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in Optimal Control of a Nonsmooth
Semilinear Elliptic PDE

Abstract: In this paper, an optimization problem governed by a nonsmooth semilin-
ear elliptic partial differential equation is considered. A reduced order approach is
applied in order to obtain a computationally fast and certified numerical solution
approach. Using the reduced basis method and efficient a-posteriori error estimation
for the primal and dual equations, an adaptive algorithm is developed and tested

successfully for several numerical examples.
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1 Introduction

In this paper, we consider the optimal control problem governed by a nonsmooth

semilinear elliptic partial differential equation (PDE)

min J(y, 1) = j(y) + = ||z
(v, 2

sit. (y,p) € V x R satisfies — Ay + max{0,y} = By in V',

(P)

where u denotes a parameter that acts as a control on the right hand side and y is
the state. We endow V := H}(2) with the usual inner product

(¢, d)y 1=/V¢-V¢+<p¢dw for p, ¢ € V
Q
1/

and the induced norm || - ||y = (-, )}/ % Tts topological dual space is written as V.

Our assumptions on the data throughout the paper are as follows:
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Assumption 1.1. 1) QC ]Rd, d > 1, is a bounded domain that is either convex
or possesses a CV'-boundary (cf. |10, Section 6.2]),

2) j: V. = R is weakly lower semicontinuous, twice continuously differentiable
and bounded from below,

3) 0>0,

4) p e N\ {0}, A € RP*P diagonal, positive definite and | - ||a := (A-,)1/2,

5) B: RP — L%(Q) is linear and bounded and the pairwise intersection of the sets
{bi # 0} of b; = B(e;) € L3(2), where e;, i = 1,...,p denote the unit vectors
in RP, are Lebesgue-nullsets and all b; are nonzero.

The governing constraint is a rather well understood semilinear elliptic PDE —
cf. [8, 9], for instance. It features a “level-1-type” nonsmooth Nemytski-operator
that induces a nonsmoothness in the solution operator, which remains Lipschitz
continuous and Hadamard differentiable. Depending on the specific result, our
examinations can, of course, be generalized for additional parameters or different
Nemytski-operators. We refer to Assumption 1.1 and Section 2 for the exact
setting chosen in this paper. Some examples of problems related to the nonsmooth
PDE arise, for instance, in mechanics, plasma physics and the context of certain
combustion processes, see, e.g., [16, 21, 22, 25] for possible areas of application.

The goal of the present paper is the development, analysis and numerical
realization of efficient, fast and certified solution algorithms for a first-order system
of (P). Of course, for the implementation, a discretization of the state space V' and
the PDE constraint is required. Utilizing a standard finite element (FE) method for
the discretization of the first-order system of (P), we derive a complex nonlinear
and nonsmooth large-scale system. To obtain fast numerical solution methods, a
reduced order approach is applied employing the reduced basis (RB) method — cf.,
e.g., [3, 13, 18, 20].

For the construction of an accurate and efficient RB scheme, a-posteriori
error analysis is required. Recall that the RB method is especially efficient for
parametrized linear-quadratic optimal control problems — see [15, 17], for instance.
For RB results in the framework of nonlinear elliptic PDEs, we refer, e.g., to
[5, 11, 23] and to the recent work [14].

Results concerning model order reduction (MOR) for nonsmooth PDE con-
strained optimization are rarely found in the literature, with the only contribution,
to the best of the authors’ knowledge, being [4], where an offline/online based
(greedy) reduced basis framework for the PDE constraint in (P) is investigated.
The results showed that the RB method combined with empirical interpolation
techniques (cf., e.g., [2, 6, 7]) can improve the efficiency of solving the PDE — with
nonsmooth effects being the limiting factor for the quality of the reduced order

approximations, however. Since the constraint is part of the first-order system for



e RB in Optimal Control of a Non-Smooth PDE =— 3

(P), we extend the results obtained in the thesis [4] and present an RB approach
for the constraint that is justified by efficient a-posteriori error analysis. This way,
we obtain a significant reduction of the CPU times compared to a standard FE
discretization. For the optimization problem (P), we consider first-order conditions
based on those derived in [9], i.e., the system

—Ay +max{0, y} = B, (1a)
—Ap+ 1= =5’ (), (1b)
B*p+ oAp =0, (1c)

and the corresponding pseudo semismooth Newton (PSN) scheme. In (1b), the
symbol 1 denotes the indicator function and in (1c), the operator B* € £(L?(2), RP)
is the adjoint of B. Starting from a classical offline/online RB concept, we introduce
a novel adaptive combined RB-PSN scheme that does not require an offline phase
and improves the RB approximation quality simultaneously with the solution
iterations using local information along the iterates.

The paper is organized as follows: In Section 2, we introduce and analyze the
RB method for the parametrized nonsmooth PDE constraint of the optimization
problem — including residual based error estimation. Numerical tests illustrate the
drastic reduction of the CPU times compared to a piecewise linear FE scheme.
Section 3 covers the offline/online and the adaptive RB approach for the system
(1). We explain the adaptive RB approach in detail, derive a residual based error
indicator for the first-order system and illustrate the efficiency and accuracy of the
method by several numerical experiments. Finally, we draw some conclusions in
Section 4.

2 MOR for the State Equation

The aim of this section is to establish classical MOR results based on the RB
approach — such as error estimators, a-priori estimates and convergence theory —
for the nonsmooth PDE constraint. The crucial ingredients for this will be the
monotonicity of the max-operator and the Lipschitz continuity of the solution
operator to the PDE. The presented results are mainly based on [4].

Let us first fix the exact analytical framework for the FE and RB analysis
of the PDE and recall some of the known results. We consider the more general

parametrized boundary value problem

c(){(Vy, Vo) 12 + a(p)(max{0,y}, @) 2 = (f(1), v/ v YeeW, (2
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where p is in a parameter set P C R?, p € N\ {0}, and W denotes a closed subspace
of V —in the FE setting, this is the finite element space, in the MOR framework,
this will be a low-dimensional subspace spanned by the RB functions. For the

remainder of this section, we additionally assume the following:

Assumption 2.1. 1) P CR?, p e N\ {0} is nonempty and closed,

2) ¢: P = R is Le-Lipschitz continuous, positive and uniformly bounded away
from zero,

3) a: P — R is Lq-Lipschitz continuous and nonnegative,

4) f:P—=V'is L -Lipschitz continuous,

5) P is compact or both a and ¢ are constant.

The following proposition sums up the standard existence and uniqueness result
for solutions to equation (2) given the assumptions made above and provides some
additional information on the Lipschitz constant.

Proposition 2.2. Let Assumptions 1.1 and 2.1 be satisfied. For every u € P, there
exists a unique solution y € W to the equation (2). The induced solution operator

Sw: P — W is Lg-Lipschitz continuous with the constant

L O (LchLaCl

independently of W, where Cp > 0 denotes the Poincaré constant, C1 = 1 + 0123
and C2 = inf{c(p)|p € P}.

Proof. Though the result is fairly standard, we will give a short outline of the proof
for the sake of completeness. Existence and uniqueness is guaranteed by the Browder-
Minty theorem. For the proof of the Lipschitz continuity, we set y; := y(p1) and
y2 = y(u2). Without loss of generality, we assume that |ly1 — y2||yy > 0, otherwise,
the statement is trivial. We subtract the PDEs

c(1)(Vy1, Vo) 2 + a(pn)(max{0,y1}, @) 2 = (f(u1), o)y vy Vo €W,  (4)
c(12)(Vy2, V) 12 + alp2)(max{0,y2}, @) 12 = (f(u2), ¥)yr vy Ve €W (5)

add a zero and rearrange the terms to obtain

(e(u1)Vy1 — c(u2)Vyz, Vo) 12 + a(pr)(max{0,y1 } — max{0,y2}, ) 2
+ (a(p1) — alpe))(max{0,y2}, ) 12 = (f(u1) — f(u2), o)y -
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Now, we test with ¢ = y1 — yo € W, use the monotonicity of the max operator,

the Cauchy-Schwarz inequality and nonnegativity of a to obtain that
2
c(p)IV(y1 —y2)llz2 < la(pr) — a(p2)|l| max{0, y2}l L2 lly1 — vall L2
1 (m1) = Fp2)llvllyr = y2llv + le(pa) — c(u) VY2l 2]V (y1 — y2)ll L2
The Poincaré inequality yields the V-estimate

e(p)
Ch

+1f (1) = f(p2) v llyr = w2llv + le(pr) — c(u)IVyall 2 IV (y1 — y2)ll L2,

2
llyr — y2llv < la(pa) — a(u2)]l| max{0, y2}| r2llyr — y2ll L2

where the Lipschitz continuity of the coefficient functions gives

() 2
lyr —v2lly <
1 (6)
(Lally2llz2 + Ly + LelVy2ll p2)llyr — y2llv [lp#1 — pollre-
Applying the Poincaré inequality once more, we obtain the estimate

