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Abstract

We build non-uniform numerical meshes for the finite difference and finite element approxi-
mations of the 1d wave equation, ensuring that all numerical solutions reach the boundary, as
continuous solutions do, in the sense that the full discrete energy can be observed by means of
boundary measurements, uniformly with respect to the mesh-size. The construction of the non-
uniform mesh is achieved by means of a concave diffeomorphic transformation of a uniform grid
into a non-uniform one, making the mesh finer and finer when approaching the right boundary.
For uniform meshes it is known that high-frequency numerical wave packets propagate very slowly
without never getting to the boundary. Our results show that this pathology can be avoided by
taking suitable non-uniform meshes. This also allows to build convergent numerical algorithms
for the approximation of boundary controls of the wave equation.

1 Introduction

The goal of this article is to build non-uniform numerical meshes for the numerical approximation of
the 1d wave equation, ensuring that all numerical solutions reach the boundary, as continuous solutions
do. This is relevant for boundary control problems, but also in the context of inverse problems where
detection from the boundary requires that waves get there.

For simplicity, we will focus on the constant coefficient 1d wave equation

Oyt — Opau = 0, (t,z) € (0,T) x (0,1),

u(t,0) =wu(t,1) =0, te(0,T), (1.1)
uw(0,z) = u®(z), du(0,z) =ul(z), ze€(0,1).
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To fix our ideas and better establish the requirements that we impose on the numerical mesh we
address the problem from the perspective of the so-called observability inequality according to which
the solutions of (1.1)) satisfy

0 1
H(“ » U )HHé(O,l)xL?(O,l) < Cobs [[0zult, 1)HL2(07T) J (1.2)

for a suitable constant Cyps = Cops(T) > 0 provided T' > 2.

Note that inequality ensures that all waves propagating in space-time according to the wave
equation reach the extreme x = 1 in time T = 2. This is in agreement with the well-known properties
of solutions of the wave equation that can be proved easily based on the Fourier or d’Alembert
representation formulas.

This inequality, by duality, ensures the exact controllability of the wave equation when the control
acts on the boundary « = 1, see e.g. [18].

In the pioneering works [I3], 14] on the numerical approximation of boundary controls for the
wave equation, it was shown that naive discretizations of the wave equation may lead to the
divergence of numerical controls. This is due to the fact that discrete approximations of the wave
equation (|1.1)) are, in general, not uniformly observable. In other words, in general, discrete versions
of the observability inequality do not hold uniformly with respect to the mesh-size parameter.

This phenomenon has been analysed and explained starting with the work [I6] dealing with fi-
nite differences and finite element methods on uniform meshes, and later on generalized in several
directions. We refer to the survey articles [10, 28] for an account of the most recent developments.
But, until now, most often, the analysis was restricted to uniform meshes. More general meshes
were considered in [23] viewing numerical solutions as quasi-solutions of the continuous wave model.
Accordingly, severe filtering mechanisms on the numerical high-frequency components were required
to conclude uniform observability inequalities.

More recently, in [20], the problem of the propagation of high-frequency numerical solutions was
considered in non-uniform meshes built through a diffeomorphic deformation of a uniform one. Using
microlocal tools, the notions of numerical symbol and bicharacteristic rays were introduced and it
was shown both analytically and through numerical simulations, that high-frequency numerical wave
packets follow, in space-time, the path indicated by the bicharacteristics.

The present work complements previous ones, addressing the problem from a different perspective.
In here our aim is to design meshes so to ensure that all numerical waves reach the boundary. This
makes, accordingly, the discrete version of (1.2)) to hold uniformly with respect to the mesh-size
parameter. In other words, the meshes we build are well-adapted to the boundary observability
property under consideration.

To our knowledge, this result is the first one in this direction and opens up new interesting
perspectives of development, for instance, to multi-dimensional problems or with inverse problem
applications in view.

To begin with, we introduce the space semi-discrete approximations of on a non-uniform
mesh obtained by a diffeomorphic deformation of a uniform one.

Let g : [0,1] — [0, 1] denote a diffeomorphism of the interval [0, 1]. For N € N, weset h := 1/(N+1)
and consider the non-uniform mesh given by the nodes

yielding the heterogeneous mesh-sizes

hj—1/2 + hjaye
2 )
In the following, we will use the notation .#"9 to refer to the mesh given by (1.3)-(1.4), i.e., .#"9 :=

hjt1/2 = xj01 — x5, Yj€{0,--- N}, and h;:= vje{l,---,N}. (14)



The space semi-discretization of the wave equation (1.1) obtained by finite differences on this
non-uniform mesh .#"9 reads as follows:

ir1(t) —u,(t i(t) —u;—1(¢
hju;’(t) B (u;+1}(L) u;(t) B u;( )h uj—1( )) =0, te(0,T),1<j<N,
j+1/2 j—1/2
U()(t) = ’U,N+1(t) te (O,T),

u;(0) = uf, u;(O)—uj1 1<j<N.

(1.5)

To avoid possible confusions, when needed, we will denote the solutions of (|L.5) by uh’g(t) =
(uf(t))o<j<N+1, where g stands for the diffeomorphic transformation from the uniform to the non-
uniform mesh and h := 1/(N + 1) is the mesh-size. But, in general, we will simply write down
u”(t) = (u;(t))o<j<n+1 for the solutions of (L.F).

System enjoys the property of energy conservation. In other words, the energy

B9 (w9 (1), o (1) 2ﬁ|' Xﬁﬁw#ﬂ@——QQ (16)
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is constant in time and coincides with the initial energy E"9(u%" u'"). This ensures the stability of
the numerical scheme and also its convergence in the classical sense of numerical analysis.
The main result of this paper is the following:

Theorem 1.1. Given T > 2, there exists a smooth diffeomorphism g such that the solutions u/9

of (L.5) are uniformly observable through x = 1 in time T. To be more precise, there exist h* =
h*(T,g) > 0 and a constant C?, = C?% (T) > 0 (independent of h) such that, for all h € (0,h*), the

obs — “obs
solutions u™9 on the mesh .#"™9 satisfy the observability inequality:

T g 2
t
Eh’g(uo’h, ) (Cgbs) / :NJ dt. (1.7)
0 N+1/2
More precisely, g can be chosen explicitly as
T-2
go(x) =/ (20+1)x+6%2—-0, forfe (O, 2> . (1.8)

Theorem may appear surprising in view of the negative results in [16], and later on refined in
[22], showing the divergence of the observability constant C¥, (T') in (of the order of exp(c/h)) for
the uniform mesh. On uniform meshes the cause of this divergence is the existence of high-frequency
numerical solutions that remain trapped within the computational domain without never getting to its
boundary. Theorem [I.1] shows that one can design a suitable mesh for a given observability problem,
so to assure that all numerical waves are guided towards the subset where the observation is being
done. In this sense, Theorem is close to the works [B] [6], where a suitable (optimal) mesh was
designed in order to provide accurate results on the inverse Sturm-Liouville problem. In particular, in
these references it was shown that, when trying to recover the conductivity coefficient o out of some
a priori guess oy of the unknown coefficient, using measurements of the Neumann-to-Dirichlet map
at x = 0, optimal grids need to be finer close to the point x = 0 where measurements are performed.

Actually, Theorem is deduced from the following more general result:

Theorem 1.2. Let g: [0,1] — [0,1] be a C3([0,1]) diffeomorphism satisfying g(0) = 0, g(1) = 1, and
assume that g is strictly concave. Define 0, by

ewzrmx{ywﬁ+gmmwm}. (1.9)

z€[0,1] —g"(x)




Then the solutions u™9 of (1.5) are uniformly observable through x = 1 in any time T > Ty, where
T, is the multiplier time given by
Ty :=2(1+6,). (1.10)

Note that the strict concavity condition in Theorem implies that ¢’ is strictly decreasing on the
whole space interval [0, 1]. The corresponding mesh given by therefore decreases gradually from
the coarsest scale hy /o to the finest one hy /2 located at the endpoint x = 1 where the observation is
performed. This corresponds to the very natural fact that much more precise information is required
close to the observation set, which needs a refined mesh.

In any case, it is important to observe that the meshes under consideration involve only one single
scale. Indeed, if g satisfies the assumptions of Theorem the mesh given by is quasi-uniform,
the ratio hy/2/hyy1/2 between the largest and the smallest mesh sizes being uniformly bounded from
above:
maxg  g'(0)

ming’ — ¢'(1)’

h
1< Y2

< (C :=
T hnyy2

Note that, according to the assumption that g is a diffeomorphism of [0, 1], the derivative ¢’ cannot
vanish or blow up at any point 2 € [0,1] and then the above constant C' is finite.

Outline of the paper. In Section[2] we provide the detailed proof of Theorems We will first
present the proof of Theorem [I.2] It will be based on a suitable multiplier argument performed on the
discrete solutions u™9 of 7 mimicking the continuous multiplier technique (cf. [I8]). While it is
well-known that the multiplier technique does not yield uniform observability results in the context of
uniform meshes [16], our computations will put in evidence a new reminder term involving the second-
order derivative of g. Once this is done, the proof of Theorem [I.2] consists in a suitable analysis of
that new term.

