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ABSTRACT

Computervisionandimageprocessingprocedurescouldobtaincropdatafrequentlyandprecisely,
suchasvegetationindexes,andcorrelatingthemwithothervariables,likebiomassandcropyield.
Thisworkpresentsthedevelopmentofacomputervisionsystemforhigh-throughputphenotyping,
consideringthreesolutions:animagecapturesoftwarelinkedtoalow-costappliance;animage-
processingprogramforfeatureextraction;andawebapplicationforresults’presentation.Asacase
study,weusednormalizeddifferencevegetationindex(NDVI)datafromawheatcropexperiment
oftheBrazilianAgriculturalResearchCorporation.RegressionanalysisshowedthatNDVIexplains
98.9,92.8,and88.2%ofthevariabilityfoundinthebiomassvaluesforcropplotswith82,150,and
200kgofNha1fertilizerapplications, respectively.Asaresult,NDVIgeneratedbyoursystem
presentedastrongcorrelationwiththebiomass,showingawaytospecifyanewyieldprediction
modelfromthebeginningofthecrop.
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1. INTRodUCTIoN

Thebasicrequirementofprecisionagricultureistorapidlyacquiretrustworthyandreliablecrop-
growthinformationconvenientlyatlowcost;thisisalsocrucialtorealizingaccuratecropcontroland
management(Nietal.,2018).InformationTechnologyisincreasinglymakingcontributionstargeted
toagriculturalsolutions.Theperiodicmonitoringofabovegroundbiomassisawidelyusedagronomic
parameterforcharacterizingcropgrowthstatusandpredictinggrainyield.Foralongtime,crop-
growthinformationwasacquiredthroughdestructivesamplinginthefieldandindoorbiochemical
andbiophysicalmeasurements(Gnypetal.,2014;Boschettietal.,2007).Remotesensingasanon-
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destructivetechniquehasbeenprovedtohavegreatpotentialinabovegroundbiomassestimationfor
crops,suchaswheat(Cabrera-Bosquetetal.,2011;Fernándezetal.,2019).

Up-to-date, non-destructive monitoring technologies based on characteristic description
throughreflectancespectrahaveshownvariousbenefits,includingnon-destructibility,readyaccess
to information, and excellent real-time performance. Hence, they have been widely used in the
investigation into the monitoring of crop-growth indices and evaluation of agricultural devices.
Althoughexistingground-basedobjectspectrometersconfervariousadvantagestheyalsoexhibit
afewdisadvantages,includinghighprice,complexstructure,tediousoperation,andinconvenient
fieldapplication(Nietal.,2018)Developmentofimagerymonitoringforcropgrowthpromotes
thedevelopmentandimplementationofsomeapparatusforcrop-growthmonitoring.Therapidand
accurateestimationofabovegroundbiomassinanon-destructivewayisusefulforcreatinginformed
decisionsonprecisioncropmanagement.Thecurrentestimateofabovegroundbiomassisbasedon
destructivemeasurements.

Themonitoringofnitrogenisanessentialtoolforinvestigatingmanymetabolicandstructural
processes inmaturingwheatplants, suchasyield formationandhealth status.Becausenitrogen
isnot immobilizedinsoilsandaplentifulreserveofplant-availablenitrogenisnotpresent, it is
essentialforoptimalcropproductiontosupplynitrogenbyapplyingfertilizerduringplantgrowth
(Schirrmannetal.,2016).

Tobecomemoreefficient,indirectmethodsusingsensorsforestimatingthoseparametershave
beenproposedandimplemented.Attheplotscale,sensorprinciplesareavailablethatenableon-spot
measurementswithoutdestructingthecanopy,mostlywithdirectcontacttowheatplants(Zhaoetal.,
2013).Devicesmeasuringsunlightinterceptioninthewheatcanopyusingradiativetransfermodelscan
modeltheleafareaindex(Breda,2003).Mostoftheseprinciplesinvolvetime-demandingjudgments
orsophisticateddeterminationprotocolsthatcanonlybeachievedmanuallyinastop-and-gostyle.
Theiruseofhigh-throughputmeasurementswasreviewed(Schirrmannetal.,2015).

Kippetal.(2014)highlightedthat theNormalizedDifferenceVegetationIndex(NDVI)isa
potentialmeasurefordetectingphenotypicdifferencesinearlyplantvigor.Cabrera-Bosquetetal.
(2011)reportedthatNDVIwasusefultoassessgreenbiomassinadditiontonutrient,pest,andwater
stress.NDVIwasalsousedtocalculatevegetationcoveragefromsegmentedtransformedimagesto
studycanopiesinfieldexperimentsusingamobilesystem(Svensgaardetal.,2014).

