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Abstract. In this papera systemwill bepresentedthatwasdevelopedfor ESA
for the supportof planetaryexploration.The systemthat is sentto the plane-
tary surfaceconsistsof a rover anda lander. The landercontainsa stereohead
equippedwith a pan-tilt mechanism.This vision systemis usedbothfor model-
ing of theterrainandfor localizationof therover. Bothtasksarenecessaryfor the
navigationof therover. Dueto thestressthatoccursduringthe�ight a recalibra-
tion of thestereovisionsystemis requiredonceit is deployedon theplanet.Due
to practicallimitations it is infeasibleto usea known calibrationpatternfor this
purposeandthereforea new calibrationprocedurehadto bedevelopedthatcan
work on imagesof the planetaryenvironment.This automaticprocedurerecov-
erstherelative orientationof thecamerasandthepan-andtilt-axis, besidesthe
exteriororientationfor all theimages.Thesameimagesaresubsequentlyusedto
recover the3D structureof theterrain.For this purposea densestereomatching
algorithmis usedthat -after recti�cation- computesa disparitymap.Finally, all
thedisparitymapsaremergedinto a singledigital terrainmodel.In this papera
simpleandelegantprocedureis proposedthatachievesthatgoal.Thefactthatthe
sameimagescanbeusedfor bothcalibrationand3D reconstructionis important
sincein generalthecommunicationbandwidthis very limited. In additionto the
usefor navigation andpathplanning,the 3D modelof the terrain is alsoused
for Virtual Realitysimulationof themission,in which casethemodelis texture
mappedwith theoriginal images.Thesystemhasbeenimplementedandthe�rst
testson theESAplanetaryterraintestbedweresuccessful.

Keywords: Active Vision systems,Prototypesystems,3D reconstruction,Stereocali-
bration.

1 Intr oduction

Thework describedin thispaperwasperformedin thescopeof theROBUST1 projectof
theEuropeanSpaceAgency (ESA). In this projectanend-to-endsystemis developed
for aplanetaryexplorationmission.

TheROBUST systemconsistsof threeimportantparts.
�

PostdoctoralFellow of theFundfor Scienti�c Research- Flanders(Belgium)(F.W.O.- Vlaan-
deren).

1 The ROBUST consortium consists of the Belgian companiesSAS and OptiDrive, the
K.U.LeuvendepartmentsPMA andESAT-PSIandtheGermancompaniesDLR andvH&S.
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– theplanetaryrover: theNanokhod,a smallandsimplerover, designedto carry in-
strumentsin the immediatesurroundingsof a lander. It is equippedwith a tether
cable,providing therover with power anddataconnectionto the landerwhich al-
lowsaveryhigh ratio instrument-mass/rover-mass[10]. Figure1 on theleft shows
animageof theNanokhod.

– The PlanetaryLanderwhich containsthe ImagingHead,an On-Boardcomputer
andtheControlSystemfor bothNanokhodandImagingHead.Theright imageof
�gure 1 showsoneof thecameras.

– TheOnGroundControlSystem

Fig.1. left: theNanokhod;right: oneof thecamerasof thestereorig

TheImagingHeadis bothusedfor recordingimagesfrom which a reconstruction
of theplanetaryterrainis computedandfor controlling themotionof the rover, using
Light Emitting Diodeson the payloadcabof the rover for the latter. It consistsof a
stereohead,mountedon a unit which allows for pan and tilt motionsand which is
approximately1.5meterhigh. Thetwo camerasof thestereoheadarespaceapproved
1024x1024CCD cameras.Thestereoheadhasa baselineof 0.5meter.

