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1 - Preliminaries: the method of characteristics

A first order, scalar P.D.E. has the form
F(z,u,Vu) =0 reQCR". (1.1)

It is convenient to introduce the variable p = Vu, so that (p1,...,pn) = (U, ..., Uz, ). We assume
that the F' = F(x,u,p) is a continuous function, mapping IR"™ x IR x IR"™ into IR.

Given the boundary data
u(x) = u(x) x € 09, (1.2)

a solution can be constructed (at least locally, in a neighborhood of the boundary) by the classical
method of characteristics. The idea is to obtain the values u(x) along a curve s — x(s) starting
from the boundary of €2, solving a suitable O.D.E. (figure 1.1).

y
figure 1.1

Fix a point y € 92 and consider a curve s — z(s) with z(0) = y. Call

u(s) = u(z(s)), p(s) = p(z(s)) = Vu(z(s)).

We seek an O.D.E. describing the evolution of u and p = Vu along the curve. Denoting by a dot
the derivative w.r.t. the parameter s, we clearly have

% %
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In general, p; thus depends on the second derivatives of u. Differentiating the basic equation (1.1)
w.r.t. £; we obtain
oF OF oOF
— Uy, Uy, = 0. 1.5
Ox; + ou Ya; - Op; Uiz (1.5)

1



Hence OF OF OF

If we now make the choice &; = OF/dp;, the right hand side of (1.4) is computed by (1.6). We
thus obtain a system where the second order derivatives do not appear:

'.'_3F 1

ml—api 1=1,...,n,

) OF

Uzzpi%> (1.7)
. __or or 1.

pj = aTj 8upj J=1L4...,n.

This leads to a family of Cauchy problems, which in vector notation take the form

(. _ OF z(0) =y

T = o

a=p. 2L w(0) = u(y) y € o9, (1.8)
op

. OF OF

(P=—%, 9. P p(0) = Vu(y)

The resolution of the first order boundary value problem (1.1)-(1.2) is thus reduced to the solution
of a family of O.D.E’s, depending on the initial point y. As y varies along the boundary of 2, we
expect that the union of the above curves z(-) will cover a neighborhood of 92, where our solution
u will be defined.

Remark 1.1. If F is linear w.r.t. p, then the derivatives OF/0p; do not depend on p. Therefore,
the first two equations in (1.7) can be solved independently, without computing p from the third
equation.

Example 1.2. The equation
|Vul? =1=0 r€Q (1.9)

on IR? corresponds to (1.1) with F(z,u,p) = p? + p3 — 1. Assigning the boundary data
u=20 x €00,
a solution is clearly given by the distance function
u(z) = dist (z, 09) .
The corresponding equations (1.8) are
i=2, a=p-i=2, p=0.
Choosing the initial data at a point y we have

2(0)=y, uw(0)=0,  p(0)=n,



figure 1.2

where n is the interior unit normal to the set €} at the point y. In this case, the solution is
constructed along the ray z(s) = y+2sn, and along this ray one has u(x) = |z —y|. Assuming that
the boundary 0f2 is smooth, in general the distance function will be smooth only on a neighborhood
of this boundary. If 2 is bounded, there will certainly be a set v of interior points Z where the
distance function is not differentiable (fig. 1.2). These are indeed the points such that

dist (z, 09) = | — y1| = |T — y|
for two distinct points y1,ys € 0f2.

The previous example shows that, in general, the boundary value problem for a first order
P.D.E. does not admit a global C! solution. This suggests that we should relax our requirements,
and consider solutions in a generalized sense. We recall that, by Rademacher’s theorem, every
Lipschitz continuous function v : € — IR is differentiable almost everywhere. It thus seems
natural to introduce

Definition 1.3. A function u is a generalized solution of (1.1)-(1.2) if u is Lipschitz continuous on
the closure €2, takes the prescribed boundary values and satisfies the first order equation (1.1) at
almost every point x € ).

Unfortunately, this concept of solution is far too weak, and does not lead to any useful unique-
ness result.

Example 1.4. The boundary value problem on the unit interval
luz| —1=0 x € [0,1], xz(0) =z(1) =0, (1.10)
admits infinitely many generalized solutions (fig. 1.3a).

In view of the previous example, one seeks a new concept of solution for the first order equation
(1.1), having the following properties:

1. For every boundary data (1.2), a unique solution exists, depending continuously on the boundary
values and on the function F.

2. This solution u coincides with the limit of vanishing viscosity approximations. Namely, u =
lim. g4 u®, where the u® are solutions of

F(z,u®, Vu®) = e Au®.
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figure 1.3a figure 1.3b

3. In the case where (1.1) is the Hamilton-Jacobi equation for the value function of some opti-
mization problem, our concept of solution should single out precisely this value function.

In connection with Example 1.4, we see that the distance function

e if ze€l0,1/2],
Uo(x)—{l_l« it ze[l/2,1],

is the only one, among those shown in fig. 1.3a, that can be obtained as a vanishing viscosity
limit. Indeed, any other generalized solution u with polygonal graph has at least one strict local
minimum in the interior of the interval [0, 1], say at a point x. If u* — w uniformly on [0, 1], for
some sequence of smooth solutions to

g
xrx

Ui | —1=cu

then each u® will have a local minimum at a nearby point z. (fig. 1.3b). But this is impossible,

because
|u§(xa)‘ —1=-1 # ecu, (z:) > 0.

In the following sections we shall introduce the definition of wviscosity solution and see how it
fulfils the above requirements.

2 - One-sided differentials

Let u : Q — IR be a scalar function, defined on an open set Q2 C IR™. The set of super-
differentials of u at a point x is defined as

Dtu(x) = {p € R"; limsup uly) —ul(z) —p- (y = ) < O} . (2.1)
y—z ly — |

In other words, a vector p € IR™ is a super-differential iff the plane y — u(z)+p- (y —x) is tangent

from above to the graph of u at the point = (fig. 2.1a). Similarly, the set of sub-differentials of u

at a point z is defined as

D u(z) = {p €R"; liminf uly) = “ﬁ?__j' =2, 0} , (2.2)



Y

figure 2.1a figure 2.1b

so that a vector p € IR™ is a sub-differential iff the plane y — wu(z) + p- (y — x) is tangent from
below to the graph of u at the point = (fig. 2.1b).

Example 2.1. Consider the function (fig. 2.2)
0 if =<0,
u(z) = {\/E if ze]l0,1],
1 it z>1.

In this case we have

Dt u(0) = 0, D~ u(0) = [0, 00,
Dtu(z) = D™ u(z) = {1/2y/z} z €10, 1],
Dtu(1) = [0, 1/2], D™ u(1) = 0.

u

7 1 X

figure 2.2

If ¢ € C!, its differential at a point z is written as Vip(x). The following characterization of
super- and sub-differential is very useful.

Lemma 2.2. Let u € C(2). Then

(i) p € DTu(x) if and only if there exists a function ¢ € C1(Q) such that Vo(z) = p and u — ¢
has a local mazimum at x.



(ii) p € D~ u(z) if and only if there exists a function ¢ € C*(Q) such that Vo(x) = p and u — ¢
has a local minimum at x.

By adding a constant, it is not restrictive to assume that ¢(z) = w(z). In this case, we are
saying that p € DV u(x) iff there exists a smooth function ¢ > u with Vo(z) = p, o(z) = u(z).
In other words, the graph of ¢ touches the graph of u from above at the point x (fig. 2.3a). A
similar property holds for subdifferentials: p € D~ u(x) iff there exists a smooth function ¢ < wu,
with Vp(x) = p, whose graph touches from below the graph of u at the point z. (fig. 2.3b).

X X
figure 2.3a figure 2.3b

Proof of Lemma 2.2. Assume that p € DT u(z). Then we can find § > 0 and a continuous,
increasing function o : [0, 00[— IR, with ¢(0) = 0, such that

u(y) <u(@)+p-(y—a)+o(ly— )|y — x|
for |y — x| < d. Define

and observe that
p(0) = p'(0) =0, p(2r) = o(r)r.
By the above properties, the function
ply) = u(z) +p-(y—2)+p(2ly —z|)
is in C1(2) and satisfies

Moreover, for |y — x| < § we have

u(y) — e(y) < o(ly —z|)ly — | — p(2ly — z]) <0.

Hence, the difference u — ¢ attains a local maximum at the point z.

