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*  We analysed a harvester operator’s perception of his work environment as slope gradient
increased.

* Increasingly difficult work conditions (steeper terrain) were reflected by increased eyeball
activity.

»  Fixation duration increased with slope gradient, while the duration of saccades was shorter.

*  Variation of the eyeball movement cycles was also related to work difficulty caused by slope
gradient.

The use of modern multi-functional forestry machines has already been associated with central
nervous system fatigue induced by high mental workload. As these machines are being used under
increasingly difficult terrain conditions, further knowledge is required on the expected aggrava-
tion of operators’ mental workload, so that suitable work/rest schedules can be developed. Within
such a context, the aim of this study was to gauge aggravations of mental workload derived from
increasing slope gradient. Measurements of eye activity were obtained from a representative
harvester operator working in corridors with the following mean inclinations: 9%, 23% and 47%.
The duration, frequency and trajectory of eye movements were used to determine the harvester
operator’s mental workload, on the assumption that worsening work conditions would be reflected
by increased eyeball activity. The number of fixations during the performance of all tasks increased
with the increasing slope gradient. Similarly, fixation duration increased with slope gradient.
The mean duration of saccades when working on a 23% slope was 5% shorter compared to work
under a 9% gradient. A further significant shortening of saccade duration (~22%) occurred when
working on a 47% slope. The good match between eye activity cycles and work cycles, visible
especially on steep slopes, indicates that mental workload is related to work conditions. Overall,
operating a forest harvester on steep slopes results in a greatly increased mental workload and
calls for suitable rest schedules.
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1 Introduction

Forest harvesters are complex machines specifically designed to fell tress, remove their limbs
and cross-cut the stem into logs of pre-defined size (Chiorescu and Gronlund 2001). They are the
essential components of the modern CTL harvesting system, based on harvesters and forwarders
(Spinelli et al. 2014). These machines were already used in the Nordic countries during the 1970s
(Hakkila 1989; Nordfjell et al. 2010) and they have become increasingly popular also outside their
boundaries and in the rest of Europe and of the world (Spinelli et al. 2010; Mederski et al. 2016).
Originally conceived for clear cuts in flatland softwood stands, these machines are now used for
the final felling and the thinning of stands with different age and structure, in a variety of terrain
types (Moskalik and Stampfer 2003; Szewczyk et al. 2014). Even where the availability of cheap
labour makes motor-manual harvesting a competitive option, there is wide interest in introducing
mechanization in order to rationalize production and anticipate future labour shortages (Passicot and
Murphy 2013). Compared with traditional motor-manual felling, harvesters offer much improved
worker comfort and safety (Bell 2002). These advantages are so attractive that loggers all over the
world have adopted the new technology well beyond the work conditions under which it was first
developed, applying it to close-to-nature forestry (Hanell et al. 2000), hardwood stands (Wang and
Ledoux 2005) and steep terrain (Frutig et al. 2007). Today, mechanized CTL harvesting is the most
popular system in Europe and accounts for approximately 60% of all wood cut in Europe, and up
to 95% of the harvest in Finland, Norway and Sweden (Lundbick et al. 2018). In fact, harvesters
are leading the transition of the logging sector towards mechanized harvesting in Eastern Europe
as well (Kocel 2010; Moskalik et al. 2017).

One of the new frontiers of mechanized harvesting is steep terrain, traditionally reserved
for motor-manual felling and cable yarding, but now increasingly conquered by CTL ground-base
machines with the main goals of improving worker comfort and safety by placing operators inside
protected cabs (Visser and Stampfer 2015). Conventional harvesters are designed for gradients of
up to 35% and encounter difficulties when working in mountain conditions, characterized by steep
slopes and great spatial diversity (Spinelli and Magagnotti 2011). However, their slope gradient
limit can be stretched to 50% if the path is carefully chosen and soil conditions are favourable
(Stampfer and Steinmiiller 2001). Dedicated steep-terrain harvesters can actually tread slopes of
up to 60—65% (Moskalik and Stampfer 2003), and this limit can be further exceeded resorting to
winch-assist technology, which has become increasingly popular in recent years (Visser and Stamp-
fer 2015). Finally, trees growing on steep slopes can be felled safely and efficiently by operators
sitting in a comfortable and protected cab.

