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Abstract: In this paper, a ternary 4-point rational interpolation subdivision scheme is presented,
and the necessary and sufficient conditions of the continuity are analyzed. The generalization
incorporates existing schemes as special cases: Hassan-Ivrissimtzis’s scheme, Siddigi-Rehan’s
scheme, and Siddigi-Ahmad’s scheme. Furthermore, the fractal behavior of the scheme is investigated
and analyzed, and the range of the parameter of the fractal curve is the neighborhood of the singular
point of the rational scheme. When the fractal curve and surface are reconstructed, it is convenient
for the selection of parameter values.
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1. Introduction

Due to the use of techniques that are simple and easy to handle, the subdivision method is widely
used for generating smooth curves from original data points, and this method plays an important role
in computer-aided geometric design, computer-aided design, and image processing.

According to the relationship of the original points and the limit curves, the two categories we are
going to divide them into are interpolation subdivision [1-6] and approximation subdivision [7-10].
The limit curve of the interpolation subdivision scheme is through all original points, which can
protect the shape of the original control polygon. In 2002, Hassan et al. [2] presented a ternary 4-point
interpolating subdivision scheme that generates a C? limiting curve for the tension parameter satisfied
with % <u< %. In 2010 and 2012, Mustafa et al. [3,4] introduced 6-point and 5-point ternary
interpolating schemes with a shape parameter in succession, and proved the limit curves are C3 or C2
and continue for a certain range of parameter w. In 2012 and 2013, Siddiqi and Rehan [5,6] proposed
two schemes of ternary 4-point interpolating subdivision in which the limiting curve is C! or C2
continuous. The above schemes have the following common characteristics: the masks in the scheme
are all simple linear combinations of parameters, and when the limit curve is C! or C? continuous,
the selection range of parameters is small, so it is impossible to know what will happen to the limit
curves at other infinite intervals.

Compared with interpolation subdivision, the limit curve of the approximation subdivision
scheme did not continue through the original points, but this scheme had less support and the
limit curve had higher smoothness. In 2004, Hassan and Dodgson [7] derived a ternary 3-point
approximating subdivision scheme that generates the C limiting curve. In 2007, Ko et al. [8] introduced
an improved ternary 4-point approximating subdivision scheme derived from cubic polynomial
interpolation, and used similar methods to generalize ternary (2n 4 2) point approximating subdivision
schemes. In 2012, Ghaffar and Mustafa [9] investigated a general formula to generate the family of
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an even-point ternary approximating subdivision scheme with a shape parameter. In 2015, Rehan
and Siddiqi [10] proposed a ternary 4-point approximating subdivision scheme that generates the
limiting curve of C® continuity. These experimental results show that when the continuity was higher,
the limiting curve of the approximation scheme deviated further from the original points.

This motivated us to present a ternary interpolation scheme with high smoothness and more
degrees of freedom for the curve design. The proposed scheme not only provides the mask of 4-point
schemes, but also generalizes and unifies several well-known schemes.

Furthermore, the subdivision scheme is important not only in the geometric design of smooth
curves, but also in the construction of irregular shapes. Zheng et al. [11,12] proved that the limit
curves generated by binary 4-point and ternary 3-point interpolation subdivision schemes are fractals.
Siddiqi et al. [13,14] described the fractal behavior of ternary 4-point interpolation subdivision schemes.

In this paper, the fractal behavior of the ternary 4-point rational interpolation subdivision scheme
is investigated and analyzed. Through examples, it was found that when the parameter selection is
close to the singular point, the limit curve pattern is more turbulent. As the parameter value becomes
far from the singular point, the limit curve becomes smoother and finally reaches C! and C? continuity.

2. Preliminaries

A general ternary subdivision scheme S with the initial values p? = {pY},c7 recursively defines
new discrete values as follows:

pi.(_‘_l = Z 113]'71*}7;'(, Z S Z, (1)
jEZ
where the set a = {a;]i € Z} of coefficients is called the mask of the scheme. A necessary condition for
uniform convergence of the subdivision scheme (1) is that

Yoazi=) a3z =) azp=1 ()

JEZL JEZL JEL

The Z-transform of the mask a of subdivision scheme can be given as

a(z) =Y a7, 3)
i€Z
which is called the symbol or Laurent polynomial.
A subdivision scheme is said to be uniformly convergent if for every initial data p° = {p?}ie 7
there is a continuous function f such that for any closed interval [a, b]

. i
lim sup [pf - fl5p) = 0.

k=00 e 73K [a,b]
As aresult, f is regarded as the limit function of the subdivision scheme, and is denoted f = S®p°.
In 2002, Hassan et al. [2] provided a sufficient and necessary condition for a uniform convergent
subdivision scheme. Firstly, they used matrix formalism to derive necessary conditions for a scheme
to be C based on the eigenvalues of the subdivision matrix. If the limiting curve is C> continuity,
the eigenvalues {A;} satisfy:

Ao =1, |Ai] > |Aigal,i=1,2,..., and A2 = |Ay| > |Asz]. (4)

Secondly, a subdivision scheme S is uniform convergent if and only if there is an integer L > 1,
such that || (51)!]|e < 1. Then, the subdivision scheme is uniform convergent.

