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Summary: The non-destructive monitoring of
crop growth status with field-based or tractor-based
multi- or hyperspectral sensors is a common prac-
tice in precision agriculture. The demand is given
for flexible, easy to use, and field scale systems with
super-high resolution (< 20 cm) or on single plant
scale to provide knowledge on in-field variability of
crop status for management purposes. Satellite-
and airborne systems are usually not able to pro-
vide the spatial and temporal resolution for such
purposes within a low-cost approach. The develop-
ments in the area of Unmanned Aerial Vehicles
(UAV) equipped with hyperspectral sensor systems
may be suited to fill that niche. In this contribution,
we introduce two hyperspectral full-frame cameras
weighing less than 1 kg which can be mounted to
low-weight UAVs (< 3 kg). The first results of a
campaign in June/July 2013 are presented and the
derived spectra from the hyperspectral images are
compared to related spectra collected with a porta-
ble spectroradiometer. The first results are promis-
ing.

Zusammenfassung: Leichte und UAV-getragene
hyperspektrale, bildgebende Kameras zur Beob-
achtung von landwirtschaftlichen Pflanzenbestdn-
den: spektraler Vergleich mit einem tragbaren
Feldspektrometer. Die nicht-destruktive Beobach-
tung von Pflanzenwachstum mit feldbasierten oder
traktorbasierten multi- oder hyperspektralen Sen-
soren ist eine géngige Praxis in der Prézisionsland-
wirtschaft. Um Wissen tiber die Variabilitdt des
Pflanzenzustands im Feld fiir Managementzwecke
bereitzustellen, werden flexible, multitemporal ein-
setzbare und einfach zu bedienende Systeme zur
Erfassung ganzer Felder mit extrem hoher Aufl-
sung (< 20 cm) oder fir Einzelpflanzen benétigt.
Satelliten- und flugzeuggetragene Systeme sind in
der Regel nicht in der Lage, diese rdumliche und
zeitliche Auflosung fiir solche Anwendungen be-
reitzustellen, bzw. dies wire mit einem nicht ver-
tretbaren finanziellen Aufwand verbunden. Die
Entwicklungen im Bereich der Unmanned Aerial
Vehicles (UAV) sowie der hyperspektralen Sensor-
technik scheinen genau diese Nische zu fillen. In
diesem Beitrag stellen wir zwei hyperspektrale Ka-
meras mit einem Gewicht von weniger als 1 kg vor,
die mit leichten UAVs (< 3 kg) geflogen werden
konnen. Wir prisentieren die ersten Ergebnisse ei-
ner Kampagne im Juni/Juli 2013 und vergleichen
die aus den hyperspektralen Bildern abgeleiteten
Spektren mit entsprechenden Spektren eines trag-
baren Feldspektrometers. Die ersten Ergebnisse
sind vielversprechend.
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1 Introduction

In Precision Agriculture (PreAg), sensor-
based monitoring of crops to derive plant
growth parameters and yield are in the focus of
research to support proper crop management
(Mutrra 2013). Therefore, the applications of
remote and proximal sensing methods are key
technologies in PreAg (OErkE et al. 2010). Be-
sides monitoring crops, sensing technologies
are also widely used for measuring soil and
environmental parameters (WHELAN & Tav-
LOR 2013). Hyperspectral remote and proximal
sensing is intensively investigated for the de-
tection of crop nitrogen (N) content, biomass,
yield and crop stress (Koppk et al. 2012, L1 et
al. 2010, OERrkE et al. 2010, THENKABAIL et al.
2000, Yu et al. 2013). In general, the remote
sensing approaches described in the literature
are satellite- or airborne (manned airplanes).
For proximal sensing approaches, portable
field spectrometer are used for canopy or leaf-
level sensing (Gnyp et al. 2014, Yu et al. 2013).
In the last years, efforts have been undertaken
to make hyperspectral data more frequently
available and sensing methods for a specific
crop growth stage were investigated (AASEN et
al. 2014, GNyp et al. 2013). The latter is a pre-
condition for monitoring plant growth behav-
iour by multi-temporal campaigns during phe-
nology which enables the detection of abiotic
and biotic stresses (LAUDIEN & BARETH 2006,
Laupien et al. 2006).

