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ABSTRACT This paper discusses the constraint data interpolation or range restricted interpolation for
surface data arranges on rectangular meshes that lie above or below an arbitrary plane and between two
arbitrary planes by using partially blended rational bi-cubic spline function with 12 parameters. Common
research in range restricted surface interpolation is to construct the constrained surface lie above linear
plane. However, in this paper, we consider the constraint surfaces up to degree three (cubic). To construct
the constrained surface with shape preserving properties, i.e., the resulting surface will lie below or above
single planes or between two respective planes, the data dependent sufficient conditions are derived on
four parameters; meanwhile, the remaining eight parameters are free parameters to change the shape of the
interpolating surface locally. The proposed scheme is tested with various types of data test, including some
well-known functions. From the numerical results, we found that the proposed scheme is easy to use, locally
control via free parameters, and require less computation compared with some existing schemes as well as
visually pleasant for visualization. Furthermore, based on root mean square error (RMSE) and coefficient
of determination (R?), the proposed scheme is better than existing scheme with the value of R? achieved
is in between 0.9701 (97.01%) and 0.9954 (99.54%). This is quite good for range restricted surface data
interpolation since we can explain at least 97.01% of the variance in the interpolation by using the proposed
scheme. Furthermore, the proposed scheme requires less CPU time (in seconds) compared with the existing
scheme.

INDEX TERMS Constrained surface, shape preserving, interpolation, rational bi-cubic spline, local control,
constraint planes.

I. INTRODUCTION

Data constrained interpolation or range restricted interpo-
lation is an important task in the field of scientific visu-
alization and computer graphics. Generally speaking, it is
a generalization of the positivity preserving interpolation.
The interpolating curves may lie between two straight lines
and above or below arbitrary straight line or quadratic
curves. Meanwhile in the constrained surface interpolation,
researcher have considered the surface that lie above or below
space plane. In order to obtain the constrained curve and
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surface, the sufficient condition is derived on the parameters
that appeared in the description of the rational interpolant.
The interpolant can be either non-rational or rational i.e. for
non-parametric interpolation. There are many applications
for data constrained modeling. For instance, robotic move-
ments, medical imaging, surfaces with branches are examples
of range restricted problems (Goodman et al. [15]). Medical
imaging also involving some range restricted interpolation
problems especially in image zooming and refining of body
parts etc. ([25]).

In literature there are many authors that have discussed the
constrained data interpolation. For instance, Abbas et al. [1]
studies the constrained curve and surface interpolation by
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using rational cubic spline (cubic/cubic) with three parame-
ters. Asim and Brodlie [2] discussed the positivity preserving
of cubic Hermite spline by inserting one or two extra knots on
each sub-interval where the negativity is found. Asim ez al. [3]
studied the use of Shepard method for constrained curve inter-
polation. Meanwhile Brodlie et al. [5], [6] have discussed
the positivity and constrained data visualization by using bi-
cubic spline defined function over a rectangular mesh and
Shepard interpolation family for scattered data for any dimen-
sionality. Surface interpolation also has been considered in
Constantini and Fontanella [10] and Hussain and Sarfraz [16].
Chan and Ong [9] used cubic Bezier triangular interpolant
to interpolate range restricted scattered data. The interpo-
lating surface is constructed by using convex combination
from three local schemes comprising cubic Bezier triangular
patches. Duan et al. [12] and Duan et al. [11] discussed the
constrained interpolation (including convexity preserving) by
using rational cubic spline (cubic/linear) with two parame-
ters. Zhang et al. [26] has constructed the region constraint
interpolating surfaces either lie below or above plane. Their
bivariate spline is based on the true value of the function and
its partial derivatives. The main weakness is that their scheme
is global and does not allow the local shape manipulation as
well as no flexibility for geometric visualization, since there
are no free parameters.

Hussain and Hussain [17] discussed the positivity and
data constrained interpolation by using rational cubic spline
(cubic/quadratic) with two parameters. They claim their
scheme produce the surface with C! continuity but with-
out any free parameters. Hussain er al. [18] has studied
the visualization of constrained data by using rational cubic
spline (cubic/cubic). The resulting interpolating surfaces
lying above space plane and their schemes have four free
parameters. One of the weakness of Hussain et al. [18]
scheme is that the first partial derivatives cannot be zero
otherwise the scheme cannot be applied to construct the
positive surfaces as well as the constrained surfaces above
linear plane. Hussain et al. [19] scheme is not C 1 continuity.
Shaikh et al. [23] studied the constrained surface construction
by using rational cubic spline (cubic/quadratic) with eight
parameters without any free parameters.

Walther and Schmidt [24] has studied the range restricted
surface interpolation by Gregory’s rational cubic spline.
In their study, they give a larger condition for positivity
preserving. Based on the literature review, in this study,
we will have discussed the range restricted data interpo-
lation by extending the work of Karim and Kong [21]
and Karim er al. [22]. The proposed scheme does not
involve any trigonometric function as appear in the work of
Ibraheem et al. [20]. Furthermore, in this study, we dis-
cuss the range restricted data interpolation for surface data
that lie below or above any planes up to degree three; not
just above linear plane as discussed in Abbas et al. [1],
Hussain and Hussain [17] and Shaikh et al. [23]. We also con-
sider the problem when the surface lies between two arbitrary
planes. These types of problems have been not discussed in
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early studied in the literature. Therefore, the present study has
the objective to fill the gaps from existing schemes to produce
constrained surface below arbitrary plane as well as between
two planes.

The main outcome of the present study is listed as follows:

(a) The proposed scheme is tested for constraint sur-
face up to degree three (linear, quadratic and cubic
planes). Meanwhile in Abbas et al. [1], Hussain and
Hussain [17] and Shaikh ez al. [23], they only consider
the constrained surface above linear plane.

(b) The proposed scheme can be used whether the
first partial derivatives are given or not. Meanwhile
Zhang et al. [25], [26] scheme only work if the first
partial derivative is given at the respective knots.

