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Abstract

The demand for increased efficiency in timber harvesting has traditionally been met by con-
tinuous technical improvements in machines and an increase in mechanisation. The use of 
active and passive sensors on machines enables improvements in aspects such as operational 
efficiency, fuel consumption and worker safety. Timber harvesting machine manufacturers 
have used these technologies to improve the maintenance and control of their machines, to 
select and optimise harvesting techniques and fuel consumption. To a more limited extent, it 
has also been used to evaluate the time taken to complete tasks. The systematic use of machine 
sensor data, in a central database or cloud solution is a more recent trend.
Machine data is recorded over long periods of time and at high resolution. This data therefore 
has considerable potential for scientific investigations. For mechanised timber harvesting op-
erations, this could include a better understanding of the interaction between productivity and 
operational parameters, which first of all requires an efficient determination of cycle time.
This study was the first to automatically delimitate tower yarder cycle times from machine 
sensor data. In addition to machine sensor data, cycle times were collected through a tradi-
tional manual time and motion study, and cycle times from both studies were compared to a 
reference cycle time determined from video footage of the yarder in operation.
Based on three days of detailed time study, the total cycle time in the classic manual time 
(–1.3%) and in the machine sensor data (–1.2%) was only slightly shorter than in the reference 
study, and the average cycle time did not differ significantly (classic manual time study: 
–0.08±0.94 min, p=0.997; machine sensor data study: –0.08±0.26 min, p=0.997). However, 
the accuracy of the machine sensor approach (RMSE=0.92) was more than three times higher 
than that of the classic manual time study (RMSE=0.27).
With the integration of sensors on forestry machines now being commonplace, this study 
shows that machine sensor data can be reliably interpreted for time study purposes such as 
machine or system optimisation. This eliminates the need for manual time study, which can 
be both cumbersome and dependent on the experience of the observer, and allows long term 
data sets to be obtained and analysed with comparatively little effort. However, a truly auto-
mated time study needs to be supplemented with automated determination of and linkage to 
other operational parameters, such as yarding and lateral yarding distance or load volume.
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1. Introduction
Time studies have been an integral part of the for-

est engineering research »toolbox« for over a century. 
The primary rationale for using scientific methods has 
always remained the same: to describe the relationship 

between input (e.g. time, but also consumables) and 
output (e.g. m³ of roundwood or industrial wood) and 
the factors that significantly influence this relationship, 
in order to derive practical adaptations to existing timber 
harvesting systems and harvesting methods that will 
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increase their productivity and reduce unit costs 
(Brandstorm 1933, Magagnotti et al. 2012, Spinelli et 
al. 2021).

Over the years, the tools for time measurement, 
have changed considerably, starting with simple ana-
logue clocks, to digital stopwatches to Windows OS or 
Android OS based mobile devices, and most recently 
GNSS-based time measurement (Essen 1936, Marrison 
1948, Strandgard and Mitchell 2015, Eker and Kurt 
2021, Gallo et al. 2021, Borz et al. 2022a). The quality 
and quantity of recorded data has changed along with 
measurement of time. Initially, human observation 
and handwritten records were the limiting factors for 
data collection in time studies. These have been partially 
overcome with the advent of digital recording methods. 
Traditionally, researchers have had to make a trade-off 
between the level of detail and the temporal scope of 
time studies – i.e. either conduct labour-intensive classic 
time-motion studies over short periods of time or 
resort to less detailed shift- and plot-level studies that 
can cover longer periods of time (Magagnotti et al. 
2012).

In cable yarding, time consumption and productiv-
ity are a function of various operational parameters, 
such as tree dimensions, harvesting intensity, extrac-
tion and lateral yarding distances as well as the degree 
of mechanisation and proficiency of the yarding crew 
(Lindroos and Cavalli 2016). In recent years, a number 
of studies have investigated alternative approaches 
using different sensor technologies. These include 
global positioning systems (GNSS), or vibration or 
acoustic sensors to detect work cycle or work tasks 
(Cheta et al. 2011, Lee et al. 2018, Pierzchala et al. 2018, 
Proto et al. 2018, Tolsana et al. 2018, Baek et al. 2020, 
Picchio et al. 2020, Gallo et al. 2021, Borz et al. 2022a, 
Murata Manufacturing 2022, Neri et al. 2022, Yilmaz 
et al. 2022). A common drawback of many of these 
sensor-based approaches is the need to resort to cus-
tomised sensor equipment.

