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Norm saturating property of time optimal
controls for wave-type equations *

Jérome Lohéac Enrique Zuazua !

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 con-
trols 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 yo to yi in time 7. Simultaneously this
may be impossible if 7" < T for some particular choices of yo and y; .
In this note we point out the impact of the strict positivity of the minimal
time 7% 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 yo,y1 and E, we can have 7 < Ty or 7 > Ty. If
7 > T\, the time optimal control is unique, given by an adjoint problem
and its L2-norm is E, in the classical sense. In this case, the time optimal
control is also a norm optimal control. But when 7 < T, we show, analyz-
ing the string equation with Dirichlet boundary control, that, surprisingly,
there exist time optimal controls which are not of maximal norm F.

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

1 Introduction

Time optimal control problems have been intensively studied for finite dimen-
sional systems showing that the optimal control satisfies a Pontryagin maximum
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principle, it is bang-bang and unique. For a survey of these results, we refer to
the books [I7] and [I] and to the original work by [2]. These results have been
extended in [6] to infinite dimensional systems and reported in the books by
[18] and [8].

Many new results have been obtained for parabolic type systems; see for
instance [20], [23], [21] and [16]. However only few results exist for conservative
systems and they only concern distributed controls; see for instance [7], [19] and
15, 14].

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 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 L2. This simpli-
fication allows us to easily consider the case of boundary control operators. In
section [4] we consider the example of the string equation with Dirichlet bound-
ary control, where some computations are explicit.

According to [I1] (Theorem 3.1), the string equation with Dirichlet boundary
control cannot be controlled with classical bang-bang controls, i.e. controls
taking their values in {—1,1} for almost every time. In addition, for norm
optimal control problems, which is a problem related to the one of finding time
optimal controls as we will see later, [3] 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 [9]
and its generalisation to any LP-norm optimal controls in [I0].

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 [22].
Throughout this paper, X and U are real Hilbert spaces identified with
their duals. We denote by T = (T;):>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 with nonempty resolvent p(A).
The notation X; stands for D(A) equipped with the norm ||z||x, = ||(FId —
A)z||x, where 5 € p(A) is fixed, while X_; is the completion of X with respect
to the norm ||z||x_, = [[(BId — A)~'z||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 y; € X
is the initial state position. The solution of is:

y(t) = Tiyo + Pru (t=0),



where ®; € £ (L*([0,t],U), X_1) is the input to state map defined by:

t
Byu = / T;Bu(s)ds  (t>0, ue L*([0,t],U)).
0

We will say that B is an admissible control operator for T if there exists t > 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 ®7 = 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®r =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 yo,y1 € X with yo # y1, find the minimal time
T > 0 such that there exists u € L*([0,T),U) satisfying:

o |lullLz(orv) < E;

e the solutiony of with control u and initial condition yo satisfies y(T) =
y1-

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

Our first result is as follows:

Theorem 1.1. Let yg,y1 € X with yo # y1.
Assume that the pair (A, B) is exactly controllable and fir T > 0. Assume that
a control u € L*([0,T],U) with ||ul|2¢0,11,0) < E steering yo to y1 in time T
exists.

Then there exists a minimal time T > 0 such that yo can be steered to yi in
time T = 7(yo,y1; E) preserving this bound, i.e.

r=min{T >0, Juec L*([0,T],U), |lullr2qor.v) < E
and Pru=y; —Tryo}. (3)
Moreover, if T > Ty (with T, > 0 defined by ), there exists a unique control

w e L*([0,7],U) with ||ul 20,7,y < E steering yo to yy in time 7. In addition,
we have

lullzzo,m,0) = B (4)
and there exists n € X \ {0} such that:

w= k. (5)

Let us remind that for every n € X, (®4n)(t) = B*2(t) (t € [0,T]) where z
is solution of:



The proof of the characterization of the optimal control Theorem when
7 > T, is similar to the one by [19, 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 T steering yo to y1. That is to say that, if T > Ty, the time optimal
control is L?([0, 7], U)-norm optimal. This fact gives the same result as the one
in [24|] for the heat equation, where we have Ty = 0.

