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On an approach for cubic Bézier interpolation

Dana Simian, Corina Simian

Abstract

The aim of this paper is to introduce an interpolation approach using cubic Bézier curves and
surfaces which shape is controlled by means of two parameters. Implementation of the proposed
method is realized using MATLAB.

1 Introduction

Bézier curves and surfaces have a wide applicability in Computer Aided Geometric Design
(CAGD). In the last years, many studies were dedicated to obtain new classes of Bézier curves
and surfaces suitable for the approximation process of various shapes. One direction of
generalizations consists of replacing the Bernstein basis in the Bézier curves and surfaces
parametric expression with a generalized Bernstein basis. Bernstein—Stancu polynomials, q-
Bernstein polynomials, g-Bernstein—Stancu polynomials are examples of this kind of bases ([4],
[6], [7], [8], [12]). The shape preserving properties of various operators which generalize the
Bernstein operator are essential in defining new generalization of Bernstein basis which can be
used in Bézier curves and surfaces theory. The quasi-Bézier curves and surfaces are based on a
class of polynomial basis functions with n adjustable shape parameters ([5]). In [11], umbral
calculus is used to generalize Bernstein polynomials and Bézier curves. Farin, introduced in [3] a
class of 3D A- Bézier curves, defined by their degree, a vector v and a matrix M. These curves are
used in the design of those parts of a car which are critical for its aesthetic appearance: parts of
the hood, fender, or roof. An embedded Bézier shape parameterizations is constructed and
employed in [1], to define multi-level optimum-shape algorithms.

In practice, a designer needs to fit a curve to digitized points. The aim of this paper is to study and
implement an approach to design an interpolation cubic Bézier curve which passes through 4
digitizes points and depends on two parameters which control the curve’s shape. Using tensor
product method we define also an interpolation cubic Bézier surface.

The article is organized as follow: in the section 2 we present the parametric and matrix
representation of Bézier curves and surfaces. In section 3 is introduces the proposed approach for
obtaining interpolation cubic Bézier curves and surfaces. Section 4 is dedicated to the
implementation and results’ analysis. Conclusion and further directions of study can be found in
section 5.
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2 Beézier curves and surfaces

Bézier curves and surfaces are parametric curves and surfaces expressed in Bernstein basis using a
set of control points as coefficients. The most used are the cubic Bézier curves and surfaces and
we will referee to them in the following of the paper.

The equation of a cubic Bézier curves is:

(1) = (x(0), (0. 2(0) = b, B} (1. €[0.1]. (1)

B'(t) =[;jti(1—t>3f )

being the Bernstein polynomials of degree 3 and b, = (bx,,by,,bz,;) the control points which form

the control polygon.
Remark 1. A cubic Bézier curve is determined by its 4 control points.

The properties that make the Bézier curves suitable for CAGD applications are affine invariance,
(invariance under affine transformations), convex hull property (Bézier curve lies in the convex
hull of the control points), endpoint interpolation and pseudo — local control (a change of one of
the control point affects the Bézier curve only in the region of this control point). More details
about Bézier curves properties can be found in the Farin comprehensive book [2].

A cubic Bézier surface is given by the equation:

s(u,v)ziibij -Bj(u)-Bf(v),u,ve[O,l] , (3)

i=0 j=0

b, = (bx,,by,,bz,) being the control points of the surface and Bj.(u), B’(v) the Bernstein

ij°
polynomials given in (2).

Remark 2. A Bézier surface is determined by its 16 control points.

The properties enumerated for Bézier curves are also valid for Bézier surfaces.
For computational reasons it is very useful to transform the equations (1) and (3) in matrix form.
Matrix form of a Bézier curve:

c(t)=b-B(t), withc(t)eM ;,,beM ,,,B(t) e M ,,1€[0,1] 4)

c(t) represents the column vector of the coordinates of a point from the Bézier curve
corresponding to the value ¢ of the parameter.

b is the matrix of control points coordinates. Each column correspond to a control point
coordinates.

