Chapter 4: Geometric Modeling

Chandrajit Bajaj and Andrew Gillette

October 22, 2010

Contents
1 Smoothing Polygons 3
1.1 Smoothing Polygonal Chains . . . . . . .. . ... .. ... 5
1.1.1 Polygonal Chain Approximation by Ds—Regular Spline Curves . . . ... .. )
1.1.2  Polygonal Chain Approximation by Ds—Regular Curves . . . . ... ... .. 10
2 Smoothing Polyhedra 13
2.1 C' Continuity and Compatibility Conditions . . . . .. .. ... ... ... ..... 13
2.1.1 Necessary and Sufficiency Conditions . . . . . . . . ... .. ... ... .... 14
2.1.2 Compatibility and Non-Singularity Constraints . . . . . . .. ... ... ... 14
2.2 Polyhedra Smoothing Algorithm . . . . . .. ... ... ... ... ... ... ... 16
2.3 Wireframe Construction for Implicit Algebraic Splines . . . . . . . .. ... ... .. 17
2.3.1 Choice of Vertex Normals . . . . . . ... ... . oo 17
2.3.2  Generation of a Conic Wireframe . . . . . . . . .. .. ... .. ... .. 18
2.3.3 Assigning Normals along Edge curves . . . . . ... ... .. .. ....... 19
2.4 Local Interpolatory Patch Generation . . . . . . ... ... ... ... .. ...... 20
2.4.1 Conditions for Low Degree Interpolants . . . . . .. .. .. ... ... .. .. 20
2.4.2 C" Interpolation of a Conic Wireframe . . . . . . . . . ... ... ....... 22
2.5 Surface Selection and Local Shape Control . . . . . . . .. ... ... ... ...... 22
2.5.1 Solution of Interpolation and Least-Squares Matrices . . . . . . . ... .. .. 22
2.5.2 Display of the Triangular Algebraic Patch . . . . . .. ... ... ... .... 24
2.5.3 Smoothing a Convex Polyhedron . . . . . . . ... ... ... ... .. .... 25
2.6 Normals and the Simplicial Hull . . . . .. ... ... ... ... .. ... ..., 28
2.7 Construction of a C! Interpolatory Surface using Cubic A-Patches . . . .. ... .. 31
2.7.1 The Construction of a Piecewise C' Cubic Function . . .. ... .. ... .. 31
2.7.2 The Solvability of the Related System . . . . . ... .. .. ... ... .... 35
2.8 Construction of Single Sheeted A-Patches . . . . . . . .. .. ... .. ... ..., 35
2.9 Shape Control. . . . . . . . . . e 36
2.10 Curvilinear Patch Construction . . . . . . . . . . .. ... L o 37
2.10.1 Constructions of Wire Frames . . . . . . . . . ... ... ... 37
2.10.2 Parametric Surface Patches Interpolation . . . . . . .. ... ... ... ... 43
2.10.3 GO Interpolation . . . . . . . . . ... 44
2.11 C' Modeling with Hybrid Multiple-Sided A-patches . . .. ... ... ... ..... 47
2.11.1 Bases . . ... e e 48
2.11.2 Finite Element Hull . . . . . . .. .. ... . 51
2.11.3 C' Modeling of Surface by Rational A-patches . . . .. ... ......... 51
2.11.4 Evaluate the Surfaces . . . . . . . . . . . .. 57
2.12 Adaptive Model Reconstruction by Triangular Prism A-Patches . . . . . . . . .. .. 58
2.12.1 Construction of the Triangular Surface Patches . . . . . . . .. .. ... ... 60



2.12.2 Optimized the Shape of the Surface Patch . . . . . ... ... ... ... ... 63

2.12.3 Evaluation of the Surface Patch and Error Computation . . . . . . .. .. .. 63
2.12.4 The Condition of the Triangulation . . . . . . . ... ... ... ... ... .. 64
2.12.5 Approximation by Parametric Rational Bezier . . . . . ... ... ... ... 65

3 Filling Holes and Blending 70
3.1 G Spline Surface Construction By Geometric Partial Differential Equations . . . . . 70
3.1.1 Preliminaries and Notations . . . . . . . . . ... ... ... .. ........ 71
3.1.2  Construction GPDE Spline Surfaces . . . . .. ... ... ... ... ..., 74
3.1.3 Implementation and Experimental Results . . . . . . . ... ... ... .... 78
3.1.4 Derivation of Variational Forms . . . . . . . ... ... ... .......... 81

3.2 Discrete Surface Modeling Using PDEs . . . . . . ... ... ... . 0. 82
4 Reconstruction of Point Clouds 97
4.1 Smooth Reconstruction from Scattered Data . . . . . .. ... ... ... ...... 97
4.2 Volumetric Data Fitting . . . . . . . .. . . Lo 98
4.2.1 Outline of the algorithm . . . . . .. .. ... . .. oo 100
4.2.2  From surface data to volume data: the signed-distance function . . . . . . . . 100
4.2.3 Piecewise polynomial approximation of signed-distance . . . . . . . ... ... 102
4.2.4 C' Interpolation of C® data by (3,3, 3)- and (2,2,2)-polynomials . . . . . . . 104

4.3 Hierarchical Multiresolution Reconstruction of Shell Surfaces . . .. ... ... ... 105
4.3.1 Notation for Shell Surfaces . . . . ... ... ... ... ... ... ...... 106
4.3.2  Algorithm Outline . . . . . ... ... .. . 108
4.3.3 Hierarchical Representation of Prism Scaffold . . . . . .. ... .. ... ... 109
4.3.4 Adaptive Extraction of Shell Surface Support . . . . . .. .. ... ... ... 110
4.3.5 Construction of C! Trivariate Functions on Hierarchy . .. .. ... ..... 111
4.3.6 Function over the Finest Level S . . . . . . . . .. .. ... ... ... .... 111
4.3.7 Minimal Prism with e Offset . . . . .. ... .. ... ... ... ....... 112
4.3.8 Computation of Face Data . . . . . .. ... ... ... ... ......... 113
4.3.9 Construction of C! Spline Approximations . . . .. .. .. ... ....... 114
4.3.10 Fon Prisms . . . . . . . . . . e e 114
4.3.11 Hierarchical Representation of Correction Term . . . . . . . . ... ... ... 115

5 Reconstruction of Cross-Sectional Polygons and Splines 115
5.1 Algorithms Using Cubic A-splines . . . . . . . . . . . . . . . . ... ... .... 118
5.2 Extracting an Iso-Contour from a Grey-scale Image . . . . . . . . ... ... ... .. 119
5.3 Computation of Junction Points . . . . . . ... .. ... .. ... ... L. 119
5.4 Generating Derivatives at Junction Points . . . . . . . .. ... o000, 121
5.5 Exact and Least-Squares Fitting with C? and C3 cubic A-splines . . . . . ... ... 123
5.6 Surplus Degrees of Freedom . . . . . . . . . . ... 125
6 Contour-Based Meshing 125
6.1 Adaptive and Quality 3D Meshing from Imaging Data . . . . . . ... ... ... .. 125
6.1.1 Overview . . . . . . . . . e 126
6.1.2 3D Mesh Extraction . . . . . . . . . . . .. ... .. 128
6.1.3 Uniform 2D Triangulation . . . . . . . . . .. ... oo 128
6.1.4 Uniform 3D Tetrahedralization . . . . ... ... ... ... .......... 130
6.1.5 Adaptive 2D Triangulation . . . . . . . .. . ... ... ... 131
6.1.6 Adaptive 3D Tetrahedralization . . . . . . . ... ... ... .. ........ 131
6.1.7 Error Metric . . . . . . . . . . e 133
6.1.8 Quality Improvement . . . . . . . ... 134



6.1.9 Results . . . . . . e 135
6.2 Adaptive and Quality Quadrilateral/Hexahedral Meshing from Volumetric Imaging

Data . . . . e 136
6.2.1 Overview . . . . . .. e 136
6.2.2 Starting Octree Level Selection . . . . . . . . . .. ... ... .. ... ... 139
6.2.3 Quad Isosurface Extraction . . . . . ... .. ... 0oL 139
6.2.4 Hexahedral Mesh Extraction . . .. ... ... ... ... .. ..., 142
6.2.5 Mesh Adaptivity . . . . . . . .. 147
6.2.6 Quality Improvement . . . . . ... ..o 153
6.2.7 Results and Applications . . . . . . . . .. ... ... 153

6.3 Efficient Delaunay Mesh Generation From Sampled Scalar Functions . . . . . . . . . 154
6.3.1 Problem and Motivation . . . . . . . ... ... 155
6.3.2 Prior Work . . . . . . 156
6.3.3 Background . . . . ... 157
6.3.4 Algorithm . . . . . . . . .. 157
6.3.5 Implementation and Results . . . . . . . .. ... ... .. ... .. ...... 164

7 Modeling and Visualizing Functions on Surfaces 166
7.1 Modeling Scattered Surface Data On Curved Surfaces . . . .. .. .. .. ... ... 166
7.1.1 Notation and Preliminary Details . . . . . . . ... ... ... ... ... ... 167
7.1.2 Simplicial Hull . . . . .. . ... 169
7.1.3 C'/C? Interpolation by Cubic/Quintic . . . . . .. ... ... ... ...... 170
7.1.4 Visualization and Examples . . . . . . . . . ... o o oL 173

7.2 Algebraic Spline Molecular Surfaces . . . . . . .. ... ... ... ... ... ... 174
7.2.1 Algebraic splinemodel . . . . . . . ... oL 176
7.2.2 Error of the ASMS model . . . . . .. ... ... 179
7.2.3 Application to the biomolecular energetic computation . . . . . . . .. .. .. 181

In geometric design and computer graphics one often uses rational algebraic curves and sur-
faces because of the advantages obtained from having both the implicit and rational parametric
representations [9], [214]. While the rational parametric form of representing a curve allows effi-
cient tracings, ease for transformations and shape control, the implicit form is preferred for testing
whether a point is on the given curve, is on the left or right of the curve and is further conducive to
the direct application of algebraic techniques. Simpler algorithms are also possible when both repre-
sentations are available. For example, a straightforward method exists for computing curve - curve
and surface - surface intersection approximations when one of the curves, respectively surfaces, is
in its implicit form and the other in its parametric form. Global parameterization algorithms exist
for implicit algebraic curves of genus zero [2, 1] which allows one to compute this dual representa-
tion. A solution to our rational approximation problem yields a rational representation, although
approximate, and with all the above advantages for arbitrary genus algebraic plane curves. Perhaps
even more important, there are requirements to approximate the algebraic curves in a computer
alded geometric design environment. A contour of an algebraic surface, even in its functional form
z = f(x,y) is an algebraic curve. The offset of an algebraic curve, even its parametric form, is an
algebraic curve either.

1 Smoothing Polygons

Modern applications require the use of curves and surfaces not easily described by a single function,
implicitly or parametrically. Hence, pieces of curves and surfaces are stiched together piecewise to



form elaborate shapes and to allow local control of shape parameters. The difficulty in constructing
a piecewise function appropriate for modeling is in ensuring that it has as many desirable properties
as possible. These properties include low polynomial degree, high continuity degree at join points,
close and error-bounded approximation of the control net, and the absence of singularities such as
cusps or self-intersections.

Spline curve problems are of two types: approximate and interpolate. The techniques used to
solve each kind are slightly different so we state each problem independently in a very general form.
Let py,...,Py_1 be a set of N points in the plane i.e. p; = (z;,;) € R2. We always take indices
mod N. Let L denote the control net of the p,, that is, L is the piecewise linear curve formed by
connecting p; to p;; for all 4.

Problem 1.1 (Curve Approximation). Find a closed curve C' near to L and smoother than L.

Problem 1.2 (Curve Interpolation). Find a closed curve C passing through the p; in sequential
order and smoother than L.

pN-1

Figure 1: For a set of points p;, the piecewise linear control net L is shown in black and solutions
to curve approximation (Problem 1.1, left) and curve interpolation (Problem 1.2, right) are shown
in blue.

We show a simple example of each problem in Figure 1. The problems as stated are significantly
underconstrained, for instance, the notions of “near” and “smoother than L” have not been defined.
Thus, the problems are open to a wide variety of constrained sub-problems depending on the
application context. The distinction between parametric and implicit solutions is easiest to describe
in regards to the interpolation problem so we start there.

The parametric solution to Problem 1.2 works as follows. Let [p;, p;, 1] denote the linear segment
between the two points. Find a set of N functions f; : [p;, ;i) — R? such that f;(p;) = p; and
fi(Pi11) = P;41- This guarantees that the images of the f; pass through the points p; and meet
with C continuity to form a closed curve C.

To get more than C° continuity from a parametric scheme, we can impose the additional
constraint that the tangent vector of f; at p,,; be a scalar multiple « of the tangent vector of
fi+1 at p; 1. We call such a curve G' continuous since the geometry of the curve C will appear
to have degree 1 continuity. The term C! continuous is reserved for the case of o = 1, i.e. the
parameterizations on adjacent pieces agree not only on the tangent direction of the curve at p,;
but also its magnitude. This is a more restrictive constraint usually irrelevant to domain and
function modeling. We show an example of a portion of a C'' parametric curve in Figure 2.

The implicit solution to Problem 1.2 requires a set S; C R? containing L where the implicit
function will be defined. The domain Sy, is called the scaffold of L and is usually a union of
triangles or quadrilaterals attached to L. A typical approach is as follows. Let ¢; be a point near
[P;, P;y1) and let T; be the triangle formed with base [p;, p;,;] and distinguished vertex c¢;. We
discuss details of how to choose such ¢; in Section [add ref]. Find a set of N functions g; : T; — R
such that g;(p;) = gi(P;+1) = 0 and the level set {Z € R? : g;(¥) = 0} is a curve C; C T; connecting



Figure 2: An interpolatory parametric curve (left) is controlled by the tangent vectors at the p,.
An interpolatory implicit curve (right) is controlled by a scaffold Sy, of triangles (or other shapes)
attached to the control mesh.

p; and p,, ;. This guarantees that the level set {# € R? : 3j ¢;(¥) = 0} is a closed curve C passing
through the points p; with CY continuity.

To get more than C? continuity from an implicit scheme, we can impose the additional constraint
that the functions g; and g; 1 have identical power series expansions up to the first k£ terms at p;, ;.
If we also use g; which are at least C* continuous on T}, then we produce a level set C' which is G*
continuous globally. We show an example of a portion of a C! implicit curve and its scaffold Sy, in
Figure 2.

The advantages and drawbacks of the two approaches to Problem 1.2 are now easy to identify.
The parametric schemes allow control of curve shape by modifying the direction of the tangent
vectors at the p;. The construction of a scaffold Sy is not required, although some additional
control points are typically used to define the functions f;. A drawback of G' parametric spline
solutions to Problem 1.2 is the presence of undesirable topological features such as self-intersections
and cusps as well as local behavior deviating far from the linear interpolation. We show some
examples in Figure 3. In general, to achieve G* continuity with parametric curves, the functions
fi must be polynomials of degree k + 1.

N 2N

Figure 3: Parametric splines with G' continuity may have cusps, self intersections, or undesirable
local behavior.

The implicit schemes, on the other hand, can achieve G¥ continuity using polynomial functions
g; of degree < b [4(k+1) + % — %J . This saves significant computational expense for higher values

of k. The most difficult aspect of the implicit scheme is defining g; so that the zero level set within
T; will be a single connected component and free of singularities. The scaffold S; aids in the
definition as there is a rich theory of splines defined over triangles, quadrilaterals, and other simple
polygons which can be leveraged to control the shape and properties of the level sets.

1.1 Smoothing Polygonal Chains

1.1.1 Polygonal Chain Approximation by Ds;—Regular Spline Curves

Given an input polygonal chain {vz}f\; 9, we use Dy-regular curves to smoothly approximate it, by
interpolating the vertices with given first (for G' continuity) and the second (for G2 continuity)
order derivatives.



Figure 4: Parallelogram chain.

Step 1. Form a parallelogram chain

For each line segment (edge) of the polygonal chain, construct a parallelogram such that (see
Figure 4, where the arrows are tangent vectors): (i) the line segment is one of the diagonals of the
parallelogram; (ii) the tangent line of a vertex is contained in the two incident parallelograms.

For a convex edge [v;—1v;], the corresponding parallelogram can be formed by the four points
P2, Vi—1, P3,V;, where po is the intersection point of the two tangents, ps = v;_1 + v; — p2. For a
non-convex edge, take one point on each side of the edge such that ps — v;_1 = v; — pa. These two
points and the endpoints of the edge form the parallelogram.

Assumption 4.1 For the convex edge [v;_1v;], the tangent lines v;—1 + srﬁ)l and v; + trl(l)
intersection point at (s*,t*) with s* > 0.

It should be noted that under Assumption 4.1, it is always possible to construct a parallelogram
chain, and that this construction is not unique. In the construction of G' curves for convex edges,
we shall allow ps and p3 to vary along a line (see Figure 5(a) and relation (2) for varying pe, p3
that depend on a parameter \). In other cases, these points are fixed.

have

Step 2. Construct Ds;—Regular Curves

For each parallelogram, construct a Dy—regular curve, such that it interpolates the endpoints
of the line segment and has the given first order or second order derivatives. Let G (u,v) = 0 be
the curve defined on [p1pepaps], where p; and py are the interpolation points. In the following, we
shall determine the minimal m and n, and provide the formulas for computing the coefficients of
Gn(u,v) for G and G? continuity. These formulas are derived using G' and G? conditions.

A G!' Curve Spline Family A. Convex edge. Let [p1ps] be a convex edge, and [p1p2psp4]
be the parallelogram. Assume p; = r(a), ps = r(b) for some a and b with a < b, and assume
Bi(a) > ai(a), f1(b) < aq(b). Take m =n = 1.
1. Construction Formulas.
1—A
b()() = b11 = O, bl() = 1, b01 = T S (—1,0), A > 1, (1)
p2 =y + (1= N)ps,  p3 = (1= A\)ph + Aps, (2)

where p, is the intersection point of the tangent lines of p; and p4 (see Figure 5(a)), p§ = p1+pa—ph
and A is a free parameter.

2. Reformulation. Let p = (p5 — p1)s + (ph — p1)t + p1. The curve G11(u,v) = 0 could be redefined
on the smaller parallelogram [p;phpsp4] as:

By: [4s — (s + )2 N2 — [4s — (s + )’]A + s(1 —t) = 0. (3)



Figure 5: (a). Symmetric parallelogram about the tangent and the curve family for a convex edge.
The dotted curve is Bo. The shaded part is &£1; (b). The curve family for a non-convex edge. The
dotted curves are Ly and L. The shaded part is &s.

3. Bounding Curves. When A = 1, the curve G11(u,v) = 0 degenerates to straight lines s = 0 (the
edge [p1ph]) and t = 1 (the edge [phpa]), while A = oo, the curve Gi1(u,v) = 0 degenerates to the
curve By : 4s— (s +1)? =0.

4. Interpolation of an Interior Point. For any given point p* = (p5 — p1)s* + (ph — p1)t* + p1 in the
interior of the region & enclosed by the curves By and B, there exists a unique A € (1,00), that
. 1 " —s*

A=+ ,
2 4s* — (s* +t*)2
such that the curve G11(u,v) = 0 interpolates the point p*.

(4)

Theorem 1.3. For a convez edge, there exists a degree (1,1) (m =n = 1) Dy-regular curve family
Gii(u,v) = 0, defined by (1)-(2), with a free parameter A\ € (1,00), in the region & enclosed by
the curves By and Bso. Each curve in the family G interpolates the endpoints of the edge. For
any given point p in the interior of &1, there exists a unique curve, defined by (1)-(2) and (4), in
this family that interpolates the point p.

Note that the curve By defined by (3) on [piphpspa] is not in the form Gi1. However, if we
transform it into barycentric form on the triangle [pi1p5p4], then we can show that the curve is
Di-regular on the triangle.

It is obvious that for fixed py and p3 that satisfy (2), there exists a unique curve Gp1(u,v) =0
that G interpolates the edge.

Parameterization. From G11(u,v) = 0, we obtain the parameterized expression v =
[0, 1].

B. Non-convex edge . We assume (i(a) > ai(a), 51(b) > ai(b). Take m = 1,n = 2. If
Bi(a) < ag(a), B1(b) < ag(b), take m =2,n = 1.

1. Construction Formulas.

u
ufb(n(lf’u)’ u €

boo = b12 =0, bip =1, (5)
1 1
bo1 = —55 <0, b1 = —§7b02 >0, (6)
where § = %iéz)) , Y= %i((z; and bz < 0 is a signed free parameter (see Figure 5(b) for the curve
family).

2. Bounding Curves.

Ly :u(l—v)—90(1—-uv=0,
L_o: (1—uv—ru(l—v)=0.



Figure 6: (a). G2 curve family for a convex edge. The shaded part is £; (b). G2 curve family for
a non-convex edge. The shaded part is £

3. Interpolation of an Interior Point. For any given point p = (u,v)” in the interior of the region
&, enclosed by Ly and L_ ., take

_ (=9 —-v) =61 —u)]
B ) e I R "

then the curve determined by bgo interpolates the point p.

Theorem 1.4. For a non-conver edge, there exists a degree (1,2) (or (2,1)) Dy-regular curve
family, defined by (5)—(6) with a free parameter boy € (0, —00), in the region & enclosed by Lo and
L_o, whose members G interpolate the endpoints of the edge. For any given point p in Es, there
exists a unique curve, defined by (5)-(7), in this family that interpolates the point p.

Parameterization. Since m = 1,n = 2, the curve can be expressed in rational parameterized
form

bo1 B3 (v) + bo2 B3 (v)
B§(v) + (b11 — bo1) B (v) — b2 B3 (v)’

u=— € [0,1].

Shape Control Handles. For the given polygonal chain, the shape control handles are: (i) the
direction of tangent vector at each vertex; (ii) an interpolating point p in the region &;, for convex
edges, or &, for non-convex edges.

A G? Curve Spline Family A. Convex edge. Let [p1p4] be a convex edge and [p1papsp4] be
the parallelogram. Again, we assume (i(a) > ai(a), £1(b) < a;(b). Furthermore, we assume that
the the parallelogram is constructed so that a;(a) = 81(b) = 0. Now we need to take m =n = 2.

1. Construction Formulas.

boo = bo1 = b12 = b2 =0, b2 = —1, (8)
Bi(a)® a1 (b)?
= >0, by =-— > 0, 9
10 s(a) 21 5(b) (9)
4b11 = 2b1g + 2b21 + 1 — bao, (10)
where by is a free parameter (see Figure 6(a) for the curve family).

2. Interpolation of an Interior Point. Parameter byy can be used to interpolate one point (u, U)T

in the interior of the parallelogram with u < v. By Gaa(u,v) = 0, we have
b — BEB3©) ~bioBR(w) B3 () (b B3(u) +b11 B ()] B ) )

B3(u)Bg(v)

3. Reformulation. Let a1 = 1 —v, ag =v —u, a3z = u. Represent Goz(u,v) in the barycentric
coordinate form Gaa(a1, g, a3) over the triangle [p1papal:

égg(al,ag,ag) = Z a”kak(al,ag,ag) (12)
i+j+k=3

8



with

2b10 + 2b21 + bo2 — bao
aspp = a210 = ago3 = ao12 = 0, a111 = 5 ) (13)
1

2
a1 = gblo, a2 = 3521761120 = ap1 = 55027 ap3o0 = boa. (14)

Theorem 1.5. For a conver edge, say [pip4], there exists a degree (2,2) convexr curve family in
the triangle £ = [p1peps], defined by (8)—(10), with bayy as a free parameter. FEach member in
the family G? interpolates the endpoints of the edge. If bag > 0, the curve is Dy-regular in the
parallelogram [p1papaps]. If bag < 0, the curve, that is re-defined by (12-(14), is Di—regular on the
triangle [p1papa]. For any given point p in the interior of Es, there exists a unique curve, defined
by (8)—(11), in this family that interpolates the point p.

B. Non-convex edge. Assume [31(a) > ai(a), 51(b) > a1(b) and the parallelogram is constructed
so that ay(a) = 0 or ay(b) = 0. That is, at least one of the tangent lines at p; and p4 coincides
with one of the edges of the parallelogram (see Figure 6(b)). Again, we take m =n = 2.

1. Construction Formulas.

boo = bao = 0, bo1 = —0b1g, b2 = —7b12, (15)
4b11 = 2(b12 + bo1 + bio + b21) — (bo2 + b2o), (16)

1o = {0n(@) [31(a) ~ aa(a)] 1526) — 02(0)

+ 201 (a)B1(a) [B1(b) — a1 (b)) Jbao

8@ 191(0) - (@) [vﬂz ~ ax(0)] Hoon (7)
b2 = {1 B)[51(0) — aa(0)] () — 56(a)]

+ 201 ()81 (b) [B1(a) — a1 (a)]” Yoo

B0 - ou(b)] (02(@) = 062(a)] Yben, (18)

where § = ((Zg, v = gigg A = [ag(a) — 0P2(a)][vB2(b)— az(b)], bp2 = —1 and byy > 0 is a free
parameter (see Figure 6(b) for the curve family).

2. Bounding Curves. The bounding curves of the curve family are defined by taking byy = 0 and
bgo = 00. Let GQQ(U, v, boz, bgo) be defined by (15)*(18). Then Ggg(u,v, bUQ,O) = bogGQQ(u, v, 1, 0),
Gaa(u,v,0,b20) = booGaz(u,v,0,1). Hence the bounding curves are Gao(u,v,1,0) = 0, Gao(u,
v,0,1) = 0.

Theorem 1.6. For a non-convez edge, we have a one parameter Dy—regular curve family {booGaa
(u,v,0,1) — Gaa(u,v, 1,0) = 0 : byg > 0} whose members G* interpolate the edge and have only one
inflection point. For any given point p = (u*,v*)T in the interior of the region &4 enclosed by the
curves Gaa(u,v,0,1) = 0 and Gaa(u,v,1,0) = 0 in the parallelogram, there exists a unique curve in
the family with boy = Gag(u*,v*,1,0)/Gaa(u*,v*,0,1) that interpolates the point p.

Curve Evaluation and Display. Since Gaa(u,v) could be expressed as Y7, B;(v)B?(u) with
By(v) < 0,Bz2(v) > 0 on (0,1), the curve Ga2(u,v) = 0 can be evaluated for each v in (0,1) by
finding the zeros of a quadratic polynomial, here B;(v) = 232‘:0 bl-jB]2 (v). For the case of a convex
edge, it is possible that the quadratic has two zeros in (0, 1), and the correct one is such that u < v.
For the non-convex edge, the quadratic has exactly one zero in (0, 1).

For intensive evaluation of the curve, the quarterly subdivision process for Gaa(u,v) on the
rectangle [0, 1] x [0, 1] could be used (see [187]) while discarding those sub-rectangles on which the



Figure 7: Rectangular chain. The width of the rectangle for edge [v;—1v;] is 2¢;.

subdivision polynomials have only positive or negative coefficients. On each sub-rectangle, a bi-
linear function, that interpolates function values on the four vertices, is used to evaluate the curve
intersection points. It follows from [84] that such a subdivision will have quadratic convergence.
For example, ten steps of subdivision will reduce the distance between the polynomial and the BB
net to become (1/2'%)2 ~ 107° times the initial distance. By keeping a tree data structure, we
achieve a progressive display scheme for our curve splines.

Shape Control Handles. For the given polygonal chain, the shape control handles of the curve
are: (i) the direction of tangent vector at each vertex; (ii) the magnitude of the second order
derivative vector (related to curvature) at each vertex; (iii) an interpolating point in the region &3
for convex edges, or &4 for non-convex edges.

1.1.2 Polygonal Chain Approximation by Ds;—Regular Curves

We shall use D3—regular curve to smoothly approximate the polygon by interpolating the vertices
together with the given tangents at the vertices. We could also interpolate second order derivatives
at the polygon vertices to achieve G? continuity. Here we only detail G' continuity. The G?
construction is very similar. The construction consists of the following two steps:

Step 1. Form a Rectangular Chain

For each line segment (edge) [v;—1v;] of the polygonal chain, construct a rectangle such that (see
Figure 7, where the arrows are tangent vectors) the line segment is in the middle of the rectangle.
That is, two edges are parallel to the line segment at an equal distance ¢; from it, and the other
two edges are orthogonal to the line segment and pass through the endpoints of the line segment.
Since the determined curve shall lie within the rectangle, €; serves as a natural error controller of
the approximation. The effect of ¢; will be discussed further in section 1.1.2.
Assumption 5.1 For each edge [v;—1v;], (v; — Uz‘—l)TTﬁ)l >0, (vi— vi_l)Trgl) > 0.
Step 2. Construct the Ds-regular Curves

For each rectangle, construct a Ds-regular curve, such that it interpolates the endpoints of
the line segment and has given first order derivatives. Let [p1pepsps] be a given rectangle, vy =

(p1 +p2)/2, v1 = (p3 + pa)/2 be the interpolation points and r(()l),rgl) be the tangent vectors.

A G!' Curve Spline Family A. Convex edge. Suppose [vgv;] be a convex edge. From As-
sumption 5.1, we have a;(a) > 0, aq(b) > 0. Now assume 3;(a) > 0, 81(b) < 0 (the case 51(a) <0,
B1(b) > 0 is similar) and take m = 2,n = 1.
1. Construction Formulas.

boo =1, ba1 = —boo, bo1 = —1, (19)

bio + b1 = 200 = —23bag, bag = —afB~! > 0, (20)

10



(a) (b)

Figure 9: (a) The case a < f3; (b) The case a > (.

o, 8=

where o = a1 b), b11 as a free parameter (see Figure 8(b) for the curve family).
2. Lzmztatzons on Free Parameters. To make the curves Ds—regular and convex, we enforce

b11 < b]; := min {\/ —af~t, - 1 +all+ ﬁ_l] } . (21)

2

Theorem 1.7. For a convex edge, let Goi(u,v,b11) be defined by (19)—(20), then we have a convex
Ds-regular curve family {G2i(u,v,b11) = 0 : bi; < bj;}, whose members G interpolate the
endpoints of the edge. For any given point p = (u*,v*)T in the region E enclosed by the curve
Ga1(u,v,b71) = 0 and the line v = % there exists a unique byy satisfying Goi(u*,v*,b11) = 0 such
that the curve Gay(u,v,b11) = 0 interpolates the point p.

B. Non-convex edge. Assume (31(a) > 0, 51(b) > 0. Take m = 3,n = 1.

1. Construction Formulas.

boo = bgo =1, bo1 = b31 = —1, (22)
bio + b1 = %Oé, bao + b21 = —gﬁ, (23)
bi1 + bao = bio + Do, (24)
510=b20+§(a+5), b21:b11_§(a+6)7 (25)
where a = gi%a , B= algb))’ bao or by is a free parameter (see Figure 9 for the curve family).

2. Limitations on Free Parameters. To ensure the curves are Ds-regular and have only one
inflection point, we require

2 —a—23?

bag > maux{bzo7 5304 ozﬁ g C;)ﬁ b } when a < g, (26)
. , B—a+2a® a—p+2a8

b1 < mln{ 1 30 , 35 when o > (3, (27)

where b3 is the largest negative root of h(bg) = 0, b]; is the smallest positive root of g(bi1) =0
with

h(b2o) := 1 + 4b3, + 4b3, — 3b2,b3g — 6b1ob2g,
g(b11) :== 1 — 4b3, — 4b3;, — 3b3,b5; — 6b11ba1.

11



3. Interpolation to a Normal. It should be noted that all the curves pass through the same point

(v, 3)7 with u* = a1 (see Figure 9). Since
VG (u* 1)— 208 2(0P+8%)  (6ba+4B)aB]"
T a8 (a+pB) (a+B)? ’

by assigning a normal at (u*, %)T, the unique bog is determined.

Theorem 1.8. For a non-convex edge, there exists a Ds-regular curve family {Gs1 (u,v) = 0}
that has the following properties: (z) Each curve in the family G interpolates the edge. (ii). Each
curve passes through the point (u* )T (iii). There 1s only one curve in that family that has the
given normal at (u* 1)T (iv). The curve v = § and the curve given by byg = by, (if « < ) or
bi1 = b3y (if @ > B) are the two limit curves of the family.

Parameterization. Since the curve is defined by Gi(u,v) = Y /% bioB™(uw) + vy 1" (bio —
bi1)B!" (u) = 0, it follows that

> imo bio BY" (u)
iz o(bio — bi1) B (u)

1

]02(2?3—291)16—(292—]01)Z +p1, uwelol].

Shape Control Handles. For the given polygonal chain, the shape control handles of the curve
are: (i) the direction of the tangent vector at each vertex; (ii) an interpolating point in the region
&, for convex edges, or a normal at (u* l)T for non-convex edges.

The Effect of the Size of Rectangle In the construction of rectangles in Step 1 at the beginning
of this section, the widths of the rectangles, namely 2¢;, are arbitrarily chosen. One may ask: what
is the effect of this ¢; on the constructed curves for a given edge [v;—1v;]?7 The conclusion is the
following: The curve family for smaller €; is a subset of the curve family for larger ¢;, for each of
the two cases discussed in section 1.1.2. That is, ¢ will not change the shape of the curves but
changes the “number” of curves in the family. When €; > 0 becomes successively smaller, more and
more curves are expelled from the curve family, and the remaining curves (still infinitely many)
are successively close to edge (see Figure 11(c) and (d)). To prove this conclusion, suppose ¢; is
magnified by a factor § > 1, and suppose the notation on the enlarged rectangle is the same as the
original one but with an added prime. It is then easy to see that

o) =an(D), H0)=0700), u=u, v=60'— )+
Hence
BY(w) = 51+ 0)BYW) + 5 (1 - 0)BL()
Bl() = 51— 0)BYW) + 5 (1 +0)BL()

Substituting these into G,1(u,v), we have

m 1
Gmi(u,v) = 0G| =0> > b;B"(u)Bj(v)
=0 5=0

with
;o (1 + 9)[),0 -+ (1 — 9)[)11 , (1 — G)bzo + (1 + 0)[),1

0 — 2 ) il — 2
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Figure 10: The left figure shows the input polygon. The right shows the G' Dy-regular curves and
Bézier points interpolating the vertices of the polygon within prescribed bounds.

(@) (b) (© (d)

Figure 11: (a) G! families on parallelograms. (b) G? families on parallelograms. (c) G families on
rectangles with ¢; = 1.0. (d) G! families on rectangles with ¢; = 0.2.

Using these relations, we verify that b;j satisfies all the relations as b;; does. Therefore, curve
Gmi(u,v) = 0 defined on the smaller rectangle is in the curve family defined on the larger rectangle.
Note that this statement holds for both the cases of the convex edge and the non-convex edge
discussed in section 1.1.2.

Note. In the six spline families we discuss in sections 1.1.1 and 1.1.2, there are four cases with
min{m,n} = 1. In these cases, rational parametric expressions are easily derived. Hence, for these
cases, we have both the implicit form and the parametric form. For example, the G' Ds-regular
curve could be transformed into parametric rational Bézier curve of degree 4.

The right figure of Figure 10 shows the Bézier points of G! Ds-regular curve as well as the
rectangle chain for the input polygonal chain (right figure). It is clear that the rectangles enclose
more tightly the curve than the convex hull of the Bézier points. Furthermore, the shape of curve
is easier to control using its implicit form than using its parametric form, since the implicit form
has one free parameter while the rational Bézier of degree 4 has many more degrees of freedom.
Also, the parameter change of the rational Bézier form may lead the curve out of the G! Ds-regular
curve family.

2 Smoothing Polyhedra

2.1 C' Continuity and Compatibility Conditions

An algebraic surface in R? is implicitly defined by a single polynomial equation f(x,y,2) =
Zcijkxiyjzk = 0, where the coefficients c¢;;;, of f are real numbers. The normal or gradient of
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f(x,y,z) =0 is the vector Vf = (fs, fy, f-). A point p = (20, %0, 20) on a surface is a regular point
if the gradient at p is not null; otherwise the point is singular. An algebraic surface f(z,y,z) =0
is irreducible if f(x,y, z) does not factor over the field of complex numbers.

An algebraic space curve is defined by the common intersection of two or more algebraic surfaces.
In geometric design we restrict our consideration to space curve segments and assume they are
contained in the intersection of exactly two algebraic surfaces. A rational parametric space curve
is represented by the triple G(s) = (x = G1(s),y = Ga(s),z = G3(s)), where G1, G2 and G3 are
rational functions in s. We assume that the curve is only singly defined under the parameterization
map, i.e., each triple of values for (z, y, z), corresponds to a single value of s.

The degree of an algebraic surface is the number of intersections between the surface and a line,
counting complex, infinite and multiple intersections. This degree is also the same as the degree
of the defining polynomial. The degree of an algebraic space curve is the number of intersections
between the curve and a plane, counting complex, infinite and multiple intersections. The degree
of an algebraic curve segment given as the intersection curve of two algebraic surfaces is also no
larger than the product of the degrees of the two surfaces. Furthermore, the degree of a rational
algebraic curve is the same as the maximum degree of the numerator and denominator polynomials
in the defining triple of rational functions.

2.1.1 Necessary and Sufficiency Conditions
The followings are definitions and lemmas pertinent to the algorithm for C! smoothing of polyhedra:

Definition 2.1. Let p = (a,b,c) be a point with an associated “normal” m = (my,my,m,) in R3.
An algebraic surface S : f(z,y,2) = 0 is said to contain p with C' continuity if

(1) f(p) = f(a,b,c) =0, (containment condition)

and

(2) Vf(p) is not zero and V f(p) = am, for some nonzero a. (tangency condition)

Definition 2.2. Let C' be an algebraic space curve with an associated varying “normal” n(z,y,z) =
(ne(x,y, 2), ny(z,y, 2),n2(x,y, 2)), defined for all points on C. An algebraic surface S : f(x,y,2z) =
0 is said to contain C with C continuity if

(1) f(p) =0 for all points p of C. (containment condition)

and

(2) Vf(p) is not identically zero and Vf(p) = an(p), for some o and for all points p of C.
(tangency condition)

Lemma 2.3. A necessary condition for smoothing a polyhedron with tangent-plane-continuous
triangular surface patches is a unique tangent plane at each vertex of the polyhedron.

Towards sufficiency conditions of C' smoothing of polyhedra .....

2.1.2 Compatibility and Non-Singularity Constraints

We first review some basic concepts from differential geometry [96, 180]. A surface S C R3 is
reqular at a point p C S if there exists a neighborhood V C R? and a map x : U — V N S of an
open set U in R? onto V NS C R3 such that x(u,v) = (2(u,v),y(u,v), z(u,v)) is differentiable,
homeomorphic, and its differential dx, : R? — R? is one-to-one for each ¢ € U. A surface S is
regular if, at each point on S, S is regular. A tangent vector to a regular surface S at a point p € S
is the tangent vector o/(0) of a differentiable curve « : (—e¢,e) — S with «(0) = p. The plane
T,(S) spanned by all tangent vectors to S at p, is called the tangent plane to S at p that is, in fact,
a two dimensional vector space. For a regular point p € S, a unit vector which is perpendicular to
T,(95) is called a unit normal vector at p. For each ¢ € x(U), we define a differentiable field of unit
normal vectors N : x(U) — R? such that N(q) = 22XXv_(¢), where x,, = % and x, = %. The

T I x x|
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map N : § — G, taking its values in the unit sphere, is called the Gauss map of S, where G is
a unit sphere. Then the Gauss map is differentiable, and its differential dN,, of N at p is a linear
map from T},(S) to T,(S). It measures the rate of the normal vector N in a neighborhood of p.

The following lemma provides a condition which must be satisfied when the unit normal vectors
of a surface S change in the neighborhood of regular points. Its proof is found in Chapter 3, pp.
140 [96].

Lemma 2.4. The differential AN, : T,,(S) — T,(S) of the Gauss map is a self-adjoint linear map,
that is, (ANp(w1),w2) = (w1, dNy(wsz)) where wy and wy are two independent tangent vectors at a
regular point p, and (-,-) is an inner product of two vectors.

The symmetry of the linear map dN,, implied by Lemma 2.4, entails a necessary condition that
must be satisfied between tangent vectors and the rates of changes of normal vectors at a regular
point. It implies that, given two regular curves passing through a regular point on a surface, the
unit normal vector must change along each curve satisfying the equality in the lemma.

Consider the problem of tangent-plane-continuous interpolation of two parametric space curves
with normal directions, meeting at a point. Let Ci(u) and Ca(v) be two parametric curves with
parametrically specified normal directions Nj(u) and Na(v) such that C1(0) = C2(0) = p, and
N1(0) and N2(0) are proportional, that is, the two curves meet at p and they share the same
normal direction at the point. We look for a surface S which smoothly interpolates the curves, that
is,

e S must contain C7(u) and Cs(v),

e the normals of tangent planes of S along the curves must coincide with the normals of the
curves, and

e S is regular at p.

Suppose that there exist such a surface S. Then, we have a local parametrization x : U — V N S
of an open set U in R? onto V NS C R3 for a neighborhood V of p such that

e x(0,0) = p,
o x, = 2(0,0) = C{(0) and x, = 2%(0,0) = C5(0), and

o the Gauss map N of S is such that N(Cy(u)) = % and N(Cy(v)) = a2l

1N (W)l [N2(0)]l
Then, by Lemma 2.4, in order for S to be regular at p, it should be that
(ANp(xu), %0) = (Xu, dNp(Xy)). (28)

By the definition of the differential,

dNp(xu) = dN(g;(U)) lu=0
_ dmtap) o
du u=0
_ Ni() || Ni(w) || =Na(w) || Ni(u) | o
| N1(u) |12 -
_ M) I N1(0) [| =N1(0) || N1(w) [fueo
| N1(0) || '
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Since (N1(0),x,) = 0, (dNp(xy),%xy) = (W1 Ox0) _ (N(0.C50) 1y the same way, we get

N (O] [N O]
(Xy, ANp(xy)) = W. Hence, the equation (28) becomes

(NV1(0), C5(0)) _ (C1(0), N3(0)) (29)
I N1(0) |l I N2(0) |

The above argument implies that enforcing two curves to have the same normal vectors at a
common point does not guarantee the regularity of an interpolating surface at the point. The
equation (29) is a necessary condition for regularity, indicating that, if the given curves and their
normals do not satisfy the equation (29), any smoothly interpolating surface must be singular at p.

Theorem 2.5. Let Ci(u) and Cy(v) be two parametric curves with parametric normal directions
Ni(u) and Na(v) such that C1(0) = C3(0) = p, and that N1(0) and N2(0) are proportional. Then,
any surface S, which interpolates the curves with tangent plane continuity, is singular at p unless
(N1(0),C3(0)) _ (€1(0),N3(0))

NvqOF = N0 -

In conclusion we shall not impose the above compatibility constraints on the choice of normals
along curves and thereby allow singularities at vertex points...

2.2 Polyhedra Smoothing Algorithm

We present below a sketch of the algorithm to C' smooth a simple polyhedron P with tangent-
plane-continuous implicit surface patches.

Algorithm

1. Triangulate each of the non-triangular polygonal faces of the given polyhedron P. Any simple
polygon is easily triangulable by adding non-intersecting inner diagonals.

2. Specify a unique “normal” vector at each vertex of P. This provides a unique tangent plane
for all patches which shall C'! interpolate that vertex.

3. Next, construct a curvilinear wire frame by replacing each edge of P with a curve which C!
interpolates the end points of the edge and the specified “normals”. Any remaining degrees
of freedom of the C' interpolatory curve are used to select a desired shape of the curve and
indirectly thereby a desired shape of the smoothing surface patch.

4. Specify normal vectors at each point along each of the edge curves. This provides the tangent
planes for the two incident patches which shall C'! interpolate the edge curves. If it is required
that the individual patches are non-singular at the vertices of P, then the variation of normals
along different edge curves incident at the same vertex need also to be made compatible.

5. Finally, C! interpolate the three edge curves and curve normals of each face. The remaining
degrees of freedom for each individual patch are chosen via weighted least squares to achieve
a suitably shaped single-sheeted surface patch. The resulting surface patches yield a globally
C' smooth curved model for the given polyhedron.

Details of each of the steps 2 to 5 of the algorithm are presented in subsequent sections 2.3, 2.4
and 2.5.
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2.3 Wireframe Construction for Implicit Algebraic Splines
2.3.1 Choice of Vertex Normals

The unique “normal” vector assigned to each vertex of the triangulated polyhedron IP can be chosen
independently and quite arbitrarily. However the relative directions of each adjacent vertex normal
pair affects the degree of the C! interpolating edge curve which replaces the straight edges of P.
Let the two normal vectors at the two endpoints of an edge be called an edge-normal-pair. Certain
relative directions of an edge-normal-pair induce an inflection point (zero curvature point) for any
C' interpolating curve. Since conics do not have inflection points one is then forced to either
switch to cubic curves at the least or to artificially split the edge. Splitting an edge in turn induces
splitting of the triangular face of P, a case considered for parametric surface patches in [] and for
implicit surface patches in [|. Here we restrict ourselves to surface fitting without the splitting of
any triangular faces of P.

We first derive a necessary and sufficient condition for the relative directions of an edge-normal-
pair to allow a C' conic interpolation. Here, the interpolation is strict in that the curve’s normal
at the vertex points and the prescribed vertex normal are in the same direction and not opposite.
This restriction guarantees the construction wire frames which are free of cusp-like connections. In
the following definitions and lemmas we make all of this more precise.

Definition 2.6. Let Py = (po,no) and P1 = (p1,n1) be an edge-normal-pair. A conic segment
S(Py, Py) is said to C'-interpolate Py and Py if there exists a non-degenerate conic curve f(x,y) =
ax? + 2hxy + by? + 292 + 2fy + ¢ such that

o S(Py, P1) is a continuous segment of f(x,y) =0,
e po and p1 are the end points of S(Po, P1), and

o the gradients of f(x,y) =0 at py and p1 have the same directions as ng and ny, respectively.

(V£(po),m0) =1, and (Vf(p1),m1)

In other words, 1o ol V7Ol = L

Given a pair P = ((pg,py), (ne,ny)), we can define Tp(z,y) = nz(x — pg) + ny(y —py) = 0
which is the equation of the tangent line that passes through (p,,py) and has a normal direction
(ng,ny). Note that the tangent line Tp(z,y) = 0 contain the same direction as (ngz,n,), and
divides a plane into a positive halfspace {(x,y) € R?|Tp(x,y) > 0}, and a negative halfspace
{(.%',y) = RQ’TP(:C7Z/) < 0}

Lemma 2.7. Let py and py be on a proper conic f(z,y) = ax?® 4+ 2hxy + by? + 2gx + 2fy +c = 0.
Then, Tipo,v (po)) (P1) - Tip1, v 5(p1)) (P0) > O-

Proof : Without loss of generality, we assume that pg = (0,0), and p; = (1,0). Since V f(z,y) =
(2ax 4 2hy + 2g,2hx + 2by + 2f), Vf(0,0) = (2g9,2f) and Vf(1,0) = (2a + 2g,2h + 2f). Hence,
Tipo, v £(po)) (T y) = 292 + 2fy, and Ty, vip ) (T, y) = (2a + 2g)(x — 1) + (2h + 2f)y. (From the
containment conditions of the two points, f(0,0) = ¢ = 0, and f(1,0) = a +2g + ¢ = 0. Then,
Tip0, % £(p0)) 1) - Tipy v £(p1)) (P0) = 29(—2a — 2g) = 29(—2(—2g) — 2g) = 49> > 0. If g = 0, it follows
that a = ¢ = g = 0 in which case f(z,y) reduces into two lines. Since we assume that f(x,y) is
proper, g # 0, and we have proven the lemma. [J

The geometric interpretation of the inequality T(p, v f(po)) (P1) - Tpi, v (p1)) (P0) > 0 is that pg is
on the positive (negative) halfspace of Tp, if and only if p; is on the positive (negative) halfspace
of Tp,. The following theorem shows that this condition is, in fact, a sufficient and necessary
condition.

Theorem 2.8. There exists a conic segment S(Py, Py) that smoothly interpolates two pairs Py =
(po,no) and Py = (p1,m1) if and only if Tp,(p1) - Tp, (po) > 0.
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Proof : (=) Let f(z,y) = 0 be a conic for a smoothly containing conic segment. From our
definition of smooth interpolation, it follows that Tp,(p1)-Tp, (Po) = Tipy, v f(po)) (P1) Tp1,v f(p1)) (PO)
which is positive according to Lemma 2.7.

(«=) If Tp,(p1) - Tp,(po) > 0, then the conic in ¢(z,y) = L(z,y)? — k- Tp,(z,y) - Tp,(7,y) = 0 or
—q(x,y) = 0 will smoothly interpolate the two pairs where L(z,y) = 0 is the line connecting py
and p1, and & is a constant [201].1 O

Now, back to the original problem of computing a quadric wire smoothly interpolating two
given point and unit normal vector pairs Py = (pp,no) and Py = (p1,n1) in R3. The concept of
the tangent line in a plane is naturally extended to an oriented tangent plane Tp(z,y, z) = n,(x —
Pz) +1y(y —py) +12(2 —p.) =0 given P = ((pg, Py, P=), (Nz, 1y, n2)) in 3D space, and this tangent
plane divides 3D space into two halfspaces. In fact, we see that the inequality Tp,(p1) - T, (po) > 0
is also a criterion which determines if a quadric wire can smoothly interpolate two given pairs of
points and normal vectors.

Corollary 2.9. Given two point and unit normal vector pairs Py = (po,no) and Py = (p1,n1) in 3D
space, there exists a quadric wire W(t) = (C(t), N(t)), contained in a plane determined by a given
plane normal vector nplo1, that smoothly interpolates the pairs if and only if Tp,(p1) - T, (po) > 0.

Proof : Consider the two pairs Py and Pj, their two tangent planes Tp, and Tp,, and the plane
H which is defined by npl;;. Then, the intersection lines of H and Tp, and Tp, become the tangent
lines in H to which a conic curve must be tangent. That is, the normal vectors of the tangent
lines are the projections of the normal vectors of the tangent planes. Note that the positiveness
and negativeness of halfspaces are inherited from 3D space to the plane H. Hence, we see that the
inequality Tp,(p1) - Tp, (po) > 0 holds in 3D space if and only if its 2D version holds in H.

If there exists a conic curve in H, we can find a quadric surface which smoothly interpolates
the given pairs, as explained before, and take W (t) from this quadric surface that has the same
gradient directions as the given two normal vectors. [l

2.3.2 Generation of a Conic Wireframe

First, we give a definition of the quadric wire.

Definition 2.10. Let C(t) = (%7%, 5)((?)) and N(t) = (T(%), %((tt)), T((tt))) be two triples of
quadratic rational parametric polynomials. Then, the pair W (t) = (C(t), N(t)) is called a quadric
wire if there exists a quadratic surface q(x,y,z) = 0 such that q(C(t)) =0 and Vq(C(t)) is propor-

tional to N(t) for all real t.

The first step to smoothing a convex polyhedron is to compute a conic curve given two point
and unit normal vector pairs (pg,n1), (p1,71) and a normal npl of a plane such that

1. the computed conic curve passes through pg and pi,
2. its tangents at pg and p; are perpendicular to ng and ni, respectively, and
3. it is contained in the plane which contains pg and p;, and has the plane normal npl.

Especially, we force W (0) = (po,n1) and W (1) = (p1,n1), 2 and hence use a segment of W (t),
0 <t < 1. To compute C(t), the normal vectors ny and n; are projected into the plane P on which
C(t) will be. (See Figure 12).

Thanks to J. Yu for pointing this.
2By =, we mean the points are the same, and the normal vectors are proportional.
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Figure 12: Computation of a Conic Curve

This projection results in a control triangle pg — p2 — p1. Lee [150] presents a compact method
for computing a conic curve C(t) from such a control triangle. In his formulation, the conic is
expressed in Bernstein-Bézier form :

wopo(1 — t)% + 2wopat(1 — t) + wipt?

) = A= D2 2unt(l — 1) + w12

where w; > 0, i = 0, 1,2 are shape control parameters. An often used parameterization, called the
rho-conic parameterization, is given by the special choice wg = w1 =1 —p, wa = p, p > 0. By
introducing the parameter p, we can control the shape of a conic intuitively. Let po1 = (po + p1)/2
be the midpoint of the chord pop;. Then, p has a property that C(0.5) — po1 = p(p2 — po1). From
this, we can see that as p is increased, the conic gets more curved. In particular, it can be proven
that p = 0.5 for parabola, 0 < p < 0.5 for ellipse and 0.5 < p < 1.0 for hyperbola.

2.3.3 Assigning Normals along Edge curves

Once C(t) is fixed, we find a quadratic surface ¢(z,y, z) = 0 such that N(¢), which is a restriction
of Vq(z,v, 2), interpolates ng and n;. Consider a quadratic surface q(z,y, z) = cox? + c1y? + 222 +
c3xy + cayz + cszx + cex + cry + cgz + cg = 0. g(x,y, z) = 0 has 10 coefficients, and since dividing
the surface by any nonzero coefficient does not change the surface, there are 9 degrees of freedom.
The first requirement is that ¢(x,y, z) = 0 must contain the computed conic C(t). Our Hermite
interpolation algorithm gives 5 linear equations in terms of the unknowns ¢; for the containment
requirement. It is obvious that 5 constraints on ¢; are required considering the Bezout theorem
which says if a conic intersects with a quadratic surface at more than 4 points, the curve is contained
in the surface.

Hence, 4 (= 9—5) degrees of freedom in choosing ¢; are left, and these must be used to interpolate
the normal vectors at the two end points. Interpolating ng and n; at pg and p;, respectively, gives 2
more linear constraints which leaves 2 degrees of freedom in choosing the quadratic surface. But we
can see that requiring only one more normal vector at a point on the curve fixes the normal vectors
along the whole conic. Consider the gradient vector Vq(z,y, z) whose components are linear. Then,
the vector function Vq(C'(t)) is a degree 2 polynomial parametric curve in the projective space, and
hence, three independent constraints fixes the curve Vgq(C(t)), or the normal vector along C(t).
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After we specify one more normal vector at a point on the conic, we obtain a family of quadratic
surfaces q(x,y, z) with one degree of freedom where all the surfaces in the family contain C(¢), and
share the same gradient vectors along C(t). This observation leads to the following lemma :

Lemma 2.11. Let W(t) = (C(t),N(t)) be a quadric wire. Then, the quadratic surfaces which
smoothly interpolate W (t) comprises a family of surfaces with one degree of freedom.

What we do in our implementation in order to fix the normal vector is the following : first,
the average ng; = (nog + n1)/2 is computed, and then ng; is projected into a plane which contain
C(0.5), and is perpendicular to the tangent vector C’(0.5). Then, we require the projected vector
to be the normal vector at C'(0.5). Once the normal vectors along C(t) is fixed, we define N(¢) to
be the vectors.

2.4 Local Interpolatory Patch Generation
2.4.1 Conditions for Low Degree Interpolants

We first compute general degree bounds for interpolatory triangular patches with degree d inter-
polatory curves.

Definition 2.12. An augmented triangle is an 9-tuple T = (po, p1, p2, No, N1, n2, nplo1, npliz, nplag)
where the points p; are three vertices of a triangle with the corresponding unit normal vectors n;,
and npl;; is the normal of the plane which will contain the quadric wire made from (p;,n;) and

(pjvnj)'

Definition 2.13. A quadric triangle is a triple QT = (Wy(t), Wi(t), Wa(t)) of quadric wires such
that W()(l) = Wl(O), Wl(l) = WQ(O), and Wz(l) = W(](O).

Given an augmented triangle, each quadric wire is computed as described in the foregoing
subsection. Now the quadric triangle is to be fleshed using an algebraic surface f(x,y,z) = 0.
The algebraic surface to be used should be flexible enough to interpolate the three quadric wires
smoothly, i.e., with tangent plane continuity. Though higher degree algebraic surfaces provide more
flexibility, the number (";3) of coefficients of a degree n algebraic surface grows dramatically as n
increases. Hence, for fast computation and less numerical errors, keeping the degree of a surface in
a reasonable range is very important. In the below, we give the low bound of degree which must
be used for interpolation of a quadric triangle.

First, let’s assume that we use a degree n algebraic surface f(x,y, z) = 0 to smoothly interpolate
a wire of degree d W (t) = (C(t), N(t)). According to the Bezout theorem, dn + 1 constraints on
the coefficients of f are required for f to contain C(t) which is of degree d. For tangent plane
continuity, consider the restricted normal vector V f(C(t)). Since the degree of each component of
Vf(z,y,z) is, at most, n — 1, each component of V f(C(t)) has the degree d(n — 1). This vector
function is, in fact, a degree d(n — 1) parametric polynomial curve in the projective space. Hence
d(n — 1) + 1 independent constraints are enough to fix the gradient of f along the curve C(t),
making V f(C(t)) proportional to N(t) which is the requirement of tangent plane continuity.

