' Aalto University

Piermattei, Livia; Karel, Wilfried; Wang, Di; Wieser, Martin ; Mokros, Martin; Surovy, Peter;
Koren, Milan; Tomastik, Julian; Pfeifer, Norbert; Hollaus, Markus

Terrestrial structure from motion photogrammetry for deriving forest inventory data

Published in:
Remote Sensing

DOI:
10.3390/rs11080950

Published: 01/04/2019

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CCBY

Please cite the original version:

Piermattei, L., Karel, W., Wang, D., Wieser, M., MokroS$, M., Surovy, P., Koref, M., Tomastik, J., Pfeifer, N., &
Hollaus, M. (2019). Terrestrial structure from motion photogrammetry for deriving forest inventory data. Remote
Sensing, 11(8), Article 950. https://doi.org/10.3390/rs11080950

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.3390/rs11080950
https://doi.org/10.3390/rs11080950

remote sensing @\py

Article
Terrestrial Structure from Motion Photogrammetry for
Deriving Forest Inventory Data

Livia Piermattei 12*, Wilfried Karel 12, Di Wang 1,3(5, Martin Wieser 1, Martin Mokros 4@,
Peter Surovy (0, Milan Koreii >0, Julidn Tomastik >, Norbert Pfeifer 112 and Markus Hollaus !

1 Department of Geodesy and Geoinformation, TU Wien, 1040 Vienna, Austria;

Wilfried.Karel@geo.tuwien.ac.at (W.K.); di.wang@aalto.fi (D.W.); Martin. Wieser@geo.tuwien.ac.at (M.W.);
Norbert.Pfeifer@geo.tuwien.ac.at (N.P.); Markus.Hollaus@geo.tuwien.ac.at (M.H.)

Physical Geography, Catholic University of Eichstétt-Ingolstadt, 85072 Eichstétt, Germany

Department of Built Environment, Aalto University, 00076 Aalto, Finland

Faculty of Forestry and Wood Sciences, Czech University of Life Sciences Prague,

16500 Praha 6, Suchodol, Czech Republic; mokros@fld.czu.cz (M.M.); surovy@fld.czu.cz (P.S.)
Department of Forest management and Geodesy, Faculty of Forestry, Technical University in Zvolen,
96053 Zvolen, Slovakia; milan.koren@tuzvo.sk (M.K.); julian.tomastik@tuzvo.sk (J.T.)

*  Correspondence: livia.piermattei@geo.tuwien.ac.at; Tel.: +43-(1)58801-12257

check for
Received: 12 March 2019; Accepted: 18 April 2019; Published: 20 April 2019 updates

Abstract: The measurements of tree attributes required for forest monitoring and management
planning, e.g., National Forest Inventories, are derived by rather time-consuming field measurements
on sample plots, using calipers and measurement tapes. Therefore, forest managers and researchers
are looking for alternative methods. Currently, terrestrial laser scanning (TLS) is the remote sensing
method that provides the most accurate point clouds at the plot-level to derive these attributes from.
However, the demand for even more efficient and effective solutions triggers further developments to
lower the acquisition time, costs, and the expertise needed to acquire and process 3D point clouds,
while maintaining the quality of extracted tree parameters. In this context, photogrammetry is
considered a potential solution. Despite a variety of studies, much uncertainty still exists about
the quality of photogrammetry-based methods for deriving plot-level forest attributes in natural
forests. Therefore, the overall goal of this study is to evaluate the competitiveness of terrestrial
photogrammetry based on structure from motion (5fM) and dense image matching for deriving tree
positions, diameters at breast height (DBHs), and stem curves of forest plots by means of a consumer
grade camera. We define an image capture method and we assess the accuracy of the photogrammetric
results on four forest plots located in Austria and Slovakia, two in each country, selected to cover a
wide range of conditions such as terrain slope, undergrowth vegetation, and tree density, age, and
species. For each forest plot, the reference data of the forest parameters were obtained by conducting
field surveys and TLS measurements almost simultaneously with the photogrammetric acquisitions.
The TLS data were also used to estimate the accuracy of the photogrammetric ground height, which
is a necessary product to derive DBHs and tree heights. For each plot, we automatically derived tree
counts, tree positions, DBHs, and part of the stem curve from both TLS and SfM using a software
developed at TU Wien (Forest Analysis and Inventory Tool, FAIT), and the results were compared.
The images were oriented with errors of a few millimetres only, according to checkpoint residuals.
The automatic tree detection rate for the SfM reconstruction ranges between 65% and 98%, where the
missing trees have average DBHs of less than 12 cm. For each plot, the mean error of SfM and TLS
DBH estimates is —1.13 cm and —0.77 cm with respect to the caliper measurements. The resulting
stem curves show that the mean differences between SfM and TLS stem diameters is at maximum
—2.45 cm up to 3 m above ground, which increases to almost +4 cm for higher elevations. This study
shows that with the adopted image capture method, terrestrial SfM photogrammetry, is an accurate
solution to support forest inventory for estimating the number of trees and their location, the DBHs
and stem curve up to 3 m above ground.
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1. Introduction

The assessment of spatial and temporal change of forest resources is an essential component
of forest management and forest monitoring programs, and it is periodically realized with updated
inventories [1]. The levels and periodicities of forest inventory update, as well as the survey methods
and technologies applied, vary in each country according to the intended use, inherent costs, timelines,
and desired accuracy of the inventory. Plot-scale forest measurements have been the basis for forest
inventory for over 200 years [2,3]. In forest inventory, a plot is a designated area (usually of circular
shape with a radius of several meters) in which measurements of forest variables are collected. These
measurements are essential to obtaining comprehensive and detailed up-to-date information about the
status of forest resources, but a sufficient number of sample plots need to be established to systematically
characterize the forest variability [4,5].

In the context of operational forest inventory and management, the most important plot-scale
forest-related parameters are the number of trees, tree density, tree height, and the diameter-at-breast
height (DBH, measured 1.30 m above ground). Conventionally, these are measured using clinometers
(for the height), calipers and diameter tapes (for the DBH), depending on the thickness of the stem.
This traditional approach to collect the parameters manually is called field inventory in forestry. Field
inventory is still an important method that is widely used in the areas of forest research, monitoring
and management, which rely on knowledge of forest structure, distribution and dynamics over time [6].
However, plot-based field inventory is labour-intensive, time- and money-consuming, and lacks the
capacity to measure the forest structure beyond the sample plots and the tree shapes beyond the
individual tree level. Hence, these used to be interpolated over the area of interest [6]. Furthermore, tree
height and DBH measurements are subject to errors that are small only for experienced observers [7].
To overcome these deficiencies, the combination of field inventory and remote sensing technologies
has been widely acknowledged in the last few decades. In most cases, field sampling measures are
used either to calibrate or to validate forest variables derived from remote sensing data.