For the consideration of specific pheno-
logical stages in non-destructive sensing ap-
proaches, a very flexible platform is needed.
Usually, satellite- or airborne sensors can-
not provide such multitemporal data within a
fixed time slot of a few days (Zuang & Ko-
vAcs 2012). Besides the demand for high tem-
poral resolution in crop monitoring approach-
es, a high spatial resolution is in the focus of
PreAg resulting in increased knowledge on
within-field variability of crop growth. Un-
manned aerial vehicles (UAVs) also known as
unmanned aerial systems (UAS) or remote-
ly-piloted aerial systems (RPAS) are remote
sensing platforms combining very high flex-
ibility in temporal scale and very high resolu-
tion in spatial scale (ZHANG & Kovacs 2012).
The potential of UAV-based imaging in agri-
cultural applications is already well described

by ZuanGg & Kovacs (2012), CALDERON et al.
(2013), Zarco-Teiapa et al. (2012) and others.

The fast technological progress and de-
velopments are not only found for UAV plat-
forms, but also for sensor development (Ba-
RETH et al. 2011, BEnDIG & BARETH 2014). Elec-
tronic devices were continuously minimized
in the last years which resulted in low-weight
sensors being very capable for the integration
in small remote sensing platforms (CoLoMINA
& MoLina 2014). Hence, in 2013 two new hy-
perspectral, full-frame imaging spectrometers
were introduced, the Cubert UHDI185 “Fire-
fly” (www.cubert-gmbh.de) and the Rikola
hyperspectral camera (www.rikola.fi), and in
2014 the BaySpec OCI-1000 (www.bayspec.
com). All three low-weight (< 1 kg) cameras
cover the spectral VIS/NIR domain but use
different technologies. The Rikola and the
Cubert sensors were flown in a first campaign
in June/July 2013. The objectives of this con-
tribution are (i) to introduce the two hyper-
spectral frame cameras, which document a
new milestone in hyperspectral imaging spec-
troscopy, and (ii) to compare spectra from the
images acquired by UAV-campaigns on bar-
ley field experiments with spectra measured
with the fieldspectroradiometer FieldSpec3 by
ASDI (www.asdi.com).

2 Study Area, UAV, and Sensors

The field experiment is located on the research
farm of Bonn University, called Campus
Klein-Altendorf, which is outside of the city
of Bonn in Rheinbach. The field campaigns
were carried out within the Crop.Sense.net
project’s activity, coordinated by the Insti-
tute of Crop Science and Resource Conserva-
tion of Bonn University (www.cropsense.de).
Crop.Sense.net is one of the BMBF Networks
of Excellence in Agricultural and Nutrition
Research, which are funded by the German
Ministry for Education and Research (BMBF)
and by the European Union Funds for regional
development. In Klein-Altendorf, the central
field experiments of Crop.Sense.net for barley
and sugar beet have been conducted. For this
study, multi-temporal UAV campaigns were
flown over barley in 2013. The experiment
covers 36 plots (each 3 by 7 m) with 18 barley
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varieties and two nitrogen treatments (40 and
80 kg/ha). For this first spectral comparison
and evaluation, only selected plots (plot num-
bers 41, 42, and 43) are investigated.

