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Abstract: We construct one-frequency trigonometric spline curves with a de Boor-like algorithm for
evaluation and analyze their shape-preserving properties. The convergence to quadratic B-spline
curves is also analyzed. A fundamental tool is the concept of the normalized B-basis, which has
optimal shape-preserving properties and good symmetric properties.
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1. Introduction

The importance of trigonometric curves and surfaces is well known in many different
areas, such as robotics, mechanics, electricity or medicine. Generalized hybrid trigonometric
Bézier curves have been considered for the construction of some engineering symmetric
revolutionary curves and symmetric rotation surfaces (see [1]). In order to approximate
trigonometric curves, we could use the weights of nonuniform rational B-spline curves
to modify the shapes of the obtained parametric curves. However, rational curves may
be unstable and their derivatives are difficult to calculate (see also [2]). Shape parameters
have also been used for the design of parametric trigonometric curves (see [3-10]).

Trigonometric splines have been suggested for CAM design [11] and trajectory
generation [12]. Problems such as data fitting on the sphere can be better solved by
using trigonometric splines rather than the conventional polynomial counterpart (see
Chapter 12 of [13]). Moreover, they also play a useful role with circular Bernstein Bézier
polynomials [14] and with piecewise rational curves with rational offsets [15].

Polynomial Pythagorean-Hodograph (PH) curves have been widely analyzed
(see [16-26]). They have the good property of possessing a closed-form polynomial rep-
resentation of their arc lengths and exact rational parameterizations of their offset curves.
In [27], the C! Hermite interpolation problem considering spatial PH quintics is analyzed.
A family of interpolants is studied and the solution that has the best approximation order
and preserves the planarity and symmetry with respect to the reversion of the parameter
domain is identified.

Polynomial PH curves are defined using Bernstein bases, thus yielding a control
polygon or so-called Bézier representation for them. Different counterparts of polynomial
PH curves have been proposed. In [26], algebraic-trigonometric Pythagorean-Hodograph
(ATPH) curves were introduced. Most recently, in [16,17], the new classes of planar and
spatial Pythagorean-Hodograph (PH) B-spline curves were proposed. Let us observe that
for the construction of algebraic-trigonometric Pythagorean-Hodograph (ATPH) B-spline
curves, Bernstein-like bases of spaces of piecewise trigonometric functions are required.

Let us recall that, for a suitable basis (uy, . .., u,) of a givenspace U, y(t) = ¥’ Pu;(t)
provides a parametric representation of the curves, where the vector coefficients are points
(control points) in R® determining a polygon Py - - - Py, called the control polygon of 7 [28].
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We say that a basis provides a shape-preserving representation if the shape of the curve
imitates the shape of its control polygon. This interesting property requires that the basis is
normalized totally positive (NTP).

The collocation matrix of a system of functions (uy,...,u,) defined on I C R at
tg < --- < ty in I is given by

M ( por e ) 1= (u(t))i=0,...m;j=0,...n- ©)

to, - tm

A matrix is totally positive if all its minors are nonnegative and a system of functions is
totally positive when all its collocation matrices (1) are totally positive. A usual requirement
for design purposes is that the basis functions uy,...,u, are nonnegative and form a
partition of the unity, i.e., Y./ ; u;(t) = 1, Vt. Then, we say that (uy, ..., u,) is a normalized
basis of nonnegative functions or, equivalently, a blending basis. Blending bases satisfy the
convex hull property: the generated curves will be within the convex hull of their control
polygon. Finally, an NTP basis is a normalized basis with the total positivity property. NTP
bases provide shape-preserving representations (cf. [13,29]).

The normalized B-basis is an NTP basis with optimal shape-preserving properties
because the matrix of the change in the basis of any NTP basis with respect to the normalized
B-basis is totally positive and stochastic. As a consequence, the control polygon of a curve
with respect to the normalized B-basis can be obtained from its control polygon with
respect to any other NTP basis by performing a corner cutting algorithm (cf. [30]). Then,
the control polygon with respect to the normalized B-basis is closer in shape to the curve
than the control polygon with respect to the other NTP bases. In particular, the length of
the control polygon with respect to the normalized B-basis lies between the length of the
curve and the length of any other control polygon of the curve. Similar properties hold for
several features of the curve, such as the angular variation or the number of inflections
(cf. [13,29]). The importance of the length of the parameter domain for the derivation of
shape-preserving representations for trigonometric polynomial curves was shown in [31].
On the other hand, let us recall that the concepts of the B-basis and normalized B-basis
(see Definition 3.7 of [29] for B-basis) are deeply related to the notion of symmetry, with
respect to the initial and final basis functions, as well as with respect to the left and the
right end-points of the interval, where the basis functions have the same properties as the
Bernstein bases of polynomials (see Proposition 4.5 of [29]).

Control points and control polygons of polynomial splines play an important role in
CAGD (cf. [28,32]), and it is natural to ask whether these concepts can also be defined for
trigonometric splines. Trigonometric spline functions were introduced in [33] (see also [34])
and the recurrence relation for the trigonometric B-splines of arbitrary order was obtained
in [35]. Since the standard trigonometric B-splines do not form a partition of unity (cf. [35]),
the corresponding splines will not satisfy the convex hull property. This fact motivated the
study in [36], where a trigonometric version of the convex hull property was established
by introducing control curves that have properties similar to those of classical polynomial
splines. In contrast, this paper proposes new trigonometric spline bases, which form a
partition of the unity and have other shape-preserving properties. These bases generate
trigonometric spline curves that can be evaluated by different corner cutting algorithms
from their control polygons. In the literature, several works can be found studying the prop-
erties of trigonometric B-spline functions with shape parameters (see [6-9]); nevertheless,
generally, no corner cutting algorithm is provided for the evaluation of the corresponding
trigonometric B-spline curves. Furthermore, the proposed approach is worthy of considera-
tion for future work; among others, it can be considered to define new ATPH B-splines and
facilitate further advances in this interesting field.

