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Introduction
In times of the global change debate the global carbon cycle plays a crucial role. Trees and forests
function as carbon (C) sinks, due to their photosynthesis (Ritson & Sochacki 2003) and hence,
counteract global warming. Forests cover 30 % of Earth’s land surface (Brunner & Godbold 2007)
and consequently, forest biomass plays a key role in the global carbon cycle (Cheng et al. 2007).
About 20-40 % of the total forest C is accounted for by roots (Brunner & Godbold 2007), depending
on the tree species and ecological conditions (Le Goff & Ottorini 2001).
However, the estimations for root biomass remain rough and more accurate calculations are
necessary for reliable results about the global carbon budget. Moreover, information and accurate
models of root systems are desirable und useful for applications other than biomass calculations.
In mountain regions forests often act as protection forests against avalanches and debris flows. It
is necessary to analyze e.g., tree anchorage to have detailed information about the threedimensional (3D) architecture of root systems and their development. Furthermore, forests act as a
biodiversity pool and provide habitat for 2/3 of all animal and plant species (Brunner & Godbold
2007). It is important to fully understand ecosystem processes to guarantee these purposes in the
future and counteract forest dieback. Therefore growth processes, including root growth, need to
be considered.
The laser scanning technique has been established during the last years in geodesy and several
other disciplines like architecture, archaeology, and engineering. Forestry is one of the newer fields
of application, where different laser techniques, airborne (Lim et al. 2003, Rossmann et al. 2006)
and terrestrial laser scanning (TLS) have been used. Latter scanners have mainly been used for
forest inventories, acquiring the aboveground structure of the forest and describing the state of
forest as a base for management activities (Aschoff & Spiecker 2004, Bienert et al. 2006, Pfeifer &
Winterhalder 2003).
An entire root system was for the first-time scanned by Gärtner & Denier (2006), who evaluated the
laser scanner technique as an effective method for the detailed acquisition of root system data.
The root model by Gärtner & Denier (2006) showed root structure at the time of uprooting but
provided no information regarding the spatio-temporal development of the root system.
The aim of this study is to develop an annually resolved 3D growth model for tree root systems. As
a prerequisite a 3D surface model of a root system needs to be captured which will then be
combined with ring-width data. For the first time these results will allow an accurate quantification
of root development thereby providing fundamental data for quantifying the below ground carbon
cycle and thus the relationship between above and below ground productivity. Moreover,
bifurcation patterns and root length can be analyzed easily within the model. Fine roots will be
excluded from this study, because the laser scanner cannot capture such fine elements accurately.
The question addressed in this paper is if terrestrial laser scanning is an appropriate device
technique for the lifelike illustration of a root system. Possibilities and limitations of this technique
are shown. Moreover a first approach to integrate age information of tree rings into the 3D surface
model is described and an outlook on future work is given. The main focus of this paper aims to
elaborate on the new methodology used, although first results are presented.
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Material and methods
Laser scanning is a combination of hardware (the laser scanner itself) and software (Schulz 2007).
The laser scanner produces high-resolution clouds of 3D data points of a scanned object within
short time (depending on the resolution) and these points need to be processed with appropriate
software (Schulz 2007). Each data point has its own x, y, z coordinate and an additional coefficient,
which depends on the object’s reflectivity. While the use of a laser scanner enables a fast
acquisition of the entire root system in 3D, the subsequent modeling process is rather time
consuming. The programs used here are Geomagic Studio 9, Geomagic Qualify 8, and Cyclone
5.8 software.
Data acquisition
The scanner used in the presented study is the Imager 5006 from Zoller & Fröhlich. Technical data
are listed in table 1. The data acquisition was accomplished within the measuring laboratories at
the Institute of Geodesy and Photogrammetry at the ETH Zurich. The scanner has a static position
during the scanning process. It is not possible to capture the surface of a 3D object at once, due to
obstacles and line-of–sight obstructions (Schulz 2007) and, therefore, 10 scan perspectives were
scanned; some were made from the lowest possible tripod position to reach the objects underside.
Table 1: Technical data of the Imager 5006.
Range

1 – 79 m

Resolution Range

0.1 mm

Linearity error up to 50 m

≤ 1mm

Data acquisition rate

≤ 500 000 Pixel/sec.

