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Abstract Convergence and normal continuity analysis of a bivariate non-stationary (level-
dependent) subdivision scheme for 2-manifold meshes with arbitrary topology is still an
open issue. Exploiting ideas from the theory of asymptotically equivalent subdivision
schemes, in this paper we derive new sufficient conditions for establishing convergence
and normal continuity of any rotationally symmetric, non-stationary, subdivision scheme
near an extraordinary vertex/face.
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1 Introduction

This paper provides a general procedure to check convergence of non-stationary (level-
dependent) subdivision schemes in the neighborhood of an extraordinary vertex/face. It
also gives sufficient conditions for the limit surface to be normal continuous at the limit
point of an extraordinary vertex/face. To the best of our knowledge, the only contribu-
tions in this domain are the works in [7,21,26], where specific schemes are considered.
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The difficulties concerning the analysis of a level-dependent subdivision scheme in the
neighborhood of an extraordinary vertex/face, are due to the fact that the well-established
approach based on the spectral analysis of the subdivision matrix and on the study of the
characteristic map is not applicable. Thus, we use and generalize the notion of asymptotical
equivalence between stationary and non-stationary subdivision schemes (known only for
schemes defined on regular meshes), and show that normal continuity of a non-stationary
scheme in the vicinity of an extraordinary element can be obtained by assuming that the
matrix sequence identifying it converges towards the matrix S (identifying a C'-regular,
standard, stationary scheme) faster than Ak, where A1 denotes the real, double subdomi-
nant eigenvalue of S.

The sufficient conditions we propose are used for the analysis of the family of ap-

proximating non-stationary subdivision schemes presented in [22]. The members of the
latter family are a generalization of exponential spline surfaces to quadrilateral meshes of
arbitrary topology whose normal continuity is conjectured and shown only by numerical
evidence in [22, Section 5].
Due to the lack of existing theoretical results for the analysis of level-dependent subdivi-
sion schemes, we believe that our contribution could mark a first step forward towards a
deeper understanding of non-stationary subdivision with a consequent increase of its use
in different fields of application.

1.1 Motivation

Non-stationary subdivision schemes were introduced more than 20 years ago with the aim
of enriching the class of limit functions of stationary schemes and have very different and
distinguished properties. Indeed, it is well-known that stationary subdivision schemes are
not capable of generating circles, ellipses, or to deal with level-dependent tension parame-
ters that allow the user to arbitrarily modify the shape of a subdivision limit. Non-stationary
schemes generate function spaces that are much richer. For example, in the univariate case,
they include exponential B-splines or C* limits with bounded support as the Rvachev-type
function (see, e.g., [20]). The generation capabilities of level-dependent schemes (espe-
cially the capability of generating exponential-polynomials) is important in several appli-
cations, e.g., in biological imaging [1,11,14,16,37], in geometric design-approximation
[15,28,29,35,40] and in isogeometric analysis [25]. Moreover, level-dependent subdivi-
sion schemes include Hermite schemes that do not only model curves and surfaces, but
also their gradient fields (such schemes are again considered of interest both in geometric
modelling and biological imaging, see, e.g., [8,9,11,27,34]). Additionally, non-stationary
subdivision schemes are at the base of non-stationary wavelet and frame constructions that,
being level adapted, are certainly more flexible [13, 18,24,39]. Unfortunately, in practice,
the use of subdivision is mostly restricted to the class of stationary subdivision schemes
even though the non-stationary ones are equally simple to implement and highly intuitive
in use: from an implementation point of view changing coefficients with the levels is not a
crucial matter also in consideration of the fact that, in practice, only few subdivision itera-
tions are performed. On the contrary, a crucial limitation to the spread of level-dependent
schemes, is a lack of general analysis methods, especially of methods for establishing their
convergence and normal continuity. This motivates our study.
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1.2 Subdivision framework

Subdivision schemes are efficient iterative algorithms to produce smooth surfaces as the
limit of a recursive process starting from a given coarse 2-manifold polygon mesh. A poly-
gon mesh is considered to be 2-manifold if all its edges and faces are bounded, edges
only intersect at vertices and are shared by at most two faces (boundary edges have one
incident face, whereas inner edges have two incident faces); moreover, each vertex has
either one connected ring of faces around it (if inner) or one connected half-ring of faces
(if boundary), see e.g. [23]. Each step of the recursive process produces a finer 2-manifold
polygon mesh than the original one, containing many more vertices and polygonal faces.
The insertion of new vertices into a mesh requires modifications to both the topology (i.e.,
connectivity) and geometry (i.e., vertex positions) of the mesh. For this reason, each sub-
division scheme requires the specification of two rules: (i) a topologic refinement rule that
describes how the connectivity of the mesh is to be modified in order to incorporate the new
vertices being added to the mesh; and (ii) a geometric refinement rule that describes how
the geometry of the mesh is to be changed in order to accommodate the new vertices being
added (where these modifications may affect the position of previously-existing vertices).
The topologic and geometric refinement rules of a subdivision scheme may change with
the refinement level or not. In the latter case the subdivision scheme is called stationary,
non-stationary, or level-dependent, otherwise. Moreover, if the same set of geometric rules
is used to determine all of the vertices within a single level of subdivision, the scheme is
said to be uniform.

Vertices and faces of a polygon mesh are classified by the so-called vertex valence and face
valence, respectively. While the valence of a vertex is the number of edges incident to it,
the valence of a face counts the number of edges that delimit it. For a quadrilateral mesh,
vertices and faces of valence 4 are called regular. Differently, for a triangular mesh regular
vertices are the ones with valence 6, while regular faces have valence 3. A regular mesh or
a regular region of a mesh is a mesh/region where all vertices and faces are regular. Non-
regular vertices/faces are called extraordinary (see Figure 1 for a graphical illustration of
these two cases) and, whenever they appear, the mesh is said to be irregular or of arbi-
trary topology. Accordingly, an irregular region of a mesh contains extraordinary vertices
and/or faces.

A known analysis tool to investigate convergence and regularity of stationary subdivision
schemes for regular meshes is the one based on symbols, originally proposed in [3,31] and
successively exploited in [20]. To study convergence and regularity of a non-stationary
subdivision scheme for regular meshes, Dyn and Levin [19] proposed a method based on
its comparison with a stationary scheme whose convergence and regularity are known.

In the case of meshes with arbitrary topology, we are currently able to study only conver-
gence and regularity of stationary subdivision schemes near extraordinary vertices/faces,
thanks to the results based on the spectral analysis of the subdivision matrix and on the
study of the characteristic map [32,33,38,41,42]. However, in literature we can find no
general results to analyze level-dependent subdivision schemes near extraordinary ele-
ments. To the best of our knowledge, the only contributions in this domain are the works
in [7,21,26], where specific schemes are considered. Therefore, the goal of our paper is to
propose a general procedure to check if a non-stationary subdivision scheme is convergent
in the neighborhood of an extraordinary vertex/face. Moreover, it also aims at giving suf-
ficient conditions for the limit surface to be normal continuous (in the sense of [33]) at the
limit point of a sequence of extraordinary vertices/faces.
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The paper is organized as follows. In Section 2 we provide preliminaries on bivariate, rota-
tionally symmetric subdivision schemes. Then, in Section 3, we prove new results dealing
with the C!-convergence analysis of non-stationary subdivision schemes in regular regions.
Next, in Section 4 (specifically, Subsection 4.2) sufficient conditions for proving conver-
gence of a rotationally symmetric, non-stationary subdivision scheme near extraordinary
vertices/faces are given. Finally, in Subsection 4.3 we also give sufficient conditions to ver-
ify if the limit surface generated by a rotationally symmetric, convergent, non-stationary
subdivision scheme is normal continuous at the extraordinary point, i.e., the limit of a se-
quence of extraordinary elements. Some application examples of the derived conditions
are shown in Section 5.

Fig. 1 Example of quadrilateral mesh containing an extraordinary face (left) and of triangular mesh con-
taining an extraordinary vertex (right).

2 Preliminaries on bivariate, rotationally symmetric subdivision schemes

A bivariate subdivision scheme § is an iterative method that uses an initial polygonal mesh
") to produce a sequence of denser and denser meshes {.#**!) k € N} that, when k
tends to infinity, converges to a smooth surface r. In the sequel we use k > 1 instead of
k € N, omitting the trivial information that the refinement level is always assumed to be an
integer.

Unless explicitly specified, we consider rotationally symmetric, local, uniform and non-
stationary (level-dependent) subdivision schemes for meshes of arbitrary topology, i.e.,
subdivision schemes with symmetric, local refinement rules depending only on the level
and eventually on the type of vertex (face point, edge point, vertex point in case of pri-
mal subdivision), but not on the vertex location. We consider schemes that near extraor-
dinary vertices/faces use rules that preserve their number and their location during refine-
ments. This means that the number of extraordinary elements in .Z") ..., .#*D 47®,
%) | remains unchanged. The action of 8 in the regular regions of .#*) can be
described by the componentwise application of the refinement rules

=Y ¥ oty k>1 ez )
Bez?

where the set of coefficients ¢X) = {cgﬁ) , Q€ Zz}, also called the k-th level subdivision
mask, is finite due to the locality of the subdivision scheme. To simplify the analysis we
also assume that all sets of coefficients have the same bounded supports. Equivalently, the
action of § on regular points can be described by the application of the subdivision operator
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() » mapping componentwise the vector ) into the corresponding vector of level k+ 1,
1.e.,

(D) — 7 g0

The coefficients in (1) can be conveniently incorporated in the k-th level subdivision symbol

W(z)= Y &z ze(C\{0})?

acZ?

