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ABsTiAcT.Theconstruction,assembly,andtestingofanimprovedfour-pointedstarolfactometeraredescribed.
Modificationstoearlierversionsweremotivatedbytheneedtoautomatecollectionandanalysisofdataoninsect
locomotiveresponsetoairbornestimuli.Amachinevisionsystemcapableofresotvingsmallinsects(<1mm)inarenasof
surfacearea100,000timesgreaterthanthesurfaceareaoftheinsectwasassembledfromcommercially-available
components.Areal-timeinsectpositioningandtrackingatgorithmwasdeveloped.Asoftwarepackageford.taquality
controtandcomputationofinsectmovementparameterscompletedthesystem.Trialsconductedwiththeparasitoid
Anapheslistronoti(Hymenoptera:Mymaridae)(dimensions200by700pm)demonstratethatthesystemprovides
accuratedataoninsectlocomotiveresponse.Keywords.OlfactometeiAutomation,Imageanatysis,Tracking,
OlfactometeiBehavio,Insect,Parasitoid.

T
hefour-pointedstarolfactometer,whoseshapeis
shownasfigure1,wasoriginallydevelopedfor
thestudyofinsectresponsestopheromonesby
Pettersson(1970).Theolfactometerisbasedon

theformationoffourdistinctregionsofairflow,separated
bytransitionzones,inasinglearenawheretheinsectis
freetomove.Theseflowregionsarisefromthecombined
effectsofthecurvededgesandprincipalflowstreamiines
fromthestarpointstothecentralhole.Thestimulusor
stimuliareappliedfromoneormoreofthestarpoints.The
flowsmaybemaintainedbyavacuumpumpactingonthe
centralholeanddrawingonthefourstarpointoutletsorby
applyingpositivepressuretothestarpoints.Thedegreeof
exclusivityofeachregiontostimulifromotherstarpoints
dependsonthemagnitude,steadiness,andequivalenceof
theflowvelocitiesineachaxissegment.Comparedto
Y-shaped(LecomteandThibout,1984),windtunnel
(GrasswitzandPaine,1993)andtube(Corteseroetal.,
1993;Mochizukietal.,1989)olfactometers,thisdesign
givesseveralimportantmethodologicaladvantagestothe
experimenter.AsdiscussedbyVetetal.(1983)thestar
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configurationpermitsobservationofinsectresponsetoup
tofourairbornestimuli(orfourconcentrationsofthesame
stimulus)atatimeandreducesthenumberofindividuals
tobetestedforagivenlevelofstatisticalcertitude.

Vetetal.(1983)improvedtheoriginaldesignby
including:(1)asensitiveairflowcontrolsystemtoprovide
sharperboundariesintheodorfieldsofthearena;(2)an
inletsystemallowingsolidorliquidsourcesofodor;and
(3)catchingvialsfortestingindividualinsects.Although
theyeliminatedtheneedforanobserverdunngthetesting
periodsbyusingavideocameratoobtainapermanent
record,quantificationofthedisplacementswasdoneby
manualtranscriptionofvisualobservationsoftherecorded
tapes.Thistediousprocedureiscommontobehavioral
research,yetcanbefullyautomatedusingelectronicimage
analysistechniquesbasedoncommerciallyavailable
componentsandcustomsoftware.
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Figure1—Schematicoffour.pointedstarolfactometerindicating
boundaryzones(no.1),majorsectors(no.2),transitionzones(no.3),
andwithanexampleinsectpathfromsystemsuperimposed.
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OBJEcTivEs
Themainobjectiveofthisstudywastoautomate

transcriptionofthevisualimagesofinsecttodigitalform
suitableforcomputercalculationsofrelevantquantitative
dispiacementparameters.Thesub-objectiveswere:(1)to
modifytheolfactometerandaccessoriestoobtainaclearer
image,andinparticular,toobtainaclearimageofsmall
parasitoidinsectsinarenasabout100,000timesgreater
thanthesurfaceareaoftheinsect;(2)todevelopasearch
algorithmtopositiontheinsect;(3)tooptimizethedata
recordingfrequency;and(4)todevelopananalytical
methodtocharacterizetheinsectdispiacementand
quantifyitsbehavior.Thewholesystemwasevaluated
usingAnaphestistronoti(Hymenoptera:Mymaridae),
whoseapproximatedimensionsare200X700pm,aswell
aswithlargerspecies.

