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1 Introduction

Many problems in science and engineering can be modeled in terms of optimal control prob-
lems governed by parametrized partial differential equations (PDEs), see e.g. [25,13,24,34]
for theoretical results and applications. While the PDE describes the underlying system or
component behavior, the parameters often serve to identify a particular configuration of the
component — such as boundary and initial conditions, material properties, and geometry.
In such cases — in addition to solving the optimal control problem itself — one is often
interested in exploring many different parameter configurations and thus in speeding up the
solution of the optimal control problem. However, using classical discretization techniques
such as finite elements or finite volumes even a single solution is often computationally
expensive and time-consuming, a parameter-space exploration thus prohibitive. One way to
decrease the computational burden is the surrogate model approach, where the original high-
dimensional model is replaced by a reduced order approximation. These ideas have received
a lot of attention in the past and various model order reduction techniques have been used in
this context: proper orthogonal decomposition (POD) e.g. in [22,2,23,35], reduction based
on inertial manifolds in [15], and reduced basis methods in [16,7,21,20,29]. However, the
solution of the reduced order optimal control problem is generally suboptimal and reliable
error estimation is thus crucial.

In this paper we employ the reduced basis method [30,32] as a surrogate model for
the solution of distributed optimal control problems governed by parametrized elliptic par-
tial differential equations. We extend our previous work in [11,21,20] in several directions.
First, we consider optimal control problems involving distributed controls. Distributed con-
trols pose an additional challenge relative to scalar controls since the control space is also
high-dimensional. To this end, we follow the approach originally proposed in [18] and in-
troduce reduced basis spaces not only for the state and adjoint variable but also a separate
reduced basis (control) space for the distributed control. We thus obtain a considerable di-
mension reduction of the first-order optimality system. Second, we propose two new a poste-
riori error bounds for the optimal control and associated cost functional. The first proposed
bound is an extension of our work in [11,21] to distributed controls, the second bound is
derived directly from the error residual equations of the optimality system. Third, we com-
pare our proposed bounds to the bound recently proposed in [29]. Finally, we show that the
reduced order optimal control problem and error bounds can be efficiently evaluated in an
offline-online computational procedure.

A posteriori error bounds for reduced order solutions of optimal control problems have
been proposed for proper orthogonal decomposition (POD) and reduced basis surrogate
models in [35] and [7,29], respectively. In [35], the authors estimate the distance between
the computed suboptimal control and the unknown optimal control using a perturbation ar-
gument proposed in [12,26]. The approach allows one to use the POD approximation to ef-
ficiently solve the optimal control problem. The evaluation of the a posteriori error bounds,
however, requires a “forward-backward” solution of the underlying high-dimensional state
and adjoint equations and, as pointed out in [35], is thus computationally expensive. Fur-
thermore, in the case of distributed controls there is no reduction of the possibly high-
dimensional control space.

In [29], a reduced basis approach to distributed optimal control problems has been con-
sidered. The resulting a posteriori error bound follows directly from previous work on re-
duced basis methods for noncoercive problems [36]. However, the development in [36] only
provides a combined bound for the error in the state, adjoint, and control variables. Further-
more, the approach requires the computation of (a lower bound to) the parameter-dependent
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Babuska inf-sup constant of the first-order optimality system, which is not only expensive
in terms of computational cost but also involved in terms of implementation effort. We com-
pare here the computational effort and performance, i.e., sharpness, of our proposed bounds
with the bound from [29] when we discuss numerical results. We observe that our proposed
bounds — in contrast to the bound from [29] — involve only constants (or their lower/upper
bounds) that are straightforward and inexpensive to compute. Furthermore, numerical results
show that the new bound derived from the error residual equations of the optimality system
tends to be much sharper, especially in the case of optimal control problems involving small
regularization parameters.

Although we consider a purely deterministic problem here, the input parameters could
also be considered random inputs. We note that the approach presented here can be gain-
fully employed in such a stochastic setting, see for example [8] or [4]. For a more detailed
comparison between the reduced basis method and stochastic collocation methods we refer
to [5].

This paper is organized as follows. In Section 2 we introduce the finite element (truth)
optimal control problem and state the first-order optimality conditions. The reduced basis ap-
proximation of the optimal control problem is illustrated in Section 3, where we also explain
the associated offline-online computational procedure and briefly summarize the greedy pro-
cedure to generate the reduced basis spaces. In Section 4, we discuss the a posteriori error
estimation procedures. We propose two new a posteriori error bounds for the optimal control
and the associated cost functional before briefly reviewing the bound from [29]. Finally, we
present numerical results for a Graetz flow problem and a heat transfer problem in Section 5
and offer concluding remarks in Section 6.

2 General problem statement and truth discretization

In this section we introduce the parametrized linear-quadratic optimal control problem with
elliptic PDE constraint and distributed control. We introduce a finite element truth discretiza-
tion for the exact, i.e., continuous problem and recall the first-order necessary (and in our
case sufficient) optimality conditions.

2.1 Preliminaries

Let Y. with H}(Q) C Y. C H'() be a Hilbert space over the bounded Lipschitz domain
Q cR?,d=1,2,3, with boundary I".! The inner product and induced norm associated with
Y, are given by (-,-)y and |||y = \/(-,")y, respectively. We assume that the norm ||-||y is
equivalent to the H'(£)-norm and denote the dual space of Y. by ¥!. We also introduce
the control Hilbert space U., together with its reference inner product (-,-)y, induced refer-
ence norm ||-|y = /(:,-)u, and associated dual space U/.? Furthermore, let 2 C R be a
prescribed compact parameter set in which our parameter y = (U, ..., p) resides.

We directly consider a finite element approximation for the infinite-dimensional optimal
control problem. To this end we define two conforming finite element spaces Y C Y. and
U C U,. We denote their typically large dimensions by .4y = dim(Y) and A, = dim(U). We
shall assume that the truth spaces Y and U are sufficiently rich such that the finite element

! The subscripts “e” denote “exact”.

2 Qur framework covers spatially distributed controls U, = L?(Qy), 2y C £, and Neumann boundary
controls U, = L*(Iy), Iy C I. Tt also applies to finite-dimensional control spaces U, = R™.
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solutions guarantee a desired accuracy over the whole parameter domain 2. We further
recall that the reduced basis approximation shall be built upon — and the reduced basis error
thus evaluated with respect to — the truth solution y(¢t) € ¥ and u(p) € U.

We next introduce the parameter-dependent bilinear form a(-,-;u) : ¥ XY — R, and
shall assume that a(-,-; it) is continuous,

0<7%(u)= sup sup ngg@o Yu e 9, 1)
wey\{0} vey\{0} [wily[IvIly

and coercive,

Ca(evp)
o (1) = Velyrgo} B z05>0 Vueg. 2

Furthermore we introduce the parameter-dependent continuous linear functional f(-; i) :
Y — R and the parameter-dependent bilinear form d(-,; 1) : ¥ x Y — R, where d(-,-; 1) is
continuous, symmetric, and positive semi-definite and hence induces an associated semi-
norm ||p) = /d(-,-;it). Furthermore c(-,;t) : U x U — R is a parameter-dependent
energy inner product on U. The associated induced energy norm is denoted by ||-||y(u) =
Ve(, 1) and we assume that it is equivalent to the reference norm ||-||y on U. In the
following we will use the notation (-,-)y(y) := c(-, ;) and (-, *)p() = d(-, s pt). We also
introduce the parameter-dependent bilinear form b(-,;u) : U x ¥ — R and assume that
b(-,-; 1) is continuous,

0<7%(u)= sup sup Hb(wivu)gyg<oo Yueg. 3)
wEU\{O}veY\{O} Wl VIl

Finally, in anticipation of the optimal control problem defined in Section 2.2, we introduce
the parametrized desired state y; (i) €Y.

The involved bilinear and linear forms as well as the desired state are assumed to depend
affinely on the parameter, i.e., for all w,v € Y, u,z € U and all parameters it € Z,

Qa [

a(w,v;pt) = Zl@j(u)aq(w, v), b(u,v;p) = Z @tl('u b (u,v),
= =1
Qq Oc

d(W7V;:u) = Zﬁ@j(u)d‘l(w, V)v C‘(“»Z§ﬂ) = Zl@cq(,u) Cq(uvz)v 4)
q= q=
Of Oya

flviu) = Zl@;(ﬂ)fq(v)» Z ()

=

for some (preferably) small integers Qq, Qp, Qc, Qu, Qf, and Qyy. Here, the coefficient
functions O (*) : @2 — R, are continuous and depend on (L, but the continuous bilinear forms
al(-,): Y XY >R, MI(-,):UxY >R, di(-,-): Y XY =R, c(-,-) : U xU — R, as well
as the continuous linear forms f7:Y — R and y € Y do not depend on 1.
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2.2 General problem statement

We consider the parametrized optimal control problem?

. 1 A‘
min J(y,us ) = Sy —Ya(1) B + o lle— |y ) ®)

yeYue
st. (hu) €Y xU solves a(y,v;u)=b(u,v;u)+ f(v;u) Yvevy.

