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Abstract

In this paper we introduce a new certification framework for the port-reduced static condensation reduced
basis element (PR-SCRBE) method, which has been developed for the simulation of large component based
applications such as bridges or acoustic waveguides. In an offline computational stage we construct a library of
interoperable parametrized reference components; in the subsequent online stage we instantiate and connect
the components at the interfaces/ports to form a system of components. To compute a “truth” finite element
approximation of the (say) coercive elliptic partial differential equation on the component based system we
use a domain decomposition approach. For an efficient simulation we employ two different types of model
reduction — a reduced basis (RB) approximation within the interior of the component (Huynh et al. 2013)
and empirical port reduction (Eftang and Patera 2013) on the ports where the components connect.

We demonstrate the well-posedness of the PR-SCRBE approximation and introduce a new certification
framework. To assess the quality of the port reduction we use conservative fluxes. We adapt the standard
estimators from RB methods to the SCRBE setting to derive an a posteriori error estimator for the RB-
error contribution. In order to combine the a posteriori estimators for both error contributions and derive
a rigorous a posteriori error estimator for PR-SCRBE we adapt techniques from multi-scale methods and
component mode synthesis. Finally, we prove that the effectivity of the derived estimator can be bounded.
We provide numerical experiments for heat conduction and linear elasticity to show that the derived a
posteriori error estimator provides an effective estimator. Moreover we demonstrate the applicability of the
introduced certification framework by analyzing the computational (online) costs.

Keywords: A posteriori error estimation, domain decomposition, reduced basis methods
2000 MSC: 65N15, 656N30, 66N55, 65N12

1. Introduction

Within many engineering applications the considered structure allows for a natural decomposition in com-
ponents. Examples are bridges, buildings, aircrafts, oil and gas platforms, musical instruments or mufflers.
One popular method for the simulation and analysis of such large engineering systems is component mode
synthesis (CMS). The CMS approach introduced in [1, 2] uses the eigenmodes of local constrained eigenvalue
problems for the approximation within the interior of the component and static condensation to arrive at a
(Schur complement) system associated with the coupling modes on the interfaces or ports. In more recent
works also the static or coupling modes are chosen as eigenmodes [3, 4, 5] and used within an adaptive scheme
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based on a posteriori error estimators [5]. One drawback of the CMS approach is the rather slow convergence
of eigenmodal expansions. In contrast the reduced basis element (RBE) method [6] employs a reduced basis
expansion [7] within each component or subdomain and Lagrange multipliers to couple the local bases and
hence compute a global solution of the considered parameter dependent partial differential equation for each
admissible parameter. The RBE method thus profits from the fact that RB approximations yield a rapid
and in many cases exponential convergence |[§].

A combination of RB methods and domain decomposition approaches has for instance also been considered
in [9, 10]. Similarly RB methods have been employed in the framework of a multi-scale finite element method
to construct local reduced spaces for the approximation of fine-scale features on the coarse grid elements in
[11, 12, 13], where the latter corresponds to the "components" in the RBE method.

In this paper we consider the port reduced static condensation reduced basis element (PR-SCRBE) method
[14, 15] which combines ideas of the CMS and the RBE method. SCRBE as introduced in [14] has been
successfully applied amongst others to heat exchanger systems [16] and musical instruments and mufflers
[17] and PR-SCRBE introduced in [15] to heat transfer [15] and large structures in linear elasticity [18].
A key advantage of the PR-SCRBE method is its "bottom-up" approach from an offline-prepared library
of completely interchangeable and interoperable parametrized components to many different online-formed
global systems of components. To construct rapid convergent reduced bases we use an RB approximation in
the component interior [14] and empirical port reduction based on RB techniques [15] on the ports, while the
coupling is realized by applying static condensation. More precisely, we first compute coupling modes as the
harmonic liftings of the empirical port modes. Subsequently, we compute RB approximations of the compo-
nent interior "bubble" functions, each associated with a different coupling mode, which solve the parameter
dependent PDE within each component and hence account for material or geometric parameters. Employing
a different RB approximation for each bubble function yields a rapid convergent and computationally efficient
approximation.

The main contribution of this paper is the introduction of a new certification framework for the PR-SCRBE
method which provides a rigorous and effective a posteriori error estimator of the error between the PR-
SCRBE approximation and the "truth" finite element approximation on the global system in an energy
norm. We adapt techniques from RB methods [7] to derive an a posteriori error estimator for the RB error of
the bubble approximation in the component interior by considering weighted Riesz representations. To derive
an a posteriori error estimator for port reduction we adapt the concept of conservative fluxes introduced in
Hughes et al. [19] to the PR-SCRBE setting. We compute weak fluxes of the PR-SCRBE approximation on
each port with respect to the full port space and employ the jumps to define an a posteriori error estimator
for port reduction. Thanks to the weak flux continuity of the "truth" solution the proposed estimator thus
measures how well the PR-SCRBE approximation behaves like the "truth" solution on the ports. We remark
that the concept of conservative fluxes has been used as an error indicator in the formulation of an adaptive
variational multi-scale method in [20] and an adaptive multi-scale finite element method in [21] to determine
the computational domains for the local fine scale problems. To combine both error estimators we exploit
that due to the fact that the coupling modes are chosen as harmonic extensions the span of the coupling
modes and the span of the bubble functions for each component are orthogonal. Orthogonality with respect
to the bilinear form has been exploited for the derivation of an a posteriori error estimator for the CMS
approach in [5]. In the recently introduced local orthogonal decomposition method [22] the coarse and fine
scale spaces are constructed in such a way that orthogonality with respect to the bilinear form is obtained
and then exploited for an error analysis.

Our a posteriori error estimator features several important innovations. First, in contrast to earlier con-
tributions [14, 15, 18], it provides an estimator for the energy norm of the error. Second, its validity does
not rely on the quality of the RB approximation, whereas the estimator proposed in [14] provides only a
rigorous bound if the sum over the RB-error in the entries of the Schur complement matrix is smaller than



the smallest eigenvalue of the “truth” Schur complement matrix. Moreover, the error estimator is based
on local component-wise element indicators and may hence be employed within an adaptive PR-SCRBE
scheme. Note that in contrast the a posteriori error estimator proposed for the CMS approach in [5] relies
on a weak residual with respect to the global port space. For the localized reduced basis multi-scale method
an a posteriori bound using local error indicators based on conforming flux reconstruction is stated in [23].
We also derive upper bounds for the effectivities both of the error estimator and the local indicators. Finally,
we demonstrate in numerical experiments that the derived estimator is also computationally efficient as its
computation requires only relatively small additional online costs in comparison to the computation of the
PR-SCRBE approximation.

The remaining part of this paper is organized as follows. In Section 2 we describe the parametrized com-
ponent based static condensation framework as introduced in [14]. In the following Section 3 we present
the PR-SCRBE method [14, 15] and prove well-posedness of the PR-SCRBE approximation. The main new
contribution of this paper is developed in Section 4 where we derive the a posteriori error estimator and prove
its effectivity. Subsequently we discuss the computational costs both of the PR-SCRBE approximation and
the introduced error estimator in Section 5. Finally, we present numerical experiments for heat conduction
and linear elasticity in Section 6 to validate the theoretical results and draw some conclusions in Section 7.

2. Component based static condensation

The key concepts of the PR-SCRBE approximation are a library of parametrized archetype components
associated with reference domains and a parametrized PDE (§2.1.1) and a system of instantiated components,
mapped to their physical coordinates and connected at ports (§2.1.2). Each archetype component represents
a specific geometric form, for instance a beam or a fin, and may feature various ports of different types. To
simplify the notation we will however consider in this paper only one archetype component and one port
type.

To compute a numerical approximation of the parametrized PDE for the global system we employ a (multi-
domain) domain decomposition approach and eliminate degrees of freedom in the component interior by
static condensation (§2.2).

2.1. Component library
2.1.1. Archetype (reference) component

The considered archetype component is associated with a bounded reference domain Qc RY d=1,2,3

with Lipschitz boundary 0. It is equipped with P local ports 4; C 02, j = 1, ..., P7 at which instantiations
of this archetype components can be connected in the online stage as depicted in Fig. 1. We assume that
local ports are mutually separated by manifolds > C 0f) with positive Hausdorff measure. For the treatment
of systems of components with intersecting ports we refer to [4].
Furthermore, we associate with the archetype component a parametrized PDE modeling the physical phenom-
ena of the target application. To formulate the corresponding variational problem we introduce an archetype
continuous bilinear form a(,-; /i) : X x X — R and a continuous linear functional f (5 Q) : X — R, where
(H} Q)% c X c (HY(Q))%. Here, i € D C R* denotes a parameter vector which describes for instance a
material parameter as Young’s modulus or modifies the geometry of the component say via a dilation and
D is the corresponding z-dimensional parameter space. Moreover, d, equals one for scalar valued and d for
vector valued parametrized PDEs and Dirichlet boundary conditions may be only prescribed on ports. We
assume an affine parameter dependence of a(-,-; i) and f(-; i), i.e.

Q° Q7
a(-i i) = S 00(at(-) and  f(ip) = 361 ()F0(), 1)
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Figure 1: A library with one archetype component (a): The archetype reference domain is Q and the archetype component has
P7 = 3 local ports 45, j = 1,..,3. A system of I = 2 components 1 and 2 which are instantiations of the archetype (b): The
component domains are ) = ﬂ(ﬁ) and Qo = 7’2(@) and the components are connected at the global port I's. Thus we have
for instance w1 = {(1,1)},m2 = {(1,2)}, 73 = {(1,3), (2,3)} and conversely II; (1) = 1,111 (2) = 2 and II,(3) = II2(3) = 3. Both
mappings 7;, ¢ = 1,2 are compositions of a rotation 7’1-”” and a dilation 7;d€f, 1 = 1,2 indicated by the shading in gray. Note
that thanks to the application of ’Emap to the dependent variables we obtain a field in the physical system coordinates which
has the same spatial orientation as in the coordinate system of the archetype reference component.

where a9(-,-) : XxX > R,g=1,.., Qa and fq(-) (X = R,g=1,..., Qf are parameter independent bilinear
and linear forms, and é;‘ and éqf are parameter dependent functions. For general parameter dependent
forms an (empirical) interpolation [24] may be invoked to realize an (approximate) affine decomposition.
Furthermore, we define an inner product and the corresponding, induced norm as

('7~)XZX><X—>R and H X = (’)X

We require | - || ¢ to be a semi-norm on (H'(Q))% and a full norm on the space {9 € (H'(€))%" : vly, =
0 for at least one j € {1,..., P"}}. For notational convenience we also introduce a (geometric) parameter-
dependent inner product on the archetype component as (-, -; f1) Xt X x X — R and the induced norm

lv

Xp = ((1)71);/1))3‘/1)1/2 for v € X. Finally, we introduce "truth" archetype finite element (FE) spaces

XN c X of dimension A. For each local port within an archetype component we introduce the trace space
Aj={ve HY2(§;) : v =5, v € X} and its discrete counterpart — the discrete port space

A?fp = XN"%‘ =Span{)2j71,...,)2j,/\/,,}, j= 1,...,P’Y, (2)
of dimension Np with basis {f(j,k}év;’l.

