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Abstract

Accurate estimations of geometric properties of a surface (a curve) from its dis-
crete approximation are important for many computer graphics and computer vi-
sion applications. To assess and improve the quality of such an approximation we
assume that the smooth surface (curve) is known in general form. Then we can
represent the surface (curve) by a Taylor series expansion and compare its geo-
metric properties with the corresponding discrete approximations. In turn we can
either prove convergence of these approximations towards the true properties as
the edge lengths tend to zero, or we can get hints how to eliminate the error. In
this report we propose and study discrete schemes for estimating the curvature and
torsion of a smooth 3D curve approximated by a polyline. Thereby we make some
interesting findings about connections between (smooth) classical curves and cer-
tain estimation schemes for polylines. Furthermore, we consider several popular
schemes for estimating the surface normal of a dense triangle mesh interpolating
a smooth surface, and analyze their asymptotic properties. Special attention is
paid to the mean curvature vector, that approximates both, normal direction and
mean curvature. We evaluate a common discrete approximation and show how
asymptotic analysis can be used to improve it.
It turns out that the integral formulation of the mean curvature
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can be computed by an exact quadrature formula. The same is true for the integral
formulations of Gaussian curvature and the Taubin tensor. The exact quadratures
are then used to obtain reliable estimates of the curvature tensor of a smooth sur-
face approximated by a dense triangle mesh. The proposed method is fast and
often demonstrates a better performance than conventional curvature tensor esti-
mation approaches. We also show that the curvature tensor approximated by our
approach converges towards the true curvature tensor as the edge lengths tend to
zZero.
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ture Tensor, Gaussian Curvature, Mean Curvature, Principal Directions



1 Introduction

Given a dense triangle mesh approximating a smooth surface, one of the most fun-
damental problems consists in accurately estimating surface characteristics like
normals and curvatures of the mesh. Normals are important by themselves, e.g.
for smooth shading [Gou71, Pho75], but robust estimates are even more important
for derived properties: curvatures and their derivatives [Tau95a, Rus04, TRZS04].

The mean curvature vector is related to the Laplacian, and its computation is
the core of many smoothing and fairing algorithms [Tau95b, DMSB99], Gaussian
curvature is a measure of deviation from flatness, and the principal directions can
be used for “geometrically meaningful” remeshing [ACSD*03]. Mean curvature,
Gaussian curvature and principal directions together are often referred to as cur-
vature tensor. It is essential for many more tasks, like mesh segmentation, feature
detection and non-photorealistic rendering [DFRS03, OBS04].

One common way to obtain normal vectors at a vertex of a triangle mesh is to
compute it as a weighted average of the normals of the incident triangles. Various
weights have been proposed for that purpose. Perhaps the most popular schemes
are uniform weighting [Gla90], weighting by areas [Tau95a], weighting by inverse
areas [HDWO98] and spherical weighting as introduced in [Max99] which is exact
on spheres. In contrast to the previous methods, Meyer et al. [MDSBO02] use a
weighted average of the edges to get an approximation of not only the normal
direction but also the mean curvature.

The first two sections of this paper are devoted to the development of a mathe-
matical apparatus for the asymptotic analysis of curves and surfaces, and applying
it to known approximation schemes. A uniform treatment for various approxima-
tions of tangents, normals, curvatures, torsions, and further differential properties
is given. It allows a rigorous mathematical analysis and comparison of different
approaches and can help to improve them. Applications include the evaluation
of planar curves [ABS02] and extend to space curves and surfaces. We analyze
approximations for the first and second order derivatives of space curves as well
as for normal vectors on a mesh. In particular, we show that all known weighting
schemes for mesh normals behave asymptotically similar, converging linearly in
general and quadratically for a wide class of regular vertices. The mean curva-
ture vector approximation [MDSBO02] has to be modified slightly to achieve this
result. Even then convergence of the length towards the mean curvature can only
be guaranteed for a very limited class of vertices.

Generally, the situation is much more difficult for surface curvatures. The
first attempts to define and determine the curvature of a surface date back at least
to the eighteenth century when Euler and Gaul} laid the foundations for smooth
surfaces [Kat98]. Euler [Eul60] recognized the relationship between the principal



curvatures and normal curvatures in arbitrary directions,
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now known as Euler’s formula, where k.x and kp;, are the maximal and minimal
principal curvatures, respectively, «(¢) is the directional curvature corresponding
to tangent direction t(¢) and ¢ is the angle between t(¢) and the maximal principal
direction.

In the nineteenth century the seminal work of Gaull [Gau27] gave a more gen-
eral framework for the curvature of surfaces, introducing a local surface quantity
measuring how far a surface is from being flat. The quantity received the name
Gaussian curvature K and turned out to be one of the most important intrinsic
surface characteristics.

A popular discrete approximation estimates the Gaussian curvature at vertex
P of a mesh M approximating a smooth surface via the angle deficit at P
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where «; is the angle of the i-th mesh triangle adjacent to P and A 5 is the area of
the one-ring formed by these triangles. Some modifications of the angle deficit ap-
proximation (2) are considered in [MDSBO02, MDO02] and suggest certain changes
of the denominator in (2). Approximation (2) is based on lesser known formu-
lae of Legendre and Gaufl [MDO02], which deliver asymptotic expansions of the
difference between an angle 3; of a geodesic triangle on a surface S and the corre-
sponding angle y; of the flat triangle whose edges are of equal length as the edges
of the geodesic triangle. It can be shown that up to terms quadratic with respect
to the edge lengths
_ 2m =2

s

where the sum is over all triangles adjacent to P, and A is the area of the polygon
composed of the respective flat triangles. Unfortunately, the convergence of Ap-
proximation (2) is only given for rather special conditions [MWO00, BCMO03]. The
reason is that the quadratic error in the numerator (by approximation of ;) and the
quadratic term in the denominator (as the area shrinks to zero) yield a total error
of O(1). The advantage of this formula is that the sum of the Gaussian curvature
over all vertices satisfies the global Gaul3-Bonnet theorem (a generalization of the
angle deficit formula), which is a deep topological result.

Curvature estimation still remains an active research area with many appli-
cations. Yet, to compute the complete curvature tensor no such simple formulae
as for the Gaussian curvature are known. We will give just a small selection of
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recent studies. Goldfeather and Interrante [GI04] presented methods to fit a poly-
nomial to the one-ring of a vertex. Then the exact curvature of the polynomial
serves as an estimate of the mesh curvature. Many other approaches use a (more
or less) special definition of the curvature tensor from differential geometry and
try to find an appropriate discretization [Rus04, TRZS04, MDSBO02]. As a special
case of these “differential geometry methods” we would like to mention the works
of Taubin [Tau95a] and Watanabe and Belyaev [WBO1]. They approximate an in-
tegral over all angular directions to obtain an expression for the curvature tensor
(Taubin) or only the principal curvatures (Watanabe and Belyaev), respectively.

