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Abstract. In this papera systemwill be presentedhatwasdevelopedfor ESA
for the supportof planetaryexploration. The systemthat is sentto the plane-
tary surfaceconsistsof a rover anda lander The landercontainsa stereochead
equippedwith a pan-tilt mechanismThis vision systemis usedboth for model-
ing of theterrainandfor localizationof therover. Bothtasksarenecessarfor the
navigationof therover. Dueto the stresshatoccursduringthe ight arecalibra-
tion of the stereovision systemis requiredonceit is deplo/ed ontheplanet.Due
to practicallimitationsit is infeasibleto usea known calibrationpatternfor this
purposeandthereforea new calibrationprocedurehadto be developedthatcan
work on imagesof the planetaryervironment. This automaticprocedurerecor-
erstherelative orientationof the camerasandthe pan-andtilt-axis, besideghe
exterior orientationfor all theimagesThesamemagesaresubsequentlysedto
recover the 3D structureof theterrain.For this purposea densestereomatching
algorithmis usedthat -after recti cation- computesa disparitymap.Finally, all
the disparitymapsare meigedinto a singledigital terrainmodel.In this papera
simpleandelegantproceduras proposedhatachieesthatgoal. Thefactthatthe
sameimagescanbeusedfor both calibrationand3D reconstructions important
sincein generathe communicatiorbandwidthis very limited. In additionto the
usefor navigation and path planning,the 3D model of the terrainis alsoused
for Virtual Reality simulationof the mission,in which casethe modelis texture
mappedwith theoriginalimages Thesystemhasbeenimplementedandthe rst
testsonthe ESA planetanyterraintestbedveresuccessful.

Keywords: Active Vision systemsPrototypesystems3D reconstructionStereocali-
bration.

1 Intr oduction

Thework describedn this papemwasperformedn thescopeof theRoBUST? projectof
the EuropearSpaceAgeng/ (ESA). In this projectan end-to-endsystemis developed
for aplanetaryexplorationmission.

TheROBUST systemconsistsof threeimportantparts.
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deren).

! The rRoBUST consortium consists of the Belgian companiesSAS and OptiDrive, the
K.U.Leuvendepartment®MA andESAT-PSlandthe GermancompaniePDLR andvH&S.



— theplanetaryrover: the Nanokhoda smallandsimplerover, designedo carryin-
strumentsn the immediatesurroundingf a lander It is equippedwith a tether
cable,providing the rover with power anddataconnectiorto the landerwhich al-
lows avery high ratio instrument-mass/ser-masg10]. Figurel ontheleft shavs
animageof the Nanokhod.

— The PlanetaryLanderwhich containsthe Imaging Head,an On-Boardcomputer
andthe Control Systemfor both NanokhodandimagingHead.Theright imageof
gure 1 showvsoneof thecameras.

— The On GroundControl System
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Fig. 1. left: the Nanokhodyight: oneof thecamera®f the sterearig

The ImagingHeadis both usedfor recordingimagesfrom which a reconstruction
of the planetaryterrainis computedandfor controlling the motion of the rover, using
Light Emitting Diodeson the payloadcab of the rover for the latter It consistsof a
stereohead,mountedon a unit which allows for panandtilt motionsandwhich is
approximatelyl.5 meterhigh. The two camera®f the sterecheadarespaceapproved
1024x1024CCD camerasT he sterecheadhasa baselineof 0.5 meter

A typicalutilization scenariawill deploy thelmagingHeadassoonaspossibleafter
thelandingof theplanetarysystemBecausef thestrainonthepartsduringlaunchand
landing,theImagingHeadneeddo berecalibratedTo accomplishthis, it takesimages
of the terrainwhich are sentto earthwherethe calibrationis performedusingthese
images.From the sameimagesa 3D reconstructiorof the terrainis then computed.
Sincethe camerashave alimited eld of view (23x23degrees)heentireervironment
is not recordedat oncebut it is sggmentedinto rings accordingto the tilt angleand
eachring is dividedinto sggmentsaccordingo the panangleof thelImagingHead(see

gure 2). Theoutermosboundaryof therecordederrainlies attwentymeterdrom the

cameraFor eachof the sgmentsa sterecimagepair is recordedand sentdown. The
valuesof theactualpanandtilt anglescanbereadoutfrom theencoderof the pan-tilt
motorsandaresentdown togethemwith the correspondingmages.
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Fig. 2. Sgmentatiorof theterraininto sggments