Here, y (1) € Y, € 9 is the desired state and u, € U is the desired control. The regular-
ization parameter A > 0 governs the trade-off between the cost associated with the deviation
from the desired state and the desired control, respectively. For simplicity, we assume that
the desired control u, is parameter-independent; however, (affine) parameter dependence is
readily admitted.

It follows from our assumptions that there exists a unique optimal solution (y*,u*) to (P);
see e.g. [25]. By employing a Lagrangian approach, we obtain the first-order optimality
system consisting of the state equation, the adjoint equation, and the optimality equation:
Given u € 2, the optimal solution (y*, p*,u*) € ¥ x ¥ x U satisfies*

a(y*,¢;u) =b(u*, ;) + f(¢3 1) Vo ey, (5a)
a(@,p*s i) = (va(1) =¥", @)pu) Yoy, (5b)
A (U —ug, W)y —b(y,p"pn) =0 Yy eU. (5¢)

Here, p is the adjoint variable and the superscript * denotes optimality. We note that for the
linear-quadratic optimal control problem (P) the first-order conditions (5) are necessary and
sufficient for the optimality of (y*,u*) [25]. We also note that the trial and test spaces are
identical for the state and adjoint equations. The “first-discretize-then-optimize” and “first-
optimize-then-discretize” approaches commute in this setting and hence lead to the same
discrete the optimality system (5), see for example [13].

The optimality system (5) constitutes a coupled set of equations of dimension 2.4y + A
and is thus expensive to solve, especially if one is interested in various values of 4 € 2. Our
goal is therefore to significantly speed up the solution of (5) by employing the reduced basis
approximation as a surrogate model for the PDE constraint in (P).

Remark 1 In practice, the regularization parameter often serves as a design parameter which
is tuned to achieve a desired performance of the optimal controller. From a reduced basis
point of view, however, the regularization parameter may simply be considered an input
parameter of the parametrized optimal control problem. This allows us to vary A online
and thus to efficiently design the optimal controller as discussed in the context of parabolic
optimal control problems in [20].

Remark 2 In the sequel we derive the reduced basis approximation and associated a poste-
riori error bounds for the linear-quadratic setting (P). We note that the method can be easily
extended to account for a general linear observation operator in the cost functional. How-
ever, the extension to control or state constrained problems is neither obvious nor straightfor-
ward, since determining the active and inactive sets requires an operation on the truth finite
element grid. Furthermore, the extension to problems involving nonlinear PDE constraints
poses several challenges, such as the development of certified reduced order approximation
of the PDE itself; also see e.g. [17].

3 Here and in the following we often omit the dependence on u to simplify notation.
4 We again note that we omit the dependence on u to simplify notation, i.e., we write y = y(1), p = p(1),
and u = u(u).
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3 Reduced basis approximation

We will now employ the reduced basis method for the efficient solution of the truth optimal
control problem (P). We first assume that we are given the sample sets Py = {ul L 1<
N < Nmax, and associated integrated reduced basis spaces

Yy =span{{), 1 <n <2N} =span{y"(u"),p*(1"), 1 <n <N}, 1<N<Npa, (6)

where y*(u") and p*(u") are the solutions of (5) and {;, are mutually (-, -)y-orthogonal basis
functions derived by a Gram-Schmidt orthogonalization procedure. Note that we integrate
both state and adjoint snapshots in Yy; thus the term “integrated.” We refer to [21,20,29]
for further details and discussion on the use of integrated spaces for the state and adjoint
equations. Furthermore we assume that the reduced basis control spaces are given by

Uy =span{{), 1 <n <N} =span{u*(u"), 1 <n <N}, 1 <N < Npax. 7

Here, the §, 1 < n <N, are mutually (-,-)y-orthogonal basis functions. We comment on
the greedy samphng procedure to construct the spaces Yy and Uy in Section 3.2. Although
the snapshots generated by the greedy procedure can be linearly dependent, we will assume
in the following dim(Yy) = 2N and dim(Uy) = N to simplify the presentation.

‘We next replace the truth approximation of the PDE constraint in (P) by its reduced basis
approximation. The reduced basis optimal control problem is thus given by

min__ J(yy,un; 1) (Pn)

INEYN.unEUN

st.  (yw,un) € Yy xUy solves a(yn,v;it) =b(uy,viit) + f(v;un) Vv € Y.

We can also directly state the associated first-order optimality system: Given u € &, find
(Vx> Py-uy) € Y x Yy X Uy such that

a(yy, ¢ 1) = b(uy, ¢; 1) + f(93 1) V¢ € Yy, (8a)
a(e, pNs w) = (va(t) = yn: @) Vo € Yy, (8b)
A —uq,y )U(u l[l,pN,[J,) 0 Yy € Uy. (8c)

The reduced basis optimality system is only of dimension 5N and can be evaluated effi-
ciently using an offline-online computational decomposition. The details are presented in
the following subsection.

We also note that we use a single reduced basis trial and test space for the state and
adjoint equations. The reason is twofold: First, in this case the “first-reduce-then-optimize”
and “first-optimize-then-reduce” approaches are equivalent. Second, using different spaces
may result in an unstable system (8). This issue is closely related to the stability of reduced
basis formulations for saddle point problems, see [10] for details. If we use the same space
Yy for the state and the adjoint equation, on the other hand, the system (8) is provably
stable [27,29]. Finally, since the state and adjoint solutions need to be well-approximated
by the single space Yy, we choose integrated spaces; see (6).
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3.1 Computational procedure

We now turn to the computational details of the reduced basis approximation of the op-
timality system. To this end, we express the reduced basis state, adjoint and control so-

lutions as yy (i) = X2 ywi() &, py() = X2 pni(u) &Y, and un () = Y uni(u) G,
and denote the coefficient vectors by y, (1) = vt (), .- ynvan (1)]T € RV, py(p) =

(w1 (1),- . pvan ()] € R?Y and uy (u) = [uni (1), unn(p)]" € RY, respectively. If
we choose as test functions ¢ = §7, 1 <i<2N,9={', 1 <i<2N,andy={" 1<i<N,
the reduced basis optimality system (8) can be expressed in terms of the SN x 5N linear sys-
tem
Dy(u) 0 Af(n) N Yan(1)
0 ACy(u) —By(w)| |uy | = | AUsn(n) | - ©)
An(u) =By(n) 0 Py Fy ()
Here, we have reordered the variables and equations to exhibit the saddle point structure
of the system. The matrices Ay(u) € R**2N By(u) € RV*N Dy(u) € R**2N_ and
Cn(u) € RN*N are defined by the entries (Ay(1))ij = a($7, & 1), (Bv(1))ij =b(EH, &5 ),
(Dn())ij = d(CJy, ;i) and (Cy(u))ij = (L, &' ), respectively. The vectors Fy (i) €
RN, Yy v (1) € RZN and Uy y(n) € RY are given by (Fv(1))i = f(§s1). (Yan(w))i =
d(ya(p), &5 1), and (Ugn (i) = c(uq, G 1), respectively.
The afﬁne parameter dependence (4) yields the expansion Ay(u) = quil O ()AL,

S I

where the parameter-independent matrices Ay, € R*V*2V are given by (A%);; = a4({ 58
The matrices By (1), Dy (i), Cy () and vectors Fy (), Yz (1), and Uy y (1) yield a similar
expansion. Finally, to allow an efficient evaluation of the cost functional in the online stage,
we also save the three-dimensional tensor Y, 4 given by (Yz.4)q.p.r =d4(¥5,¥), 1 <q < Qu,
1 < p <0y, 1 <1< 0y, as well as the vector (Ugg)q = ¢?(ug,uq), 1 < g < Q..

The offline-online decomposition works as follows. In the offline stage — performed
only once — we first construct the reduced basis spaces Yy and Uy. We then assemble
the parameter-independent quantities AL(1<q<Qu),Bi(1<q<Q), DL(1<q<Qu),
Ch1<q<Q.), Fl(1<q<0Qy), Y] (1 <q<Qa0ya), Ufy(1<g< Qc) Ygqand Ugy.
The computational cost clearly depends on the truth finite element dimensions .4y and .A4{;.
In the online stage — for each new parameter value 4 — we first assemble all parameter-
dependent quantities in (to leading order) (Q, + Qp + Qc + Qa)N* + (Qf + Qu Oyq)N +
QdQ% , operations. We then solve the reduced basis optimality system (9) at cost &'((5SN ).
Given the reduced basis optimal solution, the cost functional can then be evaluated effi-
ciently from

T i) =5 (DN () — 2V () + Yo (k)

A

+ 5 (unCr(uy =207y (1)uy +Usa(R) (10)

where we assemble Y, 4 (1) = ):qQ“’1 ZQ"’ ):Q‘d 07 (1)0); ()0}, (1) (Yaa)gpr and Uga(p) =
ZQC O(1)(Ua.a)q- The computational cost for the cost functional evaluation is & (QdN 24
04QyaN + Qind) for the state misfit term plus & (Q.N?) for the control misfit term. Hence,
the overall computational cost for the online stage is independent of .4y and .47, the di-
mensions of the underlying truth finite element approximation spaces. Since N < .4y and

N < Ay, we expect a significant computational speed-up in the online stage relative to the
solution of (5). However, we need to rigorously and efficiently assess the error introduced.
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3.2 Greedy algorithm

We generate the reduced basis space using the greedy sampling procedure [36] summarized
in Algorithm 1. To this end, we presume the existence of an a posteriori error bound Ay (1)
— to be introduced in the next section — for the optimal control or the associated cost
functional. Furthermore, Z.,i, C Z is a finite but suitably large parameter train sample;
u‘ € Eirain 1S the initial parameter value; and &g min > 0 is a prescribed error tolerance.
Since we can only guarantee the desired error tolerance for all it € Eyi,, wWe note that we
have to choose the train sample sufficiently fine. The reduced basis space Yy is expanded
in step 6 with a snapshot of the corresponding truth state and adjoint equation, i.e., we use
“integrated” spaces as discussed previously. Simultaneously we reduce the control space,
i.e., Uy is spanned by snapshots of the truth optimal control at the selected parameter values.
Note that in step 6 and 7 we need to check if the new snapshots are already contained in the
reduced basis spaces and consequently discard linear dependent snapshots. Although the
reduced basis spaces could be of smaller dimension, we will assume dim(Yy) = 2N and
dim(Uy) = N to simplify the presentation. This is true for all numerical examples presented
in Section 5.

