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Abstract: Nonlinear interpolating subdivision schemes have been introduced
in recent years to reduce Gibbs phenomenon near irregular initial data points.
In this article, we presented a class of (2n — 1)-point nonlinear ternary inter-
polating subdivision schemes. It is shown that several of the existing nonlinear
ternary interpolating subdivision schemes become special cases for our pro-
posed class of schemes. Convergence for one special case of 5-point nonlinear
interpolating subdivision schemes is proved.
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1. Introduction

Subdivision schemes are well known for their applications in animation, com-
puter graphics and geometric modeling. Smooth curves and surfaces are gen-
erated from the initial control points by updating the existing data points and
inserting additional data points in-between. In ternary interpolating subdivi-
sion schemes, initial data points are kept intact and two additional points are
added around each existing point at every iteration. In an effort to keep the
existing initial data points, the limit curve generated by the interpolating sub-
division schemes produces oscillations also known as Gibbs phenomenon near
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big jumps in the initial data points. On the other hand, approximating subdivi-
sion schemes produce smooth curves but the limiting curve does not necessarily
pass through the initial data points. In several applications Gibbs phenomenon
is highly undesirable but at the same time it is required that the limiting curve
contain all initial data points.

To avoid Gibbs phenomenon while keeping all initial data points in the lim-
iting curve, nonlinear subdivision Schemes like ENO, WENO, PPH and PCHIP
(111, 121, [3], [], [5], [6], [8], [9], [10]) were introduced during last several years.
Recently we have introduced two families of nonlinear ternary interpolating
subdivision schemes to reduce undesirable oscillations. In [4], we introduced
a family of 3-point nonlinear ternary interpolating subdivision schemes and
proved that it is C! continuous. In [5], we developed a family of 5-point nonlin-
ear ternary interpolating subdivision schemes and showed that this family is C?
continuous. In this article, we introduce a general form of (2n — 1)-point nonlin-
ear ternary interpolating subdivision schemes and show that several of existing
subdivision schemes including ([4], [5]) become special cases of our proposed
family of schemes.

We have the following arrangement for this article. In Section 2, preliminary
concepts and their properties are discussed. In Section 3, a general formula
for the (2n — 1)-point nonlinear ternary interpolating subdivision schemes is
presented and some special cases are discussed. Convergence of one special
case, b-point nonlinear ternary interpolating subdivision schemes is proved in
Section 4. In Section 5, numerical results are presented.

2. Preliminaries
In this section, we revisit some basic results.
2.1. Averages

For (r1,22) € R?, we define a nonlinear function called Modified Geometric
Mean or MGM as

' vV if >0
MGM(x1,x2)—{ sign(z1) T e 20 (2.1)

where sign(z1) = 1 if 1 > 0 and sign(z;) = —1 if ; < 0. The nonlinear
function MGM defined above has several interesting properties like:

MGM(xl,xg) = MGM(xg,xl), (2.2)
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MGM (—x1,—x9) = —MGM (x1, z2), (2.3)
|IMGM (z1,x2)| < |AM (z1, z2)| < max(|z1],|z2]), (2.4
IMGM (z1,x2) — AM (x1,22)| < |AM (21, x2)|, (2.5)
where AM (z1,29) = o —;@'

The proofs of properties (2.1) - (2.5) are trivial.
We recall the PPH function (z,y) € R? defined by ([1], [2]) as

{ (1+ sign(zy))5s, for zy >0,

PPH(z,y) = 0 if zy<O0.

(2.6)
The PPH function defined above also satisfies the properties in (2.1) - (2.5).
2.2. Nonlinear Interpolating Subdivision Schemes

A general form of (2n — 1)-points nonlinear univariate ternary interpolating
subdivision scheme Sy which maps set of data points f* = { fzk}ze 7 into the
next refinement level of data points f*1 = { fik“}ie 7 is defined as

SnL(fF) = fFH = S(f*) + F(a®=3 fk). (2.7)

