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Non-uniform binary linear subdivision schemes, with finite masks, over uniform grids, are
studied. A Laurent polynomial representation is suggested and the basic operations required
for smoothness analysis are presented. As an example it is shown that the interpolatory
4-point scheme is C with an almost arbitrary non-uniform choice of the free parameter.

1. Introduction

Starting with values {ff}jez assigned to the integers, a binary subdivision
scheme defines recursively values { fj’-“} jez, respectively assigned to the binary points
{27%4} jez. The purpose of subdivision analysis is to study the convergence of such
processes and to establish the existence of a limit function on R and its smoothness
class. A generd treatment of uniform subdivison can be found in [1-3,7,9,16,17].
Level-dependent subdivision schemes, where the scheme may vary from one refine-
ment level to the other, are discussed in [13]. In the present work we analyze non-
uniform binary subdivision schemes in which the scheme for defining the points may
vary from point to point and from level to level. To present the problem for non-
uniform schemes we first review one way of analyzing uniform binary subdivision
schemes using a Laurent polynomial representation.

A uniform binary subdivision scheme, with a finite mask {p;}7-_, , is defined
by
=D "piaiff. (1.1)
€7

Let us represent the sequence of values {fj’?} a level k by its Laurent series

Fi(2) =) %,

JEZ.
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The above uniform binary subdivision scheme may be represented by a generating
polynomial

p(z) = piz'

defining the transformation from level k to level k + 1 by the formal relation
Fio1(2) = p(2) . (2%). (1.2

Fi(2%) = Y.z f77% is interpreted as assigning the values f} to the even points,
{2-(+D . 21, on the (k + 1) mesh. The equality in (1.2) is defined by equdlities in
the coefficients of equal powers of z in both sides. A necessary condition [12] for the
convergence of the uniform binary subdivision scheme (1.1) to a C? function is

d =) pui=1 (13

These conditions can be expressed in terms of the generating polynomia as

(1) =2
{g(_l) o (1.4)

and from here onwards it is assumed that (1.4) holds.

The analysis in [9] makes use of difference schemes and iterated schemes. In
the language of Laurent polynomials this gives us a practical tool for establishing the
smoothness class of the limit functions generated by a given scheme.

Theorem 1.1 (Provenin[9] and in [17] in terms of matrices). Let p[z] be the Laurent
polynomial representing a uniform binary subdivision scheme and assume

_ (Z 4 1)m+1
p(2) = Wm(z)’

where §™(z) is a finite Laurent polynomia. A sufficient condition for a C™ limit
of the subdivision process is that there exists some ¢ > 0 such that the /-interated
polynomial

-1
5™ ) =[] (%) =D 6tsd (15)
i=0 j
is contractive in || - ||oo, i.€,
dolowh <1 0<r<2. (1.6)

7

We note that 6"*(z) is the Laurent polynomia of the subdivision scheme for
the differences of the m-divided differences. Namely, if A is the backward difference
operator, AfF = 5 ;— fF, then 25™A™ f /m! are the m-~divided differences at level k
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and gi = 25mAmHLfE /m) are the differences of the m-divided differences at level k.
The subdivision scheme induced by 6™ (z) transforms the values {g;?} jez tothe values
{9} jez (7).

The motivation for the analysis of non-uniform binary subdivision schemes arises
from some applications of the 4-point interpolatory scheme [8]. This scheme is defined

by

f =1}
{ kj+1 1 kL otk K i (1.7)
faia= (G +w)(ff + fFa) —w(ffa+ f2)
where w is a constant tension parameter.
It is easy to check that the corresponding generating polynomial is
p(z) = é(z + 1)2(1 + wb(2)), (1.8)

where
b(z) = —227%(z — 1)2(,2:2 + 1).

The analysis of this scheme in [8,9] gives ranges of the tension parameter w for
which the limit curve of the subdivision scheme is C° or C1. In applications one
may need to use different tension values at different parts of the curve and at different
levels of the process. In general we consider the case w = w}“, i.e., atension value
depending on the point j and the level &, and we would like to find conditions on the
values {wf} so that the limit curve is still C° or even C™.

