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Abstract

We provide a comprehensive study of arbitrarily high-order finite elements defined on
pyramids. We propose a new family of high-order nodal pyramidal finite element which
can be used in hybrid meshes which include hexahedra, tetrahedra, wedges and pyramids.
Finite elements matrices can be evaluated through approximate integration, and we show
that the order of convergence of the method is conserved. Numerical results demonstrate
the efficiency of hybrid meshes compared to pure tetrahedral meshes or hexahedral meshes
obtained by splitting tetrahedra into hexahedra.
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Introduction

Highly efficient finite element methods using hexahedral meshes have been developed by
Cohen [9] and his collaborators (Fauqueux [10], Pernet and Ferrieres [11], [25], Duruflé [13],
[14]) but currently the only systematic way to generate unstructured hexahedral meshes for
a complex geometry is to generate a tetrahedral mesh, and split each tetrahedron into four
hexahedra, which introduce needlessly substantial increase in the cost. However, some mesh
generators are able to produce hexahedral-dominant meshes that include a minor number of
tetrahedra, wedges and pyramids. The aim here is to study finite element methods on hybrid
meshes in order to preserve the efficiency of the method developed for hexahedra.

Nodal finite elements are detailed in Hesthaven and Teng [20] for tetrahedra, and Cohen [9]
for hexahedra. Wedge (or triangular prism) nodal finite elements are constructed as a tensor
product between Legendre-Gauss-Lobatto (LGL) points on [0,1] and electrostatic points on
the triangle including LGL points on the edges [20]. In this work, the main effort is devoted
to the construction of pyramidal finite elements, preserving conformity with the other types of
elements.

Since obtaining a proper base for nodal pyramidal elements is a tricky point, two approaches
have been attempted. A first approach consists in using rational functions in order to obtain
nodal shape functions.
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e First works about nodal pyramidal elements have been made by Bedrosian in [2] where he
noticed the impossibility of choosing polynomial shape functions if we want to preserve
the conformity with other elements. As a solution, he proposes what he calls “rabbit-
functions” for first-order and second-order approximations. But, the second-order approx-
imation does not include a node at the center of the quadrilateral base, which prohibits
the conformity with the second-order hexahedron.

e Zgainski et al. [33] perform numerical experiments with the basis functions given by
Bedrosian, and propose a modified second-order set of shape functions by adding a node
at the center of the quadrilateral base. However, the central basis function proposed does
not satisfy the nodal condition ¢;(Mj) = d;;, and the modification does not improve the
accuracy, since the finite element space generated by this set of basis functions does not
contain P2. The same idea is taken back by Graglia et al. [17] who achieve to improve
the accuracy with their own second-order central basis function.

e Chatzi and Preparata [6] introduce a generalization of Bedrosian basis functions at any
order for nodes regularly distributed on the pyramid. Unfortunately, these basis functions
are not consistent for order greater or equal to three since polynomials are not generated
by these functions.

The second approach is to split the pyramid into tetrahedra to avoid the use of rational fractions,
which have the debatable reputation to make the basis functions hard to manipulate, and instead
use polynomial basis functions.

e Wieners [31], Knabner and Summ [22], and Bluck and Walker [3] provide a consistent first-
order set of shape functions which ensures the conformity with tetrahedra and hexahedra,
by splitting a pyramid into two tetrahedra. Second-order shape functions have been
proposed by Wieners, and high order shape functions by Bluck and Walker. However, the
finite element space of higher order does not contain the low order finite element space,
which leads to a non-consistent method in the case of non-affine pyramids. Moreover, this
method requires expensive quadrature on each tetrahedron.

e Liu et al. [23] propose to symmetrize shape functions of Wieners, but this modification
barely improves the accuracy of the method.

An other popular alternative for finite element is the hp approach (Szabé and Babuska [29]),
e.g. with Solin et al. [28] for hexahedra, tetrahedra and wedges. Several papers extend the hp
finite element to pyramidal elements.

e Warburton [30], Sherwin [26], Sherwin et al. [27], and Karniadakis and Sherwin [21]
provide a tensorial set of basis functions for all types of elements based on the degeneration
of a cube. For tetrahedra, hexahedra and wedges, the generated finite element spaces are
standards. For pyramids, the proposed generated finite element space provides an optimal
convergence for affine pyramids, but not for distorted pyramids for an order greater or
equal to two. Moreover, the continuous transition between pyramids and tetrahedra is
not achievable for general unstructured meshes.

e Nigam and Phillips [24] propose an original finite element space by deriving pyramidal
finite elements from a reference element that is the infinite pyramid. With the finite
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element space they obtain, the accuracy is preserved but the dimension of this space
could be reduced.

e Demkowicz et al. [12] and Zaglmayr [32] give the construction of partial-orthogonal basis
functions for tetrahedra, hexahedra and wedges, and exploit the use of a degenerated cube
for pyramidal elements to get a finite element space that preserve the optimal accuracy,
with a smaller dimension than Nigam and Phillips.

In this paper, the reference element is the symmetric unit pyramid (Fig. 1.1). Let P, be
the polynomial space of degree r, we claim that if we choose the following finite element space

s Tk
A PN €T A
P =P.(%,9,2) ® Z ( yA) Pr(2,9),
0<k<r-1 1-2

we are able to produce optimal error estimates in H' norm
[ = mrull, i < CR"[[ullrer,x

with the notations detailed in Section 4, for continuous finite elements.

In order to evaluate integrals, we propose in Section 3 to use the same technique as Bedrosian,
detailed by Hammer, Marlowe and Stroud in [18], adapted to the pyramid and which does not
deteriorate the accuracy, as it will be proved in Section 4. An extension of this work is proposed
for discontinuous Galerkin formulation with the same finite element space P,.

To validate this new pyramidal finite element, a dispersion analysis is carried out in the
case of periodic meshes. We have observed an optimal dispersion error in O(h%) as obtained
for other element shapes. Furthermore these elements have been tested for the Helmholtz
equation with the continuous Galerkin formulation, and for the unsteady wave equation with
the discontinuous Galerkin method. The numerical experiments show that they are much more
efficient than purely tetrahedral elements, or hexahedral meshes generated by splitting each
tetrahedron into four hexahedra.

The outline of our paper is as follows:

e In Section 1, following the classical notations of Ciarlet [7], we define two pyramidal finite
elements of order r, (K, P.,Y.) on the reference element, and (X, P,,Y) for any pyramid
in the mesh ;

e A comparison to existing hp finite element spaces is given in Section 2, along with possible
improvements of these spaces, in propositions 2.2 and 2.3 ;

e The quadrature formula used to get exact integrals, whenever it is possible, for the basis
functions constructed from the finite element space P, are presented in Section 3, thanks
to a change of variable from the unit cube ;

e Section 4 is devoted to the error analysis which is performed in a classical way ;
e The case of a discontinuous Galerkin formulation is briefly treated in Section 5 ;

e Section 6 is devoted to numerical results: a dispersion analysis is performed on the wave
equation in section 6.1, the stability condition (CFL) is computed on a periodic infinite
mesh in section 6.2, and numerical experiments are performed in section 6.4 along with
explanations about storage.
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1. Arbitrary High-Order Pyramidal Element

1.1. Pyramidal Element

Definition 1.1 A pyramid K (z,y,z) is the image of the reference pyramid K (&,4,2) taken as
the unit symmetrical pyramid, centered at the origin by the transformation F given by Bedrosian
[2] using rational fractions, as shown in Fig. 1.1

1<i<5

where S; = (x4,Y:,2:i) are the vertices of the pyramid K and gﬁ% are the following mapping
functions
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Fig. 1.1. Transformation of the reference pyramid K to the pyramid K via the transformation F

Remark 1.2 The mapping functions gﬁ} are denoted with an upper index 1 as they correspond
to the basis functions of order 1.