Theobjectiveofourworkwastostudythelikelihoodsofalow-costimageryacquisitionsystem
formonitoringabovegroundbiomassofwheatundervaryingnitrogenfertilization.Therefore,this
work presents the development of a computer vision system for high-throughput phenotyping,
conveningthreemodules.Firstly,animagecapturesoftwareusingRGBandIRcameras,linkedtoa
low-costandmobileappliancethatprovidesacontrolledenvironmentatthefield.Secondly,image-
processingsoftwareforplantdistinguishingmeasurement(morphometricandNDVIdata).Lastly,a
webapplicationforthevisualizationoftherelationshipbetweenNDVIandabovegroundbiomass.

Thisdocumentisorganizedasfollows.Section2presentsthewholecomputervisionsystem
developedandsection3showstheresultsanddiscussionofapreliminarystudyconsideringtheuse
ofoursystemtocompareNDVIandwheatbiomass.Section4highlightsourconclusionsandfuture
workaboutthisstudy.

2. MATERIALS ANd METHodS

Thisprojectbasedonthedevelopmentofacomputervisionsystemforhigh-throughputphenotyping,
conveningthreemodules,named“Fenômica”.Thissystemcapturesandregistersimagesfroman
appliance,processestheminordertogetNDVIinformation,andpresentsresultsforcomparisonwith
cropbiomassdata.Nextsectionsexposematerialsandmethodsusedineachofthesesystemmodules.
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2.1. Appliance
Ourapplianceisastructure(Figure1)thatprovidessupportforcamerasandsensorstocollectimages
atthecropfield,reducingtheinterferenceofclimatevariables(solarradiation,precipitation,wind,
etc.).BasedonSvensgaard,Roitsch,andChristensen(2014),webuiltalow-cost,mobileandsimple
imaging-boxappliancetovalidateoursystemdirectlyinthefield.

TheprototypeusedPVCpipes,consideringthemaximumheightmeasuresthatawheatcropcan
reach(~1.4m),andabaseofthestructureof1m2tocoverageacropsample.Thestructureiseasily
andmanuallymountable,anddoesnotrequireanyhoistingorshiftingmachinerytomanipulateit.

Ghanem,Marrou,&Sinclair(2015)highlightluminosityasoneoftheexternalvariablesthat
caninfluencethecropphenotype,sincebrightnessandcontrastarepreponderantinobtainingdata
suchascoloringandvegetationindexes.Forthisreason,wedecidedtousealight-tightblackout
enclosure(Figure2),blockingtheambientlightontheplantsduringtheimagecapture.Thisformat
alsoavoidstheinfluenceofotherclimatevariables.

Luminosityalsoinfluenceshowourmustcapturedigitalimages.Itcandirectlyinducetheimage
obtainedoreventheresponsethattheplantgives,sinceplantsgetenergyfromlightthroughaprocess
calledphotosynthesis,affectingtheirgrowth(Mooreetal.,1995).JonesandVaughan(2010)show
therelevanceofreflectanceandfluorescenceduringimageprocessingtoobtainphenotypicdata

Figure 1. “Fenômica” appliance schema

Figure 2. Blackout enclosure over the appliance at the field
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fromtheplant.Goto(2003)alsohighlightsthatforgoodartificiallightingcancombineyellowlight
(incandescentlamp)andwhitelight(fluorescentlamp).

Consideringtheluminosityinfluencesandtheuseofnear-infraredlenses(NIR)forimaging,we
definedaluminosityconfigurationinsideourappliance(Figure3).Two60Wincandescentlamps
andtwo20Wfluorescentlamps(connectedtoabattery)maintainthesameincidenceoflightduring
theimagecapture,combinedwiththeuseoftheenclosure.

2.2. digital Cameras
Weselectedtwohigh-resolutiondigitalcameras tocapture the imagesontopandsideviews.In
bothcases,itispossibletochangetheheightofthecamerasusingrulersontheappliancestructure.

LogiTechC270HDcameraregisterssideimageviewsusedtocalculatetheplantheight.Itoffers
aresolutionof1280×720px,automaticlightcorrection,autofocus,andnospeciallensfilterapplied.

GoProHero4cameraregisterstopimageviewsusedtogetNDVIinformation.Itoffersaresolution
of4000×3000px,andresourcesforNIRfiltersandcommunicationusingwirelessnetwork.

