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A-POSTERIORI SNAPSHOT LOCATION FOR POD
IN OPTIMAL CONTROL OF LINEAR PARABOLIC EQUATIONS *

ALESSANDRO ALLA!, CARMEN GRASSLE? AND MICHAEL HINZE?

Abstract. In this paper we study the approximation of an optimal control problem for linear para-
bolic PDEs with model order reduction based on Proper Orthogonal Decomposition (POD-MOR).
POD-MOR is a Galerkin approach where the basis functions are obtained upon information contained
in time snapshots of the parabolic PDE related to given input data. In the present work we show that
for POD-MOR in optimal control of parabolic equations it is important to have knowledge about the
controlled system at the right time instances. We propose to determine the time instances (snapshot
locations) by an a-posteriori error control concept. This method is based on a reformulation of the
optimality system of the underlying optimal control problem as a second order in time and fourth
order in space elliptic system which is approximated by a space-time finite element method. Finally,
we present numerical tests to illustrate our approach and to show the effectiveness of the method in
comparison to existing approaches.
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1. INTRODUCTION

Optimization with PDE constraints is nowadays a well-studied topic motivated by its relevance in industrial
applications. We are interested in the numerical approximation of such optimization problems in an efficient and
reliable way using surrogate models obtained with POD-MOR. The surrogate models are built upon snapshots
of the system to provide information about the underlying problem. This stage is usually called the offline
stage. For the snapshot POD approach we refer the reader to .

Several works focus their attention on the choice of the snapshots, in order to approximate either dynamical
systems or optimal control problems by suitable surrogate models. In [19)], it is proposed to optimize the choice
of the time instances such that the error between POD and the trajectory of the dynamical system is minimized.
A recent approach proposes to choose the snapshots by an a-posteriori error estimator in order to equidistribute
the state error on the time grid related to the snapshot locations (see ) We also mention an adaptive
method, proposed in [25], where the aim is to reduce expensive offline costs selecting the snapshots according

Keywords and phrases: Optimal Control, Model Order Reduction, Proper Orthogonal Decomposition, Optimal Snapshot
Location

* We would like to thank Z J. Zhou from Shandong Normal University, China for providing the data and code of the space-time
approximation in @ First author also acknowledges the support of US Department of Energy (grant number DE-SC0009324).
1 Florida State University, Department of Scientific Computing, FL-32306 Tallahassee, USA (aalla@fsu.edu)
2 University of Hamburg, Department of Mathematics, D-20146 Hamburg, Germany (carmen.graessle@uni-hamburg.de)
3 University of Hamburg, Department of Mathematics, D-20146 Hamburg, Germany (michael.hinze@uni-hamburg.de)

© EDP Sciences, SMAI 1999



2 TITLE WILL BE SET BY THE PUBLISHER

to an adaptive time-stepping algorithm using time error-control. For further references we refer the interested
reader to [25].

In optimal control problems the reduced model is usually built upon a forecast on the control. This approach
does not guarantee a proper construction of the surrogate model since we do not know how far away the optimal
solution is from the reference control. More sophisticated approaches select snapshots by solving an optimization
problem in order to improve the selection of the snapshots according to the desired controlled dynamics. For
this purpose optimality system for POD (OS-POD) is introduced in [18]. In OS-POD, the computation of the
basis functions is performed by means of the solution of an enlarged optimal control problem which involves
the full problem, the reduced equation and the eigenvalue problem for the POD modes.

The reduction of optimal control problems with particular focus on adaptive adjustments of the surrogate
models can be found in [1}/4]. We should also mention another adaptive method for feedback control problems
by means of the Hamilton-Jacobi-Bellman equation, introduced in [2].

Recently, an a-posteriori error estimator was introduced in [14}/30] for optimal control problems. In these works
the error between the unknown optimal and the computed POD suboptimal control is estimated for linear
and nonlinear problems, and it is shown that increasing the number of basis functions leads to the desired
convergence. OS-POD and a-posteriori error estimation is combined in [32].

All these works have in common that they compute basis functions for optimal control problems. In our paper
we address the question of an efficient and suitable selection of snapshot locations by means of an a-posteriori
error control approach proposed in [7]. We rewrite the optimality conditions as a second order in time and fourth
order in space elliptic equation for the adjoint variable and we generalize this approach to control constraints.
In particular, a time adaptive concept is used to build the snapshot grid which should be used to construct the
POD surrogate model for the approximate solution of the optimal control problem. Here the novelty for the
reduced control problem is twofold: we directly obtain snapshots related to an approximation of the optimal
control and, at the same time, we get information about the time grid.

We have proposed a similar approach based on a reformulation of the optimality system with respect to the

state variable in [3]. Now, we focus our approach on the adjoint variable and generalize the idea presented in [7]
to time dependent control intensities with control shape functions including control constraints. Furthermore,
we certify our approach by means of several error bounds for the state, adjoint state and control variable.
The outline of this paper is as follows. In Section 2 we present the optimal control problem together with the
optimality conditions. In Section 3 we recall the main results of [7]. Proper Orthogonal Decomposition and its
application to optimal control problems is presented in Section 4. The focus of Section 5 lies in investigating
our snapshot location strategy. Finally, numerical tests are discussed in Section 6 and conclusions are driven in
Section 7.

2. OPTIMAL CONTROL PROBLEM

In this section we describe the optimal control problem. The governing equation is given by a linear parabolic
PDE:

ye—Ay = f+DBu inQr,
y(-0) = wo in , (1)
y = 0 on X,

where Q C R?,q € {1,2,3} is an open bounded domain with smooth boundary, T > 0, Qp := Q x (0,7 is
the space-time cylinder, X7 := 90 x (0,T], and the state is denoted by y : Q7 — R. As control space we
use (LQ(O,T;R’”)7 <~,~>U), where (u,v)y = > ;" (Ui, vi)12(0,1), and define the control operator as B : U —
L*(0,T; H-Y(2)), (Bu)(t) = >, ui(t)xs, where x; € H-H(Q)(1 < i < m) denote specified control actions.
Thus B is linear and bounded. For the control variable we require

w € Upg :={u €U | ug(t) <u(t) <up(t) in R™ ae. in [0,T]} € L=(0, T;R™)
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with ug, up € L0, T;R™), ug(t) < up(t) almost everywhere in (0,77). It is well-known (see [20], for example)
that for a given initial condition yo € L?(2) and a forcing term f € L?(0,T; H~1(Q)) the equation admits
a unique solution y = y(u) € W(0,T), where

W(0,T) := {v € L*(0,T; Hy (), % e L? (o,T;H—l(Q))} .

If yo € HL(Q), higher regularity results can be derived according to [5]. We also note that the unconstrained
case is related to u, = —o00,up = +00.

