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Abstract

We analyze a moving least squares algorithm for reconstructing a
surface from point cloud data. Our algorithm defines an implicit
function I whose zero set U is the reconstructed surface. We prove
that 7 is a good approximation to the signed distance function
of the sampled surface F' and that U is geometrically close to
and homeomorphic to F'. Our proof requires sampling conditions
similar to e-sampling, used in Delaunay reconstruction algorithms.

1 Introduction

Point sets have become a popular shape representation as
current scanning devices generate dense point sets capable
of modeling highly detailed surfaces. These point-based
representations have several advantages in modeling and
simulation, as mesh topology need not be maintained during
surface deformations. However, a continuous definition of
the surface represented by the points is needed for some
applications such as rendering and resampling. Surface
reconstruction algorithms are used to recover these smooth
surfaces from point clouds.

The input to our surface reconstruction algorithm is a set S
of sample points close to the surface F' of a 3D object. Each
sample point has an approximate surface normal. The output
is an approximation of F'. The approximation is represented
either implicitly as the zero surface of a scalar function or as
a surface triangulation.

Our surface reconstruction algorithm is based on a data
interpolation technique called moving least squares (MLS).
For each sample s € S we define a globally smooth point
function that approximates the signed distance from F" in the
local neighborhood of s. These functions are then blended
together using Gaussian weight functions, yielding a smooth
implicit function whose zero set is the reconstructed surface.

Our MLS construction is not new; it was originally
proposed by Shen, O’Brien, and Shewchuk [25] for building
manifold surfaces from polygon soup. The main contri-
bution of this paper is to introduce theoretical guarantees
for MLS algorithms. We prove that the implicit function
generated by our algorithm is a good approximation of the
signed distance function of the original surface. We also
show that the reconstructed surface is geometrically and
topologically correct.

The crust algorithm of Amenta and Bern [3] was the first
surface reconstruction algorithm that guaranteed a correct
reconstruction for sufficiently dense sample sets. The crust
is defined as a subset of the faces in the Delaunay complex of
the sample points. The sampling requirements are defined in
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terms of local feature size, which is the distance from a point
on the surface to its closest point on the medial axis. Our
sampling conditions, defined in Section 3, are also based on
the local feature size.

Unlike Delaunay-based algorithms, the MLS surface built
by our algorithm might not interpolate the sample points.
This allows us to reconstruct smooth surfaces from noisy
point clouds. Our algorithm can handle noisy data as long
as the amount of noise is small compared to the local feature
size of the sample points.

2 Related Work

There has been much work on surface reconstruction from
points clouds. A widely used technique defines the re-
constructed surface as the zero set of a three-dimensional
scalar function built from the input points. Hoppe, DeRose,
Duchamp, McDonald, and Stuetzle [16] provide one of
the earliest algorithms, which locally estimates the signed
distance function induced by the “true” surface being sam-
pled. Curless and Levoy [13] developed an algorithm that is
particularly effective for laser range data comprising billions
of point samples, like the statue of David reconstructed by
the Digital Michelangelo Project [18].

Smooth surfaces can also be built by fitting globally
supported basis functions to a point cloud. Turk and
O’Brien [26] show that a global smooth approximation can
be obtained by fitting radial basis functions. Carr et al. [12]
adapt this radial basis function-fitting algorithm to large data
sets using multipole expansions.

Instead of computing a single global approximation, mov-
ing least squares algorithms locally fit smooth functions to
each sample point and blend them together. Ohtake, Belyaev,
Alexa, Turk, and Seidel [22] use a partition-of-unity method
with a fast hierarchical evaluation scheme to compute sur-
faces from large data sets. Our MLS construction is based
on the algorithm given by Shen, O’Brien, and Shewchuk [25]
that introduced the idea of associating functions, rather than
just values, with each point to ensure that the gradient of the
implicit function matches the gradient of the signed distance
function near the sample points.

A different approach to moving least squares is the non-
linear projection method originally proposed by Levin [17].
A point-set surface is defined as the set of stationary points
of a projection operator. This surface definition was first
used by Alexa et al. [2] for point based modeling and
rendering. Since then the surface definition has been used for
progressive point-set surfaces [15] and in PointShop3D [24],
a point based modeling tool. Amenta and Kil [6] give an
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Figure 1: Left, a set of points with outside normals. Center, the implicit function built by our algorithm from the points. Right,
the reconstructed curve which is the zero set of the implicit function.

explicit definition of point set surfaces as the local minima
of an energy function along the directions given by a vector
field. Adamson and Alexa [1] provide a simplified implicit
surface definition for efficient ray tracing and define sam-
pling conditions that guarantee a manifold reconstruction.
However, current definitions of point-set surfaces come with
no guarantees on the correctness of the reconstructed surface.

