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Abstract

In this paper we construct smooth bivariate spline functions over a polygonal partition, e.g. a
convex quadrilateral partition by using vertex spline techniques. Vertex splines, introduced in [10]
are smooth piecewise polynomial functions supported over a collection of triangles sharing a vertex.
In this paper, we extend the concept of vertex splines to the partition of polygons and describe
how to construct C! vertex polygonal splines over a collection of quadrilaterals. We begin with our
construction of C'! vertex splines over a collection of parallelograms, although they may not be axis-
orientated. Then the construction is generalized to the setting of general quadrilaterals. We will
use various monomials of Wachspress GBC functions of degrees 5 and 7 to explain how to construct
C'! vertex splines together with additional special splines called edge and face splines. With these
splines at hand, we construct quasi-interpolatory formulas, whose approximation properties will
be shown. Numerical interpolation and approximation results will be presented. Finally, three
applications of these splines are explained: the first one is to form smooth locally supported GBC
functions, the second one is to construct smooth suitcase corners, and the third one to construct
C! surfaces over quadrilateral partitions with extra-ordinary points(EP). Several examples will be
demonstrated to show the convenience of using these splines.

1 Introduction

Recently, there have been efforts to use finite element-like functions over polygonal partitions to
numerically solve partial differential equations (see [14], and the references therein). Some efforts
were made based on virtual finite elements over polygons (see [2], [3], [4]). Several researchers used
discontinuous Galerkin methods and a weak Galerkin method over polygons for numerical solutions
of PDEs (see [36], [30]).

Other attempts have been made to use continuous generalized barycentric coordinates (GBCs)
defined on polygons for numerical solution of partial differential equations (see [33], [28], [14], [25]). In
the interest of numerically solving PDEs of higher order, we should consider construction of smooth
elements over polygonal or polyhedral partitions. Such a construction has not been well-studied in
the literature to the best of the authors’ knowledge. A group led by G. Sangalli has actively worked
on the isogeometric analysis of biharmonic equations over unstructured quadrilaterals. See [18] and
[19] as well as the literature therein.

The work in this paper creates a related framework, showing that similar results can be achieved
using GBC-based construction. Since GBCs are defined over n-gons for arbitrary n, this construction
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opens a door toward a larger theory to extend the results to partitions of polygons with arbitrary
number of edges.

Another motivation for smooth polygonal splines can be found in geometric design, where tensor-
product B-spline surfaces have been widely standardized to represent functions and surfaces in research
and industries such as aircraft and car body design. However, they are not flexible enough for some
geometric modeling, such as a suitcase corner, because the B-spline surface is formed by the union of
many collections of exactly four quadrilateral B-spline patches. A standard task in geometric design
is to construct a C'! surface to blend tensor-product B-spline patches over quadrilateral meshes which
meet at several vertices of a valence other than 4, called extraordinary points (EPs). While this task
can be solved by recursive subdivision (e.g. [9]), a blending surface with a finite small number of
patches is often preferable. Bi-quintic spline surfaces have been constructed by manually adjusting
coefficients of 6 types (see [17]) or by solving a minimization for several different types of functionals
(see [23] and [22]). It can be difficult and costly to solve these minimizations over, say, the surface of
an entire airplane; it can be desirable to have a concrete construction instead. Another approach to
construct C' Bézier surfaces over quadrilateral partitions is summarized in a recent monograph [5].
C! functional surfaces over a mix of triangles and quadrilaterals were constructed in [16]. A family
of C! quadrilateral finite elements is recently available in [19] which generalizes the construction by
Brenner and Sung [8] based on C° polynomial elements of tensor-product degree p = 6. It is a global
method minimizing the thin-plate energy when constructing smooth surfaces. The construction in this
paper is a local approach which may be more convenient for surface designers.

Approximation theory on multivariate splines has been studied for many years. In particular, the
theory of spline functions over triangulations has been fully studied (see [26]), and many applications,
including numerical solution of PDE and scattered data fitting, have been thoroughly explored (see
[1]). Recently, a construction of locally supported spline functions over polygonal partitions was
carried out in [14]. Generalized barycentric coordinates (GBCs) defined on polygons (see [13]) can
be pieced together to form continuous vertex spline functions which are supported over the collection
of all polygons sharing a common vertex. The locally supported spline functions are continuous, but
this construction cannot ensure even C! smoothness (see [14] for details). It is natural to extend
the construction and explore how to construct smoother locally-supported spline functions. Recall in
[10], the concept of vertex splines (smooth spline functions supported over a cell of triangles sharing a
vertex) was first introduced. Some C! quintic vertex splines were constructed (see [24] for a detailed
construction). Although vertex splines over a collection of parallelograms were considered in [24], no
concrete construction was carried out. In fact, construction of smooth vertex splines over polygonal
partitions has not been well-studied since then.

While our over-arching goal is to describe a method to build such splines over more arbitrary
partitions of quadrilaterals (and even polygons with more edges), one of the purposes of this paper
is to describe a construction of C! splines over a collection of convex quadrilaterals. We shall begin
our construction over a specialized quadrilateral partition to motivate our construction over a general
convex quadrilateral. See two collections of parallelograms as in Figure 1. The left figure indicates
a situation where 6 tensor product B-spline surfaces are pieced together. In order to make them
C! joined, one can replace the corresponding 6 subsurfaces by the patch generated by our scheme
described in this paper. Similarly, the right figure in Figure 1 shows the case that 5 tensor product
B-spline surfaces are joined at a point. One can use our C! vertex splines to replace these 5 B-spline
surface patches and form a C! surface over the partition. In the end of the paper, we will present an
example of a construction of smooth suitcase corners where three B-spline surface patches are jointed
at a point.

We utilize Wachspress GBCs in our construction. It happens that, in this special setting of par-
allelograms, the spline functions which we will construct using these GBCs are in fact bi-quintic



Figure 1: Two parallelogram partitions

polynomials, so we could use the theory of bi-quintic B-splines to explain our construction. However,
over more general quadrilaterals, the GBCs will actually be rational functions, and this will be nec-
essary to successfully construct the splines we seek in that context. For this reason, we first explain
our construction around GBCs even in the setting of parallelograms, in order to provide meaningful
connections to the more general construction of smooth polygonal splines over quadrilaterals.

Our construction is based on monomials of Wachspress coordinates of degree 5 and degree 7.
They can be used to form vertex splines satisfying various interpolatory conditions at a vertex,
and can be used in a natural and convenient way to reproduce polynomials. If we suppose that
P is a collection of parallelograms, then at each vertex v € P we shall construct C! vertex splines
Yoy Vs Vyws Va2 v, Yayw, and e, such that they are supported over €2, the union of all parallelo-
grams in P which share the common vertex v, and satisfy some interpolatory conditions. For example,
1, is a C! function over 2, supported only in ,, and satisfies

Vo (W) = 60, Vo (w) = 0, V2, (w) = 0 (1)

for all vertices w of P. Similarly, 1, , is a C! function over Q which is supported over (2, satisfying

1/’96,11(“7) =0, vww,v(w) = (5v,wv 0), v2¢m,v(w) =0 (2)

for all vertices w of P. The remaining functions are defined similarly. See their figures in the next
sections. We will build an analogous construction over a more general quadrilateral partition using
monomials of Wachspress coordinates of power 7. This construction will be given in the section after
the next. Our construction is assisted by using MATHEMATICA. In particular, the simplification
of the complicated terms takes a long time and is highly error-prone by hand. The reader who is
interested in more detail or clarity in the intermediate steps of the calculations in the body of the
paper can refer to [27], which lists a great deal more detail over much longer calculations. In addition,
we use MATLAB for numerical implementation of the long and very complicated formulae for further
verification of the polynomial reproduction and numerical approximation of functions. Adopting
MATHEMATICA and MATLAB enables us to verify all computation so that we can be sure of the
correctness of the derived results. Without MATHEMATICA, the computation described in this
paper is horrendous, and extremely frustrating to perform without making an error - on more than
one occasion, an entire chalkboard has been filled by only a single step of some of these calculations.



However, once the formulae for these functions have been obtained and verified, they can simply be
implemented in software to construct C' surfaces, as demonstrated near the end of this paper. The
authors are willing to share their MATHEMATICA and MATLAB codes with the interested reader
upon request. Our MATLAB code is stable and efficient to use. All graphics shown in this paper can
be generated within an hour.

Let SY(P) ={>,cp >t <2 CaBoVpoys vy Cap € RY be the C* vertex spline space over the par-
tition P. It is clear that P can be uniformly refined; see uniform refinement schemes in [26]. Hence, we
let Py be the uniform refinement of Py_; starting with a partition P; of parallelograms/quadrilaterals
of . We shall study the approximation properties of S'(P;) by showing that f — Qr(f) — 0 for some
Qr(f) € SY(Py) as k — oo. In addition, we shall construct special splines called edge splines and face
splines in order to be able to reproduce polynomials of higher degree. An edge spline is a C' function
supported over the union of two quadrilaterals sharing a common edge. A face spline is a C' function
supported only on one quadrilateral.

The paper is organized as follows. We first recall Wachspress’ generalized barycentric coordinates,
and then introduce monomials of Wachspress coordinates in §2. We begin the construction of various
vertex, edge, and face splines using degree 5 monomials of Wachspress GBC functions which are
locally supported in P based on parallelograms in §3, and a similar vertex spline construction based on
degree 7 monomials of Wachspress coordinates quadrilaterals supported over more general quadrilateral
partitions in §4. We explain two constructions of quasi-interpolatory operators, one based on the vertex
splines without edge and face splines, and another based on all the splines we constructed. Results of
numerical approximation using these quasi-interpolatory splines will be demonstrated in §5. Finally, in
86, we point out that our vertex splines have applicable properties which emulate GBCs, i.e. they form
locally supported GBC-like functions. We use these functions to form C' spline surfaces modeling a
suitcase corner; a few smooth suitcase corners will be shown, showing that they are certainly useful for
surface construction. An example of a smooth bunny surface will be presented. Finally, we conclude
the paper with a few remarks and open problems.

2 Preliminary on Wachspress Coordinates

Given a partition P of parallelograms or general quadrilaterals over a polygonal domain 2, let V' be the
set of all vertices in P. For a vertex v € V', denote by €2, the union of the parallelograms/quadrilaterals
in P which contain v. Our construction uses Wachspress generalized barycentric coordinates (see [37]),
so for convenience, let us briefly introduce the associated notation.

Let P, = (vi,...,v,) be a convex polygon. We use the definition given in [13]: Any functions
¢i, i = 1,...,n, will be called generalized barycentric coordinates (GBCs) of P, if, for all x € P,,
¢i(x) > 0 and

Y ¢ix)=1, and ) $i(x)v =x. (3)
‘ i=1

When n = 3, P, is a triangle, and the coordinates ¢1, ¢2, ¢3 can be uniquely determined by (3), and
are the usual barycentric coordinates. For n > 3, the coordinates ¢; are not uniquely determined by
(3) alone, but they share a basic property that they are piecewise linear on the boundary of Py:

¢Z'(Vj) = (Sij, and

G((1 = v, + pviin) = (1= 0)6(v;) + po(vi) for g € 0,1). @

Wachspress (rational) coordinates are the most commonly used GBCs. For any x € P, let A;(x) be



the signed area of the triangle (x,v;,v;1+1), and C; = A;(v;—1). Then define the functions

n—2 n
w;i(x) = C; H Aiyj(x), i=1,..,n and W(x)= Zwi(x),
j=1 i=1

where the functions A; are indexed cyclically (i.e. 4,11 = Ay).

Then the functions ¢; = w;/W, i = 1,...,n are the Wachspress GBCs, which are rational functions.
See [13] for several other representations of these coordinates.

First, however, we will note an interesting property of Wachspress coordinates on parallelograms.
While Wachspress coordinates are generally defined as rational functions, we can actually say the
following:

Lemma 1 Wachspress coordinates on parallelograms are quadratic polynomials. In fact, they are
tensor products of two linear polynomials.

Proof. Let P = (v1,v2,v3,v4) be a parallelogram. Since P is a parallelogram, then each subtriangle
of its vertices has the same area; that is, there is a constant C such that C; = C for all i = 1,2, 3,4.
Then we can simplify the expression of ¢; by

b = Ai1Aio0

4
Ajr1djie
2

J

Now, the functions A; are linear polynomials, and notice that, where e; is the edge of P joining
the vertices v; and vj11, Ajle; = 0. Moreover, since P is a parallelogram, it is easy to see that the
functions A; are constant along the edge opposite e;, ej;2, and in fact Aj|ej +» = C. This implies,
then, that A; = C'— Aj1o. Then we can simplify the sum in the denominator of ¢; by

4
ZAj+1Aj+2 =%
j=1
so we have
A A
¢i = Tz
which is a quadratic polynomial. O

Next we introduce monomials of Wachspress GBC coordinates. That is, for any indices j =
(J1,++ ,Jn) € Z™ with |j| = j1 + -+ + Jjn, we define

Mi(x) = ¢! --- ¢, € Z}. (5)

We shall first use the space of all functions which are linear combinations of MJ,|j| = 5. For conve-
nience, let Ly = {Z|j|=k c;Mj,c; € R} for k = 1,2,3, ... be the space of polynomials of Wachspress
coordinate functions of degree k. We mainly use k = 5 and k = 7 in the rest of the paper. One reason
that we do not use the monomials of even degree because we want our construction to be applied to
any vertex in P in the same fashion without overlap. Indeed, if one uses degree d, there are d + 1
terms of monomials which are not zero on any edge e of parallelogram P. By using the same order
of derivatives at each vertex of edge e, d + 1 should be even and hence, d should be odd. We are not
able to use degree 4 or smaller in order to have a vertex spline over quadrilateral partitions which
are as general as a partition of parallelograms. See [27] for an overview of analogous degree 3 and 4
constructions; [5] explains the underlying phenomenon.