To prove the opposite implication, assume that Do(x) = p and v — ¢ has a local maximum
at . Then

u(y) —u(r) —p- (y —z) oy) —plx) —p-(y — )

lim sup < lim sup =0. (2.3)
y— ly — x| y—w ly — |
This completes the proof of (i). The proof of (ii) is entirely similar. U
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Remark 2.3. By possibly replacing the function ¢ with @(y) = ¢(y) & |y — |, it is clear that in
the above lemma we can require that u — ¢ attains a strict local maximum or local minimum at
the point x. This is particularly important in view of the following stability result.

Lemma 2.4. Let u: Q +— IR be continuous. Assume that, for some ¢ € C', the function u — ¢
has a strict local minimum (a strict local mazimum) at a point © € Q. If uy, — u uniformly, then
there exists a sequence of points T, — x with um (zy,) — u(x) and such that uy, — ¢ has a local
minimum (a local mazimum) at x,p,.

Proof. Assume that u — ¢ has a strict local minimum at x. For every p > 0 sufficiently small,
there exists €, > 0 such that

u(y) — o(y) > u(x) — d(x) + ¢, whenever |y —z|=p.

By the uniform convergence u,, — u, for all m > N, sufficiently large one has u,(y) —u(y) < e,/4
for |y — x| < p. Hence

€
um (y) — ¢(y) >um($)—¢($)+5p ly— x| =p,

This shows that w,, — ¢ has a local minimum at some point x,,, with |z, — x| < p. Letting

p,€, — 0, we construct the desired sequence {z,, }. U

This situation is illustrated in fig. 2.4a. On the other hand, if x is a point of non-strict local
minimum for u — ¢, the slightly perturbed function u,, — ¢ may not have any local minimum x,,
close to z (fig. 2.4b).

figure 2.4a figure 2.4b

Some simple properties of super- and sub-differential are collected in the next lemma.

Lemma 2.5. Let u € C(2). Then



(i) If u is differentiable at x, then
Dtu(z) = D™ u(z) = {Vu(z)}. (2.4)

(ii) If the sets DY u(x) and D~ u(x) are both non-empty, then u is differentiable at x, hence (2.4)
holds.

(i1i) The sets of points where a one-sided differential exists:
Ot ={zeQ Dtu(xz)#0}, Q" ={zeQ D u(z)#£0} (2.5)

are both non-empty. Indeed, they are dense in €.

Proof. Concerning (i), assume u is differentiable at x. Trivially, Vu(z) € D¥u(x). On the other
hand, if » € C1(Q2) is such that u — ¢ has a local maximum at x, then V(z) = Vu(z). Hence
DT u(z) cannot contain any vector other than Vu(z).

To prove (ii), assume that the sets DT u(x) and D~ u(x) are both non-empty. Then there we
can find 6 > 0 and ¢1, s € C'(Q) such that (fig. 2.5)

p1(z) = u(z) = pa(x), e1(y) Suly) <ealy) |y —af <.
By a standard comparison argument, this implies that u is differentiable at x and Vu(z) =
Vi(z) = V().

Concerning (iii), fix any ball B(xg,p) C Q. By choosing € > 0 sufficiently small, the smooth
function (fig. 2.6)
|z — x0]?

2e

is strictly negative on the boundary of the ball, where |x — zo| = p. Since u(xgy) = ¢(x), the
function u — ¢ attains a local minimum at an interior point z € B(zg,p). By Lemma 2.2, the
sub-differential of u at z is non-empty. Indeed, Vyo(z) = (z — 29)/e € D~ u(z). The previous
argument shows that, for every xy € Q and p > 0, the set 2~ has non-empty intersection with the
ball B(xg, p). Therefore Q~ is dense in 2. The case of super-differentials is entirely similar. [

p(x) = u(ro) —

x —

figure 2.5 figure 2.6



3 - Viscosity solutions
In the following, we consider the first order, partial differential equation
F(z, u(z), Vu(z)) =0 (3.1)
defined on an open set Q2 € IR". Here F : Q x IR x IR™ — IR is a continuous (nonlinear) function.
Definition 3.1. A function u € C(2) is a viscosity subsolution of (3.1) if
F(x,u(:r),p) <0 for every x € Q, p € DV u(x). (3.2)
Similarly, u € C(Q2) is a viscosity supersolution of (3.1) if
F(z,u(z),p) >0 for every x € Q, p € D™ u(x). (3.3)
We say that u is a viscosity solution of (3.1) if it is both a supersolution and a subsolution
in the viscosity sense.
Similar definitions also apply to evolution equations of the form
ug + H(t, x,u, Vu) =0, (3.4)

where Vu denotes the gradient of u w.r.t. . Recalling Lemma 1, we can reformulate these defini-
tions in an equivalent form:

Definition 3.2. A function u € C(2) is a viscosity subsolution of (3.4) if, for every C! function
¢ = p(t, z) such that u — ¢ has a local maximum at (¢, z), there holds

o(t,x) + H(t, z,u, V) <0. (3.5)

Similarly, u € C(Q) is a viscosity supersolution of (3.4) if, for every C! function ¢ = ¢(t, x)
such that u — ¢ has a local minimum at (¢, z), there holds

oi(t,z) + H(t,z,u, Vo) > 0. (3.6)

Remark 3.3. In the definition of subsolution, we are imposing conditions on u only at points x
where the super-differential is non-empty. Even if u is merely continuous, say nowhere differen-
tiable, there are many of these points. Indeed, by Lemma 2.5, the set of points & where DV u(z) # ()
is dense on Q. Similarly, for supersolutions we impose conditions only at points where D~ u(x) # 0.

Remark 3.4. If u is a C! function that satisfies (3.1) at every z € 2, then u is also a solution in
the viscosity sense. Viceversa, if u is a viscosity solution, then the equality (3.1) must hold at every
point  where u is differentiable. In particular, if u is Lipschitz continuous, then by Rademacher’s
theorem it is a.e. differentiable. Hence (3.1) holds a.e. in €.

Example 3.5. Set F(x,u,u;) =1 — |uy|. Then the function u(z) = |z| is a viscosity solution of
1—|ug|=0 (3.7)
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defined on the whole real line. Indeed, u is differentiable and satisfies the equation (3.7) at all
points z # 0. Moreover, we have

Dtu(0) = 0, D~ u(0) = [-1, 1]. (3.8)

To show that u is a subsolution, there is nothing else to check. To show that w is a supersolution,
take any p € [—1, 1]. Then 1 — |p| > 0, as required.
It is interesting to observe that the same function u(x) = |z| is NOT a viscosity solution of

the equation
lug| —1=0. (3.9)

Indeed, at = = 0, taking p = 0 € D~ u(0) we find |0] —1 < 0. In conclusion, the function u(z) = |z|
is a viscosity subsolution of (3.9), but not a supersolution.

4 - Stability properties

For nonlinear P.D.E’s, the set of solutions may not be closed w.r.t. the topology of uniform
convergence. In general, if u,, — u uniformly on a domain 2, to conclude that u is itself a solution
of the P.D.E. one should know, in addition, that all the derivatives D“u,, that appear in the
equation converge to the corresponding derivatives of u. This may not be the case in general.

Example 4.1. A sequence of solutions to the equation
luz| —1=0, u(0) =u(l) =0 (4.1)

is provided by the saw-tooth functions (fig. 4.1)

kE—1 : {kz—l k—1 1]
T — — if re|—, —+—

m m m 2m
m = k=1,...,m. 4.2
um(2) k . V 1 /@} " (42)
— -z if z€e|——-—, —
m m m’ m

Clearly u,;, — 0 uniformly on [0, 1], but the zero function is not a solution of (4.1). In this case,
the convergence of the functions u,, is not accompanied by the convergence of their derivatives.

figure 4.1

The next lemma shows that, in the case of viscosity solutions, a general stability theorem
holds, without any requirement about the convergence of derivatives.
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Lemma 4.2. Consider a sequence of continuous functions u,,, which provide viscosity sub-
solutions (super-solutions) to

Fo (U, Vig,) =0 r e . (4.3)

As m — oo, assume that F,, — F uniformly on compact subsets of Q x IR x IR"™ and wu,, — u in
C(Q). Then u is a subsolution (a supersolution) of (3.1)

Proof. To prove that u is a subsolution, let ¢ € C! be such that © — ¢ has a strict local maximum
at a point x. We need to show that

F(z,¢(z),Vo(xz)) <0. (4.4)

By Lemma 2.4, there exists a sequence x,, — x such that u,, — ¢ has a local maximum at x,,, and
U (Tm) — u(z) as m — oco. Since u,, is a subsolution,

F,, (xm,um(:vm),v¢(:vm)) <0. (4.5)
Taking the limit in (4.5) as m — oo, we obtain (4.4). L

The above result should be compared with Example 4.1. Clearly, the functions w,, in (4.2) are
not viscosity solutions.

