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AN ITERATIVE DOMAIN DECOMPOSITION PROCEDURE FOR
THE REDUCED BASIS METHOD

I. MAIER'T AND B. HAASDONKT

Abstract. Reduced basis methods allow efficient model reduction of parametrized partial differ-
ential equations. In the current paper, we consider a reduced basis scheme for homogeneous domain
decomposition problems. The method is based on iterative Dirichlet-Neumann coupling. We prove
convergence of the iterative reduced scheme, derive rigorous a-posteriori error bounds and provide a
full offline/online decomposition. Different methods for basis generation are investigated, in partic-
ular a variant of the POD-Greedy procedure. Experiments confirm the rigor of the error estimators
and identify beneficial basis construction procedures.

Key words. reduced basis method, model reduction, domain decomposition, iterative methods,
Dirichlet-Neumann coupling

1. Introduction. The reduced basis (RB) method has become a powerful ap-
proach for a fast and reliable treatment of parametrized partial differential equations
(PDEs) in the last decades. Whenever solutions of such PDEs have to be approxi-
mated for plenty of parameters — the so called multi-query context — or simulations
have to be done in real-time, the runtime demands of precise approximation methods
like Finite Elements or Finite Volumes is a big drawback. The RB method dissolves
this problem by precomputing some snapshots of the solution manifold to generate a
low dimensional approximation space. Subsequently, a reduced solution can be found
rapidly in this low-dimensional space. The resulting reduced models can then be used
in various settings, e.g. optimization with PDE-constraints [15], parameter studies or
smartphone applications.

RB methods, which already emerged in the last century [1], have been studied
for both time independent, e.g. [16, 18], and time dependent problems such as [5, 7].
When computing a basis for the low dimensional reduced space, one has to choose
sample parameters. This is mostly done in an adaptive manner with the Greedy-
algorithm [20]. For this procedure the a-posteriori error estimation is an essential
tool, which can be very effective and often completely relies on known and computable
quantites. A counterpart for time dependent problems is the so called POD-Greedy
method [7] and recently there has been much investigation in theoretical convergence
analysis for the Greedy-algorithms [3, 2, 6].

The idea to combine RB methods with domain decomposition techniques led to
the RB element method [10, 11, 12]. In a new approach [8] the RB element method
deals with reference components, which are connected via suitable ports. Especially,
seperate constructions for basis functions on interfaces and the domain interior are
proposed. Domain decomposition techniques in general [17, 19] are motivated by
different purposes, such as parallelization of numerical simulations by assigning sub-
domains to different cores, or multiphysics, where different PDEs have to be solved
on neighbouring domains. The resulting schemes are mostly of iterative nature.

In the current paper we develop an iterative RB method based on initial results
of [13]. We will use the Dirichlet-Neumann method, which is well known for Finite
Elements [14]. In contrast to [8] our RB scheme is exactly following the iterative nature
of the detailed scheme, allowing new analytical statements as a basis for solutions to
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2 An iterative domain decomposition method for the reduced basis method

more complex problems. We propose suitable assumptions on the RB construction,
which naturally arise from this context. In investigating different methods for basis
generation, it is shown that these assumptions are realistic. To obtain computational
efficiency we state a full offline/online decomposition of our procedure. The offline
stage is parameter independent and involves all computations of high complexity.
This allows for a very fast, parameter dependent online stage and is based on the
affine parameter dependency of the data.

The structure of the paper is as follows: In Section 2 the neccessary notation
and the problem formulation are specified. In Section 3 a full approximation scheme
consisting of a detailed and a reduced procedure is presented. Results of analytical
investigations follow in Section 4 and detailed considerations on computational aspects
in Section 5. To complete the picture we present our numerical experiments in Section
6 and finally conclude with some closing remarks. In order to maintain readability of
the main text, some proofs of analytical statements have been shifted to an appendix.

2. Notation. Let Q C R? be a domain with Lipschitz—boundary 02 and = € Q
the space variable. Let P C R”, P € N be the domain of the parameter u € P.
We introduce a Hilbert space X C H}(Q2) with the norm |[v]|x := [|[v|| g1 (@) which
can be either finite or infinite dimensional. We now consider a decomposition of €2
into 2 subdomains, i.e. Q = Q; UQy and Q1 N Qy = (. The interface I' is defined
as ' := 0021 N 9Qy. We assume that €4 and Q5 have Lipschitz—boundaries and that
I, 091 \ T and 995 \ T’ have a nonvanishing (n — 1)-dimensional measure. Several
function spaces are defined according to the domain decomposition.

X = {vjq,lve X},
XP = {v e Xp|yv =0},
Xp i=7(X1) = 7(Xa),
X = {'U € L2(9)|'U|QI € X1,v)q, € Xg} ,

where k = 1,2. The operator v denotes the trace operator on I', where we do not
notationally discriminate between the spaces X; or Xs, as it will always be clear
from the context. It holds X; C H (), Xo C H () and Xr C HY*(T). We
equip the Hilbert spaces X, k = 1,2 with the norms ||v||x, = ||v[|#1(q,), Xr with
% = (e lk, + lvae.l%,)? On
X C X the X-norm coincides with the X-norm. We introduce the parametric elliptic
variational problem

lgllxe = llgllr,ry and X with the norm ||v|

(2.1) given p € P find u(p) € X a(u(p),v;p) = flo;p), Yo e X,

with a parametric bilinear form a : X x X x P — R and a parametric linear form
f: X xP — R. The function u(u) is called ezact solution. We assume that a is
continuous for all ;1 € P with continuity constant

M(u) = sup sup _alv,wir) < 00

veX\{0} weX\{0} vl ¢ lwll %
and coercive for all p € P with coercivity constant

a(p) == inf a(v,7v2;u)>0_
veX\{0} H”U“X
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We also assume that f is continuous and that a and f are affinely parameter depen-
dent, i.e. there exist decompositions

a(v, w; ) Z@q ad (v, w), Vo,we X, peP,

vip) = Z@?(u)qu), Voe X, peP,

with preferably small integers (., ¢y and p—independent continuous bilinear forms
a? and continuous linear forms f9, respectively.

