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ABSTRACT

Agrochemicalsprayapplications areurrently being managed on a uniform field
basis despite the significant variation that exists throughout many efilthélueberry
fields. The main objective of this study was to developewaduate a smart sprayer using
machine vision and custom control system to apply sfagiplications of agrochemicals
within wild blueberry fields. A commercial boom sprayer was retrofitted with smart
sprayer components to allofr reattime nozzle spead weed and blueberry plant
targeting.

Wild blueberry fields were selected and performance of the smart sprayer system
was evaluated for spaipplications. Water sensitive papers were used in target and non
target locations in the test tracks to deterntireetargeting accuracy of the system. Plant
parameters including stem density, stem height, stem diamedenumber of branches
were collected from selected plots for determination of-gppticationtreatment effects.
Blueberry yielddata includindloral bud caint and harvestable yields were collected from
plots to determine the effectiveness of sppplications as compared to uniform and
control treatmentd/Need and bare sareasvere mapped in selected fields usingi@bal
positioning systento quantify the amount of target and ntarget areas in the selected
fields. Agrochemical spray amounts were recorded to compare thapgaation savings
with uniform applicationspased on the target areas in the field.

The smart spraydrerbicide saving ranged from 69 t82% within selected fields.
Results revealed that the smart sprayer saved significant amount of fungicides by avoiding
applications in bare soil and weed aréaghts with added diffusers were used to maintain
the lux within an accepltde range while targeting green weeds after dark with 65%
potential agrochemical savings. Rear mounted machine vision was added for increased
simplification and operator ease of use. An economic anaysiswath control sprayer
and smart sprayer systeéma basic boom sprayshowedreductions 0f.2.3% and 44%
input cost respectivelyThis study can help to deice the amount of agrochemiceslage
andguide the wild blueberry industry to adopt economic and environmentally sustainable
optiors for productionto increase farm profitability.
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CHAPTER 1 INTRODUCTION

1.1INTRODUCTION

1.1.1 Weeds in the Wild Blueberry Cropping System

Weedsin the wild blueberry cropping system amy plant growing in a location
where theyareun-wanted Weeds typically are damaging to the wild bluebengp and
limit harvestablgieldsasthey compete for watenutrients, sunlight and spad¥eeds are
classified a®ither annualsbiennials or perennia(®adosevich et all997) Annuals have
the ability to produce seed quickly and in large quantities @ope yearlifespan. Biennial
weeds grow their roots and leaves in the first ya#er entering dormancy in the colder
winter months they produce flowers/seeatlging the secondsummer. Perennials are
typically the hardest type of weed to eradicate because they continue teagbwear
(Mulligan andFindlay 1969).

Weeds have been aajor yield limiting factor for the wild blueberry industry
(Metzgerandismail 1976 Yarborough 2006 Weeds can cause a variety of isstgethe
final harvested crop if left unhindered includingduced yieldinability to harvest crop,
prodict contaminéion or off flavors. In some extreme cas#ge processing facilitmay
even refuséo accepthe harvested crogue to poor qualityThe presence of weedéso
posesa difficulty in mechanical harvesting of wild blueberriestlas picking teeth get
cloggedwith debrisand weeds, resulting in additionalfruit lossof 10to 30% (Trevett
and1972).More competitiveweed species can reduce harvestablé blueberryyields
by more than 80%f not properlymanagedOther weed species that are lessnaging
would likely reduce yields by 5% ifot managed (Gianessi aBdnkula2003) In Maing
USA, a research study comparéuke organic and conventionalild blueberry farms
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revealing75% loweryield for organic wild blueberry when compared wabnventional
(Marra 1995). Gianessi andSankula(2003 found that proper herbicide use wild
blueberry increasedield up to 200% Research in other cropping systehave found a
similar reductiortirend inyields due talamaging contributions from different weed spscie
(Beckett et al1988 EdwardJones 2008Gianessi and Sankula 2003; Cooper Botson
2007).
1.1.2Herbicides for Weed Control

Originally weedshave beememoved from competing agricultural crops by hoeing
manually or with an implement towed behincharse or tractor. Edwatdones(2008
states that pesticides offer a variety of advantages over other control methods including
ease of userapid weedcontrol consistency of control ansignificantly higher yields.
Herbicides are nowhe most commonly sed (60%) type of pesticide since weeds are the
major yieldlimiting factorin many crops (Gianessi af@&nkula2003). Herbicides damage
plants by interfering with the normal function of one or more of their vital processes
including photosynthesis, aminacid, protein synthesis, lipid synthesis, respiration, cell
division and maintenance of membeaintegrity (Gianessi anSankula2003).Synthetic
pesticides are among the most wideBed chemicals in the world (Yao et aD08).
Contact herbicides kill # parts of the weed that come in direct interaction with the
herbicide. Systemic herbicides kill by getting absorbed into the root system of the target
weed usually with the water or nutrientghich are used by that particulaead Timing
of herbicide aplication is broken into twacategoriesi.e., preeemergenceand post
emergence. Premergence herbicide is applied before the germoinatf the target weeds.

Postemergence herbicides are effectivetheweedsthatare alreadgrown.



Pesticides are ingstant for controlling pests and plant disease resulting in
improved crop yields, increased crgpality, reduced fungl diseaserad improved shelf
life (Cooper and>obson2007).Drummond et al.Z009 found that weeds compete with
the wild blueberry plants for soil nutrients causing a reduction in yield if not managed.
Rumex acetosella l(red sorrel is a common weed in wild blueberry fiel@Sig. 1-1).
Improper management and control of this weeddlts in decreasebdlueberry yields and
lowers mechanical harvesteicking efficiency (Kennedy 200¥Kennedy et al. 2011).

Propyzamide(KerbE ) herbicide decreased red sorrel above ground showitly and

ramet density (Hughex012)

Figure 1-1: Red sorrel infestation in a wild blueberry field.



Hair cap moss (Polytrichum commune) is the most commesdgrowing in many
wild blueberry fietlsin Atlantic Canada (Percival aligarbary 2012). Moss corafeswith
the wild bluebernplantsand stays growing latato the fall seaso(Fig. 1-2). Percival and
Garbary (2012) determined a fall application of Chatdserbicide flumioxazin) was an
effective methodo controlhair cap moss pressures without dam@gdhe wild blueberry

plants.

Figure 1-2: Hair cap moss infestation in a wild blueberry field

Regulations of herbicideis a commonpracticein North America limiting the
amount and timing of the applications made as well as banning older heslitctievere
found tobe detrimental ® the agriculture sectokVilson andTisdell (2001 found that

farmers are required to use pesticides despite environmiskahealth and sustainability



costs due to the increased yield benefits. Benefits to the local community from the use of
pesticides in agriculture include increased farm and agribusiness revenue, food safety,
wider range of available crops and less gues on uncropped land (Cooper d@nwbson
2007).Without herbicids there would be an estimat$i3.3 billion loss in farm income

in the USA(Gianessi an®ankula2003). Herbicides have been used on more than 90% of
the acreage of mo&t.S. crops (Gianessi arfhnkula2003). However,herbicideuse in
Canada is more controlled llye authorities a€anadians are concerned about the quality

of their water resources (Commissioner of the Environment and Sustainable Development
1999; Ontario College of Family Physicians 2004; Federation of Cankllinitipalities

2006).

Pesticides enter the Canadian environment primarily thragghulturalpractices
(Murray et al2011).Pesticidesire able tenter the atmogere mainly through spray drift
andpostapplication volatilization(Yao et al.2006).Hashemi anddamalag2011) found
thatf a r mmercéptons of pesticide effectiveness should receive special attention by
extension services as a critical point of intervention for rational pesticide use and adoption
of an integrated pesticide managementgpaim. Maroni et al.(1999 developed a risk
assessment and management of occupational exposure tool for proper pesticide use.
1.1.3Fungicides for Disease @ntrol

Annis andStubbs 2004 showed significant variation mvild blueberryyield with
the incidence of stem and leaf spot diseases. However, a significant reduction in fruit
production did occur in stems with disease as compared to healthy plants. Foliar diseases
Septorialeaf spot and blueberry rust have caused a reduction in wikthdriy yields

(Percival andDawson2009). The applicatiomank mix of chlorothalonil (Bravd®) and



Boscalid/pyraclostrobiP r i s ) fungi@dE have found to lowéeptorialeaf spot and
blueberry rustThis application resulted in ancrease harvestablgields of 13.3% over
thenontreated control (Percival arigawson 2009). Percival arBurnham(2013 found
that proper fertilizer and fungicide use prolonged wild blueberry leaf retention and
suppressed foliar pathogens resultingumincreasecharvestablegjield. In Georgia more
than 806 of the blueberry producers frequently apply fungicides to control disease
resulting in increaed yields (Scherm et &001).

Gradishet al. 012 reportedmany pesticides used for wild blueberry production
to be harmful to the alfalfdeaf cuttingbee which is an important wild and managed
pollinator in Atlantic Canada. Insentediated crospollination is essential for wild
blueberryfruit set (Melatlmpoulos et al. 2014). Drummond a&@toden (2000 found
biological control of insect pests that attack lowbush blueberry can be an effective method
resulting in lower pesticide applicatioResults also showed that pollination success was
also strongly dependent upon the pest and disease management. Pruningaioe baldy
plants by burning has found to be an effective method of reducing the presence of
mummery berry blight and leaf spot disease incidence compared to fields that are pruned
by flail mowing. Burning destroys many of the mummy berries that-aweter on the
surface of the soil under the leaf debiris.
1.1.4Pesticides and the Bvironment

Present environmental concerefated to agrochemical sprayimglude emissions
of volatile organic compoungdsunoff that allovg pesticides to enter waterways, atay
drift onto nontarget areas (Giles et 2011).Anincreasing population growth (80 million

per year) requires more efficient use of ienewable resources (Azadi et 2011a).



Tilman et al (2002 determinedhe need ohew incentives and policiés be implemented
for ensuring the sustainability of agriculture and ecosystem services to meet the demand of
improving yields without compromisinghe environmental integrity or public health.
Azadi et al. 2011b) emphasize # need of introducingaw and regulation coupled with
tax incentives and agricultural subsidiesneet the goal cdfustainablegriculture

Organic agriculture has been highlighted with the ability to reduce many negative
impacts assoated with pesticidgPelletier et al.2008). Organic farmers do not use
herbicides and have reported that weed control is their leading implicatismgeduced
yields as compared to conventior@aiactice of using herbicides to control the wke
pressures (Gianessi aBdrkula 2003).Given the low productivity of organic agriculture,
conventional methods of agricultural inputs are required to sub&gurrent food demand
(Azadiet al 2011).
1.1.5Agrochemical Sprayers

Sprayers have revolutionized the agriculture industry by allowhegamers to
contol weeds, disease and pests resultinopn@neasd harvestable yields (Raz&012).
Three general spraying methods are being implemented for agriculture use: broadcast,
band, and targeted spraying (Hong et2012). Broadcast is the most commonly used
method of spray applicatiothat coversthe entire field with a blanket agrochemical
application. Band spraying is used for row crops where only selgitips in thdield need
application. Targeted spraying is the most difficult method of application because it
requires sensors to determa the locations that neegbplicationof agrochemicalsTarget

spraying can lowerthe amount of agrochemical spr@y 6071 70%, allowing for a



substantial cost reductidor farmeis(Hong et al2012).Target spraying can also nmmze
the environmental risk tensurea sustainable agriculture sector.