(¢) In line with the works of Hussain and Hussain [17],
Abbas ef al. [1] and Shaikh et al. [23], the proposed
scheme also work both for equally and unequally
spaced data set but Zhang et al. [25], [26] and
Duan et al. [11]-[13] only work for equally spaced data
sets.

(d) The proposed scheme in this study has the form of
cubic/quadratic while Abbas et al. [1] has the form
of cubic/cubic. Furthermore, the proposed scheme has
eight free parameters for shape modification mean-
while there are no free parameters in the works of
Shaikh et al. [23] and Hussain and Hussain [17].

(e) Knots insertions are not required as happened in Butt
and Brodlie [7] and optimization based problem also is
avoided. Meanwhile, Brodlie et al. [6] scheme requires
optimization method in order to produce the con-
strained surface interpolation.

LIST OF ABBREVIATION
3D Three Dimensional
AMM  Arithmetic Mean Method
CPU Central Processing Unit
R? Coefficient of Determination
RMSE  Root Mean Square Error
LIST OF SYMBOLS
s?l) (x1) First derivative with respect to x at
X = X;
F ixj Partial derivative with respect to x at
(xi. ¥;)
F* f Partial derivative with respect to y at
, (xi> )
F lx; Mixed Partial derivative at (xi, yj)
S,y Bi-cubic partially blended rational

function over rectangular meshes
®ij> Bij» Ui jt+1s
Bij+1, @i jy Qit1,js
Bij» Bi+1,; and
Nij» Eijs Sij>
Xij Free parameters
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}Az] = Y1 = Vs Step size in x/y directions.
Ai, fit1 _ft ,
Ai,j = f’”}ll—_f” Gradients

j

The remainder of the paper is organized as follows.
Section 2 is devoted for Derivative Estimation. The bivariate
rational bi-cubic spline is reviewed in Section 3. Meanwhile,
Section 4 discuss the data constrained by using bivariate
rational bi-cubic spline. Numerical results will be presented
in Section 5 including the comparison with existing schemes
in terms of RMSE, RZ, CPU times (s) as well as graphically.
Finally, a summary and conclusions are given in Section 6.

Il. DERIVATIVE ESTIMATION

The partial derivatives F}';, F;; and F;;, i = 01,...,n and
j = 0,1,...,m for 3D data can be calculated by using
Arithmetic Mean Method (AMM). The details are given as
follows (Hussain et al. [18]):

ho
FY. = Ag; Agi— A1) ————,
hnfl
FY. = Ay_1; Ap_1i—Appi) —m—,
n,j n 1,J+( n—1,j n 2,]) (hn—l+hn—2)
A.. A._ .
Fro= BHTREN o e,
J 2
j=0,1, ,m
y A A ho
F,O—A10+<Ai,O—A1) —
(ho—l—h])
. . P
Fi},)m Alm 1+(Aim I_Atm—2 N & N ’
(hm—l +h )
Fiy'_ Ai,j+Al/—17 i=0.1.2
J 2
j=1,2, ,m—1
and
y
ny_ Fl+1] Fl 1] lej-'rl Fi)f]'_l
W hi—1 + hi hi—1 + hj
fori=1,2,...,.n—1,j=1,2,...,m— 1.
where
hi =xip1 —xi, by =yj11 — .
and
AU_fz+1h fi Alj_flﬂrl fz;
1

hj

IIl. REVIEW OF RATIONAL CUBIC AND BI-CUBIC SPLINE
INTERPOLANT

This section give the brief review of rational cubic spline
(cubic/quadratic) with three parameters initially proposed by
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Karim and Kong [21]. The rational cubic spline is defined as
follows:

Given functional data {(x;,f;),i=0,1,...,n} and first
derivatives d;, i = 0,1, ...,nsuchthat xg < x; < ... < X,.
Let by = xit1 — xi, A = (fix1 — f2) /hi and0 = (x — x;) /h;
where 0 <0 < 1.

Forx € [x;, xiy1],i=0,1,2,...,n—1
s(x)=si(x) = le ((Z)) (1)

where

Pi (0) =Ao (1—6)°+A160 (1—0)? +426% (1-6)+A36°,
0i (0) = (1-0)? a;+6 (1—-0) Qo i+i)+6°Bi.

The rational function in (1) satisfy C! continuity:

s@) = fi,
sV () = di,

s (Xig1) = fix1,
s (iy1) = i, @)

It can be shown that, the unknowns A;, i = 0, 1, 2, 3 are given
as follows:

Ay = o,

Al = Qoifi + ai + yi) fi + aihid;,

Az = Qaipi + Bi + vi) fir1 — Bihidit1.

Az = Bifir.
where sl(l) (x) denotes the first derivative of s (x) with respect
to x and d; denotes the derivative value which is given at the
knot x;,i = 0,1,2,...,n. The parameters are chosen such
that ; > 0,8; > Oand y; > 0. When o; = B; = 1 and

y; = 0, the rational cubic interpolant in (1) is reduced to
cubic Hermite spline (Karim and Kong [21]).

A. CONSTRAINED DATA MODELING

Given the data sets(x;, fi),i = 0, 1, ..., n that lying above the
straight line y = mx + ¢, such that
fi>mxi+c, i=0,1,...,n 3)

Karim and Kong [21] have developed the following results
for data lying above arbitrary straight line sets given in (3):

Theorem 1 [21]: The piecewise C ! rational cubic spline
interpolant s (x) defined by (1) preserves the shape of the
data that lies above the straight line y = mx + ¢, if in each
subinterval [x;, x;+1], i = 0,1,...,n — 1, the parameters
a;, Bi and y; satisfy the following sufficient condition:

a;, Bi > 0,
)/iZUi+MaX{O, a; (—hid; + b; fl)7
fi—ai
Bi (hidiy1 + a; — fiy1) } @
fir1 —b;
where v; > 0,a = mx; +c¢,i = 0,1,...,n — 1 and

b=mxit1+ci=0,1,...,n—1.
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TABLE 1. Data from [4].

