is d; > 0 such that if 0 < ¢ — 7 < d5 then

m([r,tNA,)

F(r,xr,v) C F(1,2,,v) + °B.
t—1 3

Next, for some 63 > 0, if 0 < ¢t — 7 < d3 then

1 / e
p(s)ds < =.
t =7 Jir\a, 3
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Let now 0 < t — 7 < 6 = min{d1, d2, 3} and x(-) € Sol(F,v, T, x,). We get then

t) — 1 - 1 -
2(t) = ar € / F(s,x(s),v)ds + / F(s,z(s),v)ds
[T, t]NAy [, t]\A,

t—T1 t—7 t—T1
m([T,t]NA,) € 1
C - F(r,z.,v) + 3B + =7 S, u(s)ds- B

2
CF(T,.’I?-,—,U)+§B+%B=F(T7$T,1})+EB.

To finish the proof it is enough to consider the set A = J,~; 111/n- O

Lemma 2.1.6 yields the following property which was proved in [89] without
the parameter v.

Corollary 2.1.7. Under the assumptions of Lemma 2.1.6 there is a set A C
[0,T] of full measure such that for every 7 € A, x, € R4, v € V and x €
Sol(F,v,T,x,), we have

0 #Limsup{x(q——’_h)_%} C F(r,z,,v),
h—0t h
—h) -z,
0 #Limsup{x(T)m} C F(r,z,,v).
h—0+t —h

The following property, which has been proved for the first time in [91] wi-
thout the parameter v, can be deduced from Corollary 2.1.7.

Corollary 2.1.8. Let f:[0,7] x R? x V — R? satisfy the following condi-
tions:
o (z,v) — f(t,x,v) is continuous for almost all t € [0,T);
o t — f(t,x,v) is measurable for all (x,v);
o || f(t,z,v)|| < pu(t) for almost allt € [0,T] and all (z,v), where p(-) is
integrable.

Then there exists a set A C [0,T] of full measure such that for every T € A,
v €V and solution of ' (t) = f(t,z(t),v) the derivative «'(T) exists and z'(T) =
f(mz(7),v).
Theorem 2.1.9. Let F: [0, T] xR? xV ~+ R? have closed convez values and

satisfy:

o (x,v) ~ F(t,xz,v) is continuous for almost all t;

o t ~ F(t,x,v) is measurable for all (x,v);

o ||F(t,x,v)| < wu(t) for all (z,v), where u(-) is integrable.
Under these assumptions there exists a set A C [0,T] of full measure such that
for every (1,7,,v) € Ax R4 x V and u € F(7,2,,v) the problem

{ x'(t) € F(t,z(t),v),

22) x(r) = ., (1) =u,
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has a solution defined on [0,T). In particular, for every (1,z,,v) € Ax R x V

t - 4T
F(7,27,0) C Lim inf il ’72(:62) T

Proof. By Theorem 9.6.2 of Lojasiewicz [7] there is a function f: [0, 7] x R? x
V x B — R for which:

flt,z,v,B) = F(t,z,v);

t — f(t,xz,v,b) is measurable for all (z,v,b);

(z,v) — f(t,x,v,b) is continuous for all (¢, b);

It 2, 0,01) — f(t,2,0,b2)]] < eu(t)]|by — ba||, where ¢ is a constant
depending only on the dimension d.

The last two properties imply that for a fixed ¢ the function (z,v,b) — f(t,z,v,b)
is continuous. We can apply Corollary 2.1.8, where the role of parameter will be
played now by (v,b) € V x B.

So let A be as in Corollary 2.1.8, 7 € A, (z,,v) € R x V, u € F(7,2,,v)
and b € B be such that u = f(7,2z,,v,b). By Corollary 2.1.8 we get a solution
of the problem

{ z'(t) = f(t,2(t),v,b),
() =z, 2'(1) =,
which is also a solution of (2.2). O

Now, we are in a position to deduce Theorem 2.1.5 from Lemma 2.1.6 and
Theorem 2.1.9.

2.2. Viability and Invariance Theorems for tubes

Consider T' > 0, a set-valued map F:[0,T] x R? ~» R? and the differential
inclusion

(2.3) 2 (t) € F(t, z(t)).

Denote by S, 11(z0) the set of absolutely continuous solutions of (2.3) defined
on [tg,T] and satisfying the initial condition x(tg) = 0.

We are interested in the existence of solutions of the differential inclusion
(2.3) satisfying constrains of the type z(t) € P(t), where P:[0,T] ~ R is a
set-valued map (we shall call it a tube). The tube P(-) is said to have a viability
property if for every to € [0,T], zo € P(to) there is a solution 2 € S}, 71(0o)
satisfying x(t) € P(t) for every t € [tg,T]. The tube P(-) is called invariant
for I if for every to € [0,T] every solution & € Sy, rj(xo) starting in the tube
(i.e. mg € P(to)) satisfies x(t) € P(t) for every t € [to, T].



32 SAWOMIR PLASKACZ

2.2.1. Viability Theorem in the Lipschitz case.

Definition 2.2.1 (Viability tube). A tube P:[0,7T] ~ R™ is a viability tube
for F:[0,T] x R™ ~» R™ if there exists a full measure set C' C [0, 7] such that for
every t € C and every x € P(t) we have

(2.4) ({1} X F(t,2)) Ne0(Tarapn(p) (1)) # 0.

Theorem 2.2.2. Assume that a tube P:[0,T] ~ R? is left absolutely conti-
nuous, F' has conver compact images and satisfies

(2.5) t ~» F(t,x) is measurable for every x € R%

(2.6) { |E(t, )| < p(t) for almost all t € [0,T] and all x € R",
where p is integrable;

2.7 { Vk >0, Jex € LY(0,T) such that for almost all t € [0,T]
F(t, -) is cg(t)-Lipschitz continuous on kB.

Then the following three statements are equivalent:
(a) There exists a set A C [0,T] of full measure such that
Vt e A, Vo € P(t), F(t,z)NDP(t,z)(1) # 0;
(b) The tube P is a viability tube for F;

(c) For every to € [0,T] and o € P(to) there exists x € Sy, 1)(x0) such
that x(t) € P(t) for everyt € [to,T].

Proof. By Lemma 2.1.6 (¢) = (a). Clearly (a) yields (b). So it remains to
show (b) = (c).

We recall that the reachable set of (2.3) from an initial condition (¢, o) at
time t > tg is defined by

R(t, to)(xo) = {I(t) S S[tO,T] (xo)}
We proceed in several steps. First we show that for all 2o € P(ty), the map
(2.8) [to,T] 2 t — g(¢) := dist(P(t), R(t, to)(x0))

is of bounded variation and the Gronwall inequality holds true for g. Then we
check that from (b) it follows that for some ¢ € Ll(tg,T) ¢'(t) < c(t)g(t) a.e.
in [to, T]. In this way g = 0, which in turn implies that (2.3) has a solution viable
in the tube P(-).

Lemma 2.2.3. If P is left absolutely continuous then:
(a) g(te) < g(t1) + 2f:12 wu(s)ds fortg <t; <ty <T;
(b) g has bounded variation, in particular g is differentiable a.e. in [to, T];
(c) if there exists ¢ € L(tg,T) such that ¢'(t) < c(t)g(t), a.e. in [to,T],
then g = 0.
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Proof. Fix t; < tp. Since Sy, 71(wo) is compact, there exists x € S}, 71(w0)
such that g(t1) = dist(z(¢1), P(t1)). Since F is integrably bounded there exist
R > 0 such that |z(t)| < R for every x € S, 1)(z0). We choose an integrable
function p such that (2.6) and (1.12) hold true. We have

gltz) < dist(z(t2), P(t2))
< l(te) — (8l + dist(z(tr), P(t1)) + sup{dist(y, P(t2) 1 y € P(t1)}

< /tzu(s) ds+g(t1)+/t2 u(s),

- ty1 t1
which is our assertion (a).
iti <tp,=T.

To estimate the variation of g on [tg, T] we take a partition ¢t < ...
Let S={ie{l,... ,k}:9(t;) —g(ti—1) >0} and S’ ={1,... ,k} \ S. We have

k
g(tr) — g(to) = Z!J(ti) —g(ti-1) = Z lg(t:) — g(ti-1)| — Z lg(t:) = g(ti-1)l-

i=1 €S €S’
Thus
T
§jm gti-) =2 |g(t:) 21H+Mm)swwéﬁ/‘u@M&
i€S to
which gives us (b).
Let us set h(t) = sup{g(s) : s € [to,t]}. The function h is nonnegative,

nondecreasing, g(t) < h(t) for t € [ty,T] and

h(ts) — hity) <2 / " u(s) ds,

ty

for t; < to. Hence h is absolutely continuous. Moreover, we have

h(t — h(t t —g(t
lim sup M < max (limsup g(—H’)g()ﬂ).
T—0+ T T—0*+ T

Thus, for almost all ¢ € [tg, T], we have h/(t) < c(t)h(t). The Gronwall inequality
now yields A = 0, which completes the proof of Lemma 2.2.3. g

Lemma 2.2.4. Under all assumptions of Theorem 2.2.2, g = 0.

Proof. Indeed, assume for a moment that for some t5 > tg, g(t2) > 0. Set t; =
sup{t < t2 : g(t) = 0}. Thus g > 0 on |t1,t2] and g(¢1) = 0. By Theorem 2.1.9
and Lemma 2.1.6 there exists a subset A C [0, 7] of full measure such that for

all t € A, x € R the following two properties are verified:
(a) For every v € F(t,x) there exists a solution of the problem

y e F(ty), yt)== 1yt =o
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(b) For every t; <t and y € S}, 4 satisfying y(t) = x and for every sequence
h; — 0+ we have

t—hy) —
() # Lim supy(h# C —F(t,x).
i— 00 )
Consider t € A such that g is differentiable at ¢, F(¢t, -) is cg(¢)-Lipschitz
continuous on kB and let z € R(t), y € P(t) satisfy g(t) = ||z — y||. Put
Y
Iz —yll
Fix (u,w) € Taraph(p)(t,y) and by — 04, u; — u, w; — w satisfying y + hw; €
Case 1. There exists a subsequence {u;, }x>1 with u;, > 0 for all k.
Let v € F(t,2) and x € Sy 71(2) be such that z'(t) = v. Thus

p:

gt + hiui) — g(t) < [lo(t + hiui,) —y = hiwi || = [z = yll.
Dividing by h;, and taking the limit we get ¢'(t)u < {p,uv — w).
Case 2. For all i large enough u; < 0.
Consider T € Sy, 4 (z0) satisfying T(t) = z and ix, U € F(t, z) such that

lim Tt + hiyuiy) = 2 = uv.
k—oo hik

Hence for all k large enough
g(t + hikuik) - g(t) < ||§(t + hikuik) -y — hi,wi, || - HZ =y,

dividing by h;, and taking the limit we get ¢'(t)u < (p, uT — w).
Therefore we have shown that for all (u, Taraph(p) (,Y)

w) €
{uEO#VUEF(t,z), g'(t)
)

u < (p,uv —w),
(2.9) - .
u<0=3veF(tz), ¢tu<(pur—w).
Consider A\j > 0, (uj, w;) € Taraph(p)(t,¥), 7 =0,... ,d such that

d d
Z)\jzl and u::Z)\juj>0.
=0 =0

By reordering we may always assume that for some 0 < r < d and all j < r we
have u; > 0 and for all j > 7, u; < 0. Consequently,

T
Z )\j’u]‘ < Z )\jUj.
j>r 7=0
By (2.9) for every j > r there exists T; € F(t, z) such that

(2.11) g (t)uj < (p,uyTj —wy).

(2.10) D Ayl =

Jj>r
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Thus, from (2.9), (2.11) it follows that for all v € F(¢, z)

(2.12) g'(t) < Zi:o /\juj) < <p7 zi:o Ajtv — io/\jwj>

and
(2.13) 9’(t)<z/\juj) < <p72/\juy‘vj - Z/\jwj>-
j>r j>r j>r
On the other hand, by (2.10) for
_ X Al Ajlugl

= =7 and p; = =
Dm0 Ajuj D SIPVIT
we have p <1, (1 — pu) + Zj>r pj = 1. Hence, by convexity of F(t, z),
Yo, € F(t,z), v:i=(1-pv,+ Z,ujﬁj € F(t, z).
j>r
Adding (2.12), (2.13) with such a v we obtain

T d
g (tu < <p, <Z)\juj - Z)\jUﬂ)vz + 3 N (luy] +uy)v; — ZAjwj>
=0 =0

j>r j>r
d
= <p, UV, — Z )\jwj>
j=0
and prove that

V(uvw) € CO(TGraph(P) (ta y)) with u > 0, Vv, € F(ta Z)v g/(t)u < <pa Uvy — U)>

The above inequality holds also true with co replaced by co.
On the other hand, by our assumptions, there exists v, € F(t,y) such that
(17 Uy) € @(TGraph(P) (ta y)) Thus

=Y
0 < (=0 =) + a0l ol = ()
This and the Gronwall inequality yield the result. O

To finish the proof of our theorem it is enough to show that Lemma 2.2.4
implies existence of a viable trajectory for any initial condition zg € P(tp). Fix
to, xg. Set v = ||zo|| + ftf u(s)ds and

k := r 4+ max{dist(z, P(t)) : t € [to,T], = € rB}.

Let K = kB. We first show that for every € > 0 there exists x € Sy, 11(z0) such
that sup,cp,, ) dist(z(t), P(t)) <e.
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Pick any € > 0 and let § > 0 be such that for all A C [0,7] with m(4) < §
we have [, u(s)ds < /2 and

Vig<t<T<T, T—t<5:>P(t)ﬁKCP(T)+gB.

Let tp < ... < t, = T be such that ¢;11 — t; < 6. We claim that there
exists x. € Sp, (7o) such that, for every i, x.(t;) € P(t;). We proceed by
the induction. Assume that for some j > 0 there exists z. € S}, ¢, such that
we(t;) € P(t;) for all i < j. Set g(t) = dist(P(t),{z(t) : © € Sy, 1)(w<(t5))})-
By Lemma 2.2.4 applied with (o, o) replaced by (¢;,z.(t;)) there exists T €
St,,r)(w(t;)) such that T(tj41) € P(tj41). Thus we can extend z. on the time
interval [t;,t;41] by setting z.(t) = Z(¢t) for all t € [t;,t;41]. This and the
induction argument finish the proof of our claim.

Fix t € [to, T] and let i be such that t; <t < t;11. Then, by the choice of 4,

dist(zc(t), P(t)) < dist(x:(t;), P(t)) + ||ze(t;) — 2 ()] < e.

Consider a subsequence z., converging weakly in W11(ty, T) to some x, where
g; — 0. Then x € Sy, 1(20) and z(t) € P(t) for all t € [to,T]. Hence x(-) is the
viable solution we were looking for. O

2.2.2. Viability Theorem in the upper semicontinuous case.

Theorem 2.2.5. Assume that a tube P:[0,T] ~ R is absolutely continu-
ous, that F' has convex compact images and satisfies (2.6) and

(2.14) x ~ F(t, ) is uppersemicontinuous for almost all t,

(2.15) F(-,-) is L x B measurable.

Then the following three statements are equivalent:

(a) There exists a set A C [0,T] of full measure such that
Vt € A, Vz € P(t), F(t,z)NDP(t,z)(1) # 0;

(b) The tube P is a viability tube for F;
(c) For every to € [0,T] and xo € P(to) there exists x € Sy, 1)(x0) such
that z(t) € P(t) for every t € [to, T].

Proof. By Lemma 2.1.6 (c) = (a). Clearly (a) yields (b). So it remains to
show that (b) = (c).

Without loss of generality we can assume that ¢y = 0.

Step 1. We construct an increasing sequence { K} of closed subsets of [0, T]
such that:

(i) U7 Ky is of full measure;

(ii) for every k, the restriction F|g, wge is upper semicontinuous;
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(iii) a function v:[0,t] — [0, 00) given by

V= Zsup{u(t) S Kk}X(Kk\kal)
k=1

is integrable, where x4 denotes the characteristic function of a set A.

By Theorem 2.4 in [78], there exists an increasing sequence {A,} of closed
subsets of [0,7] such that lim, . m([0,7]\ A,) = 0 and F| «ga is upper
semicontinuous, for every n. Let

Cp={t€[0,T]: v(t) > k}.

Since v € L', limy,_.oo m(Cx) = 0.

If there is kg such that m(Cy,) = 0, then we choose a decreasing sequence
{D.,} of open subsets of [0,T] such that lim,, .o m(Dy,) = 0, C, C Dy, for
every m, and finally define Ky = Ay \ Dy, Ko = 0.

It remains to investigate the case M (Cy) > 0, for all k. Consider a subsequ-
ence {4, } such that

1
T\ A —_—
and a decreasing sequence of open subsets Oy, of [0, 7] such that Cy C Oy and
1
2.1 T\ A —_— .
(216) m(O\ Ci) 4 m([0.T]\ An,) < G am(C)

Then Dy, := A, \ Oy is a closed subset of A,, such that Dy N Cj = 0 and
1

We set K, = Ule Dy, Ky = 0. Conditions (i), (ii) are obvious. To show that v
is an integrable function observe that (2.16) yields

/0 v < km(E\ Kioy) < T+ S (k4 Dm(Kian \ i)
k=1 k=1

M8

<T+ (kJrl){m([O,T]\(CkUKk))+m(Ck\Ck+1)}

k=1

8 i

T
(k +

+ ) (k4 1)m(Cr \ Ciya)

k=1
T
+/ o’
0

which completes the proof of step one.

IN

T+

~
Il

1

1)2

= T
T+Y
= (k+1)

IN
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Step 2. Fix k. By theorem 1.13.1 in [5] there exists a sequence {F¥}°_; of
nonempty compact convex valued maps from Kj x R? into R? such that

(a) Vt € Ky, Yo € RY, VYm, FF  (t,x) C FE(t, x);

(b) Vt € Ki, Vo € RY, F(t,x) = (oo, FF (¢, 2);

(c) Vm, EF is locally Lipschitz continuous;

(d) Vt € Ky, Vo € R, Vm, FJi(t,2) C cOF (K x R?) C sup;e g, p(t)B.

We define the set-valued map Fj:[0,7] x R — R? by
v(t)B if t ¢ Ky,
Fk(t,x):{ (t) . ¢ Ki

Fr(tz) ifte Ky \ K1 and me {1,... ,k}.

Denote by Sy the set of solutions of the following viability problem
2/ (t) € Fy(t,xz(t)) a.e. in [0,T],
z(0) = o,
x(t) € P(t) for all ¢t € [0,T).
It is easy to check that F}, satisfies assumptions of Theorem 2.2.2. Thus the set

Sk, is nonempty and compact in C([0,77).
It follows directly from the construction that

Fipi1(t,z) C Fy(t,z)  Y(t,x) €[0,T] x RY,
F(t,z) = (] F(t,z) Vte | Ky, VoeR%
k=1 k=1
Thus Si41 C Sk, which in turn implies that ;- ; Sy is nonempty, which yields
the result. 0

2.2.3. Invariance Theorem for tubes.

Theorem 2.2.6 (Invariance). Assume that a tube P:[0,T] ~» R? is abso-
lutely continuous, that F has convex compact images and satisfies (2.5)—(2.7).
Then the following three statements are equivalent:

(a) There exists a set A C [0,T] of full measure such that for everyt € A
and all x € P(t) we have

F(t,x) C DP(t,x)(1);

(b) There exists a set C C [0,T] of full measure such that for every t € C
and all © € P(t) we have

{1} x F(t,z) C (Taraph(p)(t, ©));

(c) For all tg € [0,T] and xo € P(to) every x € Sy, 1)(x0) satisfies x(t) €
P(t) for all t € [to, T].
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Proof. Clearly (a) yields (b). From [7, p. 380] there exists a measurable with
respect to the first variable function f:[0,7] x R? x B +— R?, such that
o V(t,x) €[0,T] x RY, F(t,z) = f(t,x, B),
e Yu € B, f(t, -,u) is 5dcy(t)-Lipschitz on kB for a.e. t € [0,T],
o Vu,v € B, [[f(t,x,u) — f(t,2,0)|| < 5d(supyepr,q) lyl)][u— vl
Consider a countable family u; € B, ¢ > 1, dense in the unit ball anf fix <. Then
if (b) holds true, for all t € C and x € P(t)

{1} X f(t7xvul) € @(TGraph(P) (t,.]?))

By Theorem 2.2.2 there exists a set A; C [0, 7] of full measure such that for all
t € A; and x € P(t), f(t,z,u;) € DP(t,x)(1). Define A = (1,5, A;. Then for
all t € A and = € P(t) we have |J,~, f(t,x,u;) C DP(t,x)(1). Since {u;};>1
is dense in the unit ball we finally obtain that for almost all ¢ € [0,7] and all
x € P(t), F(t,z) C DP(t,z)(1).

We show next that (a) < (c). Fix tg € [0,T], 2o € P(to) and 2 € Sy, )(z0).
By [7, p. 316] for a measurable u: [to,T] — B, it holds z'(t) = f(t,x(t),u(t))
almost everywhere. On the other hand, z(-) is the only solution of

(2.17) { 2(t) = f(t, 2(t),u(t)),

l’(to) = Xp.

