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*  Boom-tip control saves time compared to the conventional system.

*  This study introduced a field-study design enabling establishment of causal relationships
during ordinary forwarding operations.

»  Although the study design requires some extra arrangements, it efficiently combines the rep-
resentativeness of conventional follow-up datasets with establishment of causal relationships
that traditionally have been possible only through observational time studies or standardized
experiments.

Crane work is the most time-consuming work element in forwarding. Hence, assist systems like
boom-tip control are of interest. The first commercially available boom-tip control for forwarders
was introduced in 2013. In this study we analysed whether replacing conventional boom control
(CBC) with John Deere’s version of boom-tip control (named Intelligent Boom Control, IBC),
increases crane-work productivity. We used data automatically gathered from 10 final-felling
stands, covering typical logging conditions for southern, central and northern Sweden. Two John
Deere 1510E and two John Deere 1910G forwarders were operated by seven experienced operators
during the follow-up study, covering 1238 loads in total. A split-plot design was applied to isolate
effects of the boom-control system being used (CBC, IBC). We found that using IBC for loading
work (crane work and driving included) saved 5.2% of productive machine time compared to
using CBC (p<0.05). The corresponding saving when using IBC for unloading work was 7.9%
(p=<0.05). Depending on geophysical factors, this corresponds to approximately 4% savings in
productive machine time for forwarding as a whole, including pure transport (with and without
load). Moreover, the study introduced in cut-to-length context a novel field-study design to collect
a large follow-up dataset in the course of ordinary forwarding operations. We found the study
design to be a cost-efficient way to combine the representativeness of conventional follow-up
datasets with the ability to establish causal relationships. Establishment of causal relationships has
traditionally been possible only through observational time studies or standardized experiments.
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1 Introduction

A typical fully mechanised Nordic cut-to-length logging system consists of at least one harvester
and at least one forwarder. A harvester fells, limbs and crosscuts the stems into logs of different
assortments. A forwarder picks up the logs and delivers them to a roadside landing. In general,
crane work (rather than driving) is the most time-consuming work element in forwarding (Kellogg
and Bettinger 1994; Nurminen et al. 2006; Brunberg and Lundstrom 2016; Manner et al. 2016).
Nevertheless, the time required for driving and crane work depends on many factors, including the
terrain conditions, extraction distance, assortment-specific log concentrations at the harvesting site,
and the assortment combination of the load (Manner et al. 2013; Manner et al. 2016; Strandgard et
al. 2017). Hence, the productivity of a forwarder is dependent on route planning, trafficability, and
crane manoeuvrability. These factors, especially the first two, are clearly connected. The develop-
ment of an effective routing algorithm is essential for improving the productivity of the forwarding
process (Ronnqvist et al. 1999; Flisberg et al. 2007; Hosseini et al. 2019), but may not be sufficient.

The increasing demand for timber is pushing logging operations towards terrain with weak
bearing capacity like peatlands. Thus, innovations that can increase trafficability or reduce the
impact on soil are of interest (Ala-Ilomiki et al. 2011; Edlund et al. 2013; Agren et al. 2014; Sirén
etal. 2019). Moreover, logging operations’ impact on soil may also be indirectly reduced by increas-
ing the payload-to-weight ratio of the machinery, for instance, by coupling a trailer to a forwarder
(see e.g. Lindroos and Wisterlund 2014). Alternatively, the need for multiple passes (and hence
the impact on soil) can be reduced by increasing the number of assortments transported in a load
(Kellogg and Bettinger 1994; Manner et al. 2013). However, increasing the number of assortments
in a load complicates the crane work (Nurminen et al. 2006; Manner et al. 2013). Thus, improving
crane-work productivity is of high interest; not only because of the large relative proportion of time
it often takes but also its interactions with other aspects affecting forwarding work.

Crane-work productivity can be improved through mechanical innovations. One such inno-
vation is the “tilt-grapple” that enables a bunch of logs to be tilted vertically into an upright position
(Nilsson 2013; Héaggstrom et al. 2016; Kaleja et al. 2018). This should improve a forwarder’s crane-
work productivity especially in thinnings, because of logs in a vertical position can be steered more
easily around the remaining trees during the loading-crane cycles. A second mechanical innovation
is the “assortment-handling grapple”. In addition to the conventional claws, an assortment-handling
grapple has a pair of extra claws, which enable the operator to handle two piles of different assort-
ments during one loading-crane cycle. Different product generations of assortment-handling grapple
have been studied in a machine simulator and during real-world forwarding operations (Brunberg
and Lundstrom 2016; Mork et al. 2017; Englund et al. 2018a; Petaja et al. 2018).