The notation ||.7, || is for the norm of the operator .7, i.e.,

170 :—max{ Y e gl ae{(070»(0,1>7<1,0>,<1,1>}}. @

Bez?

In conclusion, when applied to regular regions, a subdivision scheme & can be equivalently
identified with the sequence of subdivision operators {.7,), k > 1}, with the sequence of
subdivision masks {¢¥), k > 1} or with the sequence of associated subdivision symbols
{c®(2), k>1}.

Instead, when applied to an irregular region, the subdivision rules relating the vertices
of the k-th level mesh with those of the next level k + 1 are encoded in the rows of a
non-singular local subdivision matrix Si. Thus, in the neighborhood of an extraordinary
element the action of the subdivision scheme 8 is described by a sequence of non-singular
local subdivision matrices {Si,k > 1}.

Remark 2.1. Note that the local subdivision matrix Sy is also an alternative way to rep-
resent a subdivision step in regular regions.

In the stationary setting we will use the notation § to refer to a subdivision scheme that is
not level-dependent. Hence, it will be identified with

— asubdivision operator, say .7, a subdivision mask ¢ or an associated subdivision sym-
bol ¢(z), when applied to regular regions,
— alocal subdivision matrix S, when applied to an irregular region.

2.1 Preliminaries for studying convergence of non-stationary subdivision schemes in
regular regions

In the following, after recalling some well-known definitions, we present several useful
results dealing with the convergence of a non-stationary subdivision scheme in regular
regions (see, e.g., [12,19] for further details).

Definition 2.1. A non-stationary subdivision scheme 8 is called convergent if, for any

initial data £1) € ((Z?), there exists a function g1, € C(R?) such that

lim sup |gf(1) (2_éa) - f(c€+l>| =0,
é—>+°°a622

and if g1y is nonzero for at least one initial nonzero sequence ). For r > 1, the subdivi-
sion scheme § is called C"-convergent if g1) € C"(R?).



6 C. Conti, M. Donatelli, L. Romani, P. Novara

Definition 2.2. For a convergent, stationary subdivision scheme 8 := {F} the limit func-
tion obtained from the initial sequence § = {8 o, & € Z*}, denoted as

¢ := lim (S%)"4, 3)

L—ro0
is called the basic limit function of the subdivision scheme.

Definition 2.3. For a convergent, non-stationary subdivision scheme 8 := {.%), £ > 1}
the limit function obtained from the initial sequence § = {8 o, @ € Z*}, denoted as

O = ZE&LZ(M) Fhrt-ty S i) 0, 4)

is called the k-th member of the family of basic limit functions {@, k > 1} of the subdivi-
sion scheme.

We remark that, in this paper, we consider non-stationary subdivision schemes that are
non-singular in the sense that they generate a zero limit if and only if the starting sequence
is the zero sequence. Under this assumption we are guaranteed that, for each level k > 1, the
shifts of the basic limit function ¢ are linearly independent [4, Propostion 1.3]. The non-
singularity assumption of the local subdivision matrix S; provides an analogous property
in the neighborhood of an extraordinary element, in the sense that Syd; = 0 if and only if
the control point vector is d; = 0.

Definition 2.4. Ler 8 and § be subdivision schemes acting on regular regions with the
subdivision masks {c¢®) € £(Z?), k > 1} and ¢ € ((Z?), respectively. If

+oo
Y 15 = Felloo < oo, )
k=1

then 8 and 8 are said to be asymptotically equivalent schemes.

Remark 2.2. As observed in [10, page 2], (5) holds if and only if

+oo
Y [¢® —¢|leo < 400 where ||¢]wo = sup |cal-
=1 aer?

Theorem 2.1. [19, Theorems 7-8 and Lemma 15] Let § and 8 be asymptotically equiv-
alent subdivision schemes acting on regular regions with the subdivision masks {c(k) €
U(Z?), k> 1} and ¢ € £(Z?), respectively. If 8 is convergent, then 8 is also convergent and

lim  sup |@x(,v) — ¢ (u,v)| =0,
k=00 (u,v)ER?

where § is the basic limit function of 8 defined in (3) and {Ox,k > 1} the family of basic
limit functions of S defined in (4).

Remark 2.3. The condition of asymptotical equivalence in (5), that guarantees conver-
gence, could be relaxed by considering the fulfillment of the weaker condition of asymptot-
ical similarity together with approximate sum rules of order 1, as shown in [6].
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2.2 Preliminaries for studying convergence of rotationally symmetric, non-stationary
subdivision schemes in irregular regions

We start our discussion by observing that we can restrict our analysis to a mesh .# ™) with
a single extraordinary element surrounded by a number of “rings” of ordinary vertices
constituting the sub-mesh, here denoted by 1), which determines a neighborhood of the
extraordinary point, i.e., the limit of a sequence of extraordinary elements. The number of
rings and, consequently, the number of vertices in & 1 depends on the specific subdivision
scheme (for example, there are 3 “rings” in case of Loop’s scheme). Obviously, the regular
part of .1 will be simply given by .# 1)\ &),

In the neighborhood of an extraordinary vertex/face, each step of a subdivision algo-
rithm can be conveniently encoded in the rows of a local subdivision matrix Sy relating the
vertices of the k-th level mesh with those of the next level. The matrix S; has a different
structure depending on the scheme properties and on the kind of extraordinary element
(face or vertex) appearing in the k-th level mesh. Precisely, if the scheme is rotationally
symmetric and the mesh contains an extraordinary face of valence n, in view of the fact
that the valence-n extraordinary face is surrounded by n sectors, each composed by p ver-
tices, the local subdivision matrix Sy is of the form

Box Bix - Bu_i1x
B, 1k Box -+ Bpox

Sk = . - . ; (6)
Bix - Bu_1x Box

where B;y € RP*P,i=0,...,n— 1. Thus S; € RV with N = pn has a block-circulant
structure. For short we write Sy := circ(Bok, ..., Bu—1)-

Remark 2.4. Due to the structure of Sy, it is not difficult to prove that

n—1

1Sklle < Y 1Bkl oo-
=0

L

If the k-th level mesh contains an extraordinary vertex of valence n, the refinement rules in
its neighborhood involve pn+ 1 points instead of pn: p points in each of the n sectors plus
the extraordinary vertex. Thus, to construct the local subdivision matrix S; we first build
the matrix

& 80 4 o A
Y Box Bik - Baoik

Sp=| W Ba1k Box - Ba2k || 7)
Y Bix - Bk Box

where &, € R, B, 5 € R? and E’i_,k € RP*P {=0,...,n— 1. Then, following the method
shown in [32, Example 5.14], we transform the matrix Sy in a block-circulant matrix Sy of
the form

u gr

Sy = CirC(BQk,...,Bn,lk) with BjAk: n ~k
’ ’ ’ B

n ik

>,j:0wwn—L ®)
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It follows that S, € RN with N = n(p+ 1), has a block-circulant structure. Hence, with-
out loss of generality, we can always assume that the local subdivision matrix S; has a
block-circulant structure with blocks of dimension m x m, where m = p if the k-th level
mesh contains an extraordinary face and m = p 4 1 if it contains an extraordinary vertex.

We continue by introducing some important notation from [32,33,38]. We start by assum-
ing that near an isolated extraordinary vertex or face of valence n the subdivision surface r
is defined on the local domain D, := Q x Z,, (consisting of n copies of ) with

0 [0,2] x [0,2] in case of quadrilateral mesh,
T {(u,v) €R?|u,v > 0and 0 < u+v < 2} in case of triangular mesh,

and Z,, := Z/nZ. In the case of triangular and quadrilateral meshes, if we apply one step of
refinement to the local domain D,,, we obtain a new domain with 4n cells: 3n outer ordinary
cells and » inner cells that contain the extraordinary element. The restriction ry of r to the
outer cells is called ring. Denoting by F the inner part of r, that is ¥ := r\r;, we can repeat
the refinement process only for ¥ to obtain a second ring r; and an even smaller inner part.
Hence, iterated refinement generates a sequence of rings {ry,k > 1} which covers all of
the surface except for the central point (limit of the sequence of extraordinary vertices or
faces), that hereinafter we denote by r.. Precisely, assuming the central point to be placed
at 0 and introducing the notation

O — [0,1] x [0, 1] in case of quadrilateral mesh,
1 {(u,v) €R?*|u,y>0and 0 < u+v < 1} in case of triangular mesh,

and
Qk:: 217]‘(.(2\-{2), Dn,k = QkXZm kZ 17

we see the ring r; as the restriction of the subdivision surface r : D, — R? to the do-
main D, z, i.e., 1y := r|Dn_k , (see Figures 2 and 3). Specifically, in the case of quadrilateral
meshes, €2 is explicitly given by

Q= {(u,v) € R?|u,v > 0and 2' % < max{u,v} <227*},
while in the case of triangular meshes
Q= {(u,v) € R*|u,v > 0and 2! % <u4v <2*75Y

(see Figure 4). As a consequence, both in the case of triangular and quadrilateral meshes,

€y is constituted by the union of 3 cells, say (u,El], wfl and a),?], implying that the domain
D, is indeed made of 3n cells. It follows that the entire surface ring ry is the union of 3n
patches, each one denoted by r,[{" I and corresponding to the restriction of the subdivision

surface r to the single cell (D,Ej], j € J3, where

Twi={j€Z : j=3(1I-1)+i, I=1,....n, i=1,2,3}. )

Exploiting the given definition of r;, we can now provide the following notion of con-
vergence of a non-stationary subdivision scheme 8 in irregular regions.
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s e B3 [

b [ =

L
1

Fig. 2 Domains £;,£2,, Q3 corresponding to three subdivision steps in the case of a quadrilateral mesh
containing an extraordinary vertex.