WealsochosenanIRproH-NDVI-RED25-555.5mmFlatLensforcaptureNDVIimages.It
generatesflatimageswiththeapplicationoftheNearInfraRed(NIR)filter.Thissensorallowslow
lightcapture,autofocusadjustment,andsamecameraresolution.

2.3. Software development Tools
Weoptedfortheuseofopensourceandmultiplatformtoolstoimplement“Fenômica,”offering
portabilityandmodularityofallthesolution.

Javaisthemainprogramminglanguageofoursystem,usingJavaDevelopmentKit.SQLiteand
MySQLarethedatabaseversions,storagingimages(PNGformat)andresults,respectively.Apache

Figure 3. Luminosity configuration inside the appliance
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TomcatandJerseyframeworkmanageanddevelopwebservices,andBootstrapisthetoolkitused
forwebresources(HTML,CSSandJS).

Forimageprocessingandanalysis,wechosentheOpenCV(2019),aconsolidatedcomputer
visionplatform.Inaddition,oursolutioncoupledthethreemodulesusingApacheMaven,allowing
librariesandpluginsinterdependence.

2.4. Fenômica
Nextsectionspresentthethreeapplicationmodulesof“Fenômica”,acomputervisionsystemfor
high-throughputphenotyping.

2.4.1. FenômicaAPP Capture
Thissoftwareaimstocaptureandstoreimagesobtainedinthefield.Usersmustprovidegeneraldata
aboutthecapture,inordertoofferabasicinformationfortheimageprocessingandanalysissteps.

FenômicaAPPCapturehasnativecommunicationwiththedigitalcameras,usingUSBorWi-Fi
connections.Itiscomposedofdifferentmodules:datapersistence,imagemanipulation,database
storage,transferprotocolandwebservices.Thismodularityenablestheportabilityofsoftware,and
itsintegrationwiththeother“Fenômica”applications.

Nextsubsetionspresenttheapplicationfeatures.
2.4.1.1. Data Persistance
FenômicaAPPCapturebeginsaccessingtheapplicationdatabaseusingSQLiteresources.Wechoiced
thisdatabasebecauseitdoesnothaveexternaldependencies,allowingasimpleandfastexecution,
andrunningoncomputerswithlimitedresources.

Thecreationofablanknewdatabaseoccursduringthefirstprogramexecution,automatically,
andanewpasswordfortheadministratoruserisrequired.After,theuseralreadyhasavailablethe
optionsmenutorecordcropimagesusingdatapersistenceresources.

Thekerneloftheapplicationisthecropsampleswiththeimagerecords.Eachregisterrequests
acropdescription,thecroptype,mainsupply,location,date,time,andimagescapturedbytopand
sidecamerasaccessedbyourapplication,directlyonfield.Figure4(a)showstheapplicationuser
interfacewhereeachsampleisrecorded.
2.4.1.2. Image Capture
Weusedthewebcam-capturelibrary(http://webcam-capture.sarxos.pl/)togetimagesfromUSB-
connected camera. The installation requires only the camera hardware driver, if necessary. Our
softwareadministratestherestofthefunctionalities.Figure18(b)showsaconnectionresulttothe
LogiTechC270HDUSBcamera.

To get images from Wi-Fi camera, we created an http protocol communication using the
org.apache.httpcomponents library. This protocol defines the sending of commands by GET
method,inordertocontrolandexecutethevideostreaming.DefaultURLis:“http://<ip>/camera/
CM?t=<password>&p=%01”,where<ip> is the IPcameraaddress,<password> is thekey to
accessthecamera,andp=%01istheexecutioncommand.Figure18(c)showsaconnectionresult
totheGoProHero4camerausingNDVI-7lens.

Attheendofthecropimagecapture,thedataarereadytosendtothenextsteps(imageprocessing
andanalysis,andpresentationresults).

2.4.2. FenômicaAPP Processing
Treatment and analysis of the samples occur after the image capture, in order to get crop data
information.FenômicaAPPProcessingisanabstractmodule,receivingimageandparametersby
FenômicaAPPCapture,andreportsdifferentimagedatathroughcomputervisiontechniques.These
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techniquesaimtocorrelateplantphenotypeimageswithbiomassandcropyield,andofferasoutput
valuessuchasNDVIvegetationindex,cropheight,greencolorandresamplingimages.

