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ABSTRACT 

In the context of digitalization, monitoring and traceability are also becoming increasingly 
important in the forestry sector. An essential component of the most efficient value creation is 
the recording of relevant characteristics right from the start. The optical and tactile recording 
of characteristics, such as diameter and volume, have been solved to a large extent in the 
harvesting of heavy timber, but differs significantly from that of small timber. This paper is 
about an investigation on the implementation of a multimodal 3D sensor system, which is used 
for the stable detection of biomass directly in the harvesting process of weak wood. System 
technical possibilities are shown how biomass can be determined directly during the harvesting 
process by means of multimodal 3D measurement technology. Considerations regarding 
possible measurement principles and methods result in two methods, which are discussed 
within this thesis regarding their advantages and disadvantages. The development stages are 
presented in detail up to the practical tests, which also includes the acquisition of empirical a 
priori information. Finally, data are determined by means of test scenarios, which prove the 
principle functionality and make the methods evaluable. 

Index Terms – 3D measurements; forestry measurements; multimodal imaging 

1. Problem description

For the harvesting of weak wood with a breast height diameter of 7-15cm, so-called cutting-
and-accumulation units are used, which are often attached to the outriggers of diggers or 
agricultural machines. Figure 1 shows a typical representative with the unit "Woodcracker C" 
of the company "Westtech". During harvesting, the wood is separated with a cutting edge. The 
attached jaws make it possible to accumulate several logs into a bundle, which is then placed 
on a deposit pile. In harvester units for heavy timber harvesting, the measurement of the timber 
is state of the art and solved, whereas the measurement of the biomass is much more difficult 
in the cut-and-accumulate method. Up to now, the determination of the mass is done manually 
by measuring the formed deposits according to certain procedures [1]. This also involves 
determining the diameter of individual logs and extrapolating the corresponding biomass using 
correlation tables. This is very time-consuming and also inaccurate. Weighing the entire mass 
as it is transported provides a means of determining mass, but at the expense of traceability. For 
upcoming forestry harvesting and planning procedures, it is quite useful to be able to determine 
the vegetation georeferenced. In general, monitoring is one of the most promising tools for 
optimizing forestry processes. 
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Figure 1: Cutting-and-accumulation unit "Woodcracker C" of the manufacturer “Westtech”. 

 
Under these boundary conditions, the question thus arises as to how the biomass can be 
determined during the harvesting process itself. Weighing the mass accumulated in the 
aggregate is also possible, but is clearly too inaccurate and unstable due to the many force 
shunts (hanging wood, etc.). A non-tactile probing of the measured objects with optical systems 
forms the basic concept of the present study. The further use of spectral measurement 
technology would also offer the possibility of acquiring other relevant information. These 
include, for example, moisture, fungal infestation, chlorophyll content or characteristics helpful 
for determining the tree species. However, these approaches are not discussed in more detail in 
this paper. 
 

2. Theoretical considerations for the problem solution 
 
The constraints described at the introduction make high demands on a technical system that is 
to capture data without contact using optical measurement technology. In a first development 
stage, variants for the measurement process were designed which, in terms of arrangement and 
robustness, can enable optically supported measurement under the given requirements. Figure 
2 shows the results of the conceptual variants for the measurement process, which can serve as 
a basis for the further development steps. When developing these variants, in addition to the 
prevailing conditions and requirements (environment, mechanical stresses, etc.), intervention 
in process times and cycle times was also discussed. Time gaps and dead times in the harvesting 
process were identified and included in the evaluation. There are essentially two ways of optical 
determination of the biomass in the harvesting process. The first variant refers to a direct 
measurement on the aggregate. This can be done either by an additionally attached kinematic 
system (Figure 2 left) or by a kinematic system directly integrated into the cutting edge of the 
aggregate (Figure 2 right). Other methods are based on indirect sensing from a greater distance. 
Thus, in principle, it is possible to probe the bundle from a distance or, as will be discussed 
later, to determine the negative by detecting the harvested area. 
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Figure 2: Possible measurement methods. 

 
3. Evaluation of the measurement principles 

 
In the first practical phase, suitable measurement principles were evaluated. Since these 
investigations were carried out under laboratory conditions, it was necessary to sift 
representative targets. The compilation of representative targets was based on observations and 
inspections of real application scenarios. Thus, a reference sample set was created, with a wide 
variety of light tree species processed using different separation methods (Figure 3). 
 

 
Figure 3: Representative measurement targets. 

