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Abstract: The occurrence of the Gibbs phenomenon near irregular initial data points is a widely
known fact in curve generation by interpolating subdivision schemes. In this article, we propose a
family of 5-point nonlinear ternary interpolating subdivision schemes. We provide the convergence
analysis and prove that this family of subdivision schemes is C? continuous. Numerical results are
presented to show that nonlinear schemes reduce the Gibbs phenomenon significantly while keeping
the same order of smoothness.
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1. Introduction

Subdivision schemes have become very important tools to generate smooth curves and surfaces
from initial data points. There are two main categories of subdivision schemes: interpolating
subdivision schemes and approximating subdivision schemes. In interpolating subdivision schemes,
the initial or existing data points are kept intact and additional data points are inserted in-between at
each level of subdivision. On the other hand, in approximating subdivision schemes existing points
are replaced by their approximations and new points are inserted between them at each level of
refinement. This makes approximating schemes smoother than interpolating subdivision schemes.
However, the limiting curve for approximating schemes does not pass through the given initial data
points, especially at and near larger jumps or discontinuities. Curves generated by interpolating
subdivision schemes pass through the given initial data points but produce oscillations also known
as the Gibbs phenomenon near the points with large jumps or discontinuities. These jumps are not
desirable for some applications.

Nonlinear subdivision schemes like ENO, WENO, PPH and PCHIP [1-9], were introduced during
last several years to address Gibbs phenomenon. The arithmetic mean of second differences was
replaced by their harmonic mean in a linear subdivision scheme to change it to a nonlinear scheme
in [1,2]. The geometric mean of first differences was used instead of the arithmetic mean of first
differences in [4]. In this article, we propose a family of 5-point nonlinear ternary interpolating
subdivision schemes by replacing the arithmetic mean of third differences with the modified geometric
mean of third difference and prove that this family of subdivision schemes is C? continuous.

We have arranged this article in the following fashion. In Section 2, preliminary concepts and
their properties along with some basic terminology are discussed, in Section 3, nonlinear interpolating
subdivision schemes are introduced. Convergence analysis of these schemes is provided in Section 4
and some numerical results are presented in Section 5.
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2. Preliminaries

A general form of (2n — 1)-points linear univariate ternary interpolating subdivision scheme
S which maps set of data points f* = { fik}i6 7 into the next refinement level of data points f<+1 =
{fl.k+l }icz is defined as

n—1

k1l _ ok

317 Z aifiy i

- ];—(ﬂ—l)

+
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k+1 k
faip1 = Z a_jfiy
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The above equation can also be expressed as f*t1 = S(f¥). A necessary condition for the uniform
convergence of the ternary interpolating subdivision scheme (1) given by [10] is

Y. 4= ) a =1 )

For (x,y) € R?, we define a nonlinear function called the Modified Geometric Mean or MGM as

siegn(x)/xy if xy >0
MGM(x,y)—{ gn )\/z " xi<0 3)

where sign(x) = 1if x > 0 and sign(x) = —1 if x < 0. Nonlinear function MGM defined above has
several interesting properties like,

MGM(x,y) = MGM(y, x). )
MGM(—x,—y) = —MGM(x,y). ()
IMGM(x,y)| < max(|x], |y]). (6)

|AM(x,y) = MGM(x,y)| < |AM(x,y)| < max(|x],|y|) )

where AM(x,y) = 3.
We recall PPH function (x,y) € R? defined by [1,2] as

(1+szgn(xy))x+y for xy >0

8
0 if xy<O. ®)

PPH(x,y) = {

PPH function defined above also satisfy the properties in (4)—(7).

3. 5-Point Nonlinear Ternary Interpolating Subdivision Schemes

In this section, we construct a class of 5-point nonlinear interpolating subdivision schemes. We
start with a well known linear 5-point ternary interpolating subdivision scheme 1 = §( f¥).

