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Abstract

We develop a local Lagrange interpolation scheme for quartic C ! splines on triangulations. Given an arbitrary triangulation 4,
we decompose 4 into pairs of neighboring triangles and add “diagonals” to some of these pairs. Only in exceptional cases, a few
triangles are split. Based on this simple refinement of 4, we describe an algorithm for constructing Lagrange interpolation points such
that the interpolation method is local, stable and has optimal approximation order. The complexity for computing the interpolating
splines is linear in the number of triangles. For the local Lagrange interpolation methods known in the literature, about half of the
triangles have to be split.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There exists a vast literature on local Hermite interpolation, quasi-interpolation and related methods for splines on
triangulations (cf. the survey of Niirnberger and Zeilfelder [24] and the references therein). On the other hand, local
Lagrange interpolation methods for bivariate splines were developed only in the past five years [14,18-21,25-28,30].
The difficult problem of local Lagrange interpolation with bivariate splines was first formulated and discussed in the
book of Chui [4]. This is an important problem in many fields of applications, since for the reconstruction of surfaces
only data are used and no derivatives. In this connection, we note that it is known that if one would use a Hermite
interpolation method (instead a Lagrange interpolation method), one would lose one approximation order. In particular,
Hermite interpolation methods do not guarantee to obtain the approximate derivatives by some local method in the
desired approximation order.
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We denote by y; (A) the space of splines of degree ¢ and smoothness r on a triangulation 4. The Lagrange inter-
polation problem for f/f](A) is to construct sets {z1, ..., z¢} such that for any given data fi, ..., fy a unique spline
exists such that

sizi)=fi, i=1,...,d,

where d is the dimension of .% 2 (4). Roughly speaking, local Lagrange interpolation means that fori =1, ..., d, the
change of the value f; changes the interpolating spline s locally in a neighborhood of z;.

A fundamental problem is to develop local Lagrange interpolation methods which have optimal approximation order.
It is well known that for arbitrary triangulations 4, the space 5”; (4) has optimal approximation order if g >3r + 2 (cf.
[7,16,10]). For g < 3r + 2, the approximation order of Y; (4) for arbitrary triangulations 4 is not optimal (cf. [3]). In

order to obtain optimal approximation order for the space . i(A), the triangulation 4 has to be modified (cf. [5,6], see
also [11]). Non-local methods are developed in [1,9,23].

Local Lagrange interpolation methods with optimal approximation order were developed recently in [14,28,18,19,15]
for the spaces . }i (4),qg=>3,and & 2 (4) for r >2 and certain g, where about half of the triangles of 4 are split into

three subtriangles. The resulting triangulation A has twice as much triangles as 4. _

In this paper, we describe the first local Lagrange interpolation method with optimal approximation order for % }1 4),
where only “diagonals” are added to 4 and in exceptional cases, a few triangles of A are split. In this case, the resulting
triangulation A4 has a simpler structure than 4. Moreover, the number of triangles in 4 increases only by the factor of
about %, since for about half of the quadrangles (formed of two triangles from A) a diagonal is added. The aim of the
paper is to develop a local Lagrange interpolation method with optimal approximation order for quartic C! splines on
arbitrary triangulations. Since this spline space does not possess optimal approximation order, the triangulation has to
be refined.

The idea of our algorithm is as follows: given an arbitrary triangulation 4, we decompose 4 into pairs of neighboring
triangles i.e., convex and non-convex quadrangles, where only some isolated triangles remain. Then by consider-
ing common edges of these quadrangles, we create certain classes of quadrangles. Based on these classes, we add
“diagonals” to some of the convex and non-convex quadrangles (see Fig. 7). Only in exceptional cases, a few triangles
of A are split. The resulting triangulation is denoted by 4. Then based on this decomposition, we choose interpolation
points, first on the edges of the quadrangles and then in their interior.

In this way, we obtain a Lagrange interpolation set for Vi(A). By using the above structure, we prove that the
corresponding interpolation method is local, stable and has optimal approximation order, i.e.,

If —slI<K-h,

where / is the maximal diameter of the triangles in Z, [I.]| is a standard norm, and K is a constant depending on the
smallest angle of 4. In order to guarantee these properties, degenerate and near-degenerate edges have to be taken into
special consideration. The complexity for computing the interpolating splines is linear in the number of triangles.

Local Lagrange methods are important for the construction and reconstruction of surfaces, since only data are needed
and no derivatives. A standard approach is as follows. Given scattered data, in practice, one constructs a continuous
linear spline based on a fine triangulation (which for example, represents a real world object) with approximation
order h%ne (where hfpe is the mesh size of the fine triangulation). This linear spline interpolates the given data. The
corresponding fine triangulation depends on the data and is not regular, in general. Then by using the information of
the linear splines, a coarse subtriangulation (which in general, is not a regular triangulation) with larger mesh size % is
constructed by using mesh simplification methods (see [8,13], for instance). By applying Lagrange interpolation one
constructs a quartic C! interpolating spline defined on the coarse subtriangulation which interpolates the linear spline.
The data are taken directly from the linear spline. This is done such that, in our case, h%ne is about 4°. In this way,
significant data compression rates are obtained. Obviously, this method is more effective than to use a regular coarse
triangulation and the C! spline interpolates at a subset of characteristic points.

Numerical tests of local Lagrange interpolation methods for bivariate splines (involving test functions as well as real
world data) and further details on the implementation of our approach were given in Niirnberger et al. [21], Niirnberger
and Zeilfelder [26,28], and Zeilfelder [31] (see also [23-25,30]). The tests showed that these interpolation methods

lead to significant data compressions and work efficiently, i.e., the interpolating splines can be computed on a standard
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PC for large data sets with up to millions of points. Moreover, in Niirnberger and Zeilfelder [28] examples comparing
Lagrange and Hermite interpolation are discussed.

The paper is organized as follows. In Section 2, we describe quartic C! splines, its piecewise Bézier-Bernstein
form, the interpolation problem, and smoothness conditions. Algorithms for decompositing and refining arbitrary
triangulations are given in Section 3. Our approach of constructing local Lagrange interpolation points and the main
result are presented in Section 4. In Section 5, we give some auxiliarly results, which we use in the proof of the main
theorem to be found in the final section. We conclude the final section by giving an error bound of our interpolation
method and a remark.

