A QUASI-DUAL LAGRANGE MULTIPLIER SPACE FOR SERENDIPITY
MORTAR FINITE ELEMENTS IN 3D
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Abstract. Domain decomposition techniques provide a flexible tool for the numerical approximation of
partial differential equations. Here, we consider mortar techniques for quadratic finite elements in 3D with
different Lagrange multiplier spaces. In particular, we focus on Lagrange multiplier spaces which yield optimal
discretization schemes and a locally supported basis for the associated constrained mortar spaces in case of
hexahedral triangulations. As a result, standard efficient iterative solvers as multigrid methods can be easily
adapted to the nonconforming situation. We present the discretization errors in different norms for linear and
quadratic mortar finite elements with different Lagrange multiplier spaces. Numerical results illustrate the
performance of our approach.
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1. Introduction. The coupling of different discretization schemes or of nonmatching tri-
angulations can be analyzed within the framework of mortar methods. These nonconforming
domain decomposition techniques provide a more flexible approach than standard conform-
ing approaches. The nonconforming approach is of particular interest in many situations, for
example, in problems with discontinuous diffusion coefficients and local anisotropies, when
different parameters dominate different parts of the simulation domain or different discretiza-
tion schemes are used in different subdomains. A complex global domain can be decomposed
into several small subdomains of simple structure, and these subdomains can be meshed in-
dependently. To obtain a stable and optimal discretization scheme for the global problem,
the information transfer among the subdomains has to be analyzed. Mortar methods were
originally introduced to couple spectral and finite element approximations, see [4, 5]. An
optimal a priori estimate in the H'-norm for the mortar finite element method has been
established in [5, 6, 2, 3]. The analysis of three-dimensional mortar finite elements is given
in [3, 15, 7], and a hp version is studied in [17]. In the linear 3D case, the stability of the
mortar projection for the standard Lagrange multiplier space is established in [7], where also
a multigrid method for the saddle point problem is discussed. The main idea of the mortar
technique is to replace the strong continuity condition of the solution across the interface by
a weak one. Here, we consider mortar methods for second order finite elements in 3D. We
focus on Lagrange multiplier spaces for serendipity elements which yield locally supported
basis functions of the constrained mortar space.

The paper is organized as follows: In the rest of this section, we present our model
problem and briefly review the mortar method. In Section 2, we give some sufficient con-
ditions on Lagrange multiplier spaces for quadratic finite elements and show the optimality
of the approach. In Section 3, we present some examples of Lagrange multiplier spaces for
quadratic finite elements on hexahedral triangulations. In contrast to earlier approaches, we
use Lagrange multiplier spaces yielding a sparse inverse of the mass matrix. We also use the
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so-called dual Lagrange multiplier spaces which are biorthogonal to the trace of the finite el-
ement space at the interface. Unfortunately, a locally defined dual Lagrange multiplier space
containing the bilinear hat functions does not exist for serendipity elements. In that case, we
augment the space by face bubble functions and introduce a quasi-dual Lagrange multiplier
space yielding a sparse inverse mass matrix. Finally in Section 4, we present some numerical
results in 3D for different Lagrange multiplier spaces illustrating the flexibility and perfor-
mance of our approach. In particular, we consider the discretization errors in the L?-norm,
the energy norm and in a weighted L?-norm for the Lagrange multiplier.

We consider the following elliptic second order boundary value problem
—div(aVu)+cu=f inQ with w=0 ondQ, (1.1)

where 0 < ag < a € L®(Q), f € L*(Q), 0 < c € L*>®(Q), and Q C R? is a bounded polyhe-
dral domain. The domain €2 is decomposed into K non-overlapping polyhedral subdomains
Qr, k=1,--- K, such that

Q) with QiﬂQj:@ for i#j.

=

ﬁ:
k

1

Here, we consider only geometrically conforming situations where the intersection between
the boundaries of any two different subdomains 0€2; N9, k # [, is either empty, a common
edge or a face. We define T'y; := 092, N0Q;, 1 < k, 1 < K, the intersection of the boundaries of
two subdomains and select only disjoint and non-empty interfaces v¢, 1 < k < N. Moreover,
each i can be associated with a couple 1 < k; < ko < K such that 4, = 0Q, N IQ,. On
each subdomain, we define

Hi(Qk) = {U S Hl(Qk),v‘mﬂan = 0}7 k=1,--- K

and consider the unconstrained product space X := Hszl HL(Qy). The weak matching
condition on the skeleton I' := J;_, vx is realized by means of the H'/?-duality pairing.
Introducing the Lagrange multiplier space M := Hiv:1 H='2(y;,) on T, we find for v € HZ(Q)

/[v],uda:(), e M.
r

This observation is the motivation for the discrete mortar formulation. Each subdomain €,
is associated with a shape regular family of hexahedral triangulations 7j.p, , the meshsize of
which is bounded by hi. We denote the discrete space of conforming piecewise triquadratic
finite elements or of serendipity elements on 2, associated with 7j.p, by Xp, C H L(Q). Each
interface ~, inherits a two-dimensional triangulation Sy, either from 7791§hk1 or ’2}2;;%2 . The
subdomain from which the interface inherits its triangulation is called slave or non-mortar
side, the opposite one master or mortar side. In the following, we denote the index of the
slave side of v by s(k) and the one of the master side by m(k). Hence, the elements of Si;p,
are boundary faces of Ty(1).p, (v With a meshsize bounded by (). Furthermore, we assume
that the mesh on I' is globally quasi-uniform, and each element in Sy.p,, K =1,---, N, can be
affinely mapped to the reference element 7" := (0,1) x (0,1). The discrete Lagrange multiplier
space My, on I' is defined as My, := Hszl My (i), where My (yx) is the discrete Lagrange
multiplier space on ;. Then, the discrete weak matching condition for v, € Xj can be
written as

/[Uh]uidazo, 1<i<ng 1<EkE<N, (1.2)

Tk
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where ng 1= dim My, (y;) and {g;}1<i<n, forms a basis of M (). Here, [vp] is the jump of

the function vj, on v from the master side to the slave side. As usual, || - ||s,q, and (-, )s.q,
denote the norm and the corresponding inner product on H*(€), respectively, and | - |5 q,
stands for the seminorm. The norm on HY/?(vx) and its dual space H~'/2(y,) will be denoted
by || - ||Héé2(%) and [ - [[=1/2,y,, respectively. We define the broken norm || - [|s on X and the
broken dual norm || - ||as on M by

K N

Jal = S il g and il =3l s, respectively.
k=1 k=1

There are two main approaches to obtain the mortar solution uy € X}, of a discrete variational
problem. The first one is based on the positive definite variational problem on the constrained
finite element space which is given by means of the global Lagrange multiplier space My,