2 Calibration

Every planetarymissionis a high-risk operation.During launchandlanding,the lan-

der andits contentsare subjectto extremeforces. The mechanicabpropertiesof the

ImagingHeadarelikely to have beenaffectedby mechanicahndthermaleffects.For

high accuray equipmentsuchasthe ImagingHead,a smallchangen thesemechan-
ical propertiegesultsin large degradationof the results,unlessthe new propertiescan

be estimatedThe cameraghemselesarebuilt sothattheintrinsic parametersluring

the missioncan be assumeddentical to the parameter®btainedthroughcalibration
on ground.If the camerahousingwere not so rigidly built andthe cameraintrinsics

werelikely to changeduringlaunchor landing.Algorithmsexist thatcanretrieve these
intrinsic parameterfrom imagestoo[12,7].

Traditionalcalibrationalgorithmsrely onknown calibrationobjectswith well-de ned
opticalcharacteristici thescenelf camerasakeimagesof thesearti cial objectsthe
poseof thecameraganbe computedyielding the extrinsic (mechanicalyalibrationof
the stereorig. Therearetwo reasonsvhy this schemds not suitedin our casewhere
thelmagingHeadis deployedon adistantplanet.Firstthereis the problemof whereto
placethe calibrationobjects.Oneneedso be absolutelysureof the poseof theseob-
jectsfor thecalibrationto have ary meaningfulresult.It is of courseémpossibleto add
objectsto theterrain,soonehasto think of placingcalibration“markers” onthelander
itself. A typical landerconsistof a “cocoon” which opensafterlanding,comparabléo
anopening o wer. Themarkerscouldbeappliedto theopening‘petals”. However, one
is never sureof the exactpositionof thesepetalswhich makesthe markersmuchharder
to use.Evenif onedid disposeof accuratemarkerson the lander a secondproblem
arises During the designof the ImagingHead,robustnessvasa very importantissue
andthereforethe numberof moving itemswasminimized.Thereforea x edfocuslens



waschosenSincetheaccurag of the stereomatchingdecreasewith the squareof the
distancethe cameragrefocussedn thefar rangeto gainasmuchaccuray in the far
regionsaspossible As aconsequenceheimagesof nearregionsareblurred.Sincethe
markerswould be onthelanderimagesof themarkerswould alwaysbeblurred,reduc-
ing the accurag of the calibrationup to the point wherethe markersareuselessilt is
clearthatstandardtalibrationalgorithmscannotbe usedin our systemA new stratgy
hadto be developedthatonly usesmagesof theterrainto calibratethe ImagingHead.

The calibrationprocedurghatwasimplementedor the ROBUST projectis ableto
calibratethe Imaging Headusingimagesof the terrainonly. This meansthatthe im-
ageswhicharesentdown from the planetto earthto reconstructheterrain,canalsobe
usedfor calibratingthe ImagingHead.Therefore the terrainbasedcalibrationcauses
no importantoverheadon transmissionThe calibrationof the extrinsic (mechanical)
propertieof thelmagingHeadis split into two partswhich areexecutecconsecutiely.
First therelative transformatiorbetweerthe two camerass computedOncethis rela-
tive calibrationis performedaprocedureanbe performedvhich computegherelative
transformationbetweerthe cameragndthelander This boils down to computingthe
panandtilt axesof the pan-tilt unit.

