REGULARIZED STATE-CONSTRAINED BOUNDARY OPTIMAL
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ABSTRACT. The numerical solution of the Dirichlet boundary optimal control problem
of the Navier-Stokes equations in presence of pointwise state constraints is investigated.
Two different regularization techniques are considered. First, a Moreau-Yosida regular-
ization of the problem is studied. Optimality conditions are derived and the convergence
of the regularized solutions towards the original one is proved. A source representation
of the control combined with a Lavrentiev type regularization strategy is also presented.
The analysis concerning optimality conditions and convergence of the regularized solu-
tions is carried out. In the last part of the paper numerical experiments are presented.
For the numerical solution of each regularized problem a semi-smooth Newton method
is applied.

1. INTRODUCTION

The introduction of state constraints in optimal flow control problems constitutes a
recent approach in order to reach a desired fluid flow behavior or deal with multiple
optimization objectives.. In particular, the reduction of flow recirculations can be reached
by imposing pointwise box constraints on the state, while the energy needed is minimized.
This approach has been studied analytically for distributed controls in [14, 30, 10] and
numerically in [12, 13]. Despite its practical importance, the boundary control case has
not been treated yet.

Optimal control problems of the Navier-Stokes equations with Dirichlet boundary con-
trols have been studied in [16, 17, 18, 20] in absence of inequality constraints and in [11]
in presence of pointwise control constraints. An important issue in this kind of problems
is the choice of appropriate control spaces and correspondent cost functionals in order to
get existence of an optimal solution and derive optimality conditions. In particular, L4
tracking type terms in connection with Dirichlet boundary controls have been considered
in [16, 18]. In those contributions a L tracking norm, with ¢ > 4, has to be chosen in
order to get existence of an optimal solution. Differently from [16, 18] and thanks to the
presence of pointwise state constraints, we are able to overcome this difficulty and consider
a L2 tracking type term in the cost functional (see Theorem 2.2). For that purpose, an
appropriate a priori estimate is obtained (see Proposition 2.1), which is also needed to get
approximation results.

On the other hand, the numerical treatment of pointwise state constrained optimal
control problems presents important difficulties related to the lack of regularity of the
Lagrange multipliers associated with the state constraints (cf. Casas [5, 6], Alibert and
Raymond [1] and Bergounioux and Kunisch [3]). Moreover, the direct application of
infinite dimensional semismooth Newton methods (cf. [19, 23]) is not possible in this
context.

To overcome the difficulties arising from the low regularity of the multipliers associated
to the state constraints, two regularization concepts were proposed in recent years. First,
Ito and Kunisch [22] suggested the use of a Moreau-Yosida type regularization approach,
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which removes the pointwise state inequality constraints by adding a penalty term to the
objective functional. Hereafter, the penalized problems are solved in an efficient way by
using semi-smooth Newton methods. We also refer to [2, 4, 21]. Secondly, a Lavrentiev
type regularization (cf. [24]) of the pointwise state inequality constraints was introduced
by Meyer, Résch and Troltzsch in [25]. This concept is extended to Neumann boundary
control problems in [28, 29] by including a source representation of control data.

In this article we investigate the application of both regularization techniques to the
optimal Dirichlet boundary control of the Navier-Stokes equations. After introducing
an appropriate control space and a tracking type cost functional, a comprehensive study
concerning optimality conditions as well as convergence results of the regularized solutions
is presented. Apart of proving convergence of global optimal solutions of the regularized
problems towards a global solution of the original problem (see [22, 25]), we also show
that any local optimal solution can be approximated by local optimal solutions of the
regularized problems. For this result, a quadratic growth condition on the local optimal
solution has to be assumed. Note that the study of both regularization strategies does not
involve a numerical comparison between them. This would go beyond the scope of this
paper.

Let us remark that, to the authors knowledge, no previous work on Lavrentiev regu-
larization of Dirichlet optimal control problems has been carried out. This is a further
novelty of this article.

The outline of the paper is as follows. In Section 2 the original control problem and the
functional setting are stated. In Section 3 we introduce a Moreau-Yosida type regulariza-
tion of the problem and afterwards the penalized problems are investigated. In Section 4
a source representation of the control and a Lavrentiev type regularization are proposed.
In Section 5, a semi-smooth Newton algorithm for the solution of each Moreau-Yosida
regularized problem is presented and numerical experiments are carried out.

2. PROBLEM STATEMENT

Consider a bounded regular domain  C R2. Further, let I'; be an open subset of the
boundary I'. Our aim is to find a solution of the following optimal control problem:

min J(y,u) = Yy - 2als ) + 3 0l
subject to

(2.1) —vAy+(y-V)y+Vp=f inQ
divy =0 in
ylr =g+ Bu onT
a<y<b a.e. in €,

where @ > 0, v = é > 0 stands for the viscosity coefficient and Re for the Reynolds

number of the fluid, z; is the desired state and U is the control space. The operator B is
the extension by zero operator, which will be specified later. The functions f € L2(Q2) and
g € H/2("), with Jrg -7 dI' =0 (7 the unit vector normal to the boundary), are given.
Moreover, the lower and upper bounds a,b € C(Q) satisfy a(x) < b(x) for all x € Q. The
inequalities in the last line of (2.1) have to be understood componentwise. We denote by
(+,+)x the inner product in the Hilbert space X and by ||| the associated norm. The
subindex is suppressed if the L?-inner product or norm are meant. Hereafter, the bold
notation stands for the product of spaces. Additionally, we introduce the solenoidal space
V = {v € H}(Q) : div v = 0}, the closed subspaces HY. := {v € H!(Q) : div v = 0} and
the trilinear form c : H(lhv X H<1iiv X H<1iiv — R defined by

(2.2) c(u,w,v) = ((u- V)w,v).
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The weak formulation of the Navier-Stokes equations in the control problem (2.1) is then
given by: Find y € H}iiv such that

(2.3) v (Vy, Vo) + c(y,y,v) = (f,v), forallv eV,
(2.4) Yoy = g + Bu,

where 7o : H'(Q) — HY2(T'). For later use, we define the bilinear form a : H}, xHl. — R
with a(y1,y2) = (Vy1, Vya) and set

c(v,y,v
(2.5) M(y) := sup M Vy € H, .

vev ol
Let us now consider the control space associated with (2.1) which is given by
(2.6) U={ucH)Ty)| [ u-idl =0}
Iy

Introducing the functional ® : H}(I';) — R with ®(u) = fl“l w -7 dI', the control space U
can also be written as

where N'(®) € H}(T'1) denotes the kernel of ®. Notice that the continuity of ® immediately
implies that A/ (®) is a closed subspace of Hé(l“l). In particular, the control space U is a
Hilbert space with the induced norm. Next, we formulate the operator B which appears

in the control problem (2.1):
in T,
B:H\(I) —» HYT), Bu=1{" "
o(T) = HA(D),  Bu {0 in T\ T).

In the following theorem, we summarize the main results about existence and uniqueness
of the Navier-Stokes solutions.

Theorem 2.1. Let f € H(Q), g € HY(T"), with Jrg-7 dl' =0, and w € U. There
exists at least one solution (y,p) € HY, x L&(Q) for the non-homogeneous stationary
Navier-Stokes equations (2.3)-(2.4), that satisfies the estimate

. 2
(2~7) ||y - Z/Hv < > ||F||V’ )

where § € HY. is a function such that §|r = g+Bu and F = f+vAj—(§-V)§. Moreover,
if
e(v.3,0)| < S [lolly for allveV
and v > AN ||F ||y, with N = sup
u,v,weV
Proof. For the proof we refer to [27], pp. 178-180. O

Tor—, then the solution is unique.
llwlly-llvllyllwlly

Assuming higher regularity on the functions f and g, we establish a priori estimates for
the velocity field y in the space H3/2(Q).

