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Abstract

Univariate generalized splines are smooth piecewise functions with sections in certain extended
Tchebycheff spaces. They are a natural extension of univariate (algebraic) polynomial splines,
and enjoy the same structural properties as their polynomial counterparts. In this paper,
we consider generalized spline spaces over planar T-meshes, and we deepen their parallelism
with polynomial spline spaces over the same partitions. First, we extend the homological
approach from polynomial to generalized splines. This provides some new insights into the
dimension problem of a generalized spline space defined on a prescribed T-mesh for a given
degree and smoothness. Second, we extend the construction of LR-splines to the generalized
spline context.
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1. Introduction

Generalized splines are smooth piecewise functions with sections in spaces of the form
(see [8])
UV ._ -2
PyY = (1Lt,..., 2775 U®),V(t), telab], 2<peN (1)

Classical polynomial splines are obtained by taking the functions U,V equal to t?~1,tP. In
such a case, the space ]PPU 'V is the space of algebraic polynomials of degree p, denoted by P,.
Other interesting examples are trigonometric or exponential generalized splines for which U, V'
are taken as cos(at), sin(at), or cosh(at), sinh(at), respectively.

Under suitable conditions on U,V the space (1) has the same structural properties as
P,. Similarly, generalized splines possess all the desirable properties of polynomial splines.
In particular, they admit a representation in terms of basis functions that are a natural
extension of the polynomial B-splines. Moreover, classical algorithms (like degree elevation,
knot insertion, differentiation formulas, etc.) can be explicitly rephrased for them. Such basis
functions are referred to as generalized B-splines (GB-splines).

Generalized splines are popular tools in the computer aided geometric design (CAGD)
community. Besides their theoretical interest, generalized spline spaces offer the possibility of
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controlling the shape of their elements by means of some shape parameters (the value « in the
case of trigonometric and exponential generalized splines mentioned above), see [7, 17, 18, 28].
Moreover, they are an interesting alternative to non-uniform rational B-splines (NURBS), see
[6, 22, 36, 37] and references therein. In particular, trigonometric and exponential generalized
splines allow for an exact representation of conic sections as well as some transcendental
curves (helix, cycloid, etc.) and are attractive from the geometrical point of view. Indeed,
in contrast with NURBS, they are able to provide parameterizations of conic sections with
respect to the arc length so that equally spaced points in the parameter domain correspond
to equally spaced points on the described curve. It is also worth mentioning that, contrarily
to NURBS, trigonometric and exponential generalized B-splines behave completely similar to
polynomial B-splines with respect to differentiation and integration.

Thanks to the above properties, tensor-products of generalized B-splines are also an inter-
esting problem-dependent alternative to tensor-product (polynomial) B-splines and NURBS
in isogeometric analysis (IgA), see [9, 23, 24, 25]. Introduced nearly a decade ago in a seminal
paper by Hughes et al. [15], IgA is nowadays a well-established paradigm for the analysis
of problems governed by partial differential equations (PDEs), see, e.g., [10] and references
therein. It aims at improving the connection between numerical simulation and computer
aided design (CAD) systems. The main idea of IgA is to use the functions adopted in CAD
systems not only to describe the domain geometry, but also to represent the numerical solution
of the differential problem, within an isoparametric framework.

Adaptive local refinement is fundamental in geometric modeling and is a crucial ingredient
for obtaining, in an efficient way, an accurate solution of partial differential equations. Any
tensor-product structure lacks adequate local refinement. The introduction and the success
of the IgA paradigm triggered the interest in alternative structures that support local re-
finements. Confining the discussion to local tensor-product structures, we mention T-splines
[20, 31, 32|, hierarchical splines [13, 14, 35], and locally refined (LR-) splines [12, 16].

T-splines, hierarchical splines and LR-splines can be seen as special instances of splines
over T-meshes, see [29, 30]. A complete understanding of these spline spaces requires the
knowledge of the dimension of the spline space defined on a prescribed T-mesh for a given
degree and smoothness, see [11, 19, 29] and references therein. Among the various techniques
to tackle this difficult problem, one can use the homological approach proposed in [26], where
the technique presented in [1] for splines on triangulations has been fine-tuned for splines on
planar T-meshes. The resulting dimension formula is a key ingredient in the analysis of the
properties of LR-splines, see [12].

As mentioned above, generalized splines enjoy the fundamental properties of polynomial
splines, including the behavior with respect to local refinement. In particular, GB-splines
support (locally refined) hierarchical structures in the same way as (polynomial) B-splines,
see [25] (and also [14, 34]). T-spline structures based on trigonometric GB-splines have been
addressed in [3]. Results on the dimension of generalized spline spaces over T-meshes have
been provided in [5] by extending the approach based on so-called determining sets, see [29].