In these cases the correct discretization of the complete integral from a small
number of samples in the directions of the edges incident to the central vertex
poses a special problem. Taubin suggests area weights (of the triangles incident to
the respective edges) while Watanabe and Belyaev use angular weights that give
a trapezoidal approximation of the integral. But none of these weights can be ex-
pected to give exact results, even if the edge lengths tend to zero. Convergence to
the correct value could only be achieved if the number of edges tended to infinity,
but this is not a practical assumption.

Based on our asymptotic analysis, we present exact quadratures for the mean
curvature
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and the Taubin tensor
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These integrals can be computed exactly from the normal curvatures «; along the
edges of a mesh. We prove the convergence of our method if approximated values
are used to obtain these normal curvatures.

In real world applications all these computations have often to be carried out
in the presence of noise. In this paper we assume that all points lie exactly on
a smooth surface, since the definitions for differential properties are valid only in
that case. Techniques to cope with noisy data can be found in [MNO3] and [HSO3].

There are basically two ways to evaluate the quality of any of these methods.
On the one hand, they can be applied to a specific tessellated analytical surface and
the result can be compared with the exact surface normal (or any other approx-
imated geometric property) at the corresponding point [MW00, MDSB02]. On
the other hand, an asymptotic analysis can be applied. In this case, the analytical



surface is given in general form, usually represented by a Taylor series expan-
sion. Then the outcome of the discrete approximation can again be compared to
the real surface normal. Both methods have advantages and drawbacks. The first
one cannot state general results, but only for certain test surfaces. The second
method holds for all (analytical) surfaces and can give clues for improvement of
the approximations. But it is only helpful for dense meshes where dense is not
well-defined. It has successfully been applied for curves [ABS02, Bou00], but for
surfaces a comprehensive treatment has not been achieved so far. Pioneering work
was done in [MWO00, CSMO3].

The remainder of this report is organized as follows: in Section 2, we will an-
alyze the convergence behavior of curvature and torsion approximations for space
curves, and in Section 3 we will use our method to evaluate normal approxima-
tions on meshes. In Section 4 we will present a novel method to gain fast and
reliable estimates for mean curvature, Gaussian curvature, and the curvature ten-
sor. We will introduce quadratures to compute certain curvature integrals exactly,
given only three different normal curvatures and the angles between the respective
geodesics. Furthermore, we will show how the necessary curvatures and angles
can be approximated such that a convergence guarantee of our method can be
given if the edge lengths tend to zero. An experimental validation will be given in
Section 5, and, in Section 6, we will present our conclusions. Three appendices
give further details of the mathematical foundations of our proofs.

2 Space curves

As shown in [ABS02], the (2-dimensional) Frenet frame of a planar curve can be
used to evaluate the discrete estimations of curve normals and curvatures. The
same method carries over to the case of space curves using the 3-dimensional
Frenet frame. We will show here that the same formulae essentially still hold to
compute tangent vectors and curvatures of 3D curves. Additionally, we propose
and evaluate an approximation for torsion of a space curve. Due to the nature of
torsion, being a third derivative, we need at least 4 points to do this,but we consider
also an estimation using 5 points to obtain better results. See also [Bou0OO] for
more estimations.

Let a smooth curve r be interpolated by the five points P_,, P_y, Py, P, and P,

with the corresponding edges P,T,H) denoted by ¢, d, e, and f, and their lengths
denoted by c, d, e, and f, see Figure 1. Then those edges can be expressed by
their Taylor expansions in the coordinate system given by the Frenet frame of r
with tangent t, normal n and binormal b = txn. Let further « denote the curvature
at Py and 7 denote the torsion at the same point. For the exact expansions, refer to
Appendix A.



Figure 1: A space curve.

First, we approximate r by a circle.

2.1 Proposition (tangent vector). The tangent of the circle passing through P_,,
Py and P, is a second order approximation of the real tangent of the curve:

de , d’e¢e-de* .
t( - §K + TKK + 0(d, e) )
d d*e — de*
+ n(gK’ - %(K“ ) + 0(d, e)") ©6)
d d*e — de?
+ b(—gem + %(ZK'T +«7') + 0, 6)4).
This estimation is optimal among all three-point approximations of the tangent
in the sense that the quadratic term in the normal component cannot be different
Jfrom the one that shows up here. Also, this is the only linear combination of d and

e that yields a second order approximation.

Proof. The equation can directly be derived from the Taylor expansions in Ap-
pendix A. If there were curves with other quadratic terms we could gain a tangent
estimation and in turn an estimation of the normal for planar curves of the same
accuracy, but this is not possible, see [ABS02].

The last statement of the proposition can easily be derived using the Taylor
expansions of d and e from Appendix A. O

Note that in the planar case, knowledge of tangent and normal is equivalent.
Therefore, every tangent formula can be used to compute normals of plane curves.
In 3D, the computation of normals is more difficult, however, because the oscu-
lating plane is unknown. It can be done after estimating the binormals which
determine that plane. A more direct approach is to compute the curvature vector,
for example by using finite differences.



2.2 Proposition (curvature vector). The finite difference approach yields a linear
approximation of the true curvature vector, and thus of the true normal vector:

i - 2 (e d)
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Furthermore, this is the only linear combination of d and e, that yields a linear
approximation of the real normal vector.

Proof. Again all claims can directly be proven from the Taylor expansions given
in Appendix A. O

From the curvature vector we gain the curvature as the norm. Another possi-
bility is to estimate the curvature by angle approximation. That approach is based
on the definition of curvature as the rate of angular change of the tangent vector
along the curve.

2.3 Proposition (curvature). Let ¢ be the angle between d and e, see Figure 1.
Curvature, estimated using the discrete curvature vector (7) or angle approxima-
tion, respectively, is given by

k= Ik]|
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=/<+e3 K + 1; € - 3; ekrz+#/<3+0(d,e)3
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These estimations are optimal among all three-point approximations in the sense
that the linear terms cannot be different from the ones that show up here.

Proof. Again the equations can be derived from Appendix A and optimality can
be reduced to the planar case [ABS02]. |

Yet another way to estimate the curvature is as the inverse of the radius of the
circle passing through P_;, Py and P;. This has been done in [Bou0O] and yields

e—-d, d—-de+eée* , d*+de+é®
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Since sin ¢ equals ¢ up to quadratic error we can compute an approximation

for k as
2[|d x e]|

de(d + e)
without significant loss of accuracy.
Also note that for d = e the expansion of the angle approximation becomes

N
X K
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see Appendix A, and here the quadratic term vanishes for a special class of curves
called elastica, characterized by minimizing the bending energy

szds —> min

while fixing end points. They were first introduced by Euler [Eul44] and have
applications in computer vision today [Mum94, Hor83].

2.4 Proposition (elastica). The curvature estimation k converges of (at least)
fourth order for elastica if all edges have equal length.

In fact, the lower order error terms vanish for an even broader class of curves,
see Appendix C for a derivation.

