OPTIMAL CONTROL OF A CLASS OF REACTION-DIFFUSION
SYSTEMS
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ABsTRACT. The optimal control of a system of nonlinear reaction-diffusion
equations is considered that covers several important equations of mathemat-
ical physics. In particular equations are covered that develop traveling wave
fronts, spiral waves, scroll rings, or propagating spot solutions. Well-posedness
of the system and differentiability of the control-to-state mapping are proved.
Associated optimal control problems with pointwise constraints on the con-
trol and the state are discussed. The existence of optimal controls is proved
under weaker assumptions than usually expected. Moreover, necessary first-
order optimality conditions are derived. Several challenging numerical exam-
ples are presented that include in particular an application of pointwise state
constraints where the latter prevent a moving localized spot from hitting the
domain boundary.

1. INTRODUCTION

We consider a class of optimal control problems for a general system of nonlinear
reaction-diffusion equations that covers a variety of particular cases with important
applications in mathematical physics. Control problems of this type received in-
creasing attention in the recent past, we refer for instance to [16, 24, 29, 33] with
respect to control methods of theoretical physics or [3, 4, 13, 12, 11] from a more
mathematical perspective.

The general system is posed in @ := Q x (0,T), where Q C R? is a bounded
spatial domain and T > 0 is a finite time. It has the form

(1.1) E%fDAerR(z,t,y)+A(:c,t)y:B(x,t)u
subject to appropriate initial and boundary conditions. Here, y : @ — R” is the
state vector function and u : Q — R™ is the control vector function. Moreover,
constant diagonal (n,n)-matrices E, D, and matrix-valued functions A, B of suit-
able dimensions are given, where E has positive diagonal entries and the ones of
D are non-negative. The nonlinearity of the system is defined by the function
R : Q xR"* — R” that we suppose to have a diagonal structure, i.e. the j-th
component of the vector function R depends only on (z,t,y;). The assumptions on
A, B, and R are detailed in the next section.

In particular, the system (1.1) includes the following special cases that we recall
with increasing order of complexity.

(i) The Schlégl model
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This model is defined upon the cubic nonlinearity R : R — R,

R(y) = ply —y1)(y — v2)(y — ys)
with given real numers y; <y < y3 and p > 0. The equation has the form

9 _

5 ~ Qv+ Ry) =u

Here, we have n = n. = 1, the matrices F = D = B reduce to the real
number 1 and A is equal to the real number 0. The system (1.3) is known
to exhibit traveling waves as typical solutions. We refer to [28] and to
the standard textbooks [14, 22, 31] on reaction-diffusion equations. The
optimal control of (1.3) was investigated in [4] with focus on the numerical
analysis and in [16] from a physical point of view; we also refer to various
examples in [29].

The FitzHugh-Nagumo system

A standard type of this well-known system is

0
Uya—ztlnyAerR(y)Jraz = u
0z
UZE‘FﬁZ—’YZ/‘HS - 0)

where oy, 0., and D, are positive and «, 3, J, v are real numbers. This
system fits in (1.1) with n = 2, n, = 1; A has the rows (0 «) and (—v 5),
B=(10)T, and R(z,t,5,2) = (R(y),8) -

For spatial dimension d = 1, the system has impulses as typical solu-
tions, while it develops turning spirals or scroll rings for d = 2 and d = 3,
respectively. We refer to [14, 22, 31] for general results on the equation,
to [24, 33] on applications of control methods in theoretical physics and to
[11, 12] with respect to the optimal control from a mathematical perspec-
tive.

Coupling of (1.3) with a linear system of ODEs

More general than the FitzHugh-Nagumo system and more diverse in
the behavior of the solutions is the system

dy "
Uya_DyAy‘FR(y)‘F;aj zZj = U
0z, ,
UjaT]*ﬁij—%erij =0 j=L...,m,
for the state vector (y, z1,...,2m). Here, we haven =m+1,n. =1, A €

R™ ™ has the first row (0, vy, ..., ), the first column —(0,v1,...,%m) ",
and the (m,m)-submatrix diag(8i, ..., 8) in the lower right corner. The
other matrices are E = diag(oy, 01, ...,0m), D = diag(D,,0,...,0), and B =
(1,0,...,0)T. Moreover, we have R(-,y,21,...,2m) = (R(Y),01,---,0m)";
we refer to the PhD thesis [23] for the treatment of this system.

Coupling of (1.3) with a linear system of PDEs
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In this more general system, the equation (1.5) is coupled with the linear
equations
6Zj
7 5t
Here, we have almost the same quantities as in (iii), but D has to be defined
by D = diag(Dy, D1, ..., Dy,) with positive numbers D;.

This system was discussed in the PhD thesis [23], too.

Other similar reaction-diffusion-equations covered by the general system (1.1)
and associated control strategies have been of great interest during recent years.
We mention exemplarily [1, 20, 21, 25, 27, 32].

We will present several numerical examples for the different types of equations
listed above. All of them are adopted from the thesis [23]. Our mathematical anal-
ysis is developed for the more general system (1.1) that includes all these particular
cases for the case of unit matrices E and D.

Our paper contains the following novelties: We extend the analysis on existence,
uniqueness, and differentiability of the control-to-state mapping to the general state
equation (1.1). Here, we apply a different method of proof than in [23] and avoid the
application of analytic semigroups that turns out to be too technical for the general
case. We prove the existence of optimal controls under weaker assumptions than
usually expected: In the unconstrained case a = —oo or b = oo it seems that the
existence of optimal controls cannot be shown. The L2-Tikhonov term ensures only
the L?(Q)"-boundedness of the set of controls, where the infimum of the problem
can be attained. However, with exception of d = 1, the control-to-state mapping
G is not continuous from L?(Q)"¢ to the state space. Therefore, this boundedness
in L?(Q)™ seems to be useless. Nevertheless, we are able to prove the existence of
optimal controls.

Moreover, we consider problems with pointwise state constraints and prove as-
sociated necessary optimality conditions.

The consideration of the state constraints is motivated by an interesting appli-
cation in theoretical physics, namely the problem of preventing localized moving
spots from reaching the boundary of the spatial domain. This issue is discussed in
Example 3 of Section 4.

—DjAZj-"-Bij—’yjy-i-éj:O, j=1...,m.

Remark 1. We will develop our analysis for (n,n)-unit matrices E = D = Iy,
since this is less technical. If E and D have positive diagonal entries, then the
results remain true with E and D substituted for I; in the associated positions.
The proofs need only minor modifications. If some of the diagonal entries of D are
vanishing as in (1.4) or (1.6), then some equations of (1.1) are ordinary differential
equations w.r. tot. In these equations, x plays the role of a parameter and boundary
conditions are not given. If they are linear as in (1.6), then the associated vector
function z can be represented by the variation-of-constants formula in terms of y
and herafter eliminated. Then a system fory of the form (1.1) is obtained, where D
has positive diagonal elements again. If z and y appear nonlinearly in the ordinary
differential equations, then the situation is more complicated. This case is not
covered by our theory. The matrices E and D will be needed in our numerical
examples.