A typicalutilizationscenariowill deploy theImagingHeadassoonaspossibleafter
thelandingof theplanetarysystem.Becauseof thestrainonthepartsduringlaunchand
landing,theImagingHeadneedsto berecalibrated.To accomplishthis, it takesimages
of the terrainwhich aresentto earthwherethe calibrationis performedusing these
images.From the sameimagesa 3D reconstructionof the terrain is thencomputed.
Sincethecamerashave a limited �eld of view (23x23degrees)theentireenvironment
is not recordedat oncebut it is segmentedinto rings accordingto the tilt angleand
eachring is dividedinto segmentsaccordingto thepanangleof theImagingHead(see
�gure 2). Theoutermostboundaryof therecordedterrainliesat twentymetersfrom the
camera.For eachof thesegmentsa stereoimagepair is recordedandsentdown. The
valuesof theactualpanandtilt anglescanbereadout from theencodersof thepan-tilt
motorsandaresentdown togetherwith thecorrespondingimages.
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20 m 3.1 m  1.3 m   Lander

Fig.2. Segmentationof theterraininto segments

2 Calibration

Every planetarymissionis a high-risk operation.During launchandlanding,the lan-
der and its contentsare subjectto extremeforces.The mechanicalpropertiesof the
ImagingHeadarelikely to have beenaffectedby mechanicalandthermaleffects.For
high accuracy equipment,suchastheImagingHead,a smallchangein thesemechan-
ical propertiesresultsin largedegradationof theresults,unlessthenew propertiescan
beestimated.Thecamerasthemselvesarebuilt so that the intrinsic parametersduring
the missioncanbe assumedidentical to the parametersobtainedthroughcalibration
on ground.If the camerahousingwerenot so rigidly built and the cameraintrinsics
werelikely to changeduringlaunchor landing.Algorithmsexist thatcanretrievethese
intrinsicparametersfrom imagestoo [12,7].

Traditionalcalibrationalgorithmsrelyonknowncalibrationobjectswith well-de�ned
opticalcharacteristicsin thescene.If camerastakeimagesof thesearti�cial objects,the
poseof thecamerascanbecomputed,yielding theextrinsic (mechanical)calibrationof
thestereorig. Therearetwo reasonswhy this schemeis not suitedin our casewhere
theImagingHeadis deployedonadistantplanet.First thereis theproblemof whereto
placethecalibrationobjects.Oneneedsto beabsolutelysureof theposeof theseob-
jectsfor thecalibrationto haveany meaningfulresult.It is of courseimpossibleto add
objectsto theterrain,soonehasto think of placingcalibration“markers”on thelander
itself. A typical landerconsistof a “cocoon”which opensafter landing,comparableto
anopening�o wer. Themarkerscouldbeappliedto theopening“petals”.However, one
is neversureof theexactpositionof thesepetalswhichmakesthemarkersmuchharder
to use.Even if onedid disposeof accuratemarkerson the lander, a secondproblem
arises.During thedesignof the ImagingHead,robustnesswasa very importantissue
andthereforethenumberof moving itemswasminimized.Therefore,a�x edfocuslens
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waschosen.Sincetheaccuracy of thestereomatchingdecreaseswith thesquareof the
distance,thecamerasarefocussedon thefar rangeto gainasmuchaccuracy in thefar
regionsaspossible.As aconsequence,theimagesof nearregionsareblurred.Sincethe
markerswouldbeonthelander, imagesof themarkerswouldalwaysbeblurred,reduc-
ing theaccuracy of thecalibrationup to thepoint wherethemarkersareuseless.It is
clearthatstandardcalibrationalgorithmscannotbeusedin oursystem.A new strategy
hadto bedevelopedthatonly usesimagesof theterrainto calibratetheImagingHead.

Thecalibrationprocedurethatwasimplementedfor the ROBUST projectis ableto
calibratethe ImagingHeadusingimagesof the terrainonly. This meansthat the im-
ageswhicharesentdown from theplanetto earthto reconstructtheterrain,canalsobe
usedfor calibratingthe ImagingHead.Therefore,the terrainbasedcalibrationcauses
no importantoverheadon transmission.The calibrationof the extrinsic (mechanical)
propertiesof theImagingHeadis split into two partswhichareexecutedconsecutively.
First therelative transformationbetweenthetwo camerasis computed.Oncethis rela-
tivecalibrationis performed,aprocedurecanbeperformedwhichcomputestherelative
transformationsbetweenthecamerasandthelander. This boilsdown to computingthe
panandtilt axesof thepan-tilt unit.

