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HIGHLIGHTS

A concept “Spline spaces with mixed orders of continuity over T-meshes” is presented.
Dimensional formulas are given for this type of bicubic spline spaces.

A set of bases are constructed with nice property from the geometric view.
Applications in image processing and FEM are presented.
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1. Introduction

Spline functions are well-known functions that are defined by piecewise polynomials and whose study was first reported
in [1] in 1946. A B-spline function is a type of spline and that forms natural basis functions of univariate spline spaces. Due
to its computational feasibility, B-spline functions are widely used in computer aided geometric design, data processing,
numerical computing [2,3], etc. Spline theory is closely related to optimal control, statistics [4] and geometric computing [5].

To describe multivariate data, the tensor products of B-splines are introduced. A serious weakness of tensor-product
splines is that they contain a large number of superfluous control points. To reduce the number of these superfluous control
points, several different types of splines defined over T-meshes are constructed, such as hierarchical B-splines [6], T-splines
[7] and spline spaces over T-meshes [8], where a T-mesh is a rectangular grid that allows T-junctions [7].

When traditional spline functions are used to handle discontinuous data, the data is considered to lie on a surface
with uniform global smoothness because a traditional bivariate spline function has the same order of continuity along the
x-direction and the y-direction everywhere. However, this assumption is not always reasonable. For example, from the view
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of human vision, the boundary of an object represents important information that distinguishes the object from its back-
ground. In image processing, if we use smooth splines to handle this object and its background, the object’s boundary must
be blurred and this object may even be lost if it is small. Moreover, there is a Gibbs phenomenon for smooth splines [9],
when these smooth splines are used to deal with discontinuous data.

Discontinuity is a feature of such natural phenomenon in the world as shock waves, phase transitions and digital signals.
In approximation theory and finite element analysis, there are some methods that have been developed to address discon-
tinuity problems. For example, in approximation theory, there are some function systems for handling discontinuous data,
such as the Walsh function system [10] and Haar function system [11], which are well known in signal progressing and
image analysis. More recently, the U-system [12] and V-system [13] generalized the aforementioned function systems to a
higher degree. In terms of spline theory, the U-system and V-system are univariate splines of degree k with continuity of
order —1 on a knot sequence. There are some disadvantages to using C~! splines to handle discontinuous problems, such
as lower computing efficiency due to redundant basis functions or shape functions. Moreover, C~! splines lead to discon-
tinuity over smooth parts. In finite element analysis, the discontinuous Galerkin (DG) method is a famous technique for
solving PDEs with completely discontinuous piecewise polynomial (C~'-splines) space for the numerical solution and the
test functions. There are many papers on DG, for example, the review [14]. If a PDE has a smoothness solution, a “numerical
flux” is introduced into the DG method in order to prevent the problems caused by using C~'-splines.

In addition to C~' splines, R. H. Wang proposed the concept of spline spaces with mixed orders of continuity over arbitrary
triangular partitions in [15] in 1979 to describe discontinuous phenomena. In the present paper, based on spline spaces
over T-meshes [16,8], we propose the concept of spline spaces with mixed orders of continuity over T-meshes and provide
dimensional formulae for these spaces of bicubic splines with continuity of order 1 or —1 over hierarchical T-meshes called
combined PHT (C-PHT). We also construct a set of basis functions with important properties such as non-negativity, local
support and partition of unity for the space of special C-PHT.

The remainder of the paper is organized as follows. In Section 2, the concept of spline spaces with mixed orders of
continuity over T-meshes is proposed. In particular, C-PHT is treated as a special case. Then, the dimensional formula of
the space of C-PHT is presented in Section 3, and a set of basis functions is constructed by the B-net method [8] in Section 4.
In Section 5, some examples of the use of C-PHT in image processing and to solve PDEs are presented. After analyzing these
examples, conclusions and future research problems are presented in Section 6.

2. Spline spaces with mixed orders of continuity over T-meshes

In this section, we first review a few concepts regarding T-meshes and spline spaces over T-meshes. Then, we present
the concepts of spline spaces with mixed orders of continuity over T-meshes and combined PHT (C-PHT for short).

2.1. T-meshes and spline spaces over T-meshes

To reduce the superfluous degrees of freedom of splines defined over tensor product meshes, T-meshes are introduced.
A hierarchical T-mesh is a type of T-meshes with a natural level structure [16]. In the following, we will introduce some
concepts.