3 Construction of Various Vertex Splines over Parallelograms

Since we are using only partitions of parallelograms in this section, by Lemma 1, whatever function
1, we build, it will actually be a piecewise polynomial. This means we will, in fact, be constructing
a subspace of usual bivariate splines. Similar spaces have been constructed over parallelograms in
related works (cf. [5], [22], [19]); however, we will not simply use the well-established methods such
as tensor-product B-splines to describe the results in this section. Instead, we will use polynomials of
Wachspress GBCs in order to motivate our construction over more general quadrilaterals. Moreover,
this novel basis will be designed to be well-suited for ease-of-use in manipulating a smooth surface easily
after implementation, while maintaining certain constraints like smoothness and value properties at
points of interest, and has the advantage of a closed-form which allows for one-time implementation in
terms of the underlying partition. Let us show the monomial terms of Wachspress GBCs together with
a bubble function B = ¢;p;12 = ¢ir1¢;—1 in Figure 2 which are divided into a few blocks associated
with the four corners. Hence, there are 36 coefficients associated with these terms which require us to
determine for each kind of vertex splines.
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Figure 2: Monomial terms with bubble function B and groups of these terms associated with four
vertex splines at corners

We shall describe various polygonal splines in the following subsections. These splines satisfy some
interpolatory conditions which can be used to approximate unknown functions or reconstruct smooth
surfaces. We construct three types of splines: one is supported over the union €2, of all parallelograms
which share a common vertex v (involving coefficients at all kinds of domain points, but especially
focusing on those seen in the right graph of Figure 2), another is supported over two parallelograms
sharing a common edge (focused on coefficients seen in the left graph of Figure 3), and finally another
which is completely supported over a single parallelogram (focused on coefficients seen in the right
graph of Figure 3).

3.1 Nodal Basis Functions 1,

Our first goal is to construct a function v, satisfying the following properties:
Property 1. ¢, (w) = 0y for w € V; Property 2. supp (¢,,) C Qy;
Property 3. v, € C1(Q); Property 4. > v, = 1, and

Property 5. i, is piecewise-defined, with a non-zero piece for each parallelogram in €2,,.
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Figure 3: Two groups of the monomials with bubble function B associated with edge splines and face
splines

In addition, we shall prescribe two more conditions later when needed.

We choose a parallelogram P; in €2, and let P; have vertices v, vo,vs3,v4. Then v = v; for some
i =1,2,3,4. We denote the edge connecting vertices v; and v;+1 by e;. We first construct a function
1p; on P, and we will do so in a way that an analogous construction on another parallelogram P, € €2,
will join C'-smoothly at v and over a shared edge. Considering Properties 2 & 3 from above, we
know that we will desire that tjle,,, = %ile;;, = 0, in order to have continuity of v, over all of €,
particularly at the boundary of €,. Moreover, we will also need V;le,,, = V¢ile, ., = 0 in order to
satisfy Property 3 at the boundary of ,. Since ¢;le,,, = Pile;y, = 0, we will simply require that b3
divides v;, so we have 1; = ¢?Q; for some degree-3 polynomial of Wachspress coordinates Q;.

4
Since ) ¢; = 1, we can express any degree d polynomial of Wachspress coordinates by a linear
j=1

combination of monomials of the form qﬁ{ o +1¢é 1o®i" 1 where j+k+1+m = d for non-negative integer
powers 7, k,l,m. However, not all of these terms are linearly independent; in fact, it is easy to see

that, in the case of parallelograms,
A
Pidit2 = =7 I145 =éi16i11.
j=1

With this in mind, we can create a list of linearly independent degree-3 monomials of Wachspress
coordinates, and we arrange them strategically to form the following template for ¢;:

Vi = 07 (Jodi + ¢ (J1dig1 + Jadio1) + di(Jsdiy + Jadi 1) + sy + Jedi
+ Gira(Kod? + ¢i(K1¢iv1 + Kodi1) + Kzdiq + Kag? ;)
+ 071 9(Sodi + S1¢it1 + Sadhi—1 + S3dit2)) (6)

for some constants J,,, K4, Sp; m=0,...,6,n=0,....,4,p = 0,1,2,3 to be determined below.

The arrangement of (6) is done very intentionally. All terms which have value on the edges e; and
e;—1, and therefore affect the value and gradient of 1), on these edges, are given a coefficient J,, for
some m. We often call these the edge terms. The terms which do not affect the value of 1, on these
edges, but do affect the gradient, are given a coefficient of K, for some n. We call these smoothness
terms. Finally, the remaining terms, which affect neither the value nor gradient on the edges, are
given a coefficient of S, for some p, and are called combinatorial terms.



The edge term coeflicients are the easiest to determine. Property 1 above easily gives us that
Jo = 1, since the only term in v; which is valued at any vertex is Joqb? , which is valued Jy at v;. More
edge term coefficients can be found by considering the gradient at the vertex v;. Since ¢;(v;) = d; ;,
we can quickly take the gradient of ; at v; to retrieve

Vil = 5V @i, + J1Voitile, + J2Vdi_ilv, + KoVditalw,- (7)

Since ¢it2le; = Git2le; s = 0, Vital,, = 0. The other gradients, however, will be nonzero at v;.
Vit — U
J+1 J

o] , we have
€j

Letting n; be the outward unit normal to the edge-directional unit vector e; =

1
e
-1

1
= Vi, = 202 (Cleir1|nir1 + Clejraniyo) = 20 (leiln; + [ej—1|n;—1) .

Vi (VAit1Air2 + Ait1VAig2)

Similarly we can determine that

1 . -1

Voir1 = o2 (VAij2Ai—1 + AitaV A1) thatis, Vi, = %’ei—ﬂnz’—l
1 . -1

Vi1 = o2 (VA Aip1 + AiV A1) that is, Vo 1|y, = %|ei|ni-

Then (7) yields
V%\ui = (5 — J1)‘ei_1‘ni_1 + (5 — J2)|ei|n,~.

Consider that the function we build in another parallelogram in 2, should share the same gradient at
v. However, clearly the gradient we have computed here depends not only on the values of J; and Jo,
but on the length and direction of the edges of P;. We wish to avoid any further geometric restrictions,
and so the only reasonable ways to make the gradients match would either be to choose values of J;
and Jo which depend on the surrounding parallelograms rather than just on P;, or to simply let the
gradient at v be 0. We will take the latter route, and add a new property to our list:

e Property 6. Vib,|, = 0.

Hence we choose J; = Jy = 5.

Now the remaining coefficients can be determined by considering Property 4 above. Within P,
4
this property can be translated to mean that »_ v¢; = 1. Let us focus only on edge e; for now. Since

=1
VYitale; = Yi—1le; = 0, we only need that ©;|e, + ©it1le; = 1. Considering the edge terms from each of
these, along with the fact that ¢;_1le, = ¢it2le; = 0, we can write

Vile: + Vit1les = 7 + 50idir1 + (T3 + J5i01) D071 + (Joi + J3i401) 07001 + 5didiy s + 74y

We'll want (1 — (¢; + 1it1))|e; = 0. Subtracting the sum from the constant 1 is not difficult when
you consider that ¢;|e, + ¢i+1le; = 1, so in particular (¢; + ¢;1+1)|e, = 1. Then we can see that

(1= (s + Yig1))e; = (10 = (T3 + J5.41)) 9 b7 1 + (10 = (J5,5 + J3,i51)) 67005 11, (8)

and we need this to be 0. Of course, (8) is not enough to determine the values of J3 and J5 uniquely,
but thinking ahead, there is another useful requirement we can impose. Even if we were to have some



completed functions 1, for each vertex, then every function in the linear span of the v, will have
gradient 0 at every vertex, and so if we wished to contain even linear polynomials in this span, we will
need functions which can adjust the gradient at the vertices. Not only is this possible, but we can also
even adjust the Hessian at the vertices nicely, as we will show later. With this in mind, it will also be
helpful to add a seventh property to our list:

e Property 7. V2, |wer = 0.
i

Now, let us consider ﬁh}i e
i

and ¢; 11 are linear on e;, then this computation is fairly easy:

32¢z‘| _ 9 J9; 2‘ _2J5
8é? Yit1 > 8éz Vitl T ‘61‘2’

which is 0 if and only if J5 is 0. Going back to (8) and replacing J5 by 0 implies, then, that J3 = 10;
2

Combining the facts that ¢;_1le;, = ¢it2le; = 0, ¢slv, ., = 0, and ¢;

. . . . 0%
a similar computation shows that these coefficients will also force Tiél\vz = 0.
e’

Z D%

=2
oe;

A nearly identical analysis on e;_;1 yields Jy = 10 and Jg = 0, forcing lo;_, = 0, and we

finally have all the edge term coefficients.
Computing the smoothness term coefficients is a bit more complicated. Ky will be the easiest, and

0%,
can be determined using Property 7. Consider #\@.:
8ei8ei_1 ’
i 0¢; 0; *¢i 0¢; 0p; 1 0¢; 0pit1
|y, = 20— — — 20— — 20— -
8éi8éi_1| ‘ ani 862'_1 + 5862'861'_1 + ani 8el-_1 + anz’—l 8ei

P pit1 O%pi_1 O pito
5 (8é¢8éi1 + 8é¢8éi1) TR0 5e 08,

_ —20—-5+20+20+ 10— Ko _ 25— Koy

leil|ei—1]  lesllei—1]

Since we desire that VQI/Ji’vi = 0, then we must set Ky = 25. One can check that the mixed edge-
direction derivatives are conveniently already O at the other vertices, so we have satisfied Property 7
at all vertices now.

The remaining smoothness term coefficients will be determined by Property 3. Since Wachspress
coordinates are smooth on the interior of the polygon over which they are defined, we need only worry
about C! smoothness at the shared edges and vertices between parallelograms. Since we have fully
controlled the gradient at all the vertices, we need only worry about the shared edges between adjacent
parallelograms.

Choose a parallelogram P, € ), which is adjacent to P;. Without loss of generality, assume that
V=V p = VP, and Vit+1,P, = Vi—1,Py, SO that €, p =€_1p and é@pl = _éifl,Pg- See Figure 4.

Now consider ; p, and v; p, on the shared edge. Since Wachspress coordinates are linear polyno-
mials on edges, both v; p, and ; p, are degree-5 polynomials on the shared edge, and are in fact the
same polynomial. To enforce C'-smoothness, then, we can take the derivative of both functions on
Oi.p los 1 %ye._l . = 0. First
On;p "t Oni_yp, 2

we compute the outward normal derivatives of the Wachspress coordinates. Where ¢; is the interior

this edge in the outward normal direction, and require that



Figure 4: Two adjacent parallelograms sharing an edge and an edge spline to be discussed later

angle of the parallelogram at vertex v;, we retrieve the following:

e = 5 (eilos — el cos(0)
20|, = 5 Ueilor + el cos(0) .
8;;2,1 le; = J;é!(ﬁi, and agif\ez = |el‘¢z+1
Now we compute the directional derivatives of ¢;:
gﬁ: le; = g@ (306797,1) + ¢;21( 2007 piy1) + g;“ (2064 + (K1 — 20)¢2¢s 11 + K32¢2,1)
— ot (50~ Ky - 30O ) g, (] - sole 2O,
) = et (300267.0) + 5oL (~206801-1) + a"f* 2 (202 + (K — 20)0%651 + Kad?o?)

3.9 lei—1] |e;] cos(6:) o leica] L feif cos(6)
= ¢; i1 ((50 Ky) 5 — 305 + il | Ky TeR Y :

Then, since ¢i7P1‘ei,P1 = ¢Z‘7P2‘ei71,1:’2 and ¢i+17P1‘e¢,P1 = ¢i_17P2‘ei—l,P2’ we have

3%,131’ 0vV; p, |
ani,Pl €4, Py 8ni—1,P2 €i—1,Py
6% 62 (50— Ky p )\ei,PJ _ goleizupfcos(ip) (50 — Ky p )\ei_l,p2! _ gpleiplcos(fip,)
LY Py a0, 2Cp, "0 20p, 2Cp,
lei,p, | lei—1,p, | cos(0i,p,) lei—1,p,| lei,p,| cos(0i,p,)
K 30 ’ : K ’ 30— ’ .
¢z P1d) +1,P; ( 3,P1 QCPl + 20]31 4,P QCPQ + 2CP2

Of course, we have more than enough degrees of freedom to make this sum evaluate to 0, but we
still desire that the coefficients of a function associated with one parallelogram be independent of the

geometry of other parallelograms. Then we ought to set

K1 :50—30|ei_1’cos(0¢), Ky =50 — 30|’ ‘,cos(&i),
€1

Ks = —30‘ei_1| cos(6;), K, = —30’ e ’ cos(0;).
€;i—1

10



Now we are almost finished. As things stand, we have (after a little simplification)

Vi = 7 (dﬁ’ + 567 (his1 + diz1) + 1003 (o741 + 7 1)

+ Gita <25¢? + ¢ ((50 _ gplei-l Cos(é?i)) bis1 + <50 _ 50-¢ cos(@i)> @-_1)

lei lei—1]
lei

@2—1)) + ¢75(So¢i + S1¢i41 + Sadi—1 + 53¢z‘+2)> -

lei1]

—30cos(6;) < ]e;_‘ﬂ CHRE

el
Now we consider the combinatorial coefficients, which can be determined by Property 4. Since
5

4 4 4

>.¢;=1, (> ¢; | =1, which helps us compare. If we compute 1 — > 1, and recall B = ¢;pi12 =
J=1 Jj=1 =
®i+10i—1, then we find that

4 4
1= 4hi==B>> (Soj+ S1j-1+ S2;41 + Ss42 — 100).
p j=1

While we have very much freedom, we choose to force S; = Sy = S3 = 0, and we will stick to this
choice for the functions we’ll build later in the paper as well. Hence we have Sy = 100. We have now
completed our construction with an explicit formula for ;:

Vi = ¢F (Qﬁf’ + 502 (pis1 + Gim1) + 100 (47,1 + 7_1)

+ Gir2 <25¢? + s <(50 30 "T;,l' cos(@-)) Biv1 + <5o —30 |fi'1‘ cos(@-)) @-1)
“aveos(0) (Stlot ¢ 2Lt 1))+ 1006200, )
lei lei—1]

The discussion of this subsection serves as a proof of the following theorem:

Theorem 1 Let P be a parallelogram partition of & with set of vertices V.. Then for a vertexv € V,
the function

@Z)v(X) — { Bﬁz’,P(X), T € P, V; = 7)7{; Z g:

is a piecewise polynomial function in C1(Q) with the following properties:

(1) wv(w) = 5@,10 fOT"lU € V; (2) va|w =0 f07“ w e V; (3) V2%\w =0 fO?" w € V:' (4) Z ¢v =1

veV
Using the cell , of parallelograms shown on the right graph of Figure 1 with v being the interior
vertex of the union of all parallelograms in €,, the function ), is plotted in Figure 5.
3.2 Gradient Interpolation Functions ¢, , and 9, ,

