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Chapter 1

Control Theory: History,
Mathematical
Achievements and
Perspectives (F.
Ferndndez-Cara and E. Zuazua)

joint work with E. Ferndndez-Cara, Universidad de Sevilla, Spain, in Bol.

SEMA (Sociedad Esparniola de Matemdtica Aplicada), 26, 2003, 79-140.

1.1 Introduction

This article is devoted to present some of the mathematical milestones of Con-
trol Theory. We will focus on systems described in terms of ordinary differen-
tial equations. The control of (deterministic and stochastic) partial differential
equations remains out of our scope. However, it must be underlined that most
ideas, methods and results presented here do extend to this more general set-
ting, which leads to very important technical developments.

The underlying idea that motivated this article is that Control Theory is
certainly, at present, one of the most interdisciplinary areas of research. Con-
trol Theory arises in most modern applications. The same could be said about
the very first technological discoveries of the industrial revolution. On the other
hand, Control Theory has been a discipline where many mathematical ideas
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8 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

and methods have melt to produce a new body of important Mathematics. Ac-
cordingly, it is nowadays a rich crossing point of Engineering and Mathematics.

Along this paper, we have tried to avoid unnecessary technical difficulties,
to make the text accessible to a large class of readers. However, in order to
introduce some of the main achievements in Control Theory, a minimal body
of basic mathematical concepts and results is needed. We develop this material
to make the text self-contained.

These notes contain information not only on the main mathematical results
in Control Theory, but also about its origins, history and the way applications
and interactions of Control Theory with other Sciences and Technologies have
conducted the development of the discipline.

The plan of the paper is the following. Section 2 is concerned with the
origins and most basic concepts. In Section 3 we study a simple but very
interesting example: the pendulum. As we shall see, an elementary analysis of
this simple but important mechanical system indicates that the fundamental
ideas of Control Theory are extremely meaningful from a physical viewpoint.

In Section 4 we describe some relevant historical facts and also some impor-
tant contemporary applications. There, it will be shown that Control Theory
is in fact an interdisciplinary subject that has been strongly involved in the
development of the contemporary society.

In Section 5 we describe the two main approaches that allow to give rigorous
formulations of control problems: controllability and optimal control. We also
discuss their mutual relations, advantages and drawbacks.

In Sections 6 and 7 we present some basic results on the controllability of
linear and nonlinear finite dimensional systems. In particular, we revisit the
Kalman approach to the controllability of linear systems, and we recall the use
of Lie brackets in the control of nonlinear systems, discussing a simple example
of a planar moving square car.

In Section 8 we discuss how the complexity of the systems arising in modern
technologies affects Control Theory and the impact of numerical approxima-
tions and discrete modelling, when compared to the classical modelling in the
context of Continuum Mechanics.

In Section 9 we describe briefly two beautiful and extremely important
challenging applications for Control Theory in which, from a mathematical
viewpoint, almost all remains to be done: laser molecular control and the
control of floods.

In Section 10 we present a list of possible future applications and lines of
development of Control Theory: large space structures, Robotics, biomedical
research, etc.

Finally, we have included two Appendices, where we recall briefly two of
the main principles of modern Control Theory, namely Pontryagin’s mazimum
principle and Bellman’s dynamical programming principle.
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1.2 Origins and basic ideas, concepts and ingre-
dients

The word control has a double meaning. First, controlling a system can be
understood simply as testing or checking that its behavior is satisfactory. In a
deeper sense, to control is also to act, to put things in order to guarantee that
the system behaves as desired.

S. Bennet starts the first volume of his book [16] on the history of Con-
trol Engineering quoting the following sentence of Chapter 3, Book 1, of the
monograph “Politics” by Aristotle:

“...if every instrument could accomplish its own work, obeying
or anticipating the will of others ...if the shuttle weaved and the
pick touched the lyre without a hand to guide them, chief workmen
would not need servants, nor masters slaves.”

This sentence by Aristotle describes in a rather transparent way the guiding
goal of Control Theory: the need of automatizing processes to let the human
being gain in liberty, freedom, and quality of life.

Let us indicate briefly how control problems are stated nowadays in math-
ematical terms. To fix ideas, assume we want to get a good behavior of a
physical system governed by the state equation

Aly) = f(v). (1.1)

Here, y is the state, the unknown of the system that we are willing to
control. It belongs to a vector space Y. On the other hand, v is the control. It
belongs to the set of admissible controls U,q . This is the variable that we can
choose freely in U,q to act on the system.

Let us assume that A : D(A) CY — Y and f : Uaq — Y are two given
(linear or nonlinear) mappings. The operator A determines the equation that
must be satisfied by the state variable y, according to the laws of Physics. The
function f indicates the way the control v acts on the system governing the
state. For simplicity, let us assume that, for each v € U,q , the state equation
(1.1) possesses exactly one solution y = y(v) in Y. Then, roughly speaking, to
control (1.1) is to find v € Uypq such that the solution to (1.1) gets close to the
desired prescribed state. The “best” among all the existing controls achieving
the desired goal is frequently referred to as the optimal control.

This mathematical formulation might seem sophisticated or even obscure
for readers not familiar with this topic. However, it is by now standard and it
has been originated naturally along the history of this rich discipline. One of
the main advantages of such a general setting is that many problems of very
different nature may fit in it, as we shall see along this work.
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As many other fields of human activities, the discipline of Control existed
much earlier than it was given that name. Indeed, in the world of living species,
organisms are endowed with sophisticated mechanisms that regulate the various
tasks they develop. This is done to guarantee that the essential variables are
kept in optimal regimes to keep the species alive allowing them to grow, develop
and reproduce.

Thus, although the mathematical formulation of control problems is intrin-
sically complex, the key ideas in Control Theory can be found in Nature, in
the evolution and behavior of living beings.

The first key idea is the feedback concept. This term was incorporated to
Control Engineering in the twenties by the engineers of the “Bell Telephone
Laboratory” but, at that time, it was already recognized and consolidated in
other areas, such as Political Economics.

Essentially, a feedback process is the one in which the state of the system
determines the way the control has to be exerted at any time. This is related
to the notion of real time control, very important for applications. In the
framework of (1.1), we say that the control u is given by a feedback law if we
are able to provide a mapping G : Y +— U,q such that

u=G(y), wherey=y(u), (1.2)

i.e. y solves (1.1) with v replaced by w.

Nowadays, feedback processes are ubiquitous not only in Economics, but
also in Biology, Psychology, etc. Accordingly, in many different related areas,
the cause-effect principle is not understood as a static phenomenon any more,
but it is rather being viewed from a dynamical perspective. Thus, we can speak
of the cause-effect-cause principle. See [162] for a discussion on this and other
related aspects.

The second key idea is clearly illustrated by the following sentence by
H.R. Hall in [102] in 1907 and that we have taken from [16]:

“It is a curious fact that, while political economists recognize that
for the proper action of the law of supply and demand there must be
fluctuations, it has not generally been recognized by mechanicians in
this matter of the steam engine governor. The aim of the mechanical
economist, as is that of the political economist, should be not to do
away with these fluctuations all together (for then he does away with
the principles of self-regulation), but to diminish them as much as
possible, still leaving them large enough to have sufficient regulating
power.”

The need of having room for fluctuations that this paragraph evokes is
related to a basic principle that we apply many times in our daily life. For
instance, when driving a car at a high speed and needing to brake, we usually
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try to make it intermittently, in order to keep the vehicle under control at any
moment. In the context of human relationships, it is also clear that insist-
ing permanently in the same idea might not be precisely the most convincing
strategy.

The same rule applies for the control of a system. Thus, to control a system
arising in Nature or Technology, we do not have necessarily to stress the system
and drive it to the desired state immediately and directly. Very often, it is much
more efficient to control the system letting it fluctuate, trying to find a harmonic
dynamics that will drive the system to the desired state without forcing it too
much. An excess of control may indeed produce not only an inadmissible cost
but also irreversible damages in the system under consideration.

Another important underlying notion in Control Theory is Optimization.
This can be regarded as a branch of Mathematics whose goal is to improve a
variable in order to maximize a benefit (or minimize a cost). This is applicable
to a lot of practical situations (the variable can be a temperature, a velocity
field, a measure of information, etc.). Optimization Theory and its related
techniques are such a broad subject that it would be impossible to make a
unified presentation. Furthermore, a lot of recent developments in Informatics
and Computer Science have played a crucial role in Optimization. Indeed, the
complexity of the systems we consider interesting nowadays makes it impos-
sible to implement efficient control strategies without using appropriate (and
sophisticated) software.

In order to understand why Optimization techniques and Control Theory
are closely related, let us come back to (1.1). Assume that the set of admissible
controls U,q is a subset of the Banach space Y (with norm || - ||z) and the state
space Y is another Banach space (with norm || - ||y). Also, assume that the
state yq € Y is the preferred state and is chosen as a target for the state of the
system. Then, the control problem consists in finding controls v in U,q such
that the associated solution coincides or gets close to yq4.

It is then reasonable to think that a fruitful way to choose a good control
v is by minimizing a cost function of the form

1
J(v) = 5“3/(“) —vall§ Vv € Uaa (1.3)
or, more generally,
_1 2 H 2
J() = S lly(v) = ally +Sllvlz Vv € Uaa, (1.4)

where p > 0.

These are (constrained) extremal problems whose analysis corresponds to
Optimization Theory.

It is interesting to analyze the two terms arising in the functional J in (1.4)
when p > 0 separately, since they play complementary roles. When minimizing
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the functional in (1.4), we are minimizing the balance between these two terms.
The first one requires to get close to the target y4 while the second one penalizes
using too much costly control. Thus, roughly speaking, when minimizing J we
are trying to drive the system to a state close to the target y,; without too
much effort.

We will give below more details of the connection of Control Theory and
Optimization below.

So far, we have mentioned three main ingredients arising in Control Theory:
the notion of feedback, the need of fluctuations and Optimization. But of
course in the development of Control Theory many other concepts have been
important.

One of them is Cybernetics. The word “cybernétique” was proposed by the
French physicist A.-M. Ampeére in the XIX Century to design the nonexistent
science of process controlling. This was quickly forgotten until 1948, when
N. Wiener chose “Cybernetics” as the title of his book.

Wiener defined Cybernetics as “the science of control and communication
in animals and machines”. In this way, he established the connection between
Control Theory and Physiology and anticipated that, in a desirable future,
engines would obey and imitate human beings.

At that time this was only a dream but now the situation is completely dif-
ferent, since recent developments have made possible a large number of new ap-
plications in Robotics, Computer-Aided Design, etc. (see [199] for an overview).
Today, Cybernetics is not a dream any more but an ubiquitous reality. On the
other hand, Cybernetics leads to many important questions that are relevant
for the development of our society, very often in the borderline of Ethics and
Philosophy. For instance,

Can we be inspired by Nature to create better engines and ma-
chines ?

Is the animal behavior an acceptable criterium to judge the perfor-
mance of an engine ?

Many movies of science fiction describe a world in which machines do not
obey any more to humans and humans become their slaves. This is the op-
posite situation to the one Control Theory has been and is looking for. The
development of Science and Technology is obeying very closely to the predic-
tions made fifty years ago. Therefore, it seems desirable to deeply consider and
revise our position towards Cybernetics from now on, many years ahead, as we
do permanently in what concerns, for instance, Genetics and the possibilities
it provides to intervene in human reproduction.
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1.3 The pendulum

We will analyze in this Section a very simple and elementary control problem
related to the dynamics of the pendulum.

The analysis of this model will allow us to present the most relevant ideas in
the control of finite dimensional systems, that, as we said above, are essential
for more sophisticated systems too. In our presentation, we will closely follow
the book by E. Sontag [206].

The problem we discuss here, far from being purely academic, arises in
many technological applications and in particular in Robotics, where the goal
is to control a gyratory arm with a motor located at one extreme connecting
the arm to the rest of the structure.

In order to model this system, we assume that the total mass m of the arm
is located at the free extreme and the bar has unit length. Ignoring the effect
of friction, we write )

ml(t) = —mgsin0(t) + v(t), (1.5)

which is a direct consequence of Newton’s law. Here, § = (t) is the angle of
the arm with respect to the vertical axis measured counterclockwise, g is the
acceleration due to gravity and w is the applied external torsional momentum.
The state of the system is (6,6), while v = v(t) is the control.

To simplify our analysis, we also assume that m = g = 1. Then, (1.5)
becomes:

0(t) +sin0(t) = v(t). (1.6)

The vertical stationary position (6 = 7,0 = 0) is an equilibrium configu-
ration in the absence of control, i.e. with v = 0. But, obviously, this is an
unstable equilibrium. Let us analyze the system around this configuration, to
understand how this instability can be compensated by means of the applied
control force v.

Taking into account that sinf ~ m — 6 near § = 7, at first approximation,
the linearized system with respect to the variable ¢ = 6§ — 7 can be written in
the form

G —p=v(t). (1.7)
The goal is then to drive (¢, ¢) to the desired state (0,0) for all small initial
data, without making the angle and the velocity too large along the controlled
trajectory.

The following control strategy is in agreement with common sense: when
the system is to the left of the vertical line, i.e. when ¢ =6 — 7 > 0, we push
the system towards the right side, i.e. we apply a force v with negative sign;
on the other hand, when ¢ < 0, it seems natural to choose v > 0.

This suggests the following feedback law, in which the control is proportional
to the state:

v = —ap, with o > 0. (1.8)
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In this way, we get the closed loop system
P+ (a—1)p=0. (1.9)

It is important to understand that, solving (1.9), we simultaneously obtain
the state (p,¢) and the control v = —ag. This justifies, at least in this case,
the relevance of a feedback law like (1.8).

The roots of the characteristic polynomial of the linear equation (1.9) are
z = +v/1 — a. Hence, when a > 1, the nontrivial solutions of this differential
equation are oscillatory. When o < 1, all solutions diverge to 00 as ¢t — £o0,

except those satisfying
¢(0) = =v1—a ¢(0).

Finally, when « = 1, all nontrivial solutions satisfying ¢(0) = 0 are constant.

Thus, the solutions to the linearized system (1.9) do not reach the desired
configuration (0, 0) in general, independently of the constant « we put in (1.8).

This can be explained as follows. Let us first assume that a < 1. When
©(0) is positive and small and ¢(0) = 0, from equation (1.9) we deduce that
#(0) > 0. Thus, ¢ and ¢ grow and, consequently, the pendulum goes away
from the vertical line. When « > 1, the control acts on the correct direction
but with too much inertia.

The same happens to be true for the nonlinear system (1.6).

The most natural solution is then to keep o > 1, but introducing an addi-
tional term to diminish the oscillations and penalize the velocity. In this way,
a new feedback law can be proposed in which the control is given as a linear
combination of ¢ and ¢:

v=—ap—PF¢p, witha>1andg>D0. (1.10)
The new closed loop system is
¢+ 0+ (a—-1p=0, (1.11)

whose characteristic polynomial has the following roots

—B+ /B —4(a—1) (112)
5 . .

Now, the real part of the roots is negative and therefore, all solutions con-
verge to zero as t — 4o00. Moreover, if we impose the condition

62> 4(a —1), (1.13)

we see that solutions tend to zero monotonically, without oscillations.
This simple model is rich enough to illustrate some systematic properties
of control systems:
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e Linearizing the system is an useful tool to address its control, although
the results that can be obtained this way are only of local nature.

e One can obtain feedback controls, but their effects on the system are
not necessarily in agreement with the very first intuition. Certainly, the
(asymptotic) stability properties of the system must be taken into ac-
count.

e Increasing dissipation one can eliminate the oscillations, as we have indi-
cated in (1.13).

In connection with this last point, notice however that, as dissipation in-
creases, trajectories converge to the equilibrium more slowly. Indeed, in (1.10),
for fixed a > 1, the value of 8 that minimizes the largest real part of a root of
the characteristic polynomial (1.11) is

08=2va—1.
With this value of 3, the associated real part is
" =—a-1

and, increasing (3, the root corresponding to the plus sign increases and con-
verges to zero:

-+ W > —Va—1 ¥a>2va—1  (114)

and

as 3 — +oo. (1.15)

R CE V.
2

This phenomenon is known as overdamping in Engineering and has to be taken
into account systematically when designing feedback mechanisms.

At the practical level, implementing the control (1.10) is not so simple,
since the computation of v requires knowing the position ¢ and the velocity ¢
at every time.

Let us now describe an interesting alternative. The key idea is to evaluate
 and ¢ only on a discrete set of times

0,8, 25, ..., k6, ...

and modify the control at each of these values of t. The control we get this
way is kept constant along each interval [kd, (k4 1)d].

Computing the solution to system (1.7), we see that the result of applying
the constant control vy in the time interval [k, (k + 1)d] is as follows:

(D) a9 s
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A [ cos hd sinhd p_  cos hd —1
~\ sinhd coshd ) T sin hd ’

Thus, we obtain a discrete system of the form

where

T = (A+0f )z,
where f is the vector such that
v = flag.
Observe that, if f is such that the matrix A + bf? is nilpotent, i.e.
[A+bf =0,

then we reach the equilibrium in two steps. A simple computation shows that
this property holds if f! = (f1, f2), with

1 —2coshd _1+2cosh6

h= 2= 2sin hé

2(coshd — 1)’ (1.16)

The main advantage of using controllers of this form is that we get the
stabilization of the trajectories in finite time and not only asymptotically, as
t — 400. The controller we have designed is a digital control and it is extremely
useful because of its robustness and the ease of its implementation.

The digital controllers we have built are similar and closely related to the
bang-bang controls we are going to describe now.

Once a > 1 is fixed, for instance o = 2, we can assume that

v=—2p+w, (1.17)
so that (1.7) can be written in the form
G+e=w. (1.18)

This is Newton’s law for the vibration of a spring.
This time, we look for controls below an admissible cost. For instance, we
impose
lw(t)] <1 V.

The function w = w(t) that, satisfying this constraint, controls the system in
minimal time, i.e. the optimal control, is necessarily of the form

w(t) = sgn(p(t)),

where 7 is a solution of
p+p=0.
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This is a consequence of Pontryagin’s mazimum principle (see Appendix 1 for
more details).

Therefore, the optimal control takes only the values 1 and, in practice, it
is sufficient to determine the switching times at which the sign of the optimal
control changes.

In order to compute the optimal control, let us first compute the solutions
corresponding to the extremal controllers +1. Using the new variables x; and
ro with x1 = ¢ and x2 = ¢, this is equivalent to solve the systems

{ 1 =22 (1.19)

$2——£C1+1

and

L1 = T2
{ by = —wy — 1. (1.20)

The solutions can be identified to the circumferences in the plane (z1,z2)
centered at (1,0) and (—1,0), respectively. Consequently, in order to drive
(1.18) to the final state (, ©)(T) = (0,0), we must follow these circumferences,
starting from the prescribed initial state and switching from one to another
appropriately.

For instance, assume that we start from the initial state (, ¢)(0) = (¢° )
where " and ¢! are positive and small. Then, we first take w(t) =
solve (1.19) for t € [0,71], where T; is such that z2(Ty) = 0, i.e. we follow
counterclockwise the arc connecting the points (¢°, ¢!) and (z1(71),0) in the
(x1,22) plane. In a second step, we take w(t) = —1 and solve (1.20) for
t € [T1,Ty], where Ty is such that (1 — x1(7%))? + 22(T)?> = 1. We thus
follow (again counterclockwise) the arc connecting the points (z1(77),0) and
(z1(T3),x2(T)). Finally, we take w(t) = 1 and solve (1.19) for ¢ € [Ty, T3],
with T3 such that z1(T5 = 22(T3) = 0.

Similar constructions of the control can be done when ¢° < 1 or ¢! < 0.

In this way, we reach the equilibrium (0,0) in finite time and we obtain a
feedback mechanism

¢+@:F((p79b)7

where F' is the function taking the value —1 above the switching curve and +1
below. In what concerns the original system (1.7), we have

G —p==20+F(p,¢).

The action of the control in this example shows clearly the suitability of
self-regulation mechanisms. If we want to lead the system to rest in a minimal
time, it is advisable to do it following a somewhat indirect path, allowing the
system to evolve naturally and avoiding any excessive forcing.
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Bang-bang controllers are of high interest for practical purposes. Although
they might seem irregular and unnatural, they have the advantages of providing
minimal time control and being easy to compute.

As we said above, although the problem we have considered is very simple, it
leads naturally to some of the most relevant ideas of Control Theory: feedback
laws, overdamping, digital and bang-bang controls, etc.

1.4 History and contemporary applications

In this paper, we do not intend to make a complete overview of the history of
Control Theory, nor to address its connections with the philosophical questions
we have just mentioned. Without any doubt, this would need much more space.
Our intention is simply to recall some classical and well known results that
have to some extent influenced the development of this discipline, pointing out
several facts that, in our opinion, have been relevant for the recent achievements
of Control Theory.

Let us go back to the origins of Control Engineering and Control Theory
and let us describe the role this discipline has played in History.

Going backwards in time, we will easily conclude that Romans did use some
elements of Control Theory in their aqueducts. Indeed, ingenious systems of
regulating valves were used in these constructions in order to keep the water
level constant.

Some people claim that, in the ancient Mesopotamia, more than 2000 years
B.C., the control of the irrigation systems was also a well known art.

On the other hand, in the ancient Egypt the “harpenodaptai” (string stretch-
ers), were specialized in stretching very long strings leading to long straight
segments to help in large constructions. Somehow, this is an evidence of the
fact that in the ancient Egypt the following two assertions were already well
understood:

e The shortest distance between two points is the straight line (which can be
considered to be the most classical assertion in Optimization and Calculus
of Variations);

e This is equivalent to the following dual property: among all the paths
of a given length the one that produces the longest distance between its
extremes is the straight line as well.

The task of the “harpenodaptai” was precisely to build these “optimal curves”.

The work by Ch. Huygens and R. Hooke at the end of the XVII Century
on the oscillations of the pendulum is a more modern example of development
in Control Theory. Their goal was to achieve a precise measurement of time
and location, so precious in navigation.
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These works were later adapted to regulate the velocity of windmills. The
main mechanism was based on a system of balls rotating around an axis, with
a velocity proportional to the velocity of the windmill. When the rotational
velocity increased, the balls got farther from the axis, acting on the wings of
the mill through appropriate mechanisms.

J. Watt adapted these ideas when he invented the steam engine and this
constituted a magnificent step in the industrial revolution. In this mechanism,
when the velocity of the balls increases, one or several valves open to let the
vapor scape. This makes the pressure diminish. When this happens, i.e. when
the pressure inside the boiler becomes weaker, the velocity begins to go down.
The goal of introducing and using this mechanism is of course to keep the
velocity as close as possible to a constant.

The British astronomer G. Airy was the first scientist to analyze math-
ematically the regulating system invented by Watt. But the first definitive
mathematical description was given only in the works by J.C. Maxwell, in
1868, where some of the erratic behaviors encountered in the steam engine
were described and some control mechanisms were proposed.

The central ideas of Control Theory gained soon a remarkable impact and,
in the twenties, engineers were already preferring the continuous processing and
using semi-automatic or automatic control techniques. In this way, Control
Engineering germinated and got the recognition of a distinguished discipline.

In the thirties important progresses were made on automatic control and
design and analysis techniques. The number of applications increased covering
amplifiers in telephone systems, distribution systems in electrical plants, stabi-
lization of aeroplanes, electrical mechanisms in paper production, Chemistry,
petroleum and steel Industry, etc.

By the end of that decade, two emerging and clearly different methods
or approaches were available: a first method based on the use of differential
equations and a second one, of frequential nature, based on the analysis of
amplitudes and phases of “inputs” and “outputs”.

By that time, many institutions took conscience of the relevance of auto-
matic control. This happened for instance in the American ASME (American
Society of Mechanical Engineers) and the British IEE (Institution of Electrical
Engineers). During the Second World War and the following years, engineers
and scientists improved their experience on the control mechanisms of plane
tracking and ballistic missiles and other designs of anti-aircraft batteries. This
produced an important development of frequential methods.

After 1960, the methods and ideas mentioned above began to be considered
as part of “classical” Control Theory. The war made clear that the models
considered up to that moment were not accurate enough to describe the com-
plexity of the real word. Indeed, by that time it was clear that true systems
are often nonlinear and nondeterministic, since they are affected by “noise”.
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This generated important new efforts in this field.

The contributions of the U.S. scientist R. Bellman in the context of dynamic
programming, R. Kalman in filtering techniques and the algebraic approach to
linear systems and the Russian L. Pontryagin with the mazimum principle
for nonlinear optimal control problems established the foundations of modern
Control Theory.

We shall describe in Section 6 the approach by Kalman to the controllability
of linear finite dimensional systems. Furthermore, at the end of this paper we
give two short Appendices where we have tried to present, as simply as possible,
the central ideas of Bellman’s and Pontryagin’s works.

As we have explained, the developments of Industry and Technology had a
tremendous impact in the history of Control Engineering. But the development
of Mathematics had a similar effect.

Indeed, we hav already mentioned that, in the late thirties, two emerging
strategies were already established. The first one was based on the use of differ-
ential equations and, therefore, the contributions made by the most celebrated
mathematicians between the XVIIth and the XIXth Centuries played a funda-
mental role in that approach. The second one, based on a frequential approach,
was greatly influenced by the works of J. Fourier.

Accordingly, Control Theory may be regarded nowadays from two different
and complementary points of view: as a theoretical support to Control Engi-
neering (a part of System Engineering) and also as a mathematical discipline.
In practice, the frontiers between these two subworlds are extremely vague.
In fact, Control Theory is one of the most interdisciplinary areas of Science
nowadays, where Engineering and Mathematics melt perfectly and enrich each
other.

Mathematics is currently playing an increasing role in Control Theory. In-
deed, the degree of sophistication of the systems that Control Theory has to
deal with increases permanently and this produces also an increasing demand
of Mathematics in the field.

Along these notes, it will become clear that Control Theory and Calculus
of Variations have also common roots. In fact, these two disciplines are very
often hard to distinguish.

The history of the Calculus of Variations is also full of mathematical achieve-
ments. We shall now mention some of them.

As we said above, one can consider that the starting point of the Calculus
of Variations is the understanding that the straight line is the shortest path
between two given points. In the first Century, Heron of Alexandria showed in
his work “La Catoptrique” that the law of reflection of light (the fact that the
incidence and reflection angles are identical) may be obtained as a consequence
of the variational principle that light minimizes distance along the preferred
path.
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In the XVII Century, P. De Fermat generalized this remark by Heron and
formulated the following minimum principle:

Light in a medium with variable velocity prefers the path that guar-
antees the minimal time.

Later Leibnitz and Huygens proved that the law of refraction of light may
be obtained as a consequence of Fermat’s principle.

The refraction law had been discovered by G. Snell in 1621, although it
remained unpublished until 1703, as Huygens published his Dioptrica.

It is interesting to observe that, in account of this principle, a ray of light
may be unable to propagate from a slow medium to a fast medium. Indeed, if
n1 > ng, there exists a critical angle 6. such that, when 6; > 6., Snell’s law
cannot be satisfied whatever 05 is.

Contrarily, the light can always propagate from a fast to a slow medium.

Here we have denoted by n; the index of refraction of the i-th medium. By
definition, we have n; = ¢/v; , where ¢ and v; are the speeds of propagation of
light in the vacuum and the i-th medium, respectively.

In 1691, J. Bernoulli proved that the catenary is the curve which provides
the shape of a string of a given length and constant density with fixed ends
under the action of gravity. Let us also mention that the problem of the
bachistocrone, formulated by Bernoulli in 1696, is equivalent to finding the
rays of light in the upper half-plane y > 0 corresponding to a light velocity ¢
given by the formula ¢(z,y) = /y (Newton proved in 1697 that the solution is
the cycloid). The reader interested in these questions may consult the paper
by H. Sussmann [209].

R. Kalman, one of the greatest protagonists of modern Control Theory,
said in 1974 that, in the future, the main advances in Control and Optimiza-
tion of systems would come more from mathematical progress than from the
technological development. Today, the state of the art and the possibilities that
Technology offers are so impressive that maintaining that statement is prob-
ably very risky. But, without any doubt, the development of Control Theory
will require deep contributions coming from both fields.

In view of the rich history of Control Theory and all the mathematical
achievements that have been undertaken in its domain of influence, one could
ask whether the field has reached its end. But this is far from reality. Our
society provides every day new problems to Control Theory and this fact is
stimulating the creation of new Mathematics.

Indeed, the range of applications of Control Theory goes from the simplest
mechanisms we manipulate in everyday life to the most sophisticated ones,
emerging in new technologies.

The book edited by W.S. Levine [138] provides a rather complete description
of this variety of applications.
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One of the simplest applications of Control Theory appears in such an ap-
parently simple machine as the tank of our bathroom. There are many variants
of tanks and some of the licences go back to 1886 and can be found in [136].
But all them work under the same basic principles: the tank is supplied of
regulating valves, security mechanisms that start the control process, feedback
mechanisms that provide more or less water to the tank depending of the level of
water in its interior and, finally, mechanisms that avoid the unpleasant flooding
in case that some of the other components fail.

The systems of heating, ventilation and air conditioning in big buildings
are also very efficient large scale control systems composed of interconnected
thermo-fluid and electro-mechanical subsystems. The main goal of these sys-
tems is to keep a comfortable and good quality air under any circumstance,
with a low operational cost and a high degree of reliability. The relevance of a
proper and efficient functioning of these systems is crucial from the viewpoint
of the impact in Economical and Environmental Sciences. The predecessor of
these sophisticated systems is the classical thermostat that we all know and
regulates temperature at home.

The list of applications of Control Theory in Industry is endless. We can
mention, for instance, the pH control in chemical reactions, the paper and
automobile industries, nuclear security, defense, etc.

The control of chaos is also being considered by many researchers nowadays.
The chaotic behavior of a system may be an obstacle for its control; but it may
also be of help. For instance, the control along unstable trajectories is of
great use in controlling the dynamics of fight aircrafts. We refer to [168] for a
description of the state of the art of active control in this area.

Space structures, optical reflectors of large dimensions, satellite communi-
cation systems, etc. are also examples of modern and complex control systems.
The control of robots, ranging from the most simple engines to the bipeds that
simulate the locomotive ability of humans is also another emerging area of
Control Theory.

For instance, see the web page http://www.inrialpes.fr/bipop/ of the
French Institute I.N.R.I.LA. (Institut National de Recherche en Informatique
et Automatique), where illustrating images and movies of the antropomorphic
biped BIP2000 can be found.

Compact disk players is another area of application of modern control sys-
tems. A CD player is endowed with an optical mechanism allowing to interpret
the registered code and produce an acoustic signal. The main goal when de-
signing CD players is to reach higher velocities of rotation, permitting a faster
reading, without affecting the stability of the disk. The control mechanisms
have to be even more robust when dealing with portable equipments.

Electrical plants and distribution networks are other modern applications of
Control Theory that influence significantly our daily life. There are also many
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relevant applications in Medicine ranging from artificial organs to mechanisms
for insulin supply, for instance.

We could keep quoting other relevant applications. But those we have
mentioned and some others that will appear later suffice to prove the ubiquity
of control mechanisms in the real world. The underlying mathematical theory
is also impressive. The reader interested in an introduction to the classical
and basic mathematical techniques in Control Engineering is referred to [68]
and [175].

1.5 Controllability versus optimization

As already mentioned, for systems of the form (1.1), the main goal of Control
Theory is to find controls v leading the associated states y(v), i.e. the solutions
of the corresponding controlled systems, to a desired situation.

There are however (at least) two ways of specifying a “desired prescribed
situation”:

e To fix a desired state y; and require

y(v) = ya (1.21)

or, at least,
y(v) ~ ya (1.22)

in some sense. This is the controllability viewpoint.

The main question is then the existence of an admissible control v so
that the corresponding state y(v) satisfies (1.21) or (1.22). Once the
existence of such a control v is established, it is meaningful to look for an
optimal control, for instance, a control of minimal size. Other important
questions arise in this context too. For instance, the existence of “bang-
bang” controls, the minimal time of control, etc.

As we shall see, this problem may be difficult (or even very difficult) to
solve. In recent years, an important body of beautiful Mathematics has
been developed in connection with these questions.

e To fix a cost function J = J(v) like for instance (1.3) or (1.4) and to
look for a minimizer u of J. This is the optimization or optimal control
viewpoint.

As in (1.3) and (1.4), J is typically related to the “distance” to a pre-
scribed state. Both approaches have the same ultimate goal, to bring the

state close to the desired target but, in some sense, the second one is
more realistic and easier to implement.
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The optimization viewpoint is, at least apparently, humble in comparison
with the controllability approach. But it is many times much more realistic.
In practice, it provides satisfactory results in many situations and, at the same
time, it requires simpler mathematical tools.

To illustrate this, we will discuss now a very simple example. It is trivial in
the context of Linear Algebra but it is of great help to introduce some of the
basic tools of Control Theory.

We will assume that the state equation is

Ay =1b, (1.23)
where A is a n X n real matrix and the state is a column vector

Yy = (y15y27"'7yn)t S Rn

To simplify the situation, let us assume that A is nonsingular. The control
vector is b € R™. Obviously, we can rewrite (1.23) in the form y = A~'b, but
we do not want to do this. In fact, we are mainly interested in those cases in
which (1.23) can be difficult to solve.

Let us first adopt the controllability viewpoint. To be specific, let us impose
as an objective to make the first component y; of y coincide with a prescribed
value y7 :

Y=y - (1.24)

This is the sense we are giving to (1.22) in this particular case. So, we are
consider the following controllability problem:

Problem 0: To find b € R™ such that the solution of (1.23) satisfies (1.24).

Roughly speaking, we are addressing here a partial controllability problem,
in the sense that we are controlling only one component, y; , of the state.

Obviously, such controls b exist. For instance, it suffices to take y* =
(y%,0,---,0)t and then choose b = Ay*. But this argument, by means of
which we find the state directly without previously determining the control, is
frequently impossible to implement in practice. Indeed, in most real problems,
we have first to find the control and, only then, we can compute the state by
solving the state equation.

The number of control parameters (the n components of b) is greater or
equal than the number of state components we have to control. But, what
happens if we stress our own possibilities 7 What happens if, for instance,
b1,...,b,_1 are fixed and we only have at our disposal b,, to control the system ?

From a mathematical viewpoint, the question can be formulated as follows.
In this case,

Ay =c+ be (1.25)
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where ¢ € R™ is a prescribed column vector, e is the unit vector (0,...,0,1)*
and b is a scalar control parameter. The corresponding controllability problem
is now the following:

Problem 1: To find b € R such that the solution of (1.25) satisfies (1.24).

This is a less obvious question. However, it is not too difficult to solve.
Note that the solution y to (1.25) can be decomposed in the following way:

y=x+z, (1.26)
where
r=A""c (1.27)
and z satisfies
Az =be, ie. z=bz* z*=A"le (1.28)

To guarantee that y; can take any value in R, as we have required in (1.24),
it is necessary and sufficient to have z§ # 0, 27 being the first component of
2 = A" le.

In this way, we have a precise answer to this second controllability problem:

The problem above can be solved for any yi if and only if the first
component of A”e does not vanish.

Notice that, when the first component of A~'e vanishes, whatever the con-
trol b is, we always have y; = x1, 1 being the first component of the fixed
vector z in (1.27). In other words, y; is not sensitive to the control b, . In this
degenerate case, the set of values taken by y; is a singleton, a 0-dimensional
manifold. Thus, we see that the state is confined in a “space” of low dimension
and controllability is lost in general.

But, is it really frequent in practice to meet degenerate situations like the
previous one, where some components of the system are insensitive to the
control ?

Roughly speaking, it can be said that systems are generically not degener-
ate. In other words, in examples like the one above, it is actually rare that 2}
vanishes.

There are however a few remarks to do. When 2 does not vanish but is very
small, even though controllability holds, the control process is very unstable in
the sense that one needs very large controls in order to get very small variations
of the state. In practice, this is very important and must be taken into account
(one needs the system not only to be controllable but this to happen with
realistic and feasible controls).

On the other hand, it can be easily imagined that, when systems under
consideration are complex, i.e. many parameters are involved, it is difficult
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to know a priori whether or not there are components of the state that are
insensitive to the control®.

Let us now turn to the optimization approach. Let us see that the difficulties
we have encountered related to the possible degeneracy of the system disappear
(which confirms the fact that this strategy leads to easier questions).

For example, let us assume that k& > 0 is a reasonable bound of the control
b that we can apply. Let us put

1
J(bn) = 5lyr — il Vhn €R, (1.29)

where y; is the first component of the solution to (1.25). Then, it is reason-
able to admit that the best response is given by the solution to the following
problem:

Problem 1': To find bf € [k, k| such that

J(F) < J(by) Vb € [k, k. (1.30)

Since b, — J(b,) is a continuous function, it is clear that this problem
possesses a solution b% € I for each k > 0. This confirms that the considered
optimal control problem is simpler.

On the other hand, this point of view is completely natural and agrees with
common sense. According to our intuition, most systems arising in real life
should possess an optimal strategy or configuration. At this respect L. Euler
said:

“Universe is the most perfect system, designed by the most wise
Creator. Nothing will happen without emerging, at some extent, a
maximum or minimum principle”.

Let us analyze more closely the similarities and differences arising in the
two previous formulations of the control problem.

e Assume the controllability property holds, that is, Problem 1 is solvable
for any y7 . Then, if the target y; is given and k is sufficiently large, the
solution to Problem 1’ coincides with the solution to Problem 1.

e On the other hand, when there is no possibility to attain y; exactly, the
optimization viewpoint, i.e. Problem 1/, furnishes the best response.

n fact, it is a very interesting and non trivial task to design strategies guaranteeing that
we do not fall in a degenerate situation.
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e To investigate whether the controllability property is satisfied, it can be
appropriate to solve Problem 1’ for each & > 0 and analyze the behavior
of the cost

Jr = min J(by) (1.31)

as k grows to infinity. If Jj stabilizes near a positive constant as k grows,
we can suspect that yi cannot be attained exactly, i.e. that Problem 1
does not have a solution for this value of y7 .

In view of these considerations, it is natural to address the question of
whether it is actually necessary to solve controllability problems like Prob-
lem 1 or, by the contrary, whether solving a related optimal control problem
(like Problem 1’) suffices.

There is not a generic and systematic answer to this question. It depends
on the level of precision we require to the control process and this depends
heavily on the particular application one has in mind. For instance, when
thinking of technologies used to stabilize buildings, or when controlling space
vehicles, etc., the efficiency of the control that is required demands much more
than simply choosing the best one with respect to a given criterion. In those
cases, it is relevant to know how close the control will drive the state to the
prescribed target. There are, consequently, a lot of examples for which simple
optimization arguments as those developed here are insufficient.

In order to choose the appropriate control we need first to develop a rigorous
modelling (in other words, we have to put equations to the real life system).
The choice of the control problem is then a second relevant step in modelling.

Let us now recall and discuss some mathematical techniques allowing to
handle the minimization problems arising in the optimization approach (in
fact, we shall see that these techniques are also relevant when the controllability
point of view is adopted).

These problems are closely related to the Calculus of Variations. Here, we
do not intend to provide a survey of the techniques in this field but simply to
mention some of the most common ideas.

For clarity, we shall start discussing Mathematical Programming. In the
context of Optimization, Programming is not the art of writing computer codes.
It was originated by the attempt to optimize the planning of the various tasks
or activities in an organized system (a plant, a company, etc.). The goal is
then to find what is known as an optimal planning or optimal programme.

The simplest problem of assignment suffices to exhibit the need of a math-
ematical theory to address these issues.

Assume that we have 70 workers in a plant. They have different qualifi-
cations and we have to assign them 70 different tasks. The total number of
possible distributions is 70!, which is of the order of 10'°°. Obviously, in order
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to be able to solve rapidly a problem like this, we need a mathematical theory
to provide a good strategy.

This is an example of assignment problem. Needless to say, problems of
this kind are not only of academic nature, since they appear in most human
activities.

In the context of Mathematical Programming, we first find linear program-
ming techniques. As their name indicates, these are concerned with those
optimization problems in which the involved functional is linear.

Linear Programming was essentially unknown before 1947, even though
Joseph Fourier had already observed in 1823 the relevance of the questions it
deals with. L.V. Kantorovich, in a monograph published in 1939, was the first
to indicate that a large class of different planning problems could be covered
with the same formulation. The method of simplex, that we will recall below,
was introduced in 1947 and its efficiency turned out to be so impressive that
very rapidly it became a common tool in Industry.

There has been a very intense research in these topics that goes beyond
Linear Programming and the method of simplex. We can mention for instance
nonlinear programming methods, inspired by the method of descent. This was
formally introduced by the French mathematician A.L. Cauchy in the XIX Cen-
tury. It relies on the idea of solving a nonlinear equation by searching the
critical points of the corresponding primitive function.

Let us now give more details on Linear Programming. At this point, we
will follow a presentation similar to the one by G. Strang in [208].

The problems that one can address by means of linear programming involve
the minimization of linear functions subject to linear constraints. Although
they seem extremely simple, they are ubiquitous and can be applied in a large
variety of areas such as the control of traffic, Game Theory, Economics, etc.
Furthermore, they involve in practice a huge quantity of unknowns, as in the
case of the optimal planning problems we have presented before.

The simplest problem in this field can be formulated in the following way:

Given a real matriz A of order M x N (with M < N), and given
a column vector b of M components and a column vector ¢ with N
components, to minimize the linear function

(c,x) =crz1 + -+ enan
under the restrictions

Ar=b, xz>0.

Here and in the sequel, we use (-,-) to denote the usual Euclidean scalar
products in RY and RM. The associated norm will be denoted by | - |.
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Of course, the second restriction has to be understood in the following way:
z; >0, j=1,...,N.

In general, the solution to this problem is given by a unique vector x with the
property that N — M components vanish. Accordingly, the problem consists in
finding out which are the N — M components that vanish and, then, computing
the values of the remaining M components.

The method of simplex leads to the correct answer after a finite number of
steps. The procedure is as follows:

e Step 1: We look for a vector x with N — M zero components and satisfying
Ax = b, in addition to the unilateral restriction x > 0. Obviously, this
first choice of x will not provide the optimal answer in general.

e Step 2: We modify appropriately this first choice of  allowing one of the
zero components to become positive and vanishing one of the positive
components and this in such a way that the restrictions Az = b and
x > 0 are kept.

After a finite number of steps like Step 2, the value of (¢, ) will have been
tested at all possible minimal points. Obviously, the solution to the problem is
obtained by choosing, among these points x, that one at which the minimum
of (c,x) is attained.

Let us analyze the geometric meaning of the simplex method with an ex-
ample.

Let us consider the problem of minimizing the function

101’1 + 4(E2 + 7%3
under the constraints
201 +x0o+x3 =1, 1,290,253 > 0.

In this case, the set of admissible triplets (1,2 ,x3), i.e. those satisfying
the constraints is the triangle in R? of vertices (0,0, 1), (0,1,0) and (1/2,0,0)
(a face of a tetrahedron). It is easy to see that the minimum is achieved at
(0,1,0), where the value is 4.

Let us try to give a geometrical explanation to this fact. Since z1,z9,23 >0
for any admissible triplet, the minimum of the function 10x; + 45 + 7x3 has
necessarily to be nonnegative. Moreover, the minimum cannot be zero since
the hyperplane

10z + 429 + 723 =0

has an empty intersection with the triangle of admissible states. When in-
creasing the cost 10x; 4+ 4x5 + 7x3, i.e. when considering level sets of the form



30 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

10z, + 422 + Tx3 = c with increasing ¢ > 0, we are considering planes parallel
to 10xy 4+ 4xo + Txs = 0 that are getting away from the origin and closer to
the triangle of admissible states. The first value of ¢ for which the level set
intersects the admissible triangle provides the minimum of the cost function
and the point of contact is the minimizer.

It is immediate that this point is the vertex (0, 1,0).

These geometrical considerations indicate the relevance of the convexity of
the set where the minimum is being searched. Recall that, in a linear space E,
a set K is convex if it satisfies the following property:

z,ye K, Ae0,1]= X+ (1-Nye€ K.

The crucial role played by convexity will be also observed below, when
considering more sophisticated problems.

The method of simplex, despite its simplicity, is very efficient. There are
many variants, adapted to deal with particular problems. In some of them,
when looking for the minimum, one runs across the convex set and not only
along its boundary. For instance, this is the case of Karmakar’s method,
see [208]. For more information on Linear Programming, the method of simplex
and its variants, see for instance [186].

As the reader can easily figure out, many problems of interest in Mathe-
matical Programming concern the minimization of nonlinear functions. At this
respect, let us recall the following fundamental result whose proof is the basis
of the so called Direct Method of the Calculus of Variations (DMCV):

Theorem 1.5.1 If H is a Hilbert space with norm ‘ . ‘H and the function

J : H — R is continuous, conver and coercive in H, i.e. it satisfies

J(v) = 400 as MH — 400, (1.32)

then J attains its minimum at some point uw € H. If, moreover, J is strictly
convezx, this point is unique.

If, in the previous result, J is a C' function, any minimizer u necessarily
satisfies
J'(u)=0, ue€H. (1.33)

Usually, (1.33) is known as the Euler equation of the minimization problem

Minimize J(v) subject to v € H. (1.34)

Consequently, if J is C!, Theorem 1.5.1 serves to prove that the (generally
nonlinear) Euler equation (1.33) possesses at least one solution.
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Many systems arising in Continuum Mechanics can be viewed as the Euler
equation of a minimization problem. Conversely, one can associate Euler equa-
tions to many minimization problems. This mutual relation can be used in
both directions: either to solve differential equations by means of minimization
techniques, or to solve minimization problems through the corresponding Euler
equations.

In particular, this allows proving existence results of equilibrium configura-
tions for many problems in Continuum Mechanics.

Furthermore, combining these ideas with the approximation of the space H
where the minimization problem is formulated by means of finite dimensional
spaces and increasing the dimension to cover in the limit the whole space H,
one obtains Galerkin’s approrimation method. Suitable choices of the approxi-
mating subspaces lead to the finite element methods.

In order to illustrate these statements and connect them to Control Theory,
let us consider the example

& = Az + Bv, tel0,T],
{ 2(0) = o (1.35)
in which the state x = (z1(t),...,zn(t))! is a vector in RY depending on ¢
(the time variable) and the control v = (vi(t),...,va(t))" is a vector with M

components that also depends on time.

In (1.35), we will assume that A is a square, constant coefficient matrix of
dimension N x N, so that the underlying system is autonomous, i.e. invariant
with respect to translations in time. The matrix B has also constant coefficients
and dimension N x M.

Let us set

1 T
J(v) = Sl (T) — zt)? + g/o lv(t)|>dt Vv e L?(0,T;RM), (1.36)

where x! € RY is given, x(T) is the final value of the solution of (1.35) and
w> 0.

It is not hard to prove that J : L2(0,T; RM) — R is well defined, continu-
ous, coercive and strictly convex. Consequently, J has a unique minimizer in
L2(0,T;RM). This shows that the control problem (1.35)—(1.36) has a unique
solution.

With the DMCV, the existence of minimizers for a large class of problems
can be proved. But there are many other interesting problems that do not
enter in this simple framework, for which minimizers do not exist.

Indeed, let us consider the simplest and most classical problem in the Cal-
culus of Variations: to show that the shortest path between two given points
is the straight line segment.
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Of course, it is very easy to show this by means of geometric arguments.
However,

What happens if we try to use the DMCV ¢

The question is now to minimize the functional

/0 i) de

in the class of curves z : [0,1] — R? such that z(0) = P and z(1) = Q, where
P and @ are two given points in the plane.

The natural functional space for this problem is not a Hilbert space. It
can be the Sobolev space W11(0,1) constituted by all functions z = z(t) such
that x and its time derivative # belong to L(0,1). It can also be the more
sophisticated space BV(0,1) of functions of bounded variation. But these
are not Hilbert spaces and solving the problem in any of them, preferably in
BV (0,1), becomes much more subtle.

We have described the DMCYV in the context of problems without con-
straints. Indeed, up to now, the functional has been minimized in the whole
space. But in most realistic situations the nature of the problem imposes re-
strictions on the control and/or the state. This is the case for instance for the
linear programming problems we have considered above.

As we mentioned above, convexity plays a key role in this context too:

Theorem 1.5.2 Let H be a Hilbert space, K C H a closed convexr set and
J : K — R a convex continuous function. Let us also assume that either K is
bounded or J is coercive in K, i.e.

J() — +0 asv € K, ‘v) — +00.
H

Then, there exists a point u € K where J reaches its minimum over K.
Furthermore, if J is strictly convez, the minimizer is unique.

In order to illustrate this result, let us consider again the system (1.35) and
the functional

T
J(w) = %|x(T) A g/ lo(t)]?dt Vv € K, (1.37)

0
where p > 0 and K C L?(0,T;RM) is a closed convex set. In view of The-
orem 1.5.2, we see that, if u > 0, the optimal control problem determined
by (1.35) and (1.37) has a unique solution. If ¢ = 0 and K is bounded, this
problem possesses at least one solution.
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Let us discuss more deeply the application of these techniques to the analysis
of the control properties of the linear finite dimensional system (1.35).

Let J : H — R be, for instance, a functional of class C'. Recall again that,
at each point u where J reaches its minimum, one has

J'(u)=0, wue€H. (1.38)

It is also true that, when J is convex and C, if u solves (1.38) then u is a global
minimizer of J in H. Equation (1.38) is the Euler equation of the corresponding
minimization problem.

More generally, in a convex minimization problem, if the function to be
minimized is of class C', an Euler inequality is satisfied by each minimizer.
Thus, v is a minimizer of the convex functional J in the convex set K of the
Hilbert space H if and only if

(J'(u)yv—u)g >0 YveK, ueK. (1.39)

Here, (-,-)g stands for the scalar product in H.

In the context of Optimal Control, this characterization of u can be used
to deduce the corresponding optimality conditions, also called the optimality
system.

For instance, this can be made in the case of problem (1.35),(1.37). Indeed,
it is easy to see that in this case (1.39) reduces to

T
”/o (w(®),o(t) —u(®) dt + (@(T) = o’ 20(T) = 2T 20 40
Yve K, uek,

where, for each v € L2(0,T;RM), 2z, = 2,(t) is the solution of

Zy = Az, + Bv, te€]0,T],
2,(0) =0

(recall that (-,-) stands for the Euclidean scalar products in RM and RY).
Now, let p = p(t) be the solution of the backward in time differential prob-
lem
—p = Alp, t €10,T],
e (14D
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and (1.40) can also be written in the form:

T
|ttt + Bo).0(6) — w(oy e > 0

(1.42)
Yve K, ue€K.
The system constituted by the state equation (1.35) for v = u, i.e.
& = Az + Bu, te€]0,7T],
{ 2(0) = 29, (1.43)

the adjoint state equation (1.41) and the inequalities (1.42) is referred to as
the optimality system. This system provides, in the case under consideration,
a characterization of the optimal control.

The function p = p(t) is the adjoint state. As we have seen, the introduction
of p leads to a rewriting of (1.40) that is more explicit and easier to handle.

Very often, when addressing optimization problems, we have to deal with
restrictions or constraints on the controls and/or state. Lagrange multipliers
then play a fundamental role and are needed in order to write the equations
satisfied by the minimizers: the so called Euler-Lagrange equations.

To do that, we must introduce the associated Lagrangian and, then, we
must analyze its saddle points. The determination of saddle points leads to
two equivalent extremal problems of dual nature.

This is a surprising fact in this theory that can be often used with efficiency:
the original minimization problem being difficult to solve, one may often write
a dual minimization problem (passing through the Lagrangian); it may well
happen to the second problem to be simpler than the original one.

Saddle points arise naturally in many optimization problems. But they can
also be viewed as the solutions of minimaz problems. Minimax problems arise
in many contexts, for instance:

e In Differential Game Theory, where two or more players compete trying
to maximize their profit and minimize the one of the others.

e In the characterization of the proper vibrations of elastic bodies. Indeed,
very often these can be characterized as eigenvalues of a self-adjoint com-
pact operator in a Hilbert space through a minimax principle related to
the Rayleigh quotient.

One of the most relevant contributions in this field was the one by J. Von Neu-
mann in the middle of the XX Century, proving that the existence of a minimax
is guaranteed under very weak conditions.



E. Zuazua 35

In the last three decades, these results have been used systematically for
solving nonlinear differential problems, in particular with the help of the Moun-
tain Pass Lemma (for instance, see [121]). At this respect, it is worth mention-
ing that a mountain pass is indeed a beautiful example of saddle point provided
by Nature. A mountain pass is the location one chooses to cross a mountain
chain: this point must be of minimal height along the mountain chain but, on
the contrary, it is of maximal height along the crossing path we follow.

The reader interested in learning more about Convex Analysis and the re-
lated duality theory is referred to the books [70] and [191], by I. Ekeland and
R. Temam and R.T. Rockafellar, respectively. The lecture notes by B. Lar-
routurou and P.L. Lions [129] contain interesting introductions to these and
other related topics, like mathematical modelling, the theory of partial differ-
ential equations and numerical approximation techniques.

1.6 Controllability of linear finite dimensional
systems

We will now be concerned with the controllability of ordinary differential equa-
tions. We will start by considering linear systems.

As we said above, Control Theory is full of interesting mathematical re-
sults that have had a tremendous impact in the world of applications (most
of them are too complex to be reproduced in these notes). One of these im-
portant results, simple at the same time, is a theorem by R.E. Kalman which
characterizes the linear systems that are controllable.

Let us consider again the linear system

{x—Am+Bv, t>0, (1.44)

z(0) = 29,

with state z = (x1(t),...,2x(t))! and control v = (vy(t),...,va(t))t. The
matrices A and B have constant coefficients and dimensions N x N and N x M,
respectively.

Assume that N > M > 1. In practice, the cases where M is much smaller
than IV are especially significant. Of course, the most interesting case is that in
which M =1 and, simultaneously, N is very large. We then dispose of a single
scalar control to govern the behavior of a very large number NV of components
of the state.

System (1.44) is said to be controllable at time 7" > 0 if, for every initial
state 29 € RY and every final state 2' € R, there exists at least one control
u € C°([0,T]; RM) such that the associated solution satisfies

z(T) = z*. (1.45)
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The following result, due to Kalman, characterizes the controllability of
(1.44) (see for instance [136]):

Theorem 1.6.1 A necessary and sufficient condition for system (1.44) to be
controllable at some time T' > 0 is that

rank [B|AB|---|AN7'B] = N. (1.46)

Moreover, if this is satisfied, the system is controllable for oll T > 0.

When the rank of this matriz is k, with 1 < k < N — 1, the system is not
controllable and, for each x° € RN and each T > 0, the set of solutions of
(1.44) at time T > 0 covers an affine subspace of RN of dimension k.

The following remarks are now in order:

e The degree of controllability of a system like (1.44) is completely de-
termined by the rank of the corresponding matrix in (1.46). This rank
indicates how many components of the system are sensitive to the action
of the control.

e The matrix in (1.46) is of dimension (N x M) x N so that, when we only
have one control at our disposal (i.e. M = 1), this is a N x N matrix. It
is obviously in this case when it is harder to the rank of this matrix to
be N. This is in agreement with common sense, since the system should
be easier to control when the number of controllers is larger.

e The system is controllable at some time if and only if it is controllable at
any positive time. In some sense, this means that, in (1.44), information
propagates at infinite speed. Of course, this property is not true in general
in the context of partial differential equations.

As we mentioned above, the concept of adjoint system plays an important
role in Control Theory. In the present context, the adjoint system of (1.44) is
the following:

—p=Aly, t<T,
{ o(T) = 0. (1.47)

Let us emphasize the fact that (1.47) is a backward (in time) system. In-
deed, in (1.47) the sense of time has been reversed and the differential system
has been completed with a final condition at time ¢t = T.

The following result holds:

Theorem 1.6.2 The rank of the matriz in (1.46) is N if and only if, for every
T > 0, there exists a constant C(T) > 0 such that

T
P <o) [ 1B (1.48)
0

for every solution of (1.47).
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The inequality (1.48) is called an observability inequality. It can be viewed
as the dual version of the controllability property of system (1.44).

This inequality guarantees that the adjoint system can be “observed” through
Btp, which provides M linear combinations of the adjoint state. When (1.48)
is satisfied, we can affirm that, from the controllability viewpoint, B? captures
appropriately all the components of the adjoint state . This turns out to be
equivalent to the controllability of (1.44) since, in this case, the control u acts
efficiently through the matrix B on all the components of the state x.

Inequalities of this kind play also a central role in inverse problems, where
the goal is to reconstruct the properties of an unknown (or only partially
known) medium or system by means of partial measurements. The observabil-
ity inequality guarantees that the measurements Bfy are sufficient to detect
all the components of the system.

The proof of Theorem 1.6.2 is quite simple. Actually, it suffices to write
the solutions of (1.44) and (1.47) using the variation of constants formula and,
then, to apply the Cayley-Hamilton theorem, that guarantees that any matrix
is a root of its own characteristic polynomial.

Thus, to prove that (1.46) implies (1.48), it is sufficient to show that, when
(1.46) is true, the mapping

- 1/2
(po — (/ |Bt<,0|2 dt>
0

is a norm in R™. To do that, it suffices to check that the following uniqueness
or unique continuation result holds:

If Bto =0 for 0 <t < T then, necessarily, o = 0.

It is in the proof of this result that the rank condition is needed.

Let us now see how, using (1.48), we can build controls such that the asso-
ciated solutions to (1.44) satisfy (1.45). This will provide another idea of how
controllability and optimal control problems are related.

Given initial and final states 2 and z' and a control time 7' > 0, let us
consider the quadratic functional I, with

1 T
160 =5 | 1B de— (o) + (2, pl0)) WO CRY,  (149)
0
where ¢ is the solution of the adjoint system (1.47) associated to the final state
0
12

The function ¢ +— I(¢°) is strictly convex and continuous in RV. In view
of (1.48), it is also coercive, that is,

lim I(¢°) = +o0. (1.50)

0] =00



38 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

Therefore, I has a unique minimizer in R, that we shall denote by ¢°. Let
us write the Euler equation associated to the minimization of the functional
(1.49):

T
/,ﬂfAJ?@dﬁ*@ﬂ¢%+%fHM®>:0 v e RN, @ cRY. (151)
0

Here, ¢ is the solution of the adjoint system (1.47) associated to the final state
50
@Y.

From (1.51), we deduce that & = B'¢ is a control for (1.44) that guaran-
tees that (1.45) is satisfied. Indeed, if we denote by & the solution of (1.44)

associated to 4, we have that

T
| BBt it = GD), ) - pl0) WP eRY. (15
0

Comparing (1.51) and (1.52), we see that the previous assertion is true.

It is interesting to observe that, from the rank condition, we can deduce
several variants of the observability inequality (1.48). In particular,

T
w%saﬂé|wﬂm (1.53)

This allows us to build controllers of different kinds.
Indeed, consider for instance the functional Jy, , given by

Jbb(soo):;(/o Btsodt> — (2", %) + (2%, 0(0)) Ve’ e RN, (1.54)

This is again strictly convex, continuous and coercive. Thus, it possesses ex-
actly one minimizer @Y, . Let us denote by @y, the solution of the corresponding
adjoint system. Arguing as above, it can be seen that the new control iy, , with

T
Upp = (/ | B @ dt) sgn(B' o), (1.55)
0

makes the solution of (1.44) satisfy (1.45). This time, we have built a bang-bang
control, whose components can only take two values:

T
i/ | B! @y | dt.
0

The control @ that we have obtained minimizing J is the one of minimal
norm in L2(0,T; R™) among all controls guaranteeing (1.45). On the other
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hand, 1y is the control of minimal L°° norm. The first one is smooth and
the second one is piecewise constant and, therefore, discontinuous in general.
However, the bang-bang control is easier to compute and apply since, as we saw
explicitly in the case of the pendulum, we only need to determine its amplitude
and the location of the switching points. Both controls 4 and 4y, are optimal
with respect to some optimality criterium.

We have seen that, in the context of linear control systems, when controlla-
bility holds, the control may be computed by solving a minimization problem.
This is also relevant from a computational viewpoint since it provides useful
ideas to design efficient approximation methods.

1.7 Controllability of nonlinear finite dimensional
systems

Let us now discuss the controllability of some nonlinear control systems. This
is a very complex topic and it would be impossible to describe in a few pages
all the significant results in this field. We will just recall some basic ideas.

When the goal is to produce small variations or deformations of the state,
it might be sufficient to proceed using linearization arguments. More precisely,
let us consider the system

(o

where f: RY x RM +— R” is smooth and f(0,0) = 0. The linearized system
at u =0, x = 0 is the following:

=9t of
&= o (0,0)x + 7 (0,0)u, t>0, (L57)

x(0) = 0.
Obviously, (1.57) is of the form (1.44), with

of of
A= B=— Y=0. 1.
5, (0.0, B=7"(0,0), 2°=0 (1.58)
Therefore, the rank condition
rank [B|AB|---|AN71B] = N (1.59)

is the one that guarantees the controllability of (1.57).

Based on the inverse function theorem, it is not difficult to see that, if
condition (1.59) is satisfied, then (1.56) is locally controllable in the following
sense:
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For every T > 0, there exists a neighborhood By of the origin in R
such that, for any initial and final states xg,x1 € By, there exist
controls u such that the associated solutions of the system (1.56)
satisfy

z(T) = z*. (1.60)

However, this analysis is not sufficient to obtain results of global nature.

A natural condition that can be imposed on the system (1.56) in order to
guarantee global controllability is that, at each point 2° € R", by choosing all
admissible controls u € U,q , we can recover deformations of the state in all the
directions of RY. But,

Which are the directions in which the state x can be deformed
starting from z° ?

Obviously, the state can be deformed in all directions f(xg,u) with u € Uaq .
But these are not all the directions of R when M < N. On the other hand,
as we have seen in the linear case, there exist situations in which M < N and,
at the same time, controllability holds thanks to the rank condition (1.59).

In the nonlinear framework, the directions in which the state may be de-
formed around z° are actually those belonging to the Lie algebra generated by
the vector fields f(z%,u), when u varies in the set of admissible controls Usq -
Recall that the Lie algebra A generated by a family F of regular vector fields
is the set of Lie brackets [f,g] with f,g € F, where

[f,g9] = (Vg)f = (Vf)g

and all the fields that can be obtained iterating this process of computing Lie
brackets.
The following result can be proved (see [206]):

Theorem 1.7.1 Assume that, for each 2°, the Lie algebra generated by f(z°, u)
with u € Uag coincides with RYN. Then (1.56) is controllable, i.e. it can be
driven from any initial state to any final state in a sufficiently large time.

The following simple model of driving a car provides a good example to
apply these ideas.

Thus, let us consider a state with four components x = (z1, 22,23 ,24) in
which the first two, 1 and x5, provide the coordinates of the center of the axis
z9 = 0 of the vehicle, the third one, x5 = ¢, is the counterclockwise angle of
the car with respect to the half axis 7 > 0 and the fourth one, x4 = 0, is the
angle of the front wheels with respect to the axis of the car. For simplicity, we
will assume that the distance from the front to the rear wheels is ¢ = 1.
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The front wheels are then parallel to the vector (cos(6 + ¢),sin(6 + ¢)), so
that the instantaneous velocity of the center of the front axis is parallel to this

vector. Accordingly,
d(r1\ cos(0 + )
dt <x2> = uz(t) (sin(e +¢)

for some scalar function ug = ua(t).

