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Abstract

With the emergence of affordable 3D scanning and printing devices, processing of large point clouds has to be performed in many
applications. Several algorithms are available for surface reconstruction, smoothing, and parametrization. However, many of these
require the sampling of the point cloud to be uniform or at least to be within certain controlled parameters. For non-uniformly
sampled point clouds, some methods have been proposed that deal with the non-uniformity by adding additional information such
as topological or hierarchical data. In this paper, we focus on point clouds sampling surfaces in R

3. We present the notion of local
directional density measure that can be intrinsically computed within the point cloud, that is without further knowledge of the
geometry despite the given point samples. Specifically, we build on previous work to derive a local, directed, and discrete measure
for density. Furthermore, we derive another discrete and a smooth density measure and compare these three experimentally. Each
of the three considered measures gives density weights to use in discretizations of operators such that these become independent
of sampling uniformity. We demonstrate the effectiveness of our method on both synthetic and real world data.

1 Introduction
Point clouds arise naturally in almost all kinds of 3D acquisition processes. As early as 1985 points were recognized as both
fundamental and elementary means for graphic processing, see [13]. A guiding principle of the point-based approach is the direct
processing of raw scanning data without prior meshing. Based on this idea, a multitude of algorithms has been devised to work
on point clouds. However, because of missing connectivity data, point clouds pose new challenges on the corresponding processing
methods. For example, when sampling a 3D object by a point cloud, reconstructing the object’s topology from the point cloud is
in general a hard problem.

When considering point clouds sampling surfaces in R
3, many algorithms make additional assumptions on the sampling

quality. For example, Amenta et al. assume in their power crust algorithm [1] that the distance of the sample to the sampled
object is bounded by the local feature size. Results that are independent of the sampling, like the kd tree data structure of
Friedmann et al. [7] are somewhat rare. In particular, when discretizing differential geometry operators like the gradient, the
Laplace operator, or the shape operator [2, 12, 19], implicit or explicit assumptions are made on the uniformity of the point cloud.

However, many point clouds that arise in applications do not satisfy the assumptions made in theory. One can think of the
manual scanning of some object by a hand-guided laserscanner. The operator of the scanner will recognize problematic areas - for
example pits, areas of high curvature, or other features - and scan these multiple times in order to capture them accurately. Other
less diverse areas are scanned fewer times. In the border regions between these two area types, regular euclidean neighborhoods
will favor those areas that have been scanned multiple times. That is because they simply have more points in the sample.
Standard algorithms fail to process these regions correctly.

In this paper, we present an approach to handle nonuniform densities in point clouds. Our method works intrinsically without
using additional information beside the raw point cloud. We define a local density measure from a point of the point cloud into
any tangential direction. The measure can be transformed to give local weights on the neighborhood of each point. These can
then be used e.g. in the operator discretizations mentioned above in order to make them robust even on nonuniform samples.
Computational experiments show the effectiveness of our approach on both synthetic and real world data.
Contributions of this paper are the following:

• definition of a discrete directional density measure for point clouds

• intrinsic computation of local density without additional information

• weights for discrete operators to overcome density effects

2 Related Work
Several methods have been devised to handle non-uniformly sampled point clouds within different applied scenarios.

In the setting of surface reconstruction, the authors of [10] propose an unsigned distance function which enables them to
process input data consisting solely of 3D sample positions without any normal information. Since the surface extraction does
not depend on a change of sign of the implicit representation, the method is immune to noisy and non-uniformly distributed
samples. A different approach is taken in [14]. Here, the authors add volumetric or prior information to global implicit surface
reconstruction to eliminate the ill-posedness of non-uniformly sampled point clouds. Yet another proposal is made in [21], where a
local hierarchical clustering method is used to improve the consistency of the point cloud distribution. Within a two-step process,
the computational complexity of the point cloud is reduced and the remaining points are transformed into a uniform sampling.
Similarly, the authors of [15] use a combination of octree data partitioning, local Delaunay tetrahedralization, and graph cut
optimization for their surface reconstruction approach. They achieve processing of point density variations of more than four
orders of magnitude.

For registration of point clouds with nonuniform density, the authors of [9] propose to extend registration algorithms by
including topological information of the sampled surface. Thereby, they aim to compensate effects that the non-uniformity has on
3D neighborhood searches. One of the main applications of [3] is also registration. The authors use nonuniform density in order
to reduce cost in storing, processing, and visualizing a large-scale point cloud. They consider a randomized resampling strategy
to select a representative subset of points while preserving features depending on the application.
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