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Here we give some known results to introduce the students to the subject.

1. ASSUMPTION
We consider the system

O {;Ew) ~UX@, a0,

a(t) is the control function, measurable in [0, +00) that takes its values
in a compact set A.
In order to ensure the existence and uniqueness of the solution of (1) in the
class Lip ([0, T];R™), we assume that the mapping

b:R"x A—-R"

is continuous, and satisfies the following standard assumptions:
There exist two positive constants C1, Cy such that for every x,z’ € R",
a € A, we have

@ {Hb(ﬂz a)|| < Cn,

1b(x; a) = b(a’, a)|| < Caflz — 2.

The solution X,(t), starting in « at ¢t = 0, is given by

+oo
X, (t) ==z —l—/o b(Xz(s),a(s))ds

We assume that the mapping
fR"xA—R

is continuous, and satisfies the following assumptions:
There exist two positive constants C1, Cy such that for every x,z’ € R",
a € A, we have

@) {\f(ﬂz a)l < O,

[f(z,a) = f(2', a)| < Callz — 2|,
1
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The function f is called the running cost. Take A > 0. The functional cost
is

“+o0o
Tw.a) = [ £, als)e s
0
The value function is

u(z) = inf J(z, a).

«

2. THE DYNAMIC PROGRAMMING PRINCIPLE

DPP
u(z) = igf [/0 f(Xa(s), a(s))e*)‘sds + u(Xl;(t))e*M}7

for all real z and for all positive ¢.
We show that

u(x) > inf [/t f(Xx(s),oz(s))e_/\Sds + u(Xx(t))e_)‘t]
a 0
Proof. Take any admissible control, then
+00 t oo
F(Xa(s), als))eods — / F(Xa(s), als))e Mds+ / F(Xa(s), als))eds
0 t
o=s8—1t

+oo +00
[ s aene s = [ Xt + 0),at0 + )6 o
t 0
We define

0

We set

verifies



Hence

u(z,t) = igf J(z,a) > igf/0 F(Xa(s),as))e ds + u(X (t))e ™M

Proof. We show that

t
u(x) < igf [/0 f(Xx(s),a(s))e—ASds +U(Xx(t))e_)‘t]

Take any admissible control. Then

400 t “+o00
/ F(Xa(s), as))eds = / F(Xa(s), a(s))e o ds+ / F(Xa(s), as))e>ds
0 0 t
There exists & such that
(X () > J(X(£),) — e

Take any admissible control a.. Set

and

where
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3. THE DYNAMIC PROGRAMMING EQUATION
The Bellman equation is

Au(x) + mgx{—Du(x) -b(z,a) — f(z,a)} =0.

All the computation are done under the assumption u € C1(R"). By the
dynamic programming principle, taking a(s) =a a € A

/ F(Xa (), @)eds + u( X, (£)) e
Hence
u(z) — / F(Xa(s), a)e 5 ds + u(Xa (1)) (e — 1)
and
u(zw) — s u(X, (1) (e — 1)
B e <5 / FX X s 4 :

Ast — 0" we get
A — Du(x) - b(z,a) — f(z,a) <0,

since a is chosen in an arbitrary way

Au(z) + mélx{—Du(x) -b(z,a) — f(z,a)} <O0.
On the other hand if it is untrue that

Au(x) + méix{—Du(a:) -b(z,a) — f(z,a)} >0,
this means that there exists 1 and a positive number 8 such that

Au(zy) + mgx{—Du(xl) -b(z1,a) — f(x1,a)} < —60 < 0.

Hence for any a

Au(z1) — Du(xq) - b(z1,a) — f(x1,a) < —0 < 0.
For ¢t small enough we have also

(X, (t) — Du(Xy, (1) - b(Xay (), @) — f(Xay (8),a) < =0 <0.

By the dynamic programming principle there exists a control o such that

= / g (X, (), a(s))eds + u( Xy, (s))e ™ — %
ule) - / F(Xe(s),0(s))e s + u(Xa, <t>><e*t—1>—%
) ) = - [ = [ DU DK, 5], )
Hence
/ —Du(Xy, (s))b(X, ))ds— /f )—AstZu(le(t))(e_/\t_l)_%
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and
/0 — DX, (5))b(u(X oy (3)), ()~ f (X (5), () )ds— /0 F(Xa(3), als)) (e —1)ds >

u(Xey (D)~ 1) = T

Since

/O — DX (5))b(u( Xy (5)), ()~ F (X (5), (s))ds < /0 (X, (5) ) ds— 0t
we have

/ MK (8))ds 01 > u(Xe, (1) (N 1)~ 4 / F(Xa(s), a(8) (e~ 1)ds
0 0

Hence

ot

with w(t) — 0 as ¢ — 0, a contradiction.

