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ABSTRACT

Healthy vegetation appears green because plant leaves reflect green light. Photosynthetic
pigmens in the leaves also reflect near infrared (NIR) light, with healthier pigments reflecting the
hi ghest amount of NIR lIight. Accordingly, by
to assess its health visually. The Normalized Déffial Vegéation Index (NDVI) is a
measurement of the amountof NIRi ght refl ected from a plantds
assessment of plant health for various agricultural applications. The use of NDVI for health
analysis igmportantto the agricultural @mmunity but the specialized cameras currently used to
measure NDVI a& much too expensive to mak@plementation of NDVI analysis widely
accessible. As such, this research serves three purposes: to mimic the ND\(capagiag
process using lessxpensie digital cameras, to develop unmanned aerial platforms which can
easily be implemented by smaltale agriculturalists to perform aerial NDVI analysis, and to
develop software to pogtrocess images and provide an NDVI color map of the area of land
analyed. Developing an inexpensive and etsyse platform allows agriculturalists to
affordably implement NDVI analysis to manage plant health and could revolutionize the

agricultural industry as a whole.
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Chapter 1 Introduction

Recent developments in technology have afforded society the opportunity to
advancehe methods with which perforns activities throughout lifeThese advancements range
from those thatmpactsociety as a whole, such as mopng travel with the development of
cleaner and morefficient vehicles, tahose that simply make life for individuals more enjoyable,
such as improvements in the newest smart phone or virtual reality device. Onedeasoément
that has crossed the barrier between utility and pleasure is the increase in availahbihtaohed
aerial vehicleJUAVSs) to the public.UAVs with increasinglyadvanced technology including
flight planning using GPS and higlefinition live video streaming have become more affordable
and thus more widely use ome anal ysts compare drone devel
devel opment of PCO6s in the 199006s pointing ou
with a small number of compasieleveloping new technology followed later by a larger number
of competitors. WBM &nd Appl€; WAV ddvelopraent hag ibéghn with
companies like DJI and 3DR. Both sectors also began with a hobbyist market and then exploded
into the commerai | sector. A wr i t efdronesofollowdhe @@ @ricingi f e p
decrease modelve can expect, for exampte,see the DJI Phantom 3 Advanced to move from its
current price point of $999 to $879 by nextyearamdvdn t o  $ 5 2 5Withyhe @iCedf0 0 [ 1]
consumeltJAVs dropping steadily, they are becoming more viable not just for use by the casual
hobbyist, butalsofor implementation in industryAmazon, for example, isivestigating the use
of UAVs in their delivery serviceMany of the pakages dévered by Amazon are under five

pounds, which makes the uselbAVs for shortrange deliveries a potential. While there are still
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logistical issues associated with tkeenceptincluding approval from the Federal Aviation

Association (FAA), Amazotis fully devoting resowres to study the feasibility of implementing
packagedeliveringUAVs [2]. UAVshave al so begun to be wutilizec
vice president of policy and legal affairs sthte CNBC thaifiit her e ar e toosdant | es s
using drones to help peopl e. One the most ben
high operating cost of laelicopter, which can run intthousand®f dollarsper hour, emergency
responders have been utilizing relatively inexpentl®®/s equipped with specialized cameras

and sensors to spot people day or nigfgsponders then use this informationdentify where a

helicopter or ground crewould need to be dispatchefldditionally, law enforcement agencies

see ptential uses foAVs in HAZMAT operations, trafti accidents, and bomb disposahame

a few [3]. Seeing how impactfuUAVs could be in these areasvestigating the feasibility of

using UAVs in other industries could yield promising results. With this in mind, theviatig

research examines the possibility of capturing the utilityUsfVs for use in maintaining

agricultural health.

