View metadata, citation and similar papers at core.ac.uk brought to you

provided by Helsingin yliopiston digitaalinen arkisto

Taylor & Francis Group

Scandinavian Journal of Forest Research

ISSN: 0282-7581 (Print) 1651-1891 (Online) Journal homepage: http://www.tandfonline.com/loi/sfor20

Comparison of terrestrial laser scanning and X-ray
scanning in measuring Scots pine (Pinus sylvestris
L.) branch structure

Jiri Pyorala, Ville Kankare, Mikko Vastaranta, Juha Rikala, Markus
Holopainen, Marketta Sipi, Juha Hyyppa & Jori Uusitalo

To cite this article: Jiri Pyorala, Ville Kankare, Mikko Vastaranta, Juha Rikala, Markus Holopainen,
Marketta Sipi, Juha Hyyppa & Jori Uusitalo (2017): Comparison of terrestrial laser scanning and X-
ray scanning in measuring Scots pine (Pinus sylvestris L.) branch structure, Scandinavian Journal
of Forest Research, DOI: 10.1080/02827581.2017.1355409

To link to this article: http://dx.doi.org/10.1080/02827581.2017.1355409

© 2017 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

@ Accepted author version posted online: 14
Jul 2017.
Published online: 26 Jul 2017.

N
CA/ Submit your article to this journal &

||I| Article views: 98

A
& View related articles &'

@ View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=sfor20

(Download by: [University of Helsinki] Date: 01 September 2017, At: 00:29



https://core.ac.uk/display/157587075?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.tandfonline.com/action/journalInformation?journalCode=sfor20
http://www.tandfonline.com/loi/sfor20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/02827581.2017.1355409
http://dx.doi.org/10.1080/02827581.2017.1355409
http://www.tandfonline.com/action/authorSubmission?journalCode=sfor20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=sfor20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/02827581.2017.1355409
http://www.tandfonline.com/doi/mlt/10.1080/02827581.2017.1355409
http://crossmark.crossref.org/dialog/?doi=10.1080/02827581.2017.1355409&domain=pdf&date_stamp=2017-07-14
http://crossmark.crossref.org/dialog/?doi=10.1080/02827581.2017.1355409&domain=pdf&date_stamp=2017-07-14

Downloaded by [University of Helsinki] at 00:22 01 September 2017

SCANDINAVIAN JOURNAL OF FOREST RESEARCH, 2017 Taylor & Francis
Taylor & Francis Group

https://doi.org/10.1080/02827581.2017.1355409
8 OPEN ACCESS ) Checkforupdates‘

Comparison of terrestrial laser scanning and X-ray scanning in measuring Scots
pine (Pinus sylvestris L.) branch structure

Jiri Pyorala®P<, Ville Kankare®®, Mikko Vastaranta®®, Juha Rikala®, Markus Holopainen®®, Marketta Sipi®,
Juha Hyyppa®< and Jori Uusitalo®

3Department of Forest Sciences, University of Helsinki, Helsinki, Finland; °Centre of Excellence in Laser Scanning Research, Finnish Geospatial
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ABSTRACT

While X-ray scanning is increasingly used to measure the interior quality of logs, terrestrial laser
scanning (TLS) could be used to collect information on external tree characteristics. As branches are
one key indicator of wood quality, we compared TLS and X-ray scanning data in deriving whorl
locations and each whorl’s maximum branch and knot diameters for 162 Scots pine (Pinus sylvestris
L.) log sections. The mean number of identified whorls per tree was 37.25 and 22.93 using X-ray
and TLS data, respectively. The lowest TLS-derived whorl in each sample tree was an average
5.56 m higher than that of the X-ray data. Whorl-to-whorl mean distances and the means of the
maximum branch and knot diameters in a whorl measured for each sample tree using TLS and X-
ray data had mean differences of —0.12 m and —6.5 mm, respectively. One of the most utilized
wood quality indicators, tree-specific maximum knot diameter measured by X-ray, had no
statistically significant difference to the tree-specific maximum branch diameter measured from the
TLS point cloud. It appears challenging to directly derive comparative branch structure information
using TLS and X-ray. However, some features that are extractable from TLS point clouds are
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potential wood quality indicators.