 
In addition, the measurement arrangement was simulated and calculated with respect to possible 
resolution and geometries on the basis of real physical invariants, such as applicable working 
distances and object fields to be covered. The overall goal was to gain knowledge about the 
basic usability of certain sensors and sensor systems. Individual sensors and systems were tested 
on the basis of the samples for their general usability for the specified measurement scenario 
and evaluated with regard to their system interaction. For this purpose, a corresponding setup 
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with different sensor systems, each of which follows different measurement principles, was 
implemented and put into operation. Active (no additional lighting required) and passive 
systems were set up and evaluated. In this way, additional important insights into the prevailing 
conditions with regard to lighting and disturbance variables could be gained at this point. 
 
 

 
Figure 4: Evaluation of measurement principles. 

 
A LIDAR system based on the “Intel-Realsense-system”, a self-developed passive stereo 
system [2]and a combined setup consisting of a 3D-TOF (time of light) system and a high-
resolution RGB color camera were tested. All three systems were used to acquire the 
representative sample setup in the front face. The results are shown in Figure 4. In principle, it 
could be shown that all three systems provide useful measurement results with respect to the 
measurement task. Figure 4 left shows the results of the “Intel-Realsense-system”. This setup 
already contains a registered color camera, which is why the point clouds are already available 
with color information. The parameters of the system, which can be influenced by the operator, 
were varied in the laboratory to achieve the best possible result. However, it could already be 
determined during this preliminary investigation that the entire system is very sensitive to 
extraneous light. For this reason, this system is not suitable for outdoor use. The results of the 
passive stereo system are shown in the center of the Figure 4. This system is much more robust 
against instabilities such as intensity fluctuations, but a minimum illuminance must be ensured, 
otherwise the measurement principle itself does not work. With regard to the application, a 
sufficiently strong light source must be provided. The third system (Figure 4 right) is a 
combination of an active time-of-flight system and a high-resolution RGB camera (5 
megapixels). The advantage over the “Intel-Realsense-system” is that the color information is 
not reduced to VGA resolution, but the high-resolution 2D image from the color camera is 
available in addition to the color 3D measurement values in VGA resolution. If we now evaluate 
the systems and results from the point of view, the third system was found to be the most 
suitable for outdoor use. It is also very insensitive to the effects of extraneous light, which can 
be well compensated by the appropriate choice of system parameters (e.g. exposure time). 
exposure time) can be compensated. Thus, for example, a can be prepared for daytime or 
nighttime use. 
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4. Conception of the measurement methodology and the evaluation algorithms 
 
4.1 A priori information 
 
Both methods discussed assume that the biomass is recorded in volume units from geometric 
data of the trees. For the measurement method of direct measurement at the aggregate, a clear 
description of the cross-sectional areas is available through the cross-sectional images. From 
this, diameters and surface areas can be determined. Possible measured variables for the 
calculation of biomass by indirect probing from a distance are the contours of the half-hulls and 
the heights of the trees.  

Table 1: Exemplary empiric data [3]. 

probe 
number 

height in m number of 
branches 

circumference tree 
base in cm 

volume in ml 

1 3,11 6 9,40 640,00 
2 3,21 5 11,60 820,00 
3 3,83 2 9,40 720,00 
4 3,62 3 9,50 660,00 
5 3,88 3 10,60 680,00 
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. 
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. 

. 

. 
. 
. 
. 

. 

. 

. 
. 
. 
. 

 
However, none of the measured quantities is sufficient to determine a complete volume. Thus, 
both methods require correlating variables that must be referenced to complete the necessary 
parameters. To obtain knowledge about this, the relationships between the characteristics such 
as volume, size and diameter were obtained empirically [3]. The volume was determined 
experimentally by displacement tests, all other sizes by measuring with length measuring 
techniques. Table 1 shows exemplarily some empirically determined data, which are (have to 
be) included as a priori information for both methods.  
 

 
Figure 5:Correlation between circumferences and volume. 
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The tree species "Populus trichocarpa" of the hybrid cultivar "Fritzi Pauley" was examined for 
its parameters. All samples came from the same area, were examined on the day of felling and 
had a tree age of 2 years. 
 

 
Figure 6: Correlation between tree height and volume. 

