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Introduction

Environmental changes are very dynamic
and actions and measures for its protec-
tion and reconstruction are urgently
needed (Watson et al. 2018) as expressed
in the 2015 Paris Agreement. Monitoring of
changes connected to the shrinking of for-
ested areas is best implemented by remote
sensing approaches (Dash et al. 2017). At
present, spatial data obtained not only
from satellites but also with mobile tech-
nologies such as a smartphone or UAV are
mostly open-source and freely accessible
on the internet (Tian et al. 2017). Some of
the most popular applications of such spa-
tial data are precision agriculture and for-
estry (Hird et al. 2017). Employment of non-
metric cameras and inexpensive unmanned
platforms has become the key to quickly
acquiring high-resolution data from small
areas covered by vegetation (Cruzan et al.
2016). The possibility of UAV in characteriz-
ing individual tree variables (Guerra-Her-
nandez et al. 2017), forest structure (Ota et
al. 2017), biophysical attributes (Otero et al.
2018), tree stump detection (Puliti et al.
2018) and real-time monitoring has dramat-

To obtain precise cartometric measurements of forests is always a challenge
and high-resolution data from Unmanned Aerial Vehicle (UAV) is currently the
quickest method. Generation of a fine quality orthomosaic of the acquired im-
age series is a pre-requisite for full exploitation of such data. This study exam-
ines six of the most frequently used photogrammetric software for popular and
inexpensive UAV systems. It is assumed that ground control points (GCPs) are
not required. The average Root Mean Square Error (RMSE) for raw orthophoto
was 1.24 m and around 0.2 m precision for both X and Y axes. Additionally, the
accuracy of UAV internal GNSS receiver was checked on reference points
which slightly exceeds 2 m RMSE. The range of accuracy and precision of or-
thomosaic are provided as a valuable reference for the use of low-cost UAV in

forest inventory.
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ically increased its application in forest in-
ventory. In addition, UAV 3D topographic
representation is an excellent alternative
to costly airborne laser scanning (ALS - Cla-
puyt et al. 2016) or even terrestrial laser
scanning (TLS - Gruszczynski et al. 2017).
Compared to ALS technology, the weak-
ness of photogrammetric data is the lack-
ing of precise digital terrain models (DTMs
- Agliera-Vega et al. 2018). The data cannot
capture ground structure under tree
crowns but it has been successfully ex-
ploited for canopy cover documentation.
The imaging data enables a canopy height
model (CHM) which can be used for the es-
timation of biomass, changes in canopy
heights or tree counts, and crown detec-
tion (Dempewolf et al. 2017, Matese et al.
2017). The relatively low costs of these
ready-made solutions, together with high
data quality (Agliera-Vega et al. 2017), op-
erability in restricted places for take-off
and landing, and practical independence
from clouds’ impacts (Schirrmann et al.
2017) due to the low level of flight, are typi-
cal advantages among many unmanned
platforms. On the down sides, there are
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limiting factors like limited battery life, the
relatively small area coverage for process-
ing at one time, the loss of the line-of-sight
leading to a weakening of data transmis-
sion (Tomastik et al. 2017), and radiometric
quality of orthomosaic easily influenced by
changing weather conditions (Wierzbicki et
al. 2015). Finally, there is a problem with
storing large data collections, as often very
high image overlapping ratio is needed for
accurate mosaicking (Torres-Sanchez et al.
2018). Advanced photogrammetric soft-
ware allows quick transformation of data
from the use of drones. The cloud storage
accessible in the field allows the genera-
tion of various products: an orthomosaic
DTM or the state of health assessment of
vegetation using moisture content. The ac-
curacy of end products depends on the
quality of the Global Navigation Satellite
Systems (GNSS) receiver which is the most
important positioning tool with the inertial
measurements unit (IMU). Depending on
the platform, inexpensive UAV solutions
can achieve accuracy of positioning at
about 2 meters with a single frequency
GNSS receiver (Clark 2017). One of the
methods to improve the accuracy of image
location and orientation is direct georefer-
encing technique (Turner et al. 2014).
Higher flying height allows to increase or-
thomosaic horizontal accuracy from 5 to
0.6 meter (Chiang et al. 2012, Pfeifer et al.
2012, Turner et al. 2012) and about 2 meter
for digital surface model (DSM - Ruzgiene
et al. 2015). However, in some cases an ac-
cess to raw navigational data is needed for
attaining such accuracies. Further improve-
ment is possible through the use of GCPs
or application of real time kinematic (RTK)
technology. In both cases, the costs of pro-
cessing grow significantly. The application
of a GNSS surveying-class receiver in a for-
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est environment for the sake of GCP is diffi-
cult because of the limited access to navi-
gation signals (Becker et al. 2017). The in-
stallation of a GNSS receiver with the RTK
technology is several times more expen-
sive than the platform itself, which makes
this solution a less preferred one. Most re-
lated studies involve costly platforms built
for specific applications (Aicardi et al. 2017,
James et al. 2017, Sankey et al. 2017, Abdol-
lahnejad et al. 2018). It is therefore impor-
tant to investigate the most cost-effective
approach to obtain a readymade orthomo-
saics based on an inexpensive navigation
system with robust computational algo-
rithm. However, such research is lacking
and few reports provide the necessary
knowledge across different approaches for
drone-based orthomosaicking.

