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MULTTHARMONIC FINITE ELEMENT ANALYSIS OF A
TIME-PERIODIC PARABOLIC OPTIMAL CONTROL PROBLEM

U. LANGER AND M. WOLFMAYR

ABsTrRACT. This paper presents the multiharmonic analysis of a distributed
parabolic optimal control problem in a time-periodic setting. We prove the
existence and uniqueness of the solution of some weak space-time variational
formulation for the parabolic time-periodic boundary value problem appearing
in the constraints for the optimal control problem. Since the cost functional is
quadratic, the optimal control problem is uniquely solvable as well. In order
to solve the optimal control problem, we state its optimality system and dis-
cretize it by the multiharmonic finite element method leading to a system of
linear algebraic equations which decouples into smaller systems. We construct
preconditioners for these systems which yield robust convergence rates and op-
timal complexity for the preconditioned minimal residual method. All systems
can be solved totally in parallel. Furthermore, we present a complete analysis
for the error introduced by the multiharmonic finite element discretization as
well as some numerical results confirming our theoretical findings.

1. INTRODUCTION

This paper is devoted to distributed optimal control problems for parabolic time-
periodic boundary value problems in bounded two- or three-dimensional Lipschitz
domains. Such kind of problems can be found not only in electromagnetics but also
in other technical applications, see, e.g., [1, 37]. Let us mention that in two space
dimensions eddy current problems arising frequently in electromagnetics turn to
parabolic problems. Time-periodic parabolic problems and their numerical solution
were considered in [17, 38, 39, 28]. The unique solvability of parabolic initial-
boundary value problems as well as of the parabolic problems in the time-periodic
case is discussed in [42, 43]. In our work, we prove the unique solvability of a
parabolic time-periodic boundary value problem in a special variational setting af-
ter introducing function spaces and formulating variational problems in the spirit
of [27]. There are many papers on distributed optimal control problems for par-
abolic initial-boundary value problems, see, e.g., the recent paper [14]| as well as
the books [36, 9] and the references therein, but there are only a few papers on
the time-periodic case, see [1, 19, 20| and [23, 22, 21]. The latter group of papers
is devoted to the optimal control of time-periodic eddy current problems. In [1],
the authors present a nested multigrid method for solving time-periodic parabolic
optimal control problems. Our work considers the multiharmonic finite element
method for solving these kind of problems, and we compare our numerical results
to those obtained in [1]. The multiharmonic or the harmonic-balanced finite ele-
ment method was successfully used for simulating electromagnetic devices which
can be described by the eddy current approximation to Maxwell’s equations, see
[41, 31, 13, 16, 5, 6, 7, 12, 11]. Later the multiharmonic finite element method has
been applied to time-periodic parabolic optimal control problems [19, 20, 26] and to
time-periodic eddy current optimal control problems [23, 22, 21]. There are a cou-
ple of parameters involved in the time-periodic parabolic optimal control problem,
e.g. the regularization or cost parameter as well as parameters which correspond to
the conductivity and the reluctivity in practical applications in electromagnetics.
Besides the discretization error analysis, the construction of fast solvers, which are
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2 U. LANGER AND M. WOLFMAYR

robust with respect to these "bad” parameters, are an important issue and a hot
research topic during the last couple of years, see [18, 34, 44, 29, 32, 26].

In this paper, we provide a complete analysis of a time-periodic parabolic dis-
tributed optimal control problem and its multiharmonic finite element discretiza-
tion. The discretization error analysis and the construction of robust solvers for the
discrete optimality system are further contributions of this paper. More precisely,
in Section 2, we state our time-periodic parabolic optimal control problem, inves-
tigate the unique solvability of the state equations in a special variational setting
yielding the unique solvability of the optimal control problem. Finally, we derive
the optimality system that we have to solve. Section 3 is devoted to the discretiza-
tion of the optimality system by means of the multiharmonic finite element method.
We expand the known desired state as well as the unknown state and co-state of
the reduced optimality system into Fourier series and truncate them. The Fourier
coefficients are then approximated by the finite element method. Due to the lin-
earity and the orthogonality of the cosine and sine functions, the whole system of
linear algebraic equations decouples into smaller systems depending only on the
Fourier coefficients with respect to each single mode. Following [20], we construct
preconditioners for our linear systems which yield robust convergence rates and
optimal complexity for the preconditioned minimal residual (MINRES) method in
Section 4. The preconditioners are practically implemented by a special algebraic
multilevel iteration (AMLI) method that was proposed and analyzed in [24]. A
complete analysis of the discretization error introduced by the multiharmonic fi-
nite element method is provided in Section 5. In Section 6, we present and discuss
several numerical experiments to demonstrate the robustness and efficiency of the
multiharmonic finite element method for solving time-periodic parabolic distributed
optimal control problems. Finally, we draw some conclusions and give an outlook
on some future work in Section 7.

2. A TiME-PERIODIC PARABOLIC OPTIMAL CONTROL PROBLEM

Let us denote the state of our optimal control problem by y and the control by
u. The spatial domain Q C R? is given by a bounded Lipschitz domain with the
boundary I' := 912, where d = 2,3. We mention that the numerical results presented
in Section 6 were obtained for the case d = 2. Moreover, the space-time cylinder is
denoted by Q7 := Q x (0,7 and its mantle boundary by Xr : =T x (0,T"). In this
paper, we consider the following time-periodic parabolic distributed optimal control
problem:

(1) min J (y, u),

y,u

where the cost functional is given by the relation

1 [T 9 A [T 9
@ Jew=jz [ [wen-weoladr; [ [ P

subject to the time-periodic parabolic PDE (Partial Differential Equation) con-
straints

S, 1) = V- (@) Ve, 1)) = ule, 1), (@.1) € Qr,

3) y(zx,t) =0, (z,t) € X,
y(w,O) = y(va)a T €1,

o(x)

with strictly positive and uniformly bounded coefficients ¢ and v, i.e.

0<o<o(x)<o and O<v<v(z)<D, =z
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The desired state yq is the given target that we try to reach via a suitable control
u. The positive regularization parameter A provides a weighting of the cost of the
control in the cost functional J(-,-).

In this section, we start with the existence and uniqueness proof for weak solu-
tions of the PDE constraint described by (3), which guarantees the existence of a
solution operator mapping the control space into the state space. This yields the
existence of a unique solution of the optimal control problem (1)-(3). After that we
formulate the optimality system of our problem.

2.1. The PDE constraint. First, we define proper function spaces which we will
need for weak reformulations of our time-periodic problems, see, e.g., [27].

Definition 1. The Sobolev space H°(Qr) is defined by
HY(Qr) = {y € L*(Qr) : Vy € [L*(Q1)]"},

where V is the weak spatial gradient, and equipped with the norm

. 1/2
Hy”Hl'O(QT) = (/ / (y(:l:,t)2 —+ ‘Vy(:c,t)|2) dx dt) .
0 Q

The Sobolev space HV1(Qr) is defined by
H"'(Qr) ={y € L*(Qr) : Vy € [L*(Qr))", 0y € L*(Qr)},

where 0y denotes the weak time derivative, and equipped with the norm

T 1/2
Yl 11 (Qp) = </O /Q (y(w,t)2 + |Vy(:c,t)‘2 + ]6ty(:c,t)|2) dx dt) .

For k =0,1, the Sobolev space Hé’k(QT) is defined by
Hy* (Qr) ={y € H"*(Qr) : y =0 on S},

whereas the Sobolev space Hé:;er (Qr) is given by

Hyl (Qr) ={y e Hy' (Qr) : y(x,0) = y(x,T) for almost all x € Q}.

,PET

Moreover, the Sobolev spaces H*'(Qr) and HY:L(Qr) are analogously defined as
follows

HoYQr) = {y € L*(Qr) : Oy € L*(Qr)}

and
Hgéi(QT) ={y € H"Y(Qr) : y(x,0) = y(x,T) for almost all x € Q}.

For ease of notation, we will use the symbols (-,-)12(q) and ||-[|z2(q) as well as the
symbols (-, ) g1 (q) and ||-|| g1 () for indicating both the scalar and the vector-valued
case. We denote the L?-inner product by

n
(v, w)r2Q) = Z(Ul’wl)m(ﬂ),
i=1
where v = (v!,...,v™")T and w = (w!,...,w™)T are vectors. The associated norm is
given by

Hv||2L2(Q) = (v,v)12(0)-

In order to derive the space-time variational formulation, we multiply the parabolic

PDE with a test function v € Hé,’;er(QT), integrate over the space-time cylinder

Qr, and after integration by parts, we obtain the following space-time variational
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formulation of the PDE constraint: Given the right hand side u € LQ(QT), find
H& ;er(QT) such that

(4) /Q ( (z )%v—i—u( )vy-w> d:cdt:/Q wvdzdt Vv € Hye (Qr).

Since all functions are at least from the space L?(Qr), we can expand them into
Fourier series. The Fourier series expansion in time, e.g., for y, is given by

(5) y(x,t) = yi(x) + Z ) cos(kwt) + yj () sin(kwt))
k=1

with the Fourier coefficients

T T
(6) yp(x) = %/0 y(x,t) cos(kwt)dt and yi(x) = %/0 y(x,t) sin(kwt) dt,

where T and w = 27/T denote the periodicity and the frequency, respectively. In
the following, we will use the notation

vp = (vf, )", vp = (—viop)T and - Ve = (Vo) (Vei)™)T.