AT-mesh 7 [17]is a set of axis-aligned rectangles, and the intersection of any two distinct rectangles in .7 is either empty
or consists of points on the boundaries of the rectangles. Moreover, if the entire domain occupied by 7 is a rectangle,
is called a regular T-mesh, otherwise, it is irregular. There are two T-meshes shown in Fig. 1. The right one is regular and
the left one is irregular. In order to review a few concepts, take the right T-mesh in Fig. 1 for example and the definitions of
these concepts have been presented in [16,8].

e Vertices of a T-mesh: A grid point of a T-mesh is called a vertex of this T-mesh. In the right T-mesh of Fig. 1, {v,}}i1 are
the vertices of the T-mesh and v11 is a crossing vertex. v,, vy, V12, etc. are T-vertices. A vertex is called a boundary vertex
if it lies on the boundary of the domain occupied by this T-mesh, otherwise, it is called an interior vertex. For example,
vy, U2, ..., Ug, U7, Ug, U1g, V15 are boundary ones and vg, vq1, V12, V13, V14 are interior ones.

e Edges of a T-mesh: A line segment connecting two adjacent vertices on a grid line is called an edge of a T-mesh; such line
segments include v;v, and v,v11, where vqv; is a horizontal edge and v, v is a vertical edge. v,v,, v4Vs, etc. are called
boundary edges. v;v11 and v,v1q are called interior edges.

e C-edges of a T-mesh: A composite edge (c-edge) [8] is a line segment that consists of several interior edges. It is the
longest possible line segment, the inner vertices (all vertices except the end points of the line segment) of which are all
T-vertices. vigv11, V5vg are c-edges of the right T-mesh of Fig. 1. For the line segment vqv11, it cannot be extended since
v11 is a crossing vertex and vqq is a inner vertex if we extend vigvi1 to vigvs. Moreover, v1gvq1’s inner vertex is vz and
v13 is a T-vertex; For the segment vsvyg, it cannot be extended and its inner vertices {vg, v12, v14} are T-vertices. Thus,
V10V11, Usvg are c-edges of this T-mesh.

e Cells of a T-mesh: In the right T-mesh of Fig. 1, the region occupied by the rectangle v;v,v11v1g is a cell of this T-mesh.
For this cell, the vertices vy, vo, v11, V10 are called the corner vertices of this cell. The line segment vqqv1; is called an edge
of this cell, although vgv17 is not an edge of this T-mesh.

A hierarchical T-mesh is a special T-mesh defined in a recursive fashion. Initially a tensor product mesh (level 0) is pre-
sumed. Cells of this tensor product mesh are called cells at level 0. From level k to k + 1, some cells at level k are subdivided
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Fig. 1. Examples of T-meshes.

by connecting the middle points of the opposite edges with two straight lines. Four sub-cells are generated for each cell.
These new cells are called cells at level k + 1. Fig. 2 illustrates a sequence of hierarchical T-meshes.

Specially, for any c-edge of a hierarchical T-mesh, it is an edge of a cell of this hierarchical T-mesh since each new c-edge
generated at level k + 1 is an edge of a cell of this hierarchical T-meshes.

Given a T-mesh .7, .7 is the set of all of the cells of .7 and §2 is the region occupied by cells in .#. Spline spaces over
T-meshes are defined by

s(m,n,a, B, 7) = {f(x,y) € C*F(2) : fX,Y)|¢p € Prn, Vo € F}, (1)

where Py, , is the space of all of the polynomials of bi-degree (m, n), and C B (§2) is the space consisting of all of the bivariate
functions that are continuous in £2 with order « along the x-direction and order 8 along the y-direction. Specially, if 7 is a
hierarchical T-mesh, S(3, 3, 1, 1, 7) is called as a spline space of PHT (i.e., polynomial splines over hierarchical T-meshes)
in [16]. Recently, this type of splines have been used to traditional FEM [ 18] and Isogeometric analysis [19,20] not only used
in CAGD.

2.2. Splines with mixed orders of continuity over T-meshes

Based on the concepts presented in the previous section, spline spaces with mixed orders of continuity over T-meshes
can be defined.

Definition 2.1. Let E” = {e}};_, and Eh = {e]f‘ ;=1 be sets of vertical edges and horizontal edges of a T-mesh .7 respectively.
7 is the set of all of the cells of 7. A function f(x, y) is defined over the region §2 occupied by all of the cells of 7. The
aif_q 4Bty

function is a spline function with C ¢ if it satisfies the following conditions:

o f(X,¥)|p € Pmn, where ¢ € .# and Py, , is the space of all of the polynomials of bi-degree (m, n);

e f(x,y) is a function with continuity of order ¢; at each point within e} along the x-direction and with continuity of order
B at each point within e]’-l along the y-direction, where —1 <o; <m, -1 <8 <n,i=1,2,...,s,j=1,2,...,t;

e If e is a vertical (horizontal) boundary edge, then o, = —1 (8., = —1), where «, (or S,) is the order of continuity along
the direction that is perpendicular to e.

All spline functions satisfying these conditions compose a spline space with mixed orders of continuity over 7 denoted
by S(m, n, {o;}3_;, {,Bj}jzl, 7). By this definition, for a vertex v of .7, let e}, e}, ..., e; be the edges with v as an endpoint
., Be, be their continuity orders respectively. Then, the continuity order at v is min{cte,, ..., a,

and @, ..., Qeps Bepyys - -

/3€1+1a .. ~7l3€k .

