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Abstract

We consider a space-time variational formulation of a PDE-constrained optimal
control problem with box constraints on the control and a parabolic PDE with
Robin boundary conditions. In this setting, the optimal control problem reduces
to an optimization problem for which we derive necessary and sufficient opti-
mality conditions. We propose to utilize a well-posed inf-sup stable framework
of the PDE in appropriate Lebesgue-Bochner spaces.

Next, we introduce a conforming simultaneous space-time (tensorproduct)
discretization in these Lebesgue-Bochner spaces. Using finite elements in space
and piecewise linear functions in time, this setting is known to be equivalent to a
Crank-Nicolson time stepping scheme for parabolic problems. The optimization
problem is solved by a projected gradient method. We show numerical com-
parisons for problems in 1d, 2d and 3d in space. It is shown that the classical
semi-discrete primal-dual setting is more efficient for small problem sizes and
moderate accuracy. However, the simultaneous space-time discretization shows
good stability properties and even outperforms the classical approach as the
dimension in space and/or the desired accuracy increases.

Keywords: PDE-constrained optimization problems, space-time variational
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1. Introduction

PDE-constrained optimal control is an area of vast growing significance e.g.
in fluid flows, crystal growths or heart medicine, see, e.g. [I,2]. This explains the
huge amount of literature concerning theoretical as well as numerical aspects.
There are several approaches for the numerical solution of PDE-constrained
optimal control problems. One of them is to first consider a variational for-
mulation of the instationary partial differential equation (PDE) in space only
and to discretize this e.g. by finite elements. In the second step, suitable time-
stepping schemes are introduced for the primal (forward) and adjoint (backward)
problem. This approach is often termed semi-discrete. A somewhat different

Preprint submitted to Ulm University October 26, 2020



approach is to keep the variational formulation of the optimal control problem
in a space-time setting and to consider the reduced problem in this infinite-
dimensional setting. The reduced space-time problem is then discretized and
can efficiently be solved, see e.g. [2H7]. This approach is typically termed space-
time in the literature and we stress that our approach is somewhat different.
In fact, our point of departure is a space-time wvariational formulation of
the PDE, in which both time and space variables are treated in a variational
manner. The corresponding theory dates back (at least) to the 1970s, see e.g.
[BHIO]. This yields (well-posed) infinite-dimensional problems of the form:

findyeY: b(y,z)=f(z) forallzeZ, (1.1)

where f € Z’ is a given right-hand side and ), Z are Bochner spaces depend-
ing on the particular problem, see below. Existence, uniqueness and
stability of (1.1) can then be analyzed by the Banach-Necas theorem; the inf-
sup—conditio plays an important role. In order to solve numerically,
a straightforward manner is a Petrov-Galerkin approach by determining finite-
dimensional spaces Vs c ), Zs ¢ Z and to consider on those spaces, which
need to be chosen carefully in the sense that the discrete inf-sup (also called
LBB) condition holds, i.e.,

inf sup _bys.z5) >5>0 (1.2)
vsVs z5ez5 |Ysly |25] 2
uniformly in § (where § is independent of §). The inf-sup constant /3 is particu-
larly relevant as the Xu-Zikatanov lemma [I1] yields an error/residual-relation
with the multiplicative factor 1. In some cases, one can realize optimally stable
discretizations, i.e., 8 = 1. This is the main motiviation for our approach.
Until recent it has been believed that such a simultaneous discretization
of time and space variables would be way too costly since problems in d + 1
dimension need to be solved, where d denotes the space dimension. This has
changed somehow since it is nowadays known that space-time discretizations
yield good stability properties, can efficiently be used for model reduction and
can also be treated by efficient numerical solvers, see [I2H20], just to name
a few papers in that direction. Concerning PDE-constrained optimal control
problems it is known (see e.g. [2I]) that such problems reduce to an optimization
problem when using a space-time variational formulation. However, the issues
of a suitable discretization and the question if the arising higher-dimensional
problem can efficiently be solved remain. This is the point of departure for this
paper. We consider the following control-constrained PDE-constrained optimal
control problem. For simplicity, we do not apply any additional constraints to
the state.

Problem 1.1 (Model problem in classical form). Let I = (0,T) cR, 0<T < o0
and Q c R™ be a bounded open Lipschitz domain. The normal vector of 00 =T
is denoted by v(x) e R™ for all x € T.

The state space Y consists of mappings y: I xQ — R, the control space U of
functions u: I x Q - R. We are interested in determining a control u* e U and



a corresponding state y* € Y that solve the following optimization problem:

min ()= 3 [(T0)-ga@)P e+ [ [t o) dear
Q

(y,u)e¥yxud 73
s.t.: Opy(t,x) — Ay(t,z) = u(t,x) inIxQ
Oyt z) + p(z) - y(t,x) =n(t,x) in I xT (1.3)
y(0,2) = yo(x) in Q2
ua(t, ) <ult,x) <up(t, ) in IxQ,

where the functions p:T' >R, n: IxT > R, yo,yq: Q2> R and ug,up : I xQ2 >R
with ug(t,x) < up(t,x) for all (t,x) € I xQ as well as a scalar X > 0 are given.
We shall always assume that p(x) >0 for all x € a.e.

