Hermite and Bernstein Style Basis Functions for
Cubic Serendipity Spaces on Squares and Cubes

Andrew Gillette

Abstract We introduce new Hermite-style and Bernstein-style geometric decompo-
sitions of the cubic serendipity finite element spaces S3(I%) and S3(I3), as defined
in the recent work of Arnold and Awanou [Found. Comput. Math. 11 (2011), 337-
344]. The serendipity spaces are substantially smaller in dimension than the more
commonly used bicubic and tricubic Hermite tensor product spaces - 12 instead of
16 for the square and 32 instead of 64 for the cube - yet are still guaranteed to obtain
cubic order a priori error estimates in H' norm when used in finite element meth-
ods. The basis functions we define have a canonical relationship both to the finite
element degrees of freedom as well as to the geometry of their graphs; this means
the bases may be suitable for applications employing isogeometric analysis where
domain geometry and functions supported on the domain are described by the same
basis functions. Moreover, the basis functions are linear combinations of the com-
monly used bicubic and tricubic polynomial Bernstein or Hermite basis functions,
allowing their rapid incorporation into existing finite element codes.

1 Introduction

Serendipity spaces offer a rigorous means to reduce the degrees of freedom associ-
ated to a finite element method while still ensuring optimal order convergence. The
‘serendipity’ moniker came from the observation of this phenomenon among finite
element practitioners before its mathematical justification was fully understood; see
e.g. [6, 11, 12, 15]. Recent work by Arnold and Awanou [1, 2] classifies serendip-
ity spaces on cubical meshes in n > 2 dimensions by giving a simple and precise
definition of a space of polynomials S,(I") that must be spanned, as well as a uni-
solvent set of degrees of freedom for them. Crucially, the space S,(I") contains all
polynomials in n variables of total degree at most r, a property shared by the space
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of polynomials Q,(I") spanned by the standard order r tensor product method. This
property allows the derivation of an a priori error estimate for serendipity methods
of the same order (with respect to the width of a mesh element) as their standard
tensor product counterparts.

In this paper, we provide two coordinate-independent geometric decompositions
for both S3(I%) and S3(I?), the cubic serendipity spaces in two and three dimen-
sions, respectively. More precisely, we present sets of polynomial basis functions,
prove that they provide a basis for the corresponding cubic serendipity space, and
relate them canonically to the domain geometry. Each basis is designated as either
Bernstein or Hermite style, as each function restricts to one of these common basis
function types on each edge of the square or cube. The standard pictures for S3(/?)
and S3(13) serendipity elements, shown on the right of Figures 2 and 4 below, have
one dot for each vertex and two dots for each edge of the square or cube. We refer
to these as domain points and will present a canonical relationship between the
defined bases and the domain points.
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Fig. 1 Cubic serendipity functions on 1% from [16]. The left function is associated to the vertex
below the peak. The middle and right functions are associated to the edge y = —1 but do not
correspond to the domain points (:i:%, —1) in any canonical or symmetric fashion, making them
less useful for geometric modeling or isogeometric analysis.

To the author’s knowledge, the only basis functions previously available for cubic
serendipity finite element purposes employ Legendre polynomials, which lack a
clear relationship to the domain points. Definitions of these basis functions can be
found in Szab6 and Babuska [16, Sections 6.1 and 13.3]; the two functions from [16]
associated to the edge y = —1 of I?, are shown in Figure 1 (middle and right). The
restriction of these functions to the edge gives an even polynomial in one case and
an odd polynomial in the other, forcing an ad hoc choice of how to associate the
functions to the corresponding domain points (:i:%, —1). The functions presented in
this paper do have a natural correspondence to the domain points of the geometry.

Maintaining a concrete and canonical relationship between domain points and
basis functions is an essential component of the growing field of isogeometric anal-
ysis (IGA). One of the main goals of IGA is to employ basis functions that can be
used both for geometry modeling and finite element analysis, exactly as we provide
here for cubic serendipity spaces. Each function is a linear combination of bicubic
or tricubic Bernstein or Hermite polynomials; the specific coefficients of the com-
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bination are given in the proofs of the theorems. This makes the incorporation of
the functions into a variety of existing application contexts relatively easy. Note that
tensor product bases in two and three dimensions are commonly available in finite
element software packages (e.g. deal.ll [4]) and cubic tensor products in particu-
lar are commonly used both in modern theory (e.g. isogeometric analysis [9]) and
applications (e.g. cardiac electrophysiology models [17]). Hence, a variety of ar-
eas of computational science could directly employ the new cubic serendipity basis
functions presented here.