2.1.2. System

In the online stage we form the target structure, say a bridge or an electronic module, and hence a global
system of I components mapped to physical (system) coordinates. Each component 4, i = 1,..., I is instan-
tiated from one archetype component as assumed in the beginning of this section. We also introduce the
parameter vector u; € D; C D. Note that D; differs between distinct components in the global system if we
prescribe for instance a traction on one end of a beam structure as in Subsection 6.2. We may then define



an affine parameter dependent geometric transformation 7; : Q- Q; from (archetype) reference to physical
(system) coordinates, where we denote with £; = 7;(Q) the instantiated and transformed component domain.
Accordingly v; ; = Ti(%;), j = 1,..., P7 are the transformed ports. We assume that 7; is a composition of a
deformation 7;%*/ and a rotation 7,7, i.e. T; = 7T, T,%F with T.%¢/ (2) = Gi2 + t;, & € Q. Here, G; € R4x
is the Jacobian of ﬁdef and t; € R? is a translation vector. Hence, ’Edcf may describe a composition of (say)
a dilation and a translation, but rotations are not permitted. In this paper we assume that 2; and hence 7;
do not degenerate. Moreover, we suppose that 7; when applied to a port is a pure rigid body transformation,
i.e. a composition of a rotation and translation, which is for instance fulfilled for the mappings in Fig. 1.
Details on the difficulties that arise when this assumption is dropped and possible solutions are provided
below.
Next we define the global (system) domain  as Q = U/_,€; and recall that the instantiated and trans-
formed components are connected at their ports. More precisely we say that two components ¢ and i’ are
connected at a global port I', if Q0 NQy = I',. We register those connections in a global-to-local index set
mp = {(i,7), (i',7')} which contains also the indices of the respective local ports 7; ; and 7,/ j» at which the
components ¢ and i’ connect. Note that a global port may also lie on 992 and is then only associated with
one local port 7; ; of component i; hence we set m, = {(¢,7)} in this case. Additionally we introduce for
each instantiated component i, i = 1,...,I, a local-to-global port map II;, which is defined as II;(j) = p if
(i,j) € mp, 5 =1,.., P and p = 1,..., P} as illustrated in Fig. 1. Here, P} is the number of global ports
in the system. Finally, we denote with P! < P} the number of global ports on which we do not impose
Dirichlet conditions.
To define a "truth" FE solution for the global system we first introduce for each component i, ¢ = 1,...,1 a
mapped FE space

ijv = Span{,]-i’map(v °© 7;71)1 CAS XN}? (3)

where 7" = T;"°! for vector-valued functions and 7;"“? equals the identity map for scalar-valued functions.
We emphasize that we should instead use the notation XlN (147), but to improve readability we omit here and
henceforth the argument p for spaces that depend (merely) on the geometrical parameters. Next, we introduce
fori=1,...,1 and j = 1,..., PY a mapped discrete port space

Aé\g’ =span{xijr, k=1,...Np} with xi;x:=T""P(roT, ") (4)
To obtain continuity of the global solution it is essential to require compatible port spaces in the sense that

Xijk = Xir g7k for  m, ={(i,4), (¢, 5")} (5)

for all global ports I', within the global system at which two components connect. One key point to satisfy
(5) is to define the (archetype) port spaces A;\/ P according to the orientation of the respective (archetype)
port 4; within the component. Moreover, for vector-valued functions the application of 7;"°" to the dependent
variables (see (3) and (4)) ensures the right orientation of the mapped port space Af\?’ in the global system.
We refer to [18] for a detailed discussion of the port compatibility requirement (5) in the case of vector-valued
functions.

We may now introduce a global solution space (HA (€))% ¢ X C (H'(Q))* and a global FE space X ¢ X
as XN = @{:1X¢N . We only consider homogeneous Dirichlet boundary conditions as non-homogeneous
Dirichlet boundary conditions may be treated as usual by employing a lifting function. Furthermore, we
define for any system parameter vector u = (p1, ..., u5) € D = Hi]:l D; a bilinear form a(-,;u) : X x X - R



and a linear functional f(;u): X — R as

Il
M~

(l(’LU,U;ILL) : ai(w,v;ﬂi)v with
=1
ai(w, v; i) := a((T" ") " wla, o To), (T™) " (vle, 0 Ti)i ) Vw,v € X, (6)
I
Flosp) =" filvsps)  with fi(v; ) = F((T"7) " (v, 0 To)i i) Vo € X. (7)

@
I
—

Note that the parameter dependent part of the entries and the determinant of the Jacobian D7; of the
mapping 7; are contained in g, if necessary. If the material parameters do not depend on the spatial
orientation of the component, the application of 7."°" to the parameter dependent vector-valued functions
results in a cancellation of (7;7°Y)~! in (6) thanks to D7; = T;"°G;. This therefore removes parameters
which account for the spatial orientation of the component from the bilinear form. Note that for scalar-
valued functions we obtain this cancellation thanks to the fact that 7,7°* is an orthogonal mapping. We also
define an inner product and the induced norm as

I

(v, w)x =Y (T )" (v

=1

0, 0 7o), (T") ™ (w

@ oThim)ge  Ilx=voox. (8

Although both the inner product (-, -) x and the induced norm ||-|| x depend on geometric parameters, we omit
the dependency on the parameter u in the definition to increase readability. We require that the bilinear form
a(+,-; ) is coercive and continuous on X with respect to the norm || - || x and define the respective coercivity
and continuity constants as follows

_ooa(v,v;p) a(v, w; p)
a(p) = inf ——2—= and v(u):= sup sup ——————. 9)
vex lv]|% vex wex vl x[lwlx
Moreover we demand that f(-; ) is bounded with respect to || - ||x on X. Note that this implies coercivity

and continuity of a(-, ;i) and boundedness of f(-; /i) with respect to the norm || - | %~ Finally, we define the
coercivity and the continuity constants of a(-, -, 1) associated with the space X as

. a(v, v; a\v, w;
o S = e w
We may now formulate the global variational problem which reads as follows
For any p €D, find u®(p) € X : a(u®(p),v;p) = flv;pn), YveX. (11)
Moreover, we consider the following global "truth" finite element approximation
For any p €D, find u(p) € XV ¢ a(u(p),v;pn) = flo;p), Yoe XV, (12)

Note that the port compatibility requirement (5) and our assumptions on a(-, ;) and f(-; ) ensure well-
posedness of (11) and (12). We omit here and henceforth a super index A for functions in the possibly
high-dimensional FE space XV to improve readability.



2.2. Static condensation

To formulate the static condensation procedure we decompose XV into a space corresponding to the
component-interior, which we will call henceforth bubble space, and a skeleton space associated with ports.
First, we define a bubble space on the archetype component as

BN::{UEXN twly, =0, 1< <PV
and for each instantiated component a mapped bubble space
BY = span{ T (wo T,7), we BV}, (13)

Finally, we introduce a global bubble space BN := @Ll BlN . To define the skeleton space, we choose the
coupling modes or interface functions 1, € XN as harmonic extensions of the port modes, i.e.

~ ~ ~ )%’lm on ﬁb’
) =0 VwGBN, o Js J , 14
(), w) % Vik {0, on 4; for j' # j, "

for 1 < k < Np,1 < j < P7. On instantiated components i, 1 < i < I we may then define Vijh =
TP (45 0 T, 1). The global functions

K2

Vi ik, in Qg
Wp k= Vi gk in Q;, ) Tp = {(lv])v (i/vj/)}v (15)
O, in \ (Qll U QZ),
form the global skeleton space

Snp = {Tpr, 1<k<Np,1<p< P} (16)

Next, we introduce for each instantiated component ¢, 1 < ¢ < I a source bubble l;{ (i) € BN , defined as
the solution of

a(bf (i), w; ps) = f(w; pg),  Vwe BY, (17)
and set b/ (11;) = TP (b (11;) o T,™1). Note that the source bubble b (u;) depends on p;, i = 1,..., I rather

than the parameter i on the archetype component. Additionally we define bubbles b; ig k(i) € BN assoc1ated
with the coupling modes 1;  as the solutions of

a(bi j(mi) + Yy wipi) =0, Vwe BV, (18)

Setting (,ZASLJ'_’]C(;M) k(pi) + 1/)1 wand ¢ j k(1) ﬁnap(dsm,k(m) ) 7;_1), we may introduce the global

-

functions ®, k(1) € XN]
Gir i (i) in Q,

(I>P,k(y’) = ¢i,j,k(ui)7 in Qia ) Tp = {(Zaj)7 (2,7]/)} (19)
0, in Q \ (Qll U Qz),

We highlight that we have XV = § Np D BN The key result is that thanks to the definition of the coupling
modes (14) the decomposition

XN = BN @span{thj, j=1,... P k=1,.,Np}, i=1,..,1 (20)



is X -orthogonal. Note that we may also employ a parameter independent bilinear form a(-,) : XxX >R
in (14) as in domain decomposition methods [25] or the CMS approach [4, 5]. However, we emphasize that
unlike in standard domain decomposition methods and the CMS approach, where the shape of the component
does not vary, the decomposition on the global system XV = S Np D BN is in general not orthogonal due
to the parameter dependency of the geometric transformation 7;. Note to this end that in contrast to the
bilinear form in (18) the inner product in (14) does not depend on geometric parameters.

Finally, we introduce for each instantiated component a global function

P DY z(/iz)+z D U, )k () @ik (pi), — in Qg
Uz(ﬂ) — {O, 1 =1 Zsk=1 0 Q\Qi’ (21)

with unknown coefficient Uy, ;) 1(1) € R. We write

I Pr Np
p) = uilm) = Z () + D> Up (1) @p () (22)
i=1 i= p=1k=1
and consider
For any p €D, find u(p) € XV ¢ a(u(p),v;p) = flo;p), Yo e SNp - (23)

Note that thanks to (17) and (18) problem (23) is equivalent to (12).

3. Model reduction

As the static condensation procedure described in §2 is computationally very expensive we apply model
reduction techniques. Within the component interior we construct as in the SCRBE method [14] a re-
duced basis (RB) approximation [7] for each interface and source bubble (§3.1). Additionally we construct
a low-dimensional port space by a pairwise training algorithm [15] and a subsequent proper orthogonal de-
composition (POD), which is then used to define a port reduced SCRBE (PR-SCRBE) approximation (§3.2).
We prove that the PR-SCRBE and hence the SCRBE approximate problem are well-posed and that the
approximation is stable, which is one new contribution of this paper.

3.1. Static condensation reduced basis element method (SCRBE)
For each instantiated component we define the RB approximations l;{ N () € f?}v c BN and l;f\[j w(1) €
Bjj,\fk C BV as the solutions of

a(bf™ (ui),ws i) = flws i), VYw e BY, (24)
A(bz], (/J'z)"'wj k, W; Mz) 0 Yw € B] k> (25)

for1 <i<Tand1l<j <P’ 1<k< Np. Hence each RB approximation b/ (u;) and vajk(lh) is
associated with a different RB space BN or B]Nk of dimension < N tailored to the respective bubble, where
N =1, ..., Npao. Constructing these RB spaces with a Greedy algorithm [26] ensures a rapid convergence
of the RB approximation [8]. For further details on RB methods we refer to [7]. We also define blf M) =
T (6] (i) o T;1) and

I

DN () 1= 3B (). (26)

=1



where we extend b{;N(ui) by zero to Qg for i’ # i. Setting ¢V, (1) = l;fvjk(ul) + Q/Gj,k and Qf’%,k(ﬂi) =

i,k
TP ( fvjk(l%) o 7;7'), we may introduce the global functions @é\fk(u) e XV as
qsg\’],j’,k(:ui)v in Qi’:
(bé\,fk?(/’(‘) = ¢f}’]k(ﬂl)’ in €, ) m = {(i, ), (ilvj/)} (27)
07 in Q \ (Ql/ @] Qz),

and define the SCRBE approximation space X (1) as
XN (p) == span{®), (1) : 1<p< P', 1<k <Np} (28)

We may then consider the problem

Find gy () € XN () : a(@gy (n), v; 1) = f(v; p) — a0 (), 03 ), Yo € XN (p), (29)
and define an SCRBE approximation u2 (u) as
ug () = ag () + b7 (). (30)

Here the index G indicates that we consider a (standard) Galerkin approximation, i.e. that we employ X ()
both as a test and a trial space.
Alternatively we may perform a Petrov-Galerkin approximation and consider

Find g (p) € XN (1) = aide (), v; 1) = fv;p) — a(d"N (u), 03 1), Yo € S, (31)
Then we define the corresponding SCRBE approximation Ugc (1) as
Wl () = @ () + N (). (32)

We emphasize that due to the RB approximation the problems (29) and (31) are not equivalent.