In Section [3] we then provide two insights on the results in Theorems [[.1]and [I.2] addressing them
from the spectral point of view and also from the microlocal perspective.

e The first interpretation will be based on the analysis of the spectrum of the discrete spatial
operator in . While the spectrum of the discrete Laplacian on a uniform mesh is equidistributed
on the domain (0, 1), being given by the restriction of the continuous eigenfunctions x + /2 sin(kmx)
to the discrete mesh, they are not uniformly distributed anymore when the domain (0, 1) is discretized
using the mesh obtained by applying a strictly concave diffeomorphism ¢ to a uniform mesh. To
be more precise, as we shall see for the specific examples of g = gy as in for various choices of
0, the eigenvectors corresponding to the high-frequency eigenvalues concentrate on the refined part of
the mesh, namely close to = 1 (see Figures . Actually, this phenomenon was already observed
in the work [7] corresponding to the case of a space discretization based on mixed finite elements.
One can furthermore check experimentally that the dispersion diagram presents a significant gap
when the domain (0,1) is discretized using the mesh (1.3) corresponding to gg in , while the
gap vanishes when the mesh is uniform. Ingham’s lemma [I7] could then possibly be used to prove
Theorem But this would require a careful description of the spectrum of the discrete Laplace
operator on non-uniform meshes of the form , that is to be done.

e The second one consists in analysing the behavior of the rays of Geometric Optics on meshes
obtained by applying a diffeomorphism ¢ to a uniform mesh. It is well-known that, for the continuous
wave equation all rays propagate at velocity one, but that the space semi-discrete wave equations
may generate many more dynamics, with different propagation properties at high-frequencies.
For instance, on a uniform mesh, one can generate spurious high-frequency solutions traveling at
arbitrarily small velocities [26]. On a non-uniform mesh, the situation is even more intricate. As
indicated in [27] and [20], for some numerical grids, the rays of Geometric Optics may present internal
reflections generated by the mesh.

The analysis in [20] shows that the rays corresponding to frequencies of the order of 1/h obey the



following Hamiltonian flow:

= —¢'(2)1? 4 sin? &
Hitom€) = = ()7 + tsind (). (111)

We will check experimentally that, on the non-uniform meshes given by gy in , these rays are
curved by the mesh in such a way that they all hit the boundary = 1 in times less than Tj,.

We will provide a formula for the computation of the characteristic time 7} cpqr on non-uniform
meshes given by any strictly concave diffeomorphisms ¢ via microlocal analysis and we will compare
it numerically with the multiplier time 7 in for g = gp in .

In Section[4] as a consequence of the uniform observability inequality, we perform some numerical
experiments showing that the corresponding controllability problem for can be solved without
any filtering, in contrast with the behaviour of classical numerical schemes on uniform meshes.

In Section [5| we extend Theorems and to the P finite element space semi-discretization on
non-uniform meshes given by strictly concave diffeomorphisms g. In particular, we show that the P;
finite element approximation of enjoys uniform observability properties in time T} as in ,
see Theorem Our study follows the discrete multiplier approach of the finite difference case,
though more technically involved.

In Section [6 we discuss some other closely related issues and indicate some possible directions of
future research.

2  Proof of Theorems I.1H1.2

As indicated in the introduction, the proof of Theorem[I.2]is based on a multiplier technique mimicking
the proof in [I8] for the continuous wave equation , which basically consists in multiplying
equation by z0,u and performing integrations by parts in both space and time variables.

Accordingly, we will multiply the equation by a discrete version of the multiplier x0,u,
namely

oy O (i () — () () — i (E) ,
m;(t) == 5 ( I + Iy ) , t€(0,T7),je{l,---,N}, (2.1)

where u”(t) = (u;j(t))o<j<n+1 solves (L.5]) and the coefficients 6; will be chosen later on.

2.1 A discrete multiplier identity
We start with the following result:

Proposition 2.1 (A discrete multiplier identity). If u”(t) solves the equation (1.5) and m"(t) denotes
the multiplier in (2.1), the following identity holds:

N

0 0 . . .
S byl (tym Z/ <J+1hJ+1+ hj — 0jh; +.93 1h; 1>|u;-(t)|2dt
j=1

hjy1/2 hj_1/2
(t) — uj(t)|?
- 72/ J+1/2 Ojr1hj1 — 05hy) j+1h £ dt
j+1/2
i1 (t) = uy(t) | to ui(t)|? Onir [T un(t) |?
+ = — )| A Y dt + — dt = dt, (2.2
Z/ (B4 hjyi/2 2 Jo | hie 2 Jo |hNnyi2 (22)

where hy and hxy1 can be set arbitrarily.



Proof. Multiplying the equation (1.5) by m; in (2.1, summing on j € {1,--- , N} and integrating in
time, we obtain

N T
A—B=0, with A= Z/ hyul! (t)my (t) dt
j=1"0

md3_§§AT<wﬂg>zww_uﬂwwA@»mﬂﬂﬁ

j+1/2 hj_1/2

We now compute separately A and B.
Computation of A. By integration by parts in time, we get

T

N N T
A=Y "hjuf(t)ym;(t)] — A%, with A®=" / hju; (£)m);(t) dt.
j=1 j=1"0

0

and easy computations yield

AV = ;jﬁ;/;ejhju}(t) (W> dt+;§;/;9jhju;(t) (“3(’5)“31(”) dt

hjy1/2 hj—1/2
N T ’ 1 N T / 1
1 / , wj g (t) — uj(t) 1 , wj g (t) — uj(t)
= = 0;hu;(t) (J ! dt + = Oj11hju g, (t) | 21— ) dt
2; o 7 hjy12 2; o THT hjv1/2

0 =0,
hjt1/2

N T
1
= §ZA (O5hjus(t) + 05 41hjpauf (1)) (
3=0

In the above computations, hg and hx41 can be chosen arbitrarily as they are multiplied by ug(t) = 0
and u'y_,(t) = 0 and do not really appear in the computations. Writing

1 1
Ohjul + 05 1hjau,, = 5 ir1hj1 + O5hi)(u) 1y +uf) + 5 O5+1hjp1 — 05h;)(u) 1y — uf),
we get

2

G ) =)

hjy1/2

N T
1
A=Al Z/O hjr1/2O41hiv1 = O5h;)
i=0

hjt1/2

N T , 9 , 9
1 w4 (E)]° — |us(t
with A" =~ E / (0j+1hj+1 + 05hy) <| 1O = s () ) dt,
4 =Jo
and A' can be simplified as:

N
Al _ 71 Z/T (0j+1hj+1 +9jhj B thj +9j1hj1> |u;(t)|2dt
4= Jo hjt1/2 hj—1/2




The computation of B is straightforward:

B_ Z/ (Ug+1 ) —u;(t) Uj(t)—uj—l(f)> 0; (Uj+1(t)—uj(t) +Uj(t)—uj—1(f)> i@t

hjy1/o hj_1/2 2 hjy1/0 hj_1/2

2 2
1 Z/ (UJJrl ) —ui (O |uy®) —Ujl(t)‘ )dt
T2 = hjii/o hj—1/2
= m 0 [uja () —w; () Onar [T un(®) [ 6 [T @)
Z dt + ——= dt — = —Zdt. (2.3)
~0 hjs1/2 2 Jo |hnyiye 2 Jo | hip
Putting together the above computations we immediately get the identity (2.2)). 0

2.2 Choice of the multiplier 0;
For the sake of clarity, it is convenient to employ the Landau notation O. In the following, for g a

diffeomorphism of [0, 1] satisfying g(0) = 0 and ¢(1) = 1, O(h*) will denote a function f(h,z) such
that there exist h* > 0 and C > 0 such that for all h € (0, h*) and x; € #"9,

|f(h,z5)] < Ch®.
We claim the following result:

Proposition 2.2. Let g : [0,1] — [0,1] be a C3-diffeomorphism with g(0) =0, g(1) = 1. Let N € N,
h =1/(N +1). To simplify notations, we extend g as a C? function in a neighborhood of [0,1] and
for h small enough, we set

hj_1/2+hr1/2

5 )
Choosing 6y > 0 and for j € {0,--- /N + 1},
0; = 0o + 5, with z; = g(jh). (2.5)
we have, for j € {0,---, N},
Oj41 —0; =xj01 — x5 = hjj10, (2.6)
hjs1/2(0j41hjen = Oh) = hg) ((90 +9j41/2)9] 110 + (9}+1/2)2) +O(n), (2.7)

where we have used the notations
giv12 = 9((G+1/2)h), g5 =9 ((G+1/2h),  gfi1/0=9"((G +1/2)h).
We also have, for j € {1,--- N},
Oih; +0;41hj _ Oj—1hj—1+0;h;
hji1/2 hj—1/2
Proof. 1dentity (2.6) directly derives from the choice and the notations (| . -
-D

To derive (2.7), we perform Taylor expansions:

= 2h; + O(h?). (2.8)

h h?
ZTjt1/240/2 = 9j+1/2 T ozgﬁl/2 5 + o? 9;+1/2 +O(R?), fora € {-3,-1,1,3},

h?
h]+1/2+ﬁ/2 = g;+1/2h + 592;1/2? + O(h3)7 fOr ﬁ (S {_2, _1707 1, 2}.



Therefore, we obtain

0:+0; h; + h;
hjr1/2(0541hje1 = Ojh;) = hjp1)o <J2J+1> (hjer =hj) + h”l/z <J2J+1)

= (gj11/2h + O(h)) (b0 + gjr1/2 + O(N))(g] 11 )2h° + O(h?)) + (g1 )20 + O(h?))?
= h39§-+1/2 ((90 + 9j+1/2)9;/+1/2 + (9;-+1/2)2) + O(h4)v

which concludes the proof of (2.7]).
The proof of (2.8]) can be done similarly using Taylor expansion. To begin with, we write

Oih; + 05410541 B 0j—1hj_1+0;h; o, (hj +hjt1 B hj—1+ h]') +hyar

hjt1/2 hj—1/2 hjt1/2 hj—1/2
0; (hj_12+hjrz2  hj_z/2+hjri/2 1
- EJ < : hj+1/2] - hj—l/zj * 2 (a4 hysrje - hsaa + hjay2).
Using the notations
g; = g(jh), g;=4'(3h), gj =4g"(jh), (2.10)

similarly as in (2.9)), Taylor expansions centered in jh yield:

h?
Tjta = gj +ahg; + 04293’? +0O(h?), forac{-2,-1,0,1,2},

h (2.11)
hyvs/e = gih+ Bgj = + O(h?), for § € {~3,-1,1,3}.
We therefore get
hjiasz + hjsiye + hj_1/2 + hj_g2 = 4gih + O(h?) = 4h; + O(h?),
hi_1/2+h; hi_3/2+h;
j—1/2 i+3/2 _ 2—|—(’)(h2), j—3/2 it1/2 _ 2—|—(9(h2),
hji1/o hj_1/2
so that we immediately conclude (12.8]). O

