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Abstract: We analyze an observer strategy based on partial — i.e. in a subdo-
main — measurements of the solution of a wave equation, in order to compensate
for unknown initial conditions. We prove the exponential convergence of this
observer under a non-standard observability condition, whereas using measure-
ments of the time-derivative of the solution would lead to a standard observabil-
ity condition arising in stabilization and exact controlability. Nevertheless, we
directly relate our specific condition to the classical geometric control condition.
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Convergence exponentielle d’un observateur
utilisant des mesures partielles
pour I’équation des ondes

Résumé : Nous analysons un observateur formulé pour I’équation des ondes et
utilisant des mesures de la solution dans un sous-domaine afin de compenser des
conditions initiales inconnues. Nous démontrons la convergence exponentielle
de cet observateur moyennant une condition d’observabilité non-standard, alors
qu’une mesure de la dérivée en temps de la solution conduirait & la forme
standard de la condition d’observabilité apparaissant en stabilisation et controla-
bilité exacte. Néanmoins, nous établissons un lien direct entre notre condition
spécifique et la condition de controle géométrique classique.

Mots-clés : observateur, filtrage, nudging, condition d’observabilité, stabilité
exponentielle, équation des ondes, équation du second ordre en temps
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1 Introduction

Let Q be a bounded domain of R” (1 < n < 3) with a Lipschitz boundary 0.
We consider the following wave equation

ii(x,t) — Au(z,t) =0, (x,t) € 2 x (0,00)
u(z,t) =0, z,t) € 09 x (0, 00) (1)
u(z,0) = uo(x), u(z,0)=vo(x), z €N

and we recall that if (ug,vo) € Hg () x L?(Q) then (u,u) € C((0,T); H}(R)) x
C((0,T); L*(Q)) for any T > 0, see e.g. [4].

In the observer framework of this paper, we assume that the initial condition
(ug,vp) is unknown, albeit that we have a perfect measurement of the solution
in w C  an open and non-empty subset of {2. Our objective is to propose an
observer which approximates the system (1) using this partial measurement

2(t) =u(t)w, t=0. (2)
To that purpose we define the operator
L, H'(w) — H} (), Lod =1, (3)
where 1 is the solution of the following elliptic equation

Ay =0, in Q\w
P =0, on 0N (4)
V=9, nw

namely, a harmonic lifting operator. As a candidate observer, we will consider
the following first-order system

w,t) = 0@, t) + 7 Lo (2(0) —a(, t)|),  (2,1) € 2 x (0,00)

o(z,t) — Az, t) = 0, (z,t) € Q x (0,00) 5)
a(z,t) =0, (x t) € 89 x (0, 00)
@(x,0) = o(x,0) =0, Q

with v > 0 a gain parameter. Note that this system amounts to a modifica-
tion of the wave equation written in a first-order form, with a correction term
based on the discrepancy between the measurement and the observer primary
variable. This strategy is the direct adaptation to the wave equation of the
“Schur Displacement Feedback” filtering methodology originally proposed in [§]
for elasticity-like formulations. Of course this type of approach can be catego-
rized as a Luenberger observer [6] — also sometimes referred to as “nudging” [1]
— applied on an evolution PDE.

2 Exponential convergence of the observer sys-
tem

In order to establish that (5) is an adequate observer for (1), we should study
the decay of the error
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It is easy to see that this error satisfies the following system

(e, t) = 0(z,t) — v Lo(al)(z,1),  (z,1) € Q2 x (0,00)

o(x,t) = Ad(z,t), (x,t) € 2 x (0,00) (6)
w(z,t) =0, z,t) € 09 x (0,00)

(z,0) = up(z), o(x,0) =wvg(x), x €N

and we will prove the exponential decay of the associated energy, namely,

~ 1

B0 =5 ([ vate.o aa+ [ o ao). -

Proposition 2.1. Assume that we have the observability condition

T
/0 s )3y @ = € (ol @y + vl ) -
Y(uo,vo) € H(Q) x L*(2), (8)
for some T > 0, then there exist strictly positive constants M and p such that
E(t) < Me ™ E(0), Vt>O0. (9)
Proof. Let us consider the space H} defined by H'!(w) equipped with the norm
1612 = (V(£o), V(L£ad)) 12(ey -