Algorithm 1 Greedy Sampling Procedure

1: Choose Eyin C 2, ' € Eain, and &gl min > 0
Set N+ 0, Yy « {},Uy « {}
Set pu* < u' and Ay (u*) oo
while AN(‘LL*) > Eiol,min do
N+ N+1
Yy ¢ Yy—1Uspan{y(u*),p(u*) }
Uy < Uy-1Uspan{u(u*) }
u* < argmax Ay(u)

HEZrain
9: end while

10: Npax < N

4 A posteriori error estimation

We next turn to the a posteriori error estimation procedure. We consider three different error
bounds for the optimal control in Section 4.2 and subsequently derive associated cost func-
tional error bounds in Section 4.3. The error bounds introduced are rigorous upper bounds
for the errors and are online-efficient to compute; we summarize the computational proce-
dure in Section 4.4.
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4.1 Preliminaries

To begin, we assume that we are given a positive lower bound a}B (i) : 2 — R for the
coercivity constant o, (1) defined in (2) such that

0<of <o®(u) <ou(u) Vueg. (1)

Furthermore, we assume that we have upper bounds available for the constant

CP()> o) = sup VP 5 yye g, (12)
vervioy VIl
and the continuity constant of the bilinear form b(-,-; 1)
(W) = w(u) VueD. (13)

It is possible to compute these constants (or their bounds) efficiently in terms of an offline-
online procedure; see Section 4.4 for details. We also require the following definition.

Definition 1 The residuals of the state equation, the adjoint equation, and the optimality
equation are defined by

ry(su) = f(9; 1) +b(uy, ¢; 14) — alyy, 93 1) VoeY, Yueg, (14)
rp(@s 1) = (ya(l) —YN> @) p(u) — a(@, pys 1) VoeY, Yue9, (15)
ru(ys ) = b(y, pys ) — A (uy — g, V)u () YyeU, Vueg. (16)

4.2 Control error bounds

We now introduce two new a posteriori error bounds for the optimal control: the first is
based on a perturbation approach proposed in [35] and the second is directly derived from
the error residual equations of the optimality system. At the end of this section, we briefly
recall a previously proposed bound based on the Banach-Necas-Babuska (BNB) theory [9].

4.2.1 Perturbation approach (PER)

The perturbation approach was originally proposed in [35] for POD approximations to op-
timal control problems. As pointed out previously, evaluation of the error bound introduced
in [35] requires a “forward-backward” truth solution and is thus computationally expen-
sive. Based on this work, we developed rigorous and efficient reduced basis control error
bounds in different contexts, i.e., for elliptic problems with scalar controls in [11,21] and
for parabolic problems in [20]. Here, we extend this work to problems involving distributed
controls, also see [18]. The derivation is based on the following result from [35] (see Theo-
rem 3.1 therein for the proof).

Theorem 1 Let u* and uy be the optimal solutions to the truth and reduced basis optimal
control problems (P) and (PN), respectively. The error in the optimal control then satisfies

* * u, 1 * * *
" = iy o) < AN (1) = A Guy —ua) =2 p V(uy)llow) Ve, A7
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where B* 1Y — U is the adjoint operator® defined by

b(y, ;1) = (¥, B O)yy YYeEU,9eY, VueD. (18)

Note that the error bound measures the error in the energy control norm ||-||(y), Which is
the more relevant norm for parametrized geometries. In such a case we perform an affine
mapping from the parameter-dependent geometry to a parameter-independent reference ge-
ometry. This results in a parameter-dependent inner product and induced norm on the con-
trol space U [32]. Furthermore, we assume that the adjoint operator %* itself is parameter-
independent, i.e., the parameter-dependence of b(-,-;it) is caused only by the presence of
the parameter-dependent inner product (-,-)y(,) in (18). This assumption is satisfied by all
numerical examples in this paper. Nevertheless, an extension to parameter-dependent %* is
possible in many cases (see [19] for more details). In order to derive the error bound in the
following, we must compute the parameter-dependent constant (or an upper bound)

1270 |luw)

—, (19)
servioy  19lly

H‘%*HY—)U(,U) =

such that || Z*9|ly(u) < [[Z* ly—v(wl¢lly holds for all ¢ € Y. From the definition of the
adjoint operator in (18) and the Cauchy-Schwarz inequality it follows that

(29, y) b(y,9;
||’%*¢HU([J) = sup U(u) _ (‘l/ ¢ :u)

DU~ sup . (20)
weU\{0} lWlluw) weU\{0} IL7lrm

Hence by the definition of ¥,(1) in (3) we obtain that || Z* ||y .y (u) = % (1)

We further note that y(uy) is the solution of the (truth) state equation (5a) with con-
trol uy instead of u*, and p (y(u}y)) is the solution of the (truth) adjoint equation (5b) with
y(uy) instead of y*(u*) on the right-hand side. Evaluation of the bound (17) thus requires a
consecutive solution of both the state and adjoint truth approximations and is computation-
ally expensive. In contrast, the bound developed in the following is online-efficient, i.e, its
evaluation is independent of . 4% and .47;. The underlying idea is to replace the truth approx-
imation p(y(uy)) in (17) with the reduced basis approximation pj (yy(uy)) and to bound
the error term p(y(uu})) — Pk (k (ith))-

Before we continue, let us make some notational remarks. Following the notation and
terminology in [7], we refer to & = y(uy) — yx (uy) as the state predictability error and to
eP = p(y(uy)) — py vy (uy)) as the adjoint predictability error. They reflect the ability of the
corresponding reduced basis solutions to approximate the truth state and adjoint solutions
for a prescribed control. We further define the state, adjoint, and control optimality errors as
e =y (u*) —yy(uy), e = p* (y*(u*)) — px Yy (ux)), and e** = u* — u},, respectively.
Before turning to the bound for the optimal control we require two intermediate results for
the state and adjoint predictability errors.

*

Lemma 1 The state predictability error, & = y(uy) — yn(uy ), is bounded by

Il

A Ve 9, @1

12"y < Ay (u):

where yx (uy) is the solution of (8a) and y(uy,) is the solution of the truth state equation (5a)
with control uy,.

5 The bilinear form b(-,-;u) : U x ¥ — R defines an associated mapping B(u) : U — Y’ given by
(B, )y y =b(y,¢;p) forall y eU, ¢ €Y, u€ 2.
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This is the standard a posteriori error bound for coercive elliptic PDEs [30].

Lemma 2 The adjoint predictability error, & = p (y(uy)) — py (Vi (uy)), is bounded by

. 1 <y
127y < A3) = ey (Gl +CP (W2 A3 (w) Yres, @)

where py; (yy(uy)) is the solution of (8b) and p (y(uy)) is the solution of the truth adjoint
equation (5b) with y(uy;) on the right-hand side.

Proof We note from (15) and (5b) that the error, &P, satisfies

a(@,e”; ) = rp(@; ) + (Wy(uy) —y(uy), @)p) V€Y. (23)

We now choose ¢ = é? and invoke (2), (11), the definition of the dual norm of the residual,
and the Cauchy-Schwarz inequality to obtain

o P (2717 < Mlrp ()l l1” ly + [y () = i (ux) Ipgu 17 b - (24)
The desired result directly follows from the definition of Cp(ut) and Lemma 1.

We note that this proof is in fact a simple extension of the proof of the standard error
bound. The main difference is the additional error term due to the change in the right-hand
sides of equations (5b) and (8b). We are now ready to state the optimal control error bound.

Proposition 1 Let u* and uy; be the opfimal solutions of the truth and reduced basis optimal
control problems, respectively. Given AZ’C,( W) defined in (22), the error in the optimal control
satisfies

* * s 1 * k%
I — il < AN (1) = 1A Guy —ua) = Z"pylluw)
1

T % WAL (W) Yeeg. @25

+

Proof We append £%*px, (yy (1)) to the bound in (17) and invoke the triangle inequality
to obtain for all 4 €

* * 1 * * % 1 * [ % *
le” =y llou) < 7 1Aty —ua) = £ P luw) + 7 12 (pv — PO o). (26)

The desired result directly follows from the definition of the constant || Z* ||y Ly (u) = % (1)
and Lemma 2.

