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We present a sufficient criterion for the Bernstein Bezier (BB) form of a trivariate polynomial
within a tetrahedron, such that the real zero contour of the polynomial defines a smooth and
single-sheeted algebraic surface patch. We call this an A-patch. We present algorithms to build a
mesh of cubic A-patches to interpolate a given set of scattered point data in three dimensions,
respecting the topology of any surface triangulation T of the given point set. In these algorithms
we first specify “normals” on the data points, then build a simplicial hull consisting of tetrahedra
surrounding the surface triangulation 7, and finally construct cubic A-patches within each
tetrahedron. The resulting surface constructed is C' (tangent plane) continuous and single
sheeted in each of the tetrahedra. We also show how to adjust the free parameters of the
A-patches to achieve both local and global shape control.

Categories and Subject Descriptors: F.2.1 [Analysis of Algorithms and Problem Complexity]:
Numerical Algorithms and Problems —-computations on polynomials; G.1.1 [Numerical Analy-
sis}: Interpolation—interpolation formulas; smoothing; spline and piecewise polynomial interpo-
lation; 1.3.5 [Computer Graphics|: Methodology and Techniques-—interactive techniques

General Terms: Algorithms

Additional Key Words and Phrases: Algebraic surfaces, computer-aided geometric design,
freeform surface, geometric continuity

1. INTRODUCTION

The importance of implicit surface representation in modeling geometric
objects or reconstructing the image to scattered data has been described in
various papers (see, e.g., Bajaj 1993, Dahmen and Thamm-Schaar 1993, Guo
1991a, Lodha 1992, and Sederberg 1985). The main advantages of implicit
surface over its parametric counterpart are that (1) the set of algebraic
surfaces are closed under basic modeling operations such as offset and
intersection, often required in a solid modeling system. For example, the
offset of a parametric surface may not be parametric, but is always algebraic
and has an implicit representation. (2) For the same polynomial of degree n,
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104 . C. L. Bajaj et al.

implicit algebraic surfaces have more degrees of freedom ( = (n ; 3) -1
n ;— 2) — 1) of the same

degree. Hence, implicit algebraic surfaces are more flexible for approximating
a complicated surface with a fewer number of pieces or for achieving a higher
order of smoothness. However, the main shortcoming held against the popu-
lar use of implicit surfaces is that the representation being multivalued may
cause the real zero-contour surface to have multiple sheets, self-intersections,
and several other undesirable singularities.

In Section 3 we present a sufficient criterion for the Bernstein—-Bezier (BB)
form of a trivariate polynomial within a tetrahedron such that the real zero
contour of the polynomial is a smooth (nonsingular), single-sheeted algebraic
surface. We call this an A-patch. In Section 4 we describe how to build a
simplicial hull consisting of tetrahedra surrounding a surface triangulation T
of the set of scattered data points in 3-D. We then show in Section 5 how a
mesh of cubic A-patches can be used to construct a C! interpolatory surface,
respecting the topology of the surface triangulation 7. In Section 6 we show
how to adjust the free parameters of the A-patches to achieve both local and
global shape control. This C! cubic A-patch fitting algorithm is quite appro-
priate for free-form design. In analogy to the final smoothing of an artist’s
rough sketches, complicated smooth models can be directly formed by first
creating a rough polyhedral model of the desired object and then using the
fitting algorithms to produce a C! smooth solid with extra local and global
parameters for fine shape control. Proofs of all the theorems and lemmas are
given in the Appendix.

compared with rational parametric surface (s 4(

1.1 Related Prior Work

The work of characterizing the BB form of polynomials within a tetrahedron,
such that the zero contour of the polynomial is a single-sheeted surface
within the tetrahedron, has been attempted in the past. Sederberg [1985]
showed that, if the coefficients of the BB form of the trivariate polynomial on
the lines that parallel one edge, say, L, of the tetrahedron all increase (or
decrease) monotonically in the same direction, then any line parallel to L will
intersect the zero-contour algebraic surface patch at most once. Guo [1991a]
treated the same problem by enforcing monotonicity conditions on a cubic
polynomial along the direction from one vertex to a point of the opposite face
of the vertex. From this he derived a condition a, , ., —a, >0 for all
A =(Ay, Ag, A3, AT with A, > 1, where a, are the coefficients of the cubic in
BB form and e, is the ith-unit vector. This condition is difficult to satisfy in
general, and even if this condition is satisfied, one still cannot avoid singular-
ities on the zero contour. Our condition of a smooth, single-sheeted zero
contour in Theorem 3.2 generalizes Sederberg’s condition and provides an
efficient way of generating A-patches.

The second problem we consider is how to join a collection of A-patches to
form a C' smooth surface interpolating scattered data points and respecting
the topology of a given surface triangulation 7' of the points. For this
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problem, prior approaches have been given by Dahmen [1989] using quadric
patches, Dahmen and Thamm-Schaar [1993] and Guo [1991a, 1991b] using
cubic patches, and Bajaj and Thm {1992] using quintic patches for convex
triangulations and degree-seven patches for arbitrary surface triangulations
T. All of these papers provide heuristics to overcome the multiple-sheeted
and singularity problems of implicit patches. In this paper our cubic A-patches
are guaranteed to be nonsingular and single sheeted within each tetrahedron.

While the details of the methods of Dahmen and Thamm-Schaar [1993] and
Guo [1991b] differ somewhat, they both use the scheme of Dahmen [1989] of
building a surrounding simplicial hull (consisting of a series of tetrahedra) of
the given triangulation 7. Such a simplicial hull is nontrivial to construct for
triangulations, and none of the papers [Dahmen 1989; Dahmen and Thamm-
Schaar 1993; Guo 1991a, 1991b] enumerate the different exceptional cases
(possible even for convex triangulations) nor provide solutions to overcoming
them. We too use the simplicial hull approach in this paper, but enumerate
the exceptional situations and provide some heuristic strategies for rectifying
them.

Guo [1991b] used a Clough—Tocher split [Clough and Tocher 1965] and
subdivided each face tetrahedron of the simplicial hull, hence utilizing three
patches per face of T. In this paper we consider the computed “normals” at
the given data points, and distinguish between “convex” and “nonconvex”
faces and edges of the triangulation. These concepts are formally defined in
Section 4. We use a single cubic A-patch per face of T except for the following
two special cases: (1) For a nonconvex face, if, additionally, the three inner
products of the face normal and its three adjacent face normals have different
signs, then one needs to subdivide the face using a single Clough-Tocher
split, yielding C' continuity with the help of three cubic A-patches for that
face. (2) Furthermore, for coplanar adjacent faces of T, we show that the C!
conditions cannot be met using a single cubic A-patch for each face. Hence,
we again use Clough-Tocher splits for the pair of coplanar faces, yielding C’
continuity with the help of three cubic A-patches per face. See also the
examples and figures in Section 7, where the savings in patches becomes
evident.

Related papers that approximate scattered data using implicit algebraic
patches are [Bajaj 1992, Lodha 1992, and Moore and Warren 1991 A
classification of data fitting using parametric surface patches is given in
Peters [1990].

2. NOTATION AND PRELIMINARY DETAILS

Problem. Given a list of data points P ={p,,..., p,) € R* and a surface
triangulation T of these points, construct a mesh of low-degree algebraic
surfaces such that the composite surface is single-sheeted C' continuous and
has the same topology as T.

