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ABSTRACT

Cut-to-length harvesters collect detailed information on the dimensions and characteristics of individual
harvested trees. When equipped with global navigation satellite system (GNSS) receivers and motion
sensors, the obtained measurements can be linked to locations of single harvested trees, benefitting
a range of forest inventory applications. We propose a way of georeferencing harvested trees using
a Komatsu 931XC harvester, which measures and records the machine's bearing, crane angle and crane
length for each harvested tree. We replaced the harvester’s standard GNSS receiver with a dual-antenna
differential GNSS receiver. From the coordinates obtained, rotations calculated from the GNSS receiver
and data on crane length, we determined the location of 285 trees harvested in eight final fellings in
Norway. We compared the obtained locations to control measurements taken on the corresponding
stumps directly after harvest using a differential GNSS receiver. The mean distance between planimetric
coordinates of trees measured by the harvester and corresponding control measurements was 0.88 m
with a standard deviation of 0.38 m. By correcting the crane lengths for systematic deviations between
harvester and control locations, the mean distance was reduced to 0.79 m. This study shows that
measurements of single harvested trees can be georeferenced with sub-meter accuracy, by mounting
a differential GNSS receiver on a harvester and without installing additional sensors. The results also
suggest that the positional accuracy can be further improved by measuring and recording the length of
the telescopic boom, and that with minor adjustments, the system could be fully automated.
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Introduction

Approximately four billion m® of industrial roundwood are
harvested annually for global timber consumption (Strandell
and Wolf 2020). The fully mechanized cut-to-length harvesting
system is one of the dominant harvesting systems, by which
a harvester fells and processes trees in the forest. A forwarder
then extracts the logs to a landing at the roadside, from which
short-wood trucks transport the timber to the mill. Cut-to-
length harvesting was originally developed in Finland and
Sweden in the 1970s (Drushka and Konttinen 1997), and is
now widely used throughout Scandinavia and other parts of
Europe (Malinen et al. 2016), North America (Gautam et al.
2013; Blinn et al. 2015; Conrad et al. 2017), South America
(Mac Donagh et al. 2017), Australia (Ghaffariyan et al. 2012),
New Zealand (Evanson and McConchie 1996) and South
Africa (Norihiro et al. 2018).

Although the basic concept of cut-to-length harvesting has
remained unchanged, advances in computing and sensor tech-
nologies have greatly enhanced the efficiency of harvesters and
their operating systems. Apart from felling, delimbing and
bucking logs, harvesters are capable of measuring and storing
large amounts of data on a range of production parameters.
Log dimensions and volumes are measured by sensors
mounted on the harvester head, and each cut is allocated
a time stamp and stored on an on-board computer. Tree

species and timber assortments are determined and recorded
by the operator, providing information on the characteristics
and quality of the harvested logs. Additionally, most operating
systems can be coupled with Global Navigation Satellite
Systems (GNSS, Olivera 2016), to track and map the machine’s
operational path. The spatial data obtained assist machine
operators in terrain navigation and forwarding (Marshall
2012). Finally, harvesters are increasingly equipped with
motion sensors which monitor the machine bearing, i.e. the
compass direction of the machine's front, the crane angle with
respect to the machine bearing, and crane length (Westerberg
2014; Bhuiyan et al. 2016; La Hera and Morales 2019). These
standardized parameters allow for georeferencing of individual
harvested trees. Thus, besides felling and processing timber,
harvesters are becoming increasingly efficient in collecting and
storing large amounts of detailed data on harvested trees.
Data collected by cut-to-length harvesters are stored by on-
board computers following a unified data format, i.e. the stan-
dard for forest machine data and communication (StanForD,
Arlinger et al. 2012). In the newest standard, StanForD 2010,
harvest production report (HPR) files are generated, contain-
ing data on harvested stems (stem ID, tree species, diameter at
breast height, number of logs, time stamp, commercial height,
diameters at 10 cm intervals along the stem) and logs produced
(log ID, stem ID, assortment, log dimensions and volumes over
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and under bark). When the GNSS function is enabled, HPR
files contain the base machine position (longitude, latitude,
altitude), horizontal dilution of precision (HDOP) and number
of available satellites. Machines that are equipped with motion
sensor hardware in the crane also record the machine’s bear-
ing, the crane angle with respect to the machine bearing and
the crane length. These parameters are used to calculate the
position of the crane tip when felling trees, and recorded in the
HPR files along with the calculated positions (Bhuiyan et al.
2016).