It is straightforward to see that this norm is equivalent to the usual norm of
HY(w), since L,, is a lifting operator with Dirichlet boundary conditions and we
can then adapt the proof of the Poincaré inequality. We now define

Bo: Hjy = Hy(Q),  Bo¢ = Luo, (10)
a bounded operator. The adjoint of By (via Riesz representation) is then
By Hy(Q) — HY, B =1, (11)

as can be shown by a simple manipulation on the definition (10). We now
introduce the state space operators

A:D(A) x HAQ) = HL(Q) x L2(Q), A(X é) (12)

with D(A) = {¥ € H§(Q) s.t. Ay € L2(Q)}, and
B:H! - H}(Q) x L*Q), B= (%0) . (13)

With these notations, the error system (6) can be rewritten as

f>> p—— (@) s
) () "

’ELO) . Uug
#(0))  \wo

!
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Therefore, the exponential decay of the energy (7) is equivalent to the following
observability inequality, see e.g. Theorem 2.3 in [5]

T 2
* “(t) 2 2
LB GO e = € (ol + ol
V(uo,v0) € Hg(Q) x L*(Q), (15)

where u is the solution of the original wave equation (1), and for some strictly
positive constants 7" and C, and of course this condition is directly equivalent
to (8). O

However, the observability condition (8) is somewhat non-standard, which
has to do with the fact that we are considering an observer formulation instead
of a stabilization (or exact controllability) problem. Nevertheless, the following
proposition directly relates our observability condition with classical results.
Proposition 2.2. Assume that the geometric control condition of Bardos, Lebeau

and Rauch [2] is satisfied for some & strict subset of w such that dist(Q\w,w) > 0.
Then the observability condition (8) holds for some time T > 0.

Proof. Since the geometric control condition holds, we have the classical observ-
ability condition [2]

T
| it a0t = 0 (uolfn g + ole)
Yo, v0) € HY(Q) x L(Q), (16)

for some time 7" > 0. We will show that this entails (8) by an argument inspired
from [9]. Let ¢ € C°(Q2) be a cutoff function defined by

w(x):{ 0, ifre\w

1, ifrew
and 0 < ¢(z) < 1 for every z € . Denote also ¢(t) = t2(T — t)2. Then, by
repeated integrations by parts we obtain

i
o:/o /w¢1/1(ii—Au)udet
/()Tu/w(}ﬁq/;gdﬂdt/()T/UJ¢1/;|a|2det+/()T 6w¢g—i’%dmt

/OTu/wdmb% det+/OTA¢¢|VU|2det.

The definition of ¢ entails (9v/0n)|aw= 0, hence

/OTL¢¢Iul2det:/OT/WWIVuPdeH/OTV/WW@det

[ [ onel ao
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The above identity combined with the properties of the cutoff functions ¢ and
1) provides, for any strictly positive €, the existence of a constant C' > 0 such

that 5 5 5
T—e¢ T T
C/ /|u|2det§/ /|Vu|2det+/ /|u|2det. (17)
e o) 0 w 0 w

Substituting T + 2¢ for T in all the above computations gives

T-}-a T+28
C/ /|u|2det§/ (-, 8|71 ) At
e @ 0

We proceed by making the change of variable 7 = t — ¢ in the left-hand side
integral, yielding

T T42¢
C/ / li(z, 7 4 €)[* dQdr < / ||u||§11(w) dt. (18)
0o Jo 0

Noting that u(x, t+¢) satisfies the wave equation with initial data (u(z, e), 4 (z, €))
and applying (16) with this shifted solution, we obtain

T
| [t of a0 = ¢ (@ + 1) - (19)

Combining (18), (19) and the the fact that the energy of the solution of the wave
equation is exactly conserved over time, we have the observability inequality (8)
for any T strictly greater than 7' O

Note that this proof requires a geometric control condition slightly stronger
than that directly associated with the measurement domain w, since @ is a strict
subset. However, micro-local analysis — see [3], albeit based for our specific case
on the H! norm — may provide an alternative approach to circumvent this
restriction.