MARIALsANDMETH0Ds
DEsclupTIoN0FTHEOLFAcT0METER

Theolfactometerbuiltforthisstudywasdesigned
principallytoimprovetheclarityoftheimagewhile
preservingwell-segregatedairflowsectors.Althoughquite
similarinconcepttotheolfactometerdescribedby
Vetetal.(1983),thematerials,design,andoperating
modesoftheolfactometeritselfweresubstantially
modifiedasdescribedbelow.Theeleven-pieceassembly
consistedoffourlayersofPlexiglas,onelayerof
aluminum,twogaskets,andfourquick-clamps(fig.2).The
constructionwasasfollows:

A140mmsquarewasinseted6mmfromthebottom
surfaceofa10mmthick,184mmsquarealuminumplate.
Thestarshapewasthencutoutoftheinsetsquare(fig.2,
no.1).Theinsetsquarebottomwaspluggedwitha6mm
thick,139.8mmsquarePlexiglasplate(fig.2,no.2).This
Plexiglaspiecewasthearenaflooronwhichtheinsect
moved.Two,184mmsquarePlexiglasplates,12.7mm
thick,wereplacedsoastocoverthewholetopandbottom
surfacesofthesculptedaluminumplate,leavingastar
shapedarena4mmindepth(fig.2,no.3&no.4).Both
thetopandbottomPlexiglasplatesweregroovedabout
15mmfromtheedgeandfittedwith3mmthickblack
rubbero-ringstoprovideanairtightsealuponcomplete
assembly(fig.2,no.5).Thefourcornersofthealuminum
plate(fig.2,no.1)had5mmdiameterholesdrilledinthe
directionofthediagonaltoprovideairflowaccesstothe
arena.A9mmdiameterexhaustholewasdrilledintothe
centerofthetopPlexiglascover.Thismethodof
constructionensuredthatnoimperfectionsinthePlexiglas
duetomachiningwillbeinthefieldofviewofthecamera,
exceptnearthedrilledcenterhole.

Theassemblywasthenplacedona370mmsquare
Plexiglasplate(fig.2,no.6),10mmthick,towhichfour
quick-clampswerescrewedtoholdthearenaassembly
tightlyinplace(fig.2,no.7).Thequick-clampsalso
reducedthetimerequiredtodismantleandcleanthe
apparatusbetweenexperiments.Asemi-opaqueLexan
plate(4mmthïck)wasplacedundertheassemblyto
diffusethecircularneonlightsource(40W)toprovidea
moreevenlightdistribution.Thechoiceofplacingffielight
sourcebeneath,ratherthanabovethearenafloor,was
madetoimprovethecontrastbetweenthebackgroundand
theinsectasseenbyanoverheadcamera.

Figure2—Olfactometerassembly:middlealuminumplate(no.1),
middlePlexiglasbackplate(no.2),topandbottomPlexiglasplates
(no.3-4),gaskets(no.5),andquick-clamps(no.7)onaPlexiglasplate
(no.6).

Positivepressurewassuppliedbyacanisterof
compressedairconnectedwithTygontubingtoa2L
Erlenmeyerflaskhalf-filledwithwatertomaintain
humidity.A50mmlong,16jimcapillarytubewasset
betweenthepressureregulatorandtheErlenmeyerto
smooththepressurefluctuationscausedbytheon-offmode
oftheregulator.TheErlenmeyerwasconnectedtoa4-way
junctionandfourmicro-needlecontrolledflowmeters.
Tubinglinkedtheflowmeterstothecornersofthe
olfactometer.Flaskscontainingairbornestimulicanbe
insertedinoneormoreofthepathstothecorners,
dependingontheexperimentalobjectives.Thecomplete
setupisshowninfigure3.