Following the crust algorithm of Amenta and Bern [3],
there have been many Delaunay-based algorithms for surface
reconstruction with provable guarantees. Amenta, Choi,
Dey, and Leekha [4] present the cocone algorithm, which is
much simpler than the crust and prove that the reconstructed
surface is homeomorphic to the original surface. The
powercrust algorithm of Amenta, Choi, and Kolluri [5] uses
weighted Delaunay triangulations to avoid the manifold ex-
traction step of the crust and cocone algorithms. Boissonnat
and Cazals [8] build a smooth surface by blending together
functions associated with each sample point, using natural
neighbor coordinates derived from the Voronoi diagram of
the sample points. The robust cocone algorithm of Dey and
Goswami [14] guarantees a correct reconstruction for noisy
point data. Even when the input points are noisy, surfaces
reconstructed by Delaunay algorithms interpolate (a subset
of) the sample points. As a result, the reconstructed surface
is not smooth and a mesh smoothing step is often necessary.

Smooth meshes that approximate F' can by built by
contouring the zero set of the implicit function defined by
our algorithm. The marching cubes [19] algorithm is widely
used for contouring level sets of implicit functions. There
has been some recent work on contouring algorithms with
theoretical guarantees. Boissonnat and Oudot [11] give a
Delaunay-based contouring algorithm that guarantees good
quality triangles in the reconstructed surface. Boissonnat,
Cohen-Steiner and Vegter [10] present a contouring algo-
rithm with guarantees on the topology of the reconstructed
triangulation.

Signed distance functions of surfaces are useful in their
own right. Level set methods that have been used in surface
reconstruction [27], physical modeling of fluids, and in many
other areas rely on signed distance functions to implicitly
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Figure 2: A closed curve along with its medial axis. The
local feature size of p is the distance to the closest point x on
the medial axis.

maintain moving surfaces. See the book by Osher and
Fedkiw [23] for an introduction to level set methods. Mitra
et al. [20] use approximation of signed distance functions
to align overlapping surfaces. The implicit function con-
structed by our algorithm can be used as an approximation
to the signed distance function.

3 Sampling Requirements

The local feature size (Ifs) at a point p € F' is defined as the
distance from p to the nearest point of the medial axis of F.
A point set S is an e-sample if the distance from any point
p € F toits closest sample in .S is less than elfs(p). Amenta
and Bern [3] prove that a good approximation to F' can be
obtained from the Delaunay triangulation of an e-sample S.

Our results on the correctness of the reconstructed surface
require uniform e-sampling. Assume that the data set has
been scaled such that the Ifs of any point on F' is at least 1.
A point set S'is a uniform e-sample of F' if the distance from
each point p € F' to its closest sample is less than e. The
amount of noise in the samples should be small compared
to the sampling density. For each sample s, the distance to
its closest surface point p should be less than €2 as shown in
Figure 2. Moreover, the angle between the normal 77,. of a
sample = and the normal 77,, of the closest surface point to r,
should be than e.



Arbitrary oversampling in one region of the surface can
distort the value of the implicit function in other parts of the
surface. As this rarely happens in practice, we assume that
local changes in the sampling density are bounded. Let o,
be the number of samples inside a ball of radius ¢ centered
at a point p. We assume that for each point p, if o, > 0,
the number of samples inside a ball at radius 2¢ at p is at
most 8a.. We will use two parameters to state our geometric
results. The value of € depends on the sampling density and
we define a second parameter, 7 = 2¢. The results in this
paper hold true for values of ¢ < 0.01.

4 Surface Definition

Given a set of sample points S near a smooth, closed surface
F, our algorithm builds an implicit function I whose zero
surface U approximates F'. We assume that the outside
surface normal 7i; is approximately known for each sample
point s; € .S as shown in Figure 1. In practice, the normal
of s; is obtained by local least squares fitting of a plane to
the samples in the neighborhood around s;. Mitra, Nguyen
and Guibas [21] analyze the least squares method for normal
estimation and present an algorithm for choosing an optimal
neighborhood around each sample point.

Our algorithm begins by constructing a point function for
each sample point in S. The point function Ps, for sample
point s; is defined as the signed distance function from x to
the tangent plane at s;, Ps, (x) = (z — s;) - 7l;.

The implicit function I is a weighted average of the point
functions.
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We use Gaussian functions, W;(z) = e~ lle=sil’/<* /4, in
computing the weighted average of the point functions. Here
A; is the number of samples inside a ball of radius e centered
at s;, including s; itself.