This paper is organized as follows. In Section 3, a ternary 4-point rational interpolating subdivision
scheme is presented. The continuity analyses are in Section 4. In Section 5, the fractal behavior of
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subdivision schemes is introduced. In Section 6, examples are considered to demonstrate the role of
the parameter. Conclusions are drawn in Section 7.

3. Rational Interpolation Subdivision Scheme

A 4-point rational interpolation subdivision scheme is defined as

k+1 _ k
e k K k
P%fﬂ=:a0P%4‘*“1Pi4—ﬂ2pﬁ4‘+ﬂ3pﬁa, (5)
+1 __
P3itp = 43P;_1 + @2p; +1P; 1 + 0P
where
oo 22 8a—7 o A9—1 o 1% 1
07 27(1260 — 1)1 T 9(1260 —1)’"2 "~ 3(126a — 1)’ 7~ 27(126a — 1)’ 126

Specifically, for & = ﬁ, the mask of the subdivision scheme is:

1 1 7 13 13 7 1 1

= "'/0/01_71_71 710’ 10’70’70’V T 707 oYYt
a={ 18" 18" 18718 "18° 18 18" 18

and this is exactly the scheme which is mentioned in Hassan et al. [2].
For &« = 0, the mask of the subdivision scheme is:

1 2 9 21 21 9 2 1

= "'/0/0/_71_7/ I 0’ A’ Y A 30/ T o7 Al
a={ 277 18" 718727 27718 18" 27

’ 0/ 0/ e }/
then the subdivision scheme rebuilds the scheme in Siddiqi et al. [5].
Fora = %, it is a ternary 4-point subdivision scheme:

5 7 133 _ 313 7 5
O3 1V 136" 108" 108’

=100 =358~ g

36/ 4/ /4/ 36/ 0/0/' '.}/

then the subdivision scheme is the scheme offered by Siddiqi et al. [6].

4. Continuity Analysis

4.1. Necessary Condition

Theorem 1. If the limiting curve of the subdivision scheme (5) is C* continuity, the parameter a €
(=0,0) U(g5, +00)-

Proof. Similar to in Hassan’s paper [2], let the matrix A be the mid-point subdivision matrix and the

matrix B be the vertex subdivision matrix. We have:

ays a» ap ag 0 O
3 a4y 4y ap a a a s

0 0 1 0 0 0 R 8
3 2 1 0
R O - S S R B
0 a3 ap a; a O 0 o a a1 a
0 0 0 1 0 0 0 a3 a2 al ao
0 0 ap a1 a4y das 0 ! 2 3

11 108a—1  1-—135a 1— 1354
379" 9(126a — 1) 27(126a — 1)’ 27(126a — 1)
11 29702 «

3°9"27(126a — 1) 1260 —1°

o The eigenvalues for A are 1,

o The eigenvalues for B are 1,

From the two subdivision matrices and Equation (4), we can find the bound of « which is a
necessary condition of the limiting curve to be C? continuity.
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If the eigenvalues of the mid-point subdivision matrix satisfy the necessary conditions (4), then

1 S 108 — 1 < 1—135a ©)
9 9(126a — 1) 27(126a — 1) |
If the eigenvalues of vertex subdivision matrix satisfies the necessary conditions (4), then
1 2970 — 2 o
5 : @)
9 27(126a — 1) 1260 — 1

Combining Equation (6) and Equation (7), we find that the necessary conditions for C? continuity
are w € (—00,0) U(gg, +o0). O

4.2. Sufficient Condition

Theorem 2. Ifux € (—c0,0) U(&, +00), then the subdivision scheme of Equation (5) is C? continuity.
Proof. Considering the refinement rules of the ternary 4-point rational interpolating subdivision
scheme defined in Equation (5), we calculate sufficient conditions for the continuity of C% C!, and C?

by the Laurent polynomial method.
The mask a of the subdivision scheme can be written as