By an analogous construction to the previous subsection, we can construct functions v ., in
C1(2) which have the following properties:

wev = 0; Property 2. vwx,v’we\/ = <6U7UM 0> and v¢y,v|w€V = <O,5v,w>;

Property 1. ¥z v|lwev = ¥y

11



Figure 5: The plot of v, over the cell €2, shown on the right graph of Figure 1

Property 3. v2¢z,v|w€V = V277by,v|w€V = 0; Property 4. Supp(djx,v)a SuPp(¢y,v) - Qv; and

Property 5. Z ’U:c% + wx,v =z and Z vywv + wy,v =Y.
veV veV
Reusing the notation of the same arbitrary parallelogram P; and beginning with the same template
(6) as in the previous subsection, one can follow the same steps (but instead aiming to satisfy the 5
properties above) to reach the following solution for the function v, ;:
writing (e; 2, €iy) = (Vit1,2 — Vi, Vit1,y — Viy) @S a vector representation of the edges,

Vi =07 <¢?(6i,x¢i+1 —€im120i—1) + 4i(€;x P71 — €1 xP7 1)

e;_
+ dito (5 (€iz — €i—12) O7 + b (((20 - 18’ 1 COS(9i)) iz — 1067;—1,x> Git1

lei

— <<20 g lel cos(el-)) Cita — 106’@'@) ¢“>
i1

—12|eH| cos(fi)ei zh2, 1 + 12|lei| | cos(ei)e,-_l,xqﬁ%l) +40 (€0 — €1.2) ¢i¢§+2>. (10)
3 1—1

Theorem 2 Let P be a parallelogram partition of Q with set of vertices V.. Then for a vertex v € V,
the function

¢x,i, X), $€P,Ui:U,PEQU
(%) :{ 0 p(x) iy

is a piecewise polynomial function in C1(Q) with the following properties:
Property 1. g (w) =0 for w € V; Property 2. Vg vlw = (6p,0,0) forw e V;

Property 8. V*y.,

w =0 forw e V; Property 4. Y vzthy + Vg = .
veV

Proof. First restrict to a single parallelogram P; € ), and refer to the definition of the function v ;
over P in (10). Notice that ¢, ; is a degree-5 polynomial of Wachspress coordinates, and every term is
uniformly of degree exactly 5. The only Wachspress monomial of degree 5 which is valued at v; is ¢2,
but this monomial is not present in the definition of 1), ;; therefore it is clear to see that 1, ;(v;) = 0.

12



Notice also that v, ; has a factor of ¢?, and Gilv;, = 0 for i # j, s0 9y 3|y, = 0 for i # j. This proves
that 1, ; satisfies Property 1 on P;, and therefore 1), , satisfies the property over all of €.

Due to the factor of ¢, we can see that 1), ; is doubly zero at all vertices other than v;, so clearly
Vipzilu; = 0 for i # j. To satisfy Property 2, we must also show that Vb, [, = (1,0). We’ll do so by
taking the directional derivatives along the edges joined at v;.

a¢z,i 2 2 ) a<]5z‘—|—1 ) a¢i—1
e |, ~ <¢i <e oo “ae ) 1Y),
1
=1(1 €i,x—€z‘1,x(0)>+0>
( ( l€i
_ Gz
&
awx,i _ Ci—1x

Similarly, %5 1|'Ui = Tera]’
11— 11—

For any unit vector d = (dx,dy), we can write d = a€; + $€;_1 for some real values a and f.
Then since we know the Wachspress coordinates are smooth on Pi, and therefore 1, ; is smooth on

Py, we can write

8¢x,i o 3%:,@ 8¢x,z
od |, = “ o8 |, TP %,
_ 67,7,22 IBei‘fl,z
lei]  [ei
= dy

= vwx,i|vi = <170>

This shows that v, ; satisfies Property 2 on P, and therefore 1, , satisfies the property over all of 2.
Using the same reasoning, we’ll prove that 1, ; satisfies Property 3 on P; by showing that

8217[}172' o 8277[}90,1' o 82¢x,i -0
~9 - ~9 - f -
aej ” aej_l " oe;joe;_q v
for all vertices v;.
Let’ Si = =0, and ¢? is a f f learly Obei|
et’s start at v;2. Since @ile,,, = @ile; ;. = 0, and @7 is a factor of 1, ;, clearly 552 =
i1 Ly
P i . o e : : :
8}5“ = 0. The mixed-directional derivative is less obvious, but a fairly easy calculation. If we
Cit2 Ly

write ¥, ; = ¢22Q for the appropriate degree-3 Wachspress polynomial Q,we see that

2 . .
| W eed G LA ) | I
. . 2
20 82?; 6221 + 204 82?; 3222 i aéif1<§2éi+2> viso
~ 200000 + 200560+ 20/0) 5+ 200 7+ 07 T

=0,

13



so now we have that Vmevi\wz =0.
Dty

=0.
8ez—|—1

Now focus on v;41. Since ¢>i|ei+1 = 0, then it should be easy to see that
Vi4+1

Using the same definition for @ as before, first note that Q|,,,, = 0, and let us compute the

following;:
8 <2¢28¢1Q n ¢28Q)

0 02¢; 0¢; 0 i
:< ( ¢> Q +2¢; ¢2Q+4¢’6?-8§+ ?8;22)

Oy
0é2

7

Vi+1

oe
Vi1
0%; 0¢i 0Q 2,0°Q
=2(%2) 0+ 20000 + 1052 5 + 0755
=0.
Finally, we need to take the mixed-direction derivative:
0y 0 0p; 0
# = oz ¢z ¢ Q + ¢2 Q
0€;_106¢; viin 0é;_1 i
_ (o 09 09 32¢z ¢ 0Q 9 0Q 5 9*Q
- <2aé“ 050 " 2 5e 1080 T P05 06,1 T V06,1 08 T ¥ 081081 )|,
o 0% 0 0% 0¢i_0Q 0¢i 0Q | o 0%Q
6el 1 3el (0) + 2(0) aéi,laéi (O) (O) 8(% 8@1‘,1 0) aéz;l 8éi + (O) 861-,1664-
so now we see that V21/Jx7i]w+l = 0. A similar calculation shows that V2¢x7i|vi_l = 0.
Finally focus on v;. Noting that Q|,, = 0, we have
P eil 0 09 2362
2 <2¢z -Q + ¢; >
_ 3@ (92451 8@' 0Q | ,0°Q
2 2
— -1\ 0Q 5 0°Q
=2 2(1 4(1 1
\ei!> (@) +20(0)0) + 4 )<\ei!> 9e; Ui+( ) 08} |,
_ Q| 409
S 08|, e 08, (11)

This time, we’re going to need to actually consider the derivatives of Q). First we write

Q = ¢7(€ixdit1 — €i-1,00i-1) + 40i(€ixdiy1 — €i-1,007_1) + diroR

14



for the appropriate degree-2 polynomial of Wachspress coordinates R.

oQ o, 4 , of  O¢iy1  Odia
861 <2¢2 (ez,x¢z+1 - ezfl,mgbzfl) + gbz (ez,x 08, — €1z 6,
¢y i 0¢;
+ 48~‘ (61 I¢7,+1 €i—1 z¢z 1) + 8¢z <€z x¢z+l 6~+1 —€i—1 x¢z 1 8ei1>
0pit2 OR
+ aé R+¢z+28 Z) o
-1 1
=2 1)< ) 0) + 1)2<ei7 —0)
+ 4 (, ‘> (0) + 8(1)(0)
+O0R + 0R
_ Gz,
le;|”
0%Q 9% \” 0?
=1 = (2 (82) (€ix0it1 — €im1,20i—1) + 20 éqj (€ixPit1 — €im1,2Pi-1)
0 Opiv1  Odia 9 Poiv1 P
+ 4¢z 96, ( €ix 06, €i—1,x 06, + ¢ €ix 8é? €i—1,x 66?
% 0P; 0pit1 0pi—1
+ 48765(61@%2“ —ei1207 1) + 16 96, <ei,x¢i+18éi — € 120i-1 96, )
i1\’ *hit1 i1\’ O?pi—1
+ 8¢; (ei,x < 98, ) + 6i,x¢i+1Té? — €1z a5, - eifl,xgbiflTé?
O ita O0dit2 O*R
e TP os, T 8ez>

_» (;)2 (0) + 2(1)(0)(0) + 4(1) (;) (“‘“’e| —o> + (1)2(0) + 4(0)(0) + 16 <_1> (0)

lei
1 2
+8(1) <em(| |) +0—0—0> +040+0
e

B 462‘@

led?”

Then we see that (11) resolves to 0, as desired.

A similar calculation shows that gzgx’i = 0, leaving us to check the mixed-direction derivative:
i—1
Pipri | _ D (20221 222
0€;_108; v 0é;_1 v
- < aafll gij“%fo& Al @qu aﬁfl 2%235_’; 32 tol aé?i%éi) .
—9; 4 2
B !ejT;z—llxl i |ez‘2—elzﬁcez‘| i <3é?—1Q@éz‘> (12)

i
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We need to know the mixed-direction derivative of Q:

Gé(?_le@éi = 86? , (2@6@ (ei0tit1 — €i100i-1) + &7 <€i,r 8§g1 - eil:wagg. )
+4g?%(ezx¢z+l €i-1.20;_1) + 86 <ei’z¢i+1a§g1 Ci-ladi- 182;1)
g onage )

( aizmlg?l (€ixPit1 — €i1,20i-1) + 2¢; 82(115(? (€izPit1 = €im1,00i-1)

+2¢Za¢z ( 0%iv1 3¢z‘—1> 26,0 0¢i <€i,xa¢i+1 e 3@'—1)

€ix o~ i—1,x 4~ ~ i—1,x =
0e;_1 0e;_1 €1 oe; oe;

o2 dit1 82@_1 82@
2 + .
o ( i 98106, I 98,108 +4ae, 108; (eiwdis = €i-10671)

8 i O O
+38 o <6m¢z+1aq~j+1 €i—1,20i—1 ¢ 1>

0e; 0e;_1
i 0bit1 0pi—1
+38 96, 1 (ez,xgbz—i-laéi €i—1 x¢z 1 06,
o 0hi10¢i1 [ Phip
+ 8¢; <ez,x 98, , 08 + ez,z¢z+1 98, 108,
e Opi—1 0¢i—1 Ny i1
o, 08, M 98,08,
% Pio O¢iyr2 OR  0O¢iy2 OR O*R
+8éi_1aéiR+ 861 861-_1 + 8@1'_1 8~ ¢z+28~z 18ez> vi

—1 —1 1 1
oo (2) - Yo k0
e lei—1] ei—1] lei

1
+(1)2<ei,z >+0+0+0+0

—€i—1x
lei—1]|ei
-1
+ Ry +0+0+0

lei—1]ei

lei—1]led]

— _3 €i—1,x i, . 5(esn — ey
lei—1]|e] le;_1]|e;] ‘eileei‘( (€ i—1,2))
Ci—laz €ix

lei—1lles]  lei—1llei|

Substituting this back into (12) yields 0 as desired, finally showing that v, ; satisfies Property 3 at all
vertices in P, and therefore v, , satisfies Property 3 across all of 2.

Property 4 can and should be proven using a computational aid, like Mathematica. One should

begin by noting that, over Pj,

4 4 4
r = <Z Ui,x¢i> (Z ¢i> . (13)

i=1

The difference

4
T — Z Ui,acwi + wm,i

=1
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where z is replaced by the expansion of (13) provides an expression of uniformly degree-5 monomials
of Wachspress coordinates, which can be termwise resolved to 0 by using the following facts:

& 1 = ( —cos(f;)  sin(6;)

—sin(6;) —cos
i) )éil. (14)

€= sin(f;)  —cos(6;)

- ( —cos(#;) — sin(i

While we’ve addressed all 4 properties listed in the theorem, we have yet to show that v, , € C L(Q).
It is sufficient to show that 1, , € C1(€),), since we know that Yz =0€Q /Q, and Vi), ,|o0, =0,
so 1z, is differentiable outside of €2, up to its boundary. To show that 1), , is differentiable in Q,, we
choose a second quadrilateral in €, say P»; without loss of generality, suppose that v = v; p, = v; p,.
Then if P> N Py is only v, we know that v, is in C (P, U Py) trivially, since Yz is smooth on the
interior of Py and P», and Vi, ; p, |vi’}le =Vsip, ]%P? = (1,0).

Suppose instead that P; and P, share an edge - then since v = v; p, = v; p,, they must share the
edge e; p, = €;_1 p,, so that vi;1,p, = vi—1,p,- We need to show that the functions v, ; p, and ¥, p,
join smoothly over the shared edge.