The paper is organized as follows. In Section 2, we construct one-frequency trigono-
metric spline curves, which we call T-B-spline curves (open or closed) and clamped
T>-B-spline curves. Among other properties, these curves satisfy the convex hull property.
There is an invariant affine relation between T,-B-spline curves and their control points.
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Furthermore, T-B-spline curves are locally controlled and there are end-point and end-
tangent interpolation properties for clamped curves. It is also shown that the corresponding
normalized T,-B-spline functions can conveniently be generated by a de Boor-Cox-like
recurrence relation, which in turn gives a de Boor-like or corner cutting algorithm for the
evaluation of the T,-B-spline curves. Section 3 analyzes the convergence of T,-B-spline
curves to quadratic B-spline curves. T-B-spline bases and curves corresponding to non-
uniform knots are introduced in Section 4. Finally, Section 5 summarizes the conclusions
and future work.

2. One-Frequency Trigonometric Spline Curves

For a given 0 < a < 71, we consider compact intervals I, := [0, «] and the spaces
Ui (Iy) := (cost,sint), Uy(ly):= (1,cost,sint), t€ I,.
In [37], it was shown that the system (B}, B}) defined by

sin(aw — t) 1 sint

Bj(t) == ———, Bi(t):= , tel, 2
o(t) sina 1) sinwa < @
is a B-basis of Uj (I), and the system (B}, B, B) with
1—cos(a —t) cost+cos(a —t) —cosa — 1 1 —cost
B3(t) := ———— " B2(t) := ,B3(t) = ———— tel, 3
o(t) 1—cosa 1) 1—cosa 2(t) 1—cos«a €l @)

is the normalized B-basis of Ux(l,). Let us observe that (B}, B}) clearly satisfies
Bi(t) = Bj(x —t), t € I,. A similar symmetry holds for (B}, B, B3) since

Bi(a —t) = B3(t), B3(a—t)=B3(t), tcl,. (4)
According to [37], we have the following decomposition

(B3(1), Bi(t), B3(t)) = A1(H)Ax(t), tE L, ()
where

M) = @=AA0), aan = (1T MBS 0 e

1
and
1 _ (1—cost)sin(a—t)
2o() = Snrrsmte—n —snas ! € o
AQ(t) = sinallzcost) = 504y _ sintdsine—sing =y o p )

" sint(l1—cosa)’ (1—cosa)sin(a—t) *

It can be easily checked that the bases (2) and (3) can be also described as follows:

cos(;) sin(%451) _ cos()sin(%)
B = Zes(an@) P (e
and
in? (451 2cos (%) sin(%5t) sin(£ in2(t
B3(t) = 5’52((;)) B2(1) COS(Z)SSinz((%‘Z))S (2),B§(t)_zm2£§;, tel,
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Furthermore, the functions in the factorization (5) satisfy

Ay(t) = Sin(imc(";%t), te I,
. cos(%)sin(%) o sin(%)
)Lg( )_cos(g)sin(%)’ A(l)(t)_ sm(%)cos(“—ﬂf)' t e l,.

®)

Definition 1. Let 0 < & < wand d € N. Given p; € R%, i = 0,1,2, we say that the parametric
trigonometric curve

2
pa(t) ==Y piBi(t), tE€l. 9
i=0
is a Tr-curve.

Let us observe that, using (4), we can write
2
pa(a—t) =Y priBi(t), tel,
i=0

and derive that To-curves possess a symmetry similar to that of Bézier curves.

The factorization (5) of the basis (3) defines a corner cutting algorithm for the evalua-
tion of any parametric Tp-curve given by (9). In matrix form, this de Casteljau-like corner
cutting algorithm can be described as follows, where the curve point for the parameter

value t is po(t) = p3,
P§ P§ p§ P§
Po P> P> P>

where L = L1Lg, U = Uy Uy, with

1 0 0 1 0 0
Ly=(1-A3 Ay 0], Li=|0 1 0,
0 1-A7 A9 0 1-A} A}

1-A) A3 0 1-Af A§ 0
Uy=| 0 1-A2 A, u=1{ o0 1 0],

0 0 1 0 0 1

and

for the functions /\5 (t) defined in (7), or equivalently in (8).
Given a space U C Cla, b], we shall use the following notation:

DU := {u'|luc U}, D 'WU:={ucClabllu cU)}.
Theorem 1. For 0 < a < 71, let
(NG, N7) == (1= Ag, Ag), (11)

where A} is defined in (7), or equivalently in (8). Then, (N, N1) is the normalized B-basis of the
space DU (), where

U(ly) := <Cos(t — %)>, t e l,.
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Proof. Differentiating in (8), we can write
1 o
1\/ _ 1\/ _ R
(NI = (48)' () = gy cos(t—3) t€

and so we deduce that (N})/(t) > 0, for all t € I,. Since N7 is an increasing function on
I, and satisfies N} (0) = 0, Nj («) = 1, it can be easily checked that (N}, N{) is formed by
nonnegative functions on I, and it is an NTP basis of D~!U(1,). Finally, using Proposition 2.4
of [2], we conclude that (N}, N}) isa B-basis. [

