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A Unified Ternary Curve Subdivision Scheme
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Abstract A unified m (m > 2)-point ternary scheme with some parameter is proposed. The
continuity of subdivision scheme is analyzed based on the relationship between the subdivision
scheme and difference scheme. Moreover, the proposed subdivision is extended to asymmetric
multi-parameter subdivision and the asymmetric schemes in four cases are presented in detail.
Some examples are given to show that the presented scheme has better approximating effect.
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1. Introduction

Subdivision method plays an important role in CAGD. A subdivision scheme refines the
initial control polygon again and again and generates a limit curve satisfying special need. Sub-
division schemes can be divided into two categories: interpolatory one and approximate one.
The interpolatory subdivision scheme preserves all initial vertices and new vertices are inserted
as linear combinations of old vertices. A lot of approximating schemes have been introduced in
the literature. The first approximating subdivision scheme was introduced by Chaikin in [1] and
later its smoothness was proved in [2]. Dyn, Levin and Micchelli added proper parameters to
increase smoothness of curves and surfaces in [3]. Hassan et al. presented a ternary three point
scheme in [4] and 4-point interpolatory scheme in [5]. Siddigi and Ahmad proposed a 5-point
approximating subdivision scheme with one parameter based on B-spline basis functions in [6],
and it can generate curves with special values. Kashif Rehan and Muhammad Athar Sabri pre-
sented a new blending 4-point ternary scheme in [7]. Ghaffar and Mustafa introduced a family
of odd point ternary approximating subdivision schemes with one parameter in the form of the
Laurent polynomial in [8]. Zheng et al. designed binary convergent subdivision schemes with
certain parameter based on eigenvalues of their difference matrices and the relation between the
subdivision schemes and the difference scheme in [9]. Lian presented a-ary subdivision schemes
with a parameter for curves designing in [10]. Shen and Huang proposed a class of binary con-

vergent subdivision scheme with serval parameters in [11], but only discussed the designing of
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convergent binary subdivision schemes with two or three parameters by analyzing the eigenval-
ues of its difference matrix corresponding to Laurent polynomials D(z) = (a1z + ag)(z + 1) and
D(z) = (a2z® + a1z + ap)(z + 1). In this paper, we present a novel ternary subdivision scheme
with some parameters to design the curves more flexibly. The rest of the paper is organized as
follows. In Section 2, with difference matrix of subdivision scheme we introduce the conditions
of the convergence of the scheme. In Section 3 we propose a unified ternary subdivision scheme
with high continuity. In Section 4, the proposed subdivision scheme is extended to asymmetric
multi-parameter subdivision scheme. Four cases are discussed, the convergence and continuity
are analyzed and examples are given to show the effect. Finally, we conclude the paper in Section
5.

2. Preliminaries

A ternary subdivision scheme S maps the polygon p* = {p¥

1
Pt = {pf*l i € Z} in the following way

3
k+1 k
Py =Y a; sl €l
€L

: 1 € Z} to the refined polygon

where the set a = {a;,j € Z} is called the mask of the scheme. The above subdivision process
can be described as p*t1 = SpF, where matrix S is called the subdivision matrix which satisfies
S3j4i,; = a4,% € 2,7 € Z. We call S the original subdivision scheme. The generating polynomial

of the scheme can be written as a(z) = >, a;2".

Theorem 2.1 ([12]) Let S be a convergent ternary subdivision scheme with the mask a. Then

E az; = E azi41 = E agziy2 = 1.

€L 1€ €L

a satisfies

From Theorem 2.1, it is not difficult to find that the convergent condition implies a(1) = 3.

Theorem 2.2 ([14]) Let S denote a ternary subdivision scheme with mask a = {a;}icz and
S; (j =1,2,...,n) denote its jth order divided difference scheme with the mask a?) = {al(-j)}iez

satisfying
(4) (9) (4)
Z%i = Z asji+1 = Za3i+2 =1
icZ iz icZ
We have
1+ 2422

a(z) = () (2)

If there exists a smallest positive integer such that ||(3Sn+1)" |« < 1, then the ternary subdivi-

sion scheme S is C™-continuous. In particular, when L =1,
1 1 n+1 n+1 n+1
5 Sueleo = max 5 {37 lafi ™1 eGP lasis -
ez icZ icZ
Denote by Ap? = {(Ap’); = pg —pg_l} the set of the first difference of the set p’ = {pf (i€

Z}. So if we analyze the subdivision process of difference vectors, we will get a difference scheme



A unified ternary curve subdivision scheme 49

which can be indicated as Ap’t! = DAp?, where D is the subdivision matrix for this process,

and we call it difference matrix.

