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Abstract — NASAs Mars Exploration Rovers (MER) were
designedo traversein Viking Landerl styleterrains: mostly
at, with many small non-obstaclerocks and occasional
obstacles. During actual opemtionsin sud terrains, on-
board positionestimateslerivedsolelyfromthe onboad In-
ertial MeasuementUnit and wheelencodetbasedodome-
try achievedwell within the designgoal of at most10%er-
ror. However, MERvehicleswvere alsodrivenalongslippery
slopedilted ashighas31 deggrees.In sud conditionsanad-
ditional capability was employedo maintaina sufciently
accurate onboad positionestimate:VisualOdometry

The MER Visual Odometry systemcomprisesonboad
softwae for comparingsteleo pairs taken by the pointable
mast-mountedt5 degree FOV Navigation camens (NAV-
CAMs). The systemcomputesan updateto the 6-DOF
rover pose(x, Y, z, roll, pitch, yaw) by tracking the motion
of autonomously-selectethter esting” terrain featuesbe-
tweentwo pairs of stereoimages,in both 2D pixel and 3D
world coodinates. A maximumlikelihood estimatoris ap-
pliedto thecompute®D offsetsto producea nal, corrected
estimateof vehiclemotionbetweerthe two pairs.

In this paperwe describethe Visual Odometryalgorithm
usedon the Mars Exploration Rovers, andsummarizéts re-
sultsfromthe r styearof opeationson Mars.

Keywords: MER, Mars ExplorationRover, VisualOdome-
try, Motion Estimation,Egomotion

1 Background

Keepingtrack of a vehicle’s locationis one of the most
challengingaspect®f planetaryrover operationsThe Mars
ExplorationRovers (MERS) aretypically commandednly
onceper Martian solarday (or “sol”) usinga pre-scheduled
sequenceof precisemetrically speci ed commands(e.g.,
"drive forward 2.34 meters,turn in place0.3567radiansto
theright, drive to locationX, Y, take color picturesof theter-
rain at locationX,Y,Z” [1]), so having an accurateposition
estimateonboardduring the executionof all terrain-based
commandss of critical importance.

MER rover onboardpositionand attitudeestimatesvere
updatedat 8 Hz nearly every time the wheelsor rover arm

(InstrumentDeployment Device, or IDD) were actuated.
Changesn attitude(roll, pitch, yaw) were measuredising
a Litton LN-200 Inertial Measurementnit (IMU) thathas
3-axis accelerometerand 3-axis angularrate sensorsand
changesn positionwere estimatedoasedon encoderead-
ingsof how muchthewheelsturned(wheelodometry).

After moving a small amounton a slippery surface, the
rovers were often commandedo use camera-basetfisual
Odometryto correctary errorsin theinitial wheelodometry-
basedestimatethat occurwhenthe wheelslose tractionon
large rocks and steepslopes. Our Visual Odometrysystem
computesan updateto the 6-DOF rover pose(X, Y, z, roll,
pitch, yaw) by tracking the motion of “interesting” terrain
featuresetweertwo pairsof steredamagesn both2D pixel
coordinatesand 3D world coordinates.A maximumlikeli-
hoodestimatorappliedto the computed3D offsetsproduces
the nal motion estimate. However, if ary internalconsis-
teng checkfails, too few featurepointsaretracked, or the
estimationfails to converge,thenno motionestimateupdate
will beproducedandtheinitial estimatgnominallybasedn
wheelodometryandtheIMU) will be maintained.

NASA's twin Mars ExplorationRaovers Spirit andOppor
tunity landedon the surface of Marsin January2004. As
shavn in the blue lines of the traverseplots in Figuresl
and2, humanrover drivers have commandedxtensie use
of the VisualOdometrysoftwareduring high-tilt operations:
driving OpportunityinsideEagleandEnduranceratersand
climbing Spirit throughthe ColumbiaHills.