Besides mechanical innovations, a forwarder’s crane-work productivity could possibly be
improved by automating recurrent boom-movement patterns, or at least some part of them (West-
erberg 2014). Theoretical algorithms designed to automate forwarder-crane functions have been
introduced in recent years (Ortiz Morales et al. 2014; La Hera and Ortiz Morales 2015). In addition,
fully sensorized forwarder cranes have now been commercially available for several years (e.g.
Cranab 2013). However, at the time of writing, automated crane concepts have only been imple-
mented on test beds and in machine simulators (Hansson and Servin 2010; Englund et al. 2017).

Instead of automating specific boom-movement patterns, automation can also be used to
facilitate manual crane work performed by the operators. “Boom-tip control” is an example of this
type of automation. When working with a conventional boom control (CBC), the operator manu-
ally controls the movements of each boom independently and combines those movements into the
desired boom-tip path. In contrast, if the crane is equipped with boom-tip control, the operator does
not need to control each joint separately but (s)he directly controls the movement of the boom tip.
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Unlike full automatization of recurrent crane movements, boom-tip control has been used
in practice for several years. In 2013, John Deere Forestry introduced their version of a boom-tip
control system, called Intelligent Boom Control (IBC; John Deere 2013). Some other forest-crane
manufactures have also introduced boom-tip control technology, including Ponsse and Palfinger,
whose systems are respectively called “PONSSE Active Crane” (Ponsse 2018) and “Smart Con-
trol” (Palfinger 2018).

The development of boom-tip control for forestry applications began as early as the 1980s
(Lofgren 1989; Lofgren et al. 1994; Lofgren and Wikander 2009). The steering principles of CBC
and IBC are described in Section 2.1. Manner et al. (2017) found that using IBC, instead of CBC,
improves the crane-work productivity of beginner-level operators (i.e. students at vocational
school) because of the improved crane manoeuvrability provided by IBC. However, the authors
also noted that the promising results from their study should be supplemented by a field study
involving professional machine operators.

Hence, the objective of the present study was to examine whether IBC affects the productivity
of professional forwarder operators. Moreover, we assessed the feasibility of using an automati-
cally recorded follow-up dataset in comparative study on forwarding.

2 Material and methods
2.1 Boom-control systems

The structure and technical principles of knuckle-boom cranes used on forwarders have been
described in detail by various authors, including Gerasimov and Siounev (1998, 2000). Therefore,
we only briefly describe the functionality of a forwarder crane. A vertical crane pillar rotates around
its axis, thereby achieving the slewing motion of the whole boom system (Fig. 1). Loads are lifted

Fig. 1. The knuckle-boom system used in Nordic cut-to-length forwarders con-
sists of a slewing crane pillar, first boom (or “pivoting mid boom”), second boom
(or “outer boom”), extension boom, rotator and unlimited rotatable grapple.
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Left joystick Right joystick

Fig. 2. Standard joysticks used in all Nordic cut-to-length for-
warders.

and lowered primarily by manipulating the first boom (also called a “pivoting mid boom”), and
secondarily by manipulating the second boom (also called an “outer boom”). The distance between
the crane pillar and boom-tip (the “reach”) is controlled by three adjustable parameters: the length
of the extension boom, the angle between the crane pillar and the first boom, and the angle between
the first- and second booms.

The controls for a forwarder crane consist of left and right joysticks (Fig. 2). Whether the
machine is equipped with IBC or not, the crane controls (i.e. joysticks) are standard and similar
for all Nordic cut-to-length forwarders. Each of the joysticks has a rocker switch. Furthermore,
controls for opening and closing the grapple, slewing the crane pillar and using the grapple rotator
are identical, irrespective of the system (IBC or CBC). In both systems, the left joystick’s left-right
actuation slews the crane pillar (i.e. turns the whole boom system), the right joystick’s left-right
actuation controls the grapple rotator, and the right rocker switch opens and closes the grapple.

The behaviour of the other controls differs between CBC and IBC. In CBC, the right joy-
stick’s back-forth actuation manipulates the first boom, and the left joystick’s back-forth actuation
manipulates the second boom. The left rocker switch controls the length of the extension boom. In
contrast, in IBC, the left joystick’s back-forth actuation moves the boom-tip towards or away from
the crane pillar, while the right joystick’s back-forth actuation lifts and lowers the boom tip. Use
of the left rocker switch is not normally necessary (but the operator may “override” the IBC and
use the left rocker switch to control the extension-boom in the same manner as in CBC). Thus, the
joysticks’ back-forth actuations in IBC no longer correspond to a specific crane joint or cylinder
(as in CBC), rather IBC automatically combines movements of the first- and second booms and
the extension boom to achieve the desired movement of the boom-tip. The operator only needs
to combine the boom-tip movements, towards-and-away, up-and-down, and slewing in order to
achieve the desired path of the boom-tip. IBC requires the crane to be fitted with position sensors
in the hydraulic cylinders and software that computes how to achieve the desired boom-tip move-
ment. In contrast, when using CBC, operators must themselves decide how to steer each boom
joint and then combine the movements of each boom joint in order to achieve the desired path for
the boom-tip.
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2.2 Stands, machines and operators in the study