The weak formulation of is given by: find y € W(0,T) with y(0) = yo and

/Qyt(t)vdx + /Q Vy(t) - Vodz = /Q(f + Bu)(t)vdz Yo € Hy(Q). (2)

The cost functional we want to minimize is given by

1 a
Ty w) = 3y~ valaap) + 5l 3)

where y4 € L?(Q7) is the desired state and the regularization parameter « is a real positive constant. The
optimal control problem then reads

min J(u) := J(y(u),u), where y(u) satisfies (. (4)

u€Uqq
Note that U,q is a non-empty, bounded, convex and closed subset of L*°(0,7T; R™). Hence, it is easy to argue
that admits a unique solution u € U with associated state y(u) € W(0,T), see e.g. |20].

The first order optimality system of the optimal control problem is given by the state equation , together
with the adjoint equation

—pe—Ap = y—ya infp,
p(T) = 0 in €, ()
p = 0 on X,
and the variational inequality
(au+ B*p,v —u)y >0 for all v € Ugg, (6)

where B* : L?(0,T; H~*(2))* — U* is the dual operator of B. In (6]) we have identified L?(0,T; H~*(£2))* with
L2(0,T; HY(Q)) and U* with U, where we use that Hilbert spaces are reflexive. The variational inequality @
is equivalent to the projection formula

u(t) = Pu,, {—i(lg*p)(t)} for almost all ¢ € [0, T7, (7)

where Py, : U = Uyq denotes the orthogonal projection onto U,q. It follows from the reflexivity of the involved
spaces that the action of the adjoint operator B* is given as

(B*0)(t) = ({1,002 g+ (s )21 )
and
1 . 1
PU,a {—QB*P}' = max {Ummm{ub, —a<Xi,P>H1,H3}} .

Since our domain is smooth, the regularities of the optimal state, the optimal control and the associated
adjoint state are limited through the regularities of the initial state yg, the right hand side f, the control Bu
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and the desired state yg.
The numerical approximation of the optimality system ——@ with a standard Finite Element Method
(FEM) in the spatial variable leads to a high-dimensional system of ordinary differential equations:

MyN —AyN = N+ BNu,  yN(0)
= y¥ -yl pN(T)

(ou+ (B)¥pY, v —up = 0.
Here y™,p" : [0,T] — R are the semi-discrete state and adjoint, respectively, 4V, p" are the time derivatives,
M € RV*N denotes the mass matrix and A € RV*N the stiffness matrix. Note that the dimension N of each
equation in the semi-discrete system is related to the number of element nodes chosen in the FEM approach.

y
0, (8)

3. SPACE-TIME APPROXIMATION

In this section, we consider the reformulation of the optimality system ——@ as an elliptic equation
of fourth order in space and second order in time for the adjoint variable p. This is carried out for the
unconstrained control problem in [7] and generalized to control constrained optimal control problems in [21].
Following these works, we include control constraints. Here, we aim to derive an a-posteriori error estimate
for the time discretization as suggested in [7], which then turns out to be the basis for our model reduction
approach to solve (|4).

We define
HP' (Qr) == {ve H* (Qr) :v(T) =0 in Q},
where
H*'(Qr) = L? (0,T; H*(Q) N Hy (Q)) N H' (0,75 L*(Q))
is equipped with the norm

lelias ) = (0B riragey + ol o raay) -

Under the assumptions yo € H3(Q), xi € L*(Q) for i = 1,...,m and yq € H>'(Qr), the regularity of
y,p € H*1(Q7) is ensured, see [5] for the details. Then, the first order optimality conditions (I))-(B)-(6) can be
transformed into an initial boundary value problem for p in space-time:

1 .
—pu + A% — BPy,, (—QB*P> = —(ya)e+Ayqs in Qp,
p(wT) = 0 in 0,
p = 0 on Y, )
Ap = Yd on ZT,
(pt +Ap) (0) = ya(0) —yo in €,

where, without loss of generality, we have set f = 0. We note that the quantity
1 *
B'PUG a4 ——B p
o

is nondifferentiable and nonlinear in p and thus @D becomes a semilinear second order in time and fourth order
in space elliptic problem with a monotone nonlinearity. Existence of a unique weak solution for (]ED can be
proved analogously to [21] and follows from the fact that the optimal control problem (4] in the case of control
constraints with closed and convex U,q C U admits a unique solution.

In order to provide the weak formulation of @D, we define the operator Ag and the linear form Ly as

Ao HYY(Qr) x HY' () = R, Lo: HY'(Qr) — R,
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Ap(v,w) == / (vtwt - BPy,, (_16*0) w) + AvAw +/ Vou(0)Vw(0),
Qr o Qr Q

0 R
Lo(v) 1:/ (- Y+ AYa, V) g-1(Q)x HE () — / (¥a(0) — yo)v(0) +/ yaVu -,
Qr ot Q S

where 7 denotes the outer normal to the boundary 992. The weak formulation of equation @ for given
ya € H>Y(Qr), yo € H}(Q), reads:

find p € HY' (Qr) with Ag(p,v) = Lo(v) Yo € Hy''(Qr). (10)

It follows from the monotonicity of the orthogonal projection that admits a unique solution p, compare
e.g. [10, Th. 1.25]. We put our attention on the semi-discrete approximation of @[) and investigate a-priori and
a-posteriori error estimates for the time discrete problem, where the space is kept continuous. Let us consider
the time discretization 0 = tg < t; < ... <t, =T with At; =¢; —t;_1 and At := max; At;. Let I; := [t;_1,t;].
We define the time discrete space

Fi={ve B (Qr): o()l, € AT}, V= VN HR (Qr),

where the notation P;(I;) stands for the polynomials of first order on the interval I;. Then, we consider the
semi-discrete problem:
find py € Vtk with Ao(pr,vk) = Lo(vg), Yug € f/;k (11)

Using the arguments of e.g. [10, Th. 1.25] one can show that problem admits a unique solution p;, € V/*.
We note that with and we have the Galerkin orthogonality

Ao(p,vr) — Ao(pr,vk) =0 Vo, € V. (12)
Thus, for v € H>' (Q7) it holds true
Ao(p,v) — Ao(pr,v) = Ao(p,v — k) — Ao(pr,v —vk) Vo € Vtk-

The following Theorem states a temporal residual type a-posteriori error estimate for p, which transfers the
estimation of |7, Theorem 3.5] to the control constrained optimal control problem :

Theorem 3.1. Let p € Hg’l(QT) and pi, € V¥ denote the solutions to and , respectively. Then we
obtain
I = pil3en iy < Curs (13)
where C; > 0 and
0?
F=Yad | 5
I

+ Ayg+ —— 2

0 1
’ d + BPu,, <—QB*P1¢) — A%py,

2
+) /Hyd_ApkH%?(aﬂ)'
2(Q) i Y

Proof. We start the proof showing a consequence of the monotonicity of the projector operator — Py ,{—B*p}.
We find that

