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Summary: This paper describes the generation of
multi-temporal crop surface models (CSMs) with
very high resolution of < 0.05 m. Data collection
was carried out with a low-cost and low-weight
UAV-system with a weight of less than 5 kg and the
possibility of mounting different sensors. Key fo-
cus is the detection of crop growth variability and
its dependency on cultivar, crop treatment and
stress. The study area is a barley experiment field in
Bonn in the west of Germany. Four replications of
four cultivars of barley were investigated of which
half of them where treated with a fungicide. Five
UAV-campaigns were carried out during the grow-
ing season between early May and late July 2012.
Ground control points (GCPs) measured with a Hi-
Per Pro Topcon DGPS allowed for appropriate
ground truth (< 0.02 m). Ground based infield con-
trol surveys on three dates served as validation of
the method. Additionally, various destructive and
non-destructive ground data were collected. The
stereo images captured were processed into CSMs
by using the structure-from-motion (SfM) software
Agisoft PhotoScan. Generated plant heights ranged
between 0.16 m and 0.983 m. R? (n = 32) for the cor-
relation between plant heights in the CSM and in-
field control surveys is 0.69. Lower plant heights
were detected in those plots of the field where no
fungicide was applied. Height differences between
cultivars were observed and increased during
growing season. The accuracy assessment of DEMs
generated with the proposed UAV-based imaging
showed a correlation coefficient of 0.99 (n = 10) be-
tween the DGPS GCPs and the DEMs with a mean
difference of 0.01 m in z-direction.
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Zusammenfassung: Monitoring des Pflanzen-
wachstums mit Hilfe multitemporaler und hoch auf-
l6sender Oberflichenmodelle von Getreidebestdin-
den auf Basis von Bildern aus UAV-Befliegungen.
Dieser Beitrag beschreibt die Erzeugung von mul-
titemporalen Oberflichenmodellen von Getreide-
bestdnden (crop surface models, CSMs) mit einer
sehr hohen Auflésung von <0.05 m. Die Datener-
fassung wurde mit einem kostengiinstigen UAV-
System mit einem Gewicht von weniger als 5 kg
durchgefiihrt, welches die Moglichkeit der Anbrin-
gung verschiedener Sensoren bietet. Schwerpunkt
war die Detektion der Variabilitdt im Pflanzen-
wachstum und die Abhéngigkeit von Sorte, Pflan-
zenbehandlung und Stress. Das Untersuchungsge-
biet liegt in Bonn im Westen Deutschlands und be-
steht aus 32 Testflichen, die mit viermaliger Wie-
derholung mit je vier Gerstensorten bepflanzt wur-
den, Die Hilfte der Pflanzen wurde mit einem
Fungizid behandelt. Die Untersuchung umfasste
fiinf UAV-Kampagnen wéhrend der Vegetationspe-
riode zwischen Anfang Mai und Ende Juli 2012.
Passpunkte (GCPs), gemessen mit einem HiPer Pro
Topcon DGPS, sorgten fiir eine entsprechende
Georeferenzierung (<0.02 m). Kontrollmessungen
im Feld an drei Terminen dienten zur Validierung
der Methode. Zusitzlich wurden weitere destrukti-
ve und nicht-destruktive Felddaten erhoben. Aus
den Stereobildern wurden unter Verwendung der
Structure-from-Motion (SfM) Software Agisoft
PhotoScan CSMs erzeugt. Die abgeleiteten Pflan-
zenhdhen lagen zwischen 0,16 m und 0,983 m. Das
R? fiir die Korrelation zwischen Pflanzenhdhe im
CSM und den Kontrollmessungen liegt bei 0,69.
Niedrigere PflanzenhShen befanden sich in unge-
spritzten Teilen des Feldes. Hohenunterschiede
zwischen den Sorten wurden festgestellt, die sich
wihrend der Vegetationsperiode verstdrkten. Die
Genauigkeitsanalyse des UAV-basierten DEMs
zeigte einen Korrelationskoeffizienten von 0,99
zwischen DGPS und DEM, mit einer mittleren Dif-
ferenz von 0,01 m in Z-Richtung.
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1 Introduction

Modelling canopy surfaces is a common ap-
plication of remote sensing methods. In for-
estry, stereo photogrammetry or airborne la-
ser scanning (ALS) are used for the extrac-
tion of canopy heights and surface modelling
(ST-ONGE et al. 2008). Spaceborne sensors like
TerraSAR-X combined with TanDEM-X ena-
ble stereo radargrammetric modelling of can-
opy heights (Perko et al. 2010).