Introduction

Highly detailed information on wood quality is considered
essential for the optimization of wood procurement processes
(Holopainen et al. 2014; Moore and Cown 2015). Sawmills plan
their production before the trees are harvested, thus wood
quality information on standing trees would allow harvesting
wood of desired quantity and quality at the desired time
instead of storing large amounts of wood onsite. The oppor-
tunity of determining the price of round wood according to
its actual quality could also encourage private forest owners
to grow high-quality wood if they were paid a premium
based on wood quality (Malinen et al. 2010).

Wood quality refers to the performance and usability of
wood as the end product (Moore and Cown 2015). Branches
have a direct adverse effect on wood quality due to their
high compression wood content and the distorted grain
orientation around them (Mitsuhashi et al. 2008; Donaldson
and Singh 2013). In addition, variation in branch character-
istics is shown to correlate with variation in wood properties
such as cell dimensions, cellular structure and wood density
(Auty 2011; Cortini et al. 2013; Kuprevicius et al. 2013).
Earlier research therefore aimed at developing methods for
predicting wood quality using indicators of branchiness,

most commonly the height of the lowest dead branch (Hyp,)
(Karkkdinen 1980; Uusitalo 1997; Lyhykainen et al. 2009).

Single- or multidirectional industrial X-ray scanning (or X-
ray tomography or X-ray digital radiography) is a method
used at sawmills for assessing the wood quality of logs prior
to their sawing (Oja et al. 2003). This method uses X-ray
beams transmitted through an object, and the attenuation
of the beams that penetrate the material are used to recon-
struct a digital image of the measured object (Lechner et al.
2013). Whorl locations and dimensions are examples of par-
ameters that can be measured using X-ray data and used to
estimate the interior wood quality of a log (Grundberg and
Gronlund 1997; Oja et al. 2004; Fredriksson 2012).

Terrestrial laser scanning (TLS) point clouds could poten-
tially be used for measuring the wood quality factors of stand-
ing trees (Van Leeuwen et al. 2011). Kankare, Joensuu, et al.
(2014) used TLS-derived diameter at breast height (DBH)
and Hyp, for tree-specific wood quality estimations similarly
to previous research (Karkkdinen 1980; Uusitalo 1997; Lyhykai-
nen et al. 2009). Furthermore, several studies have presented
automated modelling algorithms that enable the automatic
measurements of tree stems (Thies et al. 2004; Henning and
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Radtke 2006; Liang et al. 2014; Olofsson et al. 2014), branches
(Raumonen et al. 2013; Hackenberg et al. 2014) and bark
properties or branch bumps (Kretschmer et al. 2013; Sténgle
et al. 2014) using TLS point cloud data. However, the down-
side of TLS is its limited spatial data coverage. Detailed
wood quality information gathered by TLS could therefore
be only applied to wood quality predictions of a particular
stand at the time of its final felling or used to collect data
for remote sensing-based estimations of wood quality in
large areas (Maltamo et al. 2009; Hilker et al. 2013; Luther
et al. 2013; Kankare, Vauhkonen, et al. 2014; Vastaranta
et al. 2014).

To improve understanding of the potential of TLS in cap-
turing external tree characteristics that are related to internal
wood quality factors currently measurable by X-ray scanning,
the aim of our study was to compare tree-specific wood
quality measures (whorl number, whorl height, whorl-to-
whorl distance and largest branch diameter of each whorl)
derived from TLS data with respective measures derived
from X-ray data. Branch diameter measured using TLS refers
to the size of an external branch and knot diameter measured
by X-ray scanning refers to the size of an internal branch: it is
considered worthwhile to compare these slightly different
diameters for revealing the possible dependencies. Addition-
ally, TLS-derived DBH and Hy, measurements were compared
to those measured in the field.

Materials and methods
Study area and field measurements

The study material consisted of 180 Scots pine trees on four
sample plots in Evo (61.19° N, 25.11° E) and two sample
plots in Orimattila (60.80° N, 25.73° E), southern Finland, that
is, 30 trees on each sample plot. Site fertility and growing
stock information (m>3/ha) of the sample plots were based
on existing stand-wise forest inventories from year 2013.
DBH for the sample trees was measured using callipers in
two perpendicular planes. Tree height (H) and Hy, of the
sample trees were measured using Vertex Il (Haglof,
Sweden). The field measurements were carried out in
August 2014.

