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Abstract

A new type of cubic trigonometric Bézier curve has been introduced in
[1]. This trigonometric curve has two global shape parameters A and p. We
give a lower boundary to the shape parameters where the curve has lost the
variation diminishing property. In this paper the relationship of the two shape
parameters and their geometric effect on the curve is discussed. These shape
parameters are independent and we prove that their geometric effect on the
curve is linear. Because of the independence constrained modification is not
unequivocal and it raises a number of problems which are also studied. These
issues are generalized for surfaces with four shape parameters. We show that
the geometric effect of the shape parameters on the surface is parabolic.
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1. Introduction

Although classical polynomial curves, such as Bézier curve and B-spline curve still
play central role in computer aided geometric design, several new curves have been
developed in the last decade. The basic principle of curve design is still valid: the
curve is given by user-defined points (so-called control points) which are combined
with predefined basis functions. Keeping this principle in mind, the generalizations
show various directions of possible improvements in theory and practice as well,
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applying basis functions different from the polynomial ones. In several cases the
reason for this is either to provide a curve description method which can exactly
describe (and not only approximate) important classical curves, which cannot be
done by polynomial basis functions, or to simplify the computation of the curves
and their properties. The most well-known generalization is the rational Bézier
and B-spline curve [5], where rational functions are applied as basis functions, but
deriving these functions one can obtain high degree rational polynomials, which
may cause stability problems computing higher order derivatives.

The other way to improve the abilities of such a curve is the application of
trigonometric functions. Trigonometric spline curves can also represent important
curves, such as circle, lemniscate, etc. exactly, which cannot be done by polynomial
curves. The theoretical fundamentals for this kind of curves have been laid in
[10]. C-Bézier and uniform CB-spline curves are defined by means of the basis
{sint,cost,t, 1}, that was generalized to {sint,cost,t*=3 tk=4 .t 1} [11, 12,
13]. NUAT B-spline curves introduced by Wang et al. in [15], the non-uniform
generalizations of CB-spline curves. The other basic type is the HB-spline curve,
the basis of which is {sinht,cosht,¢,1}, and {sinht,cosh¢,t*=3 k=4 .t 1} in
higher order [14, 10].

Another, not necessarily independent direction of generalization is the incor-
poration of shape parameters to the basis functions in order to provide additional
freedom in shape adjustment. One of the earliest methods in this way is S-spline
curve with two global parameters [7, 8]. Further methods have been provided by
direct generalization of B-spline curves as aB-splines in [9] and [6] and recently as
GB-splines in [4]. A spline curve with exponential shape parameters is defined and
studied in [28]. Some alternative spline curves with shape parameters can be found
in [2, 3, 29]. HB-spline curves, CB-spline curves and the uniform B-spline curves
have been unified under the name of FB-spline curves in [16, 17]. The evaluation
of these trigonometric spline curves are more stable than that of NURBS curves
[18, 19].

In the above mentioned papers the new curve types are defined and essential
properties are proved, but the more detailed geometric analysis of the curve has
not been provided, however, it is of great importance in applications. ‘How the
shape parameters influence the shape of the curve?” and ‘How the curve can be
applied for interpolation problems?’ are just two of these questions. Constrained
modification of the curves is also a central issue of applications. These questions
are studied in several papers [20, 23, 24, 28, 26, 27].

The aim of this paper is to study the geometrical properties of a recently defined
new curve type. Our methods for finding paths of the curve points (Section 3) and
describing constrained modification (Section 4) follow the techniques developed in
[21] and [22] for B-spline and NURBS curves.

In [1] the authors defined a new type of curves called T-Bézier curve as follows.

Definition 1.1. For two arbitrarily selected real values of A and pu, where A, u €
[—2, 1], the following four functions of ¢ (¢ € [0, 1]) are defined as cubic trigonometric
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Bézier (i.e. T-Bézier) basis functions with two shape parameters A and p:

bo(t) = (1 — sin %t>Q<l — Asin %t)

bi(t) = sing(l — sin 2)(2+)\ )\sm;)

t
ba(t) = cosg(l — cos g) (2—!—,u— 1 CoS %)

bs(t) = (1 — cos %t)z(l — pcos %t)

In the following sections we study the variation diminishing property, the effect
of the shape parameters for the curve and the constrained modification abilities of
this curve. Finally, the curve type is generalized for surfaces.