Proposition 2.1. If additionally to the hypotheses of Theorem 2.1, f € L?(Q) and
HY ('), then any Navier-Stokes solution satisfies the extra reqularity y € H3/?(Q) — C

and the following estimate:
(2.8)

lyllas2@) + 1Pl g2 m < & (Hf”%z(n) + gl @) + 19lL2 ) + 19llL~ ) + Hu”%—[é(Fl)) :

with a constant k > 0 depending only on v and Q. Moreover, if v > M(y), then the
following estimate holds:

g€
(€2)

(2.9)  lyllasz@) + ol g2@)m < & <||f||i2(9) + gl ) + 1Y li2) + ‘|u||;l{é(rl)) :
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Proof. The term (y-V)y can also be written as ) _, y;0;y or, since divy =0, as >, 0;(y;y).
Since the continuous embedding H(2) — L9(Q) holds for all 1 < ¢ < co, we particu-
larly obtain that v;0;y € L3/ 2(Q). Also from Sobolev inequalities, since the embedding
H'/2(Q) — L3(Q) is dense and continuous, it follows that y;0;y € H~'/2(Q). From the
regularity results for the non-homogeneous Stokes equations we obtain (see [27, Ch.I,
Prop.2.2 and Rem.2.6]) that y € H¥2(Q), p € H'/?(Q) and the following estimate holds:
(2.10) lyllasr2 ) + 1Pl 120y m < co(lf = (- V)Yllg-1/2()) + 19 + Bullar)),

where ¢y = co(v,2) > 0.
Let us next consider the term |[(y - V)y||gr-1/2()- From the properties of the nonlinear
term (see [9, p.50]) it follows that:

c(y,y, z
(2.11) I Vllgrsg = sup w2l

< c(Q) ||yl ).
zeH1/2(Q) HZHHl/Q(Q)

with ¢(£2) > 0. In the following, c¢(£2) > 0 denotes a generic constant. For the H!-estimate
of the velocity, let us consider the following auxiliary Stokes problem: Find y, € H}iiv such
that

(2.12) v(Vys,Vu) =0, forallv eV,
(2.13) Yoys = g + Bu.

It is well-known that there exists a unique solution y, € HY, to (2.12)-(2.13). Moreover,
there exists a constant ¢(€2) > 0 such that

(2.14) sl @) < c(Q)llg + Bullg/2ry-
Further, we define w := y — y, that satisfies the equation

v(Vw,Vv) +c(y,y,v) = (f,v), forallveV

(2.15) ow =0,

Taking v = w as test function, it immediately follows that
vlwlizn o) < (@) (I fllz@lwllmy @) + 19l @)yl o lwlhae)-
The latter inequality together with (2.14) implies that
(216) vyl o) < @) fllLz@) + vllgla 2@y + vilulm e + 1llue @ vl @)-

Using estimates (2.16) and (2.11) in (2.10) yields the existence of a constant k1 = k1 (v, 2) >
0 such that

yllesr2 ) + 1Pl 120y < Hl(”f”%?(g) + Hg”%p(r) + HyH%P(Q) + Hy”iw(ﬂ) + ”Uqu(l)(rl))-

Assume now that the solution satisfies v > M(y). Setting v = w in (2.15), we obtain
that

l/”wH%—I(l)(Q) + c(wava) = (f?w) - C<y87y7w)7
which implies that
(2.17) (v = M@)l[wlay ) < (@)U fllLz@) + [1Ysllue @ lvlir2@)-

Due to the regularity of the boundary data, we get from (2.12)-(2.13) and the embedding
H>/2(Q) — L®(Q) the Stokes estimate

(2.18) [sllee @) < c(Dysllmsr2 ) < c(@)Ulgllar @y + lullamyr,))-
Therefore, applying this to (2.17), it holds that

[yl ) < k2 (”f”LQ(Q) + Iyl @ llgle @) + 1llz@ lullay e, + lglla e + HUHH(I)(PI))
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with kKo = ka(v,) > 0. Combining (2.10), (2.11) and the latter inequality, we obtain
(2.9). O

For the rest of the paper, let f € L2(Q) and g € HY(T'), with frg -1 dI" = 0, be fixed.
Consider further the following set:

(2.19) T :={(y,u) € Hzl/f XU | (y,u) satisfies (2.3) — (2.4)}.
The admissible set associated with (2.1) is defined by
(2.20) Usa == {(y,u) €T | a <y <ba.e. in Q}.

Next, we show the solvability of (2.1).

Theorem 2.2. Assume that the admissible set U,y is not empty. Then, (2.1) admits a
solution (y,u) € Ugq.

Proof. Since the admissible set U,q # 0, there exists an infimal sequence {yn,un}22; C
Usga- Since the objective functional in (2.1) is nonnegative, the infimum in (2.1) exists in
Rar . Consequently, there exists a constant ¢ > 0 such that

1 o

This implies the uniformly boundedness of {u,}%; in U and of {y,}°; in L?(). Since
each y, satisfies the state constraints, the sequence {y,}22, is also bounded in L*(2).

Therefore, from estimate (2.16), the sequence {y,}5°; is bounded in Hil/f . Hence there
exists subsequences {(un,)}32; and {(yn,)}7>, such that
Up, — U, weakly in U, yp, — ¥, weakly in Hil/f
It is well known that the trilinear form c(-, -, -) in (2.3) is weakly sequentially continuous,
cf. [15, p.286]. Thus, by the linearity and continuity of a(-,-) and of the trace operator, it
follows that (y,u) € 7. Moreover, since the set

{y€H3{3|a§y§ba.e. in O}
is weakly closed, we get that (y,u) € U,q. Finally, since the cost functional is weakly lower
semicontinuous,

J(g,u) < liminf J(yp,,un,) = inf  J(y,u).
k—o0 (y,u)€Uqq

Thus, (y,u) € Hil/f X U minimizes the control problem (2.1). O

For the derivation of first order necessary optimality conditions of the regularized prob-
lems the differentiability of the control-to-state operator will be needed. This is proven in
the following Lemma.

Lemma 2.1. Let u € U and let i be a solution to the Navier-Stokes equations such that
v > M(y). There exists a neighborhood B(u) around @ in U such that the control-to-state
mapping S : B(u) — Hzi/f, that assigns to each u € B(u) the unique solution y € Hzl/f
of (2.3)-(2.4), is well-defined. Furthermore, S is twice Fréchet differentiable at @ and its
derivatives wy, == S'(u4)h and wyy, = S"(@)[h])* are given by the unique solutions of the
systems:

—vAwp + (wp, - V)g+ (5 - V)wp, +Vr =0
(2.21) divwy =0
wp|r = Bh



and
—vAwpp + (wpp - V)Y + (G- VIwpy + Vo= =2(wy, - V)wy,
(2.22) div wpp =0
whplr =0,

respectively. Moreover, there exists a neighborhood B(u) C B() such that v > M(S(u))
holds for all u € B(u).

Proof. Let us consider the operator 1 : H‘;’l/f x (L3(Q) N H'(Q)) xU — V' xHY(T') defined
by

Yoy — g — Bu
where 7o stands for the trace operator. Since (¥, u) is solution of the Navier-Stokes equa-
tions, the triple (g, p, @), satisfies the state equation ¢ (g, p,u) = 0. It can be verified that
1 is of class C™ (see [7, pp. 5-6]). Its partial derivative with respect to (y,p) at (g,p) in

direction (d,,6,) is given by
P —vAGS, + (6, -V)y+ (- V), + VI
1/1(y7p)(y,p, u)(‘sy:dp) = ( Y ( Y ’)Y:z(sy (¥ ) y p> .

