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1 Introduction

Differential equations are extremely useful tools in modelling all sorts of dynamical systems.
As mathematicians, studying them for their own sake is an entirely acceptable, and even
laudable venture.

Unfortunately, many people and institutions that supply actual grant money have different
sensibilities, and want 'results’ that are 'useful’ and ’practical’. Heresy at its most profane,
I agree. But it’s the way of the world, and one must persevere. Onwards and upwards, as
they say.

Most human endeavours involve some degree of trying to control the behaviour of some
system or another. That is, a common theme in human thought is, ”given that I know how
this system will behave, how can I change it , to make the system act in a way that I would
prefer?”

What follows is then the perpetual cycle of human history between the two stages of ”What
harm could it do?” and "How could we have known?”

The main goal of Control Theory is to answer this first question for dynamical systems
modelled by differential equations (the latter two are left for watchdog organizations and
historians, respectively).

These notes are divided into four sections. The first is a brief introduction to the con-
trol problem, and a statement of some of the central ideas and tools used in establishing
controllability (whatever that may mean). The second develops some of the theory of finite
linear systems, in particular arriving at Kalman’s controllability condition, which completely
characterizes the controllability properties of such systems. The third is a development of
parallel controllability results for the heat equations, while the fourth provides investigates
how the theory of viscosity solutions to Hamilton-Jacobi equations can be used to build op-
timal controls.

2 Section One: Control versus Optimal Control

The astute reader may have noticed that ’Optimal Control’ is comprised of two words, and
that the first is a modifier of the second. There is a reason for this; Control Theory and
Optimal Control Theory ask two different, but related, questions. Let’s investigate.

An exceptionally (perhaps lamentably) general version of the optimal control problem is as
follows: given some sort of dynamical system, together with some way to control it, which



may be modelled as
Ay = Bu (*)

Where A and B are operators, specifying the model of the system, and how the control acts
on the system, respectively, y is the state of the system, and u is the control, from some
admissible set of controls, U.

We are additionally given some ’cost functional’ J(u), which maps to the reals, express-
ing the ’cost of running the control u’. The question Optimal Control theory asks is to find
a control u, in the space of admissible controls, such that

J(u) = infuev(u)

The slight peccadillo here is the following: how ought we choose the set of admissible con-
trols? What would we want out of these controls in the first place? Obviously, it would do us
no good if we found some control that minimized the cost functional, but this control didn’t
produce the desired results.

There are many types of control problems, depending on the context of the system un-
der study, and the objectives of the controllers. Three types are generally considered, it is
convenient to introduce some notation here:

Definition 1. Let U be a function space and let y1 be some given initial data in some Hilbert
space V, let T>0, then we define the set of reachable states in time T

R(T;y1) = {y(T) : yisasolution of (x), withu € U}

Here, U will be chosen based on the properties desired of our control. Control theory generally
considers three types of controllability:

Definition 2. We say system (*) is exactly controllable in time T if for every initial data
Y1, R(T;yl):v

Definition 3. System (*) is said to be approximately controllable in time T if for every
initial data y1, R(T;y1) is dense in V.

Definition 4. System (*) is said to be null controllable in time T if, for every initial data
y1, we have 0 € R(T;y1)

Depending on the type of controllability required by the application, the Optimal Control
setting will take as its set of admissible controls the control space that permits the type of
controllability needed by the application. The question of control theory is then ”for what
types of controls does this system have the desired controllability properties?”

3 Section Two: Finite Linear Systems

In order to introduce some of the concerns of control theory in a more concrete setting, let’s
develop the theory of controllability for finite, linear systems, which turns out to have an
exceptionally elegant answer. In this section, we consider the system:

Yy = Ay+ Bu ,t € (0,T) (1)
yo =y(0) e R"



We have A € M(n,n), B € M(n,m), m<n.

