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Abstract

With the increasing use of geometry scanners to create 3D models, there is a rising
need for effective denoising of data captured with these devices. This thesis presents
new methods for smoothing scanned data, based on extensions of the bilateral filter to
3D. The bilateral filter is a non-linear, edge-preserving image filter; its extension to 3D
leads to an efficient, feature preserving filter for a wide class of surface representations,
including points and "polygon soups."
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Chapter 1

Introduction

With geometry scanners becoming more widespread and a corresponding growth in

the number and complexity of scanned models, robust and efficient geometry process-

ing becomes increasingly desirable. Even with high-fidelity scanners, the acquired 3D

models are invariably noisy [Rusinkiewicz et al. 2002; Levoy et al. 2000], and therefore

require smoothing (We use denoising and smoothing interchangeably in this thesis.).

Similarly, shapes extracted from volume data (obtained by MRI or CT devices, for

instance) often contain significant amounts of noise, be it geometric noise from inaccu-

rate sensors [Taubin 1995; Desbrun et al. 1999], or topological noise due to occlusions

or sensor failures [Guskov and Wood 2001; Wood et al. 2002]. This noise must be

removed before further processing. Removing noise while preserving the shape is,

however, no trivial matter. Sharp features often blurred if no special care is taken in

the smoothing process. To make matters worse, meshes from scanners often contain

cracks and non-manifold regions. Many smoothing methods diffuse information along

the surface, and cannot effectively smooth regions that are not manifold.

In order to state this more formally, we introduce some terminology. Let S be

a surface. Let X = {x1, x 2, ... , XN} be a set of point samples from the surface.

The samples may include other data, such as normals, N = {n , nx,2 , ... nXN , or

connectivity information such as a set of neighbors for each sample, or polygons

defined on the samples.

The samples X may also be noisy. This noise may be independent from sample to
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sample (e.g., due to thermal noise in a CCD), correlated or even systemic (e.g., due to

a miscalibration resulting in biased measurements). We will in general assume that

the noise is uncorrelated between samples, but not characterized further. Removal of

noise that does not match these assumptions is an interesting open problem [Levoy

et al. 2000].

Given the samples X, there are several interesting issues. The surface reconstruc-

tion problem is to estimate S from X. Some reconstruction algorithms operate directly

on noisy samples. However, some reconstruction methods (e.g. [Amenta et al. 1998])

do not remove noise during reconstruction; instead, the noise must be removed before

or afterwards. Noise can be removed prior to reconstruction by forming a denoised

estimate xi for each sample xi. Forming such estimates is the goal of this thesis. In

general, we do not address the reconstruction problem, though we do discuss how

some related work attempts to simultaneously reconstruct S while smoothing out the

noise from X.

There are several methods for performing denoising depending on what other in-

formation, such as normals or connectivity, is available. Many of these are directly

analogous to methods from image processing. However, as in image processing, naive

methods are generally not feature preserving. In other words, if these methods are

used for smoothing, they will not preserve the edges and corners of S. In this thesis,

we present smoothing methods that respect features defined by tangent plane dis-

continuities in S (i.e. edges and corners). This is not the only possible definition of

feature: A change in fine-scale texture on S could be perceived as a visual boundary

without a large change in surface tangent. This is a much more general problem,

which we do not address.

We also note an inherent ambiguity in present in surfaces but not images: images

have a natural separation between location and signal, but on surfaces, the location

and signal are intertwined. We will discuss this ambiguity further in the following

chapter.
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1.1 Our Goal

Goal: Given noisy samples X of a surface S, estimate denoised samples X while

preserving the features of S captured by X.

This problem is difficult since the only information we have about S is contained

in the samples X, which are corrupted by noise. Thus, features that create variations

smaller than those due to noise are likely to be washed out in the noise. More

generally, the problem is inherently ambiguous, since there is no universal definition of

a feature, and nothing in the samples to distinguish surface variations due to features

versus those caused by noise. Thus, it is necessary to make some assumptions in order

to denoise the samples X. In particular, we will assume that variations due to noise

occur at a significantly smaller scale than those from features. This assumption is

not too restrictive; as will be seen, the only penalty when it is violated is that small

features are smoothed away with the noise, while large features will still be preserved.

We also assume that S is "reasonably" well sampled by X, though we do not provide

a formal definition of "reasonable". In rough terms, we require that the sampling

rate is sufficient for an accurate reconstruction of S. These are similar and related to

the requirements for sampling and reconstructing signals, such as the Nyquist limit,

though not in a formal sense. For a more formal treatment of sampling requirements

for surface reconstruction, we refer the reader to [Bernardini and Bajaj 1997; Amenta

et al. 1998].

1.2 Approach

We cast feature preserving denoising of 3D surfaces as a robust estimation problem

on sample positions. For each sample, we form a robust estimate of the surface based

on surrounding samples. Moving a sample to the local surface estimate smooths the

samples while preserving features.

There are many possible methods for robust estimation of the type above. We

choose to extend the bilateral filter to 3D data. The bilateral filter is a nonlinear,
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feature preserving image filter, proposed by Smith and Brady in 1997 [Smith and

Brady 1997] and Tomasi and Manduchi in 1998 [Tomasi and Manduchi 1998]. We

discuss it and its relation to robust estimation in Chapter 3.

Our discussion thus far has been very general, in order to avoid artificially limiting

the applicability of our methods. However, we will demonstrate our methods (and

those of the similar approaches mentioned above) on a variety of forms for X: points,

points with (noisy) normal information, polygonal meshes, and "polygon soups". As

will be seen, our methods are sufficiently general to easily move between these various

representations.
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Chapter 2

Related Work

There has been a great deal of previous work in the area of isotropic and feature

preserving smoothing, both of images and of 3D models. Many model smoothing

methods are extensions from the image domain (as is ours). The following discussion

is organized around these broad classes of image and surface smoothing techniques.

2.1 Smoothing Without Preserving Features

Noise can be removed from an image by straightforward, isotropic filtering. For exam-

ple, convolution with a Gaussian filter will remove noise in an image very effectively.

It can be shown that the result of an isotropic diffusion process is equivalent to con-

volution by a Gaussian of a particular width (discussed further in chapter 3.), [Strang

1986], and vice-versa. This connection to diffusion processes (for heat, intensity, or

any other sort of information) provides for a straightforward extension to 3D from

the image domain.

