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Abstract

The aim of this paper is to introduce the dual primal boundary element tearing and interconnect-
ing (BETI-DP) method with Dirichlet and hypersingular boundary integral operator precondition-
ers. In previous articles BETI and coupled FETI/BETI methods were introduced. As a natural
continuation we present here the BETI-DP method and discuss few general choices of the dual
spaces for the three dimensional case. We show that the condition number of the system matrix
equiped with the Dirichlet and with the hypersingular boundary integral operator preconditioner
in the FETI-DP method.
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1 Introduction

The classical finite element tearing and interconnecting (FETT) and its boundary element counter-
part boundary element tearing and interconnecting (BETI) methods are domain decomposition meth-
ods of iterative substructuring type. The local finite and boundary element spaces are given on each
substructure separately. The global continuity is enforced by using Lagrange multipliers, resulting a
saddle point problem which can be solved iteratively via its dual problem using a special type of precon-
ditioned conjugate gradient method. The dual primal finite element tearing interconnecting method
(FETI-DP) was introduced by Farhat, Lesoinne, Le Tallec, Pierson and Rixen [2]. The term dual-
primal refers to the idea of enforcing some continuity constraints across the interface between the sub-
domains as in a primal method, while all the other constraints are enforced using Lagrange multipliers
as in the dual methods. The tearing part is identical for FETI and BETI as well as for FETI-DP
and BETI-DP, the major differences appear in the interconnecting part. An important contribution
in the analysis of the two dimensional case of second and fourth order elliptic problems was brought
by Mandel and Tezaur [8] and also by Brenner [1]. In the three dimensional case we mention here the
works of Farhat, Lesoinne and Pierson [3] and Klawonn, Widlund and Dryja [4]. Recently, Mandel
and Tezaur have given a pure algebraic formulation of FETI-DP which is independent of the studied
problem [9].

In [5] and [6] the BETI and coupled FETI/BETI methods were introduced. These results are based on
the fact that the finite element Schur complement as well as the discrete boundary element Steklov-Poincaré
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operator are both discrete versions of the same Dirichlet-Neumann map. Spectral equivalence inequal-
ities were given, which ensure the spectral equivalence between the finite element Schur complement
matrix, the discrete boundary element Steklov-Poincaré matrix and the discrete hypersingular integral
operator matrix. Note that all constants are independent of the discretisation. With the help of this
result (Lemma 3.1 in [5]) the hypersingular boundary integral operator preconditioner was introduced
and all the convergence results were transfered to the BETI and coupled FETI/BETI methods.
Following those ideas and adapting them for the dual-primal case we introduce in this paper the
BETI-DP concept.

The rest of this paper is organized as follows: in the next section we present the BETI-DP formulation.
Section 3 is dedicated to the presentation of the preconditioners. In Section 4 a brief analysis of the
introduced preconditioners is given. Section 5 presents some numerical results and finally we sketch
some conclusions in Section 6.

2 BETI-DP formulation

2.1 Model Problem - Boundary Element Formulation

Let © € R? be a bounded domain with the boundary I' = 9 which is assumed to be polygonal . We
consider the Dirichlet boundary value problem

—div|ja(z)Vu(x)] =0 for z€Q, wu(x)=g¢g for zel. (1)
Let us assume that there is given a nonoverlapping decomposition of 2 satisfying
. p P
Q= UQ“ QiﬂQj =@ for 1 #£ j, I'y = 08, Fij :Fiﬂl—‘j, I's = UF»L
i=1 =1
In what follows we assume that the coefficient function « is piecewise constant, i.e.,
az)=a; >0 for x€Q;i=1,...,p.

