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Abstract: We consider a time optimal control problem with point target for a class of infinite
dimensional systems governed by abstract wave operators. In order to ensure the existence of a
time optimal control, we consider controls of energy bounded by a prescribed constant £ > 0.
Even when this control constraint is absent, in many situations, due to the hyperbolicity of the
system under consideration, a target point cannot be reached in arbitrarily small time and there
exists a minimal universal controllability time T, > 0, so that for every points yo and y; and
every time T > T, there exists a control steering yg to y; in time 7. Simultaneously this may
be impossible if T' < T, for some particular choices of yg and y; .

In this note we point out the impact of the strict positivity of the minimal time T, on the
structure of the norm of time optimal controls. In other words, the question we address is the
following: If 7 is the minimal time, what is the L2-norm of the associated time optimal control?
For different values of yg,y; and E, we can have 7 < T or 7 > T,. If 7 > T, the time optimal
control is unique, given by an adjoint problem and its L?-norm is FE, in the classical sense. In
this case, the time optimal control is also a norm optimal control. But when 7 < T, we show,
analyzing the string equation with Dirichlet boundary control, that, surprisingly, there exist
time optimal controls which are not of maximal norm FE.

Keywords: Wave equations, Optimal control, Open loop control systems, Point-to-point
control, Reachable states, Norm-optimal controls, Minimal control time.

1. INTRODUCTION

Time optimal control problems have been intensively stud-
ied for finite dimensional systems showing that the optimal
control satisfies a Pontryagin maximum principle, it is
bang-bang and unique. For a survey of these results, we
refer to the books Lee and Markus (1967) and Agrachev
and Sachkov (2004) and to the original work by Bellman
et al. (1956). These results have been extended in Fattorini
(1964) to infinite dimensional systems and reported in the
books by Lions (1968) and Fattorini (2005).

Many new results have been obtained for parabolic type
systems; see for instance Mizel and Seidman (1997), Wang
(2008), Phung and Wang (2013) and Kunisch and Wang
(2013). However only few results exist for conservative
systems and they only concern distributed controls; see
for instance Fattorini (1977), Lohéac and Tucsnak (2013)
and Kunisch and Wachsmuth (2013b,a).

In all the above mentioned works, in order to ensure
the existence of a time optimal control, the controls are
assumed to be bounded in L>°. But for the wave equation,
due to the finite velocity of propagation, the main difficulty

* This work was partially supported by Grants FA9550-14-1-0214
of the EOARD-AFOSR, FA9550-15-1-0027 of AFOSR and the
MTM2014-52347 Grants of the MINECO (Spain).

arises from the fact that it is globally controllable only for
a large enough control time.

In the present work, in order to analyse this delicate issue,
we chose an Hilbertian approach and assume that the
control is bounded in L?. This simplification allows us to
easily consider the case of boundary control operators. In
section 4, we consider the example of the string equation
with Dirichlet boundary control, where some computations
are explicit.

According to Gugat and Leugering (2008) (Theorem 3.1),
the string equation with Dirichlet boundary control cannot
be controlled with classical bang-bang controls, i.e. con-
trols taking their values in {—1,1} for almost every time.
In addition, for norm optimal control problems, which is
a problem related to that of time optimal control as we
will see later, Bennighof and Boucher (1992) consider a
string equation with Newman control at both ends and
prove that for constant state targets (with constant initial
data), the time optimal controls are of bang-off-bang type,
i.e. controls taking values in {—1,0,1} for almost every
time. Thus, even for constant data, time optimal controls
are not, in general, of bang-bang form. A more general
result on L°°-norm optimal controls, for the same system,
can be found in Gugat (2002) and its generalisation to any
LP-norm optimal controls in Gugat and Leugering (2002).



In order to give a precise statement of our result, let us
first recall some classical definitions and notations from
control theory, see for instance Tucsnak and Weiss (2009).

Throughout this paper, X and U are real Hilbert spaces
identified with their duals. We denote by T = (T4):>0
a strongly continuous semigroup on X generated by an
operator A : D(A) — X. In all this paper, we assume that
A is skew-adjoint and has compact resolvent.