2.3 Proof of Theorem [1.2]

Let g : [0,1] — [0,1] be a C? diffeomorphism with g(0) = 0 and g(1) = 1, and assume that g is
strictly concave on [0, 1]. Choosing 6; as in Proposition with 6y = 6, defined by (1.9), and using
Proposition solutions u9 of (I.5) satisfy

N T
S byl (t)m; Zh / |2dt+Zo (h2) /O s (1) 2 d
Jj=1 Jj=1
N / / 2
1 w1 () — i (t)
1 Z/ (h39;-+1/2 ((99 +9i1/2)97 412 + (93+1/2)2) + O(h4)) (W) dt
j=0 J
N T 2 T 2
1 w1 (t) — uy(t) 1+0 un(t)
+-) h; / (”J dt < ! / dt. (2.12
2 jzz:o IR hjt1/2 2 Jo \hnt1/2 (2.12)

But, by construction, 0, satisfies
(99 + 9j+1/2)9;‘/+1/2 + (9;'-1-1/2)2 <0, (2.13)

8



so that

h]+1/2

1 X ’ 3/ " ’ 2 u;‘—&-l(t) - u;(t) ?
1 Z/o (h 9jt1/2 ((99 +9j+1/2)954172 + (9j41/2) )) ———— | dt=0.
=0

Besides, the energy E™9(t) = EM9(u9(t), 9,u™9(t)) of solutions of (1.5) is preserved. Hence

T ) . 2
Zh/ )2 dt 4 = Zhﬁ'l/?/ (uﬂJrl(t)u](t)) dt = TE™9(u®" ubh).

=0 hj+1/2
We then remark that
N T N T / / 2
w:, () — (¢
ZO(hQ)/ ) ()] dt| + Z/ O(h*) (M) dt| < CThE™9 (%" u'h),
i=1 0 =070 hjt1/2
so that we have
T
146, [T (t)
T(1 — Ch)E"9 (%" uh) < + Y% / ( un( ) dt — Z hju; . (2.14)
2 Jo \hnyi2 o
To conclude, we only have to estimate the last term in (2.14)):
N 1/2 1/2
1 —|— 04 2m
S g (tymy (1) < Zh 2 Zh } J‘
j=1
We remark that
2 N 2
Zh ‘27”] ’ hj (“JJrl(t) —u;(t) n u;(t) — ujl<t)> < QZ(hj +hj1) (“JH(t) - U](t)>
hjy1/2 hj—1/2 = hjyi1/2
2
t t
< 42 h]+1/2 ('LLJ+1( ) ]( )) + th2‘Eh,g(uO,h7 uLh). (215)
hg+1/2
7=0
Therefore, we obtain
N
Syt (t)my (1)
j=1
1/2 ) 1/2
t t
(1+86,) Zh \UJ|2 Zh1+1/2 <ua+1( ) — uy( )) + CRZEM9 (w0, ulh)
j=0 h]+1/2
< (1+60,)(1+ Ch*)E"9(u®" ut").
Plugging this last estimate in (2.14]), we obtain
1+6, [T 1)\
(T(1 — Ch) —2(1+6,)(1+ C’hz))Eh’g(uO’h,ul’h) < %/ <;N()> dt. (2.16)
0 N+1/2

Therefore, for T > T, with T, defined as in (1.10]), the solutions u¢ of (L.5) are uniformly observable.

9



Remark 2.3. Theorem[I.G can be generalized to meshes described by strictly concave functions g €
C?([0,1]) satisfying g(0) = 0, g(1) = 1 belonging to C**([0,1]) for some a > 0. The proof is
completely similar, except that the error terms in Proposition should be replaced by O(h3+%) in
and O(h***) in ([2.8). Details of the proof are left to the reader.

Remark 2.4. In the case of a uniform mesh (corresponding to g(x) = x), taking 0; = 0y + jh in
Proposition [2.1, one obtains ([16]):

T
() —uq(t) _ 0o [T (ui(t)\>
h}: 't it j TEh9@) = (08 Lk 7/ dt
u]( ) ( 2h . + (u yu )+ 2 0 h

- (1290) /OT (”Nh( ) dt+—2/ ( st u;(t)>2dt. (2.17)

The last term in the right hand side has the wrong sign and cannot be absorbed by the left hand side,
even for T large. This indicates that the strict concavity condition on the diffeomorphism g assumed
n Theorem is very likely necessary to get a uniform observability result for the solutions of ,
see also Section [5G for further insights on this condition.

2.4 Proof of Theorem [1.1]

If go is as in (L.8), one easily checks that gy is strictly concave, go(0) = 0, go(1) = 1, and for all
x €]0,1],
96(®)* + 9o(2)g (x) _ ,
—gq (x) '
Therefore, the critical time corresponding to gy as in given by Theorem is Ty, =2(1+90), so
that if 9 € (0,7/2 — 1), T > T,,. This concludes the proof of Theorem
Actually, the functions gy in (1.8)) can be derived directly by observing that the leading term of
the expansion in is used in Given g, 0, is defined such that

Vo (0,1, (0; +9(2)g" (@) + (¢'(2))* <0,

or equivalently, in such a way that z — (6, 4+ g(z))? is concave. In particular, if we want to choose
0, = 6 a priori, it is natural to look for gy with  — (6 + go(z))? an affine function. The boundary
conditions go(0) = 0, gg(1) = 1 then determine the function gy in (1.8)).

Remark 2.5. Theorem suggests that the critical choice go(x) = \/x for x € [0,1] could be well-
adapted for getting uniform observability results for the corresponding solutions of . However,
the corresponding mesh is no more quasi-uniform as hyjo/hni1/2 =~ 2h~Y2 which goes to co as
h — 0. We have therefore chosen to avoid that case, which would have required an additional care in
the analysis close to the boundary x = 0.

3 Spectral and geometric interpretations

The goal of this section is to present some insights on Theorems [[LIHI.2] In particular, we will
discuss Theorem [I.T] from two complementary points of view: the spectral one, on the behavior of the
eigenfunctions and the eigenvalues of the discrete Laplace operator, and the dynamical one, on the
behavior of high-frequency rays.

Before going further, let us point out that the uniform mesh g(x) = x can be recovered as the limit
of the meshes gy in when 6 — oco. It will therefore be helpful to also consider the uniform mesh
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as a limiting case. In the paragraphs below, most of our discussion is valid for general diffeomorphisms
g but our numerical simulations will be performed only for g of the form gy in (1.8]) for various choices
of 6 to fix the ideas.

3.1 The spectral point of view

Studying spectrally the wave equation amounts to discuss the spectrum of the Laplace operator
with homogenous boundary conditions. Similarly, given a diffecomorphism ¢ : [0,1] — [0,1] with
g(0) = g(1) = 0, the spectral analysis of the semi-discrete wave equation reduces to the spectral
analysis of the discrete operator A™9 given by

h,g..h,g 1 ujfl _u?)g u?g_u;l’gl : : g
(A’u’)‘?:—hi( h. - hs )7 ]6{177N}7 Wlthu() :uN+1_O
J J+1/2 i=1/2

on the mesh .#"9 described by (1.3)(1.4)), which corresponds to a discretisation of the Laplacian.
The operator A™9 is self-adjoint and positive definite on

C "9y = {u9 defined on .49 with u? = uNJr1 =0}

endowed with the norm ||uh’g||jg(%hﬁg) = Zh]—|u?’g|2. (3.1)

In particular, we have the identity

h, h, h, h,
Ah,g h,g h,g h u gl B uj J JJrgl Uj !
< u , vV [2(%h 19) j+1/2 .

hjt1/2 hjt1/2
Therefore, ¢2(.#"9) admits a basis of eigenfunctions w9 (k € {1,---,N}) of A"9 with corre-
sponding eigenvalues A\¥+9 such that 0 < A9 < ... < \N>"9 The spectral problem reads:
E E E E
Wiv1 — W5 W5 W5 1) kp ok
— — = Nh;w?, je{l,---,N},
Cime i JEd f (3.2)

One then immediately deduces that each eigenvalue is simpleﬂ

The usual strategy to study the observability problem is based on the use of Fourier series
expansions and Ingham type inequalities. The observability inequality turns out to be, roughly,
equivalent to the following two spectral properties:

o A uniform observability property for all the eigenvectors w* 9 uniform with respect to the

mesh size. In our setting, this property would read as follows: there exists a constant C' > 0 such
that for all N € N (corresponding to h = 1/(N + 1)), for all k € {1,---, N}, the eigenvectors

whh9 satisfy
) whha \
D R N O e : (3.3)
£2(A"9) hN+1/2
IIndeed, if we have two different eigenvectors w9, %"¢ corresponding to the same eigenvalue, we can find o € R
such that w]f’g — au?i“g =0. As wg’g — ocu?g’g = 0, using the equation at j = 1 we obtain wg’g — ozu?g 9 = 0 and so

forth, so that w9 = awh9.
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o A uniform gap condition on the eigenvalues, i.e.

liminf inf { VLG \/A’fvh»g} > 0. (3.4)
Nooo 1<k<N-1

Indeed, if both properties (3.3) and (3.4)) are satisfied, then Ingham’s Lemma [I7] applies and yields
the uniform observability property (1.7) in any time T' > T, ;.4 with

2T
Tg,Ing = ’ (35)
Yh,g,as
Vh.g,as Deing the asymptotic gapﬂ i.e.
Yngas = inf Timinf _inf  { VNS - V3ERS ) > 0. (3.6)
KEN N—oo K<k<N-1

When g : [0,1] — [0,1] is a C® diffeomorphism which is strictly concave and satisfies g(0) =
0, g(1) = 1, the uniform observability property can be derived using a multiplier technique
on the spectral system . But it can be derived directly from the estimate (2.16) applied to
u9(t) = exp(ivV \k:hot)whh9  dividing the corresponding estimate by 7' and passing to the limit
T — oo.