Fig. 4 Domain £, in the case of a triangular (left) and a quadrilateral (right) mesh containing an extraordi-
nary vertex placed at 0.

Definition 2.5. Let S be a (non-stationary) subdivision scheme with the property of conver-
gence in regular regions and whose action in an irregular region is described by a matrix
sequence {Sy € RVXN | > 1}. Moreover, let d; € RN*3 be the vector with the vertices
of & (). 8 is said to be convergent in the neighborhood of an extraordinary vertex/face of
valence n if, for all initial data dy, there exists a limit point v, € R® such that

lim  sup |rg(u,v) —re]| = 0. (10)
k=00 (u,v)€ED,, &

We conclude by observing that, if the subdivision scheme 8 converges then r = (J;> 1 U
{r.} is a surface without gap, i.e., r is a surface which is continuous at all points including
r.. The surface r is called the limit surface of the subdivision scheme 8.
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In the following, for a subdivision scheme 8 with the property of convergence in regular
regions, we denote by d,[g] € RP*3, P < N, the vector with the control points of each patch

r,[f ], and with 45,[3 | € R” the function vector containing all the basic limit functions ¢ of S

whose supports intersect w,E" ). We assume that the functions in ¢,E’  are ordered as the points

in the vector d,[c] ] , and thus we call them the associated basic limit functions. Therefore, for
each j € Js,, we have

r][(j] : a),y] —~R3

(u,v) — 1 (u,v) = (a7 B (u,v).

(1)

Now, assume also that § is a stationary subdivision scheme with the property of con-

vergence in regular regions. Denoting by @/ € R” the vector containing all the basic limit
(/]

functions ¢ of 8 whose supports intersect @y
satisfied, we have that

, if the assumptions of Theorem 2.1 are

lim  sup \|915,[{j](u,v)—sl_i[j](u,v)Hoo =0, Vjé&Is.
koo U
(uv)€wy

Remark 2.5. Let xo:=(1,1,..., l)T € RP. We observe that, for a convergent stationary
subdivision scheme 8, we have i (u,v)T 2o = 1 for all (u,v) € R?, j € J3,. Instead, for a
non-stationary subdivision scheme 8 with the property of convergence in regular regions,
@k’](u,v)T:co =1 for all k > 1 and for all (u,v) € R?, j € J3, if and only if § has the
property of stepwise reproduction of constants (see, e.g., [5] for more details). In general,
& (u,v)  @o = o with oy € R, for all j € I,

Now, let d; € RY*3 be the collection of the vectors of control points d[l‘i ] of all patches r[lj },
j € J3,. Denoted by {S; € RV*N k> 1} the matrix sequence that defines a non-stationary
subdivision scheme § in an irregular region, we can obtain the entire set of the (k+ 1)-th
level control points representing the whole ring ry; by the matrix multiplication

... >
dii1 = Sidy = SpSk—1dg—1 = ...:S(k>d1 with §®) .= {kak71 St i:(l)’ (12)
Moreover, denoting by @, | the function vector with blocks 45,&11 , j € Jan, we can rewrite
each patch r,[ﬂ_l (u,v) = (d,[ﬁrl 7T 45,[:1] (u,v) of the surface ring ry, | as
i () =d B (), (wy) €,

(i.e., independently of j) since the function vector ®;,; € R" indeed contains only P
functions that are non-zero on wﬂl.

The goal of the next section is to prove new basic results that allow us to derive a
general criterion for verifying if the limit surface r generated by a rotationally symmetric,

non-stationary subdivision scheme is normal continuous.
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Definition 2.6. The surface r, limit of a convergent non-stationary subdivision scheme
8 which is C'-convergent in regular regions, is normal continuous at r. (limit point of a
sequence of extraordinary vertices/faces of valence n) if there exists a unique vector Ne
such that
lim  sup |[ng(u,v) — Nl =0,
k=rteo (4 v)eD, 4

for almost all sequences of normal vectors {n;(u,v) := %, k> 1}, where
ri(u,v) satisfies (10).

3 New results linked to the C'-convergence analysis of non-stationary subdivision
schemes in regular regions

The preliminary results required in Subsection 4.3 to give sufficient conditions for veri-
fying normal continuity of the subdivision surface deal with new results connected with
the C'-convergence analysis of non-stationary subdivision schemes in regular regions.
For them we recall the well-known notions of asymptotical equivalence of order 1 and
of divided-difference scheme, plus related results proven in [19].

Definition 3.1. Let S and 8 be subdivision schemes defined in regular regions by the sub-
division masks {c¢®) € ((Z?), k > 1} and ¢ € ((Z?), respectively. If

too
Z 2k||<5ﬂc<k) _ycHoo < oo,
=1

then 8 and 8 are said to be asymptotically equivalent schemes of order 1.

Remark 3.1. Asymptotical equivalence of order 1 implies asymptotical equivalence in the
sense of Definition 2.4.

Theorem 3.1. [19, Theorem 8] Let $ and 8 be subdivision schemes defined in regular re-
gions by the subdivision masks {¢¥) € £(7?), k> 1} and ¢ € é(Zz_), respectively. If § and 8
are asymptotically equivalent of order 1, then C'-convergence of § implies C'-convergence

of 8.

Definition 3.2. For the two perpendicular directions e; = (1,0)7, ey = (0,1)7, we define

as
i,
(AHO) g = . @€l jef{1.2}, (21,

the ej-directional divided difference operator.

The following lemma recalls a well-known property fulfilled by the symbols of the so-
called divided difference schemes. Its proof is omitted since already given in [20, Section
4.2.2].

Lemma 3.1. Let j € {1,2}. If ¢ (2) = %(l +zj)bgj)(z), then
ATV (z) = b) (2) AL) 10 (22),

and {ybg)_ , £ > 1} is called the e j-directional divided difference scheme of {-% ), £ > 1}.
J
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From Lemma 3.1 we have that

Aé€+1)f((+l) = Aé?f(@ o Aéé/ﬂ)jﬂc([) £0 =0 Aé_l;)f([). (13)
ej e;

Lemma 3.2. Let 8 and 8 be subdivision schemes specified in regular regions by the sub-
division symbols {c¥)(z), k > 1} and c(z), respectively. Assume that:

i) 8 and 8 are asymptotically equivalent of order 1;
ii) the factor (14 2z1)(1+ z2) is contained in the symbols c(z ) and ¢® (z), for all k> 1.

Then, the divided difference schemes with symbols be () := 1+z ,j€{1,2} and b(k)( )=

200 (2)
1+Zj ’

J € {1,2}, are asymptotically equivalent of order 1.

Proof. We only consider the case corresponding to j = 1, since the case j = 2 can be
treated analogously. To simplify the notation we denote be, (2) and b<ek]>(z) by b(z) and
b (2), respectively. We start by considering the relation

2¢(z) = (1+2z1)b(2)
with

c(z) = Z Caz® and b(z):= Z baz®.

QG[O‘NI]X[O,Nz] aG[O‘lel]X[O,Nz]

Comparing the same power of z we easily see that,

(ba +bae,), € [1,N — 1] x [0,Na],

| =

Co,p = Eb0,0C27 CNy,ap = Ele—l,Ot27 Ca =

which means

(241
bO,(Xz = 200,0527 bN]*l,(XQ = 2CN1,&27 ba = 2 Z (_l)aliﬁlcﬁl,az’ (e 2S [17N1 _2] X [07N2}
Bi=0

Analogously, working with the relation 2¢® (z) = (14-z;)b®)(z) we get

k k
Dy = 2000 b1 0y = 264, D) =2 Z( nehiel) L are [1,N—2] x [0,N].
Therefore,

oo foo
% —bll. <2N[e® —c[lo  and Y 2¢[b® —b|l. <2N; Y 2F[[e®) ]| < c0.
k=1 k=1

Thus, in light of Remark 2.2, the result is proven. O

The previous Lemma is useful for the next result.
Proposition 3.1. Let 8 and 8 be subdivision schemes such that in regular regions:

i) c§ and 8 are asymptotically equivalent of order 1.
ii) 8 is C'-convergent with symbol c(z) that contains the factor (14z1)(1+z2);



Convergence and normal continuity of non-stationary subdivision 13

iii) 8 is defined by the subdivision symbols {c\¥)(z), £ > 1} all containing the factor (1 +
z21)(1+22).

Then, the associated divided difference schemes with symbols be (z) := %Z) and bg) (2):=
3
%E/z) J € {1,2}, satisfy the following properties:

a) the sequence of basic limit functions of {Yb(/) , £ > 1} converges uniformly to the basic
€j
limit function of {Ybej I

; (k) s _ : ADs 5 =
[1_1)1}_100 ybg‘ﬂ) ybsgk;ré—l) ybgcj) Aej 5—aej¢k and él_lglw(ybej) Aej 5—831.(]5,

for & = {80.a, @ € Z*} and with ¢y defined as in (4) and ¢ as in (3).

b)

Proof. The result in a) is a direct consequence of Lemma 3.2 and Theorem 2.1 (see also
[19, Lemma 15]).