The center of the rear axis is the point (z1—cos ¢, x9—sin ¢). The velocity of
this point has to be parallel to the orientation of the rear wheels (cos ¢, sin ),
so that

: d d .
(sin ) a(xl — cos @) — (cos ) a(ifg —sing) = 0.

In this way, we deduce that

$ = ugsind.

On the other hand, we set

9:u1

and this reflects the fact that the velocity at which the angle of the wheels varies
is the second variable that we can control. We obtain the following reversible
system:
cos(p + 6)
sin(p + 0)
sin
0

+ ua(?) (1.61)

According to the previous analysis, in order to guarantee the controllability
of (1.61), it is sufficient to check that the Lie algebra of the directions in which
the control may be deformed coincides with R* at each point.

With (ug,u2) = (0,1) and (u1,u2) = (1,0), we obtain the directions

cos(p + 0) 0
Singﬁl; 9| and 8 : (1.62)
0 1
respectively. The corresponding Lie bracket provides the direction
—sin(p + 6)
w0 | i

0
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whose Lie bracket with the first one in (1.62) provides the new direction

—sing
cos ¢
0
0

(1.64)

Taking into account that the determinant of the matrix formed by the four
column vectors in (1.62), (1.63) and (1.64) is identically equal to 1, we deduce
that, at each point, the set of directions in which the state may be deformed
is the whole R*.

Thus, system (1.61) is controllable.

It is an interesting exercise to think on how one uses in practice the four
vectors (1.62) — (1.64) to park a car. The reader interested in getting more
deeply into this subject may consult the book by E. Sontag [206].

The analysis of the controllability of systems governed by partial differential
equations has been the objective of a very intensive research the last decades.
However, the subject is older than that.

In 1978, D.L. Russell [194] made a rather complete survey of the most rel-
evant results that were available in the literature at that time. In that paper,
the author described a number of different tools that were developed to address
controllability problems, often inspired and related to other subjects concern-
ing partial differential equations: multipliers, moment problems, nonharmonic
Fourier series, etc. More recently, J.L. Lions introduced the so called Hilbert
Uniqueness Method (H.U.M.; for instance, see [142, 143]) and this was the
starting point of a fruitful period on the subject.

In this context, which is the usual for modelling problems from Continuum
Mechanics, one needs to deal with infinite dimensional dynamical systems and
this introduces a lot of nontrivial difficulties to the theory and raises many
relevant and mathematically interesting questions. Furthermore, the solvability
of the problem depends very much on the nature of the precise question under
consideration and, in particular, the following features may play a crucial role:
linearity or nonlinearity of the system, time reversibility, the structure of the
set of admissible controls, etc.

For more details, the reader is referred to the books [126] and [130] and the
survey papers [82], [237] and [235].

1.8 Control, complexity and numerical simula-
tion
Real life systems are genuinely complex. Internet, the large quantity of com-

ponents entering in the fabrication of a car or the decoding of human genoma
are good examples of this fact.
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The algebraic system (1.23) considered in Section 5 is of course academic
but it suffices by itself to show that not all the components of the state are
always sensitive to the chosen control. One can easily imagine how dramatic
can the situation be when dealing with complex (industrial) systems. Indeed,
determining whether a given controller allows to act on all the components of
a system may be a very difficult task.

But complexity does not only arise for systems in Technology and Industry.
It is also present in Nature. At this respect, it is worth recalling the following
anecdote. In 1526, the Spanish King “Alfonso X El Sabio” got into the Alcdzar
of Segovia after a violent storm and exclaimed:

“If God had consulted me when He was creating the world, I would
have recommended a simpler system.”

Recently we have learned about a great news, a historical achievement of
Science: the complete decoding of human genoma. The genoma code is a good
proof of the complexity which is intrinsic to life. And, however, one has not to
forget that, although the decoding has been achieved, there will still be a lot to
do before being able to use efficiently all this information for medical purposes.

Complexity is also closely related to numerical simulation. In practice,
any efficient control strategy, in order to be implemented, has to go through
numerical simulation. This requires discretizing the control system, which very
often increases its already high complexity.

The recent advances produced in Informatics allow nowadays to use numer-
ical simulation at any step of an industrial project: conception, development
and qualification. This relative success of numerical methods in Engineering
versus other traditional methods relies on the facts that the associated experi-
mental costs are considerably lower and, also, that numerical simulation allows
testing at the realistic scale, without the technical restrictions motivated by
instrumentation.

This new scientific method, based on a combination of Mathematics and
Informatics, is being seriously consolidated. Other Sciences are also closely
involved in this melting, since many mathematical models stem from them:
Mechanics, Physics, Chemistry, Biology, Economics, etc. Thus, we are now
able to solve more sophisticated problems than before and the complexity of
the systems we will be able to solve in the near future will keep increasing.
Thanks in particular to parallelization techniques, the description and numer-
ical simulation of complex systems in an acceptable time is more and more
feasible.

However, this panorama leads to significant and challenging difficulties that
we are now going to discuss.

The first one is that, in practice, the systems under consideration are in
fact the coupling of several complex subsystems. FEach of them has its own
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dynamics but the coupling may produce new and unexpected phenomena due
to their interaction.

An example of this situation is found in the mathematical description of
reactive fluids which are used, for instance, for the propulsion of spatial vehicles.
For these systems, one has to perform a modular analysis, separating and
simulating numerically each single element and, then, assembling the results.
But this is a major task and much has still to be done?.

There are many relevant examples of complex systems for which coupling
can be the origin of important difficulties. In the context of Aerospatial Tech-
nology, besides the combustion of reactive fluids, we find fluid-structure inter-
actions which are extremely important when driving the craft, because of the
vibrations originated by combustion. Other significant examples are weather
prediction and Climatology, where the interactions of atmosphere, ocean, earth,
etc. play a crucial role. A more detailed description of the present situation
of research and perspectives at this respect can be found in the paper [1], by
J. Achache and A. Bensoussan.

In our context, the following must be taken into account:

e Only complex systems are actually relevant from the viewpoint of appli-
cations.

e Furthermore, in order to solve a relevant problem, we must first identify
the various subsystems and the way they interact.

Let us now indicate some of the mathematical techniques that have been
recently developed (and to some extent re-visited) to deal with complexity and
perform the appropriate decomposition of large systems that we have men-
tioned as a need:

e The solution of linear systems.

When the linear system we have to solve presents a block-sparse struc-
ture, it is convenient to apply methods combining appropriately the local
solution of the subsystems corresponding to the individual blocks. This is
a frequent situation when dealing with finite difference or finite element
discretizations of a differential system.

The most usual way to proceed is to introduce preconditioners, deter-
mined by the solutions to the subsystems, each of them being computed
with one processor and, then, to perform the global solution with paral-
lelized iterative methods.

2To understand the level of difficulty, it is sufficient to consider a hybrid parabolic-
hyperbolic system and try to match the numerical methods obtained with a finite difference
method in the hyperbolic component and a finite element method in the parabolic one.
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e Multigrid methods.

These are very popular today. Assume we are considering a linear system
originated by the discretization of a differential equation. The main idea
of a multigrid method is to “separate” the low and the high frequencies of
the solution in the computation procedure. Thus we compute approxima-
tions of the solution at different levels, for instance working alternately
with a coarse and a fine grid and incorporating adequate coupling mech-
anisms.

The underlying reason is that any grid, even if it is very fine, is unable to
capture sufficiently high frequency oscillations, just as an ordinary watch
is unable to measure microseconds.

¢ Domain decomposition methods.

Now, assume that (1.1) is a boundary value problem for a partial dif-
ferential equation in the N-dimensional domain €. If € has a complex
geometrical structure, it is very natural to decompose (1.1) in several
similar systems written in simpler domains.

This can be achieved with domain decomposition techniques. The main
idea is to split © in the form

Q=0 UQU---UQ,, (1.65)

and to introduce then an iterative scheme based on computations on each
Q; separately.

Actually, this is not new. Some seminal ideas can be found in Volume II
of the book [60] by R. Courant and D. Hilbert. Since then, there have
been lots of works on domain decomposition methods applied to partial
differential systems (see for instance [131]). However, the role of these
methods in the solution of control problems has not still been analyzed
completely.

e Alternating direction methods.

Frequently, we have to consider models involving time-dependent partial
differential equations in several space dimensions. After standard time
discretization, one is led at each time step to a set of (stationary) partial
differential problems whose solution, in many cases, is difficult to achieve.

This is again connected to the need of decomposing complex systems in
more simple subsystems. These ideas lead to the methods of alternating
directions, of great use in this context. A complete analysis can be found
in [223]. In the particular, but very illustrating context of the Navier-
Stokes equations, these methods have been described for instance in [94]
and [182].
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However, from the viewpoint of Control Theory, alternating direction
methods have not been, up to now, sufficiently explored.

The interaction of the various components of a complex system is also a
difficulty of major importance in control problems. As we mentioned above, for
real life control problems, we have first to choose an appropriate model and then
we have also to make a choice of the control property. But necessarily one ends
up introducing numerical discretization algorithms to make all this computable.
Essentially, we will have to be able to compute an accurate approximation of
the control and this will be made only if we solve numerically a discretized
control problem.

At this point, let us observe that, as mentioned in [231], some models ob-
tained after discretization (for instance via the finite element method) are not
only relevant regarded as approximations of the underlying continuous models
but also by themselves, as genuine models of the real physical world?.

Let us consider a simple example in order to illustrate some extra, somehow
unexpected, difficulties that the discretization may bring to the control process.

Consider again the state equation (1.1). To fix ideas, we will assume that
our control problem is as follows

To find u € Uaq such that
D(u,y(u) < (v, y(v)) Vv € Una, (1.66)
where ® = ®(v,y) is a given function.
Then, we are led to the following crucial question:
What is an appropriate discretized control problem ?
There are at least two reasonable possible answers:

e First approximation method.

We first discretize Uagq and (1.1) and obtain g, and the new (discrete)
state equation

An(yn) = f(vn). (1.67)

Here, h stands for a small parameter that measures the characteristic size
of the “numerical mesh”. Later, we let b — 0 to make the discrete prob-
lem converge to the continuous one. If Uyq, and (1.67) are introduced

3The reader can find in [231] details on how the finite element method was born around
1960. In this article it is also explained that, since its origins, finite elements have been
viewed as a tool to build legitimate discrete models for the mechanical systems arising in
Nature and Engineering, as well as a method to approximate partial differential systems.
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the right way, we can expect to obtain a “discrete state” y(vp,) for each
“discrete admissible” control vy, € Uaq,p, -

Then, we search for an optimal control at the discrete level, i.e. a control
up, € Uad,h such that

D(un, yn(un)) < ®(vn,yn(vn)) Yon € Uad,n - (1.68)
This corresponds to the following scheme:
MODEL — DISCRETIZATION — CONTROL.

Indeed, starting from the continuous control problem, we first discretize it
and we then compute the control of the discretized model. This provides
a first natural method for solving in practice the control problem.

e Second approximation method.

However, we can also do as follows. We analyze the original control prob-
lem (1.1), (1.66) and we characterize the optimal solution and control in
terms of an optimality system. We have already seen that, in practice,
this is just to write the Euler or Euler-Lagrange equations associated
to the minimization problem we are dealing with. We have already de-
scribed how optimality systems can be found for some particular control
problems.

The optimality systems are of the form

Aly) = f(uv), By)p=g(u,y) (1.69)

(where B(y) is a linear operator), together with an additional equation
relating u, y and p. To simplify our exposition, let us assume that the
latter can be written in the form

Q(u,y,p) =0 (1.70)

for some mapping Q. The key point is that, if u, y and p solve the
optimality system (1.69) — (1.70), then u is an optimal control and y is
the associate state. Of course, p is the adjoint state associated to u and
Y.

Then, we can discretize and solve numerically (1.69),(1.70). This corre-
sponds to a different approach:

MODEL — CONTROL — DISCRETIZATION.
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Notice that, in this second approach, we have interchanged the control
and discretization steps. Now, we first analyze the continuous control
problem and, only later, we proceed to the numerical discretization.

It is not always true that these two methods provide the same results.

For example, it is shown in [113] that, with a finite element approximation,
the first one may give erroneous results in vibration problems. This is connected
to the lack of accuracy of finite elements in the computation of high frequency
solutions to the wave equation, see [231]%.

On the other hand, it has been observed that, for the solution of a lot of
optimal design problems, the first strategy is preferable; see for instance [167]
and [181].

The commutativity of the DISCRETIZATION/CONTROL scheme is at
present a subject that is not well understood and requires further investigation.
We do not still have a significant set of results allowing to determine when
these two approaches provide similar results and when they do not. Certainly,
the answer depends heavily on the nature of the model under consideration.
In this sense, control problems for elliptic and parabolic partial differential
equations, because of their intrinsic dissipative feature, will be better behaved
than hyperbolic systems. We refer the interested reader to [242] for a complete
account of this fact. It is however expected that much progress will be made
in this context in the near future.

1.9 Two challenging applications

In this Section, we will mention two control problems whose solution will prob-
ably play an important role in the context of applications in the near future.

1.9.1 Molecular control via laser technology

We have already said that there are many technological contexts where Con-
trol Theory plays a crucial role. One of them, which has had a very recent
development and announces very promising perspectives, is the laser control of
chemical reactions.

The basic principles used for the control of industrial processes in Chemistry
have traditionally been the same for many years. Essentially, the strategies have
been (a) to introduce changes in the temperature or pressure in the reactions
and (b) to use catalyzers.

4Nevertheless, the disagreement of these two methods may be relevant not only as a purely
numerical phenomenon but also at the level of modelling since, as we said above, in many
engineering applications discrete models are often directly chosen.



E. Zuazua 49

Laser technology, developed in the last four decades, is now playing an in-
creasingly important role in molecular design. Indeed, the basic principles in
Quantum Mechanics rely on the wave nature of both light and matter. Ac-
cordingly, it is reasonable to believe that the use of laser will be an efficient
mechanism for the control of chemical reactions.

The experimental results we have at our disposal at present allow us to
expect that this approach will reach high levels of precision in the near future.
However, there are still many important technical difficulties to overcome.

For instance, one of the greatest drawbacks is found when the molecules
are “not very isolated”. In this case, collisions make it difficult to define their
phases and, as a consequence, it is very hard to choose an appropriate choice
of the control. A second limitation, of a much more technological nature, is
related to the design of lasers with well defined phases, not too sensitive to the
instabilities of instruments.

For more details on the modelling and technological aspects, the reader is
referred to the expository paper [25] by P. Brumer and M. Shapiro.

The goal of this subsection is to provide a brief introduction to the mathe-
matical problems one finds when addressing the control of chemical reactions.

Laser control is a subject of high interest where Mathematics are not suf-
ficiently developed. The models needed to describe these phenomena lead to
complex (nonlinear) Schrddinger equations for which the results we are able to
deduce are really poor at present. Thus,

e We do not dispose at this moment of a complete theory for the corre-
sponding initial or initial/boundary value problems.

e Standard numerical methods are not sufficiently efficient and, accordingly,
it is difficult to test the accuracy of the models that are by now available.

The control problems arising in this context are bilinear. This adds funda-
mental difficulties from a mathematical viewpoint and makes these problems
extremely challenging. Indeed, we find here genuine nonlinear problems for
which, apparently, the existing linear theory is insufficient to provide an an-
swer in a first approach.

In fact, it suffices to analyze the most simple bilinear control problems where
wave phenomena appear to understand the complexity of this topic. Thus, let
us illustrate this situation with a model concerning the linear one-dimensional
Schrodinger equation. It is clear that this is insufficient by itself to describe all
the complex phenomena arising in molecular control via laser technology. But
it suffices to present the main mathematical problem and difficulties arising in
this context.
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The system is the following:

it + ¢ue +P(H)zp=0 0<z<1l, 0<t<T,
#(0,t) = p(1,t) =0, 0<t<T, (1.71)
o(x,0) = ¢°(2), 0<z<l.

In (1.71), ¢ = ¢(x,t) is the state and p = p(t) is the control. Although ¢ is
complex-valued, p(t) is real for all ¢. The control p can be interpreted as the
intensity of an applied electrical field and x is the (prescribed) direction of the
laser.

The state ¢ = ¢(x,t) is the wave function of the molecular system. It
can be regarded as a function that furnishes information on the location of an
elementary particle: for arbitrary a and b with 0 < a < b < 1, the quantity

b
Pla,bit) = / I6(z, )2 da

can be viewed as the probability that the particle is located in (a, b) at time t.

The controllability problem for (1.71) is to find the set of attainable states
é(-,T) at a final time T as p runs over the whole space L?(0,T).

It is worth mentioning that, contrarily to what happens to many other
control problems, the set of attainable states at time 7' depends strongly on
the initial data ¢°. In particular, when ¢° = 0 the unique solution of (1.71) is
¢ = 0 whatever p is and, therefore, the unique attainable state is ¢(-,T) = 0.
It is thus clear that, if we want to consider a nontrivial situation, we must
suppose that ¢° # 0.

We say that this is a bilinear control problem, since the unique nonlinearity
in the model is the term p(t)x ¢, which is essentially the product of the con-
trol and the state. Although the nonlinearity might seem simple, this control
problem becomes rather complex and out of the scope of the existing methods
in the literature.

For an overview on the present state of the art of the control of systems
governed by the Schrodinger equation, we refer to the survey article [243] and
the references therein.

1.9.2 An environmental control problem

For those who live and work on the seaside or next to a river, the relevance
of being able to predict drastic changes of weather or on the state of the sea
is obvious. In particular, it is vital to predict whether flooding may arise, in
order to be prepared in time.

Floodings are one of the most common environmental catastrophic events
and cause regularly important damages in several regions of our planet. They
are produced as the consequence of very complex interactions of tides, waves
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and storms. The varying wind and the fluctuations of the atmospherical pres-
sure produced by a storm can be the origin of an elevation or descent of several
meters of the sea level in a time period that can change from several hours to
two or three days. The wind can cause waves of a period of 20 seconds and
a wavelenght of 20 or 30 meters. The simultaneous combination of these two
phenomena leads to a great risk of destruction and flooding.

The amplitude of the disaster depends frequently on the possible accumula-
tion of factors or events with high tides. Indeed, when this exceptional elevation
of water occurs during a high tide, the risk of flooding increases dangerously.

This problem is being considered increasingly as a priority by the authorities
of many cities and countries. Indeed, the increase of temperature of the planet
and the melting of polar ice are making these issues more and more relevant
for an increasing population in all the continents.

For instance, it is well known that, since the Middle Age, regular floods
in the Thames river cover important pieces of land in the city of London and
cause tremendous damages to buildings and population.

When floods occur in the Thames river, the increase on the level of water
can reach a height of 2 meters. On the other hand, the average level of water
at the London bridge increases at a rate of about 75 centimeters per century
due to melting of polar ice. Obviously, this makes the problem increasingly
dangerous.

Before explaining how the British authorities have handled this problem, it
is important to analyze the process that lead to these important floods.

It is rather complex. Indeed, low atmospheric pressures on the Canadian
coast may produce an increase of about 30 centimeters in the average sea level
in an area of about 1600 square kilometers approximately. On the other hand,
due to the north wind and ocean currents, this tremendous mass of water may
move across the Atlantic Ocean at a velocity of about 80 to 90 kilometers per
day to reach the coast of Great Britain. Occasionally, the north wind may
even push this mass of water down along the coast of England to reach the
Thames Estuary. Then, this mass of water is sent back along the Thames and
the conditions for a disaster arise.

In 1953, a tremendous flooding happened Kkilling over 300 people while
64 000 hectares of land were covered by water. After that, the British Gov-
ernment decided to create a Committee to analyze the problem and the possi-
bilities of building defense mechanisms. There was consensus on the Committee
about the need of some defense mechanism but not about which one should be
implemented. Finally, in 1970 the decision of building a barrier, the Thames
Barrier, was taken.

Obviously, the main goal of the barrier is to close the river when a dangerous
increase of water level is detected. The barrier was built during 8 years and
4000 workers participated on that gigantic engineering programme. The barrier
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was finally opened in 1984. It consists of 10 enormous steel gates built over
the basement of reinforced concrete structures and endowed with sophisticated
mechanisms that allow normal traffic on the river when the barrier is open but
that allows closing and cutting the traffic and the flux of water when needed.
Since its opening, the barrier has been closed three times up to now.

Obviously, as for other many control mechanisms, it is a priority to close the
barrier a minimal number of times. Every time the barrier is closed, important
economic losses are produced due to the suppression of river traffic. Further-
more, once the barrier is closed, it has to remain closed at least for 8 hours
until the water level stabilizes at both sides. On the other hand, the process
of closing the barrier takes two hours and, therefore, it is not possible to wait
and see at place the flood arriving but, rather, one has to take the decision of
closing on the basis of predictions. Consequently, extremely efficient methods
of prediction are needed.

At present, the predictions are made by means of mathematical models that
combine or match two different subsystems: the first one concerns the tides
around the British Islands and the second one deals with weather prediction.
In this way, every hour, predictions are made 30 hours ahead on several selected
points of the coast.

The numerical simulation and solution of this model is performed on the
supercomputer of the British Meteorological Office and the results are trans-
ferred to the computer of the Thames Barrier. The data are then introduced
in another model, at a bigger scale, including the North Sea, the Thames Es-
tuary and the low part of the river where the effect of tides is important. The
models that are being used at present reduce to systems of partial differential
equations and are solved by finite difference methods. The results obtained this
way are compared to the average predictions and, in view of this analysis, the
authorities have the responsibility of taking the decision of closing the barrier
or keeping it opened.

The Thames Barrier provides, at present, a satisfactory solution to the
problem of flooding in the London area. But this is not a long term solution
since, as we said above, the average water level increases of approximately
75 centimeters per century and, consequently, in the future, this method of
prevention will not suffice anymore.

We have mentioned here the main task that the Thames Barrier carries out:
the prevention of flooding. But it also serves of course to prevent the water
level to go down beyond some limits that put in danger the traffic along the
river.

The Thames Barrier is surely one of the greatest achievements of Control
Theory in the context of the environmental protection. Here, the combination
of mathematical modelling, numerical simulation and Engineering has allowed
to provide a satisfactory solution to an environmental problem of first magni-
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tude.

The reader interested in learning more about the Thames Barrier is referred
to [75].

1.10 The future

At present, there are many branches of Science and Technology in which Con-
trol Theory plays a central role and faces fascinating challenges. In some cases,
one expects to solve the problems by means of technological developments that
will make possible to implement more sophisticated control mechanisms. To
some extent, this is the case for instance of the laser control of chemical reac-
tions we have discussed above. But, in many other areas, important theoretical
developments will also be required to solve the complex control problems that
arise. In this Section, we will briefly mention some of the fields in which these
challenges are present. The reader interested in learning more about these
topics is referred to the STAM Report [204].

e Large space structures - Quite frequently, we learn about the difficul-
ties found while deploying an antenna by a satellite, or on getting the precise
orientation of a telescope. In some cases, this may cause huge losses and dam-
ages and may even be a reason to render the whole space mission useless.
The importance of space structures is increasing rapidly, both for communica-
tions and research within our planet and also in the space adventure. These
structures are built coupling several components, rigid and flexible ones. The
problem of stabilizing these structures so that they remain oriented in the
right direction without too large deformations is therefore complex and rele-
vant. Designing robust control mechanisms for these structures is a challenging
problem that requires important cooperative developments in Control Theory,
computational issues and Engineering.

e Robotics - This is a branch of Technology of primary importance, where
the scientific challenges are diverse and numerous. These include, for instance,
computer vision. Control Theory is also at the heart of this area and its
development relies to a large extent on robust computational algorithms for
controlling. It is not hard to imagine how difficult it is to get a robot “walking”
along a stable dynamics or catching an objet with its “hands”.

e Information and energy networks - The globalization of our planet is
an irreversible process. This is valid in an increasing number of human activ-
ities as air traffic, generation and distribution of energy, informatic networks,
etc. The dimensions and complexity of the networks one has to manage are so
large that, very often, one has to take decisions locally, without having a com-
plete global information, but taking into account that local decisions will have
global effects. Therefore, there is a tremendous need of developing methods
and techniques for the control of large interconnected systems.
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e Control of combustion - This is an extremely important problem in
Aerospatial and Aeronautical Industry. Indeed, the control of the instabilities
that combustion produces is a great challenge. In the past, the emphasis has
been put on design aspects, modifying the geometry of the system to interfere
on the acoustic-combustion interaction or incorporating dissipative elements.
The active control of combustion by means of thermal or acoustic mechanisms
is also a subject in which almost everything is to be done.

e Control of fluids - The interaction between Control Theory and Fluid
Mechanics is also very rich nowadays. This is an important topic in Aeronau-
tics, for instance, since the structural dynamics of a plane in flight interacts
with the flux of the neighboring air. In conventional planes, this fact can be
ignored but, for the new generations, it will have to be taken into account, to
avoid turbulent flow around the wings.

From a mathematical point of view, almost everything remains to be done
in what concerns modelling, computational and control issues. A crucial contri-
bution was made by J.L. Lions in [144], where the approximate controllability
of the Navier-Stokes equations was conjectured. For an overview of the main
existing results, see [81].

e Solidification processes and steel industry - The increasingly im-
portant development in Material Sciences has produced intensive research in
solidification processes. The form and the stability of the liquid-solid inter-
face are central aspects of this field, since an irregular interface may produce
undesired products. The sources of instabilities can be of different nature: con-
vection, surface tension, ... The Free Boundary Problems area has experienced
important developments in the near past, but very little has been done from
a control theoretical viewpoint. There are very interesting problems like, for
instance, building interfaces by various indirect measurements, or its control by
means of heating mechanisms, or applying electric or magnetic currents or ro-
tations of the alloy in the furnace. Essentially, there is no mathematical theory
to address these problems.

e Control of plasma - In order to solve the energetic needs of our planet,
one of the main projects is the obtention of fusion reactions under control. At
present, Tokomak machines provide one of the most promising approaches to
this problem. Plasma is confined in a Tokomak machine by means of electro-
magnetic fields. The main problem consists then in keeping the plasma at high
density and temperature on a desired configuration along long time intervals
despite its instabilities. This may be done placing sensors that provide the
information one needs to modify the currents rapidly to compensate the per-
turbations in the plasma. Still today there is a lot to be done in this area. There
are also important identification problems arising due to the difficulties to get
precise measurements. Therefore, this is a field that provides many challenging
topics in the areas of Control Theory and Inverse Problems Theory.
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e Biomedical research - The design of medical therapies depends very
strongly on the understanding of the dynamics of Physiology. This is a very
active topic nowadays in which almost everything is still to be done from a
mathematical viewpoint. Control Theory will also play an important role in
this field. As an example, we can mention the design of mechanisms for insulin
supply endowed with control chips.

e Hydrology - The problem of governing water resources is extremely rel-
evant nowadays. Sometimes this is because there are little resources, some
others because they are polluted and, in general, because of the complexity of
the network of supply to all consumers (domestic, agricultural, industrial, ... ).
The control problems arising in this context are also of different nature. For in-
stance, the parameter identification problem, in which the goal is to determine
the location of sensors that provide sufficient information for an efficient ex-
traction and supply and, on the other hand, the design of efficient management
strategies.

e Recovery of natural resources - Important efforts are being made on
the modelling and theoretical and numerical analysis in the area of simulation
of reservoirs of water, oil, minerals, etc. One of the main goals is to optimize
the extraction strategies. Again, inverse problems arise and, also, issues related
to the control of the interface between the injected and the extracted fluid.

e Economics - The increasingly important role that Mathematics are play-
ing in the world of Fconomics and Finances is well known. Indeed, nowadays,
it is very frequent to use Mathematics to predict the fluctuations in financial
markets. The models are frequently stochastic and the existing Stochastic Con-
trol Theory may be of great help to design optimal strategies of investment and
consumption.

e Manufacturing systems - Large automatic manufacturing systems are
designed as flexible systems that allow rapid changes of the production planning
as a function of demand. But this increasing flexibility is obtained at the price
of an increasing complexity. In this context, Control Theory faces also the need
of designing efficient computerized control systems.

e Evaluation of efficiency on computerized systems - The existing
software packages to evaluate the efficiency of computer systems are based on
its representation by means of the Theory of Networks. The development of
parallel and synchronized computer systems makes them insufficient. Thus, it
is necessary to develop new models and, at this level, the Stochastic Control
Theory of discrete systems may play an important role.

e Control of computer aided systems - As we mentioned above, the
complexity of the control problems we are facing nowadays is extremely high.
Therefore, it is impossible to design efficient control strategies without the aid
of computers and this has to be taken into account when designing these strate-
gies. This is a multidisciplinary research field concerned with Control Theory,
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Computer Sciences, Numerical Analysis and Optimization, among other areas.

Appendix 1: Pontryagin’s maximum principle

As we said in Section 3, one of the main contributions to Control Theory in
the sixties was made by L. Pontryagin by means of the mazimum principle. In
this Appendix, we shall briefly recall the main underlying ideas.

In order to clarify the situation and show how powerful is this approach,
we will consider a minimal time control problem. Thus, let us consider again
the differential system
with state x = (z1(t),...,2n(t)) and control u = (uy(t),...,up(t)).

For simplicity, we will assume that the function f : RY x R™ — RY is
well defined and smooth, although this is not strictly necessary (actually, this
is one of the main contributions of Pontryagin’s principle). We will also assume
that a nonempty closed set G C RM is given and that the family of admissible
controls is

U = {u € L*(0,+00; RM) s u(t) € G ae. }. (1.73)

Let us introduce a manifold M of R, with
M={zecR": pu(x)=0},

where p : RY +— RY is a regular map (¢ < N), so that the matrix Vyu(z) is
of rank ¢ at each point x € M (thus, M is a smooth differential manifold of
dimension N — ¢q). Recall that the tangent space to M at a point x € M is
given by:

TM={veR"N:Vu(z)-v=0}.

Let us fix the initial state 2° in R \ M. Then, to each control u = u(t) we
can associate a trajectory, defined by the solution of (1.72). Our minimal time
control problem consists in finding a control in the admissible set i,q driving
the corresponding trajectory to the manifold M in a time as short as possible.

In other words, we intend to minimize the quantity 7" subject to the follow-
ing constraints:

e T >0,
o For some u € Uyq , the associated solution to (1.72) satisfies z(T") € M.

Obviously, the difficulty of the problem increases when the dimension of M
decreases.
The following result holds (Pontryagin’s maximum principle):
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Theorem 1.10.1 Assume that T is the minimal time and @, defined for t €
[0, T], is an optimal control for this problem. Let & be the corresponding trajec-
tory. Then there exists p = p(t) such that the following identities hold almost
everywhere in [0,T):

t
b=t = (Ghea) s (174
and

H(x(t), p(t), &) = max H((t), 5(t), v), (1.75)

where
H(z,p,v) = (f(z,v),p) V(r,p,v) e RN x RY x G. (1.76)

Furthermore, the quantity

H*(,p) = max H(&,p,v) (1.77)

veG

is constant and nonnegative (mazximum condition) and we have
F§T)=2", #(T)eM (1.78)

and .
p(T) L TQ(T)M (1.79)

(transversality condition).

The function H is referred to as the Hamiltonian of (1.72) and the solutions
(Z,p, 1) of the equations (1.74)—(1.79) are called extremal points. Of course, p
is the extremal adjoint state.

Very frequently in practice, in order to compute the minimal time T and
the optimal control 4, system (1.74)—(1.79) is used as follows. First, assuming
that & and p are known, we determine 4(t) for each ¢ from (1.75). Then, with
@ being determined in terms of & and p, we solve (1.74) with the initial and
final conditions (1.78) and (1.79).

Observe that this is a well posed boundary-value problem for the couple
(,p) in the time interval (0, 7).

From (1.74), the initial and final conditions and (1.75), provide the control
in terms of the state. Consequently, the maximum principle can be viewed as
a feedback law for determining a good control .

In order to clarify the statement in Theorem 1.10.1, we will now present a
heuristic proof.

We introduce the Hilbert space X x U, where U = L?*(0,4o00; RM) and
X is the space of functions z = z(t) satisfying = € L?(0,+o0; RY) and & €
L2(0, +o00; RV)?.

5This is the Sobolev space H'(0,4o00; RN). More details can be found, for instance, in
[24].
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Let us consider the functional
F(T,z,u)=T VY(T,z,u) e Rx X xU.
Then, the problem under consideration is
To minimize F(T,x,u), (1.80)
subject to the inequality constraint
T >0, (1.81)
the pointwise control constraints
u(t) € G ae. in (0,T) (1.82)

(that is to say u € U,q) and the equality constraints

& — f(z,u) =0 a.e.in (0,7), (1.83)
z(0) —2° =0 (1.84)

and
w(z(T)) = 0. (1.85)

Let us assume that (T, Z,1) is a solution to this constrained extremal prob-
lem. One can then prove the existence of Lagrange multipliers (p,2,w) €
X x RN x RY such that (T,:fc, @) is, together with (p, 2, ), a saddle point of
the Lagrangian

L(T,,u;p, 2w) =T + / (o — f(,w)) di + (2,2(0) — 2°) + {w, u(x(T)))

in Ry x X xUayq x X xRV xRV,
In other words, we have

{E@jMRAMSE@j@@iwgﬁﬁmm@zm (1.86)

V(T,z,u) € Ry X X XUaa, V(p,z,w)€ X xRNV xRN,

The first inequalities in (1.86) indicate that the equality constraints (1.83)—
(1.85) are satisfied for T, # and 4. Let us now see what is implied by the second
inequalities in (1.86).

First, taking T' = T and z = # and choosing u arbitrarily in U,q , we find
that

T T
/ b, f () dt < / (5, f(&,0)) dt Vu € Ung .
0 0
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It is not difficult to see that this is equivalent to (1.75), in view of the definition
of L{ad .
Secondly, taking T'=T and u = 4, we see that

T
/0 (p, i — f(x,0)) dt + (z,2(0) — 2°) + (w, w(z(T))) >0 Ve X. (1.87)

From (1.87) written for x = 4 ey, taking into account that (1.83) — (1.85) are
satisfied for T', & and #, after passing to the limit as € — 0, we easily find that

| =G ) e O+ 0 T (D)D) =0 vy € X, (188)

Taking y € X such that y(0)

differential system satisfied by p in (0
we have from (1.88) that

[ - (L)) e =0

for all such y. This leads to the second differential system in (1.74).

Finally, let us fix A in RY an let us take in (1.88) a function y € X such
that 4(0) = 0 and y(T') = \. Integrating again by parts, in view of (1.74), we
find that

) = 0, we can deduce at once the

y(T
,T). Indeed, after integration by parts,

(BT, \) + (b, Vu(&(T)) - A) =0

and, since A is arbitrary, this implies
~ d A~ ot t A
B(1) = — (Va(@() @

This yields the transversality condition (1.79).

We have presented here the maximum principle for a minimal time control
problem, but there are many variants and generalizations.

For instance, let the final time 7" > 0 and a non-empty closed convex set
S C RY be fixed and let Unq be now the family of controls u € L?(0,T; RM)
with values in the closed set G C RM such that the associated states z = z(t)
satisfy

z(0) =2 z(T)eS. (1.89)

Let fO: RV x RM — R be a smooth bounded function and let us put

/ Oz () dt Vu € Uanq, (1.90)
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where x is the state associated to u through (1.72). In this case, the Hamilto-
nian H is given by

H(z,p,u) = (f(z,u),p) + f*(z,u) V(z,p,u) e RY xRY x G.  (1.91)

Then, if & minimizes F' over U,q and  is the associated state, the maximum
principle guarantees the existence of a function p such that the following system
holds:

. . t 0
z=f(z,4), -p= (gi(i,a)) P+ %(;ﬁ,ﬁ) a.e. in (0,T), (1.92)
H(2(t), p(t), &) = max H(2(t), 5(t), v), (1.93)
#0) =2 #T)eS (1.94)
and
P, y—2(T)) >0 VYyes. (1.95)

For general nonlinear systems, the optimality conditions that the Pontrya-
gin maximum principle provides may be difficult to analyze. In fact, in many
cases, these conditions do not yield a complete information of the optimal tra-
jectories. Very often, this requires appropriate geometrical tools, as the Lie
brackets mentioned in Section 4. The interested reader is referred to H. Suss-
mann [209] for a more careful discussion of these issues.

In this context, the work by J.A. Reeds and L.A. Shepp [188] is worth men-
tioning. This paper is devoted to analyze a dynamical system for a vehicle,
similar to the one considered at the end of Section 4, but allowing both back-
wards and forwards motion. As an example of the complexity of the dynamics
of this system, it is interesting to point out that an optimal trajectory consists
of, at most, five pieces. Each piece is either a segment or an arc of circumfer-
ence, so that the whole set of possible optimal trajectories may be classified in
48 three-parameters families. More recently, an exhaustive analysis carried out
in [210] by means of geometric tools allowed the authors to reduce the number
of families actually to 46.

The extension of the maximum principle to control problems for partial
differential equations has also been the objective of intensive research. As
usual, when extending this principle, technical conditions are required to take
into account the intrinsic difficulties of the infinite dimensional character of the
system. The interested reader is referred to the books by H.O. Fattorini [77]
and X. Li and J. Yong [140].
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Appendix 2: Dynamical programming

We have already said in Section 3 that the dynamical programming principle,
introduced by R. Bellman in the sixties, is another historical contribution to
Control Theory.

The main goal of this principle is the same as of Pontryagin’s main result:
to characterize the optimal control by means of a system that may be viewed
as a feedback law.

Bellman’s central idea was to do it through the value function (also called
the Bellman function) and, more precisely, to benefit from the fact that this
function satisfies a Hamilton-Jacobi equation.

In order to give an introduction to this theory, let us consider for each
t € [0,T] the following differential problem:

[zt seen

Again, * = x(s) plays the role of the state and takes values in R and
u = u(s) is the control and takes values in R™. The solution to (1.96) will be
denoted by z(-;t,2°).

We will assume that u can be any measurable function in [0, 7] with values
in a compact set G C RM. The family of admissible controls will be denoted,
as usual, by Uyq -

The final goal is to solve a control problem for the state equation in (1.96)
in the whole interval [0, T]. But it will be also useful to consider (1.96) for each
t € [0,T], with the “initial” data prescribed at time ¢.

Thus, for any ¢t € [0,7T], let us consider the problem of minimizing the cost
C(-;t,2°%), with

C(uyt,2%) = /T FOlx(rit,2%), u(r)) dr + fH(T,z(T;t,2°)) Yu € Upg (1.97)

(the final goal is to minimize C(-;0,2°) in the set of admissible controls Uaq).
To simplify our exposition, we will assume that the functions f, f0 and f' are
regular and bounded with bounded derivatives.

The main idea in dynamical programming is to introduce and analyze the
so called value function V =V (2°,t), where

V(2°,t) = »le%{f Cust,2°) va® e RN, Vtel0,T). (1.98)
u ad

This function provides the minimal cost obtained when the system starts
from 20 at time ¢ and evolves for s € [t, T]. The main property of V is that it
satisfies a Hamilton-Jacobi equation. This fact can be used to characterize and
even compute the optimal control.
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Before writing the Hamilton-Jacobi equation satisfied by V, it is convenient
to state the following fundamental result:

Theorem 1.10.2 The value function V = V(2% t) satisfies the Bellman opti-
mality principle, or dynamical programming principle. According to it, for any
20 € RN and any t € [0,T), the following identity is satisfied:

V(2%,t) = ugg;d V(x(s;t,x° / fOx(rit,2°),u(r))dr| Vs € [t,T).
(1.99)

In other words, the minimal cost that is produced starting from z° at time
t coincides with the minimal cost generated starting from z(s;¢,2°) at time s
plus the “energy” lost during the time interval [t,s]. The underlying idea is
that a control, to be optimal in the whole time interval [0,T], has also to be
optimal in every interval of the form [¢, T.

A consequence of (1.99) is the following:

Theorem 1.10.3 The value function V =V (x,t) is globally Lipschitz-continuous.
Furthermore, it is the unique viscosity solution of the following Cauchy problem
for the Hamilton-Jacobi-Bellman equation

{Vt+ mf{ (z,0), VV) + fO(z,0)} =0, (z,t) € RN x (0,7),

V(x,T) = fY(T, ), 2 RN (1.100)

The equation in (1.100) is, indeed, a Hamilton-Jacobi equation, i.e. an equa-
tion of the form
Vi+ H(z,VV) =0,

with Hamiltonian
H(x,p) = 1nf { ),p) + fO(z,v)} (1.101)

(recall (1.91)).

The notion of wiscosity solution of a Hamilton-Jacobi equation was intro-
duced to compensate the absence of existence and uniqueness of classical solu-
tion, two phenomena that can be easily observed using the method of charac-
teristics. Let us briefly recall it.

Assume that H = H(x,p) is a continuous function (defined for (z,p) €
RY x RY) and g = g(z) is a continuous bounded function in R™. Consider
the following initial-value problem:

{ yi + H(x,Vy) =0, (z,t) € RN x (0,00),

y(x,0) = g(z), rcRY. (1.102)

Let y = y(x,t) be bounded and continuous. It will be said that y is a viscosity
solution of (1.102) if the following holds:
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e For each v € C*°(R” x (0,00)), one has

If y — v has a local maximum at (z°,¢°) € RY x (0,00), then
v (20,8%) + H (20, Vou(2°,1%)) <0

and

If y — v has a local minimum at (z°,¢%) € RY x (0,0), then
v (22,8°) + H (20, Vo(2,t%)) > 0.

e y(z,0) = g(z) for all z € RV.

This definition is justified by the following fact. Assume that y is a classical
solution to (1.102). It is then easy to see that, whenever v € C*°(RY x (0, c0))
and vy (20, t9)+ H (2%, Vo(2°,9)) > 0 (resp. < 0), the function y—v cannot have
a local maximum (resp. a local minimum) at (2°,¢%). Consequently, a classical
solution is a viscosity solution and the previous definition makes sense.

On the other hand, it can be checked that the solutions to (1.102) obtained
by the wvanishing viscosity method satisfy these conditions and, therefore, are
viscosity solutions. The vanishing viscosity method consists in solving, for each
€ > 0, the parabolic problem

{ v+ H(z,Vy) = Ay, (z,t) € RY x (0,00),

y(z,0) = g(x), z € RN (1.103)

and, then, passing to the limit as € — 0.

A very interesting feature of viscosity solutions is that the two properties
entering in its definition suffice to prove uniqueness. The proof of this unique-
ness result is inspired on the pioneering work by N. Kruzhkov [128] on entropy
solutions for hyperbolic equations. The most relevant contributions to this
subject are due to M. Crandall and P.L. Lions and L.C. Evans, see [61], [71].

But let us return to the dynamical programming principle (the fact that
the value function V satisfies (1.99)) and let us see how can it be used.

One may proceed as follows. First, we solve (1.100) and obtain in this way
the value function V. Then, we try to compute 4(t) at each time ¢ using the
identities

Fat),a(t) - VV(@(t),t) + fO(a(t), a(t)) = H(@(t), VV (@(t), 1)),  (1.104)

i.e. we look for the values 4(t) such that the minimum of the Hamiltonian in
(1.101) is achieved. In this way, we can expect to obtain a function @ = u(t)
which is the optimal control.

Recall that, for each 4, the state & is obtained as the solution of
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Therefore, & is determined by @ and (1.104) is an equation in which @(t) is in
fact the sole unknown.

In this way, one gets indeed an optimal control @ in feedback form that
provides an optimal trajectory & (however, at the points where V' is not smooth,
important difficulties arise; for instance, see [80]).

If we compare the results obtained by means of the maximum principle and
the dynamical programming principle, we see that, in both approaches, the
main conclusions are the same. It could not be otherwise, since the objective
was to characterize optimal controls and trajectories.

However, it is important to underline that the points of view are completely
different. While Pontryagin’s principle extends the notion of Lagrange multi-
plier, Bellman’s principle provides a dynamical viewpoint in which the value
function and its time evolution play a crucial role.

The reader interested in a simple but relatively complete introduction to
Hamilton-Jacobi equations and dynamical programming can consult the book
by L.C. Evans [72]. For a more complete analysis of these questions see for
instance W. Fleming and M. Soner [80] and P.-L. Lions [150]. For an extension
of these methods to partial differential equations, the reader is referred to the
book by X. Li and J. Yong [140].



Chapter 2

An introduction to the

controllability of linear
PDE (S. Micu and E. Zuazua)

joint work with Sorin MICU, University of Craiova, Romania, to appear in
Quelques questions de théorie du controle. Sari, T., ed., Collection Travaux
en Cours Hermann

2.1 Introduction

These notes are a written abridged version of a course that both authors have
delivered in the last five years in a number of schools and doctoral programs.
Our main goal is to introduce some of the main results and tools of the modern
theory of controllability of Partial Differential Equations (PDE). The notes are
by no means complete. We focus on the most elementary material by making
a particular choice of the problems under consideration.

Roughly speaking, the controllability problem may be formulated as follows.
Consider an evolution system (either described in terms of Partial or Ordinary
Differential Equations (PDE/ODE)). We are allowed to act on the trajectories
of the system by means of a suitable control (the right hand side of the system,
the boundary conditions, etc.). Then, given a time interval ¢ € (0,7), and
initial and final states we have to find a control such that the solution matches
both the initial state at time ¢ = 0 and the final one at time ¢t = T'.

This is a classical problem in Control Theory and there is a large literature
on the topic. We refer for instance to the book by Lee and Marcus [136] for

65
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an introduction in the context of finite-dimensional systems. We also refer
to the survey paper by Russell [194] and to the book of Lions [142, 143] for
an introduction to the controllability of PDE, also referred to as Distributed
Parameter Systems.

Research in this area has been very intensive in the last two decades and
it would be impossible to report on the main progresses that have been made
within these notes. For this reason we have chosen to collect some of the most
relevant introductory material at the prize of not reaching the best results that
are known today. The interested reader may learn more on this topic from the
references above and those on the bibliography at the end of the article.

When dealing with controllability problems, to begin with, one has to dis-
tinguish between finite-dimensional systems modelled by ODE and infinite-
dimensional distributed systems described by means of PDE. This modelling is-
sue may be important in practice since finite-dimensional and infinite-dimensio-
nal systems may have quite different properties from a control theoretical point
of view as we shall see in section 3.

Most of these notes deal with problems related to PDE. However, we start
by an introductory section in which we present some of the basic problems and
tools of control theory for finite-dimensional systems. The theory has evolved
tremendously in the last decades to deal with nonlinearity and uncertainty
but here we present the simplest results concerning the controllability of linear
finite-dimensional systems and focus on developing tools that will later be useful
to deal with PDE. As we shall see, in the finite-dimensional context a system
s controllable if and only if the algebraic Kalman rank condition is satisfied.
According to it, when a system is controllable for some time it is controllable
for all time. But this is not longer true in the context of PDE. In particular, in
the frame of the wave equation, a model in which propagation occurs with finite
velocity, in order for controllability properties to be true the control time needs
to be large enough so that the effect of the control may reach everywhere. In
this first section we shall develop a variational approach to the control problem.

As we shall see, whenever a system is controllable, the control can be built
by minimizing a suitable quadratic functional defined on the class of solutions of
the adjoint system. Suitable variants of this functional allow building different
types of controls: those of minimal L2-norm turn out to be smooth while
those of minimal L*°-norm are of bang-bang form. The main difficulty when
minimizing these functionals is to show that they are coercive. This turns out
to be equivalent to the so called observability property of the adjoint equation,
a property which is equivalent to the original control property of the state
equation.

In sections 2 and 3 we introduce the problems of interior and boundary
control of the linear constant coefficient wave equation. We describe the vari-
ous variants, namely, approximate, exact and null controllability, and its mu-
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tual relations. Once again, the problem of exact controllability turns out to be
equivalent to the observability of the adjoint system while approximate control-
lability is equivalent to a weaker uniqueness or unique continuation property.
In section 4 we analyze the 1 — d case by means of Fourier series expansions
and the classical Ingham’s inequality which is a very useful tool to solve control
problems for 1 — d wave-like and beam equations.

In sections 5 and 6 we discuss respectively the problems of interior and
boundary control of the heat equation. We show that, as a consequence of
Holmgren Uniqueness Theorem, the adjoint heat equation posesses the property
of unique continuation in an arbitrarily small time. Accordingly the multi-
dimensional heat equation is approximately controllable in an arbitrarily small
time and with controls supported in any open subset of the domain where the
equation holds. We also show that, in one space dimension, using Fourier series
expansions, the null control problem, can be reduced to a problem of moments
involving a sequence of real exponentials. We then build a biorthogonal family
allowing to show that the system is null controllable in any time by means of
a control acting on one extreme of the space interval where the heat equation
holds.

As we said above these notes are not complete. The interested reader may
learn more on this topic through the survey articles [237] and [241]. For the
connections between controllability and the theory of homogenization we refer
to section 4 below. We refer to [242] for a discussion of numerical approximation
issues in controllability of PDE.

2.1.1 Controllability and stabilization of finite dimensional
systems

This section is devoted to study some basic controllability and stabilization
properties of finite dimensional systems.

The first two sections deal with the linear case. In Section 1 it is shown
that the exact controllability property may be characterized by means of the
Kalman’s algebraic rank condition. In Section 2 a skew-adjoint system is con-
sidered. In the absence of control, the system is conservative and generates a
group of isometries. It is shown that the system may be guaranteed to be uni-
formly exponentially stable if a well chosen feedback dissipative term is added
to it. This is a particular case of the well known equivalence property between
controllability and stabilizability of finite-dimensional systems ([226]).

2.1.2 Controllability of finite dimensional linear systems

Let n,m € N* and T' > 0. We consider the following finite dimensional system:
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(t) —+ Bu(t), te (OvT), (2_1)

In (2.1), A is a real n X n matrix, B is a real n x m matrix and z° a vector
in R™. The function z : [0,T] — R"™ represents the state and v : [0,7] — R™
the control. Both are vector functions of n and m components respectively
depending exclusively on time ¢. Obviously, in practice m < n. The most
desirable goal is, of course, controlling the system by means of a minimum
number m of controls.

Given an initial datum z° € R™ and a vector function v € L?(0, T; R™), sys-
tem (2.1) has a unique solution x € H'(0, T; R") characterized by the variation
of constants formula:

t
x(t) = eMa” +/ e Bu(s)ds, Vit e [0,T]. (2.2)
0

Definition 2.1.1 System (2.1) is exactly controllable in time T > 0 if given
any initial and final one x°,x' € R™ there exists u € L*(0,T,R™) such that
the solution of (2.1) satisfies x(T) = x*.

According to this definition the aim of the control process consists in driving
the solution z of (2.1) from the initial state 2° to the final one x! in time T by
acting on the system through the control .

Remark that m is the number of controls entering in the system, while
n stands for the number of components of the state to be controlled. As
we mentioned before, in applications it is desirable to make the number of
controls m to be as small as possible. But this, of course, may affect the
control properties of the system. As we shall see later on, some systems with
a large number of components n can be controlled with one control only (i.
e. m = 1). But in order for this to be true, the control mechanism, i.e. the
matrix (column vector when m = 1) B, needs to be chosen in a strategic way
depending on the matrix A. Kalman’s rank condition, that will be given in
section 2.1.4, provides a simple characterization of controllability allowing to
make an appropriate choice of the control matrix B.

Let us illustrate this with two examples. In the first one controllability
does not hold because one of the components of the system is insensitive to the
control. In the second one both components will be controlled by means of a
scalar control.

Example 1. Consider the case

A= <(1) (1’) B— (é) (2.3)
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Then the system

2’ = Az + Bu
can be written as
=z +u
xh = x4,
or equivalently,
¥y =x1+u
x9 = 29e!,

where 20 = (29, 29) are the initial data.

This system is not controllable since the control u does not act on the second
component zo of the state which is completely determined by the initial data
x9. Hence, the system is not controllable. Nevertheless one can control the first
component z of the state. Consequently, the system is partially controllable.

Example 2. Not all systems with two components and a scalar control (n =
2,m = 1) behave so badly as in the previous example. This may be seen by
analyzing the controlled harmonic oscillator

2+ =u, (2.4)

which may be written as a system in the following way

=y
Yy =u—z.

The matrices A and B are now respectively

4= (01 10)’ b= <(1)>

Once again, we have at our disposal only one control u for both components
z and y of the system. But, unlike in Example 1, now the control acts in the
second equation where both components are present. Therefore, we cannot
conclude immediately that the system is not controllable. In fact it is control-
lable. Indeed, given some arbitrary initial and final data, (2°,9") and (2!, y')
respectively, it is easy to construct a regular function z = z(¢) such that

2(0) = 29, 2(T) = !,
{ )=y,  Z(T)=y" (25)

In fact, there are infinitely many ways of constructing such functions. One
can, for instance, choose a cubic polynomial function z. We can then define
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u = 2" + z as being the control since the solution x of equation (2.4) with
this control and initial data (2%, %) coincides with z, i.e. x = 2, and therefore
satisfies the control requirements (2.5).

This construction provides an example of system with two components (n =
2) which is controllable with one control only (m = 1). Moreover, this example
shows that the control u is not unique. In fact there exist infinitely many
controls and different controlled trajectories fulfilling the control requirements.
In practice, choosing the control which is optimal (in some sense to be made
precise) is an important issue that we shall also discuss. [ ]

If we define the set of reachable states

R(T,2°) = {z(T) € R"™ : z solution of (2.1) with u € (L*(0,7))™}, (2.6)
the exact controllability property is equivalent to the fact that R(T,z") =
R” for any 2° € R™.

Remark 2.1.1 In the definition of exact controllability any initial datum 2z

is required to be driven to any final datum z'. Nevertheless, in the view of the
linearity of the system, without any loss of generality, we may suppose that
2! = 0. Indeed, if ' # 0 we may solve

backward in time and define the new state z = x — y which verifies
{ 7z = Az+ Bu
2(0) = 2% — y(0).
Remark that z(T) = ! if and only if z(T') = 0. Hence, driving the solution

x of (2.1) from 2V to x! is equivalent to leading the solution z of (2.8) from the
initial data z° = 2% — y(0) to zero.

(2.8)

|
The previous remark motivates the following definition:

Definition 2.1.2 System (2.1) is said to be null-controllable in time T >0
if given any initial data z° € R™ there exists u € L*(0,T,R™) such that z(T) =
0.

Null-controllability holds if and only if 0 € R(z", T) for any 2° € R™.

On the other hand, Remark 2.1.1 shows that exact controllability and null
controllability are equivalent properties in the case of finite dimensional linear
systems. But this is not necessarily the case for nonlinear systems, or, for
strongly time irreversible infinite dimensional systems. For instance, the heat
equation is a well known example of null-controllable system that is not exactly
controllable.
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2.1.3 Observability property

The exact controllability property is closely related to an inequality for the
corresponding adjoint homogeneous system. This is the so called observation
or observability inequality. In this section we introduce this notion and show
its relation with the exact controllability property.

Let A* be the adjoint matrix of A, i.e. the matrix with the property that
(Az,y) = (x, A*y) for all z,y € R". Consider the following homogeneous ad-
joint system of (2.1):

—p' = A*p, te(0,T)
{ wé)zw;ﬁ. (2:9)

Remark that, for each ¢ € R, (2.9) may be solved backwards in time and
it has a unique solution ¢ € C¥([0,7],R™) (the space of analytic functions
defined in [0, 7] and with values in R"™).

First of all we deduce an equivalent condition for the exact controllability

property.

Lemma 2.1.1 An initial datum 2° € R™ of (2.1) is driven to zero in time T
by using a control u € L*(0,T) if and only if

T
/ (u, B*p)dt + (22, (0)) = 0 (2.10)
0
for any op € R™, ¢ being the corresponding solution of (2.9).

Proof. Let ¢p be arbitrary in R™ and ¢ the corresponding solution of (2.9).
By multiplying (2.1) by ¢ and (2.9) by 2 we deduce that

(', ) = (Az, ) + (Bu,p); —(z,¢') = (A"p,x).
Hence,

) = (Bu¢)

which, after integration in time, gives that

(@(T), or) — (°, 9(0)) = / (Bu, g)dt = / (w,B*g)dt.  (211)

We obtain that 2(T) = 0 if and only if (2.10) is verified for any @ € R™.
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It is easy to see that (2.10) is in fact an optimality condition for the critical
points of the quadratic functional J : R™ — R"™,

1

T
T(pr) = 5/0 | B 2 dt + (2°, 0(0)

where ¢ is the solution of the adjoint system (2.9) with initial data @ at time
t="T.
More precisely, we have the following result:

Lemma 2.1.2 Suppose that J has a minimizer o € R™ and let ¢ be the
solution of the adjoint system (2.9) with initial data @r. Then

u=B*p (2.12)
is a control of system (2.1) with initial data x°.

Proof. If pr is a point where J achieves its minimum value, then

lim J(pr + hor) — J (Pr)
h—0 h

=0, VereR™

This is equivalent to

T
/<B*A,B*w>dt+<$°,<ﬁ(0)>=0, Vor € R”,
0

which, in view of Lemma 2.1.1, implies that u = B*@ is a control for (2.1).

Remark 2.1.2 Lemma 2.1.2 gives a variational method to obtain the control
as a minimum of the functional J. This is not the unique possible functional
allowing to build the control. By modifying it conveniently, other types of
controls (for instance bang-bang ones) can be obtained. We shall show this
in section 2.1.5. Remark that the controls we found are of the form B*y, ¢
being a solution of the homogeneous adjoint problem (2.9). Therefore, they
are analytic functions of time.

The following notion will play a fundamental role in solving the control
problems.

Definition 2.1.3 System (2.9) is said to be observable in time T > 0 if there
exists ¢ > 0 such that

T
/ | B 2 dt > c| p(0) |, (2.13)
0

for all o € R™, ¢ being the corresponding solution of (2.9).
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In the sequel (2.13) will be called the observation or observability in-
equality. It guarantees that the solution of the adjoint problem at ¢t = 0
is uniquely determined by the observed quantity B*p(t) for 0 < ¢t < T. In
other words, the information contained in this term completely characterizes
the solution of (2.9).

Remark 2.1.3 The observation inequality (2.13) is equivalent to the following
one: there exists ¢ > 0 such that

T
/ | B [P dt > c| or |, (2.14)
0

for all pr € R™, ¢ being the solution of (2.9).

Indeed, the equivalence follows from the fact that the map which associates
to every pr € R™ the vector ¢(0) € R™, is a bounded linear transformation
in R™ with bounded inverse. We shall use the forms (2.13) or (2.14) of the
observation inequality depending of the needs of each particular problem we
shall deal with.

The following remark is very important in the context of finite dimensional
spaces.

Proposition 2.1.1 Inequality (2.13) is equivalent to the following unique con-
tinuation principle:

B*o(t) =0, Vt € [0,T] = o7 = 0. (2.15)

Proof. One of the implications follows immediately from (2.14). For the
other one, let us define the semi-norm in R™

- 1/2
ozl = [/ | B |? dt] |
0

Clearly, | - |« is a norm in R™ if and only if (2.15) holds.
Since all the norms in R™ are equivalent, it follows that (2.15) is equivalent
to (2.14). The proof ends by taking into account the previous Remark.

Remark 2.1.4 Let us remark that (2.13) and (2.15) will no longer be equiv-
alent properties in infinite dimensional spaces. They will give rise to different
notions of controllability (exact and approximate, respectively). This issue will
be further developed in the following section. [ |
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The importance of the observation inequality relies on the fact that it im-
plies exact controllability of (2.1). In this way the controllability property is
reduced to the study of an inequality for the homogeneous system (2.9) which,
at least conceptually, is a simpler problem. Let us analyze now the relation
between the controllability and observability properties.

Theorem 2.1.1 System (2.1) is exactly controllable in time T if and only if
(2.9) is observable in time T

Proof. Let us prove first that observability implies controllability. According
to Lemma 2.1.2, the exact controllability property in time 7' holds if for any
2% € R”, J has a minimum. Remark that J is continuous. Consequently, the
existence of a minimum is ensured if J is coercive too, i.e.
lim J(er) = o0. (2.16)
ler|—o0

The coercivity property (2.16) is a consequence of the observation property
in time 7. Indeed, from (2.13) we obtain that

Jer) = 5 Lor P =@ p(0)].

The right hand side tends to infinity when |pr| — oo and J satisfies (2.16).

Reciprocally, suppose that system (2.1) is exactly controllable in time T'. If
(2.9) is not observable in time T, there exists a sequence (p%)r>1 C R™ such
that |p%| = 1 for all k > 1 and

T
Jim |B*o"2dt = 0. (2.17)
— 00 O
It follows that there exists a subsequence of (¢4)x>1, denoted in the same

way, which converges to o7 € R™ and |pr| = 1. Moreover, if ¢ is the solution
of (2.9) with initial data @r, from (2.17) it follows that

T
/ | B*p|?dt = 0. (2.18)
0

Since (2.1) is controllable, Lemma 2.1.1 gives that, for any initial data
z°% € R", there exists u € L?(0,T) such that

/OT<u,B*gak>dt = — (2% r(0)), VE>1. (2.19)

By passing to the limit in (2.19) and by taking into account (2.18), we obtain
that < 2%, ¢(0) >= 0. Since 2 is arbitrary in R", it follows that ©(0) = 0 and,
consequently, o7 = 0. This is in contradiction with the fact that |pr| = 1.

The proof of the theorem is now complete. [ ]
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Remark 2.1.5 The usefulness of Theorem 2.1.1 consists on the fact that it
reduces the proof of the exact controllability to the study of the observation
inequality.

2.1.4 Kalman’s controllability condition

The following classical result is due to R. E. Kalman and gives a complete an-
swer to the problem of exact controllability of finite dimensional linear systems.
It shows, in particular, that the time of control is irrelevant.

Theorem 2.1.2 ([136]) System (2.1) is exactly controllable in some time T if
and only if
rank[B, AB,---, A" 'B] = n. (2.20)

Consequently, if system (2.1) is controllable in some time T > 0 it is con-
trollable in any time.

Remark 2.1.6 From now on we shall simply say that (A, B) is controllable if
(2.20) holds. The matrix [B, AB,---, A"~ 1B] will be called the controllability
matriz.

Examples. In Example 1 from section 2.1.2 we had

i} Vm () z

(B, AB] = ((1) é) (2.22)

Therefore

which has rank 1. From Theorem 2.1.2 it follows that the system under con-
sideration is not controllable. Nevertheless, in Example 2,

() () iz

(B, AB] = ((1) é) (2.24)

and consequently

which has rank 2 and the system is controllable as we have already observed.
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Proof of Theorem 2.1.2 “ =" Suppose that rank([B, AB,---, A""'B]) < n.
Then the rows of the controllability matrix [B, AB, - --, A"~ B] are linearly
dependent and there exists a vector v € R™, v # 0 such that

v*[B, AB,---, A" 'B] =0,

where the coefficients of the linear combination are the components of the
vector v. Since v*[B, AB,---, A" 1B] = [v*B, v*AB,--- ,v*A""1B], v*B =
v*AB = --- = v* A" 1B = 0. From Cayley-Hamilton Theorem we deduce
that there exist constants ci,-- -, ¢, such that, A = ¢ A" 1 + .-+ ¢,I and
therefore v* A" B = 0, too. In fact, it follows that v* A*B = 0 for all k¥ € N and
consequently v*eA*B = 0 for all ¢ as well. But, from the variation of constants
formula, the solution x of (2.1) satisfies

t
z(t) = eta” —|—/ A% Bu(s)ds. (2.25)
0

Therefore

T
(v, z(T)) = (v,e Tz —l—/o (v,eAT=9) Bu(s))ds = (v, eATz"),

where (, ) denotes the canonical inner product in R™. Hence, (v,z(T)) =
(v,eAT20). This shows that the projection of the solution z at time 7" on the
vector v is independent of the value of the control u. Hence, the system is not
controllable.