5 Geometric Properties

Amenta and Bern [3] prove the following Lipschitz condition
on the surface normal with respect to the local feature size.
As we assume that for each point p € F, Ifs(p) > 1, we can
state the Lipschitz condition in terms of the distance between
two points.

Theorem 1. For pointsp, ¢ on the surface F' with d(p, ¢) <
r, for any r < 1/3, the angle between the normals at p and
gisatmost /(1 — 3r) radians.

Consider the surface inside a small ball B centered at a
point p € F'. As shown in Figure 3, the surface inside B has
to be outside the medial balls at p. As a result, the surface
inside B lies between two planes close to the tangent plane
of p.
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Figure 3: The surface inside a ball B of radius r has to be
outside the medial balls B; and B,. As a result, all samples
in B are between two planes P; and P, that are at a distance
of O(r2 + €2) from p.
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Observation 2. For apoint p € F', let B be a ball of radius
r < 0.1 centered at p. The samplesinside B lie between two
planes P;, P, parallel to the tangent plane at p. The distance

frompto Py, Py islessthan ¢ 4 ¢2,

Let F,. be the outside 7-offset surface of F' that is
obtained by moving each point = on F' along the normal at
x by a distance 7. Similarly, let Fj, be the inside 7-offset
surface of F. The r-neighborhood is the region bounded
by the inside and the outside offset surfaces. For any point =
inside the T-neighborhood, |¢(z)| < 7, where ¢ is the signed
distance function of F'.

The main result in this section is that the zero set U is
geometrically close to F'. We show this by proving that U is
inside the T-neighborhood of F' (Theorem 9). We then show
that the reconstructed surface is a manifold by proving that
the gradient of I is non-zero at each point in the zero set of
I(Theorem 18).

Consider a point = shown in Figure 4, whose closest point
on the surface is p. The vector zp is parallel to the surface
normal of p and ||2p|| = |¢(x)|. Let By(z), Ba(x) be two
balls centered at point . The radius of By (x) is |¢(z)| and
By (z) is aslightly larger ball whose radius is |¢(x)| + 7 + €.

Let N(x) be the weighted combination of the point func-
tionsatx, N(z) = -, s Wi(z)Ps, () and let D(x) be the
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sum of all weight functions at =, D(z) = >_, g Wi(z)

Our geometric results are based on the observation that
samples outside By (x) have little effect on the value of the
implicit function at z. To see this, we first separate the contri-
butions of samples inside Bz () and samples outside Bs(z).
Let Niy(z) = Zsie&(z) Wi(z)Ps,(z) and Noyu(z) =
2 si¢B(x) Wil@)Ps,(2) be the contributions to N(z) by
samples inside and outside By (z). Similarly, let D;,(x) =
Zsi€B2(z) Wi(z) and Doy (7) = EsigBQ(x) W;(x) be the
contributions to D(x) by samples inside and outside By(z).

Consider the space outside By (x) divided into spherical
shells of width ¢ as shown in Figure 4. Let H, be the
region between balls of radius w and w + . We bound the
contributions of all samples outside Bz (x) by summing over
the contributions of all samples in each shell.



Figure 4: For a point z, p is the closest point to x on the
surface. The space outside the ball By(z) is divided into
spherical shells of width e. H,, is the shell bounded by
spheres of radius w and w + €.

We begin by proving an upper bound on the number of
samples inside each shell normalized by their oversampling
factors.

Lemma 3. For aball B, of radius §, > <1.

1
s;€Bc A;
Proof. If B, is empty we are done; assume that B, contains
a > 0 samples. Let s; be a sample inside B.. As all samples
inside B, are inside a ball of radius ¢ centered at s;, A; > a.
Hence the contribution of all samples inside B, is given by

1 1
ZSiEBs A; < ay <L 0

Lemma 4. For samples s; in spherical shell H,, centered at
point z,
1 200
Z —2(w2+we—|—e2).

— <
Ai €
8;€Hy

Proof. Let C be the smallest number of spheres of radius 5
that cover H,,. Consider a covering of H,, with axis-parallel
cubes of size L?) Any cube that intersects H,, is inside a
slightly larger shell bounded by spheres of radius w + 2¢ and

w — € centered at . So the number of cubes that cover H,, is

less than %ﬁ*mm Any cube in this grid is covered

by a sphere of radius 5. Applying Lemma 3 to each sphere,

1 36v3me(w? twete? 200, 2
ZST:EHMESCS—(@ ) <€—2(w —+ we +

€2). O

5.1 Offset Regions. In this section we obtain bounds on
the difference between 7 () and the signed distance function
¢ () for points x outside the T-neighborhood and use these
bounds to show that the implicit function is non-zero outside
the 7-neighborhood.