To show b) we proceed as follows. In view of the factorization properties of c(@(z), we
can apply Lemma 3.1 to conclude the existence of the e;-directional divided difference
scheme of order 1 of {7, { > 1}. Then, to show convergence of the e;-directional di-
vided difference scheme of order 1, we just recall the result in @). Next, we exploit (13)
and write

B0 Agj.)é = Agfrl)y w0,
ej

b C
so that
(k) ¢ A (k+e+1)
ybg(;z) ybgcjﬂ’—l) "'ybg‘]). Aej 0= Aej «7,;(1(#) <5ﬂc(k+£—l) <5’c<k> d.
Moreover, introducing the notation §k++1) .= S lkrt) Llkert-1) -+ - Sy 0, We have that
ok+E+1) (5(k+l+l))_7 _
k041 ¢ (k41 e .
AL glkrtt) = T Lo je{1,2).
Thus
. k
limy_s 4o yb(k+€) yb(kJr[—l) .. ~<§ﬂb(k) Aé_/)ls =
e ; Ej Ej

. k041

limyy oo AL Sy Sty o Sy 8 =

] T (k) Ll 1) T (k) O (%(km T (k1) T () 5) —e

limy_ 4o 2T T

ae/¢k7

in view of the fact that limy_, e S (k+0) Lirt-1) -+ Ty 6 = @ and ¢y is c'.

The result for the stationary scheme follows by taking 7, = -7 for all £ > 1 and using
Theorem 2.1. O

As a consequence of the previous proposition we have

Corollary 3.1. Under the assumptions of Proposition 3.1

lim  sup [, d(uv) — 3, B(u)| =0, je{1.2).
k*)+°°(u,v)€R2 ! !
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4 Analysis of rotationally symmetric, non-stationary subdivision schemes in
irregular regions

Before focusing on the sufficient conditions that guarantee the convergence of a rotation-
ally symmetric, non-stationary subdivision scheme in the neighborhood of an extraordinary
element (Theorem 4.1), we present a few linear algebra results to be used for the subdivi-
sion analysis.

4.1 Auxiliary linear algebra results

Let M € RN In the following, two simple results based on the Jordan decomposition of
M are proven. For the first one we assume d € RY*3 and consider the sequence {M*d, k >
0}. Then, under suitable assumptions on the matrix M, we show its convergence. In the
second one (which is a well known result so that we omit its proof) we study the properties
of M¥, k > 0, again with the help of its Jordan decomposition.

Proposition 4.1. Assume that M has the unique dominant eigenvalue 1 and that the as-
sociated eigenvector is o = (1,1,...,1)T. Let XJX~' be the Jordan decomposition of
M € RY*N and let g be the first column of X. Then, for all d € RN*3,
lim M*d = zoq”, (14)
k—>-oo
with 7 = #yTd e RV3, 2T = el X1 e RN and el = (1,0,...,0) € RPN, Moreover,
ZoTM =27 .

Proof. Using the Jordan decomposition of M we can write M* = XJ*X~!. Hence, re-
calling that 1 is the unique dominant eigenvalue of J and the associated eigenvector is
xo=(1,1,....,1)T, we have

1---00
00 -0
lim Jf =] |=eel and elJ=el.
k—s+oo e e
0 --- 0
Therefore,
lim M*d = lim XJkX’ld:X( lim Jk> X ld=Xeefx 14,
k—>+oo k—r+o0 k—r+oo0

and, in view of the fact that Xe; = x, (14) is proven. Moreover,
g M=elX"M=elx"xsx'=elux ' =elx 1 =g,
so concluding the proof. a

In Propositions 4.2 and 4.3, || - || refers to any vector norm and its induced matrix norm.

Proposition 4.2. If the dominant eigenvalue of M is 1 and its algebraic multiplicity is 1,
then there exists a finite positive constant C (independent of k) such that

M| < ¢, Vk>0.
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Remark 4.1. It is important to remark that, according to [32, Theorem 4.20], we can
assume without loss of generality that the subdivision matrix S defining a rotationally sym-
metric, stationary subdivision scheme 8 does not have ineffective eigenvectors. Thus, here-
after S always satisfies the assumptions of Propositions 4.1 and 4.2 since (see, e.g., [32,
33,41])

1) the unique dominant eigenvalue of S is Ay = 1,
2) the algebraic multiplicity of Ay is 1,
3) the eigenvector associated with Ag is ¢o = (1,1,...,1)T.

In the next Proposition we replace the k-th power of the matrix M with the product of k
different matrices My M;_; --- M1 and we successively consider hybrid combinations of
the two.

Proposition 4.3. Let M0 := 1 € RVN and let M) := My My, --- My with Mj € RV*V,
forall j=1,....k and for all k > 1. Let M € RN*N be a nonsingular matrix having 1 as
dominant eigenvalue with algebraic multiplicity 1. If, for all k > 1, | My — M|| < ﬁ with
o > 1 and some finite positive constant C (independent of k), then

IM®|<c, VYik>1,

with C a finite positive constant (independent of k).

Proof. The proof takes inspiration from [19, Theorem 5]. The claim is proven by introduc-
ing, fory € RY, a new vector norm

,7 k
13122 = sup ||M"yl|,
k>0
associated to the given nonsingular matrix M € R¥*¥_ In view of Proposition 4.2, our

assumption on M implies the existence of a finite positive constant ¢ such that |M¥|| < ¢
for all k > 0. Moreover, ||y|| < ||y||s since ||M*y| = ||y|| when k = 0. There follows that

Iyll < llyllae < Cllyll,

meaning that any standard vector norm and the || - ||y norm are uniformly equivalent. We
now consider the induced norm for the matrix M itself, and denote it as || - ||ys. Then

M|y == sup [[My|ly= sup sup|M*(My)]

llyllsr=1 Iyllar=1 k=0 .
= sup sup|M'y| < sup sup||M'y| = sup [lyllu=1.
Iyllaa=1 k=1 I¥ll=1 k>0 Iyllm=1
We continue by exploiting the uniform equivalence of norms to bound |[M®||, k > 1.
Obviously,
MMy My ||pr < {[Micllvg (| M llag - [[M1 ][ ag
Furthermore,

~ ~C
|~ Mg < M~ M| < C .
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where ( is the finite positive constant appearing in the assumption and where ¢, different
from above, comes from the norm equivalence. Finally, for any arbitrary k > 1, we arrive
at:

k
M9 < TT5-y 1Ml < TT (UM 1ng + 1M — M)
j=1

ﬁ ( > _ eIty (1455)) _ o¥vose (1435)
{

o <e ccy

"\Z

1151

where the last but one inequality follows from the fact that log, (1 +x) < x for all x > 0.
Since Z*” L < oo the claim follows. O

We conclude this section with another useful intermediate result relating M ®) with M*.

Proposition 4.4. Let M € RV*V, MO =1 e RVN ME) = My My € RVDN for all
k> 1. Then,

k
MY =M+ Y M (M - M)MYUTY | forall k> 1.
j=1

Proof. Assuming Z’j‘;{ M*I(M; —M)MU~Y) to be 0 when k = 1, we can write

k
M*+ Y M (M- M)MYY) =

j=1
k—1
ME+ Y M (M~ MUY (M - )M =
j=1
k—1
MmO+ Y MIM) — pp D ZM" iggl=1 —
j=1 j=1
k-2 k—2
M+ —i—M(k) + Z M=ip) — Z M=ipl) =
j=1 J=0

M*M® — p* =m0

so concluding the proof. a

4.2 Convergence analysis in irregular regions

In this section we make use of the previous linear algebra results to provide sufficient con-
ditions for establishing the convergence of a rotationally symmetric, non-stationary subdi-
vision scheme § defined in an irregular region by a matrix sequence {S; € RV k> 1},
With the notation previously introduced, let di; € R¥*3 be the collection of the vectors

of control points d,[ﬂ_l of all patches r,[(jl], J € J3, with J3, given in (9). According to (12),
the entire set of the (k+ 1)-th level control points dy | representing the whole ring ry; is

given by the matrix multiplication

SiSk—1 -8, k>1,

di1 = S(k>d1 with S® .= {17 k=0
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Recalling Definition 2.5, our goal is to study the convergence of the sequence of regular
rings {ry,1,k > 0} whose patches r,[cjll are described by the equation

rz[ch = (d/[ch)Téz[ch =di, Pri1, JE D

The key idea to prove convergence of § is to write the product matrix S®) in terms of the
stationary matrix S¥. Indeed, from Proposition 4.4 we write

k
dip =S*d; +y, with yee= Y SIS - 8)sUVa,, (15)
j=1

and then show our first main result.

Theorem 4.1. Let S be a rotationally symmetric, non-singular, non-stationary subdivision
scheme whose action in an irregular region is described by a matrix sequence { Sy, k > 1}.
Moreover, let 8 be a symmetric, stationary subdivision scheme that in the same irregular
region is associated with S. Assume that:

(i) 8 is convergent both in regular and irregular regions,
(ii) 8 is asymptotically equivalent to 8 in regular regions,
(iii) in the irregular region the matrices Sy and S satisfy, for allk > 1, ||Sx — S| < ﬁ with
C some finite positive constant and ¢ > 1.

Then, for all initial data d, € RN*3, the non-stationary subdivision scheme 8 is convergent
also in the irregular region. In particular,

lim  sup |rey1(u,v) —(qo+Bo)ll =0,
k=t (1 n)e @y

where
- qo =dT &y € R3 with & h that ST &g = &
qo =4d|Tp € with &g such that 5" oy = X,

k
- Bo = (lim o yi)" 22 € R forye = Y $7(8;—$)SU"Vd; and 2o = (1,1,...,1)7

j=1
such that Sxy = x.

