LOW-COMPLEXITY FINITE ELEMENT ALGORITHMS FOR THE DE RHAM
COMPLEX ON SIMPLICES

ROBERT C. KIRBY f

Abstract. We combine recently-developed finite element algorithms based on Bernstein polynomials [1, 14]
with the explicit basis construction of the finite element exterior calculus [5] to give a family of algorithms for the
Rham complex on simplices that achieves stiffness matrix construction and matrix-free action in optimal complexity.
These algorithms are based on realizing the exterior calculus bases as short combinations of Bernstein polynomials.
Numerical results confirm optimal scaling of the algorithms and favorable comparison with FEniCS at high polynomial
order as well. Additional empirical studies show that very high accuracy is achieved in the mixed discretization of
the Poisson equation and the Maxwell eigenvalue problem as the polynomial degree increases.
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1. Introduction. Realizing the mathematical power of high-order discretizations of partial
differential equations requires specialized algorithms. In rectangular geometry, sum-factorization
algorithms dating back to Orszag [27] have proven fundamental, giving optimal-complexity and high
arithmetic intensity algorithms for evaluating operators. Though more complicated, the collapsed-
coordinate bases discussed extensively by Karniadakis and Sherwin [12] have proven effective in
other simplicial and other geometries.

Recently, Bernstein polynomials have been proposed as an alternative tool for developing effi-
cient high-order finite element algorithms. Our paper [14] demonstrated that elementwise constant-
coefficient mass matrices possess dimensionally-recursive blockwise decompositions that lead to
optimal-complexity O(r"*1) algorithms for matrix-vector products, where r is the polynomial de-
gree and n the spatial dimension. Because of the sparsity of differentiation in the Bernstein basis,
this technique carries over to stiffness matrices. We developed similar techniques applicable to
variable coefficients via numerical quadrature in [15]. Around the same time, Ainsworth et al also
developed techniques for Bernstein polynomials [1]. These are based on the observation that the
Duffy transform [9] tensorializes the Bernstein basis, and the resulting algorithms are perhaps more
concise to explain and implement than the matrix decompositions in [14,15]. In addition to opti-
mal complexity for the matrix-vector product, they also give the first known optimal-order O(r?")
algorithm for forming the entries of the element stiffness matrices — constant work per matrix
element.

Collapsed-coordinate bases and Bernstein polynomials, then, give two approaches for efficiently
implementing standard H'-type finite element spaces on simplices. The Sobolev spaces H (div) and
H (curl) present additional challenges. While we can refer to the work of Hientzsch [11] in rectangular
geometry, we are only aware of [2] for simplicial geometry, where Ainsworth, Andriamaro, and
Davydov provide a Bernstein-type implementation of the triangular Raviart-Thomas element [29]
and their ongoing work to extend this to three dimensions.

In this paper, we take a broader view than [2], uniformly handling the de Rham complex. In
particular, we take the explicit basis construction [5] provided by Arnold, Falk, and Winther for the
de Rham complex [4]. These bases, inspired by earlier work of Gopalakrishnan et al [10], are based
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on Bernstein polynomials times Whitney forms. We express all of these bases as geometrically-
dependent linear combinations of Bernstein polynomials and utilize the already-developed fast
evaluation and integration techniques. In this way, we are able to give the first family of optimal-
complexity algorithms for matrix formation and application that works across the de Rham complex.
Linear solvers for higher-order mixed methods in unstructured geometry remain a challenge, how-
ever. We point to the work on multigrid for H(div) and H(curl) [3], block preconditioning work
for mixed Poisson [28], and the preconditioning techniques for high-order H'! disctretizations in [§]
as possible starting points for future work in this direction.

This paper sits in the wider context of our ongoing work to enable effective implementations of
finite element methods. In the FIAT project [13], we offered a computational paradigm based on
dense linear algebra that may have been the first realization of arbitrary order mixed finite element
spaces. However general these techniques are, they do not enable optimal-complexity algorithms
except for constant coefficient problems, were precomputation of reference integrals is performed.
This limitation propogates upwards to our work in ffc [30]. Likewise, our work in FErari [16] only
reduced the number of instructions, typically by some small factor, and did not reduce the order of
complexity. The present work, while not incorporated in high-level automated tools, does suggest
the possibility of obtaining the algorithmic efficiency of spectral element methods while retaining a
wide range of possible discretizations in unstructured geometry.

For the rest of this paper, in Section B we recall notation for Bernstein polynomials on the
simplex and recall the fundamental problems of evaluation and moment calculation addressed in
earlier papers [1,15]. We recall the complexity results of the algorithms given, but refer the reader to
those papers for the algorithmic details. We finish Section Bl by discussing how to evaluate bilinear
forms over linear combinations of Bernstein polynomials. If the linear combinations are short, then
the same order of complexity holds for these algorithms. In Section Bl we turn to the finite element
exterior calculus bases [5] and describe the relevant notation and bases. The major result of this
section and the paper, is that these basis functions and their derivatives are in fact short linear
combinations of Bernstein polynomials. In fact, the P~ A¥ basis functions consist of &£+ 1 Bernstein
polynomials, independent of the polynomial degree r and spatial dimension d. Hence, the matrices
associated with bilinear forms over these spaces may be assembled and multiplied onto vectors with
optimal complexity.

We present some numerical results indicating the performance and accuracy of these bases in
Section Bl In particular, we give single-core scaling results for matrix assembly and matrix-vector
products for both 1- and 2-forms. Also, because Bernstein polynomials can give rise to matrices
with very large condition numbers, the accuracy of our methods at high order is a reasonable
concern. To this end, we present r-convergence studies on very coarse meshes for the mixed Poisson
problem in three dimensions and the curl-curl eigenvalue problem in two and three dimensions.