The definition of viscosity solution is naturally motivated by the properties of vanishing vis-
cosity limits.

Theorem 4.3. Let u. be a family of smooth solutions to the viscous equation
F(z, u.(z), Vue(z)) = e Au, . (4.6)

Assume that, as € — 04, we have the convergence us — u uniformly on an open set 1 C IR™.
Then w is a viscosity solution of (3.1).

Proof. Fix z € Q and assume p € DT u(z). To prove that u is a subsolution we need to show that
F(z, u(z), p) < 0.

1. By Lemma 2.2 and Remark 2.3, there exists ¢ € C! with Vo(x) = p, such that u — ¢ has a
strict local maximum at z. For any § > 0 we can then find 0 < p < § and a function ¢ € C? such
that

[Ve(y) = V()] <6 if |y —a[<p, (4.7)

[ —¢ller <6 (4.8)

and such that each function u. — v has a local maximum inside the ball B(z; p), for € > 0 small
enough.

2. Let x. be the location of this local maximum of u. — . Since u. is smooth, this implies
Vip(z.) = Vu(ze), Au(z:) < Ay(ze), (4.9)

hence from (4.6) it follows
F(x, ue(ze), V¢(x€)) < e AY(ze). (4.10)

11



3. Extract a convergent subsequence x. — . Clearly |Z — x| < p. Since ¥ € C2, we can pass to
the limit in (4.10) and conclude

F(z, u(z), V¢(z)) <0 (4.11)

By (4.7)-(4.8) we have

V(&) — p| < |VY(E) — Vo(Z)| + |Ve(E) — V()|

4.12
<d+94. (4.12)

Since 6 > 0 can be taken arbitrarily small, (4.11) and the continuity of F' imply F(z,u(z),p) <0,
showing that u is a subsolution. The fact that u is a supersolution is proved in an entirely similar
way. Ll

5 - Comparison theorems

A remarkable feature of the notion of viscosity solutions is that on one hand it requires a
minimum amount of regularity (just continuity), and on the other hand it is stringent enough to
yield general comparison and uniqueness theorems.

The uniqueness proofs are based on a technique of doubling of variables, which reminds of
Kruzhkov’s uniqueness theorem for conservation laws [K]. We now illustrate this basic technique
in a simple setting.

Theorem 5.1 (Comparison). Let Q C IR" be a bounded open set. Let uj,us € C(Q) be,
respectively, viscosity sub- and supersolutions of

u+ H(x,Vu) =0 x e . (5.1)

Assume that
up(z) < ug(x) for all z € 0. (5.2)

Moreover, assume that H : Q0 X IR™ — IR is uniformly continuous in the x-variable:

[H(w,p) = H(yp)| <w(le—yl(1+1p])), (5.3)
for some continuous and non-decreasing function w : [0, 00[— [0, 00 with w(0) = 0. Then

ur(x) < ug(x) for all xz € Q. (5.4)

Proof. To appreciate the main idea of the proof, consider first the case where uy, us are smooth.
If the conclusion (5.4) fails, then the difference u; — uy attains a positive maximum at a point
xo € Q. This implies p = Vuy(z9) = Vua(zg). By definition of sub- and supersolution, we now
have

8’ (5.5)



X, Xo

figure 5.1a figure 5.1b

Subtracting the second from the first inequality in (5.5) we conclude uq(z¢) —u2(xo) < 0, reaching
a contradiction.

Next, consider the non-smooth case. We can repeat the above argument and reach again a
contradiction provided that we can find a point xg such that (fig. 5.1a)

(i) wi(zo) > uz(wo),

(ii) some vector p lies at the same time in the upper differential D" uj(xo) and in the lower
differential D~ ug(xq).

A natural candidate for z( is a point where u; —uq attains a global maximum. Unfortunately,
at such point one of the sets DTy (xg) or D~ us () may be empty, and the argument breaks down
(fig. 5.1b). To proceed further, the key observation is that we don’t need to compare values of u,
and us at exactly the same point. Indeed, to reach a contradiction, it suffices to find nearby points
z. and y. such that (fig. 5.2)

(1’) ul(xa) > u2(ya)7

(ii’) some vector p lies at the same time in the upper differential DT u(x.) and in the lower
differential D~ us(ye).

Can we always find such points? It is here that the variable-doubling technique comes in. The
trick is to look at the function of two variables

N |z —y[?

P (2,y) = ui(z) —u2(y) — T (5.6)
This clearly admits a global maximum over the compact set Q x Q. If u; > uy at some point x,
this maximum will be strictly positive. Moreover, taking € > 0 sufficiently small, the boundary
conditions imply that the maximum is attained at some interior point (z.,y.) € Q x Q. Notice
that the points ., y. must be close to each other, otherwise the penalization term in (5.6) will be
very large and negative.

We now observe that the function of a single variable

o) = (1) + L) — (o) - a0 5.7)

13



figure 5.2

attains its maximum at the point x.. Hence by Lemma 2.2

Te ~ ¥ _ Voi(z:) € DV (x).

Moreover, the function of a single variable

T. — 2
v - (e~ ") =) - pato) 5.

attains its minimum at the point y.. Hence

Te — Ye
g

= VSDQ(ya) € DiUQ(ys)'

We have thus discovered two points z., y. and a vector p = (z. —y.)/e which satisfy the conditions
(i")-(it").
We now work out the details of the proof, in several steps.

1. If the conclusion fails, then there exists xg € {2 such that

ui(xo) — u2(xg) = I;lea%{ {ui(z) —ug(z)} =6 >0. (5.9)

For € > 0, call (z,y.) a point where the function ®. in (5.6) attains its global maximum on the
compact set 0 x Q. By (5.9) one has

O (ze,y:) >0 > 0. (5.10)

2. Call M an upper bound for all values |u;(z)|, |uz(z)|, as € Q. Then
2
T —
(I)s(x7y) < 2M — |2€y’7

14



O (2,y) <0 if |z —y|* > Me.

Hence (5.10) implies
|ze — ye| < VMe. (5.11)

3. By the uniform continuity of the functions us on the compact set €2, for e’ > 0 sufficiently small
we have

’u2(m) - u2(y)‘ < g whenever |z —y| < VMe'. (5.12)

We now show that, choosing € < ¢/, the points z., y. cannot lie on the boundary of 2. For example,
if x. € 09, then by (5.11) and (5.12)

’ws - y€’2

(bs(xsays) < (Ul(xe) - UQ($5)) + |UQ(JI5) - u2(y5)‘ - %

<0+46/2+0,
against (5.10).

4. Having shown that x.,y. are interior points, we consider the functions of one single variable
1, p2 defined at (5.7)-(5.8). Since z. provides a local maximum for u; — ¢1 and y. provides a
local minimum for ug — 2, we conclude that

pe = = € D¥wy(w.) N D™ ua(ye). (5.13)

From the definition of viscosity sub- and supersolution we now obtain

Ul(xs) + H(xevps) < Oa

(5.14)
u(ye) + H(ye,pe) = 0.
5. Observing that
_ ‘xs — ye‘z
Ul(xs) —ug(r:) = ®(z,7:) < (I)s(waye) < Ul(xs) — ug(we) + ‘U2($€) - u2(y€)’ T e
by (5.9) we see that
’xa B y€’2
!uz(xg) — uz(ys)} - >0.
Hence, by the uniform continuity of us,
a2
|$62€ys| — 0 as € — 0. (5.15)

6. Recalling (5.10) and (5.13), and subtracting the second from the first inequality in (5.14), we

obtain
§ < O (e, ye)

< ui(ze) — u2(ye)
< ‘H(xsyps)_H(ys,pzs” (5'16)

< w((we —yel - (1+ |2 —ele™)).