2. CONTROL CONSTRAINED PROBLEM
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2.1. State equation. We shall consider the following system of parabolic partial
differential equations

S Ay+R@y) Ay = Bt nQ=9x(0.7)
(2.1) dy = 0 on ¥ =T x(0,T),
y(z,0) = wolx) in Q,

where € is an open bounded domain in R? with d € {1,2,3}, T is the boundary
of Q that we assume to be Lipschitz, v is the unit outward normal vector to T,
0<T < ooisfixed, A € L>®(Q,R"*™), B € L*(Q,R"*"), yo € L>(Q)™, and the
function R : QxR™ — R™ is defined by R(z,t,y) = (Ri(z,t,91),..., Rn(z,t,yn)) "
with Carathéodory functions R; : @ x R — R for 1 < j < n. Given a control
u: @ — R™ we look for the corresponding solution y, : Q@ — R™ of (2.1). The
analysis of this equation will be done below under the following assumptions on R.
We assume that every function R; is of class C! with respect to the last variable
and satisfies for 1 < j <n

. - 1
(2.2) R;(-,0) € LP(0,T; L9(Q)) with p, § € [2, 00] and 7 + % <1,

(2.3) dCr eR: g—?(x,t,yj) > Cg fora.a. (z,t) € Q, Vy; €R,
J

OR;
(2.4) VM >03C) : a—j(x,t,yj) < Cpy foraa. (z,t) € Q, Y|y;| < M.
Yj
Along this paper, we take || Al| Lo (@ rnxn) 1= esssup, el Az, )|, where [[A(z, t)|
denotes the matrix norm induced by the Euclidean norm in R™. Analogously, we
deﬁne ||BHLOO(Q7R”XTLC).
We will use the function space

W(0,T) = {y € L*(0, T, H'()) : 8,y € L*(0,T; H (Q)*)}.

and set Y = W(0,7)" N L*>°(Q)™. This is a Banach space when endowed with the
norm

n 1/2
lylly = {Z 195117 20,70 (0 + ||aty|\%2(o,T;H1(Q)*)} + pax 195l (@)
j=1 ==

Theorem 1. Under the above assumptions, for every u € LP(0,T; LI(Q))™ with

D,q € [2,400] and % + 2% < 1, (2.1) has a unique solution y € Y. Furthermore,

there exists a constant Cy independent of u such that
(2.5)  lylly < CY(HyOHLoo(Q)n + llull L0, 7303 (Q))me + ||R('aO)HLﬁ(o,T;Lq’(Q))n)-
For yo € C(Q), we have that y € C(Q).

Proof. For every M > 0, we set R (,t,y) = R(z,t,Proji_ys 1 an (y)). Now, given
w € L%(Q)", we consider the system

dy

B Ay + Az, t)y B(z,t)u — Ry (2, t,w(x,t)) in Q,

(2.6) oy = 0 on X,
y(z,0)

yo(x) in Q.
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For every 1) > ||A|| o (@ rnxn), the operator —A+A+nI is coercive in H' ()", hence
there exists a unique solution y,, € L?(0,T; H'(Q))™ of (2.6); see, for instance,
[30, page 112]. Further, from the partial differential equation we get that 0;y,, €
L2(0,T; HY(Q)*)" as well, hence y,, € W(0,T)". For fixed M > 0, the right
hand side of the partial differential equation (2.6) is bounded in L?(Q), hence
the Schauder fixed point theorem applied to the mapping w € L*(Q)" — y, €
L?(Q)" along with the compactness of the embedding W (0,T) C L?(Q), implies
the existence of a fixed point yys € L(0,T; H'(2))" that satisfies the equation

0
7;?4 —Ayy + Ru(z,tym(2,t) + Az, thyy = Bz, thu in Q,
27) Oy = 0 on X,
ym(z,0) = yo(x) in Q.

Next, we derive some estimates for y,,. Let us set 1 = [Cr|+ || A/ oo (@rnxn)+1 and
take 0 < T’ < T. Multiplying (2.7) by e~2"y,, and integrating in Q" = Q x (0,7"),
we get

T 7
- Oym B
2nt (YIM ot )
A e ( 8t VyM)[Hl(Q)n]*le(Q)n dt+/0 e ‘/Q‘VyM| dfl;dt

+ / e ?"[Rys(x,t, ynr) — R(x,t,0)] - yny dadt + / e 2"y Az, t)yar dudt

’

(2.8)
= // e 2" [B(x,t)u — R(x,t,0)] - yas dz dt.

For the first term of the left hand side of the above identity we have

’ TI
T e,2nt(ayiM yM) dt = 1 ef2nti”yM(t)”22 dt
0 ot '’ [H(Q)"]* H ()" 2 /o dt L2()m

1( o ™
29) = 5{e ™ lyn (T) 3200y — lvolieay | +7 / &2 lyar (D)1 gy -

Moreover, applying the mean value theorem and using (2.3) we obtain

[RM(xat7yM) - R(xatv())] “Ym Z CR|yM|2

We also have that y{; A(z, t)yasr > — || Al| e (@,rnxm|ya|*. Using these two inequal-
ities, inserting (2.9) in (2.8), and taking into account the definition of 7, we infer
by the Schwarz inequality that

- ™o
e Eal TC Ty el PV A

T/
- 1
+/ o 2nt/ \Vynr|? da dt < §||yo||%2(sz)n
0 Q

1/2 1/2
+ (/ e 2" By — R(x,t,0)|2dxdt) (/ e 2 |y | da dt) .
’ Q/
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Applying Young’s inequality and multiplying the resulting inequality by 2 we get

T/
e*”MMTmmw+A &2 lyat (1) 2y

T/
+2/ e*z"t/ |Vyn|? da dt
0 Q

< llyollZa (e + 1Bl (@urmxne)llull L2(@yne + IR(, 0]l L2(@)n-

Therefore, dropping the second term, using e =27 > e 21T with 0 < 7" < T, and
multiplying the inequality by €2, we conclude

T/
o () oy +2 [ [ [Vl o
0
210) < (Inoliaqayn + 1Bl @ emsoy @y + 1AC, - Olzzm )

Since T” was arbitrary, we deduce that {yas}as is uniformly bounded in the space
L*°(0,T; L?(Q))" N L2(0,T; H(Q))™.

It remains to prove the boundedness of yps in L(Q)™.
the functions f; : @ x R — R and g;, 1 < j < n, defined by

To this end, consider

fj(xvtay) = RMJ(xvtay) - Rj(x’tvo) + (1 + |OR|)ya

g; = (Bu)j — R;(+,,0) + (1 + [Cr)ynm,; — (Aym);-

From (2.7), it is obvious that yas ; satisfies the equation

8Z/M,j

(2.11) dym,; = 0 on X,
yMJ‘(JJ,O) = y07j($) in Q.

Due to the regularity of g; and the fact that f; is monotone non decreasing, we can
use the methods of [15, §II1.7] to infer the existence of a constant C; independent
of M such that

lyarillz=(@) < Cj(llyosllzes (@) + | (Bu)llLeo.7:La(5))

R, 0)l s 0,mipace) + 1+ 1CrDYM,; — (Ayn) jllz=0.1:22(@)))
< Cj(llyoll e (yn + llull oo riac@yne

(2.12)

IR+ 0) Lo 0,100 + lyazll Lo 0,7502(0))n ) -
Combining (2.10) and (2.12), we obtain the boundedness in L>*(Q)™ of every
ym by a constant C independent of M. Hence, taking M > C, we see that
Ryr(x,t,yn(z,t)) = R(x,t,y(x,t)). This implies that yps is solution of (2.1).
Moreover, (2.5) follows from (2.10) and (2.12).

Now, we prove the uniqueness of a solution. Let us assume that y*,3% € Y are
two solutions of (2.1). We set y = y?> — y'. Subtracting the equations satisfied by
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these functions, we obtain

9

p Ay + R(z,t,y°) — R(z,t,y") + Az, t)y = 0 inQ,
Oy = 0 onX,
y(z,0) = 0 in Q.