Since v > M(%), the operator v, (¥, P, ) is invertible; see [11, p.1296]. Utilizing the
implicit function theorem, there exists an open neighborhood B(u) of @ in U and a control-
to-state operator

¢ B(w) — HY < (L(Q) N H'())
w e (S(u), H(w) = (w(w), p(u)

of class C'™.
To proof that v > M(S(u)) note that

je(v, S(u), v)| _  le(v, S(u) = §,v) + (v, 5,v)|

M(S(u)) = su 5 5
vEV HUHV veV HUHV
S sup |C(Uv S(U)Q_ Y, U)| + su |C(’U7yév)’
vev Icllia vev  lvlly
< N|[S(w) = gllv + M(®).
R |c(u,v,w)\ 1 ] 1 —
We recall that N := ufli}éV Tally Tl Tl - Invoking the continuity of S, the assump
tion v > M(y) together with the latter inequality immediately imply the existence of a
neighborhood B(u) C B(u) around @ such that M(S(u)) < v, for all u € B(a). O

3. MOREAU-YOSIDA TYPE REGULARIZATION

To cope with the difficulties related to low regular multipliers, we propose in this section
a Moreau-Yosida regularization of (2.1). The basic idea of the Moreau-Yosida regulariza-
tion is to consider alternatively to the state constrained problem, the following penalized
control problem:

min J,(y,w) = 3lly — zall* + § l|ullz
+3 [ max(0,y — b)[I* + 3] min(0,y — a)||?
subject to
(Py) B :
—vAy+(y-V)y+Vp=f inQ
divy =0 in Q
ylr = g + Bu on T
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This regularization approach has been utilized for state constrained control problems in
[22]. Hereafter, the same penalization was applied to different constrained control problems
(see [11, 26]).

3.1. Optimality conditions. We begin the study of the regularized optimal control prob-
lem by obtaining an optimality system that characterizes any regularized local optimal
solution to (P5).

Definition 3.1 (Local solution to (2.1)). The pair (y*, u*) € U,q is called a local solution
of (2.1) with respect to the U-topology if there exists a positive real number such that

(3.1) J(y* u) < J(y,u)
for all (y,u) € Uyq with ||u — u*||y < c.

Analogously, we introduce the following definition concerning local solutions to the
penalized problem (P)

Definition 3.2 (Local solution to (Py)). Let v > 0. Then (y,,u,) € T is called a local
solution of (P,) with respect to the U/-topology if there exists a positive real number ¢ > 0
such that

(3.2) J’y(ywu’y) < Jy(y,u)
for all (y,u) € T with |lu — u,[ju < c.

Next, a result about the orthogonal decomposition of the control space is stated. The
decomposition is afterwards used for the derivation of the optimality system.

Lemma 3.1. The orthogonal space of U can be characterized as U+ = {ofz : 0 € R},
where fz denotes the Riesz representative of i in H(l)(Fl).

Proof. As previously noted, the space U is a closed subspace of H}(T'1). Therefore, the
space H}(I'1) can be decomposed as H}(I'1) = U+ @ U. Hence, taking an arbitrary but
fix y € H}(I'1) we can express it uniquely as y = y1 + y2, with y1 € U and y2 € U+, Let
us take the ansatz ys = o fz. Then y — o f; satisfies

(y —ofa 2wy = (U W)z, — o(fa M2m))-

Since fz € UL, (f5,7)12 (ry) # 0. Thus, defining o := % and inserting this in the
L2y

above equality, we arrive at
( O'fn, )LQ Fl 0

In particular, the above equality implies that y — o f7 € U, see (2.6), and hence the result
follows, i.e., there exists some o € R such that y = y; + o1 O

In the following, we derive the first-order optimality condition associated with the reg-
ularized problem (P5).

Theorem 3.1. Let (yy,uy) € T be a local optimal solution of (Py) such that M(y,) < v
Then there exist multipliers u € L2(Q), A € V,q € L&(Q) and o € R such that

_VA?JW + (yw : V)yw + pr =f

(3.3) divy, =0
y’y|1" =g+ BU»y,
VAN = (yy - VIA+ (Vg ) A+ Vg =24 —yy — 10
(3.4) div A =0
Alr = 0,



(3.5) —aAruy, = B* (—u% + qﬁ) +on  in H_l(Fl)

Yy —0b) inAy
(3.6) w=40 in Q\(Ap U A,)
Yy —a) in A,
with Ap = {z € Q | y(x) > b(z) a.e.} and A, :={z € Q| y(x) < a(z) a.e.}, hold in

variational sense.

Proof. Since by Lemma 2.1 the control to state operator is differentiable in a neighborhood
of (y,u~), we obtain the optimality condition

T (yy(uy),uy)h =0, Vhel,
which implies that
(3.7) (Yy — 24, S (uy) 1) + a(uqy, W)y + (11, S'(uy)h) =0 Vh € U.
Here, by virtue of Lemma 2.1, S’ (uy)h = wy, is defined by the solution of

(3.8) v(Vwp, V) + c(wp, Yy, v) + c(yy, wp,v) =0 Yo eV,
(39) Yowp = Bh.

Moreover, p € L2(Q) in (3.7) is given by

Yy —0b) inA
(3.10) p=10 in Q\(A,U A,)

Yy —a) in A,
where Ay :={z € Q | y(z) > b(z) a.e.} and A, :={z € Q | y(z) < a(z) a.e.}.

Let us now introduce the adjoint equation
—VAX = (yy - VIX+ (Vy) A+ Vg = 24—y, —
(3.11) divA =0
AMr=0.

Notice that, by the assumption M(y,) < v, the ellipticity of the adjoint operator can
be verified by standard arguments which implies the existence of a unique adjoint state

A € V. Multiplying the adjoint equation by wy, integrating by parts and then invoking
(3.7), we obtain that

oA
(3.12) v(VA, Vwn) = vz, Bhg-12) 2wy + €Yy, whs A)

+ C(wha Yy, )\) — a(uv, h)u—i— < qit, Bh >H*1/2(F),H1/2(F): 0.

Now, setting v = A in the variational equation (3.8) and inserting the resulting equation
in the above equation, we arrive at

oA
<—1/% + g1, Bh>H—1/2(F),H1/2(F) = Oé(vFu'ya Vrh), forall h € U.

Note that, from Lemma 3.1, if ¢ € H™(T';) satisfies (¢, hye-1(ry)myr,) = 0, forallh € U,
then there exists o € R such that (£, h)g-1(r)) miry) = (Te; Wmyr,) = (07 M)myr,) =
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(o7, h)g—1(ry) my(ry), for all b € H{(T'1), where z¢ denotes the Riesz representative of ¢ in
H}(T'1). Therefore, we obtain

" o\ . o
(3.13) (B (—V% + qn) ah>H*1(F1),Hé(F1) + (o, h>H*1(F1),H(1)(F1)

= —a(Aru, h)g-1(p,) my(r,), forall h e H)(T)
and, consequently, equation (3.5) holds. O

3.2. Convergence analysis. Next, we study the convergence properties of the optimal
solutions of the regularized problem (P, ) towards solutions of the original control problem.
In particular, existence of a sequence of solutions to (P,) approximating any local optimal
solution of (2.1) will be shown under a quadratic growth condition hypothesis.

Theorem 3.2. Let {(yy,u,)}y>0 be a sequence of global solutions to (P.). Assume that

v > M(yy) holds for all v > 0 and v > M(y*) holds for every global optimal solution

(y*,u*) € Uga of (2.1). Then, the sequence {(y,uy)}y>0 is uniformly bounded in Hil/f X

H{(T1). Further, every weakly converging subsequence of (Yys Uy)y>0 cOnverges strongly in
Hil/f x H{(T1) to a global solution of (2.1) as vy — oo.