Precision agriculture can benefit greatly
from remote sensing (MuLLa 2012). Small
experiment fields (<5 ha) like the one pre-
sented in this study can be easily monitored
using low-weight unmanned aerial vehicles
(UAVs). Producing multi-temporal datasets
of the whole vegetation period is essential for
obtaining reliable results in such experiments.

UAVs are already in use for capturing opti-
cal, spectral and thermal information (EISEN-
BEISS & SAUERBIER 2011, GRENZDORFFER et al.
2008, Hunr et al. 2010, HARTMANN et al. 2012).

The UAV-system used in this study is a low-
cost multi-sensor system with a weight of less
than 5 kg, a so called Mini-UAV (EISENBEISS
2009). Using a high resolution RGB consum-
er camera, stereo images can be captured and
processed into digital crop surface models
(CSMs) (Fig. 1).

The key focus is to detect differences in
plant height depending on cultivar, phenol-
ogy, crop treatment, or stress. The non-inva-

sive measurement of plant height is impor-
tant due to its correlation to biomass and oth-
er crop parameters (HANSEN & SCHJOERRING
2003, THENKABAIL et al. 2000). In this context,
HorrMmEISTER et al. (2010) introduced the con-
cept of multi-temporal CSMs for monitoring
plant growth between phenological stages
with terrestrial laserscanning. Comparison of
the CSMs for different phenological stages al-
lows for the detection of crop growth variabil-
ity and absolute plant height. This approach of
analysing CSMs is shown in Fig. 1. The plant
height (PH), e.g. at time t, results from t, mi-
nus t,. The plant growth (PG), for example
from time t, to time t, results from t, minus t,.

In this study, the idea of investigating mul-
ti-temporal CSMs is transferred to very high
resolution CSMs derived from stereo images
captured by a UAV.

2 Data Acquisition
2.1 Study Area and Dataset

The study area is located in the city of Bonn
in the west of Germany (Fig.2). In 2012 the
Institute for Agricultural Plants and Resource
Protection (INRES) — Horticultural Science
established an experiment field with four dif-
ferent cultivars of barley with different resis-
tances to plant diseases.

The aim of the experiment is to determine
the response to natural pathogens using non-
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Fig. 1: Multi-temporal crop surface models (CSMs).
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destructive measurement techniques. A pro-
tective and curative fungicide against three
common plant diseases was applied to the
control sample plants (grey plots in Fig.2).
All other horticultural activities were left un-
changed. Four replications of every cultivar
for both treatments were planted in 1.5 m x
7 m plots in a randomised order surrounded by
boundary plots which were not used for mea-
surements.

N Germany

66.8 m

g

4

Fig.2: Study area — 4 replications of 4 cultivars
of barley (1, 2, 3, 4) planted in randomised or-
der, two treatments. Grey: treated plots, white:
untreated plots, dashed line: replication 4
(treated).

Fig.3: MK-Oktokopter by HiSystems GmbH
mounted with RGB sensor.

The ground based data collection was seper-
ated into destructive sampling of biomass,
plant N- and chlorophyll content, and non-de-
structive data acquisition of plant height, hy-
perspectral, and fluorescence data. Field data
campaigns were carried out repeatedly dur-
ing the growing season. UAV campaigns were
conducted on 14.5., 25.5., 5.6, 18.6. and 23.7.12
using an RGB sensor (see section 2.3). 18
ground control points (GCPs) were established
on the corners of the plots for ground truth. In-
field control surveys of the plant heights were
carried out on the 25.5., 5.6. and 18.6.12.

2.2 Platform

The UAV-system is a MK-Oktokopter by
HiSystems GmbH (HiSystems GmBH 2013). It
consists of a point-symmetrical frameset com-
posed of aluminium and glass fibre reinforced
plastics (Fig. 3). The total weight of the system
including battery is less than 2.5 kg. An ad-
ditional payload of up to 1 kg is possible. The
cost of the entire system not including the sen-
sor is around 3,000 €. The eight engines are
equipped with high performance propellers.