Background

In order to be able taseUAVs to study plant health, it is first important to understand
what makes a plant healthy, begimpirwith knowledge of the photosynthetic process.
Photosynthesis occurs as plants absorb energy from light. This process is inherently dependent on
the energy of the light itself and thus photosynthesis is wavelelegbndent. The energy of a
photon is invesely proportionate to the wavelength as shown in the Equation 1 on the following

page where E denotes energy, c the speed of lighta ve |l engt h, and[4h Pl anck



E= [Eq. 1]

Visible light consists of a range of wavelengths showRigurel ranging from low blue
(380 nm) to fared light (750 nm)The region between 400 nm and 700 nm shown below is the
range used bylants to drive photosynthesis and is referred to as Photosynthetically Active
Radiation (PAR) [5]. The inverse relationship shown in Equation 1 inditizdélow range PAR

suchas blue light consists of higgnergy photons while high range red light ischmlower energy

Gamma X Ultra-

4 Infrared Radio waves
rays rays violet

‘IO-znm 1[}_1nm 1T nm 101nm WOdnm WOGnm 'I{anm 'IOmnm Wolznm

Wavelength
Figure 1 Visible Spectrum of Light [5]

In relation to photosynthesis, there are two important spectrums of visible light: the
absorption spectra, which defines the wavelengths of light that are absorbed by a plant, and the
action spectrum, which defines the wavelengths d@inatmost effective for photosynthesis [5].
Photosynthesis is driven by pigments in the leaves of plants, which allow for the absofption
light. The most important i€hlorophyll-a as shown ifrigure 2 which depicts both the rate of
photosynthesis and tlarption due to Glorophylta as a function of wavelength in the visible

spectrum[6].
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Figure 2 Rate of Photosynthesis as a Function of Waveleng[8]

While photosynthesis is most strongly influenced by Chloropdnyilis also a function of
the absorption rate of Chloropiydland accessory pigments called carotenoids. All three of these
pigments have peak absorption rates in the-biggrgy blue and lovenergy red ranges as shown
in Figure3. Consequently, the absommti spectra for plants consists mainly of these ranges. This

is why LED lamps used for growing plants typically consist of blue and red LED lights [5].
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Figure 3 Absorption Spectrum of Visible Light [5]
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The actiorspectrum dirther categorizethe ranges of absorbed lidiyt the efficiecy with

which each produces photochemical reaction, thus effectively defining which wavelengths
actually drive photosynthesi&n article published biicCree in 1972 studied the action spewt

of twentytwo plant species [5]. T study used the quantum yielficarbon dioxide as the metric
for efficiency and interestingly found similar spectrums for all twewty plants, showing only
slightly more variation in the blue range. Nevertheldgss study showed that the areas of spectrum
that most strongly drive photosynthesis are in the red region78@m) followed by ta blue
region (406500nm). Thdowestyield region, as could be predicted frédfigure2 andFigure3,

was green light (56600nm).

This evidence confirms that the healthiest vegetation absorbs a high amount of red light
and reflects green, hence why healthy vegetation appears greenaéddeye. Further work has
been done to examine how light just outside the visdolge could be a similar indicator of plant
health. Specifically, scientists have looked at how plants reflect near in{iieYl light, in the
region of approximately 850nm just above the red region of the spectrum. Studies have shown
that, similar to howplantsperforming photosynthesis mestfectivelyreflectgreen light, a high
levelof NIR reflectivity is indicative of healthyegetation [7]. This is becaukealthy leaves have
a spongy layer found on their bottom surface, which strongly tefléR light. When a plant
becomes dehydrateds leaves reflect less light in the NIR range of the light spectrum as this
spongy layer decreases. The relationship between health and NIR as well as the relationship
between NIR and the other main color bandfiefisible spectrum is illustrated on the following

page inFigure4 [7].
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Figure 4 Relationship Between Leaf Health and Light Reflectivity[7]

The relationship between NIR and red band reflectivity proves to be extremely useful in
the evaluation of plant health by enabling researchers to study opticalf d&tgetation While
healthy leaves reflect NIR light but not red light, soil reflects both. Consequently, by taking an
overhead picture and comparing the difference between NIR light reflected and red light reflected,
researchers can differentiate betweerthgaegetation, stressed or dead vegetation, aadail
beneath the vegetatioithis led researchers to begin utilizing a metricolwm asNormalized
Difference Vegetation Index (NDVI) to evaluate vegetatiamich is expressed in Equation 2

below [7].