However, shifting from a physically tiresome and much slower motor-manual work tech-
nique to a fast-pace fully mechanized work technique has resulted in aggravation of the cognitive
demands placed on the operators (Heinimann 2007). Harvester drivers are now exposed to a mental
workload that was not observed in manual or semi-mechanized operations. In particular, mental
workload derives from two main and opposite causes: task complexity — which requires concen-
tration and coordination — and task simplicity characterised by a number of repetitions — which
generates a state of reduced alertness as a side effect of the long-term performance of monotonous
tasks (Grzywinski and Hotota 2006). Furthermore, due to the highly variable working conditions
in forestry, even the seemingly stable job of the harvester operator shows large variability in the
length of work cycles and in the workload (Szewczyk et al. 2014; Szewczyk and Sowa 2017).
These factors cause fatigue, which leads to reduced concentration, difficulty focusing, slower and
weaker perception, decreased motivation and emotional disorders (Wykowska 1994; Grzywinski
2007). As a result, work efficiency declines, while the risk of accidents increases (Sullman and
Gellerstedt 1997; Berger 2003).
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This situation is common to all fast-pace mechanized forest work, regardless of slope
gradient, but it is known that mental workload is strongly affected by environmental factors, and
slope gradient represents one the most important such factors when working in mountain areas
(Sullman and Gellerstedt 1997). Determining the mental workload experienced by the operators
who work under challenging environmental conditions is a very important point for the design of
safe and efficient technologies and work practices. In particular, the system of rest breaks should
be adjusted to the workload level (Grandjean 1991). Therefore, it is important to determine with
some accuracy the specific workloads experienced under specific work conditions, and within this
context, harvester work in steep terrain is becoming an increasing common work condition that
calls for immediate attention.

The goal of this study was to offer a preliminary contribution in that sense, by making a
first attempt at estimating the mental workload of a harvester operator working in steep terrain.
The study method was based on the observation of gaze behaviour, which had already been used
for assessing operator workload in a number of occupations (Di Stasi et al. 2016; Di Nocera et al.
2016), although still very seldom in forestry work (Haggstrom et al. 2015). Many studies have
confirmed that various eye activity measures — such as blinks, fixations, and saccades (i.e. changes
of fixation points) — are useful estimates of the mental workload experienced by operators engaged
in a wide range of occupations and tasks (Tokuda 2008; Marquart et al. 2015). For example, long
fixation durations indicate long processing of information, which testifies to a harder cognitive
task (Rayner 1988). Therefore, the specific aim of our research was to determine the effect of slope
gradient on the mental workload of a harvester operator: this was obtained by determining whether
the changing slope gradient would be associated to changes in eye activity, as defined by fixations,
count and duration of saccades and eye activity sequence. In the future, this same information
could be used to better describe the entire course of the task, offering a quantitative description of
its cognitive characteristics (Haggstrom et al. 2015).

2 Materials and methods

The research was conducted in Italy, in the Appennine mountain range, near Futa Pass in the prov-
ince of Firenze. The work site was a Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) plantation,
established in the late 1960s on former agricultural land. At the time of the study, the stand was
undergoing a selection thinning from below aimed at removing 35% of the total tree number. An
essential description of the study stand is presented in Table 1.

Table 1. Characteristics of the research area on which we tested the effect of
slope gradient on the mental workload of the harvester operator.

Location Azienda La Dogana
Municipality Barberino di Mugello
Province Firenze
Coordinates 44°03'N, 11°14’E
Category of cutting Late thinning
Species Douglas fir
Age [years] 50

Density [trees ha!] 910
Stocking [m3 ha™1] 650

Mean removal tree DBH [cm)] 24

Mean tree height [m] 25

Mean trunk volume of removed tree [m?3] 0.48

Slope [%] 9-47
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Harvesting was performed according to the mechanized CTL system, using a harvester and
a forwarder. In particular, trees were felled and processed into 3.8 m and 5.0 m long saw logs using
a John Deere 1270B harvester equipped with a John Deere 762C head. This machine was 11 years
old and had ca. 20000 h on its clock. During operation, the harvester moved down the slope, open-
ing extraction corridors at 20 m intervals, perpendicular to the contour lines. The inclination of the
harvester was only longitudinal. After examining several corridors, two of them were selected for
the study. These corridors were 200 m long, had a suitable and representative variation in slope
gradient and were traced across a portion of the stand which was homogenous and representative
of the general conditions (tree size, form and spacing) of the forest. The machine was not fitted
with winch-assist equipment and moved freely on its own six wheels. Traction chains were fitted
on the first and third axle.