However, the uniform gap condition seems more delicate to obtain, as this would require a
careful description of the eigenvalues. As the mesh is non-uniform, this seems very intricate. In fact, to
our knowledge, the only case in which a spectral gap was proven for non-uniform meshes corresponds
to the case of the 1d wave equation discretized in space using the mixed finite element method,
see [1].

We can nevertheless perform a numerical investigation of both properties and . We
restrict ourselves to diffeomorphisms g of the form gy as in for various choices of 6 > 0 to fix the
ideas.

In Figures we plot the eigenvectors w9 corresponding to gy in for 0 =0.1,0 =1,
6 = 10 and compare them with the eigenvectors w9 corresponding to the uniform case g(z) = z
(in that case, w*"9 is explicit and equals (v2sin(kmjh));je(1,... n}) for various values of k. Several
comments are in order. The first eigenvectors nearly coincide, whatever the choice of g is, since they
correspond to low frequencies and are therefore close to the eigenvectors of the continuous Laplace
operator on (0, 1) - which are simply of the form V2 sin(krz). For large k, an interesting phenomenon
appears. Though the eigenvectors corresponding to a uniform mesh are still equidistributed, the k-th
eigenvectors corresponding to the strictly concave meshes .#9" become more and more localized
close to z = 1 when k increases, and this is more and more the case when 6 decreases. As expected,
this indicates that the eigenvectors corresponding to large eigenvalues are localized in the part of the
domain in which the mesh is the finest, and this phenomenon is amplified when the ratio between the
coarsest mesh and the finest one grows, as

(0)

g 1
=1+ —.
IO

sup; hjy12  hip g
infj hj+1/2 hN+1/2 h—0 g

In Figure |4, we plot the dispersion diagrams, i.e. the graph k — Vv A%"9 corresponding to gy in

(1.8) with # = 0,6 =0.1,0 = 1, § = 10 and compare them with the one corresponding to the case of a

uniform mesh, given by k& — % sin (%) One easily sees that the dispersion diagrams corresponding

2The time needed by Ingham’s inequality is determined by the asymptotic gap, but the constants in the inequality
also depend on the minimal gap of the whole sequence, and also on how fast the sequence approximates the asymptotic
gap ([2I]). But with our definition of the asymptotic gap, as the bottom of the discrete spectra converges to the bottom
of the spectrum of the continuous Laplacian, these low-frequency part will not yield any difficulty.
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Eigenvector in the non-uniform case Eigenvector in the non-uniform case
T T T T T T T T T T

o

-2 -2
3 . . . . . . . . . 3 . . . . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Eigenvector in the non-uniform case Eigenvector in the uniform case
3 T T T T T 3 T T T T T
2 2

2t d 2k

-3 L L L L L L L L L 3

Figure 1: Plot of the eigenvectors w*™9 for k = 10, N = 2000, and various functions ¢: from left to
right and top to bottom, g = go.1, g = g1, 9 = g10 and g(z) = z.

to the mesh gy in ([1.8) do not present any horizontal tangent, contrarily to the case of a uniform
mesh. Therefore, the corresponding spectral gaps

inf { VE+Lhg \/)J%h,g}

1<k<N-1

for gy in should be bounded away from 0. In Table we report the computations of the spectral
gap for various values of N. We remark that the spectral gap seems to be independent of the number
of points for the meshes corresponding to gy, while it goes very rapidly to zero in the case of a uniform
mesh. If we employ the gap computed numerically for the largest N to estimate the time T 14 in

(3.5) by Ty, 1ng,est given by
2
inf { VARG — \/)\k,h,g}’

1<k<N-1

(3.7)

Tg,Ing,est =

we get a rather good agreement with the time predicted by at least for small 8. However, the
estimated time Ty 19 st in 7 which appear to be close to Ty 1,y in in our experiments as
the spectral gap concerns the high-frequency part of the spectrum, seems to be significantly better
than the one in for 0 of the order of 1. Whether T} 1,4 is the sharp critical time for the uniform

observability property (1.7]) for (1.5 is an open problem.
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Eigenvector in the non-uniform case
T T T T T

Eigenvector in the non-uniform case
T T T T T

Eigenvector in the uniform case
T T T T T

-2 -2

-3 L L L L L L L L L 3

Figure 2: Plot of the eigenvectors w® /9 for k = 1000, N = 2000, and various functions g: from left
to right and top to bottom, g = go.1, g = g1, ¢ = g10 and g(z) = .

3.2 A dynamical system approach

We now discuss the observability of the discrete wave equation from the point of view of the
propagation properties of discrete bicharacteristic rays, which is the cornerstone of the analysis of the
observability properties of the continuous wave equation in any space dimension, leading to the
so-called Geometric Control Condition (GCC) [I} 2].

Rays of geometric optics are defined as the projections on the physical space (t,z) of the bichar-
acteristic rays given by the Hamiltonian corresponding to the principal part of the operator. In the
case of the classical wave equation with unit velocity, the Hamiltonian is simply

Hc(tamaTa 5) = _T2 + |§|2’ (38)

and the bicharacteristic rays are given by the curves s — (t(s), z(s),7(s),&(s)) solving

b = 0, H(1(5),2(5),7(5),6(5)) = ~27(s), [ 5T = ~0LH(t(5), 2(5), 7(5),£(5) =0, 5o
Z_Z = Vch(t(S),x(S),T(S),&(S)) = 25(5)» % = _vac(t(s)a1(8)77(8)75(5)) =0,

for an initial data belonging to the characteristic set, i.e. satisfying H.(t(so),z(s0),7(s0),&(s0)) = 0.
This is so while the curve does not hit the boundary of the domain, where a reflection law has to be
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Eigenvector in the non-uniform case Eigenvector in the non-uniform case
T T T T T T T T T T T

L L L L L L L L L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Eigenvector in the non-uniform case Eigenvector in the uniform case
T T T ; T T T T T T T T

\uhﬂl‘\

2t

-3

Figure 3: Plot of the eigenvectors w® /9 for k = 1900, N = 2000, and various functions g: from left
to right and top to bottom, g = go.1, g = g1, g = g10 and g(z) =

prescribed, the Descartes-Snell’s law. Thus, the projections on the physical space of these rays simply
are straight lines traveling at velocity one inside the domain Q. The construction given in [25] yield
solutions of the wave equation which are localized in an arbitrary small neighborhood of these rays.

When discretizing the wave equation, the situation is more intricate. One needs to derive carefully
a discrete counterpart of the Hamiltonian and the corresponding bicharacteristics by means of the
discrete Fourier transform. This was done in [I9] for the discrete wave equation in an infinite lattice
(i.e. with no boundary) and, more recently, this theory was extended to non-uniform meshes obtained
by means of a C? diffeomorphism (not necessarily concave) of the uniform mesh (jh);ez in [20].

To be more precise, in [20], solutions of were constructed, with frequencies of the order of
1/h, localized around the rays of geometric optics given by the projection on the physical space of
the bicharacteristic curves provided by the Hamiltonian

= —¢' ()7 4 sin ¢ :
Hit.om.§) =g 0+ 7 sin (5) (3.10)

or equivalently

H(t,z,7,6) = =12 + c(2)w(€)?, with ¢(z) = ;)2, w(&) = 2sin (%) . (3.11)

gz

The bicharacteristic rays corresponding to that Hamiltonian are now more intricate as the Fourier

15



8000

7000

6000 -

5000 -

4000 -

3000

2000

1000 -

8000

7000 |

6000 -

5000 -

4000 -

3000

2000

1000

Dispersion diagrams
T T

T T T T
—— Continuous Case
Discrete Case
[ Discrete uniform case

L L L L L L L L
400 600 800 1000 1200 1400 1600 1800 2000

Dispersion diagrams
T T T

T T T
— - — Continuous Case
Discrete Case
Discrete uniform case

400 600 800 1000 1200 1400 1600 1800 2000

8000 T T T

—— Continuous Case

Discrete Case
7000 Discrete uniform case
6000
5000~
4000
3000 »
20001 7
1000 7
/
P
oL . . . . . . . . .
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Dispersion diagrams

8000 T T T T T T

— - — - Continuous Case

Discrete Case
7000 Discrete uniform case
6000
5000
L —
4000 o
30001 el
2000 =
L
L
1000 -
P
-
ok

Dispersion diagrams
T T T

0

200 400 600 800 1000 1200 1400 1600 1800 2000

Figure 4: Dispersion diagram k& — v/ \k:":9 for various g: from left to right and top to bottom, g = go,
g9 =29go1, 9 = g1, g = gio- The corresponding dispersion diagrams are plotted in magenta plain line,
the dispersion diagram k — km corresponding to the continuous Laplace operator is plotted in blue
dashed line and the dispersion diagram k +— 2sin(kwh/2)/h is plotted in green dotted line.

variable &

may evolve in time:

ﬂ
ds
dj
ds
dar
ds
dg
ds

(s) = O H(t(s),x(s), 7(s),£(5))
(s) = VeH(i(s), x(s), 7(s),£(5))
(s) = —0pH (t(s), x(s5), 7(s),£(5))
(s) = =V H(t(s), 2(s),7(s),£(s))

—27(s),

2¢(x(s))w(E(s))Oew(E(s)),
0,

—Ogc(a(s))w(E(s))?,

(3.12)

with an initial condition at s = 0 given by (to, o, 70, o) satisfying H (to, o, 70, &) = 0.
To better understand the dynamics of the bicharacteristic rays, remark that for all s, 7(s) = 7.
Besides, for all s, H(t(s),z(s),7(s),&(s)) = 0, so that for all s,

Now, as dt/ds does not vanish, we can parametrize the curve s — (¢(s),x(s),7(s),&(s)) by t —
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(t,z(t), 70,£(t)), and we obtain

dx B 1 df o 1 2
3 0=~ c@@ED (W), G (0) = 5ucla(®)w(E(1)?, (3.13)

This yields in particular

QI X
TE0 =~ 0uelalt) g (D€ E(0) — ~-el(t)) ((Oew(€()? +wl€(0)Peewl€(0) T 0
= Graela()uela(0)u(€()? (HOlE) ~ (ewl€(0)) +w(ED)oceute(0)
= G 0he((t) (O (E(0)” — wl€()OeelE(1))).
With ¢ and w as in , we therefore obtain that for all ¢,
Lo, 1d( 1 __g'=®)
#0=3 & (@ae) BT R (314

Therefore, in the part of the domain in which g is strictly concave, the corresponding rays are curved
in the direction of increasing x. This gives a complementary interpretation of the strict concavity
assumption on g in Theorem

Note that the above computation of d?x/dt? indicates that the curvature of the rays of geometric
optics is driven by the product of the signs of d,c(x) and of (Gew(§))? — w(€)Ieew(§).