The notation X; stands for D(A) equipped with the norm
Izllx, = I(BId — A)z||x, where 8 € p(A) is fixed, while
X _1 is the completion of X with respect to the norm
Izl x_, = [|(B1d — A)~1z||x. Let us also denote by A and
T the extensions of A to X and T to X_;.

Let us now introduce the control operator B € L(U, X_1).
Then the infinite dimensional system under consideration

is:
y' =Ay+Bu  y(0)=yo, 1)
where y is the state of the system and u € L?(R,,U) is
the control and yy € X is the initial state position. The
solution of (1) is:
y(t) = Teyo + Pu (£ >0),
where ®; € £ (L?([0,],U), X_1) is the input to state map
defined by:

t
du = / thsBu(S) ds (t 20, ue LQ([Ovt]v U)) .
0

We will say that B is an admissible control operator for T
if there exists ¢ > 0 such that Ran®; C X and in the
sequel we will assume that the pair (T, B) satisfies this
condition. Finally, we will say that the pair (A, B) is
exactly controllable in time T (T > 0) if Ran®p = X.
In the sequel, we will assume that the pair (A, B) is
exactly controllable in some time 7' > 0 and we define
the universal controllability time:

T, =inf{T >0, Ran®; = X} > 0. (2)

To be more precise, the time optimal control problem we
address in this work is the following:

Problem 1. Given E > 0 and yg,y1 € X with yg # y1,
to find the minimal time 7" > 0 such that there exists
u € L%([0,T],U) satisfying:

o |lullL2¢0,m,0) < E;

e the solution y of (1) with control u and initial
condition yq satisfies y(T') = y.

In all this note, E defines a given nonnegative constant.

Our first result is as follows:

Theorem 1.1. Let yo,y1 € X with yo # y1.

Assume that the pair (A, B) is exactly controllable and
fix T > 0. Assume that a control u € L?([0,T],U) with
llull 2([0,1,0) < E steering yo to y; in time T exists.

Then there exists a minimal time 7 > 0 such that yg can
be steered to y; in time 7 = 7(yo,y1; E) preserving this
bound, i.e.
7=min{T >0, Ju e L*([0,T],U),
lull z2(jo,1,0) < E - and

q)TU, =VyV1— TTYO} . (3)
Moreover, if 7 > T, (with T, > 0 defined by (2)), there ex-
ists a unique control v € L?([0, 7], U) with llull L2 (0,7),0) <

E steering yo to y; in time 7. In addition, we have

lull2o,r,0) = E (4)
and there exists n € X \ {0} such that:
u=a. (5)

Let us remind that for every n € X, (®5n)(t) = B*z(t)
(t € [0,T]) where z is solution of:
2 =—Az, 2(T)=mn.

The proof of the characterization of the optimal control
Theorem 1.1 when 7 > T, is similar to the one by (Lohéac
and Tucsnak, 2013, Theorem 1.4) and is not repeated here.
We only give the key argument for the existence of 7 in
section 2, see Proposition 2.1.

Remark 1.1. If 7 > T, the minimal time control is the
minimal norm control in time 7 steering yo to y;. That
is to say that, if 7 > T, the time optimal control is
L2([0, 7], U)-norm optimal. This fact gives the same result
as the one in Wang and Zuazua (2012) for the heat
equation.

Theorem 1.1 does not give any relevant information when
7 < T.. In fact when 7 < T, the situation is less
clear. In section 3, we show in Proposition 3.1, under
suitable assumptions on the reachable set, that for 7 < T,
there exists a time optimal control v € L*([0,7],U) with
llullz2(jo,7,0y < E. That is to say that, when 7 < T,
there exist time optimal controls which do not satisfy the
norm saturating property (4). This situation appears at
least when yg = 0 and it is a consequence of the following
two properties of the reachable sets: They are closed and
strictly increasing as a function of ¢ < T.

