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Abstract

Unmanned aerial vehicle (UAV) equipped with multispeciral sensors have become an active research fopic
for crop health monitoring, across many regions. However, the high cost associated with such sensors
suggests us to shift to a cheaper alternative in order to be implemented by average farmers from developing
countries. In this study, we evaluated the potential of a lightweight (38 gm) mobius action camera with wide
field of view (FQV) in monitoring crop health through the removal of IR filter, and replacing it with Wratten
254 red filter. The research implemented Structure from motion (SfM) for creating orthomosaic, which was
followed by the computation of Normalized Difference Vegetation Index (NDVI). Finally, the results of NDVI
from the modified camera was linearly correlated with the field measurements of Leaf Area Index (LAI},
carried using LI-COR LAI 2000 Plant Canopy Analyzer, having the coefficient of determination (R?) of 0.843.
The results obtained from the validation demonstrate that the modified camera setup has good potential for

monitoring crop health.

1. Introduction
Remote sensing technologies have been providing
timely and accurate information related to crop
health and productivity; and have been widely used
in agricultural health monitoring at both regional
and global scale since decades (Atzberger, 2013).
One of the important characteristics for any
agricultural health monitoring system is to timely
disseminate information related to plant health,
growth, and yield to the farmers. With recent
technological advancements, a lightweight airborne
remote sensing (Zhang and Kovacs, 2012) presents
a unique advantage over traditional satellite borne
images (Lamb and Brown 2001), in terms of high
spatial and temporal resolution with reduced effect
of cloud cover during data acquisition. However, the
associated cost with multispectral sensors are
generally high, which suggests researchers to focus
on a cheaper alternative that could be financially
implemented by farmers from developing countries.
Not surprisingly, there have been several studies
in the application of sensor networks, information
processing and decision support for precision
agriculture (Allahyari et al., 2016, Shaw et al., 2016
and Alexandridis et al., 2017). Likewise, the remote
sensing platforms including air and space borne
suffers atmospheric scattering in the blue and green
regions, consequently it is recommended to use
longer wavelengths such as red and near-infrared
{NIR) for agricultural applications (Nijland et al.,
2014). Therefore, an inexpensive digital camera
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setup, with internal infrared filter removed and
replaced with blue blocking filter allowed blue
channel to record the NIR light, while red recorded
in its original channel (Zigadlo et al., 2001 and Hunt
et al.,, 2010), demonstrated a promising technique
for agricultural health monitoring. In recent years, a
lot of research have implemented such modification
of standard RGB digital camera to near infrared for
the assessment of crop health (Hunt et al,, 2010,
Rabatel et al., 2014 and Hunt et al., 2005), but very
less has been explored in complementary metal-
oxide semiconductors (CMOS) based action camera
model (Wijitdechakul et al., 2016a and Ghazal et al,,
2015). For instance, (Hunt et al., 2010) studied the
ability of charge-coupled device (CCD) based
digital sensors in crop monitoring by embedding in
UAV platform. Their results in terms of green
normalized vegetation index (GNDVI) was found to
have a good correlation with leaf area index (LAI)
suggesting that their approach was potential in
providing accurate information related to crop
health. Similarly, (Wijitdechakul et al., 2016a)
demonstrated a dual action camera model: one
normal RGB camera while the other IR filter
removed modified camera in UAV platform for
real-time agricultural area management. Their
system was able to detect the healthy vs non-healthy
plantations, and notify farmers regarding their
unhealthy plantation area for improved decision
making in agricultural practices.
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The action cameras offers a unique advantage in
UAV photogrammetry due to its lightweight and
low-cost (Hastedt et al., 2016). A significant
amount of research has been performed on
evaluating the application of action cameras for
UAYV photogrammetry (Hastedt et al., 2016, Balletti
et al, 2014 and D’Agostino et al., 2015). For
instance, (Hastedt et al., 2016) highlighted different
camera calibration approach on the GoPro Hero4
model to evaluate the potential of a pre-correction
step in rectifying the initial distortion introduced by
the wide angle lens for the application in UAV
photogrammetry. They also discussed about the
challenges introduced by such lenses, in terms of its
short principal distance and high radiometric
distortion, which causes deviation from the central
projective model.