2. Spline spaces and interpolation

Throughout the paper, we consider the space of bivariate C'-splines of degree 4 (quartic C' splines) with respect to
A, defined as

IV =15 € C1(Q):5), € P4, T € A},
where 24 =span{x’yJ:i, j >0, i + j <4} denotes the space of bivariate polynomials of degree 4 and C'(Q) the space
of all continuously differentiable functions on €.
We use the well-known Bézier—Bernstein representation of bivariate splines. Given a triangle 7' = A(vy, v2, v3) in
A, let
Dy = (P} = (iv1 + juy + kva) /4ti + j + k =4}
be the set of domain points on T. Then, every quartic spline s can be written as
sp@= Y all B, zeT, (1
i+j+k=4

where

Biji(z) = 41/ k) 2) 4 (2) ¢ (2)

are the Bernstein (basis) polynomials of degree 4 associated with 7. Here, ¢,,, m = 1,2, 3 are the unique linear

polynomials satisfying the interpolation property ¢,, (v;) = ., = 1, 2, 3 called barycentric coordinates. It is well
[T

known thatevery continuous quartic spline is uniquely determined by the Bézier Bernstein coefficients a; /.] ool T J+k=4,
T € A. v
Aset ¥ ={z1,...,z4} C Q, where d is the dimension of a spline space 9’}‘(41), is called a Lagrange interpolation
set for V}l(A), if for any given data fi, ..., fg, a unique spline s € 9}1 (4) exists such that
sizi)=fi, i=1,...,d. 2)

A Lagrange interpolation method for .% i(A) is called n-local if there exists an integer n such that for each Bézier
Bernstein coefficient g; ; x of the interpolating spline s € & i(A), the following condition holds: there exists a suitable

vertex v such that a; ; ¢ is uniquely determined using only the interpolation values in %£; jx := £ N st"(v). Here
st(v) = st!(v) € Q denotes the union of all triangles with vertex v and
st"(v),n>2, (3)

is defined inductively as the union of all triangles in A that intersect st~ (v) (see Fig. 1). We say that a Lagrange
interpolation method for Y}‘(A) is local, if the method is n-local for a suitable n. Moreover, such an interpolation
method is called stable, if there exists a constant C depending only on the smallest angle in 4 such that each Bézier
Bernstein coefficient a; j x of the interpolating spline s € & i(A), satisfies

lai jk| <C - max |[f(2)]. “)

e¥ i,j.k

In the following, we recall a well-known result (cf. [2,4,12]) in our setting of quartic C' splines. The next theorem
characterizes the C! smoothness of two bivariate quartic polynomial pieces in their Bézier—Bernstein representation
on neighboring triangles across the common edge.
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Fig. 1. Stars for a vertex v. The region st (v), st2(v) and s¢3 (v) is marked dark gray, bright gray and white, respectively.

Theorem 1. Let two neighboring triangles T = A(vy, v2, v3) and Tp = A(vy, v2, v4) and a continuous spline s on
T, U T with

_ _ [T1] _ _ [T2]
Slp, = P1 = Z ,]sz j.k and Sir, = P2 = Z a; ;. kBl Jj.ks
i+jth=4 i+j+h=4

be given. Then, s is differentiable across the common edge [v1, v2], if and only if for all i + j =3,

(21 _ 1]

al ) =alll  0b1wa) + a1 020 +alt ds(va). )

We note that it follows immediately from (5) that

T; T T [T T T T
|ai[,j2,]1| - l[+]1J Js Od)[ ]J(U ) + al ]]-JH 0¢[2 11(1}4) + az!,jl,ll ¢[3 ]J(U4)
T11 [T T1]
<C-max{lal} ol 1alL ol 1al (6)

and, if ¢} (v) # 0,

[T [T T T [T T
lall ol = (/™M @@l —alltl goh wa) — al! g5 (va))

[T>2]

[T T
<C-max{la 1, 1L ol lal 1), (7)

where i + j = 3. The constant C depends only on the smallest angle in 77. Moreover, it is obvious that the constant
C depending on the angle Z(v3, vy, v4) is non-zero, if it exists, i.e., qbgm(v4) # 0, or equivalently, the vertices v, v3,
and v4 do not lie on a common line.

In addition, we use the following important notions throughout the paper. Two triangles T, 7> from 4 are called
neighboring triangles if they share a common edge e. An edge e is called degenerate at a vertex v if the remaining edges
of T1 and T with endpoint v have the same slope. Moreover, choosing a small ¢ > 0, we call an edge e near-degenerate
at the vertex v, if the angle between the remaining edges of 77 and 7> with endpoint v is in [ — ¢, T+ ¢]. We choose ¢ as
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Fig. 2. Degenerate, near-degenerate and proper edge (from left to right).

small as possible but big enough such that the Bézier—Bernstein coefficients of the interpolating splines can be computed
in a stable way. If e is neither degenerate nor near-degenerate at both vertices, then we call e a proper edge. Fig. 2
illustrates these notions. The algorithms described in the next section (decomposition of triangulation, classification of
quadrangles) result in a refinement A of the given triangulation 4, where we add some additional degenerate edges and
take care of the near-degenerate case.

3. Decomposition and refinement of triangulations

In Section 4, we describe our algorithm for constructing local interpolation sets for quartic C! splines. For doing
this, we first decompose a given triangulation by considering degenerate and near-degenerate edges. Based on this
decomposition, we create classes of quadrangles and then refine the triangulation.

3.1. Decomposition of triangulations

Let a triangulation A of a polygonal domain Q C R? be given i.e., 4 is a set of closed triangles such that each
non-empty intersection of two triangles in 4 is a common edge or a common vertex.
In the following, we decompose 4 into three disjoint sets denoted by A7, Ab, and AZ). Ab and AZQ consist of

quadrangles Q formed by pairs of neighboring triangles 77, 7> in 4. AZQ contains quadrangles with proper diagonals,
while the quadrangles in AIQ contain degenerate or near-degenerate diagonals. Our algorithm guarantees that any two
quadrangles from AIQ do not have a common edge. A7 consists of some remaining isolated triangles not contained in
Ab and AZQ.

Algorithm 1 (Decomposition of A). (i) Let ey, ..., e, be the interior edges of the triangulation 4 which are proper
and let the sets 4 IQ AZQ and A7 be empty. Let all triangles of 4 be unmarked. (ii) Start an inductive procedure with
ey by putting the quadrangle Q = 771 U 712 into AZQ, where 77,1 and T} > are the neighboring triangles of A4 which
have e; as a common edge. Mark the triangles 77 1 and 77 ». (iii) For i =2, ..., n, apply the inductive step with e;
as follows. If 7; 1 and T; » are the neighboring triangles of 4, which have ¢; as a common edge and both triangles are
unmarked, then put the quadrangle Q = T7; ; U T; » into AZQ, and mark the triangles 7; | and 7; 7. Otherwise, omit e;.
(iv) Put all unmarked triangles of 4 into 47 which have no unmarked neighbors. Mark these triangles. (v) If 7; ; and
T; » are two unmarked neighboring triangles of 4 such that all other neighboring triangles of A are marked, then put
Q=T;1UT;,into 4 IQ Mark the triangles 7; 1 and T; ». (vi) The remaining unmarked triangles of A form chains of

length at least three. Add edges as shown in Fig. 3 and put quadrangles and triangles into Aé, AlQ, and A7 according
to steps (iii), (iv), and (v) of the algorithm. (vii) If no unmarked triangles of A remain, the algorithm stops.

We illustrate Algorithm 1 with two examples shown in Figs. 4 and 5. In these figures the quadrangles from AzQ
are marked gray, while the quadrangles with (near-)degenerate diagonals i.e., quadrangles in AIQ, are marked white,

and A7 is illustrated by black triangles. We note that the quadrangles in AIQ are identified by the algorithm, since we
have to be free to choose appropriate interpolation points (see next section) close to the near-degenerate edges. These
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Fig. 3. The remaining unmarked triangles after step (v) of Algorithm 1 yield chains of length at least three. In this case, the interior edges are
degenerate or near-degenerate at some vertex such that no pairs of triangles for A% can be combined. Considering three such triangles, three cases
can occur. In the cases (a) and (b) the second “diagonale” and in the case (c) a Clough—Tocher split creates further proper edges and quadrangles
that break the chains.