Cayley et al. 1987 tested the effectiveness of different spraying systérhsy
foundthatrotary atomisers gave the greatest control of target organisms except for when
applying herbicidesSmart spraying systemseselectivespraying methods in which crop,
plant, weed andisease information is obtained by sensors to control nozzlesaldgime
spotspraying. The control systems typically make decisions based on input from the
sensors and adjusts the output sprayethasn a computer algorithn&mart sprayer
technology has benefits such as; uses water more efficiently, less agrochessiea in
nontarget areas, more environmentally friendly (from less agrochemical being applied),
reduction in soil erosion armbtential foranincreased yield.

Spotapplication of agrochemical using a smart sprayerahgseat potential to
achieve high yield, with potentially lower risk to the environment compared to
conventional spraying methodA. variety of smart spraying methods for syspecific
herbicide application have been developed and tested to reduce production casts and
ensure environmeak sustainabilityWeedSeeker® (NTech Industries, Inc., Ukiah, CA,
USA) is a common spraying system that is able to target and spray green faiageer
it is limited to use witlthe detection of green foliage (Rizzardi et al. 2007). Percival et al
(2014) used WeedSeeker® Model 650 sensors mountedooh @ wideboom sprayer to
target and spray weeds during spring-@neergence ahfall postemergent herbicide
applicationswithin wild blueberry fields The sprayer waalsoused to applyungicide

savirg 16.7 to 26.% agrochemicaby shutting off nozzles in baisil areas.



Changxing et al(2012 developed an intelligent robot sprayer that significantly
reduced pesticidaseby 60%.Ahmed et al(2007) built a realtime machine vision weed
control systen using MicrosdfVisual C++ that detected both broad and nadeafweed
locations The developed algorithm classified images with little to no weeds with 100%
accuracy and narrow and broad leaf weeds with 90% accurhoyed\et al.Z00&) used
a video camera and successfully (>95% accuracy) developed a selective spraying system
for selective weed contrdbimilarly, Ahmed et al(20083) developed aadvanced control
system that useddge based reéime weed recognition system for seleetikierbicide
treatmentCooke (996 developed a sprayer systersing photesensorand was able to
detect green weeds (as small as 0.02 m in diameter) and shutoff nozzles in sédrareas
use in soybean fieldslerbicides savingeportedwith this systemmanged fronb0to 85%.

Bajwa andTian (2001) successfully mappkeweed densitysing color-infrared
(CIR) digital aerial images in the early stages of crop grdatisoybean fields. Results of
their studyreported significanspatial variations in weededsity withinfield, demanding
of spot applications oanas needdbasis.Haq et al.(2007) developed a machine vision
system to detect and discriminate crop and weed plants with >93.5% accuracy with over
200 sample imagesiowever,Haq et al. (2007) found only one species of wedtdch
could be detected ainy onetime resulting in limited commercial applicatidshak and
Rahman(2010 developed an automated weedicide sprayer system to locatdadtemes
and intensity of weedsising redgreenblue RGB) imagesin reattime to spray
automatically with precisiorishak and Rahman (2010) also reported that variable lighting

conditions negatively affected the quality of the acquired imagasem et al(2007)



differentiated between brodehf and narrow leaf weeds usiagachine visiorsystemon
a prototype sprayer withnaccuracy of 9%.

Zheng et al(2004) developed a precision pesticide application method suitable to
recognize the image from easbftwoodtree and automatically appthe proper amount
of agrochemicalGiles et al. 2011) used a targetensing smart sprayer to reduce pesticide
application rates in almond and prune orchards by 0% providing significant
environmental and economic benefits. Ishak e(2011) developed aariable rat§VR)
sprayerusing machine visiosystem and allocatettireerates of nozzle output volume
based on the level of weedféstation (O 2% weed coverage = nozzle offj] $0% weed
coverage = nozzle half ratel1 100% = nozzle fll rate). The aim of the studywas to
efficiently eradicate weeds by applying the optimum amount of herbicide in the precise
locatons onanas needdbasis Liu et al. 015 developed an intelligentR sprayer that
could adjust spray output to matchagevine shape and size to maximize agrochemical
input efficiency. The sprayer was successfully testespedds between 3.2 and 8.0 Kin h
with agrochemical savings of 50%ian (2002 developed a smart sprayer to estimate the
weed density and size in reahe and effectively spray herbicide sggpecifially. This
sprayer was specially designed to work under variable outdoor lighting conditions. Instead
of using high spatial resolution images and individual plant recognition, low resolution
(large view aea) images were useBwain et al. (2009)eveloped a seljuided robot that
could travel at speeds of 0.1 nt and apply liquid agrochemical with 3.1 mm target
accuracy. However, the accuracy decreased significantly at highelingspeeds. Further
testing was also requireamith different illumination sourceis field conditionsfor accurate

targeted applications.
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Esau et al. (2013) developed and tested a prototype VR sprayer with a machine
vision sensor boom located in front of alivterrain vehicle(ATV) for small scale spet
applications of fungicide in wild blueberfigldsusing a 6.1 m wide sprayer boom mounted
behind the ATV. Esau et al. (20d)4ddeveloped and tested a prototype VR sprayer with a
machine vision system located in front dbam tractor for large scale spapplicationof
herbicides in wild blueberry using a 12.2 m wide sprayer boom mounted behind the tractor.
Esau et al. (2013} modified a smart sprayer to operate with a machine vision system
mounted on the rear sprayer boom andgaredhe target detection and spraying accuracy
with the older version of sprayer equipped with front mousttsor boom. The authors
suggested that the rear mounted machine sensor boom was a superior system with reduced
positioning error and lower camgction and material costs and should be tested for a wider

range of agrochemical applications.

1.20BJECTIVE AND GOALS

The overall objective is the development of an effective smart sprayer system for spot
applications of agrochemicals in wild bluebeiiglds. Thedetailedobjectives of this study
were to:
i) Develop grototype variable rate sprayer for sppiplication of agrochemicals
in wild blueberry
i) Supplementary light source development for canbased spraying in low
light conditions
iii) Rear mounted machine vision smart sprayer for sgplication of
agrochemica
iv) Economic analysis for smart sprayer application in wild blueberry fields
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CHAPTER 2 PROTOTYPE VARIABLE RATE SPRAYER FOR SPOT -

APPLICATION OF AGROCHEMICALS IN WILD BLUEBERRY
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2.1 INTRODUCTION

Wild blueberry Y¥accinium angustifoliunAit.) yields are highly dependent on
agrochemicals (herbicides, fungicidesdinsecticides) for adequate weed, floral blight,
leaf disease, and insect control (Yarborough, 2006). Traditionally, these agrochemicals are
applied uniformly without considering significant bare spots and weed patches that exist
within fields. The repeateand excessive use of agrochemicals not only increases the cost
of production butit is also impacting the environment, for humans, for the native
pollinators, and for the blueberry plants. Chemicaliuted runoff from fields can cause
contaminationto the surface and ground wat@rardiff, 1992; Pimentehnd Lehman,
1993). This situation emphasizes the urgent need to develop an affordahide retal
time VR sprayer, usingosteffective sensors/cameras and controllers for spscific
applicationof agrochemicals in the wild blueberry cropping system.

Many researchers have attempted to develop VR technologies for various crops
(Rockwell and Ayers, 1994; Giles and Slaughter, 1997; Steward and Tian, 1999; Tian,
2002; Carrara et al., 2004; Miller &, 2005; Zaman et al., 2005, Schumann et al., 2006;
Dammer et al., 2008) to date. Michaud et al. (2008) developed a VR prototype sprayer to
deliver pesticides based on prescription maps developed in geographical information
system (GIS) software usingrés spectral scans of the wild blueberry fields. The system
was sensitive to positional error caused by the global positioning sy&&@®) and
obtaining up to dataerial photography was expensive, the quality was quite variable, and
data processing faveed detection was also intensive and difficult. Zaman et al. (2011)
developed an automated prototype VR sprayer fortiea tall weed detection and spot

spraying in wild blueberry fields. The concern with using this technology is that grasses
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and weedsre not tall enough to sense using ultrasonic sensors in the sprayer during the
spring and fall. Automated ground measurements using a digital photography technique
for weed and bare spot detection were thought to overcome these limitations of ultrasonic
Sensors.

Automated vyield monitoring systemusing digital color photography were
developed and evaluated to maitd blueberryyield (Zaman et a).2008, 2010 Chang et
al., 2012a; Farooque et al., 201Ghang et al. (20122 2014) developedeverablgorithims
and incorporated them into an automated-tiea¢ weed detection system for wild
blueberry fields. Zhang et al. (2010) developed color iMEgEed machine vision
technology to detect and map bare spots forsgezific application of agrocheaals
within wild blueberry fields. Esau et al. (28)1developed and tested a prototype VR
sprayer for mall scale speapplicationof fungicide for wild blueberry. These technologies
could also be used to detect weed and plant information and send triggering signals to the
controller to spray agrochemicals in the specific boom section where the weeds have been
detected. The digital otor cameraswith custom software, using@dvanced image
processing techniques, and fast processors can be an option to differentiate weeds, bare
spots and blueberry plants réghe in the field.

Advances in sensing technology and VR control systems hteee@d new
opportunities for detecting weeds aspotapplicationof agrochemicals on as needed
basis.Many commercial controllers have been developed to deliver agrochemicals on a
site-specific basis using GPS guided prescription maps within fidtunann and
Hostler (2009) with the partnership of a machinery manufact@eerfical Containers,

INC, Lake Wales, R.) developed an-8hannelVRC. The controller is linked witla

14



pocket personal computé?RQ using wireless Bluetooth Typically, this contoller does
not use prescription maps, but relies on sensors to providémeaiveed information
which is used to dispense the correct herbicide rate for the weed eradication within the
field. Therefore, a prototype commercial VR sprayer with digital casand controllers
could be developed and used iimrseasonspotapplicationof agrochemicals in the wild
blueberry cropping systerin this study, the performance of an automated proto#pe
sprayer was evaluated for rdgahe weed detection and spspraying in wild blueberry
fields.
2.2 MATERIALS AND METHODS
2.2.1 Development ofa Prototype Smart Sprayer
2.2.1.1 Smart Sprayer Hardware Components

The prototype VR sprayer is operated with a John Deere 6430 (Deere & Company,
Moline, lll.) farm tractor. Components of the prototype VR sprayer included eight pEye
digital color cameras (U1220SE/C, IDS Imaging Development System Inc., Woburn
Mass.), a riteheight auteboom leveling system, two-éhannel VRCsMLC, desktop
computer (PC) withcustom image processing software, servo valve, flow meger, 1
solenoid valves and nozzlesdF2-1). The 12.2 m MS 1135E sprayer boom (MS Spray
Inc., Drummondville Quebec, Canada) was divided into 16 sections with 0.76 m in each
section. One solenoid wed and one nozzle were installed on each section of the boom. A
series of tee joints connected the distribution valve to each section. el jents were
connected to aolenoid valve to which a nozzle was fitted as closely as possible. Each
nozzle was dp to spray in a 0.76 m wide sewtiof the 12.2 m sprayer boomi@F2-1).