 
The statistical evaluations shown in Figure 5 and 6. Figure 5 illustrates the relationship between 
biomass volume and perimeter. The regression degree shown is the result of a linear regression 
through the point cloud. The coefficient of determination R-square represents the so-called 
goodness of fit and describes how well the measured values fit the regression model. The closer 
this value is to 1 (100%), the better the model fits the initial data [4]. The regression model 
makes it possible to describe the empirical information analytically and to transfer it into a 
computational model, which can then be used for the approximation. Analogously, Figure 6 
shows the relationship between tree height and volume. Qualitatively, both sets of data are 
suitable for drawing conclusions about biomass. However, the comparison of the scattering 
parameters clearly shows that the circumference at the base of the tree correlates much better 
with the actual volume than the height. At this point, however, it must be noted that this 
correlation may well be different for a different population (e.g.) coniferous wood. 
 

 
Figure 7: Schematic measurement task. 
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4.2 The methodology and algorithmic for direct acquisition on the aggregate 
 
For the acquisition at the aggregate, it is assumed that the objects can be touched very close and 
the measurement results have a similar nature as the measurement results shown in Figure 4. 
The actual measurement task is shown schematically in Figure 7. One of the major problems is 
the separation of the end faces of the wood from the cavities. It is also interesting to determine 
the bark content. This would be possible in principle with additional spectral sensors but was 
not investigated in detail in this study. The qualitative assessment of the real measurement data 
(Figure 4) also allows the possibility to identify the ring pattern. For example, the age and the 
tree species could also be recorded. 
 
 

 
Figure 8: Algorithmic flow chart for direct measurement and results. 

 
Figure 8 shows an example of the implemented algorithm for the determination of the wood 
face areas and its area as a flow chart. After the actual recording and a pre-processing, the 
separation of the features and then the calculation of the geometrical data is done. The output 
data of the tree species and the secondary parameters such as moisture etc., which can be 
calculated in principle, are given as an example. The multimodal data, consisting of 3D and 
color image information, are particularly useful for delineating the spaces. Thus, an algorithm 
was designed which takes both measurement variables into account and thus makes it possible 
to recognize the end faces as closed convex contours. 
 
4.3 The methodology for indirect detection from a distance 
 
With regard to the detection from a distance, two methods are conceivable in principle. The 
first solution would be to look at the harvested area and evaluate the negative (Figure 9 on the 
left). However, this variant is associated with further considerations that are clearly beyond the 
scope of this study. The second option is to probe the harvested bundle directly. (Figure 9 on 
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the right). Although in this way, at most, only the half-hull of the wood bundle can be probed, 
there is also the possibility here to also gain information on the height of the entire bundle due 
to the possible perspectives. The trend in the investigations to the a priori information shows 
besides that the information to the height of the vegetation correlates likewise with the volume 
of the biomass. Thus, the methodology of probing on the aggregate was followed. The option 
presented in Section 2 of presenting the bundle to the measuring system at a defined point was 
rejected for the reason that this would result in too severe restrictions in the harvesting process 
and its economic efficiency. 
 

 
Figure 9: Practical setups for indirect measurement. 

 
In the next step, investigations were carried out directly on the machine. The aim here was to 
find a suitable perspective for the measuring technique. For this purpose, some well-defined 
tree trunks with a diameter of 20 cm were picked up with the aggregate as an example and the 
position of the measuring system was varied. Figure 11 shows the 4 selected perspectives, with 
the RGB color image and the colored point cloud shown in each case. It can be clearly seen that 
the perspective shown in the bottom right of Figure 11 provides the greatest information 
content. In addition, the observation was made here that a further measurement variable can be 
obtained from the information of the color image (Figure 10). In the point cloud registered with 
color data, it is possible to determine the opening angle of the aggregate's jaws.  
 

 
Figure 10: Detecting the opening angle of the jaw in high resolution RGB-image. 

 
The kinematics of the aggregate were reconstructed, which makes it possible to extrapolate the 
enclosed area of the jaws. Observations during an accompanied harvesting operation in practice 
showed that the compaction of the mass within this area is so high that almost no voids are 
created in this area. It can also be assumed that these compensate with the incoming compaction 
(squeezing) by the grabs. The opening angle of the gripper thus represents a validation variable, 
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which is included in the calculation model. The area to be approximated directly above the 
gripper of the aggregate must therefore correspond in good approximation to the area enclosed 
by the grippers, which opens up a good possibility for cross-validation. Last but not least, 
optical probing has decisive advantages. It is not subject to wear due to the freedom from 
contact and can be applied to any aggregate. Only the kinematics must be known and the scenes 
calibrated. 
 

 
 

Figure 11: Evaluation of measurement perspectives for the indirect measurement. 