2 2
lly2lly < C1llVy2ll7e- (7)

We test (5) with ¢ = y2 and end up with

(c(n2)Vy2, Vy2) 2 + (a(p2) max{0,y2},y2) 2 = (f(12), y2) v+ v

>0

due to the monotonicity of the max operator, thus

2
c(u2)IVy2llze < (f(u2),y2)v v (8)
Now, we combine equations (7) and (8), obtaining that

Cy
lylly < ml\f(ﬂz)l\w-

We combine that with (6) and (8), divide by ||y1 — y2]||v, use positivity of the lower
bound of ¢ and rearrange terms to obtain that

C1 ( Le+ LoC
I =l < G (E A )l + 2y ) s =

If @ and ¢ are constant, then Ly = L. = 0, which yields (3) with the usual
convention of 0 - oo = 0. Otherwise P is compact and we can form the supremum,

which is attained as a maximum due to the compactness. O
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Remark 2.3. 1) The Lipschitz constant Lg is explicitly computable for a given
domain Q whose Poincaré constant C'p is known. This can be used to get the
quantities in the convergence rate of the RB-to-FE distance, cf. Theorem 2.7.

2) Higher regularity of the right hand side f induces higher regularity of the so-
lutions. In this section, we are not concerned with these effects. The upcoming
optimization section, however, is quite reliant on the corresponding effect in
the optimization formulation.

3) Notice that the solution operator Sy is generally not Gdteaux differentiable
(cf- |9, Section 6]), but Hadamard differentiable for a and ¢ constant, as shown
in [8, Theorem 22].

2.1 RB Analysis for the State Equation

For the RB analysis, we will assume that we are able to approximate the analytical
solution of (2) with W = V arbitrarily well using finite dimensional FE spaces V}, C
V endowed by the V-topology. Accordingly, the solution y, (¢) of (2) with W =V},
will be considered the reference solution. We follow the classical offline/online
splitting approach (cf., e.g., [12, 18]), where the RB space is generated via a greedy
algorithm in an offline phase so that the RB solutions with respect to this basis can
be computed quickly later on in the online phase. The offline basis computation
for an error indicator A(Vy, p) that satisfies

llyn (1) — ye(u)llyy < A(Vp, i) for all p € Pirain,

where yp, (1) € V3, and yy(u) € Vy denote the FE and RB solutions, respectively, is
described in Algorithm 1.

Algorithm 1: Greedy RB Method for PDE.

Require : Discrete training set of parameters Pipain C P,

error tolerance g4, > 0

Return :RB parameters Py, reduced basis ¥y, RB space Vj
Set £=0,Pg =0, ¥g=0, V():{O};
while &, = max{A (Vs 1) | 11 € Prain} > 401 do

Compute pps 1 € arg max{A(Ve, 1) | 4 € Porain}:

Set Pyor1 =PrU{pes1} and o1 = yp (e41);

Orthonormalize 141 against Wy;

Set Wpiq = Wy U{tpt1};

Define Vy41 = V; @ span (1p41) and £ = £+ 1;

Note that the indicator A(Vy, p) is an essential component of the algorithm and
should be easily evaluable. In our case, the monotonicity of the max term allows
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us to derive a residual-based error estimator that only depends on the RB solution
and can thus be evaluated without solving the possibly costly FE discretized PDE.

Proposition 2.4. Let Assumptions 1.1 and 2.1 hold and ey(p) = yn (1) — ye ().
Then

ley(mlly < A% (Ve, ) = *IIRGSZ( Wy, 9)

for every u € P with C1 = 1+ 012:1, Co = inf{c(p)|p € P} and the residual
Resg: P — Vi given by

(Resy (1) @)y v, = (1) @)y v = () (Vye (), Vo) 12
— a(p)(max{0, ye(1)}, )2 for all ¢ € V.

Proof. Let p € P be fixed. Then the FE solution yp,(u) satisfies the equation

() (Vyn(p), V) 12 + a(p) (max{0,yn (1)}, 0) 12 = (f(1), @)y vy (10)

for all ¢ € V}, and ey () is in V},. We use the Poincaré inequality, the monotonicity
of the max term and (10) to obtain that

C—lneym)n% < ()| Ve ()32

< e(w)[Ve! ()| 72 + alp) (max{0, yp (1)} — max{0, ye (1)}, yn (1) — (1)) 12
= c(u)(Vyn(p), Ve (1)) 2 + a(p) (max{0, yp (1)}, e’ (1)) 2

= c(u){Vye(), Ve (1)) 2 — a(p) (max{0, ye ()}, €” (1)) 12
= (f(w), e (u)yr v — () (Vye(n), Ve () 2 — a(p)(max{0, ye (1)}, e’ (1)) L2
= (Resj/(u), e y(u)>v}{,vh < [IResg (1)lly, e ()l

)
)V

which gives (9). O

Remark 2.5. The error estimation requires us to compute the dual norm of the
residual, which is equal to the primal norm of the V-Riesz representative of the
restdual. To compute the Riesz representative, we need to solve a FE discretized
linear elliptic PDE. Depending on the exact application, this may end up being more
costly than computing the true error, e.g., when the reduced basis of the greedy RB
method ends up being large in comparison to the size of the training set Pirain and

the semilinear PDE can be solved with few semismooth Newton iterations.

As a direct consequence of Proposition 2.4, we obtain the reproduction-of-solutions

property and the vanishing-error-bound property, which are classical RB results.
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Corollary 2.6. Let Assumptions 1.1 and 2.1 hold. Assume that for a given p € P
the FE solution yp(u) € Vi belongs to Vy. Then the corresponding RB solution

ye(p) € Vp satisfies

1) yn(w) = ye(p),
2) AL(Ve,p) = 0.

Proof. Part 1) follows from the proof of Proposition 2.4. Furthermore, we derive
Part 2) directly from the definition of the residual and Part 1). O

Similarly, we can show convergence of the RB solutions to the FE solution, as the

parameters used in the reduced basis fill the parameter set.

Theorem 2.7. Let Assumptions 1.1 and 2.1 hold and let (Py)een C P denote a
sequence of parameter subsets and hy = sup{dist(u, Py) | u € P}. Then

sup [lyn (1) — ye(m)lly, € O(hy).
neP

Proof. For £ € N and u € P, we can choose u* € argmin{||u— fi||re | 2 € P} Now,
we use the Lipschitz continuity of the solution operator Sy and its independence
of the chosen space W (Proposition 2.2) and the reproduction of solutions property
(Corollary 2.6 1)) to obtain that

lym (1) — ye () lly

< Nyn () =y W)y + lyn () = ye(w )y + llve(p) — ye(w™) v
<2Lg |lp — p¥|lge < 2Lghy,

which yields the claim. O

Hence, if the sequence P, gets dense in P, i.e., th hy = 0, the RB solutions
—00

converge to the FE solution. As a direct consequence, we can obtain an a-priori

error bound.

Corollary 2.8. Let Assumptions 1.1 and 2.1 hold, let Pirain C P be a discrete set
with filling distance hiyqin and let the RB greedy algorithm (Algorithm 1) terminate

with tolerance €. Then
”yh(u) - ye(/l)Hv < ZLShtrain + €tol-

Proof. Analogously to the proof of Theorem 2.7. O
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2.2 Numerical Results for the State Equation

As we have seen in Section 2, several classical RB results hold for the PDE in
question — including convergence and error estimation results. The proofs of these
results were virtually independent of the nonsmoothness property of the max
operator and the solution operator to the PDE. The crucial properties were the
monotonicity of the max operator and the Lipschitz continuity of the solution
operator to the PDE. We will confirm the results of the previous section numerically
in this one and use a carefully constructed example to show that the nonsmoothness
effects of the PDE are in fact the limiting factor for the RB performance in practice.
Additionally, we will show a theoretical bound on the condition number of the RB
system. Let us mention that the example settings introduced in this section will be
reused in Section 3.4.

