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A RELAXED LOCALIZED TRUST-REGION REDUCED BASIS APPROACH FOR
OPTIMIZATION OF MULTISCALE PROBLEMS

TiM KEIL* AND MARIO OHLBERGER

Abstract. In this contribution, we are concerned with parameter optimization problems that are
constrained by multiscale PDE state equations. As an efficient numerical solution approach for such
problems, we introduce and analyze a new relaxed and localized trust-region reduced basis method.
Localization is obtained based on a Petrov—Galerkin localized orthogonal decomposition method and its
recently introduced two-scale reduced basis approximation. We derive efficient localizable a posteriori
error estimates for the optimality system, as well as for the two-scale reduced objective functional.
While the relaxation of the outer trust-region optimization loop still allows for a rigorous convergence
result, the resulting method converges much faster due to larger step sizes in the initial phase of
the iterative algorithms. The resulting algorithm is parallelized in order to take advantage of the
localization. Numerical experiments are given for a multiscale thermal block benchmark problem. The
experiments demonstrate the efficiency of the approach, particularly for large scale problems, where
methods based on traditional finite element approximation schemes are prohibitive or fail entirely.
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1. INTRODUCTION

Parameterized multiscale problems where the parameters are optimized with respect to a user-defined quality
criteria are of general interest in many physical, chemical, biomedical, or engineering applications. Examples
include the optimal design of devices built from composed materials [7, 8, 23], optimization of reactive flow
processes in porous media [29,43,68], or the design of meta-materials [21, 60, 62]. As a mathematical model
for such constrained parameter optimization problems, we consider linear-quadratic parameter optimization,
subject to the solution of a parameter-dependent elliptic variational multiscale problem.

The numerical approximation of such problems is computationally extremely demanding due to the multiscale
character of the problem and the need for repeated PDE-solves within an outer iterative optimization loop.
Recently, substantial progress has been made, both with respect to efficient algorithms for PDE-constrained
optimization and with respect to efficient model order reduction approaches for variational multiscale problems.

Numerical multiscale methods and localized model order reduction. In the last two decades, there has been
a tremendous development of suitable numerical methods for multiscale problems. The main intention is to
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resolve the finest required scale only locally and collect the gathered fine-scale information in an effective
coarse-scale global system. Well-established methods include the multiscale finite element method (MsFEM)
[25,35,39], its generalized variants (GMsFEM) [22,26], the heterogeneous multiscale method (HMM) [56,69,70],
the variational multiscale method (VMM) [40,41,49], the multiscale-spectral generalized finite element method
(GFEM) [10,11,50,51,66,67], and the local orthogonal decomposition (LOD) [34,52,53]. For a recent review
on multiscale methods, we refer to [9].

For parameterized PDEs, model order reduction (MOR) has seen great development in the last decade [14]. A
particular instance is the reduced basis method (RBM) [37,65]. The main idea is a splitting into an offline- and
online phase. In the offline phase, a sufficiently rich reduced basis (RB) is constructed with the full order model
(FOM) that computes high-fidelity solutions. Subsequently, a projection-based surrogate model is built from
the reduced basis. In the online phase, the resulting reduced order model (ROM) is evaluated with preferably
no need to touch the high-fidelity complexity at all. In the context of parameter optimization for multiscale
problems, model order reduction can be used to accelerate repeated solves of the respective multiscale method.

Meanwhile, several applications of the RBM in the context of multiscale methods have been proposed in [26,
36, 55] for the MSFEM, in [1-4, 6] for the HMM, in [5,46] for the LOD and in [15,57-59] for other related
approaches. In these works, the RBM has been used along with a parameterization of the local problems for
speeding up the solution process of a single multiscale problem, whereas in [5,46,55,57-59], a ROM is built for
each individual local problem in the context of parameterized multiscale problems. For an overview of localized
MOR and applications to parameterized multiscale problems, we refer to the review article [18].

While the original idea of using the RBM within multiscale methods is to accelerate the solution procedures
directly associated with the finest scale of the system, the resulting reduced methods are still computationally
dependent on the coarse mesh size. Moreover, the global approximation error of the reduced system can often
not be rigorously controlled. Recently in [46], these issues have been resolved by an additional reduction of the
coarse system that is internally based on a two-scale formulation of the multiscale scheme.

Error aware trust-region methods for PDE-constrained optimization. In the context of PDE-constrained opti-
mization, localized model order reduction with online enrichment has been suggested in [61]. The general idea
of online enrichment algorithms is to specifically train the reduced models to the parameters that are queried
during an optimization process. This idea has been investigated with rigorous analysis in the context of error-
aware trust-region optimization methods [71] and has first been used with global reduced basis approaches in
[64]. While trust-region methods in general serve the purpose of global convergence while using cheap locally
accurate model functions that are only used in a mostly metric sub-region of “trust”, the concept of error-aware
trust-region algorithms is to use a surrogate that allows for an error control and can be adaptively enriched
along the path of optimization. Therefore, a locally accurate surrogate model is used as long as we “trust” the
surrogate model, steered by a respective a posteriori error estimator of the surrogate. Once the boundary of
the trust-region is reached and the iterate is accepted, an online enrichment is performed and the process is
continued from the current iterate. Such methods for global reduced basis methods have further been enhanced
in terms of more robust algorithms and error estimation in [12,45,47].

We emphasize that, as far as this contribution is concerned, using (localized) MOR in an error-aware trust-
region framework to solve a single PDE-constrained parameter optimization problem aims to reduce the overall
computational cost of the optimization method. Thus, neither offline- nor online computations of the approach
can be considered negligible.

Main results. This contribution is the first work to deviate from a FEM-based spatially global discretization for
the error-aware adaptive trust-region algorithm. We instead build on an underlying efficient localized discretiza-
tion framework based on the Petrov—Galerkin LOD [27] and, as a surrogate, we use its recently introduced
two-scale reduced basis approximation (TSRBLOD) [46]. The resulting variant of a trust-region localized RB
method (TR-LRB) adaptively constructs local RB models in each of the TR subproblems and deviates from a
classical and potentially infeasible globally resolved FEM approximation of the underlying multiscale equation.
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The application of error-aware TR methods with localized RB techniques without having to rely on a global
finite-element-based discretization is an original contribution of this article. As a necessary ingredient for an
efficient adaptive and localized reduced method, we derive new localized error bounds to detect where the model
requires local basis updates and to find efficient global coupling techniques. Following the ideas presented in
the TSRBLOD [46], a posteriori error estimates are first derived for the primal and dual state equations of the
optimality system. Based on these results, we finally obtain rigorous error bounds for the reduced objective
functional needed for the TR algorithm.

As a further original contribution, we introduce a relaxed version of the basic TR algorithm that allows
for larger step sizes in the initial iterations of the TR-optimization loops without sacrificing the provable
convergence of the overall method. The relaxation of the TR algorithm is applicable for both global FEM-
based and localization-based surrogates in the TR method. The global convergence of the resulting relaxed TR
algorithm is stated in Theorem 3.3. Notably, such an approach is not restricted to RB-based methods and is
also useful if the respective surrogate suffers from a poor or expensive error estimator.

Finally, we provide numerical experiments that demonstrate the applicability of our approach for large scale
optimization problems where global FEM approaches are not feasible anymore.

Organization of the article. The article is organized as follows: In Section 2, we detail the mathematical
formulation of the considered multiscale optimization problem. In Section 3, we discuss the general formulation
of the relaxed error-aware adaptive TR algorithm. Subsequently, in Section 4, we show that the TSRBLOD
can be used as an instance of the TR algorithm. Lastly, in Section 5, we present numerical experiments that
demonstrate the benefit of localized techniques.

2. PARAMETER OPTIMIZATION OF MULTISCALE PROBLEMS

In this work, we are concerned with the efficient approximation of linear-quadratic parameter optimization,
subject to a parameter-dependent multiscale variational state equation, which is typically given as a weak
formulation of an underlying elliptic multiscale PDE.

To this end, let V be a real-valued Hilbert space and let P C R, with P € N denote a compact and convex
admissible parameter set, given by box constraints of the form P := { pERP | u, <p< Mb} C RP, for given
parameter bounds j,, up € RY, where “<” has to be understood component-wise.