Fast smoothing of polygonal meshes was initiated by Taubin [1995]. His method

considered smoothing as a signal processing problem, and applied filter design tech-

niques from the ID domain to create an iterative diffusion process over a polygo-

nal mesh that was efficient, simple, and energy-preserving (i.e., non-shrinking). His

method could accommodate general linear constraints on the smoothed mesh, includ-

ing interpolation and tangent constraints, but was not generally feature preserving.
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Desbrun et al. [1999] extend Taubin's approach with an implicit solver and a

diffusion process over curvature normals. The implicit solver leads to a more stable

and efficient solution of the diffusion process. Use of curvature information (rather

than vertex positions) prevents vertex drift in areas of the mesh that are sampled in

an irregular fashion.

2.2 Anisotropic Diffusion

Smoothing with convolution or, equivalently, isotropic diffusion are not generally fea-

ture preserving. This is because features (large variations) and noise (small variations)

are treated identically,

Anisotropic diffusion, introduced by Perona and Malik [1990], extends isotropic

diffusion with a nonlinear term limiting diffusion across boundaries defined by large

gradient in image intensity. The effect is to smooth within regions of the image

demarcated by features, but not across them. There has been a significant amount of

work analyzing and extending anisotropic diffusion. In particular, we will discuss the

relation between anisotropic diffusion and robust statistics, as established by Black

et al. [1998], in chapter 3.

The extensions of anisotropic diffusion to meshes are less straightforward and more

plentiful than those of isotropic diffusion. In part, this is because feature preserving

smoothing is more useful, and so has received a greater amount of attention. Also,

there are a number of ways to define features on 3D meshes as compared to images,

leading to a wider variety of approaches. Also, as mentioned in the previous chapter,

there is an inherent ambiguity in images versus 3D surfaces: in images, signal is well

separated from position in the image. On manifolds, the signal and spatial position

are deeply intertwined. There are several approaches to resolve this ambiguity, again

multiplying the options for extending anisotropic diffusion to 3D.

Desbrun et al. [2000] generalize the mesh-based curvature flow approach [Desbrun

et al. 1999] to general bivariate data, including meshes represented as height fields,

also extending it with an anisotropic term based on curvature to make it feature pre-
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serving. In a more general mesh setting, Clarenz et al. [2000] introduce a nonlinear

diffusion tensor at each point on a smooth surface, then form a finite element dis-

cretization to solve for the anisotropic curvature diffusion on a polygonal mesh. Bajaj

and Xu [2003] further generalize the approach of Clarenz et al. [2000] to 2D manifolds

embedded in arbitrary dimension, e.g. meshes with attributes such as color.

Belyaev and Ohtake implement anisotropic diffusion in the normal field of a mesh

in an iterative two-step process [2001]. In the first step, normals are updated as

nonlinear weighted combinations of normals from adjacent faces. In the second step,

vertex positions are updated by projection to the new facets defined by the update

normals (see also [Yagou et al. 2003]). Taubin [2001] uses a somewhat similar approach

for anisotropic mesh smoothing, but rather than alternating between updating the

normal field and vertex positions, he first computes smoothed normals, then uses

the smoothed normals to compute weights relating vertex positions, used to create a

linear, iterative Laplacian smoothing algorithm.

Anisotropic diffusion directly on meshes continues to generate interest. Meyer et

al. [2002] use their newly introduced discrete differential geometry operators to define

anisotropic weights to control curvature flow. Working in the domain of level sets,

Tasdizen et al. [2002] anisotropically smooth the normal field on the surface, then

adapt the surface to match the normal field (similar to Taubin's approach [2001]).

There are also several extensions of anisotropic diffusion to 3D volume data and level

sets (e.g., [Preusser and Rumpf 2002]), which, though they can be used to smooth

3D models, are only tangentially related to our work.

Anisotropic diffusion is effective for feature preserving denoising of images, and

reasonably simple, though some care must be taken in its implementation [You et al.

1996]. It also can be computationally expensive. Its extension to 3D surfaces can be

complicated because of the lack of a straightforward mapping between images and

surfaces. One shortcoming we address in this thesis is its lack of generality; diffusion

processes require a connected domain, which limits its applicability to many surface

representations, such as point clouds.
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2.3 Wiener Filtering

The Wiener filter from signal processing is designed to simultaneously remove blur-

ring and noise from a signal. Reconstructing a signal from a blurred version of the

signal can be achieved by a straightforward deconvolution. However, deconvolution

magnifies high frequencies, and thus overenhances any noise degrading the blurred

signal. Wiener filtering recosntructs blurred, noisy signals optimally under a least-

squares error norm, by trading off the amount of deconvolution versus noise removal.

For this reason it is often called optimal filtering. Wiener filtering is feature preserv-

ing, though a tradeoff between blurring and denoising is present. It is not a fully

automatic method, as the spectrum of the noise has to be estimated before filtering.

Extensions to Wiener filtering include locally-adaptive filtering in the wavelet

domain, as proposed by Mihgak et al. [1999] and Moulin and Liu et al. [1999],

further developed by Strela et al. [2000]. In these methods, features are preserved by

considering image behavior at multiple scales. These in turn inspired an extension to

the mesh domain [Peng et al. 2001], via a Laplacian-pyramid decomposition based on

Loop subdivision [Zorin et al. 1997]. A more direct approach is taken by Alexa [2002],

where different smoothing and edge-enhancing effects can be controlled through the

choice of an autocorrelation function on the vertex positions. Pauly and Gross [2001]

apply Wiener filtering to 3D point models by resampling point positions to a plane

as a height field, then treating it as an image.

Wiener filtering is a good alternative to anisotropic diffusion for image and surface

denoising. In particular, it is much more efficient. Unfortunately, it shares some of

the same limitations as diffusion, such as requiring a connected domain. In the case

of surfaces, some extensions even require a semi-regular sampling. Again, these limit

its general applicability.
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2.4 The Bilateral Filter

The bilateral filter is a nonlinear image filter proposed by Smith and and Brady

[1997] and separately by Tomasi and Manduchi [1998]. At each pixel, the denoised

estimate is computed as a weighted combination of the surrounding pixels. The

weight of a pixel in the estimation falls off as its distance grows (as in the usual

non-feature preserving smoothing filters), as well as the difference in intensity from

the initial estimate. Thus, pixels separated by large discontinuities in the image

are downweighted in each other's estimate. Durand and Dorsey [2002] establish a

connection between the bilateral filter and robust statistics, as well as speed up the

bilateral filter with linear approximation and other optimizations. Barash [2001; 2002]

makes a similar connection to adaptive smoothing, and between adaptive smoothing

and the bilateral filter. Elad [2002] explores the theoretical basis of the bilateral

filter, finding that it can be considered a single iteration of a well-known minimization

method in a Bayesian approach.