4.2.2 Alternative approach (ALT)

Here, we present a second new approach for the construction of a control error bound, which
is based on a direct manipulation of the error residual equations of the optimality system.
We will denote this bound — for lack of a better name — by ALT, for “alternative”. As for
the perturbation approach, the bound measures the error in the energy control norm ||-[|y(y)-
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Proposition 2 Let u* and uy, be the optimal solutions to the truth and reduced basis optimal
control problems, respectively. For any given parameter W € 9, the error in the optimal
control satisfies

I —uf Nl < A (), 27)
where AK,’ALT(LL) =c1(1) + v/e1(u)? + c2(u) with nonnegative coefficients
1 %0 (1
1) = 57 (InCsm o + g Il ). e
RN R ) (SR )
c(p) = 7 WHG( i) [lyr flrp( uu)”Y’JrZ <%LB(#) Iy (5 ) llyr . (29)

Although this error bound looks admittedly complicated, we note that it only contains
the dual norms of the state, adjoint, and optimality equation residuals which also appear
in the previous two bounds. Furthermore, it only depends on constants or rather on their
lower/upper bounds, which are straightforward to compute. We also note that, overall, terms
involving the dual norm of the state residual, ||ry(-;1t)]|ys, scale with 1/v/4, whereas all
other terms scale with 1/A. This is in contrast to the perturbation approach of the last sec-
tion. Usually, small values of A allow for a better fit of the optimal state y* to the desired
state yg(p). Since the difference (y4(1) —y*,-)p(u) acts as a source term for the adjoint
equation, a small misfit will typically result in a p* of small norm compared to y*; in this
case ||ry(-; )|y will dominate ||r,(-; it)||ys. As aresult, we expect the bound (27) to perform
better than (25) for small regularization parameters A . We will confirm this observation in
the numerical results in Section 5. We turn to the proof of Proposition 2.

Proof We start from the error residual equations

a(e"”, @) —b(e"", ¢ ) = ry($31) Voer, (30)
a((P,ep’*;#)"’(ey’*,(p)D(y) :rp((p;‘u) V(PGY, 31
A W)y —b(w,eP ) = i) Yy eu. (32)

From (30) with ¢ = ¢”* we obtain

oy () e

¥ <a(e, e ) = ry(e™s p) + b€, e ), (33)

and therefore (as in Lemma 3)

)% 1 (7
e [ly < B (1) ([Iry i) lyr + 7 (1) |l HU(u))~ (34)

Similarly, equation (31) with ¢ = e”* yields

o P (W)l I < alel™,eP s ) = ryp(el™s ) — (€, e") piy.s (33)

and thus (similar to in Lemma 4)

ey < gy (it + Colan)le™ o). (36)

ot B(u
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Choosing the test functions ¢ = e”*, ¢ = &”*, and Y = ¢"* in equations (30) — (32), we
obtain

a(e*,eP*su) —b(e",e? s ) = ry(eP* 1), (37)
a(e", e’ ) + (7", e ) puy = rp(e” 1), G8)
A" e )y —b(e"" eP ) = ry(e"" s 1), (39)

Adding (38) and (39) and subtracting (37) yields
A€ )y + (€7, o) = —ry (P73 1) (e ) + (i) (40)
and hence

M 1+ 1€ By <lr Gy lle? lly + 1o () [y e [y

G )y e - (41)

We now plug (34) and (36) in (41) to obtain

A By + 17 By <l 1) oy €l

1 U,x
+ Wllrp(ﬁu)\lw Iy sy + 1)l o))

1 "
+W||ry(’§l~l)\|y/(Hrp(’;H)HY/+CD(ﬂ)\€y’ b)) 42)

Furthermore it follows from Young’s inequality that

Cp(p) . " Cp(p)? N2 L e
a%B(“)Hry(vlJ)HYW@y \D<u>sW||ry<-,u)Hw+|e> D) 43)

Combining the last two inequalities, rearranging terms and employing the upper bounds for
the constants in (12) and (13) results in

. - 2
M 13y <lraCs i)l gy e Ny + oI5 () [lry G5 a0l llrp (5 1)y

’)}JB(H) U, CUB(IJ')Z 2
+ OZEB(N) lrp )y e ) JFW””)‘(';N)HY“ (44)

Finally, we can formulate the last inequality as a quadratic inequality in [|e"* ([ ()

e 130y = 2e1 ()l [y ey = e2(1) <0, (45)

and hence ||e"*{|y(,,) is bounded by the larger root given by AK,’ALT( uw).
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4.2.3 Banach-Necas-Babuska approach (BNB)

We now briefly recall a bound based on the Banach-Necas-Babuska (BNB) theory [9], which
was first used in [36] for reduced basis approximations to noncoercive problems, and in [29]
in the context of optimal control problems. We summarize the main result from [29] here,
because we compare the BNB-bound with our two new bounds in the next section.

Forx= (y,u,p) X =Y xU xY and ¥ = (@, y, §) € X, we introduce the bilinear form
K(-,-;u): X x X — R and the linear functional F(;u): X — R as

K(x,050) = a(y, ;1) — b(u, ;) +a(@, p; ) + (v, @) p(uy + A (1w, W)y () — b(W, ps 1),
F(O;u) = f(o: 1) + (va (1) @)p(u) + A (as V)u(p)- (46)

We can then express (5) compactly via: find x* € X such that
K(x*,0;u) = F(%;u) VO €X. (47)

For the optimal reduced basis solution x5 = (yy, Uy, px) of (8), the corresponding residual
is given by

re(Osp) = F(9:1) — K(xy, O3 1) = ry(9s 1) +rp(@s 1) +ru(ysp) VO EX.  (48)

We now have all necessary ingredients and can state the standard BNB-bound (see [36,
33] for a proof).

Proposition 3 Let x* and xy; be the optimal solutions to the truth and reduced basis optimal
control problems, respectively. The error in the optimal triple satisfies

* * (s /
e~y < Az () = 1Cle g gy (49)

e (1)
where BEB(w) is a lower bound of the inf-sup constant

Bra(w) = inf sup 0k

- 7 (50)
9eX\(0} xex foy [IXlIx I 9x

and ||-||x is a given norm on X.

We make several remarks. First, we note that this is simply the standard result for re-
duced basis approximations of noncoercive problems [36], which was applied in [29] for
reduced basis approximations of parametrized optimal control problems. Second, there is
a certain freedom of choice on how to define the inner product and associated norm on X;
we specify and compare two options when discussing numerical results in Section 5. Third,

since ||u* —uy|lu < Cyx||x* —xy||x, the bound A,)\C,’BNB(;J) can also be used to bound the
error in the optimal control. We thus define A ,”\’,’BNB (u):=Cyx A,)\“,’BNB (u) for notational con-
venience. Finally, the computation of a lower bound of the inf-sup constant B, (1) requires

large offline effort as noted in [29].

4.3 Cost functional error bounds

Given the error bounds for the optimal triple x* € X and the optimal control u* € U, we may
readily derive a bound for the error in the cost functional. After presenting the results for the
PER- and ALT-approach, we review the BNB result.
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4.3.1 Perturbation and alternative approach

For the PER- and ALT-approaches, we have derived only the a posteriori error bounds for the
control so far. In order to formulate the error bound for the cost functional, we also require
a posteriori error bounds associated with the optimal state and adjoint. These are stated in
the following two preparatory lemmata. We note that the proofs of these lemmata are similar
to the proof of Lemma 2, i.e., the error in the optimal control — or, more precisely, the error
bound of the optimal control — propagates and appears as an additional term in the state
and adjoint optimality error bounds.

Lemma 3 The state optimality error, e = y*(u*) — yx (uy), is bounded by

. . 1
Iy < 43" (0) = gy (Gl + 6P A8 W) vie 2, 6D

- oB(u
where o € {PER,ALT}.
Proof We note from (14) and (5a) that the error, ¢”*, satisfies
a(@”*,¢;p) =ry(os ) +b(u" —uy,¢;u) Vo €Y. (52)

We now choose ¢ = ¢”* and invoke (2), (11), and the definition of the dual norm of the
residual to obtain

o P (W7 < Ny (s )l lle Nly +bu* —uy, e ). (53)

From the definition of 7, (i) and by invoking respectively Proposition 1 and Proposition 2,
we obtain the desired result.

Lemma 4 The adjoint optimality error, eP* = p* (y*(u*)) — py vy (ux)), is bounded by

* . 1 °
le”*ly < AY® = g (Irp ()l +Cp°(0)*AYT) - Ve 2, (54)

olB(w)

where o € {PER,ALT}.

The proof is analogous to the proof of Lemma 2 and therefore omitted. We can now
state the cost functional error bound.