Theorem 2.3 Let S be a subdivision scheme with the generating polynomial a(z) and D(z)
be the generating polynomial of its difference scheme, where D(z) = ). diz',d; = Dsjyij,i €
Z,j € Z. The relation between the subdivision matrix S and the difference matrix D can be
described as

a(z) = (1 + 2z + 23)D(2).

Proof Define generating function p’(z) = Yiez p{zi. Since p]-H'1 = ez aj_3;pk, it follows
YBUREID ) SN SR S
JEL JEL €L JEZ i€Z
that is p**1(2) = a(2)p*(23). Since Ap’*t = DAp’, we have
S (AP = S (DAY,
i i
The left hand side is equal to

ST =plthE =) pe - Zpﬂlzl = (1-2)p " (2).
i

7

The right hand side is equal to

szl 3k (A7) 2! —Zdz k2’ Skz Pk )2
—Zdz gzt 3k Zpa 3k _ 3zp 3(k=1)y

D)1 B,
It follows (1 — 2)p'*1(2) = D(2)(1 — 23)p’ (2?), namely
P (z) = D()(1+ 2 +2)p (%),

Since Ap? = {(Ap?); = p! —pl_,,i € Z}, a(z) = D(2)(1 + z + z2). The proof of Theorem 2.3 is
completed. [J

3. New scheme and the property of difference matrix
3.1. A unified ternary subdivision scheme

In this subsection we recall some existing schemes. The general forms of ternary odd point
and even point approximating subdivision schemes were given respectively in [8] and [14], but the
relation between odd point and even point schemes have not been given. Inspired by the results in
[8] and [14], we present a unified ternary m(m > 3)-point subdivision scheme with high continuity.
Denote the subdivision scheme and its generating polynomial by S and a(z) = (1+ z + 22)D(2),

respectively, where D(z) is a polynomial corresponding to the difference scheme of S and

D(z)=(1 +z—|—22)l(a0 + a1z + a2 + e ag2?).
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Remark 3.1 If we set | =3n, ¢ =3, ap = a3 = 53 (75 + W), a1 = a2 = 5= (55 + w), then it is
the subdivision scheme in [15] and it is a family of even-point scheme that can generate various
curves with high continuity.

If weset | =3n+2,q=2,ap = gmaz (55 + W), a1 = a2 = 552 (2 — 2w), then it is the
scheme in [8] and it is a family of even-point scheme that can also generate curves with high

continuity and good properties.

Ifwesetl=3,¢q=3,a9=as = —%, a1 =ag = %, then it is the scheme in [15].
Ifwesetl=3,¢q=3,a0=as = —Si‘l, a, = %, az = 0, then it is the scheme with p = 2—17 in

[14] which is an interpolatory scheme.

So if we set [, g properly, we will get arbitrary (not less than 3) point ternary scheme.
3.2. The property of the eigenvalues of the difference matrix

To analyze the convergence, we introduce the matrix formalism to derive necessary condi-
tions for a subdivision scheme to be C™ based on the eigenvalues of the subdivision matrices. By

Theorem 2.3, we can simplify to study difference matrix D corresponding to the polynomial
D(z) = (142 +2%) (a0 + a1z + a2 + - - + a42),
which can be written as
D(2) = Aggq2® T+ Agpyq 12297 4 Arz + Ay

In this subsection, we deduce a property of the eigenvalues of the difference matrix D which

is corresponding to the polynomial
D(z) = (1+ 2+ 2°)! (a0 + a1z + az2® + - - + ag2%).

And these properties are more complex in ternary schemes than in binary schemes to design high

continuity curves.

Proposition 3.2 Denote by m the point number, then the number of the eigenvalues of the
difference matrix corresponding to the polynomial D(z) = (142+22)!(ag+a12+a222+- - -+az2%)
can be divided into two situations:

(i) When m = 2k + 1, the numbers of the eigenvalues are 3k and 3k — 1.

(i) When m = 2k, the numbers of the eigenvalues are 3k — 1 and 3k — 2.