There are three extensions of the bilateral filter to 3D surfaces thus far. Our work

[Jones et al. 2003] extends the bilateral filter to "polygon soups" by way of first-order

predictors based on facets. Concurrently, Fleishman et al. [2003] extend bilateral

filtering to meshes, estimating vertex normals via averaging, and using local frames

to reduce vertex position estimation to a 2D problem. Choudhury and Tumblin [2003]

use a similar approach, but with a more complicated process to estimate the vertex

normals. Their method is based on an extension for image smoothing of the bilateral

filter with local-frames (see also Elad's [2002] suggestions for improving the bilateral

filter). The adaptive smoothing of Ohtake et al. [2002] is similar, but instead smooths

the normal field with an adaptive filter adjusted to a local variance estimate, then fits

the mesh to the normals (similar to their previous approaches [Belyaev and Ohtake

2001]).

The bilateral filter provides many of the benefits of anisotropic diffusion, but is

generally more efficient. As will be discussed in the next chapter, it does not rely

on a connected domain, and also provides for a reasonably simple extension to 3D
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meshes. Since the bilateral filter forms the basis for our methods, we discuss it and

its extensions to 3D surfaces in more detail in chapters 3 and 4, respectively.

2.5 Surface Reconstruction Methods

Some methods for reconstructing surfaces from point clouds or other scanned data

include a component of noise removal, either implicit or explicit. Soucy and Lau-

rendeau [1992] compute confidence-weighted averages of points, then triangulate the

smoothed points. The algorithm of Turk and Levoy [1994] aligns and zippers multi-

ple range images, then resamples vertices to a confidence weighted average from the

range images. The Vrip algorithm [Curless and Levoy 1996] converts range scans into

distance volumes, that are weighted by a confidence metric and merged. They then

extract an isosurface from the merged volume. Wheeler et al. [1998] use a similar

approach with refinements to eliminate some biases in the Vrip algorithm, and to

better handle outliers in the data. Although all of these methods remove noise by

averaging together multiple estimates of the surface, they do not preserve features.

Radial basis functions can be used to fit point data [Carr et al. 2001] with error

tolerances, which can be used for noise removal if the magnitude of measurement

error can be estimated.

Moving Least Squares [Levin 2001; Alexa et al. 2001; Alexa et al. 2003] computes

surfaces from point clouds as the fixed-points of a projection operator. The use of

a smooth weighting function removes noise, and though the method is not explicitly

feature preserving, it is a local robust estimator (cf. chapter 3).

Finally, polygonal meshes can be smoothed if they are watertight and manifold, by

scanning them into scalar volumes, e.g. via a distance transform, and then applying

a 3D smoothing filter, and re-extracting the surface from the volume [Srimek and

Kaufman 19991.
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2.6 Discussion

As can be seen, most image and surface smoothing methods that operate directly on

the image or surface are limited to connected domains. Some, such as MLS, operate

on independent samples, but are not feature preserving. An exception is the bilateral

filter, which does not rely on adjacency information in the image. This independence

from connectivity will prove advantageous in the following chapters. We discuss the

bilateral filter in more depth in the following chapter, and its extensions to 3D surfaces

in chapter 4.
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Chapter 3

Robust Estimation, Anisotropic

Diffusion and the Bilateral Filter

In order to provide a base for our approach to feature preserving smoothing, it is

necessary to discuss robust estimation, along with its connection to anisotropic dif-

fusion and the bilateral filter for images. Most of this discussion is a combination of

the work by Black et al. [1998], Durand and Dorsey [2002], Elad [2002], and Barash

[2001].

3.1 Robust Estimation

Robust estimation is concerned with forming estimates from data in the presence of

outliers, i.e. data that violate the assumptions of our theoretical model. For example,

if we encounter the data in figure 3-1, a reasonable explanation is that the process

generating the data is linear with some source of Gaussian noise. If we consider the

data in figure 3-2, it is still reasonable to assume that the generating process is linear,

despite the presence of values that are obviously not due to a linear process (i.e.

outliers), perhaps due to operator or transcription error.

Standard techniques for fitting model parameters will succeed on clean data such

as in figure 3-1, since none of the points deviates far from the theoretical model of

the data. However, they fail when outliers are present. If we use a least-squares

16
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Figure 3-1: Data from a linear process with noise.

Figure 3-2: Data from a linear process with noise, and a few outliers in the bottom
right.
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Figure 3-3: Least Squares fit to data from figure 3-2.

error minimization to fit a line to the data in figure 3-2, the result is the poor fit

shown in figure 3-3. In fact, a single outlier can force the least-squares estimation

to an arbitrary position, depending on its value. If we examine the equation for

least-squares fit, the reason for this failure becomes obvious.

The fitting of parameters y for a model to the data points X can be expressed as

a minimization problem,

N

y = arg min Id(y, xi)1 2 , (3.1)
Y

with d(y, x) the distance between the actual value and the prediction for x in a model

with parameters y. As the distance between the prediction and the measured datum

increases, the error grows without bound, as in figure 3-4. Thus, a single outlier can

have as much influence over the minimization as the rest of the data.

In order to address this shortcoming, it is necessary to use some other approach.

One way to make (3.1) robust is to use a robust error norm [Hampel et al. 1986],
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Figure 3-4: Least-squares error norm: d2.

p(d), as in
N

y = arg min p(d(y, xi), a), (3.2)
y

In order for this estimator to be robust, the derivative of the norm, p'(d), should

be bounded above and below. This prevents a single datum from influencing the

estimate to an arbitrary extent . It should also be zero when a prediction matches its

datum, i.e. d(O) = 0, and be monotonic increasing with Idl, so that worse estimates

have larger (or at least not less) error under the norm. An example of a function

meeting these criteria is a Gaussian error norm,

d 2
p(d) =1 - exp(- 2), (3.3)

shown in figure 3-5. The scale parameter o- controls the width of the central "valley"

in the norm, and therefore how quickly data are treated as outliers, limiting their

influence over the error minimization. If we perform the same fit to the data in figure

3-2, but using the robust norm from (3.3), the result is figure 3-6. The fit is much

more reasonable, as a small set of outliers cannot affect the estimate arbitrarily.
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Figure 3-5: Robust (Gaussian) error norm: p(d) =1 - exp(-4).