In this work, we investigate the possibility
of an inexpensive model of an unmanned
platform which is widely accessible and
runs without the need for extensions or in-
tervention. The consumer grade UAV seg-
ment directly leads to the necessity of im-
plementing cheaper navigation units (Tor-
resan et al. 2017). However, the accuracy of
GNSS receivers is low in this case, because
they do not incorporate the expensive RTK
technology. Improvements can be made
through orthomosaics and 3D models, with
the application of complex alignment algo-
rithms (Wallace et al. 2016). Precise UAV
mapping using high quality orthomosaics
are a basis for forest applications such as
basic map updating (Rusndk et al. 2018).
We report the accuracy of a GNSS receiver
of an inexpensive and commonly accessi-
ble unmanned aerial platform. We also dis-
cuss the impact of such accuracy on the or-
thomosaic based on photographic material
generated by six software models includ-
ing cloud-based processing and standalone
PC based processing.

The study area included a forest environ-
ment, which constituted an additional chal-
lenge for constructing a finished orthomo-
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saic. To our knowledge, there are still very
few reports which compare different pho-
togrammetric software for UAV based
mapping in a forested environment. As
UAV deployments for forest inventory is
getting more popular every day, this report
will be valuable for researchers who are
going to use the technology as a standard
tool for data capture.

Materials and methods

Study area and equipment

An unmanned aerial platform Phantom® 4
(SZ DJI Technology Co., Shenzhen, Guang-
dong, China) was used throughout the en-
tire study. It is an inexpensive platform
(1100 US$ in the production year 2016) that
weighs less than 1.5 kg. The drone can eas-
ily fit in a medium-size backpack and de-
ployed in small openings of a wooded area.
The timespan of its flight in favorable
weather conditions is about 20-25 minutes.
The platform is equipped with GNSS/IMU
navigational systems which are responsible
for flight stabilization and assigning the co-
ordinates to the images centers. Because it
is typical consumer grade UAV model,
there is no standard option to extract raw
navigation data for further processing. All
data are stored in Exchangeable Image File
Format (EXIF) assigned to the header of
each image separately. The camera has a
sensor of 1/2.3" with 12.4 effective mega-
pixel and 20 mm f/2.8 lens. It is mounted
on a gimbal which reduces any pitch, yaw
and roll of the platform.

The experiments were carried out in
three phases. In the first phase, the accu-
racy of internal UAV navigation receiver
was checked based on 26 reference points.
The second phase was realized by one
flight above the city of Rogéw (central
Poland) and six orthomosaics were gener-
ated using six software. After accuracy as-
sessment, the best software was used for
the third phase where image acquisition of

a real forested area was made at the
Pokrzywnica forest (east-central Poland).
Accuracy assessment was then performed
on the orthomosaic of the forested area.

Accuracy analysis of the UAV navigation
receiver was carried out on an open area at
52° 00’ 29.03" N, 20° 00’ 37.65” E (POLREF
national grid reference system). The posi-
tioning error tolerance was set to below
0.01 m (Jaworski & Swiatek 2012). To en-
hance precision positioning, the real-time
kinematic RTK method was used with a
HiPer SR® GNSS surveying-class receiver
(Topcon Positioning Systems, Inc., Tokyo,
Japan) using additional 25 points.