The benefit of serendipity finite element methods is a significant reduction in the
computational effort required for optimal order (in this case, cubic) convergence.
Cubic serendipity methods on meshes of squares requires 12 functions per element,
an improvement over the 16 functions per element required for bicubic tensor prod-
uct methods. On meshes of cubes, the cubic serendipity method requires 32 func-
tions per element instead of the 64 functions per element required for tricubic tensor
product methods. Using fewer basis functions per element reduces the size of the
overall linear system that must be solved, thereby saving computational time and
effort. An additional computational advantage occurs when the functions presented
here are used in an isogeometric fashion. The process of converting between com-
putational geometry bases and finite element bases is a well-known computational
bottleneck in engineering applications [8] but is easily avoided when basis functions
suited to both purposes are employed.

The outline of the paper is as follows. In Section 2, we fix notation and sum-
marize relevant background on Bernstein and Hermite basis functions as well as
serendipity spaces. In Section 3, we present polynomial Bernstein and Hermite style
basis functions for S3(/°) that agree with the standard bicubics on edges of I and
provide a novel geometric decomposition of the space. In Section 4, we present
polynomial Bernstein and Hermite style basis functions for S3(I°) that agree with
the standard tricubics on edges of I3, reduce to our bases for I? on faces of I°, and
provide a novel geometric decomposition of the space. Finally, we state our conclu-
sions and discuss future directions in Section 5.

2 Background and Notation

2.1 Serendipity Elements

We first review the definition of serendipity spaces and their accompanying notation
from the work of Arnold and Awanou [1, 2].

Definition 1. The superlinear degree of a monomial in  variables, denoted sldeg(-),
is given by

n
sldeg(x{'x3>---x):= | Y e | —#{e; : e, =1} (1
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In words, sldeg(q) is the ordinary degree of ¢, ignoring variables that enter linearly.
For instance, the superlinear degree of xy*z> is 5.

Definition 2. Define the following spaces of polynomials, each of which is re-
stricted to the domain /" = [—1,1]" C R™

P.(I") := spang {monomials in n variables with total degree at most r}
S,(I") := spang {monomials in n variables with superlinear degree at most r}
Q,(I") := spang {monomials in n variables of degree at most r in each variable}

Note that P,(I") C S,(I") C Q,(I"), with proper containments when r, n > 1. The
space S,(I") is called the degree r serendipity space on the n-dimensional cube I”.
In the notation of the more recent paper by Arnold and Awanou [2], the serendip-
ity spaces discussed in this work would be denoted S,A°(I"), indicating that they
are differential 0-form spaces. The space Q,(I") is associated with standard tensor
product finite element methods; the fact that S,(I") satisfies the containments above
is one of the key features allowing it to retain an O(h") a priori error estimate in H'
norm, where & denotes the width of a mesh element [5]. The spaces have dimension
given by the following formulas (cf. [1]).

dimP,(I") = (” * r)

n

min(n,|r/2]) .
ams =y, 2(5)("7)

d=0
dimQ,(I") = (r+1)"

We write out standard bases for these spaces more precisely in the cubic cases of
concern here.

Ps(lP)=span{ 1, xy , 2y xy , £ px’} )
~— — —_———
linear quadratic cubic
& () =Py(P)Uspan{ Py’ ) 3)
———
superlinear cubic
Q3(1?) = S3(1*) Uspan{x*y?, x*y*, x*y* x*y*} 4)

Observe that the dimensions of the three spaces are 10, 12, and 16, respectively.
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3 2 .2 2 3.3 .3 .2 2 2 .2 2 2
Ps(I ):span{l,x,y,z,x YV AN X YT, X, Y, T, XY, X, XY, Y 2, X, VT 7xyZ}

linear quadratic cubic
(5)
S (1) = P3(PP) Uspan{x’y,X’z,y’z,x° . x2, y2  Pyz, xy’2, 027 Xy, 072, 002 }

superlinear cubic
(6)
Qs(1’) = 85(1*) Uspan{xy?..... 2"} )
Observe that the dimensions of the three spaces are 20, 32, and 64, respectively.
The serendipity spaces are associated to specific degrees of freedom in the clas-

sical finite element sense. For a face f of I" of dimension d > 0, the degrees of
freedom associated to f for S,(1") are (cf. [1])

N P

For the cases considered in this work, n = 2 or 3 and r = 3, so the only non-zero
degrees of freedom are when f is a vertex (d = 0) or an edge (d = 1). Thus, the
degrees of freedom for our cases are the values

u(v), /udt, and /utdt, )]

for each vertex v and each edge e of the square or cube.