1 1
<_7)Uad {—QB*M} + Pu.. {_QB*])Q} ,B*p1 — B*p2> >0, Vpi,pe € HY'(Qr),
U

1 1
/ (BPUad {B*pl} + BPUM {B*p2}> (p1 *pg) Z 0. (14)
Qr (0% o

and hence
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For easier notation, we set N (p) :== —BPy,, {—1B*p}.
Let e := p — pr and let meP denote the standard Lagrange type temporal interpolation of eP. Using the
inequality

o0 < © (150 oty +—wAuanﬂT))

for v € Hg 1(Qp) and C > 0 from |7, Lemma 2.5], the monotonicity (14) and the Galerkin orthogonality (2,
we can estimate:

cllp = prllFza o

IA

+ AP = p)ll72 00

” (»—pw) |
(QT)

IN

” (p— Pk)

18 =) e+ [ (VG = Nou) =)

L2(Qr)
0 OeP
N /‘ﬂ%fﬂéfF A@—mmﬁ+/<N@—N@M@
Q7 Qr Qp
a(p — O(eP — mreP
= / (Patpk) (e atwke ) + A(p — pr) A(eP — meP) +/ (N(p) — N(pr))(e? — mgeP)
Qr Qr o
Oy 5 Opy, O(eP — myeP)
— _ p P _ Py . _ e S A
/QT( ot © o+ Aya)(e” — e )+/ET YyaV(e? — me’) - i o, Ot g
- AppA(eP — mpeP) — N (pr)(e? — mpeP)
Qrp Qr

Integration by parts on each time interval and Green’s formula lead to

ellp = prllZes o

0 d?p .
Z// yd+Ad+ 52 - — A%y — N(py)) (€ — mxe?) +Z/ /myd—Apk V(e? — mpe?) -

Utilizing error estimates of the Lagrange interpolation 7, the trace inequality and Young’s inequality, we find

I~ il oy

2

0 0’p 1
< Clet2/ yd+A Ya + 2 Azpk+BPUd{B*pk}
I ot « L2(2)
+Ch Z/I ya — Apk||2L2(aQ)- O
j J

Theorem provides a tool to refine the time grid by means of the residual of the system @D Due to (7)),
the time instances of this grid may be regarded as ideal snapshot locations for POD-MOR applied to problem
(14)-

4. POD FOR OPTIMAL CONTROL PROBLEMS

In this section, we recall the POD method which we use in order to replace the original problem by
a surrogate model. The main interest when applying the POD method is to reduce computation times and
storage capacity while retaining a satisfying approximation quality. This is possible due to the key fact that
POD basis functions (unlike typical finite element ansatz functions) contain information about the underlying
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model, since the POD modes are derived from snapshots of a solution data set. For this reason it is important to
use rich snapshot ensembles reflecting the dynamics of the modeled system. Usually, we are able to improve the
accuracy of a POD suboptimal solution by enlarging the number of utilized POD basis functions or enriching
the snapshot ensemble, for instance. The snapshot form of POD proposed by Sirovich in [28] works in the
continuous version as follows.

Let us suppose that the continuous solution y(t) of and p(t) of belongs to a real separable Hilbert space
V, where V = H}(Q) or L?(Q), equipped with its inner product (-,-) and associated norm || - || = (-,-). We
set V :=span{z*(t) |t € [0,T] and 1 < k < 3} C V, where 2*(t) := y(t), 22(t) := p(t), 2>(t) := p(t). Note that
the initial condition y(0) = yo is included in V. The aim is to determine a POD basis {¢1,...,%¢} C V of rank
e {l,...,d} with d = dim(V) < oo, by solving the following constrained minimization problem:

3 T
min E /
Y1, =170

where §;; denotes the Kronecker symbol, i.e. §;; =0 for i # j and d;; = 1.

It is well-known (see [§]) that a solution to problem is given by the first ¢ eigenvectors {¢1,...,vs}
corresponding to the ¢ largest eigenvalues A; > 0 of the self-adjoint linear operator R : V. — V| i.e. Rip; = A1)y,
i=1,...,¢, where R is defined as follows:

2

14
() =Y EFE) ) || At st (y,eh) =65 for 1<, j <, (15)

i=1

3 T
Rip = Z/ (ZF (), ) 2F()dt  for i € V.
k=170

Moreover, we can quantify the POD approximation error by the neglected eigenvalues (more details in [8]) as

follows:
3 /T
k=170

Let us assume that we have computed POD basis functions {¢;}_,. Then, we define the POD Galerkin ansatz
of order ¢ for the state y as:

2

d
dt= " A (16)

i=(+1

V4
() =Y (=), vi) i
1=1

¢
y'(t) = Zwi(t)%, (17)

where y* € V¥ := span{t1,...,9,} and the unknown coefficients are denoted by {w; }{_,. If we plug this ansatz
into the weak formulation of the state equation and use V* as the test space, we get the following reduced
order model for of low dimension:

/ yt(t)pdx + / Vyt(t) - Vipdz / (f + Bu)(t)ypdz Vo € VP and t € (0,7] a.e.,

Q Q Q (18)
[vvds = [ yovda
Q Q

Choosing ¢ = 1; for i = 1,..., ¢ and utilizing (17)), we infer from that the coefficients (wy (¢), ..., we(t)) =: w(t)
satisfy

M4 (t) + A%w(t) = FY(t) ae. in(0,T], M“w(0) = y§,
where (M%);; = [ ¥jbide, (A% = [ Vs - Vibgd, (FA(1); = [o(f + Bu)(t)v;dz and (y§); = [ yot;de.
Note that M* is the identity matrix, if we choose as inner product (-,-) := (-, ) z2(0)- The reduced order model
surrogate (ROM) for the optimal control problem is given by

min J%(u) s.t. y*(u) satisfies (1), (19)

u€Uqq
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where J¢ is the reduced cost functional, i.e. J¢(u) := J(y’(u),u). We recall that the discretization of the
optimal solution %’ to is determined by the relation between the adjoint state and control and refer to [9]
for more details about the variational discretization concept.

In order to solve the reduced optimal control problem , we consider the well-known first order optimality
condition given by the variational inequality

(VI @), u—a"yy >0 Vu€ U,

which is sufficient since the underlying problem is convex.
The first order optimality conditions of also deliver that the adjoint POD scheme for the approximation
of p is given by: find p(t) € V¢ with p*(T) = 0 satisfying

— / Pl (t)pda + / Vpt(t) - Vipdr = / (y* —ya)()dr Y € Viand t € (0,T) ace. (20)
Q Q Q

5. THE SNAPSHOT LOCATION STRATEGY

In Section 4, the POD method in the continuous framework is recalled, where the POD basis functions
are computed in such a way that the error between the trajectories y(t) of and p(t) of and its POD
Galerkin approximation is minimized in . In practice, we do not have the whole solution trajectories
{z*(t)}+ejo,r: 1 < k < 4 at hand. But we have snapshots available, which are the solutions {y(tj)}j=o to
and the solutions {p(t;)}7_, to at times {t;}7_,. This motivates to replace the time integration in
by an appropriate quadrature rule based on t,...,t,, ie. fOTg(t)dt ~ Y ajg(ty) for g € CO([0,T]) with
quadrature weights Sy, ..., B, € R. We later choose the weights for the trapezoidal rule, compare . In the

present work, we neglect the error introduced by quadrature weights.
The minimization problem related to then becomes
P 2
k k . .
) =Y (), i) s st (g0 =6 for 1<, j< ¢

=1

3 n
min ZZBJ

k=1j=0

and obviously constitutes a strong dependence of the POD basis functions on the chosen snapshot locations
to,--.,tn. The related snapshots shall have the property to capture the main features of the dynamics of the
truth solution as good as possible. Here it is important to select suitable time instances at which characteristic
dynamical properties of the optimal state are located. A natural question is:

How to pick time instances that represent good locations for snapshots in POD-MOR for ?