In this paper, we will focus on spline spaces withm = 3, n = 3and «;, B; € {1, —1} over hierarchical T-meshes. We also
call the spline function in this space combined PHT (C-PHT) named after PHT in [16]. If e} (eJ’7) isofa; = —1(8 = —1), ¢/
(ejh) is called a discontinuous edge (D-edge for short).

The space of C-PHT is determined by the T-mesh .7 associated with the continuity order of each edge. This type of .7,
with continuity orders, is denoted 7, and the space of C-PHT determined by 7 is denoted S(.7). For example, in Fig. 3,
there is a T-mesh 7t with the continuity orders, where the continuity orders of the edges in red are —1 and others are 1.
Thus, this information determines the C-PHT space defined over 7 totally.

3. Dimension formulae of spaces of C-PHT

In this section, we present the dimensional formulae of C-PHT spline spaces. First, the B-net method of bicubic splines
over T-meshes is reviewed which is a basic tool used in the proof of dimension formulas. Then, we introduce a few concepts
to facilitate the expression of dimensional formulae and prove the dimensional formulae in the final part of this section.
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Fig. 2. Hierarchical T-meshes.

Fig. 3. A T-mesh 2 with the continuity orders and its C-PHT space S(.Z¢). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 4. The Bézier ordinates bf and Pf of two bi-cubic polynomials.

3.1. The B-net method

In the theory of multi-variate splines, there are several approaches used to calculate the dimension of a spline space, such
as the B-net method [5]. In this section, we review the B-net method for the case of bicubic splines over T-meshes.

Let f1(x, y) and f>(x, y) be two bicubic polynomials defined over two adjacent domains ¢ and ¢, respectively, shown in
Fig. 4, where ¢ = [xo, X1] X [Vo, y1] and ¢ = [x1, x2] X [yo, y1]. There are {b}J eR:i,j=0,1,2,3}suchthat

3
fix.y) =) biBl(x,y),

i,j=0
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Fig. 5. The Bézier ordinates for two horizontal adjacent cells.
where
1
B;;j(x,¥) = N[xo, ..., X0, X1, .., X1]1(X) - N[yo, . . ., Yo, Y1, - . . , Y11 (). (2)
——— —— ——— —— —
4 i+1 4—j j+1
Here N{[to, t1, ..., t;](t) is a B-spline function defined by the knots t; < t; < --- < t,. Similarly, f5(x, y) can be expressed

by {B;(x, y)} with coefficients {b7,}, where B} ;(x, y) is defined similarly to B} (x, y) by Eq. (2). {b,} and {b},} are called the
Bézier ordinates of f1(x, y) and f, (x, y), respectively. It is well known that f;(x, y) and f, (x, y) are r-time differentiable across
their common boundary if and only if [5]

; 1
.Al’0b1 = lObZ , 3
(%1 — x0)'! T (X —xp)! 0J ©)
wherej=0,1,2,3,i=0,1,...,r, A", = AT10b;  — AT 10, with A%Ob; , = bj . In particular, when f; (x, y) and
f>(x, y) are one-time differentiable across their common boundary, i.e., r = 1, by Eq. (3), {b} }” _o and {b? },] _o satisfy

1 g2
b;; = bg

X1 — (4)
bl =1+ b2 . — Xop2
2,j ( X2—X1) 0,j Xy — X 1,j

wherej =0, 1, 2, 3.
Let B(¢1) = {P,.‘J}ijzo and #(¢,) = {Pfj}ijzo be point sets in the cells ¢ and ¢, where the coordinates of P/; as

(670’;0““ , (3fj)§°+jy‘) and P, as ((34)’;“"2, Hit ) For example, in Fig. 4, the circular point set is %(¢;) and the

triangular point set is %(¢,).
We can construct a bijection z between {P;}},_, and {B}}?,_, by (P},) = Bji(x,y),i,j = 0, 1, 2, 3. By this correspon-

dence, b1 ij can be treated as the Bézier ordinate of Plj associated with fi (x, y).

Thus, f (x, y) and f,(x, y) with continuity of order 1 (Eq. (4)) can be expressed by the sets %(¢;) and %(¢,) by using 7.

When T-meshes are considered, we must discuss two adjacent cells in a general position. In the following, this case
will be summed up in the former one by splitting cells. For two general horizontal adjacent cells ¢1 = [xo, X1] X [Vo, y1]
and ¢, = [x1, X2] X [¥2, y3] (Fig. 5), the continuous conditions expressed by Bézier ordinates are defined by the domains
[x0, X1]1 X [y, ¥1] and [x1, x2] X [¥y, ¥11, where y, = max{yo, ¥y} andy; = min{yy, ys}. The Bézier ordinates in ¢; (or ¢»;) can
be completely determined by the Bézier ordinates in [xq, X1] X [y, ¥1] (or [X1, X2] X [V, ¥1]) because there is only one polyno-
mial over ¢ (or ¢, ). To be more specific, we suppose that ¢ is split into ¢»;; and ¢, in Fig. 5. The Bézier ordinates of 2(¢11)
determine the Bézier ordinates of %(¢1,) as having continuity of order 3 along the common edge according to Eq. (3). Thus,
the Bézier ordinates of #(¢,) are obtained. Similar continuity conditions can be derived for any two vertical adjacent cells.

