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Preface

In this most wiusaal of years, the 13th European conference is being held - definitely online and,
cowid =19 depending, as a conventional conference in Budapest, Hungary. With so much uncertainty
in the world, would prospective paper authors be oo apprehensive to submit an abstract? Our fears
were groundless, over 200 abstracts were submitted and aseessed. Az a resull, 116 full papers were
accepted for oral presentation,

That is a big relief as agriculture faces increasing challenges and precision agriculture plays a
significant rale in solving these challenges. So, as with previous conferences, this one is again timely
aind the pagers published in these Proceedings lodm an impodant permanent frecond. PA research is
increasing the world owver and a pood cross-section of results from that research is presented here,
The Proceedings should form a useful reference source in the years to come.

“The conferences have gained a good reputation because of the standard of the Proceedings. A strict
approach has been taken (o paper acceplance. Each drafi paper has been assessed by two members
of the Scientific Commiltee and by mysell as Editor. Revised papers have been subjected Lo rigorous
editorial processing so that the papers presented here approach the quality of papers in refereed
journale. | would like to record my grateful appreciation to the members of the Scientific Committes
who, amidst the busy schedule of research careers, have frecly given their time and professional
judgement to assess the conference papers. 1 wiauld also like to thank Gabor Milics for persevering in
organising the conference in the face of the pandemic and all the uncertainties that that has caused.

John V Stafford

Editor

Ampthill, UK.

johnstafford @silsoe-solutions.couk
April 2021
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43. Distortion and mosaicking of close-up muiti-spectral images

A Krus', C Vakern!', ). Ramirez!, C Crug?, A. Barrientos?and §. ded Cerro?

Wniversidad Pobtécrion de Madkid, ETSIAAHB, Av. Pucrta do Hicrro 2, 28040 Madrid, Spain;
constantino.vaicro@upm.cs ORCID 0003-4473-3209

2CAR (Consejn Superior de Investigaciones Cientificas-Universidad Politdcnica de Madrid), C. fosd
Cutibrrez mg 28006 Madn'afSpain i

Abstract

In precision agricullure (PA), vegctationindices (V1) are ssmawnly uscd to cvaluate the health of
czops with the use of multi-spectial cameras. ‘Thesc are oficn mounted on drencs and used at high
altitudes, where the translation of focal polnts and subsequent changes in perspective do not pose
any ditficulties. In proximal sensing, however, these translations and distortions pose 4 significant
challenge on dataprocessing. In this woek, a Parrot Scquoia camera was mounted at a fixed height
of 12 mandused at 3sand 1.5 s intervals on the ficldbeneath. Reference imaging res ealed that the

multl-spectral lenses sulfer feom significant barre] distortion of 3(#, while the higher reselulion
RGB lcns has a barely distinguishable 1% pincushion distortion. The subscquent ficld images were
stitched togetlier using an open-source panorama software to automatically detect and correct
distortions ‘lhe resulting mosaics were then shified to correct the selative pasitlon of the separate
lenses, allowing for V1 ealcutation with mm aceuracy. ‘This method allows fur analycing singe plants
for intcr-crop and cven intra-crop variation.

Keywaords: multi-spectral, lens distortion, image processing,
Introduction

A commonly uzed indicator of crop health in precision agriculture (PA) are vegetation indices
(V1). they are calculated using reflectancee values obtained from a multi-spectral camerz. Thes
cameras often contain several lenses with physical filters. Usually, they are used at high altitudes,
in the range of c.g, 60 m {Mosiarly et al, 2019) t0 120 m (Ferndndez-Guizuraga et al., 2018). In
this sct-up and at this scale, the inclination of the camera al the time of the picture, as well as the
GNSS coordinates are essential for subsequent image stitching, Oftentimes an overlap of 60 to 80%
tsused between images (Franzini et al.. 2019; Moriartyef al., 2019). Besides a varicly of commerdial
sofiware available (or the mosaicking of these images, ever more complicated algoeithms have been
proposced. such as e.g. Jhan ¢t al. (2018),

‘this work follows a more straightforward approach, such as c.g. liang et af. {2019), adapted to a
smaller scale termestrial set-up and expandeil to the rear infra-red specirum. where the current
paper focusses on the image processing to allow for classic VI calculations, using only open-source
sofiwarc. This circumvents paying for commercial licensing while still ensuring satisfactory results,
as well as reducing the previously mentioned complexity 1o a minimum fef casier implcmentation.
‘The objectivex are two-fold, the first isto assess the amount of dist ertion present in the lensesof the
multi-spectral eemera uscd in an indoor sci-up with open-source imaging sofiware. ‘Ihe second is
to usc this i nformation on closc-rangc images of a crop row from the samc sensor, and to obtain a
distortion free senless mosaic without the use of commeercially licensed programs.