For our numerical experiments, we fix the domain = (0, 1)2 and consider
Pi-type FE on a Friedrichs-Keller triangulation of the domain. The measure of
fineness of the grids will be h > 0, which denotes the inverse number of square cells
per dimension — i.e., the grid will have 2/ h? triangles. From here on out, we write
the coefficient vector of the piecewise linear interpolant on the grid vertices of a
function z: Q — R in typewriter font (i.e., z € ]RN) and use the same font for the
matrices in the discretized settings. Dealing with the nonlinear max term, we resort
to mass lumping for this term in order to be able to evaluate it componentwisely.
Inevitably, this introduces a numerical discretization error. Its effects decrease with
increasing fineness of the discretization but increase with the coefficient function a
that scales the nonlinearity. The corresponding stiffness matrix K € RY*N mass
matrix M € RV*N | lumped mass matrix M € R¥*¥ and the right hand side
f(p) € RV are given from the FE ansatz functions ¢;, ¢ =1,..., N as

Kij = (( [ve wjdw)), ) = (), i)y
Q

~ . 1 )
M; ;= ((/goigojdw)), M = diag <§|supp(<pi)| D= 1,...,N>.
Q

The discretization leaves us with the following FE and RB systems:

c(WKyn(p)  +a(@Mmax{0,y,(n)}  —f(u) =0 inRY,
c(p)¥] Ky, (1) + a(u)¥] Mmax{0, ¥y, (1)} — ¥/ f() =0 in R,

where ¥ € RV*? = [4]... |4,] is the matrix whose columns are the FE coefficient

vectors of the reduced basis functions. These finite dimensional systems are solved
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with a standard semismooth Newton method, where the iteration matrices are

Hp (yn (1)) = c(p)K + a(p)MO(yp, (1)),
He(ye(r)) = c(u)¥] K¥ + a(p)¥] MO ¥y, (1)) ¥,

with © = ¢, where O : RY 5 RVXN maps a vector to the diagonal matrix that
takes the Heaviside function with functional value x at 0 evaluated for each entry
of the vector as its diagonal entries.

The RB Newton matrix possesses the favorable property that its condition
number is bounded independently of the current iterate and the dimension of the
RB system.

Proposition 2.9. Let Q € RYXN e symmetric and positive definite and let
¥, € RNV *¢ represent a reduced basis that is orthonormal with respect to the scalar
product induced by Q. Then the condition number of the Newton matriz Hy(y,(1t))
s bounded independently of £,yy and p.

Proof. First, we fix ¢, yp and p and define H = Hy(y,(1)) € R*‘. Since K is
symmetric and positive definite, the matrix MO(¥yy, (1)) is symmetric and positive
semidefinite, the functions c¢(u) > 0, a(p) > 0 and rank(¥,) = ¢, the matrix H is
symmetric and positive definite. Therefore, we can compute conda(H) = Amax/Amin,
where Amax > Amin > 0 are the largest and smallest eigenvalue, respectively, of H.
For an element v € R’ with

4
w =¥y = Zvi'z/zi € RN,

i=1
where 1p; is the i-th column of ¥,, we define ||w|lq = (Qw, w)HIQ/,\?. This gives

14 4
Iwllg = (Qw,w)g Z Vi QU ) gy = Vi = [IVI[Ge-
j=1 ‘—/—’Zéij i=1
Since all finite dimensional norms are equivalent, there are (generally N-dependent)
constants k1, k2 > 0 such that
Sl llg <l k< sl — 1 llg <l llan <2l -llg
1 K2
Now let v € R be an eigenvector of H for eigenvalue Amax. We have that
Amax [VIIEe = (Hv, V)ge
= c(p) (Kw, W + a (1) (MO(¥pyp(11))w, W) gy
< c()wll +a()IMI[wlgr < e(u)rwlig + a(u)IM]x3]w]g-
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Since |lw||q = ||v||ge, we can conclude that

Amax < €1 = k7 max c(p) + £5]|M|| max a(y) < co.
neP pneP

Now let v € R’ be an eigenvector of H corresponding to Apin. Then, since
MO (¥y, (1)) is positive semidefinite, we can conclude that

Amin VI = (Hv, V) e = e(p) (Kw, w)gw + a(1) (MO (¥py, (1)) w, whg

>0
> ) (K wi > S5l
Again, using |lw|lq = ||v||ge, we can conclude that
A > e = PHAIETY
1
which yields conda(H) < ¢1/ca for ¢; and ¢y independent of £, y, and p. O

Our code is implemented in Python3 and uses FENICS [1] for the matrix assembly.
Sparse memory management and computations are implemented with SciPy [24].
All computations below were run on an Ubuntu 18.04 notebook with 12 GB main
memory and an Intel Core i7-4600U CPU.

Example 2.1. For the first numerical example, we set P = [72,2]2, c(p) = 1,
a(p) = 10 and the right hand sides f(u) (to be understood as L2-functions
mapping (z1,z2) € Q to R embedded into V) as

uizixe, for @ = (x1,z2) and z1 < %,

f(p)(z1,22) = 10{ (11)

pox3x3,  otherwise.

The right hand side and corresponding solution are shown in Figure 1 for two
values of u. Note that the right hand side is linear in the parameter pu.

We fix a training set of 121 and a test set of 196 equidistant points in P, where both
sets are chosen disjointly. We solve the FE system for each parameter in the test
set and compare the results to those from solving the corresponding RB systems
generated from offline phases that use the true V-error or the error estimator on
the training set, respectively. The semismooth Newton iterations in both the FE
and the RB computations for a parameter are started using the solution for the
closest parameter in the test set whose solution is already known as an initial value
(warm starting). The semismooth Newton method terminates when the tolerance
of 1078 is reached for the dual norm of the residual and the RB error tolerance is
set to 107*. The results for different grids with step size h = 1/100, 1/200, 1/400
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Fig. 1: Example 2.1. Right hand side (top) and FE solution (bottom) for parameters p =
(2,—2) (left column) and p = (—2,2) (right column) for 1/h = 400.

per dimension can be found in Table 1.

First of, we can note that all of the average V-errors on the test set are below
the given tolerance of the offline phase that generated the reduced basis from the
training set. Further, the average number of semismooth Newton iterations for
solving the FE/RB systems appears to be independent of the step size h and very
close for the FE and RB systems. Additionally, in this example, the size of the
reduced basis is independent of the step size h (compare with Table 3 for different
results). Keep in mind that the very small number of about two semismooth
Newton steps per system solve is due to the warm starting. Without warm starting,
the average number of semismooth Newton steps per solve is around four to five
iterations with the zero function as an initial guess. As the number of cells per
dimension doubles in our implementation, the speed-up through RB on the test
set approximately doubles as well, reaching up to a factor of 250. This means that
if 130 or more online solves are required, the RB approach including its offline
cost comes out ahead of the FE approach in computational time. As mentioned
in Remark 2.5, due to the nonlinearity of the PDE, an evaluation of the error
estimator means that we have to solve a linear PDE on FE level. As the number of
semismooth Newton iterations per nonlinear solve is quite low in this example, it
turns out that the RB approach based on the true V-error ends up outperforming
the approach based on the error estimator in the offline phase and, as it works

on a smaller reduced basis, in the online phase as well. Nonetheless, the error
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FE Results

1/h avg. iterations avg. time (s)

100 2.03 0.49

200 2.03 3.22

400 2.02 21.88

offline/online RB (true V-error)
1/h avg. iterations avg. speed-up torr (S) avg. error ||
100 2.02 71.00 70.00 2.38.107° 17
200 2.02 127.60 402.90 2.34-1075 17
400 2.02 250.36 2793.68 2.32-107° 17
offline/online RB (estimator)

1/h avg. iterations avg. speed-up tosr () avg. error | ®|
100 2.02 51.38 379.02 1.15-107° 26
200 2.02 98.60 2264.12 1.11-1075 26
400 2.02 189.65 16994.40 1.10-10~° 26

Tab. 1: Example 2.1. The first part of the table shows the average number of required
semismooth Newton iterations for computing the FE solutions to the PDE for each param-
eters in the test set and the average required time. The second and third parts show the
average number of semismooth Newton iterations, the average online speed-up, the required
computational time for the offline phase t,g, the average true error ||y, — ye|lv and the size
of the reduced basis generated in the offline phase with the true error and error estimator,
respectively.

estimator is useful to estimate the error in the online phase as shown in Table 2.