2.1 Relativecalibration

Therelativetransformationbetweenthetwo camerasof theImagingHeadcanbecom-
putedfrom imagesof theterrainonly. Thealgorithmto do this usestheconceptof the
essentialmatrix. This matrix representstheepipolargeometrybetweentwo views, in-
cludingtheinternalparametersof thecamerasasextrainformation.Wemakeuseof the
factthattherelative transformationbetweenthecamerasdoesnot changewhenthethe
differentsegmentsof theterrainarerecorded,whichallows for differentmeasurements
of theepipolargeometryto becombinedto yield oneaccuratesolution.

If theessentialmatrix betweenthetwo views is computed,therelative transforma-
tion (position andorientation)betweenthe two camerascan be calculatedup to the
baseline(i.e. thedistancebetweenthetwo cameras).

Computing epipolar geometry The �rst stepin obtainingthe relative calibrationis
the computationof the epipolargeometryof the stereohead.The epipolargeometry
constraintlimits thesearchfor thecorrespondenceof a point in oneimageto pointson
a line in thesecondimage.Figure3 illustratesthis.

To �nd back the epipolargeometrybetweentwo imagesautomatically, a feature
detector, calledtheHarrisCornerDetector[3] is appliedto the images.Next, thecor-
nersarematchedautomaticallybetweenpairsof imagesusingcrosscorrelation.This
processyieldsasetof possiblematcheswhich is typically contaminatedwith animpor-
tantnumberof wrongmatchesor outliers.Thereforea robustmatchingscheme,called
RANSAC[2], is usedto computeandupdateepipolargeometryandmatchesiteratively.

In thecaseof the ROBUST ImagingHeadthedataof thedifferentsegmentsof the
terraincanbecombinedto computetheepipolargeometrymuchmorerobustlybecause
the relative transformationbetweenthe camerasdoesnot change.Figure4 illustrates
this. Stereoimagesof differentrings areobtainedby tilting the ImagingHead.How-
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Fig.3. Epipolargeometryof animagepair

Fig.4. Combiningdifferentsegments

ever, onecould imaginethecamerato bekeptsteadyandthe terrainto be tilted. This
wouldresultin thesamestereoimages.Thatis why thepossiblecorrespondencesof the
differentringsandsegmentscanbecombinedto computetheepipolargeometrymore
accurately.

It is eventhecasethataspeci�c degeneratecasefor thecomputationof theepipolar
geometryis solvedby thecombinationschemewe described.Computingtheepipolar
geometryof a pair of imagesof a planarsceneis impossiblefrom correspondences
only. If theplanetaryterrainis planaror closeto it, computingthe epipolargeometry
for onepair of imagesbecomesan ill-posedproblem.By combiningcorrespondences
from differentsegments,this problemis solved.

Computing relative transformation Oncetheepipolargeometryis computedin the
form of thefundamentalmatrix

�

, therelativetransformationbetweenthetwo cameras
of the ImagingHeadcanbe calculated.First the essentialmatrix is obtainedas ���

���
	��

with
�

the3x3matrixwith theintrinsiccalibrationof thecameras.Therelative
transformation��
������ (up to scale)caneasilybeobtainedfrom it [6] since����� ������
 .

As mentioned,theabsolutevalueof thedistancebetweenthetwo cameras,i.e. the
baseline,cannot becomputedfrom the images.It is unlikely, however, that this value
will deviatealot from theoriginalvalue.Sinceall measurementsfor 3D reconstructions
andlocalizationwill consistentlybecarriedoutusingthesamestereohead,thishasonly
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very little in�uence. Theonly casewhereabsolutemeasurementsarereally neededis
for estimatingtetherconsumptionandthe absolutesizeof obstaclesto overcome.In
thesecaseseven a deviation of a few percentwould be smallerthan the uncertainty
inducedby otherfactors.

The computedvaluesfor 
 and � are usedas an initialization for a non-linear
Levenberg-Marquardt minimizationwhich �nds backthevaluesof 
 and � thatmin-
imize sumof all distancesbetweenpointsandtheir correspondingepipolarlines.The
resultis a very accurateestimationof therelative transformationbetweenthe two im-
ages.