Proof. First of all, let us point out that a global solution (y*,u*) of (2.1) is feasible for
(P,) for all v > 0. Hence, we find that

(314) ‘]’Y(y’hu’)/) < J’Y(y*v’M*) = J(y*7U*)

Therefore, {}>0 is uniformly bounded in H}(I'1) and {y,},>0 is uniformly bounded in
L%(2). Since by hypothesis v > M(y,) holds for all v > 0, we obtain from estimate (2.9)
that {y,},>0 is uniformly bounded in Hi{f . Consequently, there exists a subsequence, also

denoted by {(y,uy)} >0, which converges weakly to a limit point (§,4) € Hf’h/f x H§(Ty).
An argument analogous to the one in the proof of Theorem 2.2 implies that (g,4) € 7.
From the penalized cost functional we also obtain that

(3.15) lim ||max(0,y, —b)|| = lim ||min(0,y, —a)| =0,
y—00 =00

which, by Fatou’s lemma, implies that § < b and § > a; cf. [11]. For this reason, the weak
limit (y, @) is feasible for (2.1) or equivalently (7, 4) € Uyq. In addition, invoking the lower
semicontinuous of J and by (3.14), we infer that

(3.16) J(g,4) < liminf J(yy, uy) < limsup Jy (Y, uy) < J(y*, u").
=00

~y—00
Thus, since (y*,u*) is a global solution to (2.1) and since (g, @) € Ugq, it follows that
(3.17) J(g,0) = J(y*,u¥)
or equivalently (g, %) is a global solution to (2.1). We show now that (y,,u,) — (9,%)

strongly in Hzl/f x H}(T'1) as v — co. In view of (3.16)—(3.17), it holds that

—

N 2, Q2
9 — zall* + 5”“”1{(1)(1“1)-

N =

1 o
(3.18) 7IIHH;OQH?JW—ZalHQJF Sy, =

Invoking the compactness of the embedding H3/2(Q) < L2(£2), we obtain Yy — ¥ strongly
in L2(Q) and hence
1 2 1. 2
L Sllyy = zall” = 5115 — zall™

This together with (3.18) and the weak convergence u, — 4 in H}(I'1) imply that u, — @
strongly in H}(T1).
9



By the assumption, it holds that ¥ > M(y). For this reason, Lemma 2.1 implies
the existence of a neighborhood B(u) of 4 in U such that the control-to-state mapping
associated with (2.3)-(2.4)

S: B(a) — HY?
is well-defined and twice continuously differentiable. It then follows from the convergence
u, — @ in H§(T'1) that y, — y* strongly in H¥2(Q). O

Let us point out that in the preceding theorem, assuming existence of global solutions
to (P,), the convergence of such solutions towards a global solution of the original control
problem (2.1) is ensured. However, an important question that certainly deserves to be
addressed is the following: if a local solution (y*,u*) of (2.1) is given, is it possible to find a
sequence of locally optimal solutions of the penalized problems (P) converging strongly to
(y*,u*) as v — oo? Such an issue is particularly important since optimization algorithms
generate in general only local solutions. Under some assumption on a quadratic growth
condition (Assumption 3.1), it is in fact possible to establish the existence of the local
solution of (P,) which converges to a local solution (y*,u").

Assumption 3.1. Let (y*,u*) € Uuq be a local solution of (2.1) such that v > M(y*).
Moreover, assume that the local solution (y*,u*) satisfies the quadratic growth condition:
There ezist fized constants o,d > 0 such that

* ok g *
(3.19) Jy" ) + G llu =l < Ty, )
for all (y,u) € Uyq satisfying ||u — u*{jyy < 0.

Relaying on the above assumption for the local solution (y*,u*) € U,q, there exists in
fact a sequence {y, u, },>0 of local solutions to (P,) converging strongly in Hil/f x Hy(T1)
to (y*,u*) as v — oo. Notice that, in contrast to Theorem 3.2, we do not require the

additional assumption that v > M(y,) holds for all v > 0.

Theorem 3.3. Let (y*,u*) € Uyq be a local solution of (2.1) satisfying Assumption 3.1.
Then, there exists a sequence {(y,uy)}y>0 of local solutions of (Py) converging strongly

in Hzl/f x Hy(T'1) to (y*,u*) as vy — oo.

Proof. The proof is shown in the following steps:

Step 1: Since v > M(y*), Lemma 2.1 implies the existence of a neighborhood B(u*) of u*
in U such that the control-to-state mapping associated with (2.3)-(2.4)

(3.20) S': B(u*) — H/?

is well-defined and

(3.21) v>M(S(u)) Yue Bu").

According to Assumption 3.1, there exist fixed constants o, > 0 such that
* * g *

(3.22) Jy"u”) + Sllu—u I < T (y, )

for all (y,u) € U,q satistying ||lu —u*|jzy < d. Now, consider the following auxiliary control
problem

min J,(y, u)
(P3) subject to
(y,u) €Ury :={(y,u) €T | |lu—ully <7}
with some fixed constant 0 < r < ¢ such that {u € U | ||u — u*||yy < r} C B(u*).

Step 2: We show that, for every v > 0, (Ps) admits an optimal solution. Let v > 0. Since
10



Jy(y,u) > 0 for all (y,u) € Uy, the infimum ( i)nfU J(y,u) exists in Ry and is denoted
y,u)€Ur

by j. Now, since the point (y*,u") is feasible for (P]), there exists an infimal sequence
{Yn, unfpzq C Ury associated with (P7), i.e., it holds that

liminf J(yp, up) = J.
n—oo
In particular, there exists a constant ¢ > 0 such that
1 o
€= J(yn,un) = 5llyn zallf2 ) + 5 ||un\|%l(1)(rl) for all n € N.

This implies that {y,}5°; and {u,}2%; are uniformly bounded in L2(Q) and H}(Ty),
respectively. Now, since {u,}>2; C B(u*), it holds that vy, = S(u,) for all n; cf. (3.20).
Moreover, by (3.21), it satisfies v > M (yy,) for all n € N. Therefore, invoking Proposition
2.1, we immediately obtain the uniformly boundedness of {y,}>2 in Hi{f Hence, there
exists subsequences {(un, )}, and {(yn,)}7>; such that

weakly in U, Yny — yf:n weakly in Hi}l{\?

Aur

U’T'Lk ¥

Analogously to the proof of Theorem 2.2, it can be shown that (ug,yg) is an optimal
solution to (P7).
Step 3: Let {(uf,y})},>0 be a sequence of optimal solutions to (P}). Since (y*,u*) is

feasible for (P7) for all v > 0, we have
(3.23) Jy(yy,ul) < Jy(yut) = J(y",ut) Yy > 0.

This implies that {(y7,u)},>0 is uniformly bounded in L2(Q) x Y. In addition, since
ut, € B(u*), v > M(y7) holds true for all v > 0. Therefore, invoking again Proposition
2.1, we obtain the uniform boundedness of {y}},>0 in Hil/vz . For this reason, we may
extract a subsequence of {(y7, u})},>0, denoted again by {(y7, u})},>0, converging weakly
in Hi{f XU to a (g,a) € Hzl/f x U. Analogously to the proof of Theorem 3.2, it holds that
(g,u) € Uyq. Further, since the set

(wett | u—u'lh <7}
is weakly closed, we find that
(3.24) la —u*lyy <7 < 0.

By the latter inequality, (3.22) ensures that
* % O\ * —
(3.25) Ty u) + S lla—liz < J(5,9).
In addition, from the lower semicontinuity of J together with (3.23), it follows that
(3.26) J(y,u) <liminf J(y5,u;) < limsup J(y5,u,) < J(y", u’).
Y0 y—00

Hence, collecting (3.25)-(3.26), we come to the conclusion that
* * g — * * *
Ity + Sl < I )

which implies that u* = 4. An argument analogously to the one in the proof of Theorem
3.2 implies that
ul, — u*  strongly in U.

oy
- « 3/2
and hence by the continuity of S : B(u*) — Hdi/V
y, = S(uy) — S(u*) =y* strongly in Hgl/f

11



Now, the assertion of the theorem is verified once we show that (y7, ) is a local solution

to (P,) for almost all . For this, let (y,u) € 7 be any pair with [ju —u/[lyy < 5. Since

u’, — u* strongly in U, there exists y > 0 such that

T _
lu ="l < flu = Wil + llug =y < 5+ 5 =r Vy>7.

r
2
This implies that (y, u) is feasible for (P7) for all v > 4. Consequently, for v > ¥, we have

Iy (Y5, wy) < Ty (ys ).