This yields a contradiction, Indeed, by (5.3) and (5.15) the right hand side of (5.16) becomes
arbitrarily small as ¢ — 0. ]
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An easy consequence of the above result is the following uniqueness result for the boundary
value problem
u+ H(z,Vu) =0 x € Q, (5.17)

u=1 x € 0N (5.18)

Corollary 5.2 (Uniqueness). Let Q C IR™ be a bounded open set. Let the Hamiltonian function
H satisfy the equicontinuity assumption (5.3). Then the boundary value problem (5.17)-(5.18)
admits at most one viscosity solution.

Proof. Let uy,uy be viscosity solutions. Since u; is a subsolution and uz is a supersolution, and
u1 = ug on IS, by Theorem 1 we conclude u; < us on €. Reversing the roles of u; and us, we
deduce us < uy, completing the proof. L]

By similar techniques, comparison and uniqueness results can be proved also for Hamilton-
Jacobi equations of evolutionary type. Consider the Cauchy problem

u + H(t,z,Vu) =0 (t,x) €]0,T[ xIR", (5.19)
u(0,x) = u(x) x € IR". (5.20)
Here and in the sequel, it is understood that Vu = (uy,,...,us, ) always refers to the gradient of

u w.r.t. the space variables.
Theorem 5.3 (Comparison). Let the function H : [0,T] x IR™ x IR™ satisfy the Lipschitz
continuity assumptions

Let u,v be bounded, uniformly continuous sub- and super-solutions of (5.19) respectively. If
u(0,2) <v(0,z) for all z € IR", then

u(t,z) <w(t,x) forall (t,x) €[0,T] x IR". (5.23)

Toward this result, as a preliminary we prove

Lemma 5.4. Let u be a continuous function on [0,T] x IR™, which provides a subsolution of (5.19)
fort €]0,T[. If ¢ € C* is such that u — ¢ attains a local mazimum at a point (T, xq), then

¢t (Tv :CO) + H(T7 Zo, v¢(Ta xO)) S 0. (524)

Proof. We can assume that (7', z¢) is a point of strict local maximum for u — ¢. For each ¢ > 0
consider the function

be(t ) = O(t,2) + 7 -
Each function u — ¢. will then have a local maximum at a point (t.,z.), with
te <T, (teyxe) = (Tyxo) as e -0+ .
Since u is a subsolution, one has
Gealter 2e) + H(te, 20, Ve(le,22)) < —p— 53 (5.25)
Letting € — 0+, from (5.25) we obtain (5.24). Ll
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Proof of Theorem 5.3.

1. If (5.23) fails, then we can find A > 0 such that

sup {u(t,az) —v(t,z) — 2)\t} =0 > 0. (5.26)

t,x

Assume that the supremum in (5.26) is actually attained at a point (to,xg), possibly with to = T.
If both u and u are differentiable at such point, we easily obtain a contradiction, because

ut(t()a;v(]) + H(t(],x()v VU) < 07
Ut(twaO) + H(t()?x()vvv) > 07
Vu(to,ibg) = V’U(to,.fg), Ut(to, xo) — Ut(to,ibg) — 2 Z 0.

2. To extend the above argument to the general case, we face two technical difficulties. First,
the function in (5.26) may not attain its global maximum over the unbounded set [0,7] x IR™.
Moreover, at this point of maximum the functions u, v may not be differentiable. These problems
are overcome by inserting a penalization term, and doubling the variables. As in the proof of
Theorem 5.1, we introduce the function

1
e (t,2,8,y) = u(t,x) = o(s,y) = Mt +s) —e(lal” + yI°) = Z (It =5 + ]z —y[).

Thanks to the penalization terms, the function ®. clearly admits a global maximum at a point
(te, e, Se,ye) € (10, T x ]R")z. Choosing € > 0 sufficiently small, one has

D (te, e, 5c,Ye) > ng;x‘bg(t,l‘,t,l’) >0/2.

3. We now observe that the function

1 .
() = ult, @) = [0(se, o) + A+ 50) +2 (o +el?) + 5 ([t =5+ o = gel?) | = ult 2) (¢, )
takes a maximum at the point (¢.,z.). Since u is a subsolution and ¢ is smooth, this implies

2(xe — ye)

2(te — s¢)
e e = + 26l‘5> <0. (5.27)

9

A+ +H <tea Le,

Notice that, in the case where t. = T, (5.27) follows from Lemma 5.5.
Similarly, the function

1 .
(s,9) = v(s,y) = |ulte, ze) = Ate +5) —e(|ze +|y[*) — ;(!ts — s+ |z —yIQ)} =v(s,y) —¥(s,y)
takes a maximum at the point (¢.,z.). Since v is a supersolution and ¥ is smooth, this implies

2(te — se)

AT

2 e Je
+H <s€, Yes (3562“ - 25y5> >0. (5.28)
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4. Subtracting (5.28) from (5.27) and using (5.21)-(5.22) we obtain

2(xe — oo —
2\ S H <867 Ye, M - 263/6) - H <t57 Te, M + 261}5)
£ £

| | (5.29)
Te — Ye
S CE(‘$5’ + ‘y&") + C(|t€ - 35‘ + ’.%'5 - y€|) (1 + Ty +6(‘x8‘ + |y8’)> .

To reach a contradiction we need to show that the right hand side of (5.29) approaches zero as
e —0.

5. Since u, v are globally bounded, the penalization terms must satisfy uniform bounds, indepen-
dent of €. Hence

C/
’$€|a ‘ye| < %a ‘te - 5€|7 ’we - ye’ < C'e (5-30)
for some constant C’. This implies
e(|ze| + |ye]) < 2C"Ve. (5.31)
To obtain a sharper estimate, we now observe that ®.(t.,x., sc,ye) > Pc(te, e, te, x:), hence
1
U(tavxa) - U(Savye)_A(ta + 35) - E(‘JJ5|2 + |ye‘2) - ?(ﬁs - 55‘2 + ‘xs - ye‘2)
> u(te, z.) — v(te, Te) — 2Mte — 2e|a.|?,
1
6—2(]155 — 5P 4 |ze —ye?) S olte, ) — v(se, ye) + At — o) +e(|z> = |y [?). (5.32)
By the uniform continuity of v, the right hand side of (5.32) tends to zero as ¢ — 0, therefore

|ts - 35‘2 + ‘1'5 - ys‘z
52

— 0 as ¢ —0. (5.33)

By (5.30), (5.31) and (5.33), the right hand side of (5.29) also approaches zero, This yields the
desired contradiction. ]

Corollary 5.5 (Uniqueness). Let the function H satisfy the assumptions (5.21)-(5.22). Then the
Cauchy problem (5.19)-(5.20) admits at most one bounded, uniformly continuous viscosity solution

w:[0,T] x R" — IR.
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6 - Control theory

The evolution of a deterministic system described by a finite number of parameter can be
modelled by an O.D.E.
T = f(x) x € R".
In some cases, the evolution can be influenced also by the external input of a controller. An
appropriate model is then provided by a control system, having the form

= f(x,u). (6.1)
Here x € IR™, while the control u : [0,T] + U is required to take values inside a given set U C IR™.
We denote by

U= {u : R +— IR™ measurable, u(t) € U for a.e. t}

the set of admissible control functions. To guarantee local existence and uniqueness of solutions,
it is natural to assume that the map f : IR™ x IR™ +— IR™ is Lipschitz continuous w.r.t. x and
continuous w.r.t. u. The solution of the Cauchy problem (6.1) with initial condition

.T(to) = X0 (62)

will be denoted as t — x(t;to,zg,u). It is clear that, as u ranges over the whole set of control
functions, one obtains a family of possible trajectories for the system. These are precisely the
solutions of the differential inclusion

& € F(x) F(a;)i{f(x,w); wEU}. (6.3)

Example 6.1. Call z(t) € IR? the position of a boat on a river, and let v(z) be the velocity of the
water at the point z. If the boat simply drifts along with the currrent, its position is described by
the differential equation

& =v(z).
If we assume that the boat is powered by an engine, and can move in any direction with speed < p
(relative to the water), the evolution can be modelled by the control system

T = f(z,u) =v(x)+ pu lu| <p.

