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ALTERNATING AND VARIABLE CONTROLS FOR THE
WAVE EQUATION*

ANTONIO AGRESTIV**, DANIELE ANDREUCCI?> AND PAOLA LORETI?

Abstract. The present article discusses the ezact observability of the wave equation when the obser-
vation subset of the boundary is variable in time. In the one-dimensional case, we prove an equivalent
condition for the exact observability, which takes into account only the location in time of the obser-
vation. To this end we use Fourier series. Then we investigate the two specific cases of single exchange
of the control position, and of exchange at a constant rate. In the multi-dimensional case, we analyse
sufficient conditions for the exact observability relying on the multiplier method. In the last section,
the multi-dimensional results are applied to specific settings and some connections between the one
and multi-dimensional case are discussed; furthermore some open problems are presented.
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1. INTRODUCTION AND FORMULATION OF THE MAIN RESULTS

In this work we study exact observability for the wave equation with Dirichlet boundary condition, i.e.

uge — Au =0, (x,t) € O x (0,T), (1.1)
u(z,t) =0, (x,t) € 02 x (0,T), (1.2)
u(z, 0) = up(z), x € Q, (1.3)

ur(x,0) = uy (), x e (1.4)

when the subset of observation is not (in general) of the form I" x (0,7) C 9Q x (0,T) for a fixed T" C 9.
Here A is the Laplace operator and 2 is a domain (i.e., an open, connected and bounded set) in R?, which
we consider of class C? or convex (for more information see [5]).
For the reader’s convenience, we have gathered in Section 2 some known results, and some extensions we
need, on basic existence and regularity theory for the problem above. In the following the trace of the normal
derivative of weak solutions will be understood in the sense of Theorem 2.2.
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2 A. AGRESTI ET AL.

Since the treatment of the observability problem (see below for a definition or [7]) is different in the one
dimensional and in the multi-dimensional case, due to the different topology of the subset of observation, we
split the discussion into two subsections.

1.1. One-dimensional case (d = 1)

In this case, w.l.o.g. we will consider Q = (0, 7). We are interested in studying the controllability property of
the one dimensional wave equation with Dirichlet boundary condition (e.g., by a control at « = 0). It is known
(see for instance [6] or [10]) that the exact controllability is equivalent to the observability inequalities such as

T
/0 luz (0,1)2 dt < E. (1.5)

Here and in the rest of the paper the symbol A < B means that ¢c ™' A < B < cA for some positive real c; where
u solves (1.1)—(1.4) and Ey is the energy of the initial data (ug,u;) € Hg(0,7) x L?(0,7); see (2.6). It is also
clear that the observability inequality (1.6) remains valid if w,(0,¢) is replaced by u.(m,t), which provides the
controllability for a system controlled at = = .

It is well known that (1.6) holds for any T' > 2, as a consequence of the Parseval equality, for a proof see
[7]. Moreover, if the control is actuated on both the endpoints, the optimal control time T reduces to .

Although both the inequalities require an investigation, for the study we are going to explain the so called
direct observability inequality follows by hidden regularity property (see Thm. 2.2).

For any T > 0 and (ug,u;) € H3(Q) x L*(Q), the map

HY(Q) x L3(Q) — L*(992 x (0,T)),
(ug,ur) — Oyu,

is well defined, continuous and coincides with the classical trace (in the sense of Sobolev spaces) if (ug,u1) €
(H*() N H(Q)) x Ho(Q).
In the paper, we concentrate our analysis on the inverse observability inequality

T
/O lug (0,1)|> dt > cFEy. (1.6)

For brevity, from now the inequality (1.6) will be called observability inequality.

In this work, we want to generalize the situation of having the observability set as {0} x (0,T) or {m} x (0,T);
that is we want to alternate the spatial controllability point still maintaining the observability inequality true,
for an optimal control time. We are not aware of specific contributions in this sense with the exception the recent
paper [9], which mostly treats bulk control, but touches the variable boundary control; however the methods
of [9] are completely different from ours. The motivation for this generalization came from typical engineering
problems (see [3]) in which the control sets have to change in time, so that, also the observability set has to
change in time.

Consider an arbitrary family of consecutive disjoint open intervals {I; : k € K} of (0,00) with  C Ny
(possibly finite or infinite); we define the observability sets

F={{\} x1I;: keK}, (1.7)
where Ap = 0 if k is even, otherwise A, = m. Without loss of generality we can suppose K = {0,..., N} if K is

finite or K = Ny otherwise; furthermore we set (t;_1,tx) := I and t_1 = 0.
We want to investigate whether the following property is satisfied:
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Definition 1.1 (F-observability). We say that the system (1.1)—(1.4) is F-observable in time T > 0 if the
inverse observability inequality holds true, that is

n

S/ luwnoPdezce, (1.8)
o/ 1N (0,T)

for some n € N and ¢ > 0 independent of (ug,u;) € H}(0,7) x L?(0,7). As above, u is the weak solution to
(1.1)—(1.4) with initial data (ug,u1).
We shall say that the system (1.1)—(1.4) is F-observable, if the system is F-observable for some time T > 0.

In applications we are interested in knowing the least time 7" such that the F-observability property holds;
we make this more precise in the following definition.

Definition 1.2 (Optimal control time). Suppose that the system (1.1)—(1.4) is F-observable in time T, but it
is not F-observable in any time T” < T'. Then T, := T will be called the optimal control time.

In the following the family of intervals {Ij : k € K} is given. In order to state our result on the observability
property, we have to introduce some notations. Let r be the quotient map

r:R—R/(27Z) ~ S*.
Lastly we define
I ={r(t) : t € Iy — A}, k € No, (1.9)

where as above, A\, = 0 if k € 2Ng, Ay, = 7 otherwise. We are ready to state our main Theorem.

Theorem 1.3. Let n € Ng. The system (1.1)-(1.4) is F-observable in time T = sup(l,,) if and only if
’Sl Ny fk‘ — 0. (1.10)
k=0

Furthermore, let h be the least index n in K for which the condition (1.10) holds, then the optimal control time
s the infimum over the values t for which

h—1
‘Sl\ (U fk Ur((th—l — )\h,t — )\h))) ‘ =0.
k=0

If K = {0}, then the family of subsets considered in Theorem 1.3 contains a single interval. In this case the
content of Theorem 1.3 reduces to the one point observation result discussed at the beginning of the subsection.
Again, for a complete proof in this special case we refer to [7]. Finally, we note that in this case, according to
Definition 1.2, the optimal control time is 75, = 2.

Interestingly, one has the following refinement of Theorem 1.3.

Corollary 1.4. If the condition (1.10) holds, then we can choose a family {Jp 1 k=0,...,n} of disjoint subsets
of St (possibly empty), such that Jy, C Iy, and

‘Sl \ Lnj Jk’ ~0. (1.11)
k=0
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Furthermore, denote by I, the open subset of Iy, such that J = {r(t) : tel, — M} C I;; then the system is
F'-observable, with

F={{M)x I : kek),

and

> I = 2.
k=0

A couple of helpful remarks may be in order.
Remark 1.5. Corollary 1.4 shows that Tp, > 27 for any F as in (1.7).
Remark 1.6. By the proof of Theorem 1.3 it will be clear that one can generalize to the following situation:

— The subsets I, with k € K, are not a covering of (0, c0).
— We can observe on both the endpoints at the same time.

To state this result, let each of {I}), : k' € K'}, {I], : k" € K"} be a finite collection of disjoint subintervals of
(0,00). We may assume that sup I} < inf I9, for h < m and a similar assumption for the I7,’s.
Then we can define the observability sets

B:={{0}xI) : K eKYu{{n} xIJ, : K" € K"}.
Furthermore, Definition 1.1 readily extends to this situation. Define,

o= {rt) : teI)}, K e K,
IT, = {r(t) : t € I}, — 7}, K e K.

Then, the system is (1.1)—(1.4) B-observable if and only if

& U ulp||=o
k./e}(:/7 k//e’c//
We refrain from writing this as a first formulation since we are mainly interested in alternating observations.

Remark 1.7. Condition (1.10) should be compared to the one in Definition 4.1 of [9]. It can be seen as the
requirements needed to observe the complete energy of any solution.

Next, we focus on the applications of Theorem 1.3 and its Corollary 1.4 in particular cases in order to show
the potentiality of these results.

1.1.1. Single exchange of the control position

In this subsection we analyse the case K = {0,1} and
Io=(0,To), I = (To,+00), (1.12)

where Tj € (0, 27).



ALTERNATING AND VARIABLE CONTROLS FOR THE WAVE EQUATION 5

Corollary 1.8. In the previous situation, for all 1 < Ty < 2m the optimal control time is T,y = 37 and the
system is F'-observable with

I, = (0,Tp), I} = (7 + Ty, 3m). (1.13)
For all 0 < Ty <, the optimal control time is T,y = 2w + To and the system is F'-observable with
I, = (0,Tp), I} = (2Tp, 27 + Ty), (1.14)
or
I, =0, I = (Ty, 27 + Tp). (1.15)

1.1.2. Exchange of the control position at a constant time rate

Then we look at another application of Theorem 1.3. We suppose that £ = Ny and
I, = (kT(), (k + 1)T()), k € Ng,

where Tp is a fixed number in (0,27). So, in this case each interval I} has the same length. Moreover, in this
case

F = {{\} x (kTp, (k + 1)To) | k € No}. (1.16)

Lemma 1.9. In the previous situation (i.e. F is as in (1.16)), suppose that Ty € (mw,27m). Let n € N be the
unique integer such that

2 1
nt 7r§T0<n+ 5 (1.17)
n+1
then the system is F-observable with
Topt = (n+ 2)m. (1.18)

By the previous Lemma one may infer that if Ty approaches 7 from above then the optimal control time
blows up. Indeed, as the next lemma shows, when Ty = 7 the system cannot be observed.