Inserting the Fourier series ansatz into the variational formulation (4), exploiting
the orthogonality of the functions cos(kwt) and sin(kwt) with respect to the scalar
product (-, -)z2(0,7), we arrive at the following variational formulation corresponding
to every single mode k € N: Given uy, € (L*(Q))?, findy, € V:=VxV = (H}(Q))?
such that

(7) /Q(V(m)Vyk(w)~Vvk(w)+kw0(w)yk(m)'vﬁ(w)) dw:/ﬂuk(m)'vk(w) dx

for all v, € V. In the case k = 0, we obtain the following variational formulation:
Given u§ € L*(Q), find y§ € V = H}(Q) such that

(8) / v(z)Vyg(z) - Voi(x) de = / ug (x)v§(x) de.
The space V is deﬁQned by ’
V=H}Q) ={yeL*Q):VyecL*Q) and y=0onT}.
The space V = (Hg(£2))? for the Fourier coefficients is equipped with the norm
Iy 3 @) = 19kll720) + IVYLlZ2(0)-
Theorem 1. The variational problems (7) and (8) have a unique solution.

Proof. The proof follows from varifying the assumptions of the Lax-Milgram lemma
and applying it. O

In order to prove existence and uniqueness of the space-time variational problem
(4), we firstly prove the existence of a unique solution of a weaker variational for-
mulation of our parabolic PDE (3). For that, we have to define additional special
functions spaces.

Definition 2. The function spaces H*2 (Qr) and HV2(Qr) are defined by
H*3(Qr) = {y € 12(Qr) : |0,*y]| 12 g,.) < o0}
and

H"“3(Qr) = {y € H""(Qr) : ||3t1/2y||L2<QT> < ook

respectively, where ||8t1/2y||L2(QT) is defined in the Fourier space by the relation

T o0
100 iy 2= W31 g,y = 5 2 ReslmelEocor
k=1
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Hence, the corresponding inner product is analogously given by
T o0
/2 a1/2
(8t/ v, 8t/ U)LQ(QT) = 3 kz:l kw(y,w vk)L2(Q),
and, in the same way, we define

T
1/2 1/2
(a / aa / L)LQ(QT) = 5 ; kw(yknfvi_)lzz(ﬁ)'

Moreover, we use the notation

T oo
(oatl/Qy’ 8t1/2v)L2(QT) =3 Z kw(oyy, vi)r2(q) and
k=1

T

1/2 1/2

( 8 / y’a / L)LQ(QT) = §ka(oyk,vi‘)Lz(Q)
k=1

1
for the o-weighted counterparts. The space Hé’z (Qr) is given by

HyH(@Qr) = {y € B}(Qr) :y =0 on Tr}.

The seminorm and the norm of the space H'2 (Qr) are defined in the Fourier space
as follows:

o0

. T
|y|i{1,% = TIIVy§ll7(q) + 3 > kollylzz) + IVYelliz)  and
k=1
”yHiﬂ’% (H%HL?(Q) + HVyolle Q) Z (1 + kw) ||yk||L2(Q) + HVkaL?(Q)]

k=1

Furthermore, it is easy to see that the identities

(0.0, V) 2(gry = (O:07) a(q,.) and (0.0, v p2gny = O 0) 2o

are valid for all y € H),(Qr) and v € H2(Qr). Indeed, inserting the Fourier
expansions

oo

Ory(w,t) =Y _[kwyi () cos(kwt) — kwyf () sin(kwt)] and
k=1

vi(x,t) = Z[yi(m) cos(kwt) — yi () sin(kwt)],

k=1
into the scalar products, we immediately get the identities given above. Further-
more, we obviously have [|v][12(9p) = [[v [ 22(@4), and the orthogonality relations

(8tya y>L2(QT) =0 and (yla y)Lz(QT) =0
for all y € HOL(Q7), as well as

per

(9) (al/2y,al/2yl =0 and (vy’ vyl)Lz(QT) =0

)LQ(QT)

forally € H L3 (Qr), which are also valid for their o- and v-weighted counterparts.
Now, we are in the position to state a more general variational formulation of

1
our space-time variational problem (4): Given u € L?(Qr), find y € HO1 2(Qr) such
that

10 Oy 920" Vy-Vv) ded da d
. t = t
(10) /QT (a(:c) YRV +v(x)Vy v) T /QT uvdx
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for all test functions v € Hé 3 (QT), where all functions are given in their Fourier se-
ries expansion in time. More precisely, everything has to be understood in the sense
of Definition 2. The following lemma provides the existence of a unique solution
of variational problem (10) and serves as vehicle for the existence and uniqueness
proof of the space-time variational problem (4) and, later, for the construction of
preconditioners and the discretization error analysis.

Lemma 1. The space-time bilinear form

al/2y 61/2,UL
= —_— . dx dt
a(y,v) /QT (0(:1:) ETVERETVE +v(x)Vy Vv) x
fulfills the following inf-sup and sup-sup conditions:

a(y,v)

(11) Ml”ZJHHl,% S sup . || H L SH’QHyHHlé
O#veH,' 2 | H"2

1
forally € Hé” with positive constants py and pso.

Proof. We start with the proof of the sup-sup condition. Using triangle and Cauchy-
Schwarz’ inequality, we obtain the estimate

31/2 9/2yL

e |_‘/ < D2 o2 +V(w)Vy~Vv> da:dt‘
al/2y 9L/2¢ L

= U’/ otl/2 8151/2

dwdt‘+1/’/ Vy - Vvda:dt’
T

1/2

IA
al

1/2 —
Hat/ yHLQ(QT)Hﬁ UHLz(QT) + V||Vy||L2(QT)||VU||L2(QT)
max{, v}yl .1 (vl 1 < p2llyll g vl

IN

with the constant uy = max{z,7}. Next, we prove the inf-sup condition by choosing
the test function v = y + y*. Using the o- and v-weighted orthogonality relations
according to (9) and Friedrichs’ inequality |y[|z2(0) < crl|VyllL2(q), we get

81/2y 31/2yj_

T
1
> Vyl2dzdt > v———||y|?
_V/QTI yl* de _zC%HIIyHHw(QT)

and

81/2y 81/22/
a(y,y) = / <J(x)8tl/2 2 +v(x)Vy - VyL) dx dt

31/2 31/2
| @ 5 g w2 0 |91 g,
T

otl/2 ptl/2
Altogether, we have

aly,y+y*) > 19130 00m) + 2 109320

2+1

v 1/2
> min{ 2 o} (IolFnoion + [0
Cr

2
yHLz(QT)) l’[’l‘lyHHl 3 (Qr)

with the constant u; = min{cz;ﬁ,g}. O

Theorem 2. The space-time variational problem (10) has a unique solution.

Proof. The proof follows immediately from Lemma 1 and from applying Babugka-
Aziz’ theorem which was established in [3] and [4]. O
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Equipped with Lemma 1, we can prove existence and uniqueness of the following
space-time variational problem which is weaker than the space-time variational
problem (4) and also weaker than (10): Given u € L2(Qr), find y € Hy°(Qr)
such that

0
(12) / (—o(w)y 8—: +v(x)Vy - V’U) dz dt = / uvdxdt Yve H&’;ET(QT).
T T
In order to prove existence and uniqueness of (12), we reuse some ideas known from
the analysis of parabolic initial boundary value problems in [27], and adapt them
to the time-periodic case.

Theorem 3. The space-time variational problem (12) has a unique solution.

Proof. We start with the uniqueness proof. Let us assume that there are two dif-
ferent solutions 1; and y2 € H&’O(QT), y1 # Y2, of the problem (12). We expand
these two solutions into Fourier series in time, i.e.

yi(a,t) =Y [yi, (@) cos(kwt) + yi . (@) sin(ket)],
k=0

ya(@, ) = D _[y5, (@) cos(kwt) + 3, (@) sin(ket)],
k=0

whose unique Fourier coefficients are given by

2 [T 2 [T
yiL(x) = f/o yi(x,t) cos(kwt) dt and yi.(x) = —/0 y1 (2, t) sin(kwt) dt,

T
and
2 [T 2 ("
Yo () = f/ yo(x,t) cos(kwt) dt and y5,(x) = T/ ya(x, t) sin(kwt) dt.
0 0

Since y; # y2, we have y}, (z) # yb, () for at least one k € Ng and I € {c, s}, and
therefore y1;, # y2,. Let us fix one arbitrary k for which yllk #+ lek. For this &k, we
define

wh =y, — 9t and  wg = (wi,wi)T € V=V xV = (H}Q)).

