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Abstract. We present interpolatory subdivision schemes (ISS)
based on interpolatory polynomial and discrete splines. These schemes
converge on any initial data of power growth, and limit functions are
regular. Although the masks of the ISS’s are infinite, the compu-
tational cost of their implementation is competitive with the cost of
schemes with finite masks.

§1. Introduction

A univariate stationary uniform ISS S, consists in the following: A function
f7 defined on the grid GI = {k/27}yem: f7(k/27) = fi is extended onto
the grid GI*! by filtering the array {f}:

= aeaf (1)

leZ

where a9 = 1, asx = 0 Vk # 0. This is one refinement step. The filter
a = {ay} is called the refinement mask of the ISS S,. The z-transform of
the mask (transfer function of the filter) a(z) = Y, 5 2" ai, is called the
symbol of the ISS S,. Eq. (1) is equivalent to the following relation in the
z—domain: fIt1(z) = a(2)f7(2?).

The well-known interpolatory uniform subdivision scheme by Dubuc
and Deslauriers (DD) [2] can be formulated in the following manner: The
polynomial spline Q?T(m) of even order 2r (degree 2r — 1) of deficiency
2r — 1 is constructed, which interpolates the function f7 on the grid GJ:
Q3" (k/27) = f]. Then the samples fIt" are defined as the values of the

spline: f7 ' = Q2 (k/2/%1).
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For the spline of order 2r the mask a comprises 2r + 1 nonzero terms.
In other words, the symbol of the subdivision scheme a(z) is a Laurent
polynomial.

Unlike DD, we construct a family of ISS’s using regular splines of defi-
ciency 1. Otherwise the construction procedure is similar to DD: We con-
struct the polynomial spline of order p ( degree p—1) of(x) € CP~2 which
interpolates the function f7 on the grid GJ: ’.’(k/Zj) = flg Then the

samples f,f;’L are defined as the values of the spline: f; = a? (k/27+1).
Note that nodes of splines of even orders coincide with the grid points,
and for odd orders are located at midpoints between the grid points.

A seeming drawback of using interpolatory splines is that it requires
a convolution of the array fJ with the infinite mask. But actually it does
not hamper the efficiency of implementation. On the other hand, the
ISS’s produced via such an approach enjoy remarkable approximation and
regularity properties.

§2. Refinement Masks Derived from Splines

B-splines. Denote by MP(zx) the central equidistant B—spline of order
p on the grid {k}*>°_. It is supported on the interval (—p/2,p/2) and is
positive within its support and symmetric around zero. The B-spline of
order p is the piecewise polynomial of degree p — 1 belonging to C?~2,
Nodes of MP(z) are located at points {k + p/2}.

We introduce two sequences u? = { MP?(k)} and w? = {MP (k+1/2)},
k € 74. Due to the compact support of B-splines, these sequences are fi-
nite. The z—transforms of the sequences u? and wP are the so called
Euler-Frobenius polynomials [6].

Proposition 1 ([6]). On the circle z = €™ the Laurent polynomials uP(z)
are strictly positive. Their roots are all simple and negative. Each root (
can be paired with a dual root 0 such that (0 = 1. Thus, if p=2r —1 or
p = 2r, then uP(z) can be represented as:

-1
1 _
H7— L4 7,2)(14+mz""), 0< | < g < 1. (2)

<

We also introduce the rational functions which will be employed in
the sequel: UP(z) = zwP(2%)/uP(2?).

Proposition 2. If p = 2r, then

(1 +z)2ru2r(z)
22r—12ru2r(22) ’ (3)

L+ U (z) =
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If p = 2r — 1, then the following factorization formulas hold:

qra(z—242z71)
- u2r—1(z2) ’ (4)

1=U" "N 2) = (2 =24+ 271)0,(2),  0p(2)

where q,_o is a certain polynomial of degree r — 2. The rational functions
¥,-(2) can be written in the form

eyl

Op(2) = A+ > _en(z—2+27")", A=
n=1
where b, is the Bernoulli number of order s. The series in (5) converges
for all z such that |z| = 1.

