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ABSTRACT

Forest variables are typically surveyed using sample plots, from which parameters for large areas are
estimated. The diameter at breast height (DBH) is one of the main variables collected in the field and
can be used with other forest measures. This study presents an automatic technique for the mapping
and measurement of individual tree stems using vertical terrestrial images collected with a fisheye
camera. Distinguishable points from the stem surface are automatically extracted in the images,
and their 3D ground coordinates are determined by bundle adjustment. The XY coordinates of
each stem define an arc shape, and these points are used as observations in a circle fitting by least
squares. The circle centre determines the tree position in a local reference system, and the
estimated radius is used to calculate the DBH. Experiments were performed in a sample plot to
assess the approach and compare it with a technique based on terrestrial laser scanning. In the
validation with measurements collected on the stems using a measuring tape, the discrepancies
had an average error of 1.46 cm with a standard deviation of 1.09 cm. These results were
comparable with the manual measurements and with the values generated from laser point clouds.
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Introduction

Field data surveyed in forest sample plots are fundamental to
achieving several purposes, for example, monitoring of tree
growth, biomass estimation, timber volume estimation, and
forest inventory. When trees are individually located and
measured, more reliable information can be obtained to
describe the sample plot. Moreover, tree positions from the
field can also be located in high-resolution aerial images,
and individual tree identification contributes to remote
sensing-based studies.

An on-site ground survey in sampling plots typically
records species and stem diameters at a 1.30 m height, also
known as the diameter at breast height (DBH). The DBH is
an essential variable because it correlates with many other
quantities that are more difficult to measure, such as the
tree height, wood volume, and biomass. Manual measure-
ment techniques are usual; however, they are time-consum-
ing and only produce partial knowledge of the forest
structure. Liang et al. (2014) commented about the lack of
an efficient solution for measuring individual trees. Typically,
a rangefinder and a bearing compass are used as measuring
devices. In addition to these, other devices, such as a rela-
scope laser and calliper systems, have been developed;
however, they still depend on manual measurements and
are labour intensive.

Terrestrial laser scanning (TLS) has been used for forestry
applications to provide point clouds that describe 3D struc-
tures. Several approaches have used TLS for stem diameter
estimation (Watt & Donoghue 2005; Vastaranta et al. 2009;
Lovell et al. 2011; Lindberg et al. 2012; Liang & Hyyppa

2013; Ringdahl et al. 2013) and characterized other variables
such as tree density, canopy cover, and heights (Henning &
Radtke 2006; Dassot et al. 2011). The detection of stems in
point clouds aims at locating the spatial position for individual
modelling and for extracting dendrometric variables.
However, the cost of TLS hardware is considerable, and the
use of TLS requires expert knowledge, which limits the use
of TLS in daily practice.

Recent advances in digital imaging sensors and photo-
grammetric processing technologies have greatly improved
remote sensing techniques based on optical images, which
enables measurement of 3D coordinates and point clouds in
forest environments with an accuracy comparable to TLS
(Liang et al. 2014). Direct and indirect methods are the two
main approaches for estimating forest parameters. Indirect
methods based on remote sensing using light-weight equip-
ment are generally more cost efficient and easier to operate
than the direct methods based on manual measurements.
Indirect measurements based on images enable estimates
of tree attributes such as height (Korpela et al. 2007), diameter
(Clark et al. 2000; Forsman et al. 2012; Liang et al. 2014) and
volume (Hapca et al. 2007), as well as stem mapping (Dick
et al. 2010; Rodriguez-Garcia et al. 2014; Liang et al. 2015).
These parameters are typically used to understand how
forests grow and develop.

The work by Hapca et al. (2007) used two digital images
taken from two stations with convergence, defining an inter-
section angle of 90° to reconstruct the 3D shape of standing
trees. Forsman et al. (2012) proposed a methodology to esti-
mate DBH with a system composed of five digital cameras
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attached to a calibrated rig. The developed method gener-
ated point clouds using the scale invariant feature transform
(SIFT) technique in multiple images in combination with epi-
polar line geometry. A projection of the point cloud to a simu-
lated ground plane was followed by circle fitting to the
remaining points. Forsman et al. (2016) obtained a root
mean square error (RMSE) of 2.8-9.5 cm for trees located up
to a distance of 7 m. In mapping forest sample plots, Liang
et al. (2014) presented an approach to generate terrestrial
point clouds using an uncalibrated hand-held camera. The
technique achieved an RMSE of 2.39 cm in DBH estimates of
individual trees, results which are acceptable for forest appli-
cations and close to results obtained with TLS. In Liang et al.
(2015), a sample plot was mapped and different landscape/
portrait image configurations were used. Five image point
clouds from two mapping paths located inside and outside
of the plot were compared. The overall detection accuracies
of the image-based point clouds were 60-84%. The bias%
and RMSE% of the DBH estimation were 3.6-8.5% and 8.0-
18.9%, respectively.