Let J: V xP — R>Y be a continuous functional (an explicit example is given in (39) and further assumptions
are posed in Sect. 4.3). We seek a local solution to the following PDE-constrained optimization problem:

min J (s 1) (P.a)

subject to u, € V being the solution of the state — or primal — variational equation
ay (uy,v) =1,(v) for all v € V. (P.b)

For each admissible parameter € P, a, : V x V — R denotes a continuous and coercive bilinear form
and [, : V — R is a continuous linear functional.
We introduce the reduced cost functional 7 : P —= R, p — J(u) := T (upy, ) = T (S(), 1), where S : P — V
is the parameter to solution map of equation (P.b). Then, (P) is equivalent to the so-called reduced problem
min J (1) RP
mi 7 (1) (RP)
We are particularly interested in multiscale applications in the sense that the parameter-dependent bilinear
form a, involves spatial heterogeneities. Throughout this contribution, we will consider the case of elliptic
multiscale problems, where V = H}(Q),Q C R?. Furthermore, a, and [, are given as

a, (uy,v) :Z/QAN<$)VUM($),VU(JI)(1.’L‘, and 1 (v) ::/qu(x)v(m)dx,
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where the family of diffusion or conductivity tensors A, : Q@ — R¥*4 have a rich multiscale structure that would
lead to very high dimensional approximation spaces for the state space when approximated, e.g., with classical
finite element type methods. For an example, we refer to Figure 2 below for particular choices of such multiscale
conductivity fields. Moreover, we let f, € L?(£2). We employ standard assumptions on the underlying multiscale
PDE. In particular, 4, € L>(€2, R™?) to be symmetric and uniformly elliptic, such that

(Ap(z)v) - v (Ap(x)v) -v

0 < o := essinf inf and oo > 3 :=esssu su —_— . 1
reQ vERI\{0} ) A Paeq UeRd{){()} Vv (1)

Further, we let  := ($/a be the maximum contrast of A4, for all 4 € P. Moreover, For v € V = H{(Q), we
define the standard (equivalent) norms:

[vllf = [ [Vo(@) d, oll2, = [ 14;/2Vo(@)? de.
Q Q

Note that || - ||; is a norm on V' due to Friedrich’s inequality, and || - ||4,, denotes the parameter-dependent
energy norm. We emphasize that the homogeneous Dirichlet boundary conditions and the symmetry of A, are
assumed for simplicity and to avoid technicalities in the definition and analysis of the TR-LRB method below.
All concepts elaborated in this paper can, however, be generalized to more complex underlying PDEs.

As usual in the context of reduced basis methods, we require parameter separability for a,, {,, and J
for an efficient offline-online decomposition. However, in many cases, this assumption needs to be artificially
constructed with the help of the so-called Empirical Interpolation (EI) [13,19,20,24]. Furthermore, to derive
optimality conditions for (P), we require sufficient regularity of the linear and bilinear forms, as well as the
objective functional w.r.t. the parameter.

We define for given u € V, i € P, the primal residual 7F"(u) € V' associated with (P.b) by

i (u)[v] i= 1, (v) — ap(u,v) for all v e V. (2)

To find a solution for (P), we follow the first-optimize-then-discretize approach, i.e., we deduce the first-order
necessary optimality system by using the Lagrangian functional £(u, i1, p) = J (u, ) +75" (u)[p] and its derivative
with respect to all variables. Then, there exists an associated unique Lagrange multiplier p € V', such that

o (@) [v] =0 forallv eV, (3a)
OuJ (G, 1) [v] —a, (v,p) =0 forall v eV, (3b)
(0uT (w, 1) + Vyurk (@) [p]) - (v —R) >0 for all v € P. (3¢)

The tuple (4, 1) € V x P is called a first-order critical (FOC) point. We note that the existence of a stationary
point can be shown (given mild assumptions), but uniqueness is not necessarily given. For further details on
the optimality system, we refer to Corollary 1.3 from [38].

While (3a) restates the state equation (P.b), from (3b), we observe the so-called adjoint- or dual equation

ap (¢, pp) = OuT (up,p) [qg]  forallgeV, (4)

with solution p, € V for a fixed p € P and given the solution u, € V to the state equation (P.b). For given
u,p € V, we introduce the dual residual rﬂu(u, p) € V' associated with (4) as

r(u,p)la) == 0uT (up, 1) la] = au(q,p)  forallgeV. (5)
The dual solution p,, is of great interest for computing the gradient of the objective functional J efficiently, i.e.,
vuj(lj') = Vuj (U';u N) + Vurzr (uu) [p ] .

We also note that sufficient conditions based on the Hessian can be used to verify that the stationary point is
indeed a minimum; cf. [47]. However, in our algorithms, this condition can always be checked a posteriori.
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3. RELAXED TRUST-REGION METHOD

In this section, we introduce a relaxed variant of the error-aware adaptive reduced TR algorithm that has
been initially proposed in [71] and has so far been applied to global RB-based surrogates in [12,47,64]. The
proposed relaxation can be used as a warm start of the certified TR algorithm and, importantly, fulfills the
same general convergence result as presented in [12]. Notably, the relaxation technique is entirely independent
of the choice of the specific surrogate model and is helpful for both FEM-based as well as localized methods,
cf. Section 5. We emphasize that there are many reasons why we propose a relaxation of the original algorithm.
More details are given throughout this section and in Section 5. In the sequel, we carefully introduce the new
variant and relate it to the original algorithm without relaxation from [12,47] further below.

Let J be a sufficiently accurate discrete version of J, meaning that the primal and dual equations above are
discretized with an appropriate, most likely high-dimensional, finite-dimensional space V}, with fine mesh 7},.
We call this discrete reference model the full order model (FOM) and make the following assumption:

Assumption 1 (The FOM is the “truth”). We assume that the FOM discretization error |7 (1) — Jn (1) can
be neglected, which also translates to the primal and dual discretization error being negligible.

At this point we do not specify the concrete discretization scheme for computing Jn. In the already existing
works [12,47,64], this is based on a standard FEM approximation. However, as we see later, we may also choose
a multiscale method as the underlying FOM method.

Let J, denote a surrogate of the objective functional Jn, which is obtained by replacing the FOM with a
reduced order model (ROM). Further, we assume that the surrogate J, admits an a posteriori error result, such
that

Tn(1) = To(w)| < A (w), (6)

where A ; (1) can be computed without explicitly evaluating Jn at g€ P.

While the algorithm is not restricted to it, in [12,47,64], global RB methods have been used, which is why the
algorithm is often abbreviated as the TR-RB method, cf. Remark 3.1. We refer to [12,47] for corresponding a
posteriori error estimation results in the global RB case. A particular variant of a localized RB (LRB) approach
will be discussed and analyzed in Proposition 4.7, where also respective error estimates are derived.

The relaxed error-aware adaptive TR algorithm iteratively computes a first-order critical (FOC) point of
problem (P) and can be divided into an outer- and multiple inner optimization procedures. Roughly speaking,
every outer iteration includes costly FOM evaluations, an enrichment phase, and a cheap inner sub-problem.

In a standard TR method, in each outer iteration k£ > 0 of the TR, a local sub-problem is solved, minimizing
a cheap model function m*) for the expensive objective functional [, that is only considered valid in the
so-called trust-region (for instance determined by a metric distance). In our adaptive TR approach, we use

m® () = FW (u(’“) i ) ,

i.e., the locally accurate surrogate model, adaptively enriched along the outer path of the TR approach (indicated
by the subscript k). In particular, unlike a standard TR approach, we always reuse the enriched surrogate, which
we only initialize with the initial guess u(®) € P at k = 0.

In our method, we solve the sub-problem in the error-aware trust-region with radius 6*), characterized by
the a posteriori error estimator of the surrogate and relaxed by a corresponding relaxation parameter £*). To
this end, let (E(k)) r denote an a priori chosen null sequence, where we assume the existence of K € N such that
e®) =0 for all k > K. We solve for a solution 5 € P of

Ajr(k) (M(k) + 5)

min jr(k) (,u(k) + 3) s.t. : <5k 4 E(k), (7)
seP j(k) (,u'(k) —+ 5)
and set p*FtY .= 4*) 4 5 Hence, unlike in the previous works, the relaxation allows for larger steps in the

sub-problem, which is particularly of interest if the radius has been chosen inappropriately small.
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We solve equation (7) with an inner optimization routine and, at inner iteration I, we set
pFD () :=Pp (/,L(k’l) + de(k’l)) eP forj>0, (8)

where x € (0,1) and Pp is a projection on the admissible parameter space. Furthermore, d**) € R¥ is a descent
direction at the iteration (k,1), computed, e.g., by the projected BFGS, reported in Section 5.5.3 of [48]. It has
been shown in [12] that a projected Newton algorithm for the sub-problems can enhance the convergence speed
and accuracy of the inner sub-problem which we do not consider for simplicity. Furthermore, we enforce an
Armijo-type condition for inequality constraints

. _ . K . 2
I (D)) = F0 () < =B D) — 0| 9)

with Karm = 1074, combined with the trust-region constraint in (7).
We terminate with a standard reduced FOC termination criteria, modified with Pp to account for constraints
on the parameter space as proposed in [47]:

Hum,z) _Pp (Muc,z) VAL (,ﬁm))) H2 < Tawns (10a)

where p*0 = p®) 4 s Additionally, we use a second boundary termination criterion to prevent the sub-
problem from spending too much computational time on the boundary of the (relaxed) trust-region.