In this paper, we deepen the parallelism between polynomial splines and generalized splines
over planar T-meshes. More precisely,

e we extend the homological approach of [26] to generalized splines, in order to address
the problem of determining the dimension of a generalized spline space on a prescribed
T-mesh for a given degree and smoothness;

e we extend the construction of LR-splines presented in [12] to generalized splines.



The remaining of the paper is divided into four sections. In Section 2 we give the definition
of generalized spline spaces over T-meshes. Section 3 is devoted to the determination of the
dimension of such spaces by means of the homological approach. Generalized LR-splines are
described in Section 4. Finally, we end in Section 5 with some concluding remarks.

2. Generalized spline spaces over T-meshes

In this section we formulate the definitions of the meshes and of the spaces we deal with.
We consider a region 2 C R? which is a finite union of closed axis-aligned rectangles, called
cells, with pairwise disjoint interiors. We assume that 2 is simply connected and its interior 2°
is connected; see Figure 1 for an illustration. The smallest rectangle containing 2 is denoted
by [an,bp] X [ay, by].

Next we define a T-mesh on  using the notation and definition given in [26].

Definition 1 (T-mesh). A T-mesh T := (73,71, To) on Q is defined as:
e T is the collection of cells in §;

o 71 = T UTY is a finite set of closed axis-aligned horizontal and vertical segments in
User, 90, called edges;

e To:= UT€T1 Ot is a finite set of points, called vertices;
such that
e for each o € T3, 0o is a finite union of elements of T1;
e for o,0’ € Tz with 0 # o', cNo’ = 0o NId’ is a finite union of elements of Ty U To;
o fort, 7 € Ti witht# 7,707 =drNdr" C To;
e for each v € Ty, v = T, N Ty where T, is a horizontal edge and T, is a vertical edge.

A segment of T is a connected union of edges of 7 belonging to the same straight line. We
denote by 77° the set of interior edges, i.e., the edges intersecting the interior of {2. Analogously,
Ty represents the set of the vertices in 2°, called interior vertices. The elements of the sets
Ti\ T and To \ 7y are the boundary edges and the boundary vertices, respectively. We say
that an interior vertex is a crossing vertex if it belongs to 4 distinct edges; it is a T-vertex if
it belongs to exactly 3 edges. Moreover, 7" and 7, indicate the sets of the horizontal and
vertical interior edges of T, respectively, and we set T° := 7'10’h U 77", Then, the interior
T-mesh is given by 7° := (72, 7°, 75°). Finally, we denote by fo the number of rectangles, by
f and f¥ the number of horizontal and vertical interior edges, respectively, and by fo the
number of interior vertices of 7.

Example 1. Consider the T-mesh T depicted in Figure 2. In this case, we have
o Ty ={01,02,03}, fo=3;
o TN ={m}, fh=1;
o« U= () S =2
o Ty ={rs}, fo=1.



Example 2 (Tensor-mesh). Let Q := [an,br] X [ay,by] be a rectangle in R?. Given I,m € N,
ap =20 <+ - <xy41 =0bp and a, =yo < -+ < Ym+1 = by. Then T = (T2,T1,To), where

75 = {[xi7$i+1] X [yjayj+1]:i:()a"'7lv jZO,...,m},
7-1 = {([$i,$i+1],yj)20§i§l, Ogjgm'i‘l}U{(l'i,[yj,ij,-l]):0§i§l+17 OS]STI’L},
To:={(xi,y;):i=0,...,04+1, 7=0,...,m+1},

is called a tensor-mesh on Q. In this case, we have fo = (I + 1)(m + 1), fI = (I + 1)m,
f=Ilm+1), fo=Im.

We will now define a generalized spline space over a T-mesh, where the smoothness of the
elements of the space across the edges of the T-mesh is given. To this end, we first define
what we mean by smoothness.

Definition 2 (Smoothness). With each edge T € T?, we associate an integer r(1) > —1. We
say that f € C"7)(7) if the partial derivatives of f up to order r(T) are continuous across the
edge 7. We assume that v(7) = r(7') for all 7,7’ lying on the same straight line, and we refer
to this as the constant smoothness (along lines) assumption. Letting

ri={r(r), vr e 7},

we call r a smoothness distribution on T. We define the following class of smooth functions
on
C™(T)={f:Q=R: feC"I(r),Vre T}

Given a smoothness distribution 7 on 7, with each vertex v € 7, we associate two integers
1 (7), 70 (7), where r1,(7) := r(7y) and r,(y) := r(r) such that v = 7, N 7, and 7, € T,
7, € T;7". Note that the integers rp(v),7,(7) are well defined by the constant smoothness
(along lines) assumption.

Definition 3 (Extended T-mesh). An extended T-mesh (T,r) is a T-mesh with a smoothness
distribution v. If T is a tensor-mesh (see Example 2), then a corresponding extended T-mesh
1s called an extended tensor-mesh.