The horizontal measurement precision
was +0.03 m according to ASG-EUPOS ref-
erence stations network (Bosy et al. 2007).
In total 26 points were checked for quality
by comparing coordinates values of the
UAV platform at ground level and 10 m
above the ground. This is to avoid reflected
signals from the ground.

Analysis of orthomosaics accuracy was
carried out at the Forestry Experimental
Station in Rogow (51° 49’ 20.85" N, 19° 54’
2.38" E) located 100 km west of Warsaw,
central Poland. The study area stretches
across about 17 ha. This area was selected
because reference materials can easily be
acquired. There is a large diversity of tree
species in the site. Because there are only
low buildings (less than 20 meters), and
practically no difference in terrain eleva-
tion, there are no obvious obstacles for the
process of mosaicking.

The photogrammetric mission by UAV has
permission from the Civil Aviation Author-
ity and Polish Air Navigation Services
Agency. The flyover was in late spring, May
2016. Images were acquired at a height of
115 meters and maximum velocity 5 ms™. In
the course of about 15 minutes around 113
photos were taken with 80% overlap and
sidelap. The ground sample distance (GSD)
along the 3.8 kilometer route was 5 cm.
The sky was 100% overcast and the wind

Fig. 1- A subimage of the
orthomosaics generated
by different models: (A)
DroneDeploy; (B)
Pix4Dmapper; (C) AgiSoft
PhotoScan; (D) APS; (E)
PrecisionMapper; (F)

i Maps Made Easy.
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was 3 m s”. The images obtained had good
photographic sharpness, favourable colour
tonality of the orthomosaic without shad-
ow. For accuracy assessment, reference
points with clearly distinguishable objects/
details have been collected. The reference
points were distributed evenly across the
whole area. A Topcon HiPer SR surveying-
class navigational receiver was used. Alto-
gether, 53 reference points were recorded
in RTK mode with horizontal measurement
precision at £0.03 m. They were measured
at 10 epochs averaging and real time differ-
ential correction was delivered by ASG-EU-
POS network of reference stations. Pro-
cessing of the acquired images was con-
ducted using six different photogrammet-
ric applications: AgiSoft PhotoScan™ (3499
US$ node-locked license), APS™ (4500 US$
one year license), Pix4Dmapper™ (3000
US$ one year license), and the cloud ser-
vices DroneDeploy™ (1000 US$ one year li-
cense), Maps Made Easy™ (around 150 US$
per 2000 hectares), and PrecisionMapper™
(3500 US$ one year license).

Fig. 1 shows part of the orthomosaic re-
sults generated from all the tested meth-
ods, which do not visually show any signifi-
cant differences. The first three methods
were applied on a desktop computer. The
speed of mosaicking can vary depending
on the capacity of a given computer. For
each tested type of photogrammetric soft-
ware, it took about 7 h for creating a final
orthomosaic (the PC was equipped with a
fifth-generation Intel Core i5 2.7 GHz pro-
cessor and 8GB RAM DDR3 1867 MHz). All
software programs offer the functions of
creating an orthomosaic, DSM/DTM model,
3D point cloud, texture models, capacity
measurements, 2D measurements, maps of
NDVI indicators, video animations from the
3D model, exporting of vector and raster
data, and sharing of products through
cloud storage. The solutions offered by the
DroneDeploy, Maps Made Easy, and Preci-
sionMapper providers are based on a cloud
service, which means that the user must
send all acquired images and metafiles to
the servers. After final accuracy test and
precision analysis of the orthomosaics, one
software was selected for further image
processing of pure forest environment.

Field verification in typical forest condi-
tions was carried out in the Pokrzywnica
forest in east-central Poland (52°36'37" N,
20° 58’ 23" E), in which a total of 137 refer-
ence points were selected for accuracy as-
sessment. The mean location error of each
point was 0.11 m after traverse adjustment.
Reference points were selected at the
edge of the five openings across an area of
about 15 hectares. Every point was marked
on the ground and precisely recognized on
orthomosaics. The UAV acquisition was
performed at the height of 115 meters, with
a velocity of 8.7 m s, and a route of 6.5 km
in length. In the course of about 15 min-
utes, 240 photographs were taken (with
85% overlap and sidelap). The original GSD
was at 5 cm (Fig. 2). GCPs were not used
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Fig. 2 - An orthomosaic of
a fragment of forest area
with gaps. A total of 137
reference points were
marked for accuracy
assessment.

