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Propagation,Observation, and
Control ofWavesApproximated
by Finite Difference Methods∗

Enrique Zuazua†

Abstract. This paper surveys several topics related to the observation and control of wave propaga-
tion phenomena modeled by finite difference methods. The main focus is on the property
of observability, corresponding to the question of whether the total energy of solutions
can be estimated from partial measurements on a subregion of the domain or boundary.
The mathematically equivalent property of controllability corresponds to the question of
whether wave propagation behavior can be controlled using forcing terms on that subre-
gion, as is often desired in engineering applications. Observability/controllability of the
continuous wave equation is well understood for the scalar linear constant coefficient case
that is the focus of this paper. However, when the wave equation is discretized by finite
difference methods, the control for the discretized model does not necessarily yield a good
approximation to the control for the original continuous problem. In other words, the clas-
sical convergence (consistency + stability) property of a numerical scheme does not suffice
to guarantee its suitability for providing good approximations to the controls that might
be needed in applications. Observability/controllability may be lost under numerical dis-
cretization as the mesh size tends to zero due to the existence of high-frequency spurious
solutions for which the group velocity vanishes. This phenomenon is analyzed and several
remedies are suggested, including filtering, Tychonoff regularization, multigrid methods,
and mixed finite element methods.

We also briefly discuss these issues for the heat, beam, and Schrödinger equations to
illustrate that diffusive and dispersive effects may help to retain the observability/control-
lability properties at the discrete level. We conclude with a list of open problems and
future subjects for research.
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equations
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1. Introduction. This article analyzes numerical methods for approximating the
controllability and observability of wave-like equations. These properties can be sum-
marized by the following questions:

• Observability. Can waves satisfying a wave equation and suitable boundary
conditions be fully reconstructed from measurements on a subregion of the
domain or boundary during a given time interval? More precisely, we will
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198 ENRIQUE ZUAZUA

focus on the question of whether the whole energy of the solution can be
estimated in terms of the energy measured on a subregion during a given
time interval.

• 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?

These properties are equivalent in the appropriate functional setting (see, e.g., [67,
68, 117]).
Here we examine whether discrete numerical approximations preserve the observ-

ability/controllability properties of continuous wave problems in the sense that the
continuous properties are recovered as the mesh interval tends to zero. It is well known
that numerical wave approximations yield dispersion phenomena and spurious1 high-
frequency oscillations [105, 101]. The propagation speed of these nonphysical waves
can be characterized by the group velocity,2 which may converge to zero when the
oscillation wavelength is of the order of the mesh interval and the latter tends to
zero. As a consequence, the time needed to uniformly (with respect to the mesh size)
observe (or control) the numerical waves from a subset of the domain or boundary
may tend to infinity as the mesh is refined. Hence, controlling a discrete version of
a continuous wave model is often a bad way of controlling the continuous wave model
itself.
In essence, the numerical discretization and observation/control do not commute:

[Continuous Model +Observation/Control] +Numerics

�=(1.1)

[Continuous Model +Numerics] +Observation/Control

Our primary objective is to explain this pathological fact, which holds despite the good
control properties of the underlying continuous wave equation and the convergence
of the numerical scheme approximating the PDE. In pursuing this goal, we build
on work by Glowinski, Li, and Lions [41], Glowinski [38], and Asch and Lebeau [2],
among others. After diagnosing the problem pertaining to high-frequency spurious
modes, we will mention several approaches for restoring numerical observation and
control properties using filtering, Tychonoff regularization, multigrid methods, and
mixed finite elements.
It is striking that the instabilities we shall encounter are catastrophic in nature.

Indeed the divergence rate of the controls is not polynomial but exponential in the
number of mesh nodes. Hence, stability cannot be reestablished simply by modifying
the observed quantities or by relaxing the regularity of the controls by a finite number
of derivatives.
Strictly speaking, we are concerned with the problem of exact 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 numerical high-frequency waves may
lead to a pathological lack of convergence. This difficulty does not arise if the control
problem is relaxed to an approximate or optimal control problem [119]. However,

1Spurious is 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, spurious modes occur at
high frequencies. Hence, the existence of these oscillations is compatible with the convergence (in
the classical sense) of the numerical scheme, which holds for fixed initial data.

2In a numerical setting, it is important to distinguish between phase and group velocities. Phase
velocity characterizes the propagation of individual monochromatic waves, while group velocity char-
acterizes the propagation of wave packets (see, e.g., [101] and section 4.3.)
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even if one is interested in these weaker control problems, the fact that the exact
controllability problem embodies the limiting behavior of these problems raises a
serious warning regarding the instability of numerical controls for wave-like processes.
The implications of this discussion are considerable because expression (1.1) re-

lates the two main alternatives for numerically computing controls to PDEs.3 The
former “continuous” approach, if fully and rigorously developed, provides convergent
algorithms that produce good numerical approximations of the true control of the
continuous PDE [41]. The latter “discrete” approach consists in first discretizing the
continuous model and then computing the control of the discrete system as an approx-
imation to the continuous control. This approach is generally more straightforward
since problem-specific PDE control theory analysis is not required. But this second
black-box procedure may diverge.4

The examination of black-box methods for observability/controllability is relevant
to wide-ranging problem in control theory, optimal design, and inverse problems.
Specific examples (see [34, 66]) involving wave-like phenomena include noise reduction
[4], structural control in response to aerodynamic [95] or seismic [93, 87] forces, laser
control of chemical reactions [10] or waves in crystals [1], biomechanical control [20],
and control of gravity waves in data assimilation [98]. We also refer to the SIAM
Reports [34], [81], or, for more historical and engineering-oriented applications, to
[66].
Our analysis relies mainly on the Fourier decomposition of solutions and classical

results on the theory of nonharmonic Fourier series. We shall also briefly explain how
the tools of discrete Wigner measures (in the spirit of Gérard [35] and Lions and Paul
[70]) have been applied to these problems [72, 73] following previous developments by
Trefethen [101]. These methods allow us to discover the numerical counterpart of the
so-called geometric control condition5 (GCC), which is a sharp sufficient condition for
the controllability of the wave equation.
The paper is organized as follows. Section 2 recalls the basic ingredients of the

finite-dimensional theory we will employ throughout the paper. Section 3 then dis-
cusses observability/controllability for the constant coefficient one-dimensional (1D)
wave equation. The main results on the lack of observability/controllability of finite
difference semidiscretizations are then presented in section 4, which also examines the
use of filtering to restore uniform controllability. Section 5 summarizes the relevant
features of the multidimensional wave equation, and section 6 analyzes observabil-
ity/controllability for finite difference semidiscretizations of the two-dimensional (2D)
wave equation in a square. In section 7 we discuss several additional methods for
curing high-frequency pathologies. Section 8 examines finite difference semidiscretiza-
tions of the heat, beam, and Schrödinger equations to illustrate that dissipative and
dispersive processes can improve the observability/controllability of discrete approx-
imations. Section 9 concludes with further comments and a list of important open
problems.

3See [113, 117] for surveys of the state-of-the-art in the controllability of PDEs and the books of
Lee and Markus [64], Sontag [99], and Fattorini [29] for broader introductions to control theory for
finite- and infinite-dimensional systems.

4There are, however, some other situations in which it works. We refer to [14] for the analysis of
finite element approximations of elliptic optimal control problems and to [23] for an optimal shape
design problem for the Laplace operator.

5Bardos, Lebeau, and Rauch [7] show that the wave equation is exactly controllable in time T
with controls in a given subdomain if all rays of geometric optics enter the control subregion in that
time.
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2. Preliminaries on Finite-Dimensional Systems. Most of this article is de-
voted to analyzing the wave equation and its numerical approximations. Numerical
approximation schemes and, more precisely, those that are semidiscrete (discrete in
space and continuous in time) yield finite-dimensional systems of ODEs. There is
by now an extensive literature on the control of finite-dimensional systems, and the
problem is completely understood for linear ones (see [64, 99]).
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 latter
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 throughout this article (we refer to [77] for more details).
Consider the finite-dimensional system of dimension N :

x′ +Ax = Bv, 0 ≤ t ≤ T ; x(0) = x0,(2.1)

where x is the N -dimensional state and v is theM -dimensional control, withM ≤ N .
Here A is an N × N matrix with constant real coefficients and B is an N ×M

matrix. The matrix A determines the dynamics of the system and the matrix B
models the way M controls act on it.
In practice, it is desirable to control the N components of the system with a low

number of controls, and the best would be to do it by a single one, in which case
M = 1.
System (2.1) is said to be controllable in time T when every initial datum x0 ∈ RN

can be driven to any final datum x1 in RN in time T . There is a necessary and
sufficient condition for controllability which is purely algebraic in nature. It is the
so-called Kalman condition: System (2.1) is controllable in some time T > 0 if and
only if

rank[B,AB, . . . , AN−1B] = N.(2.2)

There is a direct proof of this result which uses the representation of solutions of
(2.1) 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 that we discuss now.
Consider the adjoint system

−ϕ′ +A∗ϕ = 0, 0 ≤ t ≤ T ; ϕ(T ) = ϕ0.(2.3)

Theorem 2.1. System (2.1) is controllable in time T if and only if the adjoint
system (2.3) is observable in time T , i.e., if there exists a constant C > 0 such that,
for every solution ϕ of (2.3),

|ϕ0|2 ≤ C
∫ T

0

|B∗ϕ|2dt.(2.4)

Both properties hold in all time T if and only if the Kalman rank condition (2.2) is
satisfied.
Remark 2.1. The equivalence between the controllability of the state equation

and the observability of the adjoint one is one of the most classical ingredients of
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the controllability theory of finite-dimensional systems (see, for instance, Theorem
1.10.2 in [55]). In general, observability refers to the possibility of recovering the
full solution by means of some partial measurements or observations. Here one is
allowed to measure the output Bϕ during the time interval [0, T ] and wishes to recover
complete information on the initial datum ϕ(0). Since in finite-dimensions all norms
are equivalent, this is equivalent to the observability inequality (2.4).

Sketch of the proof. We shall simply recall the proof of the fact that observability
implies controllability. It is the main property we shall use throughout the paper.
Our proof provides a constructive method for building controls.
We proceed in several steps.
Step 1. Construction of controls as minimizers of a quadratic functional.
Assume (2.4) holds and consider the quadratic functional J : RN → R:

J(ϕ0) =
1

2

∫ T

0

|B∗ϕ(t)|2dt− 〈x1, ϕ0〉+ 〈x0, ϕ(0)〉.(2.5)

If ϕ̃0 is a minimizer for J , since DJ(ϕ̃0) = 0, then the control v = B
∗ϕ̃, where ϕ̃ is

the solution of (2.3) with that datum at time t = T , is such that the solution x of
(2.1) satisfies the control requirement x(T ) = x1. Thus, it is sufficient to minimize
the functional J . We apply the direct method of the calculus of variations (DMCV).
The functional J being continuous, quadratic, and nonnegative, since we are in finite
space dimensions, it is sufficient to prove its coercivity, which holds if and only if the
Kalman condition is satisfied. Indeed, when (2.4) holds, the following variant holds
as well,6 with possibly a different constant C > 0:

|ϕ0|2 + |ϕ(0)|2 ≤ C
∫ T

0

|B∗ϕ|2dt,(2.6)

and the coercivity of J follows.
Step 2. Equivalence between the observability inequality (2.6) and the Kalman

condition.
Since we are in finite-dimensions and all norms are equivalent, (2.6) is equivalent

to the uniqueness property: Does the fact that B∗ϕ vanish for all 0 ≤ t ≤ T imply
that ϕ ≡ 0?
Taking into account that solutions ϕ are analytic in time, B∗ϕ vanishes if and only

if all the derivatives of B∗ϕ of any order at time t = T vanish. Since ϕ = eA
∗(t−T )ϕ0

this is equivalent to B∗[A∗]kϕ0 ≡ 0 for all k ≥ 0. But, according to the Cayley–
Hamilton theorem, this holds if and only if it is satisfied for all k = 0, . . . , N−1. There-
fore Bϕ ≡ 0 is equivalent to ϕ0 ≡ 0 if and only if rank [B∗, B∗A∗, . . . , B∗[A∗]N−1] =
N , which is obviously equivalent to (2.2).
Remark 2.2. The property of observability of the adjoint system (2.3) is equiv-

alent to the inequality (2.4) because of the linear character of the system. In general,
the problem of observability can be formulated as that of determining uniquely the
adjoint state everywhere in terms of partial measurements.

We emphasize that in the finite-dimensional context under consideration the ob-
servability inequality (2.4) is completely equivalent to (2.6). In other words, it is
totally equivalent to formulate the problem of estimating the initial or final data of

6Both inequalities are equivalent. This is so since ϕ(t) = eA
∗(t−T )ϕ0 and the operator eA

∗(t−T )

is bounded and invertible.
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the adjoint system. This is no longer true for time irreversible PDEs, as we shall see
when discussing the heat equation in section 8.2.
Remark 2.3. This proof of controllability also yields explicit bounds on the

controls. Indeed, since the functional J ≤ 0 at the minimizer, and in view of the
observability inequality (2.6), it follows that

||v|| ≤ 2
√
C[|x0|2 + |x1|2]1/2,(2.7)

C being the same constant as in (2.6). Therefore, we see that the observability constant
is, up to a multiplicative factor, the norm of the control map associating to the data
the control of minimal norm.

The reverse is also true. Assume for instance that the system is controllable and
that we have the bound

||v||L2(0,T ) ≤ C∗||x1||
for the initial datum x0 = 0 and for all final targets x1. Then, multiplying the state
equation satisfied by x by the adjoint state ϕ and integrating by parts, it follows that∫ T

0

〈v,B∗ϕ〉 = −〈x1, ϕ0〉.

These two facts imply (2.4) with C = (C∗)2.
Remark 2.4. 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 adjoint
observable) is independent of the time T of control. Note that the situation is totally
different for the wave equation. There, due to the finite velocity of propagation, the
time needed to control/observe waves from the boundary needs to be large enough,
of the order of the size of the ratio between the size of the domain and velocity of
propagation.

In fact, 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 control time T is
irrelevant, it may play a key role for PDEs.

3. The Constant CoefficientWave Equation.

3.1. ProblemFormulation. Let us first consider the constant coefficient 1D wave
equation: 


utt − uxx = 0, 0 < x < 1, 0 < t < T,
u(0, t) = u(1, t) = 0, 0 < t < T,
u(x, 0) = u0(x), ut(x, 0) = u

1(x), 0 < x < 1.
(3.1)

In (3.1) u = u(x, t) describes the displacement of a vibrating string occupying (0, 1).
The energy of solutions of (3.1) is conserved in time, i.e.,

E(t) =
1

2

∫ 1

0

[
|ux(x, t)|2 + |ut(x, t)|2

]
dx = E(0) ∀0 ≤ t ≤ T.(3.2)

The problem of boundary observability of (3.1) can be formulated as follows: To
give sufficient conditions on T such that there exists C(T ) > 0 for which the following
inequality holds for all solutions of (3.1):

E(0) ≤ C(T )
∫ T

0

|ux(1, t)|2 dt.(3.3)
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Inequality (3.3), when it holds, guarantees that the total energy of solutions can
be “observed” from the boundary measurement on the extreme x = 1. The best
constant C(T ) in (3.3) is the so-called observability constant.7

As in finite space dimensions, the observability problem above is equivalent to the
following boundary controllability property: For any

(
y0, y1

) ∈ L2(0, 1) ×H−1(0, 1)
there exists v ∈ L2(0, T ) such that the solution of the controlled wave equation


ytt − yxx = 0, 0 < x < 1, 0 < t < T,
y(0, t) = 0; y(1, t) = v(t), 0 < t < T,
y(x, 0) = y0(x), yt(x, 0) = y

1(x), 0 < x < 1,
(3.4)

satisfies

y(x, T ) = yt(x, T ) = 0, 0 < x < 1.(3.5)

Let us explain below why controllability is a consequence of (3.3) by the minimiza-
tion method we developed in the previous section in the finite-dimensional setting,
which yields the control of the minimal L2(0, T )-norm.8

Given
(
y0, y1

) ∈ L2(0, 1)×H−1(0, 1), the control v ∈ L2(0, T ) is

v(t) = u∗x(1, t),(3.6)

where u∗ is the solution of (3.1) corresponding to initial data (u0,∗, u1,∗) ∈ H1
0 (0, 1)×

L2(0, 1) minimizing the functional9

J((u0, u1)) =
1

2

∫ T

0

|ux(1, t)|2dt+
∫ 1

0

y0u1dx−
∫ 1

0

y1u0dx(3.7)

in the space H1
0 (0, 1)× L2(0, 1).

Note that J is convex. The continuity of J in H1
0 (0, 1) × L2(0, 1) is guaranteed

by the fact that the solutions of (3.1) satisfy ux(1, t) ∈ L2(0, T ) (a fact that holds
also for the Dirichlet problem for the wave equation in several space dimensions; see
[57, 67, 68]). More, precisely, for all T > 0 there exists a constant C∗(T ) > 0 such
that, for all solution of (3.1),∫ T

0

[
|ux(0, t)|2 + |ux(1, t)|2

]
dt ≤ C∗(T )E(0).(3.8)

Thus, to apply the DMCV and to prove the existence of a minimizer for J , it is
sufficient to prove that it is coercive. This is guaranteed by the observability inequality
(3.3).
Let us see that the minimum of J provides the control. The functional J is of

class C1. Consequently, the gradient of J at the minimizer vanishes:

〈DJ((u0,∗, u1,∗)), (w0, w1)〉 =
∫ T

0

u∗x(1, t)wx(1, t)dt

+

∫ 1

0

y0w1dx− 〈y1, w0〉H−1×H1
0
= 0(3.9)

7Inequality (3.3) is just an example of a variety of similar observability problems: (a) one could
observe the energy concentrated on the extreme x = 0 or in the two extremes x = 0 and 1 simulta-
neously; (b) the L2(0, T )-norm of ux(1, t) could be replaced by some other norm; (c) one could also
observe the energy concentrated in a subinterval (α, β) of (0, 1), etc.

8We refer to Lions [67, 68] for a systematic analysis of the equivalence between controllability
and observability through the so-called Hilbert uniqueness method (HUM).

9The integral
∫ 1

0
y1u0dx represents the duality 〈y1, u0〉H−1×H1

0
.
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for all (w0, w1) ∈ H1
0 (0, 1) × L2(0, 1), where w stands for the solution of (3.1) with

initial data (w0, w1). By choosing the control as in (3.6) this identity yields

∫ T

0

v(t)wx(1, t)dt+

∫ 1

0

y0w1dx− 〈y1, w0〉H−1×H1
0
= 0.(3.10)

On the other hand, multiplying in (3.4) by w and integrating by parts, we get

∫ T

0

v(t)wx(1, t)dt+

∫ 1

0

y0w1dx− 〈y1, w0〉H−1×H1
0

−
∫ 1

0

y(T )wt(T )dx+ 〈yt(T ), w(T )〉H−1×H1
0
= 0.(3.11)

Combining these two identities we get
∫ 1

0
y(T )wt(T )dx − 〈yt(T ), w(T )〉H−1×H1

0
= 0

for all (w0, w1) ∈ H1
0 (0, 1) × L2(0, 1), which is equivalent to the exact controllability

condition (3.5).
This argument shows that observability implies controllability. The reverse is also

true. If controllability holds, then the linear map that to all initial data
(
y0, y1

) ∈
L2(0, 1)×H−1(0, 1) of the state equation (3.4) associates the control v of the minimal
L2(0, T )-norm is bounded. Multiplying the state equation (3.4) with that control by
u, solution of (3.1), and using (3.5), we obtain

∫ T

0

v(t)ux(1, t)dt+

∫ 1

0

y0u1dx− 〈y1, u0〉H−1×H1
0
= 0.(3.12)

Consequently,

∣∣∣∣
∫ 1

0

[y0u1 − y1u0]dx

∣∣∣∣ =
∣∣∣∣∣
∫ T

0

v(t)ux(1, t)dt

∣∣∣∣∣ ≤ ||v||L2(0,T )||ux(1, t)||L2(0,T )

≤ C||(y0, y1)||L2(0,1)×H−1(0,1)||ux(1, t)||L2(0,T )(3.13)

for all
(
y0, y1

) ∈ L2(0, 1)×H−1(0, 1), which implies the observability inequality (3.3).
Throughout this paper we shall mainly focus on the problem of observability.

However, in view of the equivalence above, all the results we 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 inequali-
ties, which are also of systematic use in the context of inverse problems (Isakov [52]).
We shall discuss this issue briefly in open problem 9 in section 9.2.

3.2. Observability. The following holds.
Proposition 3.1. For any T ≥ 2, system (3.1) is observable. In other words,

for any T ≥ 2 there exists C(T ) > 0 such that (3.3) holds for any solution of (3.1).
Conversely, if T < 2, (3.1) is not observable, or, equivalently,

sup
u solution of (3.1)

[
E(0)∫ T

0
| ux(1, t) |2 dt

]
=∞.(3.14)

The proof of observability for T ≥ 2 can be carried out in several ways, includ-
ing Fourier series, multipliers (Komornik [57]; Lions [67, 68]), Carleman inequalities
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(Zhang [108]), and microlocal10 tools (Bardos, Lebeau, and Rauch [7]; Burq and
Gérard [12]). Let us explain how it can be proved using Fourier series. Solutions of
(3.1) can be written in the form

u =
∑
k≥1

(
ak cos(kπt) +

bk
kπ
sin(kπt)

)
sin(kπx),(3.15)

u0(x) =
∑
k≥1

ak sin(kπx), u1(x) =
∑
k≥1

bk sin(kπx).

It follows that E(0) = 1
4

∑
k≥1

[
a2kk

2π2 + b2k
]
.

On the other hand, ux(1, t) =
∑

k≥1(−1)k [kπak sin(kπt) + bk cos(kπt)] . Using
the orthogonality properties of sin(kπt) and cos(kπt) in L2(0, 2), it follows that∫ 2

0
|ux(1, t)|2 dt =

∑
k≥1

(
π2k2a2k + b

2
k

)
. The two identities above show that the ob-

servability inequality holds when T = 2 and therefore for any T > 2 as well. In fact,
in this particular case, we have

E(0) =
1

4

∫ 2

0

|ux(1, t)|2 dt.(3.16)

On the other hand, for T < 2 the observability inequality does not hold. Indeed,
suppose that T ≤ 2− 2δ with δ > 0. Solve

utt − uxx = 0, 0 < x < 1, 0 < t < T ; u(0, t) = u(1, t) = 0, 0 < t < T,(3.17)

with data at time t = T/2 with support in the subinterval (0, δ). This solution is
such that ux(1, t) = 0 for δ < t < T − δ since the segment x = 1, t ∈ (δ, T − δ)
remains outside the domain of influence of the space segment t = T/2, x ∈ (0, δ) (see
Figure 1).
Note that the observability time (T = 2) is twice 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).
As we have seen, in one dimension 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 Hölder
continuous, these properties may fail, thereby contradicting an initial intuition (see
[18]).

4. 1D Finite Difference Semidiscretizations.

4.1. Orientation. In section 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 (3.3) with respect to finite difference space semidiscretizations

10Microlocal 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. Localization in the
frequency domain may be done 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, [47].
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Fig. 1 Wave localized at t = 0 near the endpoint x = 1 that propagates with velocity 1 to the left,
bounces at x = 0, and reaches x = 1 again in a time of the order of 2.

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 independent interest in the analysis of discrete
models for vibrations.
There are several important facts and results that deserve emphasis and that we

shall discuss below:
• The observability constant for the semidiscrete 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.

• As a consequence of this fact and of the Banach–Steinhaus theorem, there are
initial data for the wave equation for which the controls of the semidiscrete
models diverge. This proves that one cannot simply rely on the classical
convergence (consistency + stability) analysis of the underlying numerical
schemes to design algorithms for computing the controls.

• The observability constant may be made uniform if the high frequencies are
filtered in an appropriate manner.

4.2. Finite Difference Approximations. Given N ∈ N we define h = 1/(N +
1) > 0. We consider the mesh {xj = jh, j = 0, . . . , N + 1} which divides [0, 1] into
N + 1 subintervals Ij = [xj , xj+1], j = 0, . . . , N.
Consider the following finite difference approximation of the wave equation (3.1):



u′′j − 1

h2 [uj+1 + uj−1 − 2uj ] = 0, 0 < t < T, j = 1, . . . , N,
uj(t) = 0, j = 0, N + 1, 0 < t < T,
uj(0) = u

0
j , u

′
j(0) = u

1
j , j = 1, . . . , N,

(4.1)

which is a coupled system of N linear differential equations of second order. In it
the function uj(t) provides an approximation of u(xj , t) for all j = 1, . . . , N, u being
the solution of the continuous wave equation (3.1). The conditions u0 = uN+1 = 0
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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.
We shall use a vector notation to simplify the expressions. In particular, the

column vector

,u(t) =



u1(t)
...

uN (t)


(4.2)

will represent the whole set of unknowns of the system. Introducing the matrix

Ah =
1

h2



2 −1 0 0

−1 . . .
. . . 0

0
. . .