The case of a non-invertible transformation may occur when considering a degenerated
element, e.g. when the five vertices are co-planar, but the characterization of pyramids for
which F' is invertible remains an open question, as for hexahedra (Duruflé et al. [14]). In the
sequel, we assume that F' is always invertible.
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The transformation F' can be explicitly written as

4F = (Sl+SQ+S3+S4) + ﬁ(—Sl+SQ+S3—S4) + ﬁ(—S1—SQ+53+S4)
+2 (485 - S1 - Ss - S3 - S4) + 1‘”yA(51+53—52—54).
z

We notice that F' is affine when
51+S3=SQ+S4,

i.e. when the base of the pyramid is a parallelogram. Furthermore, F' ensures the conformity
with tetrahedra and hexahedra as the shape functions becomes a two-dimensional triangular
or quadrilateral shape function, since adjacent tetrahedra, wedge and hexahedra have the same
property. That would not be the case if F' had been chosen to be polynomial.

Remark 1.3 The shape function of Bedrosian can be found by defining the transformation T
from the unit cube Q to the reference pyramid K

z

(1-2)(27-1)

T: Sl—Z)(Q'yv— 1) (2)

PSRN
Il

For a basis function of the hexahedron o(Z,4,%Z) = (1 -%)(1 -7)(1 - %), the transformation T
gives indeed
e o LA =-2-50-9-2) 4,. ..
sﬂoTl(w,y,Z)=—( )(A / )=<p}(w,yyz).
4 1-2
Similarly, we find the other functions of Bedrosian.

1.2. A Pyramidal Finite Element Space of Order r

We place ourselves in the most restrictive case, that is continuous finite elements. The finite
element space Vj, on an open set Q of R? is given by

Vi = {ue H'(Q) |y € PT(K)},
where P! is the real space of order 7 for an element K of the mesh defined by
PI(K) ={u|uoFeP(K)},
The finite element space ]57, of order r on K is
{ ,i+j+k< r} when K is a tetrahedron ;
o Q.(2,9,2) = {ii@jék, i,J,k < 7“} when K is a hexahedron ;
o Po(i,9) ®Pn(2) = {#'972%, i+ j <r,k <r} when K is a wedge ;

e and defined by identity (5) when K is a pyramid.

To use the Bramble-Hilbert’s lemma and get optimal error estimates, the real space PTF for
a pyramidal element K of the mesh must be such that

Pr(if,y,Z)CPf. (3)
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Theorem 1.4 When F is affine, the minimal space P, of order r such that we have the inclu-
sion (3) is

Pr = PT(Q%Q,E’) (4)

When I is not affine, the minimal space P, of order r such that we have the inclusion (3)
18

P. = ]P)r(:%agwé) @

a~n yrT—k
X PN
(%) P ()
O<k<r-1 VL 7%

Proof. When F € Py, it is easy to see that
Pf’(f() :]PT(IA() — PrF(K) =P.(K),

which means that taking P, =P, when the base of the pyramid is a parallelogram is necessary
and sufficient to satisfy (3).
For any base of the pyramid, we take f € P, i.e.

f= Z xiyjzk.
0<i,j,k<r,
i+j+k<r

We study the case f = 2", n <r. Using the transformation F, f can be written as

arfeang” = [er(l-i-g-2)+ma(I4d-g-2) +as(L+a+g-2)+aa(1-0+7-2)

n
+4 Zx5 + x—yA(arl +x3—x2—x4)] .
1-2

As the part
[asl(l—j:—y—z)+x2(1+§:—y—2)+x3(1+§:+g—2)+x4(1—§;+g)—2)+ 423:5]

is in P, (2,9, 2), it remains to handle the terms

zy

)R k<n-1.
1-2

(a+bi+cy+dz)k(

Developing the first factor, we get terms of the form

. A
Zp(04+5ﬂ?+w)kp(m) g
y
1-

n-k
If p = 0, the factor belongs to ( ) Pr(&,9). Otherwise, we decrease the power of Z, by

N>

writing 2=1-2+2

7 (o B+ 7)) T (72" 4 2 e B yg) P ()"

Tterating this method, we erase all the powers of Z to obtain a term of higher degree

5723 n—k-p

(s B+ 49) P (@ 9)" (=
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However, when k + p > n, the iterative procedure stops as we obtained the polynomial
£ (o B+ 3) P ), (6)
and the degree of this polynomial is equal to kK <7 —1. Since k+p <r -1,
(o + B2 +79)" P (29)" € Prap(i,9),

and the term is finally in

TY \nm
1- 2)
with m=k+p, m<n-—1.
We let the reader convince himself that other cases can be treated similarly.
At this point, we proved that it is sufficient to take P, as specified by Theorem 1.4 to obtain
the inclusion (3). O

Corollary 1.5
|
dim P, = E(r +1)(r+2)(2r+3).

Proof. We classically have
1
dim P,.(&,9,2) = 6(7‘ +1)(r+2)(r+3)

and, using the direct sums property,

s Tk
1 2 1 2
dim (L) m@p= ¥ ambegp=- y EED el
o<her-1 \1 =2 O<k<r-1 O<k<r-1 2 6
that is 1 1
dim P.(%,9,2) = G (r+1)(r+2) (r+3)+6 r(r+1)(r+2)
which provides the claimed result. O

Proposition 1.6

PT| &=1-%2 or &=2-1

Py (
Priga-z orgz-1 = Pr(
P20 Q(

Proof. Any function p € P, can be written as

. “k
p(2,9,2) =pr(&,9,2)+ >, pk(x,y)( ) :
0<k<r-1

—
|
N>

with p, € P.(£,9,2) and py € Px(Z,9).

On a triangular face, we replace & by £(1-2) or § by +(1 - 2), according to the considered
face. For example for the face & = (1 - 2), as p.((1 - 2),9,2) obviously belongs to P.(g, %),
rational parts become
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As pr((1-2),9) € Pr(9, 2), we have pr((1-2),9)y" " € P.(9,2), and finally p € P,.(¢,2). The
same simplification can be done for the other faces.

On the quadrangular base, we replace Z by 0: p,.(&,9,0) is obviously in Q,(&,7), and the
rational parts become

r—k
lxyA) = pp(Z,9) a:r_kyr_k, 0<k<r-1.
-2

pea9)

As pr(&,9) € Pe(2,9), we have pp(&,9)z" "y ™ € Q,(&,9), and finally p € Q,.(Z, 7).
The proposition is finally proved using a dimension argument. O

Proposition 1.7
PF(K)c HY(K).

Proof. For p e PF, p e C®(K\Ss) as a the rational fraction when its pole is not in the
domain. The continuity in Sy is proved by considering four pseudo-faces FE7 ,0<i<4,0<e<1
mapping a quarter (; of the pyramid. We consider the face Ff represented in Fig. 1.2 in red,
Q2 being represented in blue. FE2 is such that

x=(1-2)(1-¢)

-(1-2)1-e)<y<(1-2)(1-¢)
0<z<1,

and we have
VM = (x,y,2) € Qa, e €[0,1], M € F2.

