INFLECTION POINTS AND SINGULARITIES ON C-CURVES*
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ABSTRACT. We show that all so-called C-curves are affine images of trochoids
or sine curves and use this relation to investigate the occurrence of inflection
points, cusps, and loops. The results are summarized in a shape diagram of C-
Bézier curves, which is useful when using C-Bézier curves for curve and surface
modeling.
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1. INTRODUCTION

Bézier, B-spline, and other curves are piecewise polynomial, and due to their
simplicity and beautiful geometric properties they are powerful tools in Computer-
Aided Geometric Design. Hybrid polynomial curves on the one hand may be more
complicated, but on the other hand they may have some properties which are
convenient in special cases.

This paper deals with C-curves, which are the linear combinations of the basis
functions sint, cost, t, 1. Ever since the advent of analytic geometry such curves
have been considered, their most famous representative being the cycloid. The
first analysis of their shapes in general was probably given by [3]. As the above
mentioned basis is a Tchebycheff system if restricted to an interval of length
less than m, corresponding T-Bézier and TB-spline curves may be defined by
blossoming as described by [8]. Shape analysis then makes use of the general
theory of Tchebycheff systems. Our basis has been studied by [10] under the name
of heliz splines. [16] constructed C-Ferguson-, C-Bézier-, C-B-spline- and other
curves, which incidentally are the same as defined by the blossoming procedure.
Previous work on the topic of characterizing the existence of inflection points and
singularities can be found in [1, 2, 4, 5, 6, 7, 9, 11, 12, 14].

In this paper C-curves and C-Bézier curves are discussed. Some of their prop-
erties are similar to those of cubic curves. Moreover, trochoids, circular arcs,
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FIGURE 1. Trochoids

elliptical arcs, and sine curves may be represented as C-Bézier curves by control
polygons. We give conditions on the existence of inflection points, cusps, and
loops, which are undesirable features in many cases where one wants to design
‘fair’ curves. The results are summarized in a shape diagram like the one in [13].

This paper is organized as follows: First we show that nondegenerate C-curves
are affine images of trochoids or sine curves. This correspondence is used to
describe the occurrences of inflection points, cusps, and loops. At last we apply
those conditions to C-Bézier curves.

2. THE SHAPE OF TROCHOIDS AND C-CURVES

A trochoid is the path of a point at some distance b > 0 from the center of
a circle of radius a, while this circle is rolling on a fixed line. If we let a = 1
it has the parametric equation c(t) = (x(t),y(t)), with z(t) = t — bsint and
y(t) =1 —bcost.

For b < 1, the curve is a curtate cycloid and has inflection points at ¢t =
2km + arccosb, k € Z. For b = 1, the curve is a proper cycloid, or simply cycloid.
It has cusps at t = 2kw, k € Z. For b > 1, the curve is a prolate cycloid and it
has loops which are located at c(t1) = c(t2), where t1o = 2kn+7, k€ Z, 7 > 0 is
the smallest zero of the function ¢/sint — b. Examples are shown by Fig. 1. The
interested reader is also referred to [15].

Assume that v; = (a;,b;) € R? (i = 0,1,2), and p3 = (a3, b3) € R? is a point.
A C-curve in general has the parametrization

(1) c(t) =wvosint + vy cost + vat +p3, tE€R.

Define the determinants dy = det(vy,vq), di = det(ve,vy), and dy = det(vg, vy).
If dy = d; =0, ¢(t) is a line or an ellipse, and we will disregard these cases in the
following. We let b = |da|/+/d3 + d? and choose w such that tanw = d; /dy, and
such that w € [-7/2,7/2] or w € (7/2,37/2) depending on whether dods > 0 or
dody < 0.

Lemma 1. Ifdy # 0, (1) is the affine image of a trochoid.
Proof. We notice that
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FIGURE 2. C-curves with inflection points, cusps, and loops (from
left to right).

Lemma 2. If dy =0, then (1) is the affine image of a sine curve.

Proof. We assume that d; # 0, the case dy # 0 being analogous. It is easily

: bo —ap Jct)=ps  Twl [ tHw
verified that bysinw —agsinw d; + [ 0 } N [ cos(t + w) ] =

Lemma 3. If (1) is not a straight line or an ellipse (i.e., d2+d3 > 0), then:

(1) (1) has inflection points at c(t) if and only if b < 1; then t = 2km —w +
arccosb (k € Z).

(ii) (1) has cusps if and only if b = 1; they are located at t = 2km —w (k € Z).

(11i) (1) has loops at c(t1) = c(t2) if and only if b > 1; then t1o = 2kr —w £ 7
(keZ).