2. Bernstein-basis finite element algorithms.

2.1. Notation for Bernstein polynomials. Bernstein polynomials are naturally formulated
on the n-simplex in terms of the barycentric coordinates and multiindex notation. For a nondegen-
erate simplex T' C R™ with vertices {z;}? ), let {b;}?_, denote the barycentric coordinates. Each
of these is an affine map from R" into R with b;(z;) = J;; for 0 < 4,5 < n and b;(x) > 0 for all
zelT.

We will also use standard multiindex notation, using lowercase Greek letters to denote multi-
indices and beginning the indexing with 0. So, a = (ag, a1, ..., ;) is a tuple of n 4+ 1 nonnegative
integers. The order of  is given by > ; and we define the factorial o! =[], o;!. A binomial
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coefficient with multiindex arguments implies the product over the entries. That is, if a; >= j; for

eaCh ent I y i,
6 =0 67; .

We also define e; to be the multiindex consisting of zeros in all but the i*® entry, where it is one.

Let b = (b, ba, ..., b,) be the tuple of barycentric coordinates on a simplex. For a multiindex
a, we define b® by [];", b%, which we call a barycentric monomial. Scaling these by appropriate
generalized binomial coefficients yields the Bernstein polynomials. The Bernstein polynomials of

degree r have the form

|
B = Tpe (2.1)

*  al

For all spatial dimensions and degrees , the Bernstein polynomials { B, }4|=» form a nonnegative
partition of unity and a basis for the space of polynomials of degree r.

To take a partial derivative of a Bernstein polynomial in some direction s, we use the general
product rule to write

838 _ 0 r! a) 7! - 8()1 a;—l1in o
ds  Os (a!b ) T al ; (al 95 b I b; > )

with the understanding that a term in the sum disappears if a; = 0. This can readily be rewritten
as

0B, _ ry Bl 00 (2.2)

0s _ a~¢ gg’
1=0

again with the terms vanishing if any a; = 0, so that the derivative of each Bernstein polynomial
is a short linear combination of lower-degree Bernstein polynomials.

Iterating over spatial directions, the gradient of each Bernstein polynomial can be written as
n
VB =rY B L Vb. (2.3)
i=0

Note that each Vb; is a fixed vector in R™ for a given simplex T'. For a collection of cells, the
gradients of Bernstein polynomials are formed as exactly the same pattern of lower-degree Bernstein
polynomials times these fixed vectors — the pattern remains the same, but the numerical values of
the vectors changes between cells. In this way, one may store the pattern needed to form the linear
combinations once and then store the numerical values of Vb; in a N, X n array, where N, is the
number of simplices in the mesh.

2.2. An example. We flesh out this approach with an example. Consider r = n = 2 —
quadratic Bernstein polynomials on a triangle. We use the lexicographic ordering to enumerate the
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Bernstein polynomials as

ﬁg = B(20,0,2)=
ﬁ% = B(20,1,1)v
ﬂg = B(20,2,0)a

32> = B(21,0,1)a
62 = B(21,1,0)a
ﬂg = B(22,0,0)-

Since the gradients of these will be linear polynomials, we also enumerate the linear Bernstein
polynomials by

g =
pi = (10,1,0)= (2.5)
5; = B(11,0,0)'
Using (Z3), the gradient of 8y = B ,, is
V5 = VB 0.2 = 2B(g.0.1) Vb2 = 235 Vba.
Similarly, we calculate that
VBt =265V + 203{ Vbs,
V5 =201V,
V33 = 265Vbo + 235 Vb,
V3; = 261 Vbo + 26, Vb1,
VB2 = 263 Vby.

We can specify the structure of these gradients for all triangles with some basic arrays. Each
gradient consists of one or more terms of the form of a scalar times a linear Bernstein polynomial
times the gradient of a barycentric coordinate. (In this case, all the scalars are 2, but we will need
a more general structure).

We have a total of six quadratic Bernstein polynomials, and there are a total of nine linear terms
in the expansion of these six gradients. We introduce several arrays that store this information.
Each Bernstein polynomial in the expansion of each gradient is scaled by the number 2. We define
S to be the array consisting of the number 2 repeated nine times:

S=12,2,2,2,2,2,2,2,2].
We also store the arrays
L=10,0,1,1,0,2,1,2,2]
and

G=1[21,2,1,0,2,0,1,0]
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that contain the indices of the linear Bernstein polynomials and barycentric gradients appearing
in the linear combinations respectively. These are obtained by concatenating the indices of the
linear Bernstein polynomials and Bernstein gradients that appear in the linear combinations above
~ V32 is 2 times the 3§ times the gradient of b, so our first entries of S, L, and G are 2, 0, and
2, respectively. The next gradient V37 = 28LVb; + 26} Vb, consists of two terms. Both scalars
are 2, so the second and third entries in S are both 2. The 0 and 1 in the second and third entries
of L correspond to the bottom indices of 3} and Bi. Since the gradients of b; and by appear in
the terms, the second and third entries of G must be 1 and 2. Going down the list of barycentric
gradients in the same manner fills in the rest of these entries.

One more data structure is needed to demarcate the beginnings of each basis function in S, L,
and R. To this end, we introduce the array

R=10,1,3,4,6,8,9].

RJ[0] is 0, so the information for the first basis function begins in entries 0 of S, L, and G. Since RJ[1]
- R[0] = 1, we know there is only one term to build the first gradient. The second gradient starts
at entry 1 of S, L, and G, and has two terms (R[2] - R[1] = 2). The length of R is one more than
the number of basis gradients, and the final entry of R gives the total number of entries in S, L,
and G.