The electronics include high-quality gyro-
scopes, a pressure sensor, a compass module
and a GPS module (MikrokopTER 2013a). Us-
ing the open source software Mikrokopter-
Tool (MikrokoPTER 2013b) pre-defined flight
routes in a sense of an auto-pilot can be car-
ried out in autonomous flight mode. Lithium
polymer batteries with up to 6,600 mAh ca-
pacity enable flight times of around 15 min-
utes depending on the payload. The additional
transmitter channels of the 2.4 GHz transmit-
ter remote control are used for camera trigger-
ing (BENDIG et al. 2012).

2.3 Sensor

The RGB sensor is a Panasonic Lumix
DMC GF3 with a Lumix G 20 mm (F1.7
ASPH) lens. The weight is 400 g and the sen-
sor resolution is 4016 x 3016 (12 million) pixel
(Panasonic 2013).

The field of view (FOV) of the camera is
48.5° horizontal and 33.4° vertical resulting in
an image size of 90 m x 60 m at a distance of
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100 m. Aperture and exposure times are ad-
justed and fixed manually prior to each flight.
Due to the manual triggering of the camera an
individually adapted camera holder with a me-
chanical trigger is used and operated by the
remote control of the UAV-system.

2.4 Data Acquisition

Wooden poles with 0.3 m x 0.3 m highly vis-
ible targets attached to them were used as
GCPs. Those were measured using a HiPer
Pro Topcon DGPS with a horizontal and ver-
tical accuracy of < 0.01 m according to own
evaluations (0.02 m according to Ascos PED
2010). Horizontal coordinates of eight data ac-
quisition points were taken in the field which
were used as waypoints for the flight route, re-
sulting in a 50% overlap of the images, cover-
ing the whole experimental field in one flight.
Several flights were carried out for each field
campaign with the sensor mounted in nadir
position with constant orientation and flying
height. For the Panasonic Lumix DMC GF3
a height of 30 m was chosen resulting in a
FOV of 18 m x 27 m and ground resolution of
0.006 m.

For the infield control surveys a ruler was
placed next to the plants on three positions
in each of the 32 plots to determine the mean
plant height per plot with a 0.01 m precision.
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Plant heights per plot vary 0.1 m on an aver-
age.

2.5 Data Processing

The overall workflow of data processing is
presented in Fig. 4. For the generation of the
CSM the multi-view 3D reconstruction soft-
ware Agisoft PhotoScan 0.9.0 (Acisort 2013)
was used which is based on a structure-from-
motion (SfM) algorithm (VERHOEVEN 2011).
SfM allows for the estimation of the unknown
camera positions through comparison of de-
tected image feature points, e. g. object edges,
in multiple images (SzeLiskr 2010). Despite of
the fact that Agisoft PhotoScan and, in gen-
eral, the use of SfM algorithms for DEMs de-
rived from UAV-based imagery is becoming
more and more popular since 2012, quite lit-
tle literature on comparable studies has been
published. Papers by NEeitzeL & KroNowski
(2011), VERHOEVEN et al. (2012) and DE REeu
et al. (2013) suggest that the software shall be
well suited for such applications.

For each date (except 23.7.) two partly over-
lapping tiles were generated, one covering the
treated plots of the experiment field and one
covering the untreated plots. However, a com-
plete model could be generated as well. Due to
computation and calculation time, we split the
model into two parts. The point clouds con-
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Fig.4: Data Processing workflow for the generation of CSM (CSM.asc) from RGB images
captured by UAV (photos.jpg) in Agisoft PhotoScan and further processing for analysis based

on each plot in Esri ArcGIS.
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sisted of 12 million points per model on av-
erage. As a result, the 4th replication of the
untreated plots was covered in both datasets
(Fig.5).

GCPs were identified manually on each
photo and assigned to the coordinates mea-
sured by the DGPS (Fig. 4). In a batch process
the images were aligned to each other, the
CSM was built.

