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Abstract. In this paper we describe and analyze a new class of C?
piecewise rational quintic Hermite interpolants for use in CAGD
which are capable of exactly representing any conic arc of arbitrary
length by using only one segment. They can also provide a variety
of local/global shape parameters for intuitively sculpting free form
curves without affecting the C? continuity inherent in the original
construction.

81. Introduction

During the last two decades there has been considerable interest in de-
veloping a C? solution to the interpolation problem of zeroth, first and
second order derivatives at a given selection of points. This is due to the
fact that such geometric properties turn out to be of primary concern in
geometric modelling or computer aided design applications, e.g., in the
smoothing of curves. However, the work done over the years has resulted
in many C? interpolation methods [1, 3, 4, 5, 8, 9, 10] that cannot satisfy
at the same time all the properties we have found vital or simply desirable
to include in a user-oriented model, designed to be integrated in a con-
ventional NURBS-based CAD system. For this reason, we are going to
propose a new class of O piecewise rational quintic Hermite interpolants
that

e possesses an explicit construction, i.e., that does not involve the
solution of any equations;

e provides local and intuitive sculpting parameters for fast interactive
manipulation of the shape of a curve;

e is capable of representing both smooth shapes and sharp shapes,
and more precisely of mixing smooth zones and sharp ones in the
same curve, so that the transition between them always preserves
the original C? continuity.

The paper is structured as follows. In Section 2 we develop and con-
struct this new class; in Section 3 we show that our rational quintic Her-
mite interpolants are capable to exactly represent any conic arc of arbi-
trary length by using only one segment with positive weights and finite
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control points. Finally, in Section 4 we exploit our model for intuitively
sculpting C2-continuous free form curves by local deformations which do
not compromise the original C? continuity. Although our proposal is not
limited to parametric sets of points, but works efficiently both in the vecto-
rial and in the scalar cases, we confine our attention here to the parametric
formulation only.

§2. The Class of Piecewise Rational Quintic Hermite Interpolants

Our objective is to construct over an arbitrary non-trivial interval [t;,¢;1]
C R, a rational curve segment c;(t) : [t;, t;+1] — RY, v > 1, that satisfies
the following interpolation conditions at the endpoints:
1 2
cit:) =Fi, ci(t:) =D, ¢/(t:) =D,

! (tirr) =D, citin) = DY, eiltiva) = i,

(1)
To fulfill our aim, we write c;(t) as the rational quintic Bézier curve

ai(t) = S PR (1) (2)
§=0

LBl S(t , tig1 — )7 (t —t;)7
= P g = (5> (i —)777(E — )
> k=0 py. By 5 () 7 J (ti+1 — i)
(3)
and the control points P; € R”, j =0,...,5 have to be determined.
Two of them turn out to be quickly defined: P{ = F; and P} = F;;.

For the remaining four, we recall the first and second endpoint derivative
formulae for rational quintic Bézier curves:

Cg (t:) = 5u; (P1—Pp)

: c(t;) = 20p5(Py-PY) _ (5py 1 1041 (P1—P§)

hipg 2 TR hi g I himg 7
" _ 20p5(Pi—P) 5p 10p} (P5—P}) / _ 5ui(PE—P))
c; (ti+1) = % — M'é,4 -1 W, Ci(ti-g-l) = W

where h; = t;41 — t; and /L} j =0,...,5 are the positive weights of the
rational representation (2). Thus, by solving for Pi, P}, P4, Py, we get

i o he ph (D) i oy (Bpi—pg)hi (1) B2 pdh R (2)
1_F1+ 5;& Dz I 2_Fz+ 10#5 D,L + 2()”; Dz )
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h: piy(2)
+ 20M5Dz+1’

PZ — Fi+1 hi Ho D(l)

Pé =Fi1 — 7(5%_“5) D( ) i+l

10p% it1

If a sequence of interpolating data F;, Dgl), Dz@), i =0, ..., N is given, such
a construction allows to solve the interpolation problem by a piecewise
rational quintic made of pieces c;(t) that join together with the so-called
C? rational continuity (see [6]). In order to guarantee that adjacent curve
segments join exactly parametrically C° (not just rationally C°), we set
1o = ps and, without loss of generality, we assume them to be 1. Thus,

Definition 1. Given the interpolating points F; € R¥, ¢ = 0,..., N and
the first and second order derivatives DEI), D(Q) eR”,i=0,..., N defined
at the knots t;, i = 0,..., N (with tg < t1 < ... < ty), a piecewise rational
quintic Hermite interpolant c(t) € C'[thtN] is defined for t € [ti,tit1],
1=0,..., N —1 by the expression

ZPJ st (4)

where
. (1) . 5,0 (1) 219(2)
T . i i i . (‘Jl’q*l)hiDi hiD;
0 — FZ? P - ) P2 - FZ + 10#5 20#5 9 (5)
. (5pi—1)h; DD r2D(? X h; DY) )
i . +1 iig1 . n _ i+1 P .
P3 = F1+1 ]_Op,é z + 20;3 5 P4 — FlJrl 5/‘}1 3 5 — FZ+1

and {Rj 5(t)}j=0,....5 are the rational quintic Bézier polynomials in (3)
defined by the positive weights pi’, j =0, ...,5 with puy = pg = 1.