The Gaussian error norm is of course not the only possible choice for a robust

norm. There are several other functions that meet the criteria above, but we have

found the Gaussian norm sufficient for our experiments. We refer the interested reader

to more in-depth discussions [Huber 1981; Hampel et al. 1986; Black et al. 1998].

3.2 Anisotropic Diffusion

Diffusion processes as used in image processing are methods of smoothing data by

local operations on small groups of pixels. "Diffusion" in images refers by analogy to

diffusion of heat in a material. For the case of a uniform material heat diffusion is

governed by the heat diffusion equation,

9T
-OC -V - (VT). (3.4)

at

In simple terms, the change in temperature is proportional to the divergence of the

temperature gradient. The diffusion equation can be discretized in space and time to
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Figure 3-6: Robust fit to data from figure 3-2.

give the change in temperature per time step,

It+' It + A S i -It, (3.5)
pE?7(s)

where s and p are pixel positions, r/4(s) is the 4-neighborhood of the pixel at s, A is

a scalar controlling the rate of diffusion, and t is a discrete time step. The isotropic

diffusion equation for images is formed by direct analogy to the heat diffusion equation

(3.5), with intensity replacing heat.

Applying several iterations of the discrete diffusion equation to an input image re-

sults in a smoothed but blurred version of that image, as shown in figures 3-7 and 3-8.

Those readers familiar with image processing will probably find the appearance of the

result of diffusion familiar, as it approximates a Gaussian blur operation. This is not

coincidence; the solution of the heat diffusion equation can be found by convolution

with a Gaussian function [Fourier 1955].

It is obvious that isotropic diffusion is not feature preserving. A large change in

intensity between adjacent pixels is treated the same as a small variation, so features
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Figure 3-7: Input image for isotropic and anisotropic diffusion.

of the image and noise will be smoothed out identically. To address this shortcoming,

Perona and Malik [1990] proposed modifying the isotropic diffusion equation to make

it feature preserving,

SI + A (3.6)
PE74(s)

where g(x) is an edge-stopping function that inhibits diffusion across strong edges in

the image. They propose two such functions,

91( ) = 2

1 + y
and g2 (X) = e-(X2/,2 (3.7)

where a is a parameter controlling how large a change in pixel intensity is considered

22
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Figure 3-8: Isotropic diffusion applied to figure 3-7.

an edge, and as such should limit diffusion.

Applying anisotropic diffusion with the edge-stopping function g2(x) to our previ-

ous example yields a much better result, in terms of feature preservation, as shown in

figure 3-9. Areas with small variations have been smoothed out, removing the noise

and minor textural variations. Sharp edges have been preserved, for example around

the pupils and edge of the face.

3.3 Anisotropic Diffusion and Robust Estimation

Black et al. examine anisotropic diffusion in terms of robust estimation. Their key

insight is that anisotropic diffusion can be seen as the solution to a robust estimation

problem at each pixel, and that in particular, "boundaries between ... regions are
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Figure 3-9: Anisotropic diffusion applied to figure 3-7.

considered to be outliers" [Black et al. 1998]. Much of this section follows their

discussion.

Consider estimating a piecewise constant image from noisy pixel data. This can

be expressed as an optimization problem as

min P(Ip-IsU), (3.8)
S pE774(s)

where p(-) is a robust error norm with scale parameter -. An I minimizing (3.8) will

have adjacent pixels with similar intensity values. The effect of edges, where (I, - I,)

is large, on the minimization will be limited by the use of a suitable robust error

norm. The use of a robust norm causes all edges with a larger change than some

threshold controlled by o to be treated equivalently in the minimization.
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Figure 3-10: The bilateral filter applied to figure 3-7.

Using gradient descent to solve (3.8) gives

I + + - +AI , o-), (3.9)
PE'J4(S)

where b(-) = p'(-). If the initial estimate for the gradient descent is our noisy image,

then we can see a strong similarity between discrete anisotropic diffusion and gradient

descent, made explicit if we define the edge-stopping function in (3.5) in terms of the

robust error norm in (3.9), i.e. g(x) = p'(x)/x. This fundamental connection between

the two methods allows much of the previous work in anisotropic diffusion and robust

estimation to be considered as two expressions of the same methodology.
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3.4 The Bilateral Filter

The bilateral filter is a nonlinear, feature preserving image filter, proposed by Smith

and Brady [1997], and separately by Tomasi and Manduchi [1998]. Although proposed

as an alternative to anisotropic diffusion, the close connection between the two was not

well understood until recently. The connection between robust estimation, anisotropic

diffusion, and the bilateral filter was investigated by Durand and Dorsey [2002], as

well as Barash [2001] via an extension of intensity to include spatial position, and

Elad [2002] as the output of an iterative minimization. The following is primarily

from Durand and Dorsey.

If we consider the term P- in (3.6), it can be viewed in two different ways: as the

derivative of P in one direction at s, or simply as a measure of intensity difference

between two pixels. The former is used by Black et al. [1998], in a variational

minimization under a robust norm. However, if we consider Ip as a predictor for the

value of I in a robust estimation problem, then the interpretation as a measure of

difference is more intuitive.

If we consider (3.6) as solving a robust estimation problem with local information,

it is a small step to consider extending the neighborhood of the estimation and using

a spatial weighting function f(.),

I - Is + A f (p - s) g(I - I t) (I - I), (3.10)
PEQ

where Q is the domain of the image, and f(-) is a spatial weighting function (which

in (3.6) would be unity for a pixel's 4-neighborhood and zero elsewhere).

If we solve for the fixed point I' of (3.10) by setting the gradient step to zero, we

get the bilateral filter1 ,

fk(s) f(p - s) g(IP - IS) I, (3.11)

'This derivation is from Durand and Dorsey [2002], section 4.1.
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f(.) is the spatial falloff function, and g(.) the falloff function in the intensity domain.