It is simple to show that the join along the edge is C? :

3
Vai Py le; p, = iz, P p, Pit1,, (G Py + 4dit1,p))

3
wl‘,i,P2|ei,17p2 = _ei—17I,P2¢i,P2¢’i—l7P2 (¢i,P2 + 4¢i—1,P2) .
Considering that €. P = €-1.P €z, Py = —€i-12,Ps ¢i,P1‘e¢7p1 = ¢i,P2’ei_1ﬁp27 and ¢i+1,P1|ei7p1 =
Gi—1,Pyle;_y Py the two expressions above are clearly equivalent.
awx i, P 8¢x i, P
To show C! smoothness across the shared edge, we’ll show that ——=-1 = —— 2 ,
on; p |, on;_1 p,
1 les py 2 lei_1,p,

considering that n; p, = —n;_1 p,.
Dropping consideration for which polygon we are in, let’s refer to a generic v, ; and take the
relevant outward-normal derivatives on the edge e;. It will benefit us to go on and consider the

17



derivative of the component we denoted () earlier:

9Q
8117;

—€i—1x
6ni ani

’L

(2@ 0¢; (€intiv1 — €i12Gi 1) + &7 <ei,az Opit1 8¢¢—1>

i ;i i
+4a 1(62I¢Z+1 eifl,x¢i71)+8¢i <€1:c¢z+l ;Sntl — €i— la:d)z 1 gnll)
a¢z+2 OR
T 8111 R+¢Z+28 l> €;
il |ei_1]cos e;_1|cos
=2¢; ((’26! ‘1|20()> ¢i — !1\20()¢ZH) (eixPit1)

2 lei| | [ei—1]cos(6:)) |ei—1| cos(6:) , , leil |
+ ¢Z <€'L,x <<20 + 26’) Giv1 + 2C,¢'L> —€i—1x <_ 20 Cbl))

+4 <<|2(Bé! |ell|2ccos()> bi — M1|2(é€ﬁ()¢l+l> (€171

+ 8ie; xPit1 ((’;&' + Jeia] cos(0h) 1|206(,)S( )> Giv1 |ei_1’22)8(9i)¢i)

( ’e’qsm) (Rle,)
=t (el o) s Gt (e

l€i—1] COS@'))

2C ebTe Chagc T T
leil  ,lei—1]cos(6:) 3 |ei—1|cos(6;)
2 1,2 PiP; 2 — 95~ | — 3z i1 e~
 2¢iadi “( 20 3T ac deie (i 50
_led 5(eiw — €im12)97 + icdia (20 — 18’ i1l cos(0;) ) €ix — 10€i—1 5
2C © Gl e ’ ’
—12 ’T;_i‘ cos(b; )ez,x¢z2+1>
e;_1| cos(9; e; e; e;_1|cos(9;
= ¢3 < |1|20() +ei—1x |20|> + @2 i1 <(56i—1,z —2€; ) |20| + 7€z‘,x|1|2c()>

4 5 — 9,) |ei_1| COS(@Z')
62 (10610 — 8es.) S 4 20e, , 1=l c05(0%) lei—1|cos(fi) )
+¢ ¢2+1 (( Oe 1, 86, )2C + 0 2C +¢’L+1 lz 2C

18



Now we use this result to compute the derivative of 1, ,:

O <Zma¢lQ_%¢zaQ>

ani .
i i 0; i
= 2¢; (('266,’ - |e1]2(:c(35;()) ¢i — |el|2(gs()¢z+1> (67 (eiatit1) + 40i(eindiiy))

2 [ 0Q

n; ei)

i i 0; i 0;
= 2€; 207 Dit1 <¢2 <‘e | _ leiza] cos(6:) 1’22(,)8( )> + @idit1 ( ’280‘ 57‘e 1|2CC(,)S( )>

i 0;
—4¢?+1 (’e 1|2(é,)8( )>>

o 3(  |ei—1]cos(b;) el
+¢1 ((bz (ez,z 20 + ei— I;BQC

el |e;—1] cos(6;)
+ ¢ ¢Z+1 <(56'L 1,z 26@,:1:) 20 €ix 2°C

e lei—1] cos(6;)
+ ¢i¢12+1 ((1061'—1,9: — 8¢€i.z) oC ei,xT

lei—1| cos(6;)

+¢Z+1 < Z:UT
5 lei—afcos(6:i) el
=9 ( 2C BRREDTs

i e;_1|cos(0;
+ ¢i it (561'1’1 |2é! + 5em|z1’20(z)>

392 L teil g, leimaf cos(0h)

+ @7 di 14 (1061—1,:1: 20 + 10€; e

(o Jeimileos®) el sy e 106862, )
1, 2C €i— 12720 7 i Pi+1 i Pi+1)-

Similar calculations along e; 1 will show that

Do eifcos(@) e
a¢:%4:<ﬂimlgcz-*w’ (67 + 561011 + 106762,).
Considering that 2C' = |e;||e;—1|sin(d;) and the identities from (14), we can express these two
derivatives in a form which is much more convenient for this particular calculation:
Mai Ciy 5 4 3,2
Ll = Y O L 5t 1063 &
ani . |ez| (sz + d)z ¢Z+1 + ¢z ¢z+1)’
Oy i €i—1
Pril (G009 () 4 Babos + 106367 ).
Oon;_4 ei 1 ;1]

Considering that e; p, = e;_1 p,, ¢i,p, ]eiﬁpl = d)i,pz]eFLPQ, and <;5i+17p1\ei’P1 = (bi_l,PQ‘ei—l,PQ? then it is
immediately clear that
+ 81/}x,i,P2

on;_i p,

awx,i,P1
8ni’pl

=0,

€;,Py €i—1,Py
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03l

Figure 6: The plot of 1, and 1, , over the partition shown on the right of Figure 1

which proves that v, is C' over the edges in €, the last remaining property we needed in order to

prove that v, , € C*(Q). This concludes the proof.

|

Simply replacing = with y will yield 1, ;. We present their graphs and contour plots in Figure 6.

3.3 Hessian Interpolation Functions v,2 ,, {2 ,, and 1),

Next we extend our construction to build functions 9,2 ,,, V2 ,,, and gy, € C1(Q) that satisfy the

following properties:
L. wxz,v|w€V = ¢y2,v|w€V = ¢acy,v|w€V =0
2. V¢m2,v|wev = vaQ,v‘wEV = V@Z’my,v’wev =0

é 0 0 O
3. V2¢x2,v|wev = [ Bw 0 :|7 v2¢y2,v|wev = [ 0 5v7w :|7 and v27/}xy,v’wev = [ S

4. supp(¥,2 4,), SUPP(¥y2 ), SUPP(Yay,w) S Qo3
5. Z U%wv + Qwaz,v + waQ,v = .’1}2, Z ’US’% + 2vywy,v + 21/}y2,v = y27 and

veV veV
> VpVy Wy + Vyzp + VaPy v + Yeyo = TY.
veV

For brevity, we shall suppress the computations as we did in the prior subsection.

1
1/)12,1' = §¢22 (¢Z(ez zd)z—i—l + 62 1 m¢z 1) + ¢i+2< - 26i,x€i—l,x¢%

+ ¢ << ( |;f|1‘ COS(Hi)> — 4ei,xei—1,x) Pit1
+ (5 €1 ( lei 005(91‘)) — 461',16@'—1@)) ¢z‘—1>
lei—1]

e; e;
2 lei 1|c0s9)+4e”ez 1x> ¢Z+1-|-<Z 1x|| ’1|cos(9)
’L

1,
9y
lei

=+ 46,’73;61'_173;) ¢1271) (10( Cix + 61 1 z) 32ei7$ei—17$)¢i¢?+2)

+ e

20
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and

Vuyi = O3 <¢i(€i,xei,y¢%+1 +ei12i-1yPrq) + ¢z‘+2< — (eimCi—1y + €iyCi-12)P?

e
+ & (<56’i,x€’i,y (1 — | ’;|1| Cos(&)) —2(eig€i-1y + e¢7yei_17x)> is1
(3

e
+ <5€i—1,x€i—1,y (1 _ el COS(@‘)) —2(ejz€i—1,y + ei,yei—l,x)> ¢i—1>

lei—1]

€2y ei-1| cos(6;) + 2(e;v€i-1,y + €iyei-1,2) <l>?+1
Sl ei |
Z

< ei

€i—1,2€i— 1,y| N cos(6;) + 2(esw€i—1,y + ei,yei—l,m)) ¢ZZ_1>
’L

_I_
+
+ (10(€; z€iy + €im1z€i-1,y) — 16(eizeim1,y + ei,yei—17fc))¢i¢z2+2)7 (16)

where replacing = with y in the expression of ¢,z ; will yield 9,2 ;. Again, details can be found in [27],
but the steps are again nearly identical to those shown in the construction of the functions ,. Let us
show their graphs and contour plots.

Figure 7: The plot of ¥,2 ,,, Yuy v, ¥y2 ., over the partition shown on the right of Figure 1

3.4 A Quasi-Interpolatory Vertex Spline Operator

Let us explore how to use these vertex splines to construct a quasi-interpolatory operator. Given a
function f that we wish to interpolate, we let S7(f) be the interpolatory function which satisfies

Si(f)(w) = f(v), DeS1(f)(v) = fa(v), DySI(f)(v) = fy(v>a DypS1(f)(v) = fau(v),
DwySI(f)(v) = fxy(v)a DnyI(f)(U) = fyy(v)v (17)

for all vertex v € P. In fact, based on the previous subsections, Sy is given by

= Z f(v)q/)v + fx(v)'ﬁbx,v + fy(v)¢y,v + fxm(v)wmQ,v + fmy(v)¢xy,v + fyy(v)wa,v' (18)

veEP

We summarize the discussion above to conclude the following
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Theorem 3 Suppose that f € C*(Q) and P be a partition of polynomial domain Q consisting of
parallelograms. Define Si(f) as in (18). Then Si(f) reproduces all polynomial functions of degree 2.
That is, if f € Ila, the space of all quadratic polynomials, then Si(f) = f.

However, Sy is not sufficient to span all degree 5 polynomials. For example, it can be shown that

Sp(z3) = Z v31hy + 302y + 6vYy2 , F 3.
vEP

3

Within a single parallelogram P, we can express x° as a degree 5 Wachspress function by

4 3 4
3
=Y vedi | (D¢
j=1 j=1

We can expand this expression and subtract S;(z?), yielding a nonzero difference:

2

4
€i_1
x3|P - S[(m’g) :Bzg(ﬁ? <¢j+16?7$ <€j_17x + ’ Z | COS(@j)ej,z>
j=1

..
~$j-1€ 14 <€j,x+ Gl COS(9j)€j—1,x>>

lej—1l
—12Bj(eju — €j-1,0)€j,2€j—1 - (19)

Given the factor B, we see that there is no difference in value on the edges, but since only a single
factor of B is present on the whole, we can see there is some difference in gradient on the edges. Since
the values on the edges match, so must the derivatives in the directions of the edges. Next we will
attempt to control the outward normal derivatives on each edge.

3.5 Edge Splines

We will construct edge splines over P, which are supported on €., the union of two paralellograms
sharing the edge e. While the vertex splines were built with the aim of controlling value, gradient,
and Hessian at the vertices of a parallelogram P, edge splines will be built to control outward normal
derivatives on the edges of P.

Let us focus on edge e; of P. We must use degree 5 Wachspress monomials which do not affect
values, gradients, or Hessians at the vertices, but do affect the outward normal derivative on e;. There
are exactly two distinct such monomials: ¢,L2¢i+1 and qﬁiqﬁ% +1- This gives us two degrees of freedom.
We can control the outward normal derivative at two points on e;. We chose the points on e; at which
each monomial is maximized: e;; := %vi + %Uz‘+1 and e; j+1 1= %vi + %UiH, respectively.

Since these functions will be built with the intention of augmenting S7(f), we should first consider
the outward normal derivative of S7(f) at points e;; and e;;41:

856112;0) . = 5—5ni <(992Vf—r|vi+1 + 2133Vf—r’vi) +6 (39v2f|vi + 4v2f‘vi+1) e;r) :
aglrf;f ! o 5"n; ((992VfT|Ui + 2133VfT\w) —6 (39v2 fl,,,, +4V° f‘vi) el ) _

For each interior edge, we can define two edge splines ¢, 1 and 1), 2, each of which is supported
over two parallelograms sharing edge e; as follows:

W = G iy10ige = BoI i1, and L 5 = 6707, 1 iyo = Boidi, ). (20)
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Denote by R the parallelogram which shares edge e; with P, and without loss of generality assume
that this edge is e;—1 with respect to R, so that viP = viR and vﬁrl = vf;l. Define the functions

N P(fH)x), z€P,
velf)lox) = { o1\, xR,
E(f) = Bpol oF ((KLi(Hof + KL3(H) b)) vE_1(f) = Brolfol (KR (f)of + K5 (fol )

for constants Kfi(f), Kfi(f), K?fi(f), and Kfi(f) which depend on the function f, where Bp and
Bp, are the bubble functions with respect to P and R. To determine these constants, we shall compute
the normal derivative of wefj ;(f) at the points e - and el

zz—l—l
0% (f 18]ef” ol (f 18/ef”
D B g o e e B g ) arn. e

1,1 1,1+1

Our goal is to ensure the following:

ey (f) :< of _asf<f>> g L) < of _as,<f)>
((9néD oP 8nf 8néD P ’ 8n£‘D ey anf 3néD ey,

By (21) we require that

5°C oS (f of
3Kfl(f) + QK:’fz(f) = 18|e;| ( 3;(P) B anP> P and
5°Cp [0S of |
i ) J €iit1

Solving the linear system above and expanding leads to the solutions

KTi(f) = Cr ( ((883Vf\ —258Vf]vﬁl>+6(25V2f\vlp~|—18V2f\vil>(ef)T)

18le”|
3 0
4
+5 (2611{3 eP )) y and

8n
KL(f) = CP( (8834l —258Vf],p ) =6 (2592f,p +1892f| ) (e)T)

18[ef]
5 ( an +1>> '

3n

Similarly, we must set

Kfi(f):lgle 1‘( (38391, — 258V £ s ) 6 (25V21] + 18V /] ) (ef)T)
of
(2o, o))
fl(f)_wye T (n t (( 83Vf| —258Vf\ )+6(25v2f\ n 18V ) 1)T)
of
(2‘9“@14{” n/t 1e1“1>>
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Since the functions wg ; and wfi_l are both valued zero on the shared edge, we know that 1. (f)

must be at least C° on the shared edge, but we need 1.(f) to be C'. We know that Tl)éjﬂ- and @Z)fifl
share derivatives of 0 along the shared-edge direction e;, but we must ensure that the normal derivative

values are the same at all points on the shared edge, not just at the points vZP = viR, vﬁrl = viP: 1

ef; =€l andef; | =eft |, |. Infact, if we take the normal derivatives of ¢F;(f) and [ _(f) on

the shared edge, we retrieve the following:

OvLi(f) 2 e
TonP | =~ (070) (Kol + Kaioih) o, and
0Pl _1(f) 2 el |
“omE, |, = (OO (Kol + Kiol) 55
1—1
We need these to sum to zero, and taking into account that (bf = ZR, fil = (;Sﬁl, and eiP = —eil_%l
we retrieve that
a¢£z(f) 6¢£Z,1(f) _ |ep| (qbp P )2 Kfz + Kfz ¢P+ Kéz:z + Kfz ¢P
onf |ep ' omft, . VT 2Cp " 20g )" " \2Cp " 2CR ) M)

which will be zero exactly when

P R P R
Kl,i _KQ,i KS,Z' _K4i

= and = =, 22
Cp Cr Cp Cr ( )

. P _ R P _ R _P _ _R P _ R o ,
Since n; = —-n;',, e,;7 = —e;,7Y, €i = €1 and €iit1 = €11 this is easy to see from the

definitions of the four coefficients that (22) holds.
Our goal for these edge splines was to increase our polynomial span, so we will define another
interpolatory function Sg(f) by

Se(f) = S1(f) + D velf). (23)
ecP

Restricted within a parallelogram P, it is easy to see that we still have more work to do: since 1/15 (f)
doesn’t contain a factor of B2 for any i, then the difference z3|p — Sg(f)|p cannot be zero, since the
result in (19) contains terms with a factor of B2. However, we are in good shape:

373‘19 - SE(x3)‘P = ZS‘P - S1($3)|P - wa];i(xg)’
ecP

and a lengthy simplification shows that

4
e;_
> el =9BY ¢ <¢j+16?,x <6j—1,x 4 Lot COS(9j)€j,x>
j=1

ecP |ej|

e.
_d)j_le?_l,x (ej,x + M cos(Gj)ej_l,x>> s

lej—1]

which we combine with the result in (19) to see that

4
28|, — Sp(a®)|p ==Y 12B%¢;(ej0 — €j-10)€j €10
=1

Now we have the values and gradients of our interpolant matching on all the edges of P, but there

remain differences in some values on the interior. We will create one more class of spline, face splines
to be constructed in the following subsection.
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Figure 8: The plot of ¥r;,7=1,2,3,4

3.6 Face Splines

Face splines are those splines functions which are supported only within a quadrilateral. Within a
single parallelogram P, we define the following functions for ¢ = 1,2, 3, 4:

sz ¢3¢z+2 Bz(z)l

Then the interpolatory face spline of a function f over P is defined by
4
v =) ST (v (24)
i=1

for some constants SiP (f) depending on the function f. The graphs of these four functions 1/11{'3 =
1,2, 3,4 supported over one parallelogram are shown in Fig. 8. 7

We'll determine the constants SZ-P (f) using values of f at four points on the interior of P; we will
choose the points which maximize the values of each function Lb}],f ;- Simple calculus combined with
some parallelogram geometry provides that, for each ¢, the point ’

P

3 p 2
D; 9vf + 60, + 607, +4vly) = Sof + Sof,

25( 5" 5

is the one which maximizes 1/15' ; for each i. A relatively simple evaluation gives the following values
of ¢§; at each point pf :

3595 3426

3621
- 5107¢F@ - 510‘

352°
- 5107¢F1 =

- 510 7¢F1

Uil
F p
Then, for each ¢, we have

494
VF|,p = S OSF(F) 4+ 6(ST () + SE4(1) + 4S5 ()

We aim to construct a new interpolatory function Sg(f) by

Sp(f) = Se(f)+ Y vF,

pPeP
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so for each P and ¢ = 1,2,3,4, we need ¢§|pp =(f—- SE(f))‘pP.

Then we can solve for the coefficients SP(f) by the following linear system:

9 6 4 6 S{D(f) (f_SE(f))}pf

324 [ 6 9 6 4 st | | = Se),r

50 4696 || PR || (F=Se(f)]e (25)
6469/ \ 5 (f = S5,

P (and, indeed, it can be
done), the expression is perhaps best described as abominable. Instead, since the linear system above
can be solved using only the values of Sg(f), in practice it has been both easier and computationally
faster to simply build Sg(f) in full as an intermediate step in the construction of Sg(f), and then

evaluate Sg(f) at the relevant points for each P € P.

While it might be preferable to compute some closed form of Sg(f)]

3.7 Quasi-Interpolatory Operators based on Degree-5 Polygonal Splines

Let us explore how to use these vertex, edge, and face splines to construct quasi-interpolatory operators.
Given a function f that we wish to interpolate, we recall S;(f) from (18), which is the interpolatory
function satisfying

Si(f)(w) = f(v), DeS1(f)(v) = fu(v), DySi(f)(v) = fy(v), DaxSi(f)(v) = frz(v),
Doy St(f)(v) = fay(v), DyySi(f)(v) = fyy(v), (26)
for all vertices v € P.

Next we define a new interpolant. Recall that over each parallelogram P € P, we have defined
PP (f) for all edges e € P before. Now let

Sp(f)(x) = Sr(f)(x) + Y te(f)(x) (27)

eceE

Then the following theorem holds by construction:
Theorem 4 For a sufficiently differentiable function f, we define S;(f)|p = ST (f),YP € P and

Ye(f) as above for each edge e € E. Then the function Sg(f) defined in (27) is in CY(Q), and
satisfies the following five properties:

(SE())w) = 1(0), (1) VSp(@) = V@), (i) VSp(P)e) = VF),
(i) - Spf)(er) = gfler), (1) 5oS()(ea) = oS,

for all vertices v and edges e in P, where n. is the normal direction to e, and e; and ey are the points
% and % of the way along the edge e.

Proof. (i), (ii), and (iii) follow by the properties of S;(f) and the fact that within any parallelogram
P, for any value ¢ = 1,2,3,4, the functions ¢5 ; have value, gradient, and Hessian of zero at each
vertex v € P, which implies that the same is true for each function . (f) at all vertices.

(iv) and (v) follow from the construction of the edge splines ¥¢(f). O
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Since the face splines of P have no value, gradient, or Hessian on the edges of P, we do not
need to be concerned with C! smoothness when analyzing them. We need only find how to use
them for quasi-interpolation. We will use these to interpolate values at some points on the interior
of each parallelogram. For a given parallelogram P, the function ¢§7i is maximized at the point
pi = (9v; + 6vi11 + 4v;49 + 6v,_1) /25 for i = 1,2, 3,4; these will be the points at which we interpolate
values. For a given function f, define the new interpolant over P by

S5 (f) = |P+ZSP ¢F,i>

so we need to determine the coefficients ST (f) such that SE(f)|p, = flp; for i = 1,2,3,4. We simply
evaluate Sg(f) at each point p; and solve the linear system given by

ZSP Prips) = f(0;) = Se(f)(ps), = 1,2,3,4. (28)

which has a unique solution Sip(f),z' =1,2,3,4.
We now summarize the discussion above in the following theorem:

Theorem 5 Given a sufficiently differentiable function f, compute Se(f) and solve the linear system
given in (28) over each parallelogram P € P for the coefficients ST (f),i = 1,2,3,4. Then the function

4
Ss(f) = S1(f) + D _ve(£)x) + D> SE(f)ves, (29)

ecE PeP i=1

satisfies all & properties listed in Theorem 4 along with the following interpolatory property that

Ss(H) = f7), i=1,2,34
for every P € P.

Proof. At each vertex in a given parallelogram P, the face splines SZP (f) are valueless with gradient
and Hessian 0. All the functions SZ-P (f) also have value and gradient 0 along the edges, so satisfaction
of the properties. Altogether, this means that addition of the face splines does not affect satisfaction
of any of the 5 properties listed in Theorem 4. The additional interpolation property listed in this
Theorem follows by construction of the face splines. O

Next we explain the approximation property of the quasi-interpolatory spline S5(f) in (29). First
we can easily see that S5(f) is able to reproduce all polynomials of degree < 5 by the constructions of
these vertex splines as well as the edge splines and face splines.

Theorem 6 Let Wy be the collection of all the vertex splines ¥y, Yo v, Yy vs Yy s Yayw, Uy2 , for each
verter v of P. Let Wg be the collection of all the edge splines 1.1 and 12 for edges e of P. Let ¥p
be the collection of all the parallelogram splines Yp1,vVp2,Vp3,Y¥pa for parallelograms P of P. Then
span(Vy )@ span(Vg)Dspan(V p) D 15, where 15 is the space of all bivariate polynomials of degree 5
or less. In particular, S5(p) = p for any polynomial p € Il5.

Proof. We have already seen that S5(p) = p for all the standard polynomial basis functions p up to
degree 2 - in fact, S;(p) = p for polynomials p up to degree 2. Using a computer algebra program (e.g.
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Mathematica) will show that S5(p) = p for degree 3, 4, and 5 monomials, most easily achieved by the
following scheme:

First, expand the degree-5 Wachspress polynomial expression of the monomial, limited to a single
parallelogram P. Using zy? as an example degree-4 function, write

4 4 3 /4
p— oy = @) - (z ¢) (z ¢> (z @-) |
i=1 =1 =1

Next, compute the symbolic expansion of the interpolant S5(p)|p. It is helpful to collect like terms
at this point.

Finally, take the difference (S5(p) —p)|p, and again simplify and collect like terms. Each coefficient
(depending on order of simplification and assumption application, likely a lengthy geometrically-linked
term at this point) can be simplified to zero, so that S5(p) = p on every parallelogram P. O

3.8 Approximation Properties and Numerical Results

Let P be a collection of parallelograms and let Py be the kth uniform refinement of Pr_; with Py = P.
Then Py, is quasi-uniform in the sense that the ratio of the largest edge length over the smallest edge
length is bounded. Also, the interior angles of Py, are bounded from above and from below in the sense
that when & — oo, the smallest interior angle of Py will not go to zero and the largest will not go to
7. Define S5(P) to be the span of all vertex splines we constructed in the previous subsections. That
is, where V' is the collection of all vertices in P and £ is the collection of all edges of P, we define

S5(P) = span(¥y) & span(¥ ) & span(¥p), (30)

and similarly define S5(Px) as the analogous spline space over the kth refinement Pj. For the inter-
polatory operator Sy(f) € S5(P), we let St x(f) € S5(Pk) be the interpolatory spline in Ss(Py).
One can show the following:

Theorem 7 Let Q be the union of all parallelograms in P. For any f € C5(Q), the quasi-interpolant
Sti(f) € S5(Py) satisfies

1f = S1a(Dllsc.e < Crlfl3.00027 + Col flao.02™ + Ol 1500027, (31)
where C1, Cy, and C3 are positive constants independent of f. Furthermore,

30002 2 4 O fla.00.0272F + C3| fl5.00027*F (32)

IVf=VSre(Hllocn < Culf
for all f € C3(9).
To prove the results above, we need a preparatory lemma.

Lemma 2 Suppose that the partition P is quasi-uniform, that is, there exists a 5 > 1 such that the
ratio of the longest edge length and shortest edge length of each parallelogram P € P is bounded by [3.
Then the maximum norms of Yy, Vv, Yy v, a2 s Yayws Vy2,» have the following estimates:

||1/}v||oo,73 S C, wa,v”oo,P S C|P|, Hd@,v 00, P S C’,P’v
%22 0]l < CIPI [¢aywlloor < CIPI [¥y2.0]le0r < CIPI? (33)
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for a positive constant C' independent of the partition P, where |P| stands for the size of P which is
the largest edge length of P. Similarly, we have

||v¢v||oo,7> < C'*/|73|, |’V¢z,v||00,7> < C*» ||v¢y,v‘|00,73 < C*|7D|7
VY2 4l P < Cel P [ Vibaywlloop < Cul PP, IV 2 o lloop < Cu| PP, (34)

for a positive constant C dependent on the minimal angle at four corners of each parallelogram P for

P
all P € P and the quasi-uniformality vp = maxpep u
PP

Proof. 1t is easy to see from the explicit representation that 1, is bounded in the maximum norm
because all the GBC functions ¢; are bounded and the coefficients are fixed values which can be seen
from (9). Similarly, from (10), we can see that the coefficients of 1, , contain e;, or e;, and other
similar terms. It is easy to see that |e; ;| < |P| and hence, ||t)34]|cc < C|P|. Similar for the other
terms to be estimated. This establishes (33).

Next we bound the gradients of the Wachspress coordinates. Fortunately, it has been shown in
[15] that

- 4
sup > [[V6;(x)lla < 5~ (35)

xeP j=1

where h* is the shortest perpendicular distance from any vertex of P to a non-incident edge of P (cf.
[15] and [25]. It is easy to see that |P|/h. is dependent on the minimum value of the angles at four
corners of P. So ||Viy|lsc.0 = [|VUu|loo,pe = C’% < %u}%' < C./|P] as the partition P is assumed
to be quasi-uniform, where C' is the largest coefficient in absolute value in the formula (9). Similar for
other terms and hence, we finish the proof for (34). 0

Proof.[Proof of Theorem 7] Given the locality of each vertex spline and reproduction of all quadratic
polynomials, we can use the same technique in [26] to establish the proof. Indeed, let Py € Py be
a parallelogram such that ||f — S;x(f)llcco = IIf — S16(f)lloo,p, for a fixed integer k > 1. Let
(x0,y0) € Py be the center of . We use the Taylor polynomial ps of degree 2 of f at (xo,yo) with
remainder R3(f) which involves the 3rd order derivatives of f. We recall the following formula for the
exact remainder of the classical Taylor polynomial p; of degree d:

Rap1(f) = f(z,y) —pr(e,y)

r—u)(y—v)? [
= @ry Y U [ pend () + tlu— oo )i (30)
a+f=d+1 S 0

where the differential operators Dy and Do denote differentiation with respect to the first and second
variables, respectively. Since f = ps + R3(f),

1f = S1e(P)llco.ry < Nps = Str(pp)lloo.py + [1B3(f) = S1.a(R3(f))lloo,ro-

By Theorem 6, we have |pf — St k(pf)|loc,p, = 0 and

If = Ste(f)lloo,po < 1R3(f) = Srp(R3(f)lloo,pe < [1R3()lloo,py + 1516 (R3(f))lloo,po-

It is easy to see ||R3(f)|co,n, < C|Po|® for a positive constant dependent only on f; in fact, the
maximum norm of the 3rd derivatives of f over Py with the size |Py| < |P|/2*. The last term in the
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above equation is divided into three sub-terms:

1S14(Rs(F))lloo,ps <1 D~ Ra(f)@)ulloo,py + | D Ra(f)a(0)then + Ra(f)y(0)y0lloc,ro

vEPY vEPy
+ H Z R3(f)mx(v)¢x2,v + R3(f)my(v)wzy,v + R3(f)yy(v)wy2,v”oo,P0'
vEPy

Let us begin with the first term on the right-hand side of the inequality above. From the formula
(36) for remainder R3(f) and the boundedness of 1, we have ||R3(f)¢y|co,py < |R3(f)(0)|||1Y0]|ee <
C|Py? < 0273, where C' > 0 stands for a positive constant (which may not be the same constant
in each occurrence), and we have used one of the estimates in Lemma 2. For the second term on the
right-hand side, we need to estimate || R3(f)z(v)Yzv|0o- We have to use the product rule of derivatives

to have |R3(f)z(v)| < C’|f|3700|P0|2 + C\f|47oo|Pg|3 and hence,
IR3(f)2(0)¥zlloo < Clfl3,00|Pol® + C|f a0l Pol* = C|fl3,0027 % + C| fla,0027 .