Therefore, we arrive at the conclusion that for v > %, (¢, u}) is a local solution to (P,). U

Remark 3.1. Considering the auxiliary control problem (P;) follows the idea of Casas
and Tréltzsch [8]. In a similar context [26], this idea was also used.

4. SOURCE REPRESENTATION AND LAVRENTIEV’S REGULARIZATION STRATEGY

In this section we consider an alternative regularization technique for solving (2.1). We
utilize a source representation of the control combined with a Lavrentiev type regulariza-
tion for the pointwise state constraints of (2.1). More presicely, we consider the following
source representation of the boundary control as the image of a ”distributed” control
v e L3():

(4.1) u="T(v).

Assumption 4.1. On the operator T in (4.1), we impose the following assumption:

(1) The operator T : L2(Q2) — U is surjective or the range T(L2(Q)) is dense in U.

(2) T is twice continuously differentiable from L2(2) to U.

Remark 4.1. The operator T can be chosen according to the specific problem considered.
However, apart of being surjective, it should be easy to compute numerically. In linear
problems the choice T = S* has been used (see [28]).

Hereafter, we convert the state constraints in (2.1) into
Yo <ev+y(T(v)) <ypae in, >0,

where we used the new auxiliary control v instead of u. Thus, we regularize (2.1) in the
following way:

o in Sl 2l + 3 ITOIE
subject to

(4.2) —vAy+ (y-V)y+Vp=f inQ
divy=0 in Q
ylr = g+ BT (v) on T’
a<ev+y<b a.e. in ..

To gain coercivity of the cost functional with respect to the new control v, we add to

the objective functional in (4.2) the term §|IUH2, with 8 > 0. Finally, we arrive at the
12



following Lavrentiev type regularized problem:

oy T wev) = lly = zall? + S ITE)IE + Gl
subject to
(4.3) —yAy+(y-V)y+Vp:f in
divy =0 in
ylr = g+ BT'(v) onT
a<ev+y<b a.e. in Q..

The admissible set associated with (4.3) is given by
(4.4) US, = {(y,v) € HY,, x LE(Q) | (y,v) satisfies the constraints in (4.3)}.

Analogously to (P,), the regularization allows the consideration of the constraints in L*({2)
and the direct derivation of first order optimality conditions.

4.1. Optimality conditions. Our aim in this section is to present the first order neces-
sary optimality condition for the regularized problem (4.3). We follow basically the lines
of [13]. The idea consists of transforming (4.3) locally around an optimal solution v, into a
problem with pure control-constraints. Thus, the optimality conditions can be derived in
a standard way. First of all, let us introduce the notion of local solutions to the regularized
problem (4.2).

Definition 4.1. Let € > 0. We say that (y.,v.) € U, a local solution to the regularized
problem (4.3) with respect to the L2(Q)-topology if there exists a positive real number
¢ > 0 such that

T (e, ve) < T (y,v)

for all feasible (y,v) € UZ, satisfying ||v — vc| < c.

Assume in the following that v. € L2(f) is a local optimal solution of (4.3) with the
corresponding state y. = y.(T'(v:)) satisfying v > M(y.). By Lemma 2.1, there exists an
open neighborhood By of T'(v.) in U such that the control-to-state mapping

SZB(]HH

is well-define and twice continuously differentiable. Since T is continuous, we find further
an open neighborhood Bj of v. in L?(f2) such that T(B;) C By. Let us consider a new
”control function” z := ev + S(T'(v)). We will show that the mapping v +— z is invertible
in a L2 neighborhood of v.. To this aim, we define an operator F : L2(Q) x By — L2(f)
by

(4.5) F(z,v) =ev+ S(T(v)) — z,

and analyze the solvability of F'(z,v) = 0. Since by definition F(z,ve) = 0, with z. =
eve + S(T(ve)), the solvability can then be concluded from the properties of F,(zz,ve) by
using the implicit function theorem.

In order to show the existence of the continuous inverse operator F, !(ze, ve) : L2(Q2) —
L2(2), we use Fredholm’s theorem. Owing to the continuous differentiability of T, we
have

Fy(ze,v:)h = (el + S (T'(ve))T" (ve))h
3/2

for all h € L*(Q). Let us now define the operator S(v.) : L*(2) — HY., by
(4.6) S(ve) == S (T(ve))T (ve).

We consider further S(v.) as a mapping with range in L?(£2) and hence due to the com-
pactness of the embedding of H*2(Q) to L2(Q), S(v.) : L2(Q) — L3(Q) is compact. In
the following, we impose a further assumption on the operator S(v;).

13



Assumption 4.2. The operator S(v.) = S'(T(ve))T" (ve) : L2(Q) — L2(2) does not admit
an eigenvalue —¢, i.e., the equation

(el +8(ve))v =0
admits only the trivial solution v = 0.
Based on Assumption 4.2, Fredholm’s theorem ensures that for each ¢ € L2(f2), the
equation
(el +S(ve))v =09

has a unique solution v € L2(2). This implies the bijectivity of F,(zc,v.) and hence, by
the Banach inverse mapping theorem, F,(zc,v.) is continuously invertible.

By the implicit function theorem, there exist B, (z¢) := {z € L%(Q) | [|[z2—2c| < r1},7m1 >
0, and By, (v:) := {v € L?(Q) | ||v — ve|| < 72}, with 79 > 0, such that B,,(v.) C B; and
for every z € By, (z:) there exists a unique K(z) = v € By, (v.) solving the equation

F(z,K(z)) =0.

Notice that by the implicit function theorem, the twice continuous Fréchet differentiability
of F' ensures the twice continuous Fréchet differentiability of the operator

K : By, (ze) — By, (ve).

Therefore, locally around v., problem (4.3), is equivalent to the following optimal control
problem with box constraints:

zeerill(le) J(2) == T(S(T(K(2))), K(2))
subject to:

a<z<b a.e. in§.
Next, we obtain the first order optimality conditions for (4.3).

Theorem 4.1. Let v. € L2(Q) be a local optimal solution of (4.3) with the associated

state ye = S(T'(ve)) € Hi{f such that v > M(ye). Then under Assumption 4.2, there exist
Lagrange multipliers X € V, q € L3(Q) and jq, pp € L?() such that

_VAys + (ys : V)ys + Vpe = f
(4.7) divy. =0
y€|F =g + BT(U&‘)a

—VAX = (ye - VIA+ (Vy) "X + Vg = 20 — Y= + pta — i

(4.8) div A =0

Alp =0,
(4.9) B + (T'(ve)) " (—aArT (ve) — ¢) = e(pa — ) in L(9),
(4.10) © = B* (—vo A+ qii) in HY(T),

a <eve +y. <D,
(411) Ha Z 07 b Z 07
(Mag, @i — €Vej — Ye i) = (fb;,bs — €Vej — Ye i) = 0, fori=1,2,

hold in variational sense.
14



Proof. Due to the local optimality of v., we obtain for some r > 0 that
J(v:) < T (v),

for all v € B,.(ve) C By with a < ev+ S(T'(v)) < b. Equivalently, since v = K(z) holds
locally,

T (z) < J(2),
for all z € By, (z:) with a < z < b, and for an appropriate constant 79 > 0.
Thus, z. satisfies the following first order necessary condition

(4.12) J'(z)(z —2) >0, foralla < z < b.