Setting again n = 1+ |Cg| + || Al| L (@ rnxn), multiplying this equation by ="'y,
integrating in @), using that

[R(z,t,y°) — R(z,t,y")] -y > Crly|?,

and arguing as above, we get

1 _ e
3 T s + [ IOl e

T
+/ efznt/ |Vy|? dz dt < 0.
0 Q

This shows that y = 0.
Finally, if yo € C(22)", then we can apply the results of [15, §II1.7] to deduce
that y € C(Q)". O

Remark 2. Of course the previous theorem remains valid if we consider a more
general elliptic operator with L*°(Q) coefficients. Moreover, the space Y = W (0,T)™"N
L>=(Q)™ introduced previously can be substituted by Y = W (0, T)"NC(Q)", provided
that yo € C(Q)". Then, Theorem 1 and the next results are true under this new
definition of Y. We also mention that the diagonal structure of R could be avoided
under some additional assumptions. For instance, Theorem 1 is valid assuming
that R is of polynomial order with respect to y and certain kind of monotonicity is
satisfied: there exist constants C; > 0, i = 1,2, 3, such that for almost all (z,t) € Q

and all y,y' € R?

|R(z,t,y)| < C1(1+ |y|") with r > 0 arbitrary if d <2 and r < 2 if d = 3,
30> > 0+ (R(z,t,y) = Rz, t,9) - (y —y) = =Caly =y,
3C5 > 0: R(xz,t,y) -y > —Csly|*

The difficulty of dealing with more general functions is due to the lack of L°°-
estimates, which are crucial in the above analysis.

Remark 3. As usual, assuming more reqularity of yo and S, we get extra reqularity
of y: If yo € HY(Q)", then y belongs to HY(Q)", and an associated estimate is
valid. If, in addition to this reqularity of yo, T is of class C*' or § is conver, then

ye H>(Q)".

Due to Theorem 1, we can define a mapping G : LP(0,T;LI(Q))* — Y by
G(u) = yy, where v, is the solution of (2.1) associated with u. The next theorem
states the differentiability of this mapping.
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Theorem 2. The mapping G is of class C' and the derivatives z, = G'(u)v are
the solutions of the system

9z _ Az + a7R(a:,t,yu)z + A(z,t)z = Bz, t)v inQ,

ot Qy

(2.13) 0,z = 0 on %,
z(x,0) = 0 in Q2.

Moreover, we have that z, € [H*(Q) N C(Q)]|".

Proof. We define the space

V= {y €y : g—z — Ay € LP(0,T; LU(Q))" + LP(0,T; Lé(n))n}

endowed with the norm

dy
lyllv = llylly + H Ty P

then V is a Banach space. Moreover, we introduce a mapping
F:V x LP(0,T; LYQ))™ — [LP(0,T; LY(Q))™ + LP(0,T; LY(Q))"] x L>=(Q)™
given by
0
Fly.u) = (55 — Ay + Rlx,t.y) + Alw, )y = Bl u,y(-,0) = yo ).

By the definition of V' and assumption (2.2)—(2.4), it is clear that F is well de-
fined and is of class C'. Moreover, the identity F(G(u),u) = 0 holds for all
u € LP(0,T;LI(Q))". We want to apply the implicit function theorem to deduce

the differentiability of G and to obtain z, = G'(u)v as the solution of (2.13). To
this end, we only need to prove that the linear operator

O (G, w) Vs [LP(0, T L))" + 20,5 L(Q))") x L¥(50)"
Y
is an isomorphism. From the expression

oOF 0z OR

— == -Az+ — A .

5, (Clw),u)2 (5 — 2=+ 5y (0 )z + A1)z, o 0),

we have that %(G(u)m) is an isomorphism if and only if for every element

(f,9:%0) € [LP(0, T L9(Q))" + LP(0, T; LU())"] x L>(Q)", the system

0z OR i
E_AZ‘Faiy((E?t,yu)Z‘f'A(fE,t)Z - f+g m Q7
Oz = 0 on %,
z(xz,0) = =z in

has a unique solution in V and the solution z depends continuously on the data
(f, 9, 20). This existence, uniqueness and continuity follows from Theorem 1. There-
fore, G is of class C*. Finally, (2.13) follows from the identity

OF oOF _ _
5y (G (G @) + F(G,wy = (0,0) Yo e L0, T L))"
and the fact that %%(G(u), u)v = —Bw.
The additional regularity of z, is a consequence of the initial condition z,(0) = 0,
because z,(0) is continuous and belongs to H' (). O
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2.2. Optimal control problem. In this section, associated with the state equa-
tion (2.1), we consider the following control problem

(P)  min J(u),

ueua,b

where

100 = 5 [ 1Cate (o) v ) de

1
45 [ 1@ 1)~ o Pdedi+ 5 [ uGe o) dode
2 Q 2 Q

with A > 0, matrix functions Cg € L>(Q,R"e*"), Cq € L (Q, R"2*™), functions
yo € L*(Q)"?, yo € L*(Q)"2, and the admissible set

Upp = {u e L*(Q)™ : a < u(x,t) < bae. in Q},

where a = (ay,...,a,.)", b= (by,...,b,.)", and —oo < a; <bj < 400,11 <5<
ne. Of course, the relations a < u(z,t) < b are to be understood componentwise.
Obviously, this assumption implies that U, , # 0.

As an immediate consequence of Theorem 2, we deduce the following corollary
just by an application of the chain rule.

Corollary 1. The mapping J : LP(0,T; L9(Q))" — R is of class C' and we have

(2.14) J'(u)v = / (BT oy + M) -vdzdt Yu,v e LP(0,T; LY(Q))",
Q
where p, € L2(0,T; HY(Q))" is the unique solution of the adjoint state equation
(2.15)
880 3R T T .
—5; ~Aet afy(rf,t, Yu)p + Az, t) o = CHlCoYu — gl in Q,
ay‘ﬂ - O on Z,

Using this result, we can derive the optimality condition for a local solution to
(P).

Theorem 3. Assume that a,b € R™. Then there exists at least one solution of the
control problem (P). Any local solution @ satisfies the variational inequality

(2.16) / (BT@+Xa) - (u—a)dedt >0 Yu € Uy,
Q

where @ = g s the adjoint state associated with .

Since U, p was assumed to be bounded in L>(Q)", the proof of the existence
of an optimal control is standard by taking a minimizing sequence that converges
weakly* in L>°(Q) to some @ € U, . Moreover, we mention that uj, — u weakly™*
in L>°(Q) implies that y,, — v, strongly in L*(Q). This follows from Theorem 1
and the Aubin-Lions Theorem.

Finally, we take p = § = +o00 and apply Corollary 1 to deduce the optimality
conditions.

Let us now analyze the case where U,; is not bounded, which in particular
includes the case without control constraints. Here, we slightly extend ideas of
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[8]. First we observe that Theorem 1 cannot be applied to deduce the existence
of a solution of the state equation for arbitrary elements in U, ; because the L>°-
estimates for the states fail. We need to assume more regularity for the elements
of Uy p, the assumed L?(Q)"¢ regularity in the definition of U, is not enough.
Therefore, we have to work with a control space of type LP(0,T;L(2))" with
P,q € [2,+00] and I + 4L < 1.

The reader can easily identify the difficulty of proving a solution of the corre-
sponding control problem because of the lack of coercivity of the cost functional in
these spaces. Notice that the Tikhonov regularization term yields only coercivity
in the space L?(Q)™ but not in the control space introduced above. Let us redefine

Upp = {u € L®(0,T; L*(Q)" : a < u(x,t) < b for a.a. (,t) € Q}.