Here S is a linear interpolating subdivision scheme defined as,

n—1
S(fk):‘nel = Z ajfikJrja
j=—(n-1)
n—1
S(fF)si = > aifly,
j=—(n-1)

with a necessary condition of uniform convergence

n—1 n—1
Yooai= ) ay=1, (2.9)
j=—(n-1)  j=—(n-1)

and F(d"=3) f*) is given by

F( 22n=3) fk)& = Mo, 1{AV(d(2" 3) fk (n1)’ d(2n 3) fk
_AM(d(2n 3)fk: d(2” 3)fk7 (n—2) )}
F(d(2n73)fk) =0, (2'10)
F(d(2n_3)fk)3z+1 — Mo, 1{Av(d(2n 3)fk: (n—1)? d (2n—3) fik—(n—Q))
_AM(d(2n 3)fk: d(2” 3)f17 (n—2) )}

(n2)
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In equation (2.10), the function AV (z,y) is a nonlinear average function.
It can be replaced either by MGM (z,y) or PPH(x,y). M, is a parameter
defined in the next section and d(®"=3) f; is representing (2n — 3)t difference
for n > 1, for example dV) f; = fii1 — fi.

2.3. Lagrange Polynomials

For given n, we define the Lagrange fundamental polynomials of degree 2n — 2,
at the points —(n — 1), —(n —2),...,(n — 1), as

n—1

22w = ] j_;: Jm—m—1),—(m—2),... (n—1), (211)
k=—(n—1),k#j

and Lagrange fundamental polynomials of degree 2n — 3 at the points —(n —
2),—(n—=3),...,(n—1), by

_ x—k
k=—(n—2),k#j
Here we are stating three well known lemmas. Their proofs are straight
forward and can be found in [7].

Lemma 2.1. If L?”_Q(—%) is a Lagrange fundamental polynomial of
degree 2n — 2 corresponding to the nodes {t}iz;il) as defined by (2.11), then
n
(~pmHt T Gr-2)
L?nf2(_%) _ _ : k:—.”+2 : ’ (213)
32214 3j)(n+j -1l (n—j—1)!
j=—-(n-1),-(n—-2),...,(n—1).

Lemma 2.2. If L?”_?’(—%) is a Lagrange fundamental polynomial of

degree 2n — 3 corresponding to the nodes {t}ia*?) as defined by (2.12), then

n

(=2 ] Bk-2)

2n—3(_ 1Y\ _ k=—n+3
L) = s s+ - it =y — D1 (2.14)
J= _(n - 2)7

—(n—=3),...,(n—1).
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Lemma 2.3. If L?”_?’(—é) and L?”_?’(—é) are Lagrange fundamental

polynomials defined by (2.11) and (2.12), then

LM s) — L (s) (<) ten - 2)!

R 7N B )

j=—(n-2),-(n-=3),...,(n—1).

3. (2n-1)-Point Nonlinear Ternary
Interpolating Subdivision Schemes

In this section we give the general criteria to find the mask of the linear ternary
subdivision scheme S (2.8) associated with the nonlinear scheme Sy, (2.7) and
the parameter values Ma,_1 given in (2.10).

Theorem 3.1. Let 3; = L?”_?’(—%) and 1;be defined in Lemma 2.3, then
the explicit formula for the mask of associated linear scheme S of Sy, and the
parameter Mo, 1 are defined by:

a—(n—l) = u,
aj=up;+ B, j=—-(n—-2),—(n—-3),...,(n—1), (3.1)
Mon—1 = 2a(,-1),

where u is a free parameter.

Remark 3.1. In the above theorem, Ms,,_1 can be replaced with twice of
the any value between the weighted average of ay,as, ..., ap—1) and ag,_y).