3.1. Applications. Take
b(X,a)=—-X-a for X,a€eR,

J(x,a) = /OW(IX§(8)| + |a(s)\)6_25 ds.

In this case the principle of dynamic programming means that

(6)  ulw)=nf( /O (IX2(5)| + la(s) )€™ ds + u(X2 (1) ™)

for every t > 0. Hence we deduce the

Proposition 3.1. The value function v : R — R satisfies the following condi-
tions:

(a) w is Lipschitzian;
(b) in every point x # 0 where u is differentiable, we have

2u(x) — || + Im|éé}1<{a$u'(m) —lal} = 0.

Proof.
(a) For z,y € R and ¢ > 0 fixed arbitrarily, there exists an admissible
control such that

u(z) > /OOO(\Xg(s)] T la(s))e ds — e.

Since
X%(s + |a(s)])e 2s ds
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we have
u(y) —u(z) < /OOO(}X;(S)‘ - ]X;‘(S)De*% ds+e¢
< /OOO |X0(s) — XO(s)| €2 ds + ¢

o
=y — x]/ e~ Jo o) dig=2s go 4 o
0

oo
< ]y—x!/ e ’ds+e
=y — z| —I?z-:.
Letting ¢ — 0 and using the symmetry between = and y, we conclude that
lu(y) —u(z)| < |y —x| forall z,yeR.
(b) For every sufficiently regular admissible control o we have
XX(t) = ze™ Jools) ds — 3 qqt + o(t)=x+o0(1), a:=a(0"),
and hence
w(X3(t)) = u(z) — az/(z)t + o(t)
if t \ 0. Furthermore, recall that
e 2 =1-2t+o0(t)

ift — 0.
Using these relations, we deduce from (6) for every admissible constant
control o = a that

u(r) < /0 (X2 + lals))e™ ds +u(X7 ())e™

¢
= / (1X2(s)| + |a(s)|)e_28 ds + u(x) — azv/(z)t — 2u(z)t + o(t),
0
whence
1 t
2u(x) + azu/(z) < t/ (| X2(s)| + |a(s)\)e_25 ds + o(1).
0
Letting t — 0 we obtain that
2u(x) — |z| + {azu/(z) — |a|} < 0.
Maximizing with respect to a, we conclude that

2u(x) — |x| + lInz?l({a:Eu/(x) —lal} <0.

al

In order to show the inverse inequality, fix ¢ > 0 and € > 0 arbitrarily.
Using (6) there exists an admissible control « such that

u(z) > /O (1X2(s)] + la(s)| )2 ds + u(X2(t))e 2 — et.
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Assuming for simplicity that this control is sufficiently regular, using the
above estimates of X&(t), u(X2(t)) and e~?, it follows that

t
u(z) > / |z| + |a| + o(1) ds + u(x) — axu’(x)t — 2u(z)t + o(t) — et,
0
so that
2u(z) — |z| + {azd/(z) — |a|} > o(1) —e.
Maximizing with respect to a this yields

2u(z) — |z + m?l({axu’(m) —lal} = o(1) —e.

la
Now letting ¢ — 0 and then letting € — 0 we conclude that

2u(x) — |z| + mé}f {azu'(z) —|a|} > 0. O

la

4. A BRIEF REMAIND ON HOPF-LAX FORMULA

We assume H smooth, convex, coercive, ug €Lip(RY), ug € B(RY) (B
reads bounded).

H* () = max{zy — H(y)}

As areference to this part we may refer to L.C. Evans’s book [5], in which the
problem is split in three parts H smooth, convex, coercive H(p)/|p| — 400
as |p| — +oo. H* dual convex.

H*(z) = max{zy — H(y)}

e Variational Approach.

t(x,t) = inf { /0 H*(C(s))ds + ug(y) : C(0) =y, C(t) = L}

e PDEs.
Consider the Cauchy problem for the Hamilton-Jacobi equation

v+ H(Dv)=0 in RN x(0,400)
v(0,z) = g

e Hopf-Lax formula.