The subdivision process (1.1) generates limit functions of the form

F@)=>" flolz - ), (19)
JEL
where the function ¢, termed the “basic limit function”, is supported in [—m, n] and
it satisfies the refinement equation
$@) = pid(r —i). (1.10)
Therefore, subdivision analysis isamost equivalent to the analysis of compact solutions
of corresponding refinement equations. This direction, which is also motivated by
wavelet analysis, is pursued in many works, e.g., [2,3], the main tool for this analysis
being of course Fourier analysis.

2. Analysis of non-uniform binary subdivision schemes

The analysis tools for uniform binary subdivision schemes in [7,9,17], or the
Fourier analysis approach in [2] do not seem to be appropriate for non-uniform
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schemes. In [4] de Boor studies the convergence of non-uniform corner cutting, and
this problem is further investigated by Gregory and Qu [14] who presented a full C*
analysis. In [10] an analysis of piecewise uniform subdivision schemes is presented.
In what follows we suggest an adaptation of the the above Laurent polynomia tools
for the analysis of general non-uniform binary subdivision schemes.

A genera non-uniform linear binary subdivision scheme can be represented by
a bi-infinite sequence of generating polynomias {p(; r)(z)} where each p(; ) is the
polynomial representing the scheme generating the value %, k > 1, j € Z. That is,

=" pgwg—aitt 2.1
=/
where p(; ) (2) = D ,ez PGrm? ™. We assume here that al the masks are finite,
namely, {p(;r)(2)} are al finite Laurent polynomials. In the uniform case there is one
“basic limit function” which, together with its integer shifts and dyadic scalings, pro-
vides dl the information on the limit function and the related multiresolution analysis.
In the level-dependent case [13], there is a different “basic limit function” for each
refinement level, while in the general non-uniform linear case we may define a “basic
limit function” ¢; x)(x) per each dyadic point. Consequently there is a bi-infinite sys-
tem of refinement equations satisfied by { ¢(; »)(x)}. We are not going to pursue this
direction here.
Let G(z) = > ez giz' be a Laurent series. We introduce the notation

e, = | o] =0 ez @2)

JEZ j

for the operator extracting the coefficient of 27 in a Laurent series. Thissimple operator
is the main tool used in the definitions and the derivations in this work. Two useful
simple properties of this operator are [2G(2)]; = [G(2)];—1 and [G(zz)]zj = [G(2)];.

The transformation from level £ — 1 to level k by a general non-uniform scheme
can be expressed by the formal relation

Fi(2) = Z [p(j,k)(Z)Fk—l(Zz)]jzj- (23
JEL
It is clear that if j is even (odd) then only the even (odd) terms of p; i) (2)
contribute to the definition of the value fj’-“. However, in order to obtain a unified
formulation, we let p(; x)(z) contain both odd and even powers. We further assume
that all the generating polynomials satisfy

{p(j,k)(l) =2,
PGk (—=1) =0.

These conditions, which are necessary for a C° limit in the uniform case, are certainly
not necessary for a C° limit in the non-uniform case, but they are satisfied in some

(2.4)
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interesting examples of non-uniform schemes. The condition simply says that the
scheme preserves the constant function.

Example. Consider the 4-point scheme (1.8) where w is replaced by wé?. The corre-
sponding generating polynomials are

PG (2) = 2—1Z(z + 1)%(1+ whb(2)). (2.5)

In other words, at each new point 2% the 4-point scheme is applied with possibly a
different tension parameter w?.

Let us now examine the applicability of the new notation (2.2)—«2.3) to the basic
operations of backward differencing and to iterated subdivision. Backward differences
of the values { f]’?} are represented by the Laurent series (z — 1) Fy(z). We would like
to express the backward differencing at level & by the backward differencing at level
k — 1, as follows:

(z = DF(2) = Z { [p(jfl,k)(z)kal(Zz)L_l — [p(j,k)(z)kal(Zz)]j}Zj
jez

= [(zpG-10(2) = Py () Fi-a(2%)] 2. (2.6)
JEL
Using (2.4) we have the factorization