Thus, instead of the global boundary value problem (1) we have to solve now the local boundary value
problems

—0;jAui(x) =0 for z €y, wi(z)=g(z) for zel;NT, (2)
along with the transmission conditions on the internal coupling boundaries
0
ui(x) = uj(x), aza—nzuz(x) + ozja—njuj(x) =0 for z €Ty, (3)

where n; is the unit outward normal vector with respect to I';.
The solutions of the local problems (2) can be written by using the representation formulae (see [10])

9
O (y)

U*(x,y)ui(y)dsy for z e Q, (4)

i i

i) = [ U@ gty)ds, - I,
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where U*(z,y) is the fundamental solution of the Laplace operator:

U(z,y) = —g; log(|z — y)). (5)

On the boundary I'; the solution verifies the Cauchy-Calderon equation

wi \ _ [ 31— K; Vi (5 (6)

where t; = %ui is the normal derivative on I';, and the boundary integral operators are given as, the
single layer potential (V;t;)(z),the double layer potential (K;u;)(z), the adjoint double layer potential
(K!t;)(x) and the the hypersingular boundary integral operator (Dju;)(x)

The properties of all boundary integral operators are wellknown (see for example [10]). In particular,
the local single layer potential V; is positive definite in the two dimensional case when we assume
diam(§2;) < 1.

From (6) we obtain the local Dirichlet-Neumann map

1 1
ti(w) = [Di+ (G + KDV (GT + Klui(z) =: (Siuwi)(z)  for @ €T, (7)
where S; : H'/?(I';) — H~'/2(I';) denotes the local Steklov-Poincaré operator.

2.2 Tearing

Let us consider the trace space H/?(T'g) := {up, rue H(Q)} on the skeleton I's and its subspace

HY*(Tg,T) = {ve HY2(Tg) : v(x) =0 forzeTl}.

Let § € H'/?(I's) be an arbitrary but fixed extension of the given Dirichlet datum g € H/2(I).
Now we consider the transmission conditions of the functions u; and of the conormal derivate «;t;
along I';. One possibility is to find a global function @ € Hé/Q(Fs, I') such that u; := 4+ g on I'; and

i(Siui) (x) + o (Sjug)(x) =0 for z € I'y (8)

are satisfied on all local coupling boundaries I';;. This leads us to the variational problem: Find
i € HY*(T,,T) such that

o p
Zz_;/rz ai(Sia)(z)v(x)ds, = — Zz::l /Fz a;(Sig)(z)v(z)dsy (9)

for all v € Hé/z(rs,f‘). Due to the implicit definition of the local Dirichlet-Neumann map (7) it is
in general not possible to discretize the variational problem (9) in an exact manner. Thus we have
to approximate the local Dirichlet boundary value problems which occur in the definition of the local
Dirichlet-Neumann map.
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For v; € HY?(T;) the application of S; is given by
1
(Sivi)(z) = (Djv;)(x) + <§I + K))w;(z) forz €Ty, (10)
where w; € H1/2(T;) is the solution of the variational problem

1
<Viwi77—i>f‘i = <(§I—‘r Ki)vi;'rz'h“i for all 7; € H‘l/z(l“i). (11)

Let Z;p, = span{¢} k=1, C H ~1/2(I';) be a conformal trial space, for example the space of piecewise
constant functions with respect to a local quasi uniform and regular boundary mesh with average
mesh size h;. The Galerkin variational problem of (11) is to find w; j, € Z;}, such that

1
(Viwi,hyTi,h>Fi = <(§I + Ki)v’iuTi,h>Fi for all Ti,h € Z@h. (12)

Hence we can define an approximate Steklov-Poincaré operator as

(Sivs) (2) = (Dyvs) () + (%1 4+ Klwip(x) forz el (13)

Now the perturbed variational problem is to find 4 € Hé/ 2(I‘, I's) such that
P B P _
Z/ a;(S;t)(x)v(x)ds, + Z/ ;(S;g)(z)v(z)dsy =0 (14)
=171 i=1 7L

for allv € HS/Q(FS, I'). Let W}, be a boundary element subspace of Hé/Q(F,I‘S), e.g.
Wi = span{en})L; C Hy*(I,T's)

of piecewise linear basis functions with respect to a quasi uniform and regular mesh with mesh size
hs.
The space W; j, = span{cpz}f\f ‘', denotes the restriction of W}, to I';. The resulting Galerkin variational

formulation of (14) is to find uj, € W}, such that

Zz::l /Fz a;(Siup)(z)v(r)ds, + ;/Fz ;(S;g)(x)v(x)dsy =0 (15)

for all v € Wj. This equation has a unique solution in Wj,.
The corresponding algebraic system of the Galerkin variational problem (15) is