In the following, we denote by £ either h or v. We consider the spaces IP’;J;’W as in (1),
namely
PZI{ELVZ = <1,t,-..,tpliQ,Ug(t),W(t», tE [alvbf]a 2§p€ EN-

We assume that Uy, V; € CP4([ay, be]), and
dim (PJY7) = pg + 1,
and for any element ¢ € ]P’ge Ve
o if DP T lep(ty) = DY ab(ty) = 0, b1, ta € [ag, be, t1 # t2, then DP " 1op(t) = 0, ¢ € [ag, bel;
o if DP*7N(ty) = DPap(ty) = 0, t1 € (ag,by), then DP"p(t) = 0, t € [ag, by).

We notice that these conditions imply that the space (DP*~'U,, DP*'V;) is a Tchebycheff
space on [ay, by] and an extended Tchebycheff space on (as,be). Note that this assures that
the same holds for the space PV, see [8, 28].



Let pp, py € N with pp,p, > 2. Then, we define the space

PV = {qn(@)qu(y) : an € Py " ([an, ba)), v € PL> Y ([aw, b)) }, (2)

where U := (U, U,), V := (V},,V,) and p := (pp, p,). If the space (2) is the space of bivariate
algebraic polynomials of bi-degree p, then it will be denoted by P,. We are now ready to
define the generalized spline space over a T-mesh.

Definition 4 (Generalized spline space). Let (T, r) be an extended T-mesh, and let py,p, € N
with pn,py > 2. We define the space of generalized splines over the T-mesh T, denoted by
SY-VoT(T), as the space of functions in C™(T) such that, restricted to each cell o € Tz, they
belong to Pg’v, i.e.,

SYVT(T) ={seC™(T): s, PV, 0 €T}
In particular, in the case of bivariate algebraic polynomials,

SL(T) i={s€C"(T): 81, €Pp, o €T }.

Note that if the smoothness r(7,) > pj, associated with a vertical edge 7, € 7;”" then for
any two cells 0, ¢’ adjacent to 7, we have

Sjo = S|o/y S E SpU’V’T('T).

This follows from the assumption that }P’g}?*v’t is an extended Tchebycheff space on (ap,by,).
A similar property holds for horizontal edges. Therefore, in the following we assume

r(1y) < pn, V71 €TV, 7(th) <pu, V€ 'Tf”h.

3. Dimension of the generalized spline space

In this section we study the dimension of SpU VT (T). Our arguments are based on homo-
logical techniques similar to the ones used in [26] for investigating the dimension of the space

Sp(T)-
3.1. Properties of the section space ]P’pU’V

First of all, we define and analyze some subspaces of ]P’pU 'V that will be used in an alternative

characterization of the spline space SPU*V*T(’T) as the kernel of a suitable linear map. This
characterization will play a role in the analysis of the dimension of the spline space.
For any vertical edge 7 of T, we consider the following subspace of ]P’g V.

UV, o UV . 1y (= ) — .
L""(r) :={qe Py : Dyq(z,y) =0, Yy € [ay, by], i =0,...,7(7)}, (3)
where T is the abscissa of any point of 7. Analogously, for any horizontal edge T we set
]IpU’V’T(T) ={q € ]P’pU’V : Déq(:c,g) =0,Vz € [ap,bn], j=0,...,7(7)}, (4)

where g is the ordinate of any point of 7. Moreover, for any vertex v = (z,y) we define the
subspace

LV (y) ={q¢ € PV : DiDjq(,5) =0,i=0,....,72(7),j =0,....,re(0)}. (5)



Lemma 1. The following dimension formulas hold:
L dim(PEY) = (pn +1) x (po + 1);

. 7 Vo _Jn+1)x (r(r)+1), T horizontal
2. dlm(Pg V/]IpU v (T)) - {(T(T) +1) X (py+ 1), T vertical
3. dim(PYV/IS-V" (7)) = (ru(y) +1) % (ro(y) +1).

Proof. Proving the first formula is trivial. In order to prove the second one, let us write a

general element of ]P’g 'V in the form
Ph—2py—2 Pr—2 Pr—2 Pv—2 o Pv2
ZZauxy—i—beU ch:EV ZdUh yj—l—Zeth(x)yj
=0 j=0 7=0

+ a11Up(2)U, (y) + Ozleh(iv)Vv(y) + Oéleh(CC)Uv(y) + angh(iC)Vv(y)-

Suppose that 7 is vertical (the proof for 7 horizontal is analogous). An element belonging to
IZ-V>"(7) must then satisfy, by definition, the conditions

D aigi(i— 1)+ (i =1+ )2 +d;DLUA(Z) + e, DLV () =0, j=0,...,p, -2,

Ph—2

me—1 (i =14+ 17" + a1, DLUL(Z) + a1 DLV, (2) =

Ph—2

> cii(i—1) -+ (i = 1+ 1) + 019 DL Un(Z) + a2 DLV (2) = 0,

i=l
for { = 0,...,7(r), where a sum is assumed to be empty whenever the lower index exceeds
the upper one. Note that dim(]P)g’V/Hg’V”’ (7)) coincides with the rank of the matrix of this
linear system. A suitable re-ordering of these equations allows us to show that the rank is
(r(r) +1) x (p, + 1), by using the fact that the submatrix