Remark 1.2. We could easily extend to a cost function of the form
w1 w2 w3
J(y,u) = 7||y - yd”%2(I;L2(Q)) + 7\|y(T) -ya(T) ||2LZ(Q) + o HUHQLQ(I;Lg(Q))’

with real constants wy, we >0, wy +we >0, w3 >0 and yg: I xQ - R.

As already indicated, the numerical solution of Problem [I.T]typically requires
a suitable discretization. In the semi-discretization, the spatial and the tempo-
ral variable are sequentially discretized (also known as method of lines). In this
case, we obtain the solution for each time step based on the corresponding pre-
vious time step. On the other hand, we consider an alternative approach and
apply a space-time discretization based upon a space-time variational formula-
tion, where both variables are treated in a variational sense. This means that the
treatment is different from the very beginning on. In fact, the concrete form of
necessary and sufficient optimality conditions depends on the weak formulation
in which the initial boundary value problem is incorporated into the optimal
control problem. Hence, we obtain a different system for the semi-discrete and
the space-time approach. In particular, special attention should be paid to
the adjoint problem that occurs within the optimality system and, in the case
of time-dependent optimal control problems, is again a time-dependent partial
differential equation (but typically backward in time). This circumstance gener-
ally leads the solution of the adjoint problem to be numerically challenging and
motivates the use of the space-time discretization as an alternative approach.

The remainder of this paper is organized as follows. In Section [2 we recall
and collect some preliminaries on constrained optimization problems in Ba-
nach spaces and on space-time variational formulations of parabolic PDEs. The
space-time variational formulation of the optimal control problem under consid-
eration is developed in Section[3] In particular, we derive necessary and sufficient
optimality conditions. Section 4] is devoted to the space-time discretization of
the PDE, the discretization of the control as well as of the adjoint problem. The
latter one turns out to be much simpler in the space-time context as we obtain a
linear system whose matrix is just the transposed of the matrix appearing in the



primal problem. The fully discretized optimal control problem is then solved
by a projected gradient method. We report on our numerical experiments in
Section [ and conclude by a summary, conclusions and an outlook in Section [G}

2. Preliminaries

Let us start by collecting some preliminaries that we will need in the sequel.

2.1. Optimal control problems

In this section, we recall the abstract framework for optimal control problems
which we will later apply within the space-time setting.

Problem 2.1. Let YV, U, Z be some real Banach spaces and Uyq c U, Vaog ¢ YV
some subspaces of admissible states and controls. Given an objective function
J:YxU - R and the state operator e: Y xU — Z', we consider the problem

min  J(y,u) subject to (s.t.) the constraint e(y,u) = 0.
(y,u)ey=xU

Remark 2.2. Note, that e(y,u) = 0 is an equation in the dual space Z' of Z,
which means that the constraint is to be interpreted as

(e(y,u),z)z/xzn =0 for all ze Z", (2.1)

where (-,-)zixz» is the dual pairing. This is also the reason why we use Z' as
opposed to the standard notation — i.e., the adjoint state will be in Z", which is
Z, if Z is reflexive, which is often the case.

A pair (3,u) € Yag x Uyq 1s called local optimum of problem ([2.1)) if
J(@.u) <J(y,u)  V(yu) e N(F,u) N (Vad x Uaa) (2:2)

for some neighborhood N (%,u) of (¥,u); the pair is called global optimum of
problem if equation is satisfied for all (y,u) € Vyq x Uyq. We will
be investigating the well-posedness of such optimal control problems in a space-
time variational setting. This requires to consider the well-posedness of the state
equation e(y,u) = 0, namely the question if a unique state can be assigned to
each admissible control. If so, one defines the control-to-state operator

G:U->Y, ury(u) =Gu, (2.3)
which allows one to consider the reduced objective functional

J:U R, J(u) = J(Gu,u) (2.4)
and the corresponding reduced problem

ml&lj(u) st u€lyg. (2.5)

The following result is well-known, we recall it for later reference. For extensions
with state constraints, we refer e.g. to [g].



Theorem 2.3. Let U o U,q + @ be weakly sequentially compact and J:U->R
be a weakly lower semi-continuous functional such that there exists a constant
¢>—o00 s0 that J(u) > ¢ for all w € Uyq. Then, has at least one solution u.
If J is in addition strictly convezx, then the optimal solution is unique.

Necessary optimality conditions for optimal control problems are based upon
a variational inequality of the type (J'(T),u —@)yras > 0 for all u € Ung, e.g. [1].
This, however, involves the derivative of J, which is often difficult to determine
exactly. The well-known way-out is through the adjoint problem. In fact, if
ey(Gu,u) : Y — 2’ (the partial derivative w.r.t. y) is a bijection, then,

J'(1) = Ju(Gu,u) - ey (Gu, u)* (ey(Gu, w)*) Jy(Gu,u), (2.6)

for any w e U, where e, (Gu,u)* and e, (Gu,u)* denote the adjoint operators of
ey(Gu,u) and e, (Gu,u), respectively. In order to avoid the determination of
the inverses of the adjoints, one considers the adjoint equation

ey(y,u)*p = J,(y,u), (2.7)
whose solution p € Z is called adjoint state. Then,
j'(u) = Ju(y(u),u) — ey (y(u),u) p = Ju(Gu,u) — e, (Gu,u)*p. (2.8)

In order to detail first-order necessary optimality conditions, we need to specify
the constraints under consideration. As in Problem [I.I] we use boz constraints,
which can be modeled by

Upg ={ueld rug(t,z) <ult,z) <up(t,z) ae inIxQ} (2.9)
with g, up such that ug(t,2) < up(t,z) for (t,2) € I x Q, a.e. This means that
we will always consider the case

U:=Ls([;H), where we abbreviate H := Lo(Q). (2.10)

In this special case, the variational inequality can be replaced as follows.

