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Abstract—This article introduces a novel stereo-camera
system for the measurement of solar-induced chlorophyll flu-
orescence (SIF) at 760 nm. The instrument uses optical inter-
ference filters to gain high background radiation-suppression
in the telluric oxygen absorption band at 760 nm, to mea-
sure the weak SIF signal. Featuring spatially high-resolution
images and a lightweight setup, the system was built for
ground- and drone-based field applications. The technical
setup of the device and the used methodology are presented
as well as a theoretical performance simulation, indicating a
maximal reduction of the background radiation by a factor
of five. The experimental results show that steady-state fluo-
rescence can be measured with signal-to-noise ratios (SNRs)
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between 5 and 10, depending on the saturation level of the sensor and the aperture settings of the lens. Intensity
changes lower than 0.2 mWm~2sr—'nm~1, emitted by a calibrated light emitting diode (LED) reference panel, can be
reliably distinguished under direct sun illumination. The system’s capability to detect fast changes in photosynthetic
dynamics, with both high spatial and temporal resolution, is demonstrated by a video sequence of a leaf during a dark-
light transition. In a static, platform-based operation, the classification of fluorescent and nonfluorescent surfaces under

natural conditions is presented.

Index Terms— Camera-based solar-induced chlorophyll fluorescence (SIF) measurement, photosynthetic dynamics,

remote sensing of vegetation, SIF.

[. INTRODUCTION

OLAR-INDUCED  chlorophyll  fluorescence (SIF),
is directly linked to photosynthetic activity and has
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recently become a major research topic in remote sensing
of vegetation. Its origin in the photosystems makes it the
only remotely measurable signal, that is directly emitted
by plants and thus can provide a good estimation of
photosynthetic activity. Chlorophyll fluorescence is, together
with heat dissipation and the absorption of photon energy
for photosynthesis, one of the ways plants channel the
absorbed incoming light. As those pathways are competitive,
the SIF signal reveals an inversely proportional linkage to
photosynthetic assimilation [31]. However, the magnitude
of the signal is very low compared to solar irradiation and
the amount of light vegetation reflects. The contribution
of the SIF emission to the total radiation released from
plants is around 1%-3%, while the amount of reflected
light in the near-infrared (NIR) spectral domain, in which
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the SIF signal is emitted (650-800 nm), is around 50%
of the sun’s total irradiance reaching the surface. Steady-
state fluorescence with an approximated radiant flux of
about 1-2 mWm™2nm~!sr™!, at its two peak wavelengths
685 and 740 nm, is therefore highly superimposed by the
reflected radiance of vegetation [24], [25]. To disentangle
SIF and reflected radiation under natural light conditions, the
radiative transfer through the atmosphere has to be precisely
acknowledged, i.e., scattered ambient light and angular
dependencies, like the bidirectional reflectance distribution
function (BRDF) [8], [39].

Various instruments and methods have been developed to
retrieve chlorophyll fluorescence (F), which can be differenti-
ated, based on whether they are active or passive, on the scale
of the application, the used light source, or the spectral and
spatial resolution of the output data. Leaf level systems like
the fluorescence leaf-clip FluoWat [2] as well as laboratory
microscope systems and active pulse-amplified modulation
(PAM) fluorometer [3] benefit from the advantage of precise
control of the excitation light. In remote sensing at-canopy
level, where SIF is mainly measured, this advantage does not
apply.

Therefore, various passive instruments have been devel-
oped. For ground-based measurements a number of high-
grade point-spectrometer systems are available, like FloX [9],
SIFSpec [10], FluoSpex [38], Piccolo [19], FAME [14], and
PhotoSpec [13]. Furthermore, some point-spectrometer sys-
tems are lightweight enough to be mounted on unmanned
aerial vehicles (UAVs), namely, Piccolo Doppio [22], AIR-
SIF [6], [7], and AIRFLOX [37]. In 2004, Moya et al. [27]
introduced a dual-channel system combining interference fil-
ters with photodiodes to measure SIF. The further development
of this three spectral channel system called Airflex was
tested in an airborne experiment in 2006 [26]. Moreover,
there are imaging spectrometer systems, like CFIS [12],
HyPlant [32], [35], and FIREFLY [29], operated mainly on
larger aircraft due to the weight factor, power requirements,
and additionally needed instruments, e.g., inertial navigation
systems. According to our knowledge, up to now, no validated
imaging system uses snapshot cameras for the measurement
of SIF reported in the literature, that is compact enough to be
carried by a UAV.

This article discusses the possibilities of combining optical
interference filter, narrow enough to sample the O, A absorp-
tion band sufficiently, with an imaging lens that produces
a reasonable field of view (FOV), but with special regard
to image-side field and cone angles. Furthermore, this study
is evaluating the question, if this combination can suppress
the reflected sunlight adequately so that a high dynamic
range (DR) camera can resolve the remaining portion of
emitted fluorescence. In Section II, the used materials and
methods as well as the technical requirements and imple-
mentations for a snapshot-imaging SIF system are presented.
To evaluate the performance of the camera system under bright
sunlight conditions, four experiments were conducted and are
introduced in Section III. In the first experiment, the general
capability of the camera system to discriminate the weak

fluorescence emission from high background radiation was
investigated. A tuneable and radiometrically calibrated light
emitting diode (LED) target was used to test the system’s
signal resolution and the influence of different aperture settings
and sensor saturation levels. In a second experiment, the SIF
of a vegetation surface was measured. During the experiment,
several images of a philodendron leaf were recorded under
direct sun illumination. A part of the leaf was covered for
about 30 min to stimulate dark adaption. After removing the
cover and exposing the leaf to direct sun light, the Kautsky
effect [16] was clearly visible, which is characterized by an
increased SIF emission followed by a decay to a steady-state
level. The third experiment aimed to investigate the capabilities
of the camera system for mid-range (approximately 9 m)
measurements of reflectance and fluorescence targets in natural
surroundings from a phenotyping platform. Experiment four
shows an example of data from the camera system mounted
on a UAV and a comparison with reference SIF collected on
the ground.