2.1 Relative calibration

Therelative transformatiorbetweerthetwo camera®f thelmagingHeadcanbecom-
putedfrom imagesof theterrainonly. The algorithmto do this usesthe concepiof the
essentiamatrix. This matrix representshe epipolargeometrybetweentwo views, in-
cludingtheinternalparametersf thecamerassextrainformation.We make useof the
factthattherelative transformatiorbetweerthe camerasloesnot changewvhenthethe
differentsegmentsof theterrainarerecordedwhich allows for differentmeasurements
of theepipolargeometryto be combinedo yield oneaccuratesolution.

If the essentiamatrix betweerthetwo views is computedthe relative transforma-
tion (position and orientation)betweenthe two camerascan be calculatedup to the
baselingi.e. thedistancebetweerthetwo cameras).

Computing epipolar geometry The rst stepin obtainingthe relative calibrationis
the computationof the epipolargeometryof the stereohead.The epipolargeometry
constraintimits the searchfor the correspondencef a pointin oneimageto pointson
aline in thesecondmage.Figure3 illustratesthis.

To nd backthe epipolargeometrybetweentwo imagesautomatically a feature
detector calledthe Harris CornerDetector[3] is appliedto the images.Next, the cor-
nersare matchedautomaticallybetweenpairs of imagesusingcrosscorrelation.This
procesyieldsasetof possiblematchesvhichis typically contaminatedvith animpor-
tantnumberof wrong matcheor outliers. Thereforea robustmatchingschemecalled
RANSAC|2], is usedto computeandupdateepipolargeometryandmatchesteratively.

In the caseof the ROBUST ImagingHeadthe dataof the differentsegmentsof the
terraincanbecombinedo computethe epipolargeometrymuchmorerobustly because
the relative transformatiorbetweenthe camerasloesnot change Figure 4 illustrates
this. Stereoimagesof differentrings are obtainedby tilting the ImagingHead.How-



Fig. 4. Combiningdifferentsggments

ever, onecouldimaginethe camerao be kept steadyandthe terrainto betilted. This
wouldresultin thesamesteredmagesThatis why the possiblecorrespondencexf the
differentrings andsegmentscanbe combinedto computethe epipolargeometrymore
accurately

It is eventhe casethata speci ¢ degenerateaseor thecomputatiorof theepipolar
geometryis solved by the combinationschemewe describedComputingthe epipolar
geometryof a pair of imagesof a planarsceneis impossiblefrom correspondences
only. If the planetaryterrainis planaror closeto it, computingthe epipolargeometry
for onepair of imagesbecomesanill-posedproblem.By combiningcorrespondences
from differentsegmentsthis problemis solved.

Computing relative transformation Oncethe epipolargeometryis computedn the
form of thefundamentamatrix , therelative transformatiorbetweerthetwo cameras
of the Imaging Headcan be calculated First the essentiamatrix is obtainedas
with  the3x3matrixwith theintrinsic calibrationof thecamerasTherelative
transformation (upto scale)caneasilybeobtainedrom it [6] since .
As mentionedthe absolutevalueof the distancebetweerthe two camerasi.e. the
baselinecannot be computedrom theimagesit is unlikely, however, thatthis value
will deviatealot from theoriginalvalue.Sinceall measurementsr 3D reconstructions
andlocalizationwill consistenthbecarriedoutusingthesamesterecheadthishasonly



very little in uence. The only casewhereabsolutemeasurementarereally neededs
for estimatingtetherconsumptiorand the absolutesize of obstaclego overcome.n
thesecaseseven a deviation of a few percentwould be smallerthanthe uncertainty
inducedby otherfactors.

The computedvaluesfor and are usedas an initialization for a non-linear
Levenbeg-Marquard minimizationwhich nds backthevaluesof and thatmin-
imize sumof all distancedetweenpointsandtheir correspondingpipolarlines. The
resultis a very accurateestimationof the relative transformatiorbetweerthe two im-
ages.

2.2 Pan-tilt calibration

To beableto bring all themeasuremenia asingleframe,it is notsufcient to havethe
relative calibrationbetweerthe camerasbut alsothe pan-andthetilt-axis areneeded.
Sincefor the samereasonssfor therelative calibrationthesevaluescanchangedueto
the stresghatoccursduringlaunchandlanding.