Remark 2.1.7 The conservation property for the quantity (v, z) we have just
proved holds for any vector v for which v[B, AB,---, A" !B] = 0. Thus, if the
rank of the matrix [B, AB,---, A" 1B] is n — k, the reachable set that z(7)
runs is an affine subspace of R™ of dimension n — k.

“ <" Suppose now that rank([B, AB, -+, A" 1B]) = n. According to The-
orem 2.1.1 it is sufficient to show that system (2.9) is observable. By Propo-
sition 2.1.1, (2.13) holds if and only if (2.15) is verified. Hence, the Theorem
is proved if (2.15) holds. ;From B*¢ = 0 and ¢(t) = e T~y it follows
that B*eA*(T*t)goT =0 for all 0 <t <T. By computing the derivatives of this
function in ¢ = T" we obtain that

B*[A*)*or =0 Vk >0.
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But since rank( [B7 AB,--- ,A”’lBD = n we deduce that
rank([B*, B*A*,--- ,B*(A*)""']) =n

and therefore o = 0. Hence, (2.15) is verified and the proof of Theorem 2.1.2
is now complete.

Remark 2.1.8 The set of controllable pairs (A, B) is open and dense. Indeed,

e If (A, B) is controllable there exists € > 0 sufficiently small such that any
(A% B%) with | A — A |< ¢, | B — B |< ¢ is also controllable. This
is a consequence of the fact that the determinant of a matrix depends
continuously of its entries.

e On the other hand, if (4, B) is not controllable, for any ¢ > 0, there
exists (A%, B?) with | A — A° |[< e and | B — BY |< € such that (A%, BY)
is controllable. This is a consequence of the fact that the determinant of

a n X n matrix depends analytically of its entries and cannot vanish in a
ball of R™*™,

The following inequality shows that the norm of the control is proportional
to the distance between eA7z0 (the state freely attained by the system in the
absence of control, i. e. with u = 0) and the objective .

Proposition 2.1.2 Suppose that the pair (A, B) is controllable in time T >0
and let u be the control obtained by minimizing the functional J. There exists
a constant C > 0, depending on T, such that the following inequality holds

w2200, < C’|€AT900 — x| (2.26)

for any initial data z° and final objective z'.

Proof. Let us first prove (2.26) for the particular case ! = 0.
Let u be the control for (2.1) obtained by minimizing the functional J.
From (2.10) it follows that

T
lullory = | B3Rt =~ <%, 50) >
0
If w is the solution of

{w’(t)oj f%”’ t€(0,7), (2.27)

w(
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then w(t) = eA*z® and

d
S cw,p>=0
ar S

for all o7 € R™, ¢ being the corresponding solution of (2.9).
In particular, by taking ¢ = @7, the minimizer of J, it follows that

< 2°,3(0) >=< w(0),3(0) >=< w(T), pr >=< e T2 or > .

We obtain that

A

lullZ2(07) = = < 2°,8(0) >= — < "2, @r >< |2’ |57 |-

On the other hand, we have that
&7 < cl|B*@l2(0,1) = cllull2(0,7)-
Thus, the control u verifies
ullzaomy < cleATa0). (2.28)

If ' # 0, Remark 2.1.1 implies that a control v driving the solution from
2% to o' coincides with the one leading the solution from z° — y(0) to zero,
where y verifies (2.7). By using (2.28) we obtain that

el 2079 < cle™(a® — y(0))] = cleT a0 — |
and (2.26) is proved.

Remark 2.1.9 Linear scalar equations of any order provide examples of sys-
tems of arbitrarily large dimension that are controllable with only one control.
Indeed, the system of order k&

2 + alm(k_l) +...+ap1x=1u

is controllable. This can be easily obtained by observing that given k initial
data and k final ones one can always find a trajectory z (in fact an infinite
number of them) joining them in any time interval. This argument was already
used in Example 2 for the case k = 2.

It is an interesting exercise to write down the matrices A and B in this case
and to check that the rank condition in Theorem 2.1.2 is fulfilled.
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2.1.5 Bang-bang controls

Let us consider the particular case
B e M1, (2.29)

i. e. m =1, in which only one control « : [0,7] — R is available. In order to
build bang-bang controls, it is convenient to consider the quadratic functional:

2

T
Tov(#°) -2 VO | B*o | dt| +(2° ¢(0) (2.30)

2

where ¢ is the solution of the adjoint system (2.9) with initial data .

Note that B* € M, and therefore B*p(t) : [0, 7] — R is a scalar function.
It is also interesting to note that Jy, differs from J in the quadratic term.
Indeed, in J we took the L?(0,T)-norm of B*y while here we consider the
LY(0,T)-norm.

The same argument used in the proof of Theorem 2.1.2 shows that Jy, is
also continuous and coercive. It follows that Jp, attains a minimum in some
point o € R™.

On the other hand, it is easy to see that

1 T 2 T 2
i€ (]
—o / fldt / sen(f(£))g(t)dt

if the Lebesgue measure of the set {t € (0,T) : f(t) = 0} vanishes.
The sign function “sgn” is defined as a multi-valued function in the following
way
1 when s > 0
sgn(s)=¢ —1 when s < 0
[-1,1] whens=0

Remark that in the previous limit there is no ambiguity in the definition of
sgn(f(t)) since the set of points ¢ € [0,T] where f = 0 is assumed to be of zero
Lebesgue measure and does not affect the value of the integral.

Identity (2.31) may be applied to the quadratic term of the functional Jy
since, taking into account that ¢ is the solution of the adjoint system (2.9),
it is an analytic function and therefore, B*y changes sign finitely many times
in the interval [0, 7] except when @7 = 0. In view of this, the Euler-Lagrange
equation associated with the critical points of the functional Jy;, is as follows:

T T
| 18R [ senB B vt + (. 0(0) =0
0 0
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for all pr € R, where ¢ is the solution of the adjoint system (2.9) with initial
data @p.

PN

T
Consequently, the control we are looking for is u = / | B*¢ | dt sgn(B* @)
0

where @ is the solution of (2.9) with initial data @r.

Note that the control u is of bang-bang form. Indeed, u takes only two
values + fOT | B*@ | dt. The control switches from one value to the other
finitely many times when the function B*® changes sign.

Remark 2.1.10 Other types of controls can be obtained by considering func-
tionals of the form

2/p

T
Jpw):;( | imer dt) )

with 1 < p < co. The corresponding controls are

- @=p)/p
u- ( | 1er dt) BB B
0

where @ is the solution of (2.9) with initial datum @7, the minimizer of J,.
It can be shown that, as expected, the controls obtained by minimizing this
functionals give, in the limit when p — 1, a bang-bang control.

The following property gives an important characterization of the controls
we have studied.

Proposition 2.1.3 The control us = B*@ obtained by minimizing the func-
tional J has minimal L*(0,T) norm among all possible controls. Analogously,

the control tuse = fOT | B*¢ | dt sgn(B*p) obtained by minimizing the functional
Jop has minimal L>(0,T) norm among all possible controls.

Proof. Let u be an arbitrary control for (2.1). Then (2.10) is verified both by
uw and ug for any ¢p. By taking ¢pr = @r (the minimizer of J) in (2.10) we
obtain that

T
/ <u,B*@ > dt = — < 2°,5(0) >,
0

T
Hm%mm=A <ug, B*@ > dt = — < 2°,5(0) > .
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Hence,

T
luallZ20,m) = /0 <wu, B*¢ > dt < |ul|r2(0,1)||B*@l = [|ullr2(0,) l[w2l|L2(0,7)

and the first part of the proof is complete.

For the second part a similar argument may be used. Indeed, let again u
be an arbitrary control for (2.1). Then (2.10) is verified by u and u, for any
7. By taking ¢ = @r (the minimizer of Jy,) in (2.10) we obtain that

T
/ B*@udt = — < 2°,5(0) >,
0

T T
oo |Foe 0,7) = </0 IB*GIdt> =/0 B*Qusedt = — < 2°,5(0) > .
Hence,

T
ttoe 2 0.1 = / B*Gudt <

T
< Il = 0.1 / 1B*3ldt = [lull (0.1 [tso| 1= (0.1
0

and the proof finishes.

|
2.1.6 Stabilization of finite dimensional linear systems
In this section we assume that A is a skew-adjoint matrix, i. e. A* = —A. In
this case, < Az,z >= 0.
Consider the system
2’ = Ax + Bu
{ 2(0) = 20, (2.32)

Remark 2.1.11 The harmonic oscillator, mz” +kx = 0, provides the simplest
example of system with such properties. It will be studied with some detail at
the end of the section.

When u = 0, the energy of the solution of (2.32) is conserved. Indeed, by
multiplying (2.32) by z, if u = 0, one obtains

d

Zle(®)F =0. (2.33)



82 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

Hence,
jx(t)| = |2°|, V¢ >0. (2.34)

The problem of stabilization can be formulated in the following way. Sup-
pose that the pair (A, B) is controllable. We then look for a matrix L such
that the solution of system (2.32) with the feedback control

u(t) = La(t) (2.35)

has a uniform exponential decay, i.e. there exist ¢ > 0 and w > 0 such
that
lz(t)| < ceta”| (2.36)

for any solution.
Note that, according to the law (2.35), the control u is obtained in real time
from the state z.
In other words, we are looking for matrices L such that the solution of the
system
¥ =(A+ BL)x = Dx (2.37)

has an uniform exponential decay rate.

Remark that we cannot expect more than (2.36). Indeed, the solutions
of (2.37) may not satisfy z(T) = 0 in finite time T. Indeed, if it were the
case, from the uniqueness of solutions of (2.37) with final state 0 in ¢t = T, it
would follow that z° = 0. On the other hand, whatever L is, the matrix D
has N eigenvalues \; with corresponding eigenvectors e; € R™. The solution
x(t) = eMite; of (2.37) shows that the decay of solutions can not be faster than
exponential.

Theorem 2.1.3 If A is skew-adjoint and the pair (A, B) is controllable then
L = —B* stabilizes the system, i.e. the solution of

{ 2’ = Az — BB*zx (2.38)

z(0) = 2°

has an uniform exponential decay (2.36).

Proof. With L = —B* we obtain that
1d 2 * * 2
§a|x(t)| = — < BB*z(t),z(t) >= — | B*z(t) |*<0.

Hence, the norm of the solution decreases in time.
Moreover,

T
lz(T)* — |2(0)* = —2/0 | B*z |* dt. (2.39)
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To prove the uniform exponential decay it is sufficient to show that there
exist T' > 0 and ¢ > 0 such that

T
lz(0)]* < c/ | B*x |? dt (2.40)
0

for any solution z of (2.38). Indeed, from (2.39) and (2.40) we would obtain
that

2
[2(T)” = |2(0)]* < == |z(0)? (2.41)
and consequently

|2(T)|* < ~|z(0)? (2.42)

with 5
7:1—E<1. (2.43)

Hence,

|2(kT)[2 < +¥]2°)2 = e2k|2012 vk e N. (2.44)

Now, given any ¢ > 0 we write it in the form ¢ = kT + §, with ¢ € [0,T)
and k£ € N and we obtain that

|2(t)2 < [a(kT)|? < e OIk|Z012 =

— e*\ln(v)l(%)e\ln(wa 02 < % \ln<w>\t| o2,
We have obtained the desired decay result (2.36) with
1 [In(y) |
-5 24
(& ’}/7 w = T ( 5)

To prove (2.40) we decompose the solution x of (2.38) as © = ¢ +y with ¢
and y solutions of the following systems:

{ wf;)): :Afo, (2.46)
and 4 i
{7 2.7

Remark that, since A is skew-adjoint, (2.46) is exactly the adjoint system
(2.9) except for the fact that the initial data are taken at ¢ = 0.

As we have seen in the proof of Theorem 2.1.2, the pair (A, B) being con-
trollable, the following observability inequality holds for system (2.46):

T
292 < c/ | By |? dt. (2.48)
0
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Since ¢ = z — y we deduce that

T T
/B%2ﬁ+/|3wﬁﬁ}
0 0

On the other hand, it is easy to show that the solution y of (2.47) satisfies:

|2%? < 2C

S |y 1P=—(B"z, B*y) < |B*z||B*||y| < 5 (ly|* + |B**|B*x|) .
2 dt 2
From Gronwall’s inequality we deduce that
t T
W@Fgww/khﬂgwﬁwngg/|3mﬁﬁ (2.49)
0 0
and consequently

T T T
/|B@Pﬁgwﬁf\yﬁﬁgﬂBmf/|B%Pﬁ
0 0 0

Finally, we obtain that
T T T
|xwgzc/\3mﬁm+cwaT/|Buﬁdug7/|3wﬁﬁ
0 0 0

and the proof of Theorem 2.1.3 is complete.

Example. Consider the damped harmonic oscillator:
mz” + Rx + ka' = 0, (2.50)

where m, k and R are positive constants.
Note that (2.50) may be written in the equivalent form

ma” + Rx = —kx'
which indicates that an applied force, proportional to the velocity of the point-
mass and of opposite sign, is acting on the oscillator.

It is easy to see that the solutions of this equation have an exponential
decay property. Indeed, it is sufficient to remark that the two characteristic
roots have negative real part. Indeed,

—k+VEk%2—-4mR

mrl+R+kr=0&ry =
2m
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and therefore

N — o if k2 <4mR
ET) —E /B R 2 > amR.

Let us prove the exponential decay of the solutions of (2.50) by using The-
orem 2.1.3. Firstly, we write (2.50) in the form (2.38). Setting

()

the conservative equation mz” + kx = 0 corresponds to the system:

O Fad
X' = AX, withA:( m).
_ /% 0

Note that A is a skew-adjoint matrix. On the other hand, if we choose
0 0
B =
(0 \/E>

00
BB* =
0 3)

X' = AX - BB*X (2.51)

we obtain that

and the system

is equivalent to (2.50).

Now, it is easy to see that the pair (A, B) is controllable since the rank of
[B, AB] is 2.

It follows that the solutions of (2.50) have the property of exponential decay
as the explicit computation of the spectrum indicates.

If (A, B) is controllable, we have proved the uniform stability property of
the system (2.32), under the hypothesis that A is skew-adjoint. However, this
property holds even if A is an arbitrary matrix. More precisely, we have

Theorem 2.1.4 If (A, B) is controllable then it is also stabilizable. Moreover,
it is possible to prescribe any compler numbers A1, Ao,...,\, as the eigenvalues
of the closed loop matriz A4+ BL by an appropriate choice of the feedback matriz
L so that the decay rate may be made arbitrarily fast.

In the statement of the Theorem we use the classical term closed loop system
to refer to the system in which the control is given in feedback form.

The proof of Theorem 2.1.4 is obtained by reducing system (2.32) to the so
called control canonical form (see [136] and [194]).
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2.2 Interior controllability of the wave equation

In this section the problem of interior controllability of the wave equation is
studied. The control is assumed to act on a subset of the domain where the
solutions are defined. The problem of boundary controllability, which is also
important in applications and has attracted a lot of attention, will be considered
in the following section. In the later case the control acts on the boundary of
the domain where the solutions are defined.

2.2.1 Introduction

Let Q be a bounded open set of RY with boundary of class C? and w be an open
nonempty subset of 2. Given T" > 0 consider the following non-homogeneous
wave equation:

u” — Au = f1, in (0,7) x Q
u=0 on (0,7) x 99 (2.52)
w(0, -) =u (0, ) =ul in Q.

By ' we denote the time derivative.

In (2.52) u = u(t,x) is the state and f = f(t,x) is the interior control
function with support localized in w. We aim at changing the dynamics of the
system by acting on the subset w of the domain (2.

It is well known that the wave equation models many physical phenomena
such as small vibrations of elastic bodies and the propagation of sound. For in-
stance (2.52) provides a good approximation for the small amplitude vibrations
of an elastic string or a flexible membrane occupying the region €2 at rest. The
control f represents then a localized force acting on the vibrating structure.

The importance of the wave equation relies not only in the fact that it
models a large class of vibrating phenomena but also because it is the most
relevant hyperbolic partial differential equation. As we shall see latter on,
the main properties of hyperbolic equations such as time-reversibility and the
lack of regularizing effects, have some very important consequences in control
problems too.

Therefore it is interesting to study the controllability of the wave equation as
one of the fundamental models of continuum mechanics and, at the same time,
as one of the most representative equations in the theory of partial differential
equations.

2.2.2 Existence and uniqueness of solutions

The following theorem is a consequence of classical results of existence and
uniqueness of solutions of nonhomogeneous evolution equations. All the details
may be found, for instance, in [60].
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Theorem 2.2.1 For any f € L?((0,T) X w) and (u°,u') € H} () x L*(Q)
equation (2.52) has a unique weak solution

(u,u') € C([0,T], Hy(Q) x L*(2))

given by the variation of constants formula

(u, ') () = S(t)(u®, u') —|—/0 St —s)(0, f(s)1,)ds (2.53)

where (S(t))ter is the group of isometries generated by the wave operator in
HY(Q) x L*(Q).

Moreover, if f € WH((0,T); L*(w)) and (u°,u') € [H2(2) N HH(Q)] x
H}(2) equation (2.52) has a strong solution

(u,u') € CH([0, T, Hy (@) x L*(€)) N C([0, T], [H?(Q) N Hy ()] x Ho (%))
and u verifies the wave equation (2.52) in L*(Q) for all t > 0.

Remark 2.2.1 The wave equation is reversible in time. Hence, we may solve
it for t € (0, T) by considering initial data (u°, u') in t = 0 or final data (u%, ul.)
in t = T. In the former case the solution is given by (2.53) and in the later one
by

(u, ') (t) = S(T — t)(u%, —ut) + /f S(s—1)(0, f(s)1y)ds. (2.54)

2.2.3 Controllability problems

Let T > 0 and define, for any initial data (u°,u') € H}(Q) x L*(Q), the set of
reachable states

R(T; (u®,u")) = {(u(T),us(T)) : u solution of (2.52) with f € L*((0,T) x w)}.

Remark that, for any (u® u') € H}(Q) x L2(Q), R(T; (u®,u')) is an affine
subspace of H} () x L*(Q).
There are different notions of controllability that need to be distinguished.

Definition 2.2.1 System (2 52) is approximately controllable in time T

if, for every initial data (u®,ut) € H(2) x L*(Q), the set of reachable states

R(T; (u®, utl)) is dense in H} () x L*(Q).
)

Definition 2.2.2 System (2.52) is exactly controllable in time T
if, for every initial data (u®,ut) € HE(2) x L?(Q), the set of reachable states
R(T; (u®,ul)) coincides with H}(Q) x L%(Q).
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Definition 2.2.3 System (2.52) is null controllable in time T if
for every initial data (u®,u') € HE(Q) x L2(2), the set of reachable states
R(T; (u®,ut)) contains the element (0,0).

Since the only dense and convex subset of R™ is R"™, it follows that the ap-
proximate and exact controllability notions are equivalent in the finite-dimen-
sional case. Nevertheless, for infinite dimensional systems as the wave equation,
these two notions do not coincide.

Remark 2.2.2 In the notions of approximate and exact controllability it is
sufficient to consider the case (u°,u!) = 0 since R(T; (u’,u')) = R(T;(0,0)) +
S(T)(u®, ub).

|
In the view of the time-reversibility of the system we have:

Proposition 2.2.1 System (2.52) is ezactly controllable if and only if it is null
controllable.

Proof. Evidently, exact controllability implies null controllability.

Let us suppose now that (0,0) € R(T; (u°,u')) for any (u°,u') € HE () x
L?(Q). Then any initial data in Hg(2) x L?(Q) can be driven to (0,0) in time
T. From the reversibility of the wave equation we deduce that any state in
HE(2) x L3(Q) can be reached in time T by starting from (0,0). This means
that R(T, (0,0)) = H}(Q) x L*(Q) and the exact controllability property holds
from Remark 2.2.2.

The previous Proposition guarantees that (2.52) is exactly controllable if
and only if, for any (u®,u') € H}(Q) x L?(Q2) there exists f € L2((0,T) x w)
such that the corresponding solution (u,u’) of (2.52) satisfies

uw(T, -)=u/(T, ) =0. (2.55)

This is the most common form in which the exact controllability property
for the wave equation is formulated.

Remark 2.2.3 The following facts indicate how the main distinguishing prop-
erties of wave equation affect its controllability properties:

e Since the wave equation is time-reversible and does not have any reg-
ularizing effect, one may not exclude the exact controllability to hold.
Nevertheless, as we have said before, there are situations in which the
exact controllability property is not verified but the approximate con-
trollability holds. This depends on the geometric properties of 2 and
w.
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e The wave equation is a prototype of equation with finite speed of propaga-
tion. Therefore, one cannot expect the previous controllability properties
to hold unless the control time T is sufficiently large.

2.2.4 Variational approach and observability

Let us first deduce a necessary and sufficient condition for the exact controlla-
bility property of (2.52) to hold. By (-, ), _; we denote the duality product
between H{ () and its dual, H=1(9).

For (%, p%) € L3(Q) x H=1(Q), consider the following backward homoge-
neous equation

"= Ap=0 in (0,7) x Q
v =0 on (0,T) x 9% (2.56)
o(T, ) =% ¢ (T, ) =pk inQ.
Let (p,¢) € C([0,T],L*(Q) x H~'(Q2)) be the unique weak solution of
(2.56).

Lemma 2.2.1 The control f € L?((0,T) x w) drives the initial data (u®,u') €
HY(Q) x L*(Q) of system (2.52) to zero in time T if and only if

/OTL¢fdxdt = <<P’(0),u0>1’71 —/Qgp(o)uldx, (2.57)

for all (p%, %) € L2(Q) x H=Y(Q) where ¢ is the corresponding solution of
(2.56).

Proof. Let us first suppose that (uo,ul), ((p%,ap;) € D) x D), f €
D((0,T) x w) and let u and ¢ be the (regular) solutions of (2.52) and (2.56)
respectively.

We recall that D(M) denotes the set of C>°(M) functions with compact
support in M.

By multiplying the equation of w by ¢ and by integrating by parts one

obtains
T T
/ / ofdrdt = / / e (u" — Au) dzdt =
0 Jo o Jo

T
/ ’ T " _
:/Q (pu” = ¢'u) daly */o /Q“(“" ~ Ap)dudt =
- /Q (D) (T) — o (T)u(T)] da: — / [0(0)(0) — & (0)u(0)] dz.

Q
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Hence,
/0 /Wgofdmdt = /Q {cpTu (T) — goTu(T)] dr — /Q [tp(O)u — ¢ (0)u } dr. (2.58)

From a density argument we deduce, by passing to the limit in (2.58), that
for any (u®, u') € H} () x L*(Q) and (p%, ) € L2(Q) x H~1(Q),

7<go§~,u(T)>L71+/Q o (T)de + (¢'(0),u"), 7/ o(0)u'dz.

Q

Now, from (2.59), it follows immediately that (2.57) holds if and only if
(u®,u') is controllable to zero and f is the corresponding control. This com-
pletes the proof.

Let us define the duality product between L%(Q) x H~1(Q) and H}(Q) x
L?(Q) by

(0 ) = (), — [ gt

for all (%, ¢') € L*(Q) x H*(Q) and (u u') € H}(Q) x L*(Q).
Remark that the map (¢°, ¢') — <( ©'), (u®,u')) is linear and contin-
uous and its norm is equal to ||(u®, u )||H3XL2
For (¢°, ') € L%(Q) x H=(Q), consider the following homogeneous equa-
Hon "= Ap=0 in (0,7) x Q
p=0 on (0,T) x 99 (2.60)

@0, 1) =% ¢'(0,-) =" inQ.
If (o, ") € C([0,T], L3(2) x H~1(Q)) is the unique weak solution of (2.60),
then
||S0||2L°°(0,T;L2(Q)) + ||<P/||%°°(O,T;H Q) = < |1(¢°% )||L2 @xH-1(q) (2:61)

Since the wave equation with homogeneous Dirichlet boundary conditions
generates a group of isometries in L?(2) x H~(£2), Lemma 2.2.1 may be re-
formulated in the following way:

Lemma 2.2.2 The initial data (u°,u') € H}(Q) x L*(Q) may be driven to
zero in time T if and only if there exists f € L*((0,T) x w) such that

T
/0 / pfdzdt = <(<p0,<p1) , (uo,u1)> , (2.62)
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for all (¢°, ') € L2(Q) x H1(Q) where ¢ is the corresponding solution of
(2.60).

Relation (2.62) may be seen as an optimality condition for the critical points
of the functional J : L?(Q) x H=Y(Q) — R,

J(@O,wl)=%/o L\wIzdwdt+<(@0,wl),(uo,ul)% (2.63)

where ¢ is the solution of (2.60) with initial data (¢°, ') € L3(Q) x H~1(Q).
We have:

Theorem 2.2.2 Let (u®,u') € HE(Q) x L?(Q) and suppose that (@°,p') €
L2(Q) x H=Y(Q) is a minimizer of J. If ¢ is the corresponding solution of
(2.60) with initial data (P°, ) then

=, (2.64)
is a control which leads (u®,u') to zero in time T.

Proof. Since J achieves its minimum at (3%, '), the following relation holds

0= }lle 7 (j((a()7¢1) + h(woﬂpl)) - j@o,@l)) =

T
z/ /@gpdmdt—k/ulgpodx— <ohu® > 4
0 Jw Q

for any (Y, ') € L?(Q) x H~1(Q) where ¢ is the solution of (2.60).

Lemma 2.2.2 shows that f = @) is a control which leads the initial data

(u®, u') to zero in time 7.

Let us now give sufficient conditions ensuring the existence of a minimizer

for J.

Definition 2.2.4 Equation (2.60) is observable in time T if there exists a
positive constant Cq > 0 such that the following inequality is verified

T
Cr | (2% 61) ooy < / [ 101 s (2.65)

for any (£°,¢') € L2(Q) x H(Q) where ¢ is the solution of (2.60) with initial
data (¢, ¢").
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Inequality (2.65) is called observation or observability inequality. It

shows that the quantity fOT [, | ¢ |? (the observed one) which depends only on
the restriction of ¢ to the subset w of €2, uniquely determines the solution on
(2.60).

Remark 2.2.4 The continuous dependence (2.61) of solutions of (2.60) with
respect to its initial data guarantees that there exists a constant Cy > 0 such
that

T
| [rer a0 @ (266)
w
for all (%, ') € L?(Q) x H~1(Q) and ¢ solution of (2.60).
|

Let us show that (2.65) is a sufficient condition for the exact controllability
property to hold. First of all let us recall the following fundamental result
in the Calculus of Variations which is a consequence of the so called Direct
Method of the Calculus of Variations.

Theorem 2.2.3 Let H be a reflexive Banach space, K a closed convex subset
of H and ¢ : K — R a function with the following properties:

1. ¢ s convex
2. v is lower semi-continuous
3. If K is unbounded then ¢ is coercive, i. e.

o(x) = oo. (2.67)

[lz||—o0

Then ¢ attains its minimum in K, i. e. there exists xg € K such that

p(z0) = min p(). (2.68)
For a proof of Theorem 2.2.3 see [24].
We have:

Theorem 2.2.4 Let (u°,u') € HY(Q) x L?(Q2) and suppose that (2.60) is ob-
servable in time T. Then the functional J defined by (2.63) has an unique
minimizer (Y, ') € L*(Q) x H=1(Q).

Proof. It is easy to see that J is continuous and convex. Therefore, according
to Theorem 2.2.3, the existence of a minimum is ensured if we prove that J is
also coercive i.e.

T (", ¢") = oo (2.69)

1m
H(gao,z,al)HszH_l—»oo



E. Zuazua 93

The coercivity of the functional J follows immediately from (2.65). Indeed,

1 T
T(°, ") > 3 </0 / lof® — ||(U0aUl)”Hé(Q)xH(Q)”(@O,@1)|L2(Q)xH1(9))

Ch 1
> ?||(9007‘Pl)‘|2L2(Q)><H*1(Q)_§H(u07ul)HHé(Q)xLQ(Q)H(WOv901)||L2(Q)><H—1(Q)'

It follows from Theorem 2.2.3 that J has a minimizer (p°, %) € L?(Q) x
HY(Q).

To prove the uniqueness of the minimizer it is sufficient to show that J is
strictly convex. Let (¢°, 1), (¥°, 1) € L2(Q) x H-Y(Q) and A € (0,1). We
have that

T ") + 1 =N 9h) =

AM1=X) [T
= AT (% ¢") + (1= NT (W% 9" - (2)/0 /w o — ¥[2dudt.

From (2.65) it follows that

T
/0 / o — 2dadt > C1]I(0, ") — (0,01l xye 1 (0.

Consequently, for any (¢°,¢!) # (¥°,91),
\7()\(9007 (pl) + (1 - A)(Q/)val)) < Aj«poa 801) + (1 - /\)j(¢0a 11[}1)
and J is strictly convex.
|

Theorems 2.2.2 and 2.2.4 guarantee that, under hypothesis (2.65), system
(2.52) is exactly controllable. Moreover, a control may be obtained as in (2.64)
from the solution of the homogeneous equation (2.60) with the initial data
minimizing the functional 7. Hence, the controllability problem is reduced to a
minimization problem that may be solved by the Direct Method of the Calculus
of Variations. This is very useful both from a theoretical and a numerical point
of view.

The following proposition shows that the control obtained by this variational
method is of minimal L?((0,7) x w)-norm.

Proposition 2.2.2 Let f = @) be the control given by minimizing the func-
tional J. If g € L*((0,T) x w) is any other control driving to zero the initial
data (u®,u') then

112 0.1y xw) < gllz2(0,7) xw)- (2.70)
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Proof. Let (#°, ') the minimizer for the functional (7. Consider now relation
(2.62) for the control f = @|,. By taking (3°,@") as test function we obtain
that

T
Moy = [ [ 18Pdat = (@), = [ utds

On the other hand, relation (2.62) for the control g and test function (3%, @)

gives
T
/ /g@dwdt = <@17u0>1’71 — / Outda.
0 w Q

‘We obtain that

T
17120 myay = (B %),y — /ﬂ Pulde = /O [ apzit <

i

< glle2(0,7)x) 1Pl 20,7y xw) = 191l L2 (0,7) xe) |1 L2 ((0,7) x )
and (2.70) is proved.

2.2.5 Approximate controllability

Up to this point we have discussed only the exact controllability property of
(2.52) which turns out to be equivalent to the observability property (2.65).
Let us now address the approximate controllability one.

Let ¢ > 0 and (u®,ut), (2% 21) € HY(Q) x L?(2). We are looking for a
control function f € L?((0,T) x w) such that the corresponding solution (u,u’)
of (2.52) satisfies

1((T),u'(T)) = (2%, 2| g ) x2(0) < e (2.71)

Recall that (2.52) is approximately controllable if, for any e > 0 and (u®, ut),
(29, 21) € HY(Q) x L?(Q), there exists f € L*((0,T) X w) such that (2.71) is
verified.

By Remark 2.2.2; it is sufficient to study the case (u° u') = (0,0). From
now on we assume that (u°, u!) = (0,0).

The variational approach considered in the previous sections may be also
very useful for the study of the approximate controllability property. To see
this, define the functional 7. : L?(2) x H~1(Q) — R,

T (%, ') =
1

T
25/0 / lplPdadt + (9%, ¢") s (=% 2")) +ell(e®, ") n2wa 1,

(2.72)
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where ¢ is the solution of (2.60) with initial data (¢°, ') € L3(Q) x H~1(Q).
As in the exact controllability case, the existence of a minimum of the

functional 7. implies the existence of an approximate control.

Theorem 2.2.5 Let ¢ > 0 and (2°,2') € H}(Q) x L*(Q) and suppose that

(2%, pY) € L2(Q) x H~Y(Q) is a minimizer of J.. If ¢ is the corresponding

solution of (2.60) with initial data (@°, %) then

= (2.73)

is an approximate control which leads the solution of (2.52) from the zero initial
data (u®,ut) = (0,0) to the state (u(T),u'(T)) such that (2.71) is verified.

Proof. Let (¢°,3%) € L*(f2) x H~1(Q) be a minimizer of J.. It follows that,
for any h > 0 and (¢°, ') € L*(Q) x H~1(),

0< 2 (U@ 8+ h(e", oY) - Z.(8" 8)) <

T N h T
< [ [ Godaderg [ [ ol aaden((o6) ()4l 0D

being ¢ the solution of (2.60). By making h — 0 we obtain that

T
el )l < / / Godrdt +{(¢%¢') . (2%, 21)).
0 w

A similar argument (with h < 0) leads to

T
/ / Godzdt + (0% o), (°,21)) < el|(® ")l ewi—r-
0 w

Hence, for any (%, o) € L?(Q) x H~1(Q),

<ell(@® @M)loxm-1-  (2.74)

/OT /w ppdrdt + <(<p0,<p1) , (zo7z1)>

Now, from (2.59) and (2.74) we obtain that

(% 0") 1% 1) = (u(T), ' ()] < ell(e®, ")l L2xr-1,

for any (%, p') € L*(Q) x H~1(Q).
Consequently, (2.71) is verified and the proof finishes.
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As we have seen in the previous section, the exact controllability property
of (2.52) is equivalent to the observation property (2.65) of system (2.60).
An unique continuation principle of the solutions of (2.60), which is a weaker
version of the observability inequality (2.65), will play a similar role for the
approximate controllability property and it will give a sufficient condition for
the existence of a minimizer of J.. More precisely, we have

Theorem 2.2.6 The following properties are equivalent:
1. Equation (2.52) is approzimately controllable.

2. The following unique continuation principle holds for the solutions of
(2.60)

Plomxe = 0= (¥ 91) = (0,0). (2.75)

Proof. Let us first suppose that (2.52) is approximately controllable and let ¢
be a solution of (2.60) with initial data (©°, o) € L?(Q) x H~(Q) such that
Ploryxew — 0.

For any € > 0 and (2°,2%) € H}(Q) x L?(2) there exists an approximate
control function f € L?((0,T) x w) such that (2.71) is verified.

From (2.59) we deduce that ((u(T),u'(T)), (¢°,¢")) = 0. From the control-
lability property and the last relation we deduce that

(2% 2), (€%, )] = [([(z°, 2") = (u(T), w/(T)], (¢° ") < ell(@, M-

Since the last inequality is verified by any (2°,z') € HE(Q) x L3() it
follows that (¢, ') = (0,0).

Hence the unique continuation principle (2.75) holds.

Reciprocally, suppose now that the unique continuation principle (2.75) is
verified and let us show that (2.52) is approximately controllable.

In order to do that we use Theorem 2.2.5. Let ¢ > 0 and (2°,2') € H}(Q) x
L?(Q) be given and consider the functional J.. Theorem 2.2.5 ensures the
approximate controllability property of (2.52) under the assumption that J.
has a minimum. Let us show that this is true in our case.

The functional J. is convex and continuous in L?(Q) x H~1(Q). Thus, the
existence of a minimum is ensured if J; is coercive, i. e.

J((¢°,¢")) = 0o when [|(¢%,")l|L2xs-1 — oo, (2.76)

In fact we shall prove that

lim T-(%, o /1% o) L2 xu—1 > €. (2.77)

‘|(§007‘P1)||L2XH—1_’00

Evidently, (2.77) implies (2.76) and the proof of the theorem is complete.
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In order to prove (2.77) let (9, go}))j21 C L?(Q) x H~1(Q) be a sequence
of initial data for the adjoint system such that || (ap?, cpjl) lz2xm—1— 00. We
normalize them

(@9, 27) = (03, 05)/ | (£3,95) Nl2xm-1,

so that || (77, &}) lpexm—1= 1.
On the other hand, let (¢;,#’;) be the solution of (2.60) with initial data
(&9,%;5)- Then

JTe((¢].95) 1 T o ~
o = 5 | (65 e) | / / | @5 7 dwdt +((2%,21), (2%, &%) + <.
| (@jv@j) | 2 0 Juw
The following two cases may occur:
T
1) lim / / | #; |>> 0. In this case we obtain immediately that
0 w

Jj—o0

VAR .
I (©2,95) |l

T
2) lim / | @; |*= 0. In this case since (@?,@})Pl is bounded in L? x
0 w -

Jj—oo
H~', by extracting a subsequence we can guarantee that (@9, 2});>1
converges weakly to (0,41) in L2(2) x H~1(Q).
Moreover, if (1,1') is the solution of (2.60) with the initial data (¥°,¢?!)
at t =T, then (7, });>1 converges weakly to (¥,7') in

L*0,T; L2(Q) x H-Y Q)N HY0,T; HH(Q) x [H* N HF(Q)]).

By lower semi-continuity,

T T
/ /uﬂdmt < lim / | @ |? dodt = 0
0 w j—o0 J0 w

and therefore 1 = 0 in w x (0,T).

From the unique continuation principle we obtain that (¢°,¢!) = (0,0)
and consequently,

(£9,25) — (0,0) weakly in L*(Q) x H~'(€).

Hence

NA(R%) ~
hIIl J J 2 m 5+ Zoazl 9 9'50’901 :5’
Ban T Toeen s = A+ (G0, (8, 8D)]

and (2.77) follows. |
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When approximate controllability holds, then the following (apparently
stronger) statement also holds:

Theorem 2.2.7 Let E be a finite-dimensional subspace of H}(Q) x L*(Q) and
let us denote by mg the corresponding orthogonal projection. Then, if approxi-
mate controllability holds, for any (uo, ul), (ZO, zl) € HY(Q)xL?(Q2) ande > 0
there exists f € L*((0,T) x w) such that the solution of (2.52) satisfies

|| (u(T) = 2%, uy(T) — zl)HHé(Q)XLQ(Q) <& mp (W), w(T)) =g (2°,2").

This property will be referred to as the finite-approximate controllabil-
ity property. Its proof may be found in [236].

2.2.6 Comments

In this section we have presented some facts related with the exact and ap-
proximate controllability properties. The variational methods we have used
allow to reduce them to an observation inequality and a unique continuation
principle for the homogeneous adjoint equation respectively. The latter will be
studied for some particular cases in section 2.4 by using nonharmonic Fourier
analysis.

2.3 Boundary controllability of the wave equa-
tion

This section is devoted to study the boundary controllability problem for the
wave equation. The control is assumed to act on a subset of the boundary of
the domain where the solutions are defined.

2.3.1 Introduction

Let Q be a bounded open set of RY with boundary T' of class C2? and Iy
be an open nonempty subset of I'. Given T" > 0 consider the following non-
homogeneous wave equation:

u' —Au=0 in (0,7) x Q
u= flp,(x) on (0,T) xT (2.78)
u(0, ) =u® (0, ) =ul in Q.

In (2.78) uw = u(t, z) is the state and f = f(¢, x) is a control function which
acts on I'g. We aim at changing the dynamics of the system by acting on I'.
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2.3.2 Existence and uniqueness of solutions

The following theorem is a consequence of the classical results of existence and
uniqueness of solutions of nonhomogeneous evolution equations. Full details
may be found in [146] and [232].

Theorem 2.3.1 For any f € L?((0,T) x I'g) and (u°,ul) € L?(Q) x H~Y(Q)
equation (2.78) has a unique weak solution defined by transposition

(u,u') € C([0,T], L*(Q) x H~Y(Q)).

Moreover, the map {u®,u*, f} — {u,u'} is linear and there exists C =
C(T) > 0 such that

I (w, W) || oo (0,7:02 () x H-1(0)) <

(2.79)
<C (||(u07u1)||L2(Q)><H—1(Q) + Hf||L2((O,T)><FO)> .

Remark 2.3.1 The wave equation is reversible in time. Hence, we may solve
(2.78) for t € (0,T) by considering final data at t = T instead of initial data at
t=0.

2.3.3 Controllability problems

Let T > 0 and define, for any initial data (u®,u') € L?(Q) x H~1(Q), the set
of reachable states

R(T; (u®,u")) = {(u(T),(T)) : u solution of (2.78) with f € L?((0,T)xTy)}.

Remark that, for any (u®,u') € L*(Q) x H=1(Q), R(T; (u°,u')) is a convex
subset of L2(Q) x H~1().

As in the previous section, several controllability problems may be ad-
dressed.

Definition 2.3.1 System (2.78) is approximately controllable in time T
if, for every initial data (u®,ut) € L3(Q) x H=1(Q), the set of reachable states
R(T; (u®,ut)) is dense in L?(Q) x H=(Q).

Definition 2.3.2 System (2.78) is exactly controllable in time T if
for every initial data (u®,u') € L?(Q2) x H~1(Q), the set of reachable states
R(T; (u®,ut)) coincides with L*(Q) x H=(Q).

Definition 2.3.3 System (2.78) is null controllable in time T if, for every
initial data (u®,ul) € L2(Q)x H=Y(Q), the set of reachable states R(T; (u®, ul))
contains the element (0,0).
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Remark 2.3.2 In the definitions of approximate and exact controllability it

is sufficient to consider the case (u’,u') = 0 since

R(T; (u°,u')) = R(T3(0,0)) + S(T)(u’, u'),

where (S(t))ier is the group of isometries generated by the wave equation in
L2(Q) x H~1(Q) with homogeneous Dirichlet boundary conditions.

Moreover, in view of the reversibility of the system we have

Proposition 2.3.1 System (2.78) is exactly controllable if and only if it is null
controllable.

Proof. Evidently, exact controllability implies null controllability.

Let us suppose now that (0,0) € R(T; (u®,ul)) for any (u®,u') € L*(Q) x
H=1(Q). It follows that any initial data in L?(Q2) x H~1(Q) can be driven to
(0,0) in time T. From the reversibility of the wave equation we deduce that
any state in L?(Q) x H~1(£2) can be reached in time T by starting from (0, 0).
This means that R(T,(0,0)) = L?(Q) x H~1(Q2) and the exact controllability
property holds as a consequence of Remark 2.3.2.

The previous Proposition guarantees that (2.78) is exactly controllable if
and only if, for any (u®,u') € L2(2) x H~1(2) there exists f € L?((0,T) x I'g)
such that the corresponding solution (u,u’) of (2.78) satisfies

uw(T, ) =u'(T,-)=0. (2.80)

Remark 2.3.3 The following facts indicate the close connections between the
controllability properties and some of the main features of hyperbolic equations:

e Since the wave equation is time-reversible and does not have any regu-
larizing effect, the exact controllability property is very likely to hold.
Nevertheless, as we have said before, the exact controllability property
fails and the approximate controllability one holds in some situations.
This is very closely related to the geometric properties of the subset I'g
of the boundary I' where the control is applied.

e The wave equation is the prototype of partial differential equation with
finite speed of propagation. Therefore, one cannot expect the previous
controllability properties to hold unless the control time T is sufficiently
large.
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2.3.4 Variational approach

Let us first deduce a necessary and sufficient condition for the exact control-
lability of (2.78). As in the previous section, by (-, -); _; we shall denote the
duality product between HE(Q2) and H ().

For any (%, o3) € HE(Q)x L2(Q2) let (¢, ') be the solution of the following
backward wave equation

" —Ap=0 in (0,7) x Q
¢ loa=10 on (0,T) x 09 (2.81)
o(T, ) =%, ¢'(T, ) =pp. nQ

Lemma 2.3.1 The initial data (u®,u') € L*(Q) x H=Y(Q) is controllable to
zero if and only if there exists f € LQ((O7 T) xTg) such that

/ /FO fdodt—i—/g ¢'(0)de — (u,9(0)), , =0  (2.82)

for all (¢%,¢k) € HI(Q) x L*(Q) and where (p,¢') is the solution of the
backward wave equation (2.81).

Proof. Let us first suppose that (uo,ul), (w%,@%«) € D) x D), f €
D((0,T) x Tp) and let u and ¢ be the (regular) solutions of (2.78) and (2.81)
respectively.

Multiplying the equation of u by ¢ and integrating by parts one obtains

0= / / — Au) dadt = /Q (ot — ¢'u) dz|y +
/ / < o+ u) dodt = /OT . g—iudadﬂr
+ /Q [p(T)'(T) — ¢ (T)u(T)] da — /Q [p(0)u'(0) — ¢'(0)u(0)] dx
Hence,
/OT /ro gfbudadt—k/ﬂ [go%u’(T) - wlTu(T)] d$—/Q [@(O)Ul - ‘/’/(O)UO} dr = 0.

By a density argument we deduce that for any (u®,ul) € L2(Q2) x H=1(Q)
and (o7, ¢7) € Hg(Q) x L*(Q),

T
/ g—@udadt =
0 Jrp I (2.83)

= [ u ydx 4 (u/ g ¢’ (0)dx — (u )
= [ ulT)chdn+ (@), L+ [ 00— o),
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Now, from (2.83), it follows immediately that (2.82) holds if and only if
(u®,u') is controllable to zero. The proof finishes.

As in the previous section we introduce the duality product

() () = [ Potdn =Gl

for all (%, ¢') € H3(Q) x L*(Q) and (u°,u') € L*(Q) x H1(Q).
For any (%, ) € HE(Q) x L?(Q2) let (¢, ') be the finite energy solution
of the following wave equation

" —Ap=0 in (0,7) x Q
¢ loa=0 in (0,T) x 9Q (2.84)
@0, ) =¢°% (0, ) =" nQ.

Since the wave equation generates a group of isometries in H} () x L?(12),
Lemma 2.3.1 may be reformulated in the following way:

Lemma 2.3.2 The initial data (u°,ul) € LZ(Q) x H=Y(Q) is controllable to
zero if and only if there exwists f € LQ((O, T) x Ty) such that

T
/ / G fdodt + (& 61) (. a)) =0, (2.85)
0 T 871
for all (¢°, ') € HE(Q) x L2() and where ¢ is the solution of (2.84).

Once again, (2.85) may be seen as an optimality condition for the critical
points of the functional J : H}(Q) x L?(2) — R, defined by

[ | 2
2 0 To a
where ¢ is the solution of (2.84) with initial data (©°, ¢1) € HE () x L2().
We have

dodt + ((¢°,¢"), (u®,u')), (2.86)

Theorem 2.3.2 Let (u°,ul) € L?(Q) x H=1(Q) and suppose that (3°,p') €
HE () x L2(2) is a minimizer of J. If ¢ is the corresponding solution of (2.84)
with initial data (°, %) then f = g—ﬁlr is a control which leads (u®,u') to

zero in time T'.
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Proof. Since, by assumption, [J achieves its minimum at (3%, '), the following
relation holds

0= lim + (J(@ 3") + b, 0")) — 7@, 3Y) =

T o~
- / aﬁaﬁdodt +/ wolde— <u',¢® >1 4
o Jr, On on Q

for any (%, o) € HE(Q) x L?(Q2) where ¢ is the solution of (2.84).

From Lemma 2.3.2 it follows that f = %f\r is a control which leads the
Y 0

initial data (u°,u') to zero in time 7.
|

Let us now give a general condition which ensures the existence of a mini-
mizer for J.

Definition 2.3.4 Equation (2.84) is observable in time T if there exists a
positive constant C1 > 0 such that the following inequality is verified

T
Cr (9% ") H%{é(ﬂ)xm(mf/ /
0 Ty

for any (¢°, ') € H{(Q) x L*(Q) where ¢ is the solution of (2.84) with initial
data (¢, ¢').

Inequality (2.87) is called observation or observability inequality. Ac-

dp

2
2.
5| dodt. (2.87)

9¢

2
52| dodt (the observed quan-

cording to it, when it holds, the quantity fOT fFo

tity) which depends only on the trace of % on (0,T) x Ty, uniquely determines
the solution of (2.84).

Remark 2.3.4 One may show that there exists a constant Cy > 0 such that

I,

for all (0%, ') € HL(Q) x L?(Q) and ¢ solution of (2.84).

Inequality (2.88) may be obtained by multiplier techniques (see [126] or
[143]). Remark that, (2.88) says that gfg‘r € L2((0,T) x Ty) which is a
“hidden” regularity result, that may not be obtained by classical trace results.

e

2
0 1 2
n dodt < Cy || (¢°,¢") %13 )< L2 (@) (2.88)

Let us show that (2.87) is a sufficient condition for the exact controllability
property to hold.
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Theorem 2.3.3 Suppose that (2.84) is observable in time T and let (u®,u') €
L2(Q) x H=Y(Q). The functional J defined by (2.86) has an unique minimizer
(2%, @) € Hy () x L*(Q).

Proof. It is easy to see that J is continuous and convex. The existence of a
minimum is ensured if we prove that J is also coercive i.e.

I (¢’ ¢') = 0. (2.89)

1m
(@M 1 p2 =0
The coercivity of the functional 7 follows immediately from (2.87). Indeed,
T(@%¢") >

9y
on

2
- ||(UO»U1)||H5(Q)xL2(Q)||(<POa 901)||L2(Q)><H1(Q)> >

S0

1
> 7“(9007901)‘|2L?(Q)><H*1(Q)_§H(u07ul)HHé(Q)XLQ(Q)H(WO>501)||L2(Q)><H*1(Q)-

It follows from Theorem 2.2.3 that J has a minimizer (3%, 3%) € H}(Q) x
L2(Q).

As in the proof of Theorem 2.2.4, it may be shown that J is strictly convex
and therefore it achieves its minimum at a unique point.

Theorems 2.3.2 and 2.3.3 guarantee that, under the hypothesis (2.87), sys-
tem (2.78) is exactly controllable. Moreover, a control may be obtained from
the solution of the homogeneous system (2.81) with the initial data minimiz-
ing the functional J. Hence, the controllability is reduced to a minimization
problem. This is very useful both from the theoretical and numerical point of
view.

As in Proposition 2.2.2 the control obtained by minimizing the functional
J has minimal L2-norm:

Proposition 2.3.2 Let f = %flr
0

tional J. If g € L*((0,T) x Tg) is any other control driving to zero the initial
data (u®,u') in time T, then

be the control given by minimizing the func-

[ f1lz2(0,7)x0) < [l9ll22((0,7)xT0)- (2.90)

Proof. It is similar to the proof of Property 2.2.2. We omit the details.
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2.3.5 Approximate controllability

Let us now briefly present and discuss the approximate controllability property.
Since many aspects are similar to the interior controllability case we only give
the general ideas and let the details to the interested reader.

Let € > 0 and (u®,ul), (2%, 2%) € L3(Q) x H~1(Q2). We are looking for a
control function f € L?((0,T) x 'y) such that the corresponding solution (u,u’)
of (2.78) satisfies

1((T),u'(T)) = (2°, 2|2 (@) x-1(0) < €. (2.91)

Recall that, (2.78) is approximately controllable if, for any ¢ > 0 and
(ul,ul), (29,21) € L3(Q) x H~Y(Q), there exists f € L2((0,T) x I'g) such
that (2.91) is verified.

By Remark 2.3.2, it is sufficient to study the case (u",u') = (0,0). There-
fore, in this section we only address this case.

The variational approach may be also used for the study of the approximate
controllability property.

To see this, define the functional 7. : H3(Q) x L?(Q) — R,

1 T
=2/, .

where ¢ is the solution of (2.81) with initial data (©°, ¢1) € HE(Q) x L2().

The following theorem shows how the functional 7. may be used to study
the approximate controllability property. In fact, as in the exact controllability
case, the existence of a minimum of the functional 7. implies the existence of
an approximate control.

T (%, o) =

9 2
14 dﬁdt+<(@oa<pl)a(Zo7zl)>+€||(¢05¢1)||Hé><L2a

on

(2.92)

Theorem 2.3.4 Lete > 0, (2°,21)e L2(Q)x H~1(Q2). Suppose that (3°,p') €
HY(Q) x L?(Q) is a minimizer of J-. If § is the corresponding solution of (2.81)
with initial data (@°, %) then

_ 9%
N 8n|FO

f (2.93)

is an approximate control which leads the solution of (2.78) from the zero initial
data (u®,u') = (0,0) to the state (u(T),u'(T)) such that (2.91) is verified.

Proof. It is similar to the proof of Theorem 2.3.4.
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As we have seen, the exact controllability property of (2.78) is related to the
observation property (2.65) of system (2.81). An unique continuation property
of the solutions of (2.81) plays a similar role in the context of approximate con-
trollability and guarantees the existence of a minimizer of 7.. More precisely,
we have

Theorem 2.3.5 The following properties are equivalent:
1. Equation (2.78) is approximately controllable.

2. The following unique continuation principle holds for the solutions of
(2.81)
d¢
Be =0= (=00 (2.99)

(0,T)xTq

Proof. The proof of the fact that the approximate controllability property
implies the unique continuation principle (2.94) is similar to the corresponding
one in Theorem 2.2.6 and we omit it.

Let us prove that, if the unique continuation principle (2.94) is verified,
(2.78) is approximately controllable. By Theorem 2.3.4 it is sufficient to prove
that J. defined by (2.92) has a minimum. The functional J. is convex and
continuous in H}(Q) x L?(Q). Thus, the existence of a minimum is ensured if
Je is coercive, i. e.

T=((¢°,9")) — 0o when [|(¢°, 0"l g1 2 — oo (2.95)

In fact we shall prove that

lim T eN/N@° oM maxre > e (2.96)

120l prg 2 —00

Evidently, (2.96) implies (2.95) and the proof of the theorem is complete.
In order to prove (2.96) let ((cpg, (p}))j>1 C HY(Q) x L3(Q) be a sequence of

initial data for the adjoint system with || (ga?, ©7) | 713 x 22— 00. We normalize
them

(@5,85) = (5, 05)/ | (£5,9) laxre,
so that
(&5, 25) Iz xre=1.
On the other hand, let (¢;,¥’;) be the solution of (2.81) with initial data
(¢}, &;5)- Then

T((¢5,95)
Tehel) | =3 1 Ghed ”/ /

The following two cases may occur:

b

2
S| dodt+((2%,21), (2%, 3N) +e.
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1) lim / /
j—oo To

> 0. In this case we obtain immediately that

VAR
I (©2,95) |l

T ~
2) m/ / 9%;
j—o0 JO To

Hg x L2, by extracting a subsequence we can guarantee that (@9, @});>1
converges weakly to (1/0,11) in H(2) x L?(Q).

Moreover, if (1,1') is the solution of (2.81) with initial data (/°,9!) at
t =T, then (@}, ?})j>1 converges weakly to (¢,%') in L2(0,T; H}(Q) x
L2(Q)) N HY(0, T: L3(Q) x H-1(Q).

By lower semi-continuity,

I
0 To a’fl
and therefore 9y /dn =0 on Ty x (0,T).

From the unique continuation principle we obtain that (1%, ') = (0,0)
and consequently,

= 0. In this case, since (@‘;,&jl-)jn is bounded in

J

2 T ~
dodt < him/ / a—
j—ooJo  JTg

2
dodt =0
on 7

(#9,25) — (0,0) weakly in H () x L*().
Hence
NA(CR)) -
hm42h7m€+ 20,24, (8% @Y))] =,
B Ten e | 2 el (20,2 00
and (2.96) follows.

As mentioned in the previous section, when approximate controllability
holds, the following (apparently stronger) statement also holds (see [236]):

Theorem 2.3.6 Let E be a finite-dimensional subspace of L*(2) x H~1(Q)
and let us denote by mg the corresponding orthogonal projection. Then, if
approzimate controllability holds, for any (uo,ul), (20, zl) € L*(Q) x H7Y(Q)
and € > 0 there exists f € L*((0,T) x T) such that the solution of (2.78)
satisfies

| (u(T) = 2% ue(T) — zl)HLQ(Q)XH,l(Q) <& mg (W), uw(T)) =g (2% 2").
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2.3.6 Comments

In the last two sections we have presented some results concerning the exact
and approximate controllability of the wave equation. The variational methods
we have used allow to reduce these properties to an observation inequality and
a unique continuation principle for the adjoint homogeneous equation respec-
tively.

Let us briefly make some remarks concerning the proof of the unique con-
tinuation principles (2.75) and (2.94).

Holmgren’s Uniqueness Theorem (see [108]) may be used to show that (2.75)
and (2.94) hold if T is large enough. We refer to chapter 1 in [142, 143], and
[39] for a discussion of this problem. Consequently, approximate controllability
holds if T is large enough.

The same results hold for wave equations with analytic coefficients too.
However, the problem is not completely solved in the frame of the wave equation
with lower order potentials a € L*°((0,T) x ) of the form

ugy — Au+ a(x, t)u = f1, in (0,T) x Q.

Once again the problem of approximate controllability of this system is equiv-
alent to the unique continuation property of its adjoint. We refer to Alinhac
[2], Tataru [213] and Robbiano-Zuilly [190] for deep results in this direction.

In the following section we shall prove the observability inequalities (2.65)
and (2.87) in some simple one dimensional cases by using Fourier expansion of
solutions. Other tools have been successfully used to prove these observability
inequalities. Let us mention two of them.

1. Multiplier techniques: Ho in [107] proved that if one considers subsets
of T" of the form

Iop=I(")={zel: (z—2° n(z) >0}

for some 20 € RN and if T > 0 is large enough, the boundary observabil-
ity inequality (2.87), that is required to solve the boundary controllabil-
ity problem, holds. The technique used consists of multiplying equation
(2.84) by ¢q - V¢ and integrating by parts in (0,7) x Q. The multiplier ¢
is an appropriate vector field defined in Q. More precisely, ¢(x) = z — 2°
for any x € Q.

Later on inequality (2.87) was proved in [143] for any
T> T(.Q?O) =2 || z—a° ||Loo(Q) .

This is the optimal observability time that one may derive by means of
multipliers. More recently Osses in [178] has introduced a new multiplier
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which is basically a rotation of the previous one and he has obtained a
larger class of subsets of the boundary for which observability holds.

Concerning the interior controllability problem, one can easily prove that
(2.87) implies (2.65) when w is a neighborhood of I'(2°) in Q, i.e. w = QN
© where O is a neighborhood of I'(z") in R”, with T > 2 || =2 || Lo (0\w)
(see in [142, 143], vol. 1).

An extensive presentation and several applications of multiplier tech-
niques are given in [126] and [142, 143].

2. Microlocal analysis: C. Bardos, G. Lebeau and J. Rauch [14] proved
that, in the class of C*° domains, the observability inequality (2.65) holds
if and only if (w, T') satisfy the following geometric control condition in §):
Every ray of geometric optics that propagates in £ and is reflected on its
boundary I' enters w in time less than T'. This result was proved by means
of microlocal analysis techniques. Recently the microlocal approach has
been greatly simplified by N. Burq [26] by using the microlocal defect
measures introduced by P. Gerard [91] in the context of the homogeniza-
tion and the kinetic equations. In [26] the geometric control condition
was shown to be sufficient for exact controllability for domains 2 of class
C? and equations with C? coefficients.

Other methods have been developed to address the controllability problems
such as moment problems, fundamental solutions, controllability via stabiliza-
tion, etc. We will not present them here and we refer to the survey paper by
D. L. Russell [194] for the interested reader.

2.4 Fourier techniques and the observability of
the 1D wave equation

In sections 2.2 and 2.3 we have shown that the exact controllability problem
may be reduced to the corresponding observability inequality. In this section
we develop in detail some techniques based on Fourier analysis and more par-
ticularly on Ingham type inequalities allowing to obtain several observability
results for linear 1-D wave equations. We refer to Avdonin and Ivanov [5] for
a complete presentation of this approach.

2.4.1 Ingham’s inequalities

In this section we present two inequalities which have been successfully used
in the study of many 1-D control problems and, more precisely, to prove ob-
servation inequalities. They generalize the classical Parseval’s equality for or-
thogonal sequences. Variants of these inequalities were studied in the works of



110 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

Paley and Wiener at the beginning of the past century (see [180]). The main in-
equality was proved by Ingham (see [114]) who gave a beautiful and elementary
proof (see Theorems 2.4.1 and 2.4.2 below). Since then, many generalizations
have been given (see, for instance, [10], [104], [8] and [117]).

Theorem 2.4.1 (Ingham [114]) Let (A, )nez be a sequence of real numbers and
v > 0 be such that
Mgl — A >7>0, VnelZ. (2.97)

For any real T with
T>mn/y (2.98)

there exists a positive constant C1 = C1(T,~y) > 0 such that, for any finite
sequence (ap)nez,

2

T
dt. (2.99)
T

CIZ|an|2§/

nez -

§ anez)\nt

neZ

Proof. We first reduce the problem to the case T' = 7 and v > 1. Indeed, if T’
and ~ are such that Ty > m, then

T 2 T s 2 T s
. S TAp .
/ g ane?t| dt = —/ |E apne’ ™ °| ds= —/ ‘g apetn?
-T |7, ™ J_x " L — -

where p, = TA, /7. Tt follows that ppi1 — pin = T (A1 — An) /7T > 7 =
Tv/m > 1.
We prove now that there exists C] > 0 such that

Ci Z | an |2S/ Zaneiunt

nez T nez

2
dt.

T

Define the function

cos(t/2) if |t|<m7

h:R_’R’h(t):{ 0 it |t|>w

and let us compute its Fourier transform K (),

s . 5o 4 4

-7 — 00

On the other hand, since 0 < h(t) <1 for any ¢ € [—m, 7], we have that

iy
/ § anezunt § anezunt
Tl on n

2

2
dt > / h(t) dt =" anim K (ftn — fim) =
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:K(O)Z | an |? + Z anlm K (pn — pim) =

n n#Em
1
24Y lan P =5 3 (lan P+l an P) | K — ) =
n n#m
=4 lan P =) lan P Y 1 Ko — pm) |-
n n m#n

Remark that

4 4
K,un_,um < < =
,%' ( )| £4|/‘n_ﬂm|2_l %M%In—mP—l

1 8 1 81 ( 1 1 ) 4
;47%7“2—1 712;47"2—1 7122; 2r—1 2r+1 o
Hence,
/ Zanemnt dt>(4_2>2|an|2
—T n 71 n
If we take

the proof is concluded.

Theorem 2.4.2 Let (A,)nez be a sequence of real numbers and v > 0 be such
that
Mgl — A >y >0, VneZ. (2.100)

For any T > 0 there exists a positive constant Co = Co(T,7) > 0 such that,
for any finite sequence (an)nez,

T .
/ E anez)\nt
-T |5

Proof. Let us first consider the case Ty > /2. As in the proof of the previous
theorem, we can reduce the problem to 7' = 7/2 and ~ > 1. Indeed,

T . .
/ E anez)\nt E aneutns
=T n n

2
dt<CyY fan |’ (2.101)

2

2
2T
dt = — ds

2
T _z
2
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where p, = 2T\, /7. It follows that pp+1 — pn = 2T (Apy1 — Ap) /7T > 71 =
2T~ /7 > 1.