2PG-11)(2) = PG (R) = (2% = 1) & (), (2.7)

where 6(1j’k)(z) is a finite Laurent polynomial, and thus

(z = DFe(2) = ) [66m(2) (2 - 1)Fk,1(22)]jzj. (2.8)
JEZ

Equation (2.8) expresses the transformation from differences at level & — 1 to differ-
ences at level k using the polynomials {§7; ,,(2)} . Viewing the polynomials {67, ,,(2)}
as a non-uniform subdivision scheme, the non-uniform subdivision scheme defined
by the polynomias {p; x)(2)} is CP if the scheme {6(1jyk)(z)} is contractive. If the
scheme {26(1j’ k)(z)} satisfies the conditions (2.4), then further difference schemes may
be defined. An important special case is considered in the following lemma:

Lemma 2.1. Let

(Z 4 1)m+1

o (a(2) + (2 = "5 (2)), 2.9)

Pk (T) =



46 D. Levin / Using Laurent polynomial representation

with a(1) = 1, and define 6 k) (2) = pgik(2). Then al the non-uniform difference
schemes {6(7 k)(z)} 1<r < m + 1, defined recursively by

27’(7556;1,@(2) - 66,1@)(2))
22-1

5(;3)(2) = (2.10)

are finite Laurent polynomials. Furthermore, the scheme {6/ k)(z)} maps the differ-

ences of the divided differences of order r of { /¥ '} to the same differences at level k.
Namely,
»— 1)+t 1)r+1 )
JEZL J
The proof follows by applying (2.7) and (2.8) recursively, using the special
form (2.9) of {p(; i)(2)}.

Next, in analogy to (1.5), welook for the generating polynomials for the ¢-iterated
scheme: We introduce the notation q(; x)(z) representing the rule for calculating the
value f** using values at level k, { f}}.

Lemma 2.2. Let {q( k) (2)} be the generating polynomials of a non-uniform binary
subdivision scheme. Then the generating polynomials of the /-iterated scheme, trans-
forming values at level k directly to level k + ¢, are {q(; 1,0(2)} defined recursively

by
QG kiv1)(2) = ZQ(j,k+i,l),mZmQ([(j—m)/2],k,i) (%), (212

where
46.%0)(2) = (G k+1)(2)
and

ki) (2) = ZQ(j,k,i),mZm1 i=1,...,7
m

Proof. We would like to show that

Fire(2) = Y a0 Fr(2%)] 2. (2.13)
JEZ

By definition,

Fyiva(2) = Z [ e+4,)(2) Fioti (2%)] ij :
jez
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Hence, assuming
Fiyi2) =) (a0 k()P (=%)],2"
nez
we have

Fryipa(2)=) [q(ka”'l)(z) > [q(”'k'i)(z)Fk(ZZi)]”Zzn] !

JEZL nez J

= Z Z 4G k+i2)m [Zm Z [0y (22) Fis (zzm)] znzzn] o

JEZ m nez

= Z Z 40 k+i2)m [ Z (1) (2%) F (ZZM)] ZHZZH] jimzj

JEZ m neL

=3 drrinmlagg-myara () Pz,
JEZ m

=y {Z 4G htig)m? " GG —m)/2 k) (27) Fr (ZZM)} 2.
JEZL m J

Thus q(; x,i+1)(2) defined by (2.12) does transform values from level £ into values
alevel k+i+ 1. O

Definition 2.3. Using lemma 2.2, a non-uniform scheme represented by generating
polynomials {q(;x)(2)} is said to be contractive if there exists some integer ¢ and
p € [0,1) such that

Y lagrpztior <p 0<r <2, (2.14)
forany jandforany k > K, K > 1.

Theorem 2.4 (Sufficient conditions for C™). Let {p(; 1)(2)} be the generating polyno-
mials of a non-uniform binary subdivision scheme, and let {6T4’k)(z)}, 1<r<m+1,
be defined by (2.10). Then the scheme {p; 1) (2)} is C™ if the scheme defined by
{601 (2)} is contractive.

3. Thenon-uniform 4-point scheme
In this section we apply the above analysis principles to the example of the non-

uniform interpolatory 4-point scheme. The corresponding generating polynomials (2.5)
can be written as

2
pGm(2) = (2 J;l) (% — 2wk 3z — 1P (2P + 1)). (3.1)
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The uniform case {w;? = w} is andyzed in [8], where it is shown that for any fixed
w e I = (0, %), the 4-point scheme produces C* limit functions. The specia choice
w = 1—16 is fully investigated in [5,6]. The range of w for a C? limit is extended
in [9] into w € I, = (0,(v/5— 1)/8), which is till not the largest possible. Using
the analysis in [10] it follows that applying the 4-point scheme different weights C I
in different subintervals still yields C* limit functions. For the non-uniform case we
restrict the analysis to {w}} C I1.