This is equivalent to a differential inclusion where the sets of velocities are balls with radius p
(fig. 6.1):
i € F(z) = B(v(z); p)

—— —— —— ——
—_— —
—_—
—_— - —_—
—_— —_—
Vv
—_— — —_— —
—— —— - - - —— ——
figure 6.1
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Example 6.2. An important class of control systems have the form
&= f(z) +g(z)u ue[-1,1]
where f, g are vector fields on IR™. This is equivalent to a differential inclusion
i€ Fx)={f(z)+g=)u; we[-1,1]}

where each set F'(z) of possible velocities is a segment (fig. 6.2).

&><7A

0 X,

figure 6.2

For the Cauchy problem (6.1)-(6.2), the reachable set at time T starting from xy at time ¢
(fig. 6.3) will be denoted by

R(T) = {x(T;to,xo,u), uEL{}. (6.4)

R(T)

figure 6.3
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The control u can be assigned as an open loop control, as a function of time: ¢ — u(t), or
as a feedback control, as a function of the state: z — u(zx).

Among the major issues that one can study in connection with the control system (6.1) are
the following.

1 - Dynamics. Starting from a point xg, describe the set of all possible trajectories. Study the
properties of the reachable set R(T).

2 - Stabilization. For each initial state xg, find a control u(-) that steers the system toward the
origin, so that
x(t;0,x9,u) — 0 as t— 00.

Preferably, the stabilizing control should be found in feedback form. One thus looks for a function
u = u(x) such that all trajectories of the system

&= f(z, u(z))
approach the origin asymptotically as ¢t — oo.

3 - Optimal Control. Find a control u(-) € U which is optimal w.r.t. a given cost criterion. For
example, given the initial condition (6.2), one may seek to minimize the cost

T
() = / h(z(t), ult)) dt + o((T))
to
over all control functions v € Y. Here it is understood that x(t) = z(t; to, xo, u), while
h:R"xUw— IR, ¢:R"— R

are continuous functions. We call h the running cost and ¢ the terminal cost.

7 - The Pontryagin Maximum Principle

In connection with the system
&= f(z,u), u(t) e U, t€[0,T], z(0) = xo, (7.1)

we consider the Mayer problem:
max V(x(T,u)) . (7.2)

Here there is no running cost, and only a terminal payoff to be maximized over all admissible
controls. Let t — u*(t) be an optimal control function, and let ¢ — z*(t) = x(¢; 0, zg, u*) be the
corresponding optimal trajectory (fig. 7.1). We seek necessary conditions that will be satisfied by

*

u-.

As a preliminary, we recall some basic facts from O.D.E. theory. Let ¢t — x(t) be a solution
of the O.D.E.
x=g(t ). (7.3)
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figure 7.1

Assume that g : [0,7] x IR" — IR™ is measurable w.r.t. ¢ and continuously differentiable w.r.t. .
Consider a family of nearby solutions (fig. 7.2), say t — x.(t). Assume that at a given time s one

has
lim e(s) —x(s) _ o(s) .
e—0 g
Then the first order tangent vector
t) —x(t
o(t) = Tim T =)
e—0 £

is well defined for every ¢ € [0,T], and satisfies the linearized evolution equation

with

figure 7.2
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Using the Landau notation, we can write z.(t) = x(t) + ev(t) + o(e), where o(e) denotes an
infinitesimal of higher order w.r.t. .

Together with (7.4), it is useful to consider the adjoint system
p(t) = —p(t)A(t) (7.6)

Here A is an n x n matrix, with entries A;; = 0g;/0x;, p € IR™ is a row vector and v € IR" is
a column vector. If ¢ — p(t) and t — v(t) satisfy (7.6) and (7.4) respectively, then the product
t — p(t)v(t) is constant in time. Indeed

%(p(t) v(t)) = p(t)v(t) + pt)o(t) = [ — p(t)A(t)]v(t) + p(t) [A(t)v(t)] = 0. (7.7)

After these preliminaries, we can now derive some necessary conditions for optimality. Since u*
is optimal, the payoff w(x(T ; u*)) cannot be further increased by any perturbation of the control
u*(+). Fix a time 7 €]0,7] and a control value w € U. For € > 0 small, consider the needle
variation u. € U (fig. 7.3):

w if  telr—e 7],

“E(t):{u*(t) it tglr—e 1.

0 - T T
figure 7.3

Call t — z.(t) = z(t,u.) the perturbed trajectory. We shall compute the terminal point
2:(T) = (T, u.) and check that the value of 1 is not increased by this perturbation.
Assuming that the optimal control u* is continuous at time t = 7, we have

o(r) = lim 2 =270

= f(x*(T), w) — f(ac*(T), u*(T)) (7.9)
Indeed, z.(7 — ) = 2*(7 — €) and on the small interval [T — e, 7| we have
T & f(x*(T), w), T* f(x*(T), u*(T)) .
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Since u. = u* on the remaining interval t € [, T, as in (7.4) the evolution of the tangent vector

o(t) = lim 2 = 27(0)

telr T
e—0 £

is governed by the linear equation
o(t) = A(t) v(t) (7.10)

with A(t) = Dy f(2*(t), u*(t)). By maximality, ¥ (z-(T)) < ¢(2*(T)), therefore (fig. 7.4)

Vi (z*(T)) -v(T) < 0. (7.11)

p(T)

figure 7.4

Summing up, the previous analysis has established the following:

For every time 7 (where u* is continuous) and every admissible control value w € U, we can
generate the vector

(r) = f(a*(7), w) = f(z7(7), w(7))

and propagate it forward in time, by solving the linearized equation (7.10). The inequality (7.11)
is then a necessary condition for optimality.

Instead of propagating the (infinitely many) vectors v(7) forward in time, it is more convenient
to propagate the single vector Vi) backward. We thus define the row vector ¢ — p(t) as the solution
of

p(t) = —p(t) A(D), p(T) = Vip(2*(T)). (7.12)
This yields p(t)v(t) = p(T)v(T) for every t. In particular, (7.11) implies

p(r) - [£(2*(7), w) = f(* (7). w' (7)) ] = V(2" (7)) - o(T) <0,

p(r) (1) = p(r) - f(@ (1), w' (7)) = max {p(r)  f(a*(r), ) }. (7.13)

welU



p(T)
figure 7.5

According to (7.13), for every time 7 €10, T, the speed *(7) corresponding to the optimal control
u*(7) is the one having has inner product with p(7) as large as possible (fig. 7.5).

With some additional care, one can show that the maximality condition (7.13) holds at every
7 which is a Lebesgue point of v*, hence almost everywhere. The above result can be restated as

Theorem 7.1: Pontryagin Maximum Principle (Mayer Problem, free terminal point).
Consider the control system

&= f(z,u) u(t) e U, x(0) = xg .

Let t — u*(t) be an optimal control and t — x*(t) = x(t,u*) be the corresponding optimal trajectory
for the mazimization problem
T .
max ¢ (2(T,u))

Define the vector t — p(t) as the solution to the linear adjoint system

p(t) = —p(t) A1), A(t) = Dy f (2" (), u™(1)),

with terminal condition
p(T) = Vip(z*(T)).

Then, for almost every T € [0,T] the following mazimality condition holds:

p(r) - f(2*(r), w' (7)) = max {p(r) - f(a"(r), w) }.

wel

Relying on the Maximum Principle, the computation of the optimal control requires two steps:

STEP 1: solve the pointwise maximixation problem (7.13), obtaining the optimal control u* as
a function of p, z, i.e.

u*(z,p) = argmax {p-flz,w)}. (7.14)

STEP 2: solve the two-point boundary value problem

{:’c = f(a:, u*(x,p)) { z(0) = xg

p=-p- D:tf(xa 'U,*(.%',p)) (715)
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e In general, the function u* = u*(p,z) in (7.14) is highly nonlinear. It may be multivalued or
discontinuous.

e The two-point boundary value problem (7.15) can be solved by a shooting method: guess
an initial value p(0) = po and solve the corresponding Cauchy problem. Try to adjust the
value of pg so that the terminal values x(T"), p(T) satisfy the given conditions.

Example 7.2 (Linear pendulum). Let ¢(¢) = be the position of a linearized pendulum, con-
trolled by an external force with magnitude u(t) € [—1, 1].

G(t) + q(t) = u(®), q(0) =4(0) =0, w(t) € [-1, 1].