II. CHALLENGES TO MEASURE SIF WITH A SNAPSHOT
CAMERA SYSTEM

Recently, SIF measurements are performed using high reso-
lution and high DR point- and scanning-spectrometers. Never-
theless, most of those systems are still not able to separate the
full fluorescence spectrum from vegetation-reflected radiation
due to signal-to-noise ratio (SNR) limitations. According
to [13] and [28], the ideal requirements for measurements of
the full SIF spectrum would be a high spectral resolution (full
width at half maximum (FWHM) <0.4 nm), a high maximal
SNR (>1000:1) and an extended DR (>16 bit).

Therefore, methods have been developed that try to reduce
the impact of those limitations and bypass the problems
introduced by the high amount of background radiation. Those
methods are summarized under the term Fraunhofer line
discriminator (FLD) [15] and were originally considered for
measurements inside the narrow Fraunhofer absorption lines in
the solar spectrum. Moreover, the principle of the FLD method
can be used for measurements inside the wider telluric oxygen
absorption bands, introduced by Earth’s atmosphere. The Sun’s
ground level radiance in the O, A (760 nm) and O,B (687 nm)
bands is approximately ten times lower than the radiance
outside the bands, depending on the spectral resolution of the
measurement instrument. The amount of background radiation
inside those bands is drastically reduced, while the amount of
the emitted fluorescence signal stays unchanged.

A. Principles of the FLD Method

To discriminate SIF from incoming radiance the FLD
method is used. Fig. 1 shows the O,A band at 760 nm and
the two wavelength bands A;, and A, (green) with the derived
FLD parameters for radiance (Rad;, and Rad,,) and irradiance
(Irrjp and Irroye). Using (1), the emitted fluorescence of a target,
overlying the measured at-sensor radiance, can be calculated

Rad;, x Irroy — Radgye x Irriy
F = . (D)

Irrgye — Iy,
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Fig. 1. Solar irradiance at reference target (black) and radiance
of a green leaf (blue) with highlighted FLD parameters for the two
wavelengths A, and Ayt (green). Calculated reflectance (red) with
comprehended fluorescence fraction and characteristic peak at 760 nm,
caused by infilling of the O2A absorption band.

Equation (1) is fulfilled if assuming that both reflectance
inside (Refli;) and outside (Reflyy,) the absorption band, as well
as the fluorescence inside (F;,) and outside (F,,) the band are
equal

Refli, = Refloye  Fin = Four- ()

It can be seen from Fig. 1 that the first assumption regarding
the reflectance inside and outside the band is nearly true for
vegetation, provided that reflection in the considered wave-
length range is continuous. Therefore, methods like 3FLD [21]
or iFLD [1] use sampling points on the left and right shoulder
around the O,A band to approximate expected reflectance
from apparent reflectance, as is indicated with the green
dashed line in Fig. 1.

For a camera-based measurement of SIF using the FLD
method at least two spectral channels are needed, one sampling
Rad;, and Irrj, and one Rad,y; and Irryy. The system described
in this article is based on two cameras, each equipped with
an optical bandpass filter for the spectral channel separation,
hereinafter named the inside band camera (IBC) and the
outside band camera (OBC).

B. Filter Requirements—The Challenge to Use
Ultra-Narrowband Optical Filter for
High-Resolution Spectral Imaging

In Section II-B some considerations regarding the usage of
off-the-shelf ultra-narrowband interference filters in proximal
sensing applications, and the combination of those with nearly
image-side telecentric lenses, are presented. A MATLAB
(The MathWorks Inc., Natick, MA, USA) simulation was
developed, which allows to calculate the distribution of fil-
ter bandwidth (BW) and central wavelength (CW) over the
focal-plane dimension for a given lens-filter-sensor combi-
nation. As a general rule, interference filters are designed
for use with collimated light and small ranges of angles of
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Fig. 2. Visualization of emanating ray-bundles for the calculation
of sensor-position, aperture, and exit pupil position dependent filter
transmission profile degradation. For a better visibility, just the outer
radius and a reduced number of rays as well as the chief rays (blue)
are shown. The original number and distribution of rays can be seen in
the pupil sampling plot. The transmission profile plot shows simulated
data for the two spots on the image sensor at /8.0 and the primary filter
profile for AOI 0°.

incident (AOI). The filters used in this work are specified for
AOI = 0° with an angle tolerance of +4°. For the IBC a
CW of 760.7 nm is used with a FWHM of <1.2 nm, for
OBC the CW is 757.9 nm also with <1.2 nm FWHM. Both
filters have a wide blocking range (200-1200 nm) with an
optical density (OD) of 4 and a peak transmission of >90%
for their particular CW. If those filters are exposed to light
with higher incident angles, their spectral characteristics will
start to change and the transmission degrades [20]. For most
interference filters a spectral shift toward shorter wavelengths
can be observed, depending on the deviation from speci-
fied AOI. Furthermore, a converging beam, as introduced
through an imaging lens, will not only shift the CW but
also broaden the transmission band [17], [30]. For the filters,
placed between lens and sensor, the modified transmission
profiles relative to aperture and sensor position were simulated,
according to [34].

The wavelength shift for interference filters caused by
nonnormal incident angles 6 and for use in the air can be

calculated with
sin 62
Ko = Ao [1— =— (3)
Neff

with an effective refractive index n.s = 1.947 and the CW
Ao for the particular filter. The filter transmission profile at
AOI 0° is approximated using a parametrized probability
density function (4) with empirically derived parameter ¢ =
0.172 and wavelength vector A

FA %, ¢) =

_(-x)?
2¢

“4)

1
e
V27
In the next step, the exit pupil diameter for a desired aperture
setting is calculated and the given circular pupil plane is
sampled using polar coordinates, to achieve the starting points
for every cone-ray. Fig. 2 shows the geometrical context of
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(a) Simulated transmission profiles for both channels at /8.0 and five steps along the sensor semidiagonal. Dashed lines represent the
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convolution with the normalized irradiance, in the meaning of transmitted photon energy. (b) Normalized numerical integral over transmitted photon
energy relative to the diagonal field for different aperture settings. Horizontal lines at around 100% relative illumination correspond to OBC data and

are not stated in the legend.

the pupil diameter, pupil position, and image sensor as well
as pupil sampling function.