We call this collection a pattern. Given values of the linear Bernstein polynomials at a collection
of points, it is possible to evaluate the gradients of the quadratic Bernstein polynomials at those
points by looping through these data structures and incorporating the particular values of the
barycentric gradients, much like multiplying a compressed sparse row matrix onto a vector.

2.3. Stroud conical rules and the Duffy transform. The Duffy transform [9] tensorializes
the Bernstein polynomials, so sum factorization can be used for evaluating and integrating these
polynomials with Stroud conical quadrature. We used similar quadrature rules in our own work
on Bernstein-Vandermonde-Gauss matrices [15], but the connection to the Duffy transform and
decomposition of Bernstein polynomials was quite cleanly presented by Ainsworth et al in [1].

The Duffy transform maps any point t = (¢, 2, ..., ) in the n-cube [0, 1]™ into the barycentric
coordinates for a n-simplex by first defining

Ao =t (2.6)
and then inductively by
i—1
A=t [1=)_) (2.7)
§=0
for 1 <i<mn-—1, and then finally
n—1
An=1=) ") (2.8)
j=0

x(t) = x;\i(t) (2.9)
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maps the unit n-cube onto T
This mapping can be used to write integrals over T as iterated weighted integrals over [0, 1]™

/Tf(x)dx:%/o dt1(1—t1)"—1/ dtg(l—tg)"_2.../ dts f(x(t)). (2.10)

0 0

The Stroud conical rule [31] is based on this observation and consists of tensor products of certain
Gauss-Jacobi quadrature weights in each ¢; variable, where the weights are chosen to absorb the
factors of (1 —t;)"~%. These rules play an important role in the collapsed-coordinate framework
of [12] among many other places.

Vital to fast Bernstein-basis finite element algorithms is that the Duffy transform tensorializes
the Bernstein polynomials. In [1], it is shown that with B} (¢) = (7)¢/(1 —¢)"~* the one-dimensional
Bernstein polynomial, then

n—2
BL(x(t)) = BY, (t1) Bl (ta) - - - Bin 5= “(t,) (2.11)

2.4. Basic algorithms. The Stroud conical rule and tensorialization of Bernstein polynomials
under the Duffy transformation lead to highly efficient algorithms for evaluating B-form polynomials
and approximating moments of functions against sets of Bernstein polynomials.

Three algorithms based on this decomposition turns out to be fundamental for optimal assembly
and application of Bernstein-basis bilinear forms. First, any polynomial u(x) = Z\a|:r u, B (x)
may be evaluated at the Stroud conical points in O(r"*1) operations. In [15], this result is pre-
sented as exploiting certain block structure in the matrix tabulating the Bernstein polynomials at
quadrature points. In [1], it is done by explicitly factoring the sums.

Second, given some function f(x) tabulated at the Stroud points, it is possible to approximate
the set ofBernstein moments

() = /T f(x)BLdx

for all || = r via Stroud quadrature in O(r"™!) operations. In the the case where f is constant on
T, we may also use the algorithm for applying a mass matrix in [14] to bypass numerical integration.

Finally, it is shown in [1] that the moment calculation can be adapted to the evaluation of
element mass and hence stiffness and convection matrices utilizing another remarkable property of
the Bernstein polynomials. Namely, the product of two Bernstein polynomials of any degrees is, up
to scaling, a Bernstein polynomial of higher degree:

BTBS _ (azﬁ) B’r‘-‘rs (2 12)
aZp (T+S) a+p3’ )

This fact leads to optimal-complexity assembly of element matrices. For a basis consisting of
O(r™) members, the element matrix contains O(r?") entries. To evaluate the variable coefficient
mass matrix

Maﬁ:/Tc(x)Bg(x)Bé(x)dx, (2.13)
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one writes

a+0
Mo = /Tc(x) ((Tis)) B;isﬁdx
(a+ﬁ) ' (2'14)
= (ris) u;isﬁ(c)

T

To efficiently form M, one first computes all of the degree r + s moments of the weight function

c(x)
{'UZJFS (C)}\a|:7"+s :

Supposing r = s, this means evaluating all moments of degree 2r, which costs about 27*! times
that of forming all moments of degree r, or is itself an O(r"*!) process. After the moments are
obtained, forming the entire mass matrix consists of scaling these moments by the appropriate
binomial coefficients, which requires some care.

This optimal assembly algorithm makes heavy use of the fact that, up to scaling, the mass
matrix contains many repeated entries. We remark in [15] that the one-dimensional mass matrix is
always a row- and column- scaling of a Hankel matrix and that the blocks of a higher-dimensional
mass matrix consist of scaled lower-dimensional mass matrices. Since this fact persists with variable
coefficients, Ainsworth’s optimal assembly is some kind of more general use of this fact.

Also, the first two algorithms described above for evaluation and moment calculations demon-
strate that M may be applied to a vector without explicitly forming its entries in only O(r"*1)
entries.

Now, these algorithms can be readily adapted to evaluate matrices whose entries consist of short
linear combinations of Bernstein polynomials. This is true whether the coeflicients in those linear
combinations are scalars, vectors, or even tensors of some sort. Since any directional derivative
of each B-form polynomial is such a linear combination with scalar coefficients and the gradient a
linear combination with vector coefficients, our technique here recreates the stiffness and convection
matrix discussion in [1].

Suppose we have a collection of functions {Xi}ﬁl of the form
mg
Xi = X;S;Q;Bg;_. (2.15)
J:

That is, each x; is the sum over some m; terms of the form scalar times Bernstein polynomial times
a vector a} € RY. We will assume that each m; < m for some small m.

