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ABSTRACT
In recent years, both airborne and terrestrial laser scanning developed to a
standard technique for acquiring information on terrestrial landscapes. Here forest
inventory and orchard management is considered. Inventory and parameterization
of individual trees in orchards and forests are of large interest in nowadays society
because of the potential of economical maximization of orchard production and the
sustainable management of forests.
Complex objects like trees require a detailed structural analysis before an analysis
of single trees is possible. Skeletonization is such a structural description that
enables the extraction of length, diameters, volumes and position of individual
branches but also of trees as a whole. In this paper an overview of current
possibilities for skeletonization algorithms on trees is given. A new method of
skeletonization, especially designed for the analysis of tree data is described and its
applicability demonstrated on airborne and terrestrial laser scanning scenarios.
The evidence reviewed in this paper leads to conclude that skeletonization is a
valuable tool for forest inventory and orchard management. It will be shown that
skeletonization offers the possibility of species independent measurement of trees,
which make skeletonization a general tool for parameter extraction on trees that
empowers also research fields different from orchard management and forest
inventory.

1

INTRODUCTION

The goal of this paper is to give an overview of possible applications of skeletons on
laser scanning point clouds. The paper focuses on application examples related to
the automatic extraction of complex tree structures from scanning data and the
consecutive parameter extraction using skeletons as an organizing principle. In this
section first the overall motivation is outlined. After that the airborne and
terrestrial laser scanning setup is explained. The section finalizes with an intuitive
explanation of our definition of a skeleton.

1.1 Motivation
Laser scanning captures the real world in a 3D picture, like a photo camera.
Basically a 3D picture, or laser scan, assigns a distance between the camera and a
surface to every discrete location in the picture. Until now, analysis of such 3D
pictures was mainly focused on the acquisition of surface information. For example
fitting known geometries like planes, cylinders or spheres to the 3D picture [Lukacs
et al. 1998] or finding these geometries in the data with calculation expensive
methods like 3D Hough transform [Rabbani 2006]. Therefore data is often analyzed
by the means of an existing model, which has to be verified, instead of analyzing the
data to extract an abstract structural data description, which can be used later to
perform measurements within the data. Less attention was drawn to the problem of
extracting the underlying structure of the captured objects. This underlying
structure is masked by irregularities such as noise and biases. When laser scanning
is applied to capture complex real world objects, such as trees, the underlying
structure can provide useful tools for navigating through the data to positions of
interest. Using a tree as an example, positions of interest are the beginning and the
end of a branch in order to extract its length. An obvious benefit of such a structure
is that its extraction is data driven, and therefore adjusting to irregular shapes in
nature, which are hard to be approximated by an a priori approach. For example
the shape of a pipe in an industrial installation can be approximated by many
connected cylinders, while the wall of a house can be approximated by a plane. But
what is the shape of a tree suffering from deformed of broken branches? Or
consider a tree in an industrial orchard, which is cut and deformed by humans to
maximize the light falling into its crown: what is its shape?

1.2 LASER SCANNING
Laser scanning is capable to measure thousands of distances per second from the
instrument to the targeted surface [Shan et al. 2008]. These scanners are used to
obtain data of large objects like trees, houses, whole towns or forests. Typically these
objects are represented in a point cloud. A point cloud is therefore a point wise
sampling of a 3D surface.
The properties of a point cloud are distinguished dependent on the scanning
platform. In this paper we distinguish between a terrestrial laser scanning platform
(TLS) and an airborne laser scanning platform, (ALS). The ALS platform [Figure 1]
uses the Time-of-Flight principle for distance determination from a airborne vehicle
like an airplane or a helicopter. The Time-of-Flight principle is measuring the time
between a sent pulse and its returning reflection from the object surface. Airborne
systems capture only 2,5D data with low local resolution. [Table 1] lists typical
values for the Actual Height Model (AHN) of the Netherlands [AHN 2009], which
collected ALS measurements covering the whole Netherlands. Furthermore the two
helicopter based systems FLI-MAP and FLI-MAP 400 are listed, which fulfill the
specifications of the upcoming AHN2. When considering the sampling of trees we

may characterize ALS as collecting sparse data, suffering mainly from
undersampling.
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Figure 1: Simplified principle of airborne laser scanning

TLS is operating from the ground and collects scan points at a very high point
density in its spherical surrounding [Figure 2]. Mainly two principles are used for
capturing large objects, as shown in [Table 1]. The already introduced Time-ofFlight principle and the phase-based principle, in which a continuous beam is
emitted and received and the phase shift back at the receiver is used to determine
the distance between the object and the scanner. Also TLS data contains varying
point density and local under sampling because of its spherical scan geometry, but
suffers more from the noise and biases within the data.
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125.000 pts/second
Figure 2: Simplified principle of terrestrial laser scanning