The controllability problem for this class of systems has a satisfying algebraic answer. Our
program for this section will be as follows; first, we will show the equivalence of all three
types of controllability for finite linear systems, then we’ll prove Kalman’s rank condition,
which characterizes exactly when a system is controllable by the rank of a certain matrix.

First, let’s establish the link between exact and null controllability:

Note that linearity of this system immediately gives us an equivalence between null control-
lability and exact controllability, since, for T>0, if y(T)=yr # 0 then we can define: z=y-x,
solving the system:

2= Az + Bu
2(0) = y(0) — z(0)
Where x is a solution to the system:
¥ = Ax
z(T) = yr
Then y(T)=yr iff 2(T)=0. So due to the linear, finite nature of the system, we have that null

controllability and exact controllability are equivalent. When we examine the heat equation,
we’ll see that this is not the case in an infinite dimensional context.

In a similarly quick way, we can brush concerns of approximate controllability under the
rug by noting that the set of reachable states is affine (explicitly writing y(T) out as a func-
tion of y(0) and u with the variation of constants formula makes this clear), and for finite n,
the only dense affine subspace of R™ is R"™, so in the finite case, approximate controllability
is equivalent to exact controllability.

Let’s concern ourselves now with characterizing exactly which systems are controllable (in
any of these three senses).

It is often convenient to examine the properties a system that is strongly related to our prime
system, that is the adjoint system of (1). Letting A* be the adjoint of A, then we consider
the adjoint system, which runs backward in time:

—¢' =A%, t€(0,T) (2)
o(T) = ¢r
This system gives rise to the dual notion to controllability, known as observability.

Definition 5. The adjoint system is said to be observable in time T>0 if Ic>0 such that

T
/0 B*6[2dt > cl(0)]?

For all o7 € R™, with ¢ the corresponding solution to the adjoint system.

The above inequality is often referred to as the observation inequality. The concept of
observability makes concrete the general notion that ”the action of the controls is sufficient
to determine the state of the system”. In particular, the observation inequality guarantees
that the solution of the adjoint equation at t=0 is completely determined by the B*¢ term,
which is the quantity observed through the control.

Let us now relate null controllability (and hence, exact controllability) to the adjoint sys-
tem.



Lemma 1. Given T>0, a control u € L?*(0,T), and an initial data point yo, we have that
yr=0 iff

T
/O (u, B*6) dt + (30, 6(0)) = 0

Proof. Let ¢ be arbitrary in R™, and let ¢ be the corresponding solution in the adjoint
system. Then, note that:

(2, ¢) = (Ay + Bu, ¢)
(=", y) = (¢, Ay)
Summing these two gives:

(v, ¢) + (¢, y) = (Bu, ¢)
=d/dt(y, ¢) = (u, B*9)

T
= / (u, B*6) dt = (yr, br) — (g0, d0)
0

and certainly y7=0 iff f0T<u, B*¢)dt =0 O

We’re now almost ready to make explicit the duality between observability and controllability,
but before this, we need a short lemma that follows from the above condition:

Lemma 2. Suppose the functional J : R" — R, defined by J(¢r)=1 fOT]B*¢|2 dt+ (yo, #(0))

has a minimizer quT and let qg be the corresponding solution to the adjoint system with final
data ¢p. Then uw = B*¢ is a control of system (1) that drives initial data yo to 0. (That is,
the solution to system (1) with control u and y(0) = yo has y(T) = 0.)

Proof. If d)AT is a minimizer for J, then we have

iy 7 (@1 + hx ér) — T (61)
h—0 h

T A
@/0 (B*¢, B*¢) dt + (yo, $(0)) = 0, Vo1 € R"

~

=u = B*¢ is a control for (1)

=0, V¢r eR"

O]

Interestingly, even though we claimed that questions of controllability precede questions of
optimality, this gives a hint that, often we may be able to establish controllability properties
simply by finding a minimizer of the appropriate functional. It does bear mentioning how-
ever, that this control is not necessarily unique.

