Cheng et al. / J Zhejiang Univ SCIENCE A 2006 7(9):1561-1565 1561

Journal of Zhejiang University SCIENCE A
ISSN 1009-3095 (Print); ISSN 1862-1775 (Online)
www.zju.edu.cn/jzus; www.springerlink.com 7Z—S

E-mail: jzus@zju.edu.cn

Rational offset approximation of rational Bézier curves
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Abstract:  The problem of parametric speed approximation of a rational curve is raised in this paper. Offset curves are widely
used in various applications. As for the reason that in most cases the offset curves do not preserve the same polynomial or rational
polynomial representations, it arouses difficulty in applications. Thus approximation methods have been introduced to solve this
problem. In this paper, it has been pointed out that the crux of offset curve approximation lies in the approximation of parametric
speed. Based on the Jacobi polynomial approximation theory with endpoints interpolation, an algebraic rational approximation

algorithm of offset curve, which preserves the direction of normal, is presented.
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INTRODUCTION

Offset curves/surfaces, also called parallel
curves/surfaces, are defined as the locus of the points
which are at constant distance along the normal from
the generator curves/surfaces. As for a planar gen-
erator curve I:C(¢)=(x(¢),y(¢)), the parametric speed
and its norm o(¢) are defined respectively as (Farouki,
1992)

C'(O)=('(0.y'®), o) =yx"*O)+y"®). (1)

Subsequently the offset curve of the generator
curve, which is at constant distance d along the norm
can be represented as

C,(t)=C(t)£dN(t)= C(t)idm, 2
o(t)

i Corresponding author

" Project supported by the National Basic Research Program (973) of
China (No. 2002CB312101) and the National Natural Science Foun-
dation of China (Nos. 60373033 and 60333010)

Document code: A

CLC number: TP391

here N(r) represents the identity normal of the curve
C@).

Research on offset curves/surfaces has gradually
become a hot topic, as offsets are widely used in
various applications in computer graphics and nu-
merical control machining. For example, in the area
of access path design in robotics and in 3D numerical
control machining generation, offset calculations are
widely used (Maekawa, 1999).

From the representation of offset, it can be easily
seen that apart from some certain curves/surfaces
(such as line, circle, plane, sphere, circular conical
surface, circular cylindrical surface, circular ring
surface, etc.), Pythagorean hodograph curves (Fa-
rouki and Shah, 1996) and Offset-Rational curves (Lii,
1995), most offset curves and surfaces do not have the
same representations as their generator curves/sur-
faces have (Farouki and Neff, 1990). This will result
in excess of a certain range of representations which
CAD/CAM system can present. And poor stability in
calculation and unclosed representations will occur
too. Thus approximation of offset curves or surfaces
is of great importance.

In recent years, much work has been done in
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offset approximation of polynomial Bézier curves/
surfaces. For example, the way of moving the same
distance of the control points (Cobb, 1984; Tiller and
Hanson, 1984; Coquillart, 1987; Elber and Cohen,
1991), the way of approximating using the envelope
curve of radix circles (Lee et al., 1996), the method
based on interpolation or fitting (Hoschek, 1988;
Pham, 1988; Sederberg and Buehler, 1992; Piegl and
Tiller, 1999) and the method of avoiding self-meeting
(Chiang et al., 1991) have all been studied. As to the
problem of offset approximation of rational Bézier
curves, few researches have been done on it because
of the intrinsic complexity of the problem.

Taking convenience in representations and op-
erations into consideration, polynomial curves have
been most commonly used to approximate the offset
curve. But this will result in high degree of the ap-
proximation curve. Otherwise, as to reducing the
error, discrete operation on the generator curve should
be taken frequently, which directly results in huge
amount of data being stored. On the other hand, the
obtained approximating curves in recent methods do
not preserve the property of being a locus of the
points which are at a constant distance along the
normal from the generator curves. If user needs to
alter the offset distance, then approximating work
should be started from scratch to create a new offset
curve. This is a critical disadvantage in real time al-
ternation.

From the representation of offset curve, it can be
easily seen that the reason why offset curve does not
have the polynomial or rational polynomial form lies
in the problem that parametric speed cannot be ra-
tionalized. Based on the Jacobi polynomials ap-
proximation theory, approximation to the parametric
speed of rational Bézier curve is given in this paper.
Furthermore new algorithm for rational approxima-
tion of rational Bézier curve which preserves the
direction of the normal is presented. Example pro-
vided in the paper showed that this new algorithm
makes effective saving in data storage, as well as
provides excellent approximation results.

