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Abstract: A class of zipper fractal functions is more versatile than corresponding classes of traditional
and fractal interpolants due to a binary vector called a signature. A zipper fractal function constructed
through a zipper iterated function system (IFS) allows one to use negative and positive horizontal
scalings. In contrast, a fractal function constructed with an IFS uses positive horizontal scalings only.
This article introduces some novel classes of continuously differentiable convexity-preserving zipper
fractal interpolation curves and surfaces. First, we construct zipper fractal interpolation curves for the
given univariate Hermite interpolation data. Then, we generate zipper fractal interpolation surfaces
over a rectangular grid without using any additional knots. These surface interpolants converge
uniformly to a continuously differentiable bivariate data-generating function. For a given Hermite
bivariate dataset and a fixed choice of scaling and shape parameters, one can obtain a wide variety
of zipper fractal surfaces by varying signature vectors in both the x direction and y direction. Some
numerical illustrations are given to verify the theoretical convexity results.

Keywords: iterated function system; fractals; convexity; rational cubic spline; blending functions;
convergence; zipper; zipper fractal surfaces

1. Introduction

The technique of constructing fractal interpolation functions (FIFs) initiated by Barnsley [1]
can produce nonsmooth or smooth interpolants [2], where the graph of an FIF is an attractor
of a suitable IFS. This technique involves a free parameter to control the variation of
ordinates so that it provides flexibility to generate a range of interpolants from smooth
to nowhere differentiable on a compact domain. A class of spline interpolants can be
generalized using the class of smooth fractal interpolants. Implementing the idea of
spline FIFs given by Barnsley and Harrington [2], cubic spline FIFs with general boundary
conditions were introduced by Chand and Kapoor [3]. Since the classical splines are used
in the problem of shape-preserving interpolation, it is natural to think that their fractal
generalization can also do the same. Chand et al. in [4] introduced rational cubic FIFs,
which can preserve the fundamental features of univariate Hermite data.

In the literature, univariate FIFs are studied more than fractal interpolation surfaces
(FISs). It may be the case that the graph of a linear FIS is not continuous [5], whereas the
graph of a linear fractal interpolation function (one-dimensional) is always continuous [1].
Massopust [6] proposed the construction of FISs on triangular domains. He used coplanar
interpolation points on the boundary of the domain for constructing the FISs. Geronimo and
Hardin in [7] presented the constructions of FISs on flexible domains. Zhao [8] generalized
that construction using barycentric co-ordinates. In [9,10], the researchers generated FISs
on rectangular grids for collinear interpolation points on the boundary. The construction
of an FIS given in [10] was improved in [9]. A new construction for FISs for every set of
data and a generalization to higher dimensions is given in [11]. FISs with recurrent IFSs
were constructed in [12,13]. Navascués et al., in [14], analyzed the spanning properties of
the fractal functions on the rectangle. Chand et al., in [15], investigated FISs that lie above
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a plane. Fractal surfaces have been found to be effective in scientific applications, such
as metallurgy, geology, computer graphics, physics, brain electrical activity, and image
processing, e.g., [16-19].

The idea of a zipper, which generalizes the concept of an IFS using a binary vector
named signature, was given by Aseev et al. in [20]. Tetenov and collaborators studied many
interesting topological and structural properties of zippers related to dendrites and self-
similar continua in [21-25]. Chand et al. in [26] generated affine zipper FIFs and examined
their range-restricted properties. Recently, the approximation features of smooth zipper
fractal functions have been studied in [27]. In this article, we construct one-dimensional
and two-dimensional continuously differentiable zipper fractal interpolants. To construct a
class of continuously differentiable zipper fractal surface interpolants, we use the technique
given in [28], where the horizontal scalings in the x and y directions can be negative. This
technique of constructing surface interpolants using the network of univariate boundary
curves and blending functions is beneficial in the design environment. Since the generated
surface inherits all the properties of the network of boundary curves, see [29], we generate
convexity-preserving surface interpolants using some restriction on the zipper IFS parame-
ters. Our scheme can produce a wide variety of surface interpolants due to the presence
of a signature, scaling factors, and shape parameters. It is more convenient to model
smooth convex bivariate interpolants in shape abstraction and modeling, computer-aided
design, biomedical instruments, object recognition, computer graphics, reverse engineering
material science, and metallurgy to capture the irregularities associated with the partial
derivatives of the surface interpolants.

2. Basics of Fractal Interpolation

We shall begin with the basics of fractal interpolation, and fractal perturbation of a
function through a-fractal functions. The details can be found in the references [1,2,30].

Consider a finite interpolation dataset {(x;,y;) € R?:i € Ny := {1,2,...,N}}, where
X1 <x<...<xyand N > 2. Let I := [xl,xN} and [; := [xl-,xl-H} fori € Ny_q. Let
L; : I — I; be homeomorphisms such that for all x, x* € I and for some 0 < [; < 1,

1£i(x) = Li(x*)| < Ii |x =x7|; Li(x1) = xi, Li(xN) = Xiy1, § € Ny 1)
Define N — 1 continuous maps F; : I x R — R such that
1 FiCx,y) = Filx,y)| < lail ly —y*l; - Filxr,y1) = vir Filxn,yn) = i1, i € Nyoy, ()
forallx € I, y,y* € R, and for some «; € (—1,1). Now construct the elementary functions
Wit IxR—=LxRCIXR, Wi(x,y) = (Li(x), Fi(x,y)), i€Ny_1.

Theorem 1 ([1]). The iterated function system (IFS) {1 x R; Wj,i € Ny_1} has a unique attractor
G, which is the graph of a continuous function g* : I — R satisfying g*(x;) = y; for all i.
Furthermore, if C(I) := {g : I — R, g is continuous on 1,g(x;) = v1,8(xn) = yn} is endowed
with the uniform metric, and the Read—Bajraktarevi¢ (RB) operator T* : C(I) — C(I) is defined by
Teg(x) = F;(L;(x),g0 L;71(x)), x € I, i € Ny_1, then g* is the unique fixed point of T*.