The feasibility of using fisheye cameras in collecting forest
data has been investigated in previous studies. Fisheye lenses
increase the possibility of obtaining images in places of diffi-
cult access and allow a large ground coverage area. Hemi-
spherical images of forest canopy have been widely used
since Evans and Coombe (1959) showed that fisheye images
could be used to study sunlight penetration through forest
environments by superimposing the track of the sun on the
images. This type of hemispherical system is more compact
and simpler than a system with multiple cameras, reducing
the time demanded to calibrate equipment and possible
errors propagated in the process. Fisheye optics systems
provide images with a large field of view around the camera
using only one image; however, the images have large scale
variations caused by the imaging geometry and a consequent
loss of resolution. Thus, the camera must be accurately cali-
brated using a specific model for the fisheye lens (Schneider
et al. 2009; Marcato Junior et al. 2015).

There are few studies of using multiple fisheye images to
measure forest structure. Rodriguez-Garcia et al. (2014) per-
formed a study based on stereoscopic hemispherical
images using the device MU2005-01738. Tree positions
were determined with an RMSE of 23 cm, and DBHs were
measured with an RMSE of 1.51 cm. However, several
camera positions were needed to generate the horizontal
fisheye stereo models using this technique. Herrera et al.
(2011) proposed a fisheye stereovision method for forest
environments combining a step for image segmentation
(to separate textures of interest) with the matching
process. The final decision about the correct match was
made based on a weighted fuzzy similarity approach; the
objective of the methodology was to compute disparity
maps of the tree stems.

The main objective of this investigation is to present a
study for the automation of a data acquisition process using
panoramic optical images. A technique based on the fisheye
lens is used to collect multi-scale images in a forest plot.
Only a minimum of three images displaced vertically but cap-
tured from the same planimetric camera station are required

to apply the approach, which do not need walking inside or
outside of the sample plot and therefore improve the field-
work efficiency. Several variables can be obtained from the
scenes, including samples of diameters along the stems,
ground texture, and shadows as well as the position and
spatial distribution of the trees. Furthermore, the acquired
images are a permanent record of a forest sampled plot and
allow subsequent data analysis over time. The feasibility of
this technique was previously assessed using manual tech-
niques to locate and measure image points on stems (Berve-
glieri et al. 2014).The encouraging results motivated us to
automate the approach. In this paper, all image points and
stems were extracted by automatic techniques. Furthermore,
the results of the proposed technique were evaluated using
field measurement and compared with an approach based
on TLS.

Materials and methods

In general, tree stems present cylindrical or conical shapes
whose vertical development depends on the environmental
conditions. Within a small section of stem, the difference
between cylindrical or conical shapes is insignificant except
for at the tree base and top. Therefore, a regular cylinder
can be adopted as a geometric model.

Based on this assumption, distinguishable points of the
stem surface within a range can be extracted and used to deter-
mine a circle approximately 1.3 m in height. The concept is that
the XY planimetric coordinates of these points in the object
space describe an arc shape when projected onto a horizontal
reference plane, as depicted in Figure 1. Then, a circle can
be fitted with the planimetric coordinates to determine the
centre C and its radius r (or diameter = 2r).

To use this concept, an automatic approach was devel-
oped to identify tree stems using optical images, extract
points on stems, determine their 3D coordinates, and esti-
mate the DBH along with circle fitting. The entire procedure
consists of the following main steps: camera calibration,
image acquisition, image processing, bundle adjustment
(BA), and circle fitting.

DBH
1.3m

Diameter

X

Figure 1. The planimetric coordinates of the points around Z= 1.3 m describe
an arc in the reference plane and can be used to fit a circle and determine its
diameter.



Camera calibration

Camera calibration is performed to determine the interior
orientation parameters (IOPs), which must be accurate and
stable. In the proposed technique, a fisheye or wide-angle
lens is used to collect panoramic images. Because a fisheye
lens does not follow the collinearity equations due to its
internal geometry, a suitable model should be used, for
example, an equidistant, equisolid-angle or orthographic
model (Schneider et al. 2009), in which the Conrady-Brown
model lens distortion parameters (Brown 1971) should be
included. The system of linearized equations can be solved
using the least squares method considering constraints
imposed on the ground coordinates, object distances or
exterior orientation parameter (EOP) observations. More
details will be given in section “Results”.