The effectivity — the quotient of the estimated and the true error — appears to be

1/h avg. true V-error avg. effectivity time true V-error (s) speed-up estimator

100 2.38-107° 1.97 96.69 4.32
200 2.34-107° 1.99 628.16 4.10
400  2.32-107° 1.99 4242.60 4.10

Tab. 2: Example 2.1. Performance of true error and error estimator with reduced basis from
strong greedy on test set.

mesh independent. The speed-up is approximately four. This independence of the
step size can be expected, since the main difference between true error and error

estimator is whether a linear or a nonlinear PDE needs to be solved on FE level.
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Again, a larger speed-up cannot be achieved, since the error estimator cannot be

implemented in a parameter separable fashion. See also Remark 2.5.

Example 2.2. In the second example, we set P = [0,3], ¢(u) = 1 and a(u) = 872 p.
In contrast to Example 1, the right hand side will be nonlinear in the parameter
and we ensure that nonsmoothness effects occur by constructing a corresponding
known solution that passes through zero on nonnegligible parts of the domain when
the parameter p varies. We construct the appropriate right hand side by applying
the partial differential operator to the solution. To that end, we denote the four

quarters of our domain as

wepd] Pl o=[haxfo]
1 1 1 1
0= 5.1 < |31], 0= [0,5] x [3.1].

and define

g:R? 5 R, @ = (21, x2) — sin’®(2r21) sin2(27mc2),
b1: P =R, pr—1—2(min{max {u,2},3} —2),
by: P> R, p+— —142(min{max{u,1},2} — 1),
b3: P - R, p+—1—2min{max{p,0},1}.

We construct the sought out analytical solution of the PDE as

0, x € Qq,

Y0): Qo R, @ = (a1,a9) s 4 19, @€, (12)

bQ(H)g(m)v T < 927
bs(n)g(x), =€ Q3.

The solution is designed as nonconstant in three quarters of the domain. We divide
the parameter space into three equal parts with P = [0,3] = [0,1]U[1,2] U2, 3]. As
the parameter passes through either of the thirds of the parameter space, it flips the
sign of a “bump” function with support in one of the quarters, which is prescribed
by g. The change in the sign is given by the functions b;, which are piecewise linear.
Thus the amplitude of the bump changes linearly as well. Accordingly, the solution
passes through 0 on an entire quarter of the domain whenever the parameter hits
the middle of either of the thirds of the parameter interval. The solution is twice
continuously differentiable in space, therefore the corresponding right hand side is
given by f(u) = —Ay(u) 4872 max{0,y(1)}, where the Laplacian can be taken in
the strong sense. The solution for some parameters and the functions b; can be seen

in Figure 2. We select a training set of 60 and a disjoint test set of 100 equidistant
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Fig. 2: Example 2.2. Functions b; (left) and FE solution for parameters p = 0 (middle) and
p = 3 (right) for 1/h = 400.

points in P = [0, 3] for this example. The semismooth Newton iterations in both
the FE and the RB computations for a parameter are warm started as previously.
The semismooth Newton method terminates when the tolerance of 102 is reached
for the dual norm of the residual and the RB error tolerance is set to 1074, The
results for different grids with step size h = 1/100, 1/200, 1/400 per dimension can
be found in Table 3. As in Example 2.1, the average RB error on the test set is
below the tolerance imposed on the training set. Additionally, the average number
of semismooth Newton iterations appears to be mesh independent in this example
as well. Again, the low number of average iterations is due to warm starting. As
the number of cells in the grid increases, the number of functions in the reduced
basis decreases in this example. This effect is unsurprising since the discretization
captures the effects of the continuous PDE more accurately with increased fineness
of the grids. As we know the solution, we expect three independent parts, i.e.,
an RB with at least three functions. When the discretization is taken to have
1024 square cells per dimension, the RB computed using the true error actually
reaches this “lower bound”. We do not include the full computational results for
this discretization here because the computation was run on a different system, so
there is no comparability. The speed-up can be observed to roughly double as the
number of cells per spatial dimension doubles as well, similarly to Example 2.1.
Also as in Example 2.1, we can observe that the reduced basis approach with
the true error outperforms the approach using the error estimator. The favorable
effectivity of the error estimator on the test set carries over from Example 2.1, see
Table 4, and the speed-up factor seems to be slightly below four as well, though
the factor is not quite as stable for coarser grids in comparison to Example 2.1.
This might be due to the nonconstant size of the reduced basis. Recall that the
constructed solution y(u) to the PDE in this example has the three bumps that
are flipped with the change of sign occurring at 0.5, 1.5 and 2.5 — the midpoints of
the intervals [0, 1], [1,2] and [2, 3] that the parameter space splits up into. These

are the points, where the nonlinearity and nondifferentiability of the max operator
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FE Results

1/h avg. iterations avg. time (s)

100 2.45 0.52

200 2.41 3.51

400 2.31 24.02

offline/online RB (true V-error)
1/h avg. iterations avg. speed-up torr (S) avg. error ||
100 2.40 57.54 43.57 4.81-107° 24
200 2.32 131.92 266.68 3.98.107° 19
400 2.26 378.26 1763.79 2.80-1075 16
offline/online RB (estimator)

1/h avg. iterations avg. speed-up torr () avg. error ||
100 2.39 47.26 177.29 3.64-107° 29
200 2.37 115.46 1050.11 2.08-107° 24
400 2.28 220.90 6427.29 1.46-107° 19

Tab. 3: Example 2.2. The first part of the table shows the average number of required
semismooth Newton iterations for computing the FE solutions to the PDE for each param-
eters in the test set and the average required time. The second and third parts show the
average number of semismooth Newton iterations, the average online speed-up, the required
computational time for the offline phase t,g, the average error ||lyn, — y¢|lyv and the size
of the reduced basis generated in the offline phase with the true error and error estimator,
respectively.

1/h avg. true V-error avg. effectivity time true V-error (s) speed-up estimator

100 4.81-197° 2.08 66.93 2.66
200 3.98.107° 2.08 384.70 3.43
400 2.80-107° 2.13 2489.67 3.78

Tab. 4: Example 2.2. Performance of true error and error estimator with reduced basis from
strong greedy on test set.

really influences the behavior of the solutions. Looking at Figure 3, we can observe
that the true error and the error estimator over the test set are highest at these
points of nondifferentiability, which suggests that reducing the information of the

nondifferentiability in the PDE is the dominating task in the model order reduction.
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Fig. 3: Example 2.2. True error and error estimator over test set Piest with reduced basis
from strong greedy on test set for 1/h = 400.

3 MOR for the Optimal Control Problem

This section addresses the RB-based model order reduction for the PDE constrained
optimal control problem (P). Specifically, we will combine the pseudo semismooth
Newton approach employed in [8, 9] with reduced basis techniques applied to the
state § and the adjoint state p for solving the first order system

—Ay 4+ max{0,y5} — Bi
(y,p,0) = | —Ap+ Lyysoyp—35' () | =0, (13)
B*p+ ocAp

which is to be understood as a problem in V/ x V' x RP. The PSN iterations ignore
the nondifferentiable indicator function in the linearization of the residual. The

system matrix for this system at an iterate (y,p, u) therefore reads as

—A+ :ﬂ.{y>0} 0 -B
—5"(y) —A+1gysey O
0 B* oA

If distributed controls in L? () are considered in the optimization problem (P) with
B being the canonical embedding L?(€2) < H~1(Q) and || - ||a is replaced by ||-|| .2,
then (13) is a strong necessary first-order system for minimizers of (P), as shown
in [9], in the sense that it is equivalent to the variational inequality characterizing
purely primal first-order stationarity. Given our setting of Assumption 1.1 and
finite dimensional controls in (P), solutions to (13) are generally stationary in a
slightly weaker sense (see also [8]).