LiDAR (Light Detection and Ranging) technology is currently attracting the attention of the
forestry community as a rapid and efficient tool for forest inventories [8]. While airborne LiDAR
(airborne laser scanning, ALS) features the ability to cover large areas (up to regional level) and to
penetrate gaps between vegetation foliage, ALS is generally unsuitable for deriving accurate and
detailed information of individual trees, because its three-dimensional (3D) point clouds represent
tree stems too sparsely. In contrast, point clouds from terrestrial laser scanning (TLS) feature very
high point densities that allow for the reconstruction of the scanned object with millimetre accuracy.
Therefore, TLS is currently the most accurate remote sensing method to derive detailed forest inventory
information at the plot level [5]. Furthermore, in addition to the regular tree attributes measured
in practical field inventories, more detailed tree attributes, such as the stem curve or taper curve
(stem diameter as a function of height), which reveal the wood productivity and quality, can be
derived from TLS with high degrees of accuracy [9]. Studies have explored the use of TLS at the plot
level for assessing stem volume and biomass components [10-13] for individual tree reconstruction,
including branches, twigs, and leaves [3,14,15], in order to improve the physiological understanding
of tree growth [16]. Moreover, TLS has been used for determining the stem curve [17,18], which
is not easily measurable using conventional tools. The drawbacks of this technology are the high
costs of acquisition and data processing [19], the low portability of the system (with the exception
of lightweight systems [20]), and the need for high expertise for processing the scanner data with
specialized software. For providing accurate results, multiple scan positions are typically needed
due to occlusions by stems, branches, twigs, and leaves [12]. While each scan requires only a few
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minutes, the total time needed to acquire appropriate TLS data for a whole forest plot is considerable.
This consequently increases the labour cost of data acquisition and processing and in addition, the
merged scans yield large point clouds, which can be difficult to handle. To reduce the time of data
acquisition, mobile terrestrial systems mounted on backpacks are recently gaining popularity in forest
inventory applications, because they enable fast data collection and have the main benefit of high
mobility under various terrain conditions [20]. A mobile terrestrial system consists of a set of sensors
that are carried by a human operator, for instance on a backpack, to acquire measurements of the
environment while walking [21]. Mobile laser scanning systems for deriving canopy height profiles or
the classical inventory parameters have recently been tested by [5,9,17,22-27]. However, providing
complete and accurate data under the heterogeneous and complex forest conditions remains a major
challenge for mobile laser scanning systems [5]. Also, their high costs and the huge amounts of data
involved are an obstacle [21]. Furthermore, these mobile systems not only require the availability of
GNSS satellite signals that can be poor in dense forests [5], but also accurate Real Time Kinematic
positioning with base stations nearby [21]. Therefore, at this moment, mobile laser scanning in forest
environments is still at a very early stage of development [5]. To reduce the costs of mobile systems,
a backpack approach with multiple digital cameras was presented by [28], but issues similar to those
for mobile laser scanning systems remain. Similarly, an omnidirectional system composed of eight
single lens reflex (SLR) cameras was presented by [29]. However, due to the low image resolution,
the measurement range of the system is limited to a radius of only 5 m. With the goal of reducing the
acquisition time, [30] used panoramic photography for deriving stem distribution. Furthermore, [31]
investigated the potential of mobile phones cameras to derive tree stem diameters and tree heights for
forest inventory.

Despite these few studies on mobile camera systems, most of the recent research on
photogrammetrically deriving forest parameters has used a single, static camera, which is usually
hand-held or attached to some form of tripod. For deriving forest parameters at the plot level, terrestrial
photogrammetry features the advantages of low costs of the needed equipment, and a potentially
simple and fast data acquisition [17]. Moreover, it has become even more attractive in recent years,
because recent advancements in SfM photogrammetry and dense image matching have lowered the
level of expertise required for deriving dense, accurate 3D point clouds. Finally, unlike TLS, cameras
are highly mobile, allowing for overlapping photos to be taken from many different locations to achieve
complete coverage.

Several studies have shown impressive photogrammetric reconstructions of individual trees
(i.e., not an entire forest plot) under artificial conditions [32-34] and in natural forests [35-38].
The imaging environment in a natural forest poses a significant challenge due to the lighting conditions,
tree density and occlusions by branches, and shrubs. To the best of our knowledge, only a small
number of studies have evaluated terrestrial StM photogrammetry in natural forests at plot scale
(with diameters ranging from 10 to 40 m) to acquire forest inventory parameters such as DBH and tree
positions [17,39-43].

In this context, this study aims to improve the understanding of the applicability of terrestrial SfM
photogrammetry for deriving, at the plot- and tree-level, the five measurements defined by [6] for TLS:
the digital terrain model (DTM), tree count, tree position, DBH, maximum measurable tree height, and
stem curve. The main strength of our study is that the investigation was performed on four different
forest plots, located in the vicinities of Vienna (Austria) and Zvolen (Slovakia), maintaining the same
survey configuration for each plot. Therefore, the following research questions are addressed in this
study: (1) Is the proposed imaging network (i.e., photographer’s path, image overlap, intersection
angles, resolution) a reliable method for reconstructing forest plots under different forest conditions?
(2) What is the accuracy of the camera orientation and the derived DTM in comparison to TLS? (3) How
many trees can be detected at breast height in comparison to field measurements and TLS? (4) What is
the accuracy of the photogrammetric DBH in comparison to caliper measurements and TLS estimates?
(5) What is the accuracy of the stem curve derived from photogrammetric point clouds with respect to



Remote Sens. 2019, 11, 950 40f 23

Remote Sens. 2019, 11, x FOR PEER REVIEW 4 of 23

TLS estimates, and what is the maximum stem height ’gh_at can be recons’_cructed? Finally, we discugs
that gmeReyrerepsiausisAdinalbiopis fiieess iheeeilicinne afletssialsNqphetosiapraetvuin
ﬁﬁé?égqgfhﬁlg{ﬁ% negsled to acquire and process the photogrammetric data.

2. Study Site

The investigation was conducied on four forest plots located in the vieinities of Vienna (Austria)
and Zvelen (Slovakia) (Figure 1a, Table 1. The forest plots, twe in each country, eover different forest
and réppesaphhicomnaiieng ierierBIslopsIRpestiasasitylenoih Stayetns R AR BRMNRERIRRS
apdeiirsrpndessieinny agetatieypgblee species.