Convex hull and affine hull. Let {p,,..., p,} € R* with j < 4. Then the
convex hull of these points is defined by [p,p, - pl=1(p € R*:p
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=Y Jap, >0, Y @ =1}, and the affine hull is defined by {p, p,

~p)={pe R3 p= XY ,ap;, Zjl , @; = 1}. The interior of the convex
hull [p,p, -+~ p;] is denoted by (p,pz- p)={peR’:p= Zji:lalpl,
>0, ¥ L a =1}

Bernstein—Bezier (BB) form. Let p,, p,, ps, p, € R® be affine indepen-
dent. Then the tetrahedron with vertices p,, p,, p;, and p, is V=
[P pap3py) For any p = Z; L0, €V, a=(a;, ay, a;, )7 is the
barycentric coordinate of p. Let p = (x, y, 2) and p; = (x,, Yir 2 )T. Then
the barycentric coordinates relate to the Cartesian coordinates via the follow-
ing relation:

- Y1 Yo Y3 Y4 ay . (21)

Zy 29 23 24|l ag
1 1 1 1] e

N e R

Any polynomial f(p) of degree n can be expressed as BB form over V as
flp)= ¥ s-n B @), A € 2%, where

n!
Bi(a) = mal layagsay

is Bernstein polynomial, |Al = Z?:l A, with A=A, Ay, A, AT, a=(a,,
ay, ay, a,)7 = Y | e is a barycentric coordinate of p, b, = b, FWWICEE:
subscript, we simply wnte A as A;AyAgA,) are called control points, and 4
stands for the set of all four-dimensional vectors with nonnegative integer
components. The following basic facts about the BB form will be used in this
paper. The first is derived from the directional derivative formulas (see Farin
1990):

LEMMA 2.1, Iff(p) = Y- 0.BJ(a), then

1
b(,,,l)wjzb,,eﬁ;(pj—pi)TVf(p,,), j=1,2,8,4; j+i, (22

where

af(p) af(p) af(p) 1"

Vitp) = Jx ay 0z

Formula (2.2) will be used to determine the control points around a vertex
from the given normal at that vertex.

LEMMA 2.2 [Farin 1990]. Let f(p) = ¥, ., a,B/(a) and g(p) = ¥ ..,
b,B(a) be two polynomials defined on two tetrahedra [ p,p,ps;p,] and
{ '\ Pap3p4], respectively. Then

(i) fand g are C° continuous at the common face [ p, p; p,) if and only if (iff)
2 Ps3
a, = b, forany A =0AA7,, Al =n. (2.3)
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(i1) fand g are C' continuous at the common face [ p, p; p,] iff (2.3) holds and

buz,«‘,/\,, = Biraiiaa, T Baloaan, o100
(2.4)

+ B.‘la()/l_,z\_;,\, ~o010 T 134‘10/13/\‘,4, ~ 0001 1

where B = (B, By, By, By)" are defined by the relation p, = B, p, + B, py +
Bipy + Bapy, Bl = L.

Relation (2.4) is called coplanar condition.

Degree elevation. The polynomial f(p) = Zw » 0,B(«) can be written
as one of dgree n + 1 (see, e.g., Far‘in4 1990): f(p) = Y, , (Eb),B" (a),
A€ 7% where (Eb), = 1/(n+ 1Y  Ab

A e,
Variation diminishing property [Farin 1990, p. 54]. Let y(¢)

= Z, » b, B (t); then y(¢) has no more intersections (countlng the multiplic-
ities) with any line than does the polygon {i/n, b,}" , in [0, 1].

Transformation. Since Zj , @, = 1, we have from (2.1) that

x Xy —x, x, ~x, x4y -2, |le X, o, X,
v = vy o yva oy e yiflan | T v = A ay |t |y, | (25)
2 21 T2y 2y T2y Zy T 24 |lay z, ay 2y

Let flx, v, 2) = gla,, a,, a,) Then it is easy to check that

Vi(x,y,2) = (A Y Vgla,, ay, a,). (2.6)

Therefore, the surface f(x, y, z) = 0 is smooth (i.e., Vf(x, y, z) # 0) iff the
surface glw,, a,, o) = 0 is smooth (i.e, Vg(lu,, w,, ay) # 0). This means
that the smoothness problem of the surface f(x, v, z) = 0 can be treated
directly in its barycentric form.

3. SUFFICIENT CONDITIONS OF AN A-PATCH

Let Fla) =Y a2 o 0WBl(a)bea given polynomial of degree n on the simplex
(tetrahedron) S = {( g, ay, ay, a)’ € RY: 24 , @, = 1, a, = 0}. The surface
patch within the simplex is defined by §, C S: F(a,, a,, ay, «a,) = 0. The
following two conditions on the trivariate BB form will be used in this paper:

Smooth vertices condition. For each i(1 < < 4), there is at least one
nonzero b, , . for A, = n ~ 1.
ApdodyAy

Smooth edges condition. For each pair (i, jX1 <1, j <4, i #J), there
either is at least one nonzero b,,, ., ), for m = 0 1,..., n, or the polyno-
mials Z:IH 1() bmr,wrt 1 Ifl)l"'l'kBl;ll i(t) and Zm 0 mf,’(n 1 ml«nu,Br:': l(t)
have no common zero in [0, 1], for distinct ¢, j, k, L.

If the surface S, contains a vertex/edge, then by the formulas of direc-
tional derivatives (see Farin 1990, p. 312), it is easy to show that the surface
is smooth there if the smooth vertex /edge conditions above are satisfied.
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108 . C. L. Bajaj et al.

Fig. 1. Three-sided (a, b, ¢ and d) and four-sided patches (e and f). Some of them are
disonnected. The filled vertices mark the boundaries of the patches.

Definition 3.1 Three-sided patch. Let the surface patch S be smooth on
the boundary of the tetrahedron S. If any open line segment (e;, a*) with
a*€8;={(ay, ay, a3, @) :a;=0, a;> 0, Y., @ = 1} intersects S, at
most once (counting multiplicities), then we call S a three-sided j-patch (see
Figure 1).

Definition 3.2 Four-sided patch. Let the surface patch S; be smooth on
the boundary of the tetrahedron S. Let (i, j, k, [) be a permutation of (1, 2, 3,
4). If any open line segment (a*, B*) with a* € (e;e;) and B* € (e,¢;)
intersects S, at most once (counting multiplicities), then we call S, a
four-sided ij-kl-patch (see Figure 1).

It is easy to see that, if Sy is a four-sided ij-kl-patch, it is then also a
ji-lk-patch, a [lk-ji-patch, and so on. The Appendix contains proofs of the
following lemmas and theorems:

LEMMA 3.1. The three-sided j-patch and the four-sided ij-kl-patch are
smooth (nonsingular).

THEOREM 3.2. Let F(a) = ), _, bB!(«a) satisfy the smooth vertex and
smooth edge conditions and j(1 < j < 4) be a given integer. If there exists an
integer k(0 < k < n) such that

bd\la\-z.k;‘.:\,, = 0! ‘)tJ = 0,1,..-,k =1, (3.1)
B S0, A=t d Lioainm (3.2)
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W b, < O for at least one m(k < m < n), then

0 A, om

and 3, b,>0ifk>0, )
A

Sy is a three-sided j-patch.

THEOREM 3.3. Let F(a) = }_ ., Bl a) satisfy the smooth vertex and
smooth edge conditions, and let (i, j, k, ) be a permutation of (1, 2, 3, 4). If
there exists an integer k(0 < k < n) such that

b)‘\Az)\:s)w >0, Ai + Aj =0,1,...,k — 1, (3.3)
b'\l’\‘l)‘.t'\l <0, /\z + )‘_; =k + 1,...,n, (3.4)

and ¥, | b, >0ifk>0 Y
At A O At m

then Sy is a four-sided ij-ki-patch.

b, < 0 for at least one m(k < m < n),

n

Note. The conditions on the coefficients b, in Theorems 3.2 and 3.3 are
sufficient, but not necessary. For example, if we want some B, < 0, it is not
necessary to let every b, <0, for [A| =n, A, = L

Some properties of A-patches

(a) For a three-sided j-patch, if b, =0 for A =(n —1l)e, +le, [ =0,
1,...,kGm #j, k <n), and b, # 0 for A =(n — 1)e,, +e_, s #j, m, then
the edge [e,e, ] is tangent with S, at e,, with multiplicities k. See also
Figure 2a.