3.2. Port reduction

Next we consider reduced port spaces |15, 18| of dimension n < Ap. Note that in general the dimension
of the reduced port spaces may vary within the global system even for the same port type. However,
for the sake of simplicity and readability we assume that all reduced port spaces within the system have
the same dimension n. To obtain a fast convergence of the port reduced approximation and hence an
accurate approximation also for n < Np we employ empirical port modes, constructed with model reduction
techniques related to RB methods [15, 18]. The key idea of the empirical port mode strategy proposed in [15]
is to include knowledge on the solution manifold on the port into the basis construction process to obtain a
fast converging port reduction approximation. It is exploited that the behavior of the solution on an interior
port I',, is fully determined by the geometric form, the considered PDE, the parameter values and the behavior
of the solution on the non-shared ports of the two components which connect at I',. The purpose of the
pairwise training algorithm proposed in [15] for the construction of empirical port modes is thus to explore
the solution manifold induced by the parameter dependency regarding geometric and material parameters
and an introduced parametrization of the unknown solution behavior on non-shared ports in a systematic
fashion to prepare the port modes for all possible component connectivities and parameter configurations
that may be encountered in the online stage. For further details we refer to [15, 18].

Now we present the general port reduction framework as introduced in [15] and prove well-posedness of the



PR-SCRBE approximate problem.
First, we introduce a port-reduced skeleton space

Sni={Wpr, 1<k<n, 1<p<P'}CSy,, with n<Np. (33)
Furthermore, we introduce a port-reduced SCRBE approximation space
XN(u) = span{q)ﬁk(u) c1<k<n, 1<p<P'}, with n<Np, (34)
and consider the problem
Find @ () € XN (1) : a(@ (), v 1) = F(os ) — ™ (), v5p), Yo € XV(u).  (35)
We may then define the Galerkin-PR-SCRBE approximation as

UnN,G(N) =P () + ﬁﬁf,c( = b"N () + Z Z Gk (1) @, (), (36)
=1 k=1

where @Y (p) = Zfil Yo UN g o ()@, (1) and Ul (1) € R denote the coefficients obtained by
solving (35).

Lemma 3.1 (Well-posedness of the Galerkin-PR-SCRBE problem (35)). The Galerkin-PR-SCRBE problem
(35) is well-posed. Moreover, for all p € D and f(u) € X there holds the stability estimate

1 N ()
el < s (2+ 17l (37)
¢ o (p) o (p)
Proof. Thanks to our assumption that a(-,-;u) is coercive on X with respect to the norm || - ||x, the RB

approximate problems (24) and (25) are well-posed. The mapping from a system parameter u € D to the
space X2 (1) is hence well defined. We recall that functions in XY (u) are zero on ports where we prescribe
Dirichlet boundary conditions because PT denotes the number of global ports on which we do not impose
Dirichlet conditions. The port compatibility requirement (5) and the fact that S,, C Sur,, then yield that
XN (u) ¢ XN and thus that the PR-SCRBE approximation setting is conformal. Therefore, the bilinear form
a(-,-; u) is coercive on XN (1) with coercivity constant o’V (1) and continuous with continuity constant vV (1).
The Lax-Milgram Lemma hence implies well-posedness of (35). Exploiting equation (17), the coercivity of
a(-,-; ) on XV and the definitions of a(-,-; ) (6), f(-; 1) (7), and b3 (1) (26) yields

1
bf;N,u Xgifu X/ 38
o7 a/\/(u)ll ol (38)
The stability estimate then follows by testing with ﬂg (p) in (35). O

Again we may consider the Petrov-Galerkin formulation

Find @) pe (i) € X2 (1) : alih pe (1), v; 1) = f(v; 1) — a(bTN (), w5 ), Vv € Sp. (39)
We may then define the PR-SCRBE approximation as

uTILV,PG(/’[’) =" () + ﬂnN7PG’( =N () + Z Z n,PG,pk ﬁ{k(#)’ (40)
p=1k=1
where @) po (1) = 25:1 St U pg pr (1)@ (1) and Ul pe 1 (1) € R denote the coefficients obtained by
solving (39).
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Lemma 3.2 (Well-posedness of the Petrov-Galerkin PR-SCRBE problem (39)). Let us assume that for all
u € D the discrete inf-sup condition

| aw, i) ox
inf sup ——7—— =06, () >0 41
v (o S ol O ) 4D

is fulfilled. Then the Petrov-Galerkin PR-SCRBE problem (39) is well-posed. Moreover, for all p € D and
f(n) € X there holds the stability estimate

. Lo WY,
palls < [z (1+ S8 + =] e (12)

Proof. The fact that the spaces XV (1) and S,, have the same (finite) dimension together with the Banach-
Necas-Babuska Theorem yield the well-posedness of (39) (cf. [27]). The stability estimate can then be
obtained by using the a priori estimate (38) and the discrete inf-sup condition. O

Note that the well-posedness of (29) and (31) follows directly from Lemma 3.1 and Lemma 3.2 by con-
sidering n = Np.

4. Certification framework

The goal of this section is to develop a certification framework for the PR-SCRBE method which provides
a rigorous and efficient a posteriori error estimator for the error ||u(u) — ulY (1)|x. To this end we adopt
techniques from the RB framework [7] to define an a posteriori error estimator for the error caused by the RB
approximation of the bubble functions in the component interior (§4.1.1). To motivate our proposed concept
for an a posteriori error estimator for port reduction we recall that the "truth" FE (static condensation)
approximation u(u) satisfies a weak flux continuity across global ports; to wit for two components ¢ and 4’
which connect at a global port 'y, m, = {(4,7), (', 5)} there holds

Ji(Wp s i) — ai(wilpes), Yo s pi) + fir (Wi pir) — air (wir (pir ), Y i prir) =0, k=1,...,Np. (43)

For the port reduced SCRBE approximation we also have weak flux continuity but only with respect to the
reduced port space. To measure how well the PR-SCRBE approximation behaves like the truth solution on
the ports and thus to quantify the error caused by port reduction we hence compute weak fluxes for the
PR-SCRBE approximation on all ports of a component with respect to the full port space and use the jump
of those fluxes across ports to define an a posteriori error estimator (§4.1.2). To combine both error estimator
contributions we exploit the X -orthogonality of the bubble and the skeleton space on each archetype reference
component (20). We state the main results, namely the a posteriori error estimate and the effectivity results,
in Sections 4.1 and 4.2 and collect the respective proofs in §4.4. We employ approximations of the occurring
constants in the estimator and discuss in §4.3 how such approximations may be obtained. We emphasize
that all results in this section hold true both for the Galerkin (35) and the Petrov-Galerkin formulation (39)
of the PR-SCRBE method. Thus we omit the respective indices G and PG in this section and recall that
the respective PR-SCRBE approximations have been defined in (36) and (40) as

n

PF
up () = 65N () + 3 UM, k()@ (n),  for U, (u) € R.
p=1k=1
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4.1. Formulation and analysis of a rigorous a posteriori error estimator for PR-SCRBE based on local indi-
cators
4.1.1. An a posteriori error estimator for the RB error

First we counsider error contributions due to reduced basis approximations of the bubbles defined in (24)
and (25). For each instantiated component i, 1 <i< 7T and 1 <j < P, 1<k <n we define the residuals

(s p3) o= f (s i) — (b (pa), s ), Vb € BV,
and 755, (W; 1) := —a(j e + b (i), s ), Vb € BV,

Furthermore, we introduce the corresponding Riesz representations 7%{ (i) € BN and R (i) € BN as
the solutions of

(44)

We may now employ these Riesz representations to define an a posteriori error estimator AN (1) for the
RB error as

I
CX X

AN () = S (S (AN ())2) 2

Qapp (1) =1

P n

g(IGi)| det G| IR (1) + ) 0> UMy, 5y s (W R (1) -
j=1k=1

with AN (p) :

We emphasize that the inner product employed in (44) does not depend on (geometric) parameters. Therefore
the RB error estimator (45) is based on information on the error on the (archetype) reference domain
and not on the mapped domain €2; in the global system. Note that this is compliant with the standard
RB methodology and error estimator for parameter dependent domains Q [7]. However, the parameter
dependency of §; is reflected by the factor g(||G;|)| det G;|~'/2, on which we will elaborate below. Note also
that due to the fact that we employ a different RB approximation for each bubble associated with a coupling
mode (cf. §3.1) we have to consider a linear combination of Riesz representations.

We also propose a second error estimator AN'1(;) for the RB-induced error which is computationally more
feasible than A% (1) especially in terms of storage (see §5). We define AN1 () as

I
CX X

AN’I(M) — ;Ppc2(,;1);p (Z(Aév71(ﬂ))2)l/2
app i=1
P n (46)

g(I1GalD det Gal 72 (IR ()l + D2 D105 w0l 1Rk (1) 5 )

j=1k=1

for AN(u):

We remark that one vital improvement to previous contributions [14, 15] is that both AN (u) and ANt ()
yield an estimator for the X-norm of the error (see Proposition 4.2 and Corollary 4.3) and that their validity
does not rely on the quality of the RB approximation. We also highlight that both AY(u) and AN1(u)
consist of local indicators allowing for an adaptive, component-wise choice of the bubble spaces.

Regarding the constants in (45) and (46), we note that a,y,(x) is an approximation of oV (1) or a(u) and
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we set ¢X = sup,ex~ |Vl a1 o) /[lv|lx and = sup,exn [V x/|v]| 1 (o) and denote with cfpp and cgfapp

the respective approximations. We remark that we could alternatively define an a posteriori error estimator
for the RB error by omitting both cé;p and céfapp. However adding those constants improved the overall
performance of the PR-SCRBE estimator significantly in our numerical experiments. Finally, we remark
that the definition of the function g : RT™ — R™ in g¢(||G;||) depends on the chosen inner product (-,-) .
For the H'(Q)% -semi-norm we have for instance g(||G;|) = ||Gs|| and for the full H*(Q)% -norm we obtain
g(||G;|l) = ||Gi|l + 1. For other choices of the inner product (-,-) ¢ the precise definition of g(||G;|) follows

from straightforward calculations exploiting the transformation theorem.

4.1.2. An a posteriori error estimator for port-reduced approximations based on conservative fluxes

Next, we address the error caused by port reduction. To this end we analyze the jump in the flux of
the PR-SCRBE approximation )Y (1) over the ports. As motivated at the beginning of this section we
wish to consider a weak flux and hence propose to use a conservative flux defined according to Hughes et
al. [19] as a flux measure. The main result in [19] is that by employing a conservative flux the continuous
Galerkin method is locally conservative with respect to subdomains consisting of a union of grid elements.
The work is based on earlier results (see for instance [28, 29]) which obtain global conservation in spite of the
presence of Dirichlet boundary conditions by post-processing. Note that the conservative flux is a variational
approximation of the exact flux over the boundary of the component. We adopt the concept proposed in [19]
to the PR-SCRBE setting by defining a conservative flux Hflvl(,u) for 1 <4 < I as the solution of

(HY (1), 0)r2(sy) = fi(vi ) — ai(up) (1), v p), Vo € Sarp, (47)

where ¥; = ;< j<pr Vi Note that thanks to our mutual disjoint port assumption and the definition of the
coupling modes no post-processing, i.e. computation of a global conservative flux, due to Dirichlet boundary
conditions as described in [19] is required. Note also that provided v|g, = 1 € Sy, we may verify mass
conservation and that Hflv (1) is indeed the conserved total flux along ¥;. Due to the mutual disjoint port
assumption problem (47) decouples over different ports and we may compute the conservative flux separately
for each port. Thus we have Hgi(u) = H,]xi,j(u), where the latter is defined as the solution of

Vi.j
(s (1)) 20y ) = i (Wi 1) — aiu) (), i jes i), 1<§< P 1<k<Np. (48)
We may then define the jump of the conservative flux across a global port I';, as
[Hflv]p(m; w) = H,]L\’”(ac, )+ foi,,j,(m; w), where m, ={(i,7), (7, j")}. (49)

If a local port ; ; lies on the part of 92 where Neumann or Robin boundary conditions are prescribed we set
[HN,(x; ) := HY, .(x; ). Based on that we introduce an a posteriori error estimator for port reduction

n,1,J
CawpCapp - P2 1/2 P N
Ap(p) = P22 (N (AR ()?) 77 for AL (n) = | [HY]p(w)l| 2oy (50)
Capp (1)
p=1
Here ¢}, :== max ¢} app and ¢, is an approximation of ¢f := sup,ex v [v]|72s,) /[0l (g, for component
i. We also introduce ¢! := max ct.
1€

We highlight that in the spirit of standard residual based a posteriori error estimators for the FEM A, (u)
consists of local indicators AP (). Below we show a local effectivity result (see Proposition 4.5) for the local
indicators. Hence they may be used within an adaptive PR-SCRBE scheme for an efficient choice of local
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port spaces on each global port. Note that this is one new contribution of our proposed error estimator, as the
error estimator proposed in [15, 18| is based on a (global) non-conforming version of the Schur complement
matrix.