Vi = {’Uh € Xy | b(’l)h,uh) =0, Un € Mh}u

where  b(vp, up) := N_ vp| pn do, and X, 1= K_ Xp, . We remark that the elements
of the spa(ce Vg s)atisf}; aI: ;vleﬁ{k [cor]lt/iLnuity condition olrzll‘zﬂé skeﬁeton I' in terms of the discrete
Lagrange multiplier space M}, and the nodal basis functions of X}, have to be modified
appropriately to obtain the basis functions of V;,. However, V}, is, in general, not a subspace
of H}(Q). The positive definite formulation of the mortar method can be given in terms of
the constrained space Vj,: find up € V3, such that

a(un,vn) = (f,vn)o, vn € Vp, (1.3)

where, the bilinear form a(-,-) is defined as a(v,w) := Ele ka aVv - Vw + cvw dz. The
second approach is based on enforcing the weak continuity condition on the skeleton I' as an
additional variational equation which leads to a saddle point problem on the unconstrained
product space Xp,, see [2]: find (up, Ap) € Xp x My, such that

a(un,vp)+ blon,An) = (f,on)o,  vn € Xp,

1.4
b(un, pn) = 0, Mh € Mp,. (1.4)

It is clear that the choice of the discrete Lagrange multiplier space M}, plays an essential
role for the stability of the saddle point problem and the optimality of the discretization
scheme. In the next section, we state sufficient conditions on the Lagrange multiplier space
for quadratic finite elements to get optimal a priori estimates. Here, the nodal Lagrange
multiplier basis functions are defined locally and are associated with the interior nodes of the
mesh on v,k = 1,--- ,N. We point out that we do not assume the meshes from the slave
and master side are matching on 07, see Figure 1.1. Now, we group the degrees of freedom
of X3 associated with the skeleton I' into two groups up|. := (um,us), where u,, contains all
nodal values of u;, on the master sides and all nodal values on the boundary of the interface
v, on the slave sides, and us consists of all nodal values of uy at the interior nodes of 7
on the slave sides, 1 < k < N, see Figure 1.1. The associated sets of nodes are called N,
and N, respectively. Furthermore, we denote by A}, the set of all nodes in X}, and we set
Ni = Np\(NV; UN5). The corresponding nodal values of uy in A; will be denoted by a block
vector u;. Then, (1.2) can be written in its algebraic form as

Mugs + My, =0. (1.5)

The entries of the mass matrices are given by m;; = f'm [¢j] i do, where ¢; are the finite
3
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Fig. 1.1: Decomposition into u,, and u, for serendipity elements

element basis functions corresponding to the different groups of nodes, and u; denote the
basis functions of M}. Since the basis functions have a local support, the mass matrices are
sparse. Formally, we can obtain the values on the slave side as us = —M Mty Although
M is a sparse matrix, the inversion of Mj is, in general, expensive, and M ! is dense. This
observation motivates our interest in Lagrange multiplier spaces which yield a sparse inverse
of the mass matrix M. A natural choice is a dual Lagrange multiplier space, see, e.g., [21],
having a diagonal mass matrix M,. Then, the basis functions {u;}1<i<n, of Mp(vx) and
{@i}1<i<n, of the trace space Wy p (%) having the zero boundary condition on 0+ satisfy
the biorthogonality relation

/ pi pj do = 5ij/ pjdo, 1<i,j<ny. (1.6)
Vi Vi

We define the product space Wy ; and the broken Hééz-norm on it as

N N
Won = W, d 2 . 2 tively.
0,h kl;[l on(vk), and vl ; HUHHW(%)’ respectively

2. A priori estimates. In this section, we give some assumptions on quadratic La-
grange multiplier spaces which guarantee optimal a priori estimates. Following a similar
approach as in [15], we impose the following assumptions on the discrete Lagrange multiplier
spaces for quadratic finite elements

[PO] dith(’yk) = dimW()’h("yk), 1 S k S N.
[P1] There is a constant C' independent of the triangulation such that

inf v— < Ch2,.\|v . we H?  1<E<N.
HEMh(wk)” #lloqn < S(k>| |2, () <k<

[P2] There is a constant C' independent of the triangulation such that

0
6], < C sup m, 0eWonly), 1<k<N.
peMn ({0} 1lloy,

It follows from assumption [P1] that Pi(vx) C Mp(vk) for all k = 1,--- , N, where Py () is
the space of linear functions on ~y,. For each v, the mortar projection ITy, : L2(vx) — Won(vk)
is defined as

/Hkvudo ::/ vudo, € Mp(vg). (2.1)
Tk Tk
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The stability of the mortar projection is essential for the optimality of the best approximation
erTor.

LEMMA 2.1. Under the assumptions [P0] and [P2], the mortar projection (2.1) is stable
in the L*-norm. Furthermore, if w € Hg (vx)

Mxwll1q, < Cllwlla -

Proof: By assumption [P2], we find that if v € Wy ,(v) satisfies (v, p)o,,, = 0 for all

€ Mp(vk), then v = 0. Hence, the mortar projection is well-defined by the assumptions
[PO] and [P2]. The L2-stability of I is standard, see, e.g., [15]. Now for w € Hg(vx) using
the L2-stability and an inverse estimate, we find

1
Ml < M = Pl + [Pl < € (T i = Pl + ol )

1
<0 (o= Pulos, + il ) < Clluls,
s(k)

where P denotes the L?-projection onto Wy p,(7%)- [ |

Using Lemma 2.1 and an interpolation argument, we obtain for w € H562(7k),

kel g,y < Cllwllgage oy
In a next step, we provide the best approximation property of the space V;,. We use the ideas
and techniques introduced in [3, 5].

LEMMA 2.2. Assume that the assumptions [PO]-[P2] hold. If u € H(Q) and uq, €
H3(Qg) for all k = 1,--- , K, then there exists a constant C independent of the meshsizes
such that

K
inf ||u—uhH1 < C(1+ hpr) th||u||i2%,ﬂk=
k=1

up €V}
where

h
R :—max{ﬂ, 1§k§N}.
s(k)

Proof: Since Wy (%) C Hé(f(%), each v € Wy p(yk) can trivially be extended to a
function v € H1/2(8ﬂs(k)). Let Hpo € H'(Q4x)) be the discrete harmonic extension of
0 on Qs(k)- Then, it is well known that ||Hh1~)||1 Qo) < OH'D”HUQ(QQ ®) < OH’U”Hl/z( .

e s 00 (k)
By means of this discrete harmonic extension, we define a discrete extension operator Ey, :

Wo,n(vk) — Xy, for each v as Epv := Hp0 on Qy, and Epv := 0 elsewhere. Then
||Ek’U||1 < C”””Hééz('yk)’ v E WQJL(’Y]C). (2.2)

Let Iru € Xj be the Lagrange interpolant of u in Xj. It is easy to see that v := Ipu +
Zivzl Ei 11, [Ipu] is an element of Vj,. Then, we find

N
lu = vlly < llu = Inully + | Y ExIl[Znu]|1-
k=1
5



By using (2.2) and a coloring argument, we have

[ ZEka Inu][f = lz; [ ZEka Inulllf g, < CZ ([ TL[Zp ] 1/2( o

We note that the constant C' does not depend on the number of subdomains. Applying the
L?-stability of II;, and an inverse estimate, we get