Let 7 be a T-mesh, and . = {¢1, ¢», ..., ¢} is a set of all its cells, where ¢y = [x£, x5] x [y§, y4]. Define the point set

B(T) = UL_ B(Pr),
where 2(¢y) = {sz} 13} 0
For f(x,¥) € S(7),f(X,¥)|g, € P33.Therefore, a linear functional A« can be defined for each Pi"j € B(¢r) by
1,] :

o () = bl
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Fig. 6. The undirected graph G of a space of discontinuous PHT. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

where bkj is the Bézier ordinate of f (x, y)|g, associated with P"J Asetof points & C #(.7) is called a determining set [21] for

the spline space S(7%), if \p(f (x, y)) = O0(VP € ) indicates that f (x, y) = 0, for any f (x, y) € S(7). If 2 is a determining
set of S(7), then

dimS(7%) < #2.
If each nontrivial subset of & is not a determining set of S(.7), then £ is called a minimal determining set and
dimS(%) = #2,

where #2 is the cardinality of &2. The dimensional formulae of S(.7¢) will be derived using this method in the following
section. To describe a minimal determining set of S(7), a few concepts of point sets are presented at first.

3.2. Some concepts

Let 7 be a hierarchical T-mesh. EY = {e}'};_; and Eh = {e]"'}}:1 are the sets of vertical edges and horizontal edges of .7
respectively. ¢y, %(¢r) and #(7) are defined as before, wherek = 1,2, ..., L
The graph Gp = (Vp, Ep) is defined by ¢ in the following fashion. Here,

= {e : eis a D-edge of 7},
and the vertex set Vp consists of all of the vertices of .7 on the edges in Ep. Let
7, = {C € # : vison the boundary of C}

be the set of cells that are related to a vertex v € Vo, where V o is the set of vertices of .7. Then Gp can be used to classify
these cells. Specifically, the domain occupied by all of the cells in .%, can be divided into several connected components by
Gp. Each connected component consists of some cells in .%,, and

Fy=2,UU-- U,

where §£2; is the cell set formed the ith connected component and §2; N 2; = (i #j),i,j=1,2,...,r

By this classification, in Fig. 6, #,, = {¢1, ¢, ¢3} and 7, = {@1, @2, @3, @4}. For the vertex v ¢ Vp, there is only one
connected component of .%,. The numbers of connected components of vs and v,4 are 1 and 4 respectively.

Generally, for v € Vo, the number of connected components equals to deg v, where degv = 0, if v & Vp; otherwise,
deg v is the degree of v in the sense of the graph Gp.

For a cell ¢ and its point set %(¢), %4(¢) can be divided into 4 disjoint sets associated with 4 corner vertices of ¢. If Q is
one of the corner vertices of ¢, the subset of %(¢) associated with Q consists of the nearest 4 points of Q in %4(¢), denoted
as A, This procedure is illustrated in Fig. 7. Points in different subsets are distinguished from each other with different
shapes.

For each vertex v of .7, the point set ¢, is defined as follows.
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{]

Fig. 7. The subsets of 28(¢).

Definition 3.1. £2 is a connected component of v, where v is a vertex of 7. If there is a cell ¢ € £2 of 7 and v is not a corner
vertex of ¢, 2¢, = (. Otherwise, there is a cell ¢ of 7 such that v is a corner vertex of ¢. Then 2, = 2, 4.

The following should be noted regarding this definition. If there is another cell ¢ satisfying conditions besides ¢, the Bézier
ordinates of %, , and %, 4 are equivalent from a “determining set” point of view according to Eq. (4). Thus, the definition of
2, is independent of the choice of ¢ from the view of a determining set. Specifically, the Bézier ordinates of %, 4 are zeros if
and only if the Bézier ordinates of 2, ,, are zeros. This result will be used in the proof of dimensional formulae in Section 3.3.

Let {§21, §25, ..., §2;} be all of the connected components of v, where ¥ = U[_, @}’Zi is called the set of points associated
with v.

In Fig. 6, there are four connected components of v and 2% = UL, #,*, where 2,} = %,, .. In addition, 2" = ¢}
because there is a cell ¢ in the unique connected component of vs, and vs is not a corner vertex of ¢;.

3.3. Dimensional formulae

Based on the concepts defined in the previous section, the dimensional formulae of a space of C-PHT is presented by the
following theorem.

Theorem 3.1. Let S(.7) be a space of C-PHT over a hierarchical T-mesh 7, where ¢ is .7 associated with continuity orders.
Gp = (Vp, Ep) is the graph defined by J¢. Thus,

dimS(7) = 4Vt + Z A(degv — 1),

veVp
where V™ is the number of crossing vertices of .7 and deg v is the degree of v in Gp.