Fig. 1.2. Pseudo face Ff

All cases amount to study p = 1x_y which is the difficult case.

A-2-9y_(_, =

PFz =
The three other cases are similar by symmetry, and finally p € Co(f( ).
As K is bounded, we get p € LQ(K). As for p, we consider Vp on a quarter of pyramid, for
example Q)2 and we consider an ¢ such that M e FEQ, and
p 2
~(1-e)?’< = <(1-¢)%
(-oP<f <0-2)
that is 0,p is bounded. The same technique applied for d,p and 9yp leads to conclude that Vp
in bounded inside K. As K is also bounded, we have Vp € L*(K). O
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Proposition 1.6 ensures to a function u € V}, to be continuous across the interface between
elements, whatever the type of the elements adjacent to the face, and therefore to belong to
H'(Q) due to proposition 1.7.

Proposition 1.8 The optimal finite element space of order r on the unit cube (5 18

Cr=PoT= Y Quu(1-2)"

0<k<r

Proof. Using the transformation T, the polynomial part of P, becomes

{27972, m+n+p<ryoT ={(1-2)"(1-27)"(1-2)™"Z", m+n+p<r}
={Z"yZP(1-2)"", m+n+p<r}cC,,

whereas the fractional part of P, becomes

. . T_p . . . .
{xyﬂ( Y ) , i+j£p£7"—1}oT = {QF- 1) P - )P (1 =2) P s j<p<r—1)

1-2
= {7y (1-2)" M 0<iv j<k<r -1} c Gy,

that is P c C,.
‘We now notice that

dim C, = ) (k+1)2——(r+1)(r+2)(2r+3):dim P, =dim P,

0<k<r

which proves the proposition. O

1.3. Location of the Degrees of Freedom

We wish to link continuously pyramidal elements with other elements of the mesh
e hexahedra with Legendre-Gauss-Lobatto (LGL) points ;

e tetrahedra with Hesthaven “electrostatic points” constructed with LGL points on edges
(Hesthaven and Teng[20]);

e wedges obtained by a tensorial product of a face of a tetrahedron of Hesthaven, that is a
triangle of Hesthaven (Hesthaven [19]), with an edge with LGL points.

We place the degrees of freedom on LGL points on the quadrangular base of the pyramid, and
on Hesthaven points on each triangular face. The number of degrees of freedom ns on the faces
is then

ny=3r? +2.

We add n; degrees of freedom inside the pyramid

ni = é(r— Dr-2)@2r-3)= Y K

1<k<r-2

and we place them on (r - 2) parallel planes of k? degrees of freedom, as shown in the Fig. 1.3.
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___________ \/

Fig. 1.3. Location of the degrees of freedom inside the pyramidal element of order 5

The total number of degrees of freedom is
1
Ny =N +Ny = 6(7‘ +1)(r+2)(2r+3).

which is precisely the dimension of B..

Degrees of freedom can then be placed systematically on the pyramid, at any order. Each
category of point is represented by a color in the Fig. 1.4 for the pyramidal elements of order
two to four.

Fig. 1.4. Location of the degrees of freedom for the pyramidal elements of order 2, 3 and 4 (Color
online)

1.4. Basis Functions

The basis functions on the reference pyramid K are obtained by inverting a Vandermonde
system as follow.

Let (Mi)lsisnr the locations of the interpolation points on the pyramid, and (z/?i)lsignr a
base of PT,

Definition 1.9 The Vandermonde matric VDM e M, (R) is defined by
VDM, ;= i(M;), 1<i,j<n,, (8)
and the basis function @; linked to the interpolation point M is then defined as

Gi= Y. (VDM™); ;. (9)

1<j<n,.
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Proposition 1.10 The following set of basis functions is an orthogonal base of P,

{vao (—1 T ) pYo (—1 Y ) (1 - gymaz(id) p2mar(D+2095 1) 0<ij<r,0<k<r- max(i,j)} :
-2 -2 ’
where P57 (x) denotes the Jacobi polynomial of order m, orthogonal for the weight (1—x)"(1+x)7 .

Proof. We note

P LR "i\,’. g ~\maxz(i,] max(t,7 s A
wi,j,k(x,y,z):139’0(1_2)]3]9,0(1_2)(1_2) (09) pgrac)t20(9z 1),

We first prove that the family is orthogonal by using the transformation (2) on Q.
[ Diar@9.2) oo (3.5,2) divdg d =

1 1
Jy Boem-nptEE-naE [ Per- DB ey 1) dy

=Cir 641 =Cyyr 855
1 . o . o
4 f (1 _ 3)mam(z,J)+mam(z J )+2Pk2maac(z,j)+2,0(2»2v_ 1)PI€2’mar(1 J )+2,0(2,-Zv_ 1) dz
0

3

with 0<4,5 <7, 0<k<r-max(i,j), and when i =¢" and j = 5’
1 o o .
fo (1 - 7)2mas(i) 2 p2mar(i)e20 gz _ 1) p2mar(i 209z 1y 45 = Cyp 40

We also have
{ij(@,9,2), 0<i,j<r k<r—max(i,j)yoT " =
{2027 -1) PPO(25 - 1) (1= Z)mes@n) peres D209z - 1), 0 <iyj < v, k< v = max(i,§)} < G,
that is, with an argument of dimension,
Span {1ﬁ¢7j7k(§:,gj, 2),0<i,5<r k<r— maa:(i,j)} oTl=(,,
which proves the proposition. O

We compare the condition number of the Vandermonde matrix for monomial and orthogonal
bases of P, in the case of tetrahedral and pyramidal elements on Fig. 1.5. We notice that
the condition number of the Vandermonde matrix is increasing faster for tetrahedra than for
pyramids when using monomial base, whereas we observe the opposite for orthogonal base.
Besides, the use of the orthogonal set of basis functions highly improves the condition number
of the VDM matrix.

Remark 1.11 The characterization of the invertibility of the Vandermonde matriz is an open
question, but we observed that the VDM matriz is invertible with our choice of position for the
degrees of freedom, the element is therefore unisolvent.

2. Comparison with Existing Methods

The nodal basis functions we propose are the same as Bedrosian [2], Zgainski et al. [33] and
Chatzi and Preparata [6] for order one. They are identical to those of Graglia et al. [17] for
order two, and they are new for order greater or equal to three.

The finite element space C, of order r on the unit cube Q defined by in proposition 1.8 is
the same as the one proposed by Zaglmayr, cited in [12],
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10 T T T T
—+— Pyramids, orthogonal basis
—<— Pyramids, monomial basis P!
105 L| - ©- Tetrahedra, orthogonal basis| 7
~ &~ Tetrahedra, monomial basis e

Condition number of VDM

Fig. 1.5. Condition number of the VDM matrix versus the order for tetrahedral and pyramidal elements,
for monomial and orthogonal basis functions

Proposition 2.1 The subspace Cg of C, with zero trace on the boundary of Q is
C(@7.9)=(1-2°T(1-5)7(1-7) 7 Cros.

Proof. The basis functions obviously vanish on the boundary of Q and belongs to C,. The

1
dimension of the space is dim C,_3 = 8 (r-1)(r-2)(2r-3) = n;, which proves the proposition.
O

We write transformation T’ from the infinite pyramid @ to the unit cube Q.