After inserting the Fourier series ansatz for y; and ys into the variational problem
(12), the whole system decouples and we arrive at variational problems for the
Fourier coefficients with respect to every single mode k, analogously as in (7) and
(8). For the arbitrary but fixed k, we obtain the following variational problem: Find
wy, € V such that

—/ o(x)kwwy, - vy de + / v(z)Vwy - Vo de =0
Q Q

=ap(wy,vi)
for all v, € V. We choose the test function v, = wy + 'wﬁ. Hence, we obtain
— /Q o(x)kw(wy - wi + wy - (wib)?) dee
+ /Q v(x)(Vwy, - Vwy, + Vwy, - Vwib) dz = 0.
= —wy and wy ~w,J€- = 0 it follows that

From (wy,

/ (o(x)kwwy, - wi, + v(x)Vwy, - Vwy) de = 0.
Q
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The bilinear form a(+, -) is elliptic and bounded in the space V.=V xV = (H(Q))2.
Hence, from

O:ak('wk,wk—&—wﬁ)ngw/wk-wkdw—&—g/ Vwy, - Vwy, dx
Q Q

> min{gkw, v} (/ wy, - wy, + Vwy, - Vwy, dm),
Q

2
H1(Q)

=llwell
it follows that wy = 0 in V. Since k was arbitrary, all Fourier coefficients of y; and
y2 have to be the same, hence y; = yo, which is a contradiction to our assumption at
the beginning. Thus, the uniqueness of a solution y € Hé 2(Qr) of the variational
problem (12) is proven. Now we come to the existence proof.

First, we want to prove that if v € H&’;QT(QT) then the truncated Fourier series
vy converges weakly in Hé”;ET(QT) to v. For that we expand v into a Fourier series
in time, i.e.

o0
v(x,t) = Z[Ug(x) cos(kwt) + vi (x) sin(kwt)],
k=0
where the Fourier coefficients v} (z) with I € {c,s} are from H}(2). Hence, the
truncated Fourier series

N
un(x,t) = Z[v,‘;(m) cos(kwt) + vi (x) sin(kwt)]
k=0

converges strongly in L?(Qr) to v, i.e.
vy — v in L3(Qr) for N — oo.
It remains to show that

Voy = Vv in L2(QT) for N — o0

and
oy  Ov .
- g L*(Qr) for N — occ.
Due to v € Hé”;er(QT), the weak derivatives of v exist. Integration by parts and
the periodicity of the test function ¢ € Cpg,.(0,T) yield
do(t) duy (z,1)
t)——=dtdx = — —————p(t)dtd
o5 v = — [ EED o0 o
for all ¢ € Cp¢,.(0,T). We pass N to the limit and obtain
Ap(t Ap(t
/ vN(w,t)i)dtd:L' — v(a:,t)ﬂdtdw.
Qr ot Qr ot
So, there exists a w € L?(Q7) such that
t
% —~w in L*(Qr) for N — oo.

We define % :=w € L*(Qr). Moreover, due to integration by parts it follows that

Von - @(z) de dt = —/ uN V- (x) dedt
Qr T

for all o € [C5°(Q)]%, and vy — v in L2(Q7) yields

—/ o - Vo(z)de dt — — vV - p(x)dedt.
T Qr
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Hence, there exists a w € [L?(Qr)]¢ such that
Voy —w in [L2(Qr)]* for N — oo

and we define Vv := w € [L?(Qr)]?. Altogether, it follows that vy — v in
1,1
HO,per(QT)'
From Theorem 1 (especially from the orthogonalities of the cosine and sine func-
tions) it follows that yn solves the variational problem

/ /( 7+V( )VyN-VvN> dscdtz/OT/quNda:dt,

where u is expanded into a Fourier series in time and yy and vy are truncated
Fourier series in time. Moreover, yy solves the variational problems (4) and (10)

1
for all vy, and yy,vN € Hol’2 (Qr). Choosing the test function vy = yn + yx and
using Lemma 1, we get the estimates

1

1 T
< —alyn, —i—l:—//u + yx) dee dt
lyn 13, ven S m (yn,yn +yn) o) ) (yn +yn)

1 1
< E ||u||L2(QT) lyn + yN||L2(QT)

1
< E||u||L2(QT)2||yNHL2(QT)

2
< .
< el 2@ llywll 3 )

Hence, yn is bounded, i.e.

2
(13) 9] 0.3 gy < = Il 2 < 2.
Moreover,
(14) lynllzz@ry < lynllme@ry < lywllgig o, -

From estimate (13) it follows that

1
ynv —y in Hé’Q(QT) for N — oo,
hence
yy —y in Hé’O(QT) for N — oo.

It remains to show that y solves our variational problem (12).
Let us choose M € N arbitrarily and N € N with N < M, where vy — v

in H& ;ET(QT) and uy — u in L?(Q7). Inserting yy,ux and the arbitrary test

function vy into the variational problem (12) yields

T a’UM T
/ / (a(m)yNat +v(x)Vyn - VUM> dx dt = / / upy vy dx dt.
o Ja 0o Ja

Since the test function vy — v in H&y’;er(QT) for M — oo,

/ /( 875 (a:)VyN~Vv> d:z:dt:/OT/Qquda:dt.

Now we pass N to the limit. Since uy — u in L?(Qr) and yy — y in H&’O(QT),
we finally get

//( % @)y w> da dt = //uvdwdt

which means that y € Hy ’O(QT) solves the variational problem (12). O
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Remark 1. Together with (13) it follows the existence and uniqueness of a solution
1

of the variational problem (12) in the space Hé’Q(QT) as well. The variational

problems (10) and (12) are equivalent.

Remark 2. If we assume that V - (vVy) € L*(Qr), then y € H&’;ET(QT), Hence,
we obtain immediately existence and uniqueness of the variational problem (/) and
we derive naturally the periodicity condition for y in a weak sense. More precisely,
from V - (vVy) € L*>(Qr) and integration by parts of (12) it follows that

/ —o(xz)y ov dzx dt = V- (v(x)Vy)vdedt + / uvdxdt

T ot Qr T

for all test functions v € Hé:;er(QT). Hence, the weak time derivative of y is
defined, i.e.

/T —o(x)y % dz dt = /T (V- (v(x)Vy) + u)vdxdt

with 0% € L?(Qr). So the problem (12) together with V - (vVy) € L*(Qr) is
equivalent to

/ a(m)% vdxdt — / o(x) (y(x, T)v(x,T) — y(x,0)v(x,0)) de

T Q

+ V-(V(:B)Vy)vdwdt:/ uvdexdt
QT T

for allv e Hé”;er(QT). Since v is periodic,
/ U(w)% vdx dt — /QJ(:B)(y(w, T) —y(z,0))v(z,0) de

+ V- (v(x)Vy)vde dt = / uvdxdt
Qr T
and

/T <a(m)g§ =V (v(z)Vy) - u> vdxdt = /Qa'(:c)(y(a}7T) — y(z,0))v(z,0) de

for all v € H&’;GT(QT). Choose v € Hé:;er(QT) such that v(x,0) = 0 for almost all
x € Q. Hence,

/QT (0(.13)22 — V- (v(z)Vy) — u> vdxdt =0

for allv € Hé”;er(QT) and so

% _
ot

o(x) V-(v(x)Vy) —u=0

in L2(Qr). It follows that
[ o@v(a. 1) y(e.0)e(.0) do =0
Q
for allv e Hé”;er(QT) and this yields
y(e,T) — y(x,0) =0
for almost all € Q.

Remark 3. Under classical regularity assumptions imposed ony, e.g., y € C?*(Qr),
and on the data u,o,v, e.g., u € C(Qr), o € C(Q), v € CH(Q), it follows that y is
the unique solution of the state equation (3).
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Theorem 2 implies the existence of a linear and continuous solution operator
1
which uniquely assigns a state y € Hé” (Qr) to every control u € L*(Qr), where
1

the space HS’ 2(Qr) is compactly embedded in L?(Q7). With the solution operator,
the optimal control problem (1)-(3) can be rewritten as a reduced minimization
problem. The existence of its unique solution can be analogously proven as, e.g., in
[36] under the assumptions that y4 € L?(Q7) and X > 0. Note that here (3) has to
be understood in a weak sense, more precisely, in the sense of (10).

2.2. The optimality system. We want to formulate now the optimality system.
Its solution is equivalent to the solution of the original optimal control problem (1)-
(3). Let us denote the Lagrange multiplier by p. We choose the following Lagrange
functional for our minimization problem:

(15) L(y,u,p) == T (y,u) — /OT/Q (0% -V- (VVy) - u)pda: dt.

The three conditions

Vyﬁ(y,u,p) = Oa
VpL(y,u,p) =0,

are called optimality system and characterize a stationary point (y,u,p) of the
Lagrange functional (15). Using the second condition, we eliminate the control u
from the optimality system (16), i.e.

(17) u=-A"'p in Qr.

Note that the Lagrange multiplier p is also refered as the co-state. From (17)
it appears very natural to choose y, p and also u all from the same space, see
[20]. Moreover, we arrive at a reduced optimality system, written in its classical
formulation as

o(@)zy(@t) = V- (v(@)Vy(@,t)) = =2 'p(a, 1), (2,t) € Qr,

y(z,t) =0, (z,t) € X,

18) ; y(xz,0) = y(x,T), x € Q,
—o(@) 5. p(®@,t) = V- (w(x)Vp(z,1) = y(@,t) —ya(@,1),  (2,%) € Qr,

p(x,t) =0, (z,t) € X,

p(x,T) = p(x,0), x €.