The boom height above the ground surface was 1.1 m.
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Figure 2-1: Schematic diagram showing the main components of the machine vision

system and individual nozzle section flow gurol setup.

The sensor boom, with 12.2 m width at 1.1 m height above ground surface, was
mounted in front of the tractoFig. 2-2). Eight digital color cameras were incorporated on
both sides of the front boom (& 2-2). Each camera covered twections of the boom
(0.76 m each section). Cameras were attached using US& ¢althe PC in tractor cabin
(Fig. 2-1). Custom software was used which was capable of processing the images to detect
weeds, bare spots, and blueberry plants intnesd andsend weed or plant triggering
signals through two Labjack digital i/o and data acquisition devices (LabJack Corp.,
Lakewood, ©lo.) that both feed €hannels on each of the VRCs. The VRC consists of
electronic hardware with internal firmware and matciwigdows Mobilé software on a
handheld PPC that had user programmable inputs such as a before and after distance buffer,
delay time, and ground speed correction. These stored operating parameters could be easily
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retrieved and activated by linking the VRGtlwthe PPC using wireless Blueto8tand
editing or selecting values on the setup screen with Windows Magitapatible software.

The VRCs were designed to send 12 V direct current (DC) power sigriaé 16 solenoid
valves to open and close the nozaleghe specific time interval when needed. The VRCs
also send triggering signals to the MLC which automatically adjusts the flow rate using a
servo valve and #tine flow meter based on the number of nozzles operatmagtractor
speedat the time of apptation. The ground speed was obtained in-tiea¢ from awide

area augmentation systertWASS) enableddifferential GPS DGPS to compensate
changes in flow in the nozzles to maintain a consistent application rate of 187 Thiea

PC in the tractor cabiwas operated using a touchscreen monitor that was mounted in clear
view while sitting in the operatords seat.
user interface where camera and program settings can be easily modified.

The sprayer tank size wd428 L. The Comet BP125 3 pistons diaphragm pump
(Comet Industrial Pumps, Burnsville, Minn.) was powered by the tractors power take off.
The feed line from the pump went through a flow valve, particle filter and flow meter. The
line was then separated antwo sections, each line feedi eight segments of the boom
(Fig. 2-1). The nozzles were TeeJet TP8004 flat fan nozZlegJet Technologies

Springfield IL, USA).
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Figure 2-2: The experimental setup showing the cameras out in front of the tractor
and the individual nozzle section flow control setup.

2.2.1.2Image Processing Hardware and Software Development

Realtime foliagedetection hardware consisted of eight pEye cameras connected
via 12.2 m length USB 2.0 active extension cables (SabreAd &BXT, Miami, Ha.) to
a 2.8gigahertz GHz) Intel® C o r e EB60icentral processing unicPU) and 4gigabit
(GB) random accessiemory RAM) computer. Active extension USB cables were used
to ensure proper connectivity over the extended distance (9.75 m). A 1281GB
advanced technology attachme®ATA2) solid state disk flash drive was installed to
ensure the durability andeformance when operating in rough field conditions. A 1500
W 12 volt direct currentYDC) to 120volt alternating current{AC) power inverter was
installed in the tractor cabin to power the PC. The wide angle field of view lenses
(LM4NCL, Kowa Optimed le., Torrance, @lif.) had a 3.5 mm focal length and were set
up with a fixed aperture (f/4.0) and infinity focuses. To adjust for the variable outdoor light
conditions the exposure time and digital gain were automatically controlled by auto
exposure shuttéauto gain control. To prevent picture blurring during image acquisition

the maximum auto exposure shutter was set to 2 ms. Multiple selection foliage detection
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software was developed in C++ using Visual Studio 2010 (Microsoft, Redmasmsh)W

(Fig. 2-3). The software interface allows the user to choose the type of agrochemical being
applied which then automatically adjusts the program for proper image processing settings.
The software acquires 2t RGB 752 x 12®ixel images corresponding to a 1.52 8D.

m? area of interest from each of the eight cameras and processes the data to discriminate
weeds from blueberry foliage and bare sp®l® ratio used was (G x 255) (R + G +'B)

and a manually obtained threshold (> 80) adequately discriminated theripfadiage

green pixels from the remaining pixels. The final stage of the foliage detection converted
the 5 VDC signal, in each image and sent it to the VRC for spraying in the specific section
of the boom where the target foliage had been detdotddled algorithm can be seen in

Chang et al. (204).
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Figure 2-3: Custom image processing program user interface developed for use with
a touchscreen monitor. The user can choose the appropriate program from a drop
down window.
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2.2.1.3 CustonmDevelopeduEye Camera Case

The dimensions (length = 48.56 mm, width = 43.66 mm, height = 38.08 mm) of a
MEye digital color camera and attached kowa lens (length = 39.04 mm, diameter = 30.99
mm) were measured using digital calipers. A custom designed ruggedizéemveaistant
case was drawn using SolidWofkg014 (Dassault Systemes SolidWdtk€orp.,
Waltham, MA, USA)computer aided desig@AD) software for exact fitment of thegye
digital color camera (Fig.-2). Thedesignedcamera case wasater resistanand could
allow easy access to the enclosed cametia the ability to be mounted directly to the
sprayer boom. A rubber-fng was used to seal the connection between the camera case
and the removable cover. Rubber washers were used to seal water andnal@sttéring
through the camera mounting screw holes on the back side of the case. A recessed lip on
the bottom of the case was designed to install the clear camera lens covempthat ke

unwantedvater and dirt from entering.

Bolt holes to secure removable cover O-ring groove for added rain resistance

USB cable hele

Camera mounting screw hole

Bolt hole for mounting Slot for installing camera lens

Figure 2-4: SolidWorks® CAD schematic showing custom designed weather resistant
camera case.

3D Afinia V2.17 (Afinia, Chanhassen, MN, USA) software was used to import the

SolidWork® .STL CAD drawing to print the camera case on an Afinia H800 3D printer
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(Afinia, Chanhassen, MN, USA)The Afinia H800useda fully-automated platform
leveling and height sensing system with uftree 100micron print resolution and print
accuracy within 0.1@0nm. Afinia natural acrylonitrile butadiene styrene (ABS) 1.75 mm
filament was used as the primgi material (AFABS-1.751K-NTL, Saelig Company, Inc.,
Fairport, NY, USA). The print resolution was set to fine detail to ensure maximum quality
and water resistance. Approximately ten hours was required to print each camera case.
Figure 2-5 shows the cama case 3D print stageSollowing completion the rafting and
supporting material used for printing the case was removed using needle nose plyers to

reveal the final 3D printed product (F26).

OB AFINIA3D

AFINIA

Figure 2-5: Custom camera case print stages using Afinil800 3D printer.
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Impact resistant clear polycarbonate lens (B2&B853000, Air Liquide Inc.,
Montreal, QC, CA) were cut to size and fixed into the grove of the camera opening at the
bottom of the case using quick dry epoxy. To insure theecaocase stayedater resistant
white plastic spray paint (42320, Krylon Industrial, Cleveland, OH, USA) was used to fill
the small pores of the surface that may be prone to water penetratio?§idhe pEye

camera was then installed in the camera case and maumttethe sprayer boom of the

tractor (Fig.2-7).

Figure 2-6: 3D printed ABS custom camera case with camera installed with attached
USB camera.
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Figure 2-7: Custom made weather resistant smart sprayer camera case painted white
and mounted on smart sprger boom.

2.2.2Testing and Performane Evaluation of the Prototype SmartSprayer
2.2.2.1 LabTestingComponents forSmart Sprayer

Major components of the prototype VR sprayer (VRC, digital color cameras, and
MLC) were tested at the Dalhousie Universigricultural Campus (DAL AC) for
accurate target detection and spraying. The performance of the prototype VR sprayer was
evaluated in wild blueberry fields and the herbicide savings of using VR technologies was
calculated.

An experiment was conducted aetBAL AC to calibrate and evaluate the MLC
for accurate nozzle flow rates. The volume of liquid from single nozzles as well as different

nozzle combinations was collected and measured using a graduated cylinder-avier a 1
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interval and compared with flowates on the display screen of the MLC. The nozzle
combinations were choséa represenai wide range of flow groupings. The experiment

was replicated three times and the results were displayed on a per nozzle basis. The percent
difference between the ML@olumes and manuallyneasuredvolumes were used to
characterize the performance accuracy of the MLC to determine its feasibility for use with
the on/off of the individual nozzles.

Another experiment was conducted in the metal shop at DAL AC to calculate
response time (i.elag time betweewgamera detection and spray discharge time) for the
VRC. Camera image acquisition time combined with image processing time was
determined using a milimer function built into the custom software. A light emitting
diode (LED) bulb was wired into a swittchonthe VREC. ¢ Eye camera was po
front of the spray nozzle to record the video with 149 frames per second. The video was
recorded displaying when the VRC receiviegdbackinformation from the computer
(LED was ON) until the controller opens the valve to discharge the liquid through the
nozzle orifice. The experiment was repeated 10 times and video images were analyzed with
V1 HOME 2.0 software (Interactive Frontiers, Inc., Plymoutigh\), allowing for a frane
by frame analysis of response time between VRC and spray discharge. The potasees
was calculated as follows:

Tt=Tic+ Tip+ Twd 1)
whereT = total response timeTic = time taken by camera for image acquisitidip =
image processing time for plant, weed or bare spot detection and time from computer

(sending signal) to VR4 = time from VRC to spray discharge
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2.2.2.2Field Testing Smart Sprayer

Two wild blueberryfields were selected in central Nova Scotia in fall of 2010 to
test the performanceeuracy of the VR sprayer for spapplicationof agrochemicals. The
selected fields were tHeebertsite (45.4418°N, 63.4496°W, 1.6 ha) and the Frank Webb
site (45.4047R, 63.6727°W, 2.5 ha). Both fields were in crop year of the biennial crop
production cycle in 2010 during the experiment and sprout year in 2009. The fields had
been under commercial management over the past decade and received biennial pruning
by mowing br the past several years along with conventional fertilizer, weed, and disease
management practices. The main weed species, in competitiaimewitid blueberry crop
were red sorrel and mossthe Debert field, while the red sorrel was dominate iriFtiaak
Webb field.
2.2.2.2.1 Smart Sprayer FieldExperiment 1

The tracks were constructed using a measuring tape and boundaries, bare spots and
weed patches of selected tracks were mapped wahléime kinematics (RTK) GPS (On
GRADE Inc., Dartmouth, NS, Canagdwelve WSPsvere fastened at randomly selected
weed patches (targets) and plant/bare spaisafi@ontargets), six in each @ 2-8). The
papers were orientated parallel to the ground and sdl¢éatgets were marked with RT
GPS. The field was sprayed using flumioxazin herbicide at a rate of 0.31 kactiee
ingredientin 187 L ha' water on 15 November 2010. Flumioxazin was applied using
Teedet TP8004 flat fan nozzles, calibrated to deliver the appropriate water valame a
pressure oR75 KPa. WSPswere collected after travelled over by the VR sprayer. The
WSPswere scanned and processedcédculate PACof the sprayed (weeds) and non

sprayed (plants and bare spots) targets using WinRHIZO image analysis system (Regent
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Instruments Inc., Quebec City, QCanada) for comparison. Atudent Ftest was
performed to examine whether tRAC of the sprayed targets were different thanRA&

of the nontargets.