u(z,t) = Urg]i?r}v {tH* (T ; y) + uo(y)} (Hopf — Lax formula)
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4.1. Reminds on viscosity solutions. The notion of viscosity solution
was introduced by M. G. Crandall and P. L. Lions [3]. Let us recall their
notion using test function, as introduced in M.G. Crandall, L.C. Evans, and
P.-L. Lions [4]. We use, to simplify, the vanishing viscosity method. The
key point is that the notion gives a meaning to the solution of the equation
also if the solution has very weak property of regularity (for example u is
just a continuous function or even less regular).
The equation to consider is
uf + H(Duf) — eAu =0 in (0, +00) x RN
u(0,2) = up
Fix € > 0 and we consider a subsequence u, such that
us — u,
as j — +00. Next, we consider ¢ € C? such that u — ¢ has a strict maximum
at (zo,tp). We also assume that u is C2.
Since ¢; is small there exists (¢, , t¢;) such that u% —¢ has a max in (@, t;)
with
(xEj 3 tEj) - (CL‘O, tO)
Moreover,
DUEj (.ng ) tEJ') = D¢($€j ) tEj)
ut(xej ) tﬁj) = ¢ (xej- ) tej)
_AUEj (xEj ) tEj) Z —A¢($5j ) tEj)

Ge(we;, te;) + H(Ddy(we;,te;) = up(e;, te;) + H(Dug(ze), te;) =
€jAUT (z¢;,te;) < GAP(T), ;)
As j — 400,
b1(z0,t0) + H(D¢i(xo,t0) < 0

Then, we are now ready to recall the definition using test function.
We say that u is a (viscosity) subsolution of

ut(x,t) + H(Du(z,t)) =0
if for every ¢ € C! such that u — ¢ has a max in (zo, )
o1(xo,to) + H(Du(xo,t9)) <0
We say that u is a viscosity supersolution of
ut(x,t) + H(Du(z,t)) =0
if for every ¢ € C! such that u — ¢ has a min in z
o(zo,to) + H(Dp(xo,t9)) >0

A viscosity solution of u.(z,t) + H(Du(x,t)) = Ois a viscosity subsolution
and a viscosity supersolution (of w¢(x,t) + H(Du(x,t)) = 0)
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4.2. Equivalence of the three problems. The three problems are equiv-
alent, that is the u = @ = v (v being the unique viscosity solution of (7)).
We give the reference of the complete proof to [5], however here the rewrite
the equivalence between u and u to give an idea how to argue in this topic.
We define the trajectory

)=y + 5@y, 0ss<t, ()=

By definition, for this trajectory

we{ | H(C(s))ds—un(y) < C(0) =y, C(t) = obs [ s ) -

/Ot H*<xty>ds+uo(y),

which immediately shows
(8) w(z,t) < u(z,1)

Jensen’s inequality gives (H*convex)

w( t<‘<s>ds) <1 [ #eonas

C(s)ds = ((t) = ¢(0) =z —y

0

tH*(x - y) < [ B (E(s)yas

Since

tH*(x - y) tuoly) < [ H(E(s)ds + uo(y)

Passing to the inf

(9) u(z,t) < u(z, ),
hence
(10) u(z,t) = a(z,t)

To give just an idea how to pass the equation, it is relevant to show a
property of u, showing a semigroup property.

(11) w(z,t) = min {(t - s)H*(x _y> —|—u(y,s)}

yeRN t—s
Select Z such that
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(t—s)H*(f_y) —l—u(y,s)z(t—s)H*( . >+u(y,s) <

Passing to the min

(12) nin (-9 ($22) + o) < et
Next, choose z € RN
u(y,s) = sH*(y;Z> + up(2)
T —z s x—y SyY—=z
U= t
-5 t s

By the convexity of H*
x—z s r—y s y—z
H* <(1--)H"| —= -H*
() =0 () i (5)
u(z,t) <

tH*(z - Z) Fug(z) < (t— s)H*(j _y> +sH*<y_ Z) Fug(z) =

— S S

t—s
The result follows since y can be chosen in arbitrary way.
Now the check how it is possibile to connect the problem to the PDEs,
assuming regularity for the function u and using the semigroup formula.
Fixge RN h >0

u(x + hg,t + h) = min {(t —s)H” (:L‘—l—hq—y) +u(y,t)} <
yeERN h

(= (522 +ulns

hH*(q) + u(z,t)
From which we deduce that
w(x + hg,t + h) —u(z,t)
h

< H*(q)

h— 0t
qDu +u; — H*(q) <0,
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the inequality being true also for the max yields
ut + H(Du) <0.

We will not show the other inequality, refering to [5]

5. EIKONAL EQUATIONS

We now consider the problem of minimal exit time from an open set. Con-
sider a system satisfying the state equation

(13) {X(s) = «a(s) intheopeninterval = (—1,1)

X(0) ==z

where the controls a are bounded : |a(s)] <1 for all s. Such a control is
called admissibile.