Image acquisition

The technique to collect images and generate multi-scale
models was originally designed by Tommaselli and Berveglieri
(2014) and adapted for forest applications. The imaging
system is composed of a fisheye camera attached to a tele-
scopic pole, which is positioned among trees to acquire verti-
cal images. In down nadir viewing, these images are acquired
at suitable positions (X, Y) at different heights, varying only Z
above the ground, as depicted in Figure 2. Planimetric camera
positions remain unchanged except for small displacements
caused by pole movements. Previous experiments performed
by Tommaselli and Berveglieri (2014) demonstrated that three
images can provide geometric quality sufficient for an accu-
rate BA.

The vertical camera displacement ensures that the same
trees are visible in all images without significant changes in
stem aspect, which facilitates automatic tree detection and
image matching. This is not guaranteed when taking pictures
using a horizontal camera displacement, when many occlu-
sions are likely to occur due to viewpoint changes. Thus,
many images are needed to generate suitable overlaps and
coverage. With the proposed technique, the parallaxes
caused by changing the viewpoint occurs in the vertical direc-
tion and the upward vertical movement increases the field of
view, ensuring the image overlap and viewpoint changes
necessary to perform forward intersection. Consequently,

Figure 2. Acquisition of vertical images at different heights.
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fewer images are needed. Moreover, maintaining the same
planimetric position makes the measurement using this tech-
nique faster because there is no need to change the measure-
ment position for each new image acquisition.

Image processing

The next step is to automatically extract distinguishable points
from the stems and match them in all images. Figure 3 shows
the stem aspect in a vertical image considering the scheme in
Figure 2. Radial lines converging to the image centre can be
observed.

For stem segmentation, a smoothing step with a median
filter (e.g. large window 35x 35 pixel) to eliminate small
details is performed, followed by and automatic grey level
segmentation. Having illumination differences in the
images, two thresholds must be used separately: one to
segment dark stems (shadowed) and another to segment
light stems. In the current implementation, the Yen's
method (Yen et al. 1995) and minimum error thresholding
(Kittler & Illlingworth 1986) are being used. Automatic
thresholds are typically based on image histogram analysis
and they can be used as a first segmentation step. Thus, an
initial segmentation is made by combining the results from
both thresholds in a single image, which is a binary image
with one (1) representing areas that are likely to have stems
and zero (0) for background area. This step is not sufficient
to segment stems because unwanted elements may still
appear. Then, a radial search for stems is performed. This
search uses a radial pixel chain with origin in the image
centre and rotating in clockwise direction. A radial segment
is maintained if it has more connected pixels than a prede-
fined number. This Boolean operation maintains all significant
radial structures and eliminates small segments.

This makes feasible to extract the main radial structure of
each stem. At least one linear structure is required but
several can be located. Next, windows are opened around
these radial structures, limiting the space for point extraction
over the stems. The window size must be large enough to
cover the stem width, which is defined in pre-processing
step. It is important to note that such windows do not need
to be limited to the stem contour and may exceed their

edges. Local windows are only used to ensure that
[ \ /
\
_— - x

Figure 3. Nadir view that enables a radial search for vertical stems.
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photogrammetric points will be extracted over the stems. This
step makes feasible the application of local image enhance-
ment and keypoint extraction only over regions of interest.

As the set of images contains different scales and can
present rotation variation, the SIFT technique (Lowe 2004)
can be used to extract conjugate points in the images. The
SIFT correspondence is established using feature-based
matching (FBM) of keypoints. Many correct matches are
ensured due to the application of FBM with SIFT (restricted
to image patches containing stems) along with the establish-
ment of correspondence for three images (each point having
three intersection of rays). The angle of the keypoint in
relation to the image centre is used as an attribute for stem
identification for later segmentation of the 3D points belong-
ing to each stem.

Bundle adjustment

The points extracted from the images are used to estimate
their 3D coordinates via BA. The extracted points are con-
sidered as tie points in the BA, which is performed in an arbi-
trary system (first image as reference) without ground control
points. To achieve this, the EOPs must be estimated with accu-
rate values, and the image matching must be accurately
established with reliable matches. The heights of the
camera stations are accurately measured during image acqui-
sition for use as constraints in the image orientation pro-
cedure. The attitude parameters (w, ¢, k) are considered
unknowns.