Coercivity and continuity of a on X is inherited to the subspace X, hence the
Lemma of Lax—Milgram states that (2.1) has a unique solution for all © € P. We
assume that this exact solution is approximated with an iterative domain decomposi-
tion procedure. According to the domain decomposition bilinear and linear forms on
the subdomains can be defined.

ag(v,w;p) == a (0, w;p), Yo,w € Xg,u € P,
fe(vsp) i= f(o5n), Yve Xy,peP,
for k = 1,2 with the zero-extension v € X defined through 90, = v, fja\q, =
0. It follows that ax, & = 1,2 is continuous and coercive on X and fx, & = 1,2
is continuous. Let My () be the continuity constant and «j(p) be the coercivity

constant of ax, £ = 1,2. It holds ax(pn) > a(p) and Mi(n) < M(w). The affine
parameter dependency also transfers from above;

& (v, w; ) Z@q Jai(v,w), Yv,we Xy, peP,

1) = Z@i(u)f;?(v), Vv € Xy, € P,

with bilinear forms af (v, w) := a?(9, W) and linear forms f(v) := f%(9). The iterative
procedure stated below involves the variational formulation of transmission conditions.
To simplify notations we define a linear functional, which arises from this context and
represents the conormal flux on the interface I' [4]. With Ry : Xr — X; a linear,
continuous extension operator, i.e. y(R1g) = g for g € Xr, we define for an arbitrary
ve Xq:

(2.2) by (w; p) := f1 (Riyw; ) — ay (v, Ryyw; p), Yw € Xo,u € P.

The interpretation as a conormal flux can easily be illustrated: For example, if (2.1) is
the weak form of the boundary value problem —AuPYP(u) = h(p) in Q, uP'P(11) = 0 on
09 for some h(p) € L%(Q), an integration by parts in (2.2) with v = uy () := u(p)|,
(u(p) is the weak solution) yields

buy () (w5 1) :/le(ﬂ)‘nds,
T

where n is the outer normal on 0€);. We lastly introduce the energy norms for p € P
||UH# = a(’l),’l);/l), (S Xa
||U||k/7lt = a‘k(vav;:u)7 (S ka
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for k=1,2.

3. Reduced basis scheme. In this section a full scheme for reduced basis ap-
proximation of the exact solution is presented. The domain decomposition is preserved
in all parts of the scheme. Further computational aspects are given in Section 5.

The idea of the reduced basis method is to approximate the set of solutions
{u(u)|p € P} through a low dimensional linear space. The linear space is spanned
by a few snapshots u(y;) for selected p;. Once this is established, mostly a Galerkin
projection of the solution is computed. We do this not directly but compute snapshots
on the subdomains for the usage in an iterative procedure. It will turn out that in
the limit we regain a standard reduced basis approximation as described above.

3.1. Detailed procedure. Firstly, we describe a common iterative domain de-
composition procedure for approximating the exact solution u(p) of (2.1). This is the
so called Dirichlet-Neumann scheme and serves as a snapshot supplier.

DEFINITION 3.1 (detailed procedure). Given p € P, let ¢°(u) = 0 € Xr, nstop €
N, €01 > 0 and 0™(n) € [0,1] for n > 1 be given. We now construct sequences
ul(p) € X1, uf(u) € Xo and g"(p) € Xr for n > 1 satisfying

a1 (uy (p), v3 )—fl(v'M) Vv e X7,
W1(/~t) “Hw),
az(uy (p),v; p) = fz(U ) + byn (Vs 1), Vo € Xo,
9" () = (1= 0™(1) g" " (1) + 0" (n)yus (n).

The iteration is terminated if

ot (1) = uf = IR+ g (1) = uy = (W13, < et

or if n = Ngpop. The number of actually accomplished iterations is denoted by n(L).

Here, 0™(u) is a relaxation parameter. If it is chosen properly, the constructed
sequences converge to the exact solution. The proof of convergence can be found in
[14] for X = H}(Q) and X =V}, where V}, is a space of Finite Elements. As stated
in Section 2, we do not decide on finite or infinite dimensional spaces. For analytical
results, we can work with the proper infinite dimensional spaces. In practice the space
X will be a Finite Element space.

2. Reduced procedure. To define appropriate RB spaces we consider a finite

sample set S = {p1,...,uns} C P of parameters. One can think of several ways to
generate bases for the RB spaces by the snapshots u} (1), k=1,2, n=1,...,n(w),
l=1,...,Ng. This topic will be discussed in detail in Section 5. For the moment we

assume the reduced bases to be given. To be more precise, for k = 1,2 let now NV ,g
and N{ be natural numbers and Ny := N? + N.. We assume that we are given bases

<I>F={<p§;fk‘i:N,8+1,...,Nk}cxk,
), = O) U DL,

where ~(®}) := {730 Wi = N2 +1,...,Ni}, k = 1,2 are linearly independent and
span the same linear space on F We deﬁne appropriate RB spaces for k =1, 2:

XN,k .= Span ((I)k) s
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XR[’,C = span (@2) ,
XJI:,,,c ‘= span (@E) ,

Xn,r := span (7 (q)l;)) = span (7 (@5)) ,
Xy = {U S AXP|”U|Q1 € XN71,U‘QQ S XN’2} .

It obviously holds Xy C X, X%,’k C X?, Xnyr C Xr and Xy C X. Note that
XR,JC = Xy NHY Q) and Xy = 'V(X}:/,k) =v(Xnyg) for B =1,2. As Xy &
X]Q,’k @ X}:,’k, a function v € Xy can uniquely be written as v = 0% + o' with
0 € XJ({,JC and o' € X}y .

For a reduced iterative procedure we replace all steps of the detailed procedure
with reduced basis approximations. Since Ri(Xy ) C Xn,1 does not hold in general,
let Ry 1: Xnr — Xn 1 be alinear, continuous extension operator on the RB spaces,

ie. y(Rn19) = g for all g € Xy . The counterpart to the linear form b, then is
defined as

bw(w; i) := fi (Ryayw; p) — a1 (v, Rvayw; p), Yo € Xy, w € Xy o, p € P.

Now, the reduced procedure can be stated.