Interpolatory splines. Shifts of B-splines form a basis in the space S?

of splines of order p on the grid GJ = {k/27}. Namely, any spline of €8}
has the representation of(z) = 3, q(I) MP(2’xz —1). Let q = {q(I)},
and let ¢(z) be the z-transform of q. We also introduce the sequences
st = {sl(k) = oP(k/27)}, sb = {sb(k) = oP((2k + 1)/27"")} and s =
{sP(k) = oP(k/27T1)} of values of the spline on the grid points, on the
midpoints, and on the whole set {k/2771}. We have

CCEDSUURETSUNIEES SR (R ) B

l l

st(z) = a(2)uP(2),  sh(z) = q()wP(z), s"(2) = sE(2?) + 25 (2%)

From these formulas, we can derive an expression for the coefficients of a
spline ¥ which interpolates a given sequence e = {e(k)} € [; at GJ:

AP (k/2) = e(k) = a(2) = Sk gy = 30 W (I~ m)e(n).

uP(z)

n=—oo

Here AP = {A\P(k)} is the sequence defined via its z—transform: A\P(z) =
e 2 kAP(k) = 1/uP(2). Tt follows immediately from (2) that the
coefficients {\P(k)} decay faster than any power of k as |k| — oo. For the
values of the spline in the midpoints we have s2(22) = wP(22)/uP(2?)) =
27 1U?P(2)e(2?%). Substituting this relation in (6), we express one refinement
step as follows: fIT1(z) = a¥(2)f7(2?), a¥(z) =1+ U?(z). The function
a?(z) is the symbol of the ISS which is based on the interpolatory spline
of order p. This is a rational function of z, and the corresponding mask
al = {ax} is infinite. Since the subdivision schemes are interpolatory, it is
sufficient to derive only values in the midpoints. This can be achieved by

filtering the array fJ with the filter whose transfer function is 2= 1U?(2).
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Remark. Similar construction can be carried out based on discrete
rather than polynomial splines [5,1]. Without going into details we present
filters derived from discrete splines of even orders. The discrete spline of
order 2r provides the filter with the transfer function

(1420 = (=) (1 -2 |
(L2 + (=) (1 -2~

Uq"(2) =

These filters are related to the Butterworth filters, which are used in signal
processing. The symbol of the corresponding ISS is a2"(z) = 1+ U3"(2).

Examples:
4(z71 + 2) (273 4+ 23) +23(271 + 2)
U23<Z) = T3 a1 2 U,:l(z) = ) 2 ’
2724642 8(272 +4+ 22)
U (2) = 16((273 4+ 23) + 11(z71 + 2))
PN A A 1 T6(272 + 22) + 230
US(z) = 23+ 152+ 15271 + 273

2(32% + 10 + 3272

It is obvious that ISS based on a spline of order p (degree p—1) is exact on
the polynomials of the same degree p—1. But for the interpolatory splines
of odd orders (even degrees) the situation is more interesting. Proposi-
tion 2 implies the following super-convergence property of such splines:

Theorem 3 ([8]). Let f be a function that does not grow faster than
a power of x as || — oo. Let f be sampled on the grid {k} and f =
{f(k)},k € ZZ. Let the spline 0"~ of order 2r — 1 interpolates f on the
grid {2k}. Then

ol N2k +1) = f(2k+1) - D f(2k+1) = > e, DX F(2k 4 1),

n=1

where A, is given in (5), D*™ denotes the operator of central difference
of order 2m and the series converges absolutely.

Corollary 4. Let f be a polynomial of degree 2r — 1. Then 01.2'"*1(2/@ +
1) = f(2k+1) for every k € 7.

Remark. Equation (3) implies that the ISS based on the interpolatory
spline of even order 2r is exact on the splines of that order. That means
that, provided f(z) = 0*"(z) is a spline of order 27 with nodes on the grid
GI = {k/2}kex and f] = f(k/27), all subsequent steps of subdivision
produce values of this spline: f,ZJrs = f(k/29%%), k€ 7, s € IN.
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§3. Convergence and Regularity of Spline Subdivision Schemes

To investigate the convergence and regularity of our subdivision schemes,
we apply a slightly modified technique developed by N. Dyn, J. Gre-
gory and D. Levin [4, 3]. The difference is that, unlike these authors,
we study subdivision schemes with infinite but exponentially decaying
masks. Therefore, in the sequel we assume that the original sequence {f,g}
is of power growth, that is there exist positive constants A, M such that
)] < MEA, k € ZZ. Under this assumption the analysis of [3] can be
carried out in our case with obvious alterations.

