ResearchiArticle
2oz 950109
vol, 19, vu, 245-7257,

Comparison of wood stack volume determination between manual,
photo-optical, iPad-LiDAR and handheld-LiDAR based measurement

methods

Thomas Purfiirst ",
Felipe De Miguel-Diez 2,
Ferreol Berendt @,
Benjamin Engler ),
Tobias Cremer @

Introduction

Intermediate storage, legal transfer of
ownership and related log measurements
are all important aspects of the timber har-
vesting and transportation process. Precise
knowledge of harvested and saleable vol-
umes is essential for an agreement be-
tween forest owners and wood buyers, as
well as to the planning of logistics. This is
especially true in the case of industrial
wood used for engineered wood products
or the pulp and paper industry, with rela-
tively low requirements regarding quality

The measurement of roadside wood stacks in the forest still plays an important
role in many forestry operations. Traditional manual measuring methods can
be laborious, inaccurate and error-prone. Therefore, the issue is whether 2.5D
or 3D optical remote sensing measuring methods provide more precise or de-
tailed results and advantages in further data processing. This study examined
and partly developed nine different manual, photo-optical, iPad®-LiDAR and
handheld laser scanner-LiDAR-based wood stack measurement methods. Forty-
seven wood stacks, ranging from 8.9 to 209.3 m? (totalling approximately 2700
m?), were measured and compared using these nine methods. All the methods
give volume estimations, and none can be seen to give the real or true wood
stack gross volume. Surprisingly, the results varied significantly within and be-
tween the individual methods, with up to a 9% mean relative deviation. The
relative deviation is strongly dependent on the size of the wood stack. The 3D
measurement methods using iPad® RGB and LiDAR recorded lower timber vol-
umes than the other methods, in contrast to the method based on samples
taken with handheld laser scanner-LiDAR, which overestimated the volume.
Generally, optical- and laser-based surveying techniques could be more widely
applied in measuring wood stacks in the future. However, such automatic
wood stack gross volume determination approaches still face some challenges,
regarding accuracy in the case of the 2.5D methods and the lack of automati-
sation in the case of 3D methods. Consequently, further research is required
in the near future.

Keywords: iPad LiDAR, Wood Stack Volume, 3D Volume, Photo-optical Measure-
ment, Personal Laser Scanner, SLAM, RVR

grading, which are thus sold in stacks to fa-
cilitate the measurement process (Miguel-
Diez et al. 2023). In the case of higher-value
timber assortments, such as sawn timber,
where the wood is measured with a high-
precision scanner in the sawmill (Knyaz &
Maksimov 2014), the measurement of the
wood stacks in the forest still plays an im-
portant role. Wood stock measurement in
the forest might still be essential for com-
panies for documentation and verification
purposes, as a sales measure, and for logis-
tic distribution purposes (Kéarha et al. 2019,
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Berendt et al. 2021¢). In addition, the effi-
cient and accurate measurement of wood
stacks is of economic importance; timber
sales are still the main source of income of
most forestry companies.

Traditionally, in Germany, timber mea-
surement at the roadside is carried out via
time-consuming, ground-based manual
procedures, according to the wood mea-
surement guidelines outlined in the frame-
work agreement for roundwood trade in
Germany, which is known in German by its
acronym RVR (RVR 2021). Due to develop-
ments in sensor and camera technology, as
well as optical image recognition and seg-
regation technologies, progress is being
made in developing optical-based wood
stack measurement applications for utilisa-
tion in the forestry sector. This includes
cameras mounted on forest machines or
cars (Miller 2008, Kérha et al. 2019, Dralle
2022) and applications for portable devices
such as smartphones (Heinzmann & Barbu
2016, Karhad et al. 2019, Lummitsch et al.
2019, Hollerl 2021, FOVEA 2022). Both are
used to assess the volumes of wood
stacks, where the estimation is based on
the stack’s front surface area, which is cal-
culated from photos taken with portable
devices. An average log length must then
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be included in the volume calculation, and
hence this approach is mainly suited to cut-
to-length type operations. The gross wood
stack volume (timber solid volume and air
spaces between logs) can then be esti-
mated by multiplying the calculated front
surface area by the logs’ length and the
stack’s depth. Previous studies comparing
gross stack volumes using both the photo-
optical- and the manual section-based
methods showed high correspondence
rates between the results (Boberg & Lilja
2016, Cremer & Blasko 2017, Cremer et al.
2021). It further could be shown that the
deviation of the manually measured stack
volumes from the optically derived vol-
umes is especially dependent on the as-
sortment of the wood (high-quality stem
wood for utilisation in sawmilling industry
versus low-quality industrial wood for utili-
sation in board industry). In addition, the
influences of stacking quality and weather
conditions (e.g., snow) are assumed to af-
fect the measurement results. However,
for small stacks and stacks of low quality,
the deviations between the stack volume
determinations increased significantly (Ber-
endt et al. 2021¢).

Although applications for wood stack vol-
ume assessments are becoming more pop-
ular, they are as yet not widely used in Cen-
tral Europe. Photo-optical measurement
methods in particular have gained increas-
ing attention, and several apps are avail-
able on the market, e.g., TIMBETER,
iFOVEA and LogStackPro. Currently, only
two methods have been assessed for con-
formity by the relevant institute in Ger-
many (PTB, Physikalisch-Technische Bunde-
sanstalt/National Metrology Institute of
Germany). This fulfils the legal require-
ments related to official billing processes in
Germany (Berendt et al. 2021c, Hollerl
2021). Photo-optical timber measurement
systems are based on image processing
technologies that often use machine learn-
ing and artificial intelligence, especially for
the accurate detection of the log’s front
surface (Christensen 2021, Tarasena & Tsah-
kna 2021). As little is known regarding the
practical implementation of these tech-
nologies and devices in daily work, forest
companies often still use the traditional
manual section-based method. In this
method, several heights and other parame-
ters of wood stacks must be measured
manually. This is time-consuming when ap-
plied to large wood stacks, and its repro-
ducibility is limited. Compared to the man-
ual section-based method, the advantages
of photo-optical systems include their time-
saving potential, and the documentation of
the measurements derived from wood
stack high-resolution images (Jodlowski et
al. 2016, Pasztory et al. 2019, Stapel & Ide
2021). Moreover, digital timber measure-
ment methods can be integrated into the
wood supply chain by automatically trans-
ferring measuring results and other infor-
mation, such as the geolocation of the
wood stacks. The benefits of this integra-
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tion are the possibility of displaying the
wood stacks on a map, increased trans-
parency for both log buyers and sellers, in-
creased efficiency, and a reduction in illegal
logging operations (Stapel & Ide 2021, Tara-
sena & Tsahkna 2021).

The present photo-optical wood stack
measurement methods used in business
processes are based on the measuring of
the front surface. For larger wood stacks,
several images have to be taken manually
or in an automated image series, equalised,
and stitched together (Fink 2004, Heinz-
mann 2017, Kruglov & Shishko 2017, FOVEA
2022). Some methods additionally light the
stacks for night photography (Miiller
2008). The front surface area is usually
recognised automatically and can be cor-
rected manually, or timber log detection
and segmentation can be done via pictures
(Gutzeit et al. 2011, Herbon 2015, Kruglov &
Shishko 2017, Praschl & Zwettler 2022).
These are 2D methods wherein the depth
information (log or sale length) is added
manually to calculate the volume.

True 3D measurements of wood stacks
can be derived from different overlapping
RGB pictures (e.g., drone mapping), LiDAR-
based measurements (e.g., use of Geo-
SLAM ZEB HORIZON®), or a combination of
both (e.g., using an iPad Pro®). Long-range,
high-speed personal laser scanners (PLS)
with simultaneous localisation and map-
ping (SLAM) technology (GeoSLAM ZEB
HORIZON - GeoSLAM 2022), as well as cus-
tomer smartphone-based LiDAR sensors
such as the iPad® are able to estimate
wood stack gross volumes based on point
clouds or 3D mesh triangles. Stack volume
estimation using true 3D methods mea-
sures all sides of the wood stacks, and the
definition of the bottom is used as a vol-
ume boundary. Due to the lack of algo-
rithms developed to conduct this estima-
tion, this process currently represents an
important challenge to be overcome.