An efficient method for image matching was
applied by (Agarwal et al., 2011), where they
identified a small number of candidates for each
image using vocabulary tree recognition instead of
matching all the image together, which still
preserved the features for SfM, and significantly
reduced the processing time. Similarly, the linear
time SfM was implemented for large scale image
reconstruction (Wu, 2013) by introducing a
preemptive feature matching process, which reduced
the image matching process by 95%, while still
recovering sufficient good feature matches for the
reconstruction process, Likewise, (Turner et al,
2012) presented an automated technique for image
mosaicking by implementing UAV photogrammetry
and SfM algorithm, The images were processed to
create the three dimensional point clouds in an
arbitrary coordinate space, which was later
transformed into global coordinate system using; a.
direct camera EXIF file, b. ground control points.
Thus, the point clouds were used to generate a
digital terrain model, which was followed by the
creation of an orthomosaic. Their results
demonstrated an absolute spatial accuracy of 65-120
cm with direct georeferencing method, and 10-15
cm using ground control points (GCP) technique.

All the above literatures were very significant in
adapting the methodological workflow for this
study. The purpose of this research was to assess the
potential of an inexpensive modified CMOS based
action camera model with blue blocking filter to
monitor crop health in banana plantations using
vegetation indices specifically, NDVL. This study
also applied different camera calibration approach
for; a. removal of distortion introduced by fish eye
lens, and b. calibrating spectral signatures, to assess
the potential of modified camera system in UAV

photogrammetry.

2. Research Needs and Design

Banana plantation plays a great role in food security
and income generation for millions of the region’s
rural poor in Thailand. It is also a popular staple
food which is rich in vitamins and minerals, and
contributes approximately US $2.3 million each
year in the economy (Anupunt, 2002). However, the
plantation is affected by several biotic and abiotic
stress factors. Biotic stress includes fungi, bacteria,
viruses, weeds and pests, while the abiotic stress
includes influence of the surrounding environment
for example, water and temperature etc.
Specifically, the disease “Black Sigatoka”
(Mobambo et al., 1993) affects banana plantation
and its yield by obstructing the photosynthetic
process, blackening and reducing the leaf area.
Therefore, predicting plantation response to crop
stress is important in developing strategies, and
enables decision-making for use by farmers and
researchers to develop a better response mechanism
and resilient agricultural systems.

The methodology adopted in this study enabled
the spatial analysis within banana plantation,
leading to potential application in the improvement
of plantation health and agricultural management
using the modified camera. Furthermore, monitoring
of photosynthetic activity using NDVI, at an early
stage will provide farmers with valuable spatial
information regarding the crop health, and discase
within their plantation that helps prevent yield loss.
This methodological framework wusing an
inexpensive modified infrared camera presented an
alternative crop health monitoring system targeted
for farmers in devecloping countrics. The workflow
for the research design has been presented in Figure
1.Firstly, the images were capiured using the
modified camera embedded in UAV, which were
then preprocessed and calibrated before running
SIM algorithm based on (LLC, 2017). The result of
SiM algorithm outputs an orthomosaic, using which
we computed NDVL

3. Materials and Methods

3.1. Study Site and Data Acquisition

The study area consists of Muse acuminata
plantation; a species native to Southeast Asian
region; which covers an area of 0.186 sqkm as
represented by the red polygons in Figure 2. The
area’s center is located at N 14° 15.133" E 100°
53.393' and Z 10 meters (WGS84) in Pathumthani
province, Thailand. The area in yellow polygon
covers 0.0445 sq.km, which has been indicated as
the dedicated area for the comparison and validation
of NDVI results, with the field estimates of LAI
using LI-COR LAIT 2000 Plant Canopy Analyzer.
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Figure 1: Workflow design for modified infrared
CMOS sensor

3.2 Modified Camera System

The camera system used for the rescarch was a
lightweight (38 gm.) mobius action camera as
demonstrated in Figure 3(a), having the dimension
of (61 mm * 35 mm * 18 mm), and CMOS based
camera sensor with a spectral response range of
400-1000 nm; similar to most of the CCD based
camera model. The spectral sensitivity of the
mobius action camera was measured in a completely
dark room using Black Comet C-200 TEC Stellar
Net Spectrometer as shown in Figure 3(b). After the
removal of infrared blocking filter, the sensor was
illuminated with an 850nm monochromatic led
light, and the results demonstrate that the camera
was more sensitive to near infrared spectrum in its
blue channel and least in its red channel.