Proposition 4 Ler J* = J(y*,u*; 1) and J3; = J(yy, uy; l) be the optimal values of the cost
functionals of the truth and reduced basis optimal control problems, respectively. The error
then satisfies forall L € 9

* * K] 1 K] ), 0 u,e
I =Rl < a7 = 5 (I Gl AG® + Gl AV + o) oy 43°), 59)

where € {PER,ALT}.
Proof We use the standard result from [3] to bound the cost functional error by
* * 1 X% 1 * ), % U,*
=il = e ) = 5 (e ) + ol i) + (e )
1 * * *
Sg(\lry(-;u)\lwl\e”‘ Iy + o Gy 1€ Iy + 7 s ) oy le HU(u)) (56)

for all u € Z. The result follows from Lemma 3 and 4 and Proposition 1 respectively 2.
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4.3.2 Banach-Necas-Babuska approach

The cost functional error bound is defined in the next proposition.

Proposition 5 Let J* = J(y*,u*; 1) and J3, = J(yy, un; 1) be the optimal values of the cost
functionals of the truth and reduced basis optimal control problems, respectively. The error
then satisfies

LGz
‘J* 7J*| < AJ,BNB(H) N ALl d
A 2 BER(w)

Proof We use the standard result from [3] to estimate the error in the cost functional by

Ve . (57)

1 1
"Iyl = 5l p) < G xlle™llx Vi e 2, (58)
where ¢"* = x* — x}. The result then follows directly from Proposition 3.

As pointed out previously, there is a freedom of choice on how to define the inner product
and associated norm on X. In fact, one can choose the norm on X so as to minimize the

effectivity of the error bound A,{,’BNB (1). We will comment on this issue in Section 5.

4.4 Computational procedure

To evaluate the control and cost functional error bounds A;\‘,’PER( u, A;\‘/ALT(/.L), AI{,‘PER(/.L),

and AZ{,’ALT([,L) (see Sections 4.2.1, 4.2.2 and 4.3.1), we need to compute

1. the dual norms of the state, adjoint, and optimality equation residuals, i.e., ||ry(:; )]y,
l[7p (s 4) [ly, and [|r (- )|
2. the lower and upper bounds ot} (1), C5®(u), and y® (u).

U([,L)’; and

Since ||ry(-; )|y and ||rp(-; )|y can be evaluated using the standard offline-online de-
composition [32], we only summarize the computational cost in the offline and online stage.
For the computation of the dual norm of the state residual we have to solve n, = (20, +
Op)N + Oy Poisson-type problems in the offline stage, and can then evaluate ||ry(-;it)||ys in
7 (n)z) operations in the online stage for any given parameter 1 € & (and associated opti-
mal solution x},). Similarly, for the adjoint residual we require n, = (20, +204)N + Q4 Qyq
Poisson problem solves offline, and & (nf,) operations online.

Since the evaluation of ||r,(+;1)[[y(y) is not standard, we provide the necessary details
here. From

ru(Ws ) = —(A(uy —uq) — & py, W)U(;L) = (Fu(l), W)U(y)» (59)
it follows that 7, (1) = —A (uy — ug) +PB* py, is the Riesz-representation of r,,(-; i) € U(u)’
with respect to the (-, )y, energy inner product. Since |7, (- 1) |y uy = [IFu () lu(u)> We

can compute the dual norm of the optimality equation residual by

7 G Gy = 171Gy = 12 (e = 40) = B PN 1Ty (60)
= A2 (up Uz )y (u) — 22 (s ) () + A (a0 y ()
—2A(uy, 2" pN)u(w) + 24 (ua, B pN)u () + (B Py 27PN )u)  (61)
= 22 ()" Cn (w)up — 22 () " Uy v () + AU a (1)
— 22 (uy)" B (1) Py +2ABg 5 (1) Py, + (P3) B ()P (62)
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The matrix By (1) € R®V*2N and vector By v (1) € R?" are defined by the entries (B (u));; =
(5, B8 1), and (Ban(1))i = b(ug, G s ). For the case of parameter-dependent op-
erators #*(), we refer to the discussion in [19]. By exploiting the affine parameter de-
pendence of ¢(-,-; 1) and b(-,~; i), By (1) and By y(1t) can be assembled online in 40N>
and 2Q,,N operations, respectively. The total online cost for computing |7, (-; )|y (uy is
ﬁ((Qc + Qb)Nz)'

For the construction of the coercivity constant lower bound ocaLB (1) various recipes
exist [14,30,37]. The specific choices for our numerical examples are stated in Section 5.
Simple (yet for our examples effective) upper bounds Cy2 () and YEB (1) can be computed
by solving Q; + Q,, generalized eigenvalue problems in the offline stage and then assembled
in 0(Qq+ Q,) operations online (see [19] for more details). In general (arbitrarily tight)
upper bounds can be obtained by applying the successive constraint method.

In summary, the online evaluation of the error bounds A K,’PER (u), A K,"ALT (u), AK;PER (1),

and AK,’ALT( W) involves an operation count that is independent of the dimension of the finite
element spaces .4y and A{;.

For the evaluation of the error bounds A,’&BNB (u), and A,{,‘BNB(;J) described in Sec-
tions 4.2.3 and 4.3.2, we need to compute

1. the dual norm of the saddle point residual ||ry(-; )| x’; and
2. the constant BB (1).

The computational procedure and effort to compute ||r,(-;1t)||x are the same as for eval-
uating [|ry(-310)|lyr, [|7p(-s )y, and ||y (- 0) ||y (uy- However, computing a lower bound

]%f () for the stability constant is quite involved and requires a large computational effort
in the offline stage [29]. Alternatively, interpolation techniques can be used, but doing so

unfortunately sacrifices the rigor of the error bound [28].

5 Numerical results

In this section we present two numerical examples: i) a Graetz flow and ii) a heat transfer
problem motivated by hyperthermia cancer treatment. Both problems involve a distributed
control over the entire domain. We stress that, throughout this section, we use the actual
stability constant g, (1) and not its lower bound BB (u) for the evaluation of the BNB-
bounds (49) and (57). The reason is the high computational cost and implementation effort
required to obtain ﬁé‘f( W) in combination with the fact that the BNB-bounds are just used
for comparison here (and are not our original contribution). The computations were done in
Matlab on a computer with a 2.6 GHz Intel Core i7 processor and 16 GB of RAM.

5.1 Graetz flow problem

We consider a linear-quadratic optimal control problem governed by a steady Graetz flow in
a two-dimensional domain based on the numerical examples in [27,29]. The spatial domain,
given by Q = (0,2.5) x (0,1), is subdivided into the three subdomains 2; = [0.2,0.8] x
[0.3,0.7], 2, = [1.2,2.5] X [0.3,0.7], and 23 = 2\ {2, U, }; see Figure 1a. We impose
homogeneous Neumann and non-homogeneous Dirichlet boundary conditions on Iy and
Ip =Ip, UIp,, respectively. The amount of heat supply in the entire domain £ is regulated
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Fig. la: Domain  for the Graetz flow problem with dis-  Fig. 1b: POD-error for the control in depen-
tributed control. dence of the basis dimension.

by the distributed control function u, € U, := L?(Q2). The parametrized optimal control
problem is then

. 1 A
min  J(ye,Ue; L) = 2 [ ve _ydﬁ(nu')H]z‘Z(Qlu_Qz) + 2 [|ue — ud.e”iz(gn

ye€YL u.cl,

1
s.t. —/Vye-Vvdx+/B(x)'Vyevdx:/uevdx e rP, (63)
HiJa Q Q

for the given parabolic velocity field B(x) = (x2(1 —x2),0)" and ¥ = {v € H'(Q) :v|p, =
1,v| I, = 2}. The parameter pt; describes the Péclet number of the flow, and the parametrized
desired state is given by ys.(1) = Hp on £; and yg (@) = p3 on £2,. The full parameter
domain is & = [3,20] x [0.5,1.5] x [1.5,2.5]. For the cost functional we set uz. = 0. In
Section 5.3 we consider different values for the regularization parameter A. However, for
the remainder of this subsection we will keep the regularization parameter A = 0.01 fixed.
We choose the inner product (w,v)y, = ﬁ Jo Vw-Vvdx+3(fq B(x)- Vwydx+ [ B(x)-

Vvw dx) for uf*f = 3; we may hence choose a'® (1) = min(ui**/p, 1) in (11). For the con-
trol space U, we use the usual L?-norm and inner product. After introducing suitable lifting
functions that take into account the non-homogeneous Dirichlet boundary conditions, we
can reformulate the problem in terms of the space Y. = {v € H!(Q) : v|1~01U1~D2 = 0}; the
considered problem then satisfies the affine representation (4) of all involved quantities with
0:=2,0,=04=0:=1, Oy =2, and Q)¢ = 3 (taking into account the affine terms
required for the lifting functions). For details regarding the involved bilinear forms and
functionals, the lifting procedure, and the construction of ocaLB (1) we refer to [19,27,29].

For the truth discretization we consider linear finite element approximation spaces ¥ C
Y. and U C U_ for the state, adjoint, and control variables. The number of degrees of freedom
is dim(Y) = A% = 10,801 and dim(U) = 4y = 11, 148; hence the total dimension of the
truth optimality system is 2.4y + Ay = 32,750.