Lemma 1.10. Let F be as in (1.16). Then:

(i) if To = m/2m, with m € N, then the system is F-observable with Top = 27;

(i) if To = w/(2n + 1), with n € Nqy then the system is not F-observable in any T';
(ii1) if To = 2w /(2h + 1), with h € 2N, then the system is F-observable with Ty, = 3w — T/2;
() if Ty = 27 /(2h + 1), with h € 2Ny + 1, then the system is F-observable with Ty, = 3.

Before proceeding further in the investigation, we introduce some notations

N = LQT—:J ji= LT%J (1.19)

here we denote by |z| the integer part of x € (0,+00). Instead, [z] denotes the least integer greater than or
equal to z € (0, 400).
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The following lemma, which complements Lemma 1.10, shows that the system is F-observable for all T not
of the form 7/(2n +1). It can be easily checked that all the alternatives appearing in the statement are mutually
excluding.

Lemma 1.11. Let F be as in (1.16), suppose that Ty € (0,7) and 27/Ty ¢ N, then the system is F-observable.
Furthermore, we have the following:

(2) if N,j are even, then Top = 21 + jTo;

(i) if N is even and j is odd, then:

—if W =k* 4 1, then Top = 7 + To(Nk* + 1),
—if = k", then Top = 7 + To(NE* — j + 1),

where

e

(#i7) if N is odd and j is even, then:

—if I* = q*, then T,p = 2mq™ + jTo,
—if ¢* +1=10%, then Top = 2mq* + j1o + ,

where

l**’V TO —‘ *7’7 ’/TijO —‘
Nt 27l T TN O —2r
(tv) if N,j are odd, then T,, = NTp + .

1.2. Multi-dimensional case (d > 1)

Now we turn to the multidimensional case. Since the Fourier method applied in the one dimensional case
does not seem suitable for the multidimensional case (see [7]), a multiplier technique can instead be applied to
prove observability (see [6] or [10]).

The multiplier method permits us only to formulate sufficient conditions in order to obtain observability, so
we will not provide an equivalent condition for the observability as we have done in the one dimensional case.
Instead, we will show that if the observability set can be written in a special form (see (1.23)) then the system
is exactly observable.

Let ¥ C 9Q x (0,T) be an H4~! ® L'-measurable set (here H¢~1, L1 are respectively the d — 1 dimensional
Hausdorff measure and the 1 dimensional Lebesgue measure). In analogy with the one-dimensional case we are
interested in the following property.

Definition 1.12 (3-observability). Suppose that 3 N (9 x {T'}) # (). We say that the system is ¥-observable
in time T if there exists a positive constant C such that

[ 1o a1 .21 > € (ol + e o)) (1:20)

for all (ug,u1) € HE(Q) x L*(Q) and u is the unique weak solution of (1.1)—(1.4) for the initial data (ug, u1).
The set ¥ in (1.20) is called the observability set.

Of course the validity of the property in Definition 1.12 depends strongly on the subset ¥ C 92 x (0, 7).
However, in the following, we do not explicitly refer to ¥ when it is clear from the context.
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We remark that this definition is consistent with Definition 1.8, but we prefer to give it independently, to
stress the topological differences of the observation subset between the one and the multi-dimensional case.

Next we introduce some notations. Let ¢ : [0,7] — R? be a piecewise continuously differentiable and
continuous curve of finite length, i.e.,

T
L(y) ::/0 |/ ()| dt < +oo. (1.21)
Then define
Py(t) ={x €| (z—¢(t) -v>0}, te(0,T), (1.22)
Se= |J Telt) x{t}, (1.23)
t€(0,T)

¢; = max |z — (i), i=0,T. (1.24)

Q

Furthermore, let P = {t_1,...,tny : 0=1_1 <tg < -+ <tny_1 <ty :=T} be a partition of the interval [0, T]
and we denote by 0(P) :=sup,_o  ny{|t; —t;j—1]} the amplitude of the partition P. Furthermore, we set

Tpj = p(tj-1), (1.25)
Iy, ={z€dQ|(x—x,;) v>0} (1.26)
for all 7 =0,..., N. For future convenience, for a partition P as above, we define
N
5L = Tpy % (tio1,ty). (1.27)
§=0

In the following we suppose that X, is H?~! ® £!-measurable.
Theorem 1.13 (Variable Support Observability). Under the above hypotheses, suppose there exists a sequence
of partitions {Py, : k € N} of the interval [0,T], such that §(Pr) \¢0 as k oo and

lim (K @ LY) (S,A80) =0, (1.28)

k—o0

where AAB := (A\ B) U (B \ A). Furthermore, suppose that T' verifies

T
T>c0+/ | (£)|dt + cr. (1.29)
0

Then the system is ¥ ,-observable in time T (see Def. 1.12).

See Figures 19 and 20 in Section 6 for examples.

In Section 5 we will provide an extension of the previous Theorem, when ¢ has only a bounded variation on
[0, T7], see Theorem 5.3. Indeed, Theorem 1.13 can be viewed as a corollary of Theorem 5.3 (see Rem. 5.4), but
we prefer to state it independently since it is sufficient in many applications.

Remark 1.14. We do not address the question of the controllability for T = ¢y + fOT |¢'(t)| dt + cp. In general
such a T is not expected to be optimal (see Sect. 6). Controllability for the threshold optimal time is a tough
question even in the case of constant control set (see [2] or [7]).
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1.3. Overview

The article is divided into five parts, in Section 3 we prove the results stated in Section 1.1; next we obtain
from this the results stated in Sections 1.1.1-1.1.2.

In Section 4, with the results of Section 1.1.2, we analyse the dependence of the optimal control time T,; on
the length of the interval Tp, proving that the map Ty +— T,,; has a countable set of discontinuity.

In Section 5 we prove the results of Section 1.2 and we give a refinement of Theorem 1.13 when ¢ is only a
map of bounded variation on [0,T] (see Thm. 5.3).

In the last section, we work out some applications of the theorems stated above and we discuss some problems
and further developments.

As a conclusion to this section, we want to emphasize that to each observability result follows (by duality) a
controllability theorem; indeed the approach of [7] or [10] extends to our setting.

It is worthwhile to give a flavour of this, we state explicitly the controllability result corresponding to
Theorem 1.13 (recall that ¥, is assumed to be H4~! ® L£!-measurable).

Theorem 1.15. Let the hypotheses of Theorem 1.13 be satisfied. Then for all (vg,v1) € L2(2) x H=1(Q) there
ezists a control w € L*(X,) such that the weak solution v of the following differential problem

v — Av =0, (x,t) € Q x (0,T), (1.30)
v(x, t) = w(x,t), (x,t) € By, (1.31)
v(z,t) =0, (x,t) € 9Q x (0,T)\ Xy, (1.32)
v(z,0) = vo(z), x €, (1.33)

ve(x,0) = v1(2), x €, (1.34)

satisfies
v(z,T) =0, ve(z,T) = 0.

For the weak formulation of the problem (1.30)—(1.34) one can use the same argument of ([7], p. 21); see [1]
for an explicit formulation.

The proof of Theorem 1.15 consists in an application of the HUM method; see [7, 10] for details. Both
formulation and proofs are in fact given in [7, 10] for observability sets of the form ¥ =T x (0,T'), but extend to
our case in a straightforward way. The reader can readily deduce analogous results corresponding to Theorems
stated above in the one dimensional case.

2. PRELIMINARY RESULTS

We recall the following well posedness result which can be readily verified by semigroup methods (see e.g..

[11]).

Proposition 2.1 (Well Posedness). With the notations introduced in Section 1, the following holds:
(i) Given

ug € Hy(Q), up € L*(9), (2.1)
the problem (1.1)-(1.4) admits a unique weak solution satisfying

u € C([0,00); Hy(2)) N ([0, 00); L*(12)). (2.2)
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(i) Given
up € H*(Q) N H(Q), uy € H3(Q), (2.3)
the problem (1.1)—(1.4) admits a unique strong solution satisfying
u € C([0,00); H* () N H(£2)) N C?([0, 00); L*(£2)). (2.4)
For any weak solution u as in (2.2), we define the energy E(t) at time t as

B(®) = 5 [ (Vule. O + fus(e. ) do (25)

then E(t) is constant and is equal to the initial energy

1

E0:§

/Q (Vuo(2)[2 + [ur (2)[2) da. (2.6)

We note that if u is a weak solution of problem (1.1)—(1.4) then the trace of the normal derivative d,u on 92
is not well defined in the sense of traces of Sobolev functions (see [4] or [5]). For future discussions, the following
result is very useful.