We begin with a result about the point functions of sam-
ples inside By (x). We prove that for any sample s € By(x),
P, (z) is close to ¢(x). In order to state this result for points
in the inside and outside offset regions, it is convenient to
define pu(z) = -2 to be the sign function of F. For z

[¢()]
outside Fyyt, p(x) =1 and for z inside Fi,, p(z) = —1.

Lemma5. Let 2 bea point outside the 7-neighborhood. Let
P, (z) bethe point function of sample s € By(z), evaluated
at z. Then,

p(x) Ps(2) < p()d(x) + 3e,

and,
p(x) Po(x) > p(w)o(x)(1 — Ge) — 12¢2.

Proof. Let p be the closest point to « on the surface. Then,
d(z,p) = u(x)é(z). Recall that 7 = 2¢e. As s € Ba(z),

(@) Py () d(z, s)
d(z,p)+71+e€

p(@)o(x) + 3e.
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Let p’ be the closest point to s on the surface F' as shown
in Figure 5. Let B,, be the medial ball touching p’ on the
side of F' opposite x and let [ be the radius of B,,. Let 8
be the angle between zp’ and the normal at p’. The distance
between x and the center of B,, is given by,

d*(x,q) = (d(x,p') cos 0 4 1) + d*(z,p) sin? .

The medial ball B,,, cannot intersect B;(z) which is con-
tained in a medial ball on the opposite side of the surface.
Hence the sum of their radii should be less than the distance
between their centers.

(I+d(z,p)?* < (d(z,p)cosf+1)>

+ d*(x,p’)sin? 4.

2ld(z,p) — (d*(z,p') — d*(z,p))
2ld(x,p')

cosf >

From the sampling conditions, d(z, s) > d(z,p’) — € and
the angle between the normal at s and the surface normal at
p’is less than e. As d(x,p’) > 7, the angle between xs and

ap’ is less than arcsin(§) < % So the angle between zs
and the normal at s is at most 6 + % + e. Using standard
trigonometric formulae, it is easy to show that, cos(6 + @ +
€) zcose—g—e.

2 2
d(z, s) cos(f + i, €)

T

> (d(z,p') — €)-

(2ld(x,p) — (d*(z,p") — d*(z, p))
2d(z, )

v

pu(x) Ps ()

\Y

From the local feature size assumption, [ > 1. Substituting
the value of 7 = 2¢ we have,

p(x)Py(z) > p(x)¢(a)(1 — Ge) — 12¢°. .



Figure 5: Sample s is inside By (z) and p’ is the point closest
to son F. B,, is a medial ball touching p’ on the side of F’
opposite x.

Using the result of Lemma 5, it is easy to show that for
each sample s € Bs(z), Ps(x) and ¢(x) are either both
positive or both negative.

Corollary 6. Let = be a point outside the 7-neighbor-
hood. For a sample s € By(z), let Ps(x) be the point
function of s evaluated at x. For values of ¢ < 0.08,

¢(x)Ps(z) > 0.

Proof. Forapoint z outside Fo¢, ¢(x) > 7 > 2¢. Applying
the lower bound on Pg(z) from Lemma 5, we can write

B(x)Py(x) > 2¢(2¢(1 — 6¢) — 12€%).

It is now easy to check that for ¢ < 0.08, 2¢(1 — 6¢) —
12¢2 > 0. A similar argument proves the result for points
inside F3,,. O

We now prove two results showing that the points outside
By (x) have little effect on the value of I(x). In Lemma 7 we
prove that Doyt (2) < Di, () and in Lemma 8 we prove that
| Nout ()] < | Nin(2)|. We will use two constants ¢; = 0.05
and co = 0.01¢; to state our geometric results.

Lemma 7. Let z bea point outside the 7-neighborhood. Let
Dot (z) and Dy, () be the total weights of samples inside

Bsy(x) and outside Bz (x) at z, respectively. Then, D°“t((§)) <
C1.

Proof. Consider the division of space outside Bsy(x) into
spherical shells of width e starting with By (z) whose radius
is wg = |¢(x)| + 7 + ¢, as shown in Figure 4. The value
of the Gaussian function associated with each sample inside
shell H,, at x is at most e~/ Using the bound on the
weight of samples in H,, from Lemma 4,

200
Dout (J?) S — (U]Z2 + ew; + 62)6_“}?/62
€ =0
200
< SE D (wd + ew; + e o)/ (1)

€2 4
=0

Here w;=w + i€ is the radius of the smaller sphere bounding
the i** shell. The dominant term in Equation 1 is a
geometric series with a common ratio e=*o/¢ < 0.01. The
summation has a closed form solution easily obtained using
Mathematica. An upper bound is given by