NZ DN\ DN\

\//
7\

Z N7 \\Z \\Z N

Fig. 4. Decomposition of uniform triangulations, i.e., three- and four-directional meshes.

NSAVAAY ANiA
) ,:\
A
LY 7 A ZARNZ7\

AVA /A

Fig. 5. Decompositions of a general triangulation. The quadrangles from A2Q are colored gray, while the quadrangles with (near-) degenerate diagonals

i.e., quadrangles in AIQ, are white. Triangles in A7 are marked black. The decomposition obtained from Algorithm 1 is not unique in general.

examples show that in general, only steps (i)—(v) are necessary for the complete decomposition of the triangulation.
However, there exist exceptional cases with many degenerate edges, such that step (vi) has to be applied. We remark
that, if (vi) has to be applied, it immediately follows from steps (iv) and (v) that the remaining unmarked triangles form
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Fig. 6. From the left to the right: quadrangles in the class 4", j = ,4. A" consists of three subclasses. Common edges with quadrangles in
Ao, - }1”] 1 and triangles of A7, respectively, are illustrated by thlcker lines.

chains of length at least three, which are treated inductively. In particular, Fig. 3 shows which edges are added to 4,
when this case occurs (see also Section 3.3). Also note that it is clear that A7 consists of isolated triangles, because
otherwise a further quadrangle would have been chosen by the algorithm. Moreover, it is obvious that the decomposition
obtained by applying Algorithm 1 is not unique in general (see Fig. 5). On the other hand, each decomposition has
more or less the same properties, namely the number of quadrangles in AIQ is essentially smaller than the number of

quadrangles in AZQ, and A7 consists of a relatively small set of triangles. The four-directional mesh (Fig. 4, right) is a

quite typical example with many degenerate edges, but the algorithm creates many quadrangles in A2, because proper
edges are considered first.

3.2. Classification according to common edges

Based on the decomposition of A from the previous subsection, we further classify the quadrangles of AIQ and A%Q'
Roughly speaking, we construct five classes /" ;, j =0, ..., 4, of quadrangles such that each O € #"; has exactly j
common edges with quadrangles in ¢,/ =0, ..., j. Here, we use the priority principles introduced in [28] (see also
[14,18,19,31]) which is the key for the locality of our interpolation method (Fig. 6).

Algorithm 2 (Classification of quadrangles). Step (i) Start with #"; =@, j =0 , 4. Put all quadrangles of A} o Into
Ao and mark all triangles in A7 and all quadrangles in 4 lQ Let thg quadrangles Q1 e Qm | of AZQ be unmarked. For
j=1,...,4proceed with step (j + 1), which is as follows. Let Q7 .. ., Qf,,]. be the remaining unmarked quadrangles.
Fori =1,...,m;j consider Q{ If Q{ has exactly j — 1 common edges with the marked triangles and quadrangles,

then put Qlj into the class #"; | and mark Qlj . Otherwise, omit Qlj . Step (vi) Put the remaining unmarked quadrangles
into 4 4.

The different classes of quadrangles produced by Algorithm 2 are shown in Fig. 6. Note that quadrangles containing
near-degenerate edges are put into class #"g. The reason for doing this is that these edges have to be handled with care
to guarantee the stability of the interpolation method, and our approach described below shows that this can be done
by choosing an appropriate set of interpolation points in the quadrangles of AlQ.

Lemma 2. The following statements hold:

(1) No two elements in At U A o have a common edge.
(i1) All quadrangles in AIQ are contained in A'.
(iii) No two quadranglesin A, j € {1, ..., 4}, have a common edge.

Proof. According to steps (iv) and (v) of Algorithm 1, no two elements in A7 U AlQ have a common edge. Moreover, by

step (ii) of Algorithm 2 a quadrangle in AZ'Q has no marked neighbor, when it is put into .#"(. This proves (i). Statement
(i1) is an immediate consequence of step (i) of Algorithm 2. Now, let us assume that two quadrangles Q1 and Q> in
A j, j € {l,...,4}, have a common edge. Then according to Algorithm 2, both quadrangles had exactly j marked
neighbors when they are chosen by the algorithm. We may assume that Q1 has been considered before Q. Hence,
Q1 was already marked, when considering Q5. This implies that before O is considered, Q> has only j — 1 marked
neighbors, such that O, would have been put into .#"; _; in an earlier step. This is a contradiction. This completes the
proof. [
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Fig. 7. Refinement of the quadrangles in 4", j =2, ..., 4. The edges in common with neighboring quadrangles from %";,i =0, ..., j—1,and

triangles from A7 are shown as thicker ]ines. The edges added to define A are shown as dashed lines. (1), (2), (6), and (7) show the convex and
non-convex cases, where a quadrangle in %", is not refined. In these cases the thick edges belong to different triangles. In the convex cases (3), (4),
and (5), the second diagonal is added. In the non-convex cases (8), (9), and (10) the midpoint of the diagonal is connected to the remaining two
vertices.

3.3. Refinement of triangulation

In this subsection, we describe a refinement of the triangulation suitable for our local Lagrange interpolation method.
Let A be an arbitrary triangulation and the sets Al s AZQ, and 47 as well as the classes 7", j =0, ..., 4, be constructed
as in the previous subsections. We emphasize that it follows from the above that in some exceptional cases a few
triangles of A have already been refined.

Consider each quadrangle in AQQ. In two cases Q will be refined. (i) Q is in #3 or 4 4, or (ii) Q is in /", and
moreover, both edges of Q in common with some quadrangles and triangles in %"y, 4", and Ar, respectively, are
edges of the same triangle in contained in Q (see Fig. 7, (3) and (8)).

Let Q be such a quadrangle and [u, v] be its diagonal. We refine Q as follows. (i) If Q is convex, then we add the
second diagonal i.e., we connect the remalmng two vertices of Q. (ii) If Q is non-convex, then we connect the remaining
two vertices of Q Wlth the midpoint ( )(u + v) of its diagonal. We denote the refined triangulation by A.

Remark. If we add the second diagonal to a convex quadrangle Q, the angles of the resulting refined partition are only
bounded from below by ¢/2. Hence, in particular cases where angles < ¢ may appear, we treat such quadrangles in the
same way as described in (ii) for the non-convex case. For simplicity, we did not formulate this as a special rule in the
above refinement.

4. Construction of interpolation points

We choose points for unique interpolation by quartic C! splines on A. First, we choose points on the edges of the
refined triangulation 4. These points uniquely determine the interpolating spline on all edges of the quadrangles in
AIQ, but only on the boundary edges of the quadrangles in AZQ In a second step, interpolation points are chosen in the
interior of the quadrangles based on the corresponding class.

Let A Al , and A2 be constructed as described in Section 3. First, we create an additional classification A"},

j=0,...,4,of the quadrangles inA! o and A2 0 with respect to common vertices. Then according to these classes, we
choose the interpolation points on the edges.

Algorithm 3 (Classification with respect to common vertices). (i) Start with 4" ; =0, j =0, ..., 4, and let all vertices
of 4 be unmarked. @ii) For j =0, ..., 3 consider the quadrangles Q1, ..., Q, of Ab and Az). If Q; has exactly j
marked vertices, then put Q; into the class ./"; and mark the vertices of Q;. Otherwise, omit Q;. (iii) The remaining
quadrangles yield the class .4"4.

