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The uniform controllability property of
semidiscrete approximations for the parabolic
distributed parameter systems in Banach spaces.

Thuy NGUYEN

(communicated with Emmanuel TRELAT)

1 Abstract

The problem we consider in this work is to minimize the L?-norm (q;2) of the
semidiscrete controls. In the present paper, under the main assumptions that
the discretized semigroup is uniformly analytic, and that the control operator
is mildly unbounded, we prove that the semidiscrete approximation models are
uniformly controllable. Moreover, the minimization procedure to compute the
approximation controls is provided. An example of application is implemented
for the one dimensional heat equation with Dirichlet boundary control.

2 Introduction

Consider an infinite dimensional linear control system

y(t) = Ay(t) + Bu(t),  y(0) = wo (1)

where the state y(t) belongs to a reflexive Banach space X, the control u(t)
belongs to a reflexive Banach space U, A : D(A) — X is an operator, and B
is a control operator (in general, unbounded) on U. Discretizing this partial
differential equation by using, for instance, a finite difference or a finite element
scheme, leads to a family of finite dimensional linear control systems

Yn(t) = Anyn(t) + Brun(t), yn(0) = yon (2)

where yp(t) € X and up(t) € Up, for 0 < h < hg .

Let y3 € X . If the control system (1) is controllable in time T then there
exists a solution y(.) of (1) associated with a control u such that y(T) = y;.
The following question arises naturally: is it possible to find controls wuy, for
0 < h < hg, converging to the control u as the mesh size h of the discretization
process tends to zero, and such that the associated trajectories yy, the solution
of (2), converges to y(.)?



The question was investigated by the authors of [13]. They got the affirma-
tive answer in the case the controllability of (1) is achieved in L? norm by using
the Hilbert uniqueness method (HUM). It is the well-known method , introduced
in [18] , which consists in minimizing a cost function, namely, the L? norm of
the control. In this paper, we investigate the above question in the case where
the minimization procedure of (1) is achieved in L? norm (1 < ¢ < oo ). Our
objective is to establish some conditions ensuring the existence and convergence
of the minimal of LY norm :
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Necessary conditions for optimal control in finite dimensional state space
were derived by Pontryagin et al [24] ( see also [2,25]). The Maximum Principle
as a set of necessary conditions for optimal control in infinite dimensional space
has been studied by many authors. Since it is well known that the Maximum
Principle may be false in infinite dimensional space, there are still many papers
that give some conditions to ensure that the Maximum Principle remains true.
It was Li and Yao [16] who used the Eidelheit separation theorem and of the
Uhl’s theorem in order to extend the Maximum Principle to a large class of
problems in infinite dimensional spaces when the target set is convex and the
final time T is fixed. Additionally, the authors of [7,8,17], by making use of Eke-
land’s variational principle, give some conditions on the reachable set and on
the target set in order to get an extension of Maximum Principle. Nevertheless,
the problem is that when we applied the result of [7,17] for the system (1) in the
case the final state and final time are fixed, the finite-codimensional condition in
[7,17] does not satisfy for the system (1) in general. Hence we cannot use Max-
imum Principle in our problem. Fortunately, thanks to the Fenchel-Rockafellar
duality theorem which is used in the same manner in [3,11], the constrainted
minimization of the function can be replaced by the unconstrainted minimiza-
tion problem of corresponding conjugate function. Therofore, we consider here
our problem in the same framework with [11].

Our objective is to establish conditions ensuring a uniform controllability
property of the family of discretized control systems (2) in L? and to establish
a computationally feasible approximation method for realizing controllability.

The uniform observability is an important area of research and it has been
the subject of many papers in recent years. Some relevant references concerning
this property has been investigated by Zuazua and collaborators in series of
articles [12,15,20,21,27,28,29,30,31]. When the observability constant of the
finite dimensional approximation systems does not depend on h, one says that
the property of uniform observability holds. For finite difference schemes, a
uniform observability property holds for one-dimensional heat equation [20],
beam equation [15], Schrodinger equations [28], but does not hold for 1-D wave
equations [12]. This is due to the fact that the discrete dynamics generates
high frequency spurious solutions for which the group velocity vanishes that do
not exist at the continuous level. To overcome these high frequency spurious for



wave equations, [28] showed some remedies such that Tychonoff’s regularization,
multigrid method, mixed finite element and filtering of high frequency, etc.

To our knowledge, in 1-D heat equation case, due to the fact that the dis-
sipative effect of the 1-D heat equation acts as a filtering mechanicsm by itself
and it is strong enough to exclude high frequency spurious oscillations[20]. How-
ever, the situation is more complex in multi-dimensional. The counter-example
is shown in [31] for the simplest finite difference semi-discretization scheme for
the heat equation in the square.

In recent works in L2-norm, by means of discrete Carleman inequalities, the
authors in [1,2] obtain the weak uniform observability inequality for parabolic
case by adding reminder terms of the form e=C""” ||y, (T) ||iz(9) which vanishes
asymptotically as h — 0. Moreover,as in [13], the approximate controllability
is derived from using semigroup arguments and introducing a vanishing term of
the form h? |4, (T)|72 (g for some > 0.

In fact, an efficient computing the null control for a numerical approxima-
tion scheme of the heat equation is itself a difficult problem. Accoding to the
pioneering work of Carthel, Glowinski and Lions in [3], the null control problem
is reduced to the minimization of a dual conjugate function with respect to final
condition of the adjoint state. However, as a consequence of high regulariz-
ing property of the heat kenel, this final condition does not belong to L2, but
a much large space that can hardly be approximated by standard techniques
in numerical analysic. Recently, A. Munch and collaborators have developped
some feasible numericals such that the transmutation method, variational ap-
proach, dual and primal algorithms allow to more efficiently compute the null
control .(see in series [9,10,19,23])

The discretization framework in this paper is the same spirit as [13,14]. In
[13], under standard assumptions on the discretization process and for an exactly
null controllable parabolic system (1), if the degree of unboundedness of the
control operator is lower than 1/2 then the semidiscrete approximation models
are uniformly controllable and they also showed that for the (2), the minimizing
of the cost function of discretized control with power q =2 is obtained.