When harvester heads are calibrated according to the man-
ufacturers’ specifications, the produced data may benefit
a number of forest inventory applications (Murphy et al.
2006; Lindroos et al. 2015). Forest inventories rely on tree
measurements which are labor intensive and expensive to
obtain, and harvesters acquire large amounts of such measure-
ments during their operation. Recording data on many of the
same characteristics of trees typically recorded in forest inven-
tories (diameter at breast height, height, species), harvesters
have been shown to be more precise than manual field work
(Murphy et al. 2006), performing the measurements automa-
tically and providing full census data for harvested stands.
Particularly GNSS-enabled harvester data have been found
useful for forest inventory (Olivera 2016), because they can
be used as a substitute for conventional tree measurements
obtained from sample plots (Hauglin et al. 2018). There now
exists a trend toward increasing spatial resolution where har-
vester data are increasingly collected at sub-stand level
(Lindroos et al. 2015). Therein, a reliable estimation of the
position of the harvester head relative to the GNSS receiver
has been identified as a key stepping stone (Lindroos et al.
2015).

The potential benefits of measuring and recording the posi-
tion of the harvester head relative to the GNSS receiver was
recognized long ago (Stendahl and Dahlin 2002). Although
GNSS systems have been mounted on harvesters since the
1990s (Gellerstedt and Dahlin 1999), they have largely been
limited to autonomous receivers mounted on the cabin, i.e.
receivers which calculate the cabin’s position in real time from
satellite data alone. Since then, GNSS-enabled harvester data
have been used in various forest inventory applications, how-
ever in most cases, the location obtained from the receiver
mounted on the cabin has been used directly as the position
of harvested trees (Rasinmiki and Melkas 2005; Peuhkurinen
et al. 2008; Bollandsis et al. 2011; Holmgren et al. 2012;
Saukkola et al. 2019). Those studies demonstrated a wide
range of applications of GNSS-enabled harvester data in forest
inventory, however a lack of positional accuracy has hindered
their widespread use.

For harvester data to augment or replace conventional field
data in forest inventories, precise positioning of harvested
trees is required. In forest inventories, forest attributes are
commonly estimated using statistical relationships between
field data and remotely sensed data (White et al. 2016). To
develop such relationships in a reliable way, the field data will
typically need to be georeferenced with sub-meter accuracy
(Lindroos et al. 2015). Therefore, field data are commonly
georeferenced using differential positioning (Deckert and
Bolstad 1996; Nesset and Gjevestad 2008). Differential

positioning implies using multiple GNSS receivers; one
rover receiver at an unknown location and one or multiple
base receivers at known locations. Because the locations of
base receivers are known, the deviation between measured
and actual reference positions can be calculated. Rover loca-
tions can then be corrected according to the calculated cor-
rection of the base receiver, either in real time or during post
processing, for satellite ranging and clock errors (Grewal et al.
2020).