2. Variation diminishing

In the following, we will discuss new properties of the T-Bézier curve. In CAD
systems the variation diminishing property is necessary for a Bézier curve. When we
define a control polygon for a curve then we expect that the number of intersections
with the produced curve will be less than or equal to the number of intersections
with the defined control polygon.

Theorem 2.1. If A\ < —2 or y < —2 than the T-Bézier curve has lost its variatonal
diminishing property.

Proof. The derivatives of the basis functions with respect to a variable t are

5b0100$<3c s— )\+4/\Sln5+251n—74)\ > ,
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With the control points pg, p;, P2, P53 the tangent vectors at the points at ¢ = 0
and t = 1 are 7(3A+1)(p; — py) and (31 + 1) (p3 — Py) respectively, therefore if
A < —2, than the direction of the tangent vector at the point at ¢ = 0 is opposite
to the vector (p; — py), and if 4 < —2, then the direction of the tangent vector at
the point at ¢t = 1 is opposite to the vector (p; — py). The theorem follows. O

VYO
VY

Figure 1: The tangent vectors at points at ¢ = 0 with A = —1,5

on the top left, ¢t = 0 with A = —2,2 on the bottom left, ¢ = 1 with

pu = —1,5 on the top right and ¢t = 1 with 4 = —2,2 on the bottom
right

3. The geometric effect of the shape parameters

The basis functions of the cubic trigonometric Bézier curve are contain two arbi-
trarily selected real values A and p as shape parameters. When these parameters
are changing the shape of the curve is altered too. If we have a given knot vector
to and one of the shape parameters is fix, than we can examine the path of the
T(t, A\, i) point of the curve while the other shape parameter is varies between its
boundaries.

Theorem 3.1. Ift € [0,1] and u € [-2,1] is a constant, then the geometric effect
of the shape parameter X\ is linear.
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Proof. Those basis function segments which does not include the shape parameter
A, we can expect as constants. Let

.
oy, = SN 515,

.o
c1,, =1—sin §t,

—cos 5 (1-cos ) (24 7)
cszcos2 Cos2 I ,ucosQ ,

T\ 2 ™
€35, = (1 — coS 57&) (1 — jcos 51?)

With these constants we can express the basis functions of the quadratic trigono-
metric polynomial curve:

bo(t) = c2 (1- ACOx,t) = C% s )\COA,tC%A,t

X,

C2, 4
bg t) = CgA +
The theorem follows. O

Figure 2: The geometric effect of the shape parameter A

Theorem 3.2. Ift € [0,1] and A € [—2,1] is a constant, then the geometric effect
of the shape parameter u is linear.

Proof. Those basis function segments which does not include the shape parameter
1, we can expect as constants. Let

s
Co, , = COS §t,

s
c,, =1—cos §t,

. . .
€2, = smg(l — sin 5) <2+)\— Asin §t)’

2
cs, ., = (1 _ sin gt) (1 — Asin gt)
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With these constants we can express the basis functions of the quadratic trigono-
metric polynomial curve:

bo(t) =c3,.,

bi(t) = ca,,

ba(t) = o, ,c1,,(2 4+ p — pco, ) = 2co, ,C1,,, + [0, C1,, — pcgwcl“ .
bs(t) =i, ,(1 - peo, ) =i, , — peo,

The theorem follows. O

Figure 3: The geometric effect of the shape parameter p

The two shape parameters are independent of each other so they modify the
shape of the curve in separated ways. In a specific case we can examine the effect
of the two parameters when they simultaneously changing their value.

Theorem 3.3. Ift € [0,1] is a constant and we run both of the shape parameters
at the same time, then the geometric effect of the shape parameters is linear.