In order to find minimizers of a functional, we often employ the Direct Method of the Calculusof Variation:
(DMCV), which we state here for completeness:

Theorem 1. Let H be a reflexive Banach space, K a closed convex subset of Hand ¢ : K — R
a function such that:

1. ¢ is convex

2. ¢ is lower semi-continuous

8. ¢ If K in unbounded, then ¢ is coercive

Then ¢ attains its minimum in K.



Now, we’re in the position to establish the correspondence between observability and opti-
mality:

Theorem 2. System (1) is exactly controllable in time T iff the adjoint system is observable
in time T.

Proof. (Observability = controllability)
By the above lemma, if the adjoint system is observable in time T, then it suffices to show
that Vyo € R™, the functional J has a minimum.

By the DMCYV, since J is continuous, it suffices to show that J is coercive, but the observation
inequality gives us that

T
| 1B oP e = o) vor e "
0

So that, certainly,

J(ér) > Slorl = (w0, #(0))]

Which gives us coercivity.

(Controllability = Observability)

Suppose that system (1) is exactly controllable in time T, but the adjoint system is not ob-
servable in time T.

Certainly, then there exists a sequence (¢%.),>1 C R™ with |¢%| = 1, V& > 1 and

T
lim / |B*¢*2dt =0
0

k—o0

Moreover, a subsequence ((Z)l}m)mzl converges to ¢p and |pp| = 1. Letting ¢ denote the
solution to the adjoint system with final data ¢r. We have

T
/ |B*¢|*dt =0
0
But the observability inequality tells us that for some ¢>0
T
| 1B oar > ooy
0
And, noting that ¢(t) = e (=T)$(0), we have that this is equivalent to
T
/ |B*¢[* dt > k|¢r|*
0
for some k>0, and since fOT\B*qﬁ]Q = 0, we have that ¢ = 0, which is a contradiction to the

fact that |¢p| = 1. O

We need one more lemma that relies crucially on the finite nature of the system in order to
establish Kalman’s rank condition. It is the following:

Lemma 3. To show observability, it suffices to show that B*¢(t) =0, ¥Vt € [0,T] = ¢7 =0



Proof. Suppose the above condition holds, then define the seminorm |¢7|, = ( fOT | B*|? dt)'/2.
Since |.|, is a seminorm, it is a norm iff the assumed condition holds. Thus, it is a norm. But
all norms on R are equivalent, so 3 C>0 such that

Clor| < |érls
T
sClonf < [ |Bofar
0
And using once more that ¢(t) = eA =T ¢(0), we have that

Kigof < [ 1B o
0

Hence the system is observable. O
Having established the equivalence of observability and we’re now in a position to prove
Kalman’s rank condition:

Theorem 3. System (1) is exactly controllable for some time T>0 iff

rank[B, AB, ..., A" 'B] =n
Moreover, if the system is controllable for some time T>0, then it is controllable for all time.

Proof. (=) Suppose that rank[B, AB, ..., A" 1 B] <n, then the rows are linearly dependent,
so there exists some v € R™ with v#£0 and

vI[B,AB,.., A" 'B] = I B,vTAB,....vTA""1B] = 0

Which gives that vT A¥B = 0, for k={0,1,...,n — 1}
By the Cayley-Hamilton theorem, we have the existence of a polynomial q, such that q(A)=0
and thus, there exist constants cy, ..., ¢, such that

A" = AV V4 e, d

but by the above, multiplying by v” gives v7 A = 0.

So that, in fact, we have v A*B = 0, Vk € N.

This gives us that vTe*B = 0, Vt,

but the variation of constants formula tells us that the state of the system at any point is
given by:

t
y(t) = e*tyo +/ eA=%) Bu(s) ds
0

Taking the inner product against v kills the integrand, giving:

(v, y(T)) = (v,e™ yo)

So the projection of the solution along v is independent of the control, hence the system is
uncontrollable.