Machine sensor data is collected by on-board-dat-
aloggers. This data can be accessed via the machine 
Controller Area Network (CAN) system. CAN sys-
tems are installed in a wide range of machines and 
were originally designed to facilitate communication 
between control units (e.g. engine control unit, trans-
mission control unit) within a vehicle using a common 
protocol, allowing hard wiring to be replaced by soft-
ware, thereby significantly reducing the weight of the 
vehicle (CAN in automation 2011).

With machine sensor data in a standardised for-
mat, the CAN is considered to have considerable po-
tential for time studies (Bruckmayer 2009, Rohrer et al. 
2019) and represents a significant leap not only in 

terms of data quality and quantity, but also because it 
allows extending data collection to periods not realis-
tic in classic time studies. Furthermore, due to the high 
resolution and density of machine sensor data, this 
technology offers considerable potential for improv-
ing model quality, but also enables novel approaches, 
such as data mining, to cope with exponentially larger 
datasets (Witten and Frank 2005, Manner 2015, Brewer 
et al. 2018, Sung 2018, Rossit et al. 2019, Borz et al. 
2022a). Machine sensor data offers a number of advan-
tages over data collected during classic time studies, 
most notably the ability to collect much larger datasets 
of highly accurate, standardised and detailed data at 
low cost (Palander et al. 2012, Nuutinen et al. 2008). 
Furthermore, by eliminating the need for an observer, 
one can avoid bias due to the so-called »Hawthorne 
effect«, i.e. the change in one’s behaviour when one is 
aware of being observed (Merrett 2006, Magagnotti et 
al. 2012, Strandgard and Mitchell 2015).

Konrad Forsttechnik GmbH was one of the first 
manufacturers of cable yarding equipment to store 
machine sensor data collected by data loggers installed 
in their tower yarder models in a structured manner. 
Varch et al. (2020) used this data in their investigation 
of the effect of carriage type on the fuel consumption 
of an integrated tower yarder in uphill whole-tree 
yarding. In contrast, the cycle times were determined 
by a classic manual time-motion study and then syn-
chronised with machine sensor data to reconcile fuel 
consumption information with cycle data. A truly au-
tomated time study, on the other hand, would auto-
matically delimit work cycles based on machine sen-
sor data.

Accordingly, the objective of this study was to in-
vestigate how reliably and accurately cycle times can 
be determined from machine sensor data collected by 
standard data loggers installed in an integrated tower 
yarder using a novel delimitation algorithm. To this 
end, cycle times were collected simultaneously by 
three methods: automated machine sensor data, man-
ual time study in the field and time study performed 
in the office from video footage.

2. Materials and Methods

2.1 Study Site and Operation
The study area was located in the district of St. Veit 

(47°01’56” N 14°13’03” E), province of Carinthia, 
Austria. The compartment measured approximately 
1.2 ha in size, at an elevation of 1400 m above sea level 
on a NE slope. The terrain was fairly steep (slope 
ranging from 50 to 70%). The site was covered by a 
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mixed mature stand of Norway spruce (Picea abies 
Karst.) and European larch (Larix decidua Mill.) 
originating from natural regeneration. Soil types en-
countered included leptosols, cambisols and podzolic 
cambisols.

A secondary felling treatment was carried out dur-
ing the study, and it consisted of a selection cut using 
the single tree-selection method. The trees were felled, 
roughly delimbed and topped by chainsaw and ex-
tracted by tower yarder on two corridors. The yarding 
corridors were 32 m apart at the unloading point and 
converged as the corridor length increased due to the 
terrain. Span lengths were 180 and 220 m. Trees were 
yarded as stem lengths or stem sections, if excessive 
tree size required crosscutting at some point. On both 
corridors, the tailholds were large, healthy spruce 
trees. The average skyline clearance was 12 m and the 
slope profile allowed operation without intermediate 
supports. The rigging was a classic shotgun (two-ca-
ble) configuration; a standing skyline with the carriage 
being pulled towards the yarder by the mainline and 
returned to the loading site by gravity. On the forest 
road, the trees or tree sections were delimbed, cut into 
commercial assortments and stacked.