The evaluationof the pan-andthe tilt-axis is more complicated but canalsobe
achievedfrom the imagedata,at leastif someoverlapexists betweemeighboringm-
agepairs.This is guaranteedh the pandirectiondueto the x edvergenceset-upthat
doesnot allow 100% overlap betweentwo views of the samestereopair (and thus
yields overlapwith neighboringpairs).For thetilt axiscareshouldbetakento foresee
asufcient overlapbetweertheringsof Figure2, atleastfor someimagepairs.

To computethe differentaxes,the relatve motion betweensteregpairsis required.
Matchescanbeobtainedn away similarto theonedescribedn Section2.1, however,
in this casemostfeatureshave alreadybeenreconstructedn 3D for oneof the stereo
pairsandarobustposeestimationalgorithm(i.e. alsobasedbn RANSAC) canbeused
to determinethe relative transformatiorbetweenthe stereopairs. Oncethis hasbeen
donefor all the overlappingpairs,the resultscanbe combinedto yield one consistent
estimateof bothpanandtilt axes.In this caseavailableconstraintsuchastherotation
angleg(readfrom theencodersarealsoenforced.

2.3 Synthetic Calibration experiment

Thecalibrationalgorithmhasheentestedon arti cial data.A planarscenewith texture
from arealimagefrom Marswasconstructegndpairsof imagesweregeneratedvith
avisualizationtoolkit. Firsttherelative calibrationbetweerthetwo camerasvascom-
puted.During calibration,dataof 9 imagepairswascombinedand2591cornerswere
matchedo calculatethe relative transformationWe could comparethe resultwith the
ground-truthvalueof therelative transformationFor comparisontherotationalpartof
therelative transformatioris representedsa rotationaroundan axis with a
certainangle . Thegroundtruthwas

and
Thecomputedvalueswere

and



The anglebetween and was0.0252degrees.The differencebe-
tween and was0.093degreesBothvaluesaresmall,meaninghattherotationwas
estimatecdhccuratelybecaus®f the combinatiorof data.

The panandtilt axeswere calibratedfrom the samedata.The anglebetweenthe
computedilt axisandthegroundtruth was0.138degreesThe anglebetweerthecom-
putedpanaxisandthe groundtruth was0.618degreesThelargererrorfor the panaxis
canbeexplainedfrom thefactthatonly correspondencdsetweerthreeimagesareused
to estimatdt while correspondencdsom fourimagescanbe exploitedto computethe
tilt axis. During calibrationof the real system betterresultscanbe expectedbecause
muchmoreimagepairsof anonplanarscenewill beused.

3 3D Terrain modeling

After the calibrationof the IH is performed the processof generatinga 3D modelor
modelsof the planetaryterraincanstart. This modelingis vital to accomplishthe goal
of planetaryexploration. Its input are all imagesof the terrain andthe calibrationof
the ImagingHead.The outputof the terrainmodelingcanhave differentforms but the
mostimportantis the Digital Elevation Map (DEM). In the following sectionsve will
describehedifferentstepsthatareperformedo obtainsucha DEM.

3.1 Generationof disparity maps

On eachpair of imagesrecordedby the ImagingHead,a sterecalgorithmis appliedto

computethe disparitymapsfrom the left imageto the right andfrom the right image
to the left. Disparity mapsare an elegantway to describecorrespondencesetween
two imagesif the imagesarerectied rst. The processof recti cation re-mapsthe

imagepair to standardyeometrywith the epipolarlinescoincidingwith theimagescan
lines[11,8]. The correspondenceearchis thenreducedto a matchingof the image
pointsalongeachimagescan-line.The result(the disparity maps)is animagewhere
thevalueof eachpixel correspondsvith thenumberof pixelsonehasto moveto left or

rightto nd thecorrespondingixel in the otherimage.