Theorem 2.2 (Hidden Regularity). Let Q C R? be a domain of class C? or convex. Then for any T > 0 and
(up,u1) € HE () x L?(Q), the map

Hj(Q) x L*(Q) — L*(09 x (0,T)),
(ug,u1) — Oyu,

is well defined, continuous and coincides with the classical trace (in the sense of Sobolev spaces) if (ug,u1) €

(H2(Q) N HE(Q)) x HY(Q) since u is as in (2.4).

In case € is a C? set, the proof can be found in [6], [8] or [10]; in the one dimensional case Theorem 2.2 can
be proven also by the use of Fourier series (see [7], Chap. 1).

To our knowledge, no proof can be found in the case of convex domains 2; so we will sketch the proof. In
the C?%-case, the proof in [6] starts with using explicitely the smoothness assumption, and it does not extend
to convex domains. Our approach is based on an identity proved by the authors in [1] and some well known
regularity results for the Laplace operator on convex domains.

Proof of Theorem 2.2 when §) is convex. Let us start with
ug, u1 € Span{ey | k € No},

where ey are the eigenfuctions of the Laplacian operator with Dirichlet boundary condition on 2. Regularity
theory for elliptic PDEs ensures that e, € H2(2) N H}(Q); see [5].

Thus, the strong solution u of (1.1)—(1.4) is as in (2.4) and 9,u is well defined in the sense of the trace for
Sobolev spaces; see [4]. Furthermore, since u € C([0,T]; H*(Q) N H(2)) then d,u € C([0,T7]; L*(9)).
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To prove the assertion we use the following equality (see [1], Lem. 1.8),

1

= / (x — x0) - v |Dyu(x, t)PdHI " (z) @ dt
2 Jaax(o,1)

u(z, t)) dx]: + T Ey; (2.7)

d—
= {/ ug(x,t) (Vu(x,t) (x—x0) +
Q
where x( is an arbitrary point of R<.
Note that, since each convex function is locally lipschitz (see [4], Thm. 6.7), then the exterior normal derivative
v is well defined H9 !-a.e. on 9. From the convexity, it follows that for each o € Q then (z — z¢)-v > 6 > 0
H 1 a.e., for some § positive. By (2.7) we have

u(a:,t)) deT Y TE,. (28)

5 [ d—
7/ / 10, ulz, t)2dH (@) dt < [/ iz, 1) <Vu(x,t)-(x—xo)+
2 Jo Joa Q
Using Poincaré’s inequality, it is clear that the RHS of (2.8) can be dominated by C Ey, for some positive
constant C; a standard density argument completes the proof. O

3. ONE DIMENSIONAL CASE

In the one dimensional case, as stated in Section 1.1, w.l.o.g. we set Q = (0,7). It is well known that
the family {sin(nz)|n € N} forms a complete orthogonal system of L?(0,r). Indeed, this family consists of
eigenfunctions of the operator d?/dx? with Dirichlet condition. Thus, the unique solution u for the initial data
(ug,u1) € HE(0,7) x L?(0,7) provided by Proposition 2.1 is given by

u(z,t) = Z [ﬁo(j) cos(jt) + %ﬁl(j) sin(jt) | sin(jzx); (3.1)
here
an(j) = 72r/0ﬂ up(z) sin(j z) dz, h=0,1; 7 € N. (3.2)

By a standard approximation argument, we see that the set
H = {(ug, u1) | up, u1 € Span (sin(jz)|j € N) },

is dense in H}(0,7) x L?(0,7). The proof of Theorem 1.3 relies on the following observation: if (ug,u;) € H
then

N
ug(x,t) = Z [ﬁo(j) cos(jt) + %ﬁl(j) sin(jt)| j cos(jz), (3.3)

j=1
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and

Uy (m,t) =

M-

j [ﬁo(j) cos(jit) cos(jm) + %ﬁl(]’) sin(jit) COSU”)]

<
Il
—_

(3.4)

I
WE

3 a0ty costite = ) + Sn (s = )| = s (0,1~ )

<.
Il
—

where N € N is sufficiently large and the last equality in (3.4) follows by (3.3) with z = 0.
Now we recall the following result, which is an easy application of the Parseval identity in Hilbert spaces (in
this case L%(0,7) and L%(0,27)), for a complete proof we refer to [7].

Proposition 3.1. Let u be the unique weak solution of (1.1)-(1.4) with Q = (0,7), then

2
A|mwmhmwmwﬂw&wx (3.5)

here (1) =d(-)/dx.

Now we are ready to prove Theorem 1.3:

Proof of Theorem 1.3. We first prove that if the condition (1.10) holds then the system is F-observable (see
Def. 1.1) where F is as in (1.7); in turn we have to prove inequality (1.8).
Due to Theorem 2.2, we can suppose that (ug,u1) € H. Now, the left hand side of (1.8) is equal to

S [ et ar=3 [ jua(0.e -
k=0"1x ‘
= Z/ |uz (0,8)2 dt = Z |um 0,t)]*dt < / g (0,8)]* dt.
I =Xk Ur=olk

(3.6)

Here the first equality follows by (3.4), the second from a change of variable in the integrals. Then it follows by
(1.10) that

Z/ (g, )2 dlt = / [ (0, £)[2 dt = / 1 (0, 6)[2 dt = 4F,
I Ur_o Ik st
where the last equality follows by Proposition 3.1.

Conversely, we show that if (1.10) does not hold then the observability inequality fails for some initial data.
To do this we need the following;:

Lemma 3.2. For each open set U C S, there exists a pair (ug,u1) € H3(0,7) x L?(0,m) different from the
null pair, such that the corresponding solution u to the problem (1.1)-(1.4) satisfies

supp u,(0,) C U. (3.7)

We postpone the proof of the Lemma 3.2 and continue with the previous discussion. Since, by assumption,
the condition (1.10) fails, then there exists an open subset U contained in S\ U7_yI;. Then choose (ug,u1) €
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H(0,7) x L?(0,7) in accordance with Lemma 3.2. By (3.6), if the observability inequality (1.8) holds then we
have

oz/ \uw(O,t)|2dtxZ/ e O, B)2dE > CEo 40,
ur_ I =0 Ik

n
k=olk

which is evidently an inconsistency. The last assertion of Theorem 1.3 follows by the previous argument. O
Proof of Lemma 3.2. We can of course suppose that 7 ¢ U (otherwise we can replace U with U \ V, where V

is a sufficiently small neighborhood of 7). Let ¥ £ 0 be a C°-function on (0,27) such that suppv C U and

OQW (t) dt = 0; it is enough to prove that there exists a pair (i, 1) € H(0,7) x L?(0,7) such that the weak

solution of (1.1)—(1.4) @ satisfies (0, ) = .
Firstly, by the Fourier series representation formula (3.1), we obtain

U (0,8) = g (t) + a1 (1), t e (0,m).
Instead for t € (m,2m), set t = 2m — 7 with 7 € (0, 7) and using a simple reflection argument we obtain
(0,21 — 1) = ag (1) — w1 (1), 7€ (0, ).
Then @, (0,t) = 1(t) is equivalent to
() = ap(t) + (),  $@m—t) =dg(t) - (t),  te(0,m).

We immediately obtain

and
(W(t) —yp(2r —1t)), t € (0,m). (3.8)

Then

1

() = 5 /OI (W) +v@2r—t) dt,  z € (0,7). (3.9)

Since by assumption 1) is a smooth function, fOQW P(t)dt = 0 and 7 ¢ U D supp); then iy € HE (0, 7).
Thus, the functions @y € H}(0,7) and @; € L?(0,7), defined respectively in (3.9) and (3.8), provide the
desired pair of initial data. O

Next we prove Corollary 1.4.

Proof of Corollary 1.4. Tt is sufficient to define recursively Jy := I and

l

k—1
k::Ik\U 79 k:L...,n.
7=0

The other statement in the corollary follows easily by this. O



ALTERNATING AND VARIABLE CONTROLS FOR THE WAVE EQUATION 13

Corollary 1.8 is an easy consequence of Theorem 1.3 or Corollary 1.4. Before proving the results of Section 1.1.2
we introduce some conventions.

With an abuse of notation, we denote the subset of S mapped from the interval (a,3) C R through the
application r still as (a, 8). So we will write

(@,8) = (7,6) C S

if r(a) = r(y), r(8) = r(4). With this convention if o € (0,2n), 8 € (27, 47), we have
(@, 8) = (a, 2m) [ J(0, 8 —2m).

Moreover, in the following we identify the measure space (S*,| - |) with the space ([0, 2m), £!).

In the proofs we use some figures to make them more clear. Indeed, in Figures 1, 3 and 8, we have represented
in the first line (resp. second) line from the top the set, coming from intervals in « = 0 (resp. in x = 7). If there
is a third line, it shows the union of the two sets.

In Figures 4, 5, 7, 9, 10, 13, 12, 17 and 18 we are concerned with the calculation of T,,;; here the first line
depicts the set still to be covered, the second line the observability interval covering such a missing set, and the
third line an example of a partial observation.

In figures, we use the red color for the observability sets, the blue color to stress that this part of the
observability set on S' has already been covered.