Theorem 2.4. Let u be a solution of (2.5) and i = y(u) the related state. Then,
there exist an adjoint state p € Z and multipliers Ay, \p € U, such that the
following KKT system is satisfied: for all (t,z) €I x a.e.:

e(g,u) =0 (2.11a)

ey (9,u)"D = Jy(y, ) (2.11D)

Jo(7,0) = e (§,7)*D = Xy — Aa (2.11c)
ug(t, ) <u(t,x) <up(t, ) (2.11d)

Aa(t,2) 20, Np(t,2) >0 (2.11e)

Aa(t,2) (ua(t, ) =u(t, ) = Mp(t, ) (up(t, 2) —u(t,z)) = 0. (2.11f)

The Lagrange function £:Y xU x Z xU xU — R to Problem [2.1] reads
'C(y7 u,p, )‘av )‘b) = J(yv U) - <p7 6(% u))ZXZ’ - ()‘av Uq — ’LL)M - ()‘bv u— ub)u .

Then, (2.11a42.11c]) can equivalently be written as £,(y,w,p) =0, L,(y,w,p) =0
and L, (7,4,p) = 0.



2.2. Space-time variational formulation of parabolic problems

We review a variational formulation of the initial boundary value problem
in space and time, which yields the specific form of the state operator
e(+,+). To this end, we start by testing the first equation in with functions
21(t) € X == HY(Q), t € I a.e., integrate over time, perform integration by parts
in space and insert the Robin boundary condition. Denoting by a: X x X - R
the bilinear form in space, i.e., a(¢,v¥) = (Vo, V) ,(q) + (1, @ V) L, (1), We get

(Ory (1), 21(0)) xr x +a(y(t), z1(1)) = L(z1(t);u)(t), telae, (2.12)

where we used the abbreviations (z,w)x: x = [q2(z)w(z) dz, z € X', we X

as well as £(¢;u)(t) := (u(t), @), + (0(t),#)L,ry for p e X, ie., £ X' To
obtain a variational formulation in space and time we integrate (2.12) in time:

[ @) xdt+ [ aly®).za@)dt= [ da@iowan
I I I

which is well-defined in view of (2.10]). Finally, in order to enforce the initial
condition (in a weak sense), we test the second equation by zo € H = Lo(2) and
add that term yielding the test space

Z:=Ly(I; X) x H, (2.13)

such that for all z = (z1,22) € Z

b(y, 2) = f(z;u), where (2.14)
b(v.2) = [ (Ot s O)xexdt+ [ aly(®), z1(8) dt + (4(0), 2)m
I I

Fu)= [ @@ dt+ (o z)a, and (6.0)n = [ o) v(@)dr.

I

The trial space in which we seek y is a Bochner space defined as
Vi={yeLa(I;X): Oy € La(I; X} = Lo(1; X) n H' (I; X'), (2.15)

where X' is the dual space of X induced by the inner product of H, i.e., the
Gelfand triple X’ &= H < X. Obviously, is a variational problem, b :
Y x Z - R a bilinear and f: Z — R a linear form.

It was proven in [10] [14] that is well-posed, which can be shown by
verifying the conditions of the Banach-Necas theorem. The key point also for
numerical purposes is the inf-sup condition

b
inf sup M >[3>0. (2.16)
ved zez |ylly 2]z

In [22] 23], estimates for the inf-sup constant S have been derived allowing for
sharp error/residual relations for a posteriori error control.



3. Space-Time Variational Optimal Control Problem

We adopt the above notation, in particular (2.10]), (2.13)), (2.15) for U, Y
as well as for the space-time variational form of the constraint. We note
that the dual of Z defined in reads Z' = Ly(I; X") x H. Moreover, being
a Hilbert space, Z is reflexive, i.e. we have Z" = Z.

3.1. Formulation

We are now going to derive a space-time variational formulation of Problem
Recall, that both state and control are functions of space and time and
that we are facing a problem with distributed control with box constraints

Upg={ueld :ug(t,z) <u(t,z) <up(t,z) ae. inlxN} (3.1)

where uq,up € U, ug(t,x) < up(t,z) for (t,z) € I xQ, a.e.. The state space is
determined by the PDE, i.e., we choose ) defined in . Since we do not
consider state constraints in Problem we choose Vg =V.

