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Interpolatory subdivision schemes with infinite masks
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A generic technique for the construction of diversity of interpolatory subdivision schemes
on the base of polynomial and discrete splines is presented in the paper. The devised schemes
have rational symbols and infinite masks but they are competitive (regularity, speed of con-
vergence, computational complexity) with the schemes that have finite masks. We prove ex-
ponential decay of basic limit functions of the schemes with rational symbols and establish
conditions, which guaranty the convergence of such schemes on initial data of power growth.
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1. Introduction

Subdivision started as a tool for efficient computation of spline functions. Now it
is an independent subject with many applications. It is being used for developing new
methods for curve and surface design, approximation, generating wavelets and multires-
olution analysis and also for solving some classes of functional equations. Interpolatory
subdivision schemes (ISS) are refinement rules, which iteratively refine the data by in-
serting values corresponding to intermediate points, using linear combinations of values
in initial points, while the data in these initial points are retained. Non-interpolatory
schemes also update the initial data, in addition to the insertion values into intermediate
points. Stationary schemes use the same insertion rule at each refinement step. And
a scheme is called uniform if its insertion rule does not depend on the location in the
data. To be more specific, a univariate stationary uniform subdivision scheme with bi-
nary refinement S, consists in the following: A function f/ that is defined on the grid
G/ = (k)2 ez fI(k)2)) = fkj, is extended onto the grid G/*! by filtering the array

(i ez
=D aaf €))

leZ
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This is one refinement step. Next refinement step employs f/*! as an initial data. The
filter a = {ax}rez is called the refinement mask of S,. We define the z-transform of a
sequence [ := {fi}xez belonging to the space /; of summable sequences as f(z) :=
> rez 2tax. The z-transform of the mask a(z) = Y, ; z"ay is called the symbol of
S,. Throughout the paper we assume that z = e, If f/ and f/*! belong to [, then
equation (1) is equivalent to the following relation in the z-domain:

@) =a@) f/ (). 2)

If the subdivision scheme is interpolatory, then ay = 1, ay; = 0 Yk # 0. In this case, the
symbol is represented by the sum

aiz) =1+ zU(zz), where U(z) := szuk, Uk = Ay1, 3)
keZ

and the insertion rule (1) is split into two rules:

W= A = el e fM @ =P, M@0 =U07 0. @
leZ
Here /(). f{(z) and f](z) are the z-transforms of the arrays {f{}ez. {3 )eez,

{ fy41}kez, respectively.
The well-known interpolatory uniform subdivision scheme by Dubuc and Deslau-

riers [7] can be formulated in the following way:

Polynomial Insertion Rule. The polynomial spline Q?’ (x) of an even order 2r (degree
2r — 1) of deficiency 2r — 1 is constructed, which interpolates the function f J on the
grid G/: Q?’ (k/2’) = f!. Then, the samples f; ™ are defined as the values of the

spline: f{*' = Q¥ (k/2/+1).

We recall that a spline of order 2r of deficiency 2r — 1 is a continuous function
consisting of central arcs of interpolatory polynomials of degree 2r — 1. Even the first
derivative may have breaks at grid points. For the spline Q?’ (x) the mask a := {a;}
comprises 2r non-zero terms and the symbol a(z) is a Laurent polynomial.

Our construction is based on a simple idea: To replace the Polynomial Insertion
Rule by the following rule:

Spline Insertion Rule. We construct the polynomial spline of order p (degree p — 1)
V/(x) € CP7? of deficiency 1, which interpolates the function f/ on the grid G/:
Vjp (k/ 2{ )= fkj . Then, the samples k’ 1 are defined as the values of the spline: fkj =
Vj"(k/2f+1).

If a spline of even order Vf’ is used in this insertion rule then the limit function of
the subdivision scheme is the same spline VOZ’, which interpolates the initial data. But
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splines of odd order possess the property of super-convergence in the midpoints between
the interpolation points [17]. Due to this property, the limit function for a spline of odd
order is more regular than the spline itself. Moreover, employment of these splines
allows to achieve a certain approximation order and smoothness of a limit function with
lower computational complexity than by using splines of even orders. Therefore, splines
of odd order are more suitable for this scheme.

Together with the polynomial splines we explore the so-called interpolatory dis-
crete splines as a source for devising refinement masks [3,11]. The derived masks are
related to the Butterworth filters, which are commonly used in signal processing [12].

A seeming drawback in using interpolatory splines is that it requires a convolution
of the data with the infinite mask. But, due to rational structure of the symbols, this
obstacle could be circumvented by employing recursive filtering [3,13]. As a result, the
computational complexity implementing these schemes is even lower than the complex-
ity of implementation of schemes with finite masks, which have comparable properties.

We analyze convergence and regularity of the designed subdivision schemes. Our
analysis is based on the technique developed in [8,9] for schemes with finite masks. The
extension of the technique to schemes with infinite masks requires some modifications.
We prove that the basic limit functions of subdivision schemes with rational masks decay
exponentially as their arguments tend to infinity. Obviously, this result is not surprising.
There are hints on that in [4,10]. But the author never saw a proof of this result. In some
sense a reciprocal fact was established in [5S]. Under certain assumptions exponential
decay of a refined function implies exponential decay of the refinement mask.

The rest of the paper is organized as follows. In section 2 we discuss properties
of polynomial and discrete splines, which are necessary for our construction, and devise
refinement masks for ISS’s using interpolatory splines. Section 3 is devoted to the in-
vestigation of convergence and regularity of subdivision schemes with rational masks.
In addition, the exponential decay of basic limit functions is proved. In section 4 we ap-
ply the above theory to the construction and analysis of three ISS’s with rational masks.
We compare their properties with the properties of two ISS’s by Dubuc and Deslauriers
and argue that the newly designed schemes are just competitive for applications with
schemes that have finite masks.

2. Refinement masks derived from polynomial and discrete splines

2.1. Auxiliary results

In this preparatory section we recall known properties of B-splines and establish a
few relations, which are necessary for the design of refinement masks and for the proof
of the super-convergence property of splines of odd order.

2.1.1. Some properties of B-splines
The centered B-spline of order p is the convolution M”(x) = MP~'(x) * M'(x),
p > 2, where M (x) is the characteristic function of the interval [—1/2, 1/2]. Note that
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the B-spline of order p is supported on the interval (—p/2, p/2). It is positive within
its support and symmetric about zero. Nodes of B-splines of even orders are located at
points {k};cz and of odd orders at points {k + 1/2};cz.

The Fourier transform of the B-spline of order p is

MP(w) := / ” e O MP(x)dx = ( (5)

o0

sinw/2\"
)

We introduce two sequences, which are important for further construction:

o= M)}, . wh = {M”(k—i— 1)} :
2 keZ

Due to the compact support of B-splines, these sequences are finite. In table 2 in ap-
pendix B we present the sequences v” and w? for some values of p. The discrete-time
Fourier transforms of these sequences are

Y (w) = Ze_iwkM”(k) = P”(cos %),

w?(w) = Zx;ei‘”kMp (k + %) =2 QP (cos %) 6)

Here the functions P” and Q7 are real-valued polynomials. If p = 2r — 1 then P? is a
polynomial of degree 2r — 2 and Q7 is a polynomial of degree 2r — 3. If p = 2r then
P? is a polynomial of degree 2r — 2 and Q7 is a polynomial of degree 2r — 1.