The optical profile scanner device at the sawmill was used
to measure the length of the saw log section (L), log top
diameters (D;op) and log volumes (Vjoq) for each sample tree
in September 2014. Sample plot and sample tree information
is presented in Table 1 and Figure 1.

TLS data collection

TLS data were collected in August and September 2014
using a Faro Focus®® X 330 (Faro Technologies Inc., USA)
scanner that utilizes phase-shift technology. Trees were
located in groups of six. Each group was scanned from 5
to 10 positions to obtain data coverage on all sides of
every tree. Scan size was 10,310 rows and 4268 columns
(44.0 M points). The point-to-point sampling distance was
6.3 mm at a 10 m distance. The point-to-point sampling dis-
tance variations from Hg, to Lioq height for each sample tree
in each plot are presented in Table 2. The heights refer to
the Hg, measured in the field and the L4 measured at
the sawmill (Table 1). The 3D distance from each scanning
location to each tree at the mentioned heights was calcu-
lated using scanner location and tree location at breast
height level.

Six spherical reference targets were used to register separ-
ate scans into a multi-scan point cloud. Spheres were
198.8 mm in diameter and they were set up on tripods at
an approximate height of 1 m above ground. The spheres
were distributed so that all spheres were visible during the
first scan and a minimum of three spheres was Vvisible
during every other scan.

Preprocessing and registration of the scans was carried out
using Faro Scene 5.2.1 software with inbuilt preprocessing
and registration procedures. Preprocessing included filtering
stray points using the 2D projection intensity map of the
point cloud: the procedure inspects a point within a 3 x 3-
pixel grid, and deletes the point if more than 50% of the
other points within the grid are further than 2 cm from it.
Points with a reflectance value less than 300 (on a scale of
0-2047) were filtered out. Examples of sample tree TLS
point clouds are presented in Figure 2. The automatic regis-
tration procedure was carried out using the spheres as
targets. The software evaluates the registration accuracy in
terms of standard deviation of the target coordinates
between the scans. The registration accuracy averaged
1.27 mm. Plot-specific variation in registration accuracy is pre-
sented in Table 2.

X-ray scanning data collection

The trees were harvested in September 2014 using the log-
length logging method, that is, they were delimbed and
topped at the saw log limit (D, minimum 15 cm) in the
forest and then hauled to the sawmill (Koskitukki, Karkols,

Table 1. Sample plot characteristics (VT = Vaccinium type, MT = Myrtillus type, OMT = Oxalis-Myrtillys type), mean stem volume of pine and other species per hectare
(Vpine/Vother) @and sample tree statistics, mean values of diameter at breast height (DBH), height (H), height of the lowest dead branch (Hgy,), height of the live crown
base (H,o), length of the saw log section (L), log top diameter (Dy,p) and log volume (V).

Sample plot characteristics

Sample tree statistics

PIOt Site type VPine/Vother (m3/ha) DBH (cm) H (m) Hdb (m) ch (m) Llog (m) Dtop (cm) Vlog (m3)
1 VT 220/10 28.9 226 4.8 14.4 15.5 15.6 0.6
2 2 250/20 315 271 9.4 17.8 18.9 17.2 0.9
3 OMT 200/20 28.6 229 44 13.9 15.2 15.5 0.6
4 MT 140/260 355 289 8.2 209 18.6 185 1.0
5 MT 80/170 344 27.6 10.3 18.8 17.4 194 1.0
6 ' 170/80 314 258 74 155 15.3 185 0.7
Total 176.7/93.3 317 25.8 74 16.9 16.8 174 0.8
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Figure 1. (Left) Diameter at breast height distribution (cm). (Right) Height distribution of the lowest dead branch (m) of the sample trees.

Finland). Before hauling, an ID number was marked on both
ends of the stem to enable linking tree-specific field, TLS
and X-ray measurements to each other.

The stems were scanned by a single-direction X-ray
digital radiograph scanner Opmes AX1 (Inray, Finland). The
scanning resolution was 2.5 mm/pixel in the longitudinal
direction and 0.85 mm/pixel in the transversal direction.
X-ray scanning was performed successfully for 162 of the
180 trees. The method was sensitive to any disturbances in
the flow. No X-ray data were available for 14 trees due to
halts and delays in the measurement process. In addition,
four trees had data gaps and were thus excluded from
further analyses.