The function ¢* in the above theorem is called an FIF corresponding to the interpolation
dataset {(x;,y;) € I xR:i=1,2,...,N}. The popular fractal interpolation in theory and
applications is taken from the following IFS:

{IxR;W; = (Li(x), Fi(x,y)),i € Ny_1}; Li(x) = aix+b;, Fi(x,y) = ajy+qi(x). 3)

Here, a; is called the vertical scaling factor corresponding to the map WW;. The corresponding
fractal function g* satisfies

g (x) = a; (L1 (x))g" (£, () +qi(L; 1 (x)), x€l, €Ny
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Let C*(I) be a collection of all k-times continuously differentiable real-valued functions on
I. The existence of differentiable fractal functions or spline FIFs is given in the following:

Theorem 2 ([2]). Let{(x;,y;),i =1,2,..., N} beagiven dataset, where x1 < ... < xy. Suppose
that £;(x) = a;x + b;, Fi(x,y) = a;y + qi(x), where q; is continuous for i € Ny_1. Suppose for

g
some integer p > 0, |a;| < al, i € Ny_y. Let FF(x,y) = %}Q(x), ql(k)(x) represents the k™

derivative of q;(x),

(k)

(k)
4 (x1) N1 (xN)

yI{: 1k ’ ]/If\JZ kNil ,k:1,2,...,p.
al — 1 IZN_1 —&N-1

If Ff(enyn) = Fia(x,yh), i€ Nyoo, k=1,2,..,p,

then the IFS {I x R; Wi(x,y) = (Li(x), Fi(x,y)), i € Ny_1} determines a spline FIF g* €
CP[x1, xn], and g* %) is the FIF determined by {I x R; Wi(x,y)=(Li(x), F¥(x,y)), i € Ny_1}.

If g;(x)’s are taken as rational functions, one can obtain rational fractal splines, see for
instance [4,31].

The concept of FIFs can be used to associate a family of continuous fractal functions
with a prescribed function f € C(I) (see [30]). For this procedure, consider a partition
mip = {x1,x2,...,xn} of I with increasing abscissae. Suppose that b € C(I) satisfies
b(x1) = f(x1) and b(xyn) = f(xn). Fori € Ny_1, we construct g;(x) := f(L;(x)) — a;b(x),
and then the corresponding RB-operator provides a fixed point denoted by f, = f*,
where & = (aq,a,...,an_1) € (—1,1)N~1. The associate fractal function f* is called the
a-fractal function corresponding to f and it satisfies the self-referential equation:

fHx) = f(0) +ai(f* = b) (L7 1(x)), x €, i €Nyt

This model is used to construct a fractal perturbation of any standard function in numerical
analysis and approximation theory.

For a CP(I)-fractal perturbation function f* from a germ f in the same space, we
proceed as follows: Let f € CP(I), and |;| < a,i € Ny_j. In order to construct f* € CP(I)
corresponding to f, it is sufficient to find the conditions on the base function b according to
Theorem 2.

Theorem 3 ([32]). Let f € CP(I), and x1 < xp < ... < xy be an arbitrary partition of I.
Suppose |a;| < af for all i € Ny_y. Further, assume that the base function b obeys

b (x1) = fB(x1), B (xn) = FO (xn) fork = 0,1, p.

Then, the corresponding fractal function f* is p-times differentiable, and (f*)®) (x;) = £ (x;)
forie NNy k=0,1,...,p.

In the next section, we will take f as a zipper rational cubic spline, and then we will
perturb it to construct the desired zipper fractal rational cubic spline as f*. Since it is
difficult for a zipper fractal spline constructed using a single base function to preserve the
shape of the data, we will use a family of base functions satisfying the conditions given in
Theorem 3 to perturb a zipper rational cubic spline.

3. Construction of Univariate Hermite Zipper RCS and Its Fractal

A classical spline can be written as a function from the entire interval [x1, xy] to the
subinterval [x;_1, x;], and the contraction factor is always positive. If the interval is also
allowed to map in the reverse direction to any subinterval, i.e., x; maps to x; and x maps
to x;_1, then the horizontal contraction factor will be negative. A classical spline can be
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extended in this manner using a positive contraction or a negative contraction in each
subinterval. Thus, we need a binary signature to fulfill such options, and hence the zipper.
We construct a family of novel continuously differentiable zipper rational cubic splines
(RCSs) using a binary vector signature in Section 3.1 in the first step. The rational cubic
spline is a member of this family. In Section 3.2, we generate a new class of continuously
differentiable zipper fractal interpolants by fractalizing each member of the family of zipper
RCSs using a suitable family of base functions.

3.1. Construction of Hermite Zipper RCS

Consider a finite set of Hermite interpolation data {(x;,y;,d;) € I x R? : i € Ny},
where y; and d; are the function value and the first derivative value at the knot x;, respec-
tively, I = [x1,xn] with x; < x < ... < xy. For alli € Ny, assume that y; € [01,02],
for some 01,02 € R, and d; are either given or calculated from data by some appropri-
ate methods given in [4]. For a fixed signature € := (e1,€,...,en_1) € {0,1}N71, let
Li:]— 1 =|x;,x1),1=12,...,N — 1, be contractive homeomorphisms such that

Li(x1) = Xiye, Li(xn) = Xiy1-¢, Li(x) =a;x +b;,

4
|Li(x) — L;(x™)| < Lijx —x*|, Vx,x" €1, @)

forsome 0 < [; < 1.

Let hi 1= Xj {1 ¢, — Xite,r Bi i= Xip1 — X, Aj = %,
For0<:= ;=L <1,0;>0,and 7; > 0, let Q;(f) = 0;(1 — 0)% + 20717;(1 — 0)6 + 1,62
Now, consider a rational function with a cubic numerator and a quadratic denominator of
the form:

i € Ny_1,and |I| := xny — x1.

Re(ﬁi(x)) = (ISZEZ;/ i€ NN*]/ x € I/ (5)

where

3
Ri(0) = Y Ag(1—0)37Fek,

k=0
Aio = OYive;, Ann = (2071 + 07)Yive, + Oihi dite,,

A = 2001 + 1i)Yiv1-—e; — il diy1-¢; Az = Niliy1-¢;-

One can easily obtain the following results:

Theorem 4. Let {(x;,y;,d;) € [ x R? :i € Ny} be a Hermite interpolation dataset. For the fixed
signature € := (€1,€,...,én-1) € {0, 1IN=1 the rational function Re defined in (5) has the
following properties:

(i) Re is a member of the space C*(I);
(ii) R interpolates the given Hermite data, i.e., Re(x;) = y; and RL(x;) = d; for all i € Ny.