This later quantity is constant equal to one in the case of w(§) = 1 (the continuous case) and in
the case of w(§) = 2sin(£/2) corresponding to the finite difference case we are considering. Though,
in the continuous case, the rays cannot turn without hitting the boundary. Indeed, thanks to ,

0] = el )R] = VD k(e

so that the velocity of rays can vanish only if Jzw vanishes for some {. When w(§) = &, i.e. in the
continuous setting, this cannot happen, while when w(§) = 2sin(§/2), 0:w(§) = cos(£/2) vanishes for
& = =+m.

For the mesh corresponding to go as in (1.8]), the rays are all curved towards x = 1, and this
curvature is more important when 6 is small. In fact, formula (3.14) easily provides that the rays
traveling on a mesh .#"9 for g = gy as in (1.8)) satisfy

dQJ(t)_ 2
a2’ 1420

To illustrate this result, we plot in Figure 5] the absolute value of the solutions of the discrete wave
equation (T.5) in meshes .#"9 for various choices of g corresponding to an initial data given by

1 = o () g (102080

(3.15)

uj = exp <_(9h_:1/2)2) exp (ig(JZL)&o> 2i sinh(fO/Q)’ (3.16)

in the spirit of the Gaussian beams [25]. The oscillatory term localizes the solution in frequency in
a neighborhood of £y/h. This oscillatory term is modulated by a Gaussian envelope centered in a
neighborhood of size ~ 1/v/h of z = 1/2.
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Figure 5: Solutions of (I.5) with the initial data (u®" u!") as in (3.16)) for various choices of g, with
N =200, & = 0.87. From left to right and top to bottom, g = go1, ¢ = g1, g = g10 and g = g(z).
The abscissa represents the space variable x € (0,1) and the ordinate is the time variable ¢ € (0,4).

In the uniform case, the ray simply is a straight line except when it hits the boundary. But its
velocity does not correspond to the velocity 1 of the continuous wave equation . Actually, the
equation immediately yields in the case of a uniform mesh that, away from the boundary,
&(t) = & for all t and thus

dx o

| = o)l = cos ().

Therefore, taking & close to m provides rays that travel arbitrarily slowly, making the observability
property to blow up in the case of a uniform mesh.

In Figure 5| we see that when 6 decreases, the corresponding ray is more and more bent to the
right, as formula shows.

We may also use this analysis to derive estimates on the characteristic time for the uniform
observability property for . Indeed, similarly as in the continuous case [2], we may infer
that the critical time for the uniform observability property is given by the longest characteristic
ray that does not meet the observation set z = 1.

We therefore display on Figure @] the phase portraits (x, &) corresponding to the dynamical system
(3.13) (with the choice 79 > 0 which can be done without loss of generality) for the functions g = gy
in for 6 € {0.1,1,10} and in the uniform case g(x) = .
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On the boundary x = 0, we conjecture that the reflection occurs with the law & — 27 — £, in
agreement with the usual Descartes Snell’s law, corresponding to the constraint H (¢, z,7,£) = 0.

o
//A\

0 0
0 02 04 06 08 1 0 02 04 06 08 1
an
> >
> >
> >
>
/'-/’_—_’_—)—_’_—/_ ;
\R 1
: 4
: A
- 4
0 - 0 <
0 0.2 04 06 08 1 0 02 04 06 08 1

Figure 6: Phase portraits for various functions g: from left to right and top to bottom, g = go.1,
9 = g1, g = gio and g(x) = z. In blue/magenta/red, we represent trajectories reflecting transver-
sally /diffractively /internally at the left endpoint and transversally at the right endpoint of the interval.
In green, the fixed points of the dynamical system for the case of the uniform mesh, g(x) = .

We now compute the length of the longest characteristic ray which does not meet the observation
set x = 1. It is obvious that we may restrict ourselves to the characteristics starting with a negative
velocity at g = 1 so that we also impose & € (0,7]. Then three cases occur:

e the “blue” case: In some time t;, the ray hits the boundary x = 0, is then reflected according to
Descartes Snell’s law, and goes back to = 1. It corresponds to the trajectories in blue in Figure [0}
e the “magenta”’ case: The ray reflects diffractively a the boundary z = 0 and goes back to z = 1.
This corresponds to the (unique) trajectory in magenta in Figure @

e the “red” case: The ray does not hit the boundary = = 0 and is bent to x = 1. This corresponds to
the trajectories in red in Figure [0}

Each case is characterized by the initial frequency parameter £,. In order to determine the critical
value £* which determines each case, we focus on the magenta curve. As it is characterized by the
fact that at x = 0, its velocity vanishes, which occurs only for ¢ = 7, we must have

c(0)w(m)? = e(Dw(€*)?, ie. & =2arcsin (§:§3;> . (3.17)

Consequently, the blue case is characterized by & € (0,£*), the critical case by & = £*, and the red
case by & € (£*,7].
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The blue case & € (0,£*). In this case, t — x(t) starts by decreasing during a time interval (0, ;)
and hits the boundary at time t;(£o)~ corresponding to (z,§) = (0,&;) with

g'(0) 2

At time ¢, (&)™, the characteristic ray starts from (z,&) = (0,27 — &) and goes right until the time
t2(&p) in which it hits the boundary 2z = 1. Based on the the relation dx = (9;z)dt along the trajectory,
the total time spent by the characteristic ray starting from (1,&p) to reach the boundary « = 1 is then
given by

( ) ( ) t1(€o) t2(&o) U dr
sztfz/ dt+/ dt:/—+/ /
PRS0 R 0 t1(€0) o 0| [Br] ~ Vel \3gw

Using that along the trajectory

&1 = 2arcsin (g/(l) sin <€0>) , given by the relation c(0)w(&1)? = ¢(1)w (&)

we obtain that, along the ray,

19ew(€)] = \/1 - (zl,g; sin <£20>>2»
. 1 "(2) dx
. 2/01 faiw)(gﬂ — 2[ \/1 <j(i))c.l <go>)2.
BV

This quantity is obviously an increasing function of ;. We therefore obtain that the characteristic
time corresponding to the rays in the blue region is

Ty= sup Tp(&o) =2 dz —2 (3.18)
£0€(0,£%) ZL‘ . g* )
0 >)
The red case & € (£*,w]. When & € (£*, 7], the ray does not hit the boundary z = 0 and its
velocity dyxz changes of sign at some time ¢1(&y). At this time, we necessarily have £(t1(&p)) = =

which corresponds to the only possibility to cancel the velocity, so that the rays turns at the point
x1 = 2(t1(&p)) given by the relation

\/@w(ﬂ') = \/@w(&)), ie. g’(xl) _ g'(1)

sin (§).
2

so that

Similar computations as in the blue case yield

T, (6) =2 / 1 g'(x) du _, / J(@)de
e GReE) G




The magenta case & = &*. This case can be recovered as a limit of the blue case or of the red case
and therefore does not need any further analysis.

Guess on the characteristic time. Based on the analysis above, we expect that the critical
time for the uniform observability property . ) for ) for a given strictly concave function g is
given by

T

g,char = 2 sup / }
z1€[0 1] l

But so far, this is still an open issue.

Actually, it is not straightforward from the above formula in that the time Ty chqr in
is smaller than the time T}, in for strictly concave functions g as in Theorem It is not even
clear for which 27 € (0,1] this supremum is achieved for general strictly concave functions g.

Though, according to [20, Theorem 3.5], we can show that the time of uniform observability for
is necessarily larger than the time Ty cpqr in (3.19): Otherwise, one could construct a sequence
of discrete rays localized around one ray of the discrete Hamiltonian which does not touch the
boundary z = 0 and violating the uniformity of the discrete observability inequality .

To support our above conclusions, let us focus again on the case g = gy in , in which case
explicit computations can be done:

Tyychar = 2v/20 + 1, (3.20)

which is indeed strictly smaller than T,, = 2(1 + 26) in for 6 > 0 as claimed above. We report
the corresponding values in Table |1} As one easily checks, the values given by are very close to
the ones given by the estimated Ingham time T rpg.est in , thus supporting the idea that both
times coincide with the sharp critical time needed for the uniform observability for .

(3.19)

=2v20+1v1 — 2.

so that

N go go.1 a1 g10 glz) =2

500 3.1133 2.8780 1.837 0.7004 0.0148

1000 3.1213 2.8739 1.8247 0.6950 0.0074

2000 3.1272 2.8716 1.8208 0.6917 0.0037
Ty Ingest i 2.01 2.19 3.45 9.08 00
T, in (L.10) Ok 2.2 1 22 >
Ty ehar 10 (B.20) Ok 2.19 3.46 9.17 %

Table 1: Spectral gaps for the meshes .#"9 for g = go, g = go.1, 9 = 91, g = g10 and g(z) = x, and
for various values of N and estimated times T} rpng st given by (3.7) for uniform observability and the
characteristic time T cpqr in (3.20) provided by micro-local analysis.