Moreover, we face some difficulties since the reduction of optimal control problems is usually initialized with
snapshots computed from a given input control u, € U,q. This problem is usually addressed in the offline
stage for POD, which is the phase needed for snapshot generation, POD basis computation and building the
reduced order model. Mostly, we do not have any information about the optimal control, such that in POD-
MOR the input control u, is often chosen as u, = 0. This circumstance raises the question about the quality
of the POD basis and the quality of the POD suboptimal solution. The a-posteriori error estimator in
Section 3 motivates a suitable location of time instances for the POD adjoint state and at the same time we
get an approximation of the optimal control which can be used as an input control u, in order to generate the
snapshots.

The use, in the offline-stage, of a time adaptive mesh refinement process allows to overcome the choice of an
input control u, and the choice of the snapshot locations by solving equation @ Then, we take advantage
of the a-posteriori error estimation presented in Theorem Equation @ provides the optimal adjoint state
associated with , which does not require the explicit knowledge of a control input u,. We note that the
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ellipticity of equation @ play a crucial role in this approach. The same approach would not work, if one solves
the optimality conditions directly. The numerical approximation of p provides important information about the
control input. In fact, thanks to the variational inequality @ we are first able to build an approximate control
u and finally compute the associated state y(u). In this way our snapshot set will contain information about
the state corresponding to an approximation of the optimal control. Thanks to this numerical approximation
of the optimal control problem we can build the snapshot matrix and compute the POD basis functions where
the number ¢ is chosen such that Z?:Hl A = 0.

The approximation of equation @[) is very useful in model order reduction since we overcome the choice of the
initial input control to generate the snapshot set. Moreover, we also gain information about a temporal grid,
which allows us to better resolve p with respect to time. The a-posteriori error estimation guarantees that
the finite element approximation of @D in the time variable is below a certain tolerance. Therefore, the reduced
optimal control problem is set up and solved on the resulting adaptive time grid. Now the question is:

How good is the quality of the computed time grid in terms of the error between
the optimal solution and the POD surrogate solution?

5.1. Error Analysis for the adjoint variable
Let us motivate our approach by analyzing the error ||p(u) — p (ut)|| £2(0,7,v) between the optimal adjoint
1
solution p(u) of (B]) associated with the optimal control u for (), i.e. u = Py,,(—=B*p) and the POD reduced
a

approximation pi(ui), which is the time discrete solution to the POD-ROM for associated with the time
discrete optimal control u{, for , ie. y=y(ul)in . We denote by V' the space V = H}(Q) and by H the
space L?(Q). By the triangular inequality we get the following estimates for the L?(0,T’; V' )-norm:

lp(w) = Pk (wi) |l < [p(u) = preun) || + [pw (ur) = P pi(ur) || + 1P pi(ur) — Ppr(up )| + | P pr (uie) — pi(ug) |
11) (21}2) (2113) (21}4)

(21)

1
where p(uy) is the time discrete adjoint solution of (11]) associated with the control ux, = Py, ,(——B*px) and
a

pr(ut) is the time discrete adjoint solution to with respect to the suboptimal control uf, i.e. y = y(ul) in
. By P’ :V — V! we denote the orthogonal POD projection operator as follows:

Y4
Ply:=> (y,¢i)veyy foryeV.

=1

The term 1) can be estimated by and concerns the snapshot generation. Thus, we can decide on a
certain tolerance in order to have a prescribed error. The second term 2) in is the POD projection
error and can be estimated by the sum of the neglected eigenvalues. Then, we note that the third term 3)
can be estimated as follows:

1P pr(ur) = Popr (i) | < [P ok (ur) = pr(uf) | < Callur — uillo, (22)

where |[P?|| < 1 and Co > 0 is the constant referring to the Lipschitz continuity of pj independent of k as
in [22).

In order to control the quantity ||u — uf |l < ||ux — ully + ||u — uf || we make use of the a-posteriori error
estimation of [30], which provides an upper bound for the error between the (unknown) optimal control and
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any arbitrary control u, (here u, = uj, and u, = u%) by

1
= upllu < 16l

where « is the regularization parameter in the cost functional and (, € L2(0,T;R™) is chosen such that
(o, — B*p(up) + Cp,u —up)y >0 Vu € Upyg

is satisfied. Finally, last term 4) can be estimated according to [12] and involves the sum of the eigenvalues
not considered, the first derivative of the time discrete adjoint variable and the difference between the state and
the POD state:

d
1P pre(u) — pi(up)I* < Cs ( D A k(i) = P pr (i) | 2oz v + llyr(ui) - yﬁ(“i)”%%o,T,H)) , (23)
i=0(+1

for a constant C3 > 0. We note that the sum of the neglected eigenvalues is sufficiently small provided that ¢ is
large enough. Furthermore, error estimation depends on the time derivative p,. To avoid this dependence,
we include time derivative information concerning the adjoint variable into the snapshot set, see [17].

To summarize, the error estimation reads:

d
C
Ip(w) = pr(ui) 2oy < VCin + f(llellU +IGllv) + | Cs ( Do A e - yﬁliz(o,T,H)) (24)
i=0+1

Finally, we note that estimation involves the state variable which is estimated in the following Section
5.2.

5.2. Error Analysis for the state variable

In this section we address the problem of the certification of the quality for POD approximation for the
state variable. It may happen that the time grid selected for the adjoint p will not be accurate enough for the
state variable y. Therefore a further refinement of the time grid might be useful in order to reduce the error
between the POD state and the true state below a given threshold. This is not guarenteed if we use the time
grid, which results from the use of the estimate (13]). Here, we consider the error between the full solution
y(uf) corresponding to the suboptimal control uf, and the time discrete POD solution y,(uf ), where we assume
to have the same temporal grid for snapshots and the solution of our POD reduced order problem. In this

situation, the following estimate is proved in [17]:

S Billyttisad) — i) IE < 30 (ABC(1+ Ay ey ) + e (blizr))  (250)
j=0

Jj=

—

n d
+y ¢, ( > (Wi wo)v? + Az)) (25Db)

j=1 =041

5 Z Cyrp At2 (25¢)
{41

j=1li=
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where Cy, > 0 is a constant depending on T, but independent of the time grid {¢; };‘zo. We note that y(¢;; uf;) is

the continuous solution of at given time instances related to the suboptimal control uf;. The temporal step
size in the subinterval [t;_1,t;] is denoted by At;. The positive weights 3; are given by

A
=

AL+ Aty

Aty,
> —_—

o -

Bj forj=1,...,n—1, and g, =
The constant ¢, is an upper bound of the projection operator. A similar estimate can be carried out for the
V—norm. We refer the interested reader to [17].