The images have approximately the same planimetric pos-
ition and attitude but different heights, which results in image
scale changes. The EOPs of the lowest image are set with six
absolute constraints to the camera position (X,=0, Yo=0,
Zy=camera height) and the camera attitude angles (w=0,
¢ =0, k=0). For the EOPs of the second and third images,
weighted constraints are imposed with respect to height
and small variations due to vertical displacements of the
pole when it is raised (more details in section “Data proces-
sing”). The set of images can then be oriented by BA using
an arbitrary local reference system. A local reference system
is usually adopted for surveying of individual trees because
of the difficulties for accurate GPS surveying inside dense
forests. When a georeferenced tree position map is required,
the local reference system can be transformed to a global
system using two control points appearing in the images or
the geographic coordinates of the acquisition station and
the azimuth of the camera axis.

BA uses the least squares method to solve a system of non-
linear equations in which the image coordinates of the tie
points are the observations and the EOPs and ground coordi-
nates of the tie points are the unknowns. In this technique, the
combined adjustment method for BA is used with the equidi-
stant model for fisheye lenses, as implemented by Marcato
Junior et al. (2015).

Circle fitting

The BA with stem points as tie points yields a set of 3D object
coordinates. Their planimetric coordinates describe a curve

that can be fitted with a circle by least squares adjustment.
Formally, a circle can be defined by its centre C(X¢, Yo) and
radius r in a non-linear mathematical model (1). If the model
is linearized, the least squares method can be used to esti-
mate the parameters from redundant observations. Thus,
the XY object coordinates (around DBH) are used as obser-
vations, and X¢, Y, and r are the parameters to be estimated.
A minimum of three non-vertically aligned points (or obser-
vations), as well as initial values, must be provided for the
three parameters. Weighting of observations is not necessary
because the object points have approximately the same accu-
racy because all tie points are generated by photogrammetric
intersection using three rays. The solution is achieved by least
squares adjustment (Mikhail et al. 2001, p. 396). After the itera-
tive algorithm converges, the circle parameters are deter-
mined. Then, the stem diameter can be calculated from the
estimated radius r by

X=X+ (Y, =Y =1, M

where (X; Y;) are n> 3 points to be fitted in relation to the
central point C(X¢, Yo).

There exist other methods for circle fitting which do not
require initial values, for example, linear models by parameter
grouping (Coope 1993). In this approach, an iterative method
was adopted to rigorously adjust observed data and par-
ameters (Mikhail et al. 2001, p. 396) using the circle equation.
Since 3D stem points are available, their coordinates are used
to calculate initial values for the unknowns.

Results

The experiments were conducted in a mature forest plot in
Masala (60.15°N, 24.53°E), southern Finland. The test area
has a tree density of 278 stems/ha (DBH > 10 cm). Sapling
and shrubs also grow on the plot. The tree species in the
test area are Scots pine (Pinus sylvestris L) and birches
(Betula sp. L.) (Figure 4).

o
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Figure 4. Forest plot used in the experiments. The numbered circles inside the
dashed rectangle represent the assessed stems.



The forest was measured with the fisheye cameras and TLS
at approximately the same location. Results from two data
sets were compared to evaluate the performance of the tree
measurement using the fisheye camera.

TLS data acquisition

The TLS point cloud was collected as a reference for the evalu-
ation of the image-based point cloud. The study area was
scanned using a Leica HDS6100 TLS® (Leica Geosystems AG).
The distance measurement accuracy of the scanner is
+2 mm at 25 m distance, and the maximum measurement
range is 79 m. The study area was scanned using the single-
scan approach. A full field-of-view (360° by 310°) scan was
performed. The forest area was scanned without pre-scan
preparations such as the removal of lower tree branches or
the clearance of undergrowth (Liang et al. 2014).

The TLS data set was processed using the robust modelling
method (Liang et al. 2012) to estimate tree attributes. A local
coordinate system was established for each laser point in its
kNN neighbouring space, k being 100 in this test. A stem
surface is typically vertical and has a planar shape. Points on
such a surface were selected as potential stem points, and
tree stem models were built from these possible stem
points. A series of 3D cylinders were used to represent chan-
ging stem shapes. To eliminate influences of noise, for
example, branch points, each point was weighted in the mod-
elling process. The weight was calculated from the Tukey esti-
mator. The larger the residual, the smaller is the weight. The
DBH and location of the stem were estimated from the

Table 1. Technical details of the fisheye camera.

Elements Specification

Camera model Nikon D3100

Nominal focal length 8 mm (Bower SLY 358N fisheye)
Pixel size 5.0 um

Sensor dimensions
Image dimensions

CMOS APS-C (23.1 x 15.4 mm)
4608 x 3072 pixels
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cylinder element at the breast height, and the tree map was
constructed based on these stem locations and DBH
estimates.