Theorem 4. Let A\ be strictly positive. Then, the optimal control problem (P) has
at least one solution u. Any local solution in this space satisfies the variational
inequality (2.16).

Proof. For every 1 < j < n., we select an element §; € R such that a; < & < b;.
We set £ = (§;)7<; € R" and Mo = [¢[/|Q[, where |Q[ denotes the Lebesgue
measure of Q). For every M > My, we define

Uy ={u€Uyp : ||UHLOC(O7T;L2(Q))77.C < M}.

Take ug(z,t) = & V(z,t) € Q. Then we have that uy € Uy YM > My and,
consequently, Uy; # . According to Theorem 1 we know that (2.1) has a unique
solution y, € Y for every u € L>(0,T;L?(Q))". We formulate the following
optimal control problem

(Pp)  min J(uw).

u€Uns

For every M > My, this problem has at least one solution uj,;. Indeed, any min-
imizing sequence {uy} is bounded in L*°(0,T; L*(Q))™, hence the sequence of
corresponding states {y;} is bounded in Y. Moreover, from (2.1) we also obtain
the boundedness of {yx} in W(0,T)™. Then we can select subsequences, denoted
in the same way, such that uj, — uy; in L>(0,T; L?(Q))™ and y — yas strongly
in L2(Q)™ due to the compactness of the embedding W (0,T) C L?(Q). Now, it is
easy to pass to the limit in the state equation and to deduce that y,s is the state
associated with uys. Finally, we have that

upy €Uy and J(upr) < hklgio%f J(ug) = inf (Pays).
Therefore, uys is a solution of (Py). Then from (2.14) we infer that
/Q(BTQDM + Aup) - (u—up)dadt >0 Yu € Uy,
where ¢y is the adjoint state associated with wps. This relation implies that

1
- XBTQOM)7

where the projection is taken in the L?(Q)™ norm. Let us prove that there exists
M > My such that {uns} s g7 is bounded in L°°(0,T; L?(2))"e. To this end, we
first observe that J(ups) < J(ug) < oo VM > My. This implies that

(2.17) upr = Projy,, (

2
(2.18) lusrlFa(qyne < 5 (uo) VM > Mo,
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Since yy € L=(Q)", we can multiply the state equations (2.1) by e~ 27y, with

7 = 14|Cg|+ || Al| Lo (@,rnxn) and argue as in the proof of Theorem 1, without any
truncation of R (replace Rj; by R in that proof), to obtain (2.10). Then, using
(2.18), we deduce from (2.10) the existence of a constant C; such that

lyarllLes 0, 1;2(0)n < C1 YM > M.
Since ypr € W(0,T)" C C(0,T; L%(Q2))", we infer from the above inequality
(2.19) lyarllz2@n < CIVT and |lyar(T)|r2(@)n < C1 VM > M.

Now, from the adjoint state equation satisfied by ¢y, it follows the existence of a
constant Cy such that

llontll o< 0,712 (02))

< 02<||CQHL0<:(Q,R"@X“) [HCQ”Loo(Q,R"QXn)H?JMHL2(Q)" + HyQ”L2(Q)”Q]

+ [1Call o (o rraxm) (1Call Lo (o,rmaxm lyar (T)] L2(@yn + HyQHLZ(Q)"n])-

Combining this inequality and (2.19), we conclude that
1
(220) 3C > 0: XHB”LOO(Q;R”)('”C)||(pM||Loo(07T;L2(Q))n <Csx VM > M,.
Let us introduce the index sets
I,={jel,...,nl:a; €R} and I, ={j€[l,...,n]:b; € R},
and define
M = max{Cy, My} + (max |a;| + max |bj\)\/| |.
Jj€la JjEI,

Notice that I, or I, or both can be empty. In any of these cases, the corresponding
maximum is taken as 0. If we define @ € U, by

U (z,t) = max {aj,min{bj, (— %BTwM(.r,t))j}},
we have

_ 1 . .
a;(2.0)| < | (= $BTen(@.t)) |+ min{0,]a;[} +minfo, o[},
J
therefore
]| Lo (0,7522 (@))me < Coo + (max |aj| 4+ max [b)])1/]Q < M.
Jj€la Jj€ly

This, along with (2.17), implies
BRSNS
In this way, we have proved that |[uns| (0, 7;22(Q))ne < M YM > M.

Now, we show that, for every M > M, uy is a solution of (P). Let us take
u in the space L>(0,T;L*(Q))™ and set M’ = |Ju||p(0,1;r2(0)yme- 1 M < M,
then u € Upr and J(upr) < J(uw). If M' > M, consider ups, a solution of (P,,,).
We have that [[uas |1 (0,02 < M < M, and hence upy € Uns, so J(upr) <
J(upr) < J(u), and the proof is complete.

Finally, an application of the Corollary 1 with p = 400 and ¢ = 2 leads to
(2.16). O

(2.21) uns = Projy,, ( BTQOM) =
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Remark 4. Let us notice that the optimal controls, whose eristence is proved in
Theorems 3 and 4, belong to C([0,T); L%(Q))" N L2(0,T; H' ()" assuming that
bi; € C([0,T); Whe°(Q)) for every entry of B. Indeed, this regularity is well known
for the adjoint state. Since the associated optimal control is taken as a projection
on Uy b, this reqularity is transferred to the control. The projection formula in the
first case follows from (2.6) and it is given in (2.21) in the second case.

3. STATE CONSTRAINED CONTROL PROBLEM

3.1. Optimal control problem and existence of a solution. In this section
we analyze the following state constrained control problem
min J(u)
(PS) { subject to u € U, and
g1(z,t) < gla, t,yu(z,t)) < ga(x,t) V(z,t) € K.

We impose the following assumptions on the data of the control problem.

(A1) The control v is related to the state y, through the system (2.1). We assume
that (2.2)—(2.4) hold and yo € C(2). Wesset Y = L2(0,T; H*(Q))"NC(Q)". Notice
that according to Theorem 1, the states y, € Y due to the continuity of yg; see
Remark 2.

(A2) The cost functional is given as in §2.2 with A > 0 and the same regularity for
matrix functions Cgq, Cq, and functions yq, and yq.

(A3) We assume that a,b € R™ with a; < b; for 1 < j < n,.

(A4) K is a compact subset of Q and the function g : K x R® — R is continuous,
together with its partial derivatives 0g/dy; € C(K x R"),j = 1,...,n. We also
assume that g1,92 : K — R are continuous functions with ¢1(z,t) < g2(z,t)
V(z,t) € K, and that either K N(Q x {0}) =0 or g;(z,0) < g(z,t,y0()) < g2(x,0)
holds for every (x,0) € K N (Q x {0}). We introduce the sets
Vy={y e C(K): qi(z,t) < y(z,t) < ga(z,t) V(z,t) € K}
and
Unag = {u €Unp : g1(x,t) < g(z,t, yu(z, 1)) < go(z,t) V(z,t) € K}.

Under the above assumptions, we have that U4, ; is a closed, convex and bounded
subset of L>(Q)™ and the mapping G : L>=(Q)"™ — Y, defined as in §2.1 by
G(u) = yu, is of class C'. The derivative z, = G'(u)v € Y is the solution of (2.13).
From Corollary 1 we know that J : L>(Q)™ — R is of class C* and its derivative
J'(u)v is given by (2.14).