Lemma 2.14. Let W(t) = (C(t), N(t)) be a degree d wire. For an algebraic surface f(z,y,z) =0
of degree n to smoothly interpolate W (t), at most 2dn—d+2 (=dn+1+d(n—1)+1) independent
linear constraints on the f’s coefficients must be satisfied.

For C'! interpolation of a triangular patch we observe some geometric dependency between the
three wires which leads to algebraic dependency. First, since the curvess intersect pairwise, there
must be three rank deficiencies between the equations from the containment conditions. ? Secondly,

3This dependency gets more evident to see the Hermite interpolation algorithm. In the algorithm in Section 4.2.1
[26], if we always choose the intersection points for the list L. of each conic, three equations are generated twice.
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at each vertex of the curvlinear triangle, two incident curves automatically determine the normal
at the vertex. It is obvious, from the way the curve wire construction, this vector is proportional to
the given unit normal vector. So, we see that satisfying the containment conditions for the 3 curves
guarantees that any interpolating surface has gradient vectors at the three points as required. This
fact implies that, for each conic, there are two rank deficiencies between the linear equations for
the containment conditions, and the equations for its tangency condition. * Hence, 6 additional
rank deficiencies with the previous 3 yield a total of 9 deficiencies.

Lemma 2.15. Let QT = (Wy(t), Wi(t), Wa(t)) be a conic triangle. The rank of the linear system
Mix = z which is constructed by the Hermite interpolation algorithm for the algebraic surface
f(z,y,z) =0 of degree n that smoothly fleshes QT is at most 12n — 9.

Proof. For C! of all three wires requires 3(4n — 2 + 2) = 12n using lemma 2.14 minus the 9
deficiencies. O

Since f(z,y,z) = 0 of degree n has (nf’) coefficients, and the rank of the linear system should

be less than the number of coefficients for a nontrivial surface to exist, we see that 5 is the minimum
degree required. In the quintic case, there are 56 coefficients (55 degrees of freedom) and the rank
is at most 51, which results in a family of interpolating surfaces with at least 4 degrees of freedom
in selecting an instance surface from the family.

Even though some special combination of three quadric wires can be interpolated by a surface
of degree less than 5, for example, three quadric wires from a sphere, the probability that such
spatial dependency occurs, given an arbitrary triple of conics with normals, is infinitesimal. Hence,
we can say that 5 is the minimum degree required with the probability one.

Lemma 2.16. Let QT = (Wy(t), W1(t), Wa(t)) be a cubic triangle. The rank of the linear system
Mix = z which is constructed by the Hermite interpolation algorithm for the algebraic surface
f(z,y,2) =0 of degree n that smoothly fleshes QT, is at most 18n — 12.

Proof. For C' of all three wires requires 3(6n — 3 + 2) = 18n — 3 using lemma 2.14 minus the 9
deficiencies. O

The minimum degree of the interpolating surface is 7. In the quintic case, there are 120
coefficients (119 degrees of freedom) and the rank is at most 114, which results in a family of
interpolating surfaces with at least 5 degrees of freedom in selecting an instance surface from the
family.

Lemma 2.17. Let QT = (Wy(t), Wi(t), Wa(t)) be a conic triangle with one edge a cubic curve.
The rank of the linear system Mix = z which is constructed by the Hermite interpolation algorithm
for the algebraic surface f(x,y,z) =0 of degree n that smoothly fleshes QT is at most 14n — 10.

Proof. For C! of all three wires requires 2(4n — 2 + 2) + (6n — 3 + 2) = 14n — 1 using lemma 2.14
minus the 9 deficiencies. O

The minimum degree of the interpolating surface is 6. In the degree 6 case, there are 84 coeffi-
cients (83 degrees of freedom) and the rank is at most 74, which results in a family of interpolating
surfaces with at least 9 degrees of freedom in selecting an instance surface from the family.

Lemma 2.18. Let QT = (Wy(t), Wi(t), Wa(t)) be a cubic triangle with one edge a conic curve.
The rank of the linear system Mix = z which is constructed by the Hermite interpolation algorithm
for the algebraic surface f(x,y,z) =0 of degree n that smoothly fleshes QT is at most 16n — 11.

4Again, for each curve, we can choose point-normal pairs at the two end points. The resulting two linear equations
should be linearly dependent on the equations from the containment requirement.

21



Proof. For C! of all three wires requires (4n — 2 + 2) + 2(6n — 3 + 2) = 16n — 2 using lemma 2.14
minus the 9 deficiencies. O

The minimum degree of the interpolating surface is 7. In the degree 7 case, there are 120
coefficients (119 degrees of freedom) and the rank is at most 101, which results in a family of
interpolating surfaces with at least 18 degrees of freedom in selecting an instance surface from the
family.

2.4.2 (' Interpolation of a Conic Wireframe

As mentioned previously, each triangular face of a polyhedron is replaced by a triangular patch.
To do so, each edge is replaced by a quadric wire forming a wire frame for the polyhedron.

Even though some special combination of three quadric wires can be interpolated by a surface
of degree less than 5, for example, three quadric wires from a sphere, the probability that such
spatial dependency occurs, given an arbitrary triple of conics with normals, is infinitesimal. Hence,
we can say that 5 is the minimum degree required with the probability one.

2.5 Surface Selection and Local Shape Control

As a result of smooth interpolation of a quadric triangle QT with a quintic surface, a family of
algebraic surfaces f(x,y,z) = 0 with, at least, 4 degrees of freedom is obtained. The family is
expressed as the nontrivial coefficients vectors in the nullspace of Mj. To select a quintic surface
from this family, those 4 degrees of freedom must be consumed. Least squares approximation is
well suited for this purpose. We can additionally specify a set of points inside the quadric triangle,
which approximately describes a desirable surface patch. The final fitting surface can be obtained
by consuming the remaining degrees of freedom through least squares approximation to this set of
points.

While it is chosen from the family via least squares approximation, the final quintic surface is
not always good in the light of geometric modeling. For example, a surface which self-intersects
inside the quadric triangle is not practically useful though it approximates the additional points
best as well as satisfies the smooth interpolation requirement. Hence, in the approximation step,
we need to be careful not to select a surface which is singular inside the quadric triangle. First of
all, it is observed that, in general, any surface which smoothly interpolates the quadric triangle,
that is, three conics with normal directions, is singular at the three vertices. In Section 2.1.2, we
show that just making the normals of the conics consistent at the intersection points is not enough
to have a regular surface. In fact, the velocities of changes of the normal vectors at the intersection
points affect the regularity of a surface at the points. However, the singularities only at the three
vertices, not along the whole curve, does not harm the smooth continuity between surface patches.
More serious problem is the singularity of a surface inside a quadric triangle.

2.5.1 Solution of Interpolation and Least-Squares Matrices

The Hermite interpolation algorithm takes as input positional and first derivative (normal) infor-
mation on points and algebraic space curves. For an algebraic surface S : f(x,y, z) = 0 of degree n,
it produces a homogeneous linear system Myx = z, My € R"*™ of n; equations and n,, unknowns
where x is a vector of the n,(= (”‘;3))5 coefficients of S.

Then, the nontrivial solutions in the nullspace of My form a family of all possible algebraic
surfaces of degree n, satisfying the given input constraints, whose coefficients are expressed by
homogeneous combinations of ¢ free parameters where ¢ = n, —r is the dimension of the nullspace.
Since dividing f(z,y,z) = 0 by a nonzero number does not change the surface, there are, in fact,

5There are (";3) coefficients in f(z,y, z) of degree n.
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n, — 1 — 1 degrees of freedom in choosing an instance surface from the family. Hence, the rank r of
M must be less than the number of the coefficients n,, should there exist an interpolating surface.

After a family of algebraic surfaces is obtained, we should select an instance surface from the
family for geometric design. For this process, called shape control, Bajaj and Thm [29] proposed to
use least squares approximation which leads to the following computational model :

minimize || Max ||?
subject to Mix =z
xI'x =1,

where M a € R"™*™ jg the matrix for least-squares approximation. M is constructed the same
as My is, however, there are more linear constraints provided than the remaining degrees n, —r —1
of freedom such that least squares approximation is applied. For example, we can additionally
construct enough number of points or curves around the given input data, which approximately
specifies a desirable surface. The final instance surface is obtained by consuming the remaining
degrees of freedom through least-squares approximation to the additional data set.

In this article, we use a slightly different model which is :

minimize | Max —b ||
subject to  Mjix = z.

Suppose that Sy = {v; € R3|i = 1,--- 1} be a set of points which approximately describes
a desirable surface patch. Then, we can get a linear system Max = z, where each row of My
is obtained from f(v;) = 0. Then the conventional least squares approximation is to minimize
| Max ||? over the nullspace of Mj. However, our experimentation shows that in many cases,
singularities occur inside the quadric triangle. Minimizing | Max ||* makes the resulting surface
well approximate the set of points, however, this simple algebraic approximation can not prevent
the resulting surface from self-intersecting inside the triangle.

To provide more geometric control in least squares approximation, we suggest that contour levels
be approximated rather than only the surface itself. In fact, the implicit surface f(x,y,z) = 0 is
the zero contour of the function w = f(z,y, z). Consider some smooth region of a surface. Since
the derivatives of w = f(z,y, z) are well defined in the region, the contour levels behaves well in the
proximity of the zero contour. In our scheme, we first generate Sy = {(v;,n;)|i = 1,--- , 1} where
v; are approximating points, and n; are approximating gradient vectors at v;. Then, from this set,
we construct two more sets S1 = {u;|lu; = v; + ang, i =1, 1}, and S_1 = {w;|w; = v; —an;,i =
1,---,1} for some small & > 0. Then, we get the least squares system M = b from three kinds of
equations : f(v;) =0, f(u;) =1, and f(w;) = —1. These equations give an approximating contour
level structure of the function w = f(z,y, z) near the inside of a quadric triangle. We found out
that forcing a well behaved contour levels gets rid of self-intersection in the region significantly. We
will give a heuristic algorithm for generation of the point-normal set Sy in the last paragraph of
Subsection 2.5.2.

As a result of least squares approximation of the function’s contour levels, we lead to the
following computational model :

minimize | Max —b |[|?
subject to  Mix = z,

where My € R%*50 is a Hermite interpolation matrix, and M € R"*5 and b € R™ are matrix

and vector, respectively, for contour level approximation, and x € R®0 is a vector containing
coefficients of a quintic algebraic surface f(z,y,z) = 0.

To find the nullspace of My in a computationally stable manner, the singular value decomposi-
tion (SVD) of My is computed [119] where My is decomposed as My = UXV T where U € R
and V € R%*56 are orthonormal matrices, and ¥ = diag(oy, 09, - ,05) € R%*56 is a diagonal
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matrix with diagonal elements o1 > 09 > -+ > 04 > 0 (s = min{n;,56}). It is known that the
rank r of My is the number of the positive diagonal elements of 33, and that the last 56 —r columns
of V' span the nullspace of My. Hence, the nullspace of Mj is expressed as :

{x € R |x = Zfﬁ;r w;iVyyi, where w; € R, and v;j is the jth column of V}, or x = Vsg_, W
where Vig_, € R%*(56-7) ig made of the last 56 — r columns of V., and w a (56 — r)-vector.
6 x = Vig_,w compactly expresses all the quintic surfaces which Hermite-interpolate the three
quadric wires.

After substitution for x, we lead to || Max —b || = || MAVs6—»w — b ||. Then, an orthogonal
matrix ) € R"*" ig computed such that

V4

Q"MaVig , = R = ( i )

where R; € RG6=7x(56-7) jg ypper triangular. (This factorization is called a @Q-R factoriza-

tion [119]). Now, let
Ty C
= (1)

where c is the first 56 — 7 elements. Then, | MaVss_,w —b [|2 = || QT MaVs6_,w — Qb ||2 =
| Ryw —c ||*> + || d ||*. The solution w can be computed by solving Ryw = ¢, from which the final
fitting surface is obtained as x = Vzg_,w.

2.5.2 Display of the Triangular Algebraic Patch

As implicitly defined algebraic surfaces have become increasingly important in geometric modeling,
several algorithms for displaying them have emerged. Implicit algebraic surfaces lend themselves
naturally to ray tracing [126]. Sederberg and Zundel [215] uses a scan line display method which
offers improvement in speed and correctly displays singularities. Even though both approaches
produce images of good qualities, the computational cost is high. Also, the static processes do not
allow interactive display of surfaces. On the other hand, polygonization of implicit surfaces [57] can
use the capability of the graphics hardware which provides very fast interactive rendering. In [57],
Bloomenthal presents a numerical technique that approximates an implicit surface with a polygonal
representation. The technique is to surround the implicit surface with an octree, at whose corners
the implicit function is sampled to generate polygons. Although, in general, they sample implicit
surfaces well, these polygonization methods are not well suited to our purpose which is to draw
a implicit triangular surface patch with singular vertices. A major problem is how to isolate only
the necessary part or the triangular patch from the whole implicit surface. Clipping surfaces could
be added to the polyonization algorithms, however, the current polygonization algorithms do not
handle singularities quite well.

In our display routine, we walk over implicit quintic surfaces only around the necessary regions
producing polygons which approximate triangular patches. Since smooth segments of intersection
curves of two algebraic surfaces are well traced [25], and we are to display smooth portions of
implicit surfaces, the algebraic space curve tracing routines performs well for the walk-over. Note
that though the fleshing quintic surface are usually singular at the three vertices of a quadric
triangle, the boundary curves can be traced easily from their parametric equations.

The following simple recursive procedure produces adaptive polygonization of a triangular al-
gebraic surface patch. Let f(z,y,2) = 0 be a primary surface whose triangular portion clipped by
three planes h;(z,y,z) =0, i = 1,2,3 is to be polygonized. Initially, the triangle Ty = (Py, P1, P2)
is a rough approximation of the surface patch. Each boundary curve decided by f and h; is traced

5 As mentioned before, in most cases, the rank r of M is 51. However, we keep the variable r because it is possible
that there are more dependency between boundary curves and normal vectors though the chances are rare.
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producing a digitized linear approximation to the space curve, then the linear approximation is
segmented adaptively into a new segment of order 2¢ for some given d. (See, for example, [135]
for an adaptive segmentation algorithm of space curves.) Then, Tj is refined into four triangles by
introducing the 3 points Qg, @1, and Q2 where Q;, ¢ = 0,1,2 is the center point of each adaptive
segmentation of order 2¢. The clipping planes of subdivided triangles can be computed by averag-
ing the normals of the two triangles incident to the edge. Then, each new edge is traced, and then
its adaptive linear approximation of order 247! is produced. In this way, this new approximation
is further refined by recursively subdividing each triangle until some stopping criterion is met.

While the method produces a regular, but adaptive, network of polygons, it might be improved
to generate more adaptive polygonization. Rather than subdividing all the triangles up to the
same level, each triangle is examined to see if it is already a good approximation to the surface
portion it is approximating. It is refined only when the answer is no. Some criterions for such
local refinement are suggested in [57]. However, to design an irregular adaptive polygonization
algorithm with robust local refinement criterions, is an open problem.

We also use the above recursive subdivision scheme to produce Sy = {(vi, n;)|i = 1,--- ,{}.Initially,
only the boundary curves are known, and each time a new curve is to be traced in the algorithm, a
quadric wire is computed. from the information on the initial and final points, their normals and
clipping plane. The generated quadric wire gives approximate curve and normal information, and
is traced to generate points and normals. The final polygonal approximation obtained in this way
gives a set of points which is used in least squares approximation. We observe that this heuristic
method work quite well when the p value is in the reasonable range, say, 0.25 < p < 0.75.

2.5.3 Smoothing a Convex Polyhedron

In Section 2.4, we have described how to compute a quintic triangular algebraic surface patch from
a given augmented triangle. A convex polyhedron is smoothed by replacing its faces with the
triangular patches meeting each other with tangent plane continuity. For the augmented triangles
T = (po, p1,Dp2,n0, N1, n2, nplo1, npliz, nplag) of the faces of a polyhedron, the normal data, i.e.,
three vertex normals and three edge normals, must be provided as well as the given three vertices.
In some applications, the normal data may come with a solid, but, in general, only vertices and
their facial information are provided. The vertex normal n; at each vertex p; can be computed by
averaging the normals of the faces incident to the vertex.

Example 2.19. Construction of Quadric Wire Frames
Example 2.20. Smoothed Polyhedrons Using Quintic Implicit Surfaces

Each of 32 faces of the polyhedron in Example 2.19 is replaced by a quintic implicit algebraic
surface which smoothly fleshes its quadric triangle. The result is the piecewise tangent-plane-
continuous quintic algebraic surface meshes which smooth the given polyhedron. As explained
before, ellipses, parabolas, and hyperbolas are used as quadric wires for p = 0.4, 0.5, and 0.75,
respectively. [J

Problem 2.21. Given a list of data points P = {py,...,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.

Let {py,...,p;} € R3 with j < 4. Then the convex hull of these points is defined by
[P1P2--P;| = {P € R3:p = Zgzl aip;, @ > 0,7 _;a; = 1} and the affine hull is defined by
(Pip2-p;) ={P R’ : p=3"7  aip;, > 1_; & = 1}. The interior of the convex hull [p;ps...p;]
is denoted by (py1p2---P;) =1{P € R :p=>7 apj,a; >0,>7 oy =1}
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(a)

Figure 14: C' smoothing of some regular and stellated polyhedra with non-trihedral corners.

Sufficient Conditions of an A-Patch Let F(«a) = szn baxBY () be a given polynomial of

degree n on the simplex(tetrahedron) S = {(a1,az, a3, as)’ € R* : Zle a; =1, a; > 0}. The

surface patch within the simplex is defined by Sp C S : F(a1, ag, a3, a4) = 0. The following two
conditions on the trivariate BB-form will be used.

Smooth vertices condition. For each i(1 < i < 4), there is at least one non-zero bx,aorgn, for
>\i Z n — 1.

Smooth edges condition. For each pair (i,7)(1 < i,5 < 4,7 # j), there is either at least one
NON-zero bmeiJr(n_m)ej form =0,1,---,n, or the polynomials Zz::lo bmei—l-(n—l—m)ej—l-ek B?n_l(t) and
Z"m_:lo Omeit(n—1-m)ej+e B"=1(t) have no common zero in [0, 1], for distinct i, j, k, [.

If the surface Sp contains a vertex/edge, then it is easy to show by the formulas of directional
derivatives(see [108], p. 312) that the surface is smooth there if the smooth vertices/edges conditions
above are satisfied.

Definition 3.1. Three-sided patch.

Let the surface patch Sg be smooth on the boundary of the tetrahedron S. If any open line
segment (e;,a*) with o* € S; = {(a1, 0, a3, 4) 7 : a; =0,a; >0, Zi# a; = 1} intersects S at
most once(counting multiplicities), then we call Sg a three-sided j-patch (see Figure 16).
Definition 3.2. Four-sided patch.

Let the surface patch Sp 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*, 8*) with o* € (e;e;) and 5* € (exer)
intersects Sp at most once(counting multiplicities), then we call Sg a four-sided ij-k(-patch (see
Figure 16).

It is easy to see that if Sp is a four-sided ij-kf-patch, it is then also a ji-¢k-patch, a £k-ji-patch,
and so on.

Lemma 3.1. The three-sided j-patch and the four-sided ij-k¢-patch are smooth (non-singular).
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(d)

Figure 15: Interactive deformation of a sphere defined by C? continuous quintic A-patches. (a)
Shading to show patches. (b) Pulled towards one control vertex. Mean curvature texture. (c)
Pulled towards two control vertices. Gaussian curvature texture. (d) Pulled towards the four
control vertices of a face of the cube. Mean curvature texture. (e) Pulled towards all six faces of
the cube. Gaussian curvature texture. (f) Shading to show the final patches.

Theorem 3.2. Let F(a) = Zlkl=n baBY () satisfy the smooth vertices and smooth edges conditions
and j(1 < j <4) be a given integer. If there exists an integer k(0 < k < n) such that

b)\1/\2>\3>\4 >0, /\jZO,l,...,k‘—l, (30)

b>\1>\2/\3/\4§0a )\jzk—l—l,...,n (31)

and ZL\M:n by>0ifk>0, Z;\M:n by < 0 for at least one m(k < m < n), then Sg is a three-sided
=0 j=m

j-patch.

Theorem 3.3. Let F(a) =)\ —, baB}(a) satisfy the smooth vertices and smooth edges conditions
and (i,j,k,0) be a permutation of (1, 2, 3, 4). If there exists an integer k(0 < k < n) such that

badorsas =05 A+ A =0,1,...,k—1, (32)

badorsxa <05 AN+ A =k+1,....n (33)

and Y nen by >0 if k> 0,) |\=n bx <0 for at least one m(k < m < n), then Sp is
>\i+>\j:0 )\i—l-)\j:m

four-sided ij-kf-patch.
Note. The conditions on the coefficients by 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 by < 0, for |A| =n, Ay = £.

Some properties of A-patches.
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Figure 16: Three-sided and four-sided tetrahedral patches.

a. For a three-sided j-patch, if by =0 for X = (n —l)ey, +lej, £ =0,1,....k(m # j, k < n),
and by # 0 for A = (n — 1)ey + e, s # j,m, then the edge [ejey,] is tangent with Sp at en, with
multiplicities k.

b. For a four-sided ij-kl-patch, if by = 0 for A = (n—q1—q2)ex+qrei+q2ej, ¢1+q2=0,1,...,s;
and by # 0 for A = (n — 1)ey, + e, then Sp is tangent s times with face [e;ejer] at ey.

Note that a four sided patch may degenerate into a two sided patch. However, we do not need
to treat the degenerate patches any different and consider it to be a special four sided patch.

c. For a three-sided j-patch, if by = 0 for X = (n — m)e; + meg, m = 0,1,...,n, then Sp
contains the edge [e;, ex]. If further, by =0, for A= (n—m —1)e; + mey +¢ej, m=0,1,...,n—1,
then the Sg is tangent with the face [e;ejey].

2.6 Normals and the Simplicial Hull

For the given point set P = {p1,...,pr} € R3 and their surface triangulation T, we first construct
anormal set N = {nq,...,n;} € R3 for P. That is, for each point p;, we associate a normal n;. We
will force the constructed surface to interpolate these point 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; nclude (a) an
average of the face normals of the incident faces (b) 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 [11, 189]. Of
course at times the data set can have prespecified normals and this too can be the input of the C*!
fitting algorithm.

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 the normals all
point to the exterior.

Definition 4.1. Convex edge, non-convex edge.

Let [pipj] be an edge of T. If (pj — pi)Tni (pi — pj)Tn; > 0 and at least one of (p; — pi)Tn;
and (p; — p;)Tn; is positive, then we say the edge [p;p;] is positive conver. If both the numbers are
zero then we say it is zero convex. A negative convex edge is similarly defined. If (p; — pi)Tn; (pi —
pj)Tnj < 0, then we say the edge is non-conver.

Definition 4.2. Convez face, non-convex face.

Let [pipjpr] 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;pi| is positive convez. If all the three
edges are zero convex then we label the face as zero convexr. A negative convex face is similarly
defined. All the other cases [p;p;pi] are labeled as non-convex.

Note, that here we are overloading the term conwvex to characterize the relations between the
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Figure 17: The construction of tetrahedra for adjacent non-convex/non-convex faces and
convex/non-convex faces.

Figure 18: The construction of tetrahedra for adjacent convex/convex faces.

normals and edges of faces. We distinguish between convex and non-convex faces in the simplicial
hull below where we build one tetrahedron for convex faces and double tetrahedra for non-convex
faces.

Definition 4.3. Simplicial hull.

A simplicial hull of T, denoted by >, is a collection of non-degenerate tetrahedra which satisfies:
(1) Each tetrahedron in ) has either a single edge of T'(then it will be called an edge tetrahedron)
or a single face of T'(then it will be called a face tetrahedron).

(2) For each face of T' there is/are only one/two face tetrahedron/tetrahedra in ) if the face is
convex/non-convex.

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

(4) For each edge there is/are only one/two pair/pairs of common face sharing edge tetrahedra
in Y if the edge is convex/non-convex such that the pair/pairs fills 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 the tetrahedra
containing the vertex. This condition is called tangent plane containment.

It should be noted that, for a given surface triangulation and normals assignment, T' 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 not
possible and then provide a solution for constructing the simplicial hull for a locally modified 7'
1. Build Face Tetrahedra. For each face F' = [pipaps] of T, let L be a straight line that is
perpendicular to the face F' and passes through the center of the inscribed circle of F'. Then choose
points py and/or g4 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 non-convex face, two face tetrahedra [p1papsp4]
and [p1papsqa] are formed. If F is positive convex, then p4 is chosen on the side opposite to the
direction of the normals, and a single face tetrahedron [p;papsp4] is formed. If F' is negative convex,
then g4 is chosen on the same side as the normals and again the single face tetrahedron [p1p2p3qa]
is formed. If F' is zero convex, no tetrahedron needs to be built. Figure 18 shows the case where
both faces are convex and Figure 17 shows the cases where at least one of the two adjacent faces
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Figure 19: Examples of (a) sharp edge and (b) sharp vertex.

Figure 20: The re-triangulation (a) sharp edge (b) and sharp vertex

is non-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 7/2. If this condition is not met then an exception occurs and we term the vertex as
sharp. See Figure 19 (a).

A sufficient condition for adjacent face tetrahedra to be non-intersecting is as follows. For two
adjacent faces F' = [p1paps] and F' = [p)paps], the angle between them, denoted as ZFF”, is defined
as the outer dihedral angle if the edge between F' and F”’ is negatively convex and inner dihedral
angle otherwise. For [paps] the common edge between F and F’, let [pipopsps] and [p)papsp)]
be the face tetrahedra respectively. Then the two tetrahedra are non-intersecting if the angles
Z]papaps)[p1paps] < 3ZFF' and Z[pypops|[pipeps] < 3ZFF’. If this condition is not met then an
exception may occur and we term the common edge [paps] as sharp. See Figure 19 (b).

A heuristic strategy rectify the sharp edge and sharp vertex configurations is a local retrian-
gulation of the original surface triangulation 7'. This strategy has worked well in several of the
experiment we have perfprmed.

(i) Sharp edge problem. Let [pips] be a sharp edge(see Figure 20(a)), and let [p;p;;] (i =
1,2; 7 =1,2,--k;) be the remaining surrounding edges of p; in adjacency order. Take two spheres
S(pi,r;) with centers p; and radius r;, where r; are positive numbers that are less than the half of
the surrounding edge’s lengthes ||p; — p;;||. The sharper one wants the constructed smooth surface
around the edge [p1p2], the smaller we take r;. Let ¢;; be the intersection points of S(p;,r;) and
[pipij]. Then g1, qi2, ..., ¢ir, form two closed polygons, and pij, Dij+1, ¢ij+1,¢i; forms a four sided
closed polygons and finally, q11,¢21, q2k,, 1k, forms another four sided closed polygon. Triangulate
these polygons (the dotted line in Figure 20(a)) by connecting adjacent edges of the polygons in
the least inner angle order.

(ii) Sharp vertex problem. Let p; be a sharp vertex(see Figure 20(b)), and let [pip1;]
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(j = 1,2,---k) be the surrounding edges of p; in adjacency order. Take a sphere S(pi,r) with
center p; and radius 7, where r is positive number that is less than the half of the surrounding
edge’s lengthes |p1 — p1j||. The sharper one wants the constructed smooth surface around the
vertex pp, the smaller we take r . Let g1; be the intersection points of S(p1,r) and [pi1p1;]. Then
q11,q12, ---, @1, form a closed polygon, and p1j,p1j+1,q1j+1,¢q1; forms a four sided closed polygon.
Triangulate these polygons (the dotted line in Figure 20(b)) by connecting the adjacent edges of
the polygon in the least inner angle.

2. Build Edge Tetrahedra. Let [paps] be an edge of T and [pip2ps] and [ppaps] be the two
adjacent faces. Let [pipepsps] and/or [pipapsqa], and [pipepsp}] and/or [pipapsq)] be the face
tetrahedra built for the faces [pipaps] and [p|paps], respectively. Then if the edge [paps] is non-
convex, two pair tetrahedra need to be constructed. The first pair [p{pepsps] and [p{papsp)] are
between [p)papsp}] and [p1papsps]. The second pair [¢] papsqa] and [¢] papsq)] are between [p) pap3q}]
and [p1papsqa]. Here p € (pap)) or is above (p4,p}y), say

1" (1 — t)

t
pi= "5 (p2+ps) + §(p2+p4), t>1

so that p{ is above plane [pi1peps] and plane [p|paps]. Similarly, ¢} € (gaq)) or is below (q4,q)}), say

q// _ (1 _t)

t
1= (p2+p3)+ =(¢h +qu), t>1

2

so that ¢} is below plane [p1p2ps] and plane [ppaps]. If the edge [paps] is positive/negative convex,
only the first/second pair above are needed. If the edge [pops] is zero convex, no tetrahedron is
needed here. It should be noted that ps and p)j(qs and ¢j)) are always visible.

2.7 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 3~ such that

and the zero contour of f within Y forms a C! continuous single sheeted surface with the same
topology as T'.

2.7.1 The Construction of a Piecewise C! Cubic Function

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

(a). Both the faces are non-convex;

(b). Both the faces are convex;

(c). One of them is convex and the other is non-convex.

(a). Both the faces are non-convex

Let F = [p1paps] and F' = [p)paps] be two adjacent non-convex faces. Then we have double
tetrahedra [p1pepspa] and [p1p2psqa] for F and double tetrahedra [p)papsp)] and [p)p2psq)] for F'(see
Figure 21). Let

Vi = [p1papspa), Vo = [Pipapspyl, Wi = [pipapsps], Wa = [pipapsp)]

Vi = [pipapsqsl, Vo = [Pipapsas], Wi = [aipapsasl, W3 = [dipapsd)]
and the cubic polynomials f; over V;, g; over W, f! over V; and g, over W/ be expressed in

Bernstein-Bezier forms with coefficients ag, ¢ cf\, and dg, 1 = 1,2, respectively. Now we shall

determine these coefficients.
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Figure 21: Adjacent tetrahedra, functions and control points for two non-convex adjacent faces

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 o i ) 1 12
a)\l)\g)\g() - c)\1)\2>\307 a0>\2)\3)\4 - bO)\z)\3>\47 b>\1>\2)\30 - b)\1)\2)\30

i _
Coadshy —

%
do)\g )\3 /\4 ?

1 _ J2
d)\1/\2/\30 - d)\l)\z)\go

Interpolation: Since zero contours of f; f/ and g; and g/ pass through ps and p3, a§ = b4 = ¢} =
i =0 for i = 1,2 and A = 0300, 0030.

Normal Condition: We have, for j = 2,3

1
CLZej +e1
CLer +es
bl
2ej+e1
1
Cer “+eq

= 5 —p)'ny, @, .,
= g(pa—p))'nj, a5 .,
= 50 —p)ng, dye, e,

%(q4_pj)Tnj7 Cgej+e4

= 10y —pj)'ny
= (0l —pj)"ny,
_ 1o NT, . (35)
= 3(Q1 p]) nj,
(dy—pi)Tn;

C! Conditions: At present, set a§e4+ej, c§e4+ej, i=1,2,3,4, béoop and d§001 to any value(free
parameters) and determine the other control points

1. Interface of [papspa] and [papsply]. Suppose

b1 =
b1 =

Bip1 + Bapa + B3ps + Bipa, Bi+ 03+ 085 +Br =1

2ph + B3ps + Bips + Bip],

Then, the C'! conditions require(see Lemma 2.2)

Dorsra = B1@1000, T B38000504+0100 T B580000524+0010 T B1@0x5 7504 +0001

Bi+ 63+ 65+ B =1

(37)

for AdgAgAs = 002,101,011,110. Hence %y, biyo;, and by, are defined, leaving aly,; and
aiip; to be determined. Equation (37) for AaAsAs = 110 will be treated later.

2. Interface at [papspy]. Let

Pl = papa + popy + pspe + paps, g1+ po + pz +pa =1
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then C'! conditions require

7 _ 1 2 7 7
D31 AsA5041000 = H103, aoxg1 T H2D%, A051 T H3DX, A 25040100 T H4D), 225040010 (39)

for A1 Aa)3 = 200,110,101,011. Hence b%yq, bhyg0, and big,. are defined. The equation for
A1A2A3 = 011 will be treated later together with (37).

. Interface between [paps3qal], [p2psq)] and [papsq)]. All control points of g/ and some of the
control points of f! can be fixed as f; and g;. That is, the relations (37)-(39) hold when
the quantities a’s, b's, (3's,u’'s are substituted by c's, d's, 7's,n's respectively. The two
untreated equations left are

di110 = 711110 T V220210 + V340120 T V40111 (40)

. . ) . .
di110 = MCo111 T+ M2€0111 + M3A0210 + MaH120 (41)

where the coefficients ~; and 7; are defined by

¢ = pr+epetupstoua, Mt ty=1
¢ = I+ 3 +3ps + i, VAR AR+ =1 (42)
¢ = mar+mgy+np2+nps, mAmtn+n=1

. Interface between [p1paps] and [ppaps]. Let

qy = a%pl + Oé%pg + aépg + a}lp4, a% + a% + a% + ai =1 (43)
¢y = A3pl+adpy+adps+alpy, Ad+ai+ai+ai=1
Then we have A A A A A
Co111 = Q1a1110 + Q5ake10 T A5a0120 + Q4AH11 (44)

Now we treat the equations (37), (39), (40), (41) and (44). It follows from (37), (39), (40)
and (41) that

1 2 i i i i i i i i i
H1ag111 + 205111 + H3Gh210 T H4G0120 = B1@1110 T B3a0210 + B3a6120 + B1api1n (45)

L ) . , o o o o

Mmcoi1 T M2€0111 + 30210 + MAh120 = Y1@1110 + V280210 + V340120 T VAC0111 (46)
Therefore, (44)—(46) form a linear system with six equations and six unknowns a1, a%;10,
chppq for i = 1,2. It is important to point out that this is not an independent system(see
Theorem 5.1 for the solvability of the system). It has 4 independent equations and has
infinitely many solutions. In fact, if we assume p1, p2, p3, p} are not coplanar and then denote

s = Olpi+0kpy +0ips +0lp,, O +0L+0)+0) =1
ph = 0ip1+03p2+ 03ps + 03p, 07 +05+ 03+ 65 =1 (47)
g1 = Olp1+0%po +9ips +01p,, O 40l 0L 49l =1
¢y = Oip1+03pa+93p3 +93p), 9T+ U3+ 05+ 07 =1
then we can derive from (45) and (46) that
a1y = 0iatig + Oabyo + 05ah190 + 04ating (48)
cor11 = ’1921@%110 + ¥5a0210 + V30120 + 7931@%110 (49)

If the edge [pops] is nonnegative (or non-positive) convex, ai;;o(or ¢iq,) are free and equation
or is removed, since we do not need the function gj an or g1 and g2). The free

49 48)) i d, si do not need the function ¢/ and g (or g1 and go). The f

parameters aj,,q(or ¢j;;9) may be determined by approximating a quadratic(see §6 or [87]).
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b. Both faces are convex.

(b1). Both faces are nonnegative (or non-positive) convex.

Following the discussion of (a), the scheme for determining the control points are as before,
except for the following:

1. Only half the control points are needed. That is, we need ag\, bg\ for functions f; and g; if F
and F' are nonnegative convex, or ¢}, d4 for functions f; and ¢} if F' and F” are non-positive
convex.

2. alyqo (or ciyy) can be determined freely. One way to choose aiiio (or ci110) is to make the
cubic approximate a quadratic (see §6 ). In particular, aj;;, = 0 (or ¢j;;o = 0) if the face is
ZEro CONVex.

3. We now need only (48) for unknowns ad,;; and a3, if the edge [paps] is nonnegative convex,
or (49) for unknowns c};y; and ¢, if the edge [paps] is non-positive 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 the control points are determined as before except for the following:

1. We need to only construct f;, g; and f3, that is, ci, dg\ are not needed. The functions g; and
f2 have no contribution to the surface, and are used for smooth transition from f; to f3.

2. aty;o > 0 and ¢35, < 0 can be determined freely(see §6).

3. we need only have (44) for i = 2 and (48) for unknowns a1, a3;;; and 31,

(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.
c. One convex face and one non-convex face.

Suppose [p1p2ps] is convex, [p)paps] is non-convex. Following are the exceptions:

1. The function f] and g, and their control points c}\, dg\ are not needed if F' is nonnegative
convex. The function f; and g; and their control points a%\, by are not needed if I is non-
positive convex.

2. aty; >0 (or clyyg <0) and a2y, (c2110) can be determined freely as in case (b). In particular,
aly1p =0 (or cfy19 = 0) if [p1paps] is zero convex.

3. For the treatment of equations (44)-(46), we need only have (44) for i = 2 and (48) for
unknowns a1, a2y, and 2, if the edge [paps] is nonnegative convex, or solve (44) for
i = 2 and (46) for unknowns cyq1, ¢3;1; and a3y, if the edge [p2ps] is non-positive convex(see
Theorem 5.1 (ii) for the solvability of the system).

d. Coplanarity of adjacent faces

In the discussions above, we have assumed that pi, p}, p2, p3 are affine independent. If py, p}, p2, p3
are coplanar, then the coefficient matrices of the linear systems (45) and (46) are singular. However,
the system (44)—(46) are still solvable(see Theorem 5.1) taking aj;;; or ch;; as free parameters.
The other unknowns are given directly by these equations. Since the parameters al;;y,i = 1,2
become now dependent, they are overly determined and a solution may be not possible. In this
case we split the involved tetrahedron into sub-tetrahedra by subdividing the triangles [p1p2ps] and
[P p2ps] 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 pj.

34



0-th layer 1st layer 2nd layer

Figure 22: Control points of Oth, 1st and 2nd layers

We then need to determine the remaining coefficients over the sub-tetrahedra U; = [papspsw],
Uy = [p1p3paw], and Us = [p1pepsw] such that the C! condition is satisfied. In fact, since w €
[p1p2p3], the coefficients on the same layer are C! related. For the 0-th layer (see Figure 22), the
control points labeled e are thus already determined. The control points o are determined by a
coplanar condition with surrounding e. Finally, the point [J is determined from the surrounding
three points o by the coplanar condition.

For the 1st layer (see Figure 22), the control points labeled o and OJ are similarly determined
as the 0-th layer. For the 2nd layer (see Figure 22), the control points o are arbitrarily chosen and
[ is determined by the coplanar condition. Finally, the 3rd layer coefficient is free.

2.7.2 The Solvability of the Related System
Concerning the solvability of the system (44)—(46) and its sub-system, we have the following result.

Theorem 5.1 Given two affine independent point sets (pa, ps, Py, pa) and (p2, s, ¢y, qa) as in Figure
21. (i) The system (44)-(46) has four independent equations. If (p1,p}, p2, p3) is affine independent,
then (45) and (46) are four independent equations for the unknowns ab,,, and chyyy fori=1,2.

y 1 2 1 2 1 2
(ii) Let {r1,--- ,re} = {p1, P}, P4; Vs> @4 a4}, {x1, -+ , 6} = {a1110, 41110, %011190111> Co111> Co111 -
For any 1 <i < j <6, if r;,r;,p2,p3 are affine independent, then

T = ]fl"z + ¢§$j + ¢'§a5210 =+ ¢]Za(1)1207 k#1,5 (50)

where (bf are defined by ry = ]fn- + Qﬁérj + <Z>’§p2 + ¢§p3, qﬁlf + ¢]§ + ¢]§ + czﬁif =1.

2.8 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 the normals point to the same side of the surface
triangulation 7. That is the side on which ¢4 and ¢} lie(see Figure 21). Under this assumption, it
follows from Definition 4.1 and equation (35) that, the control points on the edge, say abs1q, @120
on edge [paps](see Figure 21), are non-negative if the edge is non-negative convex, and non-positive
if the edge is non-positive convex. Now we can divide all the control points into 7 groups called
layers. The 0-th layer are the control points that are "on” the faces of T. The 1st layer is next
to the 0-th layer but opposite to the normal direction, followed by the 2nd and 3rd layers. Next
to the 0-th layer and on the same side as the normal, is the —1st layer, then the —2nd and —3rd
layers. Now we show that, we can make all the control points on the 2nd and 3rd layers negative
and the control points on the —2nd and —3rd layers positive.
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For the face-tetrahedra, it is always possible to make the 2nd and 3rd layers control points
negative, because these control points are free under the C° condition. For the control points on
the edge-tetrahedra, it follows from (37) that the 2nd and 3rd layers control points can be negative
only if the 2nd layer control points on the neighbor face-tetrahedra are small enough. This is
achieved since 3% in (37) 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 positive. Furthermore, all 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
vertices condition is obviously satisfied. If the surface contains the edge [paps](see Figure 21), then
since aly;o(or aby;) is freely chosen, the smooth edges condition is easily satisfied(see the proof of
Proposition 5.3). Referring to Figure 5.1, 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 [pip2ps] is non-negative convex, then the control points can be deter-
mined so that the surface over Vi is a three-sided 4-patch.

Proposition 5.3. If the edge [paps] is non-negative convez, then the control points can be deter-
mined such that the surface over Wi is a four-sided 14-23-patch.

Subdivision. For any face of T' = [p1, p2, ps], if it is non-convex 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 6 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 21).

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

These propositions guarantee that the surface constructed are single sheeted.

2.9 Shape Control

From the discussion of §5, there are several parameters that can influence the shape of the con-
structed C' surface. These parameters include (a) the length of the normal if its orientation is
fixed, (b) al;;0, and (c) adygs < 0, alggy < 0 alg1a < 0, adpes < 0 and by, < 0 for i = 1,2.

(a). Interactive Shape Control

The influence of the length of a normal at a vertex is as follows: if the normal becomes longer
then the surface becomes flatter at this point. Parameter aj119 lifts the surface upwards to the
top vertex of the tetrahedron, while others push the surface downwards toward the bottom of the
tetrahedron. In order to get a desirable surface, one may specify some additional data points in
the tetrahedron considered, then approximate these points in the least square sense.

(b). Default Shape Control

Here we only consider the effect of the free parameters, that is, suppose the normal is fixed. The
aim of the default choice of these parameters is to avoid producing bumpy surfaces. The commonly
used method is to keep the surface patch close to a quadric patch([11, 87]).

By least squares approximation of the coefficients of a quadric ([87]), one can derive that

1
aiio = Z(amoo + a2100 + a2010 + @1020 + @210 + @o120)

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

4
1
=3 ;)\m A =3, A\>1 (51)
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Figure 23: Interactive shape control.
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Figure 24: Interactive shape control.

where x)_,, is the solution of the following equations in the least squares sense

4
1
a)\:3;/\ix)\ei, ‘)\‘23, )\420,1

In the same way, bogo1 can be determined. Therefore, under the C' conditions, we can define
two sets of control points {a$} and {al} over Vi, where {a3} is yielded from the single sheeted
consideration(see Proposition 5.2-5.6), and {a$} comes from approximating a simple(quadratic)
surface. Note that the surface defined by {a}} above may not be desirable in shape, while the
surface defined by {af} above may not be single sheeted. In our implementation we take a finite

sequence 0 =ty < t; < --- < t;, = 1 and consider {ag\i)} ={(1 - ty)al + t;a5}, i=0,1,---,m
selecting the single sheeted surface defined by {ag\l)} for smallest index ¢. Experiments show that

this approach works well and a desirable surface is obtained with ¢; < 0.5. Examples are shown in
Figures 13, 14, and 15 and in the figures below.

2.10 Curvilinear Patch Construction

2.10.1 Constructions of Wire Frames

For each edge of the triangulation, we shall construct a space curve and a normal function(for G*
smoothness) such that the curve interpolates the end points of the edge and has the given normal,
and the normal function interpolates the given normals and is orthogonal to the tangent of the
curve. The normals at these vertices are defined by the original surface normals. However, at the
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Figure 28: Interactive shape control.
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Figure 29: Interactive shape control.

I

Figure 30: Interactive shape control.

Figure 31: Interactive shape control.
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singular points of the surface, the normals are not defined. Hence the space curve and the normal
function will not have normal conditions there. In the following, the construction of the wire frame
on an edge is considered in different cases according to having two normals, one normal and no
normal:

Problem 1. Given an edge [po,pi] and two normals ng ny (i)  find a space curve C(t) =
(X (1), Y (), Zt)" such that

C0)=po, (1) =m (52)
ndC'(0)=0, nlC'(1)=0 (53)
and (ii) find a normal function n(t) on C(t) such that

n(0) = ng, n(l) =ny (54)
nf()C'(t)=0, tel0,1]. (55)

This is the general case that happens when we handle the smooth part of the surface.
Problem 2. Given an edge [po,p1] and one normal ng or ni, (i)  find a space curve C(t) =
[X(t),Y(t), Z({t)]" such that (52) holds and

ndC'(0) =0, or nfC'(1)=0 (56)
and (ii) find a normal function n(t) on C(t) such that
n(0) =ng, or n(l)=m (57)

and (55) holds.

This problem rises when an edge has a smooth end point and a singular end point.
Problem 3. Given an edge [po,p1], (i)  find a space curve C(t) = [X(t),Y (t), Z(t)]T such that
(52) holds and (ii) find a normal function n(t) on C(t) such that (55) holds.

This problem rises when an edge has two singular end-points.

Conic Space Curve With Minimum Energy Solution of Problem 1(i). Let C(t) =
At? + Bt + C, with A, B, C € IR?. Then by (52), we have C = pg, A = p; —po — B. From (53),
it follows that

0

A. If ng, n; are linearly dependent, we must have

ni (p1 —po) =0, (59)

otherwise, equation (58) has no solution. If (59) is true, we take A = 0, B = p1 — pg, then
equations (52)—(53) are satisfied.

B. If ng, n; are linearly independent, then equation (58) has many solutions. Let ny =
no X ni/|lno X mnil||, where x denotes cross product and || - || denotes the Euclidean norm.
Then B can be expressed as B = angy + [ng, n1]0, B € IR?. From equation (58), we have

0
[no,m]T[noam]ﬂ = [ inT(pl — po) } (60)
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That is, 3 is determined uniquely by (60) and « is arbitrary. For simplicity, denote

B =ng+ any with n3 = [ng,n1)0
A=p1—po— B =n4—any

Now we take «, such that the energy of the curve C(t) is minimal: fol ||C’(t)||?dt = min. Since
C'(t) = 2At + B,

Jylcr @) 2dt = 3ATA+2ATB+ BTB
= gnQTngaQ — %nana + %nfml + 2n4Tn3 + ngng
From % f01 [|C"(t)]|>dt = 0, we get the o that minimize the energy: a = nins = (p1 — po

Therefore

)TTLQ.
B = [ng,n1]8 + na2(p1 — po) na

Lemma 5.1. Ifng, ny are linearly independent, the space curve interpolation problem 1(i) by conic
has unique minimum enerqgy solution.

Solution of Problem 2(i). Suppose we are given a normal ng at pp, we shall construct C(t) =
At? 4+ Bt + C such that the curve is in the plane span(ng,p1 — po) spanned by ng and p; — po.

If nd'(p1 — po) # 0, then as before, C = py, A =p; —po — B and n{ B = 0. Furthermore, B is
in the plane span(ng,p1 — po). These requirements lead to

B =any, with ny=mno(p1—po) no— (p1— po)ngno

where « is parameter that is determined by minimizing the energy of the curve that leads to
a = (p1 — po) ' na/ndng. If nl(p1 —po) =0, we take A =0, B=p; —py, C = po.
Similarly, if we are given a normal ny at p1, then if nf' (p; — pg) # 0, we have

B =2(p1 —po) +any, C=py, A=p—po— B

with
o= (po—p1) ng/ning, na=mni(po—p1)n1 — (po — p1)nim

Again, if n? (p1 — po) = 0, we take A =0, B = p1 —py, C = po.
Therefore, problem 2(i) always have conic solution.

Solution of Problem 3(i). Now we simply take C(t) be a linear curve. That is A =0, B =
p1 — po, C = po, Therefore, problem 3(i) always have linear solution.

Normal Function on Conic Space Curve Solution of Problem 1(ii). Let
n(t) = (Dt + E)/(1 + wt),
be the normal function, where D, E € IR*, w € IR. Then by (54) we have
E = ng, D =n1—ng+wn

Since the numerator of n? (¢)C’(t) is a polynomial of degree 2 in t and n’ (¢)C’(t) = 0 when
t = 0and ¢ = 1, (55) holds if there is another point in [0,1] such that (55) holds. Take t = 3 then by

o
nT(3)C'(3) =0, we have 1 +w = —ng,C,EO;. Since C'(0) = B, C'(1) =2A+ B =2(p1 — po) — B,
ny
it follows from (58) that
L bw— ~ng (p1 = po)
ni (p1 — po)
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Good Case Bad Case

Figure 32: The normal pattern.

The good w should make 1 +w > 0, i.e., n(t) has no pole in [0,1]. This requires that n} (p1 — po)
and n¥ (p; — po) have opposite signs(see Fig. 2.1).

Lemma 5.2. If nl (p1 — po)/ni (p1 — po) < 0, there exist unique linear rational normal function
n(t) on C(t) such that (54) and (55) are satisfied.

Solution of Problem 2(ii). Now we are given only one normal, say, ng at pg. We specify a normal
ny at p; by taking n; to be the normal of C'(t) at p; such that ny in the plane span(ng, p1 —po) and
point to the same side of the edge [po, p1] as ng. This normal is uniquely defined and the condition
in Lemma 2 is satisfied if nl (p1 —po) # 0. Hence the results above can be used. If nl (p; —po) = 0,
the constant normal function n(t) = ng satisfies the required condition.

Solution of Problem 3(ii). This case happen when the edge is on a singular curve. Now we can
not expect that the constructed surface is smooth. Here the normal function will be constructed
sereral times according to which triangle the edge belongs to. For a specified triangle that contains
the edge, we take the normals at the end points of the edge to be the other edges curves normals
at the corresponding points. Then the normal function is defined to be the linear function that
has the two normals at the end points. Since an edge on singular curve of the original surface will
be shared by several triangles, the normal function will be defined as many times as the triangles.
However, the space curve on this edge is defined uniquely. Therefore, the surface constructed here
is continuous but not smooth.

Cubic Space Curve With Minimum Energy Since conic space curve does not always exist
for problem 1, we may use cubic space curves instead. Let C(t) = At>+ Bt?>+Ct+D. We determine
A, B, C, D € IR? such that

C(0)=po, C(1)=p1, C(1/2)=ps, (61)
ndC'(0)=0, nfc’'(1)=0 (62)

From (61)
D=py, A=pi—po—B-C, B=8(p2—po)— (p1 —po) —3C

So we need to determine C. It follows from (62) that

0

T
ng,n1|  C = 63
[no, n1] 4nT (2ps — p1 — po) (63)
A. If ng, ny are linearly dependent, we must choose py such that
1
nips = 5“1T(P1 + po) (64)
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Let ng,ng4 satisfy ninz = nins = nins = 0 and ||n3|| = ||n4]| = 1. Then the solution of (63) can

be expressed as C' = angz + Bny. It is not difficult to calculate that when o = (4p2 — p1 — 3po) T n3,
B = (4p2 — p1 — 3po) T n4, the energy fol ||C”(t)||?dt of the curve C(t) achieves minimal. We can take

na = (2p2 —p1 — po)/|12p2 — p1 — poll, N3 =n1 X ng

Then
a=(p1 —po)Tng, B=2[2p2—p1—poll + (p1 — po) na

Theorem 5.3. If ng,ny are linearly dependent, then if pa satisfies (64) and

(p2 —po)Tn1 #0, det[pa — p1,p2 — po,n1] # 0

then the matriz [A, B, C] is nonsingular.

Proof. Since nlnz = n0Tn4 = n3Tn4 =0, we have a = (p1 — pg)”" n3 # 0. Otherwise we are lead
to (p2 — po)Tng = 0 and then [py — p1,p2 — po,n1] n3 = 0. This contradicts the nonsingularity of
[p2 — p1,p2 — po,m1] and nz # 0. Hence [A, B,C] = [p2 — p1,p2 — po, C] = [n4,p2 — po, n3]. Since
ng, p2 — po and nq are linearly independent by the assumption of the theorem, ng can be expressed
as ng = ang + b(p2 — po) + cny. Then by timing ng on this equality we know that b # 0 and then by
timing n1 on the same equality we get ¢ # 0. Therefore the matrix [ng, p2 — po, ng] is nonsingular.

B. If ng, n; are linearly independent, then equation (63) has many solutions. Let ny =

)T

no X ni, ||n2]| = 1. Then C can be expressed as C' = ang + [ng,n1]0, B € IR?. where
0
is determined uniquely by [ng, n1]” [ng, n = , and «, which make the
B quely Dy [ 0 1] [ 0 1]/8 4’”{(2}92 —m _p[))
energy of the curve C(t) to be minimal, is o = (4p2 — p1 — 3po)’ na.

Normal Function on Cubic Space Curve Let the normal function n(t) be in the form n(t) =
Et? + Ft + G that satisfies

n(0) =ng, n(l)=n1, nl(t)C(t)

0, telo,1]. (65)

Since n”(t)C’(t) is a polynomial of degree 4 and it vanishes at t = 0 and ¢ = 1, we need to choose
three points, say ¢t = 1/4,1/2,3/4, such that (65) holds. Since G = ng, E =mnj;—ny— F, we have,
for unknow vector F', the following equations

C'"(1/4)T(1/16(ny —ng — F) + 1/4F +ng) =0
C'(1/2)T(1/4(ny —ng — F) + 1/2F +ng) =0
C'(3/4)T(9/16(ny — ng — F) + 3/4F 4+ ng) = 0

The coefficient matrix of this equation is equivalent to the matrix [A, B,C]. Hence the equation
has unique solution iff the matrix [A, B, C] is invertible. If the the matrix is singular, one can solve
the equation by the least square approximation.

2.10.2 Parametric Surface Patches Interpolation

Suppose we are given a triangular wire frame C;(t), i = 0,1,2 and furthermore normal functions
’I’Li(t), 1= O, 1, 2, such that P1 = 00(0) == 02(1), D2 = Co(].) = 01(0), p3 = Cl(l) = 02(0), and
CT(t)n;(t) = 0. We want to construct a parametric patch X (u,v) = [z(u,v) y(u,v) z(u,v)]. that
covers the given wire frame (for GO continuity) and further has the given normal (for G* continuity)
on the wire frame, where u, v, w are barycentric coordinate systems with w =1—u — v.
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2.10.3 GV Interpolation

Covering conic wire frame

Since the degree of the space curve is 2, we choose one more point on each edge of the triangle
in addition to the vertices. Let p; 14 = Ci(%),z' =0,1,2. Then we have six points (p;,i = 1,...,6).
Now find a polynomial P» of degree 2 such that

PZ(V;,):pZa 1217273
Py( Vl;w ) = D4
66
() = pg (66)
P2(V5J£V1) = De
1 0 0 0 0 07
0 001 0 O
. . 0O 00 0 0 1]. . .
The coefficient matrix of (66) 00 0 Ll L 1] nonsingular, hence equation (66) has an
4 2 4
1 1 1
Pl
L 7 3 0 7 0 0|

unique solution.

Covering cubic wire frame

Since the degree of the space curve now is 3, we need to choose two more points on each edge of
the triangle in addition to the vertices. Let p;14 = Ci(%), Dit7 = C’Z-(%),z' =0,1,2. Then we have
nine points (p;,i = 1,...,9). Now find a polynomial P; of degree 3 such that

P Vl—EQVQ ) = pa, P3( 2V1;-V2 ) = pr
Py(E23) = ps, Py(BEB) =
P (Vg—EQVi ) D6, Pg( 2V3;-V1 ) = pg

Since Pj has ten coefficients, one more equation P3(V') = p is needed, where V' = (u,v,w) is any
given point inside the triangle and p € IR? that can be used to control the shape of the patch.

It is easy to check that the resulted system of linear equations has nonsingular coefficient matrix
for any V inside the triangle.

G' Interpolation We now want to construct the surface patch such that it has the given normal
on the wire frame. The composite surface constructed in this way is therefore tangent plane
continuous (G1).

Covering conic wire frame
The patch is defined in the following form

P(u,v,w) = Pa(u,v,w) + vowP (u, v, w)

where P, is a BB-form polynomial of degree 2 that covers the conic wire frame. P; is a rational

function in the form of

wv Py, + uwP, + vwh,
UV + uw + vw

P (u7 v, w) = (67)
and P,, P, and P, are polynomial of degree 0 to be determined such that G continuity is guaran-
teed.