P p
=1 =1

where we used the isomorphism v € RM «— v}, = Zj]\/il vjp; € Wy. A; denote the connectivity
matrices that map the vectors v originating from the global discretization on I'g into their local

components v; corresponding to the local discretization on I';.

4
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In (16) the discrete approximate Steklov-Poincaré operator is

- 1 1.1
Sin=Din+ (§M5h + KiT,h)Vi,hl(—

2Mi,h +K¢,h) (17)

with the boundary element matrices

Viallb k) = Vil i,
Di,h[ma TL] = <D290¢za @;71>Fi’ (18)
Ki,h[m7k] - <Kztp?cvwin>rw
Mi,h[m7 k] = <90}m an’

for k,l = 1,..., M; and m,n = 1,..., N;. The linear system (16) is equivalent to the solution of the
minimisation problem

J(w) = min J(v) (19)
veRY
where the linear functional is given by
- P mn -
T =3 [2<aisi,hAiy, A) — (fin A@-m} . (20)

By introducting the local vectors v; = A;v we obtain

p

Twisvrty) i= Y | (@iSineis) - (£ (21)

i=1

to be minimised subject to the continuity constraints across the interface. Let us denote W = IIY_, W
and S = diag(a;S;p)i=1..p - Then we have to find the minimum of

J(w) = %(Sw, w) — (f,w) — min wherew:= | : | eW (22)

subject to same continuity constraints across the interface.

2.3 Interconnecting

It remains to impose the constraints that correspond to the continuity across the interface, i.e. u;(x) =
uj(x) for x € I'y;.

Every vertex (i.e. the endpoints of each edge of T'y) is called corner point. The basic idea of BETI-DP
is to consider the degrees of freedom corresponding to the corners as global degrees of freedom. Let

uo=| (23)
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be the vector of the degrees of freedom corresponding to the corner points, where M, is the total
number of the corner points.

Let us consider W€ the space of the corners degrees of freedom.

Let R: : W¢ — W, be the matrix operator between the euclidian spaces W, and W; in such a way that
Rlu. = U.;. Subscript ”c” designates the degrees of freedom on 9€2; corresponding to the corners.
Subscript ”r” designates the degrees of freedom on 0f2; others than the corners: the remainders.
After reordering he have

uc,i

%:[%ﬂ (24)

Now the continuity conditions have to be enforced only on the remainder degrees of freedom We do
that with the help of B, matrix. The matrix B, = [B},..., BP|] is constructed with {—1,0,1} as
entries. Each row of the matrix B, is connected with a pair of matching remainder nodes across the
interface. The entries of such a matrix are 1 and -1 for the indices corresponding to the matching
nodes and 0 elsewhere. So we have

where

Uy 1

)

u, = | (25)

=P

is the vector of the remainder degrees of freedom.
We have to solve the following constrained minimisation problem :
Find u € W such that :

{ J(u) = 3(Su,w) — (f,u) — min (26)

Byu, =0 and Riu, = ue; fori=1,p

We denote now by Wi the subspace of W spanned by the vectors which are 1 in each corner point
and 0 in rest. This will be called the primal space and is the subspace generated by the degrees of
freedom which correspond to the corner points. We denote by W the subspace of W generated by
the vectors which vanish in all the points corresponding to the corner points.