Estimate provides now a recipe for further refinement of the time grid in order to approximate the state
y within a prescribed tolerance. One option here consists in equidistributing the error contributions of the term
, while the number of modes has to be adapted to the time grid size according to the term . Finally,

the number ¢ of modes should be chosen such that the term in (25b]) remains within the prescribed tolerance.

5.3. The algorithm

The a-posteriori error control concept for @ now offers the possibility to select snapshot locations by a time
adaptive procedure. For this purpose, @D is solved adaptively in time, where the spatial resolution (Az in
Algorithm (1)) is chosen to be very coarse in order to keep the computational costs low. This is possible due to
the fact that spatial and temporal discretization decouple when using the solution technique of |7] as we will
see in Section 6, compare Figure 3] The resulting time grid points now serve as snapshot locations, on which
our POD reduced order model for the optimization is based. The snapshots are now obtained from a simulation
of with high spatial resolution h, which is used in to obtain highly resolved snapshots of p, which are
accomplished with time finite differences of those adjoint snapshots. The right-hand side « in the simulation
of is obtained from @ with p from computed with spatially coarse resolution Axz. The certification of
the state variable is then performed according to as a post-processing procedure. This strategy might not
deliver the optimal time instances, but it is a practical and efficient strategy, which turns out to deliver good
approximation results (compare Section 6) at low costs.

The algorithm is summarized below in Algorithm

Algorithm 1 Adaptive snapshot selection for optimal control problems.

Require: coarse spatial grid size Az, fine spatial grid size h, maximal number of degrees of freedom (dof)
for the adaptive time discretization, T" > 0.
1: Solve @D adaptively w.r.t. time with spatial resolution Az and obtain the time grid 7 with solution pa,.

2: Set upag = PUad —aB*pr

3: Solve on 7 with spatial resolution Az corresponding to the control ua,.

4: Refine the time interval 7 according to and construct the time grid Tpew.

5: Generate state and adjoint snapshots by solving with r.h.s. ua, and , respectively, on Tje, with
spatial resolution h. Generate time derivative adjoint snapshots with time finite differences on those adjoint
snapshots.

6: Compute a POD basis of order ¢ and build the POD reduced order model based on the state,
adjoint state and time derivative adjoint state snapshots.

7: Solve with the time grid Tpew

6. NUMERICAL TESTS

In our numerical computations we use a one-dimensional spatial domain and a finite element discretization
in space by means of conformal piecewise linear polynomials. We use the implicit Euler method for time inte-
gration. The solution of the optimal control problem is done by a gradient method with stopping criteria
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1.7 (uF)|| < 7]|J" (u*)|| + 7o and an Armijo linesearch. In the following numerical examples, we apply Algo-
rithm [I] in order to validate this strategy by numerical results.

The numerical tests illustrate that utilizing a time adaptive grid for snapshot location and for solving the POD
reduced order optimal control problem delivers more accurate approximation results than utilizing a uniform
time grid. We show three different numerical tests. The first example presents a steep gradient at the end of the
time interval in the adjoint variable. In the second example the adjoint state develops an interior layer in the
middle of the time interval and finally we introduce control contraints in the third example. Moreover we also
show the benefits of the post processing for the state variable (step 4 in Algorithm to achieve more accurate
approximation results for both state and adjoint state.

All coding is done in MATLAB R2015a and the computations are performed on a 2.50GHz computer.

6.1. Test 1: Solution with steep gradient towards final time

The data for this test example is inspired from Example 5.3 in , with the following choices: @ = (0, 1) and
[0,T] = [0,1]. We set Uyq = L*°(0,T;R™). The example is built in such a way that the exact optimal solution
(g, @) of problem with associated optimal adjoint state p is known:

e(t—l)/s _ e—l/e

(t=1)/e _ ,—1/¢ 1
e e i . _
) , o a(t) = _EB oz, t) = —t+ [EEp=VE

g(x,t) = sin(mx) sin(nt), p(x,t) = x(z—1) (t gV~
with m = 1 and the control shape function x(x) = x(xz — 1) for the operator B. This leads to the right hand
side

e(t—l)/e _ e—l/e
f(z,t) = msin(wz)(cos(nt) + 7sin(nt)) + x(z — 1) <t - 11/5) )
—e
the desired state

(t—l)/e'l/ (t—1)/e _ ,—1/¢e
. . e € e e
ya(z,t) = sin(rz) sin(nt) + z(x — 1) <1 =Y > + 2 <t =y — )

and the initial condition yo(x) = 0. We choose the regularization parameter to be & = 1/30. For small values

of ¢ (we use ¢ = 10™%), the adjoint state p develops a layer towards ¢ = 1, which can be seen in the left plots of
Figure [1] and Figure

-

-0.2

S
0 o

FIGURE 1. Test 1: Analytical optimal adjoint state p (left), POD adjoint solution p’ utilizing
an equidistant time grid with At = 1/20 (middle), POD adjoint solution p* utilizing an adaptive
time grid with dof=21 (right).

In this test run we focus on the influence of the time grid to approximate of the POD solution. Therefore,
we compare the use of two different types of time grids: an equidistant time grid characterized by the time
increment At = 1/n and a non-equidistant (adaptive) time grid characterized by n+ 1 degrees of freedom (dof).
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FIGURE 2. Test 1: Contour lines of the analytical optimal adjoint state p (left), POD adjoint
solution p’ utilizing an equidistant time grid with At = 1/20 (middle), POD adjoint solution
p’ utilizing an adaptive time grid with dof=21 (right).

We build the POD-ROM from the uncontrolled problem; we create the snapshot ensemble by determining the
associated state y(uo) and adjoint state p(uo) corresponding to the control function u, = 0 and we also include
the initial condition yo and the time derivatives of the adjoint p;(u) into our snapshot set, which is accomplished
with time finite differences of the adjoint snapshots. We use £ = 1 POD basis function. Although we would
also have the possibility to use suboptimal snapshots corresponding to an approximation ua, of the optimal
control, here, we want to emphasize the importance of the time grid. Nevertheless in this example, the quality
of the POD solution does not really differ, if we consider suboptimal or uncontrolled snapshots. First, we leave
out the post-processing step 4 of Algorithm [I] and discuss the inclusion of this part later.