The space-time variational formulation of (18) is obtained in the same way as for
the PDE constraint (10) in Subsection 2.1 and is stated as the following: Given the

1
desired state yg € L?(Qr), find y and p from Hé’Q (Qr) such that

81/2p 81/2UJ_

19 ’
( ) al/2y al/2qJ_

)dwdt:/ Yyq v dx dt,
T

+ )\_lpq) dedt =0

1
for all test functions v, q € Hé "2(Qr), where all functions are given in their Fourier
series expansion in time according to Definition 2.
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3. MULTIHARMONIC FINITE ELEMENT DISCRETIZATION

In order to solve our optimal control problem (1)-(3), we solve the optimality
system (19) by a multiharmonic finite element discretization. We approximate the
desired state y4 by truncating its Fourier series expansion and arrive at

(20) ya(x,t) ~ Z[ygk(az) cos(kwt) + yi, () sin(kwt)] = yan(x,t),
k=0

where its Fourier coefficients are given by

T T
(21) yg,(x) = %/ ya(x,t) cos(kwt) dt and y3,(x) = %/ ya(x, t) sin(kwt) dt.
0 0

We mention here that in general we have to compute the Fourier coefficients nu-
merically, but for the moment we consider only the case where we can compute
the Fourier coefficients exactly. In the case that yg has really a multiharmonic
representation, we refer to [20].

We insert the truncated desired state and the Fourier series ansatz of the state
y and the co-state p into the space-time variational formulation (19). From the
orthogonality of the functions cos(kwt) and sin(kwt) it follows that it is sufficient
to consider only the truncated Fourier series of y and p, i.e.

[yic () cos(kwt) + yi (2) sin(kwt)] = yn (2, 1),

=

8

Q
x
i=

(22) -
p(@,t) = 3 [pi (@) cos(keot) + pi (@) sin(keot)] = p (@, 1),

i
o

We arrive at the following system which has to be solved for every mode k& =
1,2,..,N: Find y,,p, € V=V x V = (H}(Q))? such that

/ (yk v — V(@) Vpy, - Vog, + kwo(x)py, ”1?) dx = / Ydy - Vi dex,

/Q (V(w)Vyk -Vqy + kwo(x)y,, - qﬁ + /\*lpk . qk) dr =0

for all test functions vy, q, € V=V x V.
In the case of k = 0, we obtain the following optimality system: Find y§, p§
V = H}(Q) such that

m

/ (y§ - v§ — v(z)Vp§ - Vu§) de = / Y5 - vide, Yui €V = Hy(Q)
/ (V(x)VYs - Vg + A~"pG - g5) dw =0, Vai € V = Ho(Q).
Q

We want to approximate the unknown Fourier coefficients y,, = (y5, yZ)T, Py
(pi,pi)" € V by finite element functions yu, = (yfn, vin)"s Prn = Py Pin)”
Vi = Vi x Vi, C V. The space Vi, = V), x V}, is a finite element space, where V},
span{¢i, ..., pn + with the standard nodal basis {p;(z) = pip(z) : i = 1,2,...,np}
and h denotes the usual discretization parameter such that n = ny = dimV;, =
O(h~=%). We will use continuous, piecewise linear finite elements on triangles (2d)
and tetrahedrons (3d) on a regular triangulation to construct the finite element
subspace V}, and its basis in our numerical experiments, see [10]. This yields the

Im
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following linear system arising from the variational formulation (23):

M, 0 -Ky kwMp, - Yy, Yax
0 My, —kwMp ,  —Kj vy Y
) — = Zdk
(25) K, —kwMp, —A'M, 0 P o |
koM, — —Kp 0 A"t M;, P} 0

which has to be solved with respect to the nodal parameter vectors gi = yih =

(yiz)Fln € R™ and Bi = gih = (pi’i)izly__m € R” of the finite element approxi-
mations

(26) vin(@) =Dyl pile) and pl (@) =) plei(@)
i=1 i=1

to the unknown Fourier coefficients yi(m) and pfc(m) with j € {¢,s}. The matrix
My, My, » and K}, correspond to the mass matrix, the weighted mass matrix and the
weighted stiffness matrix, respectively. Their entries are computed by the following
formulas:

M;'Lj:/gsaisoj dz, M,ﬁfa:/ﬂwz—% de, Kj! :/QVV%'V%' dx,

with ¢, 5 = 1,...,n, whereas

c c . s s .
o= [ [ vinerda] ot = [ [ v

In the case k = 0, we obtain the following linear system arising from the variational
problem (24):

(21) (M 5 ) (2 )=(%)

From the solutions of the linear systems (25) and (27) we can easily reconstruct the
multiharmonic finite element approximations of the state y(zx,t) and the co-state

p(x,t), ie.

ynn(x, t) = [yin () cos(kwt) + yip, (x) sin(kwt)],
(28)

pan(@,t) = ) _[pin (@) cos(kwt) + piy () sin(kwt)].

M= I

b
Il

0

We will present an error analyis for the complete discretization error between
the unknown solution (y,p) and its multiharmonic finite element approximation
(leupNh) in Section 5.

4. THE INF-SUP AND SUP-SUP CONDITION AND ROBUST PRECONDITIONING

The linear system (25) as well as the system (27) are saddle point problems of
the form

(4 %)

=:A =:f
In the case k =1, ..., N, we have that

L Mh 0 L —Kh —]%JMhJ oy —1
ae (M0 ) e (ol RN ) ot

ASHES
~—
I
A~
Ol
~
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(I Y, P
f=1 & ,y:=<" sp={ 5 ).
= Yo ) ° Y ) P

Saddle point problems of the form (29) can be solved by a preconditioned MINRES
method, see [30]. Hence, it is crucial to construct preconditioners, which yield robust
and fast convergence for the preconditioned MINRES method. In Subsection 4.1
and 4.2, we follow [20] by constructing such preconditioners.

and

4.1. Robust Preconditioning. In [20], the authors constructed preconditioners
for the case that the parameter o is constant, hence M, , = oM}, by following the
strategy presented in [44]. The idea is to construct two preconditioners which yield
robust convergence rates for the preconditioned MINRES method and apply the
operator interpolation theorem, which is based on the construction of intermediate
spaces via the so called real interpolation method. The ideas of the real method (J-
and the K-method) are due to Lions and Peetre and the theory of the real method is
developed e.g. in [8], see also [2]. Finally, in [20], the authors arrive at the following
preconditioner for the system (29) in the case where o is constant:

Do 0 0
0D 0 0
(30) P=1 90 0o x»D o
00 0 AD

with the block diagonal matrices D := v AK}, + (kwov/X + 1)M;,. This yields the
following condition number estimate:

kp(P1A) <¢/c

with constants ¢, ¢ independent of all involved parameters.
In the case that the parameter o is only piecewise constant, hence M}, , # oM,
and

M;, 0 K k'WMh,o
L 0 Mh _kWMh,o _Kh
(31) A= Ky koM, -AM, 0 :
kth_’g —K; 0 7)\71Mh

we cannot apply the operator interpolation theory anymore. According to [20], we
take the block diagonal preconditioner P and replace o M}, by M}, » in (30). Hence,
we arrive at the new preconditioner P but with D := \AKh + kwﬁMh,a + M;,.
The goal is to obtain robust norm estimates for the preconditioned system matrix
P~LA. In [20], the authors were able to verify the assumptions of Babugka-Aziz’
theorem, which are equivalent to the norm estimates for the precondioned system
matrix. In the following, we will summarize their results. We define the following
bilinear form arising from the optimality system (23):

B((yp Py (04, 41)) = / Yy Uk — UV, - Yoy + hwop, - vi d
Q
(32)
+ / vVy,, - Va, + kwoyy, - g + A" 'py, - g, de.
Q

Hence, the variational problem (23) now reads as follows: Find (y,,p,) € V? =
V x V= (H(2))* such that

(33) B((yr pe), (0h, 41) = /dek-vkdw

for all test functions (v, q,) € V2.
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We define the following inner products and associated norms inspired by the
preconditioner P, which we need in order to prove the assumptions of Babuska-
Aziz’ theorem. We first define an inner product in V = (H}(Q))? by

(34) (ykv 'Uk)V = \/X (I/Vyk, V’Uk)L2(Q) + kw\& (Uyka Uk)LZ(Q) + (yk, ’vk)Lz(Q)
with the associated norm

(35) Iyl = VA Vy,, Vyr)rz o) + kWﬁ(Uymyk)Lz(Q) + ||yk||2L2(Q)7
which differs from the standard H'-norms. Next, we define an inner product in
V2 = (Hj(Q2))* by

(36) (Y1, Pr)s (0 @))P = (Yps v1)v + A7 (D1 @)y

with the associated norm

(37) 1w 2 = lslls + A7 [Pl

The following theorem verifies the assumptions of Babugka-Aziz’ theorem, which are
equivalent to the norm estimates for our preconditioned system P~!.A. Moreover,
it follows the existence and uniqueness of the solution of the variational problem
(33) due to the theorem of Babuska-Aziz.