The calculated ray-angles were used together with (3) to
derive the shift of the CW for every ray, and after that,
with (4), the corresponding transmission profile. As the num-
ber of emanating rays of every radius on the pupil-plane
is proportional to the spatial increase of every radius incre-
ment, the overall transmission profile for each point at the
image-plane corresponds with the average over all single-ray
transmission profiles. The former mentioned shift of the
CW together with a broadening of the passband and reduc-
tion of peak transmission is visible. The effect of filter
transmission profile degradation on image illumination is
shown in Fig. 3(a).

Continuous lines in Fig. 3(a) show the transmission profiles
for both spectral channels at f/8.0 and five positions along
the semidiagonal image field. Dashed lines are related to
the convolution of every profile with normalized irradiance
and thus are corresponding to transmitted photon energy. The
numerical integral over these curves, as illumination would
appear for the imaging sensor, are shown in Fig. 3(b) relative
to the diagonal field and for various aperture settings. All data
are normalized to the maximum value of the OBC. Note that
filter degradation has no impact on relative illumination for
the OBC, as the decrease in peak transmission is compensated
through the widening of the passband. Therefore, OBC data
comply with a horizontal line showing nearly no dependence
on field position and aperture. For the IBC, a strong depen-
dence on both aperture and diagonal field position is visible.
Thus, we expect a strong impact of the aperture setting on the
overall relative signal as well as the illumination homogeneity.
It is worth mentioning, that the relative illumination for the
IBC indicates brighter image corners than the image center
[see Fig. 3(b)], which is a contrary effect to normally occurring
lens vignetting.

C. Requirements for Sensitivity, SNR, and DR of the
Detector

As described earlier, the steady-state fluorescence signal
of natural vegetation contributes just a very small portion
to the overall measurable at-sensor radiance. For the O,A
band sampled at very high spectral resolution (<0.5 nm),
a portion of around 7%-8% SIF is reported in [25]. Regarding
prior considerations, the achievement of such narrow BW
with optical filters in combination with entocentric lenses,
while preserving the location and width of the passband,
seems not possible. The question is, how much suppression
of background radiation is actually necessary to disentan-
gle SIF from reflected radiance under natural illumination
conditions. An often-used parameter for the assessment of
signal-resolving capability is SNR. To assess the dependence
of the SNR on DR and saturation of the sensor as well as
a relative signal contribution, two exemplary state-of-the-art
complementary metal-oxide-semiconductor (CMOS) sensors
were compared. A 12-bit CMOS sensor featuring a full well
capacity of 10.5 ke~ and a 16-bit scientific-CMOS (sCMOS)
sensor with 45 ke™, respectively. Noise fraction was calculated
by including read-(Ng), dark-(Np), and shot-noise (Ng), while
disregarding fixed-pattern-noise (Ngp) and photon response
nonuniformity (PRNU)

Nt = y/ N + No? + N2, 5)

Noise components Nz and Np were taken from sensor
data sheets while Ng equals the square root of the number of
photons, due to Poisson statistics. SIF signal Sgir is supposed
to be a fixed portion (1%—-5%) of the simulated radiance. SNR
is calculated as the unit-less ratio of S and Ny Without
using logarithmic scale (dB) as stated as follows:

SNR = SIF

(6)

total
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Fig. 4. Simulated SNR for two exemplary CMOS image sensors relative
to the accomplished saturation level and percentage of SIF. Blue lines
represent the range of a 12-bit CMOS sensor with a full well capacity
of 10.5 ke~ while black lines stand for a 16-bit sSCMOS sensor reaching
45 ke™.

In Fig. 4, a basic simulation of the expectable SNR relative
to sensor saturation level is shown. Different lines represent
different percentages of SIF to the overall signal.

The dependence on narrow band sampling for achieving
reliable fluorescence measurements can be seen from the 1%
SIF-line, which corresponds approximately to the outside band
signal fraction, as apparent for the OBC. Even the 16-bit
sensor at full saturation achieves just an SNR of two, while
the 12-bit sensor cannot distinguish signal from noise at all.
It can be concluded from Figs. 3(b) and 4 that a practical
system will always be a tradeoff. On the one hand, the high
aperture closure results in a higher SIF signal ratio and a
more homogeneous illumination of the whole sensor area, but
with the drawback of much longer integration times. And on
the other hand, the saturation level of the sensor has to be
considered, which is also depending on the integration time
for a fixed amount of light and the quantum efficiency of the
sensor. Therefore, the filter parameter CW and BW as well as
the DR of the camera are linked together, for this particular
application. The narrower the BW of the filter is and the more
it fits in the O, A absorption band, the higher is the percentage
of SIF contributed to the measured signal and the lower the
camera’s DR could be.

D. Hardware Components

The developed system contains two 16-bit sSCMOS cameras.
Both cameras were equipped with ultra-narrowband inter-
ference filters to perform the required spectral separation
and suppression of unwanted background radiation. Table I
shows a selection of the most important camera and imaging
parameters for the combined lens-filter-sensor setup.

The filters were combined with two 25 mm fixed-focal
length c-mount objective lenses with a starting aperture
of f/1.8. Furthermore, the selected lenses show a nearly

TABLE |
CAMERA AND OVERALL SYSTEM PARAMETERS
camera resolution (full) 2048 x 2048
sensor size [mm] 13.3 x 13.3 / 18.8 (diag.)
dynamic range [dB] 87
binning 2x2, 4x4

system FOV (full) [deg]
storage [GB]

power consumption [W]

29.8° (hor. & ver.) / 41.2° (diag.)
SSD: 500 / microSD: 128
36 max.
1.89

weight [kg]

Fig. 5. SIF dual-camera system mounted on a DJI Ronin MX gimbal,
capable of powering cameras via additional gimbal battery.

image-side telecentric optical path, which is to be considered
of major importance for the particular case. All parts were
integrated with a dual-camera setup using a computer numer-
ical control (CNC)-machined aluminum plate as the main
structural component.

