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Abstract: The process of sorting softwood raw materials is aimed at full automation. Techniques
such as laser and optical scanning, used in measuring and sorting wood raw material with the
layer of bark, are based on an analysis of the external shape of the log. The consequence of this
is the use of constant ranges of bark deductions, which are often affected by errors resulting from
averaging the values. The thickness of the bark is influenced by many factors, such as the tree species
and the quality of habitat in which the trees have grown. In the case of pine wood, the range of
adopted diametral intervals for the processed raw material plays a significant role. The analysis
of the automatic sorting results showed numerous cases of a log-size mismatch. In methods that
assume the measurement of wood with the bark, deductions for bark should be made based on
experiments that take into account the raw resources base. Despite the high correlation between
the size of the deduction and the average thickness of the bark (r = 0.85), the mean value of an
error of the adjustment to the maximum thickness of the bark in the automatic sorting was 45%.
The maximum bark thickness for the analyzed sorting intervals was correlated. The level of the
correlation coefficient value was r = 0.72. In order to increase the accuracy of the sorting process, the
value of the deduction for bark should be adjusted to the maximum values in each sorting group.
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1. Introduction

The automation of sorting timber representing various tree species and habitats in
sawmills is often based on the use of 3D, triangulation, or X-ray laser scanners. These de-
vices are applied for the quantitative and dimensional classification of logs, optimizing
their diametral and length divisions [1-4]. In the most commonly used optical measure-
ments systems, the spatial coordinates of a log front surface are read out at high resolution.
The measured values make it possible to determine the variable geometry of the log surface.
Moreover, the optical scanners allow for the automatic sorting of logs taking into account
the characteristics of a specific tree species and the effect of a given habitat. The logs are
classified and sorted considering variable parameters defining the log geometry, such as
diameter, taper, surface irregularities or flattening [5-10]. The application of primary data
to control the programs of shading scanners and 3D laser point scanners allows the sorting
of roundwood obtained from selected forest stands [11,12]. The use of logistic regression
to adjust the thickness of wood raw material as a classification method is based on the
accuracy of the model characterizing the quality features and the shape of the log. Its as-
sessment is based on the measurement of the ROC curve (receiver operating characteristic
curve) [13-17]. For modeling the criteria of wood logs sorting, the evaluation of the share
of features attributed to individual tree species, the origin of the raw material and the
occurring deformations in the shape of the log in the process of automatic imaging are
used. The results are corrected by applying variable correction parameters generated from
the data interpolated for the scanner settings.
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A proper preparation of the logs for processing is crucial for the pretreatment step
in the sawmill industry. It is particularly important to correctly measure the logs and to
ensure the accuracy of sorting at the level that matches the selected sawing technology.
Among the factors affecting the measurement indicators of logs at the sorting stage, there
is, e.g., a form of prepared raw material [18-23]. The most common form of raw material is
logs with the bark still left on the side, which are then transported to the automatic sorting.
The earlier debarking of the raw material is justified only in the case of its direct transfer to
sawing right after sorting. With the passage of time, the debarked raw material becomes
more exposed and susceptible to, for example, drying out, discoloration or other biotic
factors. Modern automatic sorting lines determine the proper selection of logs and the
way of their manipulation. These lines guarantee a high accuracy of sorting (at the level
of 92-95%) on the basis of the outer diameter measurements. Such accuracy is achievable
due to the use of measurement systems characterized by a high degree of conversion of
the actual measurements to the indicators of shape correction. Moreover, the additional
advantage of the automatic lines is their high quantitative efficiency, exceeding even several
hundreds of pieces per shift [24-26].

Sorting the wood raw material which was not debarked before leads to the necessity of
applying the deductions resulting from the share or the thickness of the bark in individual
size and type ranges of the roundwood [27-32]. The bark is a natural layer covering the
trunk with a thickness depending, among others, on the tree species [33-37]. Furthermore,
the bark thickness among the same tree species may vary depending on habitat. In the
case of mature trees, the ratio of bark mass to wood mass is considered to be a constant
parameter; for example, for Scots pine, it amounts to approximately 12% [38—41].