Proof. Let Vs be the set of vertices of .7. Denote 2 = U,cy,, 22°, where 2? is the set of points associated with v. We will
demonstrate that & is a determining set of S(.7¢).
For a spline function f (x, y) € S(.%), the function satisfies Ap(f (x, y)) = O for all P € 2. For any Pk € B(7)\ 2, there

is a unique cell ¢, and a unique vertex vy € Vo such that sz, € By, Let 2 be the connected component of vg and ¢ € £2.
Thus 2 C 2. We first consider two cases.

a. vg is a crossing vertex of .7. Thus, vy is one of corner vertices of these cells around vg. According to the definition of
2y, 23 # (. Therefore, the Bézier ordinates of %,, 4, are zeros because the ordinates of 2 are zeros. Specifically,

bk (F(x.3) = 0.
b. vg is a T-vertex of 7. 1f 20 # 0, Apk (f (x,¥)) = 0 can be obtained by using the same method as described above.
)

In the following, we will consider the case y}}o = () for a T-vertex vy. Let vgvo; be the c-edge with endpoints vg; and
vo2 such that vy is one of its inner vertices. Thus, there is a cell ¢, with vg;vg; as one of its edges because 7 is a hierarchical
T-mesh. ¢ and ¢, are in the same connected component of vy because 22, = (. Thus, the Bézier ordinates of 2, 4, are
determined by the Bézier ordinates of #,,, ,, U By, ¢, If the Bézier ordinates of #,,,, (0r By, ,, ) can be determined to
be zeros by 201 (or £2¥02), then the progress is terminated. Else treat vg; (or voy) as vg and repeat this progress. Here, this
progress can be described as a binary tree structure shown in Fig. 8. According to the structure of a hierarchical T-mesh, the
vertices that appear in the process are different from each other, and this process must be terminated after several steps.
The leaf nodes of this binary tree are the point sets whose Bézier ordinates are zeros, since they are determined by the Bézier
ordinates of & for f (x, y). Thus, the Bézier ordinates of %, 4, are zeros. Specifically, A Pk, fx,y)=0.

Thus, according to the discussion above, & is a determining set of S(.7¢). Moreover, 1f any point Q is removed from £, a
non-zero spline function g(x, y) € S(7¢) can be constructed with 14 (g(x,y)) = 1and Ap(g(x,y)) = 0, forallP € 2\ {Q}.
Thus & is a minimal determining set of S(.7).
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U07¢k

Forv € Vo \ Vp,

4, v isacrossing vertex;

pV —
#P" = {0, v is a T-vertex.

For v € Vp, the number of connected components of v is deg v, therefore,

Fop¥ — 4degv, v isacrossing vertex;
“ 7 )4(degv — 1), wisaT-vertex.
Thus,
dimS(7) = 4vF + ) 4(degv — 1),

veVp

where VT is the number of crossing vertices of .7 and deg v is the degree of vin G. O
4. Basis functions of spaces of C-PHT

In practice, it is important to construct a set of basis functions with suitable properties. In this section, an algorithm for
generating a hierarchical T-mesh with D-edges are given at first. Then, based on this algorithm, a set of bases with local
support, non-negativity and partition of unity is presented.

4.1. Generation of a hierarchical T-mesh with D-edges

There are two types of operations that can be used to change the structure of a hierarchical T-mesh .7 with D-edges
denoted as 7. One is setting D-edges, the other is subdividing cells of 7. Here is an algorithm for generating a class of
hierarchical T-mesh with D-edges.

Let E 7 be the set of interior edges of 7. CLTC}C isaset of its cells at the top level. B(.7) is a set of basis functions of the space
of C-PHT over 7% and it should satisfy the given conditions denoted by € eventually. 7 is an initial tensor product mesh.

Set all boundary edges of 5 as D-edges and denote the current T-mesh
with continuity orders as
yc — yé
Choose a set & C Eg,
while B(.7:) does not satisfy C do
Set all of the edges in & as D-edges and denote the current T-mesh F/
To — T
if B(Jc) does not satisty C then
Choose a set € C Cgf and subdivide all of the cells in %". Denote the
current T-mesh ZZ.
& < A subset of Egz, and any edge in this subset with an endpoint
at the center point of a cell in €
To — T
end if
end while

In the following, there is an example shown in Fig. 9 that illustrates a sequence of a hierarchical T-mesh by this algorithm
and this type of hierarchical T-mesh with D-edges is called a hierarchical T-mesh with incomplete D-edges.
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The initial Tensor Product Mesh Tc +— 9({9 Set D-edges
&
Subdivide cells at the top level Set D-edges Subdivide cells at the top level

_|_

_|_

+

Fig. 9. A generation progress of a hierarchical T-mesh with D-edges by the algorithm in Section 4.1, where the continuity orders of the edges in red are
—1 and others are 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.2. Construction of basis functions

In this section, a set of basis functions of a space of C-PHT defined over a hierarchical T-mesh with incomplete D-edges
is constructed with nonnegativity, local support and partition of unity. This construction process is recursive in generating
¢ defined in Section 4.1.