(a)

by Slovakia, Plot 1

Figene 1. () Overview of the forest plot locations and () for each forest piok, 2 pihoie ilusEating e
fionestal e e of e SHNRY.

he e drclnnpreet plestdnoiaselia s e psh e b mbors L e & deshisal e it gy
fyoenidhemlots iiysadiamgishelidl Bt Gloklansd 49 mhi'sd I (sicvrdiratedhafiglddnrenteit
PREL ksl ep i RIahe S e0BEIBP T g e’ 7 Sias AP Meamr s ol PO A 7 diandd
deyiation SR Adohq®y 8P 4RIk ﬁ%ﬁﬁl SRIROSA SR BEG SReAN VRN REAAARR 3PIACRh
L e Jpiler tn e dDermed) FeReResis s Ate Ssseils apk é@é?f&%a%ﬁﬁ%%ﬁ%t%ﬂ FiaFopsaR
hormbsam CSrBushe e Il ovaland B SR prien sy b g il) ant Ermpsanibessh
Eayp BT R R At RY BB TPAS Rt ShaRe LG A M ARMRISE 0hPIhmbRT
and plot 2 has a square shape of size 30 by 30 m. The dominating tree species on both plots are
Norway spruce (Picea abies L.), European beech (Fagus sylvatica L.), Sessile oak (Quercus petraea Matt.),
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a square shape of size 30 by 30 m. The dominating tree species on both plots are Norway spruce
(Picea abies L.), European beech (Fagus sylvatica L.), Sessile oak (Quercus petraea Matt.), and European
hornbeam (Carpinus betulus L.) (Figure 1, Table 1). The DBHs range from 9.3 to 63.9 cm (with a mean
value of 29.8 cm and a o of 14.3 cm) on plot 1, and from 5.7 to 40.8 cm (with a mean value of 24.2 cm
and a o of 11.4 cm) on plot 2 (Table A1, Ref).

According to the spatial stem distribution and density and the DBH distribution [5], plot 1 in
Slovakia can be seen as “easy”, plot 1 in Austria as “medium”, and plot 2 in both Slovakia and Austria
as “difficult”. Figure 1b gives an impression of the complexity of each forest plot at the time of the
survey. All the plots were surveyed under leaf-on conditions.

Table 1. Acquisition dates and characteristics of each plot.

Study Lat.N/ Acqu. Plot Size Ster¥1 Tree Complexity Average
Plot Long.E Dates [m], Shape Density Species Categories  Slope [°]
! [stems/ha]
Slovakia, 48°36'N 22 June . Quercus
Plot 1 19°5'E 2017 30, circular 651 petraea casy >
Abies alba
Slovakia, 48°38’N 23 June . e
Plot 2 19°3'F 2017 40, circular 875 Fagtt§ difficult 17
sylvatica
Austri 48°31'N 1 Fagus
ustria, oxs September 40, circular 390 L medium 7
Plot 1 15°11'E sylvatica
2017
Austria 48°7'N 12
! ony September 30, square 533 Picea abies difficult 15
Plot 2 16°2’E
2017
3. Methods

For each forest plot, the following surveying methodology was adopted to acquire the dataset:
(i) DBH caliper measurements; (ii) topographic survey with total station to measure the tree positions
and the photogrammetric and TLS targets; (iii) TLS acquisition of the forest plot at multiple scan
positions; (iv) terrestrial photogrammetric survey with overlapping images. All measurements were
acquired in local coordinates defined by the total station, which was located approximately at the plot
centre. The caliper measurements of the DBHs and the tree positions from the total station survey
were used as reference (named Ref) for validating the respective results from photogrammetry and
TLS. Stem curves derived from TLS were used as reference for those from photogrammetry. According
to [6], the stem curve of an individual tree consists of “stem diameters starting at the height of 0.65 m
above the ground, followed by diameters at the DBH height and at every meter above the DBH height,
i, 0.65m,1.3 m,2m,3 m, and so on, until reaching the maximum measurable heights from the point
cloud data”. Exceeding this definition, we derived the stem diameters every 50 cm above the DBH
height. Detailed descriptions of the data acquisition and the TLS and photogrammetric workflows to
produce the dense point clouds are given in the next sections.

3.1. Field Inventory: Total Station, Caliper

Tree positions at breast height were measured with a Topcon GPT 3002 total station. The distance
was measured to the middle point of a side of the tree, while the angle was subsequently offset from
the side to the centre. Photogrammetric and TLS targets were measured using prism-less distance
measurement. DBHs were measured using a caliper in two perpendicular directions (one in the
direction of the greatest terrain slope, and the other parallel to contour lines), which is a standard
procedure in field inventory. Not all the trees with DBHs smaller than 8 cm were measured.
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3.2. TLS Survey

The scanner was placed at multiple positions, approximately along the border of each plot.
To also capture otherwise occluded trees, the surveys were completed by scans inside the plot areas.
This multi-scan approach follows a common strategy for TLS forest inventory, where the number of scan
positions is a trade-off between the accuracy and completeness of the point cloud and the acquisition
time, which must be chosen according to the forest plot complexity. In Slovakia, a Zoller & Frohlich
5010C scanner was used, and for the plots in Austria, a Riegl VZ-2000. Targets were employed for the
registration of the scans. For the Austrian plots, retro-reflective targets (diameter 5 cm) were distributed
around the plot, and they were automatically scanned by TLS at highest resolution. On the Slovakian
plots, only 5 automatically recognizable targets were available, and therefore photogrammetric targets
were used for the registration of the scans. The distribution of the scans and the registration targets can
be seen in Figure A2. The horizontal and vertical angular resolutions were set to 0.06°, resulting in a
lateral point spacing of about 3 cm at 30 m distance from the scanner.

3.3. Terrestrial Photogrammetric Survey

Overlapping digital terrestrial images were taken in landscape format with a Nikon D800 digital
SLR camera and a focal length of 28 mm. The aperture sizes of f7.1 and f8 in Slovakia and Austria,
respectively, were chosen according to the present lighting conditions, and the focus was fixed to
infinity. Given the focal length and pixel size, the image resolution at a distance of the average
plot diameter results as about 7 mm. Targets were used in the field to determine the scale of the
photogrammetric survey. Each target consisted of a laminated A4 paper sheet with a black and white
circular pattern printed onto it (Figure Al). The targets were nailed onto the tree stems, distributed
homogenously within the plot and along its border (Figure A2). Only 4 or 5 targets were used as
ground control points (GCPs), while the majority (13 or 14) were considered as check points (CPs) for
accuracy evaluation (Table 2).