We call this rational function R, as zipper RCS for the given Hermite data. These
o; and #;, i € Ny_1, which we used to construct Hermite zipper RCS, are called shape
parameters, and we call 0 = (01,07,...,0n-1) and 7 = (171,72, - . ., iN—1) shape parameter
vectors. For the given Hermite interpolation data {(x;,y;,d;) € I x R? : i € Ny}, if we take
o; and 7; such that 0; # #; for alli € Ny _q, then using different values of signature (we have
2N=1 number of choices to choose a signature), one can construct 2N =1 distinct Hermite
zipper RCSs. The proposed class of these Hermite zipper RCSs takes the classical rational
cubic spline (when € = 0) defined in [33] and the piecewise zipper cubic polynomial (when
0; = 1; = 1, Vi) as particular cases.
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3.2. Construction ofa C'-RCS ZFIF
In this subsection, we generate a-fractal functions corresponding to R, using Theorem 3.
For a fixed signature € := (ey,€,...,eny-1) € {0,1}N~1, let R defined in (5) be
a zipper RCS for the given Hermite interpolation data {(x;,y;,d;) € I x R? : i € Ny}.
Consider a set of C!-functions {B; : i € Ny_1} such that

_ Ri(®)

Q@) v ©

where
> 3—kpk
Ri(0) = ) Aj(1—6)°7%6",
k=0

Al = o1, Aj = (2om; + 0y)y1 +o;|I]dy,
Al = 2omi +ni)yn — nillldn, Az = niyn.

Easily, we can obtain B;(xx) = vy and B} (x;) = dj for k = 1, N. We can take this family
of base functions B;, i € Ny_1 to construct N — 1 continuous functions F; : IC := I x
[01, 02] — R such that

Fi(x,y) = aiy + (Re(Li(x)) — a;Bi(x)),
where —1 < a; < 1. For each i € Ny_q, we have

Fi(x1,¥1) = Yire, FilXNYN) = Yig1—e;r

. . . @)
|Fi(x,y) — Filx,y")| < |willy —y*|, Vx € Ly, y" € [o1,02]-

Define mappings W; : K = [; xR,i=1,2,...,N — 1 by
Wix,y) = (Li(x), Filx,y)), Y(xy) € K.

Definition 1. Let X be a complete metric space. For given vertices v1,vy,...,oN € X and signa-
ture e = (e1,€2,...,en_1) € {0, 13N~ a zipper IFS is a collection of X with some contraction
maps on X to itself, which is denoted by T := {X; Z; : i € Ny_1}, where Z;(v1) = vy, and
Zi(vN) = Viy1—¢ forall i € Ny_y. The compact set G C X, which satisfies

is called the attractor or fractal corresponding to the zipper IFS I.

Since K := I X [01,02] is a complete metric space with the usual metric and each
W; is a contraction mapping such that Wj(x1,y1) = (Xite; Yite;) and Wi(xn,yn) =
(Xit1—e; Yir1—¢;), then T = {IG;W; : i € Ny_1} becomes a zipper IFS with vertices
(x1,y1), (x2,42), ..., (xN,yN) and signature € = (e1,€2,...,€Ny-1). Since Re and B; for
each i € Ny_; belong to C!(I) and agree on the endpoints of subinterval I, if we choose
|aj] < |a;], then the zipper IFS Z determines a unique attractor G, which is a graph of a
continuously differentiable function , say RZ, on I. R% interpolates the given Hermite data,
ie, R4(x;) = y; and R*W(x;) = d; foralli = 1,2,...,N, see [27]. We name this R as a
rational cubic spline zipper fractal interpolation function (RCS ZFIF). It can also be called
a-fractal function corresponding to Re. One can observe that R{ is a unique fixed point of

the RB operator TZ : (/ﬁ(l ) — C1(I) defined as

TEg(Li(x)) = Re(Li(x)) +ai(g(x) = Bi(x)), xel,i=12,...,N—1, (8)
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which is a contraction map on (/ﬁ(l), where (/ﬁ(I) = {g e CYI):g(x1) = y1,8(xn) =
yn, 8 (x1) = dy1, and ¢’ (xn) = dn} is a closed subspace of a complete metric space C'(I)
with respect to C!-norm. Therefore, R* € C!(I) and satisfies

RE(Li(x)) = Re(Li(x)) + a;(RE(x) — Bi(x)), Vx e, i=1,2,...,N—1. ©)
From (9), one can deduce that R} interpolates the given Hermite data. The class of RCS

ZFIFs generalizes the class of Hermite zipper RCSs defined in (5) and the class of rational
cubic spline fractal interpolation functions (RCS FIFs).

Example 1. Consider a univariate Hermite interpolation dataset

{(-2,1,3),(~1,-2,1),(0,2,-2),(1,-1,1), (2,3, —4)}.

Using the parameters given in Table 1, we plotted the proposed univariate interpolants in Figure 1a—f.
In Figure 1a—c, we generated zipper RCSs using different values of signature with the same values
of shape parameters. One can notice that these zipper RCSs are different functions. Since we have
251 = 16 choices to choose a signature for the given data, we can construct 16 different zipper
RCSs. Hence, the class of zipper RCSs extends the class of classical RCSs. Taking € = (0,0,0,0), we
constructed the classical RCS in Figure 1c. To show the effects of shape parameters, we constructed
Figure 1a,d using different values of oy only. From their plots, it can be observed that, if we take a
large value of shape parameter on some subinterval, then the corresponding plot on that subinterval
becomes nearly a straight line. Figure le,f are the graphs of the RCS ZFIFs. We have plotted these
graphs using different values of 3, and one can notice the changes in subinterval [0, 1].

Table 1. Zipper IFS parameters for Figure 1.