Field of view vertical/horizontal
Resolution vertical/horizontal
Accuracy vertical/horizontal
Range noise at 10 m

310°/ 360°
0.0018°/0.0018°
0.007° rms/ 0.007° rms

-Reflectivity 10% (black)
-Reflectivity 10% (dark grey)
-Reflectivity 10% (white)

1.2 mm rms
0.7 mm rms
0.4 mm rms

Scanner Calibration
The scanner itself and the scan procedure are influenced by several factors (range measurement
principle, scan position, angle of influence etc.), which can cause measuring errors (Schulz 2007).
Some occur according to the mechanical imperfection of an instrument and others are caused by
the experimental setup or the properties of the scanned object. Simple shapes (cubes, cylinders,
spheres) and objects of metal, wood and paper with different surface characteristics (color,
roughness, and reflectance) were scanned to become aware of the test sensitivity to different
factors (scattering-, shadowing effects etc.) (Fig.1). Four sphere targets with known diameter (15
cm) were placed in the scan scene for the following registration of the single scan positions.
Registration of single scans
The single scan positions (Fig. 1) need to be combined to get a holistic 3D model of an object. This
process is known as registration of multiple scans. Each viewpoint of a scanner refers to a local
scanner coordinate system. A transformation related to one reference data set needs to be done
between the coordinate systems of the different scans with. The registration was performed with
Cyclone 5.8 software.
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Figure 1: Scan position with primitives, root segments and a reference target (sphere).

Data Processing
For the later calculation of the root volume or biomass it is necessary to wrap the point cloud and
to generate a surface. With Geomagic several triangulation and NURBS (Non Rational b-splines)
models were created (Fig. 2). Different Filter functions are available in the software package and
the impact of different filters was tested for their suitability to generate accurate surfaces (uniform
samples, remove spikes, reduce noise, select outliers).

Figure 2: Surface modeling techniques: point cloud, triangulation and NURBS model (from left to right).

Tree-ring measurements
After the root surface has been modeled in an adequate way, the root system was cut to obtain
cross sections where tree-rings were measured. The cross sections were cut perpendicular to the
root axis. Ring widths were measured on each cross section along four radii according to standard
techniques used in dendrochronology (Cook & Kairiukstis 1990). A corresponding cross section
was created in the model with Geomagic (at the same position where the cross section was
measured in reality).
Fusion of 3D and 2D data sets
The point cloud of the model contains points represented by x, y, z coordinates but tree rings were
measured in distances and they lack coordinates. The 3D model coordinates need to be calculated
to integrate the rings (here: the ring boundaries) into Geomagic (Fig. 3). Simple trigonometric
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formulas were used to find the right orientation of the measured radii within the model. However,
before those calculations were accomplished missing variables were determined.
First of all the segments (s) between the four starting points on the outermost ring boundary were
calculated (Fig. 3: dashed line). The starting points (x, y coordinate) needed for measurements
along the radii were gained from Geomagic (Fig. 3; P1, P2, P3, and P4).
s = √ (y1-y0)2+ (x1-x0)2

The calculated segment (s) and two of the radii form a triangle. Angle α was calculated for each
triangle using the arc cosines function. The distance between each starting point and the pith were
measured with TSAP (Figure 3: s1, s2 = arrows on cross section).
α = arcos ((s12 + s 2- s2 2) / (2 * s12 * s))

The azimuth direction angle (t) was determined for the latter calculation of intersection point
coordinates by using arc tangent function and x and y coordinates of the two given starting points.
t= arc tan ((y1-y0) / (x1 – x0))

Consequently, it was possible to calculate the coordinates (xn, yn) of the intersection point (PI)
between two ring width radii for each triangle. x1 ,y1= coordinates of point P1.
xn = x1 + s1 * cos (t ± α)
yn = y1 + s1 * sin (t ± α)

Those intersection points can deviate slightly for each of the four triangles. Hence, a mean value
was calculated to receive a single intersection point (XM = x coordinate; YM= y coordinate) per cross
section, which is representing the grown centre point of the cross section.
XM= ¼ ∑ xn i, x
YM= ¼ ∑ yn i, y

For the following calculation of tree ring borders the difference (MR) between the entire radii and
the ring widths (R) (sum of rings) was needed.
MRn+1= s1 – (R1+R2+….+ Rn)