PiuLnnriARYTEsIING

Anumberofpreliminarytestswereconductedtoensure
properfunctioningoftheolfactometer.first,airtightnessof
theolfactometerwasevaluatedusingamethodsimilarto
theonedescribedbyVigneaultetal.(1992a)foraclosed
container.Allorificesoftheolfactometerwerepluggedand
theunitwaspressurizedto125Paunderconstant
temperature(23°C).Theinsidepressurewasmonitoredfor
thenext15minandcorrectedforvariationsinbarometric
pressure.Thefourquick-clampsweretightenedtoprevent
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thepressurefromdroppingtoIowerthan25Pawithinthe
next5minperiod.Thispressuredropcorrespondstoone
airchangein3.5days(Vigneaultetal.,1992a),whichis
about400,000timeslessthantheairchangesduetothe
airflowratethatwouldbeusedduringactualoperation.
Thus,infiltrationthroughthejointsoftheolfactometercan
beneglected.

The300mL/minairflowratesuggestedbyVetetal.
(1983)fora10mmdeepcavitywasreducedtoproduce
sharpboundariesbetweenthefourairflowfieldsinthe
4mmdeepchamberthatwasbuiltforthisstudy.
Ammoniumchloride(NH4C1)smoketestsdescribedbyVet
etal.(1983)wereperformedusingairflowratesof300,
150,75,and37mL/min.Theresuitsofthesetests
demonstratedthatthesharpestboundariesbetweentheair
fieldswereobtainedataflowrateof150mL/min.
Boundarieswereslightlycurvedandsmokewasseen
5mminsidethetwoadjacentzones.Therefore,transition
zoneswereabout10mmwideatthisflowrate.

Thefocalplaneofthecamerawasadjustedtothemid
heightofthecavityusingthefocusingmeffioddescribed
byVigneaultetal.(1992b).Thus,theinsectcouldflotbe
morethan2mmfromthefocalplanewhetheritmoved
alongthefloororceilingofthearena.Thefocuswas
sufficientlysharpinthisrangetoensurethattheinsect
couldalwaysbedetectedbythemachinevisionsystemto
bedescribed.

INSECTT1cMNGANDPosmoMNGSYsTEM

TheinsecttrackingandpositioningsystemusedaSolid
StateCharged-Coupled-Device(CCD)blackandwhite
camera(PanasonicWV-BD400)toprovideavideosignal

toanOCULUS-300digitizingboardinstalledina12MHz
IBM-ATcompatiblepersonalcomputer.Thesystemcan
maptheimagestoanarrayof480x512squarepixelsup
to30times/sinrealtimewith8bitsofresolutionperpixel.
Thisdegreeofresolutionpermitteddiscriminationof
256graylevelscodedfromOto255.Itshouldbenoted
thatalevelofOisthedarkestwhilealevelof255is
maximumlightintensitythattheCCDcanmeasure.A75
mmlenswith+3close-upkitwereused,givingasystem
resolutionof250±5pmlpixelside.Thiswasaboutone
thirdthedimensionsofthemicro-insectAnapheslistronoti
(200jimx700pm).Thedigitaldatawererecordedand
alsodisplayedinrealtimeonamonitorfortheoperator.

Priortoinsertionoftheinsectandactualtracking,the
operatorinitiatedascanofthewholefield.Thegraylevel
ofeachpixelwasstoredinmemorytoserveasareference
map.Oncetheinsectwasplacedintheolfactometer,
subsequentdigitizedmapsweresubtractedfromthe
referencemap,thedifferencemapbeingusedforthe
positioningandtracking(PT)aigorithm.Thissubtraction
procedureeliminatedunwantedsignaisduetodust,
nonuniformlighting,orimperfectionsinthePlexiglas
plates.ItalsosimplifiedthePTalgorithmbyeliminating
theneedtodiscriminatebetweendarkpixelsassociated
withtheolfactometer’sstructureanddarkpixelsassociated
withthepresenceoftheinsect.Theresultofimage
subtraction,whenregeneratedasanimageonthemonitor,
wasabrightdotrepresentingtheinsectonadark
background.Figure4showshowtheimagesubtraction
techniqueeffectivelyinvertsthepeakassociatedwith
insectpositionfromdarktobrightbysubtractingthe
incomingimagefromthereferencemap.Duringthe
subtractionapositivevalue(fig.4;graylevel=33)
resultedbecausethegraylevelofthepixelsrepresenting
theinsect(fig.4;graylevel=161)wasIowerthantheones
ofthebackgroundinthereferencemap(fig.4;graylevel=