Similar calculations for the other terms on the right-hand side of the inequality for ||.S7 x(R3(f))ls0,P,
complete the proof of (31).
Next we estimate the derivative approximation: since f = py + R3(f), we have

IVf=VS1k(llocrs < IVDy = VS1k0f)loo,py + IVR3(f) = VS (R3(f)) 00, Ry
< VR3()llo,ry + IVS1 . (R3(f)) 00, Ry

The first term on the right-hand side is easy:

IVR3(f)lloc,po < C|f13,00| Pol* + C|f 4,00 Pol -

Now we note that ||V.Sr,(R3(f)|s,p, can be estimated exactly in the same fashion as above using
Lemma 2 to obtain (32). O

For the approximation property in the L? norm, we can establish the following:

Theorem 8 Suppose that P is fived and let Py, k > 1 be the uniform refinements of P. Then for any
u € H?(Q), there exists a polygonal spline Q(u) € S;(Py) such that

lu — Q(u)|l20 < Clulz 2,027 + Cluls202™ " + Clul5 2,027 (37)

and
lu—Q(u)12,0 < Cluls 202 % + Cluls2,027*" + Cluls 2027 (38)

for a positive constant C' independent of u, but may be dependent on the quasi-uniformality yp.

Proof. We shall use averaged Taylor polynomials. Let B := B(ug,vo,p) := {(z,y) : (x —up)? + (y —
v0)? < p?} be a disk in R? of radius p with center (ug,vg). Let

ce,p2/(p27(717110)27(1;71)0)2)7 u,v) € B(ug,vg, p),
on(t.1) :{ (u,v) € B(ug,vo, p) (39)

0, otherwise,

where ¢ is chosen so that [, gp(u,v)dudv = 1. Given an integrable function f € L1(B(z,y, p)), let

1)+ o ‘ '
Fd,Bf(fUay) = Z ( Zl‘)‘ J / f(u,v)D; D} [(1; — )iy —v)igp(u, v)] dudv  (40)
0<itg<d B(uo,v0,p)
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which is called the averaged Taylor polynomial of degree d relative to B associated with f. It is known
from Theorem 1.7 in [26] that

If — Fagflaa < CIU flat2.0, (41)

for a positive constant C' independent of f and Q, where € containing B(ug, vo, p)-

For each P € P, let p be the center of P and gp(u,v) be the kernel function as defined in (39)
with (ug,vg) = p and pp is the largest radius such that the disk B(p, pp) C P. We shall use Ff p to
denote the averaged Taylor polynomial of degree 2 relative to B(p, pp) associated with f. Then

If = Str(Dlsa = DI =StaO3p =D If = Frp+Frp— Sta(Frp) + Six(Frp — I3,

PeP Pep
< 2) |If = Frpl3 e+ I1Stk(Fre — £lsp
Pep
= *(Frp = Dll5,p (42)
Pep

where we have used (41). We now estimate the last term ||S7x(Fr.p — f)||3 p for each P € P. Let us
recall the exact remainder of the averaged Taylor polynomial of f from [26].

Riy1 = f(z,y) — Frp(z,y) = [f(@,y) = Ty ) f (z, )] 98 (u, v)dudv
B(
’U,()7'U(),p

d+1
= S L st - - oy
B JBmor)

a+,6’ d+1
fo‘Dgf((:r, y) + t(u — x,v — y))t4dtdudo, (43)

From (18), Srx(R3(f)) is given by letting h = R3(f),

SI,k(h) = Z h(v)wv,k + hx(v)wz,v,k + hy(v)l/)y,v,k + hxx(v)wa,v,k + hmy(”ﬁbxy,v,k + hyy(v)l/)yQ,v,k‘
veEP

(44)

We first find the L? norm of h(v)yy  over P of P with v € P. Clearly, |4y ll2,p < C|P| by using
Lemma 2. Let us take a close look at R3(f)(v). Mainly, we look at one of the terms in the summation
of R3 in (43):

1
[ [ |omteo)n = 0 on = 0P DED (01, 02) + b = 1,0 — )| ¢ldtduc,
B(p.op

where v = (v1,v2). Letting LHS be the term above, it follows that

1
LHS < |PI"*"|gp]s / / IDEDS f((vr, v2) + tu — v1,v — va)|tdtdudy
(P.pP)
K
< |P|*th 1/ ¢4 2/ |D$ DY f (w1, wo)|dw; dwodt
B(p,pp)—Vv)+v
K 12 d+2 7 2
< \P\deT / DD f (wr,wa)|dwidws | |P| < Ki|flas12,pP*T?/ 0,
pIJP

by using Cauchy-Schwarz inequality since d > 2, where we have used the estimate |||l < K1/p%
(cf. [26]) and the substitution (wi,ws) = (v1,v2) + t(u — v1,v — v2) which leads to a new integral
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domain t(B(p, pp) — v) + v which is a subset of P. Letting Kp > |P|?/p% be the quasi-uniform
constant of partition P, we have LHS < K1Kp|fl|it12,p|P|¢ = KiKp|f|s2.p|P|* It follows that the
first term in the summation on the right-hand side of (44) can be estimated by

3!

1R (£)(V)ullo,p < [Rs(F)WICIPI < CIP| Y T KiKplflszp

a'ﬁ' P|2 = Cl|f|3,2,P|P|3
a+p=3

for a positive constant C;. Next for the term involving D, R3(f)(v) and D, R3(f)(v), we have to apply
the product rule of derivatives inside the integral and hence, we will use the same argument as above
to have

|D.R3(f)(v)| < Calfl32.p|P| + Cs|flsz.p|P|*.

Since |9z k|20 < C|P|? by using Lemma 2, we obtain

D2 R3(f)(V)Uuwpll2,p < |DaRs(f)|C|PPCal fl3,2,p| P> + Cs| flaz,p|P|".

Similar for the terms involving second derivatives of R3(f). Adding all terms together, we have
1S1(Rs(P)I3.p < CUFE o plPIO + 1 plPIS + [, pI PI10). Summing over all P € P, taking the
square root, we complete the desired estimate (37) with a constant C' dependent on Kp.

Similarly, we can prove (38) by using the above approach. The detail is left to the interested
reader. O

If one uses the whole space S5(P), the approximation power is, of course, better than using S;(P)
only. We can do so by using the constructed quasi-interpolatory spline given in Theorem 5. That is,
given a set of scattered data on an unknown function f, i.e. data locations and function values, we
approximate f by Ss(f) described below. In this situation, we need to estimate these coefficients in
(29), e.g. function values u(v;) and first order and second order derivatives at v; in order to use the
quasi-interpolatory operator Ss. To do so, we can use a two-stage method described in [34]. For the
data set D = {(x;, yi, u(x;,9;)),s = 1,--- , N}, we assume that (z;,y;) € Q for a bounded domain 2
for all i = 1,--- , N. We can choose a partition P consisting of parallelograms to contain the region
Q) of interest so that all data locations are within these parallelograms. Note that 2 may be just the
union of all parallelograms. For each vertex v of P, we use the given data values nearby v to estimate
f(v),Vf(v),V2f(v), (e.g. by using the least-squares best-fit quadratic polynomial). Similarly, we
can approximate f(vp;),i =1,---,4 by using the best quadratic polynomial fit over the data values
over each parallelogram P, or over all points within all the parallelograms sharing e. In this way, we
obtained the needed first and second derivatives at all vertices as well as the two locations inside each
edge and four locations inside each parallelogram in P. We then use the formula in (29). Similar to
the proof above, we can establish

Theorem 9 Suppose that P is fixred and let Py, k > 1 be the uniform refinements of P. Then for any
u € H3(Q), there exists a polygonal spline Q(u) € S5(Py) such that

lu — Q(u) |20 < Ciluls2,027% + Calulr2.02™ ™ + Csluls 2027 (45)

for positive constants C,Ca, Cs which are independent of u, but may be dependent the boundary of €2
if Q is nonconvex.

In the end of this section, we present numerical evidence on the quasi-interpolatory splines con-
structed in this section to approximate some testing functions. We’ll use one of the parallelogram
tilings shown in Figure 1 along with its uniform refinements to show the order of convergence, which
is consistent with the result in Theorem 7.
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Example 1 In this ezample, we report the number of quadrilaterals in the partition for each refine-
ment, along with the mesh size h, which we have defined as the largest diameter of any parallelogram
in the partition. We report the root mean square error ||u — Sp(u)||rars computed over 500x 500
points on interior of the partition, along with the convergence rate in terms of h; since we expect
L? convergence of O(h?), we should expect a rate equal to 3. We first use three trigonometric func-
tions to test the convergence of our quasi-interpolants. u; = sin(x)sin(y), ue = sin(nx)sin(7y), and
us = sin(27x) sin(27y): Let Sy be the quasi-interpolatory spline defined in (18) for function u.

Table 1: The convergence over two refinements for uy, us, ug

# Quads h [|u1 — Su, ||rars | rate | |Jug — Su,l|lrams | rate | ||us — Sus||ras | rate
5 | 2.24e+00 1.45e-03 | 0.00 2.02e-01 | 0.00 1.22e4-00 | 0.00

20 | 1.12e4-00 2.01e-04 | 2.86 6.24e-03 | 5.02 2.02e-01 | 2.60

80 | 5.59e-01 2.49e-05 | 3.01 8.18e-04 | 2.93 6.24e-03 | 5.02

Next we repeat the same experiments for functions which are more difficult to approximate. Con-

sider test functions ug = sin(w(z? +y?)), us = (10 + x +y) 7L, and ug = (1 + 2% +y*)~ L.

Table 2: The convergence over two refinements for more difficult functions ug4, us and ug

# Quads mesh l|wg — Su,l|lras | rate | ||us — Susl|ras | rate || ||ue — Sugl|ras | rate
5 | 2.24e+00 1.82e4-00 | 0.00 2.11e-06 | 0.00 5.57e-03 | 0.00

20 | 1.12e4-00 4.66e-01 | 1.96 2.60e-07 | 3.02 5.98e-04 | 3.22

80 | 5.59e-01 2.88e-02 | 4.01 3.24e-08 | 3.00 7.65e-05 | 2.97

Example 2 Next we present tables of numerical experimental results based on the quasi-interpolatory
operator Ss. We display the numerical errors of the quasi-interpolants in Tables 3 of three testing
functions: ui(z,y) = sin(x) sin(y), ua(z,y) = sin(wz) sin(ny), and us(z,y) = sin(2wz)sin(2ry). We
measure the errors Ep(u) of the quasi-interpolants constructed over the partition in the root-mean
square errors which are computed based on 200 x 200 equally-spaced points which are inside the domain.

Table 3: C! polygonal spline quasi-interpolation Sj of the functions w1 (x, y) = sin(z) sin(y), uz(z,y) =
sin(rzx) sin(my), us(z,y) = sin(27x) sin(27y)

# Quads h Er(uy) | rate | Ep(ug) | rate | Ep(us) | rate
6 | 2.06e+00 | 1.89¢-05 | 0.00 || 1.31e-02 | 0.00 || 2.51e-01 | 0.00

24 | 1.03e+00 | 3.07e-07 | 5.94 || 3.07e-04 | 5.41 || 1.44e-02 | 4.13

96 | 5.15e-01 | 4.86e-09 | 5.98 || 4.93e-06 | 5.96 || 2.87e-04 | 5.64

384 | 2.58e-01 | 7.68e-11 | 5.98 || 7.88e-08 | 5.97 || 4.84e-06 | 5.89

Notice that, for functions which oscillate more quickly, we require a finer mesh before a correct
convergence rate can be observed. In the cases of u1 and us, we see convergence immediately, but in the
case of us, we need the partition refined an additional time before seeing the appropriate convergence
rate using the full quasi-interpolant Ss(us).
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4 Construction of Vertex Splines over Convex Quadrilaterals

It is known that any polygon can be partitioned into a collection of convex quadrilaterals, since any
polygonal region can be triangulated, and any triangle can be partitioned by convex quadrilaterals.
Hence, the polygonal splines built in this section are useful for general regions. Let €2 be a polygon
and P be a partition of 2 which consists of convex quadrilaterals. Of note, since we are not restricted
to parallelograms, the splines we are building will generally be rational functions, not polynomials,
and the derivatives will be much more involved both in the geometric constants involved and in the
degree of simplification possible.

We’'ll proceed in the same order, first making a basis function analogous to 1, within a given
quadrilateral @ with v; g = v, using the template (6). We can determine the J coefficients readily;
K is also not difficult to determine, although it is more complicated since we do not have the luxury
of working within the geometry of a parallelogram:

Y = ¢7 <¢? + 507 (i1 + dim1 + 10 (¢, + ¢7_1)

Cix1Ci1

CZCHQ) 67 + i(K1dit1 + Kogi—1) + K7, + K4¢12_1>

+ Git2 ((5 +20

+ 2. 9(Sodi + S1it1 + Sapi—1 + 53¢z'+2))-

As in the parallelogram case, we can now take normal derivatives on the edges to determine
smoothness conditions. Considering a quadrilateral 2 which shares the edge e; o = e;_1 g, we will

want (3%@ N i R )

= 0.
on;qg On; 1R

ei,
With substantial work, we can simplify this sum to the following mess:

2 2 lei—1,0]cos(0i,Q) |, |ei,r|cos(bsr)
®iQPi+1,Q <¢¢,Q <—30 ( 20,0 + 2Cin

Ci—1,0 Cit1,r >
+leiol (30 Q4 :
el ( (2Ai+2,QCi,Q 2A;+1,rCi R

o8 C;
H(20 - Ky g)———H2C 4 (20— KZR)’%))

24;420Ci11.0 24;11,rCi—1.R
leir1,glcos(fiv1,Q)  lei—1,qlcos(d;q)
+ ) . 30 9 9 _ 9 K

ipdit1p < < 20541, 2Ciq

|eiv2,r|cos(0i—1,r)  |eiR| COS(9i,R))
201'_1,3 2015,1%

Ciyo,0
+ le; 50-Kipop— K _—

C,
+(50 — Ko g — K4vR)2A+1Z;F;C’f-%1R)>
i+1, =4

2 leiv1,p|cos(0i41,0) | |ei+2,r|cos(0i—1,r)
; 30 :
* P ( ( 2Ci+1,0 i 2Ci-1,r

Cit2, Cit2.R
—le; Kygp——m2r 4+ Kyp—120"
| l,Q| < :Q 2Ai+2,QCi+1,Q ) 2Ai+2,RC7jfLR

Notice first that this is a rational function, and that the ” coefficients” on each Wachspress monomial
are in fact rational functions themselves, with the linear area functions A appearing in denominators.
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If we wish for this sum to be zero, we’ll need all of the coefficients on the Wachspress monomials to
independently resolve to zero.