Furthermore, we emphasize that we only compute the flux on the ports of each component and hence avoid
the computation of a residual on the full global port space as in the CMS approach [5]. Moreover, thanks
to our assumption that 7;, ¢ = 1,...,I when applied to a port is a rigid body motion, the port modes are
L2(%—_j)—0rthon0rmal, i=1,...,1, j = 1,...,P7, and the computation of the conservative flux reduces in
this case to the assembling of the residual. If we allow geometric mappings 7;, i = 1,..., I that deform the
port, the port modes are in general not L?(v; ;)-orthonormal anymore, and the computational costs for the
computation of A, (u) are therefore higher. The effect on the computational costs are further discussed in
Subsection 5.2. Note that by restricting the test space in (47) to a subset of Sy;, a hierarchical, non-rigorous
estimator may be computed at lower cost. As in many cases the coeflicients of the truth static condensation
FE approximation for the high modes are very small, we expect that also this cheaper, non-rigorous estimator
would provide a very good estimate of the error induced by port reduction.

4.1.3. Properties of the decomposition X = BN & SN,

Recall that the RB error estimator (45) is based on the dual norm of weighted residuals with respect to the
bubble space BV and that the PR error estimator (50) rests upon the jump of the conservative flux using the
skeleton space Sy, as a test space. To derive an a posteriori error estimator for the error u(u) — ul (u) € XN
in the X-norm we thus require estimates of the type | ¥||x < C1]|v|lx and ||b||x < Cq|lv||x for all U e Sy
be BN and ¥ 4+ b =v e XV, The two essential ingredients to derive such estimates are the decomposntlon
XN =BNgs n, and the fact that the decomposition

XN = BN @span{hjr, j=1,...,P k=1,.,Np}, i=1,..,1 (51)

is X-orthogonal (see §2.2 for further details). We collect the results in the following proposition.

Proposition 4.1 (Stability of the decomposition XN = BNEBSN ). Under the assumptions of Section 2.1.2
on the mapping T; the decomposition XN = BN g Sy, is stable in the sense that for all v € XN expressed
as v =W +b with ¥ € Sy, and b € XV we have

for constants 0 < g(||Gi]), g(|G;*||) < co. Moreover, the following estimates hold true

%, < 201G Dol i =1, T, (52)

1. < g(IGiNgUIGT DIvlx,  and [bllx, < g(IGil)g(IGT Dllvllx., i=1,..., . (53)
If the transformation T; admits
Wi b)x, =0 Woe BN, i=1,.,1, (54)
we have the improved result
11, +IblI%, = llvl%,, i=1,..1. (55)

Note that for instance pure rigid body transformations allow for (54).
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4.1.4. An a posteriori error estimator for PR-SCRBE
Based on the results above we may now introduce an a posteriori error estimator A(u) for the error caused
by the PR-SCRBE approximation as
Au) = A () + AN (1) (56)

The estimator A(u) is a rigorous and robust bound as stated in

Proposition 4.2. Let the approzimations of the constants fulfill ¢ Jo(p) < ¢X,,/Capp(1t), &3 (1) < €3 0pp(1t)
and ¢ < ¢t . Then the error estimator A(p) = Ay () + AN (u) with Ay (p) and AN (u) defined in (50) and
(45) satisfies

(i) = u ()l x < Adp). (57)

Based on the second RB error estimator AN:!(11) we define a second a posteriori error estimator for the
error caused by the PR-SCRBE approximation as

Al(p) = An(p) + AN () (58)
for which we obtain the following result.

Corollary 4.3. Let the approzimations of the constants fulfill ¢ Jo(p) < ¢X,/Qapp(p), ¢ (1) < €3 0pp(1t)
and ' < . Then the error estimator A' () = Ay () + AN () with Ay () as in (50) and AN () as

defined in (46) satisfies
() = up ()] x < AY(p). (59)

Note that the structure of A(u) and Al(u) allows us to balance the RB and the PR error contributions.
Moreover, if the RB error is small, we may employ only A,, (1) as a (non-rigorous) a posteriori error estimator,
whose computation reduces in general to the assembling of the residual in (48).

4.2. Analysis of the effectivity

In this subsection we derive bounds for the effectivities of the local indicators AN (1) (45) and AP (1)
(50). Based on that we conclude that also the effectivities of AN (1), A, (1), and thus A(u) are bounded.
First, we study the effectivity of AN (), i.e. we consider

™ (1) = AN () /ulp) = wgf ()] x, (60)

and obtain the following result.

Proposition 4.4 (Effectivity of AN (u)). The local error indicators AN (1) satisfy

AN () <N (g (IG:Ng(1G D lTul) = up) (1)l x. (61)
As a result we obtain the following bound for the effectivity n™ (1)
N
Ney< Y () x x _ -1
n(p) < o () v 2amn Jmax g([1Gil)g(IG: 1) (62)

We recall that we may omit cé‘;)pcé‘:app. Thus if 7;, i =1,...,1, is only a composition of a translation and
a rotation and hence ||G;|| = ||G; || = 1 we recover the standard effectivity result for the RB error estimator
based on the dual norm of the residual [7]. Note also that against the background of Proposition 4.1 the
constant depending on G; in (62) reflects how much the geometrical transformation affects the decomposition
XN=BNgsS ', in terms of a deviation from orthogonality.
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We remark that we cannot obtain an effectivity result for AM1(p).

As a second step we derive a bound for the effectivity of A, (u)

(1) = An(p)/llu(p) — uy (1), (63)

as demonstrated in the following proposition.

Proposition 4.5. We obtain for the local error indicators AP (u) that
AP () < N (wenh™ 2y () ulp) = un ()| x,0x,5  for mp = {(0.5), (7', 4} (64)

where |[v] x,ex, = ([0]%, + 105,72, Cp(p) = coag(|G ) det Gil /2 + ¢ g (|G| det Gir |2, ey i
s the constant in the trace theorem, h denotes the mesh size of the port mesh, and cp is the constant in
the inverse estimate v g/2(p,yar < Chh_l/QHUHL%FP)dT [30] for v € Aﬁ[j‘-’. Moreover, the effectivity n, (1)
satisfies

IN

N
v () X NVPYenh ™V max  Cy,(p). (65)

nn(ﬂ) Oéapp(/u) apparp p=1,..,PT

We emphasize that in actual practice the dependence of 7, (1) on h is weak, as will be demonstrated in
the numerical experiments in §6. Alternatively we may consider H'/2-orthonormal port modes, obtained by a
lifting procedure and a corresponding conservative flux expressed as a linear combination of these modes. In
this way we can derive a bound for the effectivity 7, () which is independent of the underlying finite element
discretization. For further details on the definition and computation of H'/2-orthonormal port modes we
refer to Appendix A.

Finally we introduce the effectivities of A(x) and A ()

n(k) = A)/u(p) —uy ()llx and 7' () = A (u)/llulp) — uy (W)llx (66)

and remark:

Corollary 4.6 (Effectivity of A(u)). The effectivity n(p) can be bounded as follows:

) < 2 e (C§appi31%%,g<||ai||>g<|Gi1|>+ct VPienh ™ max pr)' (67)

app app
Qapp(1t) 1, p=1,...,PT

Proof. The bound (67) is a direct consequence of the definition of A(u) (56), Proposition 4.4 and Proposition
4.5. O

4.3. Estimation of constants

This subsection is devoted to the discussion of various possibilities to determine approximating constants

Qapp(1), Chpps Cop and 3, of the constants in the a posteriori error estimators A(y) and A*(p).

N

In some cases a lower bound for a(y) and thus oV () can be derived analytically as for instance for heat
N

conduction problems. In general we propose to use ;) (p) = infyexn () a(v,v;p)/|[v]|% which may be
determined by computing for a given parameter p € D the smallest eigenvalue of the eigenvalue problem:

Find the set of eigenvalues and eigenvectors (AL (u), v (1)), where AN (1) € R* and o)) (1) € X2 (1) satisfy

r n

a(vp (1), w; ) = AN () (v (), wi ) x - Vw € XV (). (68)
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As the left hand side in (68) yields the Schur complement matrix, this requires the assembling of the inner
product on the right hand side and the solution of the eigenvalue problem (68). Alternatively we may compute
the smallest eigenvalue of the Schur complement matrix which we expect to be a good approximation (but
not necessarily a lower bound) of oY (1) thanks to the minimax principle.

It remains to justify the choice aupy(it) = a2 (1). Note that the derivation of a rigorous lower bound of
oN' () is beyond the scope of this paper. However, we expect a (1) to be a good approximation of oV (1)
for the following reasons. We denote by A and M the matrices associated with the left and right hand
sides of the "truth" eigenvalue problem: For given p € D find (M (u),v(u)), such that AV (u) € Rt and
v(p) € XN satisfy a(v(p), w; 1) = M () (v(p), w)x for all w € X, Moreover the subindices P and i refer to
the degrees of freedom associated with the ports in the system and the interior of component 4, respectively.
Exploiting the decomposition X N=§ N & BN and suppressing the dependency of u, the Schur complement
system for the “truth” eigenvalue problem for the smallest eigenvalue XY () = oV (1) then reads [31]: Find
(MY (1), up(p)) € R x RP such that

N = where
S\ )up(p) =0, h (69)

~

S = (App = M Mpp) =Y [(Alp = M M) (Ai — XY Mi) ™ (Aip — M M;p)]
i=1
where up () denotes the coefficients of the P = P'Np degrees of freedom on the ports in the whole system.

We observe that (A — A Mm) Y(A;p — MY M, p) corresponds to the component-local problems: For given
(15,0) € Dy x [0, &N (1)) find bi,j,k(uz) € BV such that

a(bg 5, (i) w; i) — o (67 (i) w3 i) g = @y ws i) — oWy, wi i), Yw € BN, (70)

S

fori=1,..,I,j=1,.,P" k=1,..,Np. Here &V (u;) := inf, . pn d(ﬁ,ﬁ;ui)/H{)H%A and o parametrizes
o (p

the smallest system-level eigenvalue )\N (n) = ). Note that a similar approach has been proposed in
[32]. We emphasize that we request o € [0, &; ( i) and hence oV (1) < @& (u;) to obtain well-posedness of
(70). Otherwise we define gy () := ming—1__y &N (1;).

Simple calculations yield the estimate

X 2 oo 2 - _12 U (i) +0 o
(@(b 1 (13) = bigop (116), 7 1 (1) = bk (p1a)s 1))/ < (@ () UQﬁH%&HX;ﬂ»

and

fori =1,.,1,j = 1,.,P7, k = 1,...,Np, oN(u;) := SUP, ¢ gar SUP e g @0, W5 i) /(19| 5,10
bi j.i () as defined in (18). Hence for oV (1) < a2V () we can approximate S(\) in (69) with Supp()\wpp) =
(App— )\'{\(appMpp) — Zle(AiTP A appMSD)Ai_ilAip, which justifies the choice agpp(11) = o (1) in the case
of no RB error and n = Np. We emphasize that for problems where oV (1) depends on the geometry of €
as in the case of linear elasticity we expect oV (1) < & N (115), which is verified in the numerical experiments

in Section 6.
Thanks to the rapid convergence of the RB approximation [8] we expect also that BN 1. (p;) is a good approxi-

mation of b;’ i, i (14i). Moreover, due to the expected good approximation behavior of the empirical port modes,

demonstrated in Section 6 and [15, 18], we expect a fast convergence of o (1) to the smallest eigenvalue of
Sapp()\f( app) |31, 33|, which finally justifies the usage of ol (1) as an approximation of oV (y).