_ 1 1135 2-23 877 129a 1 1291 8737
T e —1' 27 ' 27 7T 9 T 3 7T 3 ' 9

8730 —7 0 2—243x¢ 1 —135a

9 Y 27 7 27 } (8)
Taking a,,(z) = (%)ma(z), we have:
1
=————{(1-1 S (243 —-2)z7 %+ (11 ~1 4 (10260 —
a1(z) 9(1260{—1){< 350)z77 + (2430 — 2)z7“ 4 ( 08a)z™" + (1026a — 8)
+(1350& — 11)z + (1026& — 8)z> + (1 — 108a)z> + (243a — 2)z* + (1 — 135a)2°},
for the range a € (—c0,0) U( g, +00),
1 1 1) 1) 1) ’ 15 — 1521«
=S = -~ max Ay, N aa, ) Ayt = || < 1. 9)
H3 1 o 3 {IGZZ 3i EZ; 3i+1 iGZZ 3i+2 27(1—1260()
1
=————{(1-1 127 la —1 48 — 5)z° la —1)2°
ay(z) 3(1260(—1){( 35a)z a+ (351a — 1)z + (648a — 5)z° + (351a — 1)z
—27az* + (1 — 135a)2°},
for the range a € (—c0,0) U( g, +00),
1 1 ) @) @) ‘ 7 — 918«
=S| =smax{) a3’y a' Y a3 ="~ <L (10)
H3 o 3 1%233 3i ieZZ 3i+1 ieZZ 3i+2 9(1—1260{)
1

a3(z) = (1 135a)z + (1620 — 1)z% + (324a — 3)2° + (1620 — 1)z* + (1 — 135a)2°},

1264 —
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for the range & € (—o0,0) U(S%, +00),

3 — 324«
*maX{Zﬂs 2“3 1/2“3 2 _‘
i€Z ' i€Z ol ol ( - 1260‘)

H;Sg, <1. (11)

According to (9), (10), and (11), we know that the sufficient conditions are satisfied for this scheme
tobe C’,C!,and C2. O

5. Fractal Behavior

In this paper, the fractal behavior of a ternary 4-point interpolation subdivision scheme is

developed and analyzed.
The original data points are p* = {p)}"_. Let p* = {p! }3 "1 be the set of control points at level
k, and p* = {p* }3 "1 satisfies the scheme (5). We need to analyze the effect of the parameter « on the

sum of the length of all the small edges between two arbitrary fixed control points p¥ and p;? after k

subdivision steps. For simplicity, we only analyze the effect between two initial points pJ and p{ .
According to the subdivision scheme (5), it is known that pf = p{, where k > 0 and:

prl - pO'
Pyt = aop® + a1pf + axpf + asph,
pst = aspk | + agpf + arpk + aoph

We defined the three edge vectors as:

Vi = P1 PO'
Sk = Pz Pl/ (12)
R = p§ — p5.

Let Uy = p’{ — plil, Wi = pl(‘) — p’il and Z; = pg — pk_z, and we can get Uy = Vi + Wj. Since
Uy = p’l‘ - pk_ 1» Uy can be written as:

Ups1 = (a2 — ag) Uy + a3 Z. (13)

Similarly:

Zi+1 = (a1 — az) Zy + agUy. (14)

Equations (13) and (14) are non-homogeneous difference equations to be solved simultaneously.
Since

Up = P(l) - p[ll'
Uy = p1— ply = —asp®, + (a0 — a2) p°4 + (a2 — a0) p + asp)

gives the special solution:

Up = CiA1 + CoAg, (15)

where A = %, A2 = g3gi—7,and

(1350 — 1)p%, — (48060 — 38)p° | + (4806 — 38)pY + (1 — 135a)p)

1= 9 1161« ’

(10260 — 8)p, + (3649a — 29)p° | + (4806a — 38)p + (1 — 135a)p9

2= 1161a — 9
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Since Vj = p’l‘ - p’(‘) and S = p§ — p’l‘, it follows that

Vig1 = (1 —aq) Vi + a3Si — apUy, (16)
Sk+1 = (ap — a3)Sy + (a1 — az) Vi + (ag — az) Uy, (17)
Rii11 = —agVx + xSk + azUy. (18)

Using Equations (15), (16), and (17), yields:

Viio = (1 +ag —ay — a3) Vi + [as(a1 — a2) — (1 —ay)(ag — a3)] Vi + Uy, (19)
o 243(126a — 1) 45(1350 — 1) 2197
K — X — — 4
10801 27 0sa—1 1 jog 1k T Uk (20)

and the corresponding characteristic equation is:

243(126x —1) 5 45(1 —135) = 197a —2

_ = 21
1082 — 1 108x—1 ' 108a—1 @1)
When o # ﬁ , the roots of (21) are r; = %, Ty = %, and the solution of Equation (16) is
_ k k k k
Vk = D11’1 + D21’2 + D3)\1 + D4A ’ (22)

where D;,i = 1,2, 3,4 are the linear combinations of { p? 12:72.
Similarly, the solution of Equation (17) is:

Sk = E1p¥ + ExrX 4 Esrk 4+ E4AY + E5AS, (23)

108a—1
27(126a—1)
The solution of Equation (18) is:

where p1 = and E;,i = 1,...,5 are the linear combinations of { p? 12:_2.