We derive an error estimator and -indicator for the primal and the adjoint state
in (13). Further, we present a classical offline/online RB approach and a novel
adaptive RB approach that combines the PSN iterations and online updates of the
reduced basis. This section should be understood as a numerical study comparing
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both approaches and analytical results will be limited to the error estimator and
indicator.

Note that contrary to the assumptions made in the previous section, we do not
assume any constraints on the parameter set P = RP? in this section, the reason
being that while we can identify a parameter region of interest in the forward
problem beforehand, it is quite unclear, where the optimal parameter p in the
optimization problem will be located. However, since P is nonempty and closed,
the setting of the first-order system’s state equation satisfies Assumption 2.1 and

is therefore covered by the analysis in the previous section.

Remark 3.1. In [9], system (13) is reduced to the state and the adjoint state by
eliminating the parameter using the last line in the system. However, the reduced
system involves the operator BB*, whose discretized matriz form is dense, intro-
ducing memory issues for our algorithms — which use sparse matriz structure when
possible — in practice. Hence, we will keep the original three-line-system (13) in

the state, adjoint and parameter as is.

3.1 Offline / Online RB Approach

The classical offline/online RB approach is similar to that in Section 2. As mentioned
above, we are dealing with P = R? here, but the offline phase of the standard
offline/online RB approach requires a discrete, compact training set to generate the
reduced basis. In practice, we will therefore use a discrete subset of a heuristically
fixed box centered at the origin that is “sufficiently large” in some sense, i.e. by

including all PSN iterates as well as the optimal parameter, as the training set
Ttrain C RP,

Remark 3.2. When the state dependent part of the cost functional j is bounded
from below by &, it is possible to compute a compact set of parameters that includes

all possible optimal parameters. Starting with an arbitrary po € RP, we have that

T(() 1) = €+ 5 ula > T (w(ko), no).

for all p € RP with ||ul|2 > 2(T (y(po), wo) — €)/o. Thus we can choose the set
{n €RP: Il < 2(T (y(po), uo) — )/}
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We use a common reduced basis W, and reduced space V; for state and adjoint.
Accordingly, we end up with the following algorithm for the offline phase of the
reduced basis method in the optimal control problem.

Algorithm 2: Greedy RB Method for First-Order System.

Require : Discrete training set of parameters P10 C P,

error tolerance e4; > 0

Return :RB parameters Py, reduced basis ¥y, RB space Vj
Set £ =0,Pg=0, ¥g=0, Vy={0};
while gy = max{A(Vy, 1) | 1t € Pirain} > €0 dO
Compute pg11 € argmax{A(Vy,p) | i € Perain};
Set Pry1 =PrU{pes1}, ¥y = yn (pes1) and

Vi1 =P (les1);
Orthonormalize (Wﬂﬂ/’fﬂ) against Wy;
Set i1 = WoU({¥7, 1, %513\ {0});
Define Vp41 =V, @ span(q/)ngl, ¢§+1) and £ =+ 1;

Again, the symbol A(Vp, 1) denotes either the true error or an error indicator with
respect to a given RB space V;. Since we apply the basis reduction on the state

and the adjoint, the true error combines both errors, i.e.,

6@(#) — €y (,u) = yh(,u‘) - ye(u)
ep(w) ), \pn(w) = pe(w))
lleeGll = llyn (1) — ye()llv + llpa (1) — pe()llv--

A residual based error indicator will be addressed in the section after next. Once the
offline phase is completed, we solve the FE/RB discretized version of the first-order
system (13) with the PSN approach.

3.2 Adaptive RB Approach

As any of the classical offline/online greedy RB approaches, the method described
in the previous subsection suffers from a number of drawbacks. The curse of
dimensionality leads to an exponential growth in the offline phase’s computation
time, which is detrimental for high dimensional parameter spaces. This means that
even if the online speed-up is significant, the computational effort of the offline
phase can make the overall computational time of the RB approach exceed that
of the standard FE problem. Additionally, choosing a compact trainings set that
includes the optimal parameter for the offline phase is nontrivial. These drawbacks

are avoided in the adaptive RB approach that we propose in this section. The
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method starts out with an initial starting guess for the solution and alternates PSN
iterations and RB updates in order to improve the quality of the approximations of
FE elements by RB elements and of the FE solutions with the PSN iterates using
local information, where local refers to the information at each of the iterates the
PSN algorithm reaches. Since all of the model order reduction work is taken care of
along the way, it is clear that this approach is geared towards accelerating a single
solve of the first-order system without the added expense of an offline phase — it is
quite complementary to the offline/online approach in that sense. When only few,
but more that one, solves of the first-order system are required, e.g. for varying
Tikhonov parameter o in the cost functional, reusing the basis generated in the first
solve is of course an option that will likely outperform offline/online approaches
due to their large offline cost. The adaptive approach is somewhat similar to that
in [19], where trust region methods are combined with an adaptive RB approach.

Our complete algorithm is described in Algorithm 3.

Algorithm 3: Adaptive RB Method for First-Order System.
Require : Initial parameter pg € RP, error tolerances en,erp > 0 for
RB and PSN, weight 1 > 71 > 0, ng, > 0
Return :RB approximation (yn,pn, itn) of FE solution (yp, pp, pr)

Set £ = 0 (number of basis updates);
Set n = 0 (number of PSN iterations);
Set Po =0, ¥ =0, Vo = 0;

Set yo = yn(po), Po = pn(ko);

while A(Vy, pin) > epp or |2(yn,pn, pin)|| > en do
if ¢ >0 and (A(VZ7HH)_ERB)+ < ,'7n(H‘b(ynvpnvltn)l‘_EN)+ then

€RB EN
Get (Yn+1,Pn+1, in+1) from PSN step w.r.t. Uy;
Set n =n+1;
else

Compute 1y, ; = y(un) and Py = p(pn);
Orthonormalize (¢} +1,¢f 1) against Wy;

Set Pry1 =P U{pn}, Wesr = We U ({0,198, 3\ {0}),
VZ-H = VZ S span (wé{i,]y w5+1)7
Set £ =0+ 1;

Get (Yntngys Prtnsix Hntngy,) from ng, PSN steps w.r.t. Wy;
Set n = n + ngy;
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The algorithm exploits a balancing of the fact that the PSN residual needs to be
small only if the RB approximation is sufficiently accurate and vice versa. Starting
from the initial guess, the algorithm repeatedly checks whether the RB or the PSN
tolerance are violated. If so, the relative violation of the tolerances is compared and
depending on their magnitude, either further PSN iterations are applied or the basis
is updated. We include a biasing factor n™ with 0 < 7 < 1 in the comparison of the
violations, which ensures that an improvement of the RB approximation quality
is favored over additional PSN steps as the number of PSN iterations increases.
In the early stages of the PSN iterations — where the residual is large and we are
comparatively far from a solution and PSN updates are relatively coarse — the
algorithm therefore benefits from small system sizes due to the small reduced bases.
With increasing proximity to a solution, the RB approximation quality is increased
to avoid pointless PSN steps on systems that do not capture the dynamics of the
solution sufficiently well. By updating the reduced basis locally — i.e., along the
PSN iterates, which are expected to exhibit behavior similar to that of the solution
— we increase the quality of the RB approximation of the solution compared to a
“one-size-fits-all” type offline/online approach.

Since the evaluation of the error indicator and basis updates are computationally
expensive themselves and increase the computational cost in each of the system
solves of the PSN steps, we perform a fixed number n t;,, of PSN steps whenever
the reduced basis is updated to ensure that some progress towards the solution
is made before the basis is expanded. This is of course an additional parameter
that requires dialing in, but the numerical results in Section 3.4 suggest that
choosing this parameter greater than one can indeed be beneficial. Note that, while
enlarging the reduced basis increases the system size, both the basis updates and
the evaluation of the true error usually gain efficiency as the iterations progress
because current RB iterates (embedded into the FE space) can be used as initial
guesses for the solves that have to be performed on FE level. In practice, we will
see that use of the true V-error can outperform an indicator derived below, which

is in part due to this behavior.

3.3 Error Estimator and Indicator

Error estimators for the RB approximation of the first-order system need to address
the errors in the state and the adjoint, i.e., ||yp (1) —ye()||v and ||pp () —pe()||v -
Of course, the more general results for the state in Proposition 2.4 that we derived
in Section 2 carry over straightforwardly in this setting. For the adjoint state, the
situation is more complicated. Due to the discontinuous indicator function in the

adjoint equation, straightforward estimation is quite limited. The primary result
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based on Lipschitz continuity in the cost functional is summarized in the following

lemma.