Dor=tUy(2) D21V (Z)
Dgh Uh(f) Dgh Vi (f)

is non-singular (see, e.g., [8]). Similarly, to prove the third item of the lemma, we write an

element of ]P’pU 'V in the form
Ph—2 pr—2 .
ZZ% -9 +Zb:v—:v W)+ Y cila —2)Vo(y)
=0 7=0 =0
Pv—2 Puv—2
+ ) dUn@)y -9 + D eVala)y — 5y
7=0 j=0

+ a1 Un(2)Uy(y) + c12Un(2)V,, (y) + a1 Vi (2) Uy (y) + a2 Vi (2) Vi, (y).

An element belonging to ]Ig Vor(

) must satisfy, by definition, the following conditions

pmaye + pbi Dy Uy () + pei Dy Vi (5) + ndi DLUA(Z) 4+ nex DL Vi (2) + a11 DLUR(2) DU, ()
+ 12 DLUR(Z) Dy Vy (§) + 21 DL VA () DU (§) + oo D Vi (Z) Dy V, () = 0,



for 0 <1 <rp(y), 0 <k <ry(y), where

), < pn—2 )R, kE<p,—2
=0, 1>pmm=2" "T7)0, k>po—2

The matrix of such a system has rank (r,(7) + 1) x (r,(y) + 1), see also [5], which completes
the proof. O

3.2. Topological chain complexes

As done in [26] in the algebraic polynomial case, we define the following complexes, see
also [1] and [33]:

0 0
{ {
WYrT: 0 B QRO B @EYe) S
TETY YETY
{ { {
UV (7o) . @ @ ngV % @ IP’II,J’V %
oceTs TETY YETY
o 4 ! i
SgVr(Te): 0 % B DRV S DY) B 0
€T TETY? YETY
4 4 {
0 0 0

(6)
The maps of the complex &BII,J V(T°) are induced by the usual boundary maps, so they are
defined as follows. We consider all the edges 7 € 77 oriented, and we represent them with the
notation 7 = [y172], where v1,72 € To. The opposite edge is represented by [y271], and by
convention we set [y172] = —[y271]-

e The map 0Js is the identity map.

e The map ds : D, c7, ]P’pU’V — EBTeTo PY-V is given by
=D > @ cDBHRY
TETL c€S(T) oc€T2

where, for any 7 € T,%, S(7) is the set of the cells in 72 which contain 7, and for each cell
o € Tz, whose counter-clockwise boundary is formed by the edges 7 = [y172],...,7 =
[vi71], go is the component of ¢ associated with the cell ¢ if the boundary of o contains
7 and its opposite if the boundary of ¢ contains the opposite of 7.

e The map 0 : @767—0 PV — @767—0 PYV is given by
~@D X« e PRV
Ye€Ty 7€S(7) TETY?

where, for any v € Ty, S(7) is the set of the edges in 7;° which have 7 as one of
the endpoints, and, for each oriented edge 7 = [y172] € T1°, ¢ is the component of ¢
associated with 7 if v = v and its opposite if v = ;.



e For any ¢ € @767—00 PY-V', do(q) = 0.

The maps of the complex jg*V*T(TO), denoted by &, 9, and 9y, are obtained from s,
01 and 0y by restriction. Indeed, for any 7 € 7° and v € 7y, an element ¢, of ]IpU Vor(7)
also belongs to ]IpU VT (), provided that the edge 7 has an endpoint in v, and therefore
ETES(’Y) g- belongs to ]IpU’VV’" (7) as well. As a consequence, the image of the restriction of 9y

to EBreT;’ IT-V-"(7) is included in 69767’00 IUVor(y).

The maps of 6;] Vor(T°), denoted by 02, 0; and 0y, are naturally induced since the
considered vector spaces are quotients of the ones of &Bg V(TO).

Note that, by construction, we have 51 o 3i+1 =0,0;00141=0,0;00;41 =0,i=0,1.

The vertical maps in each column of the diagram in (6) are the inclusion and the quotient
map, respectively.

We will now study the homology of the complexes. First, we recall the definition of
homology.

Definition 5. Given a complex

A: -'-—>Ai+16i>1AigAi_1"'

the i-homology is defined as H;(A) := ker d;/im §;41.

Our interest in the homology of the complexes in (6) is motivated by the fact that the
homology of the cells in Gg’V’T(T") is related to the space SI(,J’V”’(T). More precisely, the
following result holds.

Proposition 1. It holds
Hy(&5 V" (T°)) =ker 9, =S5 V" (T). (7)

Proof. The proof is a straightforward extension of the proof of Proposition 2.9 in [26], see also
Theorems 2.4 and 3.2 in [1]. Nevertheless, for the sake of completeness, we detail the short
and simple argument.