Let h be the function introduced in the proof of Theorem 2.4.1. Since
V2/2 < h(t) <1 for any t € [—77/2,7r/2} we obtain that

/ Za e”‘"t dt < 2/ Za giint
_% jus

2
- 2
< 2/ h(t) Zane“‘"t
_SZ‘anP"'QZanam _Nm)g

n#Em
<82|an|2+z an‘2+|am|2)|K(Nn_/~Lm)|'
n#m
As in the proof of Theorem 2.4.1 we obtain that

4
Z | K(pin — pim) |< —-
71

m#n

2
dt <

dt = 2Zande (tbn, — ) =

Hence,

/ﬂZae“‘" dt§82|an|2 22|an|2<8(1+ >Z|an|2
2 n

and (2.101) follows with Co = 8 (47%/(n?) + 1/~?) .
When Ty < 7/2 we have that
1 ("2 iAn |2
ds < 7/ ‘ ane' ™ °
Y J=n/2

T 2
/ ’Z anet| dt / ‘Za e ns
-7

Since A\p41/7 — An/v > 1 from the analysis of the previous case we obtain

that
[ e
-3

Hence, (2.101) is proved with

472 1 2
Cy = 8 max —+ =, -
w2 )y

and the proof concludes. [ ]

ds.

2
ds§162|an|2.
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Remark 2.4.1

e Inequality (2.101) holds for all T'> 0. On the contrary, inequality (2.99)
requires the length T of the time interval to be sufficiently large. Note
that, when the distance between two consecutive exponents \,,, the gap,
becomes small the value of T must increase proportionally.

e In the first inequality (2.99) T' depends on the minimum ~ of the distances
between every two consecutive exponents (gap). However, as we shall see
in the next theorem, only the asymptotic distance as n — oo between
consecutive exponents really matters to determine the minimal control
time T. Note also that the constant C; in (2.99) degenerates when T
goes to /.

e In the critical case T' = 7/ inequality (2.99) may hold or not, depending
on the particular family of exponential functions. For instance, if A, = n
for all n € Z, (2.99) is verified for T' = m. This may be seen immedi-
ately by using the orthogonality property of the complex exponentials in
(—m, 7). Nevertheless, if A, = n —1/4 and A\_,, = —\, for all n > 0,
(2.99) fails for T'= 7 (see, [114] or [225]).

As we have said before, the length 2T of the time interval in (2.99) does
not depend on the smallest distance between two consecutive exponents but on
the asymptotic gap defined by

lim inf | Apy1 — A\ |[= Yoo (2.102)

In|—o0
An induction argument due to A. Haraux (see [105]) allows to give a result

similar to Theorem 2.4.1 above in which condition (2.97) for ~ is replaced by
a similar one for .

Theorem 2.4.3 Let (Ay)nez be an increasing sequence of real numbers such
that Apt1 — A =7 > 0 for any n € Z and let oo > 0 be given by (2.102). For
any real T with

T > 7/ (2.103)

there exist two positive constants Cy,Cqy > 0 such that, for any finite sequence
(an)n627

2
dt<Cy» fan | (2.104)
nez

Ay P [

ne”Z

E anez)\nt

T
T neEZ
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Remark 2.4.2 When v, = 7, the sequence of Theorem 2.4.3 satisfies A\,,11 —
An 2 Yoo > 0 for all n € Z and we can then apply Theorems 2.4.1 and 2.4.2.
However, in general, 7, < v and Theorem 2.4.3 gives a sharper bound on the
minimal time T needed for (2.104) to hold.

Note that the existence of C; and Cy in (2.104) is a consequence of Kahane’s
theorem (see [120]). However, if our purpose were to have an explicit estimate
of C7 or Cs in terms of v, 75 then we would need to use the constructive
argument below. It is important to note that these estimates depend strongly
also on the number of eigenfrequencies A that fail to fulfill the gap condition
with the asymptotic gap Veo-

Proof of Theorem 2.4.3 The second inequality from (2.104) follows imme-
diately by using Theorem 2.4.2. To prove the first inequality (2.104) we follow
the induction argument due to Haraux [105].

Note that for any €1 > 0, there exists N = N(g1) € N* such that

[Ant1 — An| > Yoo — €1 for any |n| > N. (2.105)

We begin with the function fo(t) = >, > n an,e*t and we add the missing
exponentials one by one. From (2.105) we deduce that Theorems 2.4.1 and

2.4.2 may be applied to the family (ei)‘”t)lnbN for any T' > /(Yoo — €1)

T
Y lePs [ IROPd<C Y ol (2.106)
n>N -T n>N
Let now fi(t) = fo + ane! Nt = Z‘n|>N ane™t + anet Nt Without loss
of generality we may suppose that Ay = 0 (since we can consider the function
fi(t)e~ At instead of fi(t)).
Let € > 0 be such that 7" =T — ¢ > 7/75. We have

[ = = 3 o (ot o) et e
0 n

i
n>N

€
Applying now (2.106) to the function h(t) = / (fit+n) = f1(t)) dn we
0

obtain that:
2 T
a2 < /
7T/

C1y

n>N

2

IAne __ 1
¢ dt. (2.107)

- —¢€
i\

/OE (it +m) — Fu() dn

Moreover,:

le?rne —1— i/\n6|2 = |cos(Ang) — 11> + [sin(Ane) — Ape|” =



E. Zuazua 115

1(222) i le <

T

A'TL .
= 4sin* <€> + (sin(Ape) — Ape)® > )
2 (Ane)?, if [Anle > 7.
Finally, taking into account that |A,| > -y, we obtain that,

ei)\ns —1
An

We return now to (2.107) and we get that:

201 Z ‘an|2 /

n>N

g 2

/OE (fit+n) = f1(t) dn| di. (2.108)

On the other hand
T/
L.
T € 5 9 T 9
§25/ / (\fl(t+n)| + [ f1(t)] )dndtg 252/ [f1(0)|” dt+
7T/ O _ 7
e T’ ) T +n
+25/ / a4+ ) dtdn:252/ 1 ()2 dt+25/ / \f1(5)|? dsdn
o J—1 - T'+n
2 r 2 c 2 2 2
<2 |f1(t)] dt + 2¢ |f1(8)| dsdn < 4e |f1(t)| dt.
=T 0 =T -T

From (2.108) it follows that

2

T £
dt < /,Tf/o 1t + 1) — F2(8)]2 dndt <

Aiﬁu+n»—ﬁa»w

T
S Janl? < /T 1 ()2 dt. (2.109)

n>N

On the other hand

o E an ez)\nt

2
dt <

2
L0 3 e
= — 1(t) — ape "
n>N 2T J-r n>N

1 T ?
ST(/Tﬁ(|ﬁ+/ )ﬁé

S;(/ ‘fl( )| dt+022an|>

n>N

lan|? =

> ane

n>N
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C T
< % (1+ cj) /_T\fl(t)Ith-

From (2.109) we get that

T
Yl < [ Inar

n>N

Repeating this argument we may add all the terms a,e'*»!, |n| < N and
we obtain the desired inequalities.

2.4.2 Spectral analysis of the wave operator

The aim of this section is to give the Fourier expansion of solutions of the 1D
linear wave equation

¢ — Puz + ap =0, r e (0,1), te(0,T)
o(t,0) = (t,1) =0, tc(0,T) (2.110)
©(0) = ¢° ¢'(0) =o', 2€(0,1)

where « is a real nonnegative number.
To do this let us first remark that (2.110) may be written as

=2z

Z = Pz — QP

@(t,0) = (t,1) =0
©(0) = ¢, 2(0) = .

Nextly, denoting ® = (¢, z), equation (2.110) is written in the following
abstract Cauchy form:

'+ AP =0
®(0) = @°.
The differential operator A from (2.111) is the unbounded operator in H =
L?(0,1) x H71(0,1), A: D(A) C H — H, defined by
D(A) = H}(0,1) x L?(0,1)

A(p,2) = (—2, 020+ ap) = (_ gg o O) <f> (2.112)

(2.111)

where the Laplace operator —9? is an unbounded operator defined in H~1(0,1)
with domain H}(0,1):

—92: H}(0,1) c H71(0,1) — H~1(0,1),
(—820,9) = [ putbadz, Vo, € HY0,1).
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Remark 2.4.3 The operator A is an isomorphism from H}(0,1) x L2(0,1)
to L?(0,1) x H~1(0,1). We shall consider the space H}(0,1) with the inner
product defined by

1 1
(va)H(}(o,l) :/ (uz)(as)vm(x)dz+oz/ u(z)v(z)dx (2.113)
0 0
which is equivalent to the usual one.
Lemma 2.4.1 The eigenvalues of A are A, = sgn(n)mwivn? + «, n € Z*. The
corresponding eigenfunctions are given by
1

d" = <)‘"1) sin(nmx), n € Z%,

and form an orthonormal basis in HZ(0,1) x L?(0,1).

Proof. Let us first determine the eigenvalues of A. If A € C and ® = (p,2) €
H}(0,1) x L?(0,1) are such that A® = A® we obtain from the definition of A

that \
{ :33; f(w . (2.114)
It is easy to see that
g —ap=2p; 0(0)=p(1)=0; »eC?,1]. (2.115)

The solutions of (2.115) are given by
An =sgn(n)mivn?+«, ¢, =csin(nrx), ne€z*

where c is an arbitrary complex constant.
Hence, the eigenvalues of A are A\, = sgn(n)mivn? + a, n € Z* and the
corresponding eigenfunctions are

1
" = <>‘"1) sin(nmx), n € Z*.

It is easy to see that
[ ]

1 1 ) 1
P 2 L ,= s 2
I HHo T (/0 (nmcos(nrx))” da + 04/0 sin (nwx)dx)

+ /0 1(sin(n7rx))2dx =1
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1 1
(@7, 0™) = p— /0 (nm cos(nma)mm cos(mmz)) da

+(a+ 1)/0 (sin(nmz) sin(mnz)) de = dpm,.

Hence, (®"),ez- is an orthonormal sequence in H{(0,1) x L?(0,1).

The completeness of (®"),cz- in Hg(0,1) x L2(0,1) is a consequence of the
fact that these are all the eigenfunctions of the compact skew-adjoint operator
A=Y Tt follows that (®"),ez+ is an orthonormal basis in H{(0,1) x L2(0,1).

Remark 2.4.4 Since (®"),cz- is an orthonormal basis in H}(0,1) x L?(0,1)
and A is an isomorphism from H}(0,1) x L?(0,1) to L?(0,1) x H~1(0,1) it
follows immediately that (A(®")),cz- is an orthonormal basis in L?(0,1) x
H~1(0,1). Moreover (A, ®"),,cz~ is an orthonormal basis in L2(0,1)x H~1(0, 1).
We have that

e =3 . a,®" € H}(0,1) x L*(0,1) if and only if ay|? < oco.

nez*

e d=3 . a,0" ¢ L?(0,1) x H=1(0,1) if and only if Y nez % < oo.

The Fourier expansion of the solution of (2.111) is given in the following
Lemma.

Lemma 2.4.2 The solution of (2.111) with the initial data

W= 3" a,®" € L0,1) x H'(0,1) (2.116)
nez*
s given by
W)=Y a,erion (2.117)
nez*

2.4.3 Observability for the interior controllability of the
1D wave equation

Consider an interval J C [0,1] with | J |> 0 and a real time T' > 2. We address
the following control problem discussed in 2.2: given (u®,u') € H}(0,1) x

L?(0,1) to find f € L?((0,T) x J) such that the solution u of the problem

u” — Uy, = fly, z € (0,1), t €(0,7)
u(t,0) =u(t,1) =0, te(0,7) (2.118)
w(0) = u®,u/'(0) =u!, z€(0,1)
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satisfies
wT, ) =u(T,-)=0. (2.119)

According to the developments of section 2.2, the control problem can be
solved if the following inequalities hold for any (¢°, ') € L?(0,1) x H=1(0,1)

T
Co Il (") [ gon < / / | o(t, ) [2 dedt < Cy | (6% 0") 20
0 B

(2.120)
where ¢ is the solution of the adjoint equation (2.110).

In this section we prove (2.120) by using the Fourier expansion of the so-
lutions of (2.110). Similar results can be proved for more general potentials
depending on z and ¢ by multiplier methods and sidewiese energy estimates
[233] and also using Carleman inequalities [227], [228].

Remark 2.4.5 In the sequel when (2.120) holds , for brevity, we will denote
it as follows:

T
) Broaperron= | [ 1otta) P dod. (2.121)
Theorem 2.4.4 Let T > 2. There exist two positive constants Cy and Co

such that (2.120) holds for any (¢°,¢') € L?(0,1) x H=1(0,1) and ¢ solution
of (2.110).

Proof. Firstly, we have that

(&%) [ Z2wm—1=

Hence,
1

n2n2’

” (<p0’(p1) ||%2><H*1: Z | Gnp ‘2 (2~122)

nez*

On the other hand, since ¢ € C([0,T],L?(0,1)) C L?((0,T) x (0,1)), we
obtain from Fubini’s Theorem that
’ 2 g it L i
| w(t,z) |* dedt = // ane™™ —sin(nrx)| didzx.
/0 /J JJo n%;* nm
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Let first T = 2. From the orthogonality of the exponential functions in
L?(0,2) we obtain that

s

Z a emm—bln(nwx) dtdx = Z 7‘;17;12 /JsinQ(mrx)dx.

nez* nez*
If T > 2, it is immediate that
G elnﬂt 1nﬂt
/ / sm(mrx dtdx > / / sin(nmx)| dtdez >
ner* nez*

|an|?
> Z nQnTr? Jst(nm;)dx

On the other hand, by using the 2-periodicity in time of the exponentials
and the fact that there exists p > 0 such that 2(p—1) < T < 2p, it follows that

// > dtdm<p//

n2 T 2 n2
=p Z 1?2712 /JsinQ(nmc)dm < T+ Z 1?2712 /Jsinz(nmc)dx.

nez*

‘ 2
ane 1nﬂ

dtdx

znﬂt
sin(nma) sin(nmx)

nez*

Hence, for any T' > 2, we have that

s

If we denote b, = [ sin?(nmz)dz then

Z anemmt Sm(mrx)

nez*

dxdt = Z lan* /si112(n7rx)dx. (2.123)
n 7T J

nez*

B= nlélzf* by, > 0. (2.124)
Indeed,
2 1
bn—/sm2(mrx)d;r,:@7/wzﬂf .
J 2 J 2 2 2 |n/‘ﬂ

Since 1/[2 | n | 7] tends to zero when n tends to infinity, there exists ng > 0
such that
|J | 1 (A

by > -
"2 2n|rw 4

>0, VY|n|>ne.

It follows that
B;= inf b, >0 (2.125)

[n|>no
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and B > 0 since b,, > 0 for all n.
Moreover, since b, < |J| for any n € Z*, it follows from (2.123) that

lan |? _
BY S5 < et ) ) [P dadt <|J] Y | an |? — (2.126)
nez* nez*
Finally, (2.120) follows immediately from (2.122) and (2.126).
|

As a direct consequence of Theorem 2.4.4 the following controllability result
holds:

Theorem 2.4.5 Let J C [0,1] with | J |> 0 and a real T > 2. For any
(u® u') € HE(0,1) x L%*(0,1) there exists f € L?((0,T) x J) such that the
solution u of equation (2.118) satisfies (2.119).

Remark 2.4.6 In order to obtain (2.123) for T' > 2, Ingham’s Theorem 2.4.1
could also be used. Indeed, the exponents are u, = nm and they satisfy the
uniform gap condition v = ppy1 — pn, = 7, for all n € Z*. It then follows from
Ingham’s Theorem 2.4.1 that, for any T > 27/ = 2, we have (2.123).

Note that the result may not be ontained in the critical case T = 2 by
using Theorems 2.4.1 and 2.4.2. The critical time 7" = 2 is reached in this case
because of the orthogonality properties of the trigonometric polynomials e?™™¢.

|
Consider now the equation
w— Uy +u = f1ly, a:E(O,l) € (0,7)
u(t,0) = u(t, 1) =0, € (0,7) (2.127)
u(0) = u,u'(0) = !, € (0,1)

where « is a positive real number.
The controllability problem may be reduced once more to the proof of the
following fact:

I

where A, = sgn(n)mivn? 4+ « are the eigenvalues of problem (2.127).
Remark that,

2
dtdz =< Z [an| /s1n2(n7rm)d:v (2.128)

P

Z anet sm(mrx)

nez*

=in — =in (2n ki 1)7T v

Yoo =lim,, |, (Ant1 — Ap) =
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It follows from the generalized Ingham Theorem 2.4.3 that, for any T >
27 /Y00 = 2, (2.128) holds. Hence, the following controllability result is ob-
tained:

Theorem 2.4.6 Let J C [0,1] with | J |> 0 and T > 2. For any (u°,u') €
H(0,1) x L%(0,1) there exists f € L*((0,T) x J) such that the solution u of
equation (2.127) satisfies (2.119).

Remark 2.4.7 Note that if we had applied Theorem 2.4.1 the controllability
time would have been T > 27 /v > 4\/a. But Theorem 2.4.3 gives a control
time T independent of a.

Note that in this case the exponential functions (e*~?),, are not orthogonal
in L2(0,T). Thus we can not use the same argument as in the proof on Theorem
2.4.4 and, accordingly, Ingham’s Theorem is needed.

We have considered here the case where « is a positive constant. When
« is negative the complex exponentials entering in the Fourier expansion of
solutions may have eigenfrequencies A,, which are not all purely real. In that
case we can not apply directly Theorem 2.4.3. However, its method of proof
allows also to deal with the situation where a finite number of eigenfrequencies
are non real. Thus, the same result holds for all real a.

/\nt)

2.4.4 Boundary controllability of the 1D wave equation

In this section we study the following boundary controllability problem: given
T > 2 and (u°,u') € L*(0,1) x H71(0,1) to find a control f € L?(0,T) such
that the solution u of the problem:

u um—O z € (0,1), t €[0,T]
u(t,0) = te[0,7T)
W) = 100 te0.1] (2.130)
u(0) = u®,u/(0) =u 2 €(0,1)
satisfies
uw(T,-) =4 (T,") =0. (2.131)

From the developments in section 2.3 it follows that the following inequali-
ties are a necessary and sufficient condition for the controllability of (2.130)

T
Ol (60") Igns [ Iont DPat < Co | (0") e (213)

for any (¢, ') € H}(0,1) x L?(0,1) and ¢ solution of (2.110).
In order to prove (2.132) we use the Fourier decomposition of (2.110) given
in the first section.
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Theorem 2.4.7 Let T > 2. There exist two positive constants Cy and Cy
such that (2.132) holds for any (©°, ') € HE(0,1) x L?(0,1) and ¢ solution of
(2.110).

Proof. If (¢%,¢') =3 ;. an®, we have that,

2
Z an®,,

nez*

= Jan *. (2.133)

H% % L2 nez*

I (% 0" I3 x 2=

On the other hand

T T
/ |som<t,1>|2dt:/
0 0

By using the orthogonality in L?(0,2) of the exponentials (e?"™*),,, we get

that
9 2
(=) "a,e™™| dt = | an 2.
> >

nez* nez*
If T > 2, it is immediate that

T P 2
/ Z (71)nanezn7rt dt > /
0 0

nez*
On the other hand, by using the 2-periodicity in time of the exponentials
and the fact that there exists p > 0 such that 2(p—1) < T < 2p, it follows that

2
Z (—=1)"ane™™| dt.

nez*

2
dt=> " lan|*.

nez*

Z (71)nan6in7rt

nez*

2

T 2 2
/ Z (—=1)"a,e™ | dt > p/ Z (—1)"a,e™™| dt =
0 |nez 0 |nez~
T+2
p Y el TS e
nez nez*
Hence, for any T' > 2, we have that
T 2
/ S (=) ane™™| dt =< > | an [*. (2.134)
0 nez* nezZ*

Finally, from (2.133) and (2.134) we obtain that

2
2
/0 ea b VP dt <1 (6% 61) 120y et

and (2.132) is proved. ]
As a direct consequence of Theorems 2.4.7 the following controllability re-
sult holds:
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Theorem 2.4.8 LetT > 2. For any (u®,u') € L?(0,1)x H~1(0,1) there exists
f € L?(0,T) such that the solution u of equation (2.130) satisfies (2.131).

As in the context of the interior controllability problem, one may address
the following wave equation with potential

u” — Ugy + au =0, z€(0,1), t € (0,7)
u(t,0) =0 t€[0,7T)

u(t,1) = f(t) telo
u(0) = u?, W/ (0) =u!, =€ (0,1)

(2.135)

where « is a positive real number.
The controllability problem is then reduced to the proof of the following
nm
1 n’" " Ant
5 1 e

inequality:
/T
0 |nez~

where A\, = sgn(n)mivn? + « are the eigenvalues of problem (2.135).

It follows from (2.129) and the generalized Ingham’s Theorem 2.4.3 that,
for any T > 27/%ec = 2, (2.136) holds. Hence, the following controllability
result is obtained:

Theorem 2.4.9 LetT > 2. For any (u®,u') € L?(0,1)x H=1(0,1) there exists
f € L%(0,T) such that the solution u of equation (2.135) satisfies (2.131).

2
dt =< Y ag |’ (2.136)

nez*

Remark 2.4.8 As we mentioned above, the classical Ingham inequality in
(2.4.1) gives a suboptimal result in what concerns the time of control.

2.5 Interior controllability of the heat equation

In this section the interior controllability problem of the heat equation is stud-
ied. The control is assumed to act on a subset of the domain where the solutions
are defined. The boundary controllability problem of the heat equation will be
considered in the following section.

2.5.1 Introduction

Let © C R"™ be a bounded open set with boundary of class C? and w a
non empty open subset of 2. Given T > 0 we consider the following non-
homogeneous heat equation:

w—Au= fl, in (0,7)xQ
u=0 on (0,T) x 9Q (2.137)
u(z,0) =u'(z) in Q.
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In (2.137) u = u(z,t) is the state and f = f(x,t) is the control function
with a support localized in w. We aim at changing the dynamics of the system
by acting on the subset w of the domain Q.

The heat equation is a model for many diffusion phenomena. For instance
(2.137) provides a good description of the temperature distribution and evo-
lution in a body occupying the region 2. Then the control f represents a
localized source of heat.

The interest on analyzing the heat equation above relies not only in the
fact that it is a model for a large class of physical phenomena but also one
of the most significant partial differential equations of parabolic type. As we
shall see latter on, the main properties of parabolic equations such as time-
irreversibility and regularizing effects have some very important consequences
in control problems.

2.5.2 Existence and uniqueness of solutions

The following theorem is a consequence of classical results of existence and
uniqueness of solutions of nonhomogeneous evolution equations. All the details
may be found, for instance in [40].

Theorem 2.5.1 For any f € L*((0,T) x w) and u® € L*(Q) equation (2.137)
has a unique weak solution u € C([0,T], L?()) given by the variation of con-
stants formula

u(t) = S(t)u’ + /Ot S(t—s)f(s)luds (2.138)

where (S(t))ter is the semigroup of contractions generated by the heat operator
in L2(Q).

Moreover, if f € WHL((0,T) x L?(w)) and u® € H2(2) N HY(Q), equation
(2.137) has a classical solution v € C*([0,T], L*(2))NC([0, T], H2()NHY (Q))
and (2.137) is verified in L?(SY) for all t > 0.

Let us recall the classical energy estimate for the heat equation. Multiplying
in (2.137) by u and integrating in 2 we obtain that

/\u|2dx+ |Vu|2dx—/fudx< /|f|2dx+ /\u|2daj

Hence, the scalar function X = [, | u |* da satisfies
X’§X+/ | f|? dx
Q

which, by Gronwall’s inequality, gives

X(t) < X(0 e+//|f|2d:cds<X //\f|2dzdt
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On the other hand, integrating in (2.137) with respect to t, it follows that
T

1 T 1T 1T
7/u2dx +/ / | Vu |? dadt < 7/ /dedef/ /uzdzdt
2 Ja o Jo Ja 2Jo Ja 2J)o Ja

From the fact that u € L>°(0,T; L?(€2)) it follows that u € L2(0,T; H}(Q)).
Consequently, whenever ug € L?(Q2) and f € L?*(0,T; L*(w)) the solution u
verifies

u € L=(0,T; L*()) N L2(0,T; Hy(2)).

2.5.3 Controllability problems

Let T > 0 and define, for any initial data v € L2(Q2), the set of reachable
states

R(T;u®) = {u(T) : u solution of (2.137) with f € L?((0,T) x w)}. (2.139)

By definition, any state in R(T’;u") is reachable in time T by starting from
u? at time t = 0 with the aid of a convenient control f.

As in the case of the wave equation several notions of controllability may
be defined.

Definition 2.5.1 System (2.137) is approximately controllable in time
T if, for every initial data u® € L?(R2), the set of reachable states R(T;uP) is
dense in L?().

Definition 2.5.2 System (2.137) is exactly controllable in time T if, for
every initial data u® € L*(Q), the set of reachable states R(T;u) coincides
with L*(Q).

Definition 2.5.3 System (2.137) is null controllable in time T if, for ev-
ery initial data u® € L%(), the set of reachable states R(T;u®) contains the
element 0.

Remark 2.5.1 Let us make the following remarks:

e One of the most important properties of the heat equation is its regular-
izing effect. When Q\w # 0, the solutions of (2.137) belong to C*°(Q\w)
at time ¢ = T. Hence, the restriction of the elements of R(T,u°) to Q\w
are C'* functions. Then, the trivial case w = © (i. e. when the control
acts on the entire domain ) being excepted, exact controllability may
not hold. In this sense, the notion of exact controllability is not very rel-
evant for the heat equation. This is due to its strong time irreversibility
of the system under consideration.
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e It is easy to see that if null controllability holds, then any initial data
may be led to any final state of the form S(7)v° with v € L?(Q2), i. e.
to the range of the semigroup in time ¢t = T.

Indeed, let u’,v° € L?(Q) and remark that R(T;u’ —v°) = R(T;u°) —
S(T)v°. Since 0 € R(T;u® — v°), it follows that S(T)v° € R(T;u").

It is known that the null controllability holds for any time 7" > 0 and
open set w on which the control acts (see, for instance, [90]). The null
controllability property holds in fact in a much more general setting of
semilinear heat equations ([83] and [84]).

e Null controllability implies approximate controllability. Indeed, we have
shown that, whenever null controllability holds, S(T)[L?(Q2)] C R(T;u°)
for all u® € L?(Q). Taking into account that all the eigenfunctions of
the laplacian belong to S(T)[L?(Q2)] we deduce that the set of reachable
states is dense and, consequently, that approximate controllability holds.

e The problem of approximate controllability may be reduced to the case
u% = 0. Indeed, the linearity of the system we have considered implies
that R(T,u") = R(T,0) + S(T)uP.

e Approximate controllability together with uniform estimates on the ap-
proximate controls as € — 0 may led to null controllability properties.
More precisely, given u!, we have that u' € R(T,u°) if and only if there
exists a sequence (f:)e>o of controls such that |[u(T) — u*||f2(q) < € and
(f<)eso is bounded in L?(w x (0,T)). Indeed in this case any weak limit
in L2(wx (0,T)) of the sequence (f-).~o of controls gives an exact control
which makes that u(T) = uy.

In this section we limit ourselves to study the approximate controllability
problem. The main ingredients we shall develop are of variational nature.
The problem will be reduced to prove unique continuation properties. Null-
controllability will be addressed in the following section.

2.5.4 Approximate controllability of the heat equation

Given any 7" > 0 and any nonempty open subset w of {2 we analyze in this
section the approximate controllability problem for system (2.137).

Theorem 2.5.2 Let w be an open nonempty subset of Q@ and T > 0. Then
(2.137) is approzimately controllable in time T'.



128 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

Remark 2.5.2 The fact that the heat equation is approximately controllable
in arbitrary time 7" and with control in any subset of ) is due to the infinite
velocity of propagation which characterizes the heat equation.

Nevertheless, the infinite velocity of propagation by itself does not allow
to deduce quantitative estimates for the norm of the controls. Indeed, as it
was proved in [164], the heat equation in an infinite domain (0,00) of R is
approximately controllable but, in spite of the infinite velocity of propagation,
it is not null-controllable.

Remark 2.5.3 There are several possible proofs for the approximate control-
lability property. We shall present here two of them. The first one is presented
below and uses Hahn-Banach Theorem. The second one is constructive and
uses a variational technique similar to the one we have used for the wave equa-
tion. We give it in the following section.

Proof of the Theorem 2.5.2 As we have said before, it is sufficient to consider
only the case u® = 0. Thus we assume that u® = 0.
From Hahn-Banach Theorem, R(T,u") is dense in L?((2) if the following

property holds: There is no o7 € L*(Q), o1 # 0 such that / w(T)prdr =0
Q

for all u solution of (2.137) with f € L?*(w x (0,7T)).

Accordingly, the proof can be reduced to showing that, if pr € L?(Q) is
such that [, u(T)@rdz = 0, for all solution w of (2.137) then ¢ = 0.

To do this we consider the adjoint equation:

or+Ap=0 in (0,T) xQ
¢ loa=0 on (0,T) x 9 (2.140)
o(T) = or in Q.

We multiply the equation satisfied by ¢ by u and then the equation of u
by . Integrating by parts and taking into account that «® = 0 the following
identity is obtained

T
/ / fodzdt = / (uy — Au)pdadt = —/ (pr + Ap)udadt+
0 Jw Qx(0,T) Qx(0,T)

/ugodx / /39( ¥ —i—ug) dodt = /Qu(T)QPde.

Hence, [, u(T)prde = 0 if and only if / /fapdacdt = 0. If the later
relation holds for any f € L?(w x (0,T)), we deduce that ¢ =0 in w x (0,T).
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Let us now recall the following result whose proof may be found in [108]:

Holmgren Uniqueness Theorem. Let P be a differential operator with
constant coefficients in R™. Let u be a solution of Pu = 0 in Q1 where Q1 is
an open set of R™. Suppose that u = 0 in Q2 where Q2 is an open nonempty
subset of Q1.

Then v = 0 in Qs, where Qs is the open subset of Q1 which contains Qo
and such that any characteristic hyperplane of the operator P which intersects
Q3 also intersects Q1.

In our particular case P = 0; + A, is a differential operator in R**! and
its principal part is P, = A,. A hyperplane of R""! is characteristic if its
normal vector (£,¢) € R""! is a zero of Py, i. e. of P,(¢,¢) = [£|?. Hence,
normal vectors are of the form (0,41) and the characteristic hyperplanes are
horizontal, parallel to the hyperplane t = 0.

Consequently, for the adjoint heat equation under consideration (2.140),
we can apply Holmgren’s Uniqueness Theorem with Q1 = (0,7) x Q, Q2 =
(0,T) xwand Q3 = (0,T) x Q. Then the fact that ¢ = 0 in (0,7) X w implies
©=01n (0,T) x Q. Consequently ¢ = 0 and the proof is complete.

2.5.5 Variational approach to approximate controllability

In this section we give a new proof of the approximate controllability result
in Theorem 2.5.2. This proof has the advantage of being constructive and it
allows to compute explicitly approximate controls.

Let us fix the control time T > 0 and the initial datum u® = 0. Let
u! € L?(Q) be the final target and € > 0 be given. Recall that we are looking
for a control f such that the solution of (2.137) satisfies

[u(T) —url|z2(0) < e. (2.141)
We define the following functional:
J. LX) —R (2.142)
1 T
Je(pr) = 5/ / @Pdrdt + ¢ || o1 || L2(0) —/ uyprdr (2.143)
0 w O

where ¢ is the solution of the adjoint equation (2.140) with initial data @r.
The following Lemma ensures that the minimum of J. gives a control for
our problem.

Lemma 2.5.1 If $r is a minimum point of J. in L*(Q) and $ is the solution
of (2.140) with initial data Pr, then f = @), is a control for (2.137), i. e.
(2.141) is satisfied.
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Proof. In the sequel we simply denote J. by J.
Suppose that J attains its minimum value at pr € L?(2). Then for any
Yo € L2(2) and h € R we have J(¢1) < J (P + hibg) . On the other hand,
J(Pr + hpo) =

= / / | Y+ h |2 dxdt + ¢ || pr + hapg ||L2(Q) / ul(@T + hi/)o)dl‘

//lezdxdt+—//|w|2dxdt+h/ /apzﬂdwdt—i—

+e || @1 + hibo || L2 () —/ u1(Pr + hpo)dx
Q

Thus

. - h?
0< e[l @r+hto @) — Il @1 2] + /( ) VP dadt
0,7)Xw

2
h /OT e umodx].

| o1 + htbo [|L2) — | @1 2@ = 1R[] Yo llL2)

Since

we obtain

h2 T T N
0 w 0 w Q

for all h € R and vy € L*(Q).
Dividing by A > 0 and by passing to the limit h — 0 we obtain

T
0<ell Yol +/ /(ﬁwdaﬁdt — / u1YPodx. (2.144)
0 Jw Q

The same calculations with A < 0 gives that

T
/ /@/)dxdt—/ulwodx
0 w Q

On the other hand, if we take the control f = @ in (2.137), by multiplying
in (2.137) by 1 solution of (2.140) and by integrating by parts we get that

/OT[Jdexdt:»/KZU(T)¢de. (2.146)

<ellvoll Vo € L*(Q). (2.145)




E. Zuazua 131

From the last two relations it follows that
‘ /(U(T) — ul)wodl' < €|WJO||L2(Q)’ Yo € L2(Q) (2147)
Q

which is equivalent to
HU(T) — u1||L2(Q) S E.

The proof of the Lemma is now complete.

|
Let us now show that J attains its minimum in L?(().
Lemma 2.5.2 There ezists o7 € L*(Q) such that
J(@pr)= min J(er). (2.148)

eT€L?(Q)

Proof. It is easy to see that .J is convex and continuous in L?(Q2). By Theorem
2.2.3, the existence of a minimum is ensured if J is coercive, i. e.

J(¢r) — oo when ||¢r||r2(0) — 0. (2.149)

In fact we shall prove that

im  J(er)/llerllae > e (2.150)

||<PTHL2(Q)‘>°O

Evidently, (2.150) implies (2.149) and the proof of the Lemma is complete.
In order to prove (2.150) let (7 ;) C L?(Q2) be a sequence of initial data
for the adjoint system with || o7 ; ||£2(q)— 0o. We normalize them

¢rj =1/ |l o1, ||L2(Q)7
SO that H &T’j ||L2(Q): 1.

On the other hand, let ¢; be the solution of (2.140) with initial data @r ;.
Then

1 . -
Her) Nors =g L ors ey [ [ 15 P dode+e— [ e
0 w
The following two cases may occur:

T
1) lim / / | @ |*> 0. In this case we obtain immediately that
0 w

Jj—oo

J(eri)/ | o1 |2 (@)— oo
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T
2) lim / | @; |*= 0. In this case since @r; is bounded in L?(Q), by
j—o0 J0 w
extracting a subsequence we can guarantee that ¢ ; — 1o weakly in
L*(Q) and @; — ¢ weakly in L?(0,7; H}(Q)) N H(0,T; H=(Q2)), where
1 is the solution of (2.140) with initial data g at t = T. Moreover, by
lower semi-continuity,

T T
/ /¢2dxdt < lim / | ¢ |? dadt =0
0 w j—ooJo Jw

and therefore 1 = 0 en w x (0, 7).

Holmgren Uniqueness Theorem implies that ¢ = 0 in Q x (0,7) and
consequently ¥y = 0.

Therefore, g1 ; — 0 weakly in L?(2) and consequently fQ w17 jdx tends
to 0 as well.

Hence ;
lim M > lim [6 — / Ul&T,jdx] =g,
Q

j—oo LT |~ jmoo

and (2.150) follows.
|

Remark 2.5.4 Lemmas 2.5.1 and 2.5.2 give a second proof of Theorem 2.5.2.
This approach does not only guarantee the existence of a control but also
provides a method to obtain the control by minimizing a convex, continuous
and coercive functional in L?(().

In the proof of the coercivity, the relevance of the term e||¢7||12(q) is clear.
Indeed, the coercivity of J depends heavily on this term. This is not only for
technical reasons. The existence of a minimum of J with ¢ = 0 implies the
existence of a control which makes u(7T") = u!. But this is not true unless u! is
very regular in Q \ w. Therefore, for general u' € L*(2), the term e|[or||12(q)
is needed.

Note that both proofs are based on the unique continuation property which
guarantees that if ¢ is a solution of the adjoint system such that ¢ = 0 in
w X (0,T), then ¢ = 0. As we have seen, this property is a consequence of
Holmgren Uniqueness Theorem.

The second proof, based on the minimization of J, with some changes on
the definition of the functional as indicated in section 2.1.1, allows proving
approximate controllability by means of other controls, for instance, of bang-
bang form. We address these variants in the following sections.
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2.5.6 Finite-approximate control

Let E be a subspace of L?() of finite dimension and IIg be the orthogonal
projection over E. As a consequence of the approximate controllability prop-
erty in Theorem 2.5.2 the following stronger result may be proved: given u’
and u* in L*(Q) and ¢ > 0 there exists a control f such that the solution of
(2.137) satisfies simultaneously

Mp(u(T)) = g(uw), || u(T)—u"||@<e. (2.151)

This property not only says that the distance between w(7T) and the target
ul is less that e but also that the projection of u(T) and u! over E coincide.

This property, introduced in [236], will be called finite-approximate con-
trollability. It may be proved easily by taking into account the following
property of Hilbert spaces: If L : E — F is linear and continuous between the
Hilbert spaces E and F and the range of L is dense in F, then, for any finite
set fi, fo,...,fn € F, the set {Le: (Le, f;)r =0 Vj=1,2,...,N} is dense
in the orthogonal complement of Span{fi, fa,..., fn}-

Nevertheless, as we have said before, this result may also be proved directly,
by considering a slightly modified form of the functional J used in the second
proof of Theorem 2.5.2. We introduce

1 T
Je(pr) = 5/0 /@2da¢dt+€ | (I —1lg)er |20 f/ﬂulgonac.

The functional Jg is again convex and continuous in L?(Q2). Moreover, it is
coercive. The proof of the coercivity of Jg is similar to that of J. It is sufficient
to note that if @7 ; tends weakly to zero in L?(Q), then Ilg(Pr ;) converges
(strongly) to zero in L?(Q).

Therefore || (I —g)@r; 22 / | @15 |l22() tends to 1. According to
this, the new functional Jg satisfies the coercivity property (2.150).

It is also easy to see that the minimum of Jg gives the finite-approximate
control we were looking for.

2.5.7 Bang-bang control

In the study of finite dimensional systems we have seen that one may find
“bang-bang” controls which take only two values +\ for some A > 0.

In the case of the heat equation it is also easy to construct controls of this
type. In fact a convenient change in the functional J will ensure the existence
of “bang-bang” controls. We consider:

2
1 T
Jbbw)—Q( |/ ledxdt> +eller e - | werd.
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Remark that the only change in the definition of Jy, is in the first term
in which the norm of ¢ in L?(w x (0,T)) has been replaced by its norm in
LY((0,T) x w).

Once again we are dealing with a convex and continuous functional in L?(€2).
The proof of the coercivity of .Jy, is the same as in the case of the functional
J. We obtain that:

lim inf M >e.
ezl 2@—oo || @7 |l L2(Q)

Hence, Jp, attains a minimum in some @r of L?(Q). It is easy to see that,
if ¢ is the corresponding solution of the adjoint system with @7 as initial data,
then there exists f € [ fOT |@|dz sgn (@) such that the solution of (2.137) with
this control satisfies ||u(T) — uq|| < e.

On the other hand, since @ is a solution of the adjoint heat equation, it is
real analytic in 2 x (0,T). Hence, the set {t : @ = 0} is of zero measure in
Q x (0,7T). Hence, we may consider

T
f= /w /0 || ddt sgn(P) (2.152)

which represents a bang-bang control. Remark that the sign of the control
changes when the sign of @ changes. Consequently, the geometry of the sets
where the control has a given sign can be quite complex.

Note also that the amplitude of the bang-bang control is [ fOT |p|dxdt
which, evidently depends of the distance from the final target «! to the uncon-
trolled final state S(T)u® and of the control time 7.

Remark 2.5.5 As it was shown in [73], the bang-bang control obtained by
minimizing the functional Jy, is the one of minimal norm in L*((0,7T) x w)
among all the admissible ones. The control obtained by minimizing the func-
tional J has the minimal norm in L?((0,7) X w).

Remark 2.5.6 The problem of finding bang-bang controls guaranteeing the
finite-approximate property may also be considered. It is sufficient to take the
following combination of the functionals Jg and Jyp:

2
1 T
Jbb,E(ﬁPT) = 5 (/ / ‘ ® | dscdt) +e€ || (I* HE)SDT ||L2(Q) 7/ ulgon:r.
0 w Q
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2.5.8 Comments

The null controllability problem for system (2.137) is equivalent to the following
observability inequality for the adjoint system (2.140):

T
160 o= C [ [ ot verr@. (1)

Once (2.153) is known to hold one can obtain the control with minimal
L?-norm among the admissible ones. To do that it is sufficient to minimize the
functional

J(%) = ;/OT/dwzdxdt+A¢(O)uod$ (2.154)

over the Hilbert space
T
H = {" : the solution ¢ of (2.140) satisfies / / ?drdt < oo}.
0 w

To be more precise, H is the completion of L?(§2) with respect to the norm
[fOT [, p*dzdt]'/?. In fact, H is much larger than L?(2). We refer to [83] for
precise estimates on the nature of this space.

Observe that J is convex and continuous in H. On the other hand (2.153)
guarantees the coercivity of J and the existence of its minimizer.

Due to the irreversibility of the system, (2.153) is not easy to prove. For
instance, multiplier methods do not apply. Let us mention two different ap-
proaches used for the proof of (2.153).

1. Results based on the observation of the wave or elliptic equa-
tions: In [195] it was shown that if the wave equation is exactly con-
trollable for some T > 0 with controls supported in w, then the heat
equation (2.137) is null controllable for all T > 0 with controls supported
in w. As a consequence of this result and in view of the controllability
results for the wave equation, it follows that the heat equation (2.137) is
null controllable for all T' > 0 provided w satisfies the geometric control
condition. However, the geometric control condition does not seem to be
natural at all in the context of the heat equation.

Later on, Lebeau and Robbiano [134] proved that the heat equation
(2.137) is null controllable for every open, non-empty subset w of Q and
T > 0. This result shows, as expected, that the geometric control condi-
tion is unnecessary in the context of the heat equation. A simplified proof
of it was given in [135] where the linear system of thermoelasticity was
addressed. The main ingredient in the proof is the following observability
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estimate for the eigenfunctions {v;} of the Laplace operator

2

/ > aji(x)| do>CremVEN " | a; (2.155)

Ai<p Aj<u

which holds for any {a;} € ¢ and for all u > 0 and where C;,C > 0 are
two positive constants.

This result was implicitly used in [134] and it was proved in [135] by
means of Carleman’s inequalities for elliptic equations.

2. Carleman inequalities for parabolic equations: The null control-
lability of the heat equation with variable coefficients and lower order
time-dependent terms has been studied by Fursikov and Imanuvilov (see
for instance [44], [87], [88], [89], [110] and [111]). Their approach is based
on the use of the Carleman inequalities for parabolic equations and is dif-
ferent to the one we have presented above. In [90], Carleman estimates
are systematically applied to solve observability problem for linearized
parabolic equations.

In [78] the boundary null controllability of the heat equation was proved in
one space dimension using moment problems and classical results on the linear
independence in L?(0,T') of families of real exponentials. We shall describe this
method in the next section.

2.6 Boundary controllability of the 1D heat equa-
tion

In this section the boundary null-controllability problem of the heat equation
is studied. We do it by reducing the control problem to an equivalent problem
of moments. The latter is solved with the aid of a biorthogonal sequence to
a family of real exponential functions. This technique was used in the study
of several control problems (the heat equation being one of the most relevant
examples of application) in the late 60’s and early 70’s by R. D. Russell and
H. O. Fattorini (see, for instance, [78] and [79]).
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2.6.1 Introduction

Given T > 0 arbitrary, u® € L?(0,1) and f € L?(0,T) we consider the following
non-homogeneous 1-D problem:

Up — Uy = 0 (0,1), t€(0,T)
(2.156)

T € 1
U(t,O) =0, u(ta 1) = f(t) te (OaT)
u(0, 1) = u®(z) z€(0,1)

In (2.156) u = u(x,t) is the state and f = f(t) is the control function which
acts on the extreme x = 1. We aim at changing the dynamics of the system by
acting on the boundary of the domain (0, 1).

2.6.2 Existence and uniqueness of solutions

The following theorem is a consequence of classical results of existence and
uniqueness of solutions of nonhomogeneous evolution equations. All the details
may be found, for instance in [156].

Theorem 2.6.1 For any f € L?(0,T) and u® € L?(Q) equation (2.156) has a
unique weak solution u € C([0,T], H1(Q)).

Moreover, the map {u°, f} — {u} is linear and there exists C' = C(T) > 0
such that

Nl Lo o, m-1(0)) < C (I[ulllz20) + 1l z20,)) - (2.157)

2.6.3 Controllability and the problem of moments

In this section we introduce several notions of controllability.
Let T > 0 and define, for any initial data u® € L?(2), the set of reachable
states

R(T;u®) = {u(T) : u solution of (2.156) with f € L?(0,T)}. (2.158)

An element of R(T,u°) is a state of (2.156) reachable in time T by starting
from u® with the aid of a control f.
As in the previous section, several notions of controllability may be defined.

Definition 2.6.1 System (2.156) is approximately controllable in time
T if, for every initial data u® € L?(Y), the set of reachable states R(T;uP) is
dense in L?(€).

Definition 2.6.2 System (2.156) is exactly controllable in time T if, for
every initial data u® € L*(Q), the set of reachable states R(T;u) coincides
with L?(Q).
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Definition 2.6.3 System (2.156) is null controllable in time T if, for ev-
ery initial data u® € L?(Q), the set of reachable states R(T;u®) contains the
element 0.

Remark 2.6.1 Note that the regularity of solutions stated above does not
guarantee that u(7T') belongs to L?(Q2). In view of this it could seem that the
definitions above do not make sense. Note however that, due to the regular-
izing effect of the heat equation, if the control f vanishes in an arbitrarily
small neighborhood of t = T' then u(T) is in C* and in particular in L2(12).
According to this, the above definitions make sense by introducing this minor
restrictions on the controls under consideration.

Remark 2.6.2 Let us make the following remarks, which are very close to
those we did in the context of interior control:

e The linearity of the system under consideration implies that R(T,u") =
R(T,0) + S(T)u® and, consequently, without loss of generality one may
assume that u® = 0.

e Due to the regularizing effect the solutions of (2.156) are in C™° far away
from the boundary at time t = T. Hence, the elements of R(T,u°) are
C* functions in [0,1). Then, exact controllability may not hold.

e It is easy to see that if null controllability holds, then any initial data
may be led to any final state of the form S(T)v° with v* € L*(Q).

Indeed, let u%,v° € L?(Q) and remark that R(T;u’ — v°) = R(T;u’) —
S(T)v°. Since 0 € R(T;u’ — v°), it follows that S(T)v° € R(T;uP).

e Null controllability implies approximate controllability. Indeed we have
that S(T)[L*(Q)] € R(T;u®) and S(T)[L?(R)] is dense in L*(Q).

e Note that u! € R(T,u°) if and only if there exists a sequence (f:)c>0
of controls such that [|u(T) — u'|[2(0) < € and (f:)e>o is bounded in
L2(0,T). Indeed, in this case, any weak limit in L?(0,T) of the sequence
(fe)e>o0 gives an exact control which makes that u(T") = uy.

Remark 2.6.3 As we shall see, null controllability of the heat equation holds
in an arbitrarily small time. This is due to the infinity speed of propagation.
It is important to underline, however, that, despite of the infinite speed of
propagation, the null controllability of the heat equation does not hold in an
infinite domain. We refer to [164] for a further discussion of this issue.
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The techniques we shall develop in this section do not apply in unbounded
domains. Although, as shown in [164], using the similarity variables, one can
find a spectral decomposition of solutions of the heat equation on the whole or
half line, the spectrum is too dense and biorthogonal families do not exist.

In this section the null-controllability problem will be considered. Let us
first give the following characterization of the null-controllability property of
(2.156).

Lemma 2.6.1 FEquation (2.156) is null-controllable in time T > 0 if and only
if, for any u® € L2(0,1) there exists f € L*(0,T) such that the following
relation holds

/ F(O)on(t, 1)dt = / 0(2)(0, 2)dz, (2.159)

for any o7 € L*(0,1), where ¢(t,x) is the solution of the backward adjoint
problem

Ot + Doz =0 €(0,1), te (0,7)
0(t,0) = (t,1) =0 t € (0,7) (2.160)
SO(T’ x) = QOT( ) (07 1)

Proof. Let f € L?(0,7T) be arbitrary and u the solution of (2.156). If 1 €
L?(0,1) and ¢ is the solution of (2.160) then, by multiplying (2.156) by ¢ and
by integrating by parts we obtain that

1
0= / / — Uy )pdadt = / updx
0 0
T 1
o Jo

Consequently

T

+

T
+ / (—ugpp + up,)dt
0 0

/f (t)px(t, 1)d

! = ’LLO.’L' x)axr — 1’LL i X )ax. .
/0 F()palt )dt = / (2)(0, 2)d / (T 2)pr(z)de.  (2.161)

1
0
Now, if (2.159) is verified, it follows that fo (T, z)pr(x)dx = 0, for all
® GLQ(O 1) and u(T) = 0.
Hence, the solution is controllable to zero and f is a control for (2.156).

Reciprocally, if f is a control for (2.156), we have that «(T) = 0. From
(2.161) it follows that (2.159) holds and the proof finishes.



140 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

From the previous Lemma we deduce the following result:

Proposition 2.6.1 Equation (2.156) is null-controllable in time T > 0 if and
only if for any u® € L?(0,1), with Fourier expansion

u’(z) = Z ap sin(mn),

n>1

there exists a function w € L*(0,T) such that,

T
2_2 a 2_2
e W Tt = (—=1)"—e ™ T =1,2,.... 2.162
/0 w(t)e (-1) Sy ,on ( )

Remark 2.6.4 Problem (2.162) is usually refered to as problem of mo-
ments.

Proof. From the previous Lemma we know that f € L?(0,T) is a control for
(2.156) if and only if it satisfies (2.159). But, since (sin(nmx)),>1 forms an
orthogonal basis in L?(0,1), (2.159) is verified if and only if it is verified by
ol =sin(nrx), n =1,2,....

If pL = sin(nmz) then the corresponding solution of (2.160) is ¢(¢,z) =
e (T—D) sin(nmz) and from (2.159) we obtain that

T
/ F#)(=1) nme ™ (=0 = %n T
0

The proof ends by taking w(t) = f(T — t).

The control property has been reduced to the problem of moments (2.162).
The latter will be solved by using biorthogonal techniques. The main ideas are
due to R.D. Russell and H.O. Fattorini (see, for instance, [78] and [79]).

The eigenvalues of the heat equation are A\, = n?7?, n > 1. Let A =
(e’/\"t)n>l be the family of the corresponding real exponential functions.

Definition 2.6.4 (,,)n>1 is a biorthogonal sequence to A in L*(0,T) if
and only if

T
/ e M, ()dt = 8, Yn,m=1,2, ...
0

If there exists a biorthogonal sequence (6,,)m>1, the problem of moments
(2.162) may be solved immediately by setting

w(t) = Y (~1)" et Ty (1), (2.163)

2mm



E. Zuazua 141

As soon as the series converges in L?(0,7), this provides the solution to
(2.162).
We have the following controllability result:

Theorem 2.6.2 Given T > 0, suppose that there exists a biorthogonal se-
quence (0y)m>1 to A in L*(0,T) such that

Om|z20.0) < Me®™,  ¥Ym > 1 (2.164)

where M and w are two positive constants.
Then (2.156) is null-controllable in time T.

Proof. From Proposition 2.6.1 it follows that it is sufficient to show that for
any u’ € L?(0,1) with Fourier expansion

u = Z ap sin(nmz),

n>1

there exists a function w € L?(0,T) which verifies (2.162).
Consider

w(t)y = Y (1" eI, (), (2.165)

2mm
m>1

Note that the series which defines w is convergent in L?(0,7T). Indeed,

—’I’TL27T2
3 [l ol

|am| —m ™
Z D T||9m\|L2(o,T) <

L2(0,T)

|am| - 2T
< M m T +wm <
D o %0
m>1

where we have used the estimates (2.164) of the norm of the biorthogonal
sequence (6,,).

On the other hand, (2.165) implies that w satisfies (2.162) and the proof
finishes.

Theorem 2.6.2 shows that, the null-controllability problem (2.156) is solved
if we prove the existence of a biorthogonal sequence (6,,,)m>1 to A in L(0,T)
which verifies (2.164). The following sections are devoted to accomplish this
task.
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2.6.4 Existence of a biorthogonal sequence

The existence of a biorthogonal sequence to the family A is a consequence of
the following Theorem (see, for instance, [203]).

Theorem 2.6.3 (Miinz) Let 0 < p1 < pg < ... < p, < ... be a sequence of
real numbers. The family of exponential functions (e=F=»t) _ ., is complete in

L2(0,T) if and only if
> 1. (2.166)

n>1 Hn

Given any T > 0, from Miinz’s Theorem we obtain that the space generated
by the family A is a proper space of L?(0,T) since

1 1
Sloylew
2.2
n>1 An n>1 nem
Let E(A,T) be the space generated by A in L?(0,T) and E(m, A, T) be the
subspace generated by (e*’\"t) ns1 in L2(0,T).
n#m
We also introduce the notation p,, (t) = e~ **.

Theorem 2.6.4 Given anyT > 0, there exists a unique sequence (0., (T, - ))m>1,
biorthogonal to the family A, such that

O (T, - ))m>1 C E(A,T).
Moreover, this biorthogonal sequence has minimal L?(0,T)-norm.

Proof. Since A is not complete in L?(0,T), it is also minimal. Thus, p,, ¢
E(m,A,T), for each m € I.

Let r,, be the orthogonal projection p,, over the space E(m,A,T) and
define

Pm —Tm

97rl(T7 : ) (2167)

B Hpm - TmH2L2(0’T) .

From the projection properties, it follows that

L. rm € E(m, A, T) verifies ||pm(t) — 7m(t)||22(0,7) = Minyrepim,a,7) [[Pm —
7“||L2(0,T)

3. (pm —7Tm) Lpn € E(m,A,T),Vn #m

4. (pm —1rm) Lrm € E(m,A,T).
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From the previous properties and (2.167) we deduce that
L [ 00 (T, )pa(t)dt = 61

) — _Pm—Tm
2. 0m(T, ) = =i € BT

Thus, (2.167) gives a biorthogonal sequence (6,,(T, -)),,>; C E(A,T) to
the family A. -

The uniqueness of the biorthogonal sequence is obtained immediately. In-
deed, if (0),),,~; C E(A,T) is another biorthogonal sequence to the family A,

then )
(0 —0..) € E(A,T) }:>9m—9/

o L (O — 0, V> 1 m =0

where we have taken into account that (p.,)m>1 is complete in E(A,T).

To prove the minimality of the norm of (6,,(T’, -)),,>1, let us consider any
other biorthogonal sequence (6),), <, C L*(0,T).

E(A,T) being closed in L?(0,T), its orthogonal complement, F(A,T)"*, is
well defined. Thus, for any m > 1, there exists a unique g,, € E(A,T)* such
that 0, = 0 + qm.-

Finally,

105012 = 110 + @inl1* = [6m]* + llgmll* = 1161
and the proof ends.

Remark 2.6.5 The previous Theorem gives a biorthogonal sequence of min-
imal norm. This property is important since the convergence of the series of
(2.163) depends directly of these norms.

The existence of a biorthogonal sequence (6,,)m>1 to the family A being
proved, the next step is to evaluate its L?(0,T)-norm. This will be done in two
steps. First for the case T' = oo and next for T' < oco.

2.6.5 Estimate of the norm of the biorthogonal sequence:
T = o0

Theorem 2.6.5 There exist two positive constants M and w such that the
biorthogonal of minimal norm (0y,(c0, - )m>1 given by Theorem 2.6.4 satisfies
the following estimate

|\9m(00, ')||L2(0,oo) S Mﬂ'e“m, Vm Z 1. (2168)
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Proof. Let us introduce the following notations: E™ := E™(A,00) is the
subspace generated by A" := (e” "), _, _in L?(0,T) and E}, := E*(m, A, )
is the subspace generated by (67)\kt)1§k§n in L2(0,T).
k#m
Remark that E™ and £}, are finite dimensional spaces and

E(A,00) =Up>1E", E(m,A,00) =U,>1E],.

We have that, for each n > 1, there exists a unique biorthogonal family
(02 )1<m<n C E"™, to the family of exponentials (e~*+*) . More precisely,

1<k<n
_an
o = —LIm_Tm (2.169)
[P — rmHL2(07oo)
where ry is the orthogonal projection of p,, over E..
If .
0, = ci'p (2.170)
k=1
then, by multiplying (2.170) by p; and by integrating in (0, 00), it follows that
T
O =} / p(®pr(t)dt, 1<m,l<n. (2.171)
E>1 0

Moreover, by multiplying in (2.170) by 67 and by integrating in (0, c0), we
obtain that
1671172 0,00) = - (2.172)

If G denotes the Gramm matrix of the family A, i. e. the matrix of elements

oo
giz/ pOp)dt, 1<kl<n
0

we deduce from (2.171) that ¢} are the elements of the inverse of G. Cramer’s
rule implies that
1l
"o aGl
where |G| is the determinant of matrix G and |G,,| is the determinant of the
matrix G, obtained by changing the m—th column of G by the m—th vector
of the canonical basis.
It follows that

(2.173)

n G
1071122 0,00) = |G| (2.174)

The elements of G may be computed explicitly

o0 o0 1
9k = / Pi(t)pn(t) = / em (I gy —
0 0

n2n? + k2n2”
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Remark 2.6.6 A formula, similar to (2.174), may be obtained for any T > 0.
Nevertheless, the determinants may be estimated only in the case T' = oo.

To compute the determinats |G| and |G,,| we use the following lemma (see
[47]):

Lemma 2.6.2 If C' = (c;j)1<i,j<n 5 @ matriz of coefficients ¢;; = 1/(a; + b;)

then
H1<1<]<n(a a])(b - b])
[Ti<ij<nlai +0;)

IC| = (2.175)

It follows that

2 2

_ icicjcn@®n® = 5%7%)

H1§i<j§n(i27r2 _j27.l.2) | ‘
m| — . .
7 Hggi,jgn(l%ﬂ + j2m?)

G| = ‘ .
| ‘ H1§m§n(12772 +]2ﬂ-2)

where ' means that the index m has been skipped in the product.

Hence,
n 2, 1.2\2
|G(;”|| = 2m2W2H’M. (2.176)
From (2.174) and (2.176) we deduce that
m +l<:2
11671122 (0,00) = V2 H i (2.177)

Lemma 2.6.3 The norm of the biorthogonal sequence (0,,(c0, -))m>1 to the
family A in L?(0,00) given by Theorem 2.6.4, verifies

[16m (00, )IlL2(0,00) = fme |m +k (2.178)

Proof. It consists in passing to the limit in (2.177) as n — co. Remark first
that, for each m > 1, the product

m—i—k:2
H|

is convergent since



146 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

= 2m? e 1
S eXp <Z/ ln (1 + 7’7’),2—](j2|>> S eXp <2m le) < 00.
k=1

k=1

Consequently, the limit lim, oo [|0,]/22(0,00) = L > 1 exists. The proof
ends if we prove that

Jim {16071 £2(0,00) = [10m]2(0,00)- (2.179)

Identity (2.169) implies that lim, o |[|[Pm — 774[|22(0,00) = 1/L and (2.179)
is equivalent to

lim Hpm — 'r‘ngLz(Opo) = ||pm — Tm||L2(0,oo)~ (2.180)

n—oo

Let now € > 0 be arbitrary. Since r,, € E(m,A,c0) it follows that there
exist n(e) € N* and rs, € Ei® with

H?“m — TanLz(O#XJ) <eE.
For any n > n(e) we have that

Hpm_rmH: min ||pm—7“‘|§|‘pm—7”gz||= mianm_THS
reE(m,A,00) rekp

<|pm =l < llpm = | + [[rm = ]l <{lpm = 7| + &

Thus, (2.180) holds and Lemma 2.6.3 is proved.

Finally, to evaluate 6,,(c0, -) we use the following estimate

Lemma 2.6.4 There exist two positive constants M and w such that for any
m>1,

m +k2 wm
H e %] S < Me“™, (2.181)

Proof. Remark that
1 m?+ k2 m? + k2 m2
Hk|m2 = exp [Z ln( 2 )} < exp [Z ln( kz)} .

Now

!

2m? m 2m?
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2m 2 [ee] 2
2 2
+/ (14" dx+/ (14— )de =
- 22 —m2 o 22 —m2
! 2 2 2
m[/o 1n<1+1_x2>d:v+/1ln(1+x2_1)dx+

> 2
+/2 1n<1+$2_1>d:z:] =m(L+1L+13).

We evaluate now each one of these integrals.

! 2 ! 2
112/01n<1—|—1_x2>d.13:/01H<1+Mw>d$§
! 2 ! 2

2 \|' o9
=—(1-xz)In(1 dr = ¢ < o0,
( x>n<+1—x)0+/0 g = <o

Ig:/121n(1+x22_1)da:§/121n<1—|—(33_21)2>dx:
/12(1'1)’1n<1+($_21)2> dr =

(120

2 2
——dr = 3 < .
o+/1 2+(I71)2x co < 00

o0 2 o0 2
I3 = | 1 dr < 1 1+ — |dx <
? / “( *x?—l) ”*/2 “( +<ac—1>2> v

</0072 dr = <
S ), o1 T = c3 < 0.

The proof finishes by taking w = ¢; + ¢o + c3.

The proof of Theorem 2.6.5 ends by taking into account relation (2.178)
and Lemma 2.6.4.
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2.6.6 Estimate of the norm of the biorthogonal sequence:
T < o0

We consider now T' < co. To evaluate the norm of the biorthogonal sequence
(0 (T, - ))m>1 in L2(0,T) the following result is necessary. The first version of
this result may be found in [203] (see also [78] and [104]).

Theorem 2.6.6 Let A be the family of exponential functions (e”‘”t)n>1 and
let T be arbitrary in (0,00). The restriction operator -

Rr : E(A,00) — E(A,T),  Rr(v) =,
is invertible and there ezists a constant C' > 0, which only depends on T, such
that

IR < C. (2.182)

Proof. Suppose that, on the contrary, for some T" > 0 there exists a sequence
of exponential polynomials

N(k)
Pu(t) = > arne ' C E(A,T)
n=1
such that
([Pl 20,y = 0 (2.183)
and
1Pkllr2(0,00) =1, Yk = 1. (2.184)

By using the estimates from Theorem 2.6.5 we obtain that

/ Pk(t)ﬂm(oo,t)dt‘ S HPk||L2(07OO)||9m(OO, ')HL2(0,<>O) S Mewm.
0

|Gmn| =
Thus
N (k) 00
2_2
1P(2)] € ) lagn| e 22| < MY enmmm Relz), (2.185)
n=1 n=1

If > 0is given let A, = {z € C : Re(z) > r}. For all z € A,, we have
that -
Pr(2)| < MY e < M(w, 7). (2.186)
n=1
Hence, the family (Pj)i>1 consists of uniformly bounded entire functions.
From Montel’s Theorem (see [43]) it follows that there exists a subsequence,
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denoted in the same way, which converges uniformly on compact sets of A, to
an analytic function P.

Choose r < T'. From (2.183) it follows that limy .o |[Pk||z2(r,7) = 0 and
therefore P(t) = 0 for all ¢ € (r,T). Since P is analytic in A,, P must be
identically zero in A,.

Hence, (Py)r>1 converges uniformly to zero on compact sets of A,.