Via an ASCII-file it was transferred to a ras-
ter file in Esri ArcGIS 10.1. A shapefile con-
taining the outlines of the plots, reduced by a
0.3 m inside buffer to reduce plot boundary ef-
fects, served as a mask to extract areas of in-
terest (AOI). After that, data were resampled
to a raster size of 0.1 m and smoothed by cal-
culating the focal mean of 3 x 3 pixel rectan-
gles. A ground model was constructed from z-
data of the GCPs (t,in Fig. 1). Each CSM was
subtracted from the ground plane using the
AOI shapefile to obtain plant height per plot.
In a last step, general statistics including mean
plant height and standard deviation were cal-
culated for each date and plot.

Five datasets were collected during the
growing season of which four could be used
for analysis. For t, (23.7.), the CSM could only
be generated for parts of the experiment field

due to image quality (see Tab. 1). Image qual-
ity was decreased because of strong wind dur-
ing data collection and lodging caused by a
thunderstorm a few days before. Furthermore,
parts of the CSM for t; (16.5.) and t, (18.6.)
could not be modelled satisfactorily (t,: rep-
lications 1-4 treated, replication 2 untreated;
t,: replication 4 treated, replication 3 and 1
untreated) resulting in unrealistic values for
plant height. Those datasets were partly ex-
cluded from the analysis and are referred to
as “selected data” in the following (Tab.2,
Fig. 7). Results of the analysis are present-
ed for all data and selected data of sufficient
quality.

3 Results
3.1 Statistics

Tab. 1 illustrates minimum, maximum, range,
mean, and standard deviation (std.) of plant
height for the whole experimental field ac-
cording to date (t) and measurement tech-
nique (CSM or infield control survey). Plant
heights generated from CSMs range from
0.16 m to 0.983 m over all dates. Ranges for

Tab. 1: Descriptive statistics of plant heights (m) derived from CSMs and infield control survey ac-
cording to date (std. = standard deviation, RMSE = root-mean-square error).

date t, t, t, t, Us
= = s = =
v ; v < o
= & v = <
min 0.160 0.354 | 0.595 | 0.454 0.228
max 0.309 0.512 | 0905 | 0.874 0.983
s | range 0.149 0.158 | 0310 | 0420 0755
O | mean 0.241 0451 | 0772 | 0688 0.595
std. 0.028 0032 | 0062 | 0075 0.160
RMSE 0.256 0453 | 0815 | 0683 0.892
min 0370 | 0.685 | 0.850
&' | max 0.590 | 0.855 | 1.060
= 5 | range ;% 0220 | 0170 | 0.210 §
£ B | mean o 0.509 | 0763 | 0.950 °
S [ st 0.054 | 0.045 | 0.058
RMSE 0702 | 0755 | 0940
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each date vary between 0.149 m and 0.755 m
and increase with development of vegetation
(range (t;) > range (t,)). The mean plant height
increases for t, to t, and decreases for t, to t..
Standard deviation increases continuously
with the vegetation development (std. (t,) >
std. (t,)). For the infield control surveys, plant
heights range between 0.370 m and 1.06 m for
all dates (t, to t,). Ranges for each date vary
between 0.17 m and 0.22 m which is signifi-
cantly lower compared to the CSM heights.
Mean plant height increases from t, to t, while
the standard deviation varies without a trend.
The average difference of mean plant height
between CSM and infield control survey is
under 0.01 m for t, and t, but one magnitude
higher for t,. R? (correlation, n = 32) for both
measurement techniques are 0.55 (t,), 0.22 (t,)
and 0.71 (t,). The overall correlation is 0.69 (n
= 96) for the three dates altogether. For select-
ed data, overall correlation decreases to 0.62
(n = 64), because some values were removed
(R?t,=0.43 (n=12), R*t, = 0.68 (n = 20)).

3.2 Crop Surface Models

In Fig.5 an example of the generated CSM
with 0.006 m resolution is presented for t,
(25.5.) starting with replication 1 (treated) in
the north. The experiment plots, e. g. red rec-
tangle in Fig. 5, are surrounded by two bound-
ary plots on one side and three on the other
side.