2.2 Cubic Bernstein and Hermite Bases

For cubic order approximation on square or cubical grids, tensor product bases are
typically built from one of two alternative bases for P3([0,1]):

ﬁl (17)C)3 Y1 173x2+2x3

B | —x)%x | x=2x24x
B] = Bl T (1 —x)2 [y] = v | T 23
[i X’ Wy 3x% — 243

The set {B1,3B2,3B3, P4} is the cubic Bernstein basis and the set [y] is the cubic
Hermite basis. Bernstein functions have been used recently to provide a geomet-
ric decomposition of finite element spaces over simplices [3]. Hermite functions,
while more common in geometric modeling contexts [13] have also been studied in
finite element contexts for some time [7]. The Hermite functions have the following
important property relating them to the geometry of the graph of their associated
interpolant:
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u=u(0)y1 +u' (0)yr —u' () ys+u(l)ys,  VYuecP3([0,1]). )

We have chosen these sign and basis ordering conventions so that both bases have
the same symmetry property:

Bl —x) = Bsx(x), (1 —x) = sk (x). (10)
The bases [B] and [y] are related by [B] = V][] and [y] = V~![B] where

1-300 1300
o1 00 1 _|o100
V=100 10" VY Tlootro (D
00 31 0031

Let [3"] denote the tensor product of n copies of [8]. Denote B:(x)B;(y) € [B%]

by Bij and B;(x)B;(v)Bi(z) € [B*] by Bije- In general, [B"] is a basis for Q3([0,1]"),
but we will make use of the specific linear combination used to prove this, as stated
in the following proposition.

Proposition 1. For 0 < r,s,t < 3, the reproduction properties of [B), [B2], and [B°]
take on the respective forms

) (i::) Bi (12)
LG
Y [t T

The proof is elementary. We have a similar property for tensor products of the
Hermite basis [y], using analogous notation. The proof is a simple matter of swap-
ping the order of summation.

Proposition 2. Let
€ i 7 (15)
i o= Vai
5 = 4 —a a

where v,; denotes the (a,i) entry (row, column) of V from (11). For 0 < r,s,t <3,

the reproduction properties of [y, [W?], and [y?] take on the respective forms
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Transforming the bases [] and [y] to domains other than [0, 1] is straightfor-
ward. If T : [a,b] — [0, 1] is linear, then replacing x with 7' (x) in each basis function
expression for [] and [y] gives bases for P3([a, b]). Note, however, that the deriva-
tive interpolation property for [y] must be adjusted to account for the scaling:

u(x) = u(a)y (T (x)) + (b—a)u'(a) ya(T (x))

= (b—a)d (D)ys3(T (x)) +u(b)ya(T (x)),  Vu € P3([a, lz}l)é)

In geometric modeling applications, the coefficient (b — a) is sometimes left as an
adjustable parameter, usually denoted s for scale factor [10], however, (b—a) is the
only choice of scale factor that allows the representation of u given in (19). For all
the Hermite and Hermite style functions, we will use derivative-preserving scaling
which will include scale factors on those functions related to derivatives; this will
be made explicit in the various contexts where it is relevant.

Remark 1. Both [B] and [y] are Lagrange-like at the endpoints of [0,1], i.e. at an
endpoint, the only basis function with non-zero value is the function associated to
that endpoint (; or y; for 0, B4 or Wy for 1). This means the two remaining basis
functions of each type (B2, B3 or W, y3) are naturally associated to the two edge
degrees of freedom (8). We will refer to these associations between basis functions
and geometrical objects as the standard geometrical decompositions of [] and [y].

3 Local Bases for S;(1?)

Before defining local bases on the square, we fix notation for the domain points to
which they are associated. For [0, 1]2, define the set of ordered pairs

X={{i,j} | i,je{l,....4}}.
Then X is the disjoint union V UE UD where

Vi={{ijteX | ije{l,4}}; (20)
E:={{i,j} € X | exactly one of i, j is an element of {1,4}}; 21)
D:={{ij}eX | ije{23}} (22)
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4 24 34 44 14 24 34 44
® [ ] [ ] ® ® ®
130 23 33 43 13 43
[ ] o [ ] [ ] [ ] [ ]
120 22 32 49 12 49
I 2f 31 41 i 20 31 41

Fig. 2 On the left, ordered pairs from X are shown next to the domain point of [0,1]? to which
they correspond. On the right, only those ordered pairs used for the serendipity basis are shown.
The correspondences V < vertices, E <+ edge points, and D <+ domain interior points are evident.

The V indices are associated with vertices of [0, 1], the E indices to edges of [0, 1],
and the D vertices to the domain interior to [0,1]2. The relation between indices
and domain points of the square is shown in Figure 2. We will frequently denote an
index set {i, j} as ij to reduce notational clutter.

3.1 A local Bernstein style basis for S3(I?)

We now establish a local Bernstein style basis for S3(I°) where I := [—1, 1]. Define
the following set of 12 functions, indexed by V U E; note the scaling by 1/16.

