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Abstract Analysis-suitable T-splines are a topological-restricted subset of T-splines,
which are optimized to meet the needs both for design and analysis (Li and Scott
Models Methods Appl Sci 24:1141-1164,2014; Li et al. Comput Aided Geom Design
29:63-76, 2012; Scott et al. Comput Methods Appl Mech Eng 213-216, 2012). The
paper independently derives a class of bi-degree (dy, d») T-splines for which no per-
pendicular T-junction extensions intersect, and provides a new proof for the linearly
independence of the blending functions. We also prove that the sum of the basis func-
tions is one for an analysis-suitable T-spline if the T-mesh is admissible based on a
recursive relation.
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1 Introduction

T-splines were originally introduced as an alternative free-form geometric shape tech-
nology to solve many inherent limitations of standard NURBS representation in the
industry [12,14]. Two main advantages of T-splines are local refinement [11,12]
and watertightness [13]. Multiple NURBS patches can be merged into a single T-
spline [7,14] and any trimmed NURBS model can be approximated with a watertight
T-spline model [13] under any given tolerance. Thus, T-splines have emerged as an
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important technology across several disciplines including industrial, architectural, and
engineering design, manufacturing and engineering iso-geometric analysis.

The isogeometric analysis (for short, IGA) paradigm uses the smooth geometric
basis as the basis for analysis, which is introduced in [6] and described in detail in [3].
With IGA, traditional design-through-analysis procedures such as geometry clean-
up, defeaturing and mesh generation are simplified or eliminated entirely. Most of
the early developments in isogeometric analysis focused on the behavior of NURBS
basis functions [3,6] and later on T-splines [1], Hierarchical B-splines [17], PHT [10,
22] and LR B-splines [4]. In 2009, [2] discovered an example of a T-spline with
linearly dependent blending functions, which means that the whole class of T-splines
are not suitable for IGA. Thus, analysis-suitable T-splines (for short, AS T-splines),
a class of T-splines which associated T-meshes have no intersections of T-junction
extensions, were developed in [9, 1 1] to meet the basic needs for IGA. The members of
the class of T-splines are NURBS compatible, watertight, convex hull, affine invariant,
always linear independent for any knot intervals, optimized local refinement [11] and
characterized in terms of piecewise polynomial [8].

Linear independence and partition of unity for T-spline blending functions are two
fundamental theoretical problems associated with T-splines. There are two different
approaches to analysis the linear independence of T-spline blending functions by
computing the nullity of the transform matrix [9,18,21] or dual basis [15,16]. The
partition of unity for T-splines blending functions has not been well understood till
now [19,20]. The present paper identifies a class of T-splines whose blending functions
are guaranteed to be linearly independent using a different approach from [16] by
computing the nullity of the transform matrix. Compared with the result in [9], the
main contribution includes,

— we generalize the bi-cubic analysis-suitable T-splines [9] to any bi-degrees;
— we derive a recursive relation for AS T-splines and use the relation to prove the
partition of unity property for AS T-splines.

The following paper is structured as follows. Pertinent background on T-splines is
reviewed in Sect. 2. Section 3 proves that any analysis-suitable T-spline has linearly
independent blending functions. Section 4 proves that the sum of the basis functions
for an admissible analysis-suitable T-spline is one. The last section is conclusion and
future work.

2 T-Splines

In the section, we prepare some basic notations and preliminary results for arbitrary
degree T-splines [1,5].

Similar as the approach of [1], we define a T-spline based on the T-mesh in the index
domain which is referred as an index T-mesh in the paper. A T-mesh is an important
object to determine T-spline blending functions and how they are arranged with respect
to each other. A T-mesh T for bi-degree (d;, dy) T-spline is a connection of all the
elements of a rectangular partition of the index domain [0, ¢ +d] X [0, ¥ +d>], where
all rectangle corners (or vertices) have integer coordinates. Each vertex has a unique
pair of index coordinate (;, 7;). An edge is a line segment connecting two vertices
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Fig. 1 The anchors and the local index vector for one blending function

in the T-mesh and no other vertices lying in the interior. And a face is a rectangle
where no other edges and vertices in the interior. The valence of a vertex is the number
of edges such that the vertex is an endpoint. For the interior vertices, we only allow
valence three (called T-junctions) or four vertices. We adopt the notations -, -, L
and T to indicate the four possible orientations for the T-junctions. Denote the active
region as rectangle region [p, ¢ +d; — p] X [q,r 4+ da — ¢q], here p and g are the
maximal integers equal or less than d‘;’ Land d2+1 , respectively. As we will see below,
the active region carries the anchors that will be associated with the blending functions
while the other indices will be needed for the definition of the blending function when
the anchors are close to the boundary.