More precisely, the way we build a non saturation time
optimal control is by choosing a target y; € X so that y; is
accessible from 0 in a time ¢ > 0 but not for times s < ¢. In
this case, it is clear that 7(0,y1; E) > ¢ whatever £ > 0 is.
Choosing such a target y; and choosing a constant £ > 0
large enough, we will obtain that 7(0,y;; £) = ¢ and the
existence of a time optimal control whose norm is not E.
In section 4, we will show that the assumptions made in
Proposition 3.1 are fulfilled for the string equation with
Dirichlet boundary control.

2. WELL POSEDNESS

In this paragraph, we will prove that 7 defined by (3)
exists, i.e., the set

{(T>0, Jue L2(0,71,0), |[ull 201,00 < E
and y; — Tryo = ®ru}
admits a minimum.
Before going further, let us introduce some ad hoc nota-

tions and spaces. Let us define the set of points which can
be reached from 0,

Rf =&, (L*([0,1],U))

with the convention R3 = {0}.
Endowed with the norm:

||YHRf = inf {||u||L2([O,T],U) , U € L2([07T]7 U)a
y= ®tu} )

(t>0), (6)



it constitutes a Banach space.
We also define the closed ball of radius E in R?:

BYE)={ye R}, Iyl <E}  (¢t>0).

Using these notations, we have:

7(yo,y1; E) =inf {T >0, y1 — Tryo € B}#(E)}. (7)
By linearity of ®;, for every E > 0 and t > 0, BZ(E) is a
convex set of X.
Let us first give a basic property on the sets R?.
Lemma 2.1. Let 0 < s < t, then we have

R} =T.R} ,+ R,

and the inclusions R? C R? C X are continuous.

In addition, the universal time T} defined by (2) is given
by T, = inf {T >0, R% = X}.
By a simple adaptation of Fattorini (2005) (Lemma 3.1.1
and Theorem 3.1.2), we obtain:

Proposition 2.1. Let yg,y1 € X with yo # y1 and assume
that a time T > 0 and a control u € L2([0,T],U) with
llull 2(f0,1,0) < E steering yo to y1 in time T exist.

Then the set {T >0, y1 — Tryg € B%(E)} admits a min-
imum 7.

This result ensures the existence of a time optimal control
u € L?([0,7],U) whatever the minimal time 7 > 0 is.

3. LACK OF NORM OPTIMALITY WHEN 7 < T

Proposition 3.1. Assume that T, defined by (2), is non-
negative.
Let 0 < t < T, and assume there exists y; € Rt2 such that,

g R (s€(0,0)). (8)

Then for every v € R*, the minimal time 7 = 7(0,vy1; E)

(defined by (3)) needed to steer 0 to ~yy; is greater that ¢.

In addition, for |y| > 0 small enough, we have 7(0, vy1; E) =
t and there exists a time optimal control u € L2([0,#],U)
such that [|ul|z2(j0.5,0) < E.

Proof. Since th is a vector space, it is clear that for
every v € R, vy, € Rt2 and, similarly, vy1 & R? for every
s € (0,t). Consequently, 7(0,vy1; E) > .

Since y; € Rtg, for every € > 0, there exists u.
L?([0,%],U) such that y; = ®zii. and ||ﬂ€||L2([0,ﬂ7U)
ly1l|pz + €. For every v € R, it is obvious that vy

t

Pi(viie) and [|vcl[r2(o,q,0) < lvyillrz + [yle. Conse-
quently, for

/A m

0< Iy < 77—
Iy1llrz + e’

we found a control u = yii. € L%([0,1],U) steering 0 to y;
satisfying |lullz2(j0.9,0 < E- B

This ends the proof, since 7(0,~vy1; F) > t.

Remark 3.1. With the assumptions of Proposition 3.1 and
if, in addition, Ker ®; # {0}, then, for |y| > 0 small
enough, there exists an infinite number of time optimal
controls steering 0 to vyy.

Let us also notice that with some closure property on R?,
there exists a target y; such that the assumption (8) holds.
Lemma 8.1. Assume that for every t > 0, R? is a closed
set in X and T, defined by (2) is nonnegative.

Then, there exists y; € X \ {0}, such that the set
{t >0, y1 € R?} admits a minimum.