DEFINITION 3.2 (reduced procedure). Given pu € P, let ¢%(p) = 0 € Xy,
NNstop € N, €ntol > 0 and 0% (1) € [0,1] for n > 1 be given. We now construct
sequences uly 1 (1) € Xn1, ufo(p) € Xn2 and gi (1) € Xnr for n > 1 satisfying

) ar(ufy (p),vip) = fi(vsp), Vo€ X3,

) yu 1 (1) = g (),

(3.3) az(up o (p), v p) = fa(vip) + bnuy (o (vip), Vv e Xy,
) g () = (1= 0% (1) g (1) + OR () vl o (1)

The iteration is terminated if

s (1) =i WIT Ik 2 () = uivs (13,0 < eneol,
or if n = nystop. LThe number of actually accomplished iterations is denoted by

ny(p).

By the carefully selected assumptions on the reduced bases the reduced and de-
tailed procedure are perfectly corresponding, the only difference being the underlying
Hilbert spaces.

3.3. Matrix formulation. In this subsection a matrix formulation of the re-
duced procedure is given. The elements of vectors and matrices will be denoted by
superscripts () and *(J). With the coefficient vectors uly (1) € RN+, k = 1,2,

n € N and ggf_l(,u) € RN, n € N the functions uf (1), k=1,2,n € Nand gt (W),
n € N are given through

N NY
n n i % n— n— i N9+
ul() =Y (DS, g ) =Y g ) DS,
i=1 i=1

We introduce the matrix G € RY 1 XN for the computation of the basis coefficients
in XN,I", i.e.

NY

i,j N+ j .
ST G =100, Vie {1, o).
=1
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It holds G(Z’j ) = 0 for j =1,...,NJ. If there is a one-to-one correspondence of the
bases on F the lower block is a dlagonal matrix, else it can be computed via the
orthogonal L?(T)-projection. Let Ry ; € RNlX(Nl M) be the matrix of the linear
map Ry 1, ie.

ZR gle—RN ’ygoNlﬂ), Vje{l,...,N; — N}

We further introduce the matrices Ay ;. (1) and Fy (p), k= 1,2:

Ny,
Ay = (ar (00 000) ) € RNXM,

4,j=1

Fyp(p) = (fk (@Nk)) : e RY.

For a matrix v € RN1X™ where m € {1, N1} we introduce the notations

.. N?:m )
QO = (y(lvﬂ)) c RNl ><m’
1=1,7=1
r

..\ Ny.m
’UF = <Q(N?+z,])> 1 c RN{XM
i=1,j=1

and for the case m = Ny

00 (i,9) Ny NOxN?
v = (v e R™M L,
=1

1,]=

NY NT

- 0 - 1°°%1 0 r

0 = (v(”Nlﬂ)) e RNVixN1
i=1,j=1

We now can rewrite the reduced procedure of Definition 3.2 in terms of matrices and
vectors.

AN,I(U)OO@KI,I(M)O FN 1(p ) AN,l(N)OFQX, 1(ﬂ)a
uf ()" —gN (),
BT]C o(p) = RN 1 (FN 1(p ) ANJ(M)FQ?VJ(H)) )
Ano(p)un o (p) = FN2 1) + Bl 2 (1),
I (1) = 1 =03 (1) g (1) + OR (WG nuly 5 ().

The stopping criterion then reads

5 () — 37 ) A ) () ~ w3 (1)) < o

k=1

4. Analytical results. There are three aspects, in which we are interested in
this section. The well-posedness of the reduced procedure, the convergence of the
iterative scheme and the error quantification of the gained approximative solution.
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4.1. Well-posedness. We shortly explain the well-posedness of the reduced pro-
cedure. We adopt the notation for matrices to functions:

NY
wla (100 =Y u (0Dl
7=1

NY

0 N0+‘

wla ()T = ey ()G
=1

Since "/|X]rv | is bijective, UTK/J(M)F is given through Equation (3.2) in a unique way.

0, 0;51) = fi(v; p)—ax (ufy ()", 05 1)
and therefore have existence and uniqueness of u}{,’l(u)o due to the Lemma of Lax-
Milgram. Again in Equation (3.3) we can apply Lax-Milgram because by ,(-; ft) is
linear and continuous for all v € Xy,; and p € P. The well-posedness of Equation
(3.4) requires the coincidence v(Xn1) = v(Xn,2), which was an assumption on the
RB spaces. To gain good conditions of the system matrices Ay ;(1)? and Ay o(p)
the bases ®) and @, should be orthonormalized. As will be seen later, this is always
possible for ®Y, in contrast to ®,.

Then we can rewrite Equation (3.1) as a1 (u}y ; (1)

4.2. Convergence. Similar as for the detailed procedure, the convergence of
the reduced procedure is determined by the choice of the corresponding relaxation
parameter. The following theorem describes this more precisely.

THEOREM 4.1. Provided 0% (1) > Onmin(p) for all n > 1 and an arbitrary
ON,min(p) > O there exists O3 (1) > 0 such that the sequences {ul} ;(p)}nen and
{uRr o (1) }nen of the reduced procedure converge in Xy and Xy 2, respectively, if
0% (1) < Ox(n) for all m > 1. Then especially holds lim,, o0 uRy ; (1) = un ()0, and
limy, 0 Ul o (1) = un (1)), where un(p) is the solution of the following problem.

(4.1) find un(p) € Xy alun(p),v;u) = flo;p), Yoe Xn.

For the sake of completeness we give the proof of Theorem 4.1 in the appendix. The
solution uy (p) of problem (4.1) is the standard RB approximation of the exact solu-
tion u(p) from (2.1). This already indicates that we obtain a good approximation in
the reduced procedure, because the iteration sequences converge to a function, which
is known to be a good approximation. But the performance of the procedure also relies
on the rate of convergence, which is influenced by the relaxation parameters 6% (1).
The optimal relaxation parameter — the one with a fastest convergent iteration —
can be approximated by a routine which is reported in [14] for Finite Elements. We
note that an analogue routine can be applied in the RB scheme. Within this routine
we need a separate basis ®9 of X?v,m which was not used in the RB scheme so far.

4.3. A-posteriori error estimation. In this subsection we consider the error
[lu (1) —u(p)|| ¢ of the iterative solution uR; (x) which is the assembly of the iteration
functions of the reduced procedure, i.e. ujy (), = uy 1 (1) and uy(p)0, = Uy (1)
An a-posteriori error estimator, which is a strict upper bound for the error, is pre-
sented. This error estimator especially can be used later in an adaptive basis genera-
tion algorithm.