In view of Remark and recalling that Z” = Z, we are now in position to
formulate the PDE constraint in space-time variational form as follows

(e(y,u),z)zrxg = b(y,z) - f(Z;U), zZ€Z, (32)

ie., e(y,u) = f(;u) —b(y, ) € Z’. For later reference, it will be convenient to
reformulate the constraint in operator form. To this end, we define

B: y g 2,7 (By7z>z’><3 = b(y72),
F:U-Z, (Fu,z)zixz = ffﬂu(t,x) z1(t, ) de dt,
I

CeZ, (C, 2)zrxz = ﬁﬁn(t,s) z1(t,8) ds dt + (yo, 22) H,

so that e(y,u) = 0 is equivalent to By — Fu— C = 0. Note, that both operators
B and F are linear and that B is an isomorphism as long as the space-time
variational form of the PDE constraint is well-posed. This means that we can
detail the control-to-state operator G : U — Y as follows Gu = B~ (Fu+C),
where B~ : Z’ - Y is the inverse. Finally, the objective function J: Y xU — R
in Problem |1.1 can now be written as J(y,u) = %Hy(T) - val% + %H“HzLQ(];H)a
where A > 0 is the regularization parameter.

3.2. Ezistence of an optimal solution
Problem 3.1 (Reduced form of Problem . Find a control w el such that

o . 1 A
minJ(u), )= SGOT) ~yald+ Slulfy st uetha  (33)

We are going to prove that Problem admits a unique solution.
Lemma 3.2. The reduced objective function (3.3) is strictly conver.



Proof. Let u,veld = Ly(I; H), u#v and « € (0,1). Then, it is readily seen that
lau+ (1-a)vz = alulf +(1-a)|v]F - (a-a®)u-v]f < afulf+ (1 -a)|v]Z,
since U is a Hilbert space. In a similar way, the linearity of G yields

|G (au+ (1= a)o)(T) ~yal7r < | Gu(T) - yalF + (1= ) |Go(T) = yall-
Then, we get
R 1 2 A 2
J(au+ (1-a)v) = §||G(ozu +(1-a)v)(T) -yalF + §Hau +(1-a)v|y
1 A
<3 [aflulz + (1 - a)vlZ] + 5 [ Gu(T) = yalFr + (1 =) |Go(T) - yall]
1 A 1 A
= selGu(T) -yl + Salull + (- )IGo(T) - yaly + 51 - ) ol
= aJ(u)+ (1-a)J(v)
which proves the claim. O

Lemma 3.3. The set Uyq in (3.1) of admissible controls is strictly convez.

Proof. Let uy,us € Ugg and a € (0,1). Then, aug +(1-a)uz 2 aug+(1-a)u, = uq
as well as aug + (1 - a)ug < aup + (1 — a)up = up, ie., aug + (1 - @)ug € Upg. O

Proposition 3.4. Problem[3.1] admits a unique solution.

Proof. In order to apply Theorem we need to verify that U,q is weakly
sequentially compact. Since U,q ¢ U and U is reflexive, it is sufficient to show
that U,q is bounded, closed and convex. The boundedness is obvious and the
convexity is given by Lemma |3.3]

Since .J is non-negative there exists a constant ¢ > —co so that J(u) > ¢ for
all v € U,q. It remains to show that J is weakly lower semi-continuous. To
this end, we need convexity (strict convextiy guaranteed by Lemma and
continuity of J (valid by continuity of G and the norms). Thus, Theorem
proves the claim. O

3.8. First-order necessary optimality conditions

Adopting the previous notation, we start by detailing the Lagrange function
L:YxUxZxUxU — R for Problem [I.I] namely

1 A
‘C(y7 U, P, )‘a7 )‘b) = iHy(T) - yd“%[ + §||UH%2(I,H) (34)
- <pa By - Fu- C)ZXZ’ - ()‘avua - u)u - ()‘b7 u-— ub)u :
The partial derivatives can easily be derived as follows: L,(y,u,p, Aq, \p) =

_By + Fu + Ca ‘Cy(yauvpa >\aa>\b) = y(T) —Yd — B*P and Eu(yauvpa )\aa)\b) =
F*p+ Au+ Ay — Ap. This yields the KKT conditions.



Proposition 3.5 (KKT system). Let (3,%) € Y xU be an optimal solution of
Problem . Then, there exist an adjoint state p € Z and multipliers g, \p €
Lo(I; H) such that the following optimality system holds:

By =Fu in Z' (state equation), (3.5a)
Bp=9(T) -ya in Vi (adjoint problem), (3.5b)
F*P+Mu=M\y— A\g in U’ (optimality), (3.5¢)

as well as the complementarity conditions a.e. in I x {2

ua(t, ) <u(t,z) <up(t, o), (3.6a)
Aa(t,2) 20,  N(t,z) >0, (3.6b)
Ao (t,2) (ug (t,2) = u(t,z)) = N (t, 2) (up(t, z) —u(t,x)) = 0. O (3.6¢)

In the space-time variational framework, the above equations read:

b(y,dp) = f(op;u) Vépe Z, ([B5a)

b(0y,p) = (Y(T) —ya,0y(T))y  Voyed, (3.5H)

A (@, u)y, + f(&u(t),ﬁl(t))Hdt = (% = Aay 1), vouedd, (B5d)
I

where U = Ly(I; H). From we see that the adjont problem arises from
the primal one by exchanging the roles of trial and test spaces — and by a
different right-hand side, of course. We note that this is a major difference to a
standard approach for optimal control problems, where the adjoint problem is
backward in time. Moreover, the well-posedness of the adjoint problem follows
directly from the Banach-Necas theorem, even with the same inf-sup constant

as in (2.16]).

Remark 3.6. Due to the convexity of the objective functional and of the set of
admissible controls (see Lemma and resp.) as well as the linearity of
the state equation, the Problem is convex. Hence, every control satisfying
is an optimal solution of the problem, [1].