The basis functions of $(3, 3, 1, 1, ), where .7 is the initial tensor product T-mesh, are standard tensor product
B-splines. These functions are with non-negativity, local support and partition of unity naturally. Now, suppose there is
a set of basis functions B, with these properties before setting D-edges in &. When an edge in & is set as a D-edge, the set of
basis functions 81 consists of two parts. The first part is composed of new basis functions associated with this edge which
we prepare to set as a D-edge. The second part is composed of functions formed by modifying the functions in B,.

1. New basis functions: Based on Theorem 3.1, when an edge v;v- is set as a D-edge, new basis functions corresponding
to the points that are added to 2”1 and £#"2 can be constructed, where vy, v, are endpoints of the edge v,v,. These
endpoints are classified into crossing vertices and T-vertices.

(a) v is a crossing vertex. All of the cases are collected in Table 1, where,
Ni(s) = N[s1, 51,51, 51, 521(s),  Na(s) = N[s1, s1, 51, S2, 52](5),
N3(t) = N[t1, t1, t1, t1, L2](2), N4(t) = N[ty, t1, t1, b2, L] (D),
Ns(t) = N[to, to, t1, t1, £2](t), Ns(t) = N[to, tq, t1, t2, £2](t)
and N[xq, X2, X3, X4, X5](X) is a cubic B-spline function defined by the knots x; < x, < X3 < X4 < Xs.
(b) v is a T-vertex. All of the cases are collected in Table 2, where {Ni(t)}ﬁjg are the same as case (a) and N(s) =
N[so, S0, S0, So, $11(s), N2(s) = NIso, So, So, 51, $11($).

2. Maodification of the old basis functions: The function f (x, y) € 8B, is represented by Bézier ordinates on each cell. f (x, y)

is modified by setting all of the Bézier ordinates of the points in the point sets shown in Tables 1 and 2 as zeros.

It is easy to verify that the functions in 8; possess the properties of local support and non-negativity. The partition of
unity of 81 will be verified in the following.

Let Bo = {fi(x, y)} with ), fi(x, ¥) = 1 and {gj(x, ¥)} be the new basis functions that are added to the first part. Thus,
all the Bézier ordinates of ), fi(x, ) are ones, and the Bézier ordinates of ) . gj(x, y) associated with the points in the point
sets are ones. By modifying in the second part, all of the Bézier ordinates ofl the sum of all of the functions in 8B, are ones,
i.e., 81 has the partition of unity.

Thus, suppose there is a set of basis functions 8B, with the properties of local support, non-negativity and partition of
unity before subdividing the cells in €. Let 8B, be the set of basis functions constructed after subdividing one of the cells in
. B, consists of two disjoint parts. One is the set of new functions added; the other is the set of functions generated by
modifying the functions in B;.
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Table 1
The collection of all cases when v is a crossing vertex, where the knots of the tensor product mesh are [sg, s1, S2] ® [to, t1, t2] and the original D-edges are
indicated by black solid lines and new D-edges by black broken lines. The upper left cell is labeled as ¢, and all other cells are labeled in counterclockwise
fashion.

Cases B-splines Point sets
%U (ZJ 7
O A = {N1(9)N5(t), N1(s)Na(t), N2 (s)N5(t), N2 (s)Na(t)} B,y
LU Az = {N1($)N5(t), N1(s)Ng (1), N2 ($)N5 (t), N2 (s)Ng (1)} By U Bug,
I
%U Aq = {N1(9)N5(t), N1(s)N4(t), N2($)N3(t), N2 (s)N4(0)} PB4
- Aq = {N1(9)N5(t), N1(s)Na(t), N2($)N3(t), N2 (s)N4(0)} By
- C A = {N1(9)N5(t), N1(s)N4(t), N2($)N3(t), N2 (s)Na(0)} B¢y
Table 2

The collection of all of the cases when v is a T-vertex, where the knots of the tensor product mesh are [sg, $1, S2] ® [to, t1, t2], and the original D-edges are
indicated by black solid lines and new D-edges by black broken lines. The upper left cell is labeled as ¢; and all other cells are labeled in label others along
the counterclockwise fashion.

Cases B-splines Point sets
|

Iy [ 9

&

W [4] ]

v

b Ay = {N1(s)N3(t), N1(s)N4(t), N2 (s)N3(t), N2 ()N4(t)} By by

lﬂ) Ay = {N1(s)N5(t), N1(s)Ns(t), N2 (s)N5(t), N2 (s)Ns (£)} Bo.py Y By,
|

|

T,U Ay = {N1(s)N3(t), N1(s)N4(t), N2 (s)N3(t), N2 (s)N4(£)} Zs

|

Tv Ay = {N1(s)N3(t), N1(s)N4(t), N2 (s)N3(t), N2 (s)N4(£)} Zs
b~ Ay = {N1(s)N3(t), N1(s)N4(t), N2(s)N3(t), N2 (s)Na(t)} By

1. New basis functions: When we subdivide a cell in ¢, the new basis functions corresponding to the points that are added
to 21 and 22 can be constructed, where v,v, is a new edge and vy, v, are endpoints of the edge v;v, according to
Theorem 3.1. Let v be an endpoint of a new edge by subdividing of a cell C in %.