Theorem 3.1. Let {w"} be chosen arbitrarily in [¢, § — ], for somefixed 0 < & < 4.

Then the non-uniform 4-point scheme defined by the polynomials (3.1) produces C*
limit functions.

Proof. Let us view the corresponding difference schemes. The non-uniform
scheme (3.1) is of the form (2.9) assumed in lemma 2.2. Hence, the difference schemes
are defined by the finite Laurent polynomials {é; ,,(2)}, = 1,2 defined by (2.10).
The explicit expressions are:

82 = (z+1) (2—12, + (swy_g — )2z — (2 + 1)) (3.2)
and
6(] w()=-— 2(z w] 5 — ZZw _q +ws ) (22 + l). (3.3

By theorem 2.4, the non-uniform 4-point scheme would be C? if we could prove
that the scheme {66.',6)(2)} is contractive. Following [9], let us examine the iterated

scheme {66’k’2)(z)}. Using the recursive relation (2.12) we find that

5(2]',k,2)(2) = Z qmz"

m=——9
=z [4wfj11wk+2] 8 [8wfi11wf+12 ]

[0k (1 - 20842 4 20k+2)] 4 2O Buk 2]
25wt (1 — w12 — wht?) — 2042 4 duf k)
a2 20l - 2ul)

3[1— 202 2wk+2 2wk (14 20t+2 - 2u+2)
_ 2w k+1(1 2ut 2 4+ 20k+?)]
+ 2 2[4 TR (1 - 20y + 2w )]

-1 k+1 k+2 k+2 k42 k+1 k42
+z [4wi71 (1— w5 — w; ) 2wj 5+ dw;” 3W; 2]
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+ 8w].“+11w§jf +z [—Zijzl(l — 2w§f22 + 2w§€+2)] — 22 [8wk+21w§jﬂ

11— 1—

+ 23 [4wff3lwff22] , (3.9
where i = [j/2]. To check if the scheme {p(; 1)(2)} is C?t it is enough to prove
that {6(2j‘k)(z)} is contractive, and in view of (2.14), it is enough to show that there
exists p € [0,1) such that each of the following four inequaities holds for any j
and k:

lg—o| + |q—s| + |q—1| + |q3| < p,
lg—s8| + |g—al + |qo| < p,
lg—7 + |g—3| + |@1] < p, and

<
lg—s| + |q—2| + |q2| < p.

To simplify the notation let us denote the parameters in (3.4) ast,,, = wi';, . m =

1,...,5 and t,, = wi*g ., m = 6,7,8. Now we have to show that above four
inequalities are satisfied for some fixed p € [0, 1) for any {tm}8m:1 C [e, % —¢]. The

four inequalities take the form

Atstg + |Ats(1 — te — tg) — 2t + Alsts| + |4ta(1 — te — tg) — 2t + Alats|

+ 4t1te < p, (3.5)
8tsty + 4t7(1 4+ 2t3 — 2ts) + 8taty < 0, (3.6)
2t4(1 — 2te + 2tg) + ’(1 — 2tg — 2tg) — 2to(1+ 2tg — 2tg) — 2t4(1 — 2ts + 2t8)’

+ 2t2(1 — 2ts + 2tg) < p, (3.7)
Btaty + 4t7(1+ 2t4 — 2tp) + 8tot7 < p. (3.8

The inequdities (3.6) and (3.8) are easily satisfied with p = %. To handle (3.5)
we consider all the cases

At3(1 — tg — tg) < Or > 2tg — 4istg
and
4t3(1 — te — tg) < OF > 2tg — Atqts,

and it follows that the inequality holds with p = 1 — 10s + 16¢2. In (3.7) we first
observe that the expression within the absolute value sign can be written as

3
1—2tg(1+ 2ty — 2tg) — 2tg(1 — 2tp + 2t4) > é > 0.