. . . −1
0 0 −1 2


 ,(4.3)

the system (4.1) reads as follows:

,u′′(t) +Ah,u(t) = 0, 0 < t < T ; ,u(0) = ,u0, ,u′(0) = ,u1.(4.4)

The solution ,u of (4.4) depends also on h, but we shall denote it by ,u for simplicity.
The energy of the solutions of (4.1) is

Eh(t) =
h

2

N∑
j=0

[
| u′j |2 +

∣∣∣∣uj+1 − uj
h

∣∣∣∣
2
]
,(4.5)

and it is constant in time. It is also a natural discretization of the continuous energy
(3.2).
The problem of observability of system (4.1) can be formulated as follows: To

find T > 0 and Ch(T ) > 0 such that

Eh(0) ≤ Ch(T )

∫ T

0

∣∣∣∣uN (t)h
∣∣∣∣
2

dt(4.6)

holds for all solutions of (4.1).
Observe that | uN/h |2 is a natural approximation11 of | ux(1, t) |2 for the solution

of the continuous system (3.1). Indeed ux(1, t) ∼ [uN+1(t) − uN (t)]/h and, taking
into account that uN+1 = 0, it follows that ux(1, t) ∼ −uN (t)/h.
System (4.1) is finite-dimensional. Therefore, if observability holds for some T >

0, then it holds for all T > 0, as we have seen in section 3.
We are interested mainly in the uniformity of the constant Ch(T ) as h → 0. If

Ch(T ) remains bounded as h → 0, we say that system (4.1) is uniformly observable
as h → 0. Taking into account that the observability of the limit system (3.1) holds
only for T ≥ 2, it would be natural to expect T ≥ 2 to be a necessary condition for
the uniform observability of (4.1). 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 (4.1).

11Here and in what follows uN refers to the Nth component of the solution �u of the semidiscrete
system, which obviously depends also on h.
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Let us consider the eigenvalue problem

− [wj+1 + wj−1 − 2wj ] /h
2 = λwj , j = 1, . . . , N ; w0 = wN+1 = 0.(4.7)

The spectrum can be computed explicitly in this case (Isaacson and Keller [51]):

λhk =
4

h2
sin2

(
kπh

2

)
, k = 1, . . . , N,(4.8)

and the corresponding eigenvectors are

,wh
k = (wk,1, . . . , wk,N )

T
: wk,j = sin(kπjh), k, j = 1, . . . , N.(4.9)

Obviously, λhk → λk = k2π2, as h → 0 for each k ≥ 1, λk = k2π2 being the kth
eigenvalue of the continuous wave equation (3.1). On the other hand we see that
the eigenvectors ,wh

k of the discrete system (4.7) coincide with the restriction to the
meshpoints of the eigenfunctions wk(x) = sin(kπx) of the continuous wave equation
(3.1).12

According to (4.8) we have
√
λhk =

2
h sin

(
kπh
2

)
, and therefore, in a first approxi-

mation, we have ∣∣∣∣
√
λhk − kπ

∣∣∣∣ ∼ k3π3h2

24
.(4.10)

This indicates that the spectral convergence is uniform only in the range k � h−2/3.
Thus, one cannot solve the problem of uniform observability for the semidiscrete
system (4.1) as a consequence of the observability property of the continuous wave
equation and a perturbation argument with respect to h.

4.3. Nonuniform Observability. The following identity holds (see [48, 49]).
Lemma 4.1. For any h > 0 and any eigenvector of (4.7) associated with the

eigenvalue λ,

h
N∑
j=0

∣∣∣∣wj+1 − wj

h

∣∣∣∣
2

=
2

4− λh2

∣∣∣wN

h

∣∣∣2 .(4.11)

We now observe that the largest eigenvalue λhN of (4.7) is such that λ
h
Nh

2 →
4 as h→ 0 and note the following result on nonuniform observability.
Theorem 4.2. For any T > 0 it follows that, as h→ 0,

sup
u solution of (4.1)

[
Eh(0)∫ T

0
| uN/h |2 dt

]
→ ∞.(4.12)

Proof of Theorem 4.2. We consider solutions of (4.1) of the form ,uh = cos(
√
λhN t),w

h
N ,

where λhN and ,w
h
N are the Nth eigenvalue and eigenvector of (4.7), respectively. We

have

Eh(0) =
h

2

N∑
j=0

∣∣∣∣∣w
h
N,j+1 − wh

N,j

h

∣∣∣∣∣
2

(4.13)

12This is a nongeneric fact that occurs only for the constant coefficient 1D problem with uniform
meshes.
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Fig. 2 Left: Square roots of the eigenvalues in the continuous and discrete cases (finite difference
semidiscretization). The gaps are clearly independent of k in the continuous case and of
order h for large k in the discrete one. Right: Dispersion diagram for the piecewise linear
finite element space semidiscretization versus the continuous wave equation.

and

∫ T

0

∣∣∣∣uhNh
∣∣∣∣
2

dt =

∣∣∣∣∣w
h
N,N

h

∣∣∣∣∣
2 ∫ T

0

cos2
(√

λhN t

)
dt.(4.14)

Taking into account that λhN → ∞ as h→ 0, it follows that

∫ T

0

cos2
(√

λhN t

)
dt→ T/2 as h→ 0.(4.15)

By combining (4.11), (4.13), (4.14), and (4.15), (4.12) follows immediately.
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 semidiscrete system (4.1),

constituted by the last two eigenvectors:

,u =
1√
λN

[
exp(i

√
λN t),wN − exp(i

√
λN−1t),wN−1

]
.(4.16)

This solution is a simple superposition of two monochromatic semidiscrete 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 L2(0, T ). This is due
to two facts.

• First, the trace of the discrete normal derivative of each eigenvector is very
small compared to its total energy.

• Second, and more important, the gap between √
λN and

√
λN−1 is of the

order of h, as is shown in Figure 2, left. This wave packet then has a group
velocity of the order of h.
By Taylor expansion, the difference between the two time-dependent complex
exponentials exp(i

√
λN t) and exp(i

√
λN−1t) is of the order Th, and we need

a time T of the order of 1/h to guarantee an observation independent of h.
This fact is represented in Figure 3.
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Fig. 3 Time evolution of solution (4.16) 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
τ of the order of τ ∼ 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.

This idea of building wave packets may be used to show that the observability con-
stant has to blow up at infinite order as h→ 0. To do this it is sufficient to proceed as
above but combining an increasing number of eigenfrequencies. Actually, Micu in [75]
proved that the constant Ch(T ) blows up exponentially by means of a careful analysis
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of the biorthogonal sequences to the family of exponentials {exp(i√λkt)}k=1,...,N as
h→ 0.
All these high-frequency pathologies are in fact very closely related to the notion

of group velocity. We refer to [105, 101] for an in-depth analysis of this notion that
we discuss briefly in the context of this example.
Since the eigenvectors ,wk are sinusoidal functions (see (4.9)) the solutions of the

semidiscrete system may be written as linear combinations of complex exponentials

(in space-time): exp[±ikπ[
√
λk

kπ t− x]].
In view of this, we see that each monochromatic wave propagates at a speed

√
λk
kπ

=
2sin(kπh/2)

kπh
=
ωh(ξ)

ξ

∣∣∣∣
{ξ=kπh}

= ch(ξ)

∣∣∣∣
{ξ=kπh}

,(4.17)

with ωh(ξ) = 2sin(ξ/2). This is the so-called phase velocity. The velocity of propaga-
tion of monochromatic semidiscrete waves (4.17) turns out to be bounded above and
below by positive constants, independently of h, i.e., 0 < α ≤ ch(ξ) ≤ β < ∞ for all
h > 0, ξ ∈ [0, π]. Note that [0, π] is the relevant range of frequencies. Indeed, ξ = jπh
and j = 1, . . . , N , Nh = 1− h.
But wave packets may travel at a different speed because of the cancellation

phenomena we discussed above. The corresponding speed for those semidiscrete wave
packets is given by the derivative of ωh(·) (see [101]). At high frequencies (j ∼ N)
the derivative of ωh(ξ) at ξ = Nπh = π(1− h) is of the order of h and therefore the
wave packet propagates with velocity of the order of h.
Note that the fact that this group velocity is of the order of h is equivalent13 to

the fact that the gap between
√
λN−1 and

√
λN is of order h.

According to this analysis, the group velocity being bounded below is a necessary
condition for the uniform observability inequality to hold. Moreover, this is equivalent
to a uniform spectral gap condition.
The convergence property of the numerical scheme guarantees only that the group

velocity is correct for low-frequency wave packets.14 The negative results we have
mentioned above are a new reading of well-known pathologies of finite difference
schemes for the wave equation.
The careful analysis of this negative example is useful to design possible remedies,

i.e., to modify the numerical scheme in order to reestablish the uniform observability
inequality. 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.

4.4. Fourier Filtering. Filtering works as soon as we deal with solutions where
the only Fourier components are those corresponding to the eigenvalues λ ≤ γh−2

with 0 < γ < 4 or with indices 0 < j < δh−1 with 0 < δ < 1, and the observability

13Defining group velocity as the derivative of ωh, i.e., of the curve in the dispersion diagram (see
Figure 2), is a natural consequence of the classical properties of the superposition of linear harmonic
oscillators with close but not identical phases (see [24]). There is a one-to-one correspondence
between the group velocity and the spectral gap which may be viewed as a discrete derivative of this
diagram. In particular, when the group velocity decreases, the gap between consecutive eigenvalues
also decreases.

14Note that in Figure 2, both for finite differences and elements, the semidiscrete and continuous
curves are tangent at low frequencies. 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.
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inequality becomes uniform. Note that these classes of solutions correspond to taking
projections of the complete solutions by cutting off all frequencies with γh−2 < λ <
4h−2.
It is important to observe that the high-frequency pathologies cannot be avoided

by simply taking, for instance, a different approximation of the discrete normal deriva-
tive since the fact that the group velocity vanishes is due to the scheme itself and,
therefore, cannot be compensated by suitable boundary measurements.
The following classical result due to Ingham in the theory of nonharmonic Fourier

series (see Ingham [50] and Young [106]) is useful for proving the uniform observability
of filtered solutions.
Ingham’s theorem. Let {µk}k∈Z be a sequence of real numbers such that µk+1−

µk ≥ γ > 0 for all k ∈ Z. Then for any T > 2π/γ there exists a positive constant
C(T, γ) > 0 such that

1

C(T, γ)

∑
k∈Z

| ak |2≤
∫ T

0

∣∣∣∣∣
∑
k∈Z

ake
iµkt

∣∣∣∣∣
2

dt ≤ C(T, γ)
∑
k∈Z

| ak |2(4.18)

for all sequences of complex numbers {ak} ∈ 42.
Remark 4.1. Ingham’s inequality can be viewed as a generalization of the or-

thogonality property of trigonometric functions we used to prove the observability of
the 1D wave equation in section 3.
Ingham’s inequality allows showing that, as soon as the gap condition is satisfied,

there is uniform observability provided the time is large enough.
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 (4.1) can be developed in

Fourier series as follows: ,u =
∑N

k=1(ak cos(
√
λhkt) +

bk√
λh
k

sin(
√
λhkt)),w

h
k , where ak, bk

are the Fourier coefficients of the initial data, i.e., ,u0 =
∑N

k=1 ak ,w
h
k , ,u

1 =
∑N

k=1 bk ,w
h
k .

Given 0 < δ < 1, we introduce the following classes of solutions of (4.1):

Cδ(h)=

,u sol. of (4.1) s.t. ,u =

[δ/h]∑
k=1


ak cos

(√
λhkt

)
+
bk√
λhk

sin

(√
λhkt

),wh
k


 ,

(4.19)
in which the high frequencies corresponding to the indices j > [δ(N + 1)] have been
cut off. As a consequence of Ingham’s inequality and the analysis of the gap of the
spectra of the semidiscrete systems we have the following result.15

Theorem 4.3 (see [48, 49]). For any δ > 0 there exists T (δ) > 0 such that for
all T > T (δ) there exists C = C(T, δ) > 0 such that

1

C
Eh(0) ≤

∫ T

0

∣∣∣∣uN (t)h
∣∣∣∣
2

dt ≤ CEh(0)(4.20)

for every solution u of (4.1) in the class Cδ(h) and for all h > 0. Moreover, the
minimal time T (δ) for which (4.20) holds is such that T (δ) → 2 as δ → 0 and
T (δ)→ ∞ as δ → 1.
Remark 4.2. Theorem 4.3 guarantees the uniform observability in each class

Cδ(h) for all 0 < δ < 1, provided the time T is larger than T (δ).

15These results may also be obtained using discrete multiplier techniques [48, 49].
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The last statement in the theorem shows that when the filtering parameter δ tends
to zero, i.e., when the solutions under consideration contain fewer and fewer frequen-
cies, 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 semidiscrete 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 result showing that,
in the absence of filtering, there is no finite time T for which the uniform observability
inequality holds.

The proof of Theorem 4.3 below provides an explicit estimate on the minimal
observability time in the class Cδ(h): T (δ) = 2/ cos(πδ/2).
Remark 4.3. In the context of the numerical computation of the boundary control

for the wave equation the need of an appropriate filtering of the high frequencies was
observed by Glowinski [38] and further investigated numerically by Asch and Lebeau
in [2].

4.5. Conclusion and Controllability Results. We have shown that the uniform
observability property of the finite difference approximations (4.1) fails for any T > 0
due to high-frequency wave packets with zero group velocity. On the other hand,
we have proved that by filtering the high frequencies or, in other words, considering
solutions in the classes Cδ(h) with 0 < δ < 1, the uniform observability holds in a
minimal time T (δ) that satisfies T (δ)→ ∞ as δ → 1, T (δ)→ 2 as δ → 0.
Observe that, as δ → 0, we recover the minimal observability time T = 2 of

the continuous wave equation (3.1). This allows us to obtain, for all T > 2, the
observability property of the continuous wave equation (3.1) as the limit h → 0 of
uniform observability inequalities for the semidiscrete systems (4.1). Indeed, given
any T > 2 there exists δ > 0 such that T > T (δ) and, consequently, by filtering the
high frequencies corresponding to the indices k > δN , the uniform observability in
time T is guaranteed.
Before describing the consequences of these results in the context of controllabil-

ity, it is important to distinguish two notions on the controllability of any evolution
system, regardless of whether it is finite- or infinite-dimensional:

• to control exactly to zero the whole solution for initial data in a given sub-
space;

• to control the projection of the solution over a given subspace for all initial
data.

In the present case, the controlled state equation under consideration is as follows:

y′′j − 1

h2 [yj+1 + yj−1 − 2yj ] = 0, 0 < t < T, j = 1, . . . , N,
y0(t) = 0; yN+1(t) = v(t), 0 < t < T,
yj(0) = y

0
j , y

′
j(0) = y

1
j , j = 1, . . . , N.

(4.21)

As we shall see below, for any given T > 0 and initial data (,y0, ,y1), there exists a
control vh ∈ L2(0, T ) such that

,y(T ) = ,y ′(T ) = 0.(4.22)

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 previous results on
observability.
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We have the following main results:
• Taking into account that for all h > 0 the Kalman rank condition is satisfied,
for all T > 0 and all h > 0 the semidiscrete system (4.21) is controllable.
In other words, for all T > 0, h > 0 and initial data (,y0, ,y1), there exists
v ∈ L2(0, T ) such that the solution ,y of (4.21) satisfies (4.22). Moreover,
the control v of the minimal L2(0, T )-norm can be built as in section 3 by
minimizing the functional

Jh((,u
0, ,u1)) =

1

2

∫ T

0

∣∣∣∣uN (t)h
∣∣∣∣
2

dt+ h

N∑
j=1

y0ju
1
j − h

N∑
j=1

y1ju
0
j(4.23)

over the space of all initial data (,u0, ,u1) for the adjoint semidiscrete system
(4.1).
This strictly convex and continuous functional is coercive thanks to the ob-
servability inequality (4.6) and, consequently, has a unique minimizer. The
control we are looking for is then

vh(t) = u
∗
N (t)/h, 0 < t < T,(4.24)

where ,u∗ is the solution of the semidiscrete adjoint system (4.1), correspond-
ing to the initial data (,u0,∗, ,u1,∗) minimizing the functional Jh.
In view of Remark 2.2 and the observability inequality (4.6), we deduce that

||vh||L2(0,T ) ≤ 2
√
Ch(T )||(y0, y1)||∗,h,(4.25)

where || · ||∗,h denotes the norm

||(y0, y1)||∗,h = sup
(u0

j
,u1

j
)j=1,...,N



∣∣∣∣∣∣h

N∑
j=1

y0ju
1
j − h

N∑
j=1

y1ju
0
j

∣∣∣∣∣∣
/
E

1/2
h (u0, u1)


 .

(4.26)
This norm converges as h → 0 to the norm in L2(0, 1) × H−1(0, 1). It can
also be written in terms of the Fourier coefficients and becomes a weighted
euclidean norm whose weights are uniformly (with respect to h) equivalent
to those of the continuous L2 ×H−1-norm.

• For all T > 0 the constant Ch(T ) diverges as h → 0. This shows that there
are initial data for the wave equation in L2(0, 1) × H−1(0, 1) such that the
controls of the semidiscrete systems vh = vh(t) diverge as h → 0. There are
different ways of making this result precise. For instance, given initial data
(y0, y1) ∈ L2(0, 1) × H−1(0, 1) for the continuous system, we can consider
in the semidiscrete control system (4.21) the initial data that take the same
Fourier coefficients as (y0, y1) for the indices j = 1, . . . , N . It then follows
by the Banach–Steinhaus theorem that, because of the divergence of the
observability constant Ch(T ), there is necessarily some initial data (y

0, y1) ∈
L2(0, 1) × H−1(0, 1) for the continuous system such that the corresponding
controls vh for the semidiscrete system diverge in L

2(0, T ) as h→ 0. Indeed,
assume that for any initial data (y0, y1) ∈ L2(0, 1) ×H−1(0, 1), the controls
vh remain uniformly bounded in L

2(0, T ) as h → 0. Then, according to the
uniform boundedness principle, we would deduce that the maps that associate
the controls vh to the initial data are also uniformly bounded. But, according
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to Remark 2.2, this implies the uniform boundedness of the observability
constant Ch(T ), which we know blows up.
This lack of convergence is in fact easy to understand. As we have shown
above, the semidiscrete system generates a lot of spurious high-frequency
oscillations. The control of the semidiscrete 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, as the numerical experiments in the
following section illustrate.

• The observability inequality is uniform in the class of filtered solutions Cδ(h)
for T > T (δ). As a consequence of this, one can control uniformly the projec-
tion of the solutions of the semidiscretized systems over subspaces in which
the high frequencies have been filtered. More precisely, if the control require-
ment (4.22) is weakened to

πδ,y(T ) = πδ,y
′(T ) = 0,(4.27)

where πδ denotes the projection of the solution of the semidiscrete system
(4.21) over the subspace of the eigenfrequencies involved in the filtered space
Cδ(h), then the corresponding control remains uniformly bounded as h → 0,
provided T > T (δ). The control that produces (4.27) can be obtained by
minimizing the functional Jh in (4.23) over the subspace Cδ(h). Note that the
uniform (with respect to h) coercivity of this functional and, consequently,
the uniform bound on the controls hold as a consequence of the uniform
observability inequality.

• Moreover, one may recover the controllability property of the continuous wave
equation as a limit of this partial controllability results since, as h → 0, the
projections πδ end up covering the whole range of frequencies.
Theorem 4.4. Assume that T > T (δ) as in Theorem 4.3 for some 0 < δ < 1.
Fix initial data (y0, y1) ∈ L2(0, 1)×H−1(0, 1) for the wave equation. For any
h > 0 consider the initial data (y0h, y

1
h) whose first N Fourier coefficients

coincide with those of (y0, y1).
Then
(a) the corresponding controls vh in the semidiscrete system (4.21) satisfying
(4.27) are bounded in L2(0, T );

(b) the controls vh converge as h → 0 to a control v ∈ L2(0, T ) of the
minimal L2(0, T )-norm of the wave equation (3.4) such that (3.5) holds.

It is important to note that the time of control depends on the filtering
parameter δ in the projections πδ. But, as we mentioned above, for any
T > 2 there is a δ ∈ (0, 1) for which T > T (δ) and such that the uniform
(with respect to h) results apply.
We refer to [65] for the details of the proof of a similar convergence result in
the context of the space semidiscretization by finite differences of the beam
equation. The proof combines standard arguments in Γ-convergence [28] and
the numerical analysis of PDEs.

Remark 4.4. In [48] and [49], in one space dimension, similar results were
proved for the finite element space semidiscretization of the wave equation (3.1) as
well. This is in agreement with the plot of the dispersion diagram in Figure 4, right.
This time the discrete spectrum and, consequently, the dispersion diagram lie above
the one corresponding to the continuous wave equation. However, the group velocity
of high-frequency numerical solutions vanishes again. This is easily seen on the slope
of the discrete dispersion curve.
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Fig. 4 Plot of the initial datum to be controlled for the string occupying the space interval 0 < x < 1
(left) and of the time evolution of the exact control for the wave equation in time T = 4 with
this initial data (right).

4.6. 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 Rasmussen [91] 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 y0 of the

form in Figure 4 (left) together with y1 ≡ 0. In this simple situation and when
the control time T = 4 the Dirichlet control can be computed at the endpoint x =
1 explicitly (Figure 4, right). 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 now consider the finite difference semidiscrete approximation of the wave

equation by finite differences. First of all, we ignore all discussion of the present
section concerning the need for filtering. Thus, we merely compute the exact control
of the semidiscrete system (4.21). This is done as follows. As described in section
4.5, the control is characterized through the minimization of the functional Jh in
(4.23) over the space of all solutions of the adjoint equation (3.1). This allows writing
the control vh as the solution of an equation of the form Λh(vh) = {−y1, y0}, where
{y0, y1} is the initial datum to be controlled.
The operator Λh can be computed by first solving the adjoint system and then

the state equation with the normal derivative of the adjoint state as boundary datum
and starting from equilibrium at time t = T (see [67, 68]). 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 discretization in time with time step
∆t = 0.99∆x (∆x = h), which, of course, guarantees the convergence of the scheme
and the fact that our computations yield results which are very close to the semidis-
crete case. Applying this procedure to the initial datum under consideration, we get
the exact control.
In Figure 5 we show the evolution of the control of the discrete problem as the

number of meshpoints N increases, or, equivalently, when the mesh size h tends to
zero. We see that when N = 20, a low number of meshpoints, the control captures
essentially the form of the continuous control in Figure 4 (right) but with some extra
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Fig. 5 Divergent evolution of the control, in the absence of filtering, when the number N of mesh-
points increases.

unwanted oscillations. The situation is very similar when N = 40. But when N = 100
we see that these oscillations become wild, and forN = 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.
We do the same experiment but now with filtering parameter = 0.6, which has

been chosen in order to guarantee the uniform observability of the filtered solutions
of the adjoint semidiscrete and fully discrete (with ∆t = 0.99∆x) schemes in time
T = 4 and, consequently, the convergence of controls as h→ 0 as well. The decay of
the error as the number of meshpoints 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 Λh above to the solutions of the adjoint system that involve only the Fourier
components that remain after filtering. Theory predicts convergence of controls in
L2(0, T ). The numerical experiments we draw in Figure 6 confirm this fact. These
figures exhibit a mild Gibbs phenomenon which is compatible with L2-convergence.

5. The MultidimensionalWave Equation. In several space dimensions the ob-
servability problem for the wave equation is much more complex and cannot be solved
using Fourier series. The velocity of propagation is still one for all solutions but energy
propagates along bicharacteristic rays.
However, before going further let us give the precise definition of bicharacter-

istic ray. Consider the wave equation with a scalar, positive, and smooth variable
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Fig. 6 Convergent evolution of the control, with filtering parameter = 0.6, when the number N of
meshpoints increases.

coefficient a = a(x):

utt − div(a(x)∇u) = 0.(5.1)

Bicharacteristic rays solve the Hamiltonian system{
x′(s) = −a(x)ξ; t′(s) = τ,
ξ′(s) = ∇a(x)|ξ|2; τ ′(s) = 0.(5.2)

Rays describe the microlocal propagation of energy. The projections of the bicharac-
teristic rays in the (x, t) variables are the rays of geometric optics that play a fun-
damental role in the analysis of the observation and control properties through the
GCC. As time evolves, the rays move in the physical space according to the solutions
of (5.2). Moreover, the direction in the Fourier space (ξ, τ) in which the energy of
solutions is concentrated as they propagate is given precisely by the projection of the
bicharacteristic ray in the (ξ, τ) variables. When the coefficient a = a(x) 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.16

When the coefficient a = a(x) varies in space, the dynamics of this system may
be quite complex and can lead to some unexpected behavior [74].