NIR — red

NDVI = NIR + red [Eq. 2]

The potential application of such a development is both -wadging and extremely

impactful. While NDVI analysis has been implemented through satellite image collection,
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capitalizing on the evencreasing utility of smalkcaleUAVs to perform similar analysis could

enable everyday agriculturalists to perform scientific studies of their vegetation with relative ease.
Consequently, thighesisseeks to examinboth the hardware and software developments that
would be necessary to construe platform for smalkcale NDVI vegetation analysis. The
successful development of such a system could have immense impacagndhkural industry
affecting applications ranging from the analysis of the health of many types of crops, to the
detectia of parasitic plant growth such as vines that could kill a crop, to the management of turf
grass on golf course3his would allowmore individuals who work with vegetatioto utilize
advanced technology at a relatively low carsticould revolutionize ta industry. This paper will

explare the feasibility of making suchravolution possible.



Chapter 2 Measuring Normalized DifferenceVegetation Index
(NDVI)

Utilization of the Normalized Differencéegetation Index (NDVI) for the analytical study
of plant health has the possibility to belevantto a wide range of agricultural applications. It
would provide scientific and objective formafr the categorization of plahealth, which could
greatly influence the ability of agricultural professitnaf effectivelycare for their crops-or
instance, one of the major issues that can plague a crop is pests, which can sicken or kill a plant.
The Food and Agriculture OrganizatiggAO) of the United Nationsffers resources, which
recommend steps tokia to avoid pest infestation such as crop rotation, utilization of adequate
cultivation techniques, and maintenance of field sanitation and hygiene among others [8]. In the
event of pests infiltrating a crop, early detection is extremely important arféAlBeworks to
educate farmers, stating that, Afat farm | evel
pests and beneficial organisms | ook | ike and \
[8]. Potential issues arise, howeverthiat the process of monitoring plants in this way is inherently
subjective as well as requiring constant oversight. While this might be sustainable on smaller
farms, thisssuegrows as scale increas#ffarmers had an objective method of monitoring plan
health, management could be performed more uniformly. If developed in an aerial system, utilizing
NDVI would provide this standardized methofl amalysis as well as expeditee process of
monitoring a large crop. Unfortunately, in order to measurergdriaght to be used in the precise
calculation of NDVI, special cameraseanecessary which aexpensive. There are three main
categories of NDVI sensors: satellite, cloaage, and aerial. Each of these will be discussed in

the following sections.



Satdlite Sensors

The Department of the Interior, NASA, and the Department of Agriculture have been
monitoring the surface of the Earth via satellite images since July 23, 1972, the date the Earth
Resources Technology Satellite (ERT which was later renardd.andsat 1, was launched into
orbit [9]. This was the first of a series of satellites launched in the Landsat Program, which
erdeavored to study the Eartbxamine changes over timand to inventory and manage the
Ear t h o6 s.Thelandsatrl satdhi carrieca camera called the Return Bedidicon (RBV)
which was meant to be the primary instrument, ahdultispectral Scanner (MSS). Although not
originally predicted, the MSS data proved to be of higher quality [10]. The MSS utilized four
spectral bads: two in the visible spectrum, green and red, and two infrared bands. These bands
are shown below ifablel [11]. The MSS was used in subsequent missions and designations

varied from Landsat-B to Landsat .

Table 1 MSS Spetral Band Definition [11]

Landsat 1-3 | Landsat 45 Wavelength (nm) Resolution (m)
Band 4 Band 1 500-600 60
Band 5 Band 2 600-700 60
Band 6 Band 3 700-800 60
Band 7 Band 4 800-1100 60

The first three Landsat missions each cartfegl RBV and MSS sensorstagling with
Landsat 4, which was operational from 198293, a Thematic Mapper (TM) was used which

added three more bands including midrange infrared. The number of bands and range of
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wavelength slowly expanded eventually reaching 11 bands @pkeaticmal Land Imager (OLI)

and Thermal Infrared Sensor (TIR&)uipped on the Landsat 8 satellite. These bands are defined
in Table2 [11]. Landsat 8 was launched in February 2013 and is still in orbit today. Landsat 9 is

scheduled to launch in 2023.

