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Preface

Objectives and Features

Shape interrogation is the process of extraction of information from a geo-
metric model. Shape interrogation is a fundamental component of Computer
Aided Design and Manufacturing (CAD/CAM) systems and was first used in
such context by M. Sabin, one of the pioneers of CAD/CAM, in the late six-
ties. The term surface interrogation has been used by I. Braid and A. Geisow
in the same context. An alternate term nearly equivalent to shape interro-
gation is geometry processing first used by R. E. Barnhill, another pioneer of
this field. In this book we focus on shape interrogation of geometric models
bounded by free-form surfaces. Free-form surfaces, also called sculptured sur-
faces, are widely used in scientific and engineering applications. For example,
the hydrodynamic shape of propeller blades has an important role in marine
applications, and the aerodynamic shape of turbine blades determines the
performance of aircraft engines. Free-form surfaces arise also in the bodies of
ships, automobiles and aircraft, which have both functionality and attractive
shape requirements. Many electronic devices as well as consumer products
are designed with aesthetic shapes, which involve free-form surfaces.

When engineers or stylists design geometric models bounded by free-form
surfaces, they need tools for shape interrogation to check whether the de-
signed object satisfies the functionality and aesthetic shape requirements.
This book provides the mathematical fundamentals as well as algorithms for
various shape interrogation methods including nonlinear polynomial solvers,
intersection problems, differential geometry of intersection curves, distance
functions, curve and surface interrogation, umbilics and lines of curvature,
geodesics, and offset curves and surfaces.

The book can serve as a textbook for teaching advanced topics of geomet-
ric modeling for graduate students as well as professionals in industry. It has
been used as one of the textbooks for the graduate course “Computational
Geometry” at the Massachusetts Institute of Technology (MIT). Currently
there are several excellent books in the area of geometric modeling and in
the area of solid modeling. This book provides a bridge between these two
areas. Apart from the differential geometry topics covered, the entire book is
based on the unifying concept of recasting all shape interrogation problems
to the solution of a nonlinear system.
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Structure and Outline

Chapter 1 presents a brief overview of analytical methods for the repre-
sentation of curves and surfaces in a computer environment. We focus on the
parametric representation of curves and surfaces, commonly used in CAD
systems for shape specification. We next review the theory of Bernstein poly-
nomials and associated algorithms and their application in the definition and
manipulation of Bézier curves and surface patches. Finally in this chapter,
we review the theory of B-spline basis functions and associated algorithms
and their application in the definition and manipulation of B-spline and Non-
Uniform Rational B-spline curves and surface patches. In our development of
Bernstein polynomials and B-spline basis functions and the associated curve
and surface representations, we do not provide detailed proofs as they are
already contained in other existing books on geometric modeling, on which
we rely for instructional purposes.

Chapters 2 and 3 provide an overview and introduction into the classical
elementary differential geometry of explicit, parametric and implicit curves
and surfaces, necessary for the development of the more advanced differen-
tial geometry topics that are presented in Chaps. 6, 8, 9 and 10. Much of the
material of Chaps. 2 and 3 (except the treatment of curvatures of implicit sur-
faces) can be generally found in various forms in existing books on differential
geometry and is included for convenience of the reader and completeness of
our development.

Chapter 4 focuses on the development of geometrically motivated solvers
for nonlinear equation systems and the related numerical robustness (relia-
bility) issues. Much of the shape interrogation problems defined and solved
in this book can be reduced to solving systems of n nonlinear polynomial
equations in [/ unknowns, each of which varies within a known interval. Much
of the development is based on the Interval Projected Polyhedron (IPP) al-
gorithm, developed in our Design Laboratory at MIT in the early nineties.
Some shape interrogation problems involve more general nonlinear functions
including radicals of polynomials. These are also converted to nonlinear poly-
nomial systems of higher dimensionality via an auxiliary variable method.
The fundamental feature of the IPP algorithm is that it allows recasting of
continuous shape interrogation problems encountered in geometric modeling
and processing of free-form shapes into the discrete problem of computing
convex hulls of a set of points in a plane and their intersections with other
convex hulls along a particular axis. In this way, a bridge between the largely
disparate fields of geometric modeling of free-form shapes (largely based on
numerical analysis and approximation theory) and discrete computational
geometry (largely based on the theory of algorithms and combinatorics) is
established. Another fundamental feature of the IPP algorithm, is the use of
rounded interval arithmetic motivated by questions of numerical robustness
or reliability, which have high importance in CAD/CAM systems. Interval
methods are a special branch of numerical analysis, with great potential for
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applications in geometric modeling and processing problems. Interval meth-
ods have not yet been used extensively in practice, because, if they are applied
naively, they lead to interval growth that reduces the possible achievable pre-
cision in a numerical computation. However, when combined with geometric
modeling algorithms based on convex combinations (as the de Casteljau al-
gorithm), they lead to very minor interval growth and permit effective and
high accuracy solutions in practice. The IPP algorithm robustly eliminates
subregions of the domain which do not contain roots, thereby allowing effec-
tive bracketing of the roots of the nonlinear system within a given box with
size typically much smaller than the actual accuracy of the results of current
CAD/CAM systems.

Chapter 5 presents the first major shape interrogation problem analyzed
in this book. Intersection is a fundamental operation in the creation of geo-
metric models encoded in the Boundary Representation form of solid model-
ing. Intersection is also very useful in geometric processing for visualization,
analysis and manufacturing of solid models. We present a unified method-
ology for solving intersection problems, which reduces all such problems to
solving a system of nonlinear polynomial equations which in turn can be
solved using the method of Chap. 4. We also present a novel classification of
intersection problems by virtue of their dimensionality, the type of geometric
representations involved, and the number system used in problem statement
and solution. The point to point, point to curve, point to surface, curve
to curve, curve to surface and surface to surface intersection problems are
treated in some detail. Various special cases of interest, where the geometric
entities involved (points, curves and surfaces) are represented implicitly or
parametrically in terms of polynomials, are treated in some depth.

Chapter 6 is motivated by efficient tracing of intersection curves of two
surfaces which intersect either transversely or tangentially, and presents the
first, second and higher order derivatives of these entities for use in devel-
oping efficient and robust tracing algorithms. The surfaces involved may be
parametric or implicit in any combination.

Chapter 7 presents methods for the computation of the stationary points
of distance functions between points, parametric curves and parametric sur-
face patches (in any combination). The curves and surfaces may be defined
by general piecewise rational polynomials. The resulting problems are again
reduced to solving systems of nonlinear equations which can be solved using
the IPP algorithm developed in Chap. 4. Distance functions are closely re-
lated to intersection problems and are also useful in many other applications
including feature recognition via medial axis transforms, animation, collision
detection, and manufactured object localization and inspection.

Chapter 8 addresses a variety of curve and surface interrogation methods
involving their position vectors and several higher order derivatives. Particu-
lar emphasis is placed on robust extraction of stationary points of curvature
maps and the consequent application in robust contouring of such maps.
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Again the problem reduces to solving systems of nonlinear equations which
can be solved using the IPP algorithm developed in Chap. 4. The interroga-
tion methods analyzed in this chapter have many applications in aesthetic
and functional surface design and analysis, in fairing of oscillatory shapes, in
meshing of surface patches and in machining automation.

Chapter 9 discusses the problems of umbilics and lines of curvature as
methods of shape interrogation and identification. Umbilics are computed
via solution of a nonlinear polynomial system following the IPP algorithm of
Chap. 4. Curvature lines are computed via integration of a system of differen-
tial equations via an adaptive numerical process with specialized treatment
near umbilics. The stability problem of umbilics under perturbation of the
underlying surface is also analyzed for use in surface identification and feature
recognition problems.

Chapter 10 addresses yet another shape interrogation problem involv-
ing the geodesics of parametric and implicit surfaces. The classical geodesic
equations are reviewed and numerical methods for the effective computation
of geodesics between two points on a surface or a point and a curve on a
surface are presented. The numerical methods involve iterative solution of a
nonlinear boundary value problem via either shooting or relaxation methods.
Geodesics have applications in feature recognition via medial axis transforms,
in path planning in robotics (for distance minimization), in representation of
geodesic offsets for design and in manufacturing.

Chapter 11, the final chapter of this book, focuses on the problem of
offset (or parallel) curves and surfaces. Offsets have important applications
in NC machining, feature recognition via medial axis transforms and in tol-
erance region specification. The definition and computation of singularities
(and especially self-intersections) of planar offset curves and offset surfaces is
treated in depth. The methods developed are in part analytical, and in part
numerical relying on the IPP algorithm of Chap. 4 and on integration of sys-
tems of nonlinear differential equations. The related concepts of Pythagorean
hodographs, general offsets and pipe surfaces, which build on the theory of
offset curves and surfaces, are also reviewed and analyzed in some detail.

Problems that instructors can use in developing their own courses are
provided immediately after Chap. 11. Many of these problems have been
used in our graduate course at MIT.

Errors

A book of this size is likely to contain omissions and errors. If you have
any constructive suggestions or find errors, please communicate them to N.
M. Patrikalakis, MIT Room 5-428, 77 Massachusetts Avenue, Cambridge,
MA 02139-4307, USA (e-mail: nmp@mit.edu), and T. Maekawa, MIT Room
5-426A, 77 Massachusetts Avenue, Cambridge, MA 02139-4307, USA (e-mail:
tmaekawa@mit.edu).
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1. Representation of Curves and Surfaces

We first introduce three forms to represent geometric objects mathematically.
They are the parametric, implicit and explicit forms. Implicit and explicit
forms are often referred to as nonparametric forms. Then we briefly review
the representation of curves and surfaces in Bézier and B-spline form and
treat the special properties associated with each.

1.1 Analytic representation of curves

1.1.1 Plane curves

A plane curve can be expressed in the parametric form as

z =), y=y), (L.1)

where the coordinates of the point (x,y) of the curve are expressed as func-
tions of a parameter ¢ within a closed interval ¢; <t < t5. The functions x(t)
and y(t) are assumed to be continuous with a sufficient number of continuous
derivatives. The parametric curve is said to be of class r, if the functions have
continuous derivatives up to the order r, inclusively [205]. In vector notation
the parametric curve can be specified by a vector-valued function

r=r(t). (1.2)

Another method of representing a curve analytically is to impose one
condition on a variable point (z,y) by an equation of the form

flz,y)=0. (1.3)

This is an implicit equation for a plane curve. When f(z,y) is linear in
variables = and y, (1.3) represents a straight line. If f(z,y) is of the second
degree in z and y (i.e. az® + 2bzy + cy® + 2dz + 2ey + h = 0), (1.3) represents
a variety of plane curves called conic sections [79]. The implicit equation
for a plane curve can also be expressed as an intersection curve between a
parametric surface and a plane. We will discuss this formulation in Chap. 5.
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The explicit form can be considered as a special case of parametric and
implicit forms. If ¢ can be expressed as a function of z or y, we can easily
eliminate ¢ from (1.1) to generate the explicit form

y=F(z) or z=G(y). (1.4)

This is always possible at least locally when Z—f # 0 or % # 0 [411]. Con-
versely if we set « or y in (1.4) to be equal to the parameter ¢ we obtain
the parametric form (1.1). Also if the implicit equation (1.3) can be solved
for one variable in terms of the other, we also obtain (1.4). This is always
possible at least locally when g—z # 0 or % # 0 [166].

L L L L
-3 -2 -1 0 1 2 3
X

Fig. 1.1. Folium of Descartes

Ezxample 1.1.1. Figure 1.1 shows the Folium of Descartes, introduced by R.
Descartes in 1638, with its asymptotic line [226]. It can be expressed in para-
metric form

t 2\
(t) = <1i—t3%> , —co<t<oo (t£-1), (1)
where superscript T denotes transpose of a vector. For ¢ < —1 the curve is
located in the fourth quadrant and approaches the origin as t goes to —oo. For
—1 < t < 0the curveis located in the second quadrant, and ¢t = 0 corresponds
to the origin. In the first quadrant it forms a loop moving counter-clockwise
as t increases from 0 to +oo. Eliminating ¢ from (1.5), the Folium of Decartes
can be also expressed in an implicit form

flz,y) =23 4+y> - 32y =0. (1.6)
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We can easily trace the curve using the parametric equation (1.5) by evalu-
ating x(t) and y(t) for a discrete sampling of ¢, while such tracing is more
difficult when using the implicit equation (1.6). However, determining if a
point (zg,yo) lies on the curve is easier when using the implicit rather than
the parametric equation of the curve. For example, we can verify that the
point (2, 2) lies on the curve by substituting = 2 and y = 2 into implicit
form and deducing that f(2,2) = 0. However, it is more complex to deduce
this using the parametric form. We first set (t) = 2 which yields a cubic
equation #3 — 2t + 1 = 0. The roots of the cubic equation are 1, %\/g Then
we substitute each root into y(t) to see if it becomes equal to % An alternate
way to do this involves the theory of resultants from algebraic geometry that

we will see in Sect. 5.4.2.
1.1.2 Space curves
The parametric representation of space curves is:
r=z(t), y=yt), z==z2(@1), t1 <t<ts. (1.7)

The implicit representation for a space curve can be expressed as an in-
tersection curve between two implicit surfaces

f(,y,2) =0 N g(z,y,2) =0, (1.8)
or parametric and implicit surfaces
r=r(u,v) N f(z,y,2) =0, (1.9)

or two parametric surfaces
r=p(o,t) N r=qu,v). (1.10)

The differential geometry properties of the intersection curves between im-
plicit surfaces are discussed in Sects. 2.2 and 2.3 as well as in Chap. 6 together
with the intersection curves between parametric and implicit, and two para-
metric surfaces. In Sect. 5.8 algorithms for computing the intersections (1.8),
(1.9) and (1.10) are discussed.

If t can be expressed as a function of z, y, or z, we can eliminate ¢ from
the parametric form (1.7) to generate the explicit form. Let us assume ¢ is a
function of z, then we have

y=Y(z), z=27Z(z). (1.11)

This is always possible at least locally when ‘fi—”f # 0 [411]. Also if the two
implicit equations f(z,y,2) = 0 and g(z,y,2) = 0 can be solved for two of
the variables in terms of the third, for example y and z in terms of x, we
obtain the explicit form (1.11). This is always possible at least locally when
g—i% — %g—z # 0 [411]. Therefore the explicit equation for the space curve
can be expressed as an intersection curve of two cylinders projecting the curve

onto zy and xz planes.
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1.2 Analytic representation of surfaces

Similar to the curve case there are mainly three ways to represent surfaces,
namely parametric, implicit and explicit methods. In parametric representa-
tion the coordinates of a point (x,y, z) of the surface patch are expressed as
functions of the parameters u and v in a closed rectangle:

z =z(u,v), y=yuv), z==z20u,v), vy <u<uz, vy <v<vy.(1.12)

The functions z(u,v), y(u,v) and z(u,v) are continuous and possess a suffi-
cient number of continuous partial derivatives. The parametric surface is said
to be of class r, if the functions have continuous (partial) derivatives up to
the order r, inclusively. In case the class is not explicitly given, it is assumed
that the functions have infinitely many derivatives. In vector notation the
parametric surface can be specified by a vector-valued function

r =r(u,v) . (1.13)

An implicit surface is defined as the locus of points whose coordinates
(z,y, z) satisfy an equation of the form

flz,y,2)=0. (1.14)

When (1.14) is linear in variables z, y and z, it represents a plane. If (1.14)
is of second degree in the variables z, y, z, it represents quadrics [79]

ax® +by® +c2® +dey +eyz + hez+ kr +ly+mz+n=0. (1.15)

Some of the quadric surfaces such as elliptic paraboloid, hyperbolic paraboloid
and parabolic cylinder have explicit forms (see Fig. 8.9). Paraboloid of revo-
lution is a special case of elliptic paraboloid where the major and minor axes
are the same. The rest of the quadrics have implicit forms including ellip-
soid, elliptic cone, elliptic cylinder, hyperbolic cylinder, hyperboloid of one
sheet and two sheets, where the hyperboloid of revolution is a special form.
The natural quadrics, sphere, circular cone and circular cylinder, which are
special cases of ellipsoid, elliptic cone and elliptic cylinder, are widely used
in mechanical design and CAD/CAM systems. Also they result from stan-
dard manufacturing operations such as rolling, turning, filleting, drilling and
milling [149]. According to a survey conducted by the Production Automa-
tion Project group at the University of Rochester in the mid 1970’s, 80-85% of
mechanical parts were adequately represented by planes and cylinders, while
90-95% were modeled with the addition of cones [433, 362, 149].

If the implicit equation (1.14) can be solved for one of the variables as a
function of the other two, say z is solved in terms of z and y, we obtain an
explicit surface

z=F(z,y) . (1.16)
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This is always possible at least locally when % # 0 [166]. And if the two
variables u, v of the parametric form can be solved in terms of z and y, we
can substitute v = u(x,y) and v = v(z,y) into z = z(u,v) which yields an
explicit form. This is possible when %% — %% # 0 [76]. Conversely when
the explicit form z = F(z,y) is given, the parametric form is derived by
setting ¢ = u, y = v, z = F(u,v). Thus, the explicit form can be considered

as a special case of implicit and parametric forms.

Ezample 1.2.1. Let us consider a hyperbolic paraboloid surface patch in the
parametric form:

2 2

r=u+v, y=u—v, z=u"—-v°, 0<u,v<1. (1.17)

Since we can easily solve for u and v in terms of z and y as u = ¥ and
v = 5%, the explicit form is obtained as

z=xy, 0<z+y<2,0<z—y<2. (1.18)
Table 1.1. Representations of curves and surfaces
Geometry Parametric Implicit Explicit
Plawe  w=2(t),y=y(t) fl.y)=0 or y=F(@)
curves t1 <t <t r = r(u,v) N plane
Space e=x(t),y=yl), flz,y,2)=0Ng(z,y,2) =0 y=Y(x)N
curves z=2z(t),t1 <t<ts orr=r(u,v)N flz,y,2) =0 2z=Z(x)
orr =p(o,t) Nr=q(u,v)

Surfaces z = z(u,v), flz,y,2) =0 z = F(z,y)

y =y(u,v),

2 = 2(u,v),

u < u < ug,

v < v < v

Table 1.1 summarizes the three representation forms for plane curves,
space curves and surfaces. Table 1.2 compares the three representations
[119, 116]. It is clear from the tables that the parametric form is the most
versatile method among the three and the explicit is the least. Furthermore,
the explicit form can always be easily converted to parametric form. There-
fore we will mainly focus on the parametric and implicit forms throughout
this book. Methods to fit and manipulate free-form shapes in implicit form
are more complex than those for the parametric form both with respect to
computation and geometric intuition. However, a considerable body of re-
search aimed at alleviating precisely this obstacle has been published over
the last fifteen years, see for example [372, 298, 16]. In this book we do not
cover implicit surface fitting and design methods.
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Table 1.2. Comparison of different methods of curve and surface representation

Disadvantages
Explicit Implicit Parametric
e Infinite slopes are im- e Difficult to fit and e High flexibility compli-
possible if f(z) is a poly- manipulate free form cates intersections and
nomial. shapes. point classification.

e Axis dependent (diffi-
cult to transform).

e Closed and multival-
ued curves are difficult to
represent.

e Axis dependent.

e Complex to trace.

Advantages

Explicit

Implicit

Parametric

e Easy to trace.

e Closed and multival-
ued curves and infinite

slopes can be repre-
sented.
e Point classification
(solid  modeling, in-
terference  check) s
easy.

e Intersections/offsets
can be represented.

e Closed and multival-
ued curves and infinite
slopes can be repre-
sented.

e Axis independent (easy
to transform).

e Easy to generate com-
posite curves.

e Easy to trace.

e FEasy in fitting and
manipulating free-form
shapes.

1.3 Bézier curves and surfaces

Good introductory books on Bézier/B-spline curves and surfaces are provided
by Faux and Pratt [116], Mortenson [275], Ding and Davies [75], Rogers and
Adams [347], Beach [21], Nowacki et al. [288] and Lee [230], while for a more
comprehensive mathematical introduction to B-splines, Bezier and B-spline
curves and surfaces, the reader should refer to textbooks by Yamaguchi [454],
Hosaka [173], Risler [345], Farin [92], Hoschek and Lasser [175], Piegl and
Tiller [313] and Gallier [121].

1.3.1 Bernstein polynomials

The Bernstein polynomials are defined as

! -
Bi,n(t) = ni'(l _ t)n—ztz,

il(n —4)! (1.19)

1=0,...,n.



1.3 Bézier curves and surfaces 7

They form a basis for polynomials (see Sect. 4.4) and have several properties
of interest:

e Non-negativity: B; ,(t) > 0, 0<t<1, i=0,...,n.

e Partition of unity: Y . o Bin(t) = (1 —t+ ¢)™ = 1 (by the binomial
theorem).

o Symmetry:

Bi,n(t) = Bn—i,n(l - t) - (1-20)

e Recursion: B;,(t) = (1 —t)B;n_1(t) +tBi_1,n—1(t) with B; »(t) = 0 for
i <0,i>mnand Boo(t)=1.
e Linear precision:

Bin(t) , (1.21)
i=0

which implies that the monomial ¢ can be expressed as the weighted sum
of Bernstein polynomials of degree n with coefficients evenly spaced in the
interval [0,1]. This property is used extensively in Chaps. 4 and 5.

e Degree elevation: The basis functions of degree n can be expressed in
terms of those of degree n + 1 [106] as:

) 1+ 1
Bin(t) = <1 ey 1) Binta(t) + - lBi+1,n+1(t) ) (1.22)
where ¢ = 0,1,---,n. Or more generally in terms of basis functions of

degree n + r [106] as:

Bim(t)g(?()n(j:)i)Bj,nw(t), i=0,1,--,n. (1.23)
J

Figure 1.2 shows the Bernstein polynomials of degree 3 and 4. The deriva-
tive of a Bernstein polynomial is

Bir®) — 1y 010) = Bina (0] (1.24)

where B_17n_1(t) = Bn,n—l(t) =0.

1.3.2 Arithmetic operations of polynomials in Bernstein form

Arithmetic operations between polynomials are often required for shape inter-
rogation (see for example Chaps. 4, 5, etc.). Farouki and Rajan [106] provide



Bi,B(t)

B,

Fig. 1.2. Bernstein polynomials: (a) degree three, (b) degree four
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formulae for such arithmetic operations of polynomials in Bernstein form.
Let the two polynomials f(t) and g(t) of degree m and n with Bernstein
coefficients f;™ and ¢}’ be as follows:

f(t) :ZfimBi,m(t): g(t)zzgani,n(t)) 0<i<1. (125)
=0 =0

e Addition and subtraction
If the degrees of the two polynomials are the same, i.e. m = n, we simply
add or subtract the coefficients

m

F@) +g(t) =D (" £ g") Bim (D) - (1.26)

=0

If m > n, we need to first degree elevate g(¢) m — n times using (1.23) and
then add or subtract the coefficients

n m—n
m min(n,i) (] ) < i—j )
F&+g) = |+ 97 | Bim(t) .
=0 j=maz(0,i—m+n) (7)
(1.27)

o Multiplication
Multiplication of two polynomials of degree m and n yields a degree m+n
polynomial

=S| S Mﬁ"

i=0 \ j=maz(0,i—n) (m + TL)
7

gzn—j Bimn(t) -

(1.28)

1.3.3 Numerical condition of polynomials in Bernstein form

Polynomials in the Bernstein basis have better numerical stability under per-
turbation of their coefficients than in the power basis. We will introduce the
concept of condition numbers for polynomial roots investigated by Farouki
and Rajan [105].

Let us consider a polynomial f(¢) in the basis ¢;(t) with coefficients f;:

ft) = Zfﬂf)i(t) : (1.29)

If we perturb a single coefficient f; by df;, we have
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(&) = fodo(t) + fin (t) + ...+ (Fj + 6£)p; (1) + ... + Fadbu(t) , (1.30)
or using (1.29)

F(&) = f(t) +8f;05(1) - (1.31)
If ¢ + 6t is a root of the perturbed polynomial f(t), then
f(t+0t) = f(t+6t) +6fj¢;(t +6t) =0, (1.32)
or
ft+t) = —=6fip;i(t+dt) . (1.33)

Now let us Taylor expand (1.33) about ty, where #y is a root of f(t), i.e.
f(tO) =0,

n i dif 50 dic:
Z z! dtl :—5sz(it!) dz](to)- (1.34)

i=1 =0

If to is a simple root of f(t), then f(to) # 0, and in the limit of infinitesimal
perturbations the above equation gives:

f Ot Fi0i(to)

== 1.35
8f;—0 5){; f(to) (1.35)
The absolute value of the right hand side of the above equation
C = |fi$;(to)/ f(to)] (1.36)
is called the condition number of the root ty with respect to the single coeffi-
cient f;. For perturbations in each coefficient, f;, 7 = 0,1, ..., n, the condition
number of the root ty becomes:
" fidi(t
_ S lfigsto) )
| f(to)]
If tg is an m-fold root, m > 2, then a multiple-root condition number
C(™) for perturbations in each coefficient fi,»7=0,1,...,n is defined as

1/m
cm) — ( dmf(to) Zm@ (to)| ) . (1.38)
dtm

The following theorem is due to Farouki and Rajan [105].
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Table 1.3. Condition numbers for Wilkinson polynomial (adapted from [105])

i Cp(z0) Co(xo)

1 2100 x 10" 3.413 x 10°
2 4389 x10°  1.453 x 10°
3 3.028x10°  2.335 x 10°
4 1.030 x 107 2.030 x 10*
5  2.059 x 10%  1.111 x 10°
6 2667 x10°  4.153 x 10°
7 2409 x 10" 1.115 x 10°
8  1.566 x 10'*  2.215 x 10°
9  7.570 x 10" 3.321 x 10°
10 2.775 x 10**  3.797 x 10°
11 7.822 x 10" 3.321 x 10°
12 1.707 x 10**  2.215 x 10°
13 2.888 x 10"  1.115 x 10°
14 3.777 x 10**  4.153 x 10°
15 3.777 x 10" 1.111 x 10°
16 2.833 x 10 2.030 x 10*
17 1.541 x 10" 2.335 x 10°
18  5.742 x 10**  1.453 x 102
19 1.310 x 10"  3.413 x 10°
20 1.378 x 10! 0

Theorem 1.3.1. For an arbitrary polynomial f(t) with a simple root to €
[0,1], let Cp(to) and Cy(to) denote the condition numbers (1.37) of the root
in the power and Bernstein bases on [0, 1], respectively. Then Cy(to) < Cp(to)
for all ty € [0,1]. In particular Cy(0) = C,(0) = 0, while for to € (0,1] we
have the strict inequality Cy(to) < Cp(to).

As an illustration of the above theorem, let us consider Wilkinson’s poly-
nomial in which twenty real roots are equally distributed on [0, 1]:

20

fy =] -i/20). (1.39)

i=1

The condition numbers for each root with respect to a perturbation in the
single coefficient of #!? are shown in Table 1.3 [105]. We can clearly observe
that the condition numbers of the root in the Bernstein basis are several
orders of magnitude smaller than in the power basis. This serves to illustrate
the attractiveness of using the Bernstein basis in computations in CAD/CAM
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systems. Although not a panacea, Bernstein basis when used properly in
a floating point environment increases reliability of computations (see also
detailed discussions in Chaps. 4 and 5).

1.3.4 Definition of Bézier curve and its properties

A Bézier curve is a parametric curve that uses the Bernstein polynomials as
a basis. A Bézier curve of degree n (order n + 1) is represented by

r(t) =Y biBin(t), 0<t<1. (1.40)
=0

The coefficients, b;, are the control points or Bézier points and together with
the basis function B;,(t) determine the shape of the curve. Lines drawn
between consecutive control points of the curve form the control polygon. A
cubic Bézier curve together with its control polygon is shown in Fig. 1.3 (a).
Bézier curves have the following properties:

e Geometry invariance property:  Partition of unity property of the Bern-
stein polynomial assures the invariance of the shape of the Bézier curve
under translation and rotation of its control points.

e FEnd points geometric property:

— The first and last control points are the endpoints of the curve. In other
words, by = r(0) and b,, = r(1).

— The curve is tangent to the control polygon at the endpoints. This can
be easily observed by taking the first derivative of a Bézier curve

dr(t =
D, ;(bi+1 ~b)Biaoa(t), 0<t<1. (141)

i(t) =

In particular we have #(0) = n(by — by) and #(1) = n(b, — bp_1).
Equation (1.41) can be simplified by setting Ab; = b; ;1 — b;:

n—1
t(t)=n) AbBin, i(t), 0<t<l1. (1.42)
=0

The first derivative of a Bézier curve, which is called hodograph, is an-

other Bézier curve whose degree is lower than the original curve by one

and has control points nAb;, i = 0,---,n — 1. Hodographs are useful in

the study of intersection (see Sect. 5.6.2) and other interrogation prob-
lems such as singularities and inflection points.

e Convex hull property: A domain D is convex if for any two points P; and

P; in the domain, the segment P, P, is entirely contained in the domain

D [334]. It can be shown that the intersection of convex domains is a
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convex domain. The convex hull of a set of points P is the boundary of the
smallest convex domain containing P. There are several efficient algorithms
for computing the convex hull of a set of points [334, 66, 291].
Using the above definitions and facts, the convex hull of a Bézier curve
is the boundary of the intersection of all the convex sets containing all
vertices or the intersection of the half spaces generated by taking three
vertices at a time to construct a plane and having all other vertices on
one side. The convex hull can also be conceptualized at the shape of a
rubber band in 2-D or a sheet in 3-D stretched taut over the polygon
vertices [75]. The entire curve is contained within the convex hull of the
control points as shown in Fig. 1.3 (b). The convex hull property is useful in
intersection problems (see Fig. 1.4), in detection of absence of interference
and in providing estimates of the position of the curve through simple and
efficiently computable bounds.

o Variation diminishing property:

— 2-D: The number of intersections of a straight line with a planar
Bézier curve is no greater than the number of intersections of the line
with the control polygon. A line intersecting the convex hull of a planar
Bézier curve may intersect the curve transversally, be tangent to the
curve, or not intersect the curve at all. It may not, however, intersect the
curve more times than it intersects the control polygon. This property
is illustrated in Fig. 1.5.

— 3-D:  The same relation holds true for a plane with a space Bézier
curve.

From this property, we can roughly say that a Bézier curve oscillates less

than its control polygon, or in other words, the control polygon’s segments

exaggerate the oscillation of the curve. This property is important in in-
tersection algorithms and in detecting the fairness of Bézier curves.

o Symmetry property:  If we renumber the control points as b},_, = b;, or
in other words relabel from bg,by,...,b, to b,, b, _1,...,bg and using
the symmetry property of the Bernstein polynomial (1.20) the following
identity holds:

n

S bBi(t) = S b B (1 1) (1.43)

=0

1.3.5 Algorithms for Bézier curves

e Evaluation and subdivision algorithm: A Bézier curve can be evaluated
at a specific parameter value to and the curve can be split at that value
using the de Casteljau algorithm [175], where the following equation

bl (ty) = (1 —to)b ' +tobF™!, k=1,2,....n, i=k,...,n,
(1.44)
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b1,

bo

Control Polygon / 1

bi.

/Convex Hull

(b)

Fig. 1.3. A cubic Bézier curve: (a) with control polygon, (b) with convex hull

is applied recursively to obtain the new control points. The algorithm is
illustrated in Fig. 1.6, and has the following properties:
— The values bY are the original control points of the curve.
— The value of the curve at parameter value ¢y is b}l
— The curve is split at parameter value ¢, and can be represented as two
curves, with control points (bJ, bi,..., b?) and (bZ, br=1 ... bl).

e Continuity algorithm: Bézier curves can represent complex curves by
increasing the degree and thus the number of control points. Alterna-
tively, complex curves can be represented using composite curves, which
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Fig. 1.4. Comparison of convex hulls of Bézier curves as means of detecting inter-
section

Possible Impossible

Fig. 1.5. Variation diminishing property of a cubic Bézier curve

can be formed by joining several Bézier curves end to end. If this method
is adopted, the continuity between consecutive curves must be addressed.
One set of continuity conditions are the geometric continuity conditions,
designated by the letter G with an integer exponent. Position continuity,
or G continuity, requires the endpoints of the two curves to coincide,

r*(1) = r*(0) . (1.45)

The superscripts denote the first and second curves. Tangent continuity, or
G' continuity, requires G° continuity and in addition the tangents of the
curves to be in the same direction,

(1) = gt (1.46)
’(0) = ast , (1.47)

where t is the common unit tangent vector and «y, as are the magnitude
of (1) and ©°(0). G* continuity is important in minimizing stress con-
centrations in physical solids loaded with external forces and in helping
prevent flow separation in fluids.
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be 1t
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t 1-t
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b3
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Fig. 1.6. The de Casteljau algorithm

Curvature continuity, or G? continuity, requires G' continuity and in ad-
dition the center of curvature to move continuously past the connection
point [116],

i (0) = <%>2iﬂ(1) +pie(1) (1.48)
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where p is an arbitrary constant. G2 continuity is important for aesthetic
reasons and also for helping prevent fluid flow separation.

More stringent continuity conditions are the parametric continuity con-
ditions, where C* continuity requires the kth derivative (and all lower
derivatives) of each curve to be equal at the joining point. In other words,

dFre(1)  dbr®(0)
dtb dtk
Let us assume that the global parameter ¢, associated with the i-th segment
of a composite degree n Bézier curve with local parameter u; (0 < u; < 1),
runs over the interval [¢;, t;+1]. Then the i-th segment of a composite Bézier
curve is given by:

(1.49)

ri(t) = me’+ij,n(Ui) , (1.50)
=0
where the global parameter ¢ and the local parameter u; are related by,
t—t;
0<u=—-—-<1. (1.51)
tiv1 —

If we denote h; = t;;1 — t;, the C' and C? continuity conditions for the
i-th and i+1-th segments of the composite Bézier curve can be stated
as [454, 175]:

hit1 (bpi — bpi—1) = hi (brit1 — bps) (1.52)
and

bnifl + —Jrl(bnifl - bni72) = bniJrl + —(bniJrl - bni+2) -
hi hi+1
(1.53)

Figure 1.7 illustrates the connection of two cubic Bézier curve segments at
t= ti+1.

Degree elevation: The degree elevation algorithm permits us to increase
the degree of a Bézier curve from n to n + 1 and the number of control
points from n + 1 to n + 2 without changing the shape of the curve. The
new control points b?“ of the degree n + 1 curve are given by

bg+1:nL+1bg_1+ <1_n+z-1>b?’ i=0,...,n+1, (154)

where b, = b}y, | = 0. The degree elevation algorithm for a Bézier curve
from degree n to n + r is given by [106]:

o (5)(65)
bt = 3 ub?’ i=0,1,--n+r. (155

j=maz(0,i—r) (n _:_ T)
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ni+3

Fig. 1.7. Continuity conditions

1.3.6 Bézier surfaces

A tensor product surface patch is formed by moving a curve through space
while allowing deformations in that curve. This can be thought of as allowing
each control point b; to sweep a curve in space. If this surface is represented
using Bernstein polynomials, a Bézier surface patch is formed, with the fol-
lowing formula:

r(u,v) = 3 Y biiBim(u)Bjn(v), 0<uv<1. (1.56)

i=0 j=0

Here, the set of straight lines drawn between consecutive control points b;; is
referred to as the control net. It is easy to see that boundary iso-parametric
curves (u = 0, v = 1, v = 0 and v = 1) have the same control points as
the corresponding boundary points on the net. An example of a bi-quadratic
Bézier surface with its control net can be seen in Fig. 1.8. Since a Bézier
surface is a direct extension of univariate Bézier curve to its bivariate form,
it inherits many of the properties of the Bézier curve described in Sect. 1.3.4
such as:

e Geometry invariance property.
¢ End points geometric property.
e Convex hull property.

However, no variation diminishing property is known for Bézier surface
patches.

The surface patches treated in this book are mostly topologically quadri-
lateral. However we sometimes need to use topologically triangular patches. In
such cases, we may collapse one boundary curve of a quadrilateral patch into
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a single point to form a three-sided patch as shown in Fig. 1.9. Such a trian-
gular patch is said to be degenerate [116, 92]. Alternatively one could arrange
for two partial derivatives r, and r, at one of the corners of a quadrilateral
patch (1.56) to be collinear to create degenerate patches [92]. The differential
geometry of degenerated patches is studied in [116, 452, 456].

bo

Fig. 1.8. A bi-quadratic Bézier surface with control net

%Mllitm‘\\\
7
e

Fig. 1.9. Octant of ellipsoid, represented by a degenerate patch
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1.4 B-spline curves and surfaces

The Bézier representation has two main disadvantages. First, the number of
control points is directly related to the degree. Therefore, to increase the com-
plexity of the shape of the curve by adding control points requires increasing
the degree of the curve or satisfying the continuity conditions between con-
secutive segments of a composite curve. Second, changing any control point
affects the entire curve or surface, making design of specific sections very diffi-
cult. These disadvantages are remedied with the introduction of the B-spline
(basis-spline) representation.

Early fundamental work on the B-spline basis functions was performed
almost 50 years ago by Schoenberg [367], and this was followed by develop-
ment of fundamental algorithms by Cox [67] and de Boor [72, 73]. B-splines in
the context of Computer Aided Geometric Design were proven to be a viable
and attractive representation method by many pioneers of this field, such
as Riesenfeld [344, 130], Boehm [33], Schumaker [368] and many subsequent
researchers.

In this section, we provide definitions and the basic properties and algo-
rithms of B-splines. However, we do not deal with fitting, approximation and
fairing methods using B-splines which are very important in their own right.
For these topics, there are specialized books, monographs and proceedings
and a large variety of papers [364, 175, 92, 313, 45].

1.4.1 B-splines

An order k B-spline is formed by joining several pieces of polynomials of
degree k — 1 with at most C*~2 continuity at the breakpoints. A set of non-
descending breaking points tg < t; < ... < t,, defines a knot vector

T = (to,t1, ..., tm) , (1.57)

which determines the parametrization of the basis functions.
Given a knot vector T, the associated B-spline basis functions, N; (%),
are defined as:

lfort; <t< tiv1

Nia(t) = { 0 otherwise , (1.58)
for k=1, and
t—t; tivk — 1
Ni7k(t) = %:Ni7k—1(t) + %Nﬂ—l,k—l(t) ) (159)
tz+k71 tl tz+k tz+1

for kK > 1 and ¢ = 0,1,...,n. These equations have the following proper-
ties [175]:

e Positivity: N, (t) > 0, for ¢; <t < tips.
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Local support: N, (t) =0, for to <t <t;, and tipr <t < tptk-
Partition of unity: Yo Nix(t) =1, for t € [to, tp,).
Recursion:  Given by (1.59).

Continuity: N1 (t) has C*~2 continuity at each simple knot.

The concept of nodes or Greville abscissae [130, 92], which are the averages
of the knots, are important in B-spline approximations [130, 451] and defined
as follows:

& = tiv1 +tivo + -+ tivr—1) - (1.60)

1
k— 1(
The node &; generally lies near the parameter value which corresponds to a

maximum of the basis function N;(t) [344, 313].
The derivative of the B-spline basis function is given by [313]

ANk () k-1 k-1
k() Nigi () —
dt tivh1—t; 1®)

T Nimisa (). (1.61)
titk — i1

1.4.2 B-spline curve

A B-spline curve is defined as a linear combination of control points p; and
B-spline basis functions N; ;(t) given by

n
r(t) =Y piNix(t), n>k—1,  t€[ti1,tnn]. (1.62)
1=0

In this context the control points are called de Boor points. The basis function
N; 1 (t) is defined on a knot vector

T = (to,t1, -y te—ts by thtts - s bntstnstngty ooy tugr) ,  (1.63)

where there are n+ k+ 1 elements, i.e. the number of control points n+ 1 plus
the order of the curve k. Each knot span t; <t < ;41 is mapped onto a poly-
nomial curve between two successive joints r(¢;) and r(¢;41). Normalization
of the knot vector, so it covers the interval [0,1], is helpful in improving nu-
merical accuracy in floating point arithmetic computation due to the higher
density of floating point numbers in this interval [133, 299].

A B-spline curve has the following properties:

e Geometry invariance property:  Partition of unity property of the B-spline
assures the invariance of the shape of the B-spline curve under translation
and rotation.

e End points geometric property:

— Unlike Bézier curves, B-spline curves do not in general pass through the
two end control points. Increasing the multiplicity of a knot reduces the
continuity of the curve at that knot. Specifically, the curve is (k —p—1)
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Fig. 1.10. An order four B-spline basis functions with uniform knot vector

times continuously differentiable at a knot with multiplicity p (< k), and
thus has C(*=P=1) continuity. Therefore, the control polygon will coincide
with the curve at a knot of multiplicity k—1, and a knot with multiplicity
k indicates C~! continuity, or a discontinuous curve. Repeating the knots
at the end k times will force the endpoints to coincide with the control
polygon. Thus the first and the last control points of a curve with a knot
vector described by

T= (EO;tla'">tkflj£k7tk+1>"';tnflytnlfnJrl:"':thrkl) ) (164)

k equal knots n-k+1 internal knots k equal knots

coincide with the endpoints of the curve. Such knot vectors and curves
are known as clamped [313]. In other words, clamped/unclamped refers
to whether both ends of the knot vector have multiplicity equal to k or
not. Figure 1.10 shows cubic B-spline basis functions defined on a knot
vector T = (to =1t =ty = t3, t4, t5, tﬁ, t7 = tg = tg = th)- A
clamped cubic B-spline curve based on this knot vector is illustrated in
Fig. 1.11 with its control polygon.

— B-spline curves with a knot vector (1.64) are tangent to the control

polygon at their endpoints. This is derived from the fact that the first
derivative of a B-spline curve is given by [175]
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p2

po.” e L p3
to=ti=tz=t3

t7=t8=t9=t10  p6

Fig. 1.11. A clamped cubic B-spline curve
- Pi — Pi
0 =3 (k- 1) (222 ) Mt (1.65)
P bivk—1 — 1

where the knot vector is obtained by dropping the first and last knots
from (1.64), i.e.

T = ( Tty fk;thrl;---;tnflatn;fnJrl:---:thrkfl) , (1.66)

k-1 equal knots n-k+1 internal knots k-1 equal knots

and
. k—1
£(0) = -—(P1 — po) , (1.67)
E— 1
. k—1
r(l) = —(Pn — Pn-1) - (1.68)
tn+k71 —tn

e Convex hull property: The convex hull property for B-splines applies
locally, so that a span lies within the convex hull of the control points that
affect it. This provides a tighter convex hull property than that of a Bézier
curve, as can be seen in Fig. 1.11. The i-th span of the cubic B-spline curve
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in Fig. 1.11 lies within the convex hull formed by control points p;—1, pi,

Pi+1, Pit+2. In other words, a B-spline curve must lie within the union of

all such convex hulls formed by & successive control points [130].

Local support property: A single span of a B-spline curve is controlled

only by k control points, and any control point affects k spans. Specifically,

changing p; affects the curve in the parameter range t; < t < t;4 and the
curve at a point ¢ where ¢, < t < t,41 is determined completely by the

control points p,_(x_1),- .-, Pr as shown in Fig. 1.11.

Variation diminishing property:

— 2-D:  The number of intersections of a straight line with a planar B-
spline curve is no greater than the number of intersections of the line
with the control polygon. A line intersecting the convex hull of a planar
B-spline curve may intersect the curve transversally, be tangent to the
curve, or not intersect the curve at all. It may not, however, intersect
the curve more times than it intersects the control polygon.

— 3-D:  The same relation holds true for a plane with a 3-D space B-spline
curve.

B-spline to Bézier property:  From the discussion of end points geometric

property, it can be seen that a Bézier curve of order k (degree k — 1) is a

B-spline curve with no internal knots and the end knots repeated k times.

The knot vector is thus

T = (fo;tla e ;tkflafnJrl;---:thrk) , (1.69)

k equal knots  k equal knots

wheren+k+1=2korn=%k—1.

1.4.3 Algorithms for B-spline curves

Evaluation and subdivision algorithm: A B-spline curve can be evalu-
ated at a specific parameter value # using the de Boor algorithm, which
is a generalization of the de Casteljau algorithm introduced in Sect. 1.3.5.
The repeated substitution of the recursive definition of the B-spline basis
function (1.59) into (1.62) and re-indexing leads to the following de Boor
algorithm [175]

n+j
r(t) =Y piNie—j(t), §=0,1,....k—1, (1.70)
i=0
where
pl=(1-a)pl5 +alpl™,  j>0, (1.71)

with
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-

p3 te—ts

Fig. 1.12. The de Boor algorithm
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] t—t;
aol=——— and p)=p;. (1.72)
tivk—j — ti
For j = k — 1, the B-spline basis function reduces to N;; for t € [t;, t;41],
and pfﬁl coincides with the curve

r(f) =pi~"'. (1.73)

The de Boor algorithm is shown graphically in Fig. 1.12 for a cubic B-spline
curve (t € [t3,t4]). If we compare Figs. 1.6 and 1.12, it is obvious that the
de Boor algorithm is a generalization of the de Casteljau algorithm. The
de Boor algorithm also permits the subdivision of the B-spline curve into
two segments of the same order. In Fig. 1.12, the two new polygons are
Py Pi P3 P} and p pj p; p3.

e Knot insertion: A knot can be inserted into a B-spline curve without
changing the geometry of the curve [34, 313]. The new curve is identical to
the old one, with a new basis where

n n+1

ZpiNi,k(t) becomes Z PilNi k(1) (1.74)
i=0 1=0
over T:[to,tl,...,tl,tl+1,...] over T:[to,tl,...,tl,f,tl+1,...],

when a new knot ¢ is inserted between knots #; and #;;;. The new de Boor
points are given by

pi = (1 —)pi—1 + aipi (1.75)
where
1 i<l—k+1
a;j=¢0 i>1+1 (1.76)
—bh ok 4+2<i<].
I+k—1—1;

The above algorithm is also known as Boehm’s algorithm [34, 35]. A more
general (but also more complex) insertion algorithm permitting insertion
of several (possibly multiple) knots into a B-spline knot vector, known as
the Oslo algorithm, was developed by Cohen et al. [63]. Both algorithms
due to Boehm and Cohen et al. have found wide application in CAD/CAM
systems since the early 1980’s.

A B-spline curve is C* continuous in the interior of a span. Within exact
arithmetic, inserting a knot does not change the curve, so it does not change
the continuity. However, if any of the control points are moved after knot
insertion, the continuity at the knot will become C*~P~! where p is the
multiplicity of the knot. Figure 1.13 illustrates a single insertion of a knot
at parameter value ¢, resulting in a knot with multiplicity one.

The B-spline curve can be subdivided into Bézier segments by knot inser-
tion at each internal knot until the multiplicity of each internal knot is
equal to k.
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P5=pd

Fig. 1.13. Boehm’s algorithm

e Knot removal:  Knot removal is the reverse process of knot insertion. It
is used for approximation and data reduction [242], and for data reduction
in cases the curve or surface does not change neither geometrically nor
parametrically [419].

We briefly review the latter knot removal algorithm developed by Tiller [419].
To demonstrate the process, this example uses a cubic B-spline curve r(t)
given by control points (pj,...,pJ) and knot vector (to,...t10) where
to = ... =13 =0,ty =t5 =t¢ =1 and t;y = ... = t;g = 2 as shown
in Fig. 1.14. As the basis functions only guarantee C° continuity at = 1,
the first derivative may or may not be continuous there. Using the C' con-
tinuity condition (1.52), the first derivative will be continuous if and only
if

(tr — ta)(P§ — P9) = (ts — t3) (P — PY) - (1.77)

Since t4 = tg =1,

o t—ts o tr—t
3=

. 1.78
p tr— 15 Py tr— 15 P2 ( )
Since pY = p5 and p§ = p3,
0 1 1 t— I3
P; =a3p3+ (1 —a3)p; a3 = . (1.79)
t7 —t3

A similar reasoning yields the fact that a knot # = 1 can be removed a
second time, if and only if the second derivative is continuous, yielding
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Py = asps + (1 — as)pi

P; = azp; + (1 —a3)p3 , (1.80)
t—t;
aj=——" =923,
litpt2 — ti

and a knot £ = 1 can be removed a third time if and only if the third
derivative is continuous, yielding

p = api + (1 —a1)pj ,
P> = azps + (1 — a2)pi
p; = asp; + (1 — a3)p3 , (1.81)
t—t;
aj=—— i =1,2,3.
titp+3 — ti
Note that there are no unknowns in (1.79), one unknown, p3, in (1.80) and
two unknowns, p$ and p3, in (1.81).
For the knot removal process, first the right hand side of (1.79) is computed
and compared to pJ. If they are equal within a given tolerance, the knot
and pY are removed.
If the first knot removal is successful, equations (1.80) are solved for p3
and compared:

s P3—(1—ay)p]

= 1.82
p2 as ) ( )
1 2
2 P3 — a3P3
P> 1—as (1.83)

If the two values for p3 are the same, then the knot and control points p3
and pi are removed and control point p3 is inserted.

If the second knot removal is successful, the third step is to solve the first
and third equations of (1.81) for

5 Pi—(1—0a1)p]

= 1.84
pl Qi ) ( )
2 3
3 P3 — &3P3
=== 1.85
P2 1— s ( )

The two values are then substituted into the second equation of (1.81). If
the result is within tolerance of p3, then the knot is removed and control
points p?, p3 and p3 are replaced by p$ and p3.

This can be generalized to apply to any number of removals of any par-
ticular knot. For the nth removal, there will be a system of n equations
with n — 1 unknowns. If n is even, two values of the final unknown control
point will be calculated and compared. If they are within tolerance, the
knot removal is successful. If n is odd, all new control points are computed
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PO=PG=P5=Py Pe=p5=p5=p3

to=t, =t,=t3=0 ty=tg=tg=1 t;=tg=tg=t;;=2
Fig. 1.14. Knot removal (adapted from [419])

and the final two are substituted into the middle equation. If the result is
within the tolerance, the knot removal is successful. If the nth removal is
successful, n control points will be replaced by n — 1 control points.

Knot removal from a surface is performed on the m + 1 rows or n + 1
columns of control points. However, the knot removal is successful only if
the knot can be successfully removed from each row or column. Therefore,
the result must be checked for each row or column before any control points
are removed.

1.4.4 B-spline surface

The surface analogue of the B-spline curve is the B-spline surface (patch).
This is a tensor product surface defined by a topologically rectangular set
of control points p;;, 0 < i < m, 0 < j < n and two knot vectors U =
(wo,u1,. .., Umtr) and V = (vo,v1,...,vn4) associated with each parameter
u, v. The corresponding integral B-spline is given by

n

r(u,0) =Y Y piNik()Nji(v) . (1.86)

i=0 j=0
Parametric lines on a B-spline surface are obtained by letting u = const,
or v = const. A parametric line with u = ug is a B-spline curve in v with V as
its knot vector and vertices q;, 0 < j <n given by q; = Y. Pij Ni,m (o).
Some of the properties of the B-spline curves can be easily extended to
surfaces such as:
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Geometry invariance property.
End points geometric property.
Convex hull property.

B-spline to Bézier property.

However, no variation diminishing property is known for B-spline surface
patches.

1.5 Generalization of B-spline to NURBS

Non-Uniform Rational B-Spline (NURBS) curves and surface patches [432,
313] are the most popular representation method in CAD/CAM due to their
generality, excellent properties and incorporation in international standards
such as IGES (Initial Graphics Exchange Specification) [182] and STEP
(Standard for the Exchange of Product Model Data) [428]. The NURBS
functions have the same properties as integral B-splines, and are capable of
representing a wider class of geometries. The NURBS curve is represented in
a rational form

Do wiPiNik(t)
Yico wilNik(t)

where w; > 0 is a weighting factor and N; j(u) is the B-spline basis function.
If all the weights are equal to one, the integral B-spline is recovered. If the
number of control points equals the order of the NURBS curve, then the
curve reduces to a rational Bézier curve

> io wibiBin(t)
Z?:O wiBi,n(t)

The NURBS formulation permits exact representation of conics, such as
circle, ellipse and hyperbola.

r(t) = (1.87)

r(t) = (1.88)

Ezample 1.5.1. Let us express the first quadrant of an ellipse as a rational
Bézier curve as shown in Fig. 1.15. A parametric representation of such ellipse
segment is given by
. T
T = acosé, y = bsin, 0§9§§,

where 6 is an angle parameter. If we set

‘— ta 0 /1 —cos@

= n—= _
2 1+ cosf’

then
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1—1¢? ) 2t
cosezm, smﬁzm.

Therefore the first quadrant of the ellipse can be described by

1—¢2 2t

t) =a—— t)=b—— <t<L1. 1.
o) =apg WO =bpg. 0St< (1.89)

On the other hand a third order rational Bézier curve is given by

U)O(]. — t)2b0 + U)12t(]. — t)bl + w2t2b2
w()(l — t)2 + w12t(1 — t) + wot?

r(t) =

0<t<1. (1.90)

By equating the denominators of (1.89) and (1.90), we find the weights to be
wo = 1, w; = 1 and wy = 2. The three control points by, by, by can then be

easily obtained by the end points geometric property of the Bézier curve as
by = (a,0)T, by = (a,b)T, and by = (0,b)7.

Fig. 1.15. The first quadrant of an ellipse described by a rational Bézier curve

A NURBS surface patch can be represented as

Dico 2 j—o WijPij Nik () Ny (v)
>ico 2ojmo Wij Nigk(u)Nja(v)

where w;; > 0 is a weighting factor. This formulation allows for exact repre-
sentation of quadrics, tori, surfaces of revolution and very general free-form
surfaces. If all w;; = 1, the integral B-spline surface is recovered. If the num-
ber of control points are equal to the order of the B-spline basis function

r(u,v) =

(1.91)



32 1. Representation of Curves and Surfaces

in both parameters u and v, then the NURBS surface reduces to a rational
Bézier surface patch:

Dino i Wijbij Bim (u) Bjn(v)
Dot 2jmo Wij Bim (u) Bjn (v)

r(u,v) = (1.92)

S5, b

0% 2,220 U ) ]
2%
S

M

Fig. 1.16. 1/16 of a torus represented by a rational Bézier surface patch

Ezample 1.5.2. Let us express 1/16th of a torus (in the first octant of a coor-
dinate frame) as a rational Bézier surface as shown in Fig. 1.16. A parametric
representation of such a toroidal surface patch is given by

r(0,9) = (R+acosd)cosbi+ (R+ acosp)sinfj+asingk, 0<6,¢< g ,

where 6 and ¢ are angle parameters, R > a, and i, j, k are unit vectors having
the directions of the positive z, y and z axes, respectively. If we set

¢ 0 1—cosf ; 10) 1—cos¢ 0< <1
u=tan - =/ —— v=tan— =4/ ——— U, v
2 1+ cosf’ 2 1+ cos¢’ -0

then

1—u? - 2u p 1— o2 2u
SIno = COS =
w41’ u+1’
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Thus the toroidal surface patch under consideration can be described by
1—v2\ 1—u? 1—22 2u 2va
_ I—v"\ 1—-u", . Kk
r(u,v) <R+av2 +1> u2+11+ <R+av2 +1> u2+1']+ I
0<u,v<l1. (1.93)

Now we will convert this rational polynomial surface patch into a rational
Bézier surface patch. A biquadratic Bézier surface is given by

Y7o Y- wijbij Bis(u) Bja (v)
Yiso Y- ijBia(u)Bj 2 (v)

By equating the denominators of (1.93) and (1.94), we find the weights to be

r(u,v) = (1.94)

woo =1, w1 =1, wex=2,
wip = 1, wi =1, w2 =2,
wop = 2, woy = 2, woy =4 .

The nine control points b;;, 0 < ¢,7 < 2 can then be easily obtained by the
end points geometric property of the Bézier surface as:

bgo = (R+G,O,O)T, b01 = (R+G,O,G)T, b02 = (R,O,G)T
b = (R+G,R+G,O)T, by = (R+a)R+a)a)Ta b = (R>R7 a)T
by = (0,R+ G,,O)T, by = (O,R + a,a)T, bsyy = (O,R,a T






2. Differential Geometry of Curves

The differential geometry of curves and surfaces is fundamental in Computer
Aided Geometric Design (CAGD). The curves and surfaces treated in differ-
ential geometry are defined by functions which can be differentiated a certain
number of times. Books by Hilbert and Cohn-Vossen [165], Koenderink [204]
provide intuitive introductions to the extensive mathematical literature on
three-dimensional shape analysis. The books by Struik [411], Willmore [443],
Kreyszig [205], Lipschutz [234], do Carmo [76] offer firm theoretical basis to
the differential geometry aspects of three-dimensional shape description. A
book by Gray [136] combines the traditional textbook style and a symbolic
manipulation program MATHEMATICA. In a recent textbook, Gallier [122]
provides a thorough introduction to differential geometry as well as a com-
prehensive treatment of affine and projective geometry and their applications
to rational curves and surfaces in addition to basic topics of computational
geometry (eg. convex hulls, Voronoi diagrams and Delaunay triangulations).
We briefly review elementary differential geometry of curves in this chapter
and surfaces in Chap. 3.

2.1 Arc length and tangent vector

Let us consider a segment of a parametric curve r = r(t) between two points
P (r(t)) and Q (r(t+ At)) as shown in Fig. 2.1. Its length As can be approx-
imated by a chord length |Ar| = |r(t + At) —r(¢)|, and by means of a Taylor
expansion we have

dr d*r

At + — (At)?

As ~ |Ar| = |r(t + At) —r(t)| = % o

dr
~|—|At, (2.1
A e
to the first order approximation.

Thus as point ) approaches P or in other words At — 0, the length As
becomes the differential arc length of the curve:

d
ds — ‘d_;‘dt = |F|dt = VT - Fdt . (2.2)

Here the dot " denotes differentiation with respect to the parameter ¢. There-
fore the arc length of a segment of the curve between points r(t,) and r(t) can
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z

P
Ar

r(t) Q

r(t+At)

X

Fig. 2.1. A segment Ar connecting two point P and @ on a parametric curve r(t)

be obtained as follows (provided the function t € [to,t]— r(t) is one-to-one
almost everywhere):

s(t):/t:ds:/:\/ﬁdt:/: VRO PO+ 20d . (2.3)

The vector % is called the tangent vector at point P. This tangent vector
has a simple geometrical interpretation. The vector r(t + At) — r(¢) indicates
the direction from r(t) to r(t + At). If we divide the vector by At and take
the limit as At — 0, then the vector will converge to the finite magnitude
vector r(t), i.e. the tangent vector. The magnitude of the tangent vector is
derived from (2.2) as

ds
Pl = — 24
=2 (2.4)
hence the unit tangent vector becomes
. dr
r o dr
|| 4 ds

Here the prime ' denotes differentiation with respect to the arc length. We
will keep these notations, i.e. dot "is for differentiation with respect to non-
arc-length parameter ¢ and prime ' with respect to arc length parameter s
throughout the book. We list some useful formulae of the derivatives of arc
length s with respect to parameter ¢ and vice versa:

é:%:m:\/f-f, (2.6)
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ds r-r
§= — = , 2.7
5 dt N (2.7)

d§  (f-0)(F T +i-F) — (£ F)°

SE T (k1) ’ (28)
t’:%:ﬁZ\/%, (2.9)
= Z_Z = _ﬁ ) (2.10)
1 = CZL _ _(Ei+i ()()) — 4 §)° (2.11)

Definition 2.1.1. A regular (ordinary) point P on a parametric curve r =
r(t) = (z(t),y(t),z(t))T is defined as a point where |t(t)| # 0. A point which
is mot a regular point is called a singular point.

Definition 2.1.2. A parametrizationt = r(t) = (2(t),y(t), 2(t))T of a curve
defined in the interval I is called an allowable representation of class r [206],
if it satisfies the following:

1. the mapping r : I — R3, t = r(t) = (z(t),y(t), z(t))T is one-to-one,
2. the vector function r = r(t) is of class r > 1 in the interval I,
3. t(t)| #0 forallt € 1.

A parametric curve satisfying Definition 2.1.2 is also referred to as a regu-
lar curve. The magnitude of the tangent vector % can be interpreted as a rate
of change of the arc length s with respect to the parameter ¢ and is called the
parametric speed. If we assume the curve r(t) to be regular, then by definition
|£(t)| is never zero and hence % is always positive. When ¢ = 1, the curve
is said to be arc length parametrized or to have unit speed. If the parametric
speed does not vary significantly, points of the curve obtained at parameter
values tg,t1,---,tx corresponding to a uniform increment At = ¢, — t5_1,
will be nearly evenly distributed along the curve, as illustrated in Fig. 2.2.
It is well known that every regular curve has an arc length parametrization
[109], however, in practice it is very difficult to find it analytically, due to
the fact that (2.3) is hard to integrate analytically. Pythagorean hodograph
(PH) curves, introduced by Farouki and Sakkalis [108, 110], form a class of
special planar polynomial curves whose parametric speed is a polynomial.
Accordingly, its arc length is a polynomial function s(t) of the parameter ¢.
We provide a further review of Pythagorean hodograph curves and surfaces

in Sect. 11.4.

Definition 2.1.3. A point (zo,y0) of a planar irreducible implicit curve
f(z,y) =0 is said to be singular if f(zo,y0) = fa(20,y0) = fy(2o,y0) = 0.
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Fig. 2.2. When parametric speed does not vary significantly, points with uniformly
spaced parameter values are nearly uniformly spaced along a parametric curve

The unit tangent vector for implicit curves can also be derived as follows.
First we start with the planar curve f(z,y) = 0. The differential df of the
implicit form f = 0 is zero, thus by letting f, = % and f, = g—£ we have

df = fodx + fydy =0, (2.12)
or assuming f, # 0,
dy fa
b= 2.1
P (2.13)

Therefore the tangent vector on the implicit curve is given by £(f,, —fz)7,
and hence the unit tangent vector is

t= LU fe) . (2.14)

NeERR

The sign depends on the sense in which s increases.

As shown in Table 1.1, an implicit space curve is defined as the intersection
of two implicit surfaces, f(z,y,2) = 0 and g(z,y,z) = 0. As we will see in
Sect. 3.1, the normal vectors of these two implicit surfaces are Vf and Vg,
respectively, where the symbol V represents the gradient vector operator

which is of the form V = (% b b
Since the tangent vector to the intersection curve is orthogonal to the

normals of the two implicit surfaces, the unit tangent vector is given by

_inXVg
IVfxVg|’

provided that the denominator is nonzero (Vf # 0 and Vg # 0 or in other
words the two surfaces are nonsingular and the surfaces are not tangent to
each other at their common point under consideration). The unit tangent
vector of the intersection of two implicit surfaces, when the two surfaces
intersect tangentially is given in Sect. 6.4. Also here the sign depends on the
sense in which s increases. A more detailed treatment of the tangent vector

of implicit curves resulting from intersection of various types of surfaces can
be found in Chap.6.

t (2.15)
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Ezample 2.1.1. The semi-cubical parabola, which is illustrated in Fig. 2.3,
can be represented in parametric form as the curve r(t) = (¢2,+*)7 [226]. The
parametric speed is evaluated as |F(t)| = \/t2(4 + 9¢2). It becomes zero when
t = 0, hence it is singular at the origin and forms a cusp, which is illustrated
in Fig. 2.3. The curve can be also represented implicitly f(z,y) = 2> —y? = 0.
We can also observe that f(0,0) = f,(0,0) = £,(0,0) = 0.

0.6 T
0.4F t>0 1
0.2r- 4
> 0

-02F E
-04r t<0 —
06 4

I I

-0.5 0 0.5 1

Fig. 2.3. A singular point occurs on a semi-cubical parabola in the form of a cusp

2.2 Principal normal and curvature

If r(s) is an arc length parametrized curve, then r'(s) is a unit vector (see
(2.5)), and hence r’ - v’ = 1. Differentiating this relation, we obtain

rr"=0, (2.16)

which states that r” is orthogonal to the tangent vector, provided it is not a
null vector. This fact can be also interpreted from the definition of the second
derivative r''(s)

(s — i FEEAD ()

As—0 As (2.17)
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1

::I r’ (s+4s)

Q

r'(s) ) )
A:e :r (s+As)—r’'(s)

r’ (s+As)

Center of curvature

Fig. 2.4. Derivation of the normal vector of a curve (adapted from [454])

As shown in Fig. 2.4, the direction of r'(s + As) — r'(s) becomes perpen-
dicular to the tangent vector as As — 0. The unit vector

r(s) _ t'(s)

T T )]

which has the direction and sense of t'(s) is called the unit principal normal
vector at s. The plane determined by the unit tangent and normal vectors
t(s) and n(s) is called the osculating plane at s. It is also well known that
the plane through three consecutive points of the curve approaching a single
point defines the osculating plane at that point [411].

When r'(s + As) is moved from @ to P, then r'(s), r'(s + As) and r'(s +
As) —1'(s) form an isosceles triangle (see Fig. 2.4), since r'(s + As) and r'(s)
are unit tangent vectors. Thus we have |r'(s + As) —r'(s)| = A -1 = Af =
|r"(s)As| as As — 0 and hence

(2.18)

A9 Af 1
%

[r"(s)] = lim K . (2.19)

= — lim —

As—0 As As—0 QAQ
k is called the curvature , and its reciprocal g is called the radius of curvature
at s. It follows that

r" =t =kn. (2.20)

The vector k = r"” = t’ is called the curvature vector, and measures the
rate of change of the tangent along the curve. By definition & is nonnegative,
thus the sense of the normal vector is the same as that of r'/(s).

The curvature for arbitrary speed (non-arc-length parametrized) curve
can be obtained as follows. First we evaluate r and ¥ by the chain rule
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dr ds
o ATAS 2.21
"Tusat Y (221)
d dt dv dv
= Creo]= D2 4t e 4t 2 2.22
B gpltel = ggu F b =t (222)

where v = % is the parametric speed. Taking the cross product of r and r

we obtain
FXi=kro’txn. (2.23)

For the planar curve, we can give the curvature £ a sign by defining the
normal vector such that (t,n,e.) form a right-handed screw, where e, =
(0,0,1)T as shown in Fig. 2.5. The point where the curvature changes sign is
called an inflection point (see also Fig. 8.3).

ez

k=0
inflection
poi nt t

Fig. 2.5. Normal and tangent vectors along a 2D curve

According to this definition the unit normal vector of the plane curve is
given by

) . T
nee xt= 08 (2.24)
and hence from (2.23) we have
(Fx¥)-e.  @jj—gi
K = IARC e _. (2.25)
v (&2 +92)2

For a space curve, by taking the norm of (2.23) and using (2.4), we obtain
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(2.26)

The normal vector for the arbitrary speed curve can be obtained from
n = b x t, where b is the unit binormal vector which will be introduced in
Sect. 2.3 (see (2.41)).

The unit principal normal vector and curvature for implicit curves can be
obtained as follows. For the planar curve the normal vector can be deduced
by combining (2.14) and (2.24) yielding

(o f)" _ VS
NGRS

where only the + sign of t was used (although it is not necessary).

We will introduce a derivative operator with respect to arc length so

that the derivation becomes simple. If we rewrite the plane implicit curve

as f(z(s),y(s)) = 0 where s is arc length along the implicit curve, the total

derivative with respect to the arc length becomes
df Ofdr Ofdy

ds —drds T oyds

n=e, xXt= (2.27)

(2.28)

Now if we replace 42 and % by using (2.5) and (2.14) (+ sign), we obtain
the derivative operator with respect to arc length

d 1 0 0
= o s ) 229

By applying the operator (2.29) to (2.14) (+ sign) and equating with xn
(using (2.20) and (2.27)), we obtain

_ _fmcf; - Qfxyfxfy + szfyy
(f2+ )3 |

For a 3-D implicit curve, we can deduce a derivative operator [443] similar
to (2.29),

(2.30)

d 1 0 0 0
E_H <a1%+a26—y+a3a> ) (2.31)

where « is the tangent vector of the 3-D implicit curve (see (2.15)) given by
a=(u,a,a3) =VfxVg, (2.32)

and
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df 0g 0g of
=227 2I% 2.
“ Oydz Oyoz’ (2.33)
_0g0f 9fdyg
2= 550z 010z’ (2:34)
of 09 09 of
=22 2997 2.
= bz Oy Oz dy (2.33)
By applying the derivative operator (2.31) to |a|t = a we obtain
dajt 1 da oo Oa
— — 2.
ds | |<a16 +0426 +a332> ( 36)
which gives
0 o 0
la)*kn + |allal't = (ma—a targ o +ag 6‘;‘) . (2.37)
Taking the cross product of ||t = a and (2.37) yields
0 0
la|®*kb = a x <a1 5z T aga—j + a38—3> (2.38)
Thus,
o x (122 + @22 4 a4 ‘9?
m:‘ (o082 + o5 8)‘ (2.39)

|af?

A different derivation of the curvature of a 3-D implicit curve is given in Sect.
6.3.2.

2.3 Binormal vector and torsion

In Sects. 2.1 and 2.2, we have introduced the tangent and normal vectors,
which are orthogonal to each other and lie in the osculating plane. Let us
define a unit binormal vector b such that (t,n,b) form a right-handed screw,
ie.

b=t xn, t=nxb, n=bxt, (2.40)

which is shown in Fig. 2.6. The plane defined by normal and binormal vectors
is called the normal plane and the plane defined by binormal and tangent
vectors is called the rectifying plane (see Fig. 2.6). As mentioned before, the
plane defined by tangent and normal vectors is called the osculating plane.
The binormal vector for the arbitrary speed curve with nonzero curvature
can be obtained by using (2.23) and the first equation of (2.40) as follows:
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(t,n): osculating plane

(n,b): normal plane

(b,t): rectifying plane

X

Fig. 2.6. The tangent, normal, and binormal vectors define an orthogonal coordi-
nate system along a space curve

I X T
b= Bk (2.41)

The binormal vector is perpendicular to the osculating plane and its rate of
change is expressed by the vector

dt d
txn):—xn+t><—n:t><n’, (2.42)

bl
ds ds

:£(

where we used the fact that % =r" = kn.

Since n is a unit vector n-n = 1, we have n - n’ = 0. Therefore n’ is
parallel to the rectifying plane (b,t), and hence n’ can be expressed as a
linear combination of b and t:

n' =ut+7b. (2.43)
Thus, using (2.42) and (2.43), we obtain
b'=tx (ut+7b) =7t xb=—-7bxt=—-7n. (2.44)

The coefficient 7 is called the torsion and measures how much the curve
deviates from the osculating plane. By taking the dot product with —n, we
obtain the torsion of the curve at a nonzero curvature point

" " ! " " 1L
r r r r rr'r

r=-n-b=— . (x— | =—— [ x — :g,
K K

'’

(2.45)

where (2.20) is used and (r'r"r"") is a triple scalar product.

LA triple scalar product (a b ¢) is numerically equal to the volume of the paral-
lelepiped having the edge vectors a, b and c, and is given by
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The torsion for an arbitrary speed curve is given by

S . 5.0 B (2.48)
(£ XT)-(fXT)

The evaluation of torsion when curvature vanishes is discussed in Sect. 6.2.

While the curvature is determined only in magnitude, except for plane
curves, torsion is determined both in magnitude and sign. Torsion is positive
when the rotation of the osculating plane is in the direction of a right-handed
screw moving in the direction of t as s increases. If the torsion is zero at all
points, the curve is planar.

The binormal vector of a 3-D implicit curve can be obtained from (2.38)
as follows:

o
o X (O‘la +a2 8y + a3 8z)

b = (2.49)

LAY
la x (Oq 5 + a2 By + a3 Bz)|

The torsion for a 3-D implicit curve can be derived by applying the deriva-
tive operator (2.31) to (2.38) [443], which gives

dis(|a|3ﬁb) = (2.50)

L 2+042+043 @ X aa—a+a6—a+aa—a
|| Yoz 0y oz " ox oy >0z ’

and therefore

la|(le?k)'b — || *ktn = (2.51)

042+042+042 a X aa +a6 —|—a6a
Yor T Poy T oz Yor "oy T P02 ))
Taking the dot product with (2.37) we obtain

Oa oo 0
—|o|®k*r = < 15, T g 3 + az 8a> (2.52)

. 3+ 34— 2 o X 8 + Ocx +a8a
Nor T Phy T o MNor Ty T8, ) )

from which we calculate 7. An alternative approach for evaluating the torsion
of 3-D implicit curves is presented in Sect. 6.3.3.

ar ay a:
b, b, b

Cz Cy C:

(abc) = =(axb)-c=a-(bxc).(246)

Also a cyclic permutation maintains the value of the triple scalar product:

(abc)=(bca)=(cab). (2.47)
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Fig. 2.7. Circular helix with a =2, b =3 for 0 <t < 67

Example 2.3.1. A circular helix in parametric representation is given by
r(t) = (acost,asint,bt)”. Figure 2.7 shows a circular helix with a = 2,
b = 3 for 0 < t < 6w. The parametric speed is easily computed as
|t(t)] = Va?+b?> = ¢, which is a constant. Therefore the curve is regular
and its arc length is

¢ ¢
s(t) = / |t|dt = / va?+bdt =ct.
0 0

We can easily reparametrize the curve with arc length by replacing ¢ by 2
yielding r = (acos 2, asin 2, bf)T The first three derivatives are evaluated as

T

, a . s a s b " a s a . 8 T

r'(s)=|—-=sin-,—cos—, - | , r(s)=(-Fcos—,——sin-,0) ,
c c c

c ¢’ e c'c c?
T
a . s a s
r'(s) = (—3sm—,——3cos—,0) :
c ¢ ¢ c

The curvature and torsion are evaluated as follows:
a2 2

s L9 S a
/$2:r”-r”:—4(c032—+sm2 —) = — = constant ,
c c c c

—%gns Qcogs b
C C C C
I ] 4
_ @) (@) S s 4 s
T= " = 2 ) _c_QCOSE_?SlnEO
r'’-r K a
Fsin? —Zcost 0
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et ba? 28 . 98 b
= —-— (cos — +sin” — :—2:constant.
a“cc c c c

Note that the circular helix has constant curvature and torsion and when
b > 0, it is a right-handed helix while when b < 0, it is a left-handed helix.

2.4 Frenet-Serret formulae

From (2.20) and (2.44), we found that

t' = kn, (2.53)
b' = —mn. (2.54)

From these equations we deduce

n=(bxt)=b xt+bxt'=—-mnxt+bx(kn)=—-xkt+7b.

(2.55)
In matrix form we can express the differential equations as
t’ 0 « 0 t
n|=|-k 0 7 n| . (2.56)
b’ 0 -7 0 b

Thus, t, n, b are completely determined by the curvature and torsion of
the curve as a function of parameter s. The equations K = k(s), 7 = 7(s)
are called intrinsic equations of the curve. The formulae (2.56) are known as
the Frenet-Serret formulae and describe the motion of a moving trihedron
(t, n, b) along the curve. From these t, n, b the shape of the curve can be
determined apart for a translation and rotation. For arbitrary speed curve
the Frenet-Serret formulae are given by

t 0 vk 0 t
n|=|-vs 0 o7 n|, (2.57)
b 0 —wvr O b

where v = % is the parametric speed.

Example 2.4.1. As shown in Example 2.3.1 the intrinsic equations of circular
helix are given by k(s) = %, 7(s) = &, where ¢ = v/a2? + b2. In this example
we derive the parametric equations of circular helix from these intrinsic equa-
tions. Substituting the intrinsic equations into the Frenet-Serret equations we
obtain

dt a dn a b db b

— =—n — = —n
ds 27 ds c2 2’ ds c2
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We first differentiate the first equation twice and the second equation once
with respect to s, which yield

d?t a dn d>t a d’n d’n adt b

—_— = —— = —= —- —_— = ——— — —1n
ds? 2 ds’ ds® 2 ds?’ ds? 2ds
. . . . . . 2
where the third equation is used to replace 42, Eliminating n, 42, €82 and
ds ' ds’ ds

recognizing that t = %, we obtain the fourth order differential equation

v
ds*  2ds?

The general solution to this differential equation is given by

r(s) = Ci + Cys + Cycos ~ + Cysin = |
c c

where C;, Cs, C3 and C, are the vector constants determined by the initial
conditions. In this case we assume the following initial conditions

a b a

T T
_ T / _ -z " _(_=
10 = @007 r0=(052) o= (-500)".
" _ _a T
r (0) - (07 6370) I
which yield

b T
C.=(0,0,007, Cy= <0,o, E) ,Cs = (a,0,0)7, C4=(0,a,0)7,

thus, we have r(s) = (acos 2,asin 2, b—CS)T
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3.1 Tangent plane and surface normal

Let us consider a curve u = u(t), v = v(t) in the parametric domain of
a parametric surface r = r(u,v) as shown in Fig. 3.1. Then r = r(t) =
r(u(t), v(t)) is a parametric curve lying on the surface r = r(u, v). The tangent
vector to the curve on the surface is evaluated by differentiating r(¢) with
respect to the parameter ¢ using the chain rule and is given by

P(t) = ryt+ry,0, (3.1
where subscripts 4 and v denote partial differentiation with respect to u and

v, respectively. The tangent plane at point P can be considered as a union

AV Az
r(u,v)

u 7 =Y
> r(u(t), v(t))

u=u(t), v=v(t)

Paranetric Space X 3-D Space

Fig. 3.1. The mapping of a curve in 2-D parametric space onto a 3-D parametric
surface

of the tangent vectors of the form (3.1) for all r(¢) through P as illustrated
in Fig. 3.2. Point P corresponds to parameters u,, v,. Since the tangent
vector (3.1) consists of a linear combination of two surface tangents along iso-
parametric curves r,, and r,, the equation of the tangent plane at r(up,v,)
in parametric form with parameters u, v is given by
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Tp(p,v) = r(up,vp) + pru(up, vp) + vry(up, vp) - (3.2)

i'(t):ruU‘H'v\./

\
<

To
X

Fig. 3.2. The tangent plane at a point on a surface

The surface normal vector is perpendicular to the tangent plane (see Fig.
3.3) and hence the unit normal vector is given by
ry X Ty

N_

= T (3.3)

By using (3.3), the equation of the tangent plane at r(u,,v,) can be written
in the implicit form as

(r — r(up,vp)) - N(up,vp) =0, (3.4)
where r is a point on the tangent plane.

Definition 3.1.1. A regular (ordinary) point P on a parametric surface is
defined as a point where v, X v, # 0. A point which is not a reqular point is
called a singular point.

The condition r, X r, 7# 0 requires that at point P the vectors r, and r,
do not vanish and have different directions, i.e. r,, and r, are linearly inde-
pendent. As we discussed in Sect. 1.3.6, in some design problems we need to
employ triangular patches defined by parametrization over a rectangular do-
main. Such a degenerated patch can be generated by collapsing one boundary
curve into a single point or by arranging for two partial derivatives r,, and r,
at one of the corners of a quadrilateral patch to be collinear. In both cases
ry X 1, has zero magnitude at the degenerate corner point and (3.3) cannot
be used. Conditions for the existence of surface normals at these degenerate
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X

Fig. 3.3. The normal to the point on a surface

corner points have been discussed in [116, 92, 452, 456]. The concept of a reg-
ular surface requires additional conditions beyond the existence of a tangent
plane everywhere on the surface, such as absence of self-intersections. This
concept is presented fully in do Carmo [76].

There are essential and artificial singularities [443]. The essential singu-
larities arise from specific features of the surface geometry such as the apex
of a cone. The artificial singularities arise from the choice of parametrization.

Example 3.1.1. The elliptic cone can be described in a parametric form r =
(at cos @, btsin @, ct)T, where 0 < @ < 27, 0 < t <[ and a, b, c are constants.
We have

rg = (—atsinf,btcosh,0)”, r, = (acosh, bsind,c)’,
thus

rg X r¢| = |bct cosfe, + act sin fe, — abte.|

= \/tZ(bzc2 cos? 0 + a2c?sin” 6 + a2b?) .

We can easily observe that the surface becomes singular only at ¢ = 0, which
corresponds to the apex of the cone.

The unit normal vector for an implicit surface can be derived by con-
sidering two parametric curves r; = (x1(t1),y1(t1), z1(t1))7, r2 = (22(t2),
Yo (t2), 22(t2))? lying on an implicit surface f(x,y,2) = 0, and intersecting
at point P on the surface with different tangent directions. Thus we have the
relations:

F@i(t),y1(t1),2(t1)) =0,  f(x2(t2),ya2(t2), 2(t2)) = 0. (3.5)
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Total differentiation of (3.5) with respect to ¢; and t2, respectively, yields

dzq dy, dz;
— — — =0 3.6
fmdtl +fydt1 +f2dt1 ) ( )
dl‘2 dy2 d2’2 o
fz dt2 +fy dt2 +fz dt2 — 0 . (3-7)
Now if we multiply (3.6) by %22 and subtract (3.7) multiplied by Z—fll , and if
we multiply (3.6) by Z_@g and subtract (3.7) multiplied by g—?t’ll we can deduce

the following relation

foify: f-= (3.8)

dZQ dyl le dyQ le dZEQ dZQ d5l71 . da:l dy2 d.TQ dyl

dty dt;  dty dty ~ dty dty  dty dty  diy dis  dis diy ]
which indicates that vector Vf = (fz, fy, f-) (also known as gradient of f)
is in the direction of the cross product of the two tangent vectors at P, i.e.
in the normal direction. Thus the unit normal vector of the implicit surface
is given by

(for fys £)T _ Vf

NCE R
provided that |V f| # 0.