Proof. The proof follows the line of reasoning of the proof of [19, Theorem 6]. For d; €
RV*3 we define
wer=550a,, >0, k>0

From assumption (i) we know that lim/_, ., Wz ¢ is well defined. Next, with the notation
Wp = limy_, Uy ¢, We prove that the sequence {u; 1, k > 0} is a Cauchy sequence.
Indeed, in view of Proposition 4.2, Proposition 4.3 and assumption (iii) we have

_ c
—uyfleo = || lim Sk —$)SE V|| < ISk — S]leeldi ][ < =
o =l = | tim 5°65.-9)54 Ve | < €5 Sl < .
and thus, for s > 1,
s é s—1 1
s —ugfleo < Z s — gt fleo < s Y ph (16)

j=1 j=0
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with ¢, ¢ and ¢ finite positive constants. Hence, the vector u := limg_; . U is well de-
fined.

The next step is to show that u is in fact the limit of the sequence d,,, that is, u =
limy;— 4o Stmd;. To this purpose, with the notation dy sy := Sk+Od, = Skre---S1dy,
we show that the difference ||dg/41 — Ug41,¢/| becomes arbitrarily small for large enough
¢ and k. Indeed,

ldisos1 =Wyl = H (Sk+1’,"'Sk+l —S[) Sk"'SldIHm < ClSkse+Sks1 — S |eo,

with C a finite positive constant. In view of Proposition 4.4 (with Sy, playing the role of
M)), using again (iii) we arrive at

ket . ke
ke —wsrelle <€ Y SIS =SV Nl < E Y, =, AD)
=k j=k+1 9

where again ¢, ¢ are finite positive constants. In conclusion, for large enough ¢ and &,
ldjte+1 — Wet1,¢]| also becomes arbitrarily small since so does the right hand side of
(17).

Using the triangular inequality we write

[disr1 =0l < [[ Akt — W 1,00 + [[Uk11,0 — 1]

|S®+0d; —u]|« can be made arbitrarily small.

and conclude that, for large enough ¢ and &,
In other words,
u= lim $"d. (18)
m—»-+oo
We continue by showing that the vector u is an eigenvector of S associated with the eigen-
value 1 (i.e., Su = u). Indeed, observing that Su; 1 ¢ = w41 ¢41 We write

[|Su—ulle < [|Su—Supiqelloo 4+ 1,01 — diperalloo + || iz — 0|,

with the right hand side that tends to 0 for k and ¢ going to +co. In view of assumption (i)
and (18), we can thus conclude convergence of the sequence

k
{yk7 kZO}, with Yk = S(k)dl 7Skd1 =dy4 7Skd1 = Zskij(ijs)Soil)d].
j=1
Moreover, denoting y := limg_, 1.« ¥z, from the fact that Su = u we can also conclude that
Sy =y, which means that y lies in the eigenspace corresponding to the right eigenvector of
S associated to the eigenvalue Ay = 1. Therefore it follows that y is of the form y = woﬁg

with 29 = (1,1,...,1)7, which implies that By can be written as By =y w?—(’wo =y’ 2.
0

From (15) we then write
lim dgy; = lim S*d; +z087, (19)
k—>4-o0 k—+o0
and in view of Proposition 4.1, after replacing (14) in equation (19), we arrive at

Jim deyr = @o(qo+ )", with g0 = di o, (20)
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Then, taking into consideration assumption (i7) and Theorem 2.1, we have that

lim  sup || Bt (u,v) — B(u,v) ]| = 0. (2)
kﬁ+°°(u,v)e.(2k+1

The above means that, for any € > 0 and for large enough %,

sup || Peg1 ()l < sup [ Puv)|otES sup [B(uv)]ote,  (22)
(u,v)€Q 41 (u,v) €41 (u,v)eQ

i.e., sup,y)eqy,, |P+1(u, V)| is uniformly bounded. After recalling that D(u,v) xy=1
for all (u,v) € Q4 (in light of the arguments in Remark 2.5), we continue by writing, for

all J € J3I’La

sup /L ()" = (a0 + Bo) |l =
(u,v)G(J)k]Jrl

sup /L ()" = B(uv) @o (a0 + o) |l =
(uy)ewi'i]

sup | Brs1 (,v)" disr — B(u,v) 20 (qo +Bo)” [l =
(u,v)ea),ﬂ

sup (| Dyt () diy 1 — Byt (u,v) 20(a0 + Bo) " +
(u,v)ea)ﬂl

By 1 (u,v) o (qo + Bo)” — B(u,v) wo(qo+ Bo) || <

sup ([Pt (1,v)" o i1 — 2o (o +Bo)” ||+
(u,v)ea)lﬂl

sup | Biei1 (1,v)" = D(u,v)" || [0 (g0 + Bo)" |-
(u,v)ew,ﬂ]

Since lim ||d;y1 —xo(qo+Bo)” || = O (in light of (20)), lim  sup || Dysi(u,v)" —
k—>+oo k=00 (u,v)EQ 11
@(u,v)" ||.o = 0 (in light of (21)), sup || Dy (1, V)" | is uniformly bounded (in light
(u,v) €4y
of (22)) and ||zo(qo + Bo)” || is bounded, we finally obtain

Jim - sup e ()" — (@0 +B0) o =0, V)€ Tan,
(u,v)EwM_l

which concludes the proof. a

Remark 4.2. It is worthwhile to stress that, by requiring that the matrix sequence {Sy,k >
1} (identifying a non-stationary subdivision scheme in the vicinity of an extraordinary
element) converges towards the matrix S of a convergent stationary scheme faster than ﬁ,
o > 1, the convergence of the non-stationary subdivision scheme follows.

Now, following the notation in [32], we denote with A,, r =0,....7, 0 <7< N —
1, the 74 1 different eigenvalues of S € R¥*V sorted in decreasing order according to
their magnitude, i.e., |Ag| > |A1| > ... > |A7|. Moreover, for r > 0 we denote by ¢, + 1
the algebraic multiplicity of A,. As emphasized in Remark 4.1, it is a known fact that,
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for a rotationally symmetric, convergent stationary scheme 8 associated with S, all 7+ 1
eigenvalues have magnitude less than 1, except Ay which is required to be exactly 1 and
with algebraic and geometric multiplicity 1. It means that 1 = A9 > |A1| > ... > |A7| and
£y = 0. Moreover, the eigenvector associated to the unique dominant eigenvalue Ag = 1 is
required to be oy = (1,1,..., l)T e RN (see, e.g., [32,33,41]). Thus, exploiting the Jordan
decomposition of S* and the equality Skd; = XJ*X ~'d,, we can write

skd; = zoq} + O(|Ai [F1), (23)

where, with a slight abuse of notation, O(|A;[¥1) denotes a vector in R¥*3 with all its
entries behaving as O(|A; ).

Equation (23) implies the following convergence rate result for the sequence {yy, k > 0}.
Corollary 4.1. Let 8 be a symmetric, convergent, stationary scheme represented by S and

denote by A the subdominant eigenvalue of S. Under the assumptions of Theorem 4.1 with
the additional requirement that o > ITIII > 1, foru=limy_, e S®d; we have

1
sk, :u+0(31). (24)
Consequently, yi as in (15) satisfies
T 1

Proof. We use the notation of the proof of Theorem 4.1 and start proving (24). First we
write

u—SE0dy = (w—we1) + (et —Wp10) + (e — SEH0dy).
Then, by (16), (17) and (23) we obtain

[u—S*0d, [l < flu—wpep 1 oo+ [0y 1 = e lloo + 01,0 = S50 d oo
G
<alml'+=,
(e}

with ¢y, ¢, finite positive constants. Since |4;| < 1, we can find L such that || < # for
all £ > L. Therefore,

”u_S(kJrl_Hrl)le < Q
= ok

with (3 a finite positive constant. Hence, taking the limit to +oo with respect to k, (24)
follows.
Similarly, since xo(qo +B0)” = limy_, 1..d; = u due to (18), to prove the result in (25) we
write
Yire — @oBh = (SE0d; —u) — ($7d; — moq)),
and consider the triangular inequality
[¥ire — 208G lloo < ISEFOd) — st o floo + g 1,0 — Wt 1o
+[[us1 =l + 1S d1 — 2og -

Using again (16), (17) and (23), we obtain the upper bound

. G - ,
¥k — 0B || < CiIM|" + P Gl [FH

Then, applying the same reasoning as before, (25) is proven. a
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4.3 Normal continuity analysis at the limit point of an extraordinary element

Aim of this section is to provide sufficient conditions to show that a rotationally symmetric,
convergent, non-stationary subdivision scheme 8 produces a normal continuous surface at
the limit point of an extraordinary element.

For the rotationally symmetric, stationary subdivision scheme § we assume all ineffective
eigenvectors of the associated local subdivision matrix S to be ruled out (according to
[32, Theorem 4.20] the absence of ineffective eigenvectors can be required without loss of
generality) and the ordered eigenvalues of S to satisfy

1=A>4 >|A| with A eRT £ =1,

i.e., the sub-dominant eigenvalue A; to be real, double and with geometric multiplicity
equal to algebraic multiplicity (namely, A; non-defective). In this case, the eigenvectors as-
sociated to A; are linearly independent. In the following we denote by o = (1,1,...,1)T €
RY the eigenvector associated to Ay = 1, and by :c(f, w} € RY the two linearly independent
eigenvectors associated to A;. Moreover, we assume that the stationary scheme § is C!-
convergent in regular regions and the planar ring defined by & (u,v)” = ®(u,v)" (29, 21) €
R!*2 (where ®(u,v) € RV denotes the associated basic limit function vector) is such that

sign (det(_Z ¥ (u,v)")) is non-zero and constant for all (u,v) € 2, (26)

with L ,
— 0¥ (u,v)
7 T = ux (M, c RZXZ.
S (u,v) (av!p(l/l?V)T
Remark 4.3. Note that stationary subdivision schemes that possess a real, double sub-
dominant eigenvalue are those commonly termed standard (see, e.g., [32, Chapter 5.2]).
We restrict our attention to them since they are the ones of practical relevance. Moreover,

note tha_t the assumption in (26) is nothing but the notion of regularity of the characteristic
map of S (see, e.g., [32] for details).