The z-transform s of the sequences v” and w?

=D AMw. = _Xo.;sz”<k + %)

are the so-called Euler—Frobenius polynomials [14]. These polynomials were exten-
sively studied in [14,15]. In particular, the recurrence relations for their computation
were established as well as the following fact.

Proposition 2.1 ([14]). On the unit circle z = e~ the following inequalities hold:
0<vP(z) < 1. @)

The roots of the Laurent polynomials v”(z) are all simple and negative. Each root ¢ can
be paired with a dual root 6 such that {6 = 1. Thus, if p = 2r — 1, p = 2r then v”(z)
can be represented as:

r

v’ (@) =[] yi(l + v (1 + vz "),

n=1 "

O<nl<hnl<-lnl=ef<l1 g>0. (8)
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2.1.2. Euler—Frobenius polynomials and their ratios

The following facts are needed to establish the approximation properties of the
forthcoming subdivision schemes that are based on the Spline Insertion Rule. Using (5)

we can write
! — — 1 2\?
M (X k) = L / eiw(xk)(M) o

| w/2
00 ‘ 1 ‘ . P(—1)P
— Z eanlx eanS(x—k) (SIIIJTE) ( ) dé
1= oo 0 n(l+§))P

1
:/ e_zmgl‘m)’c’(f)dé, where
0

00
mf(f) ::e2méx(sinn€>p Z e2mlx

|=—00

(=D

(Tl +E)r ®

Relation (9) means that M”(x — k) is a Fourier coefficient of the 1-periodic function
m?% (&) and this function can be represented as the sum

mlE) = Y e M (x +k). (10)

k=—o00

Equations (6) and (10) imply the following representations:

O vy = mt () = (sn2) S D7
PP(COS 2) = m°(2n> ) <Sm 2) 2 e v
w —iw/2 2 —iw w . ' (_1)1(P+1)
Q”<cos 5) =e U’ (w) =e ﬂ’”fﬂ(%) - (Sm E> 122_:00 (tl+ /2P

It is seen from (11) that

PP(1) =Q07(1) =1 (12)
‘We also introduce two rational functions:
or(y) » w’(z)
R? = = . 1
) Pr(y)’ Ur (2) @) (13)

In section 2.2 we show that the function 1 4 zU Ip (z?) is the symbol for the ISS based on
Spline Insertion Rule. It is readily verified that

e PU(e7) = RP(COS %) 1-zU/(z%) = 1= R(cosw), z=¢e . (14)
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Example.

Quadratic spline:

1+z7! (1+2)*
Ul =d4——= 1420} =——
1@ 7+ 64 z7! +2U; (&) #44+6z24+1
(z7'=2+42)>
I—ZU3 Z2 = .
/&) 246472
Cubic spline:

CE '+ DE " +2242)

0+ +4+27h
8(z+4+z1 ’

4 _ 4(.2
U/2) = o THaliE) = 8(z* + 422+ 1)

Spline of fourth degree:

16(z+104+z"H(1+2z7h
22+ 767 4+ 230 + 7621 4 772’
14+ +10z+1)
1+ zU3 (%) = )
WU (&) 25 + 7625 + 2302% + 7622 + 1

We observe that the symbols, originated from the splines of second and fourth
degrees (of orders 2r — 1, r = 2, 3, respectively), comprise the factors (z + 1)*". We
show that this factorization is common to splines of even degrees and results in the so-
called super-convergence property, which is valuable for subdivision.

U;(z) =

Lemma 2.1. If p = 2r — 1 then in the neighborhood of w = 0

or—1 o\ sin® /2 L,
1—R cos— | =—— A, +0O(sin" =] ),
2 P2 =1(cosw/2) 2

- @w=b 15
ri= ml 209 s (15)

where by is the Bernoulli number of order s.

The proof is given in appendix A. Recall that the degree of a Laurent polynomial
D e azF is defined as u + v.

Corollary 2.1. If p = 2r — 1 then the following factorization formula holds

_(—z4+2-z7")

1 —zU7'(2%) )

47A+(z-2+2")9" @), (16)

where g%(x) = 0 and ¢’ () is a symmetric Laurent polynomial of degree 2(r — 3) for
r>=3.
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Proof. The case r = 2 is explicitly presented in the above example. We have

v2r71 (22) _ Zw2r71 (ZZ)

1— ZU}V*](ZZ) —

p2r=1(z2)
s 2r
=1— RP(cosw) = %(Ar + O(sin2 a)))
(—z+2—-z"YH, _ .
= 47A, +0(z—2 .
V2 —1(22) ( +0(z—2+27))

The numerator of the rational function 1 —zU 12’*1 (z%) is a symmetric Laurent polynomial
of degree 4(r — 1). Thus, O(z —2+z ) =z —-2+2"YHq9"(2). U

We conclude the section by a fact about splines of even order.

Proposition 2.2. If p = 2r, then

14 RY <cos g) _ 2(cos w/4)*" P (cos a)/4)2’, (17)
P (cos w/2)
2r,\2r _ —1\r,2r
L zu2(2) = LEDTV@ ey @22 VTR g

- 22r—lzrv2r(z2) ’ 22r71v2r(z2)

Proof. From (11) and (12) we have
1+ RY (cos g) _ 7 0% (cosw/2) B 2(sinw/2)* Y20 (w2 + w/2)7

P (cosw/2) P2 (cos w/2)
2(cos w/H)> (sinw/H* >0 (Tl + w47
- P2 (cos w/2)
2(cos w/4)*" P (cos w/4)
- PZ (cosw/2)
Equations (18) follow immediately from definition (13) and equation (17). U

2.2.  Refinement masks derived from interpolatory polynomial splines

In this section we devise the refinement mask according to Spline Insertion Rule.
We also evaluate the approximation error at midpoints between points of interpolation
and prove the super-convergence property.

Shifts of B-splines form a basis in the space V7 of splines of order p on the grid

G/ = {k/2/}scz. Namely, any spline V" € V* can be represented as
VIi(x) = Z o MP(2/x —1). (19)
;

Denote ¢ = {c;};cz and let c(z) be the z-transform of ¢. We introduce the sequences
e’ = {ef = VI (k/2)lez, o = {of = V] (2k + 1)/ )}z and 57 = (s =
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V’7 (k/2/* Y }iez of spline values at the sparse-grid points, at the midpoints and on the
reﬁned grid {k/2/%"},cz, respectively. The z-transform of the sequence s? is

sP(z) = ep(zz) + zo” (zz). (20)
We have

1
e,f:chMp(k—l), of:chMp(k—l—f—E).
I I

Thus €”(z) = c(z)vP(z), and 0? (2) = c()w?(2).
From these equations we can derive expressions for the coefficients of the spline
VP, which interpolates a given sequence e = {e;} € I, on the sparse grid {k/2/};ez:

€ =ex, Yk € Z, & c(2)vP(z) = e(z) & c(z) = —() Z A en. (21)

n=—oo

Here, A7 = {Ap }rez 1s the sequence, which is defined via its z-transform:

AM(2) = Z A = v”(z)

k=—00

It follows from (8) that the coefficients {k,f }rez decay exponentially as |k| — oco. We
will prove a general statement about this fact in proposition 3.1. Substitution of (21) into
(19) results in an alternative representation of the interpolatory spline:

Vjp(x) = Z e L”(ij — l), where L?(x) := Z A MP(x —1). (22)

[=—00 I

The spline L?(x), defined in (22), is called the fundamental spline. It interpolates the
Kronecker delta §(k), that is L”(x) vanishes at all integer points except x = 0 where
L?(0) = 1. Due to the decay of the coefficients {Af }rez, the spline L?(x) decays ex-
ponentially as |x| — oo. Therefore, the representation (22) of the interpolatory spline
remains valid for the sequences {e;}iez, which may grow not faster than a power of k
[16] (the sequences of power growth). The values of the fundamental spline at midpoints
are

Z,f = L"<k+ %) = Z)J’Mﬁ<k—l+ %) LP(z) = w:((;) =U/(z), (23)
1

where Z”(z) denotes the z-transform of the sequence {Z,f }. Hence, the values of the
interpolatory spline at midpoints are

of = Y I1 e 0/ () = U (e 24
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The spline V/.’7 is interpolatory. Therefore, substituting (24) into (20) we obtain
sP(z) = af (2)e(z%), where a](z) := 1+ zU}(2%).

If a subdivision scheme S, is defined in accordance with the Spline Insertion Rule, which
was formulated in section 1, then the rational function af (z) is its symbol. The mask
ay = {al’}, is infinite but decays exponentially as |k| — oo.

Super-convergence property. The interpolatory splines of odd orders possess the so-
called super-convergence property, which is valuable for subdivision. Recall that in
general the spline of order p (degree p—1), which interpolates the values of a polynomial
of degree p — 1, coincides with this polynomial. However, we show that the spline of
odd order 2r — 1 (degree 2r — 2), which interpolates the values of a polynomial of
degree 2r — 1 on the equispaced grid, restores the values of this polynomial at mid-
points between the points of interpolation. We claim that the mid-points are points of
super-convergence of the spline ij’_l.

Denote by D? the operator of centered second difference: D? fi = fi_; — 2fi +
fx+1- Application of this operator in z-domain reduces to multiplication with the Laurent
polynomial D?(z) = z — 2 + z~!. The Laurent polynomial D*(z) = (z —2 +z7")"
corresponds to the 2r-order difference, which we denote as D*".

Theorem 2.1 (Superconvergence property). Let a spline ij”l of order 2r — 1 inter-
polate f(x) on the grid {k/2/};cz. If the function f is a polynomial of degree 2r — 1

then
2k + 1 2k + 1
2r—1 _
Vj ( S >_f(—2j+1 ) Vk € Z.

If f is a polynomial of degree 2r + 1 then

2k +1 2k + 1
2r—1 _ o
Vj < 2j+1 )_ f( 2j+1 ) AF,

where the constant F := D? f(x).

Proof. From equations (22)—(24) we obtain

2k +1 a1 {2k +1 2k +1 2r1
f< 2j+1 >_Vj <2,/+1 )‘ (2J+1> ZL

=2 i/ (Z,H) (25)

where

p |80, ifk=2,
STV -LP, ifk=20+1.
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Equation (25) means that to obtain the difference f((2k + 1)/2/*!) — 0,%’*1, we must
apply the mask g~ ! := {gz’ ez to the data {f(k/27* ")} 1ez and take odd samples
from the produced array. The series in (25) converges absolutely due to the exponential
decay of the coefficients of the mask g2 ~'. The symbol of the mask g* ~!is g2 ~!(z) =
1 —zU7 ' (z%). Due to (16),

1
2r—1 _ 2r—1
&7 = o 6,

G '2)=4"A(z-2+7z") +¢d @@ -2+ z_l)rﬂ.

Application of the filter g2 ~!(z) to the array { f (k/2/*!)};cz reduces to the subsequent
application of the filters G*~!(z) and 1/v*> = (z?). The result of application of the filter
G?*~1(z) is the array

k—1
e AT 2r r 2r+2
Ve =47 ADTf <2/+1> Z q/D (2/+1 )

I=—r+3

where {g; }z— -3 are the coefficients of the Laurent polynomial {¢"(z)}. If f is a poly-
nomial of degree 2r — 1 then y;, = O Vk. If f is a polynomial of degree 2r 4 1 then
Y« = 47"A, F Vk. The result of application of the filter 1/v*~!(z?) to the constant
47" A, F is the constant 4" A, F/v¥~'(1) = 4" A, F due to (12). U

Originally, this property was established by other means in [17].

Remark. The interpolatory splines of even order 2r do not have this super-convergence
property. They are exact on polynomials of degree 2r — 1 but also on splines of order 2r
in the following sense.

Theorem 2.2. Let f(x) = Vlz’ (x) be a spline of order 2r with nodes on the grid {k};c7z,
k € Z, and the initial data f? = f(k). Then, all the subsequent steps of subdivision

reproduce the values of this spline: f/ = f(k/2/), k € Z, j € N.
Proof.  Without loss of generality, assume that f(x) = L* (x) is the fundamental spline

of order 2r with nodes on the grid {k};cz. Due to the well known property of minimal
norm [2], the integral

u:/lﬂwWM</|wwWw,

where g(x) is any function such that g@”(x) is square integrable and g(k) = §(k). Let
F(x) be a spline of order 2r, which interpolates the values {¢; = f(k/2)}ircz. Then,

°° 2 * 2
v=/|Wme</|mmMm,
—00 —00
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where G(x) is any function such that G (x) is square integrable and G(k/2) = ¢.
Hence, v < u. On the other hand, F (k) = §(k) and, therefore, u < v. Thus,

/oo|f(r)(x)|2dx — /OO|F<’>(x)|2dx.

Hence, it follows that F(x) = f(x). Due to the representation (22), the assertion is
extended to any spline of order 2r, which interpolates the data of power growth. O

Remark. The above result remains true for splines, which interpolate initial data on a
non-equispaced grid.

2.3. Refinement masks derived from discrete splines

In this section we introduce refinement masks for ISS using the so-called discrete
splines. The discrete splines are defined on grids {k};cz and present a counterpart to the
continuous splines. For a detailed description of the subject, see [11].

The discrete B-spline B! = {B}’"} jez of first order is defined by the following
sequence:

1,n __
Bj =

{1 ifj=0,...,2n—1, neN,
0 otherwise.

The higher-order B-splines are defined as discrete convolutions by recurrence: B?" =
B x BP~1" Obviously, the z-transform of the B-spline of order p is

Bp’n(z):(1+Z+Zz+"'+zzn_l)p$ p:1727

If p = 2r, r € N, then the B-spline B?"" is symmetric about the point j = r where it

attains its maximal value. The centered B-spline M]g”" of order 2r is defined as a shift

of the B-spline:

2r, 2r, _
M/rn — B/:_:l, MZr,n(Z) =z rB2r,n(Z)‘

The discrete spline V" = {szr’"}kez of order 2r is defined as a linear combination,
with real-valued coefficients, of shifts of the centered B-spline of order 2r:

o0

2ron ,__ 2r,n
Vk = E Cle—an‘

[=—00

Let {e;}rez be a given sequence. The discrete spline V" is called interpolatory if the
following relations hold:

Vil =e, kel (26)

Proposition 2.3 ([11]). If the sequence {e;}icz is of power growth then there exists a
unique discrete spline of power growth V2" satisfying (26).
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The points {2kn};cz are called the nodes of the spline.