The plate assures torsion stiffness and aligns both cameras’
viewing angles precisely. In addition, the plate functions as the
heat sink, since the cameras are thermally coupled. Camera
control and storage are realized with a built-in single-board
computer with an integrated microcontroller co-processor and
solid-state drive. The microcontroller is used to generate
an external trigger signal for operations where continuous
triggering is required, e.g., UAV applications or long-term
measurements. The hardware trigger ensures precise synchro-
nization of both cameras’ exposure starts, especially necessary
when both cameras are operated with different integration
times. All other structural components, e.g., holders for com-
puting units and cables as well as the housing are 3-D-printed
to guarantee a lightweight design. The housing holds a variety
of connectors, e.g., USB type-C and HDMI for video signal,
USB-A for connecting external input devices, a connector for
power supply, and a microSD card for fast access to stored
data. Fig. 5 shows the camera system integrated in a gimbal.
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In this setup, the power supply is realized by an additional
gimbal battery. To adjust measurement settings, a touch display
can be connected to the integrated computing unit.

E. Data Processing, Calibration, and Corrections

The cameras’ output is 16-bit grayscale images in tagged
image file format (TIFF). All required image processing steps
and further calculations for experimental analysis were per-
formed via MATLAB. The postprocessing toolchain, required
for the final calculation of SIF using the FLD method, contains
the following steps.

1) Dark Current Correction: Pixelwise subtraction of an
averaged set of at least five to ten dark images, recorded
instantaneously before every measurement using the
same integration time. For longer experiments, sensor
temperature profiles can be recorded.

2) Distortion Correction: Lens barrel distortion is removed
using a standard approach and empirically determined
coefficients. This step is mainly necessary for experi-
ments with short object distances, as otherwise image
merging will lead to poor results.

3) Flatfield Correction: Can be performed to reduce illu-
mination inhomogeneities introduced by the lens, like
vignetting but also due to the angle-dependent filter
transmission. Therefore, flatfield correction data have
to be recorded under sunlight conditions, e.g., by using
Lambertian reference panels.

4) Radiometric Calibration: Calibration data were gener-
ated with an integrating sphere (1200C-SL, Labsphere,
North Sutton, NH, USA).

5) Image Merging: Registration and merging are done
using control point-based geometric transformation
functions from the MATLAB image processing toolbox.

6) SIF Retrieval: In-scene radiometry is adjusted with a lin-
ear fitting approach (empirical line method (ELM), [36])
using ZenithLite calibration standards (SphereOptics
GmbH, Herrsching, Germany), which consist of four,
five, or nine fields having different reflectance factors.
In addition, this approach is used to derive the appar-
ent irradiance, required for the FLD method. SIF is
calculated in (1).

F. LED Reference Panel and Dye Fluorescence Targets

One of the major challenges in evaluating an imaging
system to measure SIF is the lack of standardized chlorophyll
fluorescence targets. For the presented experiments, we used
two custom-made SIF references, an active LED-panel and a
passive target painted with fluorescent dye.

1) Active LED Reference Panel: An artificial fluorescence
light source was used to perform reliable and repeatable
measurements of the SIF signal under direct sun illumination,
without the drawback of changing SIF emissions due to
changing photosynthetically active radiation (PAR) through-
out the day, angular effects like BRDF or inhomogeneities
introduced by natural vegetation like a direct reflection of the
epidermis [9]. The active panel consists of a matrix of LEDs
with emission peaks at 680 and 745 nm and FWHM of 30 nm
to mimic the characteristic SIF emission curve.

25 1
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Fig. 6.  Spectral radiance data for the five emission levels of the

LED-panel measured with an ASD-FieldSpec 4 spectroradiometer. Rel-
ative filter transmission at AOI 0° as reported by the manufacturer.

The LED-matrix is covered with multiple layers of optical
diffusor material to provide a nearly Lambertian emission
signal. The panels’ emission intensity, which is controlled by
a microcontroller board via pulsewidth modulation (PWM),
can be adjusted in five steps by external buttons. In Fig. 6, the
spectral radiance of the panel measured with 1 nm spectral
sampling interval using an ASD-FieldSpec 4 spectroradiome-
ter (Analytical Spectral Devices, PANalytical B.V., Boulder,
CO, USA) is shown. Furthermore, it is possible to separately
trigger the two different wavelength LEDs, to simulate the
more complex spectral fluorescence emission of vegetation
from photosystems I and II.

2) Passive Dye Fluorescence Target: The dye targets were
developed for the 2019 FLEXSense campaign by the Fon-
dazione per il Clima e la Sostenibilita (FCS), Florence,
Italy. They are made of wooden boards, which have a green
coating on both sides. The coating imitates the characteristic
reflectance spectrum of vegetation. One side is additionally
coated with special pigments that mimic the SIF emission
signal. The advantages of those targets are, besides the size
and uniformity of the surface, that they emit SIF without being
influenced by living specimen properties (e.g., plant conditions
and stress). Unfortunately, the fluorescent dye degrades over
time if exposed to ultra violet radiation. This aspect has to be
considered for long-term measurements or if the same targets
should be used in multiple experiments.

G. SNR Estimation in Presence of Interference Effects
During several experiments, mainly near-field measure-
ments using sunlight in combination with reflectance targets
(see Section III-A and III-B), we recognized a pattern in both
IBC and OBC images. Primarily interpreted as noise, further
investigations showed that the pattern is time- and spatial-
invariant, as long as a sensor and target position is not changed.
It can be seen that the spatial clustering of the pattern exceeds
pixel level, a behavior that would not be expected for any
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TABLE Il
OVERVIEW OF EXPERIMENTAL SETTINGS: INTEGRATION TIME, SENSOR BINNING FACTOR, MEAN, AND STANDARD DEVIATION OF THE INCOMING
RADIANCE MEASURED FROM 50%-REFLECTANCE FIELD OF THE TARGET. IRRADIANCE VALUES IN ROow MEAN(l.) REPRESENT THE MEASURED
COUNTS OF THE REFERENCE PANEL AVERAGED OVER THE RECORDED SERIES OF IMAGES. THE Row STD(l.) REPRESENTS THE STANDARD
DEVIATION OF THE 35 IMAGES OF EVERY DATASET. DOUBLE LINES SEPARATE THE DATA IN SETS WHICH WERE RECORDED TOGETHER
WITH FOCUS ON CONSISTENT CONDITIONS. DUE TO WEATHER AND SUN ANGLES, DATA WAS RECORDED OVER SEVERAL DAYS,
THEREFORE DATA FOR f/8.0 WERE RECORDED IN EITHER THE f/4.0 — f/8.0 AND f/8.0 — f/16.0 IMAGE SERIES