i 0 1 2 | 3 4 5 6

X; 1 125 | 2.8 3 3.2 4.2 4.5

fi |25 LS 2 |25 35 | 45 5.5

TABLE 2. Numerical results.

i 0 1 2 3 4 5 6
d; -4.60 2340 | 225 | 375 | 433 | 2.80 | 3.87
A, -4.0 0.32 2.5 5.0 1.0 3.33
a 0.25 025 | 025|025 025 | 025
i

B. 0.25 025 | 025 | 025 | 025 | 025
1

¥V 0.25 254 | 025 | 025 | 0271 | 025

B. NUMERICAL DEMONSTRATIONS
Example 1: In this subsection the numerical result for con-
strained data modeling is shown by using the data above
y = 0.5x + 0.28 from Awang et al. [4] as shown in Table 1.
Figure 1(a) shows the example of constrained data mod-
eling by using cubic spline interpolation. Clearly the curve
in the second segment lies below the given straight line.
To improve this, the proposed scheme is applied to the same
data set. Figure 1(b) shows that, the proposed scheme pro-
duces the interpolating curve above the straight line.

C. RATIONAL BI-CUBIC SPLINE INTERPOLANT

The piecewise rational cubic spline in (1) can be extended
to bi-cubic partially blended rational function S (x, y) over
rectangular meshes. The partially blended rational bi-cubic
function over each rectangular patch [x;, xj+1] X [yj, Vit 1],
i=0,1,...,n—1;j=0,1,...,m—11is defined as follows
(Karim et al. [22]):

S (x,y) = —AFBT, ®)
where
0 S(xy) S ()
F=[ S,y S (i yj) S (xiyi) ]
Sit1,y) S (1Y) S (v i)
where
A=[-1 ao®) a1 ],
B=[-1 by(@) bi(@]

ai (0) = 6% (3 —20),
b1 (¢) = ¢* (3 —2¢),

ap (0) = (1 —60)*(1+26),
bo (@) = (1 —$)* (1 +2¢),

X =X Y-
0 = . ==,
hi hj
and
hi = xiv1 — xi, ilj =Y+l = -
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FIGURE 1. Comparison of (a) Cubic Hermite spline curve [14] (b) rational
cubic spline with «; = g; = 0.25.

S(x,¥).S (x.y+1),S (xi,y) and S (xi+1,y) are rational
cubic function defined on the boundary of rectangular patch
as follows: (see Figure 2 for illustration)

3
3 (1 —0)3keka,
k=0

S X, Yj) = ) (6)
(&) q1 (0)
with
Ag = a;jF;j,
A = (20 jBij + aij + vij) Fij + i jhiF7,
Ay = (20jBij+ Bij+ vij) Fir1j— BijhiFi ;o
Az = BijFit1,
q1(0) = (1 — ) aij + (2aijBij + viy)
x6(1—6)+6%8i,
3
3 (1 —0)3*okBy
k=0
S (x,yjr1) = , @)
(v 3p1) Q)
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S(xi, yj+1) S(X, yi+1) S(Xi+1, Yj+1)
S(xi, ¥) S(Xis1, y)
S(x ¥) SC %) S(xi11, )

FIGURE 2. Rational Cubic Function Defined on Rectangular Patch
Boundary.

with

By = «ajj+1Fij+1,

By = (2aij1Bijr1 + iji1 + Viji1)
x Fijp1+aijrihiFl g,

By = (2t j1Bij+1 + Bijr1 + Vij+1)
x Fit1j+1 — BijrrhiFiyy jiq

B3 = BijFit1j+1

@ (0) = (1—0) 41 + (2ati j+1Bij+1 + Vij+1)

x 0 (1= 0)+60°Biji1,

3
> (1= *ekCy
k=0

S (xi,y) = ) (®)
’ 3 ()
with
Co = @, jF;j,
C = (2&,-,]',32‘,]' +a;;+ )7,',1‘) Fij+ &i,jiljFijs

G = (2&,;,-;9,',‘; + Bij+ )Zyj) Fijur = BijhiF
C3 = BijFij+1.
43 @) = (1= ) éi+ (281,81 + 7is)
x ¢ (1 —¢) + ¢*Bij.
kio (1—¢)**¢kDy
S (xit1,y) = 7 (&)

, ©)
with
Do = Qit1,jFiv1,
D, = (2&i+l,j/§i+1»j + i1+ 79””)
X Fiy1;+ &i+1,jilsz')i&-l,j’
D, = (2&i,+1jﬁi+l,j + Bi"‘l’j + J;H'l’j)
X Fi+1,j+1 - Bi+1.jl:ljFiy+1,j+1’
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D3 = /§i,jFi+1,j+1,
ga (@) = (1 — ) Qi1+ (207i+1,j/§i+1,j + )7i+1,j)
x¢(1—¢)+ ¢2,éi+l,j~

IV. RANGE RESTRICTED DATA INTERPOLATION

Common study in constraint surface interpolation or range
restricted is that the construction of interpolating surface lies
above a linear constraint plane. The problem statement for
constrained surface interpolation to data above arbitrary plane
can be described as follows:

Given the data, (x;,yFij),i = 0,1,....mj =
0,1,...,m defined over rectangular grid. [x;,xiy1] X
[ yj+1].i=0,1,...,n—1;j=0,1,...,m — 1, the data
lie above the plane

Fij> 2, i=0,1,...,n, j=0,1,...,m. (10)

where Z; ; = Ax;+By;+C, construct C' interpolating surface
such that it will be lying above the given plane.