Followingsubsectionspresentthecomputervisiontechniquesappliedinoursoftware.
2.4.2.1. NIR-Image Processing
WeusedtheGoProHero4camerawiththeNDVI-7lens(fixedonthetopoftheappliance)toacquire
NIRimages.Figure5presentsanexampleofNIR-imagecapture.

NDVIvalueisthemainindextoobtainthecorrelationwithbiomassandcropyield.Indoing
so,oursoftwarefollowsasequenceofanalysisandprocessingfromNIRimagestogetNDVIvalue,
presentedbythenextsubsections:

• NIRtoBinary(Negative,ThresholdingandGrayscalefilters);
• Generatingboundingboxes(Regionsofinterest);
• CalculatingNDVI.

2.4.2.2. NIR to Binary
The first procedure is to convert the original image to a new binary image, in order to process
optimizationandcontributetosoftwareperformance.

Figure 4. (a) User interface with options to register each crop sample; (b) Image acquisition resources for RGB images by USB 
camera; and (c) IR images by wi-fi camera
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Firstly,thesoftwareexecutesthegrayscaleoperationandnegativefilter,respectively,inverting
thecolorsofanimage.Next,itappliesthethresholdingtosegmenttheimage,highlightingregions
andobjectsofinterest.Figure6showstheprocessconsideringasinputtheimageoftheFigure5.

Ourprocedurediffersvisuallyfromthestandardoutputsofcommercialandfreesoftware.In
ImageJ(2019),forexample,itispossibletouserplugins(likePhotoMonitoringPlugin)generating
redtonestoNDVIoutput.Figure7(a)showstheImageJNIRoutput,andFigure7(b)showsour
NIRoutputafterconversions,usingthesameoriginalimage.Wecanobservethesimilaritybetween
ImageJandourproposal.

Figure 5. NIR-image obtained by GoPro Hero4 camera using NDVI-7 lens

Figure 6. (a) Applying Grayscale; (b) Negative; and (c) Thresholding filters

Figure 7. (a) NIR-image outputs from the same original image using ImageJ; and (b) FenômicaAPP processing
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2.4.2.3. Generating Bounding Boxes
TodefinetheNDVIreferencevalue,itisnecessarytoanalysetherelevantobjectsofinterestoneach
image.Inthiscontext,weobservedinfieldthattheappliancedesignduringtheimagecaptueallowed
asmalllightentrancenearthesoil,sinceitsbaseofsupportisstraight.Asthesoilisnotalways
uniform,weconsideredthatsmallcurvedanglescouldfavoralterationsontheedgesoftheimages.

Withthisinmind,wesegmentedimagesabstractingareaswithprobabilityofsunlightentry.
Tomitigatethisproblem,wechosetogeneratenewresamplingimagesconsideringboundingboxes
definedbyacut-offpercentagefromthetop,bottomandsides.Oursoftwaregeneratesimageswith
25%(bluerectangle–outer),30%(redrectangle–middle)and35%(orangerectangle–inner)cut
fromtheendsofeachimageasshowninFigure8.
2.4.2.4. Calculating NDVI
ThisprocedurehasthepurposetoobtaintheNDVIvaluefromthedefinitionofanimageregionof
interest.Weuseda35%cut-offboundingboxdefinition(Figure8,orangerectangle–inner)uniformly
segmentingallimagesusedinourpreliminaryexperiment.

NDVIminimum,maximumandmeanconsidervaluesofeachimagepixelanalyzed.Asthe
previousstepsbasedongrayscalesandpixelabstraction,weusedEquation1forthecolortonevalue:

RGB=256*256*r+256*g+b (1)

ValuesaresavedandstoragedinFenômicaAPPColeta.Theconversionconsiders theNDVI
indexvariationbetween-1and+1,generallyusedinagriculturalresearches.AccordingtoWeir&
Herring(2000),valuesequaltoorlessthan0indicatenovegetationorexposedsoil;andvaluesclose
to+1indicatelargeamountofphotosyntheticallyactiveplants.
2.4.2.5. RGB-Image Processing
WeusedtheLogiTechC270HDUSBcamera(fixedonthesideoftheappliance)toacquireRGB
images.Figure9presentstheresultofacapture.

Thisprocedureallowsgettingdatasuchascropheightandmedium-huegreen.Amongthe
severalvariablesofphenotyping,theplantcolorcanpresentsomerelevanceinscientificresearch,

Figure 8. Bouding boxes used to generate new resampling images
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sinceitcanexposetonevariationsduetocropphenologyandmanifestvariationsaccordingto
fertilizerrates(Lin,2015).