C C
2 2 2 2
el 2, < m”[lhu]no,% < T (Il(u —Inuw)g, o I8 + 1w = Tnw)y, ||0%)

C 5 2 5 2
< (R il 0,y + P Il 0, ) -

Summing over all k =1,--- | N, we obtain

N

I Bl Ll < © ( r Zh4 wlulda, . + Z W llul Q> .

k=1

Finally, the lemma follows by using the interpolation property of Ipu. [ ]

We remark that in contrast to a convergence theory of mortar finite elements in 2D, the
constant in the right hand side depends on the ratio of the meshsizes of master and slave
sides. This results from the fact that we cannot exploit the Hég 2 stability of II;,. We observe
that due to the possible non-matching meshes on 97, we cannot guarantee that [Inul]| is

s
in Héé 2 (7). However, if the meshes on the wirebasket are matching and u is continuous, we
find [Inu]), € Héé2(fyk) and thus the Héf—stability of Il can be directly applied. In that
case, the ratio does not enter in the upper bound, see [15]. Working with mesh dependent
norms and a trivial extension shows that the global ratio h,,, can be replaced by a local one.

THEOREM 2.3. Let u and up be the solutions of Problem (1.1) and (1.3), respectively.
Assume that u € H (), up, € H3(Q) fork=1,--- K, and [ag—Z] =0 on I'. Under the
assumptions [PO]-[P2], there exists a constant C independent of the meshsizes such that

K
lu—unllf < C(L+ hr) thH“Hng
k=1
Proof: The bilinear form a(-,-) is continuous on X, and it is coercive on
B:= {v|veH;(Qk),1gk§K, and/ [v]do = 0, 1§k§]\7},
V&

see [5, 14]. Hence, assumption [P1] assures that V;, C B. Thus, Strang’s Lemma [9] can be
applied, and we get

lu—uplls <C| inf |lu—ovpll1+ sup M ) (2.3)
UnEV wnevin{oy  llonlh

The first term in the right side of (2.3) denotes the best approximation error and the second
one stands for the consistency error. Lemma 2.2 guarantees the required order for the best
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approximation error. Thus it is sufficient to consider the consistency error in more detail.
Now, a(u — up,vp) can be written as

N
ou ou
a(u —up,vp) = | a=— [vp]do = Z (a—, [Uh]> , vp €V
r on 1 8nk 0,7k
Here, g—z is the outward normal derivative of u on I' from the master side, and % = % on

k. Using the definition of V},, we find for p € My, (vx)

ou Ju Ju
a_ = a5 < inf 5 1/2 ’ .
<a3”k7 [vh])o,w <aa”k " [vh])o,w = e Mn () ”aank MH(H /2(w)) UERLIVERE

Due to assumption [P1], we find that the best approximation error of Mj,(vx) in the H'/2-dual
norm is bounded by Chg(k) ”%Hg’/?m' We note that the H'/2-dual norm is stronger than

the H~'/2-norm. Now the trace theorem yields the upper bound for the consistency error

ou

—— [vn < CR2 g lulls. . (10nll1.02,0 + 108ll10.0) -

aa [v] < Ch
Tk 0,7k

See [15, Theorem 3.1] for the linear case. Now, using the Cauchy—Schwarz inequality and
summing over all k =1,--- | N, we find for vy, € V},

K 1/2
|la(u — un, vp)| < Cllonl <Z hillUll%,nk> :

k=1

To obtain an a priori estimate for the Lagrange multipliers, we follow exactly the same lines
as in [2].

LEMMA 2.4. Assume that the Lagrange multiplier space My satisfies the assumptions
[PO]-[P2]. Then for € My, there exists a v, € X}, such that

loulls < Cllllag, Nl < Co(v, ) and [vulllw < Cllplar-

Proof: By means of the stability of the mortar projection, we get for u € Mp (k)

) ’H
HMHfl/Qy’Yk = Sup ﬁ/ﬂw <C sup &L”w
peH 0} WPHH () wegf®onioy 1 RPEGER ()
=C sup M < Ci, o, (2.4)

eeWon (0} 1211720

for some @ € Wy p(vk) with H(‘bk”HW(w) = 1. Now, we extend ¢, € Wo n(vk) to Xp by
00

using the extension operator Ejy as defined in Lemma 2.2 to get Expr =: v € Xp. Then, we
have

loells < ClPlgaze ) and 0 < (1 51)0.70 = bk 1),

Setting v, := Zivzl b(vg, 1)vg, and using the fact that |lvg]|1 < C, we get

K N N N
loallf =1 blow, wvrllf o, < O bwr, 1) < C Y Nl = Clullds
=1 k=1 k=1 k=1
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To obtain the upper bound for ||u||as, we sum the equation (2.4) over all interfaces i, k =
1,---, N and find

N

lullir < € blvr, 1)* = Cb(vy, ).

k=1

Finally, the third assertion follows from

N
vulllfy = Zb vk ) [oel3 2, Zb ok 10)° < Dl 12 N0l iy = il
k=1
|
We note that the bilinear form b(-,-) on X, x M}, is not continuous with respect to the || - ||1
and || - ||as norm. However the uniform inf-sup condition for pj, € M), can be established

on a subspace of Xj. Restricted to this subspace the bilinear form b(-,-) is continuous and
thus the standard saddle point theory can be applied, see, e.g., [10]. Combining the previous
results, an a priori bound for the Lagrange multiplier can be obtained.

COROLLARY 2.5. Under the assumptions of Theorem 2.3, we have

K

IN=uliRy <Y hillulli g,
k=1

3. Quadratic Lagrange multiplier spaces in 3D. In this section, we consider dif-
ferent possibilities for Lagrange multiplier spaces in 3D for quadratic finite elements with
Supp ¢; = supp ;. In particular, we focus on the standard finite elements and serendipity
elements and restrict ourselves to hexahedral triangulations. These two finite element spaces
have different degrees of freedom on the interface and therefore, the Lagrange multiplier
spaces have to be considered separately.

3.1. A dual Lagrange multiplier space for triquadratic finite elements. In the
case of a hexahedral triangulation, a dual Lagrange multiplier space in 3D for trilinear and
triquadratic finite elements can be formed by taking the tensor product of the dual Lagrange
multiplier space in 2D. Let ¢g, ¢1 and @2 be the nodal quadratic finite element basis functions
on the reference element (0,1) in one dimension, where ¢y and ¢; are the basis functions
corresponding to the left and the right vertices of the reference element, and (¢, is the basis
function corresponding to the midpoint of the reference element. Then, the quadratic dual
Lagrange multiplier basis functions on the reference element are defined by

< 3. 1 3. 1 < 5

Mo(t) = @o(t) = 702(t) + 5, M) = D1(t) — 7 @a(t) + 5 and Ao(t) == S@(t) — L.

