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EFFICIENT QUADRATURE RULES FOR COMPUTING THE
STIFFNESS MATRICES OF MASS-LUMPED TETRAHEDRAL
ELEMENTS FOR LINEAR WAVE PROBLEMS*

S. GEEVERST, W. A. MULDER#, AND J. J. W. VAN DER VEGT'

Abstract. We present new and efficient quadrature rules for computing the stiffness matrices of
mass-lumped tetrahedral elements for wave propagation modeling. These quadrature rules allow for
a more efficient implementation of the mass-lumped finite element method and can handle materials
that are heterogeneous within the element without loss of the convergence rate. The quadrature rules
are designed for the specific function spaces of recently developed mass-lumped tetrahedra, which
consist of standard polynomial function spaces enriched with higher-degree bubble functions. For
the degree-2 mass-lumped tetrahedron, the most efficient quadrature rule seems to be an existing 14-
point quadrature rule, but for tetrahedra of degrees 3 and 4, we construct new quadrature rules that
require fewer integration points than those currently available in the literature. Several numerical
examples confirm that this approach is more efficient than computing the stiffness matrix exactly
and that an optimal order of convergence is maintained, even when material properties vary within
the element.
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1. Introduction. Mass-lumped tetrahedral element methods are efficient meth-
ods for solving linear wave equations, such as the acoustic wave equation, the elastic
wave equations, or Maxwell’s equations, on complex three-dimensional (3D) domains
with sharp material interfaces [25]. They offer the same convergence rate and geo-
metric flexibility as standard continuous tetrahedral element methods, but also allow
for explicit time-stepping due to a diagonal mass matrix.

To obtain mass-lumped elements, Lagrangian basis functions are combined with
an inexact quadrature rule for computing the mass matrix. A lumped matrix is ob-
tained when the quadrature points coincide with the basis function nodes. For quadri-
lateral and hexahedral elements, mass-lumping is achieved using tensor-product basis
functions and Gauss—Lobatto points, resulting in the well-known spectral element
method [20, 21, 15]. For linear triangular and tetrahedral elements, mass-lumping is
achieved with standard Lagrangian basis functions and a Newton—Cotes integration
rule. For higher-degree triangular and tetrahedral elements, however, the element
space needs to be enriched with higher-degree bubble functions in order to maintain
stability and an optimal order of convergence [6]. So far, mass-lumped triangular
elements of degrees 2 and 3 [5, 7], 4 [17], 5 [3], 6 [18], and 7-9 [16, 9] have been found.
The first higher-degree tetrahedral elements were presented in [17] for degree 2 and
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in [3] for degree 3. Recently, we presented new mass-lumped tetrahedral elements of
degrees 2 to 4 in [12]. The new degree-2 and degree-3 elements require significantly
fewer nodes than the earlier versions, while mass-lumped tetrahedra of degree 4 had
not been found before. Because of the reduced number of nodes, these new mass-
lumped elements are also much more efficient than the earlier versions [12] and are
therefore more suitable for large-scale 3D simulations.

A question that remains is how to efficiently compute the stiffness matrix for
these elements. When the material parameters are piecewise constant, the stiffness
matrix can be evaluated exactly [19]. Alternatively, we can use a quadrature rule
to approximate the stiffness matrix. This latter approach can significantly reduce
the number of computations, as we will demonstrate in section 6. Moreover, it also
allows us to handle material parameters that vary within the element without loss of
convergence rate, as we will prove in section 4.

Finding an efficient quadrature rule for the stiffness matrix for mass-lumped tetra-
hedra is not straightforward. For hexahedral elements, the stiffness matrix can be ap-
proximated with the same Gauss—Lobatto quadrature rule that is used for the mass
matrix, but for mass-lumped tetrahedra, using the quadrature rule of the mass ma-
trix to also evaluate the stiffness matrix turns out to be inefficient or inaccurate. In
this paper, we therefore present new and efficient quadrature rules for computing the
stiffness matrices for mass-lumped tetrahedra.

To obtain these quadrature rules, we show that the quadrature rule only needs
to be exact for functions in the space Pp_; ® DU, where p > 2 denotes the degree
of the element, P,_; denotes the space of polynomials up to degree p — 1, and DU
denotes the space of partial derivatives of functions in the element space. Since the
mass-lumped tetrahedra contain higher-degree bubble functions, so does the space
Pp—1® DU that needs to be integrated exactly. Most quadrature rules in literature,
however, are designed to be exact for spaces of the form Pg. Such quadrature rules
for tetrahedral domains can be found in, for example, [22, 13, 14, 8, 24, 23] and the
references therein. We could choose k equal to the highest polynomial degree that
appears in Pp_1 ® DU, but the resulting number of quadrature points may then be
suboptimal. Instead, we try to find quadrature rules that are exact for P,—; ® DU
with a minimal number of quadrature points.

For the degree-2 tetrahedral element, the most efficient quadrature rule still seems
to be the 14-point rule of [13] that is accurate for polynomials up to degree 5. For the
degree-3 element and the three degree-4 elements of 60, 61, and 65 nodes, however,
we present new quadrature rules that require 21, 51, 60, and 60 points, respectively,
while using a quadrature rule from the current literature would require 24 [14], 59
[24], 79 [24], and 79 [24] points.

This paper is organized as follows. In section 2, we introduce the mass-lumped
finite element method, and in section 3, we present our new quadrature rules for
evaluating the stiffness matrix. We prove in section 4 that the conditions used to
obtain our quadrature rules result in optimal convergence rates. In section 5, we
analyze and compare the dispersion properties and resulting time step size for our
new quadrature rules and several other rules available in the literature. In section 6,
we show numerical examples demonstrating that using our numerical quadrature rules
for evaluating the stiffness matrix is more efficient than evaluating the integrals exactly
and that the convergence rate is not lost when material parameters vary within the
elements. Finally, we summarize our main conclusions in section 7.
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2. The mass-lumped finite element method. To present and analyze the
mass-lumped finite element method, we consider the scalar wave equation given by

(1a) pOiu =V -cVu+ f in Q x (0,7),
(1b) u=0 on 90 x (0,T),
(L) ult=0 = uo in Q,

(1d) Orult=o0 = vo in (),

where Q C R? is the spatial domain, (0,7) is the time domain, u :  x (0,7) — R is
the scalar field that needs to be solved, V is the gradient operator, f : Q x (0,7) = R
is the source term, ug, vo : Q — R are the initial values, and p, ¢ : Q — R* are positive
spatial parameters. The spatial domain €2 is assumed to be a bounded open domain
with Lipschitz boundary 02, and the parameters p and ¢ are assumed to be bounded
by po < p < p; and ¢g < ¢ < ¢p, with pg, p1, co, 1 strictly positive constants.

To solve the scalar wave equation with a finite element method, we consider
the weak formulation. Let L2(Q2) denote the standard Lesbesque space of square-
integrable functions on €, H}(Q) the standard Sobolev space of functions in L?()
that vanish on 9Q and have square-integrable weak derivatives, and L?(0,T;U),
with U a Banach space, the Bochner space of functions f : (0,7) — U such that
|lfllz is square integrable on (0,T). Assume uy € HZ(2), vg € L?*(Q), and f €
L?(0,T;L?(Q2)). The weak formulation of (1) can then be written as finding u €
L2(0,T; H (D)), with d;u € L?(0,T; L*(Q)) and 9;(pdyu) € L?(0,T; H~1(Q)), such
that u|¢=¢ = ug, Oput|t=0 = vo, and

(2) (0:(pOsu), w) + (cVu, Vw) = (f,w)  for all w € HE(Q), ae. t € (0,T),

where (-,-) denotes the standard L?(2) inner-product and {-,-) denotes the pairing
between H~1(Q) and H{ ().