Proof Since D(z) = (14 z + 2%)!(ap + a1z + a2z + - - - 4+ a42%) can be rewritten as
D(2) = Agiq2" 4 Agig 12”97 4+ Arz + Ao,

using the way in [11], we can compute the number of the eigenvalues of the difference matrix D.
Let w denote the width of the mask of the difference scheme with D(z) as its generating polyno-

mial. For the ternary difference scheme determined by the mask, the orders of the corresponding

matrices are N = [-%5] and N — 1.

When point number m is odd, say, m = 2k + 1, the two corresponding difference matrices
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for D(z) are as follows

Agiyg—1 Aoyg-a Asipq-7 0 0 0
Agirq  Aoiyg—3 Azig—s 0 0 0
0 Agirq—2 Aoiyg—s 0 0 0
0 0 Agirq-1 Aoiyg-a 0 0 0 W
= 0 Asiyg  Asipgs 0 0 o0 )
Ag Az A
A7 As A (3k) % (3k)
Agiyg—2 Azgq-s Azgq-s 0 0 O
Aogirg—1 Aoyg—a Aoiygr 0 0 0
Agivq  Aogg—3 Aztg—s 0 0 O
Q= 0 Agitg—o Aoiyg—s 0 0 0 (2)
0 e A Ay A4
0 A A5 A (3k—1)x (3k—1)
and the numbers of the eigenvalues of the difference matrices Q and Q are [~ ] = (%] =

3k and 3k — 1, respectively.
So this scheme has two difference matrices with 3k and 3k — 1 eigenvalues respectively.

Similarly when point number m is even, say, m = 2k, we obtain the matrices as follows

Agirq Asipg—3 Asigg6 -+ 0 0 0
0 Agirq—2 Aoiyg—s 0 0 0
0 Agirq-1 Aoiyg-a 0 0 0
0 Agy Aojio_3 0 0 0
I +q +q 7 (3)
0 0 Asigo 0 0 0
0 0 0 - Ag Az A
0 0 0 e Ar A A (3k—1)x (3k—1)
Agirq—1 Aoyg—a  Asipqr 0 0 O
Agivq  Aoiyg—3  Asyg—s 0 0 O
0 Agirq—2 Agiig—s 0 0 O
_ 0 Agivg—1 Aoifg-a 0 0 O
I a q )
0 Agivq  Aosirg-3 0 0 O
A, Ay A
Ag As A,

(3k—2)x (3k—2)
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This scheme has two difference matrices with 3k — 1 and 3k — 2 eigenvalues, respectively.
3.3. The conditions of the convergence of the scheme

In this subsection, we firstly give some conditions to construct a subdivision scheme, then
give two theorems concerning the convergence of the scheme and the smoothness of the generated

limiting curve.

Condition 3.3 The sums of the coefficients of the 3k, 3k+1 and 3k+2 powers in the polynomial
D(z) = (1+z+ 2% (ao + a1z 4 az2® + - - + a429) are all equal to 3.

Condition 3.4 The spectral radius of difference matrix D which is corresponding to the poly-
nomial D(z) is less than 1.

Theorem 3.5 ([16]) Let the mask of the subdivision scheme S satisty Theorem 2.1. The differ-
ence matrix is D. If there exist k € N* and a € (0, 1) such that || D¥|| < «, then the subdivision

scheme S is uniformly convergent.

Theorem 3.6 ([16]) If the subdivision scheme S with the generating polynomial a(z) is con-
vergent, then the subdivision scheme with the generating polynomial (%)ka(z) generates a

curve of C* continuity.

4. New asymmetric scheme

In this section, we propose a novel scheme which contains all four cases according to different

values of [, q.

Case 1l If2l+q=6k+2,k=1,2,..., we can obtain the first type of the schemes. For example,

setting [ = 3k,q=2,if k=1,a0 + a1 + a2 = we have

1
277

D(z) = (1 + 2z + 2%)%(ap + a1z + ax2?).
The scheme can be written as

p’?fjl = (10ag + 4a1 + a2)pF | + (16ag + 19a; + 16a2)p?F + (ag + 4a; + 10a2)pf+1,

PiEL = (dao + a1)p¥_y + (19ao + 16a; + 10az)p¥ + (4ag + 10a; + 16a2)pk, | + aspl,,,  (5)

p§;12 = app¥_ | + (16ag + 10a1 + 4a2)p¥ + (10ag + 16a; + 19@2)p§+1 + (a1 + 4a2)pf+2

and

D(z) = {ao,3ap + a1,6a¢ + 3a1 + az, 7ag + 6a1 + 3aq, 6ag + Ta1 + 6as, 3ag + 6a1 + Tas,
ag + 3a1 + 6asz, a1 + 3as, ag}.