We begin with the proof of Lemma 1.10 which is the simplest one and permits us to explain in details some
technique which will be used also to prove Lemma 1.9 and 1.11.

Proof of Lemma 1.10. (i) First of all, we note that if k is even then the observability subset Ij comes from a
subset of observation on the endpoint = 0, so we obtain

jo = (O,To), fQ = (2T0,3T0), N ,ij_Q = (7'(' - 2T0,7T — To),
fgm = (7T,7T—|—T0),. .. 7.174711,2 = (271’ — 2T}, 2w — To);

instead, for odd indexes, we have

L = (74 Ty, 7+ 2T0), - . ., Iagm—1 = (21 — Tp, 270),
Lomi1 = (T, 2T0), Lams = (3T0,4Tp), - -,
I~4m—1 = ((4m — 1)T0 + 7T,4mTO + 7T) = (7'(' — To,?T).

It is easy to see that (0,2m) is covered by the following subsets, in the following order:
INO, i2m+17 f2, f2m+3, ) f4m—1, I~2m7 jl, I~2m+27 js, s j2m—1§

see Figure 1. The condition (1.10) in Theorem 1.3 is satisfied, then the system is observable in T' = 2.
Finally we note that 7' = 27 is optimal, in fact (7 — Ty, 7) is covered only by Iy, _1 = ((4m — 1)Tp, 4mTp) =
(2m — Tp, 2m) so the optimality follows by Theorem 1.3.
(ii) We proceed as in (i), by listing the subsets of observation coming, through the map r, from the time
interval (0, 27). For even indexes we have

jo = (O,TQ), jg = (2T0,3T0)7. . .,fgn = (7T - To,ﬂ'), ey
f2n+2 = (7T + TOaﬂ- + 2T0)7 )
Lin = ((4n)Ty, (4n + 1)Tp) = (27 — 2Tp, 2 — Ty);
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0 s 27

{ i i

i I |

T = X

LD b !

X XX XX
2 I

(a) i) Lemma 1.10. Case Ty = 7 /2.

XX — H—HK--- X KK H—X X
i I() j? T I j?m e j~l711—2 l
X - XX K- WK KKK H—K

IQ'nH»l Tt I4m~1 et 12771—3 IQm—l

————
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(b) i) Lemma 1.10. General case: Top = 7/(2m).

FIGURE 1. (i) Lemma 1.10. Two examples of Tp.

71'
| |
! !
I()EIg j25~5 14:.11
Figure 2. i) Lemma 1.10. Case To = /3.

FIGURE 2. (i) Lemma 1.10. Case Ty = /3.
instead for odd indexes we have

I = (m+To,m 4 2T0), ..., Jon_1 = (21 — 2Ty, 27 — T), . . .,
I~2n+1 = (07T0)7 vy
f4n+1 =((dn+1D)To+ 7, (4n+ 2)Ty + m) = (7 — Ty, 7).

It is clear that (see Fig. 2)
Io=Ioni1s oy Jon = Iingr, Iongo =11y oo Iop—1 = Iy,
Thus, the following subsets
(T, 2T0), - . ., ((4n + 1)Ty, (4n + 2)Tp)

cannot be covered by other subsets since the subsets {I, : k € Ny} are 27-periodic in time. In view of the
necessary condition (1.10) in Theorem 1.3 the system cannot be observable in any time 7.
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(7i7) Reasoning as in (i)—(i¢), we have for even indexes

N 8 T T,
Iy = (0,Ty),....In = (hTy, (h+ 1)T,) = (w— 20,7r—|—20>
Iop = (2hTy, (2h 4+ 1)Tp) = (210 — Ty, 27),

where we use that hTy = m — Ty /2. Instead for odd indexes, we have
~ - 3 1
I = (7T+T0,7T+2T0),...7Ih,1 = (7T+ (h— 1)T077T+hT0) = (27T— §T()7271' - 2T0> RN

- Ty 3T, -
Ini1 = (20 2°> v dony = ((2h = DTy — 7, 20Ty — ) = (7 — 2Ty, 7 — Tp).

Note that the subset
T
<7T—To,7r— 20) (3.10)

is one of the subsets not covered by any I, for k =1,...,2h (see the last line in Fig. 3a). In particular, we will
see that the subset in (3.10) would be the last to be covered among the intervals not yet covered.

We now proceed further listing the later subsets (in the index or chronological order). The observability
subsets coming from the endpoint x = 0 are

Iopte = (21 + T, 27 + 2Tp) = (1o, 2T0), - - -

I 3T T 3T, T
I = ((81)To, (3h+ 1)Ty) = (2 + (h = )T, 27 + hTy) = (377 B Rk 20) - (” -5 20) :
instead, from the endpoint x = 7 they are
7 = 5 3
L1 = (m,m+T0),..., Isp_1 = Qﬂ_gTO,QW_ §T0 .

It is easy to see that (0,27) is covered by the following subsets, which are ordered e.g., according to their left
endpoint as indicated below:

j:(]v i2h+27 j27 j:2h+47 ceey f3h7 jha f2h+17j:17 f2h+37 j:37 sy j:3h717 ih7]7 j:2h'
To compute the optimal control time, we note that the subset with the highest index in the previous sequence

is Iy, = 7(I3p,); then, by Theorem 1.3, T, < (3h + 1)1y = 37 — T /2.
Moreover, the set

fgh\T((?)hT(),t)) C (7‘(‘ — Ty, m™— T()/Q)7

is not covered for any ¢t < (3h 4+ 1)Tp = 37 — Ty /2 (see Fig. 4). Thus, by Theorem 1.3, we have T,,; > 37 — T /2
and this concludes the proof.

(iv) The proof is similar to (iii). In this case, since h is odd, the observability sets Iy, for k& < 2h, do not
cover the subset

(hTOa ﬂ-)a
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T
0 3—0 2Ty 7T_§T(J T—Ty n m
2 2
! T
: i 1, 11l
2 | FZ)( ............................... = | x_|
LR T [
! w1l b Ings i L1
% H : H .......................... ]H i |
I | [
| . | : :
x—x D CTITITTITN e j(—x *—!
(a) [0,7] C [0, 2m).
- 5 3

T 7 T+ T 7r+§To 2m — 2Ty 27r—5T0 27
[P T T - [T S
|Ih| I Ipyo I Lop_o | [ Loy, I
H | H .............................. H | H
| I B B~ | I 17 |
i i i L | | iIh—l i
! | Hl AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA lH *
| | | | | | |
H *_k AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA x_k *_k

(b) [m,2m) C [0, 2m).

FIGURE 3. (ii%) Lemma 1.10. We have represented separately the two halves of the interval
[0,27) and the observability sets I, for k =0,..., N.

7 =Ty t—2r wT——=

i I3,

(30T, )

|

|
= LV
EaS

| | _
| |
P
T
|
X

F1GURE 4. Computation of T, in (i¢4) of Lemma 1.10.

which is different from the set in (3.10) but plays the same role of that set in (7).
Note that I3n1+1 D (hTp, w). By Theorem 1.3, this implies

h+1

o,
oh 41"

Topt < (3h+2)Ty = 27 +

As Figure 5 shows, we can use only a portion of I3, 1 to cover (hTy, ) (the red part). Indeed,
Isny1 O r((3h 4 1)Ty, 37)) = (hTp, 7).

Now the conclusion follows as in (7). O

The previous lemma shows that the F-observability is not expected in general. The main idea is to “follow”
the covering of S! with I when k grows. This will be exploit in the proof of Lemma 1.9 below.

Proof of Lemma 1.9. Since Iy = (0,Tp), for the F-observability it is sufficient to prove that the subsequent
observation sets cover (Tp, 27).
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hTy (h+1)Tp

(((3h + 1)Ty, 31))

e X — =Y —— X

X-====|---

I3h+l

FIGURE 5. Computation of T, in (iv) of Lemma 1.10.
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FIGURE 6. Lemma 1.9. We have represented the observations sets (to avoid confusion) on
separate lines.

As Figure 6 shows, the subset I; is shifted towards the endpoint ¢ = 27 with a gap equal to Ty — = > 0; more
generally each I, has the same behaviour with a gap equal to k(Tp — 7). Thus, we are able to cover the missing
interval (Tp, 27) in a finite time.

Following our notation, we can check that for each k € N,

I = (kT — kr, (k + 1)Ty — k).

For the optimality, we are interested in the first interval I, which “touches” the endpoint ¢ = 27. More
precisely, we denote with n the least integer k£ > 1 such that,

(k+2)m
Ty — > 2 Ty > ——.
(k’-i—)o knr > 27 & 0_(k+1)

By minimality, we have nTo — (n — 1)m < 27, i.e. Tp < w((n + 1)/n). In turn, n is the unique integer such that

2 1
n+17T<T0<n+

5

n

which is the condition (1.17).

We now turn to prove the formula for T,,:. As Figure 7 shows, we do not use all the subset I,, to cover the
missing part (Tp, 27), since the blue part is an extra observation set not useful to cover (Tp, 27). So, the optimal
control time is the least t > nTy such that

r((nTy,t)) = (nTy — nm,t — nmw) D (T, 27).
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0 B s

i Iy i
x X X
: jll j" :
% x i
! r((nTo, (n+2)m) = Ap) |
' b X

FIGURE 7. Computation of T,y in Lemma 1.9.