Definition 5. A subdivision scheme S, is convergent if for any initial
data {f)}, k € ZZ, of power growth, the sequence of polygonal lines in-
terpolating the data { f,g}, k € 77, generated by S, at the corresponding
refinement level, converges uniformly to a continuous function f*°(x).

Theorem 6 ([3]). The scheme S, is convergent if and only if its symbol
factorizes as: a(z) = (1 + z)q(z), and for the scheme S, with the mask
{qr}, k € 7Z, there exists L € IN such that

H(Sq)LH:m?x{ZmEﬂQ% :0§z’§2L—1} <1. (6)
k

Here q,EL} are the coefficients of the scheme (S;)*, which is the L times

iterated scheme S,.

Theorem 7 ([3]). Let the symbol of the scheme S, be factorized as:
a(z) = (1 + 2)™27"b,,(2). If Sy is convergent, then for any initial data
£ of power growth, the limit function f> € C/" (R) is of power growth,
and g (f(z)) = (A™f°) ™ (@).

Here A is the difference operator: Axp = xp — xx_1. The above
propositions yield a practical algorithm for establishing the convergence
of an ISS and analyzing its regularity. The key operation is evaluation of
sums of coefficients of type (6). For subdivision schemes with finite masks,
these sums can be calculated directly. But for infinite masks different
methods of evaluation of the coefficients are required.

Evaluation of coefficients of subdivision masks via the discrete
Fourier transform. For simplicity, we suppose that the number L in
(6) is equal to 1. The cases with L > 1 are treated similarly. We assume

that N = 2/, j € N, Zi stands for 52/2__]\}/2

transform (DFT) of an array x/ = {xi}fj:/g__]\}ﬂ and its inverse (IDFT)

are 77 (n) = Zi e~ 2mikn/N :vi, and :U{C =+ Zfl e?™kn/N 33 (n). As before,
y(z) denotes the z—transform of a signal {y(k)} € l;. We assume that

—w

The discrete Fourier

Zz =€
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Let a rational function a(z) = Q(z)/P(z) be a symbol of a subdivision
scheme whose mask a = {a(k)}72__ . Here P(z) and Q(z) are Laurent
polynomials. We assume the following properties of the symbol a(z):

1) The polynomials P(z) and Q(z) are symmetric about inversion: P(z71) =
P(z2), Q(z7 ') = Q(z) and thus they are real on the unit circle |z| = 1.

2) Roots of the denominator P(z) are real, simple and do not lie on the
unit circle |z| = 1.

It follows from 1 and 2 that P(z) can be represented in the form (2).
The above properties imply that the coefficients a(k) of the filter are
symmetric about zero and decay exponentially as k — oo:

A
la(k)| < Ag" :>Z\a )| < BgV, B:E. (7)
We need to evaluate the sums Sc(a) = >p0 _ |a(2k)|, So(a) =
Sre o la(2k + 1)|. We write F(w) = a(e™™) = Q(e™™)/P(e”™) =
Sre o e “ka(k), and calculate the function F in the discrete set of
points

N/2—-1

a(n) = (2”"> Z N alk)= Y. e 7 pr),
k=—o0 r=—N/2
o(r) = Z a(r +IN) =a(r) +¢(r), ¢(r)= Z a(r +1IN).
l=—c0 leZ\0

It follows from (7) that
[¥(r)] < 2Bg"? = Ja(r)| = |o(r)| + an(r), |an(r)| <2Bg"2. (8)

The samples (k) are available via IDFT: (k) = & Y27 e2mhn/N G(p).
Using, (8) we can evaluate the sums we are interested in as:

N/4-1 o N/4-1
Sel)= Y la@R)|+2 3 la@0 = Y [e(2R)]+ o,
k=—N/4 k=N/4 r=—N/4
N/4-1
PN = Z lan (2k)| + 2 Z a(2k)|, |pn| < B(N +2)g"™/2,
——N/4 k=N/4