In this article, we prove the existence of the minimum of the cost function
of discretized control power q (¢ > 2) for type (2), in the case the operator A
generates an analytic semigroup. Of course, due to regularization properties,
the control system (1) is not exactly controllable in general. Hence, we focus on
exact null controllability. Our main result, theorem 3.1, states that for exactly
null controllable parabolic system (1) and under standard assumptions on the
discretization process (that are satisfied for most of classical schemes), if the
discretized semigroup is uniformly analytic, and if the degree of unboundedness
of the control operator B with respect to A is greater than 1/2, then a uniform
observability inequality in (L?) is proved. We stress that we do not prove
uniform exact null controllability property for the approximating system (2).
Moreover, a minimization procedure to compute the approximation controls is
provided.

The outline of the paper is as follows. In Section 2, we briefly review some



well-known facts on controllability of linear partial differential equation in reflex-
ive Banach spaces. In Section 3, we consider the existence and unique solution
of the minimization problem in continuous case. By making use of the Fenchel-
Rockafellar duality theorem, we gives a constructive way to build the control of
minimal LY norm. The main result is stated in Section 4 and proved in Section
5. An example of application and numerical simulations are provided in Section
6, for the one-dimensional heat equation with Dirichlet boundary control. An
Appendix is devoted to the proof of a lemma.

3 A short review on controllability of linear par-
tial differential equations in reflexive Banach
spaces

In this section, we review some known facts on controllability of infinite di-
mensional linear control systems in reflexive Banach spaces. (see more [4,22,26])

The notation L(E,F) stands for the set of linear continuous mappings from
E to F, where E and F are reflexive Banach spaces.

Let X be a reflexive Banach space. Denote by <, >x the inner product on
X, and by ||.||y the associated norm. Let S(t) denote a strongly continuous
semigroup on X, of generator (A,D(A)). Let X_; denote the completion of X
for norm |[z||_; = [|(B] — A)~'xz||, where 3 € p(A) is fixed. Note that X_;
does not depend on the specific value of 8 € p(A). The space X_; is isomorphic
to (D(A*))’, the dual space of D(A*) with respect to the pivot space X, and
X C X_1, with a continuous and dense embedding. The semigroup S(t) extends
to a semigroup on X_1, still denoted S(t), whose generator is an extension of
the operator A, still denoted A. With these notations, A is a linear operator
from X to X _;.

Let U be a reflexive Banach space. Denote by <, >y the inner product on
U, and by ||.||;; the associated norm.

A linear continuous operator B : U — X _; is admissible for the semigroup
S(t) if every solution of

y' = Ay(t) + Bu(t) (4)

with y(0) = yo € X and u(.) € L9(0, +00; U), satisfies y(t) € X, for every t > 0.
The solution of equation (1) is understood in the mild sense,i.e,

T
y(t) = S(¢)y(0) +/0 S(t — s)Bu(s)ds (5)

for every t > 0.
For T > 0, define Ly : L9(0,T;U) — X_4 by :

T
Lo = /O S(T — 5)Bu(s)ds (6)
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A control operator B € L(U, X_1) is admissible, if and only if ImLy C X,
for some (and hence for every T > 0).
The adjoint L7, of Ly satisfies:
L X* — (LU0, T;U))* = LP(0,T; U*)
Lpp(t) = B*S(T — )"y (7)
a.e on [0,T] for every ¥ € D(A*). Moreover, we have:
T
Livl = sup [ < B8 = )als) > ds (®)
flull , <1 /0

for every ¢ € X*
Let B € L(U, X_1) denote an admissible control operator.
We use two following lemma: (for the proofs we refer to [26])

Lemma 1. Z, X are reflexive Banach spaces. G € L(Z, X) then the following
statements are equivalent:

e (G is onto
o G* bounded from below i.e there exists C > 0 such that:

|G z||,, > C||lz||y everyz e X

Lemma 2. : 71,75, 75 are reflerive Banach spaces. And f € L(Zy,Z3) ,
g € L(Z5,Z3). Then the following statements are equivalent:

o Imf C Img

o There exists a constant C' > 0 such that : ||f*z|, < Cllg*z|l,, for every
z € Z3

e There exists an operator h € L(Z1,Zs) such that f=gh

We state some concepts as follows:

For yp € X, and T > 0, the system (4) is exactly controllable from g, in time
T if for every y; € X, there exists u(.) € L9(0,T;U) so that the corresponding
solution (4), with y(0) = yo satisfies y(T') = y;.

In fact that the system (4) is exactly controllable from yo in time T if and
only if Lp is onto, that is ImLy = X. Making use of lemma 1, there exists
C > 0 such that:

T
Clllx < 1Tl = sup. / < B*S*(T — ), u(s) > ds
T
< sup / IB*S(T — )| u(t) | dt
flul ,<1/0
T 1
< ( / IB*S(t) | dt)



Therefore, the system (4) is exactly controllable in time T if and only if :

T
/0 |B*S(t) Pt > C ] (9)

For T' > 0, the system (4) is said to be exactly null controllable in time T
if for every yo € X, there exists u(.) € L9(0,T;U) so that the corresponding
solution of ( 4), with y(0) = yo satisfies y(T') =0

This means that the system (4) is exactly null controllable in time T if and
only if ImS(T) C ImLy. Making use of lemma 2 and the same argument as
above, there exists C' > 0 such that:

T
ClIST) ¥lx < ILryll < (/O 1B*S(t) | dt)

Thus, the system (4) is exactly null controllable in time T if and only if :
T
| 1Bs@ruira = clsay vk (10)

4 Dual problem

Consider the system :

{y(t) = Ay(t) + Bu(t) on Qr = (0,T) x Q2 a1

where B is admissible and A generates an analytic semigroup S(t) in the reflexive
Banach space X.
Our aim is to mimimize the following functional:

T q

Minimize J(u) = L [T ||u]|? dt 12)
Subject to u € E

where E = {u € U : u steering the system from yq at time zero to y(T)=0}
Theorem 1. The problem (12) has a unique solution u.
Proof. First of all, we show the existence of the solution of the optimal problem.