§3. Exact Representation of Conic Arcs of Arbitrary Length

Conic arcs play a fundamental role in CAD/CAM applications. In this
section we will show that a rational quintic Hermite segment can be used
for precisely representing any conic arc of arbitrary length. Thus, the
piecewise interpolatory model presented in Section 2 allows us to incorpo-
rate the class of the so-called conic section subsplines (see [7], page 79),
which contains all those smooth curves made of pieces of conic sections
that pass through given points and assume prescribed derivatives. Such a
model is of great use in engineering applications, e.g. in milling processes
and in the construction of disk cams.

Theorem 1. The rational quintic Hermite segment co(t), t € [0,1] in-
terpolating the data in Tab.1 with prescribed positive weights {N?}j:l,‘..,%
allows us to exactly represent any conic arc of arbitrary length.
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Hyferboz)hc Arc Elliptic Arc
22 vl _
Parabolic Arc a? b ;2 %z + Zé =1
0
y= ax2 CL<0 left branch @ b # 0
a # 0 >V right branch ) c ]O7 71']
5 €10, 400] § €10, 4o00] p=1(1+1tg%)
CZC(?Sh((S) w=4p* —8p° +8p% —dp+1
s = sinh(d)
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Fo — 0 = ac w
TR as® —bs 4bp(=20*+3p-1)
- 1] =15 I b
1=
I 1 R
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p—|"° 20 —2as o2
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0= :g 8ad? 4bs(1 + ¢ — 2¢2) 8b(—8p5+20p4+ip3—32p2+14p—1)
o [1 TR i i
1 = = = = =
I i S
H(l) =l 1 % —12p4+24p‘z;16p2+4p+1
Hs = ps 1 243e 1" =85%+4p7 +1

Tab. 1. Data for exact representation of arbitrary conic arcs via the
rational quintic Hermite interpolatory model.

Proof: Writing the rational quintic Hermite interpolatory model (4) by
using the data given in Tab.1, we obtain an expression of cy(¢) whose com-
ponents z(t) and y(¢) turn out to satisfy the following canonical equations
in case of parabolic, hyperbolic, or elliptic arcs, respectively:

2 2 2
y(t) = aa?(t), T - 40 =8+

=1, v -1 O

Remark. The positive free parameter ¢ allows us to exactly represent
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Fig. 1. Examples of arbitrary conic arcs exactly represented via a rational
quintic Hermite segment: parabolic arc, hyperbolic arc, elliptic arc/full
ellipse, circular arc/full circle.

conic arcs of arbitrary length. Notice that in case of elliptic arcs of am-
plitude 2§, by choosing the half-angle § equal to w, we can precisely
reproduce full ellipses of radii a, b € Ry that pass through the points
Fo = F; = (—a,0) and assume the first and second order derivatives
D{"” = DV = (0,4b), D’ = (16a,8b), D' = (164, —8b) (see Fig. 1).
As a special case we can thus represent full circles and circular arcs just
specifying the radius » = a = b and the half-angle ¢ €]0, 7] (see Fig. 1).
We remind the reader that, as was proven in [2], the rational quintic
Bézier form is the minimum degree representation that allows to obtain a
full circle/ellipse using only positive weights and finite control points.

§4. Sculpting of Free Form Curves by Local/global Deformations

We now rearrange equation (4) in the equivalent cardinal form

ci(t) =Y Tief5(t)
§=0

where
I, =F;, I, =D, I, =D, I} = Dz(i)p I = D§1+)17 I, = Fiy
and ) . ) )
05(t) = R 5(t) + Ry 5(8) + Ry 5(1)
() = B[R0+ SR (0)]
ba(t) = i R (1)
is(t) = s Ris(0)
W) = b [BERL0 + R R0
55(t) = Ry 5(1) + Ry 5(1) + Ry 5(t)

is the rational formulation of the well-known quintic Hermite polynomials.
Since ¢ 5(t)+ % 5(t) = 1, it follows that whenever ¢ 5, j = 1, ..., 4 vanish,
the curve segment c;(t) coincides with the line through F;, F; 1. As h; is
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never zero, this is easily verified whenever uh, ul approach infinity and ub,
wh approach infinity faster than pi, Y respectively. This last condition is
trivially satisfied by setting ub = a(pi)? and pi = a(ul)?, with a > 1,
B > 1. Here we choose pb = (ui)?, u4 = (u4)? and reformulate Definition
1 in the following way.