To obtain this data, we defined a sequence of steps using RGB images, detailed in the
followingsubsections:

• Calculatingmedium-huegreen;
• Calculatingmedium-cropheight.

2.4.2.6. Calculating Medium-Hue Green
Thisproceduregeneratesanewgreenmaskimageusingnegativefilterandthresholdingtohighlight
theleafarea.BasedonGanesan&Rajini(2014),weusedHSVcolorpacebecausehueproperty
cantypicallyberepresentedquantitativelybyasinglenumber(basepigment),usefultodetectthe
perceivedcolors.Saturation(depthofthepigment)andvalue(darknessofthepigment)areconfounded,
indicatingpixelintensity.

Allpixelsoftheoriginalimageareanalysedtodefineanewresamplingimagesegmentingonly
leafarea(Figure10).After,weusedthegreenimagemasktocalculatethemedium-huegreenvalue.
Thisvaluemaybeusefultomonitortheevolutionofthevegetativephaseoftheplant,becausesuggest
chlorophyll,essentialinphotosynthesis,allowingplantstoabsorbenergyfromlight.

Ourapproachdefinedavaluerangefrom0to100,similartoNDVI,inordertofacilitate
dataanalysis.
2.4.2.7. Calculating Medium-Crop Height
Asabasisforsizedetection,thisprocedurecreatesanewimageonlywiththeedgesoftheplants,
applyinglinearspatialfilters(Figure11).OurmethodusedtheCannyalgorithm(Canny,1986)and
theHoughtransform(Duda&Hart,1972).

Tocalculatethemedium-cropheight,weconsideredpixelconnectivity,analyzingneighboring
pixelsanddetectingconnectionpoints.Thisgeneratesalistofclusteredareas,whereeacharea
canrepresentanobjectofinterest(inourcase,cropleafs).Therefore,wecanidentifythecrop
heights (Y-axis) from side camera on the appliance, and draw on image horizontal lines to
highlightthem(Figure12).

Figure 9. RGB image obtained by LogiTech C270 HD USB camera
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Ourmethodalsodefinesathreshold(k)tocalculatethemedium-height(k=20).Asanexample,
ifthenumberofleavesinthesampleisequaltothek-value,theeightshortestandtheeighthighest
valuesforplantheightarediscarded.Thus,thefinalmedium-heightisbasedonfourobservations.
Sampleswithk-valuedifferentfromtwentyhadaproportionaldiscard.Thisprocesswasnecessary
toaccountforthevariabilityobservedinplantheight.Basedonthesamplesprocessedinourwork,
thismethodwaseffective.

2.4.3. FenômicaAPP Web
FenômicaAPPWebisaresponsivesolutiontomobiledevices.Itpresents theresultsafterentire
processofcaptureandimageprocessing,showingstatisticsandgraphicsperanalysedcropsample.
Communicationbetweenother“Fenômica”systemmodulesoccursviawebservices.

Figure 10. Green image mask generated after color detection process

Figure 11. Image of the crop generated after edge detection process
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Figure13highlightsthedashboarduserinterface,andfollowingsubsectionspresentthesteps
tousethisapplication.
2.4.3.1. Data Persistance
Tousethisapplication,theusermustenterusingyourcredentialsinalogininterface.Forthefirst
access,FenômicaAPPweboffersalinktosignuprequiringakeyprovidedbyadministrator.

Afterregistration,usercanrequestdataalreadyincludedandprocessedbyothermodules,filtering
accordingyourinterest.Someresourcesareavailabletoviewandanalyseresultsinthisapplication,
asroundingvaluesontablesandaddingmissingvalues.

All the servicesoffered are evokedby theHTTPprotocol, transparente to the enduser.
DefaultURLis:“http://<ip>:<port>/<app>/rest“,where<ip>istheIPserveraddress,<port>

Figure 12. Plant heights highlighted on image, and used to the medium-height crop

Figure 13. Results in a dashboard user interface (desktop and mobile devices)
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istheportcommunication,<app>istheapplication,andrestcontainsuserrequestsencapsulated
usingPOSTmethod.
2.4.3.2. Viewing Results
FenômicaAPPwebdisplaysdifferentviewsinhomepage.Usercanselectfromthemthatsamples
ofinterestmustusedtocreatecharts,aswellgeneralandpersampleindexes:NDVI,medium-hue
green,medium-cropheight,andbiomass.