By using the above assumptions we can prove the following theorem on existence
of an optimal control.

Theorem 1. Under the assumptions (A1)-(A4), if Usq # O, then (PS) has at least
a solution.

Proof. The proof follows classical arguments. Indeed, since Usq # @ there exists a
minimizing sequence {ux}32; C Uaq of (PS). This sequence is bounded in L>(Q)"*
and the associated states {yx }32; are bounded in Y. Additionally, this boundedness
along with the partial differential equation (2.1) implies that {0;yx}2° ; is bounded
in L2(0,T; H'(Q)*)™. Hence, {yx}7>, is bounded in W(0,T)", which is compactly
embedded in L2(Q)".
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Therefore, we can take subsequences, denoted in the same way, such that u, — @
in L°°(Q)"e with @ € U, p, and yx, — ¥ strongly in L2(Q)™ and yx(x,t) — y(x,t) for
almost all (z,t) € Q. Now, it is easy to pass to the limit in the state equation (2.1)
as k — oo and to prove that y € Y is the state associated to u. Moreover, using the
continuity of g we can pass to the limit in the inequality g1 (x,t) < g(x,t, yx(z, 1)) <
ga2(x,t) to obtain g1 (x,t) < g(z,t,5(z,t)) < go(x,t) for almost all (z,t) € K. But
the continuity of the functions ¥, g1, g2 and ¢ implies that the above inequality
holds for all (z,t) € K. Hence, we have that @ € U,q. Finally it is obvious that

J(@) < liminf J(ux) = inf (PS),
k—o00
which proves that @ is solution of (PS). O

3.2. Optimality system. Hereafter, @ will denote a local minimum of (PS) with
associated state y. In order to get the optimality conditions satisfied by @ in a
qualified form we make the following linearized Slater condition.

(A5) There exists ug € Uy, such that

(31) gl(x7t> < g(aj,t,ﬂ(l‘ﬂf)) + @(:r,t,y(a:,t))zo(x,t) < gQ(Z,t) V(l‘ﬂf) € Ka

Ay
where zg € Y is the unique solution of the linearized equation
0 OR
a—i — Az + 8—(95,15,3])2 + A(x,t)z = B(z,t)(ug— @) in Q,
Y
(3.2) Oz = 0 on X,

z(z,0) = 0 in Q.
This section is devoted to the proof of the following theorem.

Theorem 2. Let @ be a local solution of (PS) and suppose that the assumptions
(A1)—(A4) hold. Then there exist a real number fip > 0, a regular Borel measure
i € M(K), and a function ¢ € L"(0,T; W'(Q)), for all s,r € [1,2) with 2 + ¢ >
d+ 1, such that

(3-3) o + |l mcxcy > 0,
op . _, OR .
_ZX A viv A
ot ST g, (z,t, )7+ A(z,t) "¢
(3.4) = 10CH[Cat — yal + Vyg(z, t, ))hq in Q,
aV@ = Vyg(J?,t,g)ﬁz on Z’

#(.T) = inC [Cay(, T) — yal + Vyg(. t,§)fia in Q,
(3.5) / (z(z,t) — g(z,t, §(x, t))dp(z, t) <O Vz € Yy,
K
(3.6) / (BTo+ fioh) - (u— @) dzdt > 0 Vu € Uyp.
Q
If in addition the Slater assumption (A5) holds, then the above optimality system
is satisfied with g = 1.

In the optimality system, the measures fig, fix and fiqg are the restrictions of
to KNQ, KNY and K N (Q x {T}), respectively.

Before proving this theorem, we recall what a solution of (3.4) is. We will
do it in an abstract framework. We consider a vector of real and regular Borel
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measures 11 € M(Q)" such that |p;](Q x {0}) =0 for 1 < j < n. We decompose
= pg + ps + po by taking the restrictions of p to @, ¥ and Q x {T'}, respectively.
Now, we consider the system

0
—aff—A<p+D(:v,t)so = po in@,
(3.7) Oy = px onx,
@("T) = Ha inQv

where D € L>®(Q,R™*™).

Definition 1. We say that a function ¢ € L*(Q)" is a weak solution of (3.7) if

(3.8) /Q(p {%—A¢+D(m ) qﬁ}dxdt:/(gqb-du Vo € ®

with

2= {6c [H'@NO@I": % - A6 € L¥(Q)", 0,6 = 0,6(,0) = 0}.

Notice that the last integral in Q of (3.8) can be expanded as

/¢> dy = /<z> g+ [ 6+ dus+ [ o(1)- duo.

Theorem 3. System (3.7) has a unique solution ¢ in L*(0,T; WH1(Q))™. More-
over, ¢ belongs to L"(0,T; Wh*(Q))" for all s,r € [1,2) with 2 + < > d+ 1, and
there exists C. s such that

llellro,rwis @ym < Cr,s||MHM(Q)”'

The reader is referred to [6] or [10] for the proof of this theorem in the case of a
scalar equation. The arguments are identical for the above system. In the proof of
theorem some regularity results for the adjoint system to (3.7) are required, they are
deduced from Theorem 1 just taking R = 0. From the regularity of ¢ established
in the above theorem and using a density argument, it is easy to prove that

/Qw [gd’ A¢ + D(z,t) ¢]dxdt+/2<p.ay¢dxdt:/cg¢.d’u

for every ¢ € [H'(Q) N C(Q)]™ such that d,¢ € L>=(X)" and ¢(-,0) = 0 in €.
Now, we can apply Theorem 3 to the system (3.4) with

oR,

dy

taking into account that 3 € C'(Q)" and using (2.4). For the right hand side of the

equations we consider the measures

Ho(A) = / i0C(Coi —yoldrdi+ [ Vet 5(x.1)) diig,
A KnNA

D(xat) = x,t,y(w,t)) +A(xat)—r

ps(B) = Vyg(z,t,y(z, 1)) diis,
KNB

1o (C) = / H0C [Cag( T) — yol de dt + / V,9(e. T, 5, T)) dic,
C KnNnC
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for arbitrary Borel sets A C Q, B C ¥ and C C Q x {T}.
The optimality conditions (3.3)—(3.6) can be deduced from the following abstract
theorem, whose proof can be found in [5, Theorem 5.2].

Theorem 4. Let U and Z be two Banach spaces and K C U and C' C Z two convex
subsets, C' having a nonempty interior. Let u € K be a solution of the optimization

problem:
Min J(u)
(Q){ u € K and F(u) € C,

where J : U — (—o0,4+o0] and F : U — Z are two Gateaux differentiable

mappings at 4. Then there exist a real number fig > 0 and an element u € Z* such
that

(3.9) fio + ||z2l| z > 0,
(310) </],Z—F(a)>zx,z <0 Vzel,
(3.11) (poJ' (@) + [DF (w)]*ft,u — wyy»uy >0 Yu € K.

Moreover [ig can be taken equal to 1 if the following linearized Slater condition is
satisfied:

(3.12) Jug € K such that F(u) + DF(a) - (uop — @) € int C.