In two studies assessing the accuracy of differential posi-
tioning on a mobile platform, Ringdahl et al. (2011) and
Hellstrom et al. (2009) fitted a differential GNSS on
a forwarder as part of a navigation system, and reported path-
tracking errors of only centimeters under clear sky conditions.
Kaartinen et al. (2015) tested the accuracy of trees georefer-
enced using a mobile laser scanning device and a differential
GNSS mounted on an all-terrain-vehicle, and reported a mean
positional error of 0.7 m. Hauglin et al. (2017) were the first to
use a cut-to-length harvester for positioning of individual
harvested trees. They installed an integrated positioning system
on a John Deere 1270E harvester, composed of two differential
GNSS receivers, five wireless tilt sensors and two sensors
mounted on hydraulic cylinders, which monitored and
recorded the position of the harvester head relative to the
GNSS receivers. They compared the positions obtained of 73
harvested trees with control measurements and reported
a mean positional error of 0.94 m with a standard deviation
of 0.58 m. In subsequent studies (Hauglin et al. 2018; Maltamo
et al. 2019), the harvester measurements obtained were highly
useful for forest inventory in linking them to remotely sensed
data.

In light of further possibilities of automatic and massive
georeferenced tree-level data collection using harvesters, it is
important to assess how other harvesters and positioning sys-
tems perform in comparison to the results presented by
Hauglin et al. (2017). The current state-of-the-art of harvester
sensor hardware facilitates the use of machine monitoring data
directly as opposed to experimentally installing a system of
sensors for monitoring the position of the harvester head.
The aim of this study was to demonstrate and evaluate
a practical way of measuring locations of harvested trees
using a cut-to-length harvester. To improve practicality, we
used standardized data on crane length, only replacing the
harvester’s standard GNSS receiver with a differential GNSS
receiver which allowed for correcting the obtained coordinates
with base station reference data.

Materials and methods
Study sites

Data were obtained from eight final fellings in Nord-Aurdal
municipality (60° 57" N 9° 15’ E, 307-1325 m above sea level)
and Etnedal municipality (60° 58’ N 9° 39" E, 210-1414 m
above sea level) in southern Norway (Figure 1). The harvested
stands were mainly composed of Norway spruce (Picea abies
(L.) Karst.), with small proportions of Scots pine (Pinus sylves-
tris L.) and deciduous species; mainly birch (Betula pendula
Roth. and Betula pubescens Ehrh.).
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Figure 1. Nord-Aurdal and Etnedal municipalities in southern Norway (a), locations of study sites (b), and control measurements of stumps measured at site 8 (black

dots) and coordinates measured by the harvester (white dots) (c).

Harvester data

Harvester data were obtained between February 2019 and
April 2020 using a Komatsu 931XC single-grip harvester
equipped with a 230 H crane with a 10 m reach and a Cl144
harvester head (Figure 2). As optional equipment supplied by the
manufacturer, a pulse sensor measuring the angle between inner
and outer boom was mounted on the crane, enabling crane tip
positioning (Bhuiyan et al. 2016). The crane and cabin are
mounted on a rotating platform with automatic leveling (long-
itudinal 20°/22° and lateral 16°). The MaxiXplorer control system
was used (version 3.1.9 and updated to 3.2.1 during the course of
data collection) from which output production data were
exported as HPR files. The HPR files contained data on species
and diameter at breast height of harvested stems, and dimensions
and assortments of individual logs. In addition, for each harvested
tree, the HPR files included the longitude and latitude values,
machine bearing, i.e. the compass direction of the machine's
front, the crane angle with respect to the machine bearing, and
the crane length (Figure 2). The machine bearing was measured as
the GNSS track angle in degrees and logged in GPRMC format
under forward motion. The crane angle with respect to the
machine bearing was measured using a rotary sensor mounted
on the rotating cabin platform. Although the sensor had
a resolution of 0.25 degrees, crane angles were recorded in the
HPR files in whole degrees. Measurements of crane length were
based on the sensor measuring the angle between the inner and
outer boom and the cosine rule (Equation (1)):

L= \/d12 + (d2 + 15d3)" — 2d1d2cos(A) (1)

where L is the crane length, d1 is the inner boom of 4.26 m, d2 is
the outer boom of 3.37 m, d3 is the telescopic boom extension of
2.14 m and A is the angle (in radians) between the inner and
outer boom (Figure 2). Thus, although the length of the tele-
scopic boom ranged between 0 and 2.14 m, it was set to a middle
position of 1.07 m in calculating the crane length.