This weak form of the wave equation can be solved with the mass-lumped finite
element method, which consists of the following components:

e a tetrahedral mesh 7}, where h denotes the radius of the smallest sphere that
can contain each element,

e a reference tetrahedron é with reference space U = Pp @ Ut .= {u|uw=w+
ut for some w € Pp,ut € U *1}, where P, denotes the space of polynomials
of degree p or less and Ut a space of higher-degree face and interior bubble
functions,

e a set of reference nodes Q that can be used for both interpolation and quadra-
ture on €,

e a set of quadrature weights {@z}zc5-

Using these components, a finite element space can be constructed of the form

Un=H}(Q)NU(T, ),

where ~ _
U(Th,U) :={uec H (Q) |uo ¢, € U for all e € Tp,},

with ¢, : € — e the reference-to-physical element mapping. The interpolation points

are given by Qp = Q(7p, Q), where

AT, Q) = |J U ¢,

e€Th %€

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 04/23/19 to 131.180.229.51. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

A1044 S. GEEVERS, W. A. MULDER, AND J. J. W. VAN DER VEGT

and the L?(Q) inner-product is approximated by

(w,w) = : I e, di ~ ) Z Rl (RN (X) = (ww)a,

e€Ty e€Th XEQ

with |e| and |é| the volume of e and ¢, respectively, and @, := u 0 ¢, We := w 0 Pe.

Assume g, vy, p,c € C°(Q) and f : C°(Q x [0,T]) are all continuous. The finite
element method can then be formulated as finding uy, : [0, 7] — Uj such that up|i—g =
Thug, Opup|i—o = Ipvo, and

(3) (p@fuh,w)gh + (¢Vup, Vw) = (f,w)q, for all w € Up,t € [0,T],

where I, is the interpolation operator that interpolates a continuous function at the
points Qy, by a function in U (T, U).

Now let {x;}X; be the set of all interpolation points Q, that do not lie on the
boundary 952, and define nodal basis functions {w;}? ; such that w;(x;) = &;; for all
i,j =1,..., N, with § the Kronecker delta. Also define, for any continuous function
u € C(Q ) the interpolation vector u € RY such that u; := u(x;) for alli = 1,..., N.
The finite element method can then be formulated as ﬁndlng uy, ¢ [0,T] — IR{N such
that w, |i—o0 = o, Oruy,|i=0 = vo, and

(4) 02wy + M~ Auy, = p7 1 f for all ¢ € [0, 7).

Here, M € RV*N  with M;; := (pw;,w;)g,, is the mass matrix, and A € RVXN
with A;; := (¢Vw;, Vw;), is the stiffness matrix.

Since the interpolation points and quadrature points coincide, the mass matrix is
diagonal with entries M;; = (pw;, 1)g, . Therefore, we can efficiently solve the system
of ODEs in (4) using an explicit time-stepping scheme. Standard conforming finite
element methods do not result in a (block-)diagonal mass matrix and are therefore
less suitable for solving wave equations on large 3D meshes.

To remain accurate and stable, the mass-lumped finite element method needs to
satisfy the following conditions [12]

C1 (Unisolvent). The space U is unisolvent on the nodes Q.

C2 (Symmetry). The space U and the set Q are invariant to affine mappings

that map é onto itself.

C3 (Face-conforming). If @ € U is zero at all nodes in QN f, with f a reference

face, then @ is zero on f.
C4 (Positivity). The weights {Wz};c5 are all strictly positive.
C5 (Accuracy). The quadrature rule is exact for functions in P, 5 ® U when
p>2.
The first three conditions are necessary to guarantee that the global basis functions
are well-defined and continuous. The last two conditions are necessary for stability
and for maintaining an optimal order of convergence.

When p > 2, these conditions cannot all be met for standard polynomial spaces
U = Pp. Therefore, the element space needs to be enriched with higher-degree
bubble functions. We will focus on the mass-lumped tetrahedral elements recently
presented in [12]. An overview of these elements is given in Table 1. There, n
denotes the dimension of U, which is equal to the number of nodes per element,
By := span{z1x2x3, T12224, T123T4, T2X3%4 } denotes the span of the four face bubble
functions, and B, := span{xjzozsxs} denotes the span of the element bubble func-
tion, with x1, x2, x3, x4 the four barycentric coordinates. We also used the notation

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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TABLE 1
Overview of mass-lumped tetrahedra.

pln [0

2 | 15 | P2® By ® Be

3132 | Ps® Bf'Pl ® BeP1

4 | 60 P4@Bf7)2®Bg(7D2+Bf)

61 | Py @ BfP2 @ Be(P2+ By + Be)

65 | P4 ® Bf(P2+ By) ® Be(P2+ By + Be)

UV :=U®V :={w | w = uv for some u € U,v € V} for any two function spaces
UV.

To apply these elements more efficiently, we also approximate the L? inner-
product for the stiffness matrix, (¢Vu, Vv), with a quadrature rule. This also allows
us to handle material parameters ¢ that vary within the element. It turns out that it
is more efficient and sometimes even necessary to compute the stiffness matrix with
a different quadrature rule than for the mass matrix. We will denote the quadrature
points and weights for the stiffness matrix by Q' and {@%}xes:» respectively, and
denote the corresponding approximated L?(2)-product by (-, oy -

The resulting finite element method remains stable and accurate if the following
conditions are also satisfied:

C6 (Positivity). The weights {@} };. 5, are all strictly positive.

C7 (Spurious-free). There is no function @ € U with zero gradient Vit = 0 on all
quadrature points Q' except the constant function. In case of linear elasticity,
there is no function @ € U? with zero strain Vi+ Vit = 0 on all quadrature
points Q’ except the six rigid motions.

C8 (Accuracy). If p > 2, the quadrature rule for the stiffness matrix is exact for
functions in P, ® DU, where DU denotes the space of all partial derivatives
of all functions in U.

A proof that these three conditions are sufficient to maintain an optimal order of
convergence is given in section 4.

We constructed quadrature rules that satisfy these conditions for the specific
function spaces of the higher-degree mass-lumped tetrahedra presented in Table 1.
For the degree-2 element, the most efficient quadrature rule seems to be an existing 14-
point rule that is fifth-order accurate, but for the higher-degree elements, we obtained
new quadrature rules that require fewer points than those currently available in the
literature. An overview of these rules is given in the next section.

3. Efficient quadrature rules for the stiffness matrix. To present the
quadrature rules for the stiffness matrix, let ¢ be the reference tetrahedron with
vertices at (0,0,0), (1,0,0), (0,1,0), and (0,0,1). The barycentric coordinates of
this element are given by the three Cartesian coordinates x1, x2, x3 and the fourth
coordinate x4 := 1 — 1 — x2 — 3. These coordinates are useful for describing S,
the space of affine mappings that map é onto itself, since any function s € S can be
defined by a permutation of the barycentric coordinates. In particular, we can write
s(x1, 2, x3) = (24, x5, xx) for some 4,5,k € {1,2,3,4}, 1 # j # k # 4, for any s € S.

Now, let {x} denote point x and all equivalent points s(x), with s € S. The
quadrature rule will consist of several equivalence classes {x} with quadrature weights
that are the same within each equivalence class. To give an example of an equivalence
class, consider the point (c1,¢1,c¢1). The barycentric coordinates of this point are
given by c1,¢1,¢1,1 — 3¢y, so the equivalence class {(c1,¢1,c¢1)} consists of the four

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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TABLE 2
Types of quadrature points. The third column shows the number of equivalent points for each type.

Type Points # | Description
4] {(1/4,1/4,1/4)} 1 | center of tetrahedron
[3,1] {(c,c,0)} 4 | on line through vertex and center
(2,2] {(d,d,1/2 —d)} 6 | on line through edge-midpoint and center
[2,1,1] {(f1, f1,f2)} 12 | on plane through center and two vertices
[1,1,1,1] {(91,92,93)} 24 | arbitrary position

points (¢1,c¢1,¢1), (1 —3e1,¢1,¢1), (1,1 —3¢1,¢1), and (¢1,¢1,1 — 3¢1) when ¢; # i.
An overview of the different types of points is given in Table 2. The configuration
of a quadrature rule is given by the numbers K4, K31, K29, K211, and Kq111, which
indicate that the quadrature rule has K, distinct points of type [4], K31 points of
type [3, 1], K22 points of type [2,2], etc.