It can be easily checked that the functions in (11) satisfy N} (x — t) = N1 (t), t € I, (see
Figure 1 for an illustration of these functions). Moreover,

A1(t) = (B(t), B (1)) A1(t), t€ L, (12)

CE G

where A;(t) is defined by

with
sina + sin(a — ) — 3sint
ap - — . ( ) . ’ bo 2:610—1, ay ::1—610, bl ::Z—ao.
2(sin(a — t) — sint)
.
1 0.8
0.8
0.6
0.6
0.4
0.4
0.2 0.21
0 . - T T 0 .
r x 3n n Sm 3m Tm m m 3m m 5% 3w In ®
16 8 16 4 16 8 16 32 16 32 8 32 16 32 4
t t
(a) (b)
1
0.8
0.6
04
0.2
0 : : ‘
r r 3¢ =® 5n
8 4 8 2
t
()

Figure 1. The functions N&, Nl1 (displayed in red and blue, respectively) for « = Z (a), a = 5 (b) and

a = 3{ (0).
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Now, let us introduce the following functions defined on I,

(N3,N?,N3) := (B3,B3,B3)As, A :=

(Nng%/ sz) = (B(zJ, BZ,B%)AZ, A2 =

(NG, N¢, N3) := (Bj, BY, B3) Ay, A o=

o oOoNR ©O O =, O ONI-
O RN NR P O N =Nl
—_ O O NO O o O

Clearly, the matrices A, A, A, are nonsingular, stochastic and TP. Then, by
Corollary 3.9 (iv) of [29], we can immediately deduce that the systems introduced in (13)
are NTP bases of Uy (I,). Figures 2—4 illustrate the functions N?(t), N?(t) and N?(¢),
respectively. On the other hand, by (13) and (5), we can obtain the following relations:

(NG(), N7 (£), N3 (t)) = (Ng (£), N{ (1)) Aa(t) Az, t € L,
(NG (1), NE(£), N3 (£)) = (Ng(£), Ni (1)) Aa(t) Az, € Iy,
(NG (1), NE(£), N3 () = (Ng (1), Ni (£))Aa(t) Ay, t € Iy (13)
0.7
0.6
0.5
0.4 0.7
0.6
0.3 0.5
0.2- 0.4
03
0.1 02
0 - - - 2 , 0.1
. o® 3% 7 5% 3% 7n o 0
321632?3216324 £z 2z z 3 2 I =z
t
(a) (b)
0.6 -
05
04
03
02
0.1
0 T T T T T T ]
n T 3n k] S5m in
8 4 8 2 8 4
t
(o)

Figure 2. The functions Ng, le, sz (displayed in red, green and blue, respectively) for a = % (a),
a =7 (b)and « = 3T (c).
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The following result collects important properties of the functions in (13).

Theorem 2. The following properties hold for the functions defined in (13).
1. N3(a—t)=N3(t), N}(x —t) = Ni(t), t € L.
2. Nj(0) =3, N(0) = 5, N3(0) =0,

N () =0, Nf () = 3, N3 (a) = 3.

2
(_Igé)’(a) = le(N%)’(tX) _=2—% ot(5), (N3
4. N3(0) =1, N2(0) = 0, N2(0) = 0.
Ngzga/) =0 12(00 . %,-zgglx) :% 72/
5. (N§)'(0) = —cot(3), (N7)'(0) = cot(5), (N3)'(0) =0
(N3)'(2) =0, (NB)'() = —} cot($), (NB)'(@) = } cot($)
6. Nj(0) =3 N7(0) =3, N3(0) =0
B(0) =0, KE(w) =0, K3 (@) = 1. )
7. ( 3)’(0):—7cot %) ( 2)(0 = 5 cot(5), ( 2)'(0) =0
(N§)' (@) =0, (N})'(&) = —cot(3), (N3)'(«) = cot(3)
8. Y2, N?(H)=1Y2 N*t)=1 7 N?(t)=1tel,
0.9
0.8
0.7
0.6 0.9/
0.5 0.8
0.7
0.4 061
0.3 054
0.2 04
’ 0.3
0.1 0.2
0 >~ 0.1
n n 3n ©m S5n 3n 7n 0w 0 J J J
32 16 32 8 32 16 32 4 x m 3¢ =m S5t 3r Tm m
‘ 16 8 16 4 16 8 16 2
t
(a) (b)
0.8
0.6
0.4
0.2
0 T T T T T |
b T 3n T 5n 3n
B3 T 8§ 2 8 4
(c)

Figure 3. The functions N2, le, N? (displayed in red, green and blue, respectively) for a = % (a),
a=% (b)anda = %T” (c).
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1,
0.8 1
0.6
1,
0.4
0.8
0.6
0.2
0.4+
0.2
0 T T T T T T T Tl
m m 3n ® St 3m Tm m ‘ : ‘ : : - ‘
32 16 32 8 32 16 32 4 m n 3m m 5m 3n Tm @
t 16 8 16 4 16 8 16 2
t
() (b)
1-
0.8
0.6
0.4
0.2
0 T T T
= = 3®= ® 5t 3m
8 4 8 2 8 4
1
(c)

Figure 4. The functions N2, N?, N? (displayed in red, green and blue, respectively) for a = ¥ (a),
a =% (b)and & = 37 (c).