In this study we adopted the main idea in Chan and Ong [9]
when deriving the sufficient conditions for constrained inter-
polation subject to a constraint plane up to degree three i.e.
cubic plane. The derivation of condition is slightly different
compared to the works of Abbas et al. [1], Hussain and
Hussain [17], Hussain ef al. [18] and Shaikh et al. [23]. The
constraint plane Z (x, y) can be considered as piecewise par-
tially blended rational bi-cubic function. On each rectangle
meshes, the four boundary curves of the constraint plane can
be written as

1

3 .
(1 —0)379iAy;
=0

Z (x,yj) = , (11D

q1 ()
with
Ay = a;jiZ;;
A = (20iiBij + aij+ vij) Zij + @i jhiZ]
A = (20ijBij+ Bij + vij) Zit1j — BijhiZ,
Az = BijZit1,
q10) = (1= 60> i+ (2eijBij + vij)
x 0 (1—0)+6°Bi;

3 o
3 (1 —60)"0'Ay

i=0
q2 (0)

VA (x, yj+1) = ’ (12)

with
Ay = ajjr17Z;j1
Axt = (2041 Bijat + it + Vija1)
X Zijy1 + Oti,j+1hizfj+1
Axp = (Zai,j+1ﬂi,j+1 + Bij+1 + ViJJrl)
X Ziy1j+1 — :Bi,j+1hizi)f&-1,j+1
A = BijZit1,j+1
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@2 (0) = (1 —0)? ajju1 + (20t j41Bij1 + Vije1)
x 0 (1—6)+0%Bijn

3 .
> (1 — ) ipiAy

Z (o) = = 7 (@)

, (13)
with

Az = @, ;7;

Az = (Z&i,jﬁi,j +aij+ )Z',j) Zij+ &i,jiljzfj

Az = (2&1',131',/' +Bij+ JZ-,,-) Zijr1 = BijhiZl sy

Azz = Bij Zij+1

73 (@) = (1 — ¢)? aij+ (Z&i,j/éi,j + );i,j)
x ¢ (1 —¢)+¢*Bi;
3 o
> (1—¢) gy
Z iy, y) = = : (14)

q4 (¢)
with

Ay = Qiy1,jZig1
Ay = (251i+1,jﬁi+1,j +&iv1j+ 79i+1,j)

X Zit1,j +05l+1]h Zl+1]

Ap = (2&i,+1j/3i+1j + Biv1y + J7i+1,j)
X Zittj+1 — B jhiZ J+1
Agz = Bij 1,41
98 @) = (1= 9P iy + (2Gis1 i1y + v,
x¢ (1 — @)+ ¢*Pir1y
where Zx and Z} indicate the partial derivatives of Z (x, y)

with respect to x and y at the node (x;, yj).
Let
G(x,)

=8,y —=Zx,y) (15)

then the constrained surface interpolation for surface S (x, y)
that lies above the given plane Z (x,y) is reduced to the
problem of positivity preserving interpolation for new surface
G (x, y) that satisfies the following conditions:

G (xi,yj) = Fij — Zi,

(xlvy]) =S8 () —Z" (x,y) = sz/’
G (xiyy) = 8 (x.y) = 2" (x,y) = Z,y,,
GY (xiy;) =S¥ (x.y) = Z¥ (x.y) = F,,‘, ~Z;.

where G* (x;,y;), G’ (xi,y) and G (xi,y;) are partial
derivatives at the respective knots. Similarly, for the partial
derivatives of S (x, y) and Z (x, y).
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The final interpolating surface S (x, y) can be constructed
by

S (x,y)

Thus, the positivity preserving surface interpolation that has
been developed in Karim ef al. [22] can be used to construct
the required positive interpolating surface G (x, y). All four
boundary curves can be written as follows:

=G,y +Zx,y).

3 -
> (1—-60)0'H;
i=0

G (x.3)) =S (x.3)) = Z (x.y)) ="

with

16
q1 (0) (16)

Ho = i (Fij = Zij)
Hi = (20iBi + aij+ vij) (Fij — Zij)
+aijh; (F;fj - z;fj)
Hy = (2wijBij+ Bij+ vij) (Fiv1j — Ziy1,))
= Bijhi (Ff+1 i~ Zin, ,)
Hy = Bij (Fiy1j— Ziv1,) s
G (x.yj+1) = S (x.yj+1) = Z (x.yj41)

3 o
3 (1 —60)"0'By;

i=0
= (17
q2 (6)
with
Bio = aijt1 (Fijr1 — Zij+1)
Bii = (2aijt1Bij+1 + i1 + Vijr1)
X (Fijs1 — Zij+1)
+atijr1hi (Fffj+1 sz,+1)
Biy = (2aij1Bijr1 + ij1 + Viji1)
X (Fiy1j41 — Zig1,41)
— Bij+1hi (Fix+1,j+1 - Ziﬁ-l,j—&-l)
Bi3 = Bijr1 (Fir1j41 — Zig1j+1) 5
G (xi,y) = S (xi,y) — Z (xi,y)
3 .
> (1 —¢)y~'¢l;
i=0
= (13)
q3 (¢)
with

Jo = &j (Fij — Zi))

Iy = (2&,~, Bij+ai+ )7,;,,') (Fij— Zij)
+ i jhy (F N ij)

Jr = (2&1-,]»,3[,,- + Bij+ )?i,j) (Fij+1 — Zij1)
~ Bijhi (F b1~ Ziy,./+1>

B3 = Bij (Fij— Zijs1):
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G (Xit1,Y) = S (Xi+1,Y) — Z (Xi+1, )

3 o
S (1 =) 7ipisy
_ =0 (19)
q4 ()

with

810 = Qi1 (Fir1j — Zit1))

S = (2&i+l,j/§i+l,j + i1+ 3;"“*/')
* (Fis1j = Ziv1)
+ &gy (Fiy;i-l,j - Ziy;i-l,j)

S = (2&,-+1,jf3i+1,j + /éi+1,j + )7i+1,j>
X (Fir1jr1 — Zig1j41)
— Bit1jhj (Fz')i&-l,j+1 - Zi};rl,j+l>

S13 = Bivrj (Firrjon — Zig1 ).

Thus, by using Theorem 2 in Karim et al. [22], the condi-
tions for G (x, y;) , G (x, yj+1) . G (x;, y) and G (xi11, y) to be
positive are

B],‘ > O, H,' > 0, Jl‘ > O, Sli > 0. (20)

The results are stated in the following theorem.