¥=7
T: 5:372 (10)
’7:'/:
1+2

Proposition 2.2 The finite element space U, proposed by Nigam and Phillips [24] on the
infinite pyramid Q satisfies
U.2CroT,

and contains more degrees of freedom than C, since
dim U, =1+ 3k + k> > dim C,.

The subspace U,E) of U, whose trace is null on the boundary of the element is equal to

02e.2) = | S o 2), e @002

and if we replace Uy by CB oT, we get the optimal space
U.=C,oT.

Proof. Using the transformation (10), we detail the following basis functions (the others can
be treated similarly by symmetry)
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D8 o e
For the vertex : T+ 2y T7=1-2)1-5)(1-2)" €C,.

7koT‘1:7 eC,.
(1+2)

For the apex :

For the representative vertical edge :

{% 1§a£r—2} o T ={(1-T)A-N(A-2)"2 1<a<r-2} cC,.

For the representative base edge :

{w 1§a§r—2} o T ={(1-D)A-PNF°(1-2)", 1<a<r-2} cC,.
(1-z)(1 -z’
(1+2)

{Q-2)(1-9)7*(1-2)""2", 0<a+b<r-1} cC,.

For the representative triangular face : { ,a,b>0,a+b<r— 1} oT b=

For the base face :

-F _—i‘a—b _ )
{(1 ()1(12)%) Y , 1§a,b§r—1}0T_1:{(1—§)(1—§)§“§b(1—3)7, 1£a,b§r—1} c

For the interior :
t(1-2)y(1-%)z : _
P DPO0Z 4 (3,5,2), we @ X(a,5.2) o T =
(1+2)
{FHO-D) P Q-9 -2 0<i gk <r -2} o CY

The subspace of U, whose trace is null on the boundary of the element is equal to

Ul = {x(l _(f)fgf D2 (2,5,2), ue @"‘Q(a:,y,z)}

whose dimension is
dim U° = dim Q,_5 = (r—1)3.
Since there are ny = 3r2 + 2 basis functions associated with the boundary, we have
dim U, =3r* +2+ (r-1)> =1+ 3r++° > dim C,.
If we replace U,E) by CS o T, the new finite element space U, satisfies
dim U, = dim C,,

and
U.o2C,oT,

that is we have the equality of these two spaces. O

We write transformation 7' from the cube [-1,1]? to the unit cube Q

_ 1+a
T= >
- 1+b
T j-—- (11)
2
_ 1+c
Z= .

2
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Proposition 2.3 The finite element space W,. of order r introduced by Warburton [30] on the
cube [-1,1]? is not optimal.
The subspace of W, whose trace is null on the boundary of the element is equal to

Wy o T7h = {F(1 - 2)7(1 - 7)2(1 - ) w(ZF.7.%), uePr_5(7,7,2)} -

If we replace W§ by Cc%o T, and the basis functions linked to the base face by the following set
of functions

— _ _ max(i,j)+1
{(12a)(1;a)(12b)(1;b)(12c) Pli(a)P;2i(b), 132’,3‘9—1},

we get the optimal space

W,=C,oT.
Proof. Using the transformation (11), we detail the following basis functions (the others can
be treated similarly by symmetry)

For the vertex : {(I;G)(lgb)(lgc)}of_l:(1—'3?)(1—@*)(1—'5) e Cy.

l1+¢
2

For the vertical edge : {( )( )( . )(1+c) (c), 1Si§r—1}of‘1:
{1-2-DO -7 P (2Z-1), 1<is<r

For the base edge :

{(1;@)(1;a>(1;b)(1;c)”1 Pl (a), 1gigr—1}of—1:

{Fa-D(1 -7 -2 P (2T-1), 1<i<r-1} cC,.

For the apex : { }OT_l =7 eC,.

For the base face :

A rrrion susemif 7
)

{FO-DFA-DA - P T -1)P(27-1), 1<i,j<r-1} ¢ C,.

For the triangular face :

_ _ _ i+1 . .
(55 (505 () icomton geraagon)or
{1-2)FQ-PA-2)"'ZPL (E - )PIT (22 -1), i+j<r-14,j 21} cC,.

For the interior :

1-a l1+a 1-b 1+b 1-¢ BEA l+c¢ 1.1 1.1 2i+25+1.1 . . ..
{( 2 )( 2 )( 2 )( 2 )( 2 ) ( 2 )Pz‘-’l(a)Pj-’l(b)PkQ”’(C)al+1+kﬁ7“—1vwv’f21 o
T = {FQ-2)J(1-7)7(1-2) PLp(28 - 1) Py (20 - VPP ™ (25 -1), i+ j+k<r—1,d,j,k>1} c

C,.

The subspace W,(,) of W, whose trace is null on the boundary of the element is equal to

Wy oT™ = {F(1 -D)y(1 - (1 - 2)* w(Z,7,2), ueP,_5(7.7,2)},
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whose dimension is

-2)(r-1
dim WY = dim P,_ = L= =D )ér .
Since there are 3r + 2 basis functions associated with the boundary, we have
dim W, = %(;_W L 32492 (r+1)(r(+32)(r+3) 1? <dim C..

If we replace the proposed set of basis functions for the base face by the following one

1- 1 1-b\[1+b)[1-c\mez(Bi+ -
() E) ™ remio. s o)

{FQ-Dy(1 -7 (1 -2)"r DT Ll (F - )P (25 - 1) 1<i,j<r -1} cC,,

and W? by CYo T, the new finite element space W, will satisfy

Wr cC,o T
and
dim W, = dim C,,
that is we have the equality of the two spaces. O

Remark 2.4 As W, = Wl but W, 9 Wg, using W, as a finite element space for pyramidal
elements ensures not more than a first-order convergence in H'-norm.

Numerical study of the dispersion error has been conducted on periodic meshes containing
non-affine pyramids in order to check these theoretical results (see Fig. 6.6 in section 6.3).

3. Quadrature Formula

To evaluate integrals, we use a quadrature rule defined over the reference pyramid K. A
simple rule consists in taking Gauss points over the unit cube Q of coordinates (7,79,%), and
compute their image on the reference pyramid K of coordinates (%,9,2), via the change of
variable T defined by equation (2), which is a diffeomorphism from the open Q to the open K.

For any function f, we denote

F@7.%) = f(z,

%),

<

and the change of variable provides

fkf(;ﬁ,g,g) d:%dgd,%:f@/i (77,2 (1-2)? dedydz. (12)

Definition 3.1 Let M be the mass matrix for the pyramid K, defined by
Mij= [ pip; dedydz= [ |DF| gig; didgaz (13)
and K the stiffness matriz such that

K= [K Vi - Vip; dedydz = fK |DF|DF'DF* "'V, -V, didjdz. (14)
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Definition 3.2 We define the polynomial space

Qunp = {2y 2",0<i<m,0<j<n,0<k<p}.

Lemma 3.3
Vie[l,n,], &;eQ(7.7,2).