By (a) we know that for all t € A
Vo e P(t), f(t,z,u(t)) € DP(t, z)(1).

The map (¢,z) — f(¢, z,u(t)) is measurable in ¢ and 5du(t)-Lipschitz continuous
in x, hence the Viability Theorem 2.2.2 implies that

Vit € [to, T], x(t) € P(1).

Conversely, assume that (iii) is satisfied. Consider a dense family u;, € B,
1 > 1 and the equations

= f(t,z,u;).

By the assumption (c), for every fixed i, ¢t € [0,T], g € P(to) the solution of
the above equation verifies x(t) € P(t) for all ¢ € [to, T]. By Theorem 2.2.2 there
exists a set A; C [0,T] of full measure such that for all ¢ € A; and = € P(t),
f(t,z,u;) € DP(t,x)(1). Define the set A = (,5; 4; of full measure. Then for
all t € A and z € P(t), U;», f(t,x,u;) C DP(t,x)(1). Since {u;};>1 is dense in
the unit ball we finally obtain that for almost all t € [0, 7] and all z € P(t) we
have F'(t,z) C DP(¢t,z)(1). O
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2.3. Application: Hamilton—Jacobi—Bellman theory

2.3.1. Value function of Mayer’s problem. Let an extended function
g:R% — RU{+0o0} be given. Consider the minimization problem (called Mayer’s
problem):

(2.18) min{g(x(T)) : € Sy, (x0)}.
The value function V: [0, 7] x R? — R U {#o00} is defined by:
(219)  V(to,z0) € [0,T] x R, V(to,20) = inf{g(z(T)) : @ € Sy, 11 (z0)}-

We assume that
e I has nonempty convex compact images,
e Vz € RY F(-,z) is measurable,
(2.20) e 3p € L1(0,T) such that for almost all ¢ € [0, T] we have
Vo € RY, [|F(t )] < u(h),
e g is lower semicontinuous.

Proposition 2.3.1. If (2.20) holds true and for almost allt € [0,T], F(t, -)
s continuous, then V is lower semicontinuous and

(2.21) V(to, l‘o) S [O,T] X Rd, V(to,l‘o) = mln{g(x(T)) T e S[tO,T] (1‘0)}
Furthermore, the set-valued map
(2.22) t~ P(t)={(z,7r) e R xR :7>V(t,z)} is absolutely continuous

and
{ JA C )0, T of full measure such that V(¢,z) € Dom(V) N A x R%,

inf )DTV(t,ZL‘)(L’U) <0, sup DV(t,x)(—1,—v) <0.

vEF (t,x vEF(t,x)

Remark. We observe that Graph(P) is equal to the epigraph Epi(V) of V
and (2.22) yields the following relations: for every 7 € R?
(2.23) 9(Z) =V(T,z) = liminf V(t,z), V(0,7) = liminf V(¢ x).

t—T—,c—T t—0+,x—7

Proof. The first two statements follow by exactly the same arguments as
in the proof of [44, Proposition 2.1]. Fix any 0 < tg < t; < T. Let (z9,70) €
P(to) and consider T € S}, 71(wo) such that V(¢,Z(t)) = g(@(T)) for all ¢t €
[yo,T]. Thus (x(t1),70) € P(t1) and so for all » > V(tg,z0), (xo,7) € P(t1) +

(ﬂ;l w(s) ds)B, where B denotes at the moment the unit ball in R4*+!. Hence

P(ty) C P(t;) + < /t t 1(s) ds) B.
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Consider next (x1,71) € P(t1) and let « € Sy, 4, be such that 2(¢1) = x1. Then
V(to, x(to)) < V(t1,21) and therefore we have

(21,11) € Plto) + (/tt u(s) ds) B.
So,
P(t) C Plto) + ( /t t u(s) ds) B.

To prove the latest statement it is enough to apply Theorem 2.1.5 and the fact
that V is nondecreasing along solutions of (2.3) and is constant along optimal
solutions. g

In [97, Section 3] the following Proposition is shown:

Proposition 2.3.2. If g:R% — R is a locally Lipschitz continuous function
and (2.7), (2.20) hold true, then the value function V has the following properties:
(a) V(t, -) is locally Lipschitz continuous for almost all t € [0,T],
(b) for every compact K C R? there is an absolutely continuous
function a:[0,T] — R such that
Ve € K, Yti,t2 € [0,T], |V(t1,2) — V(te, )| < |alt1) — alt2)].

(2.24)

We shall need in the sequel the following result.
Proposition 2.3.3. If a function V:[0,T] x R? — R satisfies (2.24), then

m{t € [0,7]: 3z € RY, [Tepiv)(t, 2, V(t,2))]” NR x R? x {0} # {0}} = 0.

Proof. Let ay, be choosen for K = {x € R? : ||z|| < k} and A C [0,T] be a
set of full measure such that for every ¢t € A the map V' (¢, -) is locally Lipschitz
continuous and for every k the function oy is differentiable at ¢.

Fix t € A and € R?. We show that

V(ug, uz) €ER X RY DV (t2) (ug, ug) < +00.

Let s, — ug, Up — Ug, hy — 0. Then

V(t+ hnSp,x + hpuy) — V (¢, x)

hy
< [V(t+ hnsn, T+ hpun) — V(t, 2+ hpuy,)| n [V (t,z + hpu,) — V(t, )|
- h, I,
ap(t + hps,) — op(t
<l bnon) a0 4y,

where k is choosen sufficiently large and [ is a Lipschtz constant of V (¢, -). So,
[Tepicv)(t, 2, V(t,x)]” NR x R x {0} = {0}. O
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Assume that F' has nonempty compact images and define the Hamiltonian
H:[0,T] x R? x R? — R by

2.25 H(t,z,p) = ).
(2.25) (t,x,p) vé%?ffw)@ v)

Then H(t,z, -) is convex and positively homogeneous. Furthermore, if F(¢, -) is
upper semicontinuous (resp. lower semicontinuous), then so is H(¢, -,p) and if
F(-,z) is measurable, then H(-,x,p) is also measurable.

Consider an extended function V:[0,7] x R? — R U {+00}. We may always
assume that V is defined on R x R by setting V (¢, ) = +oc, whenever ¢ ¢ [0, T].
In theorem below we use Definition 1.3.1 with such extension of V.

Theorem 2.3.4. Assume (2.7), (2.20) and let V:[0,T] x R? — R U {+oo}
be an extended lower semicontinuous function. Consider the set-valued map

(2.26) [0,T] 5t~ P(t)={(z,r) €ERY xR :7>V(t,x)}.

Then the following three statements are equivalent:

(a) V is the value function, i.e. V=1V,

(b) 3A C 10, T[ of full measure such that ¥(t,z) € Dom(V) N A x R,
inf’uEF(t,w) DTV(ta I)(l, U) <0, SUPyeF(t,x) DTV(tv I)(_lv _U) <0, P( ' )
is absolutely continuous and V(T, -) = g(-),

(c) 3C C 10, T[ of full measure such that V(t,z) € Dom(V) N C x R,
v(pt’paHQ) € [Tfpi(\/)(taxvv(tax))]77 —pt + H(t,l’, 7pm) = 07 P() is
absolutely continuous and V(T, -) = g(-).

Remark. If a function V:[0,7] x R? +— R is locally uniformly absolutely
continuous in the sense of [97], then the tube P given by (2.26) is always abso-
lutely continuous.

Theorem 2.3.5. Under all assumptions of Theorem 2.3.4 let Dom(V') be
closed, the restriction of V' to its domain be continuous and the maps

t~{(z,r) eRYx R:r > V(t,x)},
t~{(x,r) e R xR : 7 < V(t,x) # +oo},

be absolutely continuous. Then V is the value function if and only if

V(T,-)=g(+), 3D C [0,T] of full measure ¥(t,r) € D x R%,

(2.:27) V(pt, e, @) € [Tepiv)(t, 2, V(E,2))] 7, —pe + H(t, 2, —pg) > 0,

V(pe, Py @) € [Trypvy (2, V(8 2))T, —pe+ H(t, 2, —pa) < 0.
Proofs of Theorems 2.3.4, 2.3.5 are given at the end of the section.
From Theorem 2.3.4 and Proposition 1.3.3 we obtain
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Corollary 2.3.6. Under all assumptions of Theorem 2.3.4 suppose that

(2.28) m{t € [0,T]:3z € R (t,z) € Dom(V)
and {0} # [Tepivy(t, 2, V(t,2))]” CRxR? x {0}} = 0.

Then V is the value function if and only if

3C c 10, T[ of full measure such that ¥(t,r) € C x R%,
(229> V(ptap$) S afv(tal')a —Pt + H<t7xa _pw) = 07
P(-) is absolutely continuous and V (T, -) = g(-).

Corollary 2.3.7. Under all assumptions of Theorem 2.3.4 suppose that a
function V:[0,T] x R? — R satisfies (2.24). Then V is the value function if and

only if
3C €10, T of full measure such that ¥(t,z) € C x R%,
V(pe,pz) € 0_V(t,z), —pi+H(t,z,—p,)=0and V(T,-)=g(-).

Corollary 2.3.8. Under all assumptions of Theorem 2.3.5 suppose (2.28)
and

(2.30) m{t € [0,T]:3z € R, (t,z) € Dom(V)
and {0} # [Trypvy(t, 2, V(t,2))]” CR x RY x {0}} = 0.
Then V is the value function if and only if
V(T,-)=g(+), 3D C [0,T] of full measure ¥(t,r) € D x R%,
V(pe,pz) € O_V(t,x), —pr + H(t,z,—ps) >0,
V(pt,pz) € 04V (L, ), —pe + H(t, z, —ps) < 0.

Remark. It was shown in [44] that when in addition H is continuous with
respect to t, then in the above corollaries stated with C' = ]0,T[ = D assump-
tions of absolute continuity, (2.28) and (2.30) can be omitted. Corollary 2.3.6
extends the results from [44] to the measurable case. Corollary 2.3.8 is the uni-
queness result for viscosity solutions of the associated Hamilton—Jacobi—Bellman
equation with data measurable in time.

Corollary 2.3.9. Under all assumptions of Theorem 2.3.5 suppose (2.24).
Then V is the value function if and only if

V(T,-)=g(-), 3D C [0,T] of full measure ¥(t,z) € D x R%,
\v/(pfypﬂc) S 3_V(t, I), —DPt + H(t7$7 7pz) Z Oa
V (ptap$> S 8+V(t7.'1}), —D¢ + H(t,.’l}, _pa;) S O
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Theorem 2.3.10. Let V:[0,T] x R? — R U {+oc} be an extended lower
semicontinuous function such that the set-valued map P given by (2.26) is abso-
lutely continuous. Assume that F(t,x) satisfies assumptions of Theorem 2.2.2.
Then the following statements are equivalent:

(al) There exists a subset A C |0,T[ of full measure such that

Y(t,z) € Dom(V) N A x RY, gl(f )DTV(t, z)(1,v) < 0.
veF(t,x

(bl) There exists a subset C C )0, T of full measure such that for all (t,z) €
Dom (V)N C x R?
v(ptvpxa q) € [Tgpi(V) (t7 €z, V(t7 l’))]77 —pt + H(ta x, _px) > 0.

(Cl) V(tml‘o) € [O,T] X Rd7 dx € S[to’T](wo), YVt € [to,T], V(t,f(t)) <
V(to, LL'()).

Corollary 2.3.11. Under all assumptions of Theorem 2.3.10 suppose that

V(T,-)=g(-). If V satisfies (al) or (bl), then V > V.
Proof. Fix (tg,z0) € [0,T] x R? and let T be as in (b1). Then

V(to, z0) < g(@(T)) = V(T,T(T)) < V (to, x0). O

Proof of Theorem 2.3.10. Observe that conditions (al)-(cl) in Theorem
2.3.10 are equivalent to conditions (a)—(c) in Theorem 2.2.2, respectively. To
see (al) = (a) let us fix (tg, z9) € Dom(V'). Then for all t € A, (z,z) € P(t) we
have

(2.31) {(v,u) € R :u > DV (t,x)(1,v)}
= DP(t,2,V(t,z))(1) C DP(t,z,2)(1).

Consider the viability problem
(x,2) € F(t,x) x {0},

(2.32) (z,2)(to) = (w0, V (to, 0)),
(z,2)(t) € P(t).

By (al) and (2.31), for all t € A

I

(2.33) V(z,2) € P(t), F(t,z)x{0}NDP(t, z,2)(1) #0.

The opposite implication is obvious.
To obtain the implication (bl) = (b) we have to use the separation the-
orem. ]
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Theorem 2.3.12. Let V:[0, T]|xR? s RU{+oc} be an extended lower semi-
continuous function. Assume that F' satisfies (2.6), (2.20) and that the set-valued
map P defined by (2.26) is absolutely continuous. Then the following two state-
ments are equivalent:

(a) There exists a subset A C10,T[ of full measure such that

Y(t,z) € Dom(V)N A x R%, sup DiV(t,z)(—1,—v) <O0.
vEF (t,x)

(b) V(t07£L‘0) S [O,T] X Rd, Vo € S[to,T](LL'()), vVt € [to,T], V(to,(Eo) <
V(t, z(t)).

Corollary 2.3.13. Under all assumptions of Theorem 2.3.12 suppose that
V(T,-)=g(-). If V satisfies (a), then V < V.

Proof. Fix (to, ) € [0,T] x R and let T € S, 7)(x0) be such that V (to, o)
= g(z(T")). Then, by (b),

V(to, z0) = g(x(T)) = V(T,Z(T)) > V(to, zo). U

Proof of Theorem 2.3.12. Assume (a) and fix (tg,79) € [0,T] x R4, z €
Sito,1(0). Since (a) does not involve T', it is sufficient to prove the inequality
in (b) for ¢ = T and it is enough to consider the case V(T,z(T)) < oo. Set
P(t) = P(T —t). Then P is absolutely continuous and for all (z, z) € P(t)

(2.34) {(—v,u) €R o> DiV(T —t,2)(—1, —v)}
=DP(t,z, V(T —t,2))(1)
=DP(T —t,2,V(T — t,x))(—1) C DP(t,z,2)(1).
By (a) we know that for almost all ¢ € [0, 77,
(2.35) V(z,2) € P(t), —F(T —t,z)x {0} C DP(t,z,2)(1).
Since the map t — (z(T —t), V(T,x(T))) solves the differential inclusion
(y,2)" € =F(T = t,y) x {0}, y(0) =x(T), 2(0) =V(T,2(T))

by Theorem 2.2.6, for all 0 < t < T —to, V(T,2(T)) > V(T — t,x(T —t)). In
particular, V(tg, z(t9)) < V(T,z(T)).

If (b) is verified, then by Theorem 2.2.6 there exists a set A C [0, 7] of full
measure such that for all ¢ € A inclusion (2.35) holds true. This and (2.34)
yield (a). O

Proof of Theorem 2.3.4. The equivalence (a) < (b) follows from Corolla-
ries 2.3.11 and 2.3.13.
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We show next that (b) < (c). Let Abe asin (b). Fixt € A and let (pt, pz, q) €
(Tepicvy(t, 2, V(t,x))]”. From (1.4) and (b)

pe+ inf (p;,v) <0 and —p;+ sup (ps,—v) <O0.
vEF(t,x) vEF(t,7)

These two inequalities yield (c).
Conversely, assume (c). By the separation theorem for all (¢,z) € Dom(V)N
C x R4 we have

{1} X F(t,.’b) X {0} m%(TSpi(V)@ava(t?x))) 7é 0

and

{=1} x =F(t,x) x {0} C co(Tepiv)(t,z, V(t,x))).
These two relations, (2.31), (2.34) and Theorems 2.2.2, 2.2.6 imply (b) and finish
the proof of Theorem 2.3.4. g

Proof of Theorem 2.3.5. Assume that V is the value function. Then (c) of
Theorem 2.3.4 is verified. Thus for all (¢, ) € Dom(V) N C x R?

V(pt’pza q) € [Tgpi(V)(tv z, V(ta x))]iv —pt + H(t’ Z, _px) > 0.

On the other hand by Theorem 2.1.9 there exists a set D C C of full measure
such that for all t € D, z € R, v € F(t,x) the differential inclusion

{ x'(s) € F(s,z(s))  for almost all s € [0, 77,
x(t) =z, 2'(t) = v,

has a solution. Furthermore, for all h > 0, V(¢ + h,z(t + h)) — V(¢,2) > 0.
Dividing by A and taking the limit we get

D\ V(t,z)(1,v) > 0% (1,v,0) € Typv)(t, 2, V(L x)).
Since v € F(t,x) is arbitrary,

v(ptupzv q) € [THyp(V) (tv Z, V(ta ‘77))]+7 —Dt + H(ta z, _px) S 0

This proves (2.27).
Conversely, assume (2.27). It is enough to prove (b) of Theorem 2.3.4. By
the separation theorem for all (¢,z) € Dom(V) N D x R?

{ {1} X F(t7x) X {0} m@(TS;M'(V) (tvxa V(t,(E))) 7é (2)7
{1} x F(t,7) x {0} C C(Tryp(v)(t,x, V(t,x))).

From the first relation, (2.31) and Theorem 2.2.2 we deduce the first inequality
in (b). Applying Theorem 2.2.6 to the absolutely continuous set-valued map

(2.36)

t~ P(t)={(x,2) : +o0 £V (t,x) > z}
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we deduce that for a subset A C [0,7] of full measure and all (z,z) € P(¢),
F(t,z) x {0} € DP(t,x,2)(1). Fix to € [0,7] and = € Sy, 71(20). By The-
orem 2.2.6, (x(t), V(to,x0)) € P(t) for all t € [to,T]. In particular this yields
V(to,x0) < V(t,2(t)). Hence, by Theorem 2.3.12, the second inequality in (b)
holds true as well. O

2.3.2. Solutions of the Hamilton—Jacobi—-Bellman equation with
the Hamiltonian measurable in time. Consider H:[0,7] x RY x R — R
and the Hamilton—Jacobi—-Bellman equation

(2.37) f%—‘;(t )+ H( %‘;(t, x)) ~0.

We assume:
(a) Vt €10, T], H(t, -, -) is continuous,
(b) V(z,p) € RT x RY, H(-,x,p) is measurable,
(¢) H(t,z, ) is convex,
(2.38) (d) HueLl(O T), Vp € B, |H(t,z,p)| < u(t),
(e) Yk > 0, e € L1(0,T) such that for almost all ¢t € [0, T,
Vp € B, H(t, -,p) is cx(t)-Lipschitz on kB,

(f) H(t,z, -) is positively homogeneous.

where B denotes the closed unit ball in R¢.

Remark. Assumption (f) may be replaced by the Lipschitz continuity of
H(t,z, -) together with modified, with respect to p, conditions (d), (e). Then it
is possible to study solutions of (2.37) via a Hamilton—Jacobi-Bellman equation
with the new (conjugate) Hamiltonian meeting assumptions (2.38) (as it was
done for instance in [14]).

Define F:[0,T] x R? ~+ R by

(2.39) F(t,z)= [ {veR": (p,v) < H(t,z,p)}.

llpll=1

Proposition 2.3.14. If (2.38) holds true, then F satisfies (2.6), (2.20) and

VpeR?,  sup (p,v) = H(t,z,p).
vEF (t,x)

Proof. Fix x € R? and consider a dense subset {pi}i>1 of the unit sphere
in R?. For every i > 1 define the set-valued map P;: [0, 7] ~ R? by

Pi(t) = { v € RY: (pi,v) < H(t,2,p:)}.
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From the separation theorem and continuity of H(t,x, -) it follows that

F(t,x) =[] Pi(t).

i>1

By [7, Theorem 8.2.9], P; is measurable. Thus by [7, Theorem 8.2.4] the set-va-
lued map
t~ () Pilt) = F(t,x)
i>1
is also measurable. The remaining properties of F' were checked in the proof of
Proposition 7.1 of [44]. O

Consider the differential inclusion
(2.40) 2'(t) € F(t,z(t)) almost everywhere

and let Sy, 7 (x0) have the same meaning as before. From Theorems 2.3.4, 2.3.5
we immediately deduce

Theorem 2.3.15. Assume (2.38) and consider an extended lower semicon-
tinuous function V:[0,T] x R? +— R U {+oc0}. Set g(-) = V(T, ). Then the
following two statements are equivalent:

(a) The set-valued map t ~ {(x,r) : r > V(t,x)} is absolutely continuous
and there exists A C [0, T] of full measure such that for all (t,z) € AxR?

(241)  VY(pr:p2,q) € [Tepiov)t 2, V(E,x)] . —pe+ H(t,z,—ps) = 0.
(b) For all (to,z0) € [0,T] x R4,
(2.42) V(to, z0) = inf{g(x(T)) : x € Sy, 1)(z0)}-

Corollary 2 .3.16 (Maximum Principle). Assume (2.38) and let Vi, Vs
be extended lower semicontinuous functions from [0,T] x R? into R U {+oc}
satisfying (a) of Theorem 2.3.15. If V(T -) > Va(T, -), then Vi > V.