Using the chain rule, the derivative of J(z.) in any direction ¢ € L2(Q) is given by

(4.13) (J'(2:),0) = (y= — 24, S(ve) K' (2:)¢)

+ or(ue, T/(UE)K/(ZE)C)H})(FI) + B(ve, K'(2:)C),
where S(v.) is as defined in (4.6). Denoting by h := K'(2.)(, the latter equality yields
(414) (j/(zs)a C) = (ye — Zd, S(UE)h) + Oz(VuE, V(T/(’Ue)h))l—‘ + ,8(’05, h)

Denoting by € L2(Q) the Riesz representative of —7'(z.) and using explicitly the de-
rivative of K we obtain

(1, Q) = (s (e + S(ve))h) = e, h) + (n, S(ve)h).

Therefore, equation (4.14) is equivalent to

(4.15)  (ye — 24, S(ve)h) + (1, S(ve)h) + a(Vue, V(T (v)h))r + B(ve, h) + (ep, h) = 0,
which, integrating by parts, yields
(4.16) (ye — za, S(ve)h) + (i, S(ve)h) — a < Apue, T' (ve)h >y 1y +B(ve, h) + (ep, h) = 0,
Let us now introduce the adjoint system of equations
VAN = (ye - VIAN+ (V) AN+ Vg =24 —ye —
(4.17) divi=0
Ar=0.

Since, by hypothesis v > M(y.), the adjoint operator is bijective and, therefore, for
2q — ye — p € L2(Q), there exists a unique solution A € V for system (4.17).

Using the adjoint equations and introducing ¢ := S(v:)h = S'(T(v:))T" (ve)h, we obtain
that
(418) (Zd —Ye — Iy ¢) = _(VAA7 ¢) - C(?/aa >‘7 ¢) + C(¢7 Ye, )‘) + (VQa ¢)’

which by applying integration by parts yields

(4.19)  (z2a = ye — 1, ¢) = =(VV$, VA) + (e, ¢, A+
(9, ye, A)— < VO, & >y mi/ery + < 41, ¢ >y mzr) — (4, div ).
Since S'(T'(ve))T"(ve)h = ¢ is, according to Lemma 2.1, given by the solution of
—v(Vo, V) + (¢, ye,v) + c(Ye, p,v) =0 Yo eV
divg =0
¢lr = BT (ve)h,
equation (4.19) immediately implies

(4.20) (24 = Y= — 1, 9) = (—vOp A + q7i, B T,(Us)h>H*1/2(F),H1/2(F)'
15



Introducing the variable ¢ := B*(—vd, A + ¢ii) and inserting the latter equality in (4.16),
we arrive at

(4.21) (T' (ve))*(—aArue — ) + Bve = —ep.
Utilizing the decomposition p = pp — g, with
1
Mo 2= pg = §(M+ 1)

1
pa = p— = 5 (=p+|ul),

where |u| = (|p1], |p2])”, the optimality condition (4.12) can be rewritten as

(jl(zé‘)) 28) = min (Na - /Lb, Z) = min {(,U/a,ly 21) - (Mb,l? Zl) + (,U*a,Qa 22) - (/’Lb,Qa 22)}-
a<z<b a<z<b

By fixing the second component of the new control variable zo = z. 2 and considering the
mutual disjoint sets {z : p14,1(2) > 0} and {x : pp1(z) > 0}, we obtain that

(jl(zs)y Zs) = (ﬂa,la (11) - (,ub,ly bl) + (ﬂa,% 25,2) - (:ub,Qy 25,2)

and, consequently,

(Ha1,01 — €Ueq — Ye1) — (Wp1,01 — €Ut — Y1) = 0.

Fixing now the first component of z and proceeding in a similar manner we get that

(M2, 02 — €Ve2 — Ye2) — (b2, b2 — €V 2 — Ye2) = 0.

Taking into account that, by definition, p,, pp > 0 componentwise, the complementarity
system (4.11) follows. O

4.2. Convergence analysis. Our focus now is set on the convergence of the regularized
solutions of (4.3) in the case of a vanishing regularization parameter € | 0. Analogously
to Theorem (3.3), we address the existence of a solution of (4.3) converging strongly to a
given local solution (y*,u*) of (2.1) which will be established by invoking the assumption
on the quadratic growth condition for (y*,u*). However, compared to Theorem 3.3, the
mixing of the state and control variables within the explicit inequality constraints of (4.3)
raises some additional difficulties in the analysis. To show the existence result associated
with (4.3), we need some Slater-type assumption which is referred to as linearized Slater
condition.

Definition 4.2. Let (y*,u*) € 7 such that v > M(y*). Then, we say that (y*, u*) satisfies
the linearized Slater condition if there exists an interior (Slater) point vy € L*°(£2) such
that

(4.22) a(z) 4+ < S(*)(z) + (8" (u)T' (u*)vo)(z) < b(z) =6 Vo € Q,
for some fixed § > 0.

Notice that since v > M(y*), Lemma 2.1 implies that there exists a neighborhood B(u*)
of u* in U such that the control-to-state mapping associated with (2.3)-(2.4)

S:B(u") — Hil/vz

is well define and twice continuously differentiable. Hence, thanks to the continuous

embedding H(Sh/f < C(Q), Definition 4.2 makes sense. Notice also that the L2-L>°-norm
gap involved in the definition above is necessitated by the pointwise state constraints. We
require this later for the proof of Theorem 4.2 below.

Assumption 4.3. We rely on the following assumptions:
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1) The cost parameter in the objective functional of the regularized problem (4.3)

B = B(e) satisfies
8= 0051+01

with some constants oo >0 and 0 < o1 < 1.

2) The operator T : L2(Q) — U is linear and continuous.

In order to make the dependence of the regularized problem on ¢ transparent, we refer
to the regularized problem (4.3) as (P.). We start by verifying the following feasibility

property.

Lemma 4.1 (Feasibility property). Let Assumption 4.3 be satisfied. Further, suppose that
(y*,u*) € T with v > M(y*) satisfying the linearized Slater condition. Then, there exists
a sequence {vp}22, C L®(Q) with the following properties:

(i) It holds that klim |Tv) — u*|lyy = 0. Moreover, there exists some k > 0 and an
—00
open neighborhood B(u*) of u* in U such that {Tvg}z‘;]; C B(u*) and the control-
to-state mapping associated with (2.3)-(2.4)

S:B(u") — Hg{f

is well-defined and twice continuously differentiable.

(ii) For every k > k, there is a real number e, such that (S(Tw?),v?) is feasible for
(P.) for all e < €. In other words, it holds that

a< 51)2 —|—S(Tv2) <b Ve<eg.
Proof. Since the range IL(LQ(Q)) is dense in & and C(Q) is dense in L?(£2), we can find a
sequence {ax}72, in C(£2) such that
1
(4.23) |u* — Tag|u < % vV keN.

Since the associated state y* of u* satisfies v > M(y*), Lemma 2.1 implies the existence of
an open neighborhood B(u*) of w* in U such that the control-to-state mapping associated
with (2.3)-(2.4) is well-defined and twice continuously differentiable. Therefore, there
exists a a constant ¢y > 0 such that

1" (w) (w* = Tag)|lggzr2 < collu” = Tagllu Yk €N.

Thus, setting (4.23) in the inequality above, we obtain
(4.24) IS (™) (w* — Tag)|ggs> < %0 ¥k eN.

Let us now define the sequence {v9}2° | in L>°(f2) by

3
(4.25) v,? = ap + %vo =ay + %vo,

where vy € L*>(2) is the Slater point, see Assumption 4.3, and ¢; := ?’(Sﬂ. By (4.25) and
(4.23), we obtain that

* * C1 1+ TUO u
(1.26) TR — ot < T o+ oy < A0l
which implies that
(4.27) lim || Tvp — u*[ly = 0.
k—o0
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Hence, there exists an index number k € N such that
(4.28) Tv) € B(u*) Vk > k.