OFFSET APPROXIMATION OF RATIONAL BE-
ZIER CURVES

Let R(?) be a planar rational Bézier curve with

control points R={x;,y;} and weights w; (i=0, 1, ..., n).
R(?) can be expressed as

*() y(r)j_ 2 RoB1 @)

W) W)~

i w,B" (1)
i=0

0<t<l. 3)

R(l)=(Rx(l),Ry(t))=[

Then the offset curves with distance d to the
normal can be represented as

R,()=R(t)£d-N(¢)
_ R(ty+q QY Oy OO OwO-x(OW (D)

a(t)
0<r<l. @)
where
o(t)
=\/ (x"(@Ow()—x(t )W'(t))2 +('(OWO) = y(OW' ().

©)

The parametric speed of the above rational Bé-
zier curve is

o(t)
w(?)

o(t)=\R; () + R (1) = : (6)

It is not difficult to see that the obtained offset
curve does not preserve rational polynomial form
simply because the function &) cannot be rational-
ized. Consequently we have to approximate the offset
curve.

In the following, the best least squares Jacobi
approximation to the function &#) is provided first.

Jacobi polynomial J*(x) is a kind of or-
thogonal polynomial with weight function as
w"™(x)= (1+x)"(1—x)'. Jacobi polynomial can be ex-
plicitly expressed as a linear combination of Bern-
stein polynomials (Szego, 1975)

(L) e
A

n=0, 1, ..., (7

Jr(lr,.v) (x) — Z(_l)nﬂ'
i=0
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where xe[-1,1], r, s>—1.
In the latter part of the paper, the restricted
Jacobi polynomial will be defined as

] (x) — (1 + x)r+l (1 _ x)s+1 J(2r+2,25+2) (x),

n,r,s n—-r—s—2

n=r+s+2, r+s+3, ...

A set of orthogonal polynomial basis is com-
posed of the above restricted Jacobi polynomials with
weight function w(x)=1. Besides, it has r+1, s+1 re-
peated roots at x=—1, +1 respectively.

From approximation theory, it can be learned
that the polynomial function

61, (t)=c(0)B) (t) + ickjk’o’o(% - +o()By (1)

®)

is the best least squares approximation to the para-
metric speed o(f) with degree N, where

1 1 t+1 vlt+1
=il (o5 oo ()

t+1

~o(1)BY (TJJJ,(’O,O(t)dt,

a, = J‘_l](],,oyo(t))zdt.

At the same time it also has interpolation prop-
erty at =0, 1.

The coefficients ¢; in restricted Jacobi series
67 (t) can be calculated by Gauss-Legendre integra-

tion (Szego, 1975). This numerical calculation is
simple, stable, and has small truncation error.

Then let A(t)=35(0)B, (t)+5(1)By (). From
the above Jacobi approximation theory, polynomial
function

5 (t) = h(t) + ﬁ: g, 00(2t—1) 9)

is the best least squares approximation to the function
o(t) with degree N on [0,1], where

1 t+1 t+1))~
I (o5 A5 P

< - k=23,...,N.
[ (T0o@) dt

g/c =

At the same time, it also has interpolation prop-
erty at =0, 1. Calculation of the coefficients g can be
followed by the above calculation method of Jacobi
coefficients.

Applying Jacobi approximation to function &)
as shown in Eq.(9), the rational polynomial ap-
proximation to the parametric speed of degree
max(N,2n) and the rational offset approximation
curve of degree max(N+n,2n—1) can be represented
respectively as

NP0
o ()= ) (10)
and
R (1)
_R(ya POV )_y,(t)W(f?,x’(t)w(t)_x(t)w/( 0)
oy (1)
(11)
The corresponding error function is
£5(0) =Ry (£)— RS (1)
1 1
) (%‘%J"M) (12)
= d|1 _ ?(t) .
0

Based on the convex hull property of rational
Bernstein polynomials, it is easy to see that there
exists a constant E satisfying the inequality

0< ~52(t) <E. Thus we get |g(t)| <d 1—L
5/.{/2 (t) [0,1] — \/E
In practice, this error bound is much larger than the
real error. Therefore we suggest taking this as the
error bound taken into consideration, but calculating

the real error by discrete sampling.

ALGORITHM DESCRIPTION AND EXAMPLES

Based on the method mentioned above of ap-
proximation to the parametric speed of rational Bézier
curves, we systematically give our new algorithm for
offset approximation to rational Bézier curves in the
following:
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Algorithm 1 (rational offset approximation to rational
Bézier curves):

Step 1: Get the generator curve, offset distance d, ap-
proximation degree N and tolerance provided by the user.

Step 2: Calculate the Jacobi approximation polyno-
mial 5’ (¢) of degree N to the parametric speed function &¢) of
the rational Bézier curve. The formula is given in Eq.(9).

Step 3: Calculate the approximation error &, as shown in
Eq.(12).

Step 4: If the error obtained in Step 3 is within the given
tolerance, then turn to Step 5. Otherwise, do discrete opera-
tions to the generator rational Bézier curve. Turn back to Step 2
for every discrete subcurve.