2.2 Pan-tilt calibration

To beableto bringall themeasurementsin asingleframe,it is notsuf�cient to havethe
relative calibrationbetweenthecameras,but alsothepan-andthetilt-axis areneeded.
Sincefor thesamereasonsasfor therelativecalibrationthesevaluescanchangedueto
thestressthatoccursduringlaunchandlanding.

The evaluationof the pan-and the tilt-axis is morecomplicated,but canalsobe
achievedfrom the imagedata,at leastif someoverlapexistsbetweenneighboringim-
agepairs.This is guaranteedin thepandirectiondueto the �x edvergenceset-upthat
doesnot allow 100% overlap betweentwo views of the samestereopair (and thus
yieldsoverlapwith neighboringpairs).For thetilt axiscareshouldbetakento foresee
a suf�cient overlapbetweentheringsof Figure2, at leastfor someimagepairs.

To computethedifferentaxes,therelativemotionbetweenstereopairsis required.
Matchescanbeobtainedin a waysimilar to theonedescribedin Section2.1,however,
in this casemostfeatureshave alreadybeenreconstructedin 3D for oneof thestereo
pairsanda robustposeestimationalgorithm(i.e.alsobasedonRANSAC) canbeused
to determinethe relative transformationbetweenthe stereopairs.Oncethis hasbeen
donefor all theoverlappingpairs,the resultscanbecombinedto yield oneconsistent
estimateof bothpanandtilt axes.In this caseavailableconstraintssuchastherotation
angles(readfrom theencoders)arealsoenforced.

2.3 SyntheticCalibration experiment

Thecalibrationalgorithmhasbeentestedonarti�cial data.A planarscenewith texture
from a realimagefrom Marswasconstructedandpairsof imagesweregeneratedwith
a visualizationtoolkit. First therelativecalibrationbetweenthetwo cameraswascom-
puted.During calibration,dataof 9 imagepairswascombinedand2591cornerswere
matchedto calculatetherelative transformation.We couldcomparetheresultwith the
ground-truthvalueof therelativetransformation.For comparison,therotationalpartof
the relative transformationis representedasa rotationaroundanaxis ����� �!� "#� with a
certainangle$ . Thegroundtruthwas

���&%'� �(%)� "*%+�,����-.�0/)��-1� and $+%2�3/0-'4

Thecomputedvalueswere

����� �!� "#�
�5��-76 -'-)-)8'91:;��-.6 9)9'9'<./)��-.6 -'-=-./�>1� and $?��/0-.6 -)9'8'4
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The anglebetween�������@��"#� and ���A%'� �(%)� "*%+� was0.0252degrees.The differencebe-
tween$ and $B% was0.093degrees.Bothvaluesaresmall,meaningthattherotationwas
estimatedaccuratelybecauseof thecombinationof data.

The panandtilt axeswerecalibratedfrom the samedata.The anglebetweenthe
computedtilt axisandthegroundtruthwas0.138degrees.Theanglebetweenthecom-
putedpanaxisandthegroundtruthwas0.618degrees.Thelargererrorfor thepanaxis
canbeexplainedfrom thefactthatonlycorrespondencesbetweenthreeimagesareused
to estimateit while correspondencesfrom four imagescanbeexploitedto computethe
tilt axis.During calibrationof the real system,betterresultscanbe expectedbecause
muchmoreimagepairsof a nonplanarscenewill beused.

3 3D Terrain modeling

After thecalibrationof the IH is performed,theprocessof generatinga 3D modelor
modelsof theplanetaryterraincanstart.This modelingis vital to accomplishthegoal
of planetaryexploration.Its input areall imagesof the terrainandthe calibrationof
theImagingHead.Theoutputof theterrainmodelingcanhave differentformsbut the
mostimportantis theDigital ElevationMap (DEM). In thefollowing sectionswe will
describethedifferentstepsthatareperformedto obtainsucha DEM.