Now, Theorem 3 follows by taking U = L>®(Q)", K = Uy, Z = C(K), C = Y,
J is the cost functional of (PS) and F(u) = ¢(-,+,G(u)). Then, we have that (3.9)
and (3.10) coincide with (3.3) and (3.5), respectively. Let us prove that (3.11) is
the same as (3.6). To this end, we first introduce @ as the solution of the system
(3.4). We observe that the chain rule along with the expression of z, = G'(a@)v
provided in (2.13) leads to

([DF(@)]* i, v) Lo (Q)ne) Lo (Q)yme = (i, [DF(0)]0) m(ky, (k)
_ 0Og _ _ dg _ _
= {1, 2B @l s e = [ St 5w 0)z (0.0 dp
dy K Oy
From here we get, once again with the chain rule,

<ﬂ0J/(1]) =+ [DF(@)]*/], U)[Loo(Q)nc]*’Loc(Q)nc

= o [ 104(Car ~va)) = de it + [ [CR(COIT) )] -2(T) do

—l—)\/ ﬂ-vdmdt) —|—/ @(x,t,g(x,t))zv(x,t)d/j
Q K Oy

:ﬂo)\/ﬂ'vdzdtJr/zvod,u,
Q Q

where p = pug + ps + po is the measure above introduced. Now, we notice that
Theorem 2 implies z, € ® and 9,2z, = 0. Then from Definition 1 applied to the
system (3.4) with ¢ = z,, and recalling that D = g—g + AT we obtain with (2.13)

_ [0z OR _
/sz.du_/Qgp.[at —sz+8—y(x,t,y)zv+sz dx dt

:/¢~Bvdxdt:/(BTg5)-vdxdt.
Q Q
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The last two identities lead to
<ﬂ0J’(’[L> + [DF(’CL)]*ﬂ, U>[Lm(Q)nc]*7Loo(Q)nc = / (BT@ + ﬂo)\ﬂ) -vdzdt.
Q

Hence, taking v = v — @ with u € U, p, we conclude that (3.11) and (3.6) are
identical. It is obvious that (3.1) and (3.12) are equal, hence the possibility of
taking fip = 1 under the Slater assumption follows from Theorem 4.

After having proved Theorem 2, let us draw some conclusion, namely some
information on i that follows from (3.5).

Theorem 5. Assume that (A4) holds and i € M(K) satisfies (3.5). Then the
following embeddings hold
{ supp(f) C {(x,t) € K : g(a,t,y(x,1)) = g2(2, 1)},

(3.13) - g
supp(fi~) C {(=,1) € K : g(x,t,9(z,t)) = g1 (2, 1)},

where i = it — i~ is the Jordan decomposition of i,

The proof follows the lines of [9, Proposition 2.5] with obvious modifications. As
a consequence of this theorem and the assumption (A4) we have that |z|(FK N (2 x
{0})) = 0. Hence, the identity i = fig + fis + fig holds.

3.3. A regularity result for local solutions. As in the previous section, @ will
denote a local minimum of (PS) with associate state and adjoint state § and @,
respectively. In this section we impose the following additional assumption on the
problem (PS).

(A6) The following structure is assumed for B = (b;;)
. — . . ) < i<
bij(z,t) { bi(a,t) ifi= ], with b; € L>(0,T; WH>(Q)), 1 < j < ne.

Moreover, there exists a constant b > 0 such that |b;(x,t)] > b for almost all
(z,t) € Q and 1 < j < m,. We also assume that A > 0 and (3.4)—(3.6) holds with
fo = 1.

Under this assumption, the well known regularity @ € L"(0,T; W*(Q))" for
all 7, s € [1,2) with 2 + % > d + 1 follows from the projection formula

. 1 _
a(xz,t) = Projiq 4 (— XB(x,t)Tgo(:E,t))

equivalent to

_ . 1 _ )
(314) Uj(l',t) = PrOJ[aj,bj] (_ Xb](x’t)gpj('r’t))a 1< J < Ne,

which is well known to be deduced from (3.6). However, this projection formula
leads to higher regularity, namely @ € L2(0,T; H'(Q))". The next lemma, proved
in the appendix, is the key tool to establish this regularity.

Lemma 1. Assume that (A6) holds, and let @ be the solution of (3.4). Given
M >0, we set

(,OJ\/I(I, t) = PrOj[—M,+M}” (@(Iv t))
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Then, op € L2(0,T; HY(Q))™ and there exists a constant C depending on 2, Cr,
and ||Al| oo (@rnxny, but independent of M, such that

leallzo,mm e < ClICHICQT — yalllL2(q)n
(3.15) +|CS [Cay(-,T) — yalllL2y» + \/MHVyQ(', S leoy |8l mr) ]-

Theorem 6. Assume that (A6) holds. Then, @ belongs to L*(0,T; H*(£2))"e.
Proof. Let us take

A . _
M > Emax{|a|, 1]} and @ (z,t) = Proji_a 4 amn (6(2,1)).

Then, from Lemma 1 we know that oy € L2(0,T; H'(2))". Due to the regularity
of the functions b; we also have that b;oar; € L2(0,T; HY(Q)) for every 1 < j < n,.
Now, from (3.14) we have

bi(z,t)p;(z,t bi(z,t i(z,t
uj(@,t) = Projig, p,) (_ i );\p](x’ )) = Proji, 4] (‘ it )w)\M’j(m? ))'
This implies that @; € L?(0,T; H*(Q))™ as well for 1 < j < n.. It remains to
prove that both projections coincide. This is obviously the case if |@;(z,t)] < M.

If |@;(z,t)| > M, the reader can easily confirm the following facts

bi(x,t) _
) - 2800 0, 0) ¢ a0,
bi(x,t bi(x,t bi(x,t
2) if — M@j(m,t) < aj, then — M(ﬁj(ﬂ?,t) < —@g@mj(x,t) < aj,
bi(x,t bi(x,t bi(x,t
3) if — @@-(m,t) > bj;, then — @cﬁj(%t) > —@@Iw,j(l',t) > b;.
In either case the equality of the projections follows. ([

4. EXAMPLES

As applications, we consider systems of equations in two-dimensional spatial
domains (d = 2) that develop spiral waves or moving localized spots as solutions.
Spiral waves appear for the FitzHugh-Nagumo equations, a system of 2 equations,
while localized spots arise for a system of 3 equations. In all the examples, the
aim is to move the appearing state function in a prescribed way. All examples are
numerically very challenging but show, on the other hand, the geometrical beauty
of solutions to the selected reaction-diffusion equations.

Example 1: Translation of a spiral wave along a circle

We consider the FitzHugh-Nagumo system (1.4) in = (0, Lg)? with Lqg := 75,
for T' = 1000, and subject to homogeneous Neumann boundary conditions. The
parameters of the system read oy =0, = D, =1, a =1, 8 = 0.05, v = 0.0125,
0 =0, and the nonlinearity is R(y) = y(y — 0.01)(y — 1).

As pointed out in Remark 1.1, the system (1.4) does not directly fit to (1.1),
since the second diagonal element of D is zero. However, our theory remains true
with obvious modifications. For the necessary optimality conditions and the adjoint
equation we refer to [12], where this example was not considered. Here, our control
task is to translate a naturally developed spiral wave pattern along a given circle.
By a standard method that is explained in [23, p. 48], a rotation of the states is
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triggered: Spiral waves yo and zp are computed in 2 as initial states for the system
(1.4); they are depicted in Fig.1.

The area of the center of the spiral, the so-called “core”, is located around the
position (3/4 Lq,1/2 Lg) = (56.25, 37.5).

70 70 0.15
0.8
60 60
710.6
50 50 101
-10.4
«~ 40 «~ 40
> >
30 H0.2 30
110.05
20 20
10 10
-0.2
0 0 0

0 20 40 60 0 20 40 60
X X

(o]

1 1
FIGURE 1. Initial states yo (left) and zo (right) for equation (1.4)

The desired trajectory yg equals the uncontrolled natural state y evolving from
(Yo, z0) that is translated in counter-clockwise direction along a circular shape with
radius 1/4 L around the center of the domain (1/2 Lg,1/2 Lg). Due to the Neu-
mann boundary conditions, this is delicate issue.