We replaced the harvester’s standard GNSS receiver with
a real-time kinematic (RTK) Septentrio AsteRx-U differential
GNSS receiver (Figure 3), from which the longitude and latitude
values were recorded in the HPR files. Additionally, the HDOP,
number of satellites and rotation (in compass degrees) were
recorded for each measurement. The GNSS receiver consisted
of two antennas, both of which received pseudorange and carrier
phase observables from all available GNSS constellations, i.e.
BeiDou, Galileo, GLONASS and GPS. The GNSS receiver has
a cellular modem for RTK correction, for which we used
SATREF, i.e. a positioning service operated by the Norwegian
Mapping Authority based on a nationwide network of geodetic
GNSS receivers. Distances to the nearest base station ranged
from 11.5 to 17.4 km, and under such circumstances, the sys-
tem’s horizontal positional accuracy can be expected to be
around one centimeter when using SATREF (Myrvang 2016).

The harvester’s on-board computer only accommodated
input from one antenna, locations of which were used as input
by the on-board computer in calculating the base machine and
crane tip positions. Positions and rotations using also the second
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Figure 2. The Komatsu 931XC harvester used in this study, and the industry
standard system for positioning harvested stems. The black arrow indicates the
machine's bearing, the white arrow indicates the direction of the crane,
C indicates the crane angle with respect to the machine bearing, A indicates the
angle between the inner and outer boom, d1, d2 and d3 indicate the inner and
outer boom and telescopic extension, respectively, and L indicates the crane
length, as calculated by the on-board computer.

antenna were stored in the National Marine Electronics
Association (NMEA) format in the Septentrio GNSS at a -
one second rate. HPR and NMEA files were accessible online
through the Komatsu MaxiFleet application and a file transfer
protocol (FTP), respectively. An overview of the harvester data is
shown in Table 1.

Control measurements

We determined the locations of a total of 285 control trees
using a TOPCON HiPer SR in RTK mode, by measuring the
stump center immediately after harvest. The control measure-
ments were collected as part of a master's thesis (Iversen 2020;
site 6) and our data quality control for the remaining sites.
Each stump was measured directly after harvest and before the
subsequent tree was harvested, ensuring that the order of con-
trol measurements corresponded to the order of harvested
trees in the HPR files. All measurements were obtained under
clear sky conditions and with RTK fixed solutions. The plani-
metric error margin of control measurements ranged from 1 to
3 cm with a mean of 2 cm. After measuring the stump of the
last control tree during field work, we exported the HPR files
from the on-board computer to ensure a link between control
trees and stem ID in the HPR files.

Data analysis

From the HPR files, we extracted time stamps of fellings, crane
tip positions and values of machine bearing, crane angle and
crane length at the time of felling. In this study, the crane tip
positions represent coordinates of harvested trees. Because we
replaced the standard GNSS with the differential GNSS, the
crane tip positions calculated by the on-board computer and
recorded in the HPR files were based on differential GNSS
measurements. However, we found a number of irregularities
in values of machine bearing, where, for example, the bearing
changed approximately 180° abruptly between harvested trees,
resulting in positional errors >10 m. Therefore, we re-calculated
the crane tip positions using rotations calculated from the
NMEA data (Figure 3) as described in the following. For each
harvested tree, we linked the stem data obtained from the HPR
files with the nearest NMEA measurement, and extracted the

Figure 3. Overview of the modified system for positioning harvested stems used in this study. White circles indicate the differential GNSS antennas, the white arrow
indicates the rotation calculated from the GNSS data and L indicates the crane length calculated by the on-board computer.