(b) For a four-sided ij-kl-patch, if b, = 0 for A =(n —~ g, — g,)e, + g,e, +
g,¢,, 4, +q,=0,1,...,5,and b, # 0 for A =(n — e, + ¢, then S; is
tangent s times with face [e,ee,] at e,.

Note that a four-sided patch may degenerate into a two-sided patch; see
Figure 2b. However, we do not need to treat the degenerate patches any
different, but consider it to be a special four-sided patch.

(c) For a three-sided j-patch, if b, =0 for A =(n — mde, + me,, m =0,
1,...,n, then S, contains the edge [e;, e,]. Furthermore, if b, = 0 for
A=(n—-m—-De, + me, +e;, m=0,1,...,n -1, then the S, is tan-
gent with the face [e,e e, |. See also Figure 3a and b.

(d) For a three-sided j-patch, any point P € S, can be mapped to a triple
(a, ap, o)), o, + o, + o, =1, a,, a,, a; = 0 or a point a* € SJ ={(a,,
wy, ay, a): a; = 0}, Furthermore, there exists a one to one mapping
between S;. and S| = {a*:a* € S, F(e;) - Fla*) < 0}.

(e) For a four-sided ij-ki-patch, any point P € §, can be mapped to a tuple
(o, ), 0 <, 1,0 < e, <1, 0r two points a* € (ee,) = {(a}, ay, aj,
a) i, = a, = 0} and B* € (e,e) = {(ay, a,, a3, o) :a, = o, = 0). Fur-
thermore, there exists a one-to-one mapping between S, and {(«,,
B :F(a*) - F(B*) < 0}. If F(a*) =0, Sp is degenerated and all the
points with the same «, collapse into one point.
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positive control points

free control poini
Zero control poini

negative control point

[ Jul\ ]®

positive control points
free control paint

zero control point

L 2\ 1@

negative control point
(b)

Fig. 2. (a) Three-sided patch tangent at p,, py, Pa- (b) Degenerate four-sided patch tangent to
face [ p, ps ps] at p, and to face [ p, pyp,] at ps.

Hence a three-sided patch can be mapped into a triangular domain while a
four-sided patch can be mapped into a quadrilateral domain. This observation
gives rise to the terms three-sided patch and four-sided patch.

Note that smooth three-sided or smooth four-sided patches are not neces-
sarily connected within a single tetrahedron. Figure 1 shows some examples.
Subsequent sections detail how a combination of smooth A-patches are pieced
together to form a C' smooth global surface.

4. NORMALS AND THE SIMPLICIAL HULL

For the given point set P = {p,,..., py} € R? and their surface triangulation
T. we first construct a normal set N = {ny,...,n,} € R® for P. That is, for
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positive control points
free control point

zero control point

® 80

negative control point

positive control points

free control point

zero control point

® 80

negative control point
(b)

Fig. 3. (a) Three-sided patch interpolating edge [ p, p4]. (b) Three-sided patch interpolating
edges [ p, py] and [ p, pgl.

each point p., we associate a normal n;. We will force the constructed surface
to interpolate points p. and at each point have a normal n, for i = 1,..., k.
These normals therefore also provide a mechanism to control the shape of the
C'! interpolating surface. Common approaches to construct these normals at a
point p, include (1) an average of the face normals of the incident faces, and
(2) the gradient of a local spherical fit to the surface triangulation at each
vertex. Computing an optimal normal assignment is yet an unsolved problem,
and we are experimenting with different local and global normal selections
schemes [Bajaj 1992; Pottmann 1992; Moreton 1993]. Of course, at times the
data set can have prespecified normals, and this too can be the input of the
C' fitting algorithm.
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Without loss of generality, we assume that the assigned normals all point
to the same side of T. If T is a closed surface triangulation (a simplicial
polyhedron), then we assume that the normals all point to the exterior.

Definition 4.1 Convex edge and nonconvex edge. Let [p;p;] be an edge
of T. If (p, — p)"n(p, — p)Tn; 2 0 and at least one of (p; — p,)"n, and
(p;, - pj)Tnj is positive, then we say the edge [ p, p;] is negative convex. If
both of the numbers are zero, then we say it is zero convex. A positive convex
edge is similarly defined. If (p; — p)'n(p, —p)n; <0, then we say the
edge is nonconvex.

Definition 4.2 Convex face and nonconvex face. Let [p,p;p,] be a face of
T. If its three edges are nonnegative (positive or zero) convex and at least one
of them is positive convex, then we say the face [ p; p;p, | is positive convex. If
all of the three edges are zero convex, then we label the face as zero convex. A
negative convex face is similarly defined. All of the other cases [ p, p;p,] are
labeled as nonconvex.

Note that here we are overloading the term convex to characterize the
relations between the normals and edges of faces. We distinguish between
convex and nonconvex faces in the simplicial hull below, where we build one
tetrahedron for convex faces and double tetrahedra for nonconvex faces.

Definition 4.3 Simplicial hull. A simplicial hull of T, denoted by }_, is a
collection of nondegenerate tetrahedra that satisfies the following:

(1) Each tetrahedron in Y has either a single edge of T (then it is called an
edge tetrahedron) or a single face of T (then it is called a face tetrahe-
dron).

(2) For each face of T, there is (are) only one or two face tetrahedra in ). if
the face is convex or nonconvex.

(3) Two face tetrahedra that share a common edge do not intersect anywhere
else. This condition is referred to as nonintersection.

(4) For each edge, there is (are) only one or two pair(s) of common face
sharing edge tetrahedra in Y if the edge is convex or nonconvex such
that the pair(s) fill the region between the two adjacent face tetrahedra in
the same side of T.

(5) For each vertex, the tangent plane defined by the vertex normal is
contained in all of the tetrahedra containing the vertex. This condition is
called tangent plane containment.

Note that, for a given surface triangulation with normal assignments, 7.
there may exist infinitely many simplicial hulls, or no simplicial hull may
exist. We now describe a scheme for constructing a simplicial hull for the
surface triangulation 7' and prescribed vertex normal assignment. We also
enumerate the exceptional configurations where a simplicial hull of T is
difficult and then provide a solution for constructing the simplicial hull for a
locally modified T
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Fig. 4. The construction of double tetrahedra for adjacent nonconvex/nonconvex faces and
convex /nonconvex faces.

Fig. 5. Construction of single tetrahedra for adjacent convex /convex faces.

(1) Build face tetrahedra. For each face F = [p,p,p;]l of T, let L be a
straight line that is perpendicular to the face F and that passes through the
center of the inscribed circle of F. Then choose points p, and/or g, off each
side of F to be the farthermost intersection points between L and the
tangent planes of the vertices of the face. If F' is a nonconvex face, two face
tetrahedra [ p, p, pyp,l and | p, p, p;q,] are formed (double tetrahedra). If F
is positive convex, then p, is chosen on the same side as the direction of the
normals, and a single face tetrahedron [p,p,p,;p,] is formed. If F is
negative convex, then g, is chosen on the the opposite side of the normals,
and again a single face tetrahedron [ p, p, p;q,] is formed. Figure 4 shows
the cases where at least one of the two adjacent faces is nonconvex, and
Figure 5 shows the case where both faces are convex.

A sufficient condition for constructing face tetrahedra with tangent plane
containment is that the angle of the assigned normal n, at each vertex p,
with each of the surrounding face’s normals is less than /2. If this condition
is not met, then an exception occurs, and we term the vertex as sharp. See
Figure 6a.