Proof. Using proposition 1.8, 3;(Z,7, %) € C.(%,7, %), and we obviously have C, c Q,, which
proves the lemma. O

Lemma 3.4
Vi e [[]., TLT]], @9’51 € Qr—l,r,r—l X Qr,r—l,r—l X @T‘,T,T‘—l (Efv v, ’5)

Proof. We decompose @;(&,9,2) into the monomial base dAJj({lA?, 9,2) of P, and we treat the
different cases.
We first consider the derivative in x, the derivative in y being treated similarly by symmetry:

cither ; (&, 7, 2) € P(,7, 2),

O
awf (&,9,2) =™ 1gmsP = (22 - 1) 27 - D)"(1-2)™" 12, m+n+p<r,
T
or
a ~r—p+i—1 ~r—p+j ) . L.
W 6,5.5) = L U L gy gy -2y e spsrot
-2
Loy
w:; (%,9,%2) € Qr_1,7.7-1(F,7,%) in both cases.
Similarly, for the derivative in z, either
a,&j S0 2 - amangp-1 _ =~ m (o~ nsp-1 =\m+n
95 (,9,2) =amg "2 =22 -1)"2y-1)"Z"""(1-2)™™", m+n+p<r
2
or
b . AT—D+i AT —p+]
ad;ﬂ (2,9,2) = ﬁ (27— 1) P27 - 1) PH (1= 7) Pl Gy <p<r—1,
3 2 (”f 7.%) € Qprr-1(%,7,%) in both cases. O

Lemma 3.5
— OF OF OF e
DF = PR RPN AP @010 @?,O,OX@?,LO (x,y,z),
0 8y 0%

and
|IDF| e Q1,1,0(%.7,%).
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Proof. The derivatives of F' can be written as

21; - %(—sl+s2+s3—s4)+1(sl—52+53—54)1%2
= (514 82+ S5 Su)+ 7(S) - Sa+ 5 - S) (27 - 1)
= A +CY,
?92 - i(—sl—52+53+54)+i(51—s*ghs*g—sq)lf;3
- i(—51—82+83+54)+i(51—Sg+53—S4)(233—1)
= Ay+C7,
?91; - 3(455—51—52—53—54)+i(51—52+53—S4)ﬁ
- 3(455—51—52—53—54)&(51—52+53—54)(2f—1)(2g—1)

= A3+2C77.
The determinant is then
[DF|(%,7,%) = det(Ay + CF, Ay + CF, As + 2CFF).
We can develop the expression in
[DF|(Z,7,%) = det(Ay, Az, As) + T det(Ay,C, As) + T det(C, Ag, As) + 2FF det(Ay, Az, C),

which proves the lemma. O

Proposition 3.6 When F is affine, the quadrature formula must be exact for polynomials of
(1- 2)2(@2T for the mass matriz and (1 - z)Qangngr_g for the stiffness matriz, such that these
matrices are exactly integrated.

When F is not affine, for the mass matriz to be exactly integrated, the quadrature formula
must be exact for polynomials of (1 — z)QQQHLQHLQT.

Proof. In the affine case, we can factorize the mass matrix by coefficient |[DF| which is
constant. For the mass matrix, the lemma 3.3 provides the term 3;%;(1-%)? to be in (1-%)2Qa;..
0% 0%; .. 2. -~

Yi 7% (1-2)%is in (1-2)°Qa2,—2.2, 212,

0T 0T 55 05
(1- ’5)2 is in (1 - '5)2(@27, ar—2.9r—2 and the term i:ij
’ ’ 07 0z

For the stiffness matrix, thanks to lemma 3.4, the term
9% 9%,
oy oy
3)2(@%%%_2, that is the final term is in (1 - ?)2(@%%%_2.

In the non-affine case, using the result of the affine case and lemma 3.5, we can easily

the term (1-%)%isin (1 -

conclude that we need a quadrature rule exact for polynomials of (1 —2)2Q2T+172r+1727‘ to exactly
integrate the mass matrix. m]

—1
Remark 3.7 Because of the rational fraction due to DF |, the stiffness matriz can not be
exactly integrated with a classical quadrature formula.

To integrate exactly the mass matrix, we choose the following quadrature formula :

(67,676, (Wi wfwi™),
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where (§; @ wG) is the classical Gauss quadrature rule, exact for polynomials of Q,,1, and

(W™ eHMY a Gauss-Jacobi rule for the evaluation of f 1-x)2f(x), exact for polynomials

of (1- $)2Q2T+1. For this last rule, quadrature points and weights have been calculated in
Hammer, Marlowe and Stroud [18]. Eventually, we need (r+1)* integration points for an exact
integration of the mass matrix.

4. Error Estimates

4.1. Functional Spaces and Basic Notations

Let Q be an open set of R.
Definition 4.1 We define
L3(Q) = {ue L}, | f |u|2 < +oo}
H™(Q) = {ue L*(Q) | & € LA(9),lo <m)

equipped with the usual norm in H™(Q)

= [ |5

|algm

and the usual semi-norm in H™ ()

0% ?
2

U = E —
[l |a=mfﬂ‘8xa

We obviously have the inequality

Yue H™(Q), luly, o <l o (15)

G
An approximate integral using a Gauss-type quadrature formula is denoted 55 , and 7,

will denote a projector on the polynomial space P,..

4.2. Presentation of the Problem

We consider a standard variational problem

{ Find u € V' such that (16)

VoeV, a(u,v) = f(v),

where the space V = H*(Q2), a(.,.) a continuous bilinear and coercive form, and f(.) a con-
tinuous linear form. Then, given a finite-dimensional subspace V}, of the space V', the discrete
problem reads
{ Find wy, € V3, such that (17)
Yop € Vy, ah(uh,vh) = fh(’Uh),
where a(.,.) is a bilinear form defined over the space V},, uniformly Vj-elliptic, and f5(.) is a
linear form defined over the space V},.

We shall consider the simple case where a(u,v) = fQ uv + fQ Vu - V.
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4.3. Abstract Error Estimate
We will consider the following version of Strang’s lemma

Lemma 4.2 (Strang’s lemma). If u is the solution of (16) and uy the solution of (17), there
exists a constant C' > 0 which does not depend on the space step h such that

fu-unlly < Cinf { ol v sup L) 20t )]y
Vh

Vi : [wn |
h whs‘/h Wh 1
——————
interpolation error numerical integration error

Proof. The proof of this version of Strang’s lemma is similar to the proof proposed by Ciarlet
[7] for his version, noticing that, in our case, V, c V. ]

We now study separately the two terms of the right hand-side of the Strang’s lemma,
namely the interpolation error and the quadrature error. As P, c PTF , we first consider the case
of vy, = mup € P and get estimates in this case, and we will then take the infimum for vj, € PX
to get Strang’s lemma. We also suppose that u is in H™'(Q) for an Q regular enough.

4.3.1. Interpolation error

Let  a set composed of n pyramids K;

We denote
hgi, =diam (K;) = sup |z -y|, h= sup hg,.

x,yeK; 1<i<n

Let us recall the Bramble-Hilbert’s lemma (Ciarlet [7])

Lemma 4.3 (Bramble-Hilbert’s lemma). Let r > 1, m <r+1. We denote by =, the projector
to P,. satisfying
VpeP.(K), mp=p.