Since variable ¢ in Cj(t) and n;(t) can be changed into (1 — t), we may assume, without loss
of generality, that ¢ is increased from 0 to 1 when point goes from (0,1,0) to (0,0,1), from (0,0,1)
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(0,0,1)

Figure 33: The split triangular wireframe.

to (1,0,0) and from (1,0,0) to (0,1,0) (see Figure 33). Hence variable of Cy and ng is w, C7 and
ny is u, Cy and ng is v. Now we determine P; such that tangent plane determined by the span of

(%892 are orthogonal to normal functions n;(t) on Cy(t)
A. when u =0
OP 0P, 0P
o= ou ow TP o
oP OR, 0P, d -
o  ow w201 ww) = —Colw) (%9
B. when v =20
oP 0P, 0P, d o
oP 0P, 0P,
o= o0 ow TP ™
C. when w =10
oP 0P, 0P,
= ou ow WhH (72)
P P P
or _ok oh b (73)

v v ow
and further
oP 0P 0P, 0P d

- - s _ 4 __ _ —
8?) au av 8@6 dv (P2(1 U5U70)) CQ(U) (74)

By the definition of n;(t), we have C!(t)Tn;(t) = 0, so we need to have by (68), (71) and (72)

Py P g
(8;_a;+a—wmﬁj no(w)=0  uw=0 (75)
oP, OP. T
(8;—&5+u(1—um> nm(w)=0  v=0 (76)
T
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Consider firstly the left side of Equation (75). Since
(i) for u =w =0, v = 1, it follows from (69) and (74) that
OB, _ 0Py _ (@_@)_@ﬁ_%)
ou ow ov ow ov ou
= —G5(0) - G5(1)
(ii) for u = v = 0, w = 1 it follows from (70) that % — % = C1(0), (75) holds for w = 0 and
w = 1. Similarly, we can show that (76) and (77) hold for end points of the unit interval.

Therefore, (75)—(77) is equivalent to

Pu(t)Tno(t) = a
P,(t)Tni(t) =
Pu(t)Tna(t) =

where a, b, and ¢ are constants. The left side of (78) are polynomials of degree 1. At point

(78)

u=9v=w = %’
following equation.

we give a vector p of P; that controls the shape of the patch. Then we have the

nd'(0) ] [ a ]
nd(1) P, a
n?(0) b
nt (1) P, | = b
nZ'(0) c
nd(1) P, c

I I I | 3p |

In order to study the singularity of the coefficient matrix, we assume nd (1) = nf (0), nT (1) = nl (0),

n?'(1) = nl'(0). Then by some elimination we know that the coefficient matrix is nonsingular if the

matrix [ng, ni,ne| is nonsingular. Therefore we have

Lemma 6.1. If [ng, n1, na] is nonsingular, the G* interpolation problem with one control point has
an unique solution.

Note. One way to choose the control value p at the middle point is to take p = 0.

The condition that the matrix [ng, n1, n2| is nonsingular in Lemma 4.1 can be relaxed as that the
vectors ng, n1 and ngy are pairwise independent. In this case, equation (78) can be solved separately
with one degree of freedom left that can be used to control the shape at point u = v = w = % in

3
the least square sense.

Covering cubic wire frame
The patch now is defined in the following form
P(u,v,w) = P3(u,v,w) + vowP (u, v, w)

where Ps is a BB-form polynomial of degree 3 that covers the cubic wire frame. Pj is a rational
function in the same form of (67).
Parallel to the case of covering conic wire frame, we are lead to a system(see (78)) of equations

Plno(t) = a(t)
Plni(t) = b(t)
Pgnz(t) = c(t)

where the normal functions n;(t) and a(t), b(t), and ¢(t) are polynomials of degree 2. In fact, this
system can be solved separately for P,, P, and P,. Each equation has unique solutions iff the
coefficient vectors of the corresponding normal function are linearly independent. In practice, we
can solve these equations by least square approximations.
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2.11 C' Modeling with Hybrid Multiple-Sided A-patches

We consider the problem of constructing a smooth interpolatory surface from a surface discretiza-
tion £ by piecewise implicit surface patches. The discretization £ of the surface consists of tri-
angles, quadrilaterals and pentagons. The constructed surface passes through the vertices of the
discretization and has the given normals at the vertices. This solution uses piecewise rational
functions defined on a hull that consists of tetrahedra and pyramids

Several approaches to using implicit surface representation in modeling geometric objects have
been proposed in papers (see for examples, ([12], [18], [87], [122], [154], [213]). Most of the schemes
use various simplicial hulls over surface triangulation and polynomial functions (see [13], [18], [87],
[122], [124]). They in general consist of the following three steps: a. Generate a normal for each
vertex of £ which will also be the normal of the constructed smooth surface at the vertex. b.
Build a surrounding simplicial hull >  (consisting of a series of tetrahedra) of the triangulation.
c. Construct a piecewise trivariate polynomial F' within that simplicial hull, and use the zero
contour of F' to represent the surface. Dahmen [85] first proposed an approach for constructing a
simplicial hull of £. In this approach, for each face [p;p;pi] of L, two points w;;, and v;j;, off each
side of the face are chosen and two tetrahedra [p;p;pruiji] and [pip;prusji| (called face tetrahedra)
are constructed. For each edge of L, two tetrahedra (called edge tetrahedra) are formed that
blend the neighboring face tetrahedra. The collection of these tetrahedra contains the tangent
plane near the vertices and have no self-intersection. Since such simplicial hulls are nontrivial to
construct for arbitrary triangulation, several improvements have been made in later publications
to overcome the difficulties (see [18], [87], [122], [124]). For the construction of the surface within
>, Dahmen [85] used six quadric patches for each face tetrahedron and four quadric patches for
each edge tetrahedron. Guo [122] uses a Clough-Tocher split to subdivide each face tetrahedron
of the simplicial hull, hence utilizing six cubic patches per face of £. The edge tetrahedra are
subdivided into two. Dahmen and Thamm-Schaar [87] do not split the face tetrahedra, but the
edge tetrahedra is split. All of these papers provided heuristics to overcome the multiple-sheeted
and singularity problem of the implicit patches. Since the multi-sheeted property may cause the
constructed surface to be disconnected, Bajaj et al [18] constructed A-patches that were guaranteed
to be nonsingular, connected and single sheeted within each tetrahedron. Xu et al [238] use rational
functions in constructing F' so that the edge patches and convex face patches do not need to be
split.

All the works mentioned above construct smooth implicit surface patches for the given surface
triangulation. The more general parametric spline fitting problem of constructing a mesh of finite
elements that interpolate or approximate multivariate data is discussed in [22]. One approach to
creating multi—sided patches has been by introducing base points into rational parametric functions.
Base points are parameter values for which the homogeneous coordinates (x,y,z,w) are mapped to
(0,0,0,0) by the rational parameterization. Gregory’s patch is defined using a special collection of
rational basis functions that evaluate to 0/0 at vertices of the parametric domain and thus introduce
base points in the resulting parameterization. Warren uses base points to create parameterizations
of four-, five-, and six—sided surface patches using rational Bézier surfaces defined over triangular
domains. Setting a triangle of weights to zero at one corner of the domain triangle produces
a four—sided patch that is the image of the domain triangle. [155, 156] present generalizations
of biquadratic and bicubic B-spline surfaces that are capable representing surfaces of arbitrary
topology by placing restrictions on the connectivity of the control mesh, relaxing C'' continuity to
G' (geometric) continuity, and allowing n-sided finite elements. This generalized view considers
the spline surface to be a collection of possibly rational polynomial maps from independent n-sided
polygonal domains, whose union possesses continuity of some number of geometric invariants, such
as tangent planes. This more general view allows patches to be sewn together to describe free form
surfaces in more complex ways.

We shall construct 3,4,5 sided A-patches from rational functions. That is F is a piecewise

47



rational function defined on a hull that consists of tetrahedra and pyramids. The construction
method of F' on edge tetrahedra is the same as our earlier scheme [238]. However, the method
of face patch construction is new. Although the modeling function F' is rational in form, it is
evaluated as easy as cubic (see section 4 and 5). Furthermore, the surface constructed has plane
recovery property. That is, if the normals at the vertices of a face are perpendicular to the face,
then the surface coincides with the face. Having this feature is important since many geometric
objects have planar portion. Even further, the surface constructed could recover quadratics.

2.11.1 Bases

Let p; and ps be two different points in R3. We use [p1p2] to denote the line segment that has
end-points p; and ps. Let py,--- ,px be k (k > 3) different points in R3. Then we use (p - - - px) to
denote the polygon consisting of [p1p2], - - - , [Prk—1Pk], [Pkp1]. Further, we use the following notations

[p1p2ps] = {p = cup1 + agp2 + asps : o € [0,1], a1 + a2 + a3 = 1}

[P1p2p3pa] = {p = a1p1 + qopa + azps + aups : a; € [0,1],01 + oo +az +ag =1}
(p1p2pspa) = {p = t[spr + (1 — s)p2] + (1 — t)[sps + (1 — s)pa] = (s,t) € [0,1]*}
[pop1 -+ pa] ={p=upo+ (1 —u)qg: uel0,1], ¢ € (p1p2p3ps) }

That is, [p1p2ps] is a triangle, (p1papsps) is ruled surface, [p1p2psp4] is a tetrahedron and [pop1 pepsp4]
is a pyramid.

1. BB Form on Tetrahedra. The trivariate polynomials defined in a tetrahedron are expressed
in Bernstein-Bézier (BB) form. Let q1, g2, g3, ¢4 € R? be affine independent. Then any p € R? could
be written as

4 4
b= (‘T)y7 Z)T = ZaiQi7 Zai =1 (79)
=1 =1

a = (a1, ag,a3,a4)T is the barycentric coordinate of p. Any polynomial Fr(p) of degree n then
can be expressed as BB form over [q1¢2¢3q4] as

Fr(p) = Z aijkl Bijp () (80)
i+j+k+l=n
where ijkl(a) = ,],"ﬁ aﬁagalgai is the Bernstein polynomial. Lemma 2.1 in the following gives

conditions of C! join of two BB form polynomials defined on two adjacent tetrahedra.

Lemma 2.22. ([108]) Let Fr(p) = Y\ iprimn @ijkt Big(@) and Gr(p) = 3, iy pyimn bijh
anjkl(a) be two polynomials defined on two tetrahedra [q1q2q3qa) and [¢}q2q3qa], respectively. Then

(i) Fr and Gr are C° at the face [q2q3q4) iff agjri = bojr for any j+k+1=n
(ii) Fr and Gr are C' at the face [q2q3qa] iff they are C° and

b1jkt = B1a1,j,ki + B2ao,j41,k,0 + 83005, k41,0 + Badojki+1, J+HE+I=n—1 (81)

where 8 = (B1, B2, B3, Ba) T is defined by the relation ¢} = Biqr + Bogo + B3qs + Baqs, |B] =1.

Degree Elevation ([108]). A polynomial } ;x| Gijkl ij;ll(oz) of degree n — 1 could be
written as a polynomial Zi+j+k+l:n bijki Bz?’jkl(a) of degree n with

i j k l
bijki = e e LT (82)
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2. BB Form on Pyramid. The BB form polynomial of degree n on a pyramid [pop1pepspa] is
defined by

Fp(@,y,2) = f(u,s,1) }:E:X:WB” VB (5 BE (1) (83)

where (z,y, z) € [pop1p2p3pa] and (u, s,t) € [0,1]3 are related by
(2,9,2)" = upo + (1 = w){t[sp1 + (1 = s)pa] + (1 — t)[sps + (1 — 5)pa]}. (84)

Since transform (84) is not linear, a polynomial in (u, s,t) may not be written as a polynomial in
(x,y,z). However, a polynomial in (x,y, z) of total degree n could always be written as the same
degree polynomial in (u, s,t). Since transform (84) is not invertible at the point pg, where (1, s, t)
map to pg for any (s,t), the polynomial Fp may not be smooth at the point py even though Fp is
any time differentiable in the local system (u, s, t). Fortunately, we do not use the smoothness of
Fp at pg. The following theorem gives the conditions of C* join between two polynomials that are
defined on an adjacent tetrahedron and pyramid , respectively.

Theorem 2.23. Let Fr(x,y,z) and Fp(x,y,z) be defined as (80) and (83) on [q1g2q3q4] and
[Pop1p2pspal, respectively, with go = pa2,qs = ps and q4 = pg. Then Fr and Fp are CK join on the
interface [goqsas] \ {ga} if and only if

Ck Ci2+j2+k2+lz+k3
[ Z J3,k—J3 k3 ia+jo+ka+lo
ijk — o 7
ivtist g+t stk ket ksl +la=n—i dsthan—i=is—ks
i1+t 1 +Jethki+thke+h+la=7
HUt+n+ki+h+i3==%
j k+
*an-l-zz7J1+32+Js,k1+k2+k3,l1+lz+zBll,]]13,1@1711(a) g27j2,1523712( ) (85)
forj =0,--- K, i=0,---,n—3j, and k = 0,--- ,n — i, where a = (ay,az,a3,a4)’ and b =
(b1,ba, b3,b4)T are defined by
4 4 4 4
D1 :Zai%’v Zaiz L, p3:ZbiQi7 sz‘zl (86)
i=1 i=1 i=1 i=1

Taking K =1 in Theorem 2.23, we have the following corollary.
Corollary 2.24. Fr and Fp that are defined in Theorem 2.23 are C* at [q2q3q4] \ {q4} iff

biok = aokn—i—ki, 1=0,---,n, k=0,---,n—1
4
k n — 'l —
biik = 7 2 WO (-1 n—imki) T E b1, 4(0,kn—i—k—1,i)> (87)
=1 =1

i=0,---,n—1, k=0,---,n—1
where e; € R* is the unit vector in the l-th direction, | =1,--- 4.

n—1ln—i—1ln—i—1
Degree Elevation. A polynomial Z Z Qijk BZ‘_I(u)B;‘_i_l(s)BZ_i_l(t) of degree n—1
0 j=0 k=0
i

(2
n . .
could be written as a polynomial Z Z biji Bi'(w)Bj ™" (s)By " (t) of degree n with
i=0 j=0 k=0

i Jk (n—i—k)j
bi‘:*i—‘ — Qi i—1k— — Qi
(n—i— )k (n—i-jn—i—k)
A P ‘ 88
n(n —1i) %ijk—1 n(n — 1) ik (88)
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3. C! of Cubics around an Edge. Let ¢1, ¢, - -, be the given points around a line segment
ops3] such that ¢;—1 and ¢;11 lie on different sides of the plane [g;pop3] and all the tetrahedra
Jr
qiqi+1p2p3] enclose the edge [paps] as interior Hence the five points ¢;_1, ¢;, ¢i+1, p2, p3 are related
+ -
by either

4
i = i qi1 + 0hgip1 + abpy + ahps, Y al=1 (89)
j=0
if ¢i—1,qi+1, p2, p3 are affine independent, or
4
0=0fgi1+0hgit1 +abpa+afps, D af=0 (90)
j=0

if ¢i—1,qi+1, p2, p3 are affine dependent, where o} # 0 and o} # 0. Let F} be the cubic polynomial in
BB-form on the tetrahedron [g;q;+1p2p3] that satisfy CY condition. Let x; be the Bézier coefficients
on the center of [g;paps]. Then the C' condition at the interface [g;paps] is either

T = aiiﬂiq + Oéél‘iJrl + aébz + Oéibg (91)
if ¢i—1, gi+1, p2, p3 are affine independent, or

0= o/ixi_l + Odél‘i_;,_l + Oéébg + Odibg (92)
otherwise, where by and b3 are the Bézier coefficients on the edge [paps]. Then we have

Theorem 2.25. If the tetrahedra around the edge [paps] enclose the edge, then (i) there are k — 2
independent equations among the k C conditions (91)-(92) with k unknowns around the edge; (ii)
any two adjacent equations of them can be deleted; (iii) any two unknowns x,,, =, can be chosen
as free parameters if qm, Gn, P2, P3 are affine independent.

For the open case we can treat it as closed case with the first and last equations being deleted.
Hence we have by Theorem 2.25 that

Corollary 2.26. If the tetrahedra around the edge [paps] do not enclose the edge, then (i) the k—2
C*' conditions (91)-(92) with k unknowns around the edge is independent; (ii) any two unknowns
Tm, Tp can be chosen as free parameters if qm, qn, P2, p3 are affine independent.

Theorem 2.27. Let A = U¥_, [qiqit1paps]. Let S3(A) be the collection of functions that are C* on
A and cubics on each tetrahedron of A. Then

dim S3(A) = 4k 4 10

if [qipaps], i =1, |k, lie on at least three different planes, and
dim S3(A) = 4k + 12

if [gipeps], i =1,--- |k, lie on two different planes.

Note that the index of g; 11 is out off the range 1,--- ,k when ¢ = k. We assume that it is
modulo by k. This convention is used throughout the sectionwithout indication.

4. Miscellaneous. If a trivariate function F' could be expressed as Bernstein polynomial form on
a line segment [p1ps]. That is, F[p, ,,1(p) = Y i bi B (t) with p = (1 —t)p1 + tp2. Then

1
bo = F(p1), br=bo+ E(Pz —p1) VF(p) (93)
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2.11.2 Finite Element Hull

Suppose we are given a surface discretization £ consisting of triangles, quadrilaterals and pentagons
with attached normal on each vertex. We assume that the surface is double sided and all the normals
on the vertices point to one side of the discretization. We call this side as positive. The other side
is negative. Since we do not assume the vertices of any quadrilateral or pentagon are coplanar, we
do not call the quadrilateral or pentagon as face, but polygon.

Let [p;p;] be an edge of L, if (p; — pi)Tn; (pi — p;)Tni > 0 and at least one of (p; — p;)In;
and (p; — p;)Tn; is positive, then we say the edge [p;p;] is positive convez (see [18]). If both the
numbers are zero then we say it is zero conver. The negative conver edge is similarly defined. If
(p; — pi)Tn; (pi — pj)Tn; <0, then we say the edge is non-convez. Let F be a polygon of L. If all
its edges are nonnegative (positive or zero) convex and at least one of them is positive convex, then
we say the polygon is positive convex. If all its edges are zero convex then we label the polygon as
zero convex. The negative convex polygon is similarly defined. All the other cases are labeled as
NON-CONVEL.

Let £ = Loon—zero U Lsero, Where Lyon_sero and L., are the collections of non-zero convex
polygons and zero convex polygons of L, respectively.

Now we construct a finite-element-hull, denoted as H, that consists of tetrahedra and pyramids
on Lnon—zero Such that each polygon of L,on—sero 18 contained in H and tangent plane at each
vertex of L, ¢, is contained in H.

a. Build Tetrahedra for Convex Triangle. Let (pip2ps) be a convex triangular polygon of
Lyon—zero- Let ¢ = (p1 + p2 + p3)/3, n be the normal of face [p;pops] that points to the positive
side of £. Then choose a top vertex u if the polygon is positive convex or a bottom vertex v if the
polygon is negative convex as follows: u = ¢ + tn, or v = ¢ — tn. Then positive face tetrahedron
[up1paps] or negative face tetrahedron [vpipaps] are formed where ¢ > 0 is a properly chosen number
such that the tangent planes at the vertices are contained in the tetrahedra constructed.

b. Build Pyramids for Convex Quadrilaterals. Let (pipapsps) be a convex quadrilateral of
Lyon—zero- Let ¢ = (p1 + p2 + ps + p4a)/4, n be the normal of the ruled surface (p1papsps) at c that
points to the positive side of £. Then choose a top vertex u if the polygon is positive convex or
a bottom verter v if the polygon is negative convex as follows: v = ¢+ tn, or v = ¢ — tn. Then
positive face pyramid [upipapspa] or negative face pyramid [vp1papsps] are formed where ¢ > 0 is a
properly chosen number such that the tangent planes at the vertices are contained in the pyramids
constructed.

c. Build Tetrahedra for Non-convex Polygons. Let (pip2---pi) (3 < k <5) be a non-convex
polygon of Lyon—zero- Let ¢ = (p1+-- -+ pi)/k. Define a normal n as the average of the normals of
the triangle faces [pipiyic|, i = 1,--- , k. Then both top vertex u and bottom vertex v are chosen
as u = c+tn, or v = ¢ — tn, and k tetrahedra [uvp;p;+1], ¢ = 1,--- , k, are formed. Here ¢t > 0 is
defined so that the tangent planes at the vertices are contained in the tetrahedra constructed.

d. Build Tetrahedra for Edges. Let [pip2] be an edge of £ where F; and F, are the two
adjacent polygons in L,on_sero- If the top vertices u; and u, exist for F; and F;. , respectively,
then the positive edge tetrahedron is [uju,pips]. Similarly, the negative edge tetrahedron [vjv,p1ps]
is constructed if the bottom vertices v; and v, exist for F; and F,. , respectively.

2.11.3 C' Modeling of Surface by Rational A-patches

In this section, we shall construct a piecewise C'' rational function F over H whose zero contour
{p: F(p) =0} possesses a separate subset S such that SU L., (i) passes through the vertices of
L, (ii) has the given normal at each vertex, and (iii) is a smooth surface. We further require that
the function F' has quadratic recovery property.
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Modeling Functions First we give the forms of the modeling functions over the finite elements.
The parameters in these functions will be specified later in this section.

1. Function on tetrahedron for a convex triangular polygon. Let (p1p2p3) € Lnon—zero be
any one convex triangular polygon. If the positive face tetrahedron [up;peps] exists, we define for
the indices of the coefficients)

_ . p3
F |[Up1p2p3] - Z twlez‘jk:l(Oé)
i+j+k+l=3

3 2 1
t81)11a2043 + t81)110‘20‘4 + t(()1)110‘3a4

o3 + 0y + i3y

Bgnl(a) (94)

F|[vp1p2p3} is similarly defined if the negative face tetrahedron [vp;pops] exists. In the following
we only give the expressions of the functions on positive elements. The functions on the negative
elements are in the same forms. To distinguish the difference, we place a tilde on the corresponding
coeflicients.
2. Function on pyramid for convex quadrilateral. Let (p1p2psps) be a convex quadrilateral
of £ and [up1p2psps] be the pyramid. Then define for the indices of the coefficients)

3 3—i 3—1

F|[up1p2p3p4 Z Z mekB?) BS z( )B,‘Z’fi(t)

=0 7=0 k=0
l r r b R
+ {(p(()z)le(b) +P(()2)2wz(b)> Bj(s) + (P((n)zwﬁb) + pé1)2w7(«b)> Bi(s )} Bjj(u)B3(t)

l T
+ [ (pShely) + o)) Bits) + (phwly) + o)) Bis)| Bl Bi(0)

t
+ (phw + i+ p e + 9w ) Biw) B () B (1) (95)
where
n_ _u () _ W (ry _ _Ur ) _ Y
YT e T T e T T ey T T 1wy
o _ _u t _ Ut w = Y Wb — Yt
tt oo U v+ t or+v T oty
(Y Up
w; = ) Wy = )
v+ U + U+ Uy v+ U v+ v
(%7 Up
Wt = ’ Wp = )
v + vy + v + vp U+ Up + U + Uy
with
v (s, t) = s*2(1 — t)?, v(s,t) = (1 — 5)%2(1 — t)?
vi(s,t) = s2(1 — 5)%(1 — t)?, vp(s,t) = s%(1 — 5)*t?

3. Function on tetrahedra for non-convex 3,4-sided polygon and 5-sided polygon.
Let (p1---pr) be a non-convex polygon, 3 < K < 5. Then K tetrahedra [uvp;p;1+1] have been
constructed. On each tetrahedron, a cubic is used.

_ § : +(m) _
F|[mepm+1] - UleZJk’l( a), m=1,--- K. (96)
i+j+k+1=3

4. Function on edge tetrahedron. Let [p1p2] be a non-zero-convex edge of £ and [uju,pip2] be
the positive edge tetrahedron. Then define for the indices of the coefficients)

3
Fllurpips) = > eiuBiu(@)
i4+j+k+1=3
(D) (r) O} (r)
€110191 T €110192 13 €111091 T €111092 13
+ B o) + B « 97
o1 + o 1101(@) oL+ oo 110(@) (97)
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Construction of Rational A-patches Now we shall determine the parameters of F' step by
step

Total Algorithm. Specifying the weights

Step 1. In order to have the surface constructed contains the vertices of £, we take the number 1
weights to be zero.

Step 2. The number 2 weights are determined by formula (93) from the normals.

Step 3. The number 3 weights in triangle interfaces are defined by interpolating the perpendicular
directional derivative. For example, the number 3 weight on the triangle interface [p;pau] is defined

1

by interpolating the directional derivative 3 [w (u — p1) + (u=p)T (p2—p1)

Tov—all? el (47 P2)
(n1+n2) at the point 1 (p; + p2) where the direction is in the face [p1pou] and perpendicular to the
edge [p1p2]. We can derive that

1
ti110 = 3 [t1200 + t1020 + a(u, p1, p2)to2io + (1 — a(u, p1, p2))to120]
where a(u, p1,p2) is given by

2(u —p2) + (u—p1)|T (p1 — p2)
le —102||2

The three rational coefficients t((]ll)u, 15((321)11 and t(()i)n are defined as above by interpolating directional

perpendicular derivatives at the mid-point of the edge [paps], [p1ps] and [p1ps2], respectively. Set

toi11 = % (t(()11)11 + t(()Ql)H + t((ﬁ)u> and then reset the values of t(()ll)u, t(021)11 and t((ﬁ)n by reducing the

a(u, p1,p2) =

value t0111.
The number 3 weights, which are the coefficients of rational terms, on the quadrilaterals are
determined by C! condition (81) or (87). Then set the corresponding polynomial coefficients as

1 T 1 T
boi2 = 3 (pébl)z +P(()1)2) , Poil = 3 (P[()tl)l +P81)1> >

2 2
1 l b 1 l
Po22 = B (pég)g +p82)2> , Po21 = B (pég)l +pg2)1) .

Then reset the rational coefficients by reducing the value of corresponding polynomial coefficients.
Step 4. The remaining weights on the finite elements are specified by the following sub-algorithms.

Sub-Algorithm 1. Compute the weights on convex face tetrahedra
The number 4 and 5 weights are free We assign the function value F'(u) and gradient VF'(u) as
parameters. Then p3gpp = F'(u) and, by (93),

1 .
t2000+e;, = F(u) + §(pi —w)!IVF(), i=1,2,3.

The use of degrees of freedom.

Parameters F(u) and VF(u) could be used to control the shape interactively. The default
choice is we make the polynomial part of F' defined by (94) approximate a quadratic. It follows
from (82), we have a linear system with 14 unknowns and 20 equations. Since the coefficient matrix
of the system is not full rank, we add a set of equations by making F' approximate a linear function.
Solving this system in the least square sense, we get the parameters.

Sub-Algorithm 2. Compute the weights on convex pyramid
The four number 4 weights and one number 5 weight are free We assign the function value F'(u)
and gradient VF(u) as parameters. Then psop = F'(u) and, by (93),

po11 = F(u) + %(pl —uw)IVF(u), pao1 = F(u)+ %(pg —uw)IVF(u),

po1o = F(u) + %(pg — u)TVF(u), p20o = F(u) + %(p4 — u)TVF(u).
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Note that defining the number 4 and 5 weights in this way reduces the degrees of freedom from five
to four. The gain of this degree reduction is that the function defined by (95) is guarantee to be
C! at w.

Now we consider the computation of coefficients pgll)l , pgq)l,p%)l and pgﬁ)l of rational terms. These
coefficients could be computed separately. Suppose the pyramid considered is [u;p1p2pspa] and u,
is the top vertex of the element adjacent to the interface [u;paps]. Then pgll)l is computed as follows.
Let

p1 = o + aguyr + agpe + aaps,  p3 = Brug + Baur + Bape + Bapa.
Then by Corollary 2.24, we have

P112 = (i1€2010 + Q2€1110 + 3€1020 + Q4€1011 = 1P201 + 2€1110 + A3P102 + Q4P101,
pi1o = Bire2001 + B2e1101 + Bzero11 + Baero02 = B1p200 + B2€e1101 + B3pio1 + Bapioos

and
n _1
P = B (cr1e2001 + a2e1101 + azeronn + aseiooz + Biezo010 + S2e1110 + B3€1020 + Sae1011)
1 o132 a1 B2 Q2
== [<ﬂ1 - ) p201 + (al — P200 + —P112 + 5-P110
2 Q2 B2 (e B2
a3 32 33 32 a4
+ <ﬂ3 — ) p1o2 + (043 — + B4 — > pio1 + <a4 — —— ) p1oo| -
o) B2 Qo B2

Other coefficients of rational terms are similarly computed. Set p111 = i(pﬁlfl + p(ﬂ)l + pﬁ)l + pgbl)l)

and then reset the pgll)l, pgrl)l, pgtl)l and pgbl)l by reducing their values by pi11.
The use of degrees of freedom.
Parameters F'(u) and VF(u) could be used to control the shape interactively. The default choice
is we make the polynomial part of F' defined by (95) approximate a quadratic. Let Zi+j+k+l=n @ijki Bl (@)
be a polynomial of degree n over the tetrahedron [up;pops]. Then we could express it as a polyno-
mial Y 7, 27};6 7}{;[0 B?(u)Bﬁ_I(s)B?{_I(t) of degree n over the pyramid [up1pepsps]. Similar
to the proof of Theorem 2.23, we can derive that

bk =, Y. aiuchit (98)

n
=1 it+j+k=n—I
with
min{i,K,J}

Cn—[
I1JK __ MNEK=X\J-2An—I—J—K+\ on—I—J—K+\
ijk Z Bi—,\,j—K+,\,k—J+,\,L_1(a1a ag, as, as),

¢ CTL—I Cn_I
A=max{0,K—j,J—k} Kn—I-K~Jn—I-J

where (a1, az,as,ay) is defined by py = ayu + agp1 + azpa + a4ps, Z?:l a; = 1. Hence, a quadratic
over [up1p2ps] could be expressed as a polynomial of degree 3 over [up;papsps] using (98) first and
then (88). Approximating this quadratic by the polynomial part of F' defined by (95) we lead to
a linear system with 14 unknowns (10 for the coefficients of the quadratic, 4 for F'(u) and VF(u))
and 30 equations. Solving this system in the least square sense, we get the parameters.

Sub-Algorithm 3. Compute the weights on tetrahedra for non-conver polygon.
Consider a K—sided polygon (p; -+ pg) for 3 < K < 5. The number 1,2,3 weights have been
determined. The other weights labeled as e are defined by the C' condition. Under the C° condition

B =), it tk=3, s=1,2 K, (99)
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there are 3(K + 1) + 1 weights undefined. From Theorem 2.27 we know that the dimension of
S%(A) is 4K 4 10. Since the function under construction interpolates positions and gradients at
the vertices p; for i = 1, --- K, and interpolates two directional derivatives at the midpoints of the
edges [pipi+1], that is, it satisfies 6K interpolation conditions, the remaining degree of freedom is
10 — 2K. Now we take F(v) and VF'(v) as free parameters and express other weights in terms of
these parameters and derive a system of 2K — 6 equations that the parameters F'(v) and VF(v)
satisfy. That is, we express

tz(jl)cl = O‘SI)dF(U) + ﬁz'(;ileF( )+ %(381117 Sl)cb%(ﬂil €R, ﬁz]kl e R

It is obvious that for the number 1,2,3 weights tl(;,)d, S,)Cl =0, ﬂ”kl =0 and ’yz(j,il = tz(]s])d It follows
from (93) that

1 s 1
oo = F(v) + 5(u=v)VF(0), t5he = F(0) + g(ps =) VF(), s=1,- K.

. 1 1 1
That is, O‘(()S2)10 =1 5(()3)10 = 3(ps —0)7, 783)10 =0 and O‘gz)oo =1 ﬁgzz)o =z(u—0v)", 7%22)0 =0. Let

u = ags)ps + agS)pS_H + OégS)ps—l + Ozf)v, s=1,-- K.

Then

S 1 s),(s
51)10 = O‘% )t(() )20 ta . )tél)ll +a g )t((nn) + a( ) (()2)10v s=1--,K (100)

)

Since t(()sléo, t((]sl)u, and t((n;l are all number 2 and 3 weights, we have

tgs1)1o = ags)'yé‘?m + ags)'yi()i)n + 04:(3 )’Yéln) + @518)<3(ps — ) ' VF(v) + F(v))

(s)

: (s) p(s)
Hence we have the same form expression for a3, 31179 and 7,77- For example,

s S s—1 S
0‘51)10 = O‘g )a((n)m + O‘; )0‘(()1)11 + ag )a((nn) + az(l )0462)10 = az(l )a

S S S S s—1 S S
51)10 = o )50120 +ay )50111 ta )50111) gx ) (()2)10 :1;0‘4(1 )(Ps - U)T-

Furthermore, we have
s),(s s+1 s—1 S
tgl)OO = ag ) 51)10 +a¥ )tgllo) +aff )tgllo) + 0‘4(1 )tgz)()o? (101)

and
(s) _  (s) (s)

ol 5)  (s+1) (s)  (s—1) (s) ()

g Qq11p° T Qg aq1g° + Qy Qg
RONCOINC RSN
S S s+1 S S
51)00 = )51110 é) 11+) ()51110)4'0‘4(1)5%22)0

ké”af%ps— 0"+ ol ol (pyrr —0)T
s s+1 s
+ ool (e — o) + ol (u—v)7].

In the case of a planar polygon, ai o) = afH) for all s and we get

0‘581)00 = O‘z(f;( + 042 )+ O‘:(ss) +1)
S@ %
<s v)T +aﬁwﬁi—w + 0 (a1 =) + (w—0)7)

() _ (5)
- 1
o (ol +a2 £ al 1)+ T 4 ol 4 alpT |+ uT]
v

2100 0‘% ;[04
ay’ +a”"pl + oy ply 4+ oy pl
o ) ( ) W7 — afls)vT + uT]

O

o

(s
4
(s

o
1
3
1
3
1
3
2
354

-
-
(u—v
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It follows from Theorem 2.25 that (101) has K — 2 independent equations and they define the

same weight tglﬁjo = tg21)00 =...= tglfo)o. Therefore, we have the following equations for F'(v) and
VF(v)
a0 (v) + Bi00 Y (v) + vsio = aite F(v) + Brice’ V() + 1oy (102)
for s=1,--- K — 3, Similarly, we have
tgf))l() 0‘5 g g%)o + ag) go)n +af’ )t§012) t+a ( : (51)107 s=1,---, K, (103)
tooo = 4 thoho + a5 tiota’ + af oty + o i Do s =1 K, (104)

and F'(v) and VF(v) satisfy the following equations

Ao (V) + Bing VE(0) + 7ioh0 = aons F(0) + B VE() + 78500 (105)

(s)

for s =1,--- K — 3. Hence all the weights are defined and all 04Z ; kl, ﬂ ; and Vijki CALL be computed

from (100) (105). o

The use of freedoms. Interactive shape control by giving F'(v) and VF(v) under the restrictions
(102) and (105). The default choice is to make the K cubics approximate quadratics. By using the
degree elevation formula, we need to solve the following equations

i (s J k [ s s s
3t§ )1 gkt T3 S]) Lk T3 E])k’ T3 Ejl)el 1 O‘gjz)qu(U) - /Bi(jIZZVF(U) = %'(jlip (106)

fori+j+k+1=3, s=1,---, K, in the least squares sense for the unknowns tgj,)d, F(v),VF(v)
under the C° condition (99) for the K cubics and C° condition

=t i k=2, m=1,2.3
and the constraints (102) and (105). System (106) has (4K + 3) unknowns tl(.;,)d fori+j+k+1=2
and 4 unknowns F'(v), VF(v), and has 10K + 4 equations.

Sub-Algorithm 4. Compute the weights on edge tetrahedra

Suppose the edge tetrahedron considered is [uju,p1p2] The weights e1110 and ej101 are set to

zero. The number 6 coefficients egll)lo, egq)lo, egll)m and 65?01 are determined by the C' condition. If

the right neighbor, that is adjacent to [u,p1p2], of the edge tetrahedron is tetrahedron [u,pipaps],
and if we express u; = aqu, + qop1 + agps + aupz with Z?:l o; = 1, we have

.,
651)10 = a1 fa100 + @2 f1200 + a3 f1110 + 4 fi101,

6571)01 = a1 fao01 + a2 f1101 + a3 fio11 + o fioo2-

If the right neighbor of [uwju,p1ps2] is pyramid [u,p1papspa], then let

w = Uy + cop1 + a3p2 + aups3, w = Bruy + Pop1 + B3p2 + Bapa
with 2?21 o = Z?:l Bi = 1. Then we have

6’%)10 = a1p211 + qaP122 + a3pi12 + Q4P121,
65?01 = Bip201 + Bapi12 + B3pio2 + Bapior.
®

The weights e;{;, and egll)m are similarly computed.

Theorem 4.1. For the given discretization L of a surface with a built finite-element hull H on it,
the surface defined by the union of all edge A-patches, face A-patches and zero convex faces of L

o6



interpolates the vertices of the discretization and has the normals at the vertices, and it is smooth
and topologically equivalent to L.

The scheme proposed above makes the constructed surface have the plane recovery property.
Even further, the scheme can recover quadratic. That is if the normal at the vertices of a polygon
are extracted from a quadratic surface Q(p) = 0 that passes through the vertices of the polygon,
and furthermore if the free weights are defined by approximating a quadratic, then F(p) = Q(p).
Similarly, if the normals at the vertices of an edge and the vertices of the two adjacent polygons
are extracted from a quadratic surface Q(p) = 0 that passes through these vertices, and if the free
weights on the neighbor polygon elements are defined by approximating a quadratic surface, then
F(p) = Q(p) on the edge tetrahedron.

The proof of the quadratic recovery property is based on the following facts: (a). F interpolates
function values and first order partial derivatives of @) at the vertices, and F’ interpolates directional
derivatives of () in any directions that perpendicular to edges at the mid-points of the edges.
(b). The free weights are defined by the degree elevation formula. (c). The rational function is
degenerate to zero. The detailed discussion needs to distinguish the cases when the polygon is
convex or non-convex. We omit the detail here.

2.11.4 Evaluate the Surfaces

Since the patches for edges and convex triangles are defined in the same way as in [238], we can
evaluate these patches using the scheme in [238]. In the following, we ignore these cases.
A. Evaluate the Triangular Face A-patch

For each triangular nonconvex polygon in Ly, .ero, We shall produce a piecewise triangular
approximation for the surface patch F' = 0. Let (p1p2ps) € Lno—zero be one triangular polygon and u
and v be top and bottom vertices. Let N be a given positive number, which represents the resolution
of the piecewise approximation. Then the piecewise triangular approximation is defined by the naive
connection of the points szy.(x +y+2 =N, x,y,z > 0). Here s, is the intersection point of the

surface F' = 0 with the polygonal line [ugyy.] U [¢zy-v], where ggy. = %pl + %pz + %pg and the

intersection point is computed by solving the cubic polynomial equation F' ((1 —t)gyy. +tu) = 0
if F(gpy>) < 0 or solving a similar equation F' ((1 —t)gyy. +tv) = 0 if F(gsy>) > 0, where the
required root is the minimal one.

Since ¢gy. is in one of the tetrahedra [uvp;piy1] with @ = 1,---,3, gzy. could be expressed in
the following form:

g =0u+ 80 + i + By pig (107)

Then we can derive, from (96), that

F((1—t)q+tu) = Z Zc;l)s B3(t) (108)

s=0 \\1=s

with Cg = D ot Ast =3 tE\Zl)/\Q/\SMBil 2. )\2/\3/\4( fz), 651), ﬂéz), il)). Similarly, we have

F((1—t)g+tv) = Z ZCAQS B3(t) (109)

s=0 \o=s

(4) (2) 3—s
with C)\ s Z)\1+)\3+)\4 =3—-)A2 t)\1>\2/\3)\4B)\1)\2—s,)\3)\4< 1 752 ’ﬁ3 7ﬁ4 )

B. Evaluate the Quadrilateral Face A-patch
For each quadrilateral polygon in Ly, er0, We shall produce a piecewise quadrilateral approxi-
mation for the surface patch. Let N be two given positive numbers, which represent the resolution
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of the piecewise approximation and it should have the same value as above, let (p1papsps) be a
quadrilateral of L, .ero and u and v(if exist) be the top and bottom vertices of (p1papsps). Then

the piecewise quadrilateral approximation is defined by connecting the points pg,(z =0,--- , N;y =
0,---,N). Here p,y is the intersection point of the polygonal line [ugy,] U [gzyv] and the surface
F =0, where
T N—=zx N—-—yl|lzx N—=zx
== |= — | = 110
Qzy N{Npl—i- N pz]—i— N [NP:H- N p4} (110)

and the intersection point is computed by solving the cubic equation F((1 — t)gyy +tu) = 0 if
F(gzy) < 0 or solving a similar equation F ((1 — t)gzy + tv) = 0 if F'(¢zy) > 0. Again, we use the
minimal root.

If the polygon is convex, (95) gives explicit expression for F'((1 —t)gzy + tu).

If the polygon is non-convex, ¢, is in one of the tetrahedra [uvp;p;41] with i =1,---,4. Using
(110), gzy could be expressed as (107), and (108) and (109) could be used again.

C. Evaluate the Pentagon Face A-patch

Let (p1---,ps) be a 5-sided polygon and w and v be the top and bottom vertices. Then
The pentagon face A-patch is evaluated by evaluating 5 patches defined by F |[uvp¢pi+1] (p) =0
for i = 1,---5. Then the piecewise triangular approximation of Flyup.p,,,(p) = 0 is defined by

connecting the points S;(L«iy)z(l' +y+2z=N, z,y,z > 0). Here s%}z is the intersection point of the

polygonal line [uq;(fy)z] U [q;(vgzv] and the surface F' = 0, where
Y

1( + + )
C = — .
N b1 D5

. € z
¢\, = =i+ O -

Tyz N Di+1 +

The intersection point can be computed by solving the cubic polynomial equation F'((1 — t)qé@z +

tu) = 0 if F(qg(fgz) < 0 or solving a similar equation F'((1 — t)qg(fy)z +tv) =0 if F(q;(fy)z) > 0, where
the required root is the minimal one. Express qg(ggz as (107), and (108) and (109) could be used to
define the cubic equations.

2.12 Adaptive Model Reconstruction by Triangular Prism A-Patches

Various approaches of using implicit surface representation—the zero contour of trivariate function—
in modeling geometric objects or reconstructing the image to scattered data have been described
in some papers(see for examples, [18], [87], [122],[154] and [213]). However, since the implicit
surface could have multiple sheets, could have singularities and is not easy to evaluate, effective
and easy used schemes are still under investigation. Starting from a triangulation(this is often the
preprocessing stage of surface construction) of a unknown surface, we construct an implicit surface
that interpolates the vertices of the triangulation. The constructed surfaces are G at the the edges
that are labeled as sharp, and G' smooth(tangent plane continuous) elsewhere, and respects the
topology of the triangulation. We assume the surface triangulation is double sided so that we could
label one side as positive and other as negative.

A class of successful approaches of using implicit surface representation in interpolating a surface
triangulation 7 with normals consists of the following two steps: a. Build a surrounding simplicial
hull > (consisting of a series of tetrahedra) of the triangulation. b. Construct a piecewise trivariate
polynomial F' on that simplicial hull, and use the zero contour of F' to represent the surface. Dahmen
[85] propose firstly an approach for constructing such a simplicial hull of 7. In this approach, for
each face, two tetrahedra are constructed. For each edge of 7, two tetrahedra are formed that
blending the neighboring face tetrahedra. For the construction of the surface over » , Dahmen [85]
use six quadric patches for each face tetrahedron and four quadric patches for each edge tetrahedron.
Guo[122] used a Clough-Tocher split and subdivided each face tetrahedron of the simplicial hull,
hence utilizing six cubic patches per face of 7 and four cubic patches per edge. Dahmen and
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Figure 34: Grouping the triangles by the sharp edges(think lines) and assigning a normal for each
group.

Thamm-Schaar [87] do not split the face tetrahedra, but the edge tetrahedra is split. All of these
papers provided heuristics to overcome the multiple-sheeted and singularity problem of the implicit
patches. In Bajaj Chen and Xu[18], their A-patches are guaranteed to be nonsingular and single
sheeted within each tetrahedron. They use two surface patches for each face and four patches for
each edge.

Instead of using tetrahedra, we use prisms based on the idea of fat surface introduced by
Barnhill, Opitz and Pottmann in [50]. The pipeline of the construction is as follows:

1. Compute the face normals and oriented them such that they point to the positive side of the
surface triangulation.

2. For each edge, compute dihedral angle § = m — 0; for the two incident faces. If 6 > «, then
this edge is labeled as sharp edge. Here 6, is the angle between the two faces’ normals and «
is a threshold values for control the sharp feature.

3. Estimate normals at each vertex of the triangulation.
4. Decimate the mesh if it is considered to be too dense.

5. For each triangle of 7, construct an irregular triangular prism such that its three edges pass
through the vertices of the triangle and contain the given normal, respectively.

6. Define a trivariate function F' on the union of the prisms, such that its zero contour in each
prism passes through the corresponding triangle vertices and has the given normals.

7. Display the surface patches F' = 0.

Hence, each triangle of the triangulation corresponds to one triangular surface patch. Since
there is no surface patch corresponding to edge and there is no splitting of the triangle, the number
of surface patches are significantly reduced comparing with the earlier implicit approaches. Another
attractive feature of the method is that evaluating one point of the surface is almost equivalent to
solving a linear equation. Therefore, the surface could be easily and quickly displayed.

Step 1 and 2 are strait forward. For the normal estimation at a vertex, we need to distinguish
the cases of sharp vertex or non-sharp vertex. If there exist sharp edges incident to the vertex, then
we say the vertex is sharp, otherwise, it is non-sharp. For non-sharp vertices, we have implemented
three schemes to compute the normals. The first one is weighted averaging the normals of the faces
that are adjacent to the vertex. The weight we chosen are the area of the triangles. The second
scheme we use is the limit normal of Loop’s subdivision surface. The third method is the least
square fitting the vertices around by a quadratic function, and use the normal of the quadratic at
the vertex as the approximation. All these methods works well, but the results has little difference.
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If the surface is fair, all them are very similar. If the surface is bumpy, the third method tend to
keep the detail, while the second tend filter out some noisy.

For the sharp vertex, the triangles around the vertex are divided into some groups by the
sharp edges(see Figure 34). For each group, we assign a single normal for the vertex. This normal
is computed by the weighted averaging approach mention above. In the construction of surface
patch for one triangle, there is only one normal used for one vertex of the triangle. This normal is
vertex normal if the vertex non-sharp, otherwise the normal is group’s normal to which the triangle
belongs. When we mention vertex normal of a triangle in the following, we mean this normal. In
the following we do not address the normal estimation problem.

Instead of using geometric error based decimation scheme of a triangulation, we have developed
a normal variation based decimation scheme in order to capture the detail structures. This scheme
will be reported elsewhere. Hence we omit it here. We mention the step here because it is in our
implementation of the scheme and most of the examples given in the last section are produced from
the decimated mesh.

2.12.1 Construction of the Triangular Surface Patches

Suppose we are given a space surface triangulation 7 of the point set V = {Ul}l]i 1- For each triangle,

say [v;vjug), we have three normals Ni(jl,)c, N Z(]J,z, N 1(]kk) for the vertices v;, v;, vy, respectively. Our aim
is to construct a triangular surface patch for the triangle such that the surface patch passes through
the three vertices of the triangle and has the given normal at the vertices and further, the composite
surface is G' smooth except at the sharp edges where it is G°. The construction involves two steps:

Construct prism hull(step 5). Construction a trivariate function on the hull(step 6).

Construct Prism Hull For the given triangulation 7, the prism hull, denoted as D, is a collec-
tion of prisms, that could be regarded as expansion of 7 in both the positive and negative directions
of 7. To describe how each of the triangles expand, we need to specify a direction at each vertex
along which the triangles are extrude. At the non-sharp vertex, this direction is specified as the
normal at the vertex. At a sharp vertex, say v;, there are several normals as described before. We
choose the extrude direction, denoted as IV;, as the average of all the face normals. Then the prism
hull is build as follows.
Let [v;vjug] be a triangle of 7. Then define a prism D;;;, as

Dijr :={p: p€ Ayr(N), X Ly}
where A (A) = {p € R3: p= Pijk(b1,b2,b3,X), b; > 0} is a triangle for fixed A with
Pijk (b1, b2, b3, A) = b1vi(A) + bov;(A) + b3vg(N), by +ba+b3 =1 (111)

and vy (A) = v+ Ang, g = Ni/||Ni||, | =4, j, k; and I;;;, is a maximal open interval such that 0 € I,
and for any A € I, the points v;(\), vj(A) and vg () are not collinear and the three normals Nj,
N; and N}, point to the same side of the plane P;ji(A\) = {p : p = pijr(b1,b2,b3,N), b € R}. We
call Dj;i, as irreqular triangular prism since the edges vj(\), A € Liji, I = i, 7, k, are not parallel,
and we call (b1, ba, b3, A) as Djji, coordinate of p if p = biv;(X) + bav;(A) + bgvg(N).

Construction of the boundary curves, functions and gradients Let N; be the normal of

vertex v; and N, z(;ll be the normals that is attached to the vertex v; of the triangle [v;vjv;]. Then

we make the assumption:

Assumption. For each vertez v;, NZTNZ(;,)€
In order to define a at least CV function over D = Zl ik D;ji, we adjust the length of normal

Nijk, so that

> 0 for any triangle [vivjvg] € T.

NN, = [N (112)
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Let [v;v;] be an edge of the triangulation and [v;v;v;] and [v;vjv;] be the adjacent triangles of the
edge. Then we define

() _ @) o A @ _ L () )
Ni; (szzk + Ni;l) ; Nij =5 (szk N'le)
In the following, we use the notations:
E:F|%’ VFZ':VF|VZ., v; €V
Ej = F‘Hij7 VFij = VF|HZ~]~7 [’UZ'U]'] € 0T
Fijt = Flp, s VFijgk =VF|p,,, [vivju] €T

where V; = {v;(A) : X € (—00,00)} ND, Hjj = {hij(t,\) : hij(t,\) = (1 —t)v;(N) + tv;(N), te
[0,1], A € (—o00,00)}ND and 7 denotes all the edges of the triangulation 7. For the construction
of Fjji, there is no restriction on the interval I;;;. However, I;;;, should be as large as possible,
such that the surface Fj;, = 0 is contained in D;;,. The problem of determining the largest I;j; is
considered in section 5. In this section, we mainly construct the function Fj;;. This will be done
by firstly constructing function values and gradients on the edges and faces of D;;, and then using
a transfinite triangle interpolation to extend the function to the interior of Djjy.
On the edges V}, | = 4,7, k, of Dy, the function value is defined by

Fu(N) = INIA=n] NOX, =ik n=N/|N| (113)

On the boundary face Hy, of D;ji, the function value is defined by cubic Hermite interpolation

along the line segment [v;(A)vy,(A)] = {him(t,A) : ¢ € [0,1]}. That is, interpolates the function
values F'(v;(A)), F(vn (X)) and the derivatives

0 (N) = uWITND, [om(A) — w (W) TN (114)

lm>

at the end points v;(A) and v, (), respectively, plus an additional free quartic term. This leads to

F(him(t, N) = bum(t) + him (DA, t€[0,1], A€ Lk (115)
with
Gum () = (vm — v) T Ngot(1 = 1) + (0 = v) N 2(1 = 1) + Out®(1 — 1) (116)
Y () = 0T N1 = )3 4 (g + 20)TNY 11— )% +
+ (g + 2n) TN 21— 1) 4 0T NI (117)

where 6y, is a free parameter that is used to control the shape of the boundary curve:
Cim(t,01m) := vy + t(v, — vg) + A(t)[ng + t(ng, — ny)] (118)
which will be the boundary of our constructed surface patch in D;;, where

Pim ()
wlm(t)

satisfies the equation F'(hyy,(t,A)) = 0. For any 6,, the curve Cj,,(t,0;,) passes through the
vertices v; and v, and perpendicular to the normal n; and n,, at the vertices.

When 6;,,, increase(or decrease), the boundary curve Cy,y, (¢, 0p,,) goes away from the line segment
[vjvy,] in the normal(or opposite normal) direction. The default choice of this parameter could be
to take 0, = 0 or to make some energy to be minimal. For example,

A(t) = — = A1(t)0m + Ao(t)

/H (t,0m) [dt = min (119)
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or

1
/ k(t, Op,)dt = min (120)
0
where k(t, ;) is the curvature of Cyy,(t, Oy ), or
k(t, 6,) = mi 121
max (t,6m) = min (121)

To avoid produce bumpy surface, we prefer to use (121).
In order to define the gradients on the boundary faces Hy,,, we take three different directions
in IR? as follows:

d1 = Um()\) — Ul()\), do = (1 — t)m + tnm, ds = dj X do (122)
It is easy to see that

8F(hlm(t7 )‘))

D Fl(t. 3)) = 2 ED) ) 4 02 (12
D Pt 3)) = PN ) (124)
We artificially define
Dy F(him(t, ) = (1 = )N) + N

From the equations

A/ VFy = Dg,Fir, i=1,2,3

we have
-1
VEm = {[d1,do,ds)"} " [Day Fymy Day Fims Dy Fim)©
Since
[d1|? + adf dy 0 0
[d1,do, d3)T[dy + ada, dy + Bdy, d3] = 0 |d2||? + BdTdy 0
0 0 | ds]|

where a = —d¥dy/|[da2, B = —dl dy/||ds]|?, and [[dy|[2]1da2 — (a7 d2)? = [[ds]2, we have

1

dy,dy,dg)TV " =
{ld do oI} = o (g

[di||da||? — da(d] d2), dalldi||® — di(d]dy), ds]

Hence

[dy|da||* — da(df d2)] Dg, Fim + [da||d1||* — d1(d] d2)]Dg, Fiym + d3Da, Fim,

VE,, =
: [d1 ]2 da]® — (dTd2)?

(125)

which could be written as

Ps(t) + Q5(t)\ + Rs(t)\?
p2(t) + q(t)A + ro(t)A?

VF (him(t,A)) =

where Ps, ()5, Rs are polynomials of degree 5 and pa, g1, 79 are polynomials of degree 2, 1, 0, re-
spectively.
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Construction of the function in the interior Having the function values and gradients on
the boundary of Dj;j;,, we can now apply any transfinite triangular interpolant over the triangle
Ayjr(A) to construct the function Fjj;,. We use the side-vertex scheme defined by Theorem 3.1 in
[170] with some variations. The implementations show that the direct application of the scheme
(3.9) in [170] leads to bad shaped surface. Hence we alter the equation (3.6) in [170] by introducing
additional term. The following is the modified scheme for a typical triangle [vjvavs]:

3 3
Z H b17b27b37)\)
= 3 3
2 ALY

where D;(b1,ba, b3, \) are defined by interpolating function values and derivative at v;(A) and
b.
1_]1)1. Uj()‘) + 1likbi Uk()‘):

F(p123(b1,b2,b3,\)) = E(b1,bo, b3, \) (126)

Di(bl, bs, b3, )\) = (1 + 2bl)(1 - bl)2F(h]k(Sl, )\)) - bz(l - bl)[b]eg()\) + ka?(A)]VF(hjk(Sl, )\))
+ b?(3 — Qbi)NiTni)\ + bf[bjeg()\) + bkefo\)]Ni + b%(l — bi)(bjgij + biOr;) 127
127

k
bj +by *

where (2,7,k) € {(1,2,3),(2,3,1),(3,1,2)}, ex(A) = vj(A) —vi(N), €;(X) = vg(A) —vi(N), S; =

E(by,b2,b3,A) = b%bgbg Z (Clyiaty + )\wlll2l3)BllllQl3 (b1, b2, b3)
li+la+i3=l

is free. That is, E(b1, ba, b3, A) has no influence on the function value and the first order partials of
F at the boundary of D;j since it has the factor b7b3b3. This term can be used to fit data in the
volume D, to get a better approximation. If there are no data available, E(b1, b2, b3, A) could be
taken as zero. The function Bllll2l3(b1, b, b3) in E(b1, b, b3, \) is the well-known Bernstein-Bézier
polynomial on a triangle.