We tested several methods of traversing a forest plot and capturing a stable and complete network
of overlapping images along the way, and we outline the method found to produce the best image
orientation with smallest RMSEs at the CPs. This consists of a base sequence of overlapping photos,
which is then augmented for difficult plots, resulting in a combination of the photographic paths
suggested by [17,39,42]. The trajectory adopted to capture the overlapping images starts with an image
sequence in stop and go mode [18] taken along the perimeter of the forest plot, pointing the camera at
the plot centre. Having completed this perimeter, the photographer moves inside the plot to acquire a
second sequence along a smaller circle, pointing the camera outwards. This method was used in plot 1
in Slovakia (Figure A1l). For the more complex and larger plots, the photographer additionally takes
images along two perpendicular paths across the plot. This extended photographic path was adopted
for both forest plots in Austria and for the second plot in Slovakia (Figure A1). For the latter, additional
photos were acquired also along two parallels strips to avoid occlusions by stems, branches, twigs,
and leaves due to the dense tree distribution in the north-western part of the plot. The sequence of
images was acquired while maintaining a mean baseline between adjacent camera positions of about 1
m, resulting in a number of photos ranging between 338 and 775 (Table 2). The camera was attached to
a lightweight tripod to ensure good image quality of the images. The camera axis on the tripod was set
roughly horizontal, and multiple convergent images were included in the imaging geometry.

Table 2. Overview of the conducted photogrammetric and TLS surveys, and the resulting point clouds.

SftM TLS
Study Plot No. No. No. Pts Dense  Pts after No. No. Pts Dense  Pts after
Camera GCPs CPs Cloud Filtering Scans Targets Cloud Filtering
Slovakia, Plot 1 338 4 14 47,800,000 38,700,000 9 25 379,466,950 18,012,654
Slovakia, Plot 2 775 5 13 87,900,000 73,500,000 12 23 152,264,516 11,322,459
Austria, Plot 1 531 5 13 27,300,000 20,900,000 19 21 194,578,612 56,584,040
Austria, Plot 2 632 5 13 42,700,000 39,600,000 15 30 20,180,795 11,803,353
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For each forest plot, the DTMs generated from SfM and TLS point clouds (see the hillshade
DTMs, Figure A2) were used to calculate the height above ground. Terrain points were excluded
from the derivation of forest variables and all non-terrain points were additionally filtered using a
robust segmentation approach proposed in [50]. Subsequently, we automatically derived for both the
SfM and TLS point clouds the locations and the numbers of trees, the DBHs, and the stem curves
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For each forest plot, the DTMs generated from SfM and TLS point clouds (see the hillshade
DTMs, Figure A2) were used to calculate the height above ground. Terrain points were excluded
from the derivation of forest variables and all non-terrain points were additionally filtered using a
ligl%ltst segm. fgntatl%ﬁgeﬁﬁar{%mposed in [50]. Subsequently, we automatically derived for, bcf)tg
the SfM and TLS point clouds the locations and the numbers of trees, the DBHs, and the stem curves
wsing a seftware develsped at TU Wien (Forest Analysis andl invensry oY, FAH): Within FATT,
each point cioud was subsampled with a vexel size of 3 em in order to reduee the eompttation time:
FART idenfifies e pRinis 35 e %r&sie%% Iprselinrat-segmmniss. T dusiens the defcied
shem RoiNG R ndividuah stems using the mean-shift algoritm 31}, Finally, it models the stems By
fiffing 2 series of eytinders, based o a 2P-3D nolysk oylinder fiting swategy 1847 To s ihe
COMRRIOM AR Of sticcestive opindens, a Huncaled cone is generaled, and then, their diamelers and
cenire hocalions ahe eximacied al e wanied hrighis above grownd o eardn shewm [T, This werkbew
‘gga%?éfﬂif&i%th‘fe%a@dﬁéysmheaséawthméag%%eéé}fdﬂsapaﬁﬁ%@%@% ilupigatestia
e Sute 3.

Derive ground D Forest attributes Slovakia, Plot 1
points Software FAIT (TUW) St ’ LS
(Forest Analysis and Inventory Tool) . ‘ bl ‘! -
) : ! | b NI
DTM, Normalized l i T %, \\ LW\ \
height \ l' ‘ W | :;‘I\, ,
Subsampling l “ \ [ T, : ‘ l1 \,f -

the 3D point cloud

Higuie 3. FATT workdiow 1 denive PRFR and e shem Qs fiom 2 peinfdrid:. @Bfﬂﬂ%ﬁl&‘% A
xampie of the dem mdeling o5 PRkl i Frxaln.

3.6. Data Analyses
3.6. Data Analyses

For eac forest ot tlﬁe accurac of camera orientations was (%uantli;le%l% the root mean sﬁ&u}are

?lfest e acc ameraq orientations was root mean aﬁe
error % o tersec te tcoor inates w1t res t I)coor ma es measure Lt
rror R]M intersected o ec COQ, 1n s with re ec coordina easure W1
e to ? 20n %&chl 1’tlonaﬁ e acc rac oun t was estlmatea arm
1 1% %‘K}F curacy. t1m ar1
e sta is 1ca Va ue mean 1an
1\/{ w1t tR ta 1st1 values o mea lan of the he1 ht
rences e tween tt ese 2 were ca f r accurac eva a 10n
nces e en these ca cu ccura
f) we restrlcteg‘}[/I sll ﬁ\ ana es to earea nIot ndar defme bgl t{;e
or eﬁc ot, ﬁre r urt r an f}fses to the are%a w1t 1 ot oung
era ath aroun orr(e Ogo enc etween trees om 1 r}f surve Ss
pat ences e%;h een trees f rom rent urve M vs
\ﬁs were ermme gse havin ﬁ1 nearest % ourin
L ere etermme as those havirig mutua nearest nel ourin

051t10nsa eastrhe g% m he

osi ns at rfatSt S5 Set %o nﬁor}} gﬁ/[ Sagﬂ% ng d[aL% was assessed as the resspehtlve number

eness
e cor‘ﬁ%eteness of stem etection n data was assessed a e respectlve

trees

r the accura

of co res
corr ondm trees.
or the accu n ses on corres ondjin trees were considered T}}‘;e accuracies of the DB
? cor espon e co ere ccuracies of the DB
estlma es were asse ca cu e 1as, e median of errors. | pe accurac
% tes were assesse tm 1as, 37 3 .me 1an of errors. The accura
W stem curves was a sesse i

cu ating the bias of the s em iameters and stem centres wit
M stem curves was sse ca cu atm the bias of the stem diameters and stem centres wit
res ect to the corres on

ect to the corre S estlmates

4. Results
4. Results

4.1. Accuracy Assessment of the Image Orientation and SfM DTMs

4.1. Accuracy Assessment of the Image Orientation and SfM DTMs
Image Orientation arid denseimage matching were successful on all forest plots. Thanks to the