Theorem 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 u € L2([0,7],U) with |[ul|12(jo,-,0y < E. That is to say
that, when 7 < T, there exist time optimal controls which do not satisfy the
norm saturating property . This situation appears at least when yo = 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,yi; E) > ¢ whatever E > 0 is.
Choosing such a target y; and choosing a constant E > 0 large enough, we will
obtain that 7(0,y1; E) = t 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 exists, i.e., the set
{T >0, 3ueL*(0,T),U), lull2qorv) <E and y; —Tryo = ®ru}

admits a minimum.
Before going further, let us introduce some ad hoc notations and spaces. Let
us define the set of points which can be reached from 0,

Rt2 =&, (Lz([oat]v U)) (t > 0) ) (6)

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

[vllre = inf {||ull 2o, 1,00, v € L*([0,T],U), y = ®eu},

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

Bi(E)={y e R}, Ivllm <E}  (t>0).

4



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, B?(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
Rf =T.R}_,+ R},
and the inclusions R2 C R} C X are continuous.

In addition, the universal time T} defined by is given by
T.=inf{T >0, Rz =X} .
By a simple adaptation of [§] (Lemma 3.1.1 and Theorem 3.1.2), we obtain:

Proposition 2.1. Let yg,y1 € X with yg # y1 and assume that a time T > 0
and a control uw € L*([0,T),U) with ||ul| L2 (jo,r1,0) < E steering yo to yy in time
T exist.

Then the set {T >0, y1 — Tryo € B%(E)} admits a minimum T.

This result ensures the existence of a time optimal control u € L2([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 , 1s positive.
Let 0 <t < T, and assume there exists y; € Rt2 such that,

vig R, (s€(0,9). (®)

Then for every v € R*, the minimal time T = 7(0,7vy1; E) (defined by (3))
needed to steer 0 to vy, is greater that t.

In addition, for |y| > 0 small enough, we have 7(0,vy1; E) = t and there
exists a time optimal control u € L*([0,%],U) such that ||ullL2(jo,5,0) < E.

Proof. Since Rt2 is a vector space, it is clear that for every v € R, vy € Rt2 and,
similarly, yy1 ¢ R? for every s € (0,%). Consequently, 7(0,vy1; E) > t.

Since y; € RZ, for every £ > 0, there exists . € L?([0,%],U) such that
y1 = @zt and ||t z2(j0.5,0) < ||y1||Rtg + ¢. For every v € R, it is obvious that

Ty1 = @i(vte) and [|[vae||z2o,0,0) < [[7y1llr2 + [v]e. Consequently, for

0< < ——
Tvile + &

we found a control u = yu. € L*([0,], U) steering 0 to y satisfying ||ul| 2(j0,7,0 <
E.
This ends the proof, since 7(0,vy1; F) > t. O



Remark 3.1. With the assumptions of Proposition and if, in addition,
Ker @7 #£ {0}, then, for || > 0 small enough, there exists an infinite number of
time optimal controls steering O to vy .

Let us also notice that with some closure property on R, there exists a
target y; such that the assumption (8] holds.

Lemma 3.1. Assume that for every t > 0, R? is a closed set in X and T,
defined by is monnegative.

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

Proof. For everyy € X\{0} and every ¢t > 0, let us define f,(t) = sup M
per? Iyillxliellx

We have fy(t) € [0,1] and for every t > T, fy(t) = 1. Thus, t, =inf {t > 0, f,(t) =1}
exists.
By contradiction, assume that t, = 0, that is to say that for every ¢ > 0 and
every y € X \ {0},
Sup <y17 S0> — 1
perz IV1llxllellx
and hence, R? is dense in X. Finally, using the closure property of R?, we
obtain Rf = X for every t > 0 and this is in contradiction with T, > 0.
Consequently, there exists y; € X \ {0} such that ¢y, > 0. In particular,
there exists g9 > 0 such that f,, (¢¢) < 1 and, consequently, y1 ¢ R?O and since
R? is a closed set, we can choose y; € X \ {0} such that y; € (R?O)J—. In
addition, for every ¢ < g, using R? C Rfo, we have y; € (R?)J'.
Due to the closure property, to end the proof, we only need to prove that

fY1 (tY1> =1
For every 0 < € < €¢, we have:

<30aY1>
L=lnlnte)= o oimlx
PERT L. PlxIYLx

But, according to Lemma [2.1

(Te1 + @0, y1)
1= fy,(ty, +e) = sup
o prerz, [Teor + eollxlvallx

SDOERi
= sup (Tep1,y1)
P1ER] [Te1 + woll x|yl x
SOOERﬁ
< sup \Le¥ny1)
~
g, Meprlxlvillx
2 7T*y1
S sup < o > :fT§Y1(tY1)'

erery, lonllxllyillx



Using that lin% Ty, = yi1, it is easy to see that lin}) frey, (tyy) = fyr (ty,)-
e— e— N
Consequently, we have proved that f,, (ty,) = 1 and this ends the proof. O

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

In this paragraph, we chose a Dirichlet boundary control at one end, but similar
results could have been obtained with Newman or Dirichlet boundary control
at one or both ends.

Using the formal representation introduced in section [1} see also § 10.3 by

w(t)] w0 . _
[22], we have [w(t)] =T |:W1:| + ®;u with the operator A defined by:

A:Dﬁ) — )[(;: L2(((1)j 1{)f]< H=(0,1) ” 0.xE(0.1)
f 0 I with D(A) = Hy(0,1)xL*(0,1),
p )

-4 0] |g
where Ay is the operator with values in L?(0,1) defined by:

d2

D(Ag) = H*(0,1)N H3(0,1) and Aof = 1

f.

According to [22], see § 11.6.2, A can be seen has a skew-adjoint operator on X.
The control operator B is given by its adjoint:

B*:D(A) — R
I 30
For T > 0, let us define:
(Urz)(t) = B*Tyz (t€0,T], z€ D(A)).
We have [22, Proposition 4.4.1],

Uk = &pfp, (10)



with fr € £(L?(0,T)) defined by fru(t) = u(T — t).
For every z = [;1} € D(A) = H}(0,1) x L*(0,1), we have:
2

(Wra)(t) = c) (1)
=0
where ( is solution of:
((t, @) = 03¢(t, ) (t,z) € (0,T) x (0,1)), (12a)
¢(t,0) = ((¢,1) telo,T]), (12b)
€(0,) = Aglzg € HE(0,1)  and  ((0,)) = —z; € L*(0,1). (13)

Decomposing any solution of in Fourier series and using Ingham in-
equalities (see [12] and, for result related to control theory, see for instance [13]
and § 8.1 of [22]), we obtain that the pair (A*, B*) is exactly observable in any
time T' > T, = 2, i.e., there exists ¢(T") > 0 such that:

(DCrzlizor > 2k (z€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 [25, Remark 2.3].

We sum up the above remarks in the following lemma:

Lemma 4.1. For every yo,y1 € X and E > 0, 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 reachable space R% for all times T (including
T < T, = 2). To this end, let us first compute the kernel of .

Lemma 4.2.

o IfT €(0,1),

Ker Uy = { [ﬂ € L*(0,1) x H1(0,1),
2

Lo (o) ~ & (45"2) =0}

o IfT €1,2),

d (4-1
Ker ¥p = {[d“’ (4, ZQ)} , 23 € H1(0,1), 2ol 7 g = 0};

/)



o IfT €[2,00), Ker¥Up ={0}.

Proof. Ker Ur is the set of points (=2, A1) € L?(0,1) x H~1(0,1), where
(¢1,¢2) € H§(0,1) x L?(0,1) are such that the solution ¢ of (I2)), with initial
conditions _
C(Oa ) =(1 and C(Ov ) = (2,
satisfies
0:C(t, )]y =0 (t€10,T) ae.).

It is natural to extend ¢; and (2 as odd functions on [—1,1] and then as
2-periodic functions on R. Consequently, using D’Alembert formula, it follows
that ((t,x) is given by:

x4+t

C(tz) = % (Cl(a:+t)+61(sc—t)+/z 42(3)013) .

—t
From the above formula, we obtain:

Let us now compute the set Cp of points (¢1,(2) such that 9,((t,-)|,_, = 0 for
almost every t € [0, T] for different values of T.