To find a set of points and weights that satisfy accuracy condition C8, we construct
a linear basis that spans V' O Pp_; ®@DU. We describe this linear basis and linear span
using the notation {f1, fa,..., fr}, which denotes the span of the functions f1,..., fi
and all equivalent functions f;os, withi =1,...,kand s € S. To give an example, all
equivalent versions of z?x3w3z,4 are given by the six functions z3x3w37y, v3w22374,
¥3xox3w], 123737y, m12dws2], and ziw9x32%, so {a3w3x314} denotes the span of
these six functions.

After having constructed a basis { f1, fo, ..., fx} for V, we search for a quadrature
rule that has a configuration with k& parameters. These parameters consist of location
parameters and quadrature weights. Because of the symmetry, a quadrature rule that
is exact for a function f is exact for all its equivalent functions. Therefore, to satisfy
C8, we end up with a nonlinear system of k£ equations:

(5) /fz‘(fc) dz = Z Wk fi (%), i=1,..., k.

We obtain solutions of this system using Newton’s method for a large number of
different initial values and check for each solution if it satisfies C6 and C7. When we
cannot find an admissible solution for configurations with k parameters, we increase
k and try again. We continue this process until we find a suitable quadrature rule.
The complete algorithm for finding a quadrature rule of k parameters can be
summarized as follows:
1. Construct basis functions f1,..., fx, such that {fi, f2,..., fe} D Pp—1 ® DU.
2. Choose a configuration for the quadrature rule such that

# paramctcrs = K4 + 2K31 + 2K22 + 3K211 + 4K1111 = k.

3. Solve the system of equations given in (5) using Newton’s method with a
random initial guess.

4. If the method converges within a maximum number of iterations, check if the
solution satisfies conditions C6 and C7.

5. Repeat steps 3 and 4 until a maximum number of trials is reached or an
admissible solution is found.

The quadrature rules that were obtained in this way are given in Tables 3 to 6.
There, # denotes the number of nodes in each equivalence class and ff := x1z223
and B, = x1r2x3x4 denote the face bubble function and interior bubble function,
respectively.
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TABLE 3
Quadrature rule of 14 points (K4 = 0, K31 = 2, Koo = 1, K211 = 0, Ki111 = 0) [13] for the
stiffness matriz of the degree-2 15-node tetrahedron.

Nodes # W Node parameters
{(c1,c1,c1)} 4 0.01224884051939366 0.09273525031089123
{(c2,¢c2,c2)} 4 0.01878132095300264 0.3108859192633006

{(d,d, % —d)} 6 0.007091003462846911  0.04550370412564965

V = Ps = {z1, 2222, 2323, Brz1, Brz132, Bex1}

TABLE 4
New quadrature rule of 21 points (K4 =1, K31 =2, Koo =0, Ko11 =1, K1111 = 0) for the
stiffness matriz of the degree-3 32-node tetrahedron.

Nodes # W Node parameters
{(c1,c1,c1)} 4 0.008382813462606309  0.08360982293995379
{(c2,c2,c2)} 4 0.01062803097330636 0.3195556046935656
( )

0.06366100187501753

{(f1, f1,f2)} 12 0.005973459577178217 0.3362519222398494

{( )} 1 0.01894177399687740 -

V =Ps® prg
= {z1,2{22, %23, Brar, Bratxa, B7, Bewr, fex1a2}

=

)

=

)

Al

TABLE 5
New quadrature rule of 51 points (K4 = 1, K31 = 2, Ko = 1, K211 = 3, Ki111 = 0) for the
stiffness matriz of the degree-4 60-node tetrahedron.

Nodes w’ Node parameters

#

{(c1,c1,c1)} 4 0.001076330088382485  0.04010756377220036
4
6

{(c2,c2,c2)} 0.006422430307819483  0.1881144601918900
{(d,d, % —d)} 0.003859721113202450  0.1124010568611476

0.04781990270450464
{(f11, f11, f12)} 12 0.003162722714222902 [0.2053222493389064}

0.2347999378738287
0.03405863749492695

0.4614535776221135
0.06693547308143162

{(f21, f21, f22)} 12 0.004715130256124021 {

{(fs1, f31, f32)} 12 0.001320748780834370 [

{(3. 5.4} 1 0.003130077388468573 -
V=P Bf(735 @ Bf'Pg,) @ BePs
‘;’90%,x‘fw%,ﬂfrl,5f$%33275f£?$§,ﬂ?r17ﬁ?$ffb27ﬁ?, .

ooy Bext, 551%552:,861'?55%’ 5Eﬁfml’ 5eﬁfﬂ71$2,5§$1}

— 2
= {wlyfﬂlw%x

The quadrature rule with the least number of points we could find for the degree-2
15-node tetrahedron is the 14-point fifth-order accurate rule of [13]. We also found
an accurate quadrature rule of 10 points with positive weights, but the resulting
method was not accurate since condition C7 was not satisfied: it had one nonconstant
mode with gradient equal to zero at all 10 points. We also considered the 15-point
quadrature rule used for the mass matrix, which also satisfies C6-C8. However, this
rule significantly increases the condition number of the element matrix and therefore
results in a considerably smaller time step size, as shown in section 5.

The quadrature rules for the degree-3 and degree-4 elements are new and require
fewer quadrature points than rules currently available in the literature, since most
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TABLE 6
New quadrature rule of 60 points (K4 = 0, K31 = 3, Koz = 2, K211 = 3, Ki111 = 0) for the
stiffness matriz of the degree-4 61- and 65-node tetrahedron.

Nodes #

UJ,

Node parameters

{(cr,c1,e1)}

{(c2, 2, c2)}

{(c3,c3,¢c3)}
{(d1,dr, 5 —dr)}
{(da, d2, 5 — d2)}

{(f11, f11, f12)} 12

DO R

0.001137453809249273
0.006907244220995018
0.004458749819772567
0.001389883779363477

0.004236295194116969

0.001788418107829456

0.003642034272731381

0.04091036488546224
0.1942594527940223
0.3166409312612929
0.02776256108257648
0.1022199785693040

0.03511432271187172
0.2097218125202450

((far, for, f22)} 12 {0.1790174868402900}

0.03980830656880513

0.4192720711456938
0.008950317872961031

V=Ps® B?P3 @ Be(Ps ® ByP3)
= {1, 2{22, 2923, afal, xia3, Bya1, Bpates, Byates, fix1, fFaiwe, BY, . ..

ooy Be1, Bewia, Bexiad, Befrar, Befrriwe, BB}, Bex, fr122}

{(fs1, f31, f32)} 12 0.001477531071582210 {

quadrature rules in the literature are constructed to be exact for a function space of
the form P, and not for the specific function spaces Pp_1 ® DU. To give an example,
the highest polynomial degree of DU of the degree-4 61- or 65-node tetrahedron is
7, s0 P3 @ DU contains a polynomial of degree 10. A quadrature rule that is order-
10 accurate already requires 79 quadrature points [24], while our quadrature rule for
these elements only requires 60 points. Similarly, our quadrature rules for the degree-3
32-node tetrahedron and the degree-4 60-node tetrahedron require 21 and 51 points,
respectively, while the quadrature rules currently available in the literature for these
elements require 24 and 59 points [24].

4. Error estimates. In this section, we prove that, when conditions C1-C8 are
satisfied, the finite element method maintains an optimal order of convergence for a
related elliptic problem. Convergence for the wave equation can then be derived in a
way analogous to [12, Chapter 4.6].

Throughout this section, we will let p denote the degree of the finite element
space, by which we mean the largest degree such that U> Pp. We will also let C
denote a positive constant that may depend on the domain 2, the regularity of the
mesh, the parameters p and ¢, the reference space U, and the reference quadrature
rules (Q, {@z}ze) and (2, {@x}xea/) but does not depend on the mesh resolution
h and the functions that appear in the inequalities.

4.1. Preliminary results. To obtain error bounds, we first define some norms
and function spaces and list a few preliminary results. Let H*(Q) denote the Sobolev
space of functions on ) with order-k square-integrable weak derivatives and equip the
space with norm

lul? = 1D%ul3,

lo| <k

where || |lo denotes the L?-norm, D* := 9795205 the partial derivative, and |a| :=
a1 + as + ag the order of the derivative. We also define the broken Sobolev spaces

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 04/23/19 to 131.180.229.51. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

QUADRATURE RULES FOR MASS-LUMPED TETRAHEDRA A1049

HY(Ty) == {u € L*(Q) | u|. € H*(e) for all e € T3}, equipped with norm

lalZ, = D lulellz-

ecTh

Throughout this section, we will use the fact that H2(2) D C°(Q) for any 3D domain
Q.

