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Abstract

The regularity of refinable functions has been investigated deeply in the past 25 years using Fourier analysis,
wavelet analysis, restricted and joint spectral radii techniques. However the shift-invariance of the underlying
regular setting is crucial for these approaches. We propose an efficient method based on wavelet tight frame
decomposition techniques for estimating Holder-Zygmund regularity of univariate semi-regular refinable
functions generated, e.g., by subdivision schemes defined on semi-regular meshes t = —h,NU {0} U h,.N,
heyhy € (0,00). To ensure the optimality of this method, we provide a new characterization of Holder-
Zygmund spaces based on suitable irregular wavelet tight frames. Furthermore, we present proper tools
for computing the corresponding frame coefficients in the semi-regular setting. We also propose a new
numerical approach for estimating the optimal Holder-Zygmund exponent of refinable functions which is
more efficient than the linear regression method. We illustrate our results with several examples of known
and new semi-regular subdivision schemes with a potential use in blending curve design.

Classification (MSCS): 42C40, 42C15, 65D17

Keywords: wavelet tight frames, semi-regular refinement, Dubuc-Deslauriers frames, Holder-Zygmund
regularity

1. Introduction and notation

This paper presents a fast and efficient method for computing the optimal (critical) Holder-Zygmund
regularity of a certain class of non-shift-invariant univariate refinable functions, the so-called semi-regular
refinable functions generated e.g. by binary subdivision [12, 29] defined on the meshes

t = —hNU{0}UAN, hy, h, €(0,00). (1)

It is well known that a family {¢r : k € Z} of refinable functions ¢, € Lao(R) assembled in a bi-infinite
column vector ® = [¢y, : k € Z] satisfies the refinement equation

d=Po(2) (2)

with a real-valued bi-infinite matrix P. In the semi-regular case, finitely many (corresponding to a certain
neighborhood of the origin) of the elements in ® can not be expressed as integer shifts of any other function
in @ and (2) reduces to finitely many different scalar-valued refinement equations. The assumption (1) on
the mesh becomes vital only in Section 4.
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lucia.romani@unibo.it (Lucia Romani), joachim.stoeckler@math.tu-dortmund.de (Joachim Stockler),
alberto.viscardi@unibo.it (Alberto Viscardi)
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Our method relies on a new characterization of Holder-Zygmund spaces. It generalizes successful wavelet
frame methods [5, 6, 7, 11, 17, 23, 25, 26] from the regular to the semi-regular and even to the irregular
setting and is the first step towards a better understanding of regularity at extraordinary vertices [24, 30]
in the bivariate case. In comparison to the method in [12], our approach yields numerical estimates for the
optimal Holder-Zygmund regularity of a refinable function without requiring any ad hoc regularity estimates
for the corresponding subdivision scheme. Our numerical estimates turn out to be optimal in all considered
cases and require fewer computational steps than the standard linear regression method.

In the regular case, the wavelet frame methods rely on the characterization of Besov spaces B;yq(R)
provided by Lemarié and Meyer [21] in their follow-up on the results by Frazier and Jawerth [15].

Theorem 1.1 ([23], Section 6.10). Let s >0 and 1 < p,q < co. Assume
{op=do(- —k) : k€Z}U{hjp =202y o(27" - —k) : k€ Z,jeN}CC(R)

is a compactly supported orthogonal wavelet system with v vanishing moments. Then, for r € (0, min(s,v)),

By (B) = 3 D awdn + DD biavn ¢ {ahies € @), {20 | adel,, | € G(@)

. eN
keZ JEN keZ

To be able to apply Theorem 1.1, i.e. to extract the regularity of a given function f from the decay of
its coefficients {ar = (f,¢r) : k € Z} and {b;r = (f,¥jx) : j €N, k € Z}, one must first compute these
inner products. In the context of subdivision, the analytic expressions neither of the analyzed function f
nor of the refinable functions ¢y are usually known. However, in the regular (shift-invariant) setting, the
desired inner products can be computed explicitly (or numerically) using results of [18]. In the general non-
shift-invariant case, the task becomes overwhelming and is far from being understood. In the semi-regular
case, however, both the suitable wavelet tight frames exist, e.g. the ones generated by B-splines [8, 9] or by
Dubuc-Deslauriers refinable functions [28], and, similarly to [22, 28], the corresponding frame coefficients
can be computed.

However, Theorem 1.1 does not cover the case of semi-regular wavelet tight frames, since we lose the
orthogonality and, most importantly, the shift-invariance. This paper provides a generalization of Theorem

1.1 for function systems
f:{qbk:kEZ}U{¢j7k:jeN,keZ} (3)

with the following properties

(I) F forms a (Parseval /normalized) tight frame for L?(R), i.e.

F=Y Fonor + D> (Fin) Yk, feLA(R); (4)

keZ JEN keZ
(IT) there exists a constant Cl,p, > 0 such that

Skulz{lsupp(m)l} < Csupp and iﬂg{ISUPp(de,k)l} < Copp2?, jEN (5)
S c

(III) there exists a constant Cp > 0 such that for every bounded interval K C R the sets
I'o(K) ={keZ :supp(¢pp) NK # 0} and T;(K) = {ke€Z : supp(¥jx)NK # 0}, jeN,

satisfy
IT;(K)| < Cr(2|K|+1), j=>0; (6)



(IV) F has v € N vanishing moments, i.e.
/x"wjyk(x)dxzo, ne{0,...,v—1}, jeN, keZ, (7)
R

and there exists a sequence of points {z, : 7 € N, k € Z} such that, for every 0 < r < v, there exists
a constant Cly, » > 0 such that

sup / 7| (@ + @y )| de < Cpnp 279(F3); 8)
keZ R

(V) F CC*(R), s >0, and for every 0 < r < s there exists a constant Cl,, , > 0 such that