;,(:11 = (w - ;T)lei + ( 4w + )f + (6w + )fk ( 81 ) i+1 tw 1+2’
kel _ gk 9
L oty (o — G+ (60 B+ (ot B+ (w0 &)

This linear subdivision scheme S is C? for 3% <w< ﬁ as proved by Zheng et al [11]. We define
Sfi =df; = fiy3 — 3fiio +3fir1 — fi- The above scheme can be rewritten as
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A= (Y -2+ G —ofE +(6w+ )f" + (7w — &) fF
i Bt (g "
A = G B)fE (7w 2)fE o+ (G0t D)+ (3 — g
+H-% - %) ﬁz—@—sw)(%).

k k
Replacing the arithmetic mean AM(5fF ,, 8 Jil )= %

in Equation (10) by the modified
geometric mean MGM( fk_2,5 fl-k_l) as defined in (3), we get a class of nonlinear 5-point ternary
interpolating schemes f*+1 = Sy (f¥)

k+1

= (S -+ G+ 6w+ ) ff+ (=7

1 (7= @
tea) fiva + (37 — )MGM((Sle,&f )
fr (1)
1/
A = Go— ) f,z;(—m fE+ G0+ B+ G0y
+(=% - 2)ff

Fo— (3 3w)MGM(5f{< 2 0fF ).
Similarly, if we replace the arithmetic mean

(Sfik—2+§fik—1 . .. .
—=2>—=1 in Equation (10) by modified harmonic
mean also known as the PPH function, PPH (¢ fik_z, ) flk_ 1) as defined in (8), we get another class of
nonlinear 5-point ternary interpolating schemes

k+1

S = Y-+ G w0 ff + (6w + D) ff + (7w — &) ff
G g)ffs + (3 — 3w PPHIEf o, off >
k+1 _ ik, (12)
P = Go— &)ff 4 (7w S+ G0+ )it + (3 - w)ffyy
+(*%*%) ik+2 ( 3W)PPH(5leizr5fk )-
4. Convergence Analysis of Nonlinear Subdivision Schemes
onlinear schemes (11) can be expressed as
;J:ll =(-%- %)fz‘k—z + (% - w)fik—l (6w+ )fk (=7 827) ik+1 + (%w - 13@) ik+2
(27 — 3w){MGM(Sff 5, 0ff 1) + AM(Jfk 2 5fk ) — AM(SfE 5, 0ff 1)},
k+l ik’ (13)
fé(zi_( 12)f +(=Tw—g)ff + (vt HfF + G -w)ff + (=% — &) ff
(3 — ){MGM(&ﬁk_z,éﬁk_ )+AM(5fk_2,5fk ) — AM(SfF,, 6fF | }.
By simplifying,
é(ltll = (w - gil)fzku ( 4w + )fk (6w + )fk ( )fl+1 1+2
+(z —3W){MGM(5f’12r5fk ) — AM(fofiz/%’i )}
k+l f (14)
PR = wf, (w305, + (6w + B)F+ (et W),
~(z7 = 3w){MGM(fF », 5fF )

( 78i)-fl+2
AM(SfE,, 5]2’1 )}

In general,

FE = Snp(f%) = S(F%) + F(af).

(15)
where Sy represents a nonlinear subdivision scheme, S is the linear interpolating subdivision
scheme (9), which is C? continuous for 3%—4 <w< 1é2, and F(3f*) is given by
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Fgaf’;ggi_l = (3 —3w){MGM(SfF ,,6fF ) — AM(5fF ,,5fF )},
F(5f%)s =
F(6f%)3i41 = — (5 — 3w){MGM(Sfk ,,6fF ) — AM(SfF ,, 6fF )}

Proposition 1. The subdivision scheme S defined in (9) satisfies the following inequalities.

I5S(f§)31 1] < (3 ~80) |84l for 0 < w < gy,
|5S(fk)31| < (81 —fl— 12w)||5f |k|ooforw >0,
3. [65(f%)zir1] < (87 —8w)||6f*||eo for 0 < w < 81

\O

Proof. Consider
k k 1 k k k k+1
‘55(f )31 1= (Sf " f31112 - 3f3zJ-r+11 + 3f - 3it1

By using the definition of subdivision scheme S given in (9), we get,

55(fk)3i—1:(§i1—4w)fk +(1 w—gﬁ)fk + (3 —28w) ff
+(22w — B)fE o+ (& — 8w)fE, +wff,

which simplifies to
7
8S(f¥)aio1 = (4w — —)&fl + (g — 5w)ofl s +woff.
For0 < w < 81—1, above equation gives,

4 7
185 (F)ai-1] < (g7 —4w)fial + (g7 = 5w) 18] +wloff|

16S(f)ai-1] < (5t — 8w) max;{|8ff]} = (51 — 8w)|8f |-

which proves the first inequality of Proposition 1. For the second inequality, consider,