Proof. Being an inflection point, a cusp, or a loop is invariant under affine trans-
formations ([13]). The result follows immediately from Lemmas 1 and 2. O

Lemma 3 shows that inflection points, cusps, and loops are mutually exclusive.
Examples of C-curves which exhibit these features can be seen in Fig. 2. The
following theorem again summarizes the previous results, this time with a view
towards C-Bézier curves:

Theorem 1. We consider the C-curve (1) to be defined in the interval (0, )
with o < w. Then ¢(t) has two inflection points if and only if b < 1 and w €
(8 —a, =), where 3 = arccosb. There is one inflection point if and only if b < 1
and

wrompmeor{ ST o {0550

There is a cusp if and only if b =1 and w € (—«,0) U (2 — o, 37/2). There is
a loop if and only ifb>1 andw € (T — o, —T)U 270 + 7 — o, 2w — 7).

Proof. This is a direct consequence of Lemma 3. O
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3. THE SHAPE OF C-BEZIER CURVES

A C-Bézier curve as defined in [16] is the C-curve ¢(t) defined in the interval
(0, ) with @ < 7, and having the form

c l—c—M M -1

-s (a—K)M —KM 0

1 M M 1]l
a —(a—K)M KM 0

c(t):ais[sint cost ¢ 1]

(2) where

: 1 if a=m,
s=sina, c=cosa, K =(a—1s)/(1—c), M—{ s if a<n

y i ERQ

The points qo,...,q3 are called control points. We want to apply the shape
classification of C-curves to C-Bézier curves and therefore have to express (2) in
terms of (1).

Let g be the intersection of the lines gyoq; and g2q3, and define A, i by

€1:=q—qo, €2 = Q3 —(, Ae1 = q1 — qQo, M2 = 3 — Q2.

(see Fig. 3). If ¢ does not exist, we let A = = 0.
If we rewrite (2) as a C-curve (cf. Equ. (1)), we get

1
vo = (M 4+X—=MXN—ch—1)e; + (M — My — 1)ey),
o — S
1
v = “[(sA + KMA = KM)ey + KM(p = 1)es),
o
1
vy = &_S[(l—]\/[—l—M)\)el—i-(l—M—i-M,u)ez]-

Now we can express the shape parameters b and w in terms of o, A and pu.
Theorem 2 describes the shape of (2) in terms of regions of R? where the point
(A, p) lies in. These regions depend on « and constitute a shape diagram for
C-Bézier curves (see Fig. 4)

We define the matrices L;;, I;;, N;;j, where ¢ is the row index and j is the
column index, both starting with 0.

Ly =s(c—1),Lip=cla—8), Loy = a—s, Lo = I10 = lo1 = Ipo = 0,
Iy = —2(c —1)*, Iy1 = L1y = 25(c — 1)(a — 5), Iyg = Iy = (a — 5),
I1 = 2c(a — 5)%, Ny = a(c —1)*, N;p = (1 — ¢)(a — s)(as — c+ 1),
Nig = No1 = —s(a — 8)% Nog = (¢ — 1)*(a — ), Ngo = 0,

2 o
I'= Zi,jzo [ij)\ 'uj’

1 1 o 1 2 o

_ . iyl iy

(X, ) = I arccos <\/7 Zi,j:o Lij N > + )\Zizﬂ ijo Nig\'p?.
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FIGURE 3. Definition FIGURE 4. Shape dia-
of A and p. gram of C-Bézier curves.

We define curves C, E, F' by

C:(c—1)(a*+2c—2)M+2(a—8)?*(A+pu—1)=0, where \, u & [0, 1];
E:f(A\p) =0where A\<0,u>1; F: f(u,A) =0 where A > 1, <0.

The curves C, E, F together with the lines A, x = 0, 1 are partitioning the (A, u)-
plane into the regions D, L, S, N according to Fig. 4.

Theorem 2. The curve (2) has an inflection point, if (\,pu) € S, it has two of
them if (A, ) € D, it has a cusp if (A, ) € C, it has a loop if (\,u) € L, and is
has none of them if (A, u) € N.

Proof. Multipling dy, dy, and dy with the factor d, which is defined as
d:=(a—s)*(a+ac—2s)/s
will not affect the result. So we have

dy = s(c—1DAu+ (a—s)(cA+ ),
di = M(c—1)°p—s(a—s)],
dy = alc— 1D+ (a—s)( A+ p).

It follows directly from the defintion of the angles w, 7, and ( that
cosw = bdy/dy, sinw =bdy/dy, T/sinT =b, 0 <7 <7, sinff=V1-— b2

We are going to consider the cases of (i) two inflection points, (ii) one inflection
point, (iii) a cusp, and finally (iv) a loop separately. The conditions that we have
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case (i), as given by Theorem 1, are equivalent to

b<1, sin(—w+ ) >0, cos(—w+ ) > ¢, sin(—w —3) >0, cos(—w — ) > ¢,
= ti=di+d>—di>0, didy+ |do|Vt <0, (d2+d?)c+ |dy|VE < dods.
Substitute dy, d;, and dy into the above inequalities yields the definition of the
region D shown by Fig. 4.
Case (ii) is similar: The conditions given by Theorem 1 are equivalent to either
one
b<1, sin(—w+ ) >0, cos(—w+ ) >¢, sin(—w—0£)<0
or b<1, sin(—w—p)>0, sin(—~w—pF—a)<0, sin(—w+pg—a)>0