Consider a minimizing sequence (uy,)nen of controls on [0,T7, i.e:

T
/ |lun||? dt converges to infJ(u) as n — +oo (13)
0

Hence, (un)nen bounded in L9(0,T;U).
Since U is reflexive space and ¢ < +o0, then L9(0,T;U) is also reflexive.



Thus, up to a sequence, u,, converges weakly to u in LY. Note that the
trajectory y, (resp. y) associated with the control u, (resp. u) on [0,T] through
the system:

Un = Ayn + Buy, yn(o) =%

and the solution of the above system is expressed in form:

T
yn(t) = S(t)yo + / S(T — s)Bupds
0
A passage to the limit imples that:
y=Ay+ Bu, y(0) =yo
and the solution y associated with control u in the form:
T
y(t) = S({t)yo + / S(T — s)Buds
0

As u, converges weakly to u in L7, we get the inequality:

A

T T
/ lu®)|Pdt < liminf llun (t)]]? dt
0 0

n—-+o0o

T
iwA|mwwt

It follows easily that

Anwmﬁﬂwémwwt

Hence u is optimal of (12). This ensures the existence of a optimal control.
Moreover, the cost function is strictly convex then the solution is obvious
uniqueness. O

By making use of convex duality, the problem of control to trajectories is
reduced to the minimization of the corresponding conjugate function. Roughly
speaking, it is stated through the following theorem:

Theorem 2. (i) We have the identity:

; 1 g q ; 1 g *, 0 ||P
info [l =—ingC [ Bl dte <w00>) ()
uweEq Jo v P Jo
where ¥ be solution of :
—1p = A"y (15)
Y(T) =yr (16)



Or, we have in the form:

1 /7 1 [T
inf= [ ul*dt =—inf (*/ |B*S(T —t)*3||” dt+ < S(T)*4,y0 >)
ueEq Jo pex* P Jo
(17)

(1) If u,p is optimal of the problem (12) then
uop(t) = [|B*S(T = )" |"~* B*S(T — )"
where ¢ be optimal of the function:

1 (T
W) =3 [ IBS@ - el des < ST v >
P Jo

Proof.
(i) Let ¢ be solution of (1) with v = 0 and we introduce the operator:

N € L(LYQr), X) with Nu = z,(.,T) for all u € LY(Qr), where z, is solution
to:
2= Az+ Bu (18)
z2(x,0) =0 (19)

Accordingly, the solution y of (11) can be decomposed in the form:
y=zu+7 (20)

The adjoint N* is given as follows:

For each r € X*, N*¢pp = B*1) where ¢ is solution of (15), (16).
Let us introduce the following functions F and G:

0 for 2(T) = —gy(T)

400 otherwise

F(ZT) = {

1 /T
Gw = [l
q.Jo

Then, the problem (12), where the infimium is taken over all u satisfying E,
is equivalent to the following minimization problem:

inf (F(Nu)+ G(u)) (21)
ueL1(Qr)

We can apply now duality theorem of W.Fenchel and T.R.Rockafellar (see
Theorem 4.2 p.60 in [5]). It gives:

inf  (F(Nu)+G(u)) == inf (G"(N"¢r)+F'(=¢r))  (22)

u€LI(Qr) YreX*



where F* and G* are the convex conjugate of F and G, respectively. Denote
that 7 = $(T), 21 = =(T)
Note that

F*(¢Yr) = sup <zr,¢r >=— <¢r,yr >

Rr=—Yr

for all ¥p € X*.
On the other hand,

G*(w) = 1;/0 ool ?

Therefore,

T
G*(N*r) + F*(—pr) = }D / |B P dtt < (@), gr(x) > (23)

Finally, multiplying the state equation (15) by 7 and due to (11), we obtain:

< ’l/)Tvyjf >=< w(o)ayo >

Rewrite (23) as follows:

1 T
G (N*wr) + F*(-vr) = - / IB*II? di+ < (0), yo >

1 (T
- 5/ | B*S(T = ) e di+ < S(T)* 4z, yo >
0
since 1 is the solution of (15) , (16).
From (21) and (22), we have the identity:

1T q S Y . P
inf— [ lul|"dt = —inf(= [ [[B*|" dt+ < 1(0),y0 >)
weEqd Jo Yr P Jo
where ¢ be solution of (15), (16).

Or, we have in the form:

inf—

1 T . 1 T * * *
lul|* dt = — inf (~ / |B*S(T — 1) $|P di-+ < S(T)*, 50 >)
weEqd Jo pex* P Jo

(ii) If we denote by (uop) , (r) the unique solution to "LHS of (14)” and
"RHS of (14)” respectively, then one has:

1 [T . IR
0= 1 l|wopl|* dt +13 | B*or||” dt+ < or(0),y0 > (24)
0 0



We apply Young’s inequality for the first two terms of RHS (24):

1 1 "
1 / oy |t + - / 1B or | dt > / top-B* 07 (25)
q QT p QT QT

Then, "RHS of (24)” > fQT Uop-B*or+ < 01(0),y0 >
Futhermore, by multiplying two sides of (15) by y and applying Green’s
formula, we obtain:

< B*or,u >+ < pr(0),y0 >=0 (26)

On the one hand, ”RHS of (24)” > 0 ( due to (26))
On the other hand, "RHS of (24)” = 0 ( due to (24))
This is equivalent to that the sign =" in inequality (14) happeuns, i.e:

luopl|® = [ B¢
It is also rewritten as follows:
Uop(t) = | B*S(T — t)*o|P "> B*S(T — )" ¢

where ¢ be optimal of the function J* is given as above.
O

Remark: It is easily seen that the functional J* is convex, and from the
inequality (10), is coercive. Hence, it admits a unique minimizer ¢ € D(A*).
As above explanation, the control @ is chosen by:

a(t) = | B*S(T —t)*o|"* B*S(T — t)"¢ (27)

for every t € [0,7] and let y(.) be the solution of (11), such that y(0) = ypo,
associated with the control @, then we have y(T)=0

Therefore, @ is the control of minimal of LY norm, among all controls whose
associated trajectory satisfied y(T') =0

We emphasize that observability in LP norm (1 < p < 2) implies control-
lability and gives a constructive way to build the control of minimal L? norm
(¢ > 22). A similar result was known in L? norm through using HUM ( see
more [4],[18],[27],[28]).