Fisheye camera calibration and image acquisition

A Nikon D3100 digital camera with a fisheye lens (specifica-
tions in Table 1) was used to collect the images in the forest
plot. The camera had been previously calibrated in a terrestrial
calibration field composed of coded targets of ArUco form,
proposed by Garrido-Jurado et al. (2014) and adapted for
camera calibration by Silva et al. (2014), as shown in Figure 5.

Twelve images were acquired from three camera stations
using different positions and rotations to reduce correlation
in the estimation process by self-calibrating BA. The target
corners were automatically extracted for use as observations
in a BA, along with their ground coordinates. The camera cali-
bration project was configured in the calibration multi-camera
(CMCQ) software (developed in-house by Ruy et al. (2009) using
the equidistant model (2) adapted by Marcato Junior et al.
(2015)).

X =xo+ Ax —f.

L .arctan 7”)(3%
N Z

Y. X2 + Y2
9 arctan (ﬂ)

VXE+YE Zy

where (X, y') are the image point coordinates, (xo, yo) are the
principal point coordinates, Ax and Ay are the effects of lens
distortion (radial and decentring distortion), f is the focal
length, and (X, Yo, Zo) are the camera perspective centre coor-
dinates in the local reference system. Table 2 presents the
estimated IOPs.

Vertical fisheye images were collected as described in
Section “Image acquisition”. Figure 6(a) shows the imaging
system positioned in the plot, and Figure 6(b) provides an
example of a fisheye image acquired in nadir view. Three

y =yo+Ay—f.

Figure 5. Example of fisheye images taken in the camera calibration field composed of ArUco coded targets.
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Table 2. IOPs estimated by the BA with the equidistant model.

Parameter Value Standard deviation

f (mm) 8.3526 0.00306794 (+0.61 pixels)
Xo (mm) 0.0701 0.00119047 (£0.24 pixels)
Yo (mm) —0.1308 0.00110620 (+0.22 pixels)
Ky (mm™2) 450x10™* 6.69%x107°

Ky (mm™) 3.99% 1077 8.50% 1078

K3 (mm™©) 1.09%107"° 3.54%107"°

Py (mm™) 9.27%107° 1.99%107°

P, (mm™") —969x107° 222%107°

a posteriori sigma 0.98 (a priori sigma=1)

Figure 6. Imaging system positioned within the site. Example of a fisheye image
in nadir view.

images were taken at three different heights above the
ground: 3.95, 4.30, and 4.55 m. These heights were recorded
for use in the BA as constraints. Only one tripod station with
three images was used for the experiments because similar
results were achieved when the technique was applied in
other areas. Therefore, the objective of this study was to
describe the methodology of acquisition and photogram-
metric data processing using a practical application, to
perform an accuracy assessment with the set of images and
to compare with existing laser scanning results.

Data processing

The procedure described in Section “Image processing” was
applied to automatically extract stem points. Figure 7 shows
a sequence of partial results obtained during this procedure.
An image converted to grey levels is shown in Figure 7(a).

(c) (@

Figure 7. (a) Fisheye image in grey levels. (b) Thresholding and binarization. (c)
Search for radial structures. (d) Windows approaching the stems.

This image was smoothed with median filter (with a 35 x 35
moving window). Next, two automatic local thresholds were
applied using both the Yen (Yen et al. 1995) and minimum
error (Kittler & lllingworth 1986) methods with radius=15
pixels (default) to locate the stems and generate a binary
image. Figure 7(b) displays the resulting image with the
stem detection. However, other undesirable features may
also appear, as can be observed in Figure 7(b). Thus, the
search for radial alignments (or straight lines) in the scene
allows a segmentation refinement to separate the stems
only, as seen in Figure 7(c). This step was performed using
the search for continuous segments (or sequence of pixels).
Then, windows can be opened around the alignments,
which greatly reduces the image patch needed to extract
points from stems, as presented in Figure 7(d). It is important
to observe that the region of the image where the telescopic
pole appears is the same in all images; therefore, this region
can be automatically labelled and excluded from the segmen-
tation procedure.

In the next step, the SIFT technique was applied locally. If
necessary, local enhancement can also be performed to
improve the image contrast. The SIFT keypoint detector soft-
ware, available from Lowe (2005), was applied to triplets of
image patches selected in the previous steps. Figure 8(a)
shows SIFT matches for the parts of two images within the
matching windows that limit the search space around the
stems.