Proof. By Theorem 2.3.15, V; is given by (2.42) with g(-) = Vi(T, ). O

Results of Section 5.2 imply different equivalent formulations of statement
(b) of Theorem 2.315 linking V' to viscosity solutions. For instance Corollary 2.3.9
yields

Corollary 2.3.17. Assume (2.38) and consider a locally Lipschitz continu-
ous function V:[0,T] x RY — R. Set g(-) = V(T, -). Then the following three
statements are equivalent:

(a) There exists a set A C [0,T] of full measure such that

V(t,xz) € A x R, V(pt,pz) € O-V(t,x), —pr+ H(t,z,—pz)=0.
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(b) For all (to,z0) € [0,T] x R4,
V(to, z0) = inf{g(x(T)) : € Sp,,1y(z0)}-
(c) There exists C C [0,T] of full measure such that for all (t,x) € C x R?

{ v(ptapz) € a_V(t,I), —pt + H(t,l’, *pm) >0,
V(pt;p:z:) S 8+V(t,.’1}), —Dt + H(t,l‘, _pw) S 0.






CHAPTER 3

CONTROL PROBLEMS WITH STATE CONSTRAINTS

The value function for control problems with state constraints was consi-
dered in [92], [23], [62] (see also Chapter IV in [2]). In the cited papers un-
der hypotheses including an inward-pointing condition it is shown that the
value function is continuous and is a viscosity solution of the corresponding
Hamilton—Jacobi-Bellman equation. In this chapter we consider the Bolza pro-
blem and an infinite horizon control problem under an outward-pointing condi-
tion (see (3.5), (3.33)). Under hypotheses of the main results of the chapter: The-
orems 3.1.7 and 3.2.1, the value function can be discontinuous but despite of this
fact it is still the unique solution of the corresponding Hamilton—Jacobi—Bellman
equation in the weak sense proposed in the chapter. The method of proof is
attributed to Frankowska [44]. The presence of constraints needs some crucial
improvements in the construction of backward invariant solutions.

3.1. Bolza problem

Let a nonempty subset D C R™ be locally compact. Set K := D (closure
of D), M := K\ D. Then M is closed. Consider a complete separable metric
space U and let

(3.1) 0, T]xR" x U —R", L:[0,T] x R" x U — [0, 00)

be bounded continuous maps;
such that
(3.2) f, L are locally Lipschitz continuous

with respect to (¢, ) uniformly in wu;
in the following sense
Vr >0, 31, > 0 such that Yu € U,
f(+,-,u)and L(-, -,u) are [,-Lipschitz on [0,T] x B(0, ).

51
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We also assume that

(3.3) {(f(t,z,u), L(t,z,u) +7) e R"" xR:ue U, r >0}

is closed and convex for every t € [0,T], x € K,

(3.4) V(t,z) €0, x D, Vu e U, —f(t,xz,u) € Tp(z),
(3.5) Y(t,z) €0, T x M, 3ue U,  f(t,z,u) ¢ PM(x).

Remark. If D = is an open subset of R™ with a smooth boundary 092 =
M then (3.4) is always satisfied (T(z) = R™) and (3.5) means

Y(t,z) €10, T x 0, Jue U, (f(t,z,u),n(x))>0
where n(z) is an outer normal to 2 at z.
Let
(3.6) g: K — RU {400} be proper and lower semicontinuous

(Proper means here not identically equal to +00). For any measurable control
w:[0,T] — U and to € [0, T] denote by z(-;to, zo,u) the unique solution of

{ a'(t) = [t z(t), u(t)),
m(to) = Xy,
defined on the interval [0, T]. Let us denote by

Al(to, xo) = {w: [to, T) — U : z(t; to,z0,u) € K for every t € [to,T]}

the set of all admissible controls from the initial condition (¢g, o) € [0,7] x K.
The value function V: [0,T] x K — RU{+oo} for the Bolza problem (P) is given
by

T
V(to,x0) = inf / L(s,x(s;to, xo, u),u(s)) ds + g(x(T; to, zg, u)).
u€A(to,zo) to

If the set A(tg,zo) is empty, then we set V' (tg,zg) = +00.
Define a set-valued map F:[0,7] x R” X R ~ R x R” x R by

F(t,z,v) ={Q, f(t,z,u),—L(t,x,u) —r):ue U, r €[0,C — L(t,z,u)]}

where C is a bound on L. If (3.1)—(3.3) hold true then F' is locally Lipschitz
continuous bounded set-valued map and it has convex compact values.
Denote by S(tg,zo) the set of all solutions of

{ Z'(t) € F(z2(t)),
Z(to) - (t07 Zo, 0)7
defined on the interval [to,T]. Let

Sy(to, zo) = {z € S(to, o) : 2(t) € [to,T] X K X R for every t € [to, T]}.
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It is easy to check that z € S, (o, x0) if and only if there exist u € A(tg, zp) and
a measurable n such that L(s, z(s; to, xo,u),u(s)) + n(s) < C and

T
A1) = (t,xu;to,xo,u), [~ atsitozo,,uts) +n<s>>ds>.

Proposition 3.1.1. Assume that (3.1)—(3.3) and (3.6) hold true. Then the
value function V:[0,T] x K — RU {400} is lower semicontinuous. Moreover,

lim inf KV(tn,yn) =V(0,y)

tn—0%, yn—y, yn€

for every y € K.

Proof. The first statement is well known. To prove the second one, fix y € K
such that (0,y) € Dom(V). Let w:[0,7] — U be an optimal control for this
initial conditions (0,y). Then

V(s a(s:0,,7) = V(0,y) - / L a(r:0,y, 1), (7)) dr.

Clearly lim,_,o+ V(s,z(s; 0,y,7)) = V(0,y). This and the lower semicontinuity
of V' end the proof. O

Proposition 3.1.2. Assume that (3.1)—(3.3) and (3.6) hold true. Then the
epigraph of the value function over [0,T) x K, i.e. the set K := {(t,z,v) : t €
[0,T), z € K, v>V(t,x)} is a viability domain for the set-valued map F.

Proof. Fix (tg,zo,v9) € K. Consider an optimal control @ € A(tg,xo), i.e.
V(to, x0) = ftf L(s,%(s),u(s))ds + g(Z(T)), where T(-) = (- ;to,z0,u). Then
the function

2(t) = (t,:c(t),vo + / t —L(s,7(s),a(s)) ds>

to
is a solution of 2’ € F(z). Observe that

t T
vy — /t L(s,T(s),u(s))ds > /t L(s,z(s),u(s))ds+ g(Z(T)) > V (¢, Z(t)).

Thus, z(t) € K for t € [tg,T). By the Viability Theorem (Theorem 1.4.1), we
obtain the desired conclusion. O

Proposition 3.1.3. Assume that (3.1)—(3.3) and (3.6) hold true. Then the
epigraph
Dr ={(t,z,v):t € (0,T], x € D and v > V(t,z)}
of the function V restricted to (0,T] x D is a backward invariance domain for F.
Proof. Let tg € (0,T], 2o € D and +00 > vg > V (to, xp). There is € > 0 such
that for every measurable u: [ty — €, 9] — U the solution x,: [ty — €, t9] — R™ to
{ a'(t) = f(t, z(t), u(t)),

z(to) = wo,
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satisfies x,,(t) € D. Let v, (t) = vo + f:o —L(s,24(s),u(s))ds and @ € A(tg, o)
be an optimal control. Fix t; € [tg — &, t] and let z1 = x,,(¢1). Define

- u(t) fort € [t1,to],
u(s) = { a(t) for t > to.

We have uy € A(t,21) and

T
(3.7 V(t1,z1) §/ L(s,z(s;t1,x1,u1),u1(s)) ds + g(a(T; t1, x1,u1))

ty
to

= / L(s,z(s;t1,x1,u1),u1(s)) ds + V(tg, o) < vy(t1)-
t1

If z(t) is a solution of the differential inclusion 2/(t) € F(z(t)) defined on the
interval [to—¢, o] and z(to) = (to, %o, vo), then there is a control u: [to—¢, to] — U
and a measurable function n: [to—¢, to] — [0, C] such that z(t) = (¢, 2, (t), vy, (t)+
ft ). By (3.7), we obtain z(¢) € Epi(V). From Theorem 1.4.2, we get the
conclumon 0O

Proposition 3.1.4. Suppose that (3.1)—(3.3) and (3.6) hold true and let
W:0,T|x K — RU{+00} be a lower semicontinuous function. If W (T, x) > g(zx)
forx € K and K := {(t,z,v) : t € [0,T), x € K, v > W(t,x)} is a viability
domain of F, then

W (to, zo) > V(to, zo)
for every (to,xo) € [0,T] x K.

Proof. By Theorem 1.4.1 for (t9, zo) € Dom( ), there is a KC-viable solution
2: [to, t1) — R™*2 of the Cauchy problem 2’ € F(2), 2(to) = (to, o, W (to, z0)).
There is a control u € A(to,xo) such that z( ) = (t, 24 (t), vy (t)), where z,(t) =
x(t;to, xo,w) and v, (t) = W (to,x0) — ft (8,24 (8),u(s)) + n(s))ds for a non-
negative measurable function 7. Setting n = 0 we get another C-viable solution
denoted again by z. We have
vy := lim v, (t) > Uminf W (¢, z,,(t)) > W(t1, x4 (t1)).

t—t, t—ty
This solution z(-) can be extended to the interval [ty,T] and
T
W (to, o) —/ L(s, zu(s),u(s)) ds = W(T, zu(T)) = g(xu(T)).
to
Hence V (to,x0) < W(to,xo), which completes the proof. O
Corollary 3.1.5. Assume that (3.1)—(3.6) hold true. Then for every (to, yo)

€ (0, T) x K there is a sequence (t,,) converging to to from the left and a sequence
(yn) C D converging to yo such that im, oo V(tn, yn) = V(to, ¥o)-

Proof. By Proposition 3.1.3 and the lower semicontinuity of V' it is enough
to consider yo € M. By (3.5), there is u € U such that f(to,vo0,u) € PM(yo).
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Using Theorem 1.4.2, Proposition 1.2.1 and (3.4) it is not difficult to realize that
there is € > 0 such that Z(t) € D for t € (t9 — &,t0), where T is a solution of

{ a'(t) = f(t z(t),q),
z(to) = Yo-
Setting y, = ZT(t,), where t, — t; , we have

to
V(tnvyn) < V(tOvyO) +/ L(Saf(s)aﬂ) ds.
t

n

This and the lower semicontinuity of V' yield lim,,—oo V(tn,yn) = V(to,yo). O

Proposition 3.1.6. Assume that (3.1)—(3.6) hold true. Let W:[0,T] x K
R U {400} be a lower semicontinuous function such that

lim inf W (tn,yn) = g(yo) for every yo € K.
tn =T, yn—yo, yn €D

If the set {(t,z,v) : t € (0,T), x € D and v > W (t,x)} is a backward invariance

domain of F', then

W(to, z0) < V(to,z0) for every (to, o) € [0,T] x K.

Proof. Fix tg € [0,T), zo € K such that (t9,z9) € Dom(V). Let u €
A(to, o), u(s) = z(s;to, o, w) and wy: [to, T] — R solves the Cauchy problem
w'(t) = —=L(t, zu(t), u(t)),
{ w(T) = g(zu(T)).
It is enough to show that

(3.8) W(to, zu(to)) < wulto).

Let | > 1 be the Lipschitz constant of f(-, -,u), L(-, -,u) on the set ]0,T] x
B(zo,CT + 1), where C is an upper bound f. By the assumption (3.5) and
Proposition 1.2.1 for every (¢,z) € ]0,T] x M there exist u;, € U, €4, > 0 such
that for every y € K N B(x, et 4) we have

(y + (07 5t,z]B(_f(ta Z, ut,w)v Et,w)) NKCD.

If |t/ —t| < e /4, |2" — 2| < ey y/41 then

B( — (2 ), Et;) C B(—f(t, 2, us.0), et.0)-

Hence, for every (t,z) €]0,T] x M there are u;, € U, Ry, > 0 such that for
every t' € [0,T], 2',y € K satisfying |y —2'| < Ry s, |2’ — 2| < Rig, [t —t'| < Ri g
we have

(y+ (0, Ry 2| B(—=f(t' 2’ yut ), Re o) N K C D.
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Since the set M is closed,

(3.9) < R<1, V' € [ty,T], Vo' € KN B(M,R) N B(xy,CT + 1), Ju' € U,
Vye KNB(x',R), (y+ (0,R|B(—f(,2',v'),R)))NK C D.

We choose AT > 0 such that

R R
(3.10) (CH+1+2)(? —1) < 7 and ATC < 7
Let N be a natural number such that NA7 > T. We set

4

(3.11) Cri=, Cri= (1+ Cy(2C + (1 +C)T)™ .
Now, we choose a sequence (t,yx) € (0,T) x D such that tp — T, yp — o (T)
and W (tg,yr) — W(T,z,(T)). Without loss of generality we can assume that
for every k

‘Z/k - Iu(tk)| < W

where

R2
(3.12) d:= ST

We next describe how to construct controls vg: [to, ] — U and corresponding
trajectories xy: [to, tx] — R™ which satisfy:
o 21 (tk) = yr and z(t) € D for t € [to, t];
o |25 (t) — 2, (B)] < Cre Dy, — a, ()| for ¢ € [to, t4];
(3.13) e The interval [to, ¢4] is divided into subintervals [}/, ;, 7F],
i=0,...,n ng < N.Moreover, vy(t) = u(t + £¥)

for every t € [Tzﬂl,Tf —eb,i=0,...,np — 1,

where e = Co|xp, (1) — 24 (3)]-
Only after having the control vy and the corresponding trajectory defined on

the interval [7}, 7] we choose the left end 7, ; and extend vy to [7F,7F[.

The construction is based on the assumption that the initial condition t' = 7%,
2’ = x1,(7F) satisfies

(3.14) 2 €D, |z,(t')—2'|<d, dist(z',M)< R.

Notice that by (3.9), there exists v’ € U such that
(y+10,RIB(—f({t',2',v/),R))NK C D

forevery ye K, ly—2/| < R.So,ifze K,ye K, |2’ —y| < R, 0 <r < R and

(3.15) lz—(y—rft',2',u)) <rR=z€ D.
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Set &’ := min(Cya, (') — 2’|, A7) and define a control w: [tg,t'] — U by

o fort e[t/ —¢€,t],
w(t) =
u(t+¢') fort € [to,t' —&').
We claim that the trajectory x,, corresponding to the control w and to the initial
condition (') = 2’ satisfies z,,(t) € D for t € [t' — A7, t'].
First consider the case t € [t — &', t']. We have

(3.16) |y (t) — (2" — (' =) f(t',2',u))| < R(t' —t).

Let t; = inf{t € [t'—¢',t'] : z,(s) € D for s € [t,t']}. By (3.4) and the Invariance
Theorem, we obtain ¢; < t. By (3.15), (3.16), we have x,,(s) € D for s € (t1,t'].
Since x4, (t1) belongs to K and (3.16) holds true for t = ¢; we obtain x,,(t1) € D.
We claim that t; = t’ —&’. Suppose to the contrary that t; > t' —¢’. By (3.4) and
the Invariance Theorem, there exists to < t1 such that x,,(s) € D for s € [ta, 1]
contradicting the definition of ¢;.

Next consider the case t € [t' — A7, t' — ¢’]. We have

|20(t) — (zu(t + &) — ' f(t, 2", 0))]

< |‘r/ - xu(t,)| + ’ /t/_ /(f(t/>$/7 u/) - f(87xw(3)v u/)) ds

+ /t [f (s, 2u(s),uls)) = f(s — €', 2w (s — ), uls))| ds

+e’

1 AN
§|$/—$u(t/)|+ Z(C; )(EI)2+€/(elAT—1)(C+l+1—|— |-75u(t6), .7;|)

Thus

2w (t) = (zu(t + &) = ' (¥, 2", u))]
< ('x — xy(t)] +6/Z(C+1) +(elAT_1)(C+l+1+ |xu(t)_x|)>5/.

4 2 e’
By (3.10)—(3.12), we obtain

o ! 1 AN/
| ju(t)IJrE/l(C;L )+(em7_1)(0+l+1+lxu(t; xl) g%.

Moreover,

e <4 <4— <R

[zu(t) — 2| _ , d
R R

and
|z (t+ ") — 2| <|zu(t+€) —zu()| + |2 (t') — 2’| < CAT +d < R.

Since z,(t + ¢') € K, by (3.15) as long as z,,(t) € K we also have x,,(t) € D.
Using the same arguments as in the first case we conclude that z,,(¢) € D for
telt — Art —¢.
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We set ¢/ := inf{t € [to,t') : for all s € (t,t'), xyw(s) € D}. We have just
proved that ¢ < ¢ — Ar. Obviously z,(t") € K. We claim that if ¢’ > ¢y then
2y (t") € M. Assume to the contrary that x,,(t"”) € D. By assumption (3.4) and
invariance theorem there exists ¢ > 0 such that z,(s) € D for s € (¢’ —4,t'),
which contradicts the definition of ¢”. So, we can choose ¢ € [t,t’) in such a way
that:

ot —t < ATy

e 12(s) € D for s € [t,1];

o t =1y or x,(t) € M + B(0,R).
To repeat the same arguments in the next step, we have to know that (3.14)
holds true for t' =, 2’ = x,,(t). It remains to prove that

(3.17) 20 (F) — 20 ()] < d.

To prove this last inequality let us fix k and set b := ty, y := yi. Define successive
subintervals [r;11,7;] and a control v(-) on [r;11,7;] inductively:

(1) We set g9 = Ca|x,,(b) — y|. Assume that 7 < 79 — &g is chosen arbitrarily
and define v(-) on [r1, 0] by

{ arbitrary  for ¢ € |79 — €9, 0],
B u(t+eg) fort € [, 70 — o).

Consider the trajectory x,: [, 79] — R™ which corresponds to the control v and
satisfies z, (1) = .

(2) If v, @, are defined on the interval [r;, 79] we choose ;11 < T; — &;, where
g; i = Colzy(7;) — 24 (7;)| and extend v onto [7;41,7;) by

{ arbitrary  for ¢t € [1; — &4, 7;),
B u(t—I—ei) for t € [Ti+1,Ti—Ei).
By the Gronwall Lemma we obtain an estimation
|2 (Tit1) — Ty (Tiga]
< (|2 () = 2o ()| + 26:C + (L + C)ei(Ti — €5 — Tiqq )T 78 7Ti1),
By the definition of ¢; we get
|Tu(Tit1) = To(Tig1)]
< Jau(ms) = 2o (7)|(1+ C2(2C + (I + C) (13 = Ti1)))e! 77T
We set g := 1+ C2(2C + (I + C)(7; — 79)). We can inductively prove that

|2 (i) — xv(Ti)‘ < qiel(min) 2, (b) — yl.

Ift e [Ti — 61',7'1'], then

|20 (t) = 20 ()| < [2u(ri) = 20 (7)| + 2(ri = )C
< ¢’ 7z, (b) — yl(1+2C20) < ¢ el 0|y (b) — .
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Ifte [Ti+1;7-i — Si), then
|2 (1) = 2o ()] < (|2u(ri) = 2o(7)| + €:(2C + (1 + C)(7; — 1)) 70
< ¢y (b) — yle! ™Y

Since the number of subintervals n is bounded by N and the length of the interval
[Tn, To] is bounded by T', then we have for t € [7,, To],

|mu(t) - xv(t)‘ < Clel(mit)lxu(TO) - y|

which implies (3.17) and finish the construction of controls vy satisfying (3.13).
Let wg: [to, tx] — R be a solution of:

{ w,(t) = —L(t, zx(t), vr (1)),
wi(ty) = W (te, yr)-

By (3.13) and the assumption that the set {(¢t,z,w) : ¢t € (0,T), z € D, w >
W (t,x)} is the backward invariance domain of F' we obtain

wi(to) > W (to, zk(to))-
Obviously

wg(to) = /tk Ltz (t), vk (t)) dt + W (tk, yr)-

to

On the other hand

‘ L(t,x(t), v (t)) — L(t, 2, (¢), u(t))) dt

nkl

Z/ L(t, o (t), u(t +eF)) — Lt 4 ¥, wo (t 4+ eF), ut 4+ eF))| dt

nk,l

+2025k

ni—1 ek nE—1
Z / I(ef + Cre! Dy, — wy (t)|) dt +2C Y &b,

i=0
Since ef < CoCreT|yy — x4 (tr)| and ng < N,
Tk T
klim L(t, z1(t), vg(¢)) dt :/ L(t, z,(t),u(t)) dt.
—0o0 Ji, to

Thus limy—, o0 wg (o) = Wy (to). Combining it with the lower semicontinuity of W
we obtain

W (to, zy(to)) < likminf W (to, zk(to)) < klim wi(to) = wy (o). O
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Define H: [0,T] x K x R" — R by

H(L:E,p) = 228<<f(t7$7u>,p> - L(tvxvu))'

Let us summarize the obtained results in
Theorem 3.1.7. Assume that (3.1)—(3.6) hold true. Then for a function
W:0,T] x K — RU {400} the following conditions are equivalent:
(a) W=V;

(b) W is a lower semicontinuous function such that W (T, -) =g(-),

lim inf W(tn,yn) = g(y), foralyeK
tn =T, yn—y,yn €D

and

(3.18) {(t,x,v):t€0,T), z€ K, ,v>W(t,x)} is a viability domain of F,

(3.19) {(t,z,v):t€(0,T], z€ D, v>W(tzx)}

s a backward invariance domain of F';

(¢c) W is a lower semicontinuous function such that W(T, -) = g(-) and
forally e K
lim inf W(tn,yn) = )
tn—T", Yyn—Y, Yyn €D ( Y ) g(y)

tn—0T, yn—y, yn €K

and

(3.20) V(t,z) € (0,T) x M, Y(pt,ps) € O_-W(t,z), —p+ H(t,x,—p;) >0;
(321) V(t,ﬂf) S (OaT) X Dv v(ptapl') € 6—W(tv .73), —Dt + H(taxa _p:c) = O

Proof. By Propositions 3.1.1-3.1.3 and Corollary 3.1.5, we obtain the impli-
cation (a) = (b). Assume (b). By Propositions 3.1.4 and 3.1.6, we get W = V.