Thus, the whole expression is bounded by 1 — 2t — 2tg < 1 — 4¢, and the four
inequalities are satisfied with p = 1 — 4e¢. g



50 D. Levin / Using Laurent polynomial representation

4, Guiddines for the multi-dimensional case

In this section we formul ate the analysis principles for studying multi-dimensional
non-uniform binary subdivision schemes over uniform sguare grids. Based upon the
multidimensional theory in [7] the extension to the non-uniform case is quite straight-
forward, while the application to particular non-uniform cases becomes pretty involved.
In the following we present an analysis of the so called truncated tensor product
scheme [11], which is based upon the 4-point scheme. Using the standard multi-index
notation j = (j1,...,74), Z = (21,...,24) and 2 = zJ'22%... 202, the multivariate
notation and relations are as follows:

A genera linear non-uniform d-variate binary subdivision scheme can be repre-
sented by a set of generating polynomials { p ) (2)} where each p 1) is the polynomial
representing the scheme generating the value f*, £ > 1, j € Z%. That is,

=" pimi-aft (4.1)

iczd

where p 1)(2) = > mezd P kmZ" - Asin the univariate case we use the notation

[ZgiZiL = gj» (4.2)

iczd

for the operator extracting the jth coefficient of a Laurent series, and the values at
level k are represented by Fi.(2) = Zjezd fjkzl. The transformation from level k — 1
to leve k is expressed by the formal relation

Fr(2) = Z [p(j,k)(Z)kal(Zz)]ij' (4.3
jezd

We also denote 1 = (1,1,...,1) € Z4, {e,}2_; the standard basis for R? and E =
{ corners of [—1, 1]9}. The necessary conditions for a C° limit in the uniform case are
assumed here for any one of the generating polynomials:

{ P =2, (4.4)
PG.kylev = 0.

The main example we treat here is the non-uniform variant of the bivariate
truncated tensor product scheme [11], which is defined by the generating polynomial

Per2) = o Dot DAL+ (bl +02)), (49

2122
where b(z) is the same as in (1.8). As shown in [15], this scheme is C* at least for
the range w € (0,0.122). For the non-uniform scheme we alow a different pair of
tension parameters at each new point generated at each level. Namely, {u;,;)r} and
{v.j.1} astension parameters in the z- and the y-directions, respectively, where (i, 5)
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denotes a generic point in Z2. The set of generating polynomials of the non-uniform
truncated tensor product scheme is thus

1
42120

D) k) (21, 22) = (21 + D22 + D2 (1 + uggjymb(21) + v(G.jymb(z2)).  (4.6)

To study the range of parameters for C* limits of this non-uniform scheme, we
need to check the properties of the related difference schemes. In the multivariate
case we consider a vector of first order backward differences at level k represented by
vector Laurent polynomial

Gi@=(1—1,2-1,...,2— )T Fu(2). (4.7)
Using the same arguments as in [7] we can write

21D —er k) (2) — P 1)(2)

T T T T
= (841 @.6050@, - 5@ (A -15-1,...,25-1),  (48)

where {66"‘2)(2)} are finite Laurent polynomials.
Following the univariate derivation, using (2.6)—2.7), we find out here that

Gr(2) = [D(lj'k)(z)Gk,l(zz)]jzj, (4.9)
jezd

where Dy ,(2) isthe finite matrix Laurent polynomial with entries {6,75,(2)} 4 1. The
relation (4.9) is the multivariate analogue of (2.8). Following [7] again, it follows that
the scheme { p( x)(2)} produces C° limit function if the matrix scheme { D{ ;,(2)} is
contractive. To analyze higher smoothness we need to consider higher order difference
schemes, and for their existence we need to assume some further conditions on the
matrix polynomials {D&’k)(z)}. The vectors of higher differences get longer and the
corresponding matrix schemes are of corresponding bigger sizes. Instead of pushing
further the smoothness analysis for a general scheme in R¢, we rather focus on the spe-
cific example of the above mentioned bivariate non-uniform truncated tensor product
scheme. The generating polynomias of this scheme can be written as

[(Zl + 1)2(22 + 1)2 — U((i'j)yk)zlfz(zf — 1)2(Z% + 1) (22 + 1)2

D(Gi,j).k) (21, 22) = .