Alternatively, we can derive (3.9) by considering an arbitrary parametric
curve r = r(t) on an implicit surface f(z,y,z) = 0, leading to the relation
Vf -t = 0. Since r = r(t) is arbitrary, Vf must be perpendicular to the
tangent plane, and hence it is a normal vector.

The tangent plane of an implicit surface f(z,y,z) = 0 at point P with
coordinates (zp,yp,2p) can be obtained by replacing the normal vector of
parametric surface in (3.4) with (3.9), which leads to

fo(@ —xp) + fy(y —yp) + fo(z —2) =0, (3.10)
where f(zp,yp,2p) =0 and f, f, f. in (3.10) are evaluated at (zp,yp, 2p)-

N =

(3.9)

Ezample 3.1.2. The elliptic cone of Example 3.1.1 has also the following im-
plicit representation f(z,y,z) = (2£)?+(¥)?—(£)? = 0. The magnitude of the
normal vector V f = (2%, i—g, -7 where (z,y,2) € f(z,y,2) = 0, becomes
0 only when z=y=2=0 corresponding to the apex of the cone as also derived
in Example 3.1.1.

3.2 First fundamental form I (metric)

The differential arc length of a parametric curve is given by (2.2). Now if we
replace the parametric curve by a curve v = u(t), v = v(t) which lies on the
parametric surface r = r(u,v), then
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dr du dv - - - -
ds = % dt = Ty + oy dt = \/(ruu +1,0) - (vl + 1, 0)dt
= VEdu? + 2Fdudv + Gdv? , (3.11)
where
E=r,-r,, F=ry,'r,, G=r,-1r,. (3.12)

The first fundamental form is defined as
I =ds® = dr - dr = Edu® 4+ 2Fdudv + Gdv? , (3.13)

and E, F, G are called the first fundamental form coefficients and play im-
portant roles in many intrinsic properties of a surface. The first fundamental
form I can be rewritten as

1
E

EG — F?

I
E

(E du + F dv)* + dv? . (3.14)

Since (ry, X 1,)% = (ry X 1,) - (ry X T,) = (vy -1)(ry - 1y) — (v, - 1,)% =
EG—-F?>0'and E =r, -r, > 0, I is positive definite, provided that the
surface is regular. That is I > 0 and I = 0 if and only if du = 0 and dv = 0.

Ezample 3.2.1. Let us compute the arc length of a curve u = t, v = ¢ for
0 <t <1 on a hyperbolic paraboloid r(u,v) = (u,v,uv)? where 0 < u,v <1
as shown in Fig. 3.4 (a). We have

ru = (1707 ,U)T7 r'U = (0717U)T )

E=r, r,=14+v% F=r, r,=uw, G=r,-r,=1+u?,
and along the curve the first fundamental form coefficients are

E=1+4+¢ F=¢t G=1+1¢,

1
ds = / E0? + 2Fui + Go2dt = 24 /12 + St -

Finally the arc length for 0 <t <1 is given by

thus,

! Here the vector identity
(axb)-(cxd)=(a-c)(b-d)—(a-d)(b-c), (3.15)
with the special case
(axb)-(axb)=(a-a)(b-b)—(a-b)?, (3.16)

is used.
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Fig. 3.4. Hyperbolic paraboloid: (a) arc length along v = ¢, v = ¢, (b) area
bounded by positive u and v axes and a quarter circle

The angle between two curves on a parametric surface r1 = r(u(t), v (t))
and ro2 = r(us(t), v2(t)) can be evaluated by taking the inner product of the

tangent vectors of r1 and rs, yielding
cos Eduldu2 + F(duld’l}2 + d’Ul dUQ) + Gd’l}l dU2
w =
VEdu} + 2Fduydv; + Gdv}\/Edu} + 2Fdusdvs + Gdv3
dU1 dU2 d’LL1 d’U2 d’Ul dU2 dU1 dU2
=F———+F|——+——— G——. 3.17
d81 dSQ + <d81 dSQ d81 d82> d81 d82 ( )

As a result of the above equation, the orthogonality condition for the two
tangent vectors r; and ry is:

Eduydus + F(duidvs + dvidus) + Gdvidvs =0 . (3.18)

In particular when the two curves are the v and v iso-parametric curves,
(3.17) reduces to

Iy - Ty Iy - Ty F
cosw =

v |ro B Ty Ty /Ty Ty = VEG (3.19)
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Thus the iso-parametric curves are orthogonal if F' = 0.
The area of a small parallelogram with vertices r(u,v), r(u+du, v), r(u, v+
0v) and r(u + du,v + év) as illustrated in Fig. 3.5, is approximated by

0A = |rydu x ryov| = V EG — F2Judv (3.20)

or in differential form

dA =V EG — F2dudv . (3.21)

0A

r (Uo, Vot+dv) r (Uo+dU, Vo)

r (Uo, Vot+dv) —r (Uo, Vo) r(Uo.vo) r (Uo+dU, Vo) —r ( Uo, Vo)

Fig. 3.5. Area of small surface patch

Ezample 3.2.2. Let us compute the area of a region of the hyperbolic paraboloid
that is used in Example 3.2.1. The region is bounded by positive u and v
axes and a quarter circle u? + v? = 1 as shown in Fig. 3.4 (b). Substituting
EG - F? = (1+v*)(1+u?) —u*v? =1+ u? +v? into (3.21), we obtain

A:/ V1+u2+v2dudv .
D

To perform the integration it is easier to change variables, u = rcos#, v =
rsinf, so that

z
A:/ /\/1+r2rd0dr:E(\/§—1).
o Jo

6

3.3 Second fundamental form IT (curvature)

In order to quantify the curvatures of a surface S, we consider a curve C
on S which passes through point P as shown in Fig. 3.6. The unit tangent
vector t and the unit normal vector n of the curve C' at point P are related
by (2.20) as follows:



56 3. Differential Geometry of Surfaces

A

Fig. 3.6. Definition of normal curvature

dt
:g:nn:kn—l—k‘q, (3.22)

k

where k,, is the normal curvature vector and k, is the geodesic curvature
vector which are the components of the curvature vector k of C' in the surface
normal direction and in the direction perpendicular to t in the surface tangent
plane. Thus, the normal curvature vector can be expressed as

k, = k,N , (3.23)

where &, is called the normal curvature of the surface at P in the direction
t. In other words, &, is the magnitude of the projection of k onto the surface
normal at P, with a sign determined by the orientation of the surface normal
at P.

By differentiating N - t = 0 along the curve with respect to s we obtain

dt dN
— - N+t.-— =0 3.24
ds + ds ’ ( )
thus
dt dN dr dN dr - AN
w ds ds ds ds dr - dr (3.25)
_ Ldu* + 2Mdudv + N dv? (3.26)
" Edu? + 2Fdudv + Gdv? ’ )
where

1
L= —-r,-N,, M:—ﬁ(ru-Nv+rv-Nu):—ru-Nv:—rv-Nu,
N=—-r, -N,. (3.27)

Since r, and r, are perpendicular to N, we haver,-N =0and r, -N =0,
and hence we have an alternative expression for L, M and N
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L=ry,-N, M=ry, N, N=r, -N. (3.28)

Computation of curvatures at points where the surface representation is de-
generate (see Sect. 1.3.6) is given in [452].
The numerator of (3.26) is the second fundamental form II, i.e.

IT = Ldu® + 2M dudv + Ndv? , (3.29)

and L, M, N are called second fundamental form coefficients. Therefore the
normal curvature is given by

II _ L+2MA+ NN
I E+2FX+GX2°

Rp =

(3.30)

where \ = Z—Z is the direction of the tangent line to C' at P. We can observe
that k, at a given point P on the surface depends only on A which leads to

the following theorem due to Meusnier.

Theorem 3.3.1. All curves lying on a surface S passing through a given
point p € S with the same tangent line have the same normal curvature at
this point.

Using this theorem we can say that the normal curvature is positive when
the center of the curvature of the normal section curve, which is a curve
through P cut out by a plane that contains t and N, is on the same side of
the surface normal (see Fig. 3.7 (a)). Sometimes the positive normal curvature
is defined in the opposite direction, i.e. the center of curvature of the normal
section curve is on the opposite side of the surface normal as illustrated in
Fig. 3.7 (b). In such cases (3.23) (3.30) become

IT L+2MX\+ N2
kn = =ralN, 0 = = = TGN (3:31)

The latter convention is often used in the area of offset curves and surfaces
in the context of NC machining. Throughout this book we refer to the first
convention as convention (a) and to the second one as convention (b). We
have listed all the equations, which involve changes due to this convention in
the last page of this chapter.

Suppose P is a point on a surface and @ is a point in the neighborhood
of P and r = r(u,v) is the surface containing P and @, as in Fig. 3.8. Now
suppose P and @ are the points r(u,v) and r(u + du,v + dv), then Taylor’s
expansion gives

r(u+ du,v + dv) = r(u,v) + rydu + r,dv (3.32)

1
+§(ruudu2 + 2rypdudv + Ty, dv®) + ... .

Therefore
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center of curvature N
P
N
P
center of curvature
(a) (b)
Fig. 3.7. Definition of positive normal curvature: (a) kn-N = ky, (b) kn-N = —k,,
N

A

r=r(u,v)

Fig. 3.8. Geometrical illustration of the second fundamental form

PQ = r(u+du,v + dv) — r(u,v) = rydu + rydv (3.33)
4—%(ruudu2 + 2rypdudv + ryudv®) + ... .
Thus using (3.28), (3.29), the projection of PQ onto N is
d=PQ- N = (rydu+r,dv) - N+ %H, (3.34)
where the higher order terms are neglected and since r,, - N =r, - N = 0, we

get

1 1
d= §II = §(Ldu2 + 2M dudv + Ndv2) . (3.35)
Thus |I1] is equal to twice the distance from @ to the tangent plane of
the surface at P within second order terms. We want to observe in which
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situation d is positive and negative or in other words we want to examine
in which side of the tangent plane @ lies. When d = 0, (3.35) becomes
Ldu? +2M dudv+ Ndv? = 0, which can be considered as a quadratic equation
in terms of du or dv. If we solve for du, assuming L # 0, we obtain

_ M+ VMPIN

d
Y I

(3.36)

which leads us to the following four cases:

o If M2 — LN < 0, there is no real root. This means there is no intersection
between the surface and its tangent plane except at point P. Point P
is called elliptic point (Fig. 3.9(a)). For example, an ellipsoid consists
entirely of elliptic points.

o If M> — LN = 0 and L? + M? + N% # 0, there are double roots. The
surface intersects its tangent plane with one line du = —%dv, which
passes through point P. Point P is called parabolic point (Fig. 3.9(b)).
For example, a circular cylinder consists entirely of parabolic points.

o If M2 — LN > 0, there are two roots. The surface intersects its tangent
plane with two lines du = =MEVMZ-LN VLMZ_LNdv, which intersect at point P.
Point P is called hyperbolic point (Fig. 3.9(c)). For example, a hyperboloid
of revolution consists entirely of hyperbolic points.

e If L = M = N =0, the surface and the tangent plane have a contact of
higher order than in the preceding cases. Point P is called a flat or planar
point.

If L=0and N # 0, we can solve for dv instead of du. If L = N =0 and
M # 0, we have 2M dudv = 0, thus the iso-parametric lines v = constant,
v = constant will be the two intersection lines.

Tp

Fig. 3.9. (a) Elliptic point; (b) parabolic point; (¢) hyperbolic point

3.4 Principal curvatures

As we can see from (3.30) the normal curvature at a point P depends on the
direction of A = %. Now we will seek the directions in which the extrema
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of principal curvature occur following Struik [411]. The extreme values of &,

can be obtained by evaluating d[f)\" = 0 of (3.30), which gives:

(E4+2FX+GX)(NA+ M) — (L+2MA+ NX?)(GA+ F) =0, (3.37)

and hence

_L+2MX+NX M+NX

T EA2FA+GN T FAGA (3.38)
Furthermore since
E+4+2FA+GXN = (E+F)\) + AMF+G)\),
L+2MX+NX = (L+ M) + XM+ N)),
(3.37) can be reduced to
(E+FAN)(M+NXN=(L+MNF+GN, (3.39)
and hence
_L+2MX+NX M+NX L+ MX (3.40)

T B TOFAY G F+Gr  E+FXC

Therefore, the extreme values of k,, satisfy the two simultaneous equations

(L - kpE)du+ (M — k,F)dv =0,
(M — kpF)du + (N — £,G)dv =0 (3.41)

These equations form a homogeneous linear system of equations for du, dv,
which will have a nontrivial solution if and only if

L -k, E M-k, F|
M -k, F N —k,G| 0, (3.42)
where | | denotes the determinant of a matrix, or expanding

(EG — F*)k% — (EN + GL — 2F M)k, + (LN — M?) =0.  (3.43)

The discriminant D of this quadratic equation in &, can be re-formulated
as

_ F2 2
D:4<EGEi2F> (EM — FL)? + (EN—GL— %(EM—FL)) ,

(3.44)

after some algebraic manipulations. Thus the discriminant D is always greater
than or equal to zero and (3.43) has real roots. The discriminant D becomes
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zero if and only if EM — FL =0 and EN — GL = 0 or if and only if there
is a constant k such that

L=kE, M=FkF, N=FkG. (3.45)

Such a point is called an umbilic and the normal curvature is the same in
all directions. Therefore (3.43) has either two distinct real roots, or a double
root. If we set

_ LN - M?

= Bo_F2 (3.46)
_ EJ\;(—;?C;’L_—F?;M , (3.47)

the quadratic equation for x,, (3.43) simplifies to:
k2 —2Hk, + K =0. (3.48)

The quantities K and H are called Gaussian (Gauss) curvature and mean
curvature, respectively. Upon solving (3.48) for the extreme values of cur-
vature, we have

Kimaw = H+ VH? — K | (3.49)
bomin = H — VH? — K | (3.50)

where Kmqe is the mazimum principal curvature and Ko,;, is the minimum
principal curvature. The directions in the tangent plane for which k,, takes
maximum and minimum values are called principal directions. The corre-
sponding directions in the uv-plane can be determined by using (3.40), which
leads to

M — g, F
p . 51
or
L —«k,FE
A=——77-—7-— .52
M — kp F’ (3-52)

where &, is replaced by either Kpqz Or Kmin-

When the discriminant is zero or H? = K, k,, is a double root with value
equal to H and the corresponding point of the surface is an umbilical point.
At an umbilical point a surface is locally a part of sphere with radius of
curvature ﬁ In the special case where both K and H vanish, the point is
a flat or planar point.

Alternatively we can derive the principal directions by solving a quadratic
equation in A
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(FN — GM))N + (EN — GL)A+ (EM -~ FL) =0, (3.53)

which is deduced from (3.37). The discriminant of this equation is easily
shown to be the same as that of (3.43), and hence it is greater than or equal
to zero. At an umbilical point the discriminant vanishes and (3.45) hold, thus
we have FN = GM, EN = GL and EM = FL. Therefore, the coefficients of
the quadratic equation become all zero and thus the principal directions are
not defined. When a point P on the surface is a non-umbilical point, there are
always two principal directions determined by the quadratic equations. Let
Amaz and Apn be the directions of maximum and minimum principal cur-
vature in the wv-plane. Then, Ap,q; and A, satisfy the quadratic equation
(3.53):

(FN — GM)X2, ., + (EN = GL)Amas + (EM —FL) =0, (3.54)
(FN —GM)X2,;, + (EN — GL)A\pin + (EM — FL) =0.  (3.55)

From these equations we can deduce

EN —-GL
Amaz + Amin = = ERr o (3.56)
EM - FL
Amaz Amin = NG (3.57)
thus,
E 4+ F(Amaz + Amin) + GAmaz Amin (3.58)
1
= v g FEN = GM) = F(EN = GL) + G(EM — FL)] =0.

Consequently, it is evident from (3.18) that the two tangent vectors in the
principal directions are orthogonal.

A curve on a surface whose tangent at each point is in a principal direction
at that point is called a line of curvature. Since at each (non-umbilical) point
there are two principal directions that are orthogonal, the lines of curvatures
form an orthogonal net of lines. Figure 3.10 shows an example of the lines
of curvature on a saddle-shaped surface where all points are hyperbolic. The
solid lines correspond to the maximum principal curvature direction, while
the dashed lines correspond to the minimum principal curvature direction
(convention (a) is used). Since there is no umbilical point on the surface, we
do not encounter any singularity on the net of lines of curvature. The lines
of curvature in the presence of umbilical points are discussed in Chap. 9.

This orthogonal net of lines can be used as a parametrization of a surface.
In such cases, we have F' =0 (see (3.19)), and (3.41) reduce to

(L — kpE)du+ Mdv =0, Mdu+ (N —£,G)dv=0. (3.59)

If these equations are satisfied by du = 0 and by dv = 0, this implies M = 0,
and the two principal curvatures are k1 = % and k9 = %, in the absence of
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Fig. 3.10. Lines of curvature

umbilical points. Therefore the necessary condition for the parametric lines
to be lines of curvature is

F=M=0. (3.60)
The converse is also true and the condition is also sufficient.

Ezample 8.4.1. As a curve C in the zz-plane © = f(t), z = g(t) revolves
about the z-axis, it generates a surface of revolution S. The curves C in
different rotated positions are called the meridians of S, while the circles
generated by each point on C' are called the parallels of S. If we denote
the rotation angle in the zy-plane as 6, the surface of revolution can be
parametrized as

r = (f(t)cos®, f(t)sinb, g(t))T .
Thus,
vy = (f(t)cosh, f(t)sinh, g(t))", 19 = (—f(t)sinb, f(t)cosh,0)7,
and hence
E=f0)+¢1), F=0, G=f).

Since F' = 0, (3.19) shows that the meridians and parallels are orthogonal.
Furthermore we have
I ‘—fg+fg . M=0, N=_—— fg ,
() +g°(t) 2+ g2(t)
which lead us to the conclusion that the meridians and parallels of a surface
of revolution are the lines of curvature.
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3.5 Gaussian and mean curvatures

From (3.49), (3.50), it is readily seen that the Gaussian and mean curvatures
are the product and the average of the two principal curvatures, respectively:

K = kmazkmin » (3.61)
H= Kmax ;‘ Kmin (362)

The sign of the Gaussian curvature coincides with sign of LN — M?, since
K = % (see (3.46)) and EG — F? > 0. Consequently a point on a
surface is elliptic if K > 0 (Kmqee and £min are of the same sign), hyperbolic
if K <0 (Kmae and Kmin have different signs) and parabolic if K = 0 and
H # 0 (either Kpaz O Kpmin is zero), flat or planar point if K = H = 0

(’imaz = Emin = 0)

3.5.1 Explicit surfaces

Very often a surface is given by an explicit form z = h(z,y). It is, therefore,
convenient to have analytic equations for the Gaussian and mean curvatures
expressed in terms of the derivatives of the height function h(z,y). As we
mentioned in Sect. 1.1 the explicit form can be converted into a parametric
form r = (u,v, h(u,v))T where u = 2 and v = y. This form is often referred to
as Monge form , and the surface is called a Monge patch. It is straightforward
to evaluate

E=1+h}, F=hyhy, G=1+h), (3.63)
_ —h. . T
N = M’ (3.64)
\J1+h2+h2
L: hit:t , M: hacy ) N: hyy )
\J1+h2+h2 \J1+h2+h2 \J1+h2+h2
(3.65)
and hence
_ LN — M? hmchyy_h?cy

K (3.66)

 EG-F>  (1+h2+h2)?’
_ EN+GL-2FM _ (14 h3)hyy = 2hghyhey + (14 1) e
20EG — F?) 2(1+ h2 + h2)3/2 '

(3.67)
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Ezample 3.5.1. Let us compute the Gaussian and mean curvatures of the
hyperbolic paraboloid z = zy (in Example 3.2.1 we used its parametric form)
using the explicit formulae (3.63) to (3.67). Since

(_y7 -z, I)T

\/a:2+y2+1’

he =y, hy=2, hg =0, hgy=1, hy, =0, N=

we have
1
E=1+4y% F=zy, G=1+42% L=0, M= ———, N=0,
vz +y2+1
and hence
_ 1 _ Ty
(22 +y2 +1)%’ (22 +y2 + )%

Here we can observe that the Gaussian curvature is always negative and thus
all the points on a hyperbolic paraboloid are hyperbolic points. Furthermore,
since L = N = 0 and M # 0, the surface intersects its tangent plane at
the iso-parametric lines (see Sect. 3.3 last paragraph). Also from (3.49) and
(3.50) we obtain

—ry+ @+ D+ 1) _—wy =@+ D2+ 1)

o
(22 +y2 +1)3 " (22 +y2+1)3

Hmaz -

Y

where it is very easy to show that K4 > 0 and K, < 0 for all (z,y).

3.5.2 Implicit surfaces

Using (3.66), (3.67) for an explicit surface, we can derive equations for the
Gaussian and mean curvature of an implicit surface f(z,y,z) = 0. At a point
where f. # 0, z can be expressed as a function of z and y, say z = h(z,y)
[166]. In such cases variables x and y are independent but z is a function
of both z and y. Since f constantly satisfies the equation f(z,y,z) = 0, the
partial differentiation of f with respect to the independent variable z (by
holding y fixed) must vanish [166]. Thus,

of\ _of ofodx
(%>y_%+5%_0, (3.68)

where (%5) on the left-hand side is considered as f being expressed in terms

of x and y only and y is held constant in the differentiation with respect to z,
while % on the right-hand side is considered as f being expressed in terms
of z, y, z and y, z are held constant in the z differentiation. Similarly we

have
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of\ _of 0fo0z
<6y>z Oy * - oy (3.69)
Consequently we have
fe fy
hey = —=, hy, =—=%. 3.70
AN (370

The second order partial derivatives hyy, Ry, hyy are provided by differ-
entiating (3.70). For example,

(58), 5~ (), oppne—pr-p.

B = . 5 (3.71)
Similarly, we have
hyy = defelint fyfzfmf — oSt = fifoy (3.72)
— 2 — 2
by = 2fyfefys = Iy for = 2oy (3.73)

f?

Equations (3.70) to (3.73) may be substituted into (3.63) and (3.65) to
obtain the first and second fundamental form coefficients, and into (3.66) and
(3.67) to compute the Gaussian and mean curvature of an implicit surface. If
f» = 0, alternate formulae may be found by cyclic permutation of z, y, z.

For every quadric surface, it is possible to find a suitable 3-D rotation
such that the cross terms dzy, eyz and fzz cancel out in (1.15). If a quadric
surface has a center?, its axes can be translated to the center as origin so that
the equation of the quadric surface does not have any first degree terms [79].
Therefore after these transformations the implicit quadrics, ellipsoids, hyper-
boloids of one and two sheets, elliptic cones, elliptic cylinders and hyperbolic
cylinders can be expressed in a standard form

2 2

y z
+é5—6=0, (3.74)

72
where ¢, n and £ take values either -1, 0 or 1 and J takes values either 0 or
1, depending on the classification of quadrics (see Table 3.1).

By evaluating (3.70), (3.71), (3.72) and (3.73) for f given in (3.74), and
substituting into (3.66) and (3.67), we obtain

2 A center of a quadric surface is defined as a point bisecting every chord passing
through it [79]. Here chord is a line which joins two points on a surface. Ellip-
soids and hyperboloids have centers, while paraboloids do not have centers. The
elliptic/hyperbolic cylinder is a limiting case of the ellipsoid/hyperboloid and
the elliptic cone is asymptotic to hyperboloids of one and two sheets.
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Table 3.1. Classification of implicit quadrics

Implicit Quadrics ¢ n & 6

Ellipsoid 1 1 1 1

Hyperboloid of One Sheet 1 1 -1 1
1 -101 1
-1001 1 1

Hyperboloid of Two Sheets 1 -1 -1 1
-1001 -101
-10-1 1 1

Elliptic Cone 1 1 -1 0
1 -101 0
-1001 1 0

Elliptic Cylinder 1 1 0 1
1 0 1 1
0 1 1 1

Hyperbolic Cylinder 1 -1 0 1
-1001 0 1
1 0 -101
-10 1 1
0 1 -101
0 -1001 1

(néd
K(w,y,2) = 2p2:2( (2 22 2y> 222y2 "’ (3.75)
a’b?c (C o +n = + 0_4)
H(z,y,z) = (3.76)

3 22 (€02 + nc)z? + n2ac? (€a® + ()y? + 2a%b2 (na® + (b?)z2?2
204{)464((2% + nzg_j + fzi—i)%

where (z,y, z) satisty f(z,y,z) = 0. The principal curvatures can be obtained
by substituting (3.75) and (3.77) into

)

k(z,y,z2) = H+t\VH?-K, (3.77)

where we will not show the substituted expression because it is too cumber-
some.
The curvatures of a hyperbolic cylinder ((=d=1,n= -1, £ =0)
22 g2
f(xay)zﬁ_b_Q_]-:O) (3.78)
can be obtained by evaluating (3.75), (3.77) and (3.77) resulting

b2a? — a2y?

K=0, H=—"_———° _. 3.79
2a4b4(z—i + g—j)% (3.79)

b2 — a2¢2
Kmaz = ° ay ) Rmin = 0 ’ (380)

a4b4(2—i + g—j)%
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where (z,y) € f(z,y) = 2 _ z—j —1=0.
Similarly, the curvatures of an ellipsoid ((=n=¢&=§=1)

22 g2 22
f(xay,z):§+b—2+c—2—1=0, (3.81)
are evaluated as
1 B4yt —a? b -2
K:222 2 y2 z22’ H = 2 2 2%,
a?b?c (a—4+b—4+c—4) 2a2b202(z—4+g—4+§—4)

2,2 1,2 2 p2 2
o Z +y*+z°—a"—b"—c (3.83)

2 2 2 2
2a2b%c? (5—4 + &+ §—4)

\/(w2+y2+z2—a2—b2—02)2—4a2b202 (2—2—!—%—5-{—%)
+

3
xz 2 22 2
2a2b2c? (—a4 + —g4 + 6—4)

where (z,y,2) € f(z,y,2) = g—i + g—i + i—i — 1 = 0. Here we note that in
the derivation of the mean curvature in (3.82), we used (3.81) to simplify
the expression. For the case of a sphere of radius R, (3.81) simplifies to
flx,y,2) = gz(a® + y> + 2%) — 1 = 0, and (3.82) and (3.83) simplify to

= %, H =« = —%, which shows that a sphere is made of entirely
nonflat umbilics (see Sects. 9.1 and 9.2). The negative sign comes from the
sign convention of the curvature (see Fig. 3.7 and Table 3.2).

Finally, the curvatures of an elliptic cone (( =n =1, = —1and § =0)

g2y 22
f($>yaz):¥+b_2_c_2:0> (3.84)

excluding the apex (0,0,0) are given by
K=0, H= vyt e (3.85)

— Y - 3 -
2a2b%c? (2—2 + g—z + i—i) ’
24,24 .2

KEmaz = 0, Kmin = — vy e , (386)

o

xz 2 22
a2b2c? (a—4 + &+ 6—4)

2

where (z,y,2) € f(z,y,2) = &% + z—j - i—i = 0. Here we also used (3.84) to

tl2
simplify the expression of mean curvature in (3.85).
3.6 Euler’s theorem and Dupin’s indicatrix

The normal curvatures of a surface in an arbitrary direction (in the tangent
plane) at point P can be expressed in terms of principal curvatures x; and ko
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at point P and the angle & between the arbitrary direction and the principal
direction corresponding to x1, namely,

Ky = K1 COS2® + Ko sin® @ . (3.87)

This is known as Fuler’s theorem. For simplicity, we assume that the iso-
parametric curves of a surface are lines of curvature, which leads to F = M =
0 (see (3.60)). Now (3.26) takes the form

_ Ldu? + Ndv?

fn = B 1 Gdo® (3.88)

For v = const iso-parametric lines dv = 0 and for u = const iso-parametric
lines du = 0, thus the principal curvatures k; and ko are given by:

K1 = — Ko = — . (389)

The angle @ between the direction g—z and the principal direction corre-
sponding to k1 (dv; = 0, u; arbitrary) is evaluated by (3.17) as

cos=E———. (3.90)

Since ds; = \/Edu} and ds = v Edu? + Gdv? we deduce
du . dv
cos=vE—, sin®=vG—. (3.91)
ds ds

As a consequence, we have the Euler’s theorem (3.87).

Next we explain Euler’s theorem in a more simple way. Let us consider a
section of the surface cut by a plane parallel to the tangent plane at the point
P, and at an infinitesimal distance h > 0 from it [440]. We also consider a
plane through P containing the normal vector. If we denote the intersection
points of the surface and the two planes by @ and @', the signed radius of
curvature of this normal section by g, and the length of QQ' by 2R as shown
in Fig. 3.11, we have the relation

(lel = h)* + R? = |o?, (3.92)
thus
R? = 2h|o| , (3.93)

to the first order. If @ is the inclination of this normal section to the principal
direction corresponding to x1, Euler’s theorem provides

2h

1
2 s 25 L
K1 €08~ @ + Ko sin ¢_5_iR2'

(3.94)
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If we set
&=Rcos®d, n=Rsind, (3.95)
we obtain
£ n’
=+1 3.96
2hor T ohes (3.96)

where p; and go are principal radius of curvatures. Consequently a section of
the surface cut by a plane parallel to the tangent plane at the point P, and
at an infinitesimal distance is a conic section. If we scale the -1 coordinates
as follows

¢ R
X=——= cosd = | cos &, 3.97
van ~ van et vl (397
n R
Y =——= sin® = |sind , 3.98
van e Ve (3.95)
we obtain
X2 Y?
— 4+ — =41 (3.99)
01 02

This equation determines a conic section called Dupin’s indicatriz as shown
in Fig. 3.12. If P is an elliptic point, both principal curvatures have the same
sign, and the indicatrix is an ellipse, while if it is a hyperbolic point, the
principal curvatures have different sign and the indicatrix consists of a pair

of hyperbolas with asymptotic lines Y = + I92|X If one of the principal

curvatures vanishes, it is a parabolic point and the indicatrix yields a pair of
parallel lines.
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Fig. 3.11. Cross section of the surface cut by a normal plane: (a) normal curva-
ture is positive, (b) normal curvature is negative (Here we followed the curvature

convention (a); see Fig. 3.7)
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Fig. 3.12. Dupin’s indicatrix for (a) elliptic point, (b) parabolic point, (c¢) hyper-
bolic point
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Table 3.2. A list of equations which involves a sign change due to the sign con-
vention of curvature of the planar curve or the normal curvature of the surface (see
Fig. 3.7). In sign convention (a) the center of curvature is on the same side of the
normal vector, while in sign convention (b) it is on the opposite direction

Equation  Convention (a) Convention (b)
(2.20) r" =t =kn v =t = —kn
oo 2 dv o 2 dv
(2.22) F=rnv’ +t5 F=—wnv” +t3
_ _ )T _ — @=)"
(2.24) n—ezxt—\/m n=txe, = e
(frf)* (—fa =)
(2.27) n=e, xt= 2 n=txe, = Y
VI fa+ry
_ Y/ ‘ _ _Yf ’
= IV IV
(2.55) n = —xt (1 =0) n =kt (1 =0)
(3.23) k, = k., N k, = -k, N
(3.25) kn=% . N=—t 9@ Kp=—2 N=t. 0
_ _dr dN _ _drd _g.ﬁ_dr-dN
- ds ds dr-dr ds ds ~—  dr-dr
_ Ldu?+2Mdudv+Ndv? _ _ Ldu?+42Mdudv+Ndv?
(3.26) Kn = FiuioFdudvtGdo® Kn = = FiuT 15 Fdudot Gdv?
_II _ L4+2MX+NA2 _ _II _ L42MXA+NA2
(3.30) kn = T = Fromaaas kn = =T = FraFa+tar?
_ L4+2MA+N)2 _ __ L4+2MM+N)?
(3.38) Kn = Tt anZ kn = —FErmyerz
_ M+NA) __ M+Nx
= TF+Gx = T F+GX
(3.41) (L—tnE)du+ (M — knF)dv (L4 knE)du+ (M + £, F)dv
=0 =0
(M — 6, F)du+ (N — kn,G)dv (M + kn F)du + (N + £,G)dv
=0 =0
(3.42) L—knE M —k,F -0 L+knE M+ kpF 0
’ M-k, F N—-—£k,G |~ M+ k., FF N4+£r,G|
(3.43) (EG — F?)K2 (EG — F?)K2
—(EN + GL —2F M)k, +(EN + GL — 2F M)k,
+(LN —M?) =0 +(LN — M?) =0
_ EN+GL—2FM _ 2FM-EN-GL
(3.47) H= 2(EG—F2) H= 2(EG—F2)
(351)  A=-F=2g A= NG
_ L—knE _ L+knE
(3.52) A= -2 E A= —ireaF
(3.67) H = H =
(14h2)hyy —2hahyhay+(1+h2)has 2hahyhay—(1+h2)hyy — (1482 has
2(1+h3 +h3)%/2 2(1+h3+h3)%/2
_ Ldu2+Nd'u2 _ Ldu2+Ndv2
(3.88) kn = BduZrade? kn = = Baurcan®
68) m=f m=3% P




4. Nonlinear Polynomial Solvers and
Robustness Issues

4.1 Introduction

We have seen in Chap. 1 that curves and surfaces in CAD/CAM systems are
usually represented by piecewise polynomial equations of various types. As
we will see in the remaining chapters of this book, the governing equations
for general interrogation problems on such curve and surface representations
(intersections, distance functions, curvature extrema, etc.) reduce to solving
systems of nonlinear polynomial equations as follows:

f(x)=0, (4.1)
where f consists of n functions fi, fo,..., fn, each of which is a polynomial
in the [ independent variables x1, x2,...,x;.

Frequently such systems also include square roots of polynomials, which

arise from normalization of the normal vector and analytical expressions of
the principal curvatures of a surface (see (2.24), (3.3), (3.49), (3.50)).

Ezxample 4.1.1. As an illustrative example, let us consider a simple intersec-
tion problem of two planar implicit polynomial (algebraic) curves. Consider
two circles z% + y*> = & and (z — 1)> + y* = ] intersecting as shown in Fig.
4.1. In this case n = [ = 2, and if we set x1 = z and z» = y, the system of
equations becomes

fi(zy,20) = :r% + mg - 0, (4.2)

1—6 p—y
1
f2(1‘1,1‘2) = (1’1 - ].)2 +1‘§ - Z =0. (43)

The roots can be obtained by eliminating s, and solving for z;, which gives

@ m):<21 +/135

— ~ (0. 25, £0. .
32’ 32 > (0.65625, +0.36309)

In this example the degree of the polynomials and the number of variables
were low, so we could solve the system by elementary analytical (elimination)
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y

41

Fig. 4.1. Intersection of two circles

calculations. However, most problems that arise in CAD/CAM interroga-
tion have higher degrees and number of variables. Such systems of equations
have been solved in earlier approaches by local numerical techniques such as
Newton-type methods which require good initial approximation to all roots
[69, 126], and hence cannot provide full assurance that all roots will be found.
On the other hand global techniques find all the roots without initial approx-
imation. We will briefly introduce Newton’s method in Sect. 4.2, and the rest
of Chap. 4 will be spent on global techniques as well as robustness issues.

4.2 Local solution methods

Newton-type methods are based on local linearization and are conceptually
simple. They are designed to compute roots based on initial approximations.
To begin with, we consider Newton’s method in one variable [69, 292] where
we want to find roots for f(z) = 0. If we denote the initial guess of the
root as o, then in the neighborhood of x the function f(z) can be linearly
approximated using Taylor expansion as follows:

f(@) = f(zo) + (x — 20) f(20) - (4.4)

Provided that f (z;) # 0, the iteration formula immediately follows:

Tip1 = Ti — ;EZ; i=0,1,2... . (4.5)

This is illustrated in Fig. 4.2(a). A modified Newton’s method [151] for
one variable is shown in Fig. 4.2(b), where we take a fractional step as follows

in order to reduce the possibility of divergence in Fig. 4.2(b) of the full step
method given by (4.5)
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f(wi)
f(z:)

Tit1 =T — b ) (4.6)

where p = max[l, 1, 1, ...] such that |f(z;41)| < |f(zs)].

A f(x)

(@) (b)

Fig. 4.2. Newton’s method for f(z) =0

If n = [ in (4.1), we can easily extend Newton’s method for a single
variable to n variables as follows:

Xi4+1 = Xy + AXZ' , (47)

where
J(Xl) - AXi = —f(Xi) 5 (48)

and J(x;) = [gﬁ] is the Jacobian matrix of (4.1) [69].

Advantages of the Newton’s method are its quadratic convergence and
simplicity of implementation. Disadvantages are that for each root a good
initial approximation is required, otherwise the method may diverge. Also
the method cannot by itself provide full assurance that all roots have been
found.

Example 4.2.1. Let us solve the intersection of two circles discussed in Ex-
ample 4.1.1 using Newton’s method. The Jacobian matrix is evaluated as

follows:
8fi 9N
m m 2z 2z
[J]i = (gf; gé) = <2($ 11) 23;2) :
dr, Ozo/ i 1 2/

Thus the iteration scheme becomes

()= (5),+(5%),
T2 /i1 T2/ Az J,
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where Azy and Az, are obtained from the solution of the following linear

system
21 2 Az _ (f
2(3}1 — 1) 25[72 i A.TQ i - fQ i ’

4.3 Classification of global solution methods

Global solution methods are designed to compute all roots in some area of
interest. In recent computational algebraic geometry related research, three
classes of methods for the computation of solutions of nonlinear polynomial
systems can be distinguished [299]: (1) algebraic and hybrid techniques, (2)
homotopy (continuation) methods, (3) subdivision methods. We will briefly
review these three types of techniques.

4.3.1 Algebraic and Hybrid Techniques

Algebraic techniques for solving a nonlinear polynomial system are based on
elimination theory. This theory deals with the problem of eliminating one
or more variables from a system of polynomial equations, thus reducing the
given problem to a problem of higher degree but in fewer variables. There are
basically two fundamental approaches in elimination theory: (1) Resultants,
and (2) Grobner bases. Both of the above operate ideally in a symbolic alge-
bra environment, and the coefficients of the polynomials involved are either
rational or real algebraic numbers. There are several algorithms for solving
nonlinear polynomial systems using the above approaches. All the algorithms
are based on some fundamental algorithm that “finds” all the roots, real and
complex, of a univariate polynomial. The word “finds” means, either the al-
gorithm isolates the roots using intervals and rectangles, or encodes them as
algebraic numbers, for further manipulation. Let f(z) be a polynomial with
integer coefficients of degree m, d be a bound for the size of the coefficients of
f(z), and L(d) be the number of binary digits of d. Then, the (worst) running
times of real root finding algorithms are functions of m, L(d) and are given in
[64]. On the other hand, bisection methods for finding all roots of f, real and
complex with similar running times, can be found in [441, 356]. As it can be
seen from the computing times found in [441, 64, 356], there is an enormous
coefficient growth of all the quantities involved along the way (requiring sig-
nificant computer memory). The latter is one of the most serious problems
that all the algorithms using these techniques suffer from.

Resultant type algorithms: A resultant is a function of the coefficients
of a given system of polynomials and when it is zero it provides an algebraic
criterion for determining when this polynomial system has a solution. Resul-
tants can be classified as classical, like the Sylvester, Bezout, Macaulay and
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u resultants, and non-classical like the sparse resultants. A good introduction
to resultants and applications can be found in [89, 408, 412, 309, 380].

Algorithms based on resultant computation have been presented in [48,
257, 186, 413, 49]. They work well on systems with a small number of so-
lutions M. However, on systems with large M, these algorithms suffer from
efficiency problems. The main reason for that is that finding roots of high
degree univariate polynomials can be a very slow procedure, as discussed
above, due to the use of exact arithmetic.

Grobner bases type algorithms: The theory of Grobner bases was
developed by Buchberger [46]. Grobner bases are very special and useful
bases (generator sets) for a special class of subsets of polynomial rings in [
variables, called polynomial ideals. They are named after Grébner who was
Buchberger’s thesis advisor. Grébner bases can be thought of as a generaliza-
tion of Euclid’s algorithm for computing the greatest common divisor of two
polynomials and of Gauss’ triangularization algorithm for linear systems.

The usefulness of Grébner basis for solving nonlinear polynomial sys-
tems comes from the fact that, whenever the system has a finite num-
ber of solutions, Grébner basis provide an equivalent system of triangular
form. Algorithms using Groébner bases use the above fact, and appear in
[47, 217, 227, 115, 444]. Using Grobner bases, polynomial systems are con-
verted to polynomial triangular systems, which can be solved by backward
substitution, much in the manner of the Gauss’ triangularization algorithm
for linear systems.

If the system has a finite number of solutions in the affine plane, as well
as in the projective plane, then a Grobner basis can be computed in O(m!)
time, where m is the highest degree among the polynomials and [ is the num-
ber of variables. In case, however, that the system is not zero-dimensional at
infinity, the time becomes O(m!"). These bounds do not take into account the
coefficient growth. Grébner basis algorithms work well on systems with few
roots. This is one reason they have been considered seriously as a practical
equation-solving tool. But when their complexity is measured as a function
of the number of solutions, their performance is poor. As reported in [258],
these algorithms frequently exhaust memory and computer resources even
for low number of equations n and variables | (e.g. n,l < 5 ) and moder-
ate degrees m. To overcome this difficulty, algorithms that combine resul-
tant and linear algebra techniques are more promising concerning efficiency
[15, 287, 259, 258]. These algorithms are generally hybrid and are based on
algebraic and numerical analysis methods. In particular, this approach based
on resultants transforms the problem into a sequence of eigenvalue problems.
This method has found extensive application in various types of intersection
problems [211].
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4.3.2 Homotopy (Continuation) Methods

Homotopy methods [123, 458, 218] are mathematically elegant, but unfortu-
nately, investigation of such methods indicates that they tend to be numer-
ically ill-conditioned. If we try to get around this problem by implementing
the algorithm in rational arithmetic, we end up with enormous memory re-
quirements because we have to solve large systems of complex initial value
problems (IVP). Interval methods can be applied to the solution of these
IVPs but they can be slow in practice [258].

4.3.3 Subdivision Methods

Subdivision methods [220, 332, 285, 391, 401, 133] are generally efficient (in
finding simple intersections) and stable. Therefore, they are the most fre-
quently used methods in practice. As we will see, they can be combined with
interval methods to numerically guarantee that certain subdomains do not
contain solutions. Interval Newton methods [272, 131, 190, 27, 159, 158] are
a promising class of subdivision methods. However, the subdivision methods
are not as general as algebraic methods, since they are only capable of isolat-
ing zero-dimensional solutions. Furthermore, although the chances, that all
roots have been found, increase as the resolution tolerance is lowered, there
is no certainty that each root has been extracted/isolated. Subdivision meth-
ods typically do not provide a guarantee as to how many roots there may be
in the remaining subdomains. However, if these subdomains are very small,
the existence of a (single) root within these subdomains is a typical assump-
tion. Lastly, subdivision techniques provide no explicit information about
root, multiplicities without additional computation. Despite these drawbacks,
subdivision methods are very useful in practice and are further described
below.

4.4 Projected Polyhedron algorithm

In this section we introduce an iterative global root-finding algorithm for
an n-dimensional nonlinear polynomial equation system, which belongs to
the class of subdivision methods, called Projected Polyhedron (PP) algorithm
developed by Sherbrooke and Patrikalakis [391]. It is easy to visualize and
simple in that it only requires two straightforward algorithms in order to im-
plement it: one for subdividing multivariate polynomials in Bernstein form,
and one for finding the convex hull of a two-dimensional set of points. This
algorithm is an extension and generalization of earlier adaptive subdivision
algorithms: for n = 1 used in finding the real roots and extrema of a poly-
nomial within an interval by Lane and Riesenfeld [220], and for n = 2 used
in shape interrogation by Geisow [124] or in intersecting rays with trimmed
rational polynomial surface patches by Nishita et al. [285] (a method known
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as Bézier clipping). The PP algorithm has found many applications in shape
interrogation problems (see also Grandine [133]) as we will see in subsequent
sections and its convergence, rate of convergence and complexity properties
are developed in [391].

For illustration, we will enumerate the procedures required by the PP

algorithm to find roots of a degree m polynomial equation f(z) = ¢, + 1o +
c2z? + -+ + ™ = 0 over the interval a < z < b.

1.

ot

Make an affine parameter transformation z = a + t(b — a) such that
0 <t <1 as follows:

f(t):ic%i, 0<t<1. (4.9)
i=0

The transition from the interval a < z < b to the interval 0 < t < 1 is
an affine map, and the polynomials are invariant under affine parameter
transformation [92].

. Convert the basis from monomial to Bernstein [106]:

f#) =3 ¢’ Bim(®) , (4.10)
where

B ~ G) M (4.11)

and B; p,(t) is the ith Bernstein polynomial of degree m.

. Create a graph of function f(t) using the linear precision property of

Bernstein polynomials (see (1.21)). Then the graph will become a Bézier
curve

(3

£(t) = (fft)> - ﬁ; (g@) Bim(®) , (4.12)

where (-£,¢P)T are control points. Now the problem of finding roots of
the univariate polynomial has been transformed into a geometric problem
of finding the intersection of a Bézier curve with the parameter axis, a

transformation already used in Geisow [124] for surface interrogation.

. Construct the convex hull of the Bézier curve.
. Intersect the convex hull with the parameter axis.
. Discard the regions which do not contain roots by applying the de Castel-

jau subdivision algorithm and find a sub-region of [0,1] which may contain
the root(s).
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7. If the sub-region is sufficiently small, we conclude that there is a root

inside and return it. But when there are more than one root in the sub-
region, the sub-region will not be reduced. In such case we split the region
evenly by applying the de Casteljau subdivision algorithm and we go back
to 4.

Ezxample 4.4.1. PP algorithm in one dimension.
Find the roots of f(z) = —1.122 + 1.4z — 0.2 = 0 where 0 < x < 2. The roots
are approximately, 0.164 and 1.108.

1.

ot

Make an affine parameter transformation by plugging x = 0+(2—0)t = 2¢
into f(z) yielding f(t) = —4.4t> + 2.8t — 0.2 = 0 where 0 < ¢ < 1.

. Convert from monomial to Bernstein basis using (4.11) as below

~ ()
-3,

j=0 \J

~~
~—

where ¢} = —0.2, ¢M = 2.8 and ¢} = —4.4, thus leading to ¢ = —0.2,
cB=12and f =-18.

Create a graph of function f(¢) using linear precision property of the
Bernstein polynomial

yielding a Bézier curve

2 i

0= (sly) =35 ($) 70
with control points of (0, -0.2), (0.5, 1.2) and (1, -1.8).
Construct a convex hull of the Bézier curve, which is a triangle as shown
in Fig. 4.3.
The convex hull intersects the t-axis with ¢ = 0.0714 and ¢t = 0.7.
Discard the regions 0 < t < 0.0714 and 0.7 < t < 1, which do not contain
roots, by applying the de Casteljau algorithm. Now we have a smaller
convex hull which contains the roots (see shaded triangular in Fig. 4.3).
If the sub-region is sufficiently small, we conclude that there is a root
inside and return it. In this case there are two roots in the convex hull and
the sub-region does not reduce much (even after several iteration steps),
thus we split the region evenly by applying the de Casteljau subdivision
algorithm and go back to 4.

Ezample 4.4.2. PP algorithm in two dimensions.
Let us solve the system of polynomial equations (4.2) and (4.3) over the
region —1 < z1,z9 < 1.
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f(t)

(0.5,

1.2)

t=0.0714

Fig. 4.3. de Casteljau algorithm applied to the quadratic Bézier curve

t=0.7
(1, -1.8)
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1. Make an affine parameter transformation by substituting x; = 2u — 1

and z2 = 2v — 1 into (4.2) and (4.3) so that 0 < u,v < 1, then:

2
f1(u,v):4u2—4u+4v2—4v+1—2:(),

19
fz(U,U):4U2—8u+4U2—4U+—4 :0

2. Convert from monomial to Bernstein basis using

where in this case m = n = 2 leading to

¥ =1.4375, cf = —0.5625, 1, = 1.4375,

1B = —0.5625, c1B, = —2.5625, 1B, = —0.5625,

1B =1.4375, B =-0.5625, ;5 = 14375,

and 5 B
C200 = 475, C201

B _ B
Ca1g = 075, Ca11

B _ B
Coo9 = 075, C251

2.75, B, =475,
—1.25, 2B, =0.75,

~1.25, 8 =0.75.

Create graphs of functions fi(u,v) and fa(u,v) using the linear precision

property of Bernstein polynomials. Then the graphs will become two

Bézier surfaces as follows:
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The two Bézier surfaces are shown in Fig. 4.4. Now the root-finding
problem of the bivariate polynomial system has been transformed to find
the intersections of three surfaces, fi(u,v), f2(u,v) and the zy-plane.
Figure 4.5 shows the intersection between the plane and both Bézier
surfaces. We can easily observe that the two intersection curves are the
circles in Fig. 4.1 but trimmed in the resulting (u,v) domain.

Fig. 4.4. Bézier surfaces and their control points

4. Project the control points of f; (u,v) and f2(u,v) onto zz and yz planes.
Here x = u, y = v. For each zz and yz plane, construct 2-D convex hulls.
Figure 4.6 (a) shows 2-D convex hulls on the xz plane, while Fig. 4.6 (b)
shows 2-D convex hulls on the yz plane. The solid line corresponds to
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Fig. 4.5. Bézier surfaces intersecting with zy-plane

convex hull of f; (u,v) and the dashed line corresponds to that of f(u, v).

5. Intersect each 2-D convex hull on the zz plane with x (u) axis. The
parameter interval [0,1] contains solutions of (4.2), while the interval
[0.34375,1] contains solutions of (4.3). The root is contained in the
common interval [0.34375,1] of u. We will repeat the same procedures
for the 2-D convex hulls on the yz plane to find the common interval
[0.1875,0.8125] of v.

6. Discard the reigion [0, 0.34375] of u and regions [0,0.1875] [0.8125, 1] of v
which do not contain the roots by applying the de Casteljau subdivision
algorithm to both Bézier surfaces.

7. If the sub-regions of both parameters are sufficiently small, we conclude
that there is a root. In this case, the sub-region of the v parameter will
not decrease much in size because there are two roots, while the interval
decreases more in u parameter, since the two roots have the same u
value. We split the sub-region of v evenly by applying the de Casteljau
subdivision algorithm for both surfaces and we go back to step 4.

Many applications in shape interrogation result in systems of n nonlin-
ear polynomial equations with n unknowns, referred to as balanced systems.
However, there exist some problems such as tangential intersection or im-
plicit curve/surface rendering consisting of n nonlinear polynomial equations
with [ unknowns, where n could be larger or smaller than [. When n > [ the
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Fig. 4.6. Projections of control points

system is called overconstrained and when n < [ it is called underconstrained.

Now we will introduce an n-dimensional Projected-Polyhedron algorithm
such that it can effectively handle overconstrained problems [391, 179]. This
algorithm can also be used in underconstrained problems but in such cases it
tends to be slow (especially in the presence of infinite roots); for such cases
more specialized algorithms are necessary (e.g. parametric surface intersec-
tions where n = 3, and [ = 4). In such cases the PP algorithm is used to find
characteristic points efficiently and marching methods are used to trace the
intersection curves (see Sect. 5.8.2).

Suppose we are given a set of n nonlinear polynomials fi, f2,. .., fn, each
of which is polynomial in the independent variables z1,z,...,z;. Let mik
denote the degree in x; of polynomial fi, so that the multi-index M®*) =
(mgk) mgk), e, ml(k)) describes all the degree information of fj. Furthermore,

)

suppose we are given an [-dimensional rectangular subset of R/

B = [al,bl] X [ag,bg] X ... X [al,bl] . (413)
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A priori knowledge of B is one of the main features of geometric modeling and
shape interrogation problems. We wish to find all points x = (x1,x2,...,2;) €
B such that

fix)=fo(x)=...= fu(x)=0. (4.14)

By making the affine parameter transformation [92] z; = a; + u;(b; —

a;) for each i between 1 and [ inclusive, we simplify the problem to one of
determining all u € [0,1]’ such that

filw) = fo(u) =... = fu(u) =0. (4.15)

Since all of the f; are polynomial in each of the ! independent variables,
a simple change of basis [92] allows us to express them in the multivariate
Bernstein basis, which has better numerical stability under perturbation of
its coefficients than the power basis [105] as we discussed in Sect. 1.3.3 and
in addition permits transformation of an algebraic problem to a geometric
problem. In other words, for each fj there exists an [-dimensional array of
real coefficients wz(fl)z . such that for each k € {1,...,n}

-1

m® m®

Z Z Z ’u)“l2 mgk) (Ul)Bi%mgk) (uz) ... Biz,ml(k) (uy) .

l1 Olz 0 Zl 0

(4.16)
The notation in (4.16) may be simplified by letting I = (iy, s, ..., i), M*)
= (mgk) ,mgk),. . .,ml(k)) and writing (4.16) in the equivalent form
M)
w) = > w By (u) . (4.17)
1

Representation of algebraic and piecewise algebraic surfaces (i.e., for [ =
3) in terms of tensor products of Bernstein polynomials or B-splines has been
studied earlier by Patrikalakis and Kriezis [298]. Equation (4.17) is simply an
extension to n dimensions. Provided that conversion of the problem to the
Bernstein basis is exact or sufficiently accurate, the use of the Bernstein basis
in conjunction with subdivision is known to be numerically stable [105]. The
conversion process itself may be numerically ill-conditioned [106]. Therefore,
we recommend that the problem be formulated in the Bernstein basis from
the very beginning or that the conversion is carried out in exact arithmetic.
If necessary, polynomials may be converted from the multivariate power basis
to the multivariate Bernstein basis using the following formula:

z 3
(2)... (1)
utz = Z Z Z ) (jfl.nl)cé\i[h---]’l ' (4‘18)

J1=0j2=0 Ji1= 0 ]2 o\

We now restate the problem as the intersection of the graphs of the fj
(each of which is a hypersurface in R'*!) and the hyperplane u;1; = 0 of
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R/t This idea is designed to impart geometrical significance to the coeffi-
cients of the polynomials and to the solution process.
Let us build a graph fj for each f:

fk(u) - (u17u27 v )uhfk(u))
= (u, fr(w)) . (4.19)

Clearly, (4.15) is satisfied by the point u if and only if
fi(u) =fr(u) =... =f,(u) = (u,0). (4.20)

Using the linear precision property of the Bernstein basis (1.21), we obtain
an equivalent expression for each of the u; in equation (4.19):

M®
i

wj= Y~y Brao (w) . (4.21)
r

Substituting (4.21) into (4.19) gives a more useful representation for the fy:

M)
fi(w) = Y vi¥ By y (w) (4.22)
I
where
k) [ U1 12 1 (k)
vy = , e , W . (4.23)
P (ot i)

The vgk) are called the control points of fi,. Using the parametric hypersur-
faces fj, instead of the real-valued fj permits use of the powerful convez-hull
property of the multivariate Bernstein basis.

We assume we are given n nonlinear polynomial equations with [ variables
in the power basis, where n > [, and a box B = [ay, b1]x[as, ba]X...X[a;, b;], in
which we need to determine the roots of the given system. In this case we first
scale the box by performing an appropriate affine parameter transformation
described above to the functions f, so that the box becomes [0, 1)!. Next we
express the transformed nonlinear polynomial equations in the multivariate
Bernstein basis using (4.18). Now we summarize the PP algorithm.

1. Using the convex hull property, find a sub-box of [0,1]" which contains
all the roots. The essential idea behind the box generation scheme in this
algorithm is to transform a complicated [ + 1-dimensional problem into a
series of [ two-dimensional problems. Suppose R'T! can be coordinatized
with the uy,us,...,u;+1 axes; we can then employ these steps:

a) Project the vi®) of all of the f, into [ different coordinate planes;
specifically, the (u1,u;41)-plane, the (uz,u;+1)-plane, and so on, up
to the (ug,ui+1) plane.
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b) In each one of these planes,

i. Construct n two-dimensional convex hulls. The first is the convex
hull of the projected control points of fi, the second is from f;
and so on.

ii. Intersect each convex hull with the horizontal axis (that is,
ui+1 = 0). Because the polygon is convex, the intersection may
be either a closed interval (which may degenerate to a point) or
empty. If it is empty, then no root of the system exists within
the given search box.

iii. Intersect the intervals with one another. Again, if the result is
empty, no root exists within the given search box.

c) Construct an [-dimensional box by taking the Cartesian product of
each one of these intervals in order. In other words, the u; side of the
box is the interval resulting from the intersection in the (u1,u41)-
plane, and so forth.

2. Using the scaling relationship between our current box and the initial
box of search, see if the new sub-box represents a sufficiently small box
in R!. If it does not, then go to step 3. If it does, then check the convex
hulls of the hypersurface in the new box. If the convex hulls cross each
variable axis, conclude that there is a root or at least an approximate
root in the new box, and put the new box into a root list. Otherwise the
new box is discarded.

3. If any dimension of this sub-box is not much smaller than 1 unit in
length (i.e., the box has not decreased much in size along one or more
sides), split the box evenly along each dimension which is causing trouble
(not reducing in size). Continue on to the next iteration with several
independent sub-problems.

4. If none of the boxes is left, then the root-finding process is over. Oth-
erwise, perform an appropriate affine parameter transformation to the
functions f, so that the box becomes [0,1]!, and go back to step 1 for
each new box. This transformation can be performed with the multivari-
ate de Casteljau subdivision algorithm which is an extension of similar
algorithms for 1 and 2 dimensions given in [92]. However, keep track of
the scaling relationship between this box and the initial box of search.

If we assume that each equation in (4.14) is of degree m in each variable
and the system is n-dimensional, then the total asymptotic time per step is of
O(nlm!*1'). The number of steps depends primarily on the accuracy required
[391]. The Projected Polyhedron algorithm achieves quadratic convergence
in one dimension, while for higher dimensions, it exhibits at best linear con-
vergence [391]. Once roots have been isolated via the PP algorithm, local
quadratically convergent Newton-type algorithms can be used to compute
the roots to high precision more efficiently. An extension of the algorithm
described above for a set of simultaneous piecewise polynomial nonlinear
equations expressed in terms of tensor product B-splines can be found in
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[132]. A novel feature of this extension is the normalization of the equations
in the range [-1,1] and normalization of the knot vector in each subdomain
in range [0,1] at each iteration step of the process to capitalize on the higher
density of floating point numbers in this range, thereby improving numerical
robustness of the algorithm.

Because the PP algorithm depends only on the convex hull property and
ability to perform subdivision and multiplication, in theory one could imple-
ment the algorithm for rational B-spline entities without subdividing them
into their rational Bézier components. Subdivision algorithms for B-splines
are well-known, and Mgrken [269] has developed an algorithm for multiplying
two piecewise polynomials expressed in the B-spline basis. However, Zhou
et al. [460] indicate that this approach sometimes tends to be more time-
consuming than subdividing into rational polynomials and applying direct
algebraic operations of addition and multiplication of two Bernstein forms
(see Sect. 1.3.2). Piegl and Tiller [314] provide detailed description of the pro-
cedures that can handle algebraic operators of NURBS curves and surfaces
such as dot and cross products, sum/difference and derivative operators. They
start with decomposing the B-splines into their Bézier components using knot
insertion, and applying the algebraic operators to the Bézier functions and
finally recomposing the resulting Bézier functions into B-spline form using
knot removal.

4.5 Auxiliary variable method for nonlinear systems
with square roots of polynomials

In this section we will focus on how to compute the real roots of systems of
irrational equations involving nonlinear polynomials and square roots of non-
linear polynomials within a finite box. Square roots of nonlinear polynomials
in the context of shape interrogation arise from normalization of the normal
vector and analytical expressions of the principal curvatures of the surface
(see (2.24), (3.3), (3.49), (3.50)). They often appear in the form of

f&) +g(x)v/h(x)=0, (4.24)

where x is the unknown vector of [ variables, and f(x), g(x) and h(x) are
multivariate polynomials over the box x € [0, 1]".
These polynomials can be expressed in the Bernstein basis as

My
&) =" fiBry, (%), (4.25)
I

Mg
g(x) = ZQIBI,MQ (x), (4.26)
T
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My,
h(x) =Y hiBy s, (x) - (4.27)
I

Since the square root is involved we cannot use the convex hull property of
the Bernstein polynomial directly.

One might consider a squaring method to square out the square root, so
that the equation becomes

() - g ()h(x) = 0 . (4.28)

This leads to a higher degree equation, also providing extraneous roots which
are not typically necessary. The disadvantages of this squaring method are
discussed in [254]. The alternative is the auziliary variable method which will
transform the problem into a problem of higher dimensionality. The higher
dimensional formulation has been studied by Hoffmann [169] for surface in-
terrogation problems. First we will introduce the auxiliary variable 7 such
that

% = h(x) . (4.29)

Bounds a < 7 < b can be obtained by

a= /mIin hr, (4.30)
b= /m?xh[ . (4.31)

When min; by is negative, we just set a=0. For convenience, we also scale
7 such that o = 7=, so that 0 < o < 1. Consequently, the system of ir-
rational equations involving nonlinear polynomials and square roots of non-
linear polynomials (4.24), which consists of one equation with [ unknowns,
has been transformed to a system of nonlinear polynomial equations which

consists of two equations with [ + 1 unknowns as follows:

fx)+g9x)[a+o(b—a)]=0, (4.32)
[a+o(b—a)]”> —h(x) =0, (4.33)

where 0 < ¢ < 1 and x € [0,1]'. Note that even though we transformed
the problem into a problem of higher dimensionality, the degree of the new
variable ¢ is only two. System (4.32) (4.33) of two polynomial equations can
be solved using the PP algorithm. A similar procedure can be used when
(4.24) involves not only one but n scalar equations of the form (4.24). If the
h(x) term is different in each of the n equations, then system (4.32) (4.33) will
be transformed into 2n nonlinear polynomial equations in [ + n unknowns.
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4.6 Robustness issues

Current state-of-the—art CAD systems used to create and interrogate curved
objects are based on geometric solid modeling methods that typically oper-
ate in floating point arithmetic (FPA). Arithmetic operations, especially di-
vision, in FPA lead to significant numerical errors. Division operation can
be avoided by four-dimensional homogeneous processing proposed by Yam-
aguchi [284, 455]. Furthermore CAD systems will frequently fail as a result of
the limited precision that is inherent to the internal representation of float-
ing point numbers [167, 168]. One has to keep in mind that any sequence of
operations on a digital computer is essentially equivalent to a finite sequence
of manipulations on a discrete grid of points. For example, a floating point
(FP) number in general form is given by [126]

(£).b1by -+ b, - 2F, (4.34)

where by - - - b, is the mantissa made up of binary digits 0O or 1, b; = 0 or 1,
with b; # 0, and p is the number of significant digits, and E is an integer expo-
nent. If p = 2 and —2 < E < 3 then a list of positive numbers in this system is

10272 =1 11x272=23
10 27 :; .11*2—1:§,
10520 =1, 11%20 =2
10%2 =1, .11*21:§,
10%22 =2, 1122 =13,
10%2% =4 112 =6,

and are plotted in Fig. 4.7. Obviously, the resulting set of FP numbers is
a finite subset of the rational numbers 7 (where m, n are integers) in the

interval [£,6] and they are distributed non-uniformly in this interval.

16

I

IR | | |
0113131 3 2 3 4 6
sis2 3 .

Fig. 4.7. Nonnegative floating point numbers on the interval [0,6] (adapted from
[126])

Nonlinear polynomial solvers operating in rational arithmetic (RA), where
the arithmetic is done with rational numbers without approximation [203],
are robust, but are generally memory intensive and time consuming due to
the growth of the number of digits needed to represent rational numbers
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that result from arithmetic operations on other rational numbers. On the
other hand, nonlinear solvers operating in floating point arithmetic are faster,
but generally not robust. Interval methods, which are described in Sect. 4.7,
effectively solve these two problems, namely, nonlinear polynomial solvers
operating in interval arithmetic (IA) are inexpensive compared to rational
arithmetic, and they are robust in eliminating regions not containing roots.

y

0 T X

Fig. 4.8. Curves y = z* and y = 0 contact tangentially at the origin (adapted
from [179])

Example 4.6.1. Suppose we have a degree four planar Bézier curve whose
control points are given by

(—0.5,0.0625), (—0.25,—0.0625), (0,0.0625), (0.25, —0.0625), (0.5,0.0625) ,

as shown in Fig. 4.8. This Bézier curve is equivalent to the explicit curve
y = 2* (=0.5 < x < 0.5). Apparently the curve intersects with z-axis tan-
gentially at (z,y) = (0,0). However, if the curve has been translated by +1
in the y direction and translated back to the original position by moving by
—% three times during a geometric processing session, the curve will gen-
erally not be the same as the original curve if floating point arithmetic is
used for the computation. For illustration, let us assume a decimal computer
with a four-digit mantissa, and the computer rounds off intelligently rather
than truncating. Then the rational number —% will be stored in the decimal
computer as —0.3333 x 10° and after the processing the new control points
will be

(—0.5,0.0631), (—0.25, —0.0624), (0,0.0631), (0.25, —0.0624), (0.5,0.0631) .

If we evaluate the curve at parameter value ¢ = 0.5, we obtain (0, 0.00035)
instead of (0,0). Therefore there exists a numerical gap which could later lead
to inconsistency between topological structures and geometric equations. For
example, if these new control points are used for computing intersections with
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the z-axis, the algorithm will return no solutions when the tolerance for the
function value is smaller than 0.00035.

The above problem illustrates the case when the error is created during the
formulation of the governing equations by various algebraic transformations.

Ezample 4.6.2. This example finds the roots of a cubic polynomial equation
(z —0.1)(z — 0.6)(z — 0.7) = 0 by the PP method over an interval 0 <z <1
operating in FPA. Conversion to the Bernstein form was performed in exact
arithmetic. This particular example was run at a tolerance of 10~* and the
binary subdivision was conducted when the box size did not reduce more
than 5% from the previous step. The algorithm output is listed in Table 4.1.
At iteration 9, PP algorithm loses the root 0.7 due to floating point rounding.

Table 4.1. (z — 0.1)(z — 0.6)(z — 0.7) = 0 solved by PP method operating in FPA
(adapted from [254])

Iter Bounding Box (FPA) Message

1 [0

2 [0.0763636363636364, 0.856]

3 [0.098187732239346, 0.770083868323999]

4 [0.0999880766853688, 0.72387404781026] Binary Subdivision
5 [0.402239977003124, 0.704479954527487]

6 [0.550441290533288, 0.700214508664293]

7 [0.591018492648952, 0.700000534482207]

8 [0.599458794784619, 0.700000000003332]  Binary Subdivision
9 [0.649998841568898, 0.699999999999999] No Root in Box

10 [0.599997683137796, 0.649998841568898] Root Found in Box
11 [0.099999999478761, 0.402239977003124] Root Found in Box

This example illustrates another serious problem which arises from the
usage of FPA in shape interrogation. To remedy such problems interval arith-
metic research in geometric modeling has become quite active as we will see
in subsequent Sects. 4.7 to 4.9.

4.7 Interval arithmetic
Interval techniques, primarily interval Newton’s methods combined with bi-

section to ensure convergence, have been the focus of significant attention,
see for example Kearfott [191], Neumaier [283]. Interval methods have been
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applied in geometric modeling and CAD. For example, Mudur and Koparkar
[276], Toth [421], Enger [90], Duff [80] and Snyder [399, 398] applied inter-
val algorithms to geometry processing, whereas Sederberg and Farouki [376],
Sederberg and Buehler [374] and Tuohy et al. [424] applied interval meth-
ods in approximation problems. In [376] Sederberg and Farouki introduced
the concept of interval Bézier curve. Tuohy and Patrikalakis [425] applied
interval methods in the representation of functions with uncertainty, such as
geophysical property maps. Tuohy et al. [423] and Hager [147] applied in-
terval methods in robotics. Bliek [27] studied interval Newton methods for
design automation and inclusion monotonicity properties in interval arith-
metic for solving the consistency problem associated with a hierarchical de-
sign methodology. Interval methods are also applied in the context of solving
systems of nonlinear polynomial equations [178, 179, 253, 254], which we will
briefly review in Sect. 4.8. More recently, Hu et al. [180, 181] extended the
concept of interval Bézier curves [376] to interval non-uniform rational B-
splines (INURBS) curves and surfaces. INURBS differ from classical NURBS
in that the real numbers representing control point coordinates are replaced
by interval numbers. In other words, the control point vectors are replaced
by rectangular boxes. This implies that in 3-D space an INURBS curve rep-
resents a slender tube and an INURBS surface patch represents a thin shell,
if the intervals are chosen sufficiently small. The numerical and geometric
properties of interval B-spline curves and surfaces are analyzed in Shen and
Patrikalakis [386], while their use in solid modeling is presented in Hu et al.
[179, 178, 180, 181], and boundary representation model rectification in Shen
[385], Shen et al. [388], Patrikalakis et al. [302] and Sakkalis et al. [359].
An interval is a set of real numbers defined below [272]:

[a,b] = {z]a <2 <Db}. (4.35)
Two intervals [a, b] and [c, d] are said to be equal if
a=c and b=d. (4.36)
The intersection of two intervals is empty or [a,b] N [c,d] = 0, if either
a>d or ¢>b, (4.37)
otherwise,
[a,b] N [¢,d] = [maz(a,c),min(b,d)] . (4.38)
The union of the two intersecting intervals is
[a,b] U [¢,d] = [min(a,c), mazx(b,d)] . (4.39)
An order of intervals is defined by

[a,b] < [c,d] if and only if b<c. (4.40)
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The width of an interval [a,b] is b — a.
The absolute value is

[[a, b]| = maz(|al, |b]) . (4.41)
Ezxample 4.7.1.
41N [3,5] = [maz(2,3), min(4,5)] = [3,4]
4] U [3,5] = [min(2, 3), mazx(4,5)] = [2, 5]
(=7, =2]| =maz(| - 7|,|-2)) =7

[2
[2,
|

Interval arithmetic operations are defined by

[a,b] o[e,d] = {zoy |z €[a,b] and y € [¢,d]}, (4.42)

where o represents an arithmetic operation o € {4+, —,-, /}. Using the end
points of the two intervals, we can rewrite equation (4.42) as follows:
[a,b] + [c,d] =[a+ ¢, b+ d],
[a> b] - [C, d] = [a —d,b— C] ) (443)
[a,b] - [e,d] = [min(ac, ad, be, bd), max(ac, ad, be, bd)] ,
[a,b]/[c,d] = [min(a/c,a/d,b/c,b/d), max(a/c,a/d,b/c,b/d)],
provided 0 ¢ [e, d] in the division operation.
Ezxzample 4.7.2.
[2,4] +[3,5] =[2+ 3,44+ 5] =[5,9]
[2)4] - [3)5] = [2 - 574_3] = [_3)1]
[2,4] - [3,5] = [min(2-3,2-5,4-3,4-5),mazx(2-3,2-5,4-3,4-5)] =[6,20]
12,41/[3,5] = [min(2/3,2/5,4/3,4/5), maz(2/3,2/5,4/3,4/5)] = [2/5,4/3]

Now let us introduce the algebraic properties of interval arithmetic. In-
terval arithmetic is commutative,

[a,b] + [¢,d] = [c,d] + [a, D], (4.44)
[a7 b] : [C, d] = [C, d] ’ [a7 b]v (4-45)

and associative
[a'7 b] + ([C, d] + [ev f]) = ([av b] + [C, d]) + [67 f] ) (4-46)
[a'7 b] ’ ([C, d] : [67 f]) = ([av b] ’ [C, d]) ) [67 f] : (4-47)

But it is not distributive; however, it is subdistributive

[a'7 b] ’ ([C, d] + [6, f]) - [aa b] : [C, d] + [a7 b] : [67 f] . (4-48)

Ezample 4.7.3.
[1,2]-([1,2] - [1,2]) = [1,2] - ([-1,1]) ;2] C[1,2]-[1,2] —[1,2] - [1, 2]

=[-2
=[1,4] - [14]=[ 3, ]
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4.8 Rounded interval arithmetic and its implementation

If floating point arithmetic is used to evaluate these interval arithmetic equa-
tions there is no guarantee that the roundings of the bounds are performed
conservatively.! Rounded interval arithmetic (RIA) [253, 254, 4] ensures that
the computed end points always contain the exact interval as follows:

[avb]+[cvd] [( +C)_5l>(b+d)+6u]v

[a,b] —[e,d] = [(a —d) —e¢, (b—c) +eu], (4.49)
[a,b] - [c,d] = [min(a-c,a-d,b-¢c,b-d) — e, max(a-c,a-d,b-c,b-d) + &,] ,
[a,b] / [¢,d] = [min(a/c,a/d,b/c,b/d) — €;, max(a/c,a/d,b/c,b/d) + €,] ,

where g4 and €, are the units—in—last—place denoted by ulp, and ulp, for each
separate floating point number resulting from the floating point operations
giving the lower and upper bounds in (4.49). When performing standard
operations for interval numbers using RIA, the lower bound is extended to
include its previous consecutive FP number, which is smaller than the lower
bound by ulp,. Similarly, the upper bound is extended by wulp, to include
its next consecutive FP number. Thus, the width of the result is enlarged by
ulpy + ulp, and the resulting enlarged interval contains the exact interval.
The RIA concept has been applied to topologically reliable approximation of
curves and surfaces [58, 57], robust visualization [426], and approximation of
uncertain measured data [424].

Before describing the details of the PP algorithm in RIA, let us briefly
summarize the IEEE standard binary representation for double precision
floating point numbers [4].

4.8.1 Double precision floating point arithmetic

Most commercial processors implement floating point arithmetic using the
representation defined by ANSI/IEEE Std 754-1985, Standard for Binary
Floating Point Arithmetic [10]. This standard defines the binary represen-
tation of the floating point number X in terms of a sign bit s, an integer
exponent E, for E,;n < E < Ejh., and a p-bit significand B, where

X =(-1)%2FB. (4.50)

The significand B is a sequence of p bits byb; - - - b,—1, where b; =0 or 1,
with an implied binary point (analogous to a decimal point) between bits by
and by. Thus, the value of B is calculated as:

! This statement is true only for the default IEEE-754 rounding mode of round
towards nearest [10]. The subject of hardware rounding modes will be discussed
thoroughly later.
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p—1
B = bobiby---by1 = bp2° + ) 5270, (4.51)
i=1

For double precision arithmetic, the standard defines p = 53, Epim =
—1022, and E,,4, = 1023. The number X is represented as a 64-bit quantity
with a 1-bit sign s, an 11-bit biased exponent e = E + 1023, and a 52—
bit fractional mantissa m composed of the bit string bibs - - - bs2. Since the
exponent can always be selected such that bp = 1 (and thus, 1 < B < 2),
the value of by is constant and it does not need to be stored in the binary
representation.

63 62 --- 52 51 0
(s [ e | m |

The integer value of the 11-bit biased exponent e is calculated as:
10
e=-epe|---e19 = Z ;21071 (4.52)
i=0

The standard divides the set of representable numbers into the following
five categories:

1. If e = 2047 and m # 0, then the value of X is the special flag NaN (not
a number).

2. If e = 2047 and m = 0, then the value of X is +oco depending upon the
sign bit: positive if s = 0 and negative if s = 1.

3. If 0 < e < 2047, then X is called a normalized number, and

52
X = (=1)%2¢7102 1y = (—1)52¢71023 <1+Zbi2‘i> . (4.53)

i=1

4. If e =0 and m # 0, then X is called a denormalized number, and

52
X = (=1)°271020,, = (—1)%271022 <Z bi2‘i> . (4.54)
i=1

5. If e = 0 and m = 0, then the value of X is 0 depending upon the sign
bit. Although they have unique binary representations, arithmetically
-0 = +40.

Table 4.2 summarizes all of the representable double precision numbers.
The binary representation is presented with spaces separating the four 16—
bit subsets of the 64-bit value, and the symbol - separating the sign bit,
exponent bits, and mantissa bits. The numbers in the first column refer to
the aforementioned five categories of representable numbers.



4.8 Rounded interval arithmetic and its implementation 97

Table 4.2. Representable double-precision numbers and special values (adapted
from [4])

NaN in binary representation
1-11111111111-1111 1111111111111111 1111111111111111

NaN in binary representation
1-11111111111-0000 0000000000000000 0000000000000000

1111111111111111

0000000000000001

—oo in binary representation
1-11111111111-0000 0000000000000000 0000000000000000

0000000000000000

—1.7976931348623157 x 1073%® in binary representation
1-11111111110-1111 1111111111111111 1111111111111111

—8.9884656743115795 x 10737 in blnary representation
1-11111111110-0000 0000000000000000 0000000000000000

—4.4501477170144023 x 1073% in bmary representation
1-00000000001-1111 1111111111111111 1111111111111111

—2.2250738585072014 x 1072 in blnary representation
1-00000000001-0000 0000000000000000 0000000000000000

1111111111111111

0000000000000000

1111111111111111

0000000000000000

—2.2250738585072009 x 1073% in binary representation
1-00000000000-1111 1111111111111111 1111111111111111

—4.9406564584124654 x 107324 in blnary representation
1-00000000000-0000 0000000000000000 0000000000000000

1111111111111111

0000000000000001

—0.0 in binary representation
1-00000000000-0000 0000000000000000 0000000000000000
+0.0 in binary representation
0-00000000000-0000 0000000000000000 0000000000000000

0000000000000000

0000000000000000

+4.9406564584124654 x 1073** in binary representation
0-00000000000-0000 0000000000000000 0000000000000000

+2.2250738585072009 x 1073%® in binary representation
0-00000000000-1111 1111111111111111 1111111111111111

0000000000000001

1111111111111111

+2.2250738585072014 x 107 3%® in binary representation
0-00000000001-0000 0000000000000000 0000000000000000

+4.4501477170144023 x 107%%% in bmary representation
0-00000000001-1111 1111111111111111 1111111111111111

+8.9884656743115795 x 10+3°7 in binary representation
0-11111111110-0000 0000000000000000 0000000000000000

+1.7976931348623157 x 1073% in blnary representation
0-11111111110-1111 1111111111111111 1111111111111111

0000000000000000

1111111111111111

0000000000000000

1111111111111111

400 in binary representation
0-11111111111-0000 0000000000000000 0000000000000000

0000000000000000
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It is possible that the result of an operation on two normalized numbers
will not itself be representable as a normalized number. Consider the nor-
malized numbers x = 1.25 x 10739 and y = 1.23 x 1073%. Clearly, = # y.
However, in finite precision normalized floating point arithmetic z —y = 0
because  —y = 0.02 x 1073% = 2.0 x 1073%% which is too small to be rep-
resented as a normalized number. It is therefore rounded to the value of 0
[128, pp. 23-24].

The use of denormalized numbers ensures that the relationship

r=y < z—y=0, (4.55)

always holds true for all normalized numbers. It will also hold true for denor-
malized numbers where |z — y| > 4.9406564584124654 x 107324, the smallest
positive representable denormalized number.

The IEEE standard can represent 2046 - 252 a2 9.2 x 10'® normalized num-
bers, but only 2°2 — 1 ~ 4.5 x 10'® denormalized numbers. Denormalized
numbers are generally not encountered in routine calculations. The ratio of
denormalized to normalized numbers is 1/2046 ~ 4.8 x 10~*. Furthermore,
the denormalized numbers are not uniformly distributed throughout the rep-
resentable floating point space; rather, they occupy two contiguous groups on
either side of 0. Certain operations, however, such as root finding, iteratively
generate numbers that are increasingly close to 0. Therefore it is important to
allow for the possibility of encountering denormalized numbers when creating
robust arithmetic software.

4.8.2 Extracting the exponent from the binary representation

To calculate ulp it is necessary to extract the integer value of the exponent
from the binary representation. Recall that the value of the significand B of
a double precision number X is:

B=1+02"" 40272 4 - 4 5522752 (4.56)

and that the double precision value X = (—1)*2” B. The value of the least
significant bit bss is 27°2. Thus, the value of ulp is 2F2752 = 2F-52,

The value of ulp can be computed using the standard C mathematical
functions frezp() and Idezp() [194, pp. 250-51] as follows [245, 4]:

Algorithm 4.1
#include <math.h> /* standard C math library header */

double ulp(double x)
{
double ulp; /* ulp of x */
int exp; /* exponent of x, where exp = E+1 */
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frexp(x, &exp); /* extract exponent of x */
ulp = ldexp(0.5, exp-52); /* calculate ulp = 0.5" (exp-52) */

return ulp /* return ulp */

}

(Note that the function frezp() assumes that 0.5 < B < 1. Recall that the
unbiased exponent E defined by IEEE-754 assumes that 1 < B < 2, thus
exp = E + 1. In papers [58, 57, 178, 179, 180, 181, 245, 253, 254, 424, 426]
the convention of assuming 0.5 < B < 1 is followed.)

Because of the use of standard library functions, this implementation is
slow. To avoid using the library functions and to construct the ulp directly,
recall that the biased exponent e occupies bits 62 through 52. If we could
manipulate the binary representation as a 64-bit integer, we could extract
e by dividing by 2°2, which would right-shift the bit pattern by 52 bits,
placing e in bits 10 through 0. The sign bit s, which would then occupy bit
11, could be removed by performing a bitwise logical AND with the 64-bit
mask 0---011111111111 [4].