The plots can be clearly distinguished from
each other and from the surrounding bare soil.
Since the model was separated into two tiles,
seamlines are visible. Tiles were not merged
in order to keep the original data and to fa-
cilitate the comparison between the datasets.
A closer look at replication 4 (treated) for t;
tot, (Fig. 6) allows for the detection of possi-
ble differences in the datasets. Blue surfaces
show plant height for t, (14.5.). An increasing
height difference to the south (mean: 0.08 m,
max: 0.18 m) is noticeable. For t, (25.5.), green
surfaces in Fig. 6, the maximum difference is
considerably lower with 0.11 m and the mean

Fig.5: CSM — Overview of study area (t,: 25.5.2012), red rectangle: replication 4 (treated) (Esri
ArcScene).
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Fig. 6: Cross section of CSM — replication 4 (treated): height comparison (t, — t,) for two datasets
of overlapping tiles (t, = grey, t, = light and dark blue, t, = light and dark green, t, = light and dark

red) (Esri ArcScene, height 2 times exaggerated).
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difference 0.02 m. The red surfaces in Fig. 6 of
t, (5.6.) show maximum differences of 0.36 m
and a mean of 0.01 m due to the surface on top
increasing in height towards north.

3.3 Plant Height Development

The analysis of plant height and the growth ac-
cording to cultivar and treatment is presented
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Fig.7: CSM — mean plant height comparison according to date, cultivar and treatment; a: treated
(all data), b: untreated (all data), c: treated (selected data), d: untreated (selected data) (for defini-

tion of “selected data” see 2.4.).

Fig. 8: Experimental design of accuracy assessment (left: photo, right: DEM): Reference points
are four GCPs, two different sized Peli Cases and 4 corners of the UAV transport box.
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in Tab. 2 and Fig.7 for all data and selected
data (in brackets).

Fig. 7 shows that plants in untreated plots
are generally smaller than plants in treated
plots. Numbers in Tab.2 give more details,
for example cultivar 1: 0.295m compared
to 0.165m for t minus t,. Looking at col-
umn t, minus t,, plants in untreated plots are
0.109 m (0.118 m) lower on average (mean
height treated: 0.749 m (0.755 m) and untreat-
ed: 0.639 m (0.636 m)).

In general, height differences increase be-
tween cultivars during the growing season,
e. g. orange bars compared to green bars in
Fig. 7a or Tab. 2: 0.016 m for t, minus t, com-
pared to 0.135m for t, minus t, for treated
plots, all data. Mean heights between culti-
vars differ by 0.135m (0.138 m) for treated
plots and 0.065 m (0.137 m) respectively for
untreated plots (t, minus t;). For t, minus t;
cultivar 3 has the smallest heights while the
cultivar with most growth is cultivar 4 for the
treated plots and cultivar 2 for the untreated
plots (t, minus t).

3.4 Accuracy Assessment

To determine the quality of DEMs generated
from stereo images acquired with the UAV-
system an accuracy assessment was carried
out (Fig.8). X-, y- and z-coordinates of test
targets and four GCPs were measured us-
ing DGPS and compared to pixel values in
the DEM (flying height 30 m). The test tar-
gets were two Peli Cases of different sizes of
which each midpoint was measured and the
transport box for the UAV (0.75 m x 0.75 m x
0.365 m) of which the four corners were meas-
ured. Z-values and differences between DGPS
and DEM are presented in Tab 3. Numbers in
italic mark differences measured for the four
corners of the transport box. The mean height
difference is 0.01 m which is in the same order
as the accuracy of the DGPS measurement of
0.01 m in z-direction. The differences for the
corners of the transport box are above aver-
age with 0.02 m which is probably due to the
grooved surface of the box. R? for the correla-
tion between DGPS and DEM is 0.99.

Tab. 2: Plant height and growths (m) (t, —t,) according to cultivar and treatment. Shading in the last
column indicates ranking of the amount of growth according to cultivar (dark = big, bright = small)

(for definition of “selected data” see 2.4.).