The data used in the study were gathered from final-felling stands during the summer and autumn
0f2017. Ten stands were used, located in the Swedish regions of S6dra Smaland, Sodra Bergslagen
and Visterbotten, covering typical logging conditions for southern, middle and northern Sweden.
The terrain of stands located in southern and middle Sweden was flat. The terrain in northern
Sweden was slightly hillier, but posed no practical obstacles to forwarding. The typical number
of assortments in the stands varied from five (northern Sweden) to seven (southern Sweden). The
tree species were the same in each province, consisting of spruce (Picea abies (L.) H. Karst.), pine
(Pinus sylvestris L.) and birch (Betula pendula Roth / B. pubescens Ehrh.).

Four, practically brand-new, John Deere eight-wheeled forwarders were observed during the
followed-up study. Two of the machines were model 1510E (payload, 15 tons; power, 164 kW)
and the other two were model 1910G (payload, 19 tons; power, 200 kW). All the machines were
equipped with a rotating and levelling cabin. Crane reach was 8.5 m for all machines except one
1510E that had a crane with a reach of 10 m. Grapple areas were 0.36 m? and 0.40 m? for the 1510E
and 1910G machines, respectively. All the machines had different load-spaces: one of the smaller
machines (1510E) had “Variable Load Space” (load area varying from 4.4 to 5.3 m?) and the other
“Active Load Space” (no definable load area available), while the larger machines (1910G) had
either “Wide Load Space” (load area, 6.5 m?) or “Narrow Load Space” (load area, 5.3 m?).

Seven professional operators participated in the study. They were all male with ages rang-
ing from late 20s to early 60s and an average age of approximately 50 years. Working experience
varied from a few years to roughly three decades. We are not allowed to provide more detailed
information about the operators to ensure their complete anonymity.

The operators had worked more extensively with CBC during the course of their careers,
but before the study all of them had been working with IBC. This could have skewed the results
of the study in favour of IBC. Therefore, before the data gathering began the operators used CBC
to reacquaint them with CBC functionality and -routines.

In practice, professional forwarder operators adjust crane-control settings, such as the boom
speed and -acceleration, according to personal preferences. The operators were allowed to choose
their settings and no standardized crane-control settings were applied. We asked operators to ensure
that all crane settings were properly adjusted. Optimal crane-control settings are system-specific
and may differ significantly between CBC and IBC. Guidance from an independent forwarding
instructor was available whenever needed, to ensure that optimal crane settings were used for both
boom-control systems.

2.3 Variables

In this study, the experimental unit, and hence unit of observation, was one complete forwarder load
(excluding the work elements “driving empty” and “driving loaded”, as explained below). Only
productive machine (PM) time was included in the study (IUFRO 1995). If no machine function
was being used, no time was recorded, whether the engine was idling or not.

TimberLink software, used in John Deere’s forwarders, generally recognizes work ele-
ments based on probabilistic computation on the control signals generated by the operator. As
TimberLink’s basic principles have been explained in detail by Manner et al. (2016), here we only
briefly delineate the interfaces between work elements. The loading phase, in general, starts at the
same time as the first Loading-crane cycle and ends when the last Loading-crane cycle finishes.
Similarly, the unloading phase starts with the first Unloading-crane cycle and ends with the last
Unloading-crane cycle. The time interval between the last Unloading-crane cycle and the first
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Loading-crane cycle, i.e. the time “driving empty”, was excluded from each load because it is not
relevant when comparing boom-control systems. The time interval between the last Loading-crane
cycle and the first Unloading-crane cycle, i.e. “driving loaded” was excluded for similar reasons.

Several study variables were identified, and their respective values were recorded for each
load. For the loading work these variables were: Loading-crane work only, i.e. excluding simultane-
ous driving (minutes load ™), Loading drive only, i.e. excluding simultaneous crane work (minutes
load™"), Loading drive, i.e. also including simultaneous crane work (minutes load ™), Crane in use
during loading-drive time (% of loading-drive time), Loading-crane cycle time (seconds cycle™!),
Number of loading-crane cycles (count load™!), Loading-drive distance (m load™"), and Loading-
drive speed (km h™!). Speed was measured only when it was non-zero (>0 km h!). Finally, the
entire PM time interval from the start of loading to the end of loading was pooled within each load
into a variable Loading phase (minutes load ).