Most commercially available processors and programming languages, how-
ever, do not support 64-bit integers; generally, only 8, 16, and 32-bit integers
are available. To overcome this, we can overlay the storage location of the
64-bit double precision number with an array of four 16-bit (short) integers:

63 62 ... 52 51 0

s m |

e
short[0] [ short[1] [ short[2] [ short[3] |

63 48 47 32 31 S 16 15 S 0

In C or C++ this can be accomplished using the union data structure:

typedef union {

double dp; /* the 64-bit double precision value */
unsigned short sh[4]; /* overlay an array of */
} Double; /* 4 16-bit integers */

After the assignment:

double x; /* the double precision value */
Double D; /* copy of x */
D.dp = x;

the exponent of the variable x can be extracted from D.sh[0], whose 16 bits
contain the sign bit s (bit 15), the 11-bit biased exponent e (bits 14 through
4), and the 4 most significant bits byb2bsbs of the mantissa m (bits 3 through
0):
15 14---4 3210
| S | e | b1b2b3b4 |

The biased exponent e can be extracted from D.sh[0] by performing a
bitwise logical AND with the 16-bit mask 0111111111110000 to zero—out the
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sign bit and the four most significant bits of the mantissa:

15 14---4 3210

[ 0] e 10000 |
and then right—shifting e by 4 bits:
15 .- 11 10 --- O
| 0 --- 0 | e |

Then the unbiased exponent £ = e — 1023.

Some processor architectures order the four 16-bit elements of the array
sh in the reverse order, in other words, sh[0] is the rightmost (least signifi-
cant) 16-bit word, not the leftmost (most significant). To avoid the problem,
we can define the constant MSW to indicate the proper index of the left-most
16 bit array element:

#define MSW O /* 0 if the left-most 16-bit short is sh[0] */
/* 3 if the left-most 16-bit short is sh[3] */

When the ulp is a denormalized number a special case needs to be taken.
Recall that ulp = 2752 and E must be greater than —1023. Thus, if E <
—971 (or equivalently, e < 52, since e = E + 1023) then 2”752 can only be
represented as a denormalized number with biased exponent e, = 0 and
mantissa my, = b;, for 0 < ¢ < 51, where:

lifi=e—1
bi = { 0 otherwise . (4.57)

If e > 52 then ulp can be represented by the normalized number with ey, =
e—52and myy, =0---0.

The following function directly constructs ulp as the appropriate normal-
ized or denormalized number [4]:

Algorithm 4.2
static unsigned short mask[16] = { /* bit masks for bits 0 - 15 */
0x0001, 0x0002, 0x0004, 0x0008, 0x0010, 0x0020, 0x0040, 0x0080,
0x0100, 0x0200, 0x0400, 0x0800, 0x1000, 0x2000, 0x4000, 0x8000};

double ulp(double x)

{
Double U, /* ulp of x */
X; /* working copy of x */
int bit, /* position of bit e-1 in 16-bit word */
el, /* biased exponent - 1 */
word; /* index of 16-bit word containing bit e-1 */
X.dp = x;

X.sh[MSW] &= 0x7ff0; /* isolate exponent in 16-bit word */

/* X.sh[0] now holds the exponent in bits 14-4 */
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U.dp = 0.0; /* initialize exponent and mantissa to 0 */

if (X.sh[MSW] > 0x0340) /* ulp is normalized number */
U.sh[MSW] = X.sh[MSW]-0x0340; /* set exponent to e-52 */

/* the value 0x0340 is 52 left-shifted 4 bits,
i.e. 0x0340 = 832 = 52<<4 */

else { /* ulp is denormalized number */
el = (X.sh[MSW]>>4) - 1; /* biased exponent - 1 */
word = el1>>4; /+ find 16-bit word containing bit e-1 */
if (MSW == 0) word = 3 - word; /% compensate for word

ordering */
bit = el%16; /* find the bit position in this word */
U.sh[word] |= mask[bit]; /* set the bit to 1 */
}

return U.dp; /* return ulp */
}

(Note that the C right-shift operation n >> m is equivalent to integer divi-
sion, n/2™. Similarly, the left-shift n << m is equivalent to integer multipli-
cation, n - 2™.)

This implementation correctly and efficiently computes the ulp. For ex-
ample, for the value X = +2.2250738585072014 x 1073%® (the smallest pos-
itive normalized double precision number) the ulp = +4.9406564584124654
x 107324 which has the denormalized binary representation:

0-00000000000-0000 0000000000000000 0000000000000000 0000000000000001

For the value X = -1.7976931348623157 x 1073%® (the largest negative
normalized number) the ulp = +1.9958403095347198 x 10722 which has
the normalized binary representation:

0-11111001010-0000 0000000000000000 0000000000000000 0000000000000000

4.8.3 Comparison of two different unit — in — the — last — place
implementations

The following table gives a comparison of the running times between Algo-
rithms 4.1 and 4.2 for computing ulp. The timings (in CPU seconds) were
taken on a 100 MHz RISC processor (SGI Indy with MIPS R4000 proces-
sor). The reported values are the accumulated CPU times to perform 100,000
calculations of the ulp of various representative values of X.

The time required by Algorithm 4.1 increases as the ulp becomes smaller,
while the time required by Algorithm 4.2 is constant for normalized ulp’s
and the time for denormalized wlp’s is also constant, but slower by a factor
of 1%. In most of the applications in the context of shape interrogation, RIA
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Table 4.3. CPU time (in seconds) for the two implementations (adapted from [4])

X ulp (approx.) Algorithm 4.1  Algorithm 4.2
-1.25 +2.22 x 10716 0.10 0.03
—1.25 x 107190 42,54 x 107116 1.59 0.03
—1.25 x 1072 4145 x 1072*¢ 3.11 0.03
—1.25 x 10728 11.87 x 10730 4.40 0.03
—1.25 x 1072 4217 x 1073 1 6.68 0.05

 This ulp is a denormalized number.

implementations are an order of magnitude more expensive than non-robust
floating point algorithms [4].

4.8.4 Hardware rounding for rounded interval arithmetic

Since floating point numbers are represented in finite precision, many values
may need to be rounded to a representable bit pattern [4]. The IEEE-754
standard defines four rounding modes [10]: 1) Round to nearest (the de-
fault mode); 2) Round to positive infinity; 3) Round to negative infinity; and
4) Round to zero. We can examine the effects of these rounding modes by
calculating intermediate values between two adjacent exactly representable
floating point numbers:

X1 = +2.0000000000000009

= 0-10000000000-0000 0000000000000000 0000000000000000 0000000000000010
X> = +2.0000000000000013

= 0-10000000000-0000 0000000000000000 0000000000000000 0000000000000011

which differ only in the last bit of the mantissa.

Since IEEE-754 represents the mantissa with 52 bits, to exactly represent
the three uniformly spaced intermediary values, X + i (Xo—X1), X5+ % (Xo—
X1), and X + %(Xg — X1), would require two additional bits in the mantissa,
as shown in Table 4.4. To represent the negative values —X; and —X5 only
the sign bit is changed from 0 to 1; the exponent and mantissa bit patterns
remain the same. The rounding mode round to zero is not depicted in the
table since it is not relevant to our application. Round to zero is equivalent to
round to negative infinity for positive values, and to round to positive infinity
for negative values.

For a given unlimited precision floating- point value x, which may not be
exactly representable under IEEE-754 (i.e. it may require more than 52 bits
to represent the mantissa of x), we want to construct the tightest possible
interval [z¢,z,] such that the lower bound z, is the largest possible repre-
sentable number not greater than x, and the upper bound z,, is the smallest
possible representable number not less than x:
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Table 4.4. Comparison of rounding modes (adapted from [4])
Actual Round To Nearest Round To +oc0
Value Mantissa Rounded | Represented | Rounded | Represented
52 bits +2 | Mantissa Value Mantissa Value
+2.0...009 | 00...010 00 | 00...010 | 4+2.0...009 | 00...010 | +2.0...009
+2.0...010 | 00...010 01 | 00...010 | +2.0...009 | 00...011 | +2.0...013
+2.0...011 | 00...010 10 | 00...010 | 4+2.0...009 | 00...011 | +2.0...013
+2.0...012 | 00...010 11 | 00...011 | +2.0...013 | 00...011 | +2.0...013
+2.0...013 | 00...011 00 | 00...011 | +2.0...013 | 00...011 | +2.0...013
—2.0...009 | 00...010 00 | 00...010 | —2.0...009 | 00...010 | —2.0...009
—2.0...010 | 00...010 01 | 00...010 | —2.0...009 | 00...010 | —2.0...009
—2.0...011 | 00...010 10 | 00...010 | —2.0...009 | 00...010 | —2.0...009
—-2.0...012 | 00...010 11 | 00...011 | —2.0...013 | 00...010 | —2.0...009
—2.0...013 | 00...011 00 | 00...011 | —2.0...013 | 00...011 | —2.0...013
Actual Round To —co
Value Mantissa Rounded | Represented
52 bits +2 | Mantissa Value
+2.0...009 { 00...010 00 | 00...010 | +2.0...009
+2.0...010 | 00...010 01 | 00...010 | +2.0...009
+2.0...011 | 00...010 10 | 00...010 | +2.0...009
+2.0...012 | 00...010 11 | 00...010 | +2.0...009
+2.0...013 | 00...011 00 | 00...011 | +2.0...013
—2.0...009 | 00...010 00 | 00...010 [ —2.0...009
—2.0...010 | 00...010 01 | 00...011 | —2.0...013
—2.0...011 | 00...010 10 | 00...011 | —2.0...013
—2.0...012 | 00...010 11 | 00...011 | —2.0...013
—2.0...013 { 00...011 00 | 00...011 | —2.0...013
Ty << Iy - (4.58)

This condition is satisfied by rounding to negative infinity when calculating
the lower bound, and rounding to positive infinity when calculating the upper
bound. Note that if z is exactly representable, then x;, = = = x,,.

4.8.5 Implementation of rounded interval arithmetic

For implementational simplicity when switching between ulp rounding and
hardware rounding, we have developed a C++ class (shown in fragmentary
form below) for interval numbers operating in floating point numbers [4]:

class Interval {

private:

double low;
double upp;

publi

c:

Interval() { low = upp = 0.0; }

// class constructors

// lower bound of interval
// upper bound of interval

friend Interval add(Interval, Interval, Interval &);

// utility function
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I
Interval operator + (Interval a, Interval b)
// overloaded addition operator

{
Interval c;
add(a, b, c); // call appropriate utility function
return c; // return sum of a and b

}

Software rounding using the ulp is implemented by overloading the arithmetic
operators as shown in the following example for addition:

Interval add(Interval a, Interval b, Interval &c)

{
double low = a.low + b.low; // calculate the lower bound
double upp = a.upp + b.upp; // calculate the upper bound

c.low
c.upp

low - ulp(low); // extend the lower bound by ulp
upp + ulp(upp); // extend the upper bound by ulp

where ulp() is the function described previously for calculating the ulp.
Hardware rounding is implemented by overloading the arithmetic opera-
tors as follows:

Interval add(Interval a, Interval b, Interval &c)

{
swapRM(ROUND_TO_MINUS_INFINITY); // set round to -infinity mode
c.low = a.low + b.low; // calculate the lower bound
swapRM(ROUND_TO_PLUS_INFINITY); // set round to +infinity mode
c.upp = a.upp + b.upp; // calculate the upper bound

where swapRM () is the SGI-specific function for setting the IEEE-754 round-
ing mode. (Although requiring the implementation of the four rounding
modes, the standard does not specify the mechanism by which the modes
are set.)

The software rounding method is computationally more expensive than
hardware rounding, requiring an extra addition and subtraction and the com-
putation of the ulp of two values. Note that the software rounding method
extends the upper and lower bounds of the interval during every arithmetic
operation; the hardware rounding method only extends the bounds when the
result of the operation cannot be exactly represented, producing tighter inter-
val bounds. Thus, the relationship between an infinite precision value x and
its interval under ulp rounding is z; < = < x,, while for hardware rounding
itis oy <o < @y
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4.9 Interval Projected Polyhedron algorithm

Maekawa [245] and Maekawa and Patrikalakis [253, 254] extended the PP
algorithm to operate in rounded interval arithmetic (RIA) in order to solve
a nonlinear polynomial system robustly, which we refer to as Interval Pro-
jected Polyhedron (IPP) algorithm. Rounded interval arithmetic operations
can be implemented effectively in object-oriented languages such as C++
as we discussed in Sect. 4.8. Other than overloading the arithmetic oper-
ations, we need to pay attention in intersecting each convex hull with the
horizontal axis (see Sect. 4.4). The computed parametric values result in in-
terval numbers ujoy = [Uq, up] and uyp = [Uc,uq]. We simply replace them
by Uiow = [Ua, Ua] and uyy = [ug, uq] to keep the parameter as real numbers
or in other words degenerate interval numbers.

We illustrated the effectiveness of the IPP algorithm using the single
polynomial equation (z —0.1)(z — 0.6)(x — 0.7) = 0 that we used in Example
4.6.2. The output of this computation is listed in Table 4.5. If we compare
the bounding boxes of Tables 4.1 and 4.5 for each iteration, we can easily
recognize that the bounding boxes of the RIA are always conservative with
respect to the FPA. Also at iteration 9, FPA loses the root 0.7 due to floating
point error, while RIA finds it.

Table 4.5. (x-0.1)(x-0.6)(x-0.7)=0 solved by IPP algorithm (adapted from [254])

Iter Bounding Box (RIA) Message

1 [0, 1]

2 [0.076363636363635, 0.856000000000001]

3 [0.0981877322393447, 0.770083868324001]

4 [0.0999880766853675, 0.723874047810262]  Binary Sub.
5 [0.402239977003124, 0.704479954527489]
6
7
8
9

[0.550441290533286, 0.700214508664294]
[0.591018492648947, 0.700000534482208]
[0.599458794784611, 0.700000000003333]  Binary Sub.
[0.649998841568894, 0.7] Root Found
10 [0.599997683137788, 0.649998841568895]  Root Found
11 [0.0999999994787598, 0.402239977003124] Root Found

4.9.1 Formulation of the governing polynomial equations

As we have seen in Example 4.6.1, we may introduce numerical errors during
the formulation of the governing equations in a shape interrogation problem.
Formulation of the governing simultaneous nonlinear polynomial equations
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in multivariate Bernstein form for shape interrogation usually involves arith-
metic operations in Bernstein form (see Sect. 1.3.2) starting from the given
input Bézier curve or surface. Therefore to achieve an accurate formulation
[254, 253], we suggest:

e Use of rational arithmetic (RA) or rounded interval arithmetic (RIA) [272]
(see also Sect. 4.8), if the control points of the given curve or surface
are floating point numbers to maintain a pristine or guaranteed precision
statement of the problem, respectively.

e Use of RIA if the control points of the given curve or surface are irra-
tional numbers to avoid any numerical contamination by standard FPA.
This happens, for example, when the curve or surface is rotated, since the
rotation matrix involves cosines and sines, which are generally irrational.

e Conversion of the coefficients of the nonlinear equations in Bernstein form
into intervals with FP number boundaries if rational arithmetic is used in
the formulation.

Rational and rounded interval arithmetic operations can be implemented
effectively in object-oriented languages such as C++. Computation time com-
parison for various combinations of arithmetic for the formulation of the gov-
erning equations and their solution is presented in [245].

4.9.2 Comparison of software and hardware rounding

We have compared the software and hardware rounding methods in solving
the following two examples using the IPP solver. The first example is the
degree 20 Wilkinson polynomial, which we introduced in Sect. 1.3.3, whose
roots are known for their numerical instability. For a tolerance of £10~2 both
methods found all 20 roots. However, as reported in Table 4.6 the hardware
rounding method was 2.4% faster (24.7 versus 25.3 CPU seconds) and had
marginally tighter interval bounds.

For a second example, we used the IPP solver to find the self-intersection
points of the offset curve of a planar degree six Bézier curve originally inves-
tigated by Maekawa and Patrikalakis [253]. For a tight tolerance of £10712
both methods correctly find two pairs of roots for each of the two self-
intersection points (see Fig. 11.11 (a)). However, as shown in Table 4.7 the
hardware rounding method was 25.8% faster than the software ulp method.

We have compared two methods for performing robust rounded interval
arithmetic. The intervals produced by the software ulp method are slightly
larger, as this method performs the rounding conservatively, extending the
upper and lower bounds by ulp during every arithmetic operation. The hard-
ware rounding method only extends the bounds when the result of the oper-
ation cannot be exactly represented.

The differences in the running times of the two methods reflect the relative
times required to compute the ulp versus setting the hardware rounding mode
flag. In our experiments performed on an SGI Indy workstation the hardware
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rounding method is consistently faster than the ulp method, with problem-
specific performance increases between 2 and 25%. Other researchers have
found that hardware rounding is approximately 15% slower than the ulp
method on a Power Macintosh [310]. Thus, it appears that the computational
efficiency of the two methods is dependent on the host system architecture.
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Table 4.6. Root finding for degree 20 Wilkinson polynomial for software and hard-
ware rounding. The reported times are the accumulated CPU seconds necessary to
solve for the roots 50 times (adapted from [4])

Root Software rounding

1.0 0.9999999949999983, 1.000000005]

0.95 0.9499999949999989, 0.9500000050000008
0.9 0.8999999949959929, 0.9000000049959949
0.85 0.8499999949999413, 0.8500000049999432
0.8 0.7999999900304406, 0.8000000000304426
0.75 0.7499999949438847, 0.75000000494 38866
0.7 0.6999999949920326, 0.7000000049920345
0.65 0.6499999949869547, 0.6500000049869566
0.6 0.5999999949383569, 0.6000000049383588
0.55 0.5499999949774965, 0.5500000049774985
0.5 0.4999999949594102, 0.5000000049594113
0.45 0.4499999950181615, 0.4500000050181623
0.4 0.3999999950865321, 0.4000000050865329
0.35 0.3499999950804608, 0.3500000050804616
0.3 0.2999999950142164, 0.3000000050142173
0.25 0.2499999949978854, 0.2500000049978859
0.2 0.1999999950002637, 0.2000000050002642
0.15 0.1499999950005055, 0.1500000050005059
0.1 0.09999999500015867, 0.1000000050001589]
0.05 0.04999999524378046, 0.05000000524378057]

CPU 25.3

Root Hardware rounding

1.0 0.9999999949999999, 1.000000005]

0.95 0.9499999949999994, 0.9500000049999997]
0.9 0.899999994995992, 0.9000000049959923]
0.85 0.8499999949999332, 0.8500000049999337
0.8 0.7999999900306577, 0.8000000000306582
0.75 0.7499999949787219, 0.7500000049787222
0.7 0.6999999949980986, 0.7000000049980991
0.65 0.6499999949944346, 0.6500000049944349
0.6 0.599999994956996, 0.6000000049569965]
0.55 0.5499999949777089, 0.5500000049777094
0.5 0.4999999949696504, 0.5000000049696507
0.45 0.4499999950891842, 0.4500000050891845
0.4 0.3999999950232258, 0.400000005023226]
0.35 0.3499999950964761, 0.3500000050964763
0.3 0.2999999950216165, 0.3000000050216168
0.25 0.2499999950006767, 0.250000005000677]
0.2 0.199999995000106, 0.2000000050001061]
0.15 0.1499999950003841, 0.1500000050003842]
0.1 0.09999999500016345, 0.1000000050001635]
0.05 0.04999999524378028, 0.05000000524378029]

CPU 24.7
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Table 4.7. Results of finding self-intersections of offset of degree six Bézier curve
(adapted from [4]). Timings are reported in CPU seconds

Method CPU Roots

Software  168.0 12
Hardware 124.6 12







5. Intersection Problems

5.1 Overview of intersection problems

Intersections are fundamental in computational geometry, geometric model-
ing and design, analysis and manufacturing applications [275, 19, 175, 294,
299]. Examples of intersection problems include:

Contouring of surfaces through intersection with a series of parallel planes

or coaxial circular cylinders or cones for visualization (see Fig. 5.1).

Numerical control machining (milling) involving intersection of offset sur-

faces with a series of parallel planes, to create machining paths for ball

(spherical) cutters (see Fig. 5.2, and Sect. 11.1.2).

Representation of complex geometries in the Boundary Representation (B-

rep) scheme; for example, the description of the internal geometry and of

structural members of automobiles, airplanes, and ships involves

— Intersections of free-form parametric surfaces with low order algebraic
surfaces (planes, quadrics, torii, cyclides [83)]);

— Intersections of low order algebraic surfaces (see Fig. 5.26);

in a process called boundary evaluation, in which the Boundary Representa-

tion is created by evaluating a Constructive Solid Geometry (CSG) model

of the object [342, 260, 56, 167, 341, 343]. During this process, intersections

of the surfaces of primitives (see Fig. 5.3) must be found during Boolean

operations. Boolean operations on point sets A, B include (see Fig. 5.4)

union A U B, intersection A N B, and difference A — B.

All such operations involve intersections of surfaces to surfaces. In order

to solve general surface to surface (S/S) intersection problems, the following
auxiliary intersection problems need to be considered:

. point/point (P/P)
. point/curve (P/C)
. point/surface (P/S)
. curve/curve (C/C)
. curve/surface (C/S)

All above six types of intersection problems are also useful in geometric mod-
eling, robotics, collision avoidance, manufacturing simulation, scientific vi-
sualization, etc. When the geometric elements involved in intersections are
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7

nonlinear (curved), intersection problems typically reduce to solving systems
of nonlinear equations, which may be either polynomial or more general func-
tions.

Solution of nonlinear systems is a very complex process in general in
numerical analysis and there are specialized textbooks on the topic [292, 69,
273]. However, geometric modeling applications pose severe robustness, accu-
racy, automation, and efficiency requirements on solvers of nonlinear systems.
Therefore, geometric modeling researchers have developed specialized solvers
to address these requirements explicitly using geometric formulations as we
have seen in Chap. 4.

When studying intersection problems, the type of curves and surfaces that
we consider can be classified as follows:

Fig. 5.1. A marine propeller is visualized
through intersection with a series of parallel
planes

Rational polynomial parametric (RPP)
Procedural parametric (PP)

Implicit algebraic (IA)

Implicit procedural (IP)

where procedural curves and surfaces are defined by means of an evaluation
method without explicit use of the specific analytical properties of the defin-
ing formula. For example, procedural curves include offsets and evolutes,
procedural surfaces include offsets, evolutes, blends and generalized cylinders
(e.g. pipe and canal surfaces). However, some of the above procedural curves



5.2 Intersection problem classification 113

20

10

-10

100

Y (mm)

0

X (mm)

Fig. 5.2. Offset surface is intersected with a series of parallel planes to generate a
tool path for 3-D NC machining (adapted from [222])

and surfaces under special conditions can be expressed in the RPP or the TA
form, in which case the corresponding methods can be used (see for example
[101, 240, 255, 237, 238]).

5.2 Intersection problem classification

The fundamental issue in intersection problems is the efficient discovery and
description of all features of the solution with high precision commensurate
with the tasks required from the underlying geometric modeler [294, 299].
Reliability of intersection algorithms is a basic prerequisite for their effective
use in any geometric modeling system and is closely associated with the
way features of the solution such as constrictions (near singular or singular
situations), small loops and partial surface overlap are handled. The solutions
resulting from most present techniques, implemented in practical systems, are
further complicated by imprecisions introduced by numerical errors present
in finite precision computations.

Intersection problems can be classified according to the dimension of the
problem and according to the type of geometric equations involved in defining
the various geometric elements (points, curves and surfaces). The solution
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Fig. 5.3. Primitive solids

of intersection problems can also vary according to the number system in
which the input is expressed and the solution algorithm is implemented. Such
intersection problem classification is addressed in the next three subsections.
Only the most important intersection problems are addressed in detail in
Sects. 5.3 to 5.8.

5.2.1 Classification by dimension

Using the abbreviation in Sect. 5.1, intersection problems can be classified
in three subcategories, where one intersecting entity is a point or curve or
surface as below:

1. P/P,P/C, P/S
2. C/C, C/S
3. 5/S

5.2.2 Classification by type of geometry

In this subsection, we classify the various types of geometric specification of
points, curves and surfaces that we will use in formulating various intersection
problems:
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D

Two Primtives Uni on
Intersection Di fference

Fig. 5.4. Example of Boolean operations

1. Points

a) Explicit: ro = (20, Y0, 20)"

b) Procedural: Intersection of two procedural curves, a procedural curve
and a procedural surface, or three procedural surfaces.

c) Implicit algebraic: Intersection of three implicit surfaces, or equiva-
lently f(r) = g(r) = h(r) = 0, where f, g, h are polynomial functions
and r = (z,y,2)7

2. Curves

a) Parametric: r =r(¢), 0 <t < 1.

i. (Rational) (piecewise) polynomial: Bézier, rational Bézier, B-
spline, NURBS.
ii. Procedural: offsets, evolutes, etc.

b) Implicit algebraic: A 2-D planar curve is given by z = 0, f(z,y) =
0, while a 3-D space curve is given by intersection of two implicit
algebraic surfaces f(r) = g(r) = 0.

3. Surfaces
a) Parametric: r = r(u,v), 0 < u,v < 1.
i. (Rational) (piecewise) polynomial: Bézier, rational Bézier, B-
spline, NURBS.
ii. Procedural: offsets, blends, generalized cylinders, etc.
b) Implicit algebraic: f(r) = 0.
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5.2.3 Classification by number system

In our discussion of intersection problems, we will refer to various classes of
numbers:

1. Rational numbers, m/n, n # 0, where m,n are integers.

2. Floating point (FP) numbers in a computer (which are a subset of ratio-
nal numbers, see Sect. 4.8.1 and [4]).

3. Algebraic numbers (roots of polynomials with integer coefficients).

4. Real numbers, e.g. transcendental numbers such as e, 7, trigonometric,
etc.

5. Interval numbers, [a, b], where a,b are real numbers.

6. Rounded interval numbers, [c, d], where ¢,d are FP numbers.

Issues relating to floating point and interval numbers affecting the robust-
ness of intersection algorithms were addressed in Chap. 4 in the context of
nonlinear solvers as well as in [4, 105, 179, 178, 391].

5.3 Point/point intersection

Point/point intersection problems reduce to checking the Euclidean distance
between two points r; and rs, i.e.

Iy~ <e, (5.1)

where ¢ represents the maximum allowable tolerance. Choice of tolerances in
a geometric modeler is a difficult open question [308]. For example it may
cause incidence intransitivity. Figure 5.5 gives an example of three points ry,
ro and r3 where ry = ry since |r; — ra| < g, ry = r3 since |ry —r3| < ¢,
but ry # rs, since |r; — r3| > €. When points are represented procedurally
or via implicit algebraic equations, P/P intersection can be typically reduced
to comparison of intervals which contain such isolated points. In Hu et al.
[180, 181] interval point equality is defined in an alternate manner: if the
intervals representing the points intersect, assuming these intervals are very
small, then the points are considered coincident and a new interval point
(the minimal rectangular box with faces parallel to the coordinate planes) is
used to replace the two coincident points. With this construction, incidence
transitivity is guaranteed in the context of interval solid modeling but at the
cost of reduced resolution (accuracy).

5.4 Point/curve intersection

5.4.1 Point/implicit algebraic curve intersection

Intersection between a point and a planar implicit curve is defined as:
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g

Fig. 5.5. Intersection of points within a tolerance is intransitive

rOQ{Z:(): f(xvy) :0} > (52)

where f(z,y) is usually a polynomial and f(z,y) = 0 represents an algebraic
curve. In an exact arithmetic context, we can substitute ro in {z, f(z,y)}
and verify if the results are zero. Similarly, we could handle

ro N{f(r) =g(r) =0}, (5.3)

where f(r) = g(r) = 0 represents an implicit 3-D space curve. However, if
floating point arithmetic is used in evaluating f(z,y), the result will not be
exactly zero due to round off errors.

Now let us examine the distance between a point ro = (zo,%0)? and a
planar implicit curve f(z,y) = 0. The geometric distance is given by:
d = min|r —ro|, (5.4)

where r = (2,y)? must satisfy f(r) = 0. The true geometric distance is
difficult and expensive to compute (especially if we need to deal with a large
set of points as in inspection problems). As an alternative, we can compute
an approximate distance. We Taylor expand f(x,y) = 0 about (zo,yo) up to
the first order as follows:

f(z,y) = f(wo,y0) + fu(xo,y0)Az + fy(20,y0) Ay =0, (5.5)

where Az = 2 — xyp and Ay = y — yo- From the stationary condition of the
distance |r — rp|, we can deduce the orthogonality condition

fy(a:,y)A:v — falz,y)Ay =0 (5.6)

Since we do not know the footpoint (x,y) on the implicit curve which gives
the minimum distance, we will also Taylor expand f,(z,y) and f,(z,y) about
(o, Yo) up to the first order as follows:
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fm(xay) = fac(anyO) + fm(fﬂo,yo)ﬂw + fmy(J«'anO)Ay ) (5-7)
Ty(@,y) = fy(®0,%0) + fya(T0,90) A% + fiy (20, 90) Ay (5.8)

After substituting (5.7) and (5.8) into (5.6) and neglecting the second order
terms we have

fy(ﬁfo,yo)Al“ — fa(z0,90)Ay = 0. (5.9)

Equations (5.5) and (5.9) form a linear system in Az and Ay which can be
solved as

Az = f (o, 90) fz(T0,Y0) Ay = f(ﬂft);yo)fy(ﬂfo,yo)

2 (w0, y0) + f2(wo,y0)’ v 2 (wo,y0) + f2(zo,y0) ’
(5.10)

provided the denominators are not zero. Therefore the first order approxima-
tion to the true geometric distance (5.4) reduces to

|V f(zo,y0)|

provided that |V f(zg, y0)|#0. Consequently if the algebraic distance |f(zo, yo)|
< € < 1 where € is a small positive constant and f is normalized so that
|f(z,y)] < 1 in the domain of interest including rp, then an approximate
minimum distance check can be performed by evaluating the non-algebraic
distance (5.11).

f(r)=0

Fig. 5.6. Algebraic curves meet at small angle

Having evaluated the approximate minimum distance (5.11), we can now
address a complex point to point intersection problem which further eluci-
dates the notion of geometric distance for use in intersection problems. We
discuss an intersection problem, where we need to check if the intersection
point of the two planar algebraic curves crossing at a small angle, intersects
a point r( as illustrated in Fig. 5.6 or more precisely

r[)ﬂ{'z:o:f(may):g(x>y):0}) (512)

where
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Vf Vg

ASENRE P 5.13
Wil (5.13)

evaluated at the intersection point f = g = 0. Even if f(z,y) and g(z,y)
satisfy

|f(zo,y0)| <e <1 and & = TS a0 g0l |f§cﬁ‘;0y"y)l)| <ik1l, (5.14)
l9(z0, yo)|

Zo, <ekKl and dp=—"""-<6K1, 5.15

|g( 0 y0)| ? |Vg(35oay0)| ( )

it is not enough to guarantee proximity of rg to the intersection of f(z,y) = 0,
g(z,y) = 0 as shown in Fig. 5.6.

Fig. 5.7. Algebraic curves approximated by straight lines

In such cases, using a linear approximation, and letting

1

< f (w0, y0) v 9(xo, o) ‘

Y Fool TV a0l (5.16)

¢ >~ cos™
be the angle of intersection as in Fig. 5.7 near the intersection point, a bet-
ter criterion for evaluating if rg is near the intersection of f(z,y) = 0 and
g(z,y) = 0 is given by

_ 1 [ |f(=o,90)| l9(z0,y0)] >
B (Ivf(a:o,yo)l v gloo)) <0< (5.17)

5.4.2 Point/rational polynomial parametric curve intersection

Mathematically, an intersection between a point and a rational polynomial
parametric (RPP) curve is defined as

X(@) Y() Z()
W(t) W(t) W(t) =

roﬂr:r(t):<

where X (¢), Y(¢) , Z(t) and W (t) are polynomials.
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Elementary method. We solve each of the following three nonlinear poly-
nomial equations separately using a numerical scheme such as Newton’s
method or Laguerre’s iteration method [69] and we search for common real
rootsin 0 <¢ < 1:

z(t) —xo=0, y{t)—yo=0, 2(t)—20=0. (5.19)

In principle, this elementary approach is easy, however in practice, this pro-
cess is complex and inefficient and prone to numerical inaccuracies.

Bounding box and subdivision followed by minimization method.
We use a bounding box of r(¢) to eliminate easily resolvable cases, with some
level of subdivision to reduce box size. For a rational polynomial curve with
control points (z;,y;, 2;), the bounding box is given by

min(z;) < z(t) < max(z;) , (5.20)
min(y;) < y(t) < max(y;) , (5.21)
min(z;) < z(t) < max(z;) , (5.22)

as shown in Fig. 5.8 for a planar curve case. A tighter bounding box can be
obtained by axis reorientation [207]. To eliminate numerical error in the sub-
division process (which can lead to erroneous decisions), rational arithmetic
may be employed (if the input coefficients of r(¢) are rational or floating point
numbers). This can be easily done in object-oriented languages such as C++
using operator overloading. We continue subdivision until the bounding box
is small. Then, we could use a numerical technique [69], for example:

F(t) = min{|ro —r(t)]*}, teT, (5.23)

and use some values of ¢ from the interval I as the initial approximation.
Use of the square of the distance function is necessary to avoid possible
divergence of the derivative of the distance function, if it approaches zero. If
the minimization process converges to to and \/F(tg) < €, then ¢ = t¢ is the
desired solution.

Distance function method. A more robust method than the above is to
compute the stationary points of the squared distance function D = D(t)
between a point and a variable point on a rational polynomial curve. We
search for zeros of the derivative D(¢) and then examine if at those zeros the
squared distance function attains a minimum. Detailed formulation is given
in Chap. 7, and a robust solution method based on the IPP algorithm is
provided in Chap. 4.

Implicitization. As we have discussed in Sect. 5.4.1, point/implicit curve
intersection problem is conceptually very simple. Therefore it is natural to
consider conversion of the curve equation from a parametric form to an im-
plicit form. Sederberg et al. [370, 371, 373, 377, 379] used implicitization,
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mex(yi) —

mn(y)

| |
[ [ X

m n(x;) max(x;)

Fig. 5.8. Bounding box of a rational polynomial curve

which originates in classical algebraic geometry [436, 216, 2, 412], to com-
pute such intersections.

Let us consider two polynomial equations =z = z(t), y = y(t) of degree m
and n respectively as follows:

T = pt™ 4 G 1t - art +ag (5.24)
Y =bpt" + by t" o+ bt + by, (5.25)

where a,, # 0 and b,, # 0. Or equivalently

amt™ + @1t T+t ait+ag—2 =0, (5.26)
bt" + by 1t" bt +byg—y =0 (5.27)
Now we form the following (m + n) X (m + n) matrix by generating auxil-

iary equations by multiplying (5.26) and (5.27) by appropriate monomials as
follows:

apg— T a Am 1
n rows ag — a1 BRI 9 t
t2
ag — T a1 e Qm
bo—y b1 bn
m rows bo —y by e by,

bo—y b - by gmtn=t
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= 1, (5.28)

0
where all blanks correspond to zeros. The resultant of the two polynomials
(5.26), (5.27), which is denoted by f(x,y), is the determinant of the above
matrix [216]. The vanishing of the resultant, i.e. f(z,y) = 0 is a necessary
and sufficient condition for the polynomials (5.26) and (5.27) to have a com-
mon root. In other words, all z, y values that satisfy f(z,y) = 0 lie on the
parametric curve, and hence f(z,y) = 0 is the implicit form of the parametric
equation z = x(t), y = y(t).

Evidently, f(z,y) has degree n,m in z,y, respectively. Furthermore,
McKay and Wang [265] proved that the leading form f*(x,y), which consists
of the terms r;jz'y/ with mi +nj = mn, is equal to (—1)™ [ ™ y™/ T —
b,™/?z"/4]% where d is the greatest common divisor of m and n. Therefore,
if m = n, f*(z,y) has the form (=1)"[a,y — by, x]™, and thus the highest
total degree of the implicit algebraic representation of the curve is m. An al-
ternate geometric way of visualizing this is to consider the maximum number
of intersections of a straight line ax + By + v = 0, with the planar paramet-
ric curve £ = apt™ + -+ + art + ag,y = bpt™ + - -+ 4+ b1t + by, which upon
substitution into the (linear) equation of the line leads to the conclusion that
the highest total degree is maz(m,n). Note that the curve z = t™, y = t™
can be represented implicitly using resultants as (—1)"(y — z)™ = 0. The
exponent m of (y — x) arises in order to reflect the m complex roots for the
parameter ¢t of x = t™ or y = t™ for given z or y.

Once we have the implicit form, we check if f(zo,y0) = 0 in an exact
arithmetic context to verify if (zo, yo) is on the initial curve. Resultants can be
computed exactly (in rational arithmetic) in symbolic manipulation programs
such as MATHEMATICA [445], MAPLE [51], but the evaluation procedure tends
to be slow for high degree cases.

Finally we may need to determine the corresponding parameter value ¢ on
the parametric curve at the point (xg, yo)- This process is called inversion. We
set x = xp and y = yo in (5.28) and discard any row of the resultant matrix
and solve for any of the ratio of #*/tP~1 (1 < p < m +n — 1) which gives
the parameter value ¢ [373]. The implicitization and inversion methods are
efficient for low degree polynomials but there are no guarantees on accuracy
and robustness, if these methods are implemented in floating point arithmetic.
Subdivision methods are preferable for higher degrees, and as we have seen in
Chap. 4 when coupled with rounded interval arithmetic, they become robust
and accurate. Intersection of points (zo, Yo, 20) and 3-D polynomial curves
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r = r(¢) via implicitization involves a process of projection on zy-plane and
finding to by inversion and verification of zg = z(to).

5.4.3 Point/procedural parametric curve intersection

Mathematically, an intersection between a point and a procedural parametric
(PP) curve is defined as:

roNr(t), 0<t<1. (5.29)

In general there is no known and easily computable convex box decreasing
in size arbitrarily with subdivision for a procedural parametric curve. An
approximate solution method may involve minimization of

F(t) = [r(t) — o/, (5.30)

where ¢ € [0, 1]. This would also involve the checking of end points, i.e. if F'(0)
or F'(1) are zero. Initial estimate for the possible minima, may be found by
using linear approximation of r(t) to start the process. However, convergence
of the above minimization processes is not guaranteed in general and there
may exist more than one minima. Furthermore convergence to local and not
global minimum (where F'(t) # 0 ) is possible.

For certain classes of procedural curves such as offsets and evolutes of
rational curves involving radicals of polynomials, it is possible to use the
auxiliary variable method described in Sect. 4.5 [169, 253, 252] to reduce the
problem to a set of nonlinear polynomial equations. Such systems can be
solved robustly and efficiently using the IPP algorithm described in Chap. 4.
Alternatively, some procedural curves admit a rational parametrization (e.g.
offsets [237, 238, 323]) in which case the problem reduces to the formulation
of Sect. 5.4.2.

5.5 Point/surface intersection

5.5.1 Point/implicit algebraic surface intersection

The mathematical description for a point and an implicit surface f(r) = 0
intersection is given by

roNf(r)=0. (5.31)

Similar to the point implicit curve intersection case, the condition for
intersection is given by

|f(ro)| <e, Aol J, (5.32)

|V £(ro)]

where €,d are small positive constants, provided |V f(rg)| # 0.
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5.5.2 Point/rational polynomial parametric surface intersection

Point/rational polynomial parametric (RPP) surface intersection is defined
as:

X(u,v) Y(u,v) Z(u,v) T
W(Uav)’W(u,v)’W(u’v)> , 0<u,v<1.
(5.33)

roNr = r(u,v) = <

Implicitization. Implicitization is possible for RPP surfaces but it is com-
putationally expensive for high degree surfaces and with the necessary use
of exact rational arithmetic for robustness. For a rational polynomial surface
with maximum degrees in u and v equal to m and n, i.e. r = r(u™,v"), the
implicit equation is of the form f(r) = 0 where the highest total degree of
the polynomial f(r) is ¢ < 2mn [373]. Therefore, for m = n = 3, ¢ < 18
and for m = n = 2, ¢ < 8. The implicitization method is useful for special
surfaces such as cylindrical and conical ruled surfaces, surfaces of revolution,
etc:

1. Implicitization of a surface of revolution

X / : Fig. 5.9. Surface of revolution

Let us consider a planar profile curve to be a rational polynomial of
degree n

r(t) = (r(t),z(t))", (5.34)
as illustrated in Fig. 5.9. By simple implicitization of r = r(¢), we obtain
f(ry2) =apr™ +an 1(2)r" 44 ag(z) =0, (5.35)

where f is a polynomial in r and z of total degree n. Also,
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2 +y?—r?=0. (5.36)

Next we eliminate r from (5.35) and (5.36) by implicitization. The resul-
tant of the two polynomial equations is

ap(2) ai(z) o an—1(z)  an(2) 0
0 ap(z) o an—2(2) an—1(2) an(z2)
2+y> 0 -1 .
R = 1.2 + y2 0 -1 =0 ,
22 + y? 0 -1

(5.37)

and R = f(x,y,z) = 0 is a polynomial in z, y and z of total degree 2n.
For example, a torus results in a degree four algebraic surface.
2. Implicitization of a cylindrical ruled surface

N

i;

Fig. 5.10. Cylindrical
rv=ro(t) ruled surface

Let

Tp = l‘b(t), Yp = yb(t) , (538)

be a planar base curve or directrix of a ruled surface as shown in Fig.
5.10. The directrix is a rational polynomial curve of degree n in the xy
plane. The resulting implicit equation of the curve

f(@o,yp) =0, (5.39)

is a polynomial in z; and y; of total degree n. Let
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3.

5. Intersection Problems
_ T
a = ((7/1, as, (7/3) ) (540)

be a constant direction unit vector which gives the direction of the ruling
at each point on the directrix, then the three equations

T =y +uag , (5.41)
Yy = yp +uaz, (5.42)
z = uasz , (5.43)

describe a cylindrical ruled surface. If we assume az # 0, we can eliminate
u = 2= by substituting into the first two equations. Then solving for z;
and gy, the implicit cylindrical ruled surface equation becomes:

f <m - ial,y - ia2> =0. (5.44)
as as

This equation can be expanded to a standard form using a symbolic
manipulation program such as MATHEMATICA [445], MAPLE [51] etc.
Implicitization of a conical ruled surface

Fig. 5.11. Conical ruled
rv=rs(t) surface

Let a conical ruled surface be defined by its apex

ro = (%o, Yo, ZO)T ) (5.45)

and its planar base curve

zy =xp(t), Yo =yu(t) , (5.46)
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which is a degree n planar rational polynomial curve on the zy plane. Its
implicit equation

f(@o,yp) =0, (5.47)
is a total degree n polynomial. The equation of the resulting conical ruled
surface is

z=1z9(l —u)+zpu, (5.48)
y=yo(l —u) +ypu, (5.49)
z=z0(l—u). (5.50)

Eliminating u by substituting « = 1 — % into (5.48) and (5.49), where
we assume z # zp, and solving for xp, y; yields:

f< 20, T z, 0 Yy — Yo z):O. (5.51)
zZ0 — % zZ0 — % Z0 — % zZ0 — %

This equation can be expanded to the standard form using a symbolic
manipulation program such as MATHEMATICA [445], MAPLE [51] etc.

Newton’s method. We start with preprocessing using the bounding box
of the RPP surface patch coupled with some level of subdivision. Then we
solve a system zg = z(u,v), yo = y(u,v) using Newton’s method and verify
the results with the third equation zp = z(u,v). Projection of ro onto a
planar approximation of the surface (faceting) may provide a good initial
approximation.

Bounding box and subdivision followed by minimization method.
We can easily extend the point/curve intersection case to the point/surface
intersection case.

Distance function method. Similarly to the point/curve intersection case,
detailed formulation of the squared distance function between a point and a
rational polynomial parametric surface is given in Chap. 7, and the solution
method is provided in Chap. 4.

5.5.3 Point/procedural parametric surface intersection

Procedural surfaces may include offset surfaces, generalized cylinder surfaces,
blending surfaces etc. The typical solution method is minimization [69]. In
this case, no convex box assistance is available in general, and we need a
dense sampling for an initial approximation which may be expensive, and no
rigorous guarantees for the solution’s reliability are generally available.

For certain classes of procedural surfaces such as offsets and evolutes of
rational surfaces involving radicals of polynomials, it is possible to use the
auxiliary variable method, described in Sect. 4.5, to remove radicals from the



128 5. Intersection Problems

formulation, followed by solution via the IPP algorithm of Chap. 4. Alterna-
tively, some procedural surfaces admit a rational parametrization (e.g. offsets
[239, 323], pipe and canal surfaces [240, 255]) in which case the problem re-
duces to the formulation of Sect. 5.5.2.

5.6 Curve/curve intersection

Curve to curve intersection cases are identified in Table 5.1. Conceptually,
case D3 (RPP/IA curve intersections) is the simplest of the above cases of
intersection to describe and use for illustrating various general difficulties of
intersection problems (see Sect. 5.6.1). The next case of interest is case D1
(RPP/RPP curve intersections) from Table 5.1 and this is analyzed in Sect.
5.6.2. Next cases D2 and D5 (RPP/PP and PP/PP curve intersections) from
Table 5.1 are analyzed in Sect. 5.6.3. These are followed by cases D6 (PP /IA
curve intersections) and D8 (IA/IA curve intersections) analyzed in Sects.
5.6.4 and 5.6.5, respectively. Cases D4, D7, D9 and D10 are not addressed
here, however the reader should be able to analyze those cases based on the
cases treated in this section.

Table 5.1. Classification of curve/curve intersections

Curve type
Curve type | RPP PP TIA P
RPP D1 D2 D3 D4
PP D5 D6 D7
TA D8 D9
P D10

5.6.1 Rational polynomial parametric/implicit algebraic curve
intersection (Case D3)

2-D planar case. We start with an intersection problem of a planar RPP
curve and an implicit algebraic curve which is defined as:

X() Y(?)

T
:r(t):<W—(t)’W—(t)> N flz,y)=0, 0<t<1. (5.52)

Let us denote the degree of planar RPP curve by n and the total degree
of the implicit algebraic curve by m. Furthermore we describe the implicit
curve by

—i

f(z,y) = Z cija'y’ =0. (5.53)

i=0 j

3

I
=)
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o X Y . T -

Substitution of z = V40 and y = W) into the implicit form and multipli-
cation of W™(t) leads to a polynomial of degree up to mn

F(t) = Z

m
=0

3

e XIWYIOW™ () =) ait’ =0. (5.54)
J =0

Il
<)

Therefore the problem of intersection is equivalent to finding the real
roots of F(t) in 0 < ¢t < 1. The most usual form of F(t) is the power basis.
The coefficients can be evaluated symbolically by substitution and collection
of terms. This can be readily done in a standard symbolic manipulation
program such as MATHEMATICA [445], MAPLE [51] etc. This can be followed
by numerical evaluation of the coefficients ideally in exact rational arithmetic.
Symbolic manipulation programs are oriented to processing rational numbers
exactly.

Ezample 5.6.1. Let the algebraic curve be an ellipse % +4%2—1=0, and the
parametric curve be a cubic Bézier curve with control points (0,1), (1, -4),
(2,1) and (2,0) as illustrated in Fig. 5.12. The ellipse and Bézier curve are
chosen to be tangent at (2,0).

Using a symbolic manipulation program and simplifying, we get in exact
arithmetic mode:

F(t) = 1025t° — 3840t> + 5514¢t* — 37283 + 1149¢* — 120t =0 .

Next we find the real roots of F(t) in t € [0,1] using factoring over the
integers, which leads to

F(t) = t(t — 1)°G(t) ,
where
G(t) = 1025t> — 1790t* + 909t — 120 .

Using a standard numerical solver for polynomials in floating point such
as [134, 135], we obtain the following numbers as solutions of G(t) = 0

t=0.9228---, 0.61843---, 0.2051--- .

Alternately solving F'(t) = 0 using the same routine leads to the following
six complex and real roots

tr 1 1 0.9228 0.6183 0.2051 O
tr —0.22x107% 0.22x107° 0 0 0 0

where t = tr + ¢t;, and ¢ is the imaginary unit.
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y

Fig. 5.12. Intersection of ellipse
and cubic Bézier curve

Notice the sensitivity to errors for the 6th degree polynomial, especially
for the double root ¢ = 1. In floating point arithmetic, such roots may split
into conjugate complex numbers. Obviously, complex roots are not usable as
we require only the real intersection points. The consequence is lost roots,
which implies an erroneous solution of the intersection problem.

An alternate basis for the representation of F(t) = 0 is the Bernstein
basis, which leads to better stability for its real roots under perturbations of
its coefficients than the power form [105] as we discussed in Sect. 1.3.3.

Setting F(t) = 2?20 ¢iB;ig(t) in the above example of the ellipse and
cubic Bézier curve, we have cg = 0, ¢1 = -20,co = 282, ¢c3 = =5 ¢, = ¢, ¢;
= 0, and c¢ = 0. Here the conversion is done exactly using rational arithmetic
(given that the conversion itself is not in general numerically well conditioned

[106]). By the use of linear precision property

mn

1= Bilt). (5.55)

=0

we can construct a graph

(0 = (@ F@0) =3 (75 ) Binalt), (5.50
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which is now a degree mn Bézier curve as shown in Fig. 5.13. Now we can
apply the IPP method introduced in Chap. 4 which converts the problem of
finding roots of polynomials into a problem of finding the intersection of the
Bézier curve with the parameter axis.

F(t)

Fig. 5.13. Intersection of a Bézier curve/straight line

Notice that in our example ¢y = 0 which implies that ¢ = 0 is a root. Also
c5 = cg = 0 implies that ¢t = 1 is a double root.

3-D space curve. The intersection problem of a 3-D rational polynomial
parametric curve and a 3-D implicit curve is defined as:

T
) N ) =g)=0, 0<i<l.

(5.57)
If we denote the total degree of implicit algebraic surfaces f(z,y,2z) =0
and g(z,y,z) = 0 as m, and substituting z = X(t) y = Yt and » = 24

W) J = W) (t)
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into the implicit forms f(z,y,2) = 0 and g(x,y,z) = 0 and multiplying by
W™(t), we obtain two univariate nonlinear polynomial equations Fi(t) = 0
and F»(t) = 0. One way to solve this problem is to compute the resultant of
Fy(t), F»(t), where all the coefficients of the two polynomials are known. If
the resultant R(Fy(t), F>(t)) = 0, then there is a common root between the
two polynomials and hence we can use the inversion algorithm to find ¢.

A robust way to solve this overconstrained problem Fi(t) = F5(t) =0 (2
equations with 1 unknown) is to use the IPP algorithm (see Chap. 4). In such
cases, the substitution must be conducted in exact arithmetic, to maintain a
pristine or guaranteed precision statement of the problem.

Alternatively one could directly solve the overconstrained five-equation
system in four variables (z, y, z, t)

Xt)—zW(t)=0, (5.58)
Yit)—yW(it) =0, (5.59)
Z({t)—2W(t) =0, (5.60)
flz,y,2) =0, (5.61)
9(z,y,2) =0, (5.62)
using the IPP algorithm as in Chap. 4.
5.6.2 Rational polynomial parametric/rational polynomial
parametric curve intersection (Case D1)
We can define the intersection problem as:
Xi(t) Yi(t) Zu(t) )T
r=r(t) = , , ,0<¢,<1, 5.63
0= (T w7 509

Setting r1(t) = r2(0) leads to 3 nonlinear polynomial equations with 2
unknowns ¢, o (overconstrained system). There are several approaches to
solve this intersection problem.

1. The bounding box and subdivision method followed by minimization that
we described in Sect. 5.4.2 can be applied to this problem. If two bound-
ing boxes intersect, and they are of finite size, we can find roots using
linear approximation. However, in the presence of tangential intersection
the following cases may happen. The boxes intersect but the linear ap-
proximations do not, and the curves intersect as illustrated in Fig. 5.14
(a) for planar curves. Similar behavior is observed in (b) where polygon
is used as the curve approximation. Hodographs indicate the range of tan-
gent directions of a Bézier curve. Sederberg and Meyers [378] construct a
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bounding wedge, which is a bounding angular sector of a hodograph, con-
taining all tangent vectors of the given Bézier curve (see shaded triangle
in Fig. 5.15). The bounding wedges are useful in predicting the number of
intersection points of two curves. We first translate the bounding wedges
of the two Bézier curves so that their vertices are coincident. If the two
wedges do not overlap, the curves cannot intersect more than once. This
is a sufficient condition but not a necessary condition. Figure 5.15 (a)
shows non-overlapping wedges, while (b) shows overlapping wedges. In
both figures, hodographs together with their control polygons for each
Bézier curve are superposed on the corresponding wedges.
If we combine the bounding box subdivision technique with the bounding
wedge technique, we are able to locate the intersection points more ef-
fectively. For a precisely tangential intersection, this method would lead
to infinite subdivision steps.

2. Another possible approach is to choose 2 equations to solve for ¢, o, and
then substitute the results into the third equation for verification. We can
implicitize z = ‘),f,z(((;)) andy = ;;22 ((?) to obtain f(z,y) = 0 followed by the

substitution of x = 131(/11((?) and y = 131//11((?) into f(x,y) yielding F(t) = 0.

Then solve it for real roots in [0,1] and use the inversion algorithm to

find o. Finally we verify the solution by checking if VZV11 ((tt)) becomes equal
ZQ(O')

to AR This method needs to be implemented in rational arithmetic
for robustness.

3. Hawat and Piegl [156] studied the application of a genetic algorithm to the
curve/curve intersection problems. First a number of points are selected
on each curve in a random manner, then a pair of points from each curve
are coupled. Finally the genetic algorithm is applied to create generations
of couples that minimize the distance between them. The probabilistic
nature of genetic algorithms is discussed in [266].

4. Solve directly the overconstrained 3-equations with 2-unknowns system
using the IPP algorithm described in Chap. 4. If the parametric curves
are in integral/rational B-spline form, the first step is to subdivide the
integral /rational B-spline curve into a number of integral /rational Bézier
curves. This method guarantees a robust solution (no missing roots).

5.6.3 Rational polynomial parametric/procedural parametric and
procedural parametric/procedural parametric curve intersections
(Cases D2 and D5)

These intersection problems are defined as:
r=ri(t) Nr=rs(0), 0<t,o0<1, (5.64)

where we have 3 equations with 2 unknowns ¢ and o. Unlike the RPP/RPP
curve intersection, there is no known and easily computable convex box de-
creasing arbitrarily with subdivision for PP curves.
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(b)

Fig. 5.14. Linear approximation of curves in finding intersections: (a) approxima-
tion by linear segments, (b) approximation by polygon

Fig. 5.15. Bounding wedges

A possible approach is to minimize the squared distance function D be-
tween RPP curve and PP curve or between two PP curves

D=F(t,0) = r(t) ~ (@), 0<t,o<1, (5.65)

using numerical techniques [69]. Initial approximation may be obtained by us-
ing linear approximations of ry () and r2 (o). In general there is no guarantee
to find all the stationary points.
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For offsets and evolutes of rational polynomial curves, we are able to
avoid the square roots of polynomials by using the auxiliary variable method,
described in Sect. 4.5, so that we can apply the IPP algorithm to enhance
robustness.

5.6.4 Procedural parametric/implicit algebraic curve intersection

(Case D6)
The intersection problem is defined as:
r=r(t) N f(r)=g(r) =0, 0<t<1. (5.66)

This can be reduced to PP curve/IA surface intersection (see Sect. 5.7.4), i.e.
r=r(t)N f(r) =0 and r =r(t) Ng(r) =0, and comparison of solutions.

5.6.5 Implicit algebraic/implicit algebraic curve intersection
(Case D8)

The planar case is of interest in processing trimmed patches and the definition
of this intersection problem is given as

flu,v) =0 N g(u,v) =0, 0<u,v<l. (5.67)

Implicitization. We can eliminate v to form the resultant F(u), then solve
F(u) = 0 for u and use the inversion algorithm to obtain v.

Ezample 5.6.2. Let us consider an ellipse and a circle

2
T 9
=—+y°—-1=0
f 1 Y )

g=(z—1)+y*-1=0,

as in Fig. 5.16.
First we eliminate y from these two equations. This leads to

32° —8x+4=0,

which has two real roots # = 2 and = 2. These lead to y* = 0 and y? = §,
respectively.

However there are possible numerical problems at the tangential inter-
section point z = 2, y = 0. Let us assume that due to error € > 0, we
have

r=2+¢,

hence

y2:—6(1+2)<0.

This implies that y is imaginary and that no real roots exist. This would have
as a consequence missing an intersection solution, leading to a robustness
problem.
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Fig. 5.16. Ellipse and circle intersection

Newton’s method. After tracing of f(u,v) = 0 and g(u,v) = 0, based on
the technique which will be discussed in Sect. 5.8.1, linear approximation of
each algebraic curve is available. By finding intersections of linear approxima-
tions and minimum distance points between them, we can initiate a Newton’s
method on the system f = g = 0 or a minimization of F' = f2 + g2. However,
no general robustness guarantees exist with such method.

Interval Projected Polyhedron solver. A robust and efficient method is
based on use of the IPP algorithm, described in Chap. 4 for two equations
with two unknowns.

5.7 Curve/surface intersection

Curve to surface intersections are classified in Table 5.2. Such intersection
problems are useful in solving the more general surface to surface intersection
problems. When the curve is a straight line, the curve/surface intersection is
useful for

e ray tracing in computer graphics and visualization;
e point classification in solid modeling;
e procedural surface interrogation.

In Sects. 5.7.1 to 5.7.6 several of the most frequent curve to surface inter-
section problem cases E3, E1, E2/E6, E7, E11, E9 are analyzed in some detail.
The remaining cases are not analyzed in detail, but the reader should be able
to analyze them via the cases addressed in this section. We will start with
case E3 (RPP curve to IA surface intersection), which is quite representative
of the complexities of this type of problem.
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Table 5.2. Classification of curve/surface intersections

Surface type
Curve type | RPP PP TIA P
RPP E1l E2 E3 E4
PP Eb E6 E7 ES8
TA E9 E10 E11 E12
IP E13 El14 E15 EI16

5.7.1 Rational polynomial parametric curve/implicit algebraic
surface intersection (Case E3)

The intersection problem is defined as:

T
r=r(f) = (v);((?) ;;((?), VZV((?)> N fr)=0, 0<t<1. (5.68)

Let us consider an implicit algebraic surface of total degree m

m m—im—i—j
(x,y,2 Z Z cijrr'yiZF = 0. (5.69)
i=0 j=0 =l
We substitute z = V)f,—((tt)), y= W(( t)) and z = g,((t)) of degree n into the implicit
equation and multiply by W™(t) leading to

ZZ Z i X (WY () ZF@)W™ I () =0, (5.70)
j=0

i=0

of degree < mn in t. We then find its real roots in [0,1], as described in
Sect. 5.6.1.

Alternatively, the problem can be formulated as a nonlinear polynomial
system of four equations in four unknowns (z, y, z, t) and solved using the
IPP algorithm.

5.7.2 Rational polynomial parametric curve/rational polynomial
parametric surface intersection (Case E1)

The intersection problem between a rational polynomial parametric curve
and a rational polynomial parametric surface is defined as:

_ _(Xu(t) Yi(t) Zi(t) T
r=nl) = <W1<t>’wl<t>’wl<t>> 081

Xo(u,v) Ya(u,v) Za(u,v) >T
Wa (uv ’U) ’ W (’LL, U) ’ WZ(U) U) ’

(5.71)

— — )

0<u,v<1.

)

N r=rs(u,v)= (
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The equation consists of three nonlinear equations ry(t) = ra(u,v) in three
unknowns t, u, v. A preprocessing step of checking bounding boxes for absence
of intersection is helpful.

Implicitization. Implicitization of ra(u,v) (which is recommended for low
degree surfaces) reduces this problem to Case E3 described in Sect. 5.7.1.

Bounding box and subdivision followed by minimization method.
Use of bounding boxes coupled with recursive subdivision will lead us to
small bounding boxes which may contain intersection points. Then we use a
linear approximations for r; and rs to obtain approximate initial solutions,
which can be used to initiate a Newton’s method on ri(¢) —rz(u,v) =0 or a
minimization method on F(t,u,v) = |ry(t) — r2(u,v)|?. However, no general
robustness guarantees exist with such method.

Interval Projected Polyhedron solver. A robust and efficient way is
to solve the three equations with three unknowns using the IPP algorithm
discussed in Chap. 4.

5.7.3 Rational polynomial parametric/procedural parametric and
procedural parametric/procedural parametric curve/surface
intersections (Cases E2/EG6)

The intersection problem between a rational polynomial parametric curve or
a procedural parametric curve and a procedural parametric surface is defined
as:

r=ri(t) N r=r2(u,v), 0<t,u,v<1. (5.72)

Similar to Case E1, this problem reduces to three nonlinear equations in
three unknowns involving non-polynomial functions, for which bounds are
not generally available.

A possible approach is to use the minimization technique

Ft,u,0) = |1 (t) - ra(u,0) (5.73)

in a cube 0 < t,u,v < 1. Comments under the point/PP curve intersection
case (see Sect. 5.4.3) also apply to this problem.

5.7.4 Procedural parametric curve/implicit algebraic surface
intersection (Case ET)

The intersection problem between a procedural parametric curve and an im-
plicit algebraic surface is defined as:

r=r(t) N f(r)=0, 0<t<1. (5.74)

This leads to four nonlinear equations in four unknowns ¢, r. We could use
Newton’s method initiated by a linear approximation of r = r(¢), which can
be intersected more easily with f(r) = 0 using the method of Case E3 (see
Sect. 5.7.1). However, no robustness guarantees exist in general.
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5.7.5 Implicit algebraic curve/implicit algebraic surface
intersection (Case E11)

Implicit algebraic curve and implicit algebraic surface intersection problem
is defined as:

f(r) = gr) = h(r) =0. (5.75)
curve sme

The formulation comprises three nonlinear equations in three unknowns r.
Possible solution approaches include elimination methods, Newton’s method,
minimization methods with objective function F(r) = f? + ¢g? + h?%, approx-
imating f(r) = g(r) = 0 curve with a linear spline reducing to Case E3 and
refinement using minimization, and the IPP algorithm.

5.7.6 Implicit algebraic curve/rational polynomial parametric
surface intersection (Case E9)

The implicit algebraic curve and rational polynomial parametric surface in-
tersection is defined as:

T
f(r)zg(r)ZOﬂr:r(u’v):<X(u,v) Y (u,v) Z(u,v)) ,

0<u,v<l. (5.76)

By substituting r = r(u, v) into f(r) = 0 and g(r) = 0 we obtain two algebraic
curves F'(u,v) = 0 and G(u,v) = 0. This formulation reduces to IA/IA curve
intersection, Case D8 in Sect. 5.6.5 (see Fig. 5.17). A more detailed discussion
of algebraic curves is given in Sect. 5.8.1.

5.8 Surface/surface intersections

Surface to surface intersection cases are identified in Table 5.3. The solu-
tion of a surface/surface intersection problem may be empty, or include a
curve (possibly made of several branches), a surface patch, or a point. In
Sects. 5.8.1 to 5.8.3 several of the most frequent surface to surface intersec-
tion problem cases F3, F1, and F8 are studied in detail. The remaining cases
are not analyzed, but could be addressed based on cases F3, F1 and FS§,
although without general robustness guarantees. Conceptually, RPP /IA sur-
face intersection (Case F3) is the simplest of the above cases and may serve
as illustrating general difficulties of surface to surface intersection problems.
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F(u, v) =0

\ u

Y Fig. 5.17. Intersection of two al-
Glu,v)=0 gebraic curves

Table 5.3. Classification of surface/surface intersections

Surface type
Surface type | RPP PP TA IP

RPP F1 F2 F3 F4
PP F5 F6 F7
TA F8 F9
1P F10

5.8.1 Rational polynomial parametric/implicit algebraic surface
intersection (Case F3)

We start with a rational polynomial parametric surface to implicit algebraic
surface intersection problem defined as:

T
) N f(ry=0, 0<u,v<1.
(5.77)

This leads to four algebraic equations in five unknowns r,u,v (undercon-
strained system). For the usual low degree surfaces f(r) and low degree
patches r(u,v), we can substitute r(u,v) into f(r) = 0 to obtain an im-
plicit algebraic curve in u,v [124, 332, 210, 301, 211]. Examples of low order
implicit algebraic surfaces in practical use are planes (degree 1), the natural
quadrics (cylinder, sphere, cone) (degree 2), and torii (degree 4). In fact in
a survey of mechanical parts (mechanical elements), over 90% of all surfaces
involved are of these types [149]. It is also well known that low order implicit
algebraic surfaces have a low degree rational polynomial parametric repre-
sentation (which can be easily obtained [313]), so that when two such low
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order implicit algebraic surfaces are intersected, the methods of this section
may be also used.

Formulation. Now let us denote the implicit algebraic surface f(z,y,2) =0
of total degree m by

m m—im—i—j
flz,y,2) = Z Z cijra’y’ 2" (5.78)
i=0 j=0 k=0
. . X (u, Y (u, Z(u,
By substituting z = W((Z:j)), y = W((ZQ;)), z = W((Zf;)), where X (u,v),

Y (u,v), Z(u,v) and W(u,v) are all of maximum degree p in v and ¢ in v
into (5.78) and multiplying by W™ (u, v) leads to an algebraic curve

m m—im—i—j
F(u,v) = Z Z Z Ciiji(uaU)Yj(ua’U)Zk(u>U)Wm7iijik(u)U) =0,
i=0 j=0 k=0

(5.79)

of maximum degree M = mp and N = mq in u, v, respectively. Consequently,
the problem of intersection reduces to the problem of tracing F'(u,v) = 0
without omitting any special features of the curve, e.g. small loops, singu-
larities, and accurately computing all its branches. This is a fundamental
problem in algebraic geometry [436] and much work has been done to un-
derstand its solution. In the context of algebraic geometry the coefficients of
F(u,v) = 0 are integers. In the context of CAD and computer implementa-
tion, the coefficients of F' = 0, and r = r(u,v) are floating point numbers.
Therefore, if the above substitution is performed in floating point arithmetic
the coefficients of F'(u,v) = 0 involve error, which may considerably modify
the problem being solved. To avoid such error, rational arithmetic may be
used for robustness. These issues are discussed in the Chap. 4.
The algebraic curve

M N
F(u,v) = Z Zc%uivj =0, (5.80)
i=0 j=0
can be reformulated in terms of Bernstein polynomials using (4.18) as follows:
M N
F(u,0) =YY clBim(u)Bjn(v) =0, (5.81)
i=0 j=0

where (u,v) € [0, 1]°.
As an example, consider a plane in an implicit form

ax +by+cz+d=0, (5.82)

and a rational Bézier patch of degree m in u, n in v
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bor der points
v turning point \

F=Fu=0
/\ si ngul ar
|

F=Fu=Fv=0

| oop _ ) Fig. 5.18. Parameter space
u turning point of r(u,v) and resulting
F=F=0 algebraic curve F(u,v) =0

H(u,0) = Yizo 2j—0 Wijbij Bim () Bjn (v)
’ >im0 2= Wij Bim (W) Bjn(v)

where bij = (xij,yij,zij)T and weights Wij Z 0.
The resulting algebraic curve is of the form of equation (5.81) with

(5.83)

65 = (axij + byij +czij + d)wij . (5.84)
In fact the power basis form of F'(u,v) = 0 need not be computed at all, if
polynomial arithmetic for Bernstein polynomials, described in Sect. 1.3.2, is
used (see also [106]).

The advantage of the Bernstein form is the higher numerical stability of
the roots in comparison to the power basis and the convex hull property. If
cg- > 0 or cg- < 0 for all 7,7, there is no solution and the two surfaces do
not intersect. More precisely, the entire algebraic surface f(r) = 0 does not
intersect the surface patch r = r(u,v) for (u,v) € [0,1]?. Obviously, when
all cg = 0 the two surfaces coincide in their entirety. A somewhat complex
algebraic curve F(u,v) = 0 is shown in Fig. 5.18 involving various branches
(from border to border), internal loops, and singularities.

Tracing method. Given a point on every branch of an algebraic curve, we
are able to trace the curve using differential curve properties. The idea is to
find increments du and dv such that F(u + du,v + 6v) = 0, when we have
F(u,v) =0.

Let us Taylor expand F'(u,v)
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Correction

F(u, v)=0

Fig. 5.19. A zoomed view of an algebraic curve near a point (u, v)

F(u+ 6u,v+0v) = F(u,v) + F,0u + F,6v (5.85)
+%(Fuu6u2 + 2Fuv(5u61; + Fvvévz) 4o

When F, and F, are not both zero or F2+ F? > 0, in order to have F(u,v) =
0 and F(u + du,v + dv) = 0 to the first order approximation, we must have

F,ou+ F,6v =0, (5.86)

or

dvg, = —?—Z&u ) (5.87)
assuming F;, # 0. However, as illustrated in Fig. 5.19 dvy, leads to a point @
which may be far from the curve F(u,v) = 0. Newton’s method on F(u +
du,v) = 0 with initial approximation v; = v + dvy, may be used to compute
dv with high accuracy and in an efficient manner. For vertical branches, i.e.
when |F,| is very small, we may use duy = — L= 6.

F,
To avoid these special stepping procedures, (5.86) may be rewritten as

Fa+Fi=0, (5.88)

where u, v are considered as functions of a parameter ¢. The solution to the
differential equation is given by

= EF,(u,v) , (5.89)
0= —¢F,(u,v), (5.90)
where ¢ is an arbitrary nonzero factor. For example, £ can be chosen to

provide arc length parametrization using the first fundamental form (3.13)
of the surface as a normalization condition
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1

=+
¢ VEF? —2FF,F, + GF?

, (5.91)

where E, F and G are first fundamental form coefficients of the paramet-
ric surface evaluated at u, v. Equations (5.89) and (5.90) form a system of
two first order nonlinear differential equations which can be solved by the
Runge-Kutta or other methods with adaptive step size [69, 126]. For the
tracing method to work properly, we must provide all the starting points of
all branches in advance. Step size selection is complex and too large a step
size may lead to straying or looping [124], as in Fig. 5.20, in the presence
of constrictions where F2 + F?2 is very small. Tracing through singularities
(F2+ F? =0) is also problematic. When &,/F2 + F? is small then the right
hand sides of (5.89) and (5.90) are small and step size needs to be reduced
for topologically reliable tracing of the curve.

strayi ng | oopi ng

Fig. 5.20. Step size problems in tracing method

Characteristic points. Starting points for tracing algebraic curves are
identified by looking for characteristic points defined below:

1. Border points: The intersections of F'(u,v) = 0 with all four boundary
edges of the parameter space [0,1]%, e.g. F(0,v) =0, 0 < v < 1.

2. Turning points: The u-turning points are the points where the tangent of
F(u,v) = 0 is parallel to the u = 0 axis, which satisfies the simultaneous
equations F' = F,, = 0 (with F,, # 0). On the other hand the v-turning
points are the points where the tangent of F(u,v) = 0 is parallel to
the v = 0 axis, which satisfies the simultaneous equations F' = F, = 0
(with F, # 0). Both types of turning points are shown in Fig. 5.18. If
F has a degree of (M, N) in (u,v), then the degrees of F, and F, will
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be (M — 1,N) and (M, N — 1), respectively. It can be shown that the
total number of roots of two simultaneous polynomial equations in two
variables whose degrees are (m, n) and (p, q), respectively, is mg+np [95].
Therefore the number of u-turning points and v-turning points can be
at most 2M N — M and 2M N — N, respectively over the entire complex
plane. However within the square parameter space [0,1]%, the number
of turning points is typically much reduced in practice and therefore
methods that use the [0, 1]? square as the search space of the roots such
as the IPP algorithm in Sect. 4.9 or interval Newton methods [159] would
typically outperform other methods.

3. Singular points: The points on the curve which satisfy the following three
simultaneous equations F' = F,, = F, = 0 are called singular points.
Noting that f(z,y,2) =0, and F(u,v) = W™ (u,v)f(z,y,z), we deduce

of o of 0 of 0
of oz 0fdy  Of 0=

Fu: m—1 ” m
mW W+ W (6x8u oy ou T 9z 0u

) =W"Vf r,.
(5.92)

Similarly we obtain F, = W™V f - r,, and hence at singular points Vf -
r, = Vf-r, = 0. This means that Vf || r, X r, or that the normals of
two surfaces are parallel and since f(u,v) = 0 at these points the two
surfaces intersect tangentially. If F' has a degree of (M, N) in (u,v), the
degrees of Fy, and F, will be (M — 1, N) and (M, N — 1), respectively,
thus the number of singular points can be at most 2MN — M — N + 1
[95] over the entire complex plane and typically much less in number in
[0,1]. If the systems F = F,, = 0 and F = F, = 0 are already solved,
a small extra evaluation can identify their common roots which are the
singular points. Alternatively the IPP algorithm for the overconstrained
system F' = F,, = F, = 0 can be used to find the singular points.

From the above discussions we can get upper bounds for the maximum
number of u-turning, v-turning and singular points as listed in Table 5.4.
These bounds refer to the maximum possible number of solutions (u, v) in the
entire complex plane. Biquadratic and bicubic surfaces in the first column of
Table 5.4 are degree 8 and 18 implicit algebraic surfaces. It turns out that the
number of such points in the real square [0, 1]? is much smaller, but can still
be quite large. Consequently, methods which focus only on the real solutions
in [0,1)? are advantageous, such as IPP algorithm described in Chap. 4 or
interval Newton’s method [159].

Analysis of singular points. Let us construct a parametric equation of a
straight line L through a point (ug,vo) on the algebraic curve F(u,v) =0

u=ug+at, v=uvg+pft, (5.93)

where « and 3 are constants and ¢ is a parameter [436, 95, 107]. We find the
intersections between L and the algebraic curve F'(u,v) = 0 by determining
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Table 5.4. Maximum number of turning and singular points in various cases

algebraic max max max
curve number number number
S Sa F(u,v) u-turning  v-turning singular
degree pts pts points
M,N 2MN - M 2MN-N 2MN-—-M
—-N+1
plane biquadratic 2,2 6 6 5
plane bicubic 3,3 15 15 13
quadric biquadratic 4,4 28 28 25
quadric bicubic 6, 6 66 66 61
torus biquadratic 8,8 120 120 113
torus bicubic 12, 12 276 276 265
biquadratic  biquadratic 16, 16 496 496 481
bicubic biquadratic 36, 36 2556 2556 2521
bicubic bicubic 54, 54 5778 5778 5725

the roots of F'(ug + at,vg + Bt) = 0. Since F(ug,vo) = 0, Taylor expansion
of the left hand side gives

1
(aF, + BE,)t + §(a2Fuu +2a8F,, + BPF )t +--- =0, (5.94)

where partial derivatives of F' are evaluated at (ug,vo).

When F, and F, are not both zero (F? + F? > 0) at (ug,vo), (5.94) has
a simple root ¢ = 0 and every line through (ug,vg) has a single intersection
with the algebraic curve at (ug,vo) except for one case where oF,, + 3F, =0
for certain values of o and (. In such cases (5.94) has a double root t =
0, provided at least one of the second order partial derivatives is not zero
(F%, + F2, + F2, > 0), and L is tangent to the curve at (ug,vo).

When (ug,vo) is a singular point (F,(ug,vo) = F,(uo,v0) = F(ug,v0) =
0), and at least one of Fy,, Fyy, Fyy is not zero (F2, + F2, + F2, > 0), then
t = 0 is a double root and has at least two intersections at (ug, vg) except for
the values of a and  which satisfy

a?Fyy + 208F,y + 2F, = 0. (5.95)

In such cases, t = 0 is a triple root, provided at least one of the third order
partial derivatives is not zero (F2,, + F2,, + F2,, + F2,, > 0). We can solve
the quadratic equation (5.95) for § or g which leads to the following three
possibilities:

(1) Two real distinct roots: These values correspond to two distinct tangent
directions at the singular point, which implies the algebraic curve has a
self-intersection. The Folium of Descartes, which is shown in Fig. 1.1, has
such singularity at the origin.
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(2) One real double root: This value corresponds to one tangent direction at
the singular point, which implies a cusp. An illustrative example, which
is a semi-cubical parabola, is given in Fig. 2.3.

(3) Two complex roots: No real tangents at the singular point imply an
isolated point. An example of an isolated point is given in Example 5.8.1
(see Fig. 5.21).

Ezample 5.8.1. Let the algebraic curve be F(u,v) = u3 + u? +v? = 0 [436],
then

F,=u(3u+2), F, =2v, Fyy =6u+2, Fy, =0, F,, =2,

Fuuu:67Fuuv: wow = Fyyy = Fyyy = 0.

The w-turning points can be found by finding the roots of F' = F, =0
and F, # 0. We immediately deduce v = 0. Upon substitution to F' = 0 we
obtain u = 0, —1. Since F,,(0,0) = 0, (0,0) is not a u-turning point. Therefore
(-1,0) is the only u-turning point. On the other hand v-turning points, which
satisfy F' = F,, = 0 and F, # 0, have no real solutions. It is apparent from
the above discussion that u = v = 0 is the only singular point. Tangents at
u = v = 0 can be obtained from o?Fy,, + 2a3F,, + $*F,, = 2a® +28% =0,
which gives (%)2 +1 =0, and hence no real solution. Therefore, v =v =0 is
an isolated point. If the domain of interest is [-2,1] x [—1, 1], border points
are (—1.465,£1). The above algebraic curve is depicted in Fig. 5.21.

0.6~ 4

0.4r- q

-2 -15 -1 -0.5 0 0.5 1

Fig. 5.21. Algebraic curve with an isolated point at (0,0)
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Ezample 5.8.2. We have studied the semi-cubical parabola F(u,v) = u3 —

v? = 0 in Example 2.1.1. The curve has a singular point at u = v = 0. Since
Fu:3u2: Fy=—-2v, Fyy =6u, Fyy =0, Fyy = -2,
Fuouwu =6, Fyuy = Fuyy = Fuww = Fyoo =0,

we have a?Fy, + 2a8F,, + B2F,, = 6ua® — 282 = 0. At (0,0) we have a
double root 8 = 0. Thus, at the singular point (0,0) we have a cusp whose
tangent direction is along the v = 0 axis as shown in Fig. 2.3.

Ezample 5.8.3. Let us consider the equation

1
20

within the domain [—2,2]?, taken from Geisow [124]. This is a degree 6 alge-
braic curve illustrated in Fig. 5.22. On every border line segment, there are
three border points. The curve has no singular points, but involves two (inter-
nal) loops and six border-to-border branches. The algebraic curve F(u,v) = 0
in this example has degrees M = 3, N = 3 in u and v. Consequently, using
the previous formulae the number of u turning points, v turning points and
singular points (in the entire complex plane) is bounded by 2M N — M = 15,
2MN — N =15, and 2MN — M — N + 1 = 13. However, as we can see in
Fig. 5.22, these numbers overestimate the actual number of such points in
the real square [—2,2]?.

F(u,v) = (u+ Du(u—1)(v+1vw—-1)+ —==0,

Computing starting points for all branches. Starting points for tracing
algebraic curves could be border points, turning points and singular points.
Border points involve solution of a univariate polynomial equation, e.g. for
border along u = 0, using (5.81)

N
v)=> ciBjnw) =0. (5.96)

Turning and singular point computation involve the first order partial
derivatives:

M—-1 N

=M Z Cit1,j C'B})Bi,Mfl(u)Bj,N(U); (5.97)
i=0 j=0
M N-1

NZZ cPip1 = cB)Bin(u)Bjn-1(v) . (5.98)
i=0 j=0

Consequently, computation of turning points (F = F,, =0 and F' = F, = 0)
is equivalent to solving a system of two nonlinear polynomial equations in two
variables, and computation of singularities F' = F,, = F,, = 0 is equivalent to
solving an overconstrained system of three nonlinear polynomial equations
in two variables. Robust and efficient solution of these systems of nonlinear
polynomial equations is addressed in Chap. 4.



5.8 Surface/surface intersections 149
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N

Fig. 5.22. A degree six algebraic curve (adapted from [124])

5.8.2 Rational polynomial parametric/rational polynomial
parametric surface intersection (Case F1)

Rational polynomial parametric surface to rational polynomial parametric
surface intersection is defined as:

Xi(o,t) Yi(o,t) Zi(o,t
r=ri(o,t) = (o, ), 10, ), 1(0,?)
Wl (07 t) Wl (07 t) Wl (Ua t)

= pouo) = [ X2wv) Ya(u,v) Za(u,v)
N r=ra(u,v) (Wg(u,v)’WQ(u,v)’Wg(u,v)

T
> , 0<o,t<1,(5.99)

T
) , 0<u,v<1.

Formulation can be provided by setting ry(o,t) = r2(u,v) which leads to
three nonlinear polynomial equations for four unknowns o,t,u,v. It is an
underconstrained system with 3 equations and 4 unknowns. This system can
be solved by the IPP algorithm of Chap. 4. However, as the solutions are
typically not isolated points but curves, such approach is very slow when

small tolerances are used. One could also implicitize ry(o,t) to the form
Xo(u,w) _ Yo(u,v) Z2(u,v)
Wa(u,v)? y= Wa (u,v) Wa (u,v)
f to reduce the problem to Case F3 for low degree surfaces [211]. Heo et al.
[160] studied the intersection of two ruled surfaces which is simpler than the

general parametric surface to surface intersection problem.

f(z,y,z) = 0 and substitute z = and z = into
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There are three major techniques for solving RPR/RPP surface intersec-
tions. Detailed reviews can be found in [294, 299].