DEFINITION 4.2 (residuals). Forn > 1 and p € P we define the residual r™ (-5 ) :
X — R through

" (vsp) = a(uy (p),vip) — floip), Vv € X,
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Let v™(u) € X be the Riesz-representative of r™(-; ).

THEOREM 4.3 (a-posteriori error estimator). Let Ry : Xr — Xi be an arbitrary
linear extension operator. Forn > 1 and p € P we can estimate the error ul (1) —u(f)
in the X -Norm:

Jur (1) = u(p)llx < AR (w),

where

(42) A%(n) ¢=1V"(M)||X+<1+ M“”) [ 72 (et a0) = s o )|

a(p) a(p) X

From the definition of the estimator we get a criterion for the choice of the exten-
sion operator R;. It is convenient to choose R; such that SUPye xp\ {0} | Ryvl|x, /|v]| xr
is small. In the experiments in Section 6 we will decide for the trivial Finite Element
extension.

REMARK 1. Note that the first term in (4.2) is the standard elliptic RB estimator
[18]. Hence our error bound additionaly covers the discontinuity of u(u) across the
interface T'.

Proof of Theorem 4.3. We split up the function u% () in a% () € X defined
through

A (), = Ry (yuly 1 (1) — yul o (1))
)

and al (p) == u () — R (1) € X. By application of the triangle inequality we get

(4.3) lun (1) —w(p)ll 3 < llu (i) = w3 + ey ()] % -
For 4% (1) holds

a5 0l = || R (vuea () = vea)| -

2

lar (1) — w(p)ll, = ) = u(p); ) = a(u(p), uff (@) — ulp); )

(1); 1) — a (i (p), (1) — ulpe); p)

=" (uy () — ulp); p) — a (A (@), uly () — w(p); i)
= (V" (), u () — ulp) x — a (ax (), uf () — u(p); p) .
With the Cauchy-Schwarz inequality, coercivity and continuity of a(-,-; u) follows
[ (1) = u(w)]; < HV"( Mix N () = w()llx + [laR ()], 1R (1) — u(p)ll,

[l (e

~~
~

< F )i a5 (1) = w()ll,,
+\/ p) |l HXIIUN( ) —u(w)ll,
= |luf () —uw(l, < mllv )l + VM () [Jax ()] x -

The latter estimation is inserted into Equation (4.3) using the coercivity inequality
@R (1) — u(p)| 5 < a(p) 2@k (1) — u(p)||, to obtain the statement. ]
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5. Computational aspects. We now want to go into some computational as-
pects of the proposed method. The space X now is considered to be a high-dimensional
space, e.g. Finite Element space, with dimension dim(X) = N. This leads to high,
finite dimensions dim(X) = Ny, k = 1,2 and dim(Xr) = Nr.

In Section 5.1 several possibilities of generating the reduced bases are presented.
The accuracy of the approximation can be strongly influenced by a proper basis
generation. It is shown how this can be achieved with a Greedy-algorithm while
meeting the special requirements of our method. We assume that this leads to RB
spaces with dimensions Ny < Ny for k = 1,2 and Np < N, where Ny = N} = NI

In Section 5.2 a full offline/online decomposition is provided. In the offline phase
all high-dimensional computings are managed, so that the computations in the online
phase do not depend on high dimensions. This garantuees the efficiency of the reduced
basis approach and is based on the affine parameter dependency of the involved data.

5.1. Basis generation. We concentrate now on the missing step of generating
the bases ®9 and ®L, k = 1,2 out of the snapshots u} (1), k = 1,2, n =1,...,n(w),
l=1,...,Ns and on how to choose the sample parameters y;. The bases strongly
influence the approximation quality of the reduced procedure. Our goal is to generate
bases such that the error can be bounded by a given tolerance for all parameters
in P. This can be done approximately with the Greedy-algorithm [20]. Since P is
an infinite set, we have to weaken the goal by considering only a finite training set
Mirain C P. It is sufficient to replace the error by the error estimator A% (u) in this
context, since AR, (1) is an upper bound for the error. In the following variant of the
Greedy procedure a choice of a basis extension method is kept open and can be filled
by method A or B explained later.

DEFINITION 5.1 (Greedy-algorithm). Given initial bases ®), ®%  k = 1,2 with
the properties of Section 8.2, an error tolerance €gre and Ngopr € N, k = 1,2, the
Greedy-algorithm is given by

- while MaxX,e My,ain AX,N(“) (1) > €gre

(i) p* = argmax,emyum AN () ()

(ii) compute Ej = {up(p*)n=1,...,n(p*)}, k =1,2 by the
detailed procedure from Definition 3.1
(iii) extend the bases ®), ®F k =1,2 by method A or B

as long as || + |®L| < Netop., k= 1,2.
It remains to specify how the bases are extended in step (iii). For a fixed i € P
and k = 1,2 we define extension operators Ry ; : Xt — X}, through

(5.1) ar (Ri,pg,v; 1) =0, Vv € XP,
Rrng=yg on I
We also involve the orthogonal projection, which we denote by Py for an arbitrary

subspace Y and the first mode of the proper orthogonal decomposition (POD) [9, 21]
for an arbitrary set = C Xg, k = 1 or 2, which is defined as

POD(E) := arg min Z |lw — Pspan(,,)wﬂg(k.
weE

VEX,[[v]lx, =1

We now can propose our two methods, which get =, k = 1,2 as input and extend the
bases @Y, <I>I,; for k£ = 1,2. Both methods are extended variants of the POD-Greedy
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procedure [7]. Method A is motivated by the idea that an arbitrary function v € X,
k = 1,2 is the sum of v — Ry zyv € X and Ry pyv in Xj. With the help of this
split-up both ®) and @ are extended simultaneously. Furthermore the usage of the
POD yields orthonormal bases ®) and {v¢ |y € ®1}, if the initial bases already have
these properties.