4 The controllability problem

In this section, we illustrate the interest of the observability property for controllability purposes.
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4.1 The continuous setting

In the continuous case, the controllability problem corresponding to the observability property (|1.2))
for (1.1) is the following: Given (y°,y*) € L?(0,1) x H=1(0,1), find a control function v € L?(0,T)
such that the solution y of

6tty - a:x:xy = 07 (t x) € (O,T) X (07 1)7
y(t,0) =0, y(¢t,1) = v(t), te (0,7), (4.1)
y(O,x) = yo(x)a aty(o’x) = yl(x)’ (S (07 1)

satisfies the controllability requirement
(y(T,z),0iy(T,x)) = (0,0), x€(0,1). (4.2)

Thanks to the linearity and the time-reversibility of the wave equation , this controllability
property is equivalent to the a priori more general one: Given (y°,y') € L?(0,1) x H~1(0,1) and
(y?,y}) € L?(0,1) x H71(0,1), find a control function v € L?(0,T) such that the solution y of
satisfies

(y(T,z),0y(T, x)) = (y?‘ay)l‘)7 z € (0,1). (4.3)

Let us focus on the controllability problem f and briefly recall how it can be solved by
using the observability property for . Following [I8] and the modified Hilbert Uniqueness
Method (HUM) proposed in [I0], for T > 2 we first choose a smooth function 7 : [0,7] — [0, 1] flat
at ¢t = 0 and at ¢t = T and equals to 1 on a sufficiently large interval of time so that the following
observability inequality is satisfied for all u solving with initial data (u®, u') € H}(0,1)x L?(0,1):

T
2
H<u07ul)”Hé(O,l)xm(o,U < Cgbs_/o n(t)|0zu(t, 1)|2 dt. (4.4)

Then, given (y°,y') € L?(0,1) x H~1(0,1), we introduce the functional .J defined by

T 1
J(w’,ut) = */ n(t)lﬁzU(t,l)\de/ youl — () (4.5)
0 0

where u denotes the solution of (L.1)) with initial data (u”,u') € H§(0,1) x L*(0,1), and (-, ) g1 s
denotes the duality product between H~1(0,1) and H}(0,1) given by

1
T / Ba((~0,) " 1y") 0,0,
0

where (—9%,)~! denotes the inverse of the Laplace operator on (0,1) with homogeneous Dirichlet
boundary conditions.

Thanks to the observability property for solutions of , one easily checks that the func-
tional J is coercive and strictly convex on H{ (0,1) x L?(0, 1). Therefore, it admits a unique minimizer
(U°,U") € H§(0,1) x L?(0,1). If we denote by U the corresponding solution of (LI)), one obtains
that, setting

o(t) =n(t)o,U(t, 1), te (0,T), (4.6)

the solution y of with initial datum (y°,%') and control function v as in satisfies the control
requirement (4.2). Besides, the control v in is the one of minimal L?(0,T’; dt/n)-norm.

Remark that the classical HUM method ([I8]) uses n(t) = 1 for all ¢ € (0,7"), but the method
above presents the advantage of ensuring regular controls for regular data and therefore performs
better when adapted numerically, see [10, [IT].
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4.2 The discrete setting

When trying to compute an approximation of the discrete control v given by (4.6)) associated to an
initial datum (y°,y'), the basic idea is to take a discrete approximation (y%” y") of (3°,4!) and
then to compute the minimizer of a discrete counterpart J” of the functional .J in (4.5)), namely

u (1)

hnt1/2

2 N N
0,h, 1,h L,h, 0,h
dt+§ hjy; " u; —g hjy; uy ™, (4.7)
Jj=1 Jj=1

where u” denotes the solution of (I.5)) with initial datum (u®” u"). If a minimizer (U%" ULP) is
found, one may expect that
Up (1)

h —_ —
vt (t) = 77(7f)hN+1/2

, te (0,1, (4.8)

would produce a good approximation of v in (4.6). To support that idea, we could also remark that

the function v" obtained that way solves the following discrete controllability problem: the solution
h

y" of

B () — (yj+1(t) —y(t)  y,) —:l/j—l(t)) _0, te(0,T),1<j<N,

ey hj+1/2 hj_l/g (4 9)
yo(t) = 0, yny1(t) = v"(t), te (0,7), '
y;i(0) = 49", y(0) = y;", 1<j<N,
satisfies
(y;(T), 0py;(T)) = (0,0), je{l,---,N}, (4.10)

that is a discrete version of the controllability problem 7.

But this process may fail to converge as J" may not be uniformly coercive with respect to h.
Actually, even worse, as a consequence of Banach Steinhaus theorem, one can show that if the discrete
systems (1.5)) are not uniformly observable, then there exists initial data in L?(0,1) x H~1(0,1) such
that the sequence of corresponding discrete controls v" in is unbounded as h — 0, see [10,
Theorem 8]. It turns out that in the case of a uniform mesh, that is when g(z) = =z, uniform
observability fails [I6]. Therefore the above process, based on the minimization of J" in 7 may
create divergent sequences of controls. This is due to the fact that uniform meshes generate spurious
high-frequency solutions that propagate arbitrarily slowly, recall Section [3:2 To recover uniform
observability properties on a uniform mesh, high-frequency components need to be filtered (|12} 14]),
either by Fourier ([16]), bi-grid techniques (|24]), or Tychonoff regularization ones (|28]).

As a consequence of the analysis of the present paper, a new remedy can be designed based on
the use of the non-uniform grids that we introduce here. Indeed, as a consequence of Theorems
minimizing the corresponding discrete analogs of the functionals J above, the obtained discrete
controls v in are bounded. Basic convergence arguments show that, provided (y*”, y'")
converge to (y°,y') in a suitable sense, the discrete controls v" in converge to the control v in
. One can also derive additional rates of convergence if we assume (y°,y') to be slightly smoother
than L?(0,1) x H~1(0,1). We refer to |10, [I1] for further developments on these issues.

To illustrate these ideas and facts, we perform some numerical experiments. We choose an initial
datum (y°,y') to be controlled and a natural sequence of corresponding discrete approximations
(y*", yb"). For T > 2 fixed, we choose § = (T —2)/2 and a mesh described by gy as in (L.8). We
then compute v" as in for this mesh. As initial datum (y°,y') we choose the ones in Figure
In Figure (8] left, we plot the control vj, computed on the mesh .#Z9" with § = (T —2)/2, T = 4 and
h = 1/301. In the case of a uniform mesh, the computation of the minimizer of J" does not converge
due to a bad conditioning of the functional [22]. Therefore, to compare the control v, computed on
the mesh .#9°", we plot in Figure |8] right, the controls obtained in time 7' = 4 on a uniform mesh
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Initial displacement Initial velocity
T T T T T T T

~0.2 L L L L L L L L L L L L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 7: Initial datum to be controlled: left, the initial displacement y°, right, the initial velocity y'.

using the filtering mechanism of [I6] which simply consists on minimizing the functional J" in (&.7)
on the subspace (V" (v))? for some v < 4, where V" (v) is defined by

4 krh\?
V%(4) = Span {(sin(lmrjh))1<j<N k> 1 with o sin (g) < ;2} .

Minimizing J" on (V*(7))? yields a minimizer (U%"Y UM"7) and if U™ denotes the corresponding
solution of (1.5,
UN" (1)

hnt1/2

" (t) = —n(t) , t€(0,T), (4.11)

is the corresponding filtered control. This filtered control is proved to converge in L2(0,T) to the
corresponding control (4.6)) in [I6], see aso [10].

Discrete control computed on the non uniform mesh

Discrete control computed on a uniform mesh

Figure 8: Discrete controls. Left, the control given by v” in ([4.8) computed on the mesh .#9" with

0 =(T—2)/2, T =4and h =1/301. Right, the control v"7 in (4.11)) computed on a uniform mesh
with v = 1, T = 4, h = 1/301.

Figure |8 shows that the controls v and v™7 look exactly the same, therefore supporting the idea
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that choosing the mesh suitably as in this paper, one does not further need of any filtering process to
recover the convergence of the discrete controls.

5 Finite element approximations

This section aims at extending our approach to the study of uniform observability properties of the
space semi-discrete wave equation discretized using the finite element method.

5.1 Statements and results

Finite element methods for the approximation of the wave equations are based on the variational
formulation of (L.1)): Find u(t,-) € H}(0,1) such that

d2
ﬁ(u(ta @) r2(01) + (Bwult, ), 0:0) 12001y =0, Vo € Hy(0,1), vVt € (0,7),

(u(0, ), Byu(0,-)) = (u®,ub).

(5.1)

Let g be a smooth diffeomorphism of the interval [0, 1] with g(0) = 0 and g(1) = 1. We introduce
the mesh .#"9 as in (I.3)—(1.4)), and the corresponding P; finite element space

Hy™(0,1) = {f" € C°(0,1]), £"(0) = f"(1) =0,
and f" is affine in each interval [z;,z;11], j € {0, - N}
The Py finite element approximation of (5.1) then reads as follows: Find u/(t,-) € HJ"™9(0,1) such
that

d2
ﬁ(uh(ta '),Sﬁh)L?(o,l) + (0,u"(t, ')78x<)0h)L2(0,1) =0, Vy'"e Hé’h’g(oa 1), vt € (0,7),

(uh(07 '), 8tuh(0’ )) = (uh,O7 uh,l).