Definition 2. Given the interpolating points F; € R¥, i =0, ..., N and the
first and second order derivatives DZ(-l), DZ@) eR”, ¢ =0,...,N assigned
at the knots t;, i = 0,..., N (with tg < t; < ... < tn), we define over the
interval [t;,t; 1] the piecewise rational quintic Hermite interpolant c(t) €

C’zt0 tn] by the expression
ci(t) = ci(t, v, w;) g C'R. 4(t (6)
where
; h; DY ; (5v;—1)h; DY p2D?
= Fi’ Ci= F" + lST:’ 12 = FZ + - 10v2l * ;Ovb? ’ (7)
k2 T
. (5w;—1)h; D R2D{?) . h; DY ,
PR o +1 +1 PR, o +1 R Nl
Cy=Fip 0wz T 201; ; Ci=Fip 51;,3 ; Cy=Fip

i

and {Rj 5(t)}j=0,....5 are the rational quintic Bézier polynomzals in (3)
defined by the posztwe weights plh = pt =1, pt = vy, pb = v?, pf = w2,

g 2= Wi

Remark. In this way, by choosing w;—1 =2 —v; Vi = 1,..., N — 1, the
piecewise rational quintic Hermite interpolant c(t), represented as NURBS
on a single knot-partition with internal 5-fold knots, becomes parame-
trically C2-continuous at ¢ = ¢; and thus can be represented on a new
knot-partition with only internal 3-fold knots.

Although the shape of a NURBS curve can be modified by the mani-
pulation of its weights, the possibility of controlling the shape through the
classical change of the weight vector may sometimes be confusing, as the
modifications of two adjacent weights are mutually cancelled, and not very
effective, since the curve is forced to stay in the convex hull of its control
points. For this reason we have proposed an interpolatory rational quin-
tic spline involving two sculpting parameters per interval that, although
corresponding to the weights of the rational representation, influence the
control points definition and thus have large scale effects on the shape of
the curve. In particular, such free parameters provide a variety of local
and global shape controls, like point and interval tension effects. In or-
der to analyze such effects on the shape of the curve, we consider here
the limiting behavior of the rational piecewise interpolant whenever each
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shape parameter approaches infinity, where we assume that the other pa-
rameters are held constant with respect to each limit process (note that
this is possible only because every weight modification do not influence its
neighboring weights). Thus the following shape deformations immediately
follow by inspection of equation (6).

Theorem 2 (Point Tension) Let v; and w;—1 approach infinity. Since

v,lgnoo C; (t) = Fi = wl}llnimo Ci_l(t), (8)
we have a point tension parameter controlling the curve tension from both
right and left of the point F;, where the piecewise rational interpolant c(t)
will appear to have a corner.

Proof: To prove the first (second) equality in (8) we insert the equation
of ¢;(t) (c;—1(t)), divide both its numerator and denominator by v? (w?_;)

and compute lim,, (4, _;)—oc- O

While two shape parameters per interval are necessary for providing
point tension effects, we are going to show now that only one shape pa-
rameter per interval is enough when interval tension is required. To this
aim we assume the parameters v;, w; satisfy the relation v; = \;w;, with
;i €]0, +00[, and we show that the parameter w; plays the role of interval
tension parameter for the single piece c;(¢, \;, w;).

Lemma 1. Let v; = \w; with \; €]0,4+00[. If w; approaches infinity,
then the rational quintic Hermite interpolant c;(t, \;, w;) converges uni-
formly to the rational linear interpolant of F;, F; 1 with weights A2, 1:

lm  [|e;(t, A, wi) — Li(t, \)]| =0

wi—r 00
where 2 DR 4 O
(1 —0;)F; +0,F,;
li(t7)\i): z( 5 ) + +1’
A2(1—6;)+0;
with
t—t;
te [ti,ti+1], 91' = h S [0, 1].

Proof: By simple computations on ¢; (¢, A;, w;) it follows that the piece-
wise rational quintic Hermite interpolant c; (¢, \;, w;), t € [t;, ;1] defined
by (6) can be decomposed in the following way:

ci(t, Ao, w;) = Li(t, \;) + €;(t, Aj, wy),
where

and
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£(t) g(?) h()
1 T
0 F(F, —Fiy1) w?
2z 2
hi (D A hi (D A
5wz Di wFi—Fip) + 55D | o
2(52iwi—1)h: D{V +hfD[? 260w, D DT 4hIDT |y
20w? 20w? i
—2(5w,—1)h, D\, +h?D?), —2(5w;—1)h; D), +h2DT), 1
20w? 20w?2
1 hi (D hi (D 1
w Fiy1 —F;) — 515D, ~ 5wz Div1 o
1 1
F?(Fi+1 — Fz) 0 w?