Thus, according to Proposition 3.2, the corresponding difference matrix L has 5 eigenvalues:
9(ag + a1 + az), 3(ag + a1 + a2), ag + a1 + az, ag, az while the difference matrix L has 4
eigenvalues: 9(ap + a1 + a2), 3(ap + a1 + az2), ag + a1 + az, a;.

If ap + a1 +ax = 2%, ap < %, a; < %, az < %, then the spectral radii of both difference

matrices L and L are less than 1, so Condition 3.4 is satisfied.
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In addition, according to Theorem 2.2, if the scheme satisfies
1 1
||§S3Hoo =3 max 27{|ao| + |a1 + az|,|ao + a1| + |az|, |ao + a1 + az[} <1,

then this scheme is C?-continuous.

Taking advantage of this scheme, one can design both approximating and interpolatory

curve subdivision schemes.

Example 1 (approximating scheme) Setting ag = ﬁ —5,01= 5—14 + 29—”, as = ﬁ — 3, we have
k
Ph = (s — 5UIPimy + (155 + §U)P + (f0g — 50)Pls
E+1
psfh = (1_18 - %U)pfﬂ + (% + %U)p;'g + (1—(7))294&1 + (ﬁ - %U)pﬁ% (6)
k
psi',-lg = (ﬁ - %U)p?—l + (é—g)Pf + (% + %v)pf_i_l + (%8 - 2l7v>pf+2
75 3) _ g1 1 3 1, 1 3 1 1 1
Ifve (_Z’Z)’ (I( ) = 108 — 2—7’0,@"‘2—77),2—7,@4‘2—77),@ — 2—7’()} From
1 1 1 3 1 1
=S =9max{|—— — =v|+ |——= + =/, | =|} <1,
I555llo0 = 9max{| o2 — ool + |35g + 520l 551}

it follows that the scheme is of C2-continuity. If v = 0, the scheme will be of C3-continuity.

Example 2 (interpolatory scheme) Setting ag = as = —8%1, a; = %, a3 = 0 yields the scheme
k+1 _ ok
pSi =P
o N W 20,k 4 10,k 4k
D3it1 = —g7Pio1 T 5707 T 57Piy1 — g1Pites (7)
k1 _ 4k 10,k | 20,k 5 k
P3iv2 = —g1Pi—1 1 97l + 57Pit1 — s1Pit2s

which is the scheme of C2-continuity introduced in [4].

Case 2 If 2l+q=6k+1,k=1,2,..., then we get the second type of schemes. For example,
setting I =3k — 1, k =1, ¢ = 3 and choosing

a(z) = (1+z2+2)D(2) = (1 + 2+ 22)%(a0 + a1z + a92® + az2®)

leads to the following subdivision scheme

st = aopf_y + (Tag + 6ay + 3as + a3)pf + (a0 + 3ar + 6as + Taz)pf,, + asplys,
pgitll = (6ag + 3a1 + a2)pf + (3ap + 6as + Taz + 6a3)pf+1 + (a2 + 3a3)p§+2, (8)

p§;12 = (3ap + a1)p¥ + (6ag + 7a; + 6az + 3a3)pf+1 + (a1 + 3a2 + 6&3)p§+2,

where

D(z) = {ao,2a¢ + a1,3ap + 2a1 + a2, 2a¢ + 3a1 + 2a2 + as, ap + 2a1 + 3az + 2as,
a1 + 2a2 + 3as, az + 2as3, as}.

Using the way in [11], we get the numbers of the eigenvalues of the difference matrices are 5 and
4, and the eigenvalues of the matrices are 3(ap + a1 + a2 + a3), ap + a1 + az + as, a1, az, 0 and
3(ap + a1 + a2 + as), ag + a1 + as + as, as, 0, respectively.