5 The main result

Let X and U be Hilbert spaces, and let A : D(A) — X be a linear operator
and self-adjoint, generating a strongly continuous semigroup S(t) on X. Let
B e L(U,D(A*)") be a control operator. We make the following assumptions:

(H1) The semigroup S(t) is analytic

Therefore, ( see[22]) there exist positive real number C; and € such that

10
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(&
IS@x < Cre* lyllx, 1ASOyllx < Cr—-llyllx (28)

for all t > 0 and y € D(A), and such that, if we set A = A—wl, for § € [0,1]
and there holds

wi

|a%swy <S5 vl (29)

for all ¢ > 0 and y € D(A).

Of course, inequalities (28) hold as well if one replaces A by A*, S(t) by
S(t)*, for y € D(A*).

Moreover, if pA denotes the resolvent set of A, then there exists § € (O, g)
such that p(A)DAs = {w+ pe®|0 > 0,[0] < Z +6}.

For A € p(A) , denote by R(\, A) = (A[ — A)~! the resolvent of A . It follows
from the previous estimates that exists Cs > 0 such that

C
1RO, Al < 5= IR Al < Co (30)
for every A € Ay, and
. Cy || .
R(M A —= RN A <C 31
H (, ))HL(X)_ [Al” , )HL(X) =2 (31)

for every A € As +w. Similarly, inequalities (30) and (31) hold as well with A*
and A*.
(H2) The degree of unboundedness of B is 7. Assume that v € [1/2, %) (

where p,q are conjugate ,i.e % + % =1and 1 < p < 2). This means that:
B e LU, D((—A")"Y). (32)

In these conditions, the domain of B* is D(B*) = D((—A*)7), and there exists
C'3 > 0 such that

189l < o[ (A (33)

for every ¢ € D((—A*)7).

(H3) We consider two families (X} )o<n<n, and (Up)o<n<n, of finite dimen-
tional spaces, where h is the discretization parameter.

For every h € (0, hg), there exist the linear mappings Py, : D((—A*)2) — X,
and By : Xp, — D((—A*)}) and (A4*) "7 : D(—(4*)%) = D(—(4*)") (xesp.,
there exist linear mappings @, : U — U, and th : U, — U), satistying the
following requirements:

(Hs.1) For every h € (0, hg). The following properties hold:

Phﬁh = idXh and Qth = idUh (34)

11



(Hs.2) There exist s > 0 and Cy > 0 such that there holds, for every h €
(07 hO) 5

H(I— <A*>‘”+i‘ﬁhph) u;H < Cah* | A0l (35)
X

for every ¢ € D(A*) and

<<—A*>”>(f—<ff*>MP’TPWH <O Ay (36)
X

H(LQ}LQh)uHU 50 (37)
for every u € U , and
|- @uanBs|, < can a4y (39)

for every ¢ € D(A*)
For every h € (0, hg) , the vector space X, (resp. Up) is endowed with the
norm |||y, (resp. |||y, ) defined by:

lynll, = ||Pran|] , for un € X (resp. Jlunly, = || @nun] )
Therefore, we have the properties:

- R N
PH :H H =land |(4) 2| <C 39
H " L(Xp,X) @n L(Un,U) an (4%) M HxHx (39)
”Ph”L(X,Xh) < 05 and HQhHL(U,Uh) < CS (40)

(Hs.3) For every h € (0, ho) , there holds
P,=P, and Q, = Q) (41)

where the adjoint operators are considered with respect to the pivot spaces
X7U7XhaUh-

(Hs.4) There exists Cg such that
—v+5

HB*(A*> Putn

< Ceh™ |[¢nllx, (42)
U

for all h € (0, hg) and ¢y, € Xp.
For every h € (0, hy), we define the approximation operators A} : X, — Xj
of A* and B} : X}, = Uy, of B*, by

—v4+ 1

= P,A*P, and Bf = Q,B*(A*) '’ P, (43)

(H4) The following properties hold:
(Hy.1) The family of operators et is uniformly analytic, in sense that there
exists C7 > 0 such that

tAp

||e < Cret (44)

||L(Xh)

12
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|| ApetAn <Cr— (45)

HL(Xh)

for all ¢ > 0 and h € (0, h).
(Hy.2) There exists Cy > 0 such that, for every f € X and every h € (0, ho),
the respective solutions of A*y = f and Aj vy = P f satisfy

[Prp = ¢nllx, < Csh® | fllx (46)
In other words, there holds HPh/l**l - A**lth < Cgh?
L(X,Xn)

Remark 4.1 The important point to note here is the appearance of the
function (A*)~71+z,

According to [13], the inequality (22) make sense since vy < 3 and thus
imP, C D((—A*)'/2) ¢ D((—A*)").

In our context, on account of vy > %, the inequality (36), which is similar to
inequality (22) in [13], only make sense if we add the functional (A*)~7*z in

1

order that im(A*7+§]5h) C D((—A*)7). The choice of the function (A*)~7+z
seems to be the best adapted to our theory.

Namely, we give here for instance about the functional (A*)_”Y’L% through
the heat equation with Dirichlet boundary control as follows:

y=Ay+ctyin (0,T) x Q
y(0,.) = yo in
y=uin (0,T)xT =3

Set X = L2(Q2) and U = L?(T"). It can be written in the form (4), where the
self-adjoint operator A : D(A) — X is defined by

Ay=Ay+cPy: D(A) = H*(Hj — L
In this case, the degree of unbounded of B is 7 = 2 +¢(e > 0) (see [14,section
3'1]2?'% may take A as follows:
Ah = —Ah, D(A) = H* (| H;

= (A0)~ite . HY(Q) — HET<(Q).