Variables for the unloading work were: Unloading-crane work only, i.e. excluding simulta-
neous driving (minutes load™!), Unloading drive, i.e. including simultaneous crane work (minutes
load™), Unloading-crane cycle (seconds cycle™!), Number of unloading-crane cycles (count load "),
and Unloading-drive distance (m load'). The entire PM time interval from the start of unloading to
the end of unloading was pooled within each load into a variable Unloading phase (minutes load ).

Finally, the Loading phase and Unloading phase variables were summed per load, creating a
new variable Loading and Unloading pooled (minutes load ") as an overall measure of forwarding
productivity. Most recorded variables did not directly measure productivity, and some variables did
not have any direct relationship with crane work at all (e.g. driving speed). However, such vari-
ables were included to improve understanding of any productivity differences found between the
boom-control systems, e.g. indications that use of IBC increased operators’ tendencies to engage
in simultaneous crane work and driving. This would consequently influence other variables, such

LR I3

as “crane work only”, “simultaneous crane work and driving”, and “driving speed”.
2.4 Randomized follow-up

During the data gathering, each operator used solely one boom-control system (hereafter named
“system”) during two consecutive work shifts. Hence, operators switched systems (between CBC
and IBC) every second work shift. Each machine was operated by two operators; and both opera-
tors worked in the same stands. For instance, if operator 1 used CBC during his first two work
shifts, then his colleague operator 2 used IBC during his first two shifts. After that both opera-
tors switched the system for the next two shifts, and so on. Hence, the day-to-day working shift
schedule was as follows:

Day 1: operator 1 uses CBC, and operator 2 uses IBC.

Day 2: operator 1 uses CBC, and operator 2 uses IBC.

Day 3: operator 1 uses IBC, and operator 2 uses CBC.

Day 4: operator 1 uses IBC, and operator 2 uses CBC.

And so on, until each operator had accomplished at least 10 working shifts per system. Thus,
the data gathering covered at least 20 work shifts per operator in total.

This alternation ensured that CBC and IBC were used equally in the study stands. Thus,
the levels of the primary factor System were randomly assigned to the experimental units. The
number of operators decreased from eight to seven after one operator left the study. However, as
the operator in question completed his working shifts as usual, his discontinuity from the study
did not directly affect his colleague’s participation in the study.

The schedule and, most importantly, the randomization was not sensitive to deviations from
ordinary work. Each operator was provided with a schedule in the form of an Excel spreadsheet.
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Operators also used the spreadsheet to report disruptions and deviations from normal work routines
(such as bridge construction or preparation of strip-roads and landing areas), including start and
end times of the disruption. We removed loads that had been affected by such disruptions from
the dataset. However, no systematic rule-based filtering was used to remove outliers (cf. Berg et
al. 2019). In general, beyond specifying which boom-control system was used, the data-gathering
did not require any special arrangements or changes to working practices.

2.5 Acquiring data via on-board computer

TimberLink datafiles from the machines were delivered to John Deere Forestry Oy in Finland,
where the TimberLink basic measurements were further processed to generate values, i.e. obser-
vations, for the variables described in Section 2.3. Each observation was also tagged with a time
label. Follow-up data with this level of resolution is encrypted and not normally accessible.

At the beginning of a shift, each operator logged on to his machine with a unique username.
The forwarder’s on-board computer time-labelled each log-in event and saved the information. In
addition, the on-board computer time-labelled each change made in the forwarder’s crane mode,
including switching between IBC and CBC modes. When IBC was switched off, the system func-
tioned as CBC.

Hence, because each time-, count-, distance- and speed observation was time-labelled, as
well as each change of operator (username) and system (CBC or IBC), we could organise all the
observations by operator, stand, and system for subsequent statistical analyses. However, we did
not have any per-load data on forwarded volumes or assortments.

2.6 Statistical models

The levels of the primary factor, System (CBC, IBC), were randomly assigned to the experimental
units. However, complete randomization across all the factors was not possible due to practical
limitations, such as the study stands being geographically scattered over a large area, and inclusion
of several operators and machines. Thus, randomization across the factors only occurred within a
stand, and we applied a “split-plot design” comprising both crossed and nested effects.

The split-plot design has certain limitations. Firstly, we cannot compare the performance of
different operators under the same conditions, except for colleagues driving the same machine in
the same stand(s). Similarly, as we were required to nest the factor Stand within the factor Operator
(or vice versa), the effect of Stand cannot be unambiguously isolated, rather the effect can only be
compared over operators driving the same machine. In most cases there was only one study stand
per machine anyway. Nevertheless, we can unambiguously compare levels of the factor System
(CBC, IBC), which indeed was the main objective of the study. Finally, despite the abovementioned
inability to unambiguously isolate all factor effects, the interaction effects of Operator x System
and Stand(Operator) x System show whether or not the effect of factor System, in general, varied
between the different work conditions and/or operators.