Theorem. The function F defined by F|p,., = Fy;x is C* over Y

sharp edges where it is C° and it interpolates the function values NTm\ at vy(\), 1 =1,--- | N. At
non-sharp vertex vi(\), it interpolates also the gradient Nj.

i ik D;ji. everywhere except at the

2.12.2 Optimized the Shape of the Surface Patch

In the construction of the function F', the term E(by, b, b3, A) is free that could be used to control
the shape of the surface. We choose this term so that the maximal value of the Gaussian curvature
of the surface is minimal. Since the influence of E(by, ba,bs, A) is local, that is, this term in one
triangle does not influent the shape of the surface patches defined on the other triangles. The
optimization could be computed triangle by triangle. To reduce the computation cost, we minimize
the Gaussian curvature on finite number of points, and the second derivatives are computed by
divided difference of the first order derivatives.

2.12.3 Evaluation of the Surface Patch and Error Computation

Evaluation of the Surface Patch It is easy to see that the function Fjj is C'! within D;jy.
Hence we need only to consider the continuity of F' on the face Hy,. First we show that the function
is CO.

On the edge V] the function value is uniquely defined by (113), hence the function is continuous
there. On the face Hj,, the function values defined by (115) use the values on the edge and
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derivatives defined by (114). These values are edge dependent. That is, For the two triangles that
share the edge, the function values for the two function at the common face Hj, are the same.
Hence F' is continuous.

Now we show the function is C! on the non-sharp edges. Let [v;vjui] be any triangle of 7.
Then for each (b, b2, b3), b; >0, > b; =1, determine Ayin = Amin(b1, b2, b3) such that

)\min = min{)\ . F(pijk(bl, bg, bg, )\)) = 0} (128)

Then the surface point is defined by p = p;ji (b1, b2, b3, Amin). Since F' is C! over > Dijk, the
constructed surface is G' smooth(tangent plane continuous). The main task here is to compute
Amin for each (b1, be, bs) with b; > 0. It follows from (127) that D; (b1, be, b3, A) is a rational function
of A in the form

No 4+ N1+ Noa?
Do + D1\ + D)2

Fo+ FiA+

Hence ¢(\) := F(pijr(b1,b2,b3,\)) is a rational function in A. The minimal zero of ¢(A) is the
required Ay -

Although ¢(\) = 0 is a nonlinear equation, the computation shows that ¢(\) is nearly a linear
function. Hence, starting from A = 0, find an interval with opposite signs of ¢(\) by searching,
then using linear interpolation, an approximate minimal zero of ¢(\) is obtained by one or two
time iterations.

Let Fijk(bh b2, A) = F(piji(b1,b2,1 — by — b2, A)). Then the surface normal is computed by the
following equation

. _ -
—1 |OFy,  OFy,  OFy
Oby 7 Oby T O

Vi = {[o1(A) = v3(A), v2(A) = v3(N), bini + banj + bang]" } (129)

It should be noted that the 3 x 3 matrix in (129) is nonsingular if the points v1(A), v2(A) and vs(\)
are not collinear and the vector bin; + banj + b3ny is not parallel to the plane Pjji ().

Error Computation After the decimation step of our algorithm(step 4). The points that are
not the vertices of the decimated mesh are grouped into the volume D;j;, for the triangle [v;v;vy].
The surface patch for this triangle provide an approximation to these points. Now we consider the
computation of the approximation error. Let pg.)k, [ =1,2,--- ,m;; be the initial input points
that in the volume Dj;,. The error bound is computed by the following steps:
ke
b. For (0", 9,6 compute Apin (0,5, b)) as the (128)

Then error of the point pg)k to the surface is bounded by [A() — )\mm(bgl), bg), bg))|, since

a. For each point p.;, compute the volume coordinate (bgl), bg), bgl), )\(l)).

! l ! ! ! l l l l ! !
19, — pig 7,08 68 Ain (0,657 B < 0 10:(AD) = 01 (A (0, 55, 65
[ l [ [ [ [ [ [
58 [05(0D) = 0 Amin (B, 58 6 | 4 5 [0k (AD) = v (Amin (61,55, 65|
l l l l l l
< DY = A (07,08 B (1 || + B[] + b s
= A0 = A (8, 05,05

2.12.4 The Condition of the Triangulation

In this section, we will give conditions on the triangulation 7 under which the function F' and its
gradient VF' are well defined.
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Definition(see definition 3.1 of [50]). A triangle A;ji(N) is called non-degenerate, if its vertices
are not collinear, the normal vectors ng,n;,ny are not parallel to its plane Pij,(\) and point to the
same side of this plane.

Theorem(see Theorem 4 of [50]). Let [v;vju]| be a non-degenerate triangle of T with respect to
the normal n;,nj, n,. Consider the real numbers Ai,--- , As(s < 6) that solve one of the following
three quadratic equations:

det(ng, vj(A) — vi(A), vp(A) —v;(N)) =0, 1=1,5,k

and define a := max(—oo, {\; : \j < 0}), b:=min(co,{\;: Ny >0}). Then I;j;, = (a,b).

Theorem 4.2. Let [v;vjui] be a non-degenerate triangle of T. Then both the function Fyj and its
gradient V F;ji. are well defined on D;jy,.

Proof. Let A € I;j;,. Since n;,nj,ny are not parallel to the plane P;j;(\) and point to the same
side of the plane

det(ng, vj(A) — vi(A), ve(A) —v; (X)) #0, 1 =1,j,k

and have the same sign. Hence for any b; >0, b; >0, by >0, b; +b; + b, =1

> bidet (ng, v (A) = vi(A), ve(X) = vi(A) =det | Y by, v5(A) = 0i(A), vp(A) — vi(A) | #0
I=i,j.k 1=i,j,k

That is, the vector Zl:i’j’k byn; is not in parallel to the plane Pjj;(A\). Hence the 3 x 3 matrix in
(129) is nonsingular. This implies that the gradient VFj i, is well defined if 8;;{ k 8;2-;- b 6?)\“ are
well defined. This is true if VE,,, (I,m) € {(4,7), (J, k), (k,i)} are well defined. Hence we need to
verify that the denominator of V F},, is positive.

Since the vector Zl:i’ ik byny is of course not parallel to the boundary of the triangle A;ji(A).
Hence, the non-zero vectors d; and dy defined in (116) and (117) are not parallel. Therefore, the

denominator of V F},,, which is ||d1||?||d2|> — (d¥ d2)?, is positive. O

2.12.5 Approximation by Parametric Rational Bezier

In many applications of surface modeling, to have both the implicit and parametric representations
is important. In this section, we are intend to provide rational Bezier form represention for the
A-patch defined in the prism.

Triangular Rational Bezier From the construction of the surface patches in section 4, we
know that the surface patch in each volume could be expressed in the parametric form with A =
{(b1,b2,b3) : b; > 0; by +ba+ b3 =1} be the parametric domain. However, this parametric form
has no close form representaion and in general, no Bezier representaion for the patch exists. Hence,
we appear to rational Bezier form approximation instead of exact conversion. With the increase of
the degree of rational Bezier, the error of the approximation will decrease. Let d be the degree of
the rational Bezier patch, the approximant is obtained as follows:

1. Generate a degree d—1 functional Bezier form approximation S\(bl, by, bs) of A(b1, ba, b3). This
is a classical polynomial aprroximation problem on a triangle. To obtain global C? approximation,
we generate this approximant in steps: a. Compute Bezier coefficients of :\(bl, ba, b3) on the three
boundaries by interpolating A(by, ba, b3). bf b. The inner coefficients are defined by the least square
fitting:

[ [ 1312, — Ao, ) | = i
A
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Figure 35: Related Bézier coefficients by G' continuity for d = 4.

The integration above is computed on regularly subdivided triangles and on each sub-triangle, a
6-points numerical quadrature rule(see [54], page 35) is employed.
2. Generate a G° degree d parametric form Bezier representation by

P (b1, b2, b3) = byvi(A(b1, b2, b3)) + bov; (A(b1, b2, bs)) + bsvr(A(ba, ba, b))

The collection of Pi(ﬁz define a continous(not smooth) parametric surface.

3. Generate a G degree n parametric form Bezier coefficients. Let Pi(.(g (b1,b2,b03) = > 111 in—d bl(&)n

Bldmn(bla b2:

Then we adjust the coefficients bl(gfn form < 1,orn < 1lorl < 1so that the G' continuous condition

[larpi-1 + (1 = a1)ri—1] = [[f1gi-1 + (1 = B1)ail] +

Q.| .

1-— é)[[ao —pi + (1 —ag)rs] — [[Bogi + (1 — Bo)gisa]] =0, i=0,1,---,d (130)

given by Farin in [108](see page 334-339), is satisfied. Using Farin’s notation ¢; represent the Bezier
coefficients on the boundary (see Figure 35), r; and p; represent the Bezier coefficients near the
boundary coefficients on two adjacent triangles.

The condition (130) is applied as follows: For fix qg, q1,po and rg, soving ag and [y from the
equation (130) for i« = 0. Similarly, 7 and [ is sovled from (130) for i = d and fixed g3, q4, p3
and r3. After ag,a1,89 and (; are defined, the other equations (i = 1,---,d — 1) are used to
solve other coefficients. For our problem, gy and g4 are known, that are the vertices. To have the
equation (130) for ¢ = 0 have unique solution we need to adjuast the coeeficients q;,py and rg, so
that the four points qg, q1, po and o are coplaner. We adjust these coeeficients so that they lie on
the boundaries of the prisms considered. For example, ¢; is adjusted as

—~

q1 +t((d —1)ng + nq)/d

where ng and n4 are the given normals at gp and ¢, respectively. For d > 4, the system (126) for
1 =1,---,d—1 is under-determined. It has d — 1 equations and 3d — 7 unknowns. We solve this

system by approximating the corresponding coefficients of Pl(ﬂc) that are defined in the last step.
This solving stratige leads to a restricted least square problem

MX — B =0,
|X — C|]? = min
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Figure 36: Adaptive feature of the reconstruction: The flat parts use less patches than the curved
parts
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where X is a vectors consists of unknowns. B is the left-handed side. C' consists of the corresponding
known coefficients of Pl(]Ok) We solve this problem by singular-valued decomposition of the matrix
M. The details are omitted.

4. Produce rational Bezier represention

o bymn B (b1, ba, b
P(l) (bb b2, bg) — Zl+m+n—d+2 l Znn( 1,09 3) ’
2ot tmn=d-2 Wimn By (01, b2, b3)

ij bl € R37 Wimn, € R (131)

It is should be noted that, solving (126) for each edge, the coefficients at the corner, that is pi, 71,
p2 and 79 (they are called twist term) are doubly determined, we take their average as the required
value. However, such defined twist term will not lead to G surface. To satisfy the G' condition
(126), a rational term

1 2 2 0 0 1
(blb3b5122,1,1 + blb?bglf)Zl,l)Bng,l,l + (b1b2bg,c)lf2,1 + b2b3b§,c)lf2,l)Bil,d72,1 + (b2b3bg,i,d72 + blb3b§,£,d72)3f,1,d72

bobs + b1b3 + b1b2
is added to the Bezier part, where b&l_)Q,M is defined by G! condition on the edge 1 and minus
the corresponding average value, similarly for others. The degree d Bezier plus the rational term
could be written in the rational form (131). It should be note that the vertices of the triangle
are base point of the surface. To eleminate these base points, we pertube the denorminator into
bobs + b1bs + b1ba + €(b? + b3 + b3) and the numerator

1 2 € 1 2 € 2 € 1
(b1b3b£l—)2,171 + blb?b((i—)2,1,1 + §b%(b£1—)2,1,1 + bgl—)2,1,1) + §bgb&—)2,1,1 + +§b§b((j—)271,1)33—2,1,1
2 0 € 2 € 2 0 € 0
+(b1b2b§,2{—2,1 + b2b3b§,;—2,1 + §b%bg,2z—2,1 + 517%(}35,;—2,1 + bg,g—m) + §b§b§7c)l—271)3(11,d—2,1
0 1 € 1 € 0 € 0 1
+(b2b3bg,i7d—2 + blebg,},d—2 + §b%bg,%7d—2 + §b%b§,2,d—2 + gbg(bg,i,d—z + bg,%,d—2))Bi1,d—2

where € > 0 is a small number which chosen so that the function value is not affected by this € for
fixed word-length computation. Hence, the pertubation has no infllunce on the patch in practice.

Tensor Rational Bezier Since many CAGD system support tensor product form spline function
but not the triangular form Bezier, it would be convienient to convert the rational Bezier into tensor
form. For instance, in IGES specification, there is no triangular Bezier form. This conversion is
achieved by introducing a nonlinear transfom to convert the triangle, say [p1peps] into the unit
square [0,1] x [0, 1]. Let

b= (1—t)(1—3)
b2 = (1 — t)S
3 =1

S
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Figure 37: Left: Two convex faces. Right: Convex face and non-convex face

Then substitute (b1, b, b3) into Bezier form we could a tensor product form as follows.

nl ik
F(by,by,b3) = ) ﬂijkmbzlb2b3

i+j+k=n
=> > Bt g V1020
k=0 i+j=n—k
n
=) Bp() Z Bije By " (s)
=0 i+j=n—k
n n—k
= By (t) Z ﬂnfka,JkBgn_k(s)
k=0 §=0
n n 5
=Y Bi(t)Y_ BBj(s)
k=0 §=0

where 377 /S’ij;?(s) is derived from Z?:_(If ﬁn_k_jyjkB?_k(s) by degree elevation.

Examples In the study of using implicit surface patches for modeling a surface triangulation,
we have been constantly seeking for the approaches of using one triangular patch for each face of
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Figure 38: Left: Two non-convex faces. Right: Zero-convex face and non-convex face

the triangulation. The technique presented in has ours wish fulfilled. Comparing with the earlier
scheme of A-patch in [85, 87, 122, 18], the present scheme use much less number of patches. For
example, from Euler formula v + f — e = 2 for a triangulation of a closed surface with genus zero,
we have f = 2v — 4, e = 3v — 6, where v, e and f represent the the numbers of vertices, edges
and faces, respectively. Since the early approaches uses two or four pieces of surface patch for each
edge, and one or two pieces of patch for each face. Hence the sum of the patch number is at least
8v —16 and as large as 2(8v — 16). Therefore, the ratio of patch numbers is in the range [4 : 1,8 : 1].

Furthermore, the proposed approach has the following features:

1. It is adaptive.

2. Could model sharp feature.

3. Error is easy to compute.

The implementation of the test show another attractive feature of the approach. That is, the
evaluation of the surface is quit easy. It is approximately to solve a linear equation for evaluating
one surface point. More importantly, the constructed surface patches have nice shape.

Figure 5.1-5.4 show the different join configuration of two patches. In Figure 5.1, the given
two faces [pi1paps] and [p1paps] are convex(see [18] for the definition of the convexity of an edge or
face), where p; = (—2,0,0), p2 = (2,0,0), p3 = (0,4, —1) and py = (0, —4, —1). The corresponding
normals are chosen as ny = (—1,0,1), no = (1,0,1), ng = (0,1,1) and ngy = (0,—1,1). In Figure
5.2, the vertices are the same as in Figure 5.1. The normal ns n4 are replaced by (0,1,1.5) and
(0,1,1.5). Hence face [p1p2ps] is convex and face [p1pap4] is non-convex. In Figure 5.3, the vertices
are the same as before, but the normals are chosen as n; = ny = (1,0,1), ng = (0,—1,1.5), and
ng = (0,1,1.5). Hence the two faces are non-convex and the common edge [p1p2] is also non-convex.
Figure 5.4 shows a triangular patch join a plane smoothly, where p; = (—2,0,0), p2 = (2,0,0),
ps = (0,4,—1) and ps = (0,—4,0). The normals are chosen as n; = ny = ng = (0,0,1) and
ns = (0,—1,1.5). Hence, the face [p1paps] is non-convex and the face [p1papa4] is zero convex. As
an application of the scheme in surface reconstruction, Figure 5.6 and 5.8 show the composite G*
smooth surfaces constructed from the triangulation shown in Figure 5.5 and 5.7, respectively.

3 Filling Holes and Blending

3.1 G! Spline Surface Construction By Geometric Partial Differential Equations

A surface satisfying a geometric partial differential equation (GPDE) is referred to as a GPDE
surface. GPDE surfaces are favorable in the areas of computer graphics and computer aided
geometric design since they often possess certain optimal properties. For instance, the GPDE

70



surface which is a steady state solution of mean curvature flow has minimal surface area and the
Willmore surface which is a steady state solution of Willmore flow has minimal total squared mean
curvature. However, the construction of GPDE surfaces is not a trivial task, because GPDEs are
highly nonlinear in general. In recent years, the constructions of discrete GPDE surfaces (typically
using triangular meshes) have been studied intensively using divided difference-like discretization
techniques or even finite element methods. It is worth noting that there are only very few published
results on construction techniques for continuous GPDE surfaces, using Bernstein-Bézier surface,
B-spline surfaces and NURBS surfaces.

As a subset of NURBS surfaces and an extension of Bernstein-Bézier surfaces, the class of B-
spline surfaces has become the most popular for shape design and geometric modeling. B-spline
surfaces are widely used in the fields of computer graphics, animation and computer added design
(CAD) and computer added manufacturing (CAM). The aim of this work is to establish an efficient,
reliable and mathematically correct method for constructing GPDE B-spline surfaces with specified
G'! boundary conditions, using mixed finite element methods.

Divided difference-like techniques are generally more efficient and easier to implement. However,
they lack rigorous convergence analysis. In contrast, the finite element methods, while computa-
tionally more intensive, have sound and well established mathematical theory. More importantly,
finite element method can handle G' boundary condition much more naturally than the divided
difference-like method. In divided difference-like method, the length of the tangent vectors on the
surface boundaries have to be taken into account, while in the finite element method presented the
lengths of the tangent vectors have no effect on the constructed surfaces, and hence is our solution
method of choice.

3.1.1 Preliminaries and Notations

This section introduce the necessary background material and notations, including definitions and
relations amongst a few geometric differential operators, curvatures and spline functions.

Differential Geometry of Parametric Surface Let S := {x(u',u?) € R3: (u},u?) € D C R?}
be a parametric surface. For simplicity, we assume it is sufficiently smooth and orientable. Let
Gap = (Xue,X,5) and bag = (N,X,a,6) be the coefficients of the first and the second fundamental
forms of S with

B 0x B 0%x
= ue v’ T GuepuB’

n = (xy X X))/ %y X %, (u,v):= (UlaUQ)a

Oé?/B: 1727

Xy

where (-,-), || -||, - x - stand for inner product, Euclidean norm and cross product in R? respectively.
Let

[9°°] = [gap]™". (0] =[bap]™, g=det[gag], b= det[bag].

Curvatures. To introduce the notions of mean curvature and Gaussian curvature, we use the
concept of Weingarten map or shape operator (see [95]). The shape operator of surface S is a
self-adjoint linear map on the tangent space TxS := span{x,, X, } defined by

W TS — TS,
such that

W(xy,) = —ny, W(x,) = —n,. (132)
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We can easily represent this linear map by a 2 x 2 matrix S = [bas][¢*”]. In particular,
[nua nv] = _[XU7 XU}ST (133)

is valid. The eigenvalues k1 and ks of S are principal curvatures of S and their arithmetic average
and product are the mean curvature H and the Gaussian curvature K, respectively. That is

. k1 + ko . tI‘(S)

H 5 = K =kiky = det(S).

Let H= Hn and K = Kn, they are referred to as mean curvature vector and Gaussian curvature
vector, respectively. Now we introduce a few geometric differential operators.
Tangential gradient opertor. Suppose f € C!(S) then the tangential gradient operator V
acting on f is defined as
Vf = [Xm Xv][gaﬁ][fm fv]T € R%. (134)
For a vector-valued function f = [f1,--- , fi]7 € C*(S)¥, we define its gradient by
VE = [Vfi, -, Vfi] € R

It is easy to see that

Vx =[xy, XU][ga’g][xu, x,]7, (135)
Vn = —[xy, XU][gaﬁ]S[xu, x,]7, (136)

and both Vx and Vn are symmetric 3 x 3 matrices.
The second tangential operator. Let f € C'(S). Then the second tangential operator ¢ acting
on f is defined as

Of = [XUvXUHh&ﬂ”fuva]T € R?. (137)
where

! [ bzz —bi2 ] : (138)

hag] = -
[has] g | —bi2 bnn

The third tangential operator. Let f € C'(S). Then the third tangential operator @ acting
on f is defined as

Of = [Xus X0][ 921 [ fu, fo] T € R3.

The three tangential operators introduced above are in the tangent space TxS, they are linearly
dependent. In fact, we have the following Lemma.

Lemma 3.1. For any function f € C1(S), we have
2HVf=0f +0f. (139)
Proof. From the definitions of the three tangential operators we know that if the equality
2H[g*"] = [¢*°]S + [hap)- (140)

holds, then (139) is obviously valid. From a direct calculation, (140) could be easily derived.
Divergence operator. Suppose v is a smooth vector field on surface S, then the divergence
operator div, acting on v is defined as
i 1[0 o
() = = g | [V 10°7) b ] (141
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Laplace-Beltrami operator. Let f € C?(S). Then the Laplace-Beltrami operator (LBO) A
acting on f is defined as (see [95], p. 83)

Af = divy(VF).

Obviously, A is a second order differential operator. It is well known that LBO relates to the mean
curvature vector via the equation: Ax = 2H.

Lemma 3.2 (Riemannian Divergence Theorem, see [66], p. 142). Let S be an orientable surface,
Q a subregion of S with a piecewise smooth boundary 0. Let n, € TxS (x € 9Q) be the outward
unit normal along the boundary 0. Then for any given C* vector field v on S, we have

/divs(v)dA = (v,n.)ds.

Q o0

Theorem 3.3 (Green’s formula for LBO). Let S be an orientaable surface, Q a subregion of S
with a piecewise smooth boundary 0. Let n. € TxS (x € 02) be the outward unit normal along
the boundary 0Q. Then for a given C' smooth vector field v on S, we have

/Q (v, Vf) + fdiv(v)]dA = [ f(v,n.)ds. (142)

o0N

Proof. Taking v as fv in the Riemannian divergence theorem, we immediately obtain (142).

Spline surface There are several equivalent approaches to define spline functions, including
divided difference of truncated power function (see [82, 210]), the blossoming method (see [194])
and Cox-Door’s recursive formulas (see [81, 91]). We adopt the approach of recursive formulas as
these are the easiest to program.

Definition. Given a positive integer m, nonnegative integer k and a knot sequence

ug < v < Uy KU1 S Ui <vrs < U2k

U = {uo, - ,Umyaor} is referred to as knot vector. Then B-splines basis functions are defined as
follows

1, for u € [u;, uiy1),
Nio(u) = o 2k 1,
0, otherwise,

YT N () 4 LT N @), =01, m k-1,  (143)

Nig(u) = ———
Uj+k — Uj Wit k+1 — Ui+1

)

0
A - =0
ssume o

where ¢ is the index of N; i (u), k is the degree.
Spline surface. For given positive integers m, n and a nonnegative integer k, and knot vectors

U: {/U/OJ"' 7um+2k}7 V: {’UO,"' 7vn+2k}7
the degree k four-sided spline surface is defined as

m+k—1n+k—1
x(u,v) = Z Z Pij Ni k()N 1 (v), (u,v) € Q:=[0,1)?,
i=0  j=0

where p;; € R? are called control points of surface x(u,v). If i = 0 or m, j = 0 or n, p;; is called
boundary control points. Other control points are called inner control points. In order to have the
spline surface be at least C? smooth, we take k > 3.
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3.1.2 Construction GPDE Spline Surfaces

This section is devoted to the details of the construction of B-spline GPDE surfaces, including the
formulation of GPDESs, and their variational forms.

GPDEs and their Variational Forms To construct G! smooth GPDE B-spline surface patch,
we use three fourth order equations, namely surface diffusion flow (SDF), Willmore flow (WF) and
quasi-surface flow (QSDF).

Surface Diffusion Flow

— = —2AHn. 144
5 n (144)

This flow is introduced by Mullins in 1957 (see [168]), to describe the interface motion law of
growing crystal.

Willmore flow

% — — [AH +2H(H?> - K)| n. (145)
Quasi-surface diffusion flow
ox
— = A%k 146
ot * (146)

This flow was introduced in [239], and is used in surface design. It is known that tangent flow on a
surface does not alter the surface shape (see [105]). Hence if we remove the tangential flow portion
of (146), we obtain a geometric flow

0

% = —2(AH — 4H? + 2HK)n.

If S is a closed surface and A stands for its area, then by Green’s formula we obtain (see [77, 203]
for the change rates of the surface area and the enclosed volume of the evolved surface)

d
—A(t) = —2/ [IVH|]?> + 2H?*(2H? - K)] dA < 0.
Hence, Quasi-surface diffusion flow is area diminishing. The shrinkage stops when H = 0.

Next we present variational form formulations for the GPDE (144)—(146). The detailed deriva-

tions are given in the appendix.
The mixed variational form of (144) is: Find (x,y) € H2(S)? x H(S)? such that

o dA+2/ 60y —n(Ve)'Vy|ndA=0, Vée HLS),
s Ot S

oS
S(0) =Sy, dS(t) =T, n.(x)=n(x), ¥x €T,

1 1
/SW dA+ 5 /S(vx)Tw dA — 2/ n ds =0, V¢ e HY(S), (147)

where nf;r) is the given co-normal on the boundary curve I'. Similarly, the mixed variational form

of Willmore flow (145) can be writen as: Find (x,y) € H%(S)? x H(S)? such that
0
Xy aa + / [¢0y —n(Ve)'Vy|n dA
s ot S
+ [ 2n(H? — K)¢n'y dA= 0, Vo € HI(S),
[~ Koy 6 € HY(S) .
/yw dA + 1/(VX)TV1b dA — 1/ na ds =0, Ve HYS),
S 2 Js 2 Jas
S(0) =8y, dS(t) =T, n.(x) =n"(x), vx eT.
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Finally, the mixed variational form of the quasi-surface diffusion flow is: Find (x,y) € H?(S)3 x
H'(S)? such that

‘1X¢ dA — 2/(vy)Tv¢> dA =0, Vo € HL(S),
s Ot s

1 1
dA+ - TV dA— = [ napds=0, Ve HY(S (149)
/Syw +2/S(vx) Vi 2/68n¢s 0, Ve HYS),
S(0) =8, 0St) =T, n.(x)=n")(x), v¥xeT.

In section 3.1.2, systems (147)—(149) are numerically solved using mixed finite element methods.

Construction Steps of GPDE B-Spline Surfaces Problem Description. Given four
boundary curves and the cross tangents on the curves, we need to construct a four-sided B-spline
surface x(u,v) = Z;’;J{)k_l Z?:(]f_l PijNix(u)N; x(v), (u,v) € [0,1]* which interpolates the given

boundary curves with the given tangents, and satisfies a specific GPDE in (0, 1)?

The construction steps are outlined as follows. The details of each step are given in subsequent
subsections.

1. Construct initial inner control points: The initial inner control points can be arbitrarily
given. However, to have a fast convergence of the evolution process, good initial values are
necessary. We use the Coons interpolation technique [80] using the boundary control points
to construct inner control points (see section 3.1.2).

2. Evolve the control points: Use a specific GPDE to evolve the inner control points, till
steady state solution is achieved. The evolution includes the following steps (see section
3.1.2):

(a) Set a temporal step-size 7.

(b) Discretize the specific GPDE in the spatial direction using a mixed finite element method
(see section 3.1.2), to yield a system of nonlinear ordinary differential equations (ODEs).

(c) Discretize the system of ODEs in the temporal direction using a semi-implicit scheme
see section 3.1.2), to yield a linear system.
tion 3.1.2), to yield a li yst

(d) Solve the linear system using an iterative approach, to yield a new approximate solution
of the inner control points.

(e) Check the termination conditions, if they are satisfied, stop the evolution, otherwise go
back to step (b).

Construction of Initial Inner Control Points Good initial inner control points yield a more
efficient evolution process. We utilize the construction technique of Coons surface patch (see [80])
from the boundary curves, to calculate our initial inner control points. The construction results
are

where (if k = 3),

()

pP;; = (I —®i)Poj + ®iPm+k—1,>

1 —a;)(1 = Bj)poo + ai(1 — Bj)Pm+k—1,0

)
pij 5 )Pi0 iPin+k—15
)
1 — @) BiPon+k—1 + i3iPmtk—1n+k—15
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1 . 1 .
I i=1, I i=1
. il - . S -
o = Zma Z_27'”7Tn7 6]_ ]T7 3_27"'7717
1 . .
l—355, 1=m+1, 1—3%1, Jj=n+1

Construction of Inner Control Points For ease of description, we reorder the basis functions
and control points into 1-dimensional arrays. First, we order the inner basis and control points as
follows:

¢(i71)(n+k72)+]’71(uav) = Ni,k(u)Bj,k(v)v i = 17 7m+k_27 .7 = 17 7n+k_27
X(i—l)(n+k—2)+j—1 - p’L]7 Z:177m+k_27 ]:177n+k_2
Then we order the basis and control points on the boundary. Starting with the indices (0,0), the

basis functions and control points at the surface boundary are arranged in clockwise order. Using
this ordering of the basis functions and control points, the spline surface patch is represented as

v) =Y X (w,v) + Y x505(u,v), (150)
j=0 j=no+1

where
no=m+k—-2)n+k—-2)—1, nmi=m+k)(n+k)—1

The mean curvature vector of the surface is represented approximately as
v) = hj¢;(u,v), h; €R®. (151)

The coefficients x; in the first term of (150) are unknowns, while the coefficients x; in the second
term are given. All the coefficients in (151) have to be calculated.

Spatial Discretizations Spatial Discretizations of SDF and WF. Substituting (150) and

(151) into (147) and (148), and taking the test functions ¢ as ¢;(i = 0,--- ,ng), ¥ and ¢;(i =

0,---,n1), and finally noting that ax’( ) =

tions Of (147) and (148):

= 0 if j > ng, we obtain the following matrix representa-

1) 0Xng (t 1
{ M X ® O, (1) =0, .
M Hoy () + L)X, (1) = B,
where |
Xj(t) =1[xq(t),---, ]T(t)]T € R3G+D),
Hy, (1) [hOT(t) hT ()T € R3m+),
B =[bg, bT 0T c R3(m+1)
1 no,n 2 ni.n
MTELO) (mij)wo’oo ’ Mr(n) = (mz‘j)z‘jléol )
(1) 0,71 (2) . (2) ni,K
(l >Z b= (lij )ij=0 ’
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and

my = Ts / by dA, Iy / bi; A,
S S

(153)
1
lEj) =2 /8 [6: @ ¢; —n(V$;)TVe;] nT dA for SDF,
1
1 = [ [0 @6+ (2 = K)6,) = (Vo) T;] naA for W,
2 1
lz(j) = 213/8 (Vi) TVe;] dA,
1
b; = /ncgbz- ds. (154)
2 Jr
Moving the terms related to the known vertices Xp,11, - - -, Xy, in equation(152) to the equations’s
right-hand side, we rewrite (152) as
M) P @ LV H, (1) = o,
() (2) ) (155)

Note that, matrices Mé(l)) and Mfl? are symmetric and positive definite. The integrals in defining

the matrix elements are computed using Gaussian quadrature formulas over rectangles. The knots
and weights of the Gaussian quadrature formulas can be found in [3, 240].

Spatial Discretizations of QSDF. Substituting (150) and (151) into (149), taking the test
9x;(t)

functions ¢ as ¢;(1 = 1,--- ,ng) and ¢ as ¢;(i = 1,---,n1), and finally noting that —4;= = 0 if
j > ng, we obtain the following matrix form of (149):
3) 0Xn, (t 3
{ My S 4 LM, (1) = 0, (156)
My Hoy (1) + L) X, () = B,
where .
Xj(t) = [Xo(t)a e 7xj(t)]T € R(J+1)X37
Hn1 (t) = [hﬂ(t)v e ’hnl (t)]T € R(n1+1)><37
B =[bg,---,by,,]" c R(n+1)x3
3 no,n 4 ni,n
M'I(ZO) = (mij)i]péoo ) M7(z1) = (mz’j)ijlz’ol )
(3) _ ("™ @) _ ("
Lni' = (lij )z‘j:O ’ L = (lij )ij:O ’
and
mij :/ ¢ip; dA,
S
1 =2 /S (Vo;)TVe; dA,
4 1
1 =5 [[(v6)"v6. aa,
1
bi = /ncqﬁi ds. (157)
2)r
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Moving the known terms in (156) to the equation’s right-hand side, we obtain

(3) 0Xng (1) (3) _
{ Mno Tg + Lnl Hm (t) - 07 (158)

MV H, (8) + L) Xy () = BW,

Matrices M,(L? M,(ff) are symmetric and positive definite. It should be pointed out that the size of
the matrices in (155) are much larger than those in (158). But the right-handed side of (158) has
three columns.

Boundary Conditions In the boundary integrals (154) and (157), n. is the co-normal of the
surface, it is infeasible to compute these co-normals from the previous approximation, since they
do not satisfy the given boundary condition. The right way is to replace n. with ngr). That is

b; = 1/ng%i ds.
2 Jr

A good point to note is that the integral above does not involve the length of the tangent vector.

Temporal Direction Discretization We consider only the temporal direction discretization
of SDF and WEF. The temporal direction discretization of QSDF is similar. Suppose we have
approximate solutions X,(jg) = Xp,(tx) and H,gf) = H,, (tx) at t = t;. We obtain approximate
solutions X,(L];H) and H,(l]fﬂ) at t =t = tg +7(*) using a semi-implicit Euler scheme. Specifically,
we use the following approximation

Xno(tk-‘rl) - Xno(tk) ~ 8‘Xvno

(k) ot

The matrices MM, M@ L1 and L® in (155) are computed using the surface data at t = .
This yields a linear system with X,(ZISH) and H,(llfﬂ) as unknowns:

MY T@LDT BTV (70 oy plh pib)
Ly M@ | (ESTY] B

Though the matrices M®) and M®) are symmetric and positive definite, the total matrix is
neither symmetric nor positive definite. However the coefficient matrix of this system is highly
sparse, hence a stable iterative method for its solution is desirable. We use Saad’s iterative method,
namely GMRES (see [199]), to solve our sparse linear system. The numerical tests show that this
iterative method works very well.

3.1.3 Implementation and Experimental Results

This section presents some of our experimental results including our results on approximation
errors, our results of smoothness at the surface boundaries as well as illustrative examples of
surface modeling.

Numerical Test of the Convergence Our numerical examples demonstrate that our GPDE
solution is convergent. To illustrate this goal, we select some surface models which are the exact
solution of certain GPDEs.

Taking N = m + 2, m = n, we compute the approximation errors of the evolved surface and
the exact solution for N = 8. For 7 = 0.001, Table 1 lists the maximal errors of the discretized
solutions and exact solution for ¢ = 0,1,--- ,10, where ¢ is the index of the forward steps in the
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temporal direction. Additionally, we compute the maximal errors of the steady state solutions of
the used geometric PDE and the exact solution for V = 3,4, - --. The computation results are given
in Table 2. The initial surfaces are constructed by averaging the linear interpolations in the u and
v directions. We do not use the Coons interpolation as suggested in section 3.1.2 to determine the
initial surfaces simply because the initial surfaces constructed are too accurate for these geometric
models. To show the strength of our approach, we rather choose a poor initial surfaces.

Example 3.4. Let S be a sphere. Then AH =0, H>— K = 0. Hence S is a steady state solution of
SDF and WF. We use six four-sided spline surface patches to approrimate the sphere and compute
the mazimal errors of our six GPDE surfaces and the exact sphere. The compution results are
listed in the second and third columns of Tables 1 and 2.

Example 3.5. Let S be a torus, which is formed by rotating a circle in the xy-plane with center
[0, R,0]T and radius r around the y-azis:

x(u,v) = [rsin(u), (R + rcos(u)) sin(v), (R + 7 cos(u)) cos(v)]T.

If R/r = /2, then S is a steady state solution of WF. The fourth column of Tables 1 and 2 gives
the maximal approximation errors.

Example 3.6. Let S be a cylinder. Then its mean curvature is a nonzero constant and its Gaussian
curvature is zero. Hence, S is a steady state solution of the SDF. The fifth column of Tables 1 and
2 gives the maximal approximation errors.

Example 3.7. Let S be a minimal surface defined by the following equation
x(u,v) = [u, h(u)cos(v), h(u)sin(v)]T, (159)

where
h(u) = acosh(u/a+b), a=15 b=0.

Since the mean curvature of this surface is zero (but the Gaussian curvature is nonzero), S is a
steady solution of SDF, QSDF and WF. The sizth, seventh and eighth columns of Tables 1 and 2
give the maximal approximation errors.

Table 1: The maximal errors of evolved spline surface for N = 8

i Sphere-SD | Sphere-WM | Torus-WM | Sylinder-SD | Minimal-SD | Minimal-WM | Miniml-QSD
0 | 0.063509 0.063509 0.120674 0.103557 0.058233 0.058233 0.058233
1 | 0.052931 0.052803 0.101407 0.088043 0.010384 0.010475 0.007606
2 | 0.034853 0.034703 0.069213 0.062165 0.003105 0.003170 0.001538
3 | 0.021780 0.021653 0.045283 0.041831 0.001989 0.002068 0.001182
4 | 0.013532 0.013439 0.029703 0.027913 0.001647 0.001736 0.001179
5 | 0.008420 0.008357 0.019641 0.018657 0.001486 0.001585 0.001156
6 | 0.005250 0.005208 0.013076 0.012501 0.001388 0.001492 0.001130
7 | 0.003279 0.003252 0.008752 0.008390 0.001318 0.001425 0.001105
8 | 0.002051 0.002035 0.005884 0.005634 0.001266 0.001375 0.001080
9 | 0.001286 0.001276 0.003974 0.003781 0.001226 0.001336 0.001055

From the numerical results in Table 1 we can see that the maximal errors are monotonically
decreasing as ¢ increases. This shows that the proposed method is effective and reliable. The results
in Table 2 further show that the approximation is very accurate.
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Table 2: Maximal asymptotic errors of spline surface

N Sphere-SD | Sphere-WM | Torus-WM | Sylinder-SD | Minimal-SD | Minimal-WM | Minimal-QSD
3 2.836e-04 2.852e-04 3.732e-03 5.906e-03 1.667e-03 1.734e-03 1.639e-03
4 3.173e-05 3.173e-05 7.197e-04 1.281e-03 1.363e-03 1.461e-03 1.566e-03
5 9.925e-05 1.037e-04 5.110e-04 5.854e-04 1.001e-03 1.141e-03 9.161e-04
6 3.524e-05 3.590e-05 2.076e-04 2.382e-04 1.360e-03 1.404e-03 8.859¢-04
7 5.992e-05 6.525e-05 4.993e-04 3.637e-04 1.200e-03 1.300e-03 1.017e-03
8 3.537e-05 3.446e-05 3.001e-04 3.630e-04 9.168e-04 1.006e-03 7.773e-04
9 4.983e-05 4.944e-05 3.417e-04 2.844e-04 1.110e-03 1.244e-03 1.033e-03
10 | 3.998e-05 3.991e-05 2.554e-04 2.590e-04 9.843e-04 1.033e-03 9.958e-04
11 | 7.603e-05 7.943e-05 2.147e-04 2.571e-04 1.133e-03 1.249e-03 8.425e-04
12 | 7.163e-05 7.213e-05 1.939e-04 2.438e-04 1.001e-03 1.094e-03 7.688e-04

Visualization of Smoothness of Test Examples To visually examine the constructed B-
spline surfaces satisfy the specified G' boundary condition, we present a few example figures. In
Figs 39-42, the first figures show the boundary curves and the outer surfaces. The aim of showing
the outer surfaces is to present normal or tangent information. The second figures show the outer
surfaces and the constructed initial surfaces. As in section 3.1.3, the initial surfaces are constructed
by averaging the linear interpolations in the u and v directions. The third figures give the the outer
surfaces and the GPDE B-spline surfaces with NV = 8.

The given boundary curves and and outward tangents are computed from the exact surfaces to
be approximated. In Fig 39, the exact surface to be approximated is a minimal surface defined by
(159), the constructed B-spline surface is on the domain {[z,y]” € R? : z € [0,1], y € [0,1]}.

Figure 39: The first figure shows the inut boundary curves and the out-side surfaces. The second figure shows the
outer surfaces and constructed initial surfaces. The third figure gives the the outer surfaces and GPDE spline surface
using QSDF.

In Fig 40, the given surface to be approximated is a cylinder defined by

1
( —§>2+22=

1
5
The constructed B-spline surface is corresponding to the domain {[z,y]T € R? : x € [0,1], y €

[0,1]}.

Figure 40: The first figure shows the inut boundary curves and the out-side surfaces. The second figure shows the
outer surfaces and constructed initial surfaces. The third figure gives the the outer surfaces and GPDE spline surface
using QSDF.

In Fig 41, the given surface is defined by

1.25 + cos(5.4v) 7"
6+ 6(3u — 1)2

x(u,v) = |u, v,
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The constructed B-spline surface is corresponding to the domain {[u,v]? € R? : v € [0,1], v €

[0,1]}.

Figure 41: The first figure shows the inut boundary curves and the out-side surfaces. The second figure shows the
outer surfaces and constructed initial surfaces. The third figure gives the the outer surfaces and GPDE spline surface
using QSDF.

In Fig 42, the given surface to be approximated is

x(u,v) = [u, v, e_%[(u_0~5)2+(v—0.5)2]}T

The constructed surface is corresponding to the domain {[u,v]’ € R? : u € [0,1], v € [0,1]}.
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Figure 42: The first figure shows the inut boundary curves and the out-side surfaces. The second figure shows the
outer surfaces and constructed initial surfaces. The third figure gives the the outer surfaces and GPDE spline surface
using QSDF.

The surface meshes in these figures are generated by sampling uniformly the corresponding
surfaces on the domain [—2h,1 + 2h] x [—2h,1 + 2h], where h is taken as g;. When [z,y]T €
[0,1] x [0, 1], we sample on the constructed surfaces. If [z, y]T ¢ [0,1] x [0, 1], we sample the given
exact surfaces. The aim of such a sampling strategy is to show how smooth the outer surfaces join
with the inner surfaces at the boundaries.

The last figures in Figs 39-42 clearly show that the constructed surfaces join the outer surfaces
very smoothly. Hence G condition is well satisfied.

3.1.4 Derivation of Variational Forms

Now we derive the variational form formulation for the equations (144). Let H'(S) be the Sobolev
space on the surface S, H{(S) a subspace of H(S) consisting of the functions with compact
support. Using Green’s formulas, the systems (144) and (145) can be rewritten as weak forms. Let
y=H, and ¢ € H}(S) be a test function. Then we have

/ ngAydA =— / [V(ng)|*Vy dA + / n¢(Vy)'n.ds
S S oS

=— / [¢VnVy +n(Ve)TVy] dA
S
@)

—

o

g [¢ ©xVy —n(Ve)TVy| dA

[0 @y —n(Ve)'Vy]da, (160)

Il
o

S
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where the validity of (a) is owing to the equality
Vn + ox = 0.

Let
y = ny = H(x),

Then it is easy to derive that
Vy = (Vy)n, oy=(oy)n.

Substituting this into (160), we have
/ npAydA = / oy - n(VqS)TVy] ndA.
S S

On the other hand, for ¢ € H'(S), using Green’s formula, we have

/SHzpdA:%/SAxwdA

1 1
= —5 /S(VX)TV"(/) dA + 5 /88(VX)THC¢ ds

1 T 1
- _5/8(%() Vi dA + /Sncd) ds.

2 /s
Therefore, the mixed variational form of (144) is (147).
The derivation of the mixed variational form for (145) and (146) are similar. We omit the
details.

3.2 Discrete Surface Modeling Using PDEs

We use various nonlinear partial differential equations to efficiently solve several surface modelling
problems, including surface blending, N-sided hole filling and free-form surface fitting. The non-
linear equations used include two second order flows, two fourth order flows and two sixth order
flows. These nonlinear equations are discretized based on discrete differential geometry operators.
The proposed approach is simple, efficient and gives very desirable results, for a range of surface
models, possibly having sharp creases and corners.

Figure 43: (a) shows a head mesh with a hole around the nose. (b) shows an initial filler construction of the
nose with a piece of minimal surface. (c) the filler surface, after 30 iteration, generated using fourth order
flow (k = 2 in (169)) with time step size 0.0002. (d) the filler surface, after 20 iteration, generated using
sixth order flow (k=3 in (169)) with time step size 0.00002.
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Introduction We use various partial differential equations (PDE) to solve several surface mod-
elling problems. The PDEs we use include the mean curvature flow, the averaged mean curvature
flow, two fourth order (surface diffusion flow and quasi surface diffusion flow) and even higher order
flows. All these equations are nonlinear and the geometry is intrinsic, i.e., the PDEs do not depend
upon any particular parameterization. The problems we solve include surface blending, N-sided
hole filling and free-form surface fitting with high order boundary continuity.

For the problems of surface blending and N-sided hole filling, we are given triangular surface
meshes of the surrounding area. Triangular surface patches need to be constructed to fill the
openings enclosed by the surrounding surface mesh and interpolate the hole boundary with some
specified order of continuity. For the free-form surface fitting problem, we are possibly given a
set of points, or a wire frame of curves that defines an outline of the desired shape, or even some
surface patches. We construct a surface which interpolates the points or curves or the boundaries
of the patches with specified order of continuity. The free-form surface fitting problem is the most
general, including the surface blending and N-sided hole filling problems, as its special cases.

Our twofold strategy for solving these problems is as follows: First we construct an initial
triangular surface mesh (“filler”) using any of a number of automatic or semi-automatic free-form
modelling techniques One may also interactively edit this “filler” to meet the weak assumptions
for an initial solution shape. This “filler” may be bumpy or noisy, and in general this “filler” does
not satisfy the smoothness boundary conditions, though it may roughly characterize the shape
of the surface to be constructed. Second we deform the initial mesh by solving a suitable flow
PDE. Unlike most of the previous free-form modelling techniques, our approach solves high-order
boundary continuity constraints without any prior estimation of normals or derivative jets along
the boundary. The solution of the PDE is time dependent. We consider two possibilities for the
time span of the evolution. One is a short time evolution, where we require the solution to respect
to the initial shape or geometry (see Fig. 49). The other is a long time evolution, where the
initial filler provides a topological structure, and what we look for is a stable solution state of the
flow (see Fig. 43 and Fig. 46 ). We focus our attention on these twofold solutions of PDEs with
boundary continuity constraints, rather than the construction of initial filler mesh. In section 3.2.4,
we present automatic approaches for constructing the initial filler mesh, and our preferred choice.

Main Results. We use second order flows (mean curvature flow and averaged mean curvature
flow) for GO continuity, fourth order flows for G! continuity and sixth order flows for G? continuity
in each of several surface modelling problems. The proposed approach is simple and easy to
implement. It is general, solves several surface modelling problems in the same manner, and gives
very desirable results for a range of complicated free-form surface models, possibly having sharp
features and corners. Furthermore, it avoids the estimation of normals or tangents or curvatures
on the boundaries.

Partial Differential Equation Models Let M be a smooth surface and p € M be the surface
point. The general form of the geometric flows we consider is in the following form (see [227])

op

ar V )t )

5 = V(1)
where V(p,t) € R3 represents a velocity field. We shall focus our attention on using two classes
velocity fields, one is curvature driven velocity field in the normal direction, the other is the higher
order Laplace-Beltrami operators acting on surface point p.

Geometric Partial Differential Equations We now describe several geometric PDE models
we use.

Let Mg be a compact closed immersed orientable surface in R3. A curvature driven geometric
evolution consists of finding a family {M(t) : ¢ > 0} of smooth closed immersed orientable surfaces

83



in R3 which evolve according to the flow equation

% N@WValkrkap). M) = My, (161)
Here p(t) is a surface point on M(t), Vi, (k1, k2, p) denotes the normal velocity of M(t), which
depends on the principal curvatures k1, k2 of M(t), N(p) stands for the unit normal of the surface
at p(t). We identify the surface point p and surface normal N (p) as 3 x 1 matrices (column vectors).
Hence, the arithmetic operations of these quantities are regarded matrix operations. The product
of a scalar ¢ € R and a matrix M is written as either aM or Ma.

Let A(t) denote the area of M(t), V(¢) denote the volume of the region enclosed by M(t). Then
it has been shown that (see [230], Theorem 4)

LA(t) :/ V.Hdo, 7dV(t) :/ V,do, (162)

where H = 1(ky + ko) is the mean curvature of M(t).

1. Mean Curvature Flow (see [98, 229])
Taking V;, = —H = —4(k1 + k2) in (161), we obtain the mean curvature flow PDE:

9p _

5 = NWHP), M) =M. (163)
It follows from (162) that
A _ H?do. (164)
dt M)

(164) implies that the mean curvature flow is area reducing.

2. Averaged Mean Curvature Flow (see [107, 134, 203])
In (161), if we take V,, = h(t) — H(t), where h(t) = fM(t) Hdo/ f/\/l(t) do, then we have the
averaged mean curvature flow PDE:

P~ NG - Hp)), M(0) = Mo (165)

The existence proof of the global solutions to this flow can be found in Huiskens’ paper [134]. It
follows from (162) that

dA) _ / (hH — H?)do = / [hH — H? — h(h — H)|do = / (h— H)?*do <0, (166)
dt cal M (t) M(t) M(t)

since obviously fM(t) h(h — H) = h(h fM(t) do — fM(t) Hdo) = 0. On the other hand, the second
equation of (162) implies that

vit) = h(t)/ da—/ Hdo = 0.
dt M(t) M(t)

Hence the averaged mean curvature flow is volume preserving and area shrinking. The area shrink-
ing stops if H = h.
3. Surface Diffusion Flow (see [205])

If we take V,, = AH, we get the so-called surface diffusion low PDE:

9p _

o = Np)AH(p),  M(0) = M, (167)
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where A := A is Laplace-Beltrami operator which acts on functions defined on surface M(t).
The existence and uniqueness of solutions for this flow is given in [106]. From (162) and Green’s
formula we have

jt / AHHdo = —/ |VH|*do <0,
d —V(t) = div(VH)d VHV
d

t M(t)

where V stands for the (tangential) gradient operator (see [96], pages 101-102) acting on differential
functions defined on the surface M. Hence, the surface diffusion flow is area shrinking, but volume
preserving. The area stops shrinking when the gradient of H is zero. That is, M is a surface with
constant mean curvature.

4. Higher order Geometric Flows

Op

o = COMINMATH(p),  M(0) = Mo. (168)
Using Green formula, we have
A*Hdo = AN H)do = / V(A*1TH)V(1)do = 0.
M(t) M(t) M

Hence, the flow (168) is volume preserving if £ > 1 from the second equation of (162).

Remark 2.1. We should note that the area/volume preserving/shrinking properties for the flows
mentioned above are valid for closed surfaces. In our application of these flows, these properties may
not be true since the surfaces always have fixed boundaries. For a open surface with fix boundary,
the volume V' (¢) could be defined as the directional volume between M (0) and M(t). It is easy to
see that the volume preserving property for the averaged mean curvature flow is still valid. But
for the higher order flow (168) (k > 1), this property is no longer valid, because a term related to
the boundary does not vanish when Green’s formula is used. For our modelling problems, volume
preservation is not a desirable property (see Fig. 43 and 46).

Remark 2.2. In [205], Schneider and Kobbelt use elliptic equation N (p)AH (p) = 0, while we use
several time dependent parabolic type equations. In our approach, we have a progressive process
starting from an initial value, so that a family of solutions is obtained. Such an approach is very
desirable if the initial value is an approximation of the required solution.

Quasi Geometric Partial Differential Equations Now we generalize the heat equation on a
surface to the following higher order flows:

dp
ot ==

Since Ap = —2H (z)N(p), it is easy to see that (169) is the mean curvature flow when k£ =1 (up
to a factor 2). But since (A*H)N # AF(HN) in general, (169) is different from the flow (168). To
distinguish the difference between (168) and (169), we call (169) as a quasi geometric PDE.

The experiments conducted show that flows (169) sometimes behave better than the geometric
flows mentioned above for our geometry modelling problems. However, the theoretical analysis on
the existence and stability of their solutions is currently unavailable.

DEHARD M(0) = My, k> 0. (169)
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Figure 44: Left: The definition of the angles c;; and §;;. Right: The definition of the area Aas(p;).

Solution of the PDEs There are basically two classes of approaches for solving a PDE on
any domain. One approach is based on finite divided differences, the other is based on finite
elements . The approach we adopt is based on finite divided differences. Since we are dealing with
differential equations over 2-manifolds in R?, the classical finite divided differences will be replaced
by discretized differential geometric operators over surfaces. Section 3.2.1 deals with discretized
geometric differential operators. Next in Section 3.2.2 we detail how the boundary conditions are
respected. Discretizations of the PDEs in the spatial direction are described in section 3.2.3 and
3.2.4. Semi-implicit discretization in the time domain is considered in section 3.2.4. Other issues,
such as mesh regularization and initial mesh construction, are addressed in section 3.2.5.

Discretized Laplace-Beltrami Operator One of the fundamental problems in solving our
PDEs is the discretization of the Laplace-Beltrami operator. On a triangular surface mesh, sev-
eral discretized approximations of the operator have been proposed. We adopt the discretization
developed by Meyer et al in [162]. A comparative research about the various discretized Laplace-
Beltrami operators is conducted in [237]. It has been shown that the scheme of Meyer et al’s is
better for discretizing our PDEs. Let f be a smooth function on a surface, then A f is approximated
over a triangular mesh M by

1 cot avj; + cot B;;
A (pi) <~ 2

Af(pi)~ [f(ps) = F(pi)l, (170)

where N (i) is the index set of 1-ring of neighbor vertices of vertex p;, a;; and (;; are the triangle
angles shown in Fig 44 (Left). Aps(p;) is the area for vertex p; as shown in Fig 44 (Right),
where g; is the circumcenter point for the triangle [p;_1p;p;] if the triangle is non-obtuse. If the
triangle is obtuse, g; is chosen to be the midpoint of the edge opposite to the obtuse angle. Since
Ap = —2H (p)N(p) (see [230], page 151), we have

1 cot o + cot By
(Ap)p=p, = —2H (pi)N (pi) = =) ’ (pj — pi)- (171)
Anlpi) (5570 2

This gives an approximation of the mean curvature normal (see [162]). The higher order Laplace-
Beltrami operators are discretized recursively as
1 cot avj; + cot B;;

AM(pi)jE]\h(i) 2

A* f(pi) = A ) (i) = (AR () = AP F ()] (172)

with AYf(p;) = f(p:;). Note that AFf(p;) involves function values on a k-ring of neighboring
vertices of p;.
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Handling of Boundary Conditions 1). Natural Boundary Conditions for Blending
and Hole Filling

hole hole
hole

"outer" mesh "outer" mesh

n mesh

Figure 45: Left: The involved vertices of the“outer” mesh for a G° boundary condition. The “outer” mesh
is just the boundary of the hole. Middle: The involved vertices of the “outer” mesh for a G' boundary
condition. Right: The involved vertices of the “outer” mesh for a G? boundary condition.

By the natural boundary conditions, we mean that no continuity conditions are specified at the
boundary points, but the continuity is implied by the “outer” mesh incident to the boundary of the
hole (see Fig 45). Such a treatment for boundary condition is suitable for both the blending problem
and the N-sided hole filling problem, since the “outer” mesh always exists in such problems.

Let g; be the order of continuity at a boundary point p;, ¢ = max g;. Then we can use the order
2¢ flow % = (=1)9TLAYH (p) N (p) for constructing the triangular surface patch with G% continuity
at the boundary vertex p;. A9H is discretized recursively: AYH = A(AY"'H). At a boundary

vertex p;, A¥H (pi) is evaluated according to the following rule:

Evaluation Rule at Boundary. AFH(p;) is evaluated recursively by formulas 175 and 176 if
k < g;, otherwise A*H(p;) is set to zero and the recursion stops.

Note that even for an inner vertex p;, the recursive definition may make AFH (pj) involve the
evaluation of a lower order Laplace-Beltrami operator on the boundary. In general, the recursive
evaluation of A¥H(p;) at p; (for either p; being an inner or an outer vertex) involves k + 1-
ring neighbor vertices of p;. Some of them may be inner vertices, and the remaining are outer
vertices. The inner vertices are treated as unknowns in the discretized equations and the outers
are incorporated into the right-hand side.

2). Natural Boundary Conditions for Free-Form Surface Filling

In the free-form surface filling problem, we are given a wireframe of curves (edges) and we wish
to flesh the wireframe with surface patches that contain the curves as boundary with pre-specified
order of continuity. At each of the intersection points of the patches, an order of continuity is pre-
specified and the evaluation rule mentioned above is applied. For each inner point, a discretized
linear equation is generated using the operator discretization (176). These linear equations for
different patches are collected together and solved simultaneously. Note that one linear equation
may involve inner vertices of several patches. However, if the continuity order at each boundary
point is zero, any equation corresponding to an inner vertex does not involve inner vertices of other
patches.