16Note, however, that tangent rays may be diffractive or even enter the boundary. We refer to [7]
for a deeper discussion of these issues.
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Fig. 7 Ray that propagates inside the domain Ω following straight lines that are reflected on the
boundary according to the laws of geometric optics.

Let us now address the control problem for smooth domains17 in the constant
coefficient case.
Let Ω be a bounded domain of Rn, n ≥ 1, with boundary Γ of class C2, let ω

be an open and nonempty subset of Ω, and let T > 0. Consider the linear controlled
wave equation in the cylinder Q = Ω× (0, T ):


ytt −∆y = f1ω in Q,
y = 0 on Σ,
y(x, 0) = y0(x), yt(x, 0) = y

1(x) in Ω.
(5.3)

In (5.1) Σ represents the lateral boundary of the cylinder Q, i.e., Σ = Γ × (0, T ), 1ω
is the characteristic function of the set ω, y = y(x, t) is the state, and f = f(x, t) is
the control variable. Since f is multiplied by 1ω the action of the control is localized
in ω.
When (y0, y1) ∈ H1

0 (Ω) × L2(Ω) and f ∈ L2(Q), the system (5.1) has a unique
solution y ∈ C ([0, T ];H1

0 (Ω)
) ∩ C1

(
[0, T ];L2(Ω)

)
.

The problem of controllability, generally speaking, is as follows: Given (y0, y1) ∈
H1

0 (Ω)× L2(Ω), find f ∈ L2(Q) such that the solution of system (5.1) satisfies

y(T ) ≡ yt(T ) ≡ 0.(5.4)

The method of section 3, the so-called HUM, shows that the exact controllability
property is equivalent to the following observability inequality:

∣∣∣∣(u0, u1
)∣∣∣∣2

L2(Ω)×H−1(Ω)
≤ C

∫ T

0

∫
ω

u2dxdt(5.5)

for every solution of the adjoint uncontrolled system

utt −∆u = 0 in Q,
u = 0 on Σ,
u(x, 0) = u0(x), ut(x, 0) = u

1(x) in Ω.
(5.6)

17We refer to Grisvard [42] for a discussion of these problems in the context of nonsmooth domains.
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Fig. 8 A geometric configuration in which the GCC is not satisfied, whatever T > 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 a 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.

Roughly speaking, the observability inequality holds if and only if the GCC is
satisfied (see, for instance, Bardos, Lebeau, and Rauch [7] and Burq and Gérard
[12]). 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 [88]). In the case of the square domain Ω, observability/controllability fail if
the control is supported on a set which is strictly smaller than two adjacent sides, as
shown in Figure 8.
Several remarks are in order.
Remark 5.1.
(a) Since we are dealing with solutions of the wave equation, for the GCC to

hold, the control time T has to be sufficiently large due to the finite speed
of propagation, the trivial case ω = Ω being the exception. However, the
time being large enough does not suffice, since the control subdomain ω needs
to satisfy a geometric condition for the GCC to be fulfilled in finite time.
Figure 8 provides an example of this fact.

(b) 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 (5.1) are usu-
ally referred to as internal controllability problems since the control acts on
the subset ω of Ω. The latter is easier to deal with since it avoids consider-
ing nonhomogeneous boundary conditions, in which case solutions have to be
defined in the sense of transposition [67, 68].

Let us now discuss what is known about (5.5):
(a) Using multiplier techniques, Ho [46] proved that if one considers subsets of
Γ of the form Γ(x0) =

{
x ∈ Γ : (x− x0) · n(x) > 0} for some x0 ∈ Rn (we

denote by n(x) the outward unit normal to Ω in x ∈ Γ and by · the scalar
product in Rn) and if T > 0 is large enough, the following boundary observ-
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ability inequality holds:

∣∣∣∣(u0, u1
)∣∣∣∣2

H1
0 (Ω)×L2(Ω)

≤ C
∫ T

0

∫
Γ(x0)

∣∣∣∣∂u∂n
∣∣∣∣
2

dσdt(5.7)

for all
(
u0, u1

) ∈ H1
0 (Ω)×L2(Ω), which is the observability inequality that is

required to solve the boundary controllability problem.
Later, (5.7) was proved in [67, 68] for any T > T (x0) = 2 ‖ x − x0 ‖L∞(Ω).
This is the optimal observability time that one may derive by means of this
multiplier (see Osses [86] for other variants).
Proceeding as in [67], one can easily prove that (5.7) implies (5.5) when ω is
a neighborhood of Γ(x0) in Ω, i.e., ω = Ω ∩Θ, where Θ is a neighborhood of
Γ(x0) inRn, with T > 2 ‖ x−x0 ‖L∞(Ω\ω). In particular, exact controllability
holds when ω is a neighborhood of the boundary of Ω.

(b) Bardos, Lebeau, and Rauch [7] proved that, in the class of C∞ domains, the
observability inequality (5.5) holds if and only if the pair (ω, T ) satisfies the
GCC in Ω: Every ray of geometric optics that propagates in Ω and is reflected
on its boundary Γ intersects ω in time less than T .
This result was proved by means of microlocal analysis. Recently the mi-
crolocal approach was greatly simplified by Burq [11] by using the microlocal
defect measures introduced by Gérard [35] in the context of homogenization
and kinetic equations. In [11] the GCC was shown to be sufficient for exact
controllability for domains Ω of class C3 and equations with C2 coefficients.
The result for variable coefficients is the same: The observability inequality
and, thus, the exact controllability property hold if and only if all rays of ge-
ometric 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, which makes it harder to have an easy intuition about the GCC.

6. Space Discretizations of the 2DWave Equations. In this section we briefly
discuss the results in [114] on the space finite difference semidiscretizations of the 2D
wave equation in the square Ω = (0, π)× (0, π) of R2:


utt −∆u = 0 in Q = Ω× (0, T ),
u = 0 on Σ = ∂Ω× (0, T ),
u(x, 0) = u0(x), ut(x, 0) = u

1(x) in Ω.
(6.1)

Obviously, the fact that classical finite differences provide divergent results for 1D
problems in what concerns observability and controllability indicates that the same
should be true in two dimensions as well. This is indeed the case. However, the multi-
dimensional case exhibits some new features and deserves additional analysis, in par-
ticular in what concerns filtering techniques. Given

(
u0, u1

) ∈ H1
0 (Ω)×L2(Ω), system

(6.1) admits a unique solution u ∈ C ([0, T ];H1
0 (Ω)

) ∩ C1
(
[0, T ];L2(Ω)

)
. Moreover,

the energy

E(t) =
1

2

∫
Ω

[| ut(x, t) |2 + | ∇u(x, t) |2] dx(6.2)

remains constant, i.e.,

E(t) = E(0) ∀0 < t < T.(6.3)
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Let Γ0 denote a subset of the boundary of Ω constituted by two consecutive sides, for
instance,

Γ0 = {(x1, π) : x1 ∈ (0, π)} ∪ {(π, x2) : x2 ∈ (0, π)} .(6.4)

It is well known (see [67, 68]) that for T > 2
√
2π there exists C(T ) > 0 such that

E(0) ≤ C(T )
∫ T

0

∫
Γ0

∣∣∣∣∂u∂n
∣∣∣∣
2

dσdt(6.5)

holds for every finite-energy solution of (6.1). In (6.5), n denotes the outward unit
normal to Ω, ∂ · /∂n the normal derivative, and dσ the surface measure.
We can now address the standard five-point finite difference space semidiscretiza-

tion scheme for the 2D wave equation.
As in one dimension we may perform a complete description of both the contin-

uous solutions and those of the semidiscrete system in terms of Fourier series. One
can then deduce the following:

• The semidiscrete system is observable for all time T and mesh size h;
• The observability constant Ch(T ) blows up as h tends to 0 because of the
spurious high-frequency numerical solutions.

• The uniform (with respect to h) observability property may be reestablished
by a suitable filtering of the high frequencies. There is, however, an important
difference at this level with respect to the 1D case that we mention now.

The upper bound on the spectrum of the semidiscrete system in two dimensions is
8/h2. However, in two dimensions it is not sufficient to filter by a constant 0 < γ < 8,
i.e., to consider solutions that do not contain the contribution of the high frequencies
λ > γ h−2, to guarantee uniform observability.
In fact, one has to filter by means of a constant 0 < γ < 4. This is due to the

existence of solutions corresponding to high-frequency oscillations in one direction and
very slow oscillations in the other. Roughly speaking, one needs to filter efficiently in
both space directions, and this requires taking γ < 4 (see [114]).
In order to better understand the necessity of filtering and getting sharp observ-

ability times it is convenient to adopt the approach of [72, 73] based on the use of
discrete Wigner measures. The symbol of the semidiscrete system for solutions of
wavelength h is

τ2 − 4 (sin2(ξ1/2) + sin2(ξ2/2))(6.6)

and can be easily obtained as in the von Neumann analysis of the stability of numerical
schemes by taking the Fourier transform of the semidiscrete equation: the continuous
one in time and the discrete one in space.18

Note that in the symbol in (6.6) 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:


x′j(s) = −2sin(ξj/2)cos(ξj/2) = −sin(ξj), j = 1, 2,
t′(s) = τ,
ξ′j(s) = 0, j = 1, 2,
τ ′(s) = 0.

(6.7)

18This 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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Fig. 9 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.

It is interesting to note that the rays are straight lines, as for the constant co-
efficient wave equation, since the coefficients of the equation and the numerical dis-
cretization are both constant. We see, however, that in (6.7) both the direction and
the velocity of propagation change with respect to those of the continuous wave equa-
tion.
Let us now consider initial data for this Hamiltonian system with the following

particular structure: x0 is any point in the domain Ω, the initial time t0 = 0, and the
initial microlocal direction (τ∗, ξ∗) is such that

(τ∗)2 = 4
(
sin2(ξ∗1/2) + sin

2(ξ∗2/2)
)
.(6.8)

Note that the last condition is compatible with the choice ξ∗1 = 0 and ξ
∗
2 = π together

with τ∗ = 2. Thus, let us consider the initial microlocal direction ξ∗2 = π and τ
∗ = 2.

In this case the ray remains constant in time, x(t) = x0, since, according to the first
equation in (6.7), x′j 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 ∂Ω 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 semidiscrete
problem whose energy is concentrated in any finite time interval 0 ≤ t ≤ T as much
as one wishes in a neighborhood of the point x0.
Note that this example corresponds to the case of very slow oscillations in the

space variable x1 and very rapid ones in the x2-direction, and it can be ruled out,
precisely, by taking the filtering parameter γ < 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 by filtering the rays that do not
propagate at all to guarantee the existence of a minimal velocity of propagation (see
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Figure 9).19

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 1D case.

7. Other Remedies for High-Frequency Pathologies. In the previous sections
we have described the high-frequency spurious oscillations that arise in finite differ-
ence space semidiscretizations 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 consists 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 semidiscrete
system provides the nodal values of the solution. One then needs to compute its
Fourier coefficients and, once this is done, to recalculate the nodal values of the fil-
tered/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.

7.1. Tychonoff Regularization. Glowinski, Li, and Lions [41] proposed a Ty-
chonoff regularization technique that allows one to recover the uniform (with respect
to the mesh size) coercivity of the functional that one must minimize to get the
controls in the HUM approach. The method was tested to be efficient in numerical
experiments. Here we give a sketch of the proof of convergence in the particular case
under consideration, which is new, to our knowledge.
Let us recall that the lack of uniform observability makes the functionals (4.23)

not uniformly coercive, as we mentioned in section 4.5. As a consequence of this,
for some initial data, the controls vh diverge as h → 0. In order to avoid this lack
of uniform coercivity, the functional Jh can be reinforced by means of a Tychonoff
regularization procedure.20 Consider the new functional

J∗
h((u

0
j , u

1
j )j=1,...,N ) =

1

2

∫ T

0

∣∣∣∣uN (t)h
∣∣∣∣
2

dt+ h3
N∑
j=0

∫ T

0

∣∣∣∣u′j+1 − u′j
h

∣∣∣∣
2

dt

+ h

N∑
j=1

y0ju
1
j − h

N∑
j=1

y1ju
0
j .(7.1)

This functional is coercive when T > 2 and, more importantly, its coercivity is uniform

19Roughly speaking, this suffices for the observability inequality to hold uniformly in h for a
sufficiently large time [72, 73]. 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 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.

20This functional is a variant of the one proposed in [41], where the added term was

h2||(�u0, �u1)||2
H2×H1 instead of h

3
∑N

j=0

∫ T

0

∣∣u′
j+1−u′

j

h

∣∣2dt. 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. This
is due to the fact that for the solutions of wave-like equations the H1-norm of ut is of the order of the
H2-norm of u. The one introduced in (7.1) arises naturally in view of (7.2,) but the same arguments
could be used to justify the convergence of the one proposed in [41].
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in h. This is a consequence of the following observability inequality (see [100]):

Eh(0) ≤ C(T )
[ ∫ T

0

∣∣∣∣uN (t)h
∣∣∣∣
2

dt+ h3
N∑
j=0

∫ T

0

∣∣∣∣u′j+1 − u′j
h

∣∣∣∣
2

dt

]
.(7.2)

This inequality holds for all T > 2 for a suitable C(T ) > 0 which is independent of h
and of the solution of the semidiscrete problem (4.1) under consideration.
Note that in (7.2) we have the extra term

h3
N∑
j=0

∫ T

0

∣∣∣∣u′j+1 − u′j
h

∣∣∣∣
2

dt,(7.3)

which has also been used in the regularization of the functional J∗
h in (7.1). By in-

spection of the solutions of (4.1) 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 semidiscrete system u = exp(±i√λjt)wj . The
extra term we have added is of the order of h2λjEh(0). Obviously this term is negli-
gible as h → 0 for the low-frequency solutions (for j fixed) but becomes relevant for
the high-frequency ones when λj ∼ 1/h2. Accordingly, when inequality (4.6) fails,
i.e., for the high-frequency solutions, the extra term in (7.2) reestablishes the uniform
character of the estimate with respect to h. It is important to emphasize that both
terms are needed for (7.2) to hold. Indeed, (7.3) 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 uniform

boundedness of the minima of J∗
h and the corresponding controls. But there is an

important price to pay. The control that J∗
h yields not only is at the boundary but

also is distributed everywhere in the interior of the domain. The corresponding control
system reads as follows:


y′′j − 1

h2 [yj+1 + yj−1 − 2yj ] = h2g′h,j , 0 < t < T, j = 1, . . . , N,

y0(t) = 0; yN+1(t) = vh(t), 0 < t < T,
yj(0) = y

0
j , y

′
j(0) = y

1
j , j = 1, . . . , N.

(7.4)

And the controlled state satisfies ,yh(T ) ≡ ,y ′h(T ) ≡ 0. In this case, roughly speaking,
when the initial data are fixed independently of h (for instance, we consider initial
data in L2(0, 1)×H−1(0, 1) and we choose those in (7.4) as the corresponding Fourier
truncation) then there exist controls vh ∈ L2(0, T ) and gh such that the solution of
(7.4) reaches equilibrium at time T with the following uniform bounds:

vh is uniformly bounded in L
2(0, T ),(7.5)

||(Ah)
−1/2 ,gh||h is uniformly bounded in L2(0, T ),(7.6)

where Ah is the matrix in (4.3), and || · ||h stands for the standard euclidean norm

||−→fh||h =
[
h

N∑
j=1

|fh,j |2
]1/2

.(7.7)

These bounds on the controls can be obtained directly from the coercivity property
of the functional J∗

h we minimize, which is a consequence of the uniform observability
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inequality (7.2). The roles that the two controls play are of different natures: The
internal control h2g′h 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 vh converges to the control v of (3.4) in L

2(0, T ).
In this sense, the limit of the control system (7.4) is the boundary control problem for
the wave equation. To better understand this fact it is important to observe that, due
to the h2 multiplicative factor on the internal control, its effect vanishes in the limit.
Indeed, in view of the uniform bound (7.6), roughly speaking,21 the internal control
is of the order of h2 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 space for the internal control
is H−1(0, T ;H−1(0, 1)) comes from the nature of the regularizing term introduced

in the functional J∗
h . Indeed, its continuous counterpart is

∫ T

0

∫ 1

0
|∇ut|2dxdt and

it can be seen that, by duality, it produces controls of the form ∂t∂x(f) with f ∈
L2((0, 1)× (0, T )). The discrete internal control reproduces this structure.
The control h2g′h,j is bounded in L

2 with respect to both space and time. This is

due to two facts: (a) the norm of the operator (Ah)
1/2 is of order 1/h, and (b) taking

one time derivative produces multiplicative factors of order
√
λ 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, T ;L2(0, 1))∩W 1,∞(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 L2 for the wave equation produce finite energy solutions in
L∞(0, T ;H1(0, 1)) ∩W 1,∞(0, T ;L2(0, 1)). Thus, the added internal control produces
only a compact correction on the solution at the level of the space L∞(0, T ;L2(0, 1))∩
W 1,∞(0, T ;H−1(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)×L2(0, 1) (resp., L2(0, 1)×H−1(0, 1)).
Summarizing, we may say that a Tychonoff regularization procedure may allow

controlling the semidiscrete system uniformly at the price of adding an extra internal
control but in such a way that the boundary controls converge to the boundary control
for the continuous wave equation. Consequently, in practice, one can ignore the in-
ternal control this procedure gives and keep only the boundary one that, even though
it does not exactly control the numerical approximation scheme it does converge to
the right control of the wave equation. Thus, the method is efficient for comput-
ing approximations of the boundary control for the wave equation as the numerical
experiments in [41] confirm.

7.2. ATwo-GridAlgorithm. Glowinski and Li in [40] introduced a two-grid algo-
rithm that also makes it possible to compute efficiently the control of the continuous
model. The method was further developed by Glowinski in [38].
The relevance and impact of using two grids can be easily understood in view of

the above analysis of the 1D semidiscrete model. In section 4 we have seen that all
the eigenvalues of the semidiscrete system satisfy λ ≤ 4/h2. We have also seen that
the observability inequality becomes uniform when one considers solutions involving
eigenvectors corresponding to eigenvalues λ ≤ 4γ/h2, with γ < 1. Glowinski’s algo-

21To make this more precise we should introduce Sobolev spaces of negative order at the discrete
level as in (4.26). This can be done using Fourier series representations or extension operators from
the discrete grid to the continuous space variable.
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rithm 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 λ ≤ 1/h2. Thus,
the oscillations in the coarse mesh that correspond to the largest eigenvalues λ ∼ 1/h2

are associated to eigenvalues in the class of filtered solutions with parameter γ = 1/4
in the finer mesh. Formally, this corresponds to a situation where the observability
inequality is uniform for T > 2/ cos(π/8).
This explains the efficiency of the two-grid algorithm for computing the control

of the continuous wave equation.
This method was introduced by Glowinski [38] in the context of the full finite

difference and finite element discretizations in two dimensions. It was then further
developed in the framework of finite differences by Asch and Lebeau in [2], where the
GCC for the wave equation in different geometries was tested numerically.
The convergence of this method has recently been proved rigorously in [85] for fi-

nite difference and finite element semidiscrete approximations in one space dimension.
It was also proved that the sharp time for the convergence of the algorithm is T = 4,
twice the minimal time needed for the control of the continuous wave equation.
In practice, the two-grid algorithm works as follows: One minimizes Jh over the

subspace of data obtained by extending the slowly oscillating data given over the
coarse mesh to the fine one by interpolation. This gives a sequence of bounded (as
h tends to zero) controls. The controls, for h fixed, provide a partial controllability
result 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 two-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 in [85] is a uniform (with respect to h)

observability inequality for the adjoint system over the subspace of slowly varying
interpolated data.

7.3. Mixed Finite Elements. Let us now discuss a different approach that is
somewhat simpler than the previous ones. It consists in using mixed finite element
methods rather than finite differences or standard finite elements. As we have seen,
these two require some filtering—Tychonoff regularization or multigrid techniques—
to provide convergent methods for the computation of controls. The advantage of the
mixed finite elements, as we shall see, is that they may converge without the need of
any extra filtering or corrections.
First of all, it is important to emphasize that the analysis we have developed in

section 4 for the finite difference space semidiscretization of the 1D wave equation can
be carried out with minor changes for finite element semidiscretizations as well. In
particular, due to the high-frequency spurious oscillations, uniform observability does
not hold [49]. It is thus natural to consider mixed finite element methods. This idea
was introduced by Banks, Ito, and Wang [5] 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 [39].
The starting point is writing the adjoint wave equation (3.1) in the system form

ut = v, vt = uxx. We now use two different Galerkin bases for the approximation of
u and v. Since u lies in H1

0 , 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
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Fig. 10 Square roots of the eigenvalues in the continuous and discrete cases with mixed finite ele-
ments (compare with Figure 2).

regularity, one is led to the following semidiscrete system:


1
4

[
u′′j+1 + u

′′
j−1 + 2u

′′
j

]
= 1

h2 [uj+1 + uj−1 − 2uj ] , 0 < t < T, j = 1, . . . , N,
uj(t) = 0, j = 0, N + 1,
uj(0) = u

0
j , u

′
j(0) = u

1
j , j = 1, . . . , N.

(7.8)

This system is a good approximation of the wave equation and converges in classical
terms. Moreover, the spectrum of the mass and stiffness matrices involved in this
scheme can be computed explicitly and the eigenvectors are those of (4.9), i.e., the
restriction of the sinusoidal eigenfunctions of the Laplacian to the mesh points. The
eigenvalues are now

λk =
4

h2
tan2(kπh/2), k = 1, . . . , N.(7.9)

For this spectrum the gap between the square roots of consecutive eigenvalues is
uniformly bounded from below, and in fact tends to infinity for the highest frequencies
as h → 0 (Figure 10). According to this, and applying Ingham’s inequality, the
uniform observability property may be proved (see [16]). Note, however, that one
cannot expect (4.6) 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

Eh(0) ≤ C(T )
∫ T

0

[∣∣∣∣uN (t)h
∣∣∣∣
2

+ h2

∣∣∣∣u′N (t)h
∣∣∣∣
2
]
dt(7.10)

for every solution of (7.8) and for all h > 0. As a consequence, the corresponding
systems are also uniformly controllable and the controls converge as h → 0. These
results may be extended to suitable 2D mixed finite element schemes.
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
stronger than for classical finite difference or finite element methods because of the
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sparsity of the spectrum. This is why one has to be more careful in the choice of the
time-discretization scheme (see [16, 78]).
The mixed finite element method above may also be viewed as a suitable mod-

ification of the classical finite difference scheme in which the mass matrix has been
worked out to improve the dispersion diagram of the scheme. This is a classical idea
(see, for instance, Krenk [58]).

8. OtherModels. The controllability properties of wave-like equations are rather
unstable under numerical discretizations. In this section we show that the dissipative
and dispersive effects that the heat and Schrödinger equations introduce, respectively,
do reestablish the stability.

8.1. Finite Difference Space Semidiscretizations of the Heat Equation. As
we mentioned in the introduction, the dissipative character of the models may help
to reestablish stability. But mild dissipation does not suffice. That is, for instance,
the case for the dissipative wave equation utt −∆u+ kut = 0 that, under the change
of variables v = e−kt/2u, can be transformed into the wave equation plus potential

vtt −∆v − k2

4 v = 0. 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 u
introduces, roughly, a decay rate22 in time of the order of e−kt/2 but does not change
the properties of the system in what concerns control/observation. As we shall see in
this section the strong damping that the heat equation introduces helps much more.
The convergence of numerical schemes for control problems associated with para-

bolic equations has been extensively studied in the literature (see, e.g., [56, 94, 102]).
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 x = L: 

yt − yxx = 0, 0 < x < L, 0 < t < T,
y(0, t) = 0, y(L, t) = v(t), 0 < t < T,
y(x, 0) = y0(x), 0 < x < L.

(8.1)

This is the so-called boundary control problem. It is by now well known that (8.1) is
null controllable in any time T > 0 (see, for instance, Russell [96, 97]). To be more
precise, the following holds: For any T > 0 and y0 ∈ L2(0, L) there exists a control
v ∈ L2(0, T ) such that the solution y of (8.1) satisfies y(x, T ) ≡ 0 in (0, L).
This null controllability result is equivalent to a suitable observability inequality

for the adjoint system

ut + uxx = 0, 0 < x < L, 0 < t < T,
u(0, t) = u(L, t) = 0, 0 < t < T,
u(x, T ) = u0(x), 0 < x < L.

