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Abstract: Heightis a critical variablefor helicopterhover control. In this paper

we discussandpresenexperimentalresultsfor, two differentheightsensingech-

nigues: ultrasonicand sterecsimaging, which have complementargcharacteristics.
Feature-basestereas usedwhich providesabasisfor visualodometryandattitude

estimationin thefuture.

1. Intr oduction

We have recentlystarteddevelopmentoward anautonomouscale-modehelicopter
seeFigurel. Ourfirst targetis to achiese stableautonomou$overingwhichinvolves
the subtaskf: heightcontrol, yaw control, androll and pitch control. For initial
purposeswe considertheseas independentontrol problems,thoughin reality the
dynamicsof variousdegreesof freedomhave complex coupling.

This papelis concerneanly with the problemof estimatingheightof thevehicle
above the groundwhich is an essentiainput to any heightregulationloop. We are
currentlyinvestigatingtwo approachesultrasonicfor very closerange(< 2m) and
stereoimagingfor mediumrange(< 20m). Stereovision methodsare discussedn

Figurel. The CMST scale-modehelicopterin flight.



Figure2. Thesmallstereacameraheadusedonthehelicopterin a downwardlooking
configuration.

Section2, ultrasonicsin Section3, and combinedresultsin Section4. Conclusions
andfuturework arethe subjectof Section5.

2. Stereo-basecdheight estimation

Our previouswork hasconcentratedn densearea-basedtereovision[1], but for this
work we have focussedon feature-basedechniques. The disparity betweencorre-
spondingimagefeaturesin the left andright camerascanbe usedto provide sparse
rangeinformationwhich is sufficientfor heightcontrolpurposesin additionthe fea-
turescanbetrackedin time[5] to provide informationaboutthe vehicle’s changein
attitudeandmotionacrosgheground.

Stereoimaging hasmary desirablecharacteristicsor this application. It can
achieve a high samplerate of 60Hz (NTSC field rate), is totally passie, and gives
heightabove the surfaceratherthanheightwith respecto somearbitrarydatum(as
doesGPS).Its disadantagesre computationatompleity, andfailure at night®. In
our experimentsthe helicopteris flying over a grassyareathat provides sufficient
irregulartexturefor stereamatching.Our goalis to achieve heightestimatiornwithout
artificial landmarksor visualtargets.

2.1. The camerasystem

The ST1 stereoheadfrom Videre Desigrf, shavn in Figure 2, comprisestwo 1/4
inch CMOS cameramodulesmountedon a printedcircuit boardthat allows various
baselines— we are using the maximumof 160mm. The two camerasare tightly
synchronize@ndline multiplexedinto anNTSCformatcompositevideosignal. Thus
eachvideo field containshalf-vertical resolutionimages,320 pixels wide and 120
pixels high, from eachcamera.The cameradave barely adequatexposurecontrol
andno infra-redfilters.

The lensesare 12mm diameterscrav fit type with a nominal focal length of
6.3mm. Thelensesaremadeof plasticandhave fairly poor optical quality — barrel
distortionandpoor modulationtransferfunctionareclearly evidentin theimageswe
obtain.

The essentiacameraparameterare givenin Table 1. Sincethe two cameras
are multiplexed on a line-by-line basisthe effective pixel heightis twice that of the

Linfra-redcamerasould be usedbut sizeandcostprecludetheir usewith this vehicle.
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| Parameter | Value |
Baseline 160mm
Pixel width 14.4um
Pixel height 13.8um
Focallength(f) | 6.3mm
oy f 438

oy f 457

Tablel. Cameraandsterecheadparametersa is pixel pitch (pixels/m).

actualphotosite.Mechanicallythe sterecheadis manuficturedsothatscanlines are
parallelandvertically alignedto reasonablgrecision. The mountingconfiguration
alsoensureghat the optical axes are approximatelyparallelbut in practicewe find

thatthe camerasareslightly cornvergent. Another PCB, parallelto the mainoneand
connectedia nylon spacerstiffensthe structurebut againin practicewe find thatthe
boardsflex sothe geometryvarieswith time.