Then, there exists a constant C'r >0 which only depends on K and v such that
Vue H Y K), |u- ]|, e < Crhitm ulyyr g -

We consider a domain made of a single pyramid K, (Q = K). For u in H™(Q), we apply
Bramble-Hilbert lemma
[ = T ttllm, ik < Crc "™ ™ ulrsn i
where C' depends on the shape of the pyramid K.
We suppose that the constants Ck, for each element K; of 2 are bounded by a constant C,

VK; €Q, Ck, <C. (18)

For m = 1, the sum for all the elements K; of 2 and the inequality (15) on norms give the error
estimates on (2
lu=mruly o < Chullrs10- (19)

Remark 4.4 The condition Cx < C is satisfied in the case of periodic meshes of the following
sections, since the number of pyramids of different shape is finite. In a more general case, we
conjecture that the boundedness of Ck is related to the existence of an upper bound for the
inverse of jacobian matriz DF, as in the case of hexahedra (Girault and Raviart [16]).
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4.3.2. Quadrature Error

We now seek the minimal integration formula in order to obtain a quadrature error of order r.

Definition 4.5 For (vs,wy,) € PX and K € Q, we denote

T

Ex(vp,wp) = [ vp, wy, dedydz — 515 vpwy, dedydz,
K K
where the approximate integral 55 vpwy, dedydz is exact for (1 - z)QQmm,n.
K
We first get estimates for the mass term of the bilinear form a.

Lemma 4.6 V(vj,,w;) € P, KeQ and 0<p,qg<m—r—1, we have
Ex (vn,wn) = Ex (vp, — TpUh, wh — Tqwh,)
for a quadrature formula exact for polynomials of (1 — z)QQm7m7m_1

Proof. Let us consider the integral
f TpUpWy, drdydz.
K
After change of variable, we get

;4 =2 () (DF ) daz

For a quadrature rule exact for polynomials of (1_2)2Qm,m,m—17 as 1 |DF|Wh, € Qpars1 prrst per (T, T, Z),
we have

EK(WpUhy wh) =0, (20)

for 7+ p+1<m, that is p<m—-r -1, using lemma 3.3.
Similarly, we have

EK('Uh,ﬂ'qwh) =0

for g<m—-r—-1, and for p,q <m —r -1, we check that
EK(ﬂ'pUh,ﬂqwh) :0,

which provides the claimed result. O

Proposition 4.7 For K € Q and v, € P.(K),

E
sup ZXRW) on e ol
wpePF ||wh||1,K

for a quadrature formula exact for polynomials of (1 - z)QQm7m7m_1, with m > 2r - 1.
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Proof. We apply lemma 4.6 for p=r-2 and ¢=0

E(vp,wp) = E(vn, — Tr_oUn, Wi, — ToWh ).

Using the Cauchy-Schwarz inequality for both the exact and the approximate integral, which
is possible since the norm defined by approximate integration is equivalent to the usual norm

with a constant Cy, we get

|E(vn, wn)| < Cn|lvn — Tr—2vn||o, x|lwn — Town||o,x -

As v, € P.(K) c H"(K) and wy, € H'(K), Bramble-Hilbert’s lemma and the inequality on the

norms (15) provides
l[on = r—avnllo.k < Crc P [lonllr -
lwp, = mowp o,k < Crhkl||whl, k-

Hence
|E(vn, wi)| < Cychle|[vnllr, i lwnl]1, 5

with Ck = CnyCk independent of wy,. Therefore, we obtain the claimed result.

We then find estimates for the stiffness term of a.

Lemma 4.8

2Tt o~ ) e~ ~ — o
((1 - Z)2|DF|DF v@z) (xvy; Z) € (]- - Z)QQT,T‘+1,T‘—1 X @r+1,r,r—1 X @r+1,r+1,r—1(xa Y, Z)

Proof. As |DF|’D\F‘*_1 is the comatrix of DF, using lemma 3.5, we get

IDFIDE"™ = (Ag A Ag,—A; A Az, A1 A Ay)
+(CAA3,0,AAC)T+(0,-CAA35,CANA) T
+2(As A C,-A1 AC,0) Ty

that is 1
IDFIDF " €Q1,1,0(7,7,2)°.

As
(ng)(%a @77 ’,5) € @T—l,r,r—l X Qr,r—l,r—l X Qr,r,r—l(fa g; ’5)7

by summing degrees, we obtain the claimed result.
Lemma 4.9 V(vj,,w;) € P¥', KeQ and 0<p<m —r -1, we have
EK(V’U}L, th) = EK(VU};, — TpVUp, th)

for a quadrature formula exact for polynomials of (1 — z)QQm7m7m_2

Proof. As for lemma 4.6, we prove that
Ex (mpVun, Vwp) =0

by considering the integral
f Tp VU, - Vwy, dedydz.
K
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After the change of variable, we get

f@v 4 (1-2)%(x, V%) - (DFIDF ' Va,) dF djdz.

For a quadrature rule exact for polynomials of (1 - Z)ZQm’m,m_Q, using lemma 4.8, (7, V7p,)-

— -1
(IDFIDF V) € Qprrs1per+iper-1(Z, 7, Z), that is Ex (7, Vs, Vwy) is equal to zero if r +
p+l<m,ie. p<m-r-1. m]
Proposition 4.10 For K € Q and v, € P.(K),

Vwy, € PF Er(Von, V) =0
for a quadrature formula exact for polynomials of (1 — z)QQm7m7m_2, with m > 2r.

Proof. For vy, € P.(K), that is Vuy, € (]P’T_l(K))g, we apply lemma 4.9 with p =r -1 to
conclude. O

We can now get the final quadrature error estimate using propositions 4.7 and 4.10, by
summing for all the elements K of 2 and using (18)

sup |(a - an) (vn, wn)|
wievy |lwnllie

< C’hTHUhHH.LQ, Vp, € PT(Q) (21)

with C' = CnC.

Theorem 4.11 For a quadrature formula which is exact for polynomials of (1 - Z)2Qm7m,m_2,
for m > 2r, the final estimate from Strang’s lemma is

inf [|lu-onllio+ sup |(a = an) (on, wn)|
vpeV,r ’ wheVy Hwhlll,ﬂ

) <maz(C,C") b ||ullr+1,0-
Proof. Summing equations (19) and (21) with vy, = m.u, we get

||'LL—7T u||19+ sup |(a“_ah)(7rruawh)|
T s
whEV}:' ||wh||1,Q

<C'Wmpullra + Ch Jullre1,0,  vh € Pr(R2).

We then use the inequality ||7,u|lm.0 < |[u|lm,o to upper bound the right-hand side of the
inequality with maxz(C,C"), and we take the infimum for the left-hand side thanks to inclusion
(3). |

Remark 4.12 We can take the points and weights of quadrature (5,?,w,?) to get a quadrature
formula exact for Qopy1, instead of (§,€IM

losing accuracy. Yet, this deteriorates the CFL as we shall see in section 6.2.

,w,’;{M ) in the previous quadrature formula, without
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5. Discontinuous Galerkin Method

For any element K of boundary 0K, we consider the Local Discontinuous Galerkin (LDG)
formulation (Castillo et al. [5])

fKusﬁvaW—faK{v}-nsa:ff@
[I(v-w—ﬁ(Vu~¢—[aKw~n[u]:0

with the following notations

{v} = 3(v1 +02)
[u] = 3 (u2 ~ 1),

where uq is the value of u restricted to K, and us the value of u restricted to an element
adjacent to K.

We can take the space P, identical to the one in the continuous case. The error estimates
are quite different from the ones obtained for continuous elements as the norm used for DG
formulations is the L? norm, instead of the H' norm.

