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Abstract: In this paper, we analyze shape-preserving behavior of a relaxed four-point binary
interpolating subdivision scheme. These shape-preserving properties include positivity-preserving,
monotonicity-preserving and convexity-preserving. We establish the conditions on the initial control
points that allow the generation of shape-preserving limit curves by the four-point scheme. Some
numerical examples are given to illustrate the graphical representation of shape-preserving properties
of the relaxed scheme.
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1. Introduction

Subdivision scheme is the technique of generating curves and surfaces by iterative refinement of
initial control polygon/mesh accordingly some refinement rules. The implementation of subdivision
scheme can be visualized much better by analyzing its shape-preserving properties that can be
considered to be geometrical properties of a subdivision scheme. The attribute of shape preservation
is of great prominence in medical imaging, ship hulls and airplane designing. Shape preservation is
always worthwhile in surgery, meteorology, designing pipe system, designing car bodies, in chemical
engineering, sectional drawing, geometric modeling and visualization.

For basic conditions such as positivity, monotonicity, and convexity preservation used for shape
preservations, Kuijt and Damme [1] put forth a class shape to construct binary subdivision scheme
under the non-uniform initial control vertices. Cao and Tan [2] presented a novel 5-point subdivision
scheme with shape control variable which is C> continuous. Tan et al. [3] proved convexity preservation
of 5-point subdivision scheme with a shape control parameter. Hassan et al. [4] introduced 4-point
ternary interpolatory subdivision scheme, which is capable of generating C? continuous limit curves.
Dyn et al. [5] presented convexity preservation of four-point interpolatory subdivision scheme [6].
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Hao et al. [7] introduced a linear six-point binary approximating subdivision scheme and gave the
monotonicity preservation condition.

Kujit and Damme [8] elaborated local nonlinear stationary schemes that interpolates and preserve
monotonicity with the equidistant data. They also examined preservation of piecewise monotonicity.
Kujit and Damme [9] also presented shape-preserving four-point schemes which were stationary and
interpolate non-uniform univariate data. Tan et al. [10] presented a new relaxation of binary four-point
subdivision scheme and the resulting limit functions preserved both monotonicity and convexity.
Floater et al. [11] studied subdivision schemes that both interpolate and preserve the monotonicity of
the input data. Siddiqi and Noreen [12] analyzed convexity-preserving property of six-point ternary
interpolating subdivision scheme [13] with the tension parameter w.

Albrecht and Romani [14] analyzed convexity-preserving interpolatory scheme with conic
precision. Amat et al. [15] presented an approach towards demonstrating convexity-preserving
properties for interpolating subdivision scheme through reconstruction operators. Akram et al. [16]
presented the shape-preserving properties of the interpolating binary four-point non-stationary scheme
which preserved positivity, monotonicity and convexity. Gabrielides [17] proposed an algorithm for
constructing interpolatory Hermite polynomial splines of variable degree, which preserve the sign,
the monotonicity and the convexity of the data. Mustafa and Bashir [18] introduced univariate
binary schemes and monotonicity preservation of initial data of proposed scheme. Ghaffar et al. [19]
presented a new class of 2m-point non-stationary subdivision schemes, included some of their
important properties, such as continuity, curvature, torsion monotonicity, and convexity preservation.
Asghar et al. [20] discussed subdivision schemes with high continuity using probability distribution
parameter and elaborated convexity preservation of scheme. Bibi et al. [21] explored sufficient
conditions to preserve positivity, monotonicity and convexity, which were imposed on the initial
data, to ensure the shape preservation of curves. For more recent work on SS one may refer to
References [22-43].

This study prompt us to analyze shape-preserving properties of a relaxed four-point interpolating
scheme. Hormann and Sabin [44] presented a relaxed four-point binary interpolating subdivision
scheme (FP-scheme) with cubic precision. FP-scheme is defined as follows.

Given the set of initial control points {(x?, g?)} jez and for the set of control points at the kth
refinement level {(x;-‘, g;-‘ )}iez, k € Nog := NU {0}, the control points at the (k + 1)th refinement level
can be obtained by the

{ 8’51 = 1173(*88;'}2 + 728%1 + 728;( ; 88;{+12f ; 1)
gzjtrl = 15 (=38, + 1287 4 +110g; +12g7,; — 38/ ,,).