For p € N, p > 2, we consider the equally spaced partitions
3 . 3
= {uitlly = {ia}ly, (14)
and

n={ul’y, (15)

withuy =u; =up =0, u; = (i—2)a, fori =3,...,p+1, and Upyl = Upyp = Upy3 =
(p — 1)a for the partition u in (15). We thus define the piecewise functions on either parti-
tion 7T or p.
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1, ué€|u,uiq),

Ni,O(u) = {0 else[ 1 Z"rl) (16)
N} (u—u;), u € [uj,uirq),

Nip(u) = N&(” —Uiy1), W E [Uip1,Uiv2), (17)
0, else,

N3 (u—w;),  u€ [ujuin),
Nip(u) = Ni(“ —Uiy1), UE [Uir1,Uita), (18)
' Ng(u —uip2), u € [uiro,uirs),
0, else,

fori =0,...,p. On the partition y, we also define

. Nzu—uz, u e |up,uz),

Noa(u) := {0 : ) else[ )
le(u —up), uE€E [uy,uz),

Nip(u) = N2(u—u3), u € [us uy),
0, else,

sz(u - up_l), ue [up_l,up),

Ny 1p(u) = NZ(u—up), € [up,upi), 19)
0, else,
. N2(u—uy), u€ [uy, y.q),
Npa(u) = 5 (1 —up) [14p, 1p+1) 20)
0, else.

Figure 5 illustrates the functions Nj,, Ni, and N,_1 ».
By construction, the following properties hold for the above functions.

Proposition 1. The functions defined by (16)—(20) have the following properties:

(N1) For j € {1,2}, N;(u) is a piecewise trigonometric function of the space U;(1y) and, for
i=0,1,p—1,p, Nio(u) is a piecewise trigonometric function of the space Uy (1y).

(N2) For all applicable indices,

(u) ior uc (ui/ ui-‘rj-‘rl)/
=0, else.

Fori=0,1,p—1,p,

. >0, u€ (u,uiy3),
Ni’2<u){:0 else o

In fact, N j(u) has the minimal support [u;, u; 1] and N  (u) has the minimal support [u;, u; 3.
(N3) Ni/f(u)‘[uz,MHﬂ 75 OfOI’ i=1— j, e ,l.
(N4) Forj € {1,2}, N;j(u) are symmetrical with respect to the middle of their supports and they
can be obtained by translation, i.e., N j(u) = No,j(u — u;).
(N5) Over the partition rt,
pt2-j
Z Ni,]-(u) =1, uc [uz, up+1].

(N6) Over the partition p,

2 Ni,j(u) =1 uce [uz, up+1],
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where Njp = N fori=0,1,p—1,p.

(N7) On the partitions 1t and p, the functions Ni,j(u)for i=0,...,p+2—jand j=0,1,2, and
Nio(u) fori =0,1,p — 1, p are CI="*(4) _continuous, where mult(uy) is the multiplicity
of the knot uy in the support of the corresponding function.

u[2] u[3] u[4]

O | T 1
ulp-1] ulp] u[ptl]
u

O

Figure 5. The functions N; (a), Nl,z (b), Np—l,Z (c) fora =

Lok

Let us note that the restriction of the functions Ni,z,p, i =0,...,p, to each interval
[Ug, k1], k =0,...,p, generates Uy (I, ), which is a Chebyshev space (see [2]). Therefore,
(Noapu, -+ Npau) generates a space S of Chebyshevian splines with a totally positive
basis (see Chapter 9 of [34]). In addition, the system also satisfies

lim+ kazrﬂ(u) /erz,‘u(u) =0, lim N]‘,z,y(u)/Nklzrﬂ(u) =0,

u%u]- M‘)leJrs

whenever j < k. Then, by Theorem 3.2 of Chapter 4 of [13], (No2u,--., Npou) is the
normalized B-basis of S. This fact implies optimal shape-preserving properties (see [29]
and Chapter 4 of [13]). Due to the analogy to the well-known polynomial B-splines, we
will say that the functions Ni,Z,ﬂ/ i=0,...,p, are Tp-B-splines.

Now, we can define trigonometric piecewise curves (see Figure 6 for an illustration).

Definition 2. For given p,d € N, p > 2, lets; € R i=0,..., p, and the knot partitions 1T, p
defined in (14) and (15), respectively, are defined as follows.
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»

() ()

Figure 6. Open (red), clamped (green) and closed (red and blue) T»-B-spline curves with control
points sg = (0,0), s; = (0,1), s, = (3,4), s3 = (6,0), s4 = (7,4) (first column), respectively,

S0 =

(0,0), 51 = (0,1), sp = (3,4),s3 = (5,3), s4 = (7,0) (second column). Figures (a,b) show the

open and clamped curves, figures (c,d) show the open and closed curves; the closed control polygon

and convex hull of the control points are also displayed in yellow.

(a)

(b)

(c)

The functions N;j(u) = Njj(u) fori = 0,...,p+2—jand j = 0,1,2 are called
normalized T>-B-splines over the partition rt and the functions Nj;y(u) = N;;(u) for
i=0,...,p+2—jandj=0,1, Nipy(u) = Nio(u) fori=2,...,p—2and Njp y(u) =
N;(u) fori=0,1,p — 1, p are called normalized T»-B-splines over the partition p.

The parametric curve

p
s(u) :=Y siNip(u), u € [uztpq), (21)
i=0

is called a T,-B-spline curve (with respect to the partition 7t) with the control points s, . .., sp.
In particular, for p = m, with m € N, m > 2, we refer to this curve as an open T-B-spline
curve, and for p = m + 2 and s, 11 = S0, Sm+2 = S1, we have a closed T,-B-spline curve.
For p = m, withm € N,m > 2, the curve

s(u) =Y siNippu(u), u € [uz,upy1) (22)
i=0

is called a clamped T,-B-spline curve (with respect to the partition u) with the control points
S0,+--,Sm-

From the properties of their blending functions given in Proposition 1, the following

properties of T»-B-spline curves can easily be derived.