Theorem 4. The following inequalities

B((ykypk)7(vk7qk))
38 cll(yp,p)llp < sup o ’
(38) RPRIPS S e kgl

hold for all (y,,, py,) € V? with constants ¢ =1/v/3 and ¢ = 1.

<el(yr.pr)ll»

Proof. See [20]. O

In the discrete case, we can repeat the proof of Theorem 4 step-by-step replacing
V2 by V2, and we finally arrive at the same inequalities with the same constants.
In matrix-vector notation, we have proven the inequalities

(39) clizllp < sup AL:2)
zerin || z]lp

<zclzlp vzeR"

implying the condition number estimate
(40) wp (P A) = [P Allp AT Pp <7/c= V3,
which yields the following robust convergence rate of the preconditioned MINRES
method:
_kp(PTrA) -1 < V3 -1
e P TA) T1 = V311
see [20] and the references therein, e.g., [15].

The preconditioner for the discretized system (27) in the case of k = 0 is analo-
gously determined (cf. [20]). It follows the preconditioner

(41) P= ( g quD )

with the diagonal block matrix D := M), + v AK}. In this case, we obtain the
following condition number estimate:

(42) rp(P1A) < V2,

which provides a robust convergence rate of the preconditioned MINRES method
with

~ 0.267949,

21
v2-1 0.171573,

V241

q=
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see [20]. In a nutshell, we have designed preconditioners for the linear systems
(25) and (27) corresponding to the modes 1 < k < N and k = 0, respectively,
providing robust convergence rates for solving the preconditioned system by the
preconditioned MINRES method.

4.2. Practical Implementation. In practical applications, for a large number of
degrees of freedom, it is not very efficient to invert the preconditioners P in (30) of
the discretized problem (25) for the case 0 < k < N and P in (41) of the problem
(27) for the case k = 0 exactly. Hence, it is important to replace the diagonal blocks
D = VK n+ kwﬁMh,g + M}, of the preconditioner P and the diagonal blocks
D = My, ++/AK}, of the preconditioner P by diagonal blocks D, which are spectrally
equivalent to D, robust, symmetric positive definite and more cost efficient. Such
practical preconditioners P can be obtained by various methods like DD (domain
decomposition), AMG (algebraic multigrid) or AMLI (algebraic multilevel iteration)
methods, see, e.g., [35, 25, 40, 33]. Hence, we get a new practical preconditioner,
e.g., for the case 0 < kK < N, i.e.

ho ]l
Il

0
0
(43) -1p
0 A

D 0
0 0
0 A 0
O —1

o o tho

D
with QDD <D< EDﬁ leading to the following robust condition number estimate:
(44) kp(P~1A) < kp(P 1 A) (Ep/cp).

where xp(P~1A) can be estimated by (40) for 0 < k < N and by (42) for k = 0.
In Section 6, we will present some numerical results using an AMLI preconditioner
proposed in [24].

5. DISCRETIZATION ERROR ANALYSIS

For the complete error analysis, we have to define norms in certain function
spaces inspired by the P-norm and similar to the definitions (34)-(37).

Definition 3. We define the following function spaces:

VO = Hé,%<QT)a
V= (H*2)3(Qr) N Hpiy (Qr).

where
(H*)§(Qr) == {ve H*3(Qr) : Vv € H*2(Qr), v =0 on X7}
with corresponding norms

1/2 1/2
||yH%/o = Hy”iQ(QT) + \/X(VvyaVy)[ﬁ(QT) + \/X(O'at/ y;at/ y)LQ(QT)a
1/2 112
%, = 32 @m + 1028l 0y + VA (VY T0) 2

+ ﬁ(m?;mVy, 83/2Vy) + VA (0dyy, Ory)

L2(Qr) L2(Qr)’
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all defined in the Fourier space according to Definition 2, i.e.
Ity = T(yslZe0) + VAEVYS, VY6 r20)
+ % i[”kaZLz(Q) +VAWVy,, Vyi)re ) + \/ka(ayk>yk)L2(Q)]a
Ity = T(NlyslZe0) + VAEVYS, VY6 r20)

T oo
T3 Z[(l + k)Yl 20 + VAL + kw) vV, Vyi) L2
k=1

+ VW) (oY Yr) L2 (0))-

Moreover, we define the following vector-valued norms as well:

(s )1, = lllz, + A Il
Iy, 2)I, = llylly, + A lpll3, -

Remark 4. Note that the V-norm defined in (35) as well as the P-norm defined
in (87) correspond to the Vo-norm and the Py-norm, respectively, for a single mode

k, i.e.

Iyl = Tlysll + 5 Z %

1y, P)IB, = Tl P)IE + 5 ZII Yi Pe) |7

The complete discretization error between the exact solution of the variational
problem (19) and its multiharmonic finite element approximation is given by

(45) 1y, ) = (ynn, pve) | o

where the exact solution is expanded into Fourier series, i.e.

y(x,t) = y5(x) + Z ) cos(kwt) + yi (x) sin(kwt)],

plx, +Zm cos(kwt) + p (@) sin(kwt)],

and their multiharmonic finite element approximations are given by

ynn(x,t) = you (@) + Z Yien (@) cos(kwt) + iy, () sin(kwt)],

N
pnn(x,t) = po () + Z P (@) cos(kwt) + piy, (x) sin(kwt)].
k=1

Using triangle inequality, we can split the discretization error (45) into two parts,
i.e.

I(y,p) = (ynn,one)llpe < (s 0) — (Y, pn)llpy  + I(yn, pN) — (YN, P) Py -

discretization error in NV discretization error in h

5.1. Discretization error in N. The following theorem provides an estimate for
the discretization error due to truncation of the Fourier series at the mode N
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Theorem 5. Let us assume that y,p € Vi. Then the discretization error due to
truncation of the Fourier series can be estimated by

1
(46) (v, p) = (v, o)y < COW\I(y,p)Ilpl,
where ¢ s a constant depending only on the frequency w.
Proof. The Py-norm is given by
1y ) = Gy, o), = lly =y 1T, + A7l — o |13,

Under the assumption that y € Vi = (H%2)}(Qr) N HJ..(Qr), we obtain the
following estimate:

o

oS

[Hka%Z(Q) + ﬁ(VVykv Vyk)L?(Q) + ﬁkw(aykvyk)LQ(Q)
N+1

> 1+ kw 1+ kw
Z { lysll72) + AT(VV%,V%)N(Q)
N+1

s

ly = ynlly, =
k

IN
| S

k

+ (Jykvyk)LQ(Q)]

o0

T 1 )
7 max o D | (L k) [l
k=N+1

VAL + k) (T, V) 2y + VAR (095 Y4 2 |

1T T
Smg}g% {(14‘]‘3‘0)”2/1@”%2(9)
=N+1

IN

+ VAL + k) (T, V) 2y + VAR (095 Y4 2 |

1
2 2
< CON”yHVN
where ¢y = ¢p(w) = 1/y/w. Altogether we obtain for y, p € V; the following estimate:

1(y:p) — (yw, p)IB, = ly —yn I3, + A_1Hp -3,
1 1
< Gl + A G bl = ol ) s,

hence |[(y,p) = (yn, o)l R, < co(1/VN) I (y: )|l p- a

5.2. Discretization error in h. The discretization error between the multihar-
monic approximation of the exact solution and its multiharmonic finite element
approximation can be deduced to the discretization error between the unknown
Fourier coefficients and their finite element approximations, see [20]. We have that

[(yn,pn) = Ynnpaw) b, = T\I(yé,pﬁ) — (Y5> D5 I

+ 5 Z 1Yk Pr) = Ypns Prn) 13-
The following theorem provides an estimate for discretization error between the
unknown Fourier coefficients and their finite element approximations:

Theorem 6. Under the assumption that (ys,p) € (H?(Q))* the discretization
error for the Fourier coefficients can be estimated by

(47) ”(yk»pk) - (ykhﬂpkh)”P < Clcpar(% k,w,ﬁ, o, h) h |(yk7pk)‘H2(Q)7
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where ¢y is a positive constant and c2,, (\, k,w, 7,7, h) = ﬁﬁc%72+(1+kwﬁ5)c(2),2h2

par
with constants co2 and cio from the approvimation theorem, and | - |g2(q) is a

weighted H?(Q)-seminorm defined by the relation
(Y P Fr2) = [WnlFr20) + A7 Pkl B2
Proof. See [20]. O

The following theorem provides the estimate for the complete discretization error
in h:

Theorem 7. Under the assumptions of Theorem 6, the discretization error in h
can be estimated as follows:

(48) H(yNapN) - (yNhapNh)”Po S C1 CPGT()\7N7W7P757 h’) h |(yN7pN)|H27
where 2, (A, N,w, 7,7, h) = \f/\?cig +(1+ Nwﬁﬁ)chhQ with constants co o and

par
c1,2 from the approzimation theorem and where the H?-seminorm is given by

N
C C T
|(yN7pN)|%I2 = T|(Z/0apo)ﬁ{2(§z) + 9 Z |(yk,pk)ﬁ{2(9)7
k=1

which is an H*°(Qr)-seminorm defined in the Fourier space. The H?(Q)-seminorm
for the Fourier coefficients is given in Theorem 6.