Table 2 OLI and TIRS Band Definition [11]

Bands Wavelength (nm) | Resolution (m)
Band t Coastal Aerosol 430450 30
Band 2 Blue 450510 30
Band 3 Green 530590 30
Band 4 Red 640670 30
Band 5i Near Infrared 850-880 30
Band 6 SWIR 1 1,570-1,650 30
Band 7 SWIR 2 2,1162,290 30
Band 8 Panchromatic 500680 15
Band 9 Cirrus 1,3601,380 30
Band 10 Thermal Infrareq  10,60011,190 30
Band 11 Thermal Infrared] 11,50012,510 30

The Landsat satellites have been able to provide extreraklghle data utilizing not only
the visible spectrum, but also wavelengthdside what can be seen by the human eye. While
having a large effect on human health, natural disaster relief, and energy for instance, the Landsat

satellites have perhaps had tlgeeatest effect on agriculture. Land surface covers approximately



11
thirty percent of the Earthdés surface. Oof t hi

Satellite imagery has all owed agr i cudfdraps al or
as they mature over the growing season; the needs of specific fields for fertilizer, irrigation and
rotation; planted acreage to forecast crop production and fight crop insurance fraud; how much
water is used in irrigation; and the impacts ofudgph t 0 Mulici df this information has been

made possible from the use of rasible spectral analysis such as thermal and N3¥ibwn in
Figure5is an evapotranspiration (ET) map of the Colorado River Basin generated with one of the
infrared bands ofhe satellite [10]. ET is water that transpires from plants that subsequently
evaporates from the ground below and can be used to study water consumption. The blue areas in
the image show areas that consume the most water, tvbilerange show areas witbry little

ET such as desert land. This type of image processing has allowed water managers to gather data
not obtainable in the visible spectrum, study much larger areas at a time than previously possible,

and examine trends over time with repeated enaglection.

Plioenix

Figure 5 Evapotranspiration Map of the Colorado River Basin[10]
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CloseRange Sensors

While satellites like those used in the Landsat Missions have gathered extremely valuable
data over the past decades, the use of satetidgery is not always perfefdr the study of
vegetative health. Satelltsesed NDVI observation of plant heath has the potential to be
influenced by certain nemegetative variables. These include factors like moisture in the
atmosphere, satellite geometry and calibration, as well as soil background and crop canopies [12].
Conseaqgently, for someapplications, using a closange sensor is preferable over the use of
satellites to perform NDVI analysis. Oklaho®tate University addressed these concerns through
the development of one suchclesse nge sensor , thee &n eanlSereker E
similar handheld NDVI sensors, compensates for atmospheric influence in readings by minimizing
the effect of e X t er n acbmplisheg this by mairtagning/8se eaage S e e k e |
during data collection, as well as introducing iendight source. This offers a dual purpose: to
decrease the influence of sunlight and to allow readings to be taken at any time of the day or night
[12]. Handheld sensors such as this one also offer an additional advantage of increased resolution.
While satellites offer the ability to scan extremely large areas of land, the resolution is not precise
enough to study a single plot. The GreenSeeke
approximately onghousand measurements per second [12].dllus/sanagriculturalist to easily
and efficiently measurthe infrared reflectivity of their crop for NDVI analysis. Researchers at the
International Maize and Wheat Improvement Center (CIMMWEYe able to demonstrate the
impact of handheld sensors likech e Gr eenSeeker E. They utilized |
to study proper allocation ofrd resources for the growth of maize anteat in El Batan in the
semiarid, subtropical highlands of central Mexico. The ability to gather accurate NDVI readings

of relatively small plots was integirin their analysis of crop growth [12].
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Another common use of closange NDVI sensors is in the management of turf grass.