Since S : B(u*) — Hi{f is continuously differentiable, the Taylor expansion of S at u*
implies that

(4.29) S(Tvd) = S(u*) + 8" (u*)(Tv) — u*) + R(Tv)) Yk >k
where the remainder term R : B(u*) — Hzl/f satisfies

IR s 2

4.30 lim = 0.
( ) k—oo ”T’Ug — U*Hu
Further, in view of (4.26)
[R(Tvp) || s>
R(Tv) = k ToO — ou*
IRl = o™ TR o
[R(Tvp)lzs.2 1 -
< ——F (] T — Vk>k.
— HT/UIQ_U*HL{( +Cl|| UOHU)k —

Thus, (4.30) implies the existence of an index number ko > k such that
(4.31) IR(TO) |l g2 < %0 Yk > ko..

Next, let k& € N be arbitrarily fixed with & > max{c;,ko} and we rewrite (4.29) as
follows:
S(Tv)) = S(u*)+ S (u*)(Tv? — u*) + R(TvY)
= S(u*) + 8 (u*)(Tag + FTvo — u*) + R(Tv})
= (1-2)Sw*)+ 8" (w*)(Tar —u*) + F(S(u*) + 5" (u*)Tvo) + R(Tv,g).
Since S(u*) satisfies the inequality constraints in (2.1), the last equality together with
(4.24), (4.22) and (4.31) imply
Co €0

0 C1 C1 €o
. < -_— —_— —_— — —_— = _ —
(432) S(Tvk)_(l k>b+ % + k(b 5)+ I b =

where we used ¢; = 3¢od~ 1. Thus
C .
ev) + S(Tw)) < elvfllpoo() + b — ?“ a.e. in .

We choose now g5 > 0 such that

IN

co
€HU2HLoo(Q) < % Ve < gg.

Consequently
cvd 4+ S(Tv)) <b ae. inQ, Ve <ep.
By analogous arguments, for all sufficiently small ¢
cv) + S(Tv)) > a a.e. in Q.
This completes the proof. O

Theorem 4.2. Let (y*,u*) € Uyq be a local solution of the original control problem (2.1)
satisfying Assumption 3.1 and the linearized Slater condition. Then, there exists a sequence
{(Ye,ve) }es0 of local solutions of (P:) such that

Tv. — u* strongly inUd and y. = S(Tv.) — y* strongly in Hi{f

as € — 0.
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Proof. The proof is partially analogous to the one of Theorem 3.3 which is given by the
following steps:

Step 1: According to Assumption 3.1, it holds that v > M(y*) and hence Lemma 2.1
implies the existence of a neighborhood B(u*) of u* in U such that the control-to-state
mapping associated with (2.3)-(2.4):

(4.33) S: B(u*) — H3?

is well-defined and

(4.34) v>M(S(u) Yue Bu").

Further Assumption 3.1 ensures also the existence of fixed constants o,d > 0 such that
(4.35) J(y"u”) + %Ilu — 'l < J(y,u)

for all (y,u) € U,q satistying ||lu —u*|jzy < d. Now, consider the following auxiliary control
problem

min J(y,v)
(PL) subject to
(y,0) € Ure :={(y,0) € Ugg | [T = u"llu <7}
with some fixed constant 0 < r < ¢ such that {Tv e U | ||Tv — u*||yy < 7} C B(u*).

Step 2: We demonstrate that the auxiliary problem (P!) admits a solution for all suf-

€
ficiently small ¢ > 0. First of all, since J(y,v) > 0 for all (y,v) € U,,, the infimum
( i)nfU J(y,v) exists in Ry and is denoted by j. Next, thanks to Lemma 4.1, there exist
Yy,v)eUr e
¢ >0 and 0 € L%(Q) such that (S(T%),d) is feasible for (Pr) all € < &. In the sequel, let
e < €. Therefore, there exists an infimal sequence {y,,v,} C U, . associated with (P!),

i.e., it satisfies:

lim T (yn,vn) = J
n—oo
In particular, there exists a constant ¢ > 0 such that
ple)
2
This implies that the sequences {y,}>2, {Tv,}52; and {v,}72; are uniformly bounded
in L2(Q), H{(T1) and L2(f2), respectively. Now, since {Tv,}5%; C B(u*), it holds that
yn = S(Tvy,) for all n; cf. (4.33). Moreover, by (4.34), it satisfies v > M(y,) for all n € N.
Therefore, invoking Proposition 2.1, we immediately obtain the uniformly boundedness of

1 a
¢ > T (Yn,vn) = iHyn — zq||? + 5 ”T'Un”%_l(l)(l—\l) + lonl|?>  for all n € N.

{yn}>2, in Hil/f . Hence, there exists subsequences {vy, }7°, and {yn, }7°, such that

Up, — 07, weakly in L%(Q), yn, — y., weakly in Hil/f

Analogously to the proof of Theorem 2.2, it can be shown that (vl,yl) is an optimal
solution to (P[).

Step 3: Let {e,}5° ; be a sequence of positive real numbers converging to zero and assume
that €, < € for all n € N. According to the claim verified in Step 2, there exists a sequence
{(yn,v5) o2, of optimal solutions to (P! ). Moreover, we have already mentioned in Step
2 that (y,0) is feasible for (P! ) for all n € N. Consequently

(4.36) T Yn>vn) < T(9,0) YneN.
This implies that

@HUHP Vn e N.

N 1 «
(@31) TG0 > Thh) = g llvm — 2l + SITeIE +
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Thus, {y,}°%; and {Tw}}%2; are uniformly bounded in L?(2) and U, respectively. In

addition, since {T]}°°, C B(u*), v > M(y;,) holds true for all n € N. Therefore,

invoking again Proposition 2.1, we obtain the uniform boundedness of {y;,}7°; in Hi{f .

For this we may extract a subsequence of {(y;,, Tv;,) }>>; denoted again by {(y;,, Tv},) }2
which converges weakly in Hil/f XU to a (g,u) € Hzl/f x U. Let us demonstrate now that
the weak limit (g, u) is feasible for the original control problem (2.1). We have already
mentioned that the the trilinear form ¢ : HL. x HL x HLY — R in (2.3) is weakly
sequentially continuous. Hence, an argument analogously to the proof of Theorem 2.2
implies that (y,u) € 7 (7 is defined in (2.19)). Moreover, due to the compactness of the
L2(9), it holds that y" — 7 strongly in L?(©2). On the other hand, the pair (y7,v") is
feasible for (P! ) and consequently it holds that

En
a<epv, +y, <bae in VneNlN.

Therefore, it suffices to verify that e,v" converges strongly in L?(Q) to zero as n — oo.
By virtue of Assumption 4.3

B(en) opeltot opedt 1
e jor 2 = 2 e 2 = PR e 2
n
Setting this in (4.37)
0'06%171

lenvpll* < (5, 9)
and hence
T2 1—01 2 ~
HEn’UnH < €n - j(y,v),
o

which implies that ¢,v" — 0 strongly in L2(Q2). Thus, we come to the conclusion that the
weak limit of {y;,Tv] }>° | is feasible, i.e., (y,u) € Uyq.

. 1232
Step 4: We demonstrate that y;, — y* strongly in H}/
the set

and Tv;, — u* strongly in . Since

{uet | lu=ully <r}
is weakly closed, we find that
(4.38) la —u*llyy <7 < 0.

By the latter inequality, (3.22) ensures that
* * 0 * -
(4.39) Jy™u) + glla — | < (5, ).