channel OBC: 757 nm IBC: 760 nm
f/# f/4.0 | /5.6 | f/8.0 f/8.0 | f/11.0 | f/16.0 || f/4.0 | f/5.6 | f/8.0 f/8.0 | f/11.0 | f/16.0
int. T [ms] 39 82 158 108 205 410 26 352 220 485 250 500
binning - - - - - - 2x2 - 2x2 - 2x2 2x2
mean(I.) 41982 | 42622 | 42778 33781 33729 33955 41678 | 43519 | 42589 || 35921 36667 35986
std(I.) 55 66 45 126 52 21 62 71 34 48 49 99
max. rel. S. [%] 0.52 0.61 0.49 0.49 0.61 0.29 1.18 1.74 2.31 2.01 2.09 2.07
sat. level half three-quarter full half three-quarter full
int. T [ms] 33 51 63 170 255 320
binning 2x2 2x2 2x2 2x2 2x2 2x2
mean(I.) 21996 32791 41255 23750 35254 44016
std(I.) 27 42 40 27 42 33
max. rel. S. [%] 0.49 0.48 0.55 1.98 1.92 1.79

kind of noise, except fixed pattern noise. This fixed pattern
is related to speckle effects, which mainly occur in near-field
experiments when surfaces of fine roughness are measured
(e.g., Lambertian reflectance targets). The main reasons for
the appearance of those interference effects in the presented
experiment are considered to be the narrow BW of the
imaging system combined with partial coherence of sunlight
and short object-distances [23]. It is worth noting that the
statistical influences of those speckle patterns are negligible
as long as values are averaged [e.g., for evaluated region
of interests (ROIs)]. If standard deviations are calculated
from ROIs to asses noise or image inhomogeneities, those
patterns introduce a significant error, the speckle contrast. In
Sections III-A-III-C, the apparent noise level is therefore
defined as the standard deviation o of a reference ROI from
the subtraction of two consecutively captured images Im1 and
Im2, divided by /2. This is because the noise of two images,
such as different noise components [see (5)], add in quadra-
ture. The signal fraction for SNRyi calculation corresponds
to the spatial average of the ROI for one of the images Im1 or
Im2

ROy

SNRgyir = v/2 .
a 0 (ROl — ROIm2)

)

Equation (7) follows the definition in [11] for the deter-
mination of combined read- and shot-noise within images,
canceling out any fixed-pattern component.

[1l. PERFORMANCE EVALUATION OF
THE CAMERA SYSTEM
A. Experimental Study I: Measuring SIF Using
Controlled Reference Panels
The experiment was conducted to test the systems’ ability
for resolving very small changes in radiance while a huge
background signal is present. The impact of different aperture

settings and sensor saturation levels was investigated. At the
time the experiment took place, no radiometric calibration data
for the cameras were available. Hence, the derived signal from
IBC and OBC are stated in digital numbers and compared with
the emitted radiance of the panel in mWm™2nm~'sr~!.

1) Experimental Setup: The measurements with the active
fluorescence panel were performed in April 2020 at noon
under the clear sky and direct sun illumination. Cameras were
facing in the nadir direction and were mounted at a distance
of 1.5 m above the target. To control illumination conditions
and enable postcorrections of possible illumination changes
of the recorded images, a ZenithLite reference standard con-
sisting of four stripes of varying reflectance factors (90%,
50%, 20%, and 5%) was placed next to the LED-panel in the
FOV of the cameras. Aperture settings varied from f/4.0 to
f/16.0 for both cameras. The scene was slightly defocussed
and integration times were set to meet at least three-quarters of
the camera’s DR using a histogram viewer. For investigating
the different saturation levels of both cameras, the aperture
was set to f/11.0 and images with half, three-quarter, and full
saturation were recorded. A detailed overview of integration
time, sensor binning and the stability of irradiance during the
different experiments is provided in Table II.

For better comparability, images for IBC and OBC were
recorded successively, to ensure similarity in viewing angles.
Using the described setup, 35 manually triggered images were
recorded with each camera for the different aperture and
dynamic settings. Each image dataset consisted of five dark
images, five images of the scene with turned-off LED-panel
and five images for the different LED emission intensities.

2) Data Processing: After the measurement, the images
were dark-corrected and the relation in reflected radiance
between the ZenithLite-Target (50%) and the turned-off
LED-panel was analyzed, using average values of equally
sized ROIs located close to the image center. This analy-
sis was done to correct for small variations in irradiance



23262

IEEE SENSORS JOURNAL, VOL. 23, NO. 19, 1 OCTOBER 2023

LED: 0.17 mW m™2 nm™" sr

C)

(b)

LED: 0.5 mW m™2 nm™ sr!

—

Fig. 7.

LED: 0.66 mW m™ nm™ sr™

2000

1 sr-1

LED: 0.33 mW m™2 nm""’

1500

lo
s 2000
LED: 0.84 mW m™ nm™ sr™

T

1500

(a) Averaged at-sensor-radiance for IBC with selected ROIs (1 and 2). (b)—(f) Averaged difference images for every emission intensity of

the LED-panel and the averaged image with turned-off LED-panel. The units of the color bars are in digital numbers.

(e.g., atmospheric changes) during image data acquisition. The
image set was averaged and difference images were calculated
for each LED emission intensity and the turned-off LED
image.

3) Results: Fig. 7(a) shows the averaged at-sensor radiance
image of the IBC using an aperture of f/8.0 and 485 ms
integration time.

The five difference images [Fig. 7(b)—(f)], for each emission
intensity of the LED-panel, can be used as an indicator
of the resolvable counts for a known amount of radia-
tion. The increase in emission of the LED-panel can be
clearly distinguished. The granular pattern apparent in the
background of Fig. 7(b)—(f) does not refer to noise, but
speckle pattern, as explained in Section II-G. Due to small
movements of the LED-panel, introduced while manually
triggering the button for adjusting the emission intensities,
it could not be excluded that slightly different speckle patterns
were combined due to the calculation of different images.
The effect of the lens aperture on the resolvable signal is
shown in Fig. 8(a) and (b). The graphs show the mean
and standard deviation calculated for the different aperture
values (f/4.0, f/5.6, f/8.0, f/11.0, and f/16.0) for the IBC
(760 nm) and OBC (757 nm), respectively.