Figure |3| visualizes the space-time mesh of the numerical solution of @D utilizing the temporal residual type
a-posteriori error estimate (13|). The first grid in Figure corresponds to the choice of dof=21 and Az = 1/100,
whereas the grid in the middle refers to using dof = 21 and Az = 1/5. Both choices for spatial discretization
lead to the exact same time grid, which displays fine time steps towards the end of the time horizon (where the
layer in the optimal adjoint state is located), whereas at the beginning and in the middle of the time interval
the time steps are larger. This clearly indicates that the resulting time adaptive grid is very insensitive against
changes in the spatial resolution. For the sake of completeness, the equidistant grid with the same number of
degrees of freedom is shown in the right plot of Figure

Since the generation of the time adaptive grid as well as the approximation of the optimal solution is done
in the offline computation part of POD-MOR, this process shall be perfomred quickly, which is why we pick
Az = 1/5 for step 1 in Algorithm 1.

O .
08 I 08

I 06
| | §
I I v
I | .

F1GURE 3. Test 1: Adaptive space-time grids with dof = 21 according to the strategy in [7] and
Az = 1/100 (left) and Az = 1/5 (middle), respectively, and the equidistant grid with A¢ = 1/20
(right)

Figures and (middle and right plots) show the surface and contour lines of the POD adjoint state utilizing
an equidistant time grid and utilizing the time adaptive grid, respectively. The analytical control intensity @(¢),
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FIGURE 4. Test 1: Analytical optimal control @ (top left), approximation ua, of the optimal
control gained by step 1 of Algorithm [1| (top right); POD control utilizing a uniform time grid
with At = 1/20 (bottom left), POD control utilizing an adaptive time grid with dof=21 (bottom
right)

the approximation ua, of the optimal control computed in step 1 of Algorithm [I| as well as the POD controls
utilizing a uniform and time adaptive grid, respectively, are shown in Figure [4]

Table [I| summarizes the approximation quality of the POD solution depending on different time discretizations.
The fineness of the time discretization (characterized by At and dof, respectively) is chosen in such a way that
the results of uniform and adaptive temporal discretization are comparable. The absolute errors between the
analytical optimal state § and the POD solution y, defined by €, . := ||§ — y*| 12(a,), are listed in columns
2 and 6; same applies for the errors in the control €% := || — u’|y; (columns 3 and 7) and adjoint state
el s =P —p*l|l2(y) (columns 4 and 8). If we compare the results, we note that we gain one order of accuracy
for the adjoint and control variable with the time adaptive grid. In order to achieve an accuracy in the control
variable of order 102 utilizing an equidistant time grid, we need about n = 10000 time steps (not listed in
Table . This emphasizes that using an appropriate (non-equidistant) time grid for the adjoint variable is of
particular importance in order to efficiently achieve POD controls of good quality.

At ‘ sgbs ‘C:st Egbs ‘ dof ‘ €st 5st Egbs

1/20 | 1.5120- 10792 [ 1.9837- 10791 [ 3.6247 - 10792 || 21 |5.1874-107°% | 5.3428 - 107%% | 9.6343 - 10793
1/42 | 1.1186- 10792 | 2.1071 - 107°! | 3.8490 - 10792 || 43 | 5.1634 - 10792 | 2.4868 - 10792 | 4.3611 - 10~%°
1/61 | 1.0774- 10792 | 2.1447-107°! | 3.9173- 10792 || 62 | 5.1599 - 10792 | 2.3275- 10792 | 4.0691 - 1079
1/114 | 1.1157 - 10792 | 2.1846 - 1071 | 3.9893 - 10792 || 115 | 5.1568 - 10792 | 2.3027 - 10792 | 4.0340 - 10793

TABLE 1. Test 1: Absolute errors between the analytical optimal solution and the POD solution
depending on the time discretization (equidistant: columns 1-4, adaptive: columns 5-8)

Table [2[ contains the evaluations of each term in (24). The value 7}, (%) refers to the first (second) part in
. For this test example, we note that the term 77; influences the estimation. However, we observe that the
better the semi-discrete adjoint state pa, from step 1 of Algorithm [1] is, the better will be the POD adjoint
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solution. Since all summands of can be estimated, Table [2| allows us to control the approximation of the
POD adjoint state. The estimation concerning the state variable will be investigated later on.

dof . | nh Gl + ISl | S

21 [9.6343-10793 | 4.9518 - 10799 | 4.8031-107°* | 1.6033-107°2 | 3.3938.10~%¢
43 | 4.3611-1079 | 1.1976- 10790 | 5.0087- 1079 | 1.9200- 10792 | 2.9454 . 1079
62 | 4.0691-10793 | 7.2852-1079 | 2.9835-1079 | 1.9707-10792 | 2.9212-107%
115 | 4.0340 - 10793 | 3.4966 - 10791 | 1.4845-1079 | 2.0191-107°2 | 2.9090 - 10~%4

TABLE 2. Test 1: Evaluation of each summand of the error estimation [24]

Moreover, a comparison of the value of the cost functional is given in Table [3] The aim of the optimization
problem is to minimize the quantity of interest J(y, ). The analytical value of the cost functional at the
optimal solution is J(7,u) ~ 8.3988 - 10701, Table [3| clearly points out that the use of a time adaptive grid
is fundamental for solving the optimal control problem . The huge differences in the values of the cost
functional is due to the great increase of the desired state y, at the end of the time interval (see Figure [5)).
Small time steps at the end of the time interval, as it is the case in the time adaptive grid, lead to much more
accurate results.

At J(y ) dof J(y )
1/20 | 4.1652-107%% || 21 [ 8.7960 - 10701
1/42 | 1.9834-107%4 || 43 | 8.4252 - 10101
1/61 | 1.3656 - 10704 || 62 | 8.4102- 1010
1/114 | 7.3078 - 10793 || 115 | 8.4034 - 10701

1/40000 | 8.5692 - 10701 || - -

TABLE 3. Test 1: Value of the cost functional at the POD solution utilizing uniform and
adaptive time discretization, respectively, analytical value: J ~ 8.3988 - 107!

Now, let us discuss the inclusion of step 4 in Algorithm [} Since we went for an adaptive time grid regarding
the adjoint variable, we cannot in general expect that the resulting time grid is a good time grid for the state
variable. Table [1| confirms that utilizing a uniform time grid leads to better approximation results in the state
variable than using the time adaptive grid. In order to improve also the approximation quality in the state
variable, we incorporate the error estimation from [17] in a post-processing step after producing the time
grid with the strategy of 7] and before starting the POD solution process. Define

npop, = AL2 <If<|yft||%q + ||yf||2v>>
J

where yF ~ y;(t,) and yF, ~ s (1) are computed via finite difference approximation. We perform bisection
on those time intervals I;, where the quantity npop; has its maximum value and repeat this Nyefine times. This
results in the time grid Tpew. The improvement in the approximation quality in the state variable can be seen
in Table The more additional time instances we include according to , the better the approximation
results get with respect to the state. Moreover, also the approximation quality in the control and adjoint state
is improved.