D Field Boundary
- Weed Coverage

*  Water Sensitive Paper

0 80 160

T
Meters

Figure 2-8: Experimental field map showing weed coverage and water sensitive paper
locations used for VR spray application with prototypeVR sprayer in the Debert wild
blueberry field after mowing.
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2.2.2.2.2 Smart Sprayer FieldExperiment 2

The target locationsrere marked with an RT¥GPS in the Frank Webb field before
and after spray application of propyzamide. The targets (before and after spray) were
mapped in ArMap 10 software (ESRI, Redlandsal@.) and placed side by side for visual
comparison. Propyzamideaw applied on 30 November 2010 with an application rate of
2.23 kg hd ai in 187 L ha water on red sorrel in the Frank Wefield after mowing in
fall (Fig. 2-9). The nozzle pressure was maintained at 275 kPa while the ground speed
during the field opations was & 0.2km h. The buffer, before and after the target was

adjusted at 28m for precise overlapping of propyzamide application on targets.

Wild blueberry plants

Red sorrel (target weed)

Figure 2-9: Original color image showing the Frank Webb field condition with red
sorrel and blueberry plants after mowing in fall of 2010.

2.3RESULTS AND DISCUSSION

Results indicated that the MLC performed dependably and promptly to regulate the

flow rate in eachhozzle. Variation of the flow measurements versusréaglout on the
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MLC decreased when more nozzles were actvalver a 1 min time interval §ble2-1).

A possible reason for this large difference was the limitations of the flow meter being able
to properly read very low flow rates (~1.4 L ritin The sprayer operates most effectively
when there are between 8dab6 nozzles open at one timefle2-1). Currently, the flow
meter was required to handle a wide range of flow rates based on a variajrow
speed and nozzle output. A recommendation for improvement of the flow system would
be to add additional flow valves and flow meters which can be all controlled by a single
MLC. Each servo valve and flow meter would only be required to controhfmaies thus
allowing for less fluctuation in flow rate per boom section with theodinactions of the

VR sprayer. The benefit might be less spray output fluctuation and therefore better
application coverage.

Table 2-1. MLC discharge measurement wh measured discharge from thenozzles
in different sections of sprayer boom.

Spray Measured MLC Flow
Nozzle(s) Flow Rate Rate

Difference between Measured Flow and ML

0
Open  (Lmind) (L min?) Flow (%)

3 1.44 1.01 29.4
7 1.47 1.08 26.7
10 1.42 1.02 27.9
12 1.46 1.04 28.7
16 1.42 1.05 26.3
1 0.780 35.9
2 0.588 0.500 15.0
4 117 28.6
13 1.16 0.833 28.6
1 0.835 20.2
3 0.743 10.3
14 0.800 0.667 16.7
16 0.815 18.2
2 1.07 11.7
6 1.03 8.60
8 1.05 9.99
10 1.02 0.944 7.10
12 1.02 771
16 1.03 8.60
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1 0.892 6.54
3 0.898 7.24
5 0.883 5.66
7 0.883 5.66
9 0.888 0.833 6.19
11 0.893 6.72
13 0.890 6.37
15 0.887 6.01
1 0.892 1.04
2 0.885 1.13
3 0.910 3.85
4 0.890 1.68
5 0.887 0.875 1.39
6 0.878 0.380
7 0.890 1.68
8 0.900 278
9 1.06 536
10 1.07 6.83
11 1.02 1.90
12 1.01 1.32
13 1.01 1.00 1.32
14 0.970 -3.09
15 1.01 0.990
16 1.00 0.332
1 0.898 212
2 0.890 -2.99
3 0.930 1.43
4 0.902 11.66
5 0.896 2.31
6 0.880 417
7 0.917 0.000
8 0.897 2,23
9 0.912 0.917 -0.548
10 0.880 417
11 0.906 118
12 0.895 2.42
13 0.893 2.61
14 0.853 7.42
15 0.890 -2.99
16 0.892 -2.80

The VRC was accurate and fast enough to spray application on selected targets

during the experiments in the selected fields with a response time of#00L8Q3s. The
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VRC automatically compensated changes in response time caused by variation in ground
speed during operation for accurate applications. The VRC was operated easily from the
PPC using wireless Bluetodtiwith Windows Mobilé compatible software. Results of
this study also implied that automated identifizatof weeds in reaime and spot
applicationo f herbicide using eEye digital camer
controlling their growth in wild blueberry fields

The T-test for target versus ndargetsPAC indicated that there was significant
bias (Rvalue= 0.00) in the weed dettion (Table2-2). Visual observation also revealed
that theVR sprayer performed reliably during the field experiments, permittingfiraal
target (weed) sensing, and sjagiplicationat correct targets in the specific section of the
sprayer boom wheréhe weeds had been detectéddVR s pr ayer usi ng ¢t
cameas and VRC could be used for sgpiplication of agrochemicals within wild
blueberry fields to increase farm profitability.
Table 2-2. Summary statistics of percent area coverage of the tea sensitive
papersfor determining the precision of spotapplication on weeds at select

points in the field using the prdotype VR sprayer (95% level ofsignificance).
Water Sensitive Paper Locatic Min. Max. Mean S.D.

P - value
(n) (%) (%) (%) (%)
Non-targets (6) 0.00 276 181 1.3
0.00
Targets (6) 51.8 855 70.1 110

There was negligibleAC onthe nontargets (Fig. 2L0). It was observed that some
WSPschanged to a slightly blue color before spray on the targets. Slight blue coloring of
the nontargets could have been due to drift because of wind speed and direction and or
humidity. The significance of the-Test for weeds versus plant targesC indicated that

there was significant bias{Rlue = 0.0) in the weed detection with spapplicationand
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the application of spraymoweeds using spatpplicationwas accurate @ble 2-2). The
principle components of the prototype VR sprayer detected tangetspaiayed reliably

and accurately at proper targets in wild blueberry fields. Therefore, the equipment (VRC,
MLC, cameras, solenoid valve, and nozzles) could be used to develop a VR sprayer to
detecttargets (weeds) and deliver a sppplicationof agrotiemicals at proper targets to

reducethe cost of production and protect the environment.

0.00 2.76 225

225 3.16 0.86

Figure 2-10: Resulting percentage area coverage of water sensitive papers placed in
non-target blueberry patches (left) and target redsorrel patches (right) using spot
application technique.

Ninety-seven weed patches were measued mapped in a 2.5 ha fieldigF2-
11). The chemical saved with spapplicationwas 69% with 28% weed cover and 25 cm
buffer before and after the weeddats in the selected field. Weed maps before and after

spray showed that the automateé® sprayer performed well for spapplication of

agrochemicals and applied propyzamide accurately and efficientleedsxFig. 2L1).
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Figure 2-11: Field map showing red sorrel coverage before spray (left) and after spray
(right) in field 2.

The weed map after propyzamide spray application showed that red sorrel was
suppressed at most places (3% of the total weed esveompared t88% before spay)
(Fig. 2-11). The reason for very few weeds in spring might be due to the biology of red
sorrel which is a creeping perennial with underground roots from which buds are capable
of generating new shoots at random intervals along its length (Sampson1€98).
Repeated control attempts are needed to exhaust the bud and stored reserves (Ross and
Lembi, 1999) for effective suppressing of the red sorrel. Results of this study suggested
that the VR sprayer could be uded spotapplicationof agrochemical in wild blueberry
cropping systems to significantly reduce the amount of agrochemical usage and

environmental pollution.
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2.4CONCLUSIONS

The sensing and control system of the prototype commercial VR sprayer proved to
be very efficient at detecting weeds and spraying correctly at target areas with an actual lag
time of 0.131 + 0.003 s. ThEtest suggested that tiRAC of WSPsin target anchon
target areas after tHeumioxazin application was sigficant indicating speapplication
technique using VR sprayer accurately appliedflimioxazin on targetsPropyzamide
savings was 69% with 28% weed coverage and 25 cm buffer before and affeavegets
in the seleted wild blueberry field with spedpplicationusing VR sprayer. Based on the
results of this study, the prototype commercial VR sprayer performed well for targeting
moss and red sorrel in wild blueberry fields.

The successful targetpplications of the developed VR sprayesuléed in an
increased interest within wild blueberry f:
of this technology. However, one of their concerns about the developed sprayer was that it
can only work dung day time but the wind speegtypicallylower early morning and late
evening to minimize drift effects. In order to address this industrial need and make this VR
sprayer an effective option for wild blueberry growers, an artificial light sourcasysis
requiredto be developed and implemented into the VR sprayer to perform agrochemical
application in early morning and late evening. The details about an artificial light source

system are discussed in Chapter 3.

33



CHAPTER 3 SUPPLEMENTARY LIGHT SOURC E DEVELOPMENT FOR

CAMERA -BASED SPRAYING IN LOW LIGHT CONDITIONS

High wind constraints during day time agrochemical spraying has pushed the wild
blueberry producers to apply agrochemicals during the early morning, evening or after
dark, to avoid drift problems due to low wind conditions. The objective was to develop an
artificial light source system combined with a smart sprayer comprising of a digital camera
based sensing system to allow cameras to detect target areas (weed, plant or bare soil) in
reattime for accurate application of agrochemicals in low light conusticAfter testing
and evaluation of different light sources, a rugged light source system equipped with
polystyrene diffuser sheets was constructed to provide an even distribution of light across
the entire 12.2 m machine vision sensor boom. Distributfartdicial light underneath
the sensing boom at zero ambient light was examined by recording the light intensity at
0.15 m spacing on the ground under the camera boom using a lux meter. Results of light
distribution revealed that thilagnafiré® 70 W highintensity discharge (HID) lights
provided wide angle of even light illumination, high intensity and rugged construction.