We construct the reduced basis spaces Yy C Y and Uy C U according to the greedy sam-
pling procedure described in Section 3.2. To this end, we employ the train sample =, C
consisting of ny,in = 10-7 -7 = 490 equidistant parameter points over Z. We sample on the
relative ALT control error bound A}\',"ALT(/,L) /Nluy () |ly(u)- The desired error tolerance is
Eiol,min = 10~*, and the initial parameter value is u' = (3,0.5,1.5)7. We also introduce a
parameter test sample Eeg C Z of size nese = 20 with a uniform-random distribution in 2.

On the product space X =Y x U x Y, we define for & = (¢1,y1,¢1) € X and %, =

(@2, ¥2,¢2) € X the energy inner product as (91, %2)x(u) = (@1, 02)y + (W1, Y2 )u(u) + (91, 92)y,
and associated energy norm as |9 ,) = (19,19))1(/&) = (lol3 + HII/H%]W) +11¢]12)"/%. In
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Section 5.3 we will also consider a scaled energy inner product and norm given by (9, %2)x, (u) =

(@1, @2)y +A(W1, W)y + (91, 62)y and |8, o) = (9,001, = (N9l + AWl ) +

¢]|3)"/2. This corresponds to Cyy x = 1 respectively Cyy x = v/A in the remark after Propo-
sition 3. We recall that the PER- and ALT-bounds measure the error in the energy control
norm |||y (> Which is the more relevant norm for geometry parametrizations. Since for the
Graetz flow problem we do not consider any geometrical parametrization, the reference and
energy control norms coincide. Also, in the heat transfer problem of Section 5.2 — involv-
ing a parametrized domain — we do not observe any remarkable differences between the
results for the reference and energy norms (i.e., the norm equivalence constants are close to
one). For this reason, we focus on the results based on the energy norm.

In Figure 1b we present the POD-error decay of the control-snapshots over Eyrain-? The
error-decay indicates how many snapshots we need to approximate the control for a desired
accuracy: Any optimal control in the training set can be represented by roughly 14 POD
basis functions to a precision of 1E-4. Although POD is only optimal in the L?-sense over
the training set, it serves as a good indicator of the error expected from our reduced basis
approach (see Section 8.1.4 in [32]). Indeed, with 16 control basis functions the reduced
basis approximation exhibits a relative L”-error of less than 1E-4. With only three more
basis functions (N = 19) this accuracy can even be guaranteed a posteriori using the ALT-
bound (see Table 1).

Table 1: Control variable in Graetz flow example: error convergence, error bounds, and
effectivities as a function of N.

el u,BNB — u,BNB u,PER — u,PER u,ALT —u,ALT
‘N, max,rel 'N.max,rel My 'N,max,rel My 'N,max,rel My

1.12E+00 | 1.76E+02  1.35E+02 | 1.12E+02 4.68E+01 | 4.01E+01 1.49E+01
496E-01 | 9.18E+01  9.58E+01 | 7.84E+00  2.66E+01 | 1.72E+00  4.34E+00
3.07E-02 | 3.82E+00 7.82E+01 | 4.58E-01 2.25E+01 | 1.43E-01  6.27E+00
12 | 1.66E-03 | 1.36E-01 6.89E+01 | 4.03E-02 1.51E+01 | 7.74E-03  4.49E+00
16 | 9.67E-05 | 8.19E-03  9.20E+01 | 1.95E-03  2.33E+01 | 3.43E-04 4.95E+00
19 | 1.26E-05 | 8.13E-04 7.82E+01 | 246E-04 149E+01 | 4.86E-05 3.64E+00

SN NE S

In Table 1 we present, as a function of N, the maximum relative control error &y ...

u,BNB Au,PER u,ALT
'N,max,rel> —N ,max,rel> =N ,max,rel’

. ... _uBNB _uPER - uALT . :
responding mean effectivities 7y~ .7y, fly . Here, &% . is the maximum over

Erest Of [|e"* (1) [l / 1" (1) 11> AN s et 15 the maximum over Eegt of Ay® (1) /Ju* (1) [l (u)-

and 7y* is the average over Zieq of Ay®(1)/]|€"*[|yy(u)- We observe that the control error
and all three error bounds are decreasing rapidly with increasing reduced basis dimension N.
The greedy sampling procedure guarantees the prescribed sampling tolerance &gl min = 10~4
for the normalized error bound AK,’ALT( 1)/ llup (1) [l (uy over the training set Eyain after se-
lecting only Npmax = 19 parameter snapshots. We note that the effectivities of the BNB-bound

and the maximum relative error bounds A as well as the cor-

6 The error for a POD basis of size Npop is given by (zﬁg;","m 11 61-2)1/ 2 where 6;, 1 <i < nygin, are the

U!/2S. Here, U is the finite element matrix associated with the

singular values (in decreasing order) of \/n‘li
rain
reference inner product (-,-)y = (;, ')U(uref), and § € R0 *"min is the snapshot matrix of optimal controls

u* () for all 4 € Eypain. See also [31].
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are slightly larger than the ones of the PER-bound, and that both are significantly larger than
the ones of the ALT-bound. The ALT-bound clearly performs best with effectivities close to
one for all values of N (except for N = 2). Again, the BNB-bound is computed with Bz, (1)

instead of BEB (1), and the effectivities may thus be considerably larger in actual practice.

Table 2: Combined variable x in Graetz flow example: error convergence, error bounds, and
effectivities as a function of N.

N 81){’ ,max,rel [)\CI ,]xanljf.rel T_’I)\(/ BNB 1:/ .Pnllaal;rel ﬁl)\(/ PER 1{’ fr\n[:i.rel T_'I)\(/ ALT

2 | 7.00E-02 | 8.54E+00 1.02E+02 | 7.39E+00 1.13E+02 | 2.67E+00  3.48E+01
4 3.15E-02 | 3.46E+00 8.26E+01 1.05E+00  7.35E+01 1.16 E-01 1.08 E+01
8 1.71E-03 | 2.03E-01 7.01E+01 | 3.02E-02 6.54E+01 | 8.35E-03 1.73E+01
12 | 6.84E-05 | 7.15E-03 6.26E+0l | 2.67E-03 4.16E+01 | 6.06E-04 1.09E+01
16 | 2.87E-06 | 458E-04 7.99E+01 | 2.83E-04 6.72E+01 | 3.91E-05 1.24E+01
19 | 453E-07 | 455E-05 647E+01 | 1.63E-05 4.01E+01 | 3.40E-06 9.10E+00

Since the BNB-bound is actually a bound for the combined error |le**||x ), we also
present results for the combined variable x. In Table 2 we compare, as function of N,
the maximum relative combined error &y ... ., and the maximum relative error bounds

'BNB PER ALT . . .. _xBNB _xPER
,f,’ max rel® ;\‘, max.rel® ;\‘, max rel» 88 Well as the corresponding mean effectivities nj\“,' ,n,f,’
—x,ALT' X ’ : ’ : (=) X% * Xx,®
My . Here, EN max rel 19 the maximum over Ereg; Of || (u)||x(”)/||x (,u)||X<“), AN,max,rel

is the maximum over Zies of Ay® (1) /|[x*(1)llx(u)> and 7y° is the average over Zieq of
AY® (1)/]l€“*||x (u)- Note that we obtain this bound for the PER- and ALT-approach by sim-
ply combining the control error bound with the state and adjoint optimality error bounds
defined in Lemma 3 and 4, respectively. Similar to the results for the control variable, the
combined error and all three bounds are decreasing rapidly with increasing reduced basis
dimension N. Although the BNB-bound is specifically designed to measure the combined
error in the X-norm, its effectivities are comparable to the PER-bound and significantly

(almost one order of magnitude) larger than for the ALT-bound.

Table 3: Cost functional J in Graetz flow example: error convergence, error bounds, and
effectivities as a function of N.

N 81{/ ,max,rel A}\’/’ ,lrgnljif.rel 1{/ BNB Al\’/ ‘}:rllaaz,rel 1{/ PER l{/ ,ﬁlI;I.TC] 1{/ ALT

2 1.10E+01 | 3.38E+03  2.29E+03 | 9.30E+03  7.12E+02 | 3.37E+03  1.81E+02
4 1.31E-01 | 9.23E+02 4.51E+03 | 4.78E+01 1.18E+03 | 6.25E+00  1.74E+02
8 4.90E-04 | 1.98E+00 5.49E+03 | 1.42E-01 5.94E+02 | 4.60E-02 1.72E+02
12 | 253E-06 | 2.59E-03 3.40E+03 | 1.21E-03 3.60E+02 | 2.29E-04 1.16E+02
16 | 1.54E-09 | 8.86E-06 9.32E+03 | 291E-06 1.25E+04 | 3.91E-07 1.91E+03
19 | 1.21E-10 | 8.72E-08 4.61E+03 | 4.53E-08 5.04E+02 | 9.08E-09  1.08E+02

Finally, we state in Table 3, as a function of N, the maximum relative cost functional

j . .
CITOT £y 1oy rel and the maximum relative error bounds A

well as the corresponding mean effectivities 7,

_JBNB

J,BNB
'N,max,rel’

_JPER _JALT

an 9 nN

J.,PER
AN,max,rel’

J,ALT
'N,max,rel’

as

J .
. Here, N max.rel 1 the

)
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maximum over g of |J*(u) — Jy(u)|/J* (1), AI{;.m
AL (W) /T (1), and 73° is the average over Eieq of Av®(1)/|J* (1) — Ji(1)|. Again, a
rapid decrease of the error and error bounds can be observed. The BNB- and PER-bound
effectivities have the same order of magnitude whereas the ALT-bound again performances
considerably better. We note that the (generally) large effectivities for the cost are clearly
not desirable, but not particularly deleterious in the reduced basis context given the rapid
convergence: the additional number of required basis functions due to the overestimation is
only logarithmic in the effectivity for the observed exponential convergence with N.