high fualge o enéatioiy eehdameestrorge magthingeviatesuieressivg o doxssemiptandhandsdetibe
dnglhes]adlifiie abdhfrddnagaseandethp bpnl briegileg. Jeomadtnyeiplsesms @ty Ypagerotieslap and
inssesticn By gisveath lheriequinessinaghe RMSPHedQTENieds Fae abinthe gilaten Rlienptse dlodh
thelgr drd Jatabsery e teicangirethomsningbimagesidhe RMokeaf sheetabvns inetaenanghe@fin

millimetre both in the horizontal and vertical directions (Table 3). However, these observations were
included in the bundle block adjustments, which minimize their errors. An independent accuracy
assessment of image orientation is provided by the RMSEs of the CPs, which are of the same order
as for the GCPs in planimetry, and about 0.4 cm in the vertical direction (Table 3). For all forest plots,
dense matching ensured an almost complete reconstruction of the terrain features. Higher elevation
differences are all located arouind the trees stems T arcer void areas are mainlv located at the plot
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the bundle block adjustments, which minimize their errors. An independent accuracy assessment of
image orientation is provided by the RMSEs of the CPs, which are of the same order as for the GCPs in
planimetry, and about 0.4 cm in the vertical direction (Table 3). For all forest plots, dense matching
ensured an almost complete reconstruction of the terrain features. Higher elevation differences are all
located around the trees stems. Larger void areas are mainly located at the plot centres and at their
borders, which were reliably interpolated by the DTMs; however (Figure 4). For these areas, the height
differ%}ncoees Detyree I}Ith&%%m&m DTMs show larger errors, especially on the Austrian plots, with
a maximum absolute difference of 91 cm (Table 3). These plots are characterized by rough terrain with
grourtevegetiationpless;esithdab ramdnes v hissehstdhdiffeoemnd of the plotgabido3)aKihdsergdhdivelseclear
of vegheaticeridedduntoughitaredirtindthlpteuhd speetatidisteilvesionddirtnelinsighteadeffetbagrowidlot SIM
DTMtheirkoteipelavikPisraaby elpelisao o esattatian degraesalrios sHéharlebits shasptHisSIRMIDTM of
each PidkshRigly fiffsrenges ehihe, S B%Wﬂfh&?é%%%}%’gkgaﬂﬁeﬁmﬁf WSEHEMRLE SHBFutd Y alue

(Slova ean ilev&atmn of the SfM DTM of each plot ranges from -0.2 cm to 1.8 cm, with the steepest plot
av1 g the smallest absolute value (Slovakia plot 2).

Table 3, RM S of GF B pndGlfoncashplot and height differencep hetween GV AR THRARTMs-
GCPGCPs & HeigltiadgffeRiffeesnces
Study Ptudy Plovg AvgRMMI$Ekm] Avg RMO¥$EHgml  SfM -SM5HHNe fihiem]
no. Rayp. raysy xy z z HO: RS xzxz z z MiMiMwbaxMadeaRM$BMSEdiaviedian
Slovakizlpialia, Ploth 70 0390.3%900.00 74  0.39390.33 3571201537399 0.6lg1 1.931930.61 (61
Slovaki§lBlaakia, Plot8 78 0.68 0.68.09.08 105  0.76.76 0.43).43-32.50 4616.6—0.24.24 2.032.03-0.30 —0.30

AustrﬁaA’ﬂ%‘tﬂia, Plotli0 1100290.29.19.19 10 0.30-310.34-34-36:Bp 94188 1.71777 4.814.811.33 1.33
Austria Blob 2o plot® 87 0430490009 72 05957 0393537077908 1.8481 7.507500.66 0-66
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Figutéghishdwhothie thetieesittithinedapbbae thoundary thed tveraennscaseddBqRefdaaid ernabmbitically
estim@teenfesinete P and Elsaakéidauds fihis overpr b fretcnis i greRopHsnIdASESEMER with
thoset38§fv€8r¥¥8%f§fﬂ7{5§% ﬁ%%&%ﬁ&&‘gﬁ%ﬁ%ﬁ %8‘&4@%&?311%&%%@&%8%?1@&9?xﬁégéadsome
trees lﬁ%lflgeS {Fﬁtaé gigf{?] Eum (iff Pﬁ{n €S Oglﬁ dcén &1 e%re grbdg‘l}_l fsg:&‘ eﬁ 11’1 II%LII'Q 5)
is notﬁ ’E eX avpt}r‘1 rence a]g.i‘ t ertmﬂl{e, itis

ova 1a LRy ot
ermore, no m rees 1cle ose to

Wort%?ﬂ&a&m@%%@&%e%ﬁé@%ﬁ&@@%@ﬁgfa@yéﬁ%&%ﬂ}ﬁ ?iﬁ&ﬁr&%&%ﬂl%?&;&??ﬁs were
not measiurAikakysidenp alightly ciffaens Riot bamdanidetiniiansiisec daothadislddnvemtories.
Moreeitisothe taegerwiith b3 i tsees lietdttan By @ (o) notcoiepavieed. tbhisjudtifies siedprgetstumber
of trees AetedreTbhic[)S (90) in comparison to the reference (66) in plot 1 in Austria (Table 4).

The completeness of stem detection from SfM and TLS data was assessed with respect to the
reference measurements (see Section 3.6). For each plot, 65% to 98% of all reference stems were
detected in the SfM data, while these values range from 79% to 100% for TLS data. By both data types,
the lowest percentage of reference stems was detected for the forest plot classified as difficult
(Slovakia plot 2).
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The completeness of stem detection from SfM and TLS data was assessed with respect to the reference
measurements (see Section 3.6). For each plot, 65% to 98% of all reference stems were detected in the StM
data, while these values range from 79% to 100% for TLS data. By both data types, the lowest percentage of

reference stems was detectedpfpthe forest plot classified as difficult (Slovakia plot 2). 10 of 23
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The difficulty of reconstructing the stem at breast height of young or bended trees from SfM
point clouds becomes obvious in the inset of Figure 6 (Austria plot 2). Despite the limited capacity of
SfM to reconstruct young trees with small DBHs, its photos and coloured point cloud offer the
possibility to visually detect trees that are reconstructed only partially and consequently missed by
the automatic stem detection. In this forest plot, 91% of reference stems were detected from the SftM
point cloud, and 98% from the one of TLS. 87% of the trees detected by TLS were also detected by



Remote Sens. 2019, 11, 950 11 of 23

The difficulty of reconstructing the stem at breast height of young or bended trees from SfM point
clouds becomes obvious in the inset of Figure 6 (Austria plot 2). Despite the limited capacity of SfM to
reconstruct young trees with small DBHs, its photos and coloured point cloud offer the possibility to

Reisadly detect trees fhatmarg pogapstructed only partially and consequently missed by the aujomyatic
stem detection. In this forest plot, 91% of reference stems were detected from the SfM point cloud,
StM 986 frarrtithetiepofhBlt Ih37Sulbddhepliees dletdttedihy dibhdsenrd tlse detedteik by 6IMert fomeeth
deotintipthakttesshdamgdiitgnfall poisteehsuds tivith anveneksiste le2 ¢chafobiren deteetiablendesséhe

1ﬁspmgm of stems with diameters of less than 6 cm unreliable or even impossible.
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The statistics show that the most accurate DBH estimation is achieved for the easy plot by both
methods likely due to the absence of outliers (Figure A3). Overall, in four forest plots, the mean of
the error of the SfM DBHs with the reference is —1.13 cm and —0.45 cm with respect to the TLS (Figure
Ada and A4b).