We wish to maximize the terminal displacement ¢(T").
An equivalent control system is obtained by introducing the variables z1 = ¢, 2 = ¢:

1‘1::1:2 .%'1(0):
j?gzu—xl 1‘2(0):0

T,u).
vy

We thus seek

Let t — x*(t) = z(t,u*) be an optimal trajectory. The linearized equation for a tangent vector

()= (5 0) ()

The corresponding adjoint vector p = (p1, p2) satisfies

is

i ==t (O §)e e = Ve @) =00 (1)

because ¥ (x) = z1. In this special linear case, we can explicitly solve (7.16) without needing to
know x*,u*. An easy computation yields

(p1,p2)(t) = (cos(T —t), sin(T — t)) . (7.17)
For each ¢, we must now choose the value u*(t) € [—1, 1] so that

p122 +po(—21 +u”) = max pixy + po(—r1 +w).

wel—1,
By (7.17), the optimal control is

u*(t) = sign(p2(t)) = sign(sin(T —t)).

Example 7.3. Consider the problem on IR?
maximize z3(7T) over all controls w:[0,T] — [—1,1]
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figure 7.6

for the system

T1=1Uu 1,‘1(0) =0
To = —1q z2(0) =0 (7.18)
i3 = 29 — 7 x3(0) =0
The adjoint equations take the form
(P1,P2,P3) = (p2 + 221p3, —p3, 0) (p1,p2,p3)(T) = (0,0,1). (7.19)
Maximizing the inner product p - © we obtain the optimality conditions for the control u*
pru* +p2 (—x1) + ps (z2 — 27) = max, pi + p2 (—21) + ps3 (z2 — 27), (7.20)
we[-1,
u* =1 if p;1 >0,
{u*e[—l,l} if p=0,
u* = —1 if p1<O0.
Solving the terminal value problem (7.19) for ps, ps we find
ps3(t) =1, p2(t) =T —t.

The function p; can now be found from the equations

Pr=—142u" = =1+ 2sign(p1), p1(T) =0, p1(0) =p2(0) =T,
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with the convention: sign(0) = [—1, 1]. The only solution is found to be

2
—2<€—t) if 0<t<T/3,
p1(t) =
0 it T/3<t<T.

The optimal control is

wrpy= [T1 i 0ZE<Ty3,
12 if T/3<t<T.

Observe that on the interval [T/3, T] the optimal control is derived not from the maximality
condition (7.20) but from the equation ; = (=14 2u) = 0. An optimal control with this property
is called singular.

—O
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8 - Extensions of the P.M.P.

In connection with the control system
i=ftau)  ult) e, 2(0) = xo,
the more general optimization problem with terminal payoff and running cost

max {w(x(T,u)) —/0 h(t,z(t), u(t)) dt}

uelU

can be easily reduced to a Mayer problem with only terminal payoff. Indeed, it suffices to introduce
an additional variable x,41 which evolves according to

Eny1 = h(t,z(t), u(t)), Zn+1(0) =0,

and consider the maximization problem

max {w(m‘(T, u)) — 2ng1 (T, u)} .

uel

Another important extension deals with the case where terminal constraints are given, say
x(T) € S, where the set S is defined as

Si{mGJR”; ¢i(x) =0, izl,...,m}.
Assume that, at a given point x* € S, the m + 1 gradients Vi, V¢1,...,V¢,, are linearly
independent. Then the tangent space to S at z* is
TS:{UEJR”; Voi(z*)-v=0 izl,...,m}, (8.1)
while the tangent cone to the set

ST ={zeS; ¢(x)>yp(")}

Tg+ ={veR"; Vi(z*) v>0, Voi(x*) - v=0 i=1,...,m}. (8.2)

When z* = 2*(T) is the terminal point of an admissible trajectory, we think of Tq+ as the
cone of profitable directions, i.e. those directions in which we should like to move the terminal
point, in order to increase the value of ¢ and still satisfy the constraint z(T") € S (fig. 8.1).

figure 8.1
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This cone has a useful characterization:

Lemma 8.1. A vector p € IR"™ satisfies
p-v>0 for all v e T+ (8.3)

if and only if it can be written as a linear combination

p =X Vi(z*) + > A Vy(a¥) (8.4)
i=1
Proof.
Define the vectors
wo = Vip(z), w; = Vo (x*) i=1,...,m.

By our previous assumption, these vectors are linearly independent. We can thus add vectors wj,
j=m+1,..., n—1so that

{UJ(), Wi, =y WN, Wm+1, ---, wnfl}

is a basis of IR™. Let

{1)0, U1y " 3 UNy Um41y « -y Un—l}

be the dual basis, so that
1 if =y,
ViWiT N0 i i

We observe that

n—1
v € Tgrt if and only if v = covg + Z Ci;
i=m-+1

for some ¢y > 0, ¢; € IR. An arbitrary vector p € IR™ can now be written as

m n—1
p = Awo + Z Aw; + Z /\z-wj .
=1

i=m+1

If v € Tg+ then

n—1

p'v:)\oco—i— Z )\,C,
i=m+1

It is now clear that (8.3) holds if and only if \g >0 and \; =0 foralli=m+1,...,n—1. [
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figure 8.2

Let now t — z*(t) = z(t,u*) be a reference trajectory. As in the previous section, given
7 €]0,7T] and w € U, consider the family of needle variations

o w lf t € [T TGy T} )
u(t) = {u*(t) if téer— i, 7. (8:5)
Call *
o (T) = tig Tt o)

e—0 e

the first order variation of the terminal point of the corresponding trajectory. Define I' as the
smallest convex cone containing all vectors v™*. This is a cone of feasible directions, i.e. di-
rections in which we can move the terminal point z(7,u*) by suitably perturbing the control u*
(fig. 8.2).

We can now state necessary conditions for optimality for the

Mayer Problem with terminal constraints:

mac 1 (z(T, ), (8.6)
for the control system
z = f(t,z,u), u(t) € U, te0,T], (8.7)
with initial and terminal constraints
z(0) = o, ¢i(z(T)) =0, i=1,...,m. (8.8)

Theorem 8.2 (PMP, geometric version). Let t — x*(t) = x(t,u*) be an optimal trajectory for
the problem (8.6)-(8.8), corresponding to the control u*(-). Then the cones I' and Ts+ are weakly
separated, i.e. there exists a non-zero vector p(T) such that

p(T)-v>0 for all v e Tg+, (8.9)
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figure 8.3

p(T)-v<0 forall vel. (8.10)

This separation property is illustrated in fig. 8.3. An equivalemt statement is:

Theorem 8.3 (PMP, analytic version). Lett — x*(t) = z(t,u*) be an optimal trajectory,
corresponding to the control u*(-). Then there exists a non-zero vector function t — p(t) such that

p(T) = Xo Vo (2*(T)) + E)\ Vi (z*(T))  with Xo >0, (8.11)
p(t) = —p(t) Dy f(t, 2*(t), u*(t)) te 0,77, (8.12)
p(T) - f(T, x* (1), u*(T)) = gleaé( {p(T) . f(’]', x* (1), w)} for a.e. T €10,T]. (8.13)

We show here the equivalence of the two formulations.
By Lemma 8.1, (8.9) is equivalent to (8.11).
Recalling that every tangent vector v™“ satisfies the linear evolution equation

OTY(t) = Dy f(t, 2*(t), u*(t)) v (¢),
we see that, if ¢ — p(t) satisfies (8.12), then the product p(t) - v™“(t) is constant. Hence
p(T) - o7(T) <0
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if and only if

p(r) 07 (7) = p(r) - | (7, 2*(7), w) = £, 2" (7), w'(7))] <0

if and only if (8.13) holds.

As a special case, consider the

Lagrange Minimization Problem with fixed terminal point:

T
min/ L(t,x,u)dt,
ueU 0

for the control system on IR™

&= f(t,z,u) u(t) e U,
with initial and terminal constraints

z(0) = 2, o(T) = z*.

An adaptaition of the previous analysis yields

(8.14)

(8.15)

(8.16)

Theorem 8.4 (PMP, Lagrange problem). Let t — z*(t) = x(t,u*) be an optimal trajectory,
corresponding to the optimal control u*(-). Then there exist a constant X\ > 0 and a row vector

t — p(t) (not both = 0) such that
§(E) = —p(0) D (1, 2 (1), u* (6) = AD,L(t, 2 (1), u* (1)

p(t) - f(t, 2*(t), w*(£))+A L(¢, z*(t), u*(t))

= wmellrjl {p(t) [t 2*(t), w) + AL(t, z*(¢), w)} :

This follows by applying the previous results to the Mayer problem

Znellfll Tn+t1 (Ta u)

with
&= f(t,z,u), Ent1 = L(t,x,u), Tn4+1(0) =0.