Proposition 2.

(C1) The relation between the curve s(u) and its control points sy, . .., sp is affinely invariant, i.e.,

the T>-B-spline curve constructed from images of the control points sy, ..., s, under an affine
transformation is identical to the image of the curve s(u) under the same affine transformation.
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(C2) The curve s(u) is locally controlled, i.e., moving a control point s; only modifies the curve for
u € [uy, u;,3). Moreover, for T = 7t or T = p, we have

S(”)'uE[ul,ul+1) = Z SiNi,Z,T(u)/ (23)
1

and the curve s(u) lies in the convex hull of its control points. More precisely,

S(”)'ue[ul,ul_H) - A(SFZ/ 5171/51)/ (24)

where A(s;_»,s1_1,5;) is the triangle generated by the points s;_»,5;_1, ;.
(C3) For a clamped T,-B-spline curve, we have end-point and end-tangent interpolation, namely

s(u1) =5(0) =so, s(um+1) = sm,
s'(0) = cot(%) (51—50), 8 (ttmsr) = cot(%) (S — Sm_1)-

(C4) If three control points s;_»,s;_1,s; are collinear, the Tp-B-spline curve s(u) contains part of
the straight line through s;_5,s;_1, ;.

(C5) The straight line through s;_»,s;_1 is tangent to the Tp-B-spline curve s(u) in the point s(u;),
i.e., every leg of the control polygon is tangent to the curve.

The normalized T,-B-spline functions from Definition 2a can be conveniently gener-
ated by a Cox—de Boor-like recurrence relation as follows.

Theorem 3. By introducing the following abbreviations

sin(”}”f) cos(%*”")
i1(u) = ,
'Yz,l( ) sin(%)
sin(u — ;11 +wa) —sin(u — u;4q) — sin(a)

Tip(u) = 2sin(u — ujy1)(cos(a) — 1) , =

and considering the piecewise functions N;(u) from (16), we obtain

Nijz(u) = 7ij(u) Njj_1,7(u) + ;1) Niy1,j-1,7(u). (26)

Herein, the partition, the coefficients and the index range vary according to the type of T,-B-
spline curve (open, closed, clamped) in the following way:

(@) Fort=m,i=0,...,p+2—jj=12and
pij(u) =1 —7yip1j(u), (27)

and the recurrence relation (26) generates the blending functions of an open (respectively,
closed) T,-B-spline curve for p = m (respectively, for p = m + 2).

(b) For T = p, the coefficients 7y;q(u) (respectively, 7;,(u)) are defined as in (25) for
i =0,...,m+2 (respectively, i = 2,...,m — 2). The remaining coefficients are defined
as follows:
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pi(u) 1—7it11(u), for i=0,...,m+1,
Pia(u) = 1—17i410(u), for i=2,...,m—3,
_ o sin(u —uy +a) —sin(u — up) —sin(a)
Pm—22(u) = 1 TSt = a)(eosta] 1) )
Yo2(u) = 0,
2
_ o(u—up)
polz(u) - N&(u 71/[2)1
2
_ o (u—usz)
plrz(u) - N&(M*ug)l
o) = NZ (1 —up) — p12(u)NL (1 — up)
’ N3 (u — up) ’
72
_ 5(u—ty—1)
o .
~ Nj(u—um) — ym—12(u) Ny (4 — tm)
pTIZ7l,2(u) - Nll(u _ Mm) 7
_ sz(” — Um)
L
pmlz(u) = 0.

Thus, the recurrence relation (26) generates the blending functions of a clamped T-B-spline curve.

Proof. According to (13), we have
1
Ng(“ —Uitp) = 5(1 - )\8(“ - ”i+2))N&(“ — Uit2),

1 1
le(” —Ujiy) = 5(1 + )\8(” - “i+1))N(%(” — i) + (1= 5)\(1)(” —Uit1)) Nll(” —Uit1),

1
N2 (u—u;) = E/\(l)(u — u;)N (u — uy).

The following identities can be easily checked

1 1

S(1- A —ujy2)) =1~ 59\(1)(“ —Uit1),

1 1

5(1+A8(u—ui+1)) = i/\(l)(u_”i)/ (28)

and then, for j = 2, we obtain the recurrence relation (26) for all 7, in the open and closed
cases, and fori = 2,...,m — 2, in the clamped case. For j = 1, Equation (26) is obtained in
a straightforward manner by (11), (16) and (17). The remaining equations from (26) in the
clamped case for j = 2 are readily obtained by (17) and (20). O

Thanks to this recurrence relation, we immediately obtain a de Boor-like or corner
cutting algorithm for the evaluation of the T»-B-spline curves.

Theorem 4. Given an open, closed or clamped T,-B-spline curve over the partition T = 7T or
T = p, according to Definition 2,

P
s(u) =Y siNipr(u), u€ [ugups), (29)
i=0
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the curve point s(u) for a parameter u € [u;, u;, 1) is obtained as
s(u) =s?,

where

sk = sffl

i Viz—k(u) +Sf:119171,37k(“)
fork=12andi=1-2+k,...,L

Remark 1. The de Boor-like algorithm from Theorem 4 may be written in matrix form as follows

-2
1 _ 70 1] 770
;1| =L 5161 , s6 =Uu Slﬁl , (30)
5] 5] 5] 5]

where L = L1Ly and U = U, Uy with

1 0 0 1 0 0
Lo=1{pr22 m-12 0], Li=(0 1 0],
0 pr-12 M2 0 o101 Mn
and
) Pi-22 Y-12 0 ) pi-1,1 Y1 0
Up = 0 pr12 M2, U= 0 10
0 0 1 0 0 1

For an illustration, see Figures 7 and 8, first row.