400
Dot () < —(wo + ewg + € ) —wg /e

E2

We now obtain a lower bound on the contribution of samples
inside By (x). Let B, be a ball of radius e centered at p. From
the sampling conditions, we know that B, contains o« > 1
samples. In our sampling requirements, we also assumed
that the rate of change in sampling density is bounded. Since
a ball of radius e centered at p contains o > 1 samples, a ball
of radius 2¢ centered at p contains at most 8« samples. So
the normalizing factor associated with s; € B, f > Sla
We now have a lower bound on the weight of samples inside
B.:

1
Din(z) > Z Xe*(W(I)HE)?/ez
s;,€B.
S & —(o(@)+e)? /e
— 8o
N ée—<l¢<w>\+e>2/e? )

An upper bound on the ratio of the inside and the outside
weights is given by,

Dou(z) 3200
Doy < T (wh+ ewo+ e

- 3220 (W2 + ewp + €2)e~TAIP@)HT+26) /e
€

—(wi—(|o(@)|+€)?) /e (3)

For |o(z)] > T, %L?(f)) is a monotonically decreasing
function of |¢(x)|. The maximum value is obtained for
|p(z)| = 7 and wy = 27 + € = Be.

Du(a) < @ 1 <a O
Using the proof technique of Lemma 7 we now prove that
7|‘1}<,‘i“t(%)‘| is very small.

Lemma 8. Let = be a point outside the r-neighborhood.
Let Nout(z) and Ny, (x) be the contributions of samples
inside B (x) and outside Ba(x) to N (), respectively. Then,

|Nout|
[Non| < C1.

Proof. To compute an upper bound for N, (z), again
consider the space outside By(z) divided into shells of
radius e as shown in Figure 4. For w > 7, the value of
we—""/<" decreases as w increases. Hence for a sample

—w2/e2

s; inside the shell H,,, |Ps, (z)|W;(z) < *<;—. Let
wo = |¢(x)] + 7 + e and w; = wy + ie. Using the bound on



the weight of samples in H,, from Lemma 4,

o0

200 -
‘Nout(l')‘ S —QZ(MZQ + ew; +62)wie,wf/ez
=0
200 < o
= ?;(wfﬂwﬁe%wie (wow)/

Like the summation in Equation 1, the above summation has
a closed form solution easily obtained using Mathematica.

400
| Nou ()] < —5-wo(w? + ewg + ¢2)e "0/,
€

From Corollary 6, the point functions of all samples inside
By (x) have the same sign at «. Hence a lower bound on the
contribution of the sample points inside Ba(x) to | Ny, ()]
is given by summing over the contributions of all samples
inside a ball B, of radius ¢ around p.

[Nin(2)] = min {[Ps, (2)]} Din(z).
$;€Bc(x)
From Theorem 1, the angle between the normal of each
sample s; € B.(z) and the normal of p is at most 2e.
As z is outside the 7-neighborhood, |Ps,(z)| > 7 cos2e.
Substituting the lower bound of D, (x) from Equation 2,

. T —Us@)|+e)?/e
| Nin (2)] > 106 .

[Nouws ()] _ 2000 o (w2 + o + €2)e—(WE (@)l +o7)/e

|Nin(z)| — €27
< z_wo(wg T ewp + 62)677(2|¢(x)\+‘r+25)/62.

€T
The value of ]X;“t((f)) is smallest for |¢(z)|=7. Substituting

the value of 7 = 2,

[ Now ()] _ 4000
|Nin(z)] = 263

(1356*)e™1% < ¢;. O

Lemma 8 proves that I(x) is mostly determined by the
point functions of the samples inside the ball B, (). We can
derive bounds for I(z) in terms of ¢(z) by combining the
results in Lemma 8 and Lemma 5.

p(e)l(z) < (u(x)¢(x) +3e)(1+c1).  (4)
We can also derive a similar lower bound on I(x).

1—01
1+ci’

p(a)I(x) > (p(x)p(z)(1 — 6¢) — 12¢7) ©)
Equation 4 and Equation 5 show that the implicit function
is close to the signed distance function for points outside the
7-neighborhood. We now have all the tools required to prove
our main geometric result: the implicit function 7(x) is non-
zero outside the 7-neighborhood.

Figure 6: For z in the 7-neighborhood, the samples inside
balls B; (x) and By (x) are inside a ball of radius 6e centered
at p.

Theorem 9. Let ¢ < 0.08. For each point = outside F,;,
I(z) > 0 and for each point y inside F},,, I(y) < 0.