Now, for some function c(x), define the N x A/ matrix

K;; = / c(x)x; - x;dx. (2.16)
T
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Expanding the definition of x;, we have

K;; = /TC(X)Xi - x;dx

= / c(x) (Z s};a};B;i> . <Z sZaZB;J) dx
T k=1 * =1 ‘

mem _ (2.17)
= Z $uS) Z (a}c . a%) </T c(X)BQ};Bgzdx>
= =1
i, o
ZZ (k- 07) Moy
k=1 /=1
We define the rank-four tensor A, by
A = sis) (af o) (2.18)
and the logical submatrix M of M by
NI = My (2.19)

With these two definitions, we rewrite the entries of K by

mg

Kij=Y_ Z AN, (2.20)

k=1 /¢=1

We compute K with optimal-order complexity by first forming the moments { 754 }\al 5~ Then,

for each AM, we require a dot product Costlng N multiply-add pairs and scaling skse costing two
more multiplications. So, forming all AMZ costs m;m; (N + 2) flops, assuming a fused multiply-
a}'cfaz)
add. We then form each M kjé by scaling each moment ,u o ]( ) by a binomial coefficient %,
requlrlng an additional m;m; multiplications. The final entry K;; follows by contracting Al o and

M} xv requiring m;m; more multiply-add pairs. This means that the total cost of building K is the
cost of moment formation plus an additional m;m; (N + 4) flops per entry. This operation count
remains of constant order per matrix entry.

In light of [Z3), then, this approach can be used to assemble the element stiffness matrix

Kag:/c(x)VB;-VBde (2.21)
T

at the cost of assembling all Bernstein moments p2"~2(c) plus no more than an additional (n +
1)2 (2 + n) operations per entry.
This approach also allows optimal computation of moments of some function f : T — RY

against all {x;},. Let {f*})_, with f¢: T — R be the individual components of the vector-
valued function f. Similarly, let {aj-ﬁl}évzl denote the N components of each a}. Then,
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xde—/f ZslazBT dx
/ZZS aj e f (x) By dx (2.22)

Jj=1/¢=1
_Zszza; /fe BT  dx
Jj=1 =1

To evaluate this, we first calculate the N sets of moments {uZ,(f*)}Y,. Afterward, the desired
moments against {x;} are found by more arithmetic. The innermost sum above costs N flops (a
dot product of aé- with a subset of the moments), with another multiplication to scale by s; There
are m; such computations, for no more than m (N + 1) flops per moment against x; calculated.

Before proceeding, this discussion suggests a great deal of reuse in a computer program. Once
the evaluation, integration, and moment routines are in place for Bernstein polynomials, a small
amount of additional code combines these routines with the patterns for {x;} to give general,
optimal-complexity algorithms. This works very well for constant- or variable-coefficient H' stiffness
matrices, and we shall also show soon that it works for the rest of the de Rham complex.

3. Finite element exterior calculus bases. The finite element exterior calculus [4] has
provided a unified explanation of the theoretical properties of mixed finite element spaces developed
over the past several decades. For our purposes, we are interested in the description of suitable
elementwise bases found in [5] for the de Rham complex. By working in terms of the local bases, we
are able to give a more general approach than by handling the H(div) and H (curl) bases separately.

For a domain Q C RY, we let HA*(Q) denote the space of all differential k-forms w in L2
whose exterior derivatives dw also are in L?. As subspaces of these spaces, we consider polynomial-
based Aﬁ C HA* such that appropriate projections into these spaces commute with the exterior
derivatives, giving discrete de Rham complexes.

The domain Q will be tesselated into 7, a collection of simplices that is a triangulation [7], and
we will employ suitable local polynomial spaces. The exterior calculus deals with two such kinds of
spaces: P,A¥(T) whose members restricted to any T' € 7 are polynomial k-forms of degree 7, and
the somewhat smaller space P, A¥(7) that sits somewhere between polynomials of degree r — 1
and degree r. These spaces correspond to the classical second and first kind spaces developed by
Nédélec [23,24], respectively.

Following the notation developed in [5], we use increasing maps on the integers to index simpli-
cial facets, Bernstein polynomials, and associated differential forms. Let j, k, [, m be integers with
0<k—j<m-—1landlet X(j: k,l:m) the set of all increasing maps from the integers {j, ..., k}
into the integers {l,...,m}. That is, each o € X(j : k,l : m) satisfies o : {j,...,k} — {l,...,m}
w1thcr()<cr()foreachj<z<k

For o € 3(j : k,l : m), denote by [o] the range of o. That is [o] = {o(i) : j < < k}. For a
sequence o € X(0: k,0 : n), we will also need the complementary sequence o* € X(k+1:n,0: n)
such that [o] N [o*] is empty and [o] U [¢*] = {0,1,...,n}. For a multiindex a and increasing
sequence o, we also define [a, o] by

[, o) = supp U [o],
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where the support of a muliindex « is the set of indices i for which «; # 0.

Now, for a simplex T with vertices {x; }I_, we let A(T") denote all the facets (subsimplices) of T
and Ay (T) denoting the subsimplices of dimension k. So, Ag(T) has (ZI}) elements. The elements
of A(T) may be described by increasing sequences. For ¢ € 3(j : k,0 : n), we let f, € A(T)
be the closed convex hull of vertices {xg(j), .. .xg(k)}. In particular, there is a natural one-to-one
mapping between (0 : k,0 : n) and Ag(T). For example, if we label a tetrahedron with vertices
(0,1, 22, x3), then Ay denotes the edges, which we label (0,1), (0,2), (0,3), (1,2), (1,3), and
(2,3). We define the index set Z(f) of a facet f (ordered sequence) by the set of vertex labels
defining it.