It can be seen that the number of resolvable counts from the
measurements inside the absorption feature strongly depends

on the used lens aperture for the range between f/4.0
and f/8.0. Moreover, the higher lens closure resulted in
lower variances between the images apparent in the form
of lower standard deviations. The results follow an expected
distribution as the widening of the filter transmission profile
depends on the angles of incidence on the filter. Lower aperture
values allowed for higher cone angles and resulted in a wider
passband exceeding the narrow O,-A absorption feature. Thus,
more light from the left shoulder of the absorption feature is
transmitted and the relative amount of the SIF signal in relation
to the overall detected radiance decreased. For aperture values
higher than f/8.0 no noticeable improvement of the filter
transmission profile for IBC was found [see Fig. 8(b)]. This
observation may only apply to the examined area of the
images covered by the ROIs. For image areas further away
from the center, there might be an improvement in signal
resolution [see Fig. 3(b)]. Comparison between f/8.0 mea-
surements from Fig. 8(a) and (b) revealed a difference of
around 200 counts, originating from varying saturation levels
and illumination conditions between the two measurements
(see Table II). The effect of aperture-closing had no or just
a slight effect on OBC signal resolution. Following the prior
explanation, a widening of the filter profile also occurred, but
had no remarkable influence on the relative signal contribution
due to the missing passband in the wavelength region of the
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Fig. 8. Derived intensities for IBC (blue) and OBC (red) using, (a) aperture values f/4.0, f/5.6, and f/8.0; (b) /8.0, f/11.0, and f/16.0; and (c) for
half, three-quarter, and full DR and an aperture of f/11.0. (d)—(f) Calculated SNR for all three measurement sets. For camera settings see Table II.

outside band filter. From the total resolvable counts, their
progression and standard deviations as well as from calculated
SNR in Fig. 8(d)—(f), one can say that SIF measurement
with the presented system is not possible using OBC only.
In this context, Fig. 8 directly indicates the need for the FLD
method and the increase in relative signal contribution and
SNR for measuring SIF. The influence of the DR of both
cameras on the signal resolution was investigated by capturing
a series of images with half, three-quarters, and full saturation.
The resolved counts and SNR for the images recorded with
IBC and OBC using f/11.0 are shown in Fig. 8(c) and (f).
As expected, higher saturation led to an improvement in the
overall number of resolved counts as well as SNR.

B. Experimental Study II: Quantifying the Light Dynamic
Adaption of Leaf Photosynthesis During
Dark-Light Transition

The experiment was conducted to demonstrate one of the
advantages of a snapshot imaging system compared to a point-
or imaging-spectrometer. The spatial distribution and temporal
dynamic of photosynthetic processes can be displayed at once,
by capturing multiple frames per second (frames/s).

1) Experimental Setup: The dark-light transition experiment
took place in August 2019 at noon, under a clear sky and
direct sunlight conditions. A philodendron leaf was placed at
a distance of around 50 cm from the camera, and clamped
in a sample holder, to achieve a preferably flat surface.
One part of the leaf was covered for 30 min to stimulate

dark-adaption while the rest of the leaf was exposed to direct
sun light. The above-described four-stripe reference standard
was placed next to the sample holder for irradiance calculation
in postprocessing.

Cameras were operated with apertures f/8.0 and integra-
tion times of 40 ms for the IBC and 9 ms for the OBC.
An external hardware-trigger signal was set to capture a series
of 200 images with a frame rate of 20 frames/s. The recording
was started directly after opening the shading and exposing the
dark-adapted part to direct sun light.

2) Results: Images were processed according to steps 1-6
of the developed processing chain (see Section II-E), resulting
in 200 SIF maps recorded in 10 s. Fig. 9 shows the calculated
SIF map from the first frame of the sequence.

The higher fluorescence emission of the formerly shaded
leaf area (ROI 1), compared to the rest of the leaf, is clearly
visible. This higher emission is the result of the so-called
Kautsky effect, which is characterized by a distinct increase
of the SIF emission after a dark-adapted leaf is exposed to
direct illumination. The increased SIF emission is followed
by a continuous decline until, after a few seconds, a steady-
state level is reached. This characteristic curve can be seen
in Fig. 10. Average values for the six ROIs highlighted
in Fig. 9 are plotted for every frame of the image series.
Furthermore, two artifacts are visible in Fig. 9. The first one is
the yellow outlines, e.g., at the leaf borders, wrongly showing
high SIF signals for these areas. They are caused by the
parallax error of the dual-camera system as a consequence
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Fig. 9. SIF map calculated for the first image of the series, instanta-
neously after exposing the leaf sample to direct sun irradiation. ROls
for a dark-adapted (1) and light-adapted region (2) as well as the four
fields of the reflectance target (3)—(6), used for irradiance calculation,
are highlighted in white.
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Fig. 10. Average SIF values of the six ROIs highlighted in Fig. 9 for the
entire series of 200 images captured at 20 frames/s.

of the very short object distance and the remaining curvature
of the leaf sample. The second artifact is related to the
speckle patterns appearing on the reference target (ROIs 3-6).
As mentioned before, this pattern can be confused with noise,
but clustering does exceed the pixel level as can be seen
comparing, e.g., ROI 3 with the background area behind the

top of the leaf. It is worth mentioning that slightly different
speckle patterns, regarding their spatial distribution, appear in
both channels (OBC and IBC). The effect on the final SIF map
that arises from the subtractive combination of both bands,
following (1), is not yet finally investigated. Nevertheless,
average values for the four target ROIs (3-6) are shown
in Fig. 10 indicate that patterns consist of uniformly distributed
constructive and destructive interference portions, so that ROI
values average to zero. However, from the SIF map in Fig. 9
only, it seems not possible to separate steady-state SIF of the
leaf (see ROI 2) from reference target (see ROI 3), due to the
low signal compared to speckle contrast. The reason for this
is the low saturation level of the sensor, in this case, required
to accomplish a frame rate of 20 frames/s.