We finally consider the online computational cost for solving the reduced basis optimal
control problem compared to the truth optimal control problem. On average (over Zieg) it
takes 0.49 seconds to solve the truth optimal control problem based on our finite element dis-
cretization. Depending on the reduced basis dimension 1 <N < Np.x = 19 it takes between
1.19 and 2.01 milliseconds to solve the reduced basis optimal control problem (without
error bounds); this results in speed-ups ranging from 244 to 412. Taking into account the
computation of the error bounds (consisting mainly of the online residual calculation and
evaluation of a-B(u)) the online cost for the reduced basis solution ranges from 1.61 to
2.11 milliseconds, which in turn corresponds to a speed-up of 232 up to 304. Note that the
computational time required for the error bound computation is only a small fraction of the
reduced basis solution time.

ax.rel is the maximum over Zg of

5.2 Heat transfer problem

Next we consider a linear-quadratic optimal control problem governed by steady heat con-
duction in a parametrized two-dimensional domain. The spatial domain is given by Q¢ =
(0,5) x (0,5) and is subdivided into the three subdomains Q¢ (u) = Q°\ {Q5UQJ(u)},

9 ={(1,4) x(1,2)}U{(1,2) x (1,4)}, and (1) = (11 — 0.5, 41 +0.5) X (U — 0.5, +
0.5).7 Here, the parameter u = (1, 2)7 € 2 = [3,4] x [3,4] describes the horizontal and
vertical translation of the square () in the upper right corner of the domain £°. A sketch
of the domain is shown in Figure 2a. The temperature satisfies Laplace’s equation in ¢ with

2 POD-error
. 10°
2 102 —POD error

) 10
(), ws 10
10
100
10—12
0 X 14

0 h (). i 10 10 20 30 40 50

0 5 x POD-basis dimension

Fig. 2a: Parametrized domain Q°(u) for the heat transfer ~ Fig. 2b: POD-error for the control in depen-
problem with distributed control. dence of the basis dimension.

continuity of temperature and heat flux across subdomain interfaces. The (reference) con-
ductivity in the subdomain Q¢ (u) is set to unity, whereas the normalized conductivity is

7 The superscript “o” indicates quantities related to the original parameter-dependent domain Q°(u),
whereas no superscript refers to the parameter-independent reference domain 2 = Q° ( [.Lref).
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K> = 0.2 in the subdomain Q¢ and k3 = 5 in the subdomain Qf (ut). We impose zero Dirich-
let conditions on the whole domain boundary I"°. The amount of heat supply in the entire
domain Q7 is regulated by the distributed control function u? € U? := L?(Q°).

The parametrized optimal control problem then reads

1 A
. 0 .o0. _ 0 o 112 0 o 112
y{)’EYrc’n’,:,trgleUé’J(ye’ue’u) - 5 Hye 7yd,e|‘1‘2(g§ug§(u)) + E Hue - ud,e“[}(gﬂ)

3 ,
s.t. ZK"/ Vy‘e’~Vvdx:/ uvde Wy e Y2 =H}(QO). (64)
=1 7w @

The desired state is given by y . = 1 in 27 and yj . =0 in Q(u), and the desired control is

ug . = 0. As for the Graetz flow example we will keep the regularization parameter A = 0.01
fixed for the remainder of this subsection. In Section 5.3 we consider different values for
the regularization parameter A. After recasting the problem to a reference domain Q with
corresponding subdomains ;3 = Q7 ; (uref) for u™f = (3.5,3.5)7 [32], we can reformulate

the problem in terms of the spaces Y. = HJ () and U = L?(2). We also obtain the affine
representations (4) of all involved quantities with O, =15, O, = 0. =4, 0y =1, 0y =0,
and Oy, = 1; see [19] for details.

The problem is motivated by hyperthermia treatment of cancer, where the subdomain
3 could be interpreted as tumor tissue and the subdomain Q¢ (i) as so-called risk tissue.
Hence, the goal is to heat up only the damaged part of the body (yg’ . = 1 in ©7) but not the
regions at risk (y5 , = 0 in ¢ (u)). Furthermore, the approach presented here has also been
applied to a radiation treatment planning problem [1].

We choose the inner product (w,v)y, = Y3, K; Ja, Vw- Vv dx. To compute a lower bound

OCLB

> (1) for the coercivity constant in (11), we use the successive constraint method (SCM)
[14,6], where we chose the following parameters: JSM = 35 .35 = 1225 equidistant train-
ing points over 2, MSM = 2 coercivity and MECM = 4 positivity constraints. A required
tolerance of 3™ = (0.2 then selects KM = 53 parameters in the SCM offline phase. The
(reference) inner product for the control space U, is given by (-,-)y = (-, -, u™").

We next introduce linear truth finite element approximation spaces ¥ C Y, = H(} (Q)
andU C U, = LZ(.Q) for the state, adjoint, and control variables. The number of degrees of
freedom is dim(Y) = Ay = 18,117 and dim(U) = A = 18,517; hence the dimension of
the truth optimality system is 2.4y + Ay = 54,751.

We present results for the solution of the truth optimal control problem (64) for different
parameter values in Figure 3. We plot the optimal temperature distribution and optimal con-
trol, and state the associated cost functional value. We note that all parameters have a strong
influence on the solution of the optimal control problem: the temperature, optimal control,
and optimal cost functional value vary significantly.

Again, we construct the reduced basis spaces Yy C Y and Uy C U according to the
greedy sampling procedure described in Section 3.2. The training set Ey,j, C Z consists
of Nyrain = 15+ 15 = 225 equidistant parameter points over 2. We sample on the relative

ALT control error bound Ap A (1) /| ucy (1) l|7(u)- set the error tolerance to &l min = 1074,

and choose as initial parameter value /.11 = (3,3)T. We obtain Npa.x = 45 to achieve the
desired tolerance. The test sample Es C Z consists of ngge = 20 random parameter points
distributed uniformly in 2.

To assess the overall quality of our reduced basis approximation, we again present the
POD-error decay of the control snapshots over i, in Figure 2b. We observe that the error
decay is much slower than in the previous example: Although we have one parameter less,
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(1, 42,A) = (4,4,0.01), J* (1) = 0.08 (11,12, 4) = (4,4,0.01), J* (1) = 0.08

Fig. 3: Optimal state y* (1), optimal control u*(tt), and optimal cost functional value J* (1)
for different representative parameter values.

the POD now requires roughly 23 basis functions to represent any optimal control in the
training set Zi,i, to a precision of 1 E-4. The reduced basis approximation exhibits a similar
error decay, i.e., we also require approximately 23 control basis functions to obtain a relative
L=-error of less than 1E-4.

Following the presentation of the numerical results for the Graetz flow example in the
last section, we present the maximum relative errors and bounds, as well as the average
effectivities for the control, the combined variable x, and the cost functional in Tables 4-6.
We first observe that the convergence is slower than in the Graetz flow examples due to the
higher parametric complexity of this example. Also, the effectivities are consistently higher.
For the control variable the effectivities of the BNB-bound and PER-bound are roughly the
same, whereas for the combined variable and the cost functional the PER-bound effectivity
is approximately one order of magnitude higher than the one of the BNB-bound. Taking into
account the additional overestimation if 52 (1) is used instead of fBga (i), the performance
of the BNB-bound and PER-bound would likely be equivalent in practice. For all three
quantities, however, the ALT-bound again performs best: the overestimation is considerably
lower than with the other two approaches.

We finally consider the online computational cost for solving the reduced basis optimal
control problem in comparison with the truth optimal control problem. On average (over
Fiest) it takes 1.23 seconds to solve the truth optimal control problem based on our finite
element discretization. Depending on the reduced basis dimension 1 < N < Ny = 45, it
takes between 1.43 and 5.91 milliseconds to solve the reduced basis optimal control problem
resulting in speed-ups ranging from 208 to 860. Taking into account the computation of the
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Table 4: Control variable in heat transfer example: error convergence, error bounds, and
effectivities as a function of N.

u u,BNB — u,BNB u,PER — u,PER u,ALT —u,ALT
EN.max,rel 'N,max,rel nN 'N,max,rel nN 'N,max,rel nN

2 1.01E-01 | 1.28E+02 6.19E+02 | 1.66E+02  7.30E+02 | 3.71E+00 2.16 E+01
8 7.16E-03 | 3.54E+00 4.25E+02 | 3.86E+00 4.71E+02 | 1.18E-01  1.56E+01
16 | 1.21E-03 | 3.09E-01 4.65E+02 | 3.04E-01 5.33E+02 | 1.32E-02 1.86E+01
24 | 840E-05 | 4.77E-02 4.89E+02 | 537E-02 5.56E+02 | 1.71E-03  2.09E+01
32 | 222E-05 | 1.02E-02 5.49E+02 | 1.72E-02 6.37E+02 | 4.72E-04 2.39E+01
40 | 1.09E-05 | 438E-03 6.08E+02 | 4.43E-03 691E+02 | 1.93E-04 2.54E+01
45 | 1.52E-06 | 1.44E-03 7.52E+02 | 1.52E-03 8.55E+02 | 4.21E-05 2.96E+01

Table 5: Combined variable x in heat transfer example: error convergence, error bounds, and
effectivities as a function of N.