(8.17)

(8.18)

Observe that the evolution of the adjoint vector (p, pn+1) = (P1,. .., Pn,Pnt1) is governed by the

linear system

pa7pn7pn = —P1y---yPnsPn
1 +) =~{pr 1l P37 VR TR P
oL/0xy --- OL/Oxz, O
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Because of the terminal constraints (z1,...,2,)(T) = (z},...,2%), the only requirement on the
terminal value (p1,...,pn,Pnt1)(T) is

Pnt1(T) > 0.

Since pp+1 = 0, we have p,11(f) = A for some constant A > 0.
Theorem 8.4 can be further specialized to the
Standard Problem of the Calculus of Variations:
minimize /OT L(t, z(t), #(t)) dt (8.19)
over all absolutely continuous functions z : [0, 7] + IR™ such that

z(0) = o, z(T) = = (8.20)

This corresponds to the optimal control problem (8.14), for the trivial control system

T = u, u(t) e U = IR". (8.21)

We assume that L is smooth, and that z*(-) is an optimal solution. By Theorem 8.4 there
exist a constant A > 0 and a row vector ¢ — p(t) (not both = 0) such that

p(t) = —)\aamL(t, z*(t), &*(t)), (8.22)
p(t) & (1) + AL(t, 2* (1), & (1) = min {p(t) ‘wH AL(t, 27 (8), w)} . (8.23)

If A =0, then p(t) # 0. But in this case £* cannot provide a minimum over the whole space IR".
This contradiction shows that we must have A > 0.

Since A, p are determined up to a positive scalar multiple, we can assume A = 1. With this
choice (8.22) implies

p(t) = —%L(t, z*(t), #*(t)) . (8.23)

The evolution equation
§0) = 2L (1, 2 (1), # (1)

now yields the famous Euler-Lagrange equations

d| o
dt | 0z

Moreover, the minimality condition

p(t) - & (1) + Lt a* (1), () = min {p(t) -w+ L(t, a"(t), w) |

weIR™

—L(t, z*(t), a’t*(t))} = ;iL(t, z*(t), *(t)). (8.24)

yields the Weierstrass necessary conditions

L(t, 2*(t), w) > L(t, a*(2), &*(t)) + OL(t, x*a(?’ (1) (w— (1)), (8.25)

valid for every w € IR"™. In other words (fig. 8.4), for every time ¢, the graph of w — L(t,z*(t),w)
lies entirely above its tangent plane at (¢, 2*(t), #*(t))
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a b x'(t ®
figure 8.4

9 - Dynamic programming
Consider again a control system of the form
i(t) = F((t), ult)) ,u(t) € U. (9.1)

We now assume that the set U C IR™ of admissible control values is compact, while f : IR" x U +—
IR™ is a continuous function such that

}f(:c,u)‘gC, }f(x,u)—f(y,u)‘§C|x—y| for all z,y € R", u e U, (9.2)
for some constant C. Given an initial data
z(s) =y € R", (9.3)

under the assumptions (9.2), for every choice of the measurable control function u(-) € U the
Cauchy problem (9.1)-(9.2) has a unique solution, which we denote as t — x(t; s, y, u) or sometimes
simply as t — z(t). We seek an admissible control function u* : [s,T] +— U, which minimizes the
sum of a running and a terminal cost

J(s,y,u) = /ST h(x(t), u(t)) dt + g(x(T)) (9.4)
Here it is understood that x(t) = x(¢; s, y, u), while
h:IR"xUw~ IR, g:R"— R
are continuous functions. We shall assume that the functions h, g satisfy the bounds
|h(z,u)] < C, l9(2)] < C. (9.5)
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|h(z,u) — h(y,u)| < Clz—yl, l9(x) — g(y)| < C'lz -y, (9.6)

for all z,y € IR™, uw € U. As in the previous sections, we call
U= {u : IR — IR™ measurable, u(t) € U for a.e. t} (9.7)

the family of admissible control functions. According to the method of dynamic programming,
an optimal control problem can be studied by looking at the value function:

V(s,y) = inf J(s,y,u). (9.8)
u(-)eU
We consider here a whole family of optimal control problem, all with the same dynamics (9.1) and

cost functional (9.4). We are interested in how the minimum cost varies, as a function of the initial
conditions (9.3). As a preliminary, we state

Lemma 9.1. Let the functions f,g,h satisfy the assumptions (9.2), (9.5) and (9.6). Then the
value function V in (9.8) is bounded and Lipschitz continuous. Namely, there exists a constant C'
such that

V(s,y)| <, (9.9)

V(s,y) = V(s )| <C(Is—s|+y—y]). (9.10)

For a proof, see [E].

We want to show that the value function V' can be characterized as the unique viscosity
solution to a Hamilton-Jacobi equation. Toward this goal, a basic step is provided by Bellman’s
principle of dynamic programming.

» X(T; T,y, U)

Ve y'=x(1:5,Y,)

figure 9.1

Theorem 9.2 (Dynamic Programming Principle). For every T € [s,T] and y € IR", one has

Vis,y) = tr(lf) {/Th(:c(t;s,y,u), u(t))dt + V(r, x(T;s,y,u))} . (9.11)
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In other words (fig. 9.1), the optimization problem on the time interval [s, T] can be split into
two separate problems:

e As a first step, we solve the optimization problem on the sub-interval [r, 7], with running cost
h and terminal cost g. In this way, we determine the value function V'(7,-), at time 7.

e As a second step, we solve the optimization problem on the sub-interval [s, 7], with running
cost h and terminal cost V(7,-), determined by the first step.

At the initial time s, by (9.11) we are saying that the value function V (s, -) obtained in step 2 is
the same as the value function corresponding to the global optimization problem over the whole
interval [s, T

Proof. Call J7 the right hand side of (9.11).

1. To prove that J™ < V(s,y), fix £ > 0 and choose a control u : [s,T] — U such that
J(s,y,u) < u(s,y) +e.

Observing that

V(T,x(r;s,y,u)) S/ h(m(t;s,y,u), u(t)) dt+g(at(T;s,y,u)),

T

we conclude -
JT S/ h(x(t; s, y,u), u(t)) dt +V (1, 2(75s,y,u))
< J(s,y,u) < V(s,y)+e.

Since € > 0 is arbitrary, this first inequality is proved.

2. To prove that V(s,y) < J7, fix € > 0. Then there exists a control u’ : [s, 7] — U such that
/ h(z(t; s, y,u), u(t)) dt +V(r, z(r;s,y,u')) < J™ +e. (9.12)

Moreover, there exists a control u” : [7,T] — A such that
J(7, z(r;s,y,0'), u") < V(r, z(r;8,y,u)) +e. (9.13)
One can now define a new control u : [s,T] — A as the concatenation of u', u:

Ll (2) if tes,7],
u(t) = {u”(t) it telr,T).

By (9.12) and (9.13) it is now easy to check that
Vi(s,y) < J(s,y,u) < J" +2e.
Since € > 0 can be arbitrarily small, this second inequality is also proved. L]

37



10 - The Hamilton-Jacobi-Bellman Equation

The main goal of this section is to characterize the value function as the unique solution of
a first order P.D.E., in the viscosity sense. In turn, this will provide a sufficient condition for the
global optimality of a control function u(-). As in the previous section, we assume here that the
set U is compact and that the functions f, g, h satisfy the bounds (9.2), (9.5) and (9.6).