&) [(=x)(1=y)(=2—2x+x* =2y +y*)]
14 (1=x)(y+1)(—2—2x+x>+2y+y?)
a1 (x+ 1) (1 —y)(—2+2x+x* =2y +y?)
m (x+ 1) (y+ 1) (=24 2x+x>+2y+y?)
HETE
S| 1—x)(1—-y)(y+1
=12 G+ (1 =92+ 1) %6 @
éa3 (x+1)(1—y)(y+1)?
&ai (1=x)*(x+1)(1—y)
& (1—x)(x+1)*(1—y)
Eaa (1=x)?(x+1)(y+1)
(&) | (I=x)(x+1)*(y+1)
Fix the basis orderings
[E2 = &, E1an Ear, Eaa, E12, 613,62, Ea3, 601, 631, E0a, E3a |, (24)
indices in V indices in E
(B3 :=1 Bi1,Bi4,Ba1, Baas PBi2:Bi3s Bz, Baz, Bar, Baty Baas Baas Bazs Bass Bazs Bz |
indices in V indices in E indices in D

(25)
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The following theorem will show that [52} is a geometric decomposition of
S3(I%), by which we mean that each function in [£?] has a natural association to
a specific degree of freedom, i.e. to a specific domain point of the element.

Theorem 1. Let B}, denote the scaling of B to I, i.e.

Bl = Be((x+1)/2)Bu((y+1)/2).
The set [E%] has the following properties:

(i) [E?] is a basis for S3(I?).
(ii) For any tm € VUE, &, is identical to ﬁélm on the edges of I*.
(iii) [E?] is a geometric decomposition of S3(I?).

Proof. For (i), we scale [£2] to [0, 1]? to take advantage of a simple characterization
of the reproduction properties. Let [52][071] denote the set of scaled basis functions

041 (% y) := Eum(2x — 1,2y — 1). Given the basis orderings in (24)-(25), it can be

Im

confirmed directly that [£2]1%1] is related to [B?] by

£%)1 = B[] (26)
where B is the 12 x 16 matrix with the structure
B:=[I|B ], 27

where T is the 12 x 12 identity matrix and B’ is the 12 x 4 matrix

[—4 -2 -2 —1]
2412
21 -4-2
—1-2-2-4
201 0
02 0 1
B' = 1 0 2 0 (28)
01 0 2
21 00
00 2 1
1 2 0 0
0 0 1 2
[0,1]

Using ij € X to denote an index for f;; and ém € V UE to denote an index for &
the entries of B can be denoted by bf]’” so that

im >
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11 11 11
bif - bl} - bl

Bi= |bim .. pim ... plm | (29)

We now observe that for each ij € X,

3o 3-8 = 3-r 3—s {m
o B N G A

for all (r,s) pairs such that sldeg(x"y*) < 3 (recall Definition 1). Note that this claim
holds trivially for the first 12 columns of B, i.e. for those ij € VUE C X. For ij €
D C X, (30) defines an invertible linear system of 12 equations with 12 unknowns
whose solution is the ij column of B'; the 12 (r,s) pairs correspond to the exponents
of x and y in the basis ordering of S3(1?) given in (2)-(3). Substituting (30) into (13)

ijEX tmeVUE

Swapping the order of summation and regrouping yields

r.s 3—r 3—s Im
o= 2 (00 (Bem)
émEZVUE 4—L)\4—m ijze;( !

The inner summation is exactly éé[?n’l] by (26), implying that

rs 3—r 3—=s [0,1]
S N [ A 61)
émGZVUE 4-—4 4-—m ‘

for all (r,s) pairs with sldeg(x"y*) < 3. Since [£2]*!] has 12 elements which span
the 12 dimensional space S3([0, 1]?), it is a basis for S3([0, 1]2). By scaling, [£2] is
a basis for S3(1?).

For (ii), note that an edge of [0,1]? is described by an equation of the form
{xory} ={0or1}. Since B,(r) and B3(¢) are equal to O atr =0andr =1, B;; =0
on the edges of [0, 1] for any ij € D. By the structure of B from (27), we see that
for any {m € VUE,

O B+ Y BB, (32)

ijeD

Thus, on the edges of [0,1]%, &’ 041 and B are identical. After scaling back, we have

&y and ﬁilm identical on the edges of I?, as desired.
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For (iii), the geometric decomposition is given by the indices of the basis func-
tions, i.e. the function &, is associated to the domain point for ¢m € V UE. This
follows immediately from (ii), the fact that [32] is a tensor product basis, and Re-
mark 1. ad

Remark 2. Tt is worth noting that the basis [£2] was derived by essentially the reverse
order of the proof of part (i) of the theorem. More precisely, the twelve coefficients
in each column of B define an invertible linear system given by (30). After solving
for the coefficients, we can immediately derive the basis functions via (26). By
the nature of this approach, the edge agreement property (ii) is guaranteed by the
symmetry properties of the basis []. This technique was inspired by a previous
work for Lagrange-like quadratic serendipity elements on convex polygons [14].