The Lagrange multiplier basis functions for the element touching a crosspoint have to be
modified. In particular, if ¢ = 0 is a crosspoint, we have

Ao(t) = =2t +2, A(t):=2t—1,

and if ¢ = 1 is a crosspoint, we set



Furthermore, for a linear hat function (bé at an interior vertex p, we find

h(6) = 1p(t) + 5 (er (0) + (1), (31)

where p1,, is the Lagrange multiplier basis function corresponding to the vertex p and p.; and
L2 are the basis functions associated with the midpoints of the two adjacent edges. If p
is a crosspoint, we have ¢é(t) = 1pe(t), where fi is the Lagrange multiplier basis function
corresponding to the midpoint of the edge containing the crosspoint. Then, the Lagrange
multiplier basis functions on the reference face F' = (0,1) x (0,1) having a tensor product
structure are defined as

Aij (x,y) == j\z(x);\J (y)-

Here, Aoo(,y), Ao(z,y), Aii(x,y) and Aoi(z,y) are the Lagrange multipliers correspond-
ing to the four vertices (0,0), (1,0),(1,1) and (0,1), and Aso(z,9), M2(z,y), Ao (z,y) and
Xoz2(z, ) are the ones corresponding to the midpoints (0.5,0), (1,0.5), (0.5,1) and (0,0.5) of
the four edges, respectively, and finally 5\22(:6, y) is the one corresponding to the center of
gravity (0.5,0.5) of the reference face. The Lagrange multiplier basis functions are associated
with the vertices, midpoints of the edges and the center of gravity of faces in Sy, ,1 < k < N.
The global basis functions u; are obtained by using an affine mapping and gluing the local
ones together. All nodes on the boundary 0+vj of v are crosspoints and do not carry a degree
of freedom for the Lagrange multiplier space. We note that we have to use the modification
at the crosspoints to compute the tensor product for the Lagrange multipliers corresponding
to the faces touching 0vi. Observing (3.1), we find that the bilinear hat function at each
vertex is contained in the Lagrange multiplier space M}, (vx). We point out that this is also
valid on 97, although there are no degrees of freedom. Hence, assumption [P1] is satisfied.
Assumption [P0] is trivially satisfied by construction. Now, we verify assumption [P2]. Let
0= > 1k arpr be in Wy p, () and set p:= > * | arpx. In the following, we assume that
»; and [1; are obtained from ¢; and u; by an affine mapping from the face F' to the reference
face F. Now, by using the biorthogonality relation (1.6) and the quasi-uniformity assumption,
we get

ng Nk Nk
(@ o = Y, @it (s, 11)0., = Zaf/ pido > CY " alhly > Clollg -
i,j=1 i=1 Yk i=1
Taking into account the fact that [|¢|3 ,, = [lull3 -, = 20, aih?y,. we find that assumption

[P2] is satisfied. Figure 3.1 shows the three different types of Lagrange multipliers on the
reference face.

3.2. A non-existence result for serendipity elements. Here, we provide a non-
existence result for a dual Lagrange multiplier space for serendipity elements. A similar
result for simplicial triangulations and quadratic finite elements is given in [16]. We denote
by Wil(vx) the finite element space of piecewise bilinear hat functions on 7. In case of
standard triquadratic finite elements, the dual Lagrange multiplier space with tensor product
structure contains Wl (vx). Unfortunately, there exists no dual Lagrange multiplier space
yielding optimal a priori estimates with suppy; = suppu;, where ¢; are the serendipity
nodal finite element basis functions on the interface .

LEMMA 3.1. Under the assumption that supp @; = supp ;, there exists no dual Lagrange
multiplier space Mp (i) such that Wit (vr) C M (k).
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Fig. 3.1: The Lagrange multipliers corresponding to a vertex (left), to an edge (middle) and
to the center of gravity (right)

Proof: We prove this by contradiction. Assume that
Z aip; = ¢, (3.2)

where (bé is the bilinear hat function associated with the interior vertex p having the coor-
dinates (0,0), see Figure 3.2. Suppose the coordinates of the four corners of the face Fy be
(-1,0),(0,0),(0,1) and (—1,1), and of the face F5 be (0,0),(1,0),(1,1) and (0, 1).

ono‘%t (07 1)
Fy | Fs
Pl at (0,0)

Fig. 3.2: 2D interface of 3D hexahedral triangulation

Because of the duality, the functions u; are biorthogonal to the finite element basis
functions ¢; on the interface. Hence, after multiplying (3.2) by some finite element basis
function ¢; and integrating over the interface v, we get

o = f’)’k spj(bi’da
’ f'Yk Pi do

Let jo be the interior vertex with coordinates (0,1) such that jo and p share one edge, see
Figure 3.2. Then, we find

1
R R
Tk 1 T2

and thus «;, # 0. Since the basis functions p; are locally linearly independent, we obtain
supp ftj, C suppy_; oip;. By construction, we find supp pj, C supp gbé, which contradicts

(3.2). m
10



3.3. Lagrange multiplier spaces for serendipity elements. The previous subsec-
tion shows that there does not exist a dual Lagrange multiplier space for serendipity elements
containing the bilinear hat function at each vertex and satisfying supp ¢; = supp p;. Here,
we consider two different Lagrange multiplier spaces for serendipity elements. The essential
point is that the Lagrange multiplier space should lead to an optimal and stable discretiza-
tion scheme. For this purpose, the assumptions [P0O]-[P2] are crucial. The first idea is to
choose a standard Lagrange multiplier space, see [5, 6]. In this case, the basis functions for
each interior face F' € Sk, of the interface vx (i.e., F € Sk, with OF N Oy, = 0) are
serendipity basis functions in 2D. All nodes on 9 do not carry a degree of freedom for the
Lagrange multipliers. Therefore, in order to satisfy assumption [P1], it is necessary to modify
the definition of the basis functions for the faces touching the boundary 0+ of the interface
vk. Suppose a face F' € Sk.p, with OF N Oy, # 0 has n degrees of freedom for the Lagrange
multipliers. Then, the local Lagrange multiplier basis function p; at a node z; of F' is chosen
to be a polynomial of minimal degree such that u;(x;) = 0;; for all z;, j = 1,--- ,n. Here,
0i; is the Kronecker delta. These Lagrange multiplier basis functions are continuous. Work-
ing with a continuous Lagrange multiplier space which locally contains the linear functions
has the advantage that assumption [P1] is satisfied. Assumption [P0] is trivially satisfied by
construction. To verify assumption [P2], we take ¢ := >}, appr in Won(yx) and define
pi=>p% app,. Then

nE Nk
(0 Wome = D, @it (Pirtj)oq = aiaj/ i pj do.
ig=1 ij=1 Vk

Computing the local mass matrices on the reference face for the different boundary cases,
we find that all eigenvalues of the local mass matrices are greater than —= and smaller than

100
. Then (¢, o, lollg -, and [[ul3 ., are equivalent to 77, hi(k)a2 which guarantees

7
assumption [P2]. The coupling of the local mass matrices yields a global mass matrix which
is sparse but has a band structure of band-width O(1/h). Thus, the inverse of the global
mass matrix M, on the slave side is dense. As a consequence, we obtain a stiffness matrix
associated with the variational problem (1.3), which is not sparse. Then we cannot apply

static condensation, and the multigrid method discussed in [22] cannot be used.