Figure 1 o Ul € 1%
(@ (0.1,0.2,0.1,0.2) (1,2,2,1) (1,1,0,1) -
(b) (0.1,0.2,0.1,0.2) (1,2,2,1) (0,1,0,1) -—
(c) (0.1,0.2,0.1,0.2) (1,2,2,1) (0,0,0,0) --
(d) (2,0.2,0.1,0.2) (1,2,2,1) (1,1,0,1) -—
(e) (2,0.2,0.1,0.2) (1,2,2,1) (1,1,0,1) (0.2,-0.15,0.1,0.24)
) (2,0.2,0.1,0.2) (1,2,2,1) (1,1,0,1) (0.2,-0.15,—0.2,0.24)
4 T 4 T
R R
3L ® Data 3l ® Data
2 ol
0 or \\
\\ \
A \ -1r \
2 2r
3 L L L L L 3 - - -
-2 -1.5 -1 -0.5 0 0.5 1 15 2 -2 1.5 -1 -0.5 0.5 1 1.5 2
(a) Zipper RCS. (b) Effects of €;.

Figure 1. Cont.
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R0

R.(x)
3l ® Data >

/

14 \ /
[
L / /
/
qk //
2+

.
2 -1.5 -1 0.5 0 0.5 1 15 2 2 15 -1 05 0 0.5 1 15 2

(c) Classical RCS.

[N}

S}

(d) Effects of shape parameters.

1
R0 /

® Data ’/wv"\ / |

R%(x) J

; f
® Dat: /
2 ata /W /— 2
|

[
[
{

o
e

T

o

I 1 // \

i \\ / \V\/\ ,/ i
\LJ/ | 7 i \V\\\ /\// \‘\' /// |

|V |

1 1 1 1 L L L 4 . . . . . . L
-2 -1.5 -1 -0.5 0 0.5 1 15 2 -2 -1.5 -1 -0.5 0 0.5 1 15 2

(e) RCS ZFIE. (f) Effects of scaling parameters.

Figure 1. Univariate interpolants.

4. Convexity Preserving Zipper RCS and RCS ZFIF

For a convex Hermite dataset {(x;,y;,d;) : i =1,2,...,N}, wheredy < A1 < ... <
di < A <dip1 < Ajyq < ... < An_1 < dp, first we will derive sufficient conditions on
the shape parameters so that the corresponding zipper rational cubic spline R, becomes
convex on I. Then, we will give sufficient conditions on the zipper IFS parameters so that
the proposed RCS ZFIF R{ becomes convex on I. Since the first derivative of the proposed
RCS ZFIF can be nowhere differentiable on I, to prove the convexity of the RCS ZFIF, we
will show that its right-handed double derivative or the left-handed double derivative on
each point of the interpolating interval exists and is non-negative.

Proposition 1 ([34]). For a continuous function g on I = [x1, xn] and for each x € (x1,xy), if
one of the one-sided derivatives gV (x) or ¢V (x™) exists, and is non-negative (can be +o0), then
the continuous function g is monotonically increasing on I.

We use the above proposition for the first derivative of the proposed interpolant to
preserve the convexity feature of the data.

Theorem 5. Let {(x;,y;,d;) :i =1,2,...,N} be a convex Hermite dataset, where d; < A1 <

s <di <D <diyg <Ay <...<Ay_1 <dy. Forafixed signature e € {0,1}N"1, if the
shape parameters are chosen such that

diy1-¢ — B } { Ai—dite } .
g >maxs 0, ————— 3, y; >max<0,—————— %, i=1,2,...
l { 28 —dive) |7 T 2(diy1-¢ — D)

then the corresponding zipper RCS will be convex on I.
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Proof. From the construction (5), R(z) may be discontinuous at the internal grids. In
addition, Rg)(x;) and R@(xj) exist but may be R ( ) £ R ( ). Therefore, to
prove R is convex, it is enough to show that mm{Re (x ),Rgz)(xf),Rg)(xi;l) T x €
(xi,x;+1)} > 0 for each i € Ny_1. Let the shape parameters satisfy the assumptions given
in the statement. Now, differentiating twice R, given in (5), we obtain

Y7o Di(1—0)5Fok

RE (L) = SRy 1€ N,
where
10 = 4771 (A —dive) + 2’7i‘7i2( div1-¢;),
Dip = 8107 (A — dite;) +41i07 (A — diga—e,) + 6m07 (A — diye,),
Dip = 6n70i(dis1—e; — ;) + 41707 (A — die,) + 12007 (A — digee,) + 2007 (A — diy1—e,),
Dis = 61,07 (A; — die,) +417703(dip1—e; — D) +120703(di1—e, — A;) + 20703 (di e, — D),
Diy = 8130i(diy1-¢; — Di) + 4n70i(dige, — D) + 61703(dis1—, — Di),
15 —4771 oi(dit1- —¢; _Ai)+2771‘20'i( i+e€; —A)).

If ¢; = 0, then hf > 0, and the given assumptions on the shape parameters confirm that

Qi3 > 0and Dj; > 0 for each k = 0,1,...,5. Therefore, Rgz)(ﬁi(x)) >Q0forallx € I
Similarly, if €; = 1, then h} < 0, and the given assumptions on the shape parameters

confirm that Q? > 0and Dy < 0 foreachk =0,1,...,5. Therefore, RS) (L(x)) > 0forall
x € Iand foreachi =1,2,...,N — 1. Hence, R¢ is convex. [

Remark 1. When €; = 0 for all i € Nn_1, the sufficient conditions given in Theorem 5 reduce to
sufficient conditions:

dip1— A Ai—d;
= b oy >max<q0, ——1— 1t
2(A; —dy) } L { 2(dit1 — 4) }

for a classical rational cubic interpolant defined in [33] to be convex for given convex interpolation data.

0; > max {O,

Now, using the convexity of R¢, we will show that R{ is also convex if the scaling and
shape parameters are restricted suitably. We have

R;*(0)
Qi(6)

Re(Li(x)) = aiRe (x) + (10)

where

3
R (0) = Y Ca(1—0)>7F6%, Cip = 0;(yise, — witn1),

Cit = (20i1; + 07) (Yive, — wiy1) + 03 (hf die, — ai|1]d1),
Cio = (201 + i) (Yis1-¢, — @iyN)) — 1i(hidip1—¢, — ai|1]dn),
Cis = 1i(Yit1-¢ — ®iYN)-
Theorem 6. Let {(x;,y;,d;) :i =1,2,...,N} be a convex Hermite dataset, where dy < Ay <

L<di <N <digq < Ajjp < ... < Ay_q <dy. Lete € {0,1}N=1 be fixed and the shape

parameters be chosen as

diy1-¢ — D } { Ai—dite } .
o >max 0, ——— %, 7, >max< 0, ———— 5, i € Ny_1.
l { 2(A; —diye,) T 2(dit1-e, — A) N
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If we choose scaling factors such that

"
. v .
0<u < a?mm 1, — ;, i€ Ny_q,
Vip

where v = mi]In{Rgz) (x+),R£2) (x7)}and Vi > max{O,max{Bi(z) cx e€l}},ieNy_g,
xe
then the corresponding C'-RCS ZFIF R will be convex on I.