3.2 A local Hermite style basis for S;(I?)

We now establish a local Hermite style basis [+?] for S3(I%) using the bicubic Her-
mite basis [y?] for Q3([0, 1]?). Define the following set of 12 functions, indexed by
V UE; note the scaling by 1/8.

on] [0 -2y )]
Oua| |10+ (24242 —y+)?)
du| |-Gt D) (2—x bRty
Daa D@+ (-2—x+2* —y+y?)
Vi (l—x)(l—y)z(yﬂg
20 | D3| _ (1-x)(1-y)y+1)
7= Bar| (x+1)(1—=y)2(y+1) (33)
O3 (x+1D)(1=y)(y+1)>?
oy (1=x)*(x+1)(1—y)
U1 (1fx)(x+1)2(lfy)
U4 (1=x)*(x+1)(y+1)
= (1—x)(x+1)*(y+1) |
Fix the basis orderings
[02] := [ O11, D4, a1, Baa, D2, D13, s, Bz, Dar, 031, B, B |, (34)

indices in V

indices in E

(W] = [ Wit, Wi, War, Was, W2, W13, Wao, Wa3, Var, a1, Woa, Wi,

V22, W23, W32, W33 |

indices in V

indices in E

indices in D

(35)
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Theorem 2. Let ‘l/glm denote the derivative-preserving scaling of Wy to I, i.e.

Vi = Vi((x+1)/2)yn((y+1)/2), mev,
W =20 (x+ 1) /2) W (v +1)/2), (mcE.

The set [02] has the following properties:

(i) [0?] is a basis for S3(I?).
(ii) For any tm € VUE, &, is identical to l[/,fm on the edges of I.
(iii) [9?] is a geometric decomposition of S3(I?).

Proof. The proof follows that of Theorem 1 so we abbreviate proof details that are
similar. For (i), let [9%]1%1] denote the derivative-preserving scaling of [9?] to [0, 1]?;
the scale factor is 1/2 for functions with indices in E. Given the basis orderings in
(34)-(35), we have

(0201 = H[y?] (36)

where H is the 12 x 16 matrix with the structure
H:=[I1H ], (37

where I is the 12 x 12 identity matrix and H’ is the 12 x 4 matrix with

(1 1 1-1]
I-1-1 1
1-1-1 1
11 1-1
1.0 1 0
e e
0 1 0-1
-1 100
0 0-1 1
1-1 0 0
0 0 1-1]

Denote the entries of H by hf]’” (cf. (29)). Recalling (15), observe that for each ij € X,

V4
Sr,igs,j = Z gr,lgsA,mhi;?ly (39)
ImeVUE

for all (r,s) pairs such that sldeg(x"y*) < 3. Similar to the Bernstein case, we substi-
tute (39) into (17), swap the order of summation and regroup, yielding

xrys = Z Ert&m <Z hf;"‘l@) .

tmeVUE ijeX
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[0,1

The inner summation is exactly 9, ) by (36), implying that

S 0,1
X'y = Z SngE&,nﬁém }
tmeVUE

) (40)

for all (r,s) pairs with sldeg(x"y*) < 3, proving that [9%](%!] is a basis for S3([0, 1]?).
By derivative-preserving scaling, [2] is a basis for S3(1?).

For (ii), observe that for any ij € D, y;; = 0 on the edges of [0, 1]? by virtue of
the bicubic Hermite basis functions’ definition. By the structure of H from (37), we
see that for any m € VUE,

O =y ¥ H. (1)
ijeD
Thus, on the edges of [0,1]?, 19}31’1} and vy, are identical. After scaling back, we
have 9, and qlllm identical on the edges of 12, as desired.

For (iii), the geometric decomposition is given by the indices of the basis func-
tions, i.e. the function 19, is associated to the domain point for /m € V UE. This
follows immediately from (ii), the fact that [w?] is a tensor product basis, and Re-
mark 1. a

.
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Fig. 3 The top row shows 3 of the 16 bicubic Hermite functions on /> while the bottom row shows
3 of the 12 cubic Hermite style serendipity functions. The visual differences are subtle, although
some changes in concavity can be observed. Note that functions in the same column have the same
values on the edges of /2.
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4 Local Bases for S;(I°)

244 344 444 244 344 444
144 231 33N\ Ju 144 444
134 220 3N\ Ju 134 444
13l 124 RN 143 124 L
133 11 214 314 414 114 214 314 414
142 123 142
(] ( ] [ ] [ ] ( ] L L ]
1327 113] 2137 313" 413 113 413
141 122 141
( ] [ ] [ ] ( ] L L ]
131 112] 212 312 412 131 112 412
121 L 121 L
111 211 311 411 111 211 311 411

Andrew Gillette

Fig. 4 On the left, ordered triplets from ¥ are shown next to the domain point of [0,1]* to which
they correspond. Points hidden by the perspective are not shown. The origin is at the point labelled
111; the positive x, y and z axes go right, back, and up, respectively. On the right, only those
indices used for the serendipity basis are shown. The correspondences V <+ vertices, E <+ edge
points, F' < face interior points, and M <+ domain interior points are evident.