5.1.1. Method A.
1. extension of ®9, k =1,2:
(1) 2 = {6~ Riar€|€ € B}
(if) £ == POD({£ — Pxq €€ € E2})
(iii) F + @3 U{&}
2. extension of @1,;, k=12
(i) 51‘ = POD({’Y& - PXN,rfyg |€ €EE1U 52})
(ii) @} « D} U{Ry "}

The POD is not defined when the input set is {0}. So it depends on steps 1.(i%)
and 2.(7) whether the bases are extended at all. With method A we do not take into
account, that for the reduced procedure (Definition 3.2) we do not necessarily have
to generate functions for ®J. Method B consists in a different processing of Z5. In
each step of the Greedy-algorithm the basis 5 gains at most one vector, which is
assigned to ®L as long as (®%) is linearly independent, which was an assumption in

our bases framework for the reduced procedure. In the other case a new vector for
®9 is generated. Hence, potentially method B allows some savings in the overall final

basis size N.

5.1.2. Method B.
1. extension of ®Y:
(i) EY ={§ — Ripn€|€ € Ea}
(ii) € == POD({¢ — Pxy, €] € Z1))
(i) @ « @YU {€0)
2. extension of ®] and ®L:
(i) & =POD({{ —Px,,{[§ € E2})
(i) &r =& — Pxy 72
(iii) if &p #0
P} ®f U{Ry g6}
0} + P U {&}
3. extension of ®Y:
(i) if&r =0
£ =& — (7|X}:,,2)_1PXN,1*7§2
€ & —Pyy 68
& 1)
o) « @YU {&3}
By this procedure the bases ®9, ®L and ®9 are orthonormalized. With method A
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all bases ®? and @}, k = 1,2 are orthonormalized. So the system matrix A%{l(u) will
be well conditioned in both cases. However this is not ensured for Ay 5(x), because
®J | ®L is not ensured.

REMARK 2. The assumption span(y(®!)) = span(y(®L)) given in Subsection 3.2
is fullfilled by construction when using both method A or method B, if again the initial
bases have this property.

5.1.3. Initial bases. The computation of initial bases according to method A or
B can be done with the methods themselves and Zj, := {u} (init) |2 =1, ..., n(tinit) }
where pini; € P is a random parameter and ®), ®F = for k = 1, 2.

5.1.4. The sequence mode. In step (ii) of the Greedy-algorithm the whole
sequences of approximates are included. In our numerical experiments we also consider
the option = = {uz(“*)(,u*)}, k = 1,2 where only the last approximates of the
iteration are included. The “POD-steps” in method A and B then degenerate to a
normalization of one vector. The numerical experiments in Section 6 will show that
this also is sufficient to build up bases that bring forward the approximation with the
reduced procedure. We append -SEQ, if using the whole sequences and -NSEQ, if
only using the final snapshot, to the method name A or B.

5.2. Offline/online decomposition. We assume that there is a need of com-
puting an approximation and an error estimate for plenty of parameters p € P, as
it is the case e.g. in an optimization problem. To perform the reduced procedure we
need to compute the matrices and vectors Ay (1), Fy p(p) for k = 1,2, Gy and
Ry 1. The last two do not depend on p, so we have to compute them once only. But
the p-dependent matrices have to be computed for every parameter and this has to
be done in an efficient way, otherwise the computation time for the RB scheme will
deteriorate. In the case of Ay ;(u) the assumed affine parameter dependency of a;
leads to the following decomposition.

(5.2) Ana(p) =Y OLmAY
where the component-matrices A?V,l are given by

A . N
A?V,l = (aZ (‘pg\jf?17<p§\l/'),1)), 1 :
i,j=1
With precomputed matrices A?V’l the computation of Ay ;(u) for an arbitrary pa-
rameter u can be done in O(N?) via Equation (5.2). This is a huge acceleration,
since N1 < Nj. With this insight the offline/online decomposition for the reduced

procedure can be stated.
Offline stage (reduced procedure)
1. generate the bases &, k = 1,2 with the method of your choice
2. compute the component-matrices

A?\],k = (CLZ(@%?ICMP%),;@))f;:L fOI' q= 1a .. '7Qua k = 172
E(]]V’k = (f,?((pg\l,)’k))fvz’cl forg=1,...,Q¢, k=1,2

3. compute the matrices Gy and Ry
Online stage (reduced procedure)
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Given p1 € P, ento1 > 0 and an integer ny stop > 1
1. compute the matrices

ANk Z@q A?kaork—].Q

Fyalp Z@q VEY, , for k=1,2

2. perform the reduced procedure according to Definition 3.2.
Since the matrices in the reduced procedure are small-sized, we benefit by saving the
Cholesky factors of Ay ()% and Ay ,(u) or even (Ay 1 (1)%) ' Ey (1), ete. in
the first iteration.
For an efficient computing of the a-posteriori error estimator we derive the affine
parameter dependency of v™(u). It holds for all v € X

(" (1), v) x

f(U, :U’) —a (’U’N<N)a v3 M)

D (frlws ) — an (Wi (m),vs )

k=1
2 f Qa Nk: - ( )

SO DICHAOVIOED B BEAMM I ECY
k=1 \g=1 g=1g=1

So, an affine decomposition v™(u) = ZqQ:”l O7.v7 is given with an n-independent
number Q, := Zizl(Qf + NiQ,) by the coefficient-vector

Ou (1) = (O (), 05 (1)) = (6L (1), L (1)
where for kK =1,2

Ok (1) = (O} (). OF (1),

~O, (R, (1), -, —OF (i .V (w),
0L ) (1), —O2 ()i, N () )
and the n-independent components (¢™)? =v9, g =1,...,Q, which are given by

(") v)x = fi(v), Vv € X,
forg=1,...,Qy,
(v1,0)x = ai (¢h0) Vo e X,

forq:Qf+Qa(j_1)+ivizla"'anvjzla"~7va

(quv)X = f2i(v)7vv S X7
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forg=Qf + NiQa +¢,i=1,...,Q; and
(anU)X = (Lé (90%,)277)) 7VU € X,

for g =Q;+ NQa+Qf+Qu(j —1)+i,i=1,...,Qa,j =1,..., Ny. With the help
of this decomposition we can decompose the computation of the error estimator as
follows.
Offline stage (error estimator)
Given bases @, k= 1,2
1. compute the components v? for g =1,...,Q,
2. compute the matrix