This is equivalent to t — nw > 2w, i.e. t > (n + 2)7m; 80 Tpp = (n + 2)7. O

The proofs of Lemmas 1.9-1.10 contain all the ingredients needed to prove Lemma 1.11. Indeed, in (¢) and
(iv) we exploit the same strategy of Lemma 1.10, i.e. we list the subsets of observation I, when k grows and
we follow the covering of the “missing subsets” of S'. In such cases, the strategy works since we will discover
that T,,; is “relatively small”. More precisely, we will see T5,,; < 37.

Such strategy is no more efficient in cases (i¢)-(¢7¢). On the contrary, the proof is based on a covering analysis
of the “missing sets” of S1, as done in Lemma 1.9 for the set (T, 27). In Section 4, we will see that T, can be
arbitrarily large provided Tp, such that 27 /Ty ¢ N, is suitable. Of course, such Ty verifies (i7) or (iii).

Proof of Lemma 1.11. (i) By assumption, we have N = 2j and j > 2. By Remark 1.5 we have Ty, > 2m. The
observability sets for ¢ < 27 are

I, i=0,...,N.

With simple considerations, one can check that the above subsets do not cover S!; see Figure 8. Namely the
following subsets are not covered

Ji = (( +2)To — 7 + kTo, (2 + k)Tp) , (3.11)
Jj+k = ((j + 1)T0 + kTo, T+ (k’ + l)To) ] (3.12)

where £k =0,2,...,5 — 2.
So, we have to look at the subsequent observability set (in the index order) to show the JF-observability.
Observe that, the first observability set I, with k& > 2j which intersects Jy is In42. Moreover,
Inyo N Jo = (max{NTy + 2Ty — 2, (j + 2)To — 7}, 2To) = ((j + 2)To — 7, 21p) = Jo.
In fact the second last equality follows by

NTQ+2T0—27T<(j+2)T0—7T<:>(N—j)T0:jT0<7T;

and the last inequality is verified (recall the definition (1.19)).
Owing to the periodical character of our setting, the same reasoning shows that

jN+2+7nDJm; m2072a7]72

Furthermore, the least time which allows us to cover the subsets J,,, for m = 0,2,...,j — 2, is the least one
which ensures to cover J;_o and it is the minimum ¢’ such that

r((3jTo, ') = (3jTy — 2m, ' — 21) D J;_o = (2jTy — 7, jTp).
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0 T 2Ty G-2T 2iTy—7 jTp ™
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(a) [0,7] C [0,27), here T = (j + 2)Tp — .
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(b) [m,27) C [0,27), here 7* = 7 + (j — 1)Tp.

FIGURE 8. (i) Lemma 1.11. We have represented separately the two halves of the interval [0, 27)
and the observability sets Iy, for kK =0,..., N. The missing sets J}, are given in (3.11)—(3.12).

3Ty — 2 2Ty —m iTh
b !
Lo Jj2 !
P I i
X f X
L r((35To, 1)) :
~ 7 p

FI1GURE 9. Computation of T,,; in (i) Lemma 1.11.

The previous condition is equivalent to ¢’ — 2w > jTp, then 27 + 57y is the least time which allows us to cover
Jm for m=0,2,...,7 — 2; see Figure 9.

Now, we show that we can cover the subsets J,,, with m =75, 4+2,...,27 — 2.

Again by periodicity, we have only to prove that we can cover Jy;_2, the previous J,,’s are then automatically
covered by a simple translation argument. Moreover, it is easy to see that I~3j,1 D Jy;—2 and the above argument
shows that the least time which allows us to cover Jaj_o is 2w + (j — 1)T0; see Figure 10.

Finally, T, is the least time which allows us to cover any missing sets J,,’s. By the previous considerations,
we have T = 27 + jTp.

(i3) As in (i), we have N = 2j. Reasoning as in (i), the following subsets are not covered by Iy, ..., Iy:
Ly = ((h+1)To,(j+2+h)T0—7T), (313)
Lj1:= (jTO’ (] + 1)T0>7 (314)
Ljtren = (2+h)To + 7, (j + h+ 3)T0); (3.15)
where h = 0,2,...,7 — 3. Here, we have assumed j > 3, the case j = 1 is simpler and follows by the same

argument. Note that, in case j = 1 the only subset of S not covered is Lo := (T, 2Tp).
The idea is to use an argument similar to the one used in Lemma 1.9 on each Lj. Roughly speaking, the
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FIGURE 11. (4i) Lemma 1.11, with p depending on the choice of k.

clue is that for each Iy, “the corresponding one” in the next period (i.e. after a time 2m) is I:kJrN and it is
“shifted” by a quantity 2 — NT; towards the endpoint ¢ = 0 with respect to I (recall that we have identified
the measure space (S, |-|) with ([0, 27), £!)). A similar argument holds for the subsequent time periods; indeed
Liinn is “shifted” by a quantity n(2r — NTp) towards the endpoint ¢ = 0 with respect to Iy; see Figure 11.
This fact will be used to prove that the missing sets in (3.13)—(3.15) can be covered in a finite time.

Furthermore, since N is even, if I, comes from an observation on the endpoint = 0 (resp. © = 7) then
I k+nn still comes from an observation on & = 0 (resp. = ); this will be useful in the following.

Again by periodicity as in the proof of point (7), by a shift argument, one can reduce the proof to show that
the subsets L;_; and Lo;_o are covered in finite time. Furthermore, the least time ¢ which allows us to cover
both L;_; and Ly;_o will be the optimal control time.

For the reader’s convenience, we divide the proof into two steps. In the first one, we determine the least
= € N which allows us to cover both L;_1, La;_o with subsets in {fk : k < E}. In the second one, we compute
T,pt by means of Theorem 1.3.

Step 1. We first analyse the covering of L;_;. By the previous discussion, to cover L;_; we can consider two
families of subsets, namely O := {I,,n1j41 : m € N} and Oy := {I) {un : m € N}; see Figure 12. Note that
the intervals in O; come from 2z = 0, while ones in Oz come from x = 7. Let us compute the least k; € N (with
1 =1,2) such that the subsets in {fk € O; : k <k} cover L;_;.

First consider the family O;. As usual, we ask for the minimum m* > 1 such that the following inclusion
holds

U (ij+j+1 N Ljfl) = (max{(m*N +] + 1)T0 — 2m*7r,jT0}, (j + ].)To) D) Ljfl;

m=0

(¢f. Fig. 12a). By (3.14), this occurs if and only if (m*N + j + 1)To — 2m*nw < jTp. Thus m* = k* := [Ty /(27 —
NToﬂ and

ki =E*N+j+1;
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FIGURE 12. (i7) Lemma 1.11. Covering of L;_; with the families Oy, O.
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FIGURE 13. Covering of L;_; with O;.

see Figure 13. A similar argument is valid for the family Oy (¢f. Figure 12b). One discovers that ko =1+ h* N,
where

B [MW _ {1 Ty W

= 1
27T7NT0 (3 6)

5 T NT,
All together, k := min{k, ko } is the least integer h such that {I}, : k < h} covers L; ;.

For Laj_o a similar argument applies with respect to the families {I:NerN : m € N} and {~j+mN :m € N}
One readily checks that, for any To, the family {I; : k < k} covers Ly;_o. This implies = = k.

Step 2. We are now in a position to compute Tp;. Below k; (with ¢ = 1,2) are as in Step 1. By (3.16) one has
k* < h* < k* + 1, thus we can divide the analysis into two cases:

— If h* = k* 4 1, then k1 < ko and = = k. One can check that (see Fig. 14a),
Topt =2k + (N +1)To — 7+ (k" — 1)(NTp — 27) = m + To(NE* + 1).
— If k* = h*, then ko < k1 and = = k2. One can check that (see Fig. 14b) Ty, verifies
Topt + 7 =27k™ + (j + 1)To + (k* — 1)(NTp — 27) = 2w + (Nk* — j + 1)T,.

This completes the proof of (i7).
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(a) Case h* = k* + 1. (b) Case k* = h*.

F1GURE 14. Computation of Ty, in (44).
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FIGURE 15. (i44) Lemma 1.11. Covering of Fj_o, for time ¢t < 2.

(#i1) Since N is odd, one has N = 2j + 1. Note that the observability sets which come from time less than
27 do not cover:

Fy, = ((]+2)T0 —7T+hT0,(h+2)T0), (317)
Fipn = ((j + 1+ h)To, (h+1)To + ), (3.18)
ng = (NTQ,27T). (319)

where h =0,2,...,7 — 2 (see Fig. 15 for F;_,).

We want to emulate the proof of (ii). We have only to pay attention to one issue: since N is odd, if I, comes
from an observation at & = 0 (resp. = 7), then Iy 4 x4 1 still comes from = 0 (resp. = = 7). The difference is
that, jk+N+1 is now “shifted” towards the endpoint ¢t = 27 by a quantity (N + 1)Tp — 27 > 0 with respect to
I; (see Fig. 16a for k = j — 2 and Fig. 16b for k = N — 2).