(8.2)

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

22This is true for low-frequency solutions. However, the decay rate may be lower for low-frequency
ones when k is large enough. This can easily be seen by means of Fourier decomposition. This is the
so-called overdamping phenomenon.
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conditions at the final time t = T . The corresponding observability inequality is as
follows23: For any T > 0 there exists C(T ) > 0 such that

∫ L

0

u2(x, 0)dx ≤ C
∫ T

0

|ux(L, t)|2 dt(8.3)

holds for every solution of (8.2).24

Let us now consider semidiscrete versions of these problems:

y′j − 1

h2 [yj+1 + yj−1 − 2yj ] = 0, 0 < t < T, j = 1, . . . , N,
y0 = 0, yN+1 = v, 0 < t < T,
yj(0) = y

0
j , j = 1, . . . , N ;

(8.4)



u′j +

1
h2 [uj+1 + uj−1 − 2uj ] = 0, 0 < t < T, j = 1, . . . , N,

u0 = uN+1 = 0, 0 < t < T,
uj(T ) = u

0
j , j = 1, . . . , N.

(8.5)

According to the Kalman criterion for controllability in section 2, for any h > 0
and for all time T > 0 system (8.4) is controllable and (8.5) 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.
Theorem 8.1 (see [71]). For any T > 0 there exists a positive constant C(T ) > 0

such that

h

N∑
j=1

|uj(0)|2 ≤ C(T )
∫ T

0

∣∣∣∣uN (t)h
∣∣∣∣
2

dt(8.6)

holds for any solution of (8.5) and any h > 0.
Theorem 8.2 (see [71]). For any T > 0 and

{
y01 , . . . , y

0
N

}
there exists a control

v ∈ L2(0, T ) such that the solution of (8.4) satisfies

yj(T ) = 0, j = 1, . . . , N.(8.7)

Moreover, there exists a constant C(T ) > 0, independent of h > 0, such that

‖ v ‖2
L2(0,T )≤ C(T )h

N∑
j=1

∣∣y0j ∣∣2 .(8.8)

These results were proved in [71] using Fourier series and a classical result on the
sums of real exponentials (see, for instance, Fattorini and Russell [30]) that plays the
role of Ingham’s inequality in the context of parabolic equations.

23This 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,
[33, 31])

24Note that the observability estimate (8.3) does not provide information on u(T ). In fact, due
to the regularizing effect of the heat equation it would be impossible to get estimates on u0 on
any Sobolev norm (see [31]). At the control level, this corresponds to the fact that, again, due
to the regularizing effect, it would be impossible to drive the state y in the final time T to an
arbitrary L2-function, for instance. The strong regularizing effect of the heat equation introduces
time-irreversibility both in the problems of control and observation.
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The explicit form of the spectrum and its properties play a key role in the proof.
One uses in particular that there exists c > 0 such that λhj ≥ cj2 for all h > 0 and
j = 1, . . . , N and that 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 and that this was the main reason for the lack
of uniform bound on the controls. In particular it was found that

√
λhN −

√
λhN−1 ∼ h.

But, in the present case, it follows that λhN − λhN−1 ∼ (
√
λhN −

√
λhN−1)(

√
λhN +√

λhN−1) ∼ 1, since
√
λhN +

√
λhN−1 ∼ 1/h. This fact describes clearly why the gap

condition is fulfilled in this case.
Once the uniform observability inequality of Theorem 8.1 is proved, the controls

for the semidiscrete heat equation (8.4) can be easily constructed by means of the min-
imization method described in section 4.5. The fact that the observability inequality
is uniform implies the uniform bound (8.8) on the controls. The null controls for the
semidiscrete equation (8.5) that one obtains in this way are such that, as h→ 0, they
tend to the null control for the continuous heat equation (8.1) (see [71]).

8.2. The Beam Equation. In a recent work by León and the author [65] the
problem of boundary controllability of finite difference space semidiscretizations of the
beam equation ytt + yxxxx = 0 was addressed. This model has important differences
with 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 = yxx = 0, x = 0, π, the solution
admits the Fourier representation formula y(x, t) =

∑
k∈Z ake

iλktsin(kx), where λk =
sgn(k)k2. Obviously, the gap between consecutive eigenvalues is uniformly bounded
from below. More precisely, λk+1 − λk = 2k + 1 → ∞ as k → ∞. This allows us to
apply a variant of Ingham’s inequality for an arbitrarily small control time T > 0 (see
[76]).25 As a consequence, boundary exact controllability holds for any T > 0 too.
When considering finite difference space semidiscretizations, things are better

than they are for the wave equation too. Indeed, as was proved in [65], roughly
speaking, the asymptotic gap26 also tends to infinity as k → ∞, uniformly on the
parameter h. This allows proving the uniform observability and controllability (as
h → 0) of the finite difference semidiscretizations. However, as we mentioned in
section 4, due to the bad approximation that finite differences provide at the level of
observing the high-frequency eigenfunctions, the control has to be split into two parts:
the main part that strongly converges to the control of the continuous equation in the
sharp L2(0, T ) space and the oscillatory one that converges to zero in a weaker space
H−1(0, T ). Thus, in the context of the beam equation, with the most classical finite
difference semidiscretization, we obtain what we had gotten for the wave equation
with mixed finite elements. This fact was further explained by means of tools related
with discrete Wigner measures in [72, 73].
The same results apply for the Schrödinger equation. Indeed, the beam equation

under consideration is simply the composition of the Schrödinger operator with its

25Although 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 → ∞. We refer to [76] for a precise statement where explicit estimates of the
constants arising in the inequalities are given.

26In fact one needs to be more careful since, for h > 0 fixed, the gap between consecutive eigenfre-
quencies 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 [76] apply in this context too (see [65]).
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conjugate: ytt + yxxxx = (−i∂t + ∂2
x)(i∂t + ∂

2
x)y. The same occurs for the numerical

scheme we consider. According to this, the solutions of the continuous Schrödinger
equation and of its numerical version are also solutions of the beam equation and
its numerical discretization, respectively. Therefore, all of our analysis applies in the
context of the Schrödinger equation, too.
Note, however, that, as we shall see in open problem 3 below, the situation is

more complex in several space dimensions in which the dissipative and dispersive
effects added by the heat and Schrödinger equations do not suffice. That is the case
since, in several space dimensions, in addition to the numerical dispersive effects, new
geometric issues arise. Indeed, for instance, there are discrete eigenvectors that violate
the unique continuation properties of the eigenfunctions of the continuous Laplacian.27

Adding dissipativity or dispersivity does not rule out this spurious eigenmodes and
therefore does not suffice to reestablish the uniform observability and controllability
properties in the same geometric setting of the corresponding continuous models.

9. Further Comments and Open Problems.

9.1. Further Comments.

1. Stabilization. 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, [96, 107]).
For 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 ω satisfies the GCC the solutions of the damped wave equation
ytt −∆y + 1ωyt = 0 with homogeneous Dirichlet boundary conditions are known to
decay exponentially in the energy space: there exist constants C > 0 and γ > 0 such
that E(t) ≤ Ce−γtE(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 respect to

the mesh size for numerical discretizations. The answer is in general negative due to
spurious high-frequency oscillations. This negative result also has important conse-
quences in many other issues related with control theory like infinite horizon control
problems, Riccati equations for the optimal stabilizing feedback (see [89]), etc. The
uniformity of the exponential decay rate can be reestablished if we add an internal
viscous damping term to the equation (see [100, 80]). This is closely related to the en-
hanced observability inequality (7.2) in which the extra internal viscous term added
in the observed quantity guarantees the observability constant to be uniform. We
shall return to this issue in open problem 5 below.

2. Space-time discretizations. The analysis we have developed in this article ap-
plies as well to fully space-time finite difference discretizations. Except for the very
particular case of the centered discretization of the 1D wave equation with equal
space and time steps (∆x = ∆t) addressed in [83], filtering of high frequencies is also
needed. The discrete version of the Ingham inequality developed in [84] allows proving

27For the eigenfunctions of the Laplacian it is well known that if an eigenfunction vanishes in an
open nonempty subset, then it has to vanish everywhere. As we shall see in open problem 3 below,
the discrete analogue of this is not true.
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boundedness and convergence of controls once the filtering parameter and the control
time have been chosen in an appropriate way.

3. Homogenization. Most of the analysis presented here has also been 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. In
that context the coefficients of the wave equation oscillate rapidly on a scale ε that
tends to zero, so that the equation homogenizes to a constant coefficient one. The
interaction of high-frequency waves with the microstructure produces localized waves
at high frequency. These localized waves are an impediment for the uniform ob-
servation/control properties to hold. It has been proved in a number of situations
that this filtering technique suffices to reestablish uniform observation and control
properties (see [17] and [62]). The analogies between both problems (homogenization
and numerical approximation) are clear: the mesh size h in numerical approximation
schemes plays the same role as the ε parameter in homogenization (see [115] and [19]
for a discussion of the connection between these problems). Although the analysis of
the numerical problem is much easier from a technical point of view, it was developed
only 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 have shown how this may be done in the context of the wave equation, a model of
purely conservative dynamics in infinite dimension.

4. Optimal and approximate control. We have shown that the property of exact
controllability is badly behaved for the wave equation with respect to numerical ap-
proximations. However, this is no longer true for classical optimal control problems
(LQR (linear quadratic regulator), finite-time-horizon optimal control, etc.) or even
for approximate controllability problems in which the objective is to drive the solu-
tion to any state of size less than a given ε. Approximate controllability is a relaxed
version of the exact controllability property, the goal being to drive the solution of the
controlled wave equation (3.4) not exactly to the equilibrium as in (3.5) but rather to
an ε-state such that

||y(T )||L2(0,1) + ||yt(T )||H−1(0,1) ≤ ε.(9.1)

When for all initial data (y0, y1) in L2(0, 1) × H−1(0, 1) and for all ε there is a
control v (obviously, the control v will normally depend on ε, too) such that (9.1)
holds, we say that the system (3.5) is approximately controllable. Obviously, approx-
imate controllability is a weaker notion than exact controllability, and whenever the
wave equation is exactly controllable, it is approximately controllable too.
Of course, the approximate controllability property by itself, as stated, does not

provide any information as to what the cost of controlling to an ε-state is, as in (9.1),
i.e., what norm of the control vε is needed to achieve the approximate control condition
(9.1). 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 ε tends to zero (see [92]).28 But this issue will not be addressed
here.

28This type of result has been also proved in the context of the heat equation in [31]. But there
the difficulty does not come from the geometry but rather from the regularizing effect of the heat
equation.
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Once ε is fixed, we know that when T ≥ 2, for all initial data (y0, y1) in
L2(0, 1) ×H−1(0, 1), there exists a control vε ∈ L2(0, T ) such that (9.1) holds. This
is a consequence of the exact controllability property of the wave equation in section
3.
We are interested in the behavior of this property under numerical discretization.

Thus, let us consider the semidiscrete controlled version of the wave equation (4.21).
We fix the initial data in (4.21) “independently of h” (roughly, by taking a projection
over the discrete mesh of fixed initial data (y0, y1) or by truncating its Fourier series).
Of course, (4.21) is also approximately controllable.29 The question we address

is as follows: Given initial data which are “independent of h,” with ε fixed, and given
also the control time T ≥ 2, is the control vh of the semidiscrete system (4.21) (such
that the discrete version of (9.1) 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 ε = 0) is negative.
However, in the context of approximate controllability, the controls vh do remain uni-
formly bounded as h→ 0. Moreover, they can be chosen such that they converge to a
limit control v for which (9.1) is realized for the continuous wave equation.
This positive result on the uniformity of the approximate controllability property

under numerical approximation when ε > 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 controllability, one is allowed to concentrate an ε
amount of energy on the solution at the final time t = T . For the semidiscrete problem
this is done precisely in the high-frequency components that are badly controllable
as h → 0, and this makes it possible to keep the control fulfilling (9.1), bounded as
h→ 0.
We refer to [119] for the details of the proof of this positive result.
The same can be said about finite horizon optimal control problems (see [119]).
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 and approximate controllability
problems are relaxed versions of the exact controllability one, this negative result
should be considered as a warning about the limit process as h→ 0 in general control
problems.

9.2. Open Problems.

Problem 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. For continuous models there are a number of fixed
point techniques allowing one to extend the results of controllability of linear waves
and heat equations to semilinear equations with moderate nonlinearities (globally Lip-
schitz ones, for instance [117]). These techniques need to be combined with Carleman
or multiplier inequalities (see [33, 108]) 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

29In fact, in finite dimensions, exact and approximate controllability are equivalent notions and,
as we have seen, the Kalman condition is satisfied for system (4.21).
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results of uniform controllability presented in this paper (by means of filtering, mixed
finite elements, multigrid techniques, etc.) to the numerical approximation schemes
of semilinear PDE is a completely open subject of research.

Problem 2. Wavelets and Spectral Methods. In the previous sections we have
described how filtering of high frequencies can be used to get uniform observability
and controllability results. It would be interesting to develop the same analysis in the
context of numerical schemes based on wavelets and spectral methods. We refer to
[82, 8, 6] for some preliminary results.

Problem 3. Discrete Unique-Continuation. In the context of the continuous
wave equation we have seen that the observability inequality and, consequently, exact
controllability hold 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. Approximate controllability
is equivalent to a uniqueness or unique-continuation property for the adjoint system
(see [67, 113, 117]): If the solution u of (5.6) vanishes in ω × (0, T ), then it vanishes
everywhere. We emphasize that this property holds whatever the open subset ω of Ω
may be, provided T is large enough, by Holmgren’s uniqueness theorem (see [67]).
One could expect the same result to hold also for semidiscrete and discrete equa-

tions. But the corresponding theory has not been developed. The following example
due to Kavian [54] shows that, at the discrete level, new phenomena arise. It concerns
the eigenvalue problem for the five-point finite difference scheme for the Laplacian in
the square. A grid function taking alternating values ±1 along a diagonal and van-
ishing everywhere else (see Figure 11) is an eigenvector with eigenvalue λ = 4/h2.
According to this example, even at the level of the elliptic equation, the domain ω
where the solution vanishes has to be assumed to be large enough to guarantee the
unique-continuation property. In [22] it was proved that when ω 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 bound-
ary” we mean 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 five-point numerical scheme al-
lows propagating the information and showing that the solution vanishes at all nodal
points of the whole domain.
Getting optimal geometric conditions on the set ω, depending on the domain Ω

where the equation holds, on the discrete equation itself, on the boundary conditions
and, possibly, on 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 PDEs

are the so-called Carleman inequalities. It would be interesting to develop the corre-
sponding discrete theory.
Obviously, the lack of unique continuation for the discrete eigenvectors shows that

unique continuation will also fail for the discrete versions of the heat and Schrödinger
equations. Therefore, even if in one dimension the dispersive and diffusive properties
of the systems under consideration enhance its controllability, they are not sufficient
to guarantee the controllability of the numerical discretizations in several space di-
mensions. Understanding the need of filtering of high frequencies for these systems in
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Fig. 11 The eigenvector for the five-point finite difference scheme for the Laplacian in the square,
with eigenvalue λ = 4/h2, taking alternating values ±1 along a diagonal and vanishing
everywhere else in the domain.

several space dimensions is also an interesting open problem.

Problem 4. Hybrid Hyperbolic-Parabolic Equations. We have discussed dis-
cretizations 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. 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 [63] for
the system of thermoelasticity and [109, 110, 114] for the analysis of a system cou-
pling the wave and the heat equation along an interface). In particular, it would be
interesting to analyze to what extent the presence of the parabolic component makes
unnecessary the filtering of the high frequencies for the uniform observability property
to hold for space or space-time discretizations.

Problem 5. Viscous Numerical Damping. In [100] we analyzed finite difference
semidiscretizations of the damped wave equation utt − uxx + χωut = 0, where χω
denotes the characteristic function of the set ω where the damping term is effective.
In particular we analyzed the following semidiscrete approximation in which an extra
numerical viscous damping term is present:

u′′j − 1

h2
[uj+1 + uj−1 − 2uj ]−

[
u′j+1 + u

′
j−1 − 2u′j

]− u′jχω = 0.(9.2)

It was proved that this type of scheme preserves the stabilization properties of the
wave equation, uniformly as h tends to zero.
The extra numerical damping that this scheme introduces, namely, [u′j+1+ u

′
j−1−

2u′j ], damps out the high frequency spurious oscillations that the classical finite dif-
ference discretization scheme produces and that are the cause of lack of uniform
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exponential decay in the presence of damping. We also refer to [79], where this type
of scheme is used in order to develop an algorithm based on the level-set method for
computing the optimal location of dampers for the wave equation, a topic that has
been previously addressed from a theoretical point of view in [45].
The problem of whether this numerical scheme is uniformly observable or con-

trollable as h tends to zero is an interesting open problem.
Note that the system above, in the absence of the damping term localized in ω,

can be written in the vector form ,u′′+Ah,u+h
2Ah,u

′ = 0. Here ,u stands, as usual, for
the vector unknown (u1, . . . , uN )

T and Ah for the tridiagonal matrix associated with
the finite difference approximation of the Laplacian (4.3). In this form it is clear that
the scheme above corresponds to a viscous approximation of the wave equation.
Whether this system has uniform (with respect to h) observability and controlla-

bility properties is an interesting open problem even in one space dimension.

Problem 6. Multigrid Methods. In section 7.2 we presented the two-grid algo-
rithm introduced by Glowinski [38] and explained heuristically why it is a remedy for
high-frequency spurious oscillations. In [38] the efficiency of the method was exhib-
ited in several numerical examples and the convergence proved in [84] for one space
dimension. The problem of convergence is open in several space dimensions.

Problem 7. Uniform Control of the Low Frequencies. We have seen that the
most natural finite difference approximation scheme for the 1D wave equation fails to
give convergent controls. However, Micu in [75] proved that the controls converge for
some initial data, in particular for those that involve only a finite number of Fourier
components. The 2D counterpart of the 1D positive result in [75] showing that the
initial data involving a finite number of Fourier components are uniformly 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 been
proved only in one dimension for finite difference semidiscretizations.

Problem 8. Extending theWigner MeasureTheory. As we mentioned above,
Macià in [72, 73] developed a discrete Wigner measure theory to describe the propa-
gation of semidiscrete and discrete waves at high frequency. However, this was done
for regular grids and without taking into account boundary effects. The notion of
polarization developed in [13] remains also to be analyzed in the discrete setting.

Problem 9. Theory of Inverse Problems and Optimal Design. This paper
has been devoted mainly to the property of observability and its consequences for
controllability. 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 [52]). Assuming that one has a positive answer to this problem in an appropriate
functional setting, it is natural to consider the problem 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 inverse problem?
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

ρutt − uxx = 0, 0 < x < 1, 0 < t < T, u(0, t) = u(1, t) = 0, 0 < t < T,(9.3)
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with a constant but unknown density ρ > 0. Solutions of this equation are time-
periodic of period 2

√
ρ, and this can be immediately observed on the trace of normal

derivatives of solutions at either of the two boundary points x = 0 or x = 1, by
inspection of the Fourier series representation of solutions of (9.3). Thus, the value of
ρ can be determined by means of boundary measurements.
Let us now consider the semidiscrete version of (9.3). In this case, according

to the analysis above, the solutions do not have any well-defined time-periodicity
property. On the contrary, for any given values of ρ and h, (9.3) admits a whole
range of solutions that travel at different group velocities, ranging from h/

√
ρ (for

the high frequencies) to 1/
√
ρ (for the low frequencies). In particular, the high-

frequency numerical solutions do behave more like a solution of the wave equation
with an effective density ρ/h2. This argument shows that the mapping that allows
determining the value of the constant density 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 in detail remains to be done.
The same can be said about optimal design problems. Indeed, in this context

very little is known about the convergence of the optimal designs for the numerical
discretized models towards the optimal design of the continuous models and, to a
large extent, the difficulties one has to face in this context are similar to those we
addressed all throughout this paper. Recently convergence of the discrete optimal
shapes towards the continuous ones has been proved in [23] for the Dirichlet Laplacian
in two dimensions.

Problem 10. 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 impor-

tant nonlinear PDEs have been solved from the point of view of controllability. Among
them the following are worth mentioning: (a) The Galerkin approximations of the bi-
linear control problem for the Schrödinger equation arising in quantum chemistry
(see [90, 104]); (b) the control of the Galerkin approximations of the Navier–Stokes
equations [69].
In both cases nothing is known about the possible convergence of the controls 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 complex. However, the
degree of difficulty may be different in both cases. Indeed, in the case of the continuous
Navier–Stokes and Euler equations for incompressible fluids there are a number of
results in the literature indicating that they are indeed controllable (see [33, 25, 26]).
However, for the bilinear control of the Schrödinger equations, it is known that the
reachable set is very small in general, which indicates that one can only expect very
weak controllability 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.



CONTROL AND NUMERICAL APPROXIMATION OF WAVES 239

Problem 11. Wave Equations with Irregular Coefficients. The methods we
have developed do not suffice to deal with wave equations with nonsmooth coefficients.
However, at the continuous level, in one space dimension, observability and exact
controllability hold for the wave equation with 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 problem. We refer to the book by Cohen [24] for the analysis
of reflection and transmission indices for numerical schemes for wave equations with
interfaces.

Problem 12. Convergence Rates. In this article we have described several nu-
merical methods that do provide convergence of controls. The problem of the rate
of convergence has not been addressed so far. Recently important progress has been
made in this respect in the context of optimal control problems for semilinear elliptic
equations (see [14, 15]).

Problem 13. Waves on Networks. The problems of wave propagation, obser-
vation, and control in planar networks of strings has been intensively analyzed. We
refer to [27] for a survey on the state-of-the-art in the field. However, very little is
known about the behavior of numerical methods. We refer to [9] for some preliminary
results on the subject. The method of domain decomposition has also been studied
[59]. But a lot is to be done in order to develop a complete theory for the observation,
control, and numerical approximation of waves on networks.
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Tebou, with whom I had the pleasure of developing some of the material included in
this paper and who provided also essential help in the preparation of the manuscript.
Finally, my thanks go to M. Cea, J. Rasmussen, and R. Rodriguez del Ŕıo, who helped
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[47] L. Hörmander, Linear Partial Differential Equations, Springer-Verlag, New York, 1969.
[48] J. A. Infante and E. Zuazua, Boundary observability of the space-discretizations of the 1D

wave equation, C. R. Acad. Sci. Paris Sér. I Math., 326 (1998), pp. 713–718.
[49] J. A. Infante and E. Zuazua, Boundary observability for the space-discretizations of the

one-dimensional wave equation, Math. Model. Numer. Anal., 33 (1999), pp. 407–438.
[50] A. E. Ingham, Some trigonometric inequalities with applications to the theory of series, Math.

Z., 41 (1936), pp. 367–379.
[51] E. Isaacson and H. B. Keller, Analysis of Numerical Methods, John Wiley, New York, 1966.
[52] V. Isakov, Inverse Problems for Partial Differential Equations, Springer-Verlag, Berlin, 1988.
[53] A. Jameson, Aerodynamic design via control theory, J. Sci. Comput., 3 (1988), pp. 233–260.
[54] O. Kavian, Private communication, 2001.
[55] J. Klamka, Controllability of Dynamical Systems, Polish Scientific Publishers, Waszawa,

Poland, 1990.
[56] G. Knowles, Finite element approximation of parabolic time optimal control problems, SIAM

J. Control Optim., 20 (1982), pp. 414–427.
[57] V. Komornik, Exact Controllability and Stabilization. The Multiplier Method, John Wiley,

Chichester, Masson, Paris, 1994.
[58] S. Krenk, Dispersion-corrected explicit integration of the wave equation, Comput. Methods

Appl. Mech. Engrg., 191 (2001), pp. 975–987.
[59] J. E. Lagnese and G. Leugering, Domain decomposition methods in optimal control of

partial differential equations, Internat. Ser. Numer. Math. 148, Birkhäuser-Verlag, Basel,
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I. Introduction and hystorical comments



MATHEMATICAL CONTROL THEORY,

or

CONTROL ENGINEERING

or simply

CONTROL THEORY?

An interdisciplinary field of research in between Mathematics and En-

gineering with strong connections with Scientific Computing, Tech-

nology, Communications,...



THE ORIGINS:

“. . . if every instrument could accomplish its own work, obey-
ing 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.”

Chapter 3, Book 1, of the monograph “Politics” by Aristotle (384-322
B. C.).

Main motivation: The need of automatizing processes to let the hu-
man being gain in liberty, freedom, and quality of life.



Nowadays:

The state equation

A(y) = f(v). (1)

y is the state to be controlled.

v is the control. It belongs to the set of admissible controls .

Roughly speaking the goal is to drive the state y close to a desired

state yd:

y ∼ yd.