In this paper we explore only the case n = 1 and denote V¥ := V2! and
M? = M?'. One refinement step of the corresponding interpolatory subdivision
scheme consists in the following:

Discrete Spline Insertion Rule. Given the data f/ := { f,é" }kez of power growth, we
construct the discrete spline V" such that V¥ = f, k € Z. Then, the entries of the
refined array are defined as the values of the spline: f/ = V¥ k € Z.

Analysis, which results in the symbol of the ISS, is similar to the analysis in the

polynomial splines case but it is simpler. As before, we denote € = {¢" = szkr}keZ,

o = {of = VZZ,{’H},{Ez and 5% = {s?" = V2 }xez. If the spline V? interpolates the

sequence {ey}xez then

oo
& = Z clez(’,H) = ep &= (M (2) = e(2),

l=—00

where

M (%)= Z M = %(Mzr(z) + M* (—2))

[=—00
1
=570+ + (07 A= 0)Y),
The values of the spline at odd points are
oo
o =Y aM_p,, &= 0¥ (2) = (M (2), 27)
[=—00

where

o -1
r o r _ < r r
M7 (%) ._IZEOO: 2 MTQI+1) = 7(M2 (2) — M* (=2))
Z_l —r 2r —r 2r
= 5 (042" - (=71 -2)7).

Finally, we have

2r _rr2r 2r(.2\ . -1 (1 + Z)2r — (_1)7’(1 — Z)2r
7@ = Ui @) Uir() = 1427+ (=1 —z)>

Hence, the symbol of the ISS based on Discrete Spline Insertion Rule is

B 2(1 + )%
I+ 4+ (=1 =)

aj (2) =1+ zU7(2%)
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The following proposition, which was established in [3], characterizes the structure of
the denominator D, (z) := (1 4 2)* + (=1)" (1 — z)* of the symbol a¥ (z).

Proposition 2.4 ([3]). If r = 2p + 1, then the following representation holds:

p
1
D@ =4z [ [ (1 + vz ) (1 + 7).
k=1 "k
» (p+ k)

where y; = cot 7
r

<1, k=1,...,p.

If r = 2p then

P
1
D@ =2 [ (1 +3=) (1422,
k=1 "k

, 2p+2k — D

where y, = cot 2
r

<1, k=1,...,p.

The proposition implies, in particular, that the mask of the devised ISS decays
exponentially. The following relation

r —1y\r
R o P D A
(142 + (=Dl —2)¥
guarantees that the presented ISS is exact on polynomials of degree 2r — 1.

The refinement mask {aﬁ’ (k)}ez 1s closely related to the discrete-time Butterworth
filter, which is commonly used in signal processing [3,12]. To be specific, application of
this mask to a data array is equivalent to the subsequent forward and backward applica-
tion of the Butterworth filter of order r.

Examples. (1) r = 1. In this case the mask is finite, Uj(z) = (1+z7hH/2, aj(z) =
(1+42)%/2z.

(2) r = 2. In this case the mask coincides with the mask generated by the quadratic
polynomial spline: U j ()=U 13 (2)-

B3)r=3.

(z+D°
62°+2073 +67

(z+144+z7HA+z7hH
6271 +20467

US(z) = , aS() =

3. Convergence and regularity of subdivision schemes with rational symbols

3.1. Preliminary results

For the investigation of convergence and regularity of the presented subdivision
schemes we use the modified technique developed by Dyn, Gregory and Levin [8,9].
The difference is that, unlike these authors, we study subdivision schemes with infinite
but exponentially decaying masks. Therefore, in the sequel we restrict the admissible
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initial data to the sequences of power growth. It means that for a sequence {f}icz
positive constants A and M exist such that

|| < Mk (28)
In this section we analyze subdivision schemes that have rational symbols a(z) =
T (z)/ P(z) subject to the following requirements:

P1: The Laurent polynomials P(z) and T (z) are symmetric about inversion: P(z~!) =
P(z), T(z™") = T (2) thus they are real on the unit circle |z| = 1.

P2: The roots of the denominator P(z) are simple and do not lie on the unit circle
lz]| = 1.

P3: The symbol a(z) is factorized as follows:

a(z) = (1+2)q(), q) =1 (29)

In the sequel we will say that a subdivision scheme S, belongs to class P if its symbol
a(z) possesses the properties P1-P3.

The above properties imply, in particular, that the coefficients a; of the mask of
the scheme S, of class P are symmetric about zero. If P1 and P2 hold then P(z) can be
represented as follows:

r

PR =] yi(l + ) (1 + vz "),

n=1 "

O<Inl<lnl<-lnl=e*<1g>0. (30
Note that all the subdivision schemes introduced in section 2 are the schemes of
class P.
Proposition 3.1. If the symbol of a scheme S, is a(z) = T (z)/P(z) and equation (30)
holds, then the mask satisfies the inequality
lag| < Ae $H,
where A is a positive constant.

Proof.  Assume the degree t of T'(z) is less than the degree p of P(z). If equation (30)
holds, then the symbol can be represented as follows:

r

E : Ay A,z Er: + Zoo k_k ZOO k_—k
— n n — A —Vn A7 —y, —

n=1 n=1 k=0

oo r r
= (g +agz' ™). aqf =D Afvtiap =Y A7 (v,
k=0 n=1 n=1

r r
lai | < 1l DA < A M, fag | < 1y F Y JA ] < At 31

n=1 n=1
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If p > t then a polynomial of degree p — ¢ is added to the expansion (31). Obviously,
this addition does not affect the decay of the mask a(k) as k tends to infinity. U

Lemma 3.1. Let S, be the subdivision scheme, whose symbol is a(z) = T (z)/P(z) and
the Laurent polynomial P (z) satisfies properties P1 and P2. If equation (30) holds then
for any finite initial data f° the following inequalities hold:

|| < Ajesi (32)
Proof. The mask of the scheme S, decays exponentially: |a;| < Ae ¢!, Due to (2)

T1(2)
1@ =a@) %) = ,
() P1(z)
where T1(z) := T(z) f°(z%) and P,(z) = P(z). Hence, the roots of P;(z) are: p; = —Y,
1 < n < r, and, therefore, | fk1| < A;e ¢ The next refinement step produces the
following z-transform:

T>(z)
) =a@f'(??) = 2=, P =P@RP(Z).
P (2)
The roots of Py(z) satisfy the inequality |p?| < +/[y,] = e %2 Hence, |f}| <
Ae~¢¥/2_ Then (32) is derived by induction. O

Let S, be a subdivision scheme of class P and S, be the scheme with the symbol
q(z), which is defined in (29). Since the denominator of the symbol g(z) is the same as
the denominator of a(z), the mask {g;} of the scheme S, satisfies the inequality

lgx| < Qe¢l. (33)
Denote by A the difference operator: Afy = fii1 — fx-
Proposition 3.2 ([9]). If the scheme S, is of class P, then

A(Saf) = S;Af
for any data set f € /;.
Proof.  Obviously, (Af)(z) = (z — 1) f(z) and using (2) we have

(AS. f)(@)=(z— D(S.f)(2) = (z— Da@)f(*)
=q@) (2~ 1) f(%) = q@(AN)(P) & AGS.f) =S,Af. O

Denote || f/ o := maxiez, |fkj |. Equation (1) implies that

j+ j j+ j
= E ax—u fi S = E @py1-2 7 -

leZ leZ
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Hence, it follows

|77 oo < NSalll f/lloos  where [[Sall == max{Z jax, Z|azk+l|}-

keZ keZ

Similarly, after L refinement steps we have

|54 < ISE e where 55 = maxd Y a2, 0 <0 <25 1]
k

[L]
k

and {a; '} is the mask of the operator § j .