)
jT(k) (M(k,l))

where 7oy, € (0,1) is a predefined tolerance and G2 € (0, 1), generally close to one.
After the outer iterate p**+1) := ;,(*:L) of (7) has been computed in L inner optimization steps, the (relaxed)
sufficient decrease condition helps to decide whether to accept the iterate:

j}Ek—i—l) (M(kJrl)) < jr(k) (Mféc) 4k, (11)

< 5k 4 ) (10Db)

5 (5 + ) <

where /JX%C denotes the approximated generalized Cauchy point, in our case, the first (gradient-descent) step of
the sub-problem. We note that this condition potentially allows for a step that increases the functional by a factor
of e®). Condition (11) can be cheaply checked by using a sufficient and necessary condition, cf. [47,71]. However,
if the cheap conditions are not applicable, we check (11) explicitly. If the iterate is rejected, we shrink the TR~
radius and repeat the sub-problem. If, instead, u*t1) is accepted, we use the parameter to enrich the reduced
model. We emphasize that the relaxation of (11) is substantial for the relaxed method. Without a relaxation
(11), the method may disregard many of the outer iteration points, which would contradict the relaxation of the
sub-problem and may result in a very slow method. The potential rejection and the corresponding extra FOM
effort to adjust the TR radius in the early stages of the algorithm is indeed one of the main reasons for the
relaxation of the original method. That is, the choice of a “perfect” TR-radius and shrinking- or enlarging factors
is problem-dependent and, at least to our knowledge, always has to be found by (computationally demanding)
trials.
Overall convergence of the algorithm can be verified with a FOM-based FOC condition

Hu(kH) —Pp (u(kH) ~ V. (,u(kﬂ))) H2 < TrocC, (12)

where the FOM quantities are available from the enrichment. Moreover, this allows to compute a condition for
possible enlargement of the TR radius if the reduced model is better than expected, cf. [47]. We also mention
that a reduced Hessian can be used for an a posteriori post-processing for the optimal parameter, cf. [12].
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FIGURE 1. Tllustration of the error-aware adaptive TR algorithm (without relaxation). From
the starting parameter ;(?), several inner optimization steps (solid black arrows) are performed
until the sub-problem reaches the boundary of the TR, constrained by A 50 < 6O, For the

second outer iteration (dashed grey arrows), the TR radius for the sub-problem is shrunk.
Already after the third outer iteration, the optimum lies in the interior of the trust-region.

Algorithm 1: Basic TR-RB algorithm.

Data: initial guess ,u(o), initial radius 6, null sequence (s(k))k, and tolerances 2, Tsub, TFOC-

1 Initialize RB model with /L<0> and set k = 0;
2 while not (12) do
3 Compute p*1) as solution of (7) with termination criteria (10);
4 if Sufficient decrease condition (11) is fulfilled with relazation e then
5 Accept ;L““H) and enrich the RB model at p“““);
6 Possibly enlarge the TR-radius;
7 else
8 ‘ Reject u<k+l>, shrink the TR radius 6®*) and go to Line 3;
9 end
10 Set k=k+1;

11 end

To conclude, Algorithm 1 summarizes the main steps of the algorithm. We note that in lines 4 and 6 of
Algorithm 1, we have neglected detailed information on the exact computational procedure concerning the
cheap conditions for the sufficient decrease conditions according to [71] and the enlarging of the TR-radius with
a suitable accessible condition. For both features, we again refer to [47]. In Figure 1, we illustrate the described
procedure for a simple example with a two-dimensional parameter space.

Remark 3.1 (Choice of the surrogate). We emphasize that the above presented relaxed algorithm can be
used for arbitrary surrogates that enable a corresponding error control and the convergence can be shown, cf.
Theorem 3.3. The variants in former works were abbreviated by the TR-RB algorithm, where RB explicitly
refers to the (global) reduced basis reduction. In order to underline the generality, we avoided the explicit use
of this abbreviation.

Remark 3.2 (Equivalence of the error aware R-TR and TR). Independent of the reduction approach, we also
emphasize that the introduced relaxed TR approach is (apart from the sub-problem solver and minor specifics)
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equivalent to the algorithm from [47] and [12] if €*) = 0. Thus, the relaxed TR algorithm can be interpreted
as the original TR algorithm with a warm start.

Concerning the convergence, we can reuse the convergence result of the TR algorithm from Theorem 3.8 of
[12], formulated in the following theorem.

Theorem 3.3 (Convergence of the relaxed error aware adaptive TR algorithm). Let (%)), be a null sequence
as defined above. Let sufficient assumptions on the Armijo search to solve (7) be given; cf. [12]. Then every
accumulation point i of the sequence {u(k)}keN C P generated by the described R-TR-RB algorithm is an
approximate first-order critical point for jh, i.e., it holds

|5 =Pr (71— Vuda @), = 0. (13)

Proof. Since ¢*) = 0 for all k£ > K, we can consider the result of the K iterations of the R-TR as a warm
start for the TR. Hence, let (5 be the initial guess of the TR algorithm. Then, the convergence theorem ([12],
Thm. 3.8) can be used and automatically holds for the R-TR. O

We also note that the convergence result is independent of the specific sub-problem solver, e.g., projected
Newton (as in [12]) or projected BFGS (as used below). As with all different optimization methods for the
discussed optimization problems, it can always happen that the R-TR algorithm finds a different local minimum
than the originally proposed TR algorithm.

4. OPTIMIZATION OF MULTISCALE PROBLEMS BASED ON THE TSRBLOD

One of the main contributions of this article is to equip the above-introduced relaxed error-aware adaptive
TR method with a localized reduced basis approach such that costly global evaluations of (P.b) are not required
anymore. Our approach is based on the TSRBLOD from [46], which has recently been introduced for the Petrov—
Galerkin version of the localized orthogonal decomposition method (PG-LOD) [27]. The (relaxed) TR approach
that we detailed in the previous section can naturally be used for the localized case simply by using appropriate
choices for the discrete functional J, and its reduced version J,. Specific circumstances regarding the initial
construction and enrichment of the localized surrogate may occur.

In the following, we give a precise definition of a localized reduced FOM functional A,ioc, the localized
reduced ROM functional jrloc, and its gradients V Aﬁ"c, and erloc. Furthermore, we elaborate on the error
estimator A Floe and provide details on the localized online enrichment of the ROM.

4.1. Localized full order model using the LOD

The LOD is a well-established multiscale method that is flexible for rough and non-periodic multiscale
coefficients. Since we use the PG-LOD as the FOM model of the optimality system (3), we now explain the
primary concepts of the method. We refer to [53] for more background and to [46], where the same notation is
used.

Localized orthogonal decomposition method. As typical for multiscale methods, we use a low-dimensional coarse-
mesh 7y with mesh size H > h such that 7 is a refinement of 7. We construct the respective FE space by
Vi := V3, N P1(7x). The corresponding ideal LOD space is defined by

Vi = U —9u) (V).
Here, the fine-scale corrections Q,,(v) € Vi, for a given vy, € Vj,, are the solution of

ay (Qu (vn), vf) =a, (vh,vf) for all o' e Vhf, (14)
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where the fine-scale space Vhf := ker(Zy) C Vj, can be obtained with an interpolation operator Zy : V), — Vg
that maps a high-fidelity function v, € Vj to the coarse FE space vy € Vy. In conclusion, Q,(vs) is the
a,-orthogonal projection of v, onto V,f, such that we have a,-orthogonal splitting of Vj, i.e., Vi, = Vi1, @a, Vhf.

Since both spaces are still defined on the whole computational domain, we use corresponding truncated fine-
scale correctors QF , (v) € V)i, 1, where Vi , 1 := VINHg (U,(T)) is the localized fine-scale space on a coarse-scale
patch Up(T'). Here, Uy(T) := U(Up—1(T)) is defined recursively with Uy (T) := U(T) and U(S), S C Q denotes
the union of all elements in 7 that intersect S. Hence, we solve locally on Uy(T)

a, (Qzﬂ(vh),vf) = af (vh,vf) for all o' € V{LT, (15)

where ag denotes the bilinear form obtained by restricting the integration domain in the definition of a, to
T € Ty. The resulting localized space can then be defined as

Vi, = = Q) Vi),

where Q ,, := >, Q/ , contains all localized corrector functions Q7 , from (15).
Finally, we approximate the solution of (P.b) by the Petrov-Galerkin version of the LOD: Find uy®, , € Vi3
such that

ay (UE?(,H,UH) =1,(vy) for all vy € Vj. (16)

We note that the standard Galerkin formulation can be obtained by using Vg , also as the test function;
see [53]. To ensure that (16) has a unique solution, we require inf-sup stability of a, w.r.t. Vi, u and Vy. As
proposed in [46], an appropriate inf-sup stability constant is given by

a, (wH -9 (wH),vH)
Ve = inf sup - >0, (17)
e eVin Vi |lwyy — QF, (wn)|  llonll,
’ a,p

for all I > Iy, lp € N. The proof of the inf-sup stability is conditioned on sufficiently large ¢; cf. [27,32,46].

A vpriori error estimate of the PG-LOD. Writing the solution of (16) as U, = UH 0 — Q. (upe,) with
Um0, € Vi, we have the following a priori estimate, which was first shown in [27].

Theorem 4.1 (A priori convergence result for the PG-LOD). For a fized parameter pu € P, let up, € Vi, be
the finite-element solution of (P.b) given by a,(up, ., vn) = l(vp), for all vy € Vi,. Then, it holds that

s = it el + o = il S (H +0°0%2) 1 £l oo,

with 0 < @ < 1 independent of H and ¢, but dependent on the contrast k = (B/a. The result, in particular,
follows from the exponential decay of the fine-scale correctors for all vy € Vi:

1(Qu = Qe) wr)ll, . S O |l0mll, - (18)

For a detailed discussion on the decay variable 6, we refer to [31,32,52]. We emphasize that the LOD
is generally vulnerable to high-contrast problems or rapid coarse-scale changes induced by high conductivity
channels since 6 depends on the contrast of the problem. For neglecting the issue of high contrast in the LOD, the
interpolation operator Iy has to be adjusted. For instance, works in this direction have been done in [16,31,63].
Note that using a right-hand-side correction as in [32,33], for instance, can further enhance Theorem 4.1 by
removing the H dependency but requires additional corrector problems.