— Vg7 (25 — 1)2(z§ +1) (21 + 7. (4.10)

To check C* we look for the scheme generating the vector of differences of first order
divided differences, namely

Hi(21,22) = 2((21 — D2, (21 — D22 — 1), (22 — 1)2)TFk(Zl1 22). (4.11)
Using (2.6) twice we have
Hy (21, 22) = Z [ViG.jyi) (21, 22) Fie—1(21, 22) | (Z-J)Zizg, (4.12)

(4,§)€72
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where (with z = (21, 22))
Vi) (@)
22p(i—2.)0) @) — 221P(—1,5).6) @) + PG5y k) (D)
= | 2(z1220(-1,-1.0) (D) — 22P(G—1,5)k) (@) — 22P((i,j—1)k) (D) + P(Gi.j)k) (D))
22P(6.i—2) @) — 22206, j—1).6) @) + (G180 (D)
For the specia form of the scheme (4.10) we find that
2 2\T
Vi@ =24apn@ (22 - )5 (£ - 1) (5 - 1), (3 -1)7), (413
where

1 r8 3
Ak (@) = %{A((i,j),k)(z)}r,szl

is afinite 3 x 3 matrix Laurent polynomial. The non-zero entries Ay’ ., ;,(2) are given

bel ow: (@4
AGyn@ = G2+ 17 = (£ + 1) (22 + 12212 (FFu-24)0 — 2210194
+ Ui k)
AR yn@ == (F+ 1)1+ 122 (FFu-2m — 22001510 + U@iH),
Al @ == (F + 1) G2 + D22 (rzou 1,514 — 210G 1)4) — 22U(G5-1.8)
+ U(g)k)):

AZZ 0 1@ = (1 + D(z2 + 1),

14(2(13 @ =— (25 + 1) (21 + 1225 (21220 - 1j—1) k) — ZAV(G—1j)k) — 22V(Gij—1).k)

+ VU((ig).k):
AT 9@ == (28 + 1) (22 + 1221 2 (B -0 — 222U(G5— k) + U(Gg)h))
A?(ZS @) =(z1+ 1)? — (25 + 1) (21 + 1)%25 2 (250, j—2).0) — 2220(0,5—-1)k)
+ U(ig)m) -
Combining (4.11)—<4.13) we have
Hy(zr22) = Y [AGam(en 22 Hea(1 22)] ;717 (4.14)
(i,9)€Z2

Thus { A j)k) (21, 22)} is the non-uniform matrix scheme generating the vector of
differences of first order divided differences of the values generated by the non-uniform
scheme{p(.;).x)(21, 22)} . Therefore, the scheme { p(; jy.k)(21, 22)} isaC? schemeif the
scheme { A j),k) (21, 22)} is contractive. Asin the univariate case we would like to find
arange of parameters {u; )} and {v ) r} for which the non-uniform truncated
tensor product scheme is C*. The result in lemma 2.2 for computing iterated schemes
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is easily trandated into the multivariate matrix case using the multi-index notation,
with z € R? and j, m € Z¢, as follows:

Lemma 4.1. Let {Qx)(2)} be the generating matrix polynomials of a non-uniform
binary multivariate matrix subdivision scheme. Then the generating matrix polynomi-
als of the /-iterated scheme, transforming vectors at level k directly to level k + ¢, are
{Q x0n(2)} defined recursively by

Qiri+n@ =Y Qa+imZ" Qui—my2.ki) (Z), (4.15)
m

where

Qi.k1@ = Qg r+1(2

and

Qi ki) (2) = ZQU,k,i),mZm, 1=1,...,L
m

These formulae can be used to check the contractivity of the difference matrix
scheme { A j).x)(21, 22)} for verifying C of the non-uniform truncated tensor product
scheme (4.6). Considering the multitude of parameters involved, the application of this
approach for checking contractivity seems quite frightening here. Hence, instead of
a detailed algebraic proof, we performed a numerica simulation test. In this test we
have checked, for some fixed values of ¢, the norm of { A ;r,2) (21, z2)} for many sets
of parameters { u(;,j) 1)} and {v(, )} chosen at random in the interval (e, 3 —¢). Our
conclusion is that the scheme is contractive at least for e = 0.02, i.e., the parameters
are in (0.02,0.105). In order to verify if the interval of parameters can be further
stretched, one has to check the norms of { A j) k) (21, 22)} for £ > 2.
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