Lattice methods. Lattice method reduces the dimensionality of surface in-
tersections by computing intersections of a number of iso-parametric curves
of one surface with the other surface followed by connection of the result-
ing discrete intersection points to form different solution branches [351]. For
intersections of parametric patches, the method reduces to the solution of
a large number of independent systems of nonlinear equations. The reduc-
tion of problem dimensionality in lattice methods involves an initial choice
of grid resolution, which, in turn, may lead the method to miss important
features of the solution, such as small loops and isolated points which reflect
near tangency or tangency of intersecting surfaces, and to provide incorrect
connectivity. Appropriate methods for the solution of the resulting nonlinear
equations in the present context are identified in Chap. 4.

Subdivision methods. Subdivision methods in their most basic form, in-
volve recursive decomposition of the problem into simpler similar problems
until a level of simplicity is reached, which allows simple direct solution, (e.g.
plane/plane intersection [177, 294]). This is followed by a connection phase
of the individual solutions to form the complete solution. Dokken [77] trans-
forms surface/surface intersection problems to finding zeroes of functions of
four variables using recursive subdivision techniques [220]. Initially conceived
in the context of intersections of polynomial parametric surfaces [219], they
can be extended to the computation of RPP/IA and IA/TA surface inter-
sections [301]. A simple subdivision algorithm employs uniform subdivision
which leads to a uniform quadtree data structure shown in Fig. 5.23. Sub-
division techniques do not require starting points as marching methods, an
important advantage. General non-uniform subdivision allows selective re-
finement of the solution providing the basis for an adaptive intersection tech-
nique. A disadvantage of subdivision techniques used in the evaluation of the
entire intersection set is that, in actual implementations with finite subdivi-
sion steps, correct connectivity of solution branches in the vicinity of singular
or near-singular points is difficult to guarantee, small loops may be missed (in
methods with polyhedral surface approximations) or extraneous loops may
be present in the approximation of the solution. Furthermore, if subdivision
methods are used for high precision evaluation of the entire intersection set,
they lead to data proliferation and are consequently slow, and, therefore,
unattractive. There are many applications in CAD/CAM, that require high
accuracy, for which pure subdivision methods are impractical. However, adap-
tive subdivision methods coupled with efficient local techniques to get high
accuracy, offer the best known practical approach for the computation of sig-
nificant points. These points can then be used in initiating efficient marching
methods for tracing intersection curves.

Marching methods. Marching methods involve generation of sequences of
points of an intersection curve branch by stepping from a given point on
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Quadtree

Fig. 5.23. Subdivision method

the required curve in a direction prescribed by the local differential geometry
[17, 19, 20, 209, 453], as we have studied in tracing the planar algebraic curve
F(u,v) =0 in Sect. 5.8.1. However, such methods are by themselves incom-
plete in that they require starting points for every branch of the solution. In
order to identify all connected components of the intersection curve, a set of
important points on the intersection curve (significant points) can be defined.
As seen in Sect. 5.8.1, such a set may include border, turning and singular
points of the intersection and provides at least one point on any connected
intersection segment and identifies all singularities. For a 3-D RPP/RPP in-
tersection case a more convenient set of such points sufficient to discover all
connected components of the intersection, includes border and collinear nor-
mal points between the two surfaces. Collinear normal points provide points
inside all intersection loops and all singular points.

Border points are points of the intersection at which at least one of the
parametric variables o,t,u,v takes a value equal to the border of the o-t
or u-v parametric domain. To compute border points, a piecewise rational
polynomial curve to piecewise rational polynomial surface intersection capa-
bility is required, e.g., r1(0,t) = r2(u,v), which we discussed in Sect. 5.7.2.
Millenheim [277] addressed a local method to find starting points for two
parametric surfaces. Abdel-Malek and Yeh [1] introduced two local meth-
ods, iterative optimization and the Moore-Penrose pseudo-inverse method to
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determine starting points on the intersection curve between two parametric
surfaces.

Sederberg et al. [375] first recognized the importance of collinear normal
points in detecting the existence of closed intersection loops in intersection
problems of two distinct parametric surface patches. These are points on the
two parametric surfaces at which the normal vectors are collinear. Collinear
normal points are a subset of parallel normal points first used by Sinha et al.
[395] in surface intersection loop detection methods.

To simplify the notation, we replace ry(o,t) by p(o,t) and r2(u,v) by
q(u,v). Then the collinear normal points satisfy the following equations [375]

(Po XPt) du =0, (PsXPt)-qy=0,
P-a)-P,=0, (P—q) p:=0. (5.100)

Equations (5.100) form a system of four nonlinear polynomial equations
that can be solved using the robust methods of Chap. 4. Now we split the
patches in (at least) one parametric direction at these collinear normal points.
Consequently, starting points are only border points on the boundaries of all
subdomains created. Grandine and Klein [133] follow a systematic approach
for topology resolution of B-spline surface intersections. In this process, they
determine the structure of the intersection curves including closed loops prior
to numerical tracing (following a marching method based on numerical inte-
gration of a differential algebraic system of equations). Topology resolution in
this context relies on an extension of the PP algorithm (see Sect. 4.4) to the B-
spline case implemented in floating point (with normalization of the equations
in the range [-1,1] and normalization of the knot vector in each subdomain in
the range [0,1] at each iteration step of the process to capitalize on the higher
density of floating point numbers in this range, thereby improving numerical
robustness of the algorithm). An alternate way to detect closed intersection
loops is to use topological methods [235, 53, 263, 209, 244, 243, 435, 434]. Also
bounding pyramids [208, 381] can be used effectively to assure the nonexis-
tence of closed surface to surface intersection loops. These earlier methods
need to be implemented in exact or RIA for robustness.

In order to trace the intersection curve, starting points must be located
prior to tracing. An intersection curve branch can be traced if its pre-image
starts from the parametric domain boundary in either parameter domain
[19]. The marching direction coincides with the tangential direction of the
intersection curve c(s) which is perpendicular to the normal vectors of both
surfaces. Therefore, the marching direction can be obtained as follows:

_ P(o,t) x Q(u,v)
|P(0,t) x Q(u,v)|’

where the normalization forces c(s) to be arc length parametrized and

P(0,t) =ps X P, Qu,v) =aqu X qy , (5.102)

(5.101)
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are the normal vectors of p and q, respectively. When the two surfaces in-
tersect tangentially, we cannot use (5.101) since the denominator vanishes.
In such cases we must find the marching direction in an alternate way which
will be discussed in Sect. 6.4.

The intersection curve can also be viewed as a curve on the two inter-
secting surfaces. A curve o = o(s), t = ¢(s) in the ot-plane defines a curve
r = c(s) = p(o(s),t(s)) on a parametric surface p(o,t), as well as a curve
u = u(s) v = v(s) in the uv-plane defines a curve r = ¢(s) = q(u(s),v(s))
on a parametric surface q(u,v). We can derive the first derivative of the
intersection curve as a curve on the parametric surface using the chain rule:

c'(s) = poo’ +pit’, c'(s) = quu' + quv’ . (5.103)

Since we know the unit tangent vector of the intersection curve from
(5.101), we can find ¢’ and ¢ as well as u’ and v’ by taking the dot product
on both hand sides of the first equation of (5.103) with p, and p; and the
second equation with q,, and q,, which leads to two linear systems [178]. The
solutions are immediately obtained as

, _ det(c',ps, P(o,t)) , _ det(py,c',P(o,1))
7T Pt Plot) T Plot) Plot) (5.104)
r_ det(c’, Qo Q(U,U)) , det

c
Qo) Qo) * T Q) S
where det denotes the determinant.

The points of the intersection curves are computed successively by inte-
grating the initial value problem for a system of nonlinear ordinary differential
equations (5.104) and (5.105) using numerical techniques such as the Runge-
Kutta or adaptive stepping methods [69, 126]. Figure 5.24 presents the inter-
section of a rational quadratic-linear B-spline patch (representing a cylinder)
with a biquadratic Bézier patch representing an elliptic paraboloid [207].
Figure 5.25 presents the intersection between two biquartic Bézier patches
(nearly coincident surfaces) [209].

5.8.3 Implicit algebraic/implicit algebraic surface intersection

(Case F8)

Implicit algebraic surface to implicit algebraic surface intersection is defined
as follows:

f(r)=0ng(r)=0, (5.106)

where f,g are polynomial functions. Here we have two equations in three
unknowns r. Bajaj et al. [17] developed a marching method for IA /TA surface
intersection as well as for parametric surfaces.
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Fig. 5.25. Intersection of two biquartic Bézier patches forming four small loops
(adapted from [209])

A method for low order f, g is to eliminate one variable (e.g. z) to find
projection of intersection curves on the plane of other two variables (e.g. z,
y), then trace the algebraic curve and use the inversion algorithm to find z.
Intersections of low degree implicit algebraic surfaces are of special interest
in the boundary evaluation of the Constructive Solid Geometry models. A
more complete analysis of the special intersections of two quadric surfaces
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(used frequently in CAD/CAM of mechanical parts) can be found in [232,
233, 366, 104, 442, 389, 267].

Ezample 5.8.4. Consider the intersection of a sphere and a circular cylinder
given by

f=a?+y’+22-1=0,
2 I, 1
g=a"+y—-5)7"~-;=0,
as shown in Fig. 5.26. The projection of the intersection curves on the three
coordinate planes is illustrated in Fig. 5.27.

Hartmann [155] proposed the idea of numerical implicitization which al-
lows treatment of intersection problems of not only parametric surfaces but
also non-standard surfaces such as an offset of an implicit surface, a Voronoi
surface, an envelope of a one parametric family of spheres etc. The key idea
is that in tracing the intersection curve of two implicit surfaces, we are only
required to calculate the implicit function values and the gradients of the
implicit functions at the intersection points as in Bajaj et al. [17]. In other
words, we do not need to know the functions explicitly. Therefore if we can
implicitize any two surfaces numerically we are able to trace the intersection
curve using the IA/IA surface intersection algorithm of Bajaj et al. [17].

Fig. 5.26. Intersection of two implicit quadrics (sphere and cylinder)
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5.9 Overlapping of curves and surfaces

So far we have focused mainly on transversal intersection problems of regular
curves and surfaces. However, in real engineering problems we may encounter
curve/curve (see Fig. 5.28), curve/surface or surface/surface overlapping of
curves and surfaces.

We will illustrate the curve/curve overlapping case using two planar cubic
Bézier curves ry(t) (AB) and ra2(o) (CD) whose control points are given by
(0,0), (0.8,0.8), (1.6,0.32), (2.4,0.608) and (0.6,0.392), (1.4,0.68), (2.2,0.2),
(3,1) (see Fig. 5.28). If we use the IPP algorithm to compute the intersections
of the two curves, the rate of convergence of the solver drops significantly due
to an extensive amount of binary subdivision [179]. In such cases we may run
the IPP solver with a fairly coarse level of accuracy, for example € = 102
or 1073, If we observe a number of boxes overlap to one another, as shown
in Fig. 5.29, it is very likely that overlap exists. Figure 5.29 shows the boxes
of roots of the intersection points of two curves computed with e = 1072,
We can observe that the curve AB overlaps with curve CD from ¢ = 0.25 to
t = 1 and the curve C'D overlaps with curve AB from o =0 to ¢ = 0.75.

A

Fig. 5.28. Two cubic Bézier curves AB and CD overlapping each other at CB
(adapted from [179])

Hu et al. [179, 178] discuss the treatment of curve/curve, curve/surface
as well as surface/surface overlapping problems based on interval polynomial
curves and surfaces with the IPP solver. They also introduced the follow-
ing theorem which can be used to find the starting and end points of the
overlapping segment.

Theorem 5.9.1. If two C*® curve segments r1(t) and r2(o) overlap along a
finite part of their length, they must overlap everywhere. Otherwise, they end
at boundary points.
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0.00 0.25 0.50 0.75

Fig. 5.29. The coarse boxes that contain roots of intersection of two overlapping
curves (adapted from [179])

This theorem means it is impossible that two C'*° curves, such as two para-
metric polynomial curves, overlap along a finite part of their length and sep-
arate from each other at one point, as illustrated in Fig. 5.30. This theorem
can be proven contrapositively.

separation point C1 end point of C1

C1 end point of C1

RN

starting point of C2  overlapping segment  starting point of C;  OVerlapping segment

overlapping segment

@ (b) ©

Fig. 5.30. Overlap of two C* curves along a finite segment. (a) is an impossible
configuration, and (b) and (c) are the two possible configurations (adapted from
[178])

1.00
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Proof: Assume that there exist two C'* curves ry(¢) and r2(o) which
overlap partially. This means that there is an interior point p (referred to
as separation point) that ends the overlapping segment of rq(t) and ra(o),
as illustrated in Fig. 5.30. Let t, and o, be the parameters of ri(t) and
ro(o) at p, respectively. Suppose further that the two curves are arc length
parametrized, and have the same orientation. Since the two curves are C°,
their overlapping segment should be also C°, i.e.,

rl(t,) =1 (o) (5.107)

where superscript (i) denotes derivative of order ¢ valid for all nonnegative
integers i. Therefore, from the Taylor expansion theorem, we have

r (5 _ - rgZ) (tp)(sz

Wty +0) =p+Yy 224, (5.108)
i—1 2.
o ()

r2 (0, + 8) :p+zr2i7(,”p)5l. (5.109)
i=1 :

From (5.107), (5.108) and (5.109), we have ry(t, + 0) = ra(op + 0), which
means that p cannot be an interior point. Hence, Theorem 5.9.1 is proven. I

Further discussions on curve/surface and surface/surface overlapping
problems can be found in [178].

5.10 Self-intersection of curves and surfaces

So far we have focused mainly on intersection problems of regular curves
and surfaces without self-intersections. In this section we will show how to
compute self-intersections of curves and surfaces.

Self-intersection of a planar rational polynomial parametric curve can be
formulated as finding pairs of distinct parameter values o # t such that

r(o) =r(t), (5.110)
or in terms of components as
X(o) X() _, Yl) Y _
W) W - Wy Wy (5.111)

where

X(t) = ZwiwiBi,n(t)a Y(t) = ZwiyiBi,n(t)a W(t) = ZwiBi,n(t) .
i=0 =0 =0

(5.112)
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Lasser [224] presents an algorithm to find all the self-intersection points of
a Bézier curve by subdividing the Bézier polygon instead of the curve itself.
Finally the self-intersection points are approximated by straight line inter-
sections of the refined Bézier polygon.

Here we introduce a method to find all the self-intersection points of
a planar rational polynomial parametric curve based on the IPP algorithm
introduced in Chap. 4. Multiplying by the denominators of (5.111), we obtain

Xo)W(it)—Xt)W(e)=0, Y@ W(k) —-Y&)W()=0. (5.113)
These equations can be rewritten as

Z Zwiwjmi[Bi,n(a)Bjm(t) — Bj7n(0')Bi7n(t)] =0 5 (5114)
=0 j=0

n n
Z Z wiwjyi[Bi,n(U)Bjm(t) — Bj7n(0)Bi7n(t)] =0. (5115)
i=0 j=0
which form a system of two nonlinear polynomial equations in ¢ and ¢. Since
Bin(0)Bjn(t) — Bjn(o)Bin(t)

o—t (5.116)
= By 2@ =Pl ) Banl@) = Bia®)

we can easily factor out (o —t) from (5.114) and (5.115) to exclude the trivial
solutions o = t.

Self-intersections of a rational polynomial parametric surface are defined
by finding pairs of distinct parameter values (o,t) # (u,v) such that

r(o,t) =r(u,v) . (5.117)

Barnhill et al. [19] compute surface self-intersections by their procedural sur-
face/surface intersection algorithm. Also Lasser [223] introduces a method to
compute all the self-intersection curves of a Bézier surface patch by subdi-
viding the Bézier control net instead of the surface patch itself. Finally the
self-intersection curves are approximated by the polygons resulting from the
plane/plane intersections of the refined Bézier control net. Andersson et al.
[6] provide necessary and sufficient conditions to preclude self-intersections
of composite Bézier curves and patches.

Unlike the curve self-intersection case, it is inefficient to solve surface self-
intersection problems with the IPP solver (see Chap. 4). The key difficulty
arises in the removal of the trivial solutions. We cannot divide out factors o—u
and t—v from the system directly, since terms x (o, t) —z(u,v), y(o,t) —y(u, v)
and z(o,t) — z(u,v) do not necessarily exactly involve the factors o —u and
t —v. A technique to remove such trivial solutions is given in [252] and in
Sect. 11.3.5.

Self-intersections of offsets of curves and surfaces, which are more difficult
to compute, are discussed fully in Chap. 11.
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5.11 Summary

Some important outstanding issues in the area of intersection problems are
summarized below [299]. While solving nonlinear polynomial systems, as a
preliminary step in computing characteristic points of surface intersections, it
is frequently necessary to deal with solution sets that are not zero-dimensional
(e.g. the solution sets are one-dimensional, two-dimensional etc.). Most of
the methods experience serious numerical and efficiency difficulties in those
cases. Methods to deal effectively with these problems need to be developed,
including methods to identify and, if possible, parameterize these higher-
dimensional solution sets.

Extension of current intersection methods applied on rational B-spline
surfaces, to more general and complex surfaces requires further study. Such
surfaces include offset, generalized cylinder (pipe or canal surfaces in partic-
ular), blending, and medial surfaces and surfaces arising from the solution of
partial differential equations or via recursion techniques (subdivision surfaces
[353]). Intersections of such surfaces with the basic low order algebraic and
rational B-spline surfaces, commonly used in CAD need to be explored. How-
ever, a basic element of a solution of many of these problems is the auxiliary
variable method described in [169, 252, 299], where the problem is reduced
to a higher dimension nonlinear polynomial system. In some cases, recent
research has indicated that some special instances of these general surfaces
can be exactly expressed as rational polynomial surfaces [323, 240, 255, 249]
of higher degree and therefore these problems are reducible at least in princi-
ple to the problems addressed in this chapter. Further research is needed to
implement this idea in a practical setting and examine the relative efficiency
of competing approaches.

Investigating the effects of floating point arithmetic on the implementa-
tion of intersection algorithms has been an important area for basic research
during the last decade. Ways to enhance the precision of intersection com-
putation, to monitor numerical error contamination and alternate means of
performing arithmetic, not relying on imprecise floating point computation
alone, have been explored in some detail. Researchers in surface intersection
problems during the last decade have already obtained a good understand-
ing of robustness problems when employing floating point arithmetic and of
methods to mitigate these problems based on normalization of the system
[133] and rounded interval arithmetic [178]. However, these methods are not
a panacea since they cannot resolve effectively non-zero-dimensional solution
sets of nonlinear systems or achieve very high precision in reasonable compu-
tation times. A related active problem area has been the rectification of solid
models expressed in the Boundary Representation form, which attempts to
resolve intersection inconsistencies in such models and create topologically
and geometrically consistent models [302, 359, 387, 388].

As a result of these deficiencies, recent research tends to focus on exact
methods involving rational arithmetic [195, 355, 357]. Much research remains
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to be done in bringing such methods to the CAD practice, generalizing the
arithmetic to go beyond rational and algebraic numbers (eg. involving tran-
scendental numbers of trigonometric form), and to explore more efficient
alternatives that are generally applicable in low and high degree problems
alike. Finally, a general and comprehensive comparison and mapping of the
efficiency properties of all available methods for solving nonlinear systems
robustly would be valuable as a guide for future research.



6. Differential Geometry of Intersection Curves

6.1 Introduction

In Chap. 5 we have studied the classification, detection, and solution of in-
tersection problems. In this chapter we focus on the differential geometry
properties of intersection curves of two surfaces. To compute the intersection
curves more accurately and efficiently, higher order approximation of inter-
section curves may be needed. This requires the computation of not only
the tangents of the intersection curves, but also curvature vectors and higher
order derivative vectors, i.e. higher order differential properties of the curves.

The two types of surfaces commonly used in geometric modeling sys-
tems are parametric and implicit surfaces that lead to three types of surface-
surface intersection problems: parametric-parametric, implicit-implicit and
parametric-implicit. While differential geometry of a parametric curve can be
found in textbooks such as in [411, 443, 76], there is little literature on differ-
ential geometry of intersection curves. Faux and Pratt [116] give a formula for
the curvature of an intersection curve of two parametric surfaces. Willmore
[443] describes how to obtain the unit tangent t, the unit principal normal n,
and the unit binormal b, as well as the curvature x and the torsion 7 of the
intersection curve of two implicit surfaces. Hartmann [154] provides formulae
for computing the curvature k of intersection curves for all three types of
intersection problems. They all assume transversal intersections where the
tangential direction at an intersection point can be computed simply by the
cross product of the normal vectors of the both surfaces.

However, when the two normals are parallel to each other, the tangent
direction cannot be determined by this method. We call such intersection
points tangential intersection points. Kruppa describes in his book [212] that
the tangential direction of the intersection curve at a tangential intersection
point corresponds to the direction from the intersection point towards the in-
tersection of the Dupin’s indicatrices of the two surfaces. Cheng [53], Markot
and Magedson [263, 262] give solutions for parametric surfaces at isolated
tangential intersection points, based on the analysis of the plane vector field
function defined by the gradient of an oriented distance function of one sur-
face from the other. The plane field function will vanish at the tangential
intersection point, and higher-order expansion of the function is required at
such points to determine the marching direction for the intersection curve.
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Kriezis [207] and Kriezis et al. [209] determine the marching direction for
tangential intersection curves based on the fact that the determinant of the
Hessian matrix of the oriented distance function is zero. Luo et al. [241]
present a method to trace such tangential intersection curves for parametric-
parametric surfaces employing the marching method. The marching direction
is obtained by solving an underdetermined system based on the equality of
the differentiation of the two normal vectors and the projection of the Tay-
lor expansion of the two surfaces onto the normal vector at the intersection
point. Ye and Maekawa [457] developed algorithms to compute unit tan-
gent vectors, curvature vectors, binormal vectors, curvatures, torsions, and
algorithms to evaluate the higher order derivatives for transversal as well as
tangential intersections for all three types of intersection problems.

6.2 More differential geometry of curves

Let z = z(s), y = y(s), z = z(s) or in vector form r = c¢(s) be the intersection
curve with arc length parametrization. Then from (2.5) and (2.20), we have

c(s)=t, (6.1)
c'(s) =k =kn,

where t is the unit tangent vector and k is the curvature vector, which is the
rate of change of the tangent vector. From (6.2) it follows that

W=k-k=c"-c". (6.3)
Now let us evaluate the third derivative ¢'(s) by differentiating (6.2)
c"(s) =k'mn+kn', (6.4)

where we can replace n’ by the second equation of the Frenet-Serret formulae
(2.56) yielding

c"'(s) = —k’t + K'n + kb . (6.5)

Since the vectors t, n, b are a right-handed orthonormal triplet, the torsion
can be obtained from (6.5) as
b-c"

T=—, (6.6)

provided that the curvature does not vanish.

Classical differential geometry textbooks [411, 205, 443, 76] do not cover
the case k = 0, which is addressed below following Ye and Maekawa [457].
When x = 0 (6.2) does not define the unit principal normal vector. To obtain
the principal normal vector at points where x = 0, higher order derivatives
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of the curve are involved. If kK = 0, then the curve is a straight line, and the
Frenet frame of the curve is not defined. We assume here that £ = 0 occurs
only at isolated points. In such case, (2.56) is valid. If K = 0 and &’ # 0, the
third order derivative (6.4) reduces to

c"(s) =k'n, (6.7)

which defines the unit principal normal vector where «' is obtained from
(k)2 =c"-c". If k = k' =0 and k" # 0, we need to evaluate the fourth
order derivative by differentiating (6.4) yielding

cW(s)=k"n, (6.8)

where (k)2 = ¢® .c® . In general, if k = k' = --- = kU~ = 0and k) #0,
then

Ut (s) = kn, (6.9)

where (k(1)? = ¢(i+2) . ¢(i+2),

The evaluation of torsion when the curvature vanishes can be performed
as follows. If k = 0 and ' # 0, we need to evaluate the fourth order derivative
of ¢(s), i.e. ¢ (s). This can be obtained by differentiating (6.5) and replacing
t', n’, b’ using the Frenet-Serret formulae which results in:

cW(s) = =3kK"t + (K" — k72 — K*)n + (26'T + k7')b . (6.10)

In this case (6.10) further reduces to

c®(s) = k"0 +2k'7b (6.11)
thus
b-c®
r=2 (6.12)

Similarly we have

¢ (s) = (—4kk" = 3(K")? + &* + K27t + (5" — 6k%K" — 3K'T2 — 3k7T7')n

+ (BK"T +3k'T — KT — k7* + KT")b . (6.13)

and hence, if k = k' = 0 and k" # 0, then 7 becomes

b-c®
r="s (6.14)
In general, if kK = k' = --- = kU~D =0 and k1) # 0, then [457]
b - cli+3)
r=—° (6.15)

(7 + kW)
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Let z = 24 (ua,v4),y = y*(ua,va), 2z = 24(ua,v4) and z = 28 (up, vB),
y = yB(up,vB), 2 = 2P(up,vp) or in vector form, r = r(us,va) and
r = rB(up,vg), be the two parametric surfaces. Also, let us denote the two
implicit surfaces as f4(x,y,2) = 0 and fB(z,y, z) = 0. We assume that these
surfaces are all regular. In other words

ri xrl #0, 1B xeB £0, Vfr#0, VP£0. (6.16)
The unit normal vector of a parametric surface and an implicit surface are
given by (3.3) and (3.9).

So far, we have studied the intersection curve independent of the two
intersecting surfaces. However, the intersecting curve can also be viewed as a
curve on the two intersecting surfaces. A curve u = u(s), v = v(s) in the uv-
plane defines a curve r = c(s) = r(u(s),v(s)) on a parametric surface r(u, v),
while a curve z = z(s),y = y(s), z = z(s) with constraint f(z(s),y(s),z(s)) =
0 defines a curve on an implicit surface f(z,y,z) = 0.

We can easily derive the first three derivatives of the intersection curve
c(s), ¢"(s), ¢"'(s) as a curve on a parametric surface using the chain rule:

c'(s) =r,u' + 1,0, (6.17)
c"(8) = ryuu(u')? + 2ruu'v' + 1y, (V)2 + ru’" + 10" (6.18)
¢ (5) = Tuun(t)? + 3ruuy (W) 20" + 3rypett’ (V) + Type (v')? (6.19)

1o n_.1 ron ron " "
+3(rypt’u” + ryy (u'v" + uv") + ryv’v") + ryu” + 0"

2 3
Similarly we can evaluate %, 4 and % as follows:

ds
Z—]; = fox' + fy' + f.2' =0, (6.20)
2
% = fzz(xl)2 + fyy(y’)2 + fzz(Z’)2 + 2(fzyxlyl + fyzylzl + fmzl'lzl) (621)
+fxm” +fyy” +sz” — 0 ,
3
% = fzzz(m’)S + fyyy(yl)g + fzzz(zl)3 + 3(fzzy(m’)2y’ + f:t:tz(x,)2zl (622)

oy (Y)2 + Fuuz(W)22 + fora®' ()2 + froat) ()2 + 2fuy-2'y'2)
+3(fII$I£L’” +fyyy'y" -I-fZZZ,Z” +fzy(93"y' _+_1,/yn)
+fyz(y”z' F Y 2" + fer(@"2 + 2’ 2")) + for + fyy/u + 2" =0,

6.3 Transversal intersection curve

6.3.1 Tangential direction

The tangent vector of the transversal intersection curve c(s) lies on the tan-
gent planes of both surfaces. Therefore it can be obtained as the cross product
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of the unit surface normal vectors of the two surfaces at P as illustrated in
Fig. 6.1:
‘ N4 x NB

- INA x NB|’
where N4 and NP are the unit surface normal vectors of the two surfaces
which are given either by (3.3) or by (3.9) according to the type of two
intersecting surfaces. When the two normals are parallel to each other, the
tangent direction cannot be determined by (6.23). This happens when the
two surfaces intersect tangentially and the tangent direction must be treated

in a different way. We will investigate the tangential intersection case in Sect.
6.4.

(6.23)

B

Fig. 6.1. Transversal intersection of two surfaces (adapted from [457])

6.3.2 Curvature and curvature vector

The curvature vector of the intersection curve at P, being perpendicular to
t, must lie in the normal plane spanned by N4 and N®. Thus we can express
it as

k = aN4 + gN& | (6.24)

where a and (8 are the coefficients that we need to determine. The normal
curvature at P in direction t is the projection of the curvature vector k onto
the unit surface normal vector N at P given by
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kn=k-N. (6.25)

By projecting (6.24) onto the normals of both surfaces (see Fig. 6.1) we have

nﬁ:a-%ﬁcosﬁ,

kB =acosf+ 4, (6.26)
where 6 is the angle between N4 and N and is evaluated by
cosf = N4 . NP | (6.27)

Solving the coefficients @ and § from linear system (6.26), and substituting
into (6.24) yields

IiA

k = n NA
stn26 + sin?0

B

B A
Ky, cosl Ky — Kkhcos g

(6.28)

It follows that if we can evaluate the two normal curvatures /' and P at
P, we are able to obtain the curvature vector of the intersection curve at P
from (6.28). Note that (6.28) does not depend on the type of surfaces. Let
us first derive the normal curvature for a parametric surface. Recall that the
curvature vector of the intersection curve is also given by (6.18) considered
as a curve on the parametric surface. The normal curvature is obtained by
projecting (6.18) onto the unit surface normal

kn = L(u')? + 2Mu'v' + N(v')?, (6.29)

where L, M, N are the second fundamental form coefficients (3.28).

We still need to evaluate u’, v’ to compute (6.29). Since we know the unit
tangent vector of the intersection curve from (6.23), we can find u’ and v' by
taking the dot product on both hand sides of (6.17) with r, and r,, which
leads to a linear system

Eu+Fv'=r,-t, (6.30)
Fu' +Gv' =1, -t, (6.31)

where E, F, G are the first fundamental form coefficients given in (3.12).
Thus,

o (ry - t)G — (ry - t)F , (ry-t)E—(r,-t)F

EG — F? U= EG — F? , (632)

where EG — F? # 0, since we are assuming regular surfaces (see (6.16)).
Similarly we can compute the normal curvature of the implicit surface by
using (6.21). The projection of curvature vector ¢/ = (z',y",2") onto the

unit normal vector ‘g—fc‘ of the surface, from (6.21), is given by
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B fma:”+fyy”+fz2"

Kn
N2

_ foa(2')® + fyy(yl)2 + foa(2)? + 2(fey®'y' + fyy'2' + froa'2')
Ve + I+ 12

where z', y', 2’ are the three components of t given by (6.23).
Consequently, the curvature of the intersection curve ¢ at P can be cal-
culated using (6.3), (6.27) and (6.28) as follows:

(6.33)

1
= kk: A2 B2_2A B - 4
k=vVk- -k |Sin9|\/(ﬁn) + (k5) K4 KE cosf (6.34)

6.3.3 Torsion and third order derivative vector

Since N4 and NZ lie on the normal plane, the terms x'n + x7b in (6.5) can
be replaced by YN4 + §N&. Thus

c"(s) = =K%t + yN* + NP . (6.35)

Now, if we project ¢”(s) onto the unit surface normal vector N at P and
denote by \,,, we have

M =~ +dcosh,
AB = ycosh+6. (6.36)

Solving the linear system for v and 4, and substituting them into (6.35) yields

Al —)\ECOSGNA . AB — \Acosh

C"':—Ii2t+ L L
sin“ 6 sin“ @

NE . (6.37)

Similar to the curvature vector case in Sect. 6.3.2, we need to provide
M4 and AP to evaluate ¢’”’. For a parametric surface, A, can be obtained by
projecting ¢'”’, which is the third order derivative of the intersection curve
as a curve on a parametric surface, i.e. (6.19), onto the unit surface normal
vector N, resulting in

Ap =c"” N =3[Lu'v" + M(u'"v' +u'v") + No'v'"]+ IIT,  (6.38)
where

ITT = ryyy - N(t')? 4 3ryue - N(u)?0" 4 3rypy - Nu'(v')% + rype - N(0')?
(6.39)

and u' and v" in (6.38) are evaluated by taking the dot product on the both
sides of (6.18) with r,, and r,. Noting that ¢’ = k leads to a linear system
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E, Gy
Eu'+ Fv'" =k -1, — 7(u’)2 — Eu'v' — (F - 7) (v")?, (6.40)
" "no_ _ _Ev n2 _ //_Gv "2
Fu"+Gv" =k -1, F, 5 (u')* = Guu'v 5 ("), (6.41)

which can be solved for " and v".
For an implicit surface, the projection of ¢ = (2", 3", 2""") onto the unit
normal vector of the surface % can be obtained from (6.22) as

1 1" 1" FitaF 4 F
DN e LA e T (6.42)
IR+ f2 fa+f)+ 12
where
Fl - fzzz(m’)S + fyyy(yl)3 + fzzz(zl)3 ) (643)
F = 3(fmmy(x’)2y, + fxxz(ml)ZZ’ + facyyxl(y’)z + fyyz(yl)zzl + fmzle(zl)2
+fyrey (2)2 4 2fuy7'y'2) (6.44)
F, = 3(fzzl’ll'” +fyyy'y" + fo.2" +fzy(a?"y' _+_1_1y/1) +fyz(y"2' _+_yIZII)
+fon (22 + 2'2")) (6.45)

and (z",y",2") are given by (6.28).
Finally, the torsion can be obtained from (6.6) and (6.37) as follows

1

Kk sin’ @

{2 = ABcosh](b - N4) + [AB — A cosf](b - NB)} | (6.46)

T =

where the binormal vector and curvature are evaluated by (2.40) and (6.34).

6.3.4 Higher order derivative vector

The algorithm introduced in Sect. 6.3.3 to compute the third order derivative
vector of the intersection curve can be generalized to compute the higher
order derivative vectors ¢\ (m > 4), under the assumption that we have
evaluated ¢ for 1 < j <m —1, w1 and vU~Y for 2 < j < m — 1. The
algorithm is as follows:
1. Evaluate the m-th (m > 4) order derivative vector c¢(™ by successively
differentiating (6.5). At each differentiation step replace t', n’, and b’ by

kn, —kt + 7b, and —7n using the Frenet-Serret formulae (2.56), which
leads to the equation

™ = ¢t 4+ ¢pn+ b, (6.47)

where ¢, ¢, and ¢, are the coefficients that depend exclusively on x and
7 and their derivatives (see (6.10), (6.13) for reference). As we will see in
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step 2, it is not necessary to evaluate ¢, and ¢,. The coefficient ¢; consists
of k, 7 and their derivatives of order up to m — 3 (m > 4) and m — 5
(m > 6), respectively, which have already been evaluated in the earlier
stages of the computation. For example ', 7/, k", 7' can be obtained by
taking the dot product between the curve derivative vectors with n or b,
thus from (6.5), (6.10) and (6.13):

(6.48)
(6.49)
K =c® n+ k4 rr? (6.50)
(6.51)

7 = (c® b+ &+ kT — 36" — 36'T") /K.

2. Replace the terms ¢, n + ¢,b in (6.47) by yYN4 + §NP since they both lie
on the normal plane:

c™ = ¢t + N4 4 6N | (6.52)

3. Evaluate \,, by projecting ¢(™) which is the m-th derivative of the in-
tersection curve evaluated as a curve on a surface, onto the unit surface
normal.

o Parametric surface: Differentiate (6.19) with respect to the arc length
using the chain rule to evaluate ¢(™) as a curve on the parametric
surface. To compute ¢(”™) we also need to obtain u(™~1) and v(™m~1),
which can be done by taking the dot product on the both sides of
¢™=1) with r, and r, and solving the linear system. Project c¢(™)
onto two surface normal to obtain \,.

e Implicit surface: Differentiate (6.22) with respect to the arc length
successively. The resulting expression always involves the terms of the
form fyz(™ + fyy(m) + £.2(™ which is the projection of ¢(™ onto
the surface normal V f. Thus, by moving the rest of the terms to the
right hand side we have

_ fmx(m) + fyy(m) + fzz(m)

I+ + 12

Bmf(ml)m + %(yl)m + w(zl)m 4o

ox™ oz™
i+t 2

The numerator involves terms z(), y), 20) for 1 < j<m —1 (not
explicitly expressed here), are obtained by the components of cl),
4. Project (6.52) onto both the unit surface normal vectors yielding

An (6.53)

A2 =y + §cos, AB = ycosf+6, (6.54)

where cos§ = N4 - NB.
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5. Substitute A and AZ, obtained from Step 3, into (6.54), and solve the
linear system for v and § and substitute into (6.52), resulting in

M \B cosGNA+ AB A4 cosd

NE . 6.55
sin? 6 sin? 6 ( )

™ =t +

6.4 Intersection curve at tangential intersection points

Now, let us assume that the two surfaces A and B intersect tangentially at
a point P on the intersection curve c(s), i.e. N4 || N? at P. By orienting
the surfaces appropriately we can assume that N4 = N® = N (see Fig. 6.2).
In this case, (6.23) is invalid. Therefore, we have to find new methods to
compute the differential geometry properties of c(s). In the following Sect.
6.4.1 we also classify these tangential contact points P in several categories.

Fig. 6.2. Tangential intersection of two surfaces (adapted from [457])
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6.4.1 Tangential direction

The unit tangential vector t of c(s) at P must lie on the common tangent
plane of A and B. Therefore, t can be represented as a linear combination of
A B andrP  asin (6.17), i.e

rd and rd, | as well as

uA vA?

t=r, uy+r) vy =8 up+18 o (6.56)
Equation (6.56) consists of two linear equations with four unknowns (v, vy,
u’g, vg), since the tangent vector is constrained in the tangent plane and
does not have a normal component. Since N4 = N® = N at P, we find that

k= kP from (6.25). Thus, from (6.29) we have

LA (! = LB(ulp)? + 2MPulgvly + NB(vlg)? .

(6.57)
This equation is a quadratic equation in (u'y, vy, u'z,v). Thus together with
the unit length constraint of the tangent vector, (6.56) and (6.57) form a
system of four nonlinear equations in four unknowns. This nonlinear system
can be solved by representing u’; and v} in terms of linear combinations of u',
and v’y from (6.56), and then substituting the results into (6.57). By taking
the cross product of both sides of (6.56) with rf and rvB, and projecting
the resulting equations onto the common surface normal vector N at P, u'g
and vz can be represented as the following linear combinations of u'y and v',

"D+ 2M AU 0!y + NA(0))?

uly = aju’y +apv’y (6.58)
v = asu'y + asv’y (6.59)
where
A xrB).N det(rd rB
an = (r;‘; UBB) ety N) (6.60)
(rf, xrl) N~ /EBGE - ( B)?
A xrB).N det(rd ,rB |
a1 = (r;;; ';;) _ detlri) rp N) (6.61)
(rf, xrl) N~ /EBGE - ( B)?
B xrd).N  det(rP A N
az1 = (r;f; ;;A) ey T N) (6.62)
(rf, xrf) N~ \/EBGE — ( B)2
B xrd)-N det , v
Gz = (rgB o W) N_ detlry r,,N) (6.63)
(B, xrB) N~ \/EBGE — (FB)?
Substituting (6.58) and (6.59) into (6.57), we have
bn(UIA) + 2b12(UIA)(UIA) + bao (U’A)2 =0, (664)
where
by = a2, LB + 201105 MP + a2, NP — LA (6.65)

B B B
bio = a11a12L” + (a11a22 + a21012) M7 + aa22N° —
2 1B B 2 a7B

bos = a12L + 2a12a90M*° + 0,22N

- N4

MA
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If we denote w = % when b1y Z0or u = Z# when by; = 0 and by # 0, and
A A

solve (6.64) for w or y, then t can be computed as

A A
wry,,  +r,,

= A A
|WI'UA + rvA

, (6.66)

or " "
r, +ur
g= e Moy (6.67)
LR L
There are four distinct cases to the solution of (6.64) depending upon the
discriminant b2, — by1bas:

1. Isolated tangential contact point: If b3, — bi1baa < 0 then (6.64) does not
have any real solution. Thus, P is an isolated contact point of A and B.

2. Tangential intersection curve: If b2, — by1byy = 0 and b3, + b2, + b3, # 0
then (6.64) has a double root and t is unique. Thus, A and B intersect
at P and at its neighborhood.

3. Branch Point: If b2, — bi1baa > 0 then (6.64) has distinct roots. Thus,
P is a branch point of the intersection curve c(s), i.e. there is another
intersection branch crossing c(s) at P.

4. Higher order contact point: If by; = bja = bas = 0 then (6.64) vanishes
for any values of vy and v’;. Thus, A and B has a contact of at least
second order (i.e., curvature continuous) at P. In related work by Pegna
and Wolter [304], they developed mathematical criteria for curvature
continuity between two surfaces. Those criteria were later generalized to
arbitrary higher order continuity (contact) in [161].

When P is a flat point of one of the surfaces, say r?, then L?, MP NP all
vanish, however we can still evaluate (6.64). When P is a flat point of both
surfaces, then the two surfaces have a contact of order at least 2 at P which
is addressed under case 4.

There is a geometric interpretation to the tangent direction t at P. Re-
call that the Dupin’s indicatrix of a surface at point P is a conic section (see
Sect. 3.6). Since A and B intersect tangentially at P, they have the same
tangent-plane at P. Equation (6.57) indicates that along t, the Dupin’s in-
dicatrices of A and B at P intersect. Conversely, t is the vector(s) on the
common tangent-plane at P along which the Dupin’s indicatrices of A and
B intersect. The two Dupin’s indicatrices may not intersect at all (isolated
tangential contact point), or intersect at two points tangentially, or intersect
transversally at four points (branch point), or overlap (higher order contact
point). In the case of overlap, they must be the same at P, and A and B are at
least curvature continuous at P. Figure 6.3 shows the possible combinations
of Dupin’s indicatrices of two surfaces for four distinct cases. Although the
coordinate system of the two indicatrices are chosen to be the same for sim-
plicity, in general they may have different orientations. At hyperbolic points
the Dupin’s indicatrix is a set of conjugate hyperbolas depending on which
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side of the tangent plane the normal section is locally lying. However, for sim-
plicity we have only illustrated the cases for one of the conjugate hyperbolas.
The Dupin’s indicatrices of case 2 upper right in Fig. 6.3 are parallel to each
other and do not intersect. This is the case when two surfaces A and B inter-
sect tangentially at a parabolic point P where they have the same principal
directions. We assume without loss of generality that u— and v— parameter
curves are in the directions of the principal directions, where u = constant
being the principal direction with zero curvature. With these assumptions,
we have M4 = MP = N4 = NB =0 and a;» = az; = 0 thus (6.64) reduces
to

(a3, LP — L) (u)y)* =0, (6.68)

Therefore it has a double root with unique direction (ug = constant) for t,
provided that a?, L® — LA # 0. When a?, L® — LA = 0, the two surfaces are
at least curvature continuous at P, and their Dupin’s indicatrices overlap.

Implicit-implicit and parametric-implicit intersection cases can be han-
dled in a similar way. For the implicit-implicit intersection case we first equate
the normal curvatures of the two implicit surfaces A and B using (6.34), where
the unknowns are the unit tangent vector (z',y’,2"). We can eliminate one
of the component, say z', using (6.20) yielding the quadratic equation in z’
and y' similar to (6.64).

For the parametric-implicit intersection case we equate the normal cur-
vatures (6.29) and (6.34) of the parametric and implicit surfaces where the
unknowns are z’, y’, 2/, v’ and v'. We can replace z', ¥, 2z’ in terms of v’
and v’ using (6.17), which leads us to a quadratic equation similar to (6.64).
Upon solving the quadratic equation and applying the unit length constraint,
we obtain the unit tangent vector.

There are also four distinct cases for implicit-implicit and parametric-
implicit intersections, depending on the discriminant of the quadratic equa-
tion.

6.4.2 Curvature and curvature vector

The curvature vector k (see (6.2)) of the intersection curve c(s) at P can be
expressed as in (6.18) as follows:

" _ A 1 \2 A [ A 1 \2 A 1 A . n
c (S) - ruAuA(U’A) +2ruAUAU’AUA +rUAUA(UA) +ruAuA+rUAvA
_ Y/ B 1o B 1 \2 B N B I
- rUBUB (U'B) + 2ruBUBU’BUB + rUBUB (UB) + ruBU’B + rUBUB -
(6.69)

To obtain the curvature vector k=c" (s), we need to determine the coeflicients
(u'y,v’4) and (u'y, v}). Equation (6.69) introduces two constraints on the four
unknowns, since the normal components of both sides of (6.69) are the same
(see (6.57)). This can be seen clearly if we rewrite (6.69) as follows
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Fig. 6.3. Dupin’s indicatrices of two tangentially intersecting surfaces (adapted

from [457])
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A [ A r\2
_2ruA’UAuAvA _rvAvA (UA) -
From (6.70), (u%,v%) can be expressed by (u'y,vy) as follows:

" " "
up = @11y + a2y +ais, (672)

" " "
Vg = 21Uy + Q22U 4 + a23 , (673)

where a11,a12,a91 and ass are coefficients defined in (6.60) through (6.63),
a13 and as3 are coefficients defined as follows:

_ (Axrl) N det(A,r]  N) 6.74
al?’_(rgBXI‘B)-N_ E'BGB—(FB)Q, ( )
B (rfoA)-N B det(r uB,A N)
" = B, x5, N~ JBGH — (PO o

We still need two more equations to solve for (u'y, v’y). One additional equa-
tion can be obtained by differentiating c(s) from c(s) = r(u(s),v4(s)) =
rB(up(s),vp(s)) at P three times (see (6.19)) and projecting the resulting
vector equation onto the normal vector N, i.e. A = AP (see (6.38), (6.39)):

3[LAuyuy + MA(u'oy + u'yv'y) + N4 o'y + T1TA (6.76)
= 3[LPulgul + ME (U +ugvh) + NPvgolh] + 1ITP .

Another additional equation can be obtained from the fact that the curvature
vector k is perpendicular to the tangent vector t, i.e.

¢t = (ry t)uy+(ry )0+ (T t) (Uy) 2 +2(ryy t)u/s vy + (Tyy - t) (W) =0 .

(6.77)
Upon substituting (6. 72) and (6 73) into (6.76) we can solve the linear system
(6.76) and (6.77) for u'y and v'j, and hence, the curvature vector k can be
computed from (6.69), and the curvature « follows immediately from (6.34).

The curvature vector of the implicit-implicit intersection case, as well as
the parametric-implicit case, can be obtained by a similar procedure. We need
to evaluate (z",y", 2'") for the implicit-implicit case by solving a linear system
of three equations. The first linear equation in (z",y",2") is derived using
(6.21). The second equation is given by equating the projection of the third
derivative onto the unit surface normal vector, i.e. (6.42). Finally, the third
equation is obtained from the fact that the curvature vector is perpendicular
to the tangent vector, i.e. z'z" + y'y" + 2’2" = 0.

The parametric-implicit case can be obtained by solving a linear system of
two equations in u'" and v". The first linear equation in (u",v") is derived by
equating the projection of the third derivative vector of ¢ onto the unit normal
vector, i.e. (6.38) and (6.42). The first and second derivatives (z',y’, z') and
(x ”,y 2'") appear in (6.43) - (6.45) are replaced in terms of u', v, u' and
v" using (6.17) and (6.18). The second equation is given by (6.77).
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6.4.3 Third and higher order derivative vector

The third and higher order derivative vector m > 3 can be obtained in a
manner similar to the curvature vector case. We assume that ¢() for 1 < j <
m —1, and vV~ and vU~Y for 2 < j < m — 1 are already evaluated. The
algorithm is given as follows:

Parametric-parametric.

1. Differentiate c(s) = r(ua(s),va(s)) = rB(up(s),vs(s)) m times, from
which we can express u{?”) and v\ as linear combinations of v and
o™ (see (6.72), (6.73) for m = 2).

2. Differentiate c(s) = r4(ua(s),va(s)) = rB(up(s),vn(s)) m + 1 times
and project the resulting vectors onto the normal vector N, from which
we obtain a linear equation in w7, v¢™  w{™ o™ (see (6.76) for m =
2). Substitute uggm) and vgn), which are obtained from Step 1, into the
resulting equation.

3. Another additional linear equation is obtained from ¢(™ -t = ¢;, where
c(™ is the m-th order derivative of S (u4(s),v4(s)) and ¢; is defined
in (6.47) and depends exclusively on k and 7 and their derivatives (see
(6.76) for m = 2).

4. Solve the linear system for (u[™,v(™) and substitute them into the
expression of ¢(™ (s) in Step 1.

Implicit-implicit.

1. Total differentiate f(z,y,z) = 0 m times with respect to s, which will
provide a linear equation in (z(™), (™) z(m)),

2. Equate the projections of the (m+1)-th order derivative (z(™+1), y(m+1)
2(m+1)) of the two implicit surfaces onto the unit normal vector (see
(6.53)) to obtain a linear equation in (z(™,y(™) z(m)),

3. The third linear equation in (m(m),y(m),z(m)) can be obtained from
2"z 4 y'y (™) 4 2'2(M) = ¢;, where ¢;, defined in (6.47), depends exclu-
sively on k and 7 and their derivatives.

4. Solve the system of three linear equations for (z("™), y(m) z(m)),

Parametric-implicit.

1. Equate the projection of the (m + 1)-th order derivative vector of ¢ with
respect to the arc length of the parametric and implicit surfaces onto
the unit normal vector, i.e. t(™ (u(s),v(s)) - N, and (6.53), to form a
linear equation in u(™ and v(™), where (z(),y@), 2()) 1 < j < m, are
replaced by the components of r#) (u(s),v(s)).

2. The second linear equation in ©(™ and v(™ is obtained from ¢(™) -t = ¢,
where ¢(™ = r(™)(u(s),v(s)) and ¢;, which depends exlusively on & and
7 and their derivatives, is defined in (6.47).

3. Solve the linear system for (u(™,»("™)) and substitute them into r(™ (u(s),
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6.5 Examples

For illustrative purposes we present two examples, one from transversal in-
tersection of parametric-implicit surfaces and the other from tangential in-
tersection of implicit-implicit surfaces.

6.5.1 Transversal intersection of parametric-implicit surfaces

In this example, the parametric surface A is a hyperbolic paraboloid given
by

r=r(u,v) = (u,v,uv)’, 05<u<2and 0<v<2, (6.78)

and the implicit surface B is a cone given by
flz,y,2) =2z -y =0.

Figure 6.4 shows the two intersecting surfaces with two intersection curves,
one of which coincides with the z-axis. From (6.78) we have r,, = (1,0,v)7,

Fig. 6.4. Transversal intersection of parametric-implicit surfaces (adapted from
[457])

r, = (0, 1,u)T, Tyy = Lyy = 0, 1y = (0,0, l)T and the partial derivatives of
order higher than two are all zero. The first and second fundamental form
coefficients are readily given by E = 1+v* F=uv, G =1+u? L =N =0,

_ 1
M= Fa

Similarly we have f, =z, fy, = =2y, f: =2, foa = foy = fy- = [22 =0,
fyy = =2, fzz = 1 and the partial derivatives of order higher than two are

all zero.
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The unit normal vectors of surfaces A and B and their dot product are
given by

NA — (—’U, —u, l)T NB — vf — (Za _2y7 m)T
VuZ+ o2+ 1 IVl a2+ 42 + 22
080 — T+ 2yu — zv

VuZ + 02 + 1/a? + 492 + 22
Hence, the unit tangent vector of the intersection curve becomes
b= (2 y )T = (—zu + 2y, zv + 2,2yv + zu) T
7 V(—zu+2y)2 + (zv + 2)2 + (2yv + zu)?

To evaluate the normal curvature of parametric surface A in the direction
of t, we start by computing (u',v') using (6.32) yielding
(—zu + 2y, 2v + 2)
V(Ezu+ 29)2 + (2o + 2)2 + 2y + zu)?

(w',0") =

and hence

(A 2(—zu + 2y)(zv + 2)
" u? + 02 + 1[(—zu + 2y)2 + (zv + 2)2 + (2yv + 2u)?]

The normal curvature of the implicit surface in the direction t can be obtained
from (6.34)

B _ 2(y")2z — 22’2 -
Va2 4+ 4y? + 22

By substituting N4, N2, cos#, nﬁ and k2 into (6.28) we obtain the curvature
vector, and hence the curvature «.

The projection of the third order derivatives ¢'”(s) onto the unit surface
normal vector can be computed using (6.38) and (6.42) for the parametric
and implicit surfaces, respectively, yielding

w+or+1 " Va? +4y? + 22

where (u",v") are obtained by solving the linear system (6.40) and (6.41)

A S(UI,UII _+_ ulI,UI) B _3(1.[2,// _+_ l.llzl _ 2ylyll)
M= T2 Z\B

v (ke —20u) (1 +u?) — (k- 1y — 2uu'v)uv
“ u? +0v2 41

o (kery = 2uu'v')(1+v?) — (k -1y — 20u'v )uv
Y w402 +1 '

Y

Knowing &, t, N4, NPB cosf, A4, and AP, the third order derivative is

no

obtained from (6.37) and the torsion from (6.46).
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6.5.2 Tangential intersection of implicit-implicit surfaces

In this example, the two implicit surfaces are ellipsoids given by

2 2 2
A x Yy z
=—+—+=5-1=0,
f (1’.7 y7 ) 0 62 + 0 82 +
2 2 2
B Y z
=——+——=+-—-1=0.
PPy =5t oe 1w
The partial derivatives of the two implicit functions are readily computed as
f;“(:v,y,Z)zOlg,f"‘—3125y,f“—2z A= os, fA =325, fA =2,
% - ;;1 - I% =0, f7(x, %’ z) = 0.101%5v fyBB: 31235% B =128z,
zz — 0.10125° yy = 3125, 2y = 128, zy = vz = = 0. The par-

tial derivatives higher than order two are all zero. It is clear that at the
intersection point P (0, 0.8, 0), V4 and Vf® become parallel, thus P is a
tangential intersection point (see Fig. 11.17). Now let us compute the tangen-
tial direction and curvature vector of the intersection curves at the tangential
intersection point P. Since ff # 0 at P, we can express ¢ in terms of 2’ and

ZI

y = faa' + f22
fi!

Furthermore y' reduces to zero, because f = fA =0 at P. At P the normal
curvatures of both implicit surfaces in dlrectlon t are the same, thus from
(6.34) we have

fz()+()2:£()+()2
fit Iy
This is a quadratic equation in 2’ and 2z’ that can be solved for 2’ in terms of

a'. By substituting = z = 0, y = 0.8, we have 2’ = +221/72’ and hence P
is a branch point. Normalization gives the unit tangent vector (z',y’,2') =

( 27 () 4 257 )
4v/3197 77 T 44/319 )

Next, we evaluate the curvature vector as described in Sect. 6.4.2. The
first linear equation in (z",y", 2") is obtained from (6.21)

Ay A = — () - ) = FAG)? . (6.79)

The second equation is given by equating the projections of the third deriva-
tives of the two implicit surfaces onto the normal vector of the surface

A / II A1 / " I II B 1,11 I II
+ + + +
w?Y - w¥Y . (6.80)

\/(f;‘) +(F + T WIBP + (P + TG

The third equation is due to the fact that the curvature vector is perpendic-
ular to the tangent vector, i.e.
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" +y'y" + 22" =0. (6.81)
Solving the linear system (6.79), (6.80) and (6.81) at point P, we have
(z",y",2") = (0,—222,0), thus the curvature of the intersection curve at
Pisk =32

319°



7. Distance Functions

7.1 Introduction

The computation of maximal and minimal distance between point sets in
Euclidean space is a basic problem in computational geometry and geometric
modeling. It is useful in surface intersections [209], numerical control ma-
chining, tolerance region and access space representation in solid modeling,
robotics, inspection of manufactured objects [352, 296, 3], and in feature
recognition through the construction of medial axis transforms [297, 81, 449].
For this purpose, it is important to have computational methods which are
efficient and reliable to compute extrema for the distance between two vari-
able points where each of those variable points assumes all possible positions
in a given set. In practical situations, this set can be a surface, a curve, or a
single point.

In this chapter, we examine the computation of the stationary points of
the squared distance function in five cases [460]:

1. Between a given point and a variable point on a 3-D space parametric

curve.

Between a given point and a variable point on a parametric surface patch.

3. Between two variable points located on two given 3-D space parametric
curves.

4. Between two variable points, one of which is located on a 3-D space
parametric curve and the other is located on a parametric surface patch.

5. Between two variable points, located on two different given parametric
surface patches.

[\

We assume that the given curves and surfaces are rational polynomial
parametric. However, the methods can be extended to the cases where the
given curves and surfaces are represented by implicit polynomials using La-
grange multiplier methods (see Sects. 5.4.1 and 8.4). If the parametric curves
and surfaces are in integral/rational B-spline form, the first step is to subdi-
vide the integral/rational B-spline curve or surface patch into a number of
integral /rational Bézier curves or patches. The problem thus becomes com-
puting the distances between two point sets, which can be a space point,
a integral/rational Bézier curve or a integral/rational Bézier surface patch.
The squared distance functions expressed in Bernstein form are developed
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here for such point sets. This development is based on direct addition and
multiplication of two Bernstein forms [106, 314] (see Sect. 1.3.2).

7.2 Problem formulation

7.2.1 Definition of the distances between two point sets

The definitions of the squared distance function for five cases described in
Sect. 7.1 are given as follows:

1. The squared distance function between a point p, = (z, ¥, 2,)? and an
arbitrary point on a parametric curve r(¢) in three dimensional Cartesian
space is defined by

D(t) = po —x()* = (Po — (%)) - (Po — £(t)) - (7.1)

2. The squared distance function between a point p, = (7, ¥, 2,)7 and
a parametric surface patch r = r(u,v) in three dimensional Cartesian
space is defined by

D(u,v) = po — r(u,v)]* = (po — r(u,v)) - (Po — r(u,v)) . (7.2)

3. The squared distance function between two parametric curves p = p(u)
and q = q(v) in three-dimensional Cartesian space is defined by

D(u,v) = [p(u) - a(v)|* = (p(v) — a(v)) - (p(u) —q(v)) . (7.3)

4. The squared distance function between a parametric curve p = p(t) and
a parametric surface patch q = q(u,v) in three dimensional Cartesian
space is defined by

D(t,u,v) = |p(t) — q(u,v)|* = (p(t) — q(u,v)) - (p(t) — q(u,v)) . (7.4)

5. The squared distance function between two parametric surface patches
p = p(o,t) and @ = q(u,v) in three dimensional Cartesian space is
defined by

D(Uv t,u, ’U) = |p(07 t) - q(uv ’U)|2 = (p(a’, t) - q(u) U)) : (p(a, t) - Q(U, ’U)) '
(7.5)

The parameters o, t, u, v in (7.1) - (7.5) satisfy the following inequalities
0 < o,t,u,v < 1. The general approach to locate local minima of the squared
distance function is to search for zeros of the gradient vector field VD and
then examine if at those zeros the squared distance function attains minima.
For each of the five cases, the condition VD = 0 becomes
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. The stationary points of the squared distance function between a point
Po = (%o Yo 2o)T and an arbitrary point on a parametric curve r(t) satisfy
the following equation

Dy(t) =0, (7.6)
which can be rewritten using (7.1) as
(Po —r(t)) -re(t) =0 (7.7)

. The stationary points of the squared distance function between a point
Po = (T, Yo 2,)T and a parametric surface patch r = r(u,v) satisfy the
following two equations

D, (u,v) = Dy(u,v) =0, (7.8)
which can be rewritten using (7.2) as
(po - I‘(U,’U)) : ru(u,v) = (po - I‘(U,’U)) ’ I‘U(’U,,U) =0. (79)

. The stationary points of the squared distance function between two para-
metric curves p = p(u) and q = q(v) satisfy the following two equations

Da(t,0) = Dy(u,v) =0, (7.10)
which can be rewritten using (7.3) as

(p(u) —a(v)) - pu(v) = (P(u) —q(v)) - qu(v) =0. (7.11)

. The stationary points of the squared distance function between a para-
metric curve p = p(t) and a parametric surface patch q = q(u,v) satisfy
the following three equations

Dy(t,u,v) = Dy(t,u,v) = Dy(t,u,v) =0, (7.12)
which can be rewritten using (7.4) as
(p(t) — a(u,v)) - pe(t) = (P(t) — a(u,v)) - qu(u,v)
= (p(t) —a(u,v)) -qu(u,v) =0. (7.13)

. The stationary points of the squared distance function between two para-
metric surfaces p = p(o,t) and q = q(u,v) satisfy the following four
equations

DO.(U,t,U,’U) = Dt(07t>u7v) = Du(U,t,’LL,U) = DU(U,t,U,’U) =0 )
(7.14)
which can be rewritten using (7.5) as

(p(aa t) - q(u,v)) 'pU(Ua t) = (p(a’, t) - q(u,v)) 'pt(gv t) =0,

(p(a, t) - q(u,v)) ’ qu(uvv) = (p(a) t) - q(u,v)) -qv(u,v) =0.
(7.15)
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When the parametric curves and surfaces are in rational form, the squared
distance D(u) between two point sets can be represented by:

P(u)
D(u) = 2 7.16
W= 5 (7.16)
where u is the vector (u; us ... u,)T. For the problems considered in this
chapter, n € {1,2,3,4}. The gradient of D(u) is given by

Q*(u)

If VD(u) = 0, the numerator of the above expression should be zero. Since
the numerator in (7.17) is a polynomial vector field, our problem is reduced
to finding the singular points of an n-dimensional polynomial vector field,
i.e. the roots of a system of n nonlinear polynomial equations in n unknowns
within a given n-dimensional box [391, 299]. The solution of this problem is
discussed in Chap. 4.

Because the curves and surfaces involved in these distance problems are
bounded, it is necessary to break up the distance computation problem into a
number of subproblems which deal with interior and boundary points of the
geometric objects separately. The major steps of the algorithm are outlined
below:

1. Find the minimal and maximal distances in the interior domain of point
sets.

2. Find the distances at four corner points of the surface if one point set is
a surface.

3. Find the minimal and maximal distances along the four edges of the
surface if one point set is a surface.

4. Find the distances at end points if one point set is a curve.

5. Compare the distances to get the absolute minimum and maximum.

7.2.2 Geometric interpretation of stationarity of distance function

By examining the derivation of the equations in the preceding section, we can
interpret the stationary point condition VD = 0 in terms of the concept of
collinear normal points. This idea is used in [375, 208, 209] to detect closed
loops in surface-surface intersections (see (5.100)). Simply stated, two points
on two surfaces are said to be collinear normal points if their associated
normal vectors lie on the same line.

It is possible to interpret the conditions in (7.15) geometrically. Notice
that the line joining p(o,t) and q(u,v) must be orthogonal to the two par-
tial derivative vectors on p at (o,t) and to the two partial derivative vectors
on q at (u,v). As long as these derivatives do not degenerate, they span
the tangent planes to the two surfaces. Therefore the normals to these two
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surfaces must lie on the line joining the two points, and p(o,t) and q(u,v)
are collinear normal points as long as (7.15) are satisfied. The difference be-
tween (5.100) and (7.15) is that when two surfaces transversally intersect,
ie. p(o,t)=q(u,v) and (p, X Pt) X (qu X qQ,) # 0 at the points of intersec-
tion, the first set of equations of (5.100) are not satisfied, while (7.15) are
automatically satisfied.

Similar geometrical interpretations may be made for other distance prob-
lems. In the point-surface distance problem, (7.9) states that for a point
(up,vp) to be a stationary point, both partial derivatives to the surface at
that point must be orthogonal to the line joining po and r(ug,vp). If these
derivatives do not degenerate, an equivalent statement is that the normal
to the surface at (u,v) is collinear with the line joining the point and the
surface. In other words point r(ug,vo) is an orthogonal projection of py onto
a surface r(u,v). Pegna and Wolter [305] derived a set of differential equa-
tions to orthogonally project a space curve onto parametric surfaces as well
as implicit surfaces and solved them efficiently as an initial value problem.
These methods were also applied in [3] for inspection of sculptured surfaces.

7.3 More about stationary points

If it is only necessary to determine the absolute maximum or absolute min-
imum of the squared distance function between two geometric objects, then
simply computing the maximum or minimum of the set of distances at the
stationary points is sufficient, provided that this set is finite. However, it is
often necessary to classify each stationary point as a local maximum, local
minimum, or saddle point. Furthermore, the set of stationary points may not
be finite (for example, consider the distance function between two concentric
circles) and it may be required to trace out these infinite point sets. In this
section we examine these questions.

7.3.1 Classification of stationary points

Let us first recall the definitions of local extrema at stationary points:

Definition 7.3.1. Suppose that D : R™ — R is a scalar field on R™. Let u
be a stationary point of D, that is VD(u) = 0. Then

1. u is a local maximum if there exists a neighborhood U of u such that for
allve U, D(v) < D(u).

2. u is a local minimum if there exists a neighborhood U of u such that for
all v e U, D(v) > D(u).

To illustrate the application of these definitions, let us begin with a
simple one-parameter function D(u) (which may arise, for example, in the
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point-curve distance problem). Suppose uo is a stationary point of D(u), i.e.
D(up) = 0. Then a Taylor series expansion tells us that

) 1 o
D(UO + h) — D(U()) = hD(U,[)) + §h2D(U0 + ht)
= %hQD(uO + ht) (7.18)

where t € [0, 1] is some specific value depending on h. From Definition 7.3.1,
we see that ug is a local maximum if the right hand side of (7.18) is never
positive for h close to 0 and a local minimum if the right hand side is non-
negative for h close to 0. Now, if D(ug) # 0, then by continuity, there is some
0 such that for |h| < 6, D(uo) has the same sign as D(ug + ht). Therefore,
if D(ug) < 0, then h2D(ug + ht) < 0 for |h| < & and hence uy is a local
maximum. Similarly, if D(uo) > 0, then ug is a local minimum. These results
are familiar from calculus [166].

Unfortunately, the problem becomes more complicated if D(uo) =0.1In
this case we can not say anything about the sign of D(ug + ht) and must
therefore expand the Taylor series to higher derivatives. For example, if the
second derivative is zero but the third derivative is nonzero, then we will
have neither a maximum nor a minimum but a point of inflection. Consider
the function y = 23; in any neighborhood of the stationary point z = 0,
the function takes on both positive and negative values and thus x = 0 is
neither a maximum nor a minimum. If the third derivative is also zero, we
have to look at the fourth derivative, and so on. Fortunately, these exceptions
are rare, but a robust point classification algorithm should be able to handle
such cases. In general, if D™ (a) is the first derivative function that does not
vanish, then the function D(u) has [152]

e if n is odd; neither maximum nor minimum.
e if n is even;

— if D™ (a) < 0 ; maximum,

— if D™ (a) > 0 ; minimum.

Similar analysis can be performed with functions of more than one vari-
able. Consider a function D(u,v) of two variables, which might arise, for
example, in a curve-curve distance problem. A Taylor expansion around the
stationary point (ug,vo) to second order leads to

2

h
D(’LLO + h,’Uo + k) — D(UU,UU) = ?

+hkD,,(uo + ht,vo + kt)

Dy (uo + ht,vo + kt)

k,2
+7Dw(u0 + ht,vo + kt) , (7.19)

where t € [0, 1]. Instead of one second order term, this time we have three
to deal with, which of course makes classification more difficult. However,
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by simply completing the square with the second order terms, we can easily

formulate conditions for minima, maxima, and saddle points. To see this, let

o= %’bg Dg”, and ¢ = DQ”“. Then we have

D(ugp + h,vo + k) — D(ug,vo) = ah® + 2bhk + ck?
2b b? b?

=a(h®+ Zhk+ —k? — k2
a(h® + " + e )+ (c a)
b . v,

Now h and k appear only within squared expressions. This new form enables
us to ignore the signs of h and k and instead concentrate on the signs of the
coefficients a and (c¢— %) To see this, notice that within any arbitrarily small
neighborhood of (ug,vo), the ratio % takes on all possible values between —oo
and oo, and therefore the first term of the right hand side of (7.20) can become
extremely small or extremely large compared to the second term. However,
the signs of each term are not so easily changed. These are determined solely
by the signs of a and (¢ — %) If both coefficients are nonzero at (ug,vo),
a continuity argument shows that the expressions D, (uo + ht,vo + kt) and

Dyy(uo + ht,vo + kt) — gfzg:ﬁgi—m do not change sign as long as (uo +
ht,vo + kt) is sufficiently close to (ugp,vo). Therefore, in order to determine
the signs of these coefficients within a small neighborhood of (ug, vg), we can
simply evaluate them at (ug,vp). If the coefficients are nonzero there, then
their signs will enable us to classify the stationary point. For example, if both
coefficients are positive at the stationary point, then clearly the right hand
side of (7.20) is positive within some neighborhood of the stationary point,
and hence (ug,vg) can be classified as a minimum. If the first coefficient is
negative and the second is positive, then because either term may be made
zero at different parts of any neighborhood, the right hand side of (7.20) may
be positive or negative arbitrarily close to the stationary point, and thus
(uo,vp) is neither a maximum nor a minimum. The other possibilities lead
to the following theorem, which is proven more fully in [166]:

Theorem 7.3.1.

1. If Dyy < 0 and D2, < DyyDyy at the stationary point (ug,vo), then

(uo,vo) is a local mazimum.

If Dyy > 0 and D2, < DyyDyy, then (ug,vo) is a local minimum.

3. If D}, > D,.D,, then (ug,vo) is a saddle point (neither a mazimum
nor a minimum,).

4. If none of the above conditions apply, then it is necessary to examine
higher-order derivatives.

o

Notice that the third condition above applies even if D, = 0. In this case,
the second order term reduces to 2bhk+ck?. As long as b # 0, specific choices



190 7. Distance Functions

of h and k within any arbitrarily small neighborhood of the stationary point
can make this term either positive or negative, and hence (ug,vg) is neither
a maximum nor a minimum.

It is possible to complete the square for functions of more than two vari-
ables; however, in order to develop general conditions for minima and maxima
of such functions, we will employ the powerful theory of quadratic forms [409].

Definition 7.3.2. A quadratic form is an expression of the form ul Au,
where u = (ug us ... un)T is an n-dimensional column vector of unknowns
and A is an n x n matriz. A quadratic form uT Au is said to be

1. positive definite if uT Au > 0 for all u # 0.

2. positive semidefinite if uT Au > 0 for all u.

3. negative definite (semidefinite) if —u'Au is positive definite (semidefi-
nite).

4. indefinite otherwise (i.e. the form takes on both positive and negative
values).

To see how these quadratic forms are used, let us take a Taylor expansion
of a function of n variables D(u) around the stationary point u = ug:

D(up +h) — D(ug) = %hTHh+O(|h|3). (7.21)

Here H is the Hessian matriz of D; the element of the ith row, jth column,
is given by
0D (o)
ii = ———(ug) .
“ auiauj 0

Now clearly, if the quadratic form hT Hh is positive definite, then within
some neighborhood of the stationary point ug, the right hand side of (7.21)
is nonnegative, and therefore ug is a local minimum. Similarly, if the quadratic
form is negative definite, then ug is a local maximum.

At this point, we can use a familiar theorem of linear algebra whose proof
is given in [409]:

(7.22)

Theorem 7.3.2. Let uT Au be a quadratic form, let A be a real symmetric
matriz, and for i = 1,2,....n, let d; be the determinant of the upper left
i x 1 submatriz of A (which we will denote A;). Then the quadratic form is
positive definite if and only if d; > 0 for all i.

If the > condition in the above theorem is relaxed to >, a corresponding
theorem applies to positive semidefinite forms (that is, a form is positive
semidefinite if and only if d; > 0 for all 7).

Theorem 7.3.2 immediately gives us a necessary and sufficient condition
for negative definiteness as well. For, if we let B = —A, the quadratic form
u’ Au is negative definite if and only if u" Bu is positive definite if and only
if det B; > 0 for all i. But det B; = (—1)%det A; and so we have the following
corollary:
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Corollary 7.3.1. Let A and d; be as before. Then the quadratic form uT Au
is negative definite if and only if (—1)'d; > 0 for all i.

Simply applying these conditions gives us the following theorem:

Theorem 7.3.3. Let D be as before, and let H be its Hessian matriz, eval-
uated at the stationary point ug. Let d; be the determinant of the upper left
i X @ submatriz H; of H.

1. Ifd; > 0 for all i, then vy is a local minimum.
2. If (=1)*d; > 0 for all i, then ug is a local mazimum.

If, on the other hand, the form h™ Hh is indefinite, we can conclude that
Uy is neither a minimum nor a maximum (in two dimensions, such points are
usually called saddle points), as the following theorem shows:

Theorem 7.3.4. Let H,D,ug, and d; be as before. Suppose that the d; do
not satisfy the conditions for definiteness or semidefiniteness. Then ug is
neither a local minimum nor a local mazimum.

Proof: Because hT Hh is indefinite, there exist vectors h; and hs such that
h?th < 0 and h;th2 > 0. Pick an arbitrary neighborhood U of ug. Then
for any £ > 0 smaller than some positive number §, ug +ch; € U,ug +¢chs €
U, (¢hy)TH(ch;) < 0, and (chy)T H(ghs) > 0.

Using (7.21), we obtain

1

D(ug +¢hy) — D(ug) = 552h1THh1 + 0¥ hy ), (7.23)
1 21, T 3 3

D(u +ehs) = D(wy) = 5&*hy Hhy + O(e*|hof) . (7.24)

Clearly, for sufficiently small e, the right hand side of (7.23) will remain
negative, while the right hand side of (7.24) will remain positive. Thus we
have, for sufficiently small €,

D(ll() + Ehl) < D(llo) < D(ll() + EhQ) . (725)

Since U was an arbitrary neighborhood of ug, there is no neighborhood of
ug where D(ug) > D(u) for all u € U or where D(up) < D(u) for all u € U.
Therefore uy is neither a local minimum nor a local maximum. |

Unfortunately, trouble can occur if the Hessian is only semidefinite and
not definite. In this case we need to look at higher order derivatives or use
some other method to classify the point precisely. Although this is not too
difficult for one-parameter functions, it becomes progressively more involved
as the number of variables increases (see for example, [322, 129]).
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7.3.2 Nonisolated stationary points

Because the equation VD = 0 is equivalent to a system of n equations in n
unknowns, we expect that in most cases the solution set of this system will
consist of a few discrete, isolated points in R™. However, it is possible for the
solution set to contain curves, surfaces, or hypersurfaces as well as points. For
example, suppose D(z,y) = x2y?; then the solution set of VD = 0 consists
of the two lines z = 0 and y = 0.

In this section, we will examine a marching method helpful in tracing
curves of critical points. This type of degeneracy can occur if, for example,
we are trying to find the minimum of the squared distance between two
surfaces which happen to intersect. The method we use to trace out such
curves involves setting up a system of differential equations which can be
solved numerically using a standard ordinary differential equation system
solver (see Sect. 5.8.1).

We begin our discussion by defining the concept of a degenerate critical
point [322]:

Definition 7.3.3. A critical point ug of a function D : R™ — R (that is,
a point at which VD = 0) is called degenerate if the Hessian matriz of D
evaluated at ug is singular.

The following well-known theorem of differential geometry relates the con-
cepts of degeneracy and isolation.

Theorem 7.3.5. Suppose a critical point vy of D is nondegenerate, i.e. its
Hessian is nonsingular. Then there exists a neighborhood U of uy such that
for allu € U — {up}, VD(u) # 0. (A point ug having this property is called
an isolated critical point.)

Proofs of this theorem are given in [322, 129]. Unfortunately, the converse
is not true; all nondegenerate critical points are isolated, but some isolated
critical points are degenerate. For example, the function D(z,y) = 2® — 3zy>
has an isolated critical point at the origin, but its Hessian matrix there is the
zero matrix and therefore singular. Nevertheless, this theorem is practically
helpful in eliminating most cases.

We will use this theorem to help us detect curve branches of nonisolated
stationary points as follows:

1. Run the IPP algorithm described in Chap. 4 on our initial box of search,
with a fairly coarse level of accuracy. For example, if we start with the
search box [0, 1], we may run our root-finding algorithm with a tolerance
of 1072 or 1073,

2. Check the remaining bounding boxes after this step. If we observe a
number of boxes adjacent to one another, there may be a curve in the
solution set.
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3. Use Newton-Raphson iteration to find roots within these boxes to a high
accuracy. Check the Hessian at these points; if it is singular, it is very
likely that a curve exists. Accordingly, choose one of these roots as a
starting point for our tracing technique.

This approach is by no means infallible; it is theoretically possible for there
to be a number of degenerate isolated roots that will fool us into thinking that
there is a curve involved. It is also possible that the solution set is a surface
or even a higher dimensional entity. However, in practice these exceptions
rarely occur.

Let us now assume that we have found a point on this curve, which we
will call r : R — R"™. We will assume that r is a function of the parameter
t, which takes on a value 0 at our starting point and that r has unit speed
everywhere (i.e. [r(¢)| = 1 everywhere). This unit speed condition is imposed
to ensure that r has an arc length parameterization.

Rewrite the equation VD = 0 as a system of n equations in n unknowns:

Dul(ul, ,’U,n) :0,
(7.26)
D, (u1,...,up)=0.

Now, in order to stay on the curve r in moving a small distance from r(¢) to
r(t + dt), we need to know what increments have to be added to uy, ..., u,.
Accordingly, we take a Taylor expansion of each equation around the critical
point ug to first order:

Dy, (uo)dur+ ... Dy, (uo)du, =0,

e (7.27)
Dy, u, (uo)dur+ ... Dy, u, (ug)du, = 0.
Or, rewriting this as a matrix equation, we have
Hdu=0, (7.28)
where du = (duy ... duy,)™ and H is the Hessian of D(u) evaluated at uy.

Because ug is degenerate, the rank of H should be less than n. In fact, we
anticipate that it will be n—1, since any du satisfying (7.28) must be a vector
tangent to r at ug, and hence the nullspace of H should have dimension 1.
(It is possible on rare occasions that there is a curve passing through ug but
the rank of the Hessian is less than n — 1. This problem may occur if the
first-order Taylor expansion in (7.27) contains insufficient information due to
zero derivatives. Fortunately, these cases are extremely rare in practice; see
[322] for more information.)

Because we need to find a tangent vector to r at ug with unit length,
we need to find some vector in the nullspace of H and then normalize it to
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length 1. The Singular Value Decomposition method [409] may be applied
to H to generate such a vector in a stable manner. Then, after making the
vector unit length, we pass it to our ordinary differential equation solver as
the tangent to r at up. We can trace backwards by changing the sign of the
tangent vector.

Table 7.1. Curve and surface description (adapted from [460])

Case Property Degree(s) Property Degree(s)

pP/C rational 10

P/S rational 8 and 8
C/C integral 2 rational 2

C/S  rational 2 rational 4 and 3

S/S  rational 1 and 2 rational 1 and 2

7.4 Examples

In this section, we give examples of distance computations for the five cases:
a space point and a variable point on a 3D space curve (P/C); a space point
and a variable point on a surface (P/S); two variable points located on two
3D space curves (C/C); two variable points, one of which is located on a
space curve and the other is located on a surface (C/S); two variable points
located on two surfaces (S/S). The curves and surfaces involved are expressed
as rational Bézier entities whose property and degree are listed in Table 7.1.

The curve in the P/C example is a high degree rational curve which gives
rise to a system with 4 roots as shown in Fig. 7.1. The surface in the P/S
example is a high degree rational surface which also generates a system with
4 roots (see Fig. 7.2). In the C/C example, one curve is a parabola and the
other is a quarter circle represented as a rational Bézier curve; the resulting
system of equations has three roots (see Fig. 7.3). In the C/S example, the
curve is a parabola and the surface is a saddle-like rational Bézier surface;
there is only one root, which occurs at the intersection point of the curve and
the surface as illustrated in Fig. 7.4. In the S/S example, the two surfaces
are ruled rational surfaces with one root (see Fig. 7.5).
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Fig. 7.1. Distances of a point and a high degree rational Bézier curve (adapted
from [460])

Fig. 7.2. Distances of a point and a high order rational Bézier surface (adapted
from [460])

Fig. 7.3. Distances of a rational Bézier curve and an integral Bézier curve (adapted
from [460])
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Fig. 7.4. Distances of a rational Bézier curve and a rational Bézier patch (adapted
from [460])

Fig. 7.5. Distances of two linear-quadratic Bézier patches (adapted from [460])



8. Curve and Surface Interrogation

8.1 Classification of interrogation methods

Interrogation is the process of extraction of information from a geometric
model. In this chapter we focus on free-form curve and surface interrogation.
Free form surfaces, also called sculptured surfaces, are widely used in scien-
tific and engineering applications. For example, the hydrodynamic shape of
propeller blades has an important role in marine applications, and the aerody-
namic shape of turbine blades determines the performance of aircraft engines.
Free-form surfaces arise also in the bodies of the ships, automobiles and air-
craft, which have both functionality and attractive shape requirements. Many
electronic devices as well as consumer products are designed with aesthetic
shapes, which involve free-form surfaces. During the last two decades, many
curve and surface interrogation methods have been proposed (see references
in [274, 61]), and we will introduce some of them in this chapter.