The following observations are essential for the locality of our interpolation method.
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Lemma 3. The following statements hold:

(i) No two quadrangles in N have a common vertex.
(ii) If two quadrangles in A" ;, j =1,...,4, have a common vertex v, then there exists a quadrangle in N;,1 < j,
with vertex v.

Proof. Since all vertices of a quadrangle assigned to ./"¢ have to be unmarked, no vertex of 4 can be a vertex of two
(different) quadrangles in .4"o. This proves (i). Now, let Q1, Q> be two quadrangles in A"}, j € {1,...,4}, with a
common vertex v. We may assume that O has been assigned before Q». Then, v is marked when Q> is assigned by
Algorithm 3. Now, let us assume that v was also unmarked before Q1 has been assigned. Then before Q1 was assigned,
0> would have had v and j — 1 unmarked vertices differing from v. In this case Q> would have been put into A";_1,
in an earlier step. This is a contradiction. Therefore, v was already marked when Q1 has been considered. Hence, there
exists a quadrangle in A", i < j, with vertex v. This completes the proof. [J

In the following, we construct Lagrange interpolation points for .’ }‘(Z). We first choose points on the edges and then
in the interior of the triangles of 4.

Let QO be a quadrangle consisting of two triangles 71 = A(vy, va, v3) and T = A(vy, v3, v4). We may assume that
vy, ..., U, k € {1,...,4}, are the marked vertices of Q, as Q was assigned to ./"x. Then we define ffeQ as the set of
points ((4 — oj)v; + ajvjy1)/4, vs := vy, where (i) o; =0,...,3, j=1,...,4,if Qisin A, (i) a1 =2, 3, o,
03 =0,...,3,04=0,1,2,if Qisin A7, (iii) a;y =2, 00 =2,3,03=0,...,3,04=0,1,2,if Q is in A", (iv) a1,
wp=2,03=2,3,04=0,1,2,if Qisin A3, and (v) a; =2, j =1,...,4,if Qisin 474 (see Fig. 8, upper row).

Moreover, we replace (3v] + vp)/4 (if contained in #¢ ) by (3v1 + v3)/4, and replace (v> + 3v3)/4 (if contained
in % ) by (v1 + 3v3)/4, and add (v; + v3)/2, if the quadrangle Qisin AQ i.e., if its interior edge is degenerate or
near-degenerate (see Fig. 8, lower row).

Moreover, for each triangle T = A(v1, v, v3) in A7, we define £%. to be the set of points vy and ((4 —a)vi +ov;)/4,
oa=1,2, j =2,3,if T has two boundary edges [v1, v2] and [vy, v3], and the point (v; 4 v2)/2, if T has exactly one
boundary edge [v1, v2]. Otherwise, let £%. be empty.

Finally, let

= U 2 \uvl U 2] ®)

Qedpudy, Tedr

Now, we choose additional points in the interior of the quadrangles. Let Q be a quadrangle consisting of two triangles
Ty = A(vy, v2,v3) and Tr = A(vy, v3, vg). If Q is refined (see Section 3.3), then we denote the triangles of Q by

el
A

Fig. 8. Chosen points on the edges of the quadrangles. Each N;, j =0, ..., 4, represents a quadrangle in the class ./" ;. The points on the edges of

the quadrangles in AZQ (upper row) and the quadrangles in Al (lower row) are marked by black dots. From the left to the right: none, one, two, and
three vertices of the quadrangles are marked by Algorithm 3. For illustrating purposes we assume here that vy, ..., v; are the marked vertices, if
the quadrangle is in A" ;.
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“

®

Fig. 9. Lagrange points chosen in the interior of the quadrangles are marked by black dots. Marked edges of the quadrangles are illustrated by thicker
lines. In (1)—(4), the quadrangles are not refined and the choice of interpolation points coincides in the convex and non-convex case. In (5)—(10),
where the quadrangles are refined, one additional interpolation point is chosen in the convex case.

Tj=A4(z,vj,vjy1), j=1,...,4, where vs := vy, and z is the new vertex in the interior of Q. We define IZ)’Q as a set
of points in Q in correspondence to the assigned class %", j € {0, ..., 4} of Algorithm 2. Seven cases occur:

(1) Q € A'o. Then, we choose the five points (2v; + vy 4+ v3)/4, (v1 4+ 2v2 +v3) /4, (V1 + v2 + 2v3) /4, (V1 +v3)/2,
and (v] + v3 4 2v4)/4 (see Fig. 9, (1)). (i1)) Q € #"1. Let [v1, vz] be the marked edge when assigning Q. Then, we
choose the three points (v 4+ vy + 2v3)/4, (v1 + v3)/2, and (v; + v3 + 2v4)/4 (see Fig. 9, (2)). (iii) Q € A . Let
[v1, v2] and [vy, v4] be the marked edge when Q was assigned. Then, we choose the point (v + v2 + 2v3)/4 (see Fig.
9, (3)). (iv) Q € A 5. Let [v1, v2] and [v3, v4] be the marked edge when Q was assigned. Then, we choose the point
(v1 4+ v3)/2 (see Fig. 9, (4)). In the remaining cases Q is refined. (v) Q € ;. Let [v1, v2] and [v2, v3] be the marked
edge when Q was assigned. Then, we choose the points ((3 —a)v; + vy +0z) /4, 0=2, 3, (4 —a)v; +0z2)/4,0=2, 3, 4,
and ((2 — w)vy + 0z +2v4) /4, =1, 2. Moreover, we choose (z 4+ v3)/2 if and only if Q is convex (see Fig. 9, (5) and
(6)). (vi) Q € A'3. Let [v1, v2], [v2, v3], and [v4, v1] be the marked edge when Q was assigned. Then, we choose the
points (3 —a)vy +v2 +az)/4, =2, 3, (4 —)v; +az)/4, «=3, 4, and (z + v4) /2. Moreover, we choose (z + v3)/2
if and only if Q is convex (see Fig. 9, (7) and (8)). (vii) Q € £ 4. Then, we choose the points ((3 — a)vy + v2 + 02) /4,
o =2, 3, and z. Moreover, we choose (v + 3z)/4 if and only if Q is convex (see Fig. 9, (9) and (10)).

Moreover, for each triangle 7= A(vy, va, v3) in A7 let L”iT be the three points (2v; 4+ v2 4+ v3) /4, (v1 +2v2 +v3) /4,
and (v1 + v + 2v3) /4.

This leads to the following set of points chosen in the interior of the quadrangles and triangles (Fig. 10):

s=1 U 2 |vl U 2| ©)
Qedpudy, Tedr

Now, we are ready to state the main result of our paper. The proof will be given in Section 6. Let 7 be the refinement

of an arbitrary triangulation A4, described in Section 3.3. Moreover, let the sets ¢ and ¢ be as defined in (8) and (9),

respectively.

Theorem 4. & := ¥° U %' is a Lagrange interpolation set for }L(Z). Moreover, the interpolation method is local
and stable.