Ry = Hyp% + Hork + Hark + HyA% + HsAS, (24)
where H;,i = 1,...,5 are the linear combinations of { p? 1-2:_2.

Theorem 3. Ifa € (%, 8—57) and o # 11T6, then the limit curve of the subdivision scheme (5) is a fractal
curve.

Proof. From Equations (22), (23), and (24), it might be concluded by induction that 3K small edge
vectors between the two initial control points pi.‘ and p;? after k subdivision steps can be expressed as

wf = pf = Py = miph + pair} + pairs + pady + psiAs, i=1,2,3. (25)

11 7 1
Fora € (m, W) and « 7& 267 then

1 1
12| > 5 =11, |l > lpal, [r2] > 3 = Ay, [raf > A2 (26)

Ty

Let’w{-“ refer to the length of a vector w¥ and ‘w{fo‘ =min;_q, . 3

wf-‘ ’ Then, we have

3k
,El wk| = 3 ‘HliPlf + poirX 4 pairh + paidf + #51'/\]5’
i=
k k k k k
_ A A
= ‘3 X %‘ M (%) + Ui (%) + M3i + pai (75) + usi (75) ‘—> oo(k — ).
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Hence, so far as the initial points p] and p? are concerned, the sum of the lengths of all the small
edges tends to infinity as k approaches infinity. Therefore, the limit curve of ternary 4-point scheme is
a fractal curve when « € (%, %7) and o # 1%—6, and this parameter is valued near the point ﬁ. O

We give the comparison of the range for continuity and fractal behavior of proposed 4-point
ternary scheme with other existing ternary schemes in Table 1.

Table 1. Comparison of existing ternary 4-point interpolation subdivision schemes.

Scheme  Continuity The Range for C  The Range for Fractal Behavior

Hassan [2] 2 (&, 3) (-1, f%) U(2,1) Siddiqi [13]
Siddigi [6] ct (—15,%) (—45,—1) Siddiqi [14]
Ours C? (—o0,0 U(&z‘“’o) (%'8777)

6. Example

Examples of the rational interpolation subdivision schemes with C? continuity are given in
Figure 1.

(a) (b) () (d)
Figure 1. Examples of the rational interpolation subdivision schemes with C? continuity. (a) Behavior
of the schemes for « = —1; (b) Behavior of the schemes for « = 0; (c) Behavior of the schemes for « = 1;
(d) Behavior of the schemes for o« = 3.

Examples of the subdivision schemes with fractal behavior are given in Figure 2.

2 T 0 T 2

(a) (b) (c) (d)
Figure 2. Example of the subdivision schemes with fractal behavior. (a) Behavior of the schemes for
« = 0.00813; (b) Behavior of the schemes for « = 0.00818; (c) Behavior of the schemes for a« = 0.0078;
(d) Behavior of the schemes for « = 0.00775.

The change of the limit curves of the subdivision scheme is given in Figure 3.
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(d)

[]

(e)

o

4 :

2

o
2
-
-6

s 2« =2 o 2 4 &
] 0 5

8 of 10

-8

El

()

Figure 3. Example of the subdivision schemes with fractal behavior. (a) Control polygon; (b) Behavior
of the schemes for &« = 0.00792; (c) Behavior of the schemes for « = 0.00812; (d) Behavior of the schemes
for & = 0.00823; (e) The limit curve with C° of the schemes for a = 0.01; (f) The limit curve with C? of

the schemes for « = 0.007.

The application of the fractal curve is given in Figure 4.

@)

20

=40

600

800

I~ 1000

[~ 1200

1400

[~ 1600

(b)

0
20
400
600
800
1000
1200
1400
1600

0 50 1000 1500

(0)

Figure 4. The application of the fractal curve. (a) The coastline; (b) Corresponds to the data points taken

from (a); (c) The coastline is constructed by applying the subdivision scheme (5) to (b) for « = 0.00814.

The continuous surface and the fractal surface is given in Figure 5.
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(0 (d

Figure 5. The continuous surface and the fractal surface. The initial control mesh in (a) and (b) shows

the obtained result with & = 3, and the surface is C! continuous; (c) shows the obtained result with
a = 0.008, it is a fractal surface; (d) shows the obtained result with &« = 0.00795, it is a fractal surface.

7. Conclusions

In this paper, a ternary 4-point interpolating subdivision scheme is introduced which generates
a family of C? limiting curves for the range of parameter a € (—c0,0) |J (81—4, —I—oo) . Compared with
Hassan et al. [2] and Siddiqi et al. [6], the advantage of the proposed subdivision scheme is that it
generates smooth limiting curves of C? continuity for a wider range of the parameter. The Laurent
polynomial method and matrix method are used to prove the smoothness of the proposed subdivision
scheme. Furthermore, the fractal behavior of the subdivision scheme was analyzed, along with the

range of parameter & € (1337, g57)-
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