X x,BNB ~x,BNB x,PER = x,PER x,ALT =x,ALT
EN‘max‘rel 'N,max,rel nN 'N,max,rel nN 'N,max,rel nN

2 1.19E-01 | 1.02E+02 4.55E+02 | 1.68E+03  4.95E+03 | 3.82E+01  1.40E+02
8 6.58E-03 | 2.85E+00 3.43E+02 | 291E+01 3.41E+03 | 8.61E-01 1.10E+02
16 | 1.11E-03 | 2.49E-01 3.63E+02 | 2.56E+00 3.78E+03 | 6.95E-02  1.28E+02
24 | 875E-05 | 3.71E-02 3.83E+02 | 493E-01 3.89E+03 | 1.60E-02 1.41E+02
32 | 240E-05 | 8.15E-03 4.04E+02 | 1.81E-01 4.16E+03 | 5.03E-03  1.51E+02
40 | 1.13E-05 | 347E-03 426E+02 | 2.52E-02 4.25E+03 | 8.56E-04 1.52E+02
45 | 236E-06 | 1.17E-03 4.60E+02 | 1.22E-02 4.62E+03 | 3.48E-04 1.60E+02

Table 6: Cost functional J in heat transfer example: error convergence, error bounds, and
effectivities as a function of N.

J J,.BNB ~J,.BNB J,PER ~J,PER J,ALT ~J,ALT
8N4,max,re1 'N,max,rel nN 'N,max,rel nN 'N,max,rel nN

2 348E-02 | 1.12E+03  1.59E+04 | 1.77E+04  1.71E+05 | 4.04E+02  4.69E+03

8 6.67E-05 | 1.O9E+00 2.68E+04 | 9.46E+00 3.18E+05 | 2.85E-01  8.22E+03
16 | 1.09E-06 | 1.30E-02 3.01E+04 | 5.79E-02 3.79E+05 | 2.60E-03  1.24E+04
24 | 1.07E-08 | 2.04E-04 239E+04 | 1.95E-03 3.29E+05 | 6.34E-05 1.05E+04
32 | 1.83E-09 | 1.26E-05 1.75E+04 | 191E-04 2.07E+05 | 5.32E-06 7.02E+03
40 | 3.17E-10 | 2.54E-06 1.41E+04 | 1.23E-05 1.56E+05 | 4.98E-07 5.33E+03
45 | 1.40E-11 | 227E-07 244E+04 | 1.43E-06 3.96E+05 | 4.11E-08 1.29E+04

error bounds (consisting mainly of the online residual calculation and evaluation of oc[I;B (1))
the online cost for the reduced basis solution ranges from 2.21 to 9.02 milliseconds, which
in turn corresponds to a speed-up of 136 up to 557. Although the fraction of the total time
required for the error bound computation is now higher than for the Graetz example, the
error bound computation still takes less time than solving the reduced basis optimal control
problem.
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5.3 Performance of error bounds for varying regularization parameter

In this section we investigate the behavior of the parametrized optimal control problem
and the performance of the error bounds for different choices of A. We again consider the
Graetz flow and heat transfer problem introduced in the last two sections, and generate
five different reduced basis spaces for A =1, 107!, 1072, 1073, and 10~* using the greedy
sampling procedure. In Table 7, we present for each A the number of reduced basis functions
Nmax required to achieve the prescribed sampling tolerance &) min = 10~* (note that A =
0.01 corresponds to the case discussed in the last two sections). As expected, the reduced
basis dimension Np,x increases for decreasing A. The main reason for this behavior is the
increased parametric complexity for smaller values of A, although we will next observe that
the effectivities of the error bounds (in the greedy sampling we use the relative ALT control
error bound) will also increase slightly for decreasing A.

Table 7: Number of Greedy iterations Npax required to achieve the desired accuracy
€tol,min = 10_4~

A r 107" 1072 1073 107*
Graetz flow Nmax 13 16 19 22 24
Heat transfer ~ Npax | 35 39 45 50 61

We will now turn to the influence of A on the error bounds. In Figure 4, we present
the average (over the test set Zy and reduced basis dimension N) control error bound
effectivities, Ay*(1)/lle"* ()| () as a function of A for the Graetz flow and heat trans-
fer problem. Note that this corresponds to five separate evaluations each for a fixed A €
{1,1071,1072,1073,10~*}. In addition to the previous tables we also show two more bounds:
the original perturbation bound (denoted by TV) as defined in (17), and the A-scaled bound
BNB-A, which measures the error in the |-y, (u)-norm instead of the ||-|x,)-norm. Also
recall that the original perturbation bound (17) is not online-efficient, since it requires a state
and adjoint truth solve. We first observe that the effectivities of all bounds increase with de-
creasing A. Furthermore, they scale — except for the ALT-bound — with approximately
1/A for A < 1072, whereas the ALT-bound shows approximately a scaling with 1 / V. We
recall our discussion after Proposition 2 explaining this effect. We also observe that the
PER-bound performs slightly better than the BNB-A and BNB-bounds (again, taking the
additional overestimation due to é‘f(u) into account); however, all three bounds become
meaningless for small values of A. In contrast, the ALT-bound effectivity remains accept-
able even for A = 10~ and is remarkably even smaller than the original (online-expensive)
perturbation bound for small values of 1.

In Figure 5 and Figure 6, we present the corresponding results for the average combined
error bound effectivities, Ay*(u)/[le"*(1)|[x(u)> and average cost functional error bound

effectivities, A,{," (u)/17* () — J4(n)|, respectively. Note that for the bound BNB-A, the
error is measured in the X, (i)-norm. Overall, we observe a similar behavior as for the
control variable. We do note, however, that the effectivity of the A-scaled bound BNB-A is
in most cases approximately one order of magnitude smaller than for the non-scaled BNB-
bound. The scaling thus allows to improve the effectivity especially for the cost functional
error bound. Finally, we like to point out that the ratio of maximum and mean effectivities
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Fig. 4: Control error bound: average effectivities (over N and Eic) vs. regularization pa-
rameter A for Graetz flow (left) and heat transfer problem (right).

is always smaller than 20 for all error bounds. This is also true for the examples presented
in Section 5.1 and 5.2.

Average Effectivities of X-Norm Error Bound Average Effectivities of X-Norm Error Bound
~ALT 10% ~ALT
10° |PER --PER
-=BNB 10° -=BNB
~-BNB-A ~<-BNB-A
10° ] 10%
10%
10"
10%
0 0|
107 = - = 10 - = =
10 10° 107 10" 10° 107 10° 107 10" 10°
regularization parameter A regularization parameter A

Fig. 5: X-norm error bound: average effectivities (over N and Z) vs. regularization pa-
rameter A for Graetz flow (left) and heat transfer problem (right).

6 Conclusions

The solution of distributed optimal control problems governed by parametrized elliptic
PDE:s is a challenging and often time-consuming task, especially if one is interested in so-
lutions at many different parameter values. We therefore employed the surrogate model ap-
proach and replaced the original high-dimensional PDE approximation by its reduced basis
approximation. We also presented two new rigorous a posteriori error bounds for the opti-
mal control and associated cost functional. The first one is based on a perturbation argument
and is an extension of our previous work in [11,21] to distributed optimal control problems.
The second one is derived directly from the error residual equation of the optimality system
and has — to the best of our knowledge — never been proposed before. We showed that
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Fig. 6: Cost functional error bound: average effectivities (over N and Zie) vs. regularization
parameter A for Graetz flow (left) and heat transfer problem (right).

the reduced basis optimal control problem and the a posteriori error bounds can be eval-
uated efficiently using the standard offline-online computational procedure, resulting in a
computational speedup factor of more than 100 in the online stage.

We also compared the two proposed bounds to an a posteriori error bound based on the
Banach-Necas-Babuska (BNB) theory proposed in [29]. Concerning the computational cost
and implementation effort, the proposed bounds present several advantages compared to the
BNB-bound: we only require constants respectively their upper or lower bounds which are
inexpensive and straightforward to evaluate, whereas evaluation of a lower bound of the
Babuska inf-sup constant for the BNB-bound is (offline-)expensive and difficult to imple-
ment. Furthermore, although the performance of the PER-bound is overall similar to the
BNB-bound, it has a much wider applicability, e.g., to parabolic problems involving control
constraints [20]. The ALT-bound performed best overall, delivering the sharpest a posteri-
ori error bounds and the best scaling with respect to the regularization parameter A. The
extension of this bound to parabolic optimal control problems is a topic of current research.
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