Theorem 2: The piecewise partially blended rational bi-
cubic function S (x,y) in (1) defined over the rectangle
[xi, X1 1% [y i1 ], i=0,1,...,n=1;j=0,1,...,m—1,
lying above the constraint plane Z (x, y), if the parameters
satisfy the following conditions:

ajj >0, o1 >0, Bij>0, Bij+1>0,
@ij >0, a41;>0, Bij>0, PBir1;>0,
vij = nij +Max {0, K0, K11},
Yij+1 = &ij +Max {0, K12, K13},
Vij = &j + Max {0, K14, K15},
Yi+1,j = xij + Max {0, K16, K17} (21
with
hi (F,?f,- ‘ij)
Kip=—o;i| ————=+(28;:+1) |,
10 L] Fl"j _ Zl"j ( ﬂl,‘] )
hi (Fiy = 7 ;)
J i+1,j
K1 = Bij — (2ai5+1) |,
Fiy1j—Zit1
hi (Flan = Z501)
J+1 i,j+1
K12 = —ajjy1 + (2Bijr1+1) |
Fijt1 — Zij+1
hi (F;f+1 _gx )
J+1 i+1,j+1
Kiz = Bij+1 = Qaij+1) |,
Y Fip1j+1 — Zig1,j+1 (2et; )
7 y Yy
R hj (Fi,j - Zi,j) N
Ky =—ajj | —————+ (2/3i,j+ 1) ,

Fij—Z;;

104998

A J+1 i,j+1 n
Kis = Bij —(2a;;+1) |,
7 y y
X . hj (Fi+1,j - Zi+1,j> n (23 n 1)
= —Qi1l ) ,
16 i+1,j Fi+1,j — Zi+1,j i+1,j
ilj (Fl'):i—l 1~ 2y )
N J+1 i+1,j+1 R
K17 = Bit1, — (2Gis1;+1)

Fit1j41 = Zig1,j41

for Nij > 0, Eij > 0, 3,"/' > O, Xij > 0.
Proof: We just show the proof for G (x,y;) > 0. The
other three boundary curves will follow similarly.

Now, G (x,yj) > Oifand only if H; > 0,i = 0, 1,2, 3.
Clearly Hy > 0 because F;; — Z;; > 0 and H3 > 0 since
Fiy1j — Ziy1; > 0. Therefore, the sufficient condition for
G (x,yj) > 0 can be derived from inequalities:

Hy > 0= (2B + «ij + vij) (Fij — Zij)
+aighi (F2 = 25) > 0
and
Hy > 0= (20ijBij+ Bij+ vij) (Firrj — Ziv1j)
— B jhi (F;gr]’j - Zl?fH,j) >0
Simplifies both inequalities lead us to:

vij > Max {0, Ko, K11}

where
hi (Ff/ _Zf/) ( )
Kio=—aij | —(————+ 28+ 1) |.
Y Fij—Zij "
hi (F;f+1 7 )
J i+1,j
Ki = Bij — (2w +1)

Fit1j—Zit1
which can be written as
Yij = nij +Max {0, Kyo, K11}

for n;; > 0.

Similarly, we will obtain the remaining three conditions.

This completes the proof.

Algorithm I below can be used to construct the constrained
interpolation for data lie above the given plane.

Remark 1: Case for constrained surface lie below arbi-
trary plane can be derived in the same manner as for above
arbitrary plane. Algorithm I can be modified to accom-
modate for constrained surface lie below or between two
planes.

V. NUMERICAL RESULTS

In this section, we test the capability of the proposed
scheme by using five well-known data sets obtained from
some established schemes as well as our own test function.
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Algorithm 1 Construction of the Constrained Interpolation

Input: 3D data points (x;,y;, Fij), i = 0,1,....m
j=20,1,...,mand the constraint plane Z (x, y) such that
F,"j > Zi’j.

Stepl:Fori=0,1,...,n;j=0,1,...,m

Calculate the first derivative values F}' i and F ly ; by using
AMM and the first derivative values Zl?fj and Ziy’ -
Step2:Fori=0,1,...,n—1;j=0,1,...,m—1
Choose suitable vAalueAs for parameters o;j, Bij, Qijr1,
Bij+1,Qij, Qiy1), Bij, Bir1,jand nij, & j, 8 j, xi,j- Compute
the values of parameters y;;, ¥ij+1. Vij» Vi+1, by using
Condition (21).

Step 3: Construct the constrained interpolating surface lies
above the plane Z (x, y) by substituting all the required
parameters into the partially blended rational bi-cubic
spline function defined by (5).

Output: Constrained interpolating surface lying above the
constraint plane

TABLE 3. Constrained surface data from function F (x, y).

y/x 1 2 3 4 5 6
1 1.6456 0.8498 0.3670 0.6500 1.4387 2.008
2 1.6913 0.8216 0.2998 0.6056 1.4579 2.0731
3 1.2762 1.1413 1.0603 1.1078 1.2400 1.3355
4 0.7911 1.5149 1.9492 1.6947 09853 0.4733
5 0.6819 1.5991 2.1493 1.8268 0.9280 0.2793
6 1.0490 1.3163 14766 1.3826 1.1207 0.9317

TABLE 4. Datafromplanez =1-% - X 1 <x,y <6.

6 6’ -

y/x 1 2 3 4 5 6
1 0.6667 05 03333 0.1667 0 20,1667
2 05000 03333 0.1667 0 -0.1667  -0.3333
3 03333 0.1667 0 0.1667 -0.3333  -0.5
4 0.1667 0 0.1667 -0.3333 05  -0.6667
5 0 -0.1667 -03333 0.5  -0.6667 -0.8333
6 01667 -0.3333 05  -0.6667 -0.8333 -l

In Examples 2 and 3, we consider the data that lies above a lin-
ear plane. Meanwhile in Examples 4 and 5, we consider when
the data lie above quadratic and cubic planes, respectively.
Finally, in Example 6, we implement the proposed scheme
for the data lie between two planes. MATLAB 2015 version
installed on Intel® Core ™ i5-3470 3.20GHz is used to
produce all graphical and numerical results.