3.2. Existence and regularity of basic limit function

Let S, be a subdivision scheme whose mask is a = {a; }¢ez.

Definition 3.1. Let the initial data set be the Kronecker delta f° = {8 (k)}xez and f7(¢)
be the sequence of polygonal lines (second-order splines) that interpolates the data gen-
erated by S, at the corresponding refinement level: {f/(27/k) = fk] = (SJ O kez. If
{f7(¢)} converges uniformly to a continuous function ¢, (¢) then this function is called
the basic limit function (BLF) of the scheme S,,.

Remark. This definition is equivalent to more common definition via the difference be-
tween the limit function and the refined data at dyadic points ([6], for example).

We single out a particular class of spline-based ISS’s when the BLF exists and can
be explicitly presented.

Theorem 3.1. If the symbol of the ISS S,: a%’ () =1+ zUlzr(zz) is derived from
a polynomial interpolatory spline of order 2r then there exists the BLF ¢,(¢) of the
scheme, which is equal to the fundamental spline L>" (¢). Thus, the BLF ¢, € C*~2 and
decays exponentially as ¢ tends to infinity.

The theorem is a straightforward consequence of theorem 2.2.
In the rest of the section we establish the conditions for a subdivision scheme of

class P to have BLF, which decays exponentially.

Proposition 3.3. Let S, be a subdivision scheme of class P and S, be the scheme, whose
symbol is ¢ (z) and the mask is {gy }xcz. If for some L € N the following inequality holds

||SqLH = me{ZIQ,Ei]ZLkII 0<n<2L—1} =u <1, (34)
k
then there exists a continuous BLF ¢, (¢) of the scheme S,.

If the condition (34) holds, then the scheme S, is called contractive.
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The proof of this proposition is a slightly modified version of the proof of a related
assertion in [9].

Proof. We recall that due to lemma 3.1, the sequences f/ = SJ fObelong to I, Vj €
Z.. We have to show that the sequence of the second-order splines {f/ (1)} €Ty

which interpolate the subsequently refined data f/(277k) = fkj , k € 7Z, where
{ fk0 = §(k)}rez, converges to a continuous function as j — oco. Denote

D) = [T @) = (). (35)

The maximum absolute value of this piecewise linear function is reached at its break-
points. Therefore, if ¢ = 277/ (k+1), 0 <t <1,then

< ) L+ la
DI (0] < maX{sup|fz"k = S| sup| ol — =+ } (36)
ke, keZ 2
Let
J J
4 . . T4
mift =gl mil, = I sz“, kel
Then, the z-transform m/*!(z) is equal to
, , 1 7!
mM@ =1 (), @)= +2+2) =1+
and we obtain
sup| D/H ()| = || f7H —mIH| . (37)
teR

Since g(1) = 1, the function g(z) — (1 + z)/(2z) can be represented as (1 — z)r(z),
where 7(2) = ) ;s ryz ¥ is a rational function with the same denominator P(z) as the
symbol a(z) has. Hence,

Irel < Re s, (38)
Equation (29) implies
F@ —m ™ (@) = (1 + 29 — 1) f(?)
= +z)(q<z> - 1;:)]”'(%) =1+ -2r@ /(%)
=r(2)h’ (), (39)
where 7/ (z) = (Af/)(z). Combining (37) and (39) we derive
supl 1411 = 0] = [ £ = m | < pmax| £y - ]

=p|A(f)]. <plSH(AF)] .




492 V.A. Zheludev / Interpolatory subdivision

where p =), Irel. If (34) holds then

sup| [/ (1) — f10)] < o max [(Af°)"| < Cn' =l <10 (40)
teR 0<n<L 00
Equation (40) implies that the sequence of the second-order splines { f/(¢)} converges
uniformly to a continuous function f*°(¢). O

Proposition 3.4 ([8]). Let S, be a subdivision scheme of class P and in addition the
symbol factorizes as follows:

_ (1+z)’”b

a(z) o

(2).

If there exists the continuous BLF ¢, (¢) of the subdivision scheme S;, whose symbol is
b(z), then there exists the BLF ¢, (¢) of the subdivision scheme S,. The function ¢, (¢)
has m continuous derivatives

L) = > o= (,’;)m(z +n)

m
dr e
ast € R.

3.3. Exponential decay of the BLF

In theorem 3.1 we established an exponential decay of BLF of the ISS derived from
the polynomial interpolatory splines of even order. We prove that all the convergent
schemes of class P possess such a property.

Theorem 3.2. Let S, be a subdivision scheme of class P and S, be the scheme, whose
symbol is g(z) and the mask is {g}rez. If for some L € N the inequality (34) holds
then there exists a continuous BLF ¢, (¢) of the scheme S,, which decays exponentially
as |[t| — oo. Namely, if (30) holds then for any &€ > 0 a constant &, > 0 exists such that
the following inequality

|pa(r)| < D e~

is true.

Proof. To simplify the calculations, we assume that in (34) L = 1 (the case L > 1 is
treated similarly). Thus

15,1 =max{Z|q,i

k

,Zlqzl} =u<l @1

k

where g; := g and q{ = qo+1-
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We apply the subdivision to the initial data f® = {§(k)};ez. Due to lemma 3.1,
each second-order spline, which interpolates the refined data {f; ,JCE?, decays expo-
nentially as |f| — oo. Let us fix an index J € Z*. Equation (32) implies that if =

277k +1),0 <t <1, then

|7 @] < max{|f/|.

We prove that the difference d” (t) = ¢,(t) — f’(t) decays exponentially as t — oo.
For this purpose we analyze the local behavior of the function D/*!(¢) that was defined
in (35). Due to (36) it reduces to evaluation of the sequence y’/*':

2—J+1

— —J+1 —
}<AJC glki2 <on6 gt, oy = AJeg

J J
i1 Ji T i i
yith= M = T =%t ey
J+1 — [ = 2k,
Equation (39) implies that
Y@ =r@r/ (%), K@) =(SH(A)@). (42)

Denote
Y — j10 0_ . 7
o= {hi}keZ_S;h , hy =8(k+1)—8(k) and H,:= m]le|hk|.

The rest of the proof is split into four major steps;
1. Analysis of the sequence h’. Due to lemma 3.1 and inequality (41) we have

Wl < B =y < s <, “)

where B is a positive constant. Let k € Z,.. Then,

hit = Z qr-ah] < h3H = Z afhi_y  hayt = Z arhi. (44)

[=—00 l=—00 [=—00
We split the even subsequence into two sums:

—s—1

hyt' = x10) + x09). xls) = Zq,hk oxa(s) =Y gfhi L+ Z afhi_y.