In this general functional setting many different mathematical models

feet:

• Linear versus nonlinear problems;

• Deterministic versus stochastic models;

• Finite dimensional versus infinite dimensional models;

• Ordinary Differential Equations (ODE) versus Partial Differential

Equations (PDE).



Several kinds of different control problems may also feet in this frame
depending on how the control objective is formulated:

• Optimal control (related with the Calculus of Variations)

minv∈||y − yd||2.

• Controllability: Drive exactly the state y to the prescribed one yd.

This is a more dynamical notion.

Several relaxed versions also arise: approximate controllability.

• Stabilization or feedback control. (real time control)

v = F (y); A(y) = f(F (y)).



SOME OF THE KEY INGREDIENTS OF CONTROL THEORY



The concept of feedback. Inspired in the capacity of biological sys-
tems to self-regulate their activities.

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 Eco-
nomics.

Feedback process: the one in which the state of the system deter-
mines the way the control has to be exerted in real time

Nowadays, feedback processes are ubiquitous in applications to Engi-
neering, Economy also in Biology, Psychology, etc.

Cause-effect principle → Cause-effect-cause principle.



• The thermostat;

• The control of aircrafts in flight or vehicles in motion:



• Noise reduction:

http://www.ind.rwth-aachen.de/research/noise reduction.html



Noise reduction is a subject to research in many different fields.

Depending on the environment, the application, the source sig-

nals, the noise, and so on, the solutions look very different. Here

we consider noise reduction for audio signals, especially speech

signals, and concentrate on common acoustic environments such

an office room or inside a car. The goal of the noise reduction is

to reduce the noise level without distorting the speech, thus re-

duce the stress on the listener and - ideally - increase intelligibility.



The need of fluctuations.

“It is a curious fact that, while political economists recog-
nize that for the proper action of the law of supply and de-
mand there must be fluctuations, it has not generally been
recognized by mechanicians in this matter of the steam en-
gine governor. The aim of the mechanical engineers, 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.”

H.R. Hall, Governors and Governing Mechanisms, The Technical
Publishing Co., 2nd ed., Manchester 1907.



An example: Lagrange multipliers.

min
g(x)=c

f(x).

The answer: critical points x are those for which

∇f(x) = λ∇g(x)

for some real λ.

This is so because ∇g(x) is the normal to the level set in which
minimization occurs. A necessary condition for the point x to be
critical is that ∇f(x) points in this normal direction. Otherwise, if
∇(x) had a nontrivial projection over the level set g(x) = c there
would necessarilly exist a better choice of x for which f(x) would
be even smaller.





Cybernetics.

“Cybernétique” was proposed by the French physicist A.-M. Ampère

in the XIX Century to design the nonexistent science of pro-

cess controlling. This was quickly forgotten until 1948, when

N. Wiener (1894–1964) chose “Cybernetics” as the title of his

book.

Wiener defined Cybernetics as “ the science of control and com-

munication 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.





In mathematical terms this corresponds to duality in convex anal-

ysis.

To each optimization problem it corresponds a dual one. Solving

the primal one is equivalent to solving the dual one, and viceversa.

But often in practice one is much easier to solve than the other

one.

This duality principle is to be used to always solve the easy one.

PRIMAL =DUAL

CONTROL= COMMUNICATION



ORIGINS

• Irrigation systems, ancient Mesopotamia, 2000 BC.

• Harpenodaptai, ancient Egypt, the string stretchers.

* Primal: The minimal distance between two points is given

by the straight line.

* Dual: The maximal distance between the extremes of a cord

is obtained when the cord is along a straight line.



In mathematical terms, things are not easy:

To minimize the functional∫ 1

0
||x′(t)||dt

among the set of parametrized curves x : [0,1]→ R, such that

x(0) = A and x(1) = B.

We easily end up working in the BV class of functions of

bounded variation, out of the most natural and simple con-

text of Hilbert spaces.



• Roman aqueducts. Systems of water transportation endowed

with valves and regulators.



• The pendulum. The works of Ch. Huygens and R. Hooke,

in the end of the XVII century, the goal being measuring in a

precise way location and time, so precious in navigation.



• Regulator of windmills. Applied later by J. Watt (1736-1819),

to the steam engine, the motor of industrial revolution.



The first mathematical rigorous analysis of the stability prop-

erties of the steam engine was done by Lord J. C. Maxwell, in

1868.

The explanation of some erratic behaviors was explained. Until

them it was not well understood why apparently more ellabo-

rated and perfect regulators could have a bad behavior.

The reason is now refered to as the overdamping phenomenon.

Consider the equation of the pendulum:

x′′+ x = 0.

This describes a pure conservative dynamics: the energy

e(t) =
1

2
[x2(t) + |x′(t)|2]



is constant in time.

Let us now consider the dynamics of the pendulum in presence

of a friction term:

x′′+ x = −kx′,

k being a positive constant k > 0.

The energy decays exponently. But the decay rate does not

necessarily increase with the damping parameter k.

Indeed, computed the eigenvalues of the characteristic equa-

tion one finds:

λ± = [−k ±
√
k2 − 4]/2.

It is easy to see that λ+ increases as k > 2 increases.



This confirms the prediction that optimal controls and strate-

gies are often complex and that they do not necessarily obey

to the very first intuition.



• Automatic control. The number of applications rapidly in-

creased in the thirties covering different areas like amplifiers in

telecommunications, distribution systems in electrical plants,

stabilization of aeroplanes, electrical mechanisms in paper pro-

duction, petroleum and stell industry,...



By that time there were two clear and disntic approaches:

• State space approach, based on modelling by means of Ordi-

nary Differential equations (ODE);

• The frequency domain approach, based in the Fourier repre-

sentation of signals.

PHYSICAL SPACE ≡ FREQUENCY SPACE

But after the second world war it was discovered that most phys-

ical systems were nonlinear and nondeterministic.



IMPORTANT CONTRIBUTIONS WERE MADE IN THE 60’s:

• Kalman and his theory of filtering and algebraic approach to

the control of systems;

• Pontryagin and his maximum principle: A generalization of

Lagrange multipliers.

• Bellman and his principle of dynamic programming:

A trajectory is optimal if it is optimal at every time.



IMPORTANT FURTHER DEVELOPMENTS HAVE BEEN

DONE IN THE LAST DECADES CONCERNING:

• Nonlinear problems;

Lie brackets: Think on how park or unpark your car...

• Stochastic models;

Human beings introduce more uncertainty in already uncer-

tain systems...

• Infinite dimensional systems = Partial Differential Equations

(PDE), also referd to as Distributed Parameter Systems.

When the number of degrees of freedom is too large one is

obliged to deal with models in Continuum Mechanics....



IS PDE CONTROL RELEVANT?

The answer is, definitely, YES.

Let us mention some examples in which the wave equation is

involved in a way or another.

• Noise reduction in cavities and vehicles.

Typically, the models involve the wave equation for the acous-

tic waves coupled with some other equations modelling the

dynamics of the boundary structure, the action of actuators,

possibly through smart mechanisms and materials.



• Quantum control and Computing.

Laser control in Quantum mechanical and molecular systems

to design coherent vibrational states.

In this case the fundamental equation is the Schrödinger one.

Most of the theory we shall develop here applies in this case

too. The Schrödinger equation may be viewed as a wave

equation with inifnite speed of propagation.



P. Brumer and M. Shapiro, Laser Control of Chemical reac-

tions, Scientific American, March, 1995, pp.34-39.



• Seismic waves, earthquakes.

F. Cotton, P.-Y. Bard, C. Berge et D. Hatzfeld, Qu’est-ce

qui fait vibrer Grenoble?, La Recherche, 320, Mai, 1999,

39-43.



• Flexible structures.

SIAM Report on “Future Directions in Control Theory. A

Mathematical Perspective”, W. H. Fleming et al., 1988.



• An many others...

Control in an information rich World, SIAM, R. Murray Ed.,

2003.



CONTROL THEORY is full of challenging, difficult and inter-

esting mathematical problems.

Control is continuously enriched by the permanent interaction

with applications.

This interaction works in both directions:

* mathematical control theory provides the understanding al-

lowing to improve real-life control mechanisms;

* Applications provide and bring new mathematical problems

of increasing complexity.



Biomedicine



Aerospace industry



Optimal shape design in aerodynamics



Eolic energy generation



AN OPEN PROBLEM



The 1-d wave equation, with Dirichlet boundary conditions,

describing the vibrations of a flexible string, with control one

one end:
ytt − yxx = 0, 0 < x < 1, 0 < t < T
y(0, t) = 0; y(1, t) =v(t), 0 < t < T

y(x,0) = y0(x), yt(x,0) = y1(x), 0 < x < 1

y = y(x, t) is the state and v = v(t) is the control.

The goal is to stop the vibrations, i.e. to drive the solution to

equilibrium in a given time T : Given initial data {y0(x), y1(x)}
to find a control v = v(t) such that

y(x, T ) = yt(x, T ) = 0, 0 < x < 1.

We know that this property holds if and only if T ≥ 2.



The problem being linear it can be reduced to an observability

inequality (J. L. Lions’ Hilbert Uniqueness method (HUM)).



The open problem is: is the same true for the nonlinear wave

equation?
ytt − yxx + y3 = 0, 0 < x < 1, 0 < t < T
y(0, t) = 0; y(1, t) =v(t), 0 < t < T

y(x,0) = y0(x), yt(x,0) = y1(x), 0 < x < 1

So far we know that for any data {y0(x), y1(x)}, controllability

can be reached if T is LARGE ENOUGH. But it is unknown

whether this can be done in a time which is independent of the

data!



E. FERNÁNDEZ-CARA and E. ZUAZUA. Control Theory:

History, mathematical achievements and perspectives. Boletin

SEMA, 26, 2003, 79-140.



II. Linear finite dimensional systems





Let n,m ∈ N∗ and T > 0. Consider the following finite dimen-

sional system:{
x′(t) = Ax(t) +Bu(t), t ∈ (0, T ),

x(0) = x0.
(2)

In (2), A is a real n×n matrix, B is a real n×m matrix and x0 a

vector in Rn. The function x : [0, T ] −→ Rn represents the state

and u : [0, T ] −→ Rm the control. Both are vector functions

of n and m components respectively depending exclusively on

time t. 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 x0 ∈ Rn and a vector function u ∈
L2(0, T ; Rm), system (2) has a unique solution x ∈ H1(0, T ; Rn)

characterized by the variation of constants formula:

x(t) = eAtx0 +
∫ t

0
eA(t−s)Bu(s)ds, ∀t ∈ [0, T ]. (3)

System (2) is exactly controllable in time T > 0 if given any

initial and final one x0, x1 ∈ Rn there exists u ∈ L2(0, T,Rm)

such that the solution of (2) satisfies x(T ) = x1.

According to this definition the aim of the control process

consists in driving the solution x of (2) from the initial state x0

to the final one x1 in time T by acting on the system through

the control u.



Example 1. Consider the case

A =
(1 0

0 1

)
, B =

(1

0

)
. (4)

Then the system

x′ = Ax+Bu

can be written as {
x′1 = x1 + u
x′2 = x2,

or equivalently, {
x′1 = x1 + u
x2 = x0

2e
t,

where x0 = (x0
1, x

0
2) are the initial data.

This system is not controllable since the control u does not act on the

second component x2 of the state which is completely determined by the

initial data x0
2.,



Example 2. By the contrary, the equation of the harmonic oscillator is
controllable

x′′ + x = u. (5)

The matrices A and B are now respectively

A =
( 0 1

−1 0

)
, B =

(0

1

)
.

Once again, we have at our disposal only one control u for both components

x and y of the system. But, unlike in Example 1, now the control acts in

the second equation where both components are present.



Define the set of reachable states

R(T, x0) = {x(T ) ∈ Rn : x solution of (2) with u ∈ (L2(0, T ))m}.
(6)

The exact controllability property is equivalent to the fact that

R(T, x0) = Rn for any x0 ∈ Rn.



Observability property

Let A∗ be the adjoint matrix of A, i.e. the matrix with the

property that 〈Ax, y〉 = 〈x,A∗y〉 for all x, y ∈ Rn. Consider the

following homogeneous adjoint system of (2):{
−ϕ′ = A∗ϕ, t ∈ (0, T )
ϕ(T ) = ϕT .

(7)

This is an equivalent condition for exact controllability .

Lemma 1 An initial datum x0 ∈ Rn of (2) is driven to zero in

time T by using a control u ∈ L2(0, T ) if and only if∫ T
0
〈u,B∗ϕ〉dt+ 〈x0, ϕ(0)〉 = 0, ∀ϕ. (8)



Proof: Let ϕT be arbitrary in Rn and ϕ the corresponding

solution of (7). By multiplying (2) by ϕ and (7) by x we

deduce that

〈x′, ϕ〉 = 〈Ax,ϕ〉+ 〈Bu,ϕ〉; −〈x, ϕ′〉 = 〈A∗ϕ, x〉.

Hence,

d

dt
〈x, ϕ〉 = 〈Bu,ϕ〉

which, after integration in time, gives that

〈x(T ), ϕT 〉 − 〈x0, ϕ(0)〉 =
∫ T

0
〈Bu,ϕ〉dt =

∫ T
0
〈u,B∗ϕ〉dt. (9)

We obtain that x(T ) = 0 if and only if (8) is verified for any

ϕT ∈ Rn.



Identity (8) is in fact an optimality condition for the critical

points of the quadratic functional J : Rn → Rn,

J(ϕT ) =
1

2

∫ T
0
| B∗ϕ |2 dt+ 〈x0, ϕ(0)〉

where ϕ is the solution of the adjoint system (7) with initial

data ϕT at time t = T .

More precisely:

Lemma 2 Suppose that J has a minimizer ϕ̂T ∈ Rn and let ϕ̂

be the solution of the adjoint system (7) with initial data ϕ̂T .

Then

u = B∗ϕ̂ (10)

is a control of system (2) with initial data x0.



Proof: If ϕ̂T is a point where J achieves its minimum value,

then

lim
h→0

J (ϕ̂T + hϕT )− J (ϕ̂T )

h
= 0, ∀ϕT ∈ Rn.

This is equivalent to∫ T
0
〈B∗ϕ̂, B∗ϕ〉dt+ 〈x0, ϕ(0)〉 = 0, ∀ϕT ∈ Rn,

which, in view of Lemma 1, implies that u = B∗ϕ̂ is a control

for (2).



But minimizing the functional J requires of its coercivity.

System (7) is said to be observable in time T > 0 if there
exists c > 0 such that∫ T

0
| B∗ϕ |2 dt ≥ c | ϕ(0) |2, (11)

for all ϕT ∈ Rn, ϕ being the corresponding solution of (7).

In the sequel (11) will be called the observation or observabil-
ity inequality. It guarantees that the solution of the adjoint
problem at t = 0 is uniquely determined by the observed quan-
tity B∗ϕ(t) for 0 < t < T .

The following remark is very important in the context of fi-
nite dimensional control. Unfortunately (?) it is not true for
infinite-dimensional systems (PDE, distributed parameter sys-
tems).



Inequality (11) is equivalent to the following unique continua-

tion principle:

B∗ϕ(t) = 0, ∀t ∈ [0, T ]⇒ ϕT = 0. (12)

This is an uniqueness or unique continuation property.

UNIQUE CONTINUATION → OBSERVABILITY INEQUAL-

ITY → CONTROLLABILITY

WITH A CONSTRUCTIVE PROCEDURE TO BUILD CON-

TROLS BY MINIMIZING A COERCIVE FUNCTIONAL.



Kalman’s controllability condition

What about the observability property? Are there algebraic

conditions on the state matrix A and the control one B for it

to be true?

The following classical result is due to R. E. Kalman and gives

a complete answer to the problem of exact controllability of

finite dimensional linear systems.

Theorem 1 System (2) is exactly controllable in some time T

if and only if

rank [B, AB, · · · , An−1B] = n. (13)

Consequently, if system (2) is controllable in some time T > 0

it is controllable in any time.



Proof of Theorem 1: “⇒” Suppose that rank([B, AB, · · · , An−1B]) <
n.

Then the rows of the controllability matrix [B,AB, · · · , An−1B]
are linearly dependent and there exists a vector v ∈ Rn, v 6= 0
such that

v∗[B, AB, · · · , An−1B] = 0.

Then v∗B = v∗AB = · · · = v∗An−1B = 0. From Cayley-
Hamilton Theorem we deduce that there exist constants c1, · · · , cn
such that, An = c1A

n−1 + · · ·+ cnI and therefore v∗AnB = 0,
too. In fact, it follows that v∗AkB = 0 for all k ∈ N and conse-
quently v∗eAtB = 0 for all t as well. But, from the variation of
constants formula, the solution x of (2) satisfies

x(t) = eAtx0 +
∫ t

0
eA(t−s)Bu(s)ds. (14)



Therefore

〈v, x(T )〉 = 〈v, eATx0〉+
∫ T

0
〈v, eA(T−s)Bu(s)〉ds = 〈v, eATx0〉.

Hence, 〈v, x(t)〉 is independent of t. This shows that the pro-

jection of the solution x on v is independent of the value of

the control u. Hence, the system is not controllable.



Remark 1 The conservation property for the quantity 〈v, x〉 we

have just proved holds for any vector v for which v[B, AB, · · · , An−1B] =

0. Thus, if the rank of the matrix [B, AB, · · · , An−1B] is n− k,

the reachable set that x(T ) runs is an affine subspace of Rn of

dimension n− k.



“ ⇐” Suppose now that rank([B, AB, · · · , An−1B]) = n. It is

sufficient to show that system (7) is observable.

Assume B∗ϕ = 0 and ϕ(t) = eA
∗(T−t)ϕT , it follows that B∗eA

∗(T−t)ϕT ≡
0 for all 0 ≤ t ≤ T . By computing the derivatives of this func-

tion in t = T we obtain that

B∗[A∗]kϕT = 0 ∀k ≥ 0.

But since rank(
[
B, AB, · · · , An−1B

]
) = n we deduce that

rank(
[
B∗, B∗A∗, · · · , B∗(A∗)n−1

]
) = n

and therefore ϕT = 0. Hence, (12) is verified and the proof of

Theorem 1 is now complete.



Remark 2 The set of controllable pairs (A,B) is open and

dense. This means that

• Most systems are controllable;

• The controllability property is robust, i. e. it is invariant

under small perturbations of A and/or B.

When controllability holds the norm of the control is propor-

tional to the distance between eATx0 (the state freely attained

by the system in the absence of control, i. e. with u = 0) and

the objective x1,

‖ u ‖L2(0,T )≤ C|e
ATx0 − x1| (15)

for any initial data x0 and final objective x1.



Remark 3 Linear scalar equations of any order provide examples

of systems of arbitrarily large dimension that are controllable with

only one control: k

x(k) + a1x
(k−1) + . . .+ ak−1x = u.

Exercise: Check that the Kalman condition is fulfilled in this case.



Bang-bang controls

Let us consider the particular case

B ∈Mn×1, (16)

i. e. m = 1, in which only one control u : [0, T ] → R is available

and B is a column vector.

To build bang-bang controls it is convenient to consider the quadratic

functional:

Jbb(ϕ
0) =

1

2

[∫ T
0
| B∗ϕ | dt

]2

+ 〈x0, ϕ(0)〉 (17)

where ϕ is the solution of the adjoint system (7) with initial data

ϕT .



The same argument as above shows that Jbb is also continuous
and coercive. It follows that Jbb attains a minimum in some point
ϕ̂T ∈ Rn.

The optimality condition (the Euler-Lagrange equations) its min-
imizers satisfy:∫ T

0
| B∗ϕ̂ | dt

∫ T
0

sgn (B∗ϕ̂)B∗ψ(t)dt+ 〈x0, ϕ(0)〉 = 0

for all ϕT ∈ R, where ϕ is the solution of the adjoint system (7)
with initial data ϕT .

The control we are looking for is

u =
∫ T

0
| B∗ϕ̂ | dtsgn (B∗ϕ̂)

where ϕ̂ is the solution of (7) with initial data ϕ̂T .



Note that the control u is of bang-bang form. Indeed, u takes only

two values ±
∫ T
0 | B∗ϕ̂ | dt. The control switches from one value

to the other finitely many times when the function B∗ϕ̂ changes

sign.

The control u∞ =
∫ T
0 | B∗ϕ̂ | dtsgn (B∗ϕ̂) obtained by minimizing

the functional Jbb has minimal L∞(0, T ) norm among all possible

controls.



Switching controls

Consider the finite dimensional linear control system{
x′(t) = Ax(t) + u1(t)b1 + u2(t)b2
x(0) = x0.

(18)

x(t) =
(
x1(t), . . . , xN(t)

)
∈ RN is the state of the system, A is a

N ×N−matrix, u1 = u1(t) and u2 = u2(t) are two scalar controls

an b1, b2 are given control vectors in RN .



More general and complex systems may also involve switching in

the state equation itself:

x′(t) = A(t)x(t) + u1(t)b1 + u2(t)b2, A(t) ∈ {A1, ..., AM}.



Controllability: Given a control time T > 0 and a final target

x1 ∈ RN we look for control pairs
(
u1, u2

)
such that the solution

of (18) satisfies

x(T ) = x1. (19)

In the absence of constraints, controllability holds if and only if

the Kalman rank condition is satisfied[
B, AB, . . . , AN−1B

]
= N (20)

with B =
(
b1, b2

)
.

We look for switching controls:

u1(t)u2(t) = 0, a.e. t ∈ (0, T ). (21)



Under the rank condition above, these switching controls always

exist.

To develop systematic strategies allowing to build switching con-

trollers.

The controllers of a system endowed with different actuators are

said to be of switching form when only one of them is active in

each instant of time.



The classical theory guarantees that the standard controls (u1, u2)

may be built by minimizing the functional

J
(
ϕ0
)

=
1

2

∫ T
0

[
|b1 · ϕ(t)|2 + |b2 · ϕ(t)|2

]
dt− x1 · ϕ0 + x0 · ϕ(0),

among the solutions of the adjoint system{
−ϕ′(t) = A∗ϕ(t), t ∈ (0, T )
ϕ(T ) = ϕ0.

(22)

The rank condition for the pair (A,B) is equivalent to the following

unique continuation property for the adjoint system which suffices

to show the coercivity of the functional:

b1 · ϕ(t) = b2 · ϕ(t) = 0, ∀t ∈ [0, T ]→ ϕ ≡ 0.



Preassigned switching

Given a partition τ = {t0 = 0 < t1 < t2 < ... < t2N = T} of the

time interval (0, T ), consider the functional

Jτ
(
ϕ0
)

=
1

2

N−1∑
j=0

∫ t2j+1

t2j
|b1 · ϕ(t)|2dt+

1

2

N−1∑
j=0

∫ t2j+2

t2j+1

|b2 · ϕ(t)|2dt

−x1 · ϕ0 + x0 · ϕ(0).

Under the same rank condition this functional is coercive too. In

fact, in view of the time-analiticity of solutions, the above unique

continuation property implies the apparently stronger one:

b1·ϕ(t) = 0 t ∈ (t2j, t2j+1); b2·ϕ(t) = 0 t ∈ (t2j+1, t2j+2)→ ϕ ≡ 0



and this one suffices to show the coercivity of Jτ . Thus, Jτ has

an unique minimizer ϕ̌ and this yields the controls

u1(t) = b1·ϕ̌(t), t ∈ (t2j, t2j+1); u2(t) = b2·ϕ̌(t), t ∈ (t2j+1, t2j+2)

which are obviously of switching form.



A new functional for automatic switching

Consider now, without an a priori partition of [0, T ]:

Js(ϕ
0) =

1

2

∫ T
0

max
(∣∣∣b1 · ϕ(t)

∣∣∣2, ∣∣∣b2 · ϕ(t)
∣∣∣2)dt− x1 · ϕ0 + x0 · ϕ(0).

(23)

Theorem 2 Assume that the pairs (A, b2 − b1) and (A, b2 + b1)
satisfy the rank condition. Then, for all T > 0, Js achieves its

minimum. Furthermore, the switching controllers u1(t) = ϕ̃(t) · b1 when
∣∣∣ϕ̃(t) · b1

∣∣∣ > ∣∣∣ϕ̃(t) · b2
∣∣∣

u2(t) = ϕ̃(t) · b2 when
∣∣∣ϕ̃(t) · b2

∣∣∣ > ∣∣∣ϕ̃(t) · b1
∣∣∣ (24)

where ϕ̃ is the solution of (22) with datum ϕ̃0 at time t = T ,
control the system.



(a) The rank condition on the pairs
(
A, b2 ± b1

)
is a necessary and

sufficient condition for the controllability of the systems

x′+Ax =
(
b2 ± b1

)
u(t). (25)

This implies that the system with controllers b1 and b2 is con-

trollable too but the reverse is not true.

