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ABSTRACT
We present comprehensive and quantitative tree models reconstructed from terrestrial laser scanning data. The tree
models consist of large number of cylinders whose location,
size, and orientation locally approximate the geometry of the
tree. The parent-child relations of the cylinders also record
the topological branching structure of the tree. The modeling
process is automatic and scale-independent. When the tree
model is computed once, it can be used to compute tree attributes, such as branch size distributions and taper functions,
without the need to revisit the original dataset. The model is
also compact, achieving a hundred- to thousandfold data size
compression compared to the original dataset. We present
also a validation of the model using generated tree models
and examples of models from measurements of actual trees.

reconstruction of the model, there is no need to revisit the
TLS dataset as all the information is stored in the model as
a compact presentation. For example the following attributes
are easily accessible from the model: total and partial volumes, branch size distribution, bifurcation frequency and angles, trunk and branch proﬁles, etc.
Our modeling scheme [3, 4] is comprehensive as it resolves all the visible parts of the tree and even interpolates
accurate estimates for some parts not present in the dataset.

Index Terms— Tree model, terrestrial laser scanning,
surface reconstruction, cylinder model, tree attributes
1. INTRODUCTION
Comprehensive and quantitative data-ﬁtted tree models can
be valuable tools for many forest-related ﬁelds, such as forest
and environmental research, lumber industry, and overall forest measuring. These ﬁelds are interested in various geometric and topological tree properties, and have developed multiple ways to analyse these from terrestrial laser scanner (TLS)
measurements [1, 2]. Many attribute-speciﬁc models exist in
which the starting point is some or few geometric or topological tree attributes which are estimated [5, 6, 7]. The use
of multiple models to acquire different attributes requires repeated analysis of the original TLS dataset which takes computational time and memory.
We propose an approach where we ﬁrst reconstruct a comprehensive tree model (see Fig. 1) from which any of these
attributes can be computed at will. Furthermore, after the
This study was ﬁnancially supported by the Academy of Finland
projects: Modelling and applications of stochastic and regular surfaces in
inverse problems and New techniques in active remote sensing: hyperspectral laser in environmental change detection.
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Fig. 1: A cylinder model of a broadleaf tree. The model was
reconstructed from a point cloud with 1.8 million points, and
it consists of 9200 cylinders.
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Fig. 3: Branch size distributions computed from the cylinder
models shown in Figs. 1 and 2.

tree models, and examples of tree models reconstructed from
real measurements are shown. Example tree attributes are
also computed. For more comprehensive details and validation, see [8].
2. TREE MODELING PROCESS OVERVIEW
Fig. 2: Close-up of the cylinder model and point cloud of a
Norway spruce. The reconstructed cylinder model contains
some 6500 cylinders. The measurements have been thinned
out for visualization.

The trunk and branches are presented quantitatively as a set
of cylinders whose location, orientation, and size accurately
approximate the tree locally. In addition, the branching structure is stored in the model, giving the topology of the tree.
The model can be reconstructed from a dataset automatically
without user interaction. This allows the modeling scheme
to be used, e.g., in a batch process with a large number of
trees. Because the all the essential information sought from
the measurements can be calculated from the model, which
is hundred- to thousandfold more compact in size, the model
offers a save in memory requirements.
The tree model reconstruction requires only a few assumptions to be made about the TLS dataset and the tree.
First, the TLS measurements should be from multiple positions (3 or more) around the tree, in order to get a comprehensive cover, and combined into a single point cloud. Second,
we assume that the point cloud is an extensive enough and
locally uniform sample of the tree surface embedded in the
3D Euclidean space. Third, the dataset must be coverable
with large enough neighbourhoods that conform to the local
details of the surface. Fourth, the order of magnitude of the
branch and trunk size to set the reference scale and the approximate trunk direction are assumed to be known. Finally,
the tree must be locally approximately cylindrical for the
cylinder model to be useful.
Next the outline of the modeling scheme is described in
more detail. Later the process is validated using generated

The basic idea of the model reconstruction process is to build
the global tree model, which is a priori unknown, from the
local details of the dataset, which are more easily determined.
At the heart of this process are covers which consist of small
sets along the tree surface and approximate its local details.
The neighbour relations of these cover sets enable us to extend
given sets along the surface and thus change in scale from local details to more global ones. The geometric properties of
the cover sets approximate the local properties, such as the
size, shape, and orientation, of the surface. Most of the process takes place in the topological level of the cover sets, the
number of which is considerably smaller than that of points
in the dataset. This makes the process faster in computational
time and lowers the memory requirements.
The ﬁrst step of the modeling process is to generate a
cover of the point cloud with small neighbourhoods conforming to the local details of the surface. The cover sets
are balls whose radius is about the same as the radius of
the smallest branches. Each point of the dataset belongs in
at least one of the cover sets and since the sets are intersecting, their neighbour-relation is easily determined. The
neighbour-relation allows the determination of the connected
components of the datasets.
The cover sets are classiﬁed using their geometric properties, such as their dimensionality and direction, to ﬁnd the
trunk of the tree and its base. After that the measurements
from the surrounding ground, the undergrowth and possible
other trees are ﬁltered out using the neighbour relation of the
cover sets. The remaining cover sets are divided into components based on their connectedness and possible components
not part of the tree are removed using heuristics. Ideally, each
dataset contains only one component, but imperfections in the
data often lead to a large number of components.
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Fig. 5: Branch size distribution of the original and the reconstructed tree models.
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Fig. 4: Comparison of the original (left) and the reconstructed
(right) cylinder models.