194).Anynegativevaluewasbeingreplacedbyazero
value.Theoperatormustalsospecifyathresholdgraylevel
(forA.tistronoti=20)tothesystemsoftwaresothatkmay

Figure3—Expenmentalsetup:offactometer,camera,lightsource,and
airflowsystem.
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discnminatebetweenminornoisepeaksandpeaksdueto
insectpresence(fig.4).

Inordertolocatetheinsect,theoperatorusedan
indicatortoidentifyastartingpointonthescreenmonitor.
ForAnaphestistronoti,thesearchprocesswasinitïatedon
asectorof25X25pixelswiththestartingpointatthe
center.Relativetofigure5,theimagewasscannedrowby
rowstartingfromthetopofthesector.Ifnopixelwitha
subtractedgrayindexgreaterthanthethresholdgraylevel
(e.g.,A.listronoti=20)wasdetected,thescanwasredone
onthesainesectorfordienextthreeimages.Ifitwasstili
flotfound,thescanwasdoneonasectortwiceaslarge.If
again,nosignificantpixelwasdetected,thescannedsector
wasagainenlarged,andsoonuntilasignificantpixelwas
detected.Oncethisoccurs(fig.5;pixel346,200),ascan
wasmadeona5X4pixelsectorwiththestartingpoint
beingtwopixelsbackandonerowupfromthedetected
point.Zoomingoutinthiswayensuredthataninsectof
dimensions200X700pmwillbetotallyincludedinthe20
pixelscan(boldborderedregioninfig.5).Inordertobe
certainthatthesignificantpixelwasduetothepresenceof
theinsectandnotduetoanisolatederror,thesumofthe
graylevelsinthe20pixelregionwascomputed.Ifitwas
greaterthanfivetimesthethresholdgraylevel,thesystem
recognizedthattheinsectwasintheregion,otherwisethe
searchcontinued.Forinsectsofotherdimensions,the
scanningparametersmustbeadjusted.

Thepositionspecifiedandstoredinthetrackingfile
alongwiththetime(±0.001s)wasthecoordinate
determinedbycalculatingthefirst-ordermomentofthe
graylevelsofthe20pixels.Althoughthesystemcan
provideupto13records/sonthe12MHzcomputer,the
insectmaybe“lost”fromtimetotime,eitherduetorapid
dispiacements(flitting),orduetobeinghiddenatorinthe
peripheryoftheexhaustholewherecontrastwaspoor.
Falsedetectionsmayalsooccurduetothesettlingofdust
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ordirtontheolfactometerafterthebackgroundscanhas
beendone.Themethodsusedtoovercometheseproblems
arediscussedinthefollowingsection.

DATAANALYSIS
P-PRocEssrNG

Thepre-processingsoftwarehasbeendesignedfor
qualitycontrolofagivenPTdataset.Thefirststepwasa
routinethatidentifiedoccasionsonwhichtheinsectwas
“lost”andthetimerequiredtorelocateitoneachoccasion.
Basedonthisinformation,theoperatormaydecideto
discardthedatasetaltogether.Clearly,iftheinsectwas
“lost”ontoomanyoccasionsand/orfortoogreata
percentageoffime,themovementparametersthatcouIc!be
computedwouldbemuchlessreliable,unlessthe“loss”
periodscorrespondmainlytotimespentneartheexhaust
hole(i.e.,positionandpotentialdispiacementwere
essentiallyknown).