Remark 3.1. Schneider and Kobbelt in [205] use Moreton and Sequin’s least square fitting of
the second fundamental form relative to a local parameterization to estimate the required data
on the boundary. These estimations of the boundary derivative data are based on incomplete
information. Hence, the estimated data maybe not reliable. Our approach is based on the identity
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Amp = —2H(p)N(p). Hence, we do not need to estimate boundary derivative data, such as
normals, tangents or curvatures. Furthermore, the boundary conditions are treated in the same
way for equations with different orders.

Spatial Discretization of Quasi Geometric Flows Let us consider first the discretization of
(169) in the spatial direction for k = 1,2,3. Let P = [p1,--- ,pm|t € R™3, AP = [Apy, -+, App)T €
R™*3 where pi,--- ,pm are all the unknown vertices to be determined in each of our modelling
problems. Then (171) could be written in matrix form:

AP = —(DW)P + BW, (173)

where D = diag[QA%pl) N 2A(1pm)] is a diagonal matrix, W = {w;; }{";_; with

ZkeNl(i) cot Qi + cot ﬁik‘a 1= ja
wij = § —(cot a;; + cot Bij), i#3j, i€ Ni(j), j€ N(i),
0, otherwise.

Furthermore, W is a sparse, symmetric and positive definite matrix (see [205]). The constant term
B € R™*3 is obtained from the boundary conditions. It follows from (173) that

A%P = (DWDW)P + B®, (174)

where B®) ¢ R™*3 ig obtained from the boundary conditions. Again, WDW is a sparse, symmetric
and positive definite matrix. In general,

AFP = (=D DW)kP + BW),

and the matrix for D_l(DW)k is also sparse, symmetric and positive definite.

Spatial Direction Discretization of Geometric Flows Let

Z cot a;+cot Bk i= i
kEN1(i) — 2An(p) =7

_ t o j+cot G;5 . . . . . .
wij = - i#j, i€ N(h), je M),

0, otherwise,
and N (i) = Ni(i) U{i}. Then we have
N( pz ~ S Z WijPj- (175)
]GN

The higher order Laplace-Beltrami operators acting on H are discretized recursively as

AYH(p;) = A(A H) (pi) = ZWMAk "H (p;) (176)
JEN(3)
with ]
A H(pi) = H(pi) ~ 3 Z wiiN(pi)" ;. (177)
JEN(i)

Note that A*H (p;) involves values of the mean curvature on a k-ring of neighboring vertices of p;.
Using (175)—(177) and the evaluation rule at the boundary, we can write N (p;)A*H (p;) as the
following form:

N(p)A*H(py) ~ (- Zw” p; + (k) e R3*3, Bfk) € R3,
Jj€Jo
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where Jy is the index set of the (unknown) vertices to be determined, BZ»(k) comes from boundary
condition. To be more specific, let J denote the index set of the mesh M, J. be the union of Jy
and the index set of the boundary vertices where C* condition is specified. Then

1 1
N(pi)H(pi) ~ 5 Z wijhj = 5 > wiihj + 5 > wip;
2 NG JEN()NJo FENHN{I\Jo}
= Z Wl'j pj +BZ'( )7 (178)

j€Jo

where wfj) QWUI?, for j € N(i) N Jo, wg-)) = 0 otherwise, Bi(o) = %ZjEN(i)ﬂ{J\Jo} wijpj. Similarly,

N(pi)AH(p;) = —N(pi) Z wijH(p;j) = —N(pi) Z wij H (pj)

FEN() FEN(D)NJy
= —N(p) Y wiNp) N(p)H(p))
JEN@E)NJ,
N — Z wi; N me pk—l—B)
JEN(i )mJl ke Jo

Jj€Jo

%

N(pi)A’H(p;) ~ —N(pi) Z wijAH (p;) = —N(p;) Z wijAH (p;)

JEN() JEN(i)NJ2

N(pi) Z Wij Z wirH (pr)

JEN(@HNTy  keN(G)NI1

> > wijwieN(p)N Z my) i + By

]GN QJQ kEN( )ﬁ.h leJy

=2 le i + (180)

Jj€Jo

Q

&

(178)—(180) are used to discretize the right-handed side of (168) for k = 0, 1,2. The discretization
of N(p;)A*H (p;) for k > 2 is recursively calculated using (176) and boundary conditions.

Time Discretization Given an approximate solution {pz(n i, of the order 2k PDE at t,, for

n+1)} for the next tlme step

all the inner vertices, we construct an approximate solution {p;
thel =1tn + 7(™) by using a semi-implicit Euler scheme. That is, we replace the derlvatlve Wlth
[p(tns1) — p(tn)]/7™, and the quantities w;; in (173), w;; and N(p;) in (175)-(177), h(t) in (165)
are computed using the previous result at ¢,,. Normals N(p;) are computed from Loop’s subdivision

surface (see [41] for detail). Such a treatment yields a linear system of equations with the inner

vertices as unknowns. Let P("+1) = [(p&nﬂ))T, e ,(pgfﬂ))T]T € R3". The linear system for the
geometric flows can be written as the matrix form
[+ rMWEPEH) — g0 ) — (B BE) ¢ g, (181)

The matrix W) ¢ R3m*37 ig highly sparse, hence an iterative method for solving such a linear
system is desirable. We use Saad’s iterative method [199], named GMRES, to solve the system.
The experiment shows that this iterative method works very well.
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Let P("+1) = [pﬁ"“), e ,p%LJrl)}T € R™*3, The linear system for the flows (169) can be written
as the matrix form

[I + 7™ (Dw)klpinth) — g o k) p(ntl) — p=1g#) (182)

where B®) ¢ R™3 Wk = D=1 4 +(MW(DW)F € R™*™ is a highly sparse, symmetric and
positive definite matrix, and hence we use a conjugate gradient iterative method with diagonal
preconditioning to solve the system.

Note that for the same size problem, the size of coefficient matrix in (181) is three times larger
than that of coefficient matrix in (182). Furthermore, the matrix W®*) in (182) is symmetric and
positive definite. The matrix in (181) is not. We also note that the discretization of (169) does not
involve the computation of the surface normals.

Remark 3.2. It is well known that the condition of the linear system arising from the proposed
semi-implicit discretization behaves like O(1 + 7(h=2F) where h is the minimal edge length of
the mesh. Hence, if the mesh to be evolved is very irregular, the resulting system will be ill-
conditioned. In such a case, a small time step size is required to make an iterative solver converge.
Such a problem is relieved by the mesh regularization treatment (see section 3.6). On the other
hand, more advanced iterative method, such as multi-grid techniques based on a hierarchical mesh
representation (see [146]) or algebraic multi-grid techniques, could be used to accelerate the iteration
process. In the current implementation, these techniques are not incorporated.

Upper-bound of time step. It is known that several surface evolutions (e.g. the mean curva-
ture flow (see [98, 229]) and the surface diffusion flow (see [46])) may develop singularities. For
our geometric modelling problems, suppose we have a topologically correct initial surface mesh
construction and we look for solutions that have the same topology as the initial mesh. Hence,
we require that our solution is within the time period in that no singularity occurs. Therefore,

we shall determine the time step 7™ so that t,, should not go beyond the time moment when the
(n)

singularity occurs. Let L(pgn), M(ty)) be the spatial discretization of V(p,t) at vertex p; ’ over the
mesh M (t,). Then from the approximate equality
+1
ot = o™ = T OILG, M ()]
and the requirement
(1) _ g L ) ) 183
llp; Pl =35 join 2y —p;" |l (183)

we determine an upper-bound for 7() as follows

in. ™ ()
7—(”) < B, := 1 mln MmN e Ny (4) ||pj b; || ‘
2usism | L™, M)

Requirement (183) guarantees that no vertex-collision happens. When the singularity is nearly to
occur, the upper-bound B,, will approach to zero. Hence the evolution cannot move beyond the
singular point for time.

Remark 3.3. When the singularity is nearly to occur, the upper-bound B,, will approach to zero.
This will be a very low efficiency process. So a threshold value ¢y should be put on the minimal
B,,. If the determined B,, is smaller than the threshold value, we terminate the evolution process
(see (186)—(187)).

Other Important Issues 1. Mesh Regularization

The surface motion by the geometric PDEs described in section 3.2 may cause a very irregular
(nonuniform) distribution of the mesh vertices. Hence, introducing a regularization mechanism in
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the evolution process is necessary. Since the tangential displacement does not influence the geometry
of the deformation, just its parameterization (see [105]), we also add a tangential displacement to
the motion. Hence, the general form of our geometric evolution problem could be written as

0
5 = V.0 +V@TE). MO) = M, (184)
where T'(p) is a tangent direction at the surface point p, Vi(p) is the tangential velocity. In the

process of numerical solution of equation (184), V;(p)T'(p) is chosen as

Uo(p™) — (Uo(p™), N®{™)) N(p{™) (185)
where Uy (pgn)) = m 2 jeNt (i) (pg-n) - pgn)), N is the surface normal computed from the limit
surface of Loop’s subdivision. This discretization of V;(p)T'(p) is very similar to the one given by
Ohtake et al. [178], which is Z/Io(p(n)) - <U0(p(n)),N(p("))> Z/[o(p(n)). The difference is that our

displacement is in the tangent plane. In (185), Uy (pgn)) could be replaced by L{g(pgnH)) to use as

many of the new values as possible, and still yield a linear system. However, such a treatment
destroys the symmetric property of the coefficient matrix. The tangential motion (185) is also used
by Wood et al [233] and Ohtake et al [179)].

2). Stopping Criteria
We need to determine the minimal iteration number n, so that the evolution procedure stops
at t = t,. The following two criteria are used

|M(t,) — M(0)|| > e1 or B, < e (186)
[ M (tns1) — M(t)] /7™ < ea or B, < e (187)

where ¢; are given control constants, B, is the determined upper-bound for 7(™. Criterion (186)
is for short time evolution, where we require M (n7() near M (0). Criterion (187) is for long time
evolution, where we are looking for a stable status of the solution. Condition B,, < ¢ is imposed
for avoiding dead-loop around the singular point of time.

3). Construction of Initial Surface Mesh

To provide an initial solution to the geometric evolution problem, we need to construct an initial
triangular surface mesh (“filler”) for each opening using any of a number of automatic or semi-
automatic free-form surface construction techniques. One can also interactively edit this “filler” to
meet the weak assumptions for an initial solution shape.

Since the opening to be filled could be topologically complicated, we solve the problem in
two steps. In the first step we fit each opening by an implicit algebraic surface or spline which
interpolates or approximates the boundary data. The approach we used is the one developed by
Bajaj et al [27, 29, 39]. In this approach, the data to be interpolated or approximated could be
points or curves (even with normals). For ours, the boundary data are always points. Of course,
this approach may not guarantee to produce topologically correct surfaces. If this happens, we
break the opening into several parts by inserting a few curves (polygons) and then repeat the
surface fitting for each part until we achieve a reasonable shape for the “filler”.

After the algebraic surface is obtained, a triangulation step is employed. Since this triangulation
should be consistent with the boundary polygon of the opening, we adopted the expansion technique
developed in [39]. Using this approach, we triangulate the surfaces starting from the boundary of
the opening.

Remark 3.4. Comparing with finite element approach, the finite difference approach described
above is easy to implement and it treats the equations with different orders in a uniform fashion.
In the finite element approach, one has to make efforts to derive a variational form for each of the
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PDEs. For higher order flows, hybrid method is used in general, such an approach will introduce
much more unknowns, and therefore the resulted linear system is much larger. For example, in
order to use finite element method (linear element) for the surface diffusion flow, Bénsch et al [46]
split the PDE into a system of four equations.

Comparative Examples In this section, we give several examples to show how the PDEs are
used to solve different problems in a uniform fashion. We also compare the effects of flows (168)
and (169). All the figures produced by the fourth and sixth flows are generated using (169), except
for the figures of the second row of Fig. 46 and third row of Fig. 48. These figures are produced
using the flow (168). When we compare the effects of (168) and (169), we use the same number of
iterations but double time step size for (168) because the factor 2 in the relation Ap = —2HN.

1). Comparison of the Flows

Figure 46: The first and second row show the results of (169) and (168), respectively. (a) (same as (g)) The input
semi-sphere (left part) with an initial planar triangulation of the disk opening. The mean curvature flow does not
change the disk (initial mesh). (b) The result of fourth order flow after 10 iteration with 7™ = 0.1. (c) The result of
the sixth order flow after 10 iteration with 7™ = 0.01. (d), (e) and (f) show three intermediate results of the sixth
order flow with 70 = 0.001, and 1, 6 and 10 iterations, respectively. (h) The result of the surface diffusion flow after
10 iteration with 7™ = 0.2. (i) The result of the sixth order flow (168) after 10 iteration with 7™ = 0.02. (j), (k)
and (1) show three intermediate results of the sixth order flow (168) with 7(™ = 0.002, and 1, 6 and 10 iterations,

respectively.

The first three figures of the first row of Fig. 46 show the long time evolution solutions of the
mean curvature flow, the fourth order flow, and the sixth order flow (169) for the input semi-sphere
with an initial construction of the opening, a triangulated disk. The mean curvature flow does
not change the disk. Figures (b) and (c) are the results after 10 iterations with 7(®) = 0.1 and
(™ = 0.001, respectively. Further iterations do not have a significant change on the shape of the
solution surface. The fourth and sixth order flows yield convex surfaces and the smoothness is
clearly observed. Also notice that the sixth order flow recovers the sphere accurately. The last
three figures show three intermediate results of the sixth order flow. The second and third figures
of the second row of Fig. 46 show the evolution solutions of the surface diffusion flow and sixth
order flows (168) for the input semi-sphere with an initial construction of the opening. Figure (h)
and (i) are produced using the same number of iterations as (b) and (c), respectively, and double
time step sizes. Again, the last three figures show three intermediate results of the sixth order flow.
Comparing with the figures of the first row, the geometric flows change the surface shape in a much
slower rate.

Remark 4.1. We have pointed that the geometric flows (168) have volume preserving properties
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for a closed surface. However, for an open surface with fixed boundary, the volume preserving
properties are not guaranteed. Figures (h) and (i) show that the volume preserving property is not
valid.

(a) The input four circles (c) Left: AM ; Right Al (e) Left:A3; Right: A2

(b) Initial Construction (d) MC plot of (¢) (f) MC plot of (e) ‘ (h) MC plot of (g)

Figure 47: Comparison of different flows. A* represents 2k order flow (169) is used. AM denote the averaged mean
curvature flow. The time step sizes for the second, fourth and sixth order flows are chosen to be 0.1, 0.0025, and
0.0000625, respectively. Figures (c), (e), (g) are the faired interpolating surface meshes after 6 iterations, where the
continuities at the boundary curves are set to 0, 2 and 0, respectively. Figures (d), (f), (h) are the mean curvature

(MC) plots of figures (c), (e), (g), respectively.

Fig. 47 shows the combined use of different flows. The aim of this toy example is to illustrate the
difference of these flows, especially the continuity on the patch boundaries. Figure (a) shows four
circles to be interpolated. T'wo of the circles are in the xz-plane, the other two are in the yz-plane.
(b) shows an initial GV surface mesh constructed using [27] with some additional noise added. (c),
(e) and (g) are the faired interpolating surfaces after 6 iterations using different combinations of the
flows. The time step sizes for the second, fourth and sixth order flows are chosen to be 0.1, 0.0025,
and 0.0000625, respectively. Since the higher order flows evolve faster than the lower order flows,
we use smaller time step sizes for higher order flows to obtain nearly the same surface evolution
speed. Each of the meshes consists of four surface patches. The left two patches are in the regions
R :={(z,y,2) : 2 <0,y >0} and R~ := {(,9,2) : * <0,y < 0}, respectively, and generated
by one type of flow. The right two patches are in the regions R := {(x,y,2) : x > 0,y > 0} and
R = {(x,y,2) : x > 0,y < 0}, respectively, and generated by a different flow. Figures (d), (f)
and (h) are the mean curvature plots of figures (c), (e) and (g), respectively. The mean curvature
at each vertex is computed by (171).

The aim of figure (c) is to show the difference between the mean curvature flow and the averaged
mean curvature flow, where the left part is generated by the averaged mean curvature flow and the
right part is produced by the mean curvature flow. The mean curvature flow shrinks the surface
very fast while the averaged mean curvature flow does not. Further evolution using the mean
curvature flow will yield a pinch-off of the surface. Therefore, if we model a surface patch using
second order flows with G° boundary condition, the averaged mean curvature flow is more desirable
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than the mean curvature flow.

The patches in R~F and R~ of figure (e) are produced by the sixth order flow (169) (with
k = 3), while the patches in R and RT~ are produced by the fourth order flow (169). As a whole,
the surface looks smooth, our curvature plot reveals the smoothness difference at the intersection
curves, the sixth order flow gives a smoother result than the fourth order flow.

Figure (g) is produced as (e), but the continuity order at the four circles are set to zero. Hence
GO continuity is achieved there.

2. Surface Blending

(d)

4 A\
(h)

(i)

()
Figure 48: (a) shows three cylinders to be blended. (b) shows the initial construction. (c), (e) and (g) are
the faired blending meshes generated using the flow (169) with k = 1,2, 3, respectively. These figures show
the results after 32, 32 and 60 iterations with time step sizes 0.01, 0.001, and 0.0001, respectively. (d), (f)
and (h) show the mean curvature plots correspondingly. (i) and (k) are the blending meshes generated using

the flow (168) with k& = 1,2, respectively. These figures show the results after 32 and 60 iterations with time
step sizes 0.002 and 0.0002, respectively. Figure (j) and (1) show the mean curvature plots of (i) and (k),
respectively

Given a collection surface mesh with boundaries, we construct a fair surface to blend the meshes
at the boundaries with specified geometric continuity. Fig 48 shows the case, where three cylinders
to be blended are given (figure (a)) with an initial GO construction (figure (b)) using [27] with
some additional noise added. The blending surfaces (c), (e) and (g) are the faired blending meshes
generated using the flow (169) with k = 1,2, 3, respectively. These figures show the results after
32, 32 and 60 iterations with time step sizes 0.01, 0.001, and 0.0001, respectively. Figure (d), (f)
and (h) show the mean curvature plots correspondingly. These figures clearly show the difference of
smoothness achieved at blending boundaries. The mean curvature flow gives G continuity results.
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(f)

Figure 49: Interpolating curves and patches: (a) shows some input curves with G° continuity requirement

and some bands of mesh with G' continuity requirement. (b) shows an initial construction of the surface
mesh. (c) is the faired surfaces, after 12 iterations, generated using the the flow (169) with k = 2. The time
step size is chosen to be 0.001. (d), (e¢) and (f) are the zoom in results of (a), (b) and (c), respectively.

The fourth order flow produces smooth surfaces at boundaries. The sixth order flow produces even
smoother surfaces as expected.

Fig (i) and (k) are the faired blending meshes generated using the flow (168) with k£ = 1,2,
respectively. These figures show the results after 32 and 60 iterations with time step sizes 0.002 and
0.0002, respectively. Figure (j) and (1) show the mean curvature plots of (i) and (k), respectively.
It should be noted that the flows (169) generate little fatter surface than the flows (168).

3. N-sided Hole Filling

Given a surface mesh with a hole, we construct a fair surface to fill the hole with specified
geometric continuity on the boundary. Fig 43 shows such an example, where a head mesh with a
hole in the nose subregion is given as input (figure (a)). An initial G reconstruction of the nose
is shown in (b) using [27] and then evolved with the mean curvature flow. The blending surfaces
(figures (c) and (d)) are generated using the flow (169) with & = 2 and 3, respectively. It should
be observed that the sixth order flow yields a better restoration surface. The head mesh with the
hole in the nose subregion is available from http://lsec.cc.ac.cn/~ xuguo/xuguo2.htm.

4. Free-Form Surface Construction

For the free-form surface fiffing problem, we are given some curves, or partial patches, or points
as input, and we wish to construct a fair surface mesh to interpolate this multi-dimensional data.
Fig. 49 shows the approach of free-form surface construction, where some input curves with G°
continuity requirement are given to preserve the sharp edges, and also given are some surface
bands with a G! continuity requirement (see (a)). Figure (b) shows an initial construction of the
GY surface mesh using the patch filling scheme [238] with added noise. (c) is the faired surfaces,
after 12 iterations, generated using the the flow (169) with k£ = 2. The time step size is chosen to
be 0.001. Figures (d), (e) and (f) are zoomed in views of (a), (b) and (c), respectively.

Fig. 50 shows the free-form fitting approach from an input triangular mesh, where (a) shows the
input surface triangular mesh with a G continuity requirement at the vertices (see (a)). Figure (b)
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Figure 50: Interpolating points: (a) shows some input points and their triangulation. (b) shows an initial
construction of the surface mesh. (c) and (d) are the faired surfaces, after 2 iterations with 7(" = 0.01,
using the mean curvature flow and the averaged mean curvature flow, respectively. (e) is faired surfaces,
after 2 iterations with 7(™ = 0.001, using the fourth order flow (169). (f) is the mean curvature plot of (e).

shows an initial construction of the surface mesh, where each input triangle is approximated with
16 sub-triangles. The newly introduced vertices are treated as unknowns and the input vertices
are fixed in the fairing process. Figures (c) and (d) are the faired meshes, after 2 iterations with
7™ = 0.01, generated using the mean curvature flow and the averaged mean curvature flow,
respectively. (e) is the faired mesh by fourth order flow, after 2 iterations with 7(™) = 0.001.
(f) is the mean curvature plot of (e). The area shrinking of the mean curvature flow makes the
input vertices to be interpolated become thorns (see (c)), while the area shrinking and the volume
preservation of the averaged mean curvature flow make some of input vertices become thorns and
some others become pits (see (d)). However, the fourth order flow does not suffer from this problem
(see (e)). The obtained surface interpolates the input points and exhibits G! smoothness everywhere
as well.

Conclusions We have presented a general scheme for using PDEs to solve several surface mod-
elling problems and with high order boundary continuity conditions. Our scheme has the following
features: It produces very fair and desirable solution surfaces. It is simple and easy to implement.
Specifically, it solves the free-form blending problem, the N-sided hole filling problem and free-
form surface fitting problem in a uniform fashion, and solves the high order boundary continuity
problem in an easy and natural way and avoids prior estimation of normals or derivative jets on
the boundaries. The implementation results show that our solution works well for a wide range of
surface models. Note that the C'' or higher order continuity interpolatory surface blending solution
produced by e.g. [27, 188] for complicated corners, or holes with many boundary curve segments,
are usually of very high algebraic degree and thereby prone to be with unsuitable for certain ap-
plications. The current solution of starting with G° low degree blends, coupled with higher order
flow evolution, yields in general a much better alternative for very smooth surface solutions.
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Both the geometric flows and quasi geometric flows yield smooth surfaces at the boundaries.
However, quasi geometric flows (169) have some attractive features, including ease of implementa-
tion, smaller and better behaved coefficient matrices and no requirement of derivatives (normal)
estimation.

4 Reconstruction of Point Clouds

4.1 Smooth Reconstruction from Scattered Data

The problem here is the reconstruction of surfaces and scalar fields defined over it (surface-on-
surface), from scattered trivariate data. The data points are assumed sampled from the surface
of a 3D object, and the sampling is assumed to be dense for unambiguous reconstruction. Laser
range scanners are able to produce a dense sampling, usually organized in a rectangular grid, of an
object surface. Some 3D scanners are also able to measure the RGB components of the object color
(i.e. three scalar fields) at each sampled point. When the object has a simple shape, this grid of
points can be a sufficient representation. However, multiple scans are needed for objects with more
complicated geometry, e.g. objects with holds, handles, pockets cannot be scanned in a single pass.
Other applications, for example recovering the shape of a bone from contour data extracted from a
CT scan, require reconstruction of a surface from data points organized in slices. The approach of
considering the input points as unorganized has the advantage of generating cross-derivatives by a
uniform treatment of all spatial directions.

Bajaj, Bernardini and Xu [15] reconstruct the sampled surface using A-patches. Their scheme
effectively utilizes an incremental Delaunay 3D triangulation for a more adaptive fit; the dual 3D
Voronoi diagram for efficient point location in signed distance computations and cubic implicit
surface patches. Furthermore, in the same time they also compute a C' smooth approximation
of the sampled surface-on-surface. Bajaj, Bernardini and Xu [14] have also developed a similar
method based on tensor-product Bernstein-Bézier patches.

A different, three-step solution is given by Hoppe et al.[129, 128, 132]. In the first phase, a
triangular mesh that approximates the data points is created. In a second phase, the mesh is
optimized with respect to the number of triangles and the distance from the data points. A third
step constructs a smooth surface from the mesh.

The problem of modeling and visualizing just surface-on-surface arises in several physical anal-
ysis application areas: characterizing the rain fall on the earth, the pressure on the wing of an
airplane and the temperature on the surface of a human body. A number of methods have been
developed for dealing with this problem.

Currently known approaches for approximating surface-on-surface data however possess restric-
tions either on the domain surfaces or the surface-on-surface. The domain surfaces are usually
assumed to be spherical, convex or genus zero. The surface-on-surface are not always polyno-
mial [50, 172], or rather higher order polynomial [196], or a large number of pieces [5] compared
to the approach of [15]. The method of [5] is a C* Clough-Tocher scheme that splits a tetrahedron
into 4 subtetrahedra, uses quintic polynomials and requires C? data on the vertices of each sub-
tetrahedron. Another Clough-Tocher scheme [235] requires only C' data at the vertices, for again
constructing a C'' function which is a cubic polynomial over each subtetrahedron, however splits
the original tetrahedron into 12 pieces. A C! scheme [196] that does not split each tetrahedron
uses degree 9 polynomials and requires C* data at the vertices. In extending the method of [196]
to a C? scheme, requires degree 17 polynomials and C® data at the vertices of each tetrahedron.
Compared to these approaches, the C' /C? construction of [38] has no splitting and uses much lower
degree polynomials (cubic/quintic) requiring only C'/C? data respectively, at the vertices of each
tetrahedron.
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Figure 51: Jet engine model and associated pressure (scalar) field defined on the surface and their
respective reconstruction from scattered point data (a) Input point data from the surface of the jet
engine cowlings (b) reconstructed model with cubic A-patches defined within a 3D triangulation (c)
reconstructed model with bicubic A-patches over a box decomposition (d) isocontours of a pressure
field displayed on the jet engine surface (e) reconstructed model of the pressure field defined on the
jet engine surface, using bicubic A-patches (f) pressure field with iso-contours displayed surrounding
the jet engine.

4.2 Volumetric Data Fitting

A-patches can be naturally used in the reconstruction of surfaces and volumetric scalar fields.

Bajaj, Bernardini and Xu [15] reconstruct laser scanned data (point-clouds) using A-patches.
Their scheme utilizes an incremental Delaunay 3D triangulation for a more adaptive fit; the dual
3D Voronoi diagram for efficient point location signed distance computations and cubic implicit
surface patches. Furthermore, at the same time they also compute a C'!' smooth approximation
of the sampled function-on-surface. Bajaj, Bernardini and Xu [14] have also developed a similar
method based on tensor-product Bernstein-Bézier patches.

Figure 52 shows several steps of the reconstruction process on one part of the engine. We used
the normal propagation method in this example to define an approximate signed distance function.
The 3780 data points for the outer cowl are preprocessed to associate local fitting planes and orient
the associated normals (Figure 52(a)). The approximation algorithm begins with a given grid (in
this case, a uniform subdivision into 5 x 5 x 5 equally-sized boxes) and then adaptively refines it
until the error bound conditions are met (the error in this example was set to 0.01 times the max
size of the object). The final subdivision is displayed in Figure 52(b). A Cl-smooth piecewise
polynomial surface is obtained, as shown in Figure 52(c). The full reconstructed engine is finally
shown in Figure 52(d).

In many important cases, a physical phenomenon is measured by sampling the value of a scalar
or vector field at points on the surface of some object. For example, one might have sampled the
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(a) (b) (©) (d

Figure 52: Reconstruction of a jet engine from manifold data: (a) Input points for the outer cowl,
with the oriented normals. (b) Octree subdivision generated by the approximation algorithm. (c)
Piecewise polynomial approximation. (d) Reconstructed engine.

temperature on the surface of a jet-engine, or the acceleration of a fluid flow on the wing of an
airplane. Other cases of interest are electroencephalogram data on the surface of the scalp, or the
amount of precipitation on the earth. We will consider the problem of reconstructing both the
surface of an object and a (possibly multivariate) field on it from scattered, dense data (what we
mean by dense will be more clearly stated later). We will assume that both the surface and the field
are continuous and have continuous first-order derivatives. Since data measurements are subject
to error, we will not try to exactly interpolate the data but rather approximate it within a given
tolerance. We will define a way to measure the error-of-fit for both the surface and the data later.
The problem may be formally stated as follows:

Definition 4.1. Given a set of dense scattered points P = {p;}\.; C R3 on an unknown manifold
M, and associated data values V = {v;}}.|, construct a smooth surface S : s(x,y, z) = 0, such that
S approximates P within a given error bound eg, and a smooth function F : f(x,y, z), such that F
approximates the data V associated with P within a given error bound €p.

The problem of reconstructing the approximation S to the unknown manifold M has attracted
the interest of many authors.

Most of the known methods use parametric or functional surface patches in either local inter-
polation or global interpolation. A few papers use implicit surface patches. We use a piecewise
implicitly defined tensor-product algebraic surface to approximate the unknown surface M.

The problem of interpolating data defined over a given manifold in R? is commonly referred to
as modeling 3D scattered manifold data or the surface-on-surface problem

Our method is based on constructing an approximation of the signed-distance function §(p, M)
defined in Section 6.2.2. A similar approach has been used in some of the papers cited above.
A novelty of the method proposed is in the adaptive approximation of § with tensor-product
Bernstein-Bézier polynomial patches, with the required continuity conditions. Compared to the
methods mentioned above, our approach has the advantage of using an octree-like cubic mesh for
any scattered data. This makes it easy to use, and adaptively capable of handling irregular data.
Moreover, it handles the problems of reconstructing the surface and r scalar fields on it with a
uniform approach. Once a piecewise Bernstein-Bézier polynomials representation of the surface
and the scalar fields has been constructed, the data can be easily visualized and interacted with.
Polygonal shading or ray tracing can be used to display the reconstructed surfaces. Isocontouring,
or the normal projection method can be used to display the fields over the surface. The weights
(coefficients) of the various patches can be interactively and locally modified.
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4.2.1 Outline of the algorithm

If M is a connected and orientable surface in R3, then it is possible to define (in all R?) a function
d(p), called signed-distance, by
d(p) := sign - dist(p, M)

where dist(p, M) denotes the Hausdorff distance from the point p to the surface M and the sign
is chosen so that d(p) is positive when p is on one side of M, and negative when p lies on the other
side. Then §(p) = 0 will recover the surface M.

When only discrete data on a surface is available, an approximate signed-distance can be defined
in some appropriate way (see e.g. [167, 130, 15]). Given the signed-distance function, one can
approximate it with a piecewise polynomial function s(x,y, z) (in a suitable domain containing P),
and then extract the zero-contour of s.

The algorithm proposed consists of the following phases:

1. Build an approximation of the signed-distance function. Preprocess the data so that,
for a given query point ¢, the (approximate) value of §(g, M) cam be computed. Notice that
this requires a topologically consistent reconstruction of the surface orientation at each point.
This step can be seen as transforming the problem from a surface-data reconstruction to a
volume-data approximation.

2. Approximate the signed-distance by a piecewise polynomial function. Build, in an
adaptive fashion, a piecewise polynomial, C''-smooth approximation s(z,y, z) of §(p, M). The
piecewise polynomial is built by least squares fitting of trivariate polynomials, in each cube
of an octree-like subdivision of a domain containing P, to the data points within the cube
and to additional samples of the signed-distance function § defined in phase 1 above. If the
error-of-fit in a cube of the subdivision exceeds the given bounds, then the cube is subdivided
into eight sub-cubes and the process is repeated in each sub-cube. The reconstructed domain
is implicitly defined as s(z,y, z) = 0.

3. Approximate the scalar field defined over M. Concurrently to the approximation of
the signed-distance function, a piecewise polynomial approximation of the scalar field can be
computed in a similar fashion by least squares fitting of the scalar field data in each cube in
the octree.

In the following sections we will detail the algorithm outlined above.

4.2.2 From surface data to volume data: the signed-distance function

Using the signed-distance function to reconstruct a surface from scattered data points has been
considered by several authors.

Moore and Warren [167] use a tetrahedral decomposition of the space, and reconstruct the
surface by implicit barycentric Bernstein-Bézier patches. The signed-distance function used is
sampled at data points (where it is obviously zero) and at auwxiliary points, chosen as the vertices
of a regular partitioning of each tetrahedron into sub-tetrahedra. If the sampling is dense enough,
then the sub-tetrahedra containing data points partition the tetrahedron into two components, so
that a sign can be associated with the distance at each vertex of the grid. This dense-sampling
assumption can be too restrictive in some practical cases.

Hoppe et al. [130] use a more global approach to correctly orient the approximated manifold.
First, for each data point p;, they compute a best fit plane, and the associated normal 7n;, based on k
neighboring points. Then they build the Riemannian Graph, RG(P) over P (two points p;, p; € P
are connected by an edge in RG(P) iff either p; is in the k-neighborhood of p; or p; is in the
k-neighborhood of p;). Each edge (i, j) is assigned the weight 1 — |, - 75|, and a minimum spanning
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tree is computed. They then orient the plane associated with the point with the largest z-value
so that its normal points toward the positive z-direction, and propagate this orientation to other
points traversing the minimum spanning tree. The traversing order implicit in the MST avoids, in
many examples illustrated in their paper, an incorrect orientation of parts of the manifold. Their
method continues with the construction of a regular subdivision of a parallelepiped containing the
data points into cubes. The value of § is computed at all vertices of the subdivision as the signed
distance of the vertex from the oriented plane associated with the closest point in P. An algorithm
similar to marching cubes is then used to construct a piecewise-linear approximation of the zero
contour of §. In two subsequent steps, described in [131, 127], the constructed mesh is optimized
(i.e., the number of triangles is reduced while the distance of the mesh from the data points is kept
small) and then a smooth surface is built on it. While this approach gives very convincing results,
and allows for smooth objects with sharp features to be correctly reconstructed, the computational
time required by the optimization and smoothing steps is significant.

Bajaj et al. [15] propose the use of a-shapes [100, 102] to build a piecewise-linear approximation
of the surface being reconstructed. The a-shape is a sub-complex of the Delaunay triangulation of
the set of points P. This approach has the advantage of being based on a well-founded mathematical
definition of the shape of a set of points. The piecewise-linear approximation is then used to compute
the value of the signed-distance function at any point. A piecewise polynomial approximation is
subsequently built on an adaptive Delaunay 3D triangulation of a domain containing P.

All the three schemes described above have advantages and disadvantages. In all three cases,
the method used to define an approximate signed-distance function can be used as the first step of
our algorithm. In our current implementation. we are using a propagation approach similar to that

of [130]:

Algorithm 4.2. 1. Local approximation. Let P be the given surface data, then for each
point p € P, construct a local linear approzimation l,(x,y,z) = ax + by + cz + d by least
squares fitting p and other k(> 2) nearest points of P. If the points used are collinear the
number of points used is increased.

2. Orienting normals. For each point p € P, construct a normal ny, from the local approxima-
tion ly(z,y,z) = 0. That is, sign- Vi,(p)/||Vi,(p)||. The direction ( the sign in the formula)
of the normal must be chosen so that all the normals point toward the same side of the surface.

In the following we assume that the surface data P is p-dense, that is any sphere with radius
p and center in M contains at least one point in P. Qur propagation algorithm starts with
assigning an orientation to the siz points having minimum or maximum x, y or z coordinate
(the normal at the point with mazx z coordinate clearly must point upward, etc). Points whose
associated normal has been oriented, but such that neighboring points might not have been
oriented are called boundary points and are kept in a list. A point p is extracted from the
list and all points contained in a ball centered in p and of radius p' (p' is a parameter to be
chosen a priori, depending on the density p of the data set) are oriented (if they had not been
oriented before) accordingly to the orientation of p (i.e., in such a way that the the scalar
product of the two normals is positive).

3. signed-distance function evaluation. The distance |6(p, M)| is computed by first finding
a point q € P that has minimal distance to p. Then |6(p, M)| is defined as the local minimal
distance from p to ly(x,y,2z) = 0 around q. If the query point is outside the sphere S(q,r),
with center q¢ and radius r, then use |0(p, M)| = ||p — q||. The radius r can be taken to be the
mazimal distance of the k points that defined ly from q. The sign of |6(p, M)| is taken to be
the sign of the inner product of ny and p — q.
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(a)

Figure 53: Reconstruction of a surface and an associated scalar field from scattered data: (a) Input
points. (b) Orientation of normals and octree subdivision. (c¢) Piecewise polynomial approximation.
(d) Reconstructed scalar field.

4.2.3 Piecewise polynomial approximation of signed-distance

In this section, we describe how to use piecewise polynomials to approximate the signed-distance
function. Let D = [ag, ag] X [B1, 2] X [71,72] be a parallelepiped containing the data set P. The
outline of the algorithm is as follows:

Algorithm 4.3. I Imitial Partition. Construct a partition of D. That is choose a;,bj,cy so

that
ap = ag < a1 < ... < ay = Q3
51 = bo < bl < ... < bb = ﬂg
T o= ¢ < c1 < ... < ¢y = Y2

and partition D by D = \JDjjr,  with Diji = [a;—1,a;] % [bj—1,b;] X [ck—1,ck] and i =
Lol j=1,. o k=1,....1s.

2 Local Fitting. For each element D;j;, that is within the distance p from P (if the cube
is away from P by a distance bigger than p, we regard this cube as containing no surface),
construct the (either tri-quadratic or tri-cubic) function w = s;ji(x,y, z) that fits the signed-
distance function §(p) at ps = (s, Ys, 2s) € Diji in the least squares sense. The points ps used
are the points in P N D;j, and, additionally, the vertices of a regular grid on the cube Djjy,
(the number of such points can be chosen depending on the number of data points available).
The auxiliary grid points in the least square fit help preventing the function s;ji from having
multiple sheets.

3 Adaptive Step. Compute the algebraic distances of the computed patch from the data points.
If the max distance is bigger than the given tolerance €, subdivide D;j;), into eight equally-sized
sub-cubes and return to Step 2. However, do not subdivide cubes whose side length is less
than 2p.

At the end of the iterative, adaptive fitting implemented by the steps outlined above, we have
computed local polynomial approximations to the signed-distance function. Obviously, there is
no guarantee that adjacent pieces join continuosly. Therefore we need an averaging phase (called
free-form blending in [167]) in which values and derivatives at vertices of the octree subdivision
are obtained evaluating the polynomials associated with incident cubes and taking their average
(possibly weighted to take into account the number of data points used in the fitting and the
goodness-of-fit achieved in each cube).

Notice that the adaptive refinement of the subdivision can be represented as an octree data
structure. In the following we will refer to the level of a cube with the following meaning: cubes at
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level 1 are those with the coarser subdivision. Cubes at level i + 1 have been obtained subdividing
a cube at a level 7 into eight sub-cubes.

Algorithm 4.4. 4 Extract Values. For each vertex of level 1 cubes in the final partition,
compute function values and the required derivative values (C° data, see Section 4.2.4) by
averaging the corresponding values of the neighboring cubes polynomials. Then compute a
new polynomial in each level 1 cube using the averaged data.

5 Recursive C! Interpolation. Compute a new polynomial at each level 2 cube interpolating
the C3 data at its vertices. For vertices lying inside the face of an adjacent level 1 cube, first
evaluate the polynomial in the adjacent cube to compute the C3 data. Continue in a similar
fashion with level i cubes, for i > 2, until all patches have been computed.

At the end of the top-down construction of interpolants, we have obtained a C'' smooth, piece-
wise trivariate polynomial, whose zero-contour approximates the points P.

Step 3 guarantees that the scheme is adaptive. The final partition produced by the algorithm
is in general not uniform. Hence two adjacent cubes may have different sizes. Two adjacent cubes
that share a part of the common face join in one of the following two fashions:

1. The two faces coincide completely.

2. One contains the other as a proper subset.

If the second case happens, then in Step 5 the interpolant for the larger cube will be computed
first, and then this interpolant will be used to compute the C® data at the remaining vertices of
the smaller cube. This guarantees the global C! continuity of the constructed function. We shall
detail the construction method for the interpolants in the following sections.

In Step 2, we use algebraic polynomials to fit the data. Since the least squares approximation
is not an exact fit, one might question if an approximate fit to the signed-distance could possibly
lead to a multi-sheeted surface. For this, a theorem like Theorem 1 in [167] for a tetrahedron can
be established for our cubic scheme:

Theorem 4.5. Let Pjj, = PN D;ji,. For a sufficiently small €, if there exists a plane w(z,y,2) =0
such that all points of P;ji lie within a distance € from the plane, then the zero contour of the local
fitting siji(x,y, z) is smooth, single sheeted in Djji, and lies within some distance, depending only
on € and the degree of sij, from the plane 7(x,y,z) = 0.

Another way of guaranteeing single-sheetedness is the following. In [186] is has been pointed
out that if all the weights increase or decrease monotonically along one of the coordinate directions,
then straight lines parallel to that direction intersect the surface patch at most once, i.e. the patch
is single-sheeted. We state another characterization in the following:

Lemma 4.6. If there exists an integer | (0 <1 < m) such that

1=0,1,..,01—1; 7=0,1,...,n; k=0,1,...,q (188)
i=1+1,....m; 7=0,1,...,n; k=0,1,...,q (189)

wijr <0,
wijr > 0,
and there is at least one strict inequality in each set of inequalities, then straight lines parallel to
the x-direction intersect the surface patch exactly once. Similar conclusions hold for the y and
z-direction intersections.

Proof. The Lemma can be easily proved using the variation-diminishing property of Bernstein-
Bézier polynomials. O
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Since the averaging in Step 4 will make the final approximation differ from the local approx-
imation of Step 2, one should note that this change may destroy the smooth and single sheeted
properties of the local approximation. To avoid this from happening, the averaged values should
have a small difference from the local values. If the data is dense and the partition is fine enough,
this will be guaranteed.

4.2.4 C' Interpolation of C? data by (3,3,3)- and (2,2, 2)-polynomials

By C? data of a function f at a point p, we mean that we are given values at p for
of of of  f *f > f

ox’ Oy’ 0z’ 0xdy Oxdz’ Oydz’ Oxdydz
This Section shows a way of constructing tri-cubic and tri-quadratic interpolants over a cube

with C? data on its vertices so that the composite function is C' continuous. The following Lemma
tells us how to compute the BB form coefficients around a vertex from the C3 data there.

Lemma 4.7. Let W(z,y,z) = >21%, D20 D oi_o wije B (u) B} (v)Bl(w), m >0, n >0, ¢ >0,
be a BB form polynomial on the cube D = [a1,as] X [b1,b2] X [c1, ca]. Then W interpolates the C3
data (190) at the vertex (ai,b1,c1) if and only if

f (190)

wooo = f (191)
ag — aq Of
_ or 192
w100 wooo + Ey (192)
wp1p = Wopo t+ bz — by gjyf (193)
Cy — C1 8f
_ of 194
w01 wooo + a2 (194)
as — ai)(by — by) 02
Wil = Woio + W00 — Wooo + (a2 —a)bz = by) O/ (195)
mn 0xdy
as — ai)(cy — ) 02
w101 = Woeol + W1i00 — Wooo + (a2 1)(e ) OF (196)
mq 0xdz
by — by)(co — 1) 0?2
wp11 = Wool + Wo10 — Wooo + (b (e ) O (197)
ng 0yoz
Wil = Wil + Wio1 — Woo1 + Wi10 — Wo10 — W100 + Wooo (198)
+(Obz —a1)(bg —by)(ca —c1) O3f
mng 0xdyoz

Stmilar conclusions hold for the other 7 vertices of the cube D.

Lemma 4.8. Let Wi and Wy be polynomials defined on equally sized cubes D1 and Do, adjacent
along the x-direction (see 84). Then if both Wy and Wy interpolate C® data at the four common
vertices of Dy, Do, four x-direction collinear conditions are satisfied at each of the common vertices.
Similar conclusions hold for y- or z-adjacent cubes.

Theorem 4.9. If Wy and Wy in Lemma above are tri-cubic, and if both W1 and Wy interpolate
C? data at the common four vertices of two adjacent cubes Dy and Do, then Wi and Wy are C!
continuous on the common face of D1 and Ds.

The last Theorem says that, if a volume consists of cubes, and if a BB polynomial on each cube
is constructed from C? data at the vertex by formulae (191)—(198), then the composite function
is C' continuous. The discussion above also shows that m = n = ¢ = 3 is the minimal degree
for forming C! piecewise functions, since there is no degree of freedom left. If a lower degree
polynomial is used or some degrees of freedom are required, one has to subdivide each cube into
smaller sub-cubes.
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(a) (b)
Figure 54: (a) Six collinear conditions. (b) Subdivision of a cube D into eight sub-cubes.

Tri-quadratic interpolation. C! interpolation of the C? data can also be achieved by a tri-
quadratic piecewise polynomial. However, this requires splitting each cube in eight sub-cubes to
create additional degrees of freedom in the choice of coefficients.

The first Lemma in the following says that the six C! conditions on a plane and around a vertex
are not independent.

Lemma 4.10. Let R = [ai,a3] X [b1,b3] be a rectangle in the plane (see Figure 54(a)), and

wi, ..., wg be values on the nine grid points. Then the siz collinear conditions
Wit1 — Wy Wit — Wy
Z+1 1 — 42 ’L+1’ ’L — 1’4’ 7 (199)
ao — a1 asz — ag
Wi+3 — W; Wi+6 — Wi+3 .
= , 1=1,2,3 200
ba — by bs — bo (200)

are satisfied if any five of them are satisfied.

The next Lemma guarantees that by subdivision, the tri-quadratic interpolants over the eight
sub-cubes exist uniquely and the composite function is C' continuous.

Lemma 4.11. Let D = [a1,a2] X [b1,ba] X [c1,c2] be a given cube. At each of its eight vertices
Py iyis, we are given C3 data. If we subdivide D into eight sub-cubes D iy, (see Figure 54(b)),
then there exists uniquely one piecewise function W on D such that

a. Wijiyis = Wip is a (2,2,2)-polynomial, that interpolates the set of C° data at Pj,jyis-

111213
b. W is C' continuous on D.

c. If W' is defined in the same way over an adjacent cube D', then W and W' are C' continuous
on the common face of D and D'.

4.3 Hierarchical Multiresolution Reconstruction of Shell Surfaces

Many human manufactured and naturally occurring objects have shell-like structures, that is, the
object bodies consist of surfaces with thickness. We call such surfaces shell surfaces. The problem
of constructing smooth approximations to shell surface objects arises in creating geometric models
such as airfoils, tin cans, shell canisters, engineering castings, sea shells, the earth’s outer crust,
and the human skin, to name just a few.
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In engineering, shell structures are often analyzed by finite element methods (see [54, 59, 76,
165, 221]). In these analyses, the shell is often assumed to be uniform in thickness for simplicity,
hence the output is often a triangulation that represents the mid-surface of the shell. More accurate
finite element analysis of shells uses volume elements, such as hexahedral (see [153]) or pentahedral
(see [221]).

In these cases, the output may be a matched triangulation pair. Reference [40] also presents

schemes for obtaining matched triangulation pairs for varied scattered and dense surface data
inputs. Our aim is to reconstruct smooth shells from matched triangulation pairs. However, we do
not assume that the shell is uniform in thickness; instead, we assume we are given two triangulations
that represent the boundaries of the shell. These triangulations can be obtained by offsetting the
mid-surface triangulation in the normal direction with varying thickness. In the model (such as
airfoil, arched roof and dam etc.) construction, we must often respect the geometric data and
therefore cannot assume the shell is uniform in thickness. Hence, our problem may be described as
follows.
Problem Description. As input we are given a matched triangulation pair T = {T© T} with
attached normals at each vertex, which presents a linearization of the inner and outer boundary
surfaces of a shell domain; also, we are given an error control tolerance ¢ > 0. The goal is
to reconstruct hierarchical multiresolution smooth shell surfaces whose bounding surfaces provide
approzimations of T and TW, respectively, with errors no larger than e.

The hierarchical scheme is comprised of multiresolutions in two directions. The terminology
Hh-multiresolution we use is borrowed from hp-finite element analysis (see [221]), where their “h” el-
ements denote the mesh size and their “p” elements denote the degree of the shape functions on each
mesh element. Here the H-direction multiresolution is a level-of-detail (LOD) representation of the
pair of (irregular) triangular meshes, and the h-direction multiresolution is the regular subdivision
of each of the triangle pairs. In the geometric modeling problem, using high degree polynomials in
general leads to surfaces containing pronounced waves and also increases the computational costs.
Hence, we use triangular cubic spline functions on the regularly partitioned triangles.

We extend the reconstruction method of [40] to achieve (a) hierarchical Hh-multiresolution,
(b) e-bounded approximations, and (c) the ability to capture sharp curve creases while being C!
smooth everywhere else. To achieve adaptive multiresolution representations in the H-direction, a
hierarchical presentation of the prism scaffold is constructed. For each extracted scaffold from the
hierarchy, a sequence of functions (h-direction) is constructed, using triangular splines on regularly
subdivided triangular prisms, such that the input data is approximated to within the allowable
error €. To get an adaptive reconstruction, combinations of different levels in both the H- and
h-directions are allowed.

In Section 4.3.1 we introduce some notation used for describing our algorithm. We then outline
in Section 4.3.2 the complete algorithm steps for solving the proposed problem. These steps are
detailed in the sections that follow. Two heavy tasks in this algorithm, that are tackled in Sections
4.3.3 and 4.3.5, are the geometric construction of the hierarchical scaffold and the C' function
construction over the scaffold. The hierarchical construction of the prism scaffold is the same in
nature as that of the hierarchical construction of a unique triangulation, but with some adjustments
to fit our shell triangulation problem. The C! construction in Section 4.3.5 is basically a local
interpolation approach, that utilizes mainly the tools of one-dimensional Hermite interpolation,
one-dimensional B-splines, two-dimensional triangular B-splines, and transfinite interpolation.

4.3.1 Notation for Shell Surfaces

We assume 7 and 7 are orientable. For each vertex pair V; = {Vi(o), Vi(l)} with attached

normal pair {Ni(o), Nl-(l)}, we assume

v —vOITNS S0, s=o0,1.
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Figure 55: The volume prism cell P, the face Hy(t, A) and the edge v;(\) defined by a triangle
pair [V;V;V].

This ensures that points in the outer layer are roughly in the same direction from the corresponding
points in the inner layer as the normals. With this convention the normals to both the inner and
outer surfaces are outward-pointing normals, in contrast to the more common convention where
the normals to the inner surface are inward-pointing. For each triangle pair [V;V;V}], we further
assume

Our trivariate function F' for constructing the shell is piecewise defined on a collection of prisms.
Let [V;V;Vi] be a triangle pair. Then the prism, denoted by P, for [V;V;V4] is a volume in R?
enclosed by the surfaces H;;, H;i,, and Hy; (see Figure 55), where Hy, is a ruled surface defined by
V; and V,,, as follows:

Hip = {p: p=broy(\) + bovp (), b1 +by =1, A e R}

with v;(\) = Vi(o) + AN;, N; = Vi(l) — VZ-(O). We will wish to describe points within these prisms in
terms of the triangle vertex pairs, as a type of “shell barycentric coordinate.” To this end we can
explicitly represent the prism Pj;; as the volume given by

Pijk(f) = {p p= blvi(/\) + bz’Uj(/\) + bgvk(/\), b1 +by+b3=1,b >0\ € I},

where I is a specified interval. This interval contains [0, 1] and is usually larger, so that each prism
P;jj, contains the triangle pair [Vi(O)Vj(O)Vk(O)] and usually extends past its faces, as illustrated in
Figure 55. We call (b1, b2, b3, A) the P;j,—coordinate of p = p;jx (b1, b2, b3, A) = biv;(A) + bavj(A) +
bavg(A). For each A € I, Tji(X) := {p : p = b1vi(A) + bavj(A) + bavg(N), by +ba + b3 =1, b > 0}
defines a triangle. To ensure that this triangle is non-degenerate, A is confined to lie in a certain
interval I;j;,. This interval is computed as follows.

Let pg)k(/\) = det[ng, v;(A) — v;(N),ve(A) —vi(N)], 1 =1,7,k. Assume
PN >0, vae[1,  l=ijk. (201)
Consider the real numbers A1, -+, As (s < 6) that solve one of these three equations of degree 2:

pg)k()\) = 0,1 =1i,j,k, and define a = max(—oo, {\; : \; < 0}), b = min(+o0, {A\; : \; > 1}), and
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Iiji. = (a,b). Then I;j, is the largest interval containing [0, 1] such that Pj;;(/;;1) is non-degenerate.
To show this fact, note that a triangle Tj;,()) is non-degenerate if and only if

nf T (\) — v:(V)] x [oe(A) — v:(\)] = iy () > 0, (202)

l =1i,j,k, where x denotes the cross product of two vectors. The assumption (201) implies that

[0,1] C I. Since pg)k(()) > 0 and pg)k(l) > 0, for | = 4,7, k, then pg)k()\) > 0 for A € (a,b) and

l=1,7, k. Since pg.)k(a) =0forl=torl=jorl=kif a > —o0, ais the infimum of the interval
of A that contains [0,1] and makes (202) hold. Similarly, b is the supremum of such an interval.
Therefore I;;;, is the largest interval such that P;;,(1;;1) is non-degenerate.

We call the union of all Pjj;(;j,) a prism scaffold. For the input triangulation pair, the
corresponding scaffold, denoted as Sy, will be the finest level in our hierarchical representation
of the scaffold. Note that the triangulation (we always mean the matched triangulation pair) and
the scaffold correspond closely. The vertex V;, edge [V;V;] and triangle [V;V;V}] of the triangulation
correspond to the edge v;(\), face H;; and prism P, of the scaffold, respectively. Hence, any
operation conducted on the triangulation implies the same on the scaffold. For instance, removing
a vertex pair from the triangulation and then re-triangulating implies removing an edge from the
scaffold and then “re-meshing” the prism scaffold. These operations are performed in building the
hierarchical representation of the scaffold in Section 4.3.3.

Given a P;j;-coordinate for a point, it is straightforward to compute its coordinates in the xyz
system. However, the inverse is not trivial, since the transforms between them are nonlinear. For
a given p € R3, we determine (b1, bo, b3, )\)T such that

p = biv;(A\) + bgvj(/\) + bgvg(A), b1 +bs+b3=1. (203)
It follows from (203) that we have
p = ok (N) = [0i(A) = ok (N), 0 (A) = ve(N)] [ba, ba] "

Therefore,
det[p — vi(A), vi(A) — vE(X),v;(A) —vE(N)] =0. (204)

The left-hand side of (204) is a polynomial of degree 3 in A. Upon solving this equation for A,
we choose the root such that the solution (b1, be, b3) of (203) satisfies b; > 0, > b; = 1.

Whenever it is necessary to address the functions that are defined on the level ¢ scaffold (H-
direction), the notation F®) is used. The notation F, will be used to address the level o function
in the h-direction.

4.3.2 Algorithm Outline

The hierarchical construction algorithm of the shell structures is comprised of two main phases:
the hierarchical construction of the scaffold and of the function over the scaffold. This section gives
the algorithm pipeline, with the details of the algorithm provided in the sections that follow.
Step 1. Construct a C' function on the scaffold Sy.

The finest level scaffold Sy is built on the input matched triangulation pair. On this scaffold,
a C' function F(© is constructed (see Section 4.3.6). This function is regarded as exact when
constructing other functions at other resolutions.

Step 2. Hierarchical representation of scaffold.

This step constructs a directed acyclic graph (DAG) for the levels of detail of the scaffold. This
DAG is built based on the algorithm in [89, 92], with changes to the vertex removal criterion and
hole re-triangulation method (see Section 4.3.3). Having such a DAG, we are able to travel from
a fine level to a coarse one or vice versa, and extract a required scaffold satisfying a given control
error by combining different levels.
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Step 3. Adaptive scaffold extraction.

For the given control parameters, extract a required scaffold from the DAG that satisfies the
given condition (see Section 4.3.4).

Step 4. Face data construction.