Before defining local bases on the cube, we fix notation for the domain points to
which they are associated. For [0, 1], define the set of ordered triplets

Y ={{i,j,k} | i,j,ke{l,...,4}}.

Then Y is the disjoint union VUE UF UM where

Vi={{i,j,k} €Y | i,j,ke{1,4}}; 42)
E:={{i,j,k} €Y | exactly two of i, j,k are elements of {1,4}}; (43)
F:={{i,j,k} €Y | exactly one of i, j,k is an element of {1,4}}; (44)
M:={{i,jk}eY | i,jke{2,3}} (45)

The V indices are associated with vertices of [0, 1]3, the E indices to edges of [0, 1],
the F indices to face interior points of [0,1]*, and the M vertices to the domain
interior of [0, 1]3. The relation between indices and domain points of the cube is
shown in Figure 4.

4.1 A local Bernstein style basis for S3(I°)

Under the notation and conventions established in Section 2, we are ready to estab-
lish a local Bernstein style basis for S3(I°) where I := [—1, 1]. In Figure 5, we define
a set of 32 functions, indexed by VUE C Y; note the scaling by 1/32. We fix the
following basis orderings, with omitted basis functions ordered lexicographically by
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index.
(E3) = Einrye-orCaaa, EnrnseesCaas |, (46)
indices in V indices in E
Bl == Biit,---,Pada, Pri2,....Bas3, PBioa,....Baz3, Boray.... B33z, ] (47)
indices in V indices in E indices in F indices in M
i (1=x)(1=y)(1=2)(=5—2x+x> =2y +y*> =27+ 7%)]
Eive E}fxggl {ggfr1§Ef§f§x+xif§y+y§+§z+z2
—x)(y+ —Z) (3 —2x+x"+2y+y"—22+2
g:‘: (1=x) 3+ D(z+ 1D (=5—2x+x* + 2y +y? +2z+2%)
Eanr (x+ D1 =y)(1=2)(=5+2x+x> =2y+y* —2z7+7%)
Eag (D)1 =y) (@ +1)(=5+2x+x7 =2y +y* +2z+2°)
Eann (X+1)(y+1)(1—Z)(—5+ZX+x2+2y+y2—22+12)
Erua @+ DO+ D+ D(=5+2x+22 +2y+)* +22+2%)
o e
i3 —x)(1=y)(I—2)(z+1
a1 (1-x)(1=y)?*(y+1)(1—-2)
& (1=x)(1=y*(y+1)(z+1)
b i ae
—x)(I—=y)(y+ z+
Eu (1—x)+ (122 +1)
€3] = Saz| _ (1=x)(y+ 1)1 —2)(z+1) I
& (1—x)*(x+1)(1=y)(1—2) 32
&4 (1=x)*(x+1)(1=y)(z+1)
S 1-x)2(x+D(y+1)(1—-2)
om (1=x)*x+ D+ D(z+1)
?ll (1*X)(X+1)§(1*y)(172)
314 (1—x)(x+1)2(1—y)(z+1)
Saan <1—x><x+1>2(>+f)<i 2)
a4 (1-x)(x+1)2(y+1)(z+1)
Ear2 (r+ D1 =y)(1-2)*(z+1)
b3 (r+ D1 =y)(1-2)(z+1)
gm (et (1 =y)2(y+ 1)(1—2)
5424 (x+ D)1=+ 1)(z+1)
543‘ (x+ D)1=y +1)*(1-2)
5“3“ x+D(A=y)(r+1)*(=+1)
éiﬁ (x+Dy+1)1—2)>(z+1)
-o4432 (x+1D)(y+1)(1—2)(z+1)?

Fig. 5 Bernstein-style basis functions for S3(I3) with properties given by Theorem 3

Theorem 3. Let ﬁ;mn denote the scaling of By to I, i.e.

Binn = Be((x+1)/2) Bu((y+1)/2) Bu((2+1)/2).
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The set [E3] has the following properties:

(i) [E3] is a basis for S3(I).

(ii) [E3] reduces to [E?] on faces of I°.
(iii) For any fmn € VUE, &g, is identical to ﬁ['mn on edges of IP.
(iv) [E3] is a geometric decomposition of S3(IP).