The image coordinates of all detected points and their con-
jugates were inserted into a photogrammetric project for use
as tie points (observations) in a BA. Calibrated IOPs and initial
EOPs were also used in the BA. The initial values of the EOPs
were based on measurements obtained during image acqui-
sition and inserted as weighted constraints. These weights
considered movements of the camera station and the relative
accuracy of the measurements as follows:

e Six absolute constraints were imposed on the EOPs of the
first image (the lowest image defined the origin and orien-
tation in a local reference system).

e The heights (Z) of the second and third images were con-
strained with a standard deviation of 0 =1 mm and the XY
coordinates of the perspective centre were constrained
with a standard deviation of 0 =5 cm because small vari-
ations are expected due to the vertical displacement of
the pole. The attitude parameters were configured as
unknowns, which does not affect the results.

A standard deviation of 0=0.5 pixels was defined for the
image measurements. Then, the BA was computed with the
CMC software using the equidistant model for fisheye
lenses. The EOPs of the three images and the 3D coordinates
of the tie points (with three ray intersection) were simul-
taneously estimated. An arbitrary reference system was
defined considering the planimetric position of the telescopic
pole as the origin, and the ground coordinates of the tie
points were thus determined in this local reference system.
As a result, an a posteriori sigma of 1.54 was achieved in the
BA (with a priori sigma =1). Figure 8(b) displays a 3D point
cloud generated with tie points in the BA for the stem from
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(b) (c)

Figure 8. (a) Matched pairs of keypoints extracted with SIFT at two corresponding windows. (b) 3D point cloud estimated by the BA. (c) Arc shape generated with the

XY coordinates in the object space.

Figure 8(a). An arc shape can be observed in Figure 8(c) for the
XY coordinates that determine the stem curve. Next, a set of
object points (tie points in a neighbourhood of the DBH,
1.3 m=£0.2m height) on each stem was used to adjust a
circle by the least squares method, from which each stem
centre and radius were determined using the XY object coor-
dinates. A Matlab script was implemented to perform the
circle fitting.

The mathematical model of a circle is a non-linear equation
that requires initial values to estimate the parameters of the
stem centre (Xc, Yc) and radius r by the least squares
method. The initial value of the radius can be estimated as
half of the largest length among the stem points. The stem
centre position (Xc, Yc) can be estimated based on the point
nearest to the origin of the reference system (0, 0) plus the
radius. Using the planimetric coordinates as observations in
the system of equations, the adjustment procedure is itera-
tively performed to achieve the solution. All planimetric coor-
dinates are considered to have the same weight in this
adjustment. After convergence, the radius is used to deter-
mine the DBH. Figure 9 shows three examples of circles esti-
mated around the DBH by the fisheye technique. Both fitted
circles and planimetric coordinates can be observed in a
local reference system, as plotted in Figure 10.

As seen in Figure 9(a-c), circles can be estimated with
different numbers of points. Figure 9(a) shows several
points covering the width of the stem visible in the image,
Figure 9(b) exemplifies a situation with points concentrated
in a cluster with a few distant points, and Figure 9(c) displays
a few points forming an arc shape sufficient to determine a

circle. These examples show the results of the automatic
point extraction, which depends on the stem surface features.
Thus, the lighter part of a stem can generate more points than
the dark part, as shown in Figure 9(b). However, the horizontal
distribution around the DBH is more important to capture the
stem curvature for circle fitting than the number of points.
The initial approximate values for the central position
ensure convergence and good geometric quality for a
correct circle determination.

Figure 10 shows all the stems (circles in scale) covered by
the camera footprint that were used to estimate their DBHs
and their positions in a local reference system. The estimated
centre of each stem defines the spatial location within the
plot.

Discussion

An assessment on the accuracy of the estimated tree position
can also be done based on the theoretical precision of the
photogrammetric tie points coordinates computed with BA.
Besides the orientation of each image, this procedure deter-
mines the 3D point coordinates and their precision. The analy-
sis of the standard deviations can provide estimates for the
positional errors when mapping trees, since the tree position
will be defined by the circle centre, estimated from 3D photo-
grammetric points. Figure 11 shows a graphical represen-
tation of the standard deviations against the distance from
the camera station to the trees. The graph depicts the plani-
metric and altimetric errors considering only the sets of 3D
points over the seven stems analysed in this paper.
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Figure 9. Examples of circles fitted around the DBH using the XY ground coordinates of points extracted from stem surfaces.



744 A. BERVEGLIERI ET AL.

3 4 Y(m) 2
lo) 1 o
1
} } } oi t ? 3
7 X(m)
4 5 (o)
o ° T 6

—_— s
1m Graphicalscale

Figure 10. DBHs and stem position estimated in a local reference system.