Let us now return to (2.185). There exists ro > 0 such that

|Pe(2)| < Me R vzeA,,. (2.187)
Indeed, there exists rg > 0 such that
wn —n’m*Re(2) < —Re(z) —n, Vz€ A,

and therefore, for any z € A, ,

n>1 n>1

wn—n?71?Re(z) —Re(z) -n __ M —Re(z)
|Pk(z)|§MZe < Me Ze = -3¢ .

Lebesgue’s Theorem implies that
i {[Pellz2(r00) = 0
and consequently
i [|Pef[z2 0, = 1.
If we take r < T the last relation contradicts (2.184) and the proof ends.
|
We can now evaluate the norm of the biorthogonal sequence.

Theorem 2.6.7 There exist two positive constants M and w with the property
that
[10m (T, -)llr20,r) < Me®™, ¥m >1 (2.188)

where (0m(T, - ))m>1 is the biorthogonal sequence to the family A in L*(0,T)
which belongs to E(A,T) and it is given in Theorem 2.6.4.

Proof. Let (R;')* : E(A,00) — E(A,T) be the adjoint of the bounded
operator R;l. We have that

Sij = /Ooo pi(1)8; (00, t)dt = /OOO(R;lRT)(pk(t))Hj(oo,t)dt =

T
:/0 R (o (8)) (R71)* (8, (00, 1))dt.
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Since (R7')*(0;(c0, -)) € E(A,T), from the uniqueness of the biorthogonal
sequence in E(A,T), we finally obtain that

(R71)*(85(00, -)) = 0;(T, -), Vi >1.
Hence
||9J(T7 ')||L2(O,T) = ‘|(R;1)*(9](OO7 .))HLz(O,T) < ||R;1|| ||9J<Oo7 ')HL2(0700)7

since ||(R71)*|| = [|R7 |-
The proof finishes by taking into account the estimates from Theorem 2.6.5.

Remark 2.6.7 From the proof of Theorem 2.6.7 it follows that the constant
w does not depend of T'.



Chapter 3

Propagation, Observation,
Control and
Finite-Difference Numerical
Approximation of Waves

published in Bol. Soc. Esp. Mat. Apl. No. 25 (2003), 55-126.

3.1 Introduction

In recent years important progress has been made on problems of observation
and control of wave phenomena. There is now a well established theory for
wave equations with sufficiently smooth coefficients for a number of systems
and variants: Lamé and Maxwell systems, Schrodinger and plate equations,
etc. However, when waves propagate in highly heterogeneous or discrete media
much less is known.

These problems of observability and controllability can be stated as follows:

e Observability. Assuming that waves propagate according to a given wave
equation and with suitable boundary conditions, can one guarantee that
their whole energy can be estimated (independently of the solution) in
terms of the energy concentrated on a given subregion of the domain (or
its boundary) where propagation occurs in a given time interval ?

e (Controllability. Can solutions be driven to a given state at a given final
time by means of a control acting on the system on that subregion?

151
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It is well known that the two problems are equivalent provided one chooses
an appropriate functional setting, which depends on the equation (see for,
instance, [142, 143],[241]). It is also well known that in order for the observation
and/or control property to hold, a Geometric Control Condition (GCC) should
be satisfied [14]. According to the GCC all rays of Geometric Optics should
intersect the observation/control region in the time given to observe/control.

In this work we shall mainly focus on the issue of how these two proper-
ties behave under numerical approximation schemes. More precisely, we shall
discuss the problem of whether, when the continuous wave model under con-
sideration has an observation and/or control property, it is preserved for nu-
merical approximations, and whether this holds uniformly with respect to the
mesh size so that, in the limit as the mesh size tends to zero, one recovers the
observation/control property of the continuous model.

But, before getting into the matter, let us briefly indicate some of the in-
dustrial and/or applied contexts in which this kind of problems arises. The
interested reader on learning more on this matter is refered to the STAM Re-
port [204], or, for more historical and engineering oriented applications, to
[138]. The problem of controllability is classical in the field of Mathematical
Control Theory and Control Engineering. We refer to the books by Lee and
Marcus [136] and Sontag [206] for a classical and more modern, respectively,
account of the theory for finite-dimensional systems with applications. The
book by Fattorini [76] provides an updated account of theory in the context of
semigroups which is therefore more adapted to the models governed by partial
differential equations (PDE) and provides also some interesting examples of
applications.

The problems of controllability and/or observability are in fact only some
of those arising in the applications of control theory nowadays. In fact, an
important part of the modelling effort needs to be devoted to defining the
appropriate control problem to be addressed. But, whatever the control ques-
tion we address is, the deep mathematical issues that arise when facing these
problems of observability and controllability end up entering in one way or an-
other. Indeed, understanding the properties of observation and controllability
for a given system requires, first, analyzing the fine dynamical properties of the
system and, second, the effect of the controllers on its dynamics.

In the context of control for PDE one needs to distinguish, necessarily,
the elliptic, parabolic and hyperbolic ones since their distinguished qualitative
properties make them to behave also very differently from a control point of
view. The issue of controllability being typically of dynamic nature (although
it also makes senses for elliptic or stationary problems) it is natural to address
parabolic and hyperbolic equations, and, in particular, the heat and the wave
equation.

Most of this article is devoted to the wave equation (although we shall



E. Zuazua 153

also discuss briefly the beam equation, the Schrédinger equation and the heat
equation). The wave equation is a simplified hyperbolic problem arising in
many areas of Mechanics, Engineering and Technology. It is indeed, a model for
describing the vibrations of structures, the propagation of acoustic or seismic
waves, etc. Therefore, the control of the wave equation enters in a way or
another in problems related with control mechanisms for structures, buildings
in the presence of earthquakes, for noise reduction in cavities and vehicles, etc.
We refer to [11], and [192] for insteresting practical applications in these areas.
But the wave equation, as we said, is also a prototype of infinite-dimensional,
purely conservative dynamical system. As we shall see, most of the theory
can be adapted to deal also with Schrodinger equation which opens the frame
of applications to the challenging areas of Quantum computing and control
(see [25]). Tt is well known that the interaction of waves with a numerical
mesh produces dispersion phenomena and spurious' high frequency oscillations
([224], [217]). In particular, because of this nonphysical interaction of waves
with the discrete medium, the velocity of propagation of numerical waves and,
more precisely, the so called group velocity? may converge to zero when the
wavelength of solutions is of the order of the size of the mesh and the latter
tends to zero. As a consequence of this fact, the time needed to uniformly
(with respect to the mesh size) observe (or control) the numerical waves from
the boundary or from a subset of the medium in which they propagate may
tend to infinity as the mesh becomes finer. Thus, the observation and control
properties of the discrete model may eventually disappear.

This effect is compatible and not in contradiction (as one’s first intuition
might suggest) with the convergence of the numerical scheme in the classical
sense and with the fact that the observation and control properties of the
continuous model do hold. Indeed, convergent numerical schemes may have
an unstable behavior in what concerns observability. In fact, we shall only
discuss classical and well known convergent semi-discrete and fully discrete
approximations of the wave equation, but we shall see that, despite the schemes
under consideration are convergent, the failure of convergence occurs at the
level of observation and control properties. As we said above, this is due to
the fact that most numerical schemes exhibit dispersion diagrams (we shall

1The adjective spurious will be used to designate any component of the numerical solution
that does not correspond to a solution of the underlying PDE. In the context of the wave
equation, this happens at the high frequencies and, consequently, these spurious solutions
weakly converge to zero as the mesh size tends to zero. Consequently, the existence of
these spurious oscillations is compatible with the convergence (in the classical sense) of the
numerical scheme, which does indeed hold for fixed initial data.

2At the numerical level it is important to distinguish phase velocity and group velocity.
Phase velocity refers to the velocity of propagation of individual monocromatic waves, while
group velocity corresponds to the velocity of propagation of wave packets, that may signif-
icantly differ from the phase velocity when waves of similar frequencies are combined. See,
for instance, [217].
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give a few examples below) showing that the group velocity of high frequency
numerical solutions tends to zero.
The main objectives of this paper are:

e To explain how numerical dispersion and spurious high frequency oscil-
lations occur;

To describe their consequences for observation/control problems;

To describe possible remedies for these pathologies;

To consider to what extent these phenomena occur for other models like
plate or heat-like equations.

The previous discussion can be summarized by saying that discretization and
observation or control do not commute:

Continuous Model + Observation/Control + Numerics

%+

Continuous Model + Numerics + Observation/Control.

Indeed, here are mainly two alternative approaches to follow. The PDE ap-
proach consists on approximating the control of the underlying PDE through
its corresponding optimality system or Euler-Lagrange equations. This pro-
vides convergent algorithms that produce good numerical approximations of
the true control of the continuous PDE but, certainly one needs to go through
PDE theory to develop it. But we may also first discretize the continuous
model, then compute the control of the discrete system and use it as a nu-
merical approximation of the continuous one. One of the main goals of this
article is to explain that this second procedure, which is often used in the lit-
erature without comment, may diverge. We shall describe how this divergence
may occur and develop some numerical remedies. In other words, the topic of
the manuscript may also be viewed as a particular instance of black-box versus
problem specific control. In the black box approach, when willing to control a
PDE we make a finite-dimensional model approximating the PDE and control
it. The other approach is to develop the theory of control for the PDE and dis-
cretize the control obtained that way. It is often considered that the black-box
method is more robust. In this article we show that it may fail dramatically
for wave-like problems. 3

Summarizing, controlling a discrete version of a continuous wave model is
often a bad way of controlling the continuous wave model itself stable solvers

3There are however some other situations in which it works. We refer to E. Casas [29] for
the analysis of finite-element approximations of elliptic optimal control problems and to [46]
for an optimal shape design problem for the Laplace operator.
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for solving the initial-boundary value problem for the wave equation do not
need to yield stable control solvers.

It is also worth underlying that the instabilities we shall describe have
a rather catastrophic nature. Indeed the divergence rate of controls is not
polynomial on the number of nodes of the mesh but rather exponential. This
shows that the stability can not restablished by simply changing norms on the
observed quantities or relaxing the regularity of controls by a finite number of
derivatives.

Up to now, we have discussed control problems in quite a vague way. In
fact, rigorously speaking, the discussion above concerns the problem of ezact
controllability in which the goal is to drive the solution of an evolution problem
to a given final state exactly in a given time. It is in this setting where the
pathological numerical high frequency waves may lead to lack of convergence.
But this lack of convergence does not occur if the control problem is relaxed
to an approximate or optimal control problem. In this paper we shall illus-
trate this fact by showing that, although controls may diverge when we impose
an exact control condition requiring the whole solution to vanish at the final
time, when relaxing this condition (by simply requiring the solution to become
smaller in norm than a given arbitrarily small number ¢ (approximate control)
or to minimize the norm of the solution within a class of bounded controls
(optimal control)) then the controls are bounded and converge as h — 0 to the
corresponding control of the continuous wave equation.

However, even if one is interested on those weakened versions of the control
problem, taking into account that the exact controllability one can be obtained
as a suitable limit of them, the previous discussion indicates the instability and
extreme sensitivity of all control problems for waves under numerical discretiza-
tions.

As a consequence of this, computing efficiently the control of the continu-
ous wave model may be a difficult task, which has has been undertaken in a
number of works by Glowinski, Li, and Lions [98], Glowinski [95], and Asch
and Lebeau [4], among others. The effort that has been carried out in these
papers is closely related to the existing work on developing numerical schemes
with suitable dispersion properties ([224], [217]), based on the classical notion
of group velocity. But a full understanding of these connections in the context
of control and observation of numerical waves requires an additional effort to
which this paper is devoted.

In this paper, avoiding unnecessary technical difficulties, we shall present
the main advances in this field, explaining the problems under consideration,
the existing results and methods and also some open problems that, in our opin-
ion, are particularly important. We shall describe some possible alternatives
for avoiding these high frequency spurious oscillations, including Tychonoff reg-
ularization, multigrid methods, mixed finite elements, numerical viscosity, and
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filtering of high frequencies. All these methods, although they may look very
different one from another in a first view, are in fact different ways of taking care
of the spurious high frequency oscillations that common numerical approxima-
tion methods introduce. Despite the fact that the proofs of convergence may be
lengthy and technically difficult (and often constitute open problems), once the
high frequency numerical pathologies under consideration are well understood,
it is easy to believe that they are indeed appropriate methods for computing
the controls.

Our analysis is mainly based on the Fourier decomposition of solutions and
classical results on the theory of non-harmonic Fourier series. In recent works
by F. Macia [157], [158] tools of discrete Wigner measures (in the spirit of
Gérard [91] and Lions and Paul [152]) have been developed to show that, as
in the continuous wave equation, in the absence of boundary effects, one can
characterize the observability property in terms of geometric properties related
to the propagation of bicharacteristic rays. In this respect it is important to
observe that the bicharacteristic rays associated with the discrete model do not
obey the same Hamiltonian system as the continuous ones but have their own
dynamics (as was pointed out before in [217]). As a consequence, numerical
solutions develop quite different dynamical properties at high frequencies since
both velocity and direction of propagation of energy may differ from those of
the continuous model. Ray analysis allows one to be very precise when filtering
the high frequencies and to do this filtering microlocally 4. In this article we
shall briefly comment on this discrete ray theory but shall mainly focus on the
Fourier point of view, which is sufficient to understand the main issues under
consideration. This ray theory provides a rigorous justification of a fact that
can be formally analyzed and understood through the notion of group velocity
of propagation of numerical waves [217].

All we have said up to now concerning the wave equation can be applied with
minor changes to several other models that are purely conservative. However,
many models from physics and mechanics have some damping mechanism built
in. When the damping term is “mild” the qualitative properties are the same
as those we discussed above. That is for instance the case for the dissipative
wave equation

utt—Au—l—kut:O

—kt/2

that, under the change of variables v = e u, can be transformed into the

4Microlocal analysis deals, roughly speaking, with the possibility of localizing functions
and its singularities not only in the physical space but also in the frequency domain. In par-
ticular, one can localize in the frequency domain not only according to the size of frequencies
but also to sectors in the euclidean space in which they belong to. This allows introducing
the notion of microlocal regularity, see for instance ([109])
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wave equation plus potential

2
vtthvav:O.
In the latter the presence of the zero order potential introduces a compact
perturbation of the d’Alembertian and does not change the dynamics of the
system in what concerns the problems of observability and controllability under
consideration. Therefore, the presence of the damping term in the equation for
w introduces, roughly, a decay rate® in time of the order of e *t/2 but does not
change the properties of the system in what concerns control/observation.

However, some other dissipative mechanisms may have much stronger ef-
fects. This is for instance the case for the thermal effects arising in the heat
equation itself but also in some other more sophisticated systems, like the sys-
tem of thermoelasticity. Thus, we shall also analyze the 1D heat equation and
see that, because of its intrinsic and strong dissipativity properties, the con-
trols of the simplest numerical approximation schemes remain bounded and
converge as the mesh size tends to zero to the control of the continuous heat
equation, in contrast with the pathological behavior for wave equations. This
fact can be easily understood: the dissipative effect of the 1D heat equation
acts as a filtering mechanism by itself and is strong enough to exclude high
frequency spurious oscillations. However, the situation is more complex in sev-
eral space dimensions, where the thermal effects are not enough to guarantee
the uniform boundedness of the controls. We shall discuss this interesting open
problem that, in any case, indicates that viscosity helps to reestablish uniform
observation and control properties in numerical approximation schemes. We
shall also see that plate and Schrodinger equations behave better than the wave
equation. This is due to the fact that the dispersive nature of the continuous
model also helps at the discrete level and since it allows the group velocity of
high frequency numerical waves not to vanish in some cases.

Most of the analysis we shall present here has been also developed in the
context of a more difficult problem, related to the behavior of the observa-
tion/control properties of the wave equation in the context of homogenization.
There, the coefficients of the wave equation oscillate rapidly on a scale ¢ that
tends to zero, so that the equation homogenizes to a constant coefficient one. In
that framework it was pointed out that the interaction of high frequency waves
with the microstructure produce localized waves at high frequency. These lo-
calized waves are an impediment for the uniform observation/control properties
to hold. This suggests the need for filtering of high frequencies. It has been
proved in a number of situations that this filtering technique suffices to reestab-
lish uniform observation and control properties ([33] and [133]).

5This is true for low frequency solutions. But, the decay rate may be lower for low
frequency ones when k is large enough. This can be easily seen by means of Fourier decom-
position. This is the so-called overdamping phenomenon.
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The analogies between both problems (homogenization and numerical ap-
proximation) are clear: the mesh size h in numerical approximation schemes
plays the same role as the e parameter in homogenization (see [238] and [38]
for a discussion of the connection between these problems). Although the anal-
ysis of the numerical problem is much easier from a technical point of view,
it was only developed after the problem of homogenization was understood.
This is due in part to the fact that, from a control theoretical point of view,
there was a conceptual difficulty to match the existing finite-dimensional and
infinite-dimensional theories. In this article we illustrate how to do this in
the context of the wave equation, a model of purely conservative dynamics in
infinite dimension.

The rest of this paper is organized as follows. In section 3.2 we recall
the basic ingredients of the finite-diemnsional theory we will need along the
paper. In particular we shall introduce the Kalman rank condition. Section
3.3 is devoted to presenting and discussing the problems of observability and
controllability for the constant coefficient wave equation. In section 3.4 we
briefly discuss some aspects related to the multi-dimensional wave equation
such as the concentration and the lack of propagation of waves. In section 3.5 we
discuss the finite-difference space semi-discretization of the 1D wave equation
and present the main results on the lack of controllability and observability. We
also comment on how filtering of high frequencies can be used to get uniform
controllability results and on the impact of all this on other relaxed versions of
the control problem (approximate controllability and optimal control). Section
3.6 is devoted to analyzing semi-discretizations for the 2D wave equation in
a square. In Section 3.7 we discuss some other methods for curing the high
frequency pathologies: viscous numerical damping, mixed finite elements, etc.
As we shall see, in this case, numerical approximations affect not only the
velocity of propagation of energy but also its direction, and further filtering is
needed. More precisely, one has to restrict the wavelength of solutions in all
space directions to get uniform observability and control properties. Finally,
in Section 3.8 we discuss the finite difference space semi-discretizations for the
heat and beam equations, showing that both viscous and dispersive properties
of the original continuous models may help in the numerical approximation
procedure. We close this paper with some further comments and a list of open
problems.

The interested reader is referred to the survey articles [237] and [241] for a
more complete discussion of the state of the art in the controllability of partial
differential equations.
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3.2 Preliminaries on finite-dimensional systems

Most of this article is devoted to analyze the wave equation and its numerical
approximations. Numerical approximation schemes and more precisely those
that are semi-discrete (discrete in space and continuous in time) yield finite-
dimensional systems of ODE’s. There is by now an extensive literature on the
control of finite-dimensional systems and the problem is completely understood
for linear systems ([136], [206]). As we have mentioned above, the problem of
convergence of controls as the mesh-size in the numerical approximation tends
to zero is very closely related to passing to the limit as the dimension of finite-
dimensional systems tends to infinity. The later topic is widely open and this
article may be considered as a contribution in this direction.

In this section we briefly summarize the most basic material on finite-
dimensional systems that will be used along this article (we refer to [166] for
more details).

Consider the finite-dimensional system of dimenion N:

2+ Az =Bv, 0<t<T; x(0)=mxo, (3.1)

where x is the N-dimensional state and v is the M-dimensional control, with
M < N.

Here A is an N x N matrix with constant real coefficients and B is an
M x N matrix. The matrix A determines the dynamics of the system and the
matrix B models the way controls act on the system.

Obviously, in practice, it would be desirable to control the N components
of the system with a low number of controls and the best would be to do it by
means of a scalar control, in which case M = 1.

System (3.1) is said to be controllable in time 7" when every initial datum
2o € RN can be driven to any final datum z; in RY in time 7.

It turns out that for finite-dimensional systems there is a necessary and
sufficient condition for controllability which is of purely algebraic nature. It
is the so called Kalman condition: System (3.1) is controllable in some time
T >0iff

rank[B, AB, ..., AN"'B] = N. (3.2)

According to this, in particular, system (3.1) is controllable in some time T’
if and only if it is controllable for all time.

There is a direct proof of this result which uses the representation of so-
lutions of (3.1) by means of the variations of constants formula. However,
the methods we shall develop along this article rely more on the dual (but
completely equivalent!) problem of observability of the adjoint system.

Consider the adjoint system

—p' + A%, 0<t<T; ¢(T)=¢po. (3.3)
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It is not difficult to see that system (3.1) is controllable in time T if and
only if the adjoint system (3.3) is observable in time T, i. e. if there exists a
constant C' > 0 such that, for all solution ¢ of (3.3),

T
|mF§c/|Ww%t (3.4)
0

Before analyzing (3.4) in more detail let us see that this observability in-
equality does indeed imply the controllability of the state equation.

Assume the observability inequality (3.4) holds and consider the following
quadratic functional J : RY — R:

1 T
JW@Z*AI”%W%F<xm%>+<%w@>~ (3.5)

2

It is easy to see that, if @g is a minimizer for J then the control v = B*,
where ¢ is the solution of the adjoint system with that datum at time t = T, is
such that the solution x of the state equation satisfies the control requirement
2(T) = z1. Indeed, it is sufficient to write down explicitly the fact that the
differential of J at the minimizer vanishes.

Thus, the controllability problem is reduced to minimizing the functional
J. This can be done easily applying the Direct Method of the Calculus of
Variations if the coercivity of J is proved since we are in finite dimensions, and
the functional J is continuous and convex.

Therefore, the key point is whether the functional J is coercive or not.
In fact, coercivity requires the Kalman condition to be satisfied. Indeed, when
(3.4) holds the following variant holds as well, with possibly a different constant
C>0:

T
IwP+W@F§C/IFﬂWt (3.6)
0

In view of this property the coercity of J is easy to prove.
This property turns out to be equivalent to the adjoint rank condition

rank[B*, B*A*, ..., B*[A* "7 = N (3.7)

which is obviously equivalent to the previous one (3.2).

To see the equivalence between (3.6) and (3.7) let us note that, since we are
in finite-dimension, using the fact that all norms are equivalent, the observabil-
ity inequality (3.6) is in fact equivalent to a uniqueness property: Does the fact
that B*¢ vanish for all 0 < t < T imply that o = 0¢ And, as we shall see, this
uniqueness property is precisely equivalent to the adjoint Kalman condition
(3.7).

Before proving this we note that B*y is only an M-dimensional projection
of the solution ¢ who has IV components. Therefore, in order for this property
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to be true the operator B* has to be chosen in a strategic way, depending of
the state matrix A. The Kalman condition is the right test to check whether
the choice of B* (or B) is appropriate.

Let us finally prove that the uniqueness property holds when the adjoint
rank condition (3.7) is fulfilled. In fact, taking into account that solutions ¢
are analytic in time, the fact that B*p vanishes is equivalent to the fact that
all the derivatives of B*p of any order at time ¢ = T" vanish.

But the solution ¢ admits the representation ¢(t) = eA"(t=T) o) and there-

fore all the derivaties of B*p at time ¢ = T vanish if and only if B* [A*}’“goo =0

for all kK > 0. But, according to the Cayley-Hamilton’s Theorem this is equiv-
alent to the fac that B*[A*]*py =0 for all k = 0,..., N — 1. Finally, the latter
is equivalent to the fact that o9 = 0 (i.e. ¢ = 0) if and only if the adjoint
Kalman rank condition (3.7) is fulfilled.

It is important to note that in this finite-dimensional context, the time
T plays no role. In particular, whether a system is controllable (or its ad-
joint observable) is independent of the time 7" of control. In particular one of
the main features of the wave equation, namely, that the system is control-
lable/observable only if T'> 2 does not arise in finite-dimensional systems.

The main task to be undertaken in order to pass to the limit in numerical
approximations of control problems for wave equations as the mesh-size tends
to zero is to explain why, even though at the finite-dimensional level the value
of the control time T is irrelevant, it may play a key role for the controllabil-
ity /observability of the continuous PDE.

3.3 The constant coefficient wave equation

3.3.1 Problem formulation

In order to motivate the problems we have in mind let us first consider the
constant coefficient 1D wave equation:

Upt — Uze = 0, O<x<1,0<t<T
u(0,t) = u(1,t) =0, 0<t<T (3.8)
u(z,0) = u%(z), u(x,0) = ul(x), 0<x<l.

In (3.8) u = u(x,t) describes the displacement of a vibrating string occupying
the interval (0, 1).
The energy of solutions of (3.8) is conserved in time, i.e.

1 1
E(t) = 5/ [|um(x,t)|2 + |ut(gc,t)|2} de = B(0), YO<t<T.  (3.9)

0
The problem of boundary observability of (3.8) can be formulated, roughly,

as follows: To give sufficient conditions on the length of the time interval T
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such that there exists a constant C(T) > 0 so that the following inequality holds
for all solutions of (3.8):

T
E(0) < C(T) / (1, )2 dt. (3.10)
0

Inequality (3.10), when it holds, guarantees that the total energy of solu-
tions can be “observed” or estimated from the energy concentrated or measured
on the extreme x = 1 of the string during the time interval (0, 7).

Here and in the sequel, the best constant C'(T) in inequality (3.10) will be
referred to as the observability constant.

Of course, (3.10) is just an example of a variety of similar observability
problems. Among its possible variants, the following are worth mentioning:
(a) one could observe the energy concentrated on the extreme z = 0 or in the
two extremes x = 0 and 1 simultaneously; (b) the L2(0,T)-norm of u,(1,t)
could be replaced by some other norm, (c) one could also observe the energy
concentrated in a subinterval («, ) of the space interval (0, 1) occupied by the
string, etc.

The observability problem above is equivalent to a boundary controllability
problem. More precisely, the observability inequality (3.10) holds, if and only
if, for any (y°,y') € L?(0,1) x H=1(0,1) there exists v € L?(0,T) such that
the solution of the controlled wave equation

Ytt — Yoz = 0, O<z<l,0<t<T
y(0,8) = 0; y(1, ) = v(t), 0<t<T (3.11)
y(z,0) = y°(x), ye(2,0) = y'(z), 0<z<1

satisfies
y(x,T) =y (2, T)=0, 0<z<l1. (3.12)

Needless to say, in this control problem the goal is to drive solutions to
equilibrium at the time ¢ = T. Once the configuration is reached at time
t = T, the solution remains at rest for all ¢ > T, by taking null control for
t>T,i.e.v=0fort>T.

The exact controllability property of the controlled state equation (3.11) is
completely equivalent ® to the observability inequality for the adjoint system
(3.8).

At this respect it is convenient to note that (3.8) is not, strictly speaking,
the adjoint of (3.11). The initial data for the adjoint system should be given at
time ¢t = T'. But, in view of the time-irreversibility of the wave equations under
consideration this is irrelevant. The same holds for the time discretizations we
shall consider. Obviously, one has to be more careful about this when dealing

6We refer to J.L. Lions [142, 143] for a systematic analysis of the equivalence between
controllability and observability through the so called Hilbert Uniqueness Method (HUM).
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with time irreversible systems as the heat equation in section 3.8.1. We claim
that system (3.8) is controllable if and only if (3.11) is controllable. Let us check
first that observability implies controllability. The proof is of a constructive
nature and allows to build the control of minimal norm (L?(0,7)-norm in the
present situation) by minimizing a convex, continuous and coercive functional
in a Hilbert space. In the present case, given (yo,yl) € L*(0,1) x H71(0,1)
the control v € L?(0,T) of minimal norm for which (3.12) holds is of the form

v(t) = ui(1,t), (3.13)

where u* is the solution of the adjoint system (3.8) corresponding to initial
data (u®*,ul*) € H}(0,1) x L*(0,1) minimizing the functional,

T 1 1
J((u®,ul)) = %/ lug (1,1)[2dt —|—/ yOulda —/ ytulde, (3.14)
0 0 0

in the space H(0,1) x L?(0,1).

Note that J is convex. The continuity of J in H}(0,1) x L?(0,1) is guaran-
teed by the fact that the solutions of (3.8) satisfy the extra regularity property
that u,(1,t) € L2(0,7T) (a fact that holds also for the Dirichlet problem for
the wave equation in several space dimensions, see [126], [142, 143]). More,
precisely, for all T > 0 there exists a constant C,(T') > 0 such that

/OT [|ux(07t)|2 + \ux(l,t)ﬂ dt < C.(T)E(0), (3.15)

for all solution of (3.8).

Thus, in order to guarantee that the functional J achieves its minimum, it
is sufficient to prove that it is coercive. This is guaranteed by the observability
inequality (3.10).

Once coercivity is known to hold the Direct Method of the Calculus of
Variations (DMCV) allows showing that the minimum of J over HE(0,1) x
L?(0,1) is achieved. By the strict convexity of J the minimum is unique and
we denote it, as above, by (u®* ul*) € H}(0,1) x L?(0,1), the corresponding
solution of the adjoint system (3.8) being u*.

The functional J is of class C'. Consequently, the gradient of .J at the
minimizer vanishes. This yields the following Euler-Lagrange equations:

T
< D ), (wwt) >= [ s (10
0

1
+/ yow'de— < y',w >p-1 =0, (3.16)
0

"The integral f01 yluldz represents the duality < y*,u® >H-1 xHY:
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for all (w° w') € HE(0,1) x L?*(0,1), where w stands for the solution of the
adjoint equation with initial data (w°,w?'). By choosing the control as in (3.13)
this identity yields:

T 1
/ v(t)wy (1, t)dt +/ ywlde— <yt w® >p-1xmi=0. (3.17)
0 0

On the other hand, multiplying in (3.11) by w and integrating by parts we get:
T 1
/ v(t)wg (1, t)dt —l—/ yVwlde— <yt w® > H-1x H}
0 0

_/0 Y(T)w(T)dz+ < y(T),w(T) >p-1, 1= 0. (3.18)

Combining these two identities we get:

1
A y(T)wt(T)dw_ < yt(T)aw(T) >H*1><Hé: 0, (319)

for all (w®, w') € H}(0,1) x L?(0,1), which is equivalent to the exact control-
lability condition y(T) = y(T') = 0.

This argument shows that observability implies controllability ®. The reverse
is also true. If controllability holds, then the linear map that to all initial data
(yo, yl) € L%(0,1)x H=1(0,1) of the state equation (3.11) associates the control
v of minimal L2(0,T)-norm is bounded. Multiplying in the state equation
(3.11) with that control by u, solution of the adjoint system, and using that
y(T) = y:(T) = 0 we obtain the identity:

T 1
/ v(t)ug(1,t)dt + / youtde— <yt u >p-1xmp=0. (3.20)
0 0
Consequently,

1 T
J et = ptatide) = | [ oo 0, 0de] < ol e, 20
0 0

< CNW°, y" ) r20,1)x -1 (0,1 [|ua (1, )] | £2(0,7){3-21)

for all (y°,y*) € L(0,1)x H~1(0, 1), which implies the observability inequality
(3.10).

8In the particular case under consideration one can even get a feedback law for the control.
Indeed, using the decomposition of the d’ Alembert operator 82 — 92 into 97 — 82 = (0 +
02)(0¢ — Oz) it is easy to see that the solution of the wave equation with Dirichlet boundary
condition y = 0 at z = 0 and the dissipative boundary condition yz +y: = 0 at z = 1
vanishes in time 7" = 2. This gives a feedback control mechanism. This is however a very
specific property of the linear constant coefficient 1D wave equation.
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Throughout this paper we shall mainly focus on the problem of observabil-
ity. However, in view of the equivalence above, all the results we shall present
have immediate consequences for controllability. The most important ones will
also be stated. Note however that controllability is not the only application of
the observability inequalities, which are also of systematic use in the context
of Inverse Problems (Isakov, [116]). We shall discuss this issue briefly in Open
Problem #10 in Section 3.9.2.

3.3.2 Observability

The first easy fact to be mentioned is that system (3.8) is observable if T' > 2.
More precisely, the following can be proved:

Proposition 3.3.1 For any T > 2, system (3.8) is observable. In other words,
for any T > 2 there exists C(T) > 0 such that (3.10) holds for any solution of
(3.8). Conversely, if T < 2, (3.8) is not observable, or, equivalently,

E(0) .
S T ua(L,t) 2 dt] - oo (3.22)

sup
u solution of (3.8)

The proof of observability for T > 2 can be carried out in several ways,
including Fourier series, multipliers (Komornik, [126]; Lions, [142, 143]), Carle-
man inequalities (Zhang, [227]), and microlocal tools (Bardos et al., [14]; Burq
and Gérard, [27]). Let us explain how it can be proved using Fourier series.
Solutions of (3.8) can be written in the form

u = Z (ak cos(kmt) + L3 sin(km‘)) sin(kmx) (3.23)

km
k>1

where ay, by are such that

u’(z) = Z apsin(krz), u(z) = Z by, sin(kma).

k>1 E>1

It follows that

E0) = iz [apk?m® + b7 .
k>1

On the other hand,

ug(1,t) = Z(—l)k [kray sin(knt) + by, cos(knt)] .
k>1



166 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

Using the orthogonality properties of sin(k7t) and cos(kwt) in L?(0,2), it fol-

lows that )
/ g (1, 8)[ dt = (x?k?a} + b}) .
0 E>1

The two identities above show that the observability inequality holds when
T = 2 and therefore for any T > 2 as well. In fact, in this particular case, we
actually have the identity

2
E(0) = i/o lug(1,8)]? dt. (3.24)

On the other hand, for T" < 2 the observability inequality does not hold.
Indeed, suppose that T' < 2 — 2§ with § > 0. We solve the wave equation

{uttumo, 0<z<1,0<t<T (3.25)

u(0,t) =u(l,t) =0, 0<t<T

with data at time ¢ = T'/2 with support in the subinterval (0,0). Note that, in
view of the time reversibility of the wave equation, the solution is determined
uniquely for ¢ > T'/2 and ¢t < T/2.This solution is such that u,(1,¢) = 0 for
0 <t < T — 4. This can be seen using the classical fact that the time segment
x = 1,t € (§,T — 0) remains outside the domain of influence of the space
segment t = T/2, x € (0,0) (see Figure 1 below). This is a consequence of the
fact that the velocity of propagation in this system is one and shows that the
observability inequality fails for any time interval of length less®than 2.
Proposition 3.3.1 states that a necessary and sufficient condition for the ob-
servability to hold is that T > 2. We have just seen that the necessity is a con-
sequence of the finite speed of propagation. The sufficiency, which was proved
using Fourier series, is also related to the finite speed of propagation. Indeed,
when developing solutions of (3.8) in Fourier series the solution is decomposed
into the particular solutions wy = sin(k7t) sin(krz), wp = cos(knt)sin(krz).
Observe that both u; and 7, can be written in the form
cos(km(t — x)) — cos(km(t +x)) . sin(km(x 4+ t)) — sin(kw(t — x))

U = 2 y Uk = 2

and therefore they are linear combinations of functions of the form f(z + ¢)
and g(x — t) for suitable profiles f and g. This shows that, regardless of the
frequency of oscillation of the initial data of the equation, solutions propagate
with velocity 1 in space and therefore can be observed at the end x = 1 of the
string, at the latest, at time T' = 2. Note that the observability time is twice

9This simple construction provides a 1D motivation of the Geometric Control Condi-
tion (GCC) mentioned in the introduction which is essentially necessary and sufficient for
observability to hold in several space dimensions too.



E. Zuazua 167

the length of the string. This is due to the fact that an initial disturbance
concentrated near x = 1 may propagate to the left (in the space variable) as
t increases and only reach the extreme x = 1 of the interval after bouncing at
the left extreme x = 0 (as described in Figure 1). A simple computation shows
that this requires the time interval to be T" > 2 for observability to hold.
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Figure 3.1: Wave localized at ¢ = 0 near the endpoint x = 1 that propagates
with velocity 1 to the left, bounces at = 0 and reaches z = 1 again in a time
of the order of 2.

As we have seen, in 1D and with constant coefficients, the observability
inequality is easy to understand. The same results are true for sufficiently
smooth coefficients (BV-regularity suffices). However, when the coefficients
are simply Holder continuous, these properties may fail, thereby contradicting
a first intuition (see ([36]).

3.4 The multi-dimensional wave equation

In several space dimensions the observability problem for the wave equation
is much more complex and can not be solved using Fourier series. The ve-
locity of propagation is still one for all solutions but energy propagates along
bicharacteristic rays.
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But, before going further let us give the precise definition of bicharacteristic
ray.
Consider the wave equation with a scalar, positive and smooth variable
coefficient a = a(z):
ugy — div(a(x)Vu) = 0. (3.26)

Bicharacteristic rays solve the Hamiltonian system

~
<
—
V)
~
Il
3

(3.27)

Rays allow describing microlocally how the energy of solutions propagates.
The projections of the bicharacteristic rays in the (z,t) variables are the rays of
Geometric Optics that play a fundamental role in the analysis of the observation
and control properties through the Geometric Control Condition (GCC). As
time evolves the rays move in the physical space according to the solutions of
(3.27). Moreover, the direction in the Fourier space (£, 7) in which the energy of
solutions is concentrated as they propagate is given precisely by the projection
of the bicharacteristic ray in the (£, 7) variables. When the coefficient a = a(z)
is constant the ray is a straight line and carries the energy outward, which is
always concentrated in the same direction in the Fourier space, as expected.
But for variable coefficients the dynamics is more complex. This Hamiltonian
system describes the dynamics of rays in the interior of the domain where
the equation is satisfied. When rays reach the boundary they are reflected
according to the laws of Geometric Optics.'?

When the coefficient a = a(z) varies in space, the dynamics of this system
may be quite complex and can lead to some unexpected behaviour. An example
wil be given later.

Let us now formulate the control problem precisely and discuss it in some
more detail. We shall address here only the case of smooth domains.'!

Let Q be a bounded domain of R®,n > 1, with boundary I' of class C?.
Let w be an open and non-empty subset of 2 and T > 0.

Consider the linear controlled wave equation in the cylinder @ = Q% (0,T):

Y — Ay = f1, in @
y=0 on X (3.28)

y(z,0) = 3°(x), ye(2,0) = y*(x) in Q.

10Note however that tangent rays may be diffractive or even enter the boundary. We refer
to [14] for a deeper discussion of these issues.

H'We refer to Grisvard [100] for a discussion of these problems in the context of non-smooth
domains.
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Figure 3.2: Ray that propagates inside the domain ) following straight lines
that are reflected on the boundary according to the laws of geometrical optics.

In (3.26) X represents the lateral boundary of the cylinder @, i.e. ¥ =T x
(0,7),1, is the characteristic function of the set w, y = y(x,t) is the state and
f = f(x,t) is the control variable. Since f is multiplied by 1,, the action of the
control is localized in w.

When (y%,y') € H(Q) x L2(Q) and f € L*(Q) the system (3.26) has a
unique solution y € C ([0,T]; H}(22)) N C* ([0, T]; L*(2)).

The problem of controllability, generally speaking, is as follows: Given
(W0, y') € HY(Q) x L3(Q), find f € L?(Q) such that the solution of system
(3.26) satisfies

y(T) =y (T) = 0. (3.29)

In order to guarantee that the observability inequality holds, it is necessary
that all rays reach the observation subset of the boundary in a uniform time
and therefore this observation subset has to be selected in an appropriate way
and has to be, in general, large enough. As we mentioned above it has to fulfill
the Geometric Control Condition (see for instance Bardos et al. [14] and Burq
and Gérard, [27]). For instance, when the domain is a ball, the subset of the
boundary where the control is being applied needs to contain a point of each
diameter. Otherwise, if a diameter skips the control region, it may support
solutions that are not observed (see Ralston [194]).

Several remarks are in order.

Remark 3.4.1
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(a) Since we are dealing with solutions of the wave equation, for any of these
properties to hold, the control time 7" has to be sufficiently large due to
the finite speed of propagation, the trivial case w = {2 being excepted.
But, as we said above, the time being large enough does not suffice, since
the control subdomain w needs to satisfy the GCC. Figure 3 provides an
example of this fact.

(b) The controllability problem may also be formulated in other function
spaces in which the wave equation is well posed.

(c) Most of the literature on the controllability of the wave equation has been
written in the framework of the boundary control problem discussed in the
previous section. The control problems formulated above for (3.26) are
usually referred to as internal controllability problems since the control
acts on the subset w of 2. The latter is easier to deal with since it
avoids considering non-homogeneous boundary conditions, in which case
solutions have to be defined in the sense of transposition [142, 143].

Using HUM !2 and arguing as in section 3.3, the exact controllability property
can be shown to be equivalent to the following observability inequality:

T
2
H(uo’ul)HLz(Q)xHﬂ(Q) < C/O /u2dxdt (3.30)
w
for every solution of the adjoint uncontrolled system

Ut — Au=0 in Q
u=0 on X (3.31)
u(r,0) = ul(z), u(x,0) = ut(z) in Q.

This inequality makes it possible to estimate the total energy of the solution
of (3.4) by means of measurements on the control region w x (0, 7).
When (3.30) holds one can minimize the functional

J (uo,ul) = %/0 /wuzdacdt + <(u0,u1) , (yl,—y0)> (3.32)

in the space L?(Q2) x H~1(Q). Indeed, the following is easy to prove arguing as
in the 1D case: When the observability inequality (3.30) holds, the functional J
has a unique minimizer (@°,a") in L2(Q) x H=1(Q) for all (u°, u') € H}(Q) x

I2HUM (Hilbert Uniqueness Method) was introduced by J. L. Lions (see [142, 143] as a
systematic method to address controllability problems for Partial Differential Equations.
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Trapped ray

Caontrol

Figure 3.3: A geometric configuration in which the Geometric Control Condi-
tion is not satisfied, whatever 7' > 0 is. The domain where waves evolve is a
square. The control is located on a subset of two adjacent sides of the boundary,
leaving a small vertical subsegment uncontrolled. There is an horizontal line
that constitutes a ray that bounces back and forth for all time perpendicularly
on two points of the vertical boundaries where the control does not act.

L2(Q). The control f =4 with U a solution of (3.31) corresponding to (ﬂo,ﬁl)
is such that the solution of (3.26) satisfies (4.4).

Consequently, in this way, the exact controllability problem is reduced to
the analysis of the observability inequality (3.30) which is the key ingredient
to prove the coercivity of J .

Let us now discuss what is known about (3.30):

(a) Using multiplier techniques Ho in [107] proved that if one considers sub-
sets of ' of the form I'(z%) = {z €T : (z -2 n(z) >0} for some
2% € R™ (we denote by n(z) the outward unit normal to Q in z € T
and by - the scalar product in R™) and if " > 0 is large enough, the
following boundary observability inequality holds:

, T
[ e e @2y < C/O /r(mO)

for all (u% u') € H}(Q) x L*(Q).

ou

2
5, | dodt (3.33)
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This is the observability inequality that is required to solve the boundary
controllability problem.

Later inequality (3.33) was proved in [142, 143], for any T > T(2°) =
2 || @ — 2° | oo (q). This is the optimal observability time that one may
derive by means of multipliers. More recently Osses in [178] introduced a
new multiplier which is basically a rotation of the previous one, making
it possible to obtain a larger class of subsets of the boundary for which
observability holds.

Proceeding as in [142, 143], one can easily prove that (3.33) implies (3.30)
when w is a neighborhood of I'(z°) in €, i.e. w = QN O where O is a
neighborhood of (%) in R™, with T > 2 || 2—1° || L (\)- In particular,
exact controllability holds when w is a neighborhood of the boundary of
Q.

C. Bardos, G. Lebeau and J. Rauch [14] proved that, in the class of C'*
domains, the observability inequality (3.30) holds if and only if the pair
(w, T) representing the control subdomain and time satisfies the following
geometric control condition (GCC) in Q: Every ray of geometrical optics
that propagates in 2 and is reflected on its boundary I' intersects w in
time less than T.

This result was proved by means of microlocal analysis. Recently the
microlocal approach has been greatly simplified by N. Burq [26] by us-
ing the microlocal defect measures introduced by P. Gérard [91] in the
context of homogenization and kinetic equations. In [26] the GCC was
shown to be sufficient for exact controllability for domains 2 of class C3
and equations with C? coefficients. The result for variable coefficients is
the same: The observability inequality and, thus, the exact controllability
property holds if and only if all rays of geometrical optics intersect the
control region before the control time. However, it is important to note
that, although in the constant coefficient equation all rays are straight
lines, in the variable coefficient case this is no longer the case. In par-
ticular, there are smooth coefficients for which there are periodic rays
that follow closed trajectories. This may happen in the interior of the
domain €. Then, for instance, there are variable coefficient wave equa-
tions that are not exactly controllable when w is a neighborhood of the
boundary. Note that this is the typical geometrical situation in which the
constant coefficient wave equation is exactly controllable. Indeed, in this
case, the rays being straight lines, controllability holds when the control
time exceeds the diameter of Q \ w since it guarantees that all rays reach
the subdomain w. But, as we said, this property may fail for variable
coefficient wave equations
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3.5 1D Finite-Difference Semi-Discretizations

3.5.1 Orientation

In section 3.3 we showed how the observability/controllability problem for the
constant coefficient wave equation can be solved by Fourier series expansions.
We now address the problem of the continuous dependence of the observ-
ability constant C(T") in (3.10) with respect to finite difference space semi-
discretizations as the parameter h of the discretization tends to zero. This
problem arises naturally in the numerical implementation of the controllability
and observability properties of the continuous wave equation but is of indepen-
dent interest in the analysis of discrete models for vibrations.

There are several important facts and results that deserve to be underlined
and that we shall discuss below:

e The observability constant for the semi-discrete model tends to infinity
for any T as h — 0. This is related to the fact that the velocity of
propagation of solutions tends to zero as h — 0 and the wavelength of
solutions is of the same order as the size of the mesh.

e As a consequence of this fact and of Banach-Steinhaus Theorem, there
are initial data for the wave equation for which the controls of the semi-
discrete models diverge. This proves that one can not simply rely on the
classical convergence (consistency + stability) analysis of the underlying
numerical schemes to design algorithms for computing the controls.

e The observability constant may be uniform if the high frequencies are
filtered in an appropriate manner.

Let us now formulate these problems and state the corresponding results in
a more precise way.

3.5.2 Finite-difference approximations

Given N € N we define h = 1/(N + 1) > 0. We consider the mesh
2o=0;2;=jh, j=1,...,N;ans =1, (3.34)

which divides [0,1] into N + 1 subintervals I; = [z;,2,41], 1 =0,..., N.
Consider the following finite difference approximation of the wave equation
(3.8):

=0, O<t<T,j=1,...,N
u;(t) =0, 1=0,N+1,0<t<T (3.35)
; j=1,...,N.
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Observe that (3.35) is a coupled system of N linear differential equations of
second order. The function u;(t) provides an approximation of u(z;,t) for
all j = 1,..., N, u being the solution of the continuous wave equation (3.8).
The conditions ug = unys1 = 0 take account of the homogeneous Dirichlet
boundary conditions, and the second order differentiation with respect to x
has been replaced by the three-point finite difference [u;1 + uj_1 — 2u;] /h%.
We shall use a vector notation to simplify the expressions. In particular,
the column vector
u (1)
w(t) = : (3.36)
un (t)
will represent the whole set of unknowns of the system. Introducing the matrix

2 -1 0 O

Ap=— R , (3.37)

the system (3.35) reads as follows
a’(t) + Apti(t) = 0, 0<t<T
@(0) = @, @ (0) = @'

Obviously the solution @ of (3.38) depends also on h. But, for the sake of

simplicity, we shall only use the index h when strictly needed.
The energy of the solutions of (3.35) is as follows:

(3.38)

N

En(t) = gz [ W2+

Jj=0

Uj+1 — Uy

h

2
1 , (3.39)

and it is constant in time. It is also a natural discretization of the continuous
energy (3.9).

The problem of observability of system (3.35) can be formulated as follows:
To find T > 0 and Cy(T) > 0 such that

UN(t)
h

En(0) < Ch(T) / ! dt (3.40)

0

holds for all solutions of (3.35).

Observe that | uy/h |? is a natural approximation 3 of | u,(1,t) |? for the
solution of the continuous system (3.8). Indeed u,(1,t) ~ [un41(t) —un(t)]/h
and, taking into account that uniq1 = 0, it follows that ug(1,t) ~ —upn(t)/h.

13Here and in the sequel uy refers to the N-th component of the solution @ of the semidis-
crete system, which obvioulsy depends also on h. This dependence is not made explicit in
the notation not to make it more complex.
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System (3.35) is finite-dimensional. Therefore, if observability holds for
some T > 0, then it holds for all T' > 0 as we have have seen in section 3.3.

We are interested mainly in the uniformity of the constant Cj,(T") as h — 0.
If C},(T) remains bounded as h — 0 we say that system (3.35) is uniformly (with
respect to h) observable as h — 0. Taking into account that the observability
of the limit system (3.8) only holds for 7' > 2, it would be natural to expect
T > 2 to be a necessary condition for the uniform observability of (3.35). This
is indeed the case but, as we shall see, the condition T' > 2 is far from being
sufficient. In fact, uniform observability fails for all T > 0. In order to explain
this fact it is convenient to analyze the spectrum of (3.35).

Let us consider the eigenvalue problem

—[wj+1 —&—wj,l —ij] /hQZ)\’U}j,j:L...,N; Wy = WN+1 =0. (341)

The spectrum can be computed explicitly in this case (Isaacson and Keller
[115]). The eigenvalues 0 < A;(h) < Az2(h) < ... < An(h) are

A= % sin? (T) (3.42)
and the corresponding eigenvectors are
W= (wra,. . we ) wey = sin(kmjh), k,j=1,...,N, (3.43)
Obviously,
A= A = k1% ash — 0 (3.44)

for each k > 1, A\, = k?72 being the k—th eigenvalue of the continuous wave

equation (3.8). On the other hand we see that the eigenvectors @} of the

discrete system (3.41) coincide with the restriction to the mesh-points of the

eigenfunctions wy(x) = sin(k7z) of the continuous wave equation (3.8). 14
According to (3.42) we have

2 krh
AR = Esin (g),

and therefore, in a first approximation, we have

k‘3 3h2
VA = z

24
This indicates that the convergence in (3.44) is only uniform in the range
k < h~2?/3. Thus, one can not expect to solve completely the problem of
uniform observability for the semi-discrete system (3.35) as a consequence of
the observability property of the continuous wave equation and a perturbation
argument with respect to h. A more careful analysis of the behavior of the
eigenvalues and eigenvectors at high frequencies is needed.

~

(3.45)

14This is a non-generic fact that only occurs for the constant coefficient 1D problem with
uniform meshes.
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3.5.3 Non uniform observability
The following identity holds ([112], [113]):

Lemma 3.5.1 For any h > 0 and any eigenvector of (3.41) associated with
the eigenvalue A,

2

hi’wj-H_wj _ 2 ’“’lf (3.46)
= h 4—Xh2 1| h
We now observe that the largest eigenvalue A% of (3.41) is such that

Moh? = 4as h — 0. (3.47)

Indeed
N 1-
Mrh? = 4sin? (ﬂ-Qh) = 4 sin? <7T(2h)> =4cos®(wh/2) — 4 as h — 0.

Combining (3.46) and (3.47) we get the following result on non-uniform ob-
servability:

Theorem 3.5.1 For any T > 0 it follows that, as h — 0,

En(0) ] — 00. (3.48)

sup —
I L un/h |2 dt

u solution of (3.35)

Proof of Theorem 3.5.1 We consider solutions of (3.35) of the form @" =
cos ( A’ﬁt) wh;, where A% and @/} are the N—th eigenvalue and eigenvector

of (3.41) respectively. We have

2

h o~ | why i — whey
En(0) = 52 e (3.49)
j=0
and )
T, h |2 wh T
/ UTN dt = |- / cosQ( )\j’\,t) dt. (3.50)
0 0

Taking into account that A% — oo as h — 0 it follows that

T
/ cos? < Aﬁ(,t) dt —T/2 as h—D0. (3.51)
0

By combining (3.46), (3.49), (3.50) and (3.51), (3.48) follows immediately.
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Remark 3.5.1 Note that the construction above applies to any sequence of
eigenvalues )\?(h).

It is important to note that the solution we have used in the proof of this
theorem is not the only impediment for the uniform observability inequality to
hold.

Indeed, let us consider the following solution of the semi-discrete system
(3.35), constituted by the last two eigenvectors:

1
VAN

This solution is a simple superposition of two monochromatic semi-discrete
waves corresponding to the last two eigenfrequencies of the system. The total
energy of this solution is of the order 1 (because each of both components has
been normalized in the energy norm and the eigenvectors are orthogonal one
to each other). However, the trace of its discrete normal derivative is of the
order of h in L?(0,T). This is due to two facts.

exp(i\/ )\Nt)lﬁN — exp(i )\Nflt)’u_}'Nfl . (352)

/L_[::

e First, the trace of the discrete normal derivative of each eigenvector is
very small compared to its total energy.

e Second and more important, the gap between v/ Ax and /An_1 is of the
order of h, as it is shown in Figure 4. This wave packet has then a group
velocity of the order of h.

Thus, by Taylor expansion, the difference between the two time-dependent
complex exponentials exp(iv/Ant) and exp(iy/An_1t) is of the order Th.
Thus, in order for it to be of the order of 1in L?(0,T), we need a time T
of the order of 1/h. In fact, by drawing the graph of the function in (3.52)
above one can immediately see that it corresponds to a wave propagating
at a velocity of the order of h (Figure 5).

This construction makes it possible to show that, whatever the time T is,
the observability constant Cp,(T') in the semi-discrete system is at least of order
1/h. In fact, this idea can be used to show that the observability constant has
to blow-up at infinite order. To do this it is sufficient to proceed as above but
combining an increasing number of eigenfrequencies. This argument allows one
to show that the observability constant has to blow-up as an arbitrary negative
power of h. Actually, S. Micu in [163] proved that the constant Cp(T) blows
up exponentially!® by means of a careful analysis of the biorthogonal sequences
to the family of exponentials {exp(i\/A;t)};=1,... .n as h — 0.

15 According to [163] we know that the observability constant Cy,(T') necessarily blows-up
exponentially as h — 0. On the other hand, it is known that the observability inequality
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Figure 3.4: Square roots of the eigenvalues in the continuous and discrete case.
The gaps between these numbers are clearly independent of & in the continuous
case and of order h for large k in the discrete one.

All these high frequency pathologies are in fact very closely related with
the notion of group velocity. We refer to [224], [217] for an in depth analysis
of this notion that we discuss briefly in the context of this example.

According to the fact that the eigenvector w; is a sinusoidal function (see
(3.43)) we see that these functions can also be written as linear combinations

is true if C(T) is large enough. To see this we can apply in this semi-discrete system the
classical method of sidewise energy estimates for 1D wave equations (see [233]). Recall that
solutions of the semi-discrete system vanish at the boundary point = 1, i.e., uny1 = 0.
On the other hand, the right hand side of the observability inequality provides an estimate
of uy in L2 (0,T). The semi-discrete equation at the node j = N reads as follows:

un_1 = h2uy +2un, 0<t<T. (3.53)

This provides an estimate of uy_1 in L?(0,T). Indeed, in principle, in view of (3.53), one
should lose two time derivatives when doing this. However, this can be compensated by the
fact that we are dealing with a finite-dimensional model in which two time derivatives of u
are of the order of Apu, A, being the matrix in (3.37), which is of norm 4/h2. Tterating this
argument we can end up getting an estimate in L2(07 T) for all uj with j =1,..., N. But,
taking into account that N ~ 1/h, the constant in the bound will necessarily be exponential
in 1/h. The problem of obtaining sharp asymptotic (as h — 0) estimates on the observability
constant is open.
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of complex exponentials (in space-time):

i)

exp [ + g7 {
g
In view of this, we see that each monochromatic wave propagates at a speed

VA _ 2sin(jTh/2) _ wi(€)

Jm jﬂ'h 5 ‘{f:jﬂ'h}

- ch@)\ L 354
{¢=jrmh}

with
wn(€) = 2sin(¢/2).

This is the so called phase velocity. The velocity of propagation of monochro-
matic semi-discrete waves (3.54) turns out to be bounded above and below by
positive constants, independently of h, i. e.

O<a<ep(é) <f<oo, Vh>0,Vel0,n).

Note that [0, 7] is the relevant range of frequencies. Indeed, £ = jmwh and
j=1,...,Nand Nh=1-—h.

However, it is well known that, even though the velocity of propagation
of each eigenmode is bounded above and below, wave packets may travel at a
different speed because of the cancellation phenomena we have exhibited above
(see (3.52)). The corresponding speed for those semi-discrete wave packets
accumulating is given by the derivative of wy(-) (see [217]). At the high fre-
quencies (j ~ N) the derivative of wy () at £ = Nwh = w(1—h), is of the order
of h and therefore the wave packet (3.52) propagates with velocity of the order
of h.

Note that the fact that this group velocity is of the order of & is equivalent
to the fact that the gap between /Ay_1 and v/Ay is of order h.

Indeed, the definition of group velocity as the derivative of wy is a natural
consequence of the classical properties of the superposition of linear harmonic
oscillators with close but not identical phases (see [56]). The group velocity is
thus, simply, the derivative of the curve in the dispersion diagram of Figure
4 describing the velocity of propagation of monocromatic waves, as a function
of frequency. Taking into account that this curve is constituted by the square
roots of the eigenvalues of the numerical scheme, we see that there is a one-to-
one correspondence between group velocity and spectral gap. In particular, the
group velocity decreases when the gap between consecutive eigenvalues does it.

According to this analysis, the fact that group velocity is bounded below is a
necessary condition for the uniform observability inequality to hold. Moreover,
this is equivalent to an uniform spectral gap condition.
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The convergence property of the numerical scheme only guarantees that the
group velocity is correct for low frequency wave packets.'® The negative results
we have mentioned above are a new reading of well-known pathologies of finite
differences scheme for the wave equation.

The careful analysis of this negative example is extremely useful when de-
signing possible remedies, i.e., to determine how one could modify the numeri-
cal scheme in order to reestablish the uniform observability inequality, since we
have only found two obstacles and both happen at high frequencies. The first
remedy is very natural: To cut off the high frequencies or, in other words, to
ignore the high frequency components of the numerical solutions. This method
is analyzed in the following section.

3.5.4 Fourier Filtering

Filtering works as soon as we deal with solutions where the only Fourier com-
ponents are those corresponding to the eigenvalues A < vh~2 with 0 < v < 4 or
with indices 0 < j < dh~! with 0 < § < 1, the observability inequality becomes
uniform. Note that these classes of solutions correspond to taking projections
of the complete solutions by cutting off all frequencies with yh=2 < X\ < 4h™2.

All this might seem surprising in a first approach to the problem but it is in
fact very natural. The numerical scheme, which converges in the classical sense,
reproduces, at low frequencies, as h — 0, the whole dynamics of the continuous
wave equation. But, it also introduces a lot of high frequency spurious solutions.
The scheme then becomes more accurate if we ignore that part of the solutions
and, at the same time, makes the observability inequality uniform provided the
time is taken to be large enough.'”

It is also important to observe that the high frequency pathologies we have
described can not be avoided by simply taking, for instance, a different approx-
imation of the discrete normal derivative. Indeed, the fact that high frequency
wave packets propagate at velocity h is due to the scheme itself and, therefore,
can not be compensated by suitable boundary measurements. More precisely,
even if we have had the right uniform observability inequality for each indi-
vidual eigenvector, the uniform observability inequality would still be false for
the semi-discrete wave equation and the observability constant will blow up
exponentially.

To prove the main uniform observability result for system (3.35), in addition

16Note that in Figure 4 the semidiscrete and continuous curves are tangent. This is in
agreement with the convergence property of the numerical algorithm under consideration
and with the fact that low frequency wave packets travel essentially with the velocity of the
continuous model.

17As we will see below, computing the optimal time for the observability inequality to
hold requires taking again into account the notion of group velocity. The minimal time for
uniform observability turns out to depend on the cutoff parameter ~.
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to the sharp spectral results of the previous section we shall use a classical result
due to Ingham in the theory of non-harmonic Fourier series (see Ingham [114]
and Young [225]).

Ingham’s Theorem. Let {y}, o5 be a sequence of real numbers such that
k1 — g >y > 0, Vk € Z. (3.55)
Then, for any T > 27/~ there exists a positive constant C(T,~) > 0 such that

Gy Sl [ [ S men

kGZ kEZ

2
dt<C(T,7) )y lax | (3.56)

keZ

for all sequences of complex numbers {ay} € (2.

Remark 3.5.2 Ingham’s inequality can be viewed as a generalization of the or-
thogonality property of trigonometric functions we used to prove the observabil-
ity of the 1D wave equation in Section 3.3. Indeed, assume that uy = kv, k € Z
for some v > 0. Then (3.55) holds with equality for all k. We set T' = 27 /~.

Then
2w/
/ § ak evykt

keZ
Note that under the weaker gap condition (3.55) we obtain upper and lower
bounds instead of identity (3.57). Observe also that Ingham’s inequality does
not apply at the minimal time 27 /+. This fact is also sharp [225].

2T 9
— a . 3.57
7Z:I k| (3.57)

keZ

In the previous section we have seen that, in the absence of spectral gap
(or, when the group velocity vanishes) the uniform observability inequality
fails. Ingham’s inequality provides the positive counterpart, showing that, as
soon as the gap condition is satisfied, there is uniform observability provided
the time is large enough. Note that the observability time (T' > 2n/7y) is
inversely proportional to the gap, and this is once more in agreement with the
interpretation of the previous section.

All these facts confirm that a suitable cutoff or filtering of the spurious
numerical high frequencies may be a cure for these pathologies.

Let us now describe the basic Fourier filtering mechanism. We recall that
solutions of (3.35) can be developed in Fourier series as follows:

i aj cos (f t) \Fsm<\/7 t) wy (3.58)

k=1
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where ay, by are the Fourier coefficients of the initial data, i.e.,

N N
’l_l:O: E aklﬁ,}j, ’L_Ld: E bk’lﬁz
k=1 k=1

Given 0 < § < 1, we introduce the following classes of solutions of (3.35):

[6/h] b
Cs(h) = { @ sol. of (3.35) s.t. @ = Z <ak cos (\/)\L‘t) + \/;T sin ( )\Qt)) oy
k=1 k

(3.59)
Note that in the class Cs(h) the high frequencies corresponding to the indices
J > [0(N + 1)] have been cut off. We have the following result:

Theorem 3.5.2 ([112], [113]) For any 6 > 0 there exists T(§) > 0 such that
for all T > T(6) there exists C = C(T,d) > 0 such that

1 T lun (t)
aoo < [

for every solution u of (3.35) in the class Cs(h), and for all h > 0. Moreover,
the minimal time T(§) for which (3.60) holds is such that T(6) — 2 as § — 0
and T(8) — oo as § — 1.

it < CE(0) (3.60)

Remark 3.5.3 Theorem 3.5.2 guarantees the uniform observability in each
class C5(h), for all 0 < § < 1, provided the time T is larger than T'(9).

The last statement in the Theorem shows that when the filtering parameter
6 tends to zero, i.e. when the solutions under consideration contain fewer and
fewer frequencies, the time for uniform observability converges to T' = 2, which
is the corresponding one for the continuous equation. This is in agreement
with the observation that the group velocity of the low frequency semi-discrete
waves coincides with the velocity of propagation in the continuous model.