Proof. The proof follows immediately from Theorem 6, see [20]. |

Remark 5. As it has been mentioned in [20], the convergence rate in (47), hence
also in (48), reduces from h to h® with some s € (0,1) if the Fourier coefficients of
y and p only belong to H***(Q). This result can be proven with the help of space
interpolation theory, see [2, §].

5.3. Complete discretization error. We have to introduce new function spaces
and corresponding norms such that we can estimate both, the P;-norm of the dis-
cretization error in Theorem 5 and the H?-seminorm of the discretization error in
Theorem 7, by one norm.
Definition 4. We define the following function spaces:

(H"3)? .= {v e H"? : Vo, V%0 € H"3},

(Hpip)' 1= {v € Hyep - Vv € Hyip

X = (H"2) N (Hp)'

where we define the following norm in the space X :
1/2. 112 2
Iyl = vl (on) + 108 Ull 20 + 109l 2 0y + V9117200

102V 200 T 1008l 32 00y + 192012200 + 1072922,

Qr) Qr)

defined in the Fourier space according to Definition 2, i.e.

Iyl = T(y6 %2 @) + IVHs 1Lz @) + V2951172 (0)

T o0
+5 DI+ ko + (ko)) el 72 )
k=1

+ (1 + kw + (kw)2)||Vka%2(Q) +(1+ kw)||v2yk”%2(ﬂ)]‘

Qr)

Moreover, we define the following vector-valued norm:

Iy, P) 1% = llyllx + A Ipll%-
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Remark 6. The H?-seminorm of the space H*°(Qr) defined in Theorem 7 is
bounded by the X -norm, i.e.

(6] T -
lylez = Tly§ 32 ) + 3 Z Yl Fr) < llyll%-
k=1
The same bound is valid for the vector-valued versions of the H?-seminorm and the

X-norm as well.

The following lemma shows that the V3-norm and the P;-norm are also bounded
by the X-norm and the vector-valued X-norm, respectively.

Lemma 2. The P;-norm is bounded by the vector-valued X -norm, i.e.

(49) I, p)ll < cll(y,p)lIx

with the constant ¢ = max{1, VU, VAG}.
Proof. We have that
1yl = T(lysl 720 + VAWVYE, VYE) 12 (0)

T o0
T3 Z[(l + k) [yl 720 + VA + kw) (vVyy, VY ) 2@
k=1

+ \A(]W)Z(Uykvyk)ﬂ(ﬂ)]
< T (1961720 + VAZIVYS I 2(0))

T _ _
Ty Z[(l + kw + \F)\U(kw)Q)Hka%Z(Q) + V(1 + kw)”Vyk”%Z(Q)]
k=1
< max{1, VA7, V27}H (T(Iy§ 132 ) + IV0]132(e)

T o0
+3 DI+ kw + (ko)) [yl 7o) + (1 + kw)HVka%Z(m])
k=1

< max{L, VA7 VATH T30 + IV96 13200 + V25611320
T oo
T3 Z[(l + kw + (kw)2)\|yk||%2(n) + (14 kw + (kW)Q)”Vka%?(Q)
k=1
+ (14 k) Vgl ) = Slylk

with ¢ = max{1, V7, V7}. O

Now we can estimate the complete error arising from the multiharmonic finite
element discretization.

Theorem 8. Let us assume that y,p € X. Then the complete discretization error
arising from the multiharmonic finite element discretization can be estimated by

1
(50) ”(yvp) - (yNhapNh)HPo < C(ﬁ + cpm()\,N,w,P,E, h) h) H(yap)”Xa

where C = cmax{cy, ¢1} with co, ¢ and ¢ from Theorem 5, Theorem 7 and Lemma 2,
respectively, and 2, (\, N,w, 7,7, h) = \f/\ﬁc%,2+(l—|—NwﬁE)c%72h2 with constants

par
co,2 and c12 from the approximation theorem.



PARABOLIC CONTROL PROBLEM 21

Proof. Applying triangle inequality and Theorems 5, 6 and 7 yields
1y, )= (nn, pan)llpy <11y, p) — (v, o8l P + [[(yns PN) = (Ynns pw) | Py

1 _
< COWH(yap)le +c Cpm”()‘vaanaO—vh) h ‘(yN,PN”HQ

< maX{Cm Cl}( (y7p)||P1 + cpﬂr()‘v Nawav; o, h) h |(yN>pN)|H2>'

VN
From Lemma 2 and Remark 6 follows that

I02) = pn) < e} (=)l x

+ Cpar(X N, 7,3, 1) | (v, o) )
R
VN

with the constant C' = cmax{cg,c1}. O

< (== + cpar(A Ny, 7,3, 1) 1) 119 9) ¢

Remark 7. From Theorem 8 we observe a relation between the discretization pa-
rameters N and h: in the case of having a low regularity assumption, we have to
choose N = O(h™2) in order to get a good bound for the complete discretization
error.

6. NUMERICAL RESULTS

In this section, we present and discuss the results of our numerical experiments,
where we study the numerical behavior of our multiharmonic finite element method.
More precisely, we investigate the practical convergence behavior with respect to
the space and time discretizations as well as the efficiency and the robustness of
our preconditioned MINRES solver in different settings. We use the AMLI precon-
ditioner proposed by Kraus in [24] for an inexact realization of our block-diagonal
preconditioner in the MINRES method. First numerical results with this AMLI
preconditioner in the context of multiharmonic parabolic optimal control problems
were presented in [20], where the authors considered an optimal control problem
with a given time-harmonic desired state. In this paper, we present new numerical
results for the following more general settings:

1. the desired state is zero, and there is a given time-harmonic source term in
the PDE constraints,

the desired state is periodic and analytic in time,

the desired state is analytic in time, but not time-periodic,

the desired state is a characteristic function in space and time, and

the desired state is a characteristic function in space and time, but in ad-
dition, there are jumps in v and o.

G W

We mention that the desired state is unreachable in Examples 3, 4 and 5. We
consider our optimal control problem (1)-(3), where the computational domain Q =
(0,1) x (0,1) is uniformly decomposed into triangles, and standard continuous,
piecewise linear finite elements are used for the discretization in space. The material
coeflicients are supposed to be piecewise constant on 2. In Examples 1, 2, 3 and 4,
we set 0 = v = 1, but in Example 5, we consider jumping material coefficients. The
desired states in Examples 2, 3, 4 and 5 are not time-harmonic. Therefore, we have
to compute their Fourier coefficients for different modes k in order to expand the
desired states into truncated Fourier series. The Examples 1 and 4 have been taken
from [1], but with homogeneous Dirichlet boundary conditions instead of Robin
conditions. We mention that, in all tables where the number of MINRES iterations
is presented, the iteration was stopped after reducing the residual by a factor of
107%. In each MINRES iteration step, we have used the AMLI preconditioner
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according to [24] with 2 inner iterations. The computations for the figures of all
examples were obtained on a 64 x 64-grid. The results on grids of smaller mesh
sizes were very similar. All computations were performed on a PC with Intel(R)
Core(TM) i7-2600 CPU @3.40 GHz.

In the first example, the desired state yy is set 0, and the nontrivial time-
harmonic source term

fx,t) = 22(1 — 21)%22(1 — 22)% sin(2nt)

is given. The frequency is set w = 2m. Hence, we have the time period T'= 1. This
leads now to the following new Lagrange functional of our minimization problem:

(51) L(y,u,p) := / / — -V VVy) —u— f)pdm dt.

Finally, the optimality conditions (16) y1eld the following reduced optimality system
written in its classical formulation as

J(w)%y(wvt) ~ V- (w(@)Vy(z, 1) + A 'p(a.t) = f(z.t),  (2,t) € Qr,

y(z,t) =0, (z,t) € X,

(52) , y(z,0) = y(=,T), x€Q,
—o(@)gop(@,t) = V- (v(x)Vp(x, 1)) — y(@,t) = 0, (z.1) € Qr,

p(z,t) =0, (z,t) € X,

p(x,T) = p(x,0), x e

The space-time variational formulation of (52) is obtained in the same way as for
(18) in Subsection 2.2, and can be written in the following way: Given the source

term f € L?(Qr), find y and p from Hol’%(QT) such that

81/2]) 61/2UL
/ (yv —v(x)Vp- Vv + a(m)m 5172 ) dxdt =0,

(53) al/Qy 61/2qL 1
/ (u(w)Vy-Vq%—o(m)W ot1/2 + A7 pq) de dt = ; fodzdt

for all test functions v, q € Hé & (Qr), where all functions are given in their Fourier
series expansion in time according to Definition 2. We discretize the variational
problem (53) by means of the multiharmonic finite element method. Since the
source term is time-harmonic, we obtain the following linear system for k = 1 only:

Mh 0 —Kh WMh,cr gc 0

(54) 0 Mh —OJM}W; —Kh gs _ 0
—K; —th7U —)\_th 0 p° ic ’

wMp, Ky 0 —A"1M, p* fe

where ¢ = 0 since the source term is only sine-wave-excited. As we see, only the
right hand side of the optimality system and hence of the corresponding discretized
system has changed. So, we can solve our problem in the same way as before and
can use the same AMLI preconditioner as proposed in Section 4. Table 1 and
Table 2 present the number of MINRES iterations and the computational times in
seconds, respectively, varying the values of the parameter A on grids of different
mesh sizes. In Figure 1, we illustrate the harmonic source term and the finite
element approximations of the control for different values of A, more precisely, for
A€ {1,1072,107%,10~%}. Figure 2 presents the finite element approximations to
the state for the same different values of A\. Both figures demonstrate that, for A
approaching 0, the control and the state approach the harmonic source term and the
desired state, respectively. Compared to the methods used in [1], where the authors
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observe that the convergence of their nested multigrid method is strongly affected
by the regularization parameter A, the convergence of our AMLI preconditioned
MINRES solver is robust with respect to the regularization parameter A\ and has
optimal complexity at the same time, cf. Tables 1 and 2.