Remark 2. Additionally to the above de Boor-like corner cutting algorithm, the T,-B-spline curves
also admit the following corner cutting algorithm. Considering a segment of an open or closed
T,-B-spline curve (see Definition 2b) for the curve parameter u € [uj,u;1), 1 € {2,...,p},
or an inner segment of a clamped Tp-B-spline curve (see Definition 2c) for the curve parameter
u e u,uyq),l€{3,...,m—1}, we have

0
5] 2

S(“)‘ue[ul,ulﬂ) = (Ng<u - ul)erz(u - ul)/N22<u - ul)) S?_1

0
5

According to (13) and Definition 1, the points

0 0
PBO 56_2
pél = Az s 4

0
P 5

are thus the control points of a T-curve. Considering the factorization Ay = ArA, = Ar A, of the
matrix Ay and applying the de Casteljau-like algorithm from (10), the corner cutting algorithm may
be written in matrix form as follows (analogously, the factorization Ay = Ay A, can be used):

0 2

Pio A 5?72 pll,O o S?,z

pio | = LiloA2Ax () | |, | ply | = Uil A2Aa [ S) | |, 31)
pr s0 d 0

10 I Pi2 I

with the matrices L;, U; from (10) and t = u — uy. For the initial and final segments of a clamped
T,-B-spline curve, i.e., for the curve parameter u € [u;, u;,1), for | € {2, m}, we obtain
50
2
Fu—wu))| ],
$0
2

S(u)‘ue[uz,ug = ( _5(11 —up), _12(1’[ - u2)/ N
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forl =2, and
0
2 2 2 56”_2
S(”)'ue[um,umﬂ) = ( O(u_um)/ 1(1’[_”111)/ 2(u_um)) Smal 4
Sm
for | = m, and thus
0 0 2 0
pll,O (512 Pll,o (12
Pro | = LikoAy | ), |, p6 | =wmtAs s ), (32)
7 0 0
Pro 5] Pia 5]

forl € {2,m}, and A% = A,, Al = As. For an illustration, see Figures 7 and 8, second row.
Comparing this corner cutting algorithm with the de Boor-like algorithm from Theorem 4 and
Remark 1, we observe that 512 = pl%o, 5}71 = pll,O’ .sll = pllll, but 5?_.2 # p?/o, and s? + p?g in
the case of a segment of an open or closed Tr-B-spline curve or of an inner segment of a clamped
T>-B-spline curve. In the case of the initial or final segment of a clamped T,-B-spline curve, we have
2,2 1.1 1_ .1 _ ; 2 2 1 1
S3 = P30/ S1 = Phos 53 = P31, SQ = Pag, but 53 # p3,, respectively, s3, = ph o, Sy = P

1 1 0 _,0 0 0
Sm = Pm1 Sm = Pumos buts;,_, # Pino-

24 24

Figure 7. Successive intermediate control polygons (in the color order black-green-brown (first row)
respectively, black-green-brown-blue-pink (second row)) generated by the de Boor-like algorithm
from Theorem 4 (first row) and by the alternative corner cutting algorithm from Remark 2 (second row)
for a segment of an open or closed T-B-spline curve or an inner segment of a clamped T-B-spline
curve. The first (respectively, second) column illustrates the left (respectively, right) factorization
from Equations (30) and (31).
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_7 2

Figure 8. Successive intermediate control polygons (in the color order black-green-brown (first row)
respectively black-green-brown-blue (second row)) generated by the de Boor-like algorithm from
Theorem 4 (first row) and by the alternative corner cutting algorithm from Remark 2 (second row) for
the initial segment of a clamped T-B-spline curve for & = Z. The first and second columns illustrate
the left and right factorizations, respectively, from Equations (30) and (32).

Remark 3. Let us also remark that the T,-B-spline curves from Definition 2 over the knot partitions
7t and p, respectively, can be expressed in the following way over the multiple knot partitions

+3
= {<u; ST, =< > {<u ST o, <upg >3,
respectively, where < u; >* stands for a knot of multiplicity k. In the open or closed case, we have

2(p-1)

p
s(u) =Y siNipg(u)= Y S}Nilz,ﬂz(u), u € [up, upi1),
i=0 i=0

with
1 .
S%izi(si"‘siﬁ-]), i=0,...,p—1,

1 .
$3i41=Siy1, i=0,...,p—2,

B3 (u —ui1), € (Ui, tira),
Noip 2 (1) = B3(u—uin), u€ [uppuizs), i=0,...,p—1,
0, else,

B (u—uiyn), u € Uiy, Uits),

, 1=0,...,p—2.
0, else, P

N2i+1,2,7r2(”) = {
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In the clamped case, we have

2(p-1)

p
s(u) = ZSiNi,z,y(M) =) S}Ni,z,yz(”)/ u € [ug,upi1),
i=0 i=0

with Ni,z,]ﬂ(”) = N g2(u) fori=0,...,2(p - 1), 5%i+1 as above fori = 0,...,p — 2, s} as
above fori =1,...,p —2,and s} = s, sé(pil) = sp.