Propeller and turbine blades are manufactured by numerically controlled
(NC) milling machines. When a ball-end mill cutter is used, the cutter radius
must be smaller than the smallest concave radius of curvature of the surface to
be machined to avoid local overcut (gouging) (see Sect. 11.1.2). Gouging is the
one of the most critical problems in NC machining of free-form surfaces [184].
Therefore, we must determine the distribution of the principal curvatures
of the surface, which are upper and lower bounds on the curvature at a
given point, to select the cutter size [116, 94]. Visualization techniques of
various curvature measures have been developed by Dill [74], Beck et al.
[22], Munchmeyer [279, 278], Higashi and Kaneko [162], Pottmann and Optiz
[327], Maekawa and Patrikalakis [254], Elber and Cohen [87] and Tuohy [422].
Higashi et al. [163] introduced the loci of points corresponding to extrema of
curvature values of the design surface called surface edges, which show how
the surface is waving and where the peaks of the wave exist. Kase et al. [188]
presented local and global evaluation methods for shape errors of free-form
surfaces which have been applied to the evaluation of sheet metal surfaces.

Developable surfaces [13, 221, 120, 32, 325, 251, 328] are surfaces which can
be unfolded or developed onto a plane without stretching or tearing. They are
of considerable importance to plate-metal-based industries as shipbuilding.
For a developable surface the Gaussian curvature is zero everywhere [76].
Thus the manufacturer would profit from prior knowledge of the distribution
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of the Gaussian curvature of the metal plate. A line of curvature indicates
a directional flow for the maximum or the minimum curvature across the
surface [22, 278, 173, 256, 250, 98] which can be used for determining feeding
directions to the rolling machine for the metal plate.

Fairing [364, 338, 144, 317, 148, 45, 316] is the process of eliminating
shape irregularities in order to produce a smoother shape. Reflection lines
[201, 189, 61] are a standard surface interrogation method to assess the fair-
ness of design surfaces in the automobile industry. Isophotes are used for
detection of surface irregularities [318, 144] and for continuity evaluation at
the boundaries of adjacent patches [146]. Also focal surfaces [146, 145] are
used to detect undesired curvature properties of a design surface. The set
of curvature extrema of a fair surface should coincide with the designer’s
intention. Therefore, computation of all extrema of curvatures is desirable.
The Gaussian, mean and principal curvatures are used for the detection of
surface irregularities [279, 278, 254]. On the other hand Andersson [7] devel-
oped a method to specify curvature in a surface design method and Higashi
et al. [164] proposed a method to generate a smooth surface by controlling
the curvature distribution. Theisel and Farin [418] studied the curvature of
characteristic curves on a surface, such as contour lines, lines of curvature,
asymptotic lines, isophotes and reflection lines.

As we will see in this chapter, the governing equations for shape inter-
rogation often result in n polynomial equations with n unknowns when the
input curves and surfaces are in integral/rational Bézier form. If the para-
metric curves and surfaces are in integral/rational B-spline form, some shape
interrogation methods involve a first step where the integral /rational B-spline
curve or surface patch is subdivided into a number of integral /rational Bézier
curves or rational Bézier patches. In the computer implementation we evalu-
ate the coefficients of the governing nonlinear polynomial equations in multi-
variate Bernstein form starting from the given input Bézier curve or surface
using the arithmetic operations in Bernstein form [106, 314] (see Sect. 1.3.2).
The system of nonlinear polynomial equations can be solved robustly and
accurately by the IPP algorithm presented in Chap. 4.

In this section we will classify the interrogation methods by the order
of derivatives of the curve or surface position vector which are involved. An
interrogation method is characterized as nth-order, if derivatives of the curve
or surface position vector of order n are involved.

8.1.1 Zeroth-order interrogation methods

Wireframe. The wireframe of a surface patch is produced by displaying
its boundary curves and a number of other iso-parametric curves in both
parametric directions, as depicted in Fig. 8.1. Small-scale wireframes on raster
screens provide only a rough idea of the underlying shape and are not very
appropriate means to judge the nature of the surface and its smoothness and
fairness. Furthermore, depending on the density of iso-parametric lines and
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their actual shape, they may mislead the designer about the actual shape of
the surface.

Fig. 8.1. Wireframe model of bicubic B-spline patch

Contouring. A better indication of the surface is normally obtained using
contour maps. There are different types of contour maps. The simplest con-
touring method is to intersect the surface with a family of user-defined non-
uniformly spaced parallel planes [22, 95] (see Fig. 5.1). Using z = constant
contour maps, maxima, minima and saddle points of the height z(u,v) of
the surface can be identified. Contouring with planes is, for example, em-
ployed in ship hull and aircraft fuselage design. More complex contouring
methods involve intersections with a series of co-axial cylinders or cones of
non-uniformly spaced radii. Propeller and turbine blades are normally con-
toured using such methods. The intersection methods of Chap. 5 need to be
invoked to perform robust contouring.

8.1.2 First-order interrogation methods

Shading and ray tracing. A shaded image of a surface usually gives a more
realistic visual representation in comparison to a wireframe model [118]. A
simple illumination model, based on Lambert’s cosine law and incorporating
specular reflection, gives the reflected intensity I as a function of the incident
intensity I; from a point light source, the ambient intensity I,, the diffuse
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reflection constant kg4, the specular reflection constant kg, the ambient diffuse
reflection constant k., the angle 6 between the unit surface normal N and
a light direction vector, and of the angle a between a viewpoint direction
vector and a vector in the direction of reflection:

I =1I,ky+ —(kgcosf + kg cosa) , (8.1)
r

for 0 < ko, ka, ks <1 and 0 < 0 < T where r represents the distance from the
perspective viewpoint to the point on the surface. More complicated shading
models, which take into account the properties of the material, the angle of
incidence, and the wavelength of the incidence light also exist [118].

The ray tracing technique [187, 118] gives more realistic images than a
simple shaded image method, but is much slower. The intensity for each
pixel is determined using a ray from the viewpoint through the pixel into
the object. Ray tracing is in fact an intersection problem. The ray to sur-
face intersection is computed for every ray and surface in a scene. Using
the ray tracing technique, the hidden surface problem is solved during such
computation and also other attributes, for example multiple reflections and
shadowing, can be included in the model.

Isophotes. Isophotes are curves of constant light intensity on a surface, cre-
ated by a point light source at infinity with direction 1 (|1] = 1), specified by
the user. These curves can be used for the detection of surface irregularities
[318, 144]. An isophote is a curve for which the quantity

N(u,v) -1 = cos@, (8.2)

is constant and equal to ¢, for 0 < ¢ < 1 and 0 < 0 < 90° where N(u,v)
is the unit surface normal vector. When the surface is locally planar (or
flat) all normals are parallel and the isophotes do not generally exist. If the
surface is CM continuous then the isophote line will be C™~1 continuous. For
rendering isophotes, the values of N(u,v) -1 are computed on a lattice and a
number of isophotes are generated by connecting points of equal value found
by interpolation between straddling grid points [3]. Color Plate A.1 shows

T
isophotes of the bicubic B-spline surface in Fig. 8.1 with 1 = (%, %, \/75)
Reflection lines. Reflection lines are another first-order interrogation method
used in the automotive industry to assess the fairness of a surface. Reflection
lines simulate the mirror images of a number of parallel straight fluorescent
lights on an automobile surface. In this method, deviations of the surface
from a smooth shape can be detected by irregularities of the reflection lines.
Originally a reflection line was defined as a reflected image of a linear light
source on a surface by Klass [201]. Kaufmann and Klass [189] modified the
above definition to reduce the computation as follows. A family of curves
qi(t), i = 1...n on the surface, which are intersection curves of the surface
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with a specific family of planes parallel to a unit vector v, are evaluated. For
each intersection curve q;(t), parameter ¢; that satisfies

a;(t)
- -V =cos¢, (8.3)
& (2)]

is evaluated. Then points qi (t1), d2(t2), ..., Qn(tn) are connected to form

the reflection line. The procedure is repeated for different values of ¢. If iso-
parametric lines are used instead of intersection curves of the surface with a
family of parallel planes, computational efficiency is further improved as in
[3]. Choi and Lee [61] applied the Blinn-Newell type of reflection mapping
[118], which uses simple and physically acceptable mapping algorithm, to
generate reflection lines on a trimmed NURBS surface. Choi and Lee [61]
also provide a thorough recent review of this topic.

Color Plate A.2 depicts reflection lines on the bicubic B-spline surface

. T
patch shown in Fig. 8.1, where values of % -v with v = (%, %, ?) are
evaluated along iso-parametirc curves and the equal value points found by

interpolation between mesh points are connected to form the reflection lines.
Highlight lines. Beier and Chen [23] introduced the concept of a highlight
line where a set of points on a surface are determined such that the distance
between a linear light source and an extended surface normal at the highlight
lines is zero (see Fig. 8.2). Let us denote the linear light source by

1(t) =a+bt, (8.4)

where a is a point on the linear light source, b is a directional vector and ¢ is
a parameter. Also let us define the extended surface normal vector e at the
surface point q by

e(t) =q+S7, (8.5)

where S is the surface normal vector at q and 7 is a parameter. The distance
between the two lines 1(¢) and e(r) is given by

(b xS)-(a—-q)

d= b x S|

(8.6)

This distance d will vanish if point q is on the highlight line. If we avoid cases
such that the linear light source and the surface normal become parallel, the
denominator of (8.6) is nonzero and the governing equation for determining
highlight lines reduces to

(b x S(u,v)) - (a — q(u,v)) =0. (8.7)

Equation (8.7) can be traced using the same technique that we introduced
in Sect. 5.8.1. Sone and Chiyokura [400] developed a method to control a
hightlight line directly using a NURBS boundary Gregory patch. Zhang and
Cheng [459] studied a method to remove local irregularities of NURBS surface
patches by modifying its highlight lines for real time interactive design.
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ext ended surface nornal
e(1)=q + St

light source
I(t)=a + bt

surface patch

Fig. 8.2. Definition of highlight line (adapted from [23])

8.1.3 Second-order interrogation methods

Curvature plots. For a planar curve, an inflection point occurs at a point
where the curvature changes sign (see Sect. 2.2). Note that a vanishing curva-
ture does not necessarily imply inflections, e.g. consider the curve y = z* at
x = 0. Using curvature plots, which consist of segments normal to the curve
emanating from a number of points on the curve and whose lengths are pro-
portional to the magnitude of the curvature given in (2.25) at the associated
point, inflection points and the variation of curvature can be easily identified
as illustrated in Fig. 8.3.

Fig. 8.3. Curvature plot of a planar curve with inflections
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Zero curvature points. The signed curvature formula for a planar para-
metric curve is given in (2.25). Due to the regularity condition, a necessary
condition to determine inflection points is

e()ij(t) —y()i(t) =0,  telt,b]. (8.8)

An inflection point on a planar curve is shown in Fig. 8.7, marked by x.
The curvature k(t) of a space curve is given in (2.26). The formula can
be expressed as

V(&g — §2)* + (9% — 2§)* + (28 — 3)?
(42 +§* + 22)}

K(t) =

(8.9)

Since we are assuming a regular curve, a condition to determine a point on
a curve, where the curvature s(t) vanishes, is [58]

Ko(t) = (25 — 9%)* + (9% — 2§)* + (28 —25)* =0,  t € [t1,t2], (8.10)

or
Gj—gi=gi—Aj=iE—d5=0, t€[t,t)]. (8.11)

Curvature vanishing points on a space curve r(t) are shown in Fig. 8.8, marked
by Xx.

Radial curves. For a parametric space curve r(t), a radial curve is defined
as
f(t) = p +n(t)/s() , (8.12)

where p is a fixed reference point in space, n(t) is the unit principal normal
vector and k(t) is a nonzero curvature of the curve [226]. Here the sign con-
vention (a) (see Fig. 3.7 (a)) is adopted for the curvature. For sign convention
(b) we simply replace the plus sign with a minus sign. Radial curves are a
method for visualizing curvature in a manner decoupled from the shape of
the curve as illustrated in Fig. 8.4. When an inflection point is involved, as
in Fig. 8.4, spikes in opposite directions occur. By viewing the radial curve,
a curvature measure is visualized. However, the user is left without a direct
reference as to the relationship between the curve point and the curvature
value. The radial curve also provides a method for viewing the range of vari-
ation of the curve’s normal vector. This range of variation can be obtained
from the angular sector described by all rays emanating from p and passing
through all points on the radial curve. Radial curves are useful in accessibility
and interference analyses.

Surface curvatures and curvature maps. Surface interrogation may be
performed using different curvature measures of the surface [22, 279, 18,
92]. The Gaussian, mean, absolute [92], and root mean square (rms) [245]
curvatures are the product (3.61), the average (3.62), the sum of the absolute
values
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Fig. 8.4. A radial curve of y = z® with a fixed reference point p = (—2,2,0). The
thin curve is the radial curve of the thick curve (y = z® with a curvature plot)

kabs :| kmaac | + | kmin | y (813)

and the square root of the sum of the squares of the principal curvatures

krms = k2 + k2

max min

(8.14)

respectively. These surface curvature functions are all scalar valued functions.
The variation of any of these quantities can be displayed using a color-coded
curvature map [74, 22]. Contour lines of constant curvature can also be used to
display and visualize the variation of these curvature functions. Munchmeyer
[279] calculates the curvature on a lattice and linearly interpolates the contour
points. Maekawa and Patrikalakis [254] present a method which allows a
robust and accurate computation of all stationary points and all contour lines
for functions describing Gaussian, mean and principal curvatures of B-spline
surfaces. This method allows us to divide the surface into regions of specific

range of curvature. A summary with further applications can be found in
[254].
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A surface inflection exists on a surface at a point P if the surface crosses
the tangent plane at P [172]. The point P is then called an inflection point.
If the Gaussian curvature is positive at every point of a region of a surface
then there are no inflections in that region. If the Gaussian curvature changes
sign in a region of a surface then there is an inflection in that region. In areas
where the surface has Gaussian curvature very close to or equal to zero the
Gaussian curvature alone cannot provide adequate information about the
shape of the surface. In such a case the surface has an inflection point in
the region only if the mean curvature changes sign. The Gaussian and mean
curvatures together provide sufficient information in order to identify surface
inflections on a surface [278, 279].

The curvature maps of the principal curvatures can also help to select a
spherical cutter of suitable radius in order to avoid gouging during machining
of the surface [22, 254]. We will discuss further on how to construct contour
lines of constant curvature in Sect. 8.5.

Focal curves and surfaces. For a parametric space curve r(t), a focal curve
or an evolute, shown in Fig. 8.5, is defined as

£(t) = r(t) + n(t)/k(t) , (8.15)

where n(t) is a unit principal normal vector and (t) is a nonzero curvature
of the curve. Thus the focal curve or evolute of a curve is the locus of its
centers of curvature. Focal surfaces [146, 145] can be constructed in a similar
way by using the principal curvature functions of the given surface. For a
given parametric surface patch r(u,v) the two associated focal surfaces are
defined as

f(u,v) =r(u,v) + N(u,v)/k(u,v) , (8.16)

where N(u,v) is a unit surface normal and k(u,v) is a nonzero principal
curvature (Kmin (4, v) O Kmaee(u,v)). Here sign convention (a) (see Fig. 3.7
(a)) is employed for both (8.15) and (8.16). When sign convention (b) is
assumed, we simply replace the plus sign by the minus sign.

Focal curves and surfaces provide another method for visualizing cur-
vature. An important application of focal curves is in testing the curva-
ture continuity of surfaces across a common boundary. Curves on the fo-
cal surfaces of each surface, which are at the common boundary, f(t) =
r(u(t),v(t)) + N(u(t),v(t))/c(u(t),v(t)), where r = r(u(t),v(t)) is the com-
mon boundary curve (or linkage curve) on the progenitor surface r = r(u, v),
can be compared to determine the curvature continuity of the surfaces. Ac-
cording to the linkage curve theorem by Pegna and Wolter [304] two surfaces
joined with first-order or tangent plane continuity along a first-order contin-
uous linkage curve can be shown to be second-order smooth on the linkage
curve if the normal curvatures along the linkage curve on each surface agree
in one direction other than the tangent direction to the linkage curve. Com-
parison of focal surfaces allows for a visual assessment of the accuracy for
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Fig. 8.5. Focal curve. The thin curve is the focal curve of the thick curve

the second-order contact of two patches along their linkage curve. Namely
if the two focal curve point sets (defined via K and Kipes) of one surface
patch agree along the linkage curve with the two corresponding focal curve
point sets of the adjacent patch then these surface patches have curvature
continuous surface contact along the linkage curve. The deviation of the cor-
responding focal curves indicates the amount of discontinuity of curvature of
both adjacent patches along the linkage curve.

Orthotomics. Orthotomic curves and surfaces are used to display the angle
between the position vector of a curve (or surface) and the normal of the
curve or surface respectively. Orthotomic curves and surfaces are useful for
indicating the presence of inflection points [146]. A o-orthotomic curve y,(t)
of a planar curve r(¢) with respect to a point p, not on r(¢) or any of its
tangents, is defined as

Yo(t) =p +o[(r(t) —p) -n(t)n(t) (8.17)

where n(t) is the unit normal vector of r(¢) and o is a scaling factor chosen
for appropriate visualization. The tangent vector of an orthotomic curve is
zero (and the orthotomic curve usually has a cusp-like singularity) at any
parameter value of ¢t at which the curve r(¢) has an inflection point. An
illustrative example is shown in Fig. 8.6.

A o-orthotomic surface y, (u, v) of a surface r(u,v) with respect to a point
p, not on r(u,v) or any of its tangent planes, is defined as

Yo (u,v) =p + o[(r(u,v) — p) - N(u, v)|N(u,v) , (8.18)

where N(u, v) is the unit normal vector of the surface r(u,v) and o is a scaling
factor. An orthotomic surface has a singularity, i.e. a degenerate tangent
plane, at all values of u,v at which the Gaussian curvature of the surface
r(u,v) vanishes or changes sign.



8.1 Classification of interrogation methods 207

Fig. 8.6. Orthotomics of two curves (adapted from [3]). Note that the orthotomic
on the right shows the inflection point of the curve. The thin curves are the ortho-
tomics of the thick curves

Curvature lines. A line of curvature is a curve on a surface whose tangent
at every point is aligned along a principal curvature direction. We have stud-
ied the basics of lines of curvature in Sect. 3.4 and will study them further
in Chap. 9. The principal directions at a given point are those directions for
which the normal curvature takes on minimum and maximum values. A line
of curvature indicates a directional flow for the maximum or the minimum
curvature across the surface [22]. Curvature lines provide some useful infor-
mation about the surface. For example, when a plate is going to be shaped by
rolling it is fed into the rolls using a principal direction and the forming rolls
are adjusted according to the principal curvature [278]. The network of curva-
ture lines may also be useful in idealization, meshing and structural analysis
of shells with free-form surfaces as boundaries, because of their orthogonality
property.

Geodesics. Geodesics are curves of zero geodesic curvature on a surface
and provide candidates for arcs of minimum length between two points on
a surface [411, 234, 136]. We will study the formulation of the governing
equations of geodesics on a parametric surface as well as on an implicit surface
and their solution methodology in Chap. 10.

8.1.4 Third-order interrogation methods

Torsion of space curves. As we discussed in Sect. 2.3 torsion describes
the deviation of a space curve away from its osculating plane spanned by
the curve’s tangent and normal vectors. For planar curves, the torsion is
always zero. For an arbitrary speed parametric space curve r(t), t € [t1, 2]
the torsion at points with nonzero curvature is given by (2.48).
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From (2.48), a condition for zero torsion at a nonzero curvature point is

To(t) = @ (93 — i)+ ¥ (3& — 3i)+ 2 (& — #y) =0, t€ [t1,t2] . (8.19)

Figure 8.8 shows a point of zero torsion, marked by ¢ at the midpoint of the
curve. The sign of torsion has geometric significance [205]. If 7(¢) changes its
sign from +(—) to —(+) when passing a point its features change from a right-
handed (left-handed) curve to a left-handed (right-handed) one, respectively.

Stationary points of curvature of planar and space curves. Modern
CAD/CAM systems allow users to access specific application programs for
performing several tasks, such as displaying objects on a graphic display,
mass property calculation, finite element or boundary element meshing for
analysis. These application programs often operate on piecewise linear ap-
proximation of the exact geometric definition. When a coarse approximation
of good quality is required for 2-D and 3-D curves, stationary points of cur-
vature play an important role in successful discretization [192, 97, 150, 58].

Using (2.25), the first derivative of the curvature function of a planar
curve is given by

(&% + %) (& ¥ — T ) — 3(&F + gij) (&5 — #5)
(42 +§2)3

i(t) = . (8.20)

Since we are assuming a regular curve, the necessary condition to have a local
maximum or minimum of curvature is given by

(@2 +§°) (@ ¥ — = ) — 3(2F + i) (@3 — 9) = 0. (8.21)

Figure 8.7 shows the corresponding stationary points of curvature on r(t),
labeled by o. Furthermore, comparing (8.8) and (8.21) we see both «(t) and
k(t) of a regular planar curve r(t) vanish for some ¢ if and only if z4§ = Zy
and ¢ Y= g, simultaneously [58].

Similarly for a regular space curve, the necessary condition to have sta-
tionary points of curvature x(t) at nonzero curvature points is given by

Ki(t) = G1(1) G (t) — 3G3(H) Ko(t) =0 , (8.22)
where
Gi(t) =i + 9% + 37, (8.23)
Go(t) = (-89 @Y —T ) +@E—§2) @ 2 — ¥ 2)  (8.24)
+(2% —E) (2 x — 2 &),
Gs(t) = ii + gij + 2%, (8.25)

and Ko(t) is defined in (8.10). Note that at points x(t) = 0, the necessary
condition (8.22) is automatically satisfied (see (8.11)), thus at those points
k(t) = 0 is equivalent to
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Fig. 8.7. Significant points on a planar Bézier curve of degree 5 (adapted from
[58])

GY—Ty=g2z—Yi=3T—2i=0. (8.26)

Three points in Fig. 8.8 satisfy (8.22). Two of them are marked by o’s and
one is marked by ¢ at the midpoint of the curve.

Once all the stationary points are identified, we may use the extrema the-
ory of functions for a single variable given in Sect. 7.3.1 to classify stationary
points of curvature.

Stationary points of curvature of parametric surfaces. Stationary
points of surface curvature are important in methods for the correct topo-
logical decomposition of the surface on the basis of curvature [254]. Let
the curvature in question of a parametric surface r = r(u,v) defined over
(u,v) € [0,1]? be denoted by a scalar function C'(u,v), then the following
(see also Sect. 7.2.1), need to be evaluated to locate all the stationary points
of curvature and to find the global maximum and minimum values of C'(u, v)
to provide a correct topological decomposition of the surface [254].

1. The four values of curvature at the parameter domain corners

€(0,0), €(0,1), €(1,0), C(1,1) . (8.27)
2. Stationary points along parameter domain boundaries (roots of the four
equations)
CU(U,O)_O, CU(U,].)_O, <u<l,
Cy(0,v) =0, Cy(l,v) =0,0<v<1. (8.28)
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Y X

Fig. 8.8. Significant points on a space curve and its projections (adapted from
(58])

3. Stationary points within the parameter domain (roots of the two simul-
taneous equations)

Cu(u,v) =0, Cp(u,v) =0, 0<u, v<1. (8.29)

The curvature values at the parameter domain corners are readily computed.
The classification of stationary points of functions of two variables is given in
Theorem 7.3.1. The formulations for the stationary points of the Gaussian,
mean and principal curvatures for parametric surfaces are derived in Sect.
8.2.

8.1.5 Fourth-order interrogation methods

Stationary points of torsion of space curve. At nonzero curvature point
on a regular space curve where the twist out of its osculating plane attains a
local mazimum or minimum, namely 7(t) = 0, leads to the necessary condi-
tion [58]
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T1(t) = Ga(t)Ko(t) — 2G2()To(t) =0, € [t1, 1], (8.30)

where
Gay(t) = W (92 — §2) + yW (25 — z&) + 2 (a5 — &) , (8.31)

and Ky(t), G2(t) and Tp(t) are defined in (8.10), (8.24) and (8.19), respec-
tively.

Figure 8.8 shows the corresponding significant points, marked by x*’s.
Moreover, comparing (8.19) and (8.30), both 7(¢) and 7(t) of a regular curve
vanish at nonzero curvature points if and only if To(t) = G4(t) = 0.

Stationary points of total curvature. We now consider the notion of the
Darbouz vector £2(t) defined by [205],

Q(t) = T(t)t(t) + £()b(2) (8.32)

where t(¢) and b(t) are the unit tangent and binormal vectors, respectively.
The Darbouz vector turns out to be a rotation vector of the Frenet frame while
moving along the curve and therefore, its Euclidean norm |£2(¢)| indicates
the angular speed w(t) of the moving local frame. The angular speed w(t) is
sometimes called total curvature of a curve and defined by

w(t) = VE2(t) + 72(1) . (8.33)

In a planar curve, w(t) reduces to k(t) and the binormal vector becomes the
axis of rotation. We notice that the total curvature w(t) captures the coupled
effect of both intrinsic features of a space curve, and hence, we may consider
it as a criterion function for detecting a significant point on a space curve
[58].

At a nonzero curvature point on a regular space curve, where the moving
frame has its locally highest or lowest angular speed, satisfies the equation
w(t) =0, i.e.

K3(t)K,(t) + GT()To(t)Ti(t) = 0, t € [ti,ta] , (8.34)

where Ky (t), K (t), G1(t), To(t) and T} (t) are defined in (8.10), (8.22), (8.23),
(8.19) and (8.30), respectively. Comparing each function we can roughly see
each contribution of x(t), £(t), 7(t) and 7(¢) to (8.34). For a special example,
if 4(t) and one of 7(t) or 7(¢) vanish at some ¢, (8.34) is also satisfied there.
We note Ky(t) and G;(t) are always positive at a nonzero curvature point.
Three points in Fig. 8.8 satisfy (8.34). Two points, marked by +’s, are located
close to the points of curvature extrema, and the other point, marked by e,
is located at the midpoint of the curve where £(t) and 7(¢) also vanish.

Finally, for the special case where r(t), 7(t) and consequently w(t) are
constant, the curve is a circular heliz.
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8.2 Stationary points of curvature of free-form
parametric surfaces

For simplicity, the underlying surface is assumed to be an integral Bézier
patch (polynomial patch) r = r(u,v) defined over (u,v) € [0, 1] of degrees m
and n in u and v, respectively. Extension to rational Bézier patch and rational
B-spline patch, although tedious does not present conceptual difficulties. We
also assume that the surface is regular. In the rest of this chapter we employ
convention (b) (see Fig. 3.7 (b) and Table 3.2) such that the normal curvature
k of a surface at point P is positive when the center of curvature is on the
opposite direction of the unit normal vector IN of the surface. More details
for obtaining stationary points of curvature of free-form parametric surfaces
are given in [254].

8.2.1 Gaussian curvature

To formulate the governing equations for computing the stationary points
of Gaussian curvature K (u,v) within the domain, we substitute (3.46) into
(8.29) which yields [254]

where

S=r, xXr,,

S(u,v) =S| = |ry X 1y,
A(u,v) = A,S* —4(S-S.,)4,
A

u,v
(u,v) = A,5% —4(S-S,)A .

Polynomial A and its partial derivatives are given by

=
+
h
=
o
<
=

A=LN - M? A, =L,N+LN,—2MM,, A, =L,

where

L=SL=S ryy, Lu=Su Tuu+S Tuwu, Lv =Sy Tuu+S " Tuu,
(8.41)

M=SM=8 14, My=Sy Tu+S Tuuw, My =Sy Tusy +S Ty,
(8.42)

N=SN=8 1y, Nu=Su -Tow+S T, Ny =S, Toy+S Ty ,
(8.43)
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and
Sy =Tuu XTy + Ty XTyuy, Sy =Tyy XTy + Ty X Tyy . (8.44)

As S #0, (8.35) are satisfied if

A(u,v) =0, A(u,v)=0, 0<wu,v<1, (8.45)

which are two simultaneous bivariate polynomial equations of degree (10m —
7,10n — 6), (10m — 6,10n — 7) in u and v, respectively. For example, if the
input surface is a bicubic Bézier patch, the degrees of the two simultaneous
bivariate polynomial equations become (23, 24) and (24, 23) in u and v.
System (8.45) can be solved robustly with the IPP algorithm described in
Chap. 4 (see [254] for details).

The stationary points along the four boundary edges are easily obtained
by solving the four univariate polynomial equations,

=0, A(u,1)=0, 0<u<1, (8.46)
=0, A(l,v)=0, 0<v<1, (8.47)

u,0)

A(
A(0,v)
using the IPP algorithm described in Chap. 4 (see [254] for details).

Ezample 8.2.1. A hyperbolic paraboloid r(u,v) = (u,v,uv)T, (u,v) € [0,1]?
(bilinear surface), illustrated in Fig. 3.4, can be expressed in a Bézier form
as

1

1
r—= Z ZbijBi,l(U)Bj,l(U) y
=0 j

=0

where bgo = (O,O,O)T, b01 = (0, ].,0)T, b10 = (1,0,0)T and b11 = (]., ]., ].)T
The first and second fundamental form coefficients are readily computed using
(3.63) (3.64) (3.65)

E=r, r,=1+4+0v% F=r, r,=uw, G=r, r,=1+u?,

(—v, —u, )T
V41
1
L=ry,, N=0, M=ryy N=——=, N=r,,-N=0.
uw?+v2+1
Thus the Gaussian curvature is given by
LN - M? 1

K

T EG-F2 w2+ 0v2+1°

The Gaussian curvature is always negative and hence all the points are hy-
perbolic.
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The stationary points within the parameter domain are given by finding
the roots of K,, = K, = 0. Since

S=r,xr,=(-v,—u, )7, S=[S|=Vu2+v2+1,
S. = (0,-1,007, S, =(~1,0,0)7,

and from (8.40) through (8.43)

L=0, M=SM=1, N=SN=0,
N—M?>=-1,
w=L,N+LN,—-2MM, =0, A,=L,N+LN,—-2MM,=0,

o
o
~ W0

and from (8.38) and (8.39)
A=A4,8>-4S-S)A=4u, A=A,5*—-4(S-S,)A=4v,

hence we have

4u _ qu
(u2_+_v2_+_1)3’ (U2+’U2+1)3 °

w — v
Thus the stationary point within the domain is given by (u,v) = (0,0), which
coincides with one of the corner points of the bilinear surface patch. Using
Theorem 7.3.1, we find that K(0,0) = —1 is a minimum.

At the remaining of corner points of the patch, we can readily compute

1 1 1
K(0>1):_Z) K(]-:O):_Z) K(]-:]-):_§ :

Stationary points along parameter domain boundaries are obtained by solving
the following four univariate equations

Ku(u,O)z(uff“l)B:o,
Ku(u,l)z(uff“mgzo,
Ku<0,v)=(v24+1)3=0,
K,(1,v) = (1}24%2)3 =0.

= 0 and v = 0, thus they coincide with
and (1,0). Therefore, the range of the

The roots are u = 0, u = 0, v
the corner points (0,0), (0, 1), (0,
Gaussian curvature is —1 < K < —

O~
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8.2.2 Mean curvature

Similarly to the Gaussian curvature, we have the following equations to eval-
uate the stationary points of mean curvature H given by (3.47) (convention
(b) (see Fig. 3.7 (b) and Table 3.2) is employed) within the domain [254]:

B(u,v) B(u,v)
u(w) 255 (u,v) » Ho(wv) 255 (u,v) U=
(8.48)
where

B(u,v) = B,S* - 3(S-S.)B, (8.49)
B(u,v) = B,S* —3(S-S,)B . (8.50)

Polynomial B and its partial derivatives are given by
B=2FM — EN -GL, (8.51)

B, =2(FM, + F,M) — (E,N + EN,) — (G L+ GL,), (852)

B, =2(FM, + F,M) — (E,N + EN,) — (G,L+GL,), (853)

where
E,=2r, vy, E,=2r, ry, (8.54)
F,=ry, 1, + Ty Ty, Fy=ry -1, + Ty " Tyy (855)
G, =2r, Ty, G, =2r, ry. (8.56)

Since S # 0, (8.48) reduce to two simultaneous bivariate polynomial equa-
tions

B(u,v) =0, B(u,v)=0, 0<u,v<1, (8.57)

of degree (9m — 6,9n — 5) and (9m — 5,9n — 6) in u and v. For a bicubic
Bézier patch input, the degrees of the governing equations are (21, 22) and
(22, 21) in u and v, respectively. The system (8.57) can be solved robustly
with the IPP algorithm described in Chap. 4 (see [254] for details).

The stationary points of mean curvature along the domain boundary can
be obtained by solving the following four univariate polynomial equations:

B(u,0)=0, B(u,1)=0, 0<
B

<u<l, (8.58)
(0,v) =0, B(l,v)=0. v<1.

1 (8.59)

These equations can be solved robustly with the IPP algorithm described in
Chap. 4 (see [254] for details).



216 8. Curve and Surface Interrogation
8.2.3 Principal curvatures

For obtaining the stationary points of principal curvature x within the do-
main, the simultaneous bivariate equations (8.29) become [254]

Koo (u,v) = ( =0, 0<u,v<1, (8.60)
QSS(U)U) f?)(u:v)

Iiv(u,’l)) gl(U,U) ﬂ:g2(u,v)vf3(u,v) — 0’ 0< u,v < 1
255(“7’0) f3(’LL,U)

The plus and minus signs correspond to the maximum and minimum principal
curvatures, and fi(u,v), fa(u,v), fs(u,v), g1(u,v) and g»(u,v) are polyno-
mials of degree (14m — 9,14n — 8), (9m — 6,9n — 5), (10m — 6,10n — 6),
(14m — 8,14n—9), (9m — 5,9n — 6) in v and v parameters and are given by

fi(u,v) = (BB, —24,5%)S* + (845% — 3B?*)(S-S.) , (8.61)
f2(u,v) = B,S* —3(S-S,)B, (8.62)
f3(u,v) = B> —4A5% , (8.63)
g1(u,v) = (BB, — 24,5%)S? 4+ (845> — 3B*)(S-S,) , (8.64)
ga(u,v) = B,S* —3(S-S,)B (8.65)
Assuming f3 # 0 and S # 0, we obtain
fi(u,v) £ fa(u,v)V/ f3(u,v) =0, 0<u,v<1, (8.66)
g1(u,v) £ g2(u,v)\/ f3(u,v) =0, 0<wu,v<1.

These are two simultaneous bivariate irrational equations involving polyno-
mials and square roots of polynomials which arise from the analytical expres-
sions of principal curvatures. We can introduce an auxiliary variable 7 such
that 72 = f3 to remove the radical and transform the problem into a sys-
tem of three trivariate polynomial equations of degree (14m — 9, 14n — 8, 1),
(14m — 8,14n — 9,1), (10m — 6,10n — 6,2) in u, v and 7. For a bicubic
Bézier patch the degrees of the trivariate polynomial equations are (33,34,1),
(34,33,1) and (24,24,2). The resulting system can be solved with the IPP

algorithm of Chap. 4 (see [254] for details).

For the stationary points of principal curvatures along the boundary, we
need to solve the following four univariate irrational equations involving poly-
nomials and square roots of polynomials

fl(u70) + f2(u70)\/ f?)(u:O) :07 fl(ual)ifQ(u71)V f3(u71) :07 0<u<l1 )

(8.67)
91(0,v) £ g2(0,v)\/ f3(0,v) =0, ¢1(1,v) £ g2(1,v)/f3(l,v) =0, 0<w <1,
(8.68)

which can be solved by the same auxiliary variable method as before.
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When f3 = 0 (or equivalently H2 — K = 0 if S # 0), (8.60) become
singular. This condition is equivalent to the point where the two principal
curvatures are identical, i.e. an umbilical point. If the umbilical point coin-
cides with a local maximum or minimum of the curvature, we cannot use
(8.66) to locate such a point. In such case we need to locate the umbilical
point first by finding the roots of the equation

fa(u,v)

H? -K ="' = .
(1) = K(u,0) = 52 =0, (8.69)
which reduces to solving f5(u,v) = 0, since S # 0. Because W (u,v) = 4f535(&”3)

is a non-negative function, W (u, v) has a global minimum at the umbilic [256].
The condition for global minimum at the umbilic implies that VW = 0 or
equivalently (given that f3(u,v) = 0)

Wu= [ =0 W= [ =0. (8.70)

Therefore, assuming S # 0, the umbilics are the solutions of the following
three simultaneous equations (see also Sect. 9.3):
Ofs(u,v) Ofs(u,v)

= = = < < . .
5 0, 50 0, f3(u,v)=0, 0<u,v<1. (8.71)

These equations can be reduced to [256]:
BB, —2A,S8* —4A(S-S,) =0, BB, —2A,5*—4A(S-S,) =0,
B? —4A58* =0, 0<u,v<1. (8.72)

Since f3(u,v) = 0 at the umbilics, (8.66) reduce to fi(uw,v) =0, g1(u,v) =0.
If we substitute the first equation of (8.72) into (8.61) and use the fact
fs = B2 —4AS5% = 0, we obtain fi(u,v) = 0. Similarly by substituting the
second equation of (8.72) into (8.64), we obtain g;(u,v) = 0. Consequently
the solutions of (8.66) include not only the locations of extrema of principal
curvatures but also the locations of the umbilical points. Then we use The-
orem 9.5.1 at the umbilical points to check if the umbilical point is a local
extremum of principal curvatures.

A cusp is an isolated singular point on the surface where the surface tan-
gent plane is undefined, i.e. r,, xr, = 0. Cusps of an offset surface correspond
to points on the progenitor where both of the principal curvatures are equal
to —% where d is the offset distance [94] (see also Sect. 11.3.2). In this man-
ner, cusps on an offset surface are associated with umbilics of the progenitor.
Hence we can locate the cusps on an offset surface using (8.71).

8.3 Stationary points of curvature of explicit surfaces

We can apply the procedures discussed in Sect. 8.2 to obtain the stationary
points of curvature of explicit surfaces [247]. Locally any surface can be ex-
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pressed as a graph of a differentiable function [76]. Given a point P on the

parametric surface S, we can set an orthogonal Cartesian coordinate system

xyz such that zy-plane coincides with the tangent plane of S at P and z-

axis is along the normal at P. It follows that in the neighborhood of P any

parametric surface S can be represented in the form r(z,y) = [z,y, h(z,y)]7,

where h is a differentiable function with h(0,0) = h;(0,0) = h,(0,0) = 0.
We can Taylor expand h(z,y) about (0,0) as follows

1
+5[m2hm(0, 0) + 2xyhy(0,0) + y?hy, (0,0)]

1
+§[x3hm(o, 0) + 322y hyey (0,0) + 32y hayy (0,0) + 4P Ry, (0,0)]

+R(z,y)(|z,y]*) ,

where R(z,y) is a remainder term with lim,_,0 y—0 R(z,y) = 0 and |z,y| =
Va2 + y2. If we take into account that h(0,0) = h;(0,0) = hy(0,0) = 0, we
can consider

1
h(@,y) = 5 [ha (0, 0)2” + 2h4y(0,0)zy + hyy (0,0)y°], (8.74)
as the second order approzimation of h(x,y).
If we denote E, F', G and L, M, N as coefficients of the first and second
fundamental forms of the surface, and assume further that « and y axes are di-
rected along the principal directions at P, assuming P is not an umbilic, then

F =M =0 [76]. It follows that h,y(0,0) =0, since M = hyy/,/1+ h2 + h2

(see Equation (3.65)). Although we have assumed P is not an umbilic, we can
show that hg,(0,0) will also vanish when the point is an umbilic (see Sect.
9.2). Also the principal curvatures at P when FF = M = 0 can be expressed
as follows:

o If  hup(0,0) > hyy(0,0); (8.75)
L N
Kmin = _E = _hzz(oao)v Kmaz = _E = —hyy(0,0) )
o If  hun(0,0) < hyy(0,0); (8.76)
L N
Kmaz = _E = _hzz(oao)v Kmin = _5 = _hyy(O,O) )
where the minus signs are due to convention (b) of the normal curvature (see
Fig. 3.7 (b)).

If we set & = hy2(0,0) and 8 = hy, (0, 0) and assuming that P is a nonpla-
nar point, the surface can be written locally as a second order approximation
in the nonparametric form given by

z= %(amQ + By?) . (8.77)
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Its corresponding parametric form is

1
r(z,y) = [z,y, 5 (ax® + By)]" . (8.78)
Equation (8.77) or (8.78) represents an explicit quadratic surfaces which can
be categorized into four types according to combinations of « and [ as listed
in Table 8.1. The four types of explicit quadratic surfaces are depicted in Fig.
8.9.

Table 8.1. Four types of explicit quadratic surfaces according to a and 3 (adapted
from [247])

Signs of o and (3 Types of surfaces Types of points at P
af <0 Hyperbolic paraboloid Hyperbolic point

af >0and a # 8 Elliptic paraboloid Elliptic point

a=0 Paraboloid of revolution = Umbilical point
a=0o0r =0 Parabolic cylinder Parabolic point

Since any regular surface can be locally approximated in the neighbor-
hood of a point P by an explicit quadratic surface to the second order, we
examine the stationary points of curvatures of explicit quadratic surfaces as
representatives of explicit surfaces. We can apply the procedures in Sect. 8.2
to evaluate the stationary points of curvatures of explicit quadratic surfaces.
We will only examine the stationary points of principal curvatures, since
those of Gaussian and mean curvatures can be found in a similar way. In the
sequel we assume that § > 0 and a < 8 without loss of generality. It follows
that at (0,0,0) (8.76) holds and the z-axis will be the direction of maximum
principal curvature and y-axis will be the direction for the minimum princi-
pal curvature. The surface is a hyperbolic paraboloid when a < 0, an elliptic
paraboloid when 0 < a < 3, a paraboloid of revolution when 0 < o = 3, and
a parabolic cylinder when @ = 0. The paraboloid and the parabolic cylinder
can be considered as degenerate cases of the elliptic paraboloid.

Gaussian curvature (see (3.66)) and mean curvature (see (3.67) in Table
3.2) are readily evaluated

af _a+ B+ af(az® + By?)

K = H =
CO = e e TV T T e g
(8.79)
and hence the principal curvatures become
(1 2.2\8 _ (1 2,2
s () = —O TP 0+ Py )a (8.50)

2(1 + a2z? + F2y2)3
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Fig. 8.9. Explicit quadratic surfaces z = 1(az” + By”) (adapted from [247]): (a)
hyperbolic paraboloid (e = —3, 3 = 1), (b) elliptic paraboloid (a« =1, 8 = 3), (c)

paraboloid of revolution(a = 8 = 3), (d) parabolic cylinder (o = 0, 3 = 3)

V(e = B)? —2aB(a — B)(az? — By?) + a?F*(az? + By?)?
2(1+ a2a® + %y2)%
(8.81)

+
—(1+a2?)8 — (1 + f°y*)a

21+ a%a? + 2y
V(@ =B — 2aB(a - B)(aa® = By?) + @B (aa® + By’

201+ a2a? + B2y2)

Kmin (QZ, Z/) =

The stationary points of principal curvature in the domain must satisfy
the simultaneous equations (8.66). The equations not only find the stationary
points of principal curvatures but also find the locations of the umbilics (see
Sect. 8.2.3 and [254]). For explicit quadratic surface fi, fa, f3, g1, g2 (see
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(8.61) - (8.65)) are given by

fi(z,y) = —[a?Bz(1 + &*2?) — 202 B3xy® + 33z (1 + A2yH)][(1 + *2*) 3
+(1 + A2y a)] + 8Bz (1 + o*2? + B%y?) (8.82)
fa(z,y) = ?Ba(l + o?2?) — 202 B3 xy® + 32 (1 + f%y?) (8.83)
fs(x,y) = (@ = B)* — 2af(a — B)(az® — By*) + ?5° (ax® + By®)* , (8.84)
g1(z,y) = —[’By(1 + B°y%) — 20° 5%y + 38%y(1 + *2?)][(1 + o®2*)3
+(1+ By%)a] + 8af%y(1 + o*a” + By?) (8.85)
g2(z,y) = aBy(1 + f*y?) — 22 B%2%y + 38%y(1 + o*2?) . (8.86)

We can reduce the two simultaneous bivariate irrational equations (8.66)
involving polynomials and square roots of polynomials into a system of three
nonlinear polynomial equations in three variables through the introduction
of auziliary variables [254, 253] (see Sect. 4.5). As this is a system of low
degree polynomial equations, we can solve these equations analytically using
a symbolic manipulation program such as MATHEMATICA [445], MAPLE [51].

Since the maximum principal curvature can be obtained in a similar man-
ner, we will only focus on the minimum principal curvature. Provided we find
all the real roots, we check first if the roots (x,y) are umbilics or not by sub-
stituting the roots (z,y) into Kmin(z,y) — H(z,y) = 0. If the roots do not
satisfy this equation, the points are not umbilics and we can use Theorem
7.3.1 to classify the stationary points of minimum principal curvature. To
apply the extrema theory of functions to the minimum principal curvature
function, the second order partial derivatives of the minimum principal cur-
vatures are required; however, we avoid to present these here, since they are
extremely lengthy. If the points are umbilics, we need to use a specialized cri-
terion [256] (see Theorem 9.5.1), to check if the point is a local extremum of
the principal curvature, since the curvature function &,,;, is not differentiable
at an umbilic.

All the real roots of (8.66) and their classifications are listed in Table 8.2.
The hyperbolic paraboloid has only one real root (z,y) = (0, 0), which corre-
sponds to point (0,0,0) on the surface, and gives a minimum of the minimum
principal curvature function with £,,,:,(0,0) = —8 according to the extrema
theory. Since there is no other extremum, this minimum is also a global
minimum. The elliptic paraboloid has three real roots (z,y) = (0,0) and

(0, i%\ / %) The first root corresponds to a non-umbilical point (0,0,0)
on the surface, while the other two real roots correspond to generic lemon type
umbilical points (0, ﬂ:%\/BTTD‘, gﬁ,‘) on the surface as shown in Fig. 9.1.

Using the extrema theory of functions, it follows that the root (0,0) gives a
minimum of the minimum principal curvature function with £, (0,0) = —/.
Using the criterion in Theorem 9.5.1, we can find that the roots correspond-
ing to the two lemon type umbilics do not provide extrema of the minimum
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Table 8.2. Classification of roots according to types of explicit quadratic surfaces

Types of surfaces Hyperbolic Elliptic paraboloid
paraboloid

Signs of a and a<0<p 0<a<p

# of real roots 1 3

Roots (0,0) (0,0) (0, +24/ Q—“)

Classification Minimum Minimum | Lemon type umbilics

Kmin (T,y) at Toots - - —a\/§

Types of surfaces Paraboloid Parabolic cylinder
of revolution

Signs of o and 0<a=2p 0=a<p

# of real roots 1 00

Roots (0,0) Along z-axis

Classification Minimum Minima

Kmin (Z,y) at roots —3 -3

principal curvature function. Consequently the minimum —g is a global min-
imum.

As «a approaches 3, two generic umbilics merge to one non-generic um-
bilic at (0,0,0), and the surface reduces to a paraboloid of revolution as
illustrated in Fig. 9.1. The paraboloid of revolution has only one real root
(z,y) = (0,0), which corresponds to point (0,0,0) on the surface, and is a
non-generic umbilical point as mentioned above. Since the root corresponds
to an umbilical point, we cannot use the extrema theory of functions, nor can
we use the criterion in Theorem 9.5.1, since all the second derivatives of W
(see (9.25)) vanish. But it is apparent that the paraboloid of revolution has a
global minimum of the minimum principal curvature function at the umbilic
with £min(0,0) = — 0, since the paraboloid of revolution can be constructed
by rotating a parabola, which has a global minimum of its curvature at the
origin, around the z-axis. Here we are employing the sign convention (b) (see
Fig. 3.7 (b) and Table 3.2) of the curvature.

In the case of a parabolic cylinder, the minimum principal curvature re-
duces to a simple univariate function

Fmin (y) = =B(L+ F%y%) % . (8.87)
It is easy to show that (8.87) has a global minimum at y = 0. Therefore the
parabolic cylinder has global minima with value k,,;, = —f along the z-axis.

These discussions lead to the following lemma [247]:

Lemma 8.3.1. The minimum principal curvature function of explicit quadratic

surfaces, except for the parabolic cylinder, has only one extremum at (0,0)
with value — 3, which corresponds to the point (0,0,0) on the surface, and it
is a global minimum. The parabolic cylinder has global minima —3 at y =0,
which corresponds to the x-axis on the surface, and has no other extrema.
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Similarly we can deduce the following lemma [247].

Lemma 8.3.2. The mazimum principal curvature function of explicit quadratic
surfaces, except for the parabolic cylinder has only one extremum at (0,0)
with value —a, which corresponds to the point (0,0,0) on the surface, and
it is a global minimum for elliptic paraboloid and paraboloid of revolution,
while it is a global maximum for hyperbolic paraboloid (note that for hyper-
bolic paraboloid « is negative). The mazimum principal curvature function of
parabolic cylinders is zero everywhere.

Note that Lemmata 8.3.1 and 8.3.2 are based on convention (b) of the normal
curvature (see Fig. 3.7 (b)), and will be used in Sect. 11.3.4.

8.4 Stationary points of curvature of implicit surfaces

Now we provide a method to evaluate the stationary points of a curvature
function C(z,y, z) of implicit surfaces

fl,y,2)=0. (8.88)

We want to maximize or minimize the function C(z,y, z) subject to a con-
straint (8.88). Introducing the Lagrange multiplier A and the auxiliary func-
tion [166]

¢(r,y,2) = Cle,y,2) + Af(2,y,2) , (8.89)

the necessary conditions for the auxiliary function ¢(x,y, z) to attain a local
maximum or minimum, when no constraints are imposed, are

¢ =0, ¢,=0, ¢.=0. (8.90)

Equations (8.90) together with (8.88) form four equations with four unknowns
z, y, z and A. The curvature functions C(z,y, z) including Gaussian, mean
and principal curvatures are evaluated using the procedure described in Sect.
3.5.2. In a manner similar to parametric surfaces, the denominator and the
numerator of the curvature functions consist of polynomials and square root
of polynomials if f(z,y,z2) is a polynomial.

As an illustrative example, we will examine the stationary points of the
minimum principal curvature £min(,y,2) of an ellipsoid (3.83) [248] where
we assume a < b < ¢. The auxiliary function becomes

1'2 y2 22
¢:’imin(may)z)+>‘<§+b_2+c_2_l> ’ (891)

and hence the system of equations to obtain the stationary points of minimum
principal curvature of an ellipsoid reduce to
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2z
00(@,9,2) = Rol@,y,2) + = =0, (8.92)
2y
(;Sy(m,y,z):ny(a:,y,z)—kb—Q :07 (893)
2z
6:(2,y,2) = Ka(2,9,2) + = =0, (8.94)
1.2 y2 22
StEptz-1=0, (8.95)

where for simplicity we have set & = Kpin.
After some algebraic manipulation, we obtain

z(g1 + got +4Xa*b? P fiot) =0, (8.96)
y(h1 + hat + 4Xa®b P fiot) = 0, (8.97)
z(p1 + pot + 4Xa?*b*c* frot) = 0, (8.98)
.1'2 y2 2

+b—2+——1—0 (8.99)
02_f2:0, (8 01)

where the last two equations are added through the introduction of auxiliary
variables ¢t and o to remove the square roots of polynomials that appear in
the denominator and numerator of the expression in (3.83), and

fi=a"+y +27 -
f2=¥+—+c—4;

( )

( )
g1 = —2f1fra* —8a®b* P fa + 3f2, ( )
g2 = 2a*fs — 3f1 , ( )
g3 = f2 —4d*b*cPf> , (8.106)
hi = —2f1 fob" — 8a’V* f» + 3f7 ( )
hy = 2b'f, — 3f1, (8.108)
p1 = —2f1 fac* — 8a’V?cP fo + 3f7 ( )
p2:204f2—3f1- ( )

Now the system consists of six equations with six unknowns =z, y, z, A, ¢
and o. Since the degree of the polynomials is low we can solve the system
by a symbolic manipulation program such as MATHEMATICA [445], MAPLE
[51], which gives a global minimum of ,,:, equal to % at (+a,0,0), a local

minimum C% at (0,£b,0) and a global maximum 5 at (0,0, £c).
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8.5 Contouring constant curvature

8.5.1 Contouring levels

The variation of curvature can be displayed using a color coded map. Color
coded maps provide a rough idea of the differential properties of surfaces
but are not sufficient to provide detailed machining information nor permit
automation of the machining process or of fairing algorithms. Iso-curvature
curves can also be used to display and visualize the variation of curvature by
computing the curvature on a lattice and linearly interpolating the contour
points. The iso-curvature curves divide the surface into regions of specific
range of curvature. However discrete color coded maps of curvature and lat-
tice methods for curvature contouring do not guarantee to locate all the
stationary points (local extrema and saddle points) of curvature, and hence
may fail to provide the correct topological decomposition of the surface on the
basis of curvature to the manufacturer or to a fairing process. A robust pro-
cedure for contouring curvature of a free-form parametric polynomial surface
can be found in [254]. The contouring levels should be determined to faith-
fully represent the curvature distribution. To do this, we need to evaluate
(8.27), (8.28) and (8.29).

Example 8.5.1. In Example 8.2.1 we have examined the range of Gaussian
curvature of a bilinear surface. The contour lines of Gaussian curvature can be
evaluated by setting K = Cp, with (1 a constant satisfying —1 < (' < —%

which can be rewritten as

Since there is no local maxima, minima, nor saddle points of Gaussian cur-
vature in the domain, the constant curvature lines are concentric circles in

the parameter space with center at (0,0) and radius 4/ 4/ —CLL — 1.

8.5.2 Finding starting points

Contour lines in the parameter space of a bivariate function can be separated
into three categories:

e Local maxima and minima of the function are encircled by closed contour
curves [209].
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e At the precise level of a saddle point, the contour curves cross (self-
intersect) or exhibit more complex behavior (eg. z = constant contour
lines of monkey saddle z = z® — 3zy?, dog saddle z = 423y — 4xy? etc,
[204]).

e Contour curves start from a domain boundary point and end at a domain
boundary point.

If the surface is subdivided along the iso-parametric lines which contain the
local maxima and minima of curvature inside the domain and the contour-
ing levels of curvature are chosen such that the contour curves avoid saddle
points, as shown in Figs. A.3, A.4, A.5, A.6, each sub-patch will contain sim-
ple contour branches without loops or singularities. Therefore we can find all
the starting points of the various levels of contour curves along the parame-
ter domain boundary of each sub-patch by finding the roots of the following
equations.
Starting with the Gaussian curvature

K (u,0) = ;l((l;’(g) = C, K(u,1) = ;((“l; 11)) =Cr, 0<u<1, (8111)
A(0,v A(l,v
K(O,’U):%:CK, K(l,’l}):ﬁ:CK, OS’USI, (8112)

where Ck is the constant Gaussian curvature value. These equations can be
rewritten as follows:

CrS*(u,0) — A(u,0) =0, CxS*(u,1) — A(u,1) =0, 0<u <1, (8.113)
CrS*(0,v) — A(0,v) =0, CxS*(1,v) —A(1,v) =0, 0<wv<1.(8.114)
Equations (8.113), (8.114) are univariate polynomials of degree 8m-4 and

8n-4, respectively.
Similarly for the mean curvature

B(u,0 B(u,1
H(u,0) = % — Cy, H(u,1) = QSSZU i) — O, 0<u<1,(8.115)
B(0,v) B(1,v)
H(O,’U)ZWZCH, H(l,’l}):253(1,v):CH,0<'U§1,(8116)

where Cp is the constant mean curvature value. These equations can be
rewritten as follows

B(u,0) —2Cuz+/52(u,0)5”(4,0) =0, B(u,1) — 2Cx+/5%(u,1)5%(u,1) =0,

(8.117)
B(0,v) — 2Cx+/52(0,v)8%(0,v) =0, B(1,v) —2Cux+/S52(1,v)S*(1,v) =0,
(8.118)

where 0 < u,v < 1. Equations (8.117), (8.118) are the univariate irrational
functions involving polynomials and square roots of polynomials which come
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from the normalization of the normal vector of the surface (see (3.3)). B(u,v)
is a polynomial of degree (5m — 3,5n — 3) and S2(u,v) is a polynomial of
degree (4m — 2,4n — 2).

Finally for the principal curvatures

B(u,0) £ 1/ f3(u,0)

K(,0) = =g = O (8.119)
K(u,1) = B, lz)sf(u, ﬁ(u D _ Cr, (8.120)
K(0,v) = B(O’Z)Sf(o’i)g(o’v) =C,, (8.121)
K(1,v) = B(1,1;)Si:(1,5;(1,u) =Cy, (8.122)

where 0 < u,v < 1, the &+ signs correspond to the maximum and minimum

principal curvatures, and Cy, is the constant value of principal curvature and
f3(u,v) is a polynomial function defined in (8.63). Equations (8.119) through
(8.122) can be rewritten as follows:

B(u,0) + \/f3(u,0) — 2C 5% (u,0)\/S2(1,0) =0, 0<u<1, (8.123)
B(u,1) £ \/f3(u,1) — 2C.S”(u,1)1/S2(u,1) =0, 0<u<1, (8.124)
B(0,v) + /f3(0,v) — 2C.S*(0,v)/S2(0,v) =0, 0<w<1, (8.125)
B(1,v) £ /fs(1,v) —2C.S%(1,v)/52(1,v) =0, 0<v<1. (8126)

Equations (8.123) through (8.126) are the univariate irrational functions in-
volving polynomials and two square roots of polynomials which come from
the analytical expression of the principal curvature and normalization of the
normal vector of the surface. The starting points for contour curves of cur-
vature occur in pairs, since non-loop contour lines must start from a domain
boundary and must end at a domain boundary point.

Ridges are surface curves where the surface tangent plane is undefined, i.e.
r, xr, = 0. Ridges of an offset surface correspond to points on the progenitor
where one of the principal curvatures is equal to —% (d is the offset distance)
[94]. Therefore we can use (8.123) through (8.126) to compute the starting
points for tracing ridges on the offset, if the surface is subdivided along the
iso-parametric lines which contain the local maxima and minima of principal
curvatures, such that each sub-patch will not contain loops nor singularities
of ridges in its interior.

8.5.3 Mathematical formulation of contouring
Contour curves for constant curvature satisfy the following equation

C(u,v) = constant , (8.127)
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where C'(u,v) is a curvature at the given point (u,v). The procedure for
tracing contour curves is same as that of tracing method in the intersection
problem that we discussed in Sect. 5.8.1. We now consider a space curve which
lies on the surface represented by the parametric form r(t) = r[u(t),v(t)].
Differentiating (8.127) with respect to ¢ yields

Cuit + Coy =0, (8.128)

where @, © are the first derivatives with respect to t, and (@, v) gives the
direction of the contour line in parameter space. The solutions to (8.128) can
be written as

W=EC,, ©=—(C,, (8.129)

where £ is an arbitrary nonzero factor. When the curvature map is con-
structed in the uv parameter space, ¢ can be chosen to provide arc-length
parametrization in the parameter domain as follows

1

or when it is constructed on the surface itself, £ can be chosen to provide arc
length parametrization using first fundamental form (3.13) of the surface as
a normalization condition as in (5.91)

3

=+ (8.130)

1
=+
VEC? —2FC,C, + GC?2

where C), and C, are given in (8.35), (8.48) and (8.60) for Gaussian, mean
and principal curvatures respectively.

The points of the contour curves are computed successively by integrat-
ing the initial value problem for a system of coupled nonlinear differential
equations (8.129) using, for example the Runge-Kutta method or a more so-
phisticated variable stepsize and variable order Adams method [69]. Starting
points are computed by the method described in Sect. 8.5.2. Accuracy of the
contour curve depends on the number of points used to represent the contour
curve by straight line segments. Note that for principal curvatures, C,, and
C, become singular at an umbilical point, therefore we avoid the contour
level which is equivalent to the curvature value at the umbilics.

To generate a color curvature map, graphics packages require closed polyg-
onal geometry. Therefore, for display purposes and also for theoretical inter-
est, it is necessary to decompose a parameter sub-domain further into closed
polygonal regions. We may use the trip algorithm introduced by Preusser
[336] to polygonize the area between contour curves.

A closed polygon is defined by contour curves and the border lines of the
domain as illustrated in Fig. 8.10. Let S§ and S{ be the starting and ending
point of a contour curve respectively, and V; be the vertices of the rectangular
sub-domain. The algorithm is given as follows:

Trip algorithm [336]

, (8.131)
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1. Start the first round trip from S7.

2. At S continue in a counter-clockwise direction on the rectangular bound-
ary to the next starting point S5 or vertex.

3. Search a way back to the starting point S§ by following a contour curve
from S5, or a rectangular boundary from a vertex. As a result, the first
polygon is given by S7-S7-S5-S5-V;-S7.

4. A second polygon is started at the next unused starting point in counter-
clockwise direction and is completed in the same way which results in
S5-S5-S55-S5-V2-S5.

5. When there are no unused points S, we start the remaining polygons at

points S that have served only as the end of a contour curve, i.e. S§ and
SE.

oSS
5
e 3

SIS S, S
S, S,
S, S, ¢
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4
1 2
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\'A v,

Ssl, Si Fig. 8.10. Trip algorithm

8.5.4 Examples

To illustrate constant curvature contouring, we used a wave-like bicubic inte-
gral Bézier surface patch (see Fig. 8.11). The boundary twelve control points
are coplanar so that the boundary curves form a square. The remaining four
interior control points are not on the same plane. The control points are given
as follows:
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Therefore the surface is anti-symmetric with respect to u = 0.5. The wave-
like surface can also be expressed in a graph form as [z,y, h(z,y)]T with

h(z,y) = 7.22%y% — 25.223y% + 1823y — 10.82%y> + 37.82%y* — 2727y
+3.6zy® — 12.62y> + 9zy , (8.132)

where 0 < z,y < 1 and £ = u, y = v. Although the wireframe of the
surface looks simple (see Fig. 8.11), the surface is rich in its variety of dif-
ferential geometry properties. The wave-like surface has four spherical um-
bilics at (0.211,0.052), (0.211,0.984), (0.789,0.052), (0.789,0.984) with prin-
cipal curvature values 1.197, 0.267, —1.197, —0.267, and one flat umbilic at
(0.5,0.440). None of them are local extrema according to the criterion 9.5.1.

To display the curvature of the subdivided surface clearly, we assigned
discrete color to each closed region based on curvature level. The level was
determined by taking the average value of the curvature values of the con-
tour curves excluding the boundary lines which form the closed region. We
assigned R (red), G (green) and B (blue) to the minimum, zero and maxi-
mum curvature values of the whole domain. The color of the curvature values
in between is linearly interpolated.

Gaussian curvature. Color Plate A.3 shows a color map of the Gaussian
curvature K. Since the surface is anti-symmetric with respect to v = 0.5,
the Gaussian curvature which is the product of maximum and minimum
principal curvatures is symmetric with respect to v = 0.5. The range of the
curvature is —81 < K < 10.297. The global maximum Gaussian curvature
K =10.297 occurs at two stationary points within the domain (0.195,0.374),
(0.805,0.374). The global minimum curvature K = —81 is located at two
corners (0,0) and (1,0). There is also a saddle point inside the domain at
(0.5,0.440), with value K = 0, which is a flat point of the surface. There are
six local maxima and two local minima along the domain boundaries. Lo-
cal maxima at (0.211,0), (0.789,0), (0.211,1), (0.789, 1), (0,0.440), (1, 0.440)
with all values K = 0, and local minima at (0.5,0) with K = —20.25 and at
(0.5,1) with K = —7.29. Since the two local maxima inside the domain have
the same v coordinate, we subdivide the surface into two sub-domains along
the iso-parametric line v = 0.374. In this picture, we avoid the curvature level
K =050 as not to deal with the self-intersecting contour at the saddle point.

Mean curvature. Color Plate A.4 shows a color map of the mean curvature
H. Because of anti-symmetry with respect to v = 0.5, mean curvature has
H = 0 contour line at v = 0.5. Mean curvature varies from —4.056 to 4.056.
Both global maximum and minimum curvature are located inside the domain
at (0.190,0.414) and (0.810,0.414) respectively. There are seven local maxima
and seven local minima along the boundary. The local maxima are located at
(0.116,0), (0.319,0), (0.789,0), (0.211, 1), (0,0.089), (0,0.861), (1,0.440) with
H = 0.539, 0.539, —0.524, 0.121, 1.155, 1.155, —0.607. The local minima
are located at (0.211,0), (0.681,0), (0.884,0), (0.789,1), (0, 0.440), (1,0.089),
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(1,0.861) with H = 0.524, —0.539, —0.539, —0.121, 0.607, —1.155, —1.155.
Since the local maximum and minimum inside the domain are on the same
iso-parametric line v = 0.414, we subdivide into two sub-domains at this line.

Maximum principal curvature. Color Plate A.5 shows a color map of
the maximum principal curvature K,.;, which has a range of —1.665 <
KEmaz < 9. The global maximum is located at two corners (0,0) and (1,0),
and global minimum is located at (0.789,0.303) which is a stationary point
inside the domain. There is also a local maximum inside the domain at
(0.187,0.440) with e, = 6.607 and four saddle points inside the domain
at (0.082,0.802), (0.114,0.184), (0.321,0.157) and (0.378,0.851) with values
Kmaz = 4.504, 5.127, 3.276 and 2.470. There are two local maxima and
six local minima along the boundary. The locations are (0.478,0), (0.491,1)
with Kmaer = 4.569 and Kpe, = 2.704 for the local maxima and (0.211,0),
(0.789,0), (0.211,1), (0.789,1), (0,0.440), (1,0.440) with ke, = 1.047, 0,
0.242, 0, 1.213, 0 for the local minima. We subdivide the domain along the
iso-parametric line v = 0.187 and u = 0.789 which contain the local maxi-
mum and minimum. The reason we choose the u iso-parametric line is that
the minimum size of each domain in the u direction is larger than in the v
direction.

Minimum principal curvature. Color Plate A.6 shows a color map of the
minimum principal curvature ,,;,, which has a range of —9 < K < 1.665.
The global maximum is located inside the domain at (0.211,0.303) with
Kmin = 1.665. The global minimum is located at two corners (0,0), (1,0)
with Kpin = —9. There are other stationary points within the domain, a
minimum at (0.813,0.440) with the value K, = —6.607 and four saddle
points inside the domain at (0.622,0.851), (0.679,0.157), (0.886,0.184) and
(0.918,0.802) with values ki, = —2.470, —3.276, —5.127 and — 4.504.
There are six local maxima and two local minima along the domain bound-
aries. The maxima are located at (0.211,0), (0.789,0), (0.211,1), (0.789,1),
(0,0.440), (1,0.440) with £pin = 0, —1.047,0, —0.242, 0, —1.213. The local
minima are located at (0.478,0), (0.491,1) with the value Ky, = —4.299,
—2.688. For the same reason as in maximum principal curvature, the domain
is subdivided at u = 0.211 and « = 0.813.
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Fig. 8.11. Wave-like integral Bézier surface patch (adapted from [254])



9. Umbilics and Lines of Curvature

9.1 Introduction

An wmbilic is a point on a surface where all normal curvatures are equal
in all directions, and hence principal directions are indeterminate. Thus the
orthogonal net of lines of curvature, which is described in Sect. 3.4, becomes
singular at an umbilic. An obvious example of a surface consisting entirely
of umbilical points is the sphere. Actually, spheres and planes are the only
surfaces all of whose points are umbilics. The number of umbilics on a sur-
face is often finite and they are isolated ! [165, 411]. Umbilics have generic
features and may act as fingerprints for shape recognition. At an umbilic,
the directions of principal curvature can no longer be evaluated by second
order derivatives and higher order derivatives are necessary to compute the
lines of curvature near the umbilic. Monge (1746-1818), who with Gauss can
be considered as the founder of differential geometry of curves and surfaces,
first computed the lines of curvature of the ellipsoid (1796) which has four
umbilics [319].

There exists an analogy between normal curvature and stress in elasticity
theory [185]. For 2-D problems for example, it is well known that whatever
the state of stress at a point, there will always be two orthogonal directions
through the point in each of which the shear stress is zero. These two direc-
tions are called the axes of principal stress. The curve which lies along one of
the axes of principal stress at all its points is called line of principal stress.
Such lines form an orthogonal net. The point where two principal stresses
are equal is called isotropic point. The state of stress at such point is that of
a radial compression or tension, uniform in all directions. The lines of prin-
cipal stress and isotropic points are analogous to the lines of curvature and
umbilics, respectively.

There are a number of papers which deal with lines of curvature. Mar-
tin [264] introduced so called the principal patches whose sides are lines of
curvature for use in geometric modeling. Principal patches can be created by
imposing two conditions to the boundary curves known as position and frame
matching [264, 289]. Among the principal patches, Dupin’s cyclide patches

! Non-isolated umbilics can be found along an inflection line of a developable
surface (see Sect. 9.7).
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whose lines of curvature are all circular arcs are used for blending surface
applications (see Pratt [331], Dutta et al. [83]).

Beck et al. [22], Farouki [96, 98], Hosaka [173], Maekawa et al. [256] provide
a method to construct a net of lines of curvature on a B-spline surface. Lines of
curvature are of considerable importance to plate-metal-based manufacturing
[278]. When a sheet is to be shaped by rolling, then it is fed into the rolls
according to a principal direction and the rolls are adjusted according to the
principal curvature.

The generic features of the lines of curvature near an umbilic are fully
discussed in classic work by Darboux (1896) [71], and more recently by Por-
teous [319, 320, 321], Maekawa et al. [256], and Gutierrez and Sotomayor
[143]. Berry and Hannay [24] calculate the average density of umbilics for a
surface whose deviation from a plane is specified by a Gaussian random sur-
face, and showed the rarity of the monstar pattern. Maekawa and Patrikalakis
[254] and Maekawa [245] describe a robust computational method to locate
all isolated umbilics on a polynomial parametric surface and investigate the
generic features of umbilics and the behavior of lines of curvature which pass
through an umbilic. In computer vision, Brady et al. [37] compute the lines of
curvature and regions of umbilics from range images. Sander and Zucker [363]
extracted umbilics from an image by computing the index of the principal
direction fields. Sinha and Besl [396] compute the lines of curvature from a
range image and construct a quadrilateral mesh except at the umbilics.

A non-flat umbilic occurs at an elliptic point, while it never occurs at a
hyperbolic point. From (3.31), where we assume convention (b) (see Fig. 3.7
(b) and Table 3.2), it is apparent that at an umbilic I and IT are proportional
because k = constant, and hence we have the following relation at the umbilic

L=—-xkE, M=-kF, N=-kG. (9.1

This result coincides with (3.45) where k = —k. At umbilical points only, the
principal directions are indeterminate and the net of lines of curvature may
have singular properties. The lines of curvature depend only on the shape of
the surface, and not the parametrization. Lines of curvature provide a method
to describe the variation of principal curvatures across a surface. Lines of cur-
vature can be obtained by integrating (3.41), which will be discussed further
in Sect. 9.4.

In this chapter we employ sign convention (b) (see Fig. 3.7 (b) and Table
3.2) for the normal curvature.

9.2 Lines of curvature near umbilics

It is easily verified from (9.1) that L + kE, M + «F and N + kG simulta-
neously vanish at the umbilics. Therefore for all du, dv, (3.41) is satisfied,
and hence we cannot determine the direction of the lines of curvature which
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pass through the umbilic. In this section we investigate the pattern of the
lines of curvature near generic umbilics. Generic umbilics are stable with re-
spect to small perturbations of the function representing the surface, while
non-generic umbilics are unstable 24, 363, 396]. Darboux [71] has described
three generic features of lines of curvature in the vicinity of an umbilic. The
three generic features are called star, (le) monstar and lemon based on the
pattern of the net of lines of curvature. Color Plate A.7 illustrates these three
patterns of the net of lines of curvature at the umbilic. The red solid line cor-
responds to the maximum principal curvature lines and the dotted blue line
corresponds to minimum principal curvature lines, where convention (b) of
sign of normal curvature is used (see Fig. 3.7 (b) and Table 3.2). Three lines
of curvature pass through the umbilic for monstar and star, while only one
passes for the lemon. The criterion distinguishing monstar from star is that
all three directions of lines of curvature through an umbilic are contained
in a right angle, whereas in the star case they are not contained in a right
angle. There are no other patterns except for non-generic cases. An example
of a non-generic umbilic can be offered by the two poles of a convex closed
surface of revolution [165]. Figure 9.1 (a) shows the non-generic umbilic of
a paraboloid of revolution z = z? + y? which has an umbilic that infinite
number of lines of curvature pass through. If we perturb a coefficient in the
function representing the surface slightly to z = % + 192 corresponding to an
elliptic paraboloid then the non-generic umbilic splits into two lemon-type
generic umbilics as shown in Fig. 9.1 (b).
Consider a surface in Monge form

r = [z,y, h(z,y)]", (9.2)

where h(z,y) is a C® smooth function, i.e. it has continuous derivatives up
to order three. We can Taylor expand the z component of the surface as
in (8.73). Suppose the surface r has an umbilic at the origin and its tangent
plane coincides with the zy plane, then it is apparent that h(0,0) = h,(0,0) =
hy(0,0) = 0. Evaluating the coefficients of the first and second fundamental
forms of the explicit surface at the origin, which are given in (3.63) through
(3.65), we obtain

E(0,0)=1, F(0,0)=0, G(0,0)=1, (9.3)
L(0,0) = hya(0,0), M = hyy(0,0), N = hy,(0,0) . (9.4)

Then it is apparent from (9.1) that h;;(0,0) = hyy(0,0) = —&(0,0) and
hay(0,0) = 0. Consequently we can rewrite (8.73) into a simpler form:

ne.y) = - 000 1 y2) 05)

1
+g[x3hm(o, 0) + 322y hyey (0,0) + 32y hayy (0,0) + y>hyy, (0,0)]

+R(z,y)(|z,yl*) -
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From (9.5), we can observe that the equation of the surface near the umbilic
is governed by the cubic form h.(x,y)

1
he(z,y) = g(am3 + 3822y + 3yxy® + 5y*) , (9.6)
where

a = hmmm(oao)a 8= hmcy(oa 0)7 Y= hxyy(oa 0)7 d= hyyy(oa 0) - (97)

Note that a, 8, v and § vanish for a paraboloid of revolution r(u,v) =
[z,y,a(z® +y*)]" at (z,y) = (0,0).

(a) (b)

Fig. 9.1. Lines of curvature of paraboloid of revolution and elliptic paraboloid. Solid
lines and dotted lines represent maximum and minimum principal curvature lines
respectively: (a) paraboloid of revolution (z = z* + %) has a non-generic umbilic

at (0,0,0), (b) elliptic paraboloid (z = 8””727 + »?) has two lemon-type umbilics at
(0,£0.1890,0.0357) (adapted from [256])

To study the behavior of the umbilics we can express (9.6) in polar coor-
dinates x = rcosf and y = rsin @ for a fixed radius r = /22 + y? [24]:

3
he(9) = %(a cos® @ + 33 cos® fsin§ + 3y cosfsin® f + §sin® ) . (9.8)

It can be easily verified that h.(8+7) = —h.(#). Therefore the cubic function
is an antisymmetric function of 6. The roots of dh./df = 0 will give the angles
where local maxima and minima of h.(f#) may occur around the umbilic,
depending on the multiplicity of the roots. When there are three distinct
roots, each of the roots gives the local extremum. When there are two equal
roots, the double roots will provide neither maxima nor minima, however
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the single root gives an extremum. When there are three equal roots, the
triple roots give an extremum. Since it is an antisymmetric function, maxima
and minima of h. occur on the same straight line which passes through the
umbilic. Differentiating (9.8) with respect to 6 and setting the equation equal
to zero yields

dh.(8)
do

3
= %(ﬂ cos® B — (a — 27) sinf cos” @ + (§ — 23) sin? f cos § — ~ sin® 6)
=0. (9.9)

When one of the roots of (9.9) is § = 0 or 7 then § must be zero, and when
# =73 or %7‘(’ then v must be zero. Conversely we can say that when g =0

one of the roots is = 0 or 7, and when v = 0 one of the roots is § = 3 or

%w. Consequently when 3 # 0, we can divide (9.9) by (sin®f resulting in

_a—[327t2+6—[32[3t_%:0, (9.10)

where t = cot #. Similarly when v # 0, we can divide (9.9) by 7 cos® 8 resulting
in

t3

6—2 — 2y
3 — 5P+a 758
Y Y Y

=0, (9.11)

where ¢ = tan #. These cubic equations may be reduced by the substitution

_ a—2y - 0—20
t=s+ 37 t=s+ 3 (9.12)
to the normal form [402]
s34+ 3ps+2¢=0, (9.13)
where
when f#0 p= 3600 = Qﬂz)ﬁ_z (o = 2y)° , (9.14)
_ (27— o)[2(a — 29)* — 9(5 — 28)B] — 2752y
q - 5463 )
(9.15)
when v#0 p= £l G 2737_2 (6 - 26)" , (9.16)
_ (28— 0)[2(6 = 28)* — 9(ax — 29)9] — 278+
= 5477 ‘
Y
(9.17)

The solutions to the cubic equation are given by:
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e When ¢ + p® > 0; there are three distinct roots, one is real root and
the other two are conjugate complex roots. The real root gives a function
extremum and is given by

sz\g/—qu q2+p3+\3/—q—\/q2+p3, (9.18)

e When ¢ +p® = 0; there are three real roots at least two of which are equal
and are given by

s = :{:2\/__7 :*:\/__) :t\/__v (9.19)

where the upper sign is to be used if ¢ is positive and the lower sign if ¢ is
negative. Therefore there is at most one root which will provide a function
extremum. This is a non-generic case, since small perturbation will yield
the case either above or below.

e When ¢2 + p? < 0; there are three unequal real roots, which provide three
function extrema, and are given by

2 4
5§ = 2y/—p cos (g) , 24/—p cos (g + g) , 24/—p cos (g + g) ,
(9.20)

where cosT = F —g—i and the upper sign is to be used if ¢ is positive and
the lower if ¢ is negative.

Consequently there is either one single angle (lemon) or three different
angles (star, monster) corresponding to one maximum opposite one minimum
or three maxima opposite three minima for generic case. Corresponding to
these angles there are lines of curvature either one or three passing through
the umbilics.

Another way of classifying an umbilic is to compute the index around it
[24, 363]. The lemon and monstar have the same index +3, while the star
has the index —%. The index is defined as an amount of rotation that a
straight line tangent to lines of curvature experiences when rotating in the
counterclockwise direction around a small closed path around the umbilic.
To compute the index of the umbilic, we can evaluate the angle v;, which is
the angle of principal direction, at n points along a boundary curve which
surrounds the umbilic. The angle ¢; is obtained by using the first of (3.41)
(see Table 3.2 for sign convention) as

dv L+ kE L+ kE

e = _Z TR 21
tan ¢; T T ; arctan( M+/<;F>’ (9.21)

where —5 < ); < 7. Since 1); can also be obtained from the second equation
of (3.41) we also get
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dv M+ kF M+ kF
_dv o SRR (9.22
tan ¢; T i Y; = arctan ( g nG) (9.22)

If both L + kE and M + kF are zero or small in absolute value, we use
(9.22) otherwise we use (9.21), or if |[L+&E| > |M + kF| we can invert (9.21)
and solve for tan(¢;) = du/dv. Consequently the index can be computed by

1 n
I = — JAYIT 2
ndex 5 ZZ:; WY (9.23)
where
™ ™
AYi = P (i41) moan — Yi and — 3 < Ay; < 3 (9.24)

and mod is the modulo operator. It is used to account for the first point which
is also the last point at which the direction field is evaluated. For the examples
in this book, 20 points per boundary curve were adequate for estimation of
the index. Fig. 9.2 illustrates the direction field of the maximum principal
curvature around the star, monstar and lemon type umbilics.
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Fig. 9.2. Direction field near umbilics: (a) star-type, (b) monstar-type, (c¢) lemon-
type (adapted from [256])

9.3 Conversion to Monge form

To compute the angles that the tangents to the lines of curvature at the
umbilics make with the axes, the surface has to be set in Monge form for each
umbilic separately. Therefore for each umbilic on the surface, a coordinate
transformation is needed. But before we conduct the transformation, we need
to locate all umbilical points. The principal curvature functions k are defined
in (3.49), (3.50) as k(u,v) = H(u,v) £ /H?(u,v) — K (u,v). If we set
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W (u,v) = H*(u,v) — K (u,v) , (9.25)

then umbilic occurs precisely at a point where the function W (u,v) is zero.
Since k is a real valued function, it follows that W (u,v) > 0. Consequently,
an umbilic occurs where the function W (u,v) has a global minimum.

If the surface representation is non-degenerate and C* smooth, then
H(u,v), K(u,v) and hence W (u,v) are C*~2 smooth. Although we are par-
ticularly interested in Bézier surfaces which are C*°, we relax the continuity
assumption for W (u, v) by assuming that W (u, v) is at least C? smooth which
is guaranteed if the surface is C*. Already the assumption of differentiability
for W (u,v), which is weaker than C?, and the condition that W (u,v) has a
global minimum at the umbilic implies that VI¥ = 0 at an umbilic. Therefore
the governing equation for locating the umbilics are given by

W(u,v) =0, Wy(u,v) =0, Wy(u,v)=0. (9.26)
If the surface r(u,v) is a polynomial parametric surface patch (e.g. a
Bézier patch), then we denote W (u,v) = gggzz; where Py (u,v) and Pp(u,v)

are polynomials in u, v. Hence (9.26) reduce to an overconstrained system of
nonlinear polynomial equations (see also Sect. 8.2.3)
OPn (u,v) OPn (u,v)
Py(u,v) =0, ———"+=0, ———~-=0. 9.27
i) =0, S0 g, SN (9:27)

A robust and efficient solution technique based on the interval projected
polyhedron algorithm to solve a system of nonlinear polynomial equations is
discussed in Chap. 4.