Again, because of the relatively small land area being studied,-cdoge sensors become
necessary for this application. One such sensor is the FieldScout TCM 500 NDVI Turf Color
Meter. This sensor was developed to replace the visual evaluation of turf grass. Commonly, turf
grass is evaluated by eye on a scale of one, representing dead gnags, representing the mest
healthy grass [13]. As discussed previously, however, visual evaluation is often subjective and
inevitably varies based on individual biases. Accordingly, the FieldScout can be used to normalize
the evaluation of turf grass. &HrieldScout measureghreeinch diameter section of turf grass
using an internal light source. It picks up light in the red (660 nm) and near infrared (850 nm)

bands to report NDVI as a fraction, a percent reflectance, or a grass index from ond18]nine

While handheld sensors such as these offer advantages, one of the main pnothlems
their widespread wutilization is the cost. The
$899 from their respective manufacturers. While the fields of agwreuland turf grass
management could benefit greatly from the introduction of normalized analysis of plant health, the
cost of using these closange sensors is simply not feasible for many applications. This again
suggests the potential impact of thesagh presented here: the utilization of inexpendit's
for NDVI analysis. This could provide the average agriculturalist the opportunity to take advantage

of potentially industrychanging technology.
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Aerial Sensors

Another alternative to satellite semsis the use of aerial sensosirborne cameras
capable of capturing multiple bands of the light spectrum can be used on manned aircraft to capture
images of multiple plots of land. Like gathering images with satellites, using aerial sensors offers
agriculturalists the ability to study large plots of land but gives a resolution closer to that of
handheld sensors. This offers the convenience of studying entire crops at once but with an accuracy
high enough to be useful for individual farmers to gatheal vitformation. Terravion is one
company that provides aerial imageapturing for agricultural analysis. Terravion offers its
customers weekly fipvers during the growing season, delivering aerial images in dolBr,

NDVI, and therma[14]. Farmers cardentify all areas of plant growth, which show up as bright

red in aNIR image,areas of high temperature or low moisture with the thermal image, and areas
of unhealthy plant growth with the NDVIimage. One such NDVIimage captured by aerial analysis
is shown in Figure6 [14]. Here, the NDVI image gathered is post processed to develop a color

mapshowing healthy areas in orange and red while displaying unhealthy areas in blue.

Figure 6 NDVI Image of Farmland Captured with Aerial Camera on Manned Aircraft [14]



15
The images Terravion provides capture data with a resolution of eighteeneterd{14].

While this is far from the resolution of hdheld sensors, it is significantly better than satellite
images and typically sufficient for standard crops. Although aerial imaging using manned flights
is promising for NDVI analysis of agricultalr health, there are many overhead costs, which still
make widespread use difficult. Terravionoés

capable of picking up the appropriate bands of light, it is also dependent on a plane and a pilot.

Insteadof using manned flights, recent developmeérase reduced the size and weight of
the cameras used to measure NDVI to allow for us&JAws. The Tetracam ADC Micro, for
example, measures onby55 mm x 4.92 mnand weighs 90 grams. It can record green, aad,
NIR offering the necessary bands for NDVI calculations in images 20#8x1536 pixelsThe

resolution of the images captured is a functioaltfude as detailed iable3 below [15].

Table 3 Tetracam ADC Micro Image Resoltion [15]

Altitude Above Ground Ground Resolution
122 m (~40Gt.) 4.63 cm
213.4 m (~700Gt.) 8.1cm
365.8 m (~1200t.) 13.9 cm
915 m (~300Gt.) 34.7cm

Cameras like the Tetracam ADC Micro make utilizingVs for NDVI analysis possible
but yet again, th cost of $4,000 is the limiting factor [15]. In order to make U#ased NDVI

analysis a feasible solution, a more eefective solution must be implemented. This research
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looks to adapt standard cameras for use in NDVI analysis to replace the expédgivaameras

currently used to create an affordable platform for everyday agriculturalists.
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Chapter 3 Utilizing Standard Cameras in NDVI Analysis

The main issues facing agriculturalists looking to use NDVI analysis for the study of plan
health isthe cost and resolution of the current platforms available for capturing NDVI images.
Satellite images provide a view of large areas of land over long periods of time, but are not effective
for studying individual plots of land. Close range sensors andl @ensors on manned aircraft
offer the ability to capture NDVI images with sufficient resolutinr are far too expensive to be
practical for most application®©ne potential alternative thatould make NDVI image capture

more affordable is téind a way to use standard digital camerakis can be donesindfilters.