In additionto the epipolargeometryother constraintdik e preservingthe order of
neighboringpixels, bidirectionaluniquenes®f the matchanddetectionof occlusions
canbeexploited. Thedensecorrespondencechemeve employ to constructhedispar
ity mapsis theonedescribedn [5]. This schemas basednthedynamicprogramming
schemeof Cox[1]. It operate®nrecti ed imagepairsandincorporatesheabose men-
tionedconstraintsThematcheisearcheateachpixelin theleft imagefor themaximum
normalizedcrosscorrelationin theright imageby shifting a small measurementin-
dow alongthecorrespondingcanline. Matchingambiguitiesareresohedby exploiting
theorderingconstrainin the dynamicprogrammingapproach.

3.2 Digital Elevation Maps

A digital elevationmapor DEM canbe seenasa collectionof pointsin a “top view”
of the 3D terrainwhereeachpoint hasits own heightor “elevation”. The algorithm



proposedor generatingegularDEMsin theROBUST project IIs in a“top view” image
of theterraincompletelyi.e. a heightvaluecanbe computedor every pixelin thetop
view image exceptfor pixelsthatarenotvisiblein thelH becaus®f occlusionsThese
occlusionsarefoundin avery simpleway.

Theterrainis dividedinto cells:the pixelsof the DEM. For eachcell the steregpair
imageis selectedn whichthecell would bevisibleif it hadaheightof zero.A vertical
line is drawn andthe projectionof thisline in theleft andright imageof the stereopair
is computed Figure5 illustratesthe algorithmthat is usedto determinethe height of
theterrainonthatline.

Ly Ly L, L3

Fig.5. Digital Elevation Map generationin detail. The gure containsthe left recti ed image
(left), thecorrespondinglisparitymap(middle)andtheright recti ed image(right). The3D line

correspondingdo a point of the DEM projectsto  resp. . Throughthe disparitymapthe
shadowof on the right imagecan also be computed.The intersectionpoint of and
correspondso the pointwhere intersectshesurface.

— It is possibleto detectoccludedregionseasily Thisis thecasefor cellsthatarenot
visible in both steredimages.The heightvalueof thesecells cannot be computed
andthesecells get a certainprede nedvaluein the DEM which marksthemas
unseen.

— This particularschememnalkesit possibleto generateegulardigital elevationmaps
atary desiredresolution,interpolatingautomaticallyif needed.

— For the partsof the terrain closeto the boundaryof a ring, differentpartsof the
verticalline will beprojectedn differentstereaviews. Thereforeit is possiblethat
dataof two differentstereoviews hasto becombinedThisis notaproblembecause
thetransformatiorbetweerthe views caneasilybe computedsincethe calibration
hasbeencalculated.

4 Path Planning

Oncethe planetaryterrain hasbeenreconstructedscientistscanindicatesitesof in-
terest(Points Of Referenceor PORs)which the rover shouldvisit. Pathshave to be



computedbetweensuccessie PORs.For this purpose an path planningmodule has
beendevelopd.Givenaterrainmap,aninitial rover positionandheadinganda desired
rover positionandheading the pathplannerwill nd apath,usinganA framework,
which takesthe rover from the initial stateto the goal stateand which is optimalin

termsof a seriesof parameterdjk e enegy consumptionrisk of tip-over, useof tether
etc.

4.1 Travel CostMap

The Travel CostMap (TCM) providesa measurefor the cost of traversalbasedon
metricsinherentto theterrain.In the currentimplementationa simplemetricbasedn
the gradientof the Digital ElevationMap (DEM) is used Anothermetric characterizes
the uncertaintyof the terrain data,the fartherfrom the landercamerathe higherthe
uncertaintyAreasoccludedby rocksalsohave high uncertainty

4.2 The Hierar chical Approach

The rover canmove accordingto a setof available operatorqalsocalledrover move-
ments),which take the rover from one positionand heading(this pair is alsoknown
asa state)to anotherposition/headingeachoperatohasanassociatedost. Themain
term of this costis computedrom the abose mentionedTCM. GiventhatA is com-
putationallyvery comple, nding apathin areasonablyargeterrain,usingcomplex
operatorgor therover movementsgcantake along time. This hasled to the choiceof a
hierarchicalpproactto the pathplanningproblem.