Proof. This proof is exactly like the proof of Corollary 6. It
is easier to get the result directly from Equation 5. Consider
a point x outside Fy,;. From Equation 5,

1) 2 (o)1 - 60 - 1)1
> (2¢(1— 6¢) — 1262)]1L —

For e < 0.08, it is easy to check that 2¢(1—6¢)—12¢2 > 0. A
similar argument proves that the implicit function is negative
at any point inside F,. O

Theorem 9 proves that the implicit function I does not
have any spurious zero crossings far away from the sample
points. We now have an upper bound of + on the Hausdorff
distance between F' and U.

Theorem 10. For a point =z € U, let p be the closest point
in F. Then d(z,p) < .

Proof. From Theorem 9, the implicit function has a non-
zero value outside the 7-neighborhood. Hence, the point
2 is constrained to lie inside the 7-neighborhood of F' and
d(xz,p) < 7. O

Theorem 11. For apoint p € F, let « be the closest point
inU. Then, d(z,p) < 7.

Proof. If I(p) = 0 we are done; assume without loss of
generality that 7(p) < 0. Let ¢ be the closest point to p on
the outside offset surface F,,;. From Theorem 9, I(¢q) > 0.
As the implicit function I is continuous, there is a point y on
pq at which I(y) = 0 and d(y, p) < 7. Since x is the closest
pointto pin U, d(x,p) < d(y,p) <. O

5.2 The 7-neighborhood. To guarantee that U is a man-
ifold, we have to prove that the gradient of I is non-zero at
each point in U. We know from the results in Section 5.1
that U is inside the 7-neighborhood of F. In this section
we will study the properties of VI(x) for points z inside the
T-neighborhood.



For a point z inside the 7-neighborhood, B (x) is defined
as a ball of radius \/(|¢(z)| + €)% + 25¢2 centered at z.
With this new definition of By (x), it is easy to show that the
samples inside Bs(x) are contained in a small ball centered
at the point closest to x in F.

Observation 12. Let z be a point that is inside the -
neighborhood as shown in Figure 6. Let p be the closest
pointtoz in F. All samplesinside By(x) are containedin a
ball of radius 6¢ centered at p.

Because of the Lipschitz condition on the surface normals
of F, the difference between the point functions of the
samples inside a small ball at a point on the surface is
bounded.

Lemma 13. Consider a point = whose closest point on the
surface F' is p. Let 7 be the surface normal at p and let
B be a ball of radius 6e at p. For each sample s; € B,
P, (z) = ¢(x) + ¢ where[¢i] < 566 + 36[¢(x)|e?.

Proof. Let p; be the closest point to s; on the surface. As

d(p, p;) < 6e+ €2, the angle between the normal at p; and 7
is less than %jjé) from Theorem 1. Let 7, be the normal
associated with s;. From the sampling conditions the angle
between the normal of p; and 7i; is at most e. So the angle

— — = . 6 2
between 7i; and 7 is given by, 0 < % + €. We can

now write 7i; = i + &;, where ||5; | < %

(r—s;)-1; = ((x—p)+@—si)) 7
= (z—p) i+ (p—si) (A+0)
= (z—p)-i—(x—p)- (717

+(p—si) - (7L + 6).

Because p is the closest point to = on the surface, (z—p)-7i =
¢(x) and (z — p) is parallel to 7i. Since the angle between 7
and n; is less than 6,

6210

[(x —p)- (@ —)| <|p(x)|(1—cosh) < 5

Since sample s; is inside B,

l(p— s;) - 6y < (66)% < 366>,

From Observation 2, the distance from each sample inside

B to the tangent plane at p is at most W + €2 < 2062,
Hence (p — s;) - it < 20€2. We can now write Py, (z) =
é(x) + ¢, where |(;] < 56€2 + 36| p(x)|€2. O

We now show that the value of I(z) is mostly deter-
mined by the points inside By (z) by proving results similar
to Lemma 7 and Lemma 8 for a point = inside the 7-
neighborhood.

Lemma 14. For a point z in the 7-neighborhood,

Doyt (l‘)
Din(ac)

< C2.

Proof. For a point 2« inside the 7-neighborhood,
wo = +/(|p(x)] +€)2 +25¢2.  Substituting this into
Equation 3,

Doy () 3200
Diy () : (wo +ewn +ee

D‘J:f( () has the largest value when ¢(z)=r and w, =
Vv 34e < 6e. So

Dot (z) 3200
Din(m)

(43¢%)e™ 2 < cy. O

Lemma 8 is not true for = inside the 7-neighborhood, as
| Nin ()| might be zero. However, we can prove an upper
bound on °“(°(“”) The proof of this Lemma is exactly like
the proof of Lemma 14.