Proof. From the construction (5), it is obvious that the second derivative of R, exists on each
x € (xj,x41), i € Ny_1, and also, RZ(x;") and Rg(xijrl) exist. However, at the endpoints
of the subintervals, it can happen that R2(x;) # R2(x;"). Therefore, using the given
assumptions on the shape parameters in Theorem 5, we have min{R2(x), R2(x;"), R? (xi11):
x € (x;,x;11)} > 0. Thus, v" > 0. For eachi € Nn_1, B; is infinitely differentiable on I.

Let the zipper IFS parameters satisfy the assumptions given in the statement. To
prove R is convex, it is enough to prove that (R%)?) (x*) or (R%)®)(x~) exists and is
non-negative (possibly +c0) for all x € (x1,xy) (see, Proposition 1). Let 0 < a; < 1112.
From (9), informally, we can write

o o .
(R)P(Lix) = R (Li(x) + S (ROP (x) = FBH (), i €Ny ()
i i
First, we will prove that the assumptions on parameters imply (R%)?)(x]") > 0 and
(R&)®)(xy) > 0.
Casel: Lete; =0and en_1 = 0.

Taking i = 1 and x = x7 in (11), we obtain

—1
a e 14
(R)® (x}) = (1 - ;) [RP (x) = LB (x)).
aq aq
2 "

2 2 " N
Now, Rg )(fo) - ‘;—%Bg )(xlﬂ >v — %Vll- Thus, a; < @1/2 implies (R%)(?) (x) >0.

Taking i = N — 1 and x = xy, we have

-1
_ AN_— _ aN— _
(R D) = (1= 2221 ) R () — 228, ()
N-1 N-1
Similarly, we can obtain (R%)(?) (xy) = 0ifay_q < @Nij;jz .
Case?2: Lete; =landen_1 =1.
From (11), we obtain
14 _ o _
(R)® () = R (xf) + Z(ROP (xy) = 5B (xy), (12)
1 1
_ _ AN — N _—
(R)® (xy) = R (x) + S (ROP () = B (). (13)
IN-1 IN-1
Adding (12) and (13), we have
1= 2 J RO ()4 1 55 J (R () =
a2 € 1 a2 € N
N-1 1
0 _ _ ON_—
R () = 3B (x) | + | R () = S22 BY ()
a3 IN-1
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"
v

"
asv

2 a
1 <
Via and AN—1 S

2
N-1
VN-12

If(Xl <

, then

aN— « -
(g2 (13 2o
N-1 1
This implies either (Rg)(Z)(x;f) > 0 or (Rg>(2)(x&) > 0. Therefore, if (Rg)(z)(xf) >0,
then (13) implies
(R (xy) > R (xy) — N=LBE (x) > 0.

2
N1

Similarly, we can prove that if (R%)(?) (xy) > 0, then (R%)®)(x) > 0.
Case3: Lete; =0and ey_1 = 1.

We have »
14 14
(R (xf) = (1 - 1) [Ré”(xf) - 5B7()|, (14)
1 1
(R (xy) = R (xy) + N=L(R @) () — TN=1EE) (). (15)
aN-—1 aN_1

Using the steps from Case 1 and Case 2, we can conclude that (R%)?)(x{) > 0 and
B ) o 1 2 B 1///
(R (xy) > 0if ag < % and ay -1 < P

Case4: Lete; = 1and eny_1 = 0. This case is similar to the previous case.
Thus, we have
(R%)P(xf) >0 and (RY)®(xy) > 0. (16)

Now, we are moving to the other knots. For a fixed i € Ny_1, if ¢; = 0, then (11) gives

(R)® () = R () + SROP () = S B (x7). 17)
1 1

2
Now, using (R%)?) (x{") > 0and a; < a{}:/z , we have (R%)®) (x;") > 0.

Ife; = 1, we have
_ - &j &
(R)® (i) = R (x3) + 5 (R af) = 5B (x]).

1 1

Similarly, we can obtain (R%)(?)(x
eters. Hence, the condition

i+1) = 0 using the assumptions on the zipper IFS param-

2" @)(2) () > P
(Rg)(Z) (x?») 2 0 and o S alv = (Re) (xl) = 0 lf €; 0/ . (18)
i,2 (Rg)(z)(xi 1) >0 ife; =1 for i € Ny_1.
Similarly,
2, ay(2) () > e
(RH@(xy) > 0and a; < 25 (Rz>(2) ()zo  ife=1 )
V1,2 (Rs) (Xi 1) >0 ife; =0 for i € Ny_j.

Therefore, using the given assumptions on the zipper IFS parameters, we have

min{ (R)® (x1), (R (x3), (R (x7), (ROD(xf) 1§ =2,3,...,N=1} > 0.
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Now, we are moving to the next iteration. If €; = 0, we have

(R (£)") = RO (£5)") + R )~ BB 7).

(R (L1(0)) = R (L) )+ (5 (RO Do) = BB ) = 2.3 N -1
If¢; = 1, we have

(R (£)") = RO (£5)") + R 57) — BB 7).

(RE)D(Li(x)7) = RE(Ei(x) ) + G (R Dxf) = B (7). =28, N =1

1 1

Using a similar procedure, we have minieNNfl{(R?)(z)(ﬁi(xj)ﬂ, (Rg)(z)(ﬁi(xj)’) 1j €
Ny} > 0, provided the parameters satisfy the given assumptions. Similarly, (R*)?(x ") and
(R%)?(x™) exist, and are non-negative on the new points generated in the next iteration.
Since (R%)(?) is determined iteratively, we can conclude that R is convex. [

Example 2. Consider a univariate Hermite interpolation dataset
{(—4,0,0.25),(—2,1,1),(0,4,1.8),(2,8,3.2), (4,15,4)}.