Since, the sensitivity of NIR. was higher at blue
channel, the camera was modified by replacing its
IR filter with Wratten 25A red filter, which is a
gelatin filter that restricts blue and green bands
ranging(440- 600 nm) while allows red(550-850nm)
and near infrared(800-1000 nm) (Velasquez et al.,
2016). Thus, the camera sensor records Red-Green-
NIR configuration, with NIR recorded in its blue
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channel. Typically, the use of action camera with
wide angle lens (FOV 87mm) requires processing to
correct fish eye effect for a better performance of
SfM algorithm (Hastedt et al., 2016 and Balletti et
al., 2015). The preprocessing step has been
described in detail below.

3.2.1 Geometric calibration of wide angle lens

The imaging system, in most of the action camera
with wide angle lens deviates from central
projective model. Additionally, CMOS sensors in
action camera doesn’t follow global shutter camera
models, which forms the basis for SfM approach
(Hedborg et al., 2012). Therefore, it is desired to
apply pre-correction in the image for producing it
closer to central projective model (Hastedt, 2016).
An initial preprocessing step was implemented by
applying the lens distortion correction plugin in
GIMP 2.8.16, to correct the initial correction
introduced by wide angle lens. The correction for
the remaining distortion was estimated using
standard checkerboard pattern (7x9), which
implemented the pre-calibration approach similar to
(Harwin et al., 2015). For the cormection of lens
distortion, we implemented the distortion model
(Duane, 1971, Kelcey and Lucicer, 2012 and
Hastedt et al., 2016), which computed both the
radial and tangential components of lens distortion.
A set of 8 images of the checkerboard kept in fixed
position was taken from various angles, and the
images were loaded onto the Apisoft Lens. This
softwarc gencrates camera orientation parameters
and lens distortion coefficients using the model
(Duane, 1971); based on bundle adjustment of
matched corners of the checkerboard pattern. The
generated parameters were then exported to xml file
format, which was later supplied to Agisoft
Photoscan for calibrating the field images.

3.2.2 Radiometric Calibration

The goal of calibration was to convert the pixel
value of each channel to reflectance. For the
calibration of the images, we implemented the
plugin (Horning, 2013), which works with Fiji
image processing software (Schindelin et al., 2012).
First, the plugin calculates the calibration
parameters, followed by applying those generated
parameters to a directory of images. For calibration,
all the images must have same camera settings
(shutter speed, ISO etc.) as the image which was
used to calculate the calibration parameters.
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Figure 2: The study area in Pathumthani province, Thailand. The red polygon represents the distribution
of banana plantation, while the yellow polygon represents the area for the validation of NDVI

Figure 3: (a) Modified infrared camera setup with 3 axis brushless gimbal on DJI P3 Professional, (b)
Spectrometer (Black Comet C-200 TEC ranging from 200-1100nm)

The plugin allowed flexibility in subtracting a
percentage of the NIR pixel values from the visible
channel, This was because after modification, some
percentage of NIR light gets mixed in all the visible
channel, The value to subtract was determined by
taking an image over 850 nm LED illumination and
carefully studying the histogram of each channels,
The plugin also supports the removal of gamma
effect (Lebourgeois et al., 2008), that is normally
applied when the image getls converted io a JPEG

inside the camera making the camera sensor mimic
the response of a human eye. The camera sensor
records light intensity linearly, but our eyes are
more sensitive to low-light conditions than they are
to the brighter lighting, therefore, the gamma
cotrection was applied. The linear regression was
performed between average pixel value for red band
and the reference reflectance recorded by standard
reflectance target at 600 nm, and similar for NIR but
at 850 nm.

Evaluating the Accuracy of Modified Near-Infrared Camera with Wide FOV in Monitoring Crop Health



Finally, the slope and aspect obtained from the
linear regression was applied using gain offset
method on cach bands to produce the reflectance
images.