We prove next that (a) = (c). From Proposition 3.1.1 and Corollary 3.1.5
we obtain the desired regularity of W. The remaining properties of W follow
from (b) (which holds true by the previous part of the proof). Fix t € (0,7
and x € K. If (ps,pe) € O-W (t,x) then (ps, pe, —1) € [Tepiew(t,x, W(t, x))]~.
Viability Theorem 1.4.1 (a) = (b) and (3.18) yield

(3.22) —pe+H(t,z,—ps) >0, (t,z)€(0,T) x K, (pt,ps) € O_W(t, ).
From Invariance Theorem 1.4.2 and (3.19) we obtain
(323) —pt+H(t7$, _pi) < 07 (t7x) € (O7T) X Dz(ptvpx) € 6—W(t7x)

Combining it with (3.22) we get (3.20), (3.21). It remains to prove that (c) = (a).
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Step 1. We show that (c¢) implies

(324) K ={(t,z,v):t€(0,T), z€ K, v>W(tz)}

is a viability domain of F,

(3.25) D={(t,xz,v):t€(0,T), z€ D, v>W(tuz)}

is a backward invariance domain of F'.

First observe that (3.22), (3.23) hold true. To prove (3.24) it is enough to verify
the condition (b) in Viability Theorem 1.4.1, i.e.

(3'26> 528«17 f(t,:mu), —L(t,l‘, u>)7 (_pt7 —Daz, —pv)> Z 0

for (pe, paspv) € [Tepiw)(t, z, W(t,x))]~ and (¢,z) € (0,7) x K. If p, <0, then
(pt/—Pv,Dz/—Dv) € O_W (¢, 2). From (3.22) we obtain

—Dt +H(t,$, pm) ZO

—Dov v

which implies (3.26).
If p, = 0, then by Lemma 1.3.4, there are t,, — ¢, x,, = z, vy, = U, Pt., — D,
Den — Pxs Pon — 0, Py < 0 such that

(pt,nvpz,napv,n) € [Tgpl(W) (tn7 Ly Un)]_~
By (3.22), we have

sug((l, f(tna T, u)7 _L(tm Tn, U))v (_pt,m —Pz,n; _pv,n» > 0.
ue

This and assumptions (3.1), (3.3) imply (3.26).
To obtain (3.25) we have to verify the statement (b) in Invariance The-
orem 1.4.2, i.e.

(3'27) 828«17 f(t7 z, u)7 _L(t7 €, u))v (_ptu —Pz, _pv)> <0

for (pe, pa, v) € [Tepiw)(t, z, W(t, )], (t,z) € (0,T) x D.
If p, <0, then (p;/—py,pz/—pu) € O_W(t,x). By (3.23), we obtain

b +H<t,x,_p””) <0
—DPv —Pvu

which yields (3.27).
If p, = 0, then by Lemma 1.3.4, there are t,, — ¢, x,, = T, vy, = U, Pt., — Dt,
Dan = Pxs Do,n — 0, Pu,n < 0 such that

(pt,Tu pw,napv,n) € [TEpz(W) (tn7 Tn, Un)]_-
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By (3.23), we have

sug((L f(tru Tn, u>7 _L(tna Tn, u)>7 (_pt,'m —Pz,n, _pv,n)> <0.
ue

We fix u and pass to the limit with n. Using (3.1), (3.3) we obtain (3.27).

Step 2. Applying Propositions 3.1.4, 3.1.6 with the time interval [0, T] repla-
ced by [t,T] with t > 0 we get

W(t,z) =V(t,x) for (t,z) € (0,T] x K.

For t =0 and y € K we have

W(0,y) = liminf W(tz)=  liminf V(t,z) = V(0
0,y) o iminf (t,x) (o dmint (t,z) 0,y)
which completes the proof. |

Example 1. T=1,Q={(z,y):x <0ory <0}, U =1[0,1], f(t,z,y,u) =
(u,1 —u), L(t,z,y,u) = u and g = 0. Setting D := Q, K := Q, M = 9Q we
obtain that (3.4)—(3.5) hold true. Indeed, P} (z,0) = {(vi,v2) : va < 0} for
x>0, PM(0,y) = {(v1,v2) : v1 <0} for y > 0 and PM(0,0) = {(v1,v2) : v1 <
0 or vy < 0}. The value function V:[0,1] x K +— R is given by

1—t4+y ifz>0andt—-1<y <0,

V(t,z,y) = _
(t,2,9) { 0 elsewhere in [0, 1] x Q.

The function V is the unique discontinuous solution of the Hamilton—Jacobi
equation

where
D2 ifpo—p1+12>0,

H(t, (z,y), (p1,p { .
(t:(=:9), (1, p2)) p1—1 ifpy—p1+1<0,

satisfying the terminal condition V(1,z) = 0.

Example 2. T =1, U = {(ug,u2) : ug > 1, uf +u3 < 1}, Q = {(21,22) :
r1 < Z‘%}, f(t7 (581,%‘2), (u17u2)) = (UI’UQ)’ L(t’ (xl"rQ)’ (UI’U'Q)) = uz + 1,
g(x1,22) = 0. The control system satisfies (3.1)—(3.6). Moreover, the set of state
constraints € is a smooth submanifold with boundary. The discontinuous value
function V:[0,1] x Q +— R is given by

0 if z1 <0,

Vitz) = 0 if z;1 >0 and zo < —/x7,
0 if x; >0and z3 > /21 +1—1,
l—t—zo+/xy ifz;>0and — /21 <29 < /21 +1-1
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3.2. Infinite horizon control problem

We assume that D C R” is locally compact, K :=cl(D), M = K\ D, U is a
complete separable metric space and

(3.28) f:R"xU —R", L:R" x U — [0,00) are bounded continuous maps;

(3.29) f(x,u), L(z,u) are z-locally Lipschitz continuous uniformly in wu;
in the following sense

Vr >0, 3, >0, VvueU, f(-,u), L(-,u)arel-Lipschitz on B(0,r),

(3.30) {(f(z,u),L(z,u)+r) e R"xR:uecU, r>0}

is closed and convex for every z € K,

(3.31) for every x € K there is u € U such that f(z,u) € Tk(z),
(3.32) —f(z,U) C Tp(x) for every z € D,
(3.33) Vee M, uecU, flz,u)d¢ PM(x).

Remark. The assumption in (3.28) that L is nonnegative may be replaced
by the hypothesis

Iy >0, Ve e K, VueU, Lx,u)>—y.
We denote by x(-; to, 2o, u) the unique solution of the Cauchy problem

{ ' (t) = f(x(t), ult)),
{E(to) = Xy,

defined on the interval (a,b) containing ¢y, where (a,b) is the domain of a me-
asurable control w: (a,b) — U. If tg = 0 then we write simply z(-;xo,u). Let us
denote by A(zg) = {u:[0,00) — U : z(t; xo,u) € K for every t € [0,00)} the set
of admissible controls for the point zg € K. The value function V: K — R for
the discounted cost in the infinite horizon problem is given by

oo
(3.34) V(zg) = inf e *L(x(s;zo,u), u(s)) ds.
u€A(xo) Jo
Let W: K — R be a lower semicontinuous function. We extend W to W defined
on R™ by setting W(x) = 400 for ¢ K. The subdifferential of W at 2y € K is
defined by

8,W(x0) = {p € R™ : liminf W(x) — W(x()) — (p,x — o) > 0}.

T—To \x — Z‘0|

The subdifferential of W at x¢ € K relative to K is given by

O_W(zo) = {p €R": liminf W) = Wizo) = (p & = o) > 0}.

r—xo, ceK |J? — CCO|
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Obviously OW (z¢) = OW (z0). Moreover, p € d_W () if and only if (p,—1) €
(Tepiow) (o, W(zo)] ™.
We define the Hamiltonian H: K x R™ — R by

H(l’,p) = ilelg<f(xau)7p> - L(m,u)

The main result of this section is the following one.

Theorem 3.2.1. Assume that (3.28)—(3.33) hold true. Let D be a locally
compact subset of R", K := cl(D) and W: K — R, be a lower semicontinuous
bounded function. Then the following conditions are equivalent:

(a) W=V;
(b) For F defined by (3.40)

(3.35) Epi(W) is a viability domain of F,
(3.36) {(z,v):v>W(zx) and x € D} is a backward invariance domain of F,

and

(3.37) for every x € K\ D and every p € 0_W(x)

W(z)+  sup  ((=p, f(z,u)) + L(z,u)) <0.
Flaw)g P ()

(¢) W solves the Hamilton—Jacobi equation
W(z)+ H(x, DW(x)) =0

in the following sense

(3.38) Ve e D, Vne€ d_-W(zx), W(z)+ H(x,—n) =0
(3.39) Ve e M, Vned_W(zx), W(z)+ H(xz,—n) >0,

and (3.37) holds true.

Let C be an upper bound of L. In the sequel we shall use the set valued map
Feio:R" x R— R" x R given by

(3.40) Fyyc(z,v) ={(f(z,u),v—L(z,u)—r):u € U and r € [0,C — L(x,u)]}.

If we assume that (3.28)—(3.31) hold true then the map Fy; ¢ is Lipschitz conti-
nuous, bounded and it has convex compact values. To simplify the notation we
shall skip subscripts f, I, C, i.e.

F(z,v) = Fy c(x,v).
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Lemma 3.2.2. If [:[0,00) — R is a bounded measurable function, then
a function w(t) = [ e™*l(s + t) ds is the unique bounded solution of
w'(t) = w(t) —U(t).
Proof. We observe that

oo

w(t+ h) :eh/ e Th(s+t+h) ds=eh/ e *l(s+1t)ds.
0 h

Thus

_ h h _ %)
w(t+h>w(t>:eh(_1/ e~1(s + ) ds + & 1/ e_sl(swds).
h h Jo oo

Passing to the limit we obtain
w'(t) = —I(t) + w(t)

for almost all ¢. If a function v is a solution of v’(t) = v(t) — I(¢), then there is a
constant C' such that v(t) = w(t) + Cet. If v, w are bounded then C' = 0. O

Proposition 3.2.3. Assume that (3.28)—(3.31) hold true. Then the value
function V: K — R s lower semicontinuous.

Proof. Fix x¢g € K and a sequence z,, € K convergent to xo. Choose u,, €
A(zy,) such that

liminf V(x,) = liminf e *L(zn(s),un(s))ds = vg

n—oo n—oo 0
where z,(+) = z(+, 2, uy). Define wy(t) = [;° e *L(zn(s + t),un(s + 1)) ds.
By Lemma 3.2.2, we have w,(t) = w,(t) — L(z,(t), u,(t)) for a.a. t > 0. Thus
(21 (t),w),(t)) € F(2zn(t), wn(t)). Passing to the subsequence, if necessary, (deno-
ted again by (z,,w,)) we obtain

lim z,(0) =x9, lim w,(0) = vy.

Fix e > 0 and T' > 0. Let Sp(Z,w) denote the set of solutions (z(-),w(-)):
[0,T] — K xR to the differential inclusion (z’,w’) € F(z,w) satisfying the initial
condition (x(0),w(0)) = (Z,w). The set-valued map S is upper semicontinuous
and has nonempty compact values. So we can choose a subsequence (denoted
again by (zp,wy,)) such that (z,,w,) converges uniformly on [0,77] to a solution
(zr(-),wr(-)) € Sp(xo,vo). We apply the above procedure for an increasing se-
quence T, converging to co. For T we choose a subsequence z,, , w,, uniformly
converging on [0, T}] to a solution (27, (), wr, (-)). For Ty we choose a subsequ-
ence (zny, (*), Wn,, (+)) uniformly converging on [0, 73] to a solution (z,, wr,).
For t € [0,T1] we have (z7, (t), wr, (t)) = (21, (t), wr, (t)). Iterating the procedure
we obtain a solution (z(-),w(-)) to the differential inclusion (z/,w’) € F(z,w)
such that for every T, there is a subsequence of the sequence (z,,w,) uniformly
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converging on [0, T},] to (z(-),w(-)). Every function w,, is bounded by C. Thus
w is a bounded function. By the measurable selection theorem there exist me-
asurable functions u: [0,00) — U, 7:[0,00) — R such that

Z(t) = f(2(t),u(®); w'(t) =w(t) — L(z(t),u(t)) — r(t),
and r(t) € [0, C — L(z(t),u(t))]. By Lemma 3.2.2, we have

wlt) = /Ooo e~ (L(2(s + 1), u(s + 1)) + r(t + 5)) ds.

Thus

oo o

vo = w(0) :/ e *L(z(s),u(s))ds +/ e °r(s)ds
0 0
>V (2(0)) +/ e °r(s)ds
0
and therefore vy > V(2(0)). O
Proposition 3.2.4. Assume that (3. 28) (3.31) hold tme Then for every

xg € K there is w € A(wg) such that V(xg) =[5 e *L(T(s),u(s)) ds, where

T(s) = x(s;xo, ), i.e. there exists an optimal control w.

Proof. Fix xg € K and choose u,, € A(x) such that

oo

lim e L(xn(s),un(s))ds = V(xg),

n—oo 0

where @, (s) = x(s; 2o, un). Setting va(t) = [° e L(@n(s + 1), un(s + 1)) ds we
obtain a solution (z,(-),v,(-)) to a dlfferentlal inclusion
(3.41) (2(s),v'(s)) € F(z(s),v(s)).

Let (T;,) be an increasing sequence converging to +oo. There is a subsequence
(Zn,, Un, ) convergent on the interval [0, 73] to a solution (Z1,71) to (3.41). Fur-
thermore there is a subsequence (7, ,vn, ) convergent on the interval [0, T3]
to a solution (Ta,72) of (3.41) and Ty (t) = Ta(t), v1(t) = va(t), for t € [0,T1].
Tterating the procedure we obtain a solution (%, 7) to (3.41) such that for every
interval [0, 7] there is a subsequence of (z,,v,) convergent uniformly on [0, 7]
to (%, 7). Thus for some measurable u(t) € U, r(t) € [0,C — L(Z(t),u(t))], where
Z(t) = x(t; xo,u) we have

v(t) =v(t) - L(f(t)ﬁ(t)) - T(t)-

By Lemma 3.2.2, since 7 is bounded, 7( fo Z(s+1),u(s+1)) +r(s+
t)) ds and therefore

lim v,(0) =9(0) < /000 e °L(z(s),u(s)) ds.

n—oo

Hence u( -) is an optimal control for the initial condition xg. O
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Proposition 3.2.5. Assume that (3.28)—(3.31) hold true. If u € A(xzg) is an
admissible control then the function t — V(x,(t)) is left continuous.

Proof. Let t < ty and y; = xu( ). By Proposition 3.2.4, there is an optimal
control u € A(y;) such that V(y) = [~ e *L(xa(s), u(s)) ds, where zz(s) =
x(s;ye, u). We define

~fult+s) for s € [0,tg — 1),
w(s) = { u(s — (to —t)) for s >ty —t.

Let z:(s) = x(s; y¢, ut). We have

V(y) < /000 e L(x(s),us(s)) ds = /0 . e SL(z¢(s),us(s)) ds + e~V (yo).

Thus limsup, ., V(24(t)) < V(yo). Combining it with the lower semicontinuity
of V we obtain the desired statement. ]

Proposition 3.2.6. Assume that (3.28)—(3.31) hold true. Then the epigraph
of the value function Epi(V) C K xR is a viability domain of F:R"XR — R™ xR
defined by (3.40)

Proof. Let u(-) € A(zo) be an optimal control, i.e. [~ e *L(zy(s), u(s)) ds
= V(xo). Fix t > 0. Setting uy(s) = u(s +t) for s > 0 we obtain u; € A(x,(t))
and

/000 e L(xy(s),u(s))ds
- / t e L(xu(s), u(s))ds + e~ / - e " L(wy, (s),u1(s)) ds,

0 0
where z,, is the output corresponding to the control u; starting from a,(t) at
time 0. Hence,

(3.42) V(z,(t)) < /000 e L(xy, (s),u1(s)) ds
=e'V(xg) — et/o e *L(xy(s),u(s))ds.

),u(s))ds, where vy > V(xg). It is easy

Define v(t) = e'vg — et fot e *L(z
to see that the function (z,(¢),v(

u(s
t)) is a solution of the differential inclusion
(2,v") € F(x,v) such that (z(0),v(0

)) = (wo, vp). By (3.42), we have
V(zu(t)) < v(t).

Combining it with Viability Theorem 1.4.1, we obtain the desired conclusion.
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Proposition 3.2.7. Assume that (3.28)—(3.32) hold true. Then the set
{(z,v) : x € D andv > V(x)} is a backward invariance domain of F defined
by (3.40).

Proof. Let xg € D and vy > V(zg). By (3.32) and Invariance Theorem 1.4.2,
there exists & > 0 such that for every measurable u:[—e,0] — U the solution
Zy: [—€,0] = R™ of the Cauchy problem

{ ' (s) = flau(s), u(s)),
x(0) = =y,

satisfies z,,(s) € D for s € [—¢,0]. Let

v(s) = e’v(0) — e’ /OS e T(L(xz(1),u(r)) + r(1)) ds,

where r(-) is a measurable function such that r(7) € [0,C — L(z(7),u(7))]. Fix
t € [—¢,0], w € A(zo) and denote 1 = x,,(¢). Define
u(s+1t) forse0,—t],
ui(s) =9
u(s+1t) fors> —t.
We have uy € A(zq) and

Via) < /0 e L(a1(s), 11 (5)) ds

- / Ly (), un(s)) ds 4 ¢ / =< L(F(s),T(s)) ds.

0 0

Since u was arbitrary then

Vi) < / e L@ (s), ur(5))ds + €'V (o) < v(t).

By Invariance Theorem 1.4.2, we obtain the conclusion. O

Proposition 3.2.8. Suppose that (3.28)—(3.31) hold true and the epigraph
Epi(W) of a lower semicontinuous nonnegative function W: K — R is a viability
domain of F given by (3.40). Then

W(xo) > V(zg) for every xg € K.

Proof. By Viability Theorem 1.4.1, there is a solution (z(-),v(-)) to (3.41)
such that z(0) = zg, v(0) = W(zo) and (z(t),v(t)) € Epi(W) for ¢ > 0. Hence,
v(t) > W(z(t)). There are measurable maps u: [0,00) — U and r: [0, 00) — [0, C]
such that
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Since the function v is nonnegative there is D > 0 such that v(t) = Det
I e L(x(s + t),u(s + t)) ds. Hence, W(xo) = D + [~ e *L(x(s), u(s)) ds
V(x0), which completes the proof.

O +

Proposition 3.2.9. Assume that (3.28)—(3.33) hold true. Then for every
y € K there is a sequence (y,) C D convergent to y such that lim, o V(y,) =
V(y). Moreover, the value function satisfies (3.37) with W replaced by V.

Proof. By (3.33), there is w € U such that —f(y,u) ¢ PM(y). By Proposi-
tion 1.4.3, there exists € > 0 such that Z(¢t) € D for ¢t € (—¢,0), where T is the
solution of the Cauchy problem

{ z'(t) = f(z(t),w),
z(0) = y.

Setting y, = Z(t,), where t, — 07, we obtain lim,—. V(y,) = V(yo), by
Proposition 3.2.5.

To prove the second part of the statement fix o € M and u € U such
that f(zo,u) ¢ P} (z0). By Proposition 1.4.3, there exists § > 0 such that the
solution of ,

{ z'(t) = f(x(t),u),
z(0) = o,
satisfies z(t) € D for ¢t € (—4,0). Hence

[¢]
V(z(t)) < / e *L(z(t+s),u)ds + eV (o).
0
So, for every p € 0_V (x¢)
V(JJO) + <_p7 f(.’L'(),’U,)> + L(.’EO7U) <0.
Hence the value function satisfies (3.37). O

Lemma 3.2.10. If (3.28)(3.33) hold true and W: K — R is lower semi-
continuous and satisfies (3.37) then for every y € M

lim infD W(y') = W(y).

y' —y,y'€

Proof. From the lower semicontinuity of W it follows, that if y € D then the
conclusion holds true.

Assume next that y ¢ D. Then liminf, ., ,ep W(y") > W(y). Let u be
such that f(y,u) ¢ PM(z). By Proposition 1.2.1, there exists ¢ > 0 such that
for every z € K N B(y,¢)

(x4 (0,e]B(—f(y,u),e))NK Cc K\ M = D.
Hence, taking ¢ smaller we get for every x € K N B(y, )
(x4 (0,e]B(—f(z,u),e)) N K C D.