Harvest trees had not been previously marked by the forester, but were selected by the
operator, who had completed appropriate training on stand-tending measures. This was a thirty-
four-year-old professional with ten years’ experience in this job, and known by the researchers for
several years, during which he had given ample proof of professional competence and motiva-
tion. The study operator had no diagnosed visual disorders. Before starting, the harvester operator
was informed about the method of measurement and the purpose of the test, and his consent was
obtained.

Before starting the experimental measurements, the slope gradient of each corridor section
was measured using a Tru Pulse 36B laser rangefinder (Laser Technology Inc., Centennial, CO).
Slope gradient was measured in homogenous sections, with the mean inclination: 9%, 23% and 48%.

During harvesting in the selected corridor, variations in the eye activity of the harvester opera-
tor were recorded using a set of Tobii Pro Glasses 2 Eye-Tracker (Table 2). The system recorded
the reflection of infrared light from the eye of the operator to determine the points the operator was
looking at. The eye-tracking glasses were connected through Wi-Fi to a portable computer, running
the dedicated Tobii Pro Glasses Controller software (Gomolka at al. 2020). Study measurements
started after ca. 60 min of warm-up and eye-tracker calibration.

A single recording session lasted approximately 30 minutes. After each session, the opera-
tor’s work was stopped, the data record was saved and the next recording session was eventually
started after recalibrating the apparatus. Two or three complete recording sessions (films) were

Table 2. Technical data of the Tobii Pro Glasses 2 Eye-tracker.

Eye-tracker

Sampling frequency 50-100 Hz (in respect to eye-trackers the sampling frequency means the number
of identified locations of fixation points per second; this frequency determines the
quality of results and the accuracy of measurements)

Cameras 4

Scene camera FOV 82° horizontally, 52° vertically
Scene camera parameters h.264; 1920 x 1080 pixels; @25 fps
Field of view 160°

Diagonal of scene camera FOV 90°; 16:9

Sound recording Yes

Weight 45¢

Battery 120 min

Recording Station

Connection HDMI, Micro USB, 3.5 mm Jack
Frequency 2.4 GHz & 5 GHz band
Dimensions 130 x 85 x 27 mm
Weight 312 ¢
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logged in for each of the four sections of the test corridors. After the work was completed, the
operator was left alone to rest for about 30 min, to allow physiological activity to stabilize. Then,
measurement with the eye-tracker was carried out during the rest period, after stabilization. The
resting interval took place outside the harvester’s cabin, in the stand in which the work was con-
ducted. The operator therefore viewed and recorded a similar scene as during thinning, except for
the fact that he was resting, rather than working. During the rest break, the operator sat and ate a
meal, and he did not perform any official duties.

The video material obtained during the field research was processed using the Tobii Pro Lab
Analyser version 1.102 software (Tobii AB, CO). For the purpose of activity categorization, the
harvester work was split into the following tasks (Magagnotti and Spinelli 2012):

Felling — this task commenced when the harvester head was being positioned at the base
of the stem (e.g. extending the boom out to reach for the tree) and finished when the feed rollers
started pulling the cut stem through the delimbing knives;

Processing — this task commenced when the feed rollers started pulling the stems through
the delimbing knives, and finished when the tree top was dropped onto the forest floor;

Moving — this task commenced when the machine moved to a new work station after dis-
carding the top of the last processed tree, and finished when the new position was reached and the
harvester head reached the base of the next tree to be cut.

Heat maps and gaze plots were built on the basis of selected average frames of recorded
movies. To facilitate comparisons, we used the same photos for all slopes. Since during felling
and processing the operator’s orientation field was narrow, snapshots were prepared in the form
of screen shots of the selected film frame. In the case of a snapshot taken during vehicle passage,
the operator watched the area around the machine and looked into the stand. This explains why a
sheet consisting of several, joined scenes seen from the vehicle was prepared in order to accurately
show the points of eye focus.