As we apply the trace theorem locally for each instantiated component in the proof of Proposition 4.2
we may exploit the well-known result that the optimal constant ¢}, i = 1,.., I is the largest eigenvalue of the
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generalized eigenvalue problem: Find the set of eigenvalues and eigenvectors (A(u),v(u)), where A(u) € RT
and v(p) € XN satisfy

(0(p), w) 2z = ()7 w() o To), (T7) ™ Hw o Ti)s 1) 12 s

71
= A (T ) (0() 0 T, (T7) ™ (w 0 To): 1) s gy = A (©0(B)sw) ey Y € X ™
Note that due to the parameter dependency of the norm standard techniques as the successive constraint
method [7] are in general not applicable. In some cases as for simple dilations we can determine analytically
for which parameter we obtain an upper bound. For general geometric transformations we propose to solve
the eigenvalue problem for the parameter independent norms on the archetype reference component, i.e. we
consider: Find the set of eigenvalues and eigenvectors (), ), where A € RT and ¢ € XN satisfy

(8, ) 25y = MO, ) gy Vb € XV, (72)
Then we proceed as in Proposition 4.1 to arrive at the following estimate for the trace constant

ch (|G + 1) det G| 72 =i et (73)
where ¢ is the largest eigenvalue of (72). Note, that it is essential to compute a rather sharp bound for ¢!,
t=1,...,1, as this constant balances the contributions of the RB and PR error estimators.

Finally we address the approximations cfpp and cgfapp, where we focus on the more involved case cfpp. For
many PDEs estimating ¢ requires the application of Friedrichs inequality. To compute an approximation
of the constant in this inequality we propose to proceed as in [34] and decompose ) in non-overlapping
subdomains on which we can derive estimates for the local constants. We use the sharp bound diam($;)/m
for the constant in Poincaré’s inequality for bounded, convex domains §2; [35], solve the eigenvalue problem
corresponding to Friedrichs inequality on the archetype reference component, and use again Proposition 4.1
to arrive at a bound for the constant in Friedrichs inequality with respect to 2. For further technical details
we refer to [34].

4.4. Proofs

Proof of Proposition 4.1. By expressing v € XN as v = 7," (¢ o T,7'), with ¢ € XN and invoking the
transformation theorem we obtain for all v € X ZN

[vllx, < g(IG7 DI det Go/2[|0]l ¢ and  [|0] ¢ < g([|Gal)| det Gi| =/ jv]|x, (74)
Then, for v € XV, expressed as v = U + b with ¥ € Sy, and b € BN we exploit (74) to obtain
19x, < g(IG; D det G /21 W] ¢ and [|b]lx, < g(|G; )] det Gsf/2|[B]| -

As ¥ € Sy, we may write U as a linear combination of the coupling modes QZijk, i1=1,.,1,7=1,.., P,
k=1,...,Np. Thanks to (14) also ¥ thus fulfills (¥, b)¢ =0forall be B~ which implies

1112 M2 — a2
1% + lIoll% = 19/l (75)

As a direct consequence we have

W5 < llollx and [Bllg < 0] (76)
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Next, we apply again (74) to conclude that
191x, < g(IG; D] det Gi Vg ([|Gall)| det G| 2 |lol|x, = g(IG;H Dg(IG: D vl x,
and [|b]x, < g(IGT Dg(IGilD o]l x; -

Squaring and summing up yields (52).
Finally, we assume that 7; admits (54). Expressing ¥ as a linear combination of the mapped coupling modes
Yijr,t=1,...1,j=1,..,P7, k=1,..,Np and exploiting (54) yields (¥,b)x, = 0 and thus the claim. [

Proof of Proposition 4.2. As XN = BN g SN, we may write each v € XN as v =0b+ U with b € BN and
U € Sy;,. Then we have

a(u(p) =y (1), vs ) = f(v; ) = aluy (), 03 1) = f(0; 10) = aluy) (1), by 1) + F(¥5 ) — aluy) (1), U5 ). (77)
I:= II:=

For the first part I we invoke the definition of the Riesz representations (44) and the bilinear (6) and linear
forms (7) to obtain

I= Z fi(bs i) — ai( bf’ (1) + ZZ n,IL; (5), k( A,[J,Ic(:ui)vb; MZ))

Jj=1k=1
:Z(ﬁ i +ZZU711VH ﬁ,]k(ui)alA))X
i=1 J=1 k=1
<Z||Rf i +ZZ Gy (R g ()l 1101 .-
j=1k=1

Exploiting that functions in BlN vanish on global ports (see (13)) the second part I can be estimated as
follows:

I P
IT = Z(Hszvz(/j‘)v ‘I’)LZ‘(&,)M = Z([Hfzv]p(/i)a \I})LQ(FP)dT
i=1 p=1
1/2 L& 1/2
Z N () Z2 o) (D D 12 NZ2(e )
i=1 j=1
1/2 1/2
Z” [ T Z2(r, o) ZZ”””LZ(M)”T
i=1 j=1

1/2 1/2 1/2
Z Il HN HLZ(F dr Z ||U||H1 Q )dr Z Il HN ||L2(Fp)dr) CXCt”UHX-
i=1

Prop051t10n 4.1 then leads to

1/2
a(u(p) — Uﬁ(ﬂ) Z Il HN HL?(F )dr)
X : 2 —1pf o N 5 2\1/2
+e3 (O gUIGilD? det Gi| MR, (1) + DY UMy kR k() 1%) 7 Tlollx-
i=1 =1 k=1

j=1
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Exploiting the coercivity of a(-,-; 1) with respect to the space X N yields the claim. O
Proof of Proposition 4.4. For notational convenience we introduce
n
AN
R( : Rfuz Jrzz n(j)k Jk( i) €EB
j=1k=1

and set R; (i) = TP (Ri(wi) o T, 7). Exploiting the definition of u(y) in (21),(22), the definition of the
bubbles in (17) and (18), and Proposition 4.1 we may estimate on each instantiated component

HRf /’[’1 + ZZ n,I1;(4), k: 7]7 (/’[’l)”X

j=1k=1
PY n
= fi(Ri(pa); i) — as (™ () + Z Z Uiy e (000 (), R () )
j=1k=1
P7 Np n
a;(b] (1) ZZ )k (1) D gk (i) = B (s +ZZ it Gy () D0 e () R (i) o)
J=1k= j=1k=1
= ai(u(u) = w (1), Rapa); ) < vV () ) =l (1)1 1R ()| x
<N () lu(u) — u (Wlx, g(1G; )] det Gl [ R (i)l -
Squaring and summing up yields the claim. O

Proof of Proposition 4.5. We consider the jump of the conservative flux [H2],(u) across an arbitrary global

port T'y, m, = {(i,5), (¢, j')}. Thanks to (49) we may introduce an extension R,[H2], (1) = ngil 0k(1)¥p i
of [HN],(1) with coefficients g;, € R. By expressing R, [HN], (1) as

R, () Y ) (1) = T (R, () [H Y T gy () © T3 )

on €;, exploiting the weak flux continuity of the “truth” FE solution u(u) across global ports and using
Proposition 4.1 we obtain

ITH o ()72, yar
= fiRp[H T (10): 10) — i (up) (1), Rp[HY 1o (1) 1) + fir (R T (103 18) = i (g (), R [ ] (10): 1)
= ag(u(p) = up (1), Rp[H Tp (1) 1) + air () = wpy (1), Rp[H T (12); 1)
<M (lu(p) — ) (v) o IR H Y 1 (1) p[H 1o (1)x.,)
< M lu(p) — ) (w) 291G 1\I)IdetGII/2||9% O HY ) (1)1 ¢
+g(lGz 1H)|detGwI1/2 Y T, G (19 %)-
)

€ Sy, me may exploit (14) to obtain that Ry, () H N, j) (1) is the harmonic extension

As Ry [HY ], (1
of [H ]y, (;)(n) on Q, where (HN ) (1) = ﬁ”ap([Hrjy]Hi(j)( )oT,~'). Thus we may apply a trace theorem
[36] to obtain :

N 2 e, ya < 0N )lluk) = w)f ()l xox, (co,ig(NGT D] det Gil V2NN |, )y (1) L2,y
+evwg(I1Gy D] det Gor | PIEHN T, gy (10 /25,000 ).
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Thanks to our assumption that 7; when applied to a port is a pure rigid body motion and the port compat-
ibility requirement (5) we can further estimate :

N (22, < v () lali) = w (0 xx, Col N Lo (1)l 2y yon-

where Cp (1) = ¢ ig(||G; ) det Gi*/? + ¢ irg (|G ||)| det Gir[*/2. By applying the inverse estimate

HUHHl/z(Fp)d,. < Chh_l/QHUHL?(Fp)dr for all v € A?_;P? 1= 17 ...717 ] = 1, ...7P7 we obtain
AR () < N (w)enh™ 2y () u(p) = up ()| x,0x, -
Summing up yields
Z IHN ()72, yar < (N (@)enh™2C(u ZPWU up (1)1,
and thus the claim. O

5. Offline-Online procedure and analysis of the computational costs

5.1. PR-SCRBE approzimation
In this subsection we briefly summarize the computational procedure for the PR-SCRBE approximation
and refer to [14, 15| for further details.

Offtine. First, we perform the pairwise training algorithm as described in [15, 18] and apply a POD to con-
struct the empirical port modes. Next, we compute on each archetype component for the source term and
each coupling mode of the full port space the RB bubble approximation by a Greedy algorithm [26]. We
remark that this step is potentially rather expensive especially if we have many degrees of freedom on the
ports as it requires a couple of truth solves for each RB approximation and hence each port degree of freedom.
Note that if we allow ourselves to have only a reduced port space at our disposal in the online stage we may
compute merely the RB bubble approximations corresponding to the coupling modes of the reduced port
space at possibly much smaller offline computational costs. Independently, we have often "free" parameters
as Young’s modulus or the heat conduction coeflicient in which the solution of (18) scales linearly as the
parameters appear outside the whole integral . Furthermore, we do not have to consider parameters reflecting
the spatial orientation as discussed in Section 2.1. Besides, the RB construction process is embarrassingly
parallel and thus can be performed in general also for the full port space in a couple of CPU hours. Finally,
we prepare the online data sets and load them to computer memory.

Online. We employ a graphical user interface to instantiate once I components from the library, assign
the parameters, and connect the components at ports to form the global system. We emphasize that we
often encounter only I.;; < I different components in a system, i.e. components instantiated from a
different archetype or with a different parameter configuration, for which we have to perform the component-
local online computations. For the remaining components we may just copy the required data. Hence the
component-local RB approximations can be computed in O(I.¢sP7n(QN?+ N?)) operations, where we omit
the superindices a and f for ). Subsequently we assemble the component-local Schur complement matrices
in O(I.f¢(P7)*n?QN?) operations for the Galerkin formulation and O(I.f¢(P7)*n?QN) operations for the
Petrov-Galerkin formulation. Note that the Galerkin formulation requires the storage of the bilinear form
evaluated in all possible combinations of RB bubble approximations for each archetype reference component,
which can be critical. Finally, we assemble the Schur complement system with a direct stiffness procedure
[14, 15] and solve it.
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5.2. A posteriori error estimator

To realize an offline-online decomposition of the a posteriori error estimator we adapt the strategy for
the standard RB estimator [7] and compute offline on each archetype component the inner products of
Riesz representations (AN (1) and AN:1 (1)) or fluxes (A, (1)) for all (AN (1)) or some (AN (1) and A, (1))
combinations of coupling modes, associated RB basis functions, and affine terms in the bilinear form. Hence
for A, (p) we would for instance compute the flux ij by solving

( jkij k)L?(Z (bl Jisds kﬂ/’g k) (78)

where l;{\fwk denotes the [th RB basis function and j = 1,...,P",k =1,...Np,l < N,q=1,...,Q% Online

we may then compute the local indicators AN (p), Aiv’l(u), AP (n) by forming a linear combination of the
precomputed inner products. Alternatively the PR error estimator can be computed online without offline
preparations by assembling and solving (48). Next we discuss the offline and online stages for the a posteriori
error estimator in detail.