To overcome this difficulty, we generalize the concept of dual Lagrange multipliers. The
idea is to use a Lagrange multiplier space which yields a sparse inverse of the global mass
matrix M, on the slave side. Such a Lagrange multiplier space will be called a quasi-dual
Lagrange multiplier space. Working with the tensor product dual basis functions associated
with the degrees of freedom of serendipity elements yields a diagonal mass matrix My and
the conditions [P0] and [P2] are satisfied. However, [P1] is not satisfied, and although the
discretization scheme is stable, no optimal a priori bounds can be obtained. Now in a first
step, we enrich the Lagrange multiplier space to guarantee [P1]. As a result, condition [P0] is
lost and thus the inf-sup condition for the Lagrange multiplier space. Therefore, we have to
augment the trace space in a second step. The second step can be viewed as a stabilization
technique and is well known within the framework of three-field approaches, see, e.g., [11],
[12] and [13]. This step guarantees that after enriching the Lagrange multiplier space, the
conditions [P0]-[P2] are satisfied. To perform the second step, we enrich each non-empty face
F C 9T NT of the element T of the slave side with a bubble function. The bubble function
b € HY(T) corresponding to the face F' of T has the property that by » = 0 and fF bdo # 0.
We define K := {T € Ts(kyshoy L Sk < N |OT NT contains at least one face of T'}. Now,
the space of bubble functions Bj, is formed by N bubbles, where N, is the number of faces in
UR_; Sk:hy » and each of them is associated to a face F of an element 7' € K, where F C 9T NT.
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This leads to one additional degree of freedom for each non-empty face F' C 9T NI of T € K.
There are many possibilities to define such a bubble function. Here, the triquadratic nodal
finite element function associated with the center of gravity of the face is used as a bubble
function corresponding to this face. Although we need only the restriction of the bubble
functions to the associated face to satisfy assumption [P0], each bubble function is supported
on the whole element. Now, the modified unconstrained product space X can be written
as X} = X @ By, where X; is the unconstrained product space associated with serendipity
elements. In the sequel, the space X} will be called augmented serendipity space and the
corresponding elements augmented serendipity elements. This leads to a mass matrix M on
the slave side having a special structure. Suppose ¢; and 5\1‘7 1 < i <9 be the local basis
functions of the standard triquadratic finite elements and their dual Lagrange multipliers,
respectively. Here, the first four basis functions correspond to the vertices, the second four
ones correspond to the midpoints of the edges, and the last one corresponds to the center of
gravity of the reference face £'. Then, the local basis functions of serendipity elements can be
written as @f = @; + a;Pg, 1 < i < 8, whereai:—% for1§i§4andai=%for5§i§8.
Using the biorthogonality of ¢; and j\i, we have

/@f j\j do = /(@i+ai¢9) j\j dUZ(SU R @idO'—FOzi(ng/l P9 do.
F F F F

In fact, the mass matrix on the reference face F is

[ 0 0 0 0 0 0 0 0]
0 % 0 0 0 0 0 0 O
0 0 & 0 00000
0 0 0 % 00000
Mz=| 0 0 0 0O & 0 0 00 (3.3)
o 0 0 0 0 % 000
o 0 0 0 00 5 00
O 0 0 0 00 O0 5 0

To show the consequence of our new Lagrange multiplier space, we consider the global mass
matrix M on the slave side in more detail. In the following, we use the same notation for
the vector representation of the solution and the solution as an element in X} and Mj,. The
matrix A is the stiffness matrix associated with the bilinear form a(-,-) on X} x X/, and
the matrices B and BT are associated with the bilinear form b(-,-) on X} x Mj. Then, the
algebraic formulation of the saddle point problem (1.4) is given by

A BT Up In
s a8 30
We recall the grouping of the degrees of freedom of X} introduced in Section 1. After
augmenting the serendipity space with the space of bubble functions Bj,, we further decompose
the degrees of freedom associated with the interior nodes of y;,1 < k < N, on the slave side
into two groups (us, up). Here, the block vector us contains all nodal values of u at the interior

nodes of v, 1 < k < N, corresponding to the vertices and edges on the slave side, and wuy
stands for all nodal values corresponding to the bubble functions on the slave side. With
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this decomposition, we can write u} = (ul,ul,ul’,ul). The block vector A, containing the

nodal values of the Lagrange multiplier is similarly decomposed with A7 = (AT, AT'). In terms
of this decomposition, we can rewrite the algebraic form of the saddle point problem (3.4) as

A Aim Ais A 0 0 u; fi ]
Asi Asm Ass Asb Ds MI;I; Us _ fs (3 5)
A Aem Abs A 0 Dy u, || o | '
0 M,, D 0 0 0 As 0

0 Myw My Dy 0 0 || N ] | 0]

Recalling the algebraic structure (1.5) of the bilinear form b(-,-) restricted to X} x My, we
have

[ 0 M, Ds 0 1

B = ’

0 My Mpys Dy

where Dy and D, are diagonal matrices, and Mys, M,, and My,, are rectangular matrices.
The matrix Dy is diagonal due to the fact that the bubble functions are supported only in
one face, and the diagonal form of Dy follows from the structure of the local mass matrix,

see (3.3). Hence, the global mass matrix M on the slave side and its inverse M ! can be
written as

D7t 0
-Dy 'MysD7 1 Dyt

D, 0
My, Dy

M, = and M;'=

The great benefit of this Lagrange multiplier space is that the inverse of the mass matrix
My can be computed very easily, and the inverse is sparse. Thus, the solution on the slave
side depends locally on the solution on the master side. Here, we have to invert only two
diagonal matrices and scale Mps to compute the inverse of the mass matrix M. The stiffness
matrix associated with the variational problem (1.3) is sparse, and efficient iterative solver
like multigrid can easily be adapted to the nonconforming situation. Furthermore, the de-
grees of freedom corresponding to the bubble functions can locally be eliminated by static
condensation. Since the matrix Dy is diagonal, the sixth and the fourth line of the system
(3.5) give

up = —D;l(Mbmum + Mpsug), and
Mo =Dy [ fo — Avitti — (A — A Dy My ) — (Avs — Ay Dy Mis)us] -

Now, we eliminate up and Ay from the system (3.5) and obtain a new system

Aay, = Fy,
where ﬂg = (ul,ul ,ul \T). Defining M; := Db_lem and M» := Db_les, we have
A Aim — A My Aijs — A Mo 0

T T
Ami — M Api A=Ay Mi =M T (Ay— Ay M1) A — Ay Ma—M T (Aps— Ay Ma) M),

A= Agi — MQTAbi Agm—AgyM1—MF (Apm—App M) Ags—AgpMa—ME (Aps—Apy M2) Ds |’
0 Mm DS 0
and the right hand side can be written as
fi
| Fn= M
fs = M3 fi
0
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We observe that the matrix A is symmetric, if A is symmetric and it has exactly the same
structure as the saddle point matrix arising from mortar finite element method with a dual
Lagrange multiplier space, see [21]. Because of this structure of the algebraic system, we can
apply the multigrid method proposed in [22].