From Definition 5 and from (6) we have Hy(&5V""(7°)) = ker J2. An element in ker 0y
is a collection of functions (¢,)sc7; Where ¢, € ]P’pUVV and g, — gy € HPU’V’T(T) if 0,0’ share
the internal edge 7. By (3)—(4), this implies that the piecewise function which is ¢, on ¢ and
¢or on o’ belongs to C"(7) () (see Definition 2). As this is true for all the interior edges, any
piecewise function (¢s)se7; € kerds is of class C(T), that is an element of S§-V-7(T). O

The next results address the exactness of fpvaV(T"), and so they are of interest for de-
termining a dimension formula for SPU V.7 (T). They can be proved with the same line of
arguments as considered in [26] to prove Propositions D.1-D.3 for the algebraic polynomial
case. Indeed, their proofs are just based on general properties of complexes and on the topo-
logical features of the T-mesh. For this reason, we omit the corresponding technical proofs.

Proposition 2. It holds

Ho(By Y (T%)) = 0



Finally, the next proposition extends Lemma 2.2 and Proposition 2.7 in [26] to the gener-
alized B-spline case. Their proofs are again based on general properties of complexes and on
the topological features of the T-mesh, just like in [26]; therefore we omit them.

Proposition 3. It holds
Ho(BYV(T°)) = Ho(65"V"(T°)) = 0; (8)
Hy(&5"V""(T7)) = Ho(3,"V"(T7))- (9)
3.3. Dimension of the spline space Sg’V”'(T)

By using the above results, we are finally able to give a dimension formula for the gener-
alized spline space over an extended T-mesh (7, 7).

Theorem 1. Given an extended T-mesh (T ,r), we have

dim(S5V"(T)) = > (pn + D(po +1)

oc€T2

= > DM+ = > () + Dy +1)
7'67_10”1 TE'TlO’v

+ ) () + D)(ro(y) + 1) + dim (Ho (35V"(T7))). (10)
vE€Ty

Proof. If we consider the Euler characteristic of the complex

STVr(Ty: 0% PPy B PRV B @RV /IY V() & o,

cE€To reTY NETY

we get the relation

dim( P PYY) — dim( @ PYV/IY V" (7)) + dim( P PV /1TV " (7))

o€T2 TETY YETY
=dim(Ha(65"V""(T°))) — dim(H1 (&5 V" (T°))) + dim(Ho(&5V""(T°))).

By combining (7), (8), (9) with the above equality, we arrive at the formula (10). O

Remark 1. Since dim ( jU vir( T"))) > 0, from Theorem 1 we easily get the same lower

bound for dlm(SpU vor( ) as in the algebraic polynomial case, see [26, Section 3],

dim(SV""(T)) = > (pw + ) (ps + 1)

oc€T2

= > n D@+ = D (1) + Dpy +1)
TeTlo,h 7-6’7’1‘"”

+ ) (ra() + D(ro(y) + D). (11)
vETS

We say that a smoothness distribution r on 7 is constant if there exist two integers gy, 0,
such that
(1) = on, V1o €TV, r(m) =00, Ym e TOM (12)



Example 3. Given an extended T-mesh (T,r) with a constant smoothness distribution r as
in (12), the dimension formula (10) simplifies to

dim(S;"V""(T)) = (pn + ) (po + 1) fo = (pn + 1) (00 + DT
= (on + 1) (po + D)fY + (0n + 1)(00 + 1) fo
+ dim (Ho(35Y""(T?))). (13)

The formula (13) corresponds to the formula found in [26] for the algebraic polynomial spline
space defined on the same extended T-mesh.

Under certain conditions on the T-mesh and/or the generalized spline space, the homology
term in the dimension formula (10) is zero, so that the dimension of SPU Vor(T) agrees with
the lower bound in (11). In the following we discuss some examples.

Example 4. For an extended tensor-mesh (T,r), one can easily check that the dimension of
SLVo"(T) agrees with the lower bound in (11). Taking a tensor-mesh T as in Ezample 2 and
a constant smoothness distribution r as in (12), the dimension formula (13) simplifies to

dim (S5"V""(T)) = ((pn + 1)1 +1) = l(on + 1)) ((po + 1) (m + 1) — m(oy + 1)).

In the algebraic polynomial context, it is known (see [26, 29]) that if the degree is large
enough with respect to the smoothness, then the dimension of S;(7) agrees with the lower
bound in (11). This extends to the generalized spline setting, as stated in Corollary 1. First,
we recall from [29] the concept of a cycle (see Figure 3 for an illustration).