(g L .
sup{[éillcr} < Comr and  sup{|[tyiller} < Comr 20F2), jeN. 9)
keZ keZ

Estimate (8) expresses localization condition for the framelets ¢, . Note that (8) is implied by conditions
(IT) and (V) for 0 < r < s. Indeed, choosing x; ; to be the midpoint of supp(¢; 1), j € N, k € Z, we get

su ik " C‘:Jl Csm,O _i(prl
/ |z|" | k(x4 xj6)|de < Csmo (| pp2(1/fj,k)|> 9i/2 | supp(eh.)| < PP2T 9—i(r+3)
R

We state the assumptions (II) and (V) separately to emphasize their duality, which becomes even more
evident in the statements of Propositions 2.2 and 2.3 in Section 2. Indeed, Theorems 1.1 and 1.2 require
0 < r < min(s,v), where the value of s or v affects only one of the inclusions in either Proposition 2.2 or
in Proposition 2.3. Moreover, stating (IV) and (V) separately, we can easily generalize our results to the
case of dual frames with the analysis frame satisfying (IT) and (IV) and the synthesis frame satisfying (III)
and (V). In the regular case, a natural choice in (8) is x;, = 2 7k. In general, even if the system F is
non-shift-invariant, the points x; ;, ensure the quasi-uniform (standard concept in the context of spline and
finite element methods) behavior of the framelets over R and act as the center for every element 1; ;. The
other assumptions also manifest the quasi-uniform behavior of the framelets over R.

The setting described by assumptions (I)-(V) includes some cases not addressed in the results of Frazier
and Jawerth [15] or of Cordero and Grochenig in [10]. The results of [15] require that the elements of F
in the decomposition of By ,(R) are linked to dyadic intervals. The results in [10] impose the so-called
localization property which implies that the system F is semi-orthogonal (in particular, non-redundant).

On the other hand, one could view the quite natural and application oriented assumptions (I)-(V) to be
somewhat restrictive, since these assumptions were designed to fit wavelet tight frames F constructed using
results of [9]. For such function families F, there exists a sequence of bi-infinite matrices {Q, : j € N} such
that the column vectors

U, =jr:keZ, jeN, and & =[¢y : k€ Z]

satisfy _ _
U, = 22QN @27, jeN. (10)

Such bi-infinite matrices {Q; : j € N} are e.g the ones constructed in [28] for the family of Dubuc-
Deslauriers subdivision schemes [1, 2, 13]. For function families F satisfying (3), assumptions (II)-(V)
reflect the properties of the matrices {Q; : j € N}: (II) controls the support of the columns of the Q;s,
(III) controls the slantedness of the Q;s and (IV) and (V) are linked to eigenproperties of the Q;s.

Nevertheless, the spirit of assumptions (I)-(V) merges with the spirit of atoms and molecules in [15] and
compactly supported orthogonal wavelet systems, for which (I)-(V) are also satisfied. These similarities are
also visible in the structure of the proofs of Propositions 2.2 and 2.3.

For the sake of completeness, we point out that our setting includes some of the wavelet frames considered
in [16] for which a characterization of the spaces By »(R), r € R, is given. However, those frames are shift-
invariant, i.e (3) holds with block 2-slanted {Q; : j € N}. The approach in [16] applies Fourier techniques
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that are not feasible in our case, due to the lack of shift-invariance. The lack of shift-invariance makes also
the techniques in [3] inapplicable in our case. In [3], the authors characterize Lebesgue and Sobolev spaces
via shift-invariant wavelet tight frames.

We concentrate on the case p = ¢ = oo, the one most relevant for subdivision. Our main result, Theorem
1.2 whose proof is given in Sections 2 and 3, reads as follows.

Theorem 1.2. Let s > 0 and v € N. Assume F C C*(R) satisfies assumptions (I)-(V) with v vanishing
moments. Then, for r € (0, min(s,v)),

Bl o(R) = Y arde+ > bixthik ¢ {artrez € loo(Z), {Qj(wé) 1{bj,k rezll, }jeN € l(Z)

kezZ JEN keZ

The paper is organized as follows. In Subsection 1.1, we define the function and sequence spaces that
we consider. In Section 2, Theorem 2.1 gives the proof of Theorem 1.2 in the case r € (0,00) \ N and,
in Section 3, Theorem 3.1 provides the proof for r € N. We would like to emphasize that the results
in Sections 2 and 3 are true in regular, semi-regular and irregular cases. Theorem 1.2 implies the norm
equivalence between Besov spaces Bl . (R) and the sequence spaces £, ., 7 € (0,00), see Remark 3.2.
The proofs in Sections 2 and 3 are reminiscent of the continuous wavelet transform techniques in [11, 23]
and references therein. In Section 4, we illustrate our results with several examples. There the structure
of the mesh in (1) becomes important. In particular, we use wavelet tight frames constructed in [28], to
approximate the Holder-Zygmund regularity of semi-regular subdivision schemes based on B-splines, the
family of Dubuc-Deslauriers subdivision schemes and interpolatory radial basis functions (RBFs) based
subdivision. Semi-regular B-spline and Dubuc-Deslauriers schemes were introduced, e.g in [12, 29, 30]. The
construction of semi-regular RBFs based schemes is our generalization of [19, 20] to the semi-regular case.
We would like to point out that such semi-regular schemes can be used for blending curve pieces with
different properties.