Example 2: A constrained data points from the following
function is truncated to four decimal places [1].

F(x,y)=sin(x)cos(y) + 1.2, 1<x,

y=6 (22

Figure 3 shows the true surface of function F (x, y) which
is above the constraint plane Z = 1 — ¢ — %’.
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; -
- AR [ True surface

FIGURE 3. True function F (x, y) and constraining surface.

TABLE 5. Constrained surface data from function F, (x, y).

yix 1 2 3 4 5 6
1 3.8189 3245 2.2886 2.2886 3.245 2.8513
2 3.0507 2.4768 1.5204 1.5204 2.4768  3.0507
3 3.1185 2.5447 1.5882 1.5882 2.5447 3.1185
4 48015 42276 3.2712 32712 42276 4.8015
5 48693 42954 3339 3339 42954 4.8693
6 41011 3.5273 2.5708 2.5708 3.5273 4.1011

The default of bi-cubic Hermite spline is shown
in Figure 4(a). Figure 4(b) shows the xz-view and Figure 4(c)
shows the other view for Figure 4(a) respectively. Figure 4(c)
clearly show that the interpolating surface lies below the
plane. This flaw is recovered nicely by using the proposed
scheme in this study as shown in Figure 5. Figure 5(a) shows
the constrained data modeling by using the proposed rational
bi-cubic spline with ®jj = /3,"]' = 1.5, &,’,j = Bi,j = 1.5,while
Figure 5(b) shows the xz-view for Figure 5(a) respectively.
Figure 5(c) shows that the resulting interpolating surface by
using Abbas et al. [1] scheme. Furthermore, the absolute error
surface of function F (x, y) by using the proposed method is
shown in Figure 6.

Example 3: A constrained data points from the following
function is truncated to four decimal places ([1]).

F> (x,y) = sin (x) — cos (y) + 2.97, (23)

Figure 7 shows the true surface of function F, which is
above the constraint plane Z = 1 — %‘ — %, -3 <ux,y<3.
Figure 8(a) shows the default bi-cubic Hermite spline for the
constrained data given in Table 5.

Figure 8(b) shows the xz-view and Figures 8(c) and 8(d)
show the other view for Figure 8(a) respectively. Some part of
the interpolating surface lies below the given plane as shown
in Figure 8(d).

Figure 9 shows the constrained data modeling by using the
proposed rational bi-cubic spline with «;; = B;; = 1.5,
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z—axis

i 0
y-axis 1 x-axis

(a) Bi-cubic Hermite

z—axis

x-axis

(b) Xz -view of Figure 4(a)

z-axis

y-axis

X-axis

(c) Other view for Figure 4(a)

FIGURE 4. Bi-cubic Hermite surface.

aij = ,BAi,j = 1.5. Meanwhile Figure 9(b) and 9(c) show
the xz-view and other view for Figure 9(a) respectively.
Figure 9(d) shows that the resulting interpolating surfaces
lying above the given plane. Finally Figure 9(e) shows the
surface by using Abbas et al. [1] scheme. Both schemes are

105000

z-axis

y-axis x-axis

(a) Constrained surface using the proposed scheme

z—axis

X-axis

(b) xz -view of Figure 5(a)

(c) Constrained surface from Abbas et al. [1]

FIGURE 5. Interpolating surfaces for Example 2.

capable to preserves the shape of the data. Figure 10 shows the
absolute error surface of function F; by using the proposed
method.

Example 4: The following example consider the con-
strained data points from surface F3 (x, y)and lies above the
quadratic plane Z (x,y) given in Equations (24) and (25)
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Absolute error

FIGURE 6. Error surface of F (x, y) using the proposed scheme.

TABLE 6. Data from planeZ =1- % — %, -3<x,y <3.

6

yix -3 -2 -1 1 2 3
-3 2 1.8333  1.6667 1.3333  1.1667 1
-2 1.8333  1.6667 1.5 1.1667 1 0.8333
-1 1.6667 1.5 1.3333 1 0.8333  0.6667
1 1.3333  1.1667 1 0.6667 0.5 0.3333
2 1.1667 1 0.8333 0.5 0.3333  0.1667
3 1 0.8333  0.6667 0.3333  0.1667 0

[ True surface

I Constraining surface

FIGURE 7. True function F, (x, y) and constraining surface.

respectively.

F3(x,y) =sin(x)cos(x) +0.35, —-3<x, y<3
(24)

Z (x,y) = —0.55x> — 1.35x — 0.2xy — 0.2y — 1.39 (25)

The first partial derivative for the quadratic plane Z (x, y) are
calculated analytically from the original plane. For instance

Ze (x,y) = —1.1x — 1.35 — 0.2x

VOLUME 7, 2019

z-axis

y-axis el x-axis

(a) Bi-cubic Hermite surface

x-axis

(b) Xz -view of Figure 8(a)

y-axis

-3 -2 -1 0 1 2 3
x-axis

(c) Other view of Figure 8(a)

y-axis X-axis

(d) Other view of Figure 8(a)

FIGURE 8. Bi-cubic Hermite Surface.

and
Zy(x,y) =02x — 0.2
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2 2
i xeaxis

(a) Constrained surface using the proposed scheme

5 .
2~
15
1
05
L L L L L ;i
3 -2 -1 0 1 2 3

x-axis

(b) xz -view of Figure 9(a)

3,
2|
1

i ..
Rl
2|
3|

EJ -2 - [ 1 2 3

x-axis

(c) Other view of Figure 9(a)

o

R e e e B R

4 4

0 2 4 -2 [ 2
y-axis
x-axis

(d) Other view of Figure 9(a)

() Abbas etal. [1] scheme

FIGURE 9. Interpolating surfaces for Example 3.