For each face of the prisms in any level, a C? function and C' gradient on the face are con-
structed. All these data form a list. In the DAG structure, each prism should have three pointers
that point to the corresponding face data (see Section 4.3.8). Having this data, we are able to
construct C! functions on any extracted scaffold.

Step 5. Construct trivariate splines in each prism.

For the given control error € and the selected scaffold, construct a sequence of C! trivariate

splines F,,, 0 = 1,2, -+, %, so that

S = {p:F,(p) =, o€ [-1,1]}, c=1,2,---.,%,

are smooth surfaces and S(_El) and Siz) are € error-bounded approximations of the inner and outer
boundary surfaces of the input shell, respectively. In the process of this construction certain curve
creases are tagged and captured. This step is described in detail in Sections 4.3.9.

Step 6. Ewvaluate and display the shell surface.

4.3.3 Hierarchical Representation of Prism Scaffold

The hierarchical representation of the scaffold is a sequence Sy, S1, -+, S of scaffolds, from the
finest level to the coarsest. To construct the hierarchical representation of the scaffold, we perform
recursively a vertex removal procedure to form a sequence 7y, 71, - - -, 7 of matched triangulation

pairs, where 7o = 7. The policy of the vertex removal is adopted from [89, 92]. That is, if one
vertex is selected to be removed at level ¢, then its neighbor vertices at the same level may not be
removed. Hence any two vertices in the set of vertices that are going to be removed are disconnected
(see Figure 56). The next level of triangulation is obtained by re-triangulating holes that are left
when the vertices are removed.

The hierarchy is stored as a directed acyclic graph (DAG), whose nodes correspond to the
prisms of Sg up to Sg. The leaf nodes correspond to the prisms of Sg. Between the levels ¢ and
t + 1, there is an intermediate level that corresponds to the removed vertices of level t. There is
an arc from the star-shaped polygon that is formed when a vertex is removed, to every triangle in
level t around the vertex, and to every triangle in level £ + 1 formed by the re-triangulation of the
star-shaped polygon. A polygon at the intermediate level between levels t and ¢ + 1 is called the
parent polygon of those prisms at level ¢ that linked to it, and it is also called the child polygon of
those prisms at level ¢ + 1 that are linked to it. Unchanged triangles between two levels are linked
directly by arcs. These descriptions are illustrated by Figure 56.

Some data must be stored along with the DAG. First is the vertex pair list VertexList, which
is fixed and does not change during the construction of the DAG. Another list is FaceList, that of
the faces of the prism, which is incremental. The initial list is that of the faces of Sg. Each entry of
FaceList contains the information of the C? function and the C'! gradient on that face (see Section
4.3.8). When new prisms are produced, the new faces are added to this list. In the DAG, three
pointers that point to the three faces of each prism must be stored. Having this information allows
us to construct later C'! functions within each prism cell.

To achieve our goal of building the hierarchical representation of the scaffold, there are two
points that need to be addressed. One is the vertex removal criterion, and the other is the re-
triangulation.
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Level t+1

Figure 56: The vertices with circles at the top level are the ones that are removed at level t. The
star-shaped polygons, that are shown in the middle of the figure and obtained by removing the
selected vertices, are re-triangulated as shown at the bottom. Newly formed prisms at level ¢ + 1
are linked to those at level ¢ by arcs through the intermediate level. The unchanged prisms are
linked directly.

4.3.4 Adaptive Extraction of Shell Surface Support

It is obvious that simply taking a certain level of the scaffold from the hierarchy does not have the
adaptive nature. Therefore, it is necessary to combine different level scaffolds to form an adaptive
one. The extraction algorithm in [89, 92] can be altered to serve our purpose. From the construction
of the DAG we know that each prism in any level has a grade that measures the normal variation.
We shall use this grade to control the scaffold extraction for a given control value g € [0, 7/2) of the
normal variation. To describe the extraction algorithm precisely, we introduce some more notation.
Let P be a prism of level ¢. Then we denote by G¢(P) the collection of all prisms at level ¢ that
are in the same child polygon as P, and by G§(P) the collection of all prisms at level ¢ — 1 that are
linked to child polygons of P. Let Sub;(P) be the collection of all prisms in the levels t,t—1,--- 0,
that are linked directly or indirectly through intermediate nodes to the prisms in G§(P). That
is, Sub;(P) consists of the prisms in the sub-DAG starting with G¢(P). Then the algorithm for
extracting the scaffold can be described by the following C' language style pseudo-code:

QL = Si; /* put all the prisms in Sy to Qr*/
for (t=Fk; t>0; t——){
Q¢—1 = NULL;
while (Q; # NULL ) {
P = Q4[0];
if (Gu(P) ¢ Q) {
accept all the prisms in G¢(P);
} oelse {
if (Grade(p) < g for all p € Sub:(P) ) {
accept all the prisms in G¢(P)

} else {
append to the end of @;_; all the prisms in G§(P)

}
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}

remove from @y all the prisms that in G;(P);
}
t
if (Qo # NULL) {
accept all the prisms in Qg;

}.

4.3.5 Construction of C! Trivariate Functions on Hierarchy

The C' functions on the hierarchy are constructed in three steps: (a) A C' function F©) on Sy is
constructed first (Section 4.3.6). This function serves us as an exact reference while constructing
the functions at other levels. (b) C! data are computed for each face of each prism in each level
(Section 4.3.8). (c) C! functions are constructed for each prism of any extracted scaffold that
interpolates the vertices of the scaffold and fit F(©) by splines (Section 4.3.9).

4.3.6 Function over the Finest Level S,

The function F©, whose level surfaces F(® (z,y,2) = —1 and FO(z,y, 2z) = 1 will approximate
the inner and outer surfaces, is constructed in two steps. First, function values and gradients (C!
data) are defined on each of the faces of all the prisms, and second, the function is defined within
the prisms, using the C'! data on the prism faces.

Now we define C! data on the faces. Let Hy,, (¢, \) be a face of the prism P,jj, where (I,m) €
{(4,7), (j, k), (k,i)}. Then the function value on this face is defined by cubic Hermite interpolation
on the line segment [v;(A) v(A)] = {p € R® : p = Hy,(t,\),t € [0,1]} by interpolating the
directional derivatives D? (A)—vl(A)]sF(Ul()‘)) and D? (/\)—vl(A)]SF(vm()‘)) for s = 0,1. Hence,

[vm [vm

F(Hpp,(t,A)) can be written as

F(Hin(t,2) = F(u(N)Hg(t) + F(vm(X)H3 (1)
+ [om(A) = (V] VE(u(A)Hi (1) (205)
+ [um(A) = u (W] VE (v (V) H3(2)

where H3(t) =1 —3t2+2t3, H3(t) =t — 21> + 3, H3(t) = 3t* — 2t3, H3(t) = —t®> + t® are Hermite
interpolation base functions, and

Flu;(\) =2\ — 1, VF(vi(\) = (1= )N 4 anD, (206)

Here we have normalized the normals NZ-(O) and Ni(l) such that NiT Ni(o) = NiT Ni(l) = 2 (recall that
N, = V;.(l) - Vi(o)), in order to have Dy, F' = NI VF on the edge v;()\). Let

di(A) = vp(A) —u(N), (207)
do(t) = (1—t)N; +tNp, (208)
dg(t, )\) = d1 X dz. (209)

Then we define the gradient VF(Hj,,(t,\)) by the following conditions:

OF (Him(t, 2))
o
I F(Hyn (8, 0)) = E)F(ng, (210)

AYN F(Hpp (t, ) = dEV Eyp(t, N,

d{ VF(Hyp(t,\)) =
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where
VEm(t,A) = (1 —t)VE(N) + tVF(um(N) . (211)
From (210) we have
VF(Hpp(t,N)" = [P,Q, R][dy,da,ds] " (212)

where [dl,dg,d:g]*l = [d1||d2H2 — dQ(d,{dQ), d2Hd1H2 — dl(d?dz), dg]T/Hd;gHz, and P, Q and R are
the right-hand sides of (210).

Next we define C! functions within prisms. Let [V1V5V3] be a typical triangle pair. The C*
function F' in the prism Pjo3 is defined by the side-vertex scheme defined by Theorem 3.1 in [170]:

3

F(p1aa(b1, by, bs, A)) = > wiDy(by, ba, bz, A), (213)
i=1

where w; = [[; b? / 22:1 [Tk b?, and D; is defined by Hermite interpolation from the data on
the prism faces (see [40] for details). Explicitly,
Di(b1,b2,b3,A) = F(pi(b1, o, b3, \)) Hg (b)
+ di(b1, by, b3, \) TV F (pi(by, ba, b3, X)) H7 (by)
+ F(vi(A\)Hj (bi) + di(by, b2, b3, \) T VE(vs (X)) H (b),

where

pi(b1, b2, b3, A) = 1fbi%‘()\) Tz bkvk()\)a

di(blab27b37)\) = -

and (ivjv k) € {(1>2’3)a (2737 1)a (33 172)}a ek(/\) = Uj()‘) - Ui()‘)> ej(A) = Uk:()‘) - UZ()\)

4.3.7 Minimal Prism with ¢ Offset

As mentioned above, the shell {p € R3: F(O(p) € [~1,1]} constructed in this section is considered
to be exact, and the other shells constructed later will approximate this shell to within the error
€. Therefore, this shell with its € offset is required to be contained in all of the other scaffolds.
This requirement will be one of the conditions in building the hierarchical representation of the
scaffold. Since testing whether a triangular shell with e offset is contained in another scaffold is
time-consuming, we determine a minimal prism that contains the triangular shell with e offset. In
building the hierarchical representation, the shell containment requirement will be replaced by the
minimal prisms containment requirement. Let [V;V;V}] be a triangle pair. Let p© be the point

in R? with P;jp-coordinate (bgo) , bgo), bgo)) )\(0)) and let p(Y) be the intersection point of the surface
F© =1 and the line bgo)vi()\) + bgo)vj()\) + bgo)vk(/\), where they intersect at A = A(). Then

PO — p® | = ]AO — AOBON; + 6O N, + 6O N,

Then we require A0 — AM| > ¢/v/M, where M := M(N;, Nj, Ni) is the minimal value of the
degree two Bézier polynomial ||byN; + baN; + b3N.||? on the triangle {by + by + b3 = 1,b; > 0}. Let

I[%” = [a,b] be the minimal interval such that R]k(lz’%”) contains the triangular shell. Then we

define the minimal prism as Py (If;;) with I, = [a —€/V/M,b+ ¢/vV M]. The interval [a,b] can
be computed by numerical methods (see Section 4.3.1).
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4.3.8 Computation of Face Data

The function F' in each prism is defined by transfinite interpolation of the data on the face of
the prism (see Section 4.3.6 or 4.3.9). To ensure that F is C! in the prism, the function and the
gradient on the face need to be C? and C!, respectively. Now we define the C? function F(H;,,)
and C' gradient VF (Hypm) on every face Hy, of each prism in every level. For the finest level, these
functions have been defined by (205) and (210). Now we consider the functions on other levels.
Though the face data on level t + 1 could be incrementally computed from the data of level ¢, we
compute data on level ¢t + 1 from level zero to avoid error accumulation. The DAG constructed
enables us to trace back to Sy to locate the required data from level zero. Let

F(Him(t,A)) = Gim(t, A) + i3, () + 7 (£)A, (214)
where Gy, (t, ) takes the same form as F'(Hj,) in (205), and
202 202

qb?m(t) = Z ¢Z za3(t)’ wfm(t) = Z 17[]1 z%(t) )
1=2 1=2

where {N%(t)}> "1 are C? cubic B-spline basis functions defined on the uniform knots ¢; =
i/2°, 4 = 0,1,---, 27. Here we shift N3 so that t; is the center of the support suppNg =
((4—2)/27,(i +2)/27). Note that the function values and the first order derivatives of ¢f  and
7 are zero at the ends of the interval [0, 1].

Since G, depends on vertex information only and it is easy to construct, we do not store the
data of Gy, but only ¢; and v;. These parameters are determined by approximating the two
intersection curves of the finest level surfaces F(©) = +1 with the face Hj,,, in the least square
sense:

/1 [F(Hp (£, As())) 4+ (=1)%1 dt = min, s=0,1, (215)
0

where \(t), for fixed ¢, is defined by the intersection point of the line (1 — ¢)v;(\) + tvy, (A) with
the surface F(®) + (—1)* = 0. The required pieces of the intersection are obtained from the DAG.
The minimization in (215) leads to a system of linear equations

202

1
> /O (61 + Vids () NG(ONG(D) dt = ¢;
=2

with ¢; = — fol [Gim (t, As(t)) + (=1)°] Nf3(t) dt and j = 2,--- ,27 =2, s =0, 1. The integrations in
the system are computed by Gauss-Legendre quadrature rule on each of the sub-intervals [i/27, (i +
1)/2°] and then summed up. This order 2(27 —2) equation can be solved by solving two order 27 —2
linear systems. The intersection point As(¢) is computed by Newton iteration, and the integer o is
chosen on trial bases. Starting from o = 1, we solve the equation and compute the least square
error. If the error is larger than the given ¢, then increase o by one, until the error is within the
tolerance.

Next, we define the gradient VF(Hy,y,(t,\)) by the conditions (210), but Fj,(¢,A) is modified
by adding a spline function:

VEiun(t,A) = (1 = ) VE(0 (X)) + tVEF (v () + 67 (£) + 97, () (216)
with éfm(t) = 222;;2 quNi%(t), ngn(t) = 212252 iiNg(t), where ¢;,1; € R3 are determined by
1
| I Bt 0)) = TEO Hi 0,7, 0)) Pt = mi (217)
0

for s = 0,1, and As(¢) is defined as before. (217) can be solved together with (215) since they share
the same coefficient matrix.
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Figure 57: Bézier coefficients for two C! cubic spline basis functions. Each is defined on the union
of 13 sub-triangles, which forms the support of the function.

Figure 58: For the regular partition of a triangle with resolution 27, the index set J of the
sub-triangles is divided into J7Y and J§. This figure shows them for o = 2.

4.3.9 Construction of C' Spline Approximations

In this section, we construct a piecewise C! function F = F, (o > 0 fixed) over the collection of
the volumes, such that it (Hermite) interpolates the C! data and fits F ©), To achieve e approxi-
mation and multiresolution representation in the h-direction, spline functions defined on triangles
are utilized in the construction of F. On a triangular domain with a regular partition, C'' cubic
splines defined in BB form were given by Sabin, 1976 (see [200]). Figure 57 gives the BB—form
coefficients of a typical base function defined on 13 sub-triangles. Note that these splines in general
are not linearly independent (see B6hm, Farin and Kahmann [58]). However, the collection we use
is indeed linearly independent. For a regular partition of a triangle T', we shall associate a base
function to each sub-triangle of the partition. To give proper indices for these bases, we label the
sub-triangles as Tjj, for (i,7,k) € J7 = J{ U JJ, where J7 and JJ are defined as follows:

JU = {6, 4,k): i,4,ke{1,2,3,...,27}; i+j+k=27+2}

JS = {6, j,k): i,4,ke{1,2,3,..,27 = 1}; i+j+k=27 41},
where 27 is the resolution of the partition. Figure 58 gives J; and Jo for ¢ = 2. Now we denote
the base function defined by Figure 57 with center triangle T;j as N
4.3.10 F on Prisms

Let [V1V2V3] be a typical triangle pair. Define

3

Fy(p1as(br, b2, b3, \)) = > w;iD;(b1, by, bg, A) + T (b1, ba, b3, A), (218)
i=1
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where the first term of left-hand side is in the same form as (213), and the second term is a spline
function:
Ty(b1,ba,bs, A) = Y (aijk + wijrA) Ny (br, ba, bs)
(1.4, k)€

with J§ = {(¢,4,k) € J7 :i>1,5 > 1,k > 1}. This is called a correction term, which is used to fit
the finest level shell surface in the least square sense:

//A[Fa(bl, ba, b3, As(by, ba, b3)) — (—1)%]%dS = min (219)

for s = 0,1, where A\s(b1,be,b3) for each (b1,be,b3) is defined by the intersection point of the
line byvy(A\) + bava(\) + bzvz(\) with the surface F(©) 4 (—=1)° = 0. The required pieces of the
intersection are obtained from the DAG. The domain A in the integration is the unit triangle
defined by {(b1,b2,b3) : by + by + b3 = 1,b; > 0}. The minimization in (219) leads to a system of
linear equations.

4.3.11 Hierarchical Representation of Correction Term

In the construction of F' = F,, we have associated it with an integer o. This integer indicates
the level of the hierarchical multiresolution representation of F' in the h-direction. However, the
construction and expression of F in Section 4.3.9.1 is not incremental, as the construction of Fj; 14
does not utilize the information of F,. In this subsection, we revise some parts of the construction
in Section 4.3.9.1, so that F' is progressively constructed. Now we want to have the following form
expression:
T,=Tra+ > (af+wlpA) N,
(4.5,k)€Jg\2%JF "
where T7 = 0. Let

WT =span{Nj;, - i€ Ji\2xJ] '}, ST=W?’aW'a. .. aW.

Then ST is a C' cubic spline function space on a triangle partitioned regularly with resolution
27. Once T,_1 has been defined, the coefficients al and w7y, are computed by fitting F(© in the
volume. Since the elements in S™ have zero function value and zero first order partial derivative
values on the boundary of the triangle, we can use different ¢ for different prisms to get an adaptive
construction without destroying the continuity of the composite function. For the prism P, let
€5k be the fitting error. Then for any given fitting error tolerance €, we can choose a minimal o so
that €7, <e. This ¢ is prism dependent.

Basic Result The composite function F', defined on any extracted scaffold and for any varying
and prism-dependent o > 0, is C.

5 Reconstruction of Cross-Sectional Polygons and Splines

Measurement based cross-sectional data sets arise from medical imaging (Computed Tomography —
CT, Magnetic Resonance Imaging — MRI, Laser Surface Imaging — LSI). Synthetic cross-sectional
data sets are generated by computer based simulations — meteorological and thermodynamic simu-
lations, finite element analyses, computational fluid dynamics, etc. Examples of our approach are
shown in Figures 59 and 60 which were made in our SHASTRA scientific design environment.
Generating contours in image data, reconstructing digitized signals, and designing scalable fonts
are only some of the several applications of spline curve fitting techniques. We generalize past fitting
schemes with conic splines [190] and even rational parametric splines [83, 176, 211]. We exhibit
efficient techniques to deal with cubic algebraic splines (A-splines) achieving fits with small number
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sections.

Figure 59: Spline models of a human femur from CT cross
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Figure 60: Spline models of a Human Head from MRI cross-sections.
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of pieces yet higher order of smoothness/continuity or greater local flexibility for fixed continuity,
than prior schemes. The cubic A-splines are continuous chains of cubic implicitly defined algebraic
curve segments, f;(x,y) = 0, with f;(z,y) a bivariate real polynomial, and with achievable local
continuity as high as C? at the junction points between curve segments.

The primary drawback for the widespread use of splines consisting of implicit algebraic curves
is that a single implicitly defined curve may have several real components (ovals) and can possess
several real singularities. In [37] we show how to isolate a non-singular and single sheeted segment
of implicit algebraic curves and furthermore how to stitch these segments together to form splines.

We focus on the case of cubic A-splines. We provide efficient algorithms for their use in fitting
contour image data, ordered digital signal data, as well as randomly sampled scattered data sets.
Note that rational parametric cubic splines can only achieve local C? continuity [93], compared to
the local C® continuity of cubic A-splines. The class of rational parametric cubic curves is a strict
subset of the class of cubic algebraic curves [225] and also has fewer degrees of freedom ( 8 versus
9 of the cubic algebraic curve). Note, of course that for fixed continuity (C*, k = 0,1,2,0r3), the
extra local degrees of freedom which the cubic A-spline segment posseses, allows for greater local
flexibility and approximation of the input data.

Related Prior Work:

Since 1960’s, considerable work on polynomial spline interpolation and approximation has been
done(see [93] for a bibliography). In general, spline interpolation has been viewed as a global fit-
ting problem to scattered data[83, 176, 190, 211]. Local interpolation by polynomials and rational
functions is an old technique that traces back to Hermite and Cauchy[63]. However, local inter-
polation by the zero sets of piecewise polynomials (implicit algebraic curve segments) is relatively
new[37, 184, 185, 212]. The papers [184, 185] construct a family of C! (actually tangent continuous)
and O? (actually curvature continuous) cubic algebraic splines. They however use a reduced form
of the cubic which guarantees that each segment of the spline is convex and furthermore allows one
to achieve C? continuity only if the input data is convex. Furthermore, their family of curvature
continuous curves [184] can achieve C? continuity only if the given data is convex. Their results
are a special case of the present paper, as our cubic A-splines are based on the general implicit
cubic, and as we show, can always be made to achieve C3-continuity for arbitrary data, and even
C*-continuity for certain special input data[37].

5.1 Algorithms Using Cubic A-splines

Our data fitting algorithms with C? and C? cubic A-splines are as follows.

Algorithm 1.

1. Extract a contour (ordered set of points) from the given input data. See subsection 5.2.

2. Compute breakpoints along the contour. These breakpoints points are the junction points for
the cubic curves which make up the cubic A-spline. See subsection 5.3.

3. Compute derivatives at the junction points using local divided differences along the contour.
For C? and C3 continuity one needs upto second and third order derivatives, respectively, at
these junction points. See subsection 5.4.

4. Construct cubic A-spline fits which interpolate the junction points along with the derivatives,
and is least-squares approximate from all the given data between junction points. See subsec-
tion 5.5.
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Figure 61: Extracting an iso-contour (left) from a dense MRI slice (right)

5.2 Extracting an Iso-Contour from a Grey-scale Image

For iso-contour extraction from dense image data we use the following algorithm. The dense image
data is in the form of a two dimensional array of two byte integers, one array for each planar slice
through the object. The value in each cell (pixel) of the array is related to the density of the
scanned object at that point in space. Each array may contain any number of iso-contours. To
locate the iso-contours :

1. scan for a cell on an initial edge

2. starting at this cell hug the exterior of the cross section working from cell to cell and creating
a list of two dimensional points until the beginning is reached or a dead end is found

3. if a dead end is found, backtrack

4. if the path closes and the algorithm does not backtrack to the beginning point then smooth
and compress the list of points if necessary.

In our implementation of this algorithm the following heuristic rule was used: if the density
value in a cell ¢ is within range and if the density values of all the cells surrounding ¢ are within
range, then the cell ¢ is acceptable. The point list is smoothed and compressed by growing segments
that are within a prescribed constant value of the original polyline.

An example contour extraction is shown in the left part of Figure 61 from the input MRI
(Magnetic Resonance Imaging)image slice on the right.

Of course, more sophisticated iso-contour extraction algorithms may also be used, see for e.g.
[114]

For arbitrarily scattered data we use the alpha shape generation algorithm of [101] to extract
an appropriate contour of the given scattered data points. Examples of this algorithm are shown
in Figure 60 for an initially unordered set of point data sampled from a human head profile.

5.3 Computation of Junction Points

The next step is to compute the junction points around the contour. We use a curvature adaptive
scheme for the placement of the cubic curve segments that is given in [10]. The points on a unit
circle are in one-to-one correspondence with the normal directions, (or alternatively the slopes)
of the line segments which make up the polygonal contour. Consider any regular k polygonal
subdivision of a circle and number the k discrete normal directions n of the polygon boundary with
integers from 1 to k. See also Figure 63.
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Figure 62: Extracting a contour from scattered data points
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Figure 63: Regular subdivision of the space of normals on a planar contour

Now number each line segment of the contour boundary with the integer i if it has the largest
dot product of its normal with the i** normal of the regular polygon. Under this mapping the k
discrete normal directions on the circle partitions the polygonal contour on a data slice into groups
where the members of a group consist of a connected sequence of line segments having the same
assigned number. The endpoints of groups are the contour (junction) points whose two incident line
segments have distinct assigned numbers. The line segments of each group are then replaced by a
single cubic which C? or C3-interpolates the group endpoints and the locally computed derivatives
and simultaneously least-squares approximates the contour line segments that originally formed
the group and lies within the junction points. See Figure 64 where junction points are computed
for different polygonal subdivisions & of the unit circle.

The C? and C? interpolation of the pair of endpoints and locally computed derivatives, by cubic
A-splines are explained in the next subsections. If the least-squares approximation yields a poor
error bound then additional cubics can be used to achieve a better bound. This operation is of
course local to the the group and can be achieved by selectively refining the regular polygon edge
corresponding to that group, replacing that edge by two or more edges inscribed in the circular arc
subtended by that edge. The newly created normal directions are now mapped to the polygonal
contour splitting the group into sub-groups. Each sub-group can now be replaced by a cubic,
improving the approximation.

5.4 Generating Derivatives at Junction Points

There are various forms of divided-difference methods that extract geometric information around a
junction point, from a given list of points [93]. Consider a sequence of points - - - , p;_2, Di—1, Pi, Pi+1, Pit2, "
around the junction point p; and an imaginary power series C'(t) from which, we assume, the digi-

tized points near p; arise, and whose parameter value is t = 0 for p;. Then, the tangent vector of

C(t) at t = 0 can be approximated by the approximation:

! ag; 1-— ag;
C (0) ~ m(pzﬂ —Pz) + m(pz pz—l)

dist(pi—1,pi)
dist(p;,pit1)-+dist(pi—1,pi)
Repeatedly applying this approximation formula, yields compact formulas [28] for higher order

divided-differences:

where 0; = and dist(x, *) is the distance between two points.

pi if j=0
. ) Z_ | |
Ap; = j(distl(z:m(pl‘i-l —pz)
—0; . .
+astp oy Pi — pic1)) >0
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Figure 64: Junction Points and Cubic A-spline Fits
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Figure 66: A C° polygon and a C' polygon

Using this divide-difference operator, a truncated power series is represented as C;(t) = A%; +
Alpit + A%pit? + .- + AFp;tk. The higher order derivatives at the junction points are then ap-
proximated by C’(0), C"(0), C"(0), etc. From these derivatives, we can easily compute the local
derivatives X((k_) ~ yand X (k_) ~, defined in §2.
PiPit1) (pi,pi—1)

5.5 Exact and Least-Squares Fitting with C? and C? cubic A-splines

Consider a C! cubic algebraic curve segment defined over a triangle popip2

F(Oé(), 041) = —04:1)’ + b10a0(1 — Qg — a1)2 + bgoag(l — Qg — Oél) (220)
+bo2ai (1 — ag — a1) + bz + briagar (1 — ag — ax)
with
bio >0, bog >0, bo2 <0, b2 <0 (221)
By differentiating F'(cg, a1) = 0 about a1 we have the following formulas for a((]];) = a(()]:)(O):
=0 o=
2 2
abg _ b afy _bo (222)
2! blO’ 2! b20’
&) big — biobos + bi1b ) —bog + baobia — birb
o _ 010 — 010%02 + 11002 Qg _ —020 + 020012 — b11b12 (223)
3! b3, ’ 3! b3,

From these formulas and the sign requirement (221), we can derive the following algorithm for
constructing C? continuous A-spline curve(see [37] for detail):

Algorithm 2. Let {givigit1}"y form a C! polygonal contour of the junction points (see Figure
66).
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1. Specify the second derivative values such that x? = if ¢ is of a Case(a)-join, or

(gs,v5)

)A(qi, Vi, ¢i+1) > 0if g; is of a Case(b)-join fori =1,2,...,m, and X((;o)ﬂo)

x®
(qi,vi
0, pYIC)

(Qm+ 1,Um

) A(qmvvmaqm-i-l) S 0.

A(qo,vo, qo+1)

2. Compute bya and by by (222) for each triangle. Determine the three remaining degrees of
freedom big > 0, bag > 0 and biy by least-squares approximation of the given data within the

triangle, or via a default choice if there are not enough data points within the triangle.

For achieving C? continuity, we specify the second and third local derivatives at the junction
points. These derivatives need to satisfy some of the following conditions in order to have the

coefficients of the BB-form have the required signs(see (221)

3
X(;g,pl)ﬁ(po,pl,pz) >0
3 2 ) 5 ) 2
ﬁ — ﬁ blO =1- b11 aéo) aéz) _ a[()2) b20 o bllﬁ
6 2 9 G 5 ;

On the triangle pop1p2 and at point pg we have the inequalities.

NTE!
1 — |lp1—=pol[?b11 D2 >0

A(po,p1,p2) 5
l[p1—pol* Ds Dy o 14, _ _ lpi—pol®*D2
A(po,p1,p2) +2 ( A(po,p1,p2) > lp1 = pol*(p1 = po. p2 = po) A(po,p1,p2) >0

2
where D), = %, and at po

— 3b11 D
_1_ llp1 —p2]|?b11 D2 >0

A(po,p1,p2) )
llp1—p2|* D3 Do A/ _ _ |lpr—p2|3D2
A(po,p1,p2) + A(po,p1,p2) lp1 = p2[*(p1 = p2, P2 — po) A(po,p1,p2) >0

(k)
X —
where Dy, = % For papspg at pg, we have

_ llp3—po |?b11.D2
1+ A(pa,p3,po) >0

lps—pol|*Ds D, T . _ _ lps—pol[® D>
A(p4,p3,p0) +2 (A(p4,p37po) ) I3 = poll*(ps — po, po — pa) + A(p4,p3,p0) >0

(224)

(225)

(226)

(227)

(228)

Algorithm 3. Let {qml}?;o form a C! polygon of the junction points and assume (v;—qi, Gi+1—

¢) >0, (vic1—¢i,qi-1—qi) >0if1<i<m.

1. At each junction point g; (i = 0,1,...,m + 1), specify the second and third order derivatives
as follows(regard i, vi, giy1 as po,p1,p2 fori >0 and ¢;—1,vi—1,q; as pa,p3,po fori <m+1):

2 _ (3)
(a) X(Qi,”ui) =0, X(Qiﬂ/i

(b) X((;),Ui)A(Qi,Ui,QiH) >0, X((;),Ui) (
a Case(b)-join and 1 <i < m.

(¢) Fori=0 andi=m+1, x? )A(qo,vo,q0+1) >0, x2

(quvO (qm+lyvm)
and X((;)),vo) and X((qzzﬂ’vm) satisfy +(226) and — (227), respectively.

) satisfy (224) if ¢; is of a Case(a)-join and 1 < i < m.

and X(;)vi) satisfy both +(226) and —(228) if q; is of

A(qmv Um,s qm-‘rl) S 07

2. For each triangle, compute biy and bayy using (225); compute boa and biy using (222). The
remaining single degree of freedom b1 < 0 is chosen by least-squares approximation of the
given data points interior to the triangle or via a default choice if there are not enough data

points within the triangle.
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volume rendering

Figure 67: Adaptive tetrahedral meshes extracted from UNC Head (CT, 129x129x129). Isovalues
(Qin, @out) = (1000, 50) in (a)(b), and (1000, 120) in (c)(d); error tolerance €;, = 0.0001, €oyr =
(a): 0.0001, (b): 2.856, (c): 2.627, (d): 9.999. in and out represent inner and outer isosurface
respectively. The number of elements and the extraction time are listed in Figure 70.

5.6 Surplus Degrees of Freedom

For the above C? and C® data fitting algorithms, after satisfying the derivatives at the junction
points, there still exists three and one remaining degrees of freedom, respectively. These degrees
of freedom can be used to locally control the shape of the curve in each triangle. For example,
if bjp and by are given in Algorithm 2, then by; can be chosen so that the curve in the triangle
can be as high as the top vertex (when bj; tends to co) or as low as the bottom edge (when b3
tends to —oo). In Algorithm 3, the curve can vary between the two limit curves(one corresponding
to b1 = 0, other corresponding to b1 = —o0). As we early mentioned in both Algorithm 2 and
Algorithm 3, we currently use these degrees of freedom to least-squares approximate points in
the triangle and based on the sign requirements (221). However, there exist the possibility that
there are not enough data points within a triangle to determine these coefficients. Default choices
of values for the undetermined coefficients are used in this case. One method used to determine
these default values of the coefficients is to locally approximate a quadratic or linear curve with
the triangle, which tends to avoid sharp changes in the geometry of the spline curve. The linear
or quadratic approximation is easily achieved by using degree elevation formulas (see [108]). The
second approach is to minimize the energy over the triangle on which the curve is defined. That is,

. af\? af\?
= —= — dxd
min //A ((830) +(8y T ay
where f(x,y) = 0 is the curve in the triangle A in zy-system.

6 Contour-Based Meshing

6.1 Adaptive and Quality 3D Meshing from Imaging Data

We present an algorithm to extract adaptive and quality 3D meshes directly from volumetric
imaging data - primarily Computed Tomography (CT) and Magnetic Resonance Imaging (MRI).
The extracted tetrahedral and hexahedral meshes are extensively used in finite element simulations.
Our comprehensive approach combines bilateral and anisotropic (feature specific) diffusion filtering,
with contour spectrum based, isosurface and interval volume selection. Next, a top-down octree
subdivision coupled with the dual contouring method is used to rapidly extract adaptive 3D finite
element meshes from volumetric imaging data. The main contributions are extending the dual
contouring method to crack free interval volume tetrahedralization and hexahedralization with
feature sensitive adaptation. Compared to other tetrahedral extraction methods from imaging data,
our method generates better quality adaptive 3D meshes without hanging nodes. Our method has
the properties of crack prevention and feature sensitivity.
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6.1.1 Overview

The development of finite element simulations in medicine, molecular biology, engineering and
geosciences has increased the need for high quality finite element meshes. Although there has
been tremendous progresses in the area of surface reconstruction and 3D geometric modeling, it
still remains a challenging process to generate 3D geometric models directly from imaging data,
such as CT, MRI and signed distance function (SDF) data. The image data can be represented
as V = {F\(i,j,k)|i, j, k are indices of z,y, z coordinates in a rectilinear grid}. V is the volume
containing function values F'(i, 7, k) at the indices i, j, k.

For accurate and efficient Finite Element Method (FEM) calculations, it is important to have
accurate and high quality models, minimize the number of elements and preserve features. We
present a comprehensive approach to extract tetrahedral and hexahedral meshes directly from
imaging data.

Sp(c) = {(x,y,2): F(z,y,2) =c} (229)
Ir(ar,a0) = {(z,y,2) a1 < F(z,y,2) < aa} (230)

Given volumetric imaging data and two isovalues «j, a2, the main steps to extract tetrahe-
dral/hexahedral meshes from the interval volume, I, between the two isosurfaces (Equation (1))
are as follows:

1. Volumetric Denoising

2. Contour spectrum based interval volume selection.
3. Adaptive 3D meshing with feature sensitivity.

4. Quality improvement

As a preprocessing step, the bilateral prefiltering coupled with anisotropic diffusion method [36]
is applied to volumetric data. Accurate gradient estimation can also be obtained. The Contour
Spectrum [31] provides quantitative metrics of a volume to help us select two suitable isovalues for
the interval volume.

We extend the idea of dual contouring to interval volume tetrahedralization and hexahedral-
ization from volumetric Hermite data (position and normal information). Dual Contouring [136]
analyzes those edges that have endpoints which lie on different sides of the isosurface, called sign
change edge. Each edge is shared by four (uniform case) or three (adaptive case) cells, and one
minimizer is calculated for each of them by minimizing a predefined Quadratic Error Function
(QEF) [116].

QEF[z] = (n; - (x —p;))? (231)
(2
where p;, n; represent the position and unit normal vectors of the intersection point respectively.
For each sign change edge, a quad or a triangle is constructed by connecting the minimizers. These
quads and triangles provide an approximation of the isosurface.

Each sign change edge belongs to a boundary cell. In our tetrahedral mesh extracting process,
we give a systematic way to tetrahedralize the volume in the boundary cell. For uniform grids, it
is easy to deal with the interior cells. We only need to decompose each cell into five tetrahedra
in a certain way. For the adaptive case, it is more complicated. In order to avoid introducing
hanging nodes, which are strictly prohibited in finite element meshes, we design an algorithm
to tetrahedralize the interior cell depending on the resolution levels of all its neighbors. As a
byproduct, the uniform hexahedral mesh extraction algorithm is simpler. We analyze each interior
vertex (a grid point inside the interval volume) which is shared by eight cells.

In Dual Contouring, QEF is used for isosurface extraction and sharp features can be preserved.
But how to identify features such as sharp edges and facial features (like nose, eyes, mouth and ears)?
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Figure 68: Overview for 3D mesh extraction

We adopt a different error function to identify those features sensitively. The edge contraction
method is used to improve the mesh quality.

In the last twenty years, the techniques of CT and MRI have developed rapidly. Computer
visualization, and engineering calculation (FEM) require certain kinds of mesh extracted from
these scanned volume data.

Multiresolution Isosurface Extraction The predominant algorithm for isosurface extraction
from volume data is Marching Cubes (MC) [160], which computes a local triangulation within each
cube to approximate the isosurface by using a case table of edge intersections. Furthermore, the
asymptotic decider was proposed to avoid ambiguities existing in MC [173] [157]. For efficient
isosurface extraction, [44] starts from seed cells and traces the rest of the isosurface components by
contour propagation.

When the adjacent cubes have different resolution levels, the cracking problem will happen.
To keep the face compatibility, the gravity center of the coarser triangle is inserted, and a fan of
triangles are used to approximate the isosurface [228]. A surface wave-front propagation technique
[231] is used to generate multiresolution meshes with good aspect ratio. By combining SurfaceNets
[118] and the extended Marching Cubes algorithm [141], octree based Dual Contouring [136] can
generate adaptive multiresolution isosurfaces with good aspect ratio and preserve sharp features.

Quality and Feature Preserving Isosurface MC can not detect sharp features of the extracted
isosurface, and severe alias artifacts appear. The enhanced distance field representation and the
extended MC algorithm [141] were introduced to extract feature sensitive isosurfaces from volume
data. The grid snapping method reduces the number of elements in an approximated isocontour and
also improves the aspect ratio of the elements [166]. [53] studied how to generate triangular meshes
with bounded aspect ratios from a planar point set. [164] proposed an algorithm to triangulate a
d-dimensional region with a bounded aspect ratio.

Quality Meshing MC is extended to extract tetrahedral meshes between two isosurfaces directly
from volume data [115]. A different and systematic algorithm, Marching Tetrahedra (MT), was
proposed for interval volume tetrahedralization [174]. A multiresolution 3D meshes [245] can be
generated by combining recursive subdivision and edge-bisection methods. Poor quality tetrahedra
called slivers are notoriously common in 3D Delaunay triangulations. Sliver exudation [71] is used
to eliminate those slivers. A deterministic algorithm [70] was presented for generating a weighted
Delaunay mesh with no poor quality tetrahedra including slivers. Shewchuk [216] provides some
valuable conclusions on quality measures for FEM.

Our comprehensive 3D meshing method is displayed in Figure 68. We first use the anisotropic
diffusion method coupled with bilateral prefiltering to remove noise from imaging data. Depending
on the application, suitable isosurfaces are selected for the interval volume by using the contour
spectrum and the contour tree. We then begin to extract 3D meshes from the interval volume,
and a feature sensitive error function is adopted to reduce the number of elements while preserving
features. Finally, the edge contraction method is used to improve the mesh quality.

Since noise influences the accuracy of the extracted meshes, it is important to remove it before
the mesh extracting process. We use the anisotropic diffusion method [36] to smooth noise. In
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order to obtain more accurate computation of curvature and gradient for the anisotropic diffusion
tensor, the bilateral prefiltering combining the domain and range filtering together is chosen instead
of Gaussian filtering because it can preserve features such as edges and corners.

Mesh extraction from imaging data requires selecting suitable boundary isosurfaces. We use a
user interface called Contour Spectrum [31], to find isosurfaces of interest. The Contour Spectrum
computes quantitative properties such as surface area, volume, and gradient integral of contours,
and helps to choose suitable isosurfaces by showing the related spectrum in a 2D plane. A contour
tree [62] can be used to capture the topological information on each isosurface and help choose
isosurfaces with desirable topology.

6.1.2 3D Mesh Extraction

In this section, our goal is to tetrahedralize or hexahedralize the interval volume between two
isosurfaces by using an octree-based data structure. First, we discuss triangulation in 2D problems,
then we extend it to 3D tetrahedralization. A hexahedral mesh generation algorithm is presented
at the end of this section. Here are definitions used in the algorithm description.

Sign Change Edge A sign change edge is an edge whose one vertex lies inside the interval volume
(we call it the interior vertex of this sign change edge), while the other vertex lies outside.

Interior Edge in Boundary Cell In a boundary cell, those edges with both vertices lying inside
the interval volume are called interior edges.

Interior Cell Different from the boundary cell, all the eight vertices of an interior cell lie inside
the interval volume.

Interior Face in Boundary Cell In the boundary cell, those faces with all four vertices lying
inside the interval volume are called interior faces.

Hanging Node A hanging node is one that is attached to the corner of one triangle but does not
attach to the corners of the adjacent triangles. For example, a T-Vertex.

Uniform Tetrahedral Extraction For isosurface extraction, we only need to analyze boundary
cells — those cells that contain sign change edges. There are four neighbor cubes which share the
same sign change edge. Dual Contouring generates one minimal vertex for each neighbor cube by
minimizing the QEF, then connects them to generate a quad. By marching all sign change edges,
the isosurface is obtained. For tetrahedral mesh extraction, cells inside the interval volume should
also be set as leaves besides boundary cells.

6.1.3 Uniform 2D Triangulation

Figure 69(1) is a uniform triangulation example of the area interior to the isocontour in two di-
mensions. There are three different cases which need to be dealt with separately.

1. Sign change edge - find the QEF minimizers of two cells which share the edge. Then the two
minimizers and the interior vertex of the edge construct a triangle (blue).

2. Interior edge in boundary cell - find the QEF minimizer of the boundary cell. Then the
minimizer and this interior edge construct a triangle (yellow).

3. Interior cell - decompose each interior cell into two triangles (pink).
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Figure 69: (1) - Uniform Triangulation, the red curve represents the isocontour. (2) - Sign Change
Edge Passed Across by Two Isosurfaces, Left (2D) : the cyan and blue curves represent the two
isocontours; Right (3D): the cyan and blue quads approximate the two isosurfaces. The red edges
are sign change edges. (3) - Case Table of Uniform Tetrahedralization - the red vertex means it
lies interior to the interval volume. In (1)(2)(3), green points represent minimizers.
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6.1.4 TUniform 3D Tetrahedralization

Compared to 2D triangulation, three dimensional tetrahedral meshing is more complicated.

1. Sign change edge — decompose the quad into two triangles, then each triangle and the interior
vertex of this edge construct a tetrahedron. In Figure 69(3a), the red line represents the sign
change edge, and two blue tetrahedra are constructed.

2. Interior edge in boundary cell — find the QEF minimizers of the boundary cell and its boundary
neighbor cells, then two adjacent minimizers and the interior edge construct a tetrahedron. In
Figure 69(3b)(3c), the red cube edge represents the interior edge. (b) gives four minimizers
to construct four edges, each of which construct a tetrahedron with the interior edge, so
totally four tetrahedra are constructed. While (3c) assumes the cell below this boundary cell
is interior to the interval volume, so there is no minimizer for it. Therefore we obtain three
minimizers, and only two tetrahedra are constructed.

3. Interior face in boundary cell — find the QEF minimizer of the boundary cell, then the interior
face and the minimizer construct a pyramid, which can be decomposed into two tetrahedra
(Figure 69(3f)). Figure 69(3d)(3e)(3f) give a sequence how to generate tetrahedra when there
is only one interior face in the boundary cell. (3d) analyzes four sign change edges, (3e) deals
with four interior edges and (3f) fills the gap.

4. Interior cell — decompose the interior cube into five tetrahedra. There are two different decom-
position ways (Figure 69(3g)(3h)). For two adjacent cells, we choose a different decomposition
method to avoid the diagonal choosing conflict problem.

If two isosurfaces pass across the same sign change edge, we can split the cell into eight cubes
in the octree data structure, then analyze each small cubes separately. In another approach, we
need to analyze the sign change edge twice (Figure 69(2)) and fill gaps in the boundary cell. In 2D,
two minimizers are obtained for the inner isosurface, and similarly two minimizers are calculated
for the outer isosurface. They construct a quad, which can be decomposed into two triangles. For
3D, a hexahedron is built between the two surfaces for the sign change edge. The hexahedron can
be split into five tetrahedra. Two different isosurfaces can not intersect with each other since one
point can not have two isovalues. However, the two quads approximating the two isosurfaces may
intersect because of bad gradient vectors. This can be solved by splitting the cell into eight cubes.

Adaptive Tetrahedral Extraction Uniform tetrahedralization usually gives an over-sampled
mesh. Adaptive tetrahedral meshing is a good and effective way to reduce the number of elements
while preserving the accuracy requirement.

First, we split the volume data by using the octree data structure to obtain denser cells along
the boundary, and coarser cells inside the interval volume. The QEF value is calculated for each
octree cell, and a much more efficient octree is built by comparing the QEF value with a given
error tolerance ¢ and using the bottom-up algorithm. Leaves of the octree have different resolution
levels. The next step is to analyze each leaf.

Each leaf cell may have neighbors at different levels. An edge in a leaf cell may be divided
into several edges in its neighbor cells. Therefore it is important to decide which edge should be
analyzed. The Dual Contouring method provides a good rule to follow — we always choose the
minimal edges. Minimal edges are those edges of leaf cubes that do not properly contain an edge
of a neighboring leaf.

Similar to uniform tetrahedral mesh extraction, we need to analyze the sign change edge, the
interior edge and the interior face in the boundary cell, and the interior cell. When we analyze
boundary cells, only minimal edges and minimal faces are analyzed. Compared to the uniform case,
the only difference is in how to decompose the interior cell into tetrahedra without hanging nodes.
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Data Set Type Resolution

Number of Tetrahedra (Extraction Time (unit : ms) )

(a) (b) ()

(d)

UNC Head (Skin) CT 129 x 129 x 129 935124 (17406) 545269 (10468) -

UNC Head (Skull) CT 129 x 129 x 129 - - 579834 (10203) 166271 (306

Poly CT 257 x 257 x 257 276388 (5640) 63325 (1672) 14204 (672) -
Knee SDF  65x65x65 70768 (1360) 94586 (1782) 93330 (1750) 72366 (140

Figure 70: Data Sets and Test Results. The CT data sets are re-sampled to fit into the octree
representation (Figure 67, 75).

6.1.5 Adaptive 2D Triangulation

Figure 71(left) gives an example of how to triangulate the interior area of an isocontour. Similarly,
we need to analyze the following problems:

1. Sign change edge — if the edge is minimal, deal with it as in the uniform case (blue triangles).

2. Interior edge in boundary cell — if the edge is minimal, analyze it as in the uniform case
(yellow triangles).

3. Interior cell — Figure 71 (right) lists all the cases of how to decompose the interior cell into
triangles. In order to obtain triangles with good aspect ratio, we restrict the neighboring
level difference to be < 2.

Compared to the uniform case, the triangulation of interior cells is more complicated (Figure 71).
All neighbors of an interior cell need to be checked because the neighbor cells are used to decide
if there are any middle points on the shared edge. Suppose the resolution level of this cell is k,
we group into five cases according to the number of edges whose level is greater than . The it*
group means there are number i edges whose level is greater than x, wherei = 0, ..., 4. For each
subdivided edge, it may be subdivided more than once, or the neighbor cell may have a higher level
than (k+1). So we need to search all the middle points on this edge. A top-down or a bottom-up
algorithm can be used here to find the resolution level of its neighbors, and find out all the middle
points on the edge. If all the four edges have already been subdivided, then we can use the recursion
method to march each of the four smaller cells with the same algorithm. In this way, hanging nodes
are removed effectively.

6.1.6 Adaptive 3D Tetrahedralization

For 3D adaptive tetrahedralization, we use the same algorithm with the uniform case to analyze
the boundary cell.

1. Sign change edge — if the edge is minimal, deal with it as in the uniform case.
2. Interior edge in the boundary cell — if the edge is minimal, deal with it as in the uniform case.

3. Interior face in boundary cell — identify all middle points on the four edges, and decompose
the face into triangles as in the adaptive 2D case, then calculate the minimizer of this cell,
each triangle and this minimizer construct a tetrahedron.

4. Interior cell — decompose each face of the cube into triangles, just as how to deal with the
interior cell for the adaptive 2D triangulation (Figure 71), then insert a Steiner point at the
cell center. Each triangle and the Steiner point construct a tetrahedron.

By using the above algorithm, we extract tetrahedral meshes from volumetric imaging data
successfully. Figure 72 (right) gives one example.
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Figure 71: Top: Adaptive Triangulation. The red curve represents the isocontour, green points
represent minimizers. Bottom: Case Table for Decomposing the Interior Cell into Triangles. Red
points and red lines mean its neighbors have level (k+1); green points and green lines mean its
neighbors have a higher level than (k+1).
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Figure 72: Left - hexahedralization of the volume between the human head and a sphere boundary;
Right - an adaptive tetrahedral mesh.

Hexahedral Extraction Finite element calculations sometimes require hexahedral meshes in-
stead of tetrahedral meshes. Each hexahedron has eight points. In the tetrahedralization process
we deal with edges shared by at most four cells. This means that we can not get eight minimizers
for each edge. But, each vertex is shared by eight cells, and we can calculate a minimizer for each of
them. These eight minimizers can then be used to construct a hexahedron. Figure 72 (left) shows
an example used to solve electromagnetic scattering problems.

6.1.7 Error Metric

For efficiency and accuracy during calculations, finite element applications require the number of
elements to be as small as possible, while preserving necessary features. For a given precision
requirement, the uniform mesh is always over-sampled with unnecessary small elements. Adaptive
meshes are therefore preferable.

For the adaptive mesh, an error function and an error tolerance € are required, which set the
criteria to identify where we should select higher level (denser mesh) and where lower level (coarser
mesh) should be chosen. In order to minimize the number of elements while preserving features, it
is important to have a feature sensitive error function.

The Dual Contouring algorithm can preserve sharp features by using the QEF error function.
Examples show that it is not sensitive to some features, for example, facial features, like the nose,
eyes, mouth and ears of the human head model in Figure 73. Here we choose the Euclidean distance
error (EDerror) function to identify features.

For level (i), the eight vertices’ function values are given, and a trilinear function is defined in
Equation (4), from which the function values of 12 edge middle points, 6 face middle points and
1 center point can be obtained. For level (i+1), the function values of all vertices are given. The
error function is defined in Equation (5).

f@y.2) = fool—2)(1—y)(1—2)+ fou(l —2)yz

+  foor(1 —2)(1 —y)z+ fioz(l —y)=z
+ fglo(l — x)y(l — Z) + fllozy(l — Z) (232)
+ froor(1 —y)(1 —2) + finzyz
i+l gi
EDerror = Z |f|+v—f_z|f| (233)
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Figure 73: Sharp edge features (left); Facial features: QEF (middle, 2952 triangles) and EDerror
(right, 2734 triangles). Better feature adaptation (eyes, nose, mouth and ears) is shown in the right
picture.

N Nl

< <

Figure 74: Quality Improvement - Left: no edge contraction, circles mark triangles with bad aspect
ratio; Right: poor quality triangles disappear after iterative edge contraction.

The two error functions are compared in Figure 73. It is obvious that the EDerror can also
preserve sharp edges, and is more sensitive to the areas where nose, eyes, mouth and ears are located
on the human head model. That is because EDerror is the Eucliean distance which measures error
in a better way [191] than QEF. Furthermore, QEF only measures function value at a minimizer
point for each cell, while EDerror compares function value at all vertices and edge/face middle
points.

6.1.8 Quality Improvement

The above 3D mesh extraction algorithm can tetrahedralize the interval volume, and the extracted
meshes have better quality than meshes from other methods such as MC and MT. However, it can
not guarantee that all the elements have good quality. For example, sliver triangles or tetrahedra
exist. In order to measure tetrahedra’s quality, three quality parameters are borrowed from the
ABAQUS document (a FEM software).

e Tetrahedral Quality Measure = volume of tetrahedron / volume of equilateral tetrahedron
with same circum-sphere radius (> 0.02)
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Figure 75: Upper row: Knee (SDF) — error tolerances €, = €5yt = 0.0001; isovalues apy = -0.02838,
ain, are listed below each picture. Bottom row: Heart Valve (Poly, CT) — isovalues (ajn, qout) =
(1000, 75); error tolerances €;, = 0.0001, 4, are listed below each picture.

e Min/Max Angles — with minimum angle @ > 10° and maximum angle 8 < 160°.
e Right-hand-side principle

In the process of improving the mesh quality, edge contraction is a direct method to eliminate
sliver tetrahedra. For each tetrahedron, first calculate the three quality parameters. If the tetrahe-
dron’s orientation is Left-hand-side, swap any two vertices’ index number. If Tetrahedral Quality
Measure < 0.02 or Min Angle < 10° or Max Angle > 160°, contract the shortest edge. Be careful
not to merge vertices on surfaces to vertices inside the interval volume. Figure 6.2.6 shows an
example.

6.1.9 Results

We developed an interactive program for 3D mesh extraction and rendering from a volume. In
the program, the error tolerance and the isovalues can be changed interactively. The results were
computed on a PC equipped with a Pentium IIT 800 MHz processor and 1 GB main memory.

Figure 70, 75 provide information about data sets and test results. As a preprocessing, we
calculate min/max values for each octree cell to visit only cells contributing to mesh extraction and
to compute QEF values only in those cells at run time. Extraction time in the table includes octree
traversal, QEF computation and actual mesh extraction, given isovalues and error tolerance values
for inner and outer surfaces as run time parameters. If we fix isovalues, and change error tolerance
interactively, the computed QEF is reused and thus the whole extraction process is accelerated.

To extract 3D meshes from the surface data, we computed SDF from the surface and performed
mesh extraction (Figure 75 (knee)). The results from CT data are shown in Figure 67 and 75
(heart valve). The number of elements is controlled by changing error tolerance. In Figure 75
(upper row), the sequence of images are generated by changing the isovalue of the inner isosurface.
The topology of the inner isosurface can change arbitrarily.

We have presented an algorithm to extract adaptive and high quality 3D meshes directly from
volumetric imaging data. By extending the dual contouring method [136], our method can generate
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3D meshes with good properties such as no hanging nodes, sharp feature preservation and good
aspect ratio. Using an error metric which is normalized by the function gradient, the resolution
of the extracted mesh is adapted to the features sensitively. The resulting meshes are useful for
efficient and accurate FEM calculations.

6.2 Adaptive and Quality Quadrilateral/Hexahedral Meshing from Volumetric
Imaging Data

We describe an algorithm to extract adaptive and quality quadrilateral/hexahedral meshes di-
rectly from volumetric imaging data. First, a bottom-up surface topology preserving octree-based
algorithm is applied to select a starting octree level. Then the dual contouring method is used to ex-
tract a preliminary uniform quad/hex mesh, which is decomposed into finer quads/hexes adaptively
without introducing any hanging nodes. The positions of all boundary vertices are recalculated to
approximate the boundary surface more accurately. Mesh adaptivity can be controlled by a feature
sensitive error function, the regions that users are interested in, or finite element calculation results.
Finally, the relaxation based technique is deployed to improve mesh quality. Several demonstration
examples are provided from a wide variety of application domains. Some extracted meshes have
been extensively used in finite element simulations.

6.2.1 Overview

Unstructured quadrilateral /hexahedral mesh generation attracts many researchers’ interest because
of its important applications in finite element simulations. However, it still remains a challenging
and open problem to generate adaptive and quality quad/hex meshes directly from volumetric
imaging data, such as Computed Tomography (CT), Magnetic Resonance Imaging (MRI) and
Signed Distance Function (SDF) data.

The volumetric imaging data V is a sequence of sampled functional values on rectilinear
grids, and can be written as V' = {F\(i,J,k)|i,Jj,k are indices in z,y,z coordinates in a recti-
linear grid}. An isosurface or a level set corresponding to the isovalue « is defined as Sp(a) =
{(z,y,2)|F(x,y,z) = a}, and an interval volume between two isosurfaces Sg(aq), Sp(az) is defined
as Ir(ai,az) = {(z,y,2)|a1 < F(z,y,2) < as}. We present an approach to extract adaptive and
quality quadrilateral meshes for the isosurface Sr(«), and hexahedral meshes for an interval volume
Ir(ay, ap) with isosurfaces as boundaries. In some finite element simulations, both interior and
exterior hexahedral meshes are required, for example, the interior mesh of the volume inside the
solvent accessibility surface of the biomolecule mouse acetylcholinesterase (mAChE) [217], and the
exterior mesh between the solvent accessibility surface and an outer sphere. Since the most impor-
tant part in the geometric structure of mAChE is the cavity, we need to generate finer mesh for it
(Figure 76). Our approach can also generate adaptive and quality interior and exterior hexahedral
meshes.