FP-scheme produces C2-continuous limit curves. It holds quintic degree of polynomial generation
and cubic degree of polynomial reproduction. Support of basic limit function of the scheme is eight.

The paper is organized as follows: In Section 2, we discuss positivity preservation property of
the FP-scheme. The conditions of preserving monotonicity and convexity of the FP-scheme are given
in Sections 3 and 4. In Section 5, we present some numerical examples to show shape-preserving
behavior of the scheme and conclude our work with a summary in this section.

2. Positivity Preservation

In this section, we show that the limit curve generated by the FP-scheme preserves positivity
of initial data. Subdivision scheme is said to preserve positivity, if starting from a positive control
polygon, the limit curves produced by the scheme preserve the positivity of the initial data.

k
Positivity preservation of FP-scheme (1) can be analyzed by choosing q;-‘ = gjg—f and QF =
j
max{q;‘, ql—k}, j € Z, k € Ny. In the following theorem, we give a result which plays a vital role to prove
]

positivity preservation of limit curve of the FP-scheme.
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Theorem 1. Assume the set of initial control points {(x?, g?) : j € Z}, is positive, ie., g? >0, VjeZ

Furthermore, let w be such that 1 < w < v/5—1, 1f% < QY < wand {gf}jez is defined by the
FP-scheme, then,

g]k>o,$§ngkaeNo,jeZ, )
that is the limit function generated by the F P-scheme is positive.

Proof. We prove the theorem by induction. By given condition, it is easy to see that (2) is valid for
k = 0. Assume that (2) is satisfied for some k > 1. Now we prove that (2) is also satisfied for k + 1.
We first prove that g;‘ﬂ >0,VjeZkeN.

1
g12<]+1 = 128( 8g] 2+72g] 1+72g] Sg;'c—l—l)

1 1 1 .
= q —8—— +72> +72—8q»> 3)
128f<q ( s ,

1, /1
> —o | —(— _
> 7 8g]( (—8w+72)+72 Sw)

1
@gf(w +1)(9—w) > 0.
Also
k+1 1 k
gl = 7 -+ 12gF | 1108k + 12¢, | — 3¢} +2)
1 1
= 558 7 3— +12 ] +110+¢¥(12 - 3¢F,) )
]
> ( + 12— —|—110+121—3)
= (3 +13w) >
Thus, by combining (3) and (4), we have g;.‘H > 0,V j € Z. Induction shows that gj-‘ >0,VjeLZ,

k € Np.
Now, we prove that % < QM <wVkeN,.

Since,
k+1 —3—— 412 +110 + 124° — 34, ,4*
g = $j+1 ﬂjfzq,fl 7 9 = 2j+11;
2 g 8L (7L {7 sk
32] q] 2‘7] 1 + ‘7] 1 + q]
So
™ *3% v +12q] 1 +110+12q] 3q]qj+1+8w 3 q] , 72«;%T1 —72w+8wq]
q2] —w -

8L+ +72—8q.
Tj—21j- g ]
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The denominator of above expression is greater than zero by (3) and the numerator N satisfies

1 1 1 1
N, = -3 + 12— + 110+ 1295 = 3qfq} 1 + 8w——— — 72w—— — 72w + 8uwq]
95

‘J;‘(_z‘ﬁ—l qj-1 i—2j-1 ‘7] 1

1 1 1

< w (—3 + 12> +110+ w (12 —3) +8w® — 72w — 72w + 8w?
w w w

= 8w+ 8w? — 48w +32<0.

Therefore, qu <w.

Similarly
k ok
ki1 gk( 851 472 7S —sg;jzgf:l)
gl = 82j+2 _ ! 8 8 gJ+1 i
i glzcj-:-ll gk (357;(2‘?? 1 +12g] 1 +110+12@ — gﬁﬂgﬁ“)
/ g;'(fl g]- 8j g] g}(ﬂ gj-‘
8 L+ 72+ gk(72 - 84k )
I K3k ok
3qu - +12- e +110+12qj 3qj+1qj
So
k _ a k k
. - 8% 1 +72+q] (72— 8q]+1) w( 3# T +12- - + 110 + 12¢; 3q]-+1q]->
oj+1 —W = :

_3__1_ 1 ko gk
367;:2#71 —i—qu;c +110+12q] 3qj+1qj

The denominator of above expression is greater than zero by (4) and the numerator N, satisfies

k

1 1 1
Ny = —8——+72+4{(72—84},,) +3w— — 12w—— — 110w — 12w¢" + 3wq’, 14}
17];1 ‘7] 2j-1 7j-1

1 1 1 1
< 8- 4724w <72—8> +3w® — 120= — 110w — 12w— + 3&°
w w w w

2
= ;(w—l)(3w3+3w2—16w+4)§0.