Niter A

grid 1078 107 107* 1072 1 10> 10* 105 108
64 x64 |9 10 12 10 10 12 14 16 18
128 x 128 | 9 11 12 10 12 12 14 17 18
256 x 256 | 9 12 14 12 12 12 14 18 20
512 x 512 | 9 12 14 12 12 14 14 16 18

TABLE 1. Number of MINRES iterations n;s, for different values
of X on grids of different mesh size (Example 1)

time (in s) A

grid 10 10° 10% 102 1 102 10f 10° 108

64x64 |0.09 0.10 0.12 0.10 0.10 0.12 0.14 015 0.17
128 x 128 | 0.44 054 060 049 061 058 0.70 0.83 0.89
256 x 256 | 1.99 2.64 3.09 266 2.66 265 3.09 395 4.39
512 x 512 | 850 11.32 13.21 11.35 11.30 13.19 13.22 15.02 16.87

TABLE 2. The computational times in seconds for different values
of X on grids of different mesh size (Example 1)
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FIGURE 1. The harmonic source term f (red) and the finite ele-
ment approximations uy, to the control u for A = 1,1072,10~%,1076
as functions of time in [0, 1] at the spatial coordinates (0.5,0.5) and
for w =27 and 0 = v =1 (Example 1).
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FIGURE 2. The finite element approximations ¥ to the state y for
A =1,1072,10"%,1076 as functions of time in [0, 1] at the spatial
coordinates (0.5,0.5) and for w = 27 and 0 = v = 1 (Example 1).

In the second example, we consider a given time-periodic and analytic, but
not time-harmonic, desired state of the form

ya(z,t) = e'sin(t) ((3 + 4n?) sin®(t) — 6 cos®(t) — 6sin(t) cos(t)) sin(z ) sin(za7),

where T = %’T with w = 1. We compute the Fourier series expansion in time of the
desired state, i.e.

ya(@,t) = ygo(x) + Z Yar (@) cos(kwt) + yg, (x) sin(kwt))
k=1
with the Fourier coefficients

2 (7 2 (T
Y (@) = T/ ya(x,t) cos(kwt)dt and yy.(x) = T/ ya(x, t) sin(kwt) dt,
0 0

which can here be computed analytically. We truncate the Fourier series and ap-
proximate the Fourier coefficients by finite element functions as it was presented in
Section 3. Finally, we solve the systems (25) and (27) for all 0 < k < N. Figure 3
illustrates the convergence of the multiharmonic finite element approximation to
the exact solution for increasing N, where we set A = 1. We have computed the
multiharmonic finite element solutions for all modes up to N = 5, which provide
already a very good approximation to the exact solution. The exact solution is
given by

y(x,t) = e’ sin(t)? sin(zy7) sin(xy7)

for A = 1. In Figure 3, we observe the fast convergence of the multiharmonic
finite element approximations yyp to the exact solution y at the spatial coordinates
(0.5,0.5) and for ¢ € [0, T], where the exact solution is given by

y(0.5,0.5,t) = e’ sin(t)>.

In Figure 4, we illustrate the exact desired state y4; and the multiharmonic finite
element approximations yyp to the state y for different values of A, more precisely,
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for A € {1,1072,107%,1075}, as functions of time in [0, 7] at the spatial coordinates

x = (0.5,0.5) and for N = 5. Figure 5 presents the corresponding controls uyp,.

. \an _— \)’M
/ \/ e'sin(t)’® \/ - N
Ysn G = —
— < —
/ o

FIGURE 3. The exact state y (red) and its multiharmonic finite
element approximations yyp, for N = 1,2, 5 as functions of time in

[0, 27] at the spatial coordinates (0.5,0.5) and for A =1, w = 1 and
o =v =1 (Example 2).

-

FIGURE 4. The desired state y4 (red) and the multiharmonic fi-
nite element approximation of the solution yy;, with N = 5 for
A=1,10"2,10"%,107 as functions of time in [0, 27] at the spatial
coordinates (0.5,0.5) and for w =1 and v = 0 = 1 (Example 2).

—
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FI1GURE 5. The multiharmonic finite element approximations upyyp
to the control uw with N = 5 for A = 1,1072,107%, 107 as functions
of time in [0, 27] at the spatial coordinates (0.5,0.5) and for w = 1

and 0 = v = 1 (Example 2).

Table 3 presents the iteration numbers, and Table 4 the computational times for
the mode k£ = 1 obtained on grids of different mesh sizes. We present the iteration
numbers and the computational times only for £ = 1 because the computations of
all modes up to the truncation index N can be done totally in parallel and lead to

similar results.

Diter
grid 1078 107 10=* 1072 1 10> 10* 105 108
64 x64 |19 16 14 12 12 12 12 12 12
128 x 128 | 18 16 14 12 14 13 14 14 14
256 x 256 | 18 16 14 13 16 17 15 15 15
512 x 512 | 18 17 14 16 18 21 41 35 33
TABLE 3. Number of MINRES iterations n;s, for different values

of X on grids of different mesh size (Example 2)

time (in s) A
grid 10°% 107% 107%* 107% 1 102 10* 10%  10%
64x64 [0.19 016 0.14 0.12 012 0.12 0.13 0.12 0.13

088 080 071 059 069 064 070 0.70 0.70
293 361 380 337 338 337
38.53 33.08 31.16

128 x 128
256 x 256 | 4.02 3.59 3.15
512 x 512 | 17.20 16.29 13.51 15.38 17.34 20.02

TABLE 4. The computational times in seconds for different values
of X\ on grids of different mesh size (Example 2)

Altogether, Figure 3, Figure 4 and Figure 5 as well as Table 3 and Table 4 confirm
that the multiharmonic finite element method is a very efficient approach for solving
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time-periodic problems. In the following, we will consider an example, where the
desired state is not time-periodic anymore.
In the third example, we choose the time-analytic desired state

ya(x,t) = e’ (=2 cos(t) + sin(t) + 4 sin(t)) sin(z,7) sin(zo7),

which is obviously not time-periodic. We set again w = 1. Hence, the time-period
T = 27 /w is equal to 2w. For this example, we compute the Fourier coefficients of
the desired state again analytically. In Figure 6, we present the exact state y and
its multiharmonic finite element approximations yyp with N = 1,2,5 as functions
of time in [0,77] at the spatial coordinates (0.5,0.5) and for the parameter choice
A = 1. In this case, the exact state is given by

y(0.5,0.5,t) = e’ sin(t).

—
Yan / \

o - }x\ €' sin(t) _

Ysh/ / _— — - \/\/\
/ / e -
/
A
F o/
,/

/

FIGURE 6. The exact state y (red) and its multiharmonic finite
element approximations yyp, with N = 1,25 as functions of time
in [0,27] at the spatial coordinates (0.5,0.5) and for A = 1 and
o =v =1 (Example 3).

As for the previous two examples, we illustrate in Figure 7 how the multiharmonic
finite element approximations ys, of the state y approach the desired state yg as A
goes to zero. Figure 8 shows the corresponding controls usy, for the same different
values of A as in Figure 7.

In Table 5 and Table 6, we present some numerical results for Example 3 on grids
of different mesh size, where we set k = 1 and varying the cost parameter .