3. compute the matrices

. N . Ny,
Ry = ((R1V¢§\J/?k,R1W<P§V)7k)X ) for k=1,2
1

ij=1

~ B ] ~ ) Na,Ny
EN,lQ = <(R1780§\]/,)1aR17</75\ZI),2)X )
1

i,j=1

Online stage (error estimator)
Given u'&’k(u), k=1,2for some p € P,n>1
1. compute

[ ()5 = ©un (1)7G,0,n (1)

2. compute

2
~ 2 ~
|21 (ke () = v ()| = D0 e 0)™ B i ()
Yok=1

_QERM (/J)TEN,HM?/Q(M)

3. compute AR (1) according to (4.2).
Obviously, the time complexities in the online stage for both the reduced procedure
and the error estimator do not depend on the high dimensions N7, N5 or Nt any more.
To be more precise, if we assume @, Q5 < Ny, Ny and NT < NY the online stage for
a single iteration in the reduced procedure can be performed in O((N?Y)3 + N3) and
the online stage for the error estimator in O(N? + N3).

6. Experiments. The introduced methods were implemented in the environ-
ment of the MATLAB software package RBmatlab?, which provides a general frame-
work for reduced basis simulations. All computations are done on an Intel Core 2
Quad CPU (2.83 GHz).

2http:/ /www.morepas.org/software/
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6.1. Model. We consider a “thermal block” example, i.e. the simple, static heat
equation on the unit square Q = (0,1)? C R? with homogeneous Dirichlet boundary
conditions,

—div (k(z; p) Vu(z; ) = h(z; p), x € Q,
u(z;p) =0, x € 0.
The domain € is seperated into 4 blocks By = (0,0.5)2, By = (0.5,1) x (0,0.5), B3 =

(0,0.5) x (0.5,1) and By = (0.5,1)? with corresponding heat coefficients contributing
to the function « as follows.

3
’{(I; .UJ) = ZNiXBqt (‘T) + XB4(I)7

where p; € [0.1,10], ¢ = 1,2,3 and xp, the characteristic functions, xp,(z) = 1 if
x € B;and 0if x ¢ B;, 1 = 1,...,4. The fourth entry of the parameter vector is a
weight in the source function h,

h(@; p) = 2pu4 exp (*51|99 - Zl|2) + 2(1 — p1a) exp (*52|$ - 22|2) )

and is restricted to p4 € [0,1]. We further set 51 = 2 = 20, and the midpoints of the
exponential bubbles z; = (0.5,0.5)7, 2z = (0.875,0.875)T. Two realizations of this
function are shown in Figure 6.1. A domain decomposition is set according to Figure
6.2. We note that z; € Q7 and 25 € Q».

12 1.8
4 . 1.6
1.4
0.8 X 1.2
1
0.6
. 0.8
0.4 0.6
0.2 0.4
0.2
0.2
0

0 0.2 0.4 0.6 0.8 1

F1G. 6.1. source function h(w), left-hand side pa = 0.35, right-hand side pg =1

05 e .............. 0.5

0

FIG. 6.2. thermal blocks and domain decomposition of Q = (0,1)2
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We use a triangular grid with a Finite Element discretization of order 1 for the
detailed procedure. A uniform triangulation with mesh size h = 0.011 and a total
of 16641 degrees of freedom on € is used. The grid is consistent to the domain
decomposition in the sense that the intersection of a triangle with the interface I' is
either an edge or a vertex of the grid.

6.2. Basis generation. With the Greedy-algorithm described in Section 5.1 a
reduced basis is generated. The Greedy-algorithm involves both the detailed and
reduced procedure. We set the stopping tolerances €0l = €n,to1 = 1 - 10~'2 and the
maximal number of iterations ngtop = Ny stop = 10000. For the Greedy-algorithm we
set the error estimate tolerance €gro =1 - 1075 and the maximal basis sizes Nstop,k =
100, k¥ = 1,2. The training set of parameters M. i, is given by 5% equidistantly
distributed points in the parameter domain. For the computation of the error estimate
A% (1) defined in (4.2) we have to specify which extension operator R; we use. It is
the trivial Finite Element extension, where all degrees of freedom not lying on I' are
set to zero. For the harmonic extensions in (5.1) we set i = (5.05,5.05,5.05,0.5).

First tests showed that the reduced simulation may perform badly, if one of the
bases is empty. To achieve a reliable start of the Greedy-algorithm, initial bases are
computed with a random parameter and method A-*, *=SEQ, NSEQ, despite the fact
that we may use method B-* in the Greedy-algorithm. So all bases are non-empty in
the beginning.

@
=1

o N A
S o o

maximal error estimate
>
(2]
o

final total basis size
@
o

N
o

n
=]

AN
Y

o

0 10 20 30 40 50 60 A-SEQ B-SEQ A-NSEQ B-NSEQ
greedy-step method

F1c. 6.3. Progress of the mazimal error estimate on Myyain in the Greedy-algorithm on the left
hand side, sum of bases dimensions on the right hand side

Figure 6.3 shows that a bases extension with NSEQ is not only sufficient but
even better than one with SEQ regarding the error decay. Taking more POD-modes
from the sequences to better approximate the detailed iteration would result in even
larger bases. Method B-NSEQ yields slightly smaller dimensions than method A-
NSEQ, while the error decay shows no difference. In all cases convergence of the
Greedy-algorithm is achieved.

We mentioned before that the orthogonality of ®5 and so the stability of the cor-
responding system is not ensured by construction. We have a look at the 2-condition
numbers of the corresponding matrix Ay ,(p) in Figure 6.4.

Still there is no advantage in performing SEQ. The difference between method A
and B is reasonable, since by definition method B — in contrast to method A — yields
an orthonormal basis extension of ®L, while ®J only is extended if the extension of
®} is exhausted. Regarding method A-NSEQ), the condition of A ~,2(t) can effectivily
be improved by diagonal preconditioning. Figure 6.4 also indicates that the condition
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10 10
10 0
2
£ 2
& < .,
< 10 g 10
e
5 5,
© ©
1 E 1
10 10 —— method A-SEQ
—— method B-SEQ
= = = method A-NSEQ
= = = method B-NSEQ|
100 L 10°
A-SEQ B-SEQ A-NSEQ B-NSEQ 0 10 20 30 40 50 60
method greedy-step

FiGc. 6.4. Minimum (blue), mean (green) and mazimum (red) 2-condition of Ay o(pt) out of
100 randomly chosen parameter with full bases on the left hand side, progress of the mazimum in
the Greedy-algorithm on the right hand side

numbers of B-SEQ, A-NSEQ and B-NSEQ remain bounded, so we assume that the
stability in this context is given independent of the given basis dimensions.