3.1. 3-Point Nonlinear Ternary Interpolating Subdivision Schemes

We present a special case of 3-point nonlinear ternary interpolating subdivision
schemes.
Let n =2 and u = w, then by (2.7), (2.8), (2.10) and (3.1), we get

s = whty 4 (5 = 2w)ff + (w—3)ff

+2(w — LAV (dWD g dD fE ) — AM (D fFdD fE )Y
Wt .
s = (w =3+ (5 = 2w)fF +wff

=2(w = p{AV(@U AW f ) = AM(D fEdD fE )}
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This simplifies to

b= Qw = §)fE 4+ (§ = 20)ff +2(w = 5)AV AV fFdV fE ),
= rk, (3.3)
f:ﬁﬁ = (3 —2w)ff + 2w — 3)ff — 2(w — AV (@D fF dV ).
By replacing the average function AV (z,y) in (3.3) by MGM(z,y), we
get the following family of 3-point nonlinear interpolating subdivision schemes
given in [4],

KU = (20— D) fE L+ (3 - 20) fF + 2(w — HMGM (D fF,dD fE ),

k+1 _ fk 3/J1
f::'iill =3 -20)fF+Qw—- Yk, — 2w - HMEM D fF aD fE ).
(3.4)
Here d) k= Z-IfH — fk. This family of nonlinear subdivision schemes is

C! for ;T <w < 3, as proved by Aslam in [4].

Similarly replacing the average function AV (z,y) in (3.3) by PPH (z,y),
we get another family of 3-point nonlinear ternary interpolating subdivision
schemes with C'! smoothness as given in [4].

3.2. 5-Point Nonlinear Ternary Interpolating Subdivision Schemes

We are presenting two special cases of 5-point nonlinear ternary interpolating
subdivision schemes below.

1. fn=3 u=w-— andéfz—d ) fi = fizs — 3fiza + 3fir1 — fi, then by
(2.7), (2.8), (2.10) and (3.1), we get

= (w —é)fk (4w—|— ) fE L+ (6w + 2) fF

+(—dw — F)fE +wffo + QW{AV(Wk_ga 5fk_ )
—AM(5f'iz,5f’i )}
k-‘rl _ fzk7 (35)
T g, 4 + (4 Si)fk T Gwt gy
= (—4w + )f + (w )ferQ 2w{AV(5fik7276fikfl)

—AM(5fk_zv5f'“_ )}
This simplifies to

= (2w — %)ff_ + (L2 —Gw)f’“ + (6w + 2) fF
+(—2w — &) fE + 2wAV (5 fF 2,5f’“ ),
a = fk (3.6)
féiﬂ =(—2w— & )f’“ + (6w + 22) fF + (32 — 6w) fF,
) i+2 2wAv(6fz 2’5fzk 1)

+
’5

g

|
oo|4>_ |
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We will show the convergence of this family of nonlinear ternary interpo-
lating schemes in the next section.

2. As per our Remark 3.1, if we replace M5 = 2w with My = 5= — 3w in
(3.5), then we get

S = (w— )+ (—w + ) fE L+ (6w + B fF
= (-4.’[1) - %)fz]ii—l + wfzk—i-Q + (21 Sw){AV(dfk—%éfzk—l)
—AMSfF 5, 6fF )},
o=k (3.7)
fgiiﬁ =wffy+ (~Aw = g)fE, + (6wt 5)ff
+(—4w + 3 ) z+1+(w_%) Fa
(7 — 3w>{AV(6ff_2, Sff ) — AM(SfE 5, 0fF 1)},

The above equation can be simplified to the the following subdivision
scheme of [5] which is C? for 33z < w < 153

3o = (<5 = )+ (5wl 4 (6w + 20) ph
81

( Tw — ) szrl—l_(%w_ %) 1112_1_(2_17 )AV((Sf -2 fz 1)
k+1 — fzka

FE = Gu— ), (- o= 3)f 'z + (6w + 32) fF

+(% - w)fszrl + (_% - 122) (i7 - )AV((ka 275le€ 1)

(3.8)

4. Convergence Analysis of a Family of
5-Point Nonlinear Subdivision Schemes

In this section we prove the convergence of 5-point nonlinear ternary inter-
polating subdivision scheme Sy, given in (3.6). The convergence for 7-point
or 9-point ternary nonlinear interpolating subdivision schemes can be proved
following the similar steps.