Figure14showsanexampleofview,showingtheNDVItimelineevolutioninthebargraph,
consideringthreecropsamplesandtheirnitrogen(N)fertilizerrates.Inthelinechart,onlyoneof
thesamplesselected.Thispresentationmodelissimilartootheravailableindexes.

3. RESULTS ANd dISCUSSIoN

Inadditiontothesystemforhighthroughputphenotyping,ouraimwasalsotoapplythissolutionin
arealcase.Nextsectionspresentapreliminarystudyinordertoinvestigatetherelationship.

3.1. Study Areas
Weexecutedimagecapturesintwostages:calibrationandstudy.Softwareandhardwarecalibrations
consideredexperimentalarea(Lat28°12’30.38”S,Lon52°23’4.18”W)oftheBiotrigoGeneticist
Company(http://biotrigo.com.br),basedonPassoFundo,Brazil.Sixplotssowninrowsconsidered
threewheatcultivars:TBIOSinuelo,TBIOTorukandWheatRice(Figure15,replicasside-by-side).

Plotsarecloseinordertoobtainasimilarrainfallindex,andtoapplythesameNfertilizerdosage.
Throughoutthecalibrationtime,ourappliancecapturedimagesoneplotpercultivar.Replications
servedassourceforcuttingplantmaterialtobiomassdryingprocess.

Studystageconsideredthevalidationofoursystemusingexperimentalarea(Lat28°22’94.72”S,
Lon52°90’88.82”W)ofEmbrapaWheat,basedonCarazinho,Brazil (Figure16).Weusedonly
onewheatcultivar,BRSParrudo(Embrapa,2019),splittingthesamplefieldintothreeplotswith
differentNfertilizerrates.

According to Caierão et al. (2014), this cultivar is an innovative proposal in the aspect
ofvegetalideotype,combiningresistantstems,standingleaves,highvigorintheinitialplant
developmentandexcellent resistance to themainwheatbioticstresses. Itsmedium-height is

Figure 14. NDVI chart generated to analyse temporal variation of the crop, considering N applications
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85cmandtheaverageproductionis7,700kgha-1,withanearlycycleof85daysuntilcoming
intoear,and135daysuntilripening.

ThesowingofthestudystageexperimentoccurredonJune13,2016,andtheemergencyonJune
26,2016.Nfertilizerratesdividedthesamplefieldintothreeplots:82kgNha-1(N082),150kgNha-1
(N150),and200kgNha-1(N200).ThesedifferentNratesallowedverifyingcropyielddifferencesand
thecorrelationbetweenNDVI,biomass,medium-huecolorandmedium-cropheight.Accordingto
Rodriguesetal.(2000),thereisasignificantinteractionbetweenbiomassandNapplicationperiods.
Table1andTable2showdatesandNandureaapplicationrates.

Allcropmanagementpractices,suchassowing,fertilization,nutritionandbiomass-dryingand
weighingprocess,wastheresponsibilityoftheBiotrigoandEmbrapaTrigo.Weekly,weexecuted
manualandappliancedatacollection.

3.2. Correlation Analysis Between Biomass and NdVI
ThissectionpresentscomparisonsbetweenNDVI,generatedfromoursolution,andwheatbiomassfor
BRSParrudo,reportedbyEmbrapaWheat.Weconsideredeightstraightweeksofobservation(seven
weeksaftersowing),consideringthecaptureofimagesandthecutsofplantmaterial.Observation
periodoccurredonmornings,onceaweek,betweenonAugust16,2016,andOctober4,2016.

Followingsubsectionsshowresultsobtainedoneachplot,considering itsNapplication.To
comparetheresults,weusedSpearman’scorrelation.

Figure 15. Biotrigo experimental plots

Figure 16. Embrapa wheat experimental plots
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3.2.1. Analysis of N082 Plot
Table3presentsresultsforN082plot.Figure17showsaverystrongcorrelationbetweenNDVIand
wheatbiomass(Rs-value=0.9887).Asaresult,alinearequationcouldestimatethewheatbiomass
fromtheNDVI(Equation2)consideringN082fertilizerrate:

y=287.91x–108.44 (2)

3.2.2. Analysis of N150 Plot
Table4presentsresultsforN150plot.Figure18showsaverygoodcorrelationbetweenNDVIand
wheatbiomass(Rs-value=0.9284).Asaresult,alinearequationcouldestimatethewheatbiomass
fromtheNDVI(Equation3)consideringN150fertilizerrate:

Table 1. N fertilizer rates applied in sample field

Date N082 N150 N200

02/07/2016 54kgha-1 54kgha-1 54kgha-1

26/07/2016 34kgha-1 59kgha-1

04/08/2016 28kgha-1 28kgha-1 28kgha-1

09/08/2016 34kgha-1 59kgha-1

Total 82kgha-1 150kgha-1 200kgha-1

Table 2. Urea (CH4N2O) rates applied in sample field

Date N082 N150 N200

02/07/2016 120kgha-1 120kgha-1 120kgha-1

26/07/2016 75,6kgha-1 131kgha-1

04/08/2016 62kgha-1 62kgha-1 62kgha-1

09/08/2016 75,6kgha-1 131kgha-1

Total 182kgha-1 333,2kgha-1 444kgha-1

Table 3. Results for 82 kg N ha-1 fertilizer rate

Date Biomass (g) NDVI (−1 to +1) Green (0 to 100) Height (mm)

16/08/2016 31.443 0.484 55.743 19.473

23/08/2016 38.720 0.509 41.930 30.110

30/08/2016 49.795 0.548 53.638 41.434

06/09/2016 63.048 0.584 60.703 68.051

13/09/2016 80.345 0.695 45.428 68.210

21/09/2016 119.560 0.787 22.164 64.453

27/09/2016 132.120 0.818 14.917 101.706

04/10/2016 153.288 0.910 15.374 117.052
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y=342.02x–148.33 (3)

3.2.3. Analysis of N200 Plot
Table5presentsresultsforN200plot.Figure19showsagoodcorrelationbetweenNDVIandwheat
biomass(Rs-value=0.882).Asaresult,alinearequationcouldestimatethewheatbiomassfrom
theNDVI(Equation4)consideringN200fertilizerrate:

y=273.61x–111.17 (4)

3.2.4. Discussion
AccordingtoGowdaetal.(2011),biomasshasastrongcorrelationwithcropyieldofplantssuch
aswheat,andCabrera-Bosquetetal.(2011)showNDVIasaPotentialToolforPredictingBiomass.

Figure 17. Correlation between NDVI x Biomass in N082 plot

Table 4. Results for 150 kg N ha-1 fertilizer rate

Date Biomass (g) NDVI (−1 to +1) Green (0 to 100) Height (mm)

16/08/2016 31.980 0.484 56.363 39.317

23/08/2016 37.335 0.527 56.117 35.401

30/08/2016 49.725 0.616 52.054 51.647

06/09/2016 63.048 0.693 45.428 68.210

13/09/2016 89.740 0.698 64.488 71.543

21/09/2016 114.430 0.761 9.990 70.855

27/09/2016 131.460 0.803 15.316 105.357

04/10/2016 170.096 0.899 30.952 109.114
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Automatingthisprocesscanallowresearchersandgeneticistsaquickandeasywaytoestimatevalues
fortheirexperiments.Traditionalprocessforbiomassusuallytakestheentireperiodofthecrop.On
theotherhand,imageanalysiscanofferusefuldataintime,ifnecessary.

Withthisinmind,weobservedtheresultsandcorrelationsconsideringoursample,andwenoted
thattherearegoodtrendsaswellascertaindiscrepanciesinsomedata.

N200plotindicatesahighvariabilityofbiomass,includingdecreasevaluesofwheatbiomass
inrelationtothepreviousdate.Thissituationonlyoccurswhenexternaldisturbancesaffectplant
growth.Inourexperiment,thesevariationsoccurredduetoexcessiverainfallinthefieldduringthe
experiment.Insomecases,wemeasured101mmofraininasingledayduringSeptember2016.
AccordingtoEmbrapaWheat,lodgedwheatwasoneofthevisibleproblems.AsN200plotreceived
asubstantialquantityofnitrogen,itsdimensionsstretchedincomparisontootherplots,andprobably

Figure 18. Correlation between NDVI x Biomass in N150 plot

Table 5. Results for 200 kg N ha-1 fertilizer rate

Date Biomass (g) NDVI (−1 to +1) Green (0 to 100) Height (mm)

16/08/2016 27.253 0.525 46.826 6.262

23/08/2016 41.455 0.539 56.544 35.507

30/08/2016 62.873 0.602 35.748 46.990

06/09/2016 62.403 0.616 64.488 71.543

13/09/2016 82.143 0.800 45.428 68.210

21/09/2016 122.665 0.842 27.782 87.313

27/09/2016 111.363 0.886 30.956 102.129

04/10/2016 177.523 0.954 14.886 116.364
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thisfactcontributestoevidenceoftheproblem.Figure20showsthevariabilitybetweenN200plot
andotheranalysedplots(N082andN150).