Scale referencing of the recorded pic-
tures is still a challenge when using RGB
camera-based optical methods. There are
several solutions to this problem. One pos-
sibility is using a stereo camera system,
with a known distance between the cam-
eras. Based on the difference between the
photos taken and the determined depth in-
formation, a reference scale and the pic-
ture size can be calibrated (Knyaz & Maksi-
mov 2014, Hollerl 2021). Mono camera
methods use a manual reference scale, in-
stalling a reference bar or measuring the
length of the wood stack (FOVEA 2022,
Neumann 2022). Single or combined LiDAR
systems can provide these reference
scales. Therefore, such laser-based remote
sensing methods can remedy this situation,
and they provide efficient and accurate
methods for measuring wood stacks.

The aim of this study was (i) to analyse
the suitability of photo-optical- and laser-
based remote measurement methods in
terms of the capability to provide reliable
mesurement results, and (i) to better un-

derstand deviations in wood stack gross
volume measurements between different
measurement systems.

Materials and methods

Area of study and collection data

The measurements took place during two
days (November 2021) in the area of “Tha-
randter Wald” in Saxony, Germany. The
measurement methods were largely ap-
plied to the same wood stacks as found in
the forests, which is essential when analys-
ing the performance of such measurement
methods (Herbon 2015). All stacks were
mainly composed of Norway spruce logs
(Picea abies L.). A few piles of wood con-
tained isolated pine (Pinus sylvestris L.) or
larch (Larix decidua Mill.) logs. Each mea-
surement system was operated by the
same skilled user throughout the whole
study to minimise human influence.

Two different assortments were studied:
LAS (logs of fixed lengths), which refers to
high-quality timber dedicated to the saw-
milling industry with assortment lengths
between 3 and 6 meters, and industrial
wood, i.e., wood of lower quality (in terms
of diameter and qualitative attributes),
which is used in engineered wood products
or pulp production, with assortment
lengths between 2 and 3 m.

In the study, around 2.654 m3 of stacked
roundwood was measured across 47 wood
stacks, using nine different methods. The
measured gross stack volumes ranged
from 8.89 to 209.3 m3, with an average of
56.5 m3. The distribution of the wood stack
volume was: <10 m3 (2 stacks); 10-20 m3 (7
stacks); 20-30 m3 (8 stacks); 30-40 m3 (4
stacks); 40-50 m3 (5 stacks); 50-60 m3 (2
stacks); 60-70 m3 (7 stacks); 70-100 m3 (6
stacks); 100-200 m3 (5 stacks); >200 m3 (1
stacks).

Wood stack measurement methods

The wood stacks were measured using
nine different new and traditional measure-
ment methods. Fig. 1 shows the measure-
ment concepts and methods. Two of them
(SRM: Sektionsraummaf$ — manual section-
based method; FBG: Forstbetriebsgemein-
schaft — Forest Owner Association) are
manual section-based methods that ad-
here to the wood measurement guidelines
of the German RVR (RVR 2021). Seven opti-
cal measurement methods have been in-
cluded. Of these, four are based on the
wood stack’s front surface measurement
(2.5D): (i) iFovea™ app (SDP Digitale Pro-
dukte GmbH, Waiblingen, Germany -
https://www.fovea.eu/); (ii) Timbeter® app
(Timbeter, Tallinn, Estonia - https://timbe
ter.com/); (iii) sScale™ (Dralle A/S, Hoer-
sholm, Denmark - https://www.dralle.dk/
sscale), version in use at the time; (iv) sS-
cale, version that was launched in 2022.
While three are based on three-dimen-
sional measurement (3D) with the determi-
nation of the stack’s volume: (i) GeoSLAM
ZEB HORIZON™ (GeoSLAM Ltd., Notting-
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ham, UK - https://geoslam.com/), using the
open source software Cloud Compare (GPL
software 2022); (ii) iPad Pro™ (Apple Inc.
2021), using the app PIX4Dcatch™ (Pix4D
S.A., Prilly, Switzerland - https://www.
pix4d.com/product/pix4dcatch/); (iii) iPad
Pro™ (using the 3D Scanner App™ - https://
apps.apple.com/it/app/3d-scanner-app/idi4
19913995).

Manual section-based method

Wood stacks are commonly measured us-
ing the manual section-based method ac-
cording to the German wood measure-
ment guidelines (RVR 2021). The manual
section-based method determines the tim-
ber volume in (stacked) cubic meters over
the bark (m? 0.b.) of industrial and energy
wood stacks. In our study, each of the
fixed-length wood stacks was divided into
equal-length sections according to the
RVR. The section length depends on the to-
tal wood stack length and increases with
increasing stack length. The last section of
the stack is generally shorter than one full
section and is therefore measured sepa-
rately. The section heights are measured
with a calibrated measuring rod in the mid-
dle of each section, and the mean height is
calculated. The gross stack volume can be
calculated by multiplying the mean height,
the length and the depth of the stack (i.e.,
the assortments length). The same is done
separately for the last (shorter) section of
the stack, and the final total is the sum of
all the sections.

In this study, ten wood stacks were mea-
sured by the relevant forestry contractor
beforehand. The measurements were
made using the mentioned manual section-
based measurement method (SRM) with-
out the consideration of the scientific mea-
suring campaign of any contractor.

The measurements and analyses re-
corded by the relevant forestry contractor
are abbreviated as “FBG”, and the mea-
surements carried out by scientists are ab-
breviated as “SRM”. Both were taken ac-
cording to the method outlined in the RVR.

Mono RGB camera-based measurement
Photo-optical wood stack measurement

Comparison of different wood stack volume measurement methods

Wood stack
measurement

|

|

SRM

FBG

Timbeter k
iFovea

Mono RGB camera Stereo RGB camera LiDAR RGB+LIDAR

GeoSLAM ZEB
HORIZON and
Cloud Compare

Dralle 1 sScale L

Dralle 2 sScale

iPad Pix4D

iPad 3d Scanner
App

Fig. 1- Analysed wood stack volume measurement concepts and methods.

systems based on mono RGB cameras have
been developed for use with standard por-
table devices, such as smartphones and
tablets. For the estimation of gross stack
volumes, two widespread in-app measure-
ment systems have been used in this study:
iFOVEA and Timbeter. In both, the system
stitches the photos of the stack’s front
area, taken by the user, into one picture.
The means of taking the images are similar
in both systems. It is noteworthy that the
mobile device (smartphone or tablet) must
be held parallel to the stack; a constant dis-
tance from the stack must be maintained,
and the photos must be taken with an im-
age overlap of 60%.

During recording, the applications indi-
cate whether the mobile device should be
held parallel or whether the overlapping of
the photos is sufficient. Moreover, several
parameters must be included in the record-
ing, particularly a spatial reference length.
In the case of Timbeter, an object with a
determined dimension must be placed on
the stack side as a measurement reference,
while iFOVEA uses the manually measured

stack length. The gross stack volume is
then calculated based on the stack’s front
area and the timber assortment’s length,
which is entered manually in the app.

Both apps automatically detect contours
and/or single stems (Fig. 2). However, Ber-
endt et al. (2021¢) pointed out that the
postprocessing of the automatically de-
tected contour is generally necessary.
Therefore, the contour is edited manually
after picture stitching to better fit the natu-
ral stack contour. When using the contour
function in iFovea, there is no additional
single stem detection, so conclusions on
the average diameter cannot be drawn.

It must be pointed out that while Tim-
beter directly estimates the solid wood
content and the conversion factor (known
in the app as the density factor), the app
iFovea directly estimates the gross volume.
Therefore, the gross stack volume must be
deduced from the results provided by the
Timbeter app by dividing the solid wood
content by the density factor.

The measurements and analyses per-
formed via the iFOVEA app are abbreviated

Fig. 2 - Example of wood stack recorded with a mono camera photo-optical system (Timbeter).

iForest 16: 243-252
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Fig. 3 - Dralle sScale™ system mounted on a car in front of a wood stack with a stereo
camera and three LED light panels in between for operation at nighttime (upper part).
Stitched images and edge detection of a wood stack measured with sScale (lower

part).

Fig. 4 - LiDAR-taken wood stack and segmented surrounding area.

as “FV”, and those recorded with the Tim-
beter app are abbreviated as “TB”.