By contrast, when the filtering parameter increases, i.e. when the solutions
under consideration contain more and more frequencies, the time of uniform
control tends to infinity. This is in agreement and explains further the negative
showing that, if the absence of filtering, there is no finite time T for which the
uniform observability inequality holds.

The proof of Theorem 3.5.2 below provides an explicit estimate on the
minimal observability time in the class Cs(h): T(§) = 2/ cos(7d/2).

Remark 3.5.4 In the context of the numerical computation of the bound-
ary control for the wave equation the need of an appropriate filtering of the
high frequencies was observed by R. Glowinski [95]. This issue was further
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investigated numerically by M. Asch and G. Lebeau in [4]. There, finite dif-
ference schemes were used to test the Geometric Control Condition in various
geometrical situations and to analyze the cost of the control as a function of
time.

|
Proof of Theorem 3.5.2 The statement in Theorem 3.5.2 is a consequence

of Ingham’s inequality and the gap properties of the semi-discrete spectra. Let
us analyze the gap between consecutive eigenvalues. We have

- = s (= L)

for some 0 < n < 1. Observe that cos ((w(k —14n)h)/2) > cos(rkh/2).
Therefore |/ A} — /Al | > mcos (mkh/2). It follows that

\/> A > mceos(m6/2), for k < 6h™t. (3.61)

We are now in the conditions for applying Ingham’s Theorem. We rewrite
the solution @ € Cs(h) of (3.35) as

= Z creR oy (3.62)

|k|<8/h
k#0
where
h heooh . [\h. o . ar — ibg /g | —
H_f = —HE5 M = )\27 W = Wg; Ck = fyc—k = Ck-

Then,

[k|<5/h
k#£0
Therefore )
T 2
un(t) / Wk, N
dt = kit dt. 3.63
L= A (3.63)

\k\<6/h

In view of the gap property (3.61) and, according to Ingham’s inequality, it
follows that if T > T'(§) with

T(6) = 2/ cos(md/2) (3.64)
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there exists a constant C' = C(T, §) > 0 such that

2

T
o o tar |5 < [0 ase X jar ] e

|k|<6/h |k|<8/h
k#0 k#£0

for every solution of (3.35) in the class Cs(h). On the other hand, we observe
that h 5
Aih2 = 4sin? <”2> < 4sin? (7;) (3.66)
for all k < §/h. Therefore, according to Lemma 3.5.1, it follows that
1 wN2 hN Wj41 — Wy
il L
RIS

for all eigenvalues with index k < §/h.
Combining (3.65) and (3.67) we deduce that for all T' > T'(§) there exists
C > 0 such that

C L ‘“’lf (3.67)
= 2cos?(md/2) | h '

1 Tlun(@®)]?
Y |ck|2§/ Whar<o S Jal (3.68)
0

|k|<é/h |k|<é/h
k#0 k#0

Finally we observe that

> | ex [P~ En(0).

k| <5/h
k=0
This concludes the proof of Theorem 3.5.2.

3.5.5 Conclusion and controllability results

We have shown that the uniform observability property of the finite difference
approximations (3.35) fails for any 7" > 0. On the other hand, we have proved
that by filtering the high frequencies or, in other words, considering solutions in
the classes Cs(h) with 0 < § < 1, the uniform observability holds in a minimal
time T'(0) that satisfies

e T'(§) o0 as d — 1;
e T'(§) —2 asd — 0.

Observe that, as § — 0, we recover the minimal observability time T =
2 of the continuous wave equation (3.8). This allows us to obtain, for all
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T > 2, the observability property of the continuous wave equation (3.8) as the
limit A — 0 of uniform observability inequalities for the semi-discrete systems
(3.35). Indeed, given any T > 2 there exists § > 0 such that 7' > T'(4) and,
consequently, by filtering the high frequencies corresponding to the indices k >
0N, the uniform observability in time T is guaranteed. As we mentioned above,
this confirms that the semi-discrete scheme provides a better approximation of
the wave equation when the high frequencies are filtered.

On the other hand, we have seen that when A\ ~ 4/h? or, equivalently,
k ~ 1/h, the gap between consecutive eigenvalues vanishes. This allows the
construction of high-frequency wave-packets that travel at a group velocity of
the order of h and it forces the uniform observability time 7'(d) in the classes
Cs(h) to tend to infinity as 6 — 1.

Here we have used Inghman’s inequality and spectral analysis. These results
may also be obtained using discrete multiplier techniques ([112] and [113]).

In this sub-section we explain the consequences of these results in the con-
text of controllability. Before doing this, it is important to distinguish two
notions of the controllability of any evolution system, regardless of whether it
is finite or infinite-dimensional:

e To control exactly to zero the whole solution for initial data in a given
subspace.

e To control the projection of the solution over a given subspace for all
initial data.

Before discussing these issues in detail it is necessary to write down the
control problem we are analyzing. The state equation is as follows:

y§/—%[yj+1+yj—1—2yj]=(), O<t<T,j=1,...,N
y0(0,8) = 0; yv+1(1,¢) = v(t), 0<t<T (3.69)
y;(0) =55, ¥5(0) = yj, j=1,...,N,

and the question we consider is whether, for a given 7' > 0 and given initial
data (7°, '), there exists a control v, € L?(0,T) such that

y(T) =y (T) =0. (3.70)

As we shall see below, the answer to this question is positive. However, this
does not mean that the controls will be bounded as h tends to zero. In fact
they are not, even if T > 2 as one could predict from the results concerning
the wave equation.

We have the following main results:

e Taking into account that for all A > 0 the Kalman rank condition is
satisfied, for all T'> 0 and all h > 0 the semi-discrete system (3.69) is
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controllable. In other words, for all T > 0, A > 0 and initial data (7°, #1),
there exists v € L?(0,T) such that the solution 7 of (3.69) satisfies (3.70).
Moreover, the control v of minimal L?(0,7)-norm can be built as in
section 3.3. It suffices to minimize the functional
0 v, _ 1 Tlun(t)
i) =g [

2 N N
dt—|—th§-)u} — th;ug (3.71)
j=1 Jj=1

over the space of all initial data (%°,@') for the adjoint semi-discrete
system (3.35).

Of course, this strictly convex and continuous functional is coercive and,
consequently, has a unique minimizer. The coercivity of the functional
is a consequence of the observability inequality (3.40) that does indeed
hold for all T" > 0 and h > 0. Once we know that the minimum of Jj, is
achieved, the control is easy to compute. It suffices to take

un(t) = wy(t)/h, 0 <t < T, (3.72)

where @* is the solution of the semi-discrete adjoint system (3.35), corre-
sponding to the initial data (@°*,@"*) that minimize the functional Jj,
as control to guarantee that (3.70) holds.

The control we obtain in this way is optimal in the sense that it is the one
of minimal L?(0,T)-norm. We can also get an upper bound on its size.
Indeed, using the fact that Jj, < 0 at the minimum (which is a trivial fact
since Jp,((0,0)) < 0), and the observability inequality (3.40), we deduce
that

llonllz20,) < 4CK(DI°, y") 1, (3.73)
where || - ||+, denotes the norm
N N
6% )l = sup Hth?u} -nyoud] /B |
(ugvu})jzl,m,N j=1 j=1

(3.74)
It is easy to see that this norm converges as h — 0 to the norm in
L?(0,1) x H71(0,1). This norm can also be written in terms of the
Fourier coefficients. It becomes a weighted euclidean norm whose weights

are uniformly (with respect to h) equivalent to those of the continuous
L? x H '-norm.

Remark 3.5.5 In [112] and [113], in one space dimension, similar results
were proved for the finite element space semi-discretization of the wave
equation (3.8) as well. In Figure 7 below we plot the dispersion diagram
for the piecewise linear finite element space semi-discretization. This
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time the discrete spectrum and, consequently, the dispersion diagram lies
above the one corresponding to the continuous wave equation. But, the
group velocity of high frequency numerical solutions vanishes again. This
is easily seen on the slope of the discrete dispersion curve.

e The estimate (3.73) is sharp. On the other hand, for all 7" > 0 the con-
stant Cp,(T') diverges as h — 0. This shows that there are initial data
for the wave equation in L?(0,1) x H~1(0,1) such that the controls of
the semi-discrete systems vy, = vp(t) diverge as h — 0. There are differ-
ent ways of making this result precise. For instance, given initial data
(y°,y') € L2(0,1) x H=1(0,1) for the continuous system, we can con-
sider in the semi-discrete control system (3.69) the initial data that take
the same Fourier coefficients as (y°,y!) for the indices j = 1,...,N. It
then follows by the Banach-Steinhaus Theorem that, because of the di-
vergence of the observability constant C(T), there is necessarily some
initial data (y°,y') € L?(0,1) x H~1(0,1) for the continuous system
such that the corresponding controls vy for the semi-discrete system di-
verge in L?(0,T) as h — 0. Indeed, assume that for any initial data
(y°,y') € L?(0,1) x H=*(0, 1), the controls v, remain uniformly bounded
in L2(0,T) as h — 0. Then, according to the uniform boundedness prin-
ciple, we would deduce that the maps that associate the controls v to
the initial data are also uniformly bounded. But this implies the uniform
boundedness of the observability constant.

This lack of convergence is in fact easy to understand. As we have shown
above, the semi-discrete system generates a lot of spurious high frequency
oscillations. The control of the semi-discrete system has to take these into
account. When doing this it gets further and further away from the true
control of the continuous wave equation.

At this respect it is important to note that the following alternative holds:

a) Either the controls vy, of the numerical approximation schemes are not
bounded in L?(0,T) as h — 0;

or

b) If the controls are bounded, they converge in L2(0,T) to the control v
of the continuous wave equation. Indeed, once the controls are bounded
a classical argument of weak convergence and passing to the limit on the
semi-discrete controlled systems shows that the limit of the controls is a
control for the limit system. A I'-convergence argument allows showing
that it is the control of minimal L2(0;T) obtained by minimizing the
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functional J in (3.14). Finally, the convergence of the norms of the con-
trols together with their weak convergence yields the strong convergence
result (see [137] for details of the proofs in the case of beam equations.)

e The observability inequality is uniform in the class of filtered solutions
Cs(h), for T > T(0). As a consequence of this, one can control uniformly
the projection of the solutions of the semi-discretized systems over sub-
spaces in which the high frequencies have been filtered. More precisely,
if the control requirement (3.70) is weakened to

75§(T) = 753" (T) = 0, (3.75)

where 75 denotes the projection of the solution of the semi-discrete system
(3.69) over the subspace of the eigenfrequencies involved in the filtered
space Cs(h), then the corresponding control remains uniformly bounded
as h — 0 provided T" > T'(d). The control that produces (3.75) can
be obtained by minimizing the functional J;, in (3.71) over the subspace
Cs(h). Note that the uniform (with respect to h) coercivity of this func-
tional and, consequently, the uniform bound on the controls holds as a
consequence of the uniform observability inequality.

One may recover the controllability property of the continuous wave equa-
tion as a limit of this partial controllability results since, as h — 0, the
projections 75 end up covering the whole range of frequencies.

It is important to underline that the time of control depends on the
filtering parameter § in the projections m5. But, as we mentioned above,
for any T > 2 there is a § € (0,1) for which T' > T'(§) and so that the
uniform (with respect to h) results apply.

However, although the divergence of the controls occurs for some data, it is
hard to observe in numerical simulations. This fact has been recently explained
by S. Micu in [163]. According to [163], if the initial data of the wave equation
has only a finite number of non vanishing Fourier components, the controls of
the semi-discrete models are bounded as h — 0 and converge to the control
of the continuous wave equation.'® The proof consists in writing the control
problem as a moment problem and then getting estimates on its solutions by
means of sharp and quite technical estimates of the family of biorthogonals
to the family of complex exponentials {exp(:l:i\/)\ijt)}jzly__’ ~. The interested
reader will find an introduction to these techniques, based on moment problem
theory, in the survey paper by D. Russell [194].

18In fact, the result in [163] is much more precise since it indicates that, as h — 0, one can
control uniformly a space of initial data in which the number of Fourier component increases
and tends to infinity.
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The result in [163], in terms of the observability inequality, is equivalent to
proving that for 7' > 0 large enough, and for any finite M > 0, there exists a
constant Cp; > 0, independent of h, such that

2

un® " g (3.76)

h

T
1; ™ UO Ul

for any solution of the semi-discrete adjoint system. Here 7wy, denotes the
projection over the subspace generated by the first M eigenvectors. The in-
equality (3.76) provides an estimate of my(u®,u!) for any solution, regardless
of the number of Fourier components it involves, rather than an estimate for
the solutions involving only those M components. We do not know if this type
of estimate can be obtained by multiplier methods or Ingham type inequalities.
Very likely the celebrated Beurling-Malliavin Theorem can be of some use when
doing this, but this issue remains to be clarified.'®

Nevertheless, even though the method converges for some initial data it is
of unstable nature and therefore not of practical use. Similar results hold for
full discretizations. Once more, except for the very particular case of the 1D
wave equation with centered finite differences an equal time and space steps,
filtering of high frequencies is needed (see [172], [173]).

3.5.6 Numerical experiments

In this section we briefly illustrate by some simple but convincing numerical
experiments the theory provided along this section. These experiments have
been developed by J. Rasmussen [187] using MatLab.

We consider the wave equation in the space interval (0, 1) with control time
T=4.

We address the case of continuous and piecewise constant initial data y°
of the form in Figure 8 below together with y' = 0. In this simple situation
and when the control time T' = 4 the Dirichlet control can be computed at the
end point x = 1 explicitly. This can be done using Fourier series and the time
periodicity of solutions of the adjoint system (with time period = 2) which
guarantees complete time orthogonality of the different Fourier components
when T = 4.

Obviously the time T = 4 is sufficient for exact controllability to hold, the
minimal control time being T' = 2.

We see that the exact explicit control in Figure 9 looks very much like the
initial datum to be controlled itslef. This can be easily understood by applying
the d’Alembert formula for the explicit representation of solutions of the wave
equation in 1D.

19See [106] and [64] for applications of the Beurling-Malliavin Theorem in the control of
plates and networks of vibrating strings.
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We now consider the finite-difference semi-discrete approximation of the
wave equation by finite-differences. First of all, we ignore all the discussion of
the present section about the need of filtering. Thus, we merely compute the
exact control of the semi-discrete system (3.69). This is done as follows. As
described in section 3.5.5, the control is characterized through the minimization
of the functional J, in (3.71) over the space of all solutions of the adjoint
equation (3.8). This allows writing the control v, as the solution of an equation
of the form Ay (vy) = {—y', 4"}, where {¢°,y'} is the initial datum to be
controlled.

The operator Ay can be computed by first solving the adjoint system and
then the state equation with the normal derivative of the adjoint state as bound-
ary datum and starting from equilibrium at time ¢t = T (see [142, 143]). Of
course, in practice, we do not deal with the continuous adjoint equation but
rather with a fully discrete approximation. We simply take the centered dis-
cretization in time with time-step At = 0.99 Az (Axz = h), which, of course,
guarantees the convergence of the scheme and the fact that our computations
yield results which are very close to the semi-discrete case. Applying this pro-
cedure to the initial datum under consideration we get the exact control.

In Figure 10 below we draw the evolution on the error of the control as the
number of mesh-points N increases. The solid line describes the evolution of
the error when simply controlling the finite difference semi-discretization. This
solid line diverges very fast as [N increasing as a clear evidence of the lack of
convergence of the control of the discrete system towards the control of the con-
tinuous one as h — 0. In the dotted line of Figure 10 we describe the evolution
of the error when the filtering parameter is taken to be v = 0.6. This filter-
ing parameter has been chosen in order to guarantee the uniform observability
of the filtered solutions of the adjoint semi-discrete and fully discrete (with
At = 0.99Az) schemes in time 7' = 4 and, concequently, the convergence of
controls as h — 0 as well. The decay of the error as the number of mesh-points
N increases, or, equivalently, when h — 0, is obvious in the figure.

The control for the filtered problem is obtained by restricting and inverting
the operator Ay, above to the solutions of the adjoint system that only involve
the Fourier components that remain after filtering.

In figures 11 we show the evolution of the control of the discrete problem
as the number of mesh-points N icreases, or, equivalently, when the mesh-size
h tends to zero. We see that ,when N = 20, a low number of mesh-points,
the control captures essentially the form of the continuous control in Figure 9
but with some extra unwanted oscillations. The situation is very similar when
N = 40. But when N = 100 we see that these oscillations become wild and
for N = 160 the dynamics of the control is completely chaotic. This is a good
example of lack of convergence in the absence of filtering and confirms the
predictions of the theory.
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We do the same experiment but now with filtering parameter = 0.6. Theory
predicts convergence of controls in L2(0,7"). The numerical experiments we
draw in Figure 12 confirm this fact. These figures exhibit a Gibbs phenomenon
which is compatible with L2-convergence.

3.5.7 Robustness of the optimal and approximate control
problems

In the previous sections we have shown that the exact controllability prop-
erty behaves badly under most classical finite difference approximations. It
is natural to analyze to what extent the high frequency spurious pathologies
do affect other control problems and properties. The following two are worth
considering:

o Approzimate controllability.

Approximate controllability is a relaxed version of the exact controllabil-
ity property. The goal this time is to drive the solution of the controlled
wave equation (3.11) not exactly to the equilibrium as in (3.12) but rather
to an e-state such that

(D) 20,0y + lye(T) | g-100,1) < €. (3.77)

When for all initial data (y°,y') in L?(0,1) x H~1(0,1) and for all ¢
there is a control v such that (3.77) holds, we say that the system (3.12)
is approximately controllable. Obviously, approximate controllability is a
weaker notion than exact controllability and whenever the wave equation
is exactly controllable, it is approximately controllable too.

Approximate controllability does not require the GCC to hold. In fact,
approximate controllability holds for controls acting on any open subset
of the domain where the equation holds (or from its boundary) if the time
is large enough.

To be more precise, in 1D, although exact controllability requires an
observability inequality of the form of (3.10) to hold, for approximate
controllability one only requires the following uniqueness property: u = 0
whenever the solution u of (3.8) is such that u,(1,t) =0, in (0,7). This
uniqueness property holds for T' > 2 as well and can be easily proved using
Fourier series or d’Alembert’s formula. Its multidimensional version holds
as well, as an immediate consequence of Holmgren’s Uniqueness Theorem
(see [142, 143]) for general wave equations with analytic coefficients and
without geometric conditions, other than the time being large enough.
In 1D, because of the trivial geometry, both the uniqueness property and
the observability inequality hold simultaneously for T' > 2.
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Of course, the approximate controllability property by itself, as stated,
does not provide any information of what the cost of controlling to an
e-state as in (3.77), i.e. on what is the norm of the control v, needed
to achieve the approximate control condition (3.77). Roughly speaking,
when exact controllability does not hold (for instance, in several space
dimensions, when the GCC is not fulfilled), the cost of controlling blows
up exponentially as € tends to zero (see [189]).20 But this issue will not
be addressed here.

Thus, let us fix some € > 0 and continue our discussion in the 1D case.
Once ¢ is fixed, we know that when T > 2, for all initial data (y°,y') in
L2(0,1) x H71(0,1), there exists a control v. € L?(0,T) such that (3.77)
holds.

The question we are interested in is the behavior of this property under
numerical discretization.

Thus, let us consider the semi-discrete controlled version of the wave
equation (3.69). We also fix the initial data in (3.69) “independently of
h” (roughly, by taking a projection over the discrete mesh of fixed initial
data (y°,y') or by truncating its Fourier series).

Of course, (3.69) is also approximately controllable.?! The question we
address is as follows : Given initial data which are “independent of h”,
with € fixed, and given also the control time T > 2, is the control vy of
the semi-discrete system (3.69) (such that the discrete version of (3.77)
holds) uniformly bounded as h — 0%

In the previous sections we have shown that the answer to this question
in the context of the exact controllability (which corresponds to taking
e = 0) is negative. However, here, in the context of approzimate controlla-
bility, the controls v, do remain uniformly bounded as h — 0. Moreover,
they can be chosen such that they converge to a limit control v for which
(3.77) is realized for the continuous wave equation.

This positive result on the uniformity of the approximate controllability
property under numerical approximation when £ > 0 does not contradict
the fact that the controls blow up for exact controllability. These are
in fact two complementary and compatible facts. For approximate con-
trollability, one is allowed to concentrate an € amount of energy on the
solution at the final time ¢ = T. For the semi-discrete problem this is

20This type of result has been also proved in the context of the heat equation in [83]. But
there the difficulty does not come from the geometry but rather from the regularizing effect
of the heat equation.

211p fact, in finite dimensions, exact and approximate controllability are equivalent notions
and, as we have seen, the Kalman condition is satisfied for system (3.69).



E. Zuazua 193

done precisely in the high frequency components that are badly control-
lable as h — 0, and this makes it possible to keep the control fulfilling
(3.77), bounded as h — 0.

The approximate control of the semi-discrete system can be obtained by
minimizing the functional

2 N

N
dte||(@°, @) |11 o2 + th?u} - thjl-u?

j=1 j=1

(3.78)

over the space of all initial data (@°, ") for the adjoint semi-discrete
system (3.35). In J7, || - ||%1xe2 stands for the discrete energy norm,
ie. ||-|| = V2E,. Note that there is an extra term e||(@°, @)||31 %2 in
this new functional compared with the one we used to obtain the exact
control (see (3.71)). Thanks to this term, the functional J; satisfies an
extra coercivity property that can be proved to be uniform as h — 0.
More precisely, it follows that

UN(t)
h

1 T
saay =3 [
0

* (=20 71
lim AR

—thi o) s (3.79)
1100, g1 5 2 —o0 (@0 T | scez —

uniformly in h, provided T' > 2.

Note that, at this level, the fact that T > 2 is essential. Indeed, in order to
show that the coercivity property above is uniform in 0 < h < 1 we have
to argue by contradiction as in [234]. In particular, we have to consider
the case where h — 0 and solutions of the adjoint semi-discrete system
(3.35) converge to a solution of the continuous adjoint wave equation
(3.25) such that u,(1,¢) = 0 in (0,7). Of course, if this happens with
T > 2 we can immediately deduce that v = 0, which yields the desired
contradiction.

Once the uniform coercivity of the functional is proved, their minimizers
are uniformly bounded and in particular, the controls, which are once
again given by the formula (3.25), turn out to be uniformly bounded in
L?(0,T). Once this is known it is not hard to prove by a I'-convergence
argument (see [65], [234]) that these controls converge in L?(0,7T) to the
control v € L?(0,T) for the continuous wave equation that one gets by
minimizing the functional

\ 17
T ut) = 5/ g (1, )2t + ][ (1, a1 0.1y x £20,1)) +
0

1
—|—/ [yOutdr — y'u]da (3.80)
0
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in the space H{(0,1) x L?(0,1) for the solutions of the continuous adjoint
wave equation (3.25). This control v is once again obtained as in (3.12)
where u* is the solution of (3.12) with the initial data minimizing the
functional J* and it turns out to be the function of minimal L?(0,T)-
norm among all admissible controls satisfying (3.77).

This shows that the approximate controllability property is well-behaved
under the semi-discrete finite-difference discretization of the wave equa-
tion. But the argument is in fact much more general and can be applied
in several space dimensions too, and for other numerical approximation
schemes.

The result above guarantees the convergence of the approximate controls,
with € > 0 fixed, but only for fixed initial data. It is important to note
the bounds are not uniform on all possible initial data, even if they are
normalized to have unit norm. Indeed, a more careful analysis based on
the construction of biorthogonal families in [163] shows that, even when
e > 0 is kept fixed, the bound on the control as h — 0 blows up as the
frequency of the initial datum to be controlled increases.

A careful analysis of the proof above shows that the classical convergence
property of numerical schemes suffices for convergence at the level of
approximate controllability too, in contrast to the unstability phenomena
observed in the context of exact controllability.

Optimal control.

Finite horizon optimal control problems can also be viewed as relaxed
versions of the exact controllability one.

Let us consider the following example in which the goal is to drive the

solution at time ¢ = T as closely as possible to the desired equilibrium

state but penalizing the use of the control. In the continuous context the

problem can be simply formulated as that of minimizing the functional
k k 2 Lo

L¥(v) = §H(y(T)vyt(T))HLz(O,l)xH*l(O,l) + §||U||L2(0,T) (3.81)

over v € L?(0,T). This functional is continuous, convex and coercive
in the Hilbert space L?(0,7T). Thus it admits a unique minimizer that
we denote by vg. The corresponding optimal state is denoted by y.
The penalization parameter establishes a balance between reaching the
distance to the target and the use of the control. As k increases, the
need of getting close to the target (the (0,0) state) is emphasized and the
penalization on the use of control is relaxed.
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When exact controllability holds, i.e. when T" > 2, it is not hard to see
that the control one obtains by minimizing L* converges, as k — oo, to
an exact control for the wave equation.

Of course, once k > 0 is fixed, the optimal control v does not guarantee
that the target is achieved in an exact way. One can then measure the rate
of convergence of the optimal solution (yx(T), yx,(T)) towards (0,0) as
k — oo. When approximate controllability holds but exact controllability
does not (a typical situation in several space dimensions when the GCC
is not satisfied), the convergence of (yx(T), yx.«(T)) to (0,0) in L?(0,1) x
H=1(0,1) as k — oo is very slow.

But here, once again, we fix any k£ > 0 and we discuss the behavior of
the optimal control problem for the semi-discrete equation as h — 0.

It is easy to write the semi-discrete version of the problem of minimiz-
ing the functional L*. Indeed, it suffices to introduce the corresponding
semi-discrete functional L’fL replacing the L? x H~'-norm in the definition
of L* by the discrete norm introduced in (3.74). It is also easy to prove
by the arguments we have developed in the context of approximate con-
trollability, that, as h — 0, the control v} that minimizes LY in L?(0,T)
converges to the minimizer of the functional L* and the optimal solutions
y’,j of the semi-discrete system converge to the optimal solution y* of the
continuous wave equation in the appropriate topology*® as h — 0 too.

This shows that the optimal control problem is also well-behaved with
respect to numerical approximation schemes, like the approximate control
problem.

The reason for this is basically the same: In the optimal control problem
the target is not required to be achieved exactly and, therefore, the patho-
logical high frequency spurious numerical components are not required to
be controlled.

In view of this discussion it becomes clear that the source of divergence in the
limit process as h — 0 in the exact controllability problem is the requirement
of driving the high frequency components of the numerical solution exactly to
zero. As we mentioned in the introduction, taking into account that optimal

22We should mention the works of Lebeau [132] and L. Robbiano [189] where the cost of
approximate controllability is analyzed for the wave equation when the GCC fails. On the
other hand, in [83], due to the regularizing effect of the heat equation, it was proved that
convergence holds at a logarithmic rate.

23Roughly, in C([0,T]; L2(0,1)) n C[0,T]; H~1(0,1)).
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and approximate controllability problems are relaxed versions of the exact con-
trollability one, this negative result should be considered as a warning about
the limit process as h — 0 in general control problems.

3.6 Space discretizations of the 2D wave equa-
tions

In this section we briefly discuss the results in [235] on the space finite difference
semi-discretizations of the 2D wave equation in the square Q = (0,7) x (0, )
of R%:

utt—Au:O in Q:QX(O,T)
u=0 on X =00x(0,T) (3.82)
uw(z,0) = u¥(z), u(z,0) =ul(x) in Q.

Obviously, the fact that classical finite differences provide divergent results
for 1D problems in what concerns observability and controllability indicate
that the same should be true in 2D as well. This is indeed the case. However
the multidimensional case exhibits some new features and deserves additional
analysis, in particular in what concerns filtering techniques. Given (uo, ul) €
H}(Q) x L*(£2), system (3.82) admits a unique solution u € C ([0, T]; H§ (22)) N
C* ([0,T]; L*(2)). Moreover, the energy

1
E(t) = 5/ [ ue(z,t) |* + | Vu(z,t) ] dz (3.83)
Q
remains constant, i.e.
E(t)=FE(0), Vo<t<T. (3.84)

Let I'g denote a subset of the boundary of 2 constituted by two consecutive
sides, for instance,

Lo ={(z1,m): 21 € (0,m)} U{(m,z2) : 22 € (0,7)} . (3.85)
It is well known (see [142, 143]) that for T > 2v/27 there exists C(T) > 0 such
that
T o2
E(0) < O(T) / / 9ul yoat (3.86)
0 To 871

holds for every finite-energy solution of (3.82). In (3.86), n denotes the outward
unit normal to 2, 9 - /On the normal derivative and do the surface measure.



E. Zuazua 197

Remark 3.6.1 The lower bound 2v/27 on the minimal observability time is
sharp.

On the other hand inequality (3.86) fails if in the right-hand side, instead
of I'y, we only consider the energy concentrated on a strict subset of I'y, a
situation which is drawn in Figure 3.

|
Let us now introduce the standard 5-point finite difference space semi-

discretization scheme for the 2D wave equation. Given N € N we set

o v
N+1

(3.87)

We denote by u; ;(t) the approximation of the solution u of (3.82) at the point
Zjk = (jh, kh). The finite difference semi-discretization of (3.82) is as follows:

" 1
ufy — 7z [Wj1k + U1k — 4wk + wik1 + ujp-1] =0,

O<t<T,j,k=1,...,N

uj =0, 0<t<T,j=0,N+1;k=0,N+1
u;,5(0) :U?,mu;,k(o) :U;,k; Jyk=1,...,N.
(3.88)

This is a coupled system of N? linear differential equations of second order.

It is well known that this semi-discrete scheme provides a convergent numer-
ical scheme for the approximation of the wave equation. Let us now introduce
the discrete energy associated with (3.88):

2
uj+1,k(t) — u;k(t) ‘

h2 [ U‘k-}-l(t)_u’k(t) 2
IS HIFA [l
7=0 k=0 h h
(3.89)
that remains constant in time, i.e.,
En(t)=Ep(0), YO<t<T (3.90)

for every solution of (3.88).
Note that the discrete version of the energy observed on the boundary is
given by

T oul?
/0 /Fo on

N

T
dadtw/ hz
0

j=1

2 N

+hy

k=1

uj N (t)
h

’U,N’k(t)
h

2
‘ dt.  (3.91)

The discrete version of (3.86) is then an inequality of the form

2 N
+hy
k=1

N

Bu0) < ) [ [0y

j=1

uj N (t)

2
“Nh’“(t)’ dt. (3.92)

)
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This inequality holds for any 77 > 0 and h > 0 as in (3.40), for a suitable
constant Cp,(T) > 0. 4

The problem we discuss here is the 2D version of the 1D one we analyzed
in section 3.5 and can be formulated as follows: Assuming T > 22w, is
the constant C(T) in (3.92) uniformly bounded as h — 07 In other words,
can we recover the observability inequality (3.86) as the limit as h — 0 of the
inequalities (3.92) for the semi-discrete systems (3.88)7

As in the 1D case the constants Cp(7T') in (3.92) necessarily blow up as
h — 0, for all T' > 0.

Theorem 3.6.1 ([235]) For any T > 0 we have

sup En(0) — ooas h — 0.

u solution of (3.88) foT [h Z;V:l ujn () ] "’hszzl |u1zk |2 dt

(3.93)

The proof of this negative result can be carried out as in the 1D case,
analyzing the solutions in separated variables corresponding to the eigenvector
with largest eigenvalue.

In order to prove the positive counterpart we have to filter the high frequen-
cies. To do this we consider the eigenvalue problem associated with (3.88):

1 .
Y [Pjr1,6 + -1k — 405k + Pjkt1 + @ja—1] = Ak, Jk=1,...,N
@ik =0, j=0,N+1;k=0, N +1.
(3.94)
This system admits N? eigenvalues that can be computed explicitly (see [115],
p. 459):

1 h 1 h
NP4 (R) =4 [hQSiHQ (2) + ﬁsin2 (‘12)] , pg=1,....N  (3.95)
with corresponding eigenvectors
Pl = (wﬁ’jg)

24As in the 1D case this can be proved in two different ways: a) Using the characterization
of observability /controllability by means of Kalman’s rank condition [136]; b) Using a propa-
gation argument. Indeed, using the information that the right side of (3.92) provides and the
semi-discrete system, this information can be propagated to all the nodes j,k =1,..., N and
an inequality of the form (3.92) can be obtained. This argument was developed in section
3.5 in 1D. Of course, in 2D one has to be much more careful, since one has to take into
account also the direction of propagation on the numerical mesh. However, as proved in [45],
this argument can be successfully applied if one uses the information on the nodes in the
neighborhood of one of the sides of the square to get a global estimate of the energy.

1<j k<N’ ¢ik = sin(jph) sin(kgh). (3.96)




E. Zuazua 199

The following is a sharp upper bound for the eigenvalues of (3.94):

Ag4[hl2+M —8{}32} (3.97)

Let us also recall what the spectrum of the continuous system is. The eigenvalue
problem associated with (3.82) is

—Ap =Apin Q; ¢ =0 on 99, (3.98)
and its eigenvalues are
MN=p?+q* pg>1 (3.99)
with corresponding eigenfunctions
©P4(x1,w9) = sin (px1) sin (gx2) . (3.100)

Once again the discrete eigenvalues and eigenvectors converge as h — 0 to
those of the continuous Laplacian. Moreover, in the particular case under con-
sideration, the discrete eigenvectors are actually the restriction to the discrete
mesh of the eigenfunctions of the continuous laplacian which is a non-generic
fact.

Solutions of (3.88) can be developed in Fourier series and one can introduce
classes of solutions of the form of the form C,(h) consisting on the solutions
that only involve the eigenvalues A such that Ah? < 7.

According to the upper bound (3.97), when v = 8,C, (h) = Cg (h) coincides
with the space of all solutions of (3.88). However, when 0 < 7 < 8, solutions
in the class C (k) do not contain the contribution of the high frequencies A >
~ h~2 that have been truncated or filtered.

The distinguishing property in this 2D is that, contrarily to the 1D one,
it is not sufficient to filter by any v < 8. In fact, the observability inequality
is not uniform as A — 0 in the classes C, (h) when v > 4. This is due to the
fact that, in those classes, there exist solutions corresponding to high frequency
oscillations in one direction and very slow oscillations in the other one. These
are the separated variable solutions corresponding to the eigenvectors @9
with indices (p,q) = (N,1) and (p,q) = (1, N), for instance. Thus, further
filtering is needed in order to guarantee the uniform observability inequality.
Roughly speaking, one needs to filter efficiently in both space directions, and
this requires taking v < 4 (see [235]).

In order to better understand the necessity of filtering and getting sharp
observability times it is convenient to adopt the approach of [157], [158] based
on the use of discrete Wigner measures. The symbol of the semi-discrete system
(3.88) for solutions of wavelength h is

72 — 4 (sin®(&/2) + sin®(&2/2)) (3.101)
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and can be easily obtained as in the von Neumann analysis of the stability of
numerical schemes by taking the Fourier transform of the semi-discrete equa-
tion: the continuous one in time and the discrete one in space. 2°

Note that, in the symbol in (3.101) the parameter h disappears. This is
due to the fact that we are analyzing the propagation of waves of wavelength
of the order of h.

The bicharacteristic rays are then defined as follows

2(s) = ~2sin(&;/2)cos(&;/2) = —sin(&;), j=1,2
(3.102)

It is interesting to note that the rays are straight lines, as for the constant
coefficient wave equation, as a consequence of the fact that the coefficients of the
equation and the numerical discretization are both constant. We see however
that in (3.102) both the direction and the velocity of propagation change with
respect to those of the continuous wave equation.

Let us now consider initial data for this Hamiltonian system with the fol-
lowing particular structure: x( is any point in the domain €2, the initial time
to = 0 and the initial microlocal direction (7*,&*) is such that

(7)? = 4 (sin®(&}/2) + sin®(&5/2)) - (3.103)

Note that the last condition is compatible with the choice (& = 0 and &5 =7
together with 7* = 2. Thus, let us consider the initial microlocal direction
& = mand 7° = 2. In this case the ray remains constant in time, x(t) = xo,
since, according to the first equation in (3.102), z; vanishes both for j = 1 and
j = 2. Thus, the projection of the ray over the space x does not move as time
evolves. This ray never reaches the exterior boundary 02 where the equation
evolves and excludes the possibility of having a uniform boundary observability
property. More precisely, this construction allows one to show that, as h — 0,
there exists a sequence of solutions of the semi-discrete problem whose energy
is concentrated in any finite time interval 0 < ¢ < 7T, as much as one wishes in
a neighborhood of the point xg.

Note that this example corresponds to the case of very slow oscillations in
the space variable x; and very rapid ones in the xs-direction and it can be
ruled out, precisely, by taking the filtering parameter v < 4. In view of the
structure of the Hamiltonian system, it is clear that one can be more precise
when choosing the space of filtered solutions. Indeed, it is sufficient to exclude

25This argument can be easily adapted to the case where the numerical approximation
scheme is discrete in both space and time by taking discrete Fourier transforms in both
variables.
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by filtering the rays that do not propagate at all to guarantee the existence of
a minimal velocity of propagation (see Figure 13 above).2¢

All the results we have presented in this section have their counterpart
in the context of controllability which are close analogues of those developed
previously in the !D case. As far as we know, the 2D counterpart of the 1D
positive result in [163], showing that initial data involving a finite number of
Fourier components are uniformly controllable as A — 0, has not been proved
(see open problem # 7).

3.7 Other remedies for high frequency patholo-
gies

In the previous sections we have described the high frequency spurious os-
cillations that arise in finite difference space semi-discretizations of the wave
equation and how they produce divergence of the controls as the mesh size
tends to zero. We have also shown that there is a remedy for this, which con-
sists in filtering the high frequencies by truncating the Fourier series. However,
this method, which is natural from a theoretical point of view, can be hard
to implement in numerical simulations. Indeed, solving the semi-discrete sys-
tem provides the nodal values of the solution. One then needs to compute its
Fourier coeflicients and, once this is done, to recalculate the nodal values of the
filtered /truncated solution. Therefore, it is convenient to explore other ways
of avoiding these high frequency pathologies that do not require going back
and forth from the physical space to the frequency one. Here we shall briefly
discuss other cures that have been proposed in the literature.

3.7.1 Tychonoff regularization

Glowinski et al. in [98] proposed a Tychonoff regularization technique that
allows one to recover the uniform (with respect to the mesh size) coercivity
of the functional that one needs to minimize to get the controls in the HUM
approach. The method was tested to be efficient in numerical experiments.
The convergence of the argument has not been proved so far, as far as we

26Roughly speaking, this suffices for the observability inequality to hold uniformly in h
for a sufficiently large time [157], [158]. This ray approach makes it possible to obtain
the optimal uniform observability time depending on the class of filtered solutions under
consideration. The optimal time is simply that needed by all characteristic rays entering in
the class of filtered solutions to reach the controlled region. It is in fact the discrete version
of the Geometric Control Condition (GCC) for the continuous wave equation. Moreover,
if the filtering is done so that the wavelength of the solutions under consideration is of an
order strictly less than h, then one recovers the classical observability result for the constant
coefficient continuous wave equation with the optimal observability time.
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know. Here we give a sketch of proof of convergence in the particular case
under consideration.

Let us recall that the lack of uniform observability makes the functionals
(3.71) not uniformly coercive, as we mentioned in section 3.5.5. As a conse-
quence of this, for some initial data, the controls vy, diverge as h — 0. In order
to avoid this lack of uniform coercivity, the functional Jj, can be reinforced by
means of a Tychonoff regularization procedure.?” Consider the new functional

!/
‘dt—i—h32/ J“ St = )2 4
N

+ hz Zyju] (3.104)

This functional is coercive when T' > 2 and, more importantly, its coercivity
is uniform in h. This is a consequence of the following observability inequality
(see [214]):

Eh(O)gC(T)UOT dt+h32/ (3“ u;)2dt} (3.105)

This inequality holds for all ' > 2 for a suitable C'(T") > 0 which is independent
of h and of the solution of the semi-discrete problem (3.35) under consideration.
Note that in (3.105) we have the extra term

h32/ (3“ j>2dt, (3.106)

which has also been used in the regularization of the functional J; in (3.104).
By inspection of the solutions of (3.35) in separated variables it is easy to
understand why this added term is a suitable one to reestablish the uniform
observability property. Indeed, consider the solution of the semi-discrete sys-
tem u = exp(£iy/Ajt)w;. The extra term we have added is of the order of
h%\;E(0). Obviously this term is negligible as h — 0 for the low frequency
solutions (for j fixed), but becomes relevant for the high frequency ones when
Aj ~ 1/h?. Accordingly, when inequality (3.40) fails, i.e. for the high frequency
solutions, the extra term in (3.105) reestablishes the uniform character of the

N 1
T = 3 [ [

uNt
h

27This functional is a variant of the one proposed in [98] where the added term was

h2||(a®, ﬁl)H?_I2 . g1 instead of =Y ] —0 fo ( +1 S ) dt. Both terms have the same scales,

so that both are negligible at low frequencies but are of the order of the energy for the high
ones. The one introduced in (3.104) arises naturally in view of (3.105).
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estimate with respect to h. It is important to underline that both terms are
needed for (3.105) to hold. Indeed, (3.106) by itself does not suffice since its
contribution vanishes as h — 0 for the low frequency solutions.

As we said above, this uniform observability inequality guarantees the uni-
form boundedness of the minima of J; and the corresponding controls. But
there is an important price to pay. The control that J; yields is not only at the
boundary but also distributed everywhere in the interior of the domain. The
corresponding control system reads as follows:

) — 5 i+ +yio1 — 2yl = h3gh;  0<t<T,j=1,...,N
yo(O, t) =0 yN+1(1,t) = ’Uh(t), 0<t<T (3107)
y;(0) = yy, y5(0) = yj, j=1,...,N.

And the controlled state satisfies 7, (T) = ¥}, (T) = 0. In this case, roughly
speaking, when the initial data are fixed independently of h (for instance we
consider initial data in L?(0,1) x H~1(0,1) and we choose those in (3.107) as
the corresponding Fourier truncation) then there exist controls v, € L?(0,7)
and g, such that the solution of (3.107) reaches equilibrium at time 7" with the
following uniform bounds:

vy, is uniformly bounded in L?(0,T), (3.108)
—_———

[[(An)~2gn||p is uniformly bounded in L2(0,T) (3.109)
where Ay, is the matrix in (3.37), and || - ||, stands for the standard euclidean
norm

- N 1/2
il = (130157 (3.110)
j=1

These bounds on the controls can be obtained directly form the coercivity
property of the functional J; we minimize which is a consequence of the uni-
form observability inequality (3.105). The role that the two controls play is
of different nature: The internal control h?g) takes care of the high frequency
spurious oscillations, and the boundary control deals with the low frequency
components. In fact, it can be shown that, as h — 0, the boundary control
vp, converges to the control v of (3.11) in L?(0,7). In this sense, the limit
of the control system (3.107) is the boundary control problem for the wave
equation. To better understand this fact it is important to observe that, due
to the h? multiplicative factor on the internal control, its effect vanishes in
the limit. Indeed, in view of the uniform bound (3.109), roughly speaking,?®
the internal control is of the order of h? in the space H~1(0,T; H=1(0,1)) and
therefore, tends to zero in the distributional sense. The fact that the natural

28To make this more precise we should introduce Sobolev spaces of negative order at the
discrete level as in (3.74). This can be done using Fourier series representations or extension
operators from the discrete grid to the continuous space variable.
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space for the internal control is H~1(0,7; H=1(0,1)) comes from the nature of
the regularizing term introduced in the functional J;. Indeed, its continuous

counterpart is
T 1
/ / |V, |2dzdt
o Jo

and it can be seen that, by duality, it produces controls of the form 9;0,.(f) with
f € L?((0,1) x (0,T)). The discrete internal control reproduces this structure.

It is also easy to see that the control hzg;hj is bounded in L? with respect
to both space and time. This is due to two facts: a) the norm of the operator
(Ap)'/? is of order 1/h, and b) taking one time derivative produces multiplica-
tive factors of order v/ for the solutions in separated variables. Since the
maximum of the square roots of the eigenvalues at the discrete level is of order
1/h, this yields a contribution of order 1/h too. These two contributions are
balanced by the multiplicative factor h2. Now recall that the natural space
for the controlled trajectories is L>°(0,7; L?(0,1)) N W°°(0,T; H=1(0,1)) at
the continuous level, with the corresponding counterpart for the discrete one.
However, the right-hand side terms in L? for the wave equation produces finite
energy solutions in L (0,75 H*(0,1)) N W°°(0,T; L*(0,1)). Thus, the added
internal control only produces a compact correction on the solution at the level
of the space L> (0,7 L?(0,1)) N W1°°(0,T; H=*(0,1)). As a consequence of
this one can show, for instance, that, using only boundary controls, one can
reach states at time T that weakly (resp. strongly) converge to zero as h — 0
in H1(0,1) x L2(0,1) (resp. L?(0,1) x H~*(0,1)).

Summarizing, we may say that a Tychonoff regularization procedure may
allow controlling uniformly the semi-discrete system at the price of adding an
extra internal control but in such a way that the boundary component of the
controls converge to the boundary control for the continuous wave equation.
Consequently, in practice, one can ignore the internal control this procedure
gives and only keep the boundary one that, even though it does not exactly con-
trol the numerical approximation scheme it does converge to the right control of
the wave equation. Thus, the method is efficient for computing approximations
of the boundary control for the wave equation.

3.7.2 A two-grid algorithm

Glowinski and Li in [97] introduced a two-grid algorithm that also makes it
possible to compute efficiently the control of the continuous model. The method
was further developed by Glowinski in [95].

The relevance and impact of using two grids can be easily understood in
view of the analysis above of the 1D semi-discrete model. In section 3.5 we have
seen that that all the eigenvalues of the semi-discrete system satisfy A < 4/h2.
We have also seen that the observability inequality becomes uniform when one



E. Zuazua 205

considers solutions involving eigenvectors corresponding to eigenvalues A\ <
4y/h?, with v < 1. Glowinski’s algorithm is based on the idea of using two
grids: one with step size h and a coarser one of size 2h. In the coarser mesh the
eigenvalues obey the sharp bound A < 1/h2. Thus, the oscillations in the coarse
mesh that correspond to the largest eigenvalues A ~ 1/h?, in the finer mesh are
associated to eigenvalues in the class of filtered solutions with parameter v =
1/2. Then this corresponds to a situation where the observability inequality is
uniform for T' > 2/ cos(n/8). Note however that, once again, the time needed
for this procedure to work is greater than the minimal control time for the wave
equation.

This explains the efficiency of the two-grid algorithm for computing the
control of the continuous wave equation.

This method was introduced by Glowinski [95] in the context of the full
finite difference and finite element discretizations in 2D. It was then further
developed in the framework of finite differences by M. Asch and G. Lebeau in
[4], where the GCC for the wave equation in different geometries was tested
numerically.

The convergence of this method has recently been proved rigorously in [174]
for finite difference and finite element semi-discrete approximation in one space
dimension.

In practice, the 2-grid algorithm works as follows: The time T needs to
be larger than 4, twice the control time for the wave equation. This may be
predicted by the analysis of the corresponding dispersion diagram. One then
minimizes J, over the subspace of data obtained by interpolation over the
coarse mesh. This gives a sequence of bounded (as h tends to zero) controls.
The controls, for h fixed, only give a result of partial controllability in the sense
that only a projection of solutions of the controlled system over the coarse grid
vanishes. But the limit of these controls as h tends to zero is an exact control
for the wave equation. Consequently, the 2-grid algorithm is a good method
for getting numerical approximations of the control of the wave equation.

The key point in the proof of this result is an uniform (with respect to
h) observability inequality for the adjoint system over the subspace of data
interpolated from the coarse grid.

3.7.3 Mixed finite elements

Let us now discuss a different approach that is somewhat simpler than the pre-
vious ones. It consists in using mixed finite element methods rather than finite
differences or standard finite elements, which require some filtering, Tychonoff
regularization or multigrid techniques, as we have shown.

First of all, it is important to underline that the analysis we have devel-
oped in section 3.5 for the finite difference space semi-discretization of the
1D wave equation can be carried out with minor changes for finite element
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semi-discretizations as well. In particular, due to the high frequency spurious
oscillations, uniform observability does not hold [113]. Tt is thus natural to
consider mixed finite element (m.f.e.) methods. This idea was introduced by
Banks et al. [12] in the context of boundary stabilization of the wave equation.
Here we adapt that approach to the analysis of controllability and observability.
A variant of this method was introduced in [96].
The starting point is writing the adjoint wave equation (3.8) in the system
form
Ut = v, Vg = Ugy-

We now use two different Galerkin basis for the approximation of v and v.
Since u lies in H{}, we use classical piecewise linear finite elements, and for v
piecewise constant ones.

In these bases, and after some work which is needed to handle the fact that
the left- and right-hand side terms of the equations in this system do not have
the same regularity, one is led to the following semi-discrete system:

3w +uf o +2uf] = 5 fuj 0 —2u], 0<t<T,j=1,...,N
uj(t)=0>0 / ) j=0,N+1
u;(0) = uy, uj(0) = uj, j=1,...,N.

(3.111)
This system is a good approximation of the wave equation and converges in
classical terms. Moreover, the spectrum of the mass and stiffness matrices in-
volved in this scheme can be computed explicitly and the eigenvectors are those
of (3.43), i.e. the restriction of the sinusoidal eigenfunctions of the laplacian to
the mesh points. The eigenvalues are now

g = %tanZ(kwh/z), k=1,..,N. (3.112)

For this spectrum the gap between the square roots of consecutive eigen-
values is uniformly bounded from below, and in fact tends to infinity for the
highest frequencies as h — 0 (Figure 14). According to this and applying Ing-
ham’s inequality, the uniform observability property is proved (see [32]). Note
however that one can not expect the inequality (3.40) to hold since, it is not
even uniform for the eigenvectors. One gets instead that, for all T' > 2, there
exists C(T') > 0 such that

2
e a0

h2

T 2
En(0) < Ci(T) /O l 1dt (3.113)

for every solution of (3.111) and for all A > 0. As a consequence, the corre-
sponding systems are also uniformly controllable and the controls converge as
h — 0. In [32] similar results have also been proved for a suitable 2D mixed
finite element scheme.
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One of the drawbacks of this method is that the CFL stability condition
that is required when dealing with fully discrete approximations based on this
method is much stronger than for classical finite difference or finite element
methods because of the sparsity of the spectrum. In this case, for instance,
when considering centered time discretization, one requires

At < c(Ax)?, (3.114)

in opposition to the classical stability condition At < cAx one gets for classical
schemes. Thus, applying this method in numerical simulations requires the
use of implicit time-discretization schemes and this makes the method to be
computationally expensive.

Recently, A. Munch in [171] has introduced a variant of this scheme for
which the dispersion diagram behaves better in the sense that there is less
dispersion for the highest frequencies. Accordingly, the stability condition is
significantly improved with respect to (3.114). This idea of correcting the
dispersion diagram by means of adding higher order terms in the approximation
of the scheme has also be used before by S. Krenk [127], for instance.

3.8 Other models

In this article we have seen that most numerical schemes for the wave equa-
tion produce high frequency pathologies that make the boundary observability
inequalities to be nonuniform and produce divergence of the controls of the
semi-discrete or discrete systems as the mesh size tends to zero. We have also
seen some possible remedies.

However, other equations behave much better due to diffusive or dispersive
effects. As we shall see in the present section, these high frequency pathologies
do not arise when dealing with the 1D heat and beam equation.

3.8.1 Finite difference space semi-discretizations of the
heat equation

The convergence of numerical schemes for control problems associated with
parabolic equations has been extensively studied in the literature ([125], [193],
[218],...). But this has been done mainly in the context of optimal control and
very little is known about the controllability issues that we address now.

Let us consider the following 1D heat equation with control acting at the
boundary point z = L:

Yt — Yoz = 0, O0<z<L 0<t<T
y(0,t) =0, y(L,t) = v(¢), 0<t<T (3.115)
y(z,0) = y%(x), 0<z<L.
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This is the so called boundary control problem. It is by now well known that
(3.115) is null controllable in any time 7' > 0 (see for instance D.L. Russell
[194], [195]). To be more precise, the following holds: For any T > 0, and
yY € L?(0,L) there exists a control v € L?(0,T) such that the solution y of
(3.115) satisfies

y(z,T) =0 4n (0,L). (3.116)

This null controllability result is equivalent to a suitable observability in-
equality for the adjoint system:

U + Uze = 0, O<z<L,O<t<T,
u(0,t) =u(L,t) =0, 0<t<T (3.117)
w(z, T) = u® (), 0<z<L.

Note that, in this case, due to the time irreversibility of the state equation
and its adjoint, in order to guarantee that the latter is well-posed, we take
the initial conditions at the final time ¢t = T". The corresponding observability
inequality is as follows: For any T > 0 there exists C(T) > 0 such that

L T
/ u?(z,0)dx < C/ lug (L, t)[? dt (3.118)
0 0

holds for every solution of (3.117).2°
Let us consider now semi-discrete versions of (3.115) and (3.117):

y;—#[yjﬂ—kyj_l—?yj]:o, O<t<T, j=1,...,N
Yo =0, yn41 =, 0<t<T (3.119)
y;(0) =97, j=1,...,N;

u3+#[uj+1+uj_1—2uj]=0, O<t<T,j=1,...,N
up = un41 =0, 0<t<T (3.120)
uj(T):ug, j=1,...,N.

According to the Kalman criterion for controllability in section 2.20, for
any h > 0 and for all time 7' > 0 system (3.119) is controllable and (3.120)
observable. In fact, in this case, in contrast with the results we have described
for the wave equation, these properties hold uniformly as h — 0. More precisely,
the following results hold:

29This inequality has been greatly generalized to heat equations with potentials in several
space dimensions, with explicit observability constants depending on the potentials, etc. (see
for instance [90], [83])
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Theorem 3.8.1 [155] For any T > 0 there exists a positive constant C(T) > 0

such that
N T
2
ny-luOF <c [
=1 0

holds for any solution of (3.120) and any h > 0.

Theorem 3.8.2 [155] For any T > 0 and {y?, e ,y?\,} there exists a control
v € L*(0,T) such that the solution of (3.119) satisfies

yi(1)=0,j=1,...,N. (3.122)
Moreover, there exists a constant C(T') > 0, independent of h > 0, such that

“Nh(t) " (3.121)

N
1o 1220.m< OB 1907 (3.123)

j=1

These results were proved in [155] using Fourier series and a classical result
on the sums of real exponentials (see for instance Fattorini-Russell [75]) that
plays the role of Ingham’s inequality in the context of parabolic equations.

Let us recall briefly: Given & > 0 and a decreasing function M : (0,00) — N
such that M(§) — oo as § — 0, we introduce the class £(£, M) of increasing
sequences of positive real numbers {y;},-, such that

i =g 2€>0, Vi1, Y o t<s Vo0
k> M (3)
The following holds:

Proposition 3.8.1 Given a class of sequences L(§, M) and T > 0 there exists
a constant C > 0 (which depends on &, M and T ) such that
2
dt > ¢ 3 [ ax | (3.124)

- 2
/0 - (ZkZI U;) k>1 H
for all {u;} € L(E,N) and all sequence {ay} € (%

It is easy to see®® that the eigenvalues of the semi-discrete laplacian
{A?}jzl,---,N in (3.42) belong to one of these uniform classes £(¢, M). Con-
sequently, applying the uniform inequality (3.124) together with the Fourier

efQ/,LkT

30Indeed, in view of the explicit form of these eigenvalues there exists ¢ > 0 such that
)\;? > c¢j2 forallh > 0 and j = 1,...,N. On the other hand, the uniform gap condition is
also satisfied. Recall that, in the context of the wave equation, the lack of gap for the square
roots of these eigenvalues was observed for the high frequencies. In particular it was found

that /AR, — /AR | ~ h. But then, AR, — A%~ (/A — /N (A -+ A ~ 1
since )‘}Iil + 4 /)‘?V—l ~ 1/h. This fact describes clearly why the gap condition is fulfilled in

this case.
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representation of solutions of (3.120), one gets, for all T > 0, a uniform ob-
servability inequality of the form (3.121) for the solutions of the semi-discrete
systems (3.120). There is one slight difficulty when doing this. The bound-
ary observability property is not uniform for the high frequency eigenvectors.
However, this is compensated in this case by the strong dissipative effect of the
heat equation. Indeed, note that solutions of (3.120) can be written in Fourier

series as
N

a(t) =Y aje N T, (3.125)

Jj=1

where {a;};=1,. .~ are the Fourier coefficients of the initial data of (3.120) at
t = T. The solution at the “final”3! time can be represented as follows:

N
@(0) = aje Tk, (3.126)
j=1

We see in this formula that the high frequencies are damped out by an ex-
ponentially small factor that compensates for the lack of uniform boundary
observability of the high frequency eigenvectors.

Once the uniform observability inequality of Theorem 3.8.1 is proved, the
controls for the semi-discrete heat equation (3.119) can be easily constructed
by means of the minimization method described in section 3.5.5. The fact
that the observability inequality is uniform implies the uniform bound (3.123)
on the controls. The null controls for the semi-discrete equation (3.120) one
obtains in this way are such that, as h — 0, they tend to the null control for
the continuous heat equation (3.115) (see [155]).

3.8.2 The beam equation

In a recent work by L. Leén and the author [137] the problem of boundary
controllability of finite difference space semi-discretizations of the beam equa-
tion Y + Yrzze = 0 was addressed. This model has important differences from
the wave equation even in the continuous case. First of all, at the continuous
level, it turns out that the gap between consecutive eigenfrequencies tends to
infinity. For instance, with the boundary conditions y = y,., =0, z = 0,7,
the solution admits the Fourier representation formula

y(z,t) = Z apetsin(kx),
keZ

31Note that t = 0 is the final time for the adjoint equation (3.120), which is solved back-
wards from t =T to t = 0.
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where )\, = sgn(k)k?. Obviously, the gap between consecutive eigenvalues is
uniformly bounded from below. More precisely,

Ak+1 — A =2k+1—00, ask — oo

This allows use to apply a variant of Ingham’s inequality for an arbitrarily
small control time T > 0 (see [165]).32 As a consequence, boundary exact
controllability holds for any 7" > 0 too.

When considering finite difference space semi-discretizations things are bet-
ter than for the wave equation too. Indeed, as it is proved in [137], roughly
speaking, the asymptotic gap®® also tends to infinity as k — oo, uniformly on
the parameter h. This allows proving the uniform observability and controlla-
bility (as h — 0) of the finite difference semi-discretizations. However, as we
mentioned in section 3.5, due to the bad approximation that finite differences
provide at the level of observing the high frequency eigenfunctions, the control
has to be split in two parts. The main part that strongly converges to the con-
trol of the continuous equation in the sharp L?(0,T) space and the oscillatory
one that converges to zero in a weaker space H~1(0,7T). Thus, in the context of
the beam equation, with the most classical finite difference semi-discretization,
we get what we got for the wave equation with mixed finite elements. This fact
was further explained by means of tools related with discrete Wigner measures
in [157] , [158].

The same results apply for the Schrodinger equation.

Note however that, as we shall see in open problem # 3 below, the situa-
tion is more complex in several space dimensions in which the dissipative and
dispersive effects added by the heat and Schrédinger equations do not suffice.

3.9 Further comments and open problems

3.9.1 Further comments

a) We have considered finite difference space semi-discretizations of the wave
equation. We have addressed the problem of boundary observability and, more

32 Although in the classical Ingham inequality the gap between consecutive eigenfrequencies
is assumed to be uniformly bounded from below for all indices k, in fact, in order for Ingham
inequality to be true, it is sufficient to assume that all eigenfrequencies are distinct and that
there is an asymptotic gap as k — oco. We refer to [165] for a precise statement where explicit
estimates of the constants arising in the inequalities are given.

33In fact one needs to be more careful since, for h > 0 fixed, the gap between consecutive
eigenfrequencies is not increasing. Indeed, in order to guarantee that the gap is asymptotically
larger than any constant L > 0 one has to filter not only a finite number of low frequencies
but also the highest ones. However, the methods and results in [165] apply in this context
too (see [137]).
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precisely, the problem of whether the observability estimates are uniform when
the mesh size tends to zero.
We have proved the following results:

e Uniform observability does not hold for any time 7.

e Uniform observability holds if the time T is large enough provided we
filter appropriately the high frequencies.

We have also mentioned the main consequences concerning controllability. In
this article we have collected the existing work in this subject, to the best of
our knowledge.

b) The problem of controllability has been addressed. Nevertheless, similar
developments could be carried out, with the same conclusions, in the context
of stabilization. The connections between controllability and stabilization are
well known (see for instance [194], [226]).

In the context of the wave equation, it is well known that the GCC suffices
for stabilization and more precisely to guarantee the uniform exponential decay
of solutions when a damping term, supported in the control region, is added
to the system. More precisely, when the subdomain w satisfies the GCC the
solutions of the damped wave equation

Yt — Ay + 1,y =0

with homogeneous Dirichlet boundary conditions are known to decay exponen-
tially in the energy space. In other words, there exist constants C' > 0 and
~v > 0 such that

E(t) < Ce " E(0)

holds for every finite energy solution of the Dirichlet problem for this damped
wave equation.

It is then natural to analyze whether the decay rate is uniform with re-
spect to the mesh size for numerical discretizations. The answer is in general
negative. Indeed, due to spurious high frequency oscillations, the decay rate
fails to be uniform, for instance, for the classical finite difference semi-discrete
approximation of the wave equation. This was established rigorously by F.
Macia [157], [158] using Wigner measures. This negative result also has impor-
tant consequences in many other issues related with control theory like infinite
horizon control problems, Riccati equations for the optimal stabilizing feedback
([184]), etc. But these issues have not been studied so far (see open problem 8
below).

We shall simply mention here that, even if the most natural semi-
discretization fails to be uniformly exponentially stable, the uniformity of the
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exponential decay rate can be reestablished if we add an internal viscous damp-
ing term to the equation (see [214], [170]). This is closely related to the en-
hanced observability inequality (3.105) in which the extra internal viscous term
added in the observed quantity guarantees the observability constant to be uni-
form. We shall return to this issue in open problem # 5 below.

¢) According to the analysis above it could seem that most control prob-
lems behave badly with respect to numerical approximations. However, this is
no longer true for classical optimal control problems (LQR, finite-time-horizon
optimal control,...) or even for approximate controllability problems in which
the objective is to drive the solution to any state of size less than a given ¢,
as shown in section 3.5.7. This is even true for more sophisticated problems
arising in the context of homogenization (see, for instance [234] and [38]). The
€ parameter arising in homogenization theory to denote the small period of the
oscillating coefficient and the h parameter describing the mesh size in numeri-
cal approximation problems, play a similar role. The problem is more difficult
to handle in the context of homogenization because computations are less ex-
plicit than in numerical problems but the behavior is basically the same: high
frequency solutions have to be filtered in order to avoid zero group velocity.
However, surprisingly, the numerical approximation problems only became un-
derstood once the main features of the behavior of controllability problems in
homogenization had been discovered [33].

3.9.2 Open problems

1. Semilinear equations. The questions we have addressed in this article are
completely open in the case of the semilinear heat and wave equations with
globally Lipschitz nonlinearities. In the context of continuous models there
are a number of fixed point techniques that allow one to extend the results of
controllability of linear waves and heat equations to semilinear equations with
moderate nonlinearities (globally Lipschitz ones, for instance [241]). These
techniques need to be combined with Carleman or multiplier inequalities ([90],
[227]) allowing one to estimate the dependence of the observability constants on
the potential of the linearized equation. However, the analysis we have pursued
in this article relies very much on the Fourier decomposition of solutions, which
does not suffice to obtain explicit estimates on the observability constants in
terms of the potential of the equation. Thus, extending the positive results of
uniform controllability presented in this paper (by means of filtering, mixed
finite elements, multi-grid techniques, etc.) to the numerical approximation
schemes of semilinear PDE is a completely open subject of research.