(<) Suppose now that rank([B, AB, ..., A" 'B]) = n, we know that it suffices to show that
the system is observable. For which it suffices to show that B*¢(t) = 0, Vt € [0,T] = ¢ = 0.

So, suppose B*¢ = 0.

Since ¢(t) = eA"T=Y ey, we have that 0 = B*eAT Yy, for all 0 <t < T.

Taking derivatives in T yields that B*[A*]¢r = 0 for all k>0.

This implies that [B*, B*A*, ..., B*(A*)"!|¢7=0, but since [B, AB, ..., A" B] is of full rank,
so is [B*, B*A*, ..., B*(A*)"!], hence ¢7=0. Which is our desired result. O



4 Section Three: Controllability of the Heat Equation

As an example of how one extends the techniques and concerns of the finite linear case to
the infinite case, where exact, approximate and null controllability are no longer equivalent,
let us consider now the heat equation: Let Q C R™ and I' = 99, T>0 we consider:

ye— Ay =u inQ x (0,7T)

y=0 onI x (0,7)

y(z,0) = yo(x) in Q
With supp(u) := w C Q. This is known (for obvious reasons) as the interior control problem.

We consider here the questions of approximate and exact controllability, as the question of
null controllability, while answered in the affirmative, is considerably more involved.

Let us consider the problem of exact controllability (which is resolved exceptionally quickly):
Theorem 4. The heat equation is not exactly controllable for any w C Q, T > 0.

Proof. Note that for any 7" > 0, solutions of the heat equation are smooth on 2\ w, so for
any target v(z) € L2(2) \ C*™(Q) we have that y(x,T) # v(x), so that the system is not
exactly controllable. O

Note: In the case that w = €2, we have by standard existence and uniqueness of the PDE
that the system is exactly controllable in H'(€2).

Lemma 4. The heat equation is approximately controllable for any T>0

We give two proofs of this fact, the first is quick but unconstructive, but proves approximate
controllability for a more general class of systems, while the second involves the construction
of an explicit control for the heat equation, and is somewhat more enlightening. We will
recall here a consequence of Holmgren’s Uniqueness theorem, that if P is an elliptic partial
differentiation operator with analytic coefficients, and Py is real analytic in some open neigh-
bourhood of 2 C R”, then y is analytic.

For the first proof, recall that the Hahn-Banach theorem implies that if A is a subspace
of X, and 0 is the only element in the orthogonal complement of A, then A is dense in X.

Proof. Consider a system of the form
oy+Ay=f+u inQx(0,7)
y=0 onT x (0,7),
y(x,0;u) = yo(r) forz e
With
ajj € LOO(Q X (O,T))
> ai&ig; > oll€]?, a>0,¢eR”
i,J
Note first that by a translation, it suffices to consider f =0, yg =0
Now, let ¢ € L?([0,T] x §2) be orthogonal to the subspace generated by y(v) as v runs over

L?([0,T] x £2), with y the solution to the above system, with control v, and fixed but arbitrary
initial data. We have:

/ y(v)pdedt, Yo € L2([0,T] x Q)
[0,7]x$2



We then let € be the solution to the following adjoint system:

dg
Cdt
E=0 on[0,T]x X%
&(x,T)=0 on{

+ A =1 in[0,T] x Q

Then we have:

_ d¢ .
/[O,T]xﬂy(v)wdxdt_/ y(v)(—E + A*€) dadt

[0,7]x$2

/ (dil(t”) + Ay(v))e dzdt
[0,71x$2

/[O . vadxdt, Yo € L2([0,T] x Q)
NN

But then £ =0 in [0, 7] x Q implying that ¢ = 0, so that by the Hahn-Banach theorem, the
reachable set is dense in L2([0,T] x 2), and so the system is approximately controllable. [J

Note that the above proof holds for a much more general class of functions that just the
heat equation, so we’ve actually proved something much stronger. This proof is, however,
somewhat unsatisfying, as it gives so intuition as to how to construct the desired control. To
that end, let’s examine the following constructive proof of the approximate controllability of
the heat equation. We first define the functional J.:L?(Q) — R

1
Jor) = 3 [ 6*dwat +lorley — [ mords

Where ¢ is the solution to the adjoint equation with final data ¢, and Q@ = w x (0,7,
and y; € L?(Q) is the final target state. Suppose € > 0 is given, and by the linearity of the
system, we may suppose that yo = 0, as in the last proof.