date t, |t—t, |-t |6t | t—t, -t | t—t, | t—t; t-t, -t |t
cultivar

1 0.000 | 0.295] 0.210 | 0.505 | 0.282 0.492 | 0.787 |-0.045 0.237 0.447 | 0.742
2 § 0.000 | 0.293 ] 0.219 ] 0.511 | 0.289 0.508 | 0.800 | -0.037 0.252 0.471 | 0.763
3 - § 0.000 ] 0.305] 0.179 | 0.484 ] 0.286 0.465 | 0.770 | -0.093 0.193 0.372 | 0.677
4 § 0.000 ] 0.308 | 0.203 | 0.511 | 0.316 0.520 | 0.828 | -0.016 0.300 0.503
1 5 3 0.000 ] 0.165 | 0.228 | 0.393 | 0.326 0.554 ] 0.719 | -0.103 0.222 0.450
2 § 0.000] 0.173 | 0.236 | 0.409 | 0.370 0.606 | 0.780 | -0.111 0.260 0.496
3 £ 10.000]0.183 | 0.230 | 0.413 | 0.282 0.512 | 0.695 |-0.092 0.190 0.421 | 0.604
4 = 10.000]0.185 | 0.231 | 0.416 | 0.335 0.566 | 0.751 | -0.083 0.252 0.483 | 0.668
1 0.000 ] 0.295] 0.210 ] 0.505 ] 0.228 0.437 | 0.732 | 0.004 0.232 0.442 | 0.737
2 B 0.000 | 0.29310.219 | 0.511 | 0.267 0.485] 0.778 |-0.003 0.264 0.482 | 0.775
3 § § 0.000 ] 0.305 | 0.179 | 0.484 ] 0.220 0.399 ] 0.704 |-0.020 0.200 0.379 | 0.684
4 E 0.000 ] 0.308 | 0.203 | 0.511 | 0.309 0.513 ] 0.821 | 0.001 0.311 0.514
1 ‘;‘g) 3 0.000 | 0.165 | 0.228 | 0.393 0.252  0.480
2 2 3 0.000 ] 0.173 ] 0.236 | 0.409 1o data 0.284 0.520
3 E 0.000 ] 0.183 | 0.230 | 0.413 0.143  0.373 | 0.556
4 = 10.000]0.185 | 0.231 | 0.416 0.233 0.464 | 0.649
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Tab. 3: Comparison of heights (m) measured by DGPS and pixel values of DEM for accuracy as-

sessment.
DGPS DEM Difference
126.261 126.257004 0.003996
126.151 126.164001 —0.013001
126.181 126.166000 0.015000
126.219 126.224998 —0.005998
126.529 126.504997 0.024003
126.409 126.393997 0.015003
126.713 126.728996 —0.015996
126.730 126.704002 0.025998
126.734 126.707001 0.026999
126.716 126.691002 0.024998
mean 0.0101002

4 Discussion and Conclusion

The study area, experiment design and valida-
tion results underlined the suitability of stereo
images from optical cameras mounted on UAV
systems for crop growth monitoring. This en-
ables DEM/CSM generation for agricultur-
al purposes (HorrmEISTER et al. 2010). Other
campaigns like the ones by GRENZDORFFER et
al. (2008), Hunt et al. (2010) and LeLoNG et al.
(2008) already mentioned the great potential
of UAVs in the field of agriculture.

The MK-Oktokopter by HiSystems GmbH
low-cost platform produces competitive re-
sults to the often used Microdrone MD4-200,
Falcon 8 (EisenBEiss & Sauersier 2011) and
other UAVs (e. g. ABER et al. 2010, EISENBEISS
et al. 2005, VALLET et al. 2011).

Still some improvements will be made in
the future: the UAV-system will be equipped
with a camera holder that enables pitch and
roll compensation during the flight. This en-
sures the capture of images in nadir position
during movement of the UAV-system. A cam-
era with increased resolution will be used (Pa-
nasonic Lumix DMC GX1, 16 mio. pixel) in
order to increase ground resolution. It can be
triggered electrically which makes image ac-
quisition more reliable compared to a mechan-
ical trigger.

Size, design, texture and number of the
GCPs were suitable for the study since they

could be clearly identified in the images. With
increasing density and height of vegetation
the visibility of the GCPs at the chosen place-
ment was obstructed by plants in some cases.
To enhance data quality GCPs will be placed
in unobstructed positions. The accuracy of
the GCPs could be slightly improved by us-
ing a total station as HARWIN & Luciker (2012)
found out, but would make data collection
more time consuming.

Flight planning including flight route gen-
eration and data acquisition points enabled
capturing images of the whole study area. For
t;, t, and t; weather conditions during data col-
lection, mainly wind, influenced the quality of
the CSMs. Generally weather conditions limit
the applicability of a UAV-system for data col-
lection.