Usually, Gaussians are used for f(-) and g(.). The normalization term k(s) is the sum

of the product of the spatial and intensity weighting functions,

k(s) = E f(p - s) g(Ip - Is). (3.12)
pGQ

Examining the bilateral filter, we see that it appears similar to filtering by convolu-

tion, in that output pixels are weighted average of the input. However, in addition to

weighting pixels according to distance, as in convolution, it includes a term that takes

into account the difference in intensities. By the derivation above, functions that per-

form well as edge-stopping functions should also do so as intensity weight functions in

the bilateral filter. The connection between bilateral filtering, anisotropic diffusion,

and robust estimation allows one to use concepts and ideas from any one area in the

other two. The effect of the bilateral filter on an image is demonstrated in figure 3-10.

It has been noted empirically that bilateral filtering generally becomes close to

a fixed point in a single iteration [Tomasi and Manduchi 1998; Durand and Dorsey

2002; Choudhury and Tumblin 2003]. Thus, it belongs to the class of one-step W-

estimators or w-estimators [Hampel et al. 1986]. This leads us to believe that a single

application of the bilateral filter should be sufficient for smoothing, whether an image

or a 3D surface. This belief will be borne out by experiments.

In order to make our extension to 3D conceptually simpler, we will modify (3.11),

slightly, by introducing the concept of a predictor. In the image domain, given the

information at pixels s and p, the prediction for s due to p will be written as lu,(s).

Incorporating this into the bilateral filter gives

Sk(s) f(P - s) g(n (s) - is) IP(s). (3.13)
peQ

In its original incarnation, the bilateral filter uses a zeroth-order predictor, HP(s) = I1.

In the next chapter, we will show how using more powerful predictors allows us to

extend bilateral filtering to 3D data.
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Chapter 4

Bilateral Filter for 3D Surfaces

We return to our problem statement from section 1.1.

Goal: Given samples X, corrupted by noise, of a surface S, estimate denoised

samples X while preserving the features of S captured by X.

Our samples could be point samples scattered on the surface, or points with

normals, or small triangles or patches. We assume that all information in the samples

is noisy, including position, normal, and connectivity (if present). Our goal is to

remove the noise from the position and normal information; we do not attempt to fix

topological errors.

4.1 Extension to 3D Surfaces

The success of the bilateral filter for image denoising encourages us to use similar

methods for surfaces. This follows the pattern of much of the previous work in which

image techniques have been successfully extended to polygonal meshes and other 3D

data (as discussed in chapter 2).

Such extensions are nontrivial because of a fundamental difference between 2D

images and 3D surfaces: Images have an inherent parameterization that is well sepa-

rated from the image's signal. In the usual case, pixels are arranged on a rectangular

grid, giving a simple and global parameterization. This separation of position vs.

signal (or domain vs. range) in images simplifies operations such as smoothing and
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feature detection. Surfaces in 3D lack this conceptual separation. The spatial posi-

tion of a point on a surface and the surface's "signal" at that point are the same.

We must find some way to separate position and signal to apply methods from image

processing.

This separation can be achieved with the conceptual adjustment to the bilateral

filter presented at the end of the previous chapter. Rather than filtering based on

sample positions alone, we will extend the filter to use first-order predictors by taking

advantage of normal information. This is similar to one of the most common methods

of extending image processing algorithms to surfaces, that of using normal information

at each point on the surface to form a local frame for computations centered on

that vertex. The surrounding surface is then treated as an image or height field in

the local frame with the central vertex at the origin. Our method generalizes the

standard approach, encompassing a wider class of extensions, including the height

field approximation.

With normal information available , we are able to define the bilateral filter for

3D,

S = k(s) f(p s) g(Up(s) - s) Hp(s), (4.1)
pEX

where s is a point for which we want to estimate the denoised value S, p is a point

which can be used to form a prediction fp(s) for the denoised position of s. The

spatial weight function f(-) controls how wide a neighborhood of samples are used in

the estimate s, while the influence weight function g(.) controls which predictions are

treated as outliers. If a sample p is far away from s, then its weight will be diminished

by the falloff in f(.). Similarly, if the prediction Fp(s) is far from s, it will be receive

less weight because of the falloff in g(-). Thus, the estimation for s depends for the

most part on samples near s that also predict locations near s. As will be discussed

below, this leads to feature preserving behavior when the filter is applied to 3D data,

as predictions from points on opposite sides of features (i.e., across edges and corners)

are widely separated.

We note that several such extensions have been simultaneously proposed with this
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work. This thesis is an extended treatment of our work on filtering triangle models

[Jones et al. 2003], in which the bilateral filter is extended to polygonal meshes without

connectivity. Fleishman et al. [2003] extend the bilateral filter to (mostly) connected

meshes, using an iterative approach. Choudhury and Tumblin [2003] extend the

bilateral filter for images to use a type of first-order predictor, then generalize this

extension to meshes. We will discuss each of these implementations below.

In order to use first order information, such as normals, such information must be

present in the input or inferred from it. We will address the two most common rep-

resentations: polygons and point clouds. In the case of polygons, if the connectivity

information is not very noisy, i.e. it matches the topology of the surface closely, then

vertex normals can be estimated by weighted averaging of adjacent facet normals;

this is the usual approach [Fleishman et al. 2003; Choudhury and Tumblin 2003]. If

there is insufficient connectivity, then the facet normals can be used directly, as in

our work applied to triangle models [Jones et al. 2003]. If the samples are simply a

point cloud without further information, then we must use some method of estimating

the normals at the points, such as those used in moving least-squares [Alexa et al.

2001]. Whether normals are already present, inferred from connectivity information,

or calculated from point locations, they will probably be noisy or corrupted. For

this reason, we also develop methods of improving estimated or preexisting normals,

through a novel reuse of the machinery of the filter (section 4.4). For now, we will

assume that normals are available, either with each point, or in the case of polygonal

samples, for each polygon.

4.2 Predictors

In order to make our extension concrete, we much choose a predictor Ilp(s). If we

assume that we have points with normals, then there are two natural choices for the

predictor, projecting s to the plane of p, or building a local frame with s and its

normal and predicting s to have the same height in that local frame as p. The two
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Figure 4-2: When s and p are on the same side of the corner, flp(s) is near s.

predictors can be written

fp(s) = s + ((p - s) - np)n, and fp(s) = s + ((p - s) -n,)n, (4.2)

respectively. They are illustrated in 4-1. The main difference between the two pre-

dictors is which normals are used to form predictions. In the first, each prediction for

a point uses a different normal, while the second uses a single normal, the one at the

point for which predictions are being made.