1.1. Function and sequence spaces: notation
We use the standard notation for the function spaces C*(R), s € Ny, the Hélder spaces
[fO (@ + ) — fO ()]

C°R) = { feCYR) : sup < o0y, s=l+a, (€Ng, «ae(0,1),
x,hE€R A

with f (©) denoting the ¢-th derivative of f, the Zygmund class

AR) = {f:R—)R: sup [f@+h) =2/ (@) + fl@—h) < oo},

z,heR |h’|

the Lebesque spaces LP(R), 1 < p < 0o, and for sequence spaces £,(Z), 1 < p < co.
Besov spaces B, ,(R), e.g in [23], are defined by

By ) = { € L’®) : Iflls;, = {271 (£.2 e, <00}, 1<pa<oo, re(0x)

(12)
with the p-th modulus of continuity of order n € N

wy(frx) = sup [AR(Sf,)Le

Ih|<a

and the difference operator of order n € N and step h > 0

AMfoz) = -~ (m (—=1)" " f(z + Ch).
o =3 (;)
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The special case p = g = oo reduces to

C"(R) N L= (R), if r € (0,00) \ N,
Bl (R) = (13)
{feCc ' R)NL®R) : fC"VecAR)}, ifreN.

i

The corresponding sequence spaces £},

r € (0,00), are defined, for 1 < p < oo and 1 < g < o0, by

X il 1/q
Oy ={@h) eZx Nx2) : (@), = (lall, + 32D byaheal?) )
j=1

and, for 1 < p < oo and ¢ = o0, by
1

= max {|lalle,, 5up 24| [{b x uezlle, } |-
JjEN

@m:{@m62xmxzynmw

r
va Sl

2. Characterization of Hélder spaces B[  (R), r € (0,00) \ N

In this section, in Theorem 2.1 we characterize the Holder spaces Bl (R) = C"(R) N L>(R) for
r € (0,00) \ N in terms of the function system F in (3). The proof of Theorem 2.1 follows after Propositions
2.2 and 2.3 that stress the duality between conditions (IV) and (V). Proposition 2.2, provides the inclusion
7D “under assumptions (III), (V) and r € (0, min(s, 1)). Whereas Proposition 2.3 yields the other inclusion
”C“ under assumptions (I), (II), (IV) and r € (0, 1). The proof of Theorem 2.1 then extends the argument
of Propositions 2.2 and 2.3 to the case r > 1, r ¢ N. Our results show that the continuous wavelet transform
techniques from [11, 23] and references therein are almost directly applicable in the irregular setting.

Theorem 2.1. Let s > 0 and v € N. Assume F satisfies (I)-(V) with v vanishing moments. Then, for
r € (0,min(s,v)) \ N,

B;o,OO(R) = Zak(bk + Zzbl’kwj’k ¢ (a,b) € fgojoo with a = {ar}kez, b={bjr}ienkez

keZ JEN keZ

We start by proving the following result.

Proposition 2.2. Let s > 0. Assume F satisfies (III) and (V). Then, for r € (0, min(s, 1)),

Bl o(R) 2 8 ardk+ > > bixthik o (a,b) € O with a={ar}rez, b= {bjr}ienrez
keZ jENkezZ

Proof. We consider f(z) = fo(x) + g(z), x € R, where

folw) = aw dr(z) and glx) = Y > bix (), (14)
kEZ JEN keZ
with finite L
Ca =sup{lag]} and Cy == sup2/("+5) sup{|b; /. (15)
kEZ JEN kEZ

Since on every open bounded interval in R the sum defining fj is finite due to (IIT), we have fy € C*(R) C
C"(R) due to r < s. Moreover, by (III) and (V), we obtain

| follee < Cq Cr Coppo < 0. (16)



Analogously, since r > 0, we have

lgllLee < Cy Cr Camo Y 277" < oo,
jeN

thus, f € L (R). Let «,h € R. By (15), we get

lglx+h) —gl@) | < D |bnl [ ¢jule+h) — ()]

JEN keZ
9—i(r+3)
< Gylh|" Z TR Z | Yje(x+h) — Yjk()| .
JjEN kEZ
Since there exists J € Z such that
2—J < |h| < 2—J—0—17
we have o
lglx+h) — glx)| < Cylh|" Y 2V=Dm=32 N " | p(@+h) — vju(x) |
JEN kEZ
= Gy|n[" (A + B) ,
where
J—1 o
A = Z 2(J=i)r=i/2 Z | Yjp(z+h) — ¢r(xz)| and
j=1 kezZ

B = Z o(J=5)r=3/2 Z |z +h) — diulz) .
j=J

kEZ

If J <1, A = 0. Otherwise, for every ¢ > 0 with » < r + ¢ < min(s, 1), due to (V) we have
| i@ +h) — ia(@) | < Compre 20 BT+ < Cupy e 207009 99/2 g7
and, by (III), the sum in A over k has at most
ITj(x+h)| + T(@)] < 2Cr

non-zero elements. Thus,

J—1 J—-1
A < 2T+€+1 CF Csm r+e 27¢ (/=9 < 4 CF Csm r+e 27¢ j'
T+ )
=1 j=1

Therefore, since € > 0, A is bounded. To conclude the proof, we observe that, by (V),

1

B S 2 Cl" Csm,() Z (2_T)j_J = 2 CI‘ Csm,O W

Jj=J

Thus [g(z+h) —g(x)|/|h|" is uniformly bounded in z and h, which leads to g € B, (R) and f € B’

with || fllsr. _ < C|(a,b)|[¢r. _ for some constant C' > 0.

Next, we give a proof of Proposition 2.3.

(17)

oo (R)
O



Proposition 2.3. Assume F C C°(R) with uniformly bounded {¢y : k € Z} satisfies (I), (II) and (IV)
with 1 vanishing moment. Then, for r € (0,1),

Bgo,oo(R) - Zakd)k + Z ij,k'l/}j,k . a b) S ggo ,00 with a = {ak}kez, b= {bj,k}jeN,kGZ
kEZ JENKEZ

Proof. Consider f € Bl (R)NL*(R). We choose a representative of f in (4) with coefficients ax = (f, ¢x)
and b, = (f,¥; ). On one hand, due to (II) and the uniform boundedness of ®, there exists Cy > 0 such
that

lak| < Cy [[flloos kK EZ (20)
On the other hand, with «;; as in (IV), we can exploit the vanishing moment of the tight frame and the

regularity of f to get
[ 1@ v

IfllBz,

10,k |

’ / = f(@k) ) Yjk() do

IN

" jk(z)| dx (21)

(41
:HN&W/LWWW@+%MdIS2“+”%mwN%W

For a general f € B._ (R) the claim follows by a density argument. Thus, there exists a constant C' > 0
such that |||l > C’||(a b)lez, O

Remark 2.4. In Proposition 2.3, there is no need for the tight frame to be more than continuous - only
the vanishing moment matters. The same phenomenon happens for the inclusion C in Theorem 2.1 - the
number of vanishing moments being the key ingredient for its proof. On the other hand, the regularity of
the wavelet tight frame F plays the key role both in Proposition 2.2 and in the proof of the inclusion O in
Theorem 2.1. This explains the duality between assumptions (IV) and (V).