N|=

Therefore, (A* )t

Remark 4.2 By means of the condition of the degree of unbounded of
operator B and (33), we imply that B is admissible.

13



Indeed, we have

T
L5l = sup / < B*S*(T — s)z,u(s) > ds
lull, <1 Jo
T
< B*S(t)*y|Pdt)®
< ([ 1mseyrvra
T ~ p 1
< C —A*)VS(t)* dt)r
< o [aservfa
T qwt 1
< o[ G llPata @y <)
< Crlv

Remark 4.3. It is easily seen that assumptions (Hs) ( except for the in-
equalities (35), (36), (42) ) and (Hy.2) hold for most of the classical numerical
approximation schemes, such as Galerkin methods, centered finite difference
schemes,...Additionally, by using some approximation properties and the prop-
erties of the functional (A*)~7*1/2 we prove that the inequalities (35), (36),
(42) also hold for most of the above classical schemes (see the proof in Section
5). As noted in [14], the assumption Hy 1 of uniform analyticity is not standard,
and has to be checked in each specific case.

The main result of the article is the following :

Theorem 3. Under the previous assumptions, if the control system y = Ay+ Bu
is exactly null controllable in time T > 0, then there exist 8 > 0,h; > 0, and
positive real numbers C, C’ satisfying:

* P
TA
Cller |
Xn

IA

T
. P
| ||Biein]] e+ ¥,
0
< C'lnll, (47)
for every h € (0,h1) and every v, € Xp, , (1 <p<2)

In these conditions, for every yo € X, and every h € (0,hy), there exists a
solution @y, € X, minimizing the functional

1Ty, e P 1 .
Jn(p) = = Byetnpp || dt+=hP |y + < €Ty, Poyo >x,, (1 < p < 2)
pJo u p "

: (48)
and the sequence (Qnup)o<h<n, , Where the control uy is defined by

* p—2 *
un(t) = || Bre 0% || BreT-04ig,

for every t € [0,T] converges weakly (up to a subsequence), in the space L4(0,T;U)
to a control u such that the solution of :

y = Ay + Bu, y(0) = yo
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satisfies y(T') = 0. For every h € (0, hq), let yn(.) denote the solution of

Yn = Apyn + Brun, yn(0) = Pryo

Then,
o yn(T) = —h? ||onlP > on;

o The sequence (ﬁhyh)0<h<h1 converges strongly (up to subsequence) in the
space L1(0,T; X), to y(.).

Futhermore, there exists M > 0 such that

T
_ —1
/0 lu(®) 2, < M2/ [lyo2L

and, for every h € (0, hy),

T
_ —1
/0 lan(®)]15, < M= g, |2/
_ —1
1 llonll, < MP/P7Y lyo |37
_ 1/p—1
lyn (T)]lx, < MYP7LRA/P |y 3P (49)

Remark 4.4 The left hand side of (47) is uniform observability type inequal-
ity for control system (2). This inequality is weaker than the uniform exact null
controllability. No attempt has been made here to prove uniform exact null
control for the approximation systems (2).

Remark 4.5 A similar result holds if the control system (1) is exactly
controllable in time T. However, due to assumption (H; ), the semigroup S(t)
enjoys in general regularity properties. Therefore, the solution y(.) of the control
system may belong to a subspace of X, whatever the control u is. For instance,
in the case of the heat equation with a Dirichlet or Neumann boundary control,
the solution is the smooth function of the state variable x, as soon as ¢t > 0 ,for
every control and initial condition yo € L?. Hence, exact controllability does
not hold in this case L2

Moreover, one may wonder under which assumptions the control u is the con-
trol, is defined by (27), such that y(T)=0. As in [13], the following proposition
give an answer:

Proposition 1. With the notations of theorem, if the sequence of real numbers
[¥nllx,, 0 < h < hi, is moreover bounded, then the control u is the unique con-

trol, is defined by (27), such that y(T)=0. Moreover, the sequence (Qpun)o<h<h,
converges strongly (up to a sequence) in the space L1(0,T;U) to the control u.

A sufficient condition on yo € X, ensuring the boundedness of the sequence
(llenll x, Jo<h<hy, is the following : there exists n > 0 such that the control

15



system y = Ay + Bu is ezxactly null controllable in time t, for every t € [T —
n,T + ], and the trajectory t — S(t)yo in X, for t € [T —n,T + 7], is not
contained in a hyperplane of X.

Other sufficient condition on control u, also ensuring the boundedness of the

sequence (|[nll x, Jo<h<hi, is the following : there exists n > 0 such that the
control system y = Ay + Bu is exactly null controllable in time t, for every
t € [T —n,T+ n], and with the control u is defined as (27), the trajectory
t— St —E&Bu(§) in X, fort € [T —n,T +n), every £ € (0,t) is not contained
i a hyperplane of X.

6

Proof of the main results

. The proof of theorem:

Proof. The proof is based on the following approximation lemma, whose
proof readily follows that of [13,14]. The proof of this lemma is provided
in the Appendix.