2.2. Calibration

For parallel camerageometry which this stereoheadapproximatesthe horizontal
disparityis givenby

d= = E pixels Q)

whereay is the pixel pitch (pixelspermetre),f is thefocal lengthof thelens,bis the
baselineandr is therangeof the point of interest.

Thederivedparametersiy f anday f givenin Tablel arethelumpedscaleparam-
etersthatappeaiin the projectionequations.The computedvaluesin thetableagree
well with simplecalibrationtestswhich give valuesof oy f = 445andayf = 480—
consistentith aslightly higherfocallengthof approximatelys.5mm. Figure3 showvs
resultsof anothercalibrationexperimentwhich givesthe empiricalrelationship

d= 6%7 —6.65pixels (2)

This indicatesthat the camerasare slightly verged with the horopterat 10.2m —

beyond which disparityis positive. For our target working rangeof 2m to 20m the

disparitywould lie in therange-4 to 27 pixels, or a 32 pixel disparity searchrange.
The estimatechumeratorconstants quitesimilarto thatgivenin (1) basedon camera
data.

2.3. Architecturefor visual processing

An overall view of the proposedsystemis givenin Figure4. The helicoptercontrol

computeris basedonthe PC104/PC104-bus,whichis a stackablearchitecturebased
on the ISA/PCI specifications.The framegrabberis a PC104+modulewhich writes

imagegdirectly overthe PC104+PCI) businto systemmemory Thevision process-
ing softwarerunsunderthe on-boardreal-timeoperatingsystemLynxOS,andusesa

customstreamingvideodriver for the framegrabber The device driver supportghree
modesof operation:demand streamingandfield-steaming In demandmode,frame

captureis triggeredby the applicationprogram.In streamingmode theframegrabber



30

25

disparity (pix)

5 i i i i i i i i
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
1/range (1/m)

Figure3. Experimentalisparityversusnverserange.

control
system

[ PCI bus driver for LynxOS

helipad
recognition and
image
server
spatio-temporal —| height estimation |——
T feature tracker flight

!

attitude estimation
Bt848
gyro

magnetometer

Sensorarray 311

. Videre ST1 head .

Figure4. Overall systemarchitecture.

is setupto captureémagescontinuallyinto a userprovidedring of imagebuffers. This
makesit possibleto captureimagesat framerate. Field-streamingnodeis a variant
of streamingmodein which eachfield is consideredainimage. This allows for image
captureattwo timestheframerate.

ThePClbushasatheoreticaimaximumbandwidthof 132Mbyte/s andfull-size
PAL color video at frame rate consume®nly 44Mbyte/s. However, thereis other
actiity onthe systemanddependingon the numberof devicesusingthe systembus,
this can be a significantissue. The disk bandwidthbecomesan issuewhen video
hasto bewritten to disk at framerate. The disk subsystenrequiresalmostthe same
bandwidthasthe framegrabberandthat could prove to be too muchfor the system.
For the hardwarewe use,we have found thatit is possibleto capturemonochrome



192x144sizedimagesto the 'raw’ disk device at framerate. A biggerlimitation was
thehard-diskshuttingdown dueto vibration— we now usesolid statedisks.