Reference points

Reference area

UAV area

for the generation of the mosaic. All mea-
surements and finished orthomosaics were
transformed from the WGS 84 ellipsoid sys-
tem to the 2000 national reference (EPSG
code 2178) grid system. Flight missions
were realized by MapPilot® for iOS (Drones
Made Easy, San Diego, CA, USA) which
guarantees optimal trajectory.

Accuracy and precision calculations

Generation of the orthomosaics involves
not only the center coordinates of the
photo but also the stereo-matching algo-
rithm, both had an impact on final accu-
racy. Quantitative analysis of the accuracy
of the photogrammetric material and con-
trol of the unmanned aerial platform’s
GNSS receiver was carried out using differ-
ent measures. First, the root mean square
error (RMSE - Uysal et al. 2015) was calcu-
lated (eqgn. 1, egn. 2, egn. 3):

RMSE =M *+ M’ ()
C 2
; (Ximage_ quf) (2)
MX: - 0000000000
n
: 2
,Z; (Yimage_ Yref) (3
My=\—

where X,Ying are the values of the XY co-
ordinates from the orthomosaic, X,Y. are
the values of the X,Y coordinates with tra-
ditional surveying methods, and n is the
number of observations.

The mean absolute error (MAE) provides
a more natural and unambiguous assess-
ment (Willmott & Matsuura 2005 - eqn. 4,

eqgn. 5):

n
Z |Ximage_quf

MAE =2 )
n
Z | Yimage_ Yrej (5)
MAE, ="~
n

Precision is the measure of the relative
congruency of the orthomosaic (Walther &
Moore 2005) and is represented by the fol-
lowing equations (eqgn. 6, eqn. 7):

n

SE = ; (Ximage_Xref_)_()z (6)
o n—1

SE.— ;(Yimage_Yref_}_,)z (7)
" n—1

where (eqgn. 8, egn. 9):

437

>
1 S
-l
7]
)
1
o
[F 9
o
c
(1}
wm
)
1Y)
c
A
v
w
o)
o
o0
2
()
I
)
v
)
15
o
L.




o)
S
-
(%]
(V)
1
o
L
©
c
(]
w
()
v
c
L
v
w
o
()
o]
0
o
|
e
w
v
S
(o}
L

Brach M et al. - iForest 12: 435-441

Tab. 1 - Internal GNSS RMSE (XY) values
(in meters) for 26 control points at o
and 10 m above ground level (AGL).

UAV
Stats
AGLO m AGL 10 m
RMSE 2.071 2.007
RMSE (X) 1.871 1.991
RMSE (Y) 0.888 0.253
Min (X) 1.44 1.727
Max (X) 2.391 2.289
Min (Y) 0.456 0.034
Max (Y) 1.322 0.424
Z (Ximage_Xref)

Y= izl (8)

n
_ ; (Yimage_Yre/) (9)
Y:_—

n

Egn. 6 to 9 allows the estimation of sys-
tematic error of the orthomosaic resulting
from the inaccuracy of the unmanned plat-
form’s GNSS receiver. Eqn. 1 to 9 were cal-
culated with all reference points taken at
the Rogow Forestry Experimental Station
and Pokrzywnica forest.

In the study area of Pokrzywnica forest,
five gaps (clearings) underwent an addi-
tional accuracy assessment, which was car-

DroneDeploy @
Pix4D ®
Agisoft @

APS @

PrecisionMapper
Maps Made Easy @®
All

ried out by comparison to in situ measure-

ments. The percentage error was deter-

mined as follows (eqn. 10):
AA

U=+2%2.100

10
244 (10)

where A, is the gap area measured by the
surveying methods, and AA is the differ-
ence between the real area of the refer-
ence plot and the area obtained from digi-
talization.

Data processing

The construction of the final orthomosaic
from large image sets was based on the
GPS-assisted bundle adjustment method.
The input was the EXIF of each image
which includes details about location, ori-
entation and camera parameters. Final po-
sition and estimated covariance was ex-
tracted using individual models accompa-
nying the software (Bemis et al. 2014). This
served as the initial approximation of im-
ages locations to find tie points for the al-
gorithm (Colomina & Molina 2014). Pro-
cessing of photographs in the DroneDe-
ploy computational cloud can be carried
out by two algorithms: “Terrain” (optimal
for areas with small differences in eleva-
tion) or “Structure” (adjusted for areas
with big differences in elevation). Because
there are significant differences in height
variation of the surface objects such as
trees and buildings on Rogow Forestry Ex-
perimental Station and Pokrzywnica dis-

15 2 25 3 35

RMSE [m]

Fig. 3 - RMSE of orthomosaic from six different software. The horizontal bars repre-
sented the minimum and maximum values (in meters) and the green solid dots repre-

sent the average values.