The yarder was a Konrad Forsttechnik Mounty 
3000 integrated tower yarder model on a Mercedes 
Benz Arocs AK3342 6x6 truck. The machine had a 
maximum skyline capacity of 500 m and was equipped 
with three hydraulically powered winch drums, for 
the skyline, mainline (500 m) and haulbackline 
(1100 m). The mainline and haulbackline drums were 
equipped with a hydraulic interlock. Additional 
drums were available for the guylines. The tower 
could be telescoped up to 13.0 m and was fully extend-
ed during the study. The yarder was powered by the 
truck's 309 kW diesel engine. The skyline, mainline, 
haulbackline and guylines had diameters of 18 mm, 
11 mm, 10 mm and 18 mm, respectively. All cables 
were wire rope core, swaged, ordinary lay. The skyline 
pre-tension could be set to a maximum of 100 kN, de-
pending on working conditions. The carriage was a 
Mayr-Melnhof PRISYS H3 (formerly PRISYS Cable 
Car 30) with a capacity of 3 tonnes, equipped with an 
energy recuperating system for slack-pulling and 
weighing 580 kg. At the loading site, it was clamped 
to the skyline with a hydraulic clamp and the mainline 
was used for slack-pulling. Loads were hooked to the 
mainline by one end and were yarded semi-suspend-
ed or dangling from the carriage when contact with 
the slope profile was interrupted. For processing, the 
yarder was equipped with a Konrad Woody H60 pro-
cessor head mounted on a KFT MT 22 crane with a 
maximum reach of 9.6 m.

The yarding crew consisted of four workers: two 
at the loading point (chainsaw operator and choker 
setter) and two at the unloading point (processor op-
erator and chaser). The processor operator sat inside 
the cab of the yarder and cut the incoming trees and 
tree sections into commercial assortments, while the 
chaser manually removed the chokers from the trees. 
Both the processor operator at the unloading point and 
the choker setter at the loading point had remote con-
trols to manage the yarder, allowing them to operate 
it independently when the carriage was in their own 
work zone. The remote controls were mutually exclu-
sive, so that operators could not interfere with the car-
riage movements when the carriage was outside their 
defined working zone. All operators were experienced 
and had the appropriate formal qualifications.

2.2 Study Layout
The experiment involved three concurrent studies, 

each representing a different approach to cycle time 
measurement. In the first study, cycle time was re-
corded by a researcher conducting a classic time-and-
motion study based on real-time visual observation of 
the work (OCU). In the second study, the cycle time 
was determined from machine data (MAC) obtained 
from standard data loggers installed in the cable yard-
er, using a novel algorithm to automatically delimitate 
work cycles. In the third study, the cycle time was de-
rived from video footage (VID) of the harvesting op-
eration taken with action cameras and processed back 
in the office. The VID study was considered to be the 
»true« cycle time or »ground-truth« because it had 
several advantages over the OCU and MAC studies. 
First, the exact cycle time could be determined by 
slow-motion and the recording could be replayed in 
case of doubt, thus eliminating potential human error 
in cycle evaluation that could occur in the OCU study. 
Second, VID did not lack the reference to stem IDs that 
the MAC study lacked. As the same cycles were eval-
uated in all three studies, the cycle time accuracy and 
precision achieved in the OCU and MAC studies 
could be determined by benchmarking against the 
VID reference. All studies used the same cycle separa-
tion point (»break point«), which was the moment 
when the carriage began to move from the unloading 
point to the loading point (start of outhaul).

2.3 Field Study
Prior to harvesting, all trees to be felled were 

marked with spray paint by a forester. A total of 262 
trees had been selected for removal along the two 
study corridors. For identification during the time 
study, each of these trees was provided with a unique 
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ID in the form of a sequential number applied with 
spray paint.

The time study took place over three consecutive 
days (November 09th to November 11th 2020) under 
natural light conditions. The yarder extracted 291 trees 
with a total volume of 239.0 m³. The lateral yarding 
distance was 10.6±10.0 m and the yarding distance was 
104.2±71.8 m. A load consisted of 1.6±0.9 pieces and 
had a volume of 1.33±0.64 m³.