I=—s |=—00 I=s+1

It follows from (43) and (33) that

o
)] < Bre s & Y T gp| < Bypett 0

[=—00

|x2(9)] < 2H, Z g | <

I=s+1
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Let s = k277 Then we have

- 2 J—1
| X2(5)| < myue¢2 ™ where n, = 1'“7%,
e
|X1(S)| < Bjuefg(l—z—!)kzﬂﬂ _ Bjuegkzizjﬂefgkzi”l.

Combining the estimates, we obtain
—2J+1 _on—J+l1
|h{,jl < p,(BJegk2 + 7]]) e k2,
The same estimate is true for the odd subsequence. Finally, we have
J+1 —gk2=/ k2727
|hk+ |<MBJ,BJe g " where 8; := (eg +7]j).
Similarly, we derive the inequality
J+2 2 —gk2=/1
|| < ByBsBrs1e”® ,
and after j iterations we get
j-1
J+j j —gk2=/ =i+l
|h ™| < u/Bye® HﬁJH-
=0

2. Evaluation of the sequence y'*'. As it follows from equation (42), the odd
terms of the sequence y’*/*! are

J+j+1 z : J+j
y2k+1 = 2141 hk—l . (45)
leZ

Recall that the filter r = {r;},cz satisfies the inequality (38). Thus, it is obvious that
equation (45) is similar to (44) and by similar means we obtain the estimate

j—1
J+j+1 i _ok2—J i+l
|y2k+1 | < pu'Bye® €j l_[:BJ—i-h (46)
=0
where
. J+i-1p )
. k22U +)+1 2pL k22 +)+1
p= E 7%, € = (eg + ez < Ce®
— €

keZ
and R is some positive constant. The even terms are subject to the same inequality

j—1

J4+i+1 : _ —J—j+1
v T < o Bye T e T ] Bua (47)
=0

3. Estimation of the difference D'/ (t) = f'Yi@) — /@) fort =
27/ (k+1),0 <7 < 1. Denote ¥}/ := max{|yé’,:;11|, |y2Jk+l|}.
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D' ] <Y < pBee M2 < CpB etk ek
<CpBef? e e, 48)

At the half-interval r = 27/~1(2k + 1;), 0 < 7; < 1, we have
|D7F2(1)| S Y3 < ppByBrere T < CppB est T emek
< CupB, (1 +ny)et+h2 " e, (49)

Employing Yzjkfl instead of YZJ,{Jr2 we obtain a similar estimate for the second half-

interval t = 277712k + 1 4+ 1), 0 < 1, < 1. So, inequality (49) is true on the whole
interval [k/27, (k + 1)/2’]. Denote the converging infinite product by

] o] i
ZMJ_H_JQ
Ny =] +ns4)) = 1'[(1 + ﬁ) > 1
j=0 j=0

and note that
o ) o0
l_[ eg(t-f‘l)szfj — exp (g(t + 1) Z 2_J_./> _ eg(t+l)27]+l‘
j=0 j=0
Then the estimates (48) and (49) can be combined as follows
|DHH ()| < CuI Ny pBes+3 2 ems =0, 1. (50)

One can observe that due to (46) and (47), inequality (50) is true for any j € N.
4. Completion of the proof. Inequality (50) enables us to evaluate the difference

d(t) = ¢ (t) — f7(1):
|d.](t)| < Z|DJ+1+j(t)|
=0

oo
- . C -
SNy pByet DI e} T Cp) = e (51)
j=0

Hence we derive that the BLF

@] < |f/ O] +]d? (1) < Bje™" + #e—g(l—f’” < @ye s,

— K
For any ¢ > 0 we can choose J(¢) € N such that g2=/ < ¢. Then we have
|6a(D)| < Ppe™ 7O O

3.4. Convergence of subdivision schemes

Now we are in a position to discuss the convergence of subdivision schemes with
rational symbols. As it was mentioned above, the initial data sequences are of power
growth (see (28)).
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Definition 3.2. Assume that the initial data f° = { fko}kez is of power growth. Let
f7(t) be the sequence of polygonal lines that interpolates the data generated by S, at the
corresponding refinement level: {f/(27/k) = fkj = (8! fO)}kez. If {7 (1)} converges
uniformly at any finite interval to a continuous function f°°(¢) as j — oo, then we say
that the subdivision scheme S, converges on the initial data f© and f°°(z) is called its
limit function.

Theorem 3.3. Let S, be a subdivision scheme of class P and S, be the scheme, whose
symbol is g(z) and the mask is {g;}rez. If for some L € N inequality (34) holds then
the scheme S, converges on any initial data f = { f};cz of power growth. The limit
function f°(¢) is of power growth and can be represented by the sum

RO =" f¢at =1, (52)

leZ

where ¢, (¢) is the BLF of the scheme S,,.

Proof. 'We denote by {¢,? = 8(k)}rez the delta sequence and by ¢/ := SC{ ¢°. The
function ¢/ (¢) is the second-order spline, which interpolates the data ¢/. The set of
splines ¢/ (¢) converges uniformly to the continuous BLF ¢, (¢). Equation (40) implies
that

sup|¢/ T (1) — ¢/ ()| < Cu/ = sup|d/ ()| < Ci!, 0 <p <1, (53)
teR teR

where d’(t) := ¢,(t) — ¢/(t). On the other hand, since both ¢, () and ¢’ (¢) decay
exponentially, we have

|d/ ()| < Coe™ VjeZt, 0<y <1 (54)

We can represent the initial data sequence as

R=Y 18

leZ

Hence, the spline, which interpolates the refined data £/, is

Fo=3"fle’a-n. (55)

leZ

The series in (55) converges for any ¢ due to the exponential decay of the spline ¢/ () as
t — oo. The series

F(t) =" f¢at = 1)

leZ
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also converges due to the exponential decay of the BLF ¢,(¢) and its sum F(¢) is of
power growth. We evaluate the difference X/ (1) := F(¢t) — f/(t) as |t| < T. We have

Xy= > fde—=Y/0t)+Z]®,
|=—00
—s—1

where Y/ (1) := Zf,odj(t—l), Zity =Y fdt-h+ Z fdi—1.

I=—s I=—00 I=s+1

Given a value ¢ > 0 we can, using inequality (54), choose the numbers s = s(7") such
that |Z] ()| < &/2, Vt € [T, T] Then, using (53), we choose J = J(s) such that

|Yj(t)|<8/2 Vj>J, Vt € [T, T). Thus |X/(¢)| <&, Vj > JVte[-T,T]. This
means that the sequence of second order splines f/(t) converges uniformly on [—7, T]
to the continuous function F () = f°°(¢). Il

Remark. Equation (52) implies that, provided the initial data belongs to /;, the limit
function is absolutely integrable.

Similarly, proposition 3.4 can be extended to the case when the initial data is of
power growth and the following representation

L ooty = > Hat =D,

m
d leZ

holds.

3.5. Evaluation of coefficients of subdivision masks via the discrete Fourier transform

The above propositions yield a practical algorithm for establishing the convergence
of a subdivision scheme and analyzing its regularity. The key operation is evaluation
of sums of coefficients of type (34) of the coefficients of masks. These sums can be
calculated directly for subdivision schemes with finite masks. But for infinite masks
different methods of evaluation of the coefficients are required.