For the UAV campaigns, a HiSystems MK
Oktokopter was flown which is a low-cost
(<2000 €) and low-weight UAV (< 1.5 kg).
The latter is an important fact due to the
aviation regulations in Germany which al-

Fig. 1: Top: MK Oktokopter is prepared for a
flight campaign with the Rikola hyperspectral
camera, middle: Cubert UHD185 Firefly is cali-
brated against a white panel before take-off,
bottom: UHD185 in the air mounted on a MK
Oktokopter.

low commercial and non-commercial imag-
ing campaigns with UAVs weighing less than
5kg. The MK Oktokopter has a payload of
up to 1 kg and a flight endurance of approxi-
mately 15 min. It can be auto-piloted by using
waypoints. The UAV platform is described
in detail by Benpic et al. (2013). Two hyper-
spectral full-frame cameras were mounted to
the UAV and were flown separately after each
other over the same experimental fields. In
Fig. 1 (top), the MK Oktokopter is shown be-
fore take-off with the mounted Rikola hyper-
spectral camera (RHC), which is based on Pie-
zo-Actuated Fabry-Perot Interferometer (FPI)
(MAKELAINEN et al. 2013). FPI enables tune-
able wavelength settings resulting in a time
lag for each wavelength (MAKELAINEN et al.
2013). The wavelength is produced by a tune-
able air gap (vacuum) between two optical lay-
ers (Honkavaara et al. 2013). Therefore, the
spectral wavelength is a function of the size of
the air gap. The tuning of the air gap results in
an individual image acquisition for each spec-
tral band with a CMOSIS CMOS image sen-
sor recording 1 megapixel (MAKELAINEN et al.
2013). The RHC covers the spectral region be-
tween 400 nm to 950 nm. Before take-off, the
RHC can be calibrated against a white refer-
ence panel. The images are saved onboard on
a SD card.

The Cubert UHDI85 Firefly is designed and
developed by the Institute of Laser Technolo-
gies in Medicine and Metrology at the Univer-
sity of Ulm and the Cubert GmbH, Germany.
The camera records hyperspectral full-frames
with 137 bands in a spectral range of 450 nm
— 950 nm. A silicon CCD chip captures an
image with 1000 by 970 grayscale pixels as
well as 50 by 50 hyperspectral pixels. At a fly-
ing altitude of 30 m the grayscale image has a
ground resolution of about 1 cm and a pure hy-
perspectral ground resolution of about 20 cm.
However, the latter may be pan-sharpened by
the software of the manufacturer to the reso-
lution of the grayscale image. The footprint of
each scene at 30 m sensor to canopy distance
is about 10.3 m. In Fig. 1 (bottom), the UAV-
mounted UHDI85 is shown. As the RHC, the
UHDI85 may be calibrated against a white
reference panel (Fig. 1, middle). The typical
integration time to capture a full hyperspec-
tral data cube is 1 ms (clear sky). The UHDI185
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has to be flown with a mini-computer (MC)
which records the data. Additionally, the MC
runs the server application by which the cam-
era can be remotely controlled via WiFi.

The two cameras are differently remote
controlled during flight with an UAV. While
the measurement of the RHD is controlled by
an initialization file which has to be created
before the flight, the UHDI8S5 is controlled by
the mini-pc with a server application, which
may be configured and controlled through
WiFi. Depending on the user’s needs one of
the systems might be beneficial. Additionally,
both interfaces are currently still under devel-
opment and thus, will not be further presented
here.

For ground truth data collection, destruc-
tive samplings of biomass, plant N- and chlo-
rophyll content, and non-destructive sam-
plings of plant height, hyperspectral, and
fluorescence data were performed. Those
samplings were continuously carried out dur-
ing phenology. Canopy reflectance was meas-
ured in the barley experiment in 2013 with
an ASDI FieldSpec3 Pro (Analytical Spectral
Devices, Inc., Boulder, CO, USA). The Field-
Spec3 (FS3) measures the reflectance between
350 nm and 2500 nm with a sampling interval
of 1.4 nm in the visible near infrared (VNIR)
domain and with 2 nm in the shortwave infra-
red (SWIR) spectral region. The reflectance
was measured at a height of 0.5 m above can-
opy without a fore optic resulting in a 25° field
of view to minimize the background signals of
soil (Fig.2). FieldSpec3 campaigns were con-
ducted between 11 am and 2 pm local mean
time around solar noon. A condition for the

Fig.2: Sampling hyperspectral ground truth
with an ASD FieldSpecs3.

measurements is a mostly cloudless sky. A
white spectralon panel was used for continu-
ous calibrations. The same reference panel
was also used for the RHC and UHDISS5 cali-
bration (compare Fig. 1, middle). For each plot,
a total of six to eight FieldSpec3 spectra were
randomly taken to represent a mean plot re-
flectance.