We also define the seminorms \u|2Qh = (u,u)g, and |0’|2Q;L = (o, U)Q;I for piece-
wise continuous functions v and o and define II;, 4 to be the L?-projection operators
projecting onto the discontinuous piecewise-polynomial spaces V (T, P,) = {u €
L*(Q) | uo ¢, € Py foralle € Tp}. Several useful properties of these spaces and
operators are listed below.

LEMMA 4.1. Let ¢ > 0. Then

lunle, < Cllunllo Jor all up, € V(Th, Py),
lonlo, < Cllowllo for all oy, € V(Th, Py)>.
Proof. These results follow immediately from the fact that the elements are affine

equivalent with the reference element and that the reference space Py is finite dimen-
sional. 0

LEMMA 4.2. If conditions C1-C4 are satisfied, then |- |qg, becomes a full norm
I -lle, on U(Th,U) and

lunllo, > Cllunllo for all up, € Uy,

Furthermore, if conditions C1-C3, C6, and CT7 are satisfied, then |- |Q§L becomes a full
norm || - |lg; on V (T, DU) and

IVunllg, = Cl[Vunllo for all uy, € Up.

Proof. These inequalities follow immediately from the fact that the elements are
affine equivalent with the reference element and that the reference element space U
is finite dimensional. O

LEMMA 4.3. Let u € H*(Ty) and o € H*(Ty,)3, with k >0, and let ¢ > 0. Then

lu Ty gull 7, < CREREHERZI |y

o = T g0 || 75, m < CRHEHLR = |

Th,min(g+1,k)» m < mln(q + ]-7 k)a

Tr,min(g+1,k)» m < mln(q + 17 k)
Furthermore, if k > 2, then

\u - Hthu|Qh < Chmin(atLR) ||UH77“min(q+1,k)a

lo =1l q0lg; < Ch™M TR g || 2 (g 1,0)-
Finally, if u € HY(Q) N H*(T3,), with k > 2, then
o~ Tyl < CRESGHLRI =y < min(p+ 1)

with p > 2 the degree of the finite element space.
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Proof. The first, second, and last inequalities follow from [4, Chapter 3.1]. For
the fourth inequality, let ¢* > ¢ be a polynomial degree and Q* > Q' a set of points
such that Py« is unisolvent on 0. Also, let I} be the interpolation operator that
interpolates a function in H2(7,) at the nodes Q(7, @*) by a function in V (75, Py-).
We can then obtain the fourth inequality as follows:

lo — Hh7q‘7|9; = [Io — Hh7q‘7|Q’h
< C|Igo = q0]fo
<C(o =alo+llo =1 4a(o)

< Cpmin(atLh) o |75, ;min(g+1,k)

where we used Lemma 4.1 in the second line and the triangle inequality in the third
line. The last line follows from [4, Chapter 3.1].
The third inequality can be derived in a way analogous to the fourth inequality. 0O

4.2. Estimates on the integration error. Define the two integration errors
rh(u, w) == (u,w) — (u,w)g, and r},(o,7) = (0,7) — (0,7T)g,. In [12] we derived
the following bounds on 7.

LEMMA 4.4. Let p > 2 be the degree of the finite element space, u € H*(Q), with
k> 2, and w € Uy. If conditions C1-C5 are satisfied, then

[ra(u, w)] < CR™M P i oy |01,

[7a (u, w)] < CR™POEED ]| i 1y 10 75, 2-

We also derive bounds on the integration error for the stiffness matrix.

LEMMA 4.5. Let p > 2 be the degree of the finite element space, o € H*(Ty)?
with k > 2, and 7 € VT, DU)3. If conditions C1-C3, C6, and C8 are satisfied, then

(6) [rh(e, )] < CR™™ PP 0|15, mingp, i) [ 7o
(7) [rh(er, )] < CR P g o 7 71
Proof. Using C8, we can write
ry(o, 1) =71 (0 =} p10,7).

Inequality (6) then follows from the Cauchy-Schwarz inequality and Lemma 4.3.
Using C8 and the fact that P, C Pp—1 ® DU for p > 2, we can also write

r(o,T) = Tﬁl((a' —ppo)+ (o — Uy po10) + ) 1o, (7 — M o7) + Hh,o‘r)

=ry(c —Uppo,7)+r,(Uy po — 1), po10,7 — I 07).
Inequality (7) then follows from the Cauchy—Schwarz inequality and Lemma 4.3. 0O

4.3. Error estimates for a related elliptic problem. Let v € C%(Q). The
elliptic problem corresponding to (2) is finding u € H} () such that

(8) (cVu, Vw) = (v,w) for all w € H} ().
The corresponding mass-lumped finite element method is finding u, € U, such that
(9) (cVup, Vw)g, = (v,w)g, for all w € Uy,

In the next two theorems we prove optimal convergence in the H'-norm and L?-norm.
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THEOREM 4.6 (optimal convergence in the H:—norm). Let u be the solution of
(8) and uy, the solution of (9). Assume c¢ € CP(Q), u € H*(Q), and v € H*(Q),
with ky, k, > 2. If conditions C1-C8 are satisfied, then

(10) lu = unlly < CHPRPEEED ((la i1,y + [0l ming,k.)

with p > 2 the degree of the finite element method.

Proof. Define ey, := Inu — up, and €, := u — Iu. Using (8), we can write
(cVInu,Ven)g, = =14 (cVIyu, Vey) — (cVen, Ver) + (cVu, Vey)
= —r,(cVIyu,Vey) — (cVen, Ver) + (v, ep),
and using (9), we can obtain
(cVup, Ven)o, = (v,en)g,-

Subtracting these two equalities gives
(11) (cVen,Ven)g, = —r1,(cVIu, Vey) — (cVen, Ven) +rr(v, ep).
From Lemma 4.2, the positivity of ¢, and Poincaré’s inequality, it follows that
(12) lenll? < C(eVen, Ver) gy, -
Using Lemma 4.5, Lemma 4.3, and the regularity of ¢, we can obtain

I75,(eV Inu, Ven)| < Ch™™ @R DIeY Iyull 7 min(p.k, -1 lenl
(13) < Chmin(p?kuil)Hu”min(p-‘rl,ku)”eh

1-

Using the Cauchy—Schwarz inequality, the boundedness of ¢, and Lemma 4.3, we can
also obtain

(14) |(cVen, Ven)| < CR™ PR =D a1, llenl 1

Finally, using Lemma 4.4, we can obtain

(15) rn (v, en)| < CR™ @R 0] ik, llen 1
Combining (11)—(15) gives
||6h||1 S Chmin(p’kuil’kv)(Hu||min(p+1,ku) + ||'U||min(p,kv))'
Since u—uy, = ey +¢€p, inequality (10) then follows from the above and Lemma 4.3. O

To prove optimal convergence in the L?-norm, we make the following regularity
assumption: for any v € L?(£2), the solution of (8) is in H?(Q) and satisfies

(16) [ull2 < Cllvlo-
This is certainly true when 99 is C? and ¢ € C*(9).

THEOREM 4.7 (optimal convergence in the L2-norm). Let u be the solution of
(8) and uy, the solution of (9). Assume c € CPT1(Q), u € H*(Q), and v € H**(Q),
with ky, k, > 2, and assume the regularity condition (16) holds. If conditions C1-C8
are satisfied, then

(17) lu = unllo < CR™EFEEED (]| iy 11,10,) + [V lminges1,50))

with p > 2 the degree of the finite element method.
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Proof. Define zj, € H}(Q) to be the solution of the elliptic problem
(cVzp, Vw) = (u — up, w) for all w € H} ().
From the regularity assumption it follows that z;, € H2(2) and
[znll2 < Cllu = unllo-
From the definition of zj, it also follows that
lu = unllg = (cVIu —un], Van)
(18) = (¢V[u —upl, Vizn — Inzr]) + (¢V[u — up], VIpzp).
We can bound the term (c¢V[u — up], V[zr, — Ipzp]) as follows:
[(eV]u —up], Vzn — Inzp])]

< Cllu = unll1llzn — Inznllx
< CHMR @R (| i (1 k) F 10l mingp k) 1212
(19) < CRPR @R (] i 11,k F [0 llminG k) e = unlo,
where we used the Cauchy—Schwarz inequality and the boundedness of ¢ in the first
line, Theorem 4.6 and Lemma 4.3 in the second line, and the regularity assumption
in the last line. It then remains to find a bound for (¢V[u — up], VIpzh).