Proof. Forevery y € X\ {0} and every ¢ > 0, let us define
fy(t) = sup <y17 SO> )
per? Ivilixllellx

We have fy(t) € [0,1] and for every t > T, fy(t) = L.
Thus, t, =inf {t > 0, f,(¢t) =1} exists.

By contradiction, assume that ¢, = 0, that is to say that
for every t > 0 and every y € X \ {0},

ie)

sup ———— =
Iyllx llellx

wER?
and hence, R? is dense in X. Finally, using the closure
property of R?, we obtain R? = X for every t > 0 and this
is in contradiction with T}, > 0.

Consequently, there exists y; € X \ {0} such that ¢,, > 0.
In particular, there exists eg > 0 such that fy, (e9) < 1 and,
consequently, y1 & Rgo and since Rgo is a closed set, we can

choose y; € X \ {0} such that y; € (R?O)L. In addition,

. i
for every € < g, using R? C R?O, we have y; € (R?) .

Due to the closure property, to end the proof, we only need
to prove that fy, (ty,) = 1.

For every 0 < ¢ < €¢, we have:
1:f}’1(t}’1 +€): <S07Y1>

sup @ —.
. TellxIvllx

oo,
But, according to Lemma 2.1,
(Te1 + ©0,¥1)

1= fy,(ty, +) = sup
. prere, [Tepr+ollxlyillx
VJOERi
= sup <T5(p17y1>
preR?, [Tee1 + wollxllvillx
SOOGRﬁ
< sup TePLY)
~X
prER2, Tl xllyallx
<¢17T*y1>
< sup m:fT§Y1(tY1)'
P1ER] Prix|Iyilix
Using that lir%szl = yi1, it is easy to see that
e—

liH(l) Jrey: (ty,) = fy.(ty,). Consequently, we have proved
E—r
that fy, (ty,) =1 and this ends the proof.

In the next section, we show that the assumptions of
Proposition 3.1 are fulfilled for the string equation with
Dirichlet boundary control.

4. TIME OPTIMAL CONTROL OF THE STRING
EQUATION

In this section, we focus on the string equation with
Dirichlet boundary control:
W(t,x) = O2w(t, )

(t>0, z€(0,1),  (9a)



w(t,0) = u(t) (t>0), (9b)
w(t,1) =0 (t>0). (9¢)
This system is suplemented with initial conditions:
w(0,z) = wo(x) and w(0,z) = wy(z)
(z €(0,1)). (9d)

Using the formal representation introduced in section 1,
see also § 10.3 by Tucsnak and Weiss (2009), we have

[Z 3] =T, {Xﬂ + ®,u with the operator A defined by:

(
(
A:D(A) — X :=L*0,1) x H1(0,1)
HEERiE
with D(A) = Hy(0,1) x L*(0,1),
where Ay is the operator with values in L2(0, 1) defined by:

D(4o) = &

H?(0,1) N H(0,1) =

and A()f = —

The control operator B is given by its adjoint:
B*:D(A) - R

MR

For T' > 0, let us define:

(Urz)(t) = B*Tyz (t€0,T], z€ D(A)).
We have (Tucsnak and Weiss, 2009, Proposition 4.4.1),
7 = ordlr, (10)
with Iz € £(L?(0,T)) defined by Slru(t) = uw(T —t).

=0

For every z = {2] € D(A) = H}(0,1) x L?(0, 1), we have:

(Wt = Scw| (1)
=0
where ( is solution of:
{(t,x)=02¢(tx)  ((t,x) € (0,T) x (0,1)), (12a)
C(t,0)=C(t,1)=0 (te[0,T)]), (12b)
¢(0,) = Ag 'z € H;(0,1)
and  ((0,-) = —z € L?(0,1). (13)

Decomposing any solution of (12) in Fourier series and
using Ingham inequalities (see Ingham (1936) and, for
result related to control theory, see for instance Jaffard
and Micu (2001) and § 8.1 of Tucsnak and Weiss (2009)),
we obtain that the pair (A*, B*) is exactly observable in
any time T' > T, = 2, i.e., there exists ¢(T") > 0 such that:

c()1®rz] L2 0,1) (€ X).

In addition, the observability constant ¢(T) is of order +
when T goes to infinity.