Offtine. As indicated at the beginning of this subsection we have to precompute and store the inner product
for the Riesz representations for all combinations of coupling modes, corresponding RB approximations, and
affine terms in the bilinear form to accomplish an offline-online decomposition of AN (). Note that the
necessary Riesz representations have already been computed (and stored) during the RB space construction
as they are required within the greedy algorithm. Hence the additional offline costs are in general smaller
than the costs for the construction of the RB bubble approximations. However, as the required storage is
significantly larger than the one required for the data sets for the Schur complement system the computation
of AN () is in general especially feasible for systems of rather moderate RB space dimensions and moderate
values of ) and Np.

In contrast for the computation of AN:1(y) the data sets for each Riesz representative in (44) can be stored
separately. Moreover, no additional offline costs arise as the inner products of the required Riesz representa-
tions for the affine terms in the bilinear form and the RB basis functions have already been computed during
the greedy algorithm.

To realize an offline-online decomposition of A, (1) we first compute the fluxes C’ « (78) and also the respec-
tive fluxes for the source term. As the right hand side in equation (78) has already been computed during
the data set preparation of the Schur complement matrix and the left hand side of (78) is restricted to the
ports, those additional offline computational costs are small in comparison to the ones for the PR-SCBRE
approximation. To prepare the inner products of the jumps of the conservative fluxes (49) we have to identify
groups of two components which may connect within a global system, loop over each pair of local ports within
each of these groups, and form the inner products of the various fluxes. We remark that thanks to the port
compatibility requirement and the mutual disjoint port assumption only a reduced number of combinations
of coupling modes and associated RB basis functions have to be taken into account and that we hence expect
the required storage to be comparable with the one required for the data sets for the Schur complement
system for the Galerkin formulation.
Finally, we compute the constants &
with negligible additional offline cost.

and solve the eigenvalue problem associated with Friedrichs inequality

Online. Also for the computation of the a posteriori error estimators A(u) and Al(pu) we exploit that
typical systems often feature only I.;r < I instantiated components for which we have to perform the
component-local computations. The operation count for the computation of A¥(u) and A, (u) is thus
O(Iers(P7)*n2Q?N?). Although the operation counts for A(p) are therefore higher than the ones for the
PR-SCRBE approximation, we expect the actual computational time for the error estimator to be within a
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reasonable range as we only need to evaluate the sum over the precomputed inner products. To compute
AN-1(1) we form the inner products of the Riesz representations (44) in O(I.;rP'nQ*N?) operations and
compute the sum in the local indicators AN (i) in O(Iz;(P7)?*n?) operations. For moderate values of
Q the operation count for AN:'(11) is hence comparable to the one for the computation of the PR-SCRBE
approximation.

As mentioned at the beginning of this subsection we may alternatively compute A, (u) only online. We
assemble the inactive stiffness matrices and right hand side vectors in (48) associated with the coupling modes
Yijr, t=1,..,1,j=1,.,P", k=n+1,..,Np in OLe;fQNP"n(Np — n)) operations. Thanks to the
L?(w; j)-orthonormality of the port modes the norm of the jump can then be computed in O(I. s PYn(Np—n))
operations. If we consider port modes that are not L?(v; j)-orthonormal, e.g. due to a geometric mapping
that transforms the port, we have to additionally assemble the matrix of the left hand side in (48) which
can be realized in O(ng f./\/'%) operations. Here, ng P denotes the number of different port shapes within the
global system either due to a different port type or a different geometric mapping. Thus, in this case the
operation count for computing the norm of the jump adds up to O(ng fj\/% + I.; PYNZ), where o depends
on the employed solver to solve the linear system in (48). Unless we consider a system with a full port space
of a great number of degrees of freedom, i.e. Np ~ QP7nN, the online-only strategy for the computation of
A, (p) seems to be preferable in both cases. Moreover for Q(Np — n) ~ N2 which is reasonable for many
systems, we expect the operation count for the online-only computation of A, (1) for L? (i, )-orthonormal
port modes to be comparable to the one for the computation of the PR-SCRBE approximation.

Finally, we compute the minimal eigenvalue of the Schur complement matrix to determine cvgp, (1) and the
global constants cfpp and céfapp, if necessary. The computational costs are small for instance compared to the
assembling of the inactive stiffness matrix as we may employ a high tolerance for the solution of the eigenvalue
problem and only need to form a sum of the precomputed local constants to determine cgi,p and cﬁfapp. We
summarize that the online operation count for the computation of AN*(u), which we have employed for our
numerical tests, is thus O(I.;(P"nQ?N? + (PY)?>n? + QNP n(Np — n))).

6. Numerical Results

In this section we verify both the effectivity of the a posteriori error estimator A!(u) and the local
indicators Aiv’l(u), i=1,...,0 and AP(u), p=1,..., P', and demonstrate the applicability of the introduced
certification framework by analyzing the computational costs. To factor out the effect of the geometry of
the archetype reference component on the theoretical results, we consider a library of one archetype beam
component component 1 as depicted in Fig. 2. First, we consider heat conduction, where we focus on more
theoretical related issues as the analysis of the effectivity results. Next, we consider linear elasticity and
demonstrate also for this more demanding vector-valued setting that our error estimator is effective and
computable at small additional online costs. Our implementation is in C++ and based on the finite element
library libMesh [37, 38]. For the solution of the generalized eigenvalue problems we have employed the
Krylov—Schur solver of the library SLEPc [39]. For notational convenience we add a subscript or superscript
rel if we refer to relative error quantities, i.e. quantities divided by |Ju(p)]|x-

6.1. Heat conduction

We consider equilibrium heat conduction for the beam archetype component component 1 (see Fig. 2)
with heat transfer from the surface of the beam to the ambient for a prescribed uniform heat generation ¢%™;
a combination of a uniform heat flux q%m on the bottom of the beam and a volumetric heat generation g7
Such a heat conduction component might be part of a pin heat sink used for instance as a processor cooler.
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Figure 2: Archetype reference beam component
component 1 with two ports; one at the top and one at Figure 3: Distribution of the temperature u for system 1

the bottom of the beam

First, we nondimensionalize length with respect to a reference length w®™° and we introduce a non-
dimensional conductivity ratio x = k%™ /k4™0 for the thermal conductivity k%™ and a reference con-
ductivity k%m0,  Furthermore we nondimensionalize the heat transfer coefficient h%™ with respect to

Kk Bi/(k4m0dm0) for the dimensionless Biot number Bi = hdimqydim0/gdim = and introduce the non-
dimensional temperature u = k4m0(Tdim _ dim. Y /(qdim (ydim.0)2) " Finally, we introduce the non-

dimensional heat flux g5 = q?lm /q%™ and the non-dimensional volumetric heat generation g, = qd“” /qd™.
On a physical domain ©Q = (0,5L) x (—0.5,0.5) x (—0.5,0.5) we may then consider the non-dimensional PDE

—KAU = @y Over 2,
kVu-n+kBiu=0 on IQ\ (C'yUTp),
kVu-n=gqp on Iy,

u=0 on I'p,

where L denotes the length scaling and I'y and I'p the Neumann and the Dirichlet boundary, respectively.
We define the following bilinear and linear forms on the archetype reference domain 2 = (0, 5) x (=0.5,0.5) x
(—0.5,0.5) for the parameter it = (&, B, L, Guor, 411

a6, ) o= (R /dvdw o [0 di  do di / .
a diry diy o diy diy | dig dis AU

f(v;,u) ::-i’/AQUolﬁ+/ (jfl{}a
Q 2

where 41 = {0} x (-0.5,0.5) x (=0.5,0.5) and 42 = {5} x (—=0.5,0.5) x (=0.5,0.5) are the local ports of the
component. We set the parameter space D to D := [0.5,2] x [0.001,1] x [0.6,1.4] x [—1,1] x [~10,10]. Note
that thanks to the choice of the scale of the Biot number the parameter & is a “free” parameter with respect
to the RB bubble approximation as it appears in front of the integral in the bilinear form. Finally, we define
the inner products

R L
’ X ﬁdi’l dﬁ?l d.’ig dlf?g di’g dii’g,
do div ;[ do dio | do do
Q d:i?l dli‘l O di’z dii’g di’g dﬁ?g’

(6, %; 1) 5. = (1/L)

and consider the solution space X = {v € H'(Q) : v=0 on I'p}.
Unless otherwise stated we consider for this test case the Galerkin formulation of the PR-SCRBE method
(35). Thus thanks to Lemma 3.1 we obtain well-posedness of the approximation and oV (1) > 0.5 =: aapp(10).
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To determine an approximation cflpp for ¢! we compute the largest eigenvalue of (71) for L = 0.5 and ob-
tain ¢! < ¢, ~ 1.10464 for all 4 € D. Thanks to the definition of the inner products in (79), we have
X (p) <1=: cﬁfapp. To compute an approximation of ¢, we use the simplified version of the strategy pro-

posed in [34] and obtain ¢ < cp(p) < \/(diam(Q)/m)? + (51L;)%/3 =: ¢, where L;, i = 1, ..., I denotes
the length scaling parameter of the i-th instantiated component and cp(u) the constant in the Friedrichs
inequality.

Initially we consider a component library library 1 where we use an underlying FE discretization with
N = 4941 linear hexahedral elements and a reference port dimension of Np = 81. To generate the empirical
port modes we apply the pairwise training algorithm! [15, 18], compress the data to 6 POD modes and add
the constant mode to obtain 7 empirical port modes. For the RB construction in the offline phase we have
set relative tolerance for the Greedy algorithm to 10~7.

First, we consider a system 1 of i = 5 components with component parameters u; = (0.5,0.01,1.0,0.5, —),
e = ps = pg = (1.0,0.5,1.0,0.1, ), and pus = (1.0,1.0,1.0,1.0,5.0). The PR-SCRBE approximation is
depicted in Fig. 3 and we observe a rapid temperature drop in component 5 (in the foreground of the picture)
because of the relatively high Biot number Bi = 1.0.

Analyzing the convergence behavior of the relative error ||u(p) — ul) (1)|/5¢ and the relative error estimator
Al (w) (58) for N = Npa, and an increasing number of port modes n in Fig. 4a we observe that Al (u)
is both a rather sharp and an effective error bound. This also applies if we consider n = 81 port modes and
hence no port reduction and increase the number of RB basis functions N (cf. Fig. 4d). Next we consider
both a reduced number of RB basis functions N and empirical port modes n. We use either N = 8 RB basis
functions and increase the number of port modes n (cf. Fig. 4b) or choose n = 6 and increase N (cf. Fig. 4e).
In both cases Al(u) captures the behavior of the respective dominant model error and is able to detect the
error plateau due to a too small number of RB basis functions in Fig. 4b or port modes in Fig. 4e. The
effectivity changes only very slightly if the type of the dominating model error changes. We hence conclude
that for the considered test case Al(u) captures the interaction between the RB and PR error very well and
thus may be employed to balance both error contributions during the online phase, which allows us to realize
significant computational savings as will be demonstrated below.