Focus on the terms divisible by qﬁf"ng? +1,0- Notice that the K terms are multiplied by the terms
which contain linear denominators, but the terms on the first line are totally constant, and don’t

|; :2) (cot(0;,q) + cot(#; r)). Therefore, if we have

any hope of making this term resolve to zero, we’ll either need to make the K terms themselves be
non-constant linear functions in order to be able to interact with this first line, or we’ll need this first
line itself to be zero. Of course, we want these K terms to be constant, so we’ll need this first line
to resolve to zero. Since ) and R are convex, this is only possible when 0; ¢ + 6; r = 7, which would
imply that e;_1 ¢ and e; g are collinear; this amounts to a geometric restriction beyond convexity. In
fact, this is how we land at the parallelogram partition requirement in degree 5: we dodge this issue
by forcing A;y2 gle; o and Aiy1 Rrle; , » to be constant by making opposite edges of () and R parallel,
which leads to the requirement that all the quadrilaterals must be parallelograms.

To avoid such a restriction, we can increase the degree of our Wachspress functions. A similar
attempt in degree 6 will reach the same step and require similar restrictions, again suggesting a
restriction to parallelograms, but increasing to degree 7 will do the trick.

necessarily resolve to 0; in fact, they simplify to

: T R A AV A 7} B
ok 38 Badl  BES  BEE  Bée B ke
ht Bhe  Fe BaE  Bée  BE B4 e
h B aff ¢ B 431 ¢ Bfm Bfm B éz & Bafé & e
it BAE  Bée B4 B, Fde  BAS b
ik Bile, B8 Bée  BFa&  FE Bhs i
it 38 Baie  BA&  BEE  Bad B o
¢ Y P P AV .

Figure 9: The monomials of Wachspress GBCs over a quadriteral

For each vertex v € P, let €2, be the collection of all quadrilaterals sharing the vertex v as before.
As in the previous section we shall restrict our attention to a single quadrilateral @ in €, first. Let
us present the monomials of Wachspress GBCs of degree 7 in Figure 9. Let us consider nodal basis
functions first as in the previous section.

We seek a general template as we found in (6); in the degree-7 case, a lengthy calculation and
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simplification leads to

%(7)’@ = 02 (o485 + &3 (J1idir1 + Joibio1) + &3 (J3,i07,1 + Juidi)
+ 07 (J5,i03 1 + Jo,i0) 1) + bi (Jridiir + Jsidi 1) + Joidlyy + Jioid)
+ b2 (Ko 107 + 03 (K1 idit1 + Koidio1) + ¢7 (K371 + K107 1)
+ i (K502, 1 + Koi03_1) + Kzt + Ksidi_y)
+ 715 (50,07 + 07 (S1idhi1 + S2i0i-1) + Gi( S35 + Saidi_y) + S5i0341 + Sei07_1)
+ @30 (Lo,id7 + ¢i(L1ipiv1 + Loidio1) + Ls i,y + Laid? ;)
+ ¢t (Noidi + Niidir1 + Noidio1 + N igisa)). (46)

4.1 Nodal Basis Functions @01(,7)

We shall construct in the same order as in the degree 5 case, starting first with a spline to interpolate

function values at vertices. Write 1/;1(,7)’ 0= wf)’@, where v = v; in @) and we have added a degree
index in the superscript of the functions to distinguish.
We want to satisfy the same properties from the degree-5 case in the previous section:

Property 1. wq(,ﬂ (w) = 6y for w € V; Property 2. supp( 1(]7)) C Qy;

Property 3. ¢1(,7) € C(Q); Property 4. Zm(,?) =1;

Property 5. ¢57) is piecewise-defined, with a non-zero piece for each quadrilateral in €,;
Property 6. V%@’wev = 0; and Property 7. VQ@ZJQ(;7)|UEV =0.

Restricting attention to wlm’Q, the factor of ¢? enforces a zero first derivative at all vertices in Q
except possibly v;, but the second derivatives at v;11 and v;—1 depend on Jy; and Jig;, respectively.
Therefore we preemptively set these to 0.

It is also worth noting that all the S, L, and N coefficients are more or less free with respect to
the conditions we are interested in, as these affect neither values nor C'-smoothness anywhere on the
boundary of Q). To ease the burden here, we’ll set all these as zero except for Sp;, S1,i, S24, and Lo;.
We retrieve the following simplified template:

U9 = 67 (Joad? + SH(Tnidi + oidior) + 6 (Jsidti + Jaidl 1)
+ 07 (J5,007 1 + Joidi1) + bi (Jridiis + Jsidi1)
+ Git2 (Ko7 + 03 (K1idir1 + Koidio1) + 07 (K371 + Kai07 1)
+ ¢i( K571 + Koi0) 1) + Kridiy ) + Ksidi 1)
+ 0712 (50007 + 07 (S1i0i41 + S2,i0i-1)) + Loidhi 267).- (47)
Property 1 above clearly implies that Jy; = 1. Property 6 is automatically enforced at all vertices

except v; by the factor of ¢?; at v;, it is easier to consider the derivatives in the edge directions at each
vertex. Since Wachspress coordinates are linear on edges, this is easy. Rewrite wzm’Q = qb?F , Where
F is the degree-5 Wachspress function in parentheses in (47), and we retrieve

opie 9, ,OF
o <2¢Z(‘)éiF + i aé,-> .
_ (99 109i 4, Odita Opi— ST
- (28éi+<5¢i g6, T\ viTge 25, o el
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which is 0 when J1; = 7. A similar calculation in the €;_; direction gives us Jo; = 7.
Since we removed the coefficients Jg; and Jig;, we only have to worry about Property 7 at v;.
Taking the second derivative in either edge direction is straightforward:

B b \ 2 024, dp; OF  ,O*F
- (2 (aéi> Fr20ipe 2t T49i 5 56, T 98,2

(2

06,2

i U

1 -1 2 2J3,; — 36> 1
= (2—— (1) +2(1)(0)(1) +4(1) — — + (1)> == = 2J3; — 42),
(20 +200W + 402+ ) (22
which is 0 when J3; = 21. A similar calculation in the €;_; direction gives us J; = 21.

We still must deal with the issue of the mixed-direction second derivative at v;. For this, we will
need to use the following, which can be computed from the definition of Wachspress coordinates:

8 B ~Clpy Pt | Cito
0€,08;_1|,,.  eillei—1|Cit1Cizt’ 0€,08;_1|,, " eillei—1|Cit1’
Poi1 | Cit2 Phiva | —CiCit2
0e;0e;_1|,, eillei—1|Cio1’ 0e;0@;_1|,, eillei—1|Cit1Ciot’

Taking the mixed-direction second derivative of LZ)ZU)’Q

performing substantial simplification) leads to the following:

in the e; and e;_1 directions at v; (and

oee;_1 |,

*¢i Ppit1 DPpia
=7 <8éi8é¢1 + 08;08;_1 + 8élﬁéil>
0¢; 0¢;  0¢; 0pi—1  O¢; Odit1 % ivs
42 Kyi—/—"—7F7—
* <8éi 06,1 06 061 0, 08 ) 0806

1 CiCito >
= (424 22 (7 Koy ),
el o] < CinCigt ~ Hod)

Cit1Ci1
CiCiya
We are still missing the Jj; coefficients for £ = 5,6,7,8, and intuitively these should be easier
to determine, so we turn our attention there. If we consider Property 4 on an edge, say e;, we can
retrieve the following:

4
j=1

which is 0 when Ko; = 7 + 42

= ((¢i + ¢ig1)" — <¢§7)’Q + sz(?)’Q)) les

e
= (35— (szi + JS,i+1))¢?¢?+1 + (35— (J7; + J6,i+1))¢§¢?+1-

We make two assumptions at this point: first, that J;; = Ji ; for any fixed k, since all other J
values have been constants; second, that J5; = Js; and similarly that J7; = Jg; for each ¢. Then this
gives us that J7; = 35—J5;, which leaves only one remaining degree of freedom which we unfortunately
cannot resolve just yet. We can, however, solve for the remaining K coefficients in terms of J5 ;, which
will lead us to the solution.

To find the K coefficients, we must take outward normal derivatives along the edges, and we are

L L

8ni

serendipitously able to enforce that

= 0 as we did in the degree-5 case.
€;—1

e on;_1
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The outward normal derivatives are exceptionally long and arduous to retrieve and simplify; for
the sake of brevity, we will show the expression of the outward normal derivative on the edge e;:

1

(1@ C Ci
G| =g (o0t (105led+ (05— 109)erslcon(0) G2 + (42— K e 2

6ni

2442 Ci

Ci Ci—
+ 07 B ((147 — Ky = Ka)ledl 5 + (s ilei] + (140 = 8.J5 1) ei 1| cos(6:) =5
i+1 7

C; Ci—
+(3J57i - 105)|e,-_1] COS(QZ') C+2 + (105 - 3J57i)\ei+1| COS(@Z‘_H) C 1)

i i1
C;
+ ibi g <((7J5,i — K3, — Ks;)|e;| + (105 — 3J5;)|€it1] COS(&Hrl))TI?
Ci
+ (245 — 7J5,0)|eil + (3J5.4 — 105)|e;_1| cos(6;)) 041

Ci Cz'—
—|—(140 — 8J57i)|€i_1’ (308(91')7—"_2 + (8(]571' — 140)‘61'_;,_1‘ COS(QZ'_H) !
C; Ciy
Ci
+ G0 <((245 —TJs5; — K5, — Kz,)|ei| + (85 — 140)|e;41| cos(0i+1)) Cf
i+

C; Ci_
+(3J5,; — 105)|e;—1| cos(0;) C’+ + (105 — 3J5:)|ei+1] COS(9i+1)C 1)

7 i+1

Ci
#616% ((~Kraded + (105 — 35 e cos(0) G2 ) ) (a9

Moving from bottom to top, we can choose the following choices of K coefficients (in terms of Js ;)
to set each term zero one at a time:

€11
Cit1]) cos(0y1):
e;

K7, = (105—3Js5,)

C._ .
Ks; =245 — TJ5; + (11J5,i — 245 + (105 — 3.J5,,— 1> e cos(f;41)

Cit2) lei
lei—1| Cit1
i—1 0;);
+ (3J5, 05) ol G os(6;)
B Ci-1\ leit1]
Kgﬂ' = 14:]571' — 245 + 350 — 14J57Z' + (111]571 - 245) COS(@H_l)
Cit2) e
Ci—1\ Cit1 |ei—1]
245 — 11.J5; + (140 — 4.5, 0,):
" < B T ( > )Ci+2> Ci e cos(6)

C._ .
Ky; =392 —14J5, + <14J5,Z- — 350 + (350 — 14.J5;)— 1> e cos(fi41)

Cita) lei
Ci1> Cit1lei—1]

cos(6;).
Civ2) Ci e (6:)

+ (14J5,i — 350 + 31]5,1'

With these choices, the normal derivative in (48) simplifies to

31/%(7)@ POD7 Ci—1 Ci—1
ani . = 2Ai+2 (350 — 14:]571) <(|e,\ — ]ei_l\ COS(Qi)) CZ — |ei+1| COS((97;+1)Ci+1
—(les| — leis1] cos(Bi41)) = + |ei—1| cos(0;) ——
Cit1 Ci
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which is zero when J5; = 25. Then we deduce the following:

lei—1] Ci—1Cit1
Jr: =10 K1; =42+ 15(7—-2 0,) | ——————:
7, s 314 + ( ’ez‘ COS( z) Cici+2 y

lei—1] ) Ci—1Cit1 <\ez’+1\ Ci—1 lei—1| Cit1 >>
K3;,=5(21+(14—-6 cos(b;) | ————+6 cos(8; — cos(6; ;
> ( < e (6:) CiCiya lei| Citz (Or1) ‘ (6)

i—1] Cs Ci— i
sy =10 (73 (S oo - (14 £ ) Bt ) )

e;
K?,i = 30’ |Ze+|1‘ COS(QZ‘_H).
%

A similar analysis on edge e;—; provides us with the remaining J and K coefficients:

Joi = 25; Jg; = 10;

lei > Ci—1Ci1
Koy; =42 +15(7—2 cos(0;) | —————;
» ( lei—1] (6:) CiCita
e > Ci—1Cit1 <|ei+2| Cit1 le;| Ci1 >>
Kyi=5(214+114-6 cos(0;) | —————+6 cos(f;_1) — cos(0; ;
b < ( lei—1] (6:) CiCiyo le;i—1| Cito (6i-1) lei—1| C; (6:)

K(;,i =10 <7 -3 (’e‘e_lt‘ Cé_l COS(Hi) — <1 + gzi;> :Zzi—j; COS(@i_1)>> ;

e
Kg; = 30:;&?} cos(f;—1).
i

At this point, the only coefficients which are left to be determined are Sp;,S14,524, and Lg;.