3.1. P A* spaces. The exterior calculus bases for the P.-A* spaces employ the Whitney
forms ¢/ assocated with each facet f € Ag(T). These are defined by

k k
oL => (=1)'b ) N\l (3.1)
1=0 £=0

where the b/ are the barycentric coordinates of the facet f. A key result of [5] is that these functions
can be consistently extended from the facet to the whole simplex in such a way that the trace on
the facet’s complement vanishes.

In fact, the basis functions for P~ A¥(T') associated with a facet f of a simplex T, are given by

{b*¢l e NJ™, |a| =r—1,0 €2(0:k,0:n),[a,0] =Z(f),c; =0if i <min[o]}. (3.2)

We make a slight modification, replacing the barycentric monomial b® with the Bernstein
polynomial B,. This gives the set of functions

{Bi ¢l taeNJ™ |a| =r—1,0€ £(0: k,0:n), [a,0] =Z(f),c; = 0 if i <min[o]}. (3.3)

Rather than summarizing the derivation given in [5], we give an example below of how this
basis may converted to to B-form, much like we did with the Bernstein gradients.

3.2. P,A* spaces. We also consider the bases for P,A*. These are given by Arnold, Falk, and
Winther, after substituting Bernstein polynomials for the barycentric monomials, as

{ngg"f’T ra €N lal =10 € (11 k,0:n), [a, 0] =Z(f), a; = 0if i <min(Z(f)\[o])},

where the vectors 1%/7 are defined by Y
Pl T = ¢:({)T Ao A ¢§‘££’)T, ceX(1:k0:n), [o] CZ(f), (3.5)

with
prit =l - on 3 v, ie (). (3:6)

JEZ(f)

This definition, though somewhat complicated, was required to get the facet basis functions to have
vanishing traces off the facet. For our computational purposes, we note that each 1¥%/'T is a fixed,
geometric vector.
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3.3. Basis conversion. Both P~A* and P,A* have natural representations as vectors of
length (") whose components are polynomials of degree r.

For each particular r, k, T, we let {@}dlmP AT denote the bass for P~ A*(T) Each k-form

is naturally represented as a vector in R ), so we can represent each basis function as a vector of
polynomials. In particular, we will expand each vector component in the Bernstein basis. That is,

= r such that

&= aiB,, (3.7)
J

for each i, we seek a collection of vectors {a}} C R() and indices o’ with |adi

and a similar expansion for the basis 6;.

For P~ A¥ spaces, each element of the bases in (B23) has the form of a Bernstein polynomial
times a Whitney form. Each Whitney form is in turn a sum of barycentric coordinates times certain
geometric vectors. These vectors are the gradients of the barycentric coordinates for 1-forms and
wedge (cross) products of these gradients for 2-forms. A generic 1-form basis function has the form
Br=1¢,; for some || = r — 1 and some o = (i, j). Expanding the Whitney form, we have

BL Yi; = BLY (bidb; — bidb;)

3.8
=b;B.tdb; — b; Bl . (3:8)

Now, the factors b; B! are scaled Bernstein polynomials of degree r. To see this,

—1)!
b3t = b Do
al

_ (ai:- 1) - —:!ei)!ba-i-ei (3.9)
_(aitl)

r a+te;’

This calculation renders our typical 1-form basis function as

i+ 1
a+BT

a+te;

db; —

By g = Bl db;. (3.10)
The same calculation generalizes readily to k-forms.
THEOREM 3.1. For any || =r—1 and 0 € £(0: k,0: n), we have that

k

rely i Qo 1
Ba ¢0’ - Z (_1) < r > a+eg( ) /\ db (311)
Z;éi

i=0

Each k-form basis function for P~ A¥, then, is a sum of k+1 terms, each of which is a scalar times
a Bernstein polynomial times a cell-dependent geometric vector. In this case, it is a wedge product
of k exterior derivatives (gradients) of the barycentric coordinates. Once the barycentric coordinates
are differentiated, one can iterate over k-tuples of them and enumerate all of the wedge products
needed for each cell, and build a pattern just as we did for the Bernstein gradients. Note that for

each cell, there is a small number of geometric vectors, (ZII), independent of the polynomial degree
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r. These vectors, wedge products of exterior derivatives (gradients) of the barycentric coordinates,
vary from cell to cell, but the particular pattern remains the same on each cell. In particular,
the same CSR-like pattern technique described for Bernstein gradients can be used to store the
conversion from the exterior calculus basis to the Bernstein form.

Now, we pause to give an example of the pattern obtained by converting the basis functions to
B-form. We consider P, A! on a triangle. We order the edges by (1,2), (0,2), and then (0,1). We
need to enumerate the two basis functions for each edge and then the two internal basis functions
and apply [BJ) to each.

Consider the first edge, (1,2). In B3], we require that all a and o associated with this edge
have |a| = 1 and [a, 0] = {1,2}. With o = (1,2), this gives & = (0,0,1) or a = (0,1,0) as the
possibilites. Using ([BR) to expand the Whitney forms and [ Zl) to use the linear ordering of the
quadratic Bernstein polynomials gives

1 1
B(lo,o,l)o'(l,?) = §B(20,1,1)db2 - B(20,0,2)db1 = §5fdb2 - 535”717

1 2 L 2 L oo (3.12)
B(07110)0(172) = B(07210)db2 — 5B(07111)db1 = 62db2 — §6ldb1
Similarly, for edge (0,2), we have o = (0,2) and o = (0,0, 1) or (1,0,0) and find
1 L 2 L oo 2
B(0,0,1)0(072) = §B(1,0,1)db2 - B(0,0,2)db0 = 5535”72 — Bydbo, (3.13)
1 1 )
B(117010)0(072) = B(227010)db2 — §B(217011)db0 = ﬁgde — Eﬁgdbo
For edge (0,1) we have o = (0,1) and o = (0,1,0) or (1,0,0) so that
1 Ly 2 L oo 2
B(OJ,O)U(OJ) = §B(1,1,0)db1 - B(o,z,o)dbo = 5545”71 — B5dbo, (3.14)