(b) The rank conditions on the pairs
(
A, b2 ± b1

)
are needed to

ensure that the set{
t ∈ (0, T ) :

∣∣∣ϕ(t) · b1
∣∣∣ =

∣∣∣ϕ(t) · b2
∣∣∣} (26)

is of null measure, which ensures that the controls in (24) are

genuinely of switching form.



Sketch of the proof: There are two key points:

a) Showing that the functional Js is coercive, i. e.,

lim
‖ϕ0‖→∞

Js(ϕ0)

‖ ϕ0 ‖
=∞,

which guarantees the existence of minimizers.

Coercivity is immediate since

|ϕ(t) · b1|2 + |ϕ(t) · b2|2 ≤ 2 max
[
|ϕ(t) · b1|2, |ϕ(t) · b2|2

]
and, consequently, the functional Js is bounded below by a func-

tional equivalent to the classical one J.

b) Showing that the controls obtained by minimization are of

switching form.



This is equivalent to proving that the set

I = {t ∈ (0, T ) : |ϕ̃ · b1| = |ϕ̃ · b2|}

is of null measure.

Assume for instance that the set I+ = {t ∈ (0, T ) : ϕ̃(t)·(b1−b2) =

0} is of positive measure, ϕ̃ being the minimizer of Js. The time

analyticity of ϕ̃ · (b1 − b2) implies that I+ = (0, T ). Accordingly

ϕ̃ · (b1 − b2) ≡ 0 and, consequently, taking into account that the

pair (A, b1 − b2) satisfies the Kalman rank condition, this implies

that ϕ̃ ≡ 0. This would imply that

J(ϕ0) ≥ 0, ∀ϕ0 ∈ RN

which may only happen in the trivial situation in which x1 = eATx0,

a trivial situation that we may exclude.



The Euler-Lagrange equations associated to the minimization of

Js take the form∫
S1

ϕ̃(t) · b1ψ(t) · b1dt+
∫
S2

ϕ̃(t) · b2ψ(t) · b2dt−x1 ·ψ0 +x0 ·ψ(0) = 0,

for all ψ0 ∈ RN , where{
S1 = {t ∈ (0, T ) : |ϕ̃(t) · b1| > |ϕ̃(t) · b2|},
S2 = {t ∈ (0, T ) : |ϕ̃(t) · b1| < |ϕ̃(t) · b2|}.

(27)

In view of this we conclude that

u1(t) = ϕ̃(t) · b1 1S1
(t), u2(t) = ϕ̃(t) · b2 1S2

(t), (28)

where 1S1
and 1S2

stand for the characteristic functions of the

sets S1 and S2, are such that the switching condition holds and

the corresponding solution satisfies the final control requirement.





Switching + bang-bang:

Slight variants of these arguments lead to switching controls of

different nature, in particular to switching bang-bang controls.

For instance, when minimizing the functional

Jsb(ϕ
0) =

1

2

[∫ T
0

max
(
|ϕ(t) · b1|, |ϕ(t) · b2|

)
dt

]2

− x1 · ϕ0 + x0 · ϕ(0),

the controls take the form

u1(t) = λ sgn
(
ϕ̃(t) · b1

)
1S1

(t); u2(t) = λ sgn
(
ϕ̃(t) · b2

)
1S2

(t).

where

λ =
∫ T

0
max

(
|ϕ̃(t) · b1|, |ϕ̃(t) · b2|

)
dt.



red Optimality: The switching controls we obtain this way are

of minimal L2
(

0, T ; R2
)

-norm, the space R2 being endowed with

the `1 norm, i. e. with respect to the norm

||(u1, u2)||L2(0, T ; `1) =
[ ∫ T

0
(|ũ1|+ |ũ2|)2dt

]1/2
.

Switching bang-bang controls are of minimal L∞
(

0, T ; R2
)

-norm



Stabilization of finite dimensional linear systems

The controls we have obtained so far are the so called open loop
controls. In practice, it is interesting to get closed loop or feed-
back controls, so that its value is realted in real time with the
state itself.

In this section we assume that A is a skew-adjoint matrix, i. e.
A∗ = −A. In this case, < Ax, x >= 0. Consider the system{

x′ = Ax+Bu

x(0) = x0.
(29)

When u ≡ 0, the energy of the solution of (29) is conserved.
Indeed, by multiplying (29) by x, if u ≡ 0, one obtains

d

dt
|x(t)|2 = 0. (30)



Hence,

|x(t)| = |x0|, ∀t ≥ 0. (31)

The problem of stabilization can be formulated in the following

way. Suppose that the pair (A,B) is controllable. We then look

for a matrix L such that the solution of system (29) with the

feedback control law

u(t) = Lx(t) (32)

has a uniform exponential decay, i.e. there exist c > 0 and

ω > 0 such that

|x(t)| ≤ ce−ωt|x0| (33)

for any solution.



Note that, according to the law (32), the control u is obtained in

real time from the state x.

In other words, we are looking for matrices L such that the solution

of the system

x′ = (A+BL)x = Dx (34)

has an uniform exponential decay rate.

Remark that we cannot expect more than (33). Indeed, for in-

stance, the solutions of (34) may not satisfy x(T ) = 0 in finite

time T . Indeed, if it were the case, from the uniqueness of so-

lutions of (34) with final state 0 in t = T , it would follow that

x0 ≡ 0.



Theorem 3 If A is skew-adjoint and the pair (A,B) is controllable
then L = −B∗ stabilizes the system, i.e. the solution of{

x′ = Ax−BB∗x
x(0) = x0 (35)

has an uniform exponential decay (33).

Proof: With L = −B∗ we obtain that

1

2

d

dt
|x(t)|2 = − < BB∗x(t), x(t) >= − | B∗x(t) |2≤ 0.

Hence, the norm of the solution decreases in time.

Moreover,

|x(T )|2 − |x(0)|2 = −2
∫ T

0
| B∗x |2 dt. (36)



To prove the uniform exponential decay it is sufficient to show

that there exist T > 0 and c > 0 such that

|x(0)|2 ≤ c
∫ T

0
| B∗x |2 dt (37)

for any solution x of (35). Indeed, from (36) and (37) we would

obtain that

|x(T )|2 − |x(0)|2 ≤ −
2

c
|x(0)|2 (38)

and consequently

|x(T )|2 ≤ γ|x(0)|2 (39)

with

γ = 1−
2

c
< 1. (40)



Hence,

|x(kT )|2 ≤ γk|x0|2 = e(lnγ)k|x0|2 ∀k ∈ N. (41)

Now, given any t > 0 we write it in the form t = kT + δ, with
δ ∈ [0, T ) and k ∈ N and we obtain that

|x(t)|2 ≤ |x(kT )|2 ≤ e−|ln(γ)|k|x0|2 =

= e−|ln(γ)|
(
t
T

)
e|ln(γ)| δT |x0|2 ≤ 1

γe
−|ln(γ)|

T t|x0|2.

We have obtained the desired decay result (33) with

c =
1

γ
, ω =

| ln(γ) |
T

. (42)

To prove (37) we decompose the solution x of (35) as x = ϕ+ y



with ϕ and y solutions of the following systems:{
ϕ′ = Aϕ

ϕ(0) = x0,
(43)

and {
y′ = Ay −BB∗x

y(0) = 0.
(44)

Remark that, since A is skew-adjoint, (43) is exactly the adjoint

system (7) except for the fact that the initial data are taken at

t = 0.

As we have seen in the proof of Theorem 1, the pair (A,B) being

controllable, the following observability inequality holds for system



(43):

|x0|2 ≤ C
∫ T

0
| B∗ϕ |2 dt. (45)

Since ϕ = x− y we deduce that

|x0|2 ≤ 2C

[∫ T
0
| B∗x |2 dt+

∫ T
0
| B∗y |2 dt

]
.

On the other hand, it is easy to show that the solution y of (44)

satisfies:

1

2

d

dt
| y |2= −〈B∗x, B∗y〉 ≤ |B∗x| |B∗| |y| ≤

1

2

(
|y|2 + |B∗|2|B∗x|2

)
.



From Gronwall’s inequality we deduce that

| y(t) |2≤ |B∗|2
∫ t

0
et−s | B∗x |2 ds ≤ |B∗|2eT

∫ T
0
| B∗x |2 dt (46)

and consequently∫ T
0
| B∗y |2 dt ≤ |B|2

∫ T
0
| y |2 dt ≤ T |B|4eT

∫ T
0
| B∗x |2 dt.

Finally, we obtain that

| x0 |2≤ 2C
∫ T

0
| B∗x |2 dt+C|B∗|4eTT

∫ T
0
| B∗x |2 dt ≤ C′

∫ T
0
| B∗x |2 dt

and the proof of Theorem 3 is complete.



Example: Consider the damped harmonic oscillator:

mx′′+Rx+ kx′ = 0, (47)

where m, k and R are positive constants.

Note that (47) may be written in the equivalent form

mx′′+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 expo-
nential decay property. Indeed, it is sufficient to remark that the
two characteristic roots have negative real part. Indeed,

mr2 +R+ kr = 0⇔ r± =
−k ±

√
k2 − 4mR

2m



and therefore

Re r± =


− k

2m if k2 ≤ 4mR

− k
2m ±

√
k2

4m −
R

2m if k2 ≥ 4mR.

We observe here the classical overdamping phenomenon. Contra-

dicting a first intuition it is not true that the decay rate increases

when the value of the damping parameter k increases.

If (A,B) is controllable, we have proved the uniform stability prop-

erty of the system (29), under the hypothesis that A is skew-

adjoint. However, this property holds even if A is an arbitrary

matrix. More precisely, we have:



Theorem 4 If (A,B) is controllable then it is also stabilizable.

Moreover, it is possible to prescribe any complex numbers λ1,

λ2,...,λn as the eigenvalues of the closed loop matrix A + BL by

an appropriate choice of the feedback matrix L so that the decay

rate may be made arbitrarily fast.

This result is not in contradiction with the behavior we observed

above on the harmonic oscillator (the overdamping phenomenon).

In order to obntian the arbitrarily fast decay one needs to use all

components of the state on the feedback law!



We have shown that

• Controllability and observabilitiy are equivalent notions (Wiener’s
cybernetics);

• Both hold for all T if and only if the Kalman rank condition is
fulfilled.

• The controls may be obtained as minimizers of suitable quadratic
functionals over the space of solutions of the adjoint system.

• There are very many controls: smooth ones, in bang-bang
form,...



• When the system is endowed with various actuators one may

establish automatic strategies to switch from one to another

• Controllable systems are stabillizable by means of closed loop

or feedback controls.
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III. Complexity of control systems



THE CLASSICAL CLASSIFICATION OF PDE’s

Elliptic + parabolic + hyperbolic

But REAL MODELS are often MORE COM-
PLEX

Often, reality is of a multi-physics nature
and consequently, more realistic models are
also of HYBRID type.



TWO CLASSES OF EXAMPLES:

• MULTI-STRUCTURES.

interconnected structures; structures of different dimensions.

• FLUID-STRUCTURE INTERACTION.



http://www.mscsoftware.com.au/products/software/cfdrc/cfd-fastran/fsi.htm



Aeroelasticity: the influence of an exterior flow on a structure

(aircraft in flight);

Aeroacoustics: the vibrations (noise) induced by a turbu-

lent flow originated by a boundary layer on a solid wall (flight

vehicles);

Hydroelasticity: small vibrations coupling an elastic structure

and a liquid (gravity waves in the reservoir of a space vehicle);

Elastoacoustics: noise in a cavity produced by the vibrations

of the surounding structure.



THE MAIN DIFFICULTY:

Solving (analytically or numerically) these interaction systems

is not simply superposing two separate theorems for the corre-

sponding type of PDE.

Interactions do produce new (unexpected?) phenomena and

new analytical (and numerical tools) are required.

THE RECEIPT: To decompose the original system into simpler

subsystems of specific forms. Treat each subsystem by an ad-

hoc method, and put or assamble together the results to get

the global one.



THE BASIC MATHEMATICAL INGREDIENT: LIE’S THEO-

REM

Consider the system of ODE’s:{
ẋ(t) = (A+B)x(t)
x(0) = x0,

(48)

where x = x(t) ∈ RN , A and B are square N ×N-matrices with

time-independent coefficients.

For x0 ∈ RN there exists a unique global solution x(t) ∈ Cω
(
R; RN

)
.

Moreover,

x(t) = e(A+B)tx0 =
∞∑
k=1

(A+B)ktk

k!
x0. (49)



Theorem 5 (Lie’s Theorem) Marius Sophus Lie (17 December

1842 – 18 February 1899)

eA+B = lim
n→∞

(
e
A
ne

B
n

)n
. (50)

Note that, in general, A and B do not commute and therefore

e(A+B)t IS NOT THE PRODUCT OF eAt and eBt. Indeed, (for

t = 1, for instance):

eA+B =
∞∑
k=0

(A+B)k

k!
= I + [A+B] +

[A+B]2

2
+ · · · (51)

= I + [A+B] +
A2 +AB +BA+B2

2
+ · · ·



But

eAeB =

 ∞∑
k=0

Ak

k!

  ∞∑
j=0

Bj

j!

 (52)

=

[
I +A+

A2

2
+ · · ·

]
·
[
I +B +

B2

2
+ · · ·

]

= I + [A+B] +AB +
A2

2
+
B2

2
+ · · ·

There is a gap or error on the quadratic terms:[
A2 +B2 +AB +BA

]/
2 and

[
A2 +B2 + 2AB

]/
2. The gap is

[BA−AB]
/

2.



The difference only vanishes when the commutator

[A, B] = BA−AB

vanishes.

But, according to Lie’s Theorem, even when the commutation

does not occur:

eA+B ∼
(
e
A
ne

B
n

)n
,

and, for n fixed, (
e
A
ne

B
n

)n
= e

A
ne

B
n · · · e

A
ne

B
n .

It is the iterated product n times, of eA/neB/n.



We have [
eA/neB/n

]
x0 = eA/n

[
eB/nx0

]
.

But eB/nx0 = y0 is the value at time t = 1/n of the solution of

ẏ = By; y(0) = x0,

while eA/ny0 = z0 is the value at time t = 1/n of the solution of

ż = Az, z(0) = y0.

Then, in view of,

x(t) = e(A+B)tx0 = lim
n→∞

(
e
At
n e

Bt
n

)n
x0, (53)

we approximate x(t) by

xn(t) =
(
e
At
n e

Bt
n

)n
x0



which represents the iteration (n times) of a procedure in which

we solve in every subinterval the two isolated equations

x′ = Ax (54)

and

x′ = Bx (55)

SOLVING EACH SYSTEM SEPARATELY AND ITERATING

WE EVENTUALLY GET THE SOLUTION OF THE GLOBAL

SYSTEM.



PROOF=EXERCISE.



This idea can be applied in great generality:

• In the context of the Theory of Semigroups when A and B are

generators os semigroups of contractions in Banach spaces.

Thus, with many applications to PDE’s.

• In the nonlinear context.

In this way, for instance, the viscous Burgers equation

ut − νuxx + uux = 0,

can be viewd as the superposition of the linear heat equation

ut − νuxx = 0,



and the hyperbolic equation

ut + uux = 0.

Viscous Burgers eqn. = Heat eqn. + inviscid Burgers eqn..

From a purely analytical point of view this does not seem to

be a very good idea since solving hyperbolic equations is more

difficult than solving parabolic ones. But it may be useful in

numerics where we can exploit the properties of each specific

system: characteristic methods for the hyperbolic component

+ finite elements for the heat component, for instance.



• J. M. Burgers, Application of a model system to illustrate

some points of the statistical theory of free turbulence, Proc.

Konink. Nederl. Akad. Wetensch. 43, 212 (1940).

• E. Hopf, The partial dfferential equation ut + uux = uxx,

Comm. Pure Appl. Math. 3, 201–230 (1950).

• J. D. Cole, On a quasi-linear parabolic equation occurring in

aerodynamics, Quart. Appl. Math. 9, 225 – 236 (1951).



• Domain decomposition = ”Divide and conquer”

Karl Hermann Amandus Schwarz (25 January 1843 – 30 Novem-

ber 1921). The Schwarz alternating method is an iterative

method to find the solution of a PDE on a complex domain,

iteration the solution in each subdomain.



THE DRAWBACK:

These ideas (Lie’s iteration, domain decomposition, etc. )

hardly allow obtaining sharp qualitative properties for evolu-

tion problems. This is particularly true from a dynamical and

control theoretical viewpoint, and even more when the dy-

namical systems involved are of hyperbolic nature with weak

damping, finite speed of propagation, etc.
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Motivation

IS THE CONTROL OF WAVES AND, MORE PARTICULARLY,
OF THE WAVE EQUATION RELEVANT?

The answer is, definitely, YES.

Noise reduction in cavities and vehicles.

Laser control in Quantum mechanical and molecular systems.

Seismic waves, earthquakes.

Flexible structures.

Environment: the Thames barrier.

Optimal shape design in aeronautics.

Human cardiovascular system: the bypass

........

Similar problems arise in Control, Optimal Design and in Inverse
Problems Theory and common techniques need to be developed.

E. Zuazua IV. Control and numerics for continuous and semidiscrete waves
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THE GOAL

To develop efficient (consistent + stable) numerical algorithms
allowing to compute the controls.
One needs to make sure that:

The schemes are stable when solving the PDE’s involved;

The optimization procedures converge.

Putting together Control + Numerics does not generate
unexpected instabilities.

Warning!

From finite-dimensional dynamical systems to infinite-dimensional
ones in purely conservative dynamics.....

E. Zuazua IV. Control and numerics for continuous and semidiscrete waves
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THE 1-D CONTROL PROBLEM

The 1− d wave equation, with Dirichlet boundary conditions,
describing the vibrations of a flexible string, with control one one
end: 

ytt − yxx = 0, 0 < x < 1, 0 < t < T
y(0, t) = 0; y(1, t) =v(t), 0 < t < T
y(x , 0) = y 0(x), yt(x , 0) = y 1(x), 0 < x < 1

y = y(x , t) is the state and v = v(t) is the control.
The goal is to stop the vibrations, i.e. to drive the solution to
equilibrium in a given time T : Given initial data {y 0(x), y 1(x)} to
find a control v = v(t) such that

y(x ,T ) = yt(x ,T ) = 0, 0 < x < 1.

E. Zuazua IV. Control and numerics for continuous and semidiscrete waves
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THE 1− d OBSERVATION PROBLEM

The control problem above is equivalent to the observability
problem on the adjoint wave equation:

ϕtt − ϕxx = 0, 0 < x < 1, 0 < t < T
ϕ(0, t) = ϕ(1, t) = 0, 0 < t < T
ϕ(x , 0) = ϕ0(x), ϕt(x , 0) = ϕ1(x), 0 < x < 1.

Namely:

E (0) ≤ C (T )

∫ T

0
|ϕx(1, t)|2 dt.

The energy of solutions is conserved in time, i.e.

E (t) =
1

2

∫ 1

0

[
|ϕx(x , t)|2 + |ϕt(x , t)|2

]
dx = E (0), ∀0 ≤ t ≤ T .

The answer to this question is easy to gues: The observability
inequality holds if and only if T ≥ 2.

E. Zuazua IV. Control and numerics for continuous and semidiscrete waves
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with velocity one to the left, bounces on the boundary point x = 0
and reaches the point of observation x = 1 in a time of the order
of 2.
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CONSTRUCTION OF THE CONTROL

Once the observability inequality is known the control is easy to
characterize. Following J.L. Lions’ HUM (Hilbert Uniqueness
Method), the control is

v(t) = ϕ?x(1, t),

where ϕ is the solution of the adjoint system corresponding to
initial data (ϕ0,?, ϕ1,?) ∈ H1

0 (0, 1)× L2(0, 1) minimizing the
functional

J(ϕ0, ϕ1) =
1

2

∫ T

0
|ϕx(1, t)|2dt+

∫ 1

0
y 0ϕ1dx− < y 1, ϕ0 >H−1×H1

0
,

in the space H1
0 (0, 1)× L2(0, 1).

Note that J is convex. The continuity of J in H1
0 (0, 1)× L2(0, 1) is

guaranteed by the fact that ϕx(1, t) ∈ L2(0,T ) (hidden regularity).

E. Zuazua IV. Control and numerics for continuous and semidiscrete waves
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Thus:

Controllability holds for all T ≥ 2;

The control is characterized by a minimization problem
involving the adjoint system (duality).

Note that the fact that controllability holds only for T ≥ 2 is
typically a phenomenon related to the infinite-dimensional
character of the model under consideration.
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THE MOST NATURAL NUMERICAL APPROXIMATION SCHEME

Set h = 1/(N + 1) > 0 and consider the mesh

x0 = 0 < x1 < ... < xj = jh < xN = 1− h < xN+1 = 1,

which divides [0, 1] into N + 1 subintervals

Ij = [xj , xj+1], j = 0, ...,N.

Finite difference semi-discrete approximation of the wave equation:
ϕ′′j −

1
h2 [ϕj+1 + ϕj−1 − 2ϕj ] = 0, 0 < t < T , j = 1, . . . ,N

ϕj(t) = 0, j = 0, N + 1, 0 < t < T
ϕj(0) = ϕ0

j , ϕ
′
j(0) = ϕ1

j , j = 1, . . . ,N.
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Then it should be sufficient to minimize the discrete functional

Jh(ϕ0, ϕ1) =
1

2

∫ T

0

|ϕN(1, t)|2

h2
dt+h

N∑
j=1

ϕ1
j y 0

j − h
N∑

j=1

ϕ0
j y 1

j ,

which is a discrete version of the functional J of the continuous
wave equation since

−ϕN(t)

h
=
ϕN+1 − ϕN(t)

h
∼ ϕx(1, t).

Then

vh(t) = −
ϕ?N(t)

h
.
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A NUMERICAL EXPERIMENT

Plot of the initial datum to be controlled for the string occupying
the space interval 0 < x < 1.
Plot of the time evolution of the exact control for the wave
equation in time T = 4.
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The control diverges as h→ 0.
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WHY?

The Fourier series expansion shows the analogy between
continuous and discrete dynamics.
Discrete solution:

~ϕ =
N∑

k=1

ak cos

(√
λh

kt

)
+

bk√
λh

k

sin

(√
λh

kt

) ~wh
k .

Continuous solution:

ϕ =
∞∑

k=1

(
ak cos(kπt) +

bk

kπ
sin(kπt)

)
sin(kπx)
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Recall that the discrete spectrum is as follows and converges to the
continuous one:

λh
k =

4

h2
sin2

(
kπh

2

)
λh

k → λk = k2π2, as h→ 0

wh
k = (wk,1, . . . ,wk,N)T : wk,j = sin(kπjh), k, j = 1, . . . ,N.

The only relevant differences arise at the level of the dispersion
properties and the group velocity. High frequency waves do not
propagate, remain captured within the grid, without never reaching
the boundary. This makes it impossible the uniform boundary
control and observation of the discrete schemes as h→ 0.
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Graph of the square roots of the eigenvalues both in the
continuous and in the discrete case. The gap is clearly independent
of k in the continuous case while it is of the order of h for large k
in the discrete one.
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A NUMERICAL PHAMTOM

~ϕ = exp
(

i
√
λN(h) t

)
~wN − exp

(
i
√
λN−1(h) t

)
~wN−1.

Spurious semi-discrete wave combining the last two
eigenfrequencies with very little gap:

√
λN(h)−

√
λN−1(h) ∼ h.

h = 1/61, (N = 60), 0 ≤ t ≤ 120.
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THE FIRST REMEDY: FOURIER FILTERING

To filter the high frequencies, i.e. keep only the components of the
solution corresponding to indexes: k ≤ δ/h with 0 < δ < 1. This
guarantees that the group velocity remains uniformly bounded
below and allows observing uniformly filtered solutions in time
T (δ) > 2 such that T (δ)→ 2 as δ → 0.
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RELAXED CONTROLS:

Then, the filtering algorithm can be implemented as follows:

Minimize Jh over the class of filtered solutions with filtering
parameter 0 < δ < 1 and T > T (δ);

This yields controls v δh such that

vδ
h → v as h→ 0;

The corresponding states ~yh satisfiy:

πδ(~yh) ≡ πδ(~yh
′) ≡ 0.

This is a relaxed version of the controllability condition.
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NUMERICAL EXPERIMENT WITH RELAXED CONTROLS:

With appropriate filtering the control converges as h→ 0.
E. Zuazua IV. Control and numerics for continuous and semidiscrete waves
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CONCLUSION

The minima of Jh diverge because its coercivity is vanishing as
h→ 0;

This is intimately related to the blow-up of the discrete
observability constant Ch(T )→∞, for all T > 0 as h→ 0:

Eh(0) ≤ Ch(T )

∫ T

0

∣∣∣∣ϕN(t)

h

∣∣∣∣2 dt

This is due to the lack of propagation of high frequency
numerical waves due to the dispersion that the numerical grid
produces.