The Mann-Whitnev U (Wilcoxon rank) test was performed to test the sienificance of differences
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The statistics show that the most accurate DBH estimation is achieved for the easy plot by both
methods likely due to the absence of outliers (Figure A3). Overall, in four forest plots, the mean
of the error of the SfM DBHs with the reference is —1.13 cm and —0.45 cm with respect to the TLS
(Figure A4a,b).

The Mann-Whitney U (Wilcoxon rank) test was performed to test the significance of differences
between,the mean SIMDBFmstizvaigs with respect to the mean reference DBH (caliper) and,1J:9;DBH,
and similarly for the mean TLS DBH estimates with respect to the reference. This nonparametric
test vRABRonsideteriatl¥ toth&oweaimbes JPBIBIEwBRaissatioH fispRefh tpldbearief¢erBiferddtiie the
non-SHRATRSHHB b Bt s iRk dy s iarthp ioyy THERSS I PIHL RPERRATNG L RATPR! BLARER both
SfM OVﬁr‘i‘L‘@eﬂﬁﬁ%'e“‘%{matl dlSt{lbu“"t‘E‘ﬁxth‘%g e ‘r’ﬁ“abl?ﬁ ats étrsesn‘c’)‘é"stth Ecgﬁf y sighiticant,

between both S d TLS n e tlmates with the re e nce are ot
with & B yalge muck efearer than 0,03 Th R pisheing frim OAT o 089 Similap reSyly were

obtaiggd by COMEAIARBISAR SIS PSS %RB&L&?R%&%@&%%B&&R&%@% Qa glwgo 99).
Therefrs, itbe fsdtoyeaesistthatifieditfapsncesnb IR rstimatest opmeasined rotha agphods
are ingigrificambtildis ivalseicanfismedby icompasingthel Sptisticssuch e Blimismaxuareanang o of
the DB vahaesatat eadlthe BBHA §Tadsl doAddch method (Table Al).
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diameters significantly decreased with height (Figure 8). The maximum height reconstructed by the
images taken in landscape format ranges between 4.3 and 11.3 m. However, the overall accuracy of
the stem curve at elevations higher than 2.8 m is beyond the required level of accuracy. For all the
forest plots, results show that the stem diameters can be reconstructed up to 2.8 m above ground with
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3 cm, while it decreases below 2 cm for lower heights. Furthermore, the number of reconstructed stem
diameters significantly decreased with height (Figure 8). The maximum height reconstructed by the
images taken in landscape format ranges between 4.3 and 11.3 m. However, the overall accuracy of
theergfteteicdiife 1t e FRPIBHSRENMRYE than 2.8 m is beyond the required level of accuracy. For Bl
forest plots, results show that the stem diameters can be reconstructed up to 2.8 m above ground with
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disadvantage of this method is the heavy computation time (Table 7), which is directly related to the
resolution and number of photographs taken, the processing parameters (e.g., the number of key and
tie points), and most of all the computer hardware [52]. However, it is worth noting that the
computation time for the image orientation and dense image matching does not require any user

interaction. In contrast, the identification of targets in the images might require some hours of user
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of this method is the heavy computation time (Table 7), which is directly related to the resolution and
number of photographs taken, the processing parameters (e.g., the number of key and tie points), and
most of all the computer hardware [52]. However, it is worth noting that the computation time for
the image orientation and dense image matching does not require any user interaction. In contrast,
the identification of targets in the images might require some hours of user work if coded targets are
not used, whose centres can be detected automatically by the software.

All SfM datasets presented in this work were processed with the same computer and with the same
parameters in PhotoScan (see Figure 3, Section 3.4.2). However, some tests were performed to evaluate
the impact of the parameters and computer performance on the computation time. The maximum
number of automatically detected key and tie points affects the image orientation processing time,
as well as the performance of the image orientation as reported by [42]. The latter aspect was not
investigated in our test, but the image orientation was completed in about 7 h and 40 min by setting the
limits to 100,000 and 60,000 for the key and tie points, respectively (Table 7, Slovakia plot 1), whereas the
orientation time decreased to 2 h and 45 min when the limits were set to 40,000 and 4000 (i.e., the default
settings). Generally, the dense image matching step is particularly computationally intensive, but the
time to generate the dense point cloud significantly increases according to the image resolution and the
size of the bounding box. As shown in Table 7, the dense image matching for the small plot in Austria
(plot 2) took less time than for the larger plot in Austria (plot 1), despite the larger number of images.
Nevertheless, the processing time of the SfM workflow notably changes according to the computer
characteristics. We computed the dense image matching of the largest dataset (Slovakia, plot 2) with
another computer with lower performance and it required approximately 85 instead of 22 h.

Table 7. Approximate times needed for data acquisition and processing for each survey methodology.

Time Survey & Processing

SftM TLS Reference
Study Plot Dense Scan
g\lngg;hiig;. Orientation  Image ::::;E Registration = DBH Lozze‘!;on
) Matching ) & Post-Proc.
Slovakia, Plot 1 30" (338) 7h40 9h 20 2h 20 3h 1h 2h
Slovakia, Plot 2 2h (775) 30h 10/ 22h 10/ 1h10 3h 1.5h 3h
Austria, Plot 1 2h (531) 17 h 20 33h 30 1h45 25h 1h 25h
Austria, Plot 2 1h 30’ (632) 23 h 30 18 h 10/ 3h 30 2h 1.5h 25h

5. Discussion

Our motivation to apply terrestrial SfM photogrammetry on forest plots was to evaluate its
feasibility and efficiency for deriving the tree positions, DBHs, and the lower parts of the stem curves
in support of forest inventory. In fact, the lack of efficient inventory tools is an old and well-known
problem in forestry, which still persists today [6]. TLS currently represents the most accurate and
precise method for deriving these attributes at the plot level. Particularly the derivation of tree stem
curves from TLS and mobile laser scanning data is a current research focus [53]. However, due to
the cost and the acquisition and processing time of multiple scans, which are needed to mitigate the
occlusion effect, and then to provide almost full coverage of the plot [11,17,54], forestry researchers
are looking for alternative methods. In this respect, terrestrial SfM photogrammetry offers a low-cost
and potentially fast solution, due to the high portability of a camera for deriving a 3D point cloud of
forest plot. Furthermore, contrary to TLS data, images are saved in a standard format and one can
use vendor independent processing software, therefore, more flexibility on choosing the processing
software (even open source solutions).