Onecauseoferrorwasassociatedwithfalsedetection,
i.e.,detectionofanobjectthatlookedlikeaninsect.Dirt
paniclescanbethesourceoffalsedetection.Thenumber
offalsedetectionscanbeminimizedbycareful
experimentationbutcannotbeavoidedcompletelygiven
diesearchingalgorithmthatwasused.Whenafalse
detectionoccurred,themeasuredpathdisplaysakinkof
arbitraryamplitude.$uchkinkscouldberemoved
manuallybutthiswastedious.Instead,alowpassfilter
wasappliedtothedata.

Adigitalfiltercannotbeappliec!directlytotheoriginal
databecausethetimeincrementusedtodigitizedieinsect
pathwasnotfixedbutvariesastheefficiencyoflocating
theinsectvaries.Thisproblemcanbesolvedby
redigitizingtheinsectpathatafixedtimeinterval
assumingthatdieinsectmovedatconstantspeedandona
straightlinepathbetweentwosuccessivepointsinthe
originaltimeseries.Thisprocessdefinitelydestroyeddie
highfrequencycontentofdiemeasuredpadi.However,as
shownonfigure6,thecontributiontothetotalvariance
wasatleasttwodecadesdownforfrequenciesroughly
above0.5Hz.Givenadigitizingfrequencyofabout6Hz
andaredigitizingfrequencyof4Hz,itwasclearthatthe
redigitizingprocessdidnotalterthedatasignificantly.

AdigitalrecursivefilteroftheButterworthtypewas
used(BendatandPiersol,1971).Thefiltergaincurve

:%,4
-Component-

L_\F00er_

10

u
Lu

ii
C

‘z

Figure5—Exampleofapixelarraywithaninsectpresent(oval
shape).Darkborderedregioniszoom-outregionafterdetectiono!
firstpixelwithgraylevelabovethreshold.Scanningisfromtop,Jeft
toright.
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Figure6—Low-passfiltergainfunctionandspectraldensitiesoftheX
andYcomponentsofinsectdispiacement(Anaphestisfronoti).
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showninfigure6showsacutoff(haif-powerpoint)
frequencyof0.5Hz.Acutoiffrequencyof0.5Hzwashïgh
enoughtopreservevirtuallyailthesignificantvariabilityin
thedata(fig.6).Further,attheNyquistfrequency(2Hz),
thefiltergainwasontheorderofi0.Suchagainensured
thattheamplitudeofanykinkinthepathinducedfrom
falsedetectionwasattenuatedwellbelowthepixellevel.

Theuseofalow-passfilterwasalsousefulfor
identifyingtheoccasionswheretheinsectstopped.Fora
smallinsectlikeAnaphestistronotiwithawidthonthe
orderofthepixel,somenoiseinthecoordinatedatawasto
beexpected.Computationofinsectspeedsamplifythis
noise(BendatandPiersol,1971)andmakesthe
identificationofstopsmoredifficuit.Filteringthedata
solvedthisproblem.

DATAREDucI’WN

Thepathoftheinsectwithintheolfactometercanbe
describedusinganumberofstatistics.Bydesign,the
olfactometerisnotaspatiallyhomogeneousfield.
Accordingly,statisticscomputedoverthewholeusefularea
oftheolfactometerarenotappropriate.Forthisreason,the
pixelrepresentationoftheinstrumentworkingareawas
dividedintosevenzones.

Figure1showsatypicalinsectpath(thickblackline)
withintheusefulareaoftheolfactometer(lightgrayand
whiteareas,starshapedarea).Theperipheryofthe
olfactometerwasonezone(fig.1,no.1whitezone).Its
widthwasdefinedbytheusertoisolatethewall-following
behaviorthatcanbeobservedontwosegmentsofthepath.
Acircleinthecenteroftherepresentationwithradius
equaltotheradiusofthegasexitholedefinedanother
zone.Inthiszone,theinsectbehaviorwasdominatedby
thegeometrysincetheairflowsfromthefourentrance
portsmixedinthisarea.Fourmainzoneswereassociated
withthefourentranceports(fig.1,no.2lightgrayareas).
Theboundariesbetweenthesefourzonesweregroupedin
aseparatezone(fig.1,no.3).Thewidthoftheboundary
(orconcentrationtransition)zonewasabout10mmata
flowrateof150mL/minaccordingtothesmoketest;
however,thewidthmaybedefinedbytheoperatorto
smallerorlargervaluesaccordingtotherelevancetothe
experimentalhypothesis.