3.1 Generationof disparity maps

On eachpair of imagesrecordedby theImagingHead,a stereoalgorithmis appliedto
computethedisparitymapsfrom the left imageto the right andfrom the right image
to the left. Disparity mapsare an elegantway to describecorrespondencesbetween
two imagesif the imagesare recti�ed �rst. The processof recti�cation re-mapsthe
imagepair to standardgeometrywith theepipolarlinescoincidingwith theimagescan
lines [11,8]. The correspondencesearchis then reducedto a matchingof the image
pointsalongeachimagescan-line.The result(the disparitymaps)is an imagewhere
thevalueof eachpixel correspondswith thenumberof pixelsonehasto moveto left or
right to �nd thecorrespondingpixel in theotherimage.

In additionto the epipolargeometryotherconstraintslike preservingtheorderof
neighboringpixels,bidirectionaluniquenessof thematchanddetectionof occlusions
canbeexploited.Thedensecorrespondenceschemeweemploy to constructthedispar-
ity mapsis theonedescribedin [5]. Thisschemeis basedonthedynamicprogramming
schemeof Cox[1]. It operatesonrecti�ed imagepairsandincorporatestheabovemen-
tionedconstraints.Thematchersearchesateachpixel in theleft imagefor themaximum
normalizedcrosscorrelationin the right imageby shifting a smallmeasurementwin-
dow alongthecorrespondingscanline.Matchingambiguitiesareresolvedbyexploiting
theorderingconstrainin thedynamicprogrammingapproach.

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



8

proposedfor generatingregularDEMsin theROBUST project�lls in a“top view” image
of theterraincompletely, i.e. a heightvaluecanbecomputedfor everypixel in thetop
view image,exceptfor pixelsthatarenotvisible in theIH becauseof occlusions.These
occlusionsarefoundin a verysimpleway.

Theterrainis dividedinto cells:thepixelsof theDEM. For eachcell thestereopair
imageis selectedin which thecell wouldbevisible if it hadaheightof zero.A vertical
line is drawn andtheprojectionof this line in theleft andright imageof thestereopair
is computed.Figure5 illustratesthe algorithmthat is usedto determinethe heightof
theterrainon thatline.

L L L L'1 1 2 1

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

C

correspondingto a point of theDEM projectsto
C,D

resp.
CFE

. Throughthedisparitymapthe
shadowof

C
D

on the right imagecanalsobe computed.The intersectionpoint of
C

E

and
C

D

correspondsto thepointwhere
C

intersectsthesurface.

– It is possibleto detectoccludedregionseasily. This is thecasefor cellsthatarenot
visible in bothstereoimages.Theheightvalueof thesecellscannot becomputed
and thesecells get a certainprede�nedvalue in the DEM which marksthemas
unseen.

– This particularschememakesit possibleto generateregulardigital elevationmaps
at any desiredresolution,interpolatingautomaticallyif needed.

– For the partsof the terraincloseto the boundaryof a ring, differentpartsof the
verticalline will beprojectedin differentstereoviews.Thereforeit is possiblethat
dataof two differentstereoviewshasto becombined.Thisis notaproblembecause
thetransformationbetweentheviews caneasilybecomputedsincethecalibration
hasbeencalculated.

4 Path Planning

Oncethe planetaryterrainhasbeenreconstructed,scientistscan indicatesitesof in-
terest(PointsOf Referenceor PORs)which the rover shouldvisit. Pathshave to be
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computedbetweensuccessive PORs.For this purpose,an pathplanningmodulehas
beendevelopd.Givena terrainmap,aninitial roverpositionandheadinganda desired
rover positionandheading,thepathplannerwill �nd a path,usinganA G framework,
which takes the rover from the initial stateto the goal stateandwhich is optimal in
termsof a seriesof parameters,like energy consumption,risk of tip-over, useof tether
etc.

4.1 Travel CostMap

The Travel Cost Map (TCM) providesa measurefor the cost of traversalbasedon
metricsinherentto theterrain.In thecurrentimplementation,a simplemetricbasedon
thegradientof theDigital ElevationMap(DEM) is used.Anothermetriccharacterizes
the uncertaintyof the terraindata,the fartherfrom the landercamerathe higher the
uncertainty. Areasoccludedby rocksalsohavehighuncertainty.