An example for an interpolation set is shown in Fig. 10.
5. Auxiliarly results

In this section we establish some auxiliarly results which are essential for the proof of the main theorem (Theorem
4) given in the next section. Here, we consider the computation of the Bézier—Bernstein coefficients corresponding to
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Fig. 10. Classes of quadrangles for the triangulation in Fig. 5. The quadrangles in 4", j =0, ..., 4, are indicated by the corresponding numbers

(left). An example of an interpolation set for 3’}1(2) resulting from our method is shown on the right. Interpolation points chosen on the edges of
the quadrangles, in the interior of the quadrangles, and in the interior of the triangles in A7 are indicated by black dots, black squares, and black
triangles, respectively.

interior domain points of the quadrangles, where the five classes #";, j =0, ..., 4, resulting from Algorithm 2 are
taken into consideration. In what follows, we let 4(Q) = {T}, T»}, where T| = A(vy, v2, v3) and T>» = A(vy, v3, v4).

Lemma 5 (Q € %, see Fig. 9, (1)). Let all coefficients al[T]"’g, m=12,withi =0, j =0, or k=0 of a spline
s € 5”4(A(Q)) be determined. Then, the interpolation values f(P), P € <! \{(v1 + v3)/2}, uniquely determine the
six Bézier—Bernstein coefficients ai[,j,k’ i, j,k=21l,m=1,2.

Proof. The coefficients aET{ ]2, aETzﬂl, and ag’Tll?l, are computed from the values f (P) atthe points P € {(2v|+v2+v3)/4,

(v1 4 2v2 + v3)/4, (v1 + v2 4 2v3)/4} by solving a system of three linear equations. This system can be written as

2 1 1
1 2 1)-x=y, (10)
11 2

where x = (“m]r aETz']l,ang' Diand y € R? is uniquely determined by the values f(P), P € {2v] + vs + v3)/4,

(v1 + 2v2 + v3)/4, (v1 + v + 2v3)/4}, and the remaining 12 determined Bézier—Bernstein coefficients associated

with the domain points on 77. By using (5), it is easy to see that the smoothness conditions across [vy, v3] uniquely

determines the coefficients aéTf]l and aETé]l. We have

£12]1 ,T/)[Il](v )l 7]] ;/)[]I (1 )212]] 15 ]](,” )]Pl 15
azl’l’Jl == ¢)[ IJ(U )a3 ]] + ¢2 ll(v )azl 2| 0 + ¢3 ]J(U )a2[ { 1 (11)

Finally, the coefficient aETf]z is computed as

16 v +v3+2v
(T3] 1+ 03 4 (T3] (73] (73]
aji, = (?) |:f (f) - (256)( 400"’4“3 f0+6a220+4a1§0 a.4.0)
1
[T>] [T 1] 1] [T»]
—<§>(a3’3’]+3a212]+3a]2 031) ( >("252 agss)
- () lf+ alfh - ] 2

where we use the remaining interpolation condition. This completes the proof. [
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Lemma 6 (Q € 'y, see Fig. 9, (2)). Let all coefficients al[T] wm=1,2,withi=0, j =0, or k=0 and the coefficients
allT{ ]2 and ag’T{ ]1 of aspline s € 5”4(A(Q)) be determined. Then, the interpolation values f(P), P € &' \{(v1 +v3)/2}
uniquely determine the four Bézier—Bernstein coefficients aﬂ | and at[?}(, i,j, k>1.

[T1]

Proof. Analogously as in (12), the Bézier-Bernstein coefficienta; 5, is uniquely computed by using the interpolation
value f((vi +2v2+v3)/4) and the remaining 14 coefficients associated with the domain points on 77. Then, as in (11),
the coefficients ag?% and a; 5 2] are uniquely computed by (5), using the C!' smoothness across [v1, v3]. Finally, the

coefficient a{ f]z is uniquely computed analogously as in (12), by using the interpolation value f((v; + v3 + 2v4)/4)

and the 14 determined coefficients associated with the domain points on 73. This completes the proof. [J

Lemma 7 (Q € /', see Fig. 9, (3)). Let all coefficients a[] m=1,2,withi=0o0r j<1,o0fasplines € 94(A(Q))
be determined. Then, the interpolation value f((vi + 2vy + v3)/4) uniquely determines the four Bézier—Bernstein
coefficients a[;] i>1,j>2,m=1,2.

Proof. The coefficient a£ %]0 is uniquely determined by

T T T T T T T
asly = (/¢ ) @by, — ail et wa) — a3 d M wa),

]

which results immediately from (5). Analogously, al 13 7 o 1s uniquely computed by

altly = /¢ W) @h3 — af il ot wa) — b ¢ (wa)).

Hence, all coefficients associated with the domain points on [vy, v3] are determined. Then, the coefficient aETZ‘]I

is uniquely computed as in the proof of Lemma 6. Finally, the C I smoothness across [vy, v3] as in (11) uniquely

determines the remaining coefficient aETé]l , where we use (5), again. This completes the proof. [

Lemma 8 (Q € ', see Fig. 9, (4)). Let all coefficients a[]']k, i=0o0rj=0,1, and a[TZ] i=0,1o0rj=0,o0f

a spline s € &) (A(Q)) be determined. Then, the interpolation value f((vy + v3)/2) uni uel determines the three
P 4 14 quely

[T1] [T1] [T2]
Bézier—Bernstein coefficients ajs-4.00 and a -

]

Proof. The Bézier—Bernstein coefficient a£T2‘ o 1s uniquely determined as

a1y = (D) (16 (Proo) — ay )y — 4al1l) — 4a{s) — 1) (13)

Then, the C! smoothness across [v1, v3] uniquely determines aIQTfll as in the proof of Lemma 5. Using (5), we can see

that a;’, 1] | is also uniquely determined as

T T T 7] T T
apzy = a3 + 957 i o + 95 a3
This completes the proof. [J
In the remaining lemmas, we consider the cases when Q is refined. Here and in the following, we let z be the new

vertex in the interior of Q and set A(Q) ={Ty, T», T3, T4}, where T1 = A(z, vy, v2), Tr = A(z, v2, v3), T3 = A(z, v3, V4),
and Ty = A(z, vg, v1).

Lemma 9 (Q € %, see Fig. 9, (5) and (6)). Let all coefficients al[i’",}, m=1,2,i<1, and al i k’ m=3,4,i =0,
of a spline s € y4(A(Q)) be determined. Then, the interpolation values f(P), P € %', uniquely determine the 18

Bézier—Bernstein coefficients a[T”’k], m=1,3,i>2, and a[T’” m=2,4,i>1.
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Proof. The three coefficients a[m .0- J =0, 1,2, are uniquely determined by solving a system of linear equations,

using the interpolation values f (P) P e{(4—a)z+avy)/4:2=0, 1, 2}. This system can be written in the form

100
34 2).x=y, (14)
1 4 6

(T T T .
where x = (a4 O‘]O, ag {]0, aéyzl’]o)’ and y = (y1, y1, y3) is given by

= f(2),

Y1
256 3Z+U1 4 [T1] 1 [T]
n=(57)7(557) - (5) etto () il

3
y3=16f( ZI”) 4alt) — gl

13,0 ~ %,4,0°

The coefficient a£T6]2 is computed using (5):

alhy = 1/ W) @7, — a1, 65 (v3)).