Therefore qgfl < w.

In the same way, we can get - 7 Sw m5r L <w. Therefore, ; < Q1 < w and induction leads
T2 2j 2j+1

to 5 < QF < w, Yk € Ny, thus (2) is satisfied. Therefore, FP-scheme preserves positivity.
This completes the proof. [

3. Monotonicity Preservation

This section examines monotonicity preservation of FP-scheme. Monotonicity preservation is
achieved by generating first-order divided differences (DD). Subdivision scheme holds property of
monotonicity preservation if starting from a monotone control points, the limit curves produced by
the scheme preserves the monotonicity of the initial data. First-order DD can be examined by applying

gkl = gﬁll gj‘“ So FP-scheme in the form of first-order DD is given by
k+1 k+1 k+1
dy " = i1~ &y

5 k k 17 & O ok k
128(8] 17 8j—2 )+ 128(8] gj71)+@(8j+1*gj)*@(gﬁz*gjﬂ)
5 55 17 3

o oedh g+ oodl - Y
12877 128/~ 1287 128"
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and
k1 k+1  k+1
deJ;l = 82;;2 82]11
3 k 17 k 55 k 5 & k
= 128(8]1 gj—) 128(8] 8j—1)+m(8j+1_8j>—@(8j+2_8j+1)
3 LB 5

dk S L
128 J 2+128] T 128% T 1287+

In the following theorem, we derive some conditions on initial control points which guarantee
monotonicity preservation of limit curve of the FP-scheme.

Theorem 2. Assume the set of strictly monotone increasing initial control points {(xo, g?) 1] € Z}, e,

T3k 7
d ]1

L<pu< If% <R < pand {g] }jez, is defined by the FP-scheme, then:

dk
d? >0, Vj € Z. Denote r;-‘ = L Rk = max; {rk k} Vk € Ny, j € Z. Furthermore, let y be such that

d§>o,:l§Rk§y,VkeNo,jeZ. (5)

Therefore, the limit curves generated by the F P-scheme are strictly monotonically increasing.

Proof. We use induction to prove the theorem. From assumption it is clear that d? = g;) B g? >0,
%l < RY < y; therefore (5) is satisfied for k = 0. Suppose (5) holds for some k > 1 and we show that it
also holds for k + 1. We first prove that d;‘“ >0, Vk € Ny, j € Z. Now consider

dyt = 71578 -2 128d] 1t 11278d;( 1§8d§'{“
- 128d;{ 15258 RLER 112781 rfadia 1281 2rfarfdi2 ©)
s L (sesste Laros)
= 128y2d o(—5u% + 524 +17) > 0.
Now, we consider
d = _@df 2t 128d§( 128d;( 128d1+1
_ 3 17 & gy B & B )

12872+128]2 12872]1 12872

>
> 128d <3+17y+ﬂ(55 5;[))

—3u? 4+ 12p + 55) > 0.
Therefore, we have d;{H >0, Vj € Z. Applying induction gives d;‘ >0,VkeNy, jeZ.

Now, we prove that % < RH1 < uvkeNy,jeZ.
Since

k+1 1 gk k kK k k
e B i (—3+ 17rk ) + 15,1k 4 (55 —5r].)>

o gkel P ko k k)
dift g, (<555, k(173
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to

Thus, we have

34 17r;.f72 + r;‘fzr;‘fl(SS - 51’}‘) +5u — 55;47;.‘72 — yrjﬁzr;ﬂl(ﬁ - 3r§‘)
k Kk k ’
=5+ 55rF 5 + 7 ,ri (17 = 3rf)

k+1 —
T H=

The denominator of above expression is greater than zero by (6) and the numerator N3 satisfies
N3 = -3+ 17r5{2 + r}lzr;{l(SS — 5r}‘) +5u — 55yr}‘72 — yrﬁzrﬁl(ﬁ — 37;‘)
1
< 3417+ P (555;4) + 51 — 55 — 17u + 3p*

= 58+ 17u + 55p* — 17pu + 3u*
= (u+1)(p—1)(3u* +58) <0.