In the fourth example, we consider the desired state
()X

Ya(z,t) = X ,1]2($)=

3
'4

=

that is a characteristic function in space and time. The time period is set T =
1, hence w = 2w. We can compute the Fourier coeffcients of our Fourier series
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FIGURE 7. The desired state y4 (red) and the multiharmonic fi-

nite element approximation yy; of the state y with N = 5 for
A=1,10"2,10"%,107 as functions of time in [0, 27| at the spatial

coordinates (0.5,0.5) and for w =1 and v = ¢ = 1 (Example 3).
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F1GURE 8. The multiharmonic finite element approximations of
the control uyp with N =5 for A = 1,1072,107%, 1076 as functions
of time in [0, 27] for the spatial coordinates (0.5,0.5) and with w = 1
and 0 = v = 1 (Example 3).

expansion of the desired state again analytically, i.e.
172 () cos(2kmt) dt

2 T 1
(@) = 2 [ .ty costht) i =2 [ gy (005
0 0
—sin(&F) + sin(357)
km

3
4

)

1

1
cos(2kmt) dt = x(1 1p2(T)

= X[%,uz(%)?/l
4
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Nijter A
grid 1078 107 107* 1072 1 10® 10* 105 108
64 x64 |19 16 14 12 12 12 12 12 12

128 x 128 | 18 16 14 12 14 13 14 14 14
256 x 256 | 18 16 14 13 16 17 15 15 15
512 x 512 | 18 17 14 16 18 21 41 35 33
TABLE 5. Number of MINRES iterations n;s, for different values
of A on grids of different mesh size (Example 3)

time (in s) A
grid 1078 107% 107% 1072 1 102 10* 105  10%
64x64 [0.19 0.15 014 013 0.2 0.12 012 012 0.13
128 x 128 [ 0.90 080 0.70 0.59 0.69 0.66 070 0.71 0.71
256 x 256 | 4.01 3.58 3.16 294 360 3.84 336 337 3.36
512 x 512 | 17.21 16.27 13.50 15.37 17.24 20.02 38.72 33.07 31.19

TABLE 6. The computational times in seconds for different values
of X on grids of different mesh size (Example 3)

and analogously we compute

T 2sin(E7) sin(kr
@) = 2 [ vt sinlht) de = xgy ) 2L,

yielding y3, (x) = 0 for all £ € N. Figure 9 and Figure 10 present the multi-
harmonic finite element approximations ys, to the state y and the corresponding
approximations us, to the control u as functions of time at the spatial coordinates
(0.5,0.5), respectively. In Figure 11, we illustrate the approximations uyy to con-
trol w for N =5 and N = 11, and for different spatial coordinates, more precisely,
for (0.25,0.25), (0.5,0.5) and (0.75,0.75), where we set A = 0.01 for all cases.

Finally, we present the number of MINRES iterations and the computational
times in seconds varying the values of the regularization parameter A on grids of
different mesh size for £k = 1 in Table 7 and Table 8, respectively.

Djter A

grid 1078 107 107 1072 1 10> 10* 105 108
64x64 [22 20 18 18 12 10 10 10 10
128x128(22 20 20 18 12 10 10 10 10
256 x 256 |22 22 20 18 14 12 12 12 12
512x 512123 22 22 20 14 12 12 12 12

TABLE 7. Number of MINRES iterations n;s, for different values
of X on grids of different mesh size (Example 4)

In the fifth example, we consider again a desired state which is a characteristic
function in space and time, but in addition, we allow jumps in the values of the
material coefficients v and ¢. More precisely, ¥ = 107 and ¢ = 1 on subdomain
Q1 =(0,1)x(0,1), and v = 10* and ¢ = 10% on Q = Q\Q;. The time-period is set
T = 27, hence w = 1. We again vary the regularization parameter )\, and compute
the solutions on grids of different mesh size. The following desired state is chosen:

yd(% t) = X[%,Tk’] (t)X[%,%P ((E)
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FI1GURE 9. The multiharmonic finite element approximation ynp
to the state y with N =5 for A = 1,1072,107%4,107% as functions
of time in [0, 1] at the spatial coordinates (0.5,0.5), and for w = 27
and v = 0 = 1 (Example 4).

FI1GURE 10. The multiharmonic finite element approximations uyp
to the control u with N = 5 for A = 1,1072,1074, 1076 as functions
of time in [0, 1] at the spatial coordinates (0.5,0.5), and for w = 27
and 0 = v = 1 (Example 4).

We again expand the desired state in a Fourier series, where the Fourier coeffcients
can be computed analytically. We truncate then the Fourier series and approximate
the Fourier coefficients by finite element functions. Finally, we solve the systems
(25) and (27) for all 0 < k < N.
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FIGURE 11. The multiharmonic finite element approximations uyp,
to the optimal control u with N = 5 and N = 11 at the spatial
coordinates (0.25,0.25), (0.5,0.5) and (0.75,0.75) for A = 0.01 as
functions of time in [0, 1] (Example 4).

time (in s) A
10°% 107 107* 1072 1 102 107 10° 108
64 x 64-grid | 0.21 0.20 0.18 0.18 0.11 0.10 0.10 0.10 0.10
128 x 128-grid | 1.07  0.97 0.98 087 0.58 0.49 048 049 0.48
256 x 256-grid | 4.80 4.80 4.37 393 3.06 262 2.63 2.65 2.65
512 x b12-grid | 21.46 20.58 20.60 18.75 13.15 11.32 11.29 11.27 11.33

TABLE 8. The computational times in seconds for different values
of X\ on grids of different mesh size (Example 4)

In Figure 12 and Figure 13, we illustrate the multiharmonic finite element ap-
proximations ys; to the state y and the corresponding approximations usp, to the
control u as functions of time at the spatial coordinates (0.5,0.5), respectively. Fi-
nally, the number of MINRES iterations and the corresponding computational times
can be found in Table 9 and Table 10, respectively. We observe from these tables
that our solver also remains robust with respect to both the regularization param-
eter A and the mesh size h in case of large jumps in the values of the coefficient
functions v and ¢. This is very important for many practical applications where we
have usually large jumps in the values of material coefficients.

7. CONCLUSIONS AND OUTLOOK

In this paper, we have presented the multiharmonic finite element analysis of
a time-periodic parabolic optimal control problem. We have first proved the ex-
istence and uniqueness of a special weak solution to the parabolic time-periodic
boundary value problem that appears as PDE constraint in our optimal control
problem. This result implies the unique solvability of our optimal control problem.
Furthermore, we have studied the multiharmonic finite element method for solving
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FIGURE 12. The multiharmonic finite element approximation yyp,
to the state y with N =5 for A = 1,1072,107%4,107% as functions
of time in [0, 1] at the spatial coordinates (0.5,0.5) for w = 1 and
with jumping material coefficients (Example 5).

FI1GURE 13. The multiharmonic finite element approximations uyp,
to the control u with N = 5 for A = 1,1072,1074, 1076 as functions
of time in [0, 1] at the spatial coordinates (0.5,0.5) for w = 1 and
with jumping material coefficients (Example 5).

the time-periodic parabolic optimal control problem, where all functions are approx-
imated by truncated Fourier series and the Fourier coeflicients by the finite element
method. The optimality system decouples into smaller systems corresponding to
every single mode. Furthermore, we have provided a rigorous discretization error
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Niter A

grid 1078 107 107* 1072 1 10® 10* 105 108
64x64 [12 9 12 21 23 20 18 16 14
128x 12812 10 18 21 26 22 18 16 16
256 x 256 |12 15 22 23 28 20 18 16 16
512x 512 |13 22 24 22 28 22 20 18 18

TABLE 9. Number of MINRES iterations n;, for different values
of X on grids of different mesh size (Example 5)

time(in s) A

grid 1078 107 107* 107% 1 102 10* 10°  10%
64x64 [012 0.10 0.12 021 024 020 0.18 0.17 0.13
128 x 128 | 0.61  0.50 0.88 1.01 127 1.08 0.88 0.79 0.79
256 x 256 | 2.67 3.29 457 5.01 6.22 446 405 3.60 3.60
512 x 512 | 12.26 20.04 21.72 20.83 26.47 21.00 19.09 17.25 17.24

TABLE 10. The computational times in seconds for different values
of A\ on grids of different mesh size (Example 5)

analysis including the estimates for the truncation error in N and the spatial error
in terms of h.

We have solved the optimality system by the preconditioned MINRES method,
where we have used the AMLI preconditioner from [24] for the efficient implemen-
tation of our MINRES precondioner. The MINRES preconditioner is robust with
respect to all parameters including also a possibly vanishing parameter ¢ which
corresponds to the conductivity in practical applications, see also [20]. The parallel
implementation of the computation of the Fourier coefficients for different modes is
straithforward.

Finally, we present also new numerical results for this class of optimal control
problems as well as compare them to the results in [1]. In our numerical examples,
we could compute the Fourier coefficients of the desired state exactly. Hence, the
efficient numerical computation of the Fourier coeflicients together with an error
analysis is a matter of future work.

Altogether, the theoretical as well as the numerical results show that the mul-
tiharmonic finite element method is a robust and efficient technique for solving
time-periodic parabolic optimal control problems without inequality contraints for
the control and the state. However, inequality contraints imposed on the Fourier
coeflicients of the state or the control can easily be included into the multiharmonic
finite element approach, although one loses the robustness with respect to the cost
or regularization parameter when solving the optimality system by the precondi-
tioned MINRES method, see [19]. The inclusion of inequality constraints imposed
on the state or the control itself is much harder to handle. One can include them
as penalty term in the cost functional. This approach yields a nonlinear optimality
system. Nonlinearities of this kind, but also nonlinearities arising from nonlinear
PDEs as in the case of coefficients which depend on the solution (e.g. v = v(Vy) or
v =v(y)) lead to coupled nonlinear optimality systems. The Newton linearization
results in linear systems where all modes are coupled. However, the preconditioners
studied here can be very useful for the efficient solution of the linear systems arising
at each step of the Newton method, see [7] for the solution of time-periodic eddy
current problems.
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