We are now ready to complete the proof of Theorem 2.1.

Proof of Theorem 2.1. For the case r € (0,1) see Propositions 2.2 and 2.3. Let r = n + «, with n € N and
€ (0,1).

1% step, proof of “2”: similarly to Proposition 2.2, we define constants C, and Cj, as in (15) and make
use of the estimates in (16) and (17) to conclude that f € L>(R). The next step is to show the existence
of the n-th derivative ¢ of g in (14). This follows by uniform convergence since, for every x € R and
0<?¢<n<r by (V), we have

ZZMW} ZZ“’JHW z)| < Cy Cp stZ2]T€)<OQ

JEN keZ jEN keZ jeN

The same argument as in Proposition 2.2 leads to g™ € C*(R) and, thus, f € C"(R).

24 step, proof of “C” resembles [17]: similarly to Proposition 2.3, we consider f € B, (R) N L*(R)
and the uniform bound for [(f, ¢x)| is obtained as in (20). Exploiting the first n vanishing moments of the
tight frame we have

|@%@|=\Af@%ﬂmw

n—1
|/R (f( f(@jik) Zf x]k I—Ij,k)e>¢j,k($)dz

(=1
7




where the z,; are as in (IV). Using the property of the Taylor expansion of f centered in x;j with the
Lagrange remainder term, we have that, for every z € R, there exists a measurable £(x) € R, with |{(z) —
zj k| < |r — x|, such that

) (¢(x
sl < | [ EEEE G a0 a0

Now we can exploit n + 1 vanishing moments, the Holder regularity « of f (") and (IV) to get

1
(i) < /R(f(")(ﬁ(x))—f(")(xj,k))(x—xm)”wj,k(:v) dx
@ -
< HfHB/§ “ e — il [$k(2)] do
. (22)
< ”f”B/ — " by (@)] do
Cvmr (n) &
< Mo [ aty s el ay < oot Some W o
Thus, the claim follows. O

Remark 2.5. If s € N and v > s in Theorem 2.1, then the wavelet tight frame F does not need to belong
to C*(R). Tt suffices to have F C C**(R) with the (s — 1)-st derivatives of its elements being Lipschitz-
continuous.

3. Characterization of Holder-Zygmund spaces BZO’OO(R), r €N

It is well known [23] that the Holder spaces with integer Holder exponents cannot be characterized via
either a wavelet or a wavelet tight frame system F . Indeed, if r = 1, the estimate (19) does not follow from
(15). Thus, similarly to Theorem 1.1, the natural spaces in this context are the Holder-Zygmund spaces
BZ, (R) for 7 € N. This section is devoted to the proof of the wavelet tight frame characterization of such
spaces, see Theorem 3.1. The results of Theorems 2.1 and 3.1 yield Theorem 1.2.

Theorem 3.1. Let s > 0 and v € N. Assume F C C*(R) satisfies (I)-(V) with v vanishing moments. Then,
for 0 < r < min(s,v), r €N,

Bgo, { Zak(bk +Zzbj kjk t (a,b) € oooo with a = {ax}rez, b= {bg k}]EN kez}

kEeZ JENkEZ

The significant case is when r = 1, since for all other integers one usually argues similarly to the proof of
Theorem 2.1. In the case r = 1, for the inclusion O we use the argument similar to the one in Proposition
2.2. On the other hand, for the inclusion C, we cannot exploit the vanishing moments as done in (21). To
circumvent this problem, inspired by [26], we consider an auxiliary orthogonal wavelet system which satisfies
the assumptions of Theorem 1.1. This way we get a convenient expansion for f € B,  (R) and make use
of the wavelet characterization of By, . (R) for a € (r,s) \ N in Theorem 2.1.

Proof. We only prove the claim for » = 1 < min(s,v). In this case B, (R) = A(R) N L>(R). The general
case follows using an argument similar to the one in the proof of Theorem 2.1.



1%% step, proof of “D”: similarly to Proposition 2.2, we define constants C, and Cj, as in (15) and make
use of the estimates in (16) and (17) to conclude that f € L>(R). Let x € R. It suffice to consider h > 0.
Then, for » = 1, we obtain

lg(x+h) — 2g(x) + glz—h)| <

<O b | [ ikl@+h) = 2¢5k(@) + ikl —h)|

JEN keZ

< Gy Z _h]E Z | Yje(z+h) — 2¢k(x) + Yju(@—h)] .

jEeN keZ

Since there exists J € Z such that
2—J < h < 2—J+1 ,

we have
lg(x+h) — 2g(z) + glz—h)| <

< Gh Z 2/ Z | Yjn(x+h) — 2¢k(x) + Yju(x—h)|.