Lemma 15. For a point z inside the 7-neighborhood,

ol < e

We begin by splitting the contributions to VI(x) in the
following way: VI(z) = VI () + Vout(z). Here,

Vhi() = eSS0
and
. Dout () VNin(7) | VNous(7)
Vlout ((E) = D2 (1‘) + D(I)
Nout(I)VDin(x) _ m( )VDout( )
D?(x) D?(x)
Nout(w)VDout(l)
D7 () (7

To show that the gradient of I is never zero inside the 7-
neighborhood, we will prove a stronger result. For a point
2 in the 7-neighborhood, we show that VI(z) - @7 > 0
where 7 is the normal of the point closest to = on the
surface. In Section 6 we will use this result to show that
U is homeomorphic to F.

The norm of the gradient of Gaussian weight functions
decreases exponentially with distance. Using the proof
technique of Lemma 8, we can obtain an upper bound on
IV Nout|| @and ||V Dgy||. Observation 16 summarizes the

results.

Observation 16. For a point  in the 7-neighborhood.

VDout(l’) [
1| TR < 2, and
2 [ S <o




We now show that points outside Bo(x) have little effect
on VI(z) by proving an upper bound on ||V Iy ()]

Lemma 17. For a point z in the 7-neighborhood,
IV Iout(z)|| < c1.

Proof. We will compute the norm of each term in the
expression for VI, (z) given by Equation 7.

‘ Dot (2)V Nin ()
D (x) '

We can write VN‘(" ()‘”) as

VNin(z) _ D5, By(a) Wi (@) (0 — %(z —5;))
Clearly,

LNm(x) maxi{ ||n; |2PS’( )| xr— S;

H D) ]< axc{ I + =5 (2 — s)]|}-

As z is inside the T-neighborhood and s; is inside
Bs(z), the point function |Ps, (z)| < ||(z — ;)| < 6e.

V Nin (z) Dout ()
So H B || < 73. From Lemma 14, D) < C2:

VNiu(z
HOM(DZ() ()‘ < T3ca. (8)
VNuut(m
¢ H D(x)
From Observation 16,
V Nyt (T
o] <o
o HNout g)QYIDm(x
V Diy, () -
Dy can be written as
VDi(z) ZsieBZ(z) Wl(a:)(—e%(x—sl))
D(z) S, e lle=sill?/e '

As ||z — 54| < 6, ||%’;E()””)H < 12 From Lemma 15,

Nout (Jf)

D) < Ccg€.
NOll Dln
(VD@ o (1)
2(1‘)
o HN;n(J%Z(gom(x)
For any point « inside the 7-neighborhood, | $)| <
max{Ps, (z )\sz € By(z)} < 6e. From Observatlon 16,
H VDout (x ca
Nln v-l)out( )
H D2( ) < 6ea. (11)

D?(xz)

From Observation 16, H%“;)@C)

this with the bound in Lemma 15,

< 2. Combining

‘ < %2((:26) <ci (12)

H Nout (2)VDout (2)
D2(z)

Adding the norms of each term in the expression for
V Lous(x) we get

||Vfout(x)H < 93¢ < cy. O

Theorem 18. Let x be a point in the 7-neighborhood of F'
and let p bethe point on F' closest to «. Let 77 be the normal
of p. Then for valuesof ¢ < 0.01, 7 - VI(x) > 0.

Proof. From Lemma 17,
7+ Vigwt(z) < ||VIou(2)| < 1.

We now consider the expression for VI, (z).

Vin(z Z > Wia

s; 8

+2P S;( Vs~ s}

€

The summation is over all samples s;,s; € Ba(x). From
Observation 12, all samples in By () are contained inside
a ball of radius 6e centered at p. So we can bound the
difference between the point functions of samples inside
Bs(x) using Lemma 13.

The point function of each sample s; € Bs(z) can be
written as Ps, (z) = ¢(x) 4 ¢; Where |¢;| < 56€2 + 367¢* <

VIm Z Z C” 2|(Zi(21')‘ (Sz - Sj)
2¢;
+—§<si ~57)
2@
= ZZCU —5 (si = s5))-

From the above equation,

. 25, 2os; Cij(@)
it Vin(z) > D) Hgn{” (; + E—Q(si —s5;)}

As we are summing over over all samples inside By(z),
32>, Cij(x) = Df(x). From Lemma 14, D’g((””)) >
(1 — ¢1)%. Note that the samples inside Bo(z) are in a ball
of radius 6e centered at p. Hence we can use Theorem 1 and
Observation 2 to obtain an upper bound on the terms that
appear in the above equation.



Figure 7: Points r, ¢ are the closest points to p on the offset
surfaces. The line segment r¢ intersects the zero set U at a
unique point u.