Consider a global frame o-zyz and a surface r = [z(u,v),y(u,v), 2(u, v)]T
with an umbilical point O as illustrated in Fig. 9.3. The umbilical point is
represented by a position vector r, given by:

I‘O = (x07y07Z0)T = [x(u07v0)7y(u07v0)7Z(“O)”O)]T * (9'28)

To represent the surface in the Monge form at the umbilic O, we need to
attach an orthogonal Cartesian reference frame to it, say O-XY Z, and we
represent a surface point r(u,v) in the frame O-XY Z as R(u,v). We choose
unit vectors ﬁ, N x ﬁ, N as directions of X, Y and Z axes as shown in Fig.
9.3, where r,, is the tangential vector in u direction and N = (N, Ny, N,)T
is the unit normal vector of the surface at the umbilic.

If we concatenate these three unit vectors ﬁ, N x AL N in a single
matrix, we obtain a description of the orientation of the Monge form with
respect to the frame o-zyz which is called a rotation matriz 2

Ty Nyzu—Nzyu
Ly ycuT iV Ju ]\fz

[ra] ~ |1‘u]|V

— Yu 2Ty —INgpZy
Zy Noyu—Nyzu N,
[ra] [ra] #

(“orUO)
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Fig. 9.3. Definition of coordinate system

Then the relation between r(u,v) and R(u,v) is:
r(u,v) =r, + 2R (u,v) . (9.30)

Using (9.30), we can solve for R(u,v) as a function of r(u,v) that is the
coordinate of P expressed in frame O-XY Z as a function of the coordinate
of point P expressed in o-xyz frame as

R(u,v) = 27 (r(u,v) —1,), (9.31)
where {271 is the inverse matrix of 2. Since (2 is an orthonormal matrix,
271 can be replaced by the transpose matrix 27, therefore

R(u,v) = | Y(u,v) | = 27 [r(u,v) —r,], (9.32)

or equivalently
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X = X(u,v) = <r—“

T

> : [I‘(U,’U) - ro] , (933)

Ty X Ty) X Ty

Y = Y(u,v) = <( ) r(u,v) — 1) (9.34)

|ty X ryl|ry]

) “[r(u,v) — o], (9.35)

ry, X,
Z = h(u,v) <|I‘u ro]
where subscript o denotes that the expressions are evaluated at (u,, v,). In
(9.33) through (9.35), r(u,v) is the only term that is the function of u and v,
whereas all terms involving r,, and r, are evaluated at (u,, v,). Now we want
to express u and v as functions of X and YV, i.e. v = u(X,Y) and v = v(X,Y),
using (9.33) and (9.34), so that R can be written as the same form as (9.2):

R=(X,Y,2)" = [X,Y, h(u(X,Y),0(X,Y))]" . (9-36)
According to the inverse function theorem [76, 304], this is possible if and
only if

‘X" Xol 40 (9.37)

Yo Y,

If we set I and J as

r
I= (—") , (9.38)
|I'u| (umvo)

g (Euxr) xr (6:8)
RN T |

then the determinant can be evaluated using the vector identity (3.15) as
follows:

XY, -V, X, =0 -r,)J-r,)—(J-r,)I-1,),
=({IxJ) (ry xry),
= N(to,v5) * (T X Ty) - (9.40)
Since we are assuming a regular surface, (9.40) will never vanish, and hence
we can apply the inverse function theorem. To evaluate «, 3, 7, d in (9.6)

we need to compute hxxx, hxxy, hxyy, hyyy which can be computed
using the chain rule as follows:

hx = hyux + hyvx ,

hy = hyuy + hyvy ,
hxx = huutk + 2hupuxvx + hypvy + hytuxx + hovxx ,
hxy = huyuxuy + hyo(ux vy + uyvx) + howvxvy + hyuxy + hyvxy ,
hyy = hyty + 2huyuy vy + byt + hyuyy + hyvyy
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hxxx = huuut + 3huuvtk vx + 3hupotixVx + houyx
+3(hunttxuxx + huptxVx x + huvttx xvx + PooUx VX x)
+huuxxx +hovxxx ,
hxxy = huuutxuy + huwtx (2uyvx + uxvy) + huwovx 2uxvy + uyvx)
+ R0y + hyw (Ruxuxy + uxxuy)
+hu (Quxvxy +uxxvy + uyvxx + 2uxyvx)
+ho(Quxvxy +vxx0Y) + hyuxxy + hovxxy
hxyy = huwtxuy + huuwtty (2uxvy + tuyvx) + huwwvy (2uyvx + uxvy)
+howovxvy + huu(Quxyuy + uxuyy)
+hu(Quxyvy + uxvyy + uyyvx + 2uyvxy)
+hyo 2uxyvy +vxvyY) + hyuxyy + hovxyy ,
hyyy = huuutty + 3huwtl vy + 3huwpty 03 + hyyevy
+3(huwttytyy + hupy Vyy + huyUyyvy + hyoyVyvyy)
+huuyyy + hyvyyy - (9.41)
The partial derivatives of h with respect to u and v can be obtained easily

from (9.35). We can determine ux, uy, vx and vy by using the inverse
function theorem [76, 304] as follows:

—1
ux uy | _ | Xu X,
Hence
Y, -X,
= v v = oo 4
“x Xqu - YuXv’ e Xqu - YuXv ’ (9 3)
_Yu Xu
= v v v v = v - 9.44
TR, -, TR, - YK, (9.44)

We can also evaluate the higher-order derivatives such as uxx, vxx, uxy,
UxXx, Uyy, VyY, UXXX, VXXX, UXXY, UXXY, UXYY, VXYY, UYYY, UYYY
using the chain rule. Once hxxx, hxxy, hxyy, hyyy are obtained, we
can compute the angles of tangent lines to the lines of curvature passing
through the umbilic using (9.10) to (9.20). Since the angles are evaluated in
the XY -plane we need to map back to the parametric uv-space for integra-
tion. Consider a point on the tangent line which passes through the origin and
lies on the XY'-plane, say (rcosf, rsinf). Then the point can be expressed
in terms of u, v using the vectors along the X and Y axes:

reosf—% 4 peing e Tv o Tu
T |ty X 1y |re |
cosf  sinf(r, -rv)} {sin O|r.] }
= — wtr | ———— |y
Ity |ty X ryl|ry] |ry X ry

R (9.45)
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Therefore the angle between wu-axis and the tangent of the line of curvature
in the uv parametric space is given by

¢ = arctan (g) . (9.46)

9.4 Integration of lines of curvature

A line of curvature is a curve on a surface that has tangents which are prin-
cipal directions at all of its points as we discussed in Sect. 3.4. The principal
directions at a given point are those directions for which the normal curvature
takes on minimum and maximum values. If the point is not an umbilic the
principal directions are orthogonal. A line of curvature indicates a directional
flow for the maximum or the minimum curvature across the surface. It is ad-
vantageous to express the curvature line with an arc length parametrization
as u = u(s) v =w(s). Every principal curvature direction vector must fulfill
(3.41). Hence from the first equation of (3.41) (see Table 3.2) we get

d
u' = d—Z:n(M+nF),
d
' = d—;’ = —n(L + KE) (9.47)

where 1 is an arbitrary nonzero factor. At first sight, one may expect to
obtain the lines of curvature by integrating (9.47). However the subsequent
considerations show that a simple integration of (9.47) is generally not suf-
ficient to compute the principal curvature lines even in situations where one
does not encounter an umbilic. Namely there may occur several problems,
including cases A and B below, and the criterion in (9.52) may be used to
control the orientation while integrating along the curvature line. Since a
principal curvature direction vector must also fulfill the second equation of
(3.41) we also get

du
!
= — =
u' = u(N + kG) ,
' = % = —u(M + kF) . (9.48)

The solutions u', v' of the first and the second equations of (3.41) are linearly
dependent, because the system of linear equations given by (3.41) has a rank
smaller than 2. It is possible:

A. That the coefficients in one of the equations can both be zero while they
are not both zero in the other equation.

B. That both coefficients in one equation are small in absolute value while the
other equation contains one coefficient which is large in absolute value.
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Case B is encountered more often than case A. In case A, using the
equation with zero coefficients yields an incorrect result, because this equation
does not contain enough information to find the principal curvature direction.
In case B, using the equation with the small coefficients may yield numerical
inaccuracies which could be avoided by using the other equation. Alourdas [5]
has developed an algorithm which makes the choice of the equation dependent
on the size of the coefficients. Since M + kF is a common coefficient, if
|L + kE| > |N + kG| we solve (9.47) otherwise we solve (9.48).

We want to point out that also case A may easily occur. Therefore
one needs provisions in the algorithm which takes this into account. We
give now a simple example illustrating case A using a parabolic cylin-
der r(u,v) = (u,v,v?)T. Clearly the maximum principal curvature on the
parabolic cylinder is zero everywhere. Also it is apparent that ry, = 0 and
ryw = 0, hence L = M = 0. Therefore L + Ky E and M + Ko F become
zero, while N + K;,4.G # 0, which can be seen by an easy computation or
using the fact that a parabolic cylinder has no umbilics. Farouki [98] proved
that one of the solutions (u', v') defining a principal direction (i.e. (9.47) or
(9.48)) becomes indeterminate at a nonumbilic point if and only if the prin-
cipal direction is tangent to a surface parameter line at that point as in this
example.

It remains to determine factors n and p. If the curvature line is arc length
parametrized, the first fundamental form provides the normalization condi-
tion

2 2
E <d—“> forddy <d—”> =1. (9.49)

Substituting (9.47) into (9.49), n is determined to be

+1
n= . (9.50)
VEM + kF)? —2F(M + kF)(L + kE) + G(L + kE)?2
Likewise p is determined to be
+1
(9.51)

H= JE(N + 7G)? —2F(N + nQ)(M L F) + GOM L F)?

The sign of n or u determines the direction in which the solution proceeds.
Choosing a fixed sign for 5 or p does not guarantee that the vector (u',v’)
would not change direction. The need to adjust the sign of n or u becomes
even more obvious if one determines the principal curvature vector always
by the numerically preferable equation in the system (3.41). The vectors
obtained from (9.47) and (9.48) are linearly dependent but they do not need
to have the same orientation.

The criterion which is employed in order to determine the sign of 1 or u
is given by the following inequality
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| — (WPrd 4 07e) — (/v + '] < [(u7r +0PrD) — (u'r, +0')
(9.52)

where r is a curvature line represented by the parametric form r(s) = r(u(s),
v(s)) and the superscript p means evaluation at the previous time step during
the integration of the curvature line. It is obvious that inequality (9.52) is true
if and only if the tangent vector (u'r, +v'r,) reverses direction because (9.52)
says that the negative tangent vector of the preceding time step is closer to
the new tangent vector than the positive tangent vector of the preceding time
step. When inequality (9.52) is true, the sign of n or u should be changed to
assure that the solution path does not reverse direction. Farouki [98] derives
another criterion for preventing the reversal of integration direction.

We can trace the lines of curvature by integrating the initial value problem
for a system of coupled nonlinear ordinary differential equations using stan-
dard numerical techniques [69, 126] such as Runge-Kutta method or a more
sophisticated variable stepsize and variable order Adams method. Starting
points for lines of curvature passing through the umbilics are obtained by
slightly shifting outwards in the directions given by (9.46) from the umbilic.
Accuracy of the lines of curvature depends on the number of integrated points
used to represent the contour line by straight line segments.

9.5 Local extrema of principal curvatures at umbilics

In this section we discuss a criterion which assures the existence of local ex-
trema of the principal curvature functions Kpqz and K., at umbilical points
of the surface [256]. The problem of detecting local extrema of principal cur-
vature functions is motivated by engineering applications. When a ball-end
mill cutter is used for NC machining, the cutter radius must be smaller than
the smallest concave radius of curvature of the surface to be machined to
avoid local overcut (gouging) (see Sect. 11.1.2). Gouging is the one of the
most critical problems in NC machining of free-form surfaces. Therefore, we
must determine the distribution of the principal curvatures of the surface,
which are upper and lower bounds of the normal curvature at a given point,
to select the cutter size. A natural approach to locate local extrema of the
functions Kmaee and K, would in principle be to search for zeros of the
gradient vector field V&4, and VK., and then use tools from differential
calculus to decide if at those zeros the principal curvature functions attain
extrema. The problem with this approach however is that the curvature func-
tions Kmaee and K,y are generally not differentiable at the umbilics although
those points may also be candidates for local principal curvature extrema.
We will present a necessary and sufficient criterion, which always detects the
existence of a local extremum of the principal curvature functions k... and
Kmin at an umbilic, except in presence of rare well defined and easily com-
putable conditions. Under such rare condition, the criterion will become only
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sufficient. This criterion is practical because it is almost always applicable
and easily evaluated.

We discuss the local behavior of the functions K. and Kmi, in the
neighborhood of an umbilic. First let us consider a Taylor expansion around
an umbilic (u,,v,) for the function defined in (9.25). We obtain

W 0,0) = 9 ot ) + [0 = )Wt ) + (0 = 0)Wo )] (9.59)
= 00 Wt 20) + 200 = )0 = 0 W 0,2
0= 05 W t,00)] + Bl =110y — ) (1 = o0 = )7
with
lim R(u—u,,v—1v,) =0. (9.54)

U—Uo , U—>Vp

Note that (9.53) describes the remainder term in case of a second order Taylor
approximation of a C? smooth function which is guaranteed if the surface is
C*. In the special case where all the second partial derivatives of W vanish,
the condition W(u,v) > 0 implies that the third order partial derivatives
must also vanish. If we consider the total number of possibilities where we
have non-vanishing partial derivatives up to third order, the case where all
partial derivatives vanish is statistically very rare. Therefore, we focus our
attention now on the generic case where at least one of the second order
partial derivatives of W does not vanish. Using (9.26), we obtain W (u,,v,) =
0 and VW (u,,v,) = 0 at the umbilic, therefore (9.53) reduces to

W (u,v) = Wo (u,v) + Rt — e, v — vo)|(u — o, v —v,) >, (9.55)

where

1
WQ(U)U) = 5(” — Uo,V _'Uo) (tt/I/I;ZZ %::) (’LL — Up,V _UO)T

1 (U — Up, U — UO) Wuu Wuv (’LL — Up, UV — UO)T
2 [(u— o, v = Vo) | \ Wuwr Wi ) |(u— o, v —v,)]

|(u — o, v — v,)]? .
(9.56)
Now we can Taylor expand /W (u,v) up to first order 2

B R(u — up,v — v,) b — P
VIV = Vg + R v = )

R(u — to,v — v)

2C (u,v)

= [C(u,v) + Nl(u = up,v —v,)|, (9.57)

2 Note that here the Taylor expansion of the square root first yields an approx-
imation instead of the equal sign in (9.57). However absorbing here the error
term of this square root Taylor expansion in the remainder of (9.57) justifies the
equality sign.
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where

1 (u—up,v—1v, Wuu Wauw U — Up, v — )T
C(u,v):\/ ( )< va>|( )

§|(u—uo,v—vo)| Wuw (U — Up, v — v,)|
(9.58)

Next we Taylor expand the mean curvature H (u,v) as follows:

H(u,v) = H(uo,vo) + (Hr(u,v) + R(u — to,v — 0,))| (1 — o, v — 0,)] ,
(9.59)

where

_ (’L/,—’LI,O,’U—'UO)T
HL(’LL,U) = [HU(UO,UO),HU(UO,UO)]

(6= w00 —v0)] (9.60)
Although the function R(u — u,,v — v,) in the remainder terms are different
in (9.55), (9.57), (9.59), we nonetheless use the same notation for simplicity,
since we are essentially interested in the common property described in (9.54).

Consequently &(u, v) in equation k(u,v) = H(u,v)£\/H?(u,v) — K (u,v)
can be expanded in the vicinity of an umbilic (u,,v,) as follows:

n(u,v) = H(UO,UO) + (HL(U,’U) + C(u,v)
+R(u — to, v — 0,))|(u — Up, v — v,)]
= H(uo,v,) + Hr(u,v) £ C(u,v) + R(u — uy,v —v,) , (9.61)

where
ﬂL(uav) = HL(U7U)|(U_UO>U_UO)| ) (962)
i C(u,v) = Clu,v)|(u — up,v —v,)]| , (9.63)
R(u — tup,v —vy) = R(t — U, v — 05)|(u — o, v — v,)] . (9.64)

Therefore k(u,v) can be considered as sum of the constant term H(u,,v,),
the plane Hp (u,v), which is the tangent plane of H(u,v) at (u,,v,), and the
elliptic cone C'(u,v) whose axis of symmetry is perpendicular to uv-plane,
since W (uo,v,) = 0, VW (u,,v,) = 0. First we assume that Hy (u,v) = 0,
in other words the tangent plane of H(u,v) coincides with the uv-plane. In
this case (u,v) — H(u,,v,) reduces to £C(u,v). Figure 9.4 shows a positive
elliptic cone +C'(u,v) (maximum principal curvature) having a minimum at
(uo,v,). When the elliptic cone is negative, minimum principal curvature has
a maximum at (u,,v,). The condition Hy,(u,v) = 0 occurs when all the third
order partial derivatives of the height function in the Monge form are zero.
This can be proved as follows [256]:

Proof : The coefficients of first and second fundamental forms of the
surface in Monge form are given in (3.63) and (3.65). Their first order partial
derivatives with respect to x are readily evaluated:
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E, = thhmca F, = hmmhy + hachmya G, = thhacy )
hazay/(1+ h2 + h2) + hoo(1+ h2 + h2) "2 (Ao hag + hyhay)

L, = ,
‘ 1+h2 +h2
o haayy/(1+ 02 + B2) + hoo(L+ h2 + h2) "3 (hahas + hyhay)
o L+ h2 + h2 ’
hayyy/(1+ 02 + B2) + hop(1+ h2 + h2)~ 2 (hoheo + hyhay)
N, = :
L+ h3 +hj

(9.65)
Now we will differentiate (3.67) ® with respect to

(2F,M + 2FM, — E,N — EN, — G, L — GL,)(EG — F?)
2(EG — F2)?
(2FM — EN — GL)(E,G + EG, — 2FF,)

_ e . (9.66)

H, =

If the surface is in Monge form with an umbilic at the origin, we have h, =
hy = 0, which leads to E, = F, = G, = 0. Consequently if hyps = hyoy =
hzyy = 0, then L, = M, = N, = 0 and hence H, = 0. Similarly we can
say that if hypy = hayy = hyyy = 0, then Hy = 0. Since H, and H, can be
written as

H, =H,x, + Hyyu )
H, = Hyz, + Hyy, . (9.67)

We can conclude that if hypo = hawy = hayy = hyyy = 0 then H, = H, = 0.
|

Note that in case Hy, = 0 the term R(u — u,,v — v,) is negligible for
local extremum properties of the function x(u,v) — H(u,,v,). Consequently
when Hp(u,v) = 0, or alternatively when VH (u,,v,) = 0, the function
k(u,v) — H(uo,v,), hence k(u,v) has a local extremum at (u,,v,), Or more
precisely, Kmqe has a local minimum and k,,;, has a local maximum at an
umbilical point (u,,v,).

It is also possible that x(u,v) may have a local extremum at the umbilic
when Hyp (u,v) # 0. This is the situation when the plane Hy (u,v) is tilted
against the uv-plane.* There are three possible cases, the plane Hy (u,v)
intersects the cone C'(u, v) transversally (see Fig. 9.5 (a)), the plane Hy,(u,v)

3 Equation (3.67) is based on convention (a) of the normal curvature, while we are
currently using convention (b) (see Fig. 3.7 (b) and Table 3.2).

4 Note that we use the following observation illustrated by Fig. 9.5 (b). The term
R(u — uo,v — vo) is negligible for investigating the local extrema properties of
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Fig. 9.4. Cone C(u,v) is perpendicular to the plane Hr (u,v) (adapted from [256])
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Fig. 9.5. (a) The plane intersects the cone, (b) the plane does not intersect the
cone, (c) the plane and the cone are tangent to each other (adapted from [256])
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does not intersect the cone C(u,v), apart from its apex, (see Fig. 9.5 (b)) and
the plane Hp (u,v) and the cone C(u,v) are tangent to each other (see Fig.
9.5 (¢)). Figure 9.5 (a) is the case when the plane intersects the cone in two
straight lines. In this case for some directions the plane has a steeper slope
than the cone, thus the sum Hp, (u,v)+C(u,v) does not have an extremum at
(uo,v,), while in case (b) the plane intersects the cone only at (u,,v,), and the
cone always has a steeper slope than the plane, thus Hp,(u,v) & C(u,v) has
a local extremum at (u,,v,). Consequently we need to examine the equation
+C(u,v) = —H[,(u,v) which upon squaring and using (9.60) and (9.58) can
be reduced to

(W — 2H2) (v — 1)? + 2(Woy — 2H, H,) (u — u,) (v — v,)
+ (Wyy —2H2)(v —0,)? = 0. (9.68)

We can rewrite (9.68) as
A —u,)? +2B(u —u,) (v —v,) + C(v —1,)2 =0, (9.69)

so that we can view (9.68) as a quadratic equation with unknown u — u, or
v —v,. If B2 — AC > 0 there exist two distinct real roots, and thus there will
be a real intersection between the plane and the cone made up of two straight
lines. If B2 — AC = 0 there exist two identical real roots, and thus the cone
and the plane are tangent to each other, and additional evaluation of higher
order terms in the Taylor expansion is necessary to decide if we have an
extremum at the umbilic. If B2 — AC' < 0 there will be no real root, and thus
there is no intersection between the cone and the plane. Consequently the
criterion to have a local extremum of principal curvatures, when Hr, (u,v) # 0
or VH (u,,v,) # 0, is equivalent to the condition B> — AC < 0. Hence the
condition is

(Wyw — 2H Hy)? — (Wi — 2H2) (W —2H2) < 0, (9.70)
or equivalently upon using W (u,v) = H?(u,v) — K (u,v)
(2HHyy — Kup)? — (2HHyy — Kuw) QHHyy — Kup) < 0. (9.71)

Finally we can state the criterion as follows [256]:

Theorem 9.5.1. (Criterion for extrema of principal curvature func-
tions at umbilics):

If we assume that W (u,v) is at least C? smooth and at least one of the second
order partial derivatives of W (u,v) does not vanish then:

the function s(u,v) at the umbilic (uo,v,), provided the cone C(u,v) and the
plane H; = 0 meet only at the point (uo_, vo). Namely in that case we have
a positive number « such that |C(u,v) — Hr(u,v)| > a|(u — o, v — v,)|- @ is
related to the smallest possible slope between plane and cone. Hence clearly
R(u — %o, v — vo)|(u — uo, v — v,)| is negligible to a|(u — o, v — v5)].
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1. If VH = 0 at the umbilic, then Kmqe has a local minimum and Kpin has
a local mazimum.

2. If VH # 0 at the umbilic, then Kmaz has a local minimum and Kpin
has a local mazimum if and only if D = (2HH,, — Ky,)?> — (2HH ., —
K,.) 2HH,, — K,,) < 0 provided D # 0. In case D = 0, additional
evaluation of higher order terms in the Taylor expansion is necessary.

D = 0 occurs when the cone and plane are tangent to each other, which
is very rare. The condition D = 0 forces the criterion to be only sufficient
and not necessary. It is quite plausible that the plane-cone tangential case
(Fig. 9.5 (¢)) is the rare one, while cases plane and cone are intersecting (Fig.
9.5 (a)) or plane and cone are non-intersecting (Fig. 9.5 (b)) are the generic
ones.

When all the second order partial derivatives of W (u,v) vanish, we need
to Taylor expand up to fourth order in (9.53), since the condition W (u,v) > 0
implies that the third order partial derivatives must vanish. Also we need to
Taylor expand up to second order in (9.59). Consequently (u,v) can be
expanded in the neighborhood of an umbilic (u,,v,) as sum of constant,
linear and quadratic terms of mean curvature and the square root of fourth
order terms of W(u,v) as

K(u,v) = H(up,vo) + Hr(u, v)|(u — 1o, v — v,)]
+(Hg(u,v) + Qr(u,v) + Rt — t, v — v,))| (U — 1y, v — v,)]?
= H(uo,v,) + Hp (u,v) + Hg(u,v) + Qr(u,v) + R(u — up, v — v,) ,
(9.72)

where Hg(u,v) and Q7(u,v) are the second order partial derivatives terms
of the Taylor expansion of the mean curvature and the square root of fourth
order partial derivatives terms of the Taylor expansion of W (u,v). It is ap-
parent that Hg(u,v) and Qr(u,v) have stationary point at (u,,v,). It fol-
lows that the plane Hy (linear term) will determine the local behavior of
the function s(u,v). This implies now that in case Hy # 0, k(u,v) cannot
have a local extremum at the umbilic due to strong monotonicity behavior
of the linear function. Therefore, if the second order partial derivatives of
W (u,v) vanish at the umbilic, then x(u,v) can only have an extremum in
case Hp,(u,v) = 0. However Hy,(u,v) = 0 is not sufficient to guarantee a local
extremum for k(u,v), since the point (u,,v,) can be a saddle point for the
function Hg(u,v) + Q7 (u,v).

9.6 Perturbation of generic umbilics

In this section, we give a few numerical examples to demonstrate that generic
umbilics are stable with respect to perturbations [256]. The example surface is
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a wave-like bicubic integral Bézier patch which is illustrated in Fig. 8.11. The
surface is anti-symmetric with respect to x = 0.5. There are four spherical
umbilics and one flat umbilic point on the surface. We gradually perturb
the control points of the surface and observe the behavior of the lines of
curvature which pass through umbilics. The control points are perturbed in
the following manner. Since the example is a bicubic patch, it has 16 control
points. Each control point consists of three Cartesian coordinates z, y, z,
hence there are 48 components to be perturbed. A random number which
varies from —1 to 1 is used to determine the 48 components. Let us denote
the randomly chosen numbers for each control point as (efj, efj, efj), 0<
1 <3, 0<j < 3. We normalize the vector and add to each control point as

(efja e?jv efj)T

T2 y 2 z 2
\/eij +eij +eij

where ( is a constant. We increase the amount of perturbations gradually
by increasing ¢ from 0.02 by 0.02 up to 0.08. The curvature value , the
four coefficients of the cubic terms «, 8, 7, d, angles of the tangent lines to
the lines of curvature which pass through the umbilic in the tangent plane
of the Monge form 6y, 62, 83 in the 3-D space, ¢1, ¢2, ¢3 in the uv-space
all in radians, index and the type are listed for original surface and two
perturbed surfaces (( = 0.04 and ¢ = 0.08) in Tables 9.1 to 9.3. The angles
0i, ¢:i (1 <i < 3) are restricted in the range —F < 6;, ¢; < 7. Figures 9.6 to
9.8 illustrate how the lines of curvature which only pass through the umbilic
behave when the control points are perturbed. The thick solid line represents
the lines of curvature for maximum principal curvature, thick dotted line
represents the lines of curvature for minimum principal curvature and the
thin solid lines are the iso-parametric lines of the wave-like surface.

From the figures and tables we can observe that the umbilic on the upper
right jumps off from the domain but the other four umbilics remain inside
the domain. All the umbilics which stay in the domain do not change their
index nor their type. In Fig. 9.6, when the perturbation is zero, lines of cur-
vature passing through the umbilics at lower left (0.211,0.052) and upper left
(0.211,0.984) have a common line of curvature. Similarly lower right umbilic
(0.789,0.052) and upper right umbilic (0.789,0.984) have a common line of
curvature. As the perturbation gradually increases, they split into two lines
of curvature as shown in Figs. 9.7 and 9.8. Note that in Figs. 9.7 and 9.8
the lines of curvature corresponding to the jumped off umbilic (upper right)
are not shown, since we cannot compute the initial values for the integration.
From these observations we can conclude that the umbilics are quite stable
to the perturbation. Also the locations and the angles 6;, ¢; (1 < i < 3) of
the umbilics do not move nor rotate too much.

In computer vision, the geometric information of an object is obtained by
range imaging sensors. Generally the data include noise and are processed
using image processing techniques to exclude the noise, then the derivatives

Pij =P +¢ , (9.73)



254 9. Umbilics and Lines of Curvature

Fig. 9.6. Lines of curvature passing through the umbilics, ( = 0 (adapted from
[256])

Table 9.1. Umbilics of original surface (adapted from [256])

u 0.211 0.211 0.789 0.789 0.5
v 0.052 0.984 0.052 0.984 0.440
K 1.197 0.267 -1.197  -0.267 0.
« 4.147 0.926 4.147 0.926 6.514
I} -18.306 14.670 18.306 -14.670 0.

o 0. 0. 0. 0. 4.2763
0 -2.337 1.411 2.337 -1.411 0.
61 0.671 0.562 0.592 0.638 0.
6> -0.592 -0.638 -0.671 -0.616 -0.604
03 1.571 -1.571  -1.571 1.571 0.604
b1 0.567 0.562 0.495 0.583 0.
P2 -0.495 -0.583  -0.567  -0.562 -0.752
o3 1.571 1.571 -1.571 -1.571 0.752
mdex 3 4 3
type star star star star monstar

are directly computed from the digital data to evaluate the curvatures. What
we do in the sequel is to fit a surface directly from artificial noisy data and
observe the behavior of the umbilics on the fitted surface. The noisy data
are produced in the following way. Evenly spaced 10 x 10 grid points (z,y)
on 0 <z <1, 0 <y <1 domain are chosen to evaluate the z-value of
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Fig. 9.7. Lines of curvature passing through the umbilics, ¢ = 0.04 (adapted from

[256])

Table 9.2. Umbilics on perturbed surface, { = 0.04 (adapted from [256])

u 0.190 0.214 0.794 n/a 0.492
v 0.055 0.978 0.081 n/a 0.424
K 1.293 0.136 -1.458 n/a 0.083
« 2.390 0.551 5.014 n/a 6.351
B -16.119 13.046 18.926 n/a 0.163
¥ 0.563 -1.524  -0.360 n/a 4.666
0 -3.182 1.711 3.234 n/a 0.510
61 0.658 0.593 0.586 n/a 0.701
[ -0.623  -0.667 -0.689 n/a -0.055
03 1.551 1.509 1.560 n/a -0.644
b1 0.559 0.549 0.528 n/a 0.857
P2 -0.537 -0.589 -0.596 n/a -0.076
?3 1.529 1.552  -1.532 n/a -0.811
index -5 —% —% n/a %
type star star star n/a monstar

the wave-like bicubic Bézier patch. We add randomly perturbed vectors with
¢ = 0.05, as introduced in (9.73), to the (z,y,z) points on the surface as
noise. Then the data points (x,y, z) are fit by a bicubic Bézier patch. Figure
9.9 and Table 9.4 illustrate the results. We observe that all the umbilics stay
in the domain with index and types unchanged. Also the locations and the
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Fig. 9.8. Lines of curvature passing through the umbilics, ¢ = 0.08 (adapted from
[256])

Table 9.3. Umbilics on perturbed surface, { = 0.08 (adapted from [256])

u 0.167 0.217 0.795 n/a 0.474
v 0.065 0.970 0.113 n/a 0.411
K 1.426 0.042 -1.779 n/a 0.261
« 0.701 0.374 6.356 n/a 6.356
B -14.070 11.604 19.405 n/a 0.307
04 1.621 -2.520 0.727 n/a 5.155
0 -4.184 2.057 4072 n/a 1.273
61 0.632 0.573 0.594 n/a 0.773
[ -0.674 -0.694 -0.692 =n/a -0.079
03 1.504 1.455 -1.550 n/a -0.655
b1 0.557 0.534 0.577 n/a 0.928
¢2 -0.614 -0.594 -0.631 n/a -0.112
?3 1.466 1.532 -1.485 n/a -0.841
index —% —% —% n/a %
type star star star n/a monstar

angles 6;, ¢; (1 < i < 3) do not move nor rotate too much. These results
provide us confidence for using the umbilics for shape recognition problems.
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Fig. 9.9. Lines of curvature passing through the umbilics on fitted surface, { = 0.05

(adapted from [256])

Table 9.4. Umbilics on reconstructed surface, ¢ = 0.05 (adapted from [256])

u 0.198 0.227 0.813 0.796 0.493
v 0.043 0.954 0.025 0.991 0.399
K 1.278 0.147  -1.005 -0.124 0.090
« 1.748 0.999 0.678 0.357 6.572
I} -16.370  16.161 19.451 -11.981 -0.293
¥ -0.054 0.061 4.716 0.536 4.849
0 -2.705 2.176 3.082 -1.233 -0.410
61 0.656 0.622 0.686 0.622 0.094
6> -0.616 -0.642  -0.575 -0.634 -0.692
63 -1.569 -1.569  -1.443 1.547 0.657
b1 0.532 0.615 0.528 0.543 0.132
P2 -0.535 -0.630  -0.482 -0.554 -0.856
o3 1.497 -1.562  -1.513 1.544 0.827
mdex 3 4 3
type star star star star monstar
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9.7 Inflection lines of developable surfaces

9.7.1 Differential geometry of developable surfaces

A ruled surface is a curved surface which can be generated by the continu-
ous motion of a straight line in space along a space curve called a directriz.
This straight line is called a generator, or ruling, of the surface. A book by
Pottmann and Wallner [329] studies line geometry from the viewpoint of sci-
entific computation and shows the interplay between theory and applications.
Any point on a parametric ruled surface can be expressed as

r(u,v) = a(u) + vB(u) , (9.74)

where a¢(u) is a directrix or base curve of the ruled surface and 3(u) is a unit
vector which gives the direction of the ruling at each point on the directrix.
Alternatively, the surface can be represented as a ruling joining corresponding
points on two space curves. This is represented by

r(u,v) = (1 —v)ra(u) +vrp(u), 0<wu,v<1, (9.75)

where r4(u) and rp(u) are directrices, as shown in Fig. 9.10. The two repre-
sentations are identical if

a(u) =ra(u) and B(u) =rp(u) —ra(u). (9.76)

aps

directrix, ra(u)

generator, ruling

bo

directrix, rg (u).

by

Fig. 9.10. A ruled surface

A developable surface is a special ruled surface which has the same tangent
plane at all points along a generator [13, 221, 120, 32, 325, 251, 328]. Since
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surface normals are orthogonal to the tangent plane and the tangent plane
along a generator is constant, all normal vectors along a generator are parallel.
This is shown in Fig. 9.11.

A developable surface has following differential geometry properties [411]:

1. A developable surface can be mapped isometrically onto a plane.

2. Isometric surfaces have the same Gaussian curvature at corresponding
points.

3. Corresponding curves on isometric surfaces have the same geodesic cur-
vature at corresponding points.

4. Every isometric mapping is conformal; i.e. the angle of intersection of
every arbitrary pair of intersecting arcs on a developable surface is the
same as that of the corresponding inverse image in the plane at the
corresponding points.

5. A geodesic on a developable surface maps to a straight line in the plane.

surface normals

tangent plane

Fig. 9.11. A developable surface with its tangent plane along a ruling

A developable surface can be formed by bending or rolling a planar surface
without stretching or tearing; in other words, it can be developed or unrolled
isometrically onto a plane. Developable surfaces are also known as singly
curved surfaces, since one of their principal curvatures is zero. Developable
surfaces are widely used with materials that are not amenable to stretching.
Applications include the formation of ship hulls, ducts, shoes, clothing and
automobile parts such as upholstery, body panels and windshields [120].

As indicated by Munchmeyer and Haw [280], a developable surface can be
shaped purely by rolling and should be fed to the roller so that the direction
of the zero principal curvature is parallel to the rolls. However, when the sheet
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reaches a line of inflection, it can no longer be fed into the roller in the same
direction because the direction of bending changes. Therefore, it is beneficial
for planning the fabrication process to determine the lines of inflection prior
to such a process.

Surface inflection of a developable surface was studied by Hoitsma [172]
who showed that a surface has an inflection at a point p if and only if its mean
curvature changes sign in the neighborhood of p. Maekawa and Chalfant [250]
further extended this result and derived two theorems (Theorem 9.7.1 and
9.7.2).

Since the Gaussian curvature of a developable surface is zero everywhere
[411, 76], the maximum and minimum principal curvatures (3.49) and (3.50)
of a developable surface can be written as

Kmaz = H + |H|7 Kmin = H — |H| . (977)

The principal curvatures reduce to

Kmaz = 2H) Kmin = 0 when H >0 ) (978)
Kmaz =0, Kmin =0 when H =0, (9.79)
Emaz = 0, Kmin =2H when H <0. (9.80)

It is clear from (9.78) through (9.80) that at least one of the principal cur-
vatures is zero at each point on a developable surface, which agrees with
the fact that the Gaussian curvature is zero everywhere (see (3.61)). Kmaq
in (9.78) and Kmin in (9.80) are termed the nonzero principal curvature, £*,
where k* = 2H.

In the following we establish some elementary differential geometry prop-
erties of developable surfaces. We assume that the developable surface is
regular and the u = const iso-parametric line corresponds to the generator of
the developable surface or, in other words, the straight line ruling is in the v
direction. With this assumption, r,, = 0, and hence the second fundamental
form coefficient (see (3.28)) N = r,,-N vanishes. From (3.46), since Gaussian
curvature of a developable surface is zero,

—M?

K=5c_1=

=0, (9.81)

and hence we have M = 0. Therefore, the mean curvature (3.47) reduces to

—GL

H=sma—ry -

(9.82)

Recall that the nonzero principal curvature is given by £* = 2H and since
G > 0, H and hence k* become zero if and only if L = 0, otherwise k* =
2H #0.

Next, we will show that the u = const parametric straight lines become
the lines of zero curvature. This can be seen from the fact that i) the u = const
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iso-parametric straight lines have zero normal curvature, and ii) no other di-
rection has zero normal curvature. The second fact comes from Euler’s theo-
rem introduced in Sect. 3.6. When ky = 0, (3.87) reduces to k = k1 cos?(a),
which becomes zero only when o = § or 37”, corresponding to the direction
of k3. Similarly, when xk; = 0, kK = 0 only when o = 0 or 7, corresponding to

the direction of k1.

Theorem 9.7.1. A developable surface does not possess generic isolated flat
points ° but rather may contain a line of non-generic flat points along a
generator [250].

Proof: From (9.79) and (9.82), L vanishes at a flat point r(us, vs) where both
principal curvatures are zero. Therefore from the first equation of (3.27) we
have

L(uf,vp) = —ru(up,vf) - Nu(ug,vp) = 0. (9.83)

From (9.81), M = 0 on a developable surface. Hence from the second equation
of (3.27) we have

M(ug,vs) = —ro(ug,vf) - Nulug,vp) =0 (9.84)
Since N is a unit vector, we also have
N(Uf,’l)f) -Nu(’LLf,Uf) =0. (9.85)

If N, is not zero, then from (9.83), (9.84) and (9.85) N, must be perpendic-
ular to r,, r, and N. This is impossible because N is perpendicular to both
r, and r,, and r, is not parallel to r,. Thus, N, (us,vs) must equal zero. For
developable surfaces, the unit normal vector IN is constant along a generator.
Therefore, the rate of change of the unit normal vector in the u direction
must also be constant along a generator. This leads us to the fact that N, is
not only zero at r(uy,vy) but also zero along the u = uy iso-parametric line.
Therefore, for a given u = uy, (9.83) becomes

L(uyr,v) = —ryyu(us,v) - N(uy,v) =0, (9.86)

for 0 < v < 1. Consequently, the entire generator consists of a line of flat
points. 1

For a developable surface, the inflection line is a generator which consists
of a line of flat points and the nonzero principal curvature changes sign. The
inflection line can be detected by finding v = wuy such that L(uy,v,) = 0
where v, is an arbitrary constant between 0 and 1. L(u,v,) = 0 can be
written as

5 A developable surface cannot possess spherical umbilics since one of the principal
curvatures is always zero.
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‘ ry(u,vy) X ry(u,vy)
o (u, vn) X 1y (1, v5)]

=0. (9.87)

Tyu (Ua Un)

Since we are assuming a regular surface such that |r,, X r,| # 0, we only need
to set the numerator of (9.87) equal to zero. Thus, |ryy(u,vy) 1y (u,vy)
ry(u,vy)| = 0. For a polynomial surface with degree n in the u direction this
results in a univariate polynomial equation of degree (3n —4) in u

(yuzv - Zuyv)muu - (mvzu - muzv)yuu + (muyv - xvyu)zuu =0. (9-88)

If the surface is expressed in a piecewise polynomial form such as a B-spline
representation, (9.88) must be applied to each polynomial segment separately.
The univariate polynomial equation can be robustly and efficiently solved by
the Interval Projected Polyhedron algorithm described in Chap. 4.

The local approximation (8.73) will now be applied to developable sur-
faces.

Lemma 9.7.1. A developable surface is, in general, locally a parabolic cylin-
der except at an inflection line, where it becomes a cubic cylinder, provided
that by # 0 [250].

Proof: Let us consider an orthogonal Cartesian reference frame O-XY Z
attached to the surface r = r(u,v) at an arbitrary point P with r(ug,vo)
being P. We choose unit vectors ﬁ x N, ‘:—Z‘ and N at P as the directions of
X, Y and Z axes such that the Y axis coincides with the generator u = g, the
Z axis coincides with the surface normal vector and the X axis is orthogonal

to both axes. Therefore the local coordinates X, Y and Z are given by

X = (r_” x N)O r(u,v) = v, vo)] (9.89)

|ty |

[Ty

Z = h(u,v) = N(to,v5) - [r(u,v) — r(to,v,)] , (9.91)

Y = < v ) (s v) — (g, v,)] (9.90)

where subscript o denotes that the expressions are evaluated at (u,, v,). In
(9.89) through (9.91) all terms involving r,, r, and N are evaluated at (u,,
Vo), 80 r(u,v) is the only term that is a function of u and v. If we consider
u and v as functions of X and YV, i.e. v = w(X,Y) and v = v(X,Y), then
the height function h can be represented as a function of X and Y through
intermediate variables u and v, i.e. h(u(X,Y),v(X,Y)).

The second fundamental form coefficient M in terms of the height func-
tion h(X,Y) is given in (3.65) as M = MFW Since M = 0 on a
developable surface (see (9.81)), we have hxy = 0. Furthermore, all the sec-
ond and higher order partial derivatives with respect to Y vanish, since the
Y axis corresponds to the generator, which is linear in v. Thus (8.73) reduces
to
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1 1
h(X,Y) = §X2hXX(0, 0) + 6[X3hXXX(0, 0) +3X?Yhxxy(0,0)]

FRX,Y)(X,YP) . (9.92)

The second fundamental form coefficient L in terms of the height function is

given in (3.65) as L = M‘Fﬁ Since L is zero along the entire generator
X Y

line, hx x and its variation in the Y direction hx xy become zero at a line of

inflection. Thus (9.92) further reduces to

3

provided that hxxx(0,0) # 0. Here hxxx(0,0) is obtained by using the
inverse function theorem [76] (see Sect. 9.3) and it can be shown that in

general
k
okh okr G
OXF :W'N<\/ EG—F2> ‘ (9:94)

From (9.92) and (9.93) it is apparent that for small z, the quadratic term
dominates except at an inflection line where the surface will become locally
a cubic cylinder. 1

When h,..(0,0) becomes zero, the higher order partial derivatives must be
considered, and this is studied in the following.

A developable surface is said to have contact of order k with the tangent
plane along the generator if the Taylor expansion for h(X,Y) starts with
terms of degree k + 1. The ordinary inflection line (see (9.93)) thus has a
contact of order k = 2. If the tangent plane has contact of order £ > 3 with
the surface along a generator, a developable surface may not look like a cubic
cylinder at an inflection line.

~ If the developable surface has a contact of order k with the tangent plane,
oh 9r . Nis zero for 1 < i <k along the entire
generator. Accordingly its variation in Y also vanishes; hence 88—);-%}1 =0
for 1 < ¢ < k along the entire generator. Since all the second and higher
order partial derivatives with respect to Y vanish, the Taylor expansion of
the height function along the higher order contact line reduces to

1 oty G e k1
MXY) = ) (auk+1 'N> VEG = F? X

+R(X,Y)(|X, Y|k . (9.95)

is zero or equivalently

We can observe that for an even k the height function h(X,Y") changes sign
when X moves across the inflection line, while for an odd k it maintains the
same sign. In other words, for an even k the height function passes through
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the tangent plane along the inflection line, whereas for an odd k, it lies
entirely on one side of the tangent plane. Therefore inflection lines exist only
for even k. The order of contact can be detected by first solving (9.88), and
substituting the solution into

oz oy ky
(Yuzo — zuyv)w — (24 — muzv)w + (zuyy — mvyu)w =0, (9.96)

to find k& > 3 such that (9.96) is zero for k but nonzero for k+ 1. The integer k
found by this process gives the order of contact (see (9.88), (9.94)). A simple
example for the higher order odd case is given by r(u,v) = (u,v,u*)?. Since
ruw = (0,0,120%)7 and r, x r, = (—4u?,0,1)7, we can easily see that the
line of flat points is located at v = 0 from (9.88). And the order of contact is
found to be k = 3, since ryuy = (0,0,24u)” and ryyu, = (0,0,24)7. In this
case the line of flat points is not an inflection line, since £ is odd.

9.7.2 Lines of curvature near inflection lines

At flat points the principal directions are indeterminate and the orthogonal
net of lines of curvature may have singular properties. In the following we
investigate the pattern of the lines of curvature near a line of non-generic flat
points.

Theorem 9.7.2. There is only one line of curvature that passes through each
flat point on a line of flat points, and that line of curvature is orthogonal to
the direction of the generator [250].

Proof: By Lemma 9.7.1 the developable surface is expressed locally as a
cubic cylinder at an ordinary inflection line and more generally in the form
of (9.95) at a higher order contact line. If we rewrite (9.95) in terms of polar
coordinates by substituting X = r cos@ for a fixed radius r = v X2 + Y2 we
obtain

h(f) = ccost1 o | (9.97)

where ¢ is a constant evaluated at a point on the line of flat points given by

k+1
rkt+l oFtlp \/T
“Thkr) <auk+1 'N> ( EG—F2> ‘ (9.98)

If k is even, h(f + m) = —h(0), and h(f) is an antisymmetric function of 6,
whereas if k is odd h(6) is a symmetric function of 6. The roots of 2% = 0 will
give the angles where local maxima and minima of h(#) may occur around the
flat point. The equation can be restricted to the range 0 < 6 < 27 without
loss of generality. The roots are easily computed as # =0, 7, 7 and 37“ Only
6 = 0 and @ = & (which coincide with the local = axis) give extrema, since
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2 T 2 37

Th(5) — MF) _ . Thus§ = T and § = 37 (which coincide with the
local y axis) provide neither a maximum nor a minimum. In other words,
a line of flat points is not a line of curvature. Consequently, there is only
one line of curvature passing through each flat point and it is orthogonal to
the direction of the generator. For an even k the lines of maximum/minimum
principal curvature switch to lines of minimum/maximum principal curvature
at the inflection line since h(#) is antisymmetric, while for odd & they remain
the same, since h(f) is symmetric. I

If we denote ¢ as the angle between the u axis and the direction of the
nonzero principal curvature in uv parametric space, ¢ can be evaluated as
follows. Since the direction of the nonzero principal curvature is orthogonal
to the generator (parallel to the local x axis), its direction is given by r, x
(ry X 1y) = (ry - y)ry — (ry - )Ty = Gryy — Fryy and hence ¢ = —tan ! g

We can trace the lines of curvature which pass through the flat points of an
inflection line by integrating the initial value problem following the procedure
described in Sect. 9.4. The starting points are obtained by slightly shifting
outwards in the directions 0 and 7 from the flat points or, equivalently, along
the positive and negative local = axis.

In generic cases, umbilics are isolated [256]; thus an inflection line, which
consists of a line of flat points, is non-generic and therefore unstable. In
the following we give a couple of numerical examples that demonstrate the
instability of the line of flat points along the inflection line with respect to
perturbations.

The example surface is a degree (3-1) integral Bézier patch which is con-
structed by the method developed in Chalfant [50]. The control points are
given by

bOOZ(O;O;O)T, b01:(0.5,0,2)T,
b1o=(1.8,3,0)7, b11=(1.895,2.325,2)7,
boo=(3.3,-2,1.5)T, by =(3.0575, —1.55,3.1625)7,
b30:(4,0,0)T7 b31:(3.6,0,2)T.

The surface has an ordinary inflection line at u = 0.5754, which has been
computed by solving the degree 5 univariate polynomial equation (9.88).
This surface has a net of lines of curvature which is shown in Fig. 9.12(a).
Solid lines represent the lines of maximum principal curvature, while dotted
lines represent the lines of minimum principal curvature. The inflection line is
depicted with a dash dotted line. Figure 9.12(b) shows a magnification near
the inflection line. We can observe that there is only one line of curvature
that passes through a flat point orthogonal to the inflection line.

We gradually perturb the control points of the surface and observe the
behavior of the lines of curvature which pass through the inflection line as
we did in Sect. 9.6. Since the example is a degree (3-1) patch, it has 8 control
points. Each control point consists of three Cartesian coordinates z, y, z, so
there are 24 components to be perturbed. We gradually increase the pertur-
bation by increasing ¢ in (9.73) from 0.02 to 0.08 in steps of 0.02.
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inflection line

Fig. 9.12. (a) Lines of curvature of developable surface with inflection, (b) mag-
nification near inflection line (adapted from [256])

(a)

Fig. 9.13. (a) Lines of curvature on perturbed surface ¢ = 0.08, (b) magnification
near u=0.57 (adapted from [256])

Figure 9.13 illustrates the behavior of the lines of curvature when the
control points are perturbed (¢ = 0.08). We can see from the figure that the
entire inflection line, which consists of a line of flat points, disappears. Hence
there is no singularity in the net of lines of curvature when a perturbation
is induced. The nonzero principal curvatures on both sides of the former
inflection line ® meet at right angles near the former inflection line and make
a very sharp change in direction (almost a right angle).

5 Once the control points are perturbed both principal curvatures may not be
nonzero, but here we are referring to the nonzero principal curvature before
perturbation.



10. Geodesics

10.1 Introduction

Computation of shortest paths on free-form surfaces is an important prob-
lem in geometric design of ship hulls, robot motion planning, computation of
medial axis transforms of trimmed surface patches, terrain navigation, NC
machining, and cable installation on the sea floor. The history of geodesic
lines begins with a study by Johann Bernoulli, who solved the problem of
the shortest distance between two points on a convex surface in 1697, ac-
cording to Struik [411]. He showed that the osculating plane of the geodesic
line must always be perpendicular to the tangent plane. The equation of
geodesics for implicit surfaces was first obtained by Euler (1732). His atten-
tion to the problem was due to Johann Bernoulli, probably through the aid
of his nephew Daniel, who was at St. Petersburg with Euler [410]. Bliss [28]
obtained the geodesic lines on the anchor ring, which has a torus shape, an-
alytically. Munchmeyer and Haw [280] applied geodesic curves to geometric
design of ship hulls, namely to find out the precise layout of the seams and
butts on a ship hull. Beck et al. [22] performed both initial-value integra-
tion and boundary-value integration (based on shooting method) of geodesic
paths, using the fourth order Runge-Kutta method on a bicubic spline sur-
face. Patrikalakis and Bardis [295] computed geodesic offsets of curves on
rational B-spline surfaces using the initial-value integration of geodesics nor-
mal to an initial progenitor curve on the surface. One application of such
offsets is automated construction of linkage curves for free-form procedural
blending surfaces. Sneyd and Peskin [397] investigated the computation of
geodesic paths on a generalized cylinder based on an initial value problem
using a second order Runge-Kutta method. Their work was motivated by con-
structing the great vessels of the heart out of geodesic fibers. Kimmel et al.
[199] presented a numerical method for finding the shortest path on surfaces
by calculating the propagation of an equal geodesic-distance contour from a
point or a source region on the surface. The algorithm works on a rectangu-
lar grid using finite difference approximations. Maekawa [246] and Robinson
and Armstrong [346] computed the geodesics by discretizing the governing
differential equations using a finite difference approximation on a mesh of
points, which reduces the problem to a set of nonlinear equations. The set of
nonlinear equations can be solved by quadratically convergent Newton iter-
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ation method, which starts with an initial guess and improves the solution
iteratively. This technique is referred as, direct method, relaxation method or
finite difference method. The shortest path problem is also very active among
the robot motion planning and terrain navigation communities, however they
usually represent the surface as a polyhedral surface and solve the problem
using techniques from the field of computational geometry [268].

A geodesic path is sometimes defined as the shortest path between two
points on a surface; however this is not always a satisfactory definition. In
this book we follow Struik [411] and define geodesics as below:

Definition 10.1.1. Geodesics are curves of zero geodesic curvature.

In other words, the osculating planes of a geodesic curve on a surface contain
the surface normal. From this definition we can easily see that the geodesic
between two points on a sphere is a great circle. But there are two arcs
of a great circle between two such points, and only one of them provides
the shortest distance, except when the two points are the end points of a
diameter of the sphere. This example indicates that there may exist more
than one geodesics between two points on a surface.

Let Q(t) describe a moving point on a surface where ¢ may be viewed as
a time parameter belonging to an interval beginning with ¢y, and Q[to,t1]
describe the path between points Q(to) and @Q(t1). If the point Q(¢) moves
away from the starting point Q)(t) along a geodesic path C, i.e. curve with
zero geodesic curvature, then it may occur that Q(¢) will reach a point Q(tg)
such that for every £ > 0 the path Q[to,tr + €] is no longer the shortest
surface path joining the points Q(to) and Q(tr + €). In other words, Q(tg)
was the last time point such that the geodesic path Qto,tr] is the shortest
surface path joining the points Q(to) and Q(tgr). This point Q(tg) is called
conjugate to (Q)(to) on the geodesic C' (see also [448]). The location, where each
extension of a shortest geodesic fails to define a shortest path from Q(to),
belongs to the cut locus of the point Q(tp) on the surface. This geometric
locus and its generalizations (being important for considerations on shortest
paths and geodesic distance) have been studied in [446, 448].

10.2 Geodesic equation

10.2.1 Parametric surfaces

We assume that the given parametric surface r=r(u,v) is a regular and non-
periodic NURBS surface patch. Wolter [447] shows that on a regular NURBS
surface patch there always exists a shortest path joining any two patch points.
If the surface patch is defined on a rectangular or even more generally on a
locally convex planar domain, then any shortest path in the patch joining
any two patch points must have a continuous tangent with the path being
arc length parametrized. If the shortest path (without its end points) does not
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meet the patch boundary then this shortest path is a geodesic in the sense of
Definition 10.1.1 where this is proven in [447] under very weak assumptions.
We shall henceforth assume throughout this chapter that the shortest path
to be computed will not meet the patch boundary except possibly at its end
points.

Let C be an arc length parametrized regular curve on this surface which
passes through point P as shown in Fig. 3.6 and denoted by

r(s) = r(u(s),v(s)) . (10.1)

Let t be a unit tangent vector of C' at P, n be a unit normal vector of C
at P, N be a unit surface normal vector of S at P and u be a unit vector
perpendicular to t in the tangent plane of the surface, defined by u = N x t.
The u component of the curvature vector k of r(s) is the geodesic curvature
vector k, and is given by

k,=(k-uu. (10.2)
The scalar function
kg =k-u, (10.3)
is called the geodesic curvature of C' at P, or equivalently

Ky = % (N xt). (10.4)

The unit tangent vector of the curve C can be obtained by differentiating
(10.1) with respect to the arc length using the chain rule

dr(u(s) o(s) _ du v (105

t =
ds ds ds

Thus we have

e 2+2r dudv | (% 2+r@+rd2—v (10.6)
ds " \ds “Wds ds Y\ ds * ds? Vds?’ ’

and hence substituting (10.5) and (10.6) into (10.4) yields

Rg =

ds) ds

2 3
+(ry X ryy + 2r, X ruv)@ <@> + (ry X ryyp) <@> ] -N

3 2
(ru X Tyy) (?) + (2ry X ryy + 1y X Tyy) <dU> dv
s

ds \ ds ds

du d®v  d*u dv)

G d? A ds (10.7)

+(ry er)'N<
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We can easily observe that the coefficients of (‘fl—‘;) 3, (‘fl—‘;) 2 %, % (@) 2, (%)3,

ds
(%% — %%) are all functions of the coefficients of the first fundamen-

tal form E, F and G and their derivatives, F,, F,, Gy, E,, F,, G,. It is
interesting to note that the normal curvature x, depends on both the first
and second fundamental forms, while the geodesic curvature depends only on
the first fundamental form. Using the Christoffel symbols F].ik (i,7,k =1,2)
defined as follows [411]

GE, —-2FF, + FE, 2FEF, - FEE,+ FE,

1 _ 2 __
I = 2(EG — F?2) i = 2(EG — F?) ’
GE, - FG EG,-FE
L= - -4 2 _ w2
F12 - Q(EG—FQ), F12 Q(EG_FQ) ) (108)
o _ 2GF, -GG, + FG, r2 _ BGy—2FF, + FG,
2 2(EG — F?2) ' 2 2(EG — F?) ’

geodesic curvature reduces to
du\® du\? dv du (dv\?
I (E) + (I - 1Y) (E) £+(F222_2F112)£ <£>

(W) [ dudv  dudv
2\ ds ds ds?  ds? ds

h}g:

VEG —F?. (10.9)

According to the definition, we can determine the differential equation that
any geodesic on a surface must satisfy by simply setting x£, = 0 in (10.9) and
obtain

dudlv _dudy o, (du du)* dv
ds ds? ds?>ds U

3
—@ri-riH) | —) —
ds ) ( 12 11) ( ds dS
du [dv? dv\?
1 _ 20U fav 1 [ @Y
+(207, F”)ds (ds) + Iy (ds) . (10.10)
Alternatively, we can derive the differential equation for geodesics by con-

sidering that the surface normal N has the direction of a normal to the
geodesic curve £n

nr,=0, n-r,=0. (10.11)
Since kn = 2, (10.11) can be rewritten as

dt dt
T =0, T, =0. (10.12)

By substituting (10.6) into equations (10.12) we have
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+E%+F%:0a (10.13)
(Tuu * To) <%>2 + 2(ryw -rv)%% + (Cyy - o) (%)2
* F% + G% =0. (10.14)

By eliminating £% from (10.13) using (10.14), and eliminating % from
(10.14) using (10.13) and employing the Christoffel symbols, we obtain [411]

d?u du\? du dv dv\

— +IL (= oI, —— 471, (=—) =0 10.15
a2 T <ds> T T <ds> ’ ( )
d?v du? du dv dv\ 2

— 4+ T3 (= 2I% ——+T% (=) =0. 10.1
ds2+ H (ds) * 12 ds ds+ 2 <ds> 0 (10.16)

Equations (10.15) and (10.16) are related by the first fundamental form ds? =
Edu? + 2Fdudv + Gdv® and if we eliminate ds from both equations, the
equations reduce to (10.10) with u taken as parameter. These two second
order differential equations can be rewritten as a system of four first order
differential equations [234]

Z_Z —p. (10.17)
% _yq, (10.18)
% = —I1p? = 2T5pq — g (10.19)
% = —TTw* — 2ITypg — T5q” - (10.20)

We can also find this result by means of the general rules of the calculus
of variations [166]. We want to minimize

B B 2 B
I:/ ds:/ \/E+2F@+G<@> du:/ flu,v,0)du ,
A A du du A

(10.21)

subject to the conditions
v(4) =va, v(B)=vs, (10.22)

where
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Fu,v,0) = VE + 2F0 + G2, o= 2 (10.23)

=

and vy and vp are given constants. It is well known from calculus of variations
that the solution of Euler’s equation [166]

S s =0, (10.24)

gives an extreme value to the integral (10.21). When (10.23) is substituted in
Euler’s equation (10.24) we can derive the differential equation for geodesics.

Example 10.2.1. Let us obtain the geodesic equations for a parametric bi-
linear surface (hyperbolic paraboloid) r(u,v) = (u,v,uv) (see Fig. 3.4). We
have

E=1+v>, F=uv,G=1+u?,

E, =0, F,=v, Gy =2u,

E,=2v, F,=u, G =0,

thus, the Christoffel symbols become

F111:F121:F212:F222:07

v
Ihy=——-—
12 U2+U2+1’

u
zZ=—— .
P w40 +1

Finally the geodesic equations for the bilinear surface are given by

du
ds p,
dv
ds
dp —2v

ds u2+v2+1pq’
dq —2u

ds — u2+v2—|—1pq'

=q,

10.2.2 Implicit surfaces

We can also derive the geodesic equation for an implicit surface by finding an
expression of the geodesic curvature for an implicit surface. Let us consider
an arc length parametrized curve r = r(s) or z = z(s), y = y(s), z = z(s)
on an implicit surface f(x,y,z) = 0. By substituting t = (2, y’, 2")7, % =
(z",y", 2T, N = %, into (10.4), we obtain the expression for the geodesic
curvature of a curve on the implicit surface
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(yIZ” _ Zly”)fx + (ZI.T” _ mlzll)fy + (mlyll _ ylx”)fz

VI i+ 12

For the sake of completeness, the geodesic curvature for a non-arc-length
parametrized curve is given by

o GE = e + (2 = 83)f, + (6 — g
g = .
(@ + 92+ )5\ [+ [} + /2
Now if we set K, = 0, we deduce
(yIZ” _ Z’y”)fx + (ZIZU” _ .lell)fy + (:L_Iyll _ ylx”)fz — 0 . (10.27)

Since the unit tangent vector (z',y’,z') and the curvature vector (z”,y", 2")
of the geodesic curve are orthogonal to each other, we have

(10.25)

Rg =

(10.26)

22" +y'y" + 22" =0. (10.28)
The third equation can be derived from (6.21)
fzz(l'l)2 +fyy(yl)2 + fzz(zl)z + 2(fzym’y, + fyzylzl + fzlezl)
+fox" + fy" + f2"=0. (10.29)

Now we solve the linear system of three equations (10.27) to (10.29) in
(z",y",2"), assuming that (2'f, — y'f.)> + (@' f. — 2'fo)* + (Y fo — 2 fy)?
does not vanish, yielding

"o_ (m’fz - Z’fﬂv)zl + (xlfy - ylfz)y, A
NG A T AT A TN Ayt
"_ ' f: = 2'fy)2 + (Y fo — 2 f))2' A, (10.31)

B (Zlfy - y’fz)2 + (x’fz - Z’fI)2 + (ylfz - l'lfy)z ’
S = (Zlfy - ylfz)yl + (Zlfm - xlfz)xl A (10 32)
(Zlfy —y'f)2 4+ @ f =2 fe)?+ (W fe — m’fy)2 ’
where A = fo0(2)?+ fuy ()2 + f22(2) 2 +2(fay @'y’ + fy2y'2" + fr22'2"). These
three second order differential equations can be rewritten as a system of six
first order differential equations:

' =p, (10.33)

Yy =q, (10.34)

2 =r, (10.35)
o (pfz_rfm)r+(pfy_Qfx)q A

VSl —af E of i) e —ph o U0
r (sz_rfy)r+(Qfm_pfy)p

L AT ey s W T T A ER L

"= (rfy - qu)q + (Tfm _pfz)p A (10.38)

(Tfy _‘sz)2 + (pfz _rfac)Q + (‘Jfac _pfy)2 -
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Figure 10.1 shows a geodesic on an ellipsoid (% + % + 22 = 1) computed
by integrating the above system of six first order differential equations as
an initial value problem. The initial values are given by (z,y,2) = (0, 2, 0),
(p,q,r):(%,o, ?) and the integration is terminated at (x,y, z)=(2.439,
-0.726, 0.456).

Fig. 10.1. Geodesics on an ellipsoid

10.3 Two point boundary value problem

10.3.1 Introduction

We can solve the system of four first order ordinary differential equations
(10.17) to (10.20) as an initial value problem (IVP), where all four boundary
conditions are given at one point, or as a boundary value problem (BVP),
where four boundary conditions are specified at two distinct points. Most of
the problems that arise in applications of geodesics are not IVP but BVP,
which are much more difficult to solve. It is well known that the solution
of an IVP is unique, however for a BVP it is possible that the differential
equations have many solutions or even no solution [193]. General methods
for the solutions of two-point BVPs can be found in [193, 117].

It is convenient to write the system of differential equations in vector
form, since we can describe the equations for systems in terms of a single
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vector equation. Let us set

Yy =Wy2 s ¥n)"
a=(a,as,...,a,)
s €[A,B],

g= (91)927"'7gn)T )
) IB = (61>ﬁ27 N >ﬁn)T ’ (1039)

<

where y;, g; are functions and «;, 3; are constants. Then the general first order
vector differential equation for a boundary value problem can be written as:
dy

There are two commonly used approaches to the numerical solution of
BVPs. The idea of the first technique is that if all values of y(s) are known
at s = A, then the problem can be reduced to an IVP. However, y(A) can be
found only by solving the problem. Therefore an iterative procedure must be
used. We assume values at s = A, which are not given as boundary conditions
at s = A and compute the solution of the resulting IVP to s = B. The
computed values of y(B) will not, in general, agree with the corresponding
boundary condition at s = B. Consequently, we need to adjust the initial
values and try again. The process is repeated until the computed values at the
final point agree with the boundary conditions and is referred to as shooting
method. The second method is based on a finite difference approximation to
% on a mesh of points in the interval [A, B]. This method starts with an
initial guess and improves the solution iteratively and is referred to as, direct
method, relaxation method or finite difference method. We have implemented
both methods and found that the finite difference method is much more
reliable than the shooting method. By contrast to the finite difference method,
the shooting method is often very sensitive to the unknown initial values at
point A. First, we briefly discuss the shooting method.

10.3.2 Shooting method

We assume a value for p4 and solve the differential equation as an IVP
using the fourth order Runge-Kutta method. Using the first fundamental
form (3.13), given p4 we can obtain g4 from

_ —Fpat/F?p} —G(Ep% - 1)
- 4 .

Here we also have to assume the entire arc length of the geodesic path s
to stop the integration. Thus the unknowns can be considered as p4 and s.
If we denote the computed value of (up,vB) as (v}, vy), the difference can
be given as (u} — up, vy — vg). We need to adjust pa and s to make the
difference zero. This can be done by employing Newton’s method

duyp Oup -1 "
pa _ [ pba _ Opa Os Up —UuB 10.42
s - s dvy Ovg vE — v ’ ( . )
it+1 i 95 | . B B

Opa i

qa (10.41)
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where the Jacobian matrix is evaluated numerically. We first change pa
slightly to pa + Apa and integrate the ordinary differential equations as
an IVP to evaluate the end point (u}(pa + Apa, s), vy (pa + Apa, s)), from

which we can compute the partial derivatives % and Z;E o
dupy _ up(pa+ Apa,s) — up(pa,s) ’ (10.43)
Opa Apa
Ovy _ v+ Apass) —vp(pars) (10.44)
Opa Apa

Similarly we change s slightly to s+ As and integrate the ordinary differential
equations as IVP to evaluate the end point (u}(pa, s+ As),vg(pa, s+ As)),
from which we can compute the partial derivatives E’g—f and Bg =z

Oup _ up(pa,s+ As) —up(pa, s)

= 10.4
0s As ’ (10.45)
ovy  vp(pa,s+ As) —vg(pa,s)

= . 10.4
0s As (10.46)

10.3.3 Relaxation method

The relaxation method [335, 246] starts by first discretizing the governing
equations by finite differences on a mesh with m points. The computation
begins with an initial guess and improves the solution iteratively or in other
words relaxes to the true solution. Let us consider an arc length parametrized
curve connecting A and B on the surface with a mesh of points satisfying
A=35 <8 <...< sy = B. We approximate the n first order differential
equations by the trapezoidal rule [117]

Yir—Y_ 1
k= TRl C G+ Gro], k=2,3,...,m, (10.47)
Sk — Sk—1 2
with boundary conditions
Yi=a, Y,=0. (10.48)

Here the n-vectors Yy, Gy, are meant to approximate y (s ) and g(sg). Y1 has

ni known components, while Y,, has no = n — ny known components. This

discrete approximation will be accurate to the order of h? (h = maxy{sj —

skp—1}). Equation (10.47) forms a system of (m — 1)n nonlinear equations

with mn unknowns Y, = (Y1,Ys,...,Y,)L (k=1,...,m). The remaining n

equations come from boundary conditions (10.48). Let us refer to (10.47) as
Y=Y

1
Fr=(FipFor,...,Fpp)’ = ——"— — ~[G+ Gp_1] =0,
Sk — Sk—1 2

(10.49)
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where k = 2,3,...,m, and refer to (10.48) as
Fi=F,RBy,....,Fy) =Y —a=0,
Fri1 = (Fimits Fomits ooy Fugmi1)? =Y —B =0, (10.50)
then we have mn nonlinear equations
F=(F{,F],....,F . )"=0. (10.51)

This system of nonlinear equations can be solved by quadratically con-
vergent Newton iteration, if a sufficiently accurate starting vector Y =

(YT, YT ..., YI)T is provided. The Newton iteration scheme is given by
YD = y® 4 AYO (10.52)
[FO1AY 0 = —F@ (10.53)

where superscripts (i) denote i-th iteration and [J(*)] is the mn by mn Jaco-
bian matrix of F(!) with respect to Y.

Since the corrections are based on a first order Taylor approximation, the
usual Newton method may not be sufficient for a complex nonlinear problem
unless a good initial approximation is provided. If the vector norm of the
correction vector is large, then it is an indication that the problem is highly
nonlinear and may produce a divergent iteration. To achieve more stability
we can employ a step correction procedure

YO+ =y 4 Ay ® (10.54)

where 0 < p < 1 chosen so that || AYUHD ||} < || AY® ||y, where || AY ||
is a scaled vector norm and defined as

_ e ([Au| Avg] [Ape| | |[Agl
| AY ||1—k§< 0, o, Tt ) (105

where M,,, M,, M, and M, are the scale factors for each variable. Maekawa
[246] used M, =M,=1 and M,=M,=10, since the magnitude of Ap;, and Agy,
are roughly ten times larger that of Auy and Avg as numerical experiments
have shown. If 4 = 1 the equation reduces to the usual Newton’s method,
while if y < 1 the rate of convergence will be less than quadratic. Newton’s
method terminates when the norm of the solution vector is smaller than the
pre-specified tolerance en. The order of ey should be proportional to h2,
since we are using the trapezoidal rule (see (10.47)).

10.4 Initial approximation

10.4.1 Linear approximation

Linear approximation is the simplest and most often provides a good initial
approximation, since it is a solution to the system of geodesic equations
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(10.17) to (10.20) when we neglect all the nonlinear terms in the right hand
side. We connect the two end points in the parameter space by a straight line
and define a uniform mesh or grid by a set of k = 1,2, ..., m points as shown
in Fig. 10.2 (a). Therefore we have

up —u

wp =g + :;7_1‘4(19 -1, (10.56)
vB — U

vk = va + ii_f‘(k ~1). (10.57)

When the uniform mesh in the parameter space is mapped onto the surface,
the corresponding arc length mesh will not be in general uniform.

v (us, ve)\B v
k=n
k=1
A (UA, VA)
u
k=1
( Ua, VA)
(a) (b)

Fig. 10.2. Initial approximations (adapted from [246]): (a) linear approximation,
(b) circular arc approximation

If we assume that u4 # up then

dv UB — VA
— == = = 10.58
pi— ¢, ( )
hence
dv du
— =0— . 10.59
ds ¢ds ( )

By substituting this relation into the first fundamental form we obtain

du\ 2 du\? du\ 2
E(E> + 2F¢ <£> + G¢? (E) =1. (10.60)
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Thus
du 1
pp=— = , 10.61
ds  \/Ey +2F¢ + G¢? (10.61)
w=P_y ¢ . (10.62)

_E \/Ek+2Fk¢+Gk¢2

When u = up, it is easy to find that p, = 0 and ¢ = ﬁ It is well known
that conjugate points do not exist on regions of a surface where the Gaussian
curvature is negative [411]. Therefore, the linear approximation will typically

provide a good initial approximation to the geodesic path in those regions.

10.4.2 Circular arc approximation

The problem of the straight line approximation is that when there are more
than one path, it cannot capture the other paths. To make the method more
reliable, the following algorithm has been developed [246]. First we pick two
points C' and D in the parameter domain, which are on the bisector of the
two end points A and B, such that AC = AD or BC = BD as illustrated in
Fig. 10.2 (b). Then we determine two circular arcs which pass through the
three points A,C, B and A,D,B. If C and D are taken at a large enough
distance from AB, all the geodesic paths in the parameter domain between
points A and B are likely to lie within or close to the region surrounded by
the two circular arcs. Notice that the algorithm fails once the circular arcs
go outside the domain so these arcs are chosen such that they are entirely
within the domain. The uv coordinates in the parameter domain i.e. (u,vy),
k =1,...,m can be obtained by equally distributing the points along the
circular arc in the parameter domain. Once we have a set of points in the
parameter domain, we can easily evaluate pg, g by using the central difference
formula for a non-uniform mesh points [117], for k =2,...,m — 1

B (frgr = fr) = S (fror — fi)

' i1
= 10.63
f (Sk) hk + hk+1 ) ( )
the forward difference formula for k =1
—2ft (R t2) - (2+82) A
fl(s1) = =2 (e+izr2) -2+ k) . (1064)

ha + hs

and the backward difference formula for k = m

b frus = (Mt s +2) fro + (24 5222 ) i

Rm—1 m—1

h
!
f (Sm) B hmfl + hm

)

(10.65)
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where f is replaced by u or v, and the step length hy = s — si—1 is evaluated
by computing the chord length between the successive points on the surface.
Even if the mesh points are equally distributed along the circular arc in the
parameter domain as shown in Fig. 10.2 (b), hj is not in general constant.

We give the flow chart of the algorithm based on circular arc approxi-
mation for computing the geodesic path between two given points in Fig.
10.3.

10.5 Shortest path between a point and a curve

In this section we solve a problem of finding a shortest path between a point
and a curve on a free-form non-periodic parametric surface [246], which uti-
lizes the method we have developed in Sects. 10.3 and 10.4. This concept
is important in robot motion planning and constructing a medial axis on
a free-form surface. Suppose we have a point A and a curve C on a para-
metric surface r(u,v) defined as r¢(t) = r(u®(t),v°(t)), we want to compute
the shortest path between point A and curve C' as shown in Fig. 10.4. The
existence of such a shortest path follows from results shown in [447]. Let us
denote the intersection point of the curve C and the shortest path by B.
Wolter [448] developed a necessary condition to have a shortest path from
point A to curve C, provided that the point B is not an end point of the
curve C. The condition is given by the orthogonality of the tangent vector of
the geodesic curve, connecting A and C, at B and the tangent vector of C'
at B. If point B were known, the problem could be reduced to an IVP, since
at point B, u, v, p and ¢ are all known. However, point B can be found only
by solving the problem. We guess a parameter value ¢t = tg for point B and
solve the BVP. In general the unit tangent vector of the curve r°(¢) and the
unit tangent vector of the arc length parametrized geodesic curve r?(s) at the
guessing point will not be orthogonal to each other. Consequently, we need
to adjust the parameter value tp and iterate until those two unit tangent
vectors become orthogonal. Therefore for each iteration, we need to solve a
two point boundary value problem, which also requires iterations (i.e., nested
iteration). If we denote these two unit tangent vectors as t¢ and t9, then they
can be expressed as follows:

dre (1) due o
i Fu gy T ar (10.66)
dre(t) duc dve 2 duc dve 2 ’ )
dat \/( i Tu + Grre)? + (Gr vy + Gryw)
dr? du? dv9
o= W) _ | dut | dvt (10.67)

ds ds ds

Therefore the orthogonality condition can be written as

w(t) =t°-t9
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|Start with two circular arc approximtions (Y, YR as initial vectorsl

[Sol ve the BVP and denote the sol ution vectors by (L, R]

[AJd T to the solufion Tist @

Add L and R to the solution [ist and push (L,R) into stack S |

Pop (L,R) from stack S|

|Add L to the solution Tist |_

Conput e a new approxi mation vector Ymby taking the mid points
of Land R i.e. YW(L+R/2

[Solve the BVP with Yw as input and denote the output by M|

Yes

|Push (YMR) to stack s|_>

|
or Mmoves further left to

|Push (L, YW to stack Sl_..

[We add Mto the solution Tist and push (L,M and (MR) to stack S]

Stack S is enpt

|Fi nd the shortest path fromthe list of solution vectors

Y
G

Fig. 10.3. Flow chart of the algorithm based on circular arc approximation for
computing the geodesic path between two given points (adapted from [246])
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re(t)

Fig. 10.4. Shortest path between point A and curve C (adapted from [246])

du? du® dv9 du’ dv® du? dv? dv®
ds th+(ds a tar ds)F+ ds _dt

\/(d;tc Tu + Wow,)? + (LLy, + Loy,
=0. (10.68)

Consequently we need to find a parameter value tg such that w(tg) = 0.
Since the relationship described above is implicit, we use the secant method
[69] instead of Newton’s method to obtain tp. The secant method can be de-

rived from Newton’s method by replacing the derivative d‘;—;i) by the quotient
(w® — (1)) /(t() —¢=1)) where superscripts (i) denote i-th iteration. This
leads to the following scheme

. . . . f0) gl . .
+1) _ (2 7 1) __ 7 7 1—1
$0H1) = ) | Ag(D) At()__mwo, W@ £ D)

(10.69)

Notice that the secant method requires two initial approximations ¢(*) and
t(2). Since the secant method has an order of convergence of %(1+\/5) ~ 1.618
[69], it converges within a reasonable number of iterations. If the correction
At is large, it is again an indication that the problem is highly nonlinear.
In such case we also employ a step correction procedure

1) = () Ly A0 (10.70)

where v is a correction factor 0 < v < 1, determined as for the modified
Newton’s method. Since we do not know how many solutions exist and the
corresponding parameter values of the curve beforehand, we can use a similar
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algorithm to the circular arc approximation. If the range of the parameter
value of the curve is 0 < t < 1, we start from both ends of the curve (i.e.
tM =0, t»=0.02 and tV) = 1, t(2)=0.98). Then we recursively find the so-
lutions. Although we may have several footpoints B in different locations of
the curve, for each footpoint there is only one unique solution between A and
B, since this can be viewed in the context of an initial value problem.

10.6 Numerical applications

10.6.1 Geodesic path between two points

The first example is a wave-like bicubic B-spline surface, whose control poly-
hedron is a lattice of 7x 7 vertices with uniform knot vectors in both directions
and spans 0 <z < 1,0 <y < 1. Let us compute the geodesic path between
two corner points, (ua, v4)= (0,0) and (up, vg)=(1,1). We choose (uc,vc)
to be (0.7, 0.3) and (up,vp) to be (0.3, 0.7) for the circular arc approxima-
tion. The algorithm based on circular arc approximation finds three geodesic
paths, as shown in Fig. 10.5 (solid thick lines). The computational condi-
tions such as number of mesh points, tolerance and correction factor for the
Newton’s method ey, u, as well as computational results such as number of
iterations for convergence and the geodesic distances are listed in Table 10.1.
Symbols Lt, Md, Rt refer to left, middle and right geodesic paths in Fig.
10.5. The middle geodesic path is not a minimal path (s=1.865), while the
other two paths are the shortest path (s = 1.661) due to symmetry. Figure
10.6 shows how the initial approximation path (the right-most thick solid
line) converges gradually to the final solution (wavy thick solid line). The
intermediate paths are illustrated by the thin solid lines.

Table 10.1. Numerical conditions and results for the computation of the geodesic
path between corner points of the wave-like surface (adapted from [246])

Points Tolerance Correction Iterations Geodesic distance
m EN factor p Lt | Md | Rt Lt Md Rt
101 1.0E-3 0.2 22 1 22 | 1.661 | 1.865 | 1.661

The second example is a generalized cylinder represented by a biquadratic
rational B-spline surface, whose control polyhedron is a lattice of 6 x9 vertices.
This surface was constructed by sweeping a circle of radius 0.5, the generatrix,
along a helix (z = cost, y = —sint, z = %, 0 <t < 27), the spine, and is
approximated by rational B-spline interpolating a number of generatrices.
When we keep u constant, we obtain a curve on the surface which depends
only on v. This curve coincides with the generatrix. Similarly v = constant



284 10. Geodesics

-y
RN
RSN}
\ TR
.
—T

N
™S\

™S

7
0

i

T
W

Fig. 10.5. Geodesic paths on the wave-like bicubic B-spline surface between points
of two corners (adapted from [246])

represents another iso-parametric curve which is parallel to the spine. Two
end points are chosen to be (u4,v4)=(0, 0.4) and (up,vp)=(1, 0.6) as shown
in Fig. 10.7. In Fig. 10.7 three initial approximations are illustrated by the
thin solid lines, while the final solutions are illustrated by the thick solid lines.
The two circular arcs are determined by setting (uc,vc) = (0.578, 0.108),
(up,vp) = (0.422, 0.892). The circular arc approximation algorithm starts
with these two circular arcs and converges to the two minimal geodesic paths
which are shown as thick solid lines close to the initial circular arcs. The
minimal geodesic paths mapped onto the generalized cylinder are depicted in
Color Plate A.8 and Fig. 10.8. Then the algorithm computes the mid-points
of these solutions, which is shown as a thin straight line connecting the two
end points. This initial approximation converges to a sine wave-like solution.
This solution is a geodesic path but it does not provide the shortest distance
(see Fig. 10.9). Table 10.2 shows the list of computational conditions and
results as in Table 10.1.