JEN kEZ

To estimate | g(z +h) — 2 g(z) + g(xz — h) |, we consider

J-1
4= Z 27793 Z | Yje(@+h) — 2¢k(@) + Yjk(@—h)| and
J=1 keZ
B = Z 27773 Z | iz +h) — 295 k(x) + Yjn(x—h)|.
Jj=J keZ

If J <1, A= 0. Otherwise, since the tight frame F belongs to C*(R), s > 1, we use the mean value theorem
twice for every framelet and find & x(z) € [z, 2 + h] and n; k() € [x — h, z] such that

| ju(z+h) = 2¢50(x) + Yinlz—h)| = [Vie(@+h) = djk(@) = (Pir(@) — bju(z—h))|
= h | 9x(&nr(2) — Vamin(@) |-
Now, for e > 0 with r =1 < 14 € < s, using (V) we get
| Yaa@+h) = 2050(@) + wire—h) | = Comare 2T hgala) = myala) |
< Comiie 9i(e+3)+e plte < Comise 9(i=T)(1+e)+F+142¢
Moreover, the sum in A over k has at most
Uiz +h)| + [Tj(z—h)| + [Dj(z)] < 3Cp

non-zero summands and, thus, we get

A < COr Comape 277263 Y (27977,



Since € > 0, A is bounded. To conclude the proof, we observe that

B < CrCemo3 Y 277 = 6Cr Comyo.
j=J

Thus, g € BY, .,(R) and, therefore, f € BL,  (R) with ||f|| g < C||(a, b)[ler, . for some constant C' > 0.

274 step, proof of “C”: similarly to Proposition 2.3 we oniy consider f € A(R) N L*(R). The uniform
bound for [(f, ¢x)| is obtained similarly to (20). To obtain the bound for [(f,; )|, we let DU {Wy}pen C
C°(R) be an auxiliary compactly supported orthogonal wavelet system with v vanishing moments (e.g.
Daubechies 2n-tap wavelets [11] with large enough n € N). & U {U,}sey satisfies the assumptions of
Theorem 1.1 and fulfills (I)-(V), with appropriate I'; and Cyupp > 0, Cp > 0, Cypy > 0 and Capp > 0.
Then, from (4), we have f(z) = fo(z) + §(z), = € R, where

fo@) = > (f,0m) dm(z) and Glz) = Y > (f,vhem) Pom(2).

meZ LeEN meZ

Thus, for every j € N and k € Z, we get

(ol < [CTos wand| + D0 D2 1 Beam) | @m0 -

LeEN mezZ

Let o € (1,s) \ N. Since both tight frames belong to C*(R) € C*(R), the function fy, which is locally the
finite sum of C“-functions, belongs to C*(R), and, by Theorem 2.1, there exists C; > 0, such that

sup|(fo,vin)| < Cr 279004 < ¢y 277t e
keZ
Moreover, by Theorem 1.1 and due to f € A(R), there exists Co > 0 such that
sup |(f, em)| < C2273, (€N
meZ
Thus,

(fobs)] < CL2% + Co > 278 S [(Wrm. )]

£eN meZ

J—1 00
= a2t 1 (Y S Wil + S 2 S (Wl |

=1 meZ l=j meZ

= 1278 + G, (A + B).
The sums in (23) over m have at most
ITe(supp(n))] < Cr (2° [supp(¥n)] + 1) < O (Coupp 277 + 1)

non-zero summands. When ¢ < j, by assumption (V) for Jg,m and (22) with f = {p}ym, due to Theorem 2.1,
we have

|<Jf,mij-,k>| < Cum,a 27j(a+%)”&f,m“ca < Cvm,a 5sm,a Q(Zij)(aJr%)a
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uniformly in m and k. Thus, substituting ¢ = j — ¢, we obtain

j—1

[

A < Cuma O Coma Y 273 207000%8) (0, 277 4+ 1)

=1

S , (24)
= Ovm,a CF Csm,a 2772 Z 2" (e=1) ( Csuml 277 +1 )
=1

< Cd 2_j%7

for some C3 > 0, due to the fact that o > 1.
On the other hand, when ¢ > j, using (II) and (V), we get

|<&Z,m7¢j,k>| S CSm,O 5sm,0 2(j+€)/2 min (Csupp2_jaésupp2_€) = C4 2(j_€)/27

uniformly in m and k. Thus, after the substitution ¢ = ¢ — j, we obtain

B < CiCr Y 27% (Cupp 2 + 1) 207072

l=j
(25)
= CiCr2778 3 272 (Chpp 2™ + 1) < 052793
m=0

for some constant Cs > 0. Combining (23), (24) and (25) we finally get

sup [(f, V)| < (C1+ CaCs + CoCs) 2775 | jeN.

€
Thus, the claim follows, i.e., there exists a constant C' > 0 such that || f||pr _ > Cl/(a,b)|[s _- O
Remark 3.2. The norm equivalence between the Besov norm || - [|pr, _ and || - [ler, _, 7 € (0,00), is a

consequence of Theorem 1.2 and the Open Mapping Theorem.

4. Holder-Zygmund regularity of semi-regular subdivision

In this section, we show how to apply Theorem 1.2 for estimating the Holder-Zygmund regularity of a
semi-regular subdivision limit from the decay of its inner products (frame coefficients) with respect to a
given tight frame F satisfying (I)-(V) for some s > 0 and v € N. In Subsection 4.1, in a general irregular
setting, we discuss how to obtain such regularity estimates using the result of Theorem 1.2. In Subsection
4.2, we introduce a method for computing the frame coefficients in the semi-regular case. In Subsection 4.3,
we illustrate our results with examples of semi-regular B-spline, Dubuc-Deslauriers subdivision and semi-
regular interpolatory schemes based on radial basis functions. The latter example in the regular setting
reduces to the construction in [19].

4.1. Optimal Hélder-Zygmund exponent: two methods for its estimation

Definition 4.1. Let f € L*(R). We call optimal Hélder-Zygmund (regularity) exponent of f the real
number

r(f) = sup{r>0: fe B (R)}

11



Assume that r(f) € (0, min(s,v)) and that we are given
v = sup [(f, ¥, JEN
keZ

By Theorem 1.2, for every € > 0, there exists a constant C'. > 0 such that, for every j € N,
, 1
3 < Cor it e (s - et ) = lor(C < ~loms(a,) (26)

From (26) we infer that searching for (f) is equivalent to searching for the largest slope of a line lying under
the set of points {(j, —logs(7;))}jen. With this interpretation in mind, the natural approach (see e.g. [11])

to approximate r(f) is to compute the real-valued sequence {r, (f)}nen, where r,(f) — 3 is the slope of the

regression line for the points {(j, —logy(7;))}; "+1. This method is robust, i.e. for larger n the contributions

of the levels j > n become less significant, thus the difference between rn( f) and r,41(f) is small and we
are able to estimate the overall distribution of {(j, —log,(v;))}jen. However, examples in Subsection 4.3
illustrate that the convergence of {r,(f)}nen towards r(f) is very slow. One of the main reasons for such a
behavior is the value of the unknown C., which can be significant, e.g when f ¢ Bgc(nfo)o (R).