Tab. 2 - Accuracy (eqn. 1-3), mean average

error (egn. 4-5), and precision (eqn. 6-9) of

orthomosaics obtained from six different photogrammetric software. Values for

every from 53 points are in meters.

Accuracy Bias Precision

Software

RMSE RMSE(X) RMSE(Y) MAE(X) MAE(Y) SE(X) SE(Y)
DroneDeploy 1.224 1.169 0.364 1.164 0.348 0.106 0.107
Pix4D 1.271 1.227 0.329 1.223 0.313 0.117 0.109
Agisoft 1.265 1.218 0.342 1.215 0.324 0.090 0.111
APS 1.212 1.173 0.304 1.145 0.254 0.259 0.212
PrecisionMapper 1.413 1.108 0.877 0.950 1.389 0.602 0.885
Maps Made Easy 1.247 1.187 0.385 1.185 0.373 0.066 0.094
All 1.272 1.180 0.434 1.147 0.500 0.207 0.253
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trict, the “Structure” algorithm was ap-
plied. The time of data processing depends
on the number of photographs. A finished
orthomosaic can be downloaded to a com-
puter or shared directly through the soft-
ware producer’s server. In the case of the
Maps Made Easy and PrecisionMapper
software, the user has no possibility of con-
figuring any parameters. The main feature
of desktop applications such as Agisoft
PhotoScanPro software is that they allow
flexibility in configuring numerous ele-
ments like the selection of a coordinate
system, camera parameters, and the level
of filtration of a point cloud, as well as the
possibility of marking GCPs oneself. The
user also can choose among a wide range
of formats for data exporting, along with a
detailed report documenting the stereo-
matching process. Default configuration is
always used to obtain data unless fine-tun-
ing is necessary.

Results

Accuracy of the unmanned platform’s
GNSS receiver (first experiment phase) di-
rectly above the measurement point was
+2.07 m, +1.87 m for the X axis and £0.89 m
for the Y axis (Tab. 1). Hovering at 10 me-
ters above ground level (AGL), the RMSE
for the unmanned platform was #2.01 m,
with 1.99 m for the X axis and 0.25 m for
the Y axis.

Tab. 1 shows that the maximum and mini-
mum values are smaller in the case of 10 m
above ground level, despite at 0 m AGL the
horizon was unobscured. For the compo-
nent of X axis, the minimum value was 2.98
m, and for the Y axis it was 0.00 m. The
maximum values for the X axis and Y axis
were 5.24 m and 0.18 m, respectively.

For the acquisition phase, a total of 113
photographs were taken, which occupied
592 MB of disk space (second experiment
phase). For each tested software, it took
about 7 hours for obtaining the final ortho-
mosaic. The averaged RMSE error for all
types of software was about 1.24 m. It
should be noted that it is nearly 4 times
higher for the X axis than the Y axis (Fig. 3).

As reported by Willmott & Matsuura
(2005), the average error had slightly
smaller values and was on average 1.18 m
for the X axis and 0.43 m for the Y axis. The
minimum values of RMSE error for all the
tested software models were about 1 m
and the maximum values about 1.55 m.
Only the PrecisionMapper computational
cloud diverges from the rest, with a mini-
mum error of 0.17 m and a maximum ex-
ceeding 3 m. Elimination of the systematic
error (Bias) allowed higher precision of the
finished orthomosaics, significantly lower-
ing the error of positioning of the GNSS re-
ceiver. Congruency of the ground elements
represented on the orthomosaic was
about 0.21 m for the X axis and 0.25 m for
the Y axis (Tab. 2).

Based on the results in Tab. 2, the Drone-
Deploy software was selected for ortho-
mosaic creation using the 240 drone im-
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ages (1.24 GB) acquired at the Pokrzywnica
forest (third experiment phase). The RMSE
error was 1.66 m and overall precision did
not exceed 1 m (Tab. 3). The minimum
RMSE was 0.44 m and the maximum 3.41 m
(Fig. 4). Almost 80% of RMSE vector bear-
ings was located in the northern part (Fig.
5). For the area error, the gaps located on
the southern part of the orthomosaic had
smaller errors. The average error of area
estimation of the analyzed gaps slightly ex-
ceeded 1.3% (Tab. 3).