 
4.4 The algorithmic for indirect detection from a distance in detail 
 
By the described measuring method the probing of a convex half-hull is possible. made 
possible. In addition, by registering the color data collected by the RGB cameras to the metric 
data in the point cloud, it is possible to detect and separate the foliage so that it does not act as 
an artificial enlargement of the actual volume. Deviating from the approach of extrapolating 
the biomass based on a precisely detected cross-sectional area, a possible approach here is to 
decompose the bundle of biomass into thin slices, which when integrated in the direction of 
height (z-dimension) will again yield the original point cloud. When the bundle is decomposed 
into thin slices, illustrative approaches to the calculation result. In the first step a compensation 
polynomial is developed in this 2-dimensional point cloud (Figure 12 left in red). By 
determining the start and end point, a curve section is created. If this curve section is now 
integrated in over the z-dimension, an area in space is created, which represents the "half hull" 
of the biomass. By mathematical methods the cross section can be extrapolated in each case on 
the basis of the probed "half hull". The exact mathematical procedure, taking into account all 
the findings, can be described as follows. 
As already mentioned, it was observed in accompanied practical tests that the grippers of the 
aggregate compress the biomass very strongly. It can therefore be assumed to a very good 
approximation that immediately above the gripper the bundle of biomass can be regarded as a 
trunk. Consequently, the bundle of biomass can be described as growing along the height as if 
it were a growth with strong branching. This basic assumption makes it possible to scale the 
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relationships between stem diameter, height, and volume obtained empirically for weak woods 
for a larger diameter. A tree species-dependent correction factor vector 𝐾(𝐵, ℎ, 𝑛′) was defined 
from the collected data. The vector addresses the empirical data and depends on the tree species 
B, the height h, and the "partial number" of branches 𝑛′. The number of branches is roughly 
counted in the detectable part of the frontal area by the algorithm (hence "partial number") and 
evaluated. The elements of the vector are a general correction factor 𝐾𝐵, a correction factor of 
the trunk diameter 𝐾𝑆𝐷, of the specific bundle height influence 𝐾𝐻 and of the total height 𝐾𝐺𝐻. 
 

𝐾(𝐵, ℎ, 𝑛′) = (

𝐾𝐵

𝐾𝑆𝐷

𝐾𝐻

𝐾𝐺𝐻

) (1) 

 
An analytical description of the volume to be approximated was made in the approach as 
follows. Initial condition for the approximation is an infinitesimally small volume section, 
which corresponds to the height of the discrete division of the volume along the height. This 
volume part is declared as initial volume 𝑉𝑖. 
 

𝑉𝑖 = ∫ (∫ 𝑙′(𝑥) 𝑑𝑥
𝑥1

𝑥0

− ∫ 𝑙(
𝑥1

𝑥0

𝑥, 𝜑1, 𝜑2) 𝑑𝑥)
ℎ̃𝑖

0

⋅ 𝑓𝑘(ℎ) 𝑑ℎ (2) 

 
This initial volume is calculated from the difference of the curve 𝑙 actually probed by the 
measuring technique from the approximated curve 𝑙‘ (Figure 12 right), which in turn is a 
function of the opening angles of the grippers 𝜑1 and 𝜑2. This difference describes the area 
between the beginning of the bundle 𝑥0 and the end of the bundle 𝑥1 directly above the 
aggregate. In addition, a correction function is weighted 𝑓𝑘(ℎ), which is a function of the 
discrete step size of the volume division ℎ̃𝑖. This is not always expected to be constant and 
depends on the position of the relative coordinate system of the aggregate with respect to the 
reference coordinate system, since a tilted gripper theoretically affects the division and thus the 
accuracy. This was respected analytically here. For the approximated total volume 𝑉𝑔𝑒𝑠, the 
approximated height volume 𝑉𝐴 is now added to the initial volume 𝑉𝑖. 