Therefore, r k]+1 <

Similarly
k+1 1 gk
1 d2j+2 B 12811] (= 5+55r 1+r] 1 ](17 3r]+1))
"iv1 = P

1 gk .
2j+1 1280}] 1 < 3 2+17+55r 1—5r] " ]>
Thus, we have

_ 3L 4 _
. 5+55r 1+r] 1](17 3r]+1) ;4( 3,;; +55r] 1 5r] 1]>

Njr1—H= k =k Lk
3] 2—%—17—1—551’];1 51’],711’],

The denominator of above expression is greater than zero by (7) and the numerator Ny satisfies

1 k k
Ny = 54550 +rf rf(17 = 3r%,;) + 3u5— - — 17y — 55prf_y — 5prk_7}
]

< —5+55y+y2(17—3;>—|—3y2—17],t—55—5;
= —5;—60+35y+20y2
= i(4y3+7y2—12y—1)§0.

Therefore 1’72“:11 < u.

In the same way, we can get k "+ < pand T < Therefore, L < RM1 <y and induction leads
j 2]+1

ﬁ <Rk < i, ¥k € Ny, thus (5) is satisfied. Therefore, the FP-scheme preserves monotonicity.

This completes the proof. [

4. Convexity Preservation

In this section, we show that the limit curve generated by the FP-scheme preserves convexity of

initial data. A subdivision scheme enjoys convexity-preserving property, if starting from a convex
control polygon, the limit curves produced by the scheme preserves the convexity of the initial data.
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Convexity preservation can be examined by applying second-order DD, i.e., Dk = 2%k (gk 8- Zg]
g}‘ 1)- So the FP-scheme in the form of second-order DD is given by

Dyt = 2% g -2 + g5

= 2% (égg}‘g + %gﬁlz - %gﬁtl - %gf + %g}m - éSgﬁz)

= o PN 2+ g ) (P (g, — 20+ gh))
+£ (21 (g1 — 28 +8f11)) — 3%(22k‘1 (8f — 28511 +8f12))

- 332Dk ,+ ;sz L+ ;sz 332D]+1,

and
DEL = 2% (g — gkt 4 gl )
- ZZkH( ésgf 2+ 142085( 17268g5( + 14208g;(+1 1§8g;(+2>
= 116(22k Mg — 2851 +8)) + Z(22k gy — 28 +gf1))
e Zg]ﬁl )

- 16Dk 1+ZDk 16DJ+1

In the following theorem, we derive some conditions on initial control points which guarantee
convexity preservation of limit curve of the FP-scheme.

Theorem 3. Suppose that the initial control points (xQ, g?) are strictly convex, i.e., DQ > 0,Vje Z

]
Ifl<sd<vy and {g] }jez is defined by the FP-scheme, then:

Dk
Denote s* [f):l, and Sk = max{ ;‘, k} V k € No. Furthermore, let v be such that § < v < 1=/201,

1
D;-‘>0,;§Sk§v, VkeNy,jEZ (8)

Specifically, the limit curves generated by the F P-scheme preserve convexity.

Proof. To prove the result, we use induction. Since it is given that DY >0, % < 89 < v, 50 (8) is true
for k = 0. Suppose (8) holds for some k > 1. We will verify it also holds for k + 1. We first prove that
D;f“ >0,VkeNy,j€Z

Consider
3 19 19 3
k1 k k
Dy' = —gmDila+ D+ 50~ 5300
- ETD'*1+32D 1+ 35510~ 33515 D
1 % 1 k kook
- iD]_l —3T + 19 + 195]-_1 - 35]'_15]' (9)
Si_o

1 19 5
> 32D]1(31/+19+U31/>

1
= 3EDle(u +1)(19 - 31%) > 0.
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Also
1 9 1
1 1ok Ink Lk
D2j+1 - 16D]71+8D] 16D]+1
_ 1k 9k Nk 1 o knk
= _EDjil + gijlD]‘il — st'ils]' Djfl
1
- 5Dk (—2+ 365k, — 25k ;sf) (10)
> Lpk —2+1(36—2y)
= 32771 v
1k