70 SLAWOMIR PLASKACZ

This yields f(z,u) ¢ PM(z). Thus W(x) + (—p, f(z,u)) + L(z,u) < 0 and we
proved that for every x € K N B(y, ¢)

(_f(xa u), —W($) - L(xa u)) € co TEpi(W)(xa W(l’))
(To apply the separation theorem and Rockafellar’s result). Since

lim inf coTepicw (%, 2) C Teps W ().
z—y, z—W(z), 2>W(y) Ep (W)( ) Epi(W) (y (y))

We get

(—f(ys ), =W (y) = Ly, w)) C Tepiqwy (y, W (y))-
Hence D1W (y)(—f(y,u)) < W(y) + L(y,u). Consider h,, — 0%, v, — f(y,u)
such that W(y — hyv,) < W(y) — enhn, where €, — 07. Set y, = y — hyv,.
Then by (4.43) y, € D, limsup,, . W(yn) < W(y) and we get lim,,_,oc W(y,) =
W(y). O

Proposition 3.2.11. Assume that (3.28)—(3.33) hold true. Let W: K — R
be a bounded lower semicontinuous function such that
Yy € M, liminf W(y') = W(y).
y'—y,y'€D

If the set {(z,v) : x € D and v > V(x)} is a backward invariance domain of F
(defined by (3.40)), then W (xo) < V(zo) for every xg € K.

Proof. Fix g € K, u € A(zo). Let z,(s) = x(s; zo, u).
Step 1. If x,(s) € D for s € [t1,to], then

(3.44) W (2y(s)) < ¥ W (zy(t)) + / 0e‘“‘TL(ﬂcu(T),U(T))dT

for s € [t1,10]. Let t2 be the infimum of ¢ € [t1,¢o] such that (3.44) holds true for
all s € [t,to]. Since W is lower semicontinuous we obtain that (3.44) holds true
for s = to. Suppose that t; < to. By Theorem 1.4.2, there is t3 (t1 < t3 < ta)
such that the solution v(-) of the Cauchy problem

{ v'(s) = v(s) — L(zy(s),u(s)),
U(tz) = W(xu(t2))’

satisfies v(s) > W(xyu(s)) for s € [t3,t2]. Obviously, v(s) = e* 2v(t2)+
:2 e T L(xy (1), u(7)) dr. It follows that (3.44) holds true for s € [ts, to], which
contradicts the definition of ¢s.

Step 2. We claim that for every to > 0 there is T € (0, to] such that (3.44)
holds true for every s € [tg — T, to]. If 24 (tg) € D then there is T > 0 such that
2y (8) € D for every s € [tg — T, to] and we obtain our claim by Step 1.

Next consider the case yg := x,(tg) € M. There is @ € U such that (3.33)
holds true for w = —f(yo,u). By Lemma 1.2.1, there exists R € (0,1) such
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that (y + (0, R)B(w, R)) N K C D for every y € K N B(yo, R). It follows that if
ye€ KNB(yo,R), e <R, z € K and

(3.45) |z — (y +ew)| <eR

then x € D.

We choose a sequence (y,,) C D convergent to y such that lim,, ., W(y,) =
W(y). Let M > 1 be a bound of f(z,u) and [ be the Lipschitz constant of
f(-,u) on the ball B(yo, M). We set €, = 3|y, — yo|/R. Moreover, we choose
T € (0, R/M) such that

(M +1)(eT —1) < ?
Define wy,: [to — T, to] — U by
{ u for s € [t0—€n7t0],
Up(s) =
u(s+e,) forselto—T,tg—en).

Define z,,(s) = x(s;t0, Yn, un) for s € [to — T, to]. We shall show that for suffi-
ciently large n, z,(s) € D for s € [ty — T, to]. By Proposition 1.4.3, there exists
d > 0 such that z(¢;y,u) € D for t € (—4,0) and y € K, |y — yo| < ¢. Thus for
sufficiently large n and s € [tg — &5, %0) we have z,(s) € D.

Now, we take s € [tg — T, tg — &5). Then

|27 (8) = (2u (5 + &n) + €nw)]

yn+/°7€" Flan(7),7) dT+/S Flan(), u(r + ) dr

to to—en

- <yo + /HE” f(@u(r),u(r))dr + Enw> ‘

to

to
g\yn—yo|+/ w+ f(an(r),m)| dr
t

0—€En
to—en
[ 1l ) ulr 4 ) = foa(r)alr + )] dr
1 2
S‘yn_y()|+ 51M6n+l|yn _y0|€n
to—en
+ / ([yn — yo| + Men)e! =1 dr
n — 1 n -
< (Iy Yol 4 1M+l — w0l + (Iy - Yol +M)(ezT 1)>€n.

ETL n

Hence, for sufficiently large n we obtain

(3.46) |2n(8) — (zu(s + €n) + enw)| < Rep.
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We set t1 = inf{t € [to—T,t0—¢,] : for all s € (t,to—en), zn(s) € D}. We claim
that t; = to — T Since z,(to —€,) € D, by (3.32) and Invariance Theorem 1.4.2,
we have t; < tg—e,. Suppose to the contrary that t; > tqg— 7. Since K = cl(D),
we obtain z,(t1) € K. By (3.45), (3.46), we obtain z,(t1) € D. Again by (3.32)
and Invariance Theorem 1.4.2, there exist t2 < t; such that z,(s) € D for
s € (ta,t1), which contradicts the definition of ;.

By Step 1, (3.44) holds true for s € [tg — T}, to] and sufficiently large n. Thus,

Wz, (s)) <liminf W(z,(s))

n—oo

to
< liminf e* "W (y,,) + / e’ T L(xn (7)), un (7)) dT.

n—00

Since
/ (L (7), un(7)) — Lwa(r), u(r))) dr
to s+en
:/t e T L(xn(T), un(T) dT*/ e’ " L(zu(r), u(r)) dr

0—€n

+ / i e (e L(wn (T — £5), un (T — £5)) — L(wy(7), u(7))) dr
s+ep

we deduce (3.44) for z,, u.

Step 3. We show here that if u € A(xp) and for every ¢y € (0,00) there is
T € (0,tp] such that (3.44) holds true for every s € [to — T, to], then

W (. (0)) < /O e Lwa(r), u(r)) dr.

Fix tp > 0. We define ¢t; = inf{t € [0,tp) : for all s € (¢,tg) such that (3.44) holds
true}. We choose s, — t] such that (3.44) holds true for s replaced by s, and
all n. By the lower semicontinuity of W, we obtain (3.44) for s = ¢;. Suppose
that ¢; > 0. Then there exists T € (0,¢1) such that for every s € [ty — T, t1] we
have

Wz (s)) < eSaW (2 (t1)) + / le*“*S)L(xu(T),u(T))dT.

Hence,

W (za(s)) <e*1en W (2, (L)) + e / e L (7), u(r)) dr

+ [ eIt ) dr

which contradicts the definition of ¢;. Consequently ¢t; = 0 and

W (24 (0)) < e~ W (2u(to)) + / e T L@ () u(r)) dr.
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Since limy—oc €W (z,(t)) = 0 we obtain

W (24(0) < /OOO e L(wu(7), u(r)) dr.

The admissible control u € A(xg) being arbitrary, we finally obtain
W(zg) < inf / e TL(xy(T),u(r)) dr,
u€A(zo) Jo

which completes the proof. O

Proof of Theorem 3.2.1. By Propositions 3.2.3, 3.2.6, 3.2.7, we obtain the
implication (a) = (b). The implication (b) = (a) is a direct conclusion from
Propositions 3.2.8, 3.2.11 Lemma 3.2.10.

We prove next that (b) = (c¢). Let

HF((xv ’U)’ (_va _pv)) = v e[?)uCPfL( )]<(f($7 U’)’ U—L(JJ, u)—r), (_pxa _pv)>'

If p, < 0 then

B0 He( W), o) = o) (W) + 1 (5,222 ).

v

By Theorem 1.4.1 ((a) = (c)), (3.36) yields Hp((x,W(x)),(=pz, —Dy)) = 0
for every (pz,pv) € [Tepiowy(z,W(z))]” and z € K. If n € 0_W(x), then
(n, =1) € [Tepiowy(x, W(x))]~. From (3.47) we obtain that W (z) + H(z, —n) =
Hp((z,W(x)),(—n,1)), for n € 0_-W (z). Hence

(3.48) Ve e K, Vne d_W(z) W(x)+ H(xz,—n) > 0.

By Theorem 1.4.2 ((a) = (c)), (3.36) yields Hp((z, W(z)), (=psz, —pv)) < 0 for
every (pz, pv) € [Tepiowy(x, W ()]~ and x € D. By (3.47) we obtain

(3.49) Ve e D, Vned_W(z) W(x)+ H(xz,—n) <0.

It is obvious that (3.38), (3.39) are equivalent to (3.48), (3.49).
It remains to prove that (c) = (b). Let (pz,pv) € [Tepiew)(x, W(x))]~. If
py < 0 then —p, /p, € O_W (x). Hence, (3.48) yields

W (z) +H(:z:, pm) > 0.

v

By (3.47), it follows Hp((z, W(x)), (=pz, —pv)) > 0.
Next consider the case p, = 0. By Lemma 1.3.4, there are sequences

(ajn)’ (QH)’ (pn) such that z, — z, z, € K, pp — psz, go — 07, (pmqn) €
(Tepiw)(@n, W(z,))]~. By (3.48), we have

W (@) + H(mn _p”> > 0.

—Aqn
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Since W is bounded and (3.28)—(3.29) hold true, it follows
Hp((z,W(2)), (=pz,0)) = Su8<f(x7 u), —Pz)
ue
= lim Sup(<f($n7 u), _pn> - (_Qn)L(xna u))

=0 yelU

— lim (—qn)H<xn, _p”>

n—oo n
= lim (—¢y,) (W(xn) + H(:rn, —pn>) > 0.
n—oo —qn

By Viability Theorem 1.4.1 we obtain (3.35). In a similar way we prove that
(3.49) implies (3.36). O

Example. We consider D = {(x,y) : x < 0or y < 0}, U =[0,1], f(z,y,u)
= (u,1—u), L(x,y,u) = u. One can easily check that D, f(z,y,u) satisfy (3.33).
The value function V: K — R is given by

v 0 ifx<0,
(:c,y){ey if z > 0.

The above example shows that assumption (3.33) does not imply continuity
of the value function. So, it is essentially different from the Soner condition

Ve e dD, Juel, f[f(z,u) n(z)<-0

where D has a smooth boundary and n(x) is the exterior normal to D and 8 > 0.
Soner condition was generalized to sets with nonsmooth boundary D by Ishii,
Koike in [62]. The assumption (A3) in [62] can be formulated (in our notation)
as follows

(3.50) Vo € 0D, Int(Ck(x))Nco(f(z,U)) # 0.

It was shown in [62] that (3.50) and (3.28)—(3.30) yield local Lipschitz continuity
of the value function. So our assumption (3.33) is of essentially different nature.

3.3. Discontinuous Mayer problem

We apply results obtained for games (Theorem 5.2.2) to describe value func-
tion for the Mayer problem with fully discontinuous terminal cost. Next, we use
the obtained description to characterize a value function of a control system with
state constraints. Our characterization of the value function is provided in the
framework of the concept of weak solutions given in Chapter 5.

Proposition 3.3.1. Let g:R"™ — R be a bounded function. Assume that U
is a compact metric space and f:[0,T] x R" x U — R™ satisfies (5.2) and (5.3).
Then the value-function Wy: (0,T] x R™ — R given by

Wg(tv ’JZ) = uéIZ}{fét) g(i(T7 t7 z, U)),
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where U(t) denotes the set of measurable controls w:[t,T| — U, is the unique
generalized solution (in the meaning of Definition 5.2.1) to the Hamilton—Jacobi—
Bellmann equation (5.10) where
(3.51) H(t,z,p) = min(f(t, z,u), p).
ue
Proof. Fix (tg,x0) € (0,7] x R™. Let ¢ > 0. There exists u. € U(to) such
that g(z(T';to, o, uc)) < Wy(to, o) + €. We define h: R™ — R by

g(x) for x = x(T;tg, xo, ue),
h(z) =
M for x # x(T; to, xo, Ue),

where M is a bound of ||g||. Obviousily, h is lower semicontinuous. By The-
orem 5.2.2, the value W}, is a supersolution of (5.10). We have W (tg,z9) <
Wy (to, zo) + €. Hence,

Wy (to, zo) = inf{1(tg, zo) : ¢ is a supersolution of (5.10), (T, -) > g(-)}.
We define I: R" — R by

—M if @ ¢ {x(Tsto, x0,u) : u € Ulto)}.

By (5.2), (5.3), the reachable set {x(T;to,xo,u) : u € U(tg)} is closed. Thus, !
is upper semicontinuous. Obviously, we have Wy(to,zo) = Wi(to,zo). By The-
orem 5.2.2 (in a version for upper semicontinuous terminal cost), we obtain W,
is a subsolution of (5.10). Hence,

Wy (to, zo) = sup{¢(to, zo) : ¢ is a subsolution of (5.10), ¢(T, -) < g(-)}. O

Remark. Proposition 3.3.1 is in fact the existence and uniqueness result for
Hamilton—Jacobi equation (5.10) with Hamiltonian given by (3.51) and arbitrary
terminal condition g. Uniqueness result in the case of lower semicontinuous g has
been obtained in [14], [44] in the framework of different definition of solution. If
g is lower semicontinuous then the solution in the meaning of Definition 5.2.1 as
well as in the meaning of [14], [44] are equal to the value function W, so they
coincides. We give an example of non semicontinuous g.

Example. Let ¢:R — R be the characteristic function of rationals. The
dynamics ' = f(t,x) of a system is given by a right hand side that depends
neither on u nor on v and satisfies (5.2). In this case the value V (to,zq) =
g9(x(T;to, o)) is discontinuous at every point. Despite of this, by Theorem 3.3.1,
V is the unique solution (in the sense of Definition 5.2.1) of the corresponding
problem (5.10). Let us remark, that the concepts of solution from [44] and [95]
do not apply to the example.

Now, we apply Proposition 3.3.1 to the Mayer control problem with state
constraints.
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Let K be a closed subset of R". We are interested in the characterization of
the following value function W/:[0,7] x K — R

(3.52) W[E(to, o)

u € Ulty),
= inf {g(m(T; to, To,u)) : { (fo) }

x(t;to, xo,u) € K for t € [to,T).

as the unique solution of the Hamilton—Jacobi equation. In the literature there

are many attempts to solve this problem (see [92], [45]). The minimal requirement

in order the function W< is well defined by (3.52) is

for any initial condition (to,zg) € [0,T] x K
(3.53) there exist a control u € U(¢g) such that
. the solution z(t;tg, zo,u) remains in set of constraints K

for every ¢ € [to, T].
We provide a characterization of the value function WgK under assumption (3.53).

Theorem 3.3.2. Let K C R™ be closed and g: R™ +— R be a function bounded
by M > 0. Assume that f:][0,T] x R™ x U — R"™ satisfies (5.2), (5.3) and that
(3.53) holds true for f, K. Then

K —
Wit (t,z) = W(t,z,0) forzeK

where W:[0,T] x R™ x R — R is the unique solution of

O i (r 282V
(3'54) at bl ?y? ax b 8y

W(T,z,y) = g(x) + (M + 1)X(0,00) (1)

where ﬁ(t, T, Y, Pay Py) = Minyey (f (¢, 2u), p2) +di ()py and X(0,00) denotes the
characteristic function of the open interval (0, 00).

i

Proof. We adopt the classical method of adding an extra variable (usually
used to reduce the Bolza problem to the Mayer one) and the technique of pena-
lization function. We consider a new control problem

{ ' (t) = f(t,2(t), u(t)),
y'(t) = di (2(1),
where dg (z) denotes the distance from x to K. It is obvious that (5.2), (5.3)

hold true for the extended control system. By Theorem 3.3.1, we obtain that the
value function

W (to, xo,y0) = ueiélfto)g(m(T;toy$o,U))

T
+ (M 4+ 1)x(0,00) <yo +/ dr (z(t; toal’o,u))dt>

to



CHAPTER 3. CONTROL PROBLEMS WITH STATE CONSTRAINTS 77

is the unique generalized solution of (3.54). On the other hand, just from the
very definition, one can easily check that for every zg € K we have

WK (to, m0) = W (to, 20,0). O






CHAPTER 4

TIME MEASURABLE DIFFERENTIAL GAMES

We study invariance of time-varying domains with respect to differential
games with dynamics measurable in time. Invariance in the framework of diffe-
rential games appears as a discriminating and leadership property. In the proof
of the Discriminating Theorem we reduce the problem to the Viability Theorem
thanks to the Nonexpansive Selections Theorem in ultrametric spaces. The geo-
metric property describing discriminating and leadership domains is assumed
to hold true for almost all “¢”. This leads to the concept of weak solution of
the Hamilton-Jacobi-Isaacs equation that appeared already in Chapter 2, i.e.
equation holds for almost all ¢.

4.1. Nonexpansive selections in ultrametric spaces

A metric p in a space M is an ultrametric if it satisfies strong triangle inequ-
ality
p(z,z) < max (p(z,y), p(y; 2)).
We say that a subset K of an ultrametric space M is (x)-closed if for every
sequence {y,} C K and every sequence {c,} (¢, > c¢py1 > 0) such that
P(Yn, Ynt1) < ¢p, there is § € K such that p(g,y,) < ¢, for every n.

Remark. If Dy, Dy are nonempty (*)-closed subsets of an ultrametric space
M, then the Hausdorff distance dg (D1, Do) < r if and only if for every d; € D,
there is do € Do such that p(dy,ds) < r and for every dy € Dy there is d; € Dy
such that p(dy,ds) <.

We say that a set-valued map A: N ~ M is a non-expansive set-valued map
from an ultrametric space (IV, pn) into another ultrametric space (M, par) if, for
all (n1,n2) € N x N, A satisfies:

(1) Vmy € A(ny), Ima € A(ng), pum(mi,ma) < pn(ni,n2),
(2) Vma € A(ng), Imy € A(ny), pum(mi,m2) < pn(n1,n2).

79
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Lemma 4.1.1 (Nonexpansive selection). If A: N ~ M is a non-expansive
set-valued map from an ultrametric space (N, py) into an ultrametric space
(M, ppr) with nonempty (x)-closed values, then there exists a non-expansive se-
lection a: N — M of A.

We procede the proof with some elementary properties of ultrametric spaces.

Proposition 4.1.2. If y1,y2,y3 € M and p(y1,y2) < p(y2,y3), then
p(Y1,Y3) = p(y2,Y3)-

Proof. We have p(yz,ys) < max (p(y1,¥2), p(y1,y3)). Thus
p(y2,y3) < p(y1,y3)-

Moreover, p(y1,ys) < max (p(y1,ys), p(y2, ¥3)) = p(y2,ys)- O
Let K be a nonempty subset of M. We denote by @ g the family of nonempty

subsets of K of the form {y € K : p(y,yo) < ¢} where yo € K and ¢ > 0.
Proposition 4.1.3. If D € Qk andy € D, then

D={ye K :py,y) < diam D}.

Proof. Fix yg € K, ¢ > 0 and define D = {y € K : p(y,y0) < c}. Let
y € D. Obviously, we have D C {y € K : p(y,y) < diam D}. If y € K and
o(y,7) < diam D, then p(y,yo) < max (p(y, ), p(¥, ¥0)) < max (diam D, ¢) = ¢.O

Proposition 4.1.4. If D € Qk, y1 € M, ¢ > 0 are such that Dy = {y € D :
p(y,y1) < ¢} is a nonempty set, then Dy € Q.

Proof. Fix § € D;. By Proposition 4.1.3, we have D = {y € K : p(y,7) <
diam D}.
Case 1. If diam D < ¢, then D; = D.
Indeed, for any y € D, we have
p(y7 yl) S max (p(yay)7 p(?? yl)) S max (dla‘mDa C) =C.

Case 2. If diam D > ¢, then D; ={y € K : p(y,7) < c}.
If BS Dlv then p(yvy) < max (p(yvyl)ap(ylay)) <ec Thus D1 - {y € K:
p(y,7) <c}t. Iy € K and p(y,7) < ¢, then y € D and

p(y,y1) < max (p(y,9), p(¥, y1)) < c. O

Proposition 4.1.5. If D1, Ds € Qi, D1 C Dy and Dy # Ds, then diam Dy

Proof. Suppose that diam Dy = diam Dy = d and Dy C Ds.

If y1 € Dy and yo € Dy, then D1 = {y € K : p(y,y1) < d} and Dy
{y € K : p(y,y2) < d}. We have p(y1,y2) < d. If y € Dy, then p(y,y1)
max (p(y,y2), p(y2,91)) < d, which implies that y € D;.

OIA
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Proposition 4.1.6. Suppose that K is a nonempty (x)-closed subset of M,
and a family {D,, € Qi : w € Q} satisfies the following condition

Ywi,we € Q, D, CD,, orD,, CD,,.