An anchor is a point in the index T-mesh which corresponds one blending function.
If both d; and d> are odd, an anchor corresponds a vertex in the active region of the
T-mesh, if both d; and d> are even, then an anchor corresponds the barycenter of a
face in the active region of the T-mesh. And the index coordinate for the anchor is the
index coordinate of the left-bottom vertex of the associated face. If d; is even and d»
is odd or dj is odd and d, is even, an anchor is the middle point of a horizontal edge or
a vertical edge in the active region of the T-mesh. The index coordinate for the anchor
is the index coordinate of the left or bottom vertex of the associated edge.

For the i-th anchor A;, we define a local index vector §; x T which is used to

define the blending function 7; (s, t). The values of §; = [89 d1+1] and 7§ =

[tio, o, dz“] are determined as follows. From the i-th anchor in the T-mesh, we

shoot a ray in the s and ¢ direction traversing the T-mesh and collect a total of d; + 2
and d> + 2 knot indices to form &; and 7j, as shown in Fig. 1.

The indices correspond two global knot vectors s = [so, S1, ..., Sc4+4;] and t =
[f0,t1, ..., tr4+a,]. The end condition knots for s and t may have multiplicity d; + 1
and d> + 1; all the other knots are of multiplicity < d; and < d5, respectively. Each
edge is assigned with a knot interval which is the associated parametric length of
the edge. The valid rules for the knot configuration require that the sums of the knot
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intervals on opposite sides of a face must be equal [14]. Then we are ready to define the
blending function T; (s, t) associated with the i-th anchor, which is a tensor-product
of degree d| and d> B-spline functions. The knot vectors are defined by the local knot
vectors 8; X Ti,

Ti(s, t) = B[s;1(s) B[t;]1(2), 2.1
where

S; = [So,l_O, So,l_l e, Sa,.dlﬂ] and t; = [trl_o, ltil e, tTidZ+l] 2.2)

are subsequences of s and t, respectively.
A T-spline space is finally given as the span of all these blending functions and a
T-spline surface is defined as

na
C(s.t) = > CiTi(s.1), (2.3)

i=1

where C; = (w;x;, w;yi, w;Zi, w;) € P? are homogeneous control points, w; € R are
weights, T;(s, t) are blending functions, and n4 is the number of control points or
anchors.

Analysis-suitable T-splines are defined in terms of T-junction extensions. For exam-
ple, the extension for a T-junction of type - is a line segment [i, i] x {z;}. i and i are
determined such that the edges [i, §;) x {r;} have [=5— 1+1 ] intersections with the T-mesh
and the edges (4;, i]x {zi} have [ ] intersections W1th the T-mesh. Here [d] means the
maximal integer less or equal d. For a T-junction of type -, we can similarly define the
extension except the number of intersections that are exchanged. Also, we can define
the extensions for the other kinds of T-junctions _L, T, where uses degree d> instead
of d;. All these extension examples are illustrated in Fig. 2.

Definition 2.1 For a bi-degree (di, d») T-spline, a T-mesh is called analysis-suitable
(for short, AS T-mesh) if the extensions for all the T-junctions I and - do not intersect
the extensions for all the T-junctions L and T. A T-spline defined on an analysis-
suitable T-mesh is called an analysis-suitable T-spline, for short AS T-spline.

AS T-meshes have two key properties (Lemmas 2.2 and 2.3) which will be used in
the following section. As these two lemmas have also been proved in [16] (Lemma
3.2 (a) and (b)), so we omit the proof here.

Lemma 2.2 In an analysis- smtable T- mesh T, for any anchor A;, let T F (A;) be the
union ofall the rectangles R/ = (o/ o; H_1) X (1’ , k+1) Here j = 0,...,d,
k=0,...,d>, then there are no T-mesh vertlces inside TF(A;).

Lemma 2.3 In an analysis-suitable T-mesh T, for any anchor A;, let hSK (A;) be the
union of all the edge segments [o 10 ld1+1] X {r L,j=0,1,...,da+1and vSK (A;)
be the union of all the edge segments {O’i } % [7: R d2+1] j = 0, 1,...,dy + 1. Then
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Fig. 2 The extensions for four different kinds of T-junctions

hSK (A;) lies on the edges of T-mesh T or lies on the extensions of all T-junctions
and 4 on hSK(A;), and vSK (A;) lies on the edges of T-mesh T or on the extensions
of T-junctions L and T on vSK (A;).