Remark 4.2 (Fulfillment of Assumption 1). For Assumption 1, we may assume that an appropriate choice of
the coarse-mesh size H, fine-mesh size h, and localization parameter ¢ is given to cope with the underlying
problem. This means that the LOD errors |[up,, — w2, [Phy—PH 0.l 12, and the corresponding H'-errors
are negligible, where up, ,,, ph,u € Vi, denote the FE solution of the primal and dual equation, respectively.
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Approzimation of the objective functional. The corresponding primal variable can now be used to compute the
corresponding localized FOM objective functional, i.e.,

7 (1) = T (wreus ) - (19)

The subindex % in J°¢ refers to the fact that the construction of the solution space e, for solving (16)

internally requires the computation of the correctors that resolve the fine-scale mesh, which can then be discarded
immediately. Note that we do not plugin u}% u € Vs, , into J since the basis of Vi's, ,, may not be available,
which is the case if the fine-scale correctors can not be stored. From Theorem 4.1, we see that the coarse-scale
behavior (in the L2-sense) is captured by u ., € Vi and the correctors are only required for the H L_accuracy.
However, in many multiscale applications, the L2-behavior is already sufficient; see also the discussion in [27].
To align with this, we employ the following structural assumption on 7.

Assumption 2 (7 is a coarse functional). We assume that the objective functional is a coarse functional,
measuring in the L?-sense, i.e., for allug € Vi and uf € V,f, we have

T (un +ul,p) = T (u, ) -

Approximation of the Gradient. For our optimization method, we require the gradient of jﬁoc. As discussed
in Section 2, we use the adjoint variable, which we also compute with the PG-LOD. While (16) works as
a replacement for (P.b), we formulate a corresponding PG-LOD version of the dual problem for (4): Seek a
function p’, , € Viry , such that

a, (vH,pE’S&H) = 0uJ (r 0,5 1) [VH] for all vy € Vy. (20)

Note that Assumption 2 justifies that up e, (and not up® ,) is used for the right-hand side of (20). From (20),
we conclude that, just as the FOM in [47], the localized FOM is a conforming choice in the sense that (M
and pg’ , belong to the same space V' . This choice only makes sense if the given multiscale coefficient A,
is symmetric, as we have assumed throughout this article. In that case, the recaptured multiscale effects for
the primal and dual operators are the same. If instead A, is not symmetric, different LOD spaces must be
constructed, which we do not consider.

Finally, we compute the gradient information with the following formula:

vﬂj#m(’u) = 0uT (um,eps 1) + a#TET (wm, o) [PH 0] - (21)

We emphasize again that we do not use up’ , € Vg5 , and pg’ , € Vg5 , but instead their coarse-scale
representations ug e, € Vg and pgye, € Vg to be able to discard corrector information directly after their
computation. Note that we could still plugin up®, € Vg5 , at some places in (21), e.g., for the linear terms
of J since the related terms can be prepared simultaneously to the assembly of the system matrix of (16).

To keep the theory short, we do not consider Hessian information in the localized approach but note that
using Newton’s method as in [12] is straightforward.

4.2. Localized reduced-order model using the TSRBLOD

To derive an online efficient reduced-order model for the PG-LOD, we recall the TSRBLOD recently intro-
duced in [46]. The TSRBLOD can be divided into two reduction processes. In Stage 1, RB models for the
corrector problems are constructed, and in Stage 2, these RB correctors are combined to a reduced two-scale
formulation to reduce the global LOD scheme to a single reduced model. The idea of reducing the corrector prob-
lems similar to Stage 1 has already been proposed as RBLOD in [5]. While in [46], the TSRBLOD showed to be
more beneficial in terms of online efficiency, the additional coarse-scale reduction introduces a different approxi-
mation error. However, the additional error of the TSRBLOD can rigorously be controlled. As demonstrated in
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[46], for large coarse systems, the online-acceleration can be multiple orders of magnitude. On the other hand,
the offline cost of the TSRBLOD is higher than the RBLOD since an additional offline—online decomposition
is to be performed. To avoid an overload of methods, in this paper, we only consider the TSRBLOD for the
relaxed TR method but mention that the same ideas can immediately be transferred to the RBLOD from [5].

Two-scale formulation of the PG-LOD. To relate (16) to the two-scale-based view on the PG-LOD as used
in [46], we further note that there exists a uniquely defined two-scale representation u, € U of (IS Vi
in the two-scale space

S

£,
— f f

T:=VaOVier © O Virmyg,,

f

Tir ‘) € U we define the corresponding two-scale H'-norm of u by
H

ll2 o= llual?+ 3 [l
TeTy

For u = (uH,ule,...,u

The two-scale approximation u, € U is the solution of
B, (u,,0) =Fu(v) forallv € V, (22)
where we define the two-scale bilinear form 9B,, € Bil(0) given by

£ f f f ._ f 1/2 £ f
93#((UH’UTN'”’UT\Tm)7(UH7UT1""7UT‘TH\)>'_au (uH— E uT,vH>+p/ § ay (up, vp)

TeTy TeTy
T £
—a, (uH, vT) ,

with a stabilization parameter p > 1; cf. [46]. Further, let §, € U’ be given as

Su ((vH,v§~l, e ,vrfp‘THJ) =1, (ve).

As proven in [46], the two-scale solution u,, € U can always be constructed from (16) and the respective fine-scale
correctors, such that

T
wy = e QY (wnen) s s Q™ (we)] . (23)
Similarly, with
g (v byl ) = 0u (0 ) oa, (24)

we can reformulate the dual system (20) by solving for the two-scale dual solution p,, € U of
B, (pu,0) = Sﬂf‘w“(n) for all v € V, (25)

where we note that we did not flip the arguments due to the symmetry of the bilinear form a,,.

Stage 1 of TSRBLOD. In Stage 1 of the TSRBLOD reduction process, we construct reduced spaces for the
corrector problems (15) for each T, parameterized towards the respective FE shape functions on 7. Assuming
such respective Stage 1 spaces Véf”}b to be given, we form a reduced two-scale space

T VeV e O

which can be used to consider an RBLOD-type version of the two-scale equations (22) and (25), where the
respective solutions can be obtained by using the RBLOD.
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Stage 2 of TSRBLOD. For an online efficient reduced model, loops over the coarse mesh should be avoided
in the online phase. For this reason, in Stage 2 of the two-scale reduction, we construct a reduced basis of
SUrblod.

Since the primal and dual equations (22) and (25) have different right-hand sides, we require two two-scale
reduced spaces YP-Pr grb.du  gyrblod Reducing the primal equation (22), given U*™PP", means to compute
the two-scale reduced primal solution qub € PP by

(v) — B (u, )

= argmin sup Su . (26)
ueYrb:pr veY |||UH|1

rb
uy,

Further, let uﬁ?% u € Vi denote the resulting TSRBLOD coarse-scale approximation, which can be recon-

structed from uﬂ% just by using the Vy-part of the respective basis of U™P*. Then, we define the corre-
sponding reduced functional by

() = T (Wi g pr 1) - (27)

Given the dual two-scale reduced space U™, the reduced dual problem (25) can be defined analogously,

with the vital difference that the right-hand side of the Stage 2 FOM system needs to be adjusted with the

one from the dual problem (25). By replacing §, in (26) by Siuurb from (24) and using U™4" instead, we
UH 6

obtain the two-scale dual solution pr € gr>du by

" ) Silfu;}’[“(u) _%# (p,U)
p, = argmin sup

peyrb.du vey H|U|”1

; (28)

which again uses the symmetry of a,. With the resulting coarse approximation i o, € Vi reconstructed
from pr, we can compute the reduced gradient as

vujf,!oc(:u) = aﬂj(u?},e,pu /’(’) + aMTEr(UI}l{)l,y,)[pI}}ié,u}' (29)

Remark 4.3 (Generalization of the TSRBLOD approach). We emphasize that the TSRBLOD approach in
[46] did not consider a parameterized right-hand side or an output functional. We still omit a further technical
description for brevity, noting that an efficient online system can still be observed.

4.3. A posteriori error estimate for the reduced functional

For the localized FOM and ROM approximation schemes, we aim at deriving the error estimator A 10c Of the
reduced functional, which is needed for characterizing the TR in (7). In the sequel, we restrict our theoretical

findings to the linear-quadratic case of J.

Assumption 3. We assume that J can be decomposed into a parameter function ©: P — R, and a (parameter
dependent) linear and bilinear term j, : V — R and k, : V x V' — R that are (bi-)linear (and symmetric) for
every parameter € P, such that

j(“vﬂ) = @(M) +ju(u) + ku(u’u)'

In what follows, we transfer the a posteriori result from [46] to the two-scale formulations of the primal
and dual systems. On top of that, similar to the a posteriori result in [47,64], we combine a primal and dual
estimate to obtain an estimator for the reduced functional. To this end, we use the following norms to assess
the approximation quality of the two-scale approach:

Uug — E Ug«

TeTy

2

10 S NE ) el R = sl o Y QE ) — o
TeET TeET

2
ll,, =




A TRUST-REGION REDUCED BASIS APPROACH FOR OPTIMIZATION OF MULTISCALE PROBLEMS 91

Proposition 4.4 (Upper bound on the local primal model reduction error). For u € P, let u, € U be the
solution of (22). Let u;b € U™ be the two-scale reduced solution of (26). Then, it holds

. . - v) =B, (u,0v
e =Pl < ARG =t (), with 92, (u) = VB (17%) 7 sup 8u (v) ol ACLS (30)
’ v 1

Proof. The assertion follows directly from [46], using the inf-sup stability of the two-scale equation,
see (17). O

Remark 4.5 (Equivalence of the two-scale norms). Due to the definitions of ||-||a,us [I/l1; ||*la,x, and ||-|]1 and

the equivalences of [|-|a,, and [|-||1, as well as ||||a,., and ||-||1, respectively, we note that the fine-scale errors

,Tb b
[, — UETZHHW“ e, — urffguﬂl, and the coarse-scale errors ||ug ¢, — “%x,u”a,m and |lup,e, — U?Rz,,t”l

can be bounded by Agﬁ with the respective equivalence constants, cf. [46].