Proof. The proof is similar to that of Theorem 1. Note that for (ii), the claim
can be confirmed directly by calculation, for instance, &1 (x,y,—1) = &1 (x,y) or
E142(x,1,2) = &12(x, 7). The proof is similar to that of Theorem 1 so we abbreviate
some details. For (i), let [£3](%!) denote the scaling of [£] to [0, 1]3. Given the basis
orderings in (46)-(47), we have

&30 =B’ 48)
where U is the 32 x 64 matrix with the structure
U:=[1|U], (49)

where T is the 32 x 32 identity matrix and U’ is a specific 32 x 32 matrix whose
entries are integers ranging from -16 to 4. Instead of writing out U’ in its entirety,
we describe its properties and how it can be constructed (cf. Remark 2).

Using ijk € Y to denote an index for f;j; and fmn € VUE CY to denote an index

for éé[?n’;], the entries of U will be denoted by kf};‘(” so that

11 .. 111

o1l
Uppp - Ui --0 Uzz
o tmn . lmn . lmn
U:= | uif Uik Uz | - (50)
443 443 443
| Har o Yt U333 |

The columns of U satisfy the relationship

9 Gt R M [ e A
4—i)\4—j)\4—k imnevop \4—) \4—m)\4—n)

for all (r,s,t) tuples such that sldeg(x"y*z") < 3. This property defines the entries of
U uniquely since for each i jk € Y it gives an invertible linear system of 32 equations
with 32 unknowns whose solution is the i jk column of U. The (r,s,#) tuples should
be taken in the order given in (5)-(6). See Remark 2 and the text after (30) for more

on this process.
. . . . . 01 .
As in previous proofs, regrouping and recognizing an expression for ée[m'n] gives

st 3—r\[(3—s\ (31
xXyz = Z <4_£) (4_m> (4_n)€€mna (52)

{mneVUE
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proving, after scaling, that [£3] is a basis for S3(I?).

For (ii), the claim can be confirmed directly by calculation, e.g. &1 (x,y,—1) =
i1 (x,y) or E1an(x,1,2) = E12(x, 2), ete.

For (iii), note that an edge of [0, 1]* is described by two equations of the form
{x,y, or z} = {0 or 1} where two distinct variables must be chosen for the two
equations. Since f(r) and B3(t) are equal to O at t =0 and t = 1, B;jx = 0 on the
edges of [0,1]% for any ijk € M. Further, for ijk € F, without loss of generality,
assume that i € {1,4} so that j,k € {2,3}. Since every edge is described by at least
one equation of the form {y or z} = {0 or 1}, either ;(y) or Bi(z) is identically zero
on every edge. Thus, for i jk € FUM, B = 0 on the edges of [0, 1]°.

By the structure of U from (49), we see that for any {mn € VUE,

O B+ Y ulm By (53)
ijkeFUM
Thus, on the edges of [0, 1]3, g&;] and By, are identical. After scaling back, we
have &, and B/ identical on the edges of I°, as desired.

For (iv), the geometric decomposition is given by the indices of the basis func-
tions, i.e. the function &;,,, is associated to the domain point for fmn € V UE. This
follows immediately from (ii) and (iii), the fact that [33] is a tensor product basis,
and Remark 1. O

4.2 A local Hermite style basis for Ss(I°)

We now establish a local Hermite style basis [¢°] for S3(I°) using the tricubic Her-
mite basis [y?3] for Q3([0, 1]%). In Figure 6, we define a set of 32 functions, indexed
by VUE C Y; note the scaling by 1/16. We fix the following basis orderings, with
omitted basis functions ordered lexicographically by index.

[193] ZZ[ 19111,...,19444, 13112,...,19443 ], (54)
indices in V/ indices in E
Bl:=[ Vit,---, Vaad, Wi12,-..,Vad3, Wi2a,..., Y433, Yoo,...,¥333, | (55)
indices in V indices in E indices in F indices in M

Theorem 4. Let l[lgmn denote the derivative-preserving scaling of Wy to I, i.e.

Wi = We((x+1)/2) Y0+ 1) /2) Wl (2 + 1) /2), tmn €V,
Wi = 2¥0((x+ 1) /2) ¥ (v + 1) /2) ¥ (2 +1)/2), tmn € E.