In the following we provide sufficient conditions to show that a rotationally symmetric,
non-stationary subdivision scheme § produces a normal continuous surface at the limit
point r, = qo + By (see Definition 2.6).

Theorem 4.2. Let S be a rotationally symmetric, non-singular, non-stationary subdivision
scheme whose action in an irregular region is described by a matrix sequence {Sy, k > 1}
and whose action in the regular patch ring ri. is described by a basic limit function
vector @, 1 (u,v) that satisfies the condition ®y 1 (u,v)" 1= oy | € R. Moreover, let 8 be a
rotationally symmetric, standard, stationary subdivision scheme that in the same irregular
region is associated with S. Assume that:

(i) 8 is C'-convergent in regular regions, with a symbol ¢(z) containing the factor (1+
21)(1+ z2), and satisfies (26);
(ii) in regular regions $ is defined by the symbols {c¥)(2), k > 1} where each ¢ (z)
contains the factor (1+z1)(1+22);
(iii) in regular regions 8 is asymptotically equivalent of order 1 to 8;
(iv) in the irregular region the matrices Sy and S satisfy, for all k > 1,

Sk —S||eo < S with

; . 1
C some finite positive constant, G > ik 1.
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Then the subdivision surface generated by 8 is normal continuous at the limit point r..

Proof. First we observe that from (i) and Remark 4.1 the matrix S has a simple dominant
eigenvalue A9 = 1. Also, from Theorem 3.1 we know that § is C!-convergent in regular
regions and from Theorem 4.1 we also know that & is convergent in the irregular region.
Therefore, the two sequences {ryy1,k > 0} and {di1,k > 0} converge. To simplify the
analysis, we do not consider the full expression of a sequence of rings, but only the asymp-
totic behavior of the dominant terms as k tends to infinity. Due to assumption (i), the
eigenvalues of S satisfy 1 = A9 > A; > |A;|, i =2,...,7 and the sub-dominant eigenvalue
A1 has geometric multiplicity and algebraic multiplicity two [32]. Thus, recalling from
Proposition 4.4 that

k
dipr =S +ye with  ye= Y S5U(s; - 8)sU g,
j=1

and exploiting the Jordan decomposition of S* given by §¥ = XJ¥X !, we obtain
$di = woaf + A (@ (a))” + @l (@) +o (A1),

with m? and } denoting the two linearly independent eigenvectors associated to A, q(l),
q{ two vectors in R3 and o (l{‘ 1) a vector in R¥*3 with all its entries behaving as o (M‘)
Since é < A1, in view of Corollary 4.1 we also have that

Ye =0} +o0 ()‘1](1) :
This yields
Ayt = o(ah +87) + A @f(a)) +al(a))) +o (2{1). @7)

Parameterizing the regular patch ring ry;; using the basic limit function vector P4, we
can write (r,[{']ll)T, for each j € J3,, as (cf. Equation (11))

(r,[ﬂr1 (u,v))T = ¢Z+1(M7V)dk+1, (u,v) € a),ﬂl, Jj € Iz

Using Remark 2.5 and introducing the shorthand notation o, | for the value &y, | (u,v)" o €
R, thanks to (27), we have

(L ) = Bia () (wolah +87) + A @f(a)) +ai (@)") +o (4f1))
= o1 (g +B]) + Mt () (@)D +=i(a))
+ &1 (u,v) 0 (l{‘l) .

To verify the normal continuity of the limit surface at the limit point r. = qo + 3o, we first
observe, using Remark 2.5, that

0Oy = 00441 =0,
and then write

Au(x) () = 0, (o1 (af +BE) + Al be () (28 (@) +al(a})")



Convergence and normal continuity of non-stationary subdivision 23

+ & (u,v)o (l{‘l) )

= 2 uBir () (@@ + @ (a])) + A (w,) 0 (A1)
Af1
o (e ol + G
1

and, similarly,

; o (k1
(e ()T = 2 3 (w.0)” ((m?<q?>f+wi(qif)+ (,L}{)) .
1

Since the @ ; and their derivatives converge uniformly to @ and its derivatives due to
Theorem 2.1 and Corollary 3.1, we see that the /l,_krk and their derivatives converge uni-
formly to the C! function

=T

% ((«9(a))" +=i(a)"))
which maps into the linear space spanned by q(l) and q}. Consequently the normal vectors
of the ry, which are the same as of the scaled functions A, krt, converge uniformly to

A CTh
@) A @)k

Therefore, in order to study the evolution of the direction of the normal vectors to the j-th
surface patch we write

9. (r! T A 9 (pk] T_ 22| o & (/.07 ,0\T 1/ INT 0()“1/(1)
(04 () NS (u,v)) ' = A7 | OuPrer1 (u,v)” ((x7(qy)" +x(q))" )+ T
1

0 k
o (et el G

and, using the formula

ki k>

(kra+kab) A (hja+ hob) = det (hl Iy

> (aAb), forky,ky,hy,hy € Randa, b € R,

we arrive at

(e ()T A (e ()T = A2 [ det( 7 Wi (un)™) ((a))T A (a))T)

(28)
+0u P (u,v)" (20(q))" + 21 (q) ") A (O Picsr ()T o))

o(Ak o(Ak
B )" ) A <a@k+1<u,v>”x;£)>),

where i1 (u,v)7 := By (u,v)" (2, @]) and

auwk+1 (”7 V)T>

4Bt (u )T 9,Ppry (uv)
I (uv)' = <8V‘I’k+1(M,V)T = et (s,v)) @7 D (1,0)

1
= l .
(8vdik+l (u,v)Ta:‘l) Bvsﬁkﬂ (u, V)T:Ei)
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Since in our notation the partial derivatives d, and d, are directional derivatives with re-
spect to the two perpendicular axis directions e and ey, using assumptions (7), (ii), (iif)
we have that d, ( " +1 (u,v))T and 9, (P ( . +1 (u,v))T are uniformly bounded with respect to
k in view of Corollary 3.1. In fact, the sequence of function vectors {9, Py+1(u,v), k > 0}
converges uniformly to the function vector d,&(u,v) which means that, for any € > 0 and
for large enough %,

sup  [10uPrs1(u,V)||le < sup [0, P(u,V)||w+E L sup ||0,P(u,)||w +E,
(V) EQp1y (1,v)EQpq1 (uv)eQ

or, equivalently, that  sup  ||d,Pr+1(4,V)||w is uniformly bounded with respect to k. An
(,v) €411

analogous result holds for 9, P | (1, v) too and allows us to conclude uniform boundedness

of both 9, Py (u,v) and 9,Py 1 (u,v). Recalling also that o (Af1) denotes a vector in

RY>*3 with all its entries behaving as o(AF), the latter observation allows us to obtain from

(28) that

Aue ) )T AL (,v))" =2 ((det( 7 B () ) (@) A (a)) +o(1)),

for (u,v) € a),Ur] J € J34. Therefore, when computing the sequence {nk+] (u,v), (u,v) €

/]

O k > 0} of normal vectors to the j-th surface patch we obtain
0 A )T AdL ()T
k+1 (uv V) -

190 (rL ()T A D (e ()T 12
_det( iy (u,0))((a)” A(a)T) +o(1)
[det(_7 Ziei1 () T) (@7 A(a))T) +o(1)]2

o ((a)" A (aD)") +o(1)
= sign(det(_Z 1 (u,v)7)) ||((q?l)TA(q{l)T)—i—o(l)Hz’

Again in view of Proposition 3.1 and Corollary 3.1 we have

(u,v) € w,E’L, Jj € Jan.

lim  sup |0, Bpsi (u,v) —0,P(u,v)7 || =0,

k=t (uv)e@y

and
lim  sup |0, Bryi(u,v)T —0,B(u,v)7 || = 0.

k=t (u,V)GQk+1

From the latter we obtain

lim  sup ||/!Pk+1(u,v)T—/E(u,v)THw:O,

k=t (uv)e @y

and also o
lim  sup |det( Z W1 (u,v)") —det( £ (u,v)")| =

k=t (uv)e g
Therefore, taking into account that
T INT
(a9)" A (aj)

:=sign(de v Ty _ 31U TR
= = sign(det{ S 0.00) oo
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it has been proven that, for all j € J3,,,

lim  sup ||n][£1(u,v)—nw||m =0.
k—r+oo jl
(u,v)ewk'+1

The latter shows that the limit surface r obtained by the non-stationary subdivision scheme
8 is normal continuous at the limit point r., which concludes the proof. a

Remark 4.4. Theorem 4.2 provides a sufficient condition for verifying the normal continu-
ity of a non-stationary scheme. It consists in verifying that the matrix sequence {Sy, k> 1}
(identifying the non-stationary scheme in the vicinity of an extraordinary element) con-
verges towards a C'-regular, standard, stationary scheme (identified with the matrix S)
faster than Af (i.e., with convergence rate o(AX)), where Ay denotes the real, double sub-
dominant eigenvalue of S.

5 Application examples

In this section we use Theorem 4.1 to study the convergence of two non-stationary sub-
division schemes, defined on quadrilateral meshes, in the neighborhood of extraordinary
elements. Also, we use Theorem 4.2 to prove that the limit surfaces obtained by such
schemes are normal continuous at the limit points of the corresponding extraordinary el-
ements. This partially proves a conjecture given in [22, Section 5] where only numerical
evidence for C'-regularity was shown.