Clearly, the given Hermite dataset is convex and satisfies d1 < A < dy < Ay < d3z < Az <
dy < Ay < ds. Using the parameters given in Table 2 and signature e = (1,1,1,0), we plotted the
proposed interpolants in Figure 2a—c.

We chose random parameters for plotting Figure 2a, and the corresponding RCS ZFIF is not
convex, which can be seen from its first derivative plotted in Figure 2d, as it is not monotonically
increasing, or it can be seen from its double derivative plotted in Figure 2g, as it takes some
negative values.

We used sufficient conditions provided in Theorems 5 and 6 to plot the RCS ZFIF in Figure 2b
and zipper RCS in Figure 2c, respectively. From their figures or the plot of their second derivatives in
Figure 2h,i, it can be observed that they preserve the convexity of the given data. As the magnitude
of each scaling factor is close to zero, the difference between the RCS ZFIF plotted in Figure 2b and
zipper RCS plotted in Figure 2c cannot be seen much from their plots, but it can be easily observed
from their second derivatives. In addition, one can observe that the second derivative of the RCS
ZFIF plotted in Figure 2h does not exist on more points than the second derivative of the zipper RCS
plotted in Figure 2i.

Table 2. Shape parameters and scaling vectors for Figure 2.

Figure 2 o i 1%
(@) (0.03,0.01,0.1,4) (1,0.02,1,0.01) (—0.02,0.02, —0.03, —0.03)
(b) (1,2,5,2) (2,4,5,3) (0.01,0,0.01,0.01)

(c) (1,2,5,2) (2,4,5,3) __
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Figure 2. Verification of convexity by RCS ZFIFs. (a) Nonconvex RCS ZFIF. (b) Convex RCS ZFIF.
(c) Convex zipper RCS. (d) The first derivative of the RCS ZFIF plotted in Figure 2a. (e) The first
derivative of the RCS ZFIF plotted in Figure 2b. (f) The first derivative of the RCS ZFIF plotted
in Figure 2c. (g) The second derivative of the zipper RCS plotted in Figure 2a. (h) The second
derivative of the zipper RCS plotted in Figure 2b. (i) The second derivative of the zipper RCS plotted
in Figure 2c.

5. Construction of Bicubic Partially Blended RCZFIS

In this section, we will generate zipper fractal interpolation surfaces for given Hermite
bivariate data I := {(xi,yj,zi/]«,zfj,zly’j) :i€ Ny, j € Ny}, where xvp < xp < ... < xp,
V1 <y2<...<ym andz] f is x-partial and Ziy,j is y-partial at the point (x;,y;). First, we
split the given Hermite bivariate or surface data into univariate Hermite datasets along
the x-axis and the y-axis, i.e., along each j-th grid line parallel to the x-axis and along each
i-th grid line parallel to the y-axis, see Figure 3. Thus, we have M number of Hermite

datasets T'y; := {(x;, zj, 2} JiieN N} along the x-axis and N number of Hermite datasets

Ty, == {(yj,zij, Zly, J:ijeN M} along the y-axis. Then, we construct RCS ZFIFs using these
univariate Hermite datasets. We generate a zipper fractal interpolation surface with the
Coons patch technique [28] using these RCS ZFIFs as the boundary curves and blending
them with two cubic blending functions. Here, we obtain the advantage of using signature
vectors as we can obtain M x N x 2N+M=2 different zipper fractal interpolation surfaces
by varying the values of signature vectors only.
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(a) Bivariate data. (b) Univariate datasets.
Figure 3. Splitting bivariate data into univariate datasets.
Fori € NN 1and j € Ny_q, denote [ := [xl,xN] L = [xi,xi+1], ] = [yllyM]/ ]] =
[Yj,yj+1), Rij == I x J;, R —Ix]—UN 1UM 1R”,h = xjy1— %, h:=max{h; : i €
T J . Zj T AL Zij+1 2
Ny_1}, h] =Yjt1— y],h = max{h j€Np_1}, A = S ;and A; = Yy For

fixed j € Ny, consider the univariate Hermite data I'y,. Let the signature corresponding to
the dgtaset I'y; denoted by e = (e ]1,6]2, ey ]N—l) € {0,1}N~1 be fixed. For oachz GINN,ll,
let £} : [x1,xn] — [x;, xi11] be a contractive homeomorphism such that £)(x) = alx + b]

satisfying Eg(xl) =X Jand U(xN) =Yg o} be a scaling factor such that |1x]| < |a |,

i+1—

O'Zj and 17{ > 0 be the shape parameters, h; = x —X, ej’ and B{ be a base function.

i+1—ef
Using these notations in Section 3, the RCS ZFIF corresponding to the univariate Hermite
data I'y, denoted by N é"j] can be written as

N (x) = Nyj(x) + d] (N;;f ((£h Y (x)) = BI((£h) " (x ))), xel,icNyq,  (20)
where NV is the univariate Hermite zipper RCS that interpolates the data Iy, Thus,

AN (x;) dN() _
dx dx 1]’

N (xi) = Ng(xi) = zi), Vje Ny, Vie Ny,  (21)
By fixing the signature €/ for each univariate dataset Iy, j € Ny, we can generate a RCS
ZFIF, which interpolates ij, i.e.,, we can construct M number of RCS ZFIFs along the x-axis.

Similarly, we construct RCS ZFIFs along the y-axis. For fixed i € Ny, consider the
univariate Hermite data Fx, ={(yjzijz ) j € Npr}. Let the signature corresponding to

the data T'y, denoted by € = (€,&),...,€), ;) € {0,1}M~1 be fixed. For each j € Ny,
let Z} : [y, yM] [j,Yj+1] be a contractive homeomorphism such that L i) = a]y + b

satisfying L (1) = y]Jrez and Z; (yM) yj+1 e @ . be a scaling factor such that |ch| < |a l,

(7 and 77 77] > 0 be the shape parameters, k; and B]- be a base function.

i = Yjri-e Vit

Now, the RCS ZFIF corresponding to the univariate Hermite data I'y; denoted by N‘? can
be written as

Na(y) =Na(y) + (Ngi (L)"') - B}((@)”(y))) yelpjeNua, (22
where N is the univariate Hermite zipper RCS that interpolates the data I'y,. Thus,