By periodicity, the problem of finding 7,,; can be reduced to finding the minimum value of the time which
allows us to cover Fj_g, Foj_2, Fb;.

As in (i), we split the proof into two steps. In the first one, we compute the least © € N such that F;_1, Fbj_o
and Fy; are covered by subsets in {I;, : k < ©}. In the second one, T,y is found using Theorem 1.3.

Step 1. We first analyse the covering of F};_,. By the initial discussion, we can only consider the families of
subsets Py := {fj,2+n(N+1) :n >0} and Py = {INN,QHL(NH) : m > 0}; see Figure 16. As the Figure 16 shows,
each family provides an exhaustion of the missing set F;_» “from the left to the right”. Let us compute the
least h; € N (with ¢ = 1,2) such that the subsets in {fk €P; : k< h;} cover Fj_o.

First consider the family P;. As usual, we ask for the minimum n* such that the following inclusion holds

*

U (I~j—2+n(N+1) N Fj,Q) = ((N - 1)T0 - mmin{(j - 1)T0 + n*[(N + ].)TO - 27T],jT0}) D) Fj,Q.

n=0
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(N-1Ty—m ™ T (N-1)Ty—7 ™ 3Ty
S U ! ! . _ ! rol .
Iis Ins!  Fjo | A I; Iy ' Fj - I;
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Iio1in ! ! ! Ly | o
=X ! ! , rot
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L onvey Iy _oinvey)
(a) Covering with the family P1; here 7* = (b) Covering with the family P2; here 7%* =
(G = 1)To + n[(N + 1)To — 2n]. (N = 1)Tp — 7+ n[(N + 1)Tp — 2x].

FIGURE 16. (i77) Lemma 1.11. Covering of F;_, with the families Py, Ps.

By (3.17), the previous inclusion holds if and only if (j — 1)To + n*[(N + 1)Ty — 2] > jTp. Thus n* =1* :=
[TQ/((N + I)TO — 27T)-| and

hi=(—=2)+1"(N+1).
Similar considerations hold for the family P>. One can readily check that
h2:N_2+q*(N+1)7

where

¢ = [(N I ;)%OT(L QWW - [(N T 17)2“0 —or 5 (3.20)

All together, h := min{hy, ho} is the least integer m such that {fk : k < m} covers F;_o. For Fyj_o (resp. Fy;)
a similar analysis applies with respect to the two families {Iy_3n(n+1) @ 7 > 1}, {Lj_34n(n41) * 7 > 1} (resp.
{I~N,1+H(N+1) :n > 1}, {fj—1+n(N+1) : n > 1}). One can readily check that {fk k< i~z} cover both Fy;_o
and Fy;. This implies © = h.

Step 2. We compute T,,;. By (3.20) one has ¢* <I* < ¢* + 1, thus we have the following situations:
— If I* = ¢*, then hy < hy and © = hy. One can check that (cf. Fig. 17a)

Topt = 2mq™ + jTp.
— If ¢* +1=10%, then hy < hy and © = ho. Thus, Ty, verifies (¢f. Fig. 17b)
Topt —m = 21q" + jTp.
This closes the proof of (iii). .
(iv) (Sketch). Since N is odd; then N = 2j + 1. Moreover, the sets I, with k = 0,..., N, do not cover [0, 27).

Namely the following subsets are not covered:

G, := (To + hTo, (j + 2)To + hTp — ), h=0,2,....5 -1
Giprn = (m+ 2T + h'To, (j + 3)To + h'Ty), h'=0,2,....j -3
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(N-DTy—7 JTo (N-DT)—7 JTo
———4* D e — M
Liar@-nw+y |

! .
| Ij—2+l*(N+1) |

! !
! - ! !
! In ot (g-1)(v+1) ! :
i

| i
! !

i Iy oyqgvany
;

(a) Case I* = ¢*. (b) Case I* = ¢* + 1.

F1GURE 17. Computation of Ty, in (4it).

§Th NTy—n (- DI+ 2jTy
; i ) i i
Ij | Gyt | Iy o ! G2 | IN-1
- —_— W P W=
| = | | T I
o | Inyj P : Inyjr E .
i = X —x
Lr(((N +5)To, 7+ NTp)) ! i r(H — ) i
et X x— X
(a) Covering of Gj_1. (b) Covering of Gj_2; here H = (N +j —

VTo, 7+ 25Th).

FIGURE 18. Computation of Ty, in (4v) Lemma 1.11.

Note that G,_1 = (jTo, (2j + 1)Tp — ) and is nonempty. As in (i7) we have assumed that j > 3, in the case
j = 1 the only subset to cover is Go := (Tp, 3Ty — 7). Again, by a simple translation argument, we have only to
study the covering of the sets Gj_1, G2;j_2. Moreover, the least time ¢ which ensures that both sets are covered
will provide the optimal control time T,,;. Lastly, 7 + NTy (resp. m + 25Tp) is enough to cover G;_; (resp.
Gaj_2); see Figure 18a (resp. 18b). Since, 7 + 25Ty < 7 + NTjp, the claim is proven.

O

4. DEPENDENCE OF T, ON Tj

In the situation of Section 1.1.2, by Lemmas 1.10-1.11, for each Tp € (0,27) \ {575 : n € No}, the optimal
control time T,,; is well defined. Thus, we may regard T,,; as an application

Tt : (0,270) \ { ‘ne No} SR, Ty Tope, (4.1)

™
2n+1
and write it as T,,:(T0). Interestingly the formulas in Lemmas 1.9-1.11 permit us to study the behaviour of the
map Top(+). Firstly, we consider the case T € (7, 27):

Proposition 4.1. The map T, (-) on (m,2m) admits a countable set of discontinuities in

n+2
7T7
n+1

n € N.

Moreover limp , Tope(t) = m(n + 2) and limg sy, Tope(t) = m(n + 3).
Proof. The proof follows easily from Lemma 1.9. O

Below, we will focus on the case Ty € (0,7). We start the analysis of the map focusing on the values of
Ty € (0, ) for which |7/Tp] has a jump.
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Proposition 4.2. Let Ty = w/2n with n € N. Then Ty, (1) = 27,

tl}mTo Topt(t) = 3, (4.2)
™

lim T, =31 - —. 4.

t{‘r%] opt(t) = 3w o (4.3)

Proof. The first assertion is the content of (¢) in Lemma 1.10. Instead in order to prove (4.2), we note that if ¢
belongs to a left neighborhood of Ty, we can write

o
T on+e’

t

for an appropriate ¢ > 0; moreover t  Tj if and only if € \, 0.
Note that

N(t) =dn,  j(t) =2,
where N, j are defined in (1.19). Applying (i) in Lemma 1.11, we obtain

Topt(t) = 2 + 2n

2n+¢’

taking the limit for £ N\, 0, one readily infers (4.2).
The limit in (4.3) is proved analogously. In fact let ¢ be in a small right neighborhood of T. So we can write
t as
T

t= ,
2n —¢

for a small € > 0; as before t \, Tp if and only if € N\, 0. By (1.19) we have
N(t) =4n — 1, jit)y=2n-—1.
Since N, j are odd we can apply (iv) in Lemma 1.11. So we get

(4n —1) (4n — 1)
T = — T ~ 7
opt(t) =7+ e Tt T T

as € \(0. O

Lemma 1.11 and the argument used in the proof of Proposition 4.2 yield also the following results. The proof
of Proposition 4.3 can be obtained easily by checking the behaviour of £* and ¢* in Lemma 1.11.

Proposition 4.3. Let Top = 7/(2n + 1) with n € No. Then

Jim Tope(t) = oo, (4.4)
tl\llr%) Topt(t) = +00. (45)
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Proposition 4.4. Let Ty = 27/(2h + 1) with h € N. Then
() if h is even,

2hm
lim T, = _— 4.
Ji opt (1) 37T+2h+1’ (4.6)
Ty (To) = lim Top(t) = 27 + —217_. (4.7)
opt\+0 *tirgg opt = 4T 2h+1’ .
(i) if h is odd,
Topt(To) = tl}‘rgU Tope(t) = 3, (4.8)
. 2mh
tli‘r%) Topt(t) = 37 + a1 (4.9)

Perhaps unexpectedly, there are other values of Tj for which the map Ty — Tpp(Tp) is not continuous. For
future convenience, we introduce the following notation

T i T T
Ay=(—- "), B=("— "), kenN
F (m; k) k <k+1 k+;)

Obviously

(0,7] = [UkeN (A UBk)} U [UkeN {%, u H (4.10)

Note that the points in the set UkeN{% H%
2
the behaviour of the map T — Tope(T0) in the sets Ay, By.

} have been considered in Propositions 4.2—4.4. Next we look at

Proposition 4.5. For all k € 2N (resp. k € 2Ng + 1), the map Ty — T,p(To) is continuous on each interval
Ay (resp. By) .

The proof of Proposition 4.5 follows straightforwardly from Lemma 1.11 when we keep in mind that: in A
we have N = 2k, j = k, while in By we have N = 2k + 1, j = k. Finally we explicitly list the discontinuities.