A geometric description of the change in bark thickness around the log is a parameter
that influences the volume of roundwood. Its estimates vary by species, habitat and
geographic region. In the automatic sorting process, it is recommended that the individual
sawmills should verify and develop their own classification models for the thickness of
the bark adjusted to their deliveries and the sorting criteria. The possibility of using an
automatic sorting process in order to increase the financial efficiency has been previously
demonstrated in the case of softwood, where high limitations for the curvature and the
cross-sectional deformations were required [6,9,42].

The aim of the study was to analyze the effect of the variable diametral structure of
the sorted pine roundwood on the sorting accuracy with the inclusion of the share of bark
deduction for the selected types of raw material. The study verified the results of automatic
sorting with the actual measurements of roundwood diameter (with and without the layer
of bark) assuming the sorting intervals given in inches. The accuracy of sorting logs in the
automatic system was determined, taking into account the applied deductions for bark
assumed according to the standard used in Poland.

2. Materials and Methods

The research was conducted at a sawmill processing pine timber Koszalifiskie Przed-
siebiorstwo Przemystu Drzewnego (KPPD) Szczecinek S.A. Scots pine wood (Pinus sylvestris
L.) in the age class IV (60-70 years old) was harvested and transported to sawmill from the
coniferous habitat (podzolic soils—various-grained sands, deep and fresh with the thin layer
of acidic humus) in Kalisz Pomorski (53°17/5.416" N, 15°53'9.228" E) forest district. The
selected habitat represented a typical stand for Scots pine, which was the object of the study.
The conducted research is a reference element for further cycles of tests concerning the
influence of the habitat on the variability of bark thickness. The selected pieces of round-
wood were divided into three-meter-long logs with the use of a circular saw (g 2200 mm)
and directed to the sorting station. In total, 11,680 pieces of logs were sorted automatically
using a SPRINGER sorting line. The speed of the log conveyors on the main sorting line
was 150 m/min. Measurements were conducted with the use of an optical-laser system
and processed with Microtec software. The diameters of logs were determined based on
the distance between the measuring laser beam from the optical system and the surface of
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the log with the precision of 1 mm. The acquired data were additionally processed into
an image in three dimensions. On the basis of the top log diameter, the test material was
divided into 11 groups. The lowest of the groups (stated in inches) was 7” and ranged
up to 8”. The intervals of the next groups increased by 1” up to the last group containing
logs with diameters of 17” and larger. The selection of thickness classes resulted from the
sorting ranges used in the sawmill where the experiments were performed. At the same
time, it allows for the isolation of a minimum, representative number of logs for testing.
The diameters of logs were measured with the bark not removed, and for its reduction, the
modified deductions corresponding to the requirements of the PN-D-95000 [43] standard
were applied. In the last stage, the logs were sorted into proper boxes in order to perform
manual measurements (Table 1). Although the normative reduction for bark thickness
concerns the half-length diameter, in this case, this relationship was related to the bark
thickness measured at the top of the log. The cross-cut end of the top of the log obtained
during the manipulation and preparation allowed the exposure of the bark layer and the
determination of its thickness without removal.

Table 1. Diametral groups and the applied bark deduction.

Diametral Number of  Diameter Range Applied Deduction Acc. to
Group (inch) Pieces (cm) Deduction (cm) PN-D-95000 [43]
7 220 17.0-20.2 1 2
8 810 20.3-22.8 2 2
9 2220 22.9-253 2 2
10 1490 25.4-27.8 2 2
11 2150 27.9-30.4 2 2
12 1660 30.5-32.9 2 2
13 1150 33.0-35.5 2 3
14 880 35.6-38.0 2 3
15 650 38.1-40.5 3 3
16 380 40.6-43.1 3 3
17 70 >43.2 3 3

Every piece of log was measured in terms of determining the following parameters:
top log diameter with bark, top log diameter without bark and thickness of the bark layer.
The measurements were performed perpendicularly to the length of the trunk at the top
end according to PN-D-95000 [43] using a caliper with a precision of 1 mm. This method
consists of making the measurement at the point with the smallest thickness, then another
measurement at the point with the greatest thickness and ultimately taking the average
value into account. The results were assigned to individual sorting groups considering
the impact of the number of logs on the level of sorting accuracy. The variability of bark
thickness depending on the log diameter was determined. Moreover, the percentage
accuracy of sorting was calculated for each of the established group. The results were
statistically verified using Spearman’s method for a significance level of « = 0.05.