To do this, use (8) to write

(cVu,Vipzy) = (v, Inzn)

and use (9) to write
(cVup, VIpzy) = 1), (cNVup, VIgzy) + (cVup, Vi) gy

=7, (cVup, VInzp) + (v, Inzn) o, -
Subtracting these two equalities gives
(20) (eVu—up], VIpzy) = =1, (cVup, VIpzp) + mh(v, Inzp).
Now, set ¢ := min(p — 1, k,, — 2). We can write
1, (cNVup, VIpzy) = r),(Vup, cVIpzp, — 0V zy)

=1, (Vup, — U o Vu, cVIpz, — I} 0cVIzp)
+ 75, (Up,gVu, cVIpz, — U 0cVILzp)

= riL(Vuh e Hh,un, cViyz, — Hh)QCVIhZh) + T;.L(CH}L’qV’LL, VIhZh)
= Rl + RQ,
where we used C8 for the first and third equalities. We can bound R; as follows:
|R1| < ||Vuh — H}L,qquoHCVIhZh — H}L,QCVI}LZ}LHO
+ |Vuh - Hh’un|Q;L |CVIhzh — Hh,OCVIhzh|Q;L
< Ch|[Vup — Iy g Vullol|znl|2
< Ch([Vun = Vullo + [Vu = Ik g Vaullo)[Ju — uallo

< Chmin(p’k“*l’kal(HU||min(p+1,ku) + 10/l min(p,e) ) 120 — n |0
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where we used the Cauchy—Schwarz inequality for the first inequality, Lemma 4.1, the
regularity of ¢, and Lemma 4.3 for the second inequality, the triangle inequality and
the regularity assumption for the third inequality, and Theorem 4.6 and Lemma 4.3
for the last inequality. We can also bound R as follows:

|Ra| < CRP* ey o Vul 75 p1 IV Inznl 70
< CRP T, o Vul 75 1 [ Tnzn | 75,2
< Chp+1||ﬂh7un| Top+1llznll2
= RVl ol
< ChPHH|Vu)

< CRP M [ullmin(p,k, —1) |t = wnllo-

Tallznll2

Here, the first line follows from Lemma 4.5 and the fact that cIl, ,Vu € HPTY(T,)3,
the second line follows from the regularity of ¢, the third line follows from Lemma 4.3,
the fifth line follows from Lemma 4.3, and the last line follows from the regularity
assumption. The fourth line follows from the fact that 11, ,Vu is piecewise polynomial
of degree g and therefore |5 o Vu|7, p+1 = [|[1In,q V| 7,,q- By combining the bounds
on R; and R, we then obtain

|7“;L(Cvuh,VIhZh)‘ = |R1 + R2| < |R1| + |R2|
(21) < C’hmin(p+1’k“’k”+1)(”U”min(p—i-l,ku) —+ H'U”min(p,ku))”u — uh||0.
From Lemma 4.4, Lemma 4.3, and the regularity assumption, it also follows that
7 (v, Inzn)| < CR™™ PR o i1 k) [ 02 ] 7,2
< Ch™ PR 0| it 1) 12012

(22) < Chmin(p+1,k,u)

'U”min(p-&-l,kv) Hu - U’h”o'
Combining (20), (21), and (22) gives
|(CV[’LL - uh]7 VIhzh)| < Chmin(p+17ku7kv)(”uHmin(p—&-l,ku,) + ||UHmin(p+1,kv))||u - UhHO'

Combining this with (18) and (19) then gives (17). |

These results can be used to prove optimal convergence for the wave equation in a
way analogous to [12, Chapter 4.6] by replacing a(u, w) by an(u, w) = (cVu, Vw)g,
and by defining the projection operator m;, of [12] such that ap(mpu,w) = (V -
cVu,w)g, for all w € Up,.

4.4. Error estimates for the linear elastic case. So far, we have only ana-
lyzed the scalar wave equation, but we can obtain error estimates for the elastic wave
equations in an analogous way.

In the linear elastic case, the wave field u: Q x (0,7) — R? is a vector field and
(1a) becomes

pdu=V-C:Vu+f in Qx(0,T)
with [V - C : Vu]; = Zi,ﬁl:l 9;CjukOkuy, where C : Q — R3*3X3%3 g the elastic
tensor field with symmetries Cjjr; = Cjiry = Cijir, = Chris; and bounds

collo+ o' <||C:a| < callo+a| for all o € R3*3

3

with g, ¢1 strictly positive constants and [|o||? := Y} i1 afj.
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Fic. 1. Single cell divided into siz tetrahedra (left) and repetitions of this cell, resulting in the
tetragonal disphenoid honeycomb (right).

The only part of the error analysis that requires some additional work in this case
is the second inequality of Lemma 4.2. Instead of |[Vullg; > C[[Vullo, we need to
show that if conditions C1-C3, C6, and C7, are satisfied, then

(23) (IVay, + Vufb”% > C||[Vuy, + Vi, |o for all u, € Up.

This result follows from the fact that U is finite dimensional and from the relations

t2 1, ~ 1 —t
IV, + Vg |3, = Z E |HJ (VW +Vwh) 3715,
e€Th
|Vuy, + Vub |2 = Z H HJ L (VW + VW) - 301
e€Th
where J. := V¢, is the Jacobian of the element mapping, J_ ¢ denotes the transposed

of J;1, \7\7e =J.-(up0¢.) € U3, and ||6|%, := Yoxeo Willo(x V2.

Using the boundedness of C, (23), and Korn’s inequality, we can show that the
bilinear operator for the elastic case ap(u,w) := (C' : Vu,Vw)g, is still coercive.
The other parts of the error analysis are analogous to the scalar case.

5. Dispersion analysis. To test the effect of the new quadrature rules on the
accuracy and time step size, we first analyze the dispersion properties of the resulting
mass-lumped finite element method along the lines of [11]. We consider a homogeneous
unbounded domain with p = ¢ =1 and consider plane waves of the form

(24) u(x,t) = el x—wt),

Here, 7 := +/—1 denotes the imaginary number, x denotes the wave vector, and w
denotes the angular velocity. We also let A\ = 27/|k| denote the wavelength and
cp = \/0/7 = 1 denote the wave propagation speed. The angular velocity and wave
propagation speed satisfy the relation w = |k|cp.

To analyze the numerical dispersion, we consider a translation-invariant mesh
constructed from a repeated cell pattern as illustrated in Figure 1 and derive the
propagation speeds cpj of the numerical plane waves. The dispersion error eg;sp is
defined as the error in the numerical wave propagation speed: egisp := |cp —cpp|/cp.
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Since the mesh is constructed from a repeated cell pattern, obtaining the numerical
wave propagation speed for a given wave vector requires solving an eigenvalue problem
related to only a single cell.

To construct the translation-invariant mesh, we subdivide the unit cell [0,1) into
tetrahedra and repeat this pattern to pack the entire 3D space. We also apply a linear
transformation x — T - x, with T € R¥*3 and [T - x]; = 25:1 T;;xj, to the mesh in
order to obtain more regular tetrahedra.