A wild blueberry field was selected in central Nova Scotia, Canada, and a test track
was made to evaluate the performance of thdicati light source system to apply
agrochemicals on a spspecific basis under low natural light conditions. A 4taale
RTK-GPSwas used to map the boundary of the test track, selected bare soil areas, weed
areas and wild blueberry plant areas in tle&fiwSPswere placed at randomly selected
locations, the smart sprayer was operated under low light conditionsh@R&C was
calculated.The mean PAC from WS&Hocated in bare soil, weeds and blueberry spots in

the track was 5.19%, 27.53% and 1.74@&spectively. PAC of the WSPs placedbare
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soil and blueberry patches were 22.34% and 25.79% lower than in weed patches,
respectively. Results reported that the custom developed artificial light source system was
accurate enough to detect targets in lgtlicorditions. Additionally, spesprayng only

in weed areas resulted in 65%emical saving.

3.1INTRODUCTION

Nova Scotia, Canada consumed 441,609 kg of pesticide active ingredients in 2003.
The majority (67.7%) of the pesticide was herbicide, whild%3was fungicide, 8.6% was
insecticide, and 10.3% was not identified (Brimble et al., 20@&%ticide use has been
steadily increasing with approximately 6 billion kg of pesticides being produced worldwide
in 2005 (Carvalho, 2006). Herbicides constitutessignificant portion of the total applied
pesticides, and are needed for adequate weed control to increase yields. Typically,
herbicides are applied covering the entire field uniformly, with inadequate attention being
given to the substantial spatianability of weeds that are present in most agricultural
fields. The blanket application of herbicides poses a serious problem for producers in terms
of increased cost of production and environmental risks associated with air and ground
water (Pimentel ahLehman, 1993). The portions of the cropland with no weed species
receive the same amount of herbicide as the portions that have a severe weed infestation
with conventional uniforrapplication (UA). Speapplication (SA) of herbicides only in
weed areassing VR applicators can address this problem.

Wild blueberries are native to Northeastern North America and grow naturally from
cleared wood lots or abandoned farm lands (Eaton, 1988). Wild blueberry fields have
significant (up to 50%) bare spot areas @wty developing fields (Zaman et al., 2008).
Weeds have always been considered as a majorlyiatthg factor and are a challenging
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problem in wild blueberry production (Jensen and Yarborough, 2004; Agriculture and
Agri-Food Canada, 2011). Malay (200@ported that the excessive soil loss as a result of
poor blueberry cover and excessive use of herbicides threatens the sustainability of the wild
blueberry industry. The unique features such as bare spots and weed species present in wild
blueberry fields sggest the importance of sipecific management and the need to
develop an affordable and reliable sstgecific smart sprayer for a more sustainaiplet
applicationof herbicide inthe wild blueberry cropping system. Some researchers have
attempted taevelop technologies for sigpecific management of wild blueberries (Chang

et al., 201B; Chang et al., 2014, Esau et al., 2013; Esau et al. a20lidhaud et al., 2008;
Percival et al., 2014; Zaman et al., 2011; Zhang et al., 2010) to date.

Generally,wild blueberry producers apply herbicides early in the morning, late
evening or at night because of lower wind speeds or time limitations (Food and Agriculture
Organization of the United Nations, 2008). During theselight hours, a machine vision
system with controlled lighting is required to detect and spray weed patches within the
field. Some researchers have developed machine vision systems with evenly distributed
controlled light sources for other cropping systems (Arima et al., 2003; Benso2@03|.,

Kane and Lee, 2007). Hemming and Rath (2001) developed corvmiterbased weed
identification under field conditions using controlled lighting for use in vegetable crops
(cabbage and carrots). Depending on growth stage and weed density betardr95%

of the plants were classified correctly. Slaughter et al., (2008) used controlled illumination
to create a stable lighting condition independent of variations in natural illumination for
use with hyperspectral images for weed discrimination. Batad. (2002) used natural

sunlight as an illumination source for an imaging system. The researchers used the natural
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light to reliably determine the portion of each image occupied by green growing plants and
measured the stability of the green cover measent in response to naturally occurring
changes in sunlight intensity and sun angle throughout the day. Several researchers have
developed image processing techniques to overcome illumination changes that are present
in most field conditions (Nejati etl., 2008; Kurtulmus et al., 2011, Hijazi et al., 2D}12
Kurtulmus et al. (2011) concluded that RGB color images are feasible for citrus yield
monitoring and algorithm advances could improve processing time and accommodate for
more varied outdoor condits.

Outdoor images require a camera with a wide dynamic range due to the potential
for brightness variations (Nayar and Mitsunaga, 2000). The human eye has an exceptional
dynamic range enabling a clear view under a wide variety of illumination conditions
(Blackwell, 1946). However, a conventional digital camera provides only 8 bits (256
levels) of illumination at each pixel (Nayar and Mitsunaga, 2000). If the illumination is
above the threshold of the camer aidcerreaty nami ¢
results of the imbedded image processing technique (Debevec and Malik, 1997). Obtaining
a truly high dynamic range requires multiple image detectors and precision optics for the
alignment of all images as well as additional hardware for imagesitoon and processing
(Nayar and Mitsunaga, 2000). Debevec and Malik (1997) developed a method of
recovering high dynamic range radiance maps by fusing multiple photographs into a single
high quality image, however this requires additional camearal lght exposure settings
that increaseprocessing time.

Different light source options are readily available in the market. Davies (2009)

reviewed numerous papers relating to machine vision in agriculture and concluded that
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fluorescent tube lights have gteamachine vision classification accuracy as compared to
incandescent and fluorescent ring lights. Hemming and Rath (2001) used commercially
available 400 W metal halogen lamps to illuminate the recording area of the developed
machine vision system for wd detection. Slaughter et al (2008) used tungsédogen

bulbs for illumination of the cameras field of view for weed targeting. Dowling et al. (2003)
developed an LED powered illumination system specifically for use with machine vision
systems that rege consistent light color and intensity. Hecht (2005) developed an
efficient LED illumination system with reflectors for arbased scanning equipment such

as video cameras. Hecht (2005) found typical incandescent or HID light sources are not
ideal becausthey are inefficient and consume more energy and generate large amounts of
heat as compared to LED illumination systems. Thrailkill (1998) developed a highly
efficient di ffuser with LEDOGs which produ
illuminatesthe object for machine vision recognitionaWaney (1998) invented a system

for controlling light intensity ina machine visbn systento lie within a predetermined
narrow range of light intensityslaughter et al. (1999) designed a passive mechanical shade
for a row crop machine vision system to provide a uniform diffuse illumination of the seed
line at all times independent of tractor orientation. Cucchiara et al. (2001) improved errors
in digital images that were caused by shadows in moving objects during image acquisition
by adjusting the hue, saturation and value (HSV) color information from the RGB images.
Stauder et al. (1999) and Horprasert et al. (1999) incorporated a shadow detection and
correction technique into an algorithm for improved image processing results after dark
using an artificial light source. Steward and Tian (1998) stated that most of the machine

vision weed sensing research has been done with controlled lighting ratheatizdue
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natural lighting associated with outdoor field conditions. Image acquisition with sunlight
as an illumination source poses a greater challenge than those captured under controlled
illumination.

A limited number of commercial machine vision spngysystems are available for
various cropping systems that require herbicide on target weeds with bare soil background.
(Hanks and Beck, 1998; McCarthy et al., 2010). In season wild blueberry herbicide
applications require custom image processing to tavged species growing within the
blueberry plant foliage (Chang et al, 20L2McCarthy et al. (2010) reviewethree
commercial machine vision based weed spot spraying technologies. They reported that the
available systems were able to detect weeds oitldaskground only. They also suggested
that a machine vision technology equipped with controlled lighting that uses leaf color,
shape, and texture to differentiate between crops and weed species is needed for accurate
target detection and spspraying.Hanks and Beck (1998) determined that the ambient
light was unsatisfactory with the Detectspray system (Concord Manufacturing, Fargo,
N.D.), since varying sunlight adversely affected its operation. Variations in sunlight may
be unnoticeable to the humaneeyowever, it can be readily detected with the use of
sensorsShadows created by the spray frame that
view adversely effecting the stability of the sensing system. Variable light conditions and
cloud cover demarsdfor constant sensor adjustmenits minimize the false triggering
where weeds were not present or to avoid weed patches that should be sprayed (Hanks and
Beck, 1998). To reduce these lighting issues, Hanks and Beck, (2008) recommend to use
the WeedSeek&(Model PhD 1620, NTech Industries, Inc., Ukiah, Cal.) with built in LED

light source to compensate the fluctuating lighting conditions or spraying after dark. This
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system performed well with a reduction of spray volume ranging from 50 to 82%. This
WeedSeker® was unable to differentiate between weed species or green foliage during
most herbicide application timings, which was considered as a major drawback of this
system (Sui et al., 2008). Evans et al. (1994) used three linear fluorescent ultbdadlet

lights arranged in a triangle for a light intensified machine vision system to measure
chemical spray deposit on cotton leaves. Evans et al. (1994) was able to achieve very
consistent high quality images however, an enclosure was required to coveayharget
from stray ambient i ght . O6 Neal l and San
system using optical sensors comprised of an infrared transmitter and receiver; however, it
was limited to row crops with weed infestations that grow taller tharmplants. Runtz
(1991) developed a weed discrimination algorithm for use with natural sunlight with
machine vision systems. They reported that a wide range of lighting composition, intensity,
and reflectance patterns negatively affect the image adquisihd accuracy of machine
vision systems for spraying applications.

Esau et al. (2013) developedsmall prototype sprayer for spayplication of
fungicide in wild blueberry using digital color cameras and custom image processing
software, capable of sicriminating blueberry plants from bare soil patches. The modified
6.1 m wide boom sprayer propelled by an ATV was able to travel at 6 kmhile
controlling eight individual nozzles with fungicide savings ranging from 10 to 50%.
However, this sprayer wdimited to applications during the day, when light illumination
was above 500 lux. Esau et al. (28/ldeveloped a prototype smart sprayer with 12.2 m
spray boom mounted on a farm tractor and saved 69% herbicide while targeting only select

weeds in wildblueberry fields using a camera based machine vision systehe ont
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boom and custom software. The smart spraying system worked efficiently and reliably to
detect weeds and spspraying on an aseeded basis. The sprayedueed the weed
infestation ly 89.3% however, the camera vision was limited to use during the day time.
The gr owe cedossprayraly neorniag) ladeening and after dark to avoid drift
problems, demands for the development of an artificial light source system for effective
operationof the machine vision system for target detection andspatying. Therefore,

the objective of this study was to develop and test a robust light source system, incorporate
it into a smart sprayer, allowing the machine vision system to opefatiefly during

low light conditions forspotapplicationsof agrochemicals in wild blueberry fields. The

goal is to maintain a consistent light distribution of between 500 lux and 2500 lux for the

entire 12.2 m boom width to sustain quality image acgorsafter dark.