Then:

(a) Ywy,wy €, (diam D, < diam D, — D, C D,,).
(b) If a sequence {wy,} C Q satisfies the following conditions:
e diam D,  , < diam D, (:=d,),
e lim,, . d, = inf,cq diam D, (:=d),
then for every sequence y, € D, there isy € K such that p(g,y,) < dj,
and

(4.1) () Do={y€K:ply7) <d}.
weN

(¢) The set D =(),cq Dw belongs to Q.

we

Proof. Assertion (a) is an immediate consequence of Proposition 4.1.5.

By Proposition 4.1.3 D,,, = {y € K : p(y,yn) < dn}. According to as-
sertion (a) Dy, ,, C D,, for every n. Therefore p(yn41,Yyn) < dp. Since K is
(*)-closed, there is § € K such that p(7,y,) < d,.

If y € Dy, , then p(y,7) < max (p(y; yn), p(Yn,¥)) < dn.

Let us choose y € K such that p(y,7) < d and pick some w € 2. There is wy,
such that d,, < diam D,,. By the assertion (1), we have D, C D,. Moreover,
p(y,yn) < max (p(y,7), p(¥, yn)) < max(d,d,) = dy,. Hence y € D,,,,.

By (4.1), we obtain statement (c). O

Proof of Theorem 4.1.1. First, we define a partial order (P, <). The family
P consists of all nonempty valued non-expansive maps C: N ~» M such that
C(z) € Qa(z) for every z € N. Since A € P, then the family P is nonempty. We
say that C; < Cy if C1(2) C Ca(z), for every z € N.

Step 1. Let {Cy,}weq C P be a chain. Define a set-valued map C: N ~» M by
C(2) = Nyeq Cu(2). By Proposition 4.1.6(c), we have C(z) € Qa(z), for every
z € N. Now, we show that C' is a non-expansive map. Let us take z1,2z0 € N
and 71 € C(z1).

Case 1. p(z1,22) > inf,eq diam C,(22). We choose a sequence {w,} C Q
such that d,41 < d, (:= diam C,,, (22)) and lim,_,o d,, = inf,cq diam C,(z2).
Since C,,, is a non-expansive map, then there is y,, € C,,, (22) such that p(71, yn)
< p(z1, z2). By Proposition 4.1.6(b), there is § € C(z2) such that p(y,,7) < d,.
Therefore p(gr, 5) < max (p(FT, yn)> p(y 7)) < macx (p(z1, ), dn).

Case 2. p(z1,22) < inf,cq diam C,(z2).

Let us fix wy € © and choose yg € C,,(22) such that p(71,v0) < p(z1,22).
We claim that yg € C(z2). We pick some w €  and choose y, € C,(22) such
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that p(Yr1, yu) < p(21, 22). Thus p(yo, y) < max (p(yo, y1), P(Y1,Y)) < p(21, 22).
By Proposition 4.1.3, we have C,(22) = {y € A(22) : p(y,y.) < diam C,,(22)}.
Therefore yg € C,(22).

Step 2. Suppose that C' € P and there is zg € N such that diam C(z9) > 0,
i.e. C'is not a single-valued map. We define a map C: N ~ M by

{y € C(2) : p(y,90) < p(2,20)} if p(2,20) < d,

where d = diam C(z) and o is a fixed element of C(zg). Obviously, C(zo) =
{yo} # C(z). Since C is a non-expansive map, then C(z) # 0 for every z € N.
By Proposition 4.1.4, we have C(z) € Q (=) for every z € N. Now, we show that
Cisa non-expansive map. Let us take 21,20 € N and y; € 5(21)

Case 1. p(z1,20) > d and p(za, 29) < d.

Let us take an arbitrary ys € 5’(z2) By Proposition 4.1.2, we have p(z1, 20) =
p(z1, 20). Since C' is a non-expansive map, then there is 7g € C(zg) such that
P(y1,%0) < p(21,20). Therefore p(y1,y2) < max (p(y1,%0), p(Yo: ¥0): P(Yo, y2)) <
max (p(20, 22),d) < p(z1, 22)-

Case 2. p(z1,20) < d and p(z2, z9) < d.

o p(z1,20) < p(22,20).
By Proposition 4.1.2, we have p(z1, z2) = p(22, 29). For any ys € é(zg) we have
p(y1,y2) < max (p(y1,0), P(yo,y2)) < max (p(z1,20), p(20, 22)) = p(21, 22).

o p(z1,20) > p(z2, 20)-

By Proposition 4.1.2, we have p(z1, 22) = p(z1, 20). Let y2 be an arbitrary element
of C(z2). Therefore

p(y1,y2) < max (p(y1,Y0), (Yo, y2)) < max (p(z1, 20), p(20, 22)) = p(21, 22)-

* p(z1,20) = p(22, 20)-
Since C' is a non-expansive map, then there is yo € C(z3) such that p(y1,y2) <
p(z1,22). Observe that p(z1,22) < max(p(z1,20),p(20,22)) = p(z1,20). So
P(y2,90) < max (p(y2,41), p(y1,%0)) < max (p(z2,21,p(21,20)) = plz1,20) =

p(22,20). Therefore yo € C(z2).

By Steps 1 and 2 together with Kuratowski—Zorn’s Lemma, we obtain the
existence of a non-expansive (single-valued) selection a: N — M of the set-valued
map A: N ~ M. O

4.2. Discriminating domains

In the section we study a kind of viability problem for differential games. Let
P(t) be a time dependent set in R™ and let an initial condition (¢, zo) satisfy
2o € P(tp). The aim of the first player is to keep the trajectory of the game in
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the tube P, i.e. z(t) € P(t) for ¢ € [to, T], despite of the behaviour of the second
player. This can be formulated in a rigorous way as follows

(4.2) Vit € (0,T), Vzg € P(tg), 3o € Ty, Vz € Ny,
z(t; to, o, a(2), 2) € P(t) for every ¢ € [to, T).

We provide a pointwise boundary condition which guarantees (4.2). The first
results of this kind have been obtained by Cardaliaguet (see [24, Theorem 2.1]).

Definition 4.2.1 (Discriminating tube). A tube P:[0,T] ~ R™ is a discri-
minating tube for f:[0,T] x R™ x Y x Z — R™ if there exists a full measure set
C C [0,T] such that for every t € C' and every = € P(t) we have

(4.3) V(n4,n2) € Negapn(py(t,@), V2 € Z, Fy €Y,
((ne,nz), (1, f(t,2,y,2))) <0.
Theorem 4.2.2. We assume that a tube P:[0,T] ~ R™ is left absolutely

continuous and a right-hand side f:[0,T] x R" x Y x Z — R"™ satisfies the
following conditions:

(4.4) f(-,x,y,2) is measurable for every x,y, z;

(4.5) 3 € LY0,T), Va1, a0, Yy €Y, Vz € Z,
Hf(taxlayaz) - f(t,l‘g,y,Z)H S l(t)||l‘1 - ]"2” fO’I" a.a. t € [OaT]7

(4.6) ft,z, -, +) is continuous for every t,x;
(4.7) Ip e LN0,7), Vt,2,y,2, |[f(t,z,y,2)|| < p(t);
(4.8) V(t,z,2) € [0,T] xR* x Z, {f(t,z,y,2):y € Y} is convexr.

If P is a discriminating tube for f then for each ty € [0,T] and xo € P(tg)
(4.9) Ja €Ty, Vz(+) € Ny, YVt E [to, T], x(t;to, xo,a(z),2) € P(t).
Conversely, if for each to € [0,T] and xo € P(o)

(4.10) Ve >0, Ja €Ty, Vz(-) € Ny, Vi € [to, T],
x(t; to, w0, a(z), z) € P(t) + B(0,¢),

then P is a discriminating tube for f.

The proof of Theorem 4.2.2 makes use of a viability result for differential
inclusions and a non-expansive selection theorem in ultrametric spaces.

Remark. Given y;,y2 € M;, we define

p(y1,y2) =T —sup{t € [to,T) : y1(s) = y2(s) for a.a. t € [to,t]}.
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It is easy to see that (My,,p) is an ultrametric space. Moreover, a strategy
a: Ny, — My, is nothing but a non-expansive map in the meaning of the ultra-
metric p.

Proof of Theorem 4.2.2. Fixty € [0,T], zo € P(to) and Z(-) € N;,. We define
a set-valued map Fy(.y(t,z) = {f(t,z,y,2(t) : y € Y}. By the regularity of f:
(4.4)-(4.8), the set-valued map F%(.) satisfies assumptions of Theorem 2.2.2. By
the separation theorem and Theorem 4.2.2, we have for every ¢t € C and x € P(¢)

(411) Vz € Z, Ely €y, (17 f(taxa Y, Z)) € @(TGraph(P) (t7 Z‘))

Thus F;(.) satisfies statement (a) in Theorem 2.2.2. Therefore there exists an
absolutely continuous solution Z: [tg, 7] — R™ of the differential inclusion #'(t) €
F5(.y(t,2(t)) such that z(tg) = xo and Z(t) € P(t), for every t € [to,T]. By
Measurable Selection Theorem 8.2.10 in [7], there exists a measurable map

U [to,T) — Y such that z(t;to, z0,9(+),2(+)) = Z(¢) for ¢ € [to, T).
We define a set-valued map A: Ny, ~ My, by:

A(z(+) ={y(+) € My, : x(t;t0, 20, y(+ ), 2(+)) € P(t) for t € [to, T]}.

We have shown that the values of the map A are nonempty. Now we verify that
the map A satisfies the remaining assumptions of Lemma 4.1.1.

Let z1,22 € Ny, and y1 € A(z1). We set t1 = T — p(21,22) and 1 =
x(t1;to, o, Y1, 21). We have 1 € P(t1). By (4.11) and Theorem 2.2.2, there exists
a solution Z: [t1, T] — R™ of a differential inclusion Z'(t) € F, (¢, Z(t)) such that
Z(t1) = z1 and Z(¢t) € P(t) for t € [t1,T], where F,,(¢t,x) = {f(t,z,y, z2(t)) :
y € Y}. By Theorem 8.2.10 in [7], there exists a measurable map ys: [t1,7] — Y
such that x(t;t1,21,ys, 22) = Z(¢) for ¢ € [t1,T]. Setting

{ Y1 (t) for ¢ S [to,tl[,
Y3

ya2(t) = (t) forte [ti,T],
<

we get y2 € A(z2) such that p(y1,y2)
is non-expansive.
Now, we show that the set A(z) is (x)-closed, for every z € N;,. Let 0 <
<1 S < ... < T —tg, ¢ = limg_,o ¢ and yi € A(z) satisfy
oYk, Yk+1) < cgp. We set t, = T — ¢i. Obviously, we have x(t;to, xo, Yk, 2) =
x(t; to, To, Yp+1, 2) for ¢ € [to, tx]. We define a map yoo: [to, T — ¢[ — Y by

(t) _ { yl(t) for t € [to,tl[,
N L ye(t) for t € [ty—1,ti[ and k=2,3, ...

p(z1, 22), which means that the map A

We set Too = limy_,(p_c)- 2(t, to, 20, Yoo, 2). It is easy to check that z., €
P(T—c). By (4.11) and Theorem 2.2.2, there exists a solution Z: [T —¢, T] — R" of
a differential inclusion T'(t) € F, (¢, Z(t)) such that T(T—c) = zs and Z(t) € P(t)
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for t € [T — ¢,T]. By Theorem 8.2.10 in [7], there exists a measurable map
y: [T — ¢, T] = Y such that z(t; T — ¢, 20, T, 2) = T(t) for t € [T — ¢, T)]. Setting

_ Yoo(t) for t € [to, T — ¢,
y(t) = { 7(t) fort € [T — ¢, T,

we get y € A(z) such that p(yx,y) < ck, which means that the set A(z) is
()-closed.

Finally, by Lemma 4.1.1, there exists a non-expansive selection a: Ny, — My,
of A, which is the desired strategy.

For the converse, we set F,(t,x) = {f(t,x,y,2) : y € Y}. By Lemma 2.6
in [51], there is a full measure set C' € [0, T] such that

Y(to, 0, 2) € C x RY x Z, ¥e >0, 36 > 0, Va(-) € Solg, (to, xo),
1
V0 < |h| < 6, E(l‘(to-f—h)—l‘o) EFz(t0,$0)+B(0,€).
Fix tg € C, zg € P(ty), 20 € Z. Applying (4.9) we obtain an «,, € T, such
that @, (t) := x(¢, to, xo, an(z), 2) € P(t) + B(0,1/n), for t € [tg, T], where z(-)
is a constant control on [tg,T] equal to zg. For fixed h > 0 let x(tg + h) be a

condensing point of the sequence (z,(tg + h)). Obviously, we have z(to + h) €
P(tp + h) and for sufficiently small h

z(to +h) — z(to)
h

There is a sequence h,, > tending to zero such that

€ on (to,xo) + B(O,E)

v = lim .13(750 + hn) - x(to)

n—oo hn

S on (to,l‘o).

We find yo € Y such that v = f(to, 7o, Yo, 20). We have (1,v) € Trapn(p)(to; Zo),
which yields

<(nt7nm)u (17 f(t073307y07 ZO))> S 0
for every (ng,ng) € Ngraph(P)(tO’ x0). O

If we assume that f is also continuous with respect to the variable ¢ then
using exactly the same scheme of the proof (we use the viability theorem in the
version of Theorem 1.4.1 instead of Theorem 2.2.2) we obtain the following

Proposition 4.2.3. Assume that f:[0,T]xR" xU xV — R™ is continuous,
Lipschitz continuous with respect to x and f(t,x,Y, z) is convex for everyt, x, v.
Suppose that the graph of the tube P is closed. If for every t € (0,T) and every
x € P(to) (4.3) holds true then (4.2).

Proposition 4.2.3 is generalization of the Cardaliaguet result from [24].
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4.3. Leadership domains

Definition 4.3.1 (Leadership tube). The tube P(-) is a leadership tube for
f if there exists a set C of full measure in [0, 7] such that for every ¢t € C' and
x € P(t)
(4.12) Y(ng,ng) € Ngraph(P) (t,z), 3z € Z, Yy ey,
((ne,ng), (1, f(t, @,y,2))) <0.

Theorem 4.3.2. We assume that a tube P:[0,T] ~ R™ is left absolutely
continuous and that the right-hand side f:[0,T] x R® x Y x Z — R" satisfies
(4.4)—(4.7). Then P(-) is a leadership tube for f if and only if for any tg € [0, T
and zo € P(to)

(4.13) Ve >0, Ya € Ty, 32(-) € Ny, Vi € [to, T,
x(t; to, xo, a(2),2) € P(t) + B(0,¢).

The proof is based on the following lemma.

Lemma 4.3.3. Let f and P(-) be as in Theorem 4.3.2. The following as-
sertions are equivalent:
(a) P(-) is a leadership tube for f.
(b) From any initial condition (tg,z0) belonging to Graph(P), for any me-
asurable map a:[0,T) x Z — Y, there is at least one solution of the
differential inclusion:

V(t) e f(t (), alt,2),2) a.e. in [to, T],
(4.14) P

U(to) = o,

with v(t) € P(t) for all t € [ty, T).

Proof. Assume that P(-) is a leadership tube. There exists a set C of full
measure in [tg, T] such that for all ¢t € C, x € P(t), (ng,ny) € Ngraph(m (t,x),

il’lfSUp<f(t,£L’,y, Z)vna:> =+ Ny S 0.
oy

For any measurable map a: [to, T] X Z — Y, the set-valued map F, defined by

F,(t,z) = @U f(t,z,a(t, 2),2),

is measurable, integrably bounded by u(-), has convex compact values and, for
almost every t € [tg, T, © ~ Fy(t, ) is [(¢)-Lipschitz continuous.
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Let us now prove that the tube P(-) is viable for F,. Let t € C, x € P(t),
(ng,ny) € Ngraph(P)(t,ac). Then

inf (w,ng) +n = inf(f(t, 2, a(t, 2),2),ne) + ne

weF, (t,x) z
S inSllp<f(t,LL', yvz)a nm> +ny S 0.
oy

So P(-) is a viability tube for F, and Theorem 2.2.2 states that (b) holds true.
Conversely, assume that the tube P(-) enjoys property (b). Fix n, € R and
zg € R™ and define:
Ynz,aco (ta Z) = {y eyY: <f(ta Zo, ?7 Z)a nz> = bup<f(7(;a zo,Y, Z)v nw>}7
y

Gryoao(t, ) :=Co{f(t,2,y,2) 1y €Yy, 2,(t,2) and z € Z}.

Let us prove in a first step that the tube P(-) is viable for the set-valued map
G, a, for any n, and x¢. The set-valued map Y,,, »,(-, -) is measurable, so it
enjoys a measurable selection a,, 4,(-, -). Note that

Fu,, . (t;x) =@ | f(t, 2, an, 20 (t, 2), 2) C G, o (t, )
z
for almost every t € [tg,T] and for all . Thus, from (b), there is a solution of
the differential inclusion for G,,, ,, which remain in the tube P(-).

Let us now point out that G, ,, is measurable and integrably bounded.
Moreover, Gy, 5, is upper semi-continuous with respect to (n,,zo, ) and has
convex compact values for almost every ¢ € [to, T]. Thus Lemma 2.6 of [51] yields
the existence of a set C' of full measure in [to, T] such that: for all (7, x,,n., zo) €
C xR™ x R™ x R™, and all € > 0, tehre exists § > 0 such that, for any solution
z(+) to the differential inclusion for G,,, ,, starting at =, at time 7, one has:

1
(4.15) Y0 < |h| < 4, E(m(r +h)—x;) € Gy, 5o(T,2;) +€B.

Let now 7 € C, @y € P(7) and (n¢,1:) € NGupnip(.y) (7, 27). We have
already proved that there is a solution z( - ) of the differential inclusion for G,,, .
starting from z, at time 7 and which remains in the tube P(-) on [r,T]. From
(4.15), for any h €]0, 4], there is some wy, € Gy, 5. (7, z;) such that

1
E(a:(r +h)—z;) €w, +eB.

Since G, 4. (T, z-) is compact, wy, converges, up to a subsequence, to some w €
Gng.z, (T,27). Thus (1,w) belongs to Tgraph(p(.)) (T, 7-) and (ng,w) +n;y < 0.
From the very definition of G,,, ». (7, x;), one has:

0> (ng,w) +ny > inf (v,n2) +ny

VEGn,, z, (T,T7

= inf inf (f(1, 20,9y, 2),nz) + 1y = inf sup(f (7,2, y, 2), nz) + ng.
Z YeYn, o, (1,2) oy
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So we have finally proved that, for any 7 € C, for any x, € P(r), for any
(ng;ng) € Ngraph(p(.))(77 T.),

inf su <f(7—a xTay7z)anz> +n < 07
Yy oz

i.e. P(-) is a leadership tube. O

Proof of Theorem 4.3.2. Assume that P(-) enjoys the property described
in Theorem 4.3.2 and let us prove that P(-) is a leadership tube. Let

a(-,-):[0,T|xZ—-Y
and define the non-anticipative strategy « in the following way:
Vz(-) e N, alz(-))(t) := alt, z(t)).

For any initial position (%o, z9) belonging to the graph of P(-), for any ¢ > 0,
there is a control z.( - ) such that the solution z.(-) := x(tg, 2o, a(z:(-)), z:())
satisfies:

Yt € [to, T, dp(t) (z:(t)) < e.

Note that the z.(-) are solutions of the differential inclusion (4.14). Moreover,
the set of solutions of this differential inclusion being compact for the uniform
convergence, a sub-sequence of the x.(-) converges to some solution z(-) of
(4.14) satisfying x(t) € P(t) for any ¢t € [to,T]. Then Lemma 4.3.3 states that
the tube P(-) is a leadership tube.

Conversely, assume now that P(-) is a leadership tube and fix any ¢ > 0.
The idea of the proof consists in constructing the desired control z(-) step by
step, on intervals [n7, (n + 1)7), where 7 > 0 is fixed and shall be chosen later
as a function of ¢.

For that purpose, we need the following estimation:

Lemma 4.3.4. Let f and P(-) be as in Theorem 4.3.2, ty € [0,T) and xo ¢
P(ty). Assume that P(-) is a leadership tube. For any non-anticipative strategy
a, there is a control z(-) such that, if we set x(-) := x(to, xo, a(2(-)), 2(+)), for
allt € [to,T],

dp e (2(t)) < (1 + 2/t 1(s) ds) A1) (0) + 4(/; u(s) ds)2

to

4 2 () / 1) / " (o) do ds.

to to

Proof. The proof is based on Lemma 4.3.3. Let vy belong to the projection
of o onto P(ty). Set v := xg — vg. Consider the following set-valued map:

(s,2) ~{y €Y : (f(s,v0,7,2),v) = max ,(f(s,v0,7,2),V)}.
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This set-valued map is measurable and, so, enjoys a measurable selection a( -, - ).
In the same way, the set-valued map

s~ {z €Z: maxy<f(851]07yvz)7y> = minmaxy<f(871107yvz)7y>}

is measurable and enjoys a measurable selection z(-) € Ny, .
Let us denote now x(-) := x(to, o, @(z(-)), 2(-)) and let v(-) be a solution

of
{ V'(t) ecoll, f(t,v(t),a(t, z),2z) forae. te ty,T],
(

v to) = o,
which remains in the tube on [tg, T] (Lemma 4.3.3). Then

dpy (@ (t) < o (t) —v(®)]* = [I(2(t) — z0) + (v) + (vo — v(1))||?