(a) v is the center point of the cell C. The new basis functions are
N1(s) = NIso, So, 51,51, 521(s), ~ N2(s) = N[so, 51, 51, 52, 521(5),
N3(t) = N[to, to, t1, t1, t2](t), Ny(t) = N[to, ty, t1, t2, £](t).
The new points associated with these functions are shown in Table 3.
(b) v is a crossing vertex of ¢ and is not a center point of any cell in %. There are 4 new basis functions based on the
dimensional formula we proved. In Table 4, all cases of v are classified, and the new basis functions are presented.
(c) vis a T-vertex of 7. Based on the dimensional formula, all cases of v and the new basis functions are collected in
Table 5.

2. Modification of the old basis functions: The function f (x, y) € B is represented by Bézier ordinates on each cell. f (x, y)

is modified by setting all of the Bézier ordinates of the points in point sets in Tables 3-5 as zeros.

The functions in 8, have the properties of local support, non-negativity and partition of unity. These facts can be verified
in a manner similar to described above.
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Table 3
The collection of all cases in which v is the center point of C, where the knots of the tensor product mesh are [so, $1, S2] ® [to, t1, t] and new edges with
the center point C as an endpoint are indicated in black. The upper left cell is labeled as ¢ and all other cells are labeled in counterclockwise fashion.

Cases B-splines Point sets
U Ay = {N1(s)N3(t), N1(s)N4(t), N2(s)N3(t), N2(s)N4(t)} Bop U By g, U By 4, UBy ¢,
Table 4

The collection of all cases in which v is a crossing vertex of 7/ and is not a center point of any cell in %. The knots of the tensor product mesh are
[0, S1, 521 ® [to, t1, t2]. A1 is the same as A; in Table 3, and new edges with the center point C as an endpoint are indicated in black. The upper left cell is
labeled as ¢1, and all other cells are labeled in counterclockwise fashion.

Cases B-splines Point sets
U Ay = {N1(s)N3(t), N1(s)N4(t), N2(s)N3(t), N2 (s)N4(t)} By.p U By g, U By 4, UBy 4,
Table 5

The collection of all cases in which v is a T-vertex of 7/, where A; is the same as A, in Table 2 and new edges with the center point C as an endpoint are
indicated in black. The original D-edges are indicated by broken gray lines. The knots of the tensor product mesh are [so, 51, S2] ® [to, t1, t2]. The upper left
cell is labeled as ¢+, and all other cells are labeled in counterclockwise fashion.

Cases B-splines Point sets

U 9 9

ol Ay = {N1(s)Ns5(t), N1(s)Ng(t), N2 (s)N5 (£), N2 (s)Ng (£)} PBog1 U Bug,

The mesh

The base of C—PHT space 4

3.6 1
34 T1T]

32
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Fig. 10. An example of basis functions in a space of C-PHT.

In Fig. 10, some basis functions in a space of C-PHT are presented. The left image shows basis functions, and the right one
shows the hierarchical T-mesh with incompleted D-edges of this C-PHT space.

5. Examples

In this section, C-PHT splines are applied to handle image data processing and solve a PDE that has a discontinuous
solution.

5.1. Example 1: image data processing

C-PHT splines are a kind of splines which are used to keep the discontinuous characteristic of data. In this section, in
order to seek a better visual effect, we choose image data in the left side of Fig. 11 as an experiment. The discontinuous
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Original Image Its boundary

Fig. 11. An original image and its considered boundary.

By PHT-Splines By Splines with Mix Orders
Original Image (level=2) Continuity (level=2)

By Splines with Mix
Orders Continuity

Orginal boundary

Fig. 12. Comparing fitting results of PHT and C-PHT.

part shown in the right side of Fig. 11 is the boundary which separates the object in this image from its background. More-
over, considering the structure of T-meshes, their reparameterization must be appreciated. Here we adopt the boundary
parameterization method described in [22].

InFig. 12, PHT-splines and C-PHT splines have been used to reconstruct the image. Under the same conditions, the bound-
ary of these reconstructed images are obtained by the edge detection with the help of Matlab. Form these detection results,
the boundary of the image has noise by using PHT-splines. However, the boundary is maintained better by using C-PHT
splines. Moreover, in Fig. 13, this discontinuous characteristic is kept, even though the image reconstructed by C-PHT splines
is enlarged.

5.2. Example 2: solving PDE

Many physical problems can be described mathematically as PDEs. The finite element method (FEM) is commonly used
to solve PDE. The choice of finite element space is important because a solution given by the FEM is a type of projection of
a (weak) PDE solution in this finite element space. In other words, if a PDE has a discontinuous solution and we choose a
smooth finite element space, the solution given by the FEM is smooth. If we want to obtain a discontinuous solution, we
should choose a discontinuous finite element space such as a C-PHT space. Here, we consider a two-dimensional elliptic
boundary value problem (BVP). As is known, the continuity of weak solutions of BVPs is affected by many factors, such as
the shape of the physical domain of BVPs, the continuity of the coefficients and the function on the right-hand side of the
corresponding elliptic equations.