TLS point cloud measurements of branches, branch
bumps and DBH

Point cloud measurements were carried out using TerraScan
software (TerraSolid, Finland) on the MicroStation V8i plat-
form (Bentley Systems, USA). Stump height was visually esti-
mated from the point cloud as the upper limit of the root
collar. Whorls were identified visually. A slice of the branch
base points perpendicular to the branch’s longitudinal axis
was extracted from the largest branch in each whorl. In
order to exclude points belonging to the stem and to
include a sufficient amount of points belonging to the
branch, the extracted slice included points within a 2-to 12-
c¢m distance from the stem (Figure 3, right).

The extracted branch base points were projected onto a
plane perpendicular to the branch’s longitudinal axis and
the branch diameter was modelled by fitting a circle to
the points using the random sample consensus (RANSAC)

algorithm (Fischler and Bolles 1981). A random sample of
three points was selected, to which a circle was initially
fitted using ordinary least squares (OLS) approximation.
Then, the ratio of points that lie within a certain threshold
distance (d=1 mm) from the circle arc (inliers) was calcu-
lated. The iteration was repeated N times to find a model
that fits all the inliers with a certain probability P, as calcu-
lated using Equation (1) (Fischler and Bolles 1981):

N — log(1 —P)

=" 1
log (1 — p") M

where p is the estimated ratio of inliers and n is the size of
the random sample. Based on visual inspections the ratio of
inliers among the extracted branch points could be as low
as 0.2. Therefore, the following parameters were used in
our study: P=0.99, p=0.2 and n=3. The diameter of the
circle fitted to the inliers from the best iteration round
using OLS was considered as the branch diameter estimate.
Whorl height was defined as the height difference between
the stump and the centre of the fitted circle.

Self-pruned branches can appear on the stem surface as
branch bumps before they are fully enclosed by stem
wood. Visible branch bumps along the branchless part of
the stem were visually identified and the height from the
stump to the centre of the branch bump was measured
using the MicroStation “Measure distance” tool (Figure 3,
right).

Breast height level in the point cloud was defined at a
1.3-m height from the stump. DBH was measured by fitting
a circle on a 2-cm thick horizontal slice of points at breast
height level (1.29-1.31 m) using the same method as for the
branch measurements.

Table 2. Point-to-point sampling distance and registration statistics for each sample plot.

Point-to-point distance at the lowest dead

Point-to-point distance at the log top height

branch height (mm) (mm) Registration accuracy (mm)
Plot Min Mean Max Std. Min Mean Max Std. Min Mean Max Std.
1 1.7 6.6 12.3 2.2 8.1 11.5 16.2 1.7 04 1.2 35 09
2 37 9.4 14.9 2.3 7.7 14.0 18.5 37 0.2 1.0 22 0.5
3 2.2 6.8 12.2 24 1.9 10.5 16.7 2.2 0.3 0.7 1.7 03
4 3.1 8.5 15.4 2.3 14 12.7 19.6 31 0.6 1.5 5.6 1.0
5 33 8.9 15.8 1.8 1.6 11.8 19.7 33 04 14 24 0.6
6 3.0 83 17.2 25 1.1 11.6 18.8 3.0 0.4 17 33 0.8
All 1.7 8.1 17.2 23 1.1 12.0 19.7 1.7 0.2 1.3 5.6 0.8
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Figure 2. Examples of TLS point clouds of sample trees in this data set. The diameter at breast height (DBH) is indicated horizontally at breast height level (1.3 m from
the ground). Height of the lowest dead branch (Hgy) is indicated vertically with the inner right-hand-side number. Length of the saw log section (Ljog) is indicated
vertically with the outer right-hand-side number. (Left) A sample tree on plot 3, DBH 0.29 m, Hqp, 7.0 m, Ljog 15.6 m. (Middle) A sample tree on plot 2, DBH 0.35 m, Hy,
11.5m, Liog 19.9 m. (Right) A sample tree on plot 4, DBH 0.25 m, Hqp 18.7 m, Liog 12.1 m.