Therefore, we have D;.‘H >0, Vj € Z. So induction leads to D;‘ >0, VkeNy, jeZ.
Now, we prove that % <SHl <y, VkeNy, jeZ

Since,
k+1 1k _ kK nck ck
k1 D2j+1 B 32Dj—1 ( 24—3651471 Zs]‘fls]‘)
2 pkit o 1 k A
2j ﬁD]‘—l (SS}(Z+19+195]._1 35j_1sj>
So k ko ok 1 k ko ok
o -2+ 36:9]._1 — 25]._15]. + 31/5}‘? —19v — 191/51-_1 + 31/5]._15].
2 TVT 3L 119419k | —3sF
si o j—1 J=17j

The denominator of above expression is greater than zero by (9) and the numerator N5 satisfies
1
- _ k _nk Gk _ _ k k ok
N5 = —2+436s; 1 —2s; 5/ + 31/51; ) 19v —19vs;_; +3vs;_ys;
i

1
= —2+sf (36— 25F +3ust) + Bv—— — 19v — 19vs}
sh
j—2

2
< —2+v<36—v+3) +3v% —19v — 19
= (v—1)Bv+23)<0.

Therefore, 512‘].+1 <.

Similarly
k+1 1 nk k k k k k ok
e Dyl B @Dj—l(_3 +19s;_4 +19s_ys; — 3sj_1sjsj+1)
2j+1 7 k+1 T 1 Mk k k k ’
j Dzﬁl ﬁDjil(—2+36s]-71 —25]‘715]‘)
So
_ k k k _ ndck k ok _ k k k
k41 3+ 195]»_1 + 19sj_1sj 35]-_15].5].Jrl +2v 361/51._1 + szj_lsj .

SoL — U=
2j+1 — ko ogk gk
2%—365]._1 Zs]_ls]
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The denominator of above expression is greater than zero by (10) and the numerator Nj satisfies

Ne = —3+19s 1+19s 15 —3S ]]+1 +2v— 36vsk1+2vs;?_15;‘

= -3+2v+(19- 361/)] 1+(19+2v)] 15 3s 1s]s]+1

3
< =3+2v+ (19— 36v)ss 1+(19+2v )j‘lsf
< =3+2v+ (19 - 36v)sk 1+v<19+2v—3)s§1
< —3+42v+4(19=36v+19v + 20> —3)sf
< =34 2v4v(19 — 36V 4 19v + 2v% — 3)

203 — 17v2 4+ 18v — 3)
(v—1)(2v® — 15v +3) < 0.
Therefore s571 < v.

2j+1 =

In the same way, we can get k 7 <vand BT +1 <w. Therefore < §H1 < v and induction leads
2} 2}+1

to ; <Sk<vy, v j > Z, k € Ny, thus (8) is satisfied. Therefore, FP-scheme preserves convexity.
This completes the proof. [

5. Numerical Examples and Conclusions

In this section, we present some numerical examples to show shape-preserving behavior of the
FP-scheme. At the end of the section, we conclude the work done so far.

5.1. Numerical Examples

Example 1. In this example we choose a positive data which is given in Table 1, that fulfill the derived condition
of positivity, i.e., it is easy to get that Q¥ = 1.14. We apply F P-scheme on this positive data five times. Graphical
representation of this application is given in the Figure 1a. In this figure dotted line shows the initial positive
data and the solid line represents the limit curve generated by FP-scheme. From the Figure 1a, it is clear that
FP-scheme preserves positivity of initial data.

Example 2. In this example we consider another positive data which is given in Table 2, that fulfill the derived
condition of positivity, i.e., it is easy to get that Q° = 1.019. We apply FP-scheme on this positive data five
times. Graphical representation of this application is given in the Figure 1b. In this figure dotted line shows the
initial positive data and the solid line represents the limit curve generated by F P-scheme. From the Figure 1b,
it is clear that F P-scheme preserves positivity of initial data.

Example 3. In this example we consider a monotonically increasing data which is given in Table 3, that fulfill
the derived condition of monotonicity, i.e., it is easy to get that R® = 1. We apply FP-scheme on this monotone
data five times. Graphical representation of this application is given in the Figure 2a. In this figure dotted line
shows the initial positive data and the solid line represents the limit curve generated by F P-scheme. From the
Figure 2a, it is clear that the limit curve generated by the F P-scheme is also monotonically increasing.