A sufficient condition for adjacent face tetrahedra to be nonintersecting is
as follows: For two adjacent faces F ={p,p,p;] and F' = [p) p,p;l, the
angle between them, denoted as 2 FF', is defined as the outer dihedral angle
if the edge between F and F’ is negative convex and inner dihedral angle

ACM Transactions on Graphics, Vol. 14, No. 2, April 1895.
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= Y

(@) (b}

Fig. 6. (a) No tangent plane containment. (b) Self-intersecting tetrahedra.

otherwise. For [ p, p;], the common edge between F and F', let [ p, p, p3p,]
and [ p| p, p; p] be the face tetrahedra, respectively. Then the two tetrahe-
dra are nonintersecting if the angles 4[ p,p,p;ll p,p,p;3] < 34 FF' and
£l pypapsll Py Py 3l < 32 FF'. If this condition is not met, then an excep-
tion may occur, and we term the common edge [ p, p;] as sharp. See Figure
6b.

A heuristic strategy that rectifies the sharp edge and sharp vertex configu-
rations is a local retriangulation of the original surface triangulation 7. This
strategy has worked well in several of the smoothing examples we have
performed. An exact algorithm based on subdivision is given in Bajaj et al.
{1994].

(i) Sharp edge problem. Let [ p,p,] be a sharp edge (see Figure 7a),
and let [p;p,;] (i =1,2; j=1,2,...,k,) be the remaining surrounding
edges of p, in adjacency order. Take two spheres S(p,, r;) with centers p,
and radius r;, where r; are positive numbers that are less than half of
the surrounding edge’s lengths || p, — p,;/l. The smaller r; is, the sharper
the constructed surfaces around edge [ p, p,] are. Let g,; be the intersec-
tion points of S(p,, r;) and [ p, p;;]. Then q,,, g;5,..., q;, form two closed
polygons, p;;, Pij.1s 9i;+1> q;; form a four-sided closed polygon, and,
finally, 91, 921, Q2,5 914, form another four-sided closed polygon. Trian-
gulate these polygons (the dotted line in Figure 7a) by connecting adja-
cent edges of the polygons in the least inner angle order.

(i) Sharp vertex problem. Let p, be a sharp vertex (see Figure 7b),
and let [ p,p,;] (=1, 2,...,k) be the surrounding edges of p, in
adjacency order. Take a sphere S(p,, r) with center p, and radius r,
where r is a positive number that is less than half of the surrounding
edge’s lengths || p; — p,;ll. The smaller r is, the sharper the constructed
surfaces around vertex p, are. Let q,; be the intersection points of S(p,,
r) and [ p, p,;l. Then g, q;,,...,q;; form a closed polygon, and p,;,
Pij+1» Q1j<1» q1; form a four-sided closed polygon. Triangulate these
polygons (the dotted line in Figure 7b) by connecting the adjacent edges
of the polygon in the least inner angle.
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(b)

Fig. 7. Retriangulation of (a) sharp edge and (b) sharp vertex.

(2) Build edge tetrahedra. Let|[p,p,] be an edge of T, and let [ p, p, p,]
and [ p| p, p,] be the two adjacent faces. Let[ p, p, p,p,1 and/or[ p, p, p;q,),
and [ p| p, p,;py] and/or [ p) p,p,;q,] be the face tetrahedra built for the
faces [ p, p. ps] and [ p| p, p,], respectively. Then, if edge [ p, p;] is noncon-
vex, two pairs of tetrahedra need to be constructed. The first pair [ p| p, p, p,]
and [ p} p, p;py] is between [ p| p, p,p,l and [ p, p, p; p,]. The second pair
[¢}p,p3q,) and [¢] p, p3q,] is between [ p' p, p,q;) and [ p, p, p;q,]). Here,
p € (p,py) or is above (p,, p,), say,

(1 -1¢)

¢
Pl = 2 (p2+p3)+§(p;+p4), t>1,

so that p} is above plane { p, p, p;] and plane [ p| p, p,]. Similarly, ¢} €
(g,q,) or is below (q,, q}), say,

(1-0 t
q; = (pp+py) +5lqs+q), 21,

2

so that ¢ is below plane [ p, p, p,;] and plane [ p'| p, p,]. If edge [ p, p;] is
positive /negative convex, only the first/second pair above is needed. If the
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edge [ p, p;] is zero convex, no tetrahedron is needed here. It should be noted
that p, and p; (g, and q}) are always visible.

5. CONSTRUCTION OF A C' INTERPOLATORY SURFACE USING CUBIC
A-PATCHES

Having established a simplicial hull }_ for the given surface triangulation 7'
and a set of vertex normals N, we now construct a C! function f on the hull )
such that

f(p) =0, Vf(p)) = n,, i=1,2,...,k, (5.1)

and the zero contour of f within ) forms a C! continuous single-sheeted
surface with the same topology as 7.

5.1 The Construction of a Piecewise C' Cubic Function

The construction of the function f over two adjacent faces of T is divided into
the following three cases:

(a) Both faces are nonconvex.
(b) Both faces are convex.
(c) One of them is convex, and the other is nonconvex.

(a) Both faces are nonconvex. Let F =[p,p,p,] and F' =] p p, p;] be
two adjacent nonconvex faces. Then we have double tetrahedra [ p, p, psp,]
and [ p, p, p3q,] for F, and double tetrahedra [ p' p, p, p,] and [ p) p, P3¢l
for F’ (see Figure 8). Let

Vi=1pp2pPsp,], V, =[p\p2p3P4], W, =[pip;p3p4l,
W, =1pipepspil,  Vi=1[1p1pP2p3qsd, V3 =1pP1p:p3q4],
Wi = [q'{PZP3Q4]r W, =141p2p39,],

i

be expressed in BB forms with coefficients a!, b/, ¢!, and d!, i =1, 2,
respectively. Now we shall determine these coefficients.

and the cubic polynomials f; over V,, g, over W,, f over V/, and g; over W/

C° Continuity. If two tetrahedra share a common face, we equate the
control points of the associated cubic polynomials on the common face (see
Lemma 2.2):

i i i _ Bi 1 _ 12
Tpasrs0 = Crlazaq00 Qorpagn, = b0A2A3A4’ bA,A2A30 = bA1A2A30!

i - i 1 _ g2
Congrga, = dmz)‘a)«,’ dA,AZAso = d/\lAz)\;,O'

Interpolation. Since zero contours of f; and f/ and g, and g, pass

through p, and p;, al = b} =¢. =d) = 0for i = 1, 2, and A = 0300, 0030.
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positive controf points
sign undetermined

zero control point

negative control point

Fig. 8. Adjacent double tetrahedra, functions, and control points for two nonconvex adjacent
faces.

Normal condition. From (5.1) and (2.2), we have, for j = 2, 3,

1 — 1 T 2 1 ’ T
a2[’_l+|’l - E(pl - p;) n»,a a2‘,’..,‘ - -i(pl - pl) nJ’
1 = ! _ T 2 IR W T
a2?r,uv,, - .'i(pr'l pj) n'j’ azpj$y| = 3(,D4 pl) nj,
. . (5.2)
1 — 1 L 1 1 "o
bZe,‘(-l - :i(pl p/) nj» d29’+‘,1 = ;;(ql pj) flj,
1 _ 1 . T 2 1y T
02(’,+(" - .'i(Q4 p,) n"/’y 02(,/4(,4 - f;(q4 pj) nj.
1 p .
C' Conditions. At present, set a5, .., ¢, .., J = 1,2, 3, 4, b4001, and

diye, to any value (free parameters), and determine the other control points:
(1) Interface of | p,pyp,] and [ p, ps py]. Suppose
Pl{:B11P1+/321P2+B31P3+B41P4, 311+B2l+331+341:1’

(5.3)
Py = BIp) + Bip, + Bips + Bipy,  BI+ B+ B+ Bi=1
Then, the C' conditions require (see Lemma 2.2)
bluz,\:m = B;aluﬂm + B3Qha,a, 0100 (5.4)

[ [
+ B3oa,n, 0010 T BaQoa,a, - 0001

for A,A;A4 = 002, 101, 011, 110. Hence, by, bjo, and bj,,, are de-
fined, leaving a{,;, and a};,; to be determined. Equation (5.4) for A, A A,
= 110 will be treated later.