X-ray image measurements of knots higher the GL value. Whorls in the images are detected

The X-ray images are constructed by converting the attenu- from the surrounding heartwood as they are denser and
ation value of each beam into a grey-level (GL) value that is cause greater attenuation to the X-rays. Whorls cannot be
given to a respective pixel; the higher the attenuation, the detected in sapwood due to its high moisture content that

Figure 3. (Left) Example of branch detection and diameter measurements using TLS point clouds. Black points represent the branch base points that are extracted
and projected onto a plane perpendicular to the branch’s longitudinal axis (zoom). A circle is fitted around the points to estimate branch diameter. (Right) Example of
branch bump detection, note the swelling around a self-pruned branch that is not yet fully enclosed (zoom).
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causes greater scattering and attenuation of X-rays than in the
heartwood.

In this study, Inray Co Ltd. analysed the X-ray images with
their in-house software using a method that is used at saw-
mills. In this method, whorls in the 2D images were identified
as pixels belonging to a group of local GL maxima. The
maximum knot diameter of each whorl was estimated
based on the maximum length of the group on a tree’s longi-
tudinal axis.

Whorls with a maximum knot diameter below 10 mm
were excluded from the X-ray data. These whorls were
found to be associated with small branches that had been
self-pruned or to have such small branches that they could
not be observed with the TLS when using the implemented
settings.

Comparison of TLS-derived branch measurements to
X-ray and field measurements

The comparison of TLS and X-ray data considered log sections
only. Differences between the number of identified whorls,
whorl heights, whorl-to-whorl distances and the diameters
of the largest knot and branch per whorl measured with X-
ray and TLS were compared using descriptive statistics includ-
ing minimum, mean, maximum and standard deviation values
for each tree.

A paired t-test was used to test whether the differences in
the descriptive statistics between the TLS and X-ray data were
statistically significant. The significance threshold was fixed to
0.05 for all statistics. The 95% confidence interval was also cal-
culated for the difference in the given statistic between the
data sets.

In a similar manner, DBH and the Hy, measured in the TLS
point cloud were compared to those measured in the field
with callipers and a Vertex for each of the 180 trees.

Results

An average of 37.25 whorls with the diameter of the largest
knot exceeding 10 mm were identified in each sample tree
log section using the X-ray data and 2293 whorls per
sample tree using the TLS data (Table 3). The mean difference
between the methods was 14.9 whorls per tree, which was
statistically significant according to the paired t-test (p <.05)
(Table 4). Thus, 55% of the whorls within log sections with
the largest knot diameter exceeding 10 mm identified with
X-ray could also be detected using TLS point clouds (Tables
3 and 4).

Minimum whorl height averaged 1.67 m in the X-ray data
and 7.24 m in the TLS data (Table 3), and the mean difference
between minimum whorl heights was —5.56 m for each of the
sample trees (Table 4). The difference between the data sets
was statistically significant according to the paired t-test (p
<.05) (Table 4).

Mean whorl-to-whorl distance of the sample trees was 0.32
and 0.44 m according to the X-ray and TLS methods, respect-
ively (Table 3). The mean difference between the TLS- and X-
ray-derived mean whorl-to-whorl distances for each sample
tree was —0.11 m (Table 4). The difference between the data

SCANDINAVIAN JOURNAL OF FOREST RESEARCH e 5

Table 3. Descriptive statistics of whorl number, whorl heights, whorl-to-whorl
distances and largest knot and branch diameters in a whorl for each sample tree
using X-ray and TLS data.

X-ray: Whorl detection N =162 (the number of trees)