Lemma 3. There exists Cg > 0 such that , for allt € (0,T] and h €
(0, ho), there holds:

i p - Psoye] < il (50)
|@nBie il < lwnll, Gy

for every 6 € [0,1]

. A . . i hs(1=7)0
HQhBhetAhwh - B*S(t) Ph7/1hHU < Cgm”l/fhuxh every Y € Xp

(52)

We carry out proving the theorem as follows:

The degree of unboundedness v of the control operator B is lower than %,
there exists 6 € (0,1) such that 0 < 04 (1 —0)y < 1%

For all h € (0, hp) and ¢}, € X}, we have:

T " P - P

/0 (HQhBﬁet ’”/)hHU - “B*S(t)*Ph¢h"U)dt

[ oot
+ /T HB*S(t)*Pm/zth dt (53)
o U

We estimate two terms of right hand side of (53)
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The control system is exactly null controllable in time T, then there exists
a positive real number C' > 0 such that:

T ~ p ~ p
/ HB*S(t)*PwhH it > C HS(T)*Phwh y (54)
0
We have the following property:
ly? — 2P| <ply"~ ' + 2P |y — 2] (55)

where y,z € RT,p> 1

Indeed, we apply mean-value theorem for f(z) = 2P(p > 1,2 € R*) |
there exists £ € (y, z) such that:

ly? =2 = [f(Olly -zl
= p|eo | ly—=

< pyPt+ 2P |y — 2

We apply this property as follows:

5 p TA:|P
[T 2 e el
~ p—1 - p—1
< p(HPhS(T)*Phwh’ . + HGTA“/%‘ . )
h h

X

HPhS(T)*Pm/)hHXh - HGTAZ%L‘

Xn

IA

P(CSCre" [inll,! + Cr [[nll%, ). | PuS (D) Pt — €745t

Gy 4nlI”~" O [l
Cmh® ¥l

Xhn

IAIA

Therefore , from above estimate and (39) , we get:

. P ] L~
HGTA”/J}LHX — Cih®|[vnll, < HPhS(T) Ph¢h‘
h

<cr
h

S(T)*phlﬁhHi
(56)

P
X
Combine (54) with (56) we have:
T * * D P TAj P s P
[ stz o], —camiu,
0 h

For the first term on the right hand side of (53) ,one has, using (33),
(51),(52) and applying the inequality (55)
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@Bzt

sl

p—1
< HQhB* tAhwhH +HB*S(t)*th/)hHU
- \\\@thLe%H sty B |
ot cwt(p—
< 5o lenl%, + C3 ||7/’hHX,L)
S—
G hs(1=)0
< o 1l Cogaragy ¥nlx,
hs(1=7)0
< Cogrammme 1Vl

We have v < (p > 1), therefore  + (1 — 0)y +v(p — 1) < 1 and we can
get, by mtegratlon

1 (| @uBie i B || — 1850y bl )| < OO,

Therefore,
T B . p T

| Nlansic i at= [ 1850 wnllpde - on 0 niy, 58)
0 0

We choose a real number 8 such that 0 < 8 < s(1 — «)f. Combine results
(53), (57), (58) we have inequality (47).

For h € (0, hy) , the functional J, is convex, and inequality (47), is coer-
cive. Therefore, it admits a solution minimum at ¢, € X} so that

0= Jn(pn) = Gu(T)pn + b ||enl” en + 74" Pyyo

where G, (T fo HB* tAL op, H etAn By, Bi e*4hdt is the Gramian of the
semldlscrete system.

With uy, (t) = HB*e(T t)AhgahH B;eT=Y4%4 ), is chosen then, the solu-
tion yp(.) satlsﬁes

T
yn(T) = eTA’Lyh(O)—l-/ e(T_t)A’LBhuh(t)dt
0

= eTAh,Phyo+Gh(T)¢h
= —hP|lonl"en

18



Note that, since J,(0) = 0, there must hold, at the minimum, J5(¢p) < 0.
Hence, using the observability inequality (47) and the Cauchy-Schwarz
inequality, one gets

TA:on ||P 4 « tA o ||P B P
clersion]” < / | Bretsion|” + 1 lonll,
X;L 0 U}
< 2||e™en| 1Py,
Xh v
and thus,
" 2
TASon < (Y e=-D (|| p 1/(p—1) 59
[emsien]| < eI Paolly,) (59)

As a consequence,
T p

/ |Brettion || < () 0= ) (60)

0

Uy, C

and h® lonll%, < (%)1/(” D (| Phyo ||p/ P 1)), and the estimates (49) fol-
low. 0

. Proof of proposition

Proof. If the sequence (H]shcthX)(K;Khl is bounded then up to a sub-

sequence, it converges weakly to an element ¢ € X. It follows from the
estimate (52) that u(t) = ||B*S(T —t)*¢||" > B*S(T — t)*¢ for every
t € [0,T]. Moreover, Qpuy, tends strongly to u in L4(0,T;U). Indeed, for
te[0,77:

Qnun(t) — u(t)
~ « p—2 *
Qn HBZE(Tft)Ah%H BjeTD4i g,

~115S( - 0" ll" 2 B S(T — 1)y

i u T 5t 1

+

HB* =0 W)hH B*S(T—t)*(ph% —¢)
x p—2
+ BT =l Bre T 0| - BT S(T - 07 plP ) (1)
Since the ¢, are bounded, then the ||uy|| are bounded. From that, we

imply the ||B;‘Le(T’t)A'*1<ph||p72 are bounded .

Using (52), the first term of right hand side of (61) tends to zero clearly.
For the second term, for every ¢ € [0,7] the operator B*S(T — t)* i
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compact, as a strongly limit of finite rank operators and since 15h<ph —
tends to weakly to zero, it follows the second term of the right hand side
(61) tends to zero. Furthermore, by applying inequality (55) we get:

x p—2
|Bre 0% |" T 1B S(T — )l
« p—3 _
< @=p)(|[Bre™ g " 4 1BTS(T - 1))

x(| Bie 0%y — B*S(T — 1))

As the | B;‘Le(T_t)AZ <thp_3 are bounded and inequality (52) is used again
. Hence, the third term tends to zero clearly.

The control u is such that y(T)=0, hence the vector ¢ must be solution
of VJ*(1) = 0, where J is defined as in Theorem 2. Since J is convex, ¢
is the minimum of J*, that is, u is the control such that y(7") = 0.