The set [0°] has the following properties:

(i) [93] is a basis for S3(IP).
(ii) [93] reduces to [92] on faces of I’.
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o [T =) (=24 x4 +y+y +2+27)]
Bi1a —(1=0)(1=y)(z+1)(=2+x+x +y+y —Z+Z)
Bat —(1=0)+ DA —2) (2 +x+x*— y+y +2+2%)
Bras —1-x)y+1)(z+1)(— 2+x+x fy+y —z+2%)
Bay —(x+D)(I=y)(1—z)(-2— x+x +y+y +z+z)
D14 —(+ DI =)+ 1)(-2— X+x +y+y —Z+Z)
Daal —(x+ D+ 1) (1-2)(-2- x—l—x —y+y +2z+7%)
S DO+ DE+HD(2—x+x7 —y+y* —z+2%)
HM12 (1-x)(1-y)(1- )2(Z+1)
H13 (1—x)(1—y)(1—z)(z+1)2
D121 (1=x)(1=y)*(y+1)(1—-2)
Vo4 (1-x)(1=y)?(y+1)(z+1)
D131 (1=x)(1=y)(y+1)*(1-2)
B34 (1=x)(1=y)(y+1)*(z+1)
D14 (1=x)(+1)(1-2)*(z+1)

(93] = B3| _ 1=+ 1)1 —2)(z+1) 1
a1y (1= (x+1)(1=y)(1-2) 16
Bais (1=x)*(x+ 1) (1=y)(z+1)

Vg1 (1—x)2x+D+1)(1-2)
(0 Y7) (1—x)2(x+Dy+1D(z+1)
B (1—x)(x4+1)2(1—y)(1 —2)
V314 (1—x)(x+1)2(1=y)(z+1)
D341 (1=x)(x+1)*(y+1)(1-2)
344 (1=x)(x+1)*(y+1)(z+1)
Va2 (1) (1=y)(1=2)(z+1)
o3 (e D1 =y)(1 =2)(z+1)’
6421 (c+ D)1=y (y+1)(1-2)
ot e+ 1)1 =y (y+1)(z+1)
19431 C+ D1 =y)(r+1)*(1-2)
19434 + DA =y)+1)*(z+1)
1;‘42 e+ D+ -2)*(z+1)
S | @+ D+ D1 —z)(z+1)? |

Fig. 6 Hermite-style basis functions for S3(I3) with properties given by Theorem 4

(iii) For any fmn € VUE, Oy, is identical to l//émn on edges 0f13.
(iv) [93] is a geometric decomposition of S3(I?).

The proof is similar to that of Theorem 2.

Proof. The proof is similar to that of Theorem 2 so we abbreviate some details. For
@), let [9°])1] denote the scaling of [%] to [0,1]3. Given the basis orderings in
(54)-(55), we have

[0 = Wiy (56)

where W is the 32 x 64 matrix with the structure

W:=[I|W], (57)
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where T is the 32 x 32 identity matrix and W’ is a specific 32 x 32 matrix whose
entries are in {—1,0,1}. The matrix W is constructed similarly to the matrix U
from the proof of Theorem 3; the columns of W satisfy the relationship

‘
Eri€s i€k = Y, ErtEsmEaWii, (58)
{mneVUE

r

for all (r,s,7) tuples such that sldeg(x
yields

y*7') < 3. Similar to previous proofs, this

t
x’ysz = Z ErtEsmEn ﬂémnv (59)
{mneVUE

proving, after derivative-preserving scaling, that [] is a basis for S3(I?).
For (ii)-(iv), the proof is similar to the corresponding parts of the proof of Theo-
rem 3. ad

5 Conclusions and Future Directions

The basis functions presented in this work are well-suited for use in finite element
applications, as discussed in the introduction. For geometric modeling purposes,
some adaptation of traditional techniques will be required as the bases do not have
the classical properties of positivity and do not form a partition of unity. Neverthe-
less, we are already witnessing the successful implementation of the basis [93] in
the geometric modeling and finite element analysis package Continuity developed
by the Cardiac Mechanics Research Group at UC San Diego. In that context, the
close similarities of [9°] and [y?] has allowed a straightforward implementation
procedure with only minor adjustments to the geometric modeling subroutines.

Additionally, the proof techniques used for the theorems suggest a number of
promising extensions. Similar techniques should be able to produce Bernstein style
bases for higher polynomial order serendipity spaces, although the introduction of
interior degrees of freedom that occurs when r > 3 requires some additional care
to resolve. Some higher order Hermite style bases may also be available, although
the association of directional derivative values to vertices is somewhat unique to the
r = 3 case. Pre-conditioners for finite element methods employing our bases are still
needed, as is a thorough analysis of the tradeoffs between the approach outlined here
and alternative approaches to basis reduction, such as static condensation. The fact
that all the functions defined here are fixed linear combinations of standard bicubic
or tricubic basis functions suggests that appropriate pre-conditioners will have a
straightforward and computationally advantageous construction.

Acknowledgements Support for this work was provided in part by NSF Award 0715146 and the
National Biomedical Computation Resource while the author was at the University of California,
San Diego.
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