Let {x(%%:9}70 denote all the nodes on Qg := T - [0,1)3, let {x D} denote
the translated nodes on the translated cell Q = T -k+Qg, and let w9 denote the
corresponding nodal basis functions. We define matrices M () A(20.2) ¢ Rroxn0 a5
follows:

Mi(jQO) = (pwm”),w(ﬂo’j))gh, 1,j=1,...,n0,
AN = (ev@0d) gy o, i,j=1,...,n0,k € {—1,0,1}3.

ij
For any wave vector k € R3, we then define the matrix S € R™0*"0 a5 follows:
SR — (M(Qo))_l Z i (5T k) 4(20,9%)
ke{-1,0,1}3

When using an order-2K Dablain time integration scheme [10], with time step size
At, the angular velocities of the numerical plane waves are given by

K
i 1 1 .
w}(L ) _ iKt arccos <Z (2k)!(Atzs§f”))k> 7

k=0

(k%) no

where {s;""}70, are the eigenvalues of S(*) [11]. The numerical wave propagation

speeds are given by cg:;j) = Jwi™

A, is then given by
) . . lep — cﬁéfif)l
Cdisp = sup infi ———— .

KER3 [k|=27 /A \ P=1rim0 cp

|/|k]. The dispersion error, for a given wavelength

For the dispersion analysis, we consider a mesh of congruent nearly regular isofa-
cial tetrahedra, known as the tetragonal disphenoid honeycomb. This mesh is obtained
by slicing the unit cube [0,1)? into six tetrahedra with the planes x; = x5, 2o = 3,
and x7 = x3, and applying a linear transformation x — T - x, with

1 —1/3 -—1/3
T= [0 /3/9 —\/2/9
0 0 2/3

An illustration of this mesh is given in Figure 1.

We plot the dispersion error for different elements and quadrature rules against
the number of elements per wavelength Ng := (A3/|e|qy)/?, where |e|q, = 2v/3/27
denotes the average element volume. We also compute the largest allowed time step

size, given by
At = \/ CK/sh,maxa
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F1G. 2. Dispersion error eqisp versus the number of elements per wave length Ng for different
mass-lumped finite element methods. In the legend, [p|n[n]q[n’] denotes the degree-p mass-lumped
finite element with n nodes and n’ quadrature points for evaluating the element stiffness matriz.
Solid lines correspond to exact integration, dotted lines correspond to quadrature rules presented in
this paper, and dashed lines to quadrature rules taken from [24]. Graph 2n15q15 corresponds to the
degree-2 method using the mass matriz quadrature rule as a stiffness matriz quadrature rule. Graphs
of methods with the same polynomial degree are almost identical.

TABLE 7
Dispersion error in terms of the number of elements per wavelength Ng, based on extrapolation
of the graphs in Figure 2. The same notation as in the legend of Figure 2 is used. Methods using
the new quadrature rules presented in this paper are in bold.

Method ‘ €disp H Method ‘ €disp H Method ‘ €disp

2n15 1.89(Ng)~* || 4n60 0.865(Ng)~
2n15q14 | 1.86(Ng)~% || 4n60q51 | 0.842(Ng)~
2n15q15 1.88(Ng)~* || 4n60q59 | 0.861(Ng)~

(Ng) 4n65 0.825(Ng)
(NE)
(NE)

3n32 1.20(Ng)~% || 4n61 0.854(Ng)~
(Ng)
(NE)

-8
4n65960 | 0.827(Ng)~8
4n65q79 0.825(Ng)~8

3n32q21 | 1.09(Ng)~% || 4n61q60 | 0.854(Ng)~
3n32q24 1.19(Ng)~6 || 4n61q79 0.851(Ng)~

with ¢k a constant depending on the order of the time integration scheme (cx =
4,12,7.57,21.48 for K = 1,2, 3,4, respectively) and

_ (1)
Sh,max = SUp ~mMax §;

keKo 1=1,...,n90

the largest eigenvalue of the discrete spatial operator, with Ko := T~¢ - [0,27) the
space of distinct wave vectors. Details on the dispersion analysis can be found in [11].

We test the degree-p mass-lumped finite element methods presented in [12] and
given in Table 1 using exact stiffness matrix evaluation and using the quadrature rules
presented in this paper and quadrature rules that are accurate up to degree p+p’ — 2
from [24], with p’ the highest polynomial degree of the enriched element space. For
the degree-2 method, we also test using the quadrature rule of the mass matrix for
evaluating the stiffness matrix. We combine each method with an order-2p Dablain
time integration scheme.

The dispersion error versus the number of elements per wavelength is shown in
Figure 2 and extrapolations of these graphs are given in Table 7. The figure and
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TABLE 8
Largest allowed time step size for different mass-lumped finite element methods. The same
notation as in the legend of Figure 2 is used. Methods using the new quadrature rules presented in
this paper are in bold.

Method [ At H Method [ At H Method [ At

2n15 0.291 4n60 0.0508 4n65 0.0932
2n15ql4 0.280 4n609g51 | 0.0580 4n65q60 | 0.0936
2n15ql5 0.181 4n60q59 0.0578 4n65q79 0.0935
3n32 0.128 4n61 0.0721
3n32g21 | 0.136 4n61960 | 0.0796
3n32q24 0.135 4n61q79 0.0792

table show that the dispersion error of all methods converges with order 2p, which
is typical for eigenvalue and dispersion errors of symmetry-conserving finite element
approximations; see, for example, [2] and the references therein. The figure and table
also show that there is hardly any difference in accuracy between the methods of the
same degree and that the methods using a quadrature rule to evaluate the stiffness
matrix have a nearly the same or even slightly smaller dispersion error than the
methods using exact integration.

The largest allowed time step size for each method is given in Table 8. The table
shows that the quadrature rules for the stiffness matrix tested here hardly affect the
largest allowed time step size, except for the degree-2 15-point mass matrix quadrature
rule, which reduces the allowed time step size by more than a factor 1.5. For the
other quadrature rules, the largest allowed time step size remains nearly the same or
becomes even slightly larger.

If the stiffness matrix is evaluated with a quadrature rule and the resulting accu-
racy and time step size remain nearly the same, then the number of computations to
obtain a given accuracy mainly depends on the number of quadrature points. Since
the quadrature rules presented in this paper satisfy these properties and require fewer
quadrature points than those currently available in the literature, they can result in
a reduction of the computational cost proportionate to the reduction in number of
quadrature points.

6. Numerical tests.

6.1. Algorithms for computing the element stiffness matrices. Before
we present the numerical tests, we first briefly describe the algorithms for computing
the element stiffness matrices. In particular, we show how we efficiently compute
the element stiffness matrix-vector products on the fly. We do not store the matrices,
since this requires storing and fetching significantly more data, and since it was shown
in [19] that an on-the-fly approach is more efficient for higher-degree elements.

To describe the algorithms, let e € Tj, be an arbitrary element. We introduce the
following notation:

e {X;}, = Q: nodes on reference element é&. Nodes of the different mass-
lumped elements can be found in [12].

e w;: nodal basis function corresponding to X;.

. wge) := ; o ¢, 11 nodal basis function of the physical element.

o {X/}7, = Q': quadrature points for the stiffness matrix on reference element
é. Quadrature rules for the different elements are given in section 3.

/

e : quadrature weight corresponding to X.

o Al®) € R"X": the element stiffness matrix.
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e u(®): the wave field on e.

e u(®) € R™: the wave field at the nodes on e.
When using exact integration, the stiffness matrix-vector product v(®) := A(®)y(®) ¢
R™ is given by

(25) [A©y()]; = /chEe) -Vl da

fori =1,...,n. After rewriting the integral as an integral over the reference element,
this becomes

(26) A©y ), / A CR O CR

where @(©) = u(® o ¢, V is the gradient operator in reference coordinates, and
¢ = (co ¢e)%Jgt -J71 is a tensor field, with J. := V¢, the Jacobian of the
element mapping and J_* the transposed of J;!. When c is constant within each

element, then ¢(®) is also constant and we can compute (26) using the algorithm of
[19]:

3

(27) [A(e)ﬂ(e)]iz Z ~§; i ZB(ZDJD ’

ip,jp=1

where B(ip:ip) € R"*" are precomputed matrices, given by
B> IP) = [(@Dﬁ’i)(éjpwj) dz,
e

for ip,jp = 1,2,3, 4,5 = 1,...,n, with &D the derivative in reference coordinate
ip. We can reduce the number of computations in (27) using the fact that &(©) is
symmetric:

n

(28) [A(e) (e) Z Z ZD i Z Rlip.ip) (8 ,

ip=1jp=1 Jj=1
where B(ip.ip) .— B(ip.jp) 4 BUp.in) if ip # jp and Blip.ip) .— B(ip.Jp) when

ip = jp. The complete algorithm can then be described as follows:
A.1. Compute €(P:7P) € R™ for ip = 1,2,3, jp < ip:

'LDaJD § B 7/D7JD

A.2. Compute A©)yl®) € R™:

e) (e Z Z 1D77D ZZDJD)

ip=1jp=1

The computational work is dominated by the first step, where six matrix-vector prod-
ucts with matrices of size n X n are computed.
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Alternatively, we can compute A(®)u(®) by evaluating the integrals with a quadra-
ture rule. Equation (26) then becomes

(29) [A) ()], ZV’U} )-eleR) . vl (x)),

where &(¢*) .= @ () (%) € R3*3. We can compute this as follows:
N i) [ S b [N e, @
(e e i ~(e,k i e
(30) ut® Z Z D D agn | 220w ) |
k=lip—1 ip=1 j=1
where D(ip) € R"' " are precomputed matrices, given by
D) = (9:,00) (%).