3.3 Feature Detection, Matching and Alignment
Image matching is one of the most time consuming
steps in SfM (Verhoeven, 2011). To reduce the
processing time, the implemented SfM algorithm
(Javernick et al, 2014 and LLC, 2017) firstly
detected the pair of image which shared the same
view, and generated the descriptors for each point;
and finally detected its equivalence points across the
images based on a similar approach to SIFT (Lowe,
2004) as mentioned in (Sona et al, 2014).
Furthermore, the value of 50,000 and 5,000 were
supplied as the number of key points and tie points
to be extracted from each image, i.e. the algorithm
(LLC, 2017) extracted 50,000 points out of which it
selected 5000 best points from each image for the
alignment process, which reduced the associated
processing time. These descriptors and its
correspondence across the images allowed the
creation of 3D sparse point cloud reconstruction
(Verhoeven et al., 2012) and camera positions
(Hartley and Zisserman, 2004 and Ullman 1979) as
shown in the Figure 4.

3.4 3D Reconstruction and Orthomosaic

This step applied the camera calibration parameters
previously obtained from Agisoft Lens (LLC, 2017)
using the distortion model (Duane, 1971) to remove
the lens distortion before further processing the 3D
reconstruction (Verhoeven, 2011). Given a set of
aligned sparse point clouds and calibration
coefficients, the algorithm applied classic bundle
adjustment (Sona et al., 2014 and Bendig et al,,
2015) to generate dense point cloud. The dense
reconstruction utilized all pixel values (Scharstein
and Szeliski, 2002), which allowed handling of the
small details in the scene represented as a mesh
(Verhoeven, 2011). Furthermore, the mesh were
textured using the multiple images. Since, our
modified camera model didn’t have the GPS
embedded within the system, therefore, the dense
reconstructed  textured mesh were still in an
arbitrary coordinate system. To transform it to an
absolute coordinate system, we collected 8 GCPs
using a GPS, and after that the set of GCP were
supplied and identified manually in the interface;
the algorithm (LLC, 2017) computed seven
parameters Helmert Transformation (Javernick et
al, 2014 and Verhoeven et al., 2012). The
parameters like scale factor, translation and rotation
matrix were computed based on matched feature
points and GCPs (Turner and Watson, 2012).
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The final phase was to merge the images into a
single mosaic covering whole study area. As all the
images were georectified, it was a simple process to
mosaic them using a mosaicking algorithm
implemented in (LLC, 2017).

4, Results

4.1 Alignment Accuracy

An approach similar to (Balletti et al., 2014) has
been implemented for the alighment of the 89
images using algorithm defined in (LLC, 2017).
First of all, the images were corrected for the initial
distortion using Agisoft Lens (LLC, 2017). Before
applying the calibration parameters, a pre-correction
step (Hastedt et al., 2016 and Balletti et al., 2014)
was introduced to increase the accuracy, reliability,
and provide valid parameters to correct the wide
angle images into central projective mathematical
model using GIMP 2.8 (Distortion, 2013). Afier the
pre-correction step, the images were aligned using
Apisoft Photoscan 1.2.4 (LLC, 2017) using generic
image pair selection supplying the key point and tie
point limit of 50,000 and 5,000 respectively. The
medium accuracy was chosen for the alignment
process which subsequently reduced the matching
and alignment time to 49 seconds and 25 seconds
respectively. The accuracy (RMSE error) of the
alignment process improved significantly from
0.0975 m to 0.0365 m with the mean key point size
and effective overlap of 6.89094 pixel and 2.7732
respectively, after the introduction of the
precorrection step.

4.2 Spectral Calibration of the Modified Camera
The spectral calibration of the modified mobius
camera was performed with 5 calibration targets
using Black Comet C-200 TEC Stellar Net
Spectrometer as shown in Figure 3(b). The
calibration process was carried on July 7, 2017
simultaneous to the drone flight data acquisition, to
maintain same atmospheric conditions. The
spectrometer readings of % reflectance were linearly
correlated with the normalized image pixel values
(DN) collected using modified camera during same
time of the day; in a plugin (Homing, 2015) where,
the reflectance values were supplied using a osv file,
The reference spectrum for visible (red) had a good
corrclation with image pixel values at 600 nm with
R? value of 0.939, and near-infrared spectrum at 850
nm with R? value of 0.9059. Finally, the plugin
(Horning, 2013) applied the calibration parameters
of regression model to the directory of images for
the calibration of modified infrared camera, which
later supported the calculation and validation of
NDVI results, described in the section below.