When a digital camera records an image, it stores photons in millions of small cavities
known as photosite¥Vhen exposure begims orderto capture an image, each of thesacigvated
to gather photondn order to distinguish between the different spectral bands, filters are placed
over the photosites such that only red, green, or blue light can enter and be captured. Photosites

are organizeehto a matrix known as a Bayerrray as shavn in Figure7 [16].

Color Filter Array Photosites with Color Filters

Figure 7 Bayer Array Organization [16]
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Notice that in a Bayer Array, there are twice as many green photosites as red or blue. This

is because the human eye is more sensitive to green Byhhavingan uneverdistribution of
photosites, the image thatdaptured appears less noisy and has a greater level of detail fii§].

filter mosaic typically doesot block NIR light. Inorder tomatch the humasye, whichcannot

see NIR lightan internal NIR blockindjlter is used in front of the entire array or is built into the
lens coating.Typically, more expensive camertmat capture higheguality imagescontan this

kind of NIR filter. In order to perform NDVI analysis, however, the camera being used waadd n

to have the ability to capture NIR light. While it could be feasible to remove the NIR blocking
filter from high-quality cameras, less expensive cameras typically do not contain NIR filters. Thus,
by using less expensive camerldR light could be cafured and thus coulde used to mimic

NDVI analysis.

While cameras without an NIR filter have the potential to be used for NDVI, a method
must be used to distinguish between NIR light and RGB light captured in photosites. This can be
accomplished withilters. For exampleFigure 8 below shows transmittance as a function of
wavelength for light passing through blukiis [17 1§. The blue filtersallow blue light to pass
through but block green and red light. Consequently, light entering the greeedaplotosites
has been filtered to block all three RGB wavelengths of light, leaving only NIR wavelengths. The
blue photosites collect both blue and NIR lighs. such, by modifying Equation 1 to account for
NIR light on the red and green channels whseng the blue channel as the red equivalent, NDVI

can be calculated. This is shown in Equation 2.
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Blue filters

TM1 Blue TM2 Green TM3 Red TM4 Nir

Figure 8 Wavelength Transmittance using Blue Filterd17, 1§

(red + green)— blue

NDVI ~
(red + green )+ blue [Ea. 2]

This concept can be repeated with other types of filters. For instance, a red filter would
allow redlight to pass butvould block blue and gredight. Thus, NIR light would be captured
by the blue and green photosites while red light plus NIR would be captured in the red photosites.
This is shown inFigure9 [17, 19. By again modifying Equation 1, NDVI could be measure

through Equation 3.
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Red filters

e [percent]

lransmittanc

Wavelength [nm]

TM1 Blue TM2 Green TM3 Red TM4 N = = = Wratten 25 ——— Rosco 19

Figure 9 Wavelength Transmittance using Red Filtef{17, 19

(blue + green ) — red

NDVI =
(blue + green )+ red

[Eq. 3]

Finally, an orange filter can be used to block blue light as demonstrakegure10[17,
19]. In this case, the blue channel would capture only NIR light while the red and green channels
would capture their respective colors as well as NIR light. Equation 4 could accordingly be used

to compare the NIR light in the blue and red channels. Alternatively, the green channel could be

used in a similar way.



Transmittance [percent]

120

100

20

350

TM1 Biue

= = = Wratten 15

Orange filters

550 650 750 850
Wavelength [nm]

TM2 Green TM3 Red TM4 Nr

Rosco 10 Rosco 312

Figure 10 Wavelength Transmittance using Orange Filtef{17, 19

NDVI =

blue —red
blue + red

21

[Eq. 4]
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Chapter 4 Hardware Development