More complicated predictors could be conceived, but we will deal primarily with

these two. The first is from our previous work [Jones et al. 2003], while the second is

used by Fleishman et al. [2003] and Choudhury and Tumblin [2003].

4.3 Feature Preservation

The fact that bilateral filtering is feature preserving in the image domain does not,

per se, make it feature preserving when extended to 3D. We explore the 3D filter's

behavior near corners using the predictors above, with an eye to understanding its

treatment of features.

We examine a single corner, separating two mostly flat regions. For now, we

assume the surface is noise free. If we consider two samples on the surface, s and p,
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HP( S

Figure 4-3: When s and p are on opposite sides of the corner and Jones et al.'s [2003]
predictor is used, the distance between IIP(s) and s depends mostly on s's distance
from the corner.

both on the same side of the feature, then the prediction Hp(s) is likely to be very

close to s, as shown in figure 4-2 (regardless of which predictor we use). The term

for the influence weight in the filter for this prediction, g(flp(s) - s), will therefore be

near its maximum. The weight of this prediction will therefore depend for the most

part on the spatial weight function, f(Ip - sI).

If we instead consider the case where the two points are across a corner from one

another, we see quite different behavior. In this case, the prediction Hp(s) is farther

from s. In the case of the first predictor above, the distance between s and HP(s)

grows proportionally to s's distance from the corner, as shown in 4-3. If we use the

second predictor, it grows as p's distance from the corner, as shown in 4-4. In both

cases, the large separation between s and the prediction from p results in the influence

weight term, g(jIIp(s) - sl), dominating the filter by downweighting the prediction.

Note that it is always the case that lp - sI ;> 11p(s) - sl. Thus, the main

difference between the two cases discussed above are how much the influence weight

term affects the estimate. When s and p are in the same mostly planar region,

the bilateral filter behaves similarly to a standard convolution filter, removing noise.

When s and p are separated by a feature, however, the filter cuts off more quickly,

due to the influence weight function. This prevents estimates from different regions of
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I-I,(s)

Figure 4-4: When s and p are on opposite sides of the corner and Fleishman et al.'s
[2003] predictor is used, the distance between flp(s) and s depends mostly on p's
distance from the corner.

the surface from "contaminating" the estimate for s. This is what gives the bilateral

filter its feature preserving behavior. Another difference between the two predictors

is that the predictor or Fleishman et al. does not introduce tangential drift, as all

predictions are normal to s. However, it does tend to move vertices in the normal

direction to round off corners. If either filter is applied too many times, the estimated

shape or the sample positions on it will be degraded. In general, few iterations are

required and drift is not a concern.

As a final demonstration of this nonlinear, feature respecting weighting, we show

how the spatial f(-), influence weight g(-), and their combination f(.)g(.) behave as

p moves along a curve with a feature, as shown in figure 4-5, while s remains fixed

(at t = 0.4 in this example).

The plots for f(-), g(.), and their product are shown in figure 4-6. The sharp

corner occurs at t = 0.5. As can be seen, while p is on the same side of the corner as

s, i.e. on the first half of the curve (tP < 0.5), the prediction ILp(s) stays close to s.

Thus, in the plots we see that g(.) ~ 1, and the behavior of f(.)g(.) is governed by

f().

When p is on the second half of the curve (t, > 0.5), and therefore on the opposite

side of the corner from s, the prediction rlp(s) tends to be much farther from s. Thus,
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Figure 4-5: A curve with a feature at t = 0.5. The plots in figure 4-6 are for s at
t = 0.4.

very quickly g(.) drops to near zero, and the product f(-)g(.) is dominated by g(.).

4.4 Normal Estimation and Improvement

The predictors we have discussed require normals (actually, tangent planes) to form

predictions. Normals might be provided, or need to be estimated from the data. In

either case, they are likely to be noisy, and need some sort of smoothing, or mollifi-

cation [Huber 1981; Murio 1993], before use in predictors. The need for mollification

of noisy normals will be demonstrated and discussed further in the next chapter.

4.4.1 Smoothing Triangle Models

In the context of smoothing triangle models without connectivity, we proposed using a

predictor based on facets, but applied to vertex positions [Jones et al. 2003], by taking

p as the centroid of the facet. In the limit, this is the same as the approach discussed

above for points. As the facet normals are first-order entities of the vertices, noise in

the vertices is magnified in the normals and predictions. In order to address this, we

applied a mollification pass, using a standard blurring filter on the vertex positions to
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Figure 4-6: Plots for the values of the spatial weight function f(.), influence weight
function g(.), and their product f(-)g(.) as p moves along the curve in figure 4-5 The
corner

create a smoothed model (without feature preserving). The original vertex positions

were not modified in this pass; instead, the normals of the facets from the smoothed

model were copied to the corresponding facets of the original, and these smoothed

normals were used for prediction. This method was found to be sufficient for almost

all models.

Fleishman et al. take a different approach [2003] in a similar context. They

assume a connected triangle mesh, and use area-weighted normals at each vertex.

Rather than smooth the normals, however, they perform multiple iterations of the

filter to smooth a model. The averaging smooths the normals somewhat, and although

the initial predictions are likely to be poor due to noise, as each pass removes some

of the noise, the normals and estimations improve.

Choudhury and Tumblin [2003] apply multiple passes to a connected mesh to esti-

mate the normals. They use a modified bilateral filter on the normal data. In a final

pass, they estimate vertex positions from the now-denoised normals. Their method

is very effective, significantly outperforming our method [2003] on some models with
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(a) Noisy surface.

(c) Noisy normals from (a)

(b) Smoothed surface.

(d) Smoothed normals from (b)

Figure 4-7: Smoothing a surface also smooths the normals of the surface.

a high level of noise.

4.4.2 Improving Normals

We propose a new method for improving normals, whether estimated or provided,

before applying the 3D bilateral filter to samples of a surface. This new method is

based on the 3D bilateral filter, and its denoising properties.

Consider a noisy surface, such as the one shown in figure 4-7(a). If we apply a

feature preserving smoothing filter to this surface, the noise will be attenuated, as

in figure 4-7(b). Our normal improvement method is based on how this smoothing

operation affects the normals of the surface. As shown in figures 4-7(c) and 4-7(d),

smoothing a surface also smooths the normals in the sense of making them point in
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the same direction in flat areas of the surface. We would like to use these smoothed

normals in the predictor function. We do not necessarily have an actual surface to

smooth and then extract normals from. However, we can smooth the normals as if

they were part of a continuous surface to which we were applying the 3D bilateral

filter, via the adjoint of the 3D bilateral filter.