Thus for every T > 2, using a HUM control, there exists
a control with L?(0,T)-norm of order ﬁ when T goes to

infinity (Zuazua, 2005, Remark 2.3).
We sum up the above remarks in the following lemma:

> |2k

Lemma 4.1. For every yo,y1 € X, there exists T' > 0 large
enough such that y; — Tryo € B2 (E).

The above lemma combined with Proposition 2.1 ensures
that a time optimal control steering yo to y; exists.

For this particular control system, with the help of
D’Alembert formula, it is possible to compute the reach-
able space R2 for all times T (including T < T, = 2). To
this end, let us first compute the kernel of ¥.

Lemma 4.2.
o If T €(0,1),

Ker Uy = { Ej € L?(0,1) x H1(0,1),

1.1y (21(2) — & (Ag'22)) = o} :

e If T €[1,2),
KerUr = { {éﬂ (1;1;)_122)] , 729 € H1(0,1),
Z2lp_71) = 0} ;
o If T € [2,00), Ker¥Uyp = {0}

Proof. Ker U is the set of points (—(a, A1) € L?(0,1)x
~1(0,1), where (¢1,(2) € HE(0,1)x L?(0,1) are such that
the solution ¢ of (12), with initial conditions

¢(0,)=¢ and ((0,")=C,

satisfies

It is natural to extend (; and (s as odd functions on [—1, 1]
and then as 2-periodic functions on R. Consequently, using
D’Alembert formula, it follows that ((¢, ) is given by:

=0 (t€1]0,T] ae.).

1 x+t
Clto) = L (<1<x+t>+<1<x—t>+/ s)ds)
From the above formula, we obtain:
0ty ymo = CL (1) + Ca(t) - (14)

Let us now compute the set Kr of points ({3 ,( ) such that

0xC(t, )] ,—o = 0 for almost every ¢ € [0,7T] for different
values of T.
o If T € (0,1),

Kr = {(¢,¢) € Hy(0,1) x L*(0,1),
Vo € [0,T], (o(z) = =i (2)};
e If T € [1,2), set T = 1+ 0, then ((1,{2) € K if

and only if their extensions satisfy (2(s) = —(i(s)
for almost every s € (0,1 + ). But, for almost every
s € [0,4],

GL+s)=—Gll—s)  (ie{L2)).

This implies that:
Kr ={(C,=C1), &1 € Hy(0,1),
Ve e [2-T,1], (1(x) =0};
o If T >2 Kr={0}.
From KCr, we easily obtain Ker W. This ends the proof.

By duality, we obtain the reachable state R2 for every
T >0.



Proposition 4.1.
o If T €(0,1],

R% = {m € L?(0,1) x H~1(0,1),

Ly f =1, St (Ag'g) =0,

OT](f_( 0 9)) 0}-
o If T e (1,2,

R = {m € L*(0,1) x H™
9 Ljo,2-7] (f % (A(?lg)) 0} :

R% = X = L*(0,1) x H-(0,1).

'(0,1),

o If T > 2,

Proof. According to (10), R? = Ran ®, is equal to Ran ¥}
(since fI; is a unitary operator). If Wp is coercive on
X/Ker ¥ (with the quotient norm) then,
Ran U7 = (Ker \I/T)J'
Let us then show that ¥r is coercive on X/Ker Wr.
To this end, define the two semi-norms on X = L?(0,1) x
H=1(0,1):
Ni(z1,22) = ||z + &5 (A61Z2)"L2(0,1)
and NQ(ZLZQ) = HZl — % (AElZQ)“L2(O,1)
((Zl,ZQ) S X) .
Clearly, for every (z1,z2) € X,
Ni(z1,22)% + Na(21,22)°

2
=2 (a1l 3a0) + 1221 0,)) = 2Nz, 22)I -

For every z = [2] € X, using (11) and (14), we have:

19272 0.1y = / 1€ (2) + Ca(a) e,

with ¢; (resp. (2) defined by ¢ = Ag'zy (vesp. (o = —71)
n (0,1) and extend as an odd function on [—1, 1] and then

extended by 2-periodicity on R.