(2) Interface at [ p, p,pt). Let
Pi = M Py+ Mo Py + UgPy T Uy Py, Byt pg t oy + oy =1; (5.5)
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then C! conditions require

; _ 1 2
by a0+ 1000 = H1By a1 T B2 by 400 (5.6)
i i )
+ maby y,n,0+0100 T H485a,0,0 0010

for A;A,A; = 200, 110, 101, 011. Hence, biygy, bo10n> and bby,, are de-
fined. The equation for A, A, A; = 011 will be treated later, together with
(5.4).

(3) Interface between [ p, p3q,]), | ps p3q7]), and [ p; p5q,]. All control points
of g! and some of the control points of f; can be fixed as f;, and g,. That

13

is, the relations (5.4)-(5.6) hold when the quantities a’s, b's, 8's, and u's
are substituted by ¢'s, d's, ¥'s, and 7's, respectively. The two untreated
equations left are

dijo = Yi®ino + Y5Q0210 + Y5120 + YiCo111s (5.7
. ) _ .
1110 = MCoin1 + MCoin + M3@oz10 + M@oiz0 (5.8)
where the coefficients y;, and 75, are defined by
9= VPr+ VP + VaPst Yids, Mt vt vitw =1,

g = ¥iPy + ¥ipe + ¥iPs + ¥4, YEH Vi YR+ v =1, (5.9)
1= M9y + Mgy + WPyt WPy, MmT Mt ugtmy =1

(4) Interface between | p, p, p;l and [ p', p, p;]. Let

_ 1 1 1 1 1 1 1 1 _
qs=a;p; tay;py, tagps; + agpy, a; +tay +ayta=1, (5.10)
2 2 2 2 2 2 2 2 _ ’
gy = aipi + a;p, + asp; + a;py, af +a; +aj +a; = 1.
Then we have
Coi1 = @1@3110 T @3Q0910 F @380199 @4 Q01q;- (5.11)

Now we treat the equations (5.4), (5.6), (5.7), (5.8), and (5.11). It follows from
(5.4), (6.6), (56.7), and (5.8) that

1 2 i i
H1@o111 + Ba@pi1n T M3@p210 T HeBpi120
— @i i i i
= Bi®i110 + B28o210 + B3Ao120 T BiGo111»

1 2 i i
TCoi1: T MeCorinr T MQo210 T MBi1o

(5.12)

o o o (5.13)
— L 1
= ¥280210 T Y3%0120 + Y4C0111-

Therefore, (5.11)—(5.13) form a linear system with six equations and six
unknowns a1y, @i119> Co111, for ¢ = 1, 2. It is important to point out that this
is not an independent system (see Theorem 5.1 for the solvability of the
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system). It has four independent equations and infinitely many solutions. In
fact, if we assume that p,, p,, p,;, p} are not coplanar and then denote

Py= 0{py + 6,0y + 65py + 6/p7, 6] + 65 + 63 + 6 =1,
p; = Hizpl + HSPZ + ();p? + (}42p’l’ ()12 + ()3 + Hf + H42 = 1’ 5 14)
Gy = P, + O4py + Bypy + p,, 9+ 9+ 9+ 9 =1,
g, = O8p, + O8fp, + Ofpy + O2p,, O+ 09X+ 92+ 9% =1,
then we can derive from (5.12) and (5.13) that
@by = 0iaj;, + 05ahy, + 0iahs + 0iat ), (5.15)
Corn = l('1"1}110 + Gya0p10 + 1():;aénzo + '941af1111- (5.16)
Actually, this means any group of four weights (e.g. a},;,, @by, and a‘f““)

defines the same 4-D hyperplane in its own barycentric coordinates (e.g.,
[ pypyp,ypP1)). Therefore, besides a,210' and a,120' (or ¢,210' and ¢,120’,
there are only 2 degrees of freedom left. We choose ai,, (or ¢{;;,) to be the
free parameters. They may be determined by approximating a quadratic (see
Section 6 or Dahmen and Thamm-Schaar [1993)).

(b) Both faces are convex.

(b1) Both faces are nonnegative (or nonpositive) convex. Following the
discussion of (a), the scheme for determining the control points are as
before, except for the following:

(1) Only half of the control points are needed. That is, we need a}, b, for
functions f, and g, if F and F' are nonnegative convex, or c;, d; for

functions f/ and g, if F and F’ are nonpositive convex.

(2) aj;, (or ¢jq,0) can be determined freely as in (a). One way to choose
@110 (O ¢iy10) is to make the cubic approximate a quadratic (see
Section 6). In particular, aj;;, = 0 (or ¢},,, = 0) if the face is zero
convex.

(3) We now need only (5.15) for unknowns al,,, and a?,,, if the edge
[ p, p;] is nonnegative convex, or (5.16) for unknowns ¢, and ¢},
if the edge [ p, p;] is nonpositive convex.

(b2) One positive convex face and one negative convex face. In this case,
the common edge must be zero convex. Suppose F is positive convex and
F’ is negative convex. All of the control points are determined as before,
except for the following:

(1) We only need to construct f,, g,, and f,; that is, ¢ and d} are not

needed. The functions g, and f, have no contribution to the surface
and are used for smooth transition from f| to f;.

(2) aj;yp < 0 and ¢, = 0 can be determined freely (see Section 6).
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(3) We only need to have (5.11) for i = 2 and (5.15) for unknowns a},,,,
2 2
ag111> and ¢gpy)-

(b3) Both faces are zero convex. This case, in fact, is included in case
(b1). The surface is defined directly as the planar faces of the surface
triangulation. No function needs to be constructed.

(¢) One convex face and one nonconvex face. Suppose [ p,p,p,] is
convex and [ p’| p, p;] is nonconvex, with the following exceptions:

(1) The functions f; and g; and their control points ¢, and d} are not
needed if F is nonnegative convex. The functions f, and g, and their
control points a} and b/ are not needed if F is nonpositive convex.

(2) alp <0 (or ¢};,0 = 0) and a?;,, (¢} ;o) can be determined freely as
in case (b). In particular, a},,, = 0 (or ¢}, = 0) if [ p, p, p;] is zero
convex.

(3) For the treatment of equations (5.11)-(5.13), we only need to have
(5.11) for i = 2 and (5.15) for unknowns a},,;, a2,;,, and cZ,;, if edge
[ p, p;] is nonnegative convex, or to solve (5.11) for i = 2 and (5.13) for
unknowns ¢j;,;, o111, and aj,; if edge [ p, p;] is nonpositive convex (see
Theorem 5.1(i1) for the solvability of the system).

Coplanarity of adjacent faces. In the discussions above, we have assumed
that p,, p}, p,, p; are affine independent. If p,, p}, p,, p; are coplanar,
then the coefficient matrices of the linear systems (5.12) and (5.13) are
singular. However, the system (5.11)—(5.13) is still solvable (see Theorem 5.1)
taking aj,,, or c{;;, as free parameters. The other unknowns are given
directly by these equations. Since the parameters a},;,, { = 1, 2, now become
dependent, they are overly determined by the systems (5.11)-(5.13) around
the three edges (e.g., [ p, p. ps p3ll pyp,1 for a,y,,), and a solution may not
be possibie. In this case, we split the involved tetrahedron into subtetrahedra
by subdividing the triangles [ p, p, p;] and [ p| p, p;] into three subtriangles
at their center points w and w' (a Clough—Tocher split). A solution is now
possible where the coefficients are specified as before, by regarding w as p,
and w' as pi.