In addition, according to Lemma 4.1, there exists a sequence {vQ}2° | C L*°(Q) with the
following properties:

A1) It holds that lim [|Tv9 — u*||;y = 0. Moreover, || Tv? — u*|| < r for all n € N.
b0 k k

(A2) For every k € N, there is an index number nj such that
a < snvg + S(T’U,g) <b Vn>n
Hence, (A1) and (Az) particularly implies that the pair (S(TwY),vY) is feasible for (P! )

En
for all n > ny. For this reason, since (y,,v),) is an optimal solution for (P! ), it follows

En
that

r r r r ﬁ En r B En
(10) ) < I 7o) + P < ss). 7o) + X g,
for all n > nyg. Moreover, due to the lower semicontinuity of J, we obtain
(4.41) J(g, @) <liminf J(y", Tvh) < limsup J(y", Toh) < J(S(Tvy),vy).
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On account of the continuity of J(S(T-),-), by passing to the limit & — oo, (A1) and
(4.41) imply that

(4.42)  J(y,u) <liminf J(y;, Tv,) < limsup J(y;, Tv,) < J(S(u*),u*) = J(y*,u").

n—oo

Applying (4.39) to the latter inequality
* * o = * — = * *
J(y* ) + S lla— il < J(5,8) < Iy u")
which leads to
(4.43) Tv, = u=u" weaklyin4 and J(y*,u")=J(y,a).
The latter equality together with (4.42) implies that
lin% J(yy, Tv)) = J(y*,u"),
n—
which is equivalent to
. 1 o 1., o, o,
(149 Tim (3l — 2all + SIToRIR) = S lly* — zall + 5 Il
Invoking the compactness of the embedding H%/2(Q) «— L?(Q), the weak convergence
yr — 7 in H¥2(Q) as n — oo ensures that
1 L.
Jim Sllyn — zdll* = Sy - zdl*.
Consequently
.« a,
Tim 2T 7 = S,
and hence from the weak convergence (4.43), we obtain

(4.45) lim Tv) =u* inlU.

n—oo
The strong convergence of ), to y* follows then from the continuity of S : B(u*) — Hi{f

lim ¢/ = lim S(Tw)) = S(u*) =y* in HY?(Q).
n—oo n—oo

In this way, we have just shown that (y),, Tv]) converges strongly in Hzl/f x U to the local

solution (y*,u*) of (2.1) as n — oc.

Step 5: Lastly, we complete the proof by verifying that (y),,v}) is a local solution to (F,,)
for all sufficiently large n € N. For this, let (y,v) € U, be any pair satisfying ||v—uvj, || < 53
where s := || T'||2(q)—y- Owing to the linearity and continuity of T

r
1T =l < 1T = o)l + | Top = 'l < 5+ 1 Tvp — s
Hence, since T'v;, — u* strongly in U, there exists 7 > 0 such that
1w — u*||y < % T — |y <7 Vn > .

This implies that (y,v) is feasible for (P! ) for all n > n. Consequently, for n > n, we
have

T (s vn) < T (y, ).
) is a local solution to (P,) for all n > 7. O
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5. NUMERICAL RESULTS

In this section we present some numerical experiments which illustrate the performance
of the Moreau-Yosida regularization technique applied to the boundary optimal control of
the Navier-Stokes equations with pointwise state constraints. The regularized problems
are solved by means of a semi-smooth Newton method (SSN) as developed in [19]. The
algorithm is based on a reformulation of the complementarity problem as an operator
equation involving the max and min functions. A main feature of this type of algorithms
is its local superlinear convergent behavior (cf. [19]).

The algorithm for the regularized Dirichlet control problem is stated next.
Algorithm 5.1.

(1) Initialization: choose (ug, Yo, Ao) € U X Hi{f x L2(Q) and set n = 1.

(2) Until a stopping criteria is satisfied, set
Al = {2 (yn1 — ) > 0} A = {2 (Y1 — ya) <0}

and
Zn = {z :Y(Yn-1 — %) <0 <Y(Yn-1 — ¥Ya) }-
Find the solution (Yn, Pn, Un, A,y Gn, fin) Of:
_VAyn + (yn—l ' v)yn + (yn : v)yn—l + vpn = f + (yn—l ' V)yn—l
(5.1) divy, =0
Ynlr = g + Bup,
_VA)\TL - (yn : V))\nfl - (ynfl : v))\n“‘(vynfl)T)\n + (vyn)T)\nfl
+VQn =2d — Yn—Hn — (yn—l : v))‘n—l + (Vyn—l)T)‘n—l

5.2
(5.2) div ), =0
Anh“ = 07
o, . .
(5.3) —aAru, = B (—V—_, + qnn> + o1,
on

Yy — ) in A
(5.4) pn = 4 0 in T,
V(yn - ya) n AZ,

and setn =n-+ 1.

The semi-smooth Newton algorithm is terminated when the norm of the increments reaches
the precision tol, whose value is typically set equal to tol = 107°. The resulting linear
systems in each semi-smooth Newton iteration are solved exactly using MATLAB’s sparse
solver.

For the numerical tests we utilize a forward facing step channel (see Figure 1). The
fluid flows from left to right with inflow boundary condition of parabolic type and outflow
stress free condition. The domain is discretized using an homogeneous staggered grid with
step h. Also a first order upwind scheme is used for the approximation of the convective
term.

The target of the control problem is to drive the fluid to an almost linear behavior given
by the Navier-Stokes flow with Reynolds number equal to 1 and, through the presence of
pointwise state constraints, reduce recirculations after the step. In that sense, the Re = 1
flow is chosen as desired state z;. The uncontrolled flow with Re = 800 depicted in Figure

2, illustrates the main recirculation zones in the channel.
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FIGURE 1. Foward facing step channel

FiGUrRE 3. Example 1: optimal state

5.1. Example 1. In this example we impose a state constraint over the backward fluid
flow in sector (g depicted in Figure 2. In this manner a substantial reduction of the
recirculation after the step is expected. Specifically, the state constraint is given by y; >
—10~". The boundary part where the control acts consists of the lower wall after the step
between 0.625 and 0.75. This boundary sector is depicted in Figure 3 together with the
resulting optimal state.

With the parameter values a = 0.01, Re = 800, v = 107, the semi-smooth Newton
algorithm stops after 15 iterations with the mesh step size h = 1/240. The control action
consists of the suction of fluid trough the boundary sector I'y, This can be observed from
the zoom plot of the flow field given in Figure 4.

In Table 1 the behavior of the semi-smooth Newton method for different ~ values is
presented. The remaining parameters are o = 0.01, h = 1/160 and Re = 800. As can be
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FIGURE 4. Example 1: optimal control

v 10° 103 10% 10° 100 107
iter. 6 6 7 8 9 14
active 24 21 16 12 10 6
J(y,u) | 0.0057783 | 0.0057948 | 0.0060249 | 0.0072535 | 0.011384 | 0.019233

TaBLE 1. Example 1, @ = 0.01, 160 mesh nodes, Re=800.

inferred from the data, the number of iterations increases together with the values of ~.

FiGURE 5. Example 2: uncontrolled state, Re=1500

On the other hand, the size of the active set decreses as « increases.

5.2. Example 2. In this example a Re = 1500 flow is controlled by means of a Dirichlet
boundary condition. The control acts on the same boundary sector as in Example 1. The
uncontrolled velocity field is depicted in Figure 5, where the larger size of the bubble can
be observed. The constraint y; > —1077 is imposed in the subdomain €2, also shown in

Figure 5.

The resulting optimal control, with v = 103, is shown in detail in Figure 6. Differently
to Example 1, the optimal strategy in this case consists in injecting fluid on I';. The

semi-smooth Newton algorithm takes 11 iterations to converge.

In Table 2 the data for the semi-smooth Newton method with v = 10*, o = 0.1, Re =
1500, and h = 1/160 is given. The superlinear convergence rate of the method can be

inferred from the data.
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FIGURE 6. Example 2: zoom of the optimal control

It. | | A2 J(y,u) lYn — Yn—1l| NCP rate

1] 0 [1.17495 x 10~*| 1.058 x 10? 0 -

21 0 0.010345 22.25250 0 -
310 0.009259 8.991736 2.31616 x 10° | 22.2525
4 | 39 0.028324 2.424757 3.49444 x 102 | 0.404077
5 34 0.0365871 0.18168 32.60469 0.269665
6 | 32 0.0365832 0.002243 0 0.074929
71 32 0.0365846 3.2785 x 107° 0 0.012350

TABLE 2. Example 2, a = 0.1, v = 10%, 160 mesh nodes, Re=1500.
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