Each component is segmented into connected parts with
no bifurcations such that each segment corresponds to a
branch or part of a branch of the tree. The segmentation
process is based on local recognition of bifurcations, which
in turn is based on the connectivity. The neighbour-relation is
used for set extension which is the main tool. The segmentation process starts from the base of a component and during
the process a small region, consisting of cover sets, is moved
along the component step by step using the neighbour information. Then at each step the connectivity of this region is
checked, and in the cases of multiple connected components,
possible bifurcations are detected. The proposed bifurcation part of the current segment is analysed further to know,
whether the part will end or continues to expand, and if it
is a new branch or continuation of the current segment. The
bases for new child segments are recorded, and segments
are created one-by-one until all the components have been
processed. Branching structure information is recorded during the segment forming process, and transferred later to the
cylinder model.
Since the branches can be curved and have a non-constant
radius, each segment is further divided into even smaller
parts, called regions. Each region should be nearly straight
and have nearly constant radius, so that it can be accurately
approximated by a cylinder.
A cylinder is ﬁtted to the points of a region as a leastsquares minimization problem. Geometric properties of the
region, approximated from its points, are used to ﬁnd ini-

tial values for the ﬁtting process. A priori information, e.g.,
branch radius decreases when moving outwards away from
the trunk, is also used to ﬁnd the best local reconstructions.
When cylinders have been ﬁtted to all the segments, the
cylinder model can be further reﬁned by locating and ﬁlling gaps between cylinders. The relational information of the
cylinders is used to identify the possible gaps in the cylinder
model. With the added cylinders the tree model is complete.
Figs. 1 and 2 show examples of completed cylinder model
reconstructions for a broadleaf tree and a Norway spruce, respectively. Fig. 3 shows the computed branch volume distributions for the trees.
3. VALIDATION WITH GENERATED TREE
MODELS
It is hard to validate the modeling scheme by using real trees
as their branching structure and branch sizes are practically
impossible to measure for whole trees. Therefore, we use a
simple generated cylindrical tree model to get some quantitative validation results. This way the detailed structure of the
sampled original tree is known, and it can be compared to the
reconstructed one. Error estimation for the reconstruction is
simple and accurate.
The sampled original tree is deﬁned as a set of cylinders, and then, to simulate laser scanning, random samples
are taken from the surface of each cylinder. Here we do not
try to simulate real laser scanning as closely as possible, but
simply generate a random sample points with uniform distribution from the surfaces of the cylinders; i.e., the sample
density is kept constant all over the tree. Then we add Gaussian measurement noise to each sample point in the direction
normal to the cylinders so that the points generally do not lie
on the cylinders. An example of a generated tree model is
shown in Fig. 4a.
Reconstruction level for the given generated model has
been studied in detail in [8], by changing the level of the
measurement noise, and the sample density. The study is
done without units, but if the units are considered as meters
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(branch radius from 3mm to 7cm), the following values can be
found. The results show that close to complete reconstruction
is possible even when the measurement noise is in the interval [-9mm, 9mm]. The measurement noise of the used laser
scanner is close to the diameter of the beam, which is 2–3mm.
There are, of course, other more unpredictable error sources,
such as wind conditions which may increase the overall noise
level. With sample densities above about 0.3 points/cm2 the
reconstruction is possible. Since the point density of the measurements for the tree in Fig. 1, approximated using the reconstructed cylinder model, is about 2.3 points/cm2 , the theoretical lower limit can be easily met with TLS.
Fig. 4b shows the reconstructed tree model when measurement noise level is 3mm and sample density 0.852
points/cm2 . These are estimated values for real laser scanning measurements. The cover set radius is 2.16cm. The
difference of the total volumes of the original and the reconstructed models is 7.4%. The difference in the total length of
the cylinders is 1.0%. The branch volume distributions for
both models are shown in Fig. 5.
The visualization, error percentages and the branch volume distributions show that the reconstruction is very good.
Even the smallest branches are successfully segmented and
reconstructed. The branch volume distribution shows that
parts of the trunk are reconstructed smaller than they should
(differences in the 6cm and 7cm bars). This is due to the
subtle overlapping of the trunk and the large number of bifurcating branches.
4. RESULTS AND DISCUSSION
The presented tree modeling scheme produces accurate 3D
cylinder models from TLS data. The approach is both quantitative and comprehensive as generated and real measurement
examples have shown. The produced cylinder model contains
the properties of the cylinders approximating the tree locally.
In addition the relations between the cylinders are known as
is the information which cylinders form a single branch. The
models are easy and fast to visualize, and information, such
as bifurcation angles and frequencies, and size distributions,
is easily extracted.
The reconstruction is automatic; a few input parameters
for cover speciﬁcation and possible ﬁltering are required, but
that is the extent of user interaction during the model production. Since the method is based on topological concepts, such
as connectivity, it is scale-independent. Thus, the same realization of the method can be used to analyse tree-like point
clouds of various sizes, and the accuracy of the method is
mainly restricted by the measurements.
Because only the cover sets and their center points and
neighbour-relation are needed for most of the steps, only tens
or hundreds of thousands of ”points” are often used instead
of all the millions of measured points. Thus, the memory requirements and the computational time are greatly reduced.

We have implemented the method in M ATLAB and the analysis of a single tree takes somewhere from minutes to ten minutes (2.8GHz Intel Core i7, 8GB RAM).
The development of the algorithm and its implementation
continues actively. The goal is to make the modeling process completely automatic by choosing the cover set radius
based on, e.g., the estimated sample density. Currently, the
modeling scheme is being adapted for tree root modeling as
well. We are also planning to use elliptic cylinders and cones
instead of circular cylinders.
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