3. Results
3.1. Results of the Log Diameter Measurements

The results of the determinations concerning the accuracy of measurements performed
during the automatic sorting of logs within the established diametral groups are presented
in Table 2.

The analysis of the compliance of automatic sorting results was based on their com-
parison with the manual measurements results and on the methodically assumed bark
deductions. The level of matching of the sorting accuracy to the number of measured logs
according to Spearman’s correlation coefficient was r = —0.419 which confirms that the
correlation is significant.
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Table 2. The compliance between the automatic sorting results and the manual measurements.

Compliance of the Measurements

Diametral Group

Above Match with Group Below
(inch) (%)

7 0.0 100.0 0.0

8 0.0 70.0 30.0
9 13.8 64.8 214
10 134 62.4 242
11 45 48.2 47.3
12 10.2 54.9 34.9
13 51 32.8 62.1
14 9.1 39.8 51.1
15 9.2 50.8 40.0
16 39.0 415 19.5
17 0.0 100.0 0.0

Note: above means overestimated measurements, below means underestimated measurements.

The study determined the level of overestimation and underestimation of actual bark
diameter measurement results in relation to the bark thickness intervals in pine logs.

In the first diametral group (7”), all of the logs were matched within the range of
automatic sorting results. In the sorting groups 8”, 9”7, 10”7, 12” and 15”, the compliance
regarding the diameter was in the range between 51% and 70%. The remaining logs did
not reach the assumed diameter, and they should be assigned to the lower dimensional
groups. The share of correctly sorted logs in the groups 11” and 14” was 48% and 40%,
respectively, which means that 47-51% of logs were over-measured. In the group labeled
as 16”7, only 42% of logs were matched; 39% of them should be assigned to the 17” group
and the remaining 19% were over measured.

The assumed accuracy of the automatic sorting was achieved only in the groups 7”
and 17”, where all the logs matched the established ranges. The reason was that these were
characterized by wider ranges when compared to other groups. The lowest accuracy of
automatic sorting was noted in group 13”, where only 33% of logs matched the adopted
range, 62% of them did not reach the required diameter and 5% exceeded the maximum
value. Overall, among the remaining groups, the sorting accuracy was between 40%
and 65%.

3.2. Analysis of the Bark Thickness

The results of Spearman’s correlation for the 11 observed groups, taking into account
the deduction for the bark and the mean values of the diameter determined during sorting,
was as follows r = 0.0905. The accuracy of the diametral sorting was based on the measure-
ment of the actual bark thickness for each group. The control measurements presented in
Table 3 indicate greater differentiation in the thickness of the bark than it was assumed in
the applied scale. In group 15”7, the minimal bark thickness was 0.2 cm, maximal value was
3.0 cm with the standard deviation of 0.6 cm. The smallest dispersion of values occurred in
group 7”, where the actual value of the thickness of the bark ranged between 0.2 and 1 cm
(average value of 0.4 cm) with a variation of 50%.

The variability in the values of the average bark thickness is a function of the log
thickness within the established sorting groups ranging from 7” to 17”. The limits of the
distribution of the average bark thickness can be described by the function y(min) and
y(max) presented in Figure 1.
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Table 3. The results of manual measurements of logs.

Diametral Applied Results of Measurements

Group Deduction Measurement Min. Avg. Max. SD Ccv
(inch) (cm) (cm) (%)