Recordings were scanned (manually mapped to mark fixation points on gaze plots) using
the standard Tobii Pro Lab I-VT (Attention) filter (Olsen 2012). The Attention Filter in Pro Lab is
essentially the Tobii Pro IV-T Filter, with the velocity threshold parameter set at 100 degrees s~
instead of the default 30 degrees s!'. The Attention filter is considered best for the analysis of
recordings that are carried out in dynamic situations. This filter was used in the construction of
gaze plots. Analyses of the duration of eye fixations were performed using pre-selected recordings
by means of the standard fixation filter configured in Tobii Pro Lab, with the following default
settings: Gap fill-in (interpolation) = disabled; eye selection = average; noise reduction = moving
median; [-VT fixation classifier = threshold 30 degrees s~!; maximum time between fixations =
75 ms; maximum angle between fixations = 0.5 degrees; minimum fixation duration = 60 ms.

Gaze plots were prepared on the basis of the film material depicting work on one average
tree under each of the three ground slope treatments. Since processing (i.e. debranching and cross-
cutting) of an entire tree resulted in a large number of eye fixations and an unclear graphic image,
gaze plots were also assembled for the bucking of a single saw log. Heat maps for each task were
prepared on the basis of work on five subsequent trees. The scanning locations were often difficult
to recognize visually, due to the dynamic nature of the work and the variable lighting, hence we
adopted a margin of error of about 25 cm in a given area (Héggstrom et al. 2015). In the previously
described snapshots, subsequent fixation points were marked in designated areas of interest (the
area of interest covered the whole picture) for felling, processing and moving.

Given the non-normal distribution of fixation duration data, the significance of the differ-
ences between the medians of the analysed variables for the different treatments (slope gradient)
was tested using the Kruskal-Wallis nonparametric test. The link between visual activity and the
level of difficulty of the task was also assessed by analysing the variability of fixation duration
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(Recarte and Nunes 2000). This was determined by presenting the measurement data as a time
series, i.e. a sequence of observations of a given variable as a function of time (Box and Jenkins
1976; Szewczyk et al. 2014). The time series (for each category of terrain gradient as represented
in the four sections of the test corridors) were subject to strong random fluctuations; therefore,
before further analyses, the raw data were smoothed using a moving average (with equal weights).
The analyses used the characteristic of a time series that, unlike random trials, had the observa-
tions in a non-random order. The cyclical character of fixation duration was a measure of the vari-
ability of the harvester operator’s work on different slopes. Since large variability of the fixation
time sequences was observed, cycles with constant duration were not analysed (Szewczyk 2011).
Instead, the analysis focused on alternating sequences of varying fixation duration. To estimate the
variability of the cyclic structure of the time series, Fourier’s singular spectrum analysis method
was used (Kot et al. 2007; StatSoft Inc. 2009).

3 Results

The fixation duration dataset was created by analysing over 170 minutes of video, including
150 min of work and 20 min of rest. Heat maps and gaze plots were based on >730 fixation points
each. Differences between fixation duration during work and during rest were based on 27758
focal points, which were recorded during the scanning of videos. The fixation point heat maps and
gaze plots show that the area of interest was significantly wider when working on steeper slopes
than in flatter areas, for all tasks: felling, processing and moving (Figs. 1-6). When working on

Fig. 1. Tree cutting with the harvester on a 9% (a) and 47% (b) slope
with heat maps of fixation points — when the eyeballs are in a state of
relative rest and visual information is retrieved from the environment.
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Fig. 2. Tree processing with the harvester on a 9% (a) and 47% (b) slope
with heat maps of fixation points — when the eyeballs are in a state of
relative rest and visual information is retrieved from the environment.

Fig. 3. The harvester moving on a 9% (a) and 47% (b) slope with heat
maps of fixation points — when the eyeballs are in a state of relative rest

and visual information is retrieved from the environment.
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Fig. 4. Tree cutting with the harvester on a 9% (a) and 47% (b) slope
with a gaze plot, showing the trajectories of fast movements between
fixation points.