5.1 Generalized trigonometric spline surfaces of order 3

In [26], the authors presented a non-stationary subdivision scheme which produces tensor-
product trigonometric spline surfaces of order 3 except in the neighborhood of extraordi-
nary faces. This non-stationary scheme can be seen as a generalization of the well-known
stationary Doo-Sabin scheme [17] yielding polynomial spline surfaces of order 3 except
in the neighborhood of extraordinary faces. Figure 5 illustrates the k-th level geometric
refinement rules of this non-stationary scheme. We do not include a figure illustrating the
topologic refinement rules since they are exactly the same as the ones used by the standard
(stationary) Doo-Sabin scheme.

In regular regions, Doo-Sabin scheme is described by the subdivision mask

133 1
16 16 16 16
39 9 3
16 16 16 16

€=13 9 9 3 [ (29)
16 16 16 16
133 1
16 16 16 16
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b +c

GtCyp Cak

K Cnk

Fig. 5 Graphical illustration of the k-th level geometric refinement rules of the non-stationary subdivision
scheme generalizing trigonometric spline surfaces of order 3. The red cross represents the new point inserted
by the geometric refinement rules in the case of regular (left) and extraordinary (right) faces. The weights
appearing in the refinement rules are the ones specified in (32) and (33).

while in irregular regions the refinement rules are written in terms of a subdivision matrix
S having the structure in (6) with blocks

1 1 1 1

~+3000 ++5000

9 3

& 200 0 000
Bl o s Bl g

16 16 16 16

9 3 3 1

2 00 = 7 100
1 16 16 16 1161 (30)
4000 7 t5000
0000]| . & 00%

B; = , 1=2,...,n—=2, B, =

0000 0 000
0000 0 000

It is a well-known fact that Doo-Sabin scheme is convergent both in regular regions and in
irregular regions, and the limit surface is C'. Moreover, in regular regions the associated
subdivision symbol is
(z1+1)3(z2+1)°

16 ’
which contains the factor (1 +z;)(1 +z2). Thus it satisfies assumption (i) of Theorem 4.1
and assumption (i) of Theorem 4.2.
In regular regions, the non-stationary scheme in [26] is described by the k-th level mask

c(z1,22) =

Car  brteapbrteap  cag

b+ cap ap+cap ap+cax b +c
) _ | DrFCak @t Cap atCag brtcag k> 1, G1)
br+cap ax+cap ax+cap b +cap
Cak  brtcap bitcar  cap
where for h € [0,%),
1
Cpj = neN,n>4, k>1, (32)

2( h 2 h ’
4ncos (ﬁ)cos (F)
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and
1 1 1
ay = + , b= ; 1. (33)
4cos? (2}—}) cos (zki,l) 4cos? (%) 8cos? (%) cos (%)
Therefore the associated subdivision symbol is
\_h \_h (_h \_h i_h

() e X D) (D) (zte 2 ) (e 2 +1) (g e 21 ) (e 2571 41)

21,22) = T h ’

(el 2k—2 +1)2(€1 2k—1 +1)2

which contains the factor (14 z;)(1+ z), thus satisfying assumption (i) of Theorem 4.2.
Differently, in irregular regions the refinement rules are given in terms of the k-th level
matrix S having the structure in (6) with blocks

ak + Cnk 0 0 0 bk"‘Cn,k 000
ag+cap bp+eap O 0 0 000
By = yBix= )

ar+cap br+cag cap br+cag 0 000

ay+cqx 0 0 bk+c4,k bk+c4,k C4k 00 (34)

Cnk 000 bk—i-ka 00 0
0 000 br+c4,00c¢

Bi.k: 7i:2a"'7n727 anlk: k 47k o
’ 0 000 ’ 0 00 0

0 000 0 00 0

Using (29) and (31), we verify that the stationary and non-stationary subdivision schemes
are asymptotically equivalent of order 1. To see it, we use the Lagrange form of the re-
mainder of the Taylor expansion to write

—k W o h —k
cos(27“h)=1— 52 + QZ cos(&), &€(0,27%n),
and
W £ £ k
cos>(27*kn)y =1—n*2"%* 4 32 cos(2€), € € (0,27n).

The previous expression allows us to get the bounds

P
|ak_%‘<% |bk %' 2;(’ Icnk_7|§ 467 vn247

with 4, B, C finite positive constants independent of n and k.
The latter bounds can then be used to show that

| — el = }ak+c4,k*%|+2|bk+64,k*%\ +|C4,k*%
|ax — 3| +2]be — g +4|cax— 15

A+2B+C
4k )

IN A

and therefore prove the asymptotical equivalence of order 1. Indeed, using (2), we arrive at

+oo T
Y 24 S — Fello < (A+28+0) Z ok < e
k=1
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Summarizing, assumptions (i) — (iii) of Theorem 4.2 and assumption (ii) of Theorem 4.1
are satisfied. Next, we show that ||S; — S|l < 2 forall k> 1,n>5and h € [0, %), with
M a finite positive constant. Indeed, by (30) and (34) we have

n—2
1Sk = Slleo < |Box — Bolloe + ||B1k = Billeo+ Y [1Bik — Billoo + [|Bu—1 x — Bu—1llos-
i=2

Since
IBox — Boll = max{|ak+cn,k—(ﬁ+ D lax+eag— f5l+ bk +cap — 1,
lag + cag — F5 | +20bx +cap — 5]+ leax — ﬁ\}
= max{|ak+cn,k7(i+%)|¢

|ak+C41k*%|+2|bk+(f4‘k*%‘+|C4‘k7%‘},

< max{|ak—%|-i-|c,,.k—4]71|7 \ak—%\+2|bk—%|+4|64rk— 1]7) }
< %max{ﬂ-l—n’lc‘,ﬂ—l—ZB—l—C} =2,
1Bix—Bille = [1Ba—14 — Bn—1ll
— max { bg + ek — (5 + §) Ibe +eax— 51+ leax — 51}
< max { [bx = g| + [enk — 2|, \bk—%\+2|¢'4,k—ﬁ|}
< 4lkmax{$+n’lc‘,$+%c} =: %,
» :
Bix — Billo = leng — 2| < "4AC7 i=2,.,n-2,

for n > 5, we finally obtain the bound

My+M+(1-3c o

4k =%

with M := My + M + C a finite positive constant independent of n and k. In other words
assumption (iii) of Theorem 4.1 and assumption (iv) of Theorem 4.2 are satisfied. Since
S has a dominant single eigenvalue Ay = 1 and a subdominant eigenvalue 0.5 < 4; < 1
with algebraic and geometric multiplicity 2 (i.e., it is a double non-defective eigenvalue),
all the assumptions of Theorem 4.1 and Theorem 4.2 are verified with ¢ = 4. Hence, the
non-stationary version of Doo-Sabin scheme is convergent at extraordinary faces and the
limit surfaces obtained by such a scheme are normal continuous.

Figure 6 shows two application examples of the normalized version of such a scheme,
where the normalization factor is introduced to obtain refined meshes that lie in the convex
hull of the initial control points.

15k = Sle <

5.2 Generalized exponential spline surfaces of order > 3

In [36] a generalization of order-d polynomial spline surfaces to quadrilateral meshes of
arbitrary topology has been proposed. For d = 4, the refinement rules of the corresponding
scheme are the rules of Catmull-Clark subdivision scheme [2] which, in the regular regions
of the mesh, can be given in terms of the subdivision mask

— 3 3
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(a)

@ ) h=1

Fig. 6 Original control mesh (a) and refined meshes (b,c) obtained by applying four iterations of the nor-
malized non-stationary subdivision scheme generalizing trigonometric spline surfaces of order 3 with two
different values of 1 € [0, §).

Differently, in the neighborhood of an extraordinary vertex of valence n > 5, the subdivi-

sion matrix Sk of the order-4 scheme is asin (7) with& =1— 4n ,B= (2”2 :7,2:0,0,0 0) ,

3 1 1
3 L0000 L00000
1 1 1
110000 100000
9 3 3 1 1
s |EB B 00 5 _|@00000
=13 31190l """ Loo0000]
8 8 16 16 16
39 1 3 1 3 3 1
21664 32 04 32 705000
1 3 1 3 1
L2000 & 30.L000
1 1
EEOOOO
000000
1 3 1
- - = 000 =
Bi=0¢y,i=2,....n—2, B, =% 64
i 6x6 n—1 0 00000
000000
000000

It is a well-known fact that Catmull-Clark scheme is convergent both in regular regions
and in irregular regions, and the limit surface is C?-continuous in the regular regions of the
mesh and C' at the limit points of extraordinary vertices. The subdivision symbol associ-
ated to the scheme is

(z1+ D)+ 14

c(z1,22) = o ,
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which contains the factor (1+z1)(1+z2). Thus it verifies assumption (i) of Theorem 4.1
and assumption (7) of Theorem 4.2.

The family of approximating subdivision schemes discussed in [22] is a non-stationary
extension of the family in [36], and provides a generalization of order-d exponential spline
surfaces to quadrilateral meshes of arbitrary topology. Figure 7 illustrates the k-th level
geometric refinement rules of the order-4 member of this non-stationary family. We do not
include a figure illustrating the topologic refinement rules since they are exactly the same
as the ones used by the standard (stationary) Catmull-Clark scheme.