C. Experimental Study Ill: Evaluating Image and Signal
Quality for a Static Scene Under Natural
Illumination Conditions

The experiment was conducted to test the imaging capability
of the system for larger object distances, as they would
appear, €.g., on a phenotyping platform. In this fixed setup, the
integration time was set to meet maximum sensor saturation.
The dye fluorescence targets, described in Section II-F2, were
placed with either one of the sides up, to increase the visual
contrast between fluorescent and nonfluorescent surfaces.

1) Experimental Setup: The measurements were performed
on the fourth of February 2021 at 2 P.M. local time under clear
sky conditions. Sun elevation angle at the particular day and
time, taken from Pysolar [33], was 21° with top-of-atmosphere
irradiation of 822 Wm~2. The camera system was mounted on
a beam at a height of around 8-9 m, facing in nadir direction,
giving a FOV of approximately 4.5 x 4.5 m. Integration times
were set to 2 s for the IBC and 200 ms for the OBC, without
spatial binning and an aperture of f/8.0 for both cameras.
The captured image background consisted of mainly short
grass with a high amount of moss and a small stony trail.
For image processing and analysis, several reference panels
were placed within the camera’s FOV. To reveal potential
disturbances distributed over the image’s diagonal field, the
reference panels were positioned radially to the top left corner.
Fig. 11 shows a subset of the OBC reflectance map with the
position and distribution of the reference panels as well as the
locations of the ROIs (see Section III).

Due to tree shadows apparent in the top image area
(see Fig. 11), ROIs are not covering the full area of every
panel. A gray-scale reflectance target (ROI 9) was placed
in the image center to enable irradiance calculation in the
postprocessing. Besides, three Lambertian reflectance panels
(ROIs 1, 2, and 5), and five dye-panels (ROIs 3, 4, 6, 7, and 8)
of different sizes were used. After image data acquisition,
all postprocessing steps described in Section II-E, except a
flatfield correction, were performed. Properties of the used
targets are stated in Table III, including which side of the
dye panels was facing upward.

2) Results: The calculated, radiometrically calibrated, fluo-
rescence map of the captured image is shown in Fig. 12.

Lower SIF emission of the top, shaded part of the
image area, compared to the signal derived from the lower,
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Fig. 11.  Reflectance map for OBC with highlighted ROIs used for
analysis. Note that the displayed image is a subset, ROI 9 represents
the image center of the originally recorded data.

TABLE IlI
DESCRIPTION OF THE TARGETS AND AREAS
USED FOR IMAGE ANALYSIS

ROI | Target type Target Properties
1 ZenithLite R30% (20x20 cm)
2 ZenithLite R54% (20x20 cm)
3 dye-panel fluorescent side up
4 dye-panel fluorescent side down
5 ZenithLite R54% (50x50 cm)
6 dye-panel fluorescent side up
7 dye-panel fluorescent side down
8 dye-panel fluorescent side up
9 ZenithLite R50%, R44%, R30%, R21%, R10% (20x20 cm)
10 Banana Leaf area with medium to high reflectance

sunlit grass area, is noticeable. The SIF signal of the dye-
panels (ROIs 3 and 6) with fluorescent side up is clearly
visible. The two dye-panels represented by ROI 8 show less
contrast compared to the SIF signal from the grass back-
ground. Those two panels were used in former experiments
and the fluorescent dye may already have degraded, resulting
in lower fluorescence emission. All other nonfluorescent tar-
gets as well as the trail, show no SIF emission. The banana leaf
(ROI 10) provides the highest reflectance as well as SIF values
within the image. This observation could be explained by the
missing adaption to the full solar spectrum, as it was cut from
an indoor plant a few minutes before the experiment. Fig. 13
shows the spatially averaged, emitted SIF of the different
ROIs.

The presented SNR in Fig. 13 is comparing the emitted
SIF of the particular ROI to the noise fraction derived from
ROI 5 as described in Section II-G. ROI 5 was chosen because
it is supposed to be the most homogeneous area that was
not influenced by shadows. It is worth mentioning that the
difference between the noise fraction of the entire image

1 1.5 2
SIF [mW m?nm"’ sr'1]

Fig. 12. Calculated fluorescence map of the captured scene, showing
the same image subset as Fig. 11.
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Fig. 13. Mean and standard deviation of the selected ROIs as well as
derived SNR, noise fraction is calculated using the standard deviation of
a difference image for ROI 5.

compared to ROI 5 was only 0.015 mWm ?nm~'sr~!. The
gray-scale panel (ROI 9) shows almost zero SIF emission
in Fig. 13. The small deviation from zero could be explained
by the intersection between each of the panel’s stripes. The
two 54%-reflectance targets (ROIs 2 and 5) show values
slightly below zero. The reason could be the variance in image
illumination due to angle-dependent filter transmission (see
Section II-B) and the associated lower SIF signal fraction for
areas closer to the image borders [see Fig. 3(b)]. The same
trend is visible for the two dye targets with the fluorescent
side facing down (ROIs 4 and 7). The overall appearance of
negative SIF values could be associated with atmospheric and
calibration factors [5].

D. Experimental Study 1V: Performance Evaluation of the
Camera System Installed on a UAV Platform and
Comparison of Retrieved SIF to
Field Measurements

This experiment was conducted to test the camera system
mounted on a UAV under field conditions. The main goal was
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ground level. (c) Scatter plot of SIF at 760 nm measured with the FloX device in the field [orange dots in (a) and (b)] and corresponding SIF values

derived from dual-camera image data at the same positions.

to investigate if the camera system provides image data with
sufficient spatial accuracy and radiometric quality to produce
an ortho-mosaic that forms the basis to derive a SIF map
covering a breeding experiment. Simultaneously with the UAV
data acquisition, SIF measurements were recorded with a field
spectrometer on the ground to verify the accuracy of SIF
measured by the dual-camera system.