We then need to determine the remaining coefficients over the subtetrahe-
dra U, = [ p,psp,w], Uy, = [ p, pyp.w], and U, = [ p, p, p,w] such that the
C! condition is satisfied. In fact, since w € [ p| p, p;], the coefficients on the
same layer are C! related. For the Oth layer (see Figure 9), the control points
labeled e are thus already determined. The control points < are determined
by a coplanar condition with surrounding e. Finally, the point O is deter-
mined from the surrounding three points o by the coplanar condition.

For the lst layer of Figure 9, the control points labeled o and O are
similarly determined as the Oth layer. For the 2nd layer of Figure 9, the
control points o are arbitrarily chosen, and O is determined by the coplanar
condition. Finally, the 3rd-layer coefficient is free.
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0-th layer 1st layer 2nd layer

Fig. 9. Control points of zeroth, first, and second layers.

5.2 The Solvability of the Related System

Concerning the solvability of the system (5.11)-(5.13) and its subsystem, we
have the following result. The proof is given in the Appendix:

THEOREM 5.1. Given two affine independent point sets (p,, p;, py, py)
and (p,, p,, gy, q,). as in Figure 8, (i) the system (5.11)-(5.13) has four
independent equations. If (p,, p', p,, p.) is affine independent, then (5.12)

and (5.13) are four independent equations for the unknowns af,,, and ¢\,
fori - 1,2
iy Let {ri,....rsb ={p,, P\, Py Pys Gy q4) and {x,,..., x50 = (a0,
@iios @11 @y Comns Cor)- Forany 1 <8 <j < 6,ifr,, r, p,, p, are affine
independent, then
X, = d)f‘x, + (bz"x,» + (I)ﬁa}m(, + (bfa(l,m,. k+1,], (5.17)

where & are defined by r, = $ir + ¢;§r' + dkp, + dip,, bF + dL + bE
k :
d) = 1

5.3 Construction of Single-Sheeted A-Patches

Having built C! cubics with some free control points, we now illustrate how
to determine these free control points such that the zero contours are
three-sided or four-sided A-patches (smooth and single sheeted).

We assume (without loss of generality) that all of the normals point to the
same side of the surface triangulation T'. That is the side on which p, and p)
lie (see Figure 8). Under this assumption, it follows from Definition 4.1 and
Eq. (5.2) that the control points on the edge, say, aj,,, and a{,,, on edge
[ p, p.] (see Figure 8), are nonnegative if the edge is nonnegative convex, and
nonpositive if the edge is nonpositive convex. Now we can divide all of the
control points into seven groups, called layers. The Oth layer consists of the
control points that are “on” the faces of 7. The 1st layer is next to the Oth
layer, and on the same side as the normal direction, followed by the 2nd and
3rd layers. Next to the Oth layer but opposite to the normal is the — 1st layer,
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and then the —2nd and —3rd layers. Now we show that we can set all of the
control points on the 2nd and 3rd layer as positive and the control points on
the —2nd and —3rd layers as negative.

For the face-tetrahedra, it is always possible to make the 2nd and 3rd
layers’ control points positive, because these control points are free under the
C? condition. For the control points on the edge-tetrahedra, it follows from
(5.4) that the 2nd and 3rd layers’ control points can be positive only if the 2nd
layer’s control points on the neighbor face-tetrahedra are large enough. This
is achieved since B} in (5.4) is positive (see the proof of Proposition 5.3 for
details). Similarly, the control points on the —2nd and —3rd layers can be
chosen to be negative. Furthermore, all of these control points can be chosen
as large as one needs in absolute value in order to get single-sheeted patches.

Since the control points around the vertices of T are determined by the
normals, the smooth vertex condition is obviously satisfied. If the surface
contains the edge [ p, p;] (see Figure 8), then, since a},;, (or a},;,) is freely
chosen, the smooth edge condition is easily satisfied (see the proof of Proposi-
tion 5.3). Referring to Figure 8, we prove in the following that the patches
constructed over V, and W, are single sheeted. The other patches are similar:

PROPOSITION 5.2. If the face [ p, p,p;] is nonnegative convex, then the
control points can be determined so that the surface over V, is a three-sided
4-patch.

PRrROPOSITION 5.3.  If the edge [ p, p;] is nonnegatice convex, then the control

points can be determined such that the surface over W, is a four-sided
14-23-patch.

Subdivision. For any face of T = [ p,, p,, ps], if it is nonconvex and if the
three inner products of the face normal and its three adjacent face normals
have different signs, then subdivide the double face tetrahedra into six
subtetrahedra by adding a vertex at the center w of the face (a Clough—Tocher
split). The coefficients are specified as before by regarding w as p, (see
Figure 8).

PROPOSITION 5.4. If the above subdivision procedure is performed, then the
control points can be chosen so that the surface over V| is a three-sided
4-patch, and the surface over W, is a four-sided 14-23-patch.

A three-sided (or four-sided) patch, although by itself may be disconnected,
in the case of a nonconvex face it forms a connected piece of surface with the
other three-sided (or four-sided) patch of the double tetrahedra.

THEOREM 5.2, The global piecewise surface constructed is smooth, con-
nected, and single-sheeted.

With Theorem 5.2, we conclude that the surface is topologically equivalent
to the input triangulation.
6. SHAPE CONTROL

From the discussion in Section 5, there are several parameters that can
influence the shape of the constructed C' surface. These parameters include
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(a) the length of the normal if its orientation is fixed, (b) aj,;,, and (c)
Ayioe > 0, aigee > 0, ageyy > 0, afge; > 0, and by, > 0for i =1, 2.

(a) Interactive shape control. The influence of the length of a normal at a
vertex is that, if the normal becomes longer, then the surface becomes flatter
at this point. Parameter a,,,, lifts the surface upward to the top vertex of the
tetrahedron, while others push the surface downward toward the bottom of
the tetrahedron. In order to get a desirable surface, one may specify some
additional data points in the tetrahedron considered and then approximate
these points in the least-squares sense.

(b) Default shape control. Here we only consider the effect of the free
parameters; that is, suppose the normals are fixed. The aim of the default
choice of these parameters is to avoid producing bumpy surfaces. The com-
monly used method is to keep the surface patch close to a quadric patch
{Bajaj 1992; Dahmen and Thamm-Schaar 1993].

By least-squares approximation of the coefficients of a quadric [Dahmen
and Thamm-Shaar 1993], one can derive that

1
a9 = Z(alzoo + @yy00 T Qo010 T Qro20 + Qo210 T Corzg)-

Using the same idea, the other parameters can also be determined. For
example, a, for A, > 1 can be determined by the degree elevation formula

1 4
a, =3 LAx ., Al=3, Ag>1, (6.1)
=1
where x,  is the solution of the following equations in the least-squares
sense:

1 4
a, ==Y Ax, ., IA=3, A, =01
3,/ '

In the same way, b,,,, can be determined. Therefore, under the C' condi-
tions, we can define two sets of control points {a}} and {a{} over V|, where
{a;} is yielded from the single-sheeted consideration (see Propositions 5.2-5.4)
and where {a!} comes from approximating a simple (quadratic) surface. Note
that the surface defined by {aj} above may not be desirable in shape, while
the surface defined by {a{} above may not be single sheeted. In our implemen-
tation we take a finite sequence 0 =t¢; <t¢, < --- <{, =1 and consider
{@"}y ={(1 — ¢)a? + t,a}}, i =0, 1,..., m, selecting the single-sheeted sur-
face defined by {a!’} for the smallest index i. Experiments show that this
approach works well and that a desirable surface is obtained with ¢, < 0.5.
Examples are shown later in Figure 11.