This is called the dual space and is the subspace generated by the degrees of freedom which correspond
to the remainder points. By V~VA,¢ we denote the subspace generated by the remainder degrees of
freedom of €2;. Now we introduce the subspace W = Wa @ Wy which is exactly the space where we
are looking for the solution of problem (26) after we impose the corner points constraints. That means
we have to solve now :

Find v € W such that :

J(w) = $(Su,u) — (f,u) — min
{ 2 0 - (27)
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The resulting algebraic system after introducing the Lagrange multiplier dual variables looks:

1 1 p1 1T f
Sir SrcRe B, g i’f‘yl
sP SP_RP BrT w. = i (28)
1Tg1 T T ap T P SsTas ms A “r.p Lrp
R.™ S, ... RZ7 Sy, o1 R;" SI.R] 0 u, P , iTE
o = —cC,1
B} BP 0 0 A ‘ K

Or in a compact form :

STT SrcRc B;r U, ir
(SreRe) Se 0 u | =\ [, | (29)
B, 0 0 A 0
where
N Sio i I
zSz = T e s .= =t . 30
wdo=( g ) 1=(7) .
After eliminating the primal variables u, and u,. the following system has to be solved:
Fi=yg (31)
where .
F =BS5S 'BT (32)
and .
S = Srr - (STCRC)(SCC)_I(S’I“CRC)T' (33)

F is a symmetric and positive definite (s.p.d.) matrix. Hence we can solve the system FA = g by
using a preconditioned conjugate gradient method.

3 Preconditioning

As in the previous FETI-DP articles [2],[4] we introduce the Dirichlet Preconditioner:

M = ZDJ BlSI . (BHT(DY)T (34)

T‘T‘T‘

Using the ideas and the spectral equivalences demonstrated in [6] we introduce the Hypersingular
Preconditioner :

p .
M =" DABIDI.(BHT(DA)” (35)
7j=1
where , ,
Di. D:
a;D;j = T e ) (36)
o (Dic De.

is the boundary element matrix of the discrete local hypersingular boundary integral operator and
DY\ are diagonal scaling matrices as defined in [4].
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4 Analysis

Let us generate a quasi-regular finite element mesh in every subdomain €); starting from the
subdomain boundary mesh. This is always possible since we assumed the boundary subdomain mesh
quasi-regular as well with the discretisation parameter h;. We assume a triangular mesh. Let us denote
each subdomain finite element stiffness matrix by KZF }FM . Numbering the unknowns corresponding

to the boundary I'; first, then K f }FM has the following blockstructure:

Krri; Krr;
gFeM _ [ Erri Krrg 47
o K K, (37)

where the indices I' and I denote the subdomain boundary and interior unknowns, respectively. The
finite element Schur complement matrix arrising from the elimination of interior unknowns can be
represented in the following form:

SieM = Krry — KrriK i K, (38)

LEMMA 1 The local boundary element Schur complement matrix SE,FM = Si,h and the local finite
element Schur complement matrix Sf,FM are spectrally equivalent to the exact Galerkin matriz S;p of
the Steklov-Poincaré operator S; and to the boundary element matrixz Dy, of the local hypersingular

boundary integral operator Dy, i.e.,

BEM ., gFEM
Sz,h — Si,h

~ Sin >~ Dip
for all i=1, ..., p, where A ~ B means that the matrices A and B are spectrally equivalent (with
spectral constants which are independent of discretization constants).

It is useful to remark and easy at hand to prove that if we have A and B two s.p.d. spectral equivalent
matrices, block partitioned (with the same dimension blocks) with ¢ and ¢o the spectral equivalence

constants,
A11 A12 Bll Bl?
( Aoy A o Ba1 Bao (39)
Cl(vav) < (AU7U) < CQ(va U)

then S} ~ S with the same constants ¢; and ¢, where

St = Aj; — Apa(Agn) 71 Aoy is the Schur’s complement matrix of A that corresponds to Aj; and
analogue we define S .