4. Space-Time Discretization

In this section, we are going to describe a conforming discretization of the
optimal control problem in space and time. We start by reviewing space-time
Petrov-Galerkin methods for parabolic problems from [I6] 22} 23].

4.1. Petrov-Galerkin discretization of the PDE

We consider and construct finite-dimensional spaces Vs ¢ ) and Z5 c Z,
where — for simplicity — we assume that ns := dim(Ys) = dim(Zs). The Petrov-
Galerkin approximation to (2.14]) then amounts determining ys € Vs such that

b(ys,zs5) = f(zs;u) Vzs € Zs. (4.1)



We may think of § = (At, h), where At is the temporal and h the spatial mesh
width. We recall, that there are several ways to select such discrete spaces so
that the arising discrete problem is well-posed and stable in the sense of .
An overview of conditionally and unconditionally stable variants can be found
in [15, 16, 24]. In [25] a finite element approach is described, [22] 23] show
that linear ansatz and constant test functions w.r.t. time lead to the Crank-
Nicolson time integration scheme for the special case of homogeneous Dirichlet
boundary conditions if the right-hand side is approximated with the trapezoidal
rule. A similar approach, but for the case of Robin boundary condition, is briefly
presented in the sequel, where we basically follow [16]. It is convenient (and also
efficient from the numerical point of view) to choose the approximation spaces
to be of tensor product form,

Vs=Var®Xn, Z5=(Qar®Xp)xXp

with the temporal subspaces Va; ¢ H*(I) und Qa; ¢ Ly(I) as well as the spatial
subspace X ¢ X = H(2). Our particular choice is as follows: The time interval
I=(0,T) is discretized according to

Tar={0= 10 (1) (K)o T} c[0,7], t*) = k. A,

where K € N denotes the number of time steps, i.e., At = T/K is the time step
size. The temporal subspaces Va;, Qa¢ and the spatial subspace X}, read

V¢ :=span Oa; © Hl(I), Qat :=span Eay € Lo(I), X :=span &) Hl(Q)

with piecewise linear functions ©a; = {#% € HY(I) : k = 0,..., K}, piecewise
constants Eay = {€¢ € Ly(I) : £ = 0,...,K — 1} in time and piecewise linear
basis functions in space ®;, = {¢; € H*(Q) :i=1,...,n,}. Doing so, we obtain

dim(Ys) = dim(Zs) = ns = (K + 1)ny,.

The linear system. Such a Petrov-Galerkin discretization for solving (4.1) amounts
determining

3
>

K
Ys =y 2 k0" @ ¢; € Vs, (4.2)
k=01i=1
; : (10 0 K K\T - one

with the coefficient vector ys = (y7,-. . Yn,s-->¥1 >-- - ¥n, ) € R". The cor-
responding initial value is given by y5(0) = 21" 19 ® ¢; = X0 v - ;. We are
going to derive the arising linear system of equations for (4.1

Bsys = f5(u), (4.3)

with the stiffness matrix Bs € R™*" and the right-hand side fg(u) € R™.
To this end, we use the basis functions for the test space and obtain for ¢ =
0,...,K-1,j=1,....npand m=1,...,ny

b(ys, (€' ® b, dm)) :f(z'/(s(t)’f/Z ® ¢;) xrxx +a(ys(t),€ ® @) dt + (y5(0), dm)
I

10



K np Nh

=S Sy [(08 @ 60, €5 @ b)) xomx + a0 ® 6, £ @ 6;) dt] + > 40 (06, b))
i=1

k=01i=1
K np . Nh
= ];O ;yf I:(ek?ge)L?(I) (¢Za ¢])H + (9k7§£)L2(1) a(¢l7¢j):| + ;yzo (¢l7¢m)[—[ )

and f((&" ® dj,0m)iu) = fi;(u) + f7,, where fi;(u) = {{(U(t),éé ® ¢j)m +

(n(t), & ¢5)o(r) ) dt and f2 = (Yo, m) - In order to derive a compact form,
we introduce a number of matrices

im K,K-1 x . ok o0
QtAt € = [Ck,[]k=07£=0 € R(K+1) K Wlth Ck7g = (0k7§i)L2(1)
ﬂtAlrtne = [nki]f;éf[_:lo € R(K+1)XK Wlth le,e — (9k7£f)L2(1)
i K-1,K-1 . )
MA7© = [mkelicim0 - € R with M, = (fkyfg)Lz(I)
Aipace — [ai,j]zgzl € R X1h with aij= a(¢ia Qb])
szace - [mi,j]?g:1 € R X1 with mi ;= (¢“ ¢j)H
as well as a column vector e'™¢ = [1,0,. .. ,0]T e RE*!. Based on this, we define
Q‘Zme ®Mspacc +ﬂ2me ®Aspacc 5 L )
B; = ! e\ T space eR™M - fo(u) = (fs(u), f5)" e R™
(QAt ) ® M,

with f§(u) = [fﬁlj(u)]:;};;ol eRE™ and f3 := [ff];:’l e R™ defined above.