Now, analogously as in (14), the coefficient a% 11 s uniquely determined by a‘[lT(l)]O, 5%14 I j=0,...,2, and the

value f((3z 4+ v2)/4). Then, the coefficient a,. 1]1 is computed as in (12), using the value f((z 4+ v1 + v2)/4) and the

remaining 14 Bézier—Bernstein coefficients associated with the domain points in 77. Now, the coefficients agT“} 1

j=0,...,2, are uniquely determined by using (5):

T. T [T T1] 1] T .
ag4j1] ai o o) +alll e ) +a1) e, =02

(Note, that ¢[3T‘](v4) is zero, if and only if [z, v1] is degenerate at z.) Moreover, aETg‘]O is computed as

4] T T [T 7] Tl [T
ai3y = (/M ) agy — ag 30y (v3) — ag'3 65 03).
(Note, that again (]5 (v4) is zero, if and only if [z, v] is degenerate at z.) The coefficient ag Tl s computed as in (12),
using the value f((z + 2v4 + v1)/4) and the remaining 14 Bézier—Bernstein coefficients assoc1ated with the domain
points in 73. Now, we consider Bézier—Bernstein coefficients associated with domain points in 7> and 73. Using (5),

the coefficients a}! <1, and a2 / RENT Jj <1, are uniquely determined as (5):

24j,1—j,10
[T2] [T1] [T1] [T1] (711 .
@i =aaj0ft W) Fayly ,dy (), j=0.1,

(73] [74] [14] [14] 14] . __
@ i) =35 014,01 (03) +“2—j,1,1+,¢2 (3), j=0,1L

If O is convex, then analogously as in (13), the coefficient a£ 3]2 is computed by the interpolation value f((z + v3)/2)

and the four determined Bézier—Bernstein coefficients associated with the domain points on [z, v2]. If Q is non-convex,
the formula in (5) yields

absh, = (/¢ )@ — a3 0P wa) — al) o (o).

Finally, al 2 | is uniquely determined and computed by (5):

(T3] __ szl [T2] [T2] 4 [T2] [T2] ,[T2]
ayyy =ay5007  (a) +ay 1,0y " (va) +ay 3037 (va),

where ¢5T2](v4) is zero, if and only if [z, v3] is degenerate at z. The proof is complete. [
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Lemma 10 (Q € 173, see Fig. 9, (7) and (8)). Let all coefficients allml i = 1,...,3,i<1, and a™  'm =4,i=0,

i,j.k> ij.k
of a spline s € y4(A(Q)) be determined. Then, the interpolation values f(P), P € %,, uniquely determine the 15
Bézier—Bernstein coefficients a[T”’ iz2,m=1,...,3,and al™ i>1.

ljk’

Proof. Except for a; 2]0, each of the unknown Bézier—Bernstein coefficient is uniquely determined and computed by

using analogous arguments as in the proof of Lemma 9. From (5), we obtain

ails = /¢ )@l — af"sl ot wa) — a3 ¢ (wa)).

The proof is complete. [

Lemma 11 (Q € A4, see Fig. 9, (9)). Let Q be convex and all coefficients al!YT;",i, m=1,...,4,i<1,of a spline s €
S i(A(Q)) be determined. Then, the interpolation values f(P), P € & i, uniquely determine the 13 Bézier—Bernstein
coefficients al[i ,1, iz2,m=1,...,4.

Proof. Except for alzTé ]0 and aéTé‘ ]0, each unknown Bézier—Bernstein coefficient is uniquely determined and computed

by using analogous arguments as in the proof of Lemma 9. By (5), we obtain for these coefficients

a5y = (/¢ )@}, — aiyodh  wa) — ai'3 95 wa)),
a3y = /6w @, - al’3) o5 ws)).

The proof is complete. [J

Lemma 12 (Q € %4, see Fig. 9, (10)). Let Q be non-convex and all coefficients al‘[’Tl’?j]g, m=1,...,4,i<1, of a
spline s € V}‘(A(Q)) be determined. Then, the interpolation values f(P), P € (2 uniquely determine the 13

Bézier—Bernstein coefficients al-[Tj”‘,l, iz2m=1,...,4.

Proof. It can be seen analogously as in the proof of Lemma 11 that the coefficients a£ ’2”]0, m=1,...,4, a‘[f(l)]o and

a_L)T(‘)]l are uniquely determined. The remaining seven Bézier—Bernstein coefficients are computed by solving a system

of linear equations. To explain this, we introduce the following notation for the quadrangle Q (see Fig. 11): z = (0, 0),
vy := (0, —%), vy := (¥, my), v3 := (0, x), and v4 = (X, nX), where x, X >0, ¥ <0, and m, n € R. Since [z, v2] and
[z, v4] are not parallel, we have m # n.

Furthermore, let x¢, £ =1, ..., 5, be the unknown coefficients, i.e., we set
T T T T. Ty
X = (X1, X2, X3, X4, X5)' = (aé,l‘,]l, aé,iﬁ]l, a% 8]1 £ fll,ag 3 Db
In the following, we consider the homogeneous problem and show that only the trivial solution (x1, .. ., x5) =0 satisfies
all C! smoothness conditions of V}‘(A(Q)). From (5), we obtain ang]l = —agT{]I =—x1, agTé]l =— ngl]O = —x5,and

—x1 = ¢ W) - —xs + $5 N w2) -0+ L (2) - 3o,
=) -+ o) o+ o) -0,

= o w2) - x5+ O (02) - xs + Y (v2) - 0,

= ¢ (wg) - 0+ L (ug) - x5 + ¢l wa) - 0,

The interpolation condition at that point P = (2z + v1 + v2)/4 in the interior of 77 and (1) imply

0=4(M Py PPy - x5 + 12T (P2 - ¢TI (P) - ¢TI (P) - x).
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v3=(0.X)

V= (X,nx)

(y.my) = Vs

Fig. 11. Structure of Q and notations used in the proof of Lemma 12. For better illustration Q is drawn convex in the figure (and therefore z = (0, 0)
is not shown as the midpoint of the line segment between v = (0, —x) and v3 = (0, X)), while the lemma deals with the non-convex case.

Due to the structure of Q, the barycentric coordinates appearing above are computed as follows:

y X
o =gy =2, ¢iFen=2. @) =Zm—m,
y ¥ y )
P =1-2-Zm-m), ¢ lw)=1-2—20m—n),
X X X X
ol =—1, @My =1 Mpy =gt =1
This leads to the system
12 0 0 —142+2m-n)
X X X
0 -1 2 -1 0 A
y y Yy *2
SR L N P B (15)
0 0 -1 0 Tm—n) X4
3 T "
— 0 0 0 —
64 64
We compute the determinant D of the 5 x 5 matrix corresponding to this system as
352
D= - 0.
ez M7
Therefore, given arbitrary interpolation values all Bézier—Bernstein coefficients a[‘[’T;’f,l, iz2,m=1,...,4,areuniquely

determined. This completes the proof. [
6. Proof of main result and error bound

In this section, we prove the main results of our paper given in Theorem 4. Moreover, we establish an error bound
for our interpolation method.

Proof of Theorem 4. Given f € C(Q2), we show how to uniquely compute the Bézier Bernstein coefficients of the
interpolating spline s. Simultaneously we show that this computation is local and stable. We do this by first considering
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the spline along the edges of the quadrangles and use Algorithm 3 in connection with the choice of interpolation points at
the edges. Once we have shown that the spline s is uniquely determined along the edges, we consider the classification
resulting from Algorithm 2 which is based on the decomposition of Algorithm 1. Using this classification and the
interpolation conditions in the interior, we show that the spline is uniquely and locally determined in the interior.