Definition 2.4 A T-mesh is admissible, if the vertex (i, j) is not L or T when 0 <

i<diorc<i<c+dj,andisnotl-or4when0 < j <dyorr <j<r-+d.

3 Linear Independence

In this section, we generalize the method in [9] to prove that any bi-degree (d, d2)
analysis-suitable T-splines have linear independent blending functions.

3.1 NURBS Conversion

Each T-spline can be converted into the underlying NURBS form N (s,t) =
ZZQ Nk Ni(s, 1), where np is the number of NURBS anchors. And N; =

Z’;A:  mi,jC;. This relationship can be written in a matrix form MT = IP, where
M is called the T-spline-to-NURBS transform matrix. If all the elements of row j of
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Fig. 3 A T-mesh and its influence graph

M are zero except m j;, column i is called an innocuous column. Column reduction is
the operation of removing an innocuous column from M along with any zero rows that
the column removal may have introduced. It is evident that column reduction operator
will preserve the nullity of the matrix.

We can visualize column reduction by using a directed graph G drawn on a T-mesh
that we call it an influence graph. G contains two types of anchors: T-anchors corre-
sponding to the anchors for a T-spline, and N-anchors corresponding to the anchors for
the underlying tensor-product NURBS by extending all the T-junctions to the bound-
ary. If m;; is non-zero, an edge is drawn from the j-th T-anchor to the i-th N-anchor.
The valence of an N-anchor is the number of edges that point to it. The valence of
a T-anchor is the number of edges originating from it. An innocuous anchor is any
T-anchor that points to at least one N-anchor of valence one. The operation of pruning
a graph is the graphical equivalent of column reduction, and consists of eliminating
an innocuous anchor, edges originating from it, and any N-anchors that no longer are
pointed to. A graph from which all innocuous anchors have been pruned is said to be
fully pruned. A subgraph of G consists of any set of T-anchors, all N-anchors pointed
to by those T-anchors, and all edges connecting those anchors. A V2-subgraph is a
subgraph whose T-anchors all have a valence of at least two. A fully pruned graph is
either empty, or consists of one or more V2-subgraphs.

Lemma 3.1 If the fully pruned influence graph for a T-mesh has no V2-subgraphs,
the T-spline has linearly independent blending functions.

Proof See [9] for details. O
Figure 3 shows the pruning process of a bi-quadratic T-spline defined on the T-mesh

in Fig. 1.

3.2 Linear Independence

This section presents that an AS T-mesh assures linear independence of the T-spline’s
blending functions.

Suppose s is a subsequence of s, then the associated B-spline for knot vector § is
a linear combination of all the B-splines for the global knot vectors s, i.e., B[S](s) =
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Fig. 4 Illustration for the proof

Z;:l d;Bj(s), where the d; results from the knot insertions. We define F(s) =

{jld; # 0} which are the indices of all contributid B-splir,l\es and define L(S) the
biggest index in F(S). Similarly, we can define F(t) and L(t). The footprint F(A;)
for a T-anchor A; is defined as F(A;) = F(s;) x F(t;), which are all the indices of
N-anchors pointed by the T-anchor and let LL; = (L(s;), L(t;)) (Fig. 4).

Lemma 3.2 Suppose we are given two knot vectors 81 = (Siy, Sijs .-, Sigy,) and
$2 = (Sigs Sigpys - s Sigpin)s kK > 0, which are both subsequences of global knot
vector, then L(s1) < L(s2).

Proof It is evident that L(s;) < L(sp) and if 5;, < s;,, L(s1) < L(s2). Otherwise,
suppose siy = Sy, and sig = -+ = 8, F S, A S = = Si, F Siggn e
then m| = my + k. According to the definition of L(s1) and L(s>), the multiplicity of
SL(s;) and sz (s,) should be m| and my, respectively, i.e., Sp.(s;) = - = SL(s))+m; F
SL(s))4m1+1> and Sp(sy) = -+ = SL(sy)4my 7 SL(so)+ma+1- ASmy > my, so L(sy) <
L(s2). o

Theorem 3.3 The blending functions for an analysis-suitable T-spline are linearly
independent.