B(t) is the column vector of Bernstein polynomials computed for the value ¢ of the parameter.
Matrix form of a Bézier surface:

s(u,v)=B'(v)-b-B(u) (%)
(5) represents in fact 3 equations, one for each coordinate

x(u,v)=B'(v)-bx- B(u)
y(u,v)=B'(v)-by-B(u)
z(u,v)=B'(v)-bz- B(u)

x(u,v), y(u,v),z(u,v) €M || =R represent the coordinates of a point from the Bézier surface,

3,49

corresponding to the values u and v of the parameters.
bx,by,bz e M , , are matrixes containing the coordinates of the 16 control points of the surface.

B(u), B(v) are the column vectors of Bernstein polynomials computed for the values « and s.
We denoted by M’ the transpose of the matrix M.
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3. Bézier interpolation. Main results.

The approximation problem of more complicated curves has been solved by using piecewise
Bézier curves satisfying different conditions in the junction points. From a practical point of view
piecewise cubic Bézier curves of class C' and G’ are preferred. Many interpolation problems as
well as many solutions have been formulated: C'piecewise cubic Hermite interpolation, point-
normal interpolation, F-Mill interpolation (see [2]), etc. The most complex design problems of
curves and surfaces require techniques related to Bézier splines, B-splines and NURBS. A brief
presentation of these concepts can be found in [10] and many mathematical and algorithmic
details are included in [2].

Our aim is to present and to implement a method for solving an interpolation problem using a
single Bézier curve dependent of two parameters and to generalize the method in the case of
surface interpolation using tensor product method. We will show that the Bézier curve shape is
strong influenced by the two parameters.

Problem 1. (Interpolation using Bézier curve)

Being given 4 points on a curve C, find a cubic Bézier curve that passes through the given points.
We suppose that two of the given points are the endpoints of the curve C.

Let P,i€1{0,...,3} be the interpolation points. They satisfy the equation of the Bézier curve for

some values of the parameter ¢.
Taking into account the Remark 1, for solving the Problem 1 it is sufficient to find the 4 control

points.
From the endpoint interpolation property of the Bézier curve, we have obviously
c(0)=P, =5, (6)
and
c)=P =b, (7)
Let t, <t, €(0,1) be the values of parameters for which c(;)=P;, ie{1,2}. Then
ct,)=(1—1)’b, +3t.(1-1,)° b, +3t7(1—t,)+£b,,i € {1,2} ®)
The system (6), (7), (8) can be formulated as
A-b=P ©)
with
1 0 0 0
_ (1_1(1)3 31‘1(1_4)2 3t12(1_t1) t13 (10)
| 0-n) 360-5)° 350-1) 4
0 0 0
and
bx, by, bz, Px, Py, Pz,
be bx, by, bz | P Px, Py, Pz
- bx, by, bz, | - Px, Py, Pz,
bx, by, bz, Px, Py, Pz,
We have
det(A) =9tt,(1—¢)1—1,)(t,—1,)#0 (11)
The control points are given by
b=A"-P (12)
From (11) we have that
lingA(tl,tz)zlin}A(tl,tz):limA(tl,tz):0 (13)
;- 6> Lt
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In practice, the points P; are usually obtained by measurements. A method which considers that

2

the points are uniformly distributed and correspond to the values of parameters ¢, = E, t, = 5 on

the interpolation curve has been used before, but it is difficult to estimate exactly these points and
for the complicated shape of the curve the method does not offer good results. The values ¢; and ¢,
from our approach can be modified in order to obtain an enough complicated shape by using a
single cubic Bézier curve. More, it is not necessary an expensive method to measure the
coordinates of the desired interpolation points.

The conclusion is that it is of interest to implement relation (12) such that using a continuous
variation of the two parameters to obtained the desired shape.

Relation (13) suggests us that exist real values ¢, J and A such that for

t<el—t,>6 and |1, —1,| < A (14)

the matrix A from (12) is close to a singular matrix. The parameters t;, i€ {1,2}, satisfying the
inequalities (14) with the corresponding values ¢ ¢ and A small enough will be call limit
parameters and we will refer to the inequalities from (14) as limit inequalities.

So it is interesting to study the dependence of the shape properties depending on the relative
position of these two parameters.

The implementation details will be presented in section 4.

Problem 2. (Interpolation using Bézier curve)

Being given 16 points on a surface S, find a cubic Bézier surface that passes through the given
points.