w /bark 17.3 18.8 20.5 0.9 5

7 1 w/out bark 17.0 18.4 20.1 0.9 5
bark 0.2 0.4 1.0 0.2 51

w/bark 19.6 214 23.3 0.9 4

8 2 w/out bark 18.7 20.8 22.8 0.9 4
bark 0.2 0.7 1.7 0.3 50

w /bark 22.1 249 29.0 1.5 6

9 2 w/out bark 21.0 24.0 28.4 1.3 6
bark 0.2 0.9 29 0.5 49

w /bark 25.1 27.4 30.6 1.2 8

10 2 w/out bark 24.2 26.3 30.1 1.2 8
bark 0.2 1.1 25 0.5 24

w/bark 259 29.1 32.5 14 5

11 2 w/out bark 24.5 27.9 31.4 14 6
bark 0.2 1.1 29 0.5 47

w /bark 29.2 32.2 35.8 14 5

12 2 w/out bark 28.4 31.2 35.1 14 5
bark 0.2 1.1 24 0.5 42

w /bark 31.3 34.2 38.7 1.7 5

13 3 w/out bark 304 32.9 37.5 1.6 5
bark 0.3 1.3 2.8 0.5 41

w /bark 33.5 36.9 40.0 1.5

14 3 w/out bark 324 35.6 39.0 15 5
bark 04 1.3 24 0.5 38

w /bark 37.4 39.5 41.8 1.2 7

15 3 w/out bark 35.0 38.1 40.5 1.2 7
bark 0.2 14 3.0 0.6 43

w /bark 39.8 43.6 46.6 1.8 5

16 3 w/out bark 38.1 421 452 19 5
bark 0.7 1.5 2.6 0.5 37

w /bark 475 53.1 62.8 5.9 10

17 3 w/out bark 45.8 51.2 61.5 5.8 10
bark 1.3 1.9 3.1 0.6 29

Note: w/bark means measurement with bark; w/out bark means measurement without bark; min. means
minimum value; max. means maximum value; avg. means average value; SD means standard deviation; CV
means coefficient of variation.

For the considered range of diameters, the average values of the deduction for the bark
can be described by a function y(med.) = —0.019d;? + 1.611d; — 4.917. The coefficient of
correlation was characterized by a high value of 7 = 0.96. Such adjustment of the parameter
describing the deduction for the bark assumed for the individual diametral groups was
affected by the average value of the standard deviation for the bark measurement of
0.2-0.6 cm. The limits of the bark deduction lie within the wide range limited by the
following equations: y(min) = 0.02d;2 — 0.414d; + 2.218 for the correlation coefficient of
r=0.89 and y(max) = —0.027d12 + 0.78d; — 2.695 for r = 0.78.

The studies confirmed that the distribution of the bark thickness results varied de-
pending on the considered diametral range. For the range of 12” to 13”, the dispersion
value was within the limit of 2.57 cm.
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Figure 1. The distribution of an average bark thickness in the 7” to 17” sorting ranges.

The way to improve the sorting accuracy in the investigated diametral ranges is to
modify the value of the deductions for the bark in order to make them correspond with
the maximum dimensions of the bark in the individual sorting groups. The compliance
between the values of the deduction for the bark applied in the study and the actual
maximum thickness was, according to Spearman’s correlation, at the level of r = 0.53.
The use of the maximum value may reduce the chance of an error consisting in a wrong
assignment to the sorting group. Table 4 presents a summary of the corrected deductions
for the bark (labeled as A), which showed the adjustment to the changing bark thickness at
the level of r = 0.68. In the case of a correction for the bark deduction, a measurement error
at the level of ¥ = 0.68 was observed.

Table 4. The adjustment of the bark thickness in automatic measurements with the bark deduction
according to modified PN-D-9500 [43] applied.

Deduction for Bark

Manual Measurements Automatic Sorting

Diametral Group Med. Max. Applied Deduction X y A B

(inch) (cm) (cm) (%) (cm)

7 0.4 1.0 1 60.0 0.0 1 1.0
8 0.7 1.7 2 65.0 15.0 2 1.7
9 0.9 2.9 2 550 —450 3 2.9
10 1.1 2.5 2 450 =250 3 2.5
11 1.1 29 2 450 —450 3 29
12 1.1 24 2 450 -200 3 24
13 1.3 2.8 3 350 —400 3 2.8
14 1.3 24 3 350 —-200 3 24
15 14 3.0 3 53.3 0.0 3 3.0
16 15 2.6 3 50.0 13.3 3 2.6
17 1.9 3.1 3 36.7 -3.3 3 3.1

Note: x is the difference of the standard-assumed bark deduction and the actual average measured bark thickness
to the standard-assumed value; y is the difference of the standard-assumed bark deduction and the actual
maximum measured bark thickness to the standard-assumed value; A means parameter correlated with the
maximum value at the level of = 0.92; B means parameter correlated with the maximum value at the level of
r=1.