¢ It T € (0,1),
Kr = {(<1,<2) € H&(Ov 1) X L2(O71)7 Vo € [O’T]’ <2($) = _Ci(z)}v

o If T €[1,2), set T =146, then ((1,¢2) € K if and only if their extensions
satisfy (a(s) = —({(s) for almost every s € (0,1 + #). But, for almost
every s € [0, 6],

Gl+s)=-G(l-s) (ie{1,2}).
This implies that:
Kz ={(C,=¢1), ¢1 € Hy(0,1), Vo € [2-T,1], Gi(2) = 0} ;
e If T >2 Kr={0}
From K, we easily obtain Ker W. This ends the proof. O
By duality, the reachable state R% is:

Proposition 4.1.

o IfT € (0,1],
2 f 2 ~1 d
R7 = gl € L7(0,1) x H(0,1), 1pyf = 1[T,l]£ (Agtg) =0,

10,1 (f - % (Aolg)> = 0} :



o IfT € (1,2],
i = { m € L3(0,1) x H™H(0,1) 1pp.o- <f - (Aalg)> = 0} .

o IfT>2, R2=X=L20,1)x H(0,1).

Proof. According to , R? = Ran @, is equal to Ran ¥} (since §I; is a unitary
operator). If ¥r is coercive on X/Ker ¥t (with the quotient norm) then,

Ran ¥}, = (Ker \IJT)J' .

Let us then show that Uy is coercive on X/Ker Ur.
To this end, define the two semi-norms on X = L?(0,1) x H~1(0,1):

Ni(z1,22) = |1 + &5 (A61Z2)’|L2(0,1)
and  No(z1,290) = H21 — % (A61z2)||L2(071) ((z1,22) € X).

Clearly, for every (z1,22) € X,

Ni(z1,22)? + Na(z1,22)? = 2 (a1l 30,0 + 22l -0, ) = 2012, 22) -

_|= : )
For every z = Lz] € X, using and , we have:

T
1922 0.0y = / (@) + Gol) 2 da,

with ¢; (resp. (2) defined by ¢; = Ay 'z (resp. (2 = —z1) on (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,

d 2

19rzl|72 0.1y = de (Ag'22) — =

L2(0,T)
and

2Nl jerar = 2,_int, Nz +2%

. . _ 2
- zelge}fcpT (HZI +h+ 5 (4 H(z2 + 22) ||L2(0,1)

+ HZ1 +7;— & (Agl(z2 + i2)’|iz(o,1))

inf ||221 +z1 + % (A51Z2)

2
71€L2(0,T) HL2(0,T)

_ 2
+ |21 — 5 (A5 22) HL2(0,T)

= 1¥rzlZ20.1) -

10



e if T € (1,2], we have,

1 T
1722 0.0 = / (@) + Ga(@)Pde + / (@) + Go(o)]? de
1 1
- [ K@+ a@Pdart [ @) - e,
0 2-T
that is to say,

||‘I’TZH2L2(0,T) = ||z1 - & (A51Z2)HL2(0,1)2 + 21 + i (A61Z2)||i2(2—T,1)

and, as for the previous item, we obtain:
2025 /ker o = 1972072 00.7) -
e if T'> 2, we have Ker U7 = {0} and
||\IITZH%2(0,T) > ||‘IJTZ||%2(0,2) = 2HZ”,QX
All in all, we have proved that, for every T > 0,
IVrzllrzor) 2 2zl x/kerw,  (2€X).

Consequently, R% = (Ker \I/T)J‘ and a straight forward computation leads to
the result. O

Consequently, by considering for instance the target

_ (=22 + 1)1 5(x)
y1 = 2 )

with ¢ € (0,1), we have y; € R3_; and y; & R? for every s < 2 — 1.

Thus, using Proposition there exists v # 0, such that the minimal time
7(0,vy1; F) needed to steer 0 to yy; is 2—¢ and in addition, there exists a control
€ L?(0,2 — t) steering 0 to ~y; in time ¢ together with ||@[| 29 2-5) < 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 L2-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 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

11



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 com-
pute time optimal controls, we should design a numerical method able to build
controls even for times ¢ < T, and, as far as we know, this has not been done
so far.

Indeed, there has been extensive work done on the development 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 intervals
[0,T] with T > T,. In fact, the existing methods try to mimic the behavior of
the continuous wave equation and, in particular, its finite velocity of propaga-
tion property and, therefore, do not allow yielding any effective 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 [5]. Another ap-
proach, based on Russell’s principle, “stabilization implies controllability”, can
be found in [4]. But this method also needs the control time to be larger than
the universal controllability time 7.

In addition, with the result of Proposition 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 [11].
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