The complete algorithm can be described as follows:
B.1. Compute €UP) € R" for jp =1,2,3:

GI(CJD zn:D 7D) (e .
Jj=1
B.2. Compute o(ir) ¢ R™ for ip = 1,2,3:

olip) — Z dek) p)

jp=1
B.3. Compute A(&)u(®) € R™:
3 n’ ) .
[A(e)!(e)]i _ Z ZDI(;iD)JI(cZD)
ip=1 \k=1

The computational work for this algorithm is dominated by the first and third steps,
which both require three matrix-vector products with matrices of size n’ x n, so six
of these matrix-vector products in total. Since n’ < n for all the quadrature rules
presented in this paper, this number of computations is smaller than for the previous
algorithm, although only slightly. However, as we will show next, this quadrature-
based algorithm is significantly more efficient than the exact-integral algorithm in case
of linear elasticity. Moreover, this quadrature-based algorithm also works if ¢ varies
within the element.

In case of linear elasticity, the wave field u : Q x (0,7) — R3 is a vector field
and the term c¢Vu becomes the stress tensor C : Vu, with C' € R3*3%3%3 the order-
4 elasticity tensor with symmetries Cijr = Cjitt = Cijik = Criij and [C : Vu];; :=
Zzlzl Cijr10iuy. The vector u(®) € R3™ can in this case be written as a concatenation
of three vectors y(e*l),y(e’Q),g(e’S) € R™, where u(®D is the wave field component u;

at the nodes on e. The parameter ¢(®) becomes C(¢) := } IJ Eo(Coge)-ITT
where [JJt-C - I ijm = Zz’qzl[Je_t]ipijkq[Je_l]ql, and ¢(©*) becomes C(¢F) .=

@, C©)(%},). The algorithm for computing the element stiffness matrix-vector product
using exact integration then becomes as follows:
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A.1. Compute e(*r+ip:3v) € R™ for ip, jp,jv = 1,2,3:

(1D iD5JVv) Z B(lDJD) JV)

A.2. Define v(® := A©y(®) Compute v(¢*v) € R" for iy = 1,2, 3:

3
(eiv) _ ~(e) (ip,jp,jv)
Y; - § : CiDviV»jV7jD€i ’

ip,Jp,jv=1

The computational work is again dominated by the first step, which now requires 27
matrix-vector products with matrices of size n x n.
When using a quadrature rule, the algorithm becomes as follows:
B.1. Compute r:7v) ¢ R™ for Iip,Jjv =1,2,3:
n

JDJV ZD JD) (e»jv)

Jj=1

B.2. Compute o(iP:iv) ¢ R™ for ip,ty =1,2,3:

3
(ipyiv) _ § : (ek) (4ps3v)
O - CZDJVJV’JDG’C :
Jp.jv=1

B.3. Define v(®) := A©)y(©) Compute v(¢V) € R™ for iy, = 1,2, 3:

(e iv) 'lD) (ZD,’LV)
£ = Y ZD

ip=1

The computational work for this algorithm is dominated again by the first and third
steps, which now both require 9 matrix-vector products with matrices of size n’ x n, so
18 of these matrix-vector products in total. The number of computations is therefore
reduced by more than a factor 1.5 when compared to the algorithm based on exact
integration. Furthermore, the quadrature-based algorithm can also handle tensor
fields C' that vary within the element.

Both algorithms can be slightly improved by exploiting the fact that the rows
and columns of the matrices B(i»»7P) and the columns of matrices D(?) sum to zero.
Furthermore, in case of isotropic elasticity, steps A2* and B2* can be computed more
efficiently by exploiting the simple structure of the elasticity tensor C'.

In the next subsections, we demonstrate the superiority of the quadrature-based
algorithm for the case of nonconstant parameters and linear elasticity.

6.2. Acoustic wave on a heterogeneous domain. We first test the methods
for an acoustic wave propagation problem with a heterogeneous domain. The acoustic
wave equation is given by

1 1
31 —0ip,=V -V in Q x (0,7
( ) p62 t P, p p m X( ’ )a
with spatial domain Q C R3, time interval (0,7, pressure field p : Q x (0,7) — R,

mass density p : 2 — R, and acoustic wave speed ¢ : 2 — R. We choose ) :=
(=L1,L1) x (—Lg, Ly) x (—L3, L3) and impose zero Neumann boundary conditions.
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Fic. 3. RMS errors for the acoustic test case as a function of the cube root of the number of
degrees of freedom (left) and as a function of the wall clock time (right). In the legend, the triplet
[p, K n] refers to the element of degree p with n nodes, combined with an order-K time-stepping
scheme. The element stiffness matrices were evaluated using a quadrature rule.

To construct an analytic solution, let X := z; + 12 cos(m;z;), for i = 1,2,3, be
distorted coordinates, with m; := ix/L; and a; € [0,1), and define g; := 0;X; =
1 — a;sin(m;x;). Also let pp € R be the average mass density, ¢ € R the average
wave speed, k € R? the wave vector, and w := c¢y|k| the angular velocity, and let
parameters p and ¢ be given by

k3 + k3 + k2
+ k393 (w2) + k393 (w3)

p(x) = pogi(z1)g2(z2)gs(z3), c(x) = CO\/k%g%(:cl)

Then the standing wave, given by
p(x,t) = cos(wt) sin(ky X7) sin(ka X5) sin(k3 X3),

is a solution of (31) that satisfies the zero Neumann boundary conditions.

Now, set L; = 1 km, a; = 0.2, k; = 3my, for i = 1,2,3, and ¢g = 2 km/s,
po = 2 g/cm3. To test the numerical methods, we use p(x,0) and d;p(x,0) as initial
conditions. We test on multiple unstructured meshes and simulate in time using a
fourth-order time-stepping scheme [10] with time step size At = 0.99A¢ax, Where
Atmax = \/12/0max is the largest allowed time step size [11] and opay denotes the
largest eigenvalue of the spatial operator, which is computed up to four decimals
using power iteration. The root mean square (RMS) error is computed after two time
oscillations, so at T' = 47 /w =~ 0.7698 s.

Figure 3 shows the RMS error plotted against the cube root of the number of
degrees of freedom NV and the wall clock time for the mass-lumped tetrahedral element
methods using the quadrature-based algorithm for the stiffness matrix as discussed
in the previous subsection. The simulations shown here were performed with an
OpenMP implementation on 24 cores of two Intel Xeon E5-2680 v3 CPUs running at
2.50GHz. Power-law fits of the left graph are also shown in Table 9. This graph shows
optimal convergence rates of order p + 1 and thereby confirms the error estimates of
section 4. In particular, it confirms that optimal convergence rates are maintained,
even though the spatial parameters p, ¢ vary within the element.

Figure 4 shows the same as Figure 3 for the methods using exact integration
to evaluate the stiffness matrix and using a piecewise constant approximation of the
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TABLE 9
Power-law fits of the left graphs of Figures 3 and 4. Convergence rates are given in bold.