Stereo RGB-camera based measurement
The sScale measurement method of
Dralle A/S is based on stereo camera tech-

nology with a known distance between the
cameras (Fig. 3). The camera system is gen-
erally mounted on the car top and con-
nected with the onboard computer for all
analyses, and the Dralle server is used for
wood stack management (Fig. 3).

 LIDAR SPAD
~ NIRCMOS

=~ VCSEL DOE

12mp 10 MP ultra-wide-
primary angle lens camera
camera

Fig. 5 - iPad Pro™ 2" generation with 11” display: (a) front display with a scanned and
processed wood stack in the used 3D Scanner App; (b) back with the locations of dif-
ferent sensors; (c) detailed location information of the sensors.
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When driving along the wood stack, 11
pictures per second are taken to provide a
calibrated measurement of the wood
stack’s front surface area (Fig. 3). Under all
conditions, the precision is indicated with a
maximum calibration error of + 3% relative
to the front surface of the wood stack (ac-
cording to MessEG and MessEV in Germany
by PTB Braunschweig). A traverse line sur-
rounding the wood stack is automatically
proposed by the software and can be ad-
justed by the user if needed. Multiplying
the front surface area by the length of the
logs results in the gross volume. The sScale
system is well integrated into an IT system,
allowing wood stack management by dif-
ferent forest owners, as well as logistical
planning for log transport.

In this study, two versions of the Dralle
A/S sScale system were applied: the cur-
rent one (Dralle 1) and an updated version
(Dralle 2). The updated version (Dralle 2) in-
cludes hardware updates for the cameras
and computer processors, and the algo-
rithms used for the automated detection
of the wood stack front’s surface area have
been improved. The two procedures were
here operated by two different drivers.

Mobile LiDAR-based measurement

A GeoSLAM ZEB HORIZON personal mo-
bile laser scanner was used to scan the
wood stacks. In order to scan the whole
stack, including the upper side, this device
was mounted on a carbon pole extendable
up to 5 m. This scanner uses Light Detec-
tion and Ranging (LiDAR) technology. The
accuracy of this device is very high (1 and 3
cm), and a range of approx. 100 m can be
covered (GeoSLAM 2022). In total, 300,000
points are taken per second in the single
return mode to create the resulting point
cloud. The scanning process starts with
IMU (Inertial Measurement Unit) initialisa-
tion at a location close to the wood stack,
which optimises the required scanning
time. Next, the stack is scanned by walking
around it with GeoSLAM ZEB HORIZON,
and the process finishes at approximately
the same geographic point as where it be-
gan.

After scanning, the files are converted
into a point cloud using the software Geo-
SLAM HUB v. 6.1 and analysed using the
software Cloud Compare (v. 2.12 — GPL
software 2022). This analysis process con-
sists of segmenting the wood stack and
the surrounding terrain and removing the
noise (Fig. 4). Next, the stack is manually
segmented using the segmentation tool in
Cloud Compare, excluding the surrounding
area. Since the bottom side of the stack
cannot be scanned, it must be projected or
built in the following way. Firstly, the tool
“CSF filter” (47) is used to extract the
ground points of the remaining area. Next,
the “rasterise” tool is used to rasterise the
point cloud to a 2.5D grid. In doing so, the
empty cells are filled with interpolated
ground based on the stack’s surrounding
area. These filled cells correspond to the

iForest 16: 243-252



bottom side of the stack. After the manual
segmentation of the projected bottom side
of the stack, the gross stack volume is esti-
mated with the tool “Volume 2.5D”, incor-
porating the projected bottom side of the
stack as the ground and the segmented
point cloud of the wood stack.

The measurements and analyses re-
corded with the GeoSLAM are abbreviated
as “GS” henceforth.

Optical RGB and LiDAR-based
measurement using iPad™

Additional measurements were carried
out with an RGB image and LiDAR combi-
nation, using consumer hardware. The
wood stacks were scanned with a tablet
with integrated RGB cameras and LiDAR
scanners; these were installed on an iPad
Pro™ 2nd generation with 11" display and op-
erating system iPadOS15. The primary cam-
era has 12.19 MP (3840 x 2160 pixels), a
wide-angle lens with a 1.8 aperture, and a
dual optical zoom (Gollob et al. 2021). The
ultra-wide-angle lens camera has a 10 MP
resolution with a 2.4 aperture and an angle
of view of 125° (Apple Inc. 2021, Spreafico
et al. 2021, Tech 2021, Ayari & Hallereau
2022). A LiDAR scanner with a range of 5
meters was also installed on the iPad as a
unique feature. Fig. 5 shows the iPad Pro
and the location of the LiDAR sensors.

The iPad LiDAR sensor emits an array of
24 x 24 infrared points, subdivided into a 3
x 3 grid with 8 x 8 diffraction points each.
This makes a total of 576 points (Luetzen-
burg et al. 2021, Tech 2021). It was found
(Vogt et al. 2021) that using LiDAR on the
iPad Pro as a scanning technique was not
applicable when scanning small objects,
such as a Lego brick. When measuring
wooden piles, the limit is not the size of
the measured objects, but the measuring
range, which is 5 m. However, the iPad Li-
DAR sensor has previously been success-
fully used for forestry measurements (Gol-
lob et al. 2021).

The iPad was mounted on a 1.7 m-long
selfie stick. Therefore, the iPad camera
reaches a maximum height of approxi-
mately 4.2 m at the end of an outstretched
arm. Each wood stack was surrounded
once with the iPad for each experimental
method. The images were taken in a verti-
cal wave motion so that the surface of the
entire wooden pile could be captured. The
iPad was rotated slightly along the stick’s
axis to give views in different directions
(Fig. 6a). In addition, the camera’s position
was determined based on the GNSS posi-
tion and IMU sensors. The LiDAR data, the
RGB photos and the orientation were cap-
tured twice with two different apps (Pix4D-
catch, 3D Scanner App). Both apps capture
and analyse in different ways. Therefore,
these apps offer two different methods
and have been considered separately.

(a) PIX4Dcatch: during the measurement
process, the “PIX4Dcatch” app (Pix4D
2022a) on the iPad Pro was used to auto-
matically capture RGB images and addi-

iForest 16: 243-252
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Fig. 6 - Wood stack no. WS4, captured by iPad-Pix4Dcapture (LiDAR +RGB) based on
178 RGB pictures and 178 dept measurements’ data. (a) Textured point cloud with
camera positions and orientations (blue pyramids); (b) plotted 3D textured mesh and
Pix4Dcloud postprocessing measurement. The red translucent area represents the
ground and the lower boundary of the volume measurement.

tional information via the integrated LiDAR
scanner. The image trigger method was set
to 90% image overlap, with autofocus and
the skipping of low-quality images. The
recorded data were uploaded to the Pix4D-
cloud and automatically processed. Based
on the RGB images, LiDAR, camera posi-
tions and orientation data, a point cloud
and a textured mesh grid were calculated.
After the manual definition of the 3D
ground surface area, the overall volume of
the wood stack could be calculated by the
program (Pix4D 2022b).

Fig. 6b shows a plotted 3D textured mesh
as an example of the iPad-Pix4Dcapture (Li-
DAR + RGB) and Pix4Dcloud postprocess-
ing measurement of wood stack no. WS4.
The red translucent area represents the
ground and the lower boundary of the vol-
ume measurement. Wood stock no. WS4
was measured using 178 RGB images and
178 depth measurements with a size of
258.59 MB. The GNSS horizontal position-
ing accuracy was 3.05 m, and the vertical
accuracy was 4.85 m.

(b) 3D Scanner App: the 3D Scanner App
by Laan Labs (2022) incorporates a LiDAR
scanner, enabling the user to scan models
quickly and then process them with the
app. The application offers a very fine reso-
lution (0.5 mm). It has a built-in distance
measurement tool, yet it lacks the capacity
for volume measurement. For this reason,
models have to be exported or uploaded
to an online platform, access to which facil-
itates volume measurement. The program
used was Blender ver. 2.93.6 and the vol-
ume was calculated with the Blender Ad-
dOn “3D-Print Toolbox” established by
Campbell Barton using the remesh option
“Smooth” with values of octree depth 8-10
at a 99% scale (Meagher 1980).