K+l okt f+1 k1 okl
8S(f*)si = of% = fairs — 3f3ip2 +3f3i01 — fai

Using the subdivision scheme S in (9) and simplifying, we get,

5S(fk)3i = 3wfk + (= 15w 81 )fk (30w+ 81 )fk
( 30w — ) i+l (15w+ 81> i+2 —3wff i+3

5S(fk)3i:—3w5fk2+(6w+ )éfl — 3w fk

3
105 (fF)ail < | =3wlloff o] + l6w+ l16fE 4| + [3wl|off|

For w > 0, we have,

5 )al < 120+ ) max{(8f{1} = (120 + )15 o

Similarly, for the third inequality, consider,

K+l ket k1 k1 okl
3S(f*)3i41 = Of3it1 = faira = 3f3its +3f3i52 — faia

Again, using the definition of the subdivision scheme S in (9) and simplifying, we get,

6S(f*)sip1 = —wfk, +(8w o+ (22w+ 2)

(28w )zk+1 (- 17w+ )z+2 (4w — )zk+3

40f 8

(16)

(17)

(18)

(19)

(20)

(21)
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7 4
0S(f*)sip1 = wofk , + (a — 5w)dff 1 + (4w — a)‘sfik
ForO0 < w < 81—1,we get,
11
10(fM)aiel < (g7 — w16 |- (22)

O

Proposition 2. Function F defined in (16) satisfies the following inequalities.

L |8F(8f%)3i-1] < 3(25 — 3w)[|6f¥||oo, for 0 < w < g,
2. |8F(8f%)ail < 6(35 — 3w)[[6f ||, for 0 < w < g,
3. |0F(6f%)sis1] < 3(Fh — 3w)||6f*|oo, for 0 < w < 4.

Proof. Since
SF(8f )31 = F(3f*)ai42 — 3F(6f )3i1 + 3F(8f%)3i — F(6f*)3i1

therefore,

SF(8f )3i-1 = (5 — 3w){MGM(SfF |, %) — AM(SfF |, 6fF) + BMGM(SfF ,,6fF |)

BAM(SFE 5 65 1) +0 ~ MGM(sfL, o8 ,) + AMGFE 5, 08 )} )
OF(0f*)si-1 = (37 — 3w){MGM(5ff 1, 6ff) — AM(3ff 1,6ff)} 24)
+2(37 = 3w) MGM(Sff 5, 0ff 1) = AM(SfF 5,6 1)}
By Equation (7),
IMGM(5ff 1, 6ff) = AM(3ff 1, 6fF)| < max{|8ff 4, 16 (} < 116 les
and
|MGM(§fZ-k72,5fik71) - AM(‘sz‘]izf 5filil)| < max{|§f,-k,2|, |5f1111|} < 116f*|oo-
For0 <w < 81—1, Equation (24) gives
1
[6F(61%)3i-1] < 3(55 — 3w)[[*|eo- (25)

27

Proofs of other two inequalities in Proposition 2 are very similar and straight forward. [

To prove the convergence of nonlinear scheme Sy, we recall the following result from [1-3].
Theorem 1. For F, S and 6 given in (15) if 3M > 0 such that Vg € 1*°(Z)
[[E(&)leo < M| ][0, (26)
and 3 ¢ < 1 such that

165(f) + SF(6f)leo < cl[6fleos (27)

then the subdivision scheme Sy is uniformally convergent. Moreover, if S is C* convergent then, for all
sequence f € 1°(Z), Sy (f) is at least CP with B = min(a, — log,(c)).

Since ternary subdivision has three different formulas at points 3i — 1, 37, & 3i + 1, in order to
prove conditions (26) and (27) of Theorem 1 for our nonlinear schemes, we have to consider each of
them separately.
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Case 1: At the point 3i — 1:

10S(f*)3i1 + 6F(3f%)3im1| < [0S(f*)siz1| + |0F (8%)3i-1]

By Proposition 1 (part 1) and Proposition 2 (part 1), for 0 < w < 81—1, we get,

85 )ai-1 + F(5F4)3i-1] < (57— 80) 16/l + 335 — 30) 16 e

165(f5)3i_1 + 6F(6f%)3i_1] < (%—17w)||5fk||oo for 0 <w < — ! (28)