3 Spectral Comparisons

The first UAV campaigns with the UHDI185
and the RHC were carried out on June 14®,
2013 (Fig.3). Both hyperspectral frame im-
agers operated successfully in the air after
mounting them to the MK Oktokopter. To
compare the spectral results for both camera
systems with the FS3 spectra, images were
taken at 30 m above ground level covering a
maximum of three plots per image. The spa-
tial resolution is as stated above.

Directly after the UAV-based image acqui-
sition the hyperspectral field measurements
were taken. For each plot, ten measurements
of the FS3 were averaged at six to eight posi-
tions (Fig.4). The measurements were taken
from the core of the plots to exclude border
effects. The spectra were than averaged to re-
present the plot’s mean reflectance. In Fig. 3, a
false colour image of the UHDI18S5 data is dis-

Fig.3: RGB image with the UHD185 covering
three barley plots (3 by 7 m each), June 14t
2013.
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played. The potential locations of the six FS3
measurements are shown in Fig. 4.

For retrieving the mean plot spectra of the
hyperspectral images, polygons with an in-
ner buffer of 0.3 m were digitized to reduce
border effects. Spatial statistics were comput-
ed for all pixels within a plot polygon to de-
rive mean spectra. In Fig. 5, the polygons are
visualized for the three plots, each covering
approximately 130,000 pixels of the UHD185
hyperspectral image.

Fig.4: Six randomized FieldSpec3 spectra
were taken for each plot on June 14, 2013.

3
=
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0,6 + Firefly Plot 42
« Firefly Plot 41
0,5 . Fieldspec-3 Plot 43
0.4 « Fieldspec-3 Plot 42
’ « Fieldspec-3 Plot 41

While the polygons in Fig.5 represent the
true area for calculating the spatial statistics,
the circles of the single hyperspectral field
measurements shown in Fig.4 do not repre-
sent the true location. The latter were captured
as shown in Fig. 2 but the locations were ran-
domly selected excluding areas of destructive
biomass sampling.

The mean spectra from the UHDI185 image
shown in Fig. 5 and the corresponding mean
spectra from FS3 are plotted in Fig. 6. The

Fig.5: Digitized polygons to calculate spatial
statistics for each plot from UHD185 hyper-
spectral image for June 14t 2013.

550

750 850 950 (nm)

Fig. 6: FieldSpec3 spectra vs UHD185 spectra for plots 41, 42, and 43 on June 14t 2013.
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lines with the denser dotted points represent
the FS3 data with higher spectral resolution
compared to the UHDI185 data with a lower
spectral resolution. The magnitude of reflec-
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Fig.7: OSAVI for the investigated plots from
FieldSpec3 and UHD185 spectra for June 14t,
2013.
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Fig.8: Mean FieldSpec3 spectrum for plot 42
with standard deviation (SD) and mean
UHD185 spectrum for June 14t 2013.

tance is similar and corresponds well. How-
ever, in the NIR, differences in the shape of
the spectra are visible. Additionally, a decline
of reflection in the UHDI8S5 spectra is obvious
for wavelengths longer than 900 nm.

To get an impression of the usability of the
sensors for vegetation indices (VIs) two com-
mon vegetation indices, the optimized soil-ad-
justed vegetation index (OSAVI) and the nor-
malized difference vegetation index (NDVI),
were calculated for the FS3 and UHDISS.
NDVI is widely used in remote sensing while
OSAVI reduces the soil background signals
(RonpEAUX et al. 1996) The first impression
of similar spectral pattern and magnitude are
confirmed for NDVI-like VIs. The OSAVI
from FS3 data and UHDI185 spectra are shown
in Fig. 7 for the investigated plots. They do not
show a significant difference having UHD185/
FS3 OSAVI values of 0.87/0.88, 0.86/0.87, and
0.85/0.88 for plots 41, 42, and 42, respectively.
Similar results were produced for NDVI cal-
culations (Fig. 11).