The overlap of 50% between the imag-
es will be increased in the future in order to
cover the study area from numerous positions
leading to a greater variety of viewing per-
spectives. HaALA & ROTHERMEL (2012) used
80% overlap, stating that using additional ste-
reo pairs enhances the point clouds, especially
in previously occluded areas.Another study by
HAaRTMANN et al. (2012) suggest 90% overlap
leading to 0.01 m horizontal and 0.03 m verti-
cal accuracy.

Different settings were tested in Agisoft
PhotoScan showing that model quality in-
creased with the amount of photos used for
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model generation. This is also stated by Ros-
ERTS et al. (2011). The number of photos taken
during the flights will be increased in the fu-
ture because higher accuracy is expected. The
inclusion of photos that were discarded before
due to insufficient sharpness, exposure or cov-
erage of the area did not decrease the model
quality but on the contrary led to increased
model quality in some cases.

Dividing the model of the study area into
two tiles led to datasets with manageable data
size and provided the opportunity of model
comparison. The comparison showed satisfy-
ing results for good quality data (e.g. t,, Fig. 6)
with a mean difference of z-values of 0.02 m.
An error of this magnitude corresponds to
the results of the accuracy assessment which
shows a mean error of 0.01 m. HARwIN & Lu-
CIEER (2012) achieved an accuracy of 0.025 cm
—0.04 cm with a DGPS at a comparable flying
height of 40 m — 50 m. Taking other sources of
error into account like inaccuracies caused by
moving plants during data acquisition or inac-
curacy of the DGPS, the resulting CSMs en-
able plant growth monitoring with very high
accuracy.

The comparison of plant heights derived
from CSM and infield control surveys showed
that for t, the range of values is twice as large
in the CSM (0.42 m) compared to the infield
control survey (0.21 m). This is mainly due to
the underestimation of heights in the model es-
pecially in the southern part of the field where
the untreated plots are located. In this part of
the field the range of height values is about
0.06 m larger compared to the northern part of
the field. The same is true for the mean height
difference between CSM and infield control
survey compared to treated plots. Two possi-
ble sources of error might account for those
differences: The CSMs become more complex
with progressing phenology as differences in
plant heights increase. This makes modelling
difficult as only one viewing perspective (na-
dir) was chosen and some areas might not have
been covered sufficiently. HARWIN & LUCIEER
(2012) suggest data collection from different
perspectives. This would further increase the
time required for data collection. Continuous
acquisition of nadir images using the electri-
cal trigger could address this problem avoid-
ing time consuming measurements.

A second reason is the accuracy of infield
control surveys. Determining average plant
height is difficult due to high variability of
heights in a plot and the fact that plants are
moving by wind. A higher number of samples
for the control surveys could help to increase
accuracy.

Fig. 6 shows that with the method present-
ed in this study it is possible to derive mul-
ti-temporal CSMs similar to the concept pre-
sented in Fig. 1. The transferability of the con-
cept used for a TLS (HorrMEISTER et al. 2010)
to a different platform, the UAV, is possible.
The partial models show a similar surface pro-
file, if the quality of the raw data is sufficient
(problematic are: t,, t, and t,).

The statistical analysis of the models showed
detectable differences between growth ac-
cording to the cultivar and the treatment.
When plants were treated with fungicides,
the overall plant height was 15% higher com-
pared to untreated plants. The plant heights of
cultivar 3 were 14% lower compared to better
growing cultivars 2 and 4.

5 Outlook

In the planned field campaign of 2013, the re-
sults obtained from the CSM analysis will be
combined with data captured by a multispec-
tral (Tetracam’s MiniMCA) and a thermal
sensor (NEC F301IS) (BenpiG et al. 2012). Thus
additional spectral and thermal patterns will
be analysed between plant height, which is
linked to biomass, vegetation indices, derived
from multispectral data (Hunt et al. 2010),
and plant temperature (Bernt et al. 2009), de-
rived from thermal data. Additionally, the ap-
proach will be applied to different crops with
varying growth patterns like rice, sugar beet
and maize in 2013 in order to investigate the
transferability of the concept of multi-tempo-
ral CSMs.
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