Figure 11 shows the true surface of function F3 which is
above the constrained plane

Z(x,y) = —0.55x* — 1.35x — 0.2xy — 0.2y — 1.39
105002

Absolute error

FIGURE 10. Error surface of F, using the proposed scheme.

TABLE 7. Constrained surface data from function F5 (x, y).

y/x 3 2 -1 0 1 2 3
-3 | 04897 | 1.2502 | 1.1830 | 0.35 | 0.4830 | 0.5502 | 0.2103
) N N
0.4087 | 0.7284 | 0.7002 | 0.35 | 0.0002 | 0.0284 | 0.2913
-1 N _
0.2738 | 0.1413 | 0.1046 | 035 | 0.8046 | 0.8413 | 0.4262
0 B B
0.2089 | 0.5593 | 0.4915 | 035 | 1.1915 | 1.2593 | 04911
1 B B
0.2738 | 0.1413 | 0.1046 | 035 | 0.8046 | 0.8413 | 0.4262
2 _ _
0.4087 | 0.7284 | 0.7002 | 0.35 | 0.0002 | 0.0284 | 0.2913
3 N N
0.4897 | 1.2502 | 1.1830 | 0.35 | 0.4830 | 0.5502 | 0.2103
TABLE 8. Data from plane Z (x,y) = —0.55x2 —
1.35x — 0.2xy — 0.2y — 1.39.
y/x -3 -2 -1 0 1 2 3
3 -349 | -1.49 | -0.59 | -0.79 | -2.09 | -4.49 -7.99
-2 -3.09 | -1.29 | -0.59 | -0.99 | -2.49 | -5.09 -8.79
-1 -2.69 | -1.09 | -0.59 | -1.19 | -2.89 | -5.69 -9.59
0 -2.29 | -0.89 | -0.59 | -1.39 | -3.29 | -6.29 | -10.39
1 -1.89 | -0.69 | -0.59 | -1.59 | -3.69 | -6.89 | -11.19
2 -1.49 | -049 | -0.59 | -1.79 | -4.09 | -7.49 | -11.99
3 -1.09 | -0.29 | -0.59 | -1.99 | -4.49 | -8.09 | -12.79
Figure 12 (a) shows the default bi-cubic Hermite spline for

the constrained data given in Table 7.

Figure 12(b) shows the xz-view for Figure 12(a). From
the figures, some part of the interpolating surface through
bi-cubic Hermite lying below the given plane. Figure 13(a)
shows the constrained data modeling by using the proposed
rational bi-cubic spline with, while Figure 13(b) shows the xz-
view for Figure 13(a). Figure 13(a) and 13(b) show that the
resulting interpolating surfaces lying above the given plane.
Figure 14 shows the absolute error surface of function F3 by
using the proposed scheme in this study.

Example 5: Our next example consider the constrained
data points from surface F4 (x,y) and lies above the cubic
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),,,,,--‘W [ True surface

- Constraining surface

(a) Constrained surface using the proposed scheme

(a) Bicubic Hermite Surface

(b) xz view of 12(a)

FIGURE 13. Interpolating surfaces for Example 4.

Absolute error

(b) xz view of 11 (a)

FIGURE 12. Bi-cubic Hermite Surface.

planeZ (x, y) given in Equations (26) and (28) respectively. FIGURE 14. Error surface of F5 using the propose scheme.
Fi(x,y) = 1.025 — 0.75¢(-6x=D*+(E=1?)
+0.5¢(~ (1054 (10-77%) 26) , . o
(—Ox=7)2+(9y—3)%/4) Figure 15 shows the true surface of function F4 which is
e 2 above the cubic constraint surface.
— 0.75¢(-Ox+1)/49—9y+1)/10) on
Z (x,y) = 3x> +5.5x +0.2xy — 2.25y + 0.08 (28) Z(r.y) = 3x° + 5.5¢ + 0.2y — 2.25y + 0,08,
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TABLE 9. Constrained surface data from function Fy (x, y).

yx | 0 0.2 0.4 0.6 0.8 1.0

0 0.2586 | 0.1816 | 0.5426 | 0.7027 | 0.8008 | 0.9174
0.2 | 0.2045 | 0.1508 | 0.5361 | 0.5945 | 0.5359 | 0.8230
0.4 | 0.5222 | 0.5195 | 0.6772 | 0.5787 | 0.4525 | 0.7954
0.6 | 0.6372 | 0.6837 | 0.5776 | 0.7877 | 0.8074 | 0.9300
0.8 | 0.7013 | 0.7401 | 0.6262 | 0.8752 | 0.9352 | 0.9798
1.0 | 0.7547 | 0.7899 | 0.8458 | 0.9054 | 0.9550 | 0.9891

TABLE 10. Data from plane Z (x, y) = 3x3 + 5.5x + 0.2xy — 2.25y + 0.08.

xly | 0 0.2 0.4 0.6 0.8 1.0

0 0.08 -0.174 -0.132 0.062 0.2640 0.3300
0.2 | 0.08 -0.166 -0.116 0.086 0.2960 0.3700
0.4 | 0.08 -0.158 -0.100 0.110 0.3280 0.4100
0.6 | 0.08 -0.150 -0.084 0.134 0.3600 0.4500
0.8 | 0.08 -0.142 -0.068 0.158 0.3920 0.4900
1.0 | 0.08 -0.134 -0.052 0.182 0.4240 0.5300

TABLE 11. Data for example 6.

x/y [ 0.0 | 025 | 0.5 [ 0.75 | 1.0
0.0 ]007]05 1.0 | 1.0 1.0
0.5 100 | 0.0 0.0 | 0.5 1.0
1.0 ] 0.0 [ 0.0 0.0 | 0.0 0.0
1.5 100 [0.0 1.0 [ 0.0 0.0
2.0 ] 0.0 0.0 0.0 | 0.0 0.0

Figure 16(a) shows the default bi-cubic Hermite spline the
constrained data given in Table 9. Figure 16(b) shows the
xz-view for Figure 16(a). Some part of the interpolating
surface through bi-cubic Hermite lying below the given plane
as shown in Figure 16(b). Figure 17(a) shows the constrained
data modeling by using the proposed rational bi-cubic spline,
while Figure 17(b) shows the xz-view of Figure 17(a). Clearly
seen, the resulting interpolating surface lie above the given
cubic plane. Figure 18 shows the absolute error surface of
function F4 by using the proposed scheme.