If we compare the convergence behavior of the local RB indicators Afv ;) (46) and the local errors
u(p) — u ()| x, for i = 1,4,5 in Fig. 4f, we observe that the local effectivities AN (1) /[lu(p) — ul (1) | x,
change only very slightly for increasing IV and that for all considered N the local indicators are able to detect
the error distribution on the components. Regarding the local PR indicators AP (u) (50), p = 1,4,5, we
observe that the indicators for p = 1 and p = 5 capture the error behavior of |u(u) — u (1)| x,0x, and
lu(p) — ul) ()| x, perfectly for increasing n (cf. Fig. 4c). Due to Proposition 4.5 one might expect that
the local indicator A% (u) behaves as ||u(p) — ul (1)||x,@x, for growing n, but instead it shows the same
convergence behavior as |Ju(u) — ul (u)||x, (cf. Fig. 4c). However, we emphasize that the observed behavior
in Fig. 4c is indeed preferable as the error in component 5 is mainly caused by the strong temperature drop
near the global (Neumann) port I's (cf. Fig. 2). To reduce the PR error we should therefore increase the
number of port modes at port I's, as suggested by the local indicators A% (u) and A2 (u), and not T'y. We
remark that similarly also A2 (1) tends to behave like ||u(p) — ulY ()] x, and not like |Ju(u) — u ()| x0 05 -
Finally, we note that the local indicators AP (u) are able to predict the error distribution on the ports well
(cf. Fig. 4c).

Next we consider a system 2 of 2 components with component parameters p; = (1.0, Bi,1.0,0.5, —) and
ue2 = (1.0, Bi,1.0,0.5,5.0) and varying Biot number Bi. For n = 81 and N = 10 we see in Fig. 5a that the

local effectivities AN" (115) /|| u(p) —u® (11)|| x, change very little if we increase the Biot number and that for all

IFollowing the notation in [18] we have chosen Nsamples = 500 and v = 2 in the pairwise training algorithm.
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Figure 4: Behavior of the error estimator Al(u) (58) and the local PR error indicators AL (u) (50) on the global port T'p and
the local RB error indicators Aiv’l(,u) (46) on component i for system 1; e := u(p) — ul) (1).

considered values Bi € [0.001, 1] the local indicators detect the correct error distribution on the components.
If we consider n = 4 and N = N,,,. We observe that the local indicator Ag(u) associated with the Neumann
port captures the behavior of ||u(u) — uX ()| x, very well for varying Bi and that again A}(u) tends to
behave like ||u(u) — u® (1)||x, rather than |lu(p) — ud (1)l x,@x, (cf. Fig. 5b). A possible explanation for
the fact that for smaller Biot numbers we have A} (u) > AL(u) might be that in this parameter range the
temperature drop is much less localized than for say Bi = 0.5 and hence more strongly affects the behavior
at port I'y.

Allin all we thus conclude that for this test case the observed behavior of the local indicators A2, p =1, ..., P¥
confirms the effectivity result of Proposition 4.5 and that the local indicators AZN’I (1;) capture the local error
behavior very well. Moreover the local indicators are able to predict the error distribution on the ports or
the components, respectively, relatively well.

To investigate the behavior of the error estimator subject to varying L and hence a non-orthogonal geometric
transformation, we consider a system 3 of 2 components with component parameters u; = (1.0,0.5, L, 0.5, —)
and pe = (1.0,0.5,L,0.5,5.0). Note that thanks to the high Biot number the temperature near the Neu-
mann boundary drops very quickly (similar to Fig. 2) and the effect of the length scaling of the beam on
the temperature behavior is therefore rather small. Considering this system thus allows us to some extent
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Figure 5: Behavior of the local indicators Aév’l(,u) (a) and A}, (1) (b) for system 2 and varying Biot number; e := u(u) —ul (1.

nt (,u)/cé(pp for system 3 and varying length scaling parameter L (c).

to analyze the dependency of the error estimator and the effectivities on the constants accounting for the
geometric transformation. The results are depicted in Fig. 5¢ and we observe that for n = 4, N = Njae
the effectivity n'(u)/ cfmf slightly grows if we increase L. However if we employ the exact trace constant
¢! (Fig. 5c, square markers) the effectivity barely changes, although Proposition 4.5 suggests a dependency
on L. Setting n = 81, N = 10 we see that the effectivity of nl(u)/cfm, deteriorates slightly more than
anticipated when departing from L = 1, but that the deviations are still rather small. We therefore conclude
that at least for the considered test case Al(u) seems to be a sharp and effective bound also for systems that
include components subject to geometrical non-orthogonal transformations.

Next, we analyze the dependency of n, (1) on the port mesh size h. To this end we consider three different
libraries of component 1 with linear hexahedral FE, a fixed mesh size H = 0.1 in #;-direction, and varying
port mesh size h = 0.2,0.1,0.05 in &3- and Z3-direction in reference coordinates. We have used cflpp associated
with the finest mesh. For h = 0.1 and h = 0.05 we obtained 7 empirical modes and for h = 0.2 we obtained
5 empirical modes®. The relative tolerance for the Greedy algorithm has been set to 10~7. Moreover, we
consider the Petrov-Galerkin formulation (39) for the PR-SCRBE method. We consider a system 4 of 4 com-
ponents with parameter configurations pq = pe = ps = (1.0,0.25,1.0,1.0, —) and p4 = (1.0,0.5,1.0, 1.0, 1.0)
for which we obtain a non-constant temperature distribution on all ports thanks to the moderate Biot number
and the high volumetric heat source. The behavior of 1, (u) for h/2 divided by n,,(p) for h for increasing n
is depicted in Fig. 6a and we observe that the ratios are indeed bounded by the expected upper bound v/2.
As we have observed smaller ratios for other systems as for instance for system 1, we conclude that it seems
like the effectivity n, () scales in h as anticipated.

Finally, we address the computational costs and consider to this end again system 1. We note that thanks
to the parameter configuration p; = (0.5,0.01,1.0,0.5,—), p2 = ps = pg = (1.0,0.5,1.0,0.1,—), and
us = (1.0,1.0,1.0,1.0,5.0) we obtain I.;y = 3. First, we compare for n = 7 and increasing N the on-
line CPU time for A, (u), AN1(u), and for the PR-SCRBE approximation, i.e. the computation of the RB

bubble approximation, the assembly of the Schur complement system and its solution. We observe that the

2Note that we divide by cfpp to factor out the effect of the change of cfpp for varying L.

3We have set the parameters for the pairwise training algorithm to Nsamples = 500 and v = 2.
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PR-SCRBE approximation scales linearly in N and that the costs for the computation of A, (u) increase
only very slightly from around 0.086 seconds required for N = 2 (cf. Fig. 6b). Moreover we see a quadratic
scaling of AM:1(p) which confirms the operation count in §5. As the CPU time for the computation of Al ()
accounts for about 75% of the online costs we hence infer that the proposed certification framework is indeed
computationally feasible and that the error estimator can be computed at a reasonable additional online cost.
The computational costs for the corresponding “truth” approximation account on average for 2.25 seconds,
where we have employed a conjugate gradient method with a relative tolerance of 10798 both for the solution
of the Schur complement system and the linear system of equations for the “truth” FE approximation. Hence
for a relative error |lu(u) — ul) ()|]3¢ of 107% and an estimated relative error Al (u) of 107% we gain one
order of magnitude already for this small considered system (cf. Fig. 6¢). Greater computational savings
can be realized for larger systems as considered in [18], especially for situations with I.;; <« I. We finally
note that if we consider n = 7 port modes and prescribe (say) a relative error tolerance of 1072 the error
estimator indicates that it is sufficient to consider N = 11 RB basis functions and we may thus reduce the
online costs to around 60% of the online costs that arise for N = N4, (cf. Fig. 6¢). This demonstrates that
we may realize large computational online savings by employing A'(u) to balance the error contributions
due to RB and PR model reduction.

6.2. Linear Elasticity

In this test case we consider isotropic linear elasticity for the beam archetype component component 1
(see Fig. 2). Again, we nondimensionalize length with respect to a reference length w%™° and we nondimen-
sionalize Young’s modulus E%™ with respect to a reference value E%™°. We consider a traction 7%™ ¢ R3
acting on the tip of the beam, which we nondimensionalize with respect to E%™° and homogeneous Dirich-
let boundary conditions on the bottom of the beam. We do not take into account gravity. We may then
introduce the dimensionless displacement u = u®™ /w®™ 9. Finally, we define the non-dimensional tensor C

as
A 14

1
Cigrt = (1+v)(1—2v) 2(1+ v)

where we choose Poisson’s ratio v = 0.3 for steel.

030k + (Oirdj1 + 0itdjr), 1 <1, 5k, 1 <3,
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2848.1 | \ N =1 \ N =2 \ N=3 \
Galerkin 2.942035 - 10793 [ 4.908761 - 1079% [ 2.310078 - 104
2000 Petrov-Galerkin | 3.484242-10~ %% | —1.736349 - 10~ 93 | 2.222161 - 10~ ¢

y \ N=5 [ N =10 [ oV ()
E]OOO Galorkin | 2.307751 - 10 9% | 2.3077506 - 10 % | 6.005847 - 10 02

Petrov-Galerkin | 2.306615 - 10~°* [ 2.307751 - 10 [ 6.905847 - 10~°*
0
Table 1: system 5: aapp(p) for the Galerkin (35) and the Petrov-Galerkin formulation

Figure 7: Magnitude of the dis- (39) for increasing N.
placement field u for system 5

We consider the archetype parameter vector i = (E, ﬁ, 72,73), where the geometric parameter L allows for
a length scaling of the archetype reference component domain Q= (0,5) x (—=0.5,0.5) x (—=0.5,0.5) in the
Z1-direction. Moreover we choose the parameter space D = [1.0,10] x [0.5,2.0] x [-1,1] x [-1,1]. We may
then define the following bilinear and linear forms on Q:

A o' ., ovF o' ., OF
a(’w,'U, /1,) =F ( N TC“MT@ + N aTAjCijklai‘l)

ow ook
EL C’ t— 1,t#1
/ zlklaA + 5 aA LSktaLth7 37& ) 7é )
= [ 7
Y2
where the superscript ¢ denotes the i-th component of the respective vector and we assume summation on
repeated indices. Moreover, 41 = {0} x (—0.5,0.5) x (—0.5,0.5) and 42 = {5} x (—0.5,0.5) x (—0.5,0.5) are

the local ports of the component. Note that Young’s modulus parameter is “free” as it appears outside the
whole integral in the bilinear form. We also define the inner products

(6,5 Z/dvdw dot dit - do' divt
dxl d.]?l d.’i‘Q d.f?Q d£3 di37

dot diw dot dw'  dot da’
D)o - = 1 L dis
(0,103 1) 3. ;( D | T -+ o di dis | dig dis’

and denote with I'p the Dirichlet boundary. Finally, we consider the solution space X = {v € H*(2)? : v =
0 on I'p} and obtain well-posedness of the “truth” approximation and hence the Galerkin formulation (35)
of the PR-SCRBE method thanks to Korn’s inequality.

In order to determine approximations of the constants c?, ¢X, and c5* we proceed as in Section 6.1. We choose
Qapp(p) as an approximation of the smallest eigenvalue of the Schur complement matrix, where we have set
the relative tolerance of the employed Krylov—Schur algorithm to 0.1. For the discretization of component 1
we employ linear hexahedral finite elements with A/ = 3348 degrees of freedom (1116 mesh nodes) and a ref-
erence port space dimension of Ap = 108. We perform a pairwise training algorithm* [18] and subsequently

X

4Following the notation in [18] we have chosen Nggmples = 500 and v = 1 in the pairwise training algorithm.
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apply a POD to compress the so obtained functions on the ports to 24 port modes. By adding the six modes
that span the space of the rigid body modes we obtain 30 empirical port modes both for the Galerkin and
the Petrov-Galerkin formulation. We have set the relative tolerance for the Greedy algorithm to 10~7.
Initially, we consider a system 5 of two components with system parameters p; = (1.0,1.0,0.4,0.6) and
w2 = (1.0,1.0, —, —), where we remark that the traction is prescribed with respect to reference coordinates.
The Petrov-Galerkin PR-SCRBE approximation for N = N,,,, and n = 108 is depicted in Fig. 7 and the
bending in x5 and 3 directions is clearly observable. In Tab. 1 we compare gpp(1) for the Galerkin and
the Petrov-Galerkin formulation of the PR-SCRBE method for n = 108 and an increasing number of RB
basis functions N with o' (u). We observe that for N = 2 the constant gy, (1) for the Petrov-Galerkin
formulation is negative which suggests to increase the number of RB basis functions. In spite of that, we
see that for N > 3 both for the Galerkin and the Petrov-Galerkin formulation the approximations oy (1)
converge rapidly to a limit of around 2.307751 - 10~%4, which is a very good approximation of the coercivity
constant oV (11). For N = Nyuap and n = 1 we obtain agp, (1) = 2.316429 - 10~°* both for the Galerkin and
the Petrov-Galerkin formulation and the approximations merely change for increasing n. We hence conclude
that the smallest eigenvalue of the Schur complement matrix may serve in our certification framework both
as a reasonable approximation of oV (1) also for small N and n and an additional indicator for the quality
of the RB approximation.