Example 4. In this example we consider another monotonically increasing data which is given in Table 4,
that fulfill the derived condition of monotonicity, i.e., it is easy to get that R® = 1. We apply F P-scheme on this
monotone data five times . Graphical representation of this application is given in the Figure 2b. In this figure
dotted line shows the initial positive data and the solid line represents the limit curve generated by FP-scheme.
From the Figure 2b, it is clear that the F P-scheme is capable of producing monotonically increasing limit curves.
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Example 5. In this example we consider convex data from a convex function which is given in Table 5, that fulfill
the derived condition of convexity, i.e., it is easy to get that S° = 1. We apply FP-scheme on this convex data
five times . Graphical representation of this application is given in the Figure 3a. In this figure dotted line shows
the initial positive data and the solid line represents the limit curve generated by F P-scheme. From the Figure 3a,
it is clear that the F P-scheme is capable of producing convex limit curves.

Example 6. In this example we consider convex data from another convex function which is given in Table 6,
that fulfill the derived condition of convexity, i.e., it is easy to get that S° = 1. We apply FP-scheme on this
convex data five times . Graphical representation of this application is given in the Figure 3b. In this figure
dotted line shows the initial positive data and the solid line represents the limit curve generated by F P-scheme.
From the Figure 3b, it is clear that the F P-scheme is capable of producing convex limit curves.

Table 1. Positive data set of values.

x? 1.6 2.1 2.6 3.1 3.6 41 4.6
g? 127 145 162 177 189 203 215
Table 2. Positive data set of values.

x? 0.02 0.04 006 008 010 012 0.14
g;-) 1.02 104 106 108 1105 1.12 1.15

Table 3. Monotone data set of values.

x? —0.006 —0.004 —-0.002 0 0.002 0.004 0.006

g? 0.994 0.996 0998 1 1.002 1.004 1.006

Table 4. Monotone data set of values.

x]Q —0.006 —0.004 —0.002 0 0.002 0.004  0.006

g? 0.1991 0.1994 0.1997 0.2000 0.2003 0.2006  0.2009

Table 5. Convex data set of values.

x?7473—27101234

g? 85 5 25 1 05 1 25 5 85

Table 6. Convex data set of values.

—4 -3 -2 -1 0 1 2 3 4 5 6

-

1075 7 425 25 175 2 325 55 875 13 1825

-
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219 1141
2.0
1121
1.9
L1 1101
L7 1.081
1.6
1.061
1.5
1.4 1.04
1.3
3 . . . . . . 1.02% ; ; ; . T ?
2 25 3 35 4 45 004 006 008 010 012 014
(a) (b)
Figure 1. (a,b) show positive curves generated by FP-scheme (1) using positive initial data.
1,006+ 0.2021
1.0041
02014
1.0021
11 0.2001
0.9981
0.199-
0.996-
0.9944 ‘ ‘ ‘ ‘ ‘ ‘ 0.198% ‘ . ‘ ‘ ‘ ‘
-0.004 -0.002 0 0.002 0004  0.006 -0.010 -0.005 0 0005 0010 0015
(a) (b)
Figure 2. (a,b) show monotone curves generated by FP-scheme (1) using monotone initial data.
“ 18,
8, .
161
7
14
6l
12
] *
104,
4l
N
4
6l
2,
4,
N
Y
4 3 2 -1 0 1 2 3 4 -4 2 0 2 4 6
(a) (b)

Figure 3. (a,b) show convex curve generated by FP-scheme (1) using convex initial data.
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5.2. Conclusions

An approximating subdivision scheme with cubic precision and satisfying shape-preserving
properties is a charming scheme for designers. We have presented analysis of some important
shape-preserving properties of the FP-scheme, which make the scheme more efficient for application
in geometric modeling. These properties assure that the shape preservation of the limit curve is an
effective tool for modifying the FP-scheme for different requirements. We have shown that by taking
initial control data positive, monotone and convex, the limit curves generated by the FP-scheme
are also positive, monotone and convex. Also, we support our findings through several numerical
examples. In future work, we are interested to analyze these shape-preserving properties in geometric
notion. Extension of this work to case of surface is another future direction.
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