Additionally, the differences in the spectra
between the two sensors are partly within the
standard deviation (SD) of the FS3 measure-
ments. As an example, the FS3 spectrum with
the SD for plot 42 is displayed in Fig. 8. When
compared to the UHDI85 spectra, it is visi-
ble that in the NIR region the instruments are
within SD. The latter is not true for the red

. T
3
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3 + FS3 Plot 42
=
13 « FS3 Plot 43
04 » UHD185 Plot 42
» UHD185 Plot 43
0,3
0,2 -
0,1
0 ] T T T T T T T
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Fig.9: FieldSpec3 and UHD185 spectra for plots 42 and 43 on June 19t 2013.



Georg Bareth et al., Low-Weight and UAV-Based Hyperspectral Full-Frame Cameras 75

edge domain and the wavelengths longer than
900 nm. A small spectral shift to the shorter
wavelength is observable resulting in large
differences when calculating simple ratio VIs
from bands in the VIS spectral region.

Similar spectral properties can be described
for the UAV campaign with the UHDI185 on
June 19, 2013 (Fig. 9). In general, lower spec-
tral magnitudes can be observed for plots 42
and 43 in the NIR domain with both sensors
while magnitude and overall pattern of the
UHDI185 fit to the FieldSpec3 measurements.
Plot 41 was not investigated due to insufficient
coverage. Additionally, the aforementioned
shift of the UHDI85 occurs again in the red
edge domain towards shorter wavelength and
the performance from 900 nm onwards is
poor.

Finally, very different spectral patterns oc-
cur on July 8", 2013 (Fig. 10). It is clearly vis-
ible that the FS3 spectra show a very different
NIR pattern due to beginning of senescence.
This decrease in reflectance between 750 nm
and 800 nm is not captured by the UHDI85.
Additionally, the spectra show higher dif-
ferences in the VIS domain while the over-
all magnitudes are still comparable but much
weaker than before. The spectral shift towards
shorter wavelength is again a characteristic
for the red edge spectral regions and for the
poor performance above 900 nm.

The Rikola hyperspectral camera (RHC)
operates on a different technology, using a
Piezo-Actuated Fabry-Perot interferometer
(FPI). In moving sensor platforms, a spatial
shift of each spectral band might be the con-
sequence and must be solved by image match-
ing techniques. As described above, the RHC
enables imaging of selected wavelengths. Ac-
cording to well described VIs (Gnyp et al.
2013, LAUDIEN et al. 2006, L1 et al. 2010, Yu et
al. 2013), we chose eight wavelengths for the
UAV campaign on June 14", 2013: 505 nm,
552 nm, 604 nm, 674 nm, 741 nm, 745 nm,
770 nm, and 803 nm. To calculate VIs from
the RHC image we used the same polygon as
for the image of the UHDI185 (Fig. 5).

The NDVI values calculated from the RHC
(Fig. 11) are lower than for the UHDI185 and

NDVI
0,80 — — — —
0,60 — ] 1 — 1 UHD185
0,40 || || __ "RHC
Fieldspec-3
0,20 +— — —— -
EI,DEI T T 1

Plot41 Plot 42 Plot43

Fig.11: Calculated NDVI for the investigated
plots for June 14t 2013.
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Fig. 10: FieldSpec3 spectra vs. UHD185 spectra for plots 41, 42, and 43 on July 8", 2013.
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Fig.12: Calculated NDVI for the RHC image
taken on June 14t 2013.

the FS3. The reason for this is not clear at this
stage, because the RHC was calibrated against
the reference panel, too. But the NDVI values
are in an order and pattern as expected and
the UHDI185 showed weaker performances
against the FieldSpec3 measurements on other
dates. The higher spatial resolution of the
RHC'’s hyperspectral sensor is documented in
the calculated NDVI image shown in Fig.12.