Fig. 5. One log of a tree processed with the harvester on a 9% (a) and
47% (b) slope with a gaze plot, showing the trajectories of fast move-
ments between fixation points.
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Fig. 6. The harvester moving on a 9% (a) and 47% (b) slope with a
gaze plot, showing the trajectories of fast movements between fixation

points.

gentle slopes, the gaze plot included the harvester head and the tree stem portion in its immediate
vicinity. On steeper slopes, the visual scene included a significantly wider area of interest, with
fixation points set on the tree stem being negotiated, the surroundings of the stem and — in the case
of moving — the stand in front of the machine.

In general, the number of saccades increased when working in steep terrain (Figs. 4-6). This
difference was especially marked for the processing task, when the number of saccades per single
log increased from 15 to 42 as slope gradient increased from 9% to 48%; conversely, the average
duration of the saccades became 22% shorter (from 227 ms to 176 ms). In fact, a small but signifi-
cant reduction in the duration of saccades (5% — from 227 ms to 214 ms) was already visible when
slope gradient increased to 23% (Kruskal-Wallis: N=27758; H=477.2472; p=<0.001). Fixation
duration increased with slope, by an average of 22% for every 10% of inclination.

The coefficient of variation (CV) of the fixation duration for individual terrain slopes ranged
from 108% for a slope gradient of 23% to 84% for the other inclinations. The most stable eye
activity occurred during the rest period, when 50% of the fixations ranged from 120 to 300 ms,
with very few outliers and extreme observations. Eye movements during work were characterised
by greater variability, which was evident in the greater interquartile range, number of outliers and
extreme fixations (Fig. 7).

Subsequent fixation times were arranged in cycles, which were treated as regular fluctuations
of a time series. These cycles were considered to be repetitive periods of variable eye activity.
Figs. 8-10 present a graphical analysis of the time series: some segments of the periodograms
clearly indicate shorter work cycles. Since the periodograms showed strong fluctuations even after
smoothing, the descriptive data available in the “results” window for the Fourier (spectral) analysis
of a single variable were also analysed (StatSoft Inc. 2009).

When working in steep terrain (47% gradient), each cycle included approximately 1000
fixations, which was twice as high as recorded during work in flat terrain or during breaks. Work
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Fig. 7. Duration of the harvester operator’s fixation during work in the stand
with the analysed slope gradients.
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Fig. 8. A fragment of a time series (a) and a periodogram — entire database (b) of fixation duration during the harvester
operator’s work in the terrain with 9% slope gradient.
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Fig. 9. A fragment of a time series (a) and a periodogram — entire database (b) of fixation duration during the harvester
operator’s work in the terrain with 47% slope gradient.
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Fig. 10. A fragment of a time series (a) and a periodogram — entire database (b) of fixation duration during the harvester
operator’s rest period.

on steep slopes was characterised by clearly visible, rhythmically occurring long fixation dura-
tions, which were especially extended during processing. The periodic sequences visible in Fig. 9a
indicate that the eye activity of the operator was related to work difficulty, caused by slope gradi-
ent. Under these conditions, overlapping cycles of different lengths were visible, with the general
variability described essentially by two levels, with lengths of 500 and 1000 fixations (Fig. 9b). For
work in gentle terrain (9% slope gradient), cycles of fixation duration were not closely associated
with actual cycles. The ten peaks (long fixation durations) on the diagram in Fig. 8a correspond to
felling and processing, where the latter is characterised by the longest fixations. A fixation cycles
comprised about 250 and 750 fixations (Fig. 8b). Fixation variability during rest breaks was clearly
lower (Fig. 10a,b).

The study also yielded some interesting collateral information on the mental workload
imposed by individual sub-tasks. The largest number of fixations (i.e. 451) was observed during
processing of an entire tree. During felling, the operator focused seven times less often: 65 fixations
per tree. The number of fixation points during moving was slightly higher than in the case of felling,
and amounted to 104 per tree. The average fixation duration across all slopes while processing one
tree was 87 ms. The longest average fixations were observed for processing (150 ms), which was
also the sub-task that took the longest time to complete. Felling and moving were characterized
by similar fixation time values: 63 ms and 49 ms, respectively.