Parameter B is an example of the adjustment of the automatic sorting with the upper
limits of the bark deduction. In this case, the correlation with the mean values of the cortical
thickness was r = 0.64. Underestimating the limit values of the deduction during the sorting
process has a negative effect on the compliance of the logs to the applied sawing programs.
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While analyzing the results of an error associated with the automatic adjustment of
the average deduction value and the accuracy of the automatic sorting, the correlation
coefficient between these parameters at the level of r = 0.48 was observed (Guilford’s
classification). It resulted from the error in matching the assumed diametral range, as well
as both the accumulation of defects in the structure of wood and the measuring accuracy
of the scanning devices, which was not verified in the conducted experiments.

The application of modified limits for bark deductions labeled as A led to the increase
in sorting accuracy. Moreover, the error level of matching the logs to the maximum
diameter has not exceeded the level of 20%. The introduced changes caused, for example,
the deduction value in the 9”to 12” sorting groups to be heightened to 3 cm.

4. Discussion

The conducted observations and measurements of automatic sorting corrected by the
actual measurements are part of the important issue of shaping the quality of automation in
the process of preparing wood raw material for sawing. In the pretreatment of roundwood,
the correct use of measurement systems and deductions is responsible for the correct
application of the optimal sawing program and, consequently, the rational use of valuable
wood raw material [44].

The use of laser scanners in the wood industry is associated with the successful
implementation of sawmill automation processes. Data cloud processing reduces the
burden of manipulation works. They require a major amount of work and are characterized
by low efficiency, which can be a limiting factor for their use in the industry. A large part
of operations carried out on roundwood involving the preparation of material is aimed
at determining the specific functional features of wood, and currently, it is performed
automatically [45,46]. The automation allows for a significant acceleration of work and at
the same time allows the implementation of aggregate technologies for more advanced
works related to the mechanical processing of raw materials. Sawmills equipped with
automatic sorting systems are characterized by the more optimal use of wood material and
have the ability of “virtual” processing already at the stage of sorting the logs.

The system of scanners applied to determine the three-dimensional shape of logs
focuses on the accuracy of mapping the shape geometry and in the conducted research
its accuracy was compared with the results of manual measurements. The occurrence
of irregularities, including those in bark thickness, causes the measurement errors and
the decrease in sorting accuracy. The assumption of the constant bark deduction ranges
increases the risk of over-measuring the diameters of logs [47-49]. The 3D phase shift
laser scanner method allows the scanning of cross-sectional images of a pine log while
simultaneously determining shape errors. The designated clouds of points on the surface of
each cross-section are compared with the surfaces of the corresponding log cross-sections
after conversion.

The average value of over-measuring the diameter of the logs in the diametral range
of 7” to 17”7 (without bark) was 4.6% with a standard deviation of 1.03 cm. The average
weighted sorting error for the deduction for bark in the tested raw material was 45%,
out of which over-measured logs accounted for 36% with a standard deviation of 3.1 cm.
The low average weighted sorting accuracy at the level of 55% is the result of low flexibility
of adjusting the deduction for bark, the differences in comparison with the actual bark
thickness and unevenness of the bark surface within the individual sorting groups. The
results presented by other authors indicate that measurements performed with the use
of automatic methods are characterized by significant discrepancies [50-56]. Moreover,
they indicate the necessity of applying corrections to the bark deductions, which should be
prepared taking into account the tree species and habitat groups of the raw material. The
research confirms that the application of 3D phase shift laser scanning requires a parametric
adjustment of the bark deduction considering a number of factors, e.g., age of the tree or
habitat, based on the created database of log characteristics [57].
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5. Conclusions

m  The highest accuracy of automatic sorting is achieved in the boundary diametral
ranges as a result of having wider ranges of diameters assigned and the lower disper-
sion of values in the results of the bark thickness;

m  Thesorting accuracy in individual ranges is affected by significant differences between
the actual thickness of the bark and the applied constant values of the deduction.
The adoption of uncorrected normative values reduces the quality of sorting wood
raw material by affecting the sorting accuracy;

m  Studies have shown that as the diameter of pine logs increases, the variation in bark
thickness values also increases;

[ ] Defects occurring in the structure of wood, such as curvature, knots, and knobs,
are the factors affecting the diameter measurement’s accuracy;

m  Applying the corrected values for the bark deduction when measuring the diameter
of logs has a direct impact on the quality of automatic sorting and the final design of
sawmill sawing programs.
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