2.4. Stereovision
Our previouswork with stereowasconcernedvith densematching[]. However for
the helicopterapplicationwe choseto usefeature-basedatchingfor the following
reasonsFirstly the non-paralleimaginggeometrymeantthatsincethe epipolarlines
werenot parallel,andgiventhe large rangeover which we arematching the vertical
disparitybecomesignificant.Projectiverectificationwasinvestigatedut is computa-
tionally too expensve for this applicationandassumeghe geometnyis time invariant.
Secondlyfor heightcontrolwe do notneeddenseangedata.A few points,sufficient
to establishconsensusyill be adequateThirdly, featurescanbe temporallytracked
to provide odometryandattitudeinformation.
Themainprocessingtagesareasfollows:
fori=L, Rdo
for eachpixelin I; do
Ci = plessg(l;)
endfor
X; = coordinate®f N strongestocal maximain G
endfor
for eachfeatureX; € X_ do
for each(:andidatefeatureXRj € Xgrdo
computesimilarity s; = ZNCC(X,, XRJ.)
endfor
bestmatchs’ = max;s;
if §° > Sthen
if XR; matchedackto X, then
di = disparity(Xy,, XRJ.)
endif
endif
endfor
d = mediar{d;)
2.5. Corner operators
Cornerfeaturesarethosewhich have high curvaturein orthogonaldirections. Many
cornerdetectorshave beenproposedn the literature[3 but we considerednly two
well known detectorsPlessg[2] andSUSAN]6]. Roberts[$ comparedhetemporal
stability for outdoorapplicationsandfoundthatthe Plessg operatomwassuperior
The Plessg operatorequirescomputationfor eachpixel, of
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wherely =1®(—-1,0,1) ~ 0l /ox, Iy =1®(-1,0,1)T ~al/dy, andX = X ® wwhere
w is a Gaussiarsmoothingfunction. The Plessg cornerfunction is tracevl/detM

which is invariantto illumination scale. This is very importantwhen looking for
featuresn imagesfrom two differentcameras.



Figure5. Left andright handcameraimagefrom helicopterimage sequencevith
cornerfeaturesndicated.Also shavn is afeaturesearctbox correspondingo theleft
imagefeaturemarkedby acircle.

Thefeaturesusedfor the matchingstagearethe coordinate®f non-localcorner
maximathathave beensortedby strength.ThestrongesfiOOfeaturesareused.Figure
5 shavs atypical flight imageanddetectedcornerfeatures.

2.6. Geometric constraints

The cornerdetectionstageprovides 100 featuresin eachimagefor which we must
establishcorrespondenceNaively applying a similarity measurewould resultin a
100x 100 matchingproblem. Applying epipolarconstraintscangreatly reducethe
orderof this problemsincewe know thatthe correspondingpointis constrainedo lie
alongtheepipolarline.

In practicewe obsenre, seeFigure6, considerabl@ariationin slopefor theepipo-
lar lines over time. The epipolarlines werecomputedusingthe methodof Zhang[7
for eachframein thesequenceWe believe two effectsareatwork here:flexing of the
stereoheadresultsin changedo the camerageometry and correlationwith vertical
scenamotion. Thislattermaybedueto timing issuesn thecamerasline multiplexing
circuitry or CMOSreadoutiming.

For eachfeaturein the left imagewe know an approximateregion of the right
handimagein which the correspondindgeaturemustlie. The vertical extent of this
regionis afunctionof uncertaintyin theverticaldisparity andthe horizontalextentis
afunctionof the disparitywhich mayor maynot beapproximatehknown, seeFigure
5. We assuméhereno apriori knowledgeof disparity By this meanswe reducethe
numberof region comparison$rom 10,000to typically lessthan600.

2.7. Similarity measure

Thefirst approachwasbasedon earlierwork by Roberts[$ in temporalfeaturetrack-

ing. Cornersaredefinedin termsof a 3-elemenfeaturevectorcontainingtheintensity
andthe orthogonalgradientsandsimilarity is definedby Euclideandistancebetween
features.Thisis computationallyinexpensve but in practiceexhibited poor discrimi-

nationin matching.
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Figure6. Histogramof epipolarline gradient.
Insteadwe useda standardZ NCC measure
Yij(Lij—L)(Rj—R)
Yij(Lij =D Yi(Rj—R)

which is invariantto illumination offset and scale. The bestmatchwithin the right
imagesearchregion that exceedsa ZNCC scoreof 0.8 is selected. The role of the
two imagesds thenreversedandonly featureghatconsistentlymatchleft to right, and
right to left aretaken. Typically lessthan50 featuregassthis batteryof tests.