Problem: find o such that the system attains the boundary of Q2 in the small-
est possible time T(z). A direct computation shows that T'(z) = 1 — |z| for

all z € [-1,1], and for each fixed x € [—1,1] — {0} un optimal control is the
constant function

a(s) =signof z, 0<s<T(x).

Moreover if & # 0 the control is unique, and depends on the time only via
the system:

a(s) = sign of X (s).

(so called called feedback controls), while for x = 0 there are two optimal
controls: the constant functions @ =1 and oo = —1.

Proposition 5.1.
(a) We have T'(x) =1 — |z for all z € [—1,1].

(b) For each fixed z € [—1,1], x # 0 an optimal control is the constant
function

a(s) =signof z, 0<s<T(x).

Proof. 1f 0 <t < 1 — |z|, then for every admissible control a we have

t
X2 = fo+ [ a(s) ds| < Jal + < 1
0
whence
T(x)>1—|z|.

Moreover, for z # 0 we have equality in the above estimate if and only if
t=1—|z| and a(s) = sign of z for all 0 < s < . O
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e The proof shows that for x # 0 the control is unique, and it depends
on the time only via the system

a(s) = sign of X(s).

Controls of this type, called feedback controls, have much interest in
the applications because they allow us to modify the state of the
system on the basis of the sole knowledge of its actual state.

In the proof of the second inequality we assumed that the controls
are regular. This can be avoided by an indirect argument, contained
in several references cited at the end of these notes. However, we
prefered to give a direct and more transparent proof.

In case x = 0 there are two optimal controls: the constant func-
tions @« =1 and o = —1.

Proposition 5.2. The function T : [—1, 1] — R satisfies the following
conditions:

(a) T(=1) =T(1) = 0;
(b) T is Lipschitzian;

(¢) |T'(x)] — 1 =0 in every point = € (—1,1) where T is differen-
tiable and T'(x) > 0.

Proof.
(a) Obvious from the definition.

For the proof of (b) and (c), observe that the principle of dynamic
programming yields

(14) T(x)= igf[T(Xg‘(t)) +t] for every 0<t<T(z).
(b) We prove that

(15) T(x) = T(y) < |z -yl
for every x,y € [—1,1]. Assume by symmetry that T'(x) > T'(y).
The case T'(z) < |z — y| is obvious:

T(x)-T(y) <T(x) < |z —yl.
If T(x) > |v — y| =: t, then take an admissible control a such that
afs) =sign of (y—z) for 0<s<t:=|z—yl.

Then X¢(t) =y, so that, applying (14) we obtain T'(x) <t + T'(y),
ic., (15).

(c) For every sufficiently regular admissible control we have
t
XJ(t)=z+ / a(s)ds=x+at+o(t)=z+0(l), a:=al0),
0
and hence

T(X2(t) =T(z) + T'(x)at + o(t)

x



(16)

13
if £ \, 0. Choosing a constant control & = a and using these rela-
tions, we deduce from (14) the estimate

T(z) <T(XI(t))+t="T(x)+ T (x)at + o(t) + t,
whence
—aT'(x) —1 < o(1).

Letting ¢t \, 0 and then maximizing with respect to a, we conclude
that

|T' ()| =1 <0.
In order to show the inverse inequality, fix 0 < ¢t < T'(z) and ¢ > 0
arbitrarily. Using (14), there exists an admissible control a such that

T(z) >t + T(X%(t)) — et.

Assuming that this control is regular, using the above estimate of
T(X2(t)) it follows that

T(z) >t+T(zx)+ T (x)at + o(t) — et,

whence

—aT’(z) = 1> o(1) —e.
Maximizing with respect to a, this yields the inequality

|T' ()| = 1> o(1) —e.
Finally, letting ¢ — 0 and then € — 0, we conclude that

T’ ()| —1>0. O
More general, eikonal equations are
Du(z) = n(z),

for suitable functions n.

6. UNIQUENESS

6.1. Harmonic functions and the maximum principle. The
following resulo show the strict minimum points of the constrained
problem

Min f(z) : Af(x) =0,z € Q

are located in the boundary of €.

Let 2 an open, bounded set. Then its boundary 02 is a compact
set. If f is a continuous function in Q, the following real numbers
are well defined

maa = Min{f(z);z € 00}, Mapq = Max {f(z);x € 08},

mg = Min {f(z);z € 00}, Mg = Max {f(z);x € 08},
Then
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Theorem 6.1. If f € C°(Q) N C?(R) verifies

2
Af=Y gx{—o,

i=1N

then
moa <mg Moo > Mg

Proof. For any € > 0 we consider
ge(w) = f(z) — €|z
If follows that g € C°(Q) N C?(2), and
Age(z) = Af(x) — eA(|z]*) = —2Ne < 0.