Definition 6 (Cycle). A segment of a T-mesh is called a composite edge if all the vertices
lying in its interior are T-vertices and if it cannot be extended to a longer segment with the
same property. A sequence vi,...,vn of T-vertices in a T-mesh T is said to form a cycle if
v; lies in the interior of a composite edge of T having one of its endpoints at ;11 (we assume

Ynt1 = ")-
A relevant class of T-meshes without cycles are the so-called LR-meshes, see the next
section for their definition. Note that they are called hierarchical T-meshes in [26, Section 4.1].

Corollary 1. Let T be a T-mesh without cycles, and let r be a constant smoothness distri-
bution on T as in (12). Then, if we assume that py, > 20 + 1 and p, > 20, + 1, we have
dim (Ho(35-V"(T))) = 0.

Proof. From Theorem 3.7 in [5] we know that dim (SY-Y"(T)) equals the lower bound in (11),

so dim(Ho(35V>"(T))) = 0. O

Example 5. Consider the T-mesh T in Figure 2, and the constant smoothness distribution
v on T as in (12) with on = 0, = 1. The space SY-V-"(T) with p = (3,3) has dimension
28. This immediately follows from the mesh numbers in Example 1, the dimension formula in
Ezxample 8 and Corollary 1.

Example 4 and Corollary 1 show that for a large class of (generalized) spline spaces we
have
dim (S§Y"(T)) = dim(S5(7)). (14)
We conjecture that (14) is true for all generalized spline spaces on T-meshes, at least gener-
ically. The latter means that if for a given space IP’II,J 'V and an extended T-mesh (7,7) the
equality in (14) does not hold, then there exists an arbitrarily small perturbation of the ver-
tices of 7 making the equality true. This is also inspired by the concept of generic embeddings,
used in [1] in the context of dimensions of polynomial spline spaces on triangulations.
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4. Locally refined generalized splines

In the context of algebraic polynomial splines, the well-known knot insertion process of
tensor-product B-splines gives rise to LR B-splines [12]. In this section we extend this con-
struction to the generalized spline setting.

4.1. Generalized B-splines

Let = be a sequence of knots over the interval [a, ],

E={a <6< < ugpr1), mpeN (15)

It is well known that it is possible to construct B-spline-like functions with sections in spaces
PYV as in (1), see [18, 23, 37] and references therein. The so-called generalized B-splines
(GB-splines) of degree p, defined over the knot sequence (15), will be denoted by

B(P)

[Eireebigpr1]”

They can be defined by means of the following recurrence relation:
yp=1) .
V<P*1>(§Et+)1)v if t € [§,&iv1)s
(1) . U(p—l) .
B[§i7§i+115i+2](t) T W(fiil)’ ift € [§i+1a§i+2)7
0, elsewhere,

...............

t t
(») . (1) (p—1) (p—1) (p—1)
B[éi Eitp+i] (t) = di;E /700 B[Ei giﬂ,](s)ds o di+1x5/700 B[§i+1 §i+p+1](s>ds’ P22,

[t BW (s)ds’

—o0 [€isees€itpra]

and fractions with zero denominators are considered to be zero. The knot sequence (15) allows
us to define m GB-splines of degree p, namely

) (p)
B B

[517~~~)£p+2]7 ' n;~~~7£7n+p+l]'

GB-splines possess all desirable properties of classical polynomial B-splines [2, 18]. We
collect them in the following proposition.

Proposition 4. Let B
the knot sequence (15). Then, the following properties hold:

,i=1,...,m be GB-splines of degree p > 2 associated with

e piccewise structure: Be, e, ..)(t) € ]P’pU’V, t €&, €41);

o positivity: B[(;)... €irpan) (D) 2 0;

)

yeo

e partition of unity: > ., B[(g .)5i+p+1](t) =1,t € [{pt1,Em+1);

e compact support: B[(g,...,£¢+p+1](t) =0,t¢ (&, &ivprl;

11



[(Z)... &_w“](t) is p — p; times continuously differentiable at &; being p;

the multiplicity of €; in the knot sequence;

e smoothness: B

(p)

e local linear independence: B[&fp,...,&ﬂ](t)’ s Bley s pan) () are linearly independent

on [€i,&iv1).
The following formula for inserting one knot follows from Theorem 5.5 in [21]:

Proposition 5. Suppose for some integers i,m with i < m < i+ p that £ € (&, &ivpt1) N
[Em,Em+1), and let i, ..., Mitptr2 be the numbers £,&;, ..., &+pt1 sorted in nondecreasing or-
der. Then, we have

B[ni7~~~)77i+p+l]’ 1 <m—p,
Bie,...irpia] = AiBly,.,.mippia] T (1- /\i+1)B[m+1,~~~,m+p+2]v m—p+1<i<m,
Biyiirecmipprals i>m,

where 0 < A\; <1 for j =4,...,i+p. In particular, Apm—_py1 =1 and A1 = 0.

Explicit formulas for the A;’s are given in [21]. For alternative, less general, but easier to
compute formulas we refer to [37]. The spaces (1) also support a degree-raising process.