4 Discussion and Conclusions

In this study, we flew the Rikola hyperspec-
tral camera (RHC) and the Cubert UHDI185
Firefly with a low-weight and low-cost UAV.
Both cameras worked well, had some minor
handling problems in the field, and the flight
campaigns successfully delivered hyperspec-
tral data. The spectral calibration in the field
against a white reference panel was possi-
ble for both sensors. While the UHDI185 was
strong in capturing the whole spectrum with-
in one image, the RHC had a higher spatial
resolution in the selected hyperspectral wave-
length resulting in a lower spectral resolution.
While the RHC was only flown once together
with the Rikola company, the UHDI85 was
flown in multiple campaigns.

For both cameras the spectral calibration is
still an issue. While the spectral pattern and
magnitudes are in the order of the field meas-
urements, the first comparison with field spec-
tra show clearly a lack of understanding in the

spectral calibration of the sensors. Addition-
ally, the UHD185 and the RHC were flown in
different image acquisition modes. Future re-
search of using the two cameras must focus on
the hyperspectral image properties in terms
of BDRF and calibration. Because of the lat-
ter the results stated in this paper should be
seen as a first indicator of the suitability of hy-
perspectral full-frame cameras for precision
agriculture applications. Despite the differ-
ences between the FS3 measurements and the
hyperspectral full-frame sensors in some of
the measurements the results show the poten-
tial of this new technology. Similar compari-
son approach between ASD Hand-held 2 and
UAV-based sensors, such as Mini MCAG6 (Te-
tracam) and STS spectrometer (Ocean Optics),
were performed by voN BUEREN et al. (2014),
but only in the spectral domain of 350 nm —
850 nm. The spectra from the different sen-
sors showed similar magnitudes and patterns.
However, further research needs to investigate
a best practice for full-frame UAV hyperspec-
tral sensors to generate robust and reproduc-
ible data. Both sensors operated well in the
air and recorded the data as configured. Due
to the small field of view of both sensors cap-
turing the right footprint was a challenge. The
latter may be solved with improved knowledge
of the sensor and optimized flying trajectories.

The new technological designs of both hy-
perspectral sensors result in a low weight and
enable hyperspectral imaging campaigns with
UAV at a take-off weight below 5 kg. In Ger-
many, this is important due to aviation regu-
lations, since the application procedure for
permissions are easier than for heavier UAVs.
Apart from the mentioned critical points, both
sensors open a new era of hyperspectral im-
aging. The flexibility of low-weight UAVs en-
able a temporal resolution which could not
been realized in the past by (manned) aerial-
or satelliteborne imaging. The same is true for
the spatial resolution. Super-high resolutions
of <2 cm are possible on field scale and up
to a few square kilometres, even in 3D (BEN-
DIG et al. 2013). Using stereophotogrammetric
or structure for motion image analysis tech-
niques with precise RTK measured ground
control points, DEMs or in general surface
models can be obtained in a resolution and
precision of less than 2 cm. In Fig. 13, such a
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CSM minus DEM
Plant height in m
— High : 1,15
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Fig. 13: 3D hyperspectral surface with a spatial resolution of 2 cm.

3D hyperspectral surface is shown for June
14, 2013.

The combination of 3D imaging techniques
and hyperspectral imaging enables the pre-
cise and accurate monitoring of crop growth
during phenology. The analysis of multi-tem-
poral crop surface models (CSM) (BENDIG et
al. 2013, TiLLy et al. 2014) enables the precise
monitoring of plant height and plant growth
while hyperspectral analysis derive physiolog-
ical plant parameters like chlorophyll or nitro-
gen content and others. Exactly this is needed
for PreAg in terms of monitoring crop growth
behaviour, crop vitality, and crop stress. The
first data analyses are very promising and can
be regarded as a new technological statement
of sensor development, which will be a mul-
tiplier for applications not only in the field of
crop monitoring.
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