In the rst yearsincelanding,therovershave drivenover
terrainwith asmuchas31 degreesof tilt, andover textures
comprisedof slippery sandy material, hard-packd rocky
material,and mixturesof both. Engineeringmodelsof ve-
hicle slip in sandyterraindevelopedduring Earth-basedest-
ing correlatedremarkablywell with certain sandyMeridi-
aniterrains.However, slip wasextremelydif cult to predict
when the rover was driven over nonhomogeneougerrains
(e.g.,climbing overrockfor onepartof adrive andloosesoil
for another).Early on, the uncertaintyin the amountof slip
resultingfrom driveson high slopesor loosesoilsforcedthe
operationgeamto spendseveral daysdriving toward some
targets,eventhosejust a few metersaway. But throughthe
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Figure 1: Plot of Spirit's traversehistory using Visual Odometryin the ColumbiaHills from sols178— 418. Units arein
metersfrom the landingsite origin, asmeasureanboardthe rovers. Redlinesindicatedirectly commandedblind” drives,
greenlinesindicateautonomouazarddetectionandbluelinesindicatevisualodometry Spirit only usedVisualOdometry
within the ColumbiaHills, notduringits 3 kilometertrek to reachthem.
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Figure2: Plotof OpportunitystraversehistoryusingVisualOdometry Ontheleft, thedrive in andaround20 meterdiameter
Eaglecraterfrom sols1 —70. Ontheright, thedrive in andaroundEnduranceraterfrom sols133—312. Unitsarein meters
from the landingsite origin, asmeasurednboardthe rovers. Redlinesindicatedirectly commandedblind” drives,green

linesindicateautonomous$iazarddetectionandbluelinesindicatevisualodometry

restof the rst yearof operationsYisualOdometrysoftware
hasenabledprecisiondrives (e.g., endingwith the science
targetbeingdirectly reachabldy the IDD) over distancess
long as8 meterspn slopesgreatetthan20 degrees.

2 Algorithm

Ourapproactio positionestimatioristo nd featuresn a
steredmagepair andtrackthemfrom oneframeto the next.
This approach known as Visual Odometryor ego-motion
estimation,was originally developedby Matthies[7]. Fol-
lowing his work, someminor variationsand modi cations
helpedimprove its robustnessand accurag [10]. Related
work using stereoimagesfor localizationcan be found in
[5, 9], andusinga singleomnidirectionalcameran [2]. The
key ideaof the presentmethodis to determinethe change
in positionandattitudefor two or more pairs of stereoim-
agesusingmaximumlik elihoodestimation.The basicsteps
of this methodaredescribedsfollows.

Featue Detection First, featuresthat can be easily
matchedbetweenstereopairs and tracked acrossa single
motion stepareselected An interestoperatortunedfor cor-
ner detection(e.g. Forstneror Harris) is appliedto anim-
agepairs,andpixels with the highestinterestvaluesare se-
lected. To reducethe computationakost,a grid with cells
smallerthanthe minimum distancebetweenfeaturesis su-
perimposedon the left image. The featurewith strongest
cornerresponseén eachgrid cell is selectecasa viable can-
didate.A x ednumberof featureshaving thehighesinterest
operatoresponses selectedsubjecto aminimumdistance
constrainto ensurethatfeaturespantheimage.

Featue-basedsteeoMatching Eachselectedeatures 3D
positionis computeddy stereamatching.Becausehe stereo
camerasare well calibrated,the stereomatchingis done
strictly alongtheepipolarine with only afew pixelsof offset
buffer abore andbelow it. We usePseudo-normalizedor
relationto determinegthe bestmatch. In orderto obtainsub-
pixel accurag, abiquadratiqolynomialis t to a3x3neigh-



borhoodof correlationscoresandthe peakof this polyno-
mial is choserasthe correlationpeak.

The3D positionsof theseselectedeaturesaredetermined
by intersectingrays projectedthroughthe cameramodels.
Underperfectconditions theraysof the samefeaturein the

left and right imagesshould intersectat a point in space. [&

However, dueto imagenoise,cameranodeluncertaintyand
matchingerror, they do not always intersect. The shortest
distance‘gap” betweerthe two raysindicatesthe goodness
of the stereamatch:featureswith large gapsarethrown out.

Next we computethe covarianceassociatedwvith each
feature.
C]_(X 1:Y1; Zj_) and C2(X2; Yo, Zz). Letr, andr, betwo
unitvectorsconnectingC; andC, tothesamefeaturein both
images.Becausef noise,r; andr, do not alwaysintersect
preciselyata point. But aslong astherayscornvergein front
of thelensandarenot exactly parallel,therewill alwaysbe
a shortestline segmentconnectingthesetwo rays. Letting
P1 and P, be the endpointsof that line sggment,we have
the following constrainton the distancefrom eachcamera
to thatfeature(wherem, = jP1C;1j;m, = jP>Cy)):