An alternative approach for estimating the Holder-Zygmund exponent is given by the following Propo-
sition.

Proposition 4.1. Let r(f) be the optimal Hélder-Zygmund exponent of f € C°(R). If

n 1
0<r*(f) = lim log2< i > -5 < min(s,v) ,

then r*(f) = r(f).

Proof. We first prove that r*(f) < r(f) and then, by contradiction, that »*(f) = r(f).
Let € > 0. We consider the series

S6H () - = Y0 PO o, (27)

By the assumption, we obtain

2(n+1)(r*(f)76+%) " . n
lim il _ o ()ebs gy T gee (28)
n— oo Qn(r f) e+2) Y n—oo  Yp

Thus, by the ratio test, the series S(r*(f) — €) in (27) converges for every € > 0. Consequently, the non-
negative summands of S(r*(f) — €) are uniformly bounded, i.e. there exists C. > 0 such that

1 < C2 T e,

Therefore, by Definition 4.1 and by (26), r*(f) < r(f).

On the other hand, by (26), if »*(f) < r(f), then there exists § > 0 and a cosnstant Cs > 0 such that
Yy < Cp2 U e,

Therefore, similarly to (28), we obtain that the series S(r*(f) + ¢6/2) diverges and at the same time is
majorized by

S(( +5/2 r(f++),y<0522]5/2

Jj=1

= HMg

Thus, due to this contradiction, r*(f) = r(
12



The advantage of the approach in Proposition 4.1 is that it eliminates the effect of the constant C in
(26). Even though the existence of 7*(f) is not guaranteed and the elements of the sequence

* n 1
rn(f)_10g2<’y )_2’ TLGN,

Tn+1

can oscillate wildly, our numerical experiments in Subsection 4.3 provide examples which illustrate the cases
when {r} (f)}nen converges to r(f) rapidly. The convergence in these examples is much faster than that of
the linear regression method.

Remark 4.2. The series in (27) with e = 0 becomes

s0) = {20 1407 000 b 1 )

JEN 01 ’

This norm appears in the characterization of B’ ;(R) in Theorem 1.1 and correspond to (a,b) € £, 1,
r € (0,00). Even if the case p = 0o and ¢ = 1 is not covered by Theorem 1.2, this observation is consistent
with B) . (R) C By . (R) for ¢1 < go.
4.2. Computation of frame coefficients: semi-reqular case

Assumptions (I)-(V) do not require the semi-regularity of the mesh and all the above results hold even
in the irregular case. To use the presented results in practice, however, we need an efficient method for
computing the frame coefficients

{ax = (f, x) fren  and  {bjx = (f, V) ) }jenkez-

If the functions ¢y, or v;, are defined implicitly as limits of irregular subdivision, suitable quadrature rules
are not available in the literature. In what follows, we focus on semi-regular refinable functions, which are
e.g. [12, 29] generated by subdivision schemes on meshes of the type (1). Such convergent iterative processes
define compactly supported, uniformly continuous basic limit functions {(x(x) : k € Z} with the properties

(i) there exists a bi-infinite matrix Z such that the bi-infinite column vector [(;(z) : k € Z] satisfies

[Ce(x) : keZ] = (Z))7 [(272) : ke€Z], z€R, jeN; (29)

(ii) 1 is the unique largest eigenvalue of Z in absolute value with the corresponding eigenvector 1 all of
whose entries are equal to 1

1=71 and (Ch(272) - kezZ)T1 = 1, (30)

(iii) there exist k¢(Z), k.(Z) € Z, k¢(Z) < k,(Z) and bi-infinite vectors zs, z, such that

Crezy (@ + hy (ke(Z) — k) ) for k < ke(Z)
Ce(x) = , TER,
Ck,,,(Z)( z + hy (ke(Z)—k)) for k> k. (Z)

and
Zg( T+ 2 (k‘g(Z) — k‘) ) for k < k‘g(Z)
Z(i,k) = , 1€
z.(i + 2 (k- (Z)—k)) fork>k.(Z)

A wavelet tight frame F is based on another semi-regular subdivision scheme with limit functions {¢) : k € Z}
and bi-infinite subdivision matrix W such that the assumptions (i)-(iii) are satisfied. The framelets ¥; that
belong to F are constructed from the re-normalized bi-infinite column vector

O =D V[p : keZ with D — diag(d), d(k) = / on(@) dz, k€ Z. (31)
R
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via the the bi-infinite matrix Q through the relation
U, = 22QT ®(27) ie. U; =277 ¥,27 ), jeN, (32)

see [9] for more details. Now we are ready to present an algorithm for determining the frame coefficients of
the basic limit functions in [(; : k € Z].

Proposition 4.3. For every j € N, i, k € Z, we have < (;, ¢, > = C;(i,k), where
C;, = 2792 (z)H)T G D™Y2 Q,
with the cross-Gramian G = (G(i,k)) = (G, ¢r))-

Proof. Applying (32), the substitution y = 27z, (29) and (31), we get

/[g(m) ez V() de = 2977 / [Ci(z) : keZ]®(2x)T de Q
R R
= 2792 / [G(277y) - ieZ]D(y)" dy Q
R
— 92 (zi)T / Cily) ¢ i€2) BT dy Q

_ 92 (giyT /R GW) ¢ i€ louly) : keZ)” dyD M Q

= 2792 (zHTGD V2 Q.
O
To determine the cross-Gramian G in Proposition 4.3 we use a strategy similar to the one in [28] which

yields the linear system

G = %ZTGP.