Table 1. Summary of harvester data.
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Site number and number Number of Diameter at breast height ~ Commercial height
of trees harvested Crane length (cm)  GNSS rotation (°) HDOP satellites (mm) (cm)

Site n Range Mean(sd) Range Mean(sd) Range Mean(sd) Range Mean(sd) Range Mean(sd) Range Mean(sd)
1 12 733-907 864(51) 47-164 105(34) 0.6-0.7 0.6(0.0) 20-22 21.6(0.7)  127-279 223(47) 522-1541 1255(298)
2 16 650-910 833(70) 123-269 195(37) 0.5-0.6 0.5(0.1) 17-25 21.8(2.1)  104-268 159(46) 379-1448 1024(365)
3 53 524-911 787(105) 180-353 294(37) 0.6-0.8 0.7(0.1) 15-22  18.1(2.1) 108-317 203(52)  486-1979 1294(429)
4 23 559-911 800(91) 22-356 311(66) 0.6-0.7 0.6(0.1) 16-20 18.6(1.1)  138-327 208(47) 343-1374  703(330)
5 5 728-843  798(46) 21-86 63(26) 0.6-0.7 0.7(0.1) 21-24 21.8(1.3) 176-254 209(32) 914-1707 1352(286)
6 140 600-919 829(67) 2-360 250(102) 0.5-1.8 0.7(0.1) 8-25 20.6(2.4) 112-569 269(83) 105-2379 1367(453)
7 21 527-916 776(119) 118-257 166(33) 0.7-1.7 0.9(0.2) 11-18 14.7(1.9) 93-417 212(93) 412-2001 1219(472)
8 15 618-915  759(99) 13-352 65(80) 0.6-0.9 0.7(0.1) 15-22 19(2.1) 110-408 250(79) 361-2275 1570(632)

corresponding NMEA rotation, HDOP and number of satellites.
We then calculated the distance between the base machine
position and tree location in longitudinal and latitudinal direc-
tions, by multiplying the crane length with the sine and cosine of
the GNSS rotation, respectively. Finally, we added the distances
in longitudinal and latitudinal directions to the base machine
coordinates to obtain the coordinates of harvested trees.

We computed positional errors as the distances between
planimetric coordinates of control measurements and har-
vester crane tip measurements. To assess whether the posi-
tional accuracy remained stable over time, we compared
mean errors obtained for the separate sites using a one-way
analysis of variance (ANOVA) test. We further assessed the
correlation between the obtained positional errors and the
HDOP and number of satellites recorded by the GNSS and
the crane length recorded in the HPR files. Additionally,
because the length of the telescopic boom was not accounted
for in the crane length parameter, we computed all tree loca-
tions given adjustments of crane length ranging from —100 cm
to 100 cm with 10 cm intervals, to quantify and potentially
compensate for systematic deviations between control mea-
surements and harvester tree locations.

Results

The distribution of the positional errors obtained is shown in
Figure 4. Errors ranged from 0.14 to 2.85 m, with a mean of
0.88 m and a standard deviation of 0.38 m. The one-way

ANOVA test revealed that mean errors did not differ signifi-
cantly among sites (F-value = 0.20; p-value = 0.66), i.e. the
accuracy of the positioning system remained stable over time
(Figure 5). The mean error obtained for site 6, i.e. the site with
the largest number of control measurements, was 0.89 m, with
a standard deviation of 0.26 m.

We found only weak correlations between positional errors
and values of HDOP, number of satellites and crane length
(0.18,-0.14 and —0.16, respectively). We did not find any clear
patterns in the distribution of errors across crane angles, how-
ever, positional errors were limited to around 1.5 meter when
only using measurements obtained with at least 19 observed
satellites (Figure 6).

Mean positional errors were reduced by decreasing the
crane length, where a crane length reduction of 40 cm mini-
mized the mean positional error, yielding a mean error of
0.79 m (Figure 7). Given the 40 cm reduction, the positional
errors had a standard deviation of 0.36 m, 84% of errors were
<1 m, and 95% of the errors were between 0.34 and 1.45 m. The
positional accuracy was improved by reducing the crane length
with as much as 80 cm. The magnitude of variability in posi-
tional errors increased with both negative and positive crane
length adjustments.