Next we compare the convergence behavior of ||u(u) —ul (u)||5¢ and Al (u) for N = Nyq, and an increas-
ing number of port modes n for the Galerkin and the Petrov-Galerkin formulation (cf. Fig. 8a). For both
cases we observe a rather rapid convergence of the empirical port modes, for instance for n = 20 we already
obtain a relative error of less than 10=%. Due to the very small coercivity constant we obtain a rather large
effectivity constant n'(u), which has of course to be taken into account when employing A'(u) as a stopping
criterion. However, we see that for both formulations the error estimator A'(u) provides an effective bound
as it features the same convergence rate as the relative error. If we consider n = 108 port modes and increase
the number of RB basis functions, we see that for the Galerkin formulation the estimator increases if we
enhance N =1 to N = 2 and that the relative error only drops slightly (cf. Fig. 8b). Apart from that A*(u)
describes the behavior of the error very well. For the Petrov-Galerkin formulation we detect a slight increase
of the effectivity n' (1) for increasing N (cf. Fig. 8b). Considering n = 20 port modes and an increasing N, we
observe in Fig. 8c that for the Galerkin formulation and N > 3 the effectivity is nearly constant. Considering
the same choices of n and N for the Petrov-Galerkin formulation in Fig. 8d, we see that [lu(u) — u® (1) |5
stagnates for N = 7 and Al (1) for N = 6 which causes a slight increase in the effectivity n'(u). Apart from
that we see that Al(u) captures the behavior of the dominant model error well. Note that the stagnation of
both the error and A!(p) in Fig. 8c and Fig. 8d is due to the usage of only n = 20 port modes resulting in a
domination of the port reduction error. We therefore conclude that also for this test case the error estimator
A'(p) provides an effective bound which may be employed to balance the error contributions between the
PR and RB errors. The inferior sharpness compared to the previous test case is due to the small coercivity
constant. Note that this matches the theoretical results from the previous section and is thus in some sense
an anticipated behavior.

Comparing the approximation properties of the Galerkin and the Petrov-Galerkin formulation for n = 108
(cf. Fig. 8b) and n = 20 (cf. Fig. 8d), we observe that as expected the Galerkin formulation yields a faster
convergence for increasing N. However by using at most 3 additional RB basis functions we obtain for the
Petrov-Galerkin, which is more favorable from a computational viewpoint (see §5), the same accuracy as for
the Galerkin formulation. We hence infer that both formulations provide at least for the considered test case
a rapid convergent approximation.

To analyze the constants in A'(u) and n'(u) due to a geometric transformation we consider a system 6
of two components with parameter configurations u; = (1.0, L,0.2,0.3) and ps = (1.0, L, —, —) and varying
length scaling parameter L. We use the Petrov-Galerkin formulation. Note that in contrast to the previous
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scaling parameter L (e); CPU time for the PR-SCRBE approximation and A!(p) for system 7 and increasing n and N = 10 (f)

test case the length scaling stronger affects the behavior of the solution. We see in Fig. 8e that for n = 20
and N = Np,q. the effectivity n'(u)/(capp()c) slightly increases for growing L. Employing ¢! instead of
cgpp mitigates this effect but we still observe an slight increase. Considering n = 108 and N = 7 we de-
tect a stronger variation of n'(u) for growing L. However as the ratio between the highest value of n'(u) for

L = 1.1 and its smallest value for L = 2.0 is smaller than 20 the deviations are still within a reasonable range.

At last we investigate the online computational costs and consider for that purpose a system 7 with 5
components and component parameters gy = (2.0,1.0,0.3,0.2) and pe = pg = pg = ps = (2.0,1.0,—, —).
As in our current implementation Dirichlet boundary conditions affect the component configuration we have
I.s¢ = 3. Comparing the online CPU time of the Petrov-Galerkin PR-SCRBE approximation and A'(y) for
N = 10 and increasing n we see that the PR-SCRBE approximation scales on average quadratically in n
(cf. Fig.8f). Both for A,,(u) and AN-!(1) we detect a linear scaling, which is compliant with the operation
counts discussed in §5. Thanks to the additional costs for the eigensolve the portion of the online costs of
the error estimator AN>!(1) amounts to approximately 82%. Thus we infer that the estimator is also for this
test case computable at reasonable additional online costs.

31



The computation of the corresponding “truth” FE approximation required on average 14.75 seconds, where
we have used a conjugate gradient method with relative tolerance 107°%. For the solution of the Schur
complement system we have employed a stabilized bi-conjugate gradient method with the same relative
tolerance. The computation of a certified PR-SCRBE approximation with a relative error of 8.30531 - 1096
took on average 0.4 seconds. Also for this system we obtain a high effectivity n'(x) due to qupy(u) ~
1.863954 - 1079 < oV (u) ~ 1.104764 - 10~°* which remains however constant for increasing n. Again the
tendency of the error estimator Al(u) to overestimate the error due to the small coercivity constant affects
the applicability of Al(u) as a stopping criterion and hence limits to some extent the computational savings
that may be realized in the online stage.

7. Conclusions

In this paper we have introduced a new certification framework for the port reduced static condensation
method (PR-SCRBE) which provides a rigorous and effective bound. By adapting the concept of conservative
fluxes introduced in [19] to the PR-SCRBE setting we have derived an a posteriori error estimator for port
reduction which is based on local indicators associated with the ports. To combine this estimator with the
estimator for the RB error, which is based on component-local indicators that are the norms of weighted
Riesz representations, we have exploited the orthogonality of the component interior "bubble" function space
and the coupling modes on the archetype components. We have derived upper bounds for the effectivities
both for the local PR and RB indicators and the PR and RB error estimators.

The numerical experiments for heat conduction and isotropic linear elasticity demonstrate that the introduced
estimator is indeed an effective bound both for the error caused by the Galerkin and the Petrov-Galerkin
formulation of the PR-SCRBE method and also for systems containing components subject to non-orthogonal
geometric transformations. However, while the error estimator provides a sharp bound for heat conduction
problems the effectivities for the considered problem in linear elasticity are rather high due to the unfavorable
coercivity constant. The experiments also show that the local indicators are effective and that the effectivities
change only slightly for varying non-geometric parameters. Moreover for the considered test cases the local
indicators have predicted the error distribution on the components (RB indicator) and ports (PR indicator)
reasonably well. This demonstrates their potential for being employed within an adaptive PR-SCRBE scheme,
which is subject of future work. Finally, the error estimator captures the interaction between the PR and
RB errors very well and thus allows us to balance both error contributions in the online stage.

We hence conclude that the introduced a posteriori error estimator facilitates both an efficient error control
for moderate coercivity constants and an efficient and (locally) adaptive choice of the dimension of the RB
and PR spaces. As the numerical experiments show that the error estimator is computable at reasonable
additional online costs, the estimator thus enables us to realize significant online computational savings.
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Appendix A. H'/2-orthonormal port modes

We may alternatively consider port modes which are orthonormal with respect to a H'/2-inner product.
As the computation of the inner product corresponding to the Sobolev—Slobodeckij-norm (cf. [40]) is com-
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putationally challenging we introduce instead an implicitly defined H'/2-inner product, which is defined via
an extension operator to the archetype (reference) component. In detail we introduce for each local port 4;,

j =1,...,P7, an extension operator E)A%j : /A\;\/" — XN, with Sf{jv = 0 on 4 for j # j', and then define an
H'/2_inner product as

(C,H)Hlm(:ﬁ)m = (%j{,%jli)x VC,KJGAjp. (A].)
The application of the trace theorem yields that (-, ) ;1 /2(5,)4r 18 positive definite and hence indeed an inner
product on the space A;\fp Note that for the trace operator ¥; : XN - Ag\/p the set {‘Ijij%jﬁj7k}£[:7’l is a
Riesz basis for Aév”.

To compute the respective port modes within the pairwise training algorithm we extract functions on
the port for each parameter value of the train sample® and subsequently compute the lifting to the reference
component. Note that this step requires O(Nsampies[PYNp(QN2+ N3)+ (P'Np)?QN +N°]) operations for
the Petrov-Galerkin and O(Ngampies|P'Np(QN? + N3) + (P"Np)2QN? + N?]) operations for the Galerkin
formulation as we employ a non port reduced SCRBE approximation to compute the functions on the ports.
Here Nggmpies denotes the size of the train sample and o depends on the employed solver to compute the
extension. We remark that in general we expect the computational costs for the lifting to be rather small as
for most snapshots on the port the extension will have support only within a small part of the component.
To guarantee that we obtain the full port space we also add extensions of Legendre modes. The latter can be
obtained by solving a singular eigenvalue problem in the complement space of the empirical modes [15, 18].
Finally, we apply a POD to the extensions to determine the principal components. Note that the formation
of the Gramian can be performed in O(N famples./\f ) operations and that the solution of the corresponding
eigenvalue problem requires O(N. Samples) operations.

To define a H'/2-inner product for a mapped port vi,; we recall our assumption that 7;def when applied to
a port 4; is a pure rigid body motion which we denote for notational convenience with 7;’;’ We also introduce

the inner product (v,v)xr = (")~ (v o T;72), (T )Y (v o T;"}); i) ¢ and the mapped extensions
Rk = (T"7)(Rjk o (T72) 1) for all & € A;\[p Then we obtain

(€, RyR) g, = (Rig€, Riyr) xro

and may thus define

N 2 oA Np
(C7 H)Hl/Z(»y,iyj)dr = (Ca H)Hl/Q(’yj)dr = (%jé.»%jﬁ)f( VC) K€ Ai,j . (AZ)

Note that thanks to this definition we obtain port modes that are H'/2-orthonormal on each global port Iy,
p = 1,..., P! within the system in physical coordinates. The conservative flux may be defined as in (47), with
the L?-inner product replaced by the H'/?-inner product (A.2). Thanks to the definition (A.2) and the so
maintained orthonormality of the port modes the computation of the conservative flux again reduces to the
calculation of the euclidean norm of the vector associated with the residual in (48). If we allow geometric
mappings that deform the port the computational costs increase as discussed in Section 5. The estimate for
part IT in the proof of Proposition 4.2 can be done in an analogous manner. Note that the constant ¢! has
to be modified. The effectivity n,(u) can now be bounded as follows.

5Note that the parameter here additionally accounts for the parametrization of the boundary conditions on the non-shared
port. For further details we refer to [15, 18].
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Corollary Appendix A.l. For H'/2-orthonormal port modes the local error indicators AP () may be
bounded as

AP () <N () Cpllulp) = up ()l xsex, s for mp = {6, 3), (7', 5')}- (A.3)

Furthermore the effectivity n,(u) satisfies

N
vi(p) o ox ~
< —"7 vV PY C,. A4
Ui (:u) — aapp(ﬂ) Cappcapp p:III,l.ia.},(PF p ( )
Proof. The proof follows the lines of the proof of Proposition 4.5 but does not require the application of the
inverse estimate. O
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