John V. Statford {cd.} Predision sgriculture '21 363
DOl 10.3920/978-90-8686-916-9_43, ©Wageningen Academik Publishers 2021



Maiterials and methods

Materials

“The combination of sensors and (robaotic) actuation stipulated in the SUREY EG project (Krus et al,,
2020) requires a mounting strecture that ensures a constant distance from the soil and wegetation,
mainly dictated by the reach of the selected robotic arm, “The relevant parts of this structure are
shown schemalically in Figure 1a, where the position and orientation of the multi-spectral camera
arc indicated in red. The operational height is therefore constant at about 1.2 m for all measurements.
“The struciure is propelled manually, ai a speed that fluctuates between 0.2 and .3 mfs due to the
roughness of the terrain, Images were recorded @t a fixed time-interval of 3 5 in 20019, which was
halved in the 2020 measurements, correspending to an advance of aboul 60-50 em and 30-45
cm respectively. Mote that the cart is mounted with other equipment as well, not included in this
schematic, which may block part of the view depending on the equipment mounted at the time.
“This is discussed in more detail below.

“The multi-spectral camera employed in this work was the Parrot Sequoia Camera {Parrot S.A., Paris,
France), which captures both an RGE image and four spectral band images simulianeously. The
distribution of these 5 lenses i shown in Figure 1h, The distances between the optical axes of the
spectral cameras are 1.6-1.7 em, with the exceplion of the RGE camera, which is centred between
the spectral cameras with an offsct of 1.3 em. Three of the spectral bands have a bandwidth of 40
o, around the following wavelengths: 550 nm for green (G), 660 nm for red (&), and 790 nm for
near-infrared (NIR). Between the latter two, the red-edge (RE) band of only 10 nm is incheded around
735 nm. Each of the resulting images of 1.2 megapixel {MP) conlains a horizental and vertical field-
of-view (HEOW = VFOV) of 62° and 49°, covering an area of about 144109 cm when positioned
al a 1.2 m height as shown above, The RGE camera on the other hand has a resolution of 16 MP,
and a slightly larger FOV, resulting in a covered area of 1500112 cm when mounted at 1.2 m, Bach
measurement session is stored in a single zip folder, containing each of the subsequent photos in
five-fold, where the RGE image is stored in jpg, whereas the spectral images are saved in L format
Asstated in Jhan et al (2017), the lens distortion of this camera bs known to be significant, To detect
the exact amount in percentages, two set-ups with wooeden boards were photographed at heighis
of 95 and 120 cm respectively, one of which is shown in Figure L. The first consisted of flal narrow
bosrds with coated edges, providing two steaight lnes per plank, 35 well as some metersticks o cross,
“The second consisted of only square wooden stakes with a spike al one end as used in outdoor trialks,
in two different oricntations to maximize the referenced area within the photograph. As the latter
was laken from the mobile structure, a part of the image was blocked by other cart mountings not

® (©

Figure 1, (a) A schermatic view of the relevant parts of the mounting structure, to which the camers
is attached at a fueed height of 1.2 m from the soil, with its ield-of-view indicated by the red cone,
[b) The spatial distribution of the Parrot Sequoia lenses, with 4 spectral bands and a high resolution
RGE camera at the bottom, (¢) One of the two reference objectives used for quantifying the lens
distortion, including partial blackage by other mounted structures,
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relevant here, reducing the visible ground surface by 18%. In Figure 1c this blockage can be scen
in the upper area. The lighting conditions indoors were sub-oplimal in both set-ups but proved
sufficient for the detection of the references.

“The figld wsed for the cutdoor measurements is located at WF26389" N 3%44'19.3" W, Madrid,

Spain. Each of the strips is planted with a single crop type at regular distances, and measures 1.40
m i wichth, to coancide with the mebile structure’s wheelbase. AL 10 runming meters markers are
present bo guide the measurement length., This work focusses on the lines of cabbage of the 2019-
2020 and 2020-2021 crop scason.

Methods

Each zip file of the Sequoia camera is downloaded through its locally hosted Wil connection. For
the investigations of the lens distortions, a set of images from the indoor reference set-up is loaded
into GNU Image Manipulation Program (GIMP), where the reference lines are selected manually
and extracted, before being corrected for the lens distortion until achieving the straight-lined end
result. Finally, the extracted arcas before and afier correction are coloured for darity.