Again we consider the case when the number L in equation (34) is equal to 1. The
cases with L > 1 are similarly treated. We assume that N = 27, p € N, and Zk stands

for ZN/ - 1 . The discrete Fourier transform (DFT) of an array x? = {xk }N/ 1
its inverse (IDFT) are

N2 and

p

p
1 - .
§ : 72mkn/N and xkp - § : e2mkn/Nx5‘
N
n

k

As before, y(z) denotes the z-transform of a sequence {y;} € [;. We assume that z =
e,
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The coefficients of the masks that we deal with are evaluated as follows:

larl <ay* = lal < ByY, B = : (56)

where 0 < y < 1 and a is some positive constant.

We need to evaluate the sums S,(a) = > 1o o laxl, So(@) = > 1o o lasytil.
We denote

A(w) = a(e_i“’) = IQJEZ—i“’i = Z e % g,
k=—o00

Let us calculate the function A at the discrete set of points

N/2-1
_A(ZJTI’Z> Z e—2n1kn/Na _ Z e—27t1rn/N

k=—o00 r=—N/2
o0
@y = Z ary N = 4y + %, wr = Z Ar4IN-
I=—00 1€Z,/0
It follows from (56) that
¥, <2Ba™ = la| = lo/ |+, o] <2By". (57)

The samples ¢ are available via IDFT: ¢; = Zp mikn/N g, . Using (57) we can
evaluate the sums we are interested in as follows:

N/4—1 00 N/A—1
Se(@)=">_ laxl+2 > laul= > loxl+pn.
k=—N/4 k=N/4 r=—N/4
N/4—1 o0
pv=Y_ len@O|+2 Y laxl, lonl <BWN +2)y".
r=—N/4 k=N/4

Hence, it follows that, doubling N, we can approximate the infinite series S,(a)
by the finite sum aeN (a) = Zi\’:/ 4:\,1/4 |@2k|, whose terms are available via DFT. An
appropriate value of N can be found theoretically using estimations of the roots of the
denominator P(z). But practically, we can iterate calculations by gradually doubling
N until the result of calculation oezN (a) becomes identical to oeN (a) (up to machine
precision). The same approach is valid for evaluation of the sum S,(a) and of the sums

> |q[L]2Lk| with any L.
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3.6. Approximation order of ISS’s

Definition 3.3. A convergent subdivision scheme $ has an approxirnation order n if for
any sufficiently smooth function F and the initial data f° = { fk Fkh)}iez

|(F =8> f)(x)| <Ch", xeR,

where the constant C may depend on F, n, x, and S but not on #.

Proposition 3.5 ([9]). The approximation order of a convergent subdivision scheme,
which is exact for polynomials of degree n — 1 is n.

Theorem 3.4. The approximation order of the subdivision schemes derived from the
polynomial interpolatory splines of orders 2r — 1 and 2r is 2r. The approximation order
of the subdivision schemes derived from the discrete interpolatory splines of order 2r
is 2r.

4.  Examples of spline-based subdivision schemes

In this section we describe in details properties of three interpolatory subdivision
schemes that are based on splines. We compare these properties with the properties of
the Dubuc and Deslauriers ISS’s.

4.1. Convergence and smoothness

Quadratic interpolatory spline. We label this scheme by PS3. The symbol of the
scheme is

(1+2)* (1+72)°
- =1 s =
744622 41 (142, ¢l 4+ 622+ 1

To establish the convergence we have to prove that the scheme S, with the rational
symbol g(z) and the infinite mask {g;}tcz is contractive. For this purpose we evaluate
the norms ||S(f | = max{})_, |ql!f]2Lk|} using DFT as it is described in section 3.5. Let us
begin with L = 1. In this case

a; (@) =14 zU} (%) =

2e™"/N cosdinn/N

1 +cos?2rn/N

A1
g\

— q(e—Znin/N) _
The sums Y o |q[l] | ~ Zf\’:/‘:vl“ |poksil, © = 0, 1, provided N is sufficiently
large. The values gy are calculated via IDFT: ¢ = N~! Y7 e>kn/N gllI Direct calcu-
lation yields the estimate: || S,; || < 0.7071. Thus, the scheme converges

To establish the differentiability of the limit function f°° of the scheme S, we have
to prove that the scheme S, with the symbol b'(z) = (14+2)~! a? (z) converges. For this
purpose we have to prove that the scheme S,1 with the symbol q'(x) =2(14+2)72 a? (2)
is contractive. The norm of the operator S,1 does not meet the requirement ||S || < 1.
But we succeed in proving that || 551 | < 0.6667. Hence the limit function f> € C'.
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But even a stronger assertion is true: the limit function £ € C2. To establish it,
we prove that the scheme S, with the symbol ¢*() =41 + )73 a? (z) is contractive.
As in the previous case our calculations lead to the estimation: IIsz || < 0.6667, which
proves the statement.

Interpolatory spline of fifth order (fourth degree): We label this scheme by PSS5.
The symbol of the scheme is

5 s(.2 (1+2)°%(2+10z+ 1)
—2nin/1v) 8cos® wn/N(5 + cos2nn/N)

= (14 2)q(2),

54 18cos22xn/N + cos*2mn/N’

Gn ZQ(C

As in the previous case, we find that the scheme with the symbol a3 (z) converges
and, moreover, the limit function > € C 4,

Discrete interpolatory spline of sixth order: We label this scheme by DS6. The
symbol of the scheme is

1+2)°
8(2) =1+zU%(2%) = ( :
ay(z) +zU3(z%) O TI0253)

This scheme also converges and the limit function f* € C*.
4.2. Implementation of subdivision s with rational symbols

Although the masks of the presented spline subdivision schemes are infinite, the
rational structure of their symbols enables to implement the refinement via the so-called
recursive filtering, which is commonly used in signal processing. We illustrate the proce-
dure on the example of the ISS PS3. Due to equation (24), in order to derive the refined
data { fzjkfrll }rez we have to perform the following filtering:

4d+z7hH 1+z7!
1 +6+z  (A+az)(l+az™h)’

and o =3 — 2«/5 ~ 0.172. In time domain filtering is conducted as follows: 2jk+1 =

fng(Z) = U?(Z)fj(z), where U?(Z) =

7 (k), fzj}{tll = s,{ , where the values s;f are derived from f/ by a cascade of elementary
recursive filters:

xe = 4o (fi + fil), Xp = X — oy, SU= X — sy

The cost to compute a value fzj,:l is 3 multiplications (M) and 3 additions (A). For
comparison, the 4-point Dubuc and Deslauriers ISS based on cubic polynomials, which
we label by DD3, requires 2M + 3A operations, but the regularity of the limit function
is inferior to the regularity of the limit function of the above scheme. The 6-point Dubuc
and Deslauriers ISS based on quintic polynomials, which we label by DDS5, produces
the limit function of approximately the same regularity as the spline ISS PS3. It requires
3M + 5A operations. The scheme DS6, which is based on the discrete splines, of sixth
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Figure 1. The basic limit functions: Left: 4-point ISS DD3. Center: 6-point ISS DDS5. Right: quadratic
spline ISS PS3.

Figure 2. Second derivatives of the BLF’s: Left: 4-point ISS DD3. Center: 6-point ISS DDS5. Right:
quadratic spline ISS PS3.