However, the position of a spiral pattern is basically determined by the location
of its core. Translating the core, the arm of the spiral follows accordingly with
some delay. Hence, we consider the desired trajectory only in a circle-shaped area
of radius 15 around the desired center X (¢) of the spiral, given by X (¢) := (1/2 Lo+
1/4 Lo cos(2mt/T),1/2 Lo + 1/4 Lq sin(2nt/T)). We set

1 if |z — X (t)] < 7.5,
Co(z,t):=q |z —X@®)|/756-1 if75<|z—X(t)| <15,
0 if |z — X (t)] > 15.

Fig. 2 displays Cg at t = 0 as well as the product Cgyg for some times t.
The remaining parameters of the optimal control problem (P) are set to u, = —1,
up =1, and Cq = yo = 0.

As optimization algorithm, a projected gradient-method with non-linear CG-
step was chosen. Due to the large time-horizon with 3001 time-steps, and the
circumstance that an entire desired trajectory yq is given,

We employed Model Predictive Control with 4 time-steps of length 7 in each sub-
problem. This means that we solve a sequence of (discretized) short time optimal
control problems in a time horizon of length 47 starting with the interval [0, 47].
From the 4 values computed for the discretized optimal control in this short time
interval, we keep the first value for the final suboptimal control. Next we move
the time horizon one time step to the right, compute the next optimal control for
this shifted time horizon and keep again its first value. After having solved a finite
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FIGURE 2. Support function Cgq(-,0) (left) and product
Co(-t) yo(-,t) (right) for t € {0,210,420, 630,840}, where the pat-
tern that is most faded away indicates the associated product for
the earliest time ¢ = 0 and so on. The dashed white line illustrates
the center X (t) of the circle-shaped support function Cgq for t €
(0,840).

number of small optimal control problems, we arrive at a suboptimal control on
[0,T]. The short time control problems were solved by a nonlinear CG-step.

Moreover, since the chosen discretization of 101 x 101 grid points in space still
leads to fairly high computation times, only a semi-implicit Euler-scheme for solving
the discrete systems was applied. Yet, 13.42 hours for computing the suboptimal
control u was quite large.

Fig. 3 illustrates the computed (sub-)optimal control @ with associated activator
state y at several times ¢t. As shown, the control task is satisfied; the suboptimal
value of the objective functional was f(u,%) = 9.899 - 1073.

One should expect that the optimal control concentrates at the support of the
function Cg. However, the highest amplitudes of the control appear at the bound-
ary of the circumcircle of the support. The reason is that the profile of the given
desired trajectory is the one of an uncontrolled “standing” spiral wave. A trans-
lation of the pattern naturally leads to some deformations of the profile and the
control aims to suppress those deformations where Cg is positive.
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FIGURE 3. Example 1: (Sub)optimal control % (top row) and as-
sociated activator state § (bottom row) for ¢ = 210,420, 630, 840.

Example 2: Translation of a propagating spot along a circle

The realization of this and the next example involves the system (1.5), (1.7)
with three components, i.e. with m = 2. We mainly adopt the system parameters
from [2] and [26], namely o, = 02 =1, 09 =48, D,, = 15-1075, D; = 186 - 107,
Dy =96-1074, R(z,t,y) = R(y) = y(y + V2)(y — V2) + 6.92, a1 = 1, ap = 8.5,
B1=0=7 =7 =1, and 6; = d2 = 0 in (1.5), (1.7). The spatial domain is
Q= (0, Lg)? with Lo = 0.5.

Similarly to Example 1, the control task is to translate a naturally developed
pattern along a circle-shaped curve in  in counter-clockwise direction. For this
purpose, we proceed as follows. First, we construct a natural developed spot profile
as follows: We take as auxiliary initial states

- ) 1.2 if z €[0.09,0.13] x [0.29,0.31],
' —0.8 elsewhere,

() = —0.3 if 2 €[0.05,0.1] x [0.29,0.31],
—0.8 elsewhere,

—0.65 if  €[0.09,0.13] x [0.29,0.31],
-0.8 elsewhere,

and solve the system (1.5), (1.7) for u = 0 with initial data (g, 2}, 22) subject to
periodic boundary conditions. Eventually, after a finite time, a stable spot profile
is generated. As soon as the center of mass of the pattern is in the center of the
domain €2, we replace the boundary conditions by homogeneous Neumann-type.
The violation of those conditions is negligible and disappears after a few further
time-steps. In fact, we even let enough time pass by to have the center of mass of
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the spot profile in the activator state y situated in (3/4 Lo, 1/2 Lg) = (0.45,0.3).
This state is taken as initial state, cf. Fig. 4.

0.5
0.4

0.3

o~
x

0.2

0.1

0
0 01 02 03 04 0 01 02 03 04 0 01 02 03 04

X, X4 X

FIGURE 4. Initial states yo (left), 24 (middle), and 22 (right).

Analogously to Example 1, we define the support function

1 if |z — X (t)| < 0.05,
Colz,t) =14 20|z — X(B)| —1 if 0.05 < |z — X ()| < 0.1,
0 if |x — X (¢)] > 0.1,

where X (t) is defined as in Example 1. The desired state yq is defined by

_ J wo(z+(3/4Lg,1/2Lo) — X (1)) if [z — X(1)] < 0.1,
va(r,t) = { 0 elsewhere,

and we fix Cq = yq =0, T = 250.3, as well as u, = —1 and up = 1.

The problem is solved numerically in the same way as for Example 1, this time
with 2504 time-steps. The computed suboptimal objective value is f(@,y) = 2.49 -
1075, The associated (sub-)optimal computed control @ is shown in Fig. 5 along
with the state ¢ for various times ¢.

An interesting property of the spot can be observed in this example. The pattern
is oriented and hence, a natural translation of the spot in positive x1-direction would
occur in the uncontrolled case. However, the desired trajectory is determined by
a spot profile in which orientation and natural movement do not comply. They
only comply in t & 3/4T which causes the computed control to have much lower
amplitudes during these times. In all other times, the control does not only force the
spot to change its position but also to keep its “non-complying” profile unchanged.

For control tasks of this type, namely translating a natural developed pattern in
a reaction-diffusion equation without changing the profile, we also refer to [19, 17,
18, 24].
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FIGURE 5. Example 2: (Sub)optimal control @ (upper row) and
associated activator state g (bottom row) for ¢ = 50, 100, 150, 200.

Example 3: Keeping a spot solution away from the boundary

The spot solution to (1.5), (1.7) can get trapped by the boundary 9. Fig. 6
illustrates the natural propagation of such a pattern for Q = (0,0.4)2, T = 100,
oy=03=1,01=48, D, =1-10"% D; =186-107%, Dy =96 - 10~%, R(z,t,y) =
Rly) =yly+v2)(y —v2) +6.92, 01 =1, 0, =85, /1 = o =71 =72 = 1, and
01 =382 =0.

Now, our task is to prevent the spot from touching the boundary. For this
purpose, we define é,(z) := 0.2—max{|z1—0.2|, |22—0.2|}, g2(-, t) := min{2,40¢,}—
0.5, and consider the pointwise state-constraints

y(x,t) < ga(x,t) V(z,t) € @

Notice that 0 < ¢,(x) < 0.2, éy(x) = 0 holds on 09, and we have é,(z) = 0.2
in the midpoint of . Therefore, the value go = —0.5 is attained, if y hits the
boundary and g, = 1.5 is sufficiently large in the midpoint. The distance of the
curve go = 0 to 9 is 0.0125 = 1/80. The core of the uncontrolled spot is mainly
positive and the principal form of the spots is known to be quite stable. Therefore,
it was sufficient to bound y from above by go. This keeps the spot away from the
boundary. An additional lower bound would have made the computations a bit
more demanding.