Regardingthecropyield,Figure21showstheyieldofgrainsinkgha-1,consideringfoursamples
ofeachplotofthestudy.N082plotpresentedthebestyieldaverage,notcoincidingwiththatexpected
forNapplications.However,weobservedthatonehectareinN200plotpresentedthehighestyield.
ConsideringcropyieldandNDVIandbiomassindices,weobservedasimilarvariationforN200,
repeatedonasmallerscaleforN082andN150,retainingavariabilitypattern.

3.3. Medium-Crop Height and Medium-Hue Green Analysis
Duringtheexperiment,weperceivedtheplantgrowthprocessintheimageprocessing,asexpected.
However,aswheatcanlodgebecauseofexcessiverainfall,identifyingcropheightcanbeadifficult
task.ConsideringNVDIvalues,itispossibletofollowtheevolutionoftheplant,withoutdepending
ontheheight,becausetheplantcontinuestoabsorbenergy.

Figure22showsacomparisonbetweenmedium-cropheightandNDVIvalues,highlightingthe
plantgrowinginsameweeks,anditsstagnationinothers.Thisinformationmaybeusefultodetect
patternsandtrendsinplantbehaviorafterclimaticsituations.

Consideringthemedium-huegreenvalues,wedidnotfindaninterestingrelationshipwithNDVI
values.Figure23showsatrendtodecreasethemedium-huegreenvaluesastheplantgrowsand
matures,withoutaregularpattern.Wheatchangesitscolorationfromshadesofgreentoshadesof
yellow,alossofcolorexpectedclosetoharvesttime(Figure24).

Althoughthemedium-huegreenvalueswerenotusefulforthisexperiment,thismeasuremay
beusefultoanalyseothercropsthatdonothavethisnaturalcolorvariation.

4. CoNCLUSIoN

Weconcludedthatourhigh-throughputphenotypingapproachpresentedsomepotentials.Firstly,
“Fenômica”applianceislow-cost,mobile,detachableandsimpletouseonthefield(notractorto

Figure 19. Correlation between NDVI x Biomass in N200 plot
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Figure 20. General correlations between NDVI x Biomass

Figure 21. Comparison of crop yield considering four samples of each plot
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liftisnecessary).Fenômicacomputervisionsystemenablesfarmersandresearchestostorecropdata
inauniquesoftwareplatform.Proposedsolutionalsoconsidersacompleteprocessofacquisition,
processingandpresentationforcropanalysis.Modularityofsystemmayalsoallowapartialupgrade
toincludeotherphenotypicmeasures.

WealsopresentedapreliminarystudyshowingstrongcorrelationsbetweenNDVIandbiomass.
NDVIcalculatedbyourapplicationpresentedadirectrelationwiththecropyieldconsideringthe

Figure 22. Evolution of plant growth per plot, considering NDVI and medium-crop height relationship

Figure 23. Evolution of the medium-hue green value per plot
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plotsofthestudy.Itwasalsopossibletodefinethecreationofequationstoestimateyieldfromthe
beginningofthecroponlybyimages.

Medium-cropheightandmedium-huegreenmeasuresnopresentedrelevantresults.Weonly
highlighted that NVDI can follow the evolution of the plant, without depending on the height.
However,wesuggestedanewcasestudytogetabetterunderstandingoftherelationshipofthese
variableswithbiomassandNDVI.

This study reinforces that the use of computer vision systems can contribute to Agronomy
professionalsduringcropmanagementtasks.Computationalanalysiscanprovideinstantinformation
weekly(orevendaily),correlatefieldandimagedata,andimprovethecropqualityandyield.

Asfuturework,weintendtooffernewfeaturesandvalidations,citingbelow:

• Exploringtheuseofoursystemwithcerealgraincrops;
• Investigatingotherphenotypicmeasuresandobtainthemfromimages(e.g.leafshapes

andplantstem);
• Usingnewcamerafilterstogetmorerelevantdata(thermalandmultispectralimages);
• Customizingparameterstocropregionsdefinedbyuser;
• Applying deep learning techniques to analyze big sample data in order to discover new

relationshipsbetweenphenotypes;
• Developingamobileapplicationsoftwaretouseonthefield,withoutappliance,considering

treatmentofexternalenvironmentalnoiseimpact.

Figure 24. One of the appliance side images showing the wheat close to harvest time
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