Lemma 3.3. Let Assumption 1.1 hold and let j' be Lipschitz continuous with
constant v > 0. Then

o) = pe(lly < C1 (YAL(Ve, 1) + [Resf (1), + 1pe(s) 2

for all i € P, where Cp is the Poincaré constant of the domain, C1 = 1 —|—0123 and
the adjoint residual Resgz P — Vfi is defined as

(Resy (1), vy, = (' We(1))s ©)yr v = (Vpe(1), Vo) 12 = (Liy, (1) >0y (10): 9) 1 »
for all ¢ € Vj,.

Proof. With ep(u) = pp(u) — pe(p), the Poincaré inequality implies that
llep (113 2
LY <V (ep () 72

< IVep()ll72 + (Liy, (uy>01en()s ep()) 5
= (' (yn (1) ep(1))yr v — (Vpe(h), Vep(n) 12
— (Lgyn () >0yPe(B), ep(B)) ;o

Here, we have used the adjoint equation in the last equality. Now, we utilize the
assumption on j' and Proposition 2.4 to conclude that

2
% < (') = 3" (W) ep () v v + G (e (), ep())yr v

—(Vpe(w), Vep(1)) 12 — (Lgyu)>01pe(p), ep(u)>L2
<Alley)lv llep(llv + G (we()), ep (1) v,
—(Vpe(w), Vep(1)) 12 — (Liy, (uy>01Pe (1), ep(u)>
+ {(Lye >0} = Lyn () >03) Pe(t), ep())
< (vClIResY (wllv; + [Rest ()

+ 1L gy, )0y — ]l{yh,(u)>0})m(u)|lm> llen ()]
This especially implies that
o () = pe()llv < Cr (VA (Ve ) + [Res () "
14
+ 1 (L y>0y — 1{yn(u)>0})pé(ﬂ)||L2):

and boundedness of the absolute value of the difference of the indicator functions

yields the claim. O
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The obvious problem with this bound is the dependence on the L?-error of the RB
adjoint state, which can cause overestimation of the true adjoint error even if we
have convergence of the RB to the FE solution. The reason that we get stuck with
this undesirable term is that we estimate the difference of the indicator functions in
(14) very coarsely by its L°-upper bound. The difference of the indicator functions
is intrinsically difficult to handle analytically because of their discontinuous behavior
and the fact that the difference multiplied with an FE function generally is no
longer in the FE space. Note, however, that using the previous result numerically,
we would depend on quadrature rules in order to actually compute the L?-norm
term — in our case this would be realized by the mass lumping approach. It turns
out that we can improve on the results presented in the previous lemma when
we work in this mass lumped setting. To that end, we introduce some additional
notation. Since the notation for functions and their coefficient vectors are inevitably
going to mix in the following, recall that we introduced the typewriter font for
coefficient vectors in Subsection 2.2. For the product of an indicator function and a
Vi-function z, we let eg(2) = | Izl 72 — (zTI\N/Iz)%’ denote the error introduced by
replacing the L?-norm with the mass lumping quadrature. Note that this is a grid

dependent quantity, of course. Additionally, we introduce the shorthand notation
Fw)=1¥ + (AY(V, . _ W31 eRrN
ge, (1) = Yoye(p) £ (AL (Ve ) + ey (n () —ye()))M™ 21 e R, (15)
~ 1
g (1) = oye(p) £ (AL (Ve ) )IMTz1eRY, (16)

where 1 € RV denotes the vector of all ones. For improved readability, we will
notationally suppress the functions’ and vectors’ dependencies on the parameter
u for the remainder of this subsection. With these quantities, we can obtain the
following estimate that is based on the discrete implementation. Note that the only
remaining dependence on any FE function in the right hand side of this statement
is in the mass lumping error. We will disregard this dependence further down the

line to obtain a reasonable (mesh dependent) error indicator.

Lemma 3.4. Let Assumption 1.1 hold, j’ be Lipschitz continuous with constant
¥>0and C; =1+ C%,,, where Cp is the Poincaré constant. Then

pn (k) = pe()llv < A% e, (Ve, 1) for every p € P

with the term
Al ey (Vo) = C1 ('YAzyu(Vév 1) + [[Resy (1) llvy + e ((Lgy,>03 = Ly, >03)Pe)
T _
+ [ (e tup) WO (—¥ye) (O, ¥ )

+ (o) - Oe,)) wipe) " 0(ye) ((O(Ews) - O(ez,)) Tere) | %)
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and © = ©g with O as defined in Section 2.2.

Proof. From (14), replacing the exact L?-norm by the mass lumped computation,

we immediately obtain that

Ipn () = pel)llv < C1 (% (Ve ) + [Resf (1)

[N

+ [((©(Fye) — ) ¥eps) " M((©(Feye) — ©(y2) Lepr)]
+ e (Lye>0y = Ly >01)Pe) )

We split up the mass lumped norm term in the middle into the parts corresponding
to the index sets of the nonpositive and positive nodal values of the RB state

embedded into the FE space, which gives

(O (¥pye) — G(Yh))‘l’epe)TM((@(‘I’zyz) — O(yn))¥epe)
= (@(Yh)q’épe)TM@l(*‘I’ew)(@(Yh)‘l’zpe)
+ ((©(Eeye) — ©(yn))¥epe) MO (eye)) ((O(Feye) — O(yn))¥epe).
To get rid of the dependency on the FE solution y,, we derive componentwise

upper and lower bounds that depend on RB quantities only. Using the quadrature

error and the state’s error estimate in Proposition 2.4, we obtain that

~ 1
[(yn = ¥eye)" M(yn —¥ey0) ] < Il (wn — o) llv + egp (vn — we)
< AL (Ve ) + e (yn — ve)
Crl[Resy (W)lvy +eq (yn = ye) ,

and since M is a positive definite diagonal matrix, we gather that

CilResy ()llv: + e (un — ye)
I(yn — ¥eye);| < 73 :
M

X

Accordingly, we obtain that

CrlResy () llv; + e (yn — ve)

(Yn)i < (Yeye); + |(yn — Yoye);l < (Yoye); + ATE ;
C1lResy (1)llv; + e (vn — ye)
()i = (¥eye); — |y — ¥eye)il = (Yeye); — Mhl/Q M -

%

With ggtm as introduced in (15) and the splitting of the nonpositive and positive

components of the RB solution, we combine these estimates to finalize the proof
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because

((©(¥rye) — O(yn))¥epe)  M((O(¥rye) — Oyn))¥epe)
< ((0(g)¥eps)  M(O1(—¥y0)) ((O(82,))¥epy)
+ ((O(Teye) — O(g=,)¥epe)  M(O(Erye)) ((O(¥sye) — Ole=,,))¥epr).-
O

The term Aﬁwm (Ve, ) still depends on FE solutions, which are costly to compute
and, to make matters worse, enter in the complicated grid dependent quadrature
error. Its evaluation therefore remains intractable in practice, unless a tight upper
bound on the quadrature error can be derived. We do not provide such a result and
do not expect that one is easily obtainable. In the numerical results of the next
subsection, we instead assume that the mass lumping quadrature error is small

compared to the other error sources in our computation and use the term
AL (Vi 1) 3= C1 (YA (Ve ) + [Res ()]
+ T +
+ { (9(g )‘I’epé) MO1(—¥yyy) (9(g )‘I’zpe)

+ ((@(\pfw) _ @(g_)> \Ilng)T MO(¥,yy) ((@(‘I’zye) - G(g_)) ‘I’zpz) } %),

as an adjoint error indicator, which is the result of assuming that all quadrature
errors in Aﬁ,ﬁm vanish and which is easily evaluable. Interestingly, we obtain the
reproduction of the solution results analogously to Corollary 2.6 in the PDE analysis
for both the combined error indicators A% (Vi, 1) = A% (Ve, ) + A% e, (Ve, 1)
and AP (Vp, 1) = A% (Vy, 1) + AL (Vy, 1), which motivates the use of the latter in
the numerics.