1) Experimental Setup: The measurements were performed
on 13 June 2021 at 1:30 P.M. local time (solar noon) under
clear sky conditions at the agricultural research station Campus
Klein-Altendorf (CKA) which is affiliated to the Agricultural
Faculty of Bonn University, Germany. The camera system
was fixed on a DJI Ronin MX gimbal (see Fig. 5) that was
mounted on a DJI Matrice Pro 600 (SZ DJI Technology
Company Ltd., Shenzhen, China) UAV. Dual-camera image
pairs of a mixed-crop breeding experiment (wheat and bean),
comprised of numerous plots, each of size 1.5 x 3 m,
were recorded from 25 m above ground level. Sun elevation
angle at the particular day and time was 38.5° and measured
photosynthetic active radiation was 349 Wm~2. The cameras
were operated with apertures of f/8.0 and integration times
of 70 ms for the IBC and 14 ms for the OBC, respectively.
The UAV followed a stop-and-go flight pattern only recording
image data when hovering above a way point to ensure
the acquisition of high-quality image date not affected by
motion blur due to long integration times. Image data were
recorded with a forward overlap of 80% and a sidelap of
70%. The recorded images were processed using the workflow
described in Section II-E. Only the image merging described
in step 5 was replaced by using a photogrammetric struc-
ture from motion workflow for UAV multicamera arrays in
Agisoft MetaShape (Agisoft LLC, St. Petersburg, Russia) to
produce an orthomosaic. In parallel to the UAV data acqui-
sition, a FloX point spectrometer (JB Hyperspectral Devices
GmbH, Diisseldorf, Germany) was used to record SIF at
760 nm of selected breeding plots [18]. The FloX measures
in situ top-of-canopy fluorescence with a FOV of 25°. The
FloX measurements were collected at 2 m above the canopy
and used to validate SIF retrieved from the dual-camera
orthomosaic.

2) Results: The fluorescence mosaic of the agricultural
field experiment is shown in Fig. 14(b). SIF at 760 nm is
ranging from —0.3 over soil up to 1.5 mWm 2nm~'sr~!
over vegetation with clear variability between experimental
plots all comprising healthy vegetation as shown in Fig. 14(a)
in the true color representation. The comparison with
the ground-based FloX spectrometer reveals a strong rela-
tionship with dual-camera SIF (R2 = 0.84, RMSE =
0.17 me’znm’lsr’l). Howeyver, the dual-camera underes-
timates SIF compared to ground-based Flox, expressed by a
slope of 0.62. The lack of atmospheric correction of the UAV
data may explain the underestimation of SIF at 25 m above
ground versus 2 m for FloX.

IV. DiscussioN

In this article, we presented a dual-camera setup combining
industrial and scientific components together with established
retrieval methods to derive SIF within the O,A absorption
feature. The two most important technical limitations, the
narrowband sampling, and cameras’ DR, were simulated.
Theoretical filter transmission data indicated a four to five
times lower radiance for the IBC compared to the OBC,
for apertures higher than f/8.0 with remaining limitations at
the image corners. Regarding the derived suppression factor,
an expectable SNR was simulated for either the used sCMOS
sensor or a state-of-the-art CMOS sensor used in many cur-
rent industrial cameras. The experimental data showed good
comparability to the simulation, both for band suppression
and derived SNR. Results of the first experiment showed that
changes in radiance between 0.1 and 0.2 mWm >nm~'sr™!
can be resolved by the camera system under direct sun irradi-
ation. The range of measured radiance for the second, third,
and fourth experiments agreed with reported values from the
literature. The comparison of the UAV-mounted dual-camera
against a ground-based spectroradiometer showed a very good
agreement but overall low SIF values likely due to atmospheric
effects. Detailed tests of the precision of the derived SIF signal
have to be demonstrated in future work. Regarding signal res-
olution, noise, precision, and SNR, the systems showed lower
performance than most cooled spectrometer systems, but an
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advantage in spatial and temporal resolution as well as size and
weight. Therefore, the systems could be seen as a supplement
in combination with airborne remote sensing to measure SIF
on different scales and spatial distributions. The high temporal
resolution of a snapshot imaging system allows us to measure
fast dynamic processes like the Kautsky effect. In a second
experiment, the measurement of this effect was demonstrated
with a 20 frames/s image series of a dark-adapted leaf. For
short integration times (40 ms for the IBC), as used in the
second experiment, just a small portion of the camera DR
was used. Therefore, SNR was too low to resolve steady-state
fluorescence, which is reported to be approximately eight times
lower than the maximum fluorescence signal.

V. CONCLUSION

We could demonstrate that our small-scale SIF camera sys-
tem can deliver reproducible quantitative data on the intensity
of SIF. Even though the camera system cannot compete with
cooled spectrometer systems regarding spectral resolution,
SNR, and precision of SIF retrieval, the produced numerical
values are robust and absolute values are slightly lower than
reference values. We did not detect any bias or systematic
error in the SIF measurements with the SIF camera system.
The slightly lower absolute values are likely related to the SIF
FLD retrieval method, which could be empirically corrected
in the future. A first comparison against the established SIF
measurement system FloX showed good agreement with SIF
and a need for atmospheric correction of UAV data. Further
measurements should be performed to compare and evaluate
the resolved SIF values against imaging spectrometer sys-
tems, like HyPlant. Further investigations have to examine
the influence of temperature changes on filter transmission
characteristics as well as the apparent speckle pattern in
near-field measurement. The additional experimental effort is
needed to optimize the usable DR of the camera for high-
framerate captures. A solution for measurements like this,
where short integration times are required, is to reduce spatial
resolution by applying pixel binning. This solution enables
UAV operation, where short integration times are necessary
to ensure image sharpness while recording from a moving
platform. First airborne tests on a UAV have been performed
and are promising. The SIF camera system may become a
valuable complement to ground and airborne sensors by clos-
ing a relevant spatial and temporal gap in SIF measurements.
We do not see the SIF camera as a stand-alone component
within calibration/validation studies, but its spatial resolution,
small size and weight, and its versatility have potential, e.g.,
plant phenotyping experiments, plant breeding studies, small-
scale agricultural, and ecosystem monitoring. We are currently
working on improving key technical specifications, which may
lead to an improvement in the performance of the camera
system especially for UAV applications.
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