As a final remark, we emphasize that the standard observability condition
(16) would be directly applicable to establish the exponential convergence of
an observer formulation based on the measurement of the “velocity”  in the
subset, as used in “Direct Velocity Feedback” Luenberger observer strategies [7].
In our case, the specific difficulty comes from the fact that we assume that we
measure u itself, and that we do not wish to differentiate this measurement in
time, typically to avoid amplifying the measurement errors which always arise
in practice. Note that in our approach such errors — disregarded in this short
note — would simply entail an additional source term in the observer equations.

References

[1] D. Auroux and J. Blum. A nudging-based data assimilation method: the
Back and Forth Nudging (BFN) algorithm. Nonlinear Processes Geophysics,
15:305-319, 2008.

[2] C. Bardos, G. Lebeau, and J. Rauch. Sharp sufficient conditions for the
observation, control, and stabilization of waves from the boundary. SIAM
J. Control Optim., 30(5):1024-1065, 1992.

RR n°® 7728



Exponential convergence of a wave equation observer 7

[3] N. Burq and P. Gérard. Condition nécessaire et suffisante pour la contrdla-
bilité exacte des ondes. C. R. Acad. Sci. Paris, Série I, t. 325:749-752,
1997.

[4] R. Dautray and J.-L. Lions. Mathematical Analysis and Numerical Methods
for Science and Technology. Vol. 5. Springer-Verlag, Berlin, 1992.

[5] Kangsheng Liu. Locally distributed control and damping for the conservative
systems. SIAM J. Control Optim., 35(5):1574-1590, 1997.

[6] D. G. Luenberger. An introduction to observers. IEEE Transactions on
Automatic Control, 16:596-602, 1971.

[7] P. Moireau, D. Chapelle, and P. Le Tallec. Joint state and parameter esti-
mation for distributed mechanical systems. Computer Methods in Applied
Mechanics and Engineering, 197:659-677, 2008.

[8] P. Moireau, D. Chapelle, and P. Le Tallec. Filtering for distributed me-
chanical systems using position measurements: Perspectives in medical
imaging. Inverse Problems, 25(3):035010 (25pp), 2009. doi:10.1088/0266-
5611,/25/3/035010.

[9] X. Zhang. Explicit observability estimate for the wave equation with poten-
tial and its application. Proceedings: Mathematical, Physical and Engineer-
ing Sciences, 456(1997):pp. 1101-1115, 2000.

RR n°® 7728



/<

Centre de recherche INRIA Paris — Rocquencourt
Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le CheSadegx (France)

Centre de recherche INRIA Bordeaux — Sud Ouest : Domainedtsitaire - 351, cours de la Libération - 33405 Talence Cedex
Centre de recherche INRIA Grenoble — Rhdne-Alpes : 655,svele 'Europe - 38334 Montbonnot Saint-Ismier
Centre de recherche INRIA Lille — Nord Europe : Parc Scieqiti de la Haute Borne - 40, avenue Halley - 59650 Villeneuvectj
Centre de recherche INRIA Nancy — Grand Est : LORIA, Techfegé Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lés-dyaBedex
Centre de recherche INRIA Rennes — Bretagne Atlantique SARCampus universitaire de Beaulieu - 35042 Rennes Cedex
Centre de recherche INRIA Saclay — fle-de-France : ParcyQusiversité - ZAC des Vignes : 4, rue Jacques Monod - 91892@&edex
Centre de recherche INRIA Sophia Antipolis — Méditerran2604, route des Lucioles - BP 93 - 06902 Sophia Antipolis €ede

Editeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 hesbay Cedex (France)
http://www.inria.fr

ISSN 0249-6399



	Introduction
	Exponential convergence of the observer system