Discussion

The aim of this study was to demonstrate and evaluate
a practical way of measuring locations of harvested trees
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Figure 4. Density plot of positional errors obtained for the 285 harvested trees. The dashed line indicates the mean error of 0.88 m.
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using a cut-to-length harvester. By coupling a differential
GNSS receiver to a conventional harvester operating system
and using standardized machine monitoring data on crane
length, we were able to position harvested trees with sub-
meter accuracy. From a forest inventory perspective, this result
is promising because it indicates that large numbers of har-
vester measurements can be georeferenced relatively easily,

which may benefit a range of forest inventory applications
(Lindroos et al. 2015). Given the level of positional accuracy,
the data may potentially augment or replace manual field work
in various inventory applications, three main advantages being
(1) the level of detail of tree measurements, (2) the large
volume of generated data and (3) the fact that the data are
generated as a by-product of harvesting operations. Due to
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Figure 7. Mean positional errors of planimetric coordinates of harvested trees (dots) and standard deviations of the errors (whiskers) obtained for the adjusted values of
crane length. The dashed line indicates the mean positional error without crane length adjustment.

irregularities in values of machine bearing, however, we had to
post-process the data using rotations calculated from the GNSS
receiver. Therefore, the crane tip positions recorded in the
HPR files could not be used directly as locations of harvested
trees, making the method less practical. However, this issue
could be resolved by reprogramming the on-board computer
to use rotations calculated from the GNSS data instead of
rotations based on values of machine bearing and crane angle.

An obvious potential use of the data obtained lies in linking
them to remotely sensed data for modeling and predicting
forest attributes, as a substitute for plot-level measurements.
For such an application, the positional accuracy obtained in
this study would suffice (Lindroos et al. 2015). In previous
studies, harvester data were shown to be a suitable replacement
for manual field work (Hauglin et al. 2018), by which plots can
be selected anywhere from within a harvested forest area, of
any desired size and shape (Maltamo et al. 2019). A potential
challenge of utilizing harvester data in forest inventories based
on remotely sensed data, however, is that the data will not
constitute a probability-based sample. Thereby, they are largely
limited to mature forests, i.e. at a stage of being ready for
commercial harvest. The system could potentially also be
used in a younger forest, during thinnings, however under
a forest canopy the positional accuracy may degrade substan-
tially. In this study, we only used data collected during clear-
felling operations and thus under open-sky conditions.
Therefore, further testing is needed to assess the performance
of the positioning system under a forest canopy. Nevertheless,
field work constitutes one of the main cost components of
forest inventories assisted by remotely sensed data (Means
et al. 2000; Naesset 2007), and harvester data may thus prove
beneficial in augmenting at least some of the manual field work
carried out in forest inventories.

The positional accuracies obtained in this study confirm
earlier findings reported by Hauglin et al. (2017), who found
that measurements of single harvested trees can be georefer-
enced with sub-meter accuracy using a harvester. In the
aforementioned study, slightly larger positional errors were
reported with a mean of 0.94 m and standard deviation of
0.58 m. Two main novel aspects of the current study are that
(1) additional equipment mounted on the harvester was lim-
ited to a differential GNSS receiver and (2) the crane and
cabin of Komatsu cut-to-length harvesters are both mounted

on the same automatically leveled platform. While the former
aspect mainly benefits practicality, the latter also benefits
positional accuracy as both the GNSS receiver and crane are
leveled simultaneously when maneuvering uneven terrain,
thus eliminating potential orientation errors between the
GNSS receiver and crane base. For harvesters on which the
crane and cabin are mounted on separate platforms, the use
of rotations calculated from the GNSS data may be less
practical, and calculations of crane tip positions may alterna-
tively be based on values of machine bearing and crane angle,
i.e. the current industry standard. Thus, a range of forest
harvesters could potentially be equipped with positioning
systems similar to the one used in this study, including
other types of harvesters such as feller bunchers (Pan and
McDonald 2019) and excavator-based harvesters (Ackerman
et al. 2018).