7. EXAMPLES

Examples of the simplicial hull construction and C! smoothed triangulations
using cubic A-patches are shown in Figures 10-13. Color pictures Figures 12
and 13 are also provided at the end of the paper. Note in these figures how
the “convex” faces are smoothed by a single cubic A-patch per face, while a
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Fig. 10. Surface triangulation, the simplicial hull, and some of the interpolatory C'® cubic
A-patches.

Clough—Tocher splitting occurs for coplanar faces and some “nonconvex”
faces, as determined by the vertex normals assignment and the adjacent
faces.

APPENDIX

PrOOF OF LEMMA 3.1. Let g(ay, ay, a3) = Flay, ay, a3, 1 — a; — ay, — ay).
The smoothness of the surface patch Sy requires that Vg(a,, a,, a3) # 0 for
every (@, ay, ay, a,)" on S,. We prove only the smoothness of the three-sided
J-patch. The proof of smoothness of the four-sided patch is similar.

Suppose the three-sided j-patch is not smooth. There will then be a point
a* = (a¥, af, a¥, af ) € S, in the interior of S such that Vg = 0. Since

d JF  4F
i=————, t=1,2,3,
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(=] Splinex Window 0 de. Contains: 5. T ﬁ‘ i Splinex W 0 ez (€L . Cortains: 0,3 =10

=l Splinex Real Window 0 dz (CUBBENT), Contains ﬁp;gﬂ | Splinex Real Window 0 dz (CURRENT). Contains: J0]. el

Fig. 11. Different smoothings of the surface triangulation using ' cubic A-patches

we have
oF oF oF

da, B da, - da,
Using Euler’s formula [Walker 1978] for homogeneous polynomials
4 dF 4
Y oa =4F and Yoo =1,

i
e ria, i1

we have dF/(da,)) = 0,1 =1,...,4. Let p, € S; and ¢ = t* € (0, 1) such that
a* = t*e, + (1 = t*)p, = a(t*); thatis, F( a(¢*)) = 0. Furthermore, let

aF(a(t)) 1 oF da

at "0 oy at
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I 4
:

| |
| |

1|l = Selivex Window 0 dz (CURRENT). Contais: 02,11
{

|51 Selinex Window 0 dz (CURRENT). Contains: J0,2,1].

=70

Fig. 12. Surface triangulation and some of the interpolatory C! cubic A-patches.

This implies that ¢* is a double zero of F(a(t)), a contradiction to the

definition of the three-sided patch. O

ProOF OF THEOREM 3.2. For the sake of simplicity, we assume that j = 4.
Let p = (¥, ¥5, s O € S,(ie,5,>0, 27 ,3=1),

at) =te, + (1= )p = ((1 - Oy, (1 = Dy,, (L =t)yy, )7,

for t € (0, 1). Then

b,n! .
Fla(t) = T —ybygyp - b s
[Al=n :
_ bA(A1 + A, + )\3) yflygzyga
IAl= n AlATAG!
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[ Sgattrsex Winchaow © cte (CURIENT). Contains: fIL2]

)| [ Splinex Window 0 de (CURRENT). Contains: [0,2], [~ic
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Fig. 13. Complete smoothing of the surface triangulation using C' cubic A-patches

x n! (1;t)A'.M.MtA'
(A, + Ay + ADIA,! (A1)
= Z z bABA’Z/\-._)[A_,(yI’yz’y;;) B/"(f)
1=0\|Al=n

Ay =1
= Z B[(ylvy‘Z)y;;)B[n(t).
=0

By (3.1) and (32), B, >0if k> 0,B,>0,for/=1,., k-1, and B, <0,
for /l =k +1,...,n.If B=-=B,,.,=0and B

W m < O for some m
with 0 <m < n — k-1, then F( «(¢)) can be written as

n—m

FlattD =1 -" ¥ Cly,,y,,y)B ™(1), (A.2)
=0
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where C) > 0if £ > 0, C,_,, <0, and the sequence C,, C, -- C,_,, has at
most one sign change. By the variation diminishing property of the functional
BB form, the equation F(a(¢)) has at most one root in (0, 1). Finally, we need
to show that the surface at the boundary of the tetrahedron is smooth. In the
proof above, if we allow the intersection to occur at the boundary, then there
may be an intersection of higher multiplicity at ¢ = 0 or ¢ = 1. That is, the
surface contains vertices or edges of the tetrahedron. Here, the smooth vertex
and smooth edge conditions in the theorem guarantee that the surface is also
smooth on the boundary of S. O

Proor oF THEOREM 3.3. Without loss of generality, we assume that (i, j,
k, 1) =(1, 2, 3, 4). Then the edge [¢,e,] and [e;e,] can be expressed as

lejes] ={p:p =ue + (1 —ue,,u €[0,1]},
[ese,] ={p:p =vey + (1 —v)e,,v €[0,1]},

and the line segment passing through the two edges is
a(t) = tleje,] + (1 — lege,] = (ut, (1 — ut, vl — ), (1 — )1 — ),

for t € (0, 1). Hence,

!

b
I A R O R AR S O
[Al=n

F(a(t))

b, (AL + AMHA; + AD!
Al 2 3 UM — w)Mo M — o)t

i
™=

)»

10| aen AIASTALIA!
A A=l
n! ;
——t'1 - )"
Mn -

Z Bl(u,U)Bln(t).
=0

It follows from (3.3) and (3.4) that F(«a(#)) has at most one zero in (0, 1).
Again, the smooth vertex and smooth edge conditions in the theorem guaran-
tee that the surface is smooth on the boundary of S. O

PrROOFS OF THE PROPERTIES OF A-PATCHES. Property (a) can be verified
by reconsidering the proof of Theorem 3.2. For example, if m =1, j = 4,
(¥, ¥2, ¥3) = (1,0, 0) at e,,. Hence,

Bl(yl’y27y3)=b(n,,“el+l(,4=0, l=0,1,...,k.

Therefore, ¢t = 0 is the root of F(a(¢)) with multiplicity 2 + 1. On the other
hand, e, is not a singular point of Sy, since b, # 0 for A = (n — lle,, + e_.
a
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We illustrate property (b) by showing that any line passing through edge
[e,e;] and vertex e, is tangent to S, with multiplicity s. In fact, if we take
v = 1 in the proof of Theorem 3.3, we have

B/{u,v) =Bj(u,1) = b, = 0.

et Ae, s ey
Hence, t = 0 is a root of F(a(t)) with multiplicity s + 1. Again, e, is not a
singular point. 0O

The proof of property (¢) is similar to the proof of property (a).

For Property (d), the mappings are given by the definition. A point P € S;.
maps to a* € S; if and only if line segment (e;, @*) intersects S at P. And
the mapping is one to one for o* € S; ={a e S;, F(e‘/)-F(a*) > 0}, as (e‘,,
«”) intersects Sy an odd number times iff F(e;)- F(a*) > 0.

The proof of Property (e} is similar to (d).