6. Numerical Results

6.1. Dispersion

In order to study the pyramidal elements, a dispersion analysis is performed on the wave
equation, relying on the computation of the phase error on infinite periodic meshes, as in Cohen
[9]. The periodic cell is a cube that can be composed of a single hexahedron; of two wedges;
of two pyramids and two tetrahedra (hybrid); or of six pyramids; or of six tetrahedra as shown
in Fig. 6.1. The analysis has also been carried out on periodic cells made up of distorted
cubes in order to check the consistency of our method when the base of the pyramid is not a
parallelogram as shown in Fig. 6.2 for the hybrid cell.

Fig. 6.1. Cells for the regular periodic mesh : wedges (top-left), hybrid(top-right), pyramids (bottom-
left) and tetrahedra (bottom-right)

Considering the Helmholtz equation

—w?u—-Au=0,
(k%) " where k is the wave vector, and ||%|| the wave
number. The computational domain is reduced to a periodic cell where quasi-periodic conditions

we look for plane solutions of the form u =e
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Fig. 6.2. Periodic pattern for the hybrid case, with distorted pyramids (purple) and tetrahedra (gray)
(Color online)

are enforced, so that the plane wave is a solution of the continuous equations problem. The
numerical eigenvalue closest to the wave number ||k|| is denoted by wp, so that we define g, as

Wh
dh = ——-
1%
Since g, should be close to 1, we can write
qn =1+ Ch? +o(h")

where p denotes the dispersion order of the scheme.

A dispersion order of 2r is obtained for both continuous and discontinuous Galerkin method,
for regular as well as for distorted meshes (see Babuska and Osborn [1] for the factor 2), which
coincides with the theoretical error estimates results obtained. This order of dispersion is clearly
shown on the log-log curves in Fig. 6.3 for the continuous hybrid elements on a distorted mesh.

Ioglo(error)
|
N
a1
i

_20 L 4
8 —— Order 1
—251 —— Order 2|4
—— Order 3
— Order 4
-30 L L T
-3 -25 - -0.5 0 0.5

-15 -1
log 10(kh/r)

Fig. 6.3. log-log dispersion error for continuous finite elements of orders 1 to 4 for a hybrid distorted
mesh

Dispersion curves are shown for regular elements of orders one to three in Fig. 6.4 for the
continuous elements, and in Fig. 6.5 for the discontinuous elements. For the pyramids, exact
and approximate integrations are giving very close results, and all elements exhibit similar
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dispersion properties. The less dispersive element is the pyramidal one in most of the cases.
The same study has been performed for distorted meshes and leads to the same conclusion.

6.2. Stability

The stability condition of the standard leap frog scheme is also computed on a periodic
infinite mesh.
The CFL number, for which we have the stability condition At < CFL h, is defined by
CFL = ! ,
\/max AM-1(E) K (F))

lIE]l<m

where M (k) and K (k) are the mass and stiffness matrices associated with the periodic cell,
and k the wave vector.

For each type of element, the CFL number is given in Table 6.1 in the continuous case in
Table 6.1, and in the discontinuous case in 6.2, up to order four. The stability criteria have
been tested in the instationary case to check the correctness of the results.

Table 6.1: CFL for continuous finite elements with regular meshes.

Order 1 | Order 2 | Order 3 | Order 4
Hexahedron 0.28868 | 0.11785 | 0.06697 | 0.04264
Wedge 0.15794 | 0.07176 | 0.04344 | 0.02926
Pyramid ExactInt | 0.09682 | 0.04803 | 0.03083 | 0.02143
Pyramid ApproxInt | 0.07217 | 0.03335 | 0.01985 | 0.01316
Tetrahedron 0.12247 | 0.06253 | 0.03919 | 0.02669
Hybrid 0.15138 | 0.07245 | 0.04558 | 0.03191

Table 6.2: CFL for discontinuous Galerkin method with regular meshes.

Order 1 | Order 2 | Order 3 | Order 4
Hexahedron 0.14434 | 0.07144 | 0.04348 | 0.02934
Wedge 0.11471 | 0.04348 | 0.03957 | 0.02717
Pyramid ExactInt | 0.07184 | 0.04058 | 0.02618 | 0.0184
Pyramid ApproxInt | 0.04811 | 0.02544 | 0.01566 | 0.0112
Tetrahedron 0.07373 | 0.04467 | 0.03041 | 0.02173
Hybrid 0.09283 | 0.05363 | 0.03527 | 0.02448

For pyramidal elements, the CFL are computed with the quadrature formula (ff M ,w,f M )
)

presented in paragraph 4.3.2 for exact integration, and with Gauss quadrature formula (5,?, Wy,
for approximate integration. The CFL of pyramidal elements are clearly lower for approximate
integrals (60% lower on average) than for exact integrals. In this case, the CFL of pyramidal
elements is close to the tetrahedral’s.
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Fig. 6.4. Dispersion curves for continuous finite element of orders
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Fig. 6.5. Dispersion curves for discontinuous Galerkin method of orders 1
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The same study has been performed for distorted meshes and leads to the same results, the
CFL being smaller for the distorted meshes, and the CFL finally ranks as follows, in all the
cases

CFLHema > CFLWedge > CFLTetra > CFLPyr—Emactlnt > CFLPyr—AppromIm‘,-

The CFL for a hybrid mesh is better than the tetrahedron’s and pyramid’s, which is a quite
surprising result.

Remark 6.1 A study of optimal location for the degrees of freedom inside the pyramid has been
performed to get an optimal CFL, but this location appears to have almost no influence on the
CFL.

6.3. Numerical Comparison with Other Existing Methods

We display the dispersion obtained for the existing methods of Sherwin et al. [27], Nigam
and Phillips [24], and Bluck and Walker [3] on Fig. 6.6, for order two and three. For order one,
all these methods provide the same accuracy.

0
_2 - —
A 7
4 = p
-6
g -8
3’13 -10 e -+ - Optimal r=2
3 ok 1 g aa G —c—Optimal r=3|
Lo a4 —9— Sherwin r=2
14 —<— Sherwin r=3 |
—16E -0- Nigam r=2 |
- % —Nigam r=3
_18 -
—v— Walker r=2
_20 T
-3 -2.5 - -1 -0.5 0

-15
log, (khir)

Fig. 6.6. Dispersion errors for the different types of existing elements of orders 2 and 3 with a distorted
pyramidal mesh

The dispersion obtained with the space proposed by Sherwin et al. is of order two, whatever
the order of approximation, as the basis functions for the base face and inside the pyramid are
not sufficient to contain the optimal space. However, in the affine case, we check that we have
a dispersion of order 2r.

The dispersion obtained for the optimal space is equal to the space proposed by Nigam and
Phillips, that is the degrees of freedom they add are not necessary as they do not increase the
accuracy.
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For order two, the dispersion obtained by Bluck and Walker is not consistent (dispersion of
order 0) because the space proposed does not contain the space of order one. However, in a
case of an affine pyramid, the dispersion obtained is in h?* for order two.

6.4. Numerical Experiments
6.4.1. Test Case on a Cube

We first consider the Helmholtz equation on a cubic cavity with homogeneous Dirichlet bound-
ary conditions

_w2u_ Au = f(xvyaz)y

where

Q=[-1,1]® w=192n7,

and f is a Gaussian source centered at the origin. We study convergence on a hybrid mesh
with a similar pattern as for the dispersion (see Fig. 6.2).