= [l(t) = zoll* + [V[I* + llvo — v(®)|* + 2 (t) — 2o, v)
+ 2(x(t) — xo,vo — v(t)) + 2(v,v9 — v(t)).

Note that ||:1c( ) — 20l|?, |lvo — v(t)||? and (x(t) — xg,v9 — v(t)) are bounded by
ft . Note also that ||v|?* = dp(to)(x( 0))-
Let us now estimate (x(t) — xo,V):

(x(t) = wo,v) = / (f(s,2(s), a2(-))(s), 2(5)), v) ds

to

S/U@%ﬂ%dﬂ)( @HMvi )llz(s) — voll ds.

to

For almost every s,

(f(s,v0,0(2(+))(s), 2(s)),v)
< <f(8, 'U07a(s7z(s))7 2(8))7 V> = mzin<f(s, U07a(37z)7 Z), l/>
= min (w,v) < (V'(s),v) +1(s)[[V[[[[v(s) — vol

weesl, f(sv0.a(s,2),2) n

from the very definition of a(-, -) and of z(-) and because

T ~> @Uf(sm,a(s,z),z)
is I(s)-Lipschitz continuous for almost all s. So, we have finally:
(@(t) = wo,v) < (v(t) - )+ HVH/ )l (s) = voll + [lv(s) — woll) ds.
Since f is integrably bounded by p(-),

\M@ﬂws/u@w+wnaM|wwwws/mww
to to
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so that

((t) — 0, ) + (.00 — v(0)) < [IV] /t:us>(||u|| +2 [ o) da) s

to

In conclusion,
t 2 t s
Boiola(®) < P +a( [ utoras) 2ol [ 1) (W2 [ ato)do ) as. ©
0 0 0

Construction of z(-). We construct z(-) step by step, on intervals of the
form [n7, (n 4+ 1)7) where 7 > 0 is fixed and shall be chosen bellow (7 depends
mainly on €).

Assume that we have already defined z(-) on [0,n7]. Then set z, :=
x(nt;to, xo,a(z(+)), 2(-)) (Note that z,, is well defined because « is non-antici-
pative).

o If z,, belongs to P(nt), then choose any z € Z and set z(-) := z on
[n7, (n + 1)7).

e Otherwise, let z1( - ) be the control defined in Lemma 4.3.4 for (to, o) :=
(n7,x,). Then we set z(-) := z1(-) on [n7, (n+ 1)7).

Note that the distance between x(t) := z(t; to, xo, a(2(-)), 2(-)) and P(t)
(t € [to,T)) is maximal if z,, ¢ P(n7) for any n > 0. In that case, this distance
satisfies for all t € [n7, (n 4+ 1)7):

t

dhiola(0) < (142 1) ds ) o) 4 ([t ds)2
4 2dpgur () / 1) /n " (o) do ds

nTt T

from Lemma 4.3.4. In particular,
vt € [nT, (n + 1)7), d%(t)(x(t)) < dps1(7)
where d,,(7) is the sequence defined by
do(1) =0,  dny1(7) = (1 + an(7))dn(T) 4 Bn(7),

where a, () := 2f("+1)7 I(s)ds,

nTt

B :=max{4;2 sup sup dp(t)(x(t; to, xo,a(z(+)),z(+))}
2(-)ENy, t€lto,T]

(note that 8 < 400 because f is integrably bounded and P(-) is absolutely
continuous) and

o) =( [ e ds)2 oy 5]
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To prove that the sequence constructed step-by-step satisfies the conclusion
of Theorem 4.3.2, it is sufficient to apply the following lemma:

Lemma 4.3.5. Let d,, be the sequence defined previously. For any € > 0,
there is 19 > 0 such that, if 0 < T < 19, then

Vn < (T+71)/7, du(1) <e.

Proof. Fix e > 0. To simplify the notations, we shall write d; instead of d;(7),
«a; instead of a;(7), etc.
It is easy to prove by induction that

n n—1
dpy1 = Z ( H(l + aj))ﬂi
i=0 \ j=i
(where, by convention, H;:i(l +a;) = 1). Note that
(H(l + aj)> = exp {Zln(l + o } < exp {Z ozj] < exp2|I1(-)|1]
§=0 §=0 j=0

from the very definition of a;. So,
dnsr < expl2[1(-)1] D i
i=0

Set gg := 5/(562H”|1 IIT 4+ w|l1). Choose now 7 small enough (say 7 < 79) in such
a way that [ AR I(s)ds < gp and fi(TZH)T w(s)ds < g for any i such that
it <T. Then, for any n < T/7,

(z+1)7’
Zﬁz<ﬂ€02/ $) +1(s)) ds < Beollp + 1

so that d,.1 < Beol|p + 1|12 <e. O

Remark. If 7 = {2y} then the differential game reduces to the control
system with dynamics given by f(t, x,y) = f(t,z,y,20). Assume moreover, that
{f(t,x,y,20) : y € Y} is convex for every ¢t and x. Then leadership tube condition
(4.12) implies that

Vy € }/7 (17 f(ta r,Y, ZO)) € E(,I‘Grraph(P) (ta CE))

and discriminating tube condition (4.3) implies that

Ely € K (17 f(t»%% ZO)) € %(TGraph(P)(tvx))‘
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4.4. Value function and Isaacs equations

In the section we mostly adopt the notations from Introduction. We shall
study regularity of upper value U+ and lower value U~ of differential game with
dynamics f satisfying (4.4)—(4.7). Under additional assumptions about convexity
of the sets f(t,z,Y,2), f(t,x,y, Z) we obtain the characterization of upper and
lower value as a unique solutions of corresponding Hamilton—Jacobi-Isaacs’ equ-
ations. As a consequence we obtain the existence of value under Isaacs’ condition
(4).

We shall formulate properties of value functions for upper value. The analo-
gous results for lower value can be obtained by simple change of notations.

We start with dynamic programming property. The result come from [38].
It was formulated there for more regular f. Under our assumptions the same
arguments can be used.

Theorem 4.4.1 ([38, Theorem 3.1]). Foreach0 <t <t+h <T andz € R"

Ut(t,r) = sup inf Ut (t+ h,z(t + h,t,z,a(2),2)).
acly zZENy

Next, we examine regularity of the value function. We recall that the modulus
of continuity my 4(d) of a function f: X — Y (X, Y are metric spaces) on
a subset A C X is given by

mf,A(5) = sup{d(f(x1), f(w2)) : x1,22 € A, d(21,22) < 0}

for § > 0. It is easy to check that f is uniformly continuous on A if and only if
lims o+ myf a(6) = 0. Moreover, my 4(-) is nondecreasing and if A C B C X
then my 4(8) < my g(9).

Proposition 4.4.2. If f satisfies (4.4)—(4.7) and g:R™ — R is continuous
then we have

T
0

Proof. Fixty € [0,T], a and z. By (4.5) and the Gronwall inequality, we have

T
(T, to, w1, a(2), 2) — (T, to, x2, (2), 2)|| < exp (/ I(s) d8> [z1 — 2|
to

By (4.7), we obtain

T
|lz(T, to, xo, a(z), 2) — zo|| < / wu(s)ds.

to

Using the above estimations the proof is straightforward. |
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Corollary 4.4.3. For every ty € [0,T] the function UT (Lo, - ) is continuous.

We define the tubes E, H:[0,7] ~ R™ by E(t) = {(z,u) : u > Ut (t,2)},
H(t) = {(z,u) : u < UT(t,z)}. We call E the epitube and H the hypotube ge-
nerated by upper value U+. Obviously Graph(H) = Hyp(U™) and Graph(E) =
Epi(UT).

Proposition 4.4.4. If f satisfies (4.7) then the epitube E and the hypotube
H generated by the upper value UT are left absolutely continuous, namely, for
t1 < to,

E(t1) C E(t2) + (/:2 u(s)>Bds, H(t1) C H(tg) + </: u(s))Bds.

Proof. Fix x € R, 0 <t1 <ty <T. By Theorem 4.4.1,

Ut (ty,z) = sup inf UT(t2,x(ta, t1, 7, (2),2)).
a€ly, 2ENy,

Take ¢ > 0. There is ag € I'y; such that

U+(t1,a:) —e< g}vf Ulta, x(ta, t1, 7, 0(2),2)) < UT(t1, 7).

Next, there is zg € V¢, such that
(4.16) Ut (ty, ) —e < Ut (ta, z(t2, t1, 2, 0(20), 20)) < UT (t1,2) +&.

We set z(-) = x(-,t1,x,a0(20),20). lf u > Ut (t1,2), then U (tg, x(t2)) < u+e.
Thus (x(t2),u + €) € E(ta). Therefore

dist((z, ), E(ta)) < (|o(t2) — f* + %)/,
Hence "
E(t)) C E(ts) + B( / u(s) ds).

Now, let (z,u) € H(t1). By (4.16), u — e < Ut (t2,2z(t2)). Thus (z(t2),u —¢) €
H(tz). Therefore

dist((z, u), H(t2)) < (|z(t2) — z[|* +£%)'/2,
which completes the proof. O

Proposition 4.4.5. IfUT:[0,T] x R™ — R is an upper value then for each
to € [0,T] and xo € R™

(4.17) Ve >0, Ja €Ty, Vz € Ny, Vt € [to, T,
U+(t071‘0) < U+(t,x(t;t0,x0,a(z),z)) + e,

(4.18) Ve >0, Ya € Ty, 3z € Ny, Vit € [to, T,
U™ (to,x0) > Ut (t,2(t;to, x0, a(2), 2)) — €.
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Proof. Fix ty € [0,T], 7o € R" and € > 0. First, we prove that if U™ is the
upper value then (4.17) holds true. By the definition of the value function, there
exists an a, € I'y, such that

U (to,w0) < inf g(x(T;to, 20, (2),2)) + E.
2E Ny, 2

We show that (4.17) holds true for a.. To the contrary assume that there are
20 € Ny, and t; € [0,7T] such that

U+(t0,l‘o) > U+(t1,$1) +e,

where x1 = x(t1; to, xo, @ (20), 20). Given z; € N;, we set

(a0 22)(5) = {
Let ay € I'y, be given by

(4.19) a1(21)(8) = ac (20, 21)(8)

for s € [t1,T]. Obviously, Ut (t1,z1) > inf, en,, g(x(T;t1,x1,1(21),21) and
hence there is z; € N, such that

zo(s) for s € [to,t1),
z1(s) for s € [t1,T).

. €
inf g(x(T;ty,x1,01(2),2) > g(x(T;t1, 21,01(21),21)) — =.
ZENtl 2

Setting z = (2, z1) we have
‘T(T;t07x05a€(g>75’:) = I(T;thxlaal(zl)’zl)'
Thus
€
Ut (to,w0) > Ut (t1,21) + ¢ > g(x(T;to, x0, 0 (2),2) — 5 +e,

which is the desired contradiction.

Fix a € T'y,. We divide the proof of (4.18) into two steps.

Step 1. We fix a division ¢ty < ... < ty = T of the interval [ty,T]. By the
dynamic programming property (Theorem 4.4.1), there is zg € Ny, such that

U+(t0,$0) > U+(t1,1'1) — i
2k
where 21 = z(t1; to, 2o, @(20), 20). Taking ap = ain (4.19) we obtain an o € T'y,.
By the dynamic programming property again, we obtain z; € Ny, such that
U+(t1,$1) > U+(t2,l’2) — i
2k
where z1 = z(t2;t1, 21, 01(21), 21)-
We proceed by induction getting a sequence z9 € Nyy,... , 21 € Ng,_,.
Setting Z(s) = z(s), for s € [t;—1,%;), we obtain

Ut (to, z0) > Ut (t;, 2(tis to, 0, (2),2)) — %
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Step 2. We set R = ||zo]| + 1 and find 6 > 0 such that

T
", B(Rt [ u(s) ds) (5 /to l(s)ds) <

Next, we choose a division ¢y < ... < t;; = T of the interval [to, T] such that
ftt,i_l,u(s) ds < §/2, for i = 1,... k. By Step 1, we find Z € N;, such that
U+(t0,l’0) > U+(t2,:’f(tz)) - %, where %(t) = $(t, to,l’o, a(E}, 2) Fixt e [ti—lati}-
By the dynamic programming property

N ™

o030 € [t {0 ) o500 < [ nts)as),
sup {0 (i) < I - 70 < | " ) s} =

Since ||Z(t; — Z(t)|| < [, p(s) ds then also U™ (t;,Z(t;)) € J. Thus
U (¢, (1) — U™ (s, 2 (t:)|

<sup {10 (tr) = U tn) ) o < B (300, [ e as)} <e,

which completes the proof. O

Theorem. Suppose that g:R™ — R is continuous and f:[0,T] x R" x Y x
Z — R™ satisfies (4.4)—(4.8). Let the Hamiltonian H*: [0, T] x R" x R" — R and
the value function UT:[0,T] x R™ — R be generated by f, g. Then a function
W:[0,T] x R® — R is equal to the uper value, i.e. W = U™, if and only if W
satisfies the following conditions:

(a) W(T, ) =g(-);

(b) W (t, -) is a continuous function, for everyt € [0,T];

(¢c) the epitube Ew and the hypotube Hy are left absolutely continuous,
where By (t) = {(z,w) e R"" xR :w > W(t,z)} and Hy (t) = {(z,w) €
R"xR:w < W(t,x)};

(d) there exists a full measure set C C [0,T] such that for every t € C' and

zeR”
(4.20) VY(ng,ng,n,) € Ngraph(HW)(t,x, W(t,x)), —ng+ H(t,z,—n,) >0,
(4.21) VY(ng,ng,n,) € Ngraph(EW)(t, x, W(t,z)), ne + HT(t,2,n,) <0.

Remark. Note that, if W = U™ is smooth, then equations (4.20) and (4.21)
mean nothing but that W satisfies the Hamilton—Jacobi-Isaacs equation:

ow ow
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Proof of Theorem 4.4.6. Suppose that W = U™T. Corollary 4.4.3 and Pro-
position 4.4.4 yield (b) and (c). Let f(tx,u,y,z) = (f(t,z,9,2),0), u € R.
The function (z(t),u(t)) = (x(t; to, xo, a(2),2), U (to, zo)) is the solution of the
Cauchy problem

{ (2'(t),w' (1) = f(t,z(t), u(t), a(2), 2),
(z(to), u(to)) = (z0, U(to, o))

From (4.17) it follows that (4.10) holds true for P = Hy and f = f. By The-
orem 4.2.2, the hypotube Hyy is a discriminating tube for f From this we conc-
lude (4.20).

From (4.18) it follows that (4.13) holds true for P = Ey and f = f. By
Theorem 4.3.2, the epitube Fy, is a leadership tube for f From this we conc-
lude (4.21).

Now, suppose that a function W satisfies (a)—(d). From (4.20) it follows that
the hypotube Hyy is a discriminating tube for f Fix tg and x¢. By Theorem 4.2.2,
there is a € I'y, such that, for every z € Ny,

(z(T;to, xo, a2), 2), W (to,z0)) € Hw (T).

Hence
Va, 3z, W(to,xz0) < W(T,z(T; to, xo, a(2), 2)).
Thus
W(to, z0) < supinf g(a(T; 1o, 2o, a(2), 2)).

From (4.21) it follows that the epitube Ey is a leadership tube for f Fix tq, xo.
By Theorem 4.3.2, for every ¢ > 0 and every a € I'y,, there is 2 € Ny,

(x(T; to, x0, a(2), 2), W(to, z0)) € Ew(T) + B(0,¢).
Since g is uniformly continuous on B(xg, ft:OF wu(s)ds), we have

W (to, zo) > supinf g(z(T'; to, xo, a(2), 2)),

which completes the proof. O

Let us observe that Theorem 4.4.6 is not only the characterization of the
upper (or lower) value. Since the statement of the theorem is “if and only if”
so we obtained also uniqueness of weak solution of the corresponding Isaacs
equation. By a weak solution we mean a function satisfying conditions (b)—(d)
in Theorem 4.4.6. If the upper Hamiltonian H™ is equal to the lower one H™
then condition (d) for the upper value and the lower value coincide. So we obtain
the following:
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Corollary 4.4.7. Suppose that g, [ satisfy assumptions of Theorem 4.4.6
and moreover,
V(t,z,y) € [0,T] xR* xY, {f(t,x,y,2):2 € Z} is convex.

If the Isaacs condition (4) holds true for almost all t then for the game there
exist a value, i.e. UT =U".






CHAPTER 5

DIFFERENTIAL GAMES
WITH DISCONTINUOUS TERMINAL COST

In this chapter we use the notation introduced in Chapter 4. We consider
a terminal payoff function given by a function g: R™ — R. We consider the case
where g is lower semicontinuous. It causes the necessity of modifying definitions
of upper and lower value functions.

(5.1) Vg (to, @0) == supger, inf{g(z) : @ € cl(Aa(to, 20))},
V7~ (to, o) := infgen,, sup{g(x) : = € cl(Bg(to,x0))},
where ¢l means closure and A, (to,x0) = {x(T;to,x0,a(2),2) : v € Ny},
Bg(to, o) = {z(T;to,20,y,8(y)) : y € M} denote the reachable sets. Let
us notice that when g is continuous, we can skip the closure in the definition
(5.1) of value-functions. We provide an example with a discontinuous g showing
that the two value functions Vng and V= are not equal when we do not take the
closure in the definition (5.1).
We assume that f:[0,7] x R" x Y x Z — R™ satisfies
e f(-, -,y,2) is Lipschitz continuous,
e f(t,x, -, -) is continuous,
(5.2) e f has a linear growth, i.e.
SUP (¢,u,v) Hf(ta T, Y, Z)H < a(]- + ||{,CH)

for some given a > 0.

Throughout the chapter, we assume that

(5.3) f(t,x,Y, z) is convex for every ¢, z, z,

f(t,z,y, Z) is convex for every t, x, y,
hold true.

99
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5.1. Comparison result

For readers convenience we recall the Evans—Souganidis result [38, The-
orem 4.1] stating that if the terminal cost is Lipschitz continuous then the upper
value equals to the lower value.

Theorem 5.1.1. If f:[0,7T] x R* x Y x Z — R™ satisfies (5.2), (4) and
g:R"™ — R is Lipschitz continuous then the game has a value, i.e. V=~ = Vg+.

Proposition 5.1.2. If (5.2), (4) hold true and a terminal cost function g is
locally bounded then

Vo (t,x) <V (t,x)  for every (t,xz) € [0,T] x R",
The proof is a direct conclusion from the following Lemma.
Lemma 5.1.3. Assume that (5.2), (4) hold true. Then
cl(Aa(to, w0)) N cl(Bg(to, x0)) # 0
for each a € T'y,, B € Ay,.
Proof. Suppose, to the contrary, that there exist ag, Gy such that
cl(Aa, (to, o)) N cl(Bg, (to, z0)) = 0.

Then, there exists a Lipschitz continuous function h:R"™ — [0, 1] such that
h(z) =0 for z € cl(Ay,) and h(x) =1 for = € cl(Bg,). Hence,

Vh_ (to,l‘o) =0<1= Vh+(t0,x0).
This is a contradiction with Theorem 5.1.1. O

Now, we prove that any supersolution of Isaacs’ Equation is greater then the
corresponding lower value and that any subsolutions is smaller then the upper
value.

Proposition 5.1.4. Assume that (5.2), (5.3) hold true and suppose that
¥: (0, T] x R" — R is lower semicontinuous and is a supersolution of

on (0,T) x R™, when

H- — i .
(t,z,p) %agrzggg(t,x,y&),p}

Then for every (to,zo) € (0,T) x R™ there exists a non-anticipative strategy
B € Ay, such that, for every u € M, and t € [to, T],

(56) w(thxO) Z w(t,x(t;to,xo,u,ﬁ(U))).
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Proof. By Proposition 1.6.1, for every (¢,2) € (0,7) x R™ we have

v(nhnwanu) S ngi(w)(t7$a¢(ta$)) uz + maXmin<f(t7$7y7 Z),?’Lw> S 0.
Yy z

Thus, if (14, ng,ny) is a normal to the epigraph of ¢ then
V:IJ 32 <(17f(t’x7y72)70)7(nt7nI7nu)> SO'

By Proposition 4.2.3 (players change their role), for every (to,xo) € (0,7] x R™
there exists § € A, such that for every y € My,

(ta (E(t; tOvI'O?yvﬁ(y))?’l/}(tOva)) € 5]9@(’1/)) for t € [thT]‘ U

Corollary 5.1.5. Under the assumptions of Proposition 5.1.4 we obtain

Y(t,z) >V, (t,z) where g(z) := (T, ).

Proof. Since g is lower semicontinuous then for every subset B C R™ we have
sup{g(z) : © € B} = sup{g(z) : « € cl(B)}. Thus

Vi (to,0) = inf sup{g(z):z € Bs(to, o)}

in
BEA,
By Proposition 5.1.4 we obtain

¥(to, o) > t sup{g(z): € Bs(to,x0)},

in
BEAL,
which gives us the desired inequality. O

Proposition 5.1.6. Assume that (5.2), (5.4) hold true, ¢: (0,T] x R™ — R
s upper semicontinuous and is a subsolution of

¢+ H(t,2,,) =0 on (0,T) x R™,

when

H*(t,z,p) = min 1;1€a5<<f(t, z,y,2),p).