The errors in planimetric positions ranged from 3.5 to
7.5 cm, depending on the distance between camera and
each tree, while the errors in altimetry indicated smaller stan-
dard deviations varying between 3.0 and 5.2 cm. Planimetric
errors in this procedure are a function of the distances from
the camera to the object and can be compared to depth
errors in conventional photogrammetry. Thus, this error will
increase with the distance because the angles of the intersect-
ing rays are reduced according to the base/depth ratio (see
Krauss 1993, p. 27). Altimetric errors are smaller because
they depend mainly on the image measurement error and
on the image scale at that point. These errors do not signifi-
cantly affect the tree position, and therefore, the mapping
can be produced with an error less than 7.5 cm for a distance
of approximately 10 m, which is acceptable for large scale
mapping.

Table 3 presents the number of points used to estimate
each DBH as well as the a posteriori sigma and the standard
deviations (o) of the three parameters (X, Y, r) obtained
from the circle fitting by least squares.

The number of points depends on the characteristics of
each stem. The results demonstrate that a precise adjust-
ment can be achieved in the parameter estimation even
using only a few points. The a posteriori sigma values
(Mikhail et al. 2001, p. 414; Wolf et al. 2014, p. 513) of the
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seven stems indicate an overall precision of approximately
0.002 m in the best circle fitting and 0.015 m in the worst
fitting, which represents a dispersion of less than 2 cm in
the adjustment. The stem centres were estimated with stan-
dard deviations from 0.8 to 3.1 cm in X and from 0.1 to
4.7 cm in Y, which represent the precision in the determi-
nation of the stem positions. For the radius estimation, the
standard deviations varied from 0.4 to 2.4 cm, generating
an average value of 1.24 cm.

To validate the results, each stem perimeter was manually
measured with a measuring tape at the height of 1.30 m, from
which the diameter was calculated. In Table 4, the second
column presents the differences between the stem diameters
estimated by the photogrammetric technique and the directly
measured stem diameters. The third column in Table 3 shows
the distance from the camera station to the stem, which
ranged from 2.60 to 9.01 m

A comparison of results was performed to assess the dis-
crepancies when using the proposed technique. The largest
discrepancies were obtained for stems 1 and 4, which were
the most distant (>7.70 m) from the camera station and also
had fewer extracted points. In contrast, stem 1 resulted in
the smallest difference (~0.5 cm), although it is not the
closest to the camera station. The RMSE for the 7 stems ana-
lysed was 1.46 cm, and the standard deviation was 1.24 cm.
The stem centre estimation provides the tree location in the
local reference system as well as its spatial distribution;
however, its accuracy was not assessed in this paper.

Table 5 presents the estimation of the same stems using
the TLS technique, which can be compared with the DBHs
obtained with fisheye images in Table 3. Stem 6 was not
detected from the single-scan TLS because it was partly
occluded by a tree standing in front of it. The RMSE for the
six stems analysed was 1.53 cm, and the standard deviation
was 1.52 cm. There was no dependency between the discre-
pancy and the measured distance from the scanner station.
If stem 6 is not considered using the fisheye technique,

6.00 8.00 10.00

Figure 11. Planimetric and altimetric errors against the distance from the camera station to the tree stem.



Table 3. Standard deviations of the estimated parameters by circle fitting using
least squares.

Stem N. points for a posteriori o Xc o_Yc or
DBH estimation sigma (m) (m) (m)
1 5 0.002 0.008 0.003 0.006
2 7 0.015 0.016 0.047 0.008
3 18 0.015 0.014 0.011 0.013
4 5 0.010 0.025 0.012 0.025
5 1 0.002 0.004 0.001 0.004
6 9 0.002 0.031 0.013 0.024
7 9 0.004 0.008 0.002 0.007

Table 4. Validation of DBH results for seven stems.

Distance between stem and

Stem Discrepancy (cm) camera station (m)
1 2.03 9.01

2 0.50 494

3 0.95 439

4 -2.07 771

5 1.56 442

6 137 451

7 1.02 2.60

RMSE 1.46

Table 5. DBH estimated with the TLS technique.
Distance between stem and the

Stem Discrepancy (cm) scanner station (cm)
1 0.31 8.49

2 —-2.40 471

3 2.49 3.90

4 -1.41 7.67

5 -0.02 5.01

6 / /

7 —0.02 3

RMSE 1.53

then the RMSE result in Table 3 is 1.47 cm with a standard
deviation of 1.32 cm.