In order to reduce the number of terms in our analyses we did not include “machine” as a
factor in the applied statistical models. Thus, the factor Stand did not solely cover stand-specific
effects — such as mean-stem volume, tree species, surface roughness, soil-bearing capacity, incli-
nation, weather — but also effects such as machine model, type of crane and load-space. Such a
simplification was justified because it did compromise our ability to meet the main objective of
the study, i.e. isolate the System affect.

Our dataset did not include load-wise information on forwarded volumes (mass) or assort-
ments (counts, proportions). This limitation was primarily controlled by the randomized design,
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and secondarily by using Loading- and Unloading-drive distances as covariates in the applied
statistical models.

Loading-drive distance reflects the combination of number of loaded assortments and their
abundance at the harvesting site (Manner et al. 2013). Thus, Loading-drive distance to some
extent covers missing assortment-related variables, and thus may be used as a control variable for
loading-work conditions.

Unloading time, in turn, depends on the load structure. However, load structure is an ill-
defined term. For instance, the assortment combinations and -proportions can vary significantly.
Moreover, the assortments are loaded into the vague “sections” in the load-space (sometimes
referred as “loading patterns”, see e.g. Ronnqvist et al. (1999)). In addition, unloading time is
dependent on the placement of assortment-piles at the landing. Consequently, modelling unloading
time, including all the factors affecting it, is complex. Unloading-drive distance can be considered
as a control variable for unloading work, as both disadvantageous load structure and placement of
(load-specific) assortment-piles far apart from each other lead to a substantial amount of driving
at the landing, hence increasing Unloading-drive distance (Manner et al. 2013; Manner 2015).
Covariates were used if they significantly contributed to the model, were considered logical, and
there was no risk of them being confounded with treatment effects.

To summarize, the factor System had two levels, Operator had seven levels, and Stand 10
levels. Stand was nested within the Operator. Comparability (CBC, IBC) was ensured primarily
through the randomization of conditions for the System, and secondarily through the use of covari-
ates. Most of our statistical modelling was intended to improve statistical power, i.e. error reduction.

Estimated marginal means (EMM), medians, 5th and 95th percentiles were calculated for
the dependent variables. After removing loads that had been subject to some disruption, the dataset
contained data from 1238 loads (572 using CBC and 666 using IBC). The number of loads per
operator varied from 147 to 231. Assumptions for the analysis of covariance (ANCOVA) were sat-
isfied according to Barrett (2011) and Johnson (2016). If data did not meet ANCOVA assumptions
the data were transformed accordingly. The general linear model (GLM) was used to analyse the
ANCOVA models, and pair-wise differences were analysed using the Tukey-Kramer method. The
significance level was set to 5%. Readers are referred to Table 1 in Section 3 for further details on
final statistical models. Type III sums of squares (SS), i.e. partial sums of squares, were used to
determine the proportion that the given term explained of the variance of the dependent variable.
The statistical package Enterprise Guide 7.1 (SAS Institute Inc.) was used for all analyses.

3 Results
3.1 Main effects of the System (CBC and IBC)

Total time consumption for CBC and IBC was 31.8 and 30.0 minutes load™!, respectively (Load-
ing and Unloading pooled, Table 2). The time saving of 5.8% when using IBC was statistically
significant.

Productive loading work in total took 23.2 minutes load™! for CBC and 22.0 minutes load™!
for IBC (Loading phase, Table 2). The time saving of 5.2% when using IBC was statistically sig-
nificant. Statistically significant differences between the systems were also found for the single
work elements of Loading-crane work only and Loading-crane cycle time (Table 1). Loading-crane
work only for CBC was 15.1 minutes load!, while for IBC it was 8.6% less: 13.8 minutes load!
(Table 2). Correspondingly, Loading-crane cycle time for CBC was 24.2 seconds cycle!, while for
IBC it was 5.6% less: 22.9 seconds cycle™! (Table 2). However, no statistically significant differ-
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Table 1. Levels of significance (p-values) and explained variance (R, adjusted) obtained from the analysis of covari-
ance (ANCOVA) in which a is Operator, b(a) is Stand nested within Operator, c is System, b(a)xc is the fixed interac-
tion between Stand (nested within Operator) and System, and aXc is the fixed interaction between Operator and System.
Moreover, d and e are the fixed effects of the covariates Loading-drive distance and Unloading-drive distance. Hyphen
“-” means that the covariate did not contribute to the model and was removed from the final model; an empty cell means
that the effect was not tested at all. The unit of observation is one load, and the number of loads is 1238. Significant

values (p < 0.05) in bold.

p-value R?