3.2MATERIALS AND METHODS

3.2.1Light Source Selection

Five different 12 V lights were selected and tested in the precision agriculture (PA)
research lab at the Dalhousie Agricultural Campus for their effectiveness to illuminate the
12.2 m wide machine vision field of view (Tal8el). Lights 1, 2 and 3 were&tured as
LEDs. Lights 4 and 5 were both Magnafire 360&eries lights (Havis, Warminster, Pa.)
featuring a metal halide HID ballast, however, light 5 was equipped with a 2 mm thick
polystyrene diffuser (Plaskolite, Inc., Columbus, Ohio) on the ligliasar This type of
diffuser material is used commercial building lighting ballasts, allowing for even light

distribution within rooms or halls.
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Table 3-1. Light source specifications and cost for use with smart sprayer machine
vision system.

Light 2 Light 3 Light 4 Light 5
lllustration 29222 'ﬂ{
: & T e
Part number| PAR36 37634B AR111 KR-31 KR-31
. Dongguan
LED Light Unlt.e.d Jingliang
Compan Pacific, Liohtin Havas, Havas,
Manufacturer pany, Long ghting Warminster,, Warminster,
Reseda, Factory,
Beach, Pa. Pa.
Cal. Dongshan,
Cal. .
China
Power
Consumption 6 36 12 70 70
(W)
Amperage
(A) @ 12 V 0.4 2.4 0.8 7 7
Voltage (V) 10-30 12-24 12 12 12
1 Metal 1 Metal
Type 126 LEDs| 12 LEDs 6 LEDs Halide HID | Halide HID
D'”L"/f,cf"f”s 0.11/0.11/| 0.17/0.07/| 0.11/0.11/0.| 0.34/0.14/0.] 0.34/0.14/0.1
0.06 0.06 06 12 2
(m/m/m)
Weight (kg) 0.19 0.73 0.18 3.63 3.63
Lumen rating 500 900 853 6,000 6,000
Beamangle| 5, 15 25 80 80
(degree)
Life
expectancy | 25,000 35,000 30,000 15,000 15,000
(h)
Cost
(CAD $) 30 150 80 500 510

The light source comparison was conducted in the PA lab with natural light blocked
from entering and effecting the analysis. Each of the five lights were fixed to a surveying

tripod and positioned straight down at a height of 1.2 m off the ground. The @i
lights were positioned in the center of the lab with a clear floor surface where illumination
readings were taken at the ground level. All lights were connected to a constant 12 VV power
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supply during tests. A lux meter (LX1010BS, V&A Instrument CIOLD., Shanghai,
China) was positioned at ground level directly under the center of the light beam and the

illumination was recorded (Fi§-1).

+/- 12 V wire

Battery charger

\
!

Lux meter

5
Measuring tape

Figure 3-1: Light source testing platform used during experimental setup in the
precision agriculture laboratory.
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An area of 1 m by 0.75 m was used as the area of interest based on the reasonable
goal of one light source per meter width required to be installedeosetiisor boom. The
lux readings along the center and 15 cm on either side of the centerline were recorded and
averaged (Fig3-2). Following the same protocol, the lux readings were taken at 15 cm
intervals along the centerline up to a total distance 6fctb (Fig.3-2). This procedure
was repeated three times for each of the five light source devicesplSpliesign with
three replications was used to quantify the illumination at different positions on the ground
from each light source. This design wasdeled with light source as the main plot and
location on ground where illumination was measured as the sub plot and lux as the response
variable. Spliplot designs are typically used when the multifactor factorial experiment is

not practical to complety randomize the order of runs (Montgomery, 2009).

« 1.0 m >

0.75m

Figure 3-2: Experimental setup showing the position and distance spacing for each of
the lux measurements recorded
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Light illumination measurements from each light were analyzed using £S5
Institute Inc., Cary, N.C.). Data was checked for normality and constant variance. The
mixed-model procedure at 1% level of significance was used to test the significance of the
treatments. Least square (LS) means comparison was used to determine if thetilnmina
varied across the width of the light beam when projected from a height of 1.2 m off the
ground surface. The multiple means comparison provided an evidence to effectively use a
light source for smart spraying after dark. Multiple means comparisorpatsaed a
statistical ruling to determine the number of lights, and the spacing between lights for
selected light source to be mounted on the machine vision boom. The selected light source
was plotted using a line graph in Excel (Microsoft, Redmond, WAine tune the spacing
between lights for even distribution of light on the ground surface. The goal was to create
a consistent light illumination with lux values ranging from 500 (low) to 2500 (high). The
final results of spacing were incorporated inb@ tsmart sprayer and tested in a wild
blueberry field forspotapplicationduring low light conditions.

For image acquisition purposes a 1 m x 0.75 m rectangular navy blue cloth was
placed on the floor to reduce noise caused by light reflection frony slaired foor. A
MEye digital color cameravas positioned at a height of 1.2 m off the ground to capture
images. The height of 1.2 m was chosen to mimic the actual sensor boom camera and height
position. The pEye camera was connected via USB cable tdaplapmputer. Imaging
Development System (IDS) camera suite software allowed acquisition of images from the
HEye camera to be recorded from each of the five lights. Dark areas of low illumination
were not desirable because the image processing softwartable to properly count the

RGB pixels for analysis or use the texture of the image. However, if the light produced too
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much il lumination,spoéot sausseadt whotledoalt sofiba
analysis process. To achieve suitablege processing results the selected light should
give an even light distribution covering a rectangular area (12.2 m length by 0.30 m width)
under the sensor boom.
3.2.2Incorporation of Light Source on Developed Smart $rayer

A prototype smart sprayersed forthis study was developed for sgagplication
of herbicides on weeds/grasses and fungicides on plant foliage for the wild blueberry
cropping system (Esau et al., 2@L4ight, digital color cameras were incorporated on a
boom in front of the trdor at a height of 1.2 m (Fi®-3). Each camera covered two
sections of the boom (0.762 m each section). Cameras were attached using active link USB
cables to a PC featuring a solid state hard drive located in the tractor cabin. The image
processing softare bundle installed in the PC was capable of processing images to
differentiate between bare soil, blueberry plants aneldaen reatime and send on/ off
commands to control the solenoid valves opening or closing the spray nozzles (Chang et
al., 2014) Six of the selected lights were rigidly mounted on the front boom of the smart
sprayer at a height of 1.2 m off the ground with proper spacing to allow even light
distribution. The operator can control the lights using anoffrfoggle switch from the

di ver 6s seat of the tractor.
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Rear sprayer boom ”
Computer and controllers |

Self-leveling height sensor |

Front sensor boom ]

Figure 3-3: Diagram highlighting the main components ofprototype smart sprayerin

conjunction with artificial light source system for real-time spotapplication of
agrochemical.

3.2.3RealTime Field Test Using Machine Visbn System with Added Light $urce

A wild blueberry field was selected in Debert, Nova Scotia, Canada (45.44,425
63.45068°W, 0.68 hato test the performance accuracy of $tmart sprayer for spot
applicationon weed targets after dark. Water was used for the applications to ensure no
crop damage with repeated tests within the same tracks in selectedlielfield was in
its sprout vegetative year of the biennial crop production cycle in 2012 at time of
apdication, and crop year in 2011. The main weed species, in competition with the wild
blueberries werégrostis capillarisL. (grass) anded sorrel The average blueberry plant
height was only 0.03 m, which is very typical after mowing. The graseedisdrrel height

ranged from 0.01 m to 0.05 m.
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On May 03, 2012, a test track (80 m x 12.2 m) was selected to test the accuracy of
the smart sprayer for detecting weeds and spraying at the right targets during low light
conditions using the selected lightusce system. The boundary of the selected track was
mapped with a RTKGPS Six WSPswith dimensions of 0.052 m x 0.076 m were
positioned on the ground at randomly selected weed spots, bare soil spots and wild
blueberry plant spots. The bare soil spots werteequally distributed in the fields. There
were no bare soil spots in the center of the test track however, there was large bare soil
spots concentrated on both North and South ends of the track closer to the edge of the field
boundary.The WSP targetwere placed on the ground for detection and-spadying.

The WSPs were orientated parallel to the ground and selected targets were marked with
the RTK-GPS for mapping in ArcMap 10 GIS softwaildhe water was sprayed on spot
applicationmode with differencamera and light source settings and WSPs were collected
after drying. The windecorded during the time of the experiment was 10 Rrditected

to the South (National Climate Data and Information Archive, 2012).\WWB&s were
stapled on the ground agaifter each consecutive test run for comparison. The application
maps were also recorded for each test using the coverage maps built ktioGhdhe

WSPs were scanned and processed using a custom developed software package to calculate
PAC of the spraye targets (Fig5-7). The analysis of variance (ANOVA) with LS method

was performed to examine the PAC of the sprayed targets at different locations (bare soil,
weeds and blueberry plants) within the test tradke minimum, maximum, mean and
standard dewition of the PAC targets for all applications were determined using Mtnitab

16 statistical software (Minit&binc., State College, Pa.).
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The ground speed during the field operations was 6 + 0.2krfilve buffer was
adjusted at 0.25 m before and aftee target, for precise overlapping of spray at weed
targets. The application rate was setup at 187.04irnthe MLC.An application savings
analsis was performed to compare sppplicationtechnique with UA. Sprayed areas
were recorded with the MLC and imported into ArcMap 10 computer software, to evaluate
the performance of the smart sprayer. The chemical savings were calculated from the
sprayed area and the track size using the follofangula:

O NN & QOYEDWEQ pTIMT————p T 2)
3.3RESULTS AND DISCUSSION

Figure 34 shows the 1 m x 0.75 m images taken using the pEye digitalcamera
for each of the five light source combinations. Figsw£ indicated significant variations
in light intensity throughout the cameras field of view for lights 1, 2 and 3. Fiydke
illustrated that light 2 created a sggtyle illumination paern showing pure white in the
center of the image instead of the true navy blue color. Similarly light 4 has a narrow
horizontal beam of intense illumination causing a similardpatt distorting the actual
color of the surface (Fig-4d). Visually, light 5 seems to have an even light distribution

with the addition of the diffuser sheet.
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a) Light 1 (PAR36) b) Light 2 (37634B)

¢) Light 3 (AR111) d) Light 4 (KR-31)

e) Light 5 (KR-31 with diffuser)

Figure 3-4: Lab test showing light illumination for selected five lights.