Proof If the fully pruned influence graph for the T-mesh has no V2-subgraphs, then
the theorem can be directly derived from Lemma 3.1. Otherwise, suppose it has a
V2-subgraph G, denote anchor LLIL to be the bottommost N-anchor in the V2-subgraph
(if there are more than one N-anchor, we choose the leftmost one). Thus, there must
exist at least two T-anchors, denoted as A, A, such that LL; = LL, = ILIL. Suppose
the index coordinates for A| and A, are (o1, t1) and (07, 12), respectively. If o1 = o9
or 11 = 1o, then LL; # LL, by Lemma 3.2. Otherwise, we have the following two
cases. In both cases, we denote § = max(o?, 020) and T = max(r?, ‘L'é)).

1. If o1 > 0o and 71 > 12 (or, if 01 < 07 and 11 < 1p):
Since L(t;) = L(ty), according to Lemma 3.2, the common indices for t; and
to between [z, rzq +1] cannot match exactly. Thus, there exists T-junction Q1 =

(61, t1), F or H, in rectangle [a{“,of’“] x [7, 1,2q+1]. And if Q) lies on the
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index line 02” +1, it can only be . Thus, the extension of Q1 covers all edges

[6, ozp H] x {11} following Lemma 2.3. With the same analysis for s; and s, we
can conclude that there exists a T-junction Q> = (62, 72), L or T which extension
covers all edges {62} x [§, 02‘"+1]. As & € [6, 021’+1] and 71 € [t, rg+l], the two
extensions intersect.
2. Ifoy > opand 71 < 1) (or, if 01 < 07 and 71 > 17):

As L(t;) = L(tp), according to Lemma 3.2, the common indices for t; and
to between [z, ‘L’lq +1] cannot match exactly. Thus, there exists T-junction Q| =
(81, 1), F or 4, in rectangle [Ulp+l, 8] x [z, r{Hl]. And if Q| lies on the index line
alpH ,it can only be . Thus, the extension of O covers all edges [5, asz] x {11}
With the same analysis for s; and sp, we can conclude that there exists a T-junction
0> = (82, 1), L or T which extension covers all edges {§»} x [z, thH]. As
S €els,0) *Nand 7 € [r, rIqH], the two extensions intersect.

Thus, all cases assure that AS T-splines have no V2-subgraphs and our proof follows
from Lemma 3.1. O

4 Partition of Unity

In this section, we further prove that the sum of the blending functions for an AS
T-spline is one if the T-mesh is admissible. The basic idea is based on the following
recursive relation for AS T-splines.

Given a bi-degree (d1, d) AS T-spline defined on T-mesh T, a new T-mesh ']I‘ifbdz
is defined according to the following rules. Let &1 and B be the maximal integer equal
or less than "%1 and %, respectively. First, we extend each T-junction L and T o
bays and extend each T-junction F and - S| bays to create a new T-mesh. Here a
bay means the index intervals for two intersections of the extension in the T-mesh.

And then we create T-mesh ']I‘Zf/’gdz from the T-mesh which lies in the rectangle region

[a, c+di —a] x [B, r +d> — B]. Fig. 5 illustrates an admissible T-mesh TSZS and the
corresponding T-mesh ']I‘;?

(a) Not a bi-cubic admissible (b) Corresponding admissi- (€) admissible T-
T-mesh ble T-mesh ']I‘g:g mesh Tgﬁ’

Fig.5 Admissible T-mesh T4 ;"
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Lemma 4.1 [f T-mesh le 2 is an admissible AS T-mesh, then for all 0 < o« < d;
and 0 < B < d, Td' & i also an admissible AS T-mesh.

Proof This can be derived from the definition of admissible T-mesh directly. O

Lemma 4.2 Suppose the blendlng functions for a bi-degree (dy,d) AS T-spline
defined on T-mesh T, di. dz are T Db ), k=1,...,n and those for a bi-degree

(d—a,dy — B) AS T-splme defined on T-mesh ']I‘Ol{ﬂd2 are del =B 1), k=
1,...,n, then

ni n2
Sy =D 1 s, @1

Proof We only need to prove the lemma for («, 8) being (1, 0) and (0, 1) because
the other cases can be proved recursively. And for symmetry, the only case we need
to prove is @ = 1, 8 = 0. Also in order to make the notations to be simple, we can
assume that d; and d; are both odd since the other cases are exactly similar.