N (y) AN (y)
dy dy

Ng (y]) = Ngi (y]) = Zj,j, = Zly,]-, Vi € Ny, Vj € Ny. (23)
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Now, for the boundary of subrectangle R; ; = [x;, x;11] X [y], Yj+1], we have four curves
(two along the i-th and i + 1-th grid lines and two along the j-th and j 4 1-th grid lines)

(2 wjt1 A
NE}J( )|[xirxi+l],N5]]:1 (x )‘[Xi,xiﬂ]’Ng () ‘[ +1) andN 'H ’[yjzyjﬂ]

interpolation method via blending functlons we can define the surface F¢ of the form:

. Using the transfinite

Fe(xy) = Fer1(xy) + Folxy) — Fes(x,y), x€l, y€ ], i€ Nyq, j€Ny 1, (24)
where

Fo () = Qo (pf () N2 (y) + (i} () N (),

Fo(x,y) = Qo (7 ()N (x) + O (7 ()N (),
Fes(x,y) = Qo (k] (x)) Qo (7;(y)) zij + Qo (115 (x)) 1 (#;(y)) i j1
+ O (1 (2)) Qo (7 () zir1,j + Qu (7 () 1 (7 () Zi1, 41,

. Y-y
() = =, Qo) == (1= w)*(L+2), On(p):=p>(3—2p).
Yiv1 = Yj

. X — Xj
pui(x) = l

71
Xit1 — X

In (24), F¢; and FZ, each generates a surface using two boundary curves by blending
these curves with cubic functions. F¢; uses N,- (y) and fo’jll( ), and F¢, uses another

two curves N E‘"]-j (x) and ./\/g'j]:l (x). Since we added the corners twice, we used F¢ . These
smooth cubic functions )y and ()4, satisfying

0, 25
0 (25)

are called blending functions as they blend four different univariate functions together on
the boundary to produce a well-defined surface.

Theorem 7. Let {(x;,yj, i 2} js y]) :i € Ny, j € Ny} be a given bivariate Hermite dataset.
The bivariate function F¢ defined in (24) has the following properties:

(i) FreClIx]);

(i)  JFZ interpolates the given bivariate data, i.e.,

9FL

dF~
fg(xi/yj) = Zi,j, O iy <

= Z ,
) 9y Ny

=1z];, Vi€ Ny, Vj € Ny;

(iii)  If the given bivariate data {(x;,Y;,2i,, 2} i 1]) i € Ny, j € Ny} is taken from a function
Y € CY(I x ]), then bivariate interpolant F& converges uniformly to ¥ as h — 0 and h — 0.

Since boundary curves satisfying (20)—(23) and blending functions satisfying (25) are
continuously differentiable functions, it is easy to observe that the generated surface F¢
holds properties (i) and (ii) given in Theorem 7. Part (iii) of this theorem can be proved
in a similar manner as described in [15]. We call the bivariate interpolant ¢ a rational
cubic zipper fractal interpolation surface (RCZFIS). For each j € Ny, we can generate
2N=1 number of different RCS ZFIFs corresponding to the univariate data I'y; by varying
the signature vector €/ only. Therefore, we can construct M x 2N~1 number of RCS ZFIFs
along the x-axis. Similarly, we can construct N x 2M~1 number of RCS ZFIFs along the
y-axis. Therefore, we can construct N x M x 2NtM=2 nymber of different RCZFISs for
the given bivariate data {(x;,yj,z;,z i l]) i € Ny, j € Ny} by varying the signature
vectors only, where all the other parameters are the same. The proposed class of partially
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blended rational cubic zipper fractal interpolation surfaces generalizes the existing class of
partially blended rational cubic fractal interpolation surfaces and partially blended rational
cubic interpolation surfaces. If we choose all the scaling factors to be zero, then the bicubic
partially blended rational cubic ZFIS (24) reduces to the bicubic partially blended zipper
rational cubic surface, and we denote it Fe.

Example 3. For the Hermite surface interpolation data points of the form (x;, y;, zij, 2 ; zz ;) given
in Table 3, we constructed different RCZFISs using the different signature vectors given in Table 4
and the fixed shape parameters and scaling function vectors given in Table 5.

In Figure 4a,b, we plotted the RCS ZFIFs along the x-axis and the y-axis. We used them
to plot RCZFIS 1 given in Figure 4c. Then, using different signature vectors only, we plotted
RCZFIS 2, RCZFIS 3, and RCZFIS 4 in Figure 4d—f, respectively. One can observe that we obtain a
different surface when we change the signature. Since for the given surface data of 4 x 4 points, we
have 4 x 4 x 23 x 23 = 1024 choices to choose a signature vector, we can generate 1024 different
RCZFISs by changing the values of signature vectors with the fixed sets of shape parameters and
scaling functions.

Table 3. Bivariate Hermite data.

Lx/y— -1 ~1/3 1/3 1
-1 (3,1,-1) (-1,-2,2) (—2,-12,3) (5,8,1)
-1/3 (2, —4,-10) (=5,-2,2) (3,4,-3) (—9,5,4)
1/3 (-1,5,1) (4,-3,3) (=5,-1,5) (3,—4,—-1)
1 (7,3,6) (—8,2,3) (1,-2,4) (=3,7,-2)

Table 4. Signature vectors.

1_2_ 3_ 4
el=¢e"=¢€=¢*=(1,0,0)
RQZFIS 1: Lo
Q el=e=2e=¢=(0,1,0).
1_ 2 _ 3 _ 4_
et=e"=¢e=¢=(0,1,1)
RQZFIS 2: e
Q el=e=¢e=¢=(0,1,0).
1_2_ 3_ 4
el=e*=¢e=¢*=(0,1,1)
RQZFIS 3: e
Q el=e2=2e=¢*=(1,0,1).
1_2_3_ 4
el=e"=¢€=¢*=(0,0,0)
RQZFIS 4: L
Q el=e=2e=¢=(0,0,0).

Table 5. Shape parameters and scaling function vectors.

ol =02 =0%=0*=(01,02,03),
nt=n?=n3=9*=(03,060.1),
al =a? =a® =a*=(02,-03,03),
T == =0*=(1,02,3),

7l =72 =7 =7* = (0.2,06,0.1),
al =@ =& =a* = (-03,0.25,0.3).
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Figure 4. Zipper fractal network curves and surface interpolants.