To complete the setup of the optimal control problem, we set Co = yo = Cg =
Yo =0, ug = —1, and up = 1.

The numerical solution of this example is based on a finite difference discretiza-
tion with A = 1/200, 7 = 0.1 as step sizes in space and time and is performed as in
the preceding 2 examples.
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FicURE 6. Example 3: Activator component of the initial state
Jo (left) and natural development of this component in (0, 100) for
u = 0 (right). The white dashed line indicates the position of the
center of mass of the pattern. In ¢ ~ 60, the spot gets trapped by
the Neumann-boundary.

Again, we applied Model Predictive Control with 4 time-steps and a nonlinear
CG optimization method for solving each subproblem. The state constraints have
been included in an associated penalty term.

It turns out that only a small negative impulse of an amplitude of maximal 0.007
in ¢ € (49, 55) is sufficient to push the spot away from the boundary. Fig. 7 shows
the described behaviour. Let us also emphasize that similar examples with multiple

0.4:
0.35
0.3

0.25

0.15
0.1

0.05

01 02 03

FIGURE 7. Computed (sub-)optimal control @ in ¢ = 50 (left)
and the activator component § of its associated state for ¢t =
0, 20, 40, 60, 80, 100 (right).
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spots in the domain instead of only one lead to analogue results.

Remark 5. By techniques of sparse control, the support of the control functions
can be reduced significantly. For associated examples, we refer the reader to [11] and
the thesis [23], where the analysis of sparse optimal control for reaction-diffusion
equations is developed up to second-order sufficient optimality conditions.

5. APPENDIX - PROOF OF LEMMA 1
Let us consider sequences { fx}32, C L*(Q)"™, {gr}72, C L*(2)", and {hg}32, C
H'(Q)" satisfying
6.1 fellzr@r < IVyaCsDiolrm@rs fr = Vyg(s 9o in M(Q)",
(5:2) gkl < IVyaCs - Pislmsyn g = Vyg(, - 9)is in M(E)",
(5.3) { Hhk\lLl(Q)n < ”Vyg('vTag(T))ﬂfZHM(QX{T})"
b = Vyg(, T, y(T))fiq in M(2 x {T})".

We also consider a sequence {wy}32, C H*(Q)™ such that

(5.4) { wy, — O [CaB(-,T) — yq] strongly in L?(Q)"

and [|w || 2@ < GG [Cog (-, T) = yalllL2)n k.

Now we consider the problem

(5.5)
0 OR .
_%_A@k‘kaiy(,,g)(pk‘i‘AT@k = Cg[CQg_yQ]_ka mn Qa
oo = Gk on %,
gpk(-,T) = wg+ hi in Q.

This is a standard linear problem for which existence and uniqueness of a solution
or € W(0,T)" are well known. Moreover, since wy, + hy, € HY(2)", we also have
that ¢, € H(Q)". From Theorem 3 we infer that

2 d
(5.6) op — @ in L7(0,T; Wy * ()" Vr,s € [1,2) with S

Moreover, the following strong convergence holds [7]

d+2
. 1. D — n = 1 < —
(5.7) ([ = @kllLa@n =0 V1< g < —

Now, we define @ark(2,t) = Proji_r ann (Pr(z,1)). Since ¢ € H'(Q)", then
we also have that ¢, € H'(Q). From the inequality |¢ar(z,t) — oark(z,t)] <
|p(x,t) — i (z,t)| and (5.7) we infer that ¢asr — @ar strongly in LY(Q)™ for every
1<q< H2

If we prove that {¢arx 72 is bounded in L?(0,T; H'(2))", then the convergence
ok — e in LY(Q)™ implies that ¢y € L2(0,T; HY(Q))" as well. Taking n =
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|Cr| + 1, multiplying (5.5) by €*"' ¢, and integrating in Q
/ et X 890]@ “OM,k dx dt + / eQntngk . VQDMJC dx dt
Q ot Q
2nt OR — 2nt, T
+ [ e (a—y(x,t,y)gok) ok dedt + Qe o Az, )i de dt
Q

(5.8) = / M (CHICQY — yql + fr) - ok du dt + / Mgy - oy du dt.
Q >

Now using that ¢y - Oronmr e = Omk - Orpm e = %&\goM,k\z, we obtain

Oy T a
—eM R o d dt:—/ 7/ mt dz dt
/Q e ot PM,k AT o di Qe Pk - PM,E AT

0
+ 277/ ey - oar g da dt —|—/ ey, - TIME G0 dt

. / 1 o4 (2,T) - oar (2, T) di + / ok (2,0) - par (e, 0) da
Q Q

1
(5.9) + 277/ ey, - O,k de dt + 3 / e2"t3t|g0Mﬁk\2 dx dt.
Q Q

For the last term we have

1
Q/e”t8t|<pMk| dx dt

= / d/ 2"t|<pMk|2dxdt //2nt|g0Mk|2d$dt
tJa

3 | Menate TP =5 [ owae.0)P do
Q

| \/

(5.10) — 17/ ey - park dx dt.
Q
From (5.9) and (5.10) and using that ¢y - ok > | k|> we deduce

/ e O o dxdt > —e21T / (wi + he) - ok (2, T) d
0 ot Q

1 2 2t e
+5 [ lemr(z,0)"de+n [ e pp - ok dodt +
2 Ja Q 2

[ lomaa 1) do
Q
> 2T / (wi, + hi) - iz, T) dx + 17/ ey, - ok dedt
Q
1 2
+ = \wM,k(x,Tﬂ dx.
2 Ja

Inserting this inequality in (5.8) and taking into account that O,k - O, oMk =
Oz, oM 1 - Oz, M k>, We obtain with Young’s inequality, (5.1)—(5.4), and the estimate
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for [l lz1 (@) derived from Theorem 3

/|V¢M,k|2d$dt+/ |tk
Q Q

1
< [ WounPdode+ [ o~ |Calor paindodt + 5 [ lora( D) do
Q Q Q

1
2dmdt+§/ loarn(x, T)|? do
Q

T

0

§/ —eQWt% “ oMk d dt+/ eV - Vo, dr dt
0 Q

OR
+ / eQ"t(—(x,t,y)gpk) g dr dt + 2T / (W + hi) - e p(z, T) de
Q Oy Q

/Qez’?t<Cg[CngQ]+fk> 'QDM,kd:EdtJr/ eQntgk'(pMJc dx dt
>

+ 21T / (wi + hi) - onp(T) do — / eQnt‘PzA(%t)‘PM,k dx dt
Q Q

<t [HC@;F[CQ? = yalllr2@n leaskllz@)n + llwl L2 @)» s,k (T) | L2 (0
+ M (| fellzr@yn + gkl yn + 1kl L @n + ||A||LM(Q,RWM)||<Pk||L1(Q)"))]
<C [II%r [Cay = yolllZ2q) + 1€ [Cat (-, T) = yolllZ2yn

#MIT,90- Do lalla)] + 5 [ lomsfdradt + Gllows(D e

Finally, we get from the above inequality with (5.4) that each ¢y satisfies (3.15).
Hence, ¢y also does it.
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