Hence, it follows that doubling N, we can approximate the infinite se-
ries S.(a) by the finite sum 0¥ (a) = 22/4__]\]1/4 |p(2k)|, whose terms are

available via DFT. An appropriate value of N can be found theoretically



Spline subdivision schemes 7

using estimations of the roots of the denominator P(z). But practically,
we can iterate calculations gradually, doubling N until the result of calcu-

lation 02" (a) becomes identical to o (a) (up to machine precision). The

same approach is valid for evaluation of the sum S,(a) and of the sums
L .
> ok |q£+}2Lk| with any L.

§4. A Few Particular Cases

In this section we establish the convergence and evaluate smoothness of a
few subdivision schemes based on splines.

Quadratic interpolatory spline.
The symbol of the scheme is

3 3 (1+2)* (1+2)°
To establish the convergence we have to prove that the scheme S, with
the rational symbol ¢(z) and the infinite mask {q(k)} is contractive. For
. L .
this purpose we evaluate the norms ||(S,)*|| = max {Zk |q£+]2Lk|} using
DFT as described in the previous section. Let us start with L = 1. Then

irn 3 imn
2e"N cos N

2 2mn
1+ cos ~

g'(n) = g(e7?™/N) =
The sums > ;- |q£ﬂ2k| ~ 252/4_;\;1/4 lp(2k +1)|, i = 0, 1, provided N
is sufficiently large. The values p(k) are calculated via IDFT: ¢(k) =
N1t Zi e?mikn/N g1l (n). Direct calculation yields the estimate: 151 <
0.7071. Thus the scheme is convergent.
To establish the differentiability of the limit function f* of the scheme
Sa, we have to prove that the scheme S;, with the symbol bi(z) = 2(1 +
2)72a3(z) is contractive. The norm of the operator Sj, does not meet
the requirement || Sy, || < 1. But we succeeded in proving that ||(Sy,)?|| <
0.6667. Hence the limit function f> ¢ C*.
But an even stronger assertion is true: the limit function f> € C2.
To establish it, we prove that the scheme Sy, with the symbol by(z) =
4(1 + 2)73a(2) is contractive. As in the previous case our calculations

2

lead to the estimate: ||(Ss,)?|| < 0.6667, which proves the assertion.
Interpolatory spline of fifth order (fourth degree)
The symbol of the scheme is
1+2)5(2% +102 + 1)
2(2) =14+U? (2) = ( = (1
a’Z (Z> + K3 (Z) Z8+76(26+22)+23024+1 ( +Z)Q(Z>7
4e™n/N cogP (Z2) (5 + cos 221)

2 21n 4 21™n
5+ 18 cos =N +cos* =

q(n) = q(e>m/N) =
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Fig. 1. Second derivatives of the BLFs: 4-point DD ISS (left), 6-point DD ISS
(center), quadratic spline (right).

As in the previous case, we find that the scheme with the symbol a?(2) is
convergent and, moreover, the limit function f>* € C4.

Discrete interpolatory spline of sixth order
The symbol of the scheme is

(1+2)°

6 _ 6 _
@i(2) =1+ Ui(2) = om0 v 3y

(9)

This scheme is also convergent and the limit function f> € C*4.
We illustrate in Table 1 the process of evaluation of norms of operators
|SE| for the schemes with the symbols a? and a$ .

L | 5] L] 5]
CO 1] 08532 " 1 | 0.8333
CU | 2| 05965 T 2 | 0.6000
C? | 2] 08070 C? 2 | 0.8000
C* |37 0.9962 c? 4| 0.6830
CT |5 | 08902 CT | 11 | 09512

Table 1: Convergence of the schemes with the symbols a} (left) and af (right).

Definition. Let S be a convergent subdivision scheme. Then the function
¢s = S0, where ¢ is the Kroneker delta, is called the basic limit function
(BLF) of the scheme S.