We note that the sum of the neglected eigenvalues Z?:g A; is approximately zero and the second largest
eigenvalue of the correlation matrix is of order 107'°, which makes the use of additional POD basis functions
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FIGURE 5. Test 1: Analytical optimal state g (top left), desired state y4 (top right); POD
state y* utilizing a uniform time grid with At = 1/20 (bottom left), POD state y* utilizing an
adaptive time grid with dof = 21 (bottom right)

Nreﬁne ‘gas E:bs egbs

0 5.1874 - 10792 | 5.3428 - 10792 [ 9.6343 - 10793
) 4.0058 - 1072 | 2.1145-107°2 | 3.6378 - 10793
10 3.0909 - 10792 | 1.8396 - 10792 | 3.0895 - 10793
20 2.4759-10792 | 1.7104 - 10792 | 2.8210 - 10793

30 2.3028 - 10792 | 1.6971 - 10792 | 2.7906 - 1093

TABLE 4. Test 1: Improvement of approximation quality concerning the state variable. The
initial time grid 7 is computed with dof=43

redundant. Likewise, in this particular example the choice of richer snapshots (even the optimal snapshots)
does not bring significant improvements in the approximation quality of the POD solutions. So, this example
shows that solely the use of an appropriate adaptive time mesh efficiently improves the accuracy of the POD
solution.

6.2. Test 2: Solution with steep gradient in the middle of the time interval

Let = (0, 1) be the spatial domain and [0, 7] = [0, 1] be the time interval. We choose e = 10~* and o = 1.
To begin with, we consider an unconstrained optimal control problem and investigate the inclusion of control
constraints separately in Test 3. We build the example in such a way that the analytical solution (g, @) of @
is given by:

y(x,t) = 2*(x — 1)t, p(z,t) = sin(rr)atan (t _60'5) (t—1),
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i (t) = a(t) = —atan <t _50'5) (t—1) (g _ 8 ) ,

™ a2
Y1(x) = max(0,1 — 16(x — 0.25)%), xo(x) = max(0,1 — 16(z — 0.75)?).

The desired state and the forcing term are chosen accordingly. Due to the arcus-tangens term and the small
value for ¢, the adjoint state exhibits an interior layer with steep gradient at ¢ = 0.5, which can be seen in the
left panel of Figure[6]and [7] The shape functions x; and x2 are shown in Figure 8 on the left side. Like in Test
1, we study the use of two different time grids: an equidistant time discretization and the time adaptive grid
computed in step 1 of Algorithm (see Figure@. Once again, we note that spatial and temporal discretization
decouple when computing the time adaptive grid utilizing the a-posteriori estimation , which enables us to
use a large spatial resolution Az for solving the elliptic system and to keep the offline costs low.

FIGURE 6. Test 2: Analytical optimal adjoint state p (left), POD adjoint solution p* with £ = 4
utilizing an equidistant time grid with At = 1/40 (middle), POD adjoint solution p’ with £ = 4
utilizing an adaptive time grid with dof=41 (right)

0 0.2 0.4 0.6 0.8 1
T T x

FIGURE 7. Test 2: Contour lines of the analytical optimal adjoint state p (left), POD adjoint
solution p’ with £ = 4 utilizing an equidistant time grid with At = 1/40 (middle), POD adjoint
solution p’ with ¢ = 4 utilizing an adaptive time grid with dof=41 (right)

As snaphots, we choose state and adjoint snapshots as well as time derivative adjoint snapshots corresponding
to u, = 0 and we also include the initial condition yg into our snapshot set. The middle and right plots of
Figures[6and [7]show the surface and contour lines of the POD adjoint solution utilizing an equidistant time grid
(with At = 1/40) and utilizing the adaptive time grid (with dof = 41), respectively. Clearly, the equidistant
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FIGURE 8. Test 2: Shape functions x1(x) and x2(z) (left), decay of the eigenvalues on semilog
scale (middle) and first POD basis function +; (right) utilizing uniform time grid with At =
1/40

FIGURE 9. Test 2: Adaptive space-time grids with dof = 41 according to the strategy in [7] and
Az =1/100 (left) and Az = 1/5 (middle), respectively, and the equidistant grid with At = 1/40
(right)

time grid fails to capture the interior layer at ¢ = 1/2 satisfactorily, whereas the POD adjoint state utilizing the
adaptive time grid approximates the interior layer well.

Unlike Test Example 6.1, the adaptive time grid is also a suitable time grid for the state variable in this
numerical test example. This can be seen visually when comparing the results for the POD state utilizing
uniform discretization and utilizing the adaptive time grid with the analytical optimal state, Figures [I0] and [T1]

-0.05 1
-0.1
-0.15

1

e
0 o0

FIGURE 10. Test 6.2: Analytical optimal state g (left), POD solution y* with ¢ = 4 utilizing
an equidistant time grid with At = 1/40 (middle), POD solution y* with ¢ = 4 utilizing an
adaptive time grid with dof=41 (right)

Table [5| summarizes the absolute errors between the analytical optimal solution and the POD solution for
the state, control and adjoint state for all test runs with an equidistant and adaptive time grid, respectively. If
we compare the results of the numerical approximation, we note that the use of an adaptive time grid heavily
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FIGURE 11. Test 6.2: Contour lines of the analytical optimal state 7 (left), POD solution y*
with ¢ = 4 utilizing an equidistant time grid with At = 1/40 (middle), POD solution y* with
¢ = 4 utilizing an adaptive time grid with dof=41 (right)

19

improves the quality of the POD solution with respect to an equidistant grid. In fact, we get an improvement

up to order four.

At ‘ egbs gqafbs 6gbs H dof ‘ Est Egbs ggbs
1/20 | 5.0767-107°% | 7.8419 - 10790 | 3.5413 - 10791 || 21 | 4.0346 - 10-92 | 5.4053 - 10~°1 | 2.4409 - 1070
1/40 | 2.6242-107°" | 4.1058 - 10190 | 1.8542- 10101 || 41 | 2.2178 - 10794 | 5.3471 - 10793 | 1.3186 - 10792
1/68 | 1.5603 - 107°1 | 2.4503 - 10790 | 1.1065 - 1019 | 69 | 9.7031 - 10~ | 4.5702- 1093 | 4.2670 - 10~
1/134 | 7.8741-10792 | 1.2386 - 1010 | 5.5938 - 10190 || 135 | 8.5577 - 10~% | 4.4901 - 10793 | 2.3507 - 1073

TABLE 5. Test 6.2: Absolute errors between the analytical optimal solution and the POD
solution with ¢ = 4 depending on the time discretization (equidistant: columns 1-4, adaptive:

columns 5-8)

The exact optimal control intensities @ (t) and @g(t) as well as the POD solutions utilizing uniform and
adaptive temporal discretization are illustrated in Figure
Another point of comparison is the evaluation of the cost functional. Since the exact optimal solution is known

analytically, we can compute the exact value of the cost functional, which is J(y,u) = 1.0085 - 10793,

As

expected, utilizing an adaptive time grid enables us to approximate this value of the cost functional quite well
when using dof=135, see Table @ In contrast, the use of a very fine temporal discretization with At = 1/10000
is still worse than the results with the adaptive time grid and dof > 41. Again, this emphasizes the importance

of a suit

able time grid.