81
Case 2: At the point 3i:

10S(f*)3i + OF (8 %)ail < [8S(f*)ail + |0F (6]

By Proposition 1 (part 2) and Proposition 2 (part 2), for 0 < w < %, we get,

165(f*)ai + SF(61%)ail < ( 31 +120) |6 oo +6(* = 3) |6 |ee-

185(F4)ai + 6F(6 )3 < (5 — 60)][8f* |0 for 0 <0 < g 9)

Case 3: At the point 3i + 1:

165 (f*)3i41 + OF (6 )3i41] < [6S(f*)ais1] + [SF (5 )sisal
By Proposition 1 (part 3) and Proposition 2 (part 3), for 0 < w < Sil, we get,

11 1
10S(f*)ai41 + OF (0 )ai41] < (87 —80)|[6f"|]oo +3(§ —30)|[6*||o-

3S(fF )1 + S0 Vil < (5 — 170)][8f | for 0 < w < oo (0)

Letc = max{%—? — 17w, ~ 57 — 6w} then for 0 < w < 8—1, we get ¢ < 1. Therefore, from (28)—(30),
we have,

165 (£%) + SF (81 ) loo < cl|of*leo (31)

forc <1with0 <w < %. Which proves Equation (27).
Now to prove Equation (26), we consider F(g) at n = 3i — 1 as defined in (16), and by using the
fact (7), we have,

1 1
F(®)3i-1] < (55— 30)l[gllen for 0 < w < . )

Atn = 3i,
|F(g)3il =0 (33)

and similarly, at n = 3i + 1, by using Property (7),

1 1
E(@)siv1] = (55 = 3w)lIgllee, for 0 <w < . (34)

Let M = (ﬁ —3w) then M > 0, for 0 < w < g;. Therefore, from Equations (32)-(34), we get,

[1F(2)]]eo < M][g]]co- (35)
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which proves Equation (26) and consequently proves that our class of 5-point nonlinear ternary
interpolating subdivision schemes Sy, given in (11) is uniformly convergent for 0 < w < g.

It is noted that c as given in (31) can be restricted as ¢ < &3 for 3, < w < 1L5. Which gives f = 2
as defined in Theorem 1 and hence proves that S%; is C? for 3%—4 <w< ﬁ.

Since functions PPH and MGM are nonlinear and satisfy properties given in (4)—(7) which we
used for MGM to prove the convergence of (11). Therefore, it can easily be verified by replacing MGM
function with PPH function in the above proof that subdivision schemes (12) are also C? continuous.

5. Numerical Results

We picked three examples with a varying number of irregularities in initial data points. In Figure 1,
two smooth curves are generated from the initial control or data points, one with linear scheme (9)
and another with a nonlinear scheme (11) both with w = 1/230. One can easily see oscillations or
Gibbs phenomenon for linear scheme but for the nonlinear scheme it is reduced. Figure 2, shows
different initial data points and the corresponding smooth curves: one with the linear scheme (9) and
one with nonlinear scheme (11) with w = 1/230. In Figure 3, initial data points are selected from
the step function and the corresponding smooth curves are generated with the linear scheme (9) and
nonlinear scheme (11) with w = 1/230. Improvement is evident. Curves generated from nonlinear
schemes reduce the Gibbs phenomenon.

Nonlinear
/AN O Initial data points

/ \\ Linear

Figure 1. Initial control points and curve generated by 5-point linear ternary interpolating subdivison
scheme (5th level) in (9) and 5-point nonlinear ternary interpolating subdivision scheme (11) with
w = 1/230.

0/_\‘0 O Initial data points

Nonlinear
Linear

v

Figure 2. Initial control points and curve generated by 5-point linear ternary interpolating subdivison
scheme (5th level) in (9) and 5-point nonlinear ternary interpolating subdivision scheme (11) with
w = 1/230.
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O Initial data points
Nonlinear
Linear

Figure 3. Initial control points and curve generated by 5-point linear ternary interpolating subdivison
scheme (5th level) in (9) and 5-point nonlinear ternary interpolating subdivision scheme (11) with
w = 1/230.

6. Conclusions

In this article, we proposed a class of 5-point nonlinear interpolating subdivision schemes. It is

proved that our schemes are at least C> continuous. Numerical results are presented to show that
curves generated by these schemes reduce the Gibbs phenomenon while keeping the same level
of smoothness.
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