Here we have two sub-examples for solving PDEs. The constrain of the first example is only on the boundary of the
physical domain; The constrain of the second example is on the boundary and the D-edges.
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By Splines with Mix Orders of Continuity
Enlarged Two Times

By Splines with Mix
Orders of Continuity
Original Size

(a) The boundary of original size (b) The boundary of enlarged image by C-PHT.
image by C-PHT.

Fig. 13. Enlarge the image by C-PHT splines.

5.2.1. Example 2.1
The strong form of this BVP is as follows. Find u : 2 — R such that
—Au=f ing2,
u=0 onads2,
where £2 is arectangular domain (0, 4) x (0, 4) C R?, whose boundary is denoted as 3£2. Now, f is chosen as a discontinuous
function over £2, we take
—0.8[(t — D>+ (s — D*]+2t(4— 1) + 254 —5), (s,1) €[1,2) x [1,2);
—2[B -0+ (s— 1’1 +2t(4—1)+2s5(4—5), (s.0) €[1,2) x [2,3);
fs, ) =3 —12[(t —1D*+ B =951 +2t(4—t)+25(4—5), (5, 1) €[2,3) x[1,2);
—16[B -2+ B —52]+2t(d—t)+2s(4—>5), (5, t) €[2,3]x%[2,3];
2t(4—t) +2s(4—5s), (s,t) e 2 —1[1,3] x[1,3].
The weak form of this model BVP can be defined as follows: find u € V such that forallv € V,

/Vu~Vde:ffvdS2,
2 I?)

where V = {u : u € H(R2), ul3c = 0}, H'(£2) is the Sobolev space that consists of the functions in L?(£2) that possess
weak and square-integrable derivatives.

In this example, f (s, t) is discontinuous over £2. We choose a C-PHT space based on the discontinuity of f (s, t) as the finite
element space to discretize the weak form of the BVP. The refinement is driven by the L, norm of error between the FEM
solution and the exact solution of this BVP. By h-refinement of the mesh, we obtain the solution and adaptive refinement
meshes given by the FEM shown in Fig. 15; The FEM solution of the model BVP is plotted it in Fig. 14.

5.2.2. Example 2.2 o
The strong form of this BVP is as follows. Find u : £ — R such that

—Au=f in§2,
u=0 onkp,

where £2 is a rectangular domain (0, 2) x (0, 1) C R?, whose boundary is denoted as 92, where Ep = 352 U ({1} x [0, 1]).
We take the exact solution u(s, t) as

_Js(1 =s)t(1 —t)sin(st), (s,t) €[0,1) x [0, 1];
US D=1 _1)2 =)t —t)sin(st), (s 0) €[1,2] x [0, 1]

and f (s, t) = —Au(s, t). It is easy to check that u(s, t) is C° along {1} x [0, 1].
The weak form of this model BVP can be defined as follows: find u € V such that forallv € V,

/Vu-Vvd.Q:/fvd.Q,
2 2

whereV = {u: u € H(R2), ulg, =0}, H'(£2) is the Sobolev space that consists of the functions in L?(£2) that possess weak
and square-integrable derivatives.
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The FEM Solution By Mix orders Splines

Fig. 14. The finite element solution given by C-PHT splines of the model BVP.
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3 3
2 2
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0 0 1 2 3 4 0 0 1 2 3 4
level 2 level 3
4 4
3 3
==
2 2 ' fe==
1 1
0 0 1 2 3 4 0 0 1 2 3 4

Fig. 15. The adaptive refinement meshes of the model BVP.

In contrast, we use the C-PHT space and the PHT space as finite element spaces for solving this BVP respectively. Take the
tensor-product mesh [0, 1, 2] x [0, 1] as the initial mesh. For constructing the C-PHT space, if an edge of this initial mesh
coincides with Ep, then it is set as a D-edge. With the same method of refinement as Example 2.1, the convergence behavior
is shown in Fig. 16.

6. Conclusion and future work

In this paper, the space of spline functions with mixed orders of continuity over a T-mesh was proposed to more ex-
actly recover data. The dimensional formula was been presented in the case of C-PHT. A set of basis functions with local
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Fig. 16. The convergence behavior of FEM solutions with the help of C-PHT space and PHT space.

support, nonnegativity and partition of unity was also constructed over a hierarchical T-mesh with incomplete D-edges. As
a preliminary application, C-PHT was applied to handle image data and to solve a PDE by FEM.

C-PHT splines have good potential for application in isoparametric finite element and in handling discontinuous data.
However, before these applications are realized, the challenge presented by the reparameterization of a physical domain by
C-PHT or PHT must be overcome which is a problem we will address in the future.
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