We next prove, by contradiction, that the sufficient conditions provided in
the statement of the proposition implies that the sequence (||¢n| x, Jo<n<n,
is bounded. As the proof of the first sufficient condition is found in
[13], we give here the proof only for the second sufficient condition. If
the sequence (||80h||Xh)0<h<h1 is not bounded, then, up to subsequence,
P(¢n/ ll¢nllx,) converges weakly to @ in X, as h tends to 0. For every
t € [T —n,T + n], the control system is exactly null controllable in time
t; and thus, from (60), the sequence fot < Bre =)0, Quu(s) >, ds is
bounded, uniformly for h € (0, h1). Thus, passing to the limit, one gets

t
/ < ®,5(t—s)Bu(s) >x ds =0
0

This equality is equivalent to the fact that : there exists £ € (0, ¢) such that
< ®,5(t — &§)Bu(§) >x= 0. This contradicts the fact that the trajectory
t— S{t—¢&Bu(§),t € [T —n,T+n] and every & € (0,t), is not contained
in a hyperplane of X. U

7 Numerical simulation for the heat equation
with Dirichlet boundary control

In this section, We give an example of a situation where the theorem 3.1 are
satisfied.

Let Q C R™ be an open bounded domain with sufficiently smooth boundary
I'. We consider the Dirichlet mixed problem for the heat equation:

y=Ay+cyin (0,T) x Q
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y(0,.) = yo in
y=uin (0,T)xT' =X

with boundary control u € L%(0,T; L*(T)) and yo € L*(Q).
Set X = L?(Q) and U = L?(T"). We introduce the self-adjoint operator:

Ah = Ah+c*h: D(A) = H* N H} — L*(Q)
The adjoint B* € L(D(A*),U) of B is given by

oy

B*1/} = _Ev

¢ € D(AY)

Moreover, the degree of unboundedness of B is v = 2 4+ ¢ (¢ > 0) (see[14,
section 3.1]).

1. 1D Finite-Difference semi-discretized model:

We next introduce a semi-discretized model of the above heat equation,
using 1D Finite-Difference.

For simplicity, we set Q = (0,1), I’ = {0, 1}, c=1 and T=1.

Given n € N we define h = n%_l > 0. We consider the following simplex
mesh:

Qn={z0=0;2;, =ih,i=1,...,N;zp41 = 1}
which divides [0,1] into n+1 subintervals I; = [z, x;41] j=0,...,n+1. Set
Xp={yeCn)}
Up={y € C°(l)}

Define P, (resp., Q1) as the canonical embedding from X, into D((—A)/2)
(resp., from Uy, to U). For x;, € X, and uy, € Uy, set, Ish(xh) = x5, and
Qn(up) = up. Fory € D((—A)Y?) = HY(Q), set Poy = (Y1, -, Yi» -» Ynt2)
where y; = y((i—1)h) and, for u € U, set, Qpu = (uq, .., u;, .., Unt2) Where
u; = u((i — 1)h).

It is clear that the assumptions (Hs.1) and (Hs 3) are here satisfied. Our
aim is next to verify the inequalities in (Hs o) and (Hs.4).

In order to get these inequalities, it will necessary to making use of the
following usual approximation properties (see [14,section 5]):

) 1Thy = Yl oy < P* " ylgogy s <7 +1, s=12>0, 0<1<1
and the inverse approximation properties
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.o — 2
(i) lynllze o) < ch™ llunllz (), 0 <@ <1
(i) P~ ly = Tayll 2 + H(I - Hh)%H
r+1yeH(Q)

Oyn
) Nl gy + 0 52 0, <

where 1 is the order of approximation (degree of polynomials) and IIj, is
the orthogonal projection of L?(£2) onto V, .

s—3 3
L2(r) < ch* 2 yllge (), 3 <5 <

Ch™% |lynll L2y, 9 € Vi

First, by applying (i) we easily get the inequality (36) :

A~ —yt+ Lo
Hu AT B < OB [l
L2(Q)
< O ¥l pray
< Ch* A x
in this case s=2.
We next verify the inequality (37) as follows:
H«A*m(f Gy ) o
< H A¥) +§ﬁhph)
D((=A~)7)
< CP MWl pas
< ChU A%yl

where we have used (i) with s=2, D(A*) = H*(Q) and D((—A*)") =
HY Q) .

For the inequality (39), using (iii) with s=2

0
|- @aus,,. = HI Qe
L2(T)
< Ch1/2||¢||H2(Q)
< CRU Y| paey
< CRPUT (A
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For the inequality (43), using (iv) and (40)

~ 7»y+% ~
P ot A o((A* P,
HB*(A*) v Ph¢h _ (( ) 5 hwh)
v L2(r)
_3 c Tt =
S Ch™2 H(A*) Phwh
L2(Q)
< Ch7% |y,

Therefore, the inequality (43) is satisfied for s=2, v = % + €.

Moreover, the assumption (Hy o) is satisfied with s=2 (see[14]).

Hence, theorem 3.1 applies, with 8 = 0.16, for instance.

Consider the following finite difference approximation of the above heat
equation :

. 1 ;
Yj = ﬁ[yjﬂ Fyjo1 =2y + Py 0 <t <T,j=1,.,n

yi(0) =yj0,j=1,..,n
Yo(t) = Yns1(t) =up ,0<t < T

where y € R"™2 | yo € R"*2 , u;, € R and

0 0 0 0
0 (C2h2—2) 1 0
) 0 1 (02h2—2) 0
An=os | 0 A
0 (62h2—2) 1 0
0 1 (C2h2—2) 0
0 0 0 0
1
0
By =
0
1
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2. Numerical simulation

The minimization procedure described in Theorem 3.1 has been implement
for d=1, by using a simple gradient method that has the advandtages not
to require the complex computations and this method can applied with
any power p. However, the computation of gradient of J, is very expensive
since the gradient is related to the Gramian matrix.

’ name \ Sh \ h \ Y0 ‘
1D-10 |10 | 1071 yo(z) =€
1D-100 | 100 | 102 yo(z) =€ —a?
1D-500 | 500 | 2.1073 | yo(x) =e

Table 1: Data for the one-dimensional heat equation.