Finding the Corridor At the rst stage,atraverseis plannedbetweenthe startand
goal statesusingA covering the whole terrainbut with reducedresolution,the cells
beingsomavhatlargerthanthesizeof theroversothatit canmove comfortablewithin
thecorridor. A low—resolutionTCM is usedfor this. Thetransitionoperatorsaresimple
forward,backward,left andright, allowing to applya highly optimizedandfastversion
of A . Theresultis acorridor(see gure 6) in whichtherovermaysafelymove.

V|G
I .

1 | |

Fig. 6. Corridor

Re nement of the Path At thesecondstagethepathisre ned usingthehigh—resolution
TCM. By restrictingthe searchto cells markedin the RestrainGrid constructedn the
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Fig. 7. Re ned path

previousstagemorecomplex operatorsandfull availableresolutioncanbe usedwithin
reasonabléime constraints.

Therepresentationf theoperatordo take theroverfrom onestateto anotheiis kept
very generalj.e. arotationfollowedby atranslation.The costof applyinganoperator
is determinedby usinga numberof costevaluationpoints. The costis calculatedas
aweightedsumof the costsat thesepoints,evaluatedat the resultingrover pose.The
evaluationpointsrepresenpartsof the'virtual' rover duringanafterthe completionof
the correspondingnove. The positionof the evaluationpointsare calculatechasedon
theroverdimensionsthe parametersf therover movementthe desiredsafetymargin
andtheresolutionof the TCM.

Theresultof the hierarchicalA algorithmis a high-resolutiorpath(see gure 7),
representedby an orderedlist of rover posespringing the rover from its startposeto
thedesireddestination.

5 Systemtest

A rst testof the completesystemwas performedat the ESA-ESTECtest facilities
in Noordwijk (The NetherlandsWwhereaccesdo a planetarytestbedof about7 by 7
meterswasavailable.ThelmagingHeadwassetup next to thetestbedlts rst taskwas
the recordingof the terrainaccordingto the setupshovn in gure 2. A mosaicof the
picturestakenby this processanbeseenin gure 8.

Fig. 8. Mosaicof imagesof thetestbedakenby the sterechead.

Theautonomougalibrationprocedurevaslaunchedandit computedhe extrinsic
calibrationof thecameradasedntheimagesOncethecalibrationhadbeencomputed
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the systemrecti ed theimagesandcomputeddensedisparitymaps.Basedon thesea
Digital Elevation Map was constructedThe resultcan be seenin gure 9. Because

Fig. 9. Digital Elevation Map of the ESTECplanetarytestbed A signi cant amountof cellsis
not lled in becausehey arelocatedin occludedareas.

of therelatively low heightof the ImagingHead(approximatelyl.5 metersabove the
testbed)andthe big rocksin the testbeda large portion of the Digital Elevation Map
couldnotbe lled in becausef occlusionsThe Digital ElevationMap of gure 9 was
thenusedto constructa texturedtriangulatedmeshmodel. Someviews of this model
canbeseenin gure 10.A stripingeffectis visible in thetexture of themodel.Thisis
dueto a hardware problemof the camerasvhich causedhe imagesto suffer from an
intensitygradient.Sincethe 3D modelcombinesdatafrom all imagesthe boundaries
arevisible.

Oncethereconstructiowascomplete the modelwasusedto plana trajectoryfor
theNanokhodrover. At thattime, anothercomponenbf the systemcameinto play: the
Simulator. This componentllowed for the operatorto simulatelow-level commands
onthe NanokhodandImagingHeadin a Virtual Reality ervironment.A simplegravi-
tationmodelwasusedto predictthe poseof the Nanokhodaftera motion.An overview
of theGUI of thiscomponenis shavnin gure 11.TheGUI is dividedinto 4 windows.
The uppertwo shav whatthe left andright cameraof the sterecheadareseeing.The
bottomright window is a 3D interactionwindow andthe bottomleft window shovs a
pictureof whata cameramountedn the cabof the Nanokhodwould see.