Foreachzone,excepttheoneatthecenterofthe
instrument,thefollowingstatisticswerecomputed:mean
speed,totallengthofthepath,totaltimespentinthezone,
meankineticenergy,theaverageturningrate,andtheturn
bias.Theturningratewastheabsolutevalueofthe
derivativeofthepathazimuthwithrespecttotime.The
turnbiaswastheaverageofthederivativeofthepath
azimuthwithrespecttotime.Apositiveturnbiasindicated
thatleftturnsdominate.Whentheinsectexitedthe
olfactometerfromoneoftheentranceports,itwassaidthat
afinalchoicewasmade.Thesectorcorrespondingtothe
portwherefinalchoiceoccurredwasidentifiedandthe
timefromthefirstinstanttheinsectenteredthisareatothe
instantwhereitexitedthroughtheport,wasreported.
Thesestatisticswerealsopooledoverailthezonesand
computed.Themainuseoftheoverailstatisticswasasa
cross-checkofthedata.Finally,statisticsonstopsininsect
dispiacementwerecomputedforeachofthefourzones
correspondingtothefourgasentranceports.Astopwas
definedasaperiodoftimeoverwhichtheinsectcenterof

gravityhasnotmoved.Inorderforthesoftwareto
discriminatebetweenastopandactualdispiacement,itwas
necessarytodefineathresholdspeedunderwhich
dispiacementwasnotlikelytohaveoccurred.Thisis
becausenon-displacementmovements(suchasshaltingof
antenna,liftingofleg,turningofhead)causesmall
changesinthepixelgraylevelsthatwereinterpretedas
changeinpositionbythesoftware.Thiscanbedonefrom
theresultingspeedhistogramassociatedwithtimesofno
dïsplacementandselectingathresholdspeed(e.g.,2or3
standarddeviations).Stopdatawereclassifiedaccordingto
thedurationofthestop.Ahistogramwasconstructedfor
eachofthefourzones.Thedataanalysisprogrambas
severaldataoutputoptions(tablesandgraphs)thatare
usefulfordetailedanalysisanddebugging.

DISCUSSIONANDCONCLUSION
Theimagesproducedusingthenewolfactometerwere

ofexcellentquality.Thecontrastbetweentheinsectand
thebackgroundwasbetterthanrequiredforposition
tracking.Evenifthecontrastwasreducedwhenrecording
onavideotape,itwasstillgoodenoughtoperformimage
analysis.Whenthedepthoftheapparatuswas4mmand
thecamera’sfocalplanecenteredatmid-depthofthe
olfactometercavity,theinsectwasrecognizabiebythe
imageanalysissystemevenifitwasonthefloororceiling
oftheolfactometercavity.

Asshowninfigure1,thesystemcanaccuratelytrack
andrecordthepositionofasmallinsect200iimX700.im
(0.14mm2)ona14000mm2surface.Largerinsectscan
alsobetrackedaftersuitableadjustmentsofthecavity
depthandparametersofthesearchalgorithm.Thestored
trackingdatacanbeusedtocalculateawidevarietyof
indicatorsofmovement.

Thesystemconsistingofafour-pointedstar
olfactometerandsoftware-controlledpositioning,tracking,
andrecordinghardwarerepresentsastepforwardforinsect
behavioralresearch.Thesetupissuitablefortrackingsmall
andlargeinsectsinarelativelylargearenawithahigh
degreeoftemporalandspatialresolutionandlittiehuman
intervention.Whilethesystemwasdevelopedinthe
contextofstudyingresponsetoairbornestimuli,itshould
beeasilyapplicabletoothertypesofbehavioralresearch.
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