1 1
B(117010)0(071) = B(227010)db1 — §B(217110)db0 = 6gdb1 — Eﬁidbo

The basis functions associated with the triangle (0, 1, 2) in (B3)) require a bit more care to enumerate.
For each ¢ = (0,1), (0,2), or (1,2) we find the a such that [o, 0] = {0,1,2}. When o = (0,1),
we require that o = (0,0,1). Likewise, for o = (0,2), a = (0,1,0). However, when o = (1,2) and
a = (1,0,0) the condition a; = 0 if ¢ < min(suppo) fails to hold. So then, we convert the two
internal basis functions to B-form as before:

1

1 1 1
B(10,0,1)0(071) = §B(21,0,1)db1 - 53(20,1,1)51170 = gﬁgdbl - §5fdbo

3.15)
1 1 1 1 (
B(10,1,0)0(072) = §B(21,1,0)db2 - 53(20,1,1)51170 = gﬂidbz - gﬁfdbo

We order the basis functions as we have listed them and give the pattern. Since each basis
function is a combination of two Bernstein polynomials, the row pointer vector is

R =[0,2,4,6,8,10,12, 14].

From the expansions above, we start with the first term in the first basis function, then the second
term, and move through the basis functions in the order they are enumerated, packing up the scalar
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coefficients (in this case, all :l:% or 1) into the array

S: 15_1517_1515_1517_1717_1715_1715_1517_1
2 22 2°2 2°2° 22" 2

Similary, we extract the labels of each Bernstein polynomial to obtain
B=11,0,2,1,3,0,5,3,4,2,5,4,3,1,4,1].

Finally, we collect the indices of each of the barycentric derivatives db; that occur in each combi-
nation, with

G=1[21,2,1,2,0,2,0,1,0,1,0,1,0,2,0].

This information encodes the conversion of the exterior calculus basis to B-form. An important
piece of our implementation is a collection of functions that finds the pattern for any order of
differential form for any polynomial degree in any spatial dimension.

For P.A*, we have noted that each basis function is only a single Bernstein polynomial times
some geometric vector. So, specifying the row pointer, scalars, and Bernstein indices is quite
straightforward. On the other hand, each basis function has a different geometric vector so that
the cost of storing all of the geometric vectors will be quite high as the polynomial degree increases.
While our approach is applicable in this case, our implementation has focused on P~ A* spaces.

To differentiate the P~ A* basis functions, we could simply differentiate the Bernstein poly-
nomials in each expansion and then combine the two levels of linear combinations. In practice,
however, it is preferable to have a representation of the exterior derivatives directly in terms of the
Bernstein polynomials. Let us consider the exterior derivative of a typical P~A* function. As with
the Bernstein gradients, we assume that any terms in sums vanish if they have a negative entry in
a multiindex. We use the expansion ([BI1) and our Bernstein differentiation formula to find

k k
d(By o) =d | B (=1 botyy [\ dbogy)
i=0 i=
i#i
k . k
=d Z (—1)Z B;_lbg(i) /\ dbg(j)
i=0 i=0
g7 (3.16)
k k
1‘ E210) +1 r
=d Z (7) a+teq (i) /\ dbd(a)
i=0 j=0
J#
k n k
- Z (o) +1) D Bk, o —eedbe A\ dbogy)
= £=0 =0
J#i
We consider the internal sum over ¢ in three cases. First, if £ = o(¢), then we have that

B! = B’~! and that

a+tes (i) —€e

k k k
dby A\ dboy = dboy A\ dbogy = (—1)" )\ dbog)
j=0 j=0 7=0
i i
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using the anticommutativity of the wedge product. Second, if £ € [o]]\ {o(¢)}, then the wedge
product contains a repeated term dbs(; for some j and hence vanishes. Finally, suppose that
¢ ¢ Jo]]. We define

Vei=#{0<ji<k:0(j) </} (3.17)
and let ¢, »; be the unique increasing sequence in (0 : k,0 : n) such that

[ee.0.:] = {3 U ([o]\ {o(D)}) - (3.18)

Then, we have

k k

dby A [\ dboy = (=1)"7" N dbe, - (3.19)
= =0
JF

Combining these calculations with [BI8) gives our result:
THEOREM 3.2. With vy, defined by [FI17) and s¢.0,i(j) defined by (ZI3), then for any |a| =
r — 1 and increasing sequence o € (0 : k,0: n), the exterior derivative of B., ¢, satisfies

k
dB! L, = Z Z D)™ (g + 1) Bateg—ea [\ e, o)
=0
T (3.20)
k k
+ (Z (o) + 1)> Byt N dbogs)
=0 7=0

While this formula is somewhat more complicated than the expansion for the basis function
itself, it is still manageable and a short linear combination. The first term, with a sum over ¢ and
¢, contains k + 1 times (n+ 1 — (k4 1)) terms of the form of a scalar times a Bernstein polynomial
times some geometric vector. The second term is only one additional term with scalar coefficient
Zf:o gy +1=(k+1) —l—Zf:O Qy(;)- This gives a total of (k + 1) (n — k)41 Bernstein polynomials
in the expansion. The geometric terms on each cell are now the set of all k + 1-way wedge products
of the barycentric gradients.