The measurements and analyses re-
corded with the Pix4Dcatch app are abbre-

viated as “P4D”, and those of the 3D Scan-
ner App are abbreviated as “D3”.

Data analysis

The recorded experimental data of all
nine methods were calculated and entered
manually into a spreadsheet. A plausibility
check and outlier analyses were then car-
ried out. If necessary, the values were cor-
rected or recalculated. The data were im-
ported into the statistical package R, and
the statistical tests, analyses and graphs
were created. Additionally, data transfor-
mation was performed to enable pairwise
comparison with and without considera-
tion of the direction. Statistical analysis
was performed using a paired t-test be-
tween the one-sided simultaneous mea-
surements of the two methods, with a con-
fidence level of 0.95.

For the analysis, the arithmetic means of
relative deviations of pairwise combina-
tions of different wood stack measurement
methods in both directions were calculated
using the following equation (eqn. 1):

i Vi~ Vmoi
v

Mli (1

-
AMean="-
n

where AMean refers to the arithmetic
mean of relative deviations of pairwise
combinations of different wood stack mea-
surement methods; vy is the individual vol-
ume of measurement method 1; vy, is the
individual volume of measurement method
2; n is the number of pairwise combina-
tions.

Results

The gross stack volumes of the 47 wood
stacks obtained with the different measur-
ing systems are displayed in Tab. S1 (Sup-
plementary material). Not every wood
stack was measured with each of the nine
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Tab. 1- The number of pairwise combinations (upper right part of the table) and the p-
value (t-test, lower left part of the table) between the different measuring methods.

(*, **): statistically significant differences.

c - ~N © , E
p-value m» a8 a w « o e
iPad 3dScan 28 19 10 38 26 31 38 38 228
Dralle 1 <0.01** 16 9 30 26 23 30 30 192
Dralle 2 <0.01** 0.01 20 18 20 20 20 133
FBG 0.67™ 0.36™ 10 5 5 10 10 59
Fovea 0.01* 0.02* 0.23™0.23™ - 28 30 40 40 236
GeoSLAM 0.01* 0.62™ 0.28™ 0.32™ 0.37™ - 22 28 28 181
iPad Pix4D 0.84™ 0.09™ 0.21™0.53™ 0.18™ 0.16™ - 30 30 191
SRM 0.16™ <0.01" 0.24™ 0.64™ 0.20™ 0.20™ 0.25™ 41 237
Timbeter 0.72™ 0.03™ 0.54™ 0.47™ 0.08™ 0.20™ 0.82™ 0.20™ - 237

methods due to the temporal constraints
of the study, the removal of logs between
measurements, and measurement errors.
During the manual data transfer process
and the subsequent plausibility check and
outlier analysis, a few errors were found,
some of which could be traced and cor-
rected. This resulted in 323 measurements,
of which 290 were included in the analysis.
In detail, these were Timbeter (41), iPad-
Pix4Dcatch (33), iPad-3D Scanner App (42),
FBG (10), iFovea (41), GeoSLAM (30), SRM
(41), Dralle 1 (32), and Dralle 2 (20). The to-
tal measured volume was about 2654 m3
(depending on the measurement method).

The results (p-values) of the t-test applied
to a pairwise combination of the same

wood stack are shown in Tab. 1. Each com-
bination’s number, including wood stacks,
varies between 0 and 41 (the right part of
Tab. 1). In total, 847 comparisons between
measurements of the same wood stack are
available, resulting in 36 combinations of
measurement methods. Of these 36 combi-
nations, 7 show a statistically significant
difference at a 5% error probability (the left
part of Tab. 1).

Tab. 2 presents the arithmetic means of
relative deviations of pairwise combina-
tions of different wood stack measurement
methods in both calculation directions. A
positive number means that the measure-
ment method in the column (left) is
greater on average than the one in the row

Tab. 2 - Arithmetic means of relative deviations and timber volume of pairwise combi-
nations of different wood stack measurement methods.

c - ~ E G

- c g "= " F

O [

iPad 3dScan 7.3 6.1 -09 54 5.8 1.8 5.0 2.6
Dralle 1 -6.1 -2.5 5.4 -2.7 0.1 -4.3 29 -4.0
Dralle 2 -5.2 2.7 0.7 2.1 3.0 -1.2 0.0

g FBG 1.7 6.9 5.9 -7.0 4.5 6.0 -0.3
% Fovea -4.3 3.2 -0.2 -4.1 - 2.1 -3.3 0.1 -3.2
§ Geoslam -4.7 1.1 -1.1 9.1 -0.2 - -1.6 1.2 -2.2
iPad Pix4D -1.1 4.9 3.7 -3.2 43 2.8 - 3.1 2.6

SRM -3.9 3.2 1.4 -39 04 2.4 -2.6 - -2.8

Timbeter 0.2 5.1 2.6 2.5 5.9 4.9 -0.7 5.5
iPad 3dScan 1.892 1.273 458 2.274 1.635 1.797 2.272 2.272
Dralle 1 1.993 1.244 444 2.078 1.767 1.663 2.078 2.078
g Dralle 2 1.337 1.220 1.380 1.151 1.380 1.380 1.380
o FBG 452 428 452 290 132 452 452
E Fovea 2.362 2.038 1.398 462 - 1.778 1.892 2.435 2.435
% Geoslam 1.726 1.786 1.184 269 1.814 1.477 1.814 1.814
§ iPad Pix4D 1.804 1.586 1.322 136 1.819 1.430 1.818 1.818
- SRM 2.316 2.023 1.361 463 2.397 1.767 1.863 2.409
Timbeter 2.250 1.980 1.352 427 2.332 1.748 1.826 2.345
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(above) in each direct comparison. The
minimum  (-7.03%) and the maximum
(9.15%) mean relative deviations between
the two measurement methods were ob-
served between GeoSLAM and FBG.

The relative differences between the vari-
ous methods also depend on the size of
the wood stack. However, the actual gross
wood stack volume cannot be given, as all
methods only estimate the gross stack vol-
ume. Considering the potential failures of
the manual section-based measurement
(SRM), Fig. 7 shows the different measure-
ment methods as plots, using the SRM as a
reference. Every coloured point represents
a comparison to the manual section-based
measurement for every wood stack.

Assuming SRM is an accurate estimate, all
values should be located on the dark grey
diagonal line (0% deviation). In addition,
the relative deviation decreases as the
stacked volume of the wood stock in-
creases. For wood stacks with a gross
stacked volume o.b. < 50 m3, a substantial
relative variation in the measured values
can be observed. Outliers above 25% devia-
tions only occur up to approximately 40 m3
o.b. It can be seen that there are significant
differences between the individual meth-
ods. Still, there is no clear trend between
the existing methods. FBG and SRM, both
of which used nearly the same manual sec-
tion-based method, show large deviations.

Fig. 8 illustrates a pairwise relative com-
parison of the different measurement
methods as boxplots. These show a rela-
tive pairwise relation to the measurement
values on the x-axis and are thus direction-
dependent. If negative values are dis-
played, this means that the method shown
in the coloured boxes measures a lower
gross volume of the wood than the mea-
surement method shown on the x-axis. For
example, it can be seen that D3 on the x-
axis underestimates the wood stack vol-
ume compared to the mean of all other
measuring methods.

Tab. 3 shows the relative and absolute
differences between the pairwise-mea-
sured wood stack volume sums of the dif-
ferent measuring methods. The medians
and the 25-th/75-th percentiles vary greatly
between the individual measurements. Via
direct comparison, it becomes clear that
the various measurement methods differ
systematically from each other. As can be
seen in Fig. 8, the medians of the measure-
ments with the two iPad-based LiDAR
methods are lower than the parsed com-
parison measurements. Thus, the iPad 3D
Scanner App method recorded a total of
13,873 m3 according to a pairwise compari-
son, and the other methods recorded
14,241 m3 (difference: 368.4 m30.b.), which
is 2.7% higher than the reference value
(Tab. 3). On average, the 3D measurement
method using the iPad and the 3D Scanner
App recorded lower timber volumes than
the comparison methods. The same is true
for the 3D measurement method using the
iPad and the app Pix4D, which determined
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Fig. 7 - Different wood  ®
stack measuring methods @
in pairwise relation to the

manual section-based mea-
surement method (a) 0-50
m3 (b) 50-200 m3 (D3: iPad
3d Scanner App; SRM: sec-
tion-based measurement;
P4D: iPad Pix4D; GS:
GeoSLAM; TB: Timbeter;
FV: Fovea; FBG: self-mea-
surement by forest owner;
DR1: Dralle 1; DR2: Dralle 2;
n=273).
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11,733 m3 o.b., and the comparison meth-
ods, which determined 12,030 m3 o.b.
(+296.8 m3; +2.5%).