7
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Figure 4: Tmage Alignment where, the blue polygons on the top represents each camera positions
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Figure 5: NDVI computation from modified infrared camera

4.3 Normalized Difference Vegetation Index

The Normalized Difference Vegetation Index
(Tucker et al., 2001) is an indicator that applies the
visible and near-infrared channel within the
electromagnetic spectrum. NDVI has a wide
application (Meng et al., 2013) in vegetative studies,
as it has been widely used to estimate crop yields,
access plant health, and estimate biophysical
characteristics like LAT. As mentioned in many
literatures (Fan et al., 2009b, Bravo et al., 2003 and
Marti et al., 2007), NDVI has positive correlation

with field estimates of leaf area index and the
amount of biomass, These indices takes on values
between -1 and 1; with -1 being no vegetation (rock,
water, bare soil) and 1 being the healthy and highly
photosynthetic vegetation. The result of NDVI has
been demonstrated in Figure 5 and takes the form as
Equation (1).

NDVI = (NIR-RED) / (NIR+RED)
Equation 1
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Figure 6: (a) Field validation using LI-COR LAT 2000 Plant Canopy Analyzer, (b) Scatterplot depicting the
linear relationship between field estimate of LAT and NDVI

Finally, we designed 18 square plots, each
measuring the length of 5m, distributed in an area of
0.0455 sq.km; for the validation of NDVI. The field
measurements of LAI followed a nondestructive
approach, using LI-COR LAI 2000 Plant Canopy
Analyzer as shown in Figure 6(a). Simultaneous to
the ground measurements, we recorded the aerial
images with modified near-infrared camera at an
altitude 60 m directly above the plot center in each
individual plots. The linear relationship between
NDVI and field measured LAI was investigated to
validate the results from the modified infrared
camera, which followed a similar approach to (Hunt
¢t al,, 2010). This was based on the literature (Fan et
al,, 2009a) which demonstrated NDVI as a good
estimator of LAI. Some of the plots encountered
saturation in NDVI values above the LAI of 4.5
(Turner et al., 2007), which was supported by the
fact that most of the vegetation indices suffer
saturation at some point of LAI which has been
mentioned in (Gitelson et al., 1996 and Hunt et al.
2010). The four plots that suffered saturation were
removed as suggested in (Hunt et al., 2010), which
resulted in an improved correlation, with the
coefficient of determination (R%) of 0.843 as shown
in Figure 6(b), where the relationship between the
two variables were expressed linearly as: LAI =
4.0374 NDVI + 0.8066. Finally, these results
indicate that the modified camera has a great
potential in monitoring crop health.

5. Discussion

Many different approach have been applied for the
correction of wide angle lens introduced by CMOS
sensors. For instance, calibration of action camera
specifically, GoProHero3 for photogrammetric
purpose has been evaluated by (Balletti et al., 2014),
with the recommendation of use of high spatial
resolution during data acquisition. They applied
checkerboard pattern and OpenCV algorithms to
generate distortion free images, which significantly
improved the accuracy in image registration. The
alignment accuracy of the initial distorted images
were 0,035 m, which later halved to 0.015 m using
the undistorted images. An algorithm for robust and
automatic camera calibration using chessboard
pattern has been presented by (Douterloigne et al.,
2009). They discussed on the variation of the
camera parameters, especially on the second order
un-distortion parameters, which was explained by
different random camera positions, giving more
weight to one area of the image than another. As a
result, they suggested to apply as much views as
possible for the correction and generation of
accurate results. One must also pay great attention
towards image capture of the checkerboard pattern
to get rid of the bad lighting, low luminance and
gloss effect while imaging from different viewing
angles, as this might create confusion and block the
algorithm from creating good matches between the
images (Balletti et al., 2014).
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The advantages of a lightweight action camera in
UAV photogrammetry has been highlighted by
(Hastedt et al., 2016) using GoPro Herod, with
different acquisition modes. Their results suggested
to apply the pre-corrected images together with pre-
calibrated interior orientation parameters, which
provided valid parameters and most reliable results.
They have also recommended on the use of GoPro
Studio for applying pre-correction of image, and
Agisoft Lens for generating statistical information
with chesshoard pattern. Our methodological
framework followed a similar approach as
mentioned by (Hastedt et al., 2016 and Balletti et
al., 2014). However, our results were less accurate,
but in acceptable region compared to their results
because their study area didn’t include dense
vegetation, where the automated feature detection
and matching algorithm introduced some blunders
(Remondino et al., 2011). Furthermore, it is highly
recommended to have a sufficient overlap (~80-
90%) between each consecutive images for feature
matching and 3D reconstruction. Similarly,
sufficient number of ground control points must be
introduced and distributed throughout the project
area, particularly around the periphery to ensure
accurate and reliable calibration results for UAV
photogrammetry. Likewise, the data from the
modified action camera was free from Jello Effect
(vibration, damping) due to the use of Image
Stabilizing Gimbal especially designed for Mobius
Action Camera (Quanum 3-axis brushless Gimbal)
as demonstrated in Figure 3(a). Furthermore, the
image acquisition was carried at an altitude of 200
m which covered large area, and supplied enough
feature matches for SfM algorithm.