If ag+a1 +as+az = %, a1 < %, as < %, asz < %, then the spectral radius of each difference
matrix D is less than 1 and Condition 3.4 is satisfied.
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Besides, it follows from Theorem 2.2 that if |ag| + |as| < §, |a1| < § and |az| < §, then this

scheme is C2-continuous.

Similarly, we show this family of schemes by an example.

Example 3 Setting ag = a3 = 5%1 — g, 01 =az= 2—17 + 5, we have
k+1
psi = (51— 50Py + (3 + suIpk + (3 + g0k + (51 — 50)pkpes
k
P = (51— 3opi + (33 + §uIpi + (55 — §0)Pas (9)
k
Piie = (55 — s0Ipf + (85 + guIphis + (51 — 5v)pe,

which is C?-continuous when v € (—%, %) In particular, when v is equal to 0, the scheme is

C3-continuous.

Case 3 If the point number is odd, one can set 2l + g =6k + 5, k = 1,2,..., and obtain a new
family of schemes. For instance, setting { =3k + 1, ¢ =3, k =1, we have

D(z) = (14 2z + 2H)%ag + a1z + a22? + az2®).
It is not difficult to get the corresponding subdivision scheme as follows

PEFL = (ag + 5a3)pF_ + (5ag + 15a1 + 30as + 45a3)pF_| + (45a0 + 5lar + 45a5 + 30a3)pl+
(30ag + 15a;1 + bag + a3)p§+1 + aop;ﬁrz,

pqu#l = aspf o + (ap + 5a1 + 15a2 + 30a3)pF_, + (30ag + 45a1 + 5lag + 45a3)pF+
(45a9 + 30a1 + 15a2 + 5as)pk,, + (5ag + a1)pk,,,

phtly = (a1 + 5az + 15a3)pF_ + (15a0 + 30a1 + 45as + 5laz)pk+
(51ag + 45a1 + 30az + 15a3)pf,, + (15a0 + 5ay + a2)pl ,.

(10)
And D(z) can be written in detail as

D(z) = {as,as + 4as, a1 + 4as + 10as, ag + 4a1 + 10a2 + 16as,4ag + 10a; + 16a2 + 19as,
10ag + 16a1 + 19a2 + 16a3, 16ag + 19a1 + 16a2 + 10as, 19a¢ + 16a; 4+ 10as + 4as,
16ag + 10aq + 4as + as, 10ag + 4a1 + ao, 4ag + a1, ao}.

According to Proposition 3.2, the difference matrix @ has 6 eigenvalues: 27(ag + a1 + a2 + as),
9(ap+a1+az+as), 3(ap+ai +az+as), ag+ a1 +as+as, ai,as while the difference matrix Q has
5 eigenvalues: 27(ag + a1 + a2 + as3), 9(ao + a1 + a2 + asz), 3(ag + a1 + a2 + as3), ag + a1 + a2 + as,

as.

If ag+ai+az = 8—11, a; < %, as < %, az < %, then the spectral radii of both difference matrices
are less than 1 and Condition 3.4 is satisfied. Therefore, by Theorem 2.2, if |ag| + |as| < g5,
la1| < g5, laz| < g, then this scheme is C*-continuous.
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Example 4 Setting ag = a3 = 47%6 — 3,0 =az = ﬁ + g7, we have
Pt = (a5 — sro)pka + (3 — sro)pios + (358 + Spo)pk+
(286 — s10)PE + (355 — srv)Pkras
P = (155 — sr0IPEo + (455 — s1oIpiy + (355 + 2ro)pf+
(2703 — &U)PE + (ﬁ - %’U)pi+27
§;12 (42876 - %v)pf—l + (% + %v pf"’
(358 + 5vIPE + (g — 59)PFsa,

which is C*-continuous.

addition, setting the scheme of the multi-parameters

D(z) = (14 2+ 22)%*(ag + a12 + a22? + az2® + asz* + a52°),

one can also design a class of ternary subdivision schemes.

Case 4 Setting 214+ ¢ =6k +4, k = 1,2,...

Especially, when v is equal to 0, the scheme is C®-continuous.

. By the rule of difference scheme, we can get

subdivision scheme. For example, setting [ = 3k + 1, ¢ = 2, k = 1 with the point number being

5, we have

a(z) = (1+ 2+ 23)D(2) = (1 + 2z + 22)°(ag + a1z + az2?).