ZL’

ZE

name | [lpnllx [ h7(8 =0.16) | [lyn(D)] |

1D-10 | 0.1690 | 0.6814 0.4775
1D-100 | 0.7960 | 0.4779 0.4565
1D-500 | 2.0570 | 0.3699 0.4273

Table 2: Numerical results for one dimensional equation for beta =0.16.

name ‘ llenllx ‘ h5(5:2) ‘ lyn (T)]] ‘

1D-10 | 4.4266 | 1072 0.0111
1D-100 | 4.8933 | 104 1.3467e-004
1D-500 | 5.0956 | 4.10=6 5.5178e-006

Table 3: Numerical results for one dimensional equation for beta=2.

Numerical simulation are carried out with a space-discretization step equal
to 0.005, with the data of Table 1. The numerical results are provided in
Table 2 for beta =0.16 and Table 3 for beta=2.

The convergence of the method is very slow. From the result of Theorem 3,
the final state y, (T) is equal to —h? ||@p||" " @5, in which ¢, is minimizer
of J;. We note that the maximum value for which the theorem asserts
the convergence is very small. For such a small value of 8 (for instance
B =0.16), h® converges to 0 very slowly. It follows that g (T") converges
very extremely slow.

In practice, the unique minimizer ¢y, of Jj, is obtained through the simple
gradient method in which the step is equal to 0.01 and the error e = 10~2
is taken. With the small value 8 = 0.16, it took a long time to achieve
the results in Table 2. Namely, for n=500, it took more one month to get
the result after 1000 iterations. It is clearly seen from Table 2 that the
convergence of y,(T') is very slow. These results illustrate the difficult in
using our method to compute controls. Although the case beta=2 is not
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covered by our main theorem, the method seems to converge for this value
for beta and we provide hereafter the numerical results in Table 3. Since
the value of the beta is greater, the convergence is quicker.

Appendix: proof of lemma

Proof. e First of all, we will prove (51)
For every ¢ € D(A*), one has:

—v+3

HQ;LB,’;etAZth/) — B*(A*) PyP,S(t)*

< |[@nBie i Py
U U

+HB*<A*>V+5PhPhS<t>*w

U
(62)

We estimate each term of the right hand side of (62). Since B} =
~ =yt L
QunB*(A*)" " ? P, and thus, using (40) (42) (44) one gets:

HQhB,*LetAZPm/)HU < Cs B*(A*)_7+§f~’hetA;Phw
U
S 0506]1_78 etA;'Phw’X
h
< CECCrh ™ e || (63)

On the other hand, from (28),(40),(42)

L\ +% 5) * —~s *
HB*(A*) eS| < ch RSl
U
< CsCoh IS vlx
< OOl (64)

Hence, combine (63),(64) with (62), there exists C1p > 0 such that:

—v+3 ~

HQhB;;etAZPW — B*(A*) Py PyS(t)*

< Croh™ ¥l (65)
U
for every ¢ € D(A*), every t € [0,T], and every h € (0, hg).

Moreover, we get another estimate of this term. By using (33),(38),(40)
,(42),(50) one gets:
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—v+5

QB e Pyp — B*(A*) PP, S(t)
U
5 A +% 5 * *0 A%\ +% 5 *
= |GhQuB*(A*) T Bt Py — BY(AY) PR PLS(t)
U
~ I « N
< ||@nQuB*(A*) T Bu(e M Pyip — PuS()"1))
U
g AR +% 5 *
+l0nQuB*((A%) PPy, — DS()*
U
+|@nan - DB sy,
* " _’Y+% 5 *
+ || B*(I — (A*) Py, Pp)S(t)*
U
< G| 4Py — Pus(t) v
h
N e N
+C5C5 || (—A)Y((A%) 2B, P, — D)S(1) sz
X
+C4hs(1_7)”f4*5(t)*¢||x
~ AR +% 5 *
0| (A (A TR B, - DS() wH
X
hs(1=7)
< OsCeCo——Ilwllx
+CR A S () Y|y
hs(1=7)
< Cnp p vl x (66)

Then, raising (65) to the power 1 —~, (66) to power to v and multiplying
both result estimates, we obtain :

73 Ci2

HQNhBZetA;Phiﬁ—B*(A*) IShPhS(t)*wH < tv 1Vl x
U
hence,
e tA* C B o N
HQhBhefAhPthUstf||w|x+HB (A TERRS@ || ()
U
From (29),(33),(36),
PN _’Y+% S5 * * " _’Y+% S * * *
| mnser| < [a- @7 ARsore| 4 imsel,
U U
ewt
< 013?YH1/J||X (68)
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Combine (67) with (68) and by setting ¢ = P, we get (51).

e Finally, we prove (52). On the one hand, reasoning as above for obtaining
(66), we get:

hs(1=7)
t

|@nBie P — Bs(tyy|| < CT——lwlx  (69)

for every ¢ € D(A*), every t € [0,T] and every h € (0, ho)
On the other hand, from (51) and setting ¢ = Py,

HQhBZetA;Phw - B*S(t)*wHU < HQhBZBtAZPM/)‘U +[I1B*S @) Y|y
< Sl + o (—deyrsteru|

C
< = 1Yl x (70)

Raising (69) to the power 6, (70) to the power 1 — 6 and multiplying both
resulting estimates, we obtain (52).

The proof of the inequality (50) is found in [13,14].

8 Conclusion

We have shown that the appropriate duality techniques can be applied to
solve (3), namely the Fenchel-Rockafellar theorem.

Additionally, it is also stated that under standard assumptions on the dis-
cretization process, for an exactly null controllable linear control system, if the
semigroup of approximating system is uniformly analytic, and if the degree of
unboundedness of the control operator is greater than % then the unform ob-
servability type inequality is proved. Consequently, a minimization procedure
was provided to build the aproximation controls. This is implemented in the
case of the one dimensional heat equation with Dirichlet boundary control.

Note that, we only stress our problem on the case v > 1/2. Some relevant
problems for which v < 1/2 that are refered to [13].

One open question is given: how the above results change if we remove the
assumption of uniform analyticity of the discretized semigroup.
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