Finally, coordinates (yRn xRn) for tree ring borders were calculated. Coordinates of triangles P1 and
the intersection point were used.
yRn = yP1 + yM- yP1 / s1* MRn
xRn = xP1 + xM- xP1 / s1* MRn
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Figure 3: Cross section with ring measurements indicated (arrows, left side) and trigonometric parameters to
calculate the intersection point PI (right side).
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Results
Volume computations
The deviation of the calculated from the real volume of the object was below 5 % for the scanned
primitives (Tab.2). However, there was a distinct difference in the level of deviation depending on
the specific shape of the scanned object. The volume deviation for the cube varied around 0.2%,
while the deviation for the sphere lied in the range of 4%, which is still a reliable result. The
deviation for the cube calculations was continuously reduced using higher resolutions of the
scanner, which was not the case for the sphere. Here, the deviation increased when using the
highest resolution (Tab. 2).
The more complex the scanned structures were the higher the resulting deviation, as it can be
seen for the scanned root. Here, the calculated volume was up to 15 % higher than the real
volume. The root model Root1_filter_single_pos (see Tab. 2), with filter techniques applied for
single scan positions before merging them to a holistic model, was below 5 % as well.
Table 2: Volume computations for objects of different shapes scanned in different resolution (high, super,
ultra) and processed with different filter techniques (e.g. uniform samples, remove spikes, reduce noise,
select outliers).
Object
Sphere_high
Sphere_super
Sphere_ultra
Cube_high
Cube_super
Cube_ultra
Root1_high
Root1_super
Root1_ultra
Root1_filter_single_pos
Root1_inclusion
Root2_high
Root2_relax
Root3
Root3_relax
Cylinder_high

3

3

Calculated Volume (cm )

Real Volume (cm )

% Deviation

939
935
948
2425
2428
2436
457
446
459
414
515
209
198
234
229
2526

904.8
904.8
904.8
2432.5
2432.5
2432.5
397.5
397.5
397.5
397.5
397.5
185.6
185.6
217
217
2450

3.8
3.4
4.8
0.3
0.2
0.1
15.0
12.2
15.5
4.2
29.6
12.6
6.7
7.8
5.5
3.1

Integration of ring information
Geomagic is providing surveying Instruments (point to point, model to plane etc.). The model
Root1_filter_single_pos (compare Tab.2 and Fig.4) was surveyed and the measured distances and
cross sections were consistent with the proportions in reality. Cross sections were isolated from the
model representing the same sections as the ones used for ring width measurements. Using the
procedures explained in the material and methods section (compare also Fig. 3) it was possible to
merge the points representing the annual ring borders into the 3D model. By calculating the
intersection point of the four radii, which represents the location of the centre of the root (central
cylinder) the correct orientation of the measured ring widths of each radius was defined (Fig. 4).
A first step to automate the procedure was done in MATLAB (functions were written in m.files), but
further efforts are necessary to make the model applicable and to create an automated program,
which is optimizing the efficiency of the work.
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Figure 4: Merged tree ring borders (points) measured from 4 sides (arrows = measured radii, dashed line =
calculated segments (s) between starting points for ring measurements, compare Fig. 3).