We begin by considering the edges of the quadrangles. Let Q € 4o, where /"¢ is the first class of quadrangles
determined by Algorithm 3. The Bézier Bernstein coefficients of s that are associated with the domain points on a
boundary edge e of Q are uniquely determined by the interpolation conditions at the interpolation points on e. This is
univariate, polynomial interpolation. More precisely, the coefficients are computed by solving a system of five linear
equations. Fixing an appropriate triangle 7" in Q, this system can be written in the form

1 0 0 0 0
81 108 54 12 1
1 4 6 4 1 ]|-x=y, (16)
1 12 54 108 81
0 0 0 0 1

where x = (az[tTO]O’ ag.T]]O, agTzl‘O, aET3]0, a([)T4]‘O)t and y € R is determined by the values of fin PA{_TO]‘O, szlo, P2[T2]0,

Pl[.T3]0’ and Péﬁ],o- Hence, these coefficients depend only on the data values of f from points in s¢(v), where v is a

suitable vertex, and in (4) the constant becomes C = ||M ~!||, where M is the matrix on the left side of (16). The same
argument can be applied to each of the boundary edges of the quadrangles in .4". Since the quadrangles in .4/ do not
have common vertices (Lemma 3, (i)), all these coefficients are determined independently.

We proceed by considering the quadrangles from the classes A"y, A", A4"3, and A4 (in this order). Since we
can now apply a similar argument as in Niirnberger et al. [22] (see also [19]), we can be relatively brief, here. The
Bézier—Bernstein coefficients associated with the domain points on the boundary edges e of quadrangles from these
classes (as well as those on the diagonal of the quadrangles in AIQ) are now uniquely determined by the interpolation

conditions on e and the C'! smoothness at the endpoints of e being vertices of a quadrangle in a class with lower index.
For each class, we determine these Bézier—Bernstein coefficients by solving a system of linear equations, which can
be written in the form M;x = y, where M| is a submatrix of M, and x, and y are similar as in (16). Note that Lemma
3 (ii) implies that for each class ./7; all these coefficients are determined independently. In particular, there is no
propagation within each of these classes, because the method guarantees that propagation is only possible from lower
to higher indexed classes. It follows that these coefficients associated with the domain points on the boundary edges e
of quadrangles from A", A", A3, and .44 depend only on the data values of f from points in s¢" (v), where v is a
suitable vertex, and n = 3, 5, 7, and 9, respectively. Moreover, we note that involving C I smoothness at the endpoints
leads to stable computations depending only on the smallest angle of 4. Hence, at this point, we conclude that for the
coefficients of consideration (4) holds with an appropriate constant C.

Now, we consider the remaining Bézier—Bernstein coefficients of s associated with domain points in the interior. For
each triangle T € Ar, the three interpolation conditions involving the values f(P), P € %', uniquely determine the
Bézier—Bernstein coefficients ag’Tl]’l, a{,Tz],p and aE’Tl]’z. These coefficients are computed by solving a system of three
linear equations, which is analogous to the system in (10) appearing in the proof of Lemma 5. In view of Lemma 2(i),
for each of these triangles these coefficients are determined independently. It follows that these coefficients depend only
on the data values of f from points in st°(v), where v is a suitable vertex, and we obtain (4) with a constant C depending
on ||My ! I, where My is the matrix on the left side of (10). Next, we consider the quadrangles in AIQ U AZQ, where we
take into account the class #";,i =0, ..., 4, to which the quadrangle belongs as well as the order given by Algorithm
2. Again, we emphasize that the interpolation method guarantees that propagation is only possible from lower to higher
indexed classes, and not within a class. In the following, we briefly call the edges of quadrangles already considered
C! determined edges. Let Q € A . It follows from the above that all Bézier—Bernstein coefficients associated with the
domain points on the edges of Q are already uniquely determined. Hence, the assumptions of Lemma 5 are satisfied.
Therefore, Lemma 5 together with the interpolation conditions imposed for points in the interior of Q imply that all
coefficients associated with the domain points in the interior of Q are uniquely determined. In view of Lemma 2(i), again,
these coefficients depend only on the data values of f from points in s#°(v), where v is a suitable vertex, and we obtain
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(4) with a constant C depending on IIM(;1 I, where M is the matrix on the left side of (10). Now, let Q € .#";. Then,
exactly one edge e of Qis C I determined. Let e = [v1, v3]. Now, using (5), the Bézier—Bernstein coefficients aE,Tll ’]2 and

agl‘]l are uniquely determined. Here, we use that the Bézier—Bernstein coefficients associated with the domain points

in the neighboring quadrangle of A7 U 4" are already determined. In view of Lemma 2(iii) (case j = 1), it follows that
these coefficients depend only on the data values of f from points in s° (v), where v is a suitable vertex. Since we use
(6) here, these computations are also stable involving only the smallest angle of 4. Now, the suppositions of Lemma 6
are satisfied. Therefore, it follows from the remaining interpolation conditions that all coefficients associated with the
domain points in the interior of Q are uniquely determined. It follows that these coefficients depend only on the data
values of f from points in st19(v), where v is a suitable vertex, and the corresponding constant C in (4) involves the
maximum of all constants appearing in (6) when following the proof of Lemma 6 as well as the smallest angle of 4.
Now, let Q € 5. In all three cases (see third, fourth, and fifth quadrangle from the left in Fig. 6), the Bézier—Bernstein
coefficients associated with the domain points on the edges of Q are already determined. Since s is already uniquely
determined on the neighboring triangles and quadrangles in A7 U o U 1, it follows from the C! smoothness
(5) that some Bézier Bernstein coefficients associated with the domain points in the interior of Q are determined. In
what follows we describe these coefficients more precisely. If the edges [v1, v3] and [vy, v4] are C ! determined, these
coefficients are aE’T;’}(, m = 1, 2. Otherwise, if the edges [v1, v3] and [v2, v4] are C ! determined, these coefficients are

ai[Tll]k, and aET?k. Finally, if the edges [v1, v3] and [v2, v3] are C! determined, these coefficients are aETﬁ, m=1, 3. The