In the OCU study, cycle time was manually re-
corded using RC5 time study software (version 1.0) on 
a handheld computer (Algiz 7) by a researcher sta-
tioned at a point close to the yarder with an unob-
structed view of the corridor. For each yarding cycle, 
time spent was recorded together with the IDs of the 
trees yarded in the same cycle.

For the MAC study, machine data was obtained 
from a system of three data loggers installed as stan-
dard on the integrated tower yarder. These data log-
gers are connected to the machine CAN system and 
record data from the engine, transmission and radio 
remote controls, as well as any other analogue or dig-
ital sensors installed on the yarder or carriage. They 
can store up to 30 days of data in binary format. Data 
logger timestamps are synchronised via an integrated 
GPS unit and data is recorded at intervals of 50±5 to 
1000±100 ms, depending on the sensor and signal type. 
Data can be viewed in real-time on a mobile device via 
a Wi-Fi connection during the operation and retrieved 
during or after the operation via wireless access or by 
connecting the data loggers to a PC, smartphone or 
tablet. To initiate a new recording file, the machine 
main power supply switch must be operated. The rea-
son is that the data loggers used generate a new series 
of data files based on the sensor signals every moment 
they are de-energised. Therefore, this was done at the 
beginning of the study to ensure consistent quality of 
information for the time stamp and to establish an 
imaginary zero point for the data series, and data re-
cording continued uninterrupted until the end of the 
study.

A number of sensors and signals, such as the con-
verted binary code from the radio remote control, sig-
nals from the electro-hydraulic valves of the mainline 
drum or the Hall magnetic sensor of the mainline 
drum, were considered prior to the study in order to 
obtain cycle time information. It was also considered 
to install an additional Hall magnetic sensor on the 
infeed pulley of the mainline at the top of the tower, 
which would have allowed access to the mainline 
movement without slippage, on the one hand, and 
where the spooled-out length could have been mea-
sured with very high accuracy, on the other hand. 

Since the aim of the present study was to automati-
cally delimit work cycles from standard sensor data 
and the break point between cycles is linked to the 
start of carriage movement at a particular point along 
the skyline, a standard sensor was chosen that can de-
liver exactly this data, namely the Hall magnetic sen-
sor attached to the mainline drum. In detail, the sensor 
provides the magnitude and direction of rotation of 
the mainline drum over time and allows the position 
of the carriage along the corridor to be estimated. As 
the Hall magnetic sensor had shown promise in test 
data trials, it was also used in the full-scale study.

In the VID study, an action camera (GoPro HERO7 
black) was mounted on a tripod close to the yarder so 
that the camera angle covered the entire processing 
zone. Uninterrupted power supply was ensured by 
using several of the largest commercially available bat-
teries for the action camera model, which were 
changed in the morning and at lunchtime. Recordings 
were stored on SD memory cards, allowing a full day 
recording to be made and transferred to a PC at the 
end of each day. The purpose of the recordings was to 
later establish cycle time in the office and to re-check 
tree ID recordings from OCU study.

2.4 Data Analysis
OCU work task level data was downloaded from 

the handheld computer and checked for completeness, 
consistency and plausibility. Cycle level data was then 
organised by cycle number in a Microsoft Excel 
spreadsheet.

The analysis in VID was carried out by the same 
researcher and the videos were first screened for cov-
erage using a standard video player software. Due to 
a technical problem during the field study, video foot-
age did not cover all OCU cycles and the total record-
ed cycle time was therefore shorter in VID. Partially 
covered cycles were excluded from the analysis. Cycle 
time was established by calculating differences be-
tween break points based on video runtime. Cycle 
number was determined by matching tree IDs in the 
videos to recordings in OCU. Finally, the VID cycle 
time data was linked to the OCU data by cycle number 
in the Microsoft Excel spreadsheet mentioned above.