The main proof has two steps. The first step is to prove that for any blend-
ing function T;(s,t) = BI[s;](s) x B[t;](t), where s; = [saio, Syls e sg2p+2]

i

and t; = [z, 0,0ty 2q+2] for a vertex C1 defined on T-mesh le b can be
expressed 1nt0 the Combmatlon of bi-degree (2p, 2g + 1) blending functlons defined
on T?fodz. It is obvious that T; (s, t) can be written into the combination of B-splines
B[st1(s) x B[t;1(t) and B[s{1(s) x B[t;](r), here s, = [$50. %51+ -- .,S0i2p+1](s) and

s, = [s6i1 s Sp2s s saizp+z](s), respectively. So we should prove that Tl.l and 7} are the

linear combinations of the bi-degree (2p, 2g + 1) blending functions in ’H“li}(’)dz. We
only consider B-spline Tl.l and 7;" can be proved exactly in the same method.
Denote the two adjacent edges of Ci1 by CI.ZI and Cl.2’. Referring to Fig. 6, in T-mesh
’IF‘lil(’)dz suppose that the indices of the T-nodes both on edges {aip } x [rio, ri2q+2]
1
{Uip+

and

} x [‘L’ , T ] are 1o, . . . , Tk, k > 2g + 2. Then it is sufficient to prove that the

indices of the knot vectors for the blending functions which are associated with edges
p+l 1 2p+1 ]

1 xA{tj}, j =4q,..., k —q inthe s-direction are all [al.o,al. yeees O

lo/.o
Suppose there is an edge [ol.p , aip +1] x {t,}, which indices of the knot vector for

the blending function is not [0, o/l ..., 2er1] It is obvious that rq+1 # 7,. So

q+1

+1
we can assume that riq > 1, since the arguments for the two cases 7, > T; and

TSARIN 7, are similar. As the indices of the knot vector for the blending function

1
is not [al.o, ail, el 2p+ ] SO there ex1sts a T-junction Q1 = (81, 71), being L or

T, in rectangle [ o}, ] X [Ty, T l ] According to Lemma 2.3, the extension of
Q1 covers all edges {8 1} X [‘L’i , iq“]. With the same analysis for t-direction, we can
conclude that there exists a T-junction Q> = (82, 12), being - or -, which extension
covers all edges [al.o, aipH] X {1}. As 6 € [o*io, oip+]] and 71 € [rio, riq+1], so the
two extensions intersect, which completes the proof of the first step.
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Fig. 6 Insert a knot into
t-direction to find presentation
blending functions and points T k

Tig N

*—
T "
To
P p+1
O; O;

The second step is to prove Eq. (4.1). The main idea is to compute the contribu-
tion of blending functions de"d2 (s,1) to de'_l’dz (s, ). For any blending function
del —1,da (s, 1), with the knot vector in s-direction being [s, 50> Sakl, e, SO_kZerl ], we first
determine the indices k; such that the contribution of T 1d2 (s, t) is not zero. Accord-
ing to the proof of first step, the indices can be d1v1ded into two parts, /; and r;. The
knot vectors in s-direction for the blending functions of /; are [x, S505 S5l - So_k2p+l]
and those for r; are [SOI?’ Syls e So_k2p+l, *]. Here * means the index which could

be different. Thus the sum of the contributions of all these /; blending functions to

S*A
del L2 4yis ~ and the sum of the contribution of all these 7; blending func-

92+1
%k

9 2p+1

tions to le L.dy (s, 1) 1is Thus, the sum of the contribution of all blending

s 2p+1
di.d i d
functions 7" (s, 1) to ;"' ™ 2(s, t) is one, which is Eq. (4.1). O

Theorem 4.3 The sum of the basis functions for an T-spline defined on an admissible
AS T-mesh is one.

Proof It is obvious that ZZ’:I Tko’o(s, t) = 1. Thus, the theorem can be directly
derived from Lemmas 4.1 and 4.2. O

5 Conclusion

The paper generalizes bi-cubic AS T-splines to arbitrary degrees AS T-splines using a
different approach from [16]. We also prove the sum of the blending functions for an
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admissible AS T-spline is one based on a recursive relation for AS T-splines, which
can also be used to derive the hodograph formula for AS T-splines. As we can see
from the present paper, The class of AS T-splines is a minor topology restricted to
T-splines. And any T-spline can be represented as an AS T-spline defined on another
T-mesh. Based on the dimension results in [8], we can also derive an optimized local
refinement algorithm for any AS T-spline and characterize the AS T-splines spaces
according to the linear independence. Future papers will focus on the degree elevation
of AS T-splines and local degree elevation of AS T-splines.
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