4.2 The Hierar chical Approach

Therover canmove accordingto a setof availableoperators(alsocalledrover move-
ments),which take the rover from onepositionandheading(this pair is alsoknown
asa state)to anotherposition/heading.Eachoperatorhasanassociatedcost.Themain
termof this costis computedfrom theabove mentionedTCM. GiventhatA

G

is com-
putationallyvery complex, �nding a pathin a reasonablylargeterrain,usingcomplex
operatorsfor therovermovements,cantakea long time.Thishasled to thechoiceof a
hierarchicalapproachto thepathplanningproblem.

Finding the Corridor At the �rst stage,a traverseis plannedbetweenthe startand
goal statesusingA

G

covering the whole terrainbut with reducedresolution,the cells
beingsomewhatlargerthanthesizeof theroversothatit canmovecomfortablewithin
thecorridor. A low–resolutionTCM is usedfor this.Thetransitionoperatorsaresimple
forward,backward,left andright, allowing to applyahighly optimizedandfastversion
of A

G

. Theresultis acorridor(see�gure 6) in which therovermaysafelymove.

G

S

Fig.6. Corridor

Re�nement of thePath At thesecondstagethepathis re�ned usingthehigh–resolution
TCM. By restrictingthesearchto cellsmarkedin theRestrainGrid constructedin the
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G

S

Fig.7. Re�ned path

previousstagemorecomplex operatorsandfull availableresolutioncanbeusedwithin
reasonabletimeconstraints.

Therepresentationof theoperatorsto taketheroverfrom onestateto anotheris kept
very general,i.e. a rotationfollowedby a translation.Thecostof applyinganoperator
is determinedby usinga numberof costevaluationpoints.The cost is calculatedas
a weightedsumof thecostsat thesepoints,evaluatedat the resultingrover pose.The
evaluationpointsrepresentpartsof the'virtual' roverduringanafterthecompletionof
thecorrespondingmove.Thepositionof theevaluationpointsarecalculatedbasedon
theroverdimensions,theparametersof therovermovement,thedesiredsafetymargin
andtheresolutionof theTCM.

Theresultof thehierarchicalA
G

algorithmis a high-resolutionpath(see�gure 7),
representedby an orderedlist of rover poses,bringing the rover from its startposeto
thedesireddestination.

5 Systemtest

A �rst test of the completesystemwas performedat the ESA-ESTECtest facilities
in Noordwijk (The Netherlands)whereaccessto a planetarytestbedof about7 by 7
meterswasavailable.TheImagingHeadwassetupnext to thetestbed.Its �rst taskwas
the recordingof the terrainaccordingto thesetupshown in �gure 2. A mosaicof the
picturestakenby this processcanbeseenin �gure 8.

Fig.8. Mosaicof imagesof thetestbedtakenby thestereohead.

Theautonomouscalibrationprocedurewaslaunchedandit computedtheextrinsic
calibrationof thecamerasbasedontheimages.Oncethecalibrationhadbeencomputed
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thesystemrecti�ed the imagesandcomputeddensedisparitymaps.Basedon these,a
Digital Elevation Map was constructed.The result can be seenin �gure 9. Because

Fig.9. Digital Elevation Map of the ESTECplanetarytestbed.A signi�cant amountof cells is
not �lled in becausethey arelocatedin occludedareas.

of the relatively low heightof the ImagingHead(approximately1.5 metersabove the
testbed)andthebig rocksin the testbed,a largeportionof theDigital ElevationMap
couldnotbe�lled in becauseof occlusions.TheDigital ElevationMapof �gure 9 was
thenusedto constructa texturedtriangulatedmeshmodel.Someviews of this model
canbeseenin �gure 10.A stripingeffect is visible in thetextureof themodel.This is
dueto a hardwareproblemof thecameraswhich causedthe imagesto suffer from an
intensitygradient.Sincethe3D modelcombinesdatafrom all images,theboundaries
arevisible.

Oncethereconstructionwascomplete,themodelwasusedto plana trajectoryfor
theNanokhodrover. At thattime,anothercomponentof thesystemcameinto play: the
Simulator. This componentallowedfor theoperatorto simulatelow-level commands
on theNanokhodandImagingHeadin a Virtual Realityenvironment.A simplegravi-
tationmodelwasusedto predicttheposeof theNanokhodafteramotion.An overview
of theGUI of thiscomponentis shown in �gure 11.TheGUI is dividedinto 4 windows.
Theuppertwo show what the left andright cameraof thestereoheadareseeing.The
bottomright window is a 3D interactionwindow andthebottomleft window shows a
pictureof whata camera,mountedin thecabof theNanokhodwouldsee.