The idea is that the minimizer of this functional, should it lie in L?(2) will be our desired
control.

Lemma 5. If ¢AT is a minimum of Je in L2() and qg is the solution of the adjoint system
with ¢ as final data, then u = ¢|, is an approximate control for the heat equation.
(ie: ly(T) = pillr2) <€)

Proof. Suppose that ¢ € L2(€) is a minimum of the functional .J.. Then, for any ¢y € L2()
and h € R, we have

Writing J(¢ + hiby) out explicitly, we have:

. 1 ) . )
6 o) = 5 [ 1ot il daat Aol — [+ b

1 [ - h? X . .
= /¢2dxdt+/¢2dxdt+h/¢¢dxdt+e||¢T+h¢0||L2(Q) /yl(ngJrhwo)dx



So that 0 < J.(¢ 4 hibo) — Je(P) gives us:
R h? R R R R
0< /¢2 dzdt + > / Y2 dzdt + h/¢1,b dzdt + €| pr + htbolL2(0) — /y1(qu + h(vo) dz + /ylng ddx
Q Q Q Q Q
1 [ - .
— 2/¢2 d$dt+6H¢THL2(Q)
Q

A 7 h? 2 i
_e(HﬂﬁT—i—hwo”[;(Q) — H¢T”L2(Q))+ 2/Q¢ dxdt—l—h(/@qblﬁdl‘dt—/gylwodw)

The triangle inequality on the L?-norm gives us that

h? .
0 <chllollzn + 5 [ v dedt (| guaadt — [ g dr)

Dividing through by h>0 and taking the limit, and then doing similarly for h<0 in the above
inequality gives us that

\Afwmw—AQWMMSdWﬂmmyvWeL%m

We now want to relate the first term in the left hand side to our approximate solution. To
do so, remark that

— Ay = uly,

So, setting u = qg, and multiplying through by %, the solution to the adjoint system with g
as final data, we have

/ $ dardt = / (e — Ay)ib dadt

=[ﬁw€—/ | suv
—/ywroT—/ R
= [ el - // (br + D)

5/MH—WWT
Q

:Amnw

So that
| [ @() =y dal < elollzey. o € L2(@)
Taking g = y(T) — y1 guarantees us that

|y(T) = y1ll L2y < €

Which proves our result. ]



Now, of course, we’ve assumed the existence of a minimizer of this functional in L?. Once
we’ve confirmed this, we’ve established approximate controllability with the control con-
structed above.

Lemma 6. 3¢ € L2(Q) such that J.(ér) = ming, cr2(0)Je(¢r)

Proof. We want to apply the Direct Method in the Calculus of Variations. Notice that the
bound we established in the previous proof on J, (¢ + hip) — Je(ér) gives us continuity of the
operator, and convexity follows immediately from the linearity of integration and the triangle
inequality from the L?-norm. So we just need to establish coercivity of the operator. To do
this, it suffices to show

J6(¢T)

liminf ———— >c¢
671l 20y~ [Tl L2(0)

We take an arbitrary sequence ¢7.; C L?(€2) and normalize them such that

¢T,j

Frj = T
T Nerslle )

and let qgj be the solution to the adjoint system with final data gEij. Then,
Je(or5)

1 ~ 9 -
T = —HQSTJ'HLQ(Q) / d)j dadt 4 € — /quST,j dz
ol 2 [0XT]xw Q

There are two possible cases now: .