6. Convexity-Preserving RCZFIS

In this section, we will generate convex RCZFISs for a given convex bivariate dataset.
Casciola and Romani [29] observed that the bicubic partially blended surface inherits all
the properties of the network of boundary curves.

LetT = {(xi,yi,zi,j,zifj,zly,j) :i € Ny, j € Ny} be a convex surface data, where
j ] X X X ] X . . .
Al < AH—l' Zi,j < Zi+1,j’ Zi,j < AZ < ZH_L]‘, 1 NN_l,] S NM,
and

—i —i v y y —i y L. .
A]- < A]-+1, 2i; <Ziji1 % < A]- <z 1€ Nn,j € Np—1.
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Therefore, the univariate Hermite datasets ij forall j € Ny and I'y, for all i € Ny are also
convex. Now, with these notations in Theorem 6, we obtain the following results:

(i) For fixed j € Ny, ./\/g'j.j is convex if

2(zr . A
(Zmd,-,f ) (26)

where

W'y = max{./\/'(z)(x*),./\/'e(jz)(x*) 1x € I}, Vl.j,z > max{O,max {B{(Z)(x) (x € I}};

el
i
(ii) For fixed i € Ny, N=i is convex if

y A Aoy

. z .
ij+1-8 ] ] Lj+€]

. 4 ’7 B 7
A Yy _A
2(8-4.0) 2(2n-4 ) @)

@y

Via

F; > max{ 0,

0 <@ < (a)*ming 1,

j 7 v] € I\11\/171/

where @
TN —(2 —(2 _ i -1
') = max{/\/’é,-)(y*),Né-)(y )iy € ]}, V}/Z > max{O,max {B; (y):y € ]}}
Thus, for the given convex surface data, we can restrict the parameters so that each

RCS ZFIF that we used to generate the surface RCZFIS is convex. Hence, using [29], we
have the following theorem:

Theorem 8. For given convex surface data I’ = {(xi,yi,zi,]-,zf]-, z]l./j) :i € Ny, j € Ny}, if the
shape parameter vectors and the scaling vectors satisfy (26) and (27) for each i € Ny and j € Ny,
then the corresponding bicubic partially blended RCZFIS F¢ will be convex on R = I x |.

Numerical algorithm for generating a convex RCZFIS for given convex surface data
I = {(xi,yi,zi,j,zﬁj,z:{j) 11 € Ny, ] S NM}Z
e  Step 1: Split I into convex univariate Hermite datasets along the x-axis and y-axis.
e  Step 2: Fix the values of signature vectors.
e Step 3: Choose the shape parameters and scaling factors as restricted in (26) and (27).
¢  Step 4: Construct the convexity-preserving univariate RCS ZFIFs along these univari-
ate datasets with the parameters chosen in Step 2 and Step 3.
e Step 5: Construct a RCZFIS using these convex RCS ZFIFs and cubic blending func-
tions Qg and Q)7 in (24).
The RCZFIS constructed in Step 5 is a convex surface interpolating the given convex
dataT.

Remark 2. One can construct concave RCZFISs for given concave surface data with a similar
procedure.

Example 4. We generated convex Hermite surface data on {—1, _Tl, %, 1} x {-1, _71, %, 1} from

a bivariate function Z¢(x,y) = x? + y2. We plotted Figure 5a,b using the zipper IFSs parameters
given in Table 6. For Figure 5a, we chose random shape parameters and scaling functions, and the
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and yz-view plotted in Figure 5c,e, respectively. However, when we restrict the shape parameters
and scaling function as prescribed in Theorem 8, the corresponding RCZFIS plotted in Figure 5b
becomes convex on [—1,1] x [—1,1], which one can examine from its xz-view and yz-view plotted

corresponding RCZFIS is not convex on [—1,1] x [—1, 1], which we can observe from its xz-view
in Figure 5d,f, respectively.
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(f) yz-view of convex RCZFIS.

Figure 5. Verification of convexity by RCZFIS.

(e) yz-view of nonconvex RCZFIS.
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Table 6. Zipper IFSs parameters for Figure 5.

Figure 5a Figure 5b
171*(7 703704 (0.1,0.06,0.3), ol =02=0%=0*=(1,23),
nt=n* =1’ =1y*=(03,0206), nt =2 =1’ =y*=(325),
el=e?=e=¢*=(1,0,0), el=e?=¢ :€4 (1,0,0),
al = a? = a3 =a* = (0.3,0.25,0.3), al = a? = % = a* = (0.02,0.05,0.02),
(71:52:63:0 *(0100603), 51:52:03:(72 (1,2,3),
7 =7 =7 =7*=(03,02,06), 7 =7 =7 =7*=(3,25),
61:€2=€3=E4=(0,1,1), 51=52:E3:E4 (0,1,1),
al =a? =w® =wt =(02,025,02), al =a? =w’ =wt = (0.02,0.05,0.05).

7. Conclusions

This article introduces a class of novel continuously differentiable surface interpolants
(RCZFISs) on a rectangular grid. The proposed surface interpolant is based on 16 pa-
rameters (8 shape parameters, 4 scaling factors, and 4 signature components) and two
blending functions on each rectangular patch. It was observed that the RCZFIS converges
the continuously differentiable data generated function uniformly. It can capture the irreg-
ularities associated with the partial derivatives of the data-generating function. For the
fixed signature vectors, one can preserve the convexity of the data through RCZFIS using
mild conditions on shape parameters and scaling functions. Some numerical examples
have been given so the reader can become more familiar with these interpolants. The
proposed scheme is more appropriate for modeling smooth convex surfaces with irregular
partial derivatives in many areas of science and engineering. In automobile industries,
convex and concave surfaces are used extensively for the shape of a vehicle. By varying
signature only, one can design a wide variety of vehicles with very much similar shapes
based on a variation on 1st order partial derivatives. The existence of minimum energy
among C? zipper fractal splines, when the scale vector is fixed, is an open problem. The
monotonicity- and convexity-preserving zipper fractal surfaces directly from zipper IFSs
are open problems. The zipper fractal rational splines can be used as solutions of differen-
tial and integral equations if the associated problem contains a continuous and nowhere
differentiable function.
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