When the trajectorywas simulated,the commandswere uploadedto the lander
systemwhich executedthemautonomously. The poseof the rover wasobserved us-
ing theImagingHead.The landerneededthecalibrationparameters,computedon the
groundstationfor thisandmadeuseof theLED'sthatarepresentontheNanokhod.The
telemetry, computedby thelandercouldthen(afterdownlink to thegroundstation)be
playedbackby thesimulatorandcomparedwith thesimulatedposeof theNanokhod.
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Fig.10.Threeviews of thereconstructedmodelof theESTECplanetarytestbed.
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Fig.11.Overview of thesimulator. Theuppertwo windowssimulatetheview of thetwo cameras.
Thebottomright window is a 3D interactionwindow andthebottomleft window givesa view
from thecabof therover.
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6 Future development

In thecaseof the ROBUST project,calibrationof the ImagingHeadis a critical issue.
Becauseof theknown speci�csof theImagingHead,thecalibrationalgorithmscanbe
targetedto this particularsetupandtake all known informationon themechanicsand
intrinsicsof thesysteminto account.Situtationscanbeimaginedwheresuchinforma-
tion is not available.While the algorithms,describedin this paper, canno longerbe
used,it is still possibleto retreivesomecalibrationand3D reconstruction.

6.1 Uncalibrated 3D reconstruction

In [9] it is describedhow structureandmotion canbe retreived from an uncalibrated
imagesequence.The 3D modellingtaskis decomposedinto a numberof steps.First
successive imagesof the sequencearematchedandepipolargeometryis computed,
using the sameapproachas describedin section2.1. The projectionmatricesof all
viewsarecomputedby triangulationandposeestimationalgorithms.Theambiguityon
thereconstructionis thenreducedfrom pureprojectiveto metric(Euclideanupto scale)
by self calibrationalgorithms(seealso[7]). Finally texturedtriangularmeshmodelsof
thesceneareconstructed.

6.2 Experiment

The describedtechniquecould be of useduring a planetaryexplorationmission.The
mostimportantinstrumentof thepayloadcabof the rover is mostprobablya camera.
This camerawill make imagesof samplesandrockson the terrainbut could alsobe
usedto performclose–rangereconstructionof the terrain,helpingtherover to “dock”
preciselyontothedesiredposition.Thecamerawouldtakeimagesof theareaof interest
during theapproach.Theseimagescould thenbe usedasinput for the reconstruction
algorithmdescribedbeforeto generatea 3D reconstruction.The resolutionof this re-
constructionwould be far superiorto theoneof theDEM, obtainedfrom theImaging
Head.

During testingof the robust systemon theplanetarytestbedat ESTEC,a prelimi-
narytestwasperformed.Imagesof somerockson thetestbedweretakenby handwith
a semi-professionaldigital camera.The imageswereprocessedby the3D reconstruc-
tion system.Theresulting3D reconstructionof the rock canbeseenin �gure 12. The
resultsarevery goodandshow that this strategy could be an interestingextensionof
therobust system.

7 Conclusion

In this paperan approachfor calibrationand3D measurementfrom planetaryterrain
imageswasproposedwhich allowed for an importantsimpli�cation of the designof
the imagingsystemof the lander. The componentsdescribedin this paperarepart of
anend-to-endsystemwhich canreconstructanunknown planetaryterrainandguidea
roverautonomouslyon theplanetarysurface.Thesystemhassucceededa �rst testin a
planeterytestbedatESTEC.
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Fig.12. Resultsof the reconstructionprocessof a rock on theplanetarytestbed.Theupperleft
views shows oneof the original imagesof the sequence.The upperright view displaysrecon-
structedpointsandcameras.In thelower left view a densedepthmapis shown. Thelower right
view shows anarbitraryview of the3D reconstruction.
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