The raw MAC data consisted of a number of bi-
nary format (ASCII code) packages for each data log-
ger and day. In order to actually work with this data, 
the files had to be converted to hexadecimal format. 
Only in this format was it possible to locate the desired 
information, or rather the delivering sensor, by means 
of specific manufacturer-coded identifiers provided by 
Konrad Forsttechik GmbH (Konrad Forsttechnik 2022). 
The software UltraEdit (IDM Computer Solutions, 
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Inc., version 2022.1) was used for the conversion and 
the files were saved as .txt files. The original file names 
consisted partly of a timestamp referring to the time 
of file creation and were therefore retained for later 
chronological arrangement.

Further processing was done in R statistical soft-
ware (R Core Team 2022). The entirety of the convert-
ed .txt files formed the initial dataset. Once the files 
were imported into the software, they were checked 
for correct data class assignment, completeness, con-
sistency and plausibility. The next step was to extract 
the desired information from each file individually. 
Once the data associated with the Hall magnetic sen-
sor had been located using the sensor-specific identi-
fier, a conversion factor had to be applied to obtain the 
length of the spooled-out mainline in meters and thus 
the distance of the carriage from the base machine over 
time. Finally, individual file data consisting of time-
stamp and converted Hall magnetic sensor informa-
tion were merged into one file per day and arranged 
chronologically according to timestamps from the file 
names.

The »findpeaks« function from the R-package 
»pracma« (version 2.4.2, Borchers 2022) was used to 
automatically determine the cycle break points. This 
is a general function for identifying peaks in time se-
ries, offering extensive options for specifying peak 
characteristics, such as minimum number of increas-
ing/decreasing steps before or after a point, minimum 
peak height or minimum distance between two peaks. 
To identify the break point between cycles – the start 
of outhaul – the data was searched for peaks/positions 
as close as possible to the base machine, preceded by 
a plateau in the carriage movement and followed by 
an extended series of increasingly distant positions 
(Fig. 1). Appropriate parameter settings had to be es-
tablished iteratively by visually checking for correct 
peak assignment and verifying that the total number 
of cycles matched the OCU recordings. Cycle time was 
determined by calculating the differences between 
peak/break point timestamps (Fig. 1). The daily cycle 
time data was then consolidated into a file and a cycle 
number was assigned according to the chronological 
order of the cycles. Finally, data was linked to OCU 
and VID data by cycle number in the Microsoft Excel 
spreadsheet.

To compare study methods, a final dataset was es-
tablished by filtering OCU, MAC and VID cycle times 
compiled in the Microsoft Excel spreadsheet for cycles 
covered in all three studies. Analyses were performed 
in R statistical software (R Core Team 2022). The Tukey 
HSD (Honest Significant Difference) test and RMSE 
were used to determine whether, and to what extent, 

cycle time differed significantly between studies at 
operation and day levels and how potential deviations 
affected efficiency and productivity metrics. For all 
analyses, the chosen significance level was α<0.05.

3. Results

3.1 Cycle Coverage by Method
A total of 182 cycles were included in the studies, 

but none of the studies included all cycles. The highest 
coverage rate was observed in the OCU study (181; 
99.5%), followed by MAC (178; 97.8%) and VID stud-
ies (172; 94.5%), and total recorded cycle time ranged 
from 1076.2 min (VID) to 1115.6 min (OCU) (Table 1). 
From this initial dataset, a number of cycles were re-
moved due to lack of coverage or failure to pass plau-
sibility checks. On day 1, these amounted to four and 
eight cycles covered by the OCU study but not by the 
MAC and VID studies, respectively, due to recording 
errors and technical problems with the camera, reduc-
ing the total number of cycles from 69 initially to 58 in 

Fig 1. In MAC, a general function for identifying peaks in time series 
was used to identify break points between work cycles, based on 
the carriage position on the corridor over time, using information 
obtained from the Hall magnetic sensor installed on the mainline 
drum. A peak was considered a break point if 1) the carriage was 
within the landing zone, 2) it followed a period of stable carriage 
position and 3) it was followed by a long sequence of increasingly 
distant points. Cycle time was then calculated as the difference 
between successive peaks
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the consolidated dataset. The recordings covered all 
(MAC; 40) or all but one (OCU, VID; 39) cycles on the 
second day. In MAC, however, the cycle time results 
did not meet plausibility check criteria, such as differ-
ences between time stamps for work periods in the 
morning, between the lunchbreak and the relocation 
to corridor 2 or after the relocation, and especially with 
respect to cycle time patterns in comparison to OCU 
and VID studies. A thorough review of the analysis 
algorithm did not reveal any technical errors in the 
analysis, so it had to be assumed that the source of the 
error was located in the raw machine data files. There-
fore, comparability could not be ensured and the data 
was excluded from further analysis. On the third day, 
the cycles (73) were fully covered in all studies. The 
final, consolidated dataset then consisted of 131 cycles 
(72.0% of the total observed cycles), and total cycle 