Binormals at P; can be estimated by the normal of the plane defined by three
consecutive points, P;_y, P;, and P, for example by = ||g§:||' Now we can apply
the method of angle approximation to these binormals to compute the torsion 7,
(located at the edge e) from the angle 7, between by and by, ||by; X by|| = sinn,.
But instead of taking the norm, which is computationally rather expensive, and
even worse, always yields positive values (as do most other methods as well),
whereas torsion is a signed property, we use the fact from the Frenet equations that
‘;—ls’ = tn. Therefore, by X by should be approximately aligned with t and we define
fle := (b1 X by, t) where t denotes the tangent approximation from equation (6).
In fact f), = 17, + O(d, e, f)* (because 1 depends linearly on d, e and f, and sinn
approximates i up to second order). We define 7}, analogously from b_; and by

and get (see Appendix A for the Taylor expansion of 7,)

2.5 Proposition (torsion). Using four of the five points P_,, P_y, Py, P, and P,
we have the following approximations for torsion:

. 314 c—ex c+2d-e , 5
T R i d. ey,
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It is interesting to compare the above estimation with the results from [Bou0O0]:
. e
Let g be the distance ||PyP;||. Then

d—e+3g«K —-d+
Ty =7+ Sl S St ST O, e, f)*
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Our approximation is more symmetric in the sense that the first linear error
term vanishes if all edge lengths are equal. By estimating torsion using the angle
between b_; and by, we can get an expression completely without linear terms if
d=eandc = f:

. 37 _T_c2+cd+d2—e2—ef—f2/<_’T
T ce+2d+e)+f 6(c+2(d+e)+f) «
_ ?+3cd +3d* = 3¢* = 3ef - f?

7 + O(c, d,e,f)z.

4(c+2(d+e)+ f)

Another possibility to get such a symmetric expression is to take the (unique)
weighted average of 7, and 7, such that the term involving 7’ vanishes completely
and the term involving "7'7' vanishes for d = e and ¢ = f:

A e 1 — —_—
1= —c+d+e+f((f+2e d)ty + (c +2d - e)t,)

ce—e®+d*—df « )
=7- crdier ) ;T+0(C,d,€,f).

It can be further improved by estimating "7'7 and eliminating the corresponding
error term. In that way, we can get a five-point approximation of the torsion at Py
that converges quadratically for arbitrary edge lengths.

For this purpose, we approximate curvatures at P_; and P, from the angles ¢_;
between ¢ and d, and ¢, between e and f:

2¢_4 c+2d

K= = =K K + O(c,d)?
and
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K = . flf =K+ f eK’ + O(e,f)z.



From this, we get five-point estimates for curvature

1
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for its derivative (as suggested in [Bou0O0])
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and for torsion
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The last equation shows that it is possible to obtain a second order approximation
for torsion using only five points.

3 Mesh normals

3.1 Averaging of face normals

Our approach to assess discrete approximation schemes for normals is to com-
pare the normal of an arbitrary analytical surface with the estimated normal at
the same point. For this purpose we determine an appropriate coordinate system
such that the estimated normal can be expressed only in terms of directional cur-
vatures, geodesic torsions and their derivatives at that point. These could, in turn,
be expressed in terms of the principal curvatures and their derivatives, but this is
of no relevance for the asymptotic analysis and we do not pursue it. An appro-
priate coordinate system will probably include the normal n itself and two further
orthonormal vectors, let’s call them t and v. Then a good approximation for the
normal would look like this:

Negimaed = (1 + €N+ €'t + €7V

where the es are supposed to be small and should tend to zero if a denser mesh is
regarded. If this is not the case, we might be able to give a good approximation
for the es to improve the approximation of n.

Consider a dense mesh M interpolating a smooth surface S and a mesh ver-
tex P. Let Oy, Q,..., 0, be the immediate neighbors of P, ordered counter-
clockwise with respect to the chosen normal, see Figure 2. For each Q;, consider
the geodesic curve g;(s), parameterized by arc length s, connecting P with Q;,

9



Figure 3: Example of a regular vertex.

g:(0) = P. For each geodesic g;(s) consider its Darboux frame {t;, v;, n} for s = 0:
n is the unit surface normal at g;(0), t; = %IFO is the unit tangent vector, and
V;=nxt;.
— .
Let a; := PQ; and let «; be the angle between a; and a;,; (indices taken mod-
ulo n). Now we can compute the normal of an incident triangle at P as

a; X a1
= (1 + 0a,a;.1)’)
lla; < a4l

aij+1 2
- Vi(—. Kiv1 + O(a;, ajr1) ) + Vi+1(
2sin @;

+ ti(O(fli, ai+1)2) + ti+1(0(aia ai+1)2),

——k; + O(a;, ai41) )
2 sin @;

where k; denotes the normal curvature in direction t;, see Appendix B. This shows
that the triangle normal, and therefore every normal computed as a weighted av-
erage of the triangle normals in the one-ring of P, converges linearly to the real
normal, as has already been shown by Meek and Walton [MWO0O0].

But we can prove even quadratic convergence for regular vertices'. These

'For area weighted normals, this has already been proved in [MWO00] in the case n = 4, all
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shall be vertices of even valence, where opposing edges have the same length, and
opposing angles are equal, see Figure 3. More rigorously, we define

3.1 Definition (regular vertex). Let P be a mesh vertex of valence n = 2m with
incident edges a; of length a;. Let ; be the angle between a; and a;,;. Then P is
called regular ift

a; = iy and @ = A

foralli=1...m.

For regular vertices we can conclude
2 2
Visem = —Vi + O(a;)” and ki, = K + O(a))”,

see Appendix B. Therefore, the linear terms cancel out when summing up all facet
normals of the faces incident at P. Summarizing, we can state

3.2 Theorem (mesh normals). Let P be a mesh vertex with incident edges a; of
length a; connecting P with Q;. Let «; be the angle between a; and a;,, and let
n; = % Let w; be weights depending only on edge lengths and enclosed
angles. Then
125, winl|

converges linearly to the real normal as edge lengths a; tend to zero if all a; are
bounded within (0, ) (meaning that there is a 6 > 0 such that always 6 < a; < -6
for all a;).

If P is a regular vertex the convergence is even quadratic.

Proof. We have already shown the linear convergence. For regular vertices we get
by the above arguments

Z a; X a4
w—————
- lla; X a;,1]]

= Z nwi(l + O(a;, ai+1)2) + Z Vi(O(ai,aiH)z) + Z ti(O(ai,ai+1)2)- -

l 1

We have also computed the angular error of the facet normal n;, for details
see Appendix B. It seems sensible to us to interpret the inverse of that approxi-
mated error as confidence values for the respective normals. Using these values
as weights for the faces incident at P yields

) Zi sn;ia,- n;
I, S|

where d; is the length of the triangle edge opposing P, see Figure 2.

edges and angles equal.

11
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Figure 4: Cotangent weights and Voronoi area.

3.2 Averaging of edges

Now we turn our attention to the mean curvature vector k at P. We use an approx-
imation similar to the one in the paper of Meyer et al. [MDSBO02]. That is, we
approximate the integral over the mean curvature vector in a certain environment
of P and divide by the corresponding area A. Using the notation of Figure 4, let
w; = coty; + cotd; and let A = é Y. wia? be the Voronoi area of the one-ring of
P. A can be computed in terms of y; and 6, because 17; = § — ;. We define

lelal
i =2=5——.
4AZwa Swia?