REMARK 3.2. There is also a possibility to use wavelets to get a mass matriz of special
structure so that the inversion can be cheaper, and the inverse is sparse. In [18], locally
supported and piecewise polynomial wavelets are studied on mon-uniform meshes which give a
lower triangular mass matriz with higher order finite elements in triangular meshes.

4. Numerical results. Here, we present some numerical examples in 3D for linear and
quadratic mortar finite elements. We consider three different cases for quadratic mortar
finite elements. The first one is the standard triquadratic finite element space with the dual
Lagrange multiplier space introduced in Subsection 3.1. The second one is the serendipity
space with a standard Lagrange multiplier space given in Subsection 3.2. Finally, the third one
is the augmented serendipity space associated with the tensor product Lagrange multiplier
space, which is a quasi-dual Lagrange multiplier space. Our numerical results show the
same asymptotic behavior as predicted by the theory. The implementation is based on the
finite element toolbox ug, [1]. We do not discuss and analyze an iterative solver for the
arising linear systems. Working with dual or quasi-dual Lagrange multiplier spaces has the
advantage that the flux can locally be eliminated, and static condensation yields a positive
definite system on the unconstrained product space. In [22, 21], the modification of the system
has been carried out and a local modification of the transfer operators of lower complexity
has been proposed. The introduced multigrid has a level-independent convergence rate and is
of optimal complexity. Unfortunately, in the case of a standard Lagrange multiplier space no
local elimination of the flux can be carried out. Following the approach in [22], the sparsity
of the modified system and the efficiency of the multigrid solver is lost. In that case, we
apply a multigrid method for saddle point problems. This technique has been considered for
mortar elements in [19] and further analyzed in [8, 20]. It turns out that we do not have to
work in a positive definite subspace, and the smoother can be realized by an inner and outer
iteration scheme. As in the other approach, level-independent multigrid convergence rates
can be established. However, the numerical solution process is slower if we have to work with
the saddle point approach. We point out that the more efficient multigrid method for the
modified positive definite system can only be applied when the inverse of M is sparse, whereas
the saddle point multigrid method is more general. We present some numerical results in 3D
illustrating the performance of the different Lagrange multiplier spaces. In particular, we
compare the discretization errors in the L?- and H'- norm for the solution for linear and
quadratic mortar finite elements. The discretization errors in the flux across the interface are
compared in a mesh-dependent Lagrange multiplier norm, which is defined by

N

= pnllz =" Y help—palldr

m=1FESm;nn,

where hp is the diameter of the face F'. For all our examples, we have used uniform refine-
ment. In each refinement step, the elements are refined into eight subelements. We denote
by X} and X ,{ the unconstrained finite element spaces associated with the standard finite
element spaces for the trilinear and the triquadratic case, respectively. Similarly, X; and
X} are the unconstrained finite element spaces associated with the serendipity elements and
the augmented serendipity elements as defined in the previous section, respectively. The
corresponding finite element solutions are denoted by uﬁl, ui, uj and u}, respectively.
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REMARK 4.1. We note that the concept of dual Lagrange multiplier spaces can be general-
ized to distorted hexahedral meshes. In that case, the mapping between the actual element and
the reference element has a non-constant Jacobian. As a consequence, we have to compute
for each face on the interface a biorthogonal basis with respect to the local nodal one. This
can be easily done by solving a local mass matriz system. By construction, the sum of the
local dual Lagrange multiplier basis functions is one. Defining the global Lagrange multiplier
basis functions by gluing the local ones together, we find that the constants are included in the
Lagrange multiplier space. As a consequence, it is easy to verify that the discretization error
is of order h for lowest order finite elements.

In our Example 1, we choose a L-shaped domain. The domain € := ((0,1)? x (0,2)) U
([1,2) x (0,1)?) is decomposed into three cubes, €1 := (0,1)3,Qy := (0,1)? x (1,2) and
Q3 = (1,2) x (0,1)2. We have shown the decomposition of the domain and the initial
triangulation in the left picture of Figure 4.1, and the isolines of the solution at the interface
z = 1 are shown in the right. Here, we solve a Poisson problem —Awu = f with the right
hand side function f and the Dirichlet boundary conditions determined by the exact solution

u(z,y, z) = ((x 1)+ (z— 1)2)5/6 cos (6% + x? +6).

Fig. 4.1: Decomposition of the domain and initial triangulation (left), isolines of the solution
at the interface z = 1 (right), Example 1

We have tabulated the discretization errors in different norms in Tables 4.1-4.3. Here,
the solution is not H3-regular. Since the solution u € H8/37¢(Q) for ¢ > 0, we expect the
convergence of order one in the H'-norm for the linear case. In the quadratic case, we cannot
expect a convergence of order two in this norm. In all three cases of quadratic finite elements,
we observe asymptotic rates in the L?- and H'-norm, which are better than predicted by
the theory. The quantitative results are almost the same in these norms. Theoretically, the
errors in the weighted Lagrange multiplier norm for the quadratic and linear case are expected
to be of order h? and h in the optimal case, respectively. Here, we observe better rates of
convergence for the errors in the weighted Lagrange multiplier norm. The better convergence
rates are due to the fact that the error in the H'-norm is equally distributed and the Lagrange
multiplier space has an O(h%/2) and O(h?/?) approximation property in the considered norm.

TABLE 4.1
Discretization errors in the L?-norm, (Example 1)

level | # elem. | |[lu—ujlg lu —upllo | llu—wjllo | Jlu—1ujllo
0 10 | 1.327466e+00 | 7.318159¢-01 | 8.066003¢-01 | 7.957931e-01
1 80 | 8.047675e-01 | 1.748627¢-01 | 2.039559¢-01 | 2.008262e-01
2 640 | 2.057468e-01 | 4.863715¢-02 | 4.936495¢-02 | 4.910636e-02
3 5120 | 6.722455¢-02 | 6.422065¢-03 | 6.451969¢-03 | 6.443622¢-03
4 | 40960 | 1.766195e-02 | 8.056078¢-04 | 8.064556¢-04 | 8.066527e-04
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TABLE 4.2