Proof. Let k € R, \,u € [-2,1] and u = kX, and consider the constants

Cly:rC25 4

from Theorem 3.1. With these constants we can express the basis functions of the
quadratic trigonometric polynomial curve:

bo(t 2 (1—=2Acty,) = cg L~ ,\cmch

( ) 2.t A,
by (t) = ClA.tCQA,t(Q +A— AClA,t) = 201>\,t02x.t + >\Cl>\,t62>\,t - )\C%)MtCQA,t
bg(t) = C1, €2, , (2 + kA — kAClA,t) = 2(31%162%75 + klAclk,tCQA,t — ]C/\Ci\’tc%\,t
(t)

bs(t

2 _ 2 2
&, (L=kXer, ) =3, , —kAer 03, ,

The theorem follows. O
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Figure 4: The shape parameters’ geometric effect

4. Constrained modification

If a point p is given, than we need to find the values of the shape parameters
A, i € [—2,1] with which the curve interpolates the point. Let the curve be

3

T(t A1) =Y bi(t)p;,

=0

where p,,7 € 0,1,2,3 are the control points.

From the inordinate case when p is fixed and only the value of A is changing
to that case when A is fixed every A = ku,k € R paths are intersects the curve.
Within the boundaries the curve can interpolate the point p and the appropriate
value of the running parameter depends on the values of the shape parameters.

Figure 5: The appropriate section of the curve for interpolation

On the other hand, when we fix a point on the curve, then we can examine the
paths we discussed above. In this case we can show the permissible area of the
point of the curve.
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Figure 6: The permissible area of a point of the curve

If we consider the union of the permissible areas for every point of the curve,
than we get the permissible area of the whole curve.

Figure 7: The admissible area of the curve

As regards the above the constrained modification is unequivocal only when
A = p. In this case with a numerical method we can produce the appropriate value
of the running parameter t;, whereby the produced line interpolate the given point
p- Finally, the value of the shape parameters are given from

T(t07 >‘, M) =P,

where A = pu.

Figure 8: Constrained modification of the curve

While we discussed the algorithm of the constrained modification, we have
assumed that the shape parameters are equivalent A = p. This condition isn’t
necessary, but if A # u, the count of the cases when the curve can interpolate a
given point p is infinite.



Constrained modification of the cubic trigonometric Bézier curve . .. 153

Figure 9: Constrained modification of the curve with different
shape parameter values

5. Extension to surfaces

The cubic trigonometric Bézier surface made from the basis functions of the T-
Bézier curve. The shape parameters also modify the face of the surface with their
value, like in the case of the curve. In three dimension we expect only the case
when one of the two shape parameter is fix. In the other case (when we change the
other shape parameters) the proof is the same.

Theorem 5.1. If t,u € [0,1] and p € [—2,1] is a constant, then the geometric
effect of the shape parameter A is parabolic.

Proof. The cubic trigonometric Bézier surface is

3

T(t,u) = Y bi(t)b;(u)p, ;,

i,j=0
where
pi,j77’.aj € 07 17 27 3

are the control points. Now we can express the coefficients.

bi(t)bi(u) = co, ,Co, ., C1y  C1s.. ((con, (cOy, —1) —co, ., + 1)\?
— (2¢0, , + 2co, , —4HA+4),

bi()b2(u) = co, 1, ,c2,, (1 = o, )A +2),

bi(t)bs(u) = co, ,c1, 3, ((1 = coy  )A+2),

ba(t)bo(u) = ci‘uc%_’t(—cokyuc%,tk +1),
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ba(t)b1(u) = co, ,c1,,,¢2,, ((1 = coy A+ 2),
ba(t)b2(u) = 2, ,ca, .,

ba(t)b3(u) = ca, ,c35 .,

bs(t)bo(u) = cf, s, ,(—co, .3, A+ 1),

b3 (t)b1(u) = co, ,c1, .3, ((1 = co, A+ 2),
bs(t)ba(u) = c3, ,C2, .,

b3 (t)bs(u) = c3, , ¢35 .,

where ¢y, ,,c1,,,C2, ,,C3, , are presented in Theorem 3.1, and

LT
€0y, = SN 5,

.
1y, =1—sin W

C = COS — — COS — — [ COS —U
2xu 2 2 14 14 2 )
03/\71‘ = COS 2U M COS 2U .

The theorem follows. O

”~ ~
”~

Figure 10: The geometric effect of the shape parameter A
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