(5.2)

As Hé g (0,1) is a finite dimensional space spanned by the “hat” functions

r— X517
¢j(x): h. : 1(953'71@](17)_"
j—1/2

Tjy1 — T
1z
hjy1/2 (@s52541] (@)

we look for u" solution of (5.2)) under the form

N

ul(t,z) = Z ug(t)dr ().

k=1

We then easily obtain that the vector of coefficients u”(t) = (u;(t))o<j<n+1 satisfies the following
second-order linear ODE system:

hjti2 2h;

020+ B+ B - (00Ot
(t,j) € (0,T) x {1,--- ,N}, (5.3)
up(t) = un+1(t) =0, te(0,7),
(;(0), ) (0)) = (u2, 1), Je il )
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The total energy for the solutions of (5.2)), equivalently (5.3)), given by
h.g (i h h 1o [t h 2 h 2
B9 (uh (1), 00" (1)) = 52/ (10" (t, ) + |Duti (£, 2)|?) da
j=0"%;

Ly : TR I R ui () = us(t) 2
7=0 j=1 j=0 j+1/2

is time independent.
Focusing on the observability inequality with an observation through x = 1, we get the following
counterpart to Theorem

Theorem 5.1. Let g : [0,1] — [0,1] be a C3([0,1]) diffeomorphism satisfying g(0) = 0, g(1) = 1, and
assume that g is strictly concave. Set 0y as in . Then, for any T > Ty, as in , the space
semi-discrete equations are uniformly observable through x = 1 in the following sense: There
exist h* > 0 and a constant C% > 0 (independent of h) such that for all h € (0,h*), the solutions

obs

u9 of (5.3) on the mesh .4"9 satisfy the observability inequality:

ul(t) |

N+1/2

T
E?vg(uo,h’ul,h) < (Ogbs)2 (/0

T
dt +/0 (u?v)’(t)Zdt> . (5.5)

The discrete observability inequality in involves a reinforcement of the observation operator
ul(t)/hn41/2 corresponding to the spatial derivative d,u(t, 1) by the term (u%)'(t). However, such
discrete uniform observability inequality allows to recover the observability inequality when
passing to the limit A — 0. Besides, this reinforcement of the discrete observability inequality is still
localized close to z = 1, so that we can still interpret as a discrete observability inequality
through =z = 1.

As in the context of finite differences, one can immediately deduce from Theorem [5.1] the following

counterpart of Theorem [1.1

Theorem 5.2. For any T > 2, there exists a smooth diffeomorphism g such that the solutions u™9 of
(5.3) are uniformly observable through x = 1 in time T'. Such g can be chosen explicitly of the form

go as in (L1.8)) for 0 € (0,T/2 —1).

The proof of Theorem [5.2] is omitted as it is a straightforward consequence of Theorem In
Section [5.2] below, we present the proof of Theorem [5.1] It is based on the same strategy as the one
in Section [2] though the proofs are more technically involved.

Before going further, let us mention that the insights given in Section [3] for the finite difference
method are completely similar for the finite element method. From a spectral point of view, the
eigenvectors corresponding to high eigenvalues concentrate close to the set where the mesh is refined,
similarly to Figures [IH2H3] and numerical evidences show that the eigenvalues enjoy a uniform gap
condition when the mesh transformation is strictly concave. From a dynamical point of view, the
computation of the dynamics of the rays can still be done but with a more intricate dispersion
relation w, and one can construct Gaussian beam solutions curved towards the set in which the mesh
is finer as in Figure

5.2 Proof of Theorem [5.1]

Similarly as in Section [2] we start with a multiplier identity:
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Proposition 5.3 (A discrete multiplier identity). If u”(t) solves (5.3) and m"(t) denotes the multi-
plier in (2.1), we have the following identity:

N T
hjii/2 2h; hj—1/2
Z( - u;+1(t>+7f wj(t) + = 1<t>)mj<t>o
3h h._ h: 3h,;_
3hjts2 1) +3@,(]71/2 _ Ll/?) _9%1(]73/2 _ 1)}|u;.(t)|2dt
hjt1/2 hjvije iy hj-1y2
i (t) = (0) [
Wy (8) + () dt + = / — ;) | LD g
L 011 () + u(8)] Z G =00 |7 1

i
2
1 J 1/2 hj+1/2) , / 2
— - ) |u; t)—u_ ()] dt
4 [ [ujq (1) —uj_q (1)]

2h.; 2h_ h;
hjy1/2 T 1) 10, (1 _ Aly-172 g+1/2>} L () —u;»(t)|2 dt

/ (0,
1 N
42/ J—H hjt3/2 hjt1/2 hjt1/2 hj_1/2 g+

Oo (ho1/2  hij /T PND: Ont1 (hNyie hngsge /T p 9
_|_7 - uy (t)]* dt + — uy (t)|* dt
(hl/z hfl/z) e (2 24 <hN+3/2 hNH/z) o 10

un(t)
hnii/2

+9—° |u ()\th+9°/ ‘ dr = N1 /T|u§V(t)|2dt+9N+1 /T

where h_1/2 and hy3/2 can be set arbitrarily.

2
dt, (5.6)

Proof. We use the multiplier m" in (2-1)): we multiply the equation (5.3) by m;, sumon j € {1,--- , N}
and integrate in time to obtain

2h; h
Ap— By =0, with Ay = Z/ 7“/2 W (1) + S () + J61/2u;’ 1(t))mj(t)dt

and By — Z/ “a+1 ) = u;(t) —uj(t)_ujfl(t»mj(t)dt.

hjt/2 hj-1/2
The term By coincides with B in the finite difference case and we refer to (2.3)) for its computation.
We thus focus on the computation of the term Ay. By integration by parts in time, we get
T
0
— AY
0

al 1/2 2h; hj_1/2
+
Z(f W1 (8) + 20 + =L (0)my (1)

2h,; h
with A = - Z / Moz e+ Py 2 ) e at

We now put the term in A(} in a suitable form:

hjy1/2 2h; hj—1/2 0;
(j6 u;-‘rlJr?]u;jL 36/u; 1)m/:7jaj

/ / / /
U 4 — U u, — u;
Jj+1 J J j—1
+ .

with a; = (h; woy +Ahiu 4+ b 10Ul <
J ( j+1/2%5+1 7™y j—1/2%; 1) hj+1/2 hj—1/2
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Using

hj1yowyyy 4 4hjul + hj_qjouf = hjpqjo(uf g + ) + hj_jo(u +uf_y) + 2hjul,
Wppr U W T W W Y WU ( 11 )u/
h ”

- g2 hjoiye

hjt1/2 hj_1/2 hjt1/2 hj_1/2

we derive

h,i_ h;
5 =((0r 07 = (0 5 )2) o (s ) ) (G2 - T2

hjti2 hj—1/2
1 1
- 2“3’ <h - > (hj+1/2(u;+1 + U;) + hj—1/2(U;' + u;-_l))

g1z hj1ye
/

/ I I
+ 2hju (uj“ I ujl) :
TN hiyye hj—1/2

By discrete integration by parts, the first term will yield a term in |u},, 4 u}[?, so we leave it under
that form for the moment.

We write the other terms in terms of v} and differences of the form u}; —u} and v} —u;_; only.
We thus write

1
(Wyy +ul)(u) +uf_y) = 5 (‘“}H - “;'71|2 —|ufyy — U;‘Q — [uf; — u;71|2)
+ 2wy (u g — ) — 2uf(uf —uj_y) + 4|u;-|2,
and
uy (R (Ul +uj) + hyoayo(uf +uj ) = by (ufyy —uf) = hyoy oy (uf — uf_y) + dhjluj]®.

so that a; becomes

h;_ h; 1 1
o =((05a 4 = 5 0%) P (4 (G222 = S22 ) o (o - )

hjti2 hj—1)2 j+1/2 hj—iye

1 hj*1/2 hj+1/2 ’ ro2 / 112 ’ 2
~3 (hj+1/2 - 7hj—1/2 (|“j+1 =y |T = gy — gl = uy -G )

h'fl/Z h'+1/2 1 1 h
(s, — <2<J—J —9 SR F A ML
(t541=4) hjvis2 hj—1y2 hjsis hi—age) T T
h'71/2 h'+1/2 1 1 h
+ul(u = (—2(3—] +2 —— | hiqyp+2—2
i i-1) hjiie hj_1)2 hjvipe  hjoae) 12 hj-1/2

(W r + ) = (W) + ) 0)?)

L (hj_1/2 hj+1/2> , P ne L2
-5 - e T e L T e (T T
2 (hj+1/2 hj71/2 ( 741 j—1 741 J J j—1 )

h‘—1/2 h'+1/2
+ UI- ’U,/4 — ’U,/4 (3] —1)+ ’U,/4 u'- — u'-_ 3]7 —1).
j( j+1 j) hj+1/2 ]( 7 7 1) hj71/2
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Using this last identity, we derive
Af = A} + A} + A} + A} with

N T
1
Aj=52 / 0; (U (£) + (02 = [ (1) + ) (0)]2) d,
j=1
N o T
L h'*1/2 h'+1/2
A2 - / 9,( J _gTi/e ‘u/‘ —1/»7 |2dt,
f 24; o J 1o hj_1/2 J+1 j—1
3 _ 1 = [T hj—1/2  hji1p2 p /12 , P
= 2 0 i hiviz  hj_ip (fujn = w5” + Ju — w51 ) dt,
j=1 -
RS hj—1/2 hjii/o
= 312 1>+u uy — (3”1)) dt.
12;/ ( e~ )< hjt1/2 ( i-1) hj_1/2

Computation of A}

0 T 0
Ay =Tt | wora- 13/| wt—*Z/ o = Ol (1) + (0

The term A?c does not require any further computation.

Computation of A%:

hjtije  Rjtage hi—i2 hjvaeNy, L2
_ 2N g (TIZMZ L TIEN L8 — ol (8)]2 dt
45 = 24 Z/ +1 hji3/2 hj+1/2) J(hj+1/2 hj71/2>:|| s (0) = (1)

Oo rh-1/2 hio T Ont1 (hNsi2 Bnis)e T
- (P2 [ (o ar - B (R 2N [ g a,
1/2 ~1727 Jo N+3/2 N+1/27 Jo

Computation of A‘]% :

Zi / 000 (32 1Yt 0+ 6, (32 1) )] s (0) — (1)

hjt1/2 hjt1/2
B i (R ) -0 (R ) - o
e[ oG =)+ ()] G - o)
42 [ o (22 =) =, (22 < 0) a0 sy 0

Z/ 3+1 3hg+3/2 )+39j(M_M) _9]._1(3:%3/2 _1)]|u;(t)|2dt.

hjt1/2 hjvi2 hj-1/2 j—1/2
Combining all the above computations yields the identity (5.6]).