Dependent variable (sort) a b(a) c b(a)xc axc d e adj. (%)

Loading and Unloading pooled <0.001 <0.001 <0.001 0.742 0.645 <0.001¢ <0.001C 63.5

(minutes load ™)

Loading phase (minutes load ") 0.010 <0.001 0.005 0.599 0.728 <0.001 65.6
Loading-crane work only, i.e. no drive <0.001 <0.001 <0.001 0.284 0.055 <0.0010 453
(minutes load ")

Loading drive only, i.e. no crane <0.001 <0.001 0.399 0.216 0.436 <0.001 87.4
(minutes load ")

Loading drive, i.e. including crane work ~ <0.001 <0.001 0.530 0.004 0.005 <0.001 81.3
(minutes load ")

Crane in use during loading drive <0.001 <0.001 0.166 0.158 <0.001 - 48.1
(% of loading-drive time)

Loading-crane cycle time <0.001 <0.001 <0.001 0.029 0.184 - 39.1
(seconds cycle™)

Number of loading-crane cycles <0.001 <0.001 0.413 0.225 0.983 <0.001¢ 51.1
(count load™)

Loading-drive speed (km h1) <0.001 <0.001 0.573 0.001 <0.001 <0.0010 68.1

Unloading phase (minutes load 1) <0.001 0.023 0.001 0.838 0275 <0.0012 415
Unloading-crane work only, i.e. no drive ~ <0.001 0.002 <0.001 0.666 0.268 <0.001@ 26.9
(minutes load 1) G
Unloading drive, i.e. including crane work <0.001 0.003 0.224 0.561 0.066 <0.001 77.6
(minutes load ™)

Unloading-crane cycle time <0.001 <0.001 <0.001 0.590 0.006 - 355
(seconds cycle 1)
Number of unloading-crane cycles <0.001 0.170 0.136 0.827 0.121 <0.0012 18.7

(count load™1)

When meeting the ANCOVA assumptions required, dependent variables and/or covariates were transformed accordingly:
D Ln transformation

2 Ln + 1 transformation (data included a minor number of zeros)

3) Square-root transformation

ences between the systems were found for Crane in use during loading drive (% of time), Loading
drive, no crane (minutes load™!), Loading drive (minutes load ™), Number of loading-crane cycles
(count load™") or Loading-drive speed (km h™!) (Tables 1 and 2).

Unloading in total took 8.7 minutes load™! for CBC and 8.0 minutes load™! for IBC (Unload-
ing phase, Table 2). The time saving of 7.9% when using IBC was statistically significant (Table 1).
Statistically significant differences between the systems were also found for the single work ele-
ments Unloading-crane work only and Unloading-crane cycle time (Table 1). Unloading-crane
work only for CBC was 7.1 minutes load™!, while for IBC it was 9.7% less: 6.4 minutes load™!
(Table 2). Correspondingly, Unloading-crane cycle time for CBC was 23.4 seconds cycle™!, while
for IBC it was 6.8% less: 21.8 seconds cycle™! (Table 2). However, no statistically significant
differences between the systems were found for Unloading drive (minutes load™!) or Number of
unloading-crane cycles (count load™") (Tables 1 and 2).
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Table 2. Estimated marginal means (EMM) for the dependent variables. EMMs are followed by medians, 5th and 95th
per centiles in parentheses. CBC stands for conventional boom control, while IBC stands for Intelligent Boom Control.
Relative differences in EMMs, that are statistically significant between the systems (CBC, IBC), are given in percent-
ages (i.e. 100% — IBC/CBC). A hyphen “-” indicates no significant difference between the systems. ANCOVA results
are presented in Table 1.

CBC IBC Significant
difference
Dependent variable (sort) EMM Median (5th; 95th)  EMM Median (5th; 95th)
Loading and Unloading pooled (minutes load™") (! 31.8 31.6(14.1;56.0)  30.0 28.9(13.4;51.3) 5.8%
Loading phase (minutes load 1) (! 232 22.3(9.3;43.2) 22.0 20.6(8.3;39.2) 52%
Loading-crane work only, i.e. no drive 15.1  15.1(5.2;28.8) 13.8 13.6(4.5;24.9) 8.6%

(minutes load!) ¢
Loading drive only, no crane (minutes load!) (! 43 3.3(0.6;12.2) 43 3.4(05;12.7) -

Loading drive, i.e. including crane work 8.3 6.8 (2.0; 19.0) 82 69(1.9;19.3) -

(minutes load 1) (!