Because the horizontal positional accuracy of the differential
GNSS receiver mounted on the cabin can be expected to be
around one centimeter, most of the positional errors obtained
should be attributed to other error sources. Primarily, there
was no sensor measuring the length of the telescopic boom,
which ranged between 0 and 2.14 m. In calculating the crane
length, the position of the telescopic boom was set to a constant
middle position of 1.07 m, however this introduced
a substantial random error which may have caused a large
portion of the positional errors obtained in this study. The
extent to which the telescopic boom is used may vary across
operators, forest types and terrain, whereby the boom may
tend to be extended further in steep terrain, degrading the
positional accuracy substantially. Visual assessments during
control measurements indicated that the majority of control
trees were felled with the telescopic boom in an approximate
middle position. If the operator would have had a tendency to
extent or retract the telescopic boom further during felling, the
positional errors would have been larger. Nevertheless, other
sources of error should be anticipated. These include varying
angles between the crane base and inner boom, orientation
errors due to the harvester head being rotated toward either
side of the crane tip, varying stem diameters, or resolution
errors in crane angle sensors. However, GNSS rotations were
recorded with 0.001 degree resolution, and resulting resolution
errors were therefore small in comparison to the random error
introduced by the telescopic boom, which for any given tree
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may have been off by a meter in either direction. To further
improve the positional accuracy, sensor hardware measuring
the length of the telescopic boom is needed to aid in the
calculation of crane length.

We did not find any strong correlation between positional
errors and values of HDOP, number of satellites and crane
length. While Hauglin et al. (2017) reported correlations of
0.51 and -0.21 with values of HDOP and number of satellites,
respectively, we obtained values of 0.18 and —0.14. It is gen-
erally assumed that HDOP is a good indicator of positional
accuracy (Lu and Schnieder 2014; Wen et al. 2018). However,
there was little variation in values of HDOP in this study,
where values ranged between 0.5 and 0.9 (Table 1, Figure 6).
Values of HDOP may increase under canopy conditions (Blum
et al. 2016), and although the data were collected during final
fellings, partial canopy coverage may have been present during
collection of some of the data used in this study. Although we
did not find a strong correlation between positional errors and
the number of observed satellites, positional errors were lim-
ited to around 1.5 meter when only using measurements with
at least 19 observed satellites. Thus, a certain level of positional
accuracy may potentially be maintained by only using GNSS
positions calculated from a given number of observed satellites,
however future studies using more data are needed to confirm
this prospect.

Regarding the operational use of georeferenced harvester
data in forest inventories, there are several directions for future
research which may be pursued to improve accuracy and
practicality. First, sensor hardware for measuring the length
of the telescopic boom should be investigated, as this was likely
the main source of error in this study. Second, sensor hardware
for measuring the angle between the crane base and inner
boom, as well as the rotation of the harvester head toward
either side of the crane tip and dimensions of the harvester
heads, may further improve the positional accuracy. Thereby,
diameters of harvested stems could be taken into account as
well, which are already measured and recorded. Third, practi-
cality may be improved by using the GNSS rotation directly
when calculating the coordinates of harvested trees, to avoid
re-calculating the coordinates during post-processing. Fourth,
the system should be tested under thinning operations, as the
presence of a partial or closed canopy may degrade the posi-
tional accuracy substantially. Finally, operational applications
of sub-meter accurate GNSS-enabled harvester data should be
investigated.

Conclusions

Overall, this study showed that measurements of single har-
vested trees can be georeferenced with sub-meter accuracy by
replacing a harvesters’ standard GNSS with a dual antenna
differential GNSS. Rotations obtained from the GNSS data
and the length of the crane obtained from the on-board com-
puter proved to be highly useful in determining the coordinates
of harvested trees. Future research should focus on developing
sensor hardware for measuring and recording the length of the
harvester’s telescopic boom.
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