See [28] for more details.

4.3. Numerical estimates

For simplicity of presentation, in this subsection we choose hy = 1 and h,, = 2 in (1). The tight wavelet
frame families F used for our numerical experiments are constructed in [28] from the Dubuc-Deslauriers
2L-point subdivision family, L € N. These semi-regular subdivision schemes satisfy (i)-(iii) from Subsection
4.2. The frame families F fulfill assumptions (I)-(V) and are constructed as in (32). Moreover, there exist
ke(Q), k- (Q) € Z, ki(Q) < E,(Q) such that

V1T + he (ke(Q) —K)/2) for k < ke(Q), k= k(Q) mod 2
br@or(@ + he (ke(Q) = 1=k)/2)  for k< ke(Q), k# k(Q) mod 2
VS (e b b Q) - B)/2) fork > (Q) k=k(Q) mod2 0 "EF

Y1 +1(z + by (ke (Q)+1—k)/2) for k> k. (Q), k#k-(Q) mod 2

In particular, we only have 3 + k,.(Q) — k¢(Q) different framelets, i.e. different refinement equations. This
fact together with (iii), (31) and (32) guarantee that assumptions (IT)-(V) in Section 1 are fulfilled.

14



The optimal Holder-Zygmund exponents of the refinable functions in Subsections 4.3.1 and 4.3.2 are
known. These examples are used as a benchmark to test our theoretical results. In Subsection 4.3.3, we
present a construction of new families of semi-regular radial basis (RBF) refinable functions (generated
by interpolatory RBF subdivision schemes) and determine their optimal Holder-Zygmund exponents. The
numerical computation were been done in MATLAB Version 2018a on a Windows 10 laptop.

4.3.1. Quadratic B-spline scheme

The quadratic B-spline scheme generates basic limit functions which are piecewise polynomials of degree
two, supported between four consecutive knots of t in (1). The corresponding subdivision matrix Z is
constructed to satisfy these conditions. There are k,.(Z) — k¢(Z) — 1 = 2 irregular functions whose supports
contain the point t(0) = 0 and it is well known that these functions are C*~¢(R), € > 0, thus their optimal
exponent is equal to 2.

081
[ 1/4 ]
3/4 sl
3/4 1/4 , |
1/4 3/4 A
_ L 5/6 1/6 04f S
Z(—6:3,-3:0) = Vs 203 )
3/4 1/4 02t 0 .
1/4 3/4 y
3/4 o _— | )
L 1/4 -2 0 2
n | rn(C—2) | ma(C-1) n | 7 (Crz)+1) | Tn(Crpz)+2)
1 | -0.9004 | 0.8333 1 -0.9004 0.8333
2 | -0.0362 0.5235 2 0.8280 0.2136
3 | 0.6611 0.9355 3 2.0000 2.0001
4 | 1.0683 1.2308 4 2.0000 2.0000
5 1.3178 1.4250 5 2.0000 2.0000

Figure 1: Semi-regular quadratic B-spline functions on the mesh t with hy = 1 and h, = 2 analyzed with the semi-regular
Dubuc-Deslauriers 6-point tight wavelet frame. Top row: part of the subdivision matrix Z that corresponds to the non-shift-
invariant refinable functions around 0 and the graphs of these functions (—2 and (—1. Middle row: estimates of the optimal
Holder-Zygmund exponents of (—o and ¢_1 via linear regression (on the left) via the method in Proposition 4.1 (on the right).
Bottom row: graphs of the estimates of the Holder-Zygmund exponents.

On Figure 1 we give the estimates of the optimal Holder-Zygmund exponents by both the linear regression

method and by the method in Proposition 4.1. For the analysis we used the semi-regular tight wavelet
frame constructed from the limits of the semi-regular Dubuc-Deslauriers 6-point subdivision scheme. This

15



toy example already illustrates that the method proposed in Proposition 4.1 reaches the optimal exponent
in few steps, while the linear regression method converges much slower.

4.3.2. Dubuc-Deslauriers 4-point scheme

In [29], the subdivision matrix Z of the semi-regular Dubuc-Deslauriers 4-point scheme is obtained by
requiring that Z is 2-slanted, has at most 7 non-zero entries in each column and Z(2i,k) = 6, i, k € Z,
Z t* = (t/2)° for a € {0,...,3} with t in (1). In this case, there are 5 irregular (non-shift-invariant)
refinable functions depicted on Figure 2. Due to results in [12], it is well known that the optimal exponent
of all these irregular functions is equal to 2. Again, the method in Proposition 4.1 remarkably outperforms
the linear regression method.

4.3.3. Radial basis functions based interpolatory schemes

Using techniques similar to [28, 30], we extend the subdivision schemes [19, 20] based on radial basis
functions to the semi-regular setting. Let L € N. We require that the subdivision matrix Z satisfies
Z(2i,k) = 6, for i,k € Z. To determine the other entries of the 2-slanted matrix Z whose columns are
centered at Z(2k, k), k € Z and have support length at most 4L — 1, we proceed as follows. We first choose
a radial basis function g(x) = g(|z|), € R, which is conditionally positive definite of order n € N, i.e.,
for every set of pairwise distinct points {x;}X.; C R and coefficients {¢;}Y.; € R, N € N, there exists a
polynomial 7 of degree at most 77 — 1 such that

and the function g satisfies

i=1 k=1
The next step is to choose the order m € {n,...,2L} of polynomial reproduction and, for every set of 2L
consecutive points t(k—L+1), ..., t(k+L), k € Z, of the mesh t in (1), solve the linear system of equations
A B u r
= (33)
BT o v S

with
{A(@,7) = g6(k—L+1i)—t(k—L+37)) tij=1,.20, {B(,j) = t(k—L+ i)/t Yi=1,..2L, j=1,...,m;

{r@@) = g(zx —t(k— L+4)) Yiz1, 20, {s(j) = 2, ' }j=1,..m and
zp = (t(k)+t(k+1))/2.