Proposition 4.6. If k € 2Ny + 1, in each interval Ay, the map Typi(-) admits a countable set of discontinuities
m

[ = ————— m e N. (4.11)

Furthermore, for each m € N,

lim T,pe(t) = 7+ pim (K(m +2) + 1),
t,/ pm

lim Tope(t) = 7 + o (E(m +3) 4+ 1).

EN\Hm

In particular, ime~ ., Topt(t) — limy x,, Tope(t) = Kfim -
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Proposition 4.7. For all k € 2N, the map Topi(-) on each interval By, admits a countable set of discontinuities

n
= ————  meN. (4.12)
ke (24)
Furthermore, for each m € N,
tl/lrgn Topt(t) = m(m + 3) + k&m, (4.13)
tl\{‘rgl Topt(t) = m(m + 2) + k&, (4.14)

In particular, imy ¢, Tope(t) — limye,, Tope(t) = .
We prove Proposition 4.7, the proof of Proposition 4.6 being similar.

Proof of Proposition 4.7. To begin, recall that N(t) = 2k + 1 and j(¢t) = k, for each ¢t € By. Thus N is odd
and j is even and T, is provided by (74¢) in Lemma 1.11. It is easy to see that the discontinuities of the map
By, 3t +— Tope(t) are the discontinuities of the maps

a(t) = {m 5l = [mW

where we have used (3.20). Thus, the discontinuities of the map ¢ — Ty (t) on By are the solutions of the
following equations

t m
mfg'f‘l, m € N, (415)

With simple computations one obtains the sequence {&,;}men in (4.12). It is easy to see that {&;, }men is a
decreasing sequence. To conclude, we consider two cases:

— If m € 2Ng and ¢ € (§m+1,&m) (Where we set & := 7/(k + 3)), one has

i< ! S
2 2(k + 1)t — 27 2 2

N w

Thus ¢* =m/2+ 1 and I* = m/2 + 2. Lemma 1.11 (%) yields

Ty (t) = 27 (% +1) +jt+m = m(m+3) + jt.

-~ Ifme2Ng+1and t € (&nt1,&m) We can argue as in the previous item. Set m = 2n + 1 for some n € Ny.
Note that

3 ¢
e Y 2.
TS Skri—2r T

Thus ¢* = 1* = n+ 2 and Lemma 1.11 (4i4) yields
Topt(t) = 2m(n + 2) + jt = w(m + 3) + jt.

Combining the two cases above, one easily concludes the proof. O
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5. MULTIDIMENSIONAL CASE

In this section, we prove Theorem 1.13 and its extension to the BV class. We use a result proved by the
authors in [1] (see Thm. 2.1 there); here we briefly recall it.
Let N be an integer and

— let {x;}i=0,... .~ be an arbitrary family of points in RY;
— let {t;}i=—1,... .~ be an increasing family of real numbers such that t_; = 0, and define T' := tx;

— define
R; = max{|z — 2;| |z € Q}, i=0,...,N, (5.1)
Riiv1 = |viy1 — il 1=0,...,N —1, 5.2)
I ={x€d|(x—u=x) v>0} i=0,...,N. (5.3)

Theorem 5.1. For each real number T such that

N-—1
T>Ry+ Y Riin1+ Ro, (5.4)
1=0

and each u weak solution to (1.1)-(1.4) with initial data (ug,u1) € HE(Q) x L2(Q) the following observability
inequality holds

N ti
(max R)Y / / 0, uPdH " dt > CrE, (5.5)
i=0,...,N o Jtio Ty

where Cp = 2(T — Ry — Yo" Riis1 — Ro).

Remark 5.2. Theorem 5.1 states that the system is Y-observable (see Def. 1.12) in any time 7' > Ry +
SN Riis1 + Ro with 3 as

N
U Fl X (ti—lat’i)' (56)

In the proof of Theorem 1.13, we have to consider a sequence of partitions { P : k € N} of the interval [0, 7],
so we will add the upper index k in order to keep trace of the dependence on Py; and for brevity we will set
Z’; = 25’“.

With this preparation, we can prove Theorem 1.13.

Proof of Theorem 1.13. Let {t*,,... ,tﬂka c0=tF, <tk < ...zflf\,lr1 < t’j’vk = T} be the partition P,. We can
apply Theorem 5.1 for x; = x’;,i == (tf ) and i = 0,..., Ni. Then the exact observability holds with ¥ = Z’;
provided

Nk—l
T>RY + Y RN, +RE (5.7)
=0
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where RY, R}, | ; are as in (5.1)-(5.2) with z; = 2% ; (¢f. Rem. 5.2). We take a closer look at the middle term of
the r1ght hand side of (5.7):

Ni—1

Ny,
DR =D le(th) — ot )] — le(th,) — e(th )l (5.8)
1=0 1=0

Since §(Py) N\ 0, invoking the smoothness hypotheses on ¢, we see that the sum on the right hand side of (5.8)
tends to the length of the curve

T
L(g) = / ()] dt.

Furthermore, RE = ¢y since t*; = 0. By the continuity of ¢ at t = T, we have Rfﬂvk — cr and |g0(t’ka) -
(R, —1)l 0, as k oo (recall that [t} —tk _i| < 0(Pp) \,0).

By the previous discussion and (1.29), one sees that there exist an M € N and a positive constant J such
that

Nkl
T—RY — ZRH“ RE>6§>0, (5.9)

for all k > M. By inequality (5.5) in Theorem 5.1, we have

i=0,...,N

tk
( max Rf)/(o T)X8Q|a,,u|2>@5Z dH @ dt = _max RF) Z/ / |0 u|? dHItdt > 20E,,  (5.10)

where 4 is as in (5.9) and x4 is the indicator function of the subset A C 9Q x (0,T). It is easy to see that

max |z — p(t)] > ( max RF). (5.11)
te[0,7],z€Q i=0,...,N

y (1.28), we have at least for a subsequence
Xsk (x,t) = x=,(z,1), dH @ dt — ae. (5.12)

By the estimate in (5.11), the uniformity of the estimate in (5.10), d,u € L*(0Q x (0,T)) (see Thm. 2.2)
and the convergence in (5.12), the observability inequality (1.20) follows by Lebesgue dominated convergence
theorem. O

It is of some interest to weaken the hypotheses on the regularity of ¢; see Remark 5.4.
For the reader’s convenience, we recall that a function ¢ : [0, 7] — R? is said to be of bounded variation (or
briefly ¢ € BV0,T1) if

Vi (o —sup{Zw i)} < oo, (5.13)

where the sup is taken on all partitions P := {t_1,...,tny : 0 =t_1 <ty < -+ < ty_1 <ty := T} of the
interval [0, T7.
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Theorem 5.3. Let ¢ € BV[0,T] be left continuous at t = T. Suppose that there exists a sequence of partitions
{Py : k € N} such that 6(Pr) \(0 as k /0o and (1.28) holds. Moreover, suppose that T > 0 satisfies

T > co+ Vg () + cr. (5.14)

Then the system is L,-observable, where ¥, is defined in (1.23).

Proof. The proof is an easy revision of the proof of Theorem 1.13. To avoid repetitions, we give only few
remarks to stress the usefulness of the assumptions. To do so, we freely use the notation introduced in the proof
of Theorem 1.13 above.

The left continuity at ¢ =T is required to ensure that Rﬂ“\,k — cr as k ' oo. Moreover, since ¢ € BV[0,T],
one has

Nk—l
T-RY, - > Ri.,—RE>T-RE Vi (p) - co, (5.15)
1=0

since vaz’cofl RE, ;= Zﬁvz’“O*l lp(th ) — o(tF)| < Vi (p) for all k € N and ¢y = RE (recall that t*, = 0). By
(5.14), (5.15) and limg_, 0 R?\,k = cp, then one sees that there exist M € N and § > 0 such that

Ni—1
T_R?Vk - Z Rf+1,i_R§Z(5>O, Yk > M.
i=0
By the previous considerations, the conclusion follows as in (5.10)—(5.12). O

We conclude this section with some remarks.

Remark 5.4. Note that Theorem 5.3 is an extension of both Theorems 1.13 and 5.1. Indeed, under the
hypotheses of Theorem 1.13 (thus ¢ € C([0,T]; R?) N C*((0,T); R?) with finite length), we have ¢ € BV[0,7]
and V' (¢) = fOT |©'(t)| dt. Thus the conclusion of Theorem 1.13 follows by Theorem 5.3.

Next we show that Theorem 5.1 can be recovered from Theorem 5.3. Let P :={t_q,...,tn : 0=1t_1 <ty <
<o+ <ty_1 <ty :=T} be as in Theorem 5.1. Define the piecewise constant function @(t) := x; on [t;_1,t;) for
i=0,...,N and §(T) = z. Then ¢ is left continuous at t = T and VI (p) = Ro + vaz_ol R;i+1+ Ry. Lastly,
set P, = P for each k € N. Then, the condition (1.9) is verified and the claim follows.

For a discussion of the optimality of the lower bound in (5.14) see Example 6.6 below.