In the field trials, the stitching of the several images belonging 1o a single pass of the mobile structure
was done semi-automatically in Hugin Panorama Bditor. Matching, features {or Control Points)
are identified vsing Hupgins CPFind algorithm, and then manwally checked for correctness, The
arca occluded by the structures actuation is hereto excluded from the images, as this would result
in perfect matches across the session since the area shows the mounted actuator from the same
relative angle and distance throughout the measurement. The feature linding algorithm is applied
to the REGB images and the green images separately, where the resulting points of the latter are then
remapped onto the other spectral image sets, as their resolution is equal. The identified features
are usally twigs or rocks in the saoil, o casted shadows on sunny days. The green images were the
maxst suitable of the spectral bands for this marking process, [t should be noted that due to the small
overlap {+20 cm) in the 2019 measurements, a large portion of the features was identificd manwally,
whereas the shorter time-lapse used in 2020 allowed antomatic identification. In each of the manually
marked stitching lines, the number of identified features was set 1o a minimum of six 1o ensure
proper distortion detection, where the markers should span the largest possible area. ‘The resulis
are stitched using the original photometric properties, Le. without applying filters or corrections,
as Lhe irradiance sensor of Uhe Sequoka is assumed lo correct for changes in lighting conditions.

The alignment of each of the stitched spectral images was deduced through moving semi-transparent

layers in GIME which can then be confirmed in e.g. Matlab or Python. Due to parallax, this shift
depends largely on focal distance. Once the necessary ranslations of each channel were determined,
the resailt was applied to each of the measurement sets allowing for vegetation index (VI calealations
at very high spatial resolation in cach imaged crop row within the same program, The resolation
obtained directly follows the resolution of the spectral lenses and the {cdlosc-range) mounting height.

Resulis
Reference sel-ups

Both straight lined references, at 95 and 120 cm, revealed a necessary distortion correction of only
1% in the RGE images, ‘This distortion is hardly visible as seen in the lefi images of Figures 2 and 2.

“The spectral images, however, required a correction of 30-33%, found to be consistent for all spectral

bands. The difference of 3% between Lhe two set-ups can be explained by the lines stemming from a
woesden ohject that might not be perfectly clear, as well as the reduced contrast of the references in
the lighting conditions used. As the amount of distortion is assessed manually, a difference of 3% is
hardly visible, as can be expected when reviewing the impact of the 1% correction in the RGB images.

“This is, however, something that could be further looked into, Az the stitching software astomatically

corrects these distortions, the exact amount does not have to be known for further processing,
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Figure 2. The distortion found in the RGE image (left) and the spectral images (right] when taken
at a height of 95 cr. Red: lines in the original image, Green: parallel lines, after correcting for a 1%
pincushion and 30% barrel distortion, respectively,
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Figure 3. The distortion found in the RGE image (left) and the spectral images {right) when taken at
a height of 120 cm. Red: lines in the original image. Green: parallel lines, obtained after correcting
for a 1% pincushion and 33% barrel distartion, respectively.

Fild imiagex

In the ficld measurements, the sun cast rather sharp direct shadows, which on the one hand
resulted in additional reference features at soil height, but on the ether hand reduced the amount
of information in the shadowy areas, affecting the distribution of V1 values in the final images. The
V1 values on crop pixels are not affected, but the effect of shadows should be taken into sccount
when accounting for larger areas for their evaluation, eg. through averaging. The translation that
ensures perfect alignment is listed in Table 1, yielding the correction as displayed in Figure 4. This
correction was applicd (o all measerements of 2009 and 2020, as listed in Table 2. These shifis differ
from those listed in Cardim Ferreira Lima ef al. (2020) as a result of the different mounting height
Given Lhe blocked area of the other mounting structure components, the area depicted in a spectral
ik % feduced Mrom amand 1.44 raining m o about 110 m. The uneven surface and manal
progulsien caosed velocity fuctuations, which in the worst case resulied in images overlapping a
mere 20 cmi. This made the identification of sufficient features difficult at times, which means some
measurements had o be repeated (o ensure an overlap of at least six features. The low number of
features provided liftle information on possible deformations io the stitching algorithm, which is
whiy the overlap was doubled in the next year. Due to the manual positiening and moving speed,
the number of images per row was 11-14 in 2009, and 30-40 in 2020. This variability can also be

Table 1. Fixed image translations with respect to the red [R) spectral band in pixels (xy).

Image Translation
Green (G} 2701
Mear-infrared {MIR) 11,15}
Red-edge (RE) 2337

366 Precision agriculture "21

Figure 4, The 4 spectral images taken from dightly different perspectives, coloused here for clarity,
both before (left) and after (right) translation cormection.

Table 2. Field measurement dates and the setting of the camera used,

Crate Tirme-lagse setling, s
019 26 September 3

06 November |

12 Kovwember El

18 Movermnber 3

27 Mowvernber 3
2020 26 Detabier 1.5

(s November 1.5

12 Nowembrer 1.5

contributed to the extra distance before and after the 10 m markers that was recorded in varying
amounts, resulting in some measurements spanning more than the 10 m of interest.