In this case the subdivision scheme becomes

péf;rl (a1 + 5a2)pk_ 5 + (15a¢ + 30a1 + 45a2)pk | + (5lag + 45a1 + 30az)pk+
(15a9 + bay + ag)pzﬂ,
k+1

psih = aspf 5 + (Bag + 15a1 + 30a2)pl_; + (45ag + 5lay + 45a2)pF+
(30ag + 15a1 + 5a2)pi+1 + aopH_Q,

pqu{’fQ = (ag + 5a1 + 15a2)p¥_; + (30ag + 45a1 + 5las)p!
(5ao + a1)pl .

It is not difficult to get

D(z) = {az2,a1 + 4az,ap + 4a; + 10az, 4ag + 10a; + 16az, 10ag + 16a1 + 19as,

+ (45a0 + 30a1 + 15a2)p¥, +

16ag + 19a1 + 16a2, 19ag + 16a; + 10a9, 16ag + 10ay + 4as, 10ag + 4a; + ao,

4dag + a1, ao}.

Using the way in [11], we can compute the numbers of the eigenvalues of the difference matrices

are 6 and 5, and the corresponding eigenvalues of the matrices are 27(ag+a1+az2+as), 9(ap+a1+

as+az), 3(ap+a1+az+as), ap+a1+az+as, a1, 0, and 27(ag+ a1 +az+as), 9ap+a; +az+as)
3(ap + a1 + as + a3), ap + a1 + az + as, 0, respectively.

Ifag+a1 +as+as =
1 and Condition 3.4 is satisfied.
In addition, if

Z ag Z 3z+1

€7

1
ﬁ,al <

5, then the spectral radii of difference matrices are less than

E a31+2

S/ €7
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and |ag| < g5, |a1] < g5, laz| < then

81’
1
H§S5||OO = gmax243{|a0|, la1], |az|} < 1.

Therefore, this scheme is C*-continuous.

L

Example 5 Setting ap = a2 = 557 — g7, a1 = 16% + 2% we have

plgjrl (374 - 83—11))})1 9+ (Tg) f 1+ (3L4 + %U)pf + (3276 - 5;%”)1’14-1,

pgﬁlz(ﬁ—év)pl 2+(% %)f +( 3—}—%1}]9?4— (13)
(321 — &t0IPEn + (331 — S1V)Ples

Phits = (35 — Sro)pk + (351 + 3)pF + (BDpF + (351 — 2v)PE e,

which is of C4-continuity. In particular, when v = 0, the scheme is of C°-continuity. Performance
of the proposed subdivision scheme is demonstrated and compared with some existing schemes

in terms of support, continuity and visual inspection in the following table.

Scheme Type Continuity Support
Ternary 4-point [4] Interpolatory C? 5
Ternary 4-point [15] Approximating Cc? 5.5
Proposed scheme (Example 1) Approximating c3 5
Proposed scheme (Example 3) Approximating c? 4.5
Proposed scheme (Example 4) Approximating co 6.5
Proposed scheme (Example 5) Approximating co 6

Table 1 Comparison of the subdivision schemes

Figure 1 shows some continuous curves generated by new schemes. In Figure 1, the blue
dashed line indicates initial control polygon, and the blue solid, the green dashed, the red solid
and the magenta dashed curves shown in (a), (b), (¢) and (d) are the curves generated by the
interpolatory scheme in Example 2, the subdivision scheme in Example 1 whose limit curve is
of C?, the subdivision scheme in Example 4 by setting parameter v = % whose limit curve is
of C* and the scheme in Example 5 by setting parameter v = 1.5 whose limit curve is of C*4,
respectively. Shown in Figure 2 are the four cases of the limiting curves generated by subdivision
schemes, which are corresponding to Examples 1, 3, 4 and 5, from left to right, respectively,
where the tension parameters are set to be %, % e 2 respectively.

5. Conclusion

In this paper, we have presented a unified ternary approximating subdivision scheme with
several parameters. It can be used to construct arbitrary point ternary scheme which has high
continuity and good visual effect. Some numerical examples are presented to show the visual

performance of our scheme.
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(c) Example 4 v=6/5

(d) Example 5 v=1.5

Figure 1 Some continuous curves generated by new schemes

b G GG L

(a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4
(e) Case 1 (f) Case 2 (g) Case 3 (h) Case 4

Figure 2 The four cases of the subdivision scheme that generates limiting curves
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