Both scanning platforms share the problem of occlusion effects. This effect occurs in
areas where the laser beam is not able to measure the distance, because the actual
surface is behind another surface. For example if a branch is measured, then the
branch crossing behind will be partly not measured from that same scan position.
Data facing the problems named above is called imperfect throughout the paper.
Table 1: Typical values for laser scanning setups: The ALS values correspond to a flight height of
100m and the TLS values to a full 360 degree scan.
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1.3 Skeletonization
As already discussed, laser scanning captures real world objects and represents
them as a point cloud. The obtained point clouds for skeletonization are derived
from the real world as we recognize it, namely from 3 dimensional Euclidian space.
The study of point clouds as an 3D object representation and the possible
information extraction from them is still under active research. Meanwhile the
majority of research is focusing on the extraction of surface information; this paper
is dedicated to a structural approach.
Obtaining object structure can help in various point cloud applications. Such
applications aim at object identification or analyzing the shape parts of a tree in
terms of size. A skeleton is a one-dimensional, “line-like”, description of the object
structure. Skeletons are represented as curves, collections of ordered points or
graphs. Their extraction from a point cloud faces several algorithmic challenges,
such as centeredness, topological correctness and robustness.

At this stage we can summarize that tree skeletonization extracts a skeleton, from a
point cloud including the branching points of the tree like shown in [Figure 6b].
Such a skeleton gets useful if it has the following characteristics:
The skeleton represents correctly the topology of the object as sampled by the point
cloud; it is geometrically centered within the point cloud and it is connected.
Note here that a structure description, like a skeleton, contains both, topological and
geometric aspects. As a skeleton is “line-like” and centered within the object, it is
used to recognize positions of interest within the object. Therefore, the surrounding
data of a point of interest is analyzable. An intuitive example is the diameter at a
certain stem height, where the skeleton can be followed from the bottom to the
desired height.
Skeletonization of trees as a special case and its application to orchard management
and forest inventory on selected examples is the application focus of the paper. In
addition we will show the connection to existing research, like flood plane modeling
and tree physiology that can be empowered by the use of skeletonization.

2

RELATED WORK

In this section an overview of approaches to derive a skeleton from terrestrial laser
scan data is given. To our best knowledge skeletonization was not done before on
individual objects in airborne laser data, therefore the related work is limited to
terrestrial laser scan data.
A first successful way of tree skeletonization is explained in [Gorte et al. 2004]. In
this approach the sequential data thinning method of [Palágyi et al. 2001] is used to
skeletonize terrestrial laser scanner point clouds. Applying this method requires
rasterizing of the point cloud. On this raster the morphological operations opening
and erosion are used to produce a skeleton [Serra 1982]. Drawback of this algorithm
is the large number of parameters that need to be controlled, like resolution of the
raster, and type and size of the structuring element. Furthermore, centering is hard
and connectivity can not be guaranteed. This approach was later extended to socalled Dijkstra Skeletonization [Gorte 2006]. The connectivity of the skeleton was
improved by considering several raster resolutions. Both [Gorte 2006] and [Gorte et
al. 2004], have one important drawback. To extract a centerline from an object, the
hull of the object should be completely sampled. Due to occlusion effects this is in
practice only achieved in rare cases when working with high point densities.
A graph-reduction approach is proposed in [Bucksch et al. 2008]. An adaptive
octree is used to subdivide the point cloud into octree cells. Instead of looking at the
number of points within the cells this octree subdivision relies on the directions by
which the point cloud is passing through the octree cell sides, which is the key to
operate on only a few data points if necessary. Only two parameters are needed as

input for this algorithm, a threshold to determine when a cell side is considered to
be crossed and a minimum allowed cell size to terminate the subdivision process.
From this octree an initial graph, the so-called octree graph, is extracted. This
octree graph is reduced to a skeleton. The reduction follows a set of rules, which are
applied to systematically remove redundant structures in the graph. As a direct
result segmentation in topological different segments is achieved, where every vertex
in the resulting skeleton graph is corresponding to a certain segment in the point
cloud. The algorithm shows good stability to gaps and robustness to noise in the
point cloud.
Recently [Hui et al. 2007] introduced a semi-automatic approach using tree
allometries to produce a model of a tree only for visualization purposes. Their aim is
simply to create a plausible model, and not to quantify any tree parameters. The
described procedure computes a rough skeleton of the main branches, until
approximately two third of the tree height. The remaining tree is generated based
on species dependent allometries of known branching behavior. The calculation of a
surface mesh is based on an estimated diameter at certain positions. Species
depended allometries are used to estimate the diameters and to produce a polygonal
mesh of the tree surface.
For more general information the reader is referred to [Biasotti et al. 2008] as
general overview of skeletal structures and to [Cornea et al. 2007] for detailed
background on the extraction of skeletons from point clouds.

3

APPLICATIONS

The section starts with a brief review of the skeletonization method used in the
examples. After that extractable parameters from ALS data and their application in
orchard management and forest inventory are discussed, followed by the evaluation
of TLS data and their application to orchard management.The extracted
parameters for forest inventory are connected to ongoing research in flood plain
modeling, while the derivable parameters for orchard management are relatable to
state of the art research in tree physiology.