7
4
These can be determined these using Property 4, with the usual method of writing 1 = | > ¢z’> and
j+1
collecting like terms in the subtraction. The details are lengthy and are not illuminating; we merely
report the deduced values of the coefficients:

Sos = 3 (7 N 100i+1ci71 (7 n 5Ci+10i1>> ;

CiCita CiCiy2
Cit1Ci-1 Cit1Ci-1
Sii=S8p; =105 1420t (g ZiHIZimL) )
b > ( * CiCit2 ( i CiCita ))
Ci+1Ci—1 Cis1Ci1 Cit1Ci—1
Lo = 1+ 2 2———— .
o 35< * CiCiyo (6+ CiCiy2 <9+ CiCiyo
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The final expression of 1/1 n:Q , then, is the following:

%“Q=¢%}?vwﬂﬁﬂ+¢Fn+2wﬂﬁH+¢?n

+2502(¢%.1 + d71) + 106 (0 + ¢F 1)
+ ¢¢+2< <7 + 42%) o7 + ¢§<<42 +15 <7 -2 ’G"e‘f’ cos(@i)> %) Git1
+ <42 +15 (7 —2 |(le|1‘ cos(9i)> Cgii;) ¢i—1>
+ 5¢?(<21 + (14 —6 |7e_|1| cos(@i)) Cc:lc*c:;

eit1] Cie ei-1| Ci
O <‘ ’et’l‘ Ci—&-; cos(Bi1) - | ]ei‘1| (jtl COS(Qi)) >¢z2+1

;] ) Cis1Cia
21+ (14 -6 0s(0;) | ————
< ( lei— 1| (6:) CiCiya

\ez+2|cz+1 lei] Cim )) 2 )
+6 0;— cos(0; i
<‘ o 1|C2+2 os(0;—1) — e 1] C; (0:) | |oia
+1o¢z<<7 3< 1‘@“ cos(;) — <1+ Gic1 ) leixil cos(9i+1)>>¢>?+1
Cit2) lei

Cit1 |eita] , 3
cos(@ ) — (1 + Cz'+2> 1] cos(6i-1) ) |#i_1

+(<

+ 30 cos (0i41) ?H + :eZ-H cos(0i—1)br_ 1>)
C 1 C‘+1C‘—1
3 z+1 i— 7 5 ) 7 3
" ¢’+2<< CiCit2 ( " CiCis2 >>¢Z
Cit1Ci1 Cis1Ci1
142241 2 2( o, .
35< * CiCita ( * CiCita )>¢Z(¢H+¢ 1)>
Cis1Cia Cit1Ci1 Cis1Cia 3 9
| g oitlYinl (g Tiitin (g ) o Lir1ticd 5 67 ).
+35< * CiCiya <6+ CiCit2 <9+ CiCiyo r2®i

Similar to Theorem 1, we have by construction the following;:

Theorem 10 Let Q be any polygonal region in R?, and let P be a partition of Q by quadrilaterals.
For every vertex v in the partition P, define a polygonal spline wff) over €y, by

${(x) = { P(x) x€PCQy v=1ip

0 x & €y,

where ¢§7),Q is the function in (47). Then wq(;) € CY(Q) and satisfies the following properties:
(1) 7 (w) = dpw for any vertex w of P; (2) Vi) (w) = 0 for any vertex w of P;
(3) V2 (w) = 0 for any vertex w of P; and (4) Z {1 =

veEP

The proof is based on the construction similar to the proof of Theorem 1. We thus omit the detail
or see [27]. Figure 10 shows an unstructured quadrilateral partition and the plot of a function w( )
over this partition.
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Figure 10: An unstructured quadrilateral partition and the plot of a function w,(,7)

Similar to the construction above, we can build gradient interpolatory functions @bgz),, 1(171)) e Cl(Q)
and they satisfy the following properties:

1. ¢(7)( ) = ¢g§71);(w) = 0 for any vertex w of P;
2. V¢(7)( ) = (0v,w,0) and VQP%(M) = (0, 8,) for any vertex w of P;

3. V2¢$) (w) = V27 (w) = 0 for any vertex w of P; and

> et + o) =z and 3 w0l + 0l = y
veEP veEP
There is not much additional value to be had from repeating the same flavor of calculations as in
the previous section; we use nearly the same techniques applied to these properties instead. For this
reason, we simply present the final expression of the functions.
Figure 11 shows the plot of the functions 1/19(571), and 1/)571)) over the partition shown in Figure 10.

Figure 11: Plots of degree-7 gradient-adjustment basis splines
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Below is the expression of 1/13(:1‘) Q.

7),
7119(”) e o7 <¢§(ei,z¢i+l — €im1,20i-1) + 607 (€1 271 — €i1507_1) + 57 (€ixii1 — €im12Br 1)

b i <1+6 z+1> i 16',35— <1+60i1>Ci+16i—1,x>¢?

Civ2) C; Ciy2 ) C;

C;_
+ 3¢} (( (ez‘,x - %161‘—1,3; + Czlei—i-l,x)
i it
Ci+1Ci—1 l€i—1]
_ 12 — 10 0, ip — 3€i_ ;
+ CiCi+2 |ez’ COS( z) Cix €i—1,x ¢z+1
C;_ C;
- (2 <6il,:1: - é,iilei,x + C,ZileiJrQ,x)

I CZ“Cl—l< 12-10 i COS(Gz‘)>€z‘—1,x - 3€i,z>>¢i—1>

CiCH_g \e1_1|
Ci_ C; ei_
+ 5<Z>Z2< Teiq + (1 - 4Cz+;>€i+1’w - 7521 <26¢_1,$ + 6‘ ’;z’ﬂ COS(91)617$>
Cit1Ci1 le;—1] 9
6 . 0:)es :
Cici+2 Ci—1x + |el| COS( z)ez 1,2 ¢z+1

_ <7ei_17x + (1 — 43:>6i+2,x — Cé;( iz + 6|9L ‘1| cos(@i)ei_17z>
_ Gc’g;lcf::l <ei’z + ]e‘:_l|1] cos(@i)ei_l,m)>q§?_1>
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The expression of wl(;i) ‘@ can be retrieved by replacing every x with y, and we can define the vertex
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splines 1#5(571), and wg(fz), piecewise in €2, as usual.
Finally, we present vertex splines @Z)g{w 1[}1(;)’”, and @Z)g,),v. These functions have 0 for function values
and 0 for the values of first order derivatives. Their Hessians have cardinal interpolatory properties
similar to the one in the previous section. As before, there is not much insight to be gained from the
computations of these functions, as it is almost exactly the same as in the previous section. The overall
flavor and repertoire of techniques are nearly identical, merely applied to a different set of constraints.

The expression of these functions will not fit on a single page, but we use the same template as

before in (47) and present the coefficients. For w(7),Q the coefficients are:

Ty,i
Jog=J1i=Jog=Jri =Jgi =0;J3; = €iz€iy; Jai = €i_12€i-1y; 5 = —5€; 1€ y;
Cis1Ci1
Joi = —bei—1g€i-1y; Koi = —— A~ (€iz€i—1,y + €iy€i—12);
CiCita
Ci—1 Cit1
Kii=——(eizCit1y +€iyeitiz) — ——(€inz€i—1y + €iyei—12)
Cit2 Ci
Cit1Ci1 lei—1]
+ —— 7—30 COS(Qi) €ix€iy — 4(61'71,67;_17y + ei,yei—l,x) ;
CiCiya lei
Cit1 Ci—1

Ky = (€im1z€it2y + €im1y€it2e) — —~— (€ix€i—1y + €iy€i—1z)
Ciy2 Ci

Cit1Ci1 lei
— 7—30 0. - o Aes e e .
+ CiCiy2 le;—1] cos(6;) ) e; 1,2€i—1y (ez,mez 1,y T €iy€; l,m) ;

Ci—1 |ei1]
Cito e
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Cit1 e 1
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7 11—
Ciy o
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Ci lei1]
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From these, we can retrieve the corresponding coefficients for wg(;);Q (or 1/);2);@) by replacing each

y by = (or each x by y) and dividing by 2. We only show the graph of these functions in Figure 12
while leaving the details to [27].

Figure 12: Plots of degree-7 Hessian-adjustment basis splines

With these vertex spline functions ready, we can formulate an interpolatory scheme. Given a func-
tion f, we let Qr(f) be the interpolatory spline which satisfies the following interpolatory conditions:

Qi(f)(v) = f(v), DeQr(f)(v) = fa(v), DyQr(f)(v) = fy(v), DacQr(f)(v) = fea(v),
DyyQr(f)(v) = fay(v), DyyQr(f)(v) = fyy(v), (49)
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for all vertex v € P. In fact, based on the discussion above, ;7 can be constructed by

Qu(f) =D F@)D + o)) + £y )05 + Fer (@0 + Fay 0)00), + fry @)D . (50)

veEP

We summarize the discussion above to conclude the following:

Theorem 11 Suppose that f € C?(2) and P be a partition of polynomial domain 0 consisting of
convez quadrilaterals. Define Qr(f) as in (50). Then Qr(f) reproduces all polynomial functions of
degree 2. That is, if f € Ilg, the space of all quadratic polynomials, then Qr(f) = f.

Proof. Due to the interpolatory properties of the vertex splines 1#1(17),1/1;2, ;Tg,zp;?v,ng{ v ;?U, Qr
will interpolate f as described above. O

In addition, the construction of edge and face splines are similar to the setting of parallelograms.
We leave the detail to the interested reader. The quasi-interpolatory operators can be constructed
and their approximation order can be studied similarly to the previous section. Again we omit these
discussions. We shall pay attention to a real life application of C! vertex splines to be discussed in
the next section.

5 Applications

In this section, we present a few examples to explain how to use our smooth polygonal splines for
constructing surfaces. In particular, our approach enables us to construct C' smooth surfaces over
a partition of convex quadrilaterals which may contain several extraordinary points(EP). See our
construction of suitcase corners and surfaces around the body of a bunny. MATLAB codes for these
surface constructions will be sent upon request.

Example 3 Our first example is to construct a set of functions which have GBC-like properties:
For a quadrilateral partition, we simply use the contour plot to show vy, Vg v, Vyw for each vertex
v = (vg,vy) € P. These functions satisfy the following properties:

Z%(%Z/) =1, (xay) epP

veEP
Z 1/)v(96, y)(xva yv) + Z(%,v, wy,v) = (xv y)7 (l‘, y) ePp. (51)
vEP vEP

These are like the properties of standard GBC functions. Consider a polygon  with 10 sides and
divide it into a quadrilateral partition by adding one interior vertex vi1. Let us plot the contours of
Yy for all 11 vertices. There are also functions Yy v, Yy, Va2 v Yayw and 2, for each vertez, along
with 2 edge splines per edge (so 30 edge splines) and a face spline per quadrilateral (5), for a total of
101 smooth interpolatory basis polygonal splines over this partition.

However, these functions are significantly different from the standard GBC functions. First of all,
the surface of each 1, is only C* inside the polygon Q which is divided into a collection of quadrilaterals.
Secondly, over the boundary edges of 2, they are not piecewise linear due to our construction. In order
to make them to be piecewise linear over the boundary, one has to add edge splines. Thirdly, they are
locally supported. That is, if we modify one vertex of 2, the surface will not change globally. They
have a desired property of locality (cf. [38]). As mentioned above, Vi ; ., +j < 2,0 €  can be used
to modify the surface locally. These give a computer designer more handles to control a surface. The
MATLAB codes can be found at the first author’s web page.
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Figure 17: C! connecting surface and the suitcase corner

Example 4 (Construction of Suitcase Corners) One possible application of our construction of
C' wertex splines over quadrilateral partition is to attack the difficulty of piecing tensor product B-
spline surfaces together at an extraordinary point. The most simple case is to construct a smooth
suitcase corner based on three given surface patches, e.g. planar surfaces (red, yellow and blue) shown
on the right of Figure 16. We construct a mending surface S defined over Y -shaped domain partitioned
as shown on the left of Figure 17. Join S with three given planar surfaces to form a desired suitcase
corner. To see that the surface S connecting three planar surfaces in C' fashion and the suitcase
corner is indeed C', we present a few different views in Figure 18.

Our construction procedure is to define three functions (X (u,v),Y (u,v), Z(u,v)) over the Y -shaped
domain by using the formula St discussed before. More precisely, consider X (u,v) first. The values
of X at the five vertices on the top rim of the domain are the values of the red planar surface. These
determine the coefficients of vertex spline 1, for five vertices v on the top rim of the domain. Since
the gradients and Hessian of the red planar surface are zero, we do not need to use \y z, Vy y, Vo zas -oes-
Similar for the vertices on the left and right sides of Y -shaped domain. The values at the 10 vertices
inside the Y -shaped quadrangulation are defined according to the locations of the physical frame of the
corner. In the same fashion, we construct Y (u,v) and Z(u,v). These generate the surface on the left
of Figure 17.

When the given surface patches are not necessary planar surfaces, we use gradients and second order
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derivatives at the vertices of Y -shaped domain as well as edge and face splines. That is, the construction
requires to use the gradient functions 1., and 1y, and etc.. On the left graph of Figure 19, we are
given three surface patches. We construct a mending surface S, the left graph of Figure 19 over the
Y-shaped domain consists of three given surface patches, one is a planar surface (blue), one is a large
wavy surface(red), and one is a median wavy surface(yellow). The C suitcase corner surface is shown
on the right of Figure 19 as well as in Figure 20 for two different views.

Example 5 Finally, we present an example to show how to use C' vertex splines using degree 7
Wachspress coordinates for surface construction. Consider a quadrilateral partition of the surface
of a bunny (see Figure 21). We cut a part of the surface as indicated in red on the surface of the
bunny. The projection of this patch to the x-y plane is a general quadrilateral partition P with vertices
V. We used our C' vertex splines of degree 7 to construct a fitting surface due to the fact that the
quadrilateral partition is a general one. We use the heights (the z-components) of the vertices in V
as the function values and estimate the first order and second order derivatives at each vertex in V
from the given bunny set to construct a C' interpolatory surface as shown on the right of Figure 21.
This method can be useful to handle bounded smooth manifolds. Indeed, as a smooth manifold M is
bounded, there exists an atlas of finitely many charts (S;, ¢i),i = 1,--- ,n such that U}_S; = M and
¢; is a smooth function such that D; = qb;l(SZ) is a planar domain. The quadrilateral partition of
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Figure 20: C'! suitcase corner in two different view

M restricted to S; induces a quadrilateral partition on D;. We use the derivative information of ¢;
at each vertex on D; to construct C interpolatory surface using our C' spline W, Vg, s Yyay to
form a surface. In practice, we do not have ¢;, but we can estimate the values and derivatives at the
vertices of quadrilateral partition on S;. In this way, we can construct C' surface based on any given
quadrilateral partition with and without extraordinary points. See Figures 23 and 24 for two fitting
surfaces which form a smooth fitting patch. One can see that they fit the back of the bunny nicely.

Figure 21: a bunny (left) and a space quadrilateral patch (right)

6 Possible Extensions and Open Problems

We list a few possible extensions and open research problems.

e 1. It is of interest to construct C! vertex splines over pentagons. What degree of polynomials
of Wachspress GBC functions is necessary to achieve C' smoothness? More generally, how can
one construct C'!' vertex splines over a polygon of size n for n > 57

e 2. Tt is of interest to study how to construct C? vertex splines over quadrilateral (or other)
partitions.
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Figure 22: a C' surface and the bunny with a smooth patch

Figure 23: Two connected patches from the back of a bunny and two C! vertex spline surfaces

e 3. It is of interest to know if one can construct C' vertex splines based on GBC functions other
than Wachspress coordinates. To extend the construction in this paper, one would need to know
the first and second derivatives of other GBC functions.

e 4. Another interesting research problem to tackle would be to extend our construction into the
3D setting, e.g. construct C! vertex splines over some class of hexahedral partitions or other
polyhedrons.

All these problems are left to the interested reader. MATHEMATICA codes used in this paper may

be requested by emailing to the authors.
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