Next, we derive corresponding dual estimates that account for the fact that the right-hand side contains the
reduced primal solution instead of the true LOD solution.

Proposition 4.6 (Upper bound on the local dual model reduction error). For pu € P, let p,, € U be the solution
of the two-scale dual equation (25). Let p;b € U™ be the two-scale reduced dual solution of (28). Then, it holds

r r \/g r u r
|||plL - p;l‘b|||a# < Adll)l(.u“) = ? (QFYkMApE(:u‘) + ng,u (pub)) ) (31)

where 7y, denotes the continuity constant of k, and 7725; is analogously defined as n%", associated with (25),
i.e.,

_ gy (0) —B, (p,v)
7723L (P) = \/g(yfg) 1 sup [IR75: I ' (32)
ves llollly

Proof. We use the shorthands ei“ =Py — pzb € U™ and eII);,u = UH L — u;‘f’z’“, where ug,, € Vg and urIR&#
are the Vg parts of u, and uﬁﬂ respectively. With the inf-sup stability constant from equation (17), we have

2 led™]]] < sup Byl ) (65, 0) — sup B () _ By (p}> )
VB e T oseeq ol ozvew \  loll llolly
d du du
B PG N OB PRUNS. NN D e e
ozoew | lolly [lolly llollly lolly - el e R

with &ldtf‘, defined in (24), which is linear in its sub-index argument due to the definition of J. In the last
inequality we used that 0,J (e, p)[ve] = ju(ve) + 2k, (ve,e) for the linear-quadratic case. We attain the
desired result utilizing Proposition 4.4 and Remark 4.5. (]

Similar to Remark 4.5, the respective dual estimators can also bound the corresponding dual norms from
Proposition 4.6. Finally, we derive the a posteriori error result for the reduced objective functional.

Proposition 4.7 (Upper bound for the reduced functionals). For u € P let u, € U be the two-scale solution
of (22) with coarse part up e, € Vi and LOD-space representation up’, , € Viry . Further, let p, € T be the
two-scale solution of (25) with coarse part pr e, € Vi and LOD-space representation Py € V}}"ZM.

(i) We have for the TSRBLOD-reduced cost functional

7loc 7loc r u r r 2 r
p2C() = T ()] < A groe (1) := AR, (p7) + (AR (1)) Tk, + Affune (1)

rb

where prb € YU denotes the two-scale reduced dual equation and AP,

homogenization term which is specified below.

(1) is a truncation-reduction-based
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trunc( ) 18 deﬁned as

AzEunc( ) = ay (eH £ QZ S (pH @,u)) (33)

(ii) The truncation-reduction-based homogenization term AP

and can be estimated by

AR < A Ge) (026" |5, + s (#52)) + a2 (193 0, s (a0 (34)
with respective coarse- and two-scale-space primal and dual solutions and constant ¢ > 0.

Proof. We utilize Assumptlon 2 to incorporate the estimates of Propositions 4.4 and 4.6. By using the shorthands
el = U, — ugser# and epr g := o — Uy, , and the definition of 7§* in (5) with 9,7 (e, p)[g] = j.(q) +
2ku(q, o), we have

’ IOC jloc ’ = |j uHﬁ;u,u') *j(ul}?,é,uvuﬂ

ms

b b
= Ju (eH e) + ki (Wr e e ) — Ky (Uﬁ,z,w UI;I),@,M) —ayu (eH eypgszru) +au (eH éapgszf,g’
b
= Tﬂu (U?}?e,wp?eru) [erfl},sz] 2k, (uHéweHZ) + Ky (WH 6 WH 0 )

ms,rb
—ky (u WUHI )+ au (eH 6P z,uﬂ

ms,rb ms,rb

(uir
- u( préu> [eﬁfe]—kk (6H476H1)+a” (eHz’pr“)‘
e (P2

’) |
ms, rb)

where we used that a, (e}, Py ) =
that

o+, Nemll + an (€55 Q2 (W e)) |

—au (€5, 9 M(pH ¢.))- This concludes the proof for (i). For (i), we note

ay (€55 Qi (Piren)) = an (e Qu (Pi7e)) — an (efre (Qu— Qe+ Qeu—Q) (Pey)
and
ay (62?27 Qu (pﬂ?,z,u)) = ay ((Qé,u_gu) (“H,é,u qu u) (Qf,u 9% u) (UHZ u) Qu (P?f,e,u)) .
We thus obtain

|aw (el Qi (PFe))| < ||6§,S€Ha,u (H(QM*QM) (plzl),e,u)na,ﬂ +[1(Qe— QL) (p%’,e,u)Hw)
+ HQP« (p%)v&N)Hau (”(QN_QZ,N) (eHZ au+ H(QZU Q ) (uH@ M)Ha,u)
< A3 (@0 [ el 0 ()

150l (e emall, o (52))
< ARG ((en 4+ e2) €720 953 0l 7% (B3) ) + P52 0l s (50)
where we have used the a priori result on the corrector decay (18) and Remark 4.5. Using the equivalence of
|-la,. and [|-||1 yields the assertion. O

Remark 4.8 (Truncation-reduction-based homogenization term). In Proposition 4.7, we intentionally sepa-
rated the error estimation from the homogenization term AI® (u) and presented a rather naive estimation of
it. The reason is that the term can be interpreted as a truncation term that (without reduction) vanishes for
true LOD-space functions, i.e.,

b
Gy (U}IIITW Qu (p%l,u)) =0, (35)
for all vi, € Vi, since Q,(p57,,) € Vi and Vi, = VIS, @a, V.
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Remark 4.9 (Computation of constants in the estimators). For using A Fioc (1) in the numerical method, we
require a fast computation (or estimation) of the respective constants. Detailed information on the constants
are given in Section 5. We emphasize that the inf-sup constant in (17) is a particularly challenging task. In
our work, we assume ;® & a'/2Cz,,, where Cz,, denotes the interpolation constant of Zy for which we can
assume C7,, =~ 1, see also [46] for justification. In a more elaborated approach, we could use the successive
constraint method [42] at the price of a slightly higher CPU time. As an alternative a posteriori error estimate
for A Jloe (1), we refer to hierarchical error estimation [28]. While the hierarchical error estimate is based on a
saturation assumption and is thus not fully rigorous, it has the advantage that no unknown constants, such as
the parameter dependent inf-sup constant, are involved in the estimate.

Remark 4.10 (Offline-online decomposition). The above-derived estimators can be offline-online decomposed
with a numerically stable procedure, see [46] for the primal equation. However, while the additional orthonor-
malization of the residual terms of Stage 1 is necessary for the Stage 2 residual, the additional computational
expenses for stabilizing the Stage 2 residual are not strictly needed in our approach. Indeed, concerning the
overall cost of the TR-TSRBLOD algorithm, we omit the offline-online decomposition of Stage 2 entirely and
instead compute the residual and its Riesz-representative whenever needed, cf. Section 4.5.

4.4. Local basis enrichment

It remains to elaborate on the adaptive localized enrichment strategy for a parameter . € P, e.g., an accepted
outer iterate of the TR algorithm. In [12], it is discussed that the RB space can either be updated unconditionally
or optionally. For local RB models, the situation is more complex. While we, at least for obtaining certified
convergence in the sense of Theorem 3.3, always perform an enrichment, some local models may reject or dismiss
the snapshots if, e.g., the selected parameter does not influence the local model. For this reason, a localized
error that decides for a local update is crucial, commonly known as localized online enrichment; cf. [17].

First of all, we note that the estimators n”, and 7733; that occur in Proposition 4.7 can indeed be boiled
down to their respective local reduction errors by the construction of the two-scale bilinear form. In particular,
the standard RB estimation of Stage 1 of the reduction process for the TSRBLOD can be used.

For each T' € T, we may use the residual-norm based estimate

HQZM (o) — QZ’;b (’UH)HQ’M <nrp (QZ’:b (’UH)) ; (36)

where

T f T,rb ¢
T,rb 12 ay (v, vp) — ay (Qz,,: (vm) avT)
N7, Q€7N (UH) =« sup

: , (37)
eV, r [0%[],

which is essentially the standard residual-based estimation of (15).

In the relaxed TR scheme, at an enrichment step for a new parameter u, for every T, we use the Stage 1
estimator AL (u) := 77T7H(Q€T,gb(vH)) to decide for whether we enrich the local space. We enrich the space if
the estimator is larger than a tolerance 7. > 0, relaxed for every outer iteration k, i.e.,

AIT(;C(/“’L) + 5(k) > Tioc- (38)

For a sufficiently small 7o, or a large relaxation £(¥), the enrichment strategy can be considered unconditionally.
We note that the presence of the relaxation parameter in (38) can be justified by the fact that the outer iteration
steps of the relaxed TR can be expected to be far away from each other.