4.4.3 Normal Transformation by the 3D Bilateral Filter

We reconsider the 3D bilateral filter 4.1 as a spatially varying deformation F : R3 -

R3. In this interpretation, the denoised estimate for a sample s is

s = F(s), (4.3)

with the summation and other terms incorporated into F.

As discussed by Barr [1984], "a locally specified deformation modifies the tangent

space [of an object subject to the deformation]." We can determine how the 3D

bilateral filter affects a normal n, located in space at s via the Jacobian J of F at s,

computed as

Ji (S) = ,9~s (4.4)0si

where Ji is the ith column of J, and si is the ith spatial component of s.

The normal transformation rule is given by Barr [1984, eq. 1.3] as

nis = IJ(s)IJ(s)-'ns, (4.5)

where J is the determinant of J, and J(S)-T is the inverse transpose of J. Since

only the direction of the normal is important, J can be dropped from the equation

and the adjoint of J used instead of the inverse, if ft. is renormalized afterwards.

Our normal improvement algorithm is simply to compute J(s) -T at each sample

s and apply (4.5) to the corresponding estimated normals, either until the normals

converge or for some fixed number of iterations. After the normals have been denoised,

a single application of (4.1) is used to estimate vertex positions using. It is important
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to note that J(s) is recomputed with the normals from the previous iteration for each

step of normal improvement, and that vertex positions are not modified by the normal

improvement steps, and also that this normal improvement obviates the mollification

pass. We are unable to prove the convergence of this algorithm at this time, but

explore its behavior in the following chapter.

There are limitations to this method. For smoothing functions that can be written

as weighted normal flow, i.e.

s = s + f(s)ns, (4.6)

such as Fleishman et al.'s predictor, the Jacobian has nT as a left eigenvector, and

therefore the transpose of the adjoint has n. as an eigenvector. This is under the

assumption that the normal n, is constant in a region around s, i.e. the Jacobian of

the normal Vn, is 0. If higher order information about the surface at s were available,

such as the curvature tensor, then this shortcoming might be addressed.

In some surface representations, such as Surfels [Pfister et al. 2000], samples store a

radius for the sample as well as normal information. These radii affect the 3D bilateral

filter through the area term, and as such might need to be mollified similarly to the

normals. The transformation rule for radii and areas (or principal axes, in the case

of elliptical samples) can also be computed via the Jacobian of the filter.

We have found that applying this scheme for normal improvement does not require

any pre-mollification of the normals, and as will be discussed in the following chapter,

can be used to mollify normals directly.

4.4.4 Using Normals for Weighting

It is also possible to include normals in the weighting calculation, in order to limit dif-

fusion in cases where two surfaces pass near each other, but with opposite orientation,

as in figure 4-8(a). If the samples lack connectivity information, there is no simple

way to distinguish that the two surfaces are different except from normal information.

If the surfaces are not treated as separate, then samples from one surface will unduly

influence the denoised estimates of samples from the other. This will manifest as the
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(a) (b)

Figure 4-8: Surfaces that pass near each other (a) will be pulled towards one another,
even if they have differing surface normals (b).

two surfaces pulling towards one another, as in figure 4-8(b).

In order to address this, we propose the following modified bilateral function,

S k(s) 3f (|p -s) g(IFJp(s) - s|) h(n, ns) He(s), (4.7)
pEX

where h(x) is a suitable, smooth function, for example,

o for x#<=r
() (4.8)

-2x 3 ±+3x 2 for x >O

which prevents any samples with normals different by more than 90 from influencing

one another. This extensions requires oriented normals, while until this point all

filtering operations rely only on tangent planes without orientation. However, most

models include oriented normals, so this is not a limitatio n general.
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Chapter 5

Results

We demonstrate the filters proposed in the previous chapter on triangulated and

surfel models. We also show results for normal improvement on surfel models, and

compare methods for triangle models using different normal improvement methods

for mollification. Smoothing is used to denoise models corrupted with scanner noise,

synthetic noise, or to remove small variations in surfaces. (The results on triangulated

models are from [Jones et al. 2003], in most cases.)

5.1 Triangle Models

We first show our results for triangle models. We use the predictor and normal

mollification method described in our recent work [Jones et al. 2003], rather than

normal improvement via the filter. Results on a 3D scan with scanner and topological

noise are shown in figure 5-1.

The necessity for mollification of the noisy normal field can be seen in figure 5-2,

as well as the effect of using only a spatial falloff function. In the first case, noise

is reduced, but not sufficiently well. With no influence function, details in the eye

and around the lips are blurred away. The parameters controlling smoothing were

of = 1.5 and o-, = 0.5, expressed in mean edge lengths.
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Figure 5-1: Original noisy face scan, and smoothed with the method described in
[Jones et al. 2003].
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Figure 5-2: The scan from 5-1 smoothed with no mollification, and with mollification
but no influence function.
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To explore how smoothing is affected by the two parameters of the filter, the

width of the spatial and influence weight functions, we apply the filter to a well

known model with varying widths. The results are shown in figures 5-3 and 5-4. In

the first example, narrow spatial and influence functions are used, as might be the

case when removing noise from a model. Only the smallest variations are smoothed

by the filter. In the second case, a narrow spatial weight, but wide influence weight

functions are used. This results in small features of the model being smoothed out,

but medium sized and larger variations are preserved. Finally, the most aggressive

smoothing occurs when both parameters are large. This results in a large area being

used to smooth samples, as well as a larger number of estimates being classified as

"inliers". Even so, the strongest features are still preserved, such as the tips of the

ears and the base around the feet.
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Figure 5-3: Original model, and model smoothed with narrow spatial and influence
weight functions (0f = 2, o- = 0.2).
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Figure 5-4: (left) Model from figure 5-3 smoothed with a narrow spatial weight func-
tion, but wide influence weight function (of = 2, Ug = 4). (right) Smoothed with
wide spatial weight and influence weight functions (af = 4, o- = 4).
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Figure 5-5: Original model (courtesy of Jianbo Peng).