This formula has already been suggested, up to a factor of two, in [DMSB99] as
a “normalized version of the curvature operator”. We argue that it is not merely a
normalized version but the correct (discrete) mean curvature vector.

In contrast to [MDSBO02], where a “mixed region” for A has been used to en-
sure that it lies completely within the one-ring of P, we always use the Voronoi re-
gion. The reason for this becomes clear in Theorem 4.1 where we show why these
regions determine the “right” area whereas the mixed regions seem somewhat ar-
tificial to us. Note that our approach is still compatible with the derivation given
in [MDSBO02]: the boundary of our “Voronoi region” (dashed lines in Figures 4
and 5) passes through the midpoints of the edges a;, and all “Voronoi regions” of
the complete mesh together guarantee a perfect tessellation without overlapping
if we allow “negative areas”: even though the Voronoi cell at the obtuse angle ex-
ceeds the area of the triangle in Figure 5 a), this is compensated by the “Voronoi
cells” at the acute angles that count the same area negative (Figure 5 b)).

3.3 Theorem (normal approximation). Let P be a mesh vertex and k be the
approximated mean curvature vector at P as above. Then K converges linearly
against the real normal vector of the same length.

12



a)

Figure 5: Voronoi areas, as computed by the formula %(r2 cotp + s cot o), give an
exact tiling of the triangle. Shown are the “Voronoi areas” of an a) obtuse angle,
b) acute angle.

If P is regular, the convergence is even quadratic.

Proof. Using the Taylor expansion of 2 1n Appendix B, we get

4A -k = Zw,a, —Z Wal_chfK + O(q; ))
+ Z V; ng? kiTi + O(q; ))

2 3

. a:
+n Z(wiéki + wl-glklf + O(af)).
Therefore, we have to show that Y, wia;t; = O(a;)*. Then we obtain
4A-k= > t(-
3

+ Z W’:’ kT + O(a; )) (8)

3
2 3
3 l ki + O(ai-1, a;, ai1) )

2 3

a:
+nZ w; ’K,+w,—lk'+0(a ))

Since all the angles and consequently the weights w; converge quadratically to
respective values in the tangent plane, we may assume that the one-ring of P is
already planar and a; = a;t;. Let h; be the part of the Voronoi edge separating P and

Q; that connects PQ; to the circumcenter of the triangle APQ;Q;,, see Figure 4.

13



Figure 6: Complete Voronoi area.

From n; = 5 — y; we conclude h; = (% coty;a;)*, where ()* is the 7 counter-
clockwise rotation. Now it suffices to show that the the sum of the Voronoi edges
2. w;a; is zero, but this is clear, compare Figure 6. Note that this may not be
a Voronoi region in the usual sense, but it retains the important property that it
forms a closed curve.

For regular vertices, we know a; = a;,,, and @; = @;4,,, and therefore, w; =
Witms Ki ® Kizm, and T; = Ti,, see Appendix B. This means that the third or-
der terms, which are explicitly given in the tangential components of equation (8),
vanish, and a careful examination shows that also the O(a,_;, a;, a;4;)* terms, stem-

ming from the computations above, cancel. O

4 Curvature Tensor

In this section, we will analyze the asymptotic behavior of the (modified) mean
curvature vector as defined in [MDSB02]. We will show its limitations and sug-
gest a novel weighting scheme for better approximation of the mean curvature.
Furthermore, we will show how this approach can be extended to gain accurate
estimates of Gaussian curvature and the curvature directions.

4.1 Mean curvature vector

4.1 Theorem (mean curvature approximation I). Let

ko2 >.i(coty; + cotd,)a;
" X(coty; + cot§)a?

be the mean curvature vector at P defined in Section 3.2. Let all edge lengths a;
be equal and let all angles a; be equal. Then ||K|| converges linearly towards the
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real mean curvature.
If the edge lengths a; and angles a; are varying then ||K|| will in general not
converge towards the correct mean curvature.

Proof. Under the assumption that all the a; and «; are equal, the angles y; and J;

and therefore the weights w; have to be equal for all i as well. Using formula (8)

we obtain ||k|| = ), %KL + O(a;) = % >.iki + O(a;). The last term is known to
be exactly the mean curvature, since the angles «; are equal and the directional
curvatures k; are evenly distributed, compare the proof of Theorem 4.2.

This argumentation doesn’t hold in the general case of course. For example,
it can be that all directional curvatures «; and therefore the result of the cotangent

formula are smaller than the mean curvature. O

Therefore, the cotangent weights are not appropriate to get the correct mean
curvature with differing edge lengths and angles, even though they are very well
suited to obtain the correct normal. Now note that the mean curvature is always
given by the normal component of the mean curvature vector k. That means, that
we can use better weights if we can ensure by other means that the tangential
components of k vanish. This is the case for regular vertices. Alternatively, if
we already know the exact normal (at least up to quadratic error) we can use it to
extract the normal component of k. This motivates

4.2 Theorem (mean curvature approximation II). If P is regular, then the nor-
mal component of

Yitana;; + tan ;)%

k=2

>i(tana@,;_; + tan ;)

converges linearly towards the mean curvature at P.

Proof. Let w; = tana;_ + tan ;. If we insert the asymptotic expansion into the
above formulae, we get (k,n) = Z‘lW" iwik; + O(a;). ( This reduces to % ik +
O(a;) if all angles «; are equal.) Let ¢; be the angle between the principal direction

of maximal curvature and t;. Euler’s formula yields

| Z Kmax 2 Kmin .2
e WiK; = - ZW»COS ¢‘+—_Zw-sm d;
LiWi & YA - l DALY ; l l

_ Kmax Z —.1+C052¢i + Kmin ZW'l_C082¢i

= - Wi - i
2i Wi 2 2i Wi 2
— Kmax t Kmin " Kmax — Iimin RC(Z Wj82i¢j)'
2 22w 7
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Figure 7: Weights for computation of the mean curvature.
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Now it is sufficient to show that 3’ ; w €% = 0. If we consider e*%/ as the vertices
of a one-ring with the origin of the complex plane as center, then we know already,
from the proof of Theorem 3.3, that the correct weights are coty; + cotd;, see
Figure 7. But since all the edges e/ have the same length, we can compute

— & —2a 2 —
coty; + cot§; = cot T2 + cot “REL = yj;. O

The formula 2(%, n) has already been used by Taubin [Tau95a] to gain an ap-

proximation of «; and in turn also of the mean curvature. Numerous other methods
exist to approximate the mean curvature, see for example [Boi95]. But at least so
far we haven’t been able to prove asymptotic correctness for them.

4.2 Quadratures for curvature integrals

Now we adopt another point of view concerning our formula to approximate mean
curvature. It can be seen as the approximation of an exact quadrature of the mean
curvature integral (3). This viewpoint proves to be powerful and extensible to the
computation of Gaussian curvature and the curvature tensor.