4. Numerical results.

4.1. Some comments on implementation. We began by implementing all our algorithms
in Python, using numpy arrays as general multidimensional arrays where needed. Our code consists
of numerical routines for polynomial evaluation and integration at Stroud points, forming matrices
based on linear combinations of polynomials, and so forth. We also provide routines to form the
local-to-global mappings needed for assembly. A novel feature is our implementation of patterns,
which encode the CSR-like arrays needed to convert Bernstein gradients, P~ A¥ basis functions
and their exterior derivatives to B-form. This pattern implementation allows for arbitrary order
differential forms, polynomial degrees and spatial dimensions. We used scipy for global sparse
matrices.

Because of poor performance of the numerically intensive parts of our code, we ported these into
Cython [6,32], annotating the variables with static types. This leads to a considerable speedup over
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standard Python, although we have not attempt to achieve maximal performance. For example, in
several places we use function parameters to outsource computations to dimensionally-dependent
routines. These are currently passed as Python callable objects rather than function pointers, which
is probably a source of some overhead at low polynomial degree.

4.2. Timing results. We consider the cost of assembling the mass and stiffness matrices
for one- and two- forms in three dimensions. In addition to our Bernstein implementation, we
used several components of FEniCS [20]. We used the Python interface to DOLFIN [21] to create
triangular and tetrahedral meshes. This interface also exposes a just-in-time interface to the FEniCS
Form Compiler £fc [17,30], which in turn relies on FIAT [13] to generate reference element basis
functions.

Using the UnitCubeMesh accessible within the FEniCS package DOLFIN, we constructed a
mesh consisting of the unit cube divided into 10 x 10 x 10 cubes, each divided into six tetrahedra
for a total of 6000 cells. Then, for each polynomial degree from one through eight, we assembled the
mass and stiffness matrices for 1- and 2-forms, reporting an average timing over several iterations.
For the lowest polynomial degree, the 1-form matrices had 7930 rows and 119530 nonzeros. For
degree five, they had 471650 rows and 103788250 nonzeros, and they increase from there. For higher
degree, we ran out of memory assembling the matrices.

As a point of reference, we also compared our times to assemble the matrices with FEniCS.
Using the nodal bases for the tetrahedral Raviart-Thomas-Nédélec elements available through FIAT,
we used the tensor-contraction mode of ffc. This gives matrices of exactly the same dimensions
as our Bernstein techniques, although with different numerical values. The FEniCS-generated code
performs, per cell, a contraction of a reference-element tensor containing pre-computed integrals
with a geometric tensor that depends on the cell Jacobian. For constant coefficients, this geometric
tensor is independent of the polynomial degree or basis. For mass matrices, the geometric tensor
is quite cheap to compute, and a mere nine flops per entry of the element matrix are required
after its formation. The geometric tensor for the stiffness matrix is a bit more involved, and we
refer the reader to [30] for more details. At any rate, all numerical integration is performed once
on a reference cell so that (in theory) we should see constant work per entry as the polynomial
degree increases. Such would not hold, however, if we were to use the quadrature mode developed
n [25]. As an additional remark, it is quite expensive to generate the tensor contraction code for
higher degree polynomials. In the worst case, code generation for the eighth degree mass matrix for
1-forms required over 37 hours. The stiffness matrix code generation was more efficient, requiring
more on the order of minutes for higher degrees.

We plot the timings for 1- and 2-form mass and stiffness matrices in Figure EE11 With FEniCS,
we see a split between the mass and stiffness matrices for both 1- and 2-forms, with mass matrix
construction being considerably faster. Our Bernstein algorithms are close to each other in both
cases, although we fail to beat the FEniCS mass matrix for any polynomial degree. However,
that we are within an order of magnitude using a quadrature-based method is encouraging for our
techniques.

An important feature of the assembly algorithm we used that is also shared by the tensor
contraction mode for constant coefficient problems is that the work for building the element matrices
is of constant order per entry as a function of the polynomial degree. In Figure EE2 we examine
this feature empirically by plotting the assembly time divided by the global nonzeros for each
polynomial degree. The FEniCS code does not seem to flatten out, which could be due to how
entries are inserted into the global sparse PETSc matrix.

We also considered the cost of matrix-free application of the mass and stiffness matrices to
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Constuction of 1-form matrices
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Fic. 4.1. Time (in seconds) to build the 1- and 2- form mass and stiffness matriz using FEniCS and our
Bernstein algorithms at degrees 1 through 5 on a mesh of 6000 tetrahedra. The FEniCS-based mass matriz assembly
greatly outperforms our methods, but the reverse holds for the stiffness matriz after degree 2 for 1-form matrices
and degree 1 for 2-form matrices.

a given vector. In our Bernstein code uses the typical process of scattering the global degrees
of freedom to each cell, locally applying the operator, and summing the results back to global
storage. This tests the combined performance of our polynomial evaluation, moment calculation,
and transformations between the P.~A* bases and the Bernstein polynomials. For the FEniCS
implementation, we used the same technique as in [18], where we declare u to be a Function
and v a TestFunction and assemble the forms inner (u,v)*dx, inner (curl (u) ,curl(v))*dx and
div(u)*div(v)*dx for the mass and stiffness matrices. In Figure EE3 we see that the Bernstein-
based algorithms for mass and stiffness matrices both dramatically outperform FEniCS at high
order, although FEniCS performs very well at low order.
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F1G. 4.2. Time per nonzero entry to assemble the global mass and stiffness matrices on a mesh of 6000 tetrahedra
using polynomial orders 1 through 5 for 1-form (left picture) and 2-form (right picture) mass and stiffness matrices.
With Bernstein polynomial algorithms, the cost per nonzero seems to approach a constant as the degree increases, but
this does not hold for the FEniCS-based implementations. Whether this is a feature of the sparse matriz insertion
or the element matriz construction is uncertain.