Then the absolute minimum of g. in  has to be assumed on the
boundary of 2 and

ge > min{f(z) — e|z|*; z € OQ}.
Since {2 is a bounded set there exists R > 0 such that 2| < R,
Vx € Q. Then

f(@) — €|z’ = ge(x) > moo — eR?.
Ase— 0,

f(x) = maq.

In an analogous way we argue for the maximum taking
he(x) = f(a + elaf’)

6.2. Viscosity Solutions.

Remark. Let us explain the idea of the proof. Assume that the con-
tinuous function u — v admits a global minimum in some point b and
a global maximum in some point c¢. If u and v are also differentiable
in these two points, then

(u—v)'(b) = (u—)'(c) =0,

so that
u'(b) =2'(b) and '(c) =1'(c).
Therefore we deduce from the equation (??) that
u(b) =v(b) and wu(c) =v(c),

ie.,

(u—v)(b) = (u— v)(c) = 0.
Since

(u—=0)(0) < (u—v)(z) < (u—0v)(c)
for every x, by definition of b and ¢ we conclude that u = v.
There are two technical difficulties here:
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— it is not sure that ©—v has maximal and minimal values because
R is not compact;
— even if there exist such points, it is not sure that u and v are
differentiable in b and c.
We overcome these difficulties by using a penalization method.

Proof. One part (a) is established, parts (b) readily follow from propositions
?? and ??. Fix 0 > 0 arbitrarily. We prove the inequality u < v os part (a)
in three steps.

(i) For every fixed € > 0, consider the continuous function

T — 2
wag) = u(@) o)~ T D)

Since the functions v and v are Lipschitzian, they increase at most linearly
at infinity, so that

w(z,y) — =00 if a] + [y — oc.

Consequently, w has a global maximum in some point (z¢, y).
Then the function

r—y.)?
v () — o)~ Y2

has a maximum in x.. Therefore

Te Ve ) dxe € DT u(xe)

and hence
Te — Ye

u(ze) + H(J;E, + 5:65) <0

because u is a subsolution. Analogously, the function

($s _y)2 + é(l’g +y)

has a minimum in y.. Consequently,

Te — Ye

—0y: € D_U(ye)

and therefore
Le — Ye

v(ye) + H(l/e, - 53/5) >0

because u is a supersolution. Combining the two inequalities we obtain that

Le — Te —
u(l's) - U(ye) < H<y€7 ) - Ye _ 5y€) - H<$z-:7 - c Y + 595)

For every fixed z, using the relation

w(z,r) < w(ze, Ye)
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we have

(xs - y5)2

= 2 2

and hence

(17) u(x) —v(x) — 2% < H(yg, Te ; Ye 5y5> — H(Ig, e ; L (5565).

(ii) Next we prove that the three sequences

(e, () and (=)

€
are bounded. The relation
w(0,0) < w(ze, ye)
implies the inequality

Te — 62
u(0) — v(0) < ) — () — T T 202 )

Consequently, denoting by L a Lipschitz constant of both u and v, we have

(xa - ya)2 d 2 2

eV 4 S0 2) < ule) — u(0) + v(0) — v(ye) < Lae] + ).
Hence

2 2 2 4L
(lzel +Jyel)™ < 2(22 +y2) < —(lze] + [ge])
and therefore
4L

(18) |ze| + |ye| < 5

Now using the inequality

w(re, xe) + w(ye, ye) < 2w(xe, ye)

we have
(xs - ya)Q
u(xa) - U(ma) + u(ya) - U(ya) < 2“(1:5) - QU(ya) - T
Consequently,
2
;U —
eV < () — ulye) +v(ae) —v(ye) < 2L oz —
and therefore
Te — Ye < 4L.
€

(iii) Since the function H is continuous, letting 6 — 0 in (17) and using
(18) we obtain for every x the inequality

u(z) —v(z) < H(ye, e ; ya) — H(xe, %;yg).
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Observe that the arguments of H are bounded with respect to € and that
Te —ye — 0if ¢ — 0. Since H is uniformly continuous in every compact set,
leting € — 0 we conclude that

u(z) —v(x) <0

for every . ([l

(1]
2]

3]
(4]
(5]
(6]

(7l

(8]
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