Crane in use during loading drive 46.6 43.2(13.6;88.4)  48.1 40.9(11.0; 89.9) -

(% of driving time)

Loading-crane cycle time (seconds cycle™!) 2 242 242(19.2;32.2) 229 22.5(18.2;30.0) 5.6%

Number of loading-crane cycles (count load™') (! 43.5  43.0(19.0; 70.0)  43.0 41.0(19.0; 71.0) -

Loading-drive speed (km h™1) (1 1.6 1.5(0.8;2.6) 1.6 1.7 (0.8; 2.5) -
Unloading phase (minutes load ") (! 8.7  82(4.0;15.3) 8.0 7.6(3.4;153) 7.9%

Unloading-crane work only, i.e. no drive 7.1 7.2 (3.5;13.1) 64  6.7(3.0;12.5) 9.7%

(minutes load 1) (1. 2

Unloading drive (minutes load!) ¢ 1.3 0.8 (0.1; 3.6) 1.4 0.9(0.1;4.1) -

Unloading-crane cycle time (seconds cycle™!) @ 234 23.5(18.5;32.6) 21.8 22.0(17.0,29.0) 6.8%
Number of unloading-crane cycles (count load ) 19.1  19.0 (9.0; 29.0) 18.6  19.0(8.0; 30.0) -

DEMM at statistically equalized Loading- and/or Unloading-drive distances, i.e. approximately 224 m for Loading-drive distance and
45 m for Unloading-drive distance (exact distances vary slightly depending on whether the covariate was transformed or not, see Table 1)
2 EMMs are back-transformed from the transformed data (see Table 1)

3.2 Interactions, Operator- and Stand-wise analyses

All the operators needed less time when using IBC compared to using CBC, according to both sep-
arate analyses of time consumption (minutes load') for loading- and unloading work, and analysis
of pooled within-load data (per-operator data not shown). However, one operator required slightly
more time for Unloading phase when using IBC. In contrast to the overall analyses above (i.e.
data from all operators and stands pooled), none of these intra-operator differences between the
systems was statistically significant (0.107 <p < 1.000, more detailed results not shown), although
one operator’s time saving of 14.7% during the Unloading phase when using IBC was statistically
significant. Similar results were found for the factor Stand (nested within the factor Operator).
Using IBC saved time (minutes load ") in each stand, but these intra-stand differences between the
CBC and IBC were not statistically significant (per-stand data not shown), regardless of whether the
time consumption (minutes load!) was analysed separately for Loading- and Unloading phases, or
pooled over the phases (0.271 <p < 1.000, more detailed results not shown). And finally, ANCOVA
did not show any significant effects of the terms OperatorxSystem or Stand(Operator)*System on
these dependent variables (0.275 <p < 0.838, Table 1).

Moreover, dividing forwarding into smaller work elements did not change the results in any
notable way. In most cases no statistically significant effects of the interaction terms Operator *
System and Stand(Operator) x System were observed (0.066 < p < 0.983, Table 1). However, in
some sporadic exceptions, the System significantly affected intra-operator performance, which
in turn resulted in significant interaction effects (p < 0.029, Table 1). However, these statistically
significant interaction effects were practically non-existent according to Type III SS (no detailed
data shown).
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3.3 Control variables

The inclusion of control variables, i.e. the covariates Loading- and Unloading-drive distances,
effectively normalized the residual distributions and reduced error. Consequently, GLM procedures
were often conducted without transformation of the dependent variable, albeit with a few exceptions
(Table 1). In most analyses, covariate(s) explained the largest proportion(s) of the total variation
in a dependent variable (Type III SS). For instance, Loading-drive distance explained 60.9% of
Loading phase pooled time, while the remaining factors accounted for 4.7% in total (error 34.4%).
Furthermore, Unloading-drive distance explained 30.0% of Unloading phase pooled time, while
the other factors accounted for 11.5% in total (error 58.5%). Moreover, in addition to the work
elements that include driving, the covariates also explained large proportions of the variation in
work elements unrelated to driving such as Loading- and Unloading-crane work only (explained
proportions 28.1 and 10.9%, respectively).

Finally (for purely descriptive purposes), the arithmetic means of Loading-drive- and
Unloading-drive distances were 224.2 and 43.8 m load™! for CBC; the corresponding values for
IBC were 223.6 and 45.9 m load™!, respectively.

4 Discussion

To summarize, the productivity of all operators was enhanced by IBC. Because of large dispersion
and small number of observations, the intra-operator comparisons between the systems (CBC, IBC)
lacked statistical power. Pooling data across the operators improved the statistical power enough to
show a statistically significant productivity difference between the systems. Moreover, covariates
Loading- and Unloading-drive distances were the most important factors affecting forwarding
work; hence we found them to be usable control variables in (comparative) forwarding studies.

Loading- and unloading work (including the respective driving elements) typically constitutes
65-70% of a forwarder’s total PM time, while pure transport work (i.e. driving empty and loaded)
constitutes around 30-35% (Brunberg and Lundstrom 2016; Manner et al. 2016). IBC’s time saving
of'5.8% during the loading- and unloading work corresponds to approximately 4% decrease in total
PM time consumption when also “driving empty” and “driving loaded” are included (cf. Table 2).
However, the relative time proportions of the work elements are dependent on geophysical factors.