Discretization errors in the H'-norm, (Ezample 1)

level | # elem. | |[lu—uj |, lu —uplh | llu—wilh [ Jlu—ujlh
0 10 | 1.021784e+00 | 8.085453¢-01 | 8.194130¢-01 | 8.049068¢-01
1 80 | 8.094756e-01 | 3.934127¢-01 | 4.259780e-01 | 4.159907e-01
2 640 | 4.221967e-01 | 1.803404c-01 | 1.831986e-01 | 1.814987¢-01
3 5120 | 2.479979¢-01 | 4.695275¢-02 | 4.711321e-02 | 4.701404¢-02
4 | 40960 | 1.277419¢-01 | 1.173059¢-02 | 1.173325¢-02 | 1.173569¢-02

TABLE 4.3

Discretization errors in the weighted Lagrange multiplier norm, (Example 1)

level | # elem. | A=A [ 1A= A lln 1A= X5 lln 1A= Al
0 10 9.992731e-01 | 5.988951e+00 | 4.678395e+00 | 7.046350e+00
1 80 2.416457e+00 | 1.831235e+00 | 3.100680e+00 | 2.018278e+00
2 640 8.795363e-01 5.338894e-01 7.909840e-01 6.360541e-01
3 5120 4.481377e-01 7.548844e-02 9.720802e-02 1.002547e-01
4 40960 1.720963e-01 1.157310e-02 1.577079e-02 1.684356e-02

In Example 1, there is not any significant difference in the accuracy between the different
quadratic mortar solutions neither in the L2-norm nor in the H'-norm. However, a quanti-
tative difference can be seen for the discretization errors in the weighted Lagrange multiplier
norm. In this norm, the standard triquadratic finite elements with the tensor product La-
grange multiplier space gives the best results, whereas the difference between the augmented
serendipity elements with the quasi-dual Lagrange multiplier space and the serendipity ele-
ments with the standard Lagrange multiplier space is quite negligible.

For the next three examples, we consider only linear and serendipity elements. In our
second example, the domain © := (0,1)? x (0,2.5) is decomposed into three subdomains
Q1 = (0,1)3, Qa3 := (0,1)% x (1,2), and Q3 := (0,1)? x (2,2.5). The right hand side f and
the boundary conditions of —Awu = f are chosen such that the exact solution is given by
uw(z,y,2) =5(z — 1.4)((x — 0.5)* + 4(y — 0.3)3) + z(2 — 1) sin(dray) (2(z — y)* + (y + = — 1)?).
In Figure 4.2, we have shown the decomposition of the domain, the initial nonmatching
triangulation and the isolines of the solution at the interface z = 2. Here, we have three

=

Fig. 4.2: Decomposition of the domain and initial triangulation (left), isolines of the solution
at the interface z = 2 (right), Example 2

subdomains and two interfaces. The middle cube is taken as the slave side. We start with a
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nonconforming coarse initial triangulation having 23 elements. The discretization errors along
with their order of convergence at every refinement step in different norms are given in Tables
4.4-4.6. As before, we get the correct asymptotic rates for both cases of serendipity elements.
The errors in the L?- and H'-norm are almost the same for both approaches. In the weighted
Lagrange multiplier norm, the serendipity elements yield smaller errors than the augmented
serendipity elements. However, the difference is quite negligible, and the asymptotic rate of
convergence is optimal in both cases.

TABLE 4.4
Discretization errors in the L%-norm, (Evample 2)

level | # elem. | Ju—l ]l Tu—uillo Tu— o
0 23 8.911337e-01 1.745670e-01 1.760480e-01 0
1 184 2.582954e-01 | 1.79 | 2.997997e-02 | 2.54 | 3.010899e-02 | 2.55
2 1472 6.366337e-02 | 2.02 | 3.664595e-03 | 3.03 | 3.671731e-03 | 3.04
3 11776 1.607229e-02 | 1.99 | 4.466631e-04 | 3.04 | 4.462098e-04 | 3.04
4 94208 4.031862¢e-03 | 2.00 | 5.393667e-05 | 3.05 | 5.391429¢-05 | 3.05

TABLE 4.5
Discretization errors in the H'-norm, (Ezxample 2)

level | # elem. lu —ul |1 llu —uj |l lu—ub |1
0 23 8.170532e-01 5.517577e-01 5.290887e-01 0
1 184 5.643329e-01 | 0.53 | 1.478160e-01 | 1.90 | 1.482833e-01 | 1.84
2 1472 2.626420e-01 | 1.10 | 3.915936e-02 | 1.92 | 3.920488e-02 | 1.92
3 11776 | 1.293053e-01 | 1.02 | 9.352708e-03 | 2.07 | 9.332480e-03 | 2.07
4 94208 | 6.446694e-02 | 1.00 | 2.295583e-03 | 2.03 | 2.293897e-03 | 2.02

TABLE 4.6
Discretization errors in the weighted Lagrange multiplier norm, (Example 2)

level | # elem. A=A B A= X ln
0 23 7.433164e+-00 2.762317e4-01 2.758347e+01 0
1 184 5.657720e+4-00 | 0.39 | 2.006842e+4-00 | 3.78 | 3.320707e+00 | 3.05
2 1472 1.855735e+00 | 1.61 | 7.048806e-01 | 1.51 | 8.042462e-01 | 2.05
3 11776 4.868778e-01 | 1.93 | 1.001359e-01 | 2.82 | 1.151919e-01 | 2.80
4 94208 1.832775e-01 | 1.41 | 1.564914e-02 | 2.68 | 1.879805e-02 | 2.62

In our third example, we consider a domain Q := (0,2) x (0,1) x (0,2), which is de-
composed into four subdomains Q0 := (0,1)3,Q := (0,1)? x (1,2),Q3 := (1,2) x (0,1)? and
Q4 :=(1,2) x (0,1) x (1,2). We have shown the decomposition of the domain and the initial
triangulation in the left picture of Figure 4.3, the isolines of the solution on the plane y = % in
the middle, and the flux of the exact solution at the interface x = 1 is shown in the right one.
Here, 25 and (23 are taken to be the slave sides and the rest are master sides. In this example,
we have one interior macro-edge on which the initial triangulations are non-matching. The
problem for this example is given by a reaction-diffusion equation

—div(aVu)+u=f in €,
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where a is chosen to be 1 in 27 and 4, and a = 10 in 25 and 3. We have chosen the exact so-
lution u(z,y,2) = (x — 1)y (z — 1 exp(— (x — 1)* —y2 — (z — 1)*) cos (22 + 2y + 22) /a and
the right hand side f and the Dirichlet boundary conditions are determined from the exact
solution. We remark that the exact solution u has a jump in the normal derivative across

|
L

)

Fig. 4.3: Decomposition of the domain and initial triangulation (left), isolines of the solution
at the plane y = 1 (middle) and flux of the exact solution at the interface z = 1 (right),
Example 3

the interface, whereas the flux is continuous. We have given the discretization errors together
with their order of convergence in each refinement step in Tables 4.7-4.9. As in the other
examples, we get the same asymptotic rates for the L2- and H'-norm and better convergence
rates in the weighted Lagrange multiplier norm. In contrast to the other examples, we observe
numerically a higher convergence order in the weighted Lagrange multiplier norm.