The main steps to extract adaptive and quality quadrilateral and hexahedral meshes from
volumetric data are as follows:

1. The selection of a starting octree level for uniform mesh generation with correct topology.
2. Crack-free and adaptive quad/hex meshing without any hanging nodes.
3. Quality improvement.

In order to generate uniform quadrilateral and hexahedral meshes with correct topology, we
select a suitable starting octree level using a bottom-up surface topology preserving octree-based
algorithm. An approach provided in [136] is used to check whether a fine isosurface is topologically
equivalent to a coarse one or not. Generally correct topology is guaranteed in the uniform mesh.
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Figure 76: Adaptive quadrilateral and hexahedral meshes of a biomolecule mAChE. (a) - the
quadrilateral mesh of the molecular surface; (b) - the wireframe of the adaptive quadrilateral mesh
of the molecular surface; (c) - the adaptive hexahedral mesh of the interior volume; (d) - the adaptive
hexahedral mesh of the exterior volume between the molecular surface and an outer sphere. Finer
meshes are generated in the region of the cavity, while coarser meshes are kept in other areas. The
cavity is shown in the red boxes.

The dual contouring method [136] proposes an algorithm to extract a uniform quadrilateral
mesh for an isosurface by analyzing each sign change edge, whose two ending points lie in different
sides of the isosurface. In the octree-based data structure, each sign change edge is shared by four
octree leaves, and one minimizer point is obtained for each leaf cell by minimizing a predefined
quadratic error function (QEF) [116]. The four minimizer points construct a quad, and the union
of all the generated quads provides an approximation to this isosurface.

Starting from a uniform quadrilateral mesh, we use templates to refine each quad adaptively.
The position of each vertex is recalculated by moving it toward the isosurface along its normal
direction, which is represented by trilinear interpolation functions within octree leaf cells. The dual
contouring isosurface extraction method has been extended to uniform hexahedral mesh generation
[242] [241]. Predefined three dimensional templates are used to generate adaptive hexahedral
meshes.

The mesh adaptivity can be controlled according to various requirements by a feature sensitive
error function [242] [241], areas that users are interested in, or results from finite element calcu-
lations. Users can also design an error function to control the mesh adaptivity according to their
specific requirements.

Generally, the extracted quadrilateral and hexahedral meshes can not be used for finite element
calculations directly since some elements have poor quality. We choose corresponding metrics to
measure the quality of quadrilateral and hexahedral meshes respectively, then the relaxation based
technique is deployed to improve mesh quality. Some of the generated meshes have been used in
finite element simulations.

Previous Work As a structured method, quad/hex mapped meshing [79] generates the most
desirable meshes if opposite edges/faces of the domain to be meshed have equal numbers of divisions
or the same surface mesh. However, it is always difficult to decompose an arbitrary geometric
configuration into mapped meshable regions. In the CUBIT project [202] at Sandia National Labs,
a lot of research has been done to automatically recognize features and decompose geometry into
mapped meshable areas or volumes.

As reviewed in [183] [224], there are indirect and direct methods for unstructured quad/hex
mesh generation. The indirect method is to generate triangular/tetrahedral meshes first, then
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convert them into quads/hexes. The direct method is to generate quads/hexes directly without
first going through triangular/tetrahedral meshing.

Unstructured Quad Mesh Generation: The indirect method is to convert triangles into
quads by dividing a triangle into three quads, or combining adjacent pairs of triangles to quads
[149].

There are three main categories for unstructured direct quad mesh generation, quad meshing
by decomposition, advancing front quad meshing and isosurface extraction. The decomposition
technique is to divide the domain into simpler regions which can be resolved by templates [8]
[222]. The second category is to utilize a moving front method for direct placement of nodes and
elements. Starting with an initial placement nodes on the boundary, Zhu et al. [246] formed
individual elements by projecting edges towards the interior. As a part of CUBIT [202], the
paving algorithm places elements starting from the boundary and works in [56]. Different from
the decomposition and the advancing front techniques, the dual contouring method [136] extracts
uniform quadrilateral meshes from volumetric imaging data to approximate isosurfaces which can
be an arbitrary geometry.

Unstructured Hex Mesh Generation: Eppstein [104] started from a tetrahedral mesh to
decompose each tetrahedron into four hexahedra. Although this method avoids many difficulties,
it rapidly increases the number of elements and tends to introduce bad shape elements.

There are five distinct methods for unstructured direct all-hex mesh generation: grid-based,
medial surface, plastering, whisker weaving and isosurface extraction. The grid-based approach
generates a fitted 3D grid of hex elements on the interior of the volume, and hex elements are
added at the boundaries to fill gaps [206] [208] [209]. The grid-based method is robust, but tends
to generate poor quality elements at the boundaries. Medial surface methods are to decompose
the volume to map meshable regions, and fill the volume with hex elements using templates [192]
[193]. Plastering places elements on boundaries first and advances towards the center of the volume
[60] [55]. Whisker weaving first constructs the spatial twist continuum (STC) or dual of the hex
mesh, then the hex elements can be fitted into the volume using the STC as a guide [223]. Medial
surface methods, plastering and whisker weaving have successfully generated hex meshes for some
geometry, but have not been proven to be robust and reliable for an arbitrary geometric domain.
Zhang et al. [242] [241] extended the dual contouring isosurface extraction method [136] to uniform
hexahedral mesh generation. This method is robust and reliable for an arbitrary geometry, but
adaptive meshes are preferable and mesh quality needs to be improved.

Quality Improvement: As the simplest and most straight forward method, Laplacian smooth-
ing relocates the vertex position at the average of the nodes connecting to it [109]. There are a
variety of other smoothing techniques based on a weighted average of the surrounding nodes and
elements. The averaging method may invert or degrade the local quality, but it is simple to imple-
ment and in wide use. Instead of relocating vertices based on a heuristic algorithm, people utilized
an optimization technique to improve the mesh quality. The optimization algorithm measures the
quality of the surrounding elements to a node and attempts to optimize it. The algorithm is similar
to a minimax technique used to solve circuit design problems [65]. The optimization-based smooth-
ing yields better results but it is more expensive than Laplacian smoothing. Therefore, some people
[61] [112] [113] recommended a combined Laplacian/optimization-based approach.

Staten et al. [219] [138] proposed algorithms to improve node valence for quadrilateral meshes.
One special case of cleanup in hexahedral meshes for the whisker weaving algorithm is presented
in [163]. Schneiders [207] proposed algorithms and a series of templates for quad/hex element
decomposition. A subdivision algorithm was proposed for the refinement of hexahedral meshes

[35].
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Figure 77: The templates to decompose a quad or a triangle into quads. Red points are newly
inserted at the middle of edges or the element center. (a) - a quad before splitting; (b) - a triangle
before splitting; (c) - a quad is split into four quads; (d) - a triangle is split into three quads.

6.2.2 Starting Octree Level Selection

There are three main steps in our adaptive and quality quadrilateral and hexahedral mesh extraction
from volumetric data. First, we need to choose a suitable starting octree level to generate the
uniform mesh with correct topology. Then pre-defined templates are used to refine the uniform
mesh adaptively. The positions of all boundary vertices are recalculated, and the mesh adaptivity
can be controlled by an error function designed in multiple ways. Finally, the relaxation based
technique is used to improve mesh quality.

The bottom-up surface topology preserving octree-based algorithm is used to select a starting
octree level. Suppose the volume data has the dimension of (2" + 1)3, so the deepest octree level
is n. For an isosurface, we first compare the surface topology at Level n and Level (n — 1). If the
surface topology is equivalent, then we continue comparing the surface topology at Level (n — 1)
and Level (n — 2) until we find the surface topology at two neighboring levels, e.g. Level ¢ and
Level (i—1) (i =n,...,1), is different from each other. Then we will select i as the starting octree
level.

We assign a sign to each grid point in the volumetric data. If the function value at a grid point
is greater than the isovalue, then the sign is 1, otherwise it is 0. An approach is described in [136]
to check whether a fine isocontour is topologically equivalent to a coarse one or not. The fine and
coarse isocontour is topologically equivalent with each other if and only if the sign of the middle
vertex of a coarse edge/face/cube is the same as the sign of at least one vertex of the edge/face/cube
which contains the middle vertex. Generally we guarantee the correct topology for the boundary
surfaces by choosing a suitable starting octree level, and correct topology will be preserved in the
process of adaptive mesh refinement.

6.2.3 Quad Isosurface Extraction

Finite element calculations sometimes require quadrilateral meshes instead of triangular meshes.
It is more challenging to generate quadrilateral meshes since not every polygon can be decomposed
into quads directly. The uniform quadrilateral mesh extraction algorithm is simpler [136], but
adaptive meshes are more preferable than uniform ones. There are two main problems in adaptive
quadrilateral mesh extraction.

1. How to decompose a quad into finer quads.

2. How to calculate the positions of vertices.

Mesh Decomposition Indirect Method: In the dual contouring isosurface extraction method
[136], an error function is defined to control where we should generate fine meshes, and where we
should keep coarse ones. In the adaptive octree data structure, either a sign change edge is shared
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Method 1
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Method 2
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Method 3
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Figure 78: Three different methods to define templates for adaptive quadrilateral isosurface extrac-
tion. In Method 1, the quad needs to be refined; In Method 2 and 3, octree leaf cells generating
red minimizer points need to be refined.

by three cells resulting in a triangle, or it is shared by four cells and a quad is generated. Therefore,
the isosurface is represented by a union of quads and triangles. In order to obtain a all-quad mesh,
the indirect method splits each quad into four quads and each triangle into three quads by inserting
points at the middle of edges and at the center of the element as shown in Figure 77. The idea of
the indirect method is simple and easy to implement, but the number of elements increases (2 ~
3) times all over the original mesh.

Direct Method: At the selected starting octree level, the dual contouring isosurface extraction
method [136] generates uniform quadrilateral meshes by analyzing each sign change edge which is
shared by four leaf cells. Adaptive quadrilateral meshes can be obtained from the uniform mesh
by using some templates. There are multiple ways to define templates for adaptive quadrilateral
mesh construction, therefore criteria needs to be set to evaluate them in order to generate meshes
with good quality. Here we define some requirements for templates:

1. All resulting elements are quads.

2. No hanging nodes exist.

3. The resulting mesh approximates the object surface accurately.
4. The resulting elements have good aspect ratio.

5. The resulting mesh introduces small number of new elements and vertices.

Figure 78 shows three methods to define templates for adaptive quadrilateral mesh generation
starting from a uniform mesh with correct topology. In the uniform case, each sign change edge
is shared by four cells and four minimizer points are obtained to construct a quad. In Method 1,
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if the maximum error function value (for example, the feature sensitive error function defined in
[242] [241]) of the four cells is greater than a threshold ¢, then the four octree cells containing the
sign change edge should be subdivided, and the quad generated from this edge should be refined.
This method does not consider its neighboring information, each quad is refined independently. If
a quad needs to be refined, then the resulting mesh has 5 elements and 4 newly inserted vertices.
In Method 2 [209] and 3, various decomposition methods are chosen according to the cell which
generates a quad node and also needs to be refined. Method 2 and 3 are only different in Case (2b),
Method 2 generates less elements and extra vertices, but the quad quality is worse than Method 3.

We can use the above five template requirements to compare the three methods in Figure 78.
It is obvious that all the three methods only generate quad elements, and no hanging nodes are
introduced. Compared with Method 1, Methods 2 and 3 insert extra nodes on the quad edges as
well as inside the quad, so they can approximate the surface more accurately. Comparing the worst
aspect ratio of the resulting quad elements in Method 2 and 3, we can see that Method 3 generates
quads with better quality. The number of elements and the number of newly inserted vertices for
each template are listed in Figure 79. Method 3 is preferable by balancing the five criteria.

_Method  Numberof 0 1 2a 2b 3 4

2 elements 1 3 7 4 8 9
vertices 0 3 8 4 10 12

3 elements 1 3 7 7 8 9
vertices 0 3 8 8 10 12

Figure 79: The number of elements and the number of newly inserted vertices for templates in
Methods 2 and 3 shown in Figure 78.

Vertex Position Calculation In the process of mesh refinement, new vertices are inserted
according to the pre-defined templates. The next step is to update the positions of existing vertices
and calculate the positions of newly inserted vertices.

In Figure 80, we assume that the leaf cell can be divided into four subcells in the finest resolution
level, therefore the real isosurface (the red curve) is represented by a union of three trilinear
interpolation functions within the subcells. For each existing minimizer point, first we find the
octree leaf cell containing it in the current resolution level, then move it toward the isosurface
within this leaf cell along its normal direction. The intersection point is more accurate to represent
this boundary vertex than the minimizer point. If the calculated intersection point lies outside this
cell unfortunately because of bad normal vectors, we will still keep the old position and normal
vectors for it.

\

(a) (b)

Figure 80: The calculation of vertex positions. The red curve is the real isocontour. The green
circle point represents an existing minimizer point of this leaf cell, and blue circle points are two
newly inserted vertices. The arrows are their normal vectors, and the green and blue box points
are the resulting vertices.
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Direct Method (1) Direct Method (3)

Figure 81: Adaptive quad meshes generated from two direct methods. A feature sensitive error
function [242] [241] is chosen for mesh adaptivity, the isovalue o = 0, the error tolerance ¢ = 0.4.
Method 1 generates a bad nose, and Method 3 generates a better result.

For those newly inserted vertices, we first calculate their position and normal vectors by the
linear interpolation of the four vertices of the original quad. Then we will move them toward the
isosurfaces in the same way as we update the positions of existing vertices.

Figure 81 shows adaptive quadrilateral meshes of the human head generated from two direct
methods, Method 1 and Method 3 shown in Figure 78. It is obvious that the original uniform mesh
is refined adaptively, and the new vertex positions are closer to the isosurface. Method 1 generates
a bad nose, and Method 3 approximates the isosurface more accurately than Method 1 because
it introduces extra vertices on the refined edges of each original quad. The mesh adaptivity is
controlled by a feature sensitive error function [242] [241], which is sensitive to facial features such
as the nose, the eyes, the mouth and the ears.

6.2.4 Hexahedral Mesh Extraction

The dual contouring method [136] has been extended to uniform hexahedral mesh generation by
analyzing each interior vertex (a grid point inside the interval volume) shared by eight different
cells, which are either boundary cells or interior cells [242] [241]. One minimizer is calculated for
each boundary cell, and the cell center is set as the minimizer for each interior cell. Those eight
minimizers construct a hexahedron. In this section, we will focus on adaptive hexahedral mesh
generation.
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Figure 82: Top row - an example of adaptive quad mesh generation in 2D. Each green point
represents a minimizer point of a cell to be refined, and the red curve represents the real isocontour.
Bottom row - the decomposition templates of Method 3 shown in Figure 78.
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Figure 83: Adaptive hexahedral mesh decomposition (Method 1). Left - a 2D example; Middle - a
small hexahedron is inserted; Right - the top face of the original hexahedron needs to be refined.

2D Mesh Decomposition In 2D, the uniform quadrilateral mesh can be constructed by ana-
lyzing each interior grid point, which is shared by four cells. One minimizer point is calculated for
each cell, therefore four minimizer points are obtained and they construct a quad. All the templates
defined in Figure 78 can be used here for adaptive 2D mesh generation. Figure 82 shows an example
of adaptive quadrilateral mesh extraction using Method 3. When we analyze each cell to calculate
the minimizer point, we compare the feature sensitive error function of this cell with a threshold
€. If the error function value of a cell is greater than ¢, then this cell needs to be subdivided. An
interior grid point is shared by four cells, therefore there are a total of 2* = 16 configurations. Due
to the symmetry, there are five basic templates for the quad refinement. A uniform quadrilateral
mesh can be refined adaptively by using those templates.

3D Mesh Decomposition Indirect Method: Adaptive and quality tetrahedral meshes have
been generated from volumetric imaging data [242] [241], therefore we can obtain hexahedral meshes
by decomposing each tetrahedron into four hexahedra.

Direct Method: Not all the direct methods for adaptive 2D mesh generation shown in Figure
78 can be extended to 3D. There are two main methods for adaptive hexahedral mesh generation,
one is extended from the first 2D direct method and the other one is derived from part of the third
2D direct method.

Extended from the first 2D direct method in Figure 78, Method 1 refines each hexahedron
independently as shown in Figure 83. It first splits each hexahedron into seven ones by inserting
one small hex in its center, and each face of the original hex is contained in a hex independently. If
one face needs to be refined, then the hex containing it will be refined as shown in the right picture
of Figure 83. If there are i (i = 1,...,6) faces that need to be refined for a hexahedron, then the
resulting mesh has (6 — i+ 1+ 6i = 5i + 7) elements and 8(i + 1) newly inserted vertices.

Method 2 is derived from part of the third 2D direct method shown in Figure 78. In the
process of refinement, this method considers whether the error function value of each cell is greater
than a threshold ¢ or not. One hexahedron has a total of eight vertices, so there are (2% =
256) configurations. Due to the symmetry, there are 22 necessary templates [226], but not all
the templates can be decomposed into hexahedra. Figure 84 shows five templates for adaptive
hexahedral decomposition and the detailed view [209], which are much more complicated than
the templates of 2D quadrilateral decomposition. Figure 85 lists the number of elements and the
number of newly inserted vertices for each template.

144



e
o
e
o

Figure 84: Templates of adaptive hexahedral mesh decomposition (Method 2) according to the cells
to be refined from which red minimizer points are generated. The bottom row shows the detailed
decomposition format.

_Method Numberof 0 1 2 4 &8
2 elements 1 4 11 22 27

vertices 0 7 19 39 56

Figure 85: The element number and the newly inserted vertex number of Method 2 within refined
hexahedra shown in Figure 84.
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and all others ——

Figure 86: The Look-Up table for converting an arbitrary configuration to one of the five templates
in Figure 84. Each green node represents the cell from which the minimizer point is generated
needs to be refined. The sign of the cell generating a red node is 1, otherwise the sign is 0.

We set a sign for each leaf cell at the uniform starting octree level indicating if this cell needs to
be refined or not. For each leaf cell, the feature sensitive error function is calculated and compared
with a threshold e. If the function value is greater than e, then the sign is set to be 1, otherwise
it is 0. For each hexahedron extracted from the uniform level, we check if it belongs to one of the
templates shown in Figure 84. If not, we need to convert it by looking up the table shown in Figure
86. We keep updating the sign for each leaf cell until no sign changes, at this time all the generated
hexahedra in the uniform level are in the format of the five templates shown in Figure 84, then we
can construct an adaptive hexahedral mesh using the corresponding templates.

Each hexahedron is constructed by eight minimizer points, which are calculated from leaf cells
in the uniform octree level. The error function of the cell generating a minimizer point is either
greater than the threshold € or < ¢, therefore there are a total of 28 = 256 configurations for a
hexahedron. Figure 86 shows the Look-Up table for converting an arbitrary configuration to the
five templates shown in Figure 84. The green node means the error function of the cell generating
this minimizer point is greater than the threshold e. The red node means the sign of the cell
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Figure 87: Sharp features are preserved. From left to right: an adaptive quad mesh of a mechanical
part; an adaptive hex mesh of a mechanical part; an adaptive quad mesh of a fandisk, an adaptive
hex mesh of a fandisk.

generating this node is set to be 1, otherwise the sign is 0.

In the process of adaptive hexahedral mesh generation, we need to insert extra vertices and
detect if they lie on the boundary or not. If a vertex lies on a boundary edge or a boundary face,
then it is a boundary vertex. Otherwise it lies interior to the interval volume. There is a special
case that we need to be careful, a vertex lying on an edge whose two ending points are on the
boundary, or lying on a face whose four points are on the boundary, may not be on the boundary.
For those extra vertices lying inside the interval volume, we choose the linear interpolation of the
eight vertices of the original hexahedron. For those existing and newly inserted vertices lying on
the boundary isosurface, we first compute their positions from the linear interpolation, then move
them toward the isosurface to obtain their new positions as we do for the adaptive quadrilateral
isosurface extraction.

Figure 88 compares adaptive hexahedral meshes of the human head generated from Method 1
and Method 2. It is obvious that Method 2 constructs a better nose than Method 1 because it
introduces extra vertices on edges of refined hexes resulting in a more accurate approximation, and
Method 2 tends to generate meshes with better quality than Method 1. The extracted surface mesh
from Method 2 is a little different from the result of the third method shown in Figure 81, since
only templates 0, 1, 2a and 4 of the third method in Figure 78 are adopted, while templates 2b
and 3 are not used. Since we still use QEF for computing minimizing vertices, we can also preserve
sharp edges and corners (Figure 87).

6.2.5 Mesh Adaptivity

In order to generate accurate meshes with the minimal number of elements and vertices, it is
important to choose a good error metric to decide where we should generate a finer mesh and
where a coarser mesh should be kept. There are three main ways to control the mesh adaptivity.
Users can also design an error function based on their specific requirements.

e The feature sensitive error function.
e Areas that users are interested in.
e Finite element calculation results.

The feature sensitive error function [242] [241] is defined as the difference of trilinear inter-
polation functions between coarse and fine octree levels normalized by the gradient magnitude.
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Figure 88: Adaptive hexahedral meshes from Method 1 (left) and Method 2 (right) for the human
head. Top row shows the boundary isosurfaces, it is obvious that Method 1 generates bad nose as
Figure 81. Bottom row shows cross sections, the right part of elements are removed.
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Type DataSet MeshSize Scaled Jacobian  Condition Number Oddy Metric Inverted
(Vertexf, Elemfl) (best,aver.,worst) (best,aver.,worst) (best,aver.,worst) Elemf
quad _ Bubble? (208, 206) (1.0,0.92, 0.36) (1.0, 1.12, 2.77) (0.0, 0.61, 13.37) 0
Bubble® ; (1.0,0.94,0.62) (1.0, 1.07, 1.60) (0.0, 0.34, 3.13) 0
Head® (714, 712) (1.0,0.92, 0.06) (1.0, 1.13, 17.41) (0.0, 0.98, 604.24) 0
Head? _ (1.0, 0.92, 0.37) (L0, 1.10, 2.73) (0.0, 0.48, 12.93) 0
mAChE? (19998, 20013) (1.0, 0.90, 0.04) (1.0, 1.17, 27.63) (O.O7 1.29, 1524.67) 0
mAChE? ; (1.0,0.90, 0.16) (1.0, 1.15, 6.26) (0.0, 0.87, 76.28) 0
hex  Head’ (1210, 812) (1.0, 0.85, 1.9¢-3) (1.0, 2.62, 519.74) (0.0, 12.88, 6.95¢3) 1
Head® ; (1.0, 0.85, 0.02) (1.0, 1.98, 46.34) (0.0, 5.03, 638.83) 0
mAChE? (81233, 70966) (1.0, 0.94, 5.2¢-5) (1.0, 2.07, 1.92¢4) (0.0, 18.35, 1.58¢6) 5
mAChE® ; (1.0, 0.94, 0.01) (1.0, 1.40, 74.73) (0.0, 2.37, 1379.81) 0

Figure 89: The comparison of the three quality criteria (the scaled Jacobian, the condition number
and Oddy metric) before/after the quality improvement for quadrilateral meshes of bubble, head
and mAChE. DATA? — before quality improvement; DATA® — after quality improvement.
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Figure 91: The histogram of the condition number for hexahedral meshes of mAChE and the human
head.

Number of Elements (Extraction Time (unit : ms) )

DataSet Type Dimension
(a) (b) (c) (d)
Bubble SDF 65° 206 (172) 1478 (329) 1854 (344) -
Head SDF 653 1942 (594) 812 (375) 4049 (750) 17905 (3267)
Knee SDF 653 4058 (735) 1386 (453) 7111 (797) 36207 (1516)
Skull CT 1293 - - 20416 (9893) 10827 (9205)
Skin CT 1293 20999 (9955) 61244 (14565) - —
mAChE Given 2573 20013 (6080) - 70966 (11690) 38939 (7955)

Figure 92: Data Sets and Test Results. The CT data sets are re-sampled to fit into the octree
representation. Rendering results for each case are shown in Figure 96, 93, 94, 95 and 76. Skull
and Skin are extracted from the UNC Head model.

It is sensitive to areas of large geometric feature since it directly measures the surface difference
between coarse and fine levels, for example, the facial features (nose, eyes, mouth and ears) in the
head model as shown in Figure 88 and 93.

Sometimes, people are interested in some special areas based on their physical or biological
applications. For example, there is a cavity in the structure of the biomolecule called mouse
acetylcholinesterase (mAChE) [217]. A finer mesh is required around the cavity area while a coarse
mesh needs to be kept in other regions. In this situation, the error function should be defined by
regions. Figure 76 shows the adaptive quadrilateral and hexahedral meshes for the biomolecule
mAChE, and it is obvious that the mesh adaptivity is controlled by regions.

In finite element simulations, we first need to construct meshes to represent the analyzed ge-
ometric domain, then solve ordinary/partial differential equations over it using the finite element
method. For accurate and efficient finite element analysis, adaptive meshes are preferable. The
mesh adaptivity can be controlled directly by finite element solutions to balance the error of finite
element solutions over each element. Figure 96 shows quad meshes of a bubble model. The mesh
adaptivity is controlled by its deformation obtained from the finite element analysis.
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Figure 93: Quadrilateral and hexahedral meshes of the human head. (a) - an adaptive quadrilateral
mesh; (b) - the uniform hexahedral mesh at a chosen starting level; (¢) - an adaptive interior hexa-
hedral mesh controlled by the feature sensitive error function; (d) - an adaptive exterior hexahedral
mesh controlled by the feature sensitive error function.

(d)

Figure 94: Quadrilateral and hexahedral meshes of the knee. (a) - an adaptive quadrilateral mesh;
(b) - the uniform hexahedral mesh at a chosen starting level; (c¢) - an adaptive hex mesh controlled
by the feature sensitive error function; (d) - all the hexahedral elements in (b) are refined.
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(a) (b)

Figure 95: Quadrilateral and hexahedral meshes are extracted from a CT-scanned volumetric data
(UNC head). (a) - the quadrilateral mesh of the skin; (b) - the hexahedral mesh of the volume
inside the skin; (c) - the quadrilateral mesh of the skull isosurface; (d) - the hexahedral mesh of
the skull.

(b)

Figure 96: Quadrilateral meshes of a bubble model. (a) - the uniform mesh at a chosen starting
level; (b) - an adaptive mesh controlled by finite element solutions (deformation); (c) - a mesh
generated by refining all the elements in (a).
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6.2.6 Quality Improvement

Quality improvement is a necessary step for finite element mesh generation. First we need to choose
corresponding quality metrics to measure the quality of quadrilateral and hexahedral meshes. Here
we select the scaled Jacobian, the condition number of the Jacobian matrix and Oddy metric [177]
as our metrics [139][140][142].

Assume z € R? is the position vector of a vertex in a quad or a hex, and 2; € R fori =1,...,m
are its neighboring vertices, where m = 2 for a quad and m = 3 for a hex. Edge vectors are defined
as e; = x;—x with i = 1,...,m, and the Jacobian matrix is J = [ey, ..., €y,]. The determinant of the
Jacobian matrix is called Jacobian, or scaled Jacobian if edge vectors are normalized. An element
is said to be inverted if one of its Jacobians < 0. We use the Frobenius norm as a matrix norm,
|J| = (tr(JTJ)'/?). The condition number of the Jacobian matrix is defined as x(J) = |J||J 1],

where |[J71| = de‘ij(lj)' Therefore, the three quality metrics for a vertex = in a quad or a hex are
defined as follows:
Jacobian(x) = det(J) (234)
Lo
= — 2
k() —1J (235)
JTJ 2 1 J 4
Oddy(x) = ( | ’Z| ) (236)
det(J)m

where m = 2 for quadrilateral meshes and m = 3 for hexahedral meshes.

In the process of mesh quality improvement, our goal is to remove inverted elements and improve
the worst condition number of the Jacobian matrix. First the averaging method is used to remove
inverted elements. We calculate the scaled Jacobian for a vertex in each element, and relocate
this vertex by the average of all its neighbors if the Jacobian is negative. Then we calculate the
condition number of the Jacobian matrix for a vertex in each quad or hex, and find the vertex with
the maximum value. We compute the new position for this vertex using the conjugated gradient
method with the condition number (Equation 235) as objective.

If the relocated vertex is an interior node, then we replace the location of this vertex with the
calculated new position. If this vertex lies on the boundary, then we calculate its new position and
move it toward the isosurface along its normal direction. We keep reducing the maximum condition
number for quad or hex meshes until we arrive a given threshold. In this way, we can improve the
worst condition number of the Jacobian matrix, as well as improving the other two metrics, the
scaled Jacobian and Oddy metric. However, it is possible to produce an invalid mesh containing
inverted elements. We choose a ‘smart’ smoothing method [112], which relocates the point only if
the mesh quality is improved.

Figure 89 shows the improvement of the worst values of the scaled Jacobian, the condition
number and Oddy metric. The histograms of the condition number (Figure 90 and 91) show the
overall quality of quad and hex meshes for the human head model and a biomolecule mAChE. By
Comparing the three quality metrics before and after quality improvement, we can see that the
worst parameters are improved significantly.

6.2.7 Results and Applications

We have developed an interactive program for adaptive and quality quadrilateral /hexahedral mesh
extraction and rendering from volumetric imaging data, and plugged it into our LBIE-Mesh soft-
ware (Level Set Boundary and Interior-Exterior Mesher), which can generate adaptive and quality
2D (triangular/quadrilateral) and 3D (tetrahedral/hexahedral) meshes from volume data. The al-
gorithm of tetrahedral mesh generation is described in [242] [241]. In this software, error tolerances
and isovalues can be changed interactively. Our results were computed on a PC equipped with a
Pentium IIT 800MHz processor and 1GB main memory.
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Our algorithm has been used to generate quadrilateral and hexahedral meshes for some signed
distance function data such as the bubble (Figure 96), the human head (Figure 93) and the knee
model (Figure 94). We also extracted meshes for the skin and the skull from a CT scanned data
(the UNChead, Figure 95), and tested the algorithm on biomolecular data (mAChE, Figure 76).
Figure 92 shows the information for each dataset and results. The results consist of the number of
elements, the extraction time and images with respect to different isovalues and error tolerances.
Extraction time includes octree traversal, QEF computation and mesh extraction.

Figure 96 shows the extracted quadrilateral meshes for a bubble, which has been used in the
simulation of drop deformation using the finite element method. First, we generate a uniform
quad mesh for the original state of the bubble. Then we get finite element solutions such as the
deformation from finite element analysis, and use the error of the deformation over each element
to control the mesh adaptivity. Finally we can provide an adaptive and quality quad mesh to limit
the maximum error of finite element solutions within a threshold.

Some physically-based simulations need both interior and exterior hexahedral meshes. For
example, when people are analyzing the electromagnetic scattering over the human head, hex
meshes of the volume interior to the head surface and hex meshes exterior to the head surface but
inside an outer sphere are needed at the same time. Figure 93 shows the extracted interior and
exterior meshes for a head model. The facial features such as nose, eyes, mouth and ears are kept,
and fine meshes are generated in those regions. Figure 1 shows another example of interior and
exterior hexahedral meshes, the biomolecule mAChE. The mesh adaptivity is controlled by regions,
fine meshes are generated in the area of cavity.

Conclusions We have presented an algorithm to extract adaptive and quality quadrilateral and
hexahedral meshes directly from volumetric imaging data. First, a bottom-up surface topology
preserving octree-based algorithm is used to select a starting octree level, at which we extract
uniform meshes with correct topology using the dual contouring isosurface extraction method [136]
[242] [241]. Then we extended it to adaptive quadrilateral and hexahedral mesh generation using
some predefined templates without introducing any hanging nodes. The position of each boundary
vertex is recalculated to approximate the isosurface more accurately. The mesh adaptivity can be
controlled in three ways, the feature sensitive error function [242] [241], the areas that users are
interested in and finite element solutions. Users can also design their own error function to control
the mesh adaptivity according to their specific requirements. Finally, three various quality metrics
are selected to measure the mesh quality, and the relaxation based technique is used to improve
it. The resulting meshes are extensively used for efficient and accurate finite element calculations.
Some of them have been used successfully.

6.3 Efficient Delaunay Mesh Generation From Sampled Scalar Functions

Many modern research areas face the challenge of meshing level sets of sampled scalar functions.
While many algorithms focus on ensuring geometric qualities of the output mesh, recent attention
has been paid to building topologically accurate Delaunay conforming meshes of any level set from
such volumetric data.

We present an algorithm which constructs a surface mesh homeomorphic to the true level set
of the sampled scalar function. The presented algorithm also produces a tetrahedral volumetric
mesh of good quality, both interior and exterior to the level set. The meshing scheme presented
substantially improves over the existing algorithms in terms of efficiency. Finally, we show that
when the unknown sampled scalar function, for which the level set is to be meshed, is approximated
by a specific class of interpolant, the algorithm can be simplified by taking into account the nature
of the interpolation scheme so as to circumvent some of the critical computations which tend to
produce numerical instability.
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6.3.1 Problem and Motivation

A wide variety of science and engineering applications rely on accurate level set triangulation. This
is especially true for multiscale models in biology, such as macromolecular structures extracted from
reconstructed single particle cryo-EM (Electron Microscopy), cell-processes and cell-organelles ex-
tracted from TEM (Tomographic Electron Microscopy), and even trabecular bone models extracted
from SR-CT (Synchrotron Radiation Micro-Computed Tomography) imaging. Computational anal-
ysis of these models for estimation of nano, micro, or mesoscopic structural properties depends on
the mesh representation of the contour components respecting their topological features.

Figure 97: Various stages of our algorithm. (a) A rectilinear grid with sample values of an unknown
function at the grid points. Within cells, the function is approximated with a trilinear interpolant.
For the purpose of visualization only, we collect a set of points (green) on the surface and display
them. A narrow region of the surface is magnified below. (b) Another view of the data (right) and
the same view of the mesh generated by Marching Cubes [159]. Note that the mesh is disconnected
in the thin region. (¢) The mesh generated by the restricted Delaunay triangulation of only edge
and grid points. Blue facets have a grid point as at least one of their vertices. This point set is
still not sufficient to produce a Delaunay-conforming mesh. (d) The mesh generated by addition of
sample points of 3. The topology is now recovered (Property I). (e,f) Geometrical refinement for
progressively smaller value of €. (g) Even in the magnified portion of the thin region, the triangles
approximate the geometry nicely (Property II). (h) All the points involved in construction of the
mesh including grid points (blue), edge points (green), and new points added by the algorithm (red).
Observe that in order to recover the topology and reduce the geometric error in the approximation,
many surface sample points are added to the point set.

Our goal is to find an algorithm to solve the following problem. The input to the algorithm is
a rectilinear sampling of a bounded domain of an unknown scalar function F. The rectilinear grid
need not be uniform; it may be adaptive as in the case of an octtree. The user then specifies a
local interpolant to generate a level set approximation for any isovalue v; we use % to denote this
level set of the interpolating function. Since the function F' is unknown, we must assume that the
local interpolant produces a good approximation of the function F' within each cell of the grid. Our
algorithm is general enough to use any local interpolant, however, in our experience, a trilinear
interpolant is the most natural choice.

Our goal is construct a mesh in an efficient manner such that the following properties hold:

I Topological Guarantee: M is homeomorphic to X.

II Geometrical Guarantee: The Hausdorff distance from M to X is within a user-specified
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bound e.

III Delaunay Conformity: M is a subcomplex of the Delaunay triangulation of the vertex set
of M.

IV Adaptivity: The user can decimate part of the volumetric data and still preserve properties
I, II, and III.

Once a surface M is generated that is Delaunay conforming, it is possible to improve the mesh
quality by applying any Delaunay refinement algorithm. We detail such an algorithm in Section
6.3.4. Figure 97 visually illustrates a toy data set (a), the failure of a typical isocontouring method,
in this case Marching Cubes, in reconstructing the level set (b), generation of the correct topology
by our algorithm (c-d), geometric refinement (e-g), and the final Delaunay-conforming surface
sample (h).

At this point, we emphasize the novelty of our approach. Although there exist algorithms which
can be applied to solve the problem as stated, such algorithms are devised in a more general setting
and thus do not exploit the natural structure of the volumetric data. Our approach has a number
of unique advantages over its predecessors. As part of the algorithm, we collect some of the grid
points around ¥ and use them to build a Delaunay conforming mesh efficiently. Once the surface
mesh is created and forced to conform to the Delaunay triangulation of the point set, these grid
points can either be removed or used to construct an interior or exterior tetrahedral volume mesh.

Additionally, as a result of noise in the input data or a poor choice of the isovalue v, there may
exist topological anomalies in the surface X. In mesh processing literature, such anomalies have
been referred to as “topological noise” [232, 23]. The term “noise” indicates undesirable features of
small geometric size that prevent the mesh from being used for further processing. Methods have
been developed to remove such artifacts provided that the point sample of ¥ is sufficiently dense
near the anomalies; our method guarantees this density. Therefore, the output mesh M can be
applied without any further refinement to any point processing algorithm that uses prior Delaunay-
based reconstruction of geometry to detect and selectively remove these topological features.

Finally, algorithms involving volumetric data and meshes often become computationally de-
manding due to the large size of data sets. The adaptivity of the algorithm (property IV) provides
one way to ease calculations by down-sampling less important regions of the volumetric data.

6.3.2 Prior Work

Mesh generation techniques have received significant attention in the past two decades. Two works
in particular, one by Chew [74] and one by Edelsbrunner and Shah [103], have spawned important
and relevant results in the field. We will address the prominent successors of each of these works
and compare the relative advantage of our approach.

Chew provided one of the first meshing algorithms for curved surfaces with provably good
geometry in [74], although the algorithm as stated in the paper could not guarantee topological
correctness. Boissonnat and Oudot showed how Chew’s algorithm can be applied to produce a
dense sample of ¥ and subsequently mesh it. Oudot, Rineau and Yvinec recently improved that
method by including sliver exudation, that is, the process of removing tetrahedra with very small
dihedral angles from a mesh [182]. Alliez, Cohen-Steiner, Yvinec and Desbrun have also adapted the
method to produce nicely graded meshes, i.e. meshes where the tetrahedra vary in size gradually
based on their distance to the surface [6].

Separately, Edelsbrunner and Shah established a criterion called the closed ball property for
ensuring that a mesh is Delaunay conforming [103]. We explain the closed ball property in Section
6.3.3. Recent work by Cheng, Dey, Ramos, and Ray uses this property to provide a method
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for constructing Delaunay conforming meshes that avoids the need to estimate local feature size
[69]. This is a significant development as approximating local feature size is computationally
expensive and not always numerically robust. Cheng, Dey and Ramos have extended this strategy
for piecewise smooth complexes [72]. Very recently, Dey and Levine [94] have given a two phase
algorithm to mesh isosurfaces from imaging data.

All of these approaches to mesh generation are useful, however, they all rely on an oracle to
know whether an arbitrary ray intersects the surface ¥. The implementation of such an oracle
becomes computationally prohibitive when applied to piecewise interpolated surfaces. For exam-
ple, a common data set size is 100® vertices, meaning there exist 100 functions in the piecewise
decomposition. Thus, a single ray may pass through over a hundred separate function domains,
making intersection calculations expensive. As we detail in Section 6.3.4, a major advantage of the
algorithm presented here is that we take advantage of the original rectilinear scaffolding from the
data to substantially reduce the computational overhead required.

Our work also improves upon existing methods for isosurface construction. Many well-known
techniques exist for isosurfacing including marching cubes [159], active snakes, dual contouring
[243], and higher order interpolation [43]. A variety of approaches have also been developed to
provide hierarchical isosurface extraction and interior meshing [234, 125, 133]. Shewchuk and
Labelle recently provided a straightforward isosurfacing and stuffing algorithm with good quality
tetrahedra [144]. Relatively few works, however, take into account the effect of a trilinear interpolant
within each grid cell [169, 73, 158]. Attali and Lachaud gave an algorithm for construction of
Delaunay conforming isosurfaces [7]. Their method, however, relies on a specific rule established
by Lauchaud in [145] that does not accommodate interpolation within grid cells. Further, none of
these techniques generalize easily to data that is sampled adaptively or to arbitrary interpolants.

6.3.3 Background

The Voronoi and Delaunay diagrams of a point set P, denoted Vor P and Del P respectively, play
an important role in the computations involved. Due to page limitations, we do not go into the
detail of their construction and refer the reader to any standard computational geometry textbook,
e.g. [90].

Given a point set P chosen from the same space in which Y is embedded, the restricted Delaunay
triangulation of P, denoted Del Py, is defined to be the set of Delaunay objects of Del P whose
dual Voronoi objects have non-zero intersection with 3. If P is chosen in a way that respects the
structure and local feature size of 3, Del P|y, will be a mesh with the desired properties.

Edelsbrunner and Shah gave a sufficient criterion called the closed ball property [103], sometimes
referred to as the topological ball property, for Del P|x, to be homeomorphic to ¥. A Voronoi object
V of dimension k satisfies the closed ball property if V. NYX = () or V N ¥ is homeomorphic to a
closed ball of dimension k£ — 1. Accordingly, a point set P is said to satisfy the closed ball property
if every Voronoi object of Vor P satisfies the closed ball property. Using the notion of transversality
as defined in [121], their criterion can now be stated precisely.

Theorem 6.1. [103] If ¥ intersects each Voronoi object of Vor P transversally and Vor P satisfies
the closed ball property, then Del Py, is homeomorphic to X.

We will show in Section 6.3.4 that our algorithm produces a mesh satisfying the closed ball
property. This ensures that the mesh is Delaunay conforming (property III from Section 6.3.1)
and, by the theorem, that the mesh is homeomorphic to ¥ (property I).

6.3.4 Algorithm

In this section, we describe the algorithm, analyze its efficiency and present some simplifying
results for a specific choice of local interpolant. Figure 98 shows an overview of the process in two
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Figure 98: A 2D example using bilinear interpolation of 3 demonstrating the importance of the
closed ball property. (a) Grid points (dark blue) and edge points (light blue) relevant to our
algorithm are shown. Note that in the 3D case we form a layer of grid points twice as thick. (b)
A portion of the Voronoi diagram is shown in red and a location where the closed ball property is
violated is circled. (c) Since the closed ball property is violated, the restricted Delaunay diagram
(black) has incorrect topology in the circled region. (d) Red points are inserted where the closed
ball property is violated and the restricted Delaunay graph is formed (black). (e) By including
those grid points interior to Y, we efficiently produce an interior mesh that does not alter the
Delaunay conforming surface mesh.

Algorithm Description Our algorithm is motivated primarily by the work of Cheng et al. in [69]
who build a Delaunay conforming approximation of the level set of any general implicit function.
Since our problem is focused on locally interpolated functions, we take advantage of the natural
scaffolding of the input grid to substantially improve the computational efficiency of the algorithm.
Moreover, we also show that once the Delaunay conforming surface mesh is extracted, it is quite
straightforward to build a tetrahedral volumetric mesh of good quality. We call the algorithm
for extracting a surface mesh DELSURFMESH and the extension to build a Delaunay tetrahedral
interior or exterior mesh DELVOLMESH.

In [69], the authors start with a small sample of points lying on the surface to be meshed. They
keep refining the mesh until its vertex set satisfies the closed ball property, thereby providing a
Delaunay conforming mesh homeomorphic to 3. To ensure that a point set P satisfies the closed
ball property, it is necessary to check the intersection of 3 with each Voronoi edge, facet, and cell
of Vor P. While checking intersections is a computationally expensive task for a general implicit
function, it is even more burdensome for the case of a piecewise locally interpolated function as
given in our problem. For example, to determine if a certain Voronoi edge intersects ¥ more than
once, it is necessary to search all voxels containing any subset of > which are stabbed by the Voronoi
edge, as Voronoi edges may be incident upon many voxels. Matters become worse for Voronoi facets
or cells which may touch large regions of the domain.

It is in regards to this difficulty that our approach becomes significant. We exploit the “gridded”
nature of the input data set to put O(1) bounds on our intersection calculations. To start, we
construct an initial sampling by computing all the points where a grid edge intersects . These
points serve as the initial sampling of 3. However, if we compute the Voronoi diagram of these
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E points alone, the Voronoi cells can intersect an arbitrary number of voxels, meaning we will
still have trouble verifying and enforcing the closed ball property. To circumvent this problem, we
compute a protective layer of grid points near ¥ which we denote G. The selection of G traps
Voronoi cells of E points into a few voxels. As the algorithm progresses, it adds more points to the
existing samples and the nature of the insertion process ensures that the Voronoi cells of these new
points are also trapped in a constant number of voxels. We derive bounds on the size of Voronoi
cells of the initial samples and the new points for uniform and non-uniform rectilinear gridding
(Octtree) in Section 6.3.4.

We now give the pseudocode of the algorithm DELSURFMESH and describe the specifics of the
steps subsequently (Figure 99).

DELSURFMESH()
1 Compute the point set F sampling 3.
2 Compute the protective layer G of grid points.
3 Compute the Voronoi and Delaunay diagrams of F U G.
4 Insert new sample points (V) repeatedly until Vor (E'U G U N) satisfies

closed ball property.
5 Output the Restricted Delaunay triangulation Del (EU G U N)|x.

Figure 99: Pseudo-code of the DELSURFMESH algorithm.

We have already described how we choose the initial set of points on (£) and near (G) the
surface Y. The next task is to ensure that the closed ball property holds for the set of points. For
a general interpolant within every grid cell, we employ the method given in [69]. For completeness,
we briefly describe how the closed ball property can be violated and what measures are to be taken.
This process is thus divided into three sub-steps CBP_VE for Voronoi edges, CBP_VF for Voronoi
facets, and CBP_VC for Voronoi cells. As we show in Section 6.3.4, one can simplify this process
considerably further if the typical trilinear interpolant is used, thereby improving the robustness
and efficiency of the algorithm.

e CBP_VE: A Voronoi edge V E violates the closed ball property if it intersects 3 in more than
one point. If this occurs, the intersection point which is farthest from the Delaunay triangle
dual to V E is inserted into the triangulation.

e CBP_VF: A Voronoi facet V' F violates the closed ball property if it intersects 3 in more than
one component or if the intersection includes a closed loop in the interior of V F. In either
case, the intersection point farthest from the Delaunay edge dual to V F' is inserted into the
triangulation.

e CBP_VC: A Voronoi cell VC violates the closed ball property if it intersects ¥ in more than
one component, if the intersection includes an isolated component of ¥ inside V' C, or if the
intersection includes a surface of positive genus with one or more disks removed.

Note, the above properties are to be checked in the order given. Once a violation is detected,
a new point is inserted into the existing Delaunay triangulation, the triangulation is updated, and
the processes must begin again. Figure 100 shows different situations that can arise in this context.

Mesh Refinement Although the topology of M is now correct, it may be possible that the
geometry of M is not approximated sufficiently for an application purpose. Hence, we allow a user
input € and refine M as follows. For each Voronoi edge V E that intersects ¥, we compute the
unique point p € VE N Y and the circumcenter ¢ of the dual Delaunay face to V E. If the distance
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Figure 100: Top row shows three samples scenarios where the closed ball property is violated for a
Voronoi Edge (left), Voronoi Facet (middle) and Voronoi Cell (right). The bottom row shows the
cases where the closed ball property is satisfied for Voronoi objects of the corresponding dimension
(in the top row).

between p and c is more than €, we add p to the vertex set and regenerate the restricted Delaunay
mesh. Every Voronoi edge dual to a restricted Delaunay facet is a normal approximation to X
locally meaning the distance between p and ¢ is an upper bound for the Hausdorff distance from %
to the restricted Delaunay mesh. Hence, this process will yield a mesh satisfying property II.

In our current implementation, we maintain the 3D Vor/Del diagram of the point set throughout
the process. Very recently, it was shown by Dey and Levine that this is not necessary [94]; one can
recover the geometry while manipulating only the 2D mesh data structure of the surface, as long
as there are enough points sampling a topologically correct approximation of 3.

Tetrahedral Meshing of Interior/Exterior At this stage, we have an accurate mesh approx-
imation of the level set both topologically and geometrically. Since the mesh is already embedded
in a Delaunay mesh that includes some grid points, we already have a tetrahedral mesh of both
the interior and exterior of ¥. In order to improve the quality of the mesh elements, we use the
algorithm DELVOLMESH defined as follows.

Without loss of generality, we describe how DELVOLMESH is used to generate a tetrahedral
mesh of the interior of ¥. The input to DELVOLMESH is Del (G U E' U N), the volumetric mesh
generated from DELSURFMESH. Note that Del (G U E U N) has the output of DELSURF MESH,
Del (GUEU N)|x, as a subcomplex. We form a set G’ of all grid vertices of the original rectilinear
scaffolding which have function values less than the isovalue and do not belong to G. These points
are distributed through the interior of ¥ evenly (or evenly relative to an adaptive gridding) and we
add them to the Delaunay mesh of the volume.

Here, our protective layer of grid points is crucially important. As we add the points of G’,
some triangles of the Delaunay mesh will necessarily change but the Delaunay triangles among
surface points (F and N vertices) will be unaffected. This is a direct consequence of the fact that
a point of G’ is, by construction of G, closer to points of G than to points of E U N. Therefore,
Del (EU N UG U G") will still have M as the restricted Delaunay diagram. By throwing out the
points of G exterior to X, we are left with a tetrahedral mesh of the volume with good quality
tetrahedra and a Delaunay conforming surface mesh. The 2D analogue of DELVOLMESH is shown
in Figure 98 (d) and (e).
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Efficiency Since our algorithm uses the natural structure of the rectilinear input data to construct
Voronoi and Delaunay diagrams, we are able to provide two important results that reduce the
computational burden. We state and discuss the significance of each one.

Theorem 6.2. There is an O(1) bound on the number of voxels that a Voronoi cell of an E or
N point may intersect. In the case of uniform rectilinear gridding with vozels that are cubes, this
bound is four vozxels.

Proof. We prove the following lemma for the simplest case in 2D which will be the crux of the
argument for the proof of the more general cases.

Lemma 6.3. For data given on an equally spaced 2D grid, the Voronoi cell of an E point is bounded
within two pixels.

Proof. Let e € E lie on the edge € be between grid points g1,92 € G and let VC(e) be the (2D)
Voronoi cell defined by e. There exist two lines perpendicular to €, one passing through the midpoint
of g1 and e and one passing through the midpoint of go and e. By definition, V' C(e) is necessarily
contained between these two lines which bounds VC'(e) to a single column of pixels.

Now consider one of of the two pixels containing both g; and go. Denote its other vertices as
g3 and g4. Let s denote the side length of a pixel. Then both |le — gs|| > s/2 and ||e — g4]| < s/2.
For any point f on the edge between g3 and g4, observe that ||f — g3|| < s/2 or ||f — g4]| < s/2.
Therefore, each point on the edge between g3 and g4 is closer to one of those grid points than it
is to e, and hence cannot belong to VC(e). This bounds VC(e) to the two pixels containing e,
proving the lemma. A picture version of this proof appears in Figure 101a. O O

Figure 101: (a) A picture proof of Lemma 6.3. The Voronoi cell of the edge point e must lie in
the shaded region bounded by the solid lines (green). By symmetry, this restricts the Voronoi cell
to a two pixel range. (b) A picture proof of Theorem 6.2 in the general 2D case. Here, each pixel
has dimensions s; by so with [s1/s2] = 3. By symmetry, the Voronoi cell of e is restricted to a six
pixel range. (c) A Voronoi cell of an edge point in 3D, visibly contained within four voxels.

Continuing with the 2D case and the same notation, suppose that each pixel is a rectangle with
side lengths s1 and s3. Suppose € has length s1. As in the proof of the lemma, we can immediately
restrict V'C(e) to a column of pixels. Consider only the range of 2[s;/s2| pixels closest to . This
range contains the two squares of side length s; with € as one edge. Therefore, we may repeat the
analysis in the proof of the lemma using the corners of this range instead of the corners of the pixel.
Hence, VC(e) is bounded within 2[s;/s2] pixels. Figure 101b shows a simple example.
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Now consider the 3D case where each voxel has dimensions s;, s, and s3 and again assume
e € F lies on the edge € with side length s;. There are two planes perpendicular to € which bounds
VC(e) to a flat grid of voxels. In either of the two rectilinear dimensions of this grid, we apply
the same analysis as above to conclude that V' C(e) intersects at most 2([s1/s2]| + [s1/s3]) voxels.
Note that this constant reduces to 4 when s; = s9 = s3.

The proof for points of type N is similar. Finally, we note that as we add more F and N points
to the diagram, the Voronoi cells can only get smaller. Therefore, the presence of other E or N
points in the diagram is irrelevant to the bound. O O

Theorem 6.2 has significant implications for solving the ray intersection problem discussed
in Section 6.3.2. A priori, Voronoi cells may touch an arbitrary number of voxels which cause
an explosion in computational time when checking if the closed ball property is satisfied. With
Theorem 6.2, the computational time can be bounded in advance.

Notably, the actual bound depends on the gridding scheme of the input, not the choice of
interpolant. Accordingly, the width of the protective layer of grid points collected during the
algorithm depends on the gridding scheme as well. For the case of adaptive gridding in an octtree
construction, the user must require the “level difference” between two adjacent cells to be no more
than some fixed number k. Given k, a loose bound on the number of voxels a Voronoi cell of an E
or N point may intersect is 4k?, as an edge is incident on at most k2 cells in each of the other two
orthogonal direction. This bound may be improved to 4 for E points and 3k + 1 for N points by
considering limiting cases and using the convexity of Voronoi cells.

We have inserted the G points in order to decrease computations required to check the closed
ball property, however we have increased the complexity of the Voronoi and Delaunay triangulations
themselves. By Theorem 6.4 below, the new edges and facets formed by the addition of these G
points do not add any significant burden to the closed ball property confirmation process. Further,
these facets and edges are used in the algorithm DELVOLMESH described in Section 6.3.4.

Theorem 6.4. Let VF be a Voronoi facet formed between two grid points and VE a Voronoi edge
formed among three grid points at any point in the algorithm. Then VENYX =0 and VENY = ().

Proof. 1t suffices to prove the theorem for E points, since the addition of N points only makes
existing Voronoi elements smaller. First we treat the 2D case. Consider a pixel with grid points
91,92, g3, g4 and two edge points p and ¢. (If the pixel has more (four) or fewer (zero) edge points,
the theorem is vacuous.) The edge points may occur on adjacent or opposite edges of the pixel, as
shown in Figures 102 a and b, respectively. We consider the adjacent case first and suppose that the
edges on which p and q lie intersect at g4. Let R denote the region bounded by the rectangle formed
with p and ¢ as opposite corners (the shaded yellow regions of Figure 102). Note that ¥ C R since
we have chosen a bilinear interpolant. Hence, it suffices to show that the Voronoi edges formed
between g1, go and between g1, g3 do not intersect R. If x is a point on the Voronoi edge between
g1, g2 then by definition || — ¢1]| = ||x — ¢2|| and ||z — z|| > ||z — g2|| for all z € GUE — {g1, g2}
However, if z € R then ||z — q|| < ||z — ¢2||, based on the labelling of Figure 102a. Hence, the
Voronoi edge between g1, go cannot intersect R. Similarly, the Voronoi edge between g1, g3 cannot
intersect R, proving this case. The case where p and ¢ lie on opposite edges is similar.

The proof for the 3D case is analagous to the 2D case. It suffices to prove the claim for a
closed Voronoi facet between two grid points g1, go as this includes the relevant Voronoi edges.
Consider just one of the voxels into which this facet extends. In each of the rectinear directions
away from the g1, g2 edge, there exists a closest point of E. Taking these two E points and the
g1, g2 edge, we uniquely define a box. Using the definitions of the Voronoi diagram construction,
we can similarly show that 3 lies outside of the box and the Vornoi facet lies inside it, thereby
proving the theorem. g O
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Figure 102: Proof of Theorem 6.4 in the 2D case. We show that ¥ lies entirely inside the shaded
yellow region, while the Voronoi edges formed between two grid points necessarily lie outside of it.

Simplifying Results Thus far, we have addressed how the inclusion of the grid points G reduces
computational overhead. We now examine how particular choices of the interpolant can further ease
the calculations. First we consider the process CBP_VF. If VF NY # (), then the intersection is a
compact 1-manifold by the transversality assumption. All compact 1-manifolds are homeomorphic
to a finite collection of line segments and circles and we distinguish between the case of no circles
and at least one circle. If no circles exist, the closed ball property is violated if and only if more
than two edges of the facet intersect ¥ which is easy to check.