Theorem 10.1. In connection with the control system (9.1), consider the value function V =
V(s,y) defined by (9.8) and (9.4). ThenV is the unique viscosity solution of the Hamilton-Jacobi-
Bellman equation

—[Vi+ H(z,VV)| =0 (t,2) €]0, T[ x R", (10.1)

with terminal condition
V(T,x) = g(z) x € R", (10.2)

and Hamiltonian function

H(xz,p) = Lrdnelg{f(:c,w) p+ h(z,w)}. (10.3)

Proof. By Lemma 9.1, the value function is bounded and uniformly Lipschitz continuous on
[0,T] x IR™. The terminal condition (10.2) is obvious. To show that V is a viscosity solution, let
pect (]O, T] x]R”). Two separate statements need to be proved:

(P1) If V — ¢ attains a local maximum at a point (tg,z¢) €]0, T[ x IR™, then

i (to, xo) + ur}nellrjl {f(z0,w) - V(to, z) + h(zo,w)} > 0. (10.4)

(P2) If V — ¢ attains a local minimum at a point (o, xo) €]0,T[ X IR"™, then

ot (to, o) + glelfIJl {f(a:o, w) - Ve(to, o) + h(xg,w) < 0. (10.5)

1. To prove (P1), we can assume that
V(t07 .T()) = ¢<t07 ZE()), V(t) x) < SO(t7 .'L‘) for all t,x.

If (10.4) does not hold, then there exists w € U and 6 > 0 such that

oi(to, z0) + f(xo,w) - V(to, o) + h(zo,w) < —6. (10.6)
We shall derive a contradiction by showing that this control value w is “too good to be true”.
Namely, by choosing a control function u(-) with u(t) = w for ¢t € [tg, to + ¢] and such that u
is nearly optimal on the remaining interval [to + 6, T, we obtain a total cost J(to, zo,u) strictly
smaller than V(tg,z¢). Indeed, by continuity (10.6) implies

oi(t,z) + f(z,w) - Vo(t,z) < —h(z,w) — 0. (10.7)
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whenever
|t — t0| < 4, |J} — .7}0| < (Y, (108)

for some 0 > 0 small enough and C' the constant in (9.2). Let x(t) = z(t; to, zo,w) be the solution
of

m(t) = f(x(t),w), x(tO) = Zo,

i.e. the trajectory corresponding to the constant control u(t) = w. We then have

V(to + 5, SE(to + 5)) — V(to,:ﬂo) S QO(to + 5, l‘(to + 6)) — @(to,l‘o)

to+4
= / %(p(t, z(t)) dt

tot5 10.9
= / {SDt(t, z(t)) + f(z(t),w) - Volt, x(t))}dt (10.9)

to

t0+(§
< —/ h(z(t), w) dt — 56,

to
because of (10.7). On the other hand, the Dynamic Programming Principle (9.11) yields
to+6
V(to+ 0, x(to +9)) — V(to, o) > —/ h(t, z(t)) dt. (10.10)
to

Together, (10.9) and (10.10) yield a contradiction, hence (P1) must hold.
2. To prove (P2), we can assume that
V(to, o) = ¢(to, o), V(t,x) > p(t,x) forall t,z.
If (P2) fails, then there exists # > 0 such that
oi(to, xo) + f(xo,w) - V(to, o) + h(zo,w) > 6  forall we U. (10.11)

In this case, we shall reach a contradiction by showing that no control function u(-) is good enough.
Namely, whatever control function u(-) we choose on the initial interval [to, to + ¢], even if during
the remaining time [tg + 0, T'] our control is optimal, the total cost will still be considerably larger
than V (¢, zo). Indeed, by continuity, (10.11) implies

oi(t,x) + f(z,w) - Vo(t,z) > 0 — h(z,w) for all w € U, (10.12)

for all t,z close to tg,xg, i.e. such that (10.8) holds. Choose an arbitrary control function u :
[to, to + 0] — A, and call t — x(t) = x(¢; to, o, u) the corresponding trajectory. We now have

V(t() + 4, .T(to + (5)) — V(to,wo) > (p(to + 4, fL’(to -+ (5)) — gO(to,.’L’o)
to+06 d

:/t agp(ze, z(t)) dt

ot 10.13
:/ e, z(t)) + f(z(t),u(t)) - Ve(t, (t)) dt ( )

to

> /t0+6 0 — h(x(t), u(t)) dt,

to
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because of (10.12). Therefore, for every control function u(-) we have

to+0
V(to+9, z(to+96)) + / h(z(t), u(t)) dt > V(to, o) + 56. (10.14)

to

Taking the infimum of the left hand side of (10.14) over all control functions u, we see that this
infimum is still > V (¢, 2z9) + 06. On the other hand, by the Dynamic Programming principle
(9.11), this infimum should be exactly V' (to,xo). This contradiction shows that (P2) must hold,
completing the proof. L]

One can combine Theorems 5.3 and 10.1, and obtain sufficient conditions for the optimality
of a control function. The usual setting is the following. Consider the problem of minimizing the
cost functional (9.4). Assume that, for each initial condition (s,y), we can guess a “candidate”
optimal control u®Y¥ : [s,T] — U. We then call

V(s,y) = J(s,y,u*") (10.15)

the corresponding cost. Typically, these control functions v*¥ are found by applying the Pontryagin
Maximum Principle, which provides a necessary condition for optimality. On the other hand,
consider the true value function V, defined at (9.8) as the infimum of the cost over all admissible
control functions u(-) € U. By Theorem 10.1, this function V provides a viscosity solution to

the Hamilton-Jacobi equation (10.1) with terminal condition V (T, y) = g(y). If our function V at
(10.15) also provides a viscosity solution to the same equations (10.1)-(10.2), then by the uniqueness

of the viscosity solution stated in Theorem 5.3, we can conclude that V=V. Therefore, all controls
u®Y are optimal.

We conclude this section by exhibiting a basic relation between the O.D.E. satisfied by extremal
trajectories according to Theorem 7.1, and the P.D.E. of dynamic programming (10.1). Namely:

The trajectories which satisfy the Pontryagin Mazximum Principle provide characteristic curves
for the Hamilton-Jacobi equation of Dynamic Programming.

We shall justify the above claim, assuming that all functions involved are sufficiently smooth.
As a first step, we derive the equations of characteristics, in connection with the evolution equation

V,+ H(z,VV) = 0. (10.16)
Call p = VV the spatial gradient of V', so that p = (p1,...,pn) = (Vay, ..., Vi, ). Observe that

82V . 8pi . 8pj
8a:i8xj - 8mj - 837@ '

Differentiating (10.16) w.r.t. z; one obtains

8p¢ . 82V 7_((9H _ (Q)iH 8pi
ot N 8:75,815 - 8%1 ; 8])]‘ 8xj '

(10.17)
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If now t — x(t) is any smooth curve, the total derivative of p; along z is computed by

d _ Opi . Opi
Gl T B s

10.1
N 8.%1 ; J 8])]' 8$j

In general, the right hand side of (10.18) contains the partial derivatives dp;/0z;. However, if we
choose the curve t — z(t) so that & = 0H/0p, the last term will disappear. This observation lies at
the heart of the classical method of characteristics. To construct a smooth solution of the equation
(10.16) with terminal data

V(T,z) = g(x), (10.19)

we proceed as follows. For each point , we find the solution to the Hamiltonian system of O.D.E’s

OH
! g (10.20)
. oH (T) = ).
p; = —8761(%17); pi(T) ox; (z)
This solution will be denoted as
t— x(t,7), t—p(t,z). (10.21)

For every t we have VV(t, x(t, f)) = p(t,z). To recover the function V', we observe that along
each solution of (10.20) one has

Therefore

T
V(t, x(t, 7)) =g($)+/t (H(m,p) —p- Zf) ds, (10.23)

where the integral is computed along the solution (10.21).

Next, assume that the hamiltonian function H comes from a minimization problem, and is
thus given by (10.3). For simplicity, we only consider the easier case where U = IR™ and h = 0,
so that no running cost is present. We thus have

H(:U,p)zp'f(x, u*(x,p)) :Hgn {p'f(xaw)}v (1024)

where
u*(z,p) = arg njin {p- flz,w)}. (10.25)

At the point u* where the minimum is attained, one has
of *
c—(z, u"(x, =0.
p- 5o (@ u(@,p))
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Hence

OH
9y (@ W @p) = f (@0 (@p),
OH 9

%(a:, u*(az,p)) =p- Fi(m, u*(x,p)) )

The Hamiltonian system (10.20) thus takes the form

T = f(x, u*(az,p)) , z(T) =1z,

p=-p- g‘i(x, u*(x,p)) 1020

We now recognize that the evolution equations in (10.26) and the optimality conditions (10.25) are
precisely those given in the Pontryagin Maximum Principle. In other words, let u*(-) be a control for
which the Pontryagin Maximum Principle is satisfied. Then the corresponding trajectory z(-) and

the adjoint vector p(-) provide a solution to the equations of characteristics for the corresponding
hamiltonian system (10.16).
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