Remark 5.5. Here we are not concerned with the optimal smoothness assumption on ¢ in Theorem 5.3. Our
hypothesis ¢ € BV[0,T] is suggested by the lower bound in (5.4). Indeed, let P = {t_1,...,tx : 0=1t_1 <
to < --- <tn_1 <ty =T} be a partition of the interval [0,T] and let z; = ¢(t;_1) for j =0,..., N (c¢f. (1.25)).
Then, the middle term on the RHS of (5.4) is naturally bounded by the total variation of the function ¢ in the
interval [0, T]. This property has been exploited in the proofs of Theorems 1.13, 5.3.

6. APPLICATIONS AND FUTURE DIRECTIONS

We look here at some applications of Theorems 1.13 and 5.3. In order to state the first result we fix some
notations:
— let B(0,1) := {z € R3 : |z| < 1} be the unit ball with center in the origin, and set S? := 9B(0,1) = {z €
R3 : |z| =1}
— let @ : [0,27] x [0, 7] — S? be the standard parametrization of the sphere; i.e.

®(0,0") = (cosf sin @', sin 6 sin§’, cos 0');
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F1GURE 19. Construction of the set S(7/(4a)).

— let ) be a real number in [0, 27], then define

1 0 0
R(n)=1 0 cosn —sinny
0 sinnp cospy

Corollary 6.1. Let Q = B(0,1) and let « € RT be a positive real number, such that

™

TVt

Then the system is S-observable in time T = 7/a with S = Use(o,1)S(t) x {t} and

suy:R(an—%)&

S:{@Wﬂqcsﬂeemﬂm7we(%m)}

Proof. Consider

o(t) = V2(0, cos(r/4 + at),sin(r /4 + at)), te[0,7/a].

31

(6.1)

(6.4)

One may check that I',(t) = S(t) for each t € (0,T), where the S(t) is defined in (6.2); see also Figure 19. By
construction the length of ¢ is equal to v/27 (note that it is independent of ). Then Theorem 1.13 ensures the

S-exact observability provided:

m
a:T>co—|—L(g0)+cT:2(1+\/§)+\/§7r;

where we have used that ¢y = ¢ = 14 /2. Then the previous inequality is equivalent to (6.1). This concludes

the proof.

O
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Remark 6.2. We make some comments on Corollary 6.1 and we employ the notation of such corollary; in
particular here ¢ is as in (6.4).

— The condition (6.1) can be interpreted as the requirement that the mapping “¢ — I',(t)” does not vary
too fast in time. More specifically, a plays the role of the “angular velocity” of rotation of the subset .S;
thus small a implies small velocity of rotation. We are not aware if this result is sharp, but this behaviour
seems reasonable in view of geometrical optics; see for instance [2, 9].

— It is routine to prove that for each € > 0 there exists d(g) > 0 such that

HITL T, (AT, (V) <&,  if [t —t/| < d(e). (6.5)
The condition in (6.5) can be viewed as a kind of continuity of the subset I',(¢) on the variable ¢, but this
cannot be expected in cases when 2 is not smooth; see Example 6.4.

The second item in the previous remark gives us the opportunity of pointing out the next observation.

Remark 6.3. Let Q and ¢ be such that the continuity condition (6.5) holds (e.g.. B(0,1) C R?® and ¢ as in
(6.4)), then there exists a sequence of partitions {Py : k € N} for which the condition (1.28) holds. To prove
the claim, let ¢ = 1/k and let d; > 0 be such that the condition (6.5) holds true. Let N 3 K > 1/§j, define
t;? = +1)T/K for j=—1,...,K —1and Py := {t*,...,t% | }. Then, 6(P;) \, 0 and

: d—1 1 Py
lim (171 @ £1)(8,A85)
K—-1 1
< 1 k _ 4k d—1 k < 1 r—o.
< lim. ;(tz tzfl)te(fgm% (To() AT, (8 1)) < lim =T =0

Therefore, in Theorem 5.3, assumption (6.5) can replace (1.28).
In the next example we study in some details an application in which (6.5) does not hold.

Example 6.4. Let Q = (0,1)? be the square with unit side length and let 3 be a positive number; then consider
the curve

o(t) = <2; +ﬂt>, te [o, H . (6.6)

By definition (see (1.23) and Fig. 20) the observability set X, C 9(0,1)2 x (0,1/3) can be written as
1 1 1
Y,= 11! 0,—1|)Ull —, = 6.7
o= (o (055 ) u = (555)) o7

lo={(z,y) ]z =0and y € (0,1),or y = land = € (0,1)},
li ={(z,y) |z =0and y € (0,1),0or y € {0,1}and z € (0,1)}.

where

Furthermore, for any ¢,t’ € (0,7) such that ¢t > 1/2 > ¢’ we have
HIH T (AT, () = H {(zy) [y = Lz € (0,1)}) = 1

in this case we lose the continuity condition in (6.5).
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(@~ () - v>0

NS

o(t)

(a) Construction of lo. (b) Construction of {y.

F1GURE 20. Construction of ly,l;. The red part of the boundary represents, at a certain time
t (as indicated in the pictures), the set of all points x such that (z — (t)) - v > 0.

Next, we note that Theorem 5.1 (or Thm. 5.3) implies the following result (for the case of a circle see [1],
Sect. 4). See Figure 21 for an example of the observability set ¥ in the next corollary.

Corollary 6.5 (N-times alternating control). Let T' and N be respectively a positive real and integer number,
such that

T > V2(N +2), (6.8)
and let {t;}i—o...N—1 be any increasing finite sequence of (0,T). Then the system is %-observable for Q = (0,1)2
and
N N
Y= U do X (tjfl,tj) U U dy X (tjfl,tj) R
i=0,i€2N i=0,i€2N+1

where

dy = {(m,y) € 39‘1 =0andy € (0,1), ory=0andz € (0,1)},

dy = {(m,y) € 89‘3@ =1landy€(0,1), ory=1andzx € (0,1)},
Proof. Apply Theorem 5.1 with z; = xo = (1,1) if ¢ is even or z; = x; = (0,0) otherwise. O

For a general discussion on the choice of the {¢;},=0.... n—1 see ([1], Sect. 2.1). Let us specialize Corollary 6.5

to the case

,,,,,

te=(k+1)Ty,, k=-1,...,N, (6.9)
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FI1GURE 21. Example of ¥ as in Corollary 6.5 when N =1, tg = 7\/5/4 and t; = 7\/5/2.

thus T :=tny = (N + 1)Tp. From (6.8) we obtain

(N +1)Tp > V2(N +2),

that leads us to a lower bound for Tj

N +2
T 2 —— 2. 6.10
0>fN+1>f ( )

In the situation just introduced, we note that:

— In the fixed case for the square (e.g.. the control acts only on the subset dy for each time) the controlla-
bility holds for any T > 2v/2, by this for v/2 < Ty < 2v/2 Corollary 6.5 cannot be deduced by the fixed
controllability case.

— The lower bound in (6.10) is inherent in the application of the multiplier method in the proof of the
observability inequality. In the one dimensional case instead we can allow for arbitrarily small T (see
Sect. 1.1.2). The one dimensional case suggests that the limitation in (6.10) is due to methodology of
proof and not to an intrinsic obstruction of the problem.

It is of our interest to know if there exists a sequence {7 n}ren, such that To, N\, 0 as h * oo and for
all h € N the system of Corollary 6.5 is exactly observable.

Up to now we have not discussed the optimality of the lower bound in (1.29) provided in Theorem 1.13; or more
generally the optimality of (5.14) in Theorem 5.3. The next example shows that the lower bound for T in (5.14)
is not optimal in general.

Example 6.6. Consider = (0,1)?, take any ¢ : [0, 7] — R? continuous and piecewise differentiable of positive
length, such that ¢((0,T)) C ©Q and ¢(0) = ¢(T) = 0. From the convexity of €, it follows that

T,(t) =09,  Vte(0,T).
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So (5.14), or equivalently (1.29), provides

T >2V2+ L(y). (6.11)

It is known (see [6] or [10]) that the system is exactly observable for any T > v/2, so the inequality in (6.11) is
not optimal.

Besides this, it is unknown if the lower bound (5.14) in Theorem 5.3 is optimal for specific domain Q and
observability set 3; e.g.. the ones given in Corollary 6.1.

7. CONCLUSION

In this article we extend some classical results concerning the exact boundary observability of the wave
equation.

In the one dimensional case, we provide a complete treatment of the observability problem. Indeed, Theo-
rem 1.3 and Corollary 1.4 completely characterize the boundary observability in terms on how the subsets of
observation cover the one dimensional sphere S'; see the condition in (1.10) or in (1.11).

In the multidimensional case, we work out sufficient conditions for exact boundary observability; see Theo-
rem 1.13 or more generally Theorem 5.3. The proofs of these results are based on the multiplier method (see
[10] or [6]), which is used to prove the observability in case of constant observation, i.e. when the observation
subset is ¥ =T x (0,T) for some I' C 99 x (0,T). Our results extends the classical ones even in the case of
piecewise constant subset of observation (see Rem. 5.4).

The applicability of our results is exemplified in Section 6, where we also list some perspective developments.
We recall here the issues of alternating control with arbitrarily small switch time Ty, and the optimality of the
controllability time 7", both in the multidimensional case.

Acknowledgements. We are indebted to the anonymous referees for their detailed and very helpful comments, which led
to significant corrections, pointing out mistakes in the original proof of Lemma 1.11.
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