3.1 Review of the SkelTre algorithm
The SkelTre method is an algorithm to extract a skeleton from imperfect data of
trees. For this purpose the tree point cloud is subdivided by an octree into cubic cells.
From these octree cells a graph is extracted. The graph extraction is based on an
estimate how the actual surface, that is represented by the point cloud, is crossing
the octree cell sides. A direction labeling is used to retract the extracted octree
graph to a one-dimensional skeleton. The benefits of this skeleton are that the
centeredness and topology, is provable good. Topology correctness is a prerequisite
to enable proper navigation through the tree while centeredness enables us to

measure e.g. diameters and lengths of tree parts. The principle is shown in Figure 3,
for details on the skeletonization the reader is referred to [Bucksch et al. 2009a].
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Figure 3: The principle of the SkelTre skeleton extraction

3.2 ALS Applications
Forest inventory is aiming on collecting measures on trees within a forest to
quantify changes and the amount of forest in certain regions. Useful parameters
reflecting change and amount are the tree height, the breast height diameter (bhd),
crown size and the tree to tree distance (tttd) [Woodall et al. 2006].
As shown in [Bucksch et al. 2009b] the the breast height diameter (bhd) is robustly
derived by analyzing the point distances from the skeleton. The bhd refers to the
stem diameter at 1.30 meter height. While state-of-the-art research uses species
dependent information to derive the diameter from an estimated crown size e.g.
[Popescu et al. 2003] [Næsset et al. 2002], skeletonization allows a direct, data driven
and species independent measurement of the bhd.

Another valuable parameter in this context is the tree-to-tree-distance (tttd). The
tttd can be derived from a Delaunay triangulation, as shown in Figure 5, of the stem
center location as given by the skeletonization. In this case the edges in the
triangulation represent the distance between two trees.
While it is straight forward to recognize that the tree height is given by the skeleton
as distance between the lowest and the highest end in the skeleton, it is also expected,
that the crown size is derivable from the convex hull of the upper skeleton ends.

Figure 4: Example of a skeleton extracted from
ALS data. The example cloud was scanned with
a FLI-MAP 400 system and approximately 50
points per square meter.

Figure 5: Delaunay triangulation of the stem
centers enables the extraction of the tree-to-tree
distance

Modeling of flood plains is still under active research. The presence of trees in flood
plains of lowland rivers causes friction for the runoff water in case of a flooding
event. An important parameter to quantify this friction is the so-called hydrological
roughness [Baptist 2005] [Asselman et al. 2002], which is derived from the breast
height diameter (bhd) of the trees involved. From high density airborne laser
altimetry data of the floodplains trees can be extracted that can be consecutively
skeletonized using for example the SkelTre algorithm.

3.3 TLS Applications
Orchard management is the interpretation of tree parameters in order to monitor
the vitality and performance of trees. From the tree parameters the actual needs per
individual tree are derivable. A skeletonization of a honey crisp apple tree (Malus x
domestica Borkh) from an orchard is shown in Figure 6. The similarity between the
skeleton and the tree allows us extract the branch length as the length of the
skeleton between a branch begin and a branch end. Again, by evaluating the
distances of the local point cloud points to the skeleton, also the stem and branch
diameters can be estimated. The relation between the 3D geometry of a tree and its
physiological processes, especially for orchard trees, is an ongoing research topic
[Fleck 2002] [Fleck et al. 2004] [Fleck et al. 2009]. Branch length and branch
diameter are the main input parameters to such a geometry driven description of
physiological processes, such as the photosynthesis. This may allow the prediction of

the amount of fruit produced by an individual tree. Furthermore, length and
diameter are useful for determining the solid volume of a tree, which is known as
the biomass.
Automatic detection of branch length and diameter enables the development of
orchard monitoring systems. Therefore the vitality and performance of an
individual tree is related to its branch growth, one can think of a system that
automatically determines the amount of water and fertilizer needed for an
individual tree, or cuts certain branches to maximize the amount of light falling into
the crown.

Figure 6: (a) the point cloud of an orchard tree and (b) the skeleton of the orchard tree.

4

CONCLUSION

Skeletonization is a new and highly valuable tool to acquire structural information
from laser scanned trees. Skeletonization offers the possibility to extract parameters
from sparse ALS data as well as from high density TLS data independent from the
species.
The paper has shown that the extracted parameters are useful as input to existing
applications in forest inventory and orchard management. Therefore the
interpretation chain between obtained data and nature processes dependent on
fixed objects like trees is expected to be connectable via a skeletal structure like the
SkelTre Skeleton in many cases. The connection between the measured data itself
and two processes was shown on two examples of ongoing research in flood plain
modeling and tree physiology.
More generally, research on the relation between processes and the underlying
structure will be done in future. Therefore, the extraction of a skeleton describing
the underlying structure on imperfect data is important.
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