3. Convergence of T,-B-Spline Curves to Quadratic B-Spline Curves

In this section, we shall prove that when a« — 0, T>-B-spline curves converge to
quadratic polynomial B-spline curves. For this purpose, we first need to verify the con-
vergence of the functions of the normalized B-basis (B3, B2, B3) of Uy(I,) to the Bernstein
polynomials of degree 2. In this analysis, we shall reparametrize the interval domain [0, «]
so that the considered bases are defined on a fixed interval [0,1] and we could have the
parameter &« — 0 without losing their domain intervals.

Lemma 1. Let (B2, B2, B3) be the normalized B-basis of the space Ua(1,) and let (b3, b2, b3) be
the Bernstein basis of polynomials of degree less than or equal to 2 on the interval [0,1]. Then, when
« — 0, the functions Bl-z(r) = Biz(m'), 0 < 7 < 1, uniformly converge to biz("r), 0<1t<1,
i =012

Proof. Taking into account that the Bernstein basis on [0, 1] is defined as

V2 (1) := <f) (1-1)%7, i=0,1,2,

developing by the Taylor expansion at T = 0, we can write

~ 2 —2cosa — a? at cos(ag)
B2(1) — B2(7) — 2 4
2(7) — B2(7) 2(1 — cosw) 24(1 fcoszx)T

where ¢ € [0, T]. Then, we have

~ 2 —2cosa — a? ot
2 2
—B < 1
b2(7) 2(7)‘ - ‘ 2(1 —cosa) 1_cosa’ ' °© 0.1],
and ) .
2—-2cosa —« x
1' —_— = 1. _— — U.
Pt 2(1 —cosw) 0, it 24(1 — cos ) 0
Thus, we derive
li b3(t) — Bi(1)| = 0.
limy max |b3(7) — B3(7)] =0 (33)
By definition, b3(t) = b3(1 — 1), B3(t) = B3(1 — ) and, therefore, by (33), we de-
duce that
i 2(2) — B(v)] = 0. 4
limy max |b5(7) — By(7)] =0 (34)

Finally, taking into account that 1 = Y2 ,b*(t) = Y7 ,B*(1), T € [0,1], from
Formulas (33) and (34), we conclude

lim max |b?(7) — B3(7)| = 0. (35)

a—00<7<1

O

Theorem 5. Let the 7t and p partitions be as described in (14) and (15), respectively. When
« — 0, the T,-B-spline curve (21) and the clamped T,-B-spline curve (22), with respect to 7 and p,
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respectively, and control points sy, . .., s, approaches uniformly the quadratic polynomial B-spline
curve with knot vector 7t and p, respectively, and control points sy, ..., sp.

Proof. Let us observe that, by (23), for T = 7t or T = y, we can write

1

2
S(u)‘ue[ul,ulﬂ) = Z SiNi,Z,T(u) = Zsl-i-j—Zsz(u - ul)'
i=1-2 =0

Let 7 := (u — u;)/a for the reparameterization of each segment curve on the interval
0 <7 <1. ByLemmal,asa — 0, the function B?(at) approaches uniformly the Bernstein
polynomial biz(T), 0 <t <1, foralli =0,1,2. Therefore, for T = 7, using the matrix A,
defined in (13), we can deduce

512
- o 2 2 2
}CILI(I)S(M)MG[W,WH) = 01(13’(1)(30(06’(),Bl(aT),BZ(IXT)(DCT))AZ sls,l
!
51-2
= (B@.8@,80) A0 s |,
51

which is the matrix form of a uniform B-spline curve of degree 2.
For T = 1, we can follow similar reasoning by considering the matrices Ay, A and A,
defined in (13). O

4. Start Point for T>-B-Spline Bases on Non-Uniform Partitions

Given a partition {u;}" , we shall denote h; := u; 1 —u;, i = 0,...,n — 1. In this
section, we shall consider non-uniform partitions

= {0, w={ul, (36)

p € N, p > 2, such that 7 satisfies h; + hj;1 > 0,i =0,...,p + 1, and for the partition p,
we have that ug = uy = up, up11 = upy2 = uprzand h; +hi 1 >0,i=1,...,p.
For the partition 7r, we can define the matrices

h; hi_q 0
hi—1+h;  hj_q+h;
Ajp = 0 1 0 , 1=0,...,p+2, (37)
0 hip h;
hithiv1  hithip
with the convention k1 := 0 and hy,3 := 0, and the following systems of functions de-
fined in I,
(NG, Ni;, Ni,;) = (Bf, B, B3) Aip. (38)

For the partition u, we further define the matrices

I By q
_ 1 0 0 N hp,lih,, hp,lerhp
A2 = 0 hl }(1) , A2 = 0 1 0 , (39)
0 h2+3h3 hth3 0 0 1

as well as the following systems of functions defined in I,
(NG, Nf,N3) := (B}, B, B3) A, (NG, Ni,Nj) := (Bj, Bf, B3) A,. (40)

Clearly, the matrices A;», Ay, A, are nonsingular, TP and stochastic. Then, by
Corollary 3.9 (iv) of [29], the systems introduced in (38) and (40) are NTP bases of Uy (I, ).
Let us also observe that these matrices are generalizations of the matrices defined in (13)
for the equally spaced partitions considered in Section 2.
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The functions in (38) satisfy the following properties at the ends of the interval domain:

h; 2 hi_1 >
= M N2(0)= 1 N2(0) =0,
(0) D 5:(0)

Then, we have that

N2y (@) = N?4(0), j=0,1.