Actually it is known that Ch(T ) diverges exponentially: S.
Micu, Numerische Math., 2002.
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WELL KNOWN PHENOMENA FOR WAVES IN HIGHLY
OSCILLATORY MEDIA

ϕtt − (α(x)ϕx)x = 0.
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F. Colombini & S. Spagnolo, Ann. Sci. ENS, 1989

M. Avellaneda, C. Bardos & J. Rauch, Asymptotic Analysis,
1992.

C. Castro & E. Z. Archive Rational Mechanics and Analysis,
2002.
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DISCRETE MULTIPLIERS

The proof of uniform observability of discrete filtered solutions can
developed in various ways:

Using Ingham inequality in their Fourier series representation
since filtering guarantess an uniform gap condition;

Discrete multipliers:

The multiplier xϕx for the wave equation yields:

TE (0) +

∫ 1

0
xϕxϕt dx

∣∣T
0

=
1

2

∫ T

0
|ϕx(1, t)|2 dt.

and this implies, as needed,

(T − 2)E (0) ≤ 1

2

∫ T

0
|ϕx(1, t)|2 dt.
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The multiplier j(ϕj+1 − ϕj−1) for the discrete wave equation gives:

TEh(0)+Xh(t)
∣∣T
0

=
1

2

∫ T

0

∣∣∣∣ϕN(t)

h

∣∣∣∣2 dt+
h

2

N∑
j=0

∫ T

0
| ϕ′j − ϕ′j+1 |2 dt,

Note that

h

2

N∑
j=0

∫ T

0
| ϕ′j − ϕ′j+1 |2 dt ∼ h2

2

∫ T

0

∫ 1

0
|ϕxt |2dxdt.

Filtering is needed to absorb this higher order term: For
1 ≤ j ≤ δN ∣∣∣∣∣h2

N∑
j=0

∫ T

0
| ϕ′j − ϕ′j+1 |2 dt

∣∣∣∣∣ ≤ γ(δ)TE (0),

with 0 < γ(δ) < 1.
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TWO-GRID ALGORITHM (R. Glowinski, M. Asch-G. Lebeau, M.
Negreanu, L. Ignat, E. Z.)

To develop on the physical space a different remedy to Fourier
filtering.
High frequencies producing lack of gap and spurious numerical
solutions correspond to large eigenvalues√

λh
N ∼ 2/h.

When refining the mesh

h→ h/2,

√
λ

h/2
2N ∼ 4/h.

Refining the mesh h→ h/2 produces the same effect as filtering
with parameter 1/2.
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Solutions on the fine grid of size h corresponding to slowly
oscillating data given in the coarse mesh (2h) are no longer
pathological:

ϕ = ϕl + ϕh, ϕl =

(N−1)/2∑
k=1

ck ~wk , ϕh =

(N−1)/2∑
k=1

ck
λk

λN+1−k
~wN+1−k ,

||ϕh|| ≤ ||ϕl ||.

1− d

• M. Negreanu & E. Z., 2004. The two-grid algorithm
converges for control times T > 4. Multipliers techniques.

• M. Mehrenberger & P. Loreti, 2005. Same result for
T > 2

√
2 using Ingham inequalities.
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SUMMARY:

The most natural numerical methods for computing the
controls diverge.
Filtering of the high frequencies is needed. This may be done
on the Fourier series expansion or on the physical space by a
two-grid algorithm.
Convergence of the controls is guaranteed by minimizing the
discrete functional Jh over the class of slowly oscillating data.
This produces a relaxation of the control requirement: only
the projection of the discrete state over the coarse mesh
vanishes.
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THE MULTI-DIMENSIONAL CASE

Similar results are true in several space dimensions. The region in
which the observation/control applies needs to be large enough to
capture all rays of Geometric Optics. This is the so-called
Geometric Control Condition introduced by Ralston (1982) and
Bardos-Lebeau-Rauch (1992).

Let Ω be a bounded domain of Rn, n ≥ 1, with boundary Γ of class
C 2. Let Γ0 be an open and non-empty subset of Γ and T > 0.

ytt −∆y = 0 in Q = Ω× (0,T )
y =v(x , t)1Γ0 on Σ = Γ× (0,T )
(x , 0) = y 0(x), yt(x , 0) = y 1(x) in Ω.
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Rays propagating inside the domain Ω following straight lines that
are reflected on the boundary according to the laws of Geometric
Optics. The control region is the red subset of the boundary. The
GCC is satisfied in this case. The proof requires tools form
Microlocal Analysis.
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In all cases the control is equivalent to an observation problem for
the adjoint wave equation:

ϕtt −∆ϕ = 0 in Q = Ω× (0,T )
ϕ = 0 on Σ = Γ××(0,T )
ϕ(x , 0) = ϕ0(x), ϕt(x , 0) = ϕ1(x) in Ω.

Is it true that:

E0 ≤ C (Γ0,T )

∫
Γ0

∫ T

0

∣∣∣∂ϕ
∂n

∣∣∣2dσdt ?

And a sharp discussion of this inequality requires of Microlocal
analysis. Partial results may be obtained by means of multipliers:
x · ∇ϕ, ϕt , ϕ,...
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THE 5-POINT FINITE-DIFFERENCE SCHEME

ϕ′′j ,k −
1

h2
[ϕj+1,k + ϕj−1,k − 4ϕj ,k + ϕj ,k+1 + ϕj ,k−1] = 0.

The energy of solutions is constant in time:

Eh(t) =
h2

2

N∑
j=0

N∑
k=0

[
| ϕ′jk(t) |2

+

∣∣∣∣ϕj+1,k(t)− ϕj ,k(t)

h

∣∣∣∣2 +

∣∣∣∣ϕj ,k+1(t)− ϕj ,k(t)

h

∣∣∣∣2
]
.

Without filtering observability inequalities fail in this case too.
Understanding how filtering should be used requires of a microlocal
analysis of the propagation of numerical waves combining von
Neumann analysis and Wigner measures developments (N.
Trefethen, P. Gérard, P. L. Lions & Th. Paul, G. Lebeau, F.
Macià, ...).
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The von Neumann analysis.

Symbol of the semi-discrete system for solutions of wavelength h

ph(ξ, τ) = τ2 − 4
(
sin2(ξ1/2) + sin2(ξ2/2)

)
,

versus p(ξ, τ) = τ2 − [|ξ1|2 + |ξ2|2].
Both symbols coincide for (ξ1, ξ2) ∼ (0, 0).
Solving the bicharacteristic flow we get the discrete rays:

xj(t) = −
sin(ξj)

τ
t + xj ,0, (versus xj(t) = −

ξj
τ

t + xj ,0.)

RAYS ARE STILL STRAIGHT LINES. BUT! The velocity is

|x ′(t)| ≡

[∣∣∣∣sin(ξ1)

τ

∣∣∣∣2 +

∣∣∣∣sin(ξ2)

τ

∣∣∣∣2
]1/2

THE VELOCITY OF PROPAGATION VANISHES !!!!!!! in the
following eight points

ξ1 = 0,±π, ξ2 = 0,±π, (ξ1, ξ2) 6= (0, 0).
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The red areas stand for those that need to be filtered out in order
to guarantee a uniform velocity of propagation in the semi-discrete
models.
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THE TWO-GRID ALGORITHM L. Ignat & E. Z., JEMS, 2009

Theorem

Let Ω be the square and consider controls on all its boundary or on
two consecutive sides. Then, the two-grid algorithm with
mesh-ratio 1/4 converges for T sufficiently large.

The proof uses:

Previous results on the control of the solutions under Fourier
filtering (E. Z. JMPA, 99’)

Fourier analysis showing that the total energy of the slowly
oscillating discrete functions can be bounded above in terms
of the low frequency components.

A diadic decomposition argument following the level sets of
the discrete symbol.
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Grids: h & 4h
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Grids: h & 4h

Low frequency subset concentrating the energy of solutions:
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Why not using ratio 1/2 for the two-grids?
The relevant zone of frequencies intersects a level set of the phase
velocity for which the group velocity vanishes at some critical
points.
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CONCLUSIONS:

• CONTROL AND NUMERICS DO NOT COMMUTE

• FOURIER FILTERING, MULTI-GRID METHODS ARE
GOOD REMEDIES IN SIMPLE SITUATIONS: CONSTANT
COEFFICIENTS, REGULAR MESHES.

• MUCH REMAINS TO BE DONE TO HAVE A COMPLETE
THEORY AND TO HANDLE MORE COMPLEX SYSTEMS.
BUT ALL THE PATHOLOGIES WE HAVE DESCRIBED
WILL NECESSARILY ARISE IN THOSE SITUATIONS TOO.

• THE MATHEMATICAL THEORY NEEDS TO COMBINE
TOOLS FROM PARTIAL DIFFERENTIAL EQUATIONS,
CONTROL THEORY, CLASSICAL NUMERICAL ANALYSIS
AND MICROLOCAL ANALYSIS.
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OPEN PROBLEMS

Complex geometries, variable and irregular coefficients, irregular
meshes, the system of elasticity, nonlinear state equations, ...
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To learn more on this topic:

E. Z. Propagation, observation, and control of waves
approximated by finite difference methods. SIAM Review, 47
(2) (2005), 197-243.

L. IGNAT and E. ZUAZUA, Convergence of a multi-grid
method for the control of waves, J. European Math. Soc., 11
(2009), 351-391.

S. ERVEDOZA and E. Z., Propagation, observation and
numerical approximation of waves, bok in prepataion and
almost finished.

L. IGNAT & E. Z., Dispersive Properties of Numerical
Schemes for Nonlinear Schrödinger Equations, Proceedings of
FoCM’2005, Santander, June-July 2005.
( For the application of similar ideas for designing convergent
numerical algorithms for the non linear Schrödinger equation.)
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1 Presentation of the problem

2 Main results
The midpoint scheme
More general situations
Applications

3 Further comments

4 Open Problems
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An abstract problem

Problem
Let (X , ‖·‖X ) be a Hilbert space.
Consider the conservative system{

ż(t) = Az(t),
z(0) = z0 ∈ X ,

(1)

observed through
y(t) = Bz(t). (2)

The system (A,B) is observable in time T > 0 if

kT ‖z0‖2X ≤
∫ T

0
‖Bz(t)‖2Y dt ∀ z0 ∈ D(A). (3)

Can we observe the time-discrete analogues ?

E. Zuazua Part V. Observability of time-discrete conservative systems
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Motivations:

Time-discrete modelling and numerical analysis.
Control Problems: Observability and Controllability are
dual notions∗: Control means driving solutions to rest by
means of external forces acting on the system through the
operator B.
Inverse Problems: Observability is also relevant in inverse
problems theory: Determine properties of the system (A for
instance), through measurements that B provides.

∗J. L. Lions, 1988, SIAM Review
E. Zuazua Part V. Observability of time-discrete conservative systems



Intro Results Further comments Open Problems

Conservative systems

A : D(A)→ X is a skew-adjoint operator.
=⇒ The energy ‖z(t)‖X is constant.
A has a compact resolvent.
=⇒ Its spectrum is discrete.
Spectrum of A:

σ(A) = {iµj : j ∈ lN}

with (µj)j∈lN real numbers, associated to an orthonormal
basis Ψj

AΨj = iµjΨj

E. Zuazua Part V. Observability of time-discrete conservative systems
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Examples

Schrödinger equation in a bounded domain: A = −∆ + BC.
Linearized KdV equation in a bounded domain: A = ∂xxx +
BC.
Wave equation in a bounded domain:

A =

(
0 Id
∆ 0

)
.

Maxwell’s equation
The Lamé system of elasticity
. . .
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The observation operator

• B : D(A)→ Y , B ∈ L(D(A),Y ).

Definition
B is admissible if∫ T

0
‖Bz(t)‖2Y dt ≤ KT ‖z0‖2X ∀ z0 ∈ D(A). (4)

Definition
B is observable in time T > 0 if

kT ‖z0‖2X ≤
∫ T

0
‖Bz(t)‖2Y dt ∀ z0 ∈ D(A). (5)
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When the operator B is admissible and the pair (A,B)

observable =⇒ the norms
[ ∫ T

0 ‖Bz(t)‖2Y dt
]1/2

and ‖z0‖X
are equivalent.
Often the admissibility property is a “hidden regularity" one.
Example: The wave equation with homogeneous boundary
conditions.
When the initial data belong to H1

0 (Ω)×L2(Ω), the solutions
y belong to C([0,T ]; H1

0 (Ω)) ∩ C1([0,T ]; L2(Ω)). But the
normal derivative ∂y/∂ν belongs to L2(∂Ω× (0,T )).
Thus, the operator By = ∂y/∂ν is admissible from
H1

0 (Ω)× L2(Ω) with values in L2(∂Ω× (0,T )).
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A natural time-discretization: implicit midpoint scheme

Consider the following time-discretization
zk+1 − zk

4t
= A

(zk+1 + zk

2

)
, in X , k ∈ Z

z0 given,
(6)

with the output function

yk = Bzk , k ∈ Z.

 The discrete system is conservative. Therefore, it is stable
too. Being consistent, it converges as ∆t → 0 in the classical
sense of numerical analysis.
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Time semi-discrete observability

Problem
To get a uniform in 4t discrete observability estimate for the
solutions of the time semi-discrete equation

k̃T

∥∥∥z0
∥∥∥2

X
≤ 4t

∑
k∈(0,T/4t)

∥∥∥Bzk
∥∥∥2

Y
. (7)

The inequality (7) needs to be uniform with respect to 4t to
guarantee the convergence of discrete controls towards those
of the continuous model.
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The main tool : The resolvent estimate (Hautus
criterion)

Theorem (Burq & Zworski, 2004, J. AMS, and Miller, 2004, JFA)
Assume A is skew-adjoint with compact resolvent, and B is
admissible.
Then the following assertions are equivalent:

1 The continuous system (1)–(2) is observable in some time
T > 0;

2 There exist constants M,m > 0 such that

M2 ‖(iωI − A)z‖2X + m2 ‖Bz‖2Y ≥ ‖z‖
2
X , (8)

for all ω ∈ lR, z ∈ D(A).

Besides, (10) implies observability in any time T > πM.
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Note that the estimate

M2 ‖(iωI − A)z‖2X + m2 ‖Bz‖2Y ≥ ‖z‖
2
X , (9)

yields:
Estimates on eigenfunctions, i. e. if Az = iωz, then

m2 ‖Bz‖2Y ≥ ‖z‖
2
X .

But this does not suffice to get the observability of the
time-continuous semigroup unless the spectrum fulfills an
uniform gap condition (Ingham’s inequality).
Estimates on wave packets for which
‖(iωI − A)z‖X ≤ δ||z||X provided M2δ2 < 1. In that case

m2 ‖Bz‖2Y ≥ (1−M2δ2)||z||2X .
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So far we only got an equivalence but getting any of those
estimates is not an easy matter.

Rays propagating inside the domain Ω following straight lines
that are reflected on the boundary according to the laws of
Geometric Optics. The control region is the red subset of the
boundary. The GCC is satisfied in this case. The proof requires
tools form Microlocal Analysis.
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To be more precise, for the wave equation:
ϕtt −∆ϕ = 0 in Q = Ω× (0,T )
ϕ = 0 on Σ = Γ××(0,T )
ϕ(x ,0) = ϕ0(x), ϕt (x ,0) = ϕ1(x) in Ω.

we have that

E0 ≤ C(Γ0,T )

∫
Γ0

∫ T

0

∣∣∣∂ϕ
∂n

∣∣∣2dσdt

iff the GCC is fulfilled.
A sharp discussion of this inequality requires of Microlocal
analysis. Partial results may be obtained by means of
multipliers (x · ∇ϕ, ϕt , ϕ,... ) or Carleman inequalities.
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A typical situation in which the above observability and/or
resolvent estimates fail.
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Resolvent estimate⇒Observability: Continuous case

Given z0 ∈ X , set z(t) the solution of the continuous system,
and define, for χ ∈ C∞0 (lR),

g(t) = χ(t)z(t), f (t) = g′(t)− Ag(t) = χ′(t)z(t).

Then f̂ (ω) = (iω − A)ĝ(ω). Apply the resolvent estimate to
ĝ(ω):

‖ĝ(ω)‖2X ≤ m2
∥∥∥B̂g(ω)

∥∥∥2

Y
+ M2

∥∥∥f̂ (ω)
∥∥∥2

X
.

After integration in ω and Parseval’s identity(∫
χ(t)2 dt −M2

∫
χ′(t)2 dt

)∥∥∥z0
∥∥∥2

X
≤ m2

∫
χ(t)2 ‖Bz(t)‖2Y dt

Then choose the right χ in the right time interval....
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Then f̂ (ω) = (iω − A)ĝ(ω). Apply the resolvent estimate to
ĝ(ω):
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Observability⇒ Resolvent estimate: Continuous case

We need to prove

M2 ‖(iωI − A)z‖2X + m2 ‖Bz‖2Y ≥ ‖z‖
2
X , (10)

out of the observability inequality for the continuous problem.
Roughly, we distinguish two cases:

When z is close to an eigenfunction with eigenvalue iω:
Then ‖(iωI − A)z‖X ∼ 0, eAtz ∼ eiωtz and
‖Bz‖2Y ∼

∫ T
0

∥∥Beiωtz
∥∥2

Y dt ∼
∫ T

0

∥∥BeAtz
∥∥2

Y dt ≥ ||z||X .
In the opposite case ‖(iωI − A)z‖X ∼ ||z||X .
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Statement of the main result.

Theorem
Assume that B is an admissible operator for A, that (A,B)
satisfies the resolvent estimate (10) and that

‖Bz‖Y ≤ CB ‖Az‖ .

Then, for all value of the filtering parameter δ > 0, there exists a
time Tδ, such that for all T > Tδ, there exists kT ,δ > 0, s.t.

kT ,δ

∥∥∥z0
∥∥∥2

X
≤ 4t

∑
k∈(0,T/4t)

∥∥∥Bzk
∥∥∥2

Y
, ∀ z0 ∈ Cδ/4t ,

where Cδ/4t is the class of filtered of solutions whose Fourier
expansion involves only the eigenvalues µ ≤ δ/4t .

E. Zuazua Part V. Observability of time-discrete conservative systems



Intro Results Further comments Open Problems Midpoint General Applications

Remarks

Remarks
• Tδ can be chosen as

Tδ = π
[
M2
(

1 +
δ2

4

)2
+ m2C2

B
δ4

16

]1/2
,

which yields πM when δ → 0.
• The filtering parameter 1/4t is at the right scale!

We cannot go beyond this scale as the analysis of the
group veloicity shows!
No smallness condition of the filtering parameter δ !
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Group veocity for the wave equation and its time-discrete
counterpart. C(ξ) ≡ 1 for all values of ξ in the continuous
setting. For all ∆t > 0 the group velocity vanishes when
|ξ| >> 1/∆t . The dispersion diagram, however, tends to the
continuous one as ∆t → 0.
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Consider the time-discrete wave equation. Its symbol is:

ph(τ, ξ) = −
4sin2 τh

2
h2 + |ξ|2cos(τh), (τ, ξ) ∈

[
− π

2h
,
π

2h

]
× lRd .

The bicharacteristic rays are defined as the solutions of the
following Hamiltonian system:

dx(s)

ds
= 2ξcos(τh),

dt(s)

ds
= −2sin(τh)

h
− |ξ|2hsin(τh),

dξ(s)

ds
= 0,

dτ(s)

ds
= 0.

As in the continuous case, rays are straight lines but have
different direction and the velocity of propagation.
Given x0 = (x0,1, · · · , x0,d ) ∈ Ω, t0 = 0 and the initial microlocal
direction (τ0, ξ0) = (τ0, ξ0,1, · · · , ξ0,d ) a root of ph, i.e.,

|ξ0|2 =
4sin2 τ0h

2
h2cos(τ0h)

, τ0 ∈
(
− π

2h
,
π

2h

)
.
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Taking, for instance, ξ0,1 = 2h−1sin τ0h
2 cos−1/2(τ0h) and

ξ0,2 = · · · = ξ0,d = 0 we get

dx
dt

=
dx/ds
dt/ds

= −cos3/2(τ0h)

cos τ0h
2

and dx2(t)/dt = · · · = dxd (t)/dt = 0. Thus, xj(t) for
j = 2, · · · ,d remain constant and

x1(t) = x0,1 − tcos3/2(τ0h)cos−1 τ0h
2

evolves with speed −cos3/2(τ0h)cos−1 τ0h
2 , which tends to 0

when τ0h→ π
2−, or τ0h→ −π

2 +.
This allows us to show that, as h→ 0, there exist rays that
remain trapped on a neighborhood of x0 for time intervals of
arbitrarily large length. In order to guarantee the boundary
observability these rays have to be cut-off by filtering.
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For the analysis of high frequency wave packet pathologies for
numerical schemes for waves and Schrödinger equations see:

A. MARICA, Propiedades de propagación para algunas
aproximaciones por métodos de Galerkin discontinuos y
elementos finitos clásicos de orden superior de la ecuación de
ondas, PhD Thesis, Universidad Autónoma de Madrid,
September 2010.
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Sketch of the proof:

Set χ ∈ H1(lR) and χk = χ(k4t). Let gk = χkzk , and

f k =
gk+1 − gk

4t
− A

(gk+1 + gk

2

)
. (11)

One can easily check that

f k =
χk+1 − χk

4t
zk+1 + zk

2
+
χk+1 + χk

2
zk+1 − zk

4t

−A
(χk+1 + χk

2
zk+1 + zk

2
+
χk+1 − χk

2
zk+1 − zk

2

)
=

χk+1 − χk

4t

(zk + zk+1

2
− (4t)2

4
A
(zk+1 − zk

4t

))
=

(χk+1 − χk

4t

)(
I − (4t)2

4
A2
)(zk + zk+1

2

)
. (12)

Compare to the following identity of the time-continuous case:

f = χ′z.
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Then ∥∥∥f k
∥∥∥2

X
≤
(χk+1 − χk

4t

)2
∥∥∥∥z0 + z1

2

∥∥∥∥2

X

(
1 +

δ2

4

)
, (13)

provided

||Az|| ≤ δ

∆t
||z||.

This requires however filtering the high frequencies. In other
words, this holds within the class of solutions involving only the
eigenfunctions corresponding to euigenvalues µ ≤ δ/∆t .

E. Zuazua Part V. Observability of time-discrete conservative systems



Intro Results Further comments Open Problems Midpoint General Applications

A slightly more general statement

The filtering parameters and the observation time and
constants are uniform for families of operators (A∆t ,B∆t )
fulfilling uniform admissibility and resolvent estimates.
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General conservative schemes

All this can be extended to general time-discrete conservative
systems. This can be done by transforming those more general
discretizatio schemes into te form of the previous one.
Consider the abstract conservative time-discrete system given
by

zk+1 = T4tzk , yk = Bzk , (14)

where T4t is a linear operator such that :
1 ∃λj,4t ,T4t Ψj = exp(iλj,4t4t)Ψj .
2 There is an explicit relation between λj,4t and µj :

λj,4t =
1
4t

h(µj4t),

where h : lR→ (−π, π) is an increasing smooth function
satisfying

lim
η→0

h(η)

η
= 1.

E. Zuazua Part V. Observability of time-discrete conservative systems



Intro Results Further comments Open Problems Midpoint General Applications

General conservative schemes

All this can be extended to general time-discrete conservative
systems. This can be done by transforming those more general
discretizatio schemes into te form of the previous one.
Consider the abstract conservative time-discrete system given
by

zk+1 = T4tzk , yk = Bzk , (14)

where T4t is a linear operator such that :
1 ∃λj,4t ,T4t Ψj = exp(iλj,4t4t)Ψj .
2 There is an explicit relation between λj,4t and µj :

λj,4t =
1
4t

h(µj4t),

where h : lR→ (−π, π) is an increasing smooth function
satisfying

lim
η→0

h(η)

η
= 1.

E. Zuazua Part V. Observability of time-discrete conservative systems



Intro Results Further comments Open Problems Midpoint General Applications

General conservative schemes

All this can be extended to general time-discrete conservative
systems. This can be done by transforming those more general
discretizatio schemes into te form of the previous one.
Consider the abstract conservative time-discrete system given
by

zk+1 = T4tzk , yk = Bzk , (14)

where T4t is a linear operator such that :
1 ∃λj,4t ,T4t Ψj = exp(iλj,4t4t)Ψj .
2 There is an explicit relation between λj,4t and µj :

λj,4t =
1
4t

h(µj4t),

where h : lR→ (−π, π) is an increasing smooth function
satisfying

lim
η→0

h(η)

η
= 1.