5.1.1 Comparison to Other Methods

We can compare our results for smoothing triangular models to other smoothing

methods. In figures 5-5 through 5-7 we compare our triangle-based smoother to

Wiener filtering as described by Peng et al. [2001]. Wiener filtering is controlled by a

single parameter, an estimate of the variance of the noise to be removed. In figure 5-6,

we compare our method to Wiener filtering under a low-noise assumption. In figure

5-7 we compare to Wiener filtering under a high-noise assumption. Our method is

better at preserving features in the latter case. One benefit to Wiener filtering is that

its processing time does not vary with the amount of noise to be removed. However,

it does require a connected mesh with a semi-regular sampling.

In this comparison, we chose parameters for our filter to match the smoothness

in substantially flat regions, and then tuned the filter to preserve features as best as

possible.
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Figure 5-6: Figure 5-5 filtered with the Wiener filter of Peng et al. [2001] with a
low-noise setting, and with our method (of = 2.7, Jg = 0.4).

Figure 5-7: Figure 5-5 filtered with the Wiener filter of Peng et al. [2001] with a
high-noise setting, and with our method (0f = 4.0, c-g = 1.3).
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Figure 5-8: Original model (courtesy of Martin Rumpf).

We also compare to anisotropic diffusion, in particular the method of Clarenz et

al. [Clarenz et al. 2000]. Figure 5-8 shows the original model, corrupted by synthetic

noise. In figure 5-9 the result of anisotropic diffusion and our method are compared.

Anisotropic diffusion is able to enhance features through shock formation, while our

method is not, as can be seen by comparing the results near details such as the hair.

However, anisotropic diffusion relies on a connected mesh, while our method does not.

As in the previous comparison, we set the parameters for our filter to first match the

smoothness of flat regions, then to preserve features as best as possible.
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Figure 5-9: Figure 5-8 filtered with anisotropic diffusion [Clarenz et al. 2000, and by
our method (of = 2.5, 0 -g = 1).
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Figure 5-10: Original model (courtesy of Stanford 3D scanning repository).

We also demonstrate the stability of our algorithm, even when used to smooth

all but the strongest of features on a model. Figures 5-10 and 5-11 show the dragon

model smoothed with extremely wide spatial and influence weight functions. Even

in this case, the filter is stable, preserving the basic shape while smoothing out most

other details.
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Figure 5-11: Smoothed version of figure 5-10 (uf = 4, o-g = 2).
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5.2 Normal Improvement

We can demonstrate the effectiveness of normal improvement using the adjoint of

the filter (see section 4.4.2) on a surfel model [Pfister et al. 2000] generated from the

3D scan in figure 5-1. The appearance of surfel models depends primarily on normal

orientation, rather than point position, since lighting is generally more dependent on

surface orientation than position. The results of normal improvement are shown in

figures 5-12 and 5-13. The smoothing parameters used were of = 4.0 and a-, = 0.5.

The artifacts around the edges of the model are due to large surfels seen edge on.
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Figure 5-12: A surfel version of the scan from figure 5-1, and one iteration of normal
improvement.
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Figure 5-13: Two and three iterations of normal improvement.
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5.3 Normal Improvement for Mollification

Returning to triangle models, we can use the normal improvement for mollification

to improve the results from our triangle based smoother [Jones et al. 2003]. In this

modification, we apply some number of normal improvement steps to the normals,

then a single pass of vertex modification. For the same model as figure 5-1, the

result of this improved approach is shown in 5-14. Compared to 5-1, it can be seen

that normal improvement results in better preservation of sharp features, such as

the eyelids. Three iterations of normal improvement were applied, with the same

parameters as used to generate figure 5-1.
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Figure 5-14: The result of using iterative normal improvement for mollification in
conjunction with the triangle based smoother. Compare to figure 5-1 (right).
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Figure 5-15: A rectangular solid, seen edge on, before and after filtering. The faces
near each other are pulled towards each other and curve towards each other.

5.4 Using Normals for Weighting

Without using normal information to weight predictions, surfaces near each other will

tend to pull together, even if on opposite sides of a surface. This can be seen when

we filter a rectangular shape, such as in figure 5-15. The sides have been pulled closer

together and curve towards each other.

If we use normal information to weight predictions, as discussed in section 4.4.4,

the shape is unchanged. Normal information also results in better denoising. We

apply the triangle-based filter with feature preserving mollification to a noisy version

of the fandisk model. The noisy mesh, and the result of smoothing it with our

triangle-based method (with the original mollification method) is shown in 5-16. The

results of smoothing with and without normal information are shown in figure 5-17.

The most noticeable changes are on the small, frontmost face at its most narrow

points, and near the edges and corners of the mesh. The change is small, but subtle,

possibly because the result of smoothing without normal weighting is so close to the

original model that there is not much room for improvement. It is also possible that

the sampling for this model is too coarse for good estimates of the normal field to be

formed from the original, noisy samples.
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Figure 5-16: A noisy version of the fandisk model, and the result of smoothing with
our triangle based smoother.
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Figure 5-17: Smoothing the mesh from figure 5-16 without taking into account normal
information in weighting predictions, and with normal information used in weighting.
Note the differences in the frontmost face, particularly at its most narrow point.
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Chapter 6

Conclusions

We have demonstrated feature preserving filters for 3D shapes based on robust statis-

tics and estimation. In particular, we have extended the bilateral filter from the

domain of images to 3D shapes. Our methods are applicable to a wide variety of

shape representations, including triangle meshes, triangle soups, and point clouds.

In order to extend the bilateral filter from images to 3D shapes, we first consider it

as a weighted combination of predictors, rather than simply values, as in most image

filters. We then use first order predictors to separate position and signal on the shape.

This allows us to generalize the bilateral filter to 3D shapes in a straightforward way.

We have also introduced methods for smoothing the normal fields of surfaces in

any of the above representations, by treating our filter as a free-form deformation

and considering how it affects differential entities such as normals. We have used this

feature preserving normal smoothing for mollification of normal fields, improving the

performance of our filter when applied to sample positions.

Our methods are effective for noise removal and mesh smoothing, preserving the

strongest features while removing noise and small surface variations. We have also

demonstrated treating the filter as a free-form deformation, leading to a very effective

method for improving normals. This normal improvement can also be used as a

mollification method, to further improve estimation of vertex positions.

In the future, we would like to explore extensions to volume data. We would also

like to explore how the 3D bilateral filter could be used on shapes with color infor-
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mation, such as textures, to smooth both the shape and the texture while respecting

and preserving the features in both. More generally, we would like to explore the

possibility of building a scale space [Weickert 1996] for meshes.
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