We note that the online adaptive approach is also motivated by the numerical experiments in [5,46], where
it was demonstrated that moderate choices of 7. already produce acceptable reduced models. However, it is
clear that the choice of the tolerance 7y, is highly problem dependent. If the tolerance is chosen too large, the
method could be stagnant (due to the missing local basis quality). In such cases, it is recommended to refine
the tolerance adaptively. For simplicity, we omit such a strategy in this paper.
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Concerning the Stage 2 reduction, we note that the TSRBLOD model is based on the reduced models from
Stage 1, meaning that whenever the Stage 1 models are enriched, it is recommended to build the new Stage 2
from scratch. Thus, there is more freedom in choosing the enrichment parameters for the TSRBLOD model.
With respect to the fact that, at iteration k, the Stage 1 models are exact (up to the tolerance 7j,¢), we propose
to enrich the TSRBLOD model for the same sequence of TR iterates u(?, for i = 0,...,k. Greedy-based
enrichments of the TSRBLOD are also possible, mainly because the snapshot generation with Stage 1 is fast.
However, our experiments suggested that greedy-search algorithms do not provide significantly different results.

4.5. TR-TSRBLOD algorithm in Pseudo-code

We summarize the (R)-TR algorithms based on the TSRBLOD in the following. The relaxed TR-TSRBLOD
procedure in Algorithm 2 is analog to Algorithm ?7 but with the specification of a localized LOD-based FOM
and the localized TSRBLOD reduced model including its respective estimator is used. Thus, no FEM-based
approximations are required compared to the algorithm used in [47]. This makes the TR algorithm usable for a
much more comprehensive range of optimization problems. As stated in line 6 of Algorithm 2, we check the FOM
termination criterion prior to the enrichment. This is because the online enrichment, including the assembly of
the respective estimators, is relatively more expensive than the pure computation of the termination criterion.
Again, if () = 0, the relaxed algorithm is equivalent to the original TR algorithm.

Algorithm 2: Relaxed TR-TSRBLOD algorithm.

Data: Initial parameter u(o), stopping tolerance for the sub-problem 74,1, < 1, stopping tolerance for the FOC
condition Troc with Teub < Troc <K 1, relaxation sequence (5(k>)k.
1 Set k = 0 and initialize TSRBLOD model with p(©;

2 while [[u® —Pp(u® — V.72 (u™))]]2 > Troc do

3 Compute p**Y from (7) with relaxed termination (10a) and (10b);
4 if Relaxed sufficient decrease condition (11) is fulfilled with relazation ¢*) then
5 Accept u(k“) and possibly enlarge the TR-radius;
6 Before TSRBLOD enrichment: If (12) go to Line 2 for early termination;
7 Stage 1. Enrich the local RB corrector models at p*+1) for all T' that fulfill (38);
8 Stage 2. Construct the primal and dual two-scale models and enrich for all ,u(k/), k' =0,...,k+1, and do
not assemble Stage 2 estimator;
9 else
10 Reject p**Y | shrink the TR radius 6*+Y = 3,6® and go to 3;
11 end
12 Set k =k +1;
13 end

5. NUMERICAL EXPERIMENTS

We analyze the presented (relaxed) TR-TSRBLOD approach with two experiments with the same problem
description, only differing in their respective multiscale complexity. We define the fine-mesh by n;, x nj, and the
coarse-mesh by ny x ng quadrilateral grid-blocks of © := [0, 1]?, used to determine the standard FE mesh 7},
and Ty, respectively, with traditional P'-FE spaces V}, and V. The mesh sizes h and H can be computed
from np and ng. In the first small experiment, we compare the localized methods to FEM-based TR methods,
whereas, in the second large experiment, we neglect FEM entirely, as it is computationally infeasible.

In the experiments, we mainly focus on the number of evaluations relative to their complexity to the fine FEM
mesh-size h, the coarse LOD mesh-size H, or the respective low RB dimensions of the reduced models. Moreover,
we provide run time comparisons that present the computational efficiency observed with our implementation.
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Our computations were performed on an HPC cluster with 400 parallel processes. Nevertheless, the observed
run times can not be interpreted as the minimal computational times of the localized algorithms. More HPC-
oriented implementations can strengthen the localized approaches even more. We also note that the Stage 2
reduction has been implemented as a serialized process, where neither the observed data from Stage 1 is efficiently
stored, nor the sparsity pattern of the two-scale system matrix is entirely exploited.

In our numerical experiment, we use the L?-misfit objective functional with a Tikhonov-regularization term:

j(v,u)z%/D( 1 () —ud) da + = Zal —ud) ‘i1 (39)

Here, u? € P is the desired parameter and u? = I H(uya) the correspondmg desired solution specified in each
experiment. Using the interpolation operator Iy ensures Assumption 2. Moreover, using an actual solution as
desired temperature and the respective desired parameter in the objective functional ensures that the opti-
mization problem is sufficiently regular, such that all optimization methods converge to the same point for
comparison purposes. We note that J can be written in the linear-quadratic form as in Assumption 3 by
O(u) =+ oM oi(pi — ) + 22 [ utud + 1, ju(u) = —op [, utu, and k,(u,v) = 22 [, uv.

We consider the admissible parameter set P = [1,4]?* x [1,1.2]8. The diffusion coefficient A4, in the symmetric
bilinear form au is considered a 4 x 4 — thermal block with two different thermal block multiscale coefficients
A1 and AQ,

A= Ay + AL = ZMﬁAz + Z HeAe 16
e=17
Each of the 4x4 blocks is linearly dependent on an mdlvrdual parameter. The respective parameterized multiscale
blocks are given by A} = Al|Q and A2 = AQ‘Q K where €; ; denotes the (7,7)-th thermal block for 4,j =

1,2,3,4 enumerated by £ = 1,. 16 The multiscale features are randomly constructed iid values in a normal
distribution N([0.9,1.1]) on a N1 x Nj (for A') and Ny x Ny (for A?) quadrilateral grid. The specific values
for N7 and N, are given for each experiment. Hence, the multiscale data does not admit periodicity or other
structural assumptions apart from the bounds; see Figure 2 for a visualization of the random field (evaluated
with p). Moreover, both coefficients Ai and Ai have low-conductivity blocks in the middle of the domain, i.e.,
for €; 5, %, = 2,3. The low conductivity is enforced by the choice of the parameter space P. We choose the
non-parameterized constant function f, = 10 as the right-hand-side function. For the inner product of Vj,, we
use the energy norm ||| := |||, , for a fixed parameter i € P in the middle of the parameter space. Hence, for
the continuity constant v, we can use the standard max-theta approach. Details on the inf-sup constant in (17)
were given in Remark 4.9. The maximum contrast £ and the respective constants a and 3 can be approximated
by considering a sufficiently large subset of P. Concerning the a priori constants in (34), we enforced the (in
our experiments meaningful) assumption that the dual reduction term dominates the estimate, s.t. we have
cﬁd/29€||pH P) #Hl <nd (pr) This can be justified by the exponentially decaying term 6¢ dominating the term
for large enough L. Furthermore the algorithm is robust concerning overestimation.

Details on the fine- and coarse mesh are given in the respective experiments. The desired parameter pud € P
is equal for both experiments and mimics the case where boundary constraints are active, i.e., we set ¢ = 4 for
i=3,4,6,7,89,11,14 and pd = 1.2 for i = 28,29, 30,31. The remaining values of u¢ are chosen randomly in
the interior of P, see Figure 2. The initial guess 1(?) is also chosen randomly in the interior of P. Furthermore,
the weights for the objective functional are chosen as o4 = 100 and o; = 0.001 for each ¢ =1,..., P.

Similar to the experiments in [47], we choose an initial TR radius of 6° = 0.1, a TR shrinking factor 4, = 0.5,
an Armijo step-length k = 0.5, a truncation of the TR boundary of 82 = 0.95, a tolerance for enlarging the TR
radius of n, = 0.75, a stopping tolerance for the TR sub-problems of 74y, = 1078, a maximum number of TR
iteration K. = 40, a maximum number of sub-problem iterations Kg,, = 400, a maximum number of Armijo
iterations of 50, and a stopping tolerance for the FOC condition Troc = 1076.

State-of-the-art methods. The following algorithms are used to compare our algorithms to the literature.
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FIGURE 2. Coefficient A}, with Ny = 150 (left) and A% with Ny = 300 (right) for the desired
state of ud € P. For more details, we refer to the accompanying code [44].

1. FEM BFGS. Similar to the work in [47,64], we perform a standard projected BFGS method solely based
on classical FEM evaluations. This means that the high-fidelity space V}, is the only approximation space,
and no reduced approach is used.

2. TR-RB BFGS from [47]. Given the FEM discretization from Method 1, we use the trust-region reduced
basis algorithm with full certification and global RB evaluations based on FEM enrichments (Algorithm 1
with £(*) = 0). As the reduced model, we choose the non-conforming dual (NCD)-corrected approach with
Lagrangian enrichment and the respective error estimation. This reduction approach has shown very good

robustness properties and fast convergence. Moreover, we use the projected BFGS as the ROM-based TR
sub-problem.