Discussion

Accuracy assessment of the unmanned
platform’s GNSS receiver clearly demon-
strates that the navigation module (GNSS
and IMU) is not of the best quality. Aver-
age RMSE errors are commensurate with a
GlS-class receiver, or smartphones (Toma-
stik et al. 2016). In this work, only a typical
code receiver was used, with an assump-
tion that the positioning errors should be
at the level of a few meters (Hofmann-
Wellenhof et al. 2008). It is an inexpensive
solution that allows a relatively quick re-
ceiver initialization to achieve good readi-
ness for flight. In order to achieve a high
positioning accuracy, however, RTK tech-
nology should be used and in that case ex-
ternal reference stations providing data di-
rectly to the UAV will be needed. Other-
wise, an additional postprocessing is re-
quired to achieve higher accuracy. Since
the purpose of this study is to investigate
low-cost drone-based acquisition for forest
applications, high-accuracy positioning so-
lutions have not been implemented as it in-
creases its price several times, and the fi-
nancial grounds for its application would
no longer hold.

During the first experiment we observed
that the navigational receiver installed on
the UAV platform is sensitive to reflected
signals. Positioning results will improve
during flight when GNSS multipath phe-
nomenon is minimum. However, it does
not significantly improve the accuracy of
the navigation module itself, which still
stays at the level of £2.0 m and the maxi-
mum values could exceed 5 m. The nega-
tive impact of the low GNSS accuracy can
be ameliorated by using stereo-matching
techniques.

The Structure for Motion algorithm is
used to search for the common features in
adjacent images (Cook 2017, Alonzo et al.
2018) in all analyzed software. As a result,
errors in positioning caused by GNSS re-
ceiver have been almost eliminated in the
final orthomosaic. As shown in Tab. 2, the
RMSE for situational details drops down to
about 1.2 m using all of the applied pho-
togrammetric software. In this way, the er-
rors of the GNSS receiver mounted in UAV
(Tab. 1) are reduced by nearly 60%.

Tab. 1 shows that the errors are nearly
three times higher in the north-south axis
than the east-west one. This phenomenon
has been partially explained in the studies
of Dawidowicz & Krzan (2014), and is re-
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Tab. 3 - Point accuracy (eqn. 1-3), mean average error (eqn. 4-5), precision (egn. 6-9)
and area percentage error (eqgn. 10) on the forest orthomosaic. The area errors are
expressed in percentage and all other values are expressed in meters for every 137

reference points.

Bias

Precision

Gap Accuracy Area

number  pumsg RMSE(X) RMSE(Y) MAE(X) MAE(Y) SE(X) SE(Y) error
1 1.569 1.069 1.149 0.909 0.969 1.012 0.912 1.01
2 1.725 1.162 1.275 0.995 1.003 0.954 1.203 2.01
3 1.510 0.575 1.396 0.468 1.301 0.472 0.944 2.02
4 1.775 0.729 1.618 0.627 1.534 0.626 1.065 0.31
5 1.749 1.273 1.199 1.175 1.080 0.701 0.554 0.78
All 1.664 1.041 1.298 0.875 1.118 0.943 0.989 1.34
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Fig. 4 - Histogram of RMSE errors for pure forest orthomosaic generated in DroneDe-

ploy.

lated to the limited number of satellites
available for geo-positioning in northern
Poland, whereby the calculation of the fi-
nal coordinates stored in EXIF are less ac-
curate in the northern direction (Hofmann-
Wellenhof et al. 2008). Better results of ac-
curacy (Tab. 2) compared to the accuracy

270°

180°

of UAV located on the ground (Tab. 1) can
be also explained by the influence of IMU
which start operating after take-off. Elimi-
nation of the systematic error makes it pos-
sible to evaluate the relative congruity of a
finished orthomosaic. Most of the tested
photogrammetric software have similar er-

Fig. 5 - Bearings and
RMSE values for pure
forest orthomosaic

45° generated in DroneDe-
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ror calculated from eqn. 6-9, at the level of
0.13 m for both X axis and Y axis. The re-
sults from PrecisionMapper computational
cloud, however, deviate significantly from
the average performance. This is related to
large errors in the process of stereo-match-
ing in areas where the trees are close to
reference points.