Displaying the L? error obtained versus the space step h in a log-log scale in Fig. 6.7, we
observe an L? error in O(h™*!) as proved in the error estimates. For these experiments, we used
exact integration with » + 1 HM points in the direction Z and r + 1 Gauss points in directions
Z and g.

—+—Order 1

IoglO(LZ error)
&

-4 -1 Order 2| |
-©-0rder 3

_5 4
—#— Order 4

-1 -09 -08 -0.7 -06 -05
Ioglo(h/r)

Fig. 6.7. L? error versus h for the cubic cavity at different order of approximations.

6.4.2. Low Storage Matrix-Vector Product

Since the involved matrices can require a huge amount of memory, in particular for high order
approximation like Qs, we use a low storage matrix vector product (i.e. a matrix-free imple-
mentation). This is quite classical in discontinuous Galerkin methods on hexahedra (Castel et
al. [4]) or on tetrahedra (Hesthaven and Teng [20]), and the extension to pyramid and prismatic
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elements is straightforward. For continuous formulation, we use similar techniques, i.e. that we
exploit factorizations of elementary mass and stiffness matrix

[ ros, - i
fk IDFIDF™'DF*"'%¢; - V$; = RB,RY,

where matrices
Cij = i(§5) Rij = Vei(&5)

are independent on the geometry, so they are not stored for each element, and matrices Dy, and
B

(Dn)ij = wilDF|(&)8i; (Bn)ij = w;(IDFIDFT'DF*™)(&;)di,
are respectively diagonal and block-diagonal (each block being a symmetric 3x3 matrix). Such
factorization is explained by Cohen and Fauqueux in [10], and shown to be very efficient for
hexahedral elements, since R is very sparse. In the case of other elements, R is dense and does
not induce any gain in computational time. Yet, we still use this factorization, since the storage
induced is very low as we only store matrices D, and Bj,.

6.4.3. Test Case with Curved Isoparametric Elements on a Sphere

Let us consider a sample test case of scattering by a sphere (see Fig 6.8)
~wu-Au=0 inQ

ou 8uincident
=—— onl

on on

U
— —dwu=0 on2,
on

where T is a sphere of radius 3, w = 27, and ¥ is the boundary of the cube [-5, 5]3.

To have a good approximation of the geometry, curved isoparametric elements are used.
The implementation of such elements is explained in Solin et al. [28], except for pyramids for
which the extension is straightforward. The reference solution is computed on a refined pure
hexahedral mesh with Q7 elements. On Fig. 6.9, three different meshes used for third order
approximation are displayed.

The COCG solver (Clemens and Weiland [8]) is implemented, and can be used with or
without preconditioning. In Table 6.3, the required number of degrees of freedom necessary to
reach an error between one and two percent (measured in L? norm) are displayed for each type
of mesh and at orders two, three and four. The results obtained without preconditioning and for
a p-multigrid preconditioning using a damped Helmholtz equation (see Erlangga [15] for finite-
difference, and Duruflé [13] for finite element) are also displayed, along with the computational
time. The order of the coarsest mesh is set to 1 for orders two and three, and set to 2 for order
five and Py.

The performance of hybrid mesh is quite similar to a purely hexahedral mesh while purely
tetrahedral meshes result in much more expensive computations. The last row of this table
concerns the use of a Gauss-Seidel smoother instead of the Jacobi smoother used in other rows.
Jacobi smoother fails for hybrid meshes, but we don’t have any explanation on this issue. In
this case, a Q5 approximation on hexahedral mesh is much faster than for tetrahedral elements.
This is the reason why it is important to use hybrid meshes with a high percentage of hexahedra.
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=

Fig. 6.8. Real part of diffracted field for a sphere of radius 3 with Neumann condition.

Fig. 6.9. Meshes used for third order approximation.

6.4.4. Numerical Experiment on a Piano

We now perform computations using the discontinuous Galerkin method for the transient wave
equation

2

%—Au:f(x,t) in Q

%:0 on I (22)
ou Ou

= 2 N

6n+8t 0 on X,

where I" has the shape of the resonance cavity of a piano, and F is the surrounding parallelepiped
box, as displayed in Fig. 6.10.

The source is chosen as
1
2

_13.L2
e TG 6_4(t_t0)28in(271'f0t), (23)
To

fa,t) =

where r is the distance to the center of the source, rg the distribution radius of the Gaussian,
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Order

2

3

5 (P4 for tetrahedra)

Hexahedra
without precond.
preconditioned

964 000 dof
2 762 iterations (3 410s)
133 iterations (637s)

732 000 dof
2 938 iterations (2 024s)
127 iterations (504s)

315 000 dof
3 467 iterations (802s)
130 iterations (152s)

Tetrahedra
without precond.
preconditioned

1 216 000 dof
2 300 iterations (12 622s)
58 iterations (1 019s)

519 000 dof
1 656 iterations (3 490s)
51 iterations (534s)

339 000 dof
1 942 iterations (17 835s)
119 iterations (587s)

Split tetrahedra
without precond.
preconditioned

2 751 000 dof
4 837 iterations (19 833s)
131 iterations (1 809s)

936 000 dof
3 775 iterations (3 775s)
126 iterations (631s)

520 000 dof
2 514 iterations (2 514s)
93 iterations (266s)

Hybrid
without precond.
preconditioned
Hybrid GS precond.

1 060 000 dof
1 800 iterations (2 744s)
72 iterations (388s)
69 iterations (330s)

455 000 dof
2 195 iterations (1 153s)
439 iterations (1 262s)
76 iterations (176s)

266 000 dof
4 222 iterations (1 358s)
2 546 iterations (3 685s)
128 iterations (161s)

Table 6.3: Number of degrees of freedom, number of iterations and computational time for the same

accuracy.

Edn: +0.013% ~0.037y ~12 +0.57 =

Fig. 6.10. Surface mesh of the piano-shaped cavity and surrounding box.

fo the frequency, and ¢y a constant. Here we have taken

To = 0.]., f() = ].4, to = 1858,

(24)

1
so that the parallelepiped box is as large as 32\ x 26\ x 10\ where A\ = — is the wavelength.

0
We compute the solution from ¢ = 0 until ¢ = 6, and we obtain the result of Fig. 6.11.
A second-order leap frog scheme (Cohen and Fauqueux [10]) is used for the time discretiza-

tion.

The reference solution is computed on a very fine mesh, and we compare two kind of meshes:
a hybrid mesh and a hexahedral mesh obtained by splitting tetrahedra. Third order approx-
imation (Qs) is used. The results are given in Table 6.4. We have given the computational
time we would have obtained on a single processor, this time is computed by summing the
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computational times for all the processors and we subtract the cost of communications. Since
curved elements are not used, hexahedral meshes generated by splitting tetrahedra produce
a bad approximation of the geometry, therefore they require a larger number of degrees of

freedom.

Type of mesh Split tetrahedra Pure tetrahedra Hybrid
Obtained accuracy 9.4 % 5.7 % 6.3 %
Degrees of freedom 49.3 millions 16.9 millions 14.88 millions

Time step At = 0.0002 At = 0.0004 At = 0.0005
Computational time 12.28 days 4.3 days 1.18 day

Table 6.4: Efficiency of different kind of meshes for the piano-shaped cavity.

Conclusion

Highly efficient pyramidal elements of any order have been constructed. Numerical experi-
ments conducted with these elements (up to order six) exhibit a low phase error, a good CFL,
and a very good behaviour in hybrid meshes.
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on the manuscript.
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