Various methods and protocols have been
developed to test the feasibility of a modified
camera system in agricultural health monitoring. For
instance, (Hunt et al., 2010) studied the ability of
digital color infrared camera modified through the
replacement of NIR internal mirror filter with red
light blocking filter in crop monitoring using UAV.
The acquisition was carried out over two variably
fertilized field of winter wheat in Queen Anne’s
County, Maryland, USA. Their results in terms of
GNDVI was found to have a good correlation (R=
0.85) with LAI, which suggested that their approach
was potential in providing accurate information on
crop health. They collected imagery at 105 m and
210 m altitude, and applied tarpaulins of various
color for the spectral and radiometric calibration of
the modified camera. The application of a dual
camera system for agricultural health monitoring
was studied by (Wijitdechakul et al, 2016b),
however their dual camera system decreased the
spatial and radiometric accuracy while registering

the images, due to the difference in grey level
distribution between NIR and visible images (Hunt
et al., 2010 and Rabatel et al., 2014). A study on the
potential of digital camera to be applied as a
multispectral sensor has been performed by
(Lebourgeois ot al, 2008) to monitor crop by
examining a serics of radiometric calibrations which
reduced the distortions subjected to camera optics
and environmental conditions. Their results
suggested on addition of a preprocessing step for the
raw images to correct the vignetting -effect.
Similarly, (Lelong et al, 2008) applied the
combination of digital camera and spectral filters to
design multispectral sensor for the application in
precision farming. The images were computed for
NDVI, which was compared with field
measurement of LAI. Their results demonstrated a
moderate correlation between NDVI results and LAT
with R? of 0.82 and root square error of 0.57;
concluding that their results from standard cameras
is potential for precision agriculture; and further
suggests researchers on simplifying and improving
preprocessing step to establish more accurate
results. Our calibration approach followed an
approach similar to (Bourgeon et al., 2016) with
direct measurements using spectroradiometer in the
field under sunlight conditions to convert DN to
reflectance measurements for the calculation of
NDVI. Similar to their results, we observed the
variation in light intensity with some saturation in
the white calibration targets (DN >250).
Furthermore, some targets had strong sensitivity to
light source, effects of noise and environmental
conditions. In order to optimize radiometric
calibration, one must carefully select the number of
required calibration targets by excluding targets
with high saturation.

6. Conclusion

This study assessed the feasibility of an inexpensive
modified infrared CMOS based action camera
mounted on DJI Phantom 3 Professional in
monitoring crop health. The action camera was
modified by replacing the infrared filter with blue
blocking filter, resulting in the camera configuration
as R-G-NIR to compute NDVI; which was tested
and validated against the field measurement of LAIL
There was a moderate correlation between the
NDVI results from the modified camera and the
ficld estimates of LAI with an R? value of 0.843.
Morcover, this camera setup has a great potential in
precision agriculture; however, further research
needs to focus on effective band separation by
choosing a more suited band pass filters to achieve
accurale resulls. This study is expecled to assist
farmers in agricultural decision making by
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constantly monitoring crop health using NDVI
throughout the growth season. Finally, further
research needs to focus on automation of SfM
algorithm, reduction of the complexities in pre-
processing, ecfficient geometric & radiometric
calibration, and a simplified workflow to provide
fast and accurate output to the end users.
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