TABLE 4.7
Discretization errors in the L%-norm, (Example 3)

level | # elem. | Ju—1l]lo [u—uillo Tu— o
0 22 4.636300e-01 1.237718e-01 1.233229e-01
1 176 1.218875e-01 | 1.93 | 1.220035e-02 | 3.34 | 1.220072e-02 | 3.34
2 1408 3.082112e-02 | 1.98 | 1.164306e-03 | 3.39 | 1.164276e-03 | 3.39
3 11264 7.712933e-03 | 2.00 | 1.422899¢-04 | 3.03 | 1.422876e-04 | 3.03
4 90112 1.928288e-03 | 2.00 | 1.773015e-05 | 3.00 | 1.773010e-05 | 3.00

TABLE 4.8
Discretization errors in the H'-norm, (Ezample 3)

level | # elem. | [lu —u} [ lu—usl1 lu —ub |1
0 22 6.295650e-01 2.218643e-01 2.205473e-01
1 176 3.009651e-01 | 1.06 | 4.609256e-02 | 2.27 | 4.607911e-02 | 2.26
2 1408 1.482825e-01 | 1.02 | 1.029429e-02 | 2.16 | 1.029336e-02 | 2.16
3 11264 | 7.379459e-02 | 1.01 | 2.523696e-03 | 2.03 | 2.523642e-03 | 2.03
4 90112 | 3.684966e-02 | 1.00 | 6.289388e-04 | 2.00 | 6.289362e-04 | 2.00
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TABLE 4.9
Discretization errors in the weighted Lagrange multiplier norm, (Ezample 3)

level | # elem. | [[A— A, IA—Ailln A= ALlln
0 22 8.588035e-02 6.184646e-02 8.310643e-02
1 176 5.194191e-02 | 0.73 | 5.220039e-03 | 3.57 | 9.849865e-03 | 3.08
2 1408 2.538350e-02 | 1.03 | 4.361169e-04 | 3.58 | 7.810953e-04 | 3.66
3 11264 1.012701e-02 | 1.33 | 4.506948e-05 | 3.27 | 6.918887e-05 | 3.50
4 90112 | 3.755812e-03 | 1.43 | 5.074655e-06 | 3.15 | 6.546292e-06 | 3.40

In our last example, we have used a U-shaped domain {2 decomposed into five subdomains
Qr, k= 1,---,5, and the problem is given by a Poisson equation —Au = f. Here, ; :=
(0,1)3, Qg := (0,1)% x (1,2.4), Q4 := (2,3) x (=0.2,1.2) x (0,1), Q5 := (2,3) x (—0.2,1.2) x
(1,2), and Q3 is a hexahedral pyramidal frustum joining the domain Q; and €4, see the left
picture of Figure 4.4. Here, we choose the right hand side function f and Dirichlet boundary
condition on 02 so that we obtain the exact solution

u(z,y, z) = exp (—i(:ﬁ + 9% 4 2?)) (cos (5 + 2) + 3 sin (4dy + 2)).

The isolines of the solution at the plane z = 1 are given in the right picture of Figure 4.4.
We have given the discretization errors in different norms in Tables 4.10-4.12. As before, we
get optimal convergence rates in the L2- and H'-norms for both quadratic approaches and
better convergence behavior in the weighted Lagrange multiplier norm.

Fig. 4.4: Decomposition of the domain and initial triangulation (left) and isolines of the
solution at the plane z = 1 (right), Example 4

TABLE 4.10
Discretization errors in the L?-norm, (Example 4)

level | # elem. | [Ju —u} o lu—uslo lu—ullo
0 26 7.310111e-01 3.478550e-01 3.166037e-01
1 208 3.398657e-01 | 1.10 | 4.304959e-02 | 3.01 | 4.209598e-02 | 2.91
2 1664 8.175747e-02 | 2.06 | 5.991830e-03 | 2.84 | 5.949794e-03 | 2.82
3 13312 | 2.027467e-02 | 2.01 | 7.579318e-04 | 2.98 | 7.564277e-04 | 2.98
4 106496 | 5.037341e-03 | 2.01 | 9.456858e-05 | 3.00 | 9.451905e-05 | 3.00
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TABLE 4.11
Discretization errors in the H'-norm, (Ezample 4)

level | # elem. | [lu—u} ] lu— ;i lu — ul |1
0 26 8.982209e-01 5.699839¢-01 4.440725e-01
1 208 5.597470e-01 | 0.68 | 1.391079e-01 | 2.03 | 1.308973e-01 | 1.76
2 1664 2.683965e-01 | 1.06 | 3.643727e-02 | 1.93 | 3.576211e-02 | 1.87
3 13312 1.327426e-01 | 1.02 | 9.024865e-03 | 2.01 | 8.980617e-03 | 1.99
4 106496 | 6.597358e-02 | 1.01 | 2.239350e-03 | 2.01 | 2.236550e-03 | 2.01

TABLE 4.12
Discretization errors in the weighted Lagrange multiplier norm, (Example 4)

level | # elem. A=A IA=X5 |l A =X ln
0 26 8.792140e+-00 1.351765e4-01 1.416514e+01
1 208 5.592290e4-00 | 0.65 | 2.113658e+00 | 2.68 | 1.567016e+00 | 3.18
2 1664 1.963516e+00 | 1.51 | 3.166530e-01 | 2.74 | 3.365031e-01 | 2.22
3 13312 7.490561e-01 | 1.39 | 4.610005e-02 | 2.78 | 5.699660e-02 | 2.56
4 106496 | 2.745105e-01 | 1.45 | 7.388080e-03 | 2.64 | 9.779245e-03 | 2.54

In all our examples, we observe optimal asymptotic convergence rates as predicted by
the theory. Although we see the same qualitative behavior, some quantitative differences
can be observed in the weighted Lagrange multiplier norm. In this norm, the serendipity
elements with the standard Lagrange multiplier space gives better results. However, there
is not any essential difference in the discretization errors between different quadratic mortar
solutions. Since we enrich the skeleton I' by bubble functions from the slave side, X} has more
degree of freedom than X;. However, these bubble functions can locally be eliminated from
the algebraic formulation of the saddle point problem leading to a system matrix, which is
similar to the algebraic form of the saddle point problem arising from the mortar discretization
with a dual Lagrange multiplier space. Furthermore, the growth rate of the number of bubble
functions is only a factor of four in each refinement step, and restricted to the skeleton. This
is negligible since we can work with an efficient multigrid solver in case of the augmented
serendipity space with the quasi-dual Lagrange multiplier space. Although we can work with
the efficient multigrid solver in case of standard triquadratic finite elements, the approach is
not as optimal as the augmented serendipity approach due to the higher number of degrees
of freedom. It turns out that the most efficient approach is the one given by the augmented
serendipity elements. The discretization errors are as good as in the other cases, and the
numerical solution is cheaper.
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