If we use the abbreviation ¢ := d3 + d} — d3, this is equivalent to

t> 0, dldg — d() sgn(dg)\/f < 07
didy + dosgn(da)Vt >0,  (d2 + d?)c — dody < dy sgn(da) V't
or t> 0, dldg + do sgn(dg)\/% < 0, d2(0d1 + Sdo) < (Cdo — Sdl) Sgn(dg)\/l_f,
d2(cd1 + Sdo) > (8d1 — Cdo) Sgn(dg)\/%
By substituting dy, d;, and ds into above inequalities we get the definition of the
region S shown by Fig. 4.
Again according to Theorem 1, case (iii) (a cusp) is equivalent to
b=1, sin(—w) >0, sin(—w—a)<0,
— di+di—d5=0, didy <0 (sdy+ cdi)dy > 0.
These inequalities define the curve C of Fig. 4.
As to the last case (iv) of a loop, Theorem 1 shows that it is equivalent to:
b>1, sin(—w) > 0, sin(—w — «a) <0,

T < arccos(cos(—w)), T < a — arccos(cos(—w)),

which is equivalent to

d5+di —d; <0, dydy <0, (sdo+cdi)dy >0,

do Sgﬂ(d2)
d? + d3

d() Sgl’l(dg)

By substituting dy, di, and ds into the above inequalities we get the definition of
the region L of Fig. 4. OJ

(d5 + d7) arccos + dydy > 0,

(d5 + d7)(arccos —a) + (edy + sdy)dy < 0.

Examples of these five different shapes of C-Bézier curves are shown in Fig. 5.
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CONCLUSION

We investigated the existence of inflection points, cusps, and loops in C-curves
and C-Bézier curves by showing that these curves are affine images of trochoids,
and finally computed a shape diagram. The conditions are useful for classifying
the shapes of other special forms of C-curves as well, such as C-Ferguson curves
or C-B-spline curves.

ACKNOWLEDGEMENTS

This work was partly supported by the National Natural Science Foundation
of China (Grant No. 10371110), the National Grand Fundamental Research 973
Program of China (Grant No. 2002CB312101) and the Austria Science Founda-
tion (Grant No. P15911). We would specially thank Prof. Johannes Wallner,
Prof. Xunnian Yang, and the reviewers for their valuable remarks.

REFERENCES

[1] Forrest, A. R., 1970. Shape classification of the non-rational twisted cubic curve in terms
of Bézier polygons. CAD Group Document No. 52, University of Cambridge.

[2] Kim, D. S.; 1993. Hodograph approach to geometric characterization of parametric cubic
curves. Computer-Aided Design 25(10), 644-654.

[3] Kruppa, E., 1916. Rekonstruktion einer Schraubenlinie aus einem Schragriff. Sitz. Ber.
Akad. Wiss. Wien 125, 967-974.

[4] Li, Y. M. and Cripps, R. J., 1997. Identification of inflection points and cusps on rational
curves. Comput. Aided Geom. Design 14(5), 491-497.

[5] Manocha, D. and Canny, J. F.; 1992. Detecting cusps and inflection points in curves.
Comput. Aided Geom. Design 9(1), 1-24.

[6] Meek, D. S. and Walton, D. J.; 1990. Shape determination of planar uniform B-spline
segments. Computer-Aided Design 22(7), 434-441.

[7] Monterde, J., 2001. Singularities of Rational Bézier Curves. Comput. Aided Geom. Design
18(8), 805-816.



8]

[9]
[10]
[11]
[12]
[13]
[14]
[15]

[16]

INFLECTION POINTS AND SINGULARITIES ON C-CURVES

Pottmann, H., 1993. The geometry of Tchebycheffian splines. Comput. Aided Geom. De-
sign 10(3), 181-210.

Pottmann, H. and DeRose, T. D., 1991. Classification using normal curves. Curves and
Surfaces in Computer Vision and Graphis II, SPIE Proc. 1610, pp. 217-228.

Pottmann, H. and Wagner M. G., 1994. Helix splines as an example of affine Tchebycheffian
splines. Adv. Comput. Math. 2, 123-142.

Sakai, M., 1999. Inflection points and singularities on planar rational cubic curve segments.
Comput. Aided Geom. Design 16(3), 149-156.

Stone, M. C. and DeRose, T. D., 1989. A geometric characterization of parametric cubic
curves. ACM Trans. Graphics 8(3), 147-163.

Su, B. and Liu, D., 1989. Computational Geometry — Curves and Surfaces Modeling.
Chang, G. (Transl.), Academic Press, San Diego, CA.

Wang, C., 1981. Shape classification of the parametric cubic curve and parametric B-spline
cubic curve. Computer-Aided Design 13(4), 199-206.

Yates, R. C., 1952. A Handbook on Curves and Their Properties. J. W. Edwards, Ann
Arbor, MI, pp. 233-236.

Zhang, J., 1996. C-curves: an extension of cubic curves. Comput. Aided Geom. Design
13(3), 199-217.