E. Zuazua Part V. Observability of time-discrete conservative systems



Intro Results Further comments Open Problems Midpoint General Applications

Theorem
Assume that (A,B) is admissible and observable in the
continuous setting, and B ∈ L(D(A),Y ).
Again, discrete observability holds uniformly in 4t for any
z0 ∈ Cδ/4t :

kT ,δ

∥∥∥z0
∥∥∥2

X
≤ 4t

∑
k∈(0,T/4t)

∥∥∥∥B
(zk + zk+1

2

)∥∥∥∥2

Y
.

Besides, we have the estimate on Tδ:

Tδ ≤ π

[
M2
(

1 + tan2
(h(δ)

2

))2
sup
|η|≤δ

{cos4(h(η)/2)

h′(η)2

}

+ m2C2
B sup
|η|≤δ

{2
η

tan
(h(η)

2

)}2
tan4

(h(δ)

2

)]1/2

.
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2
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Sketch of the proof

Idea: Put the discrete system (14) into the form

zk+1 − zk

4t
= A4t

(zk+1 + zk

2

)
, in Xδ,4t , k ∈ Z,

and apply the previous theorem. To do this it suffices to define

A4t on the basis of the eigenvectors of A but so that the
corresponding eigenvalues coincide with λj,∆t . This can be
done by applying the transformation:

λj,4t =
1
4t

h(µj4t),

−→ Need to prove a uniform resolvent estimate for A4t . Note
however that the eigenfunctions are the same! It is just a matter
of rescaling the frequency parameter ω.
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Application 1: The 4th order Gauss Method



κi = A
(

zk +4t
2∑

j=1

αijκi

)
, i = 1,2,

zk+1 = zk +
4t
2

(κ1 + κ2),

z0 ∈ Cδ/4t given,
(αij) =

(
1
4

1
4 −

√
3

6
1
4 +

√
3

6
1
4

)
.

=⇒ Uniform admissibility holds for δ < 2
√

3: Here,

h(η) = 2 arctan
( η

2− η2/6

)
.
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Application 2: The Newmark method

Consider {
ü + A0u = 0,
(u(0), u̇(0)) = v0,

y(t) = Bu̇(t),

where A0 is selfadjoint.
Newmark method with parameter β ≥ 1/4:

uk+1 + uk−1 − 2uk

(4t)2 + A0

(
βuk+1 + (1− 2β)uk + βuk−1

)
= 0,

(u0 + u1

2
,
u1 − u0

4t

)
= (u0, v0), yk+1/2 = B

(uk+1 − uk

4t

)
.

E. Zuazua Part V. Observability of time-discrete conservative systems



Intro Results Further comments Open Problems Midpoint General Applications

Application 2: The Newmark method

Consider {
ü + A0u = 0,
(u(0), u̇(0)) = v0,

y(t) = Bu̇(t),

where A0 is selfadjoint.
Newmark method with parameter β ≥ 1/4:

uk+1 + uk−1 − 2uk

(4t)2 + A0

(
βuk+1 + (1− 2β)uk + βuk−1

)
= 0,

(u0 + u1

2
,
u1 − u0

4t

)
= (u0, v0), yk+1/2 = B

(uk+1 − uk

4t

)
.
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Other applications

Boundary observation of the Schrödinger equation.
Boundary observation of the linearized KdV equation.
Boundary observation of the wave equation.

And many others . . .

with applications to control and inverse problems and, in
paricular, numerical analysis issues.

E. Zuazua Part V. Observability of time-discrete conservative systems



Intro Results Further comments Open Problems Midpoint General Applications

Other applications

Boundary observation of the Schrödinger equation.
Boundary observation of the linearized KdV equation.
Boundary observation of the wave equation.

And many others . . .

with applications to control and inverse problems and, in
paricular, numerical analysis issues.

E. Zuazua Part V. Observability of time-discrete conservative systems



Intro Results Further comments Open Problems Midpoint General Applications

Summary: Subordination principle. (transmutation, Kannai
transform,...)

Observability for time continuous systems (multipliers,
nonharmonic Fourier series, Carleman inequalities, microlocal
analysis...)

=⇒
Resolvent estimate

=⇒
Time-discrete observability.

Key conclusion: One does not need to again the estimates at
the time-discrete level. This approach can be used as a “black
box" to transfer results form the continuous to the time-discrete
setting.

E. Zuazua Part V. Observability of time-discrete conservative systems
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Fully discrete schemes

Due to the explicit estimate, we can deal with fully discrete
schemes.

1 First, study the space semi-discrete equations:

ż = Ahz, y(t) = Bhz(t)

and prove that admissibility and observability hold
uniformly in h > 0†.

2 Second, use the previous theorem to obtain uniform
observability in h,4t > 0 for the fully discrete scheme, for
instance

zk+1 − zk

4t
= Ah

(zk + zk+1

2

)
, yk = Bhzk .

†A lot of results exists ! See E. Z., 2005, SIAM Rev.
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Open problems

Improve the time estimate that Hautus criterion gives both
in the continuous and time-discrete setting.

Weak observability (for instance in the abence of GCC for
the wave equation)? Spectral characterization ?

Spectral characterization of the observability for non
conservative systems ? Note, in particular, that for the heat
equation, due its very strong dissipativity properties,
observability is harder to prove.

Does the same subordination principle apply in other
contexts (dispersive estimates, for instance)?

Non-autonomous problems in the continuous setting.
Time-discrete systems with variable time-step.

. . .
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Thanks

Thank you.

S. Ervedoza, Ch. Zheng & E.Zuazua,
On the observability of time-discrete conservative linear
systems,
J. Funct. Anal., 254 (12) (2008), 3037-3078.
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1.- INTRODUCTION: PROBLEM
FORMULATION



THE GENERAL PROBLEM: NULL CONTROL OR CONTROL

TO ZERO

TO CONTROL TO THE NULL EQUILIBRIUM STATE PARABOLIC

EQUATIONS BY MEANS OF A CONTROL (RIGHT HAND SIDE

TERM) CONCENTRATED ON AN OPEN SUBSET OF THE DO-

MAIN WHERE THE EQUATION HOLDS.

EQUIVALENT FORMULATION: OBSERVABILITY

ANALYZE HOW MUCH OF THE TOTAL ENERGY OF SOLU-

TIONS CAN BE OBTAINED OUT OF LOCAL MEASUREMENTS.

OBSERVATION ≡ CONTROL



THE CONTROL PROBLEM

Let n ≥ 1 and T > 0, Ω be a simply connected, bounded domain of

Rn with smooth boundary Γ, Q = (0, T )×Ω and Σ = (0, T )× Γ:
ut −∆u = f1ω in Q
u = 0 on Σ
u(x,0) = u0(x) in Ω.

(1)

1ω denotes the characteristic function of the subset ω of Ω where the

control is active.

We assume that u0 ∈ L2(Ω) and f ∈ L2(Q) so that (1) admits an

unique solution

u ∈ C
(
[0, T ] ;L2(Ω)

)
∩ L2

(
0, T ;H1

0(Ω)
)
.



u = u(x, t) = solution = state, f = f(x, t) = control

Goal: To produce prescribed deformations on the solution u by means

of suitable choices of the control function f .



In principle, due to the intrinsic infinite velocity of propagation of the

heat equation, one can not exclude these properties to hold in any

time T > 0 and from any open non-empty open subset ω of Ω.

Note that for similar properties to hold for wave equations, typically,

one needs to impose geometric conditions on the control subset and

the time of control, namely, the so called GCC (Geometric Control

Condition) by Bardos-Lebeau-Rauch: It asserts, roughly, that all rays

of geometric optics enter the control set ω in time T .



But this kind of Geometric Condition in unnecessary for the heat

equation.



2.- NULL CONTROLLABILITY



Null controllability is in fact equivalent to a quantitative version of

the property of unique continuation for the adjoint system:
ϕt + ∆ϕ = 0 in Q
ϕ = 0 on Σ
ϕ(x, T ) = ϕ0(x) in Ω.

(2)

ϕ = 0 in ω × (0, T ) =⇒ ϕ ≡ 0, i.e. ϕ0 ≡ 0. (3)

This UCP is a consequence of Holmgren’s uniqueness Theorem.

This is so for all ω and all T > 0.



The control can be built as follows: Consider the functional

J(ϕ0) =
1

2

∫ T
0

∫
ω
ϕ2dxdt+

∫
Ω
ϕ(0)u0dx. (4)

J : L2(Ω)→ R is continuous, and convex.

But, is it coercive?

If yes, the minimizer ϕ̂0 exists and the control

f = ϕ̂

where ϕ̂ is the solution of the adjoint system corresponding to the
minimizer is the control such that

u(T ) ≡ 0.



For coercivity the following observability inequality is needed:

‖ ϕ(0) ‖2
L2(Ω)≤ C

∫ T
0

∫
ω
ϕ2dxdt, ∀ϕ0 ∈ L2(Ω). (5)

This inequality is very likely to hold: because of the very strong

regularizing effect of the heat equation the norm of ϕ(0) is a very

weak measure of the total size of solutions. Indeed, in a Fourier

series representation, the norm of ϕ(0) presents weights which are of

the order of exp (−λjT ), λj →∞ being the eigenvalues of the Dirichlet

−∆.



For the wave equation this observability inequality requires of the

GCC (sufficiently large time and geometric conditions on the subset

ω to absorbe all rays of Geometric Optics). But for the heat equation

there is no reason to think on the need of any restriction on T or ω.

Actually, this estimate was proved by Fursikov and Imanuvilov (1996)

using Carleman inequalities. In fact the same proof applies for equa-

tions with smooth (C1) variable coefficients in the principal part and

for heat equations with lower order potentials.



Coercivity revisited:

J(ϕ0) = 1
2

∫ T
0
∫
ω ϕ

2dxdt+
∫
Ωϕ(0)u0dx

≥ 1
2

∫ T
0
∫
ω ϕ

2dxdt− ||ϕ(0)||L2(Ω)||u
0||L2(Ω)

≥ 1
2

∫ T
0
∫
ω ϕ

2dxdt− C
[∫ T

0
∫
ω ϕ

2dxdt
]1/2
||u0||L2(Ω)

→∞, as
∫ T
0
∫
ω ϕ

2dxdt→∞.

(6)

In view of this inequality the null control can be obtained by minimizing

J0(ϕ0) =
1

2

∫ T
0

∫
ω
ϕ2dxdt+

∫
Ω
ϕ(0)u0dx (7)

in the space

H = {ϕ0 : sol. of the adjoint system s. t. ||ϕ0||H =

[∫ T
0

∫
ω
ϕ2dxdt

]1/2

<∞}.



What about H?

Of course,

C1||ϕ(0)||L2(Ω) ≤ ||ϕ
0||H ≤ C2||ϕ0||L2(Ω)

but there is a gap of exponential order in the two norms of the left
and right hand side terms of these inequalities:

C1
∑
j≥1

e−λjT |ϕ̂0
j |

2 ≤ ||ϕ0||H ≤ C2
∑
j≥1

|ϕ̂0
j |

2.

Accordingly

L2(Ω) ⊂ H ⊂ H−∞(Ω).

As we shall see, this will make the effective numerical approxi-
mation issue hard.



3.- OBSERVABILITY, GEOMETRY AND
THE NATURE OF H



The Carleman inequalities due to Fursikov & Imanuvilov, 1996 yields,

as observed by E. Fernández-Cara & E. Zuazua, 2000, the following

observability estimate for the solutions of the heat equation:∫ ∞
0

∫
Ω
e
−A

(T−t)ϕ2dxdt ≤ C
∫ ∞

0

∫
ω
ϕ2dxdt.

Open problem: Characterize the best constant A in this inequality:

A = A(Ω, ω).



The Carleman inequality approach allows establishing some upper

bounds on A depending on the properties of the weight function.

But this does not give a clear path towards the obtention of a sharp

constant.



By inspection of the heat kernel one can see that for the inequality
to be true one needs

A > `2/2

where ` is the length of the largest geodesic in Ω \ ω.

This was done by L. Miller (2003) using Varadhan’s formula for the
bhevaior of the heat kernel in short times and can also be done by
the upper bounds on the Green function (see Davies’ book). Recall
that, the heat kernel is given by, Recall that:

G(x, t) = (4πt)−n/2 exp
(−|x|2

4t

)
.

then, the following upper bound holds for the Green function in Ω:

GΩ(x, y, t) ≤ Ct−n/2 exp
(−d2(x, y)

(4 + δ)t

)
.







In particular, the problem of passing to the limit in the context of

homogenization of the domain with small holes is open. It is actually

far from being obvious whether the observability constant may be

uniform or not.

The full characterization of the best weight for the Carleman in-

equalities is also open in other settings. For instance, for the Stokes

equation or the stochastic heat equation. In those cases similar in-

equalities are obtained but with a weight of the form eA/(T−t)α for

some α > 1 rather than α = 1. But the characterization of the best

power α in these inequalities is still to be done.



Note that, the estimate∫ ∞
0

∫
Ω
e
−A

(T−t)ϕ2dxdt ≤ C
∫ ∞

0

∫
ω
ϕ2dxdt.

allows improving the information we had so far on the norm in H:

C1
∑
j≥1

e−B
√
λjT |ϕ̂0

j |
2 ≤ ||ϕ0||H ≤ C2

∑
j≥1

|ϕ̂0
j |

2.

But there is still a gap of infinite order in the lower and upper bounds.



The controls we have obtained so far are those of minimal norm in

L2(ω × (0, T )) but, as we have seen, they correspond to initial data

ϕ for the adjoint system in a space H which is huge.

Other controls can be built by different procedures.



4.- KANNAI TRANSFORM



Kannai transform allows transfering the results we have obtained for

the wave equation to other models and in particular to the heat equa-

tion (Y. Kannai, 1977; K. D. Phung, 2001; L. Miller, 2004)

et∆ϕ =
1√
4πt

∫ +∞

−∞
e−s

2/4tW (s)ds

where W (x, s) solves the corresponding wave equation with data (ϕ,0).

Wss −∆W = 0 + Kt −Kss = 0 → Ut −∆U = 0,

Wss −∆W = 0 + iKt −Kss = 0 → iUt −∆U = 0.

This can be actually applied in a more general abstract context (Ut+

AU = 0) but not when the equation has time-dependent coefficients.



This transformed was developed to read the geometry of the mani-

fold where the heat process was evolving within its Green function,

something that is hard because of the very strong and fas diffusion

effect.

By the contrary, geometry can be easily read on the wave process

because of characteristics....



This can also be used in the context of control:

et∆ϕ =
1√
4πt

∫ +∞

−∞
e−s

2/4tW (s)ds

But, for doing it, one has to replace the fundamental solution of the

heat equation

1√
4πt

e−s
2/4t

by a fundamental solution that has been controlled in time t = T.



[Control of the wave equation in Ω]

+

[1− d controlled fundamental solution of the heat equation]

=⇒

[Control of the heat equation in Ω].



Of course, the Kannai transform can not be inverted. We can not

recover the solution of the wave equation our of that of the heat or the

Schrödinger equations since for the laters the speed of propagation is

infinity.

This is related to the fact that the initial problem for

Kt −Kss = 0 and iKt −Kss = 0

is well-posed but not for

Ktt −Ks = 0 or Ktt − iKs = 0...



Recently, in a work in progress with S. Ervedoza, we apply the Kannai

transform but at the level of controllability rather than at the level of

observability and we can show that

A ≤ S2/2

where 2S is the time for the GCC to hold.

This shows, for instance, in the 1− d case, that

A = `2/2.

This is the first result providing a full characterization of the best

constant.



But there are plenty of situations in which

S >> `

and, for which, accordingly, the best constant is still to be character-

ized.

That is the case, in particular, when the GCC does not hold. Indeed,

in that case, S =∞.



5.- FRACTIONAL DIFFUSION



The impossibility of transfering results from the heat to the wave

context can also be seen in models of fractional diffusion.

The system

yt + (−∆)αy = 0,

is controllable whenever with α > 1/2.

On the other hand, the null control property fails for α = 1/2 (S.

Micu & E. Z, 2003):

∞∑
j=1

1

µj
=∞, µj = j.



By, by the contrary, the wave like equation

ytt + (−∆)αy = 0,

is not controllable for α < 1.

The eigenvalues are this time (in 1− d): λj = ijα.

And the gap condition that the Ingham inequality requires

λj+1 − λj ≥ γ > 0,

is only fulfilled if α ≥ 1.

For the case of time discrete heat equations: Chuang Zheng.



6.- CONTROL OF NUMERICAL
APPROXIMATION SCHEMES



So far we have:

• Proved observability inequalities

• Shown how the null controls can be obtained by minimizing suit-

able quadratic functionals whose coercivity is a consequence of

those inequalities.



All this, in theory, should yield efficient numerical methods for control
provided:

• Minimization is performed by means of a gradient-like iterative
algorithm;

• The continuous heat equation is replaced by a numerical scheme.

• The numerical versions of the equation preserve similar observ-
ability properties in terms of the coefficients.

This has been the object of intensive research for wave equations.
But much is less is known for heat equations.



In the context of the wave equations, high frequency numerical patholo-

gies, very much as for variable rough coefficients, make the observ-

ability inequalities to fail to be uniform with respect to the mesh-size

parameters.

In the context of the heat equation strong dissipation helps. But

not sufficiently!



There are discrete eigenvectors that fail to fulfill the most elementary

unique continuation property.∗

Thus unique continuation and observability fail.

∗Communication by O. Kavian.



As a consequence of this, one needs to relax the observability inequal-

ities for numerical schemes allowing high frequency reminder terms:

Ervedoza-Valein†, Boyer - Hubert - Le Rousseau‡.

These are however high frequency numerical phenomena that one

expects not to have too much effect on the effective computation of

controls.

†S. Ervedoza & J. Valein, On the observability of abstract time-discrete linear
parabolic equations
‡F. Boyer, F. Hubert & J. Le Rousseau, Uniform null-controllability properties for
space/time discretized parabolic equations, hal-00429197, version 1 - 1 Nov 2009



7.- EFFECTIVE NUMERICAL
APPROXIMATION OF CONTROLS



The difficulties appear even before introducing numerical approxima-

tion schemes of the heat operator.

Let us analyze the behavior of the Fourier approximation using a

large finite-number of modes.

Recall that for the continuous heat equation the null control was

obtained by minimizing

J(ϕ0) =
1

2

∫ T
0

∫
ω
ϕ2dxdt+

∫
Ω
ϕ(0)u0dx (8)

in the space H. Recall that:

C1||ϕ(0)||L2(Ω) ≤ ||ϕ
0||H ≤ C2||ϕ0||L2(Ω)



Let us analyze how the functional J behaves when restricted to VM ,
the space generated by the first M eigenfunctions of the Laplacian.

Descent algorithms when applied to J over VM turn out to be very
slow, and this is due to the very bad conditioning of the corresponding
quadratic form.

Condition number with respect to M for various ω ⊂ Ω and ω = Ω =
(0,1): T = 1.

M = 10 M = 20 M = 40 M = 80
ω = (0.2,0.8) 9.05× 102 1.65× 105 1.66× 109 6.96× 1016

ω = (0.5,0.8) 3.57× 105 3.81× 1010 7.31× 1018 ≥ 1020

ω = (0.7,0.8) 1.82× 107 2.40× 1014 ≥ 1020 ≥ 1020

ω = (0,1) 8.61× 101 3.44× 102 1.33× 103 5.51× 103



Warning! We are dealing with a severely
ill-posed problem.



The following table explains how, the control being in L2, the data

ϕ0 of the adjoint system at time T (which is surley in H) tend not to

be in any reasonable space, thus making computations very hard.

L2-norm of ϕ0,M and of the control vs. M for ω = (0.2,0.8), T = 1

and c = 1/10:

M = 10 M = 20 M = 40 M = 80
‖ϕ0,M‖ 4.27 3.22× 101 1.68× 103 5.38× 106

‖ϕMXω‖ 4.194× 10−1 4.410× 10−1 4.526× 10−1 4.586× 10−1



T = 1, ω = (0.2,0.8) : ϕ0,M for M = 80 on Ω (Left) and on ω

(Right).
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T = 1, ω = (0.2,0.8) : ‖ϕM(·, x)Xω(x)‖L2(Ω) for M = 80 on [0, T ]

(Left) and on [0.92T, T ] (Right).
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Several remedies have been derived in the literature, starting with the

pioneering work by R. Glowinski and J. L. Lions.§ One of them is

based on Tychonnoff regularization. It consists on adding a regular-

izing term to the functional to be minimized (or its discrete version):

J0(ϕ0) =
1

2

∫ T
0

∫
ω
ϕ2dxdt+

∫
Ω
ϕ(0)u0dx. (9)

Namely:

Jε0(ϕ0) =
1

2

∫ T
0

∫
ω
ϕ2dxdt+

ε

2
||ϕ0||2

L2 +
∫

Ω
ϕ(0)u0dx. (10)

§C. Carthel, R. Glowinski and J.L. Lions, On exact and approximate Boundary
Controllabilities for the heat equation: A numerical approach, J. of Optimization
Theory and Applications 82(3), (1994) 429-484. R. Glowinski and J.L. Lions,
Exact and approximate controllability for distributed parameter systems, Acta Nu-
merica (1996) 159-333.



One can prove that, whenever the minimizer of the original functional

J belongs to L2, then the regularized controls converge polynomially

as ε tends to zero¶

But, as the numerical experiments show, it is very unlikely that the

minimizer lies in L2. In fact a recent result of S. Micu & E. Z. shows

that, in 1− d, the minimizer ϕ0 is never in L2.

¶J. P. Puel, A Nonstandard Approach to a data assimilation problem and Tychonov
regularization revisited, SIAM J. Control Optim. Vol. 48, No. 2, pp. 1089–1111



In a recent paper in collaboration with A. Münch we propose a dif-
ferent strategy based on the following facts:

• A lot of work has been done to build efficient algorithms to com-
pute exact controls for the wave equation.

• The Kannai transform allows to construct the control of the heat
equation by convolution of the wave one with a 1− d heat kernel.

The method is laborious to be developped numerically but turns out
to be efficient.

Warning: Not however that it may only work under the Geometric
Conditions needed to control wave processes!



Wave equation: y0(x) = sin(πx), L = 0.5, ω = (0.2,0.8). Controlled

wave solution w (Left) and the corresponding control f on (0, L)×Ω

(Right).
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y0(x) = sin(πx), T = 1, c = 1/10 and (δ, α) = (T/5,1). Controlled

heat solution y (Left) and corresponding transmuted control v on

(0, T )×Ω (Right).
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L2(ω)-norm of the control v vs time t for (y0(x), T, c) = (sin(πx),1,1/10)

(Left) and (y0(x), T, c) = (sin(3πx),1,1/5) (Right).
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y0(x) = sin(3πx) and L = 1.2 - ω = (0.3,0.4). Controlled wave

solution w on (0, L)×Ω (Left) and corresponding HUM control f on

(0, L)× (0.25,0.45) ⊂ (0, L)×Ω (Right).
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(y0(x), T, c, δ, α) = (sin(3πx),1,1/20, T/5,1) and ω = (0.3,0.4). Con-

trolled heat solution y on (0, T )×Ω (Left) and corresponding trans-

muted control v on (0, T )× (0.25,0.45) ⊂ (0, T )×Ω (Right).
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8.- OPEN PROBLEMS



• What is the optimal numerical algorithm? Controls of minimal

L2-norm are not necessarily the best ones...

• What about nonlinear problems? The Kannai transform methods

can not be applied...

• Fully discrete heat equations.

• Dependence of the observability constant on geometry.

• Heat equations on graphs and networks. Systems of parabolic

equations.



R. DAGER & E. Z. Wave propagation and control in 1 − d vi-

brating multi-structures. Springer Verlag. “Mathématiques et

Applications”, Paris. 2005

• Heat equation with non-smooth coefficients on the principal part.

Possibly piecewise constant coefficients. Partial results by J. P.

Puel and coworkers, J. le Rousseau and L. Robbiano,... Note

that observability is well known to hold in 1 − d (Alessandrini &

Escauriaza).

• ....



Some references:

• E. ZUAZUA, “Controllability and Observability of Partial Differ-

ential Equations: Some results and open problems”, in Handbook

of Differential Equations: Evolutionary Equations, vol. 3, C. M.

Dafermos and E. Feireisl eds., Elsevier Science, 2006, pp. 527-

621.

• E. ZUAZUA. Propagation, observation, and control of waves ap-

proximated by finite difference methods. SIAM Review, 47 (2)

(2005), 197-243.



• A. MÜNCH y E. ZUAZUA. Numerical approximation of null con-

trols for the heat equation through transmutation, J. Inverse Prob-

lems, 2010.