PrROOF OF THEOREM 5.1. (i) The system (5.11)-(5.13) can be written as
XA = —[afy10@6120] B, where

0‘11 0 311 0 7’1l 0
0 of 0 BY 0 ¥
A= C'41 Y 341 - My M
0 af T H B — 1y ’
-1 0 0 0 Y~ M
0 -1 0 0 P 742 -7’
B - —‘1% “5 le My Bf Mg Y; - M Yg -m .
_a% a:f ﬁ; My B;z My }’:1 4 Y:f T

It follows from (5.3), (5.5), (5.9), and (5.10) that

Py Py Py Py 4s 4y P2 P3llA] _
1 1 1 1 1 1 1 1/[|B]

g is at most four; that is, the matrix A is
singular. Since B} # 0, 87 # 0, the first two rows and the last two rows of A
are independent. That is, matrix A has rank four. Hence, the system
(5.11)-(5.13) has four independent equations. Now we show that, if (p,, p|,
P., Py)is affine independent, then the submatrices A, and A, are nonsingu-
lar, where

Hence, the rank of the matrix

- 742 -

Ys — M -m
My By T

Bi — my — iy ] A, =
2

are the submatrices of A and are the coefficient matrices of the equations
(5.12) and (5.13), respectively. This implies that (5.12) and (5.13) are four
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independent equations for unknowns a),,, and c¢{;;;, { = 1, 2. In fact, the
affine independency of (p,, p|, ps, p3) is the necessary and sufficient
condition for the nonsingularity of A, and A,. It follows from (5.3) and (5.5)
that

Py Pils _ _[Pr PY P2 sy
1 1]t 1 1 1 1]"
B 0| (A.3)
0 Bi '
B, = 1 2
Bs — s By — m3
331_.‘"4 .332—#4_

Since p, # p;, and B} # 0, B # 0, matrix A, is of full rank if the matrix
Py P1 Py P3
1 1 1 1
singular, that is, if p,, p}, p,, p; are coplanar, then the matrix A, is also
singular. Otherwise, p,, p, will lie on the plane { p, p} p, p5> by (A.3), which

yields a contradiction. Similarly, A, is nonsingular iff Pi Pr P2 Pslyq

1 1 1 1

is nonsingular. On the other hand, if this matrix is

nonsingular.

(iia) If p,, p}, P, p, are affine independent, then by (A.3) we know that
ab;11, i = 1, 2, can be expressed is an affine combination of ai,;, and a},,,,
aligo- By (5.11), ¢y, i = 1, 2 can also be expressed as an affine combination
of @110 and aga10, Ao120-

(b) If we take p,, p,, Ps, P3 OF q4, Q' P2, P3 to be the affine independent
set, then the equations (5.11)-(5.13) are already in the form (5.17).

(c) Any other cases can be derived from one of the above cases. O

PRrOOF oF PROPOSITION 5.2. Since the Oth layer’s control points are nonpos-
itive, and the 2nd and 3rd layers’ control points can be set as positive, the
defined surface is then a three-sided 4-patch (see Theorem 3.2). O

PrOOF OF PROPOSITION 5.3. First, the Oth layer’s control points are nonpos-
itive. Now we show that the 2nd and 3rd layers’ control points can be set as
positive. Since p” is above the planes (p, p, p;> and {p| p, p;> (e, it is at
the same side as p, of the planes), then B > 0. Hence, from (5.4) and (5.5),
b,10;1 and by, can be set as positive if ayp, and ayq,, are chosen large
enough. Similarly, by (5.3), b,y0, > 0 if a3 is chosen large enough. Also,
b,001 can be set as positive since it is free. Now it follows from (5.8)—(5.10) and
sy > 0, py > 0 that by, bagig, and byyg, can be set as positive. Therefore,
the surface defined in this way is a four-sided 14-23-patch over W, if [ p, p,]
is positive convex. If [ p, p,;] is zero convex, that is, if al,,, = a},s, = 0, then
by (5.12) we can make aj;;; > 0 and b},,, > 0 by choosing the free parameter
ali10, i = 1, 2. Hence, the 1st layer’s control points are nonnegative. Hence,
here the patch over W, degenerates to the edge [ p, p;], and the smooth edges
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condition is satisfied. However, if the parameter aj,,, is overdetermined,
then a subdivision as in the coplanar case is needed. 0O

PrOOF OF PROPOSITION 5.4. (i) [ p) p, p;] is a nonconvex face (see Figure 8).
We show that all of the 1st layer’s control points over V, and W,, 1 = 1, 2, can

be set as nonpositive, and the — 1st layer’s control points over V' i =1, 2,
and W/, i = 1, 2, can be set as nonpositive. If p,, p|, p,, p; are affine
independent, then we use the equalities (5.15) and (5.16). Since both p, and
p, are at the same side of the surface triangulation 7', #i6, > 0 for i = 1, 2.
Assume, without loss of generality, that #] > 0, 8! > 0 and 8] > 0, 67 > 0,
so 9 <0, 9 <0and 82 <0, 87 < 0. Then, by (5.15) and (5.16), we can take
ai,,, large enough such that ay,,, > 0 and ¢},,; < 0. Furthermore, their
absolute value can be larger than any specified value. Since the 1st and — 1st
layers’ control points that are determined by the normals are nonnegative
and nonpositive, respectively, then all of the 1st and — 1st layers’ control
points can be set as nonnegative and nonpositive, respectively. Therefore, the
surfaces over V. and V. are three-sided 4-patches, and the surfaces over W

i ! i

and W, are four-sided 14-23-patches (see Theorem 3.2 and 3.3). If p,, p}, p..
p, are coplanar (not affine independent), then by Theorem 5.1, all of the
unknowns can be expressed linearly by a},,,,i = 1,2 (or ¢},,,, i = 1, 2). It is
easy to see that we can take al,,, > 0 (or ¢),;;, < 0) large (or small) enough so

that ¢y, < 0 (or ajyyy, > 0.

(i) If [ p|\ p,p,] is convex, then the edge [ p,p,] is also convex. Then
Propositions 5.2 and 5.3 can be used for this face and edge. As for the face
[ p,p,p;], the discussion above can be used.

Finally, we point out why the splitting is necessary. Consider the face
[p,p,p,] as an example (see Figure 8). In order to have a/,,,, al,,;, @l
greater than zero, aj,,, has to be determined three times by the three C'
constraints if no splitting is performed. Therefore, in general, a solution is
impossible without splitting. Also note that if the three inner products
between the face normal and its neighbor’s face normals have the same sign
(positive or negative), then al,,, can be determined so that al,,,, a},,;» @11,

are greater than zero. Hence, we do not need to split the face here.

Proor OoF THEOREM 5.2. We consider as the general case double face
tetrahedra and double edge tetrahedra.

(Smoothness). The whole surface is smooth as each single piece is smooth.

(Connectedness and single-sheetedness). Let S ={p,p,p,p,] and S’ =
[p1p,Pp;q9,] be two-face tetrahedra sharing face S,, S, and S, be the two
three-sided 4-patches over them. From the single-sheeted construction, F(e )
< 0 and F'(e,) > 0 and from the C; conditions, for «* € S,, “double” patch
D = S, A S}, exactly once. Hence D is single-sheeted over the double tetra-
hedra. In particular, p, a*q, intersects S, when F(«a*) > 0, S when F(a ")
< 0, and both S, and S}, at «* when F(a*) = 0 where S, and S}, meet.
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Regard the “double” surface D as a function of a* denoted as D(«a*). From
the fact that the two patches are smooth at least C° to each other,

lim  D(8*) = D(a*).

8* > a*,8e8,

Hence D is connected over the double tetrahedra S A §'.

Similarly, let S = [ pp,psp.d and S’ = [q] p, p3q,] be two edge tetrahe-
dra sharing edge [ p, p;], and Sg, S, be the two four-sided 14-23-patches
over them. From the single-sheeted construction, F( 8*) < 0 for 8* € [ p) p,]
and F'(y*) > 0 for yv* € [q,q,]. From the C° conditions, F(a*) = F'(a*), for
a* € [ p, p3]. Again from Property (e), polyline B*a*y* intersects the double
patch D = S; A Sy. exactly once. Hence D is single-sheeted over the double
tetrahedra. In particular, B*a*y* intersects S5 when F(a*) > 0, Sy when
F(a*) <0, and both Sz and S;, at @ when F(a*) = 0 where S; and S}
meet. Regard D as a function of (a, 8), denoted as D{(a, B), where (e,
1 — a) is the barycentric coordinate of a* and (8, 1 — 8) is the barycentric
coordinate of B8* or y*. From the fact that the two patches are smooth and at
least C° to each other, we have,

lim BD(B,d)) =D(a,B).

foa,d—

Hence D is connected over the double tetrahedra S A S'. 0O
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