Thus,

e if T € (0, 1], we have,
2

d , _
el = |45 (43"2) - 2
& L2(0,T)
and
20zll%jkerar =2, _inf  [z+7]%

zeKer &

= inf
zeKer &1

+lzr+ 72— & (Ag (2 + ZQ)HiZ(O,l))

(Hzl +21+ L (A5 (22 + Z2)Hi?(o,1)

_ 2
- Zleg}fo ) 1221 + 21 + §; (A5 '22) ||L2(0,T)
+ ||Z1 (AO Z2) HL2(0 T)
= H‘I’TZ||L2(0,T)~

e if T € (1,2], we have,

1
1972 0.1, = / (@) + () da
T
+ / 1€ (2) + Ca(a) 2 da
1
- / (@) + Cola)? da
1
[ 1@~ P d,

that is to say,

H‘I’TZ”%z(o,T) = Hzl - % (A51Z2)||L2(0,1)2

_ 2
+ |z + 55 (Ag'22) HL2(27T,1)
and, as for the previous item, we obtain:

202115 jker o, = 1P720 72007
e if T > 2, we have Ker U7 = {0} and

H\I’TZHL2 (0,T) Z H‘I’TZHL2 0,2) — =2z ||X

All in all, we have proved that, for every T > 0,

[Tzl z20.1) = 2/7]| x/Ker w1 (z€ X).

Consequently, R2. = (Ker )t and a straight forward

computation leads to the result.

Consequently, by considering for instance the target

-2 11
= [(C2+ D)

with ¢ € (0,1), we have y; € R ; and y; ¢ R? for every
§<2—1t.

Thus, using Proposition 3.1, there exists v # 0, such that
the minimal time 7(0,vy1; E) needed to steer 0 to 7yy; is
2 —t and in addition, there exists a control 4 € L?(0,2—%)
steering 0 to yy1 in time ¢ together with ||@|z2(0,2—7) < E.

5. CONCLUDING REMARKS

In this note we proved, on the example of the string
equation with Dirichlet boundary control, that there exist
time optimal controls with L?-norm strictly lower than FE.
More generally, if, 7 > T, time optimal controls are
L?([0, 7], U)-norm optimal controls, but when 7 < T, time
optimal controls and L?([0,7],U)-norm optimal controls
can differ. In particular, in the situation of Remark 3.1,
there is an infinite number of time optimal controls which
are not norm optimal ones.

This result is due to the fact that the reachable space
is not the full space in arbitrary small time. This is a
great difference between Schrodinger and wave systems
from the point of view of time optimal controllability. For
the first one exact controllability holds in all time and,
therefore, the reachable space is the full space for all time
and, in particular, time independent, something that does
not occur for the wave equation.

One important question which is not addressed here, and
that constitutes still and interesting open problem, is the
effective numerical computation of the minimal control
time and of time optimal controls. In fact, this issue seems
to be highly complex.



For instance for the string equation with boundary control,
in order to compute time optimal controls, we should
design a numerical method able to build controls even for
times ¢t < T, and, as far as we know, this has not been
done so far.

Indeed, there has been extensive work done on the devel-
opment of efficient numerical methods for approximating
wave control problems. But this has been always done
beyond the universal control time T, i. e, for time in-
tervals [0,7] with T > T,. In fact, he existing methods
try to mimic the behavior of the continuous wave equa-
tion and, in particular, its finite velocity of propagation
property and, therefore, do not allow to yield any ef-
fective approximation method to build controls, specific
to given data, when the control time is strictly smaller
than T,. A survey of these methods can be found in
Ervedoza and Zuazua (2013). Another approach, based on
Russeell’s principle, “stabilization implies controllability”,
can be found in Cindea et al. (2011). But this method
also needs the control time to be larger than the universal
controllability time 7.

In addition, with the result of Proposition 4.1, we have a
lower bound on the minimal time needed to steer 0 to a
given final target. But we do not have a lower bound on the
minimal time needed to steer a non null starting point to a
given target. Further developments in this direction could
be derived out of Theorem 2.1 of Gugat and Leugering
(2008).
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