Discussion
The aim of this article was to give an overview of the applicability of a TLS for modelling tree roots
and especially for the calculation of root biomass. Moreover, it wanted to show a first approach
how to integrate tree ring or age information into the surface model and to highlight the necessity of
this data combination.
The volume calculations in this study have been diverse and it seems necessary to evaluate laser
scanning for this application further. While volume computations for simpler shapes (spheres,
cubes, cylinders) showed sufficient results (less than 5 % deviation in volume), the calculations for
complex root structures were differing up to 15 % from the actual volumes. However, an accurate
representation of the root system’s surface (3D model) is crucial for ongoing analysis and for finally
integrating ring width measurements. Therefore, deviations between the modelled and the real
volume need to be detected and causing factors identified. The main factors in this regard are (I)
higher shadowing effects due to obstacles and line-of–sight obstructions during data acquisition
triggered by heterogeneous and complex structures (Fabris et al. 2007, Schulz 2007); (II) data
noise in the point clouds due to scattering effects (mixed pixels, angular displacement, detector
saturation etc.); (III) different filter techniques applied to the point cloud.
(I) The main drawback of scanning is that hidden parts cannot be reached by the laser beam
(Danjon & Reubens 2007). Parts of missing data can be obtained due to several scan positions
(Schulz 2007), but for any missing data left interpolation techniques need to be used. A crucial
question is if interpolation is appropriate to replace those data rather then to deform the surface. In
this regard Fabris et al. (2007) tested different algorithms. They found some interpolation
techniques with sufficient results comparable to the accuracy of the laser scanner, although some
interpolation algorithms were poor. Especially a semi-automatic approach was revealed to be
useful. First a carrying skeleton was generated manually and subsequently the holes were filled
automatically (Fabris et al. 2007), which agrees with our findings. Even though the impact of
different filling techniques was rather small (< 2.5 %) the danger of error propagation needs to be
considered (Pfeifer et al. 2007).
(II) Scattering is a well-known phenomenon when applying laser scanning techniques (Lichti et al.
2005). It is mainly depended on the surface structure, shape and colour (Schulz 2007). A diffused
band with a depth of about 6 mm can be produced instead of a planar structure (Pfeifer et al.
2007). Thus, the surface can deviate from the actual object structure. Mixed pixels occur when an
incident laser beam hits two surfaces, resulting in a false point in the range discontinuity region
(Litchi et al. 2007). It is likely that the number of mixed pixels increases with higher object
complexity, since the possibility that a laser beam hits two different surfaces at once is higher with
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structures close to each other, thus explaining the lower accuracy for roots compared to spheres
etc.
(III) In general, filter techniques had a smaller impact on the volume computations (Tab. 2). In
contrast it seemed more important if Geomagic filters were applied to the different scan positions
before merging them to an entire object or to point clouds already merged before (volume deviation
4.2 %). Latter model was surveyed with Geomagic to authenticate the results of the model. First
measurements showed that the diameters and length measurements matched the once in reality.
However, a combination of the factors mentioned above can generate a major error in volume and
hence, biomass calculations. Missing data (depending on the amount) are likely to have an impact
on the volume computations. Hence, it is important to avoid unnecessary data loss in the setup. A
possible approach is to cut the root system into smaller sections and scan them separately (Danjon
& Reubens 2007).
Different registration and filter techniques may result in a high variability in surface structure and
volume and consequently essential mistakes can occur. Another offset in volume was caused by
inclusions (deviations about 10 % more volume). Thus, missed inclusions are able to induce
inaccurate volume computations and need to be fully erased by the operator. In simpler structures
it might be easier to detect those inclusions, which could explain a higher accuracy for the simpler
shapes. One of the fundamental problems is that TLSs have been adopted quite fast without
paying attention to the erroneous points they are producing (Lichti et al. 2005).
Conclusion and Perspectives
The laser scanning technique is a promising technique for forestry. Especially the surface structure
of root systems can be described in a detailed way. Moreover, the first models have already shown
that Geomagic and Cyclone can easily compute distances between points and polygons and thus,
can serve as a survey program for root systems. When a root model is developed, root length and
distribution patterns can be measured in a virtual scene and do not have to be accomplished in the
field anymore. In addition it was possible to integrate ring borders into the surface model. This
enables the reconstruction of the root’s development and provides additional information on
bifurcation and root length patterns.
Even though the volume calculations from the model created by a TLS are diverging from the
actual volumes, it is likely that a higher accuracy will be achieved in near future. Thus, if it is
possible to fully integrate the age information in form of annual rings into the model it will be
possible to replace the point clouds from today’s scanner generation with the ones in future. The
technical development of laser scanning devices is fast, due to a high acceptance of laser
technique on the market. Companies try to fulfil customer’s requirements and are developing
rapidly new devices with higher accuracy and fewer errors (Sternberger 2007). Thus, the effort of
integrating the rings into a surface model is fully justified. In fact, the aim has to be to develop a
model, which can be adapted to the newest stand of technology.
Root systems can be modelled using different approaches and at different levels of detail. Many
studies concentrate either on topology, on geometry or biomass estimations (Danjon and Reubens
2007). Most models for biomass calculations are either stand specific or bound to certain species
and management methods (Bolte et al. 2004, Le Goff & Ottorini 2001, Nielsen & Hansen 2006).
Moreover, often only rough estimations with widely differing percentages are given (Gärtner &
Bräker 2004). Therefore, the aim for future research is to develop a model, which is independent of
environmental conditions and species.
Most biomass models only represent one singular state of a tree and lack information about root
development over time. With a ground penetrating radar it is possible to repeat measurements of a
root system developing in time and, hence, a basic approach towards a root development model
was shown (Nadezhdina & Cermák 2003). However, trees are continuously growing and it is rather
time consuming to achieve a detailed picture of root development with repeated measurements.
The laser scanning technique has been shown to offer a more efficient and accurate method.
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A first step was reached and age information has been placed in the correct position within the
surface model. In the next step the approach will need to integrate the entire ring structure into the
model and interpolate between the cross sections (Fig. 5). A big advantage of the approach
presented here, besides acquiring the present state of biomass, is the ability to reconstruct the
past growth patterns of the root system with annual resolution.

a

b

c

d

Figure 5: Approach towards an interpolation between cross sections (a) cross section with tree rings marked,
b) stepwise interpolation with Geomagic, c) interpolated surface between 2 tree rings d) nested model of root
segments contains different surfaces for age classes.

Future investigations need to verify if a model based on terrestrial laser data is applicable on a
broad scale and to an entire root system.
Further calculations are necessary to assess the approach for the accurate description of entire
root systems and biomass calculations. Other methods and techniques will be examined for the
suitability to capture the 3D structure and to achieve a higher accuracy.
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