At J(y ) dof J(y )
1/20 |3.1225-107% || 21 [ 1.9553 - 1079
1/40 | 1.5619 - 1079 || 41 | 1.0274 - 10193
1/68 | 9.1901-107%* || 69 | 1.0065 - 10+93
1/134 | 4.6655-101%4 || 135 | 1.0082 - 10193

1/10000 | 1.0350 - 10793 || - -

TABLE 6. Test 2: Value of the cost functional with ¢ = 4, true value J ~ 1.0085 - 10103

Now, we like to investigate which influence the number ¢ of utilized POD basis functions has on the approx-
imation quality of the POD solution. First, we have a look at the decay of the eigenvalues, which is displayed
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FIGURE 12. Test 2: Analytical control intensities 4, () (top left) and us(t) (bottom left), POD
control utilizing an equidistant time grid with At = 1/40 (middle) and ¢ = 4, POD control
utilizing an adaptive time grid with dof=41 (right) and ¢ = 4

in Figure [8] middle. The eigenvalues stagnate nearby the order of machine precision, which is why the use of
more than ¢ = 4 POD basis functions will not lead to better POD approximation results. The first POD basis
function 11 can be seen in the right plot of Figure[8] For the use of only ¢ = 1 POD basis function, the absolute
error between the analytical solution and the POD solution in the state, control and adjoint state for uniform
as well as for adaptive time discretization are summarized in Table [7] Let us compare the results in this Table
[dwhere £ = 1 POD basis function is used with the results in Table { where £ = 4 POD basis functions are used.
We note that in the case of the uniform temporal discretization, the use of £ = 1 POD basis function leads to
similar approximation results like when using £ = 4 POD modes. On the contrary, in the case of the adaptive
time discretization, the use £ = 4 POD basis functions leads to better approximation results with respect to the
state variable than using £ = 1 POD basis. The approximation results concerning the control and adjoint state
differ only slightly when increasing the number of utilized POD basis functions. Nevertheless, also for the use
of only £ = 1 POD mode, the use of the time adaptive grid leads to an improvement of the absolute errors of
up to four decimal points in comparison to using a uniform time grid.

P

p Y u
dof | £ el el

At ‘ egbs ‘ 6Zafbs gabs
1/20 | 5.0631 - 1007 | 7.8420 - 1070 | 3.5413 - 10701
1/40 | 2.6230 - 1071 | 4.1059 - 10+°0 | 1.8542 - 1001
1/68 | 1.5684 - 10~ | 2.4503 - 10+ | 1.1065 - 10+°!

1/134 | 8.1129 - 10792 | 1.2386 - 10790 | 5.5938 - 10+00

abs

21 [4.5255-10792 | 5.4054 - 10~9T | 2.4409 - 10100

41 | 2.0721-10792 | 5.3475- 10793 | 1.3186 - 10~ °2
69 | 2.0713-107°2 | 4.5706 - 10793 | 4.2670 - 10793
135 | 2.0664 - 10792 | 4.4905 - 10793 | 2.3507 - 10793

TABLE 7. Test 2: Absolute errors between the analytical optimal solution and the POD solution
with £ = 1 depending on the time discretization (equidistant: columns 1-4, adaptive: columns

5-8)

6.3. Test 3: Control constrained problem

In this test we add control constraints to the previous example. We set u1 (t) < u1(t) < ugp(t) and
U2,6(t) < ua(t) < ugyp(t) for the time dependent control intensities uq () and us(t). The analytical value range
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for both controls is u1(t), ua(t) € [—0.3479,0.1700] for ¢ € [0,1]. For each control intensity we choose different
upper and lower bounds: we set uj 4(t) = —100 (i.e. no restriction), uq,, = 0.1 and ug 4(t) = —0.2, ug(t) = 0.
For the solution of problem we use a projected gradient method.

The solution of the nonlinear, nonsmooth equation @D can be done by a semi-smooth Newton method or
by a Newton method utilizing a regularization of the projection formula, see [21]. In our numerical tests we
compute the approximate solution to with a fixed point iteration and initialize the method with the adjoint
state corresponding to the control unconstrained optimal control problem. In this way, only two iterations are
needed for convergence. Convergence of the fixed point iteration can be argued for large enough values of «,
see [11].

The analytical optimal solutions 4, and s are shown in the left plots in Figure For POD basis computation,
we use state, adjoint and time derivative adjoint snapshots corresponding to the reference control u, = 0 and
we also include the initial condition yg into our snapshot set. The plots in the middle and on the right in Figure
refer to the POD controls using a uniform and an adaptive temporal discretization, respectively. Once again,
we note that utilizing an adaptive time grid leads to far better results than using a uniform temporal grid. The
numerical results in Table [§] confirm this observation. We observe that the inclusion of box constraints on the
control functions lead in general to better approximation results, compare Table [5| with Table This is due
to the fact that on the active sets the error between the analytical optimal controls and the POD solutions

vanishes.
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F1GURE 13. Test 3: Inclusion of box constraints for the control intensities: Analytical control
intensities u1(t) (top left) and @a(t) (bottom left), POD control utilizing an equidistant time
grid with At = 1/40 (middle) and ¢ = 4, POD control utilizing an adaptive time grid with

dof=41 (right) and ¢ =4

7. CONCLUSION

In this paper we investigated the problem of snapshot location in optimal control problems. We showed
that the numerical POD solution is much more accurate if we use an adaptive time grid, especially when the
solution of the problem presents steep gradients. The time grid was computed by means of an a-posteriori
error estimation strategy of space-time approximation of a second order in time and fourth order in space
elliptic equation which describes the optimal control problem and has the advantage that it is independent of
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P dof | g¥ gv P

At ‘ 6zbs €st Cabs
1/20 | 2.8601-1079% | 5.7201 - 10799 | 3.5430 -

1/40 | 1.4802-107% | 2.9955-107% | 1.8551 - 100!
1/68 | 8.8124-10792 | 1.7882-107% | 1.1071 - 10+°*
1/134 | 4.4570 - 10792 | 9.0470 - 107°% | 5.5965 - 1010

‘ abs abs abs
1001 [ 21 [ 2.2714-1079%2 | 3.9586 - 10~ 91 | 2.4423 - 10790
41 | 2.9482-107% | 4.4969 - 1093 | 1.3183 - 10792
69 | 2.1247-10794 | 3.2811-10793 | 4.2629 - 1093

135 | 2.1330- 10794 | 3.1321 - 10793 | 2.3474 - 10793

TABLE 8. Test 3: Inclusion of box constraints for the control intensities: Absolute errors
between the analytical optimal solution and the POD solution with ¢ = 4 depending on the
time discretization (equidistant: columns 1-4, adaptive: columns 5-8)

an input control function. Furthermore, a coarse approximation with respect to space of the latter equation
gives information on the snapshots one can use to build the surrogate model. Finally, we provided a certification
of our surrogate model by means of an a-posteriori error estimation for the error between the optimal solution
and the POD solution.

For future work, we are interested in transferring our approach to optimal control problems subject to nonlinear
parabolic equations.
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