Given a point P on a smooth surface S, consider its tangent plane that is
spanned by two unit vectors in the principal directions t,,x and t;,, see Figure 8
on the left hand side. The curvatures in these directions are given by &,y and K,
respectively. Assume now that t;, i = 1..n are further unit tangent vectors. Let ¢;
be the angle between t,,,x and t; measured counter-clockwise and let 3; := ¢;1 — ¢;
(indices modulo #) be the angle between t;,; and t;. Let «; be the normal curvature
of § at P in direction t;. More general, let t(¢) be the unit tangent vector with
angle ¢ to t,.x and «x(¢) the normal curvature in that direction. Now we will show
how mean curvature, Gaussian curvature and the curvature tensor can be com-
puted only from the knowledge of the «; and ;. (Discrete estimations for ; and B;
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Figure 8: Angles in tangent plane and mesh.

are given in Section 4.3.)

Mean curvature

In this paragraph, we will present a formula to compute the mean curvature H. It
can be seen as a generalization of a result from mathematical folklore that states
H = 13,k which, again, is a generalization of H = (Kmax + Kmin). We prefer to
regard it as a quadrature )}; w;k; of curvature integral (3) with certain weights w;
that add up to one:

tanﬁj_l + tanﬁj

YT S tan i + tanfy)

)

They have the property
Z w;cos2¢; =0

as shown in the proof of Theorem 4.2, and we arrive at

4.3 Theorem. Mean curvature is given by the weighted sum of normal curvatures
with the weights defined in (9):
H = Z WiK;.

Gaussian curvature

To obtain the Gaussian curvature K we have to compute the integral G = i .

fozﬂ k(¢)*d¢ from Equation (4). Again with Euler’s formula (1) we obtain an ap-
proximation of that integral:

~ 3 1
G= ) wik; = —H*— K+
,- wiki = 5 5
— (4cos2¢; +cosde; , 4cos2¢; — cosdo; , cos4¢;
Z Wi( 3 Kmax — ] Kmin — 4 K)

i
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Here we exploit ) ; w;e*? = 0 for

_ tan2B;, +tan2B;
YT S @n 2By + tan2B,)

(10)

and therefore

w; sindg; = w; cos4¢; = 0. (11)
2.Tind= ),

With the notation Zee := 1 3, w; cos 2¢; we get

~ 3 1
G = EHZ - EK + ZH(Kmax - Kmin)zcos-

Using the same weights for the estimation of H we obtain

ﬁ = Z Wiki =H+ (Kmax - Kmin)ZCOS'

Therefore, we can compute the exact value of K:

4.4 Theorem. Gaussian curvature can be computed from the mean curvature H
and the corrected weighted sum of squares of normal curvatures with the weights
defined in (10):

K =3H>=2) Wi} +4H() Wik - H).

The Taubin tensor

Now we will show how the matrix M, defined by integral (5), that was introduced
by Taubin [Tau95a] to compute the curvature tensor, can be evaluated exactly. Af-
terwards, we will give an alternative method to compute the principal curvatures
and directions.

Let T = (n, tyax, tmin) be the orthogonal matrix with the columns given by the
normal and the unit tangent vectors of the principal directions at the surface point
P. In [Tau95a], it was shown that

0 0 O
M=T[0 A4, O|T
0 0 4

where 4; and A, are the eigenvalues of M that are related to the principal curva-
tures in the following way:

Kmax = 3/ll - /12’ Kmin = 3/12 - /11-
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To compute a discrete approximation of integral (5) we use the equalities (11) for
weights (10) together with Euler’s formula (1) and obtain:

0 0 0
].V[ = Z Wikitit; =T]|0 /11 + Kmaxzcos HzSin Tl
i O stin /12 - Kminzcos

with X, = % > iw;cos2¢; and X, = % > w;sin2¢;. Again, we want to com-
pute the error terms and subtract them afterwards as we did when computing the
Gaussian curvature. However, the task is trickier this time since the error terms
are given in a coordinate system yet unknown.

But let us define the error matrix

0 0 0
E = Z \/Al;,t,ti =T|0 % + Xeos Lin T'.
i 0 Z:sin % - z:cos
After restriction of the matrices to the tangent plane by a Householder transforma-
tion Q as done in [Tau95a], we can eliminate most of the error terms and control
the remaining ones by computing:

— t - 1 1 O 0 0
QMQ - H(QEQ -0 1 0)
20 0 1
0 0 0
= QT (0 A, + =megmminy 0 QT). (12)
0 0 /12 + Kmax;Kmin ZCOS

Now all the desired information can be extracted:

4.5 Theorem. The matrix defined in equation (12) has the surface normal and the
principal directions as eigenvectors. Its eigenvalues u, and u, corresponding to
the latter two eigenvectors are related to the principal curvatures by

Kmax:3,ul —,le—(ﬁ—H), Kmin:3/12_,ul _(ﬁ_H)

Direct computation of the curvature tensor

Once we know mean and Gaussian curvature, there is also a more direct approach
to obtain principal curvatures and directions. First, we can compute the principal

directions:
Kmax = H+ VH? — K, Kmin = H— VH? — K.
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Now we use Euler’s formula (1) in the form

2
Ki = (Kmax - Kmin) Ccos ¢i + Kmin-

When solving for ¢; we get two solutions for every i (modulo 7). Since the correct
solutions coincide for all i, they can be easily determined.

4.3 Practical curvature tensor estimation

In this section we will discuss how the quadratures from Section 4.2 lead to a
working algorithm.

Normal curvatures and geodesic angles

Let P be a vertex of the mesh M with its one-ring given by vertices Q; such that
P and the Q; interpolate the surface S. Let a; be the edge connecting P and Q;, let
g; be the geodesic connecting P and Q; in S, and let t; be the unit tangent to g; at
P. Given a (possibly estimated) unit normal vector n at P, the normal curvature
can be approximated as k; = 2%—;"% where a; = ||a;|, see for example [Tau95a].
Furthermore, ; can initially be aﬁproximated by the angle «; between a; and a;, |,
see Figure 8 on the right hand side. The tangent vector t; can be estimated by the
normalized projection of a; to the tangent plane a; := 2=&MR Finally, the angle

~ llai—(a;,myn]|*
«; between a; and a’;, gives a better approximation for ; than «; does.

Convergence properties

Along with the above estimates for k;, 5; and t;, we utilize the classical Darboux
frame for g; to express the Taylor expansion of § at P in order to prove the con-
vergence of our formulae as the edge lengths tend to zero:

2 2 2
a; a. a: a; a:
j = t,(l - glKlz) + Vi(—glKiT,') + H(EZKI' + éK:) +h.o. t.
l
where v; ;= n X t;. It becomes clear that the above estimate for «; is a linear

approximation of the true normal curvature provided that n is at least a quadratic
approximation of the correct normal. This is a reasonable assumption since it
was proven in [MWOO] that such an approximation can be obtained by fitting
a quadratic patch to the one-ring of P if P has at least valence five. This linear
error introduces a linear error in our approximations for mean curvature, Gaussian
curvature and the curvature tensor.