When the trajectory was simulated,the commandswere uploadedto the lander
systemwhich executedthem autonomouslyThe poseof the rover was obsened us-
ing thelmagingHead.The landerneededhe calibrationparameters;omputedon the
groundstationfor thisandmadeuseof the LED' sthatarepresenbntheNanokhodThe
telemetry computedby the landercould then(after downlink to the groundstation)be
playedbackby the simulatorandcomparedvith the simulatedposeof the Nanokhod.
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Fig. 10. Threeviews of thereconstructednodelof the ESTECplanetarytestbed.



13

Fig. 11.Overview of thesimulator Theuppernwo windows simulatetheview of thetwo cameras.
The bottomright window is a 3D interactionwindowv andthe bottomleft window givesa view
from the cabof therover.
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6 Futuredevelopment

In the caseof the ROBUST project,calibrationof the ImagingHeadis a critical issue.
Becausef theknown speci cs of thelmagingHead,the calibrationalgorithmscanbe
targetedto this particularsetupandtake all known informationon the mechanicsand
intrinsicsof the systeminto account Situtationscanbeimaginedwheresuchinforma-
tion is not available. While the algorithms,describedn this paper canno longerbe
usediit is still possibleto retreive somecalibrationand3D reconstruction.

6.1 Uncalibrated 3D reconstruction

In [9] it is describechow structureand motion canbe retreved from an uncalibrated
imagesequenceThe 3D modellingtaskis decomposedhto a numberof steps.First
successie imagesof the sequencere matchedand epipolargeometryis computed,
using the sameapproachas describedin section2.1. The projection matricesof all
views arecomputedy triangulationandposeestimationalgorithms . Theambiguityon
thereconstructions thenreducedrom pureprojectveto metric(Euclidearupto scale)
by self calibrationalgorithms(seealso[7]). Finally texturedtriangularmeshmodelsof
thesceneareconstructed.

6.2 Experiment

The describedechniquecould be of useduring a planetaryexplorationmission.The
mostimportantinstrumentof the payloadcabof the rover is mostprobablya camera.
This camerawill make imagesof samplesandrockson the terrainbut could alsobe
usedto performclose—rangeeconstructiorof the terrain,helpingthe rover to “dock”
preciselyontothedesiredposition.Thecameravouldtakeimagesof theareaof interest
during the approachTheseimagescould thenbe usedasinput for the reconstruction
algorithmdescribedbeforeto generatea 3D reconstructionThe resolutionof this re-
constructiorwould be far superiorto the oneof the DEM, obtainedfrom the Imaging
Head.

During testingof the robust systemon the planetarytestbedat ESTEC,a prelimi-
narytestwasperformedlmagesof somerockson thetestbedveretakenby handwith
a semi-professionaligital cameraTheimageswere processedby the 3D reconstruc-
tion system.Theresulting3D reconstructiorof therock canbeseenin gure 12.The
resultsarevery goodandshaw thatthis stratgy could be an interestingextensionof
the robust system.

7 Conclusion

In this paperan approactfor calibrationand 3D measuremerirom planetaryterrain
imageswas proposedwhich allowed for an importantsimpli cation of the designof
the imaging systemof the lander The componentslescribedn this paperare part of
anend-to-endsystemwhich canreconstrucan unknowvn planetaryterrainandguidea
rover autonomouslyn the planetarysurface. The systemhassucceeded rst testin a
planeterytestbedat ESTEC.
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Fig. 12. Resultsof the reconstructiomprocessf a rock on the planetarytestbed The upperleft
views shawvs one of the original imagesof the sequenceThe upperright view displaysrecon-
structedpointsandcamerasln the lower left view a densedepthmapis shavn. Thelower right
view shaws anarbitraryview of the 3D reconstruction.
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