Selected methods introduced in this article. In this paper, we introduce a relaxation of the TR method. The
relaxed version of Method 2 is obtained by choosing the relaxation sequence accordingly.

2.r R-TR-RB BFGS. In this method, we use the relaxed trust-region reduced basis variant for the FEM-
based TR-RB algorithm from Method 2. The relaxation sequence is chosen as *) := Lip<r)(k) - 1010-F
where K := 10; cf. Algorithm 1.

2.rx R-TR-RB BFGS. Equivalent to Method 2.r, but without evaluating and assembling the estimator in
early iterations k < 10 (because the relaxation dominates the TR-conditions, i.e., A ; g < k). We use
this variant to show that the error estimation is a substantial slow-down factor in thc rclaxed TR that is not
needed in our experiments. The method can also be interpreted as Method 2.r with £(*) := 1 (k<) (k) - Gmax,
where ap,.x denotes the maximum positive value in the binary system.

Given the LOD discretization as explained in Section 4, we consider the following localized methods.

3. PG-LOD BFGS. Asa FEM replacement, we consider a new FOM method by using the standard projected
BFGS method with PG-LOD evaluations without using reduced models. The PG-LOD system is always
constructed from scratch and does not use any prior knowledge from previous parameters.

4. TR-TSRBLOD BFGS. We use the TR algorithm based on the localized TSRBLOD reduction process as
detailed in Section 4.2. The procedure is summarized in Algorithm 2, choosing ¢®) = 0. The sub-problems
are again solved with the BFGS method. Moroever, we use a local enrichment tolerance 7o = 1073 in (38)
which has proven to be sufficient for our experiment, cf. Section 4.4.

4.r R-TR-TSRBLOD BFGS. Just as explained in Method 2.r, we devise the relaxed version of Method 4.,
by choosing e®) := 1, ) (k) - 101°~% where K := 10; cf. Algorithm 2.
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4.rx R-TR-TSRBLOD BFGS. Equivalent to Method 4.r, but without evaluating and assembling the esti-
mator if k£ < 10; cf. Method 2.rx.

Complexity measures. To assess the presented methods w.r.t. their computational demands, we count the
accumulated evaluations of the FOM and ROM systems that were needed until the respective algorithm is
aborted. To be precise, we deviate between the following complexities:

FEM. FEM evaluations, proportional to the DoF's in 7, which are needed for approximating (P.b) or (4) with
FEM or for enriching the respective global RB model for Methods 2.r and 2.

RB. Global RB evaluations for approximating the FEM system, proportional to the global basis size.

LOD coarse. Coarse PG-LOD system evaluations with exact corrector data, meaning to solve (16) or (20),
proportional to the DoF's in the coarse mesh 7. These are only required in Method 3 and for the FOM-based
termination criterion in Methods 4.r and 4.

LOD local. Local evaluati ons of all FOM corrector problems that are required for assembling the multiscale
stiffness matrix of (16) and (20), locally proportional to the fine DoFs in the coarse-scale patch U,(T),
indicated by the subscript h, i.e., Upg(T)p.

RBLOD coarse. Coarse PG-LOD system evaluations with RB-based correctors for the multiscale stiffness
matrix, required for the snapshots generation in the TSRBLOD, proportional to the DoFs in 7y.

RBLOD local. RB evaluations of the RB corrector problems, proportional to the local RB sizes.

TSRBLOD. RB evaluations of the TSRBLOD system, proportional to the two-scale RB size.

Error measures. As the optimization target, we validate the methods by considering the relative error in the
optimal value of 7, i.e., we consider e ¢! (y) = |7 (1) — T ()| /T (1), where p is the current iterate and J
is either the FEM-based objective functional 7}, or the LOD-based objective functional J;}°°.

5.1. Experiment 1: Moderately sized experiment for comparing with FEM-based
methods

In what follows, we consider an experiment where FEM solves are computationally affordable. To this end,
we set the resolution of the multiscale coefficients to N; = 150 and Ny, = 300. For the fine mesh, we thus
choose np = 1200 to ensure at least 4 quadrilateral grid cells in each of the rapidly varying multiscale features.
Therefore, the FEM mesh has 1.4 Mio degrees of freedom. For the coarse grid, we choose ng = 20, which results
in only 400 coarse grid cells and, in particular, £ = 3 and 176.400 fine-mesh elements for full patches Uy(T).
Concerning, the objective functional, we compute u,qa as the FEM solution of (P.b) for pd.

5.1.1. Estimator study for the two-scale reduced functional

Before we elaborate on the optimization methods, we investigate the above-derived estimator A Floc For this
purpose, we employ a standard goal oriented greedy-search algorithm. To be precise, we consider a training
set Pirain containing 100 randomly sampled parameters. Subsequently, we enrich all local bases with respect the
parameter with the largest estimated error. In Figure 3, we illustrate the respective largest value of the estimator,
compared to its true error and the resulting effectivity. We conclude that the estimator suffers overestimation
but the effectivity stays on a constant level. This behavior has already been observed in the global RB case in
[47] and, as explained above, does not harm the method severely.

5.1.2. Comparison of the optimization methods

We emphasize that for this experiment, an approximation error of the PG-LOD in J is still observable,
e.g., at the desired parameter pd, we have |7°¢(ud) — J5(u?)|/Tn(u?) = 8.25 - 1076, Although this violates
Assumption 1, we can expect that all methods converge up to the LOD discretization error, which is sufficiently
close for this experiment.

In Figure 4(left), we visualize the number of affine components of the local corrector models directly associated

with the number of components in A, which can be determined by the number of thermal blocks that lie in
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FIGURE 4. Left: number of affine coefficients in each patch problem T for ny = 20 and ¢ = 3.
The thermal block structure of A} and AZ is highlighted in green, two patch instances are
highlighted in red. Right: local corrector R]:gl sizes of the Stage 1 models in Method 4.

the patch. The thermal blocks are highlighted in green, and since £ = 3, the resulting affine components can be
counted. For instance, the lower-left element’s patch only reaches the lower-left thermal block (resulting in 2
affine components). Moreover, the elements in the interior have a patch that reaches up until all 9 neighboring
blocks (resulting in 18 affine components each). The discussed patches are highlighted in red in Figure 4. We
conclude that the corrector problems have a more minor parameter dependence than globalized RB methods.
In turn, we can expect the local RB models to require fewer basis functions.

In Figure 4(right), the local RB size of the Stage 1 models in Method 4 is depicted. It can be seen that
the model requires a relatively rich space at the coarse elements that are close to the “jumps” in the desired
parameter, cf Figure 2. As expected, the low conductivity blocks in the middle of the domain do not require
many RB enrichments since the optimization problem in these blocks is less demanding. In addition, from solely
looking at Figure 4(left), one would guess that the local patch problems that admit the highest number of affine
components require the most basis functions. The fact that this expectation is invalid proves that the optional
enrichment can play a significant role in the algorithm.

All compared methods indeed converged up to the chosen FOC-tolerance to the same point, and it was
verified that the point is indeed a local optimum. We intentionally stopped the FEM-based methods earlier
(with TEEM = 107*) to obtain a comparable optimization error e rel(i) of up to 1076, which is due to the
known LOD-error mentioned above. In Tables 1, 2, and Figure 5, we report relevant information on the evaluation
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TABLE 1. Experiment 1: Evaluations and timings of selected methods. The FEM-based methods
are stopped such that e ! is comparable for all methods. Evaluation counts exclude estimator

training.
LOD Stage 1 TS

Evaluations FEM | RB Coarse | Local Coarse | Local Outer iter. | Time
Cost factor #Tn Nwp | #7u H#U(Tu)n | #7u NrB NrB

1. FEM 163 — — — — — — 52 6412s
2. TR-RB 10 1067 | — - - - - 3 863 s
2r R-TR-RB | 8 1082 | — - - - - 2 565s
2.r« R-TR-RB | 8 696 — - - - - 2 289s
3. PG-LOD | — - 242 128 000 - - - 79 723s
4. TR-TS — — 18 19200 42 67200 | 572 6 902s
4r R-TR-TS | — - 12 12800 20 32000 | 671 4 788s
4.rx« R-TR-TS | — — 12 12800 20 32000 | 311 4 281s

TABLE 2. Experiment 1: More details on the run times and accuracy of selected methods. The
FEM-based methods are stopped such that the e”*!(1) is comparable for all methods.

Online Offline

Method Total | Speedup | Outer | Inner | FEM | Stage 1 | Stage 2 | e/nrel

1. FEM 6412s | — 6412s | — — — — 4.24e—06
2. TR-RB 862s | 7 841s 22s | 841s | — - 7.29e—08
2.r R-TR-RB 565s | 11 542s 23s 542s | — - 2.45e-07
2.r~ R-TR-RB 290s | 22 268s 22s 268s | — — 2.45e-07
3. PG-LOD 723s | 9 723s | — - — - 4.22e—06
4. TR-TS 902s | 7 656s | 246s — 456 s 128 s 4.22e—-06
4r R-TR-TS 789s | 8 499s | 290s | — 378s 72s 4.22e—06
4.rx R-TR-TS 282s | 23 276 s 5s | — 175s 61s 4.22e—06

counts, the iteration, and the observed run times. We note again that the run times include all computational
costs until convergence of the algorithm (including all offline expenses).