1. liminf;_ o f[o T]Xw’d)j’z dadt > 0, in which case, since the [,y1¢7; dz term is bounded by
the L? norm of y; due to Holder, we have lim inf; oo Je(pr,;) = 00, so we have coercivity
directly.

2. liminfj o0 fig 7y, |¢5]* dzdt =0

In this case we note that since qu,j is bounded in L?(£2) so there exists a weakly convergent
subsequence (5T7j — g such that ¢~j — 1 weakly, where 1 is the solution of the adjoint
system with final data .

By lower semi-continuity we have:

/ P2 dadt < lim inf/ ngj2 dxdt
[0,T]xw J=o0 J0,T)xw

So that ¥ = 0 on [0,7] X w, and Holmgren’s uniqueness theorem guarantees that ¢» = 0 on
[0, T] x Q, so ¢ = 0. 3
Therefore, ¢ j — 0 weakly in L%(Q2) so that Joyrér,j dz — 0 as well, thus we have that

Je(¢T,j)

as desired.
O

5 Section Four: Optimal Control and Hamilton-Jacobi Equa-
tions

We would like to approach the problem of constructing optimal controls. To that end, consider
the following problem:

x(s) = f(z(s),a(s)) t<s<T)
z(t) =z € R"

10



With « a control, and we take the space of admissible controls, U, to be the set of measurable
functions on [0,T], with T>0 a fixed time. We define the cost functional to be:

T
@M®:[L@@ﬂ@NHW@@»

And our goal is to find some « that minimizes this functional. In our current setting, we
suppose that f, L and v are all bounded and Lipschitz continuous on their domain of definition.
As it turns out, there is a useful result that gives us a starting place for this endeavour, giving
necessary conditions for such a control to be optimal. It is the Pontryagin Maximum Principle,
which we state here:

Theorem 5. Given the control system
= fy,u), u(t)eU, t€[0,T], y(0) =yo, di(y(T))=0, i=1,....,m, m<n
Consider the problem of finding a control u* such that
Y(y(T,u)) = maxy(y(T, u))
Y :R" - R

Define y* to be the trajectory of the state under the optimal control. Then, there exists a
non-zero vector function p(t) such that:

p(T) = M Vi(y Z ANiVoi(y*(T)) with Ao >0

p(t) = —pO) Dy f(t, y" (¢ ) *(t)), tel0,T]
p(r)f(ry7 (1), u" (1)) = mazweu{p() f(T,y* (1), w)} fora.e.T €[0,T]

For some ;.

Note that we can actually use this theorem in the more general optimization problem:

y:f(yau)7 u(t)EUa tE[O,T], y(o):yO

With control u maximizing;:
T
ma(6(u(T,0) ~ [ Lt y(t),u(t) de)
uelU 0
by introducing y,+1 such that:

Z)n—‘rl = L(t7 y(t)7 u(t))
yn+1(0> =0

And considering the re-defined problem:
max{y(y(T,u)) = yn41(T, u)}

uelU

Obviously, we can equally well consider minimization problems with this technique.

The Pontryagin Maximum Principle provides us with necessary conditions for a control to be
optimal, and so it helps us search for optimal controls. But how ought we check the optimality
of the controls once we’ve determined a candidate? This is where Hamilton-Jacobi-Bellman
equation come into play:

Let give the context in which we will be working.

11



Definition 6. Given a Hamilton-Jacobi-Bellman equation of the form

ug + mingea{ f(z,a) * Du+ h(z,a)}) =0 in R" x [0,T]
u=g onR"x{t="T}

A function u is called a viscosity solution to the above problem if u =g on R" x {t =T},
and for all v e C*°(R™ x (0,T))

if u — v has a local maximum at (xg,tg) € R" x (0,7) then
Ut(CC(], to) + H(DU(I‘(), to), 330) >0

And

if u — v has a local minimum at (zg,tg) € R" x (0,7") then
Ut(l‘o, to) + H(DU(ZL‘Q, to), :Eo) <0

The utility of viscosity solutions comes from the following fact:
Theorem 6. If a Jacobi-Hamilton PDE satisfies the following Lipschitz condition:

|H(p,z) — H(q,z)| < Clp—q
|H(p, =) — H(p,y)| < Clz —y|(1+ |p|)

for z,y,p,q € R", then the initial value problem of the PDE has at most one viscosity solution.