From the same Taylor expansion, it can be seen that Z— is already a linear
approximation of t;. The projection to the tangent plane yields an even quadratic
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approximation of t; by a;. After computing the cross product of a; and a;,;, we
conclude that @; is a quadratic approximation of §; (compare [MDO02]) and the
same holds for ;. The quadratic error for §; yields a quadratic error for tan3; and
for w; and w;. Again these quadratic errors propagate through all our computations
and add an additional quadratic error to the results of mean curvature, Gaussian
curvature and curvature tensor.

Implementation details

When computing the weights defined in (10), it may happen that the value of
the denominator becomes zero or close to zero, for example if right angles are
involved. In this case the weights can become very big and will enlarge small
errors in the estimation of the normal curvatures greatly. To cope with a situation
of a very small denominator for a vertex we omit some edges in the one-ring of
that vertex. That means, we use only the subset of edges in the one-ring such that
the denominator becomes maximal for the new weights. (Remember that we only
need three edges to apply our method.) This improved our results for these cases.

S Experimental results

In this section, we present at first detailed results of our quadrature method to
compute the mean curvature; then we make a short comparison of our methods
and existing approaches to compute the curvature tensor.

5.1 Mean curvature

We applied our newly proposed formulae for mean curvature approximation on
several meshes with the vertices exactly interpolating smooth surfaces of constant
mean curvature. For these meshes it is especially easy to compare the estimated
values with the true values. We studied the following methods: cotangent weights
using a mixed area as proposed by Meyer et al. [MDSBO02], cotangent weights
using Voronoi areas as defined in Theorem 4.1 and tangent weights as defined in
Theorem 4.2. Since, for the last method, knowledge of the normal vectors is nec-
essary, we compared the results when using the true normals which were available
for our test surfaces, and using estimated normals with spherical weights [Max99]
to study the case where the true normals are unknown. The meshes with the most
interesting results and the corresponding histograms are depicted in Figure 9.
Our first test surface was a sphere with constant mean curvature —1. Since the
estimated normals are identical with the true normals in this example, we forbore
from using the true normals to simplify the histogram representation. While the
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Figure 9: Some of our test shapes. From top to bottom: a polar sphere, a catenoid
with strongly differing edge lengths and Enneper’s surface with very irregular
connectivity. On the left side is the mesh and on the right side the corresponding
histogram. The leftmost and rightmost columns count not only the vertices of the
specified curvature but also all vertices with lower or higher curvature, respec-

tively.
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average error using cotangent weighting with mixed areas was 0.002, the use of
Voronoi areas gave much better results as can be seen in the histogram of the
sphere. This clear difference is due to the fact that in the given sphere nearly
every second triangle is obtuse and, in turn, nearly every vertex is affected by the
different area computation. It is also remarkable that the tangent weights gave the
exact value ‘-1’ for the mean curvature within the limits of numerical precision
of our implementation.

The two other test surfaces were minimal surfaces with constant mean cur-
vature zero. For these meshes, the difference between Voronoi areas and mixed
areas were less significant. Since we have already shown the superiority of us-
ing Voronoi areas by means of the first model, we haven’t included cotangent
weights with mixed areas in the histograms any longer. The second surface was a
catenoid with strongly differing edge lengths. With this mesh, we wanted to test
our hypothesis that these differing edge lengths distort the results of the cotangent
weighting. This proved to be correct as can be seen in the histogram. The majority
of the curvature estimations were shifted to negative values which correspond to
the direction of the longer edges. Surprisingly for us, the tangent weights with
exact normals gave a shifted result as well — but to the other direction. Judging
from additional tests, this could be due to the nearly rectangular angles in this
mesh that pose a problem for the computation of the tangent. Still more unex-
pectedly, we got the best results using the merely estimated normals. Note also
that the catenoid has 126 boundary vertices which can clearly be seen in the left-
most and rightmost column of the histogram for the cotangent weights and the
tangent weights with spherical normals, respectively. Using the tangent weights
with exact normals we obtained good results in our implementation without any
special treatment of boundary vertices. Since only the normal component is used,
the unbalanced situation has no effect.

Our last test surface was an irregular mesh (with 320 boundary vertices) of
Enneper’s surface, a manifold that cannot completely be embedded in R? without
self-intersections. Here the full power of our tangent weights approach could be
observed. While the cotangent weights mean curvature estimations were scattered
over a large range of values, the tangent weights method still gave good approxi-
mations of the correct value. Also, the importance of a good normal approxima-
tion could be seen here: using the estimated normals, the tangent and cotangent
weights led to similar results. But note in the histogram of the cotangent method
that the correct zero value seems to be avoided. This is probably an inherent prob-
lem of computing the mean curvature as the norm of a vector. A small disturbance
in any direction yields a wrong value, while using only the normal components
errors in tangential directions are ignored.
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Figure 10: Meshes of a polar sphere and a regular torus.

Figure 11: Principal directions (colored according to the corresponding principal
curvature values decreasing from red over green to blue) of a triangulated torus.

5.2 Curvature tensor

We tested our algorithm on a model of a sphere with constant Gaussian curvature
K = 1 and on a model of a torus with Gaussian curvature varying from —1 to
%, both are depicted in Figure 10. The results are given in Tables 1 and 2. We
measured the root-mean-square error for mean curvature H, Gaussian curvature
K, the angular deviation 6 of the principal directions in radians, and the time in
seconds computed on a 1.8 GHz CPU (Intel Xeon). No optimization to achieve
especially short running times was done for our algorithm. We compared the
following methods: (1) angle deficit in the version of Meyer et al. [MDSBO02],
(2) quadrature of curvature integrals as presented in this paper (principal direc-
tions via Euler’s formula); the first number gives the time for computing only the
curvatures, the second number the time to compute additionally the principal di-
rections; the results for the torus are also visualized in Figure 11, (3) the original
Taubin method [Tau95a], (4) the Taubin tensor computed by exact quadrature as
presented in this paper, (5) and (6) quadratic and cubic polynomial fitting as done
by Goldfeather and Interrante [GI04]. All computations were done with the exact
normals known.
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H K T (sec)
angle deficit - 0.00465 0.02
quadrature* 1.85-10713 | 3.87-107"% | 0.03/0.06
Taubin (classic) 3471074 0422 0.03
Taubin (quadrature)* | 1.81-10713 | 3.62- 10713 0.05
GI (quadratic) 0.00402 0.00805 0.07
GI (cubic) 0.000563 0.00113 0.16

Table 1: Error and time for a polar sphere (1026 vertices), the starred methods are
developed in this paper.

H K 0 T (sec)
angle deficit - 0.000901 - 0.09
quadrature* 0.00120 | 0.0284 0.0886 |0.14/0.21
Taubin (classic) | 0.0817 | 0.380 0.158 0.11
Taubin (quadr.)* | 0.00120 | 0.0405 0.139 0.21
GI (quadratic) 0.00791 | 0.00657 | 0.00175 0.21
GI (cubic) 0.00456 | 0.00789 |0.00182 0.53

Table 2: Error and time for a regular torus (3969 vertices), the starred methods are
developed in this paper.