1 0.02 0.02 0.02

: 0.015 : 0.015 : 0.015
» 0.01 ‘ 0.01 » 0.01

. 0.005 02 0.005 y 0.005
0 o o o [} o

0 0.2 0.4 0.6 0.8 1 0 0.2 04 06 0.8 1 0 0.2 0.4 0.6 0.8 1

FIG. 6.5. The solution uR; (1) in three steps of the reduced iteration for one sample parameter.
To the left n =1, in the middle n =5 and to the right n = ny(u) = 96.

6.3. Reduced simulation. Figure 6.5 provides a nice insight into how the re-
duced procedure works. Here and in what follows the stopping tolerances €y, =
€N tol = 1-10710 are used. To investigate the procedure more precisely, we exemplar-
ily show in Figure 6.6 the approximating quality of the bases generated with method
B-NSEQ for one random parameter. One can see that the error decay in the reduced
procedure is similar to the error decay in the detailed procedure and that the exact
solution is approximated with an accuracy of approximately 107%, as was intended
with the Greedy-algorithm. To measure the effectivity of the error estimate, which
already can be observed on the left hand side of Figure 6.6, we further compute
AK,N(”) (u)/||uX,N(”)(u) —u(p)|| ¢ for 100 randomly chosen parameters and show a his-
togram of the values on the right hand side. The overestimation seems to be only one
order of magnitude, hence the effectivity is very satisfactory.

Last but not least the efficiency of the reduction technique, which mainly relies on
the affine parameter dependency, is verified by comparing the simulation times of the
detailed and the reduced procedure; again we randomly choose 100 test parameters.
While the simulation times of the detailed procedure range from 1.435s to 50.535s,
those of the reduced procedure range from 0.015s to 0.244s. The mean speed-up
factor is 141.700. It further increases if the Finite Element discretization is refined.
These results meet the expectations on the efficiency of the reduction method.
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10° 35
error in detailed simulation

.. © error in reduced simulation
2y . - error estimate in reduced simulation

frequency

0 20 40 60 80 100 120 20 25 30 35 40 45 50 55 60
iteration number effectivity of error estimate

F1G. 6.6. Progress of the error of the detailed and reduced simulation and error estimator in the
iterative procedures for one random parameter on the left hand side, spreading of the error estimate
effectivity for 100 random test parameters on the right hand side.

7. Conclusion. To summarize, an efficient model reduction method for homo-
geneous domain decomposition problems was developed. A specific selection of the
parameters for the bases was investigated and demonstrated by numerical experi-
ments. Further an a-posteriori estimation of the reduction error was realized in a
reliable fashion.

The formulation of an iterative procedure aims at parallelization of the compu-
tations. Future works will focus on parallelizable domain decomposition procedures.
An extension of the methology to more general settings like heterogeneous domain
decomposition problems is striven for.

Appendix. Proof of convergence. The proof of Theorem 4.1 follows the
same lines as the proof of convergence in [14]. To start, we have to define appropri-
ate extension operators. An explicit definition of the extension operator Ry, was
not done because this has no impact on the reduced procedure. Considering an-
other arbitrary linear and continuous extension operator RNJ : X ]1:, — X1 it holds
(Rya1g)" (RN 19)" for all g € XY since v is bijective on X}:f,l' Furthermore, for
n>1and v € Xn 2, due to Equation (3.1):

by, , () (V5 ) = f1 (Ryaywvsp) — a1 (ufy 1 (1), R ,ayvs )
=h ( Ry av) ’M) (u?\/,l(ﬂ)a (RN,l’YU)F ; u)

=h ( RN A7V #) - (U"NJ(M), (RN,WU)F;M)
=h (RNJW%M) —a (UT&J(M)’RNNUW) :

This justifies that we define now some specific extension operator to prove the con-
vergence of the reduced iteration.
DEFINITION A.1. Let Ry, : Xy — Xni be defined by

RN,k,,ug LAk (RN,k,,uga U3 ,LL) = 07 Vo € XJOV,ka
RN,kyﬂg =g, onI'.
Additionally, a norm on XX is given through

ge Xyt lgllr,. = ||RN,L/L9||1,M
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and induced by the following inner product.
(ga g)l",p =ai <RN,1,/Lga RN,L/LQ; ,[L) .

We replace Ry,1 by RN,L » in the reduced procedure and state the following equiva-
lence.

LEMMA A.2. un(p) € Xy solves the reduced problem (4.1) for a given p € P
if and only if un1(pn) = un(p)la, and un2(p) = un(p)|o, are the solutions of the
following equations.

(A1) a1 (una(p),vip) = filvsp),  Yve X3y,
as (un2(p), vs 1) = fo(vs ) + f1(Ry,1,uvv; 1)
(A.2) —ay (un,1 (1), R,1,,7v5 1), Vv € X2

Proof. Let un(p) be the solution of problem (4.1). For v € X?V,l let ¥ be the
extension of v on Qs by zero. It holds ¥ € X and

ay (un1(p), v; p) = a(un (), 0 p) = f(0, 1) = f1(v; p)-

For v € Xy let © € Xy be the extension of v on ; by RN,I,;/YU- It holds v € Xy
and

az (w2 (1), vi ) = a (), 55 ) — a1 (1w (), R, w0s o)

—a
= f(o;p) —ay (UN,l(M)7RN717H’}/U;M)

= fo(v; ) + f1 (RN,I,;{YU;,U) — a1 (UN,l(M)>RN,1,u’YU§M) .

Vice versa, let uy (1) € Xn be given by (A.1) and (A.2) for un 1(p) and uy 2(p). For
v € Xy set v :=v|q,, k=1,2. It holds
a(un(p),v;p) = a1 (un,1(p),v1; p) + az (un2(p), va; )
=a (UN,l(N)MH - RN,l,u'YU%,u) +a (UN,l(M)»RN,l,u'VU%N)
Faz (un2 (), v2; ) -

We now can apply Equation (A.2) and since v; — Ry 1,702 € X§; also Equation
(A.1).

a(uny(p),vip) = fi (Ul - RN,LWW;M) + fa(ve; ) + f1 (RN,L;L'YU%M)
= f(v; ).