Figure 12 shows two graphs of the discrepancies in the
DBHs as a function of the distance from the acquisition
station. With the fisheye technique (Figure 12(a)), the errors
were less than 1.5 cm at a distance of 5 m and approximately
2cm at distances of 5-9m. Using the TLS technique
(Figure 12(b)), the errors were less than 2.5 cm at the same
distance of 5 m and approximately 1.5 cm at a distance of
7.67 m. In the comparison of both graphs, the fisheye tech-
nique resulted in discrepancies between 0.5 and 2cm,
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whereas the TLS technique achieved discrepancies with a
larger amplitude, varying between 0.02 and 2.50 cm, which
included the largest and smallest errors. When using BA
with optical images, a simultaneous network adjustment is
performed for all tie points, producing an overall error mini-
mization. For TLS, each point is defined by a single set of
measurements (two angles and one single distance)
without redundancy. The measurement distance did not
clearly impact the accuracy of the DBH estimation; however,
the distance range was quite small. Liang et al. (2015)
observed that for the hand-held consumer camera used in
their study, the quality of the point cloud was clearly
reduced at a measurement distance of 20 m.

Some remarks can be highlighted to guarantee good
results using the proposed fisheye technique:

e it is recommended to extract points covering the entire
width of the stem to accurately define an arc.

» to guarantee a better approximation to a cylindrical shape,
the range around the DBH used to extract points should
not be too large.

e if stem shadows on the ground are also labelled in the
image as a stem, the resulting 3D coordinates will be at
ground level and will be discarded.

The proposed technique is applicable to trees within a
camera’s field of view achieved by the fisheye system position.
Similar to single-scan TLS, occlusions caused by shrubs and
leaves can complicate the DBH determination. However,
acquiring vertical fisheye images at heights of approximately
4 m provides a viewpoint in which smaller shrubs do not
hide stems at BH, which is an advantage of the vertical
fisheye technique. Although the point density is not the
same when using TLS, point clouds could also be generated
with dense image matching and image triangulation, and
objects can be partially reconstructed. This alternative could
be investigated in future work. Other relevant topics for
further study include the assessment of the technology in
forest plots having different tree densities and tree species
and the assessment of the operational range of the method.

This study presented and assessed an automatic approach
based on vertical fisheye images for mapping and measuring
individual tree stems. The technique considered stems as

Error (cm)
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Figure 12. Graphs comparing the discrepancy against the distance from the acquisition station. Errors produced with: (a) the fisheye technique and (b) the TLS

technique.
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regular cylinders that were automatically located to extract
point coordinates. A BA with an equidistant model enabled
the estimation of the 3D coordinates of points on the stem
surface. In the object space, circles were geometrically
adjusted to the planimetric coordinates of each stem to deter-
mine the DBH.

Experiments were performed with a set of tree stems inside
a forest sample plot. Three images were used to assess the
fisheye technique in a practical field survey, which requires
camera positioning and height measurements. The results
showed that multi-scale images can be oriented in an arbitrary
reference system without control points but using constraints
imposed on the EOPs. The analysis of results indicated discre-
pancies with an RMSE of 1.46 cm and a standard deviation of
1.24 cm, which is compatible with the measurements manu-
ally performed on the stems. Comparable results were also ver-
ified in comparisons of discrepancies generated from a point
cloud acquired by a single-scan TLS. Both are sufficiently accu-
rate for forestry applications. With respect to the precision of
the tree position mapping, the largest error obtained in the
BA was 7.5 cm at a distance of approximately 10 m.

Occlusion is a major challenge for remote sensing-based
techniques, for example, images and TLS. The vertical view
can reduce some occlusion effects, and information about
shrubs, leaves or any element on the ground can also be
obtained from the panoramic images. The use of the vertical
fisheye technique in dense forests can present some limit-
ations due to occlusions. However, this problem also occurs
with other optical techniques and even with TLS. Additionally,
the vertical camera configuration generates point clouds from
several images taken at the same location and using simple
accessories, that is, a tripod with a telescopic pole. This
requires less work in comparison with the point cloud gener-
ated from multi-locations, for example, paths outside a plot.
Disadvantages include a shorter detection distance than TLS
and the difficulty of merging several measurement positions,
which is more difficult than taking images around the trees.

In this study, the main objective was to assess the tech-
nique to estimate DBHs and locate stems using a minimum
number of images, which produced stem point clouds with
few points, shown to be enough to provide useful values for
the application. Dense stem reconstruction procedures were
not addressed; they can be developed with a larger number
of images to produce denser point extraction on the stem
surface and to increase accuracy. In general, the approach
with multi-scale fisheye images is able to capture terrestrial
information that can be used for spatial location of trees
and accurate determination of DBHs. Further studies can be
developed for stem modelling with dense reconstruction.
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