The 5-point nonlinear scheme Sy (3.6) when expressed in the form of
equation (2.7), gives us associated 5-point linear interpolating scheme S:

S = (w— )+ (—dw+ 30 FE + (6w + 29) fF
+( 4w > ) i+1 + wfz+27
k1 _ gk (4.1)
f;ﬁﬂ =wfl,+ (—4w — %) Mo+ 6w+ 2 fF
+(—w+ @)+ (w— g0 fE,
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and the associated nonlinear function F'

F(3f*)3i-1 = 20{AV (6 ff 5,0 f ) — AM(SfF 5.0 f5 1)},
F(6f%)3 =0, (4.2)
F(0f")si41 = —20{AV (6f} 5,01 1) — AM(SfF 5,65 1)}

The linear subdivision scheme S given in (4.1) is C? continuous for 3—é4 <
w < W}Q as proved by Zheng etc. [11].

We present the following lemmas about the linear subdivision schemes S
and the nonlinear function F' given above.

Lemma 4.1. The subdivision scheme S defined in (4.1) satisfies the fol-
lowing inequalities:

1 16S(f¥)si-1] < (3 = 8w)||0fF||c for 0 <w < &,
2. [6S(f*)si] < (& + 120)||6f*|| for w >0,
3. 6S(f*)si41] < (5 — 8w)|[0f*]|oe for 0 <w < &.

For the proof of this lemma, we refer to Proposition 1 in [5].

Lemma 4.2. The function F' defined in (4.2) satisfies the following in-
equalities:

1. |6F(6f%)3i-1] < 6w||6f*||0o, for w >0,

2. [6F(0f%)3:] < 12w]|6f*||00, for w >0,

3. |6F(6f%)3i41] < 6w||6f*||s, for w > 0.

Proof. Since

SF(8f*)3i1 = F(5f")3i02 — 3F(6f%)3i51 + 3F(0%)3: — F(5f%)3i-1,
therefore,

5F(5f’“)3i_1 = 2w{AV(5fZ/“_1,5fZ.’“) — AM(dff_l,éff) + 3AV(5fZ.’“_2,5ff_1)
—BAM(SfF 5, 0fF ) +0— AV(SfF 5, 0fF )+ AMSfF 5, 6fF 1)}
(4.3)
Which simplifies to

5F(5fk)3z—1 = 2w{AV(5fzk—17 5fzk) - AM((Sf'Lk—D 5fzk)}

HW{AV (5f} 5, 6fF 1) — AM(3ff 5. fF )} (4.4)
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Since we are using the function AV (z,y) as a replacement for MGM (x,y)
in (2.1) or PPH(x,y) in (2.6), therefore, it satisfies properties (2.2) - (2.5). By
using property (2.5), we have

0F(8£%)3i_1] < 6w|[6f*]|0o for w > 0. (4.5)

The proofs of the other two inequalities in Lemma 4.2 are very similar and
straight forward. O

To prove the convergence of nonlinear scheme Sy, we recall the following
result from ([1], [2], [3]).

Theorem 4.3. For F', S defined in (2.7) and a linear operator § : [*°(Z) —
[°(Z), if 3M > 0 such that Vf € I1*°(Z)

E()lloo < M| fllso; (4.6)

and 3 ¢ < 1 such that
1S (f) +F(0f)|loo < cl|0f]]oo (4.7)

then the subdivision scheme Syy, is uniformly convergent. Moreover, if S is
C® convergent then, for all sequence f € 1°(Z), S¥,(f) is at least C” with

B = min(a, — logy(c)).

Proof. Since we are proving the convergence of 5-point ternary subdivision
scheme 3.4, therefore, associated linear subdivision scheme S is given in (4.1), F
is given in (4.2) and §f; = fiys—3fire+3fi+1— fi- In order to prove conditions
(4.6) and (4.7) of Theorem (4.3), we have to consider each of them separately
at the points 3i — 1, 3¢ and 3¢ + 1.

Now to prove equation (4.6), we consider F(f) at the point 3i — 1 as defined
in (4.2), and by using the fact (2.5), we have,

|F(f)3i-1] < 2wl|f]|oo, for w > 0. (4.8)

At the point 3i,
[F'(f)3il =0 (4.9)

and similarly, at the point 3¢ + 1, by using property (2.5),

[E(f)zir| < 2wl|glloo, for w > 0. (4.10)
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Let M = 2w, then M > 0 for w > 0. Therefore, from equations (4.8), (4.9)
and (4.10), we get
HE()loo < M]|f]]oo- (4.11)

Which proves equation (4.6)
To prove equation (4.7), we again need to consider all three cases.
At the point 37 — 1:

16S(f*)3i—1 + OF (5 f*)3i1] < |6S(fF)zi1| + [6F (5 f*)3i-1].