We conclude that all Methods 2-4 give a significant speedup to the standard FEM Method 1. Although 52
iterations of Method 1 and the corresponding 163 FEM evaluations are relatively few for a 32-dimensional
optimization problem, the method suffers from the computational cost for performing FEM solutions with 1.4
Mio. DoFs. As already shown in [47], the TR-RB Method 2 is mainly designed to avoid these expensive FEM
evaluations. The (relaxed) TR-RB methods converge already after few outer iterations, which only requires 10
and 8 FEM-based enrichments of the reduced spaces. On the other hand, the inner RB evaluations are cheap.

As expected, the localized methods only converge until the priorly known approximation error of the PG—
LOD is reached. However, it can be seen that the TR-TSRBLOD methods find the same point and are not
subject to approximation issues.

A significant reason why the TSRBLOD method is particularly suitable for this work is its very efficient
online phase. This result can be observed in Table 2, where extended timings are given for the TSRBLOD
method. Just as the TR-RB methods, only a few seconds are required to solve the sub-problems in the 4.r«
variant which is independent of the coarse LOD mesh. However, the sub-problem is more demanding for the
variant where the estimator is used, which is due to the fact that we did not afford the offline time to prepare
for the two-scale error estimator in Stage 2. We further notice that the localized methods show a comparably
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FIGURE 5. Experiment 1: Error decay and performance of selected algorithms. Method 1 con-
verged after 6412s.

good convergence speed w.r.t. the FEM-based methods, although FEM is still comparably fast. We also see that
Method 3 (localized FOM) shows a strong convergence speed. This is due to the relatively small patch problems
such that the localized corrector problems and the corresponding Stage 2 reduction do not pay off immensely.
We also emphasize that Methods 3 and 4 immensely benefit from the parallelization.

The relaxed versions of the TR methods show the fastest convergence behavior in this experiment. The fully
enforced certification in the non-relaxed TR-RB and TR-TSRBLOD can not detect the full benefit from their
respective surrogate model and, instead, truncate the sub-problems too early. Comparing the R-TR and the R-
*-RB variants, we observe that our choice of the relaxation parameters, the relaxed TR methods unconditionally
trust the used surrogate models. The x-variants, where estimation is completely left out for early iterations,
show that including the estimation does not change the result but only increases the computational time due
to the pre-assembly preparation and evaluation of the estimates.

In conclusion, FEM based-methods can reliably be replaced by localized methods already for moderately
small fine-mesh sizes. The accuracy of the localized method can be expected up to the LOD-discretization
error (cf. the discussion above regarding Assumption 1). The full benefit of the TR-TSRBLOD approaches in
comparison to the localized FOM can only be deduced for scenarios where the PG-LOD is costly in itself. Thus,
in the second experiment, we increase the complexity of the multiscale structure of the problem.

5.2. Experiment 2: Large scale example

We consider a large scale example where the global FEM mesh does not fit into the machine’s memory. We
set the multiscale resolution to N7 = 1.000 and Ny = 250. For the fine mesh, we again aim for at least 4 fine
mesh entities in each multiscale cell and hence choose nj, = 4000. Therefore, the FEM mesh would have 16 Mio
degrees of freedom, which we consider prohibitively large. Thus, we do not utilize FEM-based methods and only
compare Methods 3 and 4, where we only use Method 4.r* as relaxed variant since it has proven advantageous
in the former experiment. For the coarse-grid, we choose ngy = 40, which results in 1600 coarse grid cells and,
in particular, £ = 4 and 810.000 fine-mesh elements for full patches Uy(T). Since FEM evaluations are not
available, the desired solution u,a is computed with the PG-LOD, i.e., we solve (16) for p.

Similar to the above illustrations, in Figure 6, we report the respective number of affine components of
the patch problems as well as the final local RB sizes of the certified TR-TSRBLOD method with optional
enrichment (Method 4). In particular, Figure 6 can be interpreted as the refined version of Figure 4, where
it is even more visible that the local corrector problems have fewer affine components and require more basis
functions for the corrector problems that are largely affected by the “jumps” in the desired thermal block state,
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TABLE 3. Experiment 2: Evaluations and accuracy of selected methods. Evaluation counts
exclude estimator training.

LOD Stage 1 TS
Evaluations FEM | Coarse | Local Coarse | Local Outer iter. | Time eI Crel
Cost factor #Th #Tu #U(TH)h #Tu NrB NrB
3. PG-LOD | - 307 665 600 - - - 100 11317s | 2.07e-10
4. TR-TS - 10 32000 20 128000 | 938 5 5393s | 1.57e-10
4.rx R-TR-TS | — 8 51200 30 128000 | 422 4 2998s | 1.32e-11

TABLE 4. Experiment 2: More details on the run times of selected methods.

Online Offline
Method Total Speedup | Outer Inner | FEM | Stage 1 | Stage 2
3. PG-LOD | 11317s | — 11317s | — — — —
4. TR-TS 5393s | 2 486s | 360s | — 4042 s 505s
4.rx R-TR-TS 2998s | 4 5s 5s | — 2690s 336s

depicted in Figure 2. Just as before, it can be seen that the amount of basis functions is also associated with
the intensity of the respective “jumps”, and the low conductivity in the middle of the domain is well visible.
In Tables 3 and 4, we again provide an extensive comparison concerning evaluations, run time, and iteration
counts of the methods. It can be seen that the TSRBLOD-based methods successfully reduce the computational
effort of Method 3, which is mainly due to the increasing number of fine-mesh DoF's in the patches. With
increasing complexity of the multiscale problem, we thus expect even more speedups. We also note that the
speedup w.r.t. the FOM method is also dependent on the outer iteration counts, cf. [12,47]. It can be expected
that the benefit of reduced models is even more present for increasing complexity of the optimization problem.
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6. CONCLUDING REMARKS AND FUTURE WORK

In this article, we presented a first combination of localized reduced basis methods for efficiently solving
parameterized multiscale problems with optimization methods that adaptively construct such localized reduced
models in the context of an iterative error-aware trust-region algorithm for accelerating PDE-constrained opti-
mization. Moreover, we have formulated a relaxed version of the TR algorithm from [47] to neglect the strong
certification in the first iterations. This relaxation has been advised so that the same convergence result holds.

Subsequently, we have discretized the optimality system of the PDE-constrained optimization problem (P)
with a localized ansatz based on the Petrov—Galerkin version of the localized orthogonal decomposition method.
For an online efficient reduced model with optional local basis enrichment, such that the sub-problems of the
TR algorithm can be solved fast, we have used the TSRBLOD based on a two-scale RB ansatz of the LOD.

The TR-TSRRBLOD method has proven advantageous both in terms of computational effort and adaptivity
concerning the localized RB models. In the numerical experiments, we showed that localized RB approaches
can efficiently replace FEM-based techniques, especially for growing complexity of the multiscale system.

Many tasks have been left for the future. Although the underlying multiscale data is already highly het-
erogeneous and non-periodic, and the LOD approach showed good approximation properties w.r.t. FEM, it is
commonly known that the LOD struggles, e.g., for high-contrast problems or complex coarse data such as thin
channels. For using the TR-TSRBLOD, it has to be verified priorly that Assumption 1 is given up to an accept-
able tolerance. To remedy this, the discussed concepts can be generalized to other multiscale methods, always
dependent on the respective multiscale task. On the other hand, it is desirable to derive a posteriori error theory
for the LOD such that the homogenization term from (33) can be used to validate the approximation properties
of the LOD, cf. Remark 4.8. We also mention that, in the work at hand, we have enforced several problem
assumptions, e.g., ellipticity, symmetry, and homogeneous boundary conditions, to simplify the presentation.
However, it is straightforward to generalize the methodology to more challenging problem classes.

Concerning the specific instance of the TR-TSRBLOD, the numerical experiments already showed an over-
all speedup w.r.t. FEM and the PG-LOD, though the first experiment was relatively small. Our theoretical
findings suggest even better run times within a more HPC-oriented implementation. Moreover, an intermediate
preparatory reduction of the two-scale system can be used to decrease further offline expenses of Stage 2. The
described TR-TSRBLOD method can also be enhanced in terms of the choice of the local enrichment tolerance
Tioc, Such that an appropriate choice for the respective optimization problem or model can efficiently be found
with adaptive refinements, cf. Section 4.4.

In our numerical experiments, we observed that the relaxed variant does not use the estimator (cf. R-x-RB
variant vs. R-RB variant in Sect. 5.1). However, ignoring the estimator for all relaxed iterations can not be
considered valid in general. In a more general context, the outer iterations where the estimator can be ignored
can be found prior to the algorithm by evaluating the estimator for an empty basis at random parameter samples
and computing the maximum value.

Funding. The authors acknowledge funding by the Deutsche Forschungsgemeinschaft under Germany’s Excel-
lence Strategy EXC 2044 390685587, Mathematics Miinster: Dynamics — Geometry — Structure and by the DFG
under contract OH 98/11-1.

Code availability. All experiments have been implemented in Python using gridlod [30] for the PG-LOD
discretization and PyMOR [54] for the model order reduction. In particular, the software is internally based on the
software that has been used in [46,47]. The complete source code for all experiments, including setup instructions,
can be found in [44], also available under https://github.com/TiKeil/Trust-region-TSRBLOD-code.
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