2. Wawvelets and spectral methods. In the previous sections we have de-
scribed how filtering of high frequencies can be used to get uniform observ-
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ability and controllability results. It would be interesting to develop the same
analysis in the context of numerical schemes based on wavelet analysis in which
the filtering of high frequencies can be easy to implement in practice.

Matache, Negreanu and Schwab in [161] have developed a wavelet based
algorithm which is inspired in the multi-grid ideas described in section 3.7.2.
Their method is extremely efficient in numerical experiments giving in practice
the optimal control time. But a further theoretical study of this method is still
to be done.

Spectral methods are also very natural to be considered in this setting.
Obviously, if the method is based on the exact eigenfunctions of the wave
equation (which, in practice, are only available for constant coefficient 1D-
problems) then the convergence is guaranteed (see [13]). On the other hand,
in a recent paper [22] it has been shown that the superconvergence properties
that the spectral methods provide may help at the level of controlling the
wave equation in the sense that less filtering of high frequencies is required. A
complete investigation of the use of spectral methods for the observation and
control of the wave equation remains to be carried out.

3. Discrete unique-continuation. In the context of the continuous wave
equation we have seen that the observability inequality and, consequently, exact
controllability holds if and only if the domain where the control is being applied
satisfies the GCC. However, very often in practice, it is natural to consider
controls that are supported in a small subdomain. In those cases, when the
control time is large enough, one obtains approximate controllability results
as discussed in section 3.5.7. Approximate controllability is equivalent to a
uniqueness or unique-continuation property for the adjoint system3*: If the
solution u of (3.31) vanishes in w x (0,T), then it vanishes everywhere. We
emphasize that this property holds whatever the open subset w of 2 may be,
provided T is large enough, by Holmgren’s Uniqueness Theorem.

One could expect the same result to hold also for semi-discrete and dis-
crete equations. But the corresponding theory has not been developed. The
following example due to O. Kavian [122] shows that, at the discrete level, new
phenomena arise. It concerns the eigenvalue problem (3.94) for the 5-point
finite difference scheme for the laplacian in the square. A grid function tak-
ing alternating values +1 along a diagonal and vanishing everywhere else is
an eigenvector of (3.94) with eigenvalue A = 4/h%. According to this exam-
ple, even at the level of the elliptic equation, the domain w where the solution
vanishes has to be assumed to be large enough to guarantee the unique contin-
uation property. In [45] it was proved that when w is a “neighborhood of one
side of the boundary”, then unique continuation holds for the discrete Dirichlet
problem in any discrete domain. Here by a “neighborhood of one side of the

34This has been proved in detail in section 2.20 in the context of finite-simensional systems
but is also true in the context of PDE ([142, 143]).
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boundary” we refer to the nodes of the mesh that are located immediately to
one side of the boundary nodal points (left, right, top or bottom). Indeed, if
one knows that the solution vanishes at the nodes immediately to one side of
the boundary, taking into account that they vanish in the boundary too, the
5-point numerical scheme allows propagating the information and showing that
the solution vanishes at all nodal points of the whole domain.

Getting optimal geometric conditions on the set w depending on the domain
Q) where the equation holds, the discrete equation itself, the boundary condi-
tions and, possibly, the frequency of oscillation of the solution for the unique
continuation property to hold at the discrete level is an interesting and widely
open subject of research.

One of the main tools for dealing with unique continuation properties of
PDE are the so called Carleman inequalities. It would be interesting to develop
the corresponding discrete theory.

4. Hybrid hyperbolic-parabolic equations. We have discussed discretizations
of the wave equation and have seen that, for most schemes, there are high
frequency spurious oscillations that need to be filtered to guarantee uniform
observability and controllability. However, we have seen that the situation is
much better for the 1D heat equation. Nevertheless, it should also be taken
into account that, according to the counterexample above showing that unique
continuation may fail for the 2D eigenvalue problem, one can not expect the
uniform observability property to hold uniformly for the semi-discretized 2D
heat equation for any control sub-domain. Understanding the need of filtering
of high frequencies in parabolic equations is also an interesting open problem,
very closely related to the unique continuation problem above.

It would also be interesting to analyze mixed models involving wave and
heat components. There are two examples of such systems: a) Systems of
thermoelasticity and b) Models for fluid-structure interaction (see [135] for the
system of thermoelasticity and [229], [230] and [235] for the analysis of a system
coupling the wave and the heat equation along an interface.) In particular, it
would be interesting to analyze to which extent the presence of the parabolic
component makes unnecessary the filtering of the high frequencies for the uni-
form observability property to hold for space or space-time discretizations.

5. Viscous numerical damping. In [214] we analyzed finite difference semi-
discretizations of the damped wave equation

Ut — Ugy + XwlUt = O, (3127)

where x, denotes the characteristic function of the set w where the damping
term is effective. In particular we analyzed the following semi-discrete approx-
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imation in which an extra numerical viscous damping term is present:

w) = g g +uion — 2u5) — [y, + ) — 2uf] —ufx, =0,
O<t<T,j=1,...,N
u;(t) =0, 0<t<T,j=0,N+1
ui(0) = uf,  uj(0) = uj, j=1,...,N.
(3.128)

It was proved that this type of scheme preserves the uniform stabilization prop-
erties of the wave equation (3.127). To be more precise we recall that solutions
of the 1D wave equation (3.127) in a bounded interval with Dirichlet boundary
conditions decay exponentially uniformly as ¢ — oo when a damping term as
above is added, w being an open non-empty subinterval (see [184]). Using the
numerical scheme above, this exponential decay property is kept with a uni-
form rate as h tends to zero. The extra numerical damping that this scheme
introduces adding the term [u; 41ty — 2u9] damps out the high frequency
spurious oscillations that the classical finite difference discretization scheme in-
troduces and that produce a lack of uniform exponential decay in the presence
of damping.

The problem of whether this numerical scheme is uniformly observable or
controllable as h tends to zero is an interesting open problem.

Note that the system above, in the absence of the damping term lozalized
in w, can be written in the vector form

"+ Apit + B2 Apid = 0. (3.129)

Here # stands, as usual, for the vector unknown (uy,...,un)? and Ay, for the
tridiagonal matrix associated with the finite difference approximation of the
laplacian (3.37). In this form it is clear that the scheme above corresponds to a
viscous approximation of the wave equation. Indeed, taking into account that
Ay, provides an approximation of —92, the presence of the extra multiplicative
factor h? in the numerical damping term guarantees that it vanishes asymp-
totically as h tends to zero. This is true for the classical convergence theory
but it remains to be proved for observability and controllability.

6. Multigrid methods. In section 3.7.2 we presented the two-grid algo-
rithm introduced by R. Glowinski [95] and we explained heuristically why it
is a remedy for high frequency spurious oscillations. In [95] the efficiency of
the method was exhibited in several numerical examples and the convergence
proved in [173] in 1D. The problem of convergence is open in sevral space
dimensions.

7. Uniform control of the low frequencies. As we mentioned in the end of
section 3.5.5, the 2D counterpart of the 1D positive result in [163] showing that
the initial data involving a finite number of Fourier components are uniformly
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controllable as h — 0 has not been proved in the literature. Such a result is very
likely to hold for quite general approximation schemes and domains. But, up
to now, it has only been proved in 1D for finite difference semi-discretizations.
The methods involving Wigner measures developed in [157], [158] do not seem
sufficient to address this issue. On the other hand, moment problems tech-
niques, which require quite technical developments in [163] to deal with the
1D case, also seem to be hard to adapt to a more general setting. This is an
interesting (and, very likely, difficult) open problem.

8. Other control theoretical issues. As we have mentioned above, the topics
we have discussed make sense in other contexts of Control Theory. In partic-
ular, similar questions arise concerning problems of stabilization, the infinite
horizon optimal control problem, the Riccati equations for optimal feedback
operators or the reciprocal systems discussed by R. Curtain in [63]. The phe-
nomena we have discussed in this paper, related to high frequency spurious
oscillations, certainly affect the results we can expect in these other problems
too. But the corresponding analysis has not been done.

9. Extending the Wigner measure theory. As we mentioned above, F. Macia
in [157], [158] has developed a discrete Wigner measure theory to describe the
propagation of semi-discrete and discrete waves at high frequency. However,
this was done for regular grids and without taking into account boundary ef-
fects. Therefore, a lot has to be done in order to fully develop the Wigner
measure tools. The notion of polarization developed in [28] remains also to be
analyzed in the discrete setting.

10. Theory of inverse problems and Optimal Design. This paper has been
devoted mainly to the property of observability and its consequences for con-
trollability. But, as we mentioned from the beginning, most of the results we
have developed have consequences in other fields. This is the case for instance
for the theory of inverse problems, where one of the most classical problems is
the one of reconstructing the coefficients of a given PDE in terms of boundary
measurements (see [116]). Assuming that one has a positive answer to this
problem in an appropriate functional setting it is natural to consider the prob-
lem of numerical approximation. Then, the following question arises: Is solving
the discrete version of the inverse problem for a discretized model an efficient
way of getting a numerical approximation of the solution of the continuous in-
verse problem?. Thus, as in the context of control we are analyzing whether the
procedure of numerical approximation and that of solving the inverse problem
commute.

According to the analysis above we can immediately say that, in general,
the answer to this problem is negative. Consider for instance the wave equation

{putt—um:O, O<ax<1,0<t<T (3.130)

u(0,t) =u(l,t) =0, 0<t<T,
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with a constant but unknown density p > 0. Solutions of this equation are
time-periodic of period 2,/p and this can be immediately observed on the trace
of normal derivatives of solutions at either of the two boundary points z = 0 or
2 = 1, by inspection of the Fourier series representation of solutions of (3.130).
Thus, roughly speaking, we can assert that the value of p can be determined
by means of boundary measurements.

Let us now consider the semi-discrete version of (3.130). In this case, ac-
cording to the analysis above, the solutions do not have any well-defined time-
periodicity property. On the contrary, for any given values of p and h, (3.130)
admits a whole range of solutions that travel at different group velocities, rang-
ing from h/,/p (for the high frequencies) to 1/,/p (for the low frequency ones).
In particular, the high frequency numerical solutions do behave more like a
solution of the wave equation with an effective density p/h%. This argument
shows that the mapping that allows determining the value of the constant den-
sity from boundary measurements is unstable under numerical discretization.

Of course, most of the remedies that have been introduced in this paper
to avoid the failure of uniform controllability and/or observability can also be
used in this context of inverse problems. But developing these ideas remains
to be done.

The same can be said about optimal design problems. Indeed, in this con-
text very little is known about the convergence of the optimal designs for the
numerical discretized models towards the optimal design of the continuous mod-
els and, to a large extent, the difficulties one has to face in this context is very
similar that those we addressed all along this paper. We refer to [46] for an
analysis of this problem in optimal shape design for the Dirichlet laplacian.

11. Finite versus infinite-dimensional nonlinear control. Most of this work
has been devoted to analyzing linear problems. There is still a lot to be done to
understand the connections between finite-dimensional and infinite-dimensional
control theory, and, in particular, concerning numerical approximations and
their behavior with respect to the control property. According to the analysis
above, the problem is quite complex even in the linear case. Needless to say,
one expects a much higher degree of complexity in the nonlinear frame.

There are a number of examples in which the finite-dimensional versions of
important nonlinear PDE have been solved from the point of view of control-
lability. Among them the following are worth mentioning:

a) The Galerkin approximations of the bilinear control problem for the
Schrédinger equation arising in Quantum Chemistry ([185] and [220]).

b) The control of the Galerkin approximations of the Navier-Stokes equa-
tions [151].

In both cases nothing is known about the possible convergence of the con-
trols of the finite-dimensional system to the control of a PDE as the dimension
of the Galerkin subspace tends to infinity. This problem seems to be very com-
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plex. However, the degree of difficulty may be different in both cases. Indeed,
in the case of the continuous Navier-Stokes and Euler equations for incom-
pressible fluids there are a number of results in the literature indicating that
they are indeed controllable ([90], [58], [59]). However, for the bilinear control
of the Schrodinger equations, it is known that the reachable set is very small
in general, which indicates that one can only expect very weak controllabil-
ity properties. This weakness of the controllability property at the continuous
level makes it even harder to address the problem of passing to the limit on the
finite-dimensional Galerkin approximations as the dimension tends to infinity.

This problem is certainly one of the most relevant ones in the frame of
controllability of PDE and its numerical approximations.

12. Wave equations with irregular coefficients. The methods we have devel-
oped do not suffice to deal with wave equations with non-smooth coefficients.
However, at the continuous level, in one space dimension, observability and
exact controllability hold for the wave equation with piecewise constant coef-
ficients with a finite number of jump discontinuities (or, more generally, for
BV coefficients). It would be interesting to see if the main results presented in
this paper hold in this setting too. This seems to be a completely open prob-
lem. We refer to the book by G. Cohen [56] for the analysis of reflection and
transmission indices for numerical schemes for wave equations with interfaces.

13. Convergence rates. In this article we have described several numerical
methods that do provide convergence of controls. The problem of the rate of
convergence has not been addressed so far. Recently important progresses have
done at this respect in the context of optimal control problems for semilinear
elliptic equations ([29], [30]).
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Figure 3.5: Time evolution of solution (3.52) for h = 1/61 (N = 60) and
0 <t < 120. It is clear that, according to the figure, the solution seems to
exhibit a time-periodicity property with period 7 of the order of 7 ~ 50. Note
however that all solutions of the wave equation are time-periodic of period 2.
In the figure it is also clear that fronts propagate in space at velocity of the
order of 1/50. This is in agreement with the prediction of the theory in the
sense that high frequency wave packets travel at a group velocity of the order

of h.
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Figure 3.6: 3D view of the solution of Figure 3.5.3.



CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

'y
N 7T + e
e
ol
Discrete problem A E
Fd 7
# et
F & ¥
//‘/ //
o y g
- s
P A7
A ”
// ///
”~ o
b P
. >
A i
v v
/5 " _~7 Continuous Problem
k > Vol
Vi e
Lo
F
ST
* I
w
=
/
-
=
//
P el
///
e
il 'l 1 Il 1
T T T T gk
k
1.2 3 N+ 1

Figure 3.7: Dispersion diagram for the piecewise linear finite element space

semi-discretization versus the continuous wave equation.
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Figure 3.8: Plot of the initial datum to be controlled for the string occupying

the space interval 0 < x < 1.
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Figure 3.9: Plot of the time evolution of the exact control for the wave equation
in time T' = 4 with initial data as in Figure 8 above.
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107 -

Figure 3.10: Plot, in solid line the error in the computation of the control
without filtering, versus the error (in dotted line) for the discrete case with
filtering parameter 0.6.
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Figure 3.11: Divergent evolution of the control, in the absence of filtering, when
the number N of mesh-points increases.
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Figure 3.12: Convergent evolution of the control, with filtering parameter = 0.6,
when the number N of mesh-points increases.
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Figure 3.13: This figure represents the zones in the frequency space that need to
be filtered out in order to guarantee a uniform minimal velocity of propagation
of rays as h — 0. When the filtering excludes the areas within the eight small
neighborhoods of the distinguished points on the boundary of the frequency cell,
the velocity of propagation of rays is uniform. Obviously the minimal velocity
depends on the size of these patches that have been removed by filtering and,
consequently, so does the observation/control time.
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Figure 3.14: Square roots of the eigenvalues in the continuous and discrete
cases with mixed finite elements (compare with Figure 5).

Figure 3.15: The eigenvector for the 5-point finite difference scheme for the
laplacian in the square, with eigenvalue A = 4/h?, taking alternating values +1
along a diagonal and vanishing everywhere else in the domain.
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Chapter 4

Some Topics on the Control
and Homogenization of
Parabolic Partial
Differential Equations (C.
Castro and E. Zuazua)

joint work with Carlos Castro, Universidad Politécnica de Madrid, Spain, pub-
lished in Homogenization 2001. Proceedings of the First HMS2000 Interna-
tional School and Conference on Homogenization, L. Carbone and R. De Ar-
cangelis Eds., GAKUTO Internat. Ser. Math. Sci. Appl. 18, Gakkotosho,
Tokyo, Naples, 45-94.

4.1 Introduction

These Notes have been conceived as a complementary material to the series of
lectures we have delivered in the School held in Napoli in June 2001, in the
frame of the European TMR Network “Homogenization & Multiple Scales”
supported by the EU. Our goal is to address some topics related to the con-
trollability of partial differential equations and homogenization.

Before describing the content of these Notes in detail it is convenient to
remind some basic notions in controllability and homogenization.

229
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The problem of controllability may be formulated as follows. Consider an
evolution system (either described in terms of Partial or Ordinary Differential
Equations). We are allowed to act on the trajectories of the system by means of
a suitable choice of the control (the right hand side of the system, the boundary
conditions, etc.). Then, given a time interval ¢ € (0,7'), and initial and final
states, the problem consists in finding a control such that the solution matches
both the initial state at time ¢ = 0 and the final one at time ¢t = T'.

This is a classical problem in Control Theory and there is a large literature
on the topic. We refer for instance to the classical book by Lee and Marcus
[136] for an introduction in the context of finite-dimensional systems described
in terms of Ordinary Differential Equations (ODE). We also refer to the survey
paper by Russell [194] and to the book by Lions [143] for an introduction to
the controllability of systems modeled by means of PDE also referred to as
Distributed Parameter Systems.

In the PDE context the most classical models are those of the wave and
the heat equation. They are relevant not only because they (or their variants)
arise in most physical applications but also because they constitute prototypes
of evolution PDE that are time-reversible and strongly irreversible, respectively,
a fact that is determinant when analyzing controllability problems.

In recent years there has been considerable progress in the understanding
of the controllability property of these systems. For instance, it is by now
well known that the wave equation is controllable in the energy space, roughly
speaking, if and only if a Geometric Control Condition (GCC) is satisfied. This
condition asserts that every ray of Geometric Optics reaches the control set in
a time which is less than the control time (see Bardos, Lebeau and Rauch [14]).
On the other hand, it is also by now well known that the heat equation is null-
controllable with controls supported in arbitrarily small open sets and in any
time (see Fursikov and Imanuvilov [90]). Here null-controllability means that
every initial state may be driven to the zero solution and this turns out to be
the natural notion of controllability because of the strong time irreversibility
of the heat equation. Many other systems including that of thermoelasticity,
plate models, Schrédinger and KdV equations, etc. have been also addressed
recently. But, describing the state of the art in the field is out of the scope of
these Notes. The reader interested in an updated presentation of some of the
most relevant progresses in the field is referred to the survey articles [237] and
[241] by the second author and the references therein.

On the other hand, the subject of Homogenization has also undergone spec-
tacular progresses in the last decades. There is also an extensive literature in
this area. The classical book by Bensousan, Lions and Papanicolau [18] and the
more recent one by Cioranescu and Donato [48] contain many of the existing
results and mathematical techniques in this area.

The goal of the theory of Homogenization is to derive macroscopic (sim-
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plified) models for physical phenomena in which microscopic heterogeneities
arise. From a mathematical point of view the most classical problem is that of
describing the limiting behavior of the solutions of an elliptic boundary value
problem with variable, periodic coefficients, in which the period tends to zero.
The same problem can be considered when the coefficients are constant but
the domain is perforated or when both heterogeneities arise together. Some of
the most fundamental contributions in the field of Homogenization have been
done in these apparently simple (but sophisticated enough to require important
analytical developments) problems. See, for instance, Spagnolo [207], Tartar
[211], and Cioranescu and Murat [52].

Of course, it is also natural to address the problem of Homogenization in
the context of controllability or viceversa. For instance, consider a wave or
heat equation with rapidly oscillating coefficients at the scale €. Under rather
natural conditions, these systems are controllable (in a sense to be made precise
in each situation) for every value of . We then fix the initial and the final data.
The following questions arise then naturally. Does the control remain bounded
as the size of the microstructure € tends to zero? Does it converge? Does the
limit of the controls provide a good control for the limiting macroscopic model?

Obviously, these questions make sense not only in the context of Homoge-
nization but for many other singular perturbation problems like, for instance,
thin domains, change of type of operators, etc. We refer to volume 2 of Lions’
book [143] for a systematic analysis of these questions.

In these Notes we shall focus on this type of problems in the context of one
of the most classical issues in Homogenization: rapidly oscillating coefficients.
Here, we shall consider only the linear heat equation. Of course, the same
questions arise for many other systems including wave equations, the system of
elasticity and thermoelasticity, the nonlinear versions of the models addressed
here, etc. But these issues will not be considered here. We will also duscuss
the problem of controllability of a fixed heat equation but when the control is
located at a single point that oscillates rapidly in time.

In the context of the controllability of heat equations or, more generally
speaking, linear parabolic equations, there are two fundamental notions of con-
trollability that make sense. The first one is the property of approximate con-
trollability in which one is interested in whether solutions at the final time,
cover a dense subspace of the natural energy space when the control varies
in the space of admissible controls (L? in most cases). In the linear setting,
this question reduces to an unique continuation property of solutions of the
adjoint uncontrolled system. This unique continuation property turns out to
be often a consequence of Holmgren Uniqueness Theorem when the coefficients
are analytic (see for instance John [118]) or Carleman type inequalities, as in
Fursikov and Imanuvilov [90], for equations with non-smooth coefficients. Once
the unique continuation property is known, the approximate control may be
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computed by minimizing a convex, coercive functional in a suitable Hilbert
space (usually the space of L? functions in the domain where the equation
holds). The coercivity of this functional turns out to be a consequence of the
unique continuation property and its proof does not require sophisticated es-
timates. When dealing with homogenization problems, one is lead to analyze
the limiting behavior of the minimizers as € tends to zero. This analysis may
be carried out using classical tools in I'-convergence theory since, the uniform
coercivity of the functionals is easy to get.

The situation is much more delicate when dealing with the problem of null-
controllability for parabolic equations. Recall that we are then interested in
driving the solution exactly to zero at the final time. Due to the backward
uniqueness property of parabolic equations, approximate controllability turns
out to be a consequence of null controllability. When the coefficients are suffi-
ciently smooth, the null controllability property is by now well known for linear
parabolic equations in arbitrarily small time and with controls supported in any
non-empty open subset of the domain where the equation holds ([87]) But this
property requires precise observability estimates for the adjoint system pro-
viding an estimate of the global energy of the solution in terms of the energy
localized in the subdomain where the control is to be supported. The existing
tools for deriving such observability estimates (mainly Carleman inequalities
except for 1 — d problems where the inequalities may be also derived by means
of Fourier series developments) do not provide uniform estimates as the ¢ pa-
rameter tends to zero. The problem has been solved so far only in the case of
rapidly oscillating coefficients in 1 — d (see Lépez and Zuazua [154], [156]). Tt
is important to observe that, eventually, under suitable regularity assumptions
on the coefficients, the property of null controllability turns out to be uniform
and that the controls of the € problem end up converging to the control of the
homogenized equation as € tends to zero, but this is a consequence of a fine
analysis in which different techniques are applied for the control of the low and
the high frequencies. It is also worth mentioning that the strong dissipativity
of the parabolic equation plays a crucial role in the proof of this result since it
allows to compensate the very large cost of controlling the high frequencies as
€ tends to zero.

Up to now we have discussed controllability problems in the context of ho-
mogenization. Recently it has been observed that the same questions arise
when pursuing the numerical analysis of the controllability problem, even for
equations with constant coefficients. Indeed, in numerical approximation prob-
lems the parameter h denoting the mesh-size (that, consequently, is devoted
to tend to zero) plays the same role as the £ parameter, describing the size of
the microstructure, arising in homogenization problems. We refer to [233] for
a discussion of this analogy in the context of the controllability of the 1 — d
wave equation.
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But before discussing further the question we have in mind let us formulate
it in a precise way. Given an evolution controllable (in a sense to be made
precise in each particular problem under consideration) PDE we consider its
numerical discretization (it may be a semi-discretization in space or a complete
discretization in space-time). Let us denote by h the characteristic size of the
numerical mesh. The following two questions then arise as in the context of
homogenization. Is the h-problem controllable? If yes, do the controls of the
h-problem tend to a control of the evolution PDE?. As in homogenization prob-
lems, the answer to these questions depends both in the controllability problem
under consideration and on the type of PDE we are dealing with. Roughly
speaking, it can be said that, in the context of approximate controllability, the
answer to the two questions above is positive, regardless of the type of PDE
under consideration. By the contrary, when dealing with null controllability
problems, although the h-problem is typically controllable, the controls do not
necessarily converge as h goes to zero because of the high frequency spurious
numerical solutions. This is for instance the case for the wave equation. How-
ever, in the context of the heat equation, due to its strong dissipative effect on
high frequencies (even at the numerical h-level), the controls do converge, at
least in one space dimension. In these Notes we shall briefly recall the result by
A. Lépez and the second author [155] on the uniform null controllability of the
finite difference space semi-discretization of the 1-d heat equation. We refer to
[245] for a detailed discussion of these issues.

These Notes are organized as follows: In section 2 we present the problem
of approximate controllability for the heat equation and show how it can be
proved to be uniform in the context of homogenization as € tends to zero.
In section 3 we address the problem of the null controllability for the 1 —d
heat equation with rapidly oscillating coefficients and describe the results of
Lépez and the second author [154], [156] showing that this property is also
uniform as ¢ tends to zero. In section 4 we introduce a rapidly oscillating (in
time) pointwise control problem and we discuss the limit of the controls as the
oscillation parameter ¢ tends to zero. The results of this section are new and
have not been published before. Finally, in section 5, following [155] we briefly
discuss the problem of the uniform controllability of space semi-discretizations
of the heat equation in 1-d as h tends to zero. We end up with section 6 in
which we include a list of open problems and a selected list of bibliographical
references.

These Notes are dedicated to the memory of Jeannine Saint-Jean Paulin and
Jacques-Louis Lions. Jeannine did fundamental contributions in this subject
considering both optimal control and controllability problems in the context
of homogenization and singular perturbations. Some of her works are listed
in the bibliography at the end of this paper. The influence of the thinking
and methods of Jacques-Louis Lions is obvious all along these Notes. Most of
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the material we present here is a consequence of work motivated by the many
discussions we had with him.

4.2 Approximate controllability of the linear heat
equation

4.2.1 The constant coefficient heat equation

Let © be a bounded domain of R™,n > 1, with boundary I of class C2. Let w
be an open and non-empty subset of Q and 7" > 0.
Consider the linear controlled heat equation in the cylinder @ = Q x (0,T):

—Au=f1l, in Q
u=20 on X (4.1)
u(z,0) =u’(z) in Q.

In (4.1) ¥ represents the lateral boundary of the cylinder @, ie. ¥ =
I' x (0,T), 1, is the characteristic function of the set w,u = u(x,t) is the state
and f = f(z,t) is the control variable. Since f is multiplied by 1,, the action
of the control is localized in w.

We assume that u® € L?(Q) and f € L?(Q) so that (4.1) admits an unique
solution u € C ([0, T]; L*(Q2)) N L? (0,T; Hg(2)).

The problem of controllability consists roughly on describing the set of reach-
able final states

u’) = {u(T) :fe LQ(Q)} .
One may distinguish the following degrees of controllability:

(a) System (4.1) is sald to be approzimately controllable if R(T;u°) is dense
in L2(Q) for all u® € L(Q).

(
)

(b) System (4.1) is exactly controllable if R(T;u®) = L?(Q) for all u® € L?().
(4

(c) System (4.1) is null controllable if 0 € R(T;u°) for all u® € L?(Q).

Remark 4.2.1

(a) Approximate controllability holds for every open non-empty subset w of
Q and for every T > 0.

(b) It is easy to see that exact controllability may not hold except in the
case in which w = Q. Indeed, due to the regularizing effect of the heat
equation, solutions of (4.1) at time ¢ = T are smooth in Q\w. Therefore
R(T;uP) is strictly contained in L?(Q) for all u® € L?().
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(¢) Null controllability implies that all the range of the semigroup gener-
ated by the heat equation is reachable too. More precisely, let us denote
by S(t) the semigroup generated by (4.1) with f = 0. Then, as a con-
sequence of the null-controllability property, for any u° € L?(Q) and
u' € S(T) [L*(Q)] there exists f € L?(w x (0,T)) such that the solution
u = u(w,t) satisfies u(T) = u'.

(d) Null controllability implies approximate controllability. This is so because
of remark (c) above and the fact that S(T)[L?(Q2)] is dense in L*(). In
the case of the linear heat equation this can be seen easily developing
solutions in Fourier series. However, if the equation contains time depen-
dent coefficients the density of the range of the semigroup, by duality,
may be reduced to a backward uniqueness property in the spirit of Lions
and Malgrange [147] (see also Ghidaglia [93]).

In this section we focus on the approzimate controllability problem.

System (4.1) is approximately controllable for any open, non-empty subset
w of Q@ and T > 0. To see this one can apply Hahn-Banach’s Theorem or
use the variational approach developed in [145]. In both cases the approxi-
mate controllability is reduced to a unique continuation property of the adjoint
system
—pr—Ap=0 in @
p=0 on X (4.2)
p(@,T)=¢(x) in Q.

More precisely, approximate controllability holds if and only if the following
uniqueness property is true: If ¢ solves (4.2) and ¢ = 0 in w x (0,T) then,
necessarily, ¢ = 0, i.e. ©° = 0.

This uniqueness property holds for every open non-empty subset w of §2
and T' > 0 by Holmgren’s Uniqueness Theorem.

Following the variational approach of [145] the control can be constructed
as follows. First of all we observe that it is sufficient to consider the particular
case u® = 0. Then, for any u' in L?(£2),d > 0 we introduce the functional

1 (T
JJ(SDO) = 5/0 /cpzdxdt+5||<p0||L2(Q) f/anouldx. (4.3)

The functional J; is continuous and convex in L?(€2). On the other hand,
in view of the unique continuation property above, one can prove that

Js(°)

_d\) (4.4)
el L2y —o0 | €0 llz2(0)
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(we refer to [73] for the details of the proof). Thus, J5 has a minimizer in L?(Q).
Let us denote it by ¢°. Let ¢ be the solution of (4.2) with the minimizer ¢°
as initial datum at t = T. Then, the control f = ¢ is such that the solution u
of (4.1) satisfies

< 0. (4.5)

T) — 1
‘u( ) b L2(Q)

Obviously, (4.5) for any initial and final data u®, u* € L*(Q) and for any 6 > 0
is equivalent to the approximate controllability property.
Consequently, the following holds:

Theorem 4.2.1 ([73]) Let w be any open non-empty subset of Q and T > 0
be any positive control time. Then, for any u®,u* € L*(Q), § > 0 there eists
a control f € L?(Q) such that the solution u of (4.1) satisfies (4.5).

4.2.2 The heat equation with rapidly oscillating coeffi-
cients

In this section we consider the approximate controllability of the heat equation
with periodic coeflicients of small period € — 0. More precisely, we introduce
a small parameter in the equations and we study how this small parameter
affects both the controls and the solutions.

Consider the following system:

p(f) up — div (a (%) Vu) =fl, in Q
u=0 on X (4.6)
u(r,0) = u’(z) in
where € > 0, p € L®(R") and a € C1(R") are such that
0 < pm < p(z) < pp ae. in R™
0<am <a(r) <apy ae inR" (4.7)
p,a are periodic of period 1 in each variable z;, i =1,...,n.

We assume that u° € L*(Q) and f € L?(Q) so that (4.6) admits an unique
solution u. € C ([0,T]; L*(Q)) N L? (0, T; H(%)).

When e — 0 the solutions of (4.6) converge to the solutions of the following
limit system where we have replaced the oscillating coefficients p (x/¢) and
a(x/e) by the average p = f[O,l]" p(x)dz and the homogenized constant matrix
A respectively :

puy —div (AVu) = f1, in Q
u=0 on % (4.8)
u(z,0) = u'(z) in Q

More precisely, the following holds
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Theorem 4.2.2 ([23]) Let us consider in (4.6) a sequence of initial data u® €
L2(Q) and a sequence of right hand sides f- € L*(w x (0,T)). Then,

i) If u? (resp. f.) weakly converges in L*(Q) (resp. L*(w x (0,T))) to u®
(resp. f) as e — 0, the solutions u. of (4.6) satisfy

ue — u weakly-* in L°°(0,T; L(£2))
as € — 0, where u is the solution of the limit system (4.8).

ii) If u® (resp. f.) strongly converges in L?(Q) (resp. L*(w x (0,T))) to u®
(resp. f) as e — 0, the solutions u. of (4.6) satisfy

ue — u strongly in C([0,T]; L2(Q))
as € — 0, where u is the solution of the limit system (4.8).
We consider the following approximate controllability problem for system

(4.6): Given u°, u! in L%(Q) and a > 0, to find a control f. € L*(w x (0,T))
such that the solution u, = u.(x,t) of (4.6) satisfies

ue (T) — u'

<a. 4.9
Loy = © (4.9)

Obviously, the control f. also depends on a but we do not make this dependence
explicit in the notation for simplicity.

We also study the uniform boundedness of the control f. in L?(w x (0,7))
and its possible convergence to a control and a solution of the limit heat equa-
tion (4.8) as e — 0.

For ¢ fixed, the approximate controllability of system (4.6) is a direct con-
sequence of the unique continuation of solutions of the homogeneous adjoint
equation:

—p(£)pr—div(a (%) Ve) =0, inQx(0,7T)
@ =0, onI'x (0,7T) (4.10)
o(z,T) = ©°(x) in Q.

More precisely, for ¢ fixed, since ¢ = 0 in w x (0,7) implies ¢° = 0 (see, for in-
stance, Saut and Scheurer [202]), we can derive the approximate controllability
of system (4.6) by Hahn-Banach’s Theorem or by the variational approach in
[145], as in the previous section. Note however that the approach based in the
Hahn Banach Theorem does not provide any information on the dependence
of the control on the initial and final data and on the parameter €. Therefore
we follow the second method, i.e. the variational approach in [145], presented
in the previous section.
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Let us recall that when u® = 0 the control f. is of the form f. =, where
P, solves (4.10) with initial data @Y, the minimizer of the functional

e T T
Je(¢°) = 5/0 / lo|2dadt + a Hp (E) gao‘ ) /Qp (g) ut®dr  (4.11)

over L?(). This control is such that (4.9) holds. Indeed, the minimizer %"
satisfies the Euler equation

T z\12 =0, 0
/ /tpggadxdt+af9 [pw( 8,); UL / P (E) ut%dr =0 (4.12)
0 Juw e (%) %HLZ(Q) Q &

for all ° € L?(Q2) where ¢ is the solution of (4.10). On the other hand,
multiplying the first equation in system (4.6), with «* = 0 and f = P, as a
control, by ¢ and integrating by parts we obtain

/Qp(g) “(T)@Od$=/[)TA¢E¢dxdt, (4.13)

for all ¢° € L?(2). Combining now (4.12) and (4.13) we easily deduce that

p (%)@

H,D (E) 506||L2(Q)
and (4.9) holds.
The adjoint system associated to the limit system (4.8) is given by
—ppy —div(AVe) =0, inQx (0,T)
e =0, onI'x (0,7T) (4.15)

o(x,T) = ¢°(x) in Q,

and the corresponding functional associated to (4.8) and (4.15) is given by

1 T
J(°) = 5/0 /|<p|2dxdt+ozHﬁgooHL2(Q) —/Qﬁulcpodm, (4.16)

where ¢ is the solution of (4.15) with final data ¢°.
For simplicity we consider first the case where u° = 0 and Hul | | L2(9) > a.

The main result is as follows:

Theorem 4.2.3 ([235]) If u® = 0 and o > 0 the approzimate controls f. ob-
tained by minimizing J. over L?(Q) are uniformly bounded in C([0,T]; L*(%)).
Moreover, they strongly converge in C([0,T]; L*()) as € — 0 to the control f
associated to the minimizer of the limit functional J, which is an approzimate
control for the limit system (4.8).

On the other hand, the solutions u. of (4.6) converge strongly in C ([0, T); L*(£2))
as € — 0 to the solution u of the limit problem (4.8).
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Let us now consider the case where u? is non-zero. We set v! = v.(T) where

ve is the solution of (4.6) with f = 0. It is easy to check that v} is uniformly
bounded in H{(Q2). Indeed, multiplying the equation satisfied by v. by %UE
and integrating we obtain

d

T T
7 Qa(g)|Vv5|2dx = 72/Qp(g)|v€7t|2 <0
and therefore

1
€

2 Zz z 2
< [ "D mypar < [ UL < 2
H} Q Q a

Qg am m Hé

Then, v} weakly converges to vl = v(T) where v is the solution of (4.8) with
f =0. Now observe that the solution u of (4.6) can be written as u = v, + we
where w, is the solution of (4.6) with zero initial data that satisfies w.(T) =
u(T) — v}. In this way, the controllability problem for u can be reduced to
a controllability problem for w with zero initial data w® = 0 but, instead of
having a fixed target ul, we have a sequence of targets w! = u' — v! that
converge weakly in H}(Q). In this case, in the definition of the functional .J.
we have to replace u' by ul.
We have the following result:

Theorem 4.2.4 Assume that u® = 0, a > 0 and consider a sequence of final
data ul in L*(Q) such that, as € — 0, they converge in L*(Q) to u' € L*().
Then, the conclusions of Theorem 4.2.3 hold.

Consequently, the conclusions of Theorem 4.2.3 on the convergence of the
controls f- and the solutions u. hold also for any u°, u* € L*(Q) and a > 0.

Theorem 4.2.3 is a particular case of Theorem 4.2.4. Thus we will focus in
the proof of Theorem 4.2.4.

Proof of Theorem 4.2.4 Let us recall that, in the setting of Theorem 4.2.4,
the functional J; is given by:

1@ =3 [ [ toPasarrallp(2)e

We set

TN 1 0
— — 4.1
ey~ oo (B)utae @)

M. = _inf J.(¢°). 4.18

e = odl g (@) (4.18)

For each € > 0 the functional J. is continuous, convex and coercive. Therefore

it attains its minimum M. in L?(Q). Moreover, if f = . where @, solves
(4.10) with data ®°, the solution of (4.6) satisfies (4.9) (see [73] and [74]).
The following lemma establishes the uniform bound of the minimizers:
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Lemma 4.2.1 We have

J-(¢°
lim 0(7@) > a. (4.19)
H‘POHLZ(Q)"O‘D ||<‘0 ||L2(Q)

e—0

Furthermore, the minimizers {72 }e>o are uniformly bounded in L(€2).

Proof of Lemma 4.2.1 Let us consider sequences ¢; — 0 and <pgj € L*(Q)

2@ — 00 as j — 0o. Note that, obviously, this implies that
L
— 00

A0
ot/23)68, ||
Let us introduce the normalized data

such that ‘

0
(106]'

0
N
gj ‘

0
SOEJ‘

L2(Q)

and the corresponding solutions of (4.10):

Pe;
e, = 075-
’%1 L2(Q)
We have
Je (02) 1 r
o (el [ e
Hp (5) e L2(Q) ! L@ e

z 1,0
o folz)ue
We distinguish the following two cases:

Case 1. lim; fOT [, lthe,|*dzdt > 0. In this case, we have clearly lim; I; =
0.

Case 2. lim;_, fOT [, [, [Pdzdt = 0. In this case we argue by contradiction.
Assume that there exists a subsequence, still denoted by the index 7, such that

T
/ /|w5j|2dxdt—>0 (4.20)
0 w

and
lim [; < a. (4.21)

Jj—00
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By extracting a subsequence, still denoted by the index j, we have

p (:) ¢ — pu° weakly in L*(Q).
J

By Theorem 4.2.3 we have
Yo, — b weakly-* in L*°(0,T; L*(Q2))

where 1 is the solution of the homogenized problem (4.15) with initial data )°.
In view of (4.20) we have

Y =0inwx (0,7)

and by Holmgren’s Uniqueness Theorem (see, for example [118]) this implies
that ° = 0. Thus

P (j) 0 — 0 weakly in L?(€2)
J

and therefore

lim I; > Hrrl(@—/ﬂ(?)ﬂingj)za
Q

Jj—00 j—00 5]

since ul converges strongly in L?(2). This is in contradiction with (4.21) and

concludes the proof of (4.19).
On the other hand, it is obvious that M. < 0 for all € > 0, since J.(0) = 0.
Thus, (4.19) implies the uniform boundedness of the minimizers in L?((2).
Concerning the convergence of the minimizers we have the following lemma:

Lemma 4.2.2 The sequence p (f) ©°, where B0 are the minimizers of J., con-
verges strongly in L*(Q) as € — 0 to p p° where @° is the minimizer of J and
M. converges to
M= _inf J(@"). 4.22
odnf o) (@) (4.22)
Moreover, the corresponding solutions @, of (4.10) converge in C([0,T]; L*(9))
to the solution @ of (4.15) as e — 0.

Proof of Lemma 4.2.2 In view of the uniform bound of the minimizers
provided by Lemma 4.2.1, by extracting a subsequence, that we still denote by
e, we have

P (E) 70 — py° weakly in L?*(Q)
€
as € — 0. It is sufficient to check that @° = ¥ or, equivalently,

J(p%) < J(°) for all ¢¥ € L*(Q). (4.23)
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From Theorem 4.2.2 we know that
P, — 1 weakly-* in L>(0,T; L*(Q))

where 9 is the solution of (4.15) with initial data ¥°. By the lower semiconti-
nuity of the first term in J and taking into account that u! converges strongly
to ul in L?(Q) we deduce that

J(@°) < lim J. (@), (4.24)

e—0

On the other hand, for each ¢° € L?(2) we have

lim J.(2%) < lim J, p 0. 4.25
lim J(Pe) < lim Jo (@) (4:25)

Observe also that for ¢¥ € L?(Q) fixed,

. p
lim J,
=G

I ey ) ) = [ [ [ [ @

€

@) = J(°). (4.26)

Indeed,

z
€

where ¢, is the solution of the adjoint system (4.15) with initial data ﬁg@o.

By Theorem 4.2.2, the solutions ¢, of (4.10) converge strongly to the solution
¢ of (4.15) in L2(2 x (0,T)) and (4.27) converges to zero as € — 0.
From (4.24)-(4.26) we obtain (4.23).
This concludes the proof of the weak convergence of the minimizers and it
also shows that
M < lim M.. (4.28)

e—0

On the other hand, in view of (4.26) we have
M = J(@°) = lim sup JE(L¢O) > limsup J.(@°) = limsup M..  (4.29)

e—0 P (%) e—0 e—0

From (4.28) and (4.29) we deduce the convergence of the minima, i.e. M, — M.
Observe that (4.22) combined with the weak convergence of p (x/¢) %! in
L?(Q) and the strong convergence of u! in L?({), implies that

1 [T x
lim. o | = 3. [2dwdt H (7) o -
1Me 0 (2/0 [)|¢E| z +a P e Pe LQ(Q)

1 T 2 0
:5/0 /w|¢| dedt + 0|77 o -
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This identity, combined with the weak convergence of p(z/¢) @’ to p@° in
L?(Q) and the weak convergence of . to % in L*(w x (0,7T)) implies that

p (g)ag — pp° strongly in L*(Q). (4.30)
Therefore, by Theorem 4.2.2 we have
. — @ strongly in C([0, T); L*(2)).

This concludes the proof of Lemma 4.2.2.
In view of (4.30) the strong convergence in C([0,T]; L*()) of u. is a con-
sequence of Theorem 4.2.2.

Remark 4.2.2 All along this section we have assumed that the coefficient a in
the equation must be C! while the regularity required for p is only L°°. This is
to guarantee the unique continuation of solutions of (4.10) and more precisely
the fact that the following property holds: ’If ¢ solves (4.10) and ¢ = 0 in
wx (0,7), then ¢ = 0’. When a € C*(9) this condition is well-known and may
be obtained by means of Carleman Inequalities ([111]).

Note however that the homogenized adjoint system has constant coefficients
because of the periodicity assumption on a. Thus, unique continuation for this
system is a consequence of Holmgren’s Uniqueness Theorem.

Remark 4.2.3 This result was proved in [235] in the particular case where
the density p is constant. The results we have presented here are new.

4.3 Null controllability of the heat equation

In this section we analyze the null controllability of the heat equation. We
divide this section in two parts: first we consider the constant coefficients case
and afterwards the case of periodic rapidly oscillating coefficients.

4.3.1 The constant coefficient heat equation

Let us consider again the controlled linear heat equation (4.1):

u—Au= f1l, in Q
u=0 on X (4.1)
u(z,0) =u’(z) in Q.
As in the approximate controllability case, the null controllability can be
reduced to an observability property for the homogeneous adjoint system

—pr—Ap=0 In @
=0 on % (4.2)
o5 T) = @) i 9.
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More precisely, the null controllability problem for system (4.1) is equivalent
to the following observability inequality for the adjoint system (4.2):

T
I (0) |72 < C/ /¢2dxdt, Vol € L2 (Q). (4.3)
0 w

Due to the irreversibility of the system, (4.3) is not easy to prove. For
instance, classical multiplier methods as in [143] do not apply.

In [194] the boundary null controllability of the heat equation was proved in
one space dimension using moment problems and classical results on the linear
independence in L?(0,T) of families of real exponentials. Later on, in [195],
it was shown that, if the wave equation is exactly controllable for some T > 0
with controls supported in w, then the heat equation (4.1) is null controllable
for all T > 0 with controls supported in w. As a consequence of this result and
in view of the controllability results above, it follows that the heat equation
(4.1) is null controllable for all T' > 0 provided w satisfies the geometric control
condition.

However, the geometric control condition is not natural at all in the context
of the control of the heat equation.

More recently Lebeau and Robbiano [134] have proved that the heat equation
(4.1) is null controllable for every open, non-empty subset w of Q and T >
0. This result shows, as expected, that the geometric control condition is
unnecessary in the context of the heat equation.

A slightly simplified proof of this result from [134] was given in [135] where
the linear system of thermoelasticity was addressed. Let us describe briefly
this proof. The main ingredient of it is an observability estimate for the eigen-
functions of the Laplace operator:

{ —Aw; = \jw; in (4.4)

w; =0 on ON.

Recall that the eigenvalues {\;} form an increasing sequence of positive num-
bers such that A; — oo as j — oo and that the eigenfunctions {w;} may be
chosen such that they form an orthonormal basis of L?(2).

The following holds:

Theorem 4.3.1 ([134], [135]) Let Q be a bounded domain of class C*°. For
any non-empty open subset w of ) there exist positive constants C1,Co > 0

such that )

[ atsta)| doz i Y g (45)

Ai<p Aj<p

for all {a;} € £* and for all p > 0.
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This result was implicitly used in [134] and it was proved in [135] by means
of Carleman’s inequalities.

As a consequence of (4.5) one can prove that the observability inequality
(4.3) holds for solutions of (4.2) with initial data in F,, = span {w]'})\j<#7 the
constant being of the order of exp (C\/ﬁ) This shows that the projection of
solutions over F,, can be controlled to zero with a control of size exp (C\/ﬁ)
Thus, when controlling the frequencies A\; < u one increases the L?(Q)-norm of
the high frequencies A; > p by a multiplicative factor of the order of exp (C \/ﬁ)
However, as it was observed in [134], solutions of the heat equation (4.1) without
control (f = 0) and such that the projection of the initial data over E,, vanishes,
decay in L?(Q) at a rate of the order of exp(—put). Thus, if we divide the
time interval [0,7] in two parts [0,7/2] and [T/2,T], we control to zero the
frequencies A; < p in the interval [0,7/2] and then allow the equation to
evolve without control in the interval [T'/2,T], it follows that, at time ¢t = T,
the projection of the solution u over E, vanishes and the norm of the high
frequencies does not exceed the norm of the initial data u°.

This argument allows to control to zero the projection over £, for any > 0
but not the whole solution. To do that an iterative argument is needed. We
refer to [134] and [135] for the proof.

Remark 4.3.1

(a) Once (4.3) is known to hold one can obtain the control with minimal
L?(w x (0, T))-norm among the admissible ones. To do that it is sufficient
to minimize the functional

T(0) = % /O ' /w P dudt + / o(0)u’dz (4.6)

Q

over the Hilbert space
T
H = {¢° : the solution ¢ of (4.2) satisfies / / ?drdt < oo}.
0 w

Observe that J is continuous and convex in H. On the other hand (4.3)
guarantees the coercivity of J and the existence of its minimizer. The
space H is difficult to characterize in terms of the usual energy spaces
associated to the heat equation. In this sense, a more natural approach
may be to consider the modified functional

1 T
ale®) =2 2dwdt / 0d ‘ 0
Ja(p”) 2/0 /wgo xdt + Qcp(O)u T+ alp .

over the space L?(£2). The minimizers ¢ € L?(Q) allow us to construct
a sequence of approximate controls in such a way that the solutions of
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< a.
L2(Q)

When a — 0 the minimizers ¢’ converge to the minimizer of J in H,
and the controls ¢, converge to the null control ¢|  in L*(w x (0,T)).

the heat equation (4.1) u, with control ¢,|,, satisfy

e (T)

(b) As a consequence of the internal null controllability of the heat equation
one can deduce easily the null boundary controllability with controls in
an arbitrarily small open subset of the boundary.

(¢) The method of proof of the null controllability we have described is based
on the possibility of developing solutions in Fourier series. Thus it can
be applied in a more general class of heat equations with variable time-
independent coefficients. The same can be said about the methods of
[195].

The null controllability of the heat equation with lower order time-dependent
terms of the form

us — Au+a(z,t)u= fl, in Q
u=0 on % (4.8)
u(z,0) = u’(x) in Q

has been studied by Fursikov and Imanuvilov (see for instance [44], [87], [90]).
Their approach, based on the use of Carleman inequalities, is different to the
one we have presented here. As a consequence of their null controllability
results it follows that an observability inequality of the form (4.3) holds for the
solutions of the adjoint system

—pr —Ap+alz,t)p=0 in @
=0 on X (4.9)
o(z,T) = ©(x) in

when w is any open subset of 2.
The same approach provides also the null controllability of the variable
coefficients heat equation when the control acts in the boundary, i.e.

p@)uy —Au=0 in Q
u="v on I'x(0,7), u=0on X\I'x (0,7) (4.10)
u(z,0) = u’(x) in Q

where v is the control which acts in one part of the boundary I'. In this case
the corresponding observability inequality for the adjoint system requires the
coefficient p to be C'. However, in the one-dimensional case it is possible
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to go further. Indeed, this is a consequence of the controllability of the one-
dimensional wave equation when coefficients are in BV, and the well-known
argument by Russell (see [194]) which establishes the equivalence between the
control of the heat and wave equation (see [86]) for the details).

4.3.2 The heat equation with rapidly oscillating coeffi-
cients in 1-d

In this section we discuss the null controllability of the heat equation with
rapidly oscillating coefficients in one space dimension. The complete analysis
of this problem and the results of this section were obtained by Loépez and
Zuazua in [154], [156].

Once again we introduce a small parameter ¢, we assume the periodicity of
the coefficients, and we study the behavior of both the controls and the solutions
when ¢ — 0. We restrict ourselves to the particular case of the boundary
controllability problem in the one-dimensional heat equation with oscillating
density. In higher dimensions the questions addressed here are basically open.

Let p € C?(R) be a periodic function satisfying

0 < pm < p(z) < ppm < 400, Vo € R. (4.11)

Without loss of generality we may assume that p is periodic of period 1. We
denote by p its average

1
p= / p(x)dx. (4.12)
0
Given € > 0 we consider the heat equation with oscillatory density:

pla/e)ur —uzm =0, 0<2<1,0<t < T,
w(0,t) = 0; u(l,t) =v(t), 0 <t < T, (4.13)
u(z,0) = up(x).

In (4.13) v = v(t) denotes a control acting on the system through the extreme
x =1 of the interval.

Following the methods of [75] and [90] one can show that system (4.13) is
null-controllable for any 7' > 0 and any 0 < € < 1. In other words, for any
T >0and 0 <e<1andany uy € L?(0,1) there exists a control v € L2(0,T)
such that

u(z, T)=0, 0<z<l. (4.14)

Moreover, there exists a positive constant C'(g,T) such that
| v lz20,m< C(e,T) || uo ||22(0,1), Yuo € L*(0,1). (4.15)

We show that C'(e,T) remains bounded as £ — 0.



248 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

Observe that, passing to the limit in (4.13), formally, we obtain the averaged
system
pur — Uz, =0,0<2<1,0<t<T
u(0,t) =0, u(1,t) =v(t),0<t < T (4.16)
u(z,0) = up(z), 0 <z < 1.
The limit system (4.16) is also null-controllable. Thus, the problem of the
uniform null-control for system (4.13) as ¢ — 0 makes sense.
The main result is as follows:

Theorem 4.3.2 Assume that p € W% (R) is a periodic function satisfying
(4.11). Let T > 0. Then, for any u® € L?(0,1) and 0 < & < 1 there exists a
control v. € L*(0,T) such that the solution u. of (4.13) satisfies

ue(z,T) =0, x€(0,1). (4.17)
Moreover, there exists a constant C > 0 independent of 0 < & < 1 such that
| ve lz20,7)< C || 4 || 20,1y, VU’ € L*(0,1), VO < e < 1. (4.18)
Finally, for u® € L*(0,1) fized, the control v. may be built so that
ve — v in L*(0,T) as e — 0, (4.19)

v being a control for the limit problem (4.16), so that the solution u of (4.16)
satisfies (4.14).

Remark 4.3.2 It is interesting to compare this result with those obtained in
the context of the wave equation with rapidly oscillatory coefficients,

plx/e)usy — uge = 0. (4.20)

As it was shown in [6], [36], in the context of (4.20), the control may blow-up
as ¢ — 0. Then, to obtain a uniform controllability result it was necessary
to relax the null-controllability condition to controlling only the projection of
solutions over a suitable subspace containing only the “low frequencies” of the
system. However, in the context of the heat equation with rapidly oscillating
coefficients the null controllability of the whole solution holds, uniformly with
respect to € — 0.

The uniform controllability result of Theorem 4.3.2 is equivalent to a uni-
form boundary observability property for the adjoint system

p(z/e)pr + 0pe =0,0<2<1,0<t<T
©(0,t) =(1,t) =0,0 <t < T, (4.21)
o(x,T) = ¢"(x),0 <z < 1.

As an immediate corollary of Theorem 4.3.2 the following holds:
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Theorem 4.3.3 Under the assumptions of Theorem 4.3.2, there exists a con-
stant C' > 0 which is independent of 0 < e < 1, such that

T
| (2,0) [2201)< C / loa (L, 1) dt (4.22)

holds for every ¢° € L?(0,1) and 0 < & < 1.

Remark 4.3.3 The analogue of (4.22) for the wave equation

{ p(x/e)pst — 0o = 0,0 <2 <1, 0<t < T (4.23)

0(0,t) =p(1,t)=0,0<t<T

is false. This is due to the fact that there exist eigenvalues A\ ~ ¢/c? such that
the corresponding eigenfunction we(z) of the problem

—Wez = Acp(z/e)w, 0 <z < 1, w(0) =w(l) =0 (4.24)

satisfies )
/ | wy |2 dm/ | we (1) |22 C1 exp(Cy/e). (4.25)
0

As a consequence of (4.25) it is easy to see that the solutions
@ = cos (VAst) we(z) of (4.23) are such that

1 T
[ oo P/ [ ea o Pat— o sse 0. a2
0 0

whatever T > 0 is.

Note however that these eigenfunctions are not an obstacle for (4.22) to
hold. Indeed, the corresponding solution to (4.21) is ¢, = e~ (T~ (z) and
then

1 T
| 1e@o) W/ | leastt) P dt T/ ele o ase 0. (121)
0 0

Thus, the strong dissipativity of the parabolic equation compensates the con-
centration of energy that the high frequency eigenfunctions may present.

Note that we obtain the uniform observability inequality (4.22) as a conse-
quence of the uniform controllability result of Theorem 4.3.2. This is contrast
with the most classical approach in which the controllability is obtained as a
consequence of a suitable observability inequality (see [143]).

The proof of Theorem 4.3.2 is based on a control strategy in three steps that
is inspired in [134]. First, using the theory of non-harmonic Fourier series and
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sharp results on the spectrum of (4.24) the uniform controllability of a suitable
projection of the solution over the low frequencies is proved. Then letting the
equation to evolve freely without control during a time interval, the control of
the low frequencies is kept while the size of the state decreases. Finally, using
a global Carleman inequality as in [90] the whole solution may be controlled to
zero. The control of the last step can be guaranteed to be uniformly bounded
(in fact it tends to zero), since the norm of the solution after the two previous
steps is small enough.

The rest of this section is divided in three parts in which we sketch the proof
of each step. The first one is devoted to prove the uniform controllability of
the low frequencies. The second one is devoted to obtain the global Carleman
inequality. In the last one the controls are built and its asymptotic behavior is
analyzed.

4.3.2.1 Uniform controllability of the low frequencies
Let us denote by «{)\]475}j.>1 the eigenvalues of system (4.24), i.e.,
0<Ae <Age <o < A3 <+ — 00. (4.28)

Let us denote by {wj.} the corresponding eigenfunctions so that they constitute
an orthonormal basis of L?(0,1) for each 0 < & < 1.
Let us recall the following sharp spectral result from [34]:

Lemma 4.3.1 There exist ¢,y > 0 such that
VAitle = Ve

for all 0 < e < 1. Moreover, there exists C' > 0 such that

min . >v>0 (4.29)

A<ce—2

Clwj(1)]* > \j. (4.30)

for all 0 < e < 1 and all eigenvalues in the range \ < ce~2.

Note that the periodicity of p is required in Lemma 4.3.1.

We now need a result on series of real exponentials. Given ¢ > 0 and
a decreasing function N : (0,00) — N such that N(§) — oo as § — 0, we
introduce the class £(¢, N) of increasing sequences of positive real numbers
{m;}j>1 such that:

Hj+1—py = § >0,V > 1 (4.31)
> ot <6, 95> 0. (4.32)
k>N (5)

Using the techniques and results in [75] the following can be proved:
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Lemma 4.3.2 Given a class of sequences L(§,N) and T > 0 there exists a
constant C' > 0 (which depends on &, N and T') such that

T | o© 2 C |ak |2
| 1> awem] ar= S Lol (g 33
0 |g=1 L) ks HE

>

k>1

for all {ur} € L(§,N) and all sequence {ar} of real numbers.
We now develop solutions of the adjoint system (4.21) in Fourier series
Pe (J?, t) = Z a’j,aeikjystw;j@(m)) (434)
Jj=1
where {a;.} are the Fourier coefficients of the datum ¢ in the basis {w; .},
ie.

1
ajﬁ:/o cpo(x)wj,s(x)d:c. (4.35)

Let us now denote by E. the subspace of L?(0,1) generated by the low
frequency eigenfunctions corresponding to A < ce~2, ¢ > 0 being as in Lemma
4.3.1:

E. = span {w,;.}. (4.36)

Xje<ce—?
As an immediate consequence of Lemmas 4.3.1 and 4.3.2 the following holds
[154], [156]:

Proposition 4.3.1 For any T > 0 there exists C(T) > 0 such that

T
| e(2,0) [250.1)< C / (e (L,1)2dt (4.37)

for every solution of (4.21) with ©° € E. and 0 < e < 1.

Let us denote by 7. the orthogonal projection from L?(0,1) into E.. The
following uniform, partial controllability result holds [154], [156]:

Proposition 4.3.2 For any T > 0,0 <e < 1 and u® € L?(0,1) there exists a
control v. € L*(0,T) such that the solution of (4.13) satisfies
7e (ue(T)) = 0. (4.38)

Moreover, there exists a constant C = C(T) > 0 independent of € > 0 such
that
lve 220, < C(T) || 0 [l 220,y (4.39)
for all u® € L?(0,1) and 0 < e < 1.

Proposition 4.3.2 follows immediately from Proposition 4.3.1 applying HUM
(see [143)).
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4.3.2.2 Global non-uniform controllability

Let us consider the variable coefficient adjoint heat equation

a(z)0; + 0y, =0, O<z<, 0<t<T,
0(0,t) =0(1,t) =0, 0<t<T (4.40)
O(x,T) = 60°(z), O<z<l1

with a € W2°°(0, 1) such that
0<ag<a(r) <a; <oo,Vre(0,1). (4.41)
The following holds [154, 156]:

Lemma 4.3.3 For any T > 0 there exist constants C1 > 0 and C2(T) > 0
such that

T
100.0) o0 Crexp (1 | a e +Calla 32 ) [ 10,00

(4.42)
for every solution of (4.40) and every a € W2°°(0,1).

Sketch of the proof of Lemma 4.3.3
By a classical change of variables (4.40) may be reduced to an equation of
the form

where b depends on a and its derivatives up to the second order. When a €
W2°(0, 1) the potential b turns out to belong to L>(0, 1). Applying the global
Carleman inequalities as in [90], and going back to the original variables, (4.42)
is obtained.

i

Applying (4.42) to solutions of (4.21) and taking into account that

pe
w1l
1/e and

pe| .~ 1/€2 as ¢ — 0, the following holds [154, 156]:
W oo

Proposition 4.3.3 For any T > 0 there exist constants C1,Cy > 0 such that

T
| pe(2,0) 7201y < Crexp (015_1 + C2€_4/3) /0 e (L)[*dt (4.43)

for any solution of (4.21) and any 0 < e < 1.

As an immediate consequence of the observability inequality (4.43) the fol-
lowing null-controllability result holds [154, 156]:
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Proposition 4.3.4 For any T > 0, u® € L?(0,1) and 0 < € < 1, there ewists
a control v. € L*(0,T) such that the solution u. of (4.13) satisfies (4.17).
Moreover,

| v 2o < Crexp (Cre™ + Coe™#2) |l |lpaory  (444)

for all u® € L?(0,1) and 0 < e < 1.

Note that none of the estimates (4.43) and (4.44) are uniform as ¢ — 0.
However, (4.43) provides an observability inequality for all solutions of (4.21),
and (4.44) an estimate of the control driving the whole solution to rest. In this
sense these results are stronger than Propositions 4.3.1 and 4.3.2.

4.3.2.3 Control strategy and passage to the limit

Given T > 0, in order to control system (4.13) uniformly to zero we divide
the control interval in three parts: [0,7] = I; U I U I3, where I; = [(j —
1)T/3,5T/3],5 = 1,2,3.

We fix u® € L?(0,1). Then, in the first interval I; we apply Proposition
4.3.2. We obtain controls v} € L?(I;) such that

vl )< C lu’ llr200,1)s (4.45)
and
| ue(t) |L20,)< C | u? ll22(0,1 for all t > T'/3;
Te(ue(T/3)) =0, (4.46)

for all 0 < € < 1, with C' > 0 independent of 0 < ¢ < 1.