Furthermore,
hi J— hi —
(N2)(0) = — i cot(8),  (N2,)'(0) = =i cot(%), (NZ,)'(0) =0,
h; _ I
(N§,)' (@) =0, (N7,)'(a) = — I “ot(3), (N3,) (&) = it cot(3),
ie.,

hit1 (Nj2+1,i)/(“) = hi(sz,Hl)/(O)/ j=01

Moreover, the functions in (40) satisfy the following properties at the ends of the

interval domain:

R3(0)=1, N(0)=0, N}(0)=0,
_ _ h _ h
2 o _ 3 2 _ 2
NO(‘X)_O’ l( )_ h2+l’l3/ NZ( >_ h2+]’l3’
. h N hy_1 .
N2(0)= —F—, N?0)=—F"——, N2(0) =0,
O( ) hpfl—i_hp 1( ) hpfl—i_hp 2( )

N2(a) =0, N?(@)=0, N2(a)=1.

It can also be checked that

(N3)'(0) = —cot(3), (N})'(0) =cot(§), (N3)'(0)=0,
(N§) (@) =0, (N})'(a) = —hzlfhg cot(3), (N3)'(a) = h;zhs cot(3),
(KB (0) = — 2 cot($), (2)(0) = "2 cot($),  (K3)'(0) =0,

Now, we can define the following piecewise functions on the non-uniform partition u

hiyo-j

Nio(u) :=
0, else,

7z

2 U—Ujtp_j ) o 4 -
{Nj,i+2j ("‘ ’>, u€ Ui juiya—j), j=012, (41)

fori = 0,...,p. For the consideration of the partition u, we also define the following

piecewise functions

- . N3(u—up), u € [up,uz),
0, else,

le(u —up), U E lupuz),
Nip(u) = N5,3(u —u3), u€ [usuy),
0, else,
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B N%,pfl(u - upfl)r ue [upfll T/lp),
Np-12(u) == ¢ NZ(u—up), u € [up,upyi1),
0, else,
N
- U—uUy), UE Uy uyr1),
Npo(u) = 2(u = up) itpstp41) (42)
0, else.

We have the following result.

Proposition 3. The functions defined by (20) and (41) have the following properties.
(N1) For all applicable indices,

> O, u e (u;,u; 3)s
Ni,Z(M){:O e ( 17 i+ )

Moreover,
Nip(eyq ~ & w €Mt o9 5 1,
’ =0, else,
In fact, N »(u) and N;»(u) have the minimal support [u;, u;y3)].
(NZ) N,'/z(u) |[”Iz”l+1] 7& OfOI’ = l — 2, . ,l.
(N3) Ouver the partition rt,

Y Nip(u) =1, uc [u2, Up 1]
i=0

(N4) Over the partition p,
P
Y Nip(u) =1, u € [upupia,
i=0

where Nip = Njo, fori=0,1,p—1,p.

(N5) The functions Niy(u) fori = 0,...,p and Nio(u) fori = 0,1,p — 1, p are CI=mult(m)
continuous, where mult(uy) is the multiplicity of the knot uy in the support of the respec-
tive function.

Finally, using the Functions (41) and (20), we can generalize, for non-uniform knot
partitions, the normalized T,-B-splines and T,-B-spline curve introduced in Definition 2.

Definition 3. For given p,d € N, p > 2, let s; € R, i=0,..., p, and the non-uniform knot
partitions 7, p in (36). Now, we define as follows.

(a) The functions Nj qr(u) = Njo(u),i =0,...,p, are called normalized T,-B-splines over the
partition 7t and the functions Nj g (1) = Njo(u) fori =2,...,p —2and N; y(u) = Nio(u)
fori=0,1,p —1, p are called normalized T,-B-splines over the partition .

(b)  The parametric curve

P
s(u) := Y siNip r(u), u € [uz,ups1), (43)
i=0

is called To-B-spline curve (with respect to the partition 7t) with the control points s, . .., sp.

In particular, for p = m, withm € N, m > 2, we refer to this curve as an open Tr-B-spline

curve, and for p = m + 2 and S, 11 = S0, Sm+2 = S1, we have a closed T,-B-spline curve.
(c) Forp=m,withm >2,m € N, the curve

m

s(u) =Y siNippu(u); u € [ug, thy11) (44)
i=0
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is called a clamped T,-B-spline curve (with respect to the partition u) with the control
points sg, ..., Sm.

5. Conclusions and Future Work

We have proposed one-frequency trigonometric spline bases with shape-preserving
properties. For uniform knot partitions, the corresponding parametric trigonometric spline
curves are described and a de Boor—Cox-like algorithm is obtained. Additionally, an
alternative corner cutting algorithm for evaluation is deduced. It is also shown that these
curves share many properties with polynomial spline curves. In fact, it is shown that they
converge to uniform quadratic B-spline curves. This new class of curves has great potential
for applications in computer-aided design and manufacturing, robotics, motion control,
path planning, computer graphics, animation and other related fields.

There is some worthwhile work to study further. We wish to define the normalized B-bases
of spline spaces formed by piecewise pure trigonometric and mixed algebraic—trigonometric
functions with simple and multiple knots by considering the results in [38]. We shall investigate
whether it is possible to construct new algebraic-trigonometric Pythagorean-Hodograph
B-spline curves taking into account the results from [16,17,26], allowing the resolution of
interpolation problems with geometrically invariant and symmetric parameterizations.
Applications to reverse engineering for the recovery of lost design specifications for an
object, from its physical realization, can also be explored [20].

Our goal is to focus on these issues in the near future.
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