Step 5: Calculate and export every approximation offset
curve by Eq.(11).

Example 1 Given a planar rational Bézier curve of
degree 3, whose control points and weights are {{—3,
-2;0.1}, {~1.5,2.5; 0.2}, {1.0,-2.5; 0.3}, {2.5,2.25;
0.1}}. Based on Jacobi approximation to the function
At) with degree 5, the following Fig.1 gives the ra-
tional offset approximation curve with offset distance
d equaling 0.5. The corresponding approximation
errors &, based on Jacobi approximation to the

function &¢) with degree N (offset distance is 0.5) are
presented in Table 1.

Jacobi

Fig.1 Offset approximation curve of rational Bézier
curve of degree 3 (based on Jacobi approximation of
degree 5, offset distance equals 0.5)

CONCLUSION

Rational offset approximation to rational Bézier
curve is discussed in this paper. A new algorithm for
offset approximation to rational Bézier curves is
presented. This new algorithm has benefits in real
time alternation as well as makes effective saving in
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Table 1 Approximation errors to the curve corre-
sponding to different approximation degrees

Degree N Error &)
3 0.142445
5 0.0570624
8 0.00998232
10 0.0035177
13 0.000934505
15 0.000436361
18 0.000137649
20 0.000102308
23 0.0000303596
24 0.000018101

data storage and calculations. It can be widely applied
in areas such as numerical controlling, manufacturing,
designing in robotics, computer graphics, and so on.

References

Chiang, C.S., Hoffmann, C.M., Lynch, R.E., 1991. How to
Compute Offsets without Self-intersection. /n: Silber-
mann, M.J., Tagare, D. (Eds.), Proceedings of SPIE
Conference on Curves and Surfaces in Computer Vision
and Graphics 11, Boston, p.76-87.

Cobb, E.S., 1984. Design of Sculptured Surfaces Using the
B-spline Representation. Ph.D Thesis, University of
Utah.

Coquillart, S., 1987. Computing offsets of B-spline curves.
Computer-Aided Design, 19(6):305-309. [doi:10.1016/
0010-4485(87)90284-3]

Elber, G., Cohen, E., 1991. Error bounded variable distance
offset operator for free form curves and surfaces. Inter-
national Journal of Computational Geometry & Appli-
cations, 1(1):67-78. [doi:10.1142/S0218195991000062]

Farouki, R.T., 1992. Pythagorean-hodograph Curves in Prac-
tical Use. In: Barnhill, R.E. (Ed.), Geometry Processing
For Design and Manufacturing. SIAM, Philadelphia,
p.3-33.

Farouki, R.T., Neff, 1990. Analytic properties of plane offset
curves. Computer Aided Geometric Design, 7(1-4):83-99.
[doi:10.1016/0167-8396(90)90023-K]

Farouki, R.T., Shah, S., 1996. Real-time CNC interpolators for
Pythagorean hodograph curves. Computer Aided Geo-
metric  Design, 13(7):583-600. [doi:10.1016/0167-
8396(95)00047-X]

Hoschek, J., 1988. Spline approximation of offset curves.
Computer Aided Geometric Design, 20(1):33-40.
[doi:10.1016/0167-8396(88)90018-0]

Lee, LK., Kim, M.S., Elber, G., 1996. Planar curve offset
based on circle approximation. Computer-Aided Design,
28(8):617-630. [doi:10.1016/0010-4485(95)00078-X]

La, W., 1995. Offsets-rational parametric plane curves.

Computer Aided Geometric Design, 12(6):601-616.



Cheng et al. / J Zhejiang Univ SCIENCE A 2006 7(9):1561-1565 1565

[d0i:10.1016/0167-8396(94)00036-R]

Maekawa, T., 1999. An overview of offset curves and surfaces.
Computer-Aided Design, 31(3):165-173. [doi:10.1016/
S0010-4485(99)00013-5]

Pham, B., 1988. Offset approximation of uniform B-splines.
Computer-Aided design, 20(8):471-474. [doi:10.1016/
0010-4485(88)90005-X]

Piegl, L.A., Tiller, W., 1999. Computing offsets of NURBS
curves and surfaces. Computer-Aided Design, 31(2):147-
156. [doi:10.1016/S0010-4485(98)00066-9]

Sederberg, T.W., Buehler, D.B., 1992. Offsets of Polynomial
Bézier Curves: Hermite Approximation with Error
Bounds. /n: Lyche, T., Schumaker, L.L. (Eds.), Mathe-
matical Methods in Computer Aided Geometric Design II.
Academic Press, Boston, p.549-558.

Szego, G., 1975. Orthogonal Polynomials (4th Ed.). Amer.
Math. Soc., Providence, RI.

Tiller, W., Hanson, E.G., 1984. Offsets of two-dimensional
profiles. IEEE Comput. Graph. & Applic., 4(9):36-46.