General strengths and weaknesses of automatic data gathering in forest-work studies, which
naturally also apply to our study, have been discussed in detail by, for example, Vaitdinen et al.
(2003), Nuutinen (2013) and Manner (2015). Meanwhile, study-specific weaknesses are addressed
in the paragraphs below.

On the one hand, representativeness is a strength of our study: it covered several operators,
machines and stands geographically spread across all of Sweden. On the other hand, the repre-
sentativeness hindered complete randomization across all the factors studied. For instance, it was
not practically feasible for all operators (and machines) to work in every stand due to the long
distances between the stands. Moreover, it may be feasible for two operators to use two alternative
systems within each stand (as in our study), but larger numbers of operators (and/or alternative
systems) would be impractical because few stands would be large enough to accommodate them.
However, this limitation did not prevent achievement of our main objective as we were able to
isolate the System effect, i.e., compare CBC and IBC without the risk of causal fallacy.

Switching the system (between CBC and IBC) more frequently, for instance after every
working shift or after every completed load, would theoretically have improved the randomization.
However, doing so may have a short-term (detrimental) effect on operator performance, which in
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turn might be confounded with the System effect. According to results of the study by Englund et al.
(2018Db), switching systems could have favoured IBC. The influence of this possible confounding
effect theoretically increases as the frequency of switching systems increases. Hence, to control this
(possible) confounding effect, operators used the same system in two consecutive working shifts.
This was a compromise between ensuring sufficient randomization of conditions over the factor
System and limiting the confounding effect caused by switching systems. Moreover, participating
operators were highly experienced in the use of both systems, which should also have minimized
the potential confounding effect.

There were practically no inter-system differences in the variable-wise observation distri-
butions (medians, 5th and 95th percentiles, Table 2). Moreover, neither Number of loading- nor
Unloading-crane cycles differed between the systems (Table 2). We did not observe any meaningful
inter-system differences for the arithmetic means of Loading- or Unloading distances either (and
possible differences would be statistically controlled through covariates anyway). Collectively,
this indicates that neither load-sizes nor assortment combinations differed between the compared
systems.

In comparative forest-operation studies, productivity is preferably presented as a ratio
between roundwood volume (e.g. m?) and time (e.g. minutes). Because our dataset did not include
the volumes of the forwarded loads, we have reported productivity results per load instead. Weigh-
ing the loads and converting the weights into volumes could be feasible, but this solution would
have required the machines to have been fitted with scales. However, the relative differences (or
lack of significant differences) would be the same whether the results are given per load or unit
volume (m?3), given that the load sizes between the systems were equal.

In comparative forwarding studies it is preferable to present intra-operator results (Englund
etal. 2017, 2018a). However, due to the small number of loads per operator (in the follow-up con-
text) we have presented figures solely for pooled data (across the operators). In follow-up studies
in the future the number of observations per operator should be increased.

In the introduction we emphasized the importance of sustaining crane-work efficiency even
when increasing the number of assortments forwarded together in a load. Furthermore, we identi-
fied three commercially available products that are known to increase crane-work productivity:
boom-tip control, tilt-grapple, and assortment-handling grapple. Hitherto these innovations have
only been studied in isolation, but it may be worth investigating whether some additional (holis-
tic) advantage may be gained by using them together. Englund et al. (2018a) found that use of an
assortment-handling grapple saves time only when there are no remaining trees between the piles
loaded during the same crane cycle, due to the extra time required to steer bunches of logs around
the remaining trees. However, the use of a tilt-grapple together with an assortment-handling grapple
might reduce the extra time required. Such a “tiltable assortment-handling grapple” configuration
would ideally be steered by a boom-tip control system.

4.1 Conclusions

The results show that boom-tip control significantly increases forwarding productivity. Hopefully,
this awareness helps the forest-machinery sector to focus their research- and development resources
regarding the crane-steering principles.

Funding for forest-work research is often scarce. Hence, it is important to find cost-effective
methods for conducting comparative (field) studies on new technological innovations or alterna-
tive working methods during ordinary logging operations. This study introduced in a cut-to-length
context novel field-study design to collect a large follow-up dataset in the course of ordinary
forwarding operations. Although, the applied study design required some minor adjustments to
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normal working practices, we found it to be a cost-efficient way to combine the representativeness
of conventional follow-up datasets with the ability to establish causal relationships. Establishment
of causal relationship has traditionally been possible only through observational time studies or
standardized experiments. Thus, we found the applied study design to be a feasible approach for
future comparative studies of forwarding technology and working practices.
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