When measuring with Dralle1, the reverse
was true. Except for the applied method in
Cloud Compare, based on the samples
taken with GeoSLAM ZEB HORIZON, all me-
dians, when compared with Drallet, give re-
sults in the minus range. Both GeoSLAM
and Dralle 1 (13,346 m3) achieve higher val-
ues than the other methods (12,953 m3
o.b.).

There are large fluctuations between and
within the results of individual measure-
ment methods (Fig. 8). In particular, the
app Timbeter gives huge outliers in the
positive range. These occur primarily in the
areas of wood stacks with smaller gross
volumes. The gross volumes obtained via
the SRM and FBG measurement methods
were almost exactly the same as in the cor-
responding comparison measurements.
Therefore, on average, the fluctuations bal-
ance each other out.

Discussion

From an economic point of view, the ac-
curate volume estimation of a wood stack
is of utmost importance, especially when
used for billing purposes (Berendt et al.
2021¢). Since the costs of roundwood pur-
chases correspond to 60-85% of the final
production costs of wood products (Fon-
seca 2005), inaccurate estimations of
roundwood stack volume have serious eco-
nomic consequences (De Miguel-Diez et al.
2021). This study aimed to analyze the suit-
ability of the selected methods for estimat-
ing the gross volume of the wood stacks
and compare them to each other. The main
analysed tree species was Norway spruce,
and the recordings were concentrated in a
small area; the results can presumably be
transferred to other comparable condi-
tions, as the analyses considered a broad
range of stack sizes (between 8.89 m3 and
209.3 m3), different timber assortment

iForest 16: 243-252
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Fig. 8 - Pairwise relative comparison of different measurement methods (D3: iPad 3d
Scanner App; SRM: section-based measurement; P4D: iPad Pix4D; GS: GeoSLAM; TB:
Timbeter; FV: Fovea; FBG: self-measurement by forest owner; DR1: Dralle 1; DR2: Dralle

2).

qualities, and two different forest owner ditions. Therefore, the stacks, which were
types (state and private). Moreover, the measured in this study, are deemed as rep-
study was conducted under real-world con- resentative in spite of the slightly imbal-

Tab. 3 - Wood stack gross volume o.b., and the absolute and relative differences
between the pairwise measured wood stack volume sum for the different measuring
methods.

Method Volume of .Vol.ume of other ) Absolute ) Relative
method (m®)  pairwise methods (m®) difference (m®) difference (%)
Dralle 1 13,346.0 12,953.2 -392.8 97.1
GeoSLAM 11,886.3 11,566.1 -320.2 97.3
Fovea 14,799.1 14,547.2 -252.0 98.3
Dralle 2 9,229.5 9,133.8 -95.7 99.0
FBG 2,659.6 2,658.2 -1.5 99.9
SRM 14,597.8 14,594.8 -3.0 100.0
iPad Pix4D 11,733.2 12,030.0 296.8 102.5
iPad 3dScan 13,872.7 14,241.1 368.4 102.7
Timbeter 14,258.8 14,658.8 400.0 102.8
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anced sample number. The results are thus
reliable and reproducible.

Firstly, it must be pointed out that the ap-
plication of each method resulted in reli-
able results although with variable devia-
tions between each other. Thus, the suit-
ability of all applied methods was demon-
strated. Within the study, several distinct
methods were compared: (i) manual sec-
tion-based measurement; (i) 2D optical
measurements with both mono and stereo
camera-based methods; and (iii) 3D optical
measurements with mobile LiDAR and RGB
methods. The results show that of the 35
pairwise comparisons, only 7 gave signifi-
cantly different means, according to the t-
test (Tab. 2). Most of these significant dif-
ferences were attributable to only two
methods: the iPad 3D Scanner App and
Dralle1. However, in Fig. 8 Dralle1 showed
few deviations in the single stack volume
estimation compared to the other meth-
ods, with a narrow deviation range. Thus,
the deviation between Dralle1 and other
measurement methods seems to be due to
a small systematic underestimation. Devia-
tions between stack volume estimations
via a single method varied between -42.1%
and 72.8%, and we also found deviations
between the two mono RGB-camera based
methods (Timbeter and iFOVEA) and mea-
surements of a stack size of approx. 25 m3.
The causes of the strong deviations in indi-
vidual cases may be varied. Despite our ap-
proach, human measurement or operating
errors cannot be ruled out, although the
researchers collected vast experience with
both apps in former research and teaching.
In particular, most wood stacks failed to
perfectly meet all criteria of a photo-optical
measurement method (e.g., visibility of the
wood stack bottom line). While counter-
measures against systematic over- or un-
derestimations are easy to implement, no
correction factors can be implemented for
methods with a high deviation range.

A possible explanation for the broad
range of deviation in estimations of stack
volume with the mono RGB-camera meth-
od is that the operators must use a refer-
ence scale. This reference is either a mea-
suring rod (Timbeter) or the stack length
(iFOVEA), and it can be a major source of
error. For example, it hardly seems possi-
ble to determine the exact stack length
with a measuring tape in real-world condi-
tions. Moreover, locating the exact begin-
ning and end of the measuring rod on a
smartphone screen is not very easy, even
with a good-quality zoom. It should also be
noted that small inclinations in the measur-
ing rod or the mobile device when taking
the photos may also have a non-negligible
negative effect on the measuring accuracy.
In addition, differences in stitching quality
due to the taking of images at slightly dif-
ferent angles and with slightly different
overlaps might lead to deviations in the re-
sulting volume; stereo RGB-camera meth-
ods do not have this problem, as the spa-
tial reference is defined by the fixed dis-
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tance between the two cameras and is
thus of higher accuracy. The soft- and hard-
ware upgrade from Dralle1 to Dralle2 re-
sulted in overall better performances. The
difference in the legally prescribed RVR
procedure decreases from 2.9% to 1.2%. This
shows that technical improvements may
further increase the efficacy and accuracy
of photo-optical methods.

There are some systematic inaccuracies
within the measurement methods. For the
manual and purely RGB-optical measuring
methods, the length of the logs is defined
according to RVR (RVR 2021), depending
on the type of use. For low-quality indus-
trial wood, no oversize is added, while for
sawn timber, 1% (minimum 10 cm) oversize
is usually added to the timber order length.
Therefore, the timber length used for cal-
culating the volume of the same wood
stack can vary, e.g., between 2.40 and 2.50
m, depending on the ultimate use (e.g.,
wood for palettes, respectively pulpwood).
In some cases, this ultimate use was not
known on-site. In the current study, the
wood stack depth, corresponding with the
timber assortment lengths, was measured
and, in cases of differences, corrected and
standardised for the evaluation.

Weather conditions can be a factor in the
recording process. Light conditions do not
influence the GeoSLAM ZEB HORIZON or
Dralle, since they use LiDAR or artificial
light and can be used in the dark. However,
the GeoSLAM ZEB HORIZON can only be
used within the operating temperature
range of 0 °C to 50 °C (GeoSLAM 2022). Fur-
thermore, all optical-based methods face
problems under heavy rain or snow. In par-
ticular, it was noted, but not measured,
that the outside handling of the touch-
screen for a precise data assessment be-
comes more difficult with cold and wet
weather conditions. Except for SRM, FBG
and Dralle (tablet within a car), all studied
methods required outside tablet use.

As regards the manual section-based and
2D optical methods, the results of this
study are in line with other studies, though
slightly higher mean deviations have been
observed. The mean deviations between
manual and photo-optical measurements
of 0.9% and 1.9% (Cremer & Blasko 2017),
4.5% (Karha et al. 2019), and -2.1% and -3.7%
(Berendt et al. 2021c) are comparable with
the mean deviations in this study, which
are between -5.4% and 6.9%. The slightly
higher deviation might result from differing
assortments and wood stacks that were in-
cluded and that were, in general, not as ho-
mogeneous compared to the assortments
used in the previous studies. Already, a
standard deviation of repeating measure-
ments of the same wood stack was ob-
served at between 0.55% and 3.93%.