times corresponded to 75.2%, 75.7% and 79.0% of 
the recorded totals for OCU, VID and MAC studies, 
respectively.

3.2 Cycle Time Accuracy
Total cycle time was slightly shorter in OCU 

(–11.2 min; –1.3%) and MAC (–10.1 min; –1.2%) than 
in the reference study (VID), mainly due to differ-
ences on day 3 (OCU: 7.5 min, 1.6%; MAC: 9.0 min, 
2.0%) (Table 2). However, the mean cycle times did not 
differ significantly between OCU and MAC studies 
and the VID study (OCU vs. VID: p=0.997; MAC vs. 
VID: p=0.997) or between OCU and MAC (p=0.999), 
neither on operation level, nor on day 1 (OCU vs. VID: 
p=0.994; MAC vs. VID: p=0.999; OCU vs. MAC: 
p=0.997) or day 3 (OCU vs. VID: p=0.968; MAC vs. VID: 
p=0.954; OCU vs. MAC: p=0.999) level. The similarity 

Table 2 Comparison of time consumption on operation and day level: mean, standard deviation, Min, Max and median by study

Study Observational unit Cycles, N Total, min Mean, min SD, min Min, min Max, min Median, min

OCU

All cycles 131 839.2 6.4 2.9 1.3 17.5 5.9

Day 1 58 391.7 6.8 3.3 1.3 17.5 6.0

Day 3 73 447.5 6.1 2.5 1.9 14.8 5.8

MAC

All cycles 131 840.3 6.4 2.9 1.5 18.0 5.9

Day 1 58 394.3 6.8 3.3 1.5 18.0 6.1

Day 3 73 446.0 6.1 2.5 2.0 14.8 5.7

VID

All cycles 131 850.4 6.5 2.9 1.4 17.9 6.0

Day 1 58 395.4 6.8 3.3 1.4 17.9 6.1

Day 3 73 455.0 6.2 2.6 2.0 15.1 5.9

Table 1 Cycle time coverage by study - initial (172 to 181 cycles), removed (39 to 50 cycles) and consolidated cycles (131 cycles). Day 2 
data had to be removed entirely due to a lack of MAC data to pass the plausibility check. Numbers in parentheses represent the respective 
proportion in initial cycle time

Study

Initial cycle time, min Removed cycle time, min Consolidated cycle time, min

Total
Day

Total
Day

Total
Day

1 2 3 1 2 3 1 2 3

OCU
1115.6 436.8 231.3 447.5 276.4 45.1 231.3 0.0 839.2 391.7 0.0 447.5

100.0% 100.0% 100.0% 100.0% 24.8% 10.3% 100.0% 0.0% 75.2% 89.7% 0.0% 100.0%

MAC
1110.5 420.0 244.5 446.0 270.2 25.7 244.5 0.0 840.3 394.3 0.0 446.0

100.0% 100.0% 100.0% 100.0% 24.3% 6.1% 100.0% 0.0% 75.7% 93.9% 0.0% 100.0%

VID
1076.2 404.2 217.1 455.0 225.8 8.8 217.1 0.0 850.4 395.4 0.0 455.0

100.0% 100.0% 100.0% 100.0% 21.0% 2.2% 100.0% 0.0% 79.0% 97.8% 0.0% 100.0%
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of all other statistical parameters to the reference vari-
ant also suggested that the cycle times in both the 
MAC and OCU studies were accurately measured.