In order to implement an unmanned aerial system for NDVI analysis of agratuiealth,
the first element thateeded tde consideed was the hardware that would be utiliz&kelection
of an appropriate UAV platform proved to be aaiali process forhte success of this research.
The primary focus was to construct a system that could marketed for use by agriculturalists. In
order to be attractive to farmers with little experience in flying unmanned faiocraith image
processing, thplatform would have to be easy to learn, intuitive to use, and have a simple system
for postprocessing images. Additionally, one of the primary focuses of this research is to make
NDVI analysis more practical for widespread use. As such, one of thargrusers that needs to
be considered is smadkale farmers without the capital to pay for more expensive options for
NDVI analysis such as the services offeredleyravion Keeping the platform inexpensive was
therefore of large amwern. e types of ameras that could be usedso had to be considered
Many of theUAVs on the market today come with mounted cameras. In order to perform a
modified NDVI analysis using the filter techniques discussed in Chapter 3, a UAV equipped with
a mounted camera thatichot have a NIR filter would be necessary, unless modification to remove
the filter could be performed. Alternatively, we considet&lVs with the ability to attach or
remove hardware. In this case, we could select a UAV and an appropriate camerairte atmb
a finalized platform. The following chapter didahevarious hardwareonsideredor an NDVI

analysis platform
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Training Platforms

Thefirst consideration both for internal research purposes and for use by agriculturalists
was selection ofréining platforms. There are a wide array of small, inexpendA¥s available
to hobbyists. These platforms typically do not fly as well in high windlotudes as larger
platformsand have much lower quality images but have important qualities foinggurposes:
they are inexpensevand durable. As such, investigation itt8Vs began with smaltraining
vehicles to helpuserdearntechniques before flying moexpensive platforms.fireeUAVs were

utilized for thisresearch

The first was the Hudan X4 (H10Z HD) 4 Channel 2.4GHz RC Quangter pictured in
Figure11 [20]. Of the UAVs investigated, this one wahe least expensive and easiest to fly. It
has a 720p HD camera that recordsewvidlirectly to a memory card lboard the platform. The
dat sheet for this UAV irTable4 details its specifications. It served as an ideal training vehicle
because of its extremely stable flight and inexpensive replacement parts in the event of a crash. Its
downside, however, is that it did not offer live firson video (FPV). In order to fly over a
larger field of crops, a pilot would need to be able to fly out of the direct line of sight and utilize
an onboard camera to track flight. In order to traor this type of flight.a UAV with FPV

capabilitywould be necessary
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Figure 11 Hubsan X4 H107C HD[20]

Table 4 Hubsan X4 H107C HD Specificationg20]

Price $80

Size 2.7 X 2.7 X
Weight 1lb.2.40z.
Resolution 1280 x 720
RGB Capture Yes

NIR Capture No

Internal NIR Filter | No

Flight Time 7 min
Charging Time 40 min

Conveniently, Hubsan also produces a slightly more expensive version of the X4 model
that utilizes FPV, the Hubsan X4 H10HAPV RC Quadcpter with Live LCD Transmitter.This
UAV is a similrly sized vehicleghat transmits live video to a display on the controller seen in

Figure12[21]. It allows users to train how to fly out of the direct line of sight using the onboard
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camera. This mimics the flying conditions of laigmaleUAVs more efectively and allows users

to become more comfortable piloting a vehicle using only a display rather than relying on visual
cues. One downside, however, is that image quality is lower because rather than recording video
directly on the vehicle, it is stread live to the controller. The rest of the specifications for the

X4 H107D FPV are shown ifable5[21]. Regardless of the low image quality, this UAV provides

a realistic platform for training new pilots.

Figure 12 Hubsan X4 H107D FPV RC Quadopter with Live LCD Transmitter [21]

Table 5 Hubsan X4 H107D FPV Specification$21]