4 Discussion

First of all, it is important to state upfront the limitations of this study so that any conclusions
are interpreted with the due caution, especially when it comes to generalization. In fact, the main
limitation of this study is the reference to one specific stand, machine system and operator. The
minimum sample size for eye-tracking studies to provide reliable benchmark figures is estimated
at six people for qualitative research, and 30 people for quantitative research (Apanowicz 2002).
However, due to the destructive nature of logging work and the great variability of the environmental
factors encountered in any forest, it is very difficult to repeat the measurements under the same
or similar conditions. At the same time, heterogeneity of the eye tracking results among operators
does pose a problem (Haggstrom et al. 2015). Therefore, we carefully selected the machine and
operator employed in this study. In particular, the machine was the European best-seller among all
purpose-built harvesters, and the most widespread model at the global level (Spinelli et al. 2011).
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Similarly, the operator also fulfilled all the specifications for a professional harvester operator, and
had the mean age and experience recorded for operators of this type in Italy (Spinelli et al. 2013).
Furthermore, this study was not aimed at producing general benchmarks but only to gauge the effect
of extreme slope gradient on the mental workload of harvester operators, and it remains valid as
long as only one variable is changed at one time (i.e. slope gradient) all the rest being unchanged.

The mental workload and the fatigue associated with various types of forestry tasks have
already been studied using scientific methods, including: measurement of electrodynamic activity,
determination of cardiovascular activity, electromyography, monitoring of respiratory frequency and
amplitude, measurement of temperature, and electroencephalography (Stampfer 1998; Filo 2014;
Spinelli et al. 2015; Aalmo et al. 2016; Tadeusiewicz et al. 2017). Due to the high complexity and
cost of the equipment required for objective measurements, subjective survey methods are also
used to measure mental workload and fatigue, such as the Japanese Fatigue Feeling Scale and the
NASA TLX method (Hart and Staveland 1988). Sullman and Gellersted (1997), Berger (2003),
and Grzywinski and Hotota (2006), studied the mental workloads of forest workers with subjective
methods and found that the mental effort required from harvester operators, and the psychological
strain imposed on them, were very high. However, the limitations of using subjective methods
to measure mental workload do not allow researchers to delve deeply into research problems.
Respondents have varied levels of emotional involvement in completing the questionnaires and it
is very difficult to account adequately for individual differences. Therefore, these methods are best
used to supplement other objective measurement methods (Spinelli et al. 2020).

The trajectories of the fixation points and their concentration on specific targets reflect the
cognitive process of acquiring visual information about the surrounding environment. This is part
of a specific working pattern developed by the driver with his experience of the specific task at
hand. Furthermore, the trajectories of saccadic movements suggest the existence of a serial compo-
nent in processing the visual scene (Yarbus 1967; Noton and Stark 1971a,b). Goldberg and Kotval
(1999) associated the duration of saccades with a properly designed interface, the layout of which
prompts the user where to direct his gaze. In general, the shorter duration of the fixations recorded
for easy terrain may indicate a lighter cognitive demand and the use of experience (Bertram et al.
2013; Przybylo et al. 2019). The precise and optimal trajectories of saccadic movements, visible in
the gaze plots during work activities, are characteristic of highly skilled and experienced people.

Under the more difficult conditions caused by a steeper terrain gradient, the task required
additional “scans” of the visual scene, which explains the significantly higher time of duration of
fixations. Our observations time of saccades, confirm the findings of other scientists (Tokuda 2008),
that cognitive workload — in our case work under steep terrain conditions — causes an increase of
mental workload. The range of saccades decreased significantly as slope gradient increased, which
is consistent with the research conducted by May et al. (1990). In that regard, it is important to
notice that the harvester operator observed in this study showed these clear signs of an increased
mental workload only when negotiating the steepest segments in the corridor, which suggests the
machine was being used at the limits of its capacity and the operator was well aware of that.

The duration of fixations is often regarded as a measure of the cognitive effort invested in
the processing of information gathered from the surrounding environment (Rayner 1998): a longer
fixation time may indicate more extensive processing of the data that is currently in the visual field
(Duchowski 2007), which may result from the inherent complexity of such data, the greater difficulty
in processing it and the longer time required to compare the viewed elements with their memory
representation (Buswell 1935). On the other hand, the duration of fixations becomes shorter with
increasing image complexity, since more individual details must be examined singularly (Molnar
1981; Duchowski 2007). That may explain — for instance — why the average duration of fixations
in this study (87 ms) was lower than the results published by Rayner and Castelhano (2007) for
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recognition of a still study scene (260—330 ms). The same principle explains why in this study
shorter fixations were recorded during tree processing, which required the acquisition of a more
detailed visual work scene compared with the other tasks (Molnar 1981; Duchowski 2007).