By Lemma 4.1, Part 1 and Lemma 4.2, Part 1, for 0 < w < %, we get

11
165(f*)3i-1 + OF(6f*)3i-1] < (51~ 8w)|16f"|loc + 61[[8f*[sc,

11 1
68 (f*)ai—1 + SF(6f*)sima| < (g7 — 20)I[6f*||oe for 0 <w < oo (412)
At the point 3i:

16S(f*)3s + OF (6 £*)3i < [6S(f* )3l + [6F(5f7)sil.

1

By Lemma 4.1, Part 2 and Lemma 4.2, Part 2, for 0 < w < g,

we get
3
(08 (fM)si + 0 (0F )sil < (g7 + 12016/ loo + 12016 % |oo,

1 1
165 ()3 + OF(0£%)3:] < (2—7 + 24w)| [0 f*| oo for 0 < w < T (4.13)

At the point 3¢ + 1:
16S(f*)3i01 + OF (S fF)3i1] < 10S(fF)3i1] + [0F (6 F)3i51].

By Lemma 4.1, Part 3 and Lemma 4.2, Part 3, for 0 < w < %, we get
k k 11 k k
105 (fF)si+1 + OF (0 )sia] < (g7 — 8w)lI0f oo + 6wl[0f oo,

11 1
16S(fF)3i401 + OF(5£%)3i11] < (8—1 —2w)||0f*|| oo for 0 < w < T (4.14)

Let ¢ = max{% — 2w,2—17 + 24w}, then for 0 < w < %, we get 0 < ¢ < 1.
Therefore, from (4.12), (4.13) and (4.14), we have

1S (F*) + 6F (6 %) loe < cll0f¥]]o0 (4.15)
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for ¢ <1 with 0 < w < .

This proves equation (4.7) and consequently proves that our class of non-
linear 5-point ternary interpolating subdivision schemes Sy given in (3.4) is
uniformly convergent for 0 < w < 8%.

It is noted that ¢ as given in (4.15) can be restricted as & < ¢ < 5 for
32#4 <w < ﬁ. Which gives 5 = 2 as defined in Theorem 4.3 and hence proves

s 2 1 1
that S%7; is C form<w<@. O

5. Numerical Results

We are presenting curves generated by nonlinear and associated linear interpo-
lating subdivision schemes. The graphs on the left side of Figure 1 are generated
by 3-points schemes at w = 0.251. Both of the 3-point schemes are C'' smooth.
The graphs on the right side of Figure 1 are generated by 5-point nonlinear and
associated linear schemes with w = 1/320. Both of the 5-point schemes are C?
smooth. It is evident that the nonlinear schemes reduce the Gibbs phenomenon
significantly.

6. Conclusion

In this article, we proposed a general formula for (2n—1)-point nonlinear ternary
interpolating subdivision schemes. It is shown that 3-point and 5-point non-
linear ternary subdivision schemes developed in ([4], [5]) are special cases to
our proposed schemes. Convergence of another special case (5-point nonlinear
ternary interpolating subdivision scheme) is proved and it is shown that it is at
least C? continuous. Numerical results are presented to show the performance
of nonlinear over linear subdivision schemes.
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O Initial data points
3-point Linear
— 3-point Nonlinear|

O Initial data points
5-point Linear
— 5-point Nonlinear|

Figure 1: On the left, initial control points and the curves generated
by 3-point nonlinear ternary interpolating subdivision scheme (5th
level) in (3.4) and its associated 3-point linear ternary interpolating
subdivision scheme with w = 0.251. On the right, same initial con-
trol points and the curves generated by 5-point nonlinear ternary
interpolating subdivision scheme (5th level) in (3.8) and its asso-
ciated 5-point linear ternary interpolating subdivision scheme with
w = 1/320.
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