From Theorem 1, the angle between 7 and 7; is less
than 10e. Hence 7 - 7i; > cos10e. From Observation 2,
the distance from all samples inside By(x) to the tangent

2\2
plane at p is at most @ + €% Hence i - (s; — s;) <
2(% + €2) < 40€2.
fi-VI(x) >0 Viip(x) — |V (2)]
> (1 —¢1)?(cos(10€) —
G

2G
mase( 2517 - (s — 8,)1}) 4

> (1 — ¢1)?(cos(10€) — 4800€?) — c;.

It is easy to verify that 77 - VI(x) > 0 for values of ¢ <
0.01. O

Theorem 18 also proves that the gradient can never be zero
inside the 7-neighborhood. From Theorem 9, the zero set of
1 isiinside the 7-neighborhood of F'. Hence from the implicit
function theorem [7], zero is a regular value of I and the zero
set U is a compact, two-dimensional manifold.

The normal of the reconstructed surface at a pointu € U
is determined by the gradient of the implicit function at «,
Ty = %. Using Theorem 18, we can bound the angle

between 7i,, and the normal of the point closest to « in F'.

Theorem 19. Let u be a point on the reconstructed surface
U whose closest point on F' isp. Let 77, be the normal of U
at point » and let 7 be the normal of F' at point p. An upper
bound on the angle 6 between 7i,, and 77 is given by,

cosf > (1 — ¢1)?(cos(10€) — 4800€?) — ¢;
= 14 2400€ + c; '

6 Topological Properties

We now use the results in Section 5 to define a homeomor-
phism between F' and U. As F and U are compact, a one-
to-one, onto, and continuous function from U to F defines a
homeomorphism.
Definition: LetT': IR®* — F map each point ¢ € IR® to the
closest point of F.

Theorem 20. Therestriction of I to U is a homeomor phism
fromU to F.

Proof. The discontinuities of I" are the points on the me-
dial axis of F'. As U is constrained to be inside the 7-
neighborhood of F, the restriction of I" to U is continuous.

Now we show that T" is one-to-one. Let p be a point on F’
and let 77 be the normal at p as shown in Figure 7. Consider
the line segment parallel to 7 from r to ¢. At each point y €
rt, VI(y) - @ > 0 from Theorem 18. So the function I(x)
is monotonically decreasing from r to ¢ and there is a unique
point « on rt where I(u) = 0. Assume there is another point
v € U forwhich I'(v) = 2. The point v has to be outside the
segment r¢ and the distance from v to its closest point on F’
is greater than 7. This contradicts Theorem 10.

Finally we need to show that I" is onto. As I' maps
closed components of U onto closed components of F' in
a continuous manner, I'(U) should consist of a set of closed
connected components. Consider the point p in Figure 7.
Assume that ¢ = T'(u) is not in the same component of
F as p. Let B, be the ball of radius = centered at «
that intersects two components of £, one containing point
p and one containing point ¢. Boissonnat and Cazals [9]
(Proposition 12) show that any ball whose intersection with
F is not a topological disc contains a point of the medial
axis of F. Since point p is inside the ball B,, that contains
a point of the medial axis, lfs(p) < 27. Recall that 7 = 2¢
and that our sampling conditions require e < 0.01. Hence,
Ifs(p) < 27 < 0.04. This violates our assumption that
Ifs(p) > 1. O

7 Discussion

One disadvantage of our algorithm is that it requires sample
normals. However, approximate sample normals can be
easily obtained for laser range data by triangulating the range
images. Each sample normal can be oriented using the
location of the range scanner. When oriented normals are
unavailable, the absolute distance to the tangent plane at each
sample can be used instead of the signed distance as a point
function to define a new function I,,(x). The zero set of
this function is hard to analyze as its gradient is not smooth
near the sample points. However, the results in this paper
can be easily extended to show that the 7-level set of I,,(x)
consists of two components on each side of the surface, each
homeomorphic to F'.

Our sampling requirements are determined by the smallest
local feature size of a point on F. Recall that the width
of the Gaussian functions used in our algorithm depends
on the smallest local feature size. When sampling density
is proportional to the local feature size, the width of the
Gaussian weight functions might be much smaller than the
spacing between sample points in areas of the surface with
large local feature size. As a result, the reconstructed surface
will be noisy and might have the wrong topology. One so-
lution is to make the width of the Gaussian weight functions



proportional to the spacing between sample points. We are
currently working on extending the MLS construction and
our proofs to deal with adaptively sampled surfaces.

The implicit surface we construct in this paper only passes
near the sample points, but we can construct a surface that
interpolates the sample points with weight functions such as

MNe—s|2 .. .
We(z) = % that are infinite at the sample points. We

[[z—s]
can prove that the zero set is restricted to the 7-neighborhood
when this weight function is used, but, we could not prove
results about the gradient approximations.
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