Multivariate versions of GB-splines can be obtained straightforwardly by the usual tensor-
product approach.

4.2. Extended LR-mesh

An LR-mesh is a T-mesh constructed from a tensor-mesh by applying successive refine-
ments. In each refinement at least one cell is split in two by an axis-aligned segment, see [12].
Since we use continuity across knot lines instead of multiplicities we repeat some definitions
from [12].

Definition 7 (Split). Let T = (72,71, 7o) be a T-mesh and let € be an axis-aligned segment.
We say that € splits o € Tz if o\ € is not connected. We say that € is a minimal split of o if
it splits o and € C 0. We say that € splits T if e =1 U---UTy,, a finite union, with each T;
either a minimal split of a cell in Ty or an edge in Ty.

If € splits o € T3 then o\ € has two connected components o1 and oo with closures G1,73.
Moreover, denote by Ta(e) the set of cells in Ta that are split by €. We define

THe=(Th+eTi+teTote), Tete=(T\Te)U( | {717},
geT2(e)

and where T1 + €, To + € are the set of edges and vertices obtained after € has been introduced
in the mesh. (See [12] for a more precise definition of Ty + ¢, To + &). Similarly, we define
the sets T’ +¢, Ty + €.

Definition 8 (Extended split). Let e be a split of an extended T-mesh (T,r) and let r¢ > —1
be an integer defining the smoothness of the edges of T + € belonging to €. We associate with
each edge T of T + € an integer r-(T) given by

ro(r) = r(t"), T C7 eT,
Tt T e(Te 4\ TP
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In addition, we have to assume that r¢ is such that the constant smoothness (along lines)
assumption is satisfied, see Definition 2. We call (T + e,7.) an extended split of (T,7),
where

re:={r(r):T€T’+e}.

Definition 9 (Extended LR-mesh). An extended LR-mesh (T,r) is an extended T-mesh,
where either

1. it is an extended tensor-mesh, or
2. it is an extended split of an extended LR-mesh.

The corresponding mesh T is called an LR-mesh.

The T-mesh in Figure 3 is not an LR-mesh. Indeed, starting with the boundary of the
rectangle there is no way we can insert one of the line segments so that it splits the rectangle in
two elements (it has a cycle, see Definition 6). Figure 4 shows the construction of an LR-mesh
obtained by successive insertion of splits.

4.3. LR GB-splines

LR GB-splines are a collection of minimally supported functions on an LR-mesh. Each
of them is a tensor-product GB-spline defined on a local tensor-mesh which is part of the
LR-mesh. A formal definition is given in the following.

Definition 10 (Tensor-submesh). Given xo < -+ < xp41 and Yo < -+ < Yny1, We consider
the tensor-mesh S with vertices (z;,y;), 1 =0,...,k+1, 5 =0,...,n+ 1. If the edges of this
tensor-mesh are completely covered by edges belonging to some T-mesh T, we say that S is
a tensor-submesh of T. It is a maximal tensor-submesh if no other segment of T completely
crosses the domain defined by S, namely the rectangle [xo, Tk+1] X [Y0, Yn+t1]-

Definition 11 (Extended tensor-submesh). Given an extended T-mesh (T, ), degrees pp, py,
and a set of integers 7 == {—1 < Tp; < pp, 0 =0,..., k+1}U{-1 < F; <Dy, j =
0,...,n+ 1}, we say that (S,7) is an extended tensor-submesh of (T,r) if

Thi =7r(7T), if T € T, 7 belonging to the line v = x;;

To; =1(7), if T € T, T belonging to the line y = y,.

We say that an extended tensor-submesh has minimal support with respect to ¥, pp, py if it is
maximal and

k+1 n+1
Z(ph —Thi) =pPn+2, Z(pu — Tu,j) = Po +2.
=0 j=0

Definition 12 (Minimal support). Let (T, 7) be an extended T-mesh in R?. A tensor-product
GB-spline B : R? — R has minimal support on (T,r) if it is defined on an extended tensor-
submesh (S, 7) of minimal support.

The function B in Definition 12 is given by

_ ) (pv)
B(z,y) = B[ﬁohv-~~x5ph+1](x)B[COwapuH](y)’
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where

Ph—Th,0 Ph—Th k+1
507"'7517;14-1 =Ty L0y ey Lht1ye- s LTh+1,

Pv—Tv,0 Pv—Tuv,n+1
<07"'7<pu+1 =Yo,---5Y0y- -3 Yn+1y- -3 Yn+1 -

As a consequence, the support of the GB-spline B is the rectangle [xo, Txt1] X [Yo, Yn+1]-

Definition 13 (LR GB-splines). If (T,7) is an extended LR-mesh, then the tensor-product
GB-splines of minimal support on (T,r) are called LR GB-splines.