Corollary 3.5. Let the assumptions of Lemma 3.4 hold and pu € RP with yy,
pn € Vy. Then

1) yn =ye and pp, = pe,

2) AULL (Ve ) = AP (Vg, ) = 0.

Proof. 1) yp =y, follows from Corollary 2.6-1). For the adjoint, we use the fact
that y;, = yp and ep = pp, — py € Vp to conclude that

0 < (Vep, Vep) 2 + (Liy,so1epsep)rz =5 (yn) — 3" (e) = 3" (o) — 5’ (ye) =0,

where the first inequality follows from the coercivity of the adjoint equation.
2) The equality AY,(Vy, 1) = 0 follows from Corollary 2.6-2). We infer from
1) that, since the quadrature error of the constant zero function vanishes,
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AGE (Ve ) = A%P(Vy, ) and additionally HResg(u)HVé = 0. Furthermore,
since AY(V,, 1) = 0, we can conclude that g™ = g~ = ¥,y,. This implies
AL (Voy ) = A% e, (Vo, 1) = 0 and thus AGL (Vi ) = ALP(Ve, p) = 0.

O

3.4 Numerical Results for the Optimal Control Problem

Compared to the analytical results for the model order reduction of the PDE
constraint in Section 2, there are quite few analytical results on the optimal control
problem in the previous subsections. This is largely due to the fact that the indicator
function in the adjoint equation essentially prevents the straight-forward derivation
of an analytical a-posteriori error estimate. However, with the additional use of
the discretization structure, the error indicator derived in Lemma 3.4 offers a way
to deal with error indication in the numerics. Furthermore, the parameter space
is no longer necessarily compact in the optimization setting, which is typically a
fundamental assumption for the offline/online reduced basis method. The adaptive
RB approach introduced in Section 3.2 is designed to circumvent this issue. In this
subsection, we present numerical results based on the true V-error computation
and the error indicator derived in Lemma 3.4, comparing the two approaches for a
truly finite dimensional parameter space and showing the promising performance
of the adaptive RB method for an inherently infinite dimensional control problem,
which usually breaks offline/online RB approaches.

For the remainder of this section, we will assume that j(y) = %Hy — yd||%2 and
write B € R™V*? for the matrix corresponding to the discretized linear operator
B: RP — V'. As in Section 2.2, we fix Q = (0, 1)2 and consider Pj-type finite
elements on a Friedrichs-Keller triangulation of the domain in the discretization. We
maintain the mass lumping procedure in the nonlinear max term and the indicator
function and obtain the following FE and RB systems from the discretization
procedures applied to (13):

Kyp, + Mmax{0,y,} =Bi in RV,
Kpp, + MO(¥4)pn =M@, —y% in RY,
BTF_’h+C7Aﬁ =0 in R?,
VK5, + ¥ Mmax{0, ¥,y,} =¥Bp in RY,
U7 Kb + ¥ MO(¥,5,)py =¥ Mz, —y) R

BT‘I’ZW + oAl =0 in R?.
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These finite dimensional systems are solved with the PSN method described in the

beginning of this section. The FE and RB system matrices at iterates (yp, pp, 1),
(ye, pe, ) read as:

K + MO(yy) 0 -B
-M K+MO(y,) 0 |,
0 BT oA
VK, + ¥ MO (¥,y,) ¥, 0 —¥/'B
—v'my, Ky, + ¥ TMO(Ty)8, 0
0 BT, oA

As for the numerical results in Section 2, our code is implemented in Python3
and uses FENICS [1] for the matrix assembly. Sparse memory management and
computations are implemented with SciPy [24]. All computations below were run
on an Ubuntu 18.04 notebook with 12 GB main memory and an Intel Core i7-4600U
CPU.

Example 3.1. For the first numerical example of this section, we reuse the setting of
Example 2.1, i.e., we set P = [=2,2]?, ¢(u) = 1, a(u) = 10 (note that this does not
change the analysis) and the right hand side as defined in (11). Additionally, we
use yd(x) = (% — ml) sin(mzq) sin(nzg) for @ = (z1,z2) € Q, A = I3 the identity
in R? and o = 1073. As previously, we fix a training set of 121 and a test set of
196 equidistant points in P, where both sets are chosen disjoint. The initial value
in all computations is set to o = [1,1]. We keep the tolerances fixed at 10~ for
the RB error, at 108 for the semismooth Newton method and now additionally
at 1078 for the PSN method. The desired state, solution state and solution adjoint

computed with finite elements are shown in Figure 4. The results of the different

Fig. 4: Example 3.1. Desired state (left), FE solution state (middle) and FE solution adjoint
(right) for 1/h = 400.

approaches for different grids with step size h = 1/100, 1/200, 1/400 per dimension
can be found in Table 5. For the adaptive RB approach, all parameter combinations
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(n,ngx) € {0.5,0.25} x {1,2,3,4} are tested and the best, worst and average
performances are stated. First of, we can again note that all of the V-errors are
below the given tolerance of the offline/online and adaptive RB method, respectively.
The error indicator’s overestimation leads to only slightly smaller errors in the
offline/online approach but produce significantly lower errors, larger reduced bases
and slower speed-up in the adaptive RB approach, compared to the true error
computation. Additionally, the reduced bases for the adaptive RB approach are
much smaller than those for the offline/online approach and contain only six or
eight elements, depending on the utilized error indicator. This also suggests that a
basis of only two more elements is enough to largely reduce the V-errors in the
adaptive case. Furthermore, the size of the basis in the adaptive RB seems to
be independent of the chosen parameters n and ny;, and the step size h in the
adaptive RB approach. As before, the number of PSN iterations for solving the
FE/RB systems appears to be independent of the step size h and is the same for
the full FE system and the offline/online RB approach. Of course, this number
differs for the adaptive RB approach with its prescribed number of nf;, fixed PSN
steps per basis update. In general, the speed-up in the online phase disregarding the
offline computational time in the classical RB approach is, as expected, far greater
than that of the adaptive RB approach (up to two orders of magnitude). Also as
in the previous examples, the true V-error outperforms the error indicator in the
RB greedy procedure. It is worth mentioning that for step size h = 1/400, the
offline/online RB approach with true V-error still requires less total computation
time than the FE approach even if the offline time is taken into account. For the
adaptive RB approach, the results show significant speed-ups in all cases, which
increase with a factor of about three to four when the step size h is divided by
two. When we consider best and average performance, computations using the true
V-error are always faster compared to the error indicator, but when we consider
worst performance the error indicator always slightly outperforms the true V-error.
Note that the average speed-up is much closer to the best speed-up than it is to the
worst, especially for the true error. Additionally, the worst performance is always
achieved for the case ny;, = 1 and mostly for n = 0.5, which can be expected,
since in this case an evaluation of the (costly) error indicator is necessary in every
iteration. Accordingly, choices nyf;, € {2,3}, where the algorithm reduces the
norm of the residual in the new updated RB space considerably before updating
the basis further, are arguably more practical.

We conclude that the adaptive RB approach can be suitable to solve the first-
order system and outperform the classical offline/online approach, which is generally
a suboptimal choice when only few solves of the problem are required. The new

method computes solutions whose approximation quality of the FE solutions can be
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controlled well at a speed-up of up to 40 using a reduced basis with comparatively
few elements.

The performance and effectivity for the error indicator is shown in Table 6. We
can observe that the effectivity appears to be mesh dependent here — in contrast to
the effectivity of the analytical estimator in Section 2. This is be expected because
the indicator includes grid dependent parts and the mass lumping error is ignored.
Regardless, even for large h, the performance is reasonable and it improves for finer
grids. The lower speed-up of approximately two, compared to the speed-up of four
in Section 2, is due to the fact that the adjoint equation is linear. Therefore solving
the linear system for the error estimator does not save time compared to solving
the adjoint equation. Of course, the computation of the state remains nonlinear —

hence the remaining speed-up.