The angle deficit method is the simplest and fastest, yet it can only be used
to compute the Gaussian curvature and no asymptotically correct results can be
expected in general. The classical Taubin method is the fastest to compute the
whole curvature tensor, but its accuracy is less than that of modern techniques.
Nevertheless, if the Taubin tensor is computed using the quadrature weights as
proposed in this paper, it can achieve competitive results with a small time penalty.
The approach of Goldfeather and Interrante offers the best results for computing
the principal directions, yet it is also the algorithm with the highest running time
which limits its usefulness for very large meshes. Our approaches combine high
accuracy and relatively short computation times. Furthermore, by the modular
structure of method (2), running times can be further decreased if only the curva-
tures, but not the principal directions are needed.

6 Conclusion
We introduced a framework for asymptotic analysis of differential properties of

discrete curves and surfaces. Using it, we have proposed formulae to compute
curvature, torsion, and the Frenet frame of a space curve, and investigated their
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convergence properties when edge lengths tend to zero.

We have shown that all commonly used weighting schemes for estimating ver-
tex normals on a mesh from the normals of the incident faces converge quadrati-
cally at regular vertices. The same is true for the mean curvature vector when it is
computed with cotangent weights at the edges and normalized by Voronoi areas
as proposed by us.

Furthermore, we presented a new, mathematically founded method to compute
mean curvature, Gaussian curvature and the curvature tensor. For the case where
all edge lengths and angles are known to be equal we have even been able to
prove linear convergence of the norm of the mean curvature vector, computed
with cotangent weights, to the true mean curvature. In general though, we have
shown that the tangent weights suggested by us are more appropriate for mean
curvature computation. We have demonstrated that they yield especially superior
results if used for meshes with irregular connectivity, but require knowledge of
the normal vector.

In particular, we have proven theorems for exact computation of curvature
integrals that lead to quite impressive results and rely only on elementary math-
ematics. Our experiments showed short running times and often superior results
compared to existing methods. Furthermore, the method is proven to converge if
normal vectors of at least quadratic accuracy are available.

In the future, we plan to extend our research to curvature and torsion of curves
on surfaces. Also, we want to examine the influence of noise on normal and
curvature estimations.
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A Taylor series expansion of space curves

Given an arbitrary curve r(s) as in Figure 1 we can analyze it using Taylor series
together with the well known Frenet equations [dC76, Koe90]

dt db dn
%—Kn, a—rn, a——Kt—Tb (13)
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where t, b and n are unit tangent, unit normal and unit binormal vector, respec-
tively, and « and 7 are curvature and torsion, respectively. (We omit the position
s, since the equations hold for all (fixed) s and we are interested only in the case
s = 0, anyway.) Differentiating the curve r(s) with respect to its arc length s, then
yields

=t r’'=t=«n r” =&n) =«n-«t-«rb

. e
and so on. Now we can use Taylor expansion to express € = PyP; = r(s;) —r(sy):

oSS 5
’ 1 " 4 5 6
e =s5r +El’ +€I' ﬂr()+mr()+0(sl)
S, S U4 2 2 6
= t(s1 - gk - gKK, + 1—20(/< + k77— 4kk” = 3(K')7) + 0(s1))

2 3 4 5

s s s s

+ n(EIK + EIK’ + 2_411(K” — =kt - ﬁ(6K2K/ + 3kt + 3K TP — i) + O(s?))
3 4 5

+ b(—iKT - S—1(2le +k7') + i(/<3T + kT — kT = 3T = 3K7T) + 0(s6)).
6 24 120 !

Since (t,n, b) is an orthonormal basis, we can compute the length e of e in terms
of s; by

3 4 5

s s s
e:=|lel|=s - ﬁkz — ﬁKK + %(SK4 + 8277 — T2k — 64(k)%) + O(s?).

After inverting the Taylor series for e we obtain

B N 63 2+ e4 , €5
SEEET o T 24" T 5760

Bk + 821 — T2kk” — 64(K')?) + O(e).

Substituting the expansion of s; into the formula for e and dividing by e yields

¢_ t(l - e_2K2 - e—3KK’ - ¢ (15«* = 8,*7% + 24k + 16(x')*) + O(es))
e 8 12 1152
+ H(EK + —2/(' + i(/(" — kT + i(2/<2/<' — Okt — 9 T? + 3K + 0(65))
2 6 24 360
e’ e ,
+ b(—gk‘r - ﬂ(ZK T+ k7')

4

- ;?O(ZK% —3k7> + 3k + KT+ 9K'T) + 0(65)).
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In the same way we get the expressions for §, ¢ and £:

d d &
+ n(—EK + —K — — (K" — k1) + O(d4))

6 24
d2 d3
+ b(—gk‘r + ﬁ(zk’T + k1) + 0(d4)),
>+ 4cd + Ad? 3 +5¢%d + 9cd? + 6d°
f:t(1—c PRAr e st e E kK + O(c, d)*)
p 3 12
c+2d A +3cd+3d>, Ad+2cd+d
+n(— K+ K+ Kk
2 6 8
3 +4c%d + 6¢d? + 4d°
_ctac 24C K" = k) + O(c,d)*)
2 4+ 3cd + 3d? 3 +4c%d + 6¢d* + 4d°
+b(—c rocdT Kt + & TRedrbed ¥ (2K'T+KT')+O(C,d)4),
6 24
and
f fP+dfe+4e’ , fP+5f%e+9fe* +66° 4
—=t(1- - "+ Oe,
7 ( 2 K 7 KK (e f))
+n(f+22ek+f2+31;e+3e2K,_f2e+2ge2+e3k3
f3+4fze+6fez+4e3

"o 2 4
o &’ = k%) + O(e, f)")

f2+3fe+3e? P +4f’e+6fe? +4e’
+b(— c KT — o

k't + k') + OC(e, f)4).

Using the above expansions we can also compute the cross product of g and

e

d e d*e +de* , 4
EXE—tTKT+0(CZ,€))
e* —d? & +ée , , 4
+n( c KT + 7 (2KT+KT)+0(d,e))
d 2_d2 d3 3 dZ dZ
b( ;ek+€ G K + Ztle (K”—KTZ)—%K3+O(GI,€)4).

Note that the quadratic terms vanish for d = e. The same is true for fourth order
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terms:

d ed:e 63 2 5
EXZ :t(gKT+0(6 ))
3

€ ’ ’ 5
+n(ﬁ(2/< T+ k7)) + O(e ))
e’ ) € 3 5
+b(e/< + E(K — KT") — gk + O(e )).

Since the norm of the above vector equals sin ¢ we obtain

2 _ 2 _ )
d+e d—e ,+(d e)(d e)m_2

sing = 5 K— ¢ K 36
d’ +é d’e + de?
246 (K" — k1?) — %,ﬁ +0(d, e),
d d2_ 2 d3 3 2
Y= ;eK— 66 K + 4;6 (K = Zk1* + 2(")
d’e + de?

- TKT2 + O(d, 8)4,

and ford = e

3
0= e+ ;—4(2,// + 3 = 2y + 0@).