On the other hand, the longer duration of fixations recorded on steep terrain could be related
to the necessity of collecting additional information while operating in extreme conditions. This
inference is supported by the much larger number of fixations, which are associated with the effi-
ciency of scanning the examined object (Goldberg and Kotval 1999), and with its significance and
visibility during visual scanning (Poole et al. 2004).

The cortical centres of the brain are involved in making decisions about the saccade-based
transfer of gaze to individual points in the visual environment at any given moment; this makes it
possible to study the decision-making processes related to purposeful exploration of the environ-
ment. The “mind-eye” theory of Nielsen and Pernice (2010) relates eye activity to cognitive process.
In most cases, the type of eye movement reflects the systematic acquisition of information from the
environment, based on the interpretation of the meaning of incoming sensory data (Lindsay and
Norman 1977). The variable number of fixations observed in our study thus constitutes a “record
of the work process”, as it is closely related to that process (Kanizsa 1976) and should therefore
accurately reflect the changing mental condition of the operator. In some cases, saccadic move-
ments are performed automatically, as if outside the cognitive process. This happens, for instance,
when a movement is detected in the peripheral vision and a saccade is directed towards the source
of the movement. The peripheral image indicates the direction and distance of the arrangement
of objects that may become subsequent fixation points, but the peripheral optical image itself is
highly imperfect and out of focus (Mtodkowski 1998). Therefore, it is probable that some fixations
recorded during tree processing (i.e. delimbing and cross-cutting) were caused by such reflexive
saccades caused by movements of the harvester head along the tree stem. Of additional interest
is the fact that the aggravation of mental workload caused by an increase in slope gradient was
the most visible in the tree processing task, rather than in the other tasks. In principle, one may
expect that mental effort in steep terrain is highest when moving the machine from one station to
the next one, rather than operating the machine functions in a stationary position. However, pro-
cessing requires much accuracy and when the work is performed in steep terrain, the task is made
especially difficult by the tendency of the processed stem to slide downhill, due to gravity. In a
thinning operation, the problem is compounded by the risk of the sliding stem to collide with the
surrounding residual trees, that must be avoided as much as possible. Therefore, harvester opera-
tors confront a very difficult task when processing the trees cut during thinning in steep terrain,
and that clearly showed in this study.

The visual scene of the harvester operator during felling the tree and moving in the cor-
ridor was much less dynamic. The association of the harvester operator’s mental workload with
the fixation duration was probably based on the length of eyeball activity cycles. The good match
between the sequence of eye activity cycles and that of work cycles — which was especially strong
in steep terrain — indicates a relationship between working conditions and the degree of mental
workload. In particular, a rhythmic and accurate match between the two sequences points to the
reduced capacity for performing multiple work tasks at the same time and the need for focusing
on each task individually, which is the reasonable thing to do when the task becomes more dif-
ficult and/or work conditions prevent multi-tasking, for instance when moving and processing at
the same time. In turn, that would offer a further explanation to the lower productivity normally
experienced with increasing slope gradient (Spinelli et al. 2010).
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5 Conclusions

Increased visual activity indicated that the harvester operator experienced heavier mental workload
when slope gradient increased from 9% to 47%. In particular, the duration of fixations was associ-
ated with the level of difficulty of the work, which increased with slope gradient. At the same time,
the amplitude of saccades decreased significantly and their frequency increased, pointing to the far
more intense scanning of the visual space. This was especially marked for activities characterised
by larger movements of the working tool (boom extension/retraction) and complexity (head posi-
tioning), such as tree felling and processing (i.e. delimbing and cross-cutting). Variability in the eye
activity of the harvester operator indicated a strong influence of slope gradient and sub-task type
on mental workload, suggesting the latter may double as terrain gradient changes from quasi-flat
to steep. However, because memory resources are also extensively used during work, and because
reflexive eye movements probably occur, it is difficult to accurately measure the total increase of
mental workload. These findings can be used in designing suitable work and rest schedules, and
provide good justification for increasing the frequency of rest pauses when operating in steep terrain.
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