RMS error
Method Figure 3 [ Figure 4

2415 (2.9 x 102)N(_1/3><3-2) (1.2 x 101)N(—1/3><2.4)
3,4 32 (1.9 x 103)N(=1/3x4.1) | (2.8 x 100)N(=1/3%2.1)
4,4 60 (5.8 x 104)N(=1/3x5.8) | (5.3 % 100)N(~1/3x2.1)
4,4 61 (7.9 x 10 N(=1/3%5.3) | (54 x 100) N(=1/3%2.1)
4,4 65 (7.3 x 104)N(=1/3x5.3) | (5.7 x 100) N(=1/3x2.1)

0 r

0 04 b

RMS error
RMS error

—-—2415
——3432

4460 4,460
4,461 ——4461
——4.,4 65 —+—4465
5

10 . . . . s 10" . . .
60 80 100 120 140 160 180 200 220 107! 10° 10! 102 10

N3 Wall clock time (s)

(a) (b)

Fi1c. 4. Same as Figure 3, but using exact integration to evaluate the stiffness matriz and using
a piecewise constant approxrimation of the mass density p. All methods only converge with second
order due to the parameter approzimation and higher-degree methods only result in more degrees of
freedom and computation time.

mass density p. Power-law fits of the left graph are again given in Table 9. The
graph shows that, due to the piecewise constant approximation, only second-order
convergence rates are obtained. The higher-degree elements now only result in more
computations per element, without any significant gain in accuracy. When comparing
with Figure 3, it follows that the quadrature-based approach is much more efficient
than using exact integration with piecewise constant parameter approximations.

6.3. Elastic wave on a homogeneous domain. We also test the methods for
an elastic wave propagation problem on a homogeneous domain. The elastic wave
equations are given by

pdiu=V-C:Vu+f in Q x (Ty,T1),

with u : Q x (Tp, T1) — R3 the displacement field, f : Q x (T, Ty) — R3 the force
field, p : 2 — R the mass density, and C : Q — R3*3X3X3 the elasticity tensor. We
consider an isotropic elastic medium, so C' : Vu = A\(V - u)I + u(Vu + Vu?), with
I € R3*3 the identity tensor, Vu’ the transposed of Vu, and A, 1t :  — R the Lamé
parameters.

We choose domain = [~2,2] x [~1,1] x [0, 2] km?® with zero Neumann boundary
conditions and set the parameters with a constant mass density p = 2 g/cm?, primary
wave velocity vp = /(A +2u)/p = 2 km/s, and secondary/shear wave velocity
wg = /p/p = 1.2 km/s. A unit vertical force source with a 7-Hz Ricker-wavelet is
placed at x4 :== (0,0,1000) m and receivers are placed between z, = —1375 m and

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 04/23/19 to 131.180.229.51. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

QUADRATURE RULES FOR MASS-LUMPED TETRAHEDRA A1063

10! 0k

RMS error
RMS error

—-2415

B ——24 15w N ——24 15w

107 Fl—e—3432 107 Fl—e—3432
——3,4 32w ——3,4 32w

4.4 60 4,4 60
4.4 60w —+—4.4 60w

107 Fl——4461 107 Fl—=—4a461
—— 4461w ——44 61w

& 4465 —a—4465
—7-4,4 65w 4.4 65w

10° 10? 10! 102 10
‘Wall clock time (s)

(a) (b)

Fic. 5. RMS errors for the elastic test case as a function of the cube root of the number of
scalar degrees of freedom (left) and as a function of the wall clock time (right). In the legend, the
triplet [p, K n] refers to the element of degree p with n nodes, combined with an order-K time-
stepping scheme. Suffix w denotes elements for which the stiffness matriz was evaluated using the
quadrature-based approach described in subsection 6.1, while for the other elements we used the
exact-integral algorithm.

TABLE 10
Results for the elastic test case, showing number of scalar degrees of freedom N, number of
time steps Na¢, wall clock time, and RMS error of the degree-p n-node mass-lumped finite element
method with stiffness matriz evaluation using ezact integration (n’ = —), a new quadrature Tule
from this paper (n’ bold), or a degree-(p + p’ — 2) accurate rule taken from [24], with n' the number
of quadrature points.

n_ n ] N Na; Time (s) RMS error

2 15 - 24.6 x 106 366 988 8.24 x 103
14 371 750  8.24 x 1073

3 32 - 10.4 x 106 338 307 7.41x10°3
21 327 172 7.34 x 1073

24 336 204 7.39x10°3

4 60 - 7.3 x 106 744 725  7.27 x 1073
51 697 366 6.93 x 1073

59 723 407 7.34x 1073

4 61 - 7.6x 109 631 670 7.89 x 1073
60 614 365 7.87 x 1073

79 614 471 7.88 x 1073

4 65 - 8.0x 105 568 621 7.54 x 1073
60 553 303 7.56 x 1073

79 553 388 7.99 x 103

z, = 1375 m with a 50-m interval at y,. = 200 m and 2, = 800 m. The exact solution
can be found in [1]. The simulation time is chosen such that reflections caused by the
boundary conditions do not reach the receivers.

We tested the methods on multiple unstructured meshes and simulated over the
time interval (—0.3,0.6) s, using the time-stepping algorithm as in the previous test
case and omitting the initial time steps where the magnitude of the wavelet is smaller
than 10716, Simulations were also carried out in the same environment as in the
previous test case. The RMS error is based on the errors at all receivers and for all
directional components and is plotted against the cube root of the number of scalar
degrees of freedom N and elapsed time in Figure 5. Table 10 also lists the wall
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clock time and number of time steps for simulations with an RMS error of around
8 x 1072 and includes results of simulations where a degree-(p’ + p — 2) accurate
quadrature rule taken from [24] is used, with p’ the highest polynomial degree of the
enriched element space. The left graph of Figure 5 confirms that the methods converge
with optimal order. It also shows that there is hardly any difference in accuracy
between using the quadrature-rule approach or the exact integration algorithm for
evaluating the stiffness matrix. Table 10 and the right graph of Figure 5 show that
for the degree-3 and degree-4 elements, the quadrature-based algorithm reduces the
computational cost by more than a factor 1.5, while for the degree-2 element, this
algorithm also results in a moderate speed up. Furthermore, Table 10 also illustrates
that the new quadrature rules presented in this paper are more efficient than those
currently available in the literature.

7. Conclusion. We presented new and efficient quadrature rules for evaluating
the stiffness matrices of mass-lumped tetrahedral elements for wave propagation mod-
eling. These quadrature rules can significantly reduce the number of computations
compared to algorithms that evaluate the stiffness matrix using exact integration and
can handle spatial parameters that vary within the element without loss of the opti-
mal convergence rate. Obtaining these quadrature rules is not trivial, since degree-p
mass-lumped tetrahedral element spaces contain, apart from polynomials up to de-
gree p, numerous additional higher-degree bubble functions when p > 2. To obtain
efficient quadrature rules, we therefore carefully analyzed the stability and accuracy
requirements needed to maintain optimal convergence rates. The resulting conditions
are presented in this paper, and we prove that if these conditions are met, the re-
sulting method can maintain an optimal order of convergence, even when the spatial
parameters vary within the element. We found quadrature rules that satisfy these
conditions for recently developed mass-lumped tetrahedral elements of degrees 2 to 4.

For the degree-2 element, the quadrature rule with the smallest number of points
we could find was the degree-5 accurate 14-point quadrature rule of [13], but for the
degree-3 and degree-4 elements, we found new quadrature rules that require signifi-
cantly fewer integration points than those currently available. A dispersion analysis
shows that by using these quadrature rules, the accuracy and largest allowed time step
size remain nearly the same. Several numerical examples also illustrate the accuracy
and efficiency of the quadrature-based approach and its superiority to evaluating the
integrals for the stiffness matrix exactly. In particular, the quadrature-based approach
results in a computational speed-up of around a factor of 1.5 in case of elastic waves.
Furthermore, in case of a heterogeneous domain with spatial parameters that vary
within the element, the quadrature-based approach results in optimal convergence
rates, while exact integration combined with a piecewise constant approximation of
the spatial parameters results in a convergence rate of at most order 2.
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