Lastly, the vector u contains the entries of the 2k + 1-th row of Z associated to the columns k — L + 1 to
k+ L.

Remark 4.4. (i) Determining the rows of Z by solving the linear systems (33) for k € Z guarantees the
polynomial reproduction of degree at most m — 1. Indeed, the condition BT u = s forces Z to map samples
over t of a polynomial of degree at most m — 1 onto sample over the finer knots t/2 of the same polynomial.
(43) If m = 2L, the system of equations BY u = s coincides with the one defining the Dubuc-Deslauriers
2L-point scheme in [28]. In this case, the system B” u = s has a unique solution, which makes the presence
of A, i.e. of the radial basis function g obsolete.

(zii) If m < 2L, the structure of the irregular limit functions around 0 reflect the transition (blending)
between the two (one on the left and one on the right of 0) subdivision schemes of different regularity, see
Example 4.1. This depends on the properties of the chosen underlying radial basic function g. For example,
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the blending produces no visible effect if g is homogeneous, i.e. g(Ax) = |A|g(x), A € R. In this case, for
A > 0, the linear system of equations

M o] [A B] [T o I o u M 0] [r
= (34)
0 L| BT o] |0 L/A| [0 AL7!| |v 0 L| |s

with the identity matrix I and L = diag([\'];=1,_,») is equivalent to the system in (33) for the mesh At.
The structure of the linear system in (34) implies that u is the same as the one determined by (33).

(iv) The argument in (¢i¢) with L = I shows that the subdivision matrix obtained this way does not depend
on the normalization of the radial basis function g, i.e. all functions A\g, A > 0, lead to the same subdivision
scheme.

Example 4.1. We consider the radial basis function introduced by M. Buhmann in [4]

122 log || — 212* + 32z — 1222 + 1, if |2| <1,

g(x) = (35)
0, otherwise,

and choose L = 2 and m = 1. The resulting irregular functions (_o,...,(2 are shown on Figure 3. The
structure of ¢y illustrates the blending effect (described in Remark 4.4 part (4i7)) of two different subdivision
schemes meeting at 0. Figure 3 also presents the estimates of the optimal Hoélder-Zygmund exponents
of (_9,...,(s. These exponents are determined using the tight wavelet frame [28] based on the Dubuc-
Deslauriers 4-point subdivision scheme. We again observe the phenomenon that the method in Proposition
4.1 converges faster than the linear regression.

Example 4.2. Another radial basis function that we consider is the polyharmonic function g(z) = |z|,
x € R. The corresponding irregular part of the interpolatory subdivision matrix Z is determined for L = 2
and m = 3, see Figure 4. Note that the regular part of the subdivision matrix Z (see the first and the
last columns corresponding to the regular parts of the mesh) coincides with the subdivision matrix of the
regular Dubuc-Deslauriers 4-point scheme. Due to the observation in Remark 4.4 part (iii), the absence of
the blending effect is due to our choice of a homogeneous function g. We would like to emphasise that the
resulting subdivision scheme around 0 is not the semi-regular Dubuc-Deslauriers 4-point scheme, compare
with Figure 2. Indeed, the polynomial reproduction around 0 is of one degree lower. We also lose regularity
(the Dubuc-Deslauriers 4-point scheme is C*~¢, ¢ > 0) but overall the irregular limit functions on Figure 4
have a more uniform behavior than those on Figure 2. We again observe that the method in Proposition
4.1 yields better estimates for the optimal Holder-Zygmund exponent, see tables on Figure 4.

Similar results, enlightening the viability of our method, appear for a large number of other members of
the semi-regular families of subdivision schemes (i.e. B-splines, Dubuc-Deslauriers and interpolatory schemes
based on (inverse) multi-quadrics, gaussians, Wendland’s functions, Wu'’s functions, Buhmann’s functions,
polyharmonic functions and Euclid’s hat functions [14]). For the interested reader, a MATLAB function for
the generation of semi-regular RBFs-based interpolatory schemes is available at [27].
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Figure 2: Semi-regular Dubuc-Deslauriers 4-point limit functions on the mesh t with hy = 1 and h, = 2 analyzed via the
semi-regular Dubuc-Deslauriers 6-point tight wavelet frame. Top row: part of the subdivision matrix Z that corresponds to
the non-shift-invariant refinable functions around 0 and the graphs of these functions (_2,...,(2. Middle row: estimates of
the optimal Holder-Zygmund exponents of (_a,..., 2 via linear regression (on the left) via the method in Proposition 4.1 (on
the right). Bottom row: graphs of the estimates of the Holder-Zygmund exponents.
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Figure 3: Semi-regular interpolatory subdivision scheme based on ¢ in (35), L = 2, m = 1, on the mesh t with hy = 1 and
hy = 2 analyzed via the semi-regular Dubuc-Deslauriers 4-point tight wavelet frame. Top row: part of the subdivision matrix Z
that corresponds to the non-shift-invariant refinable functions around 0 and the graphs of these functions (_g,...,(2. Middle
row: estimates of the optimal Holder-Zygmund exponents of (_2,...,(2 via linear regression (on the left) via the method in
Proposition 4.1 (on the right). Bottom row: graphs of the estimates of the Holder-Zygmund exponents.
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Figure 4: Semi-regular interpolatory scheme based on the polyharmonic function g(z) = |z|, L = 2 and m = 3 on the mesh t
with hy = 1, h, = 2 analyzed with the semi-regular Dubuc-Deslauriers 6-point scheme. Top row: part of the subdivision matrix
Z that corresponds to the non-shift-invariant refinable functions around 0 and the graphs of these functions (_g,...,(2. Middle
row: estimates of the optimal Holder-Zygmund exponents of (_2,..., (2 via linear regression (on the left) via the method in
Proposition 4.1 (on the right). Bottom row: graphs of the estimates of the Holder-Zygmund exponents.
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