Our strategy for obtaining sufficiency conditions for controls generated through the Pontrya-
gin Maximum Principle will be the following:
first, we define the value function:

=mf{/ ) ds + $((T))}

acU

Our goal will be to show that this function is, in fact, the unique viscosity solution to the
Hamilton-Jacobi-Bellman equation, thereby giving us a condition against which we can check
potential controls.

Our first task is to establish a useful lemma, which states that the optimal control must
be optimal on subinterval, which allows us to break up it’s computation. This is known as
the Dynamic Programming Principle:

Lemma 7. For all 7 € [t,T] we have:

(@) = inf ([ Lia(s).a(s) ds + ula(r). 7))

acU

Proof. We split the problem up. First, choose some arbitrary control a; € U and solve

Z1(s) = f(z1(8),1(s8)) (t<s<T)

z1(t) =z

Fix € > 0 and choose a9 € U such that

T
/ L(za(s), an(s)) ds + ¥(e2(T)) < u(ar (), 7)

12



where

Za(s) = f(xa(s),aa(s)) (t<s<T)

xo(t) =z

Then we set as(s)

a1(s) on (t,7) and = ag on (7,7)
The fact that u(z,t) =

infocp Cp () gives us that

3
) < Crilas)

T
/ ar®)ds+ [ Lra(s),a(s) ds + v(aa(D))
2/ L(z1(s),a1(s))ds +u(x1(7),7) + €, by our choice of as

But a; was arbitrary, so

(u( <1nf{/ ))ds +u(z(r),7)} +€

aclU

In the other direction, fix again € > 0 and let gy € U be such that

T
)= [ L) anls)) ds+ (D)
Where,

Z4(8) = fza(s),as(s)) (t<s<T)

x4(t) = x

But certainly,
T
u(xy (7)) < / L(z4(s), a4(s))ds +1(xa(T)), So taking the infimum of both sides

u(e, e>1nf{/ ))ds + u(z(r), 7))

aclU
Taking € — 0 in both inequalities finishes the proof. O
We now need to establish that the value function is Lipschitz continuous:

Lemma 8. Suppose that f, L, and ¢ are bounded and Lipschitz continuous, then the value
function u(z,t) is bounded and Lipschitz continuous. That is, there exists a constant K, such
that

u(z, )] < K
u(z, t) —u(@', )] = K(jz —a'| + [t = ])

Proof. Boundedness of u is clear from the boundedness of the component functions. So we
focus on Lipschitz continuity.
Let (Z,t) be given initial data, and let € > 0 be given. Choose a control w € U such that

C@g(w) < wu(z,t) + €
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be the trajectory under w. Define then z(t) to be the trajectory under different initial
t) but keeping the same control. Since f is bounded and Lipschitz, we have:

ly(@) — 2()] < [y(@) —y@®] +y(E) — 2())] < Cli = + |z — &, and
ly(t ) ( )| < eClt= t‘]y( t) — z(t)|, by Gronwall's inequality

let y(
data

t)
(z,

Using next the boundedness and Lipschitz continuity of L and v, we have

t T
%szgﬂw+luaw&+lL@w—u%wm+wwM—wwn>

SC()+M%w+/lﬂ )~ y()] dt + K|(T) - y(T)|
< Crp(w) +C'JE— 1] + |z — 2,
u(E, t) < Cp p(w) < u(z,1) +e+C’(\f—ﬂ + |z — &)