Example 6: Our final example considers the following
function

1.0,

if (y —x)>0.5
2(y—x),

if0<(y—x) <05

cos (471\/ =152+ (y— 0.5)2) +1

Fs5(x,y) =

2
if (x —1.5)2+ (y —0.5)?

elsewhere on [0, 2] x [0, 2]

the constant plane chosen as follows:
Upper Plane: 7z = 1
Lower Plane: z =0

105004

[ True surface
|| I Constraining surface

z-axis

0.5

04
) 0.2
y-axis 0 o0 x-axis

(a) Bicubic Hermite Surface

(b) Xz -view of (a)
FIGURE 16. Bi-cubic Hermite Surface. (a) Bicubic Hermite Surface.
(b) xz-view of (a).

Figure 19 shows the examples of constrained surface
produced by bi-cubic Hermite surface as well as the pro-
posed scheme. Meanwhile, Figure 20 shows the constrained
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0.8

0.6

0.4

z-axis

0.2

0.5 0.6

0.4

) 0.2
y-axis 0 o x-axis

(a) Constrained surface using the proposed scheme

(b) Xz -view of 16(a)

FIGURE 17. Interpolating surfaces for Example 4.

Absolute error

FIGURE 18. Error surface of F; using the propose scheme.

surface between two planes produced by using bi-cubic
Hermite and the constructed rational bi-cubic spline. From
Figures 20(a) and 20(a), clearly seen that, bi-cubic Hermite
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(a) Bicubic hermite surface

(b) Constrained surface using the proposed scheme

FIGURE 19. Constrained surface below the plane.

surface is unable to produce constrained surface. But by
using the proposed scheme in this study, the produced sur-
face satisfies the range restricted shape preserving properties.
Figure 20(b) shows that, we obtain surface lie between two
planes.

To measure the effectiveness of the proposed scheme,
we calculate Rz, RMSE and CPU Times in seconds. Table 12
shows the error estimation between the proposed scheme and
Abbas et al. [1] scheme.

Based on the result from Table 12, for the constrained
interpolation in Example 2 and Example 3, the proposed
scheme is better than Abbas et al. [1] scheme in the sense
of CPU times measured in seconds. For both examples,
the proposed scheme requires less computation time than
Abbas et al. [1]. In terms of R* and RMSE, for Exam-
ple 2, the proposed scheme is better. But for Example 3,
Abbas et al. [1] scheme has lower RMSE i.e. 0.0093 while the
proposed scheme has the value 0.0145. But from the Figures,
based on graphical displays, both schemes produce equally
visually pleasant interpolating surface. For Examples 4 and 5,
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(a) Bicubic hermite surface

05

1

05
¥-anis Do
¥-axis

(b) Constrained surface using the proposed scheme

FIGURE 20. Constrained surface between two planes.

TABLE 12. Error estimation.

Measure Data Sets
Method Example | Example | Example | Example
-ment
2 3 4 5
R?2 0.9941 0.9902 N/A N/A
Abbaset | RMSE 0.0015 0.0093 N/A N/A
al. [1] CPU
Times 2.5871 3.2962 N/A N/A
)
R2 0.9954 0.9846 0.9861 0.9701
The ; RMSE | 00011 | 0.0145 | 00035 | 0.0018
e
Times 1.1935 2.3603 2.20460 | 2.79974
()

Abbas et al. [1] is not be implemented. This is due to the
fact that their scheme is only capable to construct constrained
surface above linear plane only. We implement the proposed
scheme in this study for the constraint surfaces are quadratic

105006

and cubic planes, respectively. From the results, we found
that, the proposed scheme has the ability to preserve the
shape of the data and better than Abbas et al. [1] in terms
of CPU time, RMSE and R2. Furthermore, we also tested the
proposed scheme for constrained surface interpolation sub-
ject to range restricted below plane and between two planes.
Figures 18 and 19 shows the results. Numerical results also
show that, the proposed scheme give higher accuracy with
higher R? value i.e. between 0.9701 (97.01%) and 0.9954
(99.54%). This is very good for constraint surface or range
restricted data interpolation.

VI. CONCLUSIONS

This paper discusses the application of partially blended
rational bi-cubic spline with twelve parameters on rectan-
gular meshes for constrained data modeling. The sufficient
conditions are derived on four parameters meanwhile the
remaining eight parameters can be further utilized to obtain
the desired constrained interpolating surfaces. The resulting
surface is guaranteed has C! continuity by extending the main
result from Casciola and Romani [8]. From numerical results
and the comparison with existing schemes we conclude
that the proposed schemes work very well and it is easy
to use, require less computation compared to the work of
Hussain et al. [17] and Abbas et al. [1]. Furthermore,
the proposed scheme has eight free parameters while there
are no free parameters in the works of Hussain er al. [18],
Hussain et al. [19], and Shaikh et al. [21]. We also
have considered the constrained interpolation above
quadratic and cubic plane, meanwhile in the works of
Hussain and Hussain [18], Abbas et al. [1], Shaikh et al. [21]
and Hussain and Hussain [17], they only consider the con-
strained interpolation above linear plane. Thus, the results
presented in this study is more generalize than those men-
tioned schemes. Furthermore, for all examples, the proposed
scheme gives very higher R? value. Based on all measure-
ments and validation, we conclude that the proposed scheme
is better than some existing scheme. The main future work
will be on applying the proposed schemes for industrial based
applications such as in robotics and manufacturing as well as
in medical image processing, for instance image refinement
and image scaling.
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