P = Ci+rimg 1)
P, = Cy+romy )
Thereforewe have
(P2 Pyri = (Co Ci+romy rima) ri (3)
= 0
(P2 Pra = (C; Ci+romy rimg) ry (4)
= 0
Thenwe have
Bri (B ra)(r1 r2)
mi 1 (r1 rp)? ®)
my = (ry ro)my Bry (6)
P = (P1+ Py)=2 (7)

whereB = C, C; is the stereobaseline,and m; and
m, arefunctionsof featurelocationsin bothimageswhose
partialderivativesare:

mi = ®)
flB r? (B rd)(ry ra)
(B ra)(r? ra+ry rd)
1 (ry r2)?+
2B ri (B ra)(ra r2)]
[(re r2)(r ra+ 11 rdlg
1 (r1 )P
my = (r1 rz)m)+ 9)
(r? ra+ry rYmy Brd
PO = (rmy+ rim%+ rImy + romd)=2 (10)

Assume the stereo camerasare located at [

Figure 3: Featuretrackingoccursbetweenevery pair of im-
ages.In thisview, severalimagesrom Spirit's Sol 178drive
andtheir trackedfeatureshave beensuperimposed.

Furthernotethatthe covarianceof P is
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whereP Cis the Jacobiarmatrix or the rst partial derivative
of P with respecto the ZEB,featurelocationsin theleft and
rightimages,and | and | are2x2 matriceswhoseele-
mentsarethe curvaturesof the biquadratigpolynomialalong
thevertical,horizontalanddiagonaldirectionswhich canbe
obtaineddirectly from subpixel interpolation.

Thequality of a3D features afunctionof its relative loca-
tion, the gap betweerthe two sterecraysandthe sharpness
of the correlationpeak. This covariancecomputationfully
re ects thesethreefactors.

Featue Tradking After the rover movesa shortdistance,
a secondpair of sterecimagesis acquired.The featuresse-
lectedfrom the previous image are projectedinto the sec-
ond pair usingthe approximatemotion provided by onboard
wheel odometry(seeFigure 3). Thena correlation-based
searctreestablishethe 2D positionspreciselyin the second
imagepair. Stereomatchingof thesetracked featuresde-
terminestheir new 3D positions. Becausehe 3D positions
of thosetracked featuresare alreadyknown from the pre-
vious step,the stereomatchingsearchrangecanbe greatly
reduced Featuresvhoseinitial and nal 3D positionsdiffer
by too largeanamountare Itered out.

RolustMotion Estimationlf theinitial motionis accurate,
thedifferencebetweertwo estimate®D positionsshouldbe
within the errorellipse. However, whentheinitial motionis
off, the differencebetweenthe two estimatedpositionsre-

ects the error of the initial motion andit can be usedto
determinghe changeof rover position.

The motion estimationis donein two steps. First, a less
accuratemotion is estimatedby Least-squaregstimation.
Theerrorresidualis

§ = Py RPy T (12)



andthe costexpressioris

X

M (R;T) wie' g (13)
X X

(det( g) ' (14)

Thereis a closedform solutionfor this leastsquareses-
timation[8]. The advantageof this leastsquaresnethodis
thatit is simple,fastandrobust. Its disadwantagds thatit is
lessaccuratdecausdt only takesthe quality (thevolumeof
theerrorellipsoid) of the obsenationsasa weightfactor

Becausét is aninexpensve operationwe embedt within
aRANSAC (RandomSampleConsensug)rocesdo do out-
lier removal:

Wi pj) + det(

1. A small setof features(e.g. 6) is randomlyselected
andthemotionis thenestimatedisingtheleastsquares
estimatiormethod.

2. All featuredrom previousstepareprojectedo thecur
rentimageframeby the newly estimatednotion. If the
gapbetweerareprojectedeatureandits correspondent
is lessthanathreshold(e.g.0.5),the scoreof thisitera-
tion will beincrementeancefor eachviablefeature.

3. Stepsl and2 repeafor a x ednumberof iterationsand
the motion with the highestscoreis selected.All fea-
turesthatpasghisiterationwill beusedn thefollowing
more accurateestimation— the maximumlikelihood
motionestimation.

Themaximumlik elihoodmotionestimationconsidershe
3D positiondifferenceandassociate@rrormodelswhenes-
timating position. Let Ppj and Pcj be the obsened feature
positionsprior to andafterthe currentrobotmotion. Then

Pg = RPy+T+ g (15)
whereR andT aretherotationandtranslationof therobot
andg is thecombinederrorin the obsered positionsof j th
features.In this estimation,3 axisrotations r andtransla-