O

LEMMA A.3. We assume that for p € P there exists a Oy min(p) > 0 with
0% (1) > ON min(p) for all n > 1. If the sequence {gh(u)}n>1 converges in X%, the
sequences {ujy 1 (1) }n>1 and {uR 5 (1) }n>1 converge in X1 and Xy 2, respectively.

Proof. We assume that {g¥(u)},>1 converges on above assumptions and so
is a Cauchy sequence. It is sufficient to show that {u} ,(u)}n>1, & = 1,2 are
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Cauchy sequences because they live in Hilbert spaces. Due to Equation (3.1) it holds
ar(uff 1 (1) — uf 1 (p),v) =0, Vo € X3, | and therefore

2 (1) = we s (Wl = 1By (ox ™ (1) = g8 ()l

def _ _
= llgn ™" (1) = gx (Wl

The latter expression converges to zero for m,n — oo and so {u ; (1) }n>1 is a Cauchy
sequence. Rewriting (3.4) for yuRy 5 () gives

(gr (1) — g ' () + g% ().

Since {1/0% (1) }n>1 is assumed to be bounded, we can determine the limits of both
sides and get

(A.3) iyl o (p) = lim i (u).
Then, with (3.1), (3.3) and the Cauchy-Schwarz inequality we state

gt o () = oo ()], = —r (1 10) = i (), v, e (v o) = i a (1)) 510

IN

Jufe 1 (1) — w2 (), vl 2 () = yulk o ()|,

Because {u}y ; (1) }n>1 and {yu}y 5(1) }n>1 are Cauchy sequences, the latter term tends
to zero for n — oo. O

LEMMA A.4. In the case of convergence in Lemma A.3, the limits of the sequences
{uf (1) nen, k= 1,2 are unk(p), k =1,2 of Lemma A.2.

Proof. To derive (A.1) and (A.2) take the limit n — oo in (3.1) and (3.3),
respectively. With (3.2) and (A.3), it follows

yuna(p) = lm yul(n) = lim gyt (p) = lim yuf o () = yun .
n—o0 n n—oo
So un (/L) e Xy. |
For the convergence of the reduced iteration it remains to show, that the sequence

{g% (1) }n>1 is convergent in X} . We define an operator 7' : X5 — XL as follows.

X]l:,agHTg:’ng7

(A4) wy € X2t ag(wa,v; ) = —ay (wl,RN,LM’yv;,u) , Vv € Xn o,
wy € Xt ag(w,v;p) =0, V’UEXR[’D
ywi1 =g.

By definition, it holds

w1 = By1,u9,

(A.5) wy = RN72,M'YU}2 = RN,Q,MTQ-
We now define for a 8 > 0

Ty: XN = XN :Tog=0Tg+ (1—6)g.
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Then, let gy (@) := yun,1(p). With Lemma A.2 it is easy to see that

(A.6) gn (1) = gn (1) = Ton () (95 (1) — gn (1))

If Tpy, is a contraction, gj; converges towards gn. This is the last past of the proof of
Theorem 4.1.

LEMMA A.5. There exists a 0% (u) € (0,1], such that {g%(u)}n>1 converges
towards gy (p) in XY, if 0 < 0% (1) < 0% (p) for alln > 1.

Proof. We show that Ty is a contraction, if 6 is chosen properly. For this we
consider

(A7) ||T9.g||12",u = 62||T9H%,u + 29(1 - 9)(97Tg)f‘7u + (1 - 9)2||g||12—‘7;4

By setting v := RNQ,“Tg in Equation (A.4), we get together with (A.5)

(A.8) (9, T9)r,u = a1 (RN,I,u97 RN,l,uTg; M)
(A.9) = —ay (éN,Z,/LTgv-RN,Q,MTg;M) = —||Rn2.,T9ll3 .-

Inserting this in (A.7), we get
~ 2
(A1) |Togli = 0°Tgl1R, 2001 = 0) | RrconTof, +(1=0)lgliR,.

The norms ||[Rx1,.(-)|[1., and |[Ry.2,.(-)||l2,. on X& are equivalent, because X} is
finite dimensional. So there exist constants on(p) and 75 (@), such that

. 2 N 2
TS e T
1,pn 2,0
N 2 . 2
HRN,z,ng < 7n(pw) HRN,I,/,LQH .
2,p 1,p
With Equation (A.9) and the Cauchy-Schwarz inequality we can estimate

ITglE .

. 2 . 2
HRN,LMTng . <on(p) HRN’Q’“TQHQ

s
= —on(p)ar (RN,Lug,RN,WTg;u) <on(p) HRN,l,ung HRN,LMTng
M "
= on(wlgllrullTgllr,u-
Dividing by ||T'gr,, yields
1T9lr,. < on (gl

We still have to estimate the second term in (A.10). Equation (A.4) with v :=
RN 2,9 yields a1(RN,1,49, BN,1,09; 1t) = —a2(BN 2,79, BN 2,,9; 1) and together with
the Cauchy-Schwarz inequality

_ 2 _ . . .
HRN,l,}Lng =a (RN,l,[Lg7RN,1“u,g;lu) = —ag (RN,Q,uTgaRN,Q,;Lg;/L)
e

S HRN,Z,/LTQHQ HRN,Q,/LQ
s

‘2#

< V() | RvaaTl|, ||fxng
N

‘Lu.
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Dividing by ||RN’1’H9||1}H yields

|v 2t

1 ~ 1
> —— HRN,L QH = —=——=l9lr.u-
/v () e e (w) g

We now insert the obtained estimates in (A.10) and get
||T09||F,u S K‘N(ev ,U:)HQHF,;M
with

_29(1—9))1/2'

kN (0, p) = (GQJN(N)Q +(1-6)? TN (1)

A simple calculation shows that £y (6, ) < 1, if 0 < 0 < 0% (p) with

2(rn () + 1) )
on(u??rn(p) +7n(p) +2)°

Oy (i) := min <1,
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