The limit function f*°(z) generated by a convergent subdivision scheme
S from initial data { f,g } of power growth, as well as its derivatives, can
be expressed via the BLF:

(f> (S) kaﬁbs z—k).

keZ

In Figure 1 we display second derivatives of the BLF's of the 4-point DD
ISS (left picture), of the 6-point DD ISS (central picture) and of the ISS
based on quadratic splines (right picture).
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Fig. 2. Fourth derivatives of BLF of the fifth order splines ISS (left) and of BLF
of the sixth order discrete splines ISS (right).

It is well known that the second derivative of the BLF of the 4-
point DD ISS does not exist. The BLF of the 6-point DD ISS belongs to
C?*, a < 2.830. In the picture, the second derivative of the BLF of the
quadratic spline scheme looks smoother than the second derivative of the
BLF of the 6-point DD ISS. Thus, we conjecture that it belongs to C# for
some [ > a.

In Figure 2 we display fourth derivatives of the BLF’s of the ISS based
on polynomial splines of fifth order (left picture), and on discrete splines
of sixth order (right picture).

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.

§4. Remarks on implementation

Although masks of our spline subdivision schemes are infinite, the rational
structure of symbols allows us to implement the refinement via recursive
filtering, which is commonly used in signal processing. For example, in the
quadratic spline ISS, the passage from f7 to fi*+1 is conducted as follows:
5= fi(k), f3iil, = s/(k), where values s7(k) are derived from f7 by
a cascade of elementary recursive filters: z(k) = 4a(f?(k) + f/(k + 1)),
z1(k) = z(k)—ax1(k—1), s/ (k) = z1(k) —as’ (k+1). The parameter o =
3—2v/2 ~ 0.172. The cost of computing a value fJ," 4}1 is 3 M(ultiplications)
and 3 A(dditions). For comparison, the 4-point DD ISS requires 2M+3A,
but the regularity of the limit function is inferior to the regularity of the
limit function of the above scheme. The 6-point DD ISS based on quintic
polynomials, which produces the limit function of approximately the same
regularity as the spline ISS, requires 3M+5A. The scheme based on the
discrete splines of sixth order requires 4M+5A. However, it produces limit
functions belonging to C*. Thus, we argue that ISS’s based on splines are
competitive with conventional ISS’s based on polynomial interpolation.

Conclusion. We recall that, due to the super-convergence property, the
limit functions of the ISS based on splines of even degrees are more reg-
ular than the splines themselves. Actually, these limit functions form a
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new class of functions which deserves a thorough investigation. Also, the
approximation order of the ISS is higher than that of the splines.

References

1. Averbuch, A. Z., Pevnyi, A. B., and Zheludev, V. A., Butterworth
wavelet transforms derived from discrete interpolatory splines: Recur-
sive implementation, Signal Processing 81 (2001), 2363-2382.

2. Deslauriers, G. and Dubuc, S. Symmetric iterative interpolation
processes, Constructive Approximation, 5 (1989), 49-68.

3. Dyn, N., Analysis of convergence and smoothness by the formalism
of Laurent polynomials, in Tutorials on Multiresolution in Geometric
Modelling, A. Iske, E. Quak, M.S. Floater eds., Springer 2002, 51-68.

4. N. Dyn, J. A. Gregory, D. Levin, Analysis of uniform binary subdi-
vision schemes for curve design, Constr. Approx. 7 (1991), 127-147.

5. Pevnyi, A. B., and Zheludev, V. A., On the interpolation by discrete
splines with equidistant nodes, J. Appr. Th. 102 (2000), 286-301.

6. Schoenberg, I. J. , Cardinal interpolation and spline functions , J.
Approx. Th. 2 (1969), 167-206.

7. Schoenberg, 1. J. , Contribution to the problem of approximation of
equidistant data by analytic functions, Quart. Appl. Math. 4 (1946),
45-99, 112-141.

8. Zheludev, V. A., Local spline approximation on a uniform grid, U.S.S.R.
Comput. Math. & Math. Phys. 27 (1987), 8-19.

Valery A. Zheludev and Amir Z. Averbuch

School of Computer Science

Tel Aviv University

Tel Aviv 69978, Israel

zhel@math.tau.ac.il and amir@math.tau.ac.il

Marina Gruzd

Dept. of Applied Mathematics
Technion

32000, Haifa, Israel
gruzd@techunix.technion.ac.il