4.2. Discretization of the control

So far, we did not yet discretize the control w € Lo(I; H) = U. Keeping the
above discretizations in mind, it seems natural to choose Us := Qas ® Sy, where
Sp = span ¥j, ¢ Lo(Q) and ¥y, = {05 € La(Q) :i=1,..., 725} is a set of piecewise
constant basis functions in space. Then, we consider ug = ZkK:_Ol Y Uk g oo,
with the coefficient vector ws := (up.i) k=0, .. K-1:i=1...7, € RE™.

The next step is to detail fé(u(g) based upon this discretization. We start
with the first term, i.e.,

K-1ny np
/ (us(t),&" ® ¢j)H = 3 > i (€5, 1y (04,6 1 = Y uei (04,0
J =0 i=1 i-1

time space
= [MAY° ® Ny “us]e,

where MY\ is the (K x K)-dimensional identity (for piecewise constants) and
NP = [ ;17" with n; j = (¢,0;) u. For later reference, we note that

i=1,j=1
2 _K71 & k &0 T time control
lus oy = D0 2 kit (5,6 Loy (04,05 = uy [MAYS ® M g,
k0=04.5=1

11



where Mol = [mi’j]?:hi’?:bl e R™>™n with m; ; = (04,0;) . Using piecewise
constants for £¥ and o; yields the identity, i.e., |ws| £o(r;my = |us|. Finally, we

detail the right-hand side of the primal problem as follows

fii(us) = (us, € ® 6) Loy + (1,65 ® 65) Ly (11 (1))
K-1np
= 3 > ki (65,6 oy (65,00 1 + (1.6 ® 63) Lo (1La(ry)

k=0 =1
- (M55 @ N3“Jus +m5),

where n; = [(Uafé ® ¢>j)L2(1;L2(r))]e:o,...,K—1;j:1,...,nh-

Remark 4.1. We stress the fact that we could use any other suitable discretiza-
tion of the control, both w.r.t. time and space, in particular including adaptive
techniques or a discretization arising from implicitly utilizing the optimality con-
ditions and the discretization of the state and adjoint equation, [26)]. In our nu-
merical experiments, we consider the case Us :== Qar ® Xy, i.e., the same spatial
discretization for state and control (which is of course not necessary here).

4.3. Petrov-Galerkin discretization of the adjoint problem

We are now going to derive the discrete form of the adjoint problem ([3.5b)
or (3.5bf]). Since this problem involves the adjoint operator, it seems reasonable
to use the same discretization, so that the discrete problem amounts finding
ps € R™ such that

Bips = 95(ys),

i.e., the stiffness matrix is the transposed of the stiffness matrix of the primal
problem. The unknown coefficient vector can be decomposed as p; = (ps, p3)7,
where p} = (p;lg,i)k=o,...,K—1,i=1,...,nh e RE™ and p3 = (p})iz1,....n, such that

1 2 L SR & o
Z53ps = (p5.p5) = ( > D pri & @b, Y p; ¢i)-
k=0 i=1 =1

Let us now detail the right-hand side. To this end, we abbreviate the coefficient
vector of ys(T) in terms of the basis ®p, as ys.x = (yf', ..., yn )7 By [@2) we
obtain

us(T) = 65 (T) zyK é. (4.4)

Moreover, we discretize (or approximate) yg in Problem as Ya ¥ Ydn =
Yt yai @i and Yap, = (Yd1s- Ydn, ) - With these notations at hand, the
right-hand side can be written as gs(ys) = (0,92(ys))", 0 e RE™ and g2(ys) =
MP* (05 (T) ys.5 — ygn) € R™.

12



4.4. Optimal control problem

Next, we detail the specific form of the space-time discretization of the cost
function, i.e., J(;(y(;,u)lﬂ We have

. 1 A
Ts(us) = Tsus.us) = 5 [ ls(T.2) ~yan(@)Pdo+ 3 [ [lus(ta) dodt
Q I Q

1 spa A im ntr
= 5(9K(T) Ys.i ~ Yan) M;° (O™ (T) Ys;k — yd;h)+§u} (M ® M5 s

‘We solve the optimal control problem using a standard approach, namely the
projected gradient methodﬂ To this end, we need to detail the search direction.

Given some current iteration u((;e) for the control and the corresponding adjoint

p§2)7 by and recalling that e(ys,us) = Bys — Fus - C we get j’(uge)) =
Ju(Gu(Z)‘;,uge)) - eu(Gugz),ugz))*pgz) = )\ug) + F*p((f) and set sge) = —j(ufse)).
It remains to detail F*p((f). Recalling that (Fu,z)zxz = (u,21) 1, (15;m), We
obtain that (F*p, @)y = (P1,%) , (i) for all we U’ =U = Ly(1; H) by
and p = (p1,p2) € Z. i.e., p1 € Ly(I; X). This means that F*p = p;. For the
discrete version, we obtain j,(ugz)) = )\ugé) +pj e RE™,

Algorithm 4.1 Projected gradient algorithm for Problem [I.1]in space-time

Input: Uy in (3.1), Bs, fs(us) as in A>0, Ygp, Paqa : U > Ugg and its
discrete version B, ugo) e RE™» guch that u(® e U,q
1: for £=0,1,2,... do

2:  solve Bgy((sé) = fl;(u((se)) // state equation
3. solve B p() = (0, M3P*°(9%(T) Ys.rx ~Yan))' // adjoint equation
1 ol = al? - pl // search direction
5. determine admissible step size s(*) // step size
6 ugﬁl) = Pad(u((;e) +50 'v((f)) // update
. . cp s . . (6+1)  (€+1) _ (£+1)
7. if stopping criterion satisfied stop; return (u; ' y; ., ps; ')
8: end for