We then derive the counterpart of Proposition 2.2}
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Proposition 5.4. Let g : [0,1] — [0,1] be a C3-diffeomorphism with g(0) =0, g(1) =1. Let N € N,

h = 1/(N +1). To simplify notations, we extend g as a C* function in a neighborhood of [0,1]

and for h small enough, we set h_i/5, ho, hnisse, hni1 as in (2.4). We choose 8y > 0 and for
-D

j€{0,--+ N +1}, we set 0; as in (2.5
Using the same notations as in Proposition and (2.10), we get the straightforward identities:
Ony1 =1+ 6o, 0; >0, 0j11—0;="hj19, Vje{0,---,N+1},

and the following Taylor expansions:

h. k. 249"
j71/2 _ LW — gI] h+ O(hQ), (57)
hjvi2 Pj-1y2 g,

h' 1/2 2h-+3/2 2h_71/2 h_+1/2
0. Jt+ + 20 1) 4o (1- Y Ny .
J+1<hj+3/2 hjy1/2 ) ]( hjt1/2 hj—1/2) (5.8)

2h
= ((90 + 9j+1/2)95 112 + (g;-+1/2)2) + O(h?),
9jt1/2

3h,; h. h.: 3N
0. i+3/2 4 +30, (Y V2 412\ g i=3/2 4  ths 4 O, -
J+1< j+1/2 ) J(hj+1/2 hj_1/2) J 1( i—1/2 ) J ( ) ( )

Proof. The proof of (5.7)—(5.8)—(5.9) is based on the Taylor expansions in (2.9)), (2.11) and explicit

computations. The detailed computations are very similar to the ones in Proposition [2:2] and are
therefore left to the reader. O

We are now in position to prove Theorem [5.1]

Proof of Theorem[5.1} Let g be a smooth strictly concave function, in which case (5.7)) can be rein-
forced in

hi—yz _ hjvie o 0

hjyi2 hj_ie —
We then take the multiplier (2.1) with 6 as in (2.5). Using Proposition and Proposition we
derive:

T

i+1/2 2h; hj_1/2
T u;-+1<t>+7fu;<t>+ I (1) )my (1)

=
/N

>
(=}

0

2

wpa) — w0

h]+1/2

N T
1 h
~ o / (o (G0 + 951112091/ + <g;+1/2>2) + O(h) )l (1) — (1)

Jj+1/2

< (1;‘90) /OT l (£)2 it + (<“2“’°> /OT

’LLN(t)

2
dt. (5.10)
hnt1/2
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Taking into account the conservation in time of the total energy, we get
1 (T
> hj|u;<t>|2dt+f2/ a2l (1) s (0
j=1
U541 t
L Z/ hysis ujy1(t) — u(t)

h]+1/2
Besides, choosing 6y = 0,4 as in ((1.9), we have (6 + 9j+1/2)g;’+1/2 + (g;-+1/2)2 <0, so that

2
dt = TEPI(u®",ul"). (5.11)

)

Z / (60 + 91412091172 + (G1/2)) + O) ) (8) — ) (6)
]+1/2
1L /T
h, L )
+ 62/0 Oty (1) dt > —CTHE! (u®, ulh).

In order to conclude, we then simply have to estimate the time boundary terms in (5.10). By Cauchy
Schwartz inequality, we have

N

hjt1/2 2h; hi_1/o
Z( 36/ Wi (t) + 3Ju;(t)+ JG/ u;,l(t))mj(t)
j=1
N 1/2 1/2
1+46, 1 thj2 2h; , hi—1/2 , 2 9m; |2
< 2 ;%( 6 ]+1( )"‘? J(t)+Tuj_1(t)) , 7’
The first term can be bounded as follows:
N
1 (hjrie , 2h; hj_1/2 2
37 (T 0+ St + 230, )
N
1 rhjsi)e y io1/2 2
= (U S )
N
<§Zi(hg+1/2(u/ )+ 3—1/2(u ) ) +3Z e
- 2 h 6 J+1 J 6 j—1 j
j=1 J Jj=
N N N
L rhjtiy 2 1 (hj1)s 2 1 ,
SBZE(TW;‘H +u;)) +3ZE(T(ug+u;_l)) +§Zhj|u;|
j=1 j=1 J=1
N
<12h ( +u th |2+Ch2Eh:q( 0,h ulh)
= 6 < G+1/2\Uj 1

7=0 ] 1

Recalling (2.15)), we then easily get

N
hjv1/2 2h,; hj_1/2 \
ST (PP + SR + =) (1)) my (1) < (1+0,) (1 + CRAEP (@ ut ).
j=1
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Putting together all the above estimates in (5.10]), we obtain

(T(1— Ch) = 2(1 + 0,)(1 + Ch)E 9 (u®" u")

14+60\ [*,, 0 1+60\ [T
<
—< 12 >/0 v (7 /0

This concludes the proof of Theorem O

2

v | (5.9

hnyi/2

6 Further comments and open problems

In this section we discuss some issues, closely related to the topics addressed in this paper and that
would be worth to investigate in the future.

Unstructured meshes. Our analysis suggests that a suitable way to re-establish uniform observ-
ability for space semi-discrete wave equations is to work with meshes which are refined close to the
observation set. So far, we performed our analysis on meshes which can be obtained as the image
of a diffeormorphism from [0, 1] to itself to be able to perform Taylor expansions in Proposition
But one can easily check from the proof in Section [2] that uniform observability properties can be
recovered for sequences of meshes .#", not necessarily obtained as the diffeomorphic image of the
uniform mesh, given by N (h = 1/(N + 1)) points {0 < 2% < --- < 2% < 1} characterized by two
constants M and r independent of h as follows:

e an almost uniform mesh size: for all A > 0,

sup; h;

M <r, (6.1)
infj Ry

e the existence of a discrete function 6 = (9;?)]46{07,,. ,N+1} for which

th]- +9j+1hj+1 o ejflhjfl +0]'hj > 2hj _ O(h) je {1 .. N}

hjt1y2 hj-1/2
9j+1hj+1 - Hjhj S O(hg), j S {07 e ;N}; (62)
9j+1 —ethj+1/2—O(h), ]6{0,,N},

6op>0, Ony1 <M.

In that case, the corresponding equations (1.5 are uniformly observable in any time 7' > 2M.
Note that in the above condition (6.2)), we assume, for all j € {0,---, N}, that

h; .
9j+1 Z 0j + hj+1/2 — O(h), and 0j+1 § gjh Jl + O(hz), VRS {O, ce ’N}’
J+

so that necessarily such meshes satisfy h;/h;11 > 1. This implies that sequence of meshes satisfying
7 necessarily are refined close to the observation set x = 1.

Note however that a complete characterization of all the sequences of meshes satisfying 7
seems difficult to establish.

Time discrete and fully discrete approximation schemes of . In this article, we focused
on the space semi-discrete approximation of . In order to extend our analysis to the case of fully
discrete approximation schemes of , we can apply the results in [§] decoupling the effects of the
time and space semi-discretizations. In our context for instance, this would imply that if we consider
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a fully discrete approximation of (1.1)) obtained from (1.5)) for a concave function g : [0, 1] — [0, 1] and
discretized in time using the midpoint approximation scheme with time step At, the fully discrete
systems obtained that way are uniformly observable in any time T satisfying

2

T>T, <1 + ‘1) , with & > (At) VAN,

where AN""9 is the largest eigenvalue of the elliptic problem (3.2)) corresponding to the mesh .#"9.
Easy estimates show that AN:"»9 < 4/ inf; h?+1/2 < 4/(hg'(1))2. Thus, the condition § > (At) VAN:hg
can be replaced by the more usual Courant-Friedrichs-Levy (CFL) type condition

2A¢

o < 591(1)'

We refer to [8], Section 5.2] for more extensive details.

Rates of convergence of the discrete controls. Following the proofs in [I0] or [II] one could also
analyse the rate of convergence of the numerical schemes developed in this article, and, in particular,
obtain the rate of convergence of the controls. But, even if major new difficulties are not expected
with respect to the work previously developed in the context of uniform meshes, this requires further
investigation.

Higher dimensional settings. So far, our results are restricted to the 1d case. However, it is very
likely that our approach can be generalized to higher dimensional setting under the condition that
the mesh has to be finer close to the observation set. But this requires further work. In particular,
we should recall that, in 2d, even the classical property of unique continuation of eigenfunctions may
fail at the discrete level (see the counterexample of O. Kavian described in [2§]).

Inverse problems. Observability estimates can also be used directly to recover the initial datum
of solutions of from a measurement of the flux on the boundary x = 1, thus indicating a first
possible use of the results in this paper in the context of Inverse problems.

To be more precise, assume that the flux d,u(t, 1) for some unknown solution of the wave equation
is known, by means of some measurement device, and let us build a numerical algorithm allowing
to obtain numerical approximations of the corresponding initial datum (u®, u') in . We proceed

by minimizing the functional

1 T
T Y
0

for all solutions u” of , which shares the same features of the functional in introduced to
compute the discrete controls corresponding to some initial data.

When uniform observability properties hold for in time T and the observation is done during
a period T, the discrete minimizers (U%", U") (or, to be more precise, their continuous extension)
converge to (u®,u!) in H(0,1) x L?(0,1) as h — 0 (see [1I Section 1.8]). This fact provides a first
example of the use of these non-uniform grids in the context of inverse problems. We also refer to
the works [I5] for another strategy (based on the used of back and forth observers) in a situation in
which the observability property does not necessarily hold uniformly with respect to the discretization
parameters.

This idea of using suitable non-uniform grids could also be helpful for proving convergence results
for other inverse problems, similar to the ones developed in [3, [4] in the context of uniform grids. In
these works, the convergence of discrete inverse problems is proved by adding some penalization on
the high-frequency components of the solutions, which was needed to avoid to deal with the spurious
high-frequency waves created by uniform meshes. It would be interesting to investigate whether, using
these non-uniform grid, these extra penalization terms could be avoided.

2
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