Then for every (to,zo) € (0,7) x R™ there exists a non-anticipative strategy
a €Ty, such that

d)(thxO) < ¢(t7$(t7 to,I(),O[(Z),Z))
for every v € Ny, and t € [to, T).

The proof can be done using the same method as in the proof of Proposi-
tion 5.1.4.
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Corollary 5.1.7. Under the assumptions of Proposition 5.1.6 we obtain
o(t,x) < V" (t,z) where h(z) := ¢(T, ).
The proof is similar to the proof of Corollary 5.1.5.
If Tsaacs’ condition (4) holds true, then H~ = H T (=: H) and previous results
can be summarized in the following comparizon result (cf. Théoréme d’unicité

forte 4.10 in [10])

Proposition 5.1.8 (Comparison result). Assume that (5.2)—(5.4), (4) hold
true. Suppose that 1: (0, T] x R™ — R is lower semicontinuous and is a superso-
lution of

(5.7) Uy + H(t,z,10,) =0

on (0,T) x R™ and ¢: (0,T] x R™ — R is upper semicontinuous and is a subso-
lution of (5.7) on (0,T) x R™. If (T, x) > (T, x), for x € R™, then ¥(t,x) >
o(t,x), fort € (0,T] and x € R™.

Proof. By Proposition 5.1.2, Corollaries 5.1.5, 5.1.7, we have
o(t,x) <V (t,z) <V, (t,x) <V, (t,x) < o(t,x)
where h(z) = ¢(T,x) and g(x) = (T, z) for x € R™. O

5.2. Existence of value

In the section we prove the existence of value and characterize it as a gene-
ralized solution of Isaacs’ equation.

If the terminal cost g is discontinuous then so is the value-function. To de-
scribe the value function as a unique solution of the corresponding Hamilton—Ja-
cobi equation we introduce the following definition.

Definition 5.2.1. Let H:[0,7] x R?” — R be a Hamiltonian. The func-
tion (¢,2) — u(t,x) is a generalized solution of the following Hamilton—Jacobi
equation with terminal condition

ou ou
g e _
53) o T (t, z, af) 0,

uw(T,z) =g(x), =xeR™
if and only if
(a) w is the supremum on the set of subsolutions ¢
such that ¢(T,z) < g(x), for all x € R",
(b) w is the infimum on the set of supersolutions
such that ¥(T,z) > g(x), for all x € R™.

(5.9)

The above meaning of solution is similar to the envelope solution introduced
in [12].



CHAPTER 5. DIFFERENTIAL GAMES WITH DISCONTINUOUS TERMINAL COST 103

Theorem 5.2.2. Assume that (5.2)—(5.4) and (4) hold true and g:R" —
R is a bounded from below lower semicontinuous function. Then the game has
a value, i.e.
+ (-
Vg - Vg (=V).
The value function V is the smallest supersolution of the Hamilton—Jacobi-Isaacs

equation
(5.10) Vi+ H(t,x,V;) =0

satisfying V (T, x) > g(x), when H := H™ = H~. Moreover, the value function V
is the unique generalized solution (Definition 5.2.1) of (5.10) satisfying V (T, x) =
g(x).

We have stated the result in lower semicontinuous case. After typical refor-
mulation it remains valid in upper semicontinuous case.

Proof of Theorem 5.2.2. We define a sequence g,: R" — R by
n(r) = inf -yl
gn(2) Jnf 9(y) + nllz —y|l
The inf-convolutions g,, are Lipschitz continuous, g, (z) < gn+1(z) and
lim g, (z) = g(z) for every z € R™.
n

Using Theorem 5.1.1, we have V;t = V- (:= V,,) and V,, is a viscosity solu-
tion (i.e. super- and subsolution) to (5.10). Denote W (¢, z) = lim,, V,,(¢,z). By
Lemma 1.6.2, W is a supersolution of (5.10). By Corollary 5.1.5, we obtain
W > V. Since Vg+ > Vgt, we deduce Vg+ > W. Hence Vg+ > V.. Combining it
with Proposition 5.1.2, we obtain V,F =V~ = W.

If 4:(0,T] x R" — R is a supersolution of (5.10) and ¢(T,z) > g(x), then
¥ > V7. Thus V' is the smallest supersolution of (5.10) satistying V (7', x) > g(x).
Since V,, is a subsolution of (5.10), V,,(T,z) < g(x) and V = lim,, V,,, we obtain
that V' is a generalized solution of (5.10), V(T -) = g(-). O

Remark. Due to general properties of monotone approximation V is also a
solution of (5.10) in the Ishii sense. Namely, upper semicontinuous envelope of V
coincides with the upper weak limit of V,, (cf. exercise in [10, p. 91]), which by
Theorem 4.1 in [10] is a subsolution of (5.10).

The following example with a slight modification is taken from [9]. It served
in [9] as a counter-example to uniqueness of discontinuous solution — in the Ishii
sense — to a Hamilton—Jacobi’s equation. Definition 5.2.1 is not equivalent to
the notion of solution introduced by Ishii. In the example there exists a unique
solution in the meaning of Definition 5.2.1 and there are several solutions in the
Ishii sense [9].
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Example. Let U =V = [—1,1]. We define f:(—00,0] x Rx U x V — R by

F(t,z,u,v) = X< (@ — 1)V + X@>n (T —t)u.

It is easy to check that f satisfies (5.2)—(5.4) and the corresponding Hamiltonian
is given by
To define a terminal cost function g:R — R, we fix tg = 9 < 0. Let b =
x(0;tg, o, u1,v), a = x(1;tg, xo, u—1,v) where uy(t) = 1, u_1(t) = —1 for ¢ €
[to, 0], v is an arbitrary control. We define

() {1 if x € (a,b),

€Tr) =
g —1 elsewhere.

We set the terminal time 7" to be zero. By Theorem 5.2.2, the value V for this
game exists and is the unique solution of the corresponding Hamilton—Jacobi

equation:
{ Vi+ (z—1t)|Ve| =0,

V(0,2) = g(x) for every = € R.
Remark. The assumptions (5.3) and (5.4) concerning the convexity of the
right-hand side are crucial for obtaining Vg+ >V, because we used a viability

approach which requires convexity. We recall that thanks to Proposition 5.1.2,
inequality Vg+ <V, holds true.

5.3. On the definition of the values of the game

In the definition of upper and lower values (5.1) we have used the closure of
reachable sets. They can be defined as well without closure

U (to, zo) := Supger,, inf{g(z) : @ € Aa(to, o)},
Uy (to, z0) := infgea,, sup{g(z) : © € Bs(to, 7o)}
We shall exhibit an example where U, # U, ; .

Example. We provide an example of a differential game where U,~ > U; .
For doing this we construct a pair of non-anticipative strategies («, ) such that

AQQBBZQ.

(Let us notice that this implies that neither A, nor Bs are closed by Proposi-
tion 5.1.2.) We consider the following differential game on R?

{ 2'(t) = u,
y'(t) =v,
where U =V =[0,1]. We set 29 = 0, tg = 0 and T' = 1. We denote by z,, (y,) the
solution of the Cauchy problem z’(t) = u(t), z(0) = 0 (resp. ¥'(t) = v(¢), y(0) =
0). We define the constant controls ug(t) = vo(t) = 0 and uq(t) = v1(¢t) =1 for
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t € [0,1]. For measurable functions w, z: [0, 1] — [0, 1] we define an (ultrametric)
distance

p(w,z) =1 —max{t € [0,1] : w(s) = z(s) for a.e. s € [0,¢]}.
Set B ={u € My : p(u,up) <1} and S = {u € My : p(u,up) = 1}. Define two

non-anticipative strategies «, 3 as follows
ug if v € B, v ifué€B,
av) = . Blu) = .
uy ifvels, vy ifué€esS.
If w € S then z,(1) > 0. If p € (0,1] then there exists a control u € S such that
24 (1) = p.
If w € B then z,(1) < 1. If p € [0,1) then there exists a control u € B such
that z,(1) = p.
We have

Aoc = {(xa(v)(l)ayv(l)) HECAS B} U {(xa(v)(l)ayv(l)) SRS S}
= {0} x [0, 1) U{1} x (0,1],
Bg = {(zu(1),yp(u)(1)) : w € B} U{(zu(1),yp(u)(1)) : u € S}
=[0,1) x {1} U (0,1] x {0}.
Setting g = xp, we obtain U;(0,0) =0 <1=1U, (0,0).
We did not succeed to find an example where g is semicontinuous. Hence

the question to know if U, = U (so, it would be equal to V- = V") for
semicontinuous g remains an open problem.






CHAPTER 6

OLEINIK-LAX FORMULAS
AND MULTITIME HAMILTON-JACOBI SYSTEMS

We obtain explicit formulas for semicontinuous solutions of the Hamilton—Ja-

cobi equation (1.27) associated with an Hamiltonian of the following form:

H(tv U,p) = fe%n(g,u)<f7 p> + )‘(u)

Such explicit formulas have been obtained first by Hopf, Lax and Oleinik. In
this section we obtain an explicit representation formula of the value function
which generalizes some result obtained recently by Barron—Jensen-Liu [16] and
Alvarez—Barron—Ishii [1]. Our approach extends results of these authors firstly
to Hamiltonian depending on time and seconly, and mainly, to the case where
the Lagrangian is nonconstant on its domain (in [16] and [1] the Lagrangian is
constant and equal to zero on its domain).

Next, we study the multitime Hamilton—Jacobi systems using properties of
commutation of semigroups of flows. To our knowledge, this question was firstly
addressed in [73] with Hamiltonians which depend only on p (see also in [11] an
extension to cases where H depends also on x).

We investigate an “overdetermined” system of multitime Hamilton Jacobi’s

equations.
ow ow
AN = LA
ot " 1<W’ 81‘) 0
ow ow
AN =) hAA
os © 2<VV’ am) 0

W(JZ, 0, O) = g(x),
which solution is a function W: (¢, s, z) € ]—00,0]? x RY - R. Following Lions—
Rochet [73], we reduce the question of solving the above system to a property of
commutation of semigroups of flows. We provide a new result for this commu-
tation property, the proof of which is based on commutation of reachable maps

107
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of differential inclusions. We apply this result to the existence and uniqueness of
the above Hamilton—-Jacobi system.

6.1. Oleinik—Lax’s like formulas
We consider Lagrangians
Au) ifve F(tu),
(6.1) Ly (t, u,v) = { @) (t )
400 elsewhere,
where furthermore
e \:R — [0,400) is locally Lipschitz continuous and nonincreasing,
(6.2) e [:[0,T] x R ~» R™ is a locally Lipschitzg continuous map
' with nonempty convex compact values,
o F(t,uy) C F(t,ug) if uy < us.
Obviously, the Lagrangian L. stands for a special case of the class Lp given

by (1.20). In particular, Theorem 1.7.2 holds true for the Hamiltonian H (¢, u,p)
corresponding to L}

(6.3) H(t,u,p) = fe;ﬂn(ﬁjuﬁf’p) + Au).

If A =0 then H(¢,u,p) is positively homogeneous with respect to p.
The Cauchy problem

(6.4) { u'(t) = —=A(u(t)),

u(T) = go,
have a left extendable up to 0 solution. Indeed, we have u(t) > go, from which

follows —A(go) < —A(u(t)) < 0 and |u/(¢)] is bounded. We define an operator
A:[0,T] x R — R by

A(t, go) = u(t)
where u(-) is the solution of (6.4). Having A we can define a kind of reachable
map R:[0,7] x R ~ R"

T
R(t, go) = /t F(s, A(s, go)) ds.

Sets R(t, go) are nonempty convex compact and R(t,g1) C R(t,g2) for g1 < ga.
We shall also use a map P:R" x [0,7] — RU {—o00, 400} given by

P(y,t) = inf{go : y € R(t,90)}-

In the above formula and in the following ones we use the convention that
inf ) = +oo.
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Theorem 6.1.1. The unique semicontinuous solution of (1.27), (where the
Hamiltonian is given by (6.3) and X\, F satisfy (6.2)) is represented by

(6.5) V(t,z) = A(t, yiEann max([g(y), P(y — z,t)]).

Proof. By Theorem 1.7.2, the semicontinuous solution of (1.27) is the corre-
sponding value function. In the considered case the value function V given by
the formula (1.24) with L replaced by L} can be represented as follows

V(to, o) = inf{u(to) : v'(t) = —A(u(t)),
w(T) = g(x(T)), 2'(t) € F(t,u(t)), =(to) = o}
Observe that
{ulto) : /() = =A(u(t), w(T) = g(x(T)), 2'(t) € F(t,u(t)), x(to) = zo}
={A(t,90) : Fy € R" y € R(t, 90) and go > g(xo +y)}.
The rest of the proof is reduced to the following lemma. a
Lemma 6.1.2. Assume that R:R — Y is a set valued map such that
R(u1) C R(uz) foru; < ug

and Y is a nonempty set. Let g:Y ~ R U {+oo} be an arbitrary function and
A:R — R be a nondecreasing function, continuous from the right. Then

inf{A(u) : 3y, y € R(u) and u > g(y)} = A(inf max((9(y), P(y))

where P(y) = inf{u:y € R(u)}.
Proof. Denote

a =inf{A(u) : Jy, y € R(u) and u > g(u)},
f = A(inf max((g(y), P(y))-

First we show that a < (. Let 8 < b € R. There exists y € Y such that
A(max(g(y), P(y)) < b. Since A(P(y)) < b then there exists u; € R such that
A(uy) < b and y € R(uy1). We set u = max(u1, g(y)). By monotonicity of R we
have y € R(u). Thus oo < A(u) < b.

Now, we show that § < a. Let @ < a € R. There are u € R, y € R(u) such
that A(u) < a and u > ¢(y). Thus max(g(y), P(y)) <wand 8 < A(u) <a. O

Corollary 6.1.3. If A\ = 0 then the representation formula (6.5) simplifies
to the following

Vi(to, o) = inf max(g(y), P(y —zo,to)}
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where

P(y,tp) = inf {u eR:ye /TF(t,u)dt}.

to
If A=0 and F does not depend on the time (F(t,u) = F(u)) then the represen-
tation formula simplifies even more to the following

. Y — To
Vi) = g, s o0, (222))

where P(y) = inf{lu e R:y € F(u)}.

6.2. Commutation of flows and multitime Hamilton—Jacobi systems

We consider the problem of commutation of semigroups generated by two
Hamilton—Jacobi’s equations and the problem of existence of solution of multi-
time Hamilton—Jacobi systems (cf. [73]). We reduce the problem of commutation
of semigroups to the problem of commutation of set-valued reachable sets gene-
rated by corresponding control systems. We shall use the previous approach in
the case of time intervall |—o00,0] (T" = 0 is the terminal time).

The Hamiltonians H (u, p) satisfy

Assumption A.

H(u,p) = H(u,p) + A(u)
where A\: R — [0, 4+00) is nonincreasing and C' and H: R x R™ — R satisfies

o H (u, -) is concave and positively homogenuous,

e H(-,p) is nonincreasing and C*.

Theorem 6.2.1. Suppose that Hy, Hy satisfy Assumption A and for all u, p
9H, 9Hs
(6.6) W(u’p)/\Q(u) = W(pr)/\l (u)’
A (w)Aa(u) = Ag(u)Aq (u).
Then, for all t1,ts <0,

S1(t1)S2(t2) = Sa(t2)S1(t1)
where (for i =1,2) S;(t)g = U;(t, -) and U;: (—00,0] x R — RU {400} is the
unique semicontinuous solution of
{ U+ H;(U,U,) =0,
U, -) =g(-).
The semigroup S; acts on the space of extended, bounded from below, lower se-
micontinuous functions on R™.

(6.7)

Proof. By Theorem 1.7.2, the solution of (6.7) is the value function of the cor-
responding generalized Bolza problem. The Lagrangian L;(u,v) corresponding
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to H; is given by
Ai(w) if v € Fi(u),

400 elsewhere,

Li(u,v) = {

where
Fi(u) = {v e R": Vp € R", (p,v) > H;(u,p)}.

The value function V;: (—o0, 0] x R™ — RU {400} corresponding to the terminal
value g at the terminal time 7" = 0 is given by

Vi(to, zo) = inf{u(to) : 2'(s) € Fi(u(s))u'(s) = —X\i(u(s))z(to) = o,
u(z(0)) > g(x(0))}.

We define reachable maps

Ri((wo,u0),to) = {(2(0),u(0)) : 2'(s) € Fi(u(s)),
x(to) = o, v'(5) = —Xi(u(s)), u(to) = ug}-

We have S;(t)g(x0) = inf{ug : I(y,v) € Ri((xo,uo),t0), v > g(y)}.
The problem of commutation of semigroups can be reduced to the problem
of commutation of reachable maps thanks to the following, easy lemma. O

Lemma 6.2.2. If Ry(Ro((x,u),t2),t1) = Ro(Ry((x,u),t1),t2) then
S1(t1)8S2(t2) = Sa(t2)S1(t1).
Let us notice that the converse is also true. Let wu(-;to,up,7) denote the

solution of
{ u'(s) = —Xi(u(s)),

u(to) = Up.
We have

0
R;((xo,u0),t0) = (xo +/ F;(u(s; to,uo,i))ds,u(o;to,uo,i)).
to

Fix p € R™. We shall need the following easy claim.

Lemma 6.2.3. If G:[a,b] — R" is a bounded measurable map with convex
compact values then

b b
inf {(p, q):q€ / G(t) dt} = / inf (p,g)dt.
a o 9EG(t)
By Lemma 6.2.3,

0
(6.8) inf{(p,r):r € Ri((xo,uo),to)} = (P, xo) +/t H;(u(s; to, xo,1),p) ds.
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Let t1,t2 < 0 and uy := u(0; t1,up, 1), ug := u(0;ts, ug,2). We have:
Ris := Ry (Ra((z0,u0),t2)t1)
0

0
Zxo—i—/ Fy(u(s; tg,u0,2))ds—|—/ Fy(u(s; t1,u2,1))ds,

t2 tl

Ro1 = RQ(RI ((.2?07 uO)v tl)t2)
0

0
:xO—I—/ Fl(u(s;tl,uo,l))ds—i—/ Fy(u(s;ta,u1,2))ds.

t1 ta

We claim that

(6.9) inf{(p,r) : r € R1a} = inf{(p,7) : € Ra1 }.

One can deduce this fact from the following result (given without proof).
Lemma 6.2.4. If A, B are convexr compact subsets of R™ then
inf{(p,a+b):a€ A, be B} =inf{(p,a):a € A} +inf{{p,b) : b € B}.

By (6.8) and (6.9), we have
0
(610) 1Hf{<p, 7‘> ‘re R12} :<p,f£0> +/ HQ(u(s;t2>u072)ap) ds
ta

0
+ H1<u<s;tl7u2,1)7p)dsa
t1

0
(6.11) inf{(p,r) : r € Ro1} =(p, x0) Jr/t Hy(u(s;ty,ug,1),p)ds

0

+ [ Hy(u(s;ta,u1,2),p)ds.
to

Now, we consider two planar ordinary differential equations (i = 1,2)

{ I'(t) = Hy(u(t), p),

u'(t) = A (u(t)).

Denote the right hand sides by f;(l,u) = (H;(u,p), A\i(u)). Since Df; fo—Dfs f1
= 0, by Corollary 1.11 in [66] the corresponding to (6.12) flows commute, which
follows that (6.10) and (6.11) coincide.

Following Lions and Rochet [73], we apply commutation property to study
the following system of PDE

6VV_|_H1<VV,8VV
ox

oW
s T (W 3
W(z,0,0) = g(z),

(6.12)

) =0 in RN x]-00,0)2,

(6.13) oW ) —0 inRY x]-00,0)2,
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where (t,s,x) — W (¢, s, z) is the unknown solution and H; Hs are some Hamil-
tonians.

We say that an extended function W:(—00,0]? x R" — R U {+oc} is a
multitime lower semicontinuous solution of the system (6.13) if for every fixed
s € (—00, 0] the function Wy (t, x) = W (t, s, z) is a lower semicontinuous solution

of ow oW
W (w2 =
o " 1( 7ax> 0

i.e. for every t < 0, z € R™ and every (p,py) € 0-Ws(t, )
pe+ Hi(Ws(t,2),pr) = 0

and the function Wy(s,z) = W(t, s, x) is a lower semicontinuous solution of
ow ow
—— + (W, — | =0
ot " 2( ' or > ’

i.e. for every s < 0, z € R™ and every (ps,ps) € 0-Wy(s, )

ps + Ho(Wy(s,z),p,) = 0.

Corollary 6.2.5. Suppose that assumptions of Theorem 6.2.1 holds true. If
g is a bounded from below lower semicontinuous function then

W(t, s, ) := 51(t)S2(s)g(x) = S2(t)S1(s)g(x)
is the unique multitime lower semicontinuous solution of (6.13).

Remark. If (p;, ps,p.) € O-W(t,s,x) then obviously (p;, p.) € O-W(t, x)
and (ps,pz) € O-Wi(s,x). So, if W (¢, s, x) is a multitime lower semicontinuous
solution of (6.13), then it is also a lower semicontinuous solution of (6.13).
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