While the average cycle time deviations of MAC 
and OCU from VID did not differ statistically signifi-
cant (p=0.926), the RMSE was more than three times 
(340.7%) greater in OCU study than in MAC study on 
operation level, indicating that cycle times could be 
more accurately determined from machine data than 
from field observation (Table 3). A closer look revealed 
that the performance of the OCU study improved sig-
nificantly from day 1 (409.1%) to day 3 (185.7%), but 
could not reach the accuracy levels of MAC. This is 
further confirmed by the wider range of standard de-
viation, minimum and maximum values on day 1.

4. Discussion
The rapid evolution of IT hardware and increasing 

customer demand for services based on machine sen-
sor data has led to a significant increase in the avail-
ability of structured machine sensor data for cable 
yarding equipment. This opens up great opportunities 
for scientific investigations, by making available a 
wide range of robust data that was previously impos-
sible or difficult to obtain (Spencer et al. 2021). This is 
particularly true for time studies, which have been an 
integral part of the forest engineering research toolbox 
for over a century. Here, machine sensor data could 
help to overcome the traditional trade-off between 
level of detail and temporal scope of time studies, as 
long-term data are now available with minimal re-
source input and at a level of detail that previously 
could only be achieved through labour-intensive cy-
cle-level time studies. A crucial element is the deter-
mination of cycle time, which is the essential basis for 
investigating work efficiency.

The present study was the first to develop an algo-
rithm to delimitate work cycles time from the standard 
machine sensor data of an integrated tower yarder and 
to evaluate the accuracy of automated delimitation by 
comparing its results with those obtained from video 
footage (the most accurate reference method). The 
study achieved its objective of developing an algo-
rithm that can reliably delimit work cycles and that 
can do so with greater accuracy than its human coun-
terpart can do with a classic manual time study. How-
ever, the algorithm developed in this study has some 
weaknesses. First, for a generic function to identify 
peaks in a time series, a certain degree of heterogene-
ity in the parameter under consideration is required, 
which is an inherent weakness when yarding over 
short distance, when the carriage does not leave the 
landing zone and the lateral yarding distance is short. 
In that case, the algorithm may struggle to identify 
unambiguous »peaks«. Second, the algorithm requires 
the pre-setting of peak characteristic parameters, 
which are usually unknown without some previous 
knowledge of the actual operation. In the present 
study, these had to be iteratively determined and ad-
justed whenever interrupting events affected the ma-
chine data acquisition (e.g. machine relocation or ac-
tuation of the machine main power supply switch). 
That is especially important when analysing longer 
time periods (e.g. half-shift level, shift level), and it is 
not yet certain whether this process can also be auto-
mated, which would be a crucial prerequisite for truly 
automated delimitation.

Regarding the deviations of the daily and total 
cycle times of the OCU and MAC studies from the 
video reference, it must be pointed out that they were 
within a very narrow range of about 11 minutes (1.3%) 
of the total cycle time recorded in VID study, or about 
5 seconds per cycle. There are several potential sourc-
es of error that could have caused this deviation. First, 

Table 3 Deviation of OCU and MAC cycle time from the reference study (VID) on operation and day level: mean, standard deviation, Min, 
Max, median and RMSE

Study Observational unit Cycles, N Mean SD, min Min, min Max, min Median, min RMSE

OCU

All cycles 131 –0.08 0.94 –5.68 5.30 –0.12 0.92

Day 1 58 –0.06 1.36 –5.68 5.30 –0.14 1.35

Day 3 73 –0.10 0.39 –0.73 2.94 –0.12 0.39

MAC

All cycles 131 –0.08 0.26 –0.76 1.84 –0.10 0.27

Day 1 58 –0.02 0.33 –0.69 1.84 –0.05 0.33

Day 3 73 –0.12 0.17 –0.76 0.42 –0.13 0.21
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in both OCU and VID studies, cycle time was deter-
mined by humans, thus error size was largely depen-
dent on the skill and practice of the researcher 
(Nuutinen et al. 2008). In this respect, the results of the 
VID study can be considered more accurate than those 
of the OCU study, as the time pressure of recording 
cycle times during the actual operation was removed 
from the task (Palander et al. 2012). The cumulative 
effect of those marginal differences in delimitation be-
tween studies may have introduced some error. How-
ever, given the general similarity of total cycle times 
in VID and OCU, it is reasonable to assume that data 
from the reference study were generally valid. Never-
theless, data from day 2 were excluded from further 
analysis, even if it was not possible to establish conclu-
sively why those data were incorrect, plausible as they 
were. Such an event does highlight the importance of 
always validating machine data.