Example 3.2. The second example in this section is designed to show that the
adaptive approach presented above can overcome the curse of dimensionality that
comes with classical offline/online approaches for large parameter spaces. We
consider an FE discretized approximation of the standard optimal control problem
where (P) is considered with distributed L?(2) controls on the right hand side of
the PDE and an || - || j,2-regularization term in the cost functional — and therefore
an inherently infinite dimensional setting. We set p = N, A = B = M as the mass
matrix and y%(z1,22) as the solution of (12) in Section 2.2 for u = 0 — i.e., the
function consisting of three bumps on three quarters of the domain. This implies
that

_ 1_

Pr = ;H
in the FE system. Accordingly, the reduced basis can be used to approximate the
parameter space itself because the adjoint and the parameter are linear dependent
in the solution. Additionally, we set o = 10~% and for increased influence of the
nonsmoooth term, we set a(u) = 100 as the scaling parameter in front of the max
term (note that this does not change the analysis). The different settings for 1,7,
and the grids remain the same as they were in Example 3.1. In Figure 5, the desired

state, FE solution state and FE solution adjoint are shown.

Remark 3.6. Note that while A = B = M will not be a diagonal matriz as asked
for in Assumption 1.1, the diagonality requirement has been solely for the purpose
of obtaining a reasonable sense of stationarity for the solutions of (13) in the finite
dimensional control case. In the case of L*(Q) controls with L*(Q) regularization
treated in this example, (13) is a strong stationarity system by the results shown
in [9].
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Fig. 5: Example 3.2. Desired state (left), FE solution state (middle) and FE solution adjoint
(right) for 1/h = 400.

For the reasons stated above, the offline/online RB approach will not be compared
here. Instead, only the adaptive RB approach and the standard FE solution process
are compared in Table 7.

First, note that again the number of PSN iterations seems to be mesh-independent
in the FE formulations. The iterations in the adaptive approach also show mesh-
independence when best performances are compared with best performances of
finer /coarser grids, etc. This time, though, the number of (average) iterations for
the adaptive RB approach is about twice as large as in the previous example.
This is also the case for the size of the reduced basis, which always contains 12
elements for the true error and between 14 and 16 elements for the error indicator.
Compared to the previous example, the additional basis elements do not increase
the quality of the results significantly. A richer reduced basis was to be expected
due to the underlying high dimensional structure of the problem. The resulting
speed-ups are not as high as in the previous example and do not increase as quickly
as before when h is decreased. While it is reasonable to assume that this is due to
the difficulties with the reduced basis approximation, note that the computational
time for solving the FE systems does not increase as strongly as before as h is
decreased either — compare 765.69 seconds with 4008.98 seconds total in the last
example for the finest grid. Nonetheless, a speed-up of close to four can be obtained
and the FE setting never outperforms the adaptive RB approach. This shows that
the adaptive RB approach can be used as a reasonable approach when RB model

order reduction on very high dimensional parameter spaces is desired.

4 Conclusion

We have established an a-posteriori error estimator and presented corresponding
numerical considerations for classical offline/online RB approaches for solving a

generalized version of the constraining nonsmooth PDE of (P) efficiently. The
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results show promising speed-up while suggesting that the nonsmooth and nonlinear
behavior of the max term in the PDE is in fact the part that is most difficult to
capture in the RB approximation. For the first-order system to the optimal control
problem (P) itself, we have proposed a novel adaptive RB pseudo semismooth
Newton approach that creates the required reduced bases adaptively as the PSN
algorithm progresses, using local information along the PSN iterates. The adaptive
approach is complementary to standard offline/online approaches in the sense that
it offers reasonable to large speed-up in online computations without the additional

penalty of offline computation times.
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FE
1/h it.  time (s)
100 4 8.96
200 4 146.28
400 4 4008.98
offline/online RB (true V-error)
1/h it. speed-up eyl llepllv  [¥]
100 4 70.67 2.67-107° 3.75-107° 60
200 4 373.75 1.28-107° 3.42.107% 58
400 4 1544.93 7.66-107% 3.36-107° 58
offline/online RB (indicator)
1/h it.  speed-up lleyllv llepllv  [¥|
100 4 30.45 1.28-107° 2.25-107° 84
200 4 235.92 4.75-1076  2.09-1075 84
400 4 1105.49 2.09-1076  1.98-107° 84
adaptive RB (true V-error)
1/h  (n,max) it.  speed-up legllv — llepllv  [®]
best (0.25, 3) 9 3.81 2.38-107°> 5.69-107% 6
100  worst (0.25,1) 6 2.14 2.08-107% 5.63-107% 6
avg. 8.25 3.35 2.22-107%  5.65-107% 6
best (0.25, 2) 6 10.35 1.96-107° 4.44-106 6
200  worst (0.5,1) 6 5.88 1.96-107% 4.44-1076 6
avg. 8.25 9.18 2.12-107%  4.64-1076 6
best (0.25, 3) 9 40.87 2.26-107°  4.23.107% 6
400  worst (0.5,1) 6 22.85 1.94-107% 3.83-107% 6
avg. 8.25 36.14 2.09-107%> 3.90-107% 6
adaptive RB (indicator)
1/h  (n,nax) it.  speed-up legllv _— llepllv  [®]
best (0.5, 2) 12 2.73 3.87-10-10 7.35.10710 8
100 worst (0.5, 1) 6 2.35 1.09-10~% 6.05-1078 8
avg. 10.25 2.63 3.02-1079 1.64-1078 8
best (0.25, 2) 8 7.22 7.14-1071  4.38.10710 8
200  worst (0.5,1) 6 6.26 8.73-1079 4.86-107% 8
avg. 10.25 7.07 1.35-107° 7.81-107° 8
best (0.25, 2) 8 28.14 2.95-10711  4.13.10710 3
400  worst (0.5,1) 6 24.38 2.38-107°% 224.107% 8
avg. 10.25 27.50 4.12-1010 474.107% 8

Tab. 5: Example 3.1. The first part of the table shows the number of required pseudo

semismooth Newton iterations for computing the FE solution to the first-order system and
the required time. The second and third parts show the performance of the offline/online
RB approach including the offline computation time tog The fourth and fifth parts show

the best, worst and average performance of the adaptive RB algorithm over all (1, ngx) €
{0.5,0.25} x {1,2,3,4} using the true V-error and error estimator, respectively.
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1/h avg. true V-error avg. effectivity time true V-error (s) speed-up indicator

100 4.85-107° 36.85 114.36 2.32
200 4.58-107° 70.08 697.43 2.27
400 4.53-107° 133.18 4933.28 2.18

Tab. 6: Example 3.1. Performance of true error and error indicator with reduced basis from
strong greedy on test set.

FE
1/h it. time (s)
100 5 10.80
200 5 84.18
400 5 765.69
adaptive RB (true V-error)
1/h (1, "ix) it.  speed-up lleyllv lleallv K7
best (0.5, 3) 18 2.63 2.28-107° 9.27-1078 12
100 worst (0.25, 1) 9 1.47 3.27-107° 4.79-10~7 12
avg. 16 2.14 2.22-107% 1.37-10~7 12
best (0.25, 3) 18 2.90 1.41-1075  8.47-1077 12
200 worst (0.5, 1) 9 1.73 1.74-1075  8.70-107 12
avg. 15.87 2.43 1.35-10~5 5.01-10~7 12
best (0.25, 4) 24 3.92 1.02-107°5 5.24.1078 12
400 worst (0.5, 1) 9 2.32 9.79-107% 6.47.1078 12
avg. 15.87 3.31 1.12-1075 1.13.10°7 12
adaptive RB (indicator)
1/h (m; naix) it. speed-up lleyllv llellv R4
best (0.5, 3) 21 1.88 4.11-1077  3.05-107° 14
100 worst (0.5, 1) 10 1.51 1.58-1076  7.14.107° 16
avg. 18.12 1.72 1.17-106  7.84.1079 14.25
best (0.2, 3) 21 2.06 1.01-107° 8.55-1077 14
200 worst (0.5, 1) 9 1.88 1.09-1075 8.55-10~7 14
avg. 18 1.99 9.62-10=% 8.56-10~7 14
best (0.25, 3) 21 2.76 2.57-107  1.17-107° 14
400 worst (0.5, 1) 10 2.27 1.41-107% 6.47-107° 16
avg. 18.12 2.64 4.98-1076  4.56-10~8 14.25

Tab. 7: Example 3.2. The first part of the table shows the number of required PSN itera-
tions for computing the FE solution to the first-order system and the required time. The

second and third parts show the best, worst and average performance of the adaptive RB
algorithm over all (n,ngx) € {0.5, 0.25} x {1,2,3,4} using the true V-error and error

indicator, respectively.
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