In the second interval I we let the solution of (4.13) to evolve freely without
control (i.e. v =0). In view of (4.46), using the decay of solutions of the heat
equation and the invariance of the subspace E. under the flow we deduce that

| we(2T/3) |l r2(0,1)< Cexp(—cT/3e) || u® || 2(0,1) (4.47)

7 (ue(27/3)) = 0. (4.48)

In the last interval I3 we apply Proposition 4.3.4 so that the solution u. of
(4.13) achieves the rest at t = T'. This provides controls v2 € L?(I3) such that

2 laoay < Crexp (Cre™t + o)) [ ue(2T/3) ooy - (449)

Note however that, according to (4.47)-(4.49), we have

| v2 || 2(15)— O exponentially as € — 0. (4.50)
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The control v, € L%(0,T) for system (4.13) we were looking for is:

L), if 0<t<T/3
, if T/3<t<2T/3 (4.51)
2(t), if 2T/3<t<T.

g

v
ve(t)=< 0
v

It is clear that the uniform bound of the controls holds. In fact, it can be
seen that
vl —v!in L?(0,T/3), ase—0 (4.52)

S

where v! is a null control for the limit system (4.16) in the interval [0,7/3].
Combining (4.50) and (4.52) we deduce that

v. — v in L*(0,T) (4.53)
where  0<t<T/3
- { 0. it T/3 tg_t g/f. (4.54)
Moreover the solution u of the limit system (4.16) satisfies
u(t) =0,vVT/3 <t <T. (4.55)

4.4 Rapidly oscillating controllers
Let 2 be a bounded smooth domain of R, n = 1,2, 3 and consider the system:

ug — Au = f(t)o(x —ac(t)) in @
u=0 on X (4.1)
u(r,0) = u’(z) in

where 0(z) represents the Dirac measure centered at x = 0, ac(t) = a(t/e),
€ > 0 is a small parameter and a : R — () is a periodic and real analytic
function. We assume without loss of generality that a(t) is periodic of period
2.

Note that here the control f(t) acts on a periodic oscillating point = a(t).
Typically a. oscillates around a point zg € € with a small amplitude. For
instance a(t) = o + vcos(t/e) with v € R™.

System (4.1) is well defined in different Sobolev spaces, depending on the
dimension n. We introduce the spaces:

[ LA(Q)ifn =1, [ H{Q)ifn=1,
HO_{ HY(Q) itn =23, M _{ H2AHY(Q) ifn =23 (2

and we denote by H{; and Hj their duals.
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We assume that u® € Hj and f € L?(0,T). The Dirac measure §(z — a.(t))
in the right hand side of (4.1) satisfies

d(z —ac(t)) € Hy, for any ¢ € [0, 77,
and system (4.1) admits an unique solution in the class (see [141])

L2(Q) if n =1,

uz € C([0,T]; Hy) where Hg = { H™Y(Q) if n = 2,3.

We consider the following approximate controllability problem for system
(4.1): Given u°, u' € Hf and a > 0, to find a control f- € L*(0,T) such that
the solution ue = us(x,t) of (4.1) satisfies

lue(T) = ||y < . (4.3)

As in the previous sections we also study the boundedness of the control
as € — 0 and its convergence. We prove that, indeed, the controls remain
bounded as ¢ — 0. Moreover, we prove that, in the limit, the control no longer
acts in a single point for each ¢ but in an interior space-curve with a suitable
density. More precisely, the limit control problem is of the form

u — Au = f(z,t)mq(xz)ly in  Q
u=0 on X (4.4)
u(z,0) = u’(x) in

where v C € is an interior curve and mg(x) is a limit density, which only
depends on a and that will be given explicitly below. This fact was illustrated
by Berggren in the one dimensional case by means of a formal argument and
some numerical experiments (see [19]).

The rest of this section is divided in three subsections. First we consider
the pointwise control of system (4.1) in a general framework, i.e. with controls
supported over a general curve b(t). As a particular case we obtain the control-
lability of (4.1) for any € > 0 under certain hypothesis on a.(t). In the second
subsection we prove a convergence result for the solutions of (4.1) with f(t) =0
that we use in the third subsection to prove the convergence of the controls
and the controlled solutions as € — 0 towards (4.4), in a suitable sense.

4.4.1 Pointwise control of the heat equation

When € > 0 is fixed the approximate controllability of system (4.1) is a con-
sequence of the following unique continuation property for the adjoint system:
If ¢ solves

—pr—Ap=0 In @

=0 on % (4.5)

p@,T) = x) in
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can we guarantee that
olas(t),t) =0, Vte[0,T] = ¢=07 (4.6)

This section is devoted to analyze this uniqueness problem. Taking into account
that € > 0 is fixed and in order to simplify the notation we denote the curve
where the control is supported by z = b(t) instead of x = a.(t).

The following lemma reduces the unique continuation problem (4.6) to a
certain unique continuation property for the eigenfunctions of system (4.5):

{ —Aw(z) = w(z), z€Q (4.7)

w(z) =0, xz €N
Lemma 4.4.1 Assume that b: [0,T] — Q satisfies the hypothesis:
b(t) can be extended to a real analytic function b: (—oo,T] — Q. (4.8)
Let us consider the set of accumulation points
P={zeQ, st It, > —oco with b(t,) =z}, (4.9)
and for each x € P, the set of accumulation directions’

7 b(t,) —
Da; == v E RTL7 S.t. Eltn — — 0 thh b(tn) — X and 7()73;‘ — v .
|[b(tn) — =]
(4.10)
Assume that the following unique continuation property holds for the eigen-

functions of (4.5):

w eigenfunction of (4.7)
w(x) =0, Vo € P, and = w = 0. (4.11)
Vw(z)-v=0, YweD,, VreP

Then we have the following unique continuation property for the solutions of
the adjoint problem (4.5):

o(b(t),t) =0 Vte[0,T]= o =0. (4.12)

Proof. Let ¢ € C([0,T]; H1) be a solution of (4.5) with ¢(b(t),t) = 0 for all
t € [0,T]. Obviously, this solution can be extended naturally to all t < T. As
the Laplace operator generates an analytic semigroup, the solution of system
(4.5) ¢ : 2 x (=00, T) — R is analytic. On the other hand, b(t) is also analytic

and the composition p(b(¢),t) is still analytic. Then the fact that ¢(b(t),)
vanishes for ¢ € [0, 7] implies that

o(b(t),t) =0 Vt € (—o0,T).
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Let us introduce the Fourier representation of ¢

oo 1(4)
= Z e~ (T—1) Z ¢ rw; ()

j=1 k=1

where

are the eigenvalues of (4.7) and {w;x(2)}r=1,. k@) is a system of linear in-
dependent eigenfunctions associated to A;. We assume that {w; k(z)}jk>1
is chosen to be orthonormal in H; (recall that Hy = H3(Q) if n = 1 and
Hy = H? N H}(Q) if n = 2,3). Taking into account that ¢(T) = ¢° € H; we
deduce that

Then

00 1(j)
0=(b(t),t) = e TN "w; . (b(t), Vte (—o0,T). (4.13)

j=1 k=1
This implies that

1(5) 1(5)
ch rWj k(o) Z ¢ Vwjg(zo) - v =0,

k=1
for all j and Vag € P, Vv € Dy,. (4.14)

Assuming for the moment that (4.14) holds, taking into account the fact that

(j J) 1CjkWjk is an eigenfunction and by the unique continuation hypothesis
for the eigenfunctions (4.11) we obtain

1(7)
ch,kwj,k =0, forallj>1,

Therefore ¢;, = 0 for all k = 1,...1(j) because of the linear independence of
wj . This concludes the proof of the lemma.

Finally, let us prove (4.14). Multiplying the series in (4.13) by e*(T=% and
taking into account that A; is simple we obtain

o 1)
c1awy,(b(t)) + Ze A=A (T=t) cirwir(b(t)) =0 Vte (—oo,T]. (4.15)
Jj=2 1

k=
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The second term on the left hand side converges to zero as t — —oo. Indeed,

1(k) 2

Z Cr=XDT=0§™ 0 (B(1))

j=2 k=1

A =2)(T— t)zc KWk

Lo (Q)
(k)

Zem (T = t>ZCJ W

(k)

Z@z(xl )T — t)z‘c o

IN

Hy

which converges to zero as t — —oo.

Let 29 € P and t,, — —oo such that b(t,) — g as t,, — —oo. Passing to
the limit as ¢, — oo in (4.15) we obtain

01’1’w1’1($0) =0.

Analogously, multiplying (4.15) by e~ (*1=22)(T=) we obtain

1(2) 1(5)
ZCkagk +Ze()‘2 23— t>Zc xwi k(b)) =0 Vte (—oo,T]. (4.16)

Once again, the second term on the left hand side converges to zero as t — —o0.
Then, passing to the limit as ¢, — oo in (4.16) we obtain

1(2)
Z c1kwi k(7o) = 0.

k=1
Following an induction argument we easily obtain
1(4)
ch,kwj7k(xo) =0, forallj>1andVzyeP. (4.17)
To finish the proof of (4.14) we have to check that
1(9)
ch7kaj,k(xo) -v =0, foralljandVay€ P, Vv € Dy,. (4.18)

k=1

Following the same argument as above, if o € P, v € D,, and t,, — —00
as in (4.10) we have that

c1,1Vwy 1(xo) v =rc1,1 lim

ty——00 ||

=0 (4.19)
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since from (4.15) and (4.17),

w11 (b(tn))
B(t ) — X

n)) — wi1(zo)
tn) — X

wi,1(

,(t
C1,1 B(

C1,1

[e%s} l(J
b(t
_ Ze(xl—xj)(T—tn) Z jkwm ( ( )) _ ZCJ kwjk 370
i=92

—JJO —xokl

l(J

= >t ch’ é n)) — wjk(To)
j=2

l(J)

< (A=) (T—t,) W,k E n)) — wj, k(ffo)‘

N Z ‘ Z 341 b(tn) — o

< C’Ze
j=2 =
oo l(j) o

< C) e <Y Jejul AgePi ATt
=2 k=1 j=2

The last term in this expression converges to zero as t, — —oo and then
c11Vwi 1(xo) -v =0 for any v € D,.
Once again, following an induction argument we easily obtain
1(5)
ch,kaj,k(xo) -v =0, foralljandVzge P, Vv € Dy,. (4.20)
k=1

This concludes the proof of (4.18) and therefore the proof of the Lemma.

Examples: The assumptions of the Lemma hold in the following particular
cases:

1. Static control: Assume that b(t) = xo is constant. Then P = {xq}
and D, is empty. Let (A;,w;) be the eigenpairs of (4.7). According to
Lemma 4.4.1, if the spectrum of the laplacian in Q is simple (which is
generically true, with respect to the geometry of the domain) and

then (4.12) holds. The set of points z € Q which satisfy (4.21) are usually
referred to as strategic and they are dense in Q.
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Oscillating control: Assume that b(t) is periodic and analytic. Then
P coincides with the range of b(t) i.e.

P={zeQst. JteR with b(t) ==z},

while for each x € P, D, is the set of tangent vectors to P at x. We say
that b(t) is strategic if (4.11) holds. Note that nonstrategic curves are
those for which P is included in a nodal curve.

In the one-dimensional case nodal curves are reduced to points and there-
fore (4.11) holds as long as a(t) is non-constant. This is the case addressed
by Berggrem in [19].

Quasi-static control: Assume that b(t) = xo + a(t), a being a noncon-
stant analytic function satisfying lim;, o a(t) = 0. Then P = {z¢}. Let
also D, be the set of accumulation directions.

Obviously, if the spectrum of the Laplacian is simple and x( is strategic,
the unique continuation property (4.11) holds as indicated in the first
example above.

Let us consider now the particular 1-d case. Then the spectrum of the
Laplacian is simple and x( being strategic can be understood as an irra-
tionality condition. Even if x is non-strategic, if D, is non empty, the
unique continuation property (4.11) holds. Indeed, in 1-d, the eigenfunc-
tions solve a second order ODE and w(xg) = 0 together with w’(xz¢) =0
implies that w = 0.

This example shows the interest of the extra information that the proof
of Lemma 4.4.1 provides about the gradient of the eigenfunctions on the
D, -directions. In the particular case under consideration it proves that
uniqueness does hold for z(t) = xo+exp(t), even when xg is non-strategic.

Remark 4.4.1

(a)

(b)

The argument in the proof of Lemma 4.4.1 can be iterated to get further
information on the derivative of the eigenfunctions of higher order. A
careful analysis of this fact will be developed elsewhere.

When the curve x = b(t) is periodic, P coincides with the range of b in
Q and D,, is constituted by the tangent vectors to P at xp. In this case,
the fact that Vw(zg) - v vanishes for all zg € P and v € Dy, does not
add anything new with respect to the fact that w =0 on P.

The fact that Vw(zg) - v = 0 is only of interest when the curve b(t) is
non-periodic.
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4.4.2 A convergence result

In this section we prove the following lemma:

Lemma 4.4.2 Let a(s) : R — Q be an analytic 2mr—periodic curve. Consider
a sequence u? — u® that weakly converges in Hy (Ho = L*(Q) if n = 1 and
Hy = H(Q) if n=2,3). Let uc, u be the solutions of the homogeneous system
(4.1) with f =0, and initial data u?, u® respectively. Let a-(t) = a(t/e). Then

T T
/O lue (. (t), 1) 2t — /0 L (i, £)[2m (2)drdt, (4.22)

where 7y is the range of a(t) and m,(z) is defined as follows: Let {I}L, C
(0,27)) be the set of closed time intervals where a(t) : (0,27) — R is one-to-
one and v, = a(I) C Q. Note that the number H of subintervals v, C [0, 2],
must be finite since the analyticity of a(t). Then

1 < 1
me () = o hZ::l M,Vx € (4.23)

where a~1(x) is the inverse function of a. Note that m, is defined over the
whole curve v since

Uw =2

h

Moreover, if ¢ € C§°((0,1) x (0,T)) then

T T
/0 ue(ae(t), t)p(as(t),t) dt H/o Au(@t)cp(x,t)m&x) drydt. (4.24)

Remark 4.4.2 The function m,(z) may be singular at the extremes of the
intervals I, if a’(s) = 0 for some point s. For example, in the one dimensional
case studied in [19], Q@ = (0,1), a(t) = zo + d cos(t) and

ma<x)={ Py a0l <9,

0 otherwise,

which is singular at z = ¢ & J. Observe however that m,(x) € L'(Q2) and the
integral in (4.24) is well-defined.

In fact the singular integral in (4.24) is always well-defined since, as we will
see below in (4.31), we have

1 2m

[ s tete.omaw) dy = 52 [ ulats).0cta(a).1) ds

which is obviously finite.
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Proof. The sequence u.(x,t) of solutions of the homogeneous system (4.1)
with f = 0 and initial data u? can be written in the Fourier representation

o] 1(5)

E e_’\tg ckwjk

We assume that (wj,k)j,lc21 constitute an orthonormal basis in Hy. Analo-
gously, the solution u(z,t) of the homogeneous system (4.1) with f = 0 and
initial data u°, is
) 1(4)
u(z,t) = Ze*/\th]kwjk

Jj=1

Due to the weak convergence of the initial data u? — u® in L?(Q) we have

dolsslPso Y el < (4.25)

Jik>1 Jik>1
with C independent of €. Moreover,
Cik = Cik as e — 0, Vi, k> 1.

Let us prove the convergence stated in (4.22). To avoid the singularity of the
solution u. at ¢ = 0 we divide the left hand side in two parts

T T
/ lue (ac(t),t)|?dt = / |ue (ae(t |2dt+/ luc (ac(t),t)|?dt (4.26)
0

with § > 0 to be chosen later. By classical estimates of the heat kernel (see
[40], p. 44) we know that

ey Dl e ) < OF7 3 (]| o
and therefore the first integral in (4.26) can be estimated by

2 .
/ (e 051/2||ug||L2(Q) ifn=1,
€ E

| dt< )/ -n .
e 02|y < C8 A [[02]] oy i 7= 2.3

Taking the bound on the initial data into account, we see that the first integral
in (4.26) converges to zero as 6 — 0 uniformly in e.
Thus it suffices to show that the second integral in (4.26), for § > 0 fixed,

tends to -
/ / (i, £) [ (2)drydt
o Jy
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as € — 0. We have

1(7) 1)

/5 lue(ac (), ))?dt = /5 ZZ o TN 8wk (e (8))wim (ac (1)) dt

/ TS 6w k(e (1) Wi, (ac (2) db.

Now we take the limit as ¢ — 0,

hm/ lue (ac(t),t)|?dt

oo U(H) ()

DI / OGS (1) e 1)

7i=1k=1m=1
oo U(j) 1(4)

Z Z Z ¢ kCim hm/ Ay (ae)wim (ac) dE. (4.27)

Jyi=1k=1m=1

Interchanging the sum and the limit is justified because of the dominated con-
vergence theorem. Indeed, each term of the series can be bounded above as
follows

T
i [ 00 () im0
1)

/ e~ i)t

oo 1(#) e~ NiHA)E _ o= (N tA)T

SN UL VAN — (4.28)
Ay

i=1 m=1

o0 l(’L

2D Il

i=1 m=1

IN

IN

where we have used the normalization of the eigenfunctions and the fact that

Nwjkll o ) < Nwjikll g, = VA lwsikll gy = VA

Note that the series on the right hand side of (4.28) is bounded uniformly in
e — 0 by (4.25), while the other one satisfies
e—(/\,i-i-/\j)é _ e—()\q,-'rAJ)T

< e~ (XitAi)d 4.29
A + )\j =€ ’ ( )

A



264 CONTROLLABILITY OF PARTIAL DIFFERENTIAL EQUATIONS

and the sum in ¢ and j of all these numbers is finite due to the well-known
asymptotic behavior of the eigenvalues of the Laplace operator. Indeed,

2

Z o~ (NitA)8 _ Ze—xja

i,j =1 Jj=1

and this sum can be estimated above taking into account the asymptotic be-
havior of the eigenvalues of the Laplace operator. Recall that the number of
eigenvalues less than a constant X is asymptotically equal to A\|Q|/47 if n = 2,
and A\%/2|Q|/672 if n = 3 (see [66], p. 442). Indeed, for example, in the case
n = 3 we have

Zeﬂ\ja _ i Z e N < Cik:’)ﬂef(kfl)é < 0.

j>1 k=1k—1<\; <k k=1
Once we have checked (4.27), we observe that

wj(ae(t))wim(ae(t)) = wjk(a(t/e))wim(a(t/e))

where w; ;(a(s))w; m(a(s)) is 2m-periodic. Therefore, as ¢ — 0, the function
wj g (as (t))wi m(ac(t)) converges weakly to its average in L7, i.e.

T
lin(l) 67<Ai+)\j)tw]’,k(a5(t))wi,m(ae(t)) dt
E— 5

1

T 2
= — e_()‘”"\f)t/ wjk(a(s))w; m(a(s)) dsdt. (4.30)
27 E) 0

This last integral can be simplified studying separately the intervals where
a(s) is one-to-one {I,}__ . Note that the whole interval [0, 27] is divided in
the subintervals I;. Indeed, if there is a subinterval I C (0, 27) such that I is
not included in Ule Ij, then a(s) must be constant on I and then constant
everywhere because of the analyticity of a. Then,

1

@y N

2 H
Awmmmmew=;Awwmmmm»

H
1
= Wi Wiml|., ———7d7n- 4.31
Z/% J |'Yh, |'Yh, |a’(a 1(37))| ( )

h=1
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Substituting (4.30) and (4.31) in (4.27) we obtain

T
lim [ue (ac(t),t)dt
e—0 /s

oo (7))

1 T [CYEB WY - !
S50 canemgy [N [ i, il iy
h=1"Y7h

jyi=1k=1m=1 s

/:/7 lu(z, t)|*ma(@)dy,

for all § > 0.

The proof of (4.23) is similar. We only have to take into account that
C§°(Q) x C§°(0,T) is sequentially dense in C§°(2 x (0,7")) and then it suffices
to check (4.23) for test functions in separated variables. This concludes the
proof of the lemma.

4.4.3 Oscillating pointwise control of the heat equation

In this section we finally consider the control problem (4.1). We prove the
following:

Theorem 4.4.1 Let us assume that the curve a(t) : R — Q is a 2w-periodic
real analytic function, € > 0 is a small parameter and a-(t) = a(t/e). Let us
assume also that a(t) is a strategic curve, i.e. the range of a is not included in
a nodal curve (see the example 2 after the proof of Lemma 4.4.1). Under these
hypothesis, system (4.1) is approzimately controllable for all € > 0.

Given u®,ut € Hly and o > 0 there exists a sequence of approzimate controls
f- € L?(0,T) of system (4.1) which is uniformly bounded in L?(0,T) such that
the solutions us of (4.1) satisfy (4.3). Moreover, the controls can be chosen
such that they strongly converge in the following sense:

f(0)6(x — ac(t)) — f(z,t)ma(x)1, in L*(0,T; H}) as e — 0, (4.32)

where [ is an approximate control for the limit system (4.4).
On the other hand, with the above controls the solutions u. of (4.1) converges
strongly in C([0,T]; H)) as € — 0 to the solution u of the limit problem (4.4).

Remark 4.4.3

(a) Note that a(t) is strategic in the sense of the statement above (see also
the example 2) if and only if a(t/e) is strategic for all € > 0.
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(b) As a consequence of the statement in Theorem 4.4.1, system (4.4) is
approximately controllable. In fact, Theorem 4.4.1 guarantees that the
control of (4.4) may be achieved as limit when £ — 0 of the controls of
(4.1) in the sense of (4.32).

Note however that one could prove directly the approximate controllabil-
ity of (4.4). Indeed, the fact that a(t) is periodic and non-strategic and
that P (defined as in Lemma 4.4.1) coincides with  guarantees that the
unique continuation property below holds:

If ¢ solves (4.5) and ¢ =0 on v x (0,7) then ¢ = 0. (4.33)

This unique continuation property turns out to be equivalent to the ap-
proximate controllability of (4.4).

> .
H,

Given ¢ > 0, system (4.1) is approximate controllable. Indeed accoording to
Lemma 4.4.1) and, in view of the assumptions on the curve a(t), the unique
continuation property (4.12) holds with b(¢) = a(t/¢) for all € > 0. Then the
control that makes (4.3) to hold is given by f. = ®.(a.(t),t), where B, solves
(4.5) with the initial data @Y being the minimizer of the functional

Proof. We first restrict ourselves to the case where ©? = 0 and ‘ul

1 (T
J.(¢%) = 5/0 plac(t), Ot +a ||| — < u'o® Smpm,  (434)
over Hy. Note, in particular, that the coercivity of this functional is guaranteed
by the unique continuation property (4.12).
The adjoint system associated to the limit system (4.4) is also given by (4.5)
and the corresponding functional associated to (4.4) is given by

1 T
1) =5 [ [ e oPma@art + ool = < v >, (435
Y

where ¢ is the solution of (4.5) with final data ¢°.

We set

; 0
M, = (p(}rellfq0 Je (7). (4.36)

For each € > 0 the functional J. attains its minimum M. in Hy. This is
a consequence of the unique continuation property (4.6) which allows us to
prove the coercivity of J. for each ¢ > 0. This unique continuation property is
obtained applying the result of Lemma 4.4.1 to the curve b(t) = a.(t), which
satisfies the hypothesis of Lemma 4.4.1.

Lemma 4.4.3 below establishes that the coerciveness of J. is indeed uniform
in . Moreover, if f(t) = @.(a-(t),t) where . solve (4.5) with data 2, the
solution of (4.1) satisfies (4.3).
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Lemma 4.4.3 We have

0
lim Jag‘/’ ) >a (4.37)
116011, —o0e—0 1901,

Furthermore, the minimizers {©Q}.>0 are uniformly bounded in H.

Proof of Lemma 4.4.3 Let us consider sequences ¢; — 0 and cpgj € Hj such

that‘gogj — 00 as j — o0.
Let us intoroduce the normalized data
0
o _ ¥
€
0
‘ SOEJ' Ho
and the corresponding solutions of (4.5):
Pe;
b, = .
H%J’ Ho
We have
Je;(02) 1 T
o= 72 =l [ e 00Pa
‘ <,OO_ Ho Jo
Ej HO

1 0
+ a—<u,@/}sj >H67H0'

We distinguish the following two cases:

Case 1. lim; fOT [, (ac, (t),t)]2dt > 0. In this case, we have clearly

Case 2. lim; fOT e, (a, (t),t)]2dt = 0. In this case we argue by contra-

diction. Assume that there exists a subsequence, still denoted by the index j,
such that

T
/ e, (ac, (), t)|*dt — 0 (4.38)
0
and
lim I; < a. (4.39)
j—oo

By extracting a subsequence, still denoted by the index j, we have

ng — % weakly in Hy,
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and therefore
Ve, — ¢ weakly-* in L>(0,T; Ho)

where 1) is the solution of (4.5) with initial data 1. By Lemma 4.4.2 we have
Y =01in vy x (0,T).

Now, recall that by hypothesis a. is a strategic curve and then Lemma 4.4.1
establishes that ¢° = 0. Thus

2, — 0 weakly in H
and therefore

lim I; > lim inf (a— < ul,d)gj >Hy Hy) =
j—o00 J—0o0

since u]1 converges strongly in Hpy. This is in contradiction with (4.39) and
concludes the proof of (4.37).

On the other hand, it is obvious that I. < 0 for all € > 0. Thus, (4.37)
implies the uniform boundedness of the minimizers in Hy.

Concerning the convergence of the minimizers we have the following lemma:

Lemma 4.4.4 The minimizers @2 of J. converge strongly in Hy as € — 0 to
the minimizer @° of J in (4.35) and M. converges to

M= inf J(@"). 4.4
¢32H0J(‘p) (4.40)

Moreover, the corresponding solutions @, of (4.5) converge in C([0,T); Ho) to
the solution p as € — 0.

Proof of Lemma 4.4.4 By extracting a subsequence, that we still denote by
€, we have
72 — 9% weakly in Hy

as € — 0. It is sufficient to check that % = ¥° or, equivalently,
J(p%) < J(°) for all ¢° € Hy. (4.41)
We know that
P, — ¢ weakly-* in L°°(0,T; Hp)

where 1) is the solution of (4.5) with initial data ¢°. By Lemma 4.4.2 we deduce
that

J(°) = lim J.(g0). (4.42)
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On the other hand, for each ¢° € Hy we have
lim J(7) < lim J.(¢°). (1.43)
Observe also that for ¢° € Hy fixed, Lemma 4.4.2 ensures that
lim J. (%) = J(¢"). (4.44)
Combining (4.42)-(4.44) it is easy to see that and (4.41) holds.

This concludes the proof of the weak convergence of the minimizers and it
also shows that

lim M, > M = J(¢%) = limsup J.(@°)

e—0 e—0
> limsup J.(@2) = lim sup M.. (4.45)
e—0 e—0

Therefore we deduce the convergence M, — M.
Observe that (4.40) combined with the weak convergence of @° in Hy, im-

plies that
lim *1 P (as(t) t)|2dt+a||g00‘| =
e—0 2 0 € ¢ ’ e Ho

1 T
=53 [emana @,
0 ot

since the last term in J.(?), which is linear in @0 passes trivially to the
limit.

This identity, combined with the weak convergence of 22 to @° in Hy and
Lemma 4.4.2 implies that

7 — @ strongly in Hy. (4.46)
Therefore, we have
P. — @ strongly in C([0,T]; Hyp).

This concludes the proof of Theorem 4.4.1 when «° = 0 and Hul ‘ ‘LZ(Q) > q.

Let us consider now the case where u” is non-zero. We set v! = v(T") where

v is the solution of (4.1) with f = 0. Now observe that the solution u of (4.1)
can be written as u = v + w where w is the solution of (4.1) with zero initial
data that satisfies w(7T) = u(T) — v'. In this way, the controllability problem
for u can be reduced to a controllability problem for w with zero initial data
w?® = 0. This is the problem we solved. The proof is now complete.

Remark 4.4.4 The proof guarantees that the coercivity property (4.37) is also
true for the limit functional J. This fact could also be proved arguing directly
on J together with the unique continuation property (4.33).
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4.5 Finite-difference space semi-discretizations
of the heat equation

Let us consider now the following 1 — d heat equation with control acting on
the extreme x = L:

U — Uz =0,0< < L,0<t<T
u(0,t) =0, u(L,t) =v(t),0<t<T (4.1)
u(z,0) = up(x), 0 <z < L.

As we have seen in section 3, it is well known that system (4.1) is null
controllable. To be more precise, the following holds: For any T > 0, and
up € L?(0,L) there exists a control v € L*(0,T) such that the solution u of
(4.1) satisfies

u(z,T) =0 in (0,L). (4.2)

This null controllability result is equivalent to a suitable observability in-
equality for the adjoint system:

Ot t+ e =0,0<2 <L, 0<t<T,
0(0,t) = (L, t) =0,0 <t <T (4.3)
o(x,T) = ¢o(x), 0 <z < L.

The corresponding observability inequality is as follows: For any T > 0 there
exists C(T') > 0 such that

L T
/ O (z,0)dx < c/ oo (L, t)|? dt (4.4)
0 0

holds for every solution of (4.3).
Let us consider now the semi-discrete versions of systems (4.1) and (4.3):
u; - [uj+1+uj_1 72Uj]/h2 =0,0<t<T,j=1,---,N
UQZO,UN+1:U,0<t<T (45)
u](o) :uO,j7j: 177Na

¢+l + @1 = 29] /R =0,0<t<T,j=1,---,N
po=¢n+1=0,0<t<T (4.6)
QOJ(T) = ¥0,55 j = 17"'7N'

Here and in the sequel h = L/(N + 1) with N € N. The parameter h
measuring the size of the numerical mesh is devoted to tend to zero.

In this case, in contrast with the results we have described on the wave
equation, systems (4.5) and (4.6) are uniformly controllable and observable
respectively as h — 0.

More precisely, the following results hold:
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Theorem 4.5.1 ([155]) For any T > 0 there exists a positive constant C(T) >

0 such that N
T
on(t)
Pyl <c [ ]2
j=1

holds for any solution of (4.6) and any h > 0.

it (4.7)

Theorem 4.5.2 ([155]) For any T > 0 and {ug1,---,uo,N} there exists a
control v € L?(0,T) such that the solution of (4.5) satisfies

u;(T)=0,j=1,---,N. (4.8)

Moreover, there exists a constant C(T) > 0 independent of h > 0 such that

N
10 120.my< CRY ol (4.9)
j=1

These results were proved in [155] using Fourier series and Lemma 4.3.2.

One can even prove that the null controls for the semi-discrete equation
(4.5) can be built so that, as h — 0, they tend to the null control for the
continuous heat equation (4.1). According to this result the control of the heat
equation is the limit of the controls of the semi-discrete systems (4.5) and this
is relevant in the context of the Numerical Analysis (see chapter 3).

In this problem the parameter h plays the role of the parameter ¢ in the
homogenization problem discussed in section 3. But things are much simpler
here since the spectrum of the finite-difference scheme can be computed explic-
itly ([113]). Moreover, in this case, the three-steps control method described
in section 3 is not required since the high frequency components do not arise
in the semi-discrete setting.

As we shall see below the extension of these results to the multi-dimensional
setting is a widely open subject of research.

4.6 Open problems

There is an important number of relevant open problems in this field. Here we
mention some of the most significant ones:

1. Heat equation in perforated domains: Let us consider the heat equa-
tion in a perforated domain Q. of R™, n > 2. Does null controllability
hold uniformly as the size of the holes tends to zero? Is this true when
the size of the holes is sufficiently small?

At this respect it is important to note that, according to the results
by Donato and Nabil [67], the property of approximate controllability is
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indeed uniform. But, as we have shown along these Notes, there is a big
gap between approximate and null controllability.

Heat equation with rapidly oscillating coefficients: Do the results
of section 3 on the uniform null controllability of the heat equation with
rapidly oscillating coefficients hold in the multi-dimensional case? Note
in particular that one may expect this result to be true without geometric
conditions in the control subdomain.

On the other hand, even in one space dimension, do the results of section
3 on the uniform null controllability hold for general bounded measurable
coefficients without further regularity assumptions?

Heat equation with irregular coefficients. As far as we know there
is no example in the literature of heat equation, with bounded, measur-
able and coercive coefficients for which the null controllability does not
hold. The problem of finding counterexamples or relaxing the additional
regularity assumptions on the coefficients we have used along these Notes
is open. On the other hand, the existing results that are based in the
use of Carleman inequalities require some regularity assumptions on the
coefficients. Roughly speaking, null controllability is known to hold when
the coefficients are of class C* ([90]). In the one-dimensional case, in [86],
it was proved that the BV regularity of coefficients suffices.

At this respect it is important to note that, in the context of the 1-d
wave equation, the Holder continuity of the coefficients is not enough
to guarantee the null controllability (see [37]). Indeed, in that case, the
minimum regularity for the coefficients required to obtain controllability
is BV. The counterexample in [37] for Holder continuous coefficients is
based in a construction of a sequence of high-frequency eigenfunctions
which is mainly concentrated around a fixed point. In the context of the
heat equation these high-frequency eigenfunctions dissipate too fast and
do not produce any counterexample to the null controllability problem.

. Nonlinear problems. The extension of the results of these Notes to

nonlinear problems is a wide open subject. In [83, 84] the problem of null
and approximate controllabilty was treated for semi-linear heat equa-
tions and, in particular, it was proved that null controllability may hold
for some nonlinearities for which, in the absence of control, blow-up phe-
nomena arise. Similar problems were addressed in [7] for nonlinearities
involving gradient terms. However, nothing is known in the context of
homogenization.

Numerical approximations. We have presented here some results
showing the analogy of the behavior of the homogenization and numerical
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problems with respect to controllability. However, the examples consid-
ered so far are quite simple. There is much to be done to develop a
complete theory and, in particular, to address problems in several space
dimensions.

6. Rapidly oscillating pointwise controllers. In section 4.4 we have
addressed the problem of the approximate controllability of the constant
coeflicients heat equation with pointwise controllers that are localized in a
point that oscillates rapidly in time. We have shown that the approximate
controllability property is uniform as the oscillation parameter tends to
zero and we have shown that, in the limit, one recovers the approximate
controllability property with a control distributed along an interior curve.
Do the same results hold in the context of null controllability?

7. Uniqueness in the context of pointwise control. In section 4
(Lemma ) we have proved an uniqueness result for the solutions of the
heat equation vanishing on the curve x = b(t), 0 < ¢t < T. This proof
requires of the time-analyticity of the solutions and their decomposition
in Fourier series. It would be interesting to develop other tools (based,
for instance, in Carleman inequalities) allowing to extend this uniqueness
result to more general situations like, for instance, heat equations with
potentials depending both on space and time.
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Chapter 5

Null control of a 1 —d
model of mixed
hyperbolic-parabolic type

in “Optimal Control and Partial Differential Equations”, J. L. Menaldi et al.,
eds., I0S Press, 2001, pp. 198-210.

5.1 Introduction and main result

In this article we consider the problem of null controllability for the following
mixed system of hyperbolic-parabolic type:

Yt — Yoz = 0, —1<x<0, t>0

2t — Zgy = 0, 0<zx<l, t>0

Y=2z2, Yz = Zua, z =0, t>0

y(=1,t) = v(t), t>0 (5.1)
Z(lvt>207 t>0

y(x,0) = yo(x), ye(z,0) =31 (), —1<z<0

2(z,0) = 2zo(x), 0<z<l.

This system represents the coupling between the wave equation arising on
the interval (—1,0) with state y and the heat equation that holds on the interval
(0,1) with state z. At the interface, the point = 0, we impose the continuity
of (y,z) and (yz, 2z). The system is complemented with boundary conditions
at the free ends z = +1 and initial conditions at time ¢ = 0. The control
v = v(t) acts on the system through the extreme point z = —1.

275
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This system might be viewed as a “toy model” of fluid-structure interaction.
We refer to [149] and [177] for an analysis of the approximate controllability
property for other, more complete, models in this context.

A lot of progress has been done in what concerns the controllability of heat
and wave equations. In both cases, following J.L. Lions’ HUM method (see
[142, 143]), the problem may be reduced to the obtention of suitable observ-
ability inequalities for the underlying uncontrolled adjoint systems. However,
the techniques that have been developed to obtain such estimates differ very
much from one case to the other one. In the context of the wave equation one
may use multipliers (see for instance [142, 143]) or microlocal analysis ([14])
while, in the context of parabolic equations, one uses Carleman inequalities
(see for instance [90], [134], [83]). Carleman inequalities have also been used
to obtain observability estimates for wave equations ([212]), but, up to now,
as far as we know, there is no theory describing how the Carleman inequalities
for the parabolic equation may be obtained continuously from the Carleman
inequalities for hyperbolic equations. This problem was addressed in [153] by
viewing the heat equation u; — Au = 0 as limit of wave equations of the form
euy — Au + up = 0. But in [153], the Carleman inequalities were not uniform
as € — 0 and therefore, Carleman inequalities were combined with a careful
spectral analysis.

Summarizing, one may say that the techniques that have been developed
to prove observability inequalities for wave and heat equations are difficult
to combine and therefore there is, to some extent, a lack of tools to address
controllability problems for systems in which both hyperbolic and parabolic
components are present.

However, some examples have been addressed with succes. For instance,
in [135] and [235] we considered the system of three-dimensional elasticity.
There, using decoupling techniques, we were able to overcome these difficulties.
However, in doing that, the fact that the hyperbolic and parabolic component
of the solution of the system of thermoelasticity occupy the same domain played
a crucial role.

The model we discuss here has the added difficulty that the two equations
hold in two different domains and that they are only coupled through an inter-
face where we impose transmission conditions guaranteeing the well-posedness
of the initial-boundary value problem. On the contrary, our analysis is by now
restricted to the 1 — d case.

In the absence of control, i.e. when v = 0, the energy

0 1
B0 =5 [ [wee.) P+l wiat) Pldo+ 5 [ awoPds (62

-1
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is decreasing. More precisely,

—/ |20 (x, )| da. (5.3)
0

Therefore, when v = 0, for initial data

(yo,y1) € H'(=1,0) x L*(—1,0), zp € H'(0,1) (5.4)
with
Yo(—1) = 0,50(0) = 20(0), z0(1) =0, (5.5)
system (5.1) admits an unique solution
€ C([0,00); H'(-1,0 C1 ([0, 0); L3(—1,0)
{ g eC E[O,oo) 1(0,1)) % 2 0,(T;H2(0, 1)). ) (5.6)

Note that, when (5.4) hold, yo and zq are simply the restriction of a function of
H}(—1,1) to the left and right intervals (—1,0) and (0, 1), respectively. Thus,
as a consequence of (5.6), and abusing of notation, we may write that

(y,2) € C ([0, 00); Hy(—1,1)). (5.7)

The same existence and uniqueness result holds when v # 0 but it is smooth
enough.

Here we are interested on the problem of null-controllability. More precisely,
given T > 0 and initial data {(yo,¥1), 20} as above, we look for a control
v = v(t) (say, in L?(0,T)), such that the solution of (5.1) is at rest at time
t="T.

Here, being at rest at time ¢ = T means fulfilling the conditions

yx,T) =y (2, T)=0, -1 <2z <0; 2(z,T)=0,0 <z < 1. (5.8)

As we mentioned above, there is a large literature in the subject in what con-
cerns wave and heat equations, but much less is known when both components
are coupled. We refer to the survey articles [237] and [241] for a description of
the state of the art in this field.

If we relax the controllabillity condition (5.8) to a weaker one requiring the
distance of the solution at time 7" to the target to be less than an arbitrarily
small ¢, i. e. to the so called approximate controllability property, the main
difficulties disappear. Indeed, as a consequence of Holmgren’s Uniqueness The-
orem, this property turns out to hold even in several space dimensions. But,
as we shall see, when doing this, the main difficulty arising when analyzing the
null-control problem, i. e. the so called observability inequality, is avoided.
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5.2 QObservability of the adjoint system

As usual, when studying controllability problems, the key point is the obtention
of suitable observability estimates for the adjoint system. Once this is done the
null control may be easily obtained minimizing a suitable quadratic functional
on a Hilbert space.

Let us therefore consider the adjoint system

Ott — Paz = [ in (_130 x (OvT)

Pt —Yur =g in (0,1) x (0,7)

©(0,t) = 1(0,1) for te€(0,T)

©z(0,t) = 1,(0,1) for te€(0,T) (5.9)
o(=1,t) =¢(1,t) =0 for te(0,T)

@(x’T) = @O(x)’ @t(xaT) = 301(3)) in (_170)

1/1(177 T) = 1/}0(56) in (0’ 1)

Multiplying in (5.9) formally by (y,z) and integrating by parts it follows

that
0 T 1 T
/ / fydacdt—i—/ / gzdxdt (5.10)
-1Jo 0o Jo

:/ cpx(—l,t)v(t)dt—/ [to(z)z(x, T) — ¥(z,0)z0(x)] dz
0 0

0
+ [1 [e1(@)y(2, T) = po(@)ye(z, T) — @e(x, 0)yo(z) + @(x, 0)ys (2)] da.

Obviously, in the obtention of (5.10) the transmission conditions in (5.1) and
(5.9) have played a crucial role to cancel the terms appearing at the interface
z = 0 when integrating by parts.

Using classical energy estimates it can be shown that, when

fe L' (0,T; L(=1,0)), g € L* (0, T; L*(0,1)) , (o, %0) € Hy(—1,1)
and ¢; € L?(—1,0), system (5.9) admits an unique solution

{ (¢, 0) € C([0,T]; H3(—1,1)); ¢ € C* ([0,T]; L*(—1,0)) (5.11)
¢ e L*(0,T; H*(0,1)). '

It is then easy to see using the classical results on the “hidden regularity”
of solutions of the wave equation that

@ (—1,t) € L*(0,T) (5.12)

as well, since this property holds locally around the boundary for finite energy
solutions of the wave equation (see [142, 143], Tome 1). Thus, in the present
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case, the presence of the heat component to the right of = 0 is not an obstacle
for this property of regularity of the trace of the normal derivative of the wave
component to hold.

By transposition, we deduce that, whenever v € L?(0,T), yo € L?(—1,0)
and (y1,20) € H *(—1,1), system (5.1) admits an unique solution

y € C([0,T); L*(~=1,0)), (yr,2) € C ([0, T); H'(~1,1)) . (5.13)

Our goal is to prove the null-controllability of system (5.1) in this functional
setting.

For this we need the following observability property for the solutions of
the adjoint system:

Proposition 5.2.1 Assume that f = g =0.
Let T > 2. Then, there exists C' > 0 such that

I (p(x,0), (2, 0)) 7311y + 1 06(2,0) I22(—1,0)< C Il @a(=1,8) 1200y (5.14)
for every solution of (5.9) with f =g =0.
Proof. We proceed in three steps.

Step 1. Sidewise energy estimates for the wave equation.

Arguing as in [235] and using the fact that ¢ satisfies the homogeneous
wave equation on the left space interval z € (—1,0) (since f = 0) we deduce
that

T—(14z) T
[ It e @nPlde< [ e (-L0fd Vee [-1,0. (515
14+ 0

In particular, integrating with respect to = € (—1,0):

0 T—(1+xz) T

[ [ @rdaas [aciofa G

—1J14xz 0

and, at z =0,
T

/1T1 [th(o,t)l2 + |¢x(0,t)|2] dt < /0 lpa(—1,1)|* dt. (5.17)

Using the fact that ¢ = 0 at * = —1 and Poincaré inequality we also deduce

that
T—1 0 ,T—(1+z)
[oeooras [ [ e dyaa ey
1 —1J1+zx

This inequality, combined with (5.16) yields

T—1 T
/ 100, )2 dt < C / loa(—1,0)2 dt (5.19)
1 0
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for some C' > 0, independent of .

Step 2. Estimates for the heat equation.
In view of (5.17)-(5.18) and using the transmission conditions at z = 0 we
deduce that

T—1 T
/1 [160,8) 12 + | 600, 8) [2 + | a(0,2) 7] dt < C/o on(—L, D) dt.

(5.20)
Our goal in this second step is to determine how much of the energy of ¢ we
can estimate in terms of the left hand side of (5.20). Note that (5.20) provides
estimates on the Cauchy data of ¢ at x = 0 in the time interval (1,7 — 1),
which is non empty because of the assumption 7" > 2. In order to simplify
the notation, in this step we translate the interval (1,7 — 1) into (0,7”) with
T’ =T — 2. This can be done because the system under consideration is time
independent. On the other hand, taking into account that the inequalities for
the heat equation we shall use hold in any interval of time, we can replace T”
by T to simplify the notation.
We have to use the fact that ¢ satisfies

w + "l}wm =0, in (O, 1) X (O,T)
{ J(Lt) =0, for te (0,T). (5.21)

Note that the boundary condition of ¥ at £ = 0 is unknown, although, accord-
ing to (5.20), we have an estimate on its H'(0,T’) norm.
We decompose 9 as follows:

v=>0+n (5.22)
with # solution of
0 + 0z, =0 in (0,1) x (0,7)
O(x, T) =0 in (0,1)
0(0,t) = (0,t) for te (0,T) (5.23)
6(1,t) =0 for te(0,7),
and 7 solving
e+ Nz = 0 in - (0,1) x (0,7)
n(x,T) =(,T) in  (0,1) (5.24)
n(0,t) =n(1,t)=0 for te(0,7).

Analyzing the regularity of solutions of (5.23) one can deduce that
H ¢ HL2(0,T; H5/276(o,1)) + H 6: HL2(0,T;H1/276(0,1))§ Cs H 1/)(0,:‘,) HH1(0,1) (5-25)
for all 6 > 0.
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In particular

[[62:(0,2) [[L20,m)< C | (0, 8) 10,1 - (5.26)

Combining (5.20) and (5.26) we deduce that

192(0,8) [Z200y < C|I1900,8) 30y + Il ¥2(0,8) ||%2(0,T)}
Cll ou(=1,8) 2201 - (5.27)

Now, using the classical observability estimates (see [155] and [183]) for the
solutions 7 of the heat equation (5.24) with homogeneous Dirichlet boundary
conditions we deduce that

IN

7 2 0,7—s 5 0,1) < Cs,o [ 12(0,1) [|20,1) (5.28)

for all s € (0,T) and for all o > 0, with Cs , independent of 1, which, combined
with (5.27), yields

| 7 lL20,7—s; 5o 0,1) < Cso || 02 (=1,1) [[22(0,1) (5.29)

Combining (5.25) and (5.29) and going back to the time interval (1,7 — 1)
we deduce that

I L2, r=1-5, 1 0,1) < Cs || 0e(=1,1) [|22(0,1) (5.30)
for all § € (0,T — 2).

Step 3. Conclusion.
Combining (5.16) and (5.30) we have that

T—1-6
/ / loe (2, )] + | o, 1)) ]dxdt (5.31)
<+/T15/|%xw|mm@/'wxltnﬁ

forall 0 > 0 with T—2—0 > 0.
Taking into account that the energy

1

B0 =3 [ (et +loawoP]a+ ] [t o

is a non decreasing function of time when (¢, ) solve (5.9) with f = g = 0,
inequality (5.14) holds.
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5.3 Null-controllability

As a consequence of Proposition 5.2.1 the following null-controllability property
of system (5.1) may be deduced:

Theorem 5.3.1 Assume that T > 2. Then, for everyyo € L?(—1,0), (y1,20) €
H~Y(—1,1) there exists a control v € L?(0,T) such that the solution (y,z) of
(5.1) satisfies (5.8).

The proof of Theorem 5.3.1 may be done as in [83]. Using the variational
approach to approximate controllability (see [73]), for any € > 0, one can easily
find a control v, such that

1y(T) lle2-1,0) + I @e(T), 2(T)) -2 (1< e

Moreover, according to (5.14) one can show that v. remains bounded in L?(0, T')
as € — (0. Passing to the limit as € — 0 one gets the desired null-control.

5.4 Further comments

e The tools we have developed can be easily extended to treat similar sys-
tems with variable coefficients. One can also handle the case in which the
space interval is divided in three pieces so that the heat equation arises in
the middle one and the wave equation holds in the other two. Controlling
on both extremes of the interval through the two wave equations allows
to control to zero the whole process.

e The same techniques allow to treat other boundary and transmission
conditions. For instance, in the context of fluid-structure interaction it is
more natural to consider transmission conditions of the form:

Y =2; Yz =2, atx =0, forallt>D0. (5.32)

When doing this, y; represents the velocity in the displacement of the
structure and z the velocity of the fluid and the energy of the system is
then:

0 1
B0 =5 [ [walest) P+ lnet) Fdot 5 [ Ja(.0Pde (539

The method of proof of the observability inequality developed in section
2 applies in this case too.

However, many interesting questions are completely open. For instance:
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e A similar result is true when the control acts on the right extreme point
x = 1 through the parabolic component?

In what concerns observability, this problem is equivalent to replacing
| 0z(=1,2) l[2(0,7) BY || ¥2(1,t) [[£2(0,7) in (5.14). The proof given above
does not apply readily in this case because of the lack of sidewise energy
estimates for the heat equation.

The same question arises for the boundary conditions (4.1).

e Extending the result of this paper to the case of several space dimensions
is also a challenging open problem. Given a domain 2 and an open
subset w CC ) we consider the wave equation in the outer region Q\@
and the heat equation in the inner one w, coupled by suitable transmission
conditions in the interface dw as in (5.1) or (5.33). Can we control the
whole process acting on the outer boundary 92 on the wave component
during a large enough time?

The techniques developed in the literature up to now to deal with multi-
dimensional controllability problems seem to be insufficient to address
this question.
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Chapter 6

Control, observation and
polynomial decay for a
coupled heat-wave system

(X. Zhang and E. Zuazua)

joint work with X. Zhang, in C. R. Acad. Sci. Paris, I, 336, 825-828.

6.1 Introduction

In this chapter, we consider first the null controllability problem of the following
1 — d linearized model for fluid-structure interaction with boundary control
either through the hyperbolic component:

Ut — Uy = 0 in (0,7) x (0,1),

Vit — Vg = 0 in (O,T) X (—1,0),

u(t,1) =0, o(t,—1)=g(t) te (0,7), 6.1)
u(t,0) = v(¢,0), wuy(t,0) =v,(¢0) te (0,7), :
u(0) = ug in (0,1),

v(0) =wvg, v:(0) =v1 in (—1,0),

285
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or through the parabolic one:

Ut — Ugy =0 in (0,7) x (0,1),

Vit — Vg = 0 in (0,T> X (—1,0),

u(t,1) = go(t), wv(t,—1)=0 t e (0,7), (6.2)
w(t,0) = ve(¢,0), uy(t,0) = v, (¢,0) te(0,7T),

u(0) = ug in (0,1),

v(0) = vg, v:(0) =wvy in (—1,0).

Here T' > 0 is a finite control time, which will be needed to be large enough
for the control problems to have a positive answer. Similar null controlla-
bility problems for systems (6.1) and (6.2) with the transmission condition
u(t,0) = v(t,0) replaced by u(t,0) = v(t,0) were considered in [240] and [229].
Note however that, the transmission condition considered in this paper is more
natural from the modelling point of view: u may be viewed as the velocity of
the linearized 1 — d fluid; while v; represents the velocity of the deformation of
the structure.

In (6.1), g1(t) € H}(0,T) is the control acting on the system through the
wave extreme x = —1; while the state space is the Hilbert space H = L?(0,1) x
H'(—1,0) x L?(—1,0) with the canonical norm.

Put H = {(¢,¢,n) | ¢ € L*0,1),%» € H'(—1,0) with ¢(=1) = 0,7 €
L?(—1,0)}. Obviously, H is a Hilbert space with the norm |(¢,%,n)|y =
1/2
1812 20,1y T+ [¥al72(1.0) T I0l72 (1.0 / . By means of the transposition
method, it is easy to show that, for any (ug,vo,v1) € H(G H) and g; €
HL(0,T), system (6.1) admits a unique solution (u, v, v;) in the class C([0, T]; H)
with (u(T),v(T),v:(T)) € H. Note that, of course, the trajectories of (6.1) are
not in H unless g1 = 0 (since the second component of the element in H

vanishes at z = —1).

In (6.2), g2(t) € H3(0,T) is the control acting on the system through the
heat extreme x = 1; while the state space is H. Using again the transposition
method, it is easy to show that, for any (ug,vp,v1) € H and go € HZ(0,T),
system (6.2) admits a unique solution (u,v,v:) in the class C([0,T]; H).

Our first goal is to select a control g1 (resp. g2) such that the solution of (6.1)
(resp. (6.2)) vanishes at time t = T. By a classical duality argument ([139]),
this may be reduced to the obtention of boundary observability estimates for
the following system through the wave and heat components, respectively.

Yt — Yzz = 0 in (0,00) X (0, ]_)7
2tt — 2z = 0 in (0,00) X (—1,0),
y(t,1) = z(t,—1) = 0,y(t,0) = 2z:(¢,0), y= (¢,0) = z2(¢,0) ¢ € (0, 00),

4(0) = 9o in (0,1),

2(0) = 20,2¢(0) = 21 in (—1,0).

(6.3)
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System (6.3) is well-posed in H. Moreover, the energy of system (6.3),

ROE [ / 01 (=t 0P + o)) do + [ 1 |y<t,x>|2dx] ,

decreases along trajectories. More precisely,

d 1 [t
—E(t)=—= 2de.

This formula shows that the only dissipation mechanism of system (6.3) comes
from the heat component. The decay rate of E(t) will also be addressed in this
Note. As we shall see, unlike the pure heat equation or the 1 —d wave equation
dissipated on a subinterval, this dissipation mechanism is not strong enough to
produce an exponential decay of the energy.

In order to show the boundary observability of (6.3) in H through the
wave component, we proceed as in [240] by combining the sidewise energy
estimate for the wave equation and the Carleman inequalities for the heat
equation. However, due to the new transmission condition y(t,0) = z(t,0)
on the interface, some undesired lower order term occurs in the observability
inequality. Hence, we will need to use the classical Compactness-Uniqueness
Argument ([244]) to absorb it (Note that this argument is not necessary in
[240] and [229]). On the other hand, the functional setting of the observability
inequality differs from that in [240].

As for the boundary observability estimates for (6.3) through the heat com-
ponent, similar to [229], we need to develop first a careful spectral analysis for
the underlying semigroup of (6.3). Our spectral analysis yields:

a) Lack of observability of system (6.3) in H from the heat extreme x = 1
with a defect of infinite order;

b) A new Ingham-type inequality for mixed parabolic and hyperbolic spec-
tra;

)

¢) The observability of system (6.3) in a Hilbert space with, roughly speak-
ing, exponentially small weight for the Fourier coefficients of the hyper-
bolic eigenvectors;

d) And then the null controllability of system (6.2) in a Hilbert space with,
roughly speaking, exponentially large weight for the Fourier coefficients
of the hyperbolic eigenvectors.

6.2 Boundary control and observation through
the wave component

We begin with the following observability estimate:
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Theorem 6.2.1 Let T > 2. Then there is a constant C' > 0 such that every
solution of equation (6.3) satisfies

(G(T), 2(T), 20(T))I7r < Claw(s =iy, Y (W0,20,21) € Ho o (6.4)

By means of the duality argument, Theorem 6.2.1 yields the null control-
lability of (6.1) but with the trajectories in a Hilbert space larger than H. In
order to obtain the null controllability of (6.1) in H, we need to derive another
observability inequality, which reads:

Theorem 6.2.2 Let T > 2. Then there is a constant C' > 0 such that every
solution of equation (6.3) satisfies
2

(T, 2(T), 2(T)y < C

)

1T
2z(,—1) — —/ 2z (t, —1)dt
T Jo L2(0,T)

v (Yo, 20, 21) € H. (6.5)

Note that Theorem 6.2.1 will play a key role in Section 4 when deducing
the Ingham-type inequality. Theorem 6.2.2 states that the observability is still
true by making weaker, zero average, boundary measurements. As far as we
know, the fact this inequality holds is also new in the case of a simple wave
equation.

As we mentioned before, similar to [240], the proof of Theorems 6.2.1 and
6.2.2 is based on the sidewise energy estimate for the wave equation and the
Carleman inequalities for the heat equation. However, some elementary but key
technique of lifting the underlying Hilbert space and the classical Compactness-
Uniqueness Argument (see [244]) are also necessary in the proof. Note that one
does need the later two techniques in [240] and [229].

Theorem 6.2.2 implies the null controllability of system (6.1) through the
wave component:

Theorem 6.2.3 Let T > 2. Then for every (ug,vo,v1) € H, there exists a
control g1 € H}(0,T) such that the solution (u,v,v;) of system (6.1) satisfies
w(T) =0 in (0,1) and v(T) = v:(T) =0 in (—1,0).

6.3 Spectral analysis

System (6.3) can be written in an abstract form Y; = AY with Y (0) = Y.
Here A : D(A) C H — H is an unbounded operator defined as follows:
AY = (faz, hs Gua), where Y = (f,9,h) € D(A), and D(A) = {(f,9,h) | [ €
H?(0,1), g € H*(—1,0), h € H'(-=1,0), f(1) = g(=1) = h(=1) =0, f(0) =



E. Zuazua 289

h(0), f+(0) = g.(0)}. It is easy to show that A generates a contractive Cp-
semigroup in H with compact resolvent. Hence A has a sequence of eigenvalues
(in C) tending to co.

The main result in this section reads:

Theorem 6.3.1 The large eigenvalues of A can be divided into two classes
{)‘5};‘;& and {)\Z}m:kl, where {1 and ky are suitable positive integers, which
satisfy the following asymptotic estimates as £ and k tend to oo respectively:

N = (124072 4240(6), A= —— kit sgn(k)

V2|k|m v/ 2|k|m

Furthermore there exist integers ng > 0, l71 > {1 and l~£1 > k1 such that
P h : :

{uj0, s wm;—1 3721 U{u 32, U{ug) (hi=k, form a Riesz basis of H, where

uj o 15 an eigenvector of A with respect to some eigenvalue u; with algebraic

multiplicity mj, and {u;1,- -+, ujm;—1} is the associated Jordan chain, and uy

and u} are eigenvectors of A with respect to eigenvalues A and AR respectively.

i+O0(|k|™"). (6.6)

Here and in the sequel the superindex p stands for “parabolic” while h
for “hyperbolic”. This theorem indeed shows that there are two distinguished
branches of the spectrum at high frequencies. The parabolic eigenvalues are
indeed close to those of a heat equation while the hyperbolic ones behaves
like those of the wave equation with a weak damping term. It can be shown
that the first order approximation of the parabolic component of the parabolic
eigenvalues are eigenfunctions of the heat equation in the interval (0,1) with
Dirichlet boundary condition at = 1 and Neumann boundary condition at
the transmission point = 0; while the first order approximation of the hyper-
bolic ones are eigenfunctions of the wave equation in the interval (—1,0) with
Dirichlet boundary conditions. The leading terms of the parabolic and hyper-
bolic eigenvalues in (6.6) correspond to the same boundary conditions. Note
that the first order approximation of eigenvectors for the system discussed in
[229] have a different behavior since the boundary conditions for parabolic and
hyperbolic eigenvectors are reversed in that case.

6.4 Ingham-type inequality for mixed parabolic-
hyperbolic spectra

By means of our spectral decomposition result the observability estimate (6.4)
can be written as an Ingham-type inequality (Recall Theorem 6.3.1 for ng, m;,
1, k1 and pj, A and Ap):
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Lemma 6.4.1 Let T > 2. Then there is a constant C = C(T) > 0 such that

ng mj—1 % e
_ P
Z Z |aj,k|2 + Z |ag|2€2(T 1)Re A} + Z |bk|2
j=1 k=0 =0 k|=k
! =k ) 6.7)
T | no mj;—1 %) S )
< C/ Ze“jt Z aj7ktk—|— Z ageAft—F Z bpe k| dt
0 |i=1 k=0 e=0, || =F1
holds for all complex numbers a;p (k=0,1,---,m; —1;j=1,2,---,n9), and

all square-summable sequences {ac};° ; and {bk}“”j‘_l~€ in C.
=N =k,

The Ingham-type inequality (6.7) is similar to the one in [229] but for differ-
ent sequences {\) boo; and {A\p \OI:\—/% . At this point we would like to underline
=Ly =k1

that, as far as we know, there is no a direct proof of inequalities of the form (6.7)
in the literature devoted to this issue. It is in fact a consequence of estimate

(6.4) obtained by PDE techniques and the spectral analysis above.

6.5 Boundary control and observation through
the heat component

We begin with the following negative result on the observability for system
(6.3) in H, which implies the lack of boundary observability in H from the
heat component with a defect of infinite order.

Theorem 6.5.1 Let T >0 and s > 0. Then

wp @D @

(y0,20,21)€H\{0} |yr(ﬂ 1)|H5(0,T)

where (y, z, zt) 1s the solution of system (6.3) with initial data (yo, 20, 21).

Theorem 6.5.1 is a consequence of Theorem 6.3.1. Indeed, from Theorem
6.3.1, one may deduce that the parabolic component of solutions of system
(6.3) decays rapidly while its hyperbolic component is “almost” conservative.
Moreover, the hyperbolic eigenvectors are mostly concentrated on the wave
interval. This makes the observability inequality from the heat extreme to fail
in any Sobolev space.

By means of the well-known duality relationship between controllability and
observability, from Theorem 6.5.1, one concludes that system (6.2) is not null
controllable in H with L?(0,T)-controls at z = 1 neither, with controls in any
negative index Sobolev space of the form H—*(0,T).
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However, the Ingham-type inequality (6.7), combined with Theorem 6.3.1
and a sharp description of the asymptotic form of eigenvectors, allows to get
an observability inequality from the parabolic extreme in space with suitable
exponential weights in the Fourier coefficients. This is precisely what we shall
do in the sequel.

Put (Recall Theorem 6.3.1 for ng, m;, u; k, 0y, k1, uf and ul!)

no mj—1 oo e}
P h
V = E E aj kUjk + E au, + E bruy
=10

j=1 k=0 |k‘:f€1

i aebe €C, > ael* + D [kleV b < OO} ;

o=l |k|=F1

ng mj—1 oo [e’s}
V/ _ P b h
= aj kUjk + apu, + kUL

Jj=1 k=0 =01 |k|=k1
oo oo ‘b ‘2
2 3
@k, ae, by € C, Z |ae|” + Z ———— <00 .
=0 |k|=Fk1 ke 2kl

V and V', endowed with their canonical norms, are mutually dual Hilbert
spaces.
We have the following null controllability result on system (6.2):

Theorem 6.5.2 Let T > 2. Then for every (ug,vo,v1) € V, there exists a
control go € HE(0,T) such that the solution (u,v,v;) of system (6.2) satisfies
w(T) =0 in (0,1) and v(T) = v (T) =0 in (—1,0).

In order to prove Theorem 6.5.2, we need to derive the following key ob-

servability estimate:

Theorem 6.5.3 For any T > 2, there is a constant C' > 0 such that every
solution of (6.3) satisfies

(Y(T), 2(T), (T < Clya(s Dlizry, ¥ (W0, 20,21) €V (6.8)

Inequality (6.8) follows from Lemma 6.4.1 together with Theorem 6.3.1.

6.6 Polynomial decay rate

According to the asymptotic form of the hyperbolic eigenvalues in (6.6) it is
clear that the decay rate of the energy is not uniform. Indeed, as (6.6) shows,
Re Al ~ —c/\/m for a positive constant ¢ > 0. In this situation, the best we
can expect is a polynomial decay rate for sufficiently smooth solutions. The
following result is a consequence of Theorem 6.3.1, which provides a sharp
polynomial decay rate.
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Theorem 6.6.1 There is a constant C > 0 such that for any (yo, 20,21) €
D(A), the solution of (6.3) satisfies

[(y(t), 2(8), 2(t)) | < Ct%|(yo, 20, 21) [ D), V> 0.
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