Liang et al. [17] were the first to investigate the feasibility of terrestrial SfM point clouds on forest
plots in comparison with those from TLS, followed by a few others [39-43].
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A highlight of our investigation is that we evaluated the feasibility of terrestrial SfM on four
different forest plots, which were classified as easy, medium and complex, according to their size,
density, and amount of understory. To date, terrestrial SfM photogrammetry for forest plot inventory
is still in the early stages of development, because natural forests are challenging environments, and
hence, terrestrial SfM photogrammetry can be applied successfully only if certain conditions are
met. In short, these conditions require sufficient qualities of image content and image orientation,
the presence of moderately convergent images that cover all stems to a large extent, and the availability
of information to scale and level the resulting point cloud. In detail, many factors affect the success
of SfM and the quality of its results, like intersection angles, camera baselines i.e., distances between
consecutive images, the number of images, image overlap, resolution and quality, the distribution
and distinctiveness of local features in every image, the accuracy of the information used for scaling
and levelling, and the environmental conditions (e.g., lighting and wind). Generally, the precision
of SfM point coordinates decreases with their distance from the photographer’s path [17]. All these
mentioned factors are adequately explained by [39].

The optimum imaging network and hence the photographer’s path depends on the complexity
of the forest plot structure (e.g., the distribution of trees, their stem diameters, and the presence
of undergrowth vegetation), and on the required accuracy of forest parameters to be estimated.
The acquisition method we propose consists of a basic configuration with extensions to be used on
complex forest plots and for achieving highest accuracies. It combines the photographic paths tested
by [39,42]. The basic configuration consists of a circular path around the plot, pointing the camera
inwards, followed by another circular path in its interior, pointing the camera outwards (Figure A1l).
For complex forest plots, this standard path needs to be augmented with two perpendicular straight
lines across the plot, as suggested by [42]. This extension was used on one plot (Slovakia plot 2), due to
its high forest density. As outlined above, the success and quality of SfM for forest plot inventory
depends on many factors, and therefore, there is no universally applicable, optimum solution for image
acquisition. However, our proposed configuration constitutes a good compromise for capturing many
redundant photos within a short time, ensuring good imaging network geometry, complete coverage,
adequate intersection angles and sufficient similarity in overlapping images to automatically match
homologous points in them. Our configuration has proven to work under diverse conditions and
hence can be used in the sense of a scientific protocol.

For the most complex forest plot (Slovakia plot 2), only 79% of reference stems were detected by
TLS (and 65% by SfM, Table 4). This shows that, also for TLS, the number of scan positions, which may
need to be high to mitigate occlusions, is a trade-off between the costs of field work (i.e., acquisition
time) and the data quality [55]. Generally, complete (horizontal) coverage is more relevant than point
density for stem reconstruction, but most often, completeness is correlated with point density. In our
approach, the point clouds used to reconstruct the trees were subsampled to 2 cm, which might harm
the completeness and consequently affect the successful reconstruction of thin trees.

Using our acquisition method, all the images were properly oriented with millimetre accuracy (Table 3),
without manual interventions. For automatic image orientation to be successful, overlapping images must
feature sufficiently similar contents. Hence, tree stems should either not be pictured from close by, or the
base line should be shortened. Figure 9 shows an image sequence where this rule was not met.

The images in this study were acquired in landscape mode with the focus on ground reconstruction,
stem detection and the estimation of DBHs, rather than tree heights and stem curves. The accuracy
and completeness of the SfM-derived DTMs are sufficient to independently estimate the DBH from the
SfM point cloud.
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software. For the DBH and tree locations, the required level of accuracy is up to 2 cm and 0.5-2 m,
respectively [12]. In this respect, our results show that terrestrial SEM photogrammetry can meet these
requirements. The number of detected stems varies based on the forest plot complexity, the method
compared to, i.e., TLS or field inventory, and the stem diameter. Young trees might be partially missed
at breast height in the SfM point cloud (Figure 6), which directly affects tree detection since it is done
at this height in our approach. Similarly, trees imaged only from far away use to be represented
by sparse and noisy points, and are more likely to be omitted [39]. Furthermore, noise filtering of
the point clouds may negatively affect trees already represented only partially by further reducing
their density and completeness. Consequently, stems are difficult to separate, especially bent ones
(Figure 6). However, as another advantage over TLS, the availability of photos and coloured point
clouds eases the verification of automatic stem detection. Furthermore, the colour attributes of SfM
point clouds can be used to identify different components of the forest plot model i.e., leaves, branches,
and irrelevant noise, as pointed out by [7] and tree species classification might be easier than with TLS
data. Regarding DBH estimation, our results suggest that the differences between the mean values
provided by the three applied methods are insignificant, and that the obtained accuracies were largely
affected by the method used to automatically identify corresponding trees in the different data sets.

As demonstrated by recent studies, the accuracy of SfM results also varies with the resolution of
the image sensor (e.g., video, mobile phone and SLR camera), the camera configuration (e.g., portrait,
landscape), and the equipment used to support the camera (e.g., hand-held, measurement pole,
tripod). Summarising the accuracies reported in the published studies, the tree detection rate ranges
between 50% and 80% and DBH is estimated with an RMSE approximately between 1.5 cm and 6.0 cm.
Mokros et al. [42] achieved the best results using a portrait camera orientation. In contrast, [39] found
that results were optimal for landscape images, also adopted in this study. One limitation of using
landscape images is that only the lower stem parts are captured, and stem modelling is consequently
limited. Using our data, stem curves could be reconstructed reliably up to about 3 m above ground.
The use of terrestrial SfM photogrammetry for deriving tree heights by capturing images at three
different levels was tested by [40]. They conclude that accuracy decreases with tree height due to larger
distances from the sensor (i.e., lower resolution at the object), lower point density because of lower
image overlap, and increasing difficulty in distinguishing stem points.