corresponding computations are stable, since (6) and (7) hold. Moreover, it follows that these coefficients depend only
on the data values of f from points in st'!(v), where v is a suitable vertex. Now, the suppositions of Lemma 7, 8, and
9, respectively, are satisfied. Therefore, it follows from the interpolation conditions that all coefficients associated with
the domain points in the interior of Q are uniquely determined. We conclude that these coefficients depend only on the
data values of f from points in sz'%(v), where v is a suitable vertex, and the corresponding constant C in (4) involves
the maximum of || M, ! I, (M> being the matrix on the left side of (14)) and all constants appearing in Egs. (6) and (7)
when following the proof of the Lemma 7, 8, and 9, respectively. Note that we use Lemma 2(iii) (case j = 2), here.
Now, let Q € 2#'3. Then, exactly three edges of Q are C! determined. Let [v;, v3], [v1, val, and [v2, v3] be these edges.
Hence, using (5), the coefficients al.[’T/f’f,g, i<l,m=1,...,3,are uniquely determined since s is already determined on
the neighboring triangles and quadrangles in A7 U o U ... U . Since (6) holds, this computation is stable and
these coefficients depend only on the data values of f from points in s¢'?(v), where v is a suitable vertex. Now, the
suppositions of Lemma 10 are satisfied. Therefore, the interpolation conditions imply that all coefficients associated
with the domain points in the interior of Q are uniquely determined. Hence, these coefficients depend only on the data
values of f from points in s7'3(v), where v is a suitable vertex, and the corresponding constant C in (4) involves the
maximum of all constants appearing in Egs. (6) and (7) when following the proof of Lemma 10, and therefore the
smallest angle of 4. Note that we use Lemma 2(iii) (case j = 3), here. Finally, let O € 4. Since all edges of Q are
C! determined, all coefficients al.[’Tin’g, i<l,m=1,...,4, are uniquely determined by using (5). It follows that these
coefficients depend only on the data values of f from points in s¢'3(v), where v is a suitable vertex, and moreover these
computations are stable. Now, the suppositions of Lemmas 11 and 12, respectively, are satisfied. Therefore, it follows
from the interpolation conditions that all coefficients associated with the domain points in the interior of Q are uniquely
determined. Hence, these coefficients depend only on the data values of f from points in s¢'4(v), where v is a suitable
vertex, and the corresponding constant C in (4) involves the maximum of || M, ! I, where My is the matrix on the left
side of (15)), and all constants appearing in Egs. (6) and (7) when following the proof of the lemmas, and therefore the
smallest angle of 4. Again, we use Lemma 2(iii) (case j = 4), here.

We conclude that all Bernstein Bezier coefficients of s are uniquely determined from the interpolation conditions.
Each coefficient depends only on the data values of f from points in sz'%(v), where v is a suitable vertex. Moreover,
we have shown that the corresponding constant C in (4) involves the norm of a fixed number of matrices as well as the
smallest angle of 4, but no further geometric properties of 4 . In connection with the proof of the below Theorem 13,
the proof is complete. [

The arguments in the proof of Theorem 4 are based on the priority principles resulting from Algorithm 2 and 3,
and show that the value of f(P) at an interpolation point P may influence the computation of the Bézier Bernstein
coefficients associated with domain points in s7'%(v). However, according to our experience this might happen in rare
cases, only. Another example for this kind of propagation is given in Fig. 12.



C.K. Chui et al. / Journal of Computational and Applied Mathematics 216 (2008) 344—363 361

Fig. 12. Propagation of an interpolation value. In this somewhat extreme example, the interpolation value f(v) at v may have an influence on the
computation of some of the Bézier—Bernstein coefficients in st 11 (v). In this illustration, each N s j=0,..., 4, represents a quadrangle in the class
A jandeach K, j =0, ..., 4, represents a quadrangle in the class 7" ;.

In the following, we give bounds on the error of our interpolation method, which show that the interpolating splines
yield optimal approximation order. To do this, we denote partial derivatives by Df( D§ and let | - |5 o be the usual Sobolev
semi-norm defined for functions from the Sobolev space Wgo (€). In addition, for any piecewise polynomial function s
on A, we let |51l 8 be the maximum of the infinity norms of § over the triangles of a triangulation A C A. Furthermore,
we let & be the maximal diameter of the triangles in 4 and sy € yﬁlt(A) be the interpolating spline of f € WOSO Q)
corresponding to our method.

Theorem 13. There exists a constant K depending only on the smallest angle in A, such that

IDLD)(f —splla< KR\ fls.0,

where 0<i + j<4.

Proof. The proof of this result is similar to the proof of Theorem 7.1 in Niirnberger et al. [19]. Let T be a triangle of
A and set B := st'%(v), where v is an appropriate vertex of 7. Then, it is well known that there exists a polynomial
qr € P4 such that

IDLDJ(f —qp)llp <KoH> | fls B,

where H is the diameter of B, K is a constant depending only on the smallest angle of the triangles in B, and 0 <i +j <4.
Since H <28, it follows that

IDIDI(f — gl <Kk~ flsB. (17)
with K; = 285. Ko, where 0<i 4+ j <4. Since Sq; =qf,We obtain

IDLDY(f —sp)llr <IDLDY(f —gpllr + IDL D3 (g — sz, (18)
and hence it suffices to estimate the second term because of (17). The Markov inequality (see [29]) yields

IDLDY (g —spllr <Kz-h™"llgs — syl

where K5 depends on the smallest angle in 7. The polynomial piece (g5 — s¢)|r € 24 can be written in its Bézier
Bernstein form as

_ [T] p. .
ar —sf= D 4 Bijk.
i+j+k=4

The Bernstein polynomials form a partition of unity. In particular, they are non-negative on 7. Hence,

T
lgr —sslr< max |alT),]. (19)
PiFf}keDT
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Fig. 13. Singular vertex (left) and near-singular vertex (right).

Now, we use Theorem 4. It follows from (4), where ¥ ET]] + © BN, that for all Pg}k e Dr

[T]

la; (| <SC-maxeepng|(f —q)@I<SC - f —qrliB,

where C is a constant depending only on the smallest angle & in A. Inserting this in (19) and then in (18), we obtain
IDLDI(f = sl <K -1 fls 5,

with K = K 1(1+ CK?>), which immediately implies an estimate of the desired type with a constant K depending only
on the smallest angle & in 4. To show the assertion with a constant K depending on the smallest angle « in 4, it now
suffices to show that o> (%)oc. The refinement A is obtained by adding edges to some of the quadrangles (see Section
3.3). Moreover, in some exceptional cases (see Fig. 3, right) we apply Clough—Tocher splits. In this case, the above
relation between the angles & and o has been shown in Lai and Schumaker [17]. According to the remark in Section
3.3, it now suffices to consider a non-convex quadrangle for which we add edges. In case of a refined non-convex
quadrangle, we let v = (v; + v + v3)/3 be the barycenter of 71, where we use the notations in Fig. 9. Moreover, let
P be the intersection point of the lines ¢, £, throughv,, v and vy, v3, respectively. In order to prove &> (%)oc in this
situation, we show that P = z, where z is the new vertex included in Q. Since P € ¢, we have P = ffuy + (1 — f)v for
a suitable f. It follows from the definition of v that P = vo(f + (1 — $)/3) + vi(1 — B)/3 4+ v3(1 — f5)/3 and hence,
because of P € £, f = —1/2. Thus, P = (v] + v3)/2 = z. This proof of the theorem is complete. [

Remark. In Lai and Schumaker [16] interior vertices v of A were called near-singular, if exactly four edges of 4
emanate at v, and each of these edges is near-degenerate at v. Moreover, v is called singular if the four edges have
exactly two different slopes (see Fig. 13). A possible extension of our decomposition method is to regard cells of
singular and near-singular vertices as elements of A1 and A2Q from the beginning of the algorithm. If this is done,
special triangulations like the four-directional mesh or other triangulations with a lot of singular vertices would have
certain advantageous properties for the resulting quartic C! splines. On the other hand, it is well known that near-singular
vertices can sometimes lead to unstable computations of the interpolating spline. In order to keep our decomposition
of triangulations simple while treating near-singular vertices properly, we described the simpler approach, here.
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