If at least one circle occurs in the intersection of ¥ and a Voronoi facet, calculations can
become more subtle. In the case of trilinear interpolation, these types of intersections do arise
in two fashions. First, there exist configurations of relative function values that produce a tunnel
topology inside a single voxel, for example, Case 13.5.2 as defined in [158]. In some cases, a Voronoi
facet will pass through the entire tunnel, causing an interior loop in its intersection with . In this
case, we can detect the topology of the cell by the function values and add the “shoulder points”
as described in [158]. The shoulder points are positioned so that the Voronoi diagram breaks these
interior loops on Voronoi facets, thereby easing calculations. Alternatively, it may occur that the
interior loop of a Voronoi facet passes through multiple voxels, which still provides some difficulties.
We conjecture that this phenomenon happens only if the interpolated function is non smooth at a
voxel edge or vertex and are working to simplify this problem.

Now we turn to CBP_VC. For this process, use of the trilinear interpolant provides much
stronger results to simplify calculations. First, if ¥ intersects a Voronoi cell, the intersection
manifold must have a boundary component by the following Theorem.

Theorem 6.5. If each facet of a Voronoi cell VC has empty intersection with 3 and ¥ is defined
by a trilinear interpolant, then VO N'Y = (. That is, there cannot be a component of ¥ entirely
inside a single Voronoi cell.

Proof. The trilinear interpolation method precludes the existence of isolated surface components
within a single voxel. Therefore, every component of ¥ has a point of G in its interior and hence
is sampled by at least six points of F, corresponding to the six rectilinear directions. Thus, each
component of X intersects at least six Voronoi cells. A similar proof holds if the data is not given
on a rectilinear grid. O O

Therefore, the process of checking the closed ball property for a Voronoi cell is reduced to
checking if the intersection along the facets of a cell is a single closed curve (or empty). A priori,
the possibility remains that the intersection surface is a manifold of positive genus with a disc
removed. Detection of such cases has been discussed in detail in [69]. However, if our algorithm
is applied in the common case of trilinear interpolation with voxels that are cubes, these difficult
cases can also be excluded, leading to a much simpler algorithm.
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Theorem 6.6. Let VC be a Voronoi cell whose facets and edges satisfy the closed ball property
and let ¥ be defined by a trilinear interpolant on a uniform grid with vozels that are cubes. Then
the closed ball property is satisfied for VC if and only if VC N'Y has a single boundary component.

Proof. Tt suffices to exclude the minimum case where VC N X is homeomorphic to a torus with
a disc removed. To generate such a surface by trilinear interpolation on a grid of cubes requires
more than four voxels since the intersection of 3 with a voxel face cannot contain closed loops. By
Theorem 6.2, the surface therefore intersects more than one Voronoi cell. O O

6.3.5 Implementation and Results

We have used CGAL [64] to build and maintain the Voronoi and Delaunay diagram of the point
set. We also needed to compute the intersection of a ray with the surface ¥ inside certain voxels;
for this task, we have used another publicly available library called SYNAPS [195].

As described in the problem statement in Section 6.3.1, only the parameter € is needed to run the
algorithm on a given data set. This input dictates the desired upper bound on the Hausdorff distance
between the surface approximation M and the interpolated surface 3. Given this parameter, we
reduce the amount of computation needed by snapping some of the points of E in the following
manner. If there exist points g € G and eg, e1, eg € F such that the e; are on grid edges incident
to g and d(g,e;) < € for i = 0, 1,2, we snap the three e; points onto the common point g. Since all
e; points are within e distance of the grid point and ¥ passes through each e;, the closet point of
Y. to g cannot be more than e away, which is within the user specified limit of tolerance.

Figure 103: Performance of the meshing algorithm. The top row shows the geometry, surface mesh,
a closeup on the surface mesh and a cut-away of the volumetric tetrahedral mesh for 1CID. The
second and the third rows show the same for IMAG and BONE, respectively.

Although we have reduced the complexity of the ray-surface intersection problem as describe in
Section 6.3.4, we still have to compute it for a constant number of voxels for every Voronoi edge.
This was accomplished by parameterizing the Voronoi edge segment between two Voronoi vertices
po and p; with a real number ¢. Inside every candidate voxel, we then detect the intersection points
of the segment with the interpolating polynomial function using the Algebraic solver available in
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the library SYNAPS. If an intersection point lies inside the corresponding voxel, we consider it as
a valid intersection.

The performance of the algorithm on biological entities at various scales is shown in Figure 103.

The 1CID data set was obtained via blurring the coordinates of the atoms available from the
Protein Data Bank (PDB) [52]. The resulting 3D scalar volume represents the electron density
of the protein molecule T Cell Surface Glycoprotein CD4 . The goal in this case is to extract a
well-sampled Delaunay conforming surface mesh so that one can analyze the secondary structure
using the unstable manifolds of the index 1 and index 2 saddle points of a suitable distance function
[24].

1MAG, shown in the second row of Figure 103, is the PDB entry of the ion channel Gramicidin
A, obtained from soil bacteria Bacillus brevis. The molecular surface has many tunnels as shown in
the left most sub-figure in the second row. However, only the tunnel in the middle is topologically
significant as it is important to preserve the property of the ion channel. Once the isosurface has
been extracted, it is therefore necessary to remove all the other tunnels and preserve the main
tunnel. The algorithm for such removal of topological features has been described in [23] which
relies on a Delaunay conforming isosurface in order to detect and remove unwanted topological
features.

Finally, BONE data is shown in the third row of Figure 103. This data set is provided by our
collaborator from the University of Rome. The goal here is to mesh the internal bone structure for
stress-strain analysis.

The size of the 1CID volume data set is 1283. It took 1 second to build the initial triangulation,
45 seconds to enforce the closed ball property, and 35 seconds to recover the geometry for ¢ =
0.00001. The size of the IMAG dataset is 1283. It took 1.5 seconds to build the initial triangulation,
20 seconds to enforce the closed ball property, and 28 seconds to recover the geometry for € =
0.00001. The size of the BONE dataset is 643. It took 5 seconds to build the initial triangulation,
65 seconds to enforce the closed ball property, and 89 seconds to recover the geometry for e = 0.0001.
Note, the time taken to mesh does not depend on the size of the volume data set since we were
able to enforce that the ray-surface intersection calculation is of constant complexity. However, as
the level set passes through more voxels, the number of points (F UG) increases and that increases
the time complexity of the algorithm.

We have presented an improvement over traditional level set meshing approaches. In particular,
we claimed that the isosurfaces extracted via well-known approaches such as marching cubes or
dual contouring are not suitable as they not only fail to capture the topology in a provable manner
but also do not produce sufficient samples for the extracted approximation to be embedded in
the Delaunay triangulation of the sampled set of points. On the other hand, there are elegant
approaches for meshing general implicit surfaces, yet these algorithms suffer from the computational
overhead of computing the intersection of a ray and the level set. Typically, the level set of a
sampled scalar function is approximated via a number of piecewise interpolating functions and
therefore finding the intersection of a ray with the level set requires a large number of checks.
In light of this, we have presented an algorithm which not only overcomes the sampling issue
of traditional isosurfacing techniques but also adopts a well-known provable algorithm [69] for
generating a good sample of the isosurface efficiently. We have also shown that for the commonly
used trilinear interpolant, many of the difficult cases that arise in implementation of the algorithm
can be avoided, thereby improving numerical robustness.

Scope As noted earlier, the scope of this algorithm is immense. First, we have not assumed
any particular interpolation scheme in order to prove that we need to check only a few voxels
when detecting ray-surface intersection. Therefore, it is possible to extend the algorithm to any
higher order interpolant, for example cubic A-patches [19]. Second, adaptive sampling of the scalar
function poses no problem to this algorithm as explained previously. Finally, since we exploit
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Figure 104: Data may be partitioned to run the algorithm in parallel. In this 2D example, the
voxels indicated by the P; are to be processed. One can send data from each P; voxel to a separate
processor,along with the collar of protective voxels around it indicated by the same color shading.
Two iterations are shown.

the local nature of the interpolated surface 3, the algorithm can easily be parallelized which is
especially important for the large data sets often used in the multiscale biological models we have
discussed. Figure 104 indicates how a data set might be partitioned to speed up computational time
the analogous 2D case. The different colored pixels marked with P; can be processed concurrently
on separate processors as the Voronoi cells of the E and N points in those pixels are guaranteed to
be inside the protective collar of surrounding pixels. We note that not all pixels can be processed
concurrently as the protective collars must be non-overlapping. However, by iterating the process,
the most difficult computations can be done in parallel.

Limitations One limitation of our algorithm is that it tends to generate more samples due to the
layer of G points that we use to restrict the search space. Therefore it is necessary to apply adaptive
sampling of the scalar function such that bigger voxels are automatically created in regions of less
detail and smaller voxels in regions of high detail. By the results of Section 6.3.4, the efficiency of
the algorithm remains the same.

Future Work The extracted mesh typically has a “gridding” artifact because of the influence of
the grid. Further, sometimes the uniformity of the grid causes it to be over-sampled. Therefore,
ideally, one would decimate the grid so that the G vertices lie close to the medial axis after the
isovalue is known. We plan to develop a scheme for such an optimal placement of the grid vertices.
Also, the efficiency of the core computation requires a scaffolding structure. Hence, once the
Delaunay conforming surface mesh is extracted, it is not clear how the surface can be decimated (if
needed) by throwing away some of the grid vertices, while still efficiently checking that the resulting
(decimated) point sample satisfies the closed ball property.

7 Modeling and Visualizing Functions on Surfaces

7.1 Modeling Scattered Surface Data On Curved Surfaces

We consider the following problem: Given a set of four dimensional points P = {(z4, i, 2, FZ)}f\i 1
with (z;,y;, 2;) on a given smooth surface D, called domain surface, construct an interpolation

function F', known as on-surface, such that F(x;,y;,2;) = F;, i@ = 1,---, M, and visualize the
on-surface, where the domain surface could be a set of expressions and no part of the surface is
plane.

The problem of constructing interpolants on physical objects arises in some application areas
such as characterizing the rain fall on the earth, the pressure on the wing of an airplane and the
temperature on a human body. The problem was first proposed as an open question by Barnhill
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[47] in 1985. After that, a considerable number methods have been developed for dealing with it
(for surveys see [48], [111]). Most of them interpolate the scattered data over planar or spherical
domain surfaces. In [49] and [110], the domain surface are generalized to convex surface and
topological genus zero surface, respectively. Recently, Pottmann [189] presented a method which
does not possess similar restrictions on the domain surface but requires it to be of C2. In [50] this
restriction was left and the on-surface is constructed by transfinite interpolation. It seems that,
the currently know approaches possess restrictions either on domain surfaces or on-surfaces. The
domain surfaces are usually assumed to be spherical, convex or genus zero. The on-surface are not
always polynomial [50], [172] or rather higher order polynomial [196] or more pieces of surface patch
[5] compare with the present approach. The aim of this is to design an polynomial interpolation
scheme over a collection of tetrahedra without restrictions mentioned above.

Related to the interpolation over tetrahedra, a well known method is the Clough-Tocher scheme
[5] that split a tetrahedron into 4 subtetrahedra and a degree 5 polynomial is built from C? data
over each subtetrahedron. The function in global is C1. Another Clough-Tocher scheme[236] that
need only C! data for constructing C' function split the tetrahedron into 12 and a cubic is used
over each subtetrahedra. A C' scheme [196] that does not split the tetrahedron uses degree 9
polynomial and C* data. Going to C? scheme, a known result is to use degree 17 polynomial and
C?® data. Comparing with these approaches, our construction has no splitting and lower degrees.
The reason for achieving this is that a simplicial hull is a neighborhood of a surface. The solution
to our proposed problem involves the following steps:

a. Construct a triangular approximation 7" of the domain surface D.

b. Generate C! or C? data at the vertices of the triangulation 7.

c. Bulid a simplicial hull > over the triangulation 7.

d. Modeling the on-surface over " by interpolating the C'' or C? data locally.

e. Visualizing the on-surface.

We will not address the first two steps. A algorithm for the construction of the triangulation
of the given surface is proposed in [75]. However, we require our triangulation to satisfy certain
conditions which will be discussed in Section 3. The C' or C? data at the vertices can be generated
by a technique described in [181]. We shall detail step ¢, d and e in §3, §4, and §5 respectively,
following the notation and preliminary section.

7.1.1 Notation and Preliminary Details

Bernstein-Bezier (BB) Form: Let p1, p2, p3, ps € R3 be affine independent. Then the tetra-
hedron with vertices pi, pa, p3, and py is the convex hull defined by [pip2...ps] = {p € R3 : p =
4 Y o _ 4 _ T -
doim1@ipi, i > 0,375 o = 1} For any p = > aipi € [pip2...pal, @ = (a1, 00,a3,04)" is
the barycentric coordinate of p. Any polynomial f(p) of degree n can be expressed as Bernstein-

Bezier(BB) form over [p1p2...p4] as

fp) = baBia), A€z} (237)
[Al=n

where BY (a) = W/‘w ai‘la§2a§3ai‘4 is Bernstein polynomial, |\| = Z?Zl A with A = (A1, Ao, Az, M) T =
Z?Zl Niei , a = (a1, a2, a3, a4)T is barycentric coordinate of p, by = by, a,xs0, (28 @ subscript, we

simply write A as A\;A\2A3\4) are called control points, and Zi stands for the set of all four dimen-

sional vectors with nonnegative integer components. The following basic facts about the BB form

will be used.

Lemma 2.1. Let f(p) = F(a) =3\ 2, baB)(a) with a is the barycentric coordinates of p. Then
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for any giwen pV and p@, with oV and o'? be their barycentric coordinates, we have

VIE Y =pP) =n 3 b —a®)Bi )

[A|l=n—1
D = p@) () —pP) =n(n-1) Y B —a®)Br(a)
[A|=n—2
where Vf(p) = (248 24w AT g2p(p) = (R g GUR 4ng i (oM — )=

> lj=r batg Bj(a) —a®)
See [108] for the two dimensional case of the above lemma. From this lemma we have

Corollary 2.2. Let f(p) = Z‘M:n baBY () be defined on the tetrahedron [pipapspa), then

1 . L
b(n—l)ei—i—ej = bnei + g(pj - pi)va(pi)a J=1234 7é ¢ (238)

b(n72)6i+e]~+ek = _bnei + b(nfl)eiJrej + b(nfl)ei+ek
(239)
+ ﬁ@j —p) V2 f(pi)(pk — pi), G F# ik A

The corollary tell us that the weights around a vertex can be computed from the given C? data.

Lemma 2.3 ([108]). Let f(p) = 32|\ =, axBX(@) and g(p) = >\ =, 0aBX(a) be two polynomials
defined on two tetrahedra [p1papspa] and [p)pepspa], respectively. Then
(i) f and g are C° continuous at the common face [papap4] if and only if

ax =by, for any A=0XA3\4, |[A|=n (240)
(ii) f and g are C' continuous at the common face [pap3pa) if and only if (240) holds and

bidorshs = B1G1xgrshs T 520070 230440100 T B300r0A374+0010 + B4G0A 304 +0001 (241)

(iii) f and g are C* continuous at the common face [papsp4) if and only if (240)-(241) holds and

a2
boxorsrs = ﬁ%a2>\2>\3>\4 + 23182000513 04+1100 + 28183002003 044+1010 + 251 84@0x5 A3 74+1001
+  B3a0a730040200 + 262830070 0504+0110 + 2828460125 \4+0101 (242)
2 2
3 L0A2 A3 A4 +0020 3 0A2A3A4+0011 4 WOX2 A3 A4 +0002
+  B5a0xmasn + 23384a0x, 150 + B1aoxrsn

where B = (1, B2, B3, B1)" are defined by the relation py = Bipy + Bopa + Baps + Bapa, |8 = 1.
In Lemma 2.3, if we divide (241) and (242) by 32, then the C' and C? conditions become

0Ny A5 A4+0001 = 1G5 hs T 1201002500 T+ H43Q1A5 252440100 F 44@1 20 A5 0440010 (243)
P (B1a2xx5 05 F 13000 A320+1100 F H4G0N A3 Aa+1010 — @OX2 A3 M4 +1001)
= p2(f2b2x5x5 0, F 130005 A305+1100 F £4D0A3 A5 04 +1010 — DO Az A4 +1001) (244)

respectively, where y11 = —%7 p2 = g5, f3 = —%7 pa = —%, that is ps = p1p1 + pap) + psp2 + paps.
It is not difficult to show from Corollary 2.2 the following

Lemma 2.4. Let f(p) and g(p) be defined as Lemma 2.3. If the coefficients of f and g around the
vertices are determined by (238)-(239), then the C' and C? conditions (241)-(242) related only to
these coefficients are satisfied.

Degree Elevation. The polynomial f(p) defined in (237) can be written as one of degree n + 1
(see e.g. [108] ). f(p) = X jjmnsr (BOx By (a), A€ 2 where (Bb)x = 37 >oimy Aiba—e,- We
shall use these formulas in approximating a lower degree polynomial.
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7.1.2 Simplicial Hull

Let [p;p;] be an edge of T, if (p; — pi)Tni (pi — pj)Tn; > 0 and at least one of (p; — p;)Tn; and
(pi — pj)T'nj is positive, then we say the edge [p;p;] is positive convez. If both the numbers are zero
then we say it is zero conver. A Negative conver edge is similarly defined. If (p; — pi)Tn; (pi —
pj)Tnj < 0, then we say the edge is non-convezr. Let [p;p;jpr] 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;pi] is positive convex. If all the three edges are zero convex then we label the face as
zero convex. A Negative convex face is similarly defined. All the other cases [p;p;pi] are labeled as
NON-CONVEL.

A simplicial hull of T, denoted by »_, is a collection of non-degenerated tetrahedra which
satisfies:

(1). Each tetrahedron in ) has either a single edge of T'(then it will be called edge tetrahedron)
or a single face of T'(then it will be called face tetrahedron). (2). For each face of T' there is only
one face tetrahedron in ) if the face is convex, or there are only two face tetrahedra in ) if the
face is non-convex. (3). Two face tetrahedra that share a common edge do not intersect at other
part. This condition is referred to as non-self-intersection of the the tetrahedra. (4). For each edge
there is only one pair common face sharing edge tetrahedra in >  on one side of T' if the edge is
convex or only two pair common face sharing edge tetrahedra in ) each pair on the different side
if the edge is non-convex such that the pair blend the two adjacent face tetrahedra in the same
side, in case they exist. (5). For each vertex, the tangent plane defined by the normal is contained
in the neighboring tetrahedra in the neighborhood of the vertex. This condition is called tangent
plane containment.

Therefore, a simplicial hull of T is a neighborhood of T that contains the tangent planes at the
vertices and no self-intersection. It should be noted that, for the given T' there may exist infinity
many simplicial hulls or there may no simplicial hull exists. In the following, we describe a scheme
for building a simplicial hull.

1. Build Face Tetrahedra. For each face F' = [pipaps] of T, let L be a straight line that is
perpendicular to the face F' and passing through the center of the inscribed circle. Then choose
points ps and/or g4 off each side of the plane (p;paps) to be the farthermost intersection points
between L and the tangent planes at the vertices of the face. If F' is a non-convex face, two face
tetrahedra [pipapsps] and [p1papsqa] are formed. If F' is positive convex, then py4 is chosen on the
side opposite to the direction of the normals, and a single face tetrahedron [p1papsps4] is formed. If
F' is negative convex, then g4 is chosen on the same side as the normals and again the single face
tetrahedron [p1p2psqa) is formed.

2. Build Edge Tetrahedra. Let [paps] be an edge of T and [p1p2ps] and [p|paps] be the two
adjacent faces. Let [pipepsps] and/or [pipapsqa], and [pipepsp)] and/or [pipapsq)] be the face
tetrahedra built for the faces [p1paps] and [p)paps], respectively. Then if the edge [paps] is non-
convex, two pair tetrahedra need to be constructed. The first pair [p{pepsps] and [p{papsp)] are
between [p)pepsp)] and [p1pepsp4]. The second pair [¢} p2psqa] and [¢] papsq)] are between [p) papsq}]
and [p1paps3qa]. Here pf € (psp))) or is above (p4, ply), say p = @(pz +p3)+ L(py+ps), t>1,s0
that p} is above [pg2, ps]. Similarly, ¢ € (qaq}) or is below (qu, q}), say ¢ = @(pg +p3) + %(qfl +
q4), t>1,so0 that ¢ is below [pe, ps]. If the edge [paps] is positive (or negative) convex, only the
first (or second) pair above are needed.

There is one pitfall in step 2 of the construction: If the point ps and pj(or ¢4 and ¢}) have to be
chosen far away from the face centers due to the tangent containment condition, the face tetrahedra
may intersect each other. However, if the triangulation is locally even, then we can get rid of the
possible trouble. A triangulation of a smooth surface is said to be locally even if for every face,
say [pop1pe], each angle defined by the normal at the vertex and the normal of the face [pop1p2]

. _ 2s tan(2 min{ag,a1,02})
is less than tan™! 2
SR R e e e [

), where s is the area of the face [popipa], «; is
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the dihedral angle of the edge of the face [popip2] and 0 < 4,5,k < 2 are distinct. This condition
guarantees that the face tetrahedron constructed has height(the distance between the top vertex
p4 or qq to the face) at most rtan( min{ap, a1, as}), where r is the radius of the inscribed circle.
Hence the dihedral angles at the bottom edges of the tetrahedron are less than %min{ao, g, a9}
Therefore, there is no intersection between two face tetrahedra. This fact is summarized as
Theorem 3.1. If the triangulation T is locally even, then we can build a simplicial hull without
self-intersection.

It should be noted that if a triangulation of the domain surface is not locally even, we can
always modify it to obtain the required triangulation by inserting points.

In the following we shall assume the triangulation is locally even and a simplicial hull is built.
We further assume that each edge of the triangulation is convex and any two adjacent faces are not
coplanar. Again, this can be achieved by inserting point in the triangulation.

7.1.3 (C'/C? Interpolation by Cubic/Quintic

Suppose we have established a simplicial hull ) for the given triangulation 7. Now we construct
a C'/C? function f over Y. such that f has the given C'/C? data at each vertex. Let V; =
[p1p2pspal, Vo = [Pipapspl], Wi = [p{papspal, Wa = [ppapspll, Vi = [pipapsq], Vi = [pipap3d)]
and the cubic/quintic polynomials f; over V;, g; over W; and f] over V/ be expressed in Bernstein-
Bezier forms with coefficients ag, bg\ and cg\, respectively. Now we shall determine these coefficients
step by step. Denote

Pl = Bipi + Bipe+ Bips + Bipa, Bi+ B3+ B+ BE=1
p{ = PP+ B3pe+ Bips + Bivy, Bi+ B3+ 05+ p8i=1 (245)
Pl = papa+ popy + pspe + paps,  p1 4+ pe +ps 4+ ps =1

C! Cubic Scheme (1). The number 0 weights are given by the function values at the vertices.
(2). The number 1 weights are determined by formula (238) from C! data. (3). The number 2

weights, that is agzl)w, are free. (4). The number 3 weights are determined by C' conditions (241)
and (243). (5). The number 4 weights are free. (6). The number 5 weights are determined by C*
conditions (241). (7). The number 6 weights are free. (8). The number 7 weights are determined
by C' conditions (243).

The remaining weights with index A\;A2A3\4 are determined by C! condition (241) for Ay < 1
and freely chosen for Ay > 1.

C? Quintic Scheme (1). The number 0 weights are given by the function values at the vertices.

For examples, aéle)i = f(pi), i = 1,2,3. (2). The number 1 weights are determined by formula

(238). (3). The number 2 weights are determined by formula (239). (4). The number 3 weights,
(1) (i)

that is a§2)20, a3910 and ay(y, are free (5) The number 4 Weights are determined by C! conditions

; 1 2
(241), that is b§2)20 = 511) o 0+ﬁ2 0320+ﬂ3 0230"‘54 0221’ i=1,2, b512)20 = N1a82)21 +N2a((12)21+

uga[(B)QO + u4a82)30 It follows from these equations that

1 2 1) (7) 1) (7) 7 1 7
Ulat()z)m + M2a(()2)21 By a 0221 =B a 1220 + (5( ) M3)a(()3)20 (ﬁé) - :“4)0‘(()2)30 (246)

— g 2

p1 2 — ﬂf)
This matrix is nonsingular if and only if p1, p, p2 and p3 are not coplanar(see the Appendix of [17]).
Hence (246) has unique solution under our assumptions. (6). The number 5 and 6 weights have
to be determined simultaneously. In determining these weights, we need to consider all the C!
and C? conditions related to the tetrahedra surrounding to the vertex ps. Suppose there are k

for i = 1,2. The coefficient matrix A of (246) for the unknowns aéiz)m is A=
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triangles(hence k edges) around py and there are 7 times convexity change of the edges, then by C!
and C? conditions, we have 6k +r equations That is, crossing each face, we have two equations, and
cross each triangle, we have one equation. The number of related unknowns is 6k + r also. That
is, kK number 5 weights and 5k number 6 weights and one more unknown is related when one time

convexity change of the edges occur. Now we investigate these equations. It follows from (241) and
(242) that

ng2)11 = 1 1211 + 521) 81311 + 53 0221 + 54 0212 (247)
ng)lO 51 51 2210 + 251 521 113310 + 251Z)ﬁ3 12)20 + 251 B ) 512)11
+ 52 52 0410 + 252 53 0320 + 252 ﬁ4 (())311 (248)
+ 53 ﬂ?, 0230 + 253 54 0221 + 54 ago19
for i = 1,2. (248) can be written briefly as
bgz)lo = Qﬁy)ﬁ;)agn + 541)@(11)@822)12 +7 (249)
where 7 is the known terms in (248). Since (see (243) and (244) )
1 1
bgz)m = Mlng)n + M2b§2)11 +- (250)
1 1 2
b(()2)12 Mlbgz)n = M2b82)12 N2bg2)11 +- (251)

where - - - are known terms, then by substituting (247) into (250) and (251) and then eliminating

bg2)10 from (249) and (250) we get three equations related to four unknowns which could be written

as:
0 e [ 0 ]
— 2 — o 0o g a3
— _ Qﬁz(ll) — H1 —H2 gl) 0 a§12)11 .. 252
= 2) (2) @ | T (252)
— 1 287 —p2 | | O By a1911

0 @ aSorn | 0 @1 | alon
— By — ) p2(By” — M2)} @ | - [Mlﬁl s —H2 } @ | = (253)

Qp212 | 1211

Since the coefficient matrix of (252) is nonsingular, by solving [aéé)m a((]22)12]T from (252) and then

substituting it into (253), we get one equation relating to the unknowns a112)11, a§22)11- Let the

equation be in the form

(2)

1211 — ¥ (254)

1
$ai), + va
Therefore, these unknowns form a closed chain around the vertex po. But one should note that
the chain will go to other side of the triangles if the edges change their convexity(from positive
convex to negative convex or from negative convex to positive convex). For example, if the edge
[p2ps] is positive convex, while the edge [p1p2] is negative convex, then the chain is changed by

add one more equation related to the two unknowns oty

1211
ala(;g)lo + aga%)lo + aga%)m + a4a§12)11, where g4 = a1p1 + asps + asps + agps Again, this equation

is in the same form as (254). The coefficient matrix of all these equations related to the vertex po

and C§12)11 from C! condition 0512)11 =

is in the form of
o1

wk—t—r

Y1
b2
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k+r
in1 ¢i— (=
given are in the general position. Hence the system can be solved. In this specified case, a%)oz and
aéll)w do not involve in any equation, since there is no neighbor tetrahedron. These two weights are
defined by C? condition of crossing the face [p1paps].

(7). The number 7 weights are similarly determined as that of number 6. (8). The number 8

whose determinant is [ 1)kt Hfilr ;. This matrix is nonsingular in general if the points

weight agil)u are free. (9). The number 9 weights are determined by C! and C? conditions. Both
the number of equations and the number of unknowns are 6k. That is for i = 1,2

b§202 51 a1202 + 52 )agsm + ﬁ?(f) a(()z2)12 + @Ez) a(()z2)03 (255)
bgz)m = 51 51 2201 +251 g g%m +251z)53 1%11+251 51) 512)02

+ 52 52 0401 +252 53 0311 +252 54 (())302 (256)

+ 53 ﬂ?, 0221 +253 54 %212 “‘54 apo03

and
b( ) _ b( ) b( ) 957
3200 = M103901 Tt H209901 + - (257)
1 1

N%bEQ)m - Mlb;;l)l = H2bg2)02 Nngz)m +-- (258)

Substitute (255) and (256) into (258), we have

Mlﬁi (1 —54 )b(()lzo:s ,UZﬁEL (2 —ﬁ4 )0203—"'

This is a system that in the same form as (254). Then a system like (254) need to solve. However,
if the surrounding tetrahedra at the same side at po are not closed, the matrix A is in the form
o1 Y1
of A= which can be changed to A = {
T

[-th is chosen to be a free parameter. Hence the system of equations is break into two sub-systems.
Each of them can be solved easily.

(10). For the number 10 weights, we have six equations parallel to the equations (256)—(258)
with all the index changed by the rule

A 0O

0 Ay ] if one unknown, say the

The index of the number 10 weright = The index of the number 9 weright — es + €3 (259)

and seven independent weights. By chosing one of them, say b‘gil)lo’ to be a free parameter, the
system can be solved. (11). The number 11 weights are determined in the same way as the that of
number 9. (12). The number 12 and 13 weights are free, the number 14 are determined by C! and

C? conditions. That is bgl)OB are defined by (241). bgl)m are defined by (242). For b:(ﬂ)017 we have by

(243) and (244) #1b:(51)01 + M2b:(n)01 = bz(n)oo +7 /‘1b:(511)01 + M2b§21)01 = M%bg)oz 21751)02 + 9, where v

p(1) 2p(2) 2p(2) 5 9 p(1) 25(2) 2p(2 ) s
and J are known terms. Hence bgl)()l _ bajgo—H3 2102+N1 2102t — , bi(nZn _ bajpotms 210; —H105100 Y+

(13). The number 15 weights are similar to that 1of number 14, the index is changed by the rule
(259).

(14). The number 16 weights are free, the number 17’s are determined by C! and C? conditions.
(15). The remaining weights with index AjA2A3)\4 are determined by C! and C? conditions (241)
and (242) of crossing the face for Ay < 2 and freely chosen for Ay > 2

In summary, the construction step 1-14 is according to the C' and C? conditions across the
common tetrahedra faces that are over or below the original triangulation. The step 15 is ac-
cording to the C! and C? conditions across the common tetrahedra faces that are on the original
triangulation. Therefore, the composite function is global C? continuous.
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The Use of Free Weights In both of the C' and C? schemes described above, there are some
free weights under determined. These parameters can be used to control the shape of the on-surface
to get the required smoothness and desirable shaped surface. We now propose three approaches or
their combinations to use them. The first is to control interactively the shape by adjusting the free
weights. The second is to interpolate the on-surface data in the tetrahedron considered. However, if
the free weights considered have to be determined before others, then the first or the third approach
should be used for them. The third approach is to approximate a lower degree polynomial in the
least square sense. For example, by the degree elevation formula, the number 2 weights of the C!
scheme can be determined by

i 1, i i i i i 1, G i i
agl)lo = Z(GEQ)OO + aél)OO + aggw + aggzo + a(()2)10 + a((n)zo) - 6( go)oo + aés)oo + aé&so)

In the way, the number 4 weights of the C' scheme are

a(()o)03 = §[2(q(()1)01 + q&o)(n + q(()o)n) - (a(()3)00 + az(ao)oo + a(()o)soﬂ

i Lo i i [P i i [P i
a((n)oz = 3(2%()1)01 + aéo)03)7 ago)oz = §(2q§0)01 + a(()())03)> a(()o)u = §<2q(()0)11 + a(()o)og)

where 3 A 1 A
qéll)m = Z(agll)m - aggn + a(()21)11 + a(()lg)m) - Z(qﬁ)oo - qﬁ))lo + 9(811)10 + a(()z??oo)

qgo)m = Z(agfm + ag(?n - a((n)n + a;(J)Ol) - Z(q&)oo + qgo)lo - q((n)lo + “égoo)

q(()o)n = Z(_agl)OI + a(10)11 + ‘1(()1)11 + a(()o)m) - 1(—q§1)00 + qgo)lo + q(()1)10 + a(()0)30)

i 1 i i i i
q§1)00 =1 (3‘1800 + 3aél)oo - a(():goo - a:(so)oo)

i 1 i i i i
qgo)w = 1(3@&810 + 3“5820 - aégso - aégoo)

Q(()Zl)m =1 (30(()210 + 3“(()11)20 - a(()?oo - a(()zo)zao)

7.1.4 Visualization and Examples

We can visualize the graph of the interpolation function on the domain surface D either by drawing
the contours on the surface D or by drawing the graph of the interpolation function F'.

Plots the contours We display the contours on the domain surface by showing different colors
in the region between two contours. In our approach, we achieve this by first generating triangle
approximation of the domain surface, and then generating the corresponding four dimensional
triangles on F', and finally intersecting these triangles with iso-value to get the line segments of
the contours. Let w be a given iso-value, [p1p2ps] be a triangle on D. WLG, we may assume
F(p1) < F(p2) < F(p3). Then if w < F(p1) or w > F(p3), the triangle does not intersect the
iso-value. If w € [F(p1), F(ps)], say w € [F(p1), F(p2)], let t1 = #%, to = #%,
¢1 =tip1+ (1 —t1)p2, g2 = tip1 + (1 —t2)ps, then [g1¢2] is one segment of the contour F(p) = w.
The collection of all of these line segments form a piecewise approximations to the contours. By
increasing the resolution of the triangulation of the domain surface, we can get better approximation
of the contours. Figure 5.1 and 5.2 show this feature of an engine.
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Plot the on-surface Since the contours may not clearly indicate the geometric shape of the
on-surface, one often plot the on-surface in one way or another. One approach is to use a radial
projection from the center of the domain. But if the domain surface is not convex or has no-zero
genus. This method have difficulties in plotting the surface. Another more natural way is to use the
normal projection, that is, project the point p on the domain surface D to a distance proportional
to F(p) in the normal direction of D at p:

HVf(p)H( maz — Fmin)

where L is a positive scaler, Fj,;, and Fj,q, are minimum and maximum values of F' on D. However
if L is not given properly, then the surface G may self-intersect in case of the domain surface is
not convex. To avoid this happen, we can take L < v = min,cp{Rmin(p)}, where Ry,in(p) is the
minimal principal curvature radius at p of surface D. Since D is piecewise C'' /C? continuous surface
and it is C*° within each tetrahedron, hence v > 0. Therefore the main task is to compute v. In
general, it is not easy to compute the exact value of v, but an approximate  can serve our purpose
as well. When we produce the triangulation of each surface patch on D, we can compute R, (p) for
vertices p. And then take v = min,c p{Rpmin(p) : p is a vertex}. By implicit function theorem, we
could derive the formula for principal curvature radius. For an implicit surface f(x1,z2,23) = 0,
define f; = %, fij = 8:22ng' Then the principal curvature radius are the absolute values of
the roots of the equation az? 4+ bx + ¢ = 0, where a = E?:l F2(fivriv1fivoive — fi2+1,i+2) +
23 hpiny ili(Fin i — Figfin)s 0 = IV ISy F2(fivvin + fivaiva) — 23 5s fififig)s ¢ =
|V £]|*, where the indices should mod by 3.
Another approach to determine L is to take

Gp)=p+L

i i {2 =PIV and (0 — )T
L<5_P€Td{ a {2(q—p)TVf(p) +[p.q] € Ty and (¢ - p) Vf(p)>0}}

where Ty is final triangulation of D for display the surface D and F', p € T; means p is a vertex and
[p,q] € Ty means [p,q] is an edge. It should be noted that if D is convex(i.e., (¢ — p)TVf(p) < 0)
or planar(i.e., (¢ — p)"Vf(p) = 0), J is arbitrary.

7.2 Algebraic Spline Molecular Surfaces

The computation of electrostatic solvation energy (also known as polarization energy) for biomolecules
plays an important role in the molecular dynamics simulation [137], the analysis of stability in pro-
tein structure prediction [218], and the protein-ligand binding energy calculation [143]. The explicit
model of the solvent provides the most rigorous solvation energy calculation [175]. However, due
to the large amount of solvent molecules, most of the computation time is spent on the trajectories
of the solvent molecules, which severely increases the computation cost of this method [198]. An
alternative method is to represent the solvent implicitly as a dielectric continuum [204], then the
electrostatic potential is known by solving the Poisson-Boltzmann (PB) equations [45][161]. A more
efficient method is to approximate the PB electrostatic solvation energy by the generalized Born
(GB) model [220][51][151], which computes the electrostatic solvation energy AGeec as

T 4iq;

Gpol = _5 § r2 10 (260)
g 1%+ RiRjexp(—712--)]2
2¥) [rzj + 1=Y] Xp FRiRj
where 7 = Ei - %, gp is the solute (low) dielectric constant, &, is the solvent (high) dielectric

constant, g; is the atomic charge of atom i, r;; is the distance between atom ¢ and j, I is an empirical
factor (could be 4 [220] or 8 [151]), and R; is the effective Born radius of atom i. The effective
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Born radius reflects how deep an atom is buried in the molecule and consequently determines the
importance to the polarization. The formulation of the effective Born radii is derived in [117]:

1 (r —x;) -n(r)

R1l=—_—_
A7 Jp o v —xg*

; das, (261)
where I' is the molecular surface of the solute, x; is the center of atom ¢, and n(r) is the unit normal
of the surface at r. The details of the derivation of (261) and a fast evaluation algorithm based
on the fast Fourier transform (FFT) for (261) is discussed in [34]. Since the numerical integrations

are done on the molecular surface I', an accurate and analytic representation of I' is needed.

Figure 105: Three molecular surfaces are shown for two atoms in two dimension. The boundary of
the union of balls (pink) with the van der Waals radii is the VWS. The SAS (purple) is the union of
augmented van der Waals spheres with each radius enlarged by the radius of a solvent probe (light
blue). The SES (the blue curve) is boundary of all possible solvent probes that do not intersect
with the interior of the VWS.

Three well-known molecular surfaces are shown in Figure 105 in 2D. The van der Waals surface
(VWS) is the union of a set of spheres with atomic van der Waals radii. The solvent accessible
surface (SAS) is the union of augmented van der Waals spheres with each radius enlarged by the
solvent probe radius (normally taken as 1.4 rA) [148]. The solvent excluded surface (SES, also
called molecular surface or Connolly surface) is the boundary of the union of all possible solvent
probes that do not intersect with the interior of the VWS [78][197]. As described in [78], the SES
consists of the convex spherical patches which are parts of the VWS as well, the toroidal pathces and
the concave spherical patches, which are generated by the probes rolling along the intersections of
neighboring atoms. The VWS causes an overestimation of the electrostatic solvation energy, while
the SAS leads to an underestimation [151]. The SES is the most accurate when it is applied in the
energetic calculation and therefore it is most often used to model the molecular surface. However
the SES still has one significant drawback: it contains cusps when the rolling probe self-intersects,
which may cause singularity in the Born radii and the force calculations.

In the energetic computation, knowing the patch complexes of the molecular surface is not
enough. For convenience, an analytical representation of the molecular surface is needed and the
singularity should also be avoided. One way to generate such a model is to define an analytical
volumetric density function, for example, the summation of Gaussian functions [120], Fermi-Dirac
switching function [152], or piecewise polynomials [151], and approximate the SES by an iso-contour
of the density function. Techniques of fast extracting an iso-contour of smooth kernel functions
are developed in [16][33]. However the error of the generated isosurface could be large and result
in inaccurate energy computation. A NURBS representation for the SES is presented in [30].
Although it provides a parametric approximation to the SES, it does not solve the singularity
problem. Edelsbrunner [99] defines another paradigm of a smooth surface referred to as skin which
is based on the Voronoi, Delaunay, and Alpha complexes of a finite set of weighed points. The skin
model has good geometric properties such as it is free of singularity and it can be decomposed into
a collection of quadratic patches. Triangulation schemes based on the skin model are provided in
[67][68]. However when applied to the energetic computation, the skin triangulation which in fact is
a linear approximation to the SES has to be very dense to gain accuracy, which causes oversampling
on the surface and hence makes the computation very slow. Therefore it still remains a challenge
to generate a model for the molecular surface which is accurate, smooth, and computable.

The main contribution of this work is to provide a method to model the SES as piecewise
algebraic spline patches with certain continuity at the boundary of the patches. Each patch has dual
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implicit and parametric representations. Hence high order implicit surfaces can be parameterized
onto a planer domain and therefore higher order quadrature rules of 2D such as the Gaussian
quadrature rules can be easily applied to the energetic computation. Moreover, because higher
order spline patches are used to approximate the SES, fewer number of triangles are needed to
obtain the same accuracy in the energetic computation as the linear model. The algebraic spline
patches are generated based on the prism scaffold built surrounding the original triangular mesh of
the SES and are defined implicitly by simple BB spline functions. Previous work on constructing
piecewise spline patches within a simplical hull over a triangular mesh includes generating quadric
patches [86], cubic patches [123][88], and nonsingular and single sheeted cubic patches [20] in a
tetrahedra scaffold. We also show that the so generated algebraic spline patches are error bounded
and free of singularity under certain conditions.

7.2.1 Algebraic spline model

Algorithm Sketch There are four main steps in our ASMS construction algorithm: (1) construct
an initial triangular mesh of the SES; (2) build a prism scaffold surrounding the triangulation; (3)
define a piecewise polynomial with certain continuity; (4) extract the O-contour of the piecewise
polynomial. We are going the explain each step in detail in the following and discuss how to make
use the parametrization of the ASMS in the numerical integration.

Initial triangulation of the MS So far a lot of work has been done on the triangulation of the
SES or its approximation [68][4][147][244][32]. The ASMS generation could be applied to any of
these triangulations. In our current research we use the triangulation generated by a program in
the software TexMol [32][21] as the initial. Features of the molecular surface are well preserved in
this triangulation. We then decimate the mesh [42] to obtain a coarser one.

Implicit/parametric patches generation Given the triangulation mesh 7', let [v;v;vy] be one
of the triangles where v;, v;, v;, are the vertices of the triangle. Suppose the unit normals of the
surface at the vertices are also known, denoted as n;, (I = 1,7,k). Let v;(\) = v; + An;. First
we define a prism (Figure 106) Djj := {p : p = b1vi(A) + bav;(A) + bavi(N), A € [}, where
(b1, ba, b3) are the barycentric coordinates of points in [v;v;vy], and I;;;, is a maximal open interval
containing 0 and for any A € Ik, vi(A), v;(A), vi(A) are not collinear and n;, nj;, n; point to the
same side of the plane Pji(A) := {p: p = b1vi(A) + bavj(A) + b3vi(N)}.

Figure 106: A prism D;j;, constructed based on the triangle [Vivjv].

Next we define a function in the Benstein-Bezier (BB) basis over the prism Dy
F(b1,ba,b3, A) = > biju(N) By (b1, by, bs), (262)
i+j+k=n

where Bzﬂjk(bl, by, b3) is the Bezier basis

Bijj, (b1, b2,b3) = Wbl 203.
We approximate the molecular surface by the zero contour of F', denoted as S. In order to
make S smooth, the degree of the Bezier basis n should be no less than 3. For simplicity, here we
consider the case of n = 3. The control coefficients b;;;(\) should be properly defined such that S
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Figure 107: The control coefficients of the cubic Bezier basis of function F'.

is continuous. In Figure 107 we show the relationship of the control coefficients and the points of
the triangle when n = 3. Next we are going to discuss these coefficients are defined.
Since S passes through the vertices v;, v;, vj, we define

bsoo = boso = booz = A. (263)

To obtain C' continuity at the vertices, we require baig — bsoo = = VF(v;) - (vj(A) = v4(A)), where

3
V F(v;) = n;. Therefore
1
ba1o = A + g (vi(A) = vi(A)). (264)

b120, b201, b102, b021, b012 are defined Similarly.
To obtain the C' continuity at the midpoints of the edges of T, we define bi;; by using the
side-vertex scheme [171]:

b111 = wlbgll)l + w2b§21)1 + wgbﬁ)l, (265)

where -
Y b2b3 + b3b2 + b2be’

Next we are going to define bgll)l, bﬁ)l and bﬁ)l such that the C! continuity is obtained at the

midpoint of the edge v;vi, v;v; and v;v;. Consider the edge v;v; for instant. Recall that any
point p = (z,y, 2) in D;j; can be represented by

i=1,2,3, i#j#k

(2,9, 2) = bivi(\) + bav;(A) + bvie (V). (266)

Therefore differentiating both sides of (266) with respect to z, y and z, respectively, yields

w5 (vi(A) = vi(\)"
L=\ % %9 & (vi(N) = vie(A\)T : (267)
% %LZQ g—z (blni + bgnj + bgnk)T

where I3 is a 3 x 3 unit matrix. Denote
(vi(A) = vi(A)"

T:= (vj(A) = ve(N)" : (268)
(blni + bgnj + bgnk)T

and let A = v;(\) — vi(\), B = vj(A) — vg(A) and C = byn; + bonj + bsny, then T = (A B C)7.
From (267) we have

Oby  Oba  OA

& G R 1 1

S G2 | =T = (BxC, CxA, AxB). (269)
o o, o det(T)

0z 0z 0z

According to (262), at the midpoint of v;v;, (b1, b2,b3) = (%, %,O), we have

OF T 3

by (vi(A) = vi(N)) N+ . 5(b210 — b111)
Z{; = | (i) =ve()" < : Z J) + %(5120 — bu11)
g—)\ (Ili -+ Ilj)T/2 %
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By (265), at (b1, ba,b3) = (%, %,0) we have b1y = bﬁ)l. Therefore the gradient at (%, %,0) is

OF OF OF
F=T"1= — =T
v TR Y
n; +n; 1 3 5
== T e Bl - b)) B x C + 3(biao — b3))C x A+ A x B (270)

Define vectors

di() = v;(\) — vi\) = B A,
d2(b1, ba, bg) =bin; + bznj + bsny = C,

dg(bl,bz,bg,)\) =d; xdo=BxC+C x A. (271)
Let
11
— - - 272
c—ct Lo, o)
11
dy(A) = ds(5,5.0.0) = B x c ¢ x A (273)

Let VF = VF(%, %, 0). In order to have C! continuity at (%, %, 0), we should have VF -d3(\) = 0.

Therefore, by (270) and (273), we have

b(g) . dg()\)T(?)leoB X €+ 3bjggc X A+ A X B)
v 3llds (V]2 |

(274)

Similarly, we may define bgll)l and bﬁ)l.

Now the function F'(by,be,bs, A) is well defined. The next step is to extract the zero level set
S. Given the barycentric coordinates (by,b2,b3) of a point in the triangle [v;v;vy], we find the
corresponding A by solving the equation F'(b1,ba, b3, A) = 0 for A and this could be done by the
Newton’s method. Then we may get the corresponding point on S as

(@, y, 2)" = bivi(A) + bav(A) + bavi(A). (275)

Smoothness

Theorem 7.1. The ASMS S is C' at the vertices of T and the midpoints of the edges of T.
Theorem 7.2. S is C! everywhere if every edge v;v; of T satisfies n; - (vi — v;) = n; - (v; — v;).
Theorem 7.3. S is C' everywhere if the unit normals at the vertices of T are the same.

Proofs of the theorems are shown in the Appendix.

Parametrization and quadrature In this section, we would like to show how the ASMS is
applied to the computation of (261). Since we use the ASMS to represent the molecular surface,

now I' = S. Let f = r=xi)nlr) - yye decompose the entire surface S into patches {S;} with S;

[r—x;[%

being the AMSM generated over triangle j, then we have

/S f(x) dS = Z]: /S j f(x) dS. (276)
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For any point x = (z,y, z) on Sj, by the inverse map of (275), one can uniquely map x to a point
in triangle j and get its baricentric coordinates (b1, be, b3) with bg = 1 — by — by. Therefore, z, y, z
can be represented in terms of (by,bo):

‘T:x(bhb?v): y:y(blab2)7 Z:Z(bl,bg)
Replacing (z,y, z) with (b1,b1,b3) in (276) and letting

g(blv b2) = f(x(bh b2)7y(b17 b2)7 Z(blv b2))7

we get
/ f(X) dsS = / g(bl,bg)\/ EG - F2 dbldbz, (277)
S; oj
where
(P Py 02

_omon oy oy 0:0:
~ 0by Oby  Oby Oby  Oby Oby’

e o 05
“= G )+ G

We then apply the Gaussian quadrature to (277):
/ g(b1,b2)V EG — F2 dbydby =~ Wig(bf, b5)V EG — F2[y 4y, (278)
i k=1

where (b¥, b5, b’?f) and W) are the Gaussian integration nodes and weights on the triangles.

7.2.2 Error of the ASMS model

In order to show the error of S to the true surface Sy, we do a test on some typical surfaces
(Table 3) So := {(z,v,2) : 2z = f(z,y), (x,y) € [0,1]?} which are considered as the true surfaces.
We generate a triangulation mesh over the true surface with the maximum edge length h being 0.1.

Based on the mesh, we construct the ASMS model S. The error of S to Sy is defined as max Hﬂ;ﬁ”,

where p € S, q € Sy, and p and q have the same (b1, b, b3) volume coordinates but different A
coordinates. We sample (p, q) on the surfaces and compute the maximum relative error. For the
point pair p(bi, b2, b3, Ap) and q(b1, ba, b3, A;) defined above, we prove that their Euclidean distance
is bounded by the difference of their A coordinates.

Lemma 7.4. The error of the approximation point p to the true point q is bounded by |\, — Ag|.
Proof.

1P — | < bul[vi(Ap) = Vi) + b2|[vj(Ap) = vi(AQI| + bsl[Vi(Ap) — vie(Ag)]l
< [Ap = Agl(br|[mi [ + b2||my{| + bs|ng|[)
= |)‘p - )‘q|
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Table 3: Relative error and Convergence

Function (x,y) € [0, 1] max{ Hﬂ;ﬁ”} C

z2=0 0 0

2z = 2% + 9> 2.450030e-05 1.010636e-2

z =23+ 93 1.063699e-04 2.610113e-2

z = e~ 1l(@05)*+(y—05)7] 5.286856-07 ||  6.288604¢-5

2 =125+ grattl, 2.555683¢-04 |  4.58608¢-2

z = tanh(9y — 9z) 1.196519¢-02 1.896754¢-1
z=/1— a2 -2 8.614969¢-05 || 1.744051e-1 (h?)
z=[(2—+/1—92)% — 2?]/2 | 1.418242¢-05 1.748754e-02

Table 4: Error of ASMS to the SES

1GCQ 1MLO 1KKL
No. of As Emaaz No. of As Emaz No. of As Emaz
16,312 0.266069 18,400 0.233949 19,968 0.260418
32,624 0.142149 36,864 0.142380 39,544 0.134689
65,456 0.082550 73,736 0.083895 79,096 0.085855

To study the rate of converges of S to Sy, we gradually refine the initial mesh. Since the error
is bounded by |\, — \;|, we compute the ratio of the maximum difference of A, and A, to h, h?,
h3, and so forth. As h decreases, we check if the ratio converges or not, which allows us to know
the highest rate of convergence of S to Sp. For most of the test functions in Table 3, we observe
that S converges to Sy as fast as O(h3). We also observe that for the case z = /1 — 22 — 2, the
rate of convergence reaches O(h*). We show the limit of the ratio M;i;{\/‘ as h | 0, denoted as C, in
Table 3. Hence we draw the following claim:

Claim: Let h be the maximum side length of triangulation mesh T, p be the point on the ASMS,
q be the corresponding point on the true surface, then p converges to q at the rate of O(h?). i.e.
There exists a constant C such that ||p — q|| < Ch3.

4600 Triangles 9216 Triangles 18434 Triangles

Figure 108: The top row is the triangulation of the SES of protein 1MLO0 with different number of
triangles. The bottom row is the ASMS generated from the above corresponding triangulation.

We generated the ASMS for the real proteins based on different size of meshes (Figure 108) and
show the error of the ASMS to the SES of three proteins: 1GCQ (843 atoms), IMLO0 (1051 atoms),
and 1KKL (1276 atoms) in Table 4. Here the SES is modeled as a level set of the summation
of fast decaying Gaussian functions. The ASMS is generated from the triangulation of the SES
at different resolution. The number of triangles of the initial meshes are listed in Table 4. The
€ITOr Emqe 18 defined as the one-way Hausdorff distance from the ASMS to the SES: €40 =

max min ||p —q||. As we see in the table, the errors are small and decrease rapidly as the
pPEASMS q€&SES

initial triangulation becomes dense.
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(a) (b) (c) (d)

Figure 109: Molecular models of a protein(1HIA). (a) is The atomic model. (b) is the initial dense
mesh of the SES (27480 triangles). (c) is the decimated mesh of the SES model (7770 triangles).
(d) is the ASMS (7770 patches) generated from (c).

(a) (b) (c)
(d) (e) (f)

Figure 110: The top row are the models of 1CGI and the bottom row are the models of 1PPE.
(a) and (d) are the atomic structures of the proteins. (b) and (e) are the decimated triangular
meshes of the proteins with 8712 triangles and 6004 triangles, respectively. (c) and (f) are the
ASMS models generated from (b) and (e), respectively.

7.2.3 Application to the biomolecular energetic computation

We apply the ASMS model to the GB electrostatic solvation energy computations of the example
proteins 1HIA (693 atoms), 1CGI (852 atoms), and 1PPE (436 atoms). The ASMS models S for
the proteins are generated based on the initial mesh with different number of triangles (Table 5).
We show the ASMS of the example molecules generated from the decimated triangulations in
Figure 109 and Figure 110. As a comparison, we compute the polarization energy Gy for both
the ASMS and the piecewise linear (PL) surfaces and show the energy results and the timing in
Table 5. For all the computations, a 4-point Gaussian quadrature rule over a triangle [97] is used
for the numerical integration in (278) when computing the Born radii. The running time contains
the time cost of computing the integration nodes over the surfaces, computing the Born radii, and
evaluating G, If we consider the energy computed from the dense mesh as accurate, as we see
from the table, the Gy, computed from the coarse PL model has a large error, however for the
coarse ASMS model, it is very close to the dense mesh result but with less time. On the other
hand, to get a energy result of the same accuracy, fewer number of triangles are needed for the
ASMS model than the PL model. For example, for the protein 1CGI, the G, computed from the
ASMS with 3674 triangles is -1394.227 kcal/mol. However to get a similar result, 8712 triangles
are needed for the piecewise linear model. Therefore the ASMS model is much more efficient in the
energetic computation than trivial piecewise linear models.

Table 5: electrostatic solvation energy and timing

Protein | No. of Gpol (kcal/mol) Timing (s)
1D Triangles PL AS PL AS
29108 -1371.741894 | -1343.1496 | 39.64 | 40.31
1CGI 8712 -1399.194841 | -1346.2230 | 12.94 | 12.64
3674 -1678.444735 | -1394.2270 | 7.40 | 6.11
27480 -1361.226603 | -1340.6384 | 30.23 | 31.18
1HIA 7770 -1389.017538 | -1347.8067 | 9.43 | 9.93
3510 -1571.890827 | -1388.4665 | 5.21 | 5.21
24244 -835.563905 | -825.3252 | 17.27 | 18.26
1PPE 6004 -852.713039 | -828.2158 | 5.09 | 5.39
2748 -933.956234 | -845.5085 | 2.74 | 3.27
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We have introduced a method to generate a model for the molecular surface. Like the other
molecular surface models, this ASMS model is smooth and close to the SES as long as the initial
triangulation is based on the SES. In addition, it has dual implicit and parametric representations.
The implicit representation enables us to flexibly vary the surface by selecting different level sets,
while the parametric representation allows us easily apply the ASMS to the numerical computations,
such as the numerical integrations involved in the finite element method or the boundary element
method. Moreover, unlike the other piecewise linear models, the ASMS surface is of higher degree,
therefore, to get the same accuracy, fewer number of triangles (roughly one-third of the PL model)
are needed for the ASMS when it is applied to the numerical integrations. For many large system
problems, for example the atomistic molecular dynamics simulations, efficient computation is the
most concerning issue, hence he ASMS is very suitable to be used in this kind of problems. We
should mention that, while not detailed, the algorithm of Section 7.2.1 can, by repeated evocation,
yield a hierarchical multiresolution spline model of the molecular surface. In the future research
we could extend this algebraic patch model to the electrostatic solvation forces calculation which is
crucial in the molecular dynamics simulations. Fast and accurate numerical integration is also one
of the main tasks of the force calculation and is more challenging because the integration domain
contains not only the surface but also a skin layer over each atom.
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