€k €L
1 1
1 1 dy; dy
X
1 1
4 4
Cak by j Ca)
b ask b
4.k 104, 4,
Ca by Cq,j

Fig. 7 Graphical illustration of the k-th level geometric refinement rules of the non-stationary subdivision
scheme generalizing exponential spline surfaces of order d = 4. Top: the red cross represents the inserted
face point and edge point. Bottom: the red cross represents the inserted vertex point in the case of a regular
and an extraordinary vertex. The weights appearing in the refinement rules are the ones specified in (37)
and (38).

The refinement rules defining this order-4 non-stationary scheme, and illustrated in Figure
7, are chosen in such a way that it reproduces particular shapes such as spheres, tori or con-
ical shapes when the initial meshes are suitably selected. In addition, when the initial mesh
is regular, the limit surface is a tensor-product exponential spline (namely it can be either a
tensor-product polynomial spline or a tensor-product trigonometric and hyperbolic spline)
[30]. More precisely, the k-th level (k > 1) refinement rules characterising the subdivision
scheme depend on a k-th level parameter v; defined as

1 0 _ie
k=5 (eZk +e 2") , 6€]0,m)Ui(0,2acosh(500)), k>1,
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which satisfies
v+ 1

(a) Vi+1 = 5 (b) kli}rilka =1.

Note that
1/ cos(9) €(0,1] if 0 €[0,7),
= — 2 2 =
) (e te ) cosh (#) € (1,500) if 6 € i(0,2acosh(500)).

For the non-stationary approximating scheme of order d = 4 (non-stationary version of
Catmull-Clark scheme), the k-th level subdivision mask to be used in the regular regions
of the mesh is
Cag ex bay er cap
(479 % dk % (479
e® = | byy dy ag dy bay |, (36)
e 5 di 1 e
Caj ek baj ex ca

where
(2vi+1)? 22 +1) 1
UEZ 40 PR T e T Tel -
v+ 1 1
At FT 81y

Hence, the associated symbol reads as

i 0

21+ 1) (22 + D*(@e* +1)(z1 +€2) (e F +1) (22t €2
o
4(e'2F 41)4

»“D

)

W (z1,22) =

)

and contains the factor (14z;)(1 +z2).
Differently, the k-th level subdivision matrix Sy, defined near an extraordinary vertex of
valence n > 5, is of the form (7) with

T
- = T 1
O =ank, Br= (buk>cnk;0,0,0,0)" , = (di, Zab4,kaek7c4,k7€k> )

| —nlbusten), b 2(2v+1) 1 (38)
ank=1—n C R k=5, Chk= 5 —""5,
n.k n.k n.k n.k nz(vk+1)2 nk I’lz(\/k+l)2
and 6 x 6 blocks
di e 0 0 0 0 et 00 000
i 1 000 0 100000
B, — | 94k bagbagcar 00 B c4x0 0 000
= g di e e 0 0O | L ex 00 000/
baj Qak Caj bajg Cap bag by 0csp 000
[ dk 0 0 0 € dkOek 000
€r € 000 O
0 00000
~ . < 4 bayy 000 ¢
Big =06x6, i=2,...,n—2, Bk = 8k 8k000 6’k
0 0 000 O

0 0000O
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The choice of v; specifies the kind of spline surface we get in the limit, in the regular
regions of the mesh. In fact, if vy < 1 the scheme yields trigonometric splines, if vy =1
polynomial splines and if v; > 1 hyperbolic splines.

In [22], the authors prove that the limit surface obtained by applying the generalized spline
schemes of order d to a regular mesh is C¢~2-continuous, while in the neighborhood of
extraordinary elements the C'-continuity of the limit surface is shown only by numerical
evidence. Here we use Theorem 4.1 and Theorem 4.2 to prove convergence and normal
continuity of the limit surfaces.

To prove that the non-stationary version of Catmull-Clark scheme is convergent and pro-
duces normal continuous surfaces at the limit points of extraordinary vertices, we first show
that the subdivision masks ¢ and ¢; in (35) and (36) are asymptotically equivalent of order
1. To this purpose we again write

cos(27K0) =1— 9722‘2" + 2—12‘4" cos(& §~€ (0,27%9),

),
cos2(27%0) = 1 — 02272 4 8o cos(2f), & € (0,27%0),

and

cosh(27%0) = 1+ 6222 4 £10-%cosh(n), 1 € (0,2740),
cosh?(27%0) = 1+2622 % ¢ %42‘4kcosh(2f])7 i € (0,27%9),

from which we obtain

dk %l 2k7 ‘ek_%|<

»‘ﬁ

|a4.k_%‘§% |bax — 3l|§% lcar— 64|—4k7‘

with 4, B, C, D, E finite positive constants independent of n and k. Thus, we get
9 3 1
|y — el = maX{|a4,k — 16l +4bag — 35| +4cax — gl

2l — 3| +4le— 151}
s max{A+4B+4C, 2D +4E},

IN

so that
+oo ‘ T q
;2 -7ty — Fello < max{A+4B+4C,2D+4L} /;1 2 < e

As a consequence, assumptions (i)-(iii) of Theorem 4.2 and assumption (ii) of Theorem
4.1 are satisfied.

Next, we use formula (8) to transform the matrices S and Sy in the block-circulant matrices
denoted by S and Sy, and verify the existence of a finite positive constant  independent
of n and k such that ||S; — S|« < % forallk>1,n>5and 0 € [0,7) Ui(0,2acosh(500)).
As before, we first write

n—2
1S = Slleo < [[Box — Bolleo+ 1B1k = Billow + Y, 1Bik — Billeo + || Buz1.x — Bu—1]loe,

i=2
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and explicitly compute each norm on the right hand side as

ak a "Tﬁﬂ"T
1Box — Bolle H< >
By
_ 4Vk+3 2Q2utl) 1 1 1
7max{ i Vk+|)2‘+n2|(vk+] H,,T|W*1|;
(,,+l)|dk*§‘+|€k*ﬁ\,
(3 +2)|bag — 351+ lass — Tl +leak — 35,
(3 +2)lex — 15| +2lde — 31,
(3 +2)|64k* (%4\ +lag,— 151+ 3lbas — 351},
O‘k BT
|B1x =Bl = H< >
B
_ 7 4VA+3 2(2vk+l 1
- max{ (vﬁ»l)z‘+ n? | (vp+1)2 ‘+ n2 | vk+l 4|’
%\dk—%\ﬂek—l%l,
Hbag— 51 +leax— &1,
(l +1)lea — gyl +1bag— 3,
P+ Iek— 6l +ld— 31}
ak ﬂT
[|Bix — Billes = ‘ < ~>
lkiB .
- CAwet3 1 2(2‘k+1 11
- max{nz 4 (vg+1)2 ‘ + 2 ()2 ‘+ nZ |(V1<+1)2 4|7
%\dk - §\= ﬂb4‘k - §|s %\ek - E\v ;|C4,k - &\L
i=2,.on-2,
Gy —0 BT_BT
|‘Bn71¢k_Bn71H°° = ,:,kn_:y ~ ¢ ~
—— Bu_1x—Bu-1/||..
o 4vi+3 21’k+1 1
—max{n2 i vk+12‘+n2| (et )2 H‘nzl vA+l -3l
‘dk—*‘-‘erek—f

(L D)|bag— 35| +2lcar— gl Lew — 151, Hear — 13-

Moreover, in view of the bounds

7 dntd | _ 4u+3
17— ol = 1605 ~ Bt

4 (n+1)?
4vk+2 1
16( %~ ooz e 16(vk+1)2|)
16(B+C)
4k )
16| 2Q2u+l) |< 168
16( vk+1) 321 g

1 16¢C
— 6l < 4

IN

IN

‘2(2"k+1) _ 3‘ _
(Vk+1)2 2

1 1 _
‘W — 3l =10l 16( vk+1>
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we are finally able to bound the norms of the blocks as

320 2(B+0) (n'+0)D+E (n'42)B+at+c (o '42)E+20

[1Box — Bolle < max{ 2K ) 3 , 4K s M3
(n'+2)c+a+33
4k }
< max{32(8+C),2D+E,38+4+C,3E+2D,3C+A+38} _ . My
== 4k T4k
32n~ (5+C) wlore plaic (nTHDCH8 (T '+D)E+D
”BLk—Ble < max { 4k ’ 4k ) 4K ’ 4k ) 4k }7
< max{32(5+(‘),D+£.’B+C12C+’&2£+D} .M
< s =7
32"72('1“5) nlo nls ale ale
[|Bixk — Bill-s < max{ » TR 0 gk 0 gk 0 4k
D7 —1
< n- max{32(5j(‘).D,B,ZAC} _.n 4M27 i=2,..n—2,
3202 (B4+C) nlo2E 141 @+2(‘ *lf ~le
1Br—14 —Bu-tleo < max{ 4( 2 yiamt e 42 il
< max{32(3+C), D+2E.2B+2C. E.C} . 9
= 4K T gk
Hence, for alln > 5,
3
Mo+ M+ (1= 2)Mo+ M3 M
1Sk =Sl < <

4k =4k

with M := My + M| + M, + Mz a finite positive constant independent of n and k.

The above proves that (iii) of Theorem 4.1 is satisfied. Moreover, since S has a dominant
single eigenvalue Ay = 1 and a subdominant eigenvalue 0.5 < A; < 1 with algebraic and
geometric multiplicity 2 (double non defective eigenvalue), (iv) of Theorem 4.2 is also
satisfied with o = 4. It follows that all the assumptions of Theorem 4.1 and Theorem
4.2 are verified. Thus, this non-stationary version of Catmull-Clark scheme is convergent
at extraordinary vertices and the limit surfaces obtained by such a scheme are normal
continuous at the limit points of extraordinary vertices. Figure 8 shows two application
examples of such a scheme.
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