Light 2 had the higheédlluminance value of 11,61% lat position 1 at the center of
the cameras field of view (Tab82). The lowest illuminance (97%) from position 1 at
the center of the cameras field of view was observed from light 1 (Bad)leThe light
that created the greatest \aion in illumination (11,464x) throughout the field of view
was light 2. Results revealed that lighit 2 and 3 have large variation in illumination

throughout the camerads field of view.
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is that it requires a lge number of lights to cover the entire width of the cameras field of
view over the 12.2 m wide sensor boom creating a time consuming and costly install. Both
lights 2 and 4 created illumination values tivate higher tharequired (500 < lux < 2500)

for image acquisition after dark. Multiple means comparison of the illumination from lights

1 through 4 showed a significant difference in the lux readings from the positions
measured. However, light 5 showed very even distribution with no significant ddéeren
with any of the lux readings at the eight positions measured.d4gaind 5 both had the
highest standard deviah ranging from 134 to 48%| The possible reason for the higher
standard deviation might be the flood beam style ballast and highemiditiom. Results
indicated that the addition of a 2 mm thick polystyrene diffuser greatly improved an even
' ight diffusion over the camerads field of
any hotspots or areas that were too dark. Based omuthedmparison, light 5 waselected

for further evaluatiorbecause of the wide angle, and an even light illumination with high

intensity.
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Table 3-2. Comparison of mean lux readings at different ground positions for each
light source.

Pos Light 1| S.D. | Light2 | S.D. |Light 3| S.D. |Light 4| S.D. |Light5| S.D.
(Ix) | (x) (Ix) X)) [ (x) [ (dx) | (x) | (x) | (x) | (x)
1 | 972 | 11 | 11617 | 282 | 1952 | 20 | 279C* | 410 | 1976' | 489
2 | 571 | 44 | 157F | 57 | 105 | 37 |1809°| 307 | 1836 | 337
3 | 540° | 26 | 2280 | 286 | 1066 | 28 | 2760 | 372 | 195C* | 465
4 | 33F | 59 879 19 | 615 | 27 |[171P°| 260 | 1698 | 431
5 174 8 495 50 | 377 | 24 | 2627 | 284 | 1709 | 283
6 | 108 | 13 336 24 | 272 | 19 | 1499 | 134 | 1447 | 291
7 57 1 203 6 141 | 15 | 2360°| 108 | 1428 | 222
8 44 2 153 2 108 | 13 | 1374 | 241 | 118% | 218
Treatment FactorMixed ANOVA
Pos *kk I ‘ kKK ‘ ‘ kKK ‘ ‘ kKK ‘ ‘ NS ‘

Means from colunstollowed by different letters are significantly different at p= 0.01
*** Significant at the 0.001 probability level
NS = Nonsignificant

The light source spacing graph suggested that the addition of the diffuser sheet on
light 5 helped to ensure even light distribution (RB¢). Results revealed that light 4 has
a significantly higher illumination along the center line of the light bearmompared to
the edge of the light beam (Fi85). Light 5 has a less intense spread of illumination values
allowing the cameras to potentially focus without causing undesirablgpbtg. Spacing
of light 5 across the boom to maintain proper illuming®@® < lux < 2500) encompasses
six lights positioned at 1.05 m, 3.15m, 5.25m, 7.05 m, 9.15m, 11.25 m and 12.3 m from

one end of the sensor boom (R3eb).
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—light 4 (center) = =Light 4 (edge)
= = Light5 (center) ~o- Light 5 (edge)

0 1.05 3.15 525 7.05 215 1125
(Position1) (Pomition2) (Position?3) (Positiond4) (Position5) (Position 6)
Light Spacing (m)

Figure 3-5: Comparison between lighs 4 and5 showing light source spacing required
to maintain adequate illuminance across the 12.2 m boom width.

Field tests concluded that a consistent light illumination over the entire boom width
was required for proper image acquisition and image processing. Even light distribution
al so ensur e tbcud usieg the same aperture settings. It was found during
testing that ar easspomft shoi ggcha uisleldu mii xeetli ;o i fshe
images through the custom software due to the limitation of the cameras dynamic range
(60 dB). The bestmage processing results were found with an evenly distributed light
illumination under the entire boom width. FiguBet shows comparison of the light
illumination with and without the addition of 2 mm thick polystyrene diffuser sheet. The

addition of thediffuser sheet reduced the ksgots concentrated along the center of the
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light beam and distributed it more evenly allowing for the cameras to take images and

process without creation of pixel noise from areas of high illumination 3Feg.

Figure 3-6: Light source 4 (left) and light source 5 with added light diffuser sheet
(right).

Visual observation from field testing indicated that the smart sprayer performed
reasonably well with the addition of the developed light source system fofteisdaak.
The application showed spray coverage on most weed patches in the selected track (Fig.
7). Some sprayed patches within the blueberry plant or bare soil spots could have been the
result of cameras detecting small newly developing green westdsehe not mapped with
the RTK-GPS. Also, it was observed that pixel noise was greater when using lights due to
the light reflecting off water/frost particles that were more common at night time. The PAC
of the sprayed targetanged from 0.05% to 16.080b bare soil locations and from 3.48%
to 38.06% in weeds and 0.00% to 4.91% in blueberry plants, respectivel3-{Higlhe
reason of variation in PAC might be due to the height of the sprayer boom off the ground
when travelling over the rough bluebetgrrain. When nozzles are closer to the ground
the area directly under the nozzles gets a higher application rate as compared to areas
directly between adjacent nozzles. A boom leveling system would be helpful to address
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this issue, however, the variationcoverage is hard to fully overcome, due to the natural
rough topography present in most wild blueberry fields in Nova Scotia. The wind speed of
10 km ht directed to the South could also have had an impact on resulting spray patterns,

causing fluctuatins during the experiment.
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Figure 3-7: Field application mapindicating percent area coverage of targeted water
sensitive paper.
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The mean PAC from WSHocated in bare soil, weeds and bluebgigntsin the
track was 5.19%, 27.53% and 1.748spectively (Tabl&-3). The PAC of WSPs from
bare soil and blueberplantswas significantly lower than that of WSPs in weed patches
(22.34% point and 25.79% point, respectively). The BiBkhe blueberrplantswerenot
significantly different from tk PAC of the WSPs placed bare soil. The WS#placed in
weed patches had the highest standard deviation (12.64) most likely due to the uneven
ground causing varying boom heigfihe average PAC from the weed WSPs (27.53%)
was sufficient for eradicatiorsing a contact herbicide. The lowest PAC (3.48%) from the
WSPs in the weed areas would preferably be higher for insuring proper weed eradication.
Spraying on a wind free day or incorporating a correction factor from side winds into the
programming to allovadjacent nozzles to turn for complete coverage, could be a possible
solution. During a head or tail wind the nozzles could be programmed to turn on earlier or
stay on later to compensate. The high PAC (16.08%) from the bare sof W&SHnost
likely causel from small weed seedlings starting to emerge or frost on the soil surface
causing pixel noise from reflected light. A significant differencevgRie < 0.01) was
observed betweelVSPs PAC from the three target locatioifiese results were in

accordancevith results from Zaman et al. (2011).
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Table 3-3. Summary statistics of percent area coverage of the sprayed targets for
determining the precision of spotapplication technique for targeting using machine
vision system with the light source at night.

Location (n) Min (%) Max (%) Mean (%) S.D. (%) P-value

Bare Soil (6)  0.050 16.08 5.19 5.58
Weeds (6) 3.48 38.06 2753 12.64 <0.01
Blueberries (6) 0.00 4.91 1.74 2.14

Means followed by different letters are significantly different at a significkves of

0.05.

The smart sprger application savings using spagiplicationwas 65% based on the
weed coverage in the selected test track (TaHdle The spotapplication of agrochemicals
using smart sprayer in conjunction with an artificial light sogyestem can lower the cost
of production and mitigate environmental risks associated with the chemical applications.
Another added benefit of the spaghplicationis fewer trips back to the water truck to refill
the sprayer tank, which saves time, labat arel.

Table 3-4. Prototype commeraal smart sprayer saving with spotapplication
technique.

Plot Total Bare Soill Weeds Plants  Sprayed Chemical
# (M) (m?) (m?) (m?) (m?) Savings (%)
1 1012 62 208 742 354 65

3.4CONCLUSIONS

Results suggested that the developed artificial light source system using the
Magnafire 3000 series lights with added 2 mm thick polystyrene diffuser, was efficient
enough to provide an even distribution of light, allowing the cameras to detect targets and
spotspraying under low ambient light conditions. The construction of the light source and

incorporation on the front boom of the smart sprayer provided an even light distribution
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under an entire 12.2 m machine vision sensor boom. Results of this study provided strong
evidence enabling the smart sprayer to work in low light conditions. Addifidiffuser
sheets eliminated the hkgpots created by the lights, and enhanced the performance of the
sprayer after dark. Results showed significant savings in bare spot areas with PAC in bare
soil and blueberry plant areas being 22.34% and 25.79% Idwaerih weed patches,
respectively. Total spray savings using the light source system was 65%. Further testing
can be done to the image processing software to reduce the noise from light reflection from
frost and moisture during the night. This would malstll/ increase the acracy and
performance of the speatpplicationsmart sprayer for better weed targeting during low
natural light conditions.

The front mounted custom developed smart sprayer equipped with an artificial light
source system performed acately and reliably in detecting targets and sgufying on
anas needdbasis. However, the presencdtwé front boom addecbmplexity during field
operations as wild blueberry fields have gentle to severe topography. The cost of building
and incorporting the front boom also increased the cost of modifications in the existing
sprayers to convert inta smart sprayer. Handling dfoth thefront and rear boom also
added complexity for the operator during field operation. These conditions demanded for
a robust and compact sprayer wi#nsing systerand spray nozzles on the rear tyofor
the ease of operation allowing formeore commercial unit, which can be easily adopted by
the wild blueberry industry. With the availability of fast computing capabilitiethe next
phase of this study a rear mounted sprayer equipfibanachine vision and spray nozzles
on the same boom was developed, tested and evaluated to meet the industrial requirements.

Details about the rear mounted compact sprayer are discasSedpter 4.
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CHAPTER 4 REAR MOUNTED MACHINE VISION SMART SPRAYER FOR

SPOT-APPLICATION OF AGROCHEMICAL S

The development of a smart sprayer for the wild blueberry industry is essential to
minimize input costs, improve crop yield while reducing environmgmvéiltion. The
developed smart spraysystem was installed on a 131w wide boomthreepoint hitch
mounted sprayer attached to a farm tractor. The modified sprayer featured an 1135 L
storage capacity an#7 spraynozzles Solenoid valves were connectdatectly to the
sprayer nozzle bodies for rapid response and low drip lady B@&zle covered a 0.5t
wide section of the sprayer boom. The machine vision system incorpoiatedigital
color cameras instatl ahead of the sprayer nozztas the boom.The cameras were
connected via USB cables to a ruggedized computer where custom image processing
software analyzed each image. Triggering signals were sent itimeato the individual
solenoids to open the specific nozzle where the target was dettledblueberry fields
were selected in central Nova Scotia to evaluate the smart sprayer system. Water sensitive
papers were used to quantify targeting performance at select points in the field. The smart
sprayer was setup to apply a sppplication of hebicide to weed targets within the field
and fungicide application to only wild blueberry plant areas within the field. The sprayer
had the ability to save substantial amounts of herbicides and fungicides in commercial
fields with variable weed pressurasdebare spot areas.
4.1INTRODUCTION

Pesticides are important for agricultural crops to control weeds, disease and pests
within the field. Pesticides are heavily applied to Canadian farmland each year with

approximately 6 billion kilograms being applied rdwide in 2006 (Carvalho, 2006).
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Typically farmers apply these pesticides uniformly without considering the substantial
field crop/weed variation that exist on many farms. The overuse of pesticides increases the
cost of production and pollutes the enviment (Pimentel and Lehman, 1993). Spot
application of pesticides to target areas in the field that need the application is a valuable
method to reduce pesticide use while maintaining weed, disease and pest control within
agricultural fields. Wild blueberrgroducersanbenefit from spetpplication technology
because of the substantial soil, blueberry plant and weed variability within the fields.