Now if we take a look to the system (28) and to the original FETI-DP system (13) in Mandel & Tezaur [8]
we observe that we have two algebraic systems block constructed with parts from Steklov-Poincaré
BEM matrices (BETI-DP system) which is spectral equivalent with discrete Steklov-Poincaré FEM
matrix (FETI-DP system). The connectivity matrices and B are identical in both methods.

For the two dimensional elliptic problem solved with FETI-DP method it was proven in [8] that the
condition number of the system matrix (32) equiped with the Dirichlet preconditioner has the following
upper boundary:
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THEOREM 1 For d=2 it holds that:

Amaz(MF) H\?
LAY -
Nonin (M F) _C<1+logh) , (40)

where C is a constant not dependent of H and h.

Using the above remarks and the spectral equivalence Lemma 1 it is obvious that the condition number
of the BETI-DP dual system matrix (32) equiped with Dirichlet as well as with the hypersingular
preconditioner has the same upper bound as the condition number of the FETI-DP dual system
matrix equiped with Dirichlet preconditioner.

5 Numerical Results

For numerical results let us consider that the squared domain € = [0, 1]? divided in 9 square subdo-
mains as we can see in Fig.1. For this example we solve the problem

—divja(z)Vu(z)] =0 for z€Q, wu(x)=g¢g for zeT, (41)

where g(x) = x1 + x2. We see that we have a floating subdomain and 4 corner points.

The two dimensional

01 0 3 domamn Q

(7} Us Us

Figure 1: Model problem.

The local single layer potentials V;, h were inverted by using direct solvers. In the tests, we used the
Dirichlet preconditioner (DP) and the hypersingular preconditioner (HP). The bold numbers appearing
in the first row of each table represent the number of discretization nodes on the boundary of each
subdomain. As a stopping criteria we used ¢ = 1077.

No Jumps 40 | 60 | 80 | 104
HP | 12 | 12 | 13 | 13
BETI-DP | DP | 8 | 8 9 9

Table 1: The number of iterations steps for no jumps, a =1 everywhere.
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Small Jumps 40 | 60 | 80 | 104
BETI-DP | SDP | 14 | 15 | 16 | 16
SHP | 17 | 17 | 18 | 19

Table 2: The number of iterations steps for small jumps, as = 107! (in middle) and a;=1 elsewhere.

Large Jumps |40 | 60 | 80 | 104
BETI-DP | DP | 18 | 18 | 19 | 21
HP | 21 | 21|22 23

Table 3: The number of iterations steps for large jumps, a5 = 1072 in (in middle) and ;=1 elsewhere.

6 Conclusions

The benefits of BETI-DP method are mainly the same as for the FETI-DP method, but of course we
add those comming from using the boundary element method, namely :

e Parallelizable method.
e We have to deal only with invertible local subproblems.
e No need of characterization of the nullspaces of the local subproblems.

e It uses standard preconditioned conjugate gradient methods instead of projected preconditioned
conjugate gradient method like in standard FETI(BETI).

¢ We may use the sparse representation for the boundary element matrices.

e It has the benefit of using the Hypersingular Preconditioner which involves only matrix by vector
multiplication, less expensive than computing of the local solvers for the Dirichlet Preconditioner.

e One level FETI may be seen the light of the dual-primal spaces definitions as a degenerated
FETI-DP method with a null primal space.

As maybe the reader already observed from the previous BETI and coupled FETI/BETI papers, the
method formulation is strictly analytical involving Dirichlet-Neumann mappings. In the recent works
of Mandel and Tezaur [9] the FETT and FETIT-DP methods were given a strictly algebraic formulation
totally independent of the solved problem. The advantage of BETI(BETI-DP) is that once we have
proven the spectral equivalence between FEM and BEM matrices we can transport all the FETI-DP
results to BETI-DP. Intuitively this spectral equivalence is valid due to the fact that both FEM and
BEM matrices are discretisations of the same operator. This leads us to the further use of coupled
FETI/BETI-DP as well as using of the Hypersingular Preconditioner for the FE domains also method
already used with good numerical results for one level FETI/BETTI as can be seen in [7].
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