A general observation is that images should be acquired according to the forest parameters of
interest (basal area, tree diameter, tree height). However, acquiring multiple images, especially at
different levels, requires multiple shutter releases, which can be time-consuming and labour-intensive.
With the goal of shortening the acquisition time, the possibility to derive the stem curve from video
frames was evaluated by [31]. They tested the method in a sparse forest, and they conclude that if
blurred video frames were omitted, the differences in accuracy between results from video frames and
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still images are insignificant. Also, the need for short acquisition times of forest plot inventory data
motivated our use of terrestrial SfM photogrammetry. Unfortunately, not all the published studies
report the image acquisition and processing times. The acquisition time strongly depends on the
photographic path, baseline, equipment (e.g., focal length), and the adopted approach to scale and level
the point cloud. We used a tripod to ensure high image quality, with the drawback of a relatively long
acquisition time. However, images acquired for SfM can be taken from a hand-held camera without
a tripod [7], if lighting conditions are sufficient. Despite the use of a tripod, the time to collect the
images is generally similar to the one of TLS and field inventory while for easy plots it is significantly
lower. One drawback of our surveying approach is the use of artificial targets to scale and level the
SfM point clouds, measured with a total station. While this is a standard approach in SfM, it reduces
the portability of the entire system, and it increases the acquisition time per plot. To avoid the need
for a total station, scale may be derived instead from distances between artificial targets or natural
features measured with a measuring tape [17], and the levelling may be derived from plumb lines
placed on the plot.

The longer computation times are a drawback of SfM photogrammetry, but they strongly depend
on the computer hardware and processing parameters (see Section 4.3). The time required to identify
the targets on a large image dataset can be greatly reduced by employing coded targets in the field that
can automatically be detected by the software. The workflow to generate a StM point cloud is highly
automated (i.e., low requirements on user expertise) and easier than processing multiple TLS scans in
the case of a dense forest plot.

Our results suggest that terrestrial SfM photogrammetry is suitable for deriving forest inventory
parameters at the plot level in different forest environments. However, several questions remain to be
answered. Open research questions concern the decrease in quality (i.e., accuracy and completeness)
when increasing the baseline between the images (i.e., thinning the dataset), or when reducing
the quality of the sensor (e.g., mobile phone), and quick, mobile, accurate ways to provide the
information needed to scale and level the point clouds. Furthermore, for practical forest inventory,
more investigations are needed about the influence of forest types and conditions (features on stems,
leaf-off vs. leaf-on, and tree species) on DBH estimation and stem curve modelling. At this moment,
the latter does not represent the main research focus for SfM, but it would be beneficial to explore
the optimal acquisition method to derive at least the lower parts of the stem curve. Additionally,
further work is needed to fully understand the implications of point density and noise filtering in the
performance of automatic algorithms for deriving forest metrics from SfM point clouds. Also, further
investigations are needed with respect to the algorithms used to automatically derive forest-related
parameters from point clouds.

More broadly, as reported by [6], the current question is whether in situ 3D digitizing technologies
can be promoted to the next level, in which tree- and plot-level attributes over large areas can be
retrieved rapidly, accurately and cost-efficiently.

6. Conclusions

Plot-scale forest measurements can either be collected traditionally in a rather time-consuming
tree-by-tree field inventory, or estimated by remote sensing techniques using LiDAR or SfM
photogrammetry. The present study was designed to answer some prominent research questions
regarding the advantages of applying terrestrial StM photogrammetry in support of plot-scale forest
inventory by (i) reconstructing plot point clouds under a considerable range of forest conditions and
(ii) deriving accurate estimates of tree positions and DBHs from them.
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Based on our results, we answer the formulated research questions as follows.

(1) The proposed photographer’s path and respective camera orientations are a reliable and strongly
recommended method to ensure both short acquisition times and high-quality point clouds of
forest plots under different forest conditions.

(2) The estimated accuracy of the camera orientations is within the range of a few millimetres and
the vertical error of the DTMs is below 2 cm when compared to TLS.

(3) The percentage of detected trees compared with field inventories ranges between 65% and 98%,
and between 68% and 98% with respect to TLS. The missing trees can be visualized and manually
identified in the coloured SfM point cloud.

(4) The average deviation of the DBHs per plot ranges between —2.07 and —0.71 cm with respect to
the caliper measurements, and it varies according to the complexity of the forest plot.

(5) The stem curve can be estimated reliably up to 3 m above ground, with an accuracy of better than
2 cm with respect to TLS, based on our image capture method.

The acquisition time for a forest plot ranges between around 30 min and 2 h, depending on the forest
plot size and complexity. This study emphasizes the suitability of terrestrial SEM photogrammetry in
support of forest inventory measurements, and it provides an additional basis for future investigations
to further improve the efficiency of the method.
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Appendix A

Table Al. A comparison between measured DBH (Ref) and estimated DBH from SfM and TLS point
cloud. Refgs and Refyp g indicate the trees measured by caliper that correspond to the SfM and TLS
DBH estimates, respectively.

DBH [cm]
Slovakia Plot 1 Slovakia Plot 2 Austria Plot 1 Austria Plot 2
Data
No. Min-Max Mean o No. Min-Max Mean o No. Min-Max Mean o No. Min-Max Mean o
Trees Trees Trees Trees
Ref 46 9.7-41.9 307 7.1 110 6.4-58.9 226 131 66 9.3-63.9 298 143 47 5.7-40.8 242 114
Refgv 45 16.0419 311 64 7 6.6-58.9 247 130 55 12.0-639 334 130 83 6.6-40.8 258 105
StM 13.642.1 304 6.7 6.6-57.6 243 136 5.12-60.8 313 135 6.6-40.1 250 103
Refrrg 16.0-419 311 64 7.9-58.9 249 132 9.3-63.9 298 143 6.1-40.8 246 112

s % 155415 308 64 7 72600 241 134 93609 202 135 * 72406 240 108
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Table A2. Median SfM stem curve error.

21 of 23

Stem Curve Error [cm] SfM vs. TLS

Study Areas

Median Stem Diameter

Median Length of Stem Centre Offset

Height above Ground [m]

Height above Ground [m]

0.65

1.30

1.80

2.30

2.80

>2.80

0.65

1.30

1.80

2.30

2.80

>2.80

Slovakia Plot 1
Slovakia Plot 2
Austria Plot 1
Austria Plot 2

0.19
0.39
-0.47
-0.61

0.09
0.21
-0.17
-0.38

-0.30
—-0.55
-0.24
—-0.88

-0.90
-1.26
-0.25
-1.31

-1.82
-1.83
-0.42
-1.51

-3.75
-241
-2.61
-3.31

0.77
1.16
0.85
1.30

0.60
0.86
0.72
0.99

0.70
0.93
0.74
0.79

0.90
0.95
0.70
0.73

1.10
1.20
0.78
1.10

1.82
212
1.43
1.77
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