Remark 4.2. Some remarks concerning our choices in Algorithm are in or-
der. We stress the fact that other choices are of course also possible.
(a) We choose the step size in line@ by a standard resetting algorithm.
(b) The projection in line @ was realized by computing the point values and
then performing a cut-off w.r.t. the given box constraints.
(c) As stopping criterion in line@ we used two conditions and stopped as soon
as one of the two is satisfied:

I'We use the notation Js since ug needs to be discretized.
20f course, other methods could be used as well, which is not the topic of this paper.
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(0)
s

(1) Huffﬁl) —ugg s < Tret|| v —ug?) o+ Taps with tolerances 0 < Tpel < Tabs

where ugﬂ)) denotes the control computed in the £-th step using the

initial step size s(()z).

(2) JED _ g® < Tstagnation With some tolerance Tsiagnation > 0, which
ensures a proper reduction of the objective functional.

4.5. Numerically solving primal and dual problems

To finalize the realization of Algorithm it remains to numerically solve
primal and dual problems in lines [2] and [3} Since the adjoint system matrix is
the transposed of the primal one, it suffices to detail the primal problem. Recall,
that By is a block matrix of sums of tensor products of sparse matrices. Also
the right-hand sides in lines[2] and [3] are of tensor product structure. This allows
us to use specific numerical solvers for such linear systems, see e.g. [19, [20]

5. Numerical Results

In this section, we present some results of our numerical experiments. Our
main goal is to compare the above presented space-time variational approach
with the standard semi-discretization (see also [27] for such comparisons for
parabolic problems). We do not compare with other state-of-the-art methods
as we are mainly interested in investigating the effect of simultaneous space-time
discretization. In order to make the comparison fair, we used the Crank-Nicolson
scheme for the semi-discrete problem since our choice for trial and test spaces for
the primal problem is equivalent to this time-stepping scheme, [22, 23]. Thus,
in the semi-discrete setting, primal and dual problems amount for a comparable
number of operations, with a stability issue for the dual problem, of course. All
results were obtained with MATLAB R2018b on a machine with a quad core with
2.3 GHz and 8 GB of RAM.

5.1. One-dimensional examples

We consider Problem [I.1jon T = (0,1) with the data shown in Table

The tolerances are chosen as Tstagnation = 1078, Taps = 1078 and 7o = 1074,
Table [2] shows the value of the objective function and the number of iterations
in Algorithm with regard to the discretization sizes for case 1. It can be
observed that both approaches yield similar results. The results for case 2 were
similar.

In Figure |1} we show the convergence history of the objective function, its
summands and the step size. We see no significant differences between the
space-time and the semi-discrete approach. This is similar for all cases.
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case 1 case 2
Q (0,1) (-1,1)
Dirichlet BCyy | 0 0
Robin BC p 1 22
n 0.2 -zt
1, T <—€
Desired state y4 | 0.2 —%x, —e<x<e
-1, T>€
Regularization A | 0.01 0.01
Constr. ug, up -0.1,0.1 | -30,30
Initial value «®) | -0.1 0

Table 1: Data for the 1d example.

semi-discrete space-time
np K | #its. J(y,u) | #its. J(y,u)
11 40 25 2.2828-107° 25 2.2823-107°
26 100 25  2.2904-107° 25 2.2903-107°
51 200 25  2.2914-107° 25 2.2914-107°
101 400 25 2.2917-107° 25 2.2917-107°

Table 2: Objective functional for different discretizations, case 1, 1d.

102 1

1073 !

. 102 4o

1078

We are now going to indicate some differences between the schemes that
we observed. Figures [2] (semi-discretization) and [3| (space-time) show the final
control for different numbers of time steps. We observe a better stability for the
space-time approach.
Finally, in Figure [4] we monitor the value of the objective function at the
final time for different mesh sizes in space. We show the results for case 2,
where 74 is close to a jump function and € = 1072, We see that the space-time
discretization reaches small values for J almost independent of the temporal

; 1078
10 20

# iterations

e s == J(y,u) === |[y(T) ~ vallr. o) == llullr.(r;2())

15

T
10

# iterations

T
20

Figure 1: Case 1, 1d: Convergence, nj =51, K = 200, left: semi-discrete, right: space-time.



u(t,x)
u(t,x)

Figure 2: Final control (semi-discrete), np = 128, left: K = 64, right: K = 256, case 2, 1d.

-10
-20

u(t,x)
BN
o O o

u(t,x)
8 8 o 8 8

0.5 0.5
t 0 -1 X t 0 -1

Figure 3: Final control (space-time), np, = 128, left: K =64, right: K = 256, case 2, 1d.

semi-discrete, ny = 129
-==  gpace time, nj, =129 |
—— semi-discrete, n; = 1025
—— space time, ny = 1025

Objective function

e~

| | | | |
0 100 200 300 400 500 600 700 800 900 1,000

Figure 4: Case 3, € = 1073: Value of objective function at final time over number of time steps.

discretization, whereas in the semi-discrete case we need many time steps to
reach the same accuracy. Hence, we compare the CPU times in that light. In
Table [3] we compare the CPU times to reach (almost) the same values for the
objective function. We see that the semi-discrete discretization outperforms the
space-time setting, but the difference is not that severe.
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semi-discrete space-time
np, K | obj. fct. | CPU [sec] || K | obj. fct. | CPU [sec]
129 || 1025 | 1.295e-01 0.44 9 | 1.294e-01 1.94
1025 || 1025 | 1.403e-01 1.76 5 | 1.421e-01 4.66

Table 3: Case 2, 1d, € = 1073: CPU-times for comparable values of the objective function.