𝑙 

𝑙‘ 

Figure 12: Left: Calculation of the lower curve 𝑙 from the point cloud and counting convex shapes; Right: 𝑙 and 

approximated 𝑙′ with integrated area. 
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𝑉𝑔𝑒𝑠 = 𝑉𝑖 + 𝑉𝐴 = 𝑉𝑖 + ∫ 𝐴𝐴(𝑉𝑖, 𝐾(𝐵, ℎ, 𝑛)) ⋅ 𝑓𝑡(ℎ, 𝑣(ℎ)) 𝑑ℎ
ℎ

ℎ̃𝑖

 (3) 

 
The approximated height volume results from integration of the approximated area 𝐴𝐴 over the 
height ℎ, is again a function of the initial volume itself, the correction matrix 𝐾(𝐵) and is 
weighted with a trend function 𝑓𝑡(ℎ, 𝑣(ℎ)), which statistically describes a trend of the resulting 
expression of the mass bundle along the height. Arguments of this trend function are the height 
and a height-dependent history parameter 𝑣(ℎ), which describes the previous course of the real 
probed convex half-hull. The approximated area is enclosed by the extrapolated curve shape 𝑙′ 
and the real probed curve shape 𝑙, which can be described as a certain integral between the 
(height-varying) boundaries 𝑥min (ℎ) and 𝑥max (ℎ). 
 

𝐴𝐴 = ∫ 𝑙′(𝑥, ℎ, 𝐾(𝐵)
𝑥𝑚𝑎𝑥(ℎ)

𝑥min (ℎ)

𝑑𝑥 − ∫ 𝑙(𝑥, ℎ)
𝑥max (ℎ)

𝑥min (ℎ)

𝑑𝑥 (4) 

 
In practice, further effects such as protruding twigs or branches are to be expected. These are 
then represented in the measurement data as isolated points. The characteristic feature is then a 
developing trend in the direction of the z-dimension, which can develop both upwards and 
downwards. Since the branch can develop both sagging and upwardly directed, no directional 
discrimination is possible here in the approach. However, it is decisive that the points with a 
trend develop either towards or away from the center of gravity of the point cloud. By these 
criteria it is now possible to separate individual branches or twigs. A rough count of the trunk 
elements is possible by evaluating the convex contours in the cross-section data (Figure 12 left). 
Isolated branches also correspond to this type of contour, only much smaller and with a 
(depending on the direction considered) "growing" distance to the center of gravity of the data. 
For an illustrative result, within a data set the real probed curve with an area of interest was 
limited to only one trunk. The empirical model lets the approximated curve 𝑙‘ change into an 
almost circular shape, which is why the integrated volume changes into the shape of a cylinder 
in a good approximation (Figure 13). The determined arc radius resulted in 0.0923 m, which 
corresponds approximately to the manually measured trunk diameter of 20 cm. 
 

Figure 13Exemplary result; Estimated biomass for one tree in the dataset. 
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5. discussion of the solutions 
 
Both solutions have proven their functionality. However, the method of direct probing on the 
aggregate has decisive disadvantages. On the one hand, this solution is tied to only one type of 
genset. Furthermore, extensive design changes and revisions to the aggregate itself are 
necessary in order to integrate the measuring system there. The possibility of also scanning the 
ring pattern offers a wider range of functions with regard to identification. The possibility of 
also touching the ring image, offers a wider range of functions regarding identification. In 
addition the accuracy is better, since no completely hidden part of the cross-section has to be 
of the cross section has to be approximated and also the examination of the a priori information 
results of the a priori information results (at least for hardwoods) in a significantly better 
correlation between the diameter or circumference and the volume as a target size. The 
methodology of indirect probing has significant advantages with respect to the system design. 
For example, the modularity is significantly better, which also allows retrofitting to any 
machine with any type of aggregate (assuming recalibration). In addition, the risk of 
contamination and generally the load on the measuring system due to the distance is lower. 
However, the system should be designed at least dual, so that an angle on the fret to be scanned 
is ensured, which increases the accuracy of the overall of the convex overall hull is significantly 
improved by a half envelope that is detected half hull is significantly improved. Depending on 
the type of machine, it makes sense here to have an arrangement of two 3D measuring systems 
with a base width of 1 m or more. One option is sketched in Figure 14. 
 

 
 

Figure 14: Schematic dual system with 1m base width. 

 
6. Conclusion and further work 

 
This paper describes methodologies for the optical determination of biomass using multimodal 
3D sensing directly during the harvesting process. Two functional variants are explained and 
evaluated in terms of their advantages and disadvantages. Upcoming studies should address 
both the empirical correlation data and the extension of the system design. Further investigation 
of the correlations between parameters such as diameter, volume, age, and region in other tree 
species would give better a priori data. From a system engineering point of view, stabilizing the 
measurement through further measurement richness and, if necessary, the use of AI for 
measurement data stabilization makes sense. The inclusion of secondary characteristics (e.g., 
tree-specific spectral signatures for species identification) also offer enormous potential [5]. 
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