Wild blueberries are a naturally occurring crop developed from de¢oresbod
land and are native toortheastrn regions ofNorth America (Eaton, 1988). Bare spots
within the wild blueberry fields require different pesticide treatmastcompared to the
blueberry plant areas. Newly developing wild blueberry fields can have significant (up to
50%) bare spot covage (Zaman et al., 2008). Weeds and grass species exist iof rmibst
commercial wild blueberry fields. These weeds and grasses should be treated en a spot
specific basis to ensure pesticides are not being wasted-targ@t areas that exist within
thefields. A smart sprayer that is able to target weed, grass or diseased areas within the
field and turn onbff the nozzles would be a very important asset for the future success of
the wild blueberry industry. A smart sprayer using an automated machioe system
would allow farmers to apply the pesticides to target areas in the field while saving in areas
that do not require treatment. The end result could save time, money and cause less
pollution to the environment.

Many machine vision systems haveba&eveloped and tested for agricultural crops
(Baron et al., 2002; Benson et al., 2003; Evans et al., 1994; Hijazi et alb; 204jati et

al., 2008; Runtz, 1991; Slaughter et al., 1999; Steward and Tian, 1998). Arima et al. (2003)
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develoged a robot toeduce the amouwnf chemicals applied to strawberry plants by using

two direct lights for illumination of 5 CCD cameras for detection and-spiatying of

di seased plants. The robotds vision syste
grading, tracdai | i ty and harvesting. O6 Neal | and
spraying syst@ using optical sensors; howevérwas limited to row crops with weed
infestations that grow taller than the Atamget plants. McCarthy et al. (2010) reviewed the
three main commercial machine visibased weed spapraying technologies available

and found they are restricted to detecting weeds on a soil background only and will not
work to detect weeds amongst a growing crop. McCarthy et al. (2010) suggest machine
vision technology is needed that enables leaf color, shape and texture to differentiate
between crop and weed species. McCarthy et al. (2010) concludes that weed detection
algorithms require consideration of shape, spectral and/or texture properties dimegeta

in controlled lighting to achieve robust species discrimination in a scene containing
adjacent weeds and crop. Moller (2010) concluded that applying compisten
technology to agriculturalperations lowers operator stress levels.

This study was dggned to test the performance difference between a machine
vision system mounted on a separate barmont of the sprayer as comparedthat
mounted neathe rear sprayer boom just ahead of the nozzles foragmdications of
herbicide andungicide n wild blueberry fields.
4.2MATERIAL AND METHODS
4.2.1Development of Rear Mounted Machine Vision System on Smart Srayer

A smart sprayer integrated with rear madchimachine vision technologynage

processing software and control system, was achieved for agrochemical application in wild
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blueberry fields. The smart sprayer system consisted of nine digital color cameras
connected to a ruggedized computer via active link USB cables 4Fy. Image
processing software specifically designed for applications in wild blueberry fields process
each image and send triggering information to a 12 V relay switctinabypowes the
appropriate solenoid valve opening the spray nozzles in the specifansiet the target

was initiallyidentified An onboard flow regulating system allows the line pressureaip st
constantwhile turning on/off different combinations of nozzles.
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Figure 4-1: Smart sprayer diagram showing main components required for sge
specific application of agrochemicad.
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4.2.1.1 Imaging FPocessing

Image processing algorithms were developed and tested primarily for usa with
specific agrochemical applicatiguited for the wild blueberry industry. During spring and
fall herbicide applications weeds can typically be targeted using the color contrast between
the green target weeds and the reddish brown background wild blueberry plants and soil
surface. Furthedetails of the sensing system using digital photography technique can be
found in Chang et al. (2014). During in season herbicide and fungicide applications texture
analysis is required to help differentiate between the wild blueberry plants and weed
speces that argypically similar in color. The touch screen interface mounted in the tractor
cabin allows users the ability to shut all nozzles off with the press of a single button (Fig.
4-2). A second set of buttons allows the user to further adjust tagesgroom with three
sections of control (nine spray nozzles per section for a total of 27 spray nozzles). The
control settings are either off (nozzles are not spraying), on (nozzles are on and spraying
uniformly) or auto (nozzles are controlled individiyabased on feedback from the
machine vision system). The touchscreen interface uses two btdtoostrol the foam
marker on/ off and leftight used to assist the operator with guidance while spraying. The
user has the ability to change the image msicg algorithm and settings based on the
specific application being applied. The interface also shows irtirealthe images that

are being processed (Fig32).
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Nine pEye camerasere equally spaced at 1.52 m apart and each cover the area for
control of three spray nozzles (F33). The cameras were positioned on the sprayer boom
to maintain a height of 1.2 m ofi¢ ground surface to enable the images from each camera

to cover the complete boom width without over or under lapping (F3). 4

Figure 4-3: Smart sprayer camera field of view for proper image acquisition.

The camera lensdsad 3.5 mm focal lengthith a fixed aperture (f/4.0) with
infinity focus). Exposure time and digital gain were automatically controlled by auto
exposure shutter/ auto gain control to adjust for variable outdoor lighting conditions. The
maximum auto exposure shutter was set tes2aprevent picture blurring while travelling
over rough field terrainThe cameras were positioned 0.18 m in front of the spray nozzles
(Fig. 44). Each image represents an area on the ground surface equal to 1.52 m wide by
0.914 m tall. For rapid imag&ocessing only the front portion (1.52 m by 0.28 m) of the

image is used and the remainder is disregarded (HY. 4
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Figure 4-4: Schematic diagram showing camera field of view with relation to sprayer
boom and nozzle position.

The image acquisitiotime was found to be 0.015 s (Tabld ¥ The processing
time required for the PC to analyze the nine images simultaneously was 0.135 s {Table 4
1). An additional 0.052 s time delay was required for the PC to send a triggering signal to
turn on the solendivalve and spraying (Tablel. The determination of the maximum

travel speed while spraying is 1.77 thand was found using the following formula:
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Table 4-1. Camera and spray delay parameters

Machine vision & spray delay time Time (s)
Image acquisition 0.015
Imageprocessing 0.135
Mechanical delay 0.052

Total 0.202

4.2.2 Comparison between Front Boom Machine Vision and Rear Boom Mounted
Machine Vision

A commercially available farm tractor (John Deere 6430) and sprayer (MS 1135E)
was modified using a combination of hardware and software to operate oRrspegifit
basis using the developed machine vision system 4Fj. The main components added
wasuEye digital color cameras, computeriZzggichannel VRCaMLC, a servo valve, a
flow meter, individual nozzle solenoid valves and a-siéling front sensor boom. The
front cameras werat a distance of 6.6 m ahead of the sprayer nozzles while the rear
cameras were mougd on the rear sprayer boom Orh8head of the spray nozzles. The
cameras were connected to a PC inside of the tractor cabin by active link USB cables
because of the extended 10 m length. Custom image processing software capable of
disaiminating the difference between blueberry plants, weed patches and bare soil was
installed on the PC. As the sprayer moves in the field the image processing software
analyzes each image and sends triggering information to the corresponding s@émoid
opening and closing thiedividual spray nozzles oa spotspecific basis. The P@lso
continuously sergtriggering information to the ML@vhich regulates the flow rate based
on the number of nozzles opan that timeand the vehicle travelling speed. élhear
sprayer boom was positioned approximateB/rh off the ground and each of the sprayer
nozzles covered a®l m section on the ground surface. The nozzles tgpeolo-d r i f t E
(LU-DB02F120, Hypro, New Brighton MN, USA). Using aseries of T joints, the line
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connecting the distribution valve to each section was then connected to each solenoid valve
to which a nozzle was fitted as closely as possitie. model 2201A solenoid valwveas
operated with 12 V. The feed line from the guwent through a flow valve and flow meter

then separated inthieelines, each line feedingine nozzleof the boom. The 3 piston

diaphragm pump was operated by the tractors power take off (PTO).

Front camera sensor boom Rear camera sensor boom & spray nozzles

Figure 4-5: Smart sprayer showing front machine visionboom and rear machine
vision boomand spray nozzle.

4.2.3Front Machine Vision Boom and RearMachine Vision Boom Comparison Test
for Targeting Wild Blueberry Plants within the Field

A wild blueberry field was selected in central Nova Scotia in summ2ob3 to
test the performance accuracy of the smart sprayer operating with an&ohine vision
boom versus a reanachine visiorboom for targeting wild blueberry plant areas within
the field. The selected field was the Frank Webb site located in Hajhéllage
(45.405501N, 63.669183W, 4.6 hectare). The field was in sprout year of the biennial
crop production cycle in 2013 during the experiment and crop year in 2012. The field had
been under commercial management over the past decade and receined praning
by mowing as well as conventional fertilizer, weed, and disease management practices.
During mid-July Brav® fungicide is typically applied to commercial sprout fields to

protect against disease pressures. For the comparison test waterd\asthgeapplication
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to ensure that repeated coverage to the test track would not damage the crop or pollute the
environment.

The test track was constructed using a measuring tape and marked with colored
boundary flags. RTK-GPS was used to map the track boundary as well as any bare soil
present within the test track (12.2 m x 126 e bare soil patches were not equally
distributed in the field. There were large bare zones in the center portion of the test track
where sma#r bare zones were concentrated on both the North and South ends of the track.

On July 15, 2014 water was applied on a specific basis to wild blueberry plants
to compare the application targeting performance while using the rfraghine vision

boom versus theearmachine visiorboom (Fig. 46).

Figure 4-6: Left image shows smart sprayer operating in the selected track. Right
image shows field conditions during experiment and placement of water sensitive
paper in a nontarget bare soil patd within the test track.

Prior to spray application twel\W&SPswere positioned on the ground at randomly
selected bare spots in the track and twékgPswere placedh blueberry plant zones (Fig.

4-6). TheWSPswere orientated parallel to the ground and selected targets were marked

with the RTKGPS for mapping in ArcMap 10 GlSoftware The water was initially

70



































































































































































































































































