We then let ¢ — 0 and repeat the argument with the roles of (Z,) and (z,f) reversed, which
yields Lipschitz continuity of u. O

We are now ready to state the main result of this section, that is:

Theorem 7. The value function u is the unique viscosity solution of the terminal value
problem for the Hamilton-Jacobi-Bellman equation:

’LLt—{—HIEIII]l{f(CL‘,OZ)DU—FL(CC,OZ)}
u=1vY onR"x{t=T}

Proof. Obviously, from our bounds on f, and 1, H satisfies the necessary Lipschitz conditions,
so that it has at most one viscosity solution. We aim to show that u(x,t) is this very solution.

Certainly, by construction, u(x,T) = 9 (z), so letting ¢ € C*((R)" x (0,T)), we have two
things to show:

If u — ¢ attains a local maximum at (xg, ), then
dt(20, to) + minyeu{ f(zo, w)D(xo, o) + L(wo, w)} > 0
And

If u — ¢ attains a local minimum at (xo, o), then
dt(x0, o) + minyev {f (2o, w) Dp(w0, to) + L(zo, w)} <0

We begin with the first.

By translation and restricting our attention to a neighbourhood of (zg, tg) we can may assume
u(xo,to) = ¢(xo,to) and u(x,t) < ¢(x,t) otherwise. Now, we suppose that there exists w € U
and 6 > 0 such that

o1(xo, to) + Dd(x0,t0) f(x0, w) + L(xg, w) < —6 (1)

That is, the first condition does not hold. But if this is the case, then by continuity and
Lipschitz continuity, there is some § such that while |t — to| < §] and |z — 2| < C9, we have

ot(x,t) + Do(x,t) f(x,w) < —0 — L(z,w)

14



Let y(t) be the trajectory under w, that is, the solution solution of:
g(t) = f(t, x)
y(to) = zo

Then we have

u(to + 9,y(to + 6)) — ulto, x0) < é(y(to + 6),to + ) — (o, to)

to+0 d
- [ Gt a

0

to+0
-/ " gu(a(t), ) + Dole(t), O fle(t),w) dt

to

IN

to+0
—/ L(z(t), w)dt — 66 So that

to

to+0
u(zg, tg) > / L(z(t), w)dt + u(to + 0, y(to + 6)) + 66
to

But u(zo,t0) = tt00+5L(x(t), wdt + u(x(to + 6),to + 6) by the Dynamic Programming Prin-

ciple, so we have a contradiction.

Now we prove the second condition for u to be a viscosity solution. Again, by translation
and restriction of attention, we may suppose WLOG that

u(zo, to) = ¢(xo,to) and
wl,t) > o, 1) Vit

Suppose that the second condition fails, that is, that 30 > 0 such that
d(z0,t0) + Dp(20,t0) f (20, w) + L(20, w) > 0, YVw € U

By continuity again, we have for x and t such that |t —¢o| < 0 and |z — x| < C6, for some
>0,

¢($0,t0) + D¢(x0,t0)f(x0, w) >0 — L(.I'(],’U)) VeeU

Choosing an arbitrary control 8 € U and letting x(t) denote the corresponding trajectory of
the system, we have:

u(to + 9, y(to + 5)) — u(to, xo) > ¢(y(t0 + 5), to + 5) — (Z)(xo,to)

to+0 d
— [ ot

to

to+o
_ / " gu(a(0),8) + Dola(t). ) f(x(t),w) dt

to

to+0
> / 0 — L(z(t),w)dt So that

to

to+6
u(z(to +90),t0 + do) + /t L(z(t),u(t))dt > u(zg, to) Yw € U

Taking the infimum over all controls and applying the Dynamic Programming Principle to
the left hand side gives

u(zo,to) > u(xo,to) + 60

A contradiction, hence u the unique viscosity solution to the HJB equation. ]
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So we now have a sufficient condition against which we may check the optimality of controls,
as promised.
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