Figure 3. The basic limit functions of the sixth-order discrete splines ISS DS6 (left) and of the fifth-order
splines ISS PS5 (right).

order requires 4M + SA operations. However, it produces limit functions that belong
to C*. The scheme PS5 based on the polynomial splines of fifth order also produces
limit functions belonging to C* but its computational cost — 6M + 7A operations — is
higher than the cost of the implementation of DS6.

In figure 1 we display the basic limit functions of the Dubuc and Deslauriers 4-point
ISS DD3, of the Dubuc and Deslauriers 6-point ISS DD5 and of the ISS PS3 based on
quadratic splines (right picture). The second derivatives of the BLF’s are displayed in
figure 2.

It is well known that the second derivative of the BLF of the 4-point ISS DD3
does not exist. The BLF of the 6-point ISS DDS5 belongs to C*, o < 2.830. The second
derivative of the BLF of the quadratic spline scheme PS3 in figure 2 looks smoother than
BLF of the DD5 ISS. Thus, we conjecture that the BLF of PS3 belongs to C#, 8 > a.
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Figure 4. Fourth derivatives of BLF of the sixth-order discrete splines ISS DS6 (left) and of the fifth-order
splines ISS PS5 (right).

Table 1
Properties of the ISS’s. Left column contains the names of the ISS. The other five columns ck k =
0, ..., 4, describe the smoothness of the ISS’s. The column C k comprises the norm of the operator S,f (see
(34)) and the number of iterations L required to achieve the inequality ||S,f | = m < 1. The last column is
the number of operations required to derive filkj—ll from the array f J. Left: the number of additions, right:
the number of multiplications.

cv c! c? c3 c4 Comp. cost
ISS ||SqL I L ||SqL I L ||SqL I L sqL I L sqL I L Add.  Mult
DD3  0.625 1 075 2 - - - - - - 3 2
DD5 0.6953 1 06584 2 07109 2 - - - - 5 3
PS3  0.7071 1 0.6667 2 0.6667 2 - - - - 3 3
DS6 0.8333 1 0.6 2 08 2 06830 4 09512 11 5 4
PS5 08532 1 05965 2 0.8070 2 09962 3 08902 5 7 6

In figure 3 we display the basic limit functions of the ISS DS6 that are based on
discrete splines of sixth-order and of the ISS PS5 based on polynomial splines of fifth
order. The fourth derivatives of the BLF’s are displayed in figure 4. We observe that
the fourth derivative of the BLF of the sixth-order discrete splines ISS is of near-fractal
appearance. Nevertheless, it is proved that it is continuous.

Table 1 summarizes the properties of the presented interpolatory subdivision
schemes PS3, PS5 and DS6. For comparison we cite also the properties of the Dubuc
and Deslauriers ISS’s DD3 and DD5.

From (40) we see that the convergence speed of a subdivision scheme to a continu-
ous limit function is determined by the number of iterations L that are needed to achieve
the inequality ||.S, (f | = u < 1 and by the value of p. The smaller are L and u, the faster
is the convergence. We conjecture that these two parameters determine the Holder class
of limit functions. Our examples provide some support to this conjecture. Namely, for
the second derivative of the BLF of the scheme DDS5, L = 2 and p; = 0.7109 and for
the PS3, L = 2 and u, = 0.6667. The value i, < wu; and the graph of the second
derivative of the PS3 is smoother than the graph of DDS5. For the fourth derivative of
the BLF of the scheme DS6 L = 11 and for the PS5 L = 5. The graph of the fourth
derivative of the PS5 is much smoother than the graph for the DS6.
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5. Conclusions

A generic technique for the construction of diversity of interpolatory subdivision
schemes on the base of polynomial and discrete splines is presented in the paper. Al-
though the masks of the schemes are infinite, the refinement can be implemented in a fast
way using recursive filtering. The devised schemes are competitive (regularity, speed of
convergence, computational complexity) with the schemes that have finite masks, such
as the popular Dubuc and Deslauriers schemes. We prove that the basic limit functions
of schemes with rational symbols decay exponentially and establish conditions, which
guaranty the convergence of these schemes on initial data of power growth. We find that
due to the super-convergence property, the approximation order of the ISS based on a
spline of even degree is higher than the approximation order of the spline. Moreover,
the limit functions of the ISS are smoother than the spline itself. Actually, these limit
functions form a new class of functions, which deserves a thorough investigation. On the
other hand, the basic limit function of the scheme derived from a spline of odd degree
(even order) coincides with the fundamental spline.

The approach to construction of subdivision schemes that is developed in the paper
for the equally spaced initial data can be extended to a data that is defined on an irregular
grid. An actual problem is to evaluate the Holder exponents of limit functions of the
designed schemes.

Appendix A

Proof of lemma 2.1. Due to (11) and (12) we have

or—1 w P¥ Y (cosw/2) — Q¥ (cosw/2)
1—R" |cos= )=
2 PZ=l(cosw/2)
_ 2(sinw/2)" T,y (w)
N P2 =1(cos w/2) ’

nd 1

Tyi@) = ) T2+ 1) + w/2)> 1

[=—00

The function 73,_;(w) is infinitely differentiable at the point @ = 0 and in its vicinity
and the Taylor expansion holds

Sl N ()
Tyi(0) = ) ——a.
n=0 :

‘We can write

T 0) = (=" Y

[=—00

2 =12r — 1) 2r+n-2)
Qm (21 4 1))r—1+n
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Hence we see that

o0

1
LO = ) oy =0

[=—00

)

Similarly Tz(r2 fl (0) = 0 Yk € N. This is not the case for the derivatives of odd orders:

o0

Qk+) . @Cr=1)---Qr+k)—1) 1
T2r—T 0) =~ 22k (7 )20r+k) Z (21 + 1))20+0°

=0

Using a known formula [1]

i 1 B (22n _ 1)71211 |b |
QI+ 1) T 2emr

we get

Q=1 QR = 1) 2200 -1
22k 2Q2(r + k))!

(22(r+k) -1
T 2ED(r 4 k)2 —2)

2k+1
7,7500) = 2410

T1D2r 40

Finally, in the neighborhood of w = 0 we have

00 (k1)

_ P () R
T —1(w) = Z e ®
k=0

00 (22(r+k) - 1)
==Y L
= 22D (r k) (2r — 2)!(2k + 1!
o @—=
 4r(2r =2)!

24D o2 58
—SIHE[—m| 2r|+ (Sln 5)] ( )

|b2r |C() + 0(61)3)

Hence (15) follows. Il
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Appendix B
Table 2
Values of the sequences v and w? .

—4 -3 -2 -1 0 1 2 3 4
V2 0 0 0 0 1 0 0 0 0
v3 x 8 0 0 0 1 6 1 0 0 0
v x 6 0 0 0 1 4 1 0 0 0
v x 384 0 0 1 76 230 76 1 0 0
w0 x 120 0 0 1 76 230 76 1 0 0
v’ x 46080 0 1 722 10543 23548 10543 722 1 0
w3 x 2 0 0 1 1 0 0 0 0
w* x 48 0 0 1 23 23 1 0 0 0
w x 24 0 0 1 11 11 1 0 0 0
w® x 3840 0 1 237 1682 1682 237 1 0 0
w! x 720 0 1 57 302 302 57 1 0 0
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