ZNCC(L,R) =

2.8. Establishing disparity consensus

The disparitiesresultingfrom the above procedurestill containsoutliers, typically
very closeto zeroor maximumdisparity We usea medianstatisticto eliminatethese
outliersand provide an estimateof the consensuslisparity from which we estimate
heightusing(2). Figure7 shavsdisparityandthenumberof robustly detectedeatures
for successie framesfrom a shortflight sequence.

2.9. Time performance

The coderunson a 300MHz K6 andis written carefullyin C but makesno use,yet,

of MMX instructionasdoes[4. Cornerstrengthmaximadetectionandsortingtakes
78ms for both images. Matching takes 6.5ms (20pus for an 11 x 11 window) with

a further 1.3msto verify left-right consisteng. With otheronboardcomputational
processesunningwe areableto obtainheightestimatest a rateof 5Hz.

3. Ultrasonic height estimation

Whencloseto the groundthe stereocamerasystemis unableto focusandthe blurred
imagesareuselesgor stereanatching.Ultrasonicsareanalternatve sensingnodality
which aretheoreticallysuitedto this heightregime, but we were not very optimistic
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Figure 7. Disparity and numberof robustly detectedcornerfeaturesfor shortflight
sequence.
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Figure8. Rav heightestimatefrom the ultrasonictransducer

thatit would work in this application. The helicopterprovidesan acousticallynoisy
ervironment,bothin termsof mechanicallycoupledvibration and“dirty” air for the
ultrasonicpulsesto travel in. We attemptedo shieldthe sensorfrom the main rotor
downwashby positioningit beneathithe noseof thevehicle.

The ultrasonicsensomwe choseis a Musto 1a unit which hasa maximumrange
of 4m. The sensorhasbeenadjustedso that the working distancerangespansthe
outputvoltagerangeof 0 to 5V. The sensoremits 10 pingsper secondandwhenit
recevvesno returnit outputsthe maximumvoltage.

Figure 8 shavs raw datafrom the sensorduring a shortflight. The minimum
height estimateis 0.3m which is the height of the sensorabove groundwhen the
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Figure9. Combinedheightestimatefrom ultrasonicand stereosensorswith respect
to the stereccamera.

Figure10. New integratedstereccamerasensor

helicopteris on the ground. Good estimatesare obtainedfor heightsbelow 1.2m.
Above 1.5mthe signalis extremely noisy which we believe is dueto poor acoustic
signalto noiseratio. Whetherthis is improvedby isolatingthe sensoifrom the body
of the helicopterhasnot yet beentested.Neverthelesshereis just sufficient overlap
betweertheoperatingangeof thesterecandultrasonicsensor$o provide somecross-
checking.

4. Combinedresults

Figure9 shovstheresultsof combiningraw ultrasonicdatawith stereadisparitydata.
We have plottedall ultrasonicrangevaluesbelon 1.2mandaddedthe heightdiffer-
ential betweerthe ultrasonicand stereosensorsystems.The stereodisparity datais
corvertedto rangeusing(2).

Ontakeoff thereis avery smallamountof overlapandwe have goodstereodata
to below 1m (disparity of 75 pixels). The landingoccurredin a patchof long grass
whichledto very blurry imagesin which noreliablefeaturescouldbefound.



5. Conclusionsand further work

We have shown that sterecand ultrasonicsensorscan be usedfor heightestimation
for anautonomouselicopter They arecomplementaryn termsof the heightregimes
in which they operate Both aresmallandlightweightsensorsvhich arecritical char
acteristicdor this application.Feature-basestereois computationallytractablewith
the onboardcomputingpower, and providessufficient informationfor the task. The
next stepsin our projectare:

1. “Closetheloop” on helicopterheight.

2. Fly our new customstereo-cameraead,seeFigure 10, which will overcome
themary limitations of the currentST-1 head,in particularexposurecontroland
readoutiming.

3. Fusestereo-dexiedheightinformationwith datafrom theinertial sensolanduse
theestimatedeightto controlthedisparitysearctrangeandgatedisparityvalues
attheconsensustage.

4. Implementtemporalfeaturetrackingandusefeatureflow for visual gyroscope
andodometry

5. Visual-sero controlof helicopterwith respecto alandmark.
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