Tab. 2. Bézier coefficients of the quintic polynomials £(¢), g(¢), h(¢).

£(£)A? B3 5(0:) + &(t)B5 5(0:)
h(t)(A? B 5(0:) + B5 5(0:))

e;(t, N, w;) =

with f(¢), g(t), h(t) being quintic Bézier polynomials defined by the coef-
ficients in Tab.2. Thus, since limy, 500 ||€:(t, A, w;)]| = 0, it trivially
follows that limwi_,oo ||C,’(t7 )\i,wi) — li(t, /\z)|| =0. O

Theorem 3 (Interval Tension) Let v; = \w;, with \; €]0,+oo[. If w;
approaches infinity, then the rational quintic Hermite interpolant c;(t, \;,
w;) is pulled towards the line segment through F; and F;;1.

Proof: By standard NURBS theory it follows that when v > 1, whatever
we choose A; €]0,+o00[, the rational linear interpolant 1;(¢, A;) coincides
with the line segment through F; and F;;1. O

As a consequence, when all the interval tension parameters approach
infinity, the piecewise rational linear interpolant c(¢) is pulled towards the
polyline through the points F;, but practically is never a piecewise linear
interpolant because the parameterization is C? here, whereas it is only C°
for linear interpolants.

Corollary 1 (Global Tension) Letl(t),t € [to, tn] denote the piecewise
rational linear interpolant defined Vt € [t;, t;11] by L;(t, A;). Suppose w; =
w and v; = \jw, with A\; €]0,+o0c[, Vi =0,--- , N —1. Then the piecewise
rational quintic Hermite interpolant c(t) € C?[ty,tn]| converges uniformly
to 1(t) as w approaches infinity, i.e. limy, oo ||c(t) —1(t)|| = 0 Vt € [to, tN]
and thus c(t) is pulled towards the polyline through the points F.

Proof: The result follows by applying Theorem 3 over each interval
[tistip1] . O
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While we have just shown that for sufficiently big values of the interval
tension parameters we are able to introduce straight line segments into a
given piecewise curve, we are going to show now that for sufficiently small
values of the parameters we can pull out a bump or push in an indentation
in a curve segment (see Figs. 2, 3).

Theorem 4 (Interval Warping) Progressively decreasing the shape pa-
rameters v; and w; towards zero, the rational quintic Hermite interpolant
c;(t) produces a looser and looser curve segment.

Proof: If we look at the behavior of the control points C;, j=1,2,3,4,
and hence of the Bernstein-Bézier convex hull, when the shape parameters
v; and w; progressively decrease towards zero, it is a simple matter to see
that we will get a looser and looser curve. 0O

Corollary 2 (Global Warping) Letv; and w; progressively decrease to-
wards zero¥i = 0,--- , N —1. Then the piecewise rational quintic Hermite
interpolant c(t) € C?[ty,tn] progressively becomes looser and looser over
each interval [t;, t;i11].

Proof: We apply Theorem 4 over each interval [t;,¢;41]. O

85. Conclusions and Future Work

In this paper we have presented a new class of piecewise rational quintic
Hermite interpolants which provide a variety of local and global shape
parameters for intuitively sculpting free-form curves, without affecting the
C? continuity inherent in the original construction.

In addition, the proposed model is capable of producing either a sharp
C2-interpolation or a smooth C2-interpolation, that is, although it always
produces C?-interpolants, it enables the creation of a variety of shape
effects like angular points, sharp edges, bumps and indentations (see Figs.
2, 3). The ability to incorporate exact conic arcs of arbitrary length
and to mix smooth curve segments, sharp corners and flat pieces in an
unrestricted way, makes the piecewise rational quintic Hermite interpolant
model a candidate of choice for many applications.

Our next step will be to show that using a non-linear optimization pro-
cedure for determining the sculpting parameters, we can use the proposed
class also for approximating any trigonometric curve with the desired order
of precision.
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Fig. 2. Examples of local/global deformations on an open 3D curve: no
tension (v; = w; = 1, i =0, ...,4), interval tension (v2 = we = 50), interval
warping (v = ws = 0.001), point tension (v3 = we = 50), global tension
(v; = w; =50, i =0,...,4), global warping (v; = w; = 0.001, i =0, ...,4).

Fig. 3. Examples of local/global deformations on a closed 3D curve:
no tension (v; = w; = 1, ¢ = 0,...,18), interval tension (v3 = ws =
100), interval warping (vs = w3 = 0.001), point tension (v; = wg = 60),
global tension (v; = w; = 100, i = 0, ..., 18), global warping (v; = w; =
0.001, ¢ =0,...,18).
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