5.2. Two-dimensional example

Next, we consider = (0,1)%, I = (0,1) and choose different data for the
boundary conditions and the desired state. In particular, we investigated smooth
and non-smooth functions for those data. The qualitative results, however,
showed a quite similar trend.

We start by comparing the CPU times for the same number of unknowns
in space and time. As we see in Figure [b| semi-discrete scales linearly with
the number of time-steps, as expected. For coarse meshes in space, the space-
time approach (which also scales linearly) is way too expensive, see the left
part of Figure [f] The situation changes with increasing spatial resolution. For
np, = 4821, we see a break even point for about K = 250. From that point on,
as the number of time steps increases, space-time outperforms the semi-discrete
discretization. This makes the comparison of the values of the objective function
at the final time even more interesting, see Figure [f] Again, as in the 1d-case,
space-time reaches the same value for the objective function with much fewer
time steps. In Table [4] we fix the value of the objective function and see that
space-time is more efficient by a factor of more than 4.

nh:29

50 |-

CPU time

T

T T

CPU time

|

|

| |

il

0 200

400

600 800

K

1,000

ny = 4821

| |

[ [ 1]

0

200 400

600 800 1,000

K

Figure 5: 2d-case, CPU-timings: coarse and fine space discretizations: nj = 29 (left) and
np = 4821 (right). Semi-discrete in blue, space-time in red.

semi-discrete space-time
ny || K | obj. fct. | CPU [sec] || K | obj. fct. | CPU [sec]
4821 ‘ 33 | 1.44e-02 46.28 5 | 1.44e-02 10.19

Table 4: 2d: CPU-time comparisons for comparable values of the objective function.
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np = 4821

1072
T T T T T T T T T T

Objective function

0 100 200 300 400 500 600 700 800 900 1,000
K

Figure 6: 2d-case, value of objective function for nj = 4821. Semi-discrete in blue, space-time
in red.

5.3. Three-dimensional example

Finally, we consider a spatially three-dimensional setting Q = (0, 1)3, I =
(0,1) and choose different smooth data for the boundary conditions and the
desired state. Again, we compare runtime and the value of the objective func-
tion. As we can see from Figure [7] space-time and semi-discrete discretization
are already comparable concerning runtime for a coarse mesh in space (n = 93),
whereas for fine discretizations, we see a break-even point for about K = 170.

ny =93 np = 3734

T T T T
1,000 |~

CPU time
CPU time
g
(=}

T
|

0 200 400 0 200 400
K K

Figure 7: 3d-case, CPU-timings: coarse and fine space discretizations: np = 93 (left) and
np = 3734 (right). Semi-discrete in blue, space-time in red.

The behavior of the values of the objective function in Figure [§]is similar to
the previous cases, the space-time approach yields good results for much smaller
number of time steps as also the comparison of CPU-times for comparable values
of the objective function in Table [5| shows.

6. Summary, conclusions and outlook

We have considered a space-time variational formulation for a PDE-cons-
trained optimal control problem with box constraints. Necessary and sufficient
optimality conditions have been derived. Primal and dual problem are linear
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Objective function

Figure 8: 3d-case, value of objective function. Semi-discrete in blue, space-time in red; ny = 93
(dash-dotted), np = 3734 (solid).

semi-discrete space-time
np, K | obj. fct. | CPU [sec] || K | obj. fct. | CPU [sec]
93 || 129 | 1.492¢-02 2.04 9 | 1.252e-02 3.24
4821 || 513 | 1.017e-02 1032.59 || 33 | 1.005e-02 196.08

Table 5: 3d: CPU-time comparisons for comparable values of the objective function.

systems with the transposed system matrix. A simple projected gradient method
has been used for solving the optimal control problem. Next, we introduced a
space-time discretization which is equivalent to a Crank-Nicolson semi-discrete
discretization, which allows us to perform numerical comparisons. We reported
on such experiments in 1d, 2d and 3d.

In 1d, the semi-discrete discretization is much more efficient concerning run-
time, most likely since the stiffness matrix is tridiagonal. However, we could
already see the good stability properties of the space-time setting in the sense
that we obtained stable solutions with much fewer time steps. Also the reach-
able value of the objective function was lower for the space-time approach. This
trend is more pronounced in the 2d case and even more in the 3d example. De-
pending on the desired accuracy, the space-time discretization can outperform
the classical semi-discrete approach significantly.

We conclude that it might in fact pay off to further investigate space-time
formulations and discretizations for PDE-constrained optimal control problems.
This might involve a number of topics such as state constraints, other types of
PDEs for the constraints, improved schemes for solving the optimality system,
adaptive discretization of the control, etc. Finally, the above setting seems to
be a very good starting point for investigating model reduction [23]. We will
address these issues in the future.
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