10.6.2 Geodesic path between a point and a curve

Figure 10.10 shows a planar cubic Bézier curve and point A (0.3, 0.2) in the uv
parameter domain, which will be mapped onto the wave-like B-spline surface
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Fig. 10.6. Convergence of the right geodesic path in Fig. 10.5 (adapted from [246])

Table 10.2. Numerical conditions and results for the computation of the geodesic
path between two points on generalized cylinder (adapted from [246])

Points Tolerance Correction Iterations Geodesic distance
m EN factor p Lt | Md | Rt Lt Md Rt
501 1.0E-2 0.2 8 10 8 | 5.860 | 6.983 | 5.860

1001 5.0E-3 0.2 10 | 10 | 10 | 5.843 | 6.956 | 5.843

as shown in Fig. 10.11. The algorithm finds three geodesic paths AB, AB’ and
AB", whose tangent vectors at B, B’ and B" are orthogonal to the tangent
vectors at the curve at those points. Table 10.3 shows the list of computational
conditions and results. The entries 1, to and tp are the parameter values
of the curve corresponding to the first two initial approximations for the
secant method and the solution value. The following entries, m, u and v are
the number of mesh points, correction factors for the Newton and secant
methods. Tolerances for the convergence of Newton and secant methods are
given by en, £g. The shortest path is given by path AB with s=0.275.
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Fig. 10.7. Geodesic paths in the parameter domain of the generalized cylinder
(adapted from [246])

Table 10.3. Numerical conditions and results for the computation of the geodesic
path between a point and a curve on wave-like surface (adapted from [246])

t1 to ts m m v EN €s Iter. Geodesic
distance
0 0.02 0.266 101 0.2 0.0 1.0E-3 1.0E-6 16 0.275
1 0.98 0.727 101 0.2 0.05 1.0E-3 1.0E-6 14 0.371
0.496 0.516 0.579 101 0.2 0.05 1.0E-3 1.0E-6 8 0.387

10.7 Geodesic offsets

In this section we focus on geodesic offsets which are different from the clas-
sical offset definition. Geodesic offsets or geodesic parallels are well known in
classical differential geometry. Let us consider an arbitrary curve C on a sur-
face. The locus of points at a constant distance measured from curve C' along
the geodesic curve drawn orthogonal to C is called geodesic offset (see Fig.
10.12). Patrikalakis and Bardis [295] provide an algorithm to construct such
geodesic offsets on NURBS surfaces. The equations of the geodesics consist
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Fig. 10.8. Top view of the minimal geodesic paths on the generalized cylinder
between two points of two circular edges (adapted from [246])

of four first order nonlinear ordinary differential equations (10.17) to (10.20)
which are solved as an initial value problem.

Let us consider a progenitor curve lying on a parametric surface r =
r(u,v) given by re(t) = r(u®(t),v°(¢t)) and an arc length parametrized
geodesic curve rf(s) = r(uf(s),v?(s)) orthogonal to r¢. We select n points
on the progenitor curve t;, 0 < i < n — 1 and compute a geodesic path for
each point by a distance equal to d, as an IVP. The initial direction tJ =
(%, %g) = (p, q) can be determined by the condition that the tangent vec-
tor along the progenitor curve ¢ and the unit tangent vector of the geodesic
curve t9 are orthogonal (see (10.68))

(WE 4+ F)p+ (0°F +9°G)g =0, (10.71)

and the normalization condition

E(p)* +2Fpg+G(g)° =1, (10.72)
leading to
w2
=+ ; 10.73
P VEw} — 2Fwiws + Gw? ( )
q L (10.74)

=¥ :
VEw? — 2Fw ws + Gw?
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Fig. 10.9. A geodesic path on the generalized cylinder which is not the shortest
path (adapted from [246])

where w; = 4°FE + 0°F and ws = 4°F + 0°G. The positive and negative
signs in (10.73) and (10.74) correspond to the two possible directions of the
geodesic path relative to the progenitor curve.

The terminal points of the geodesic paths, departing orthogonally from n
selected points of the progenitor curve on the surface, are interpolated in the
surface patch parameter space by a B-spline curve assuring that the offset
curve lies entirely on the surface.

Wolter and his associates [339] compute medial curves on a surface, which
is the locus of points which are equidistant from two given curves on the
surface, utilizing the geodesic offset function. Their method is also applicable
to the plane curve case. Also Wolter and his associates [213] applied the above
method to compute a Voronoi diagram on a parametric surface instead of the
Voronoi diagram in Euclidean space.

Traditionally the spacing between adjacent tool paths, which is referred
to as side-step or pick-feed, has been kept constant in either the Euclidean
space or in the parameter space. Recently geodesic offset curves are used to
generate tool paths on a part for zig-zag finishing using 3-axis NC machining
with ball-end cutter so that the scallop-height, which is the cusp height of
the material removed by the cutter, will become constant [416, 365]. This
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Fig. 10.10. Cubic Bézier curve in the parameter domain (adapted from [246])

leads to a significant reduction in size of the cutter location data and hence
in the machining time.

10.8 Geodesics on developable surfaces

In this section it is shown that all two point BVPs for solving geodesics on
developables can be reduced to IVPs using the differential geometry proper-
ties introduced in Sect. 9.7.1. Since a geodesic on a developable surface maps
to a straight line on the developed plane, there is only one solution to the
system (10.17)— (10.20) on a developable surface. Here we exclude periodic
surfaces such as cylinders where there can be more than one solution. The
basic procedure is to map the two desired points on the developable surface
to a plane, draw the straight line between them and determine the angle be-
tween the generator and the geodesic line at one of the end points. The angle
can be used to determine the initial direction (u',v") = (p,q). Thus, all the
information required for an IVP is available. Given two points A and B on
the developable surface r(u,v) as shown in Fig. 10.13(c), the corresponding
points (X 4,Y4) and (Xp,Ys) in the developed planar surface are required.
The Frenet-Serret formulae (2.56) state that t' = —kn where t is the unit
tangent vector to a curve, n is the unit normal vector to a curve and « is
the curvature. The minus sign ensures that & is positive when n points away
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Fig. 10.11. Geodesic paths from point A to Bézier curve on the wave-like bicubic
B-spline surface (adapted from [246])

from the center of curvature (see Table 3.2). For a planar curve in the (X,Y)
plane, we can define the unit normal vector as n = t x e, where e, = (0,0, 1).
Substituting this equation into the Frenet-Serret formulae yields

PX AV Y X
ds? ds ' ds? ds
where (X,Y) denote the 2D coordinates on the developed plane (X,Y). If we
rewrite the first equation of (10.75) in terms of the parameter u, we obtain
d*X Y &BX (du\® dX [du dY du
= _ 2= _— | == ——=0. (10.76
dsz " Vds T du? (ds) du <d32 > N au ds ( )

=0, (10.75)

Similarly the second equation of (10.75) can be rewritten in terms of the
parameter u. Since ¢ #£ 0, (10.75) reduce to

2

ex  ($%)ax ok oav

W+ (%)2 du+(%) du =
S

Y (%)dy_ K dX

da? " ()T A (%) du

(10.77)
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Fig. 10.12. Geodesic offset curve on a Bézier surface. Thick solid line represents
the progenitor curve and the thick dotted line represents the geodesic offset curve
(adapted from [249])

The development is based on the fact that curves on isometric surfaces
have the same geodesic curvatures. Therefore, k in (10.77) can be replaced by
kg, the geodesic curvature of the curve on the developable surface [116]. If we

choose the curve on the developable surface to be r(u,v,), an iso-parametric

curve in terms of u, we can replace ‘fl—‘; and ‘fT’z‘ in (10.77) by

ds ~ ra(uun)]’ A (tu(t,00) Tu(t,0,))2

du 1 du o ry(u,vn) Ty (u,vy) (10.78)

Thus we have

dX 4y
_ ar _ 10.

T =P o= (10.79)

dp _ (v Tu) — gkylral, dg _  (rutuu) + prg|ry| . (10.80)

%_p(ru-ru) du q(ru-ru)

To find the points A and B in the plane, we first set (Xy, Yy) as the (0,0)
point in the plane corresponding to r(0,0) on the surface. We integrate the
system (10.79) and (10.80) along the directrix that corresponds to v = 0 to
determine the point C' = (u 4, 0), shown in Fig. 10.13(a). Since isometric maps
are conformal, the angle between the directrix and the generator at (u 4, 0) is

the same in both representations and can be found by cosf = I:HEZ?S;\ - \_gl’

where ¢ = Cj is a vector whose direction corresponds to the iso-parametric
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Fig. 10.13. Geodesic on a degree (3,1) developable surface (adapted from [250])

line r(u4,v) which is a straight line on the surface. Therefore it is a geodesic
and will be developed into the plane as a straight line. The distance is given
by |e| = /(4 —2¢)? + (ya — yo)? + (24 — 2¢)?. The point A on the plane
is found using C, |c| and €. The point B on the plane is found by following the
same procedure, and the points are connected as shown in Fig. 10.13(a). The
angle w between ¢ and b = AB is given by cosw = ﬁ. The angles w and
6 are shown in Figs. 10.13(a) and (c). This angle w is preserved between the
iso-parametric line r(u4,v) and the geodesic curve g(s) on the developable

(s)

surface at point A. Thus we have cosw = %, where the tangent vector

8
to the geodesic is given by

du dv
"(s) =t = e, 2 10.81
g0 =r o, 2 (108)
Multiplying (10.81) by r, yields
du dv
r, - g'(s) =1y T +r, Ty = cos(w)|ry||g'(s)] , (10.82)

which (since |g'(s)| = 1) can be reduced to
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dv _ cos(w) F <du> |

(10.83)

- ve G\ds

where F' =1, 1, and G = r,, - r, (coefficients of the first fundamental form).
From the first fundamental form,

2 2
g'(s)-g'(s)=FE <Z—Z> + QF@d—z +G <@> =1. (10.84)

Plugging (10.83) into (10.84) and solving for 2% yields

du N sin?(w)G

PRy (10.85)
and thus (10.83) reduces to
1 F
dv _ cos(w) sin(w) . (10.86)

ds VG ~ VGVEG-F?

Evaluating (10.85) and (10.86) at the initial point, we have all the initial
conditions required to solve the IVP ((10.17) to (10.20)) for a geodesic. The
solution to the IVP yields the uv parametric values for the geodesic that are
graphed in Fig. 10.13(b). The corresponding three-dimensional coordinate
values are shown in Figs. 10.13(c) and (d). The geodesic runs from (u4,v4)
= (0.1, 0.3) to (ug,vp) = (0.9, 0.8).






11. Offset Curves and Surfaces

11.1 Introduction

11.1.1 Background and motivation

Offset curves/surfaces, also called parallel curves/surfaces, are defined as the
locus of the points which are at constant distant d along the normal from the
generator curves/surfaces. A literature survey on offset curves and surfaces
was carried out by Pham [312] and more recently by Maekawa [249]. Offsets
are widely used in various applications, such as tool path generation for 2%—D
pocket machining [157, 153, 348], 3-D NC machining [116, 52, 214, 365] (see
Fig. 11.1), in feature recognition through construction of skeletons or medial
axes of geometric models [297, 449] (see Fig. 11.2), definition of tolerance
regions [93, 352, 296] (see Fig. 11.3), access space representations in robotics
[236] (see Fig. 11.4), curved plate (shell) representation in solid modeling [300]
(see Fig. 11.5), rapid prototyping where materials are solidified in successive
two-dimensional layers [114] and brush stroke representation [197].

Because of the square root involved in the expression of the unit normal
vector, offset curves and surfaces are functionally more complex than their
progenitors. If the progenitor is a rational B-spline, then its offset is usu-
ally not a rational B-spline, except for special cases including cyclide surface
patches [331, 83, 403], Pythagorean hodograph curves and surfaces (see Sect.
11.4) and simple solids [93]. Another difficulty arises when the progenitor
has a tangent discontinuity. Then its exterior and interior offsets will become
discontinuous or have self-intersections as illustrated in Fig. 11.6. Further-
more offsets may have cusps and self-intersections, even if the progenitor is
regular (see Figs. 11.9, 11.25). Frequently in applications, discontinuity in
offsets must be filled in and the loops arising from self-intersections must be
trimmed off. In the following three sections, we will briefly review some of the
literature on NC machining, medial axis transforms and tolerance regions.

11.1.2 NC machining

The purpose of milling is to remove material from a workpiece. The material
is removed in the form of small chips produced by the milling cutter which
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Fig. 11.1. NC machining: (a) 21-D pocket milling (adapted from [253]), (b) 3-D
milling (adapted from [222])

Fig. 11.2. Medial axis (adapted
from [139])

rotates at a high speed. A machine tool is characterized by the motions it
can perform. Such motions as changing the relative position of the tool and
workpiece consist of linear translations and rotations about different axes.
However, they do not include the rotation of the cutter or workpiece for
maintaining cutting action. NC machines are classified as follows [290, 157]:

2-D Milling : 2-D milling refers to the contouring capability of a machine
tool limited to the zy-plane. By moving along the x and y axes simul-
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Fig. 11.4. Access space representation in robotics (adapted from [236])
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taneously, while keeping z constant, a complete 360 degrees contouring

capability can be achieved.

2%-D Milling : 2%—D milling has a capability between 2-D and 3-D milling.
In 2%—D milling, the cutting tool can follow any arbitrary curve in the zy-
plane, but can only move stepwise in the z-direction. This 2%—D milling

is also referred as pocket machining.

3-D Milling : 3-D milling refers to a cutting tool moving simultaneously
along the x, y and z axes, but not capable of performing tool rotation

with respect to the workpiece.

5-D Milling : A rotation around two of the axes z, y and z is added to z, y
and z translations, hence the tool orientation can vary. The 5-D milling
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Fig. 11.5. Plate representation

/
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Fig. 11.6. Offsets to a tangent discontinuous curve (adapted from [253])

is suitable for large production runs, because the two additional rotations
reduce the required setups significantly [286].

The success of NC milling highly depends on the availability of efficient al-
gorithms for defining tool paths. The books by Marciniak [261], and Choi
and Jerard [59] provide theoretical and practical information on sculptured
surface NC machining. The topic of optimal tool paths for NC machining of
sculptured surfaces is analyzed in [198].

The cutter motion for machining a part consists of roughing, semi-
roughing and finishing, and should be considered separately, as illustrated
in Fig. 11.7 [231]. For each process, an appropriate tool size and tool path
needs to be determined.
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Rough machining : It should be as simple as possible and preferably
consist of a linear type motion only to minimize machining time. In other
words, the cutter path should be as short as possible and the depth of
cut and feedrate should be as large as possible.

Semi-rough machining : After rough machining, the shoulders left on the
part should be removed.

Finishing machining : The cutter should follow the profile during these
operations and the deviations of the cutter from the profile should always
be maintained within a designated tolerance.

Fl at =End M | |

Shoul ders Left
i n Roughi ng

Part Surface Cutting Pl ane
(a)

Ball -End M |1

Fi ni shi ng
Al | owance Shoul ders Left

i n Roughi ng

(b)

Part Surface

Fig. 11.7. (a) Pocket machining with flat-end mill in roughing, (b) semi-roughing
with large ball-end mill (adapted from [231])

More than 80% of all mechanical parts which are manufactured by milling
machines can be cut by NC pocket machining [157]. This is based on the facts
that most mechanical parts consist of faces parallel or normal to a single
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plane, and that free-form objects are usually produced from a raw stock by
2%—D roughing and 3-D or 5-D finishing. When a cylindrical end-mill cutter
is used in 2%—D pocket machining, tool paths are generated by offsetting at a
distance equal to the radius of the cutter from the boundary curve. When the
cutter is located on the side of the curve where the center of curvature lies,
the cutter radius must be smaller than the smallest radius of curvature of the
boundary curve of the part to be machined to avoid local overcut (gouging).
Gouging is one of the most critical problems in NC pocket machining. To
avoid gouging, we need to determine the distribution of the curvatures along
the boundary curve to select an appropriate cutter size.

Figure 11.1 (a) shows the tool path of a cylindrical cutter pocket ma-
chining a region where the center of curvature of the parabolic boundary
curve lies. The parabola r(t) = (,t*)” has the maximum curvature at (0, 0)
with curvature value k = 2. Thus if the radius of the cylindrical cutter ex-
ceeds 0.5, there will be a region of gouging as depicted in Fig. 11.10 (a),
where the cutter has a radius 0.8. Also the offset with d = —0.8 has one self-
intersection and two cusps. Points on the segment of the offset bounded by
the self-intersecting points on the offset have distance less than the nominal
offset distance 0.8 from the generator and this fact causes gouging. Therefore,
if we trim off the region of the offset bounded by the two parameter values
associated with the self-intersection, the cutter will not overcut the part but
will leave an undercut region as shown in Fig. 11.10 (b). The undercut region
must be revisited with the smaller size cutter. Each point on the trimmed
offset curve is at least distance |d| from every point on the progenitor [102].
Therefore computing the self-intersection points of the offset of a progenitor
curve is important.

Most of the tool path generation algorithms for 2%—D pocket machining
based on offset contouring, first approximate the input curve with a com-
bination of straight lines and circular arc segments, since traditional CNC
interpolators accommodate only such elements and also the offsets of those
elements are also straight lines and circular arc segments. Then the approxi-
mated boundary curves are offset. The difficult part is to identify and remove
all the loops arising from self-intersections. There are two different approaches
to remove such loops, namely the Voronoi diagram method [157] and pair-
wise intersection method [153]. Persson’s early work [306] is one of the first to
study spiral pocket machining using Voronoi diagrams. A book by Held [157]
reviews all the related work until roughly 1991 and introduces an algorithm
for the determination of tool paths for spiral and zig-zag milling, and the
optimization of tool paths. Held’s spiral algorithm, based on an extension
of Persson’s method [306] provides a general approach for fully automated
pocket machining.

In the pairwise intersection method, computing the self-intersections of
the offsets reduces to computing the intersections of a straight line to a
straight line, a circle to a circle or a straight line to a circle. A brute force
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approach takes O(n?) time for computation where n is the number of seg-
ments plus the number of reflex vertices. Reflex vertices have an interior
angle larger than m. Hansen and Arbab [153] showed that careful elimina-
tion of non-intersecting segments reduces the computation time complexity
to KpO(nlogn) for a given shape P.

Rohmfeld [348] developed an algorithm to generate tool paths for arbi-
trary simple piecewise smooth G° generator curves. The redundant global
loops are removed by interval operations on the parameter space of the
generator curves using the invariance of Gauss-Bonnet values between the
generator and the so-called IGB (Invariant Gauss-Bonnet)-offset, which is
equivalent to the rolling ball offset.

When a ball-end mill cutter is used in 3-D machining, the cutter will not
gouge the design surface as long as the center of the ball-end mill moves
on the trimmed offset surface, where loops arising from self-intersections are
removed, and with the offset distance equal to the radius of the cutter (see
Fig. 11.1 (b)). A detailed literature review on this topic is given in [183, 78].
Among many methods, Sakuta et al. [360], Kuragano et al. [215], Kuragano
[214], Kim and Kim [196], Lartigue et al. [222] employ the offset surface-plane
intersection method. Sakuta et al. [360] approximate an offset surface by off-
setting a quadrilateral mesh of points ignoring small gaps, while Kuragano et
al. [215] and Kuragano [214] generate a polygonal offset surface by connecting
the offset points, where points along the normal of the free-form surface are
offset by the radius of the ball-end mill, to the desired accuracy. When there
is a self-intersection in the polygonal offset surface, the portion bounded by
the self-intersection lines is trimmed off. Then the approximated (trimmed)
offset surface is intersected with parallel planes, which are called tool driving
planes, at a regular interval resulting in a series of intersection lines (see Fig.
5.2). The interval between two successive parallel planes is called pick feed.
The intersection curves of the approximated polygonal offset surface with
these parallel planes generate the required tool paths.

11.1.3 Medial axis

The Medial Azis (MA) or skeleton of a solid is the locus of centers of balls
which are maximal within the solid, together with the limit points of this
locus (a ball is maximal within a solid if it is contained in the solid but is not
a proper subset of any other ball contained in the solid). The Medial Azis
Transform (MAT) is composed of the medial axis together with the associ-
ated radius function which is the radius of the maximal ball with center any
given point on the MA. The MA of a 2-D bracket-like region (2-D solid) is
shown in Fig. 11.2. The maximal disc associated with a point at the inter-
section of three MA branches is also shown. Originally proposed by Blum
[30, 29], the MAT has been developed extensively since then. It has several
properties which neither the Boundary Representation nor the Constructive
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Solid Geometry directly provide. First, because it elicits important symme-
tries of an object, it facilitates the design and interrogation of symmetrical
objects [29]. Second, the MAT exhibits dimensional reduction [54, 449]; for
example, it transforms a 3-D solid into a connected set of points, curves, and
surfaces, along with an associated radius function described in more detail be-
low. Third, once a solid is represented with the MAT, the skeleton and radius
function themselves may be manipulated, and the boundary will deform in a
natural way, suggesting applications in computer animation [450]. Fourth, the
skeleton may be used to facilitate the creation of coarse and fine finite element
meshes of the region [139, 140, 141, 142, 297, 405, 12, 417, 337]. Fifth, the
MAT determines constrictions and other global shape characteristics that are
important in mesh generation, performance analysis, manufacturing simula-
tion, and path planning [293, 297]. Sixth, the MAT can be used in document
encoding [43, 42] and other image processing applications [38]. Finally, the
MAT may be useful in tolerance specification [171].

The MA is closely related with equidistantial point sets, especially the well
known Voronoi Diagram [334]. For a 2-D polygonal region or a 3-D polyhedral
region, the Voronoi Diagram is a superset of MA, while for objects with
nonlinear boundary, the Voronoi Diagram may not be a superset of MA. The
major difference is in that the MA is intrinsic to a solid, while the Voronoi
Diagram depends on the specific decomposition of the boundary of the solid.

Algorithms for determining the MAT or related sets. The MAT was
introduced and explored by Blum [30] and further explored by Blum [29]
and Blum and Nagel [31] to describe biological shape. Soon after it was
introduced, various algorithms for computing the MAT were developed for
special planar regions. Montanari [271] developed an algorithm to compute
the MAT of a multiply-connected polygonal region. His algorithm proceeds
by identifying significant branch points and propagating the boundary con-
tour inward, while connecting the branch points with appropriate linear or
parabolic segments. A more efficient algorithm for computing the MAT of a
convex polygonal region in O(n logn) was presented by Preparata [333] along
with an O(n?) algorithm for a non-convex polygonal region. Lee [228] devel-
oped an O(nlogn) algorithm for polygonal regions with non-convex corners.
Srinivasan and Nackman [404] presented an O(nh + nlogn) algorithm for
multiply connected polygonal regions with A holes. Gursoy and Patrikalakis
[140, 141, 142] developed an algorithm to compute the MAT of a multiply
connected planar region bounded by line segments and circular arcs, and
used this algorithm to generate finite element meshes automatically and de-
termine global shape characteristics. Guibas and Stolfi [137] investigate the
relationship between the Voronoi Diagram and the Delaunay Triangulation,
and develop the quad-edge data structure to represent them. Sugihara [415]
investigates the use of Voronoi Diagrams to approximate various types of
generalized Voronoi Diagrams. Rosenfeld [349] considers different represen-
tations of shapes based on an axis and a generation rule. Held’s book [157]
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contains a comprehensive review of Voronoi Diagram algorithms, which he
uses in the context of pocket machining. Another comprehensive review of
the state of the art in Voronoi Diagram algorithms has been compiled by
Aurenhammer [14].

Other work has concentrated on discrete and approximate approaches to
determine the MAT or its related sets. Nackman [281] proposes a 3-D algo-
rithm to use a polyhedral approximation of a smooth boundary and produce
a polyhedral approximation to the skeleton. The algorithm is an extension of
Bookstein’s line skeleton approach [36] to 3-D. It takes as input a polyhedral
surface made up of convex polygons and generates a connected graph of con-
vex polygons approximating the MA of the original object; since the input
polyhedron is assumed to be an approximation to a smooth curved object,
the output is not the skeleton of the polyhedron itself but rather a collec-
tion of polygons approximately tangent to the skeleton of the true object.
Lavender et al. [225] use an octree-based approach to determine the Voronoi
Diagram. Their algorithm works on set-theoretic solid models, composed of
unions, intersections, and differences of primitive regions represented by a
collection of polynomial inequalities, and produces an octree (or quadtree in
two dimensions) which divides space into Voronoi regions at some specified
resolution. Scott et al. [369] discuss a method for determining the Symmetric
Axis (a superset of the MA) which is based on a combined wave/diffusion
process in the plane. Their algorithm proceeds by assigning each boundary
pixel a unit displacement above the plane and every other pixel a zero dis-
placement, and then numerically propagating a wave from the boundary. The
wave is attenuated by a diffusion process to reduce numerical error, and local
maxima in the wave are declared to lie on the Symmetric Axis. Although
useful for binary images at low resolutions, the error may be large for higher
resolutions. Memory and processing requirements for this method tend to be
quite high as well.

Brandt, and Brandt and Algazi [41, 40, 39] find a continuous approxima-
tion to the skeleton in both the planar and the 3-D case by first discretizing
the boundary. The boundary is sampled at a given sampling density, yielding
a set, of discrete points which form a pixelized or voxelized approximation to
the boundary. The next step is to run an efficient discrete-point Voronoi dia-
gram on the set of points. Finally, portions of the skeleton which result from
the effects of quantization are pruned away [39]. This approach attempts to
classify each of the vertices in the interior Voronoi diagram according to how
many foot points the vertex has. The number of footpoints is determined
by taking the associated maximal sphere at the vertex, increasing the radius
slightly, and intersecting the dilated sphere with the boundary. This intersec-
tion partitions the surface of the sphere into areas which lie either inside or
outside the region. Each area lying outside the boundary is assumed to cor-
respond to a footpoint; since the most commonly occurring type of skeleton
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point has two footpoints, only these points are kept, and the rest are pruned
away.

Chiang [54] takes a planar region bounded by piecewise C? curves and
performs a cellular decomposition of the plane in a neighborhood of the re-
gion. Each cell is assigned an approximate distance to the nearest point on
the boundary of the region using an algorithm due to Danielsson [70] which
computes the Euclidean distance transform. In order for us to explain the
Euclidean distance transform, we consider a given binary image S (where
each pixel (i, j) is assigned 0 or 1); we call S the set of pixels with value 0.
The distance map is defined as a scalar function on §

where d is a distance function. If d is the Euclidean distance between two
pixels

de((i, 1), (h,k)) = V/(j = 0)> + (k = h)?, (11.2)

then the distance map is called the Euclidean distance map. This information
is later used to find a starting point for tracing axis branches in two dimen-
sions and for recognizing when the tracing has passed the end of a branch.
The tracing itself uses the distance information to determine on which bound-
ary elements the footpoints of the current Medial Axis point lie. Once these
elements are known, a set of simultaneous equations describing the local
structure of the MA near the given point is formed. Using these equations to
determine the tangent to the MA at the given point, a short distance along
the tangent is traversed, the point is refined with Newton iteration, and an-
other tracing step is taken. At each step, the distance information is used to
determine whether or not the current branch has become inactive. If so, a
branch point or an end point has been hit, and the tracing either proceeds
along another branch or stops. Although the tracing is not extended to three
dimensions, Chiang [54] notes that the same Euclidean distance transform in
3-D may be used to determine an approximation to the skeleton. One simple
way of using the distance transform in this way is to identify those points
which have locally maximal distance values after the distance transform is
carried out. Such points are clearly close to centers of maximal disks, and so
can be considered to provide an approximation to the skeleton.

Sudhalkar et al. [414] introduce a set called the box skeleton which they
argue has the properties which make the MAT desirable as an alternate rep-
resentation of shape. In particular, the box skeleton exhibits dimensional
reduction, homotopic equivalence and invertibility. However, their skeleton is
defined using the L, norm (the box norm) instead of the Euclidean norm
and thus may be quite different from the Medial Axis. Their algorithm for de-
termining the box skeleton operates on discrete objects made of unit squares
(or cubes, in 3-D) and proceeds by thinning the object while maintaining ho-
motopic equivalence to the original object. In order to perform the thinning,
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the object is transformed into a graph; in the planar case, the boundaries
between adjacent pixels are considered to be edges of the graph, and the in-
tersections of these edges are the vertices of the graph. The first thinning step
proceeds by replacing the graph by that portion of the dual graph which is
interior to the original (primal) graph. Since this procedure alone may result
in a disconnected skeleton, the boundary “shrink wraps” around the skeleton
as it thins. Procedures based on these concepts are developed for both 2-D
and 3-D discrete objects.

Most of the 3-D algorithms in existence (such as the ones above) are fun-
damentally discrete algorithms. To our knowledge, few continuous approaches
have been proposed, due largely to the computational complexity involved.
One of the few such techniques is developed by Hoffmann [170], who proposed
a method for assembling the skeleton of a CSG object. His method proceeds
by determining points of closest approach between pairs of boundary ele-
ments and checking these points to make sure they are in fact on the Medial
Axis. (Each of these points are on the MA if and only if the distance to the
pair of elements is less than or equal to the distances to the other boundary
elements.) The points are then sorted in order of increasing distance from
the boundary, and then a local analysis around each point is performed, in
an attempt to identify whether the point lies on a face, edge, or vertex of
the Medial Axis. This determination is made by identifying all boundary el-
ements which lie at the same minimum distance from the point and forming
a set of simultaneous equations in n variables which describe the equidis-
tantial set that the point belongs to. Based on the rank of the Jacobian of
this set of equations, the point is predicted to lie on a face, edge, or vertex
of the skeleton. Then neighboring faces and edges are traced out in order of
increasing distance from the boundary. The method requires intersection of
equidistantial sets with one another in order to trim away portions which
do not belong to the Medial Axis. Related papers by Dutta and Hoffmann
[81, 82] consider the exact representation of the bisectors which appear as
skeleton branches in the skeleton of CSG objects bounded by planes, natural
quadrics, and torii.

Reddy and Turkiyyah [340] propose an algorithm for determining the
skeleton of a 3-D polyhedron based on a generalization of the Voronoi Dia-
gram. They compute an abstract Delaunay Triangulation of the polyhedron
and use the result to obtain the dual, the generalized Voronoi Diagram. The
Delaunay triangulation computed is a generalization of the usual Delaunay
triangulation, which connects isolated nodes together with line segments. In
the generalization, the nodes represent parts of a polyhedron (specifically,
either a face or a non-convex edge or a non-convex vertex of the polyhedron)
and therefore the triangulation is an abstract graph. It still maintains dual-
ity with the generalized Voronoi Diagram, and is easier to compute since the
Voronoi Diagram may contain trimmed quadric surfaces. The skeleton of the
polyhedron is obtained by trimming away certain elements of the generalized
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Voronoi Diagram which are in the Voronoi Diagram but not the skeleton (for
example, the equidistantial point set between a face and a non-convex vertex
bounding it). The algorithm can explicitly determine certain critical points
of the skeleton, but does not contain highly accurate explicit representations
of the curves and surfaces making up the skeleton. Under the same approach,
Turkiyyah et al. [427] developed an accelerated algorithm using Delaunay
triangulation with a local optimization scheme for the generation of accurate
skeletons of 3D solid models. The accelerated algorithm has linear complexity
in terms of the number of points used for skeleton approximation.

Sheehy et al. [384, 383] investigate the use of a domain Delaunay trian-
gulation on a distribution of points on the boundary (in a manner similar to
Brandt [39]) to attempt to determine the topological features of the Medial
Axis of a 3-D solid. The steps of an algorithm to compute the Medial Axis
from these features are outlined.

Sherbrooke et al. [392] developed an algorithm for determining the MAT of
a general polyhedral solid with simply connected faces and without cavities.
In [393] and [390], that algorithm was refined, simplified and extended to
work for polyhedral solids of arbitrary genus without cavities, with nonconvex
vertices and edges. The algorithm is based on a classification scheme that
relates different pieces of the medial axis to one another even in the presence
of degenerate MA points. Vertices of the MA are connected to one another
by tracing along adjacent edges, and finally the faces of the axis are found by
traversing closed loops of vertices and edges. The completeness, complexity
and stability of the algorithm were also analyzed.

Etzion and Rappoport [91] presented an algorithm for computing the
Voronoi Diagram of a 3-D polyhedron based on subdivision of space. This
method enables local and partial computation of the Voronoi diagram. By
separating the computation of the symbolic (Voronoi graph) and geometric
parts of the diagram, the algorithm tends to be more robust. In addition, a
tracing algorithm for the MAT of a 3-D polyhedron is developed by Culver
et al. [68] to improve accuracy using exact arithmetic and exact geometric
representations. In order to improve the efficiency in searching MA elements,
spatial decomposition and linear programming are utilized. Sheets in this
methods are in the form of quadrics. The method also includes a new al-
gorithm for analysis of the topology of an algebraic plane curve and a fast
numerical method for implicit geometric computation.

Wolter and his associates [339, 450] compute medial curves on a surface,
which is the locus of points being equidistant from two given curves on the
surface, utilizing the geodesic offset function. Their method is also applicable
to the plane curve case. Also Wolter and his associates [213] applied the above
method to compute a Voronoi diagram on a parametric surface instead of the
usual Voronoi diagram in Euclidean space.

In addition to the work described above which discusses the determina-
tion of the MAT, there has been additional work on the inverse problem of
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reconstructing the original solid from the Medial Axis and the radius function.
Reconstruction of boundary surfaces from curves and surfaces of the Medial
Axis in 3-D is discussed by Gelston and Dutta [125]. Vermeer [430] consid-
ers the problem of boundary reconstruction from the MAT in 2-D and 3-D.
Recently, Verroust and Lazarus [431] developed a method to extract skeletal
curves from a set of scattered points that are sampled from a surface using a
geodesic graph and distance map with various levels of decomposition. The
skeletal curves extracted can be applied in surface reconstruction.

Work on the MAT and its applications has been somewhat limited by the
difficulty of developing an algorithm which is robust, accurate, and efficient to
carry out the transformation especially for curved solids. Most recent work
on the 3-D problem has tried to generate a discrete approximation to the
actual MAT; while such algorithms may be well-suited for some meshing
applications, particularly if they involve some degree of user interaction, they
are less satisfactory for modeling since they do not capture the topological
structure of the shape accurately. However, because the skeleton is typically
path connected, and because branch points on the skeleton may be expressed as
solutions of a set of simultaneous nonlinear polynomial equations, we believe
that a continuous approach to the problem is promising especially if combined
with interval or even exact arithmetic methods, as for example in the recent
work by Culver et al. [68] for 3-D polyhedra.

Theoretical analysis of the MAT properties. There exists considerable
theoretical work on the mathematical properties of the MAT and other re-
lated sets. Wolter [449] provides a thorough analysis of topological properties
of the MAT in a very general context, and establishes the relationship be-
tween the MA and related symmetry sets such as the cut locus. Principal
results of his paper include his proof of homotopic equivalence between an
object with a C? boundary and its Medial Axis, the invertibility of the MAT
(under conditions more general than piecewise C? boundaries), and the C'
smoothness of the distance function on the complement of the cut locus. For
a 2-D solid with piecewise C? boundaries, the medial axis is homotopically
equivalent to the 2-D solid, which implies the connectedness of the medial
axis. Wolter [448, 446] also earlier analyzed the differentiability of the dis-
tance function.

Farouki and Johnstone [99, 100] have studied bisector problems between a
planar curve and a point on its plane, and between two co-planar curves. They
introduce a natural method for tracing the bisector between two curves by
using the exact representation of the bisectors of the first curve and successive
points on the second curve.

Chiang [54] and Brandt [38, 39] studied many of the mathematical proper-
ties of the MAT, primarily for the domain of 2-D regions. Chiang [54] provides
a proof that for two-dimensional regions with piecewise C? boundaries, the
MA is connected, the MAT is invertible, and, provided the 2-D solid is home-
omorphic to the closed unit disk, the maximal disc of a given MA point (not
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an end point of a MA arc) divides the MA and the solid into two disjoint
trees and two disjoint 2-D solids, respectively (which provides justification
for divide-and-conquer approaches). Brandt [38, 39] computes first order and
second order differential properties of the planar skeleton, and explores the
determination of the skeleton under different metrics (which may be useful
for determining the skeleton of binary images). He also explores the notion of
skeleton point classification [39], classifying skeleton points according to the
number of footpoints.

The three-dimensional problem is studied in some detail by Nackman
[281] and Nackman and Pizer [282], who also derive relationships between
curvatures of the boundary, the skeleton, and the associated radius func-
tion. Curvature relationships in the planar case are considered by Blum [29].
Anoshkina et al. [9, 8] consider properties of the Medial Axis in the context
of an investigation of singularities of the distance function to the bounding
surface.

Sherbrooke et al. [394, 390] further developed the theory of the MAT
of 3-D objects. They established the relationships between the curvature of
the boundary and the position of the medial axis and also set up a defor-
mation retract between each object and its medial axis for n-dimensional
submanifolds of R"™ with boundaries which are piecewise C? and completely
G'. They demonstrated that if the object is path connected, then so is the
medial axis. Specifically, they proved that path connected polyhedral solids
without cavities have path connected medial axes.

Stifter [406, 407] considers the Voronoi Diagram of any subset of 3-D
space characterized by certain axioms and analyzes various properties of the
subset with applications to robotics.

11.1.4 Tolerance region

A tolerance region of a solid is constructed according to the ball-offset oper-
ator model as in Rossignac [350]. Farouki [93] studied the problem of finding
exact offsets on the exterior of simple solids. He handled the tangent discon-
tinuities at the edge and vertices by using the rolling ball offset definition.
The class of solids studied are closed convex solids like solids of revolution
and extrusion.

Patrikalakis and Bardis [296] construct a tolerance region of a quadrilat-
eral design surface patch which is bounded by ten surfaces as illustrated in
Fig. 11.3. For the shapes of interest in practical applications and the strict tol-
erance requirements under consideration, they assumed that there will be no
self-intersections in the ten bounding surfaces. These ten surfaces are: 1) four
pipe or canal surfaces (see Sect. 11.6), the offsets to the edges of the design
surface; 2) two offset surfaces, one along the normal and one in the opposite
direction to that of the normal to the design surface; 3) four spherical surface
patches, the offsets of the corners of the design surface. They approximated
the pipe surfaces with rational B-splines and the normal offsets by integral
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B-splines and expressed the spherical segments exactly by rational B-spline
surface patches. It is interesting to note that the design surface is the medial
axis of the tolerance region.

11.2 Planar offset curves

11.2.1 Differential geometry

ez© '
X

Fig. 11.8. Definitions of unit tangent and normal vectors (adapted from [253])

In this entire chapter we employ the convention (b) (see Fig. 3.7 (b) and
Table 3.2) such that the curvature s of a curve at point P is positive when
the center of curvature C is on the opposite direction of the unit normal
vector n as illustrated in Fig. 11.8. Following this convention, the Frenet-
Serret formulae for a planar curve r = r(t), t; <t < to with arbitrary speed
(2.57) reduce to

t = —vkn, n=uvkt, (11.3)

where v = |i(¢)| is the parametric speed. The second equation of (11.3) can
be rewritten as follows:

= ki . (11.4)

A planar offset curve £(¢) with signed offset distance d to the progenitor
planar curve r(t) is defined by
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£(t) =r(t) +dn(t) . (11.5)

The unit tangent and normal vectors and the curvature of the offset curve
are given by [102]

A

r 1+ kd

= ="t 11.6
5] [1+rd (11.6)
. 1+ kd

h=t - —_ 11.7

n X e, |1—|—/<;d|n’ ( )

K
A= —— 11.
w |1+ kd|’ (11.8)

where (11.3) (11.4) are used for the derivation.

11.2.2 Classification of singularities

There are two types of singularities on the offset curves of a regular progenitor
curve, irreqular points and self-intersections. Irregular points include isolated
points and cusps. A point P on a curve C' is called an isolated point of C' if
there is no other point of C' in some neighborhood of P. This point occurs
when the progenitor curve with radius R is a circle and the offset is d = —R.
A cusp is an irregular point on the offset curve where the tangent vector
vanishes. Cusps at t = t. can be further subdivided into ordinary cusps when
fi(t.) # 0 and extraordinary points when £(t.) = 0 and &(t.) # 0 [102]. An
isolated point and a cusp occur when |£(¢)| = 0, which using (11.6) reduces
to

K(t) = —= . (11.9)

Note that (1 + xd)/|1 + &d| in (11.6) and (11.7) changes abruptly from -1 to
1 when the parameter ¢ passes through ¢ = ¢, at an ordinary cusp, while at
extraordinary points (1+ xd)/|1+ xd| does not change its value (see Fig. 11.9
(b)).

Offset curve/surface may self-intersect locally when the absolute value
of the offset distance exceeds the minimum radius of curvature in the con-
cave regions (see Fig. 11.10 (a)). Also the offset curve/surface may self-
intersect globally when the distance between two distinct points on the
curve/surface reaches a local minimum (i.e. the presence of a constriction
of the curve/surface as illustrated in Fig. 11.11). These local and global
self-intersections can be visualized as machining a part using a cylindri-
cal/spherical cutter whose radius is too large for 2%—D/3—D milling. It is
an essential task for many practical applications to detect all components
of the self-intersection points/curves correctly and generate the trimmed off-
set curve/surface. If the cutter follows the trimmed offset, there will be no
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(a) (b)

Fig. 11.9. (a) Offsets to a parabola r = (¢,t%)7, —2 < ¢t < 2 (thick solid line)
with offsets d=-0.3, -0.5, -0.8 (adapted from [94]), (b) at d=-0.3, -0.5 the tangent
and normal vectors of the offset have the same sense as the progenitor, while at
d = —0.8 they flip directions

overcut or gouging, however we are left with undercut regions which must be
milled with a smaller size cutter (see Fig. 11.10 (b)).

Self-intersections of offset curves include nodes and tacnodes. A node P
is a point of curve C' where two arcs of C' pass through P and the arcs have
different tangents. A tacnode is a special case of a node whose two tangents
coincide, as illustrated in Fig. 11.11. Self-intersections of an offset curve can
be obtained by seeking pairs of distinct parameter values o # t such that

r(o) +dn(o) = r(t) + dn(t) . (11.10)

Ezample 11.2.1. (see Figs. 11.9 and 11.10)
Given a parabola r = (t,#3)T, —2 < t < 2, the unit tangent and normal
vectors are given by

de  drdt  (1,2t)7 (2t,—1)T
= = =——, n=txe,=

Tds  dtds  1+42 VI+4e2
The curvature and its first and second derivatives are given by
F % E) - e, 9
w() = & .r)3 = - >
7] (1+412)2
' —24t(1 + 42)2 24(16¢% — 1)
k(t) = T Bt) = ————==
(1 + 4¢2) (1+412)%

)
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Fig. 11.10. Self-intersection of the offset curve of a parabola (adapted from [253]):
(a) offsets to the parabola r(t) = (t,t2)T with d = —0.8 and cutter path with
gouging, (b) trimmed offsets to the parabola r(t) = (¢,#*)T with d = —0.8 and
cutter path with undercut

Thus a stationary point of curvature occurs at ¢t = 0. Since £(0) = —24 < 0,
£(0) is a maximum with a curvature value x(0) = 2. It is evident that the
offset distance d has to be negative to have a cusp, since k(t) is always positive
for any t. Now let us solve x(t) = —1/d for t which yields

Vi3VAd -1

t==%
2

We can easily see that if d > —%, there is no real root. This means that there

is no singularity as long as the magnitude of the offset distance is smaller

than £. If d = —1, there exists a double root ¢ = 0, while if d < —1/2 there

exist two symmetric values of t. When d = —1, at ¢t = 0, we have £(0) = 0,

k(0) # 0, therefore ¢ = 0 is an extraordinary point, while when d < —%,

k(xt.) # 0, so at points t = +t. there are ordinary cusps on the offset curve.
The offset to the parabola r = (¢,t?)7 is given by

(2t7 _I)T
V1+42

Therefore the equations for self-intersection of offset curve to the parabola in
x and y components become

2do 2dt

+ =t+ ,
V14402 V1 + 42

= (t, )" +d
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o2 d 2 d

Vit d02 i+ a

It is readily observed that the offset is symmetric with respect to y-axis,
which implies that the pair of distinct parameter values forming the self-
intersection must satisfy o0 = —t. The y component results in identity, while

the x component yields
2d
’ (1 n 7) —0,
1+ 4¢

Finally, the non-trivial solutions are t = ﬁ:—“ld;_l.

11.2.3 Computation of singularities

Using (2.25) with e, = (0,0,1)", £(t) = ((t),9(¢))" and (¢) = (&(¢),5 ()",
(11.9) for finding the locations of isolated points and cusps of planar offset
curve reduces to [253]

dE()y(t) — 2(@)F(t)] — Va2 (t) +92(t) [¢°(t) + 9*(1)] = 0. (11.11)

Consequently, if r(t) is a polynomial curve, locations of irregular points can be
obtained by solving the above univariate irrational function involving poly-
nomials and square roots of polynomials, which can be transformed into two
equations with two unknowns using the auxiliary variable method introduced
in Sect. 4.5. The additional equation and variable result from replacing the
square root involved in (11.11) leading to:

[ Dy (t) — (0)ii(t)] — o® =0, (11.12)
o> — [°(t) +9*(t)] =0. (11.13)

By substituting the expression for the normal vector for the planar para-
metric curve (2.24) (see Fig. 3.7 (b) and Table 3.2) into (11.10) yields the
following system for locating the self-intersections of the offset of the planar
curve:

» iod i(t)d

N e e T e

o) — % = — % . 11.14
YT e BV ToE 2 S

If r(t) is a polynomial curve, (11.14) are two simultaneous bivariate irra-
tional functions involving polynomials and square root of polynomials. Using
the auxiliary variable method, system (11.14) can be transformed into four
polynomial equations with four unknowns o, t, w, o as follows [253]:



314 11. Offset Curves and Surfaces

[
w® = [#*(0) +§*(0)] =0,
0> — [&*(t) +y°(t)] =0. (11.15)

The trivial solution ¢ = t can be avoided by factoring out ¢ — ¢ from the
above equations. It is apparent that the two additional equations obtained
through the auxiliary variables do not contain the factor o — t. However,
the original two equations, where the square roots of polynomials have been
replaced by the auxiliary variables, possess the factor ¢ — ¢ as can been
seen after some algebraic manipulations [253]. Once the division operations
are completed, we obtain a system of four polynomial equations with four
unknowns without the trivial solution o = ¢.

Similarly to (11.14), intersections of the normal offsets at distance d of
two distinct planar curves r (o) and r®(t) can be computed by solving the
following system:

a JA(0)d s J7 (1)d

Y T F e B Y e T
. #(0)d e 5 (1)d
VO - e rare LY Ve oo

(11.16)

Note that for (11.14) we need to find a method to eliminate the trivial solution
o = t, while for (11.16) ¢ = t can be a solution. When the input curve is a
B-spline curve, we can always split it into Bézier (polynomial) segments by a
knot insertion algorithm [34, 63]. In such cases not only the self-intersection
in the offset of each split polynomial segment but also the intersections among
the offsets of different split segments must be checked.

A system of nonlinear polynomial equations can be robustly and effi-
ciently solved by the subdivision-based Interval Projected Polyhedron algo-
rithm [253, 179], which was introduced in Chap. 4. A remarkable feature of
this algorithm when applied to the system (11.15) is that both local and
global self-intersections can be found by the same algorithm without any
initial approximations (see Figs. 11.10, 11.11, 11.12).

11.2.4 Approximations

In general, an offset curve is functionally more complex than its progenitor
curve because of the square root involved in the expression of the unit normal
vector. If the progenitor is a NURBS curve, then its offset is usually not a
NURBS curve, except for some special cases such as straight lines and circles
etc. Lii [237] has shown that the offset of a parabola is a rational curve. How-
ever, this result has not been generalized to higher order curves. Farouki and
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CY (b)

Fig. 11.11. Global self-intersections of offsets: (a) degree six Bézier curve and
its offset with d = —0.05, (b) offset curve self-intersects forming a tacnode with
d ~ —0.03141 (adapted from [253])

Neff [101] have shown that the two-sided offsets of planar rational polyno-
mial curves are high-degree implicit algebraic curves of potentially complex
shape. These equations cannot typically be separated into two equations de-
scribing positive and negative offsets individually. The degree of this implicit
offset curve is n, = 4n — 2 — 2m, where n is the degree of polynomial gen-
erator curve r = (z(t),y(t))” and m is the degree of ¢(t) = GCD(&(t),y(t))
where GC'D denotes the greatest common divisor. For example the degree of
the two-sided offset curve of a parabola r(t) = (¢,¢%)7 is 6 and of a general
polynomial cubic curve is 10 with ¢(¢) a constant.

Because of the wide application of offset curves and the difficulty in di-
rectly incorporating such entities in geometric modeling systems, due to their
potential analytic and algebraic complexity, a number of researchers have de-
veloped approximation algorithms for these types of geometries in terms of
piecewise polynomial or rational polynomial functions. A literature survey
on approximation of planar offset curves is compiled in [312, 249]. A paper
by Elber et al. [88] presented qualitative as well as quantitative comparisons
for several plane offset curve approximation methods, namely the control
polygon-based methods by Cobb [62], Tiller and Hanson [420], Coquillart
[65], and Elber and Cohen [86], the interpolation methods by Klass [202],
and Pham [311], the least square methods by Hoschek [174], the nonlinear
optimization technique by Hoschek and Wissel [176], and the circle approxi-
mation method by Lee et al. [229]. They counted the number of control points
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Fig. 11.12. (a) Trimmed offset of degree six Bézier curve with d = —0.05, (b) tool
path along the trimmed offset (adapted from [253])

of the approximated offset as a measure for efficiency, while the approxima-
tion error was within a prescribed tolerance. They found in general that the
least square methods perform very well. However, when the progenitor curve
is quadratic they showed that the simple method due to Tiller and Hanson
[420], which translates each edge of the control polygon into the edge normal
direction by an offset distance, outperforms the other methods. Therefore as

an example we summarize the algorithm by Tiller and Hanson [420] with an
illustration in Fig. 11.13:

1. Let C be a rational B-spline progenitor curve with control vertices p(y)

in homogeneous representation and knot vector T (y). Set i = 1.

Offset each leg of the control polygon by d.

3. Intersect consecutive legs of polygon to find new vertices p(;). Then the
approximated offset C is defined by p(;) and Ty.

4. Check deviation of the approximate offset from the true offset.

5. If the deviation is larger than the given tolerance subdivide p(; and T
to obtain p(j;1) and T(;;1). Then set i <— i + 1 and go back to step 2.
Stop if the deviation is smaller than the given tolerance.

[\

Sederberg and Buehler [374] approximate an offset of a Bézier curve using
Hermite interpolation of any even degree not less than the degree of the initial
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Fig. 11.13. Offset curve approximation

Bézier curve. The representation of the offset is a special interval Bézier
curve of even degree with only the middle control point as a rectangular
interval. The size of the rectangular interval indicates the tightness of the
approximation.

Most of the existing offset approximation schemes generate the approxi-
mate offset curve in terms of Bézier /B-spline format in an iterative manner
based on a subdivision technique to improve the accuracy of the offset curve.
If local and global self-intersections exist, they must be eliminated after the
approximation. Elber and Cohen [85] identify the local loops by using the
fact that a pair of cusps always exist within the local self-intersection loop of
the offset curve. The tangent vector of the offset t(¢) flips its direction at the
cusps, and thus w(t) = t(t)-t(t), where t(t) is the tangent vector of the input
curve, becomes negative at the regions bounded by the cusps. Consequently,
the local loops can be identified by finding the zero set of w(t). Once a local
loop is identified the curve is split into three parts, the region before the
first cusp, the region between the cusps and the region after the second cusp.
The offset of the curve before the first cusp and the offset of the curve after
the second cusp are intersected to find the self-intersection point. The region
bounded by the parameters corresponding to the self-intersection point are
trimmed off.

Lee et al. [229] eliminate the local and global self-intersections by approx-
imating the input curve by discrete points and the connecting polygon. Then
the offset curve is generated by offsetting these discrete points. The local re-
dundant polygon edges can be detected by checking the dot product between
the line segment and its corresponding offset line segment. If the dot product
is negative, the offset segment is eliminated. The global self-intersections are
detected by a plane sweep algorithm among the offset line segments. Once
a valid boundary topology on the offset polygon is computed, the valid pa-
rameter intervals of the input curve are extracted. The intersection points
of polygonal approximations may not provide accurate parameter values for
the intersection points of the offset curve and hence they need to be refined
using, for example Newton’s method.
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The method introduced by Kimmel and Bruckstein [200] generates offsets
via wavefront propagation methods in fluid dynamics. The algorithm works
on a square grid with a resolution chosen according to the desired accuracy.
Finally the contour lines (offsets) are generated based on grid values. Gurbuz
and Zeid [138] employ a different approach to avoid self-intersections. Instead
of offsetting analytically, the offsetting process is carried out by filling the
closed balls of radius d for each point on the object. The union of the closed
balls is subtracted from the object to construct the offset. An offset of a
point in space is considered as a sphere. They simplified the implementation
by assuming that the shape of a point is a cube and its offset is also a cube.
First the object to be offset and its enclosing space are divided into small
cubic cells. Therefore the accuracy is governed by the size of the cell. The cells
that are on the object are referred to as boundary cells. The boundary cells
separate the original set of cells into two subspaces, in and out of the object.
Offset operation is carried out for each boundary cell. Chiang et al. [55]
also compute offsets without self-intersections using a technique developed in
image processing. First the domain is discretized into a two-dimensional grid
and the progenitor curve is assigned to the nearest grid point. For each grid
point, the distance to the discretized curve is evaluated. By extracting the
grid points whose distances are equal to the offset distance, an offset without
self-intersection can be constructed. This approach also obviously involves a
trade-off between accuracy achieved and memory required.

11.3 Offset surfaces

11.3.1 Differential geometry

A parametric offset surface f(u,v) is a continuum of all points at a constant
distance d along normal to another parametric surface r(u,v) and defined as

t(u,v) = r(u,v) + dN(u,v) , (11.17)

where d may be a positive or negative real number and N is the unit normal
vector of r(u,v) (see (3.3)). As we mentioned at the beginning of this chapter
we employ the convention that the normal curvature is positive if its asso-
ciated center of curvature is opposite to the direction of the surface normal
(see Fig. 3.7 (b) and Table 3.2).

If N(u,v) is the unit normal vector of #(u,v), then the relation between
N and N is given by [443]

S’N = (1 + dﬂmaz)(l + dnmzn)SN ’ (1118)

where § = |, x £,| and S = |r, X r,| or expanding the right hand side of
(11.18) and using the definitions of Gaussian curvature K (3.61) and mean
curvature H (3.62), (11.18) can be rewritten as follows:



11.3 Offset surfaces 319
SN =S(1+2Hd+ Kd*)N . (11.19)
If we take the norm of (11.18), we obtain
S = S|(1 + dmaz) (1 + dimin)| , (11.20)
and substituting S into (11.18) yields

N = (1 + dimaz) (1 + dimin)

11.21
[T+ @) (L i) (1121
If we denote by
1+ 2Hd+ Kd? (1 + dimaz) (1 + dEmin)
CT N 2HA+ K| (1 + demag)(1 + dfomin)] (11.22)
then (11.21) gives
N =¢N. (11.23)

From this relation we can see that N and N are collinear but may be directed
in opposite directions, if dkq. + 1 and dk.,in + 1 have opposite signs. This
occurs when the offset is taken towards the concave region of the progenitor
surface. Offsetting towards the concave region of a surface is equivalent to
taking the offset d > 0 where ki, < 0 and d < 0 where K,q. > 0, provided
the above sign convention is used. In machining, the cutter radius must not
exceed the smallest concave principal radius of curvature of the surface to
avoid gouging [116].

Principal curvatures of the offset surface corresponding to K4, and Kpip
of the progenitor surface can be easily obtained by adding the signed offset
distance to the signed radius of principal curvature of the progenitor surface
and inverting it. Taking into account the direction in which the normal vector
points, we have

o €ERmax
= 11.24
foe =11 dbmaz ( )
ERmin
Rp = ———— . 11.25
b 1 + dlimin ( )

Gaussian and mean curvatures of the offset surface are readily computed
by

X K
K =fohp= —————— 11.2
Rl = T 9Hd + K2 (11.26)
. Ko + Kb H+ Kd
H= - . 11.27
2 11+ 2Hd+ Kd&?| ( )

Given the offset distance d, the critical curvature is defined as k¢pir =
—1/d and three categories arise [94]:
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Kmaz > Kmin > Kerit: The normal vector of the progenitor and its offset
are directed in the same direction, since e = 1. Also the sign of Gaussian and
principal curvatures of the offset are the same that of the progenitor.

Kmaz > Kerit > Kmin: The normal vector of the progenitor and its offset
are directed in the opposite direction, since e = —1. Also the sign of Gaussian
and the principal curvature of the offset corresponding to k.. are opposite
to that of the progenitor, while the sign of the principal curvature of the
offset corresponding to K, is the same to that of the progenitor.

Kerit > Kmaz > Kmin: The normal vector of the progenitor and its offset
are directed in the same direction (e = 1), while the sign of both principal
curvatures of the offset are opposite to that of the progenitor and thus the sign
of Gauss curvature of the offset remains the same as that of the progenitor.

11.3.2 Singularities of offset surfaces

Similar to the offset curve case, there are two types of singularities on offset
surfaces, namely irregular points and self-intersections. It is apparent from
(11.21) that offset surfaces become singular at points which satisfy

Kmin (U, v) = —é or  Kmaz(4,v) = —é . (11.28)
The vector-valued mapping of a curve in the wv-parametric space, which
satisfies Kpaz (u,v) = —% or Kmin(u,v) = —%, into three-dimensional coor-
dinates using (11.17) form ridges of the offset surface. These curves can be
viewed as contour lines of constant principal curvatures of —(—11. The detailed
formulation and a robust method for tracing constant curvature lines was
discussed in Chap. 8. Isolated points and cusps can be treated as a special
case of ridges. When the surface is part of a sphere with radius R, then
Emin (U, V) = Kmae (U, v) = —% everywhere. Therefore if the offset distance is
d = R, offset surface degenerates to a point which is the center of the sphere.
At an umbilic Kmar = Kmin = Kumb, Where Kymp is the normal curvature
at the umbilic, and if the offset is d = —Mlmb, the offset surface becomes
singular at the point corresponding to the umbilic and forms a cusp. There-
fore to detect a cusp on the offset, we need to locate all the umbilics on the
progenitor surface. A robust method to locate umbilics is described in Chap.

9.

Self-intersections of an offset surface are defined by finding pairs of distinct
parameter values (o,t) # (u,v) such that

r(o,t) + dN(o,t) = r(u,v) + dN(u,v) . (11.29)

Chen and Ravani [52] present a marching algorithm to compute the self-
intersection curve of an offset surface. The algorithm generates a straight-
line approximation to a small portion of the intersection curve by looking
at the intersection of two triangular elements representing the two tangent
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planes to the self-intersecting surfaces. The starting line segment is obtained
by searching only the bounding curves of the patch. Aomura and Uehara [11]
also developed a marching method to compute the self-intersection curves on
the offset surface of a uniform bicubic B-spline surface patch. The starting
points for marching are obtained by the Powell-Zangwill method based on a
dense grid of points. Then the self-intersection curves are traced by integrat-
ing a system of ordinary differential equations using the Runge-Kutta-Gill
method. Visualization of self-intersecting offsets of Bézier patches by means
of ray tracing was studied in [429]. Self-intersection of offsets of regular Bézier
surface patches due to local differential geometry and global distance function
properties is investigated by Maekawa et al. [252]. The problem of comput-
ing starting points for tracing self-intersection curves of offsets is formulated
in terms of a system of nonlinear polynomial equations and solved robustly
by the Interval Projected Polyhedron algorithm. Trivial solutions are ex-
cluded by evaluating the normal bounding pyramids of the surface subpatches
mapped from the parameter boxes computed by the polynomial solver with
a coarse tolerance (see Sect. 11.3.5). Since it is an essential task for many
practical applications to detect all components of the self-intersection curves
and to trace them correctly for generating the trimmed offset, we will dis-
cuss this topic in greater detail in the following three sections. In Sect. 11.3.3
we discuss the self-intersection of offsets of implicit quadratic surfaces, while
in Sect. 11.3.4 we discuss the self-intersection of offsets of explicit quadratic
surfaces. In Sect. 11.3.5 we introduce a method to find the self-intersections
of offsets of more general polynomial parametric surface patches.

11.3.3 Self-intersection of offsets of implicit quadratic surfaces

The second order algebraic surfaces (i.e. quadric surfaces) are widely used
in mechanical design. Especially the natural quadrics, i.e. sphere, circular
cone and circular cylinder result from machining operations such as rolling,
turning, filleting, drilling and milling [149]. The offsets of the natural quadrics
are also natural quadrics. Implicit quadrics such as ellipsoids, elliptic cones
and elliptic cylinders are commonly found in die cavities and punches and are
manufactured by NC machining [60]. Although Salmon [361] discussed the
offsets of quadrics more than a century ago, this was not widely known in the
CAGD literature until recently. Maekawa [248] showed that self-intersection
curves of offsets of all the implicit quadratic surfaces are planar implicit conics
and their corresponding curve on the progenitor surface can be expressed as
the intersection curve between an ellipsoid, whose semi-axes are proportional
to the offset distance, and the implicit quadratic surfaces themselves.

The equations of implicit quadrics including ellipsoids, hyperboloids of
one and two sheets, elliptic cones, elliptic cylinders and hyperbolic cylinders
can be expressed in a standard form (3.74). In the sequel we assume a < b < ¢
without loss of generality.
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The components &, ¢, Z of the position vector r of the offset of implicit
surface f(z,y,z) = 0 can be expressed as

. _ falz,y,2)
i(z,y,2z) =z + |Vf(a:,y,z)|d (11.30)
" _ fy(z,y,2)
J(@,y,2) =y + 7|V?f(a:,y,z)|d : (11.31)
z — fZ(mayﬂZ)
) S R Gl (1152

where (z,y, 2) satisfy f(z,y,2) =0 and fg, fy, f- are the z, y z components
of Vf(z,y,z). Note that |V f(z,y,z)| is zero at the apex of a cone and in
this case the normal vector is not defined. Substituting (3.74) into (11.30),

(11.31), (11.32) yields
Cxd

Z(z,y,2) =z + = , (11.33)
aﬂ/@ﬁ—i +n2 + 2%
d
@,y 2) =y + 7 , (11.34)
bZ\/CZ-T + n _+_ 62
d
2(z,y,2) =2+ & (11.35)

CQ\/CQz—i +n2g—j +§2§—i

It is obvious from (11.33) to (11.35) that the offsets of implicit quadratic
surfaces in a standard form are symmetric with respect to zy, zz and yz-

planes.
Self-intersection of offsets of implicit surfaces can be formulated by seeking

pairs of distinct points on the progenitor surface (z1,y1,21) # (22, y2, 22) such
that

53(3317211,21) = 53(332,y2,z2) > (11-36)
33(35172/1,2’1) = ?(552,3/2,22) > (11-37)
Z2(z1,y1,21) = 2(x2,y2,22) - (11.38)

Hence using (11.33) to (11.35), the equations for self-intersection reduce to

led C.TQd

= = T2+ = (11.39)
az\/C2Z1 +772y1 +£2% az\/@ z+n2?/z +£2c4
ny1d ny2d
1+ — . — =1+t — 2 — , (11.40)
bQ\/CQa_}1 +n23;1 +€2_}1 b2\/C2a—3+772z2 +§2_§
d d
o+ ta _ =+ S22 — . (11.41)
02\/024_{_772?!1 _‘_52% \/@ 2?!2 +§2_§
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The self-intersection curve of an offset can be considered as a locus of the
center of a sphere, whose radius is the offset distance, rolling on the progenitor
surface with two contact points. Because of the symmetry of the offsets of
implicit quadratic surfaces, the center of rolling sphere must move only on the
planes of symmetry and hence the self-intersection curves are on the planes
of symmetry. In other words, a pair of points (z1,y1,21) and (z2,y2,22) on
the progenitor surface are located symmetrically with respect to yz, xz or
zy-plane and their offsets meet on the yz, xz or xy-plane.

When the offsets self-intersect in the x-direction, the self-intersection
curve will lie on the yz-plane. In such case we can set * = z; = —xo,
Y=y =y 2 =2z = 25 and ( # 0, thus (> = 1 and hence (11.39)
reduces to

2

2y +§2Z — (11.42)

a’ —+77

while (11.40) and (11.41) reduce to identities. Similarly we obtain

2 2 2

bQ\/C 2T y— + 52 = —nd, (11.43)
2 2

02\/< s +n2‘z4 + Z—4 = —¢d, (11.44)

for the y and z-directions respectively. Since all the left hand sides are pos-
itive, the right hand sides —(d, —md and —&d must be also positive. By
referring to Table 3.1, we can easily find the offsetting direction (sign of d)
to have self-intersection. By squaring both hand sides of (11.42) to (11.44),
and summarizing the results of this section we have:

Theorem 11.3.1. The offset of an implicit quadratic surface self-intersects
in x-direction if the progenitor surface intersects the following ellipsoid pro-
vided that the offset distance is taken such that —(d is positive, namely

2 2 2

.z 2 Y 2 _
EP, : 54—7} (%)4d2+§ (5)4d2_1' (11.45)

Similarly the self-intersections in y and z-directions occur if the progenitor
surface intersects the following ellipsoids

EP,: ¢ v y S+ & Z (11.46)
v tE T e T |
2 2
. 2 X 2 y> 7
B Cryptn angt @=L (11.47)
C c

provided that —md and —&d are positive, respectively. The intersection curves
between the progenitor surface and each ellipsoid are the foot point curves of
the self-intersection curves of offsets [248].
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Remark 11.3.1. When one of the coefficients (, n, ¢ is zero, the progenitor
surface reduces to either an elliptic cylinder or hyperbolic cylinder. Also the
three ellipsoids (11.45), (11.46), (11.47) reduce to two elliptic cylinders.

We will not go into the details of quadric-surface intersection problems,
but rather refer to many papers on this problem [232, 233, 366, 104, 442, 267].
Using (3.74), (11.33) to (11.35) and (11.42) to (11.44), it is easy to show that
the self-intersection curves in the z, y and z-directions are implicit conics in
the yz, xz and xy-planes given by

nb2 _ C772a2 ) 662 _ C£2a2 ) 5@2 _ Cd2

(@ —na?2? T =2’ T @ (1148)
Ca® =2 5 &2 —n€?b® ,  Ob? —nd®
-’ Toe—aet = w0 )
C2_§C22 b2—€22 52—£d2
(;2 = Cc2‘;2m2 (nfb? = n"c2c)2y2 = CT . (11.50)

Example 11.3.1. Cylindrical surfaces include elliptic cylinders and hyperbolic
cylinders. Here we will only examine the hyperbolic cylinder with ( = § =1,
n=—-1and £ =0,

22 2

HC: f(a:,y)zﬁ—b—Q—lzo, (11.51)

since the rest of the cases for cylindrical surfaces (see Table 3.1) can be
derived in a similar way. The curvatures of the hyperbolic cylinder (11.51)
based on the curvature sign convention (a) are given in (3.79) and (3.80). For

the curvature sign convention (b), we have

B B —b22? + a2y? B B —b22? + a2y?
K=0, H= ——————5, bmaec =0, fmin=——5 273 >
2a4b4(§—4+g—4)5 a4b4(§—4+3b’—4)5

where (z,y,2) € HC. The extrema of the minimum principal curvature can
be computed by using the Lagrange multiplier technique described in Sect. 8.4
(see (8.89), (8.90)), which yields points (z,y) = (£a,0). The corresponding
minimum principal curvature is fmin(£a,0) = —%.

The three ellipsoids in (11.45), (11.46) and (11.47) reduce to the following
two elliptic cylinders

2 2

T Yy o
FraE =l (11.52)
562 y2
=1, 11.53
(%)4d2 + d2 ( )

Since —(d must be positive to have self-intersection in z-direction (see
(11.42)), d is forced to be negative, while d must be positive to have self-
intersection in y-direction to satisfy —nd > 0 (see (11.43)). Now let us con-
sider the self-intersection in z-direction which is illustrated in Fig. 11.14 (a).
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According to Theorem 11.3.1, hyperbolic cylinder (11.51) must intersect the
elliptic cylinder (11.52) to have self-intersection in the z-direction. It is ap-
parent that these two surfaces will intersect if d < —a, since the minor axis
of the elliptic cylinder is d and hyperbolic cylinder intersects the z-axis at
(£a,0). This self-intersection is due to the global distance function property
(constriction) of the hyperbola. Similarly the self-intersection in y-direction
occurs if d > %, which corresponds to the maximum concave radius of cur-
vature as obtained above.

Figures 11.14 (a) (b) show the cross section of self-intersections of offsets
of a hyperbolic cylinder (with @ = 0.8, b = 1) in z-direction with d = —3
and in y-direction with d = 3. The thick and thin solid lines represent the
hyperbolic cylinder and its offset. The thick dashed dot lines represents the
elliptic cylinders (11.52) and (11.53). Four thin dashed lines emanating from
the intersections points and intersecting at the self-intersection points of the
offset are the vector dn. The four intersection points between the hyperbolic
cylinder (11.51) and elliptic cylinder (11.52) in Fig. 11.14 (a), and the four in-
tersection points between hyperbolic cylinder (11.51) and the elliptic cylinder
(11.53) in Fig. 11.14 (b) are given by

272 1 g4 2 [12 _ 2 2 12 & g2 202 _ ph
ibd+a’ib_d @) ia_\/b+d,i\/ad [
a® +b? aV a®+ b2 bV a2+ b a’® + b?
Figure 11.15 shows the self-intersecting offsets of an elliptic cylinder (with
(=n=1,&=0,a=0.6 and b = 0.8) in the z-direction (a) with d = —0.55

and in the y-direction (b) with d = —0.9. The four intersection points for
both cases are given by

[b2d? — a* b2 a2 — d? a®> [d® —b? (b — a2d?
(i b2 —a?’ i; bz—a2>’ (i? b2 —a?’ * b2—a2>'

Ezample 11.3.2. Consider an ellipsoid (with ( =np =& = § = 1) of the form

2 2 2
Tl E 1=0. (11.54)

EP: f(x7y7z):§ b2 c2

The curvatures based on the curvature sign convention (a) are given in (3.82)
and (3.83). For the curvature sign convention (b) we have

1 SRR JIpE B B B
h= 2322 (22 4 ¥2 4 22 7 B == 2 2 2\ 3
a’*b?c (F+b_4+c_4) 2a2b202(ﬁ—4+§—4+§—4)
(24— — b — 2
po Wty 2 —a éc) (11.56)
2a2b%c? (ﬁ—i%—g—j-#i—i)z

, (11.55)
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Fig. 11.14. Cross sections of self-intersecting offsets of a hyperbolic cylinder
(adapted from [248]): (a) z-direction, (b) y-direction
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Fig. 11.15. Cross sections of self-intersecting offsets of an elliptic cylinder (adapted
from [248]): (a) z-direction, (b) y-direction

\/(a:2+y2+22—az—b2—c2)2—4a2b202 (2—i+z—i+i—j)
+

3
2 2 2\ 2
2a2b2c? (2—4 + 3+ §—4)

where (z,y,z) € EP.

The critical points of both principal curvatures can be obtained by using
the Lagrange multiplier technique described in Sect. 8.4 (see (8.89), (8.90)).
Since we are assuming a < b < ¢, the maximum principal curvature has
a global minimum 33 at (+a,0,0), a local maximum a—bz at (0,£b,0) and a
global maximum -5 at (0,0, ), while the minimum principal curvature has a
global minimum % at (+a,0,0), alocal minimum bz at (0, £b,0) and a global
maximum ;5 at (0 0 +c). Figure 11.16 shows the locatlons of extrema (black

square), umbilics (j:a\/ bzfgi, 0, £cy/ C2 722) white circle), the maximum

principal curvature lines (solid line) and the minimum principal curvature
lines (dotted line).

It is apparent from (11.42) to (11.44) that d must be negative to have
self-intersections in the offset. First we consider the case of self-intersection
in z-direction. The two ellipsoids FP, and EP will not intersect when EP,
is inside EP (|d| < “—62), or EP is inside EP, (|d| > a). This leads to the
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conclusion that EP, and EP intersect if

0,2

—a<d< ——.
c

The magnitude of the upper bound corresponds to the smallest concave ra-
dius of curvature at (0,0, +¢), while the magnitude of the lower bound cor-
responds to the smallest semi-axis. With a similar discussion, we can derive
the conditions for the self-intersection in the y and z-directions as

y-direction: —% <d< —g ,

z-direction: —% <d< —c.
Figure 11.17 shows two ellipsoids EP (with a = 0.6, b = 0.8, ¢ = 1.0)
and EP, ((11.45) with d = —“72:—0.45) which is equal to the maximum
principal radius of curvature at (0, b, 0), intersecting each other. This is a

degenerate intersection of two ellipsoids, consisting of two ellipses, which have
the rational parametrization given by

a? [e2—-1b21—1¢2 2t 2 [b2—a2l1—1¢
Py ol att-Sl S S S S S Lot sl
z(t) b Ve2—a2l+t2’ y(®) 1+ ¢2’ 2(#) bVez—a2l1+¢2°

(11.57)

for —1 <t < 1. The self-intersection curve of the offset in the yz-plane is an
ellipse given by

y? 22

P @—) T @) @=)

a? a?
which is obtained by substituting { = n = ¢ = 6 = 1 into (11.48). Figures
11.18 show the wireframe of the ellipsoid E P, the intersection curves of two
ellipsoids (two ellipses) and pairs of vectors dn emanating from the intersec-
tion curves and intersecting in the yz-plane from two different view points.
The locus of these intersecting points in (a) is the ellipse (11.58).

1, (11.58)

Ezample 11.3.3. Consider an elliptic cone (( =n =1, =—1and § = 0) of
the form
22 2 22
EC: f(:r,y,z):§+b—2—c—2:0. (11.59)
The curvatures of the elliptic cone (11.59) based on the curvature sign con-
vention (a) are given in (3.85) and (3.86). For the sign convention (b) they

are

2 2 2
K=0, H= St s — (11.60)
2 2
2a2b2¢? (z—i + &+ i—i)
2 +y? + 22
Fomas = y R (11.61)

Wlw

2 2 2
a2b?c? (2—4 + &+ §—4)
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Fig. 11.16. Locations of extrema of principal curvatures (black square), umbilics
(white circle) and line of curvatures of ellipsoid (a=0.6, b=0.8, c=1.0) (adapted
from [248])

where (z,y, z) € EC except at the apex (0,0,0).

Since the Gaussian curvature is zero everywhere, the elliptic cone is a
developable surface and hence the minimum principal curvature lines are in
the ruling direction (see Sect. 9.7.1). The maximum principal curvature lines,
which are orthogonal to the minimum principal curvature lines, are thus or-
thogonal to the ruling directions. Therefore as a point on a ruling approaches
the apex, the maximum principal curvature monotonically increases and will
become infinite at the apex.

It is apparent from (11.42) to (11.44) that the offset of the elliptic cone
self-intersects in the x and y-directions if the offset distance d is negative,
while it self-intersects in the z-direction if the offset distance d is positive.
Unlike the case for ellipsoids, all the three ellipsoids intersect with the elliptic
cone for all nonzero d, provided the correct sign is chosen. This observation
agrees with the result that the maximum principal curvature has an infinite
value at the apex.

Figure 11.19 (a) shows the elliptic cone EC (a=0.6, b=0.8 and ¢=1.0)
intersecting the EP, (d=-0.45). The self-intersection curve in the yz-plane is
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Fig. 11.17. Two intersecting ellipsoids (adapted from [248]): intersection curves,

which comprise of two ellipses, represent the footpoint curve of the self-intersection
curve of offset of ellipsoid

given by setting ( =n =1, { = —1 and § = 0 into (11.48)

Y 22
“T—aE tEeeE - b (11.62)
a? a2

which is a hyperbola. Figure 11.19 (b) shows the wireframe of the elliptic
cone EC, the intersection curves of EC and EP, and pairs of vectors dn
emanating from the intersection curves and intersecting in the yz-plane. The
locus of these intersecting points is the hyperbola (11.62).

Theorem 11.3.1 provides a generalized method for obtaining the self-
intersection curves of offsets and the corresponding foot point curves on the
progenitor implicit quadratic surfaces. The theorem is useful for tool path
generation for NC machining and other engineering applications.

11.3.4 Self-intersection of offsets of explicit quadratic surfaces

Although offset surfaces are widely used in various engineering applications,
their degenerating mechanism is not well known in a quantitative manner. We
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Fig. 11.18. Wireframe of the ellipsoid EP, the intersection curves of two ellipsoids
(two ellipses) and pairs of vectors dn emanating from the intersection curves and
intersecting on the self-intersection curves, adapted from [248]: (a) view parallel to
the yz-plane, (b) view parallel to the xzz-plane

have seen in Sect. 8.3, that any regular surface can be locally approximated
in the neighborhood of a point P by an explicit quadratic surface of the form

r(a,9) = 1,9, (aa® + 5] (11.63)

to the second order where —a and —f are the principal curvatures at point
P. The minus signs are consistent with curvature sign convention (b). There-
fore investigations of the self-intersection mechanisms of the offsets of explicit
quadratic surfaces due to differential geometry properties lead to an under-
standing of the self-intersecting mechanisms of offsets of regular parametric
surfaces.

In the sequel we assume d > 0, 8 > 0 and a < 8 without loss of generality.
According to this assumption the surface is a hyperbolic paraboloid when
a < 0, an elliptic paraboloid when 0 < a < 3, a paraboloid of revolution
when 0 < a = (3, and a parabolic cylinder when a = 0 as illustrated in Fig.
8.9. The paraboloid of revolution and the parabolic cylinder can be considered
as degenerate cases of the elliptic paraboloid. When a = f, the principal
direction is not defined and the point (0,0,0) will become an umbilic. If «
and 3 vanish at the same time, the surface is part of a plane, and we do not
investigate such cases.
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Fig. 11.19. (a) Intersection between EC (a = 0.6, b = 0.8, ¢ = 1.0) and EP,
(d = —%-=-0.45), (b) wireframe of the elliptic cone EC, the intersection curves of

EC and EP, and pairs of vectors dn emanating from the intersection curves and
intersecting on the self-intersection curves (adapted from [248])

In the case for offsets of explicit quadratic surfaces, there are no self-
intersections due to global distance function properties [26], thus if d > 0
the maximum absolute value of the negative minimum principal curvature
determines the largest offset d without degeneracy. The largest magnitude
of offset distance without degeneracy is called the maximum offset distance
|dimaz|. In Sect. 8.3 we discussed how to find the global minimum of the
minimum principal curvature of explicit quadratic surfaces.

Due to Lemma 8.3.1 the global minimum of the minimum principal cur-
vature of the explicit quadratic surface occurs at the origin, except for a
parabolic cylinder ((11.63) with @=0) which has minima along the z-axis
with curvature value k.,,;, = —f, and hence the maximum offset distance
is determined to be |dpqez| = % If the offset distance exceeds %, the offset

starts to degenerate from the point (0,0, %) on the offset surface except for
a parabolic cylinder progenitor, where the offset starts to degenerate along
the line (z,0, %)

Substitution of the expression of the offset of the explicit quadratic surface
(11.63)
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d

/1 + CK2£L’2 + 52y2

[—Cll‘, _ﬁya l]T )

(11.64)

i(z,y) = [z,y, %(wf" + 8" +

into (11.29) yields a vector equation for the self-intersection curve of such
offset. The z, y and z components of this vector equation are given by

o — agd —u— aud , (11.65)
/1 + CK2U2 + ﬁ2t2 /1 + a2u2 + ﬁ2v2
Btd Bud
_ —v— ,

/1 + CK2U2 + ﬁ2t2 /1 + a2u2 + ﬁ2v2
1 d 1 d
—(ac? + Bt%) + = —(au® + Bv?) + )
2 V1+a202 + 622 2 1+ a2u? + 322

The self-intersection curve of an offset can be considered as the locus of the
center of a sphere, whose radius is the offset distance, rolling on the progenitor
surface with two contact points. It is evident from (11.64) that the offsets of
explicit quadratic surfaces are symmetric with respect to xz and yz planes.
Because of the symmetry of the offsets of explicit quadratic surfaces, the
center of the rolling sphere must move only on the planes of symmetry and
hence the self-intersection curves are on the plane of symmetry. Therefore we
can set 0 = —w and ¢ = v in (11.65). The y and z components will only result
in identities, while the  component results in

V1+a202 + B2 = ad , (11.66)

where the trivial solution ¢ = u = 0 is excluded. Similarly, we can set ¢ = u
and ¢ = —v in the (11.65). The = and z components will only result in
identities, while the y component results in

V1+ o202+ 322 = 3d, (11.67)

where the trivial solution ¢ = v = 0 is excluded. Therefore (11.65) have been
reduced to two uncoupled equations in o and t. Next we give a useful theo-
rem for evaluating the self-intersection curves of offsets of explicit quadratic
surfaces (11.63) and their corresponding planar curve in the xy-plane, i.e.
pre-image of the self-intersection curve. In this theorem we assume that the
z and y axes are taken as the directions of maximum and minimum principal
curvatures.