For the most popular processing tools
tested in this study, no significant differ-
ences were found. The time of processing
of an orthomosaic was similar in all the
studied cases and amounts to a few hours.
For the software programs installed di-
rectly (AgiSoft, Pix4D, APS) on the per-
sonal computer, they allow more configu-
ration options and thus better adjustment
of the end product is realized. DroneDe-
ploy, Maps Made Easy, and PrecisionMap-
per are cloud-based and have presented
practical and efficient solutions. Cloud-
based computation gives the possibility to
process several separate areas simultane-
ously. It does not overload the computer
and provides significantly faster processing
of an orthomosaic than a program that
process images on PC. The good results of
DroneDeploy in terms of accuracy and pre-
cision, correct trees shape representation
(Fig. 1A) and very easy user-interface, led
to use it for further analysis in forested ar-
eas. The advantage of such a solution is the
complete independence from computa-
tional capacity of the user’s computer. In
comparison to desktop solutions, the user
has only a limited range of configuration
options and control over the final product.

For the Pokrzywnica forest, it is clear that
image texture has a significant influence
on orthomosaic precision. The Structure
for Motion algorithm does not work so
well without clear edges and similar pixel
colors because with rather homogenous
forest texture, fewer tie points are avail-
able to aid image matching (Kedzierski &
Wierzbicki 2015). Lower quality of the or-
thomosaic can be shown by shape distor-
tion of tree crowns and the reference
points are mis-located. There is no signifi-
cant pixel movement on the final forest or-
thomosaic but it can be observed that the
largest distortions are oriented to north di-
rection (Fig. 5) consistent with GNSS resid-
uals (Tab. 2). The final precision of the or-
thomosaic is estimated at below 1 m (Tab.
3) and in terms of area percentage error, it
is translated into around 1.3%. This result is
much worse comparing to areas with clear
edges in Rogdéw and is strictly connected
with feature extraction procedure which is
challenging for homogenous forest tex-
ture.

The main objective of the study is to in-
vestigate latest drone technology for ob-
taining image data in a cost-efficient and
quick manner. It is understood that the use
of GCPs based on RTK technology would
practically eliminate the errors of the GNSS
receiver. However, localization and mea-
surement of GCPs in a forest environment
is a very difficult task and potential errors
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can occur as a result of mistaken indication
and low reference points accuracy. Visual
analysis of the final orthomosaic shows
that the impact of positioning error is
small. Measurement results obtained from
orthomosaic are significantly better than
those obtained from GNSS receivers com-
monly used in the forest environment,
whose errors are still difficult to estimate
despite continuous development of naviga-
tion systems.

Conclusions

The speed of obtaining finished and pre-
cise orthomosaic with the use of inexpen-
sive unmanned platforms constitutes an
advantage over other technologies. The er-
ror in estimation of the forest boundary
obtained in the study at a level of 1.66 m is
acceptable from the perspective of for-
estry management. The study by Salek et
al. (2013) indicate that estimation error of
the actual forest boundary can be several
tens of meters. Taking into account the
high precision of the obtained photogram-
metric material, it can be assumed that es-
timation of areas of clearings and gaps in
managed forests that are larger than 200
m> (Muscolo et al. 2017) is entirely suffi-
cient. The obtained results confirm the as-
sertion that application of inexpensive UAV
solutions is entirely sufficient as a source of
data for forest inventory. Taking into ac-
count the archived results the following
conclusions may be made:
* although the accuracy of an autonomous
GNSS receiver applied in inexpensive un-
manned platforms is low, it can be par-
tially reduced by photogrammetric soft-
ware;
an orthomosaic obtained from a pho-
togrammetric survey carried out by an in-
expensive unmanned platform is of high
precision on the clear texture objects;
however, accuracy decreases to one me-
ter in pure forest conditions.
the application of GCP lacks financial justi-
fication when obtaining spatial data for
environmental analyses based on a single
UAV flight mission;
the selection of the type of photogram-
metric software should be based on the
combination of its price, the computer’s
loading during processing and the preci-
sion achieved by the completed orthomo-
saic;
in order to obtain correct height coordi-
nates there is a need to use GCPs or exist-
ing precise DTM from ALS.
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