Price $200

Size 475 x 4.75 X
Weight 11lb.2.40z.
Resolution 640 x 480
RGB Capture Yes

NIR Capture No

Internal NIR Filter | No

Flight Time 7 min
Charging Time 30 min
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The last training platfon used in this research was the Parrot AR DroneThi@ UAV,
shown inFigure13is larger than the Hubsan vehicles affeérs aflight experiencenoresimilar
to that of highperformance vehicles while still maintaining the desired qualities of a training
platform: easy and taitive flight controls, anddurability in the event of a crad2]. It is
controlled with an iPad application and is equipped with cameras. The firss & high definition
720pforward-facingcameraand the second camera pointed directly downwBoth record video
duringflight as well astreamvideo tothe iPad application for FPV capability. Downward facing
sensors measure and display altitude tauex during flight. It also has autopilot features such
as a AReturn Homeo mode in which it will fly
All these qualities allow a user to train on a vehicle similar in the size and performance to that of
the more expensive platforms withowvorrying about easily damaged equipment. The

specifications for this UAV are detailed in Tabl§a].

Figure 13 Parrot AR Drone 2.0[22]



Table 6 Parrot AR Drone 2.0 Specificationg22]

Price $570

Size 23x23x5in
Weight 0.93lbs.
Resolution 1280 x 720
RGB Capture Yes

NIR Capture No

Internal NIR Filter | No

Flight Time 15 min
Charging Time 45 min

Application Platfor m
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While the training pldborms offeredthe ability to develop flight skills, a platform

with a higherlevel of functionality and control was necessary for experimental data

collection. Nevertheless, cost and eateise were important factors to keep the feasibility

of implementing this system as a tool for agriculturalists. For these reasons, thenPhant

2 Vision +shown inFigure 14 was chosen for the purposes of this resef28h The

Phantom 2Vision +, referred to for the remainder of this papes

it he

i®Phant or

equipped with a high performance camera which shoots full HD video at 1080p/30fps and

720p/60fps offering both redime and slowmotion image capture at 14 megapixels. The

camera is mounted ongambal, whichstabilizes the camerandallows the user to change

thetilt angle of the camera during flight. It records images on a 4GB mickan8@ard as

well as streams live FPV perspective to timeer through a compatible smartphone

application. The Phantom also has highly precise flight contidis. integrated GPS
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system offers autopilot capabilities including position and altitude locklesteovering,

and returto-home males. Its ground station support utiliz€#S to allow for flight

planning with p to sixteerwa y poi nt s. The Phant ombabe7speci f

[23].
= 2 Wl
P p -
i - \ o

Figure 14 Phantom 2 Vision +[23]

Table 7 Phantom 2 Vision +Specifications[23]

Price $1369

Size 17x8.1x12.5in
Weight 2.721b.
Resolution 4384 x 3288
RGB Capture Yes

NIR Capture No

Internal NIR Filter | No

Flight Time 20min

Charging Time 45 min
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Data Cdlection

Using the Phantom, data was able to be collected to test the feasibility of usingta UA
study agricultural healthmages wereollected at the Russel Earson AgriculturaResearch
Centerlocatedsouthwesbf Penn State University as showrthe map inFigurel5. Several
different crops are grown in plots at the Research Cdrterthe purposed this research, aerial

pictures were takeof the apple orchard plots.
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Figure 15 Data Collection Site[24]

The purpose ofallecting data at this time was twofold: to evaluate the feasibility of using
a UAV to take aerial pictures of a crop and to test the path planning capabilities which could
expedite the evaluation of health using NDVI analysisthis process, the firsttepp was to
document the plots of interest with aerial pictures taken with the Phaktgure 16 shows a

satellite image of the apple orchard plots at the Research Center. Photos were taken with the
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Phantom of plots Athrough A3 as well as plot €igurel7throughFigure19show aerial photos

oftheAbl ock plots taken with the Phantuoethdtan onboa
altitude of250 feetand have been peptocessed to remove barrel distortion. The rows are labeled

with a one or two lettereidentification and yellow boxes mark rofiea which the Phantom took

pictures Figure20is a satellite image of Plot. @otential flying hazards were also identified such

as a power line ifigure17 marked with a red linélhese images were capturedipril of 2015,

before the blossom season for apples.

Figure 16 Satellite Image of Apple Orchard Plots
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Figure 17 Undistorted Image of Plot Al at 250 feet
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Figure 19 Undistorted Plot of A3 at 250 feet

Figure 20 Satellite Image ofPlot C



















