4.3. Accuracy. Typically, finite element shape functions are chosen to optimize the condi-
tioning and sparsity of element stiffness matrices. The Bernstein polynomials do neither. They give
dense element matrices that yet may be constructed and multiplied onto vectors very efficiently.
They can also give rise to very poorly conditioned matrices, so we will empirically consider their
accuracy at very high order, at least on coarse meshes.

First, we consider the mixed Poisson problem

Veu=f

(4.1)
u+Vp=0

posed on the unit cube with homogeneous Dirichlet boundary conditions. Here u is the flux field
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Fic. 4.3. Time (in seconds) to perform the matriz-free action of the mass and stiffness matrices for 1- and
2-forms using Bernstein polynomials and DOLFIN on a mesh of 6000 tetrahedra and polynomial degrees 1 through
10. For degrees 4 and higher, the Bernstein matriz-free algorithms are significantly faster, although DOLFIN’s
low order methods perform very well. The separation of between mass and stiffness Bernstein matrices in 2-forms
results from the relevant geometric vectors having different lengths, whereas they are the same length in 1-forms.

sought in H(div) and p the scalar potential. We pick f such that the true solution is p(z,y,2) =
= sin(mz) sin(my) sin(rz).

To study the accuracy with respect to the polynomial degree r, we subdivide the unit cube into
6 tetrahedra, again with DOLFIN’s UnitCubeMesh.

We use the standard mixed finite element formulation of u; € V;, and p, € W}, such that

(V- up,wn) = (
(un,vn) — (pn, V- vp) =0,

for all w, € Wy, and vy, € V;,. Wy, is the space of discontinuous polynomials of degree » — 1, and
V. is the Raviart-Thomas space of order r — 1, or equivalently, P,-A%(7). Because of the small

wn) (4.2)
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F1c. 4.4. Convergence of the mized finite element method as a function of the polynomial degree on a mesh
with siz tetrahedra. At degree 15, the L? error has dropped below 10~ 10

number of cells, we use dense storage for the mass and divergence matrices and the form and factor
the Schur complement using LAPACK via numpy [26].

In Figure B4l we see r-convergence — as the polynomial degree increases, the smooth solution is
very well-approximated. However, the convergence seems somewhat jagged, with small drops from
odd to the next-higher even degree followed by larger drops going from even up to odd. To gain
more insight, we plotted the error for odd and even degrees separately in Figure In this plot,
we see fairly typical exponential converge plots, although the constants seem different between the
two degrees.

It is also interesting to examine the condition number of the resulting system. For each of
the system matrices, we also measured the 2-norm condition number as the ratio of the largest to
smallest singular value. For our six-cell mesh, we plot this as a function of polynomial degree in
Figure Bl The accuracy we obtained in the finite element solution is surprising in light of the very
large condition numbers, and we do not have an explanation for this. The condition number only
provides a worst-case situation that seems, in this case, quite pessimistic.

Next, we turn to the Maxwell cavity resonator, for which Nédélec elements provide an important
tool. We consider the roblem of finding resonances w € R and eigenfunctions E € Hy(curl) such
that

(VxE,VxF)=w)E,F) (4.3)

for all F' € Hy(curl). Here, H,(curl) is the subspace of H(curl) with vanishing tangential component
on 0f).

We consider both the square [0,7]? divided into a pair of right triangles and the cube [0, 7]3
divided into six tetrahedra and study the r-convergence of the finite element eigenvalue problem.
The eigenvalues are known to be integral, consisting of certain sums of squares of nonzero inte-
gers [22,30] As with the mixed Poisson equation, we use dense storage and use LAPACK to solve
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F1c. 4.5. Convergence of the mized finite element as a function of the polynomial degree, separating out the
odd and even degrees into separate convergence plots. The degrees of different parity seem to both converge as the
degree increases at the same rate, but with different constants.

the resulting (generalized) eigenvalue problem.

For the two-dimensional problem, the first several eigenvalues are 1, 2, 4, 5, 8, 9, and 10
with respective muliplicities 2, 1, 2, 2, 1, 2, and 2. We used polynomial degrees 5 through 15 to
approximate these eigenvalues on a mesh consisting of two right triangles. Figure EE7 shows that at
degree 15, all of these eigenvalues are resolved to within 107!°. At the highest degrees, we start to
see a slight increase in the error of the smallest eigenvalues, but the results still are very accurate.

For the three-dimensional problem, the first eigenvalues are 2 with multiplicity 3, 3 with mul-
tiplicity 2, and 5 with multiplicity 6. We start with polynomial degree two since the degree one
space has only a single degree of freedom corresponding to the internal edge. We take the first
eleven computed nonzero eigenvalues and measure the average error in each one. In Figure L8 we
see that ten-digit accuracy in all three of the first eigenvalues is obtained when we reach degree 13.
As with the mixed Poisson problem, the results seem to exhibit an odd/even separation. No effects
of ill-conditioning are apparent, except that the curve for the smallest eigenvalue may be flattening
out as the error approaches O(10713).

5. Conclusions. We have presented the first known optimal-complexity algorithms for form-
ing and applying finite element matrices for the de Rham complex on simplices. These algorithms
utilize existing techniques for Bernstein polynomials to give high efficiency and accuracy for the
test problems we considered.

In the future, we hope to study how these methods port to GPUs and other accelerators and
how they apply to more complicated problems. Efficient solvers and preconditioners for the resulting
high-order global linear systems also remain open questions. We are also interested in adapting
these techniques to other spline-type spaces [19] with bases constructed from Bernstein polynomials.
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Fi1c. 4.6. Ezxponential growth of the condition number of mized finite element stiffness matriz on a siz-
tetrahedron mesh for polynomial degrees 1 through 15.
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F1G. 4.7. Error in the eigenvalues no larger than 10 for the two-dimensional cavity resonator problem using
polynomials of degrees 5 through 15.
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