Let be P,i€{0,...,15} the interpolation points. The surface is generated using the tensor- product
method. Let denote by px,py,pzeM,, the matrixes containing the coordinate of the 16

interpolation points. In the tensor- product method we apply relation (12) first for the lines of the
matrix pX, py, pz and then for the columns of the new obtained matrix. The values tl, t2 were
chosen the same for all the lines of the three matrixes. Another possibility is to choose different

values #/,#/ for the lines je{1,2,3}. The observation regarding the limits values for the

parameters t;, t, remain the same as in the case of Bézier curve.

4 Implementation details and results

We implemented our proposed approach, for curves and surfaces interpolation, using MATLAB.
The main reasons for which we choose MATLAB were:

- Capabilities to easy manipulate and operate with matrix structures

- Powerful function for graphical representation

- Possibility of integration of programs in a high quality Graphical User Interfaces

In [9] we presented a software system implemented in MATLAB for the shape design of punches
used in deformation process and the analysis and comparison of the behaviour of different
materials function of the desired shapes.

4.1 Implementation of our approach for interpolation of curves.

The computation of the Bézier curve points is made using the equation (4). The implemented

0 20 40 70
0 60 60 0 )

function returns the coordinates of the control points. For the input data P =£

the influence of the parameters ty, t, is illustrated in the figures below:
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Fig.1 - Bézier curves obtained for 0<t1<0.5<t2<1

The convexity of the two curves is different. The equidistant points lead to a curve without

inflexion points.
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Fig. 2a - Bézier curve with t1=0.1, 1-t2=0.1

Fig. 2b - Bézier curve with t2-t1=0.1

In Fig. 2a and Fig. 2b the parameters t; satisfy the limit inequalities (13) with the values of ¢, ¢

and A equal to 0.1.
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Fig. 3 — Bézier curves obtained for limit parameters € =0.001, 6=0.001

For a small value of the limit parameters ¢ (left graphic) or J (right grahic), the Bézier curves

degenerate in a straight line.
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Fig. 4 — Bézier curves obtained for limit parameter A =0.001
For a small value of limit parameter A, the control polygon reduces to a triangle i.e. the cubic

Bézier curve reduces to a quadratic one.
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Fig. 5 - Bézier curves obtained for 0<t1<t2<0.5
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Fig. 6 - Bézier curves obtained for 0.5<t1<t2<1

If the parameters are located in the same half of the interval (0, 1), more complicated shapes are

obtained.
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4.2 Implementation of our approach for interpolation of surfaces.

In the case of surfaces interpolation we implemented the tensor product method for the
coordinates X, y and z, using the interpolation function defined for curve interpolation.

t1=1/3, t2=2/3 t1=1/4,t2=3/4

Fig.7 - Bézier surfaces obtained for 0<t1<0.5<t2<1

50

-50

oo

t1=0.1, t2=0.9 t1=0.5, t2=0.6

Fig. 8a - Bézier surface for t1=0.1, 1-t2=0.1 Fig. 8b - Bézier surface for t2-t1=0.1

2

t1=0.1, t2=0.2 t1=0.8, t2=0.9

Fig. 9a - Bézier surface for 0<t1<t2<0.5 Fig. 9b - Bézier surface for 0.5<t1<t2<1

The surfaces presented in the Fig. 7 — Fig. 9 were obtained for the input data
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1 2 3 4 1 1 1 1 3 9 -6 -17

1 2 3 4 2 2 2 2 4 -10 -3 12
Px= , Py = , Py =

1 2 3 4 3 3 3 3 8 4 1 9

1 2 3 4 4 4 4 4 -1 4 9 14

5 Conclusions and further directions of study

In this paper we propose an approach which allows us to modify in an easy way the shape of a
cubic Bézier interpolation curve and surface using two real parameters. The relative position of
these parameters and their distance from 0 (for the first parameter) and respective 1 (for the
second parameter) has a significant influence. An advantage of the method is that the interpolation
points can be situated anywhere on the original curve or surface and the convexity properties of
the interpolation curve or surface can be obtained by parameters modification. We can also use
our cubic Bézier interpolation curves in order to obtain a piecewise Bézier curve of G' class.

A further direction of study is represented by the mathematical foundation of the limit cases of the
parameters and mathematical study of the parameters’ values —shape dependence.
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