Given an extended LR-mesh (7, 7) and bi-degree p := (pn,py), we now construct a collec-
tion B of LR GB-splines of degree p on (7, 7). We recall that (7, r) is defined as a sequence of
extended LR-meshes (M1,71),...,(My,r,) where (M1,71) is an extended tensor-mesh and
(T,r) = (M, r,). We start with the complete collection B; of tensor-product GB-splines
of degree p on (Mj,71). Suppose we have constructed the collection of LR GB-splines B;
on (M;,r;) for some 1 < i < n. To form the new mesh M;;1, an axis-aligned segment &; is
inserted which we assume is long enough to split the support of at least one GB-spline in B;.
Following [12], we construct the new collection of LR GB-splines B; 11 on (M;41,7:+1) by a
sequence of updates.

1. As long as there is a B € B; that does not have minimal support on (M1, 7;41), there
must be at least a horizontal and/or vertical segment which is a union of edges of M, 4
that splits the support of B. Then, we proceed as follows. Suppose ¢; is such a vertical
segment that splits the support of B at a point x = . If B(z,y) = Bi(x)Ba2(y) then we
insert £ in the univariate GB-spline B; using Proposition 5 and get two univariate GB-
splines By 1 and By 2, and two tensor-product GB-splines obtained from B by replacing
By by Bi,1 and B 2, respectively. We update B; by removing B and adding the two
new tensor-product GB-splines. We also remove duplicate GB-splines if necessary. A
horizontal segment is handled analogously by inserting a knot in the univariate GB-spline
Bs.

2. When all B € B; have minimal support we set 5,11 = B;.

We refer to [12, Section 3.2] for a bilinear example.

It has been shown in [12, Theorem 3.4] that the final collection of LR B-splines B = B,
only depends on the final mesh 7, and its proof generalizes to our LR GB-splines. With a
proper scaling, LR B-splines form a positive partition of unity, see [12, Theorem 7.2], and the
same also holds for our LR GB-splines.

Under certain conditions, the LR GB-splines span the full space of generalized splines on
an extended LR-mesh. For example, we have the following result. Its proof follows the same
line of arguments as in [12, Theorem 5.2].

Theorem 2. Let (Mi,71),...,(My,r,) be a sequence of extended LR-meshes with corre-
sponding collections of LR GB-splines Bu, ..., B, of degree p. If

dim(S5V" " (M;)) = dim (ST V" (Mm)) + 1, i=2,...,n, (16)

then
U,v,r; N — . -
Sp (M;)=(BeB), i=1,...,n.
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In general, LR GB-splines are not always linearly independent, as already known for
polynomial LR-splines, see, e.g., [12, Example 6.4]. The dimension theory for GB-splines
on T-meshes (described in Section 3) applies to LR GB-splines, and can be used to check
their linear independence. Moreover, the dimension results can be of help in the design of
(local) refinement algorithms ensuring collections of linearly independent LR GB-splines.

Example 6. It is clear that the collection of LR GB-splines defined over an extended tensor-
mesh are linearly independent as they are nothing else than tensor-product GB-splines.

Example 7. Consider a sequence of extended LR-meshes (M1,71),...,(My,r,) satisfying
(16). From Theorem 2 it follows that linear independence is ensured if the number of LR
GB-splines increases by one going from (M;—1,7,-1) to (M;,r;), i =2,...,n.

There are also other criteria that are sufficient for ensuring that a collection of LR GB-
splines is linearly independent. For example, the so-called peeling strategy presented in [12,
Section 6] can be used in the GB-spline context as well.

5. Conclusions

In this paper we have considered generalized spline spaces over planar T-meshes, and we
have shown that they share several structural properties with polynomial spline spaces over the
same partitions. First, we have provided some new insights into the problem of determining
the dimension of a generalized spline space defined on a prescribed T-mesh for a given degree
and smoothness, by extending the homological approach of [26] to generalized splines. Second,
we have shown that the construction of LR-splines presented in [12] can be easily extended to
the generalized spline context and we have outlined this construction.

It is worth emphasizing that, besides the structural similarities presented here, many other
properties can be carried over from polynomial to generalized spline spaces. In particular, it
has already been shown that the construction and properties of (truncated) hierarchical B-
splines and analysis-suitable T-splines also extend to the generalized spline context, see [14, 34]
and [3, 4] respectively.

Finally, we remark that generalized splines are a special case of the wider and very in-
teresting class of Tchebycheff splines [21, 27, 28]. Tchebycheff splines are smooth piecewise
functions with sections in Tchebycheff spaces, and admit a B-spline-like basis in the same way
as generalized splines. Therefore, it is reasonable to believe that the results presented in this
paper are also valid for Tchebycheff splines.
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Figure 1: Left: a simply connected region with connected interior. Center: a region which is not simply
connected. Right: a region where the interior is not connected.
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Figure 2: Example of a T-mesh.

Figure 3: A T-mesh with a cycle, so it is not an LR-mesh.

Figure 4: A sequence of LR-meshes.
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