Standard
Min Mean Max deviation
Whorls detected 9 37.25 71 10.85
X-ray: Whorl heights (m)
Min 0.15 1.68 6.72 1.20
Mean 295 8.80 13.69 2.11
Max 5.39 15.91 19.62 2.88
Standard deviation 1.63 4.19 5.77 0.79
X-ray: Whorl-to-whorl distance (m)
Min 0.06 0.09 0.22 0.03
Mean 0.20 0.32 0.52 0.06
Max 0.31 0.77 3.12 0.36
Standard deviation 0.07 0.14 0.54 0.06
X-ray: Max knot diameter
in a whorl (mm)
Min 10.00 10.23 13.30 0.66
Mean 12.82 23.15 39.53 5.29
Max 18.30 48.64 93.30 15.96
Standard deviation 2.12 9.04 17.87 3.44
TLS: Whorl detection
Whorls detected 6.00 2293 51.00 7.99
TLS: Whorl heights (m)
Min 0.83 7.24 17.51 2.78
Mean 6.97 12.26 19.48 227
Max 10.84 16.30 21.47 2.26
Standard deviation 0.90 2.64 457 0.72
TLS: Whorl-to-whorl distance (m)
Min 0.04 0.19 0.60 0.09
Mean 0.23 0.44 1.01 0.12
Max 0.38 1.09 3.74 0.64
Standard deviation 0.03 0.21 0.73 0.14
TLS: Max branch diameter
in a whorl (mm)
Min 7.21 17.19 2535 3.76
Mean 20.91 29.65 45.29 4.50
Max 2632 49.06 115.37 16.30
Standard deviation 2.05 7.98 26.89 342

sets was statistically significant according to the paired t-
test (p <.05) (Table 4).

The tree-specific mean of the maximum knot diameter
for each whorl was 23.2 mm according to the X-ray
method and the tree-specific mean of the maximum
branch diameter for each whorl was 29.7 mm according to
the TLS method (Table 3). The mean difference between
the X-ray-derived mean of the maximum knot diameter in
each whorl and TLS-derived mean of the maximum branch
diameter in each whorl for each sample tree averaged
—6.49 mm (Table 4). The difference between the data sets
was statistically significant according to the paired t-test
(p <.05) (Table 4).

The mean of the maximum knot size for each sample tree
was 48.7 mm according to the X-ray method and the mean of
the maximum branch size was 49.1 mm according to the TLS
method (Table 4). The difference between the maximum knot
size in the X-ray data and the maximum branch size in the TLS
data was —0.42 mm and it was not statistically significant
(p=.79) (Table 4).

Mean Hgp, was 7.27 m according to the TLS method and
740 m according to the field measurements. Mean DBH
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Table 4. Descriptive and paired t-test statistics of the differences for each sample tree in terms of the number of whorls, whorl heights, whorl-to-whorl distance and
knot and branch diameter measurements between X-ray and TLS data, respectively: minimum, mean, maximum and standard deviation (Std.) values and the t-

statistic, degrees of freedom (df), p-value and 95% confidence intervals.

N =162 (the number of trees)

Whorl detection Min Mean Max Std. t-statistic df p-value 95% conf. int.

Whorls -22.00 14.07 51.00 12.38 14.46 161 <.05 12.15 15.99
Whorl height (m)

Min —-17.17 —5.56 0.62 2.90 —24.40 161 <.05 —6.01 =51
Mean -8.17 1.56 8.99 2.78 —-21.09 161 <.05 —3.78 -3.14
Max -3.61 8.67 17.47 332 —1.88 161 <.05 —0.78 0.02
Std. —12.25 -3.05 3.53 2.70 20.08 161 <.05 1.40 1.70
Whorl-to-whorl distance (m)

Min —-0.49 -0.10 0.07 0.09 —14.84 161 <.05 —0.12 —0.09
Mean —0.64 —0.11 0.10 0.11 —13.46 161 <.05 —0.13 —0.10
Max —2.94 -0.32 2.20 0.74 —5.53 161 <.05 —0.44 -0.21
Std. —0.61 —0.07 0.39 0.16 -5.39 161 <.05 —0.09 —0.04
Diameter (mm)

Min —15.35 —6.96 4.49 3.86 —22.97 161 <.05 —7.56 —6.37
Mean -23.10 —6.49 6.68 5.30 —15.59 161 <.05 -7.32 —5.67
Max —74.02 —0.42 43.50 19.95 —0.27 161 79 —3.51 2.68
Std. -18.92 1.06 10.11 430 3.14 161 <.05 0.39 1.73

was 31.70 cm according to the TLS method and 31.45 cm
according to the field measurements. Mean differences
between Hy, and DBH measured in the field and using TLS
for each sample tree were 1.05 m with a standard deviation
of 1.60 m and 0.69 cm with a standard deviation of 0.67 cm,
respectively.