Theorem 11.3.2. The self-intersection curves of offsets of the explicit quadratic
surfaces r(x,y) = [z,y, %(cwl:2 + By*)]T and their pre-images in the xy-plane
are as follows [247]:
1. An offset of a hyperbolic paraboloid (o < 0 < ) self-intersects only in
the y-direction when % < d. The resulting self-intersection curve is a

parabola given by



334 11. Offset Curves and Surfaces

PO m2+(6d)2+1,y:0, (11.68)

2(8 — o) 20

b —a 08—«
where — o (Bd)? —1<z< o V(Bd)? -1,

and its pre-image in the xy-plane is an ellipse when |a| # B or a circle
when |a| = B, (see Fig. 11.21 (a)) given by

1.2 y2

(E=) ()

(11.69)

[e%

2. An offset of an elliptic paraboloid (0 < a < [8) self-intersects only in the

y-direction when % <d< é and self-intersects in both x and y-directions

when é < d. The self-intersection curve which self-intersects in the y-

direction is a parabola (see Fig. 11.20) given by (11.68) and its pre-image
in the xy-plane is an ellipse (see Figs. 11.20, 11.21 (b)) given by (11.69).
The self-intersection curve which self-intersects in the x-direction is also
a parabola given by

o 2, (ad)?+1

= = 11.
z 2(a—ﬁ)y + 5 ¢ 0, (11.70)

where —aa—_ﬂﬂ (ad)Q—lgygaa—_ﬁﬂ\/(adP—l,

and its pre-image in the xy-plane is an ellipse (see Figs. 11.21 (c), (d))
given by

2 y?
5 + 5 = (11.71)
(,/(ad)21> <,/(ad)21>
v yer—
3. An offset of a paraboloid of revolution (0 < a = () self-intersects in
all directions, when % = é < d. The self-intersection curve is a point

(0,0,%), and its pre-image in the xy-plane is a circle (see Fig.

11.21 (e)) given by

2
d)? -1
22 P = NACD . (11.72)
g
4. An offset of a parabolic cylinder (o = 0 < ) self-intersects only in the
y-direction when £ < d. The resulting self-intersection curve is a straight
line in the xz-plane

ZZM y=0, (11.73)

28
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and its pre-image in the vy-plane (see Fig. 11.21 (f)) are two straight
lines given by

(11.74)

Proof:

Case (1): Since « is negative for the hyperbolic paraboloid and we are assum-
ing d > 0 and the left hand side of (11.66) is always positive, this equation
cannot be used to derive the self-intersection curve. This implies that the
offset of a hyperbolic paraboloid does not self-intersect in the z-direction
(maximum principal direction). However, we can use (11.67) to derive the
self-intersection curve in the y-direction (minimum principal direction). Upon
squaring and replacing o by z and t by y we obtain

?z? 4+ B2y = (Bd)? — 1. (11.75)

This equation describes an ellipse in the zy-plane and is equivalent to (11.69).
Since the left hand side of (11.75) is always positive, the equation is only valid

when % < d. This indicates that there is no self-intersection unless the offset

distance exceeds the maximum offset distance |d,q.| = % Now we can obtain
the self-intersection curve in the zz-plane by mapping the ellipse in zy-plane
(see (11.75)) into the 3-D coordinates using (11.64), resulting in:

[i(z,y), §(x,), 2(z,y)]"

t(z,y) = :
o (S : {a(8 - a)z? + (Bd)® +1}]", (11.76)

s ' 28
where —7@)2_1 <z< 7”5?2_1. The range of parameter x comes from

(11.75). If we eliminate the parameter  from (11.76) and replace Z by z and
Z by z, we obtain the same result as (11.68).

Case (2): Since « is positive for the elliptic paraboloid, both (11.66),
(11.67) can be used to obtain the self-intersection curves in the zy-plane.
This implies that the offset of an elliptic paraboloid may self-intersect in both
principal directions. Since we have already derived the equation from (11.67),
we derive another equation from (11.66). Upon squaring and replacing o by
z and t by y we obtain

o’z + 32y? = (ad)® -1, (11.77)

which is equivalent to (11.71). Also this equation is only valid when 1 < d.
The self-intersection curve in 3-D coordinates can easily be obtained in a
similar manner with Case (1).

Case (3): If we set & = 8 in (11.75) and (11.77), both equations reduce
to (11.72). Also if we set & = 8 in (11.76), the parabola reduces to the point

(0,0, BY4).
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Case (4): Since « is zero for the parabolic cylinder, (11.66) is not valid.
Thus we set o = 0 in (11.67) and replacing ¢ by y we obtain 3?y? = (3d)%? -1,
which is equivalent to (11.74). The self-intersection curve in three dimensional
coordinates can easily be obtained in a similar manner with Case (1). 1

Note that the self-intersection curve of the offset of an elliptic paraboloid
(when § < d < 7) has a positive quadratic term, while those of a hyperbolic

paraboloid and an elliptic paraboloid (when é < d) have negative quadratic
terms.

Example 11.3.4. Consider an elliptic paraboloid z = %(23}2 +4y?) with offset

distance d = 0.3. Since 5 = 3 < d = 0.3 < 5 = _, the offset surface self-

intersects only in the y-direction. The self-intersection curve is z = 222+0.305
(dashed line in Fig. 11.20) and its pre-image in the xy-plane is 0“_”% +% =1
(solid line in Fig. 11.20). The dot dashed line in this figure illustrates the set
of footpoints of the self-intersection curve on the progenitor surface. A pair
of thin solid straight lines emanating from two distinct points on the surface
r(o,t), r(u,v) and intersecting along the parabola are the pairs of vectors

dN(o,t) and dN(u,v).

Fig. 11.20. Self-intersection curves of an offset of elliptic paraboloid (o = 2, 3 = 4)
with d = 0.3 (adapted from [247])

To illustrate Theorem 11.3.2, we plot pre-images of the self-intersection
curves along with ridge curves in the xy-plane for the hyperbolic paraboloid
(e = =2, 8 =2,d = 0.6), the elliptic paraboloids (o = 1.75, 8 = 2, d = 0.55),
(a =1.75, 8 =2,d = 0.6) and (a = 1.75, 8 = 2, d = 0.65), the paraboloid
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(¢ =b=2,d=0.6) and the parabolic cylinder (a« =0, 8 = 2, d = 0.6) as
depicted in Figs. 11.21 (a) to (f).

It is interesting to note that when the progenitor surface is a hyperbolic
paraboloid or an elliptic paraboloid (see Fig. 11.21 (a) to (d)), the pre-images
of the self-intersection curve of its offset which self-intersects in the y-direction
and the ridge curve Kmin(z,y) = —1 always intersect tangentially at y =
0. The pre-image of the self-intersection curve of the offset of an elliptic
paraboloid (see Fig. 11.21 (c¢)), which self-intersects in x-direction, and the
ridge curve Kpaz(x,y) = —% intersect tangentially at z = 0, when the two
ridge curves intersect with the y-axis within the two umbilics. Whereas when
the two ridge curves intersect the y-axis outside the two umbilics (see Fig.
11.21 (d)), the pre-images of the self-intersection curve and the ridge curve
Kmin(7,y) = —3 intersect tangentially at « = 0.

It is apparent from (11.21) that the direction of the normal vector of the
offset surface is opposite to that of the progenitor surface inside the loop of
Kmin(T,y) = —3 (dashed line) in the absence of the loop of Kz (T,y) = —3
(see Figs. 11.21 (a), (b), (e)), and the regions between outside the loop of
Kmaz (7,y) = —5 (dot dot dashed line) and inside the 1oop of Kpin (z,y) = —3
(see Figs. 11.21 (c), (d)), while the direction is the same within the loop of
Kmaz(2,y) = —% (see Figs. 11.21 (c), (d)).

Figures 11.22, 11.23 and 11.24 show self-intersecting offset surfaces, self-
intersection and ridge curves in 3-D space and the trimmed offset surface of
a hyperbolic paraboloid (o = —2, 8 = 2, d = 0.6), an elliptic paraboloid
( = 1.75, B = 2, d = 0.6) and an elliptic paraboloid (a« = 1.75, 8 = 2,
d = 0.65), respectively.

Figure 11.25 illustrates the self-intersections of the offset of a bicubic
Bézier surface patch. Figure 11.25 (a) shows the pre-images of the self-
intersection curve in the parameter domain. The thick line represents the
numerically traced self-intersection curve, while the thin line represents the
ellipses of (11.69), (11.71), which are in quite good agreement. The same bul-
let symbols are mapped to the same locations on the offset surface. Figure
11.25 (b) shows the mapping of the self-intersection curves in the parameter
domain onto the progenitor surface. Finally, Fig. 11.25 (¢) shows the offset
surface with its self-intersections.

11.3.5 Self-intersection of offsets of polynomial parametric surface
patches

For parametric surface patches r(u,v) = (z(u,v), y(u,v), z(u,v))?, the unit

normal vector of a regular surface (3.3) in terms of components is given by

(YuZv = YoZus ToZu = TuZv, Tulfy — Tuyu)”

V(Wuze — Yozu)? + (@20 — Tu20)? + (TuYo — ToYu)?

<Nx(u,v) Ny (u,v) Nz(u,v)>T (11.78)
S(u,v) * S(u,v) " S(u,v) ’ ’

N(u,v) =
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Fig. 11.21. Pre-images of self-intersection curves and ridge curves of offsets of
explicit quadratic surfaces (adapted from [247]). The solid lines correspond to pre-
images of the self-intersection curves for self-intersection in the y-direction. The
dashed lines correspond t0 Kmin(Z,y) = —é. The dot dashed lines correspond to
pre-images of the self-intersection curves for self-intersection in the z-direction. The
dot dot dashed lines correspond t0 Kmaz (2,y) = —%. Symbols x and  represent the
locations of generic lemon type umbilics and non-generic umbilics, respectively. (a)
Hyperbolic paraboloid (o = —2, 8 = 2, d = 0.6), (b) elliptic paraboloid (a = 1.75,
B =2,d = 0.55), (c) elliptic paraboloid (o« = 1.75, 8 = 2, d = 0.6), (d) elliptic
paraboloid (a = 1.75, 8 = 2, d = 0.65), (e) paraboloid of revolution (a = 3 = 2,

d = 0.6), (f) parabolic cylinder (&« =0, 8 =2, d = 0.6)
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Fig. 11.22. Self-intersecting offset surface (top), region bounded by self-
intersection curve (middle) and trimmed offset surface (bottom) of a hyperbolic
paraboloid z = 1(—22° + 2y°) with d = 0.6 (adapted from [247])

where N;, N, and N denote the z, y and z components of r, x r, and
S = |r, X ry|. Consequently the vector equation for self-intersections (11.29)
becomes

NI(O',t) _ NI(U)U)
z(o,t) +md_a:(u,v)+ md, (11.79)
Ny(o,t) , Ny(u,v)
y(a,t)+md_y(u,v)+md, (11.80)
N.(o,t) , N.(u,v)
Z(U,t)+md—z(u,v)+md, (1181)

which is an underconstrained system with three equations with four un-
knowns o, t, u, v.

We can easily trace any self-intersection curve branch if the pre-image
of that branch in at least one of the parametric domains starts from the
parametric domain boundary as depicted in Fig. 11.26 (a). The same symbols
in ot and wv-parameter spaces are the corresponding pairs of points which
give the self-intersection. It is more difficult to find starting points for tracing
self-intersection curves, when the self-intersections curves are closed in both
parametric domains as illustrated in Fig. 11.26 (b). This may occur due to
local differential geometry properties and global distance function properties
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Fig. 11.23. Self-intersecting offset surface (top), region bounded by self-
intersection curves (middle) and trimmed offset surface (bottom) of elliptic
paraboloid z = £ (1.752” + 2y”) with d = 0.6 (adapted from [247))

of the progenitor surface. The first case occurs in the vicinity of extrema of
principal curvatures in a concave region, when the offset distance exceeds
the smallest radius of curvature [252]. The second case occurs in the vicinity
of a pair of collinear normal points whose distance is equal or smaller than
twice the offset distance. If the surface is conceptually subdivided along an
iso-parametric line which contains the local extrema of principal curvature
in the concave region (whose radius of curvature is smaller than the absolute
offset distance |d|) or the collinear normal points whose distance is equal or
smaller than twice the offset distance, then each sub-patch will contain simple
self-intersection branches without loops.

Therefore after this subdivision process, we can find all the starting points
for tracing self-intersection curves of an offset surface along iso-parametric
lines made up of the boundary of all subdomains. Since we can fix one of
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Fig. 11.24. Self-intersecting offset surface (top), region bounded by self-
intersection curves (middle) and trimmed offset surface (bottom) of elliptic
paraboloid z = £ (1.752” + 2y*) with d = 0.65 (adapted from [247])

the four variables (o, t, u, v), the vector equation (11.29) reduces to three
equations with three unknowns.

Let us assume that the input curve is a Bézier patch. Then the system
(11.79), (11.80), (11.81) reduces to three simultaneous trivariate irrational
equations involving polynomials and square root of polynomials. We can re-
place the square root of polynomials S(o,t) and S(u,v) by auxiliary variables
n and ¢ such that n?> = S%(o,t) and ¢ = S?(u,v). Consequently, the above
system can be reduced to a nonlinear polynomial system consisting of five
equations with five unknowns as follows:

0Ca(0,) — 2(,0)] + dICN (0, ) — N, (w,0)] =0, (11.82)
n¢ly(o,t) —y(u,v)] + d[CNy(o, 1) =Ny (u,v)] =0,  (11.83)
n¢[z(o,t) — z(u,v)] + d[(N.(0,t) — N (u,v)] =0, (11.84)
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Fig. 11.25. Self-intersections curves of the offset of a bicubic surface patch when
d=0.75 (adapted from [252]): (a) pre-images of the self-intersection curve in param-
eter domain, where the same bullet symbols are mapped to the same locations in
the offset surface, (b) a set of footpoints of self-intersection curves on the progenitor
surface, (c) the offset surface with self-intersections
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Fig. 11.26. Self-intersection curves in parameter space where the same symbols
are mapped to the same locations in the offset surface (adapted from [252])

n* — N;(o,t) — Nj(o,t) — NZ(0,t) =0, (11.85)
¢ —Ng(u,v)—Nj(u,v) - NZ(u,v) =0. (11.86)

This system can be solved by the IPP method introduced in Chap. 4. Since
0 = u, t = v are trivial solutions, we must exclude them from the system,
otherwise a Bernstein subdivision-based IPP algorithm would attempt to
solve for an infinite number of roots.

A similar problem for the self-intersections of a normal offset of a planar
polynomial curve has been treated in [253] by dividing out the common factor.
However, for the surface case we cannot divide out these factors from the
system directly, since terms z(o,t) — z(u,v), y(o,t) — y(u,v) and z(o,t) —
z(u,v) do not necessarily exactly involve the factors o — u and ¢ — v. Thus,
the polynomial system is first solved by the Bernstein subdivision-based IPP
solver with a coarse accuracy (e.g. 1071 ~ 1072). The two rectangular sub-
patches on the surface for each set of roots using the de Casteljau subdivision
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algorithm are extracted. Then the normal rectangular pyramids [207, 208,
381], which bound normal vectors of Bézier patches, are constructed [252] and
their apexes are translated to the origin. If the two pyramids intersect, the
associated parameter boxes are considered as representing trivial roots and
excluded from the list of roots. Figures 11.27 illustrate such non-intersecting
and intersecting normal pyramids. Finally we restart the IPP solver with
boxes that include the solutions but now requiring high accuracy (e.g. 107%).

When the input surface is a B-spline surface patch, we can split it into
Bézier surface patches by the knot insertion algorithm [34, 63, 313]. In such
cases we must check the intersections among the offsets of different split
patches, where we do not need to worry about trivial solutions. Wang [439]
computed intersection curves of offsets of two parametric surface patches
using the orthogonal projection of the intersection curves onto the progenitor
surfaces.

N

(a) (b)

Fig. 11.27. Normal pyramids: (a) two non-intersecting normal pyramids, (b) two
intersecting normal pyramids (adapted from [252])

11.3.6 Tracing of self-intersection curves

Differential equations for tracing self-intersection curves of an offset surface
were first derived by Aomura and Uehara [11]. They are formulated such
that the self-intersection curve is arc length parametrized in the parameter
domain of the progenitor surface. Here we derive a set of ordinary differential



346 11. Offset Curves and Surfaces

equations following the method we introduced in Sect. 5.8.2 for tracing the
surface to surface intersection curves. The tracing direction coincides with
the tangential direction of the self-intersection curve ¢(s) of the offset surface
which is perpendicular to the two normal vectors at the corresponding foot
points on the progenitor surfaces r(o,t) and r(u,v) where (o,t) # (u,v).
Therefore, the tracing direction can be obtained as follows:

S(o,t) x S(u,v)

¢'(s) = 11.
) = 80,0 xS0 .
where S(o,t) and S(u,v) are the normal vectors
S(u,v) =1y X1y, (11.88)

evaluated at r(o,t) and r(u,v) where (o,t) # (u,v) and |S(o,t) x S(u,v)| #
0. The normalization of the tangent vector forces ¢(s) to be arc length
parametrized in R2.

The self-intersection curve of an offset surface can be also viewed as a
curve on the offset surface. If we denote the pair of the self-intersection curves
in the parameter domain of the progenitor surface as u = o(s), v = t(s) and
u = u(s), v = v(s), where s denotes the arc length on the offset surface, then
the self-intersection curve on the offset can be expressed as

r =¢(s) =1(o(s),t(s)) = t(u(s),v(s)) . (11.89)

We can derive the unit tangent vector of the self-intersection curve as a curve
on the offset surface using the chain rule as:

u(0(8),t(8))0’ + 1y (a(s),t(s))t, (11.90)
w(u(s),v(s))u’ + £y (u(s),v(s))v . (11.91)

Since we know the unit tangent vector of the intersection curve from
(11.87), we can find o’ and ¢’ as well as u’ and v’ by taking the dot product
of both sides of (11.90) with £,(c(s),t(s)) and £,(o(s),#(s)) and of (11.91)
with £, (u(s),v(s)) and ¥, (u(s),v(s)), which leads to linear systems in o',
t" and u', v'. The solutions to the two linear systems have the same form
except that they are evaluated at different parameter values (o(s),t(s)) and
(u(s),v(s)). Using the relation between N and N (11.19), the ordinary dif-
ferential equations for tracing the self-intersection curve of an offset surface
are given by

det(¢', Ty, S)
o = , 11.92
S?(1+2Hd + Kd?) (, (4 4(s) ( )
v det(ty, ¢, S)
S*(1+2Hd + Kd®) () 4(5))

(11.93)
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det(é' f'v S)
. s 11.94
YT SRA A 2HA+ KP) 4y 0 o

det (i, ¢, S)
. e _ 11.95
U TSP A A 2HA+ KP) () (e o

Figure 11.28 illustrates the global self-intersection of an offset without
loops. As depicted in Fig. 11.28 the surface has a global constriction between
two corner points and the offset surface self-intersects globally without any
internal loops. The self-intersection curves can be traced by starting at the
surface boundary.

The next example, in Fig. 11.29, shows global self-intersection with loops.
The surface also has 4 pairs of collinear normal point with distances 0.3757,
0.3945, 0.1367, 0.3757. Therefore if the magnitude of the offset distance ex-
ceeds %, two self-intersection loops start to grow in the parameter domain
enclosing the pair of collinear normal points whose distance in R? is 0.1367
[252].

11.3.7 Approximations

Farouki [94] studied the problem of computing approximate offsets of general
parametric surfaces. His method involves finding the unique bicubic Hermite
interpolant surface that has the exact position, slopes and cross-derivatives
as the exact offset surface at the corners of some quadrilateral subdomain
of the surface being offset. The accuracy of the offset is then increased by
decreasing the size of the subdomain chosen. A uniform subdivision methods
is implemented, although a nonuniform subdivision can be formulated to
enhance the efficiency.

Patrikalakis and Prakash [300] addressed the representation of plates
within the framework of the boundary representation method in a solid mod-
eling environment (see Figure 11.5). Plates are defined as the volume bounded
by a progenitor surface, its offset surface and ruled surfaces for the sides.
Offset surfaces of rational B-spline/Bézier surfaces cannot in general be rep-
resented exactly within the same class of functions describing the progenitor
surface. Therefore, if the offset is to be represented in the same form as the
progenitor surface, approximation is required. Such approximation assists in
integrating offsets in a NURBS-based modeler (at least in an approximate
sense).

The steps of the approximation algorithm in [300] are summarized below.

1. Let R be a progenitor rational B-spline surface with control vertices p;;,
weights w;; >0 and two knot vectors U and V associated with each
parameter u and v.

2. Offset each vertex of the control polyhedron by a distance d along the
normal vector given by (see Fig. 11.30)
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@

(b)
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Fig. 11.28. Self-intersection curves of the offset of a bicubic surface patch when
d=0.09 (adapted from [252]): (a) pre-images of the self-intersection curves in pa-
rameter domain where the same symbols are mapped to the same points in the
offset surface, (b) the mapping of the self-intersection curves in the parameter do-
main onto the progenitor surface, (c) the offset surface and the self-intersection
curve
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Fig. 11.29. Self-intersection curves of the offset of a bisextic surface patch when
d=-0.08 (adapted from [252]): (a) pre-images of the self-intersection curves in pa-
rameter domain where the same symbols are mapped to the same points in the
offset surface, (b) the mapping of the self-intersection curves in the parameter do-
main onto the progenitor surface, (c) the offset surface and the self-intersection
curve
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8
1
N;j = 3 kz:;nk , (11.96)

so that the offset control point is given by

, (11.97)
|NG |

Pij =Pij +d
where ny are unit normal vectors on the triangular facets of the control
polyhedron around P;; as in Fig. 11.30. Then the approximated offset R
is defined by f)ij, Wij, U and V.

Check deviation of the approximate offset with the true offset for every
(us,v5) € U x V. If it is good at all points, the checking proceeds to the
next stage. If it is not good at some point, then new knots are added
at left and right midspans of both the u and v-directions. Knots are not
added at those points where a new knot has been currently added to avoid
unnecessary knots that could, possibly, lower the order of continuity. In
the second stage, the surface is further checked progressively at its v and
v midspans, one-third spans, etc., to some prespecified level of interior
checking. A new u and v knot is added at places where the check fails. If
the check passes at all points, the approximate offset is considered good
enough.

Evaluate a new control polyhedron corresponding to the finer knot vector
using the Oslo algorithm [63] and go back to step 2.

8
Nj = (18)%Z n,  Fig. 11.30. Offset surface ap-
k=1 proximation (adapted from [300])

An alternate way to compute offsets of NURBS curves and surfaces was

addressed by Piegl and Tiller [315]. The approach consists of four steps: 1)
recognition of special curves such as a straight line or a circle, and special
surfaces such as a plane, a surface of revolution (sphere, torus, cone, cylinder)
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or a general surface of revolution, or a ruled surface which in special cases can
be an extrusion; 2) sampling of the offset curve or surface based on bounds
on second derivatives; 3) interpolation of these points by B-spline curves and
surfaces; 4) removal of all extraneous knots so that the error does not exceed
the tolerance.

11.4 Pythagorean hodograph

11.4.1 Curves

Farouki and Sakkalis [108] introduced a class of special planar polynomial
curves called Pythagorean hodograph (PH) curves r(t) = (z(t),y(t))”, whose
hodograph (derivative) components #(t), y(t) and a polynomial 7(¢) form a
Pythagorean triple @2 (¢) +y2(t) = 72(t). Thus, the PH curve has polynomial
parametric speed 7(t); accordingly its offset is a rational curve and its arc
length is a polynomial function s(t) of the parameter ¢. The Pythagorean
condition is satisfied by

(1) = (a*(t) = b°(1))e(t), 9(t) = 2a(t)b(t)e(t), 7(t) = (a*(t) + b°(t))e(t) ,
(11.98)

where a(t), b(t) and c(t) are polynomials satisfying GC'D(a,b) = 1 and
mazx(deg(a),deg(b)) > 1 [108, 114] where GCD denotes greatest common
divisor. This condition is only a sufficient condition for a polynomial curve to
have rational offset. For most applications ¢(t) is chosen to be 1. The lowest
degree PH curve occurs when the polynomials a(t) and b(t) are linear and
thus from (11.98) its degree is cubic. However, the resulting PH curve cannot
possess an inflection point and hence is not practical. When a(t) and b(t) are
quadratic, the PH curve will be a quintic and is the lowest degree curve to
have enough flexibility for practical use. The PH quintics can inflect and can
interpolate arbitrary first-order Hermite data [103]. The degree of the offset
is 2m — 1 for a degree m PH curve. Therefore, the lowest degree of the offset
of a PH curve for practical use is nine.

Farouki and Shah [112] developed a real-time CNC' interpolator for PH
curves using the fact that the arc length s(t) of a PH curve is a polynomial
function. As a consequence the generation of reference points along a PH
curve is reduced to a sequence of polynomial rootfinding problems.

The planar PH curves can be easily generalized to space PH curves [110]
by setting the four real polynomials a(t), b(t), ¢(t), e(t) in the form

&(t) = (a®(t) — b°(t) — S (8)e(t), 9(t) = 2a(t)b(t)e(t), 2(t) = 2a(t)c(t)e(t)
(11.99)

which leads to a polynomial parametric speed 7(t) = (a(t)+b>(t)+c>(t))e(t).
A more thorough review of PH curves can be found in [114].
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Pottmann [323] generalized the concept of PH curves to the full class of
rational curves with rational offsets, by utilizing the projective dual repre-
sentation. A rational planar curve is obtained as the envelope of its tangent
line which is described as

g(t) 1 ng(t)x + ny(t)y = h(t), (11.100)

where h(t) is the signed distance of the tangent line ¢g(t) from the origin and
is a rational function. The vector (n;(t),n,(t))? is a rational unit normal of
the tangent line g(t) and is given by

2a(t)b(t) _a®(t) — b2(¢)

ng(t) = 20 + 20 ny(t) = e (11.101)

where (11.98) is used so that the unit normal vector becomes rational. The
envelope of the one-parameter family of g(t) can be obtained by solving a
linear system consisting of (11.100) and its derivative §(t) for z and y as a
function of ¢, resulting in:

(o(t), (1)) = (% V’%) , (11.102)

where
X = 2ab(ab — ab)ef — %(a‘* WY Ef —ef)

Y = (a® — b?)(ab — ab)ef + ab(a® + b*)(ef — ef) ,
W = (a® + b*)(ab— ab) f* . (11.103)

Here the rational function h(t) is replaced by % The offset to (11.102) is
obtained by simply replacing h(t) by h(t) + d or equivalently e(t) by e(t) +
f(t)d, and thus the degree of the offset remains the same as that of (11.102),
which is an advantage over PH curves. The rational Bézier representation
can be easily derived by prescribing the polynomials a(t), b(t), e(t) and f(t)
and expressing the resulting polynomials X, Y and W in Bernstein form.

The form of (11.102) and (11.103) becomes simpler if the dual Bézier
representation is used [323]. A plane dual Bézier curve is defined by a family
of tangent lines which has the form

U(t) = (uo(t);ur (t);ua(t)” = Z U;Bi (1), (11.104)

where U; are the Bézier lines (constant line vectors) and B; ,(t) is the i-th
Bernstein polynomial of degree n. A line vector U = (u,;u1;u2)? determines
a straight line u, + u1x + w2y = 0. From the homogeneous representation of
(11.100) in the form, u,W 4+u1 X +u2Y = 0, the dual representation in terms
of projective geometry is given by
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Up :up s = —(a® + b )e : 2abf : (a® — B2 f . (11.105)

When f has a factor a® + b2, there exists a common divisor in the dual
representation, thus it is convenient to set f = (a? + b%)p which leads to

Uo iUy Uy = —e : 2abp : (a® — b*)p . (11.106)

The control lines U; in (11.104) are easily obtained by expressing (11.106) in
Bernstein form.

Lii [237] showed that the offset to a parabola is rational; its singular point
at infinity was studied by Farouki and Sederberg [111]. In [237] Li proved
that although the offset (to a parabola) is not rational in the parameter
t, it may be expressed as a rational form in a new parameter, say u, via a
parameter transformation. The reparametrizing function ¢ = ¢(u) is a rational
function of the form ¢ = @ where f(u) is a quadratic polynomial in u.
The transformed curve Z(u) = z(t(u)), y(u) = y(t(u)) is not parametrized
properly, since there are two values of u, which are the roots of the quadratic
equation f(u) — tu = 0, for each corresponding point (z,y) = (z(t),y(t)).
While the curve r(u) is traced twice in opposite directions as u increases
from —oo to 0 and from 0 to +oo, r(u) + n(u)d defines a two-sided offset, i.e.
the inward offset for u < 0 and the outward offset for u > 0. The resulting
rational curve is of degree 6. Lii [238] further derives a necessary and sufficient
condition for a polynomial or more generally rational planar parametric curve
to have rational parametric speed.

11.4.2 Surfaces

Pottmann [323] applied the same principle of the rational curve with rational
offsets to the rational surface with rational offsets. While the tangent lines
are used in the curve case, a two-parametric set of tangent planes

g(u,v) : Ny(u,v)x + Ny(u,v)y + N.(u,v)z = h(u,v),  (11.107)

is used for the surface, where (N, N,,, N;)T is a rational unit normal of the
tangent plane and h(u,v) is a rational distance function from the origin. The
rest of the discussions are analogous to the curve case.

A developable surface has a constant tangent plane along a generator.
Therefore its tangent plane depends on only one parameter, say u. In other
words, a developable surface can be considered as the envelope of a one
parameter family of planes g(u). The cross product of the normal vectors of
the two planes g(u) and g(u) provides a vector of the generator at parameter
u. An explicit representation of rational developable surfaces with rational
offsets has also been given in [323].

Li [239] studied the rationality of offsets of quadrics. The key idea is to
transform the problem of rational offsets of quadrics to a simple problem
on the rationality of a cubic algebraic surface and use existing results in
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algebraic geometry [361]. He showed that the offsets of paraboloids, ellipsoids
and hyperboloids can be rationally parametrized, while cylinders and cones
except for parabolic cylinders, cylinders of revolution and cones of revolution
do not possess any rational offset.

Pottmann et al. [326] proved that offsets of a nondevelopable rational
ruled surface in the whole space always admit a rational parametrization.
Even though the offsets to ruled surfaces are rational in the whole space where
they are defined, the offset patch to a rational patch may not be expressible
as a rational patch. Therefore, further research is needed for applying this
technique to a finite patch.

Peternell and Pottmann [307] construct PH surfaces from arbitrary ra-
tional surfaces with the aid of a geometric transformation which describes a
change between two models of Laguerre geometry. The two fundamental ele-
ments of Laguerre geometry are oriented planes and cycles. A cycle represents
an oriented sphere or a point which is a degenerate sphere with zero radius.
The orientation of the fundamental elements is determined by a unit normal
vector field or equivalently by a signed radius for spheres. An oriented sphere
and an oriented plane are said to be in oriented contact, if they are tangent to
each other and their unit normals coincide at the point of contact. Laguerre
geometry studies properties which are invariant under Laguerre transforma-
tions. If we consider a surface as an envelope of its oriented tangent planes, a
dilatation, which is a Laguerre transformation that adds a constant d # 0 to
the signed radius of each cycle without moving its center, maps the surface
onto its offset at distance d.

11.5 General offsets

In 3-axis NC machining, not only ball-end cutters but also cylindrical and
toroidal (fillet-end) cutters are used as shown in Fig. 11.31. While the center
of a ball-end cutter moves along an offset surface, the reference point on cylin-
drical and toroidal cutters moves along the so-called general offset. General
offset surfaces were first introduced by Brechner [44] and have been extended
further, from the differential geometric as well as algebraic points of view,
by Pottmann [324]. If we denote by ¢(u,v) the parametric representation of
the cutter in the initial position, where the reference point on the axis of
the cutter is chosen to be at the origin of the Cartesian coordinate system,
then —c(u,v) represents a so-called reflected cutter. Then the general offset
is given by

ty(u,v) =r(u,v) —c(y,v), (11.108)

and u, v, 4, v are chosen such that there are parallel tangent plane at r(u,v)
and c(u,v) [324]. As a consequence, the tangent planes at corresponding
points r and t, of the progenitor surface and its general offset are parallel.
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Thus, the general offset is the sum of the progenitor surface and the reflected
cutter. If both surfaces are convex, the general offset is the Minkowski sum
of the progenitor surface and the reflected cutter. The general offset surface
for a cylindrical cutter is given by [324]

(e x n(u,v)) X e

ty(u,v) = r(u,v) +d le x n(u,v)|

, (11.109)

where d is the radius of the cutter, e is a unit vector along the tool axis

% is a unit vector parallel to the bottom silhouette line of the

cutter. The general offset surface for a toroidal cutter it is given by [438, 354]

and

(e x n(u,v)) x e

ty(u,v) =r(u,v) + en(u,v) + (d — c) ,  (11.110)

le x n(u,v)]
where d is the radius of the toroidal cutter, ¢ is the corner radius of the cutter.
The first two terms construct the classical offset with offset distance ¢ at the
cutter contact point and the third term is a vector parallel to the bottom
silhouette line of the cutter with magnitude d — ¢, which is the radius of the
spine circle of the torus.

Pottmann et al. [330] and Glaeser et al. [127] investigate collision-free 3-
axis milling of free-form surfaces based on general offsets. They show that if
some conditions on the curvature of the surface are fulfilled locally, and in
certain cases also globally, there will be no unwanted collision of the cutting
tool with the surface.

11.6 Pipe surfaces

11.6.1 Introduction

Pipe surfaces were first introduced by Monge [270] and are defined as follows:
Given a space curve c(t) and a positive number r, the pipe surface with spine
curve c(t) is defined to be the envelope of the set of spheres with radius r
which are centered at c(¢). Pipe surfaces can be considered as the natural
generalization of the offset of a space curve in 3-D space. Pipe surfaces have
many practical applications, such as in shape reconstruction [382], construc-
tion of blending surfaces [303, 113], transition surfaces between pipes [303],
and in NC verification [437, 25]. They also have theoretical applications as
well; for example, doCarmo uses them in the proof of two very important
theorems in Differential Geometry concerning the total curvature of simple
space curves, [76], pp. 399-402.

If we assume that the spine curve c(t) is regular, i.e. ¢(t) is simple and
|e(¢)| # 0, there exist two kinds of singularities on pipe surfaces: those that
arise from local differential geometry properties of the surface and those that
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(a) (b)

Fig. 11.31. General offsets (adapted from [249]): (a) cylindrical cutter, (b) toroidal
cutter

come from global distance properties of the surface. The first type of sin-
gularity occurs when the radius of the pipe surface r exceeds the minimum
radius of curvature of the spine curve; we refer to this singularity as lo-
cal self-intersection. The second one happens, for example, when twice the
radius 7 of the pipe surface is larger than the minimum distance between
two interior points (excluding the two end points) on the spine curve; we
refer to this singularity as global self-intersection. Kreyszig [205], doCarmo
[76] and Rossignac [350] derive the condition for local self-intersection of a
pipe surface and Shani and Ballard [382] describe a method to prevent local
self-intersection of a generalized cylinder. So far the discussion was based
on “Given a spine curve and a radius, does the pipe surface self-intersect?
If so, where does it self-intersect?” However in some applications, we may
encounter the case “Given a spine curve, what is the maximum radius such
that the pipe surface does not self-intersect?” More precisely, given a regular
space curve c(t) we want to find the maximum R, R > 0, so that the pipe
surface p(r) is nonsingular, whenever r < R. In [255] it is discussed how to
find this maximum possible radius R.

One immediate application lies in the area of finding a topologically reli-
able approximation of a space curve [58]. More precisely, suppose we are given
a regular space curve c(t), and would like to approximate c(t) with another
curve g(t)—within a prescribed tolerance— in a natural way; that is, there is
a space homeomorphism h : R® — R3 that carries c(t) onto g(t) [255]. One



11.6 Pipe surfaces 357

important consequence of such a homeomorphism is that c¢(¢) and g(t) have
the same knot type. To do this, we first construct a nonsingular pipe surface
p(r). Then, we construct a curve g(t) that lies inside p(r), and “looks like”
c(t). By taking r to be the tolerance we have a reliable approximation of the
given curve. Sakkalis and Charitos [358] apply the concepts of pipe surfaces
and alpha shapes [84] to ambiently approximate a nonsingular space curve
with a piecewise linear curve.

11.6.2 Local self-intersection of pipe surfaces

The pipe surface p(r) can be parametrized using the Frenet-Serret trihedron
(t(t),n(t),b(t)) [76, 350] as follows:

p(t,0) = c(t) + r[cosfn(t) + sinOb(t)] , (11.111)

where ¢ € [0,1] and 0 € [0, 27]. Its partial derivative with respect to ¢ is given
by
p:(t,8) = ¢(t) + r[cosOn(t) + sin 6b(t)] . (11.112)

Equation (11.112) can be rewritten using the Frenet-Serret formulae (2.57)
as

pe(t,0) = |¢(t)|(L—k(t)r cos @) t(t)—r|c(t)|7(t) sin On(t)+r|¢(t)|7(¢) cos 6b(t) ,

(11.113)
where x(t) and 7(¢) are the curvature and torsion of the spine curve given by
(2.26) and (2.48), respectively. Similarly we can derive py as

po(t,0) = r[—sinfn(t) + cosb(t)] . (11.114)

The surface normal of the pipe surface can be obtained by taking the cross
product of (11.113) and (11.114) yielding

Pt X pg = —|€(t)|r[L — k(¢t)r cosO][sin Ob(t) + cosfn(t)] . (11.115)

It is easy to observe [205, 76, 350] that the pipe surface becomes singular
when 1 — k(t)r cosf = 0. Since cos @ varies between -1 and 1, there will be no
local self-intersection if k(¢t)r < 1. Therefore, to avoid local self-intersection
we need to find the largest curvature k, of the spine curve and set the radius
of the pipe surface such that r < 1/k,.

The curvature s(t) of a space curve c(t) is given in (2.26). Thus, to find
the largest curvature k, we need to locate the critical points of k(t), i.e.
solve the equation 4(t) = 0 (8.20), and decide whether they are local maxima
(see Sect. 7.3.1). Then we compare these local maxima with the curvature
at the end points, i.e. £(0) and x(1), and obtain the largest curvature. This
problem can be solved by elementary calculus. If the spine curve is given
by a rational Bézier curve, equation &(t) = 0 reduces to a single univariate
nonlinear polynomial equation (8.21) for a planar spine curve and (8.22) for
a 3-D gspine curve. In the case where the spine curve is a rational B-spline,
we can extract the rational Bézier segments by knot insertion [175, 313].
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Ezample 11.6.1. The parabola y = z2 has its largest curvature x = 2 at
x = 0. Therefore in order to have no local self-intersection the radius should
be r < % Figure 11.32 shows the local self-intersection of the pipe surface
with the above parabolic spine curve and with radius 0.8. Obviously, there is
a local self-intersection on the pipe surface corresponding to the point z = 0
at the spine curve.

Fig. 11.32. Local self-intersection of a pipe surface ( r = 0.8) (adapted from [255])

11.6.3 Global self-intersection of pipe surfaces

In this section we will consider how to find the maximum possible radius of
a pipe surface such that it will not self-intersect in a global manner. Global
self-intersection can be categorized into three types [255].

1. End circle to end circle: Two end circles of the pipe surface touch each
other.

2. Body to body: Two different body portions of the pipe surface touch each
other.

3. End circle to body: One of the end circles touches the body.

End circle to end circle global self-intersection. Let us consider the
plane which contains the end point ¢(0) and is perpendicular to ¢(0). If we
denote a point on the plane as x = (z,y, )7, then the equation of that plane
becomes
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[x —c(0)]-¢(0)=0. (11.116)

Similarly the equation of the plane that contains the other end of the pipe is
given by

[x —c(1)]-é(1) =0. (11.117)

The self-intersection occurs along the intersection of these two planes as
shown in Fig. 11.33. It also lies on the bisecting plane of the line segment
c(0)c(1). Thus if x is a self-intersection point, then

(x— M) (e(1) = ¢(0)) = 0. (11.118)

Equations (11.116), (11.117 ), (11.118) form a system of three linear equations
with the three components of x as unknowns as follows:

¢*(0) é¥(0) () T dy
é* (1) é¥(1) (1) yl=1d2 |,
(1) —c*(0) ¢¥(1) —c¥(0) c*(1) — c*(0) z ds
(11.119)
where superscripts denote z, y, and z components, and
= ¢"(0)¢(0) + ¢¥(0)¢¥(0) + ¢*(0)¢*(0)
=" (1) (1) + ¥(1)eY(1) + *(1)¢*(1) (11.120)
g = (D) + (@Q)? + (1) — (€7(0)* ~ (¢¥(0))* — (¢*(0))*
3= 5 .
The determinant of the matrix is readily computed as
D =¢(0) x ¢(1) - (c(1) — ¢(0)) . (11.121)

We now consider the following cases:

Case 1. c(1) # ¢(0). In that case, if D # 0, then r.. = |x — ¢(0)|, where x
is the unique solution of the above system. If D = 0, and the system has no
solution, we take r., = oco. If the system has an infinte number of solutions,
then we take ree = min |x — ¢(0)|. This minimum is always positive since
|e(1) — ¢(0)] > 0.

Case 2. ¢(1) = ¢(0). In that case, if ¢(0) x ¢(1) # 0, the pipe p(r) is always
singular for every r > 0, and thus .. = 0. If ¢(0) x¢(1) = 0, we take r., = co.

Example 11.6.2. Figure 11.34 illustrates the case when end circles are touch-
ing each other. The control points of the spine curve, which is a cubic integral
Bézier curve, are given by (2.9, 3.0, 4.1), (0.0, 1.0, 2.0), (5.0, -2.0, 1.0) and
(3.0, 3.1, 4.0). The linear system (11.116), (11.117), (11.118) gives us the
intersection point as (2.918, 3.055, 4.023) with radius r = 0.0963.
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Fig. 11.33. Two end circles globally self-intersecting at point x (adapted from
[255])

Fig. 11.34. End circle to end circle global self-intersection (r=0.0963) (adapted
from [255])
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Body to body global self-intersection. The body to body global self-
intersection case can be reformulated in terms of two different points on the
spine curve that have a minimum distance. This minimum distance should not
be understood as the distance between two points whose parameters (o and
t) are close enough, which amounts to a distance approaching zero, i.e. the
trivial solution. Rather, these two points should make the distance function
stationary. Therefore, the body to body global self-intersection problem is
equivalent to the minimum distance problem (see also [255]).

We assume the spine curve can be given by a rational B-spline curve,
which can be split into rational Bézier curves by knot insertion [34, 313]. The
minimum distance problem can be decomposed into the minimum distance
between two points on different Bézier curves and the minimum distance
between two points on the same Bézier curve. The first problem is discussed
in Sect. 7.2 as well as in Zhou et al. [460], so we focus on the second problem
here.

Let the spine curve be given by c(t) = [z(t),y(t), z(t)]". Assume that
the curve is regular, and ¢(t) is continuous. The squared distance function
between two points on the spine curve with parameters ¢ and t is given by
[255]

D(o,t) = le(0) = e(®)* = [z(0) = a(®)]* + [y(0) = y(O] + [2(0) = z(1)]* .

The stationary points of D(o,t) satisfy the following equations (122
D,(o,t) = Di(o,t) =0, (11.123)

which can be rewritten as
[c(o) —c(t)] - ¢(o) =0, (11.124)
[e(o) —c(t)] - ¢(t) =0. (11.125)

The geometrical interpretation of (11.124) and (11.125) is that the line con-
necting the two points ¢(o) and c(t) is orthogonal to the spine curve at both
points. We assume that c(t) is given as a rational Bézier curve, that is

Yo wibiBin(t) _ R(t)
S owiBin(t) — W(t)

Substituting (11.126) into (11.124) gives

c(t) =

(11.126)

[R(U) R(t)} _ lR(U)W(U) ~ R(0)W (o)

00 ] =0. (11.127)

Multiplying by its own denominator we obtain

[R(o)W(t) — R(E)W (0)] - [R(U)W(a) - R(U)W(U)] =0. (11.128)
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Similarly (11.125) reduces to
[R(0)W(t) — R(HW (0)] - [ROW () — R(H)W(t)| = 0. (11.129)

The first brackets of (11.128) and (11.129) can be rewritten as

’ Z wiw;bi[Bin(0)Bjn(t) — Bjn(o)Bin(t)] . (11.130)
Since
Bin(0)Bjn(t) — Bjn(0)Bin(t) (11.131)
o—1
= 5, 22— Bn®) _ gy Bn0) = Binl®),

we can easily factor out (o —t) from the first brackets of (11.128) and (11.129).

Therefore the system of equations (11.124), (11.125) for the rational
Bézier curve reduces to a system of coupled bivariate polynomial equations
with degree (3n —2) in o, (2n — 1) in ¢ and degree (2n — 1) in o, (3n — 2)
in t. The system can be robustly and efficiently solved by the IPP algo-
rithm introduced in Chap. 4. If we substitute all the solutions computed by
the polynomial solver into (11.122) and choose the minimum squared dis-
tance, then the maximum possible upper limit of the radius 7, such that
body and body of the pipe surface will not globally self-intersect is given by
rpp = y/ming D(o,t)/2, where I = [0,1] x [0,1] and D(o,t) is the squared
distance between two points which make the distance function stationary. If
there are no such points, then we set ry, = +00.

Example 11.6.3. Figures 11.35 show two different views of the minimum
distance between points on a rational Bézier curve of degree 4. The solid
squares indicate the five control points (—0.3,0.8,0.1), (0.3,0.15, —0.45),
(0,0,0.2), (—0.2,0.1,0.8), (0.3,0.8, —0.6) with weights 1, 2, 0.5, 3, 1. The
minimum distance between two points on the spine curve can be obtained
as 0.157556, which is between the points of the parameters (¢t = 0.102506)
and (o = 0.952132). The spine curve has a global maximum curvature at t=
0.70618 with curvature value k = 48.7601. Therefore the pipe surface starts
to self-intersect locally when r = 0.0205 and globally when r = 0.078778.
The situation when r = 0.078778 is shown in Fig. 11.36 where two different
parts of the body of the pipe surface touch each other and the surface also
locally self-intersects.

End circle to body global self-intersection. Finally we consider the case
of end circle to body global self-intersection. This case can be considered as a
special case of body to body global self-intersection. We can substitute o = 1
into (11.125) which gives [255]
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Fig. 11.35. Two different views of spine curve which has minimum distance be-
tween two interior points (adapted from [255])
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Fig. 11.36. Body to body tangential intersection and local self-intersection (r =
0.078778) (adapted from [255])

[c(1) — e(t)] - &(t) = 0. (11.132)

If the spine curve is a rational Bézier curve, (11.132) will become a univariate
polynomial equation. This equation contains the trivial solution ¢ = 1 and
therefore t — 1 should be factored out. Similarly, we can substitute ¢ = 0 into
(11.125) and factor out ¢. Notice that the line connecting c(t) and the end
point ¢(1) is orthogonal to the spine curve at ¢(t) but not necessarily orthogo-
nal at ¢(1). Therefore, with the radius equal to half the distance between c(t)
and c(1), the pipe surface may not self-intersect. In the limiting case of tan-
gential self-intersection, at the intersection point, using the parametrization
of (11.111), the following equations hold:

p(1,0) =p(t,9), (11.133)
Po(L,0) - [pe(t,¢) x Py(t, )] = 0. (11.134)

Equation (11.134) comes from the fact that the end circle tangentially self-
intersects to the body (see Fig. 11.37). This system consists of four scalar
equations with four unknowns, namely r, £, 8 and ¢. We can also form the four
scalar equations in terms of polynomials using the rational parametrization
of the pipe surface [255]. However we cannot factor out the trivial solution
from the system. Maekawa et al. [252] developed a method to handle such a
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case (see Sect. 11.3.5). But in this specific case we do not need to use this,
as we can easily solve the system using Newton’s method, since there is only
one solution and we can provide a very accurate initial approximation as
follows: We consider a circle at ¢ = &, i.e. p(tm,0) using the solution of
(11.132) as t,,. By considering this circle as one of the end circles, we can
use the end circle to end circle global self-intersection technique, that we just
introduced, to find the intersection point between the two end circles. From
this intersection point we can evaluate the radius r and the two angles 6 and
¢ for the initial values, using coordinate transformations. In case when the
spine curve is planar, we cannot solve the linear system, since it becomes
singular. In such case we will use the solution of (11.132) as ¢ and half the
distance between c(t) and c(1) (or ¢(0)) as r, and 6 and ¢ as 0 or 7 as
initial approximation. Let us now denote the resulting radius from Newton’s
method by 7.

Ezample 11.6.4. The 3-D quartic spine curve with control points (-0.3, 0.8,
0.1), (0.24, 0.15, -0.45), (0,0,0.2), (-0.24, 0.12, 0.96) and (-2, 0.6, 0) and
weights 1, 2, 0.5, 2.5, 1 respectively, has minimum distance 0.0595918 be-
tween two points ¢t = 0.0370295 and ¢ = 1. However with » = 0.0595918/2 =
0.0297959, the pipe surface does not self-intersect, since the vector c¢(1) —
¢(0.0370295) is not orthogonal to the spine curve at ¢t = 1. Using Newton’s
method we obtain the touching radius as r = 0.041829. The spine curve
also has a global maximum curvature at ¢ = 0.761006 with £=31.272916.
Therefore the pipe surface starts to self-intersect locally when r=0.031977
and globally when r= 0.041829. Figure 11.37 shows the pipe surface with r=
0.041829.

A necessary and sufficient condition for nonsingularity. Using the
methods of the previous sections we now present a necessary and sufficient
condition, in terms of the radius r, for the nonsingularity of a pipe surface. We
assume that the spine curve is given by c(t) = [z(t),y(t), z2(t)]T, 0 < t < 1,
and that the curve is regular, and ¢(¢) is continuous.

Let x, be the maximum curvature of the spine curve, and 7, 7y, Tep be
the maximum possible upper limit radius of the pipe surface such that it does
not globally self-intersect between end circle to end circle, body to body and
end circle to body of the pipe surface, respectively. Then we have [255]:

Theorem 11.6.1. Let p(r) be the pipe surface with spine curve c(t) and
radius v. Then, p(r) is nonsingular if and only if r < 6 = min{l/k,, Tee,
Tbh, Teb)-

Proof (if): It is apparent from the discussion in Sects. 11.6.2 and 11.6.3 that
if r < § then the pipe surface p(r) is nonsingular.

(only if): Suppose now that p(r) is nonsingular. It is enough to show that
for all » > 0, p(r) is singular. But this is obvious since if r is as indicated,
the pipe surface will either have a singularity due to local self-intersection or
one due to global self-intersection, or both. I
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Fig. 11.37. End circle tangentially intersecting the body and the local self-
intersection is occurring at t= 0.761 (r = 0.078778) (adapted from [255])

Remark 11.6.1. When the spine curve is planar, Theorem 11.6.1 can be used
to find the maximum offset distance such that the offset of the planar spine
curve will not self-intersect.

Ezample 11.6.5. (2-D spine curve) The quartic spine curve with control
points (-0.3, 0.8, 0), (0.6, 0.3, 0), (0,0,0), (-0.3, 0.2, 0) and (-0.15, 0.6, 0) and
weights 1, 1, 2, 3, 1 respectively, has minimum distance 0.0777421 between
two points ¢ = 0.0658996 and ¢ = 1. By using Newton’s method we obtain
the touching radius as r = 0.055754. This distance is the maximum offset
distance such that the offset of the planar spine curve will not self-interset.
Figure 11.38 shows the offset curves when r = 0.055754.
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Fig. 11.38. Offset curves of the planar spine curve (r = 0.055754) (adapted from
[255])






Problems

1. Consider an implicit surface f(z,y,z) = 0 where f is a polynomial in
7,1y, 2. Consider the cube [0, 1] and the part of the surface inside this
cube. The surface can be written in the Bernstein basis as

n

f(Zl? Y,2) = Z Zwkaz n (y)Bk,q(Z) =0.

i=0 j=0 k=

Show the following properties.

a) The point (0,0,0) is on the surface if and only if wogp = 0. What
happens when wqg = 0 for all k7

b) Assuming the condition of question (a) is true, a necessary and suf-
ficient condition for the normal vector of surface f at (0,0,0) to be
parallel to axis z is that wigg = w10 = 0.

¢) If wijr, > 0 or if w;jp < 0 for all 4,7,k then there is no piece of the
surface in the cube under consideration.

d) Consider a cube [0, 1]% x [1, 2] adjacent to the cube [0, 1]3. Within the
new cube define another implicit polynomial surface g(z,y,z) = 0 of
the same degrees in z,y, z as f(z,y, z). Determine the conditions for
the two surfaces to be position continuous at the common face of the
two cubes.

e) Following the condition of question (d), determine the conditions for
the two surfaces to be tangent plane continuous at the common face
of the two cubes.

2. Show that the derivative of a Bézier curve (also called hodograph) of the

form:
n
r(t) =) biBin(t), 0<t<1,
i=0
is given by:
n—1
Zn i+1 szn l(t) 0<t<1.
i=0

Sketch a cubic Bézier curve and its hodograph and their control polygons.
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10.

11.

12.

Problems

The degree elevation formula for Bézier curves of degree n is given (1.54).
Describe a process for approximating a Bézier curve of degree n with a
Bézier curve of degree n — 1 using (1.54) reversely.

Show how an explicit polynomial curve y = y(x), where a < x < b can be
converted into a Bézier curve. Provide the control points of the resulting
Bézier curve. And show how an explicit polynomial surface z = f(x,y),
where a < z < b and ¢ <y < d can be converted into a Bézier patch and
provide its control points. Extend this to an explicit B-spline patch and
provide its control points.

. Given a planar B-spline curve in the zy plane with a non-uniform knot

vector, the control polygon of which is symmetric with respect to the
y-axis, find if the curve is also symmetric about the y-axis.

What kind of curve is the result of a perspective projection of an integral
B-spline curve?

Consider the arc of the hyperbola y = % for 1 < x < 2 and re-
volve it around the axis y = 0 by 7, to obtain the quadrant of a sur-
face of revolution, within the first octant of the zyz coordinate system
(x > 0,y > 0,2z > 0). Express the resulting patch in terms of a rational
biquadratic parametric Bézier surface patch.

Examine what happens to a cubic B-spline curve in which two, three, or
four consecutive vertices, of its control polygon are coincident.

Examine what might happen when a rational B-spline curve given by
(1.87) or a rational Bézier curve given by (1.88) has weights some of
which are positive and some are negative. Examine the validity of the
properties of the rational B-spline or rational Bézier curves in such cases.
Make plots of the B-spline basis functions of the following order n (degree
=n — 1) and knot vector T:

en=4, T=(000,0111,1)

en=4 T=(00,0,01333,3)
en=4 T=(0,0,0,0,224,4,4,4)
en=4, T=(0,0,0,011,1,3,3,3,3)
en=4, T=(0,0,0,0,1,23,4,6,7,7,77)
en=3 T=(0,0,0,2466,06)

en=2 T=(0,0,1,22)

Given a list of Cartesian points in 3-D space which represent a non-
periodic curve, construct a cubic Bézier curve using least squares ap-
proximation of the points. Also, construct a cubic B-spline curve with
non-uniform knots using least squares approximation of these points. A
user should be able to access your program with an arbitrary number
of points and coordinates of points. Include a simple visualization of the
results.

A cubic planar Bézier curve:



13.

14.

15.
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has the following control points
ro = (0,00",r; = (1,17, r2 = (2, )%, 13 = (2,0)7.

A designer decides to subdivide (split) the curve at tp = 1 and ¢; = 2 in
order to be able to modify the curve in the interval [¢o,t1] and generate

a particular shape feature required by his design.

a) Compute the coordinates of the control points of the three curve
segments generated by the above subdivision.

b) After the above subdivision, the middle segment of the three curve
segments created by subdivision is permitted to be modified by
changing the coordinates of its control points. Determine the con-
ditions that the control points must obey so that this curve segment
maintains position continuity at its ends with the end and the begin-
ning of the other two curve segments.

c) Assuming position continuity is maintained as in (b), determine the
additional necessary conditions to maintain unit tangent vector con-
tinuity at the ends of the middle curve segment.

d) Assuming conditions (b) and (c) are satisfied, determine the coordi-
nates of the vertices of the polygonal boundary of the convex hull
of the middle curve segment. You need to distinguish several special
cases.

Derive the monomial or power basis form of curve r(t) of Problem 12
prior to any subdivision.

Derive the (uniform) B-spline form of curve r(¢) of Problem 12 prior to
any subdivision. Make a plot of the curve together with its Bézier and
B-spline polygon illustrating the principal features of the curve (such
as tangencies at the ends etc.). Compare the convex hulls of the curve
in the Bézier and the B-spline form in terms of the area they enclose

(i.e. determine the ratio of the two areas).

We are given a degree (2-1) integral Bézier surface patch

2 1
r(u,v) = Z ZbijBiyg(u)Bjyl(v), 0<u,v<1,

i=0 j=0
where the control points b;; are
boo = (0,0,0)", bg = (-2,0,10)",
bio = (5,10,5)7, by = (4,12,16)7 ,
byo = (20)070)T7 by = (22,0, 10)T .
a) Subdivide the surface patch into two patches by the iso-parametric

curve v = 0.5 and compute the resulting control points of the two
patches.
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16.

17.

18.

19.

20.
21.

22.

Problems

b) Consider the boundary curve of the patch q(u) = r(u,0). Provide a
tight upper bound for the maximum deviation of the curve gq(u) in
the interval % <u< k—;gl to the straight line passing via q(%) and
q(EtL) for a fixed value of k(€ 0,1,-+-,n — 1), where n is a fixed
positive integer.

c) 1. Show that the given integral Bézier surface is a developable sur-

face.
ii. Are there any umbilics on this patch?

Consider a curve u = t, v = t2 for 0 < ¢ < 1 on a hyperbolic paraboloid

r(u,v) = (u,v,uv)? where 0 < u,v < 1.

a) Compute the arc length of the curve on the hyperbolic paraboloid
for 0 <t <1.

b) Compute the area of a region of the hyperbolic paraboloid bounded
by positive v axis, v = 1 and a parabola v = u?.

Consider a torus parametrized as follows:

r(u,v) = (R + a cos u)cos v, (R + a cos u)sin v,a sin u)’ |

where 0 < u < 27,0 < v < 27 and R > a. Derive appropriate formu-
lae for the Gauss, mean and principal curvatures. Sketch the torus and
subdivide it into hyperbolic, parabolic and elliptic regions. In a follow-up
sketch illustrate the lines of curvature of the torus. Explain the above
subdivision and sketches.

Show that the curvature of a planar curve is independent of the parametriza-
tion. Namely, if

r(t) = (z(t),y()"
is the curve, then a change of variables
t=w(u) with w(u) #0,

does not, affect the curvature.

Write a one-dimensional nonlinear polynomial solver based on Projected
Polyhedron algorithm. Use the solver to compute the roots of the degree
20 Wilkinson polynomial with different tolerances and discuss robustness
issues.

Convert an explicit curve y = 2% (—a < z < a) into a cubic Bézier curve.
Convert the following height function

z = h(z,y) = 7.20%y° — 25.223y% + 1823y — 10.82°%y> + 37.82%y* — 2727y
+ 3.62y° — 12.62y> + 92y, 0<az,y<1,

into a bicubic Bézier patch.
Compute the characteristic points of the following curve

flu0) = (@ +y* = 22)* = (& +9*) =0, [z,9] € [-4,4]%,

and trace it.
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23. Consider the intersection curve of (11.135) with the plane 15z — 552z +

110 = 0.

a) Derive an implicit equation f(u,v) = 0 for this intersection curve
in the parameter space u, v. Find the characteristic points of this
curve, (border, turning, and singular points).

b) Express this intersection curve as an explicit curve in the u, v pa-
rameter space. Indicate the resulting type and degree of this curve.
Sketch this curve in the parameter space u, v.

c) Prove that the above intersection curve is a planar rational Bézier
parametric curve of degree 4 in 3D space. Indicate how you would
compute its control points (but do not carry out the algebra).

24. Consider the following curves:

f(z,y) = — 64y* + 128y — 962%y* + 1402y> — 139y> + 9622y — 140zy
+ 75y — 96z + 2762° — 313z% + 1652 — 36 =0,

and

where B;4(t) denotes the ith cubic Bernstein polynomial and ro =
(0.5,0.5)7, by = (0.7,0.6)7, by = (0.95,0.1)T, bz = (0.55,0.25)7".

a) Compute all turning and singular points of f(z,y) to the highest
possible accuracy, as well as the tangent lines at all these points.

b) Using the results of a as a guide, sketch f(z,y). Clearly indicate the
turning and singular points on your sketch.

c) Compute the intersections of the two curves given above to the high-
est possible accuracy. In addition to giving the Cartesian coordinates
of the intersection points, also include the parameter values of the
points and their multiplicity.

25. Write a program which determines all intersections of two integral planar
Bézier curves of arbitrary degrees m and n as accurately as possible,
given the control points of the two curves. Your program should report
the parametric values of the intersection points as well as the Cartesian
coordinates. Give four examples to show how your program works.

26. The following three planar curves are given by:

1) Implicit curve, f(z,y) =23 +y> - 32y =0,

2) Cubic Bézier curve r(t) = ( ), y(t))T = 2?20 r;B; 4(t) where 0 <
t < 1land withry = (0,0)",r; = (0,2)7,ry = (2,0)7, r3 = (0, -2)

3) Cubic Bézier curve q(u) = (z(t),y(t))T = 2?20 q;B; 4(u) where 0 <
t <1 and with qo = (=2,-2)T, q1 = (-2, )T, @2 = 4,17, q3 =

(07 _1)T
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a) Compute the characteristic points of the first curve in the rectangle
[-5,5]x[-5,5] and trace it within the same rectangle.

b) Compute the intersections of the first and second curves, and the
second the third curves to the highest possible accuracy, and identify
their multiplicity.

c) Obtain a parametrization of the first curve in terms of rational poly-
nomials using the transform y = xt. Ilustrate z(¢) and y(¢) for all
real . Is this a good parametrization for computer implementation
(e.g. tracing of the curve) near z = y = 07 Can you suggest better
parametrizations for the curve piece in the first quadrant.

27. Compute the intersection curve between the bicubic Bézier patch of Prob-
lem 21 and a plane z—y+2 = 0. Evaluate the curvature of the intersection
curve at u = v = 0.5.

28. Give the implicit polynomial equation of a torus whose section cir-
cle has radius 2, and whose center circle has radius 4 using the im-
plicitization of a surface of revolution. Assume the torus is situated
so that it is centered at the origin and the center circle lies entirely
in the (z,y)-plane. Using the implicit equation, compute all intersec-
tions of the torus with the cubic Bézier curve having control points
ro = (0,6,0)7, ry = (-5,2,-0.5)7, rs = (2,-3,0.5)7T, r3 = (6,0,0).
Give both the Cartesian coordinates of the intersection points and their
associated parameter values on the Bézier curve. Indicate which method
you used to solve this problem, and give all answers to at least 5 signifi-
cant digits.

29. Compute the minimum distance between a point (0.8, 0.7, 0.2) and an
iso-parametric line v = 0.8 of the bicubic Bézier patch of Problem 21.
Also compute the minimum distance between the point and the bicubic
patch.

30. Consider two planar Bézier curves which are cubic and quadric with con-
trol points: (0,0), (1, 1), (2,1), (3,0) and (0,1), (3, -1), (%, 5), (§, -1),
(3,0), respectively. Compute all stationary points of their squared dis-
tance function and classify them appropriately into extrema etc. Identify
the corresponding Euclidean distances, find the points of intersection of
the two curves and the angles between the tangents of the two curves at
the intersection points.

31. Consider an ellipsoid of revolution given by (3.81) with a=b=1, ¢=2 and
a cubic planar Bézier curve with control points (0,1, -2), (0,0, -1), (0,0,1),
(0,1,2) on the =0 plane. Compute the stationary points of the squared
distance function between the ellipsoid and the curve, classify them into
extrema etc. Identify the corresponding Euclidean distances, find the
points of intersection and the angles between the surface normals and
the Bézier curve tangents at the intersection points.

32. Find the stationary points of the squared distance function between the
plane z=0 and the wave-like Bézier surface patch of the example in Sect.
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34.

35.

36.

37.

38.

39.
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8.5.4 and Fig. 8.11. Classify the points into extrema etc., identify the
corresponding distances, and determine the intersections of the two sur-
faces. Compare the locations of the above extrema with the locations of
the various curvature extrema in Sect. 8.5.4.

Consider a torus generated by revolving the circle (z — 2)? +y?> —1 =0
around the y axis by a full revolution. Determine the stationary points of
the squared distance function between this torus and a) a plane z = —3,
b) a plane y = 2, ¢) a plane y = 1, d) a sphere with center the origin and
radius r = % and e) a sphere with center the origin and radius r = 4.
Consider a biquadratic Bezier surface patch whose boundary eight control
points are coplanar so that the boundary curves form a square [0,1]> on
the xy plane. The boundary non-corner control points are in the middle
of the corresponding boundary edges. The central control point of the
patch has coordinates (%, %, h) where h = 0. Determine the surface unit
normal vector at the four corners, and at the center, and the extrema of
the Gauss, mean and principal curvatures and any umbilics as a function
of h and illustrate this for h = %, 1, 10, 100. Sketch the lines of curvature
of the surface patch for these four values of h.

Find the range of mean curvature of a hyperbolic paraboloid r(u,v) =
(u,v,uv)T, (u,v) € [0,1]* (bilinear surface), and plot four levels of con-
tour lines of mean curvature in the uv-parameter space.

Given an implicit surface f(z,y, z) = 0, formulate the problem of tracing
the lines of curvature and develop an algorithm to do this. Test the re-
sulting implementation for various standard algebraic surfaces (quadrics,
torii, cyclides).

Given an implicit algebraic surface f(z,y,z) = 0, formulate the problem
of locating the umbilics of the surface (within a given rectangular box
with faces parallel to the coordinate planes).

2
Consider an ellipsoid 2—2 + 4%+ j—i =1wherea<b<e.

a) Show that umbilics are located at (ﬂ:a\ / %, 0, +cy/ 52:32 )

b) Show that the patterns of the four umbilics are of the lemon type.
Counsider a degree (3-1) integral Bézier surface

i=0 j=0
where
bUO:(O)O:O)T; b01:(0.5,0,2)T,
b1o=(1.8,3,0)7, b11=(1.895,2.325,2)7,
b2o=(3.3,—2,1.5), by =(3.0575,—1.55,3.1625)7,
bso=(4,0,0)7, b31=(3.6,0,2)7.

a) Show that the Bézier surface is a developable surface.
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40.

41.

42.

43.

44.

Problems

b) Is there an inflection line? If so, find the u parameter which contains

the inflection.
Derive differential equations for geodesics (10.17) - (10.20) on a paramet-
ric surface using Euler’s equation (10.24).
Write a program which solves differential equations for geodesics (10.17)
- (10.20) as a boundary value problem using a shooting method on a
parametric surface.
For the surface patch of Problem 34 compute the geodesics between two
diagonally opposite corners for various values of h. How do these geodesics
change as h changes from 0 to large positive values, e.g. in the interval
[0,100]. What do you expect in the limit h tends to plus infinity?
Let r(s) be a planar, closed and convex curve ( e.g. a circle, an ellipse,
etc.) where the arc length s varies in the range [0, ] so that the length of
the curve is [. Let

#(5) = r(s) + dn(s)

be its offset curve, where d is a positive distance and n(s) is the unit

normal vector of the curve r defined by t x e, (see convention (b) of

(2.24) in Table 3.2.)

a) Show that the total length of the curve r(s) exceeds the total length
of the curve r(s) by 2xd.

b) Show that the area enclosed between the two curves is given by A =
d(l + md).

c¢) Show that the curvatures of the two curves are related by

K
1+ds’

k=

where & is the curvature of r(s) and & is the curvature of the offset
curve £(s).

d) Verify your results for questions a to c for a circle of radius R.

This problem focuses on the identification of cusps, extraordinary points
and self-intersections of offsets of planar curves (use convention (b) of
(2.24) for the normal vector in Table 3.2.). Consider the ellipse 2% +4y? =
1lorx=cosh,y = %sinﬁ and its offset at “distance” d, where d is any
real number.

a) Determine all the values of 8 for which there can be an extraordinary
point on some offset of the ellipse and the values of d at such points.
Sketch the offsets at all such values of d.

b) For what range of values of d, are offsets of the ellipse regular curves?
Sketch a few such offset curves.

c) Determine a specific offset of the ellipse which includes several cusps
and self-intersections but no extraordinary points. Infinite such cases
exist. Give the parameter values and coordinates of these cusps and
self-intersections. (Hint: Notice that self-intersections are on the axes
of symmetry of the ellipse.)
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Consider the planar cubic integral Bezier curve r(t) with control points
(0,0),(0,1),(2,1), and (2,—1). The offset ¢ of r at a distance d is given
by

t(t) =r(t) +dn(?) ,

where n(t) denotes the normal to r at the point r(¢) defined by t x e,
(see convention (b) of (2.24) in Table 3.2). Here r is called the progenitor
of r.

a) For values of d between 0 and some critical value d., the offset curve
resembles its progenitor. At d = d., however, the offset exhibits a
cusp at a parameter value ¢. because #(t.) = 0. Compute the values
of d. and t..

b) Sketch the progenitor curve, and two offset curves, one at a distance
of d. and one at a distance of around 2d..

The evolute of a planar curve is the curve of its center of curvature.

Show that cusps and extraordinary points of the offset lie on the evolute.

Illustrate the concept by examining the superbola z = ¢, y = t*, =2 <

t < 2. Draw the curve, its evolute, and several offsets with offset distance,

d=-0.25d~0.4648,d = —0.8, d = —1, d = —1.25 (all on the concave

side).

Consider a pocket to be machined, bounded by the following four curves:

Nax=ty=t -2<t<2,

2) y = 16,

3) Two circular blends of the first and second curves with radius, r = 0.25.

a) Construct an approximation of the medial axis (skeleton) of the
pocket in terms of a set of linear spline curves. The skeleton is the
set of points inside the shape with two or more nearest points on the
boundary of the shape. The skeleton branches potentially start at the
curvature centers corresponding to points of maximum curvature of
the boundary. Next, you may specify the skeleton by writing differ-
ential equations relating the tangent vector of the skeleton to known
functions. For simplicity, write these equations for the specific ex-
ample. Integrate these differential equations using the Runge-Kutta
method.

b) Assuming you have cylindrical cutters with radii: 0.25, 0.5, 0.75, - - -,
2, describe an efficient method to accurately machine the pocket.
Write a program which approximates an offset curve of a planar rational

curve following the algorithm developed by Tiller and Hanson [420].
Give the implicit polynomial equation of a torus with axis in the direction
(0,0,1), center circle radius R and section circle radius a where R > a.
What is the equation of the offset of this torus by +h, h > 0.

A pipe surface or canal surface of spheres of constant radius is defined
as the envelope of a family of spheres of constant radius r whose centers
describe a smooth curve, c(t) known as the spine. Let f(p,t) = |p —
C(t)|2 - T2, where P= (1‘,y,2’)
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a)
b)

c)

Problems

Show that the canal surface has an implicit equation g(p) = 0 which
results from eliminating ¢ from the two equations f =0 and f; = 0.
Obtain the implicit equation of a torus by using the approach of part
a).

Show that canal surfaces can be obtained as generalized cylinders by
sweeping a circular cross-section along the spine.

51. In this problem we consider developing a blending surface between the
plane z = 0 and the right circular cylinder 2> + y?> =1, 0 < z < 2.
Because the cylinder is a surface of revolution, we will, for simplicity,
consider the cross-section of the objects obtained by setting y = 0. Our
problem is to develop a smooth surface between the cylinder and the
plane by creating a cross-section curve starting at height 1 on the cylinder
and terminating on the plane 2 units away from the origin.

2)

As a first effort, consider using a quadratic Bezier curve (i.e. a
parabola) as a blend cross-section. The curve should have the start-
ing and ending points as indicated above, and to ensure a smooth
blend, the tangent to the curve at the start (end) point should have
the same direction as the tangent to the cylinder (plane). Give the
control points of this curve.

Using the results of part a), express the blending surface (i.e. the
surface of revolution characterized by the cross section obtained in
a) as rational B-spline (NURBS) surface.

Now suppose we want a cubic Bezier curve as the cross-section of
our blending surface. Give the control points of a cubic Bezier curve
which generates a “good” blend. To be “good”, the curve not only
has to satisfy the boundary conditions indicated in part a, but also
the area under the curve should be between 0.2 and 0.3.

Now suppose we want to maintain curvature continuity at the blend-
ing surface linkage curves in addition to position and tangent plane
continuity. Determine a sufficiently high degree Bezier curve cross
section to accomplish this.
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Color Plate A.2. Reflection lines for surface of Fig. 8.1



380 A. Color Plates

-,
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Color Plate A.7. (a) Star pattern (extracted from lower left umbilic of Fig. 9.6),

(b) monstar pattern (extracted from center umbilic of Fig. 9.6). (c) lemon pattern

(extracted from lower umbilic of Fig. 9.1) (adapted from [256])
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points of two circular edges (adapted from [246])
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absolute curvature, 203

affine parameter transformation, 79
algebraic curve, 117

algebraic distance, 118

algebraic numbers, 116

arbitrary speed, 40

arc length, 35

arc length parametrization, 37
artificial singularity, 51

auxiliary variable method, 89

B-spline basis function, 20
— derivative, 21

B-spline curve

— algorithms, 24

— derivative, 22

— properties, 21

B-spline surface, 29
Bézier curve

— algorithms, 13

— derivative, 12

— properties, 12

Bézier point, 12

Bézier surface, 18

basis conversion

— B-spline to Bézier, 24
— monomial to Bernstein
—— one variable, 79

—— two variables, 81
Bernstein polynomial

— derivative, 7

— arithmetic operation, 7
— properties, 7

binormal vector, 43
Boehm’s algorithm, 26
border point, 144
Boundary Representation, 111
boundary value problem
— finite difference method, 276
— relaxation method, 276
— shooting method, 275
bounding box, 120

bounding wedge, 133

calculus of variations, 271
Christoffel symbols, 270

clamped curves, 22

clamped knots, 22

class of function, 1, 4

collinear normal point, 151, 186
condition number of root, 10
conic sections, 1

conjugate point, 268
Constructive Solid Geometry, 111
continuity

— geometric, 15

— parametric, 17

contouring, 199, 227

control net, 18

control polygon, 12

convex hull, 13

convex hull property, 12, 23
curvature, 40

— tangential intersection point, 175
— transversal intersection curve, 169
curvature map, 204

curvature plots, 202

curvature vector, 40

cusp, 217

cyclide, 234, 295

Darboux vector, 211

de Boor algorithm, 24

de Boor points, 21

de Casteljau algorithm, 13, 87
degenerate patch, 19
denormalized number, 96
developable surface, 197, 259, 353
development, 291

directrix, 258

distance function, 183

— stationary points, 187
Dupin’s cyclide patch, 234
Dupin’s indicatrix, 70, 174
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ellipsoid, 4

elliptic cone, 4, 51

elliptic cylinder, 4

elliptic paraboloid, 4

— umbilic, 221

elliptic point, 59

end point geometric property, 12, 21
essential singularity, 51
Euler’s equation, 272

Euler’s theorem, 69, 261
evolute, 205

explicit curve, 2

explicit quadratic surface, 219
exponent, 90

first fundamental form, 53

— coefficients, 53

flat point, 59, 61

floating point arithmetic, 90, 95
focal curve, 205

focal surface, 205

Folium of Descartes, 2
Frenet-Serret formulae, 47, 164, 309

Gaussian curvature, 61, 64

— ellipsoid, 68

— elliptic cone, 68

explicit surface, 64
hyperbolic cylinder, 68

— implicit surface, 66
generator, 258

geodesic, 207, 267, 268

— curvature, 207, 268, 269

— curvature vector, 56, 269

— equation of, 270, 273

— offset, 286

— on developable surface, 289
geometry invariance property, 12, 21
Grébner bases, 77

Greville abscissa, 21

helix, 46

highlight line, 201

hodograph, 12, 132

hyperbolic cylinder, 4

hyperbolic paraboloid, 4, 55, 65, 272
hyperbolic point, 59

hyperboloid of one sheet, 4
hyperboloid of revolution, 4
hyperboloid of two sheets, 4

IGES, 30
implicit curve, 1
implicit surface, 4

implicitization, 120, 121

incidence intransitivity, 116

inflection line, 261

inflection point, 41, 202, 205, 206

initial value problem, 274

interrogation, 197

— first-order, 199

— fourth-order, 210

— second-order, 202

— third-order, 207

— zeroth-order, 198

intersection

— curve to curve, 128

— curve to surface, 136

— lattice method, 150

— marching method, 150

— point to curve, 116

— point to point, 116

— point to surface, 123

— subdivision method, 150

— surface to surface, 139

interval arithmetic, 91, 92

— algebraic properties, 94

— rounded interval arithmetic, 95

interval Newton’s method, 92

Interval Projected Polyhedron (IPP)
algorithm, 105

intrinsic equation, 47

inverse function theorem, 242

inversion, 122

isophotes, 200

knot insertion, 26
knot removal, 27
knot vector, 21
— clamped, 22

Lagrange multiplier, 223

line of curvature, 62, 207, 233
linear precision, 7, 79

linkage curve theorem, 205
local support property, 24

mantissa, 90, 95

marching method, 192

maximum principal curvature, 61
— ellipsoid, 68

— elliptic cone, 68

— hyperbolic cylinder, 68

mean curvature, 61, 64

— ellipsoid, 68

— elliptic cone, 68

— explicit surface, 64



— hyperbolic cylinder, 68

— implicit surface, 66

medial axis, 301

meridians, 63

Meusnier’s theorem, 57
minimum principal curvature, 61
— ellipsoid, 68

— elliptic cone, 68

— hyperbolic cylinder, 68

Monge form, 64, 235

NC machining, 295

Newton’s method

— modified, 74

— n variables, 277

— one variable, 74

node, 21

non-algebraic distance, 118

non-arc-length parametrization, 40

Non-Uniform Rational B-Spline
(NURBS), 30

— curve, 30

— surface, 31

nonparametric form, 1

normal curvature vector, 56

normal plane, 171

normal pyramid, 345

normal vector

— curve, 40

— surface, 50

normalized number, 96

offset curve, 309

— approximation, 314

— cusp, 313

— extraordinary point, 310
— irregular point, 310

— isolated point, 313

— ordinary cusp, 310

— self-intersection, 311, 313
— singularity, 310

offset surface, 318

— approximation, 347

— Gaussian curvature, 319
— implicit surface, 322

— irregular point, 320

— mean curvature, 319

— principal curvature, 319
— self-intersection, 320

—— explicit quadratic surface, 330
—— implicit quadratic surface, 321
—— parametric surface, 337
—— tracing, 345

Index

— singularity, 320
ordinary point, 37, 50
orthotomics, 206
osculating plane, 40
Oslo algorithm, 26
overlapping, 157

parabolic cylinder, 4
parabolic point, 59
paraboloid of revolution, 4
parallels, 63

parametric curve, 1
parametric speed, 37
parametric surface, 4

pick feed, 301

pipe surface, 355

planar point, 59, 61
polynomial solver

— algebraic technique, 76
— balanced system, 83

— homotopy method, 78

— hybrid technique, 77

— overconstrained system, 84
— subdivision method, 78
— underconstrained system, 84
principal direction, 61
principal normal vector, 40
principal patch, 233
procedural curve, 112
procedural surface, 112
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Projected Polyhedron (PP) algorithm,

78
Pythagorean hodograph, 351

quadric, 4, 66

radial curve, 203
radius of curvature, 40
rational arithmetic, 90
rational number, 116
ray tracing, 200
rectifying plane, 43
reflection line, 200
regular point

— on curve, 37

— on surface, 50
resultant, 76, 122

root mean square curvature, 204
rotation matrix, 240
ruled surface, 258

— conical, 126

— cylindrical, 125
ruling, 258
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secant method, 282

second fundamental form, 57
— coefficients, 57
self-intersection, 159, 160
semi-cubical parabola, 39
shaded image, 199

shooting method, 275
significant digits, 90

singly curved surface, 259
singular point, 37, 50, 145
span, 21

STEP, 30

surface inflection, 260
surface of revolution, 63, 124

tangent plane, 49

tensor product surface, 18, 29
tolerance region, 308

tool driving plane, 301

torsion, 44, 165, 207

— transversal intersection curve, 170
torus, 32, 125

total curvature, 211

trip algorithm, 228
triple scalar product, 44
turning point, 144

umbilic, 61, 217, 233
crlterlon 251
— generic, 235
— index, 238
— lemon pattern, 235
— lemon type, 221
— monstar pattern, 235
— non-generic, 235
— star pattern, 235
unit in the last place (ulp), 95
unit speed, 37
unit tangent vector, 36
— tangential intersection points, 172
— transversal intersection curve, 166

variation diminishing property, 13, 24

wireframe, 198