There are a number of lessons that can be learnt 
from this study for future studies involving cycle time 
determination from tower yarder machine sensor 
data. First, it is necessary to have a detailed under-
standing of the content and structure of the data, as 
well as of the underlying machine mechanisms that 
affect it. In this study, one needed to actuate the ma-
chine main power supply switch to initiate the cre-
ation of a new set of machine sensor data files, and to 
correctly identify the zero position of the mainline (the 
closest position of the carriage to the tower); otherwise 
that has to be manually corrected during data process-
ing, which precludes full automation of the process. 
Second, combinations of different sensor data are re-
quired to correctly deliminate cycles when operating 
close to the machine and to allow work task delimina-
tion. To that end, mainline drum data from the Hall 
sensor could be supplemented with remote control or 
hydraulic system sensor data. In addition, remote con-
trol data from the two mutually exclusive devices op-
erated by the choker setter at the loading site and the 
operator in the yarder cab at the unloading site could 
provide a more accurate alternative to the current 
peak location approach, as it would allow the initia-
tion of outhaul, as well as any other remotely con-
trolled action to be determined directly without hav-
ing to rely on a generic function such as the mainline 
operation task used in this study. However, there may 
be a time lag between the remote button being pressed, 
the hydraulics responding and the actual action being 
taken, which may require break point adjustment. Al-
ternatively, hydraulic system control data (electronic 
signal data from solenoid valve actuation) could be 
used for this task.

Future promising research directions lie in the fu-
sion of different sensor data (Pierzchala et al. 2018), 
with the specific goal of integrating into the time study 
additional information, such as yarding and lateral 
yarding distance or load volume. The dataset used in 
this study would have allowed the determination of 
both yarding and lateral yarding distance, which 
could be obtained by combining Hall sensor data with 
remote control or hydraulic system control data. At the 
same time, piece volume data could be easily obtained 
from the machine on-board computer (OBC), which 
receives that information from the processor head. 
However, it is very difficult to associate a specific turn 
volume to each cycle, because of the time lag between 
the unloading of a turn and its processing. In addition, 
the processing of trees (or pieces) may not follow the 
order in which they are delivered. This could be over-
come by novel solutions such as built-in load cells and 
photogrammetric methods, which are currently being 
tested (Borz et al. 2022b), but all of which require the 
installation of additional sensors. If one wants to use 
the standard data made available by the machine 
OBC, then it could be possible to implement sophisti-
cated artificial intelligence methods, which could also 
enable experts to better understand why a particular 
result was achieved and thus gain additional insights 
into the complex processes of timber harvesting. This 
would also allow for the formulation of previously 
unknown »what-if« scenarios (counter-factuals), and 
a further assessment of the potential for optimisation 
(Borz et al. 2022a, Holzinger et al. 2022).

5. Conclusion
This study was conducted as a follow-up study to 

the study by Varch et al. (2020), which was the first to 
use machine sensor data from an integrated tower 
yarder to determine fuel consumption in a classic time 
study. The aim of the present study was to determine 
the number and duration of work cycles using ma-
chine sensor data, and to evaluate its accuracy by com-
paring it with a video based reference and a classic 
manual time study. It was shown that cable yarding 
work cycles can be reliably and accurately delimitated 
based on machine sensor data derived from the ma-
chine CAN system.The results also showed that the 
accuracy is higher than that of a classic manual time 
study. However, the need to exclude some of the re-
corded data from the analysis in the present study 
showed that special attention must be paid to plausi-
bility checks of both machine and reference data in 
comparative studies of this type. The current, semi-
automated approach can be considered a temporary 
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solution at best and it will require substantial refine-
ment in data transfer, processing and reporting to al-
low truly automated cycle or work task time determi-
nation. For automated time studies, it will also need 
to be supplemented with automated determination 
and linkage to other operational parameters, such as 
yarding and lateral yarding distance or load volume.
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