We can also compute the normalized binormal at P, by

d e
_ dxe :gxg
ldxe|| sing

= t(%em +0d, e)3)

o -

e—d d*—de+é? d* +de+é* K

’ 3
+n( 3T 5Tt s ;T+0(d,€))
d— 2
+b(1- @9 >\ o, o).
The terms for the binormals b_; at P_; and by at P, are similar:
_ ¢exd
T llexdi
d + d?
= t(—c kT + O(c, d)3)
c+2d A +3cd+3d* , +cd+d* K 3
+n(— 3 T+ B T+ 13 ;T+0(C,d))
c? + 4cd + 4d?

+b(1 T +0(.d))
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and

exf
lle x £l

_ t(_fe + e

1=

KT + O(e,f)3)

f+2e fr+3fe+3e* , [P+ fe+e*K 3
+n( 3 T+ 2 T+ 13 KT+O(e,f))

fP+afe+de , 3
+b(1 - —— g T 0 )-

With those we can in turn estimate the angle between two consecutive binormals
as

d+e+fT_d2+de—ef—f2/<_’T
3 18 K
d?* — de — 2e* - 3ef — f?

- > 7 +0Wd,e, )

where t is the tangent approximation from equation (6).

fi = (by X by, T) =

B Taylor series expansion of geodesics

The behavior of the Darboux frame for an arbitrary smooth curve r(s) on a surface
S is governed by the following modified Frenet-Serret equations [dC76, Koe90]

dt/ds 0 Kk, Ky t
dvlds |=| -k, 0 7 v
dn/ds -k, -1 O n

where «, is the normal curvature, «, 1s the geodesic curvature, and 7 is the geodesic
torsion of the curve. Thus for the geodesic g;(s) as defined in Section 3 we have
dtl‘ dVi dn

ds " ds " ds

where «;(s) and 7;(s) are the normal curvature and geodesic torsion of g;(s), re-
spectively. Note that these are exactly the same equations as for the space curves
given in equation (13), only with a slightly different meaning of «; and 7; com-
pared to « and 7. Therefore, we have (formally) exactly the same Taylor series

= =Kt — TV,

expansions for a; = Iﬁ and a; = ||a;|| as for e and e in Appendix A and get
finally

a; a; 3 a; 3 ai a; 3

= t(1 - =k + 0, ) + vi(—gkm +0(a)) + H(EKL- + oK+ 0 )).
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Let 5; be the angle between t; and t;,; (indices taken modulo n), see Figure 8
on the right hand side. Now we can compute the normal of an incident triangle at
P as

2 2
a; a; . a; , 4 3
— X — = sm,B,-n(l - —K — Ky + O(a;, aiv) )
a; Qiyl 8
ai2+1 0 3
+ cosBn 6 Kis1Tiv1 + O(a;, ajv1)
2
aiy aiy 3
- Vi(_Ki+1 + — ki + O0(ai, aiv1) )
2 6
2

4 3
- COSﬁin(—gkiTi + O0(a;, ai1) )

+ sinﬁin(O(ai, ai+1)3)

+ ti(O(aia ai+1)3)
+ Vi+1(%’<f + %?K§ + O(ai, aiv1)*)

- ti+1(0((1i, ai+1)3)~

Since (; equals the angle «; between a; and a,;;; up to quadratic order we can
also use that angle in our asymptotic formula (compare also [MDO02]):

2 2

sina; = H—l X — ‘= sin; + (—— — sin)( &7 + —=til, )
a; 4+l sin 3; 8 8
2 2
a. a. a;a;
i i+l i%i+l] 3
+ Cosﬁi(gkﬂ'i - ?K,‘HT,‘H) - COtﬁi( KiKi+1) + 0(ai, air1)

and therefore a; = §; + O(a;, ai41)>.

But we can also use this result to compute ~=2-L Now suppose a; = d;,, and
llaixa1|l ! rm
O = Ajiy. We know
i+m—1 2m 2m
— _ 2 _ 2
2> a;= ) a;= ) B+ 0@) =21+ 0a,).
j=i j=1 j=1

Therefore, we get

i+m—1 i+m—1

Biitm = Z Bi= Z a; + O(a,)* = m + O(a;),
Jj=i J

i—i

Viem = €OSBijtmo1Vi = SiNBiism-1, G = —Vi(1 + O(a;)?) + t;(0(a;)?),
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and the corresponding result for ti,, where §;; is the counter-clockwise angle
between t; and t;. Using Euler’s formula

K;i = Kmax COS° 0 + Kmin sin”
for curvature and the corresponding
Ti = (Kmax — Kmin) COS @sin 6
for torsion we obtain
Kizm = ki + O(a j)z and T, =7+ 0( j)z_

We can also use our computations to gain an estimation of the angular error.
We compute the scalar product to obtain the cosine of the angle

< a; X a1 >
lla; % a;q]’

1
22, 2 2 3
=1- F(aiki + a;, K,y — 2a;0;+1KiKi+1 €0S ;) + O(a;, ajv1)”.
SN @;

Therefore, the angular error has to be

1
2,2 2 2 2
Jsina . \/aiKl- +ai+1Ki+l — 2a,;a;,1KiKi4+1 COS @; + O(ai,am) .

i

Because the curvature is unknown anyway we simplify the term by setting x; =
ki+1 = 1 and we get

1
2 sin ;

\/a? +al | —2a;a;.1 COS ;

as the main error term. We note that the square root equals the length of the edge
d; opposing P, see Figure 2.

This justifies to use % as weights for the unit facet normals n; of a one-
ring. It uses the inverse of the estimated angular error to give stronger weights to

triangles whose normals are closer to the real normal.

C Euler’s elastica for space curves

In this section we will derive necessary conditions for a space curve r(s) to be an
elastica, 1. e.
f K*ds —> min,
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while fixing position and tangent of the two end points. Hereby we follow the
treatment given in [BAY'Y99] and [Mum94] for elastica in the plane.
We consider a small perturbation of r(s)

£(s) == r(s) + e(h(s)n + k(s)b)

where r(s) is an elastica parameterized by arc length s, h(s) and k(s) are real
functions with compact support and € is a real number. Using the Frenet equations

we get
i
d—r = t+ e(—hit + (I + kon + (K — ho)b).
S

Let £(5) be a parameterization of f by arc length. Then
«_ ||19E 2
ds = ”—”ds = (1 — ehk + O(e))ds.
ds

Therefore, we have

. di did

f= LD (W +kon+ (K — hDb) + 0(),
ds dsds

Aﬁ_df_dfds

=45 T dsas

= kn + e(—h'k — kkt)t
+e(h(® =) + W' + kv + 2K + e(=ht’ = 2W' 1 — kt*> + k)b + O(€%)

and
R = |IRA|* = & + 2ex(h(K* = T°) + B + kT’ + 2K'T) + O(€2).

Now we can compute, using integration by parts:
fk2d§ = fk2ds +€ fh(K3 + 2K = 2k7?) = 2k(kT’ + 2&'T)ds + O(€?).

Because /(s) and k(s) are arbitrary functions with compact support and the integral
f k*ds is minimal for r(s), this shows:

3 ’
K KT
K'+——xk?=0 and K1+

> > =0.
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