Discussion

In our study, we compared the TLS and X-ray scanning
measurements of Scots pine branch and knot structure. The
results might have been affected by the following factors:
The X-ray data was obtained from single-directional X-ray
scanning, which can account for the occlusion of certain
whorls due to noise in the reconstruction images caused by
wood density variations among the growth rings and possible
cracks or decay (Oja et al. 2004). In addition, the largest knot
diameter in a whorl was estimated as the length of the whorl
along the stems longitudinal axis in the X-ray images, which is
sensitive to noise and overlapping knots. In TLS, visual whorl
identification may be prone to subjective errors depending on
the carefulness and experience of the measurer, especially in
cases of diminishing point cloud quality towards the tree tops.
The point divergence varied, on average, from 8.1 mm (height
of the lowest dead branch) to 12.0 mm (height of the log top)
for each sample tree (Table 2), which may have affected the
identification of small-branched whorls, in particular. In
addition, occlusion caused by the crown is likely to have
affected whorl identification. Registration error (mean of
1.27 mm) between the scans might have caused small
errors in the branch diameter measurements (Table 2). More-
over, distortions in some TLS point clouds due to wind might
have affected the accuracy of the branch diameter measure-
ments to a much greater extent, especially towards the tree
tops where the effect of wind was at its greatest (Vaaja
et al. 2016).

Based on the whorl height statistics (Table 3), most of the
difference in the number of identified whorls between the

methods was caused by the knots in the lower parts of the tree
that are detected using X-ray data, but that have no external
branches identifiable using the TLS data (Tables 3 and 4).

Measurements of tree’s radial growth are found to improve
wood quality estimation, as reported in previous studies by
Bjorklund and Petersson (1999) and Uusitalo and Isotalo
(2005). However, growth ring measurements are not possible
without drilling or tree felling, and thus an alternative way for
measuring the tree growth in standing trees is needed. As the
radial growth of one year and the height growth of the follow-
ing year have been found to correlate by for example,
Makinen (1998) and Salminen et al. (2009), the possibility of
using height growth instead of radial growth in wood
quality estimations should be subjected to further studies.
Mean tree-specific whorl-to-whorl distances should be a
close proxy for the mean annual height growth and were
therefore compared between the data sets. The results
showed that the whorl-to-whorl distances in TLS tend to be
overestimations compared to the whorl-to-whorl distances
detected by the X-ray (Table 4).

The mean of the maximum branch diameters in a whorl for
each sample tree in the TLS data was higher than the respect-
ive mean in the X-ray data (Table 3). The difference is probably
explained by the measurement inaccuracies prevalent in
either data set, but also by the higher mean whorl height in
the TLS data: the share of living branches increases towards
the tree tops and increases the discrepancy between internal
knot and external branch diameters.

Bjorklund and Petersson (1999) have concluded that the
maximum knot size within a Scots pine log is a robust indi-
cator of the overall knottiness of the log. In our study, the
mean difference between the tree-specific maximum knot
diameter measured using X-ray scanning and the tree-specific
maximum branch diameter measured using TLS was not stat-
istically significant (Table 4).

When we compared TLS-derived and field-measured DBH
and Hy,, the obtained mean differences and standard devi-
ations of the differences were in line with previous studies



Downloaded by [University of Helsinki] at 00:22 01 September 2017

such as Kankare, Joensuu, et al. (2014) and Olofsson et al.
(2014). These variables have previously been used for wood
quality estimations in for example, Uusitalo (1997).

In conclusion, the branch structures derived using TLS and
X-ray scanning data are not directly comparable with each
other, due to the differences between external and internal
tree characteristics and between the measurement tech-
niques themselves. However, some branch structure features
that are extractable from TLS point clouds, for example, the
maximum branch size and height of the lowest dead
branch, are potential indicators of wood quality as previously
suggested (Karkkdinen 1980; Uusitalo 1997; Bjorklund and
Petersson 1999). TLS is among the novel, emerging tech-
niques for measuring trees’ external structures in increasing
detail. Moreover, automated stem and branch recognition
and modelling algorithms have been developed to further
enhance the tree attribute analysis process on point clouds
(Raumonen et al. 2013; Hackenberg et al. 2014; Liang et al.
2014). This development can result in new assessment
methods for the wood quality of standing trees.
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