“The 3 s image acquisition interval in 20019, proved to be labour intensive for image stitching, In Figure
5, a typical subsequent pair of images are reduced 1o their overlapping area, with some example

i A

Figure 5. An example of features that can serve as markers for the stitching process, Mote that both
Images are cropped to show anly the area of the overlap, as indicated by the shaded area in the
schematics above for this set taken at a 3 < interval. This area of overlap was greatly improved for
the measurements with half the trigger time in 2020,
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features indicated with circles. Mot that the right-most image is the green channel displayed in
Figure 4, cropped to the area indicated in the drawing above. As mentioned previously, the small
owerlapping area limited the availability of guitable marker points, which for some measurements
was compensaled by clear shadow patterns as seen in the topmast circle in Figure 5. On the lefi,
a higger rock next o the irrigation line provides a clear example of blurriness, making it morne
difficult to pinpoint exact coordinates to ling up. Al the bottom of the images, the shadow cast by
the muunling structure obstrocts soeme of the possible features, where the two rocks marked in this
example could not have been identified in the wheel shadow. Finally, the circle on the lower right
highlights two twigs that on the ene hand demonstrate a clear change in contrast, and on the other
hand indicate the distortion effects that are more profound owards the edges of the image, e the
twigs in the lefi image are distorted. Another example of the distortion becomes clear from the set
of uncropped images shown in Figare 6. The irregular polygons connect the identified features in
this image pair, where concentric circles mark the optical axis. On the lefi, the markers are on the
edge of the image, at maximal distance from the oplical axis, whereas on the right the same features
are much closer. Mote that the outer circle is lixed at the distance towards the brown marker in the
Latter image. For each image pair a minimum of six points were marked, with the majority being
identified manually, The end result of a single measurement session is included in Figure 7a

Im 20240, with the 1.5 s interval, all images overlapped not onby with the two adjacent images, but
with four images, ie. the two subsequent images in both dinections. This greatly facilitated the
automatic feature extraction, thereby eliminating the need for manual identification altogether. This
ook between 3 and 6 min, depending on the number of images, and resolution (spectral vs RGE).
“The pandemic impacted the maintenance and planning of the field trials substantially, which is why
the development of the crops ks delayed, as seen when comparing Figures 7a and b

Figure 6. Coinciding markers in a green spectral image indicate clear distortion with respect to the
optical axis, indicated by the concentric drdes, The identihed features are indicated with coloured
rectangles, which are connected into irregular polygons (red) for clarity, to highlight the relative
distortion.

e ] 5t Mo PRI L0 P STl

£ N M LR L S
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Figure 7.{a) The stitched images of November 129 2019, taken at 3 s intervals. (b) The stitched images
of Mowvernber 12'% 2000, taken at 1.5 5 intervals, The 10 m markers are highlighted with arrowes,
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Discussion

‘The detected amount of distortion present in the images varied by 3%, which s assumed (o stem
from the coarseness of the reference objective in combination with the detection being assessed
manually. Finer reference lines with higher contrast in each of the spectral bands might improve
the accuracy of this resull.

“The stitching methodslogy presented in this work can be executed using only freely available software
and does not require the use of more complex algorithms, For a proximal sensing platform with the
camera mounted in a fized nadir position and the crops aligned in the centre of the image series,
the procedure can greatly be simplified, as demonstrated here, A mimimal ovedag of 20% appeared
to be sufhcient, but larger overlaps are preferred 1o allow automatic feature detection, as illustrated
in the 2020 datasct. By regulating the speed of the fied structure, the consistency of the obtained
overlap could be further improved.

Al the beginning of the growing seasaon, this method proved sufficient to stitch a row of crop images
together in a panorama fashion. For larger crops, however, the smaller distance between the camera
and ohjective made the stitching nearly impossible, doe to larger soil areas being obscured by
prodruding foliage. Increasing the imaging lrequency or adjusting the stitching procedure would
nol solve this issue as sufficient distance is needed between the camera and the crop. As the main
purpose of this work is carly detection of notrient deficiencies, the crops were small enough during
image acquisition.

Conclosions

“This work presents a simple proceduare foe stitching a series of close-range multi-spectial images as
taken from a mohile proximal sensing platborm using open-source software, ‘The detected image
distortion is corrected manually or automatically depending on the amount of image overlap.
From the resulting images, vegelation indices can be calculated using any preferred software. By
simplifying and automating this batch processing, the necessary processing time is greaily reduced,
thereby facilitating more frequent measurement. Mosaics of multispectral imagery and deducted
Vs allow for moniioring crop development per plant, rather than for swaths of land within a field,
allowing for robotic madntenince to wcl on a level of precision nol feasible in conventional PA.
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