The 3D optical measurement method did
not calculate the gross volume via the mul-
tiplication of the front area and the log as-
sortment length, but instead used the real
physical length. In Germany, logs of sawing
assortments are usually cut with some

oversize. Theoretically, this should result in
a larger volume than manual cut-based or
2D optical methods. It is important to note
that the volume derived by the 2D optical
method can only be an approximation, as
the depth given never represents the real,
physical depth of the stack. Moreover, the
estimation of gross stack volume using the
2D optical and manual section-based meth-
ods was only performed using the height
of the front side of the stack. This is mainly
due to the fact that photo-optical methods
often cannot be used to measure the back-
side of the stack, as a free view of and ac-
cess to the backside is required. This can-
not be guaranteed and is often not feasible
in a forest environment. For accuracy rea-
sons, RVR (2021) recommends to measure-
both sides of the stack taking the mean of
both values. Therefore, some differences in
stack volume estimations were expected
between the 2D and 3D measurement
methods. In comparison with all the other
measurement methods (Fig. 2), the RGB-
and LiDAR-based methods (P4D and D3)
mostly underestimated the volume, while
the method applied in Cloud Compare
based on the samples taken with GeoSLAM
ZEB HORIZON (GS) tended to give a higher
estimate of the volume. A possible expla-
nation might be that the RGB- and LiDAR-
based measurement methods have the ca-
pacity to identify the airspace in wood
stacks, while the method applied in Cloud
Compare based on samples taken with
GeoSLAM ZEB HORIZON only estimates
the gross stack volume from the surface
area from above, assuming that the wood
stack is a bulk. Thereby, the method used
in Cloud Compare assumes that both stack
ends are even, i.e., there is no deviation in
the logs’ ends between the front and rear
sides of the stack. In this way, the existing
air spaces between the logs’ ends are con-
sidered when estimating the gross stack
volume, which leads to overestimates of
the stack volume. Another reason for ob-
taining generally overestimated gross vol-
umes is that this method partially considers
air spaces located on the bottom side of
the stack, in the saddle, as part of the
stack, whereas this volume is excluded
when applying other measurement meth-
ods. In this sense, more research should fo-
cus on the accuracy of RGB- and LiDAR-
based measurement methods in identify-
ing the airspaces, and thus bypassing the
need for conversion from stacked volume
to solid timber volume. This would lead to
increased accuracy in timber solid volume
estimation, as conversion factors are de-
pendent on many other factors, such as
midpoint diameter and crookedness (De
Miguel-Diez et al. 2021, 2022). However, to
totally bypass the conversion factors used
to derive the timber volume without air-
space and bark from gross volume o.b., re-
search should focus on the automatic de-
tection of bark with RGB and combined
RGB and LiDAR methods. Thus, the fastidi-
ous but accurate quantification of bark vol-

iForest 16: 243-252



ume by X-ray-computed tomography (Stan-
gle et al. 2016) or water immersion (Ber-
endt et al. 20213, 2021b) to develop bark
factors could be avoided; this is particularly
a problem as bark factors should be re-
viewed regularly, because they may
change over time (Stingle & Dormann
2018).

A trend of greater deviations was ob-
served when smaller stacks were mea-
sured (Fig. 8). This is in line with the results
reported by Berendt et al. (2021¢) and Neu-
mann (2022), wherein a relationship be-
tween small stacks and lower stack quality
was assumed to be responsible for the
higher deviation in smaller stack measure-
ments.

For purely optical methods, in particular,
which measure the front surface of the
wood stack, the quality of the stacking and
the surroundings of the wood stack play
decisive roles and can influence the mea-
surement results. These methods also face
problems with wood stacks that lay at a
lower level than the road from which they
are measured, especially if the lower edge
cannot be recognised correctly. The LiDAR-
based methods, on the other hand, face
problems when the wood stack is poorly or
not accessible from the backside. In addi-
tion, the stack could be too high. In that
case, the LiDAR methods cannot capture
the whole wood stack, which leads to inac-
curacies or, in some cases, misapplications
of the volume algorithms.

The methodologies for the high-precision
estimation of the real gross volume of
wood stacks, using retrieved or calculated
point clouds based on LiDAR measure-
ment, still have potential. The differences
between 2.5D and true 3D measurements,
with the inclusion of airspaces between
the logs, should be analyse in further re-
search. The newly developed LiDAR-based
methods achieve high accuracy and have
the potential to complement or replace
classical methods in the near future. Fur-
ther research to determine the most accu-
rate and efficient volume calculation proce-
dure is needed.

Conclusions and outlook

According to the results of this study, all
the selected methods are suitable for mea-
suring the gross volumes of the stacks.
However, the variation between the differ-
ent methods was surprisingly high. More-
over, no trend with respect to these result-
ing deviations could be observed or identi-
fied. However, the results of the direct
comparison between the methods re-
vealed two important aspects: (i) the 3D
measurement methods using the iPad and
the apps 3D Scanner and Pix4D recorded
lower gross stack volumes compared to
the other methods; (ii) in contrast, and tak-
ing the volumes measured with DRALLE,
the other methods underestimated the
gross stack volumes, with the exception of
the method used in Cloud Compare.

Overall, no analysed measurement meth-
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od could currently be considered as the
most accurate. Differences due to human
influence when measuring, manually re-
cording and transmitting the values were
unexpectedly high. To attain higher accu-
racy, it is advantageous for the human in-
fluence factor can be reduced as much as
possible. Further improvements in digitali-
sation, standardised data exchange, and
the consistent use of forestry 4.0 methods
can be of help. Careful measurements
should be taken and, if possible, the fronts
and backs of the wood stacks should be
measured. This will have a great influence
on the quality of the measurement result.
Additionally, many influential aspects, such
as working hours, costs, work safety, and
the applicability of the different processes
under difficult conditions, were not investi-
gated. Further research in this field is
needed.

References

Apple Inc. (2021). iPad Pro. Web site. [online]
URL: https://www.apple.com/ipad-pro/

Berendt F, Miguel-Diez F, Wallor E, Blasko L, Cre-
mer T (2021a). Comparison of different ap-
proaches to estimate bark volume of industrial
wood at disc and log scale. Scientific Reports
11: 15630. - doi: 10.1038/541598-021-95188-z

Berendt F, Pegel E, Blasko L, Cremer T (2021b).
Bark proportion of Scots pine industrial wood.
European Journal of Wood and Wood Products
79: 749-752. - doi: 10.1007/s00107-021-01657-7

Berendt F, Wolfgramm F, Cremer T (2021c). Reli-
ability of photo-optical measurements of log
stack gross volume. Silva Fennica 55: 1-13. - doi:
10.14214/sf.10555

Boberg A, Liljia J (2016). Precision vid travmat-
ning av rundvirke med en fotoinventeringstek-
nik applicerat i smarta telefoner [Precision of
pile-measurement of roundwood with photo-
graphic technology applied in smartphones].
Bachelor thesis in Forest Sciences, Swedish
University of Agricultural Sciences, Ume3, Swe-
den. [in Swedish]

Christensen R (2021). Innowacyjne metody pomi-
aru drewna w lesnicwie i przemysle drezwnym
[Certified digital photo measurement of raw
wood stacks]. In: Proceeding of the Conference
“Innovative Timber Measurement Methods for
Forestry and Wood Industry”. Poznan Univer-
sity of Life Sciences (Poznan, Poland) 17-19 Nov
2021, pp. 19. [in Polish]

Cremer T, Berendt F, Diez F, Wolfgramm F, Blas-
ko L (2021). Accuracy of photo-optical measure-
ment of wood piles. Environmental Sciences
Proceedings 3: 90. - doi: 10.3390/IECF2020-08
192

Cremer T, Blasko L (2017). Analyse der fotooptis-
chen Vermessung von Kiefernstamm- und -in-
dustrieholz im Vergleich zum SektionsraumaR.
[Analysis of the fotooptical mensuration of
pine stem wood and industrial wood in com-
parison to manual stack mensuration] Allge-
meine Forst und Jagdzeitung 188: 127-139. [in
German] - doi: 10.23765/afjz0002008

De Miguel-Diez F, Tolosana-Esteban E, Purfiirst T,
Cremer T (2021). Analysis of the influence that
parameters crookedness and taper have on
stack volume by using a 3D-simulation model of

wood stacks. Forests 12: 238. - doi: 10.3390/f12
020238

De Miguel-Diez F, Pettenkofer T, Wallor E, Tolo-
sana-Esteban E, Purfirst T, Cremer T (2022). In-
fluence of log and stack parameters on the
conversion factors for Norway Spruce wood
stacks using a 3D simulation model. Interna-
tional Journal of Forest Engineering 33 (2): 119-
128. - doi: 10.1080/14942119.2022.2038023

Dralle (2022). Rechtssicher, prazise und transpar-
ent: 3D-Stereo-Technologie fiir die zeitgemaRe
Holzwirtschaft [Legally compliant, precise and
transparent: 3D stereo technology for the con-
temporary timber industry]. Dralle A/S, Hor-
sholm, Denmark, pp. 2. [in German] [online]
URL: http://de.dralle.dk/_files/ugd/c16416_5113e
ba20067415196fe80288ad34b69.pdf

Fink F (2004). Foto-optische Erfassung der Di-
mension von Nadelrundholzabschnitten unter
Einsatz digitaler, bildverarbeitender Methoden
[Photo-optical measurement of softwood log
dimension using digital image processing meth-
ods]. PhD thesis, Albert-Ludwigs-Universitat,
Freibug, Germany, pp. 175. [in German]

Fonseca MA (2005). The measurement of round-
wood: methodologies and conversion ratios.
CABI Publishing, Wallingford, UK, Cambridge,
USA, pp. 287.

FOVEA (2022). FOVEA Quick Start. Treeva GmbH
- FOVEA, Uslar, Germany, pp. 14. [online] URL:
http://www.fovea.eu/downloads/Schnellstart_i
FOVEA_en.pdf

GeoSLAM (2022). HORIZON product specifica-
tion. Web site. [online] URL: http://geoslam.
com/solutions/zeb-horizon/

Gollob C, Ritter T, Kranitzer R, Tockner A, Noth-
durft A (2021). Measurement of forest inven-
tory parameters with Apple iPad Pro and inte-
grated LiDAR technology. Remote Sensing 13:
3129. - doi: 10.3390/rs13163129

GPL software (2022). CloudCompare version
2.6.1 — user manual. Web site, pp. 181. [online]
URL: https://www.cloudcompare.org/doc/qCC/
CloudCompare%20v2.6.1%20-%20User%20manual
.pdf

Gutzeit E, Ohl S, Voskamp J, Kuijper A, Urban B
(2011). Automatic wood log segmentation us-
ing graph cuts. In: Proceedings of the Interna-
tional Joint Conference “VISIGRAPP 2010 -
Computer Vision, Imaging and Computer
Graphics: Theory and Applications” (Richard P
ed). Angers (France) 17-21 May 2010. Springer,
Berlin, Heidelberg, pp. 96-109.

Heinzmann B (2017). Studies on the volume de-
termination of industrial plywood of the wood
species spruce with the aid of electronic and
single-trunk 3D measurement. PhD thesis, Uni-
versity of Sopron, Hungary, pp. 98. - doi: 10.131
47/SOE.2017.010

Heinzmann B, Barbu MC (2016). Accuracy of
photo-optical measurement of industrial tim-
ber using the example of FOVEA. Forstarchiv
87:194-197.

Herbon C (2015). Photogrammetric surveying of
wood piles on handheld devices. PhD thesis,
Otto von Guericke University Library, Magde-
burg, Germany, pp. 195. - doi: 10.25673/4321

Hollerl H (2021). LogStackPro - Im Vorbeigehen
[LogStackPro - In passing]. Forst and Technik
33: 40-44. [in German]

Jodlowski K, Moskalik T, Tomusiak R, Sarzynski

251

>
-
e
w
v
S
O
L.
©
(=
(1}
w
v
v
c
2
v
w
[©]
v
o0
0
o
|
e
(%]
v
S
O
=



https://doi.org/10.3390/IECF2020-08192
https://doi.org/10.3390/IECF2020-08192
https://doi.org/10.25673/4321
https://doi.org/10.13147/SOE.2017.010
https://doi.org/10.13147/SOE.2017.010
https://doi.org/10.3390/rs13163129
http://geoslam.com/solutions/zeb-horizon/
http://geoslam.com/solutions/zeb-horizon/
http://www.fovea.eu/downloads/Schnellstart_iFOVEA_en.pdf
http://www.fovea.eu/downloads/Schnellstart_iFOVEA_en.pdf
https://doi.org/10.1080/14942119.2022.2038023
https://doi.org/10.3390/f12020238
https://doi.org/10.3390/f12020238
https://doi.org/10.23765/afjz0002008
https://doi.org/10.14214/sf.10555
https://doi.org/10.1007/s00107-021-01657-7
https://doi.org/10.1038/s41598-021-95188-z
https://www.cloudcompare.org/doc/qCC/CloudCompare%20v2.6.1%20-%20User%20manual.pdf
https://www.cloudcompare.org/doc/qCC/CloudCompare%20v2.6.1%20-%20User%20manual.pdf
https://www.cloudcompare.org/doc/qCC/CloudCompare%20v2.6.1%20-%20User%20manual.pdf
https://de.dralle.dk/_files/ugd/c16416_5113eba20067415196fe80288ad34b69.pdf
https://de.dralle.dk/_files/ugd/c16416_5113eba20067415196fe80288ad34b69.pdf
https://www.apple.com/ipad-pro/

>
£
)
wv
]
S
o
L.
o
c
(4]
w
]
v
c
<
|9}
w
o
)
o0
L
o0
[
)
w
]
S
o
=

Purfiirst T et al. - iForest 16: 243-252

W (2016). The use of photo-optical systems for
measurement of stacked wood. In: Proceed-
ings of the “49™ FORMEC Symposium 2016”.
Warsaw (Poland) 4-7 Sept 2016. Faculty of
Forestry, University of Life Sciences, Warsaw,
Poland, pp. 342.

Kdrh& K, Nurmela S, Karvonen H, Kivinen V-P,
Melkas T, Nieminen M (2019). Estimating the
accuracy and time consumption of a mobile
machine vision application in measuring timber
stacks. Computers and Electronics in Agricul-
ture 158: 167-182. - doi: 10.1016/j.compag.2019.
01.040

Knyaz VA, Maksimov AA (2014). Photogrammet-
ric technique for timber stack volume control.
The International Archives of the Photogram-
metry, Remote Sensing and Spatial Information
Sciences 40 (3): 157-162. - doi: 10.5194/isprsar
chives-XL-3-157-2014

Kruglov A, Shishko E (2017). Log pile measure-
ment through 3D modeling. In: Proceedings of
the “40% International Conference on Telecom-
munications and Signal Processing (TSP)”.
Barcelona (Spain) 5-7 July 2017. IEEE Xplore, pp.
263-266. - doi: 10.1109/TSP.2017.8075983

Laan Labs (2022). 3D Scanner App. Web site. [on-
line] URL: https://apps.apple.com/de/app/3d-sc
anner-app/id1419913995

Luetzenburg G, Kroon A, Bjerk AA (2021). Evalua-
tion of the Apple iPhone 12 Pro LiDAR for an ap-
plication in geosciences. Scientific Reports 11:
22221. - doi: 10.1038/s41598-021-01763-9

Lummitsch S, Findeisen E, Haas M, Carl C (2019).
The perspective of optical measurement meth-
ods in forestry. In: Proceedings of the Confer-
ence “Photonics and Education in Measure-
ment Science 2019”’(Rosenberger M, Dittrich P-
G, Zagar B eds). Jena (Germany) 17-19 Sept
2019. Jena, Germany 9 (17): 2019-9./19/2019.
SPIE, pp. 52. - doi: 10.1117/12.2533490

Meagher D (1980). Octree encoding: a new tech-
nique for the representation, manipulation and
display of arbitrary 3-D objects by computer.
Report no. IPL-TR-80-111, Rensselaer Polytech-
nic Institute, Image Processing Laboratory,
Troy, NY, USA, pp. 121.

Miguel-Diez F, Purfiirst T, Acuna M, Tolosana-Es-
teban E, Cremer T (2023). Estimation of conver-

252

sion factors for wood stacks in landings and
their influencing parameters: a comprehensive
literature review for America and Europe. Silva
Fennica 57 (1): 22018. - doi: 10.14214/sf.22018

Miiller M (2008). Holzaufnahme im BaySF-Logis-
tik-Prozess: sScale von Dralle sorgt fiir ef-
fiziente Kontrollstichproben [sScale from Dralle
ensures efficient control sampling - Timber
measurement SF logistics process]. LWF ak-
tuell: 26-27. [in German]

Neumann LJ (2022). Analyse und Bewertung von
Rundholzvermessungsverfahren [Analysis and
assessment of roundwood measurement meth-
ods]. Master thesis, University of Freiburg, Ger-
many, pp. 99. [in German]

Pasztory Z, Heinzmann B, Barbu M-C (2019).
Comparison of different stack measuring meth-
ods. Siberian Forest Journal 3: 5-13. - doi: 10.153
72/SJFS20190301

Pix4D (2022a). PIX4Dcatch: 3D scanner. Web
site. [online] URL: http://apps.apple.com/us/
app/pix4dcatch-3d-scanner/id1511483044

Pix4D (2022b). Processing steps. Web site. [on-
line] URL: http://support.pix4d.com/hc/en-us/
articles/115002472186-Processing-steps

Praschl C, Zwettler G (2022). Three-step ap-
proach for localization, instance segmentation
and multi-facet classification of individual logs
in wooden piles. In: Proceedings of the “11™ In-
ternational Conference on Pattern Recognition
Applications and Methods - ICPRAM 2022”. On-
line streaming, 3-5 Feb 2022, vol. 1, pp. 683-688.
- doi: 10.5220/0010892100003122

RVR (2021). Rahmenvereinbarung fir den Ro-
hholzhandel in Deutschland (RVR) [Framework
agreement for the raw timber trade in Ger-
many]. Deutscher Forstwirtschaftsrat e.V., Ber-
lin, Germany, pp. 62. [in German] [online] URL:
https://v2.verband-crm.de/dateien/9233-42/rah
menvereinbarungfiirdenrohholzhandelindeuts
chland.pdf

Spreafico A, Chiabrando F, Teppati Lose L, Giulio
Tonolo F (2021). The iPad Pro built-in LIDAR sen-
sor: 3D rapid mapping tests and quality assess-
ment. The International Archives of the Pho-
togrammetry, Remote Sensing and Spatial In-
formation Sciences 43: 63-69. - doi: 10.5194/isp
rs-archives-XLII1-B1-2021-63-2021

Stangle SM, Dormann CF (2018). Modelling the
variation of bark thickness within and between
European silver fir (Abies alba Mill.) trees in
southwest Germany. Forestry 91: 283-294. - doi:
10.1093/forestry/cpx047

Stangle SM, Weiskittel AR, Dormann CF, Briich-
ert F (2016). Measurement and prediction of
bark thickness in Picea abies: assessment of ac-
curacy, precision, and sample size require-
ments. Canadian Journal of Forest Research 46:
39-47. - doi: 10.1139/cjfr-2015-0263

Stapel B, Ide M (2021). Innowacyjne metody po-
miaru drewna w lesnicwie i przemysle drez-
wnym [Innovative timber measurement meth-
ods for the forestry and wood industry]. Uni-
versity of Life Sciences, Poznan, Poland, pp. 85.

Ayari T, Hallereau S (2022). Apple iPad Pro Lidar
Module. System plus consulting, web site. [on-
line] URL: https://s3.i-micronews.com/uploads/
2020/06/SP20557-Apple-iPad-Pro-LiDAR-Modul
e-sample.pdf

Tarasena S, Tsahkna A-G (2021). Rozwiazanie za-
pewniajace przejrzysta i zréwnowazona gospo-
darke lesna [A solution that ensures transpar-
ent and sustainable forest management]. In:
Proceeding of the Conference “Innovative Tim-
ber Measurement Methods For the Forestry
and Wood Industry”. Poznan (Poland), 17-19
Nov 2021. [in Polish]

Tech FS (2021). Apple LIDAR demystified: SPAD,
VCSEL, and Fusion... For Sensing/AloT Tech and
More - Medium, web site. [online] URL: http://
4sense.medium.com/apple-lidar-demystified-
spad-vcsel-and-fusion-aagc3519d4chb

Vogt M, Rips A, Emmelmann C (2021). Compari-
son of iPad Pro”s LiDAR and TrueDepth capa-
bilities with an industrial 3D scanning solution.
Technologies 9: 25. - doi: 10.3390/technologies
9020025

Supplementary material
Tab. S1 - Volume over bark measurements
of the 47 wood stacks (WS) analysed using

different measurement methods.

Link: Purfurst_4153@supploo1.pdf

iForest 16: 243-252


https://doi.org/10.3390/technologies9020025
https://doi.org/10.3390/technologies9020025
http://4sense.medium.com/apple-lidar-demystified-spad-vcsel-and-fusion-aa9c3519d4cb
http://4sense.medium.com/apple-lidar-demystified-spad-vcsel-and-fusion-aa9c3519d4cb
http://4sense.medium.com/apple-lidar-demystified-spad-vcsel-and-fusion-aa9c3519d4cb
https://doi.org/10.1139/cjfr-2015-0263
https://doi.org/10.1093/forestry/cpx047
https://doi.org/10.5194/isprs-archives-XLIII-B1-2021-63-2021
https://doi.org/10.5194/isprs-archives-XLIII-B1-2021-63-2021
https://v2.verband-crm.de/dateien/9233-42/rahmenvereinbarungf%C3%BCrdenrohholzhandelindeutschland.pdf
https://v2.verband-crm.de/dateien/9233-42/rahmenvereinbarungf%C3%BCrdenrohholzhandelindeutschland.pdf
https://v2.verband-crm.de/dateien/9233-42/rahmenvereinbarungf%C3%BCrdenrohholzhandelindeutschland.pdf
https://doi.org/10.5220/0010892100003122
http://support.pix4d.com/hc/en-us/articles/115002472186-Processing-steps
http://support.pix4d.com/hc/en-us/articles/115002472186-Processing-steps
http://apps.apple.com/us/app/pix4dcatch-3d-scanner/id1511483044
http://apps.apple.com/us/app/pix4dcatch-3d-scanner/id1511483044
https://doi.org/10.15372/SJFS20190301
https://doi.org/10.15372/SJFS20190301
https://doi.org/10.14214/sf.22018
https://apps.apple.com/de/app/3d-scanner-app/id1419913995
https://apps.apple.com/de/app/3d-scanner-app/id1419913995
https://doi.org/10.5194/isprsarchives-XL-3-157-2014
https://doi.org/10.5194/isprsarchives-XL-3-157-2014
https://doi.org/10.1016/j.compag.2019.01.040
https://doi.org/10.1016/j.compag.2019.01.040
https://doi.org/10.1038/s41598-021-01763-9
https://iforest.sisef.org/pdf/Purfurst_4153@suppl001.pdf
https://s3.i-micronews.com/uploads/2020/06/SP20557-Apple-iPad-Pro-LiDAR-Module-sample.pdf
https://s3.i-micronews.com/uploads/2020/06/SP20557-Apple-iPad-Pro-LiDAR-Module-sample.pdf
https://s3.i-micronews.com/uploads/2020/06/SP20557-Apple-iPad-Pro-LiDAR-Module-sample.pdf
https://doi.org/10.1117/12.2533490
https://doi.org/10.1109/TSP.2017.8075983

	Comparison of wood stack volume determination between manual, photo-optical, iPad-LiDAR and handheld-LiDAR based measurement methods
	Introduction
	Materials and methods
	Area of study and collection data
	Wood stack measurement methods
	Manual section-based method
	Mono RGB camera-based measurement
	Stereo RGB-camera based measurement
	Mobile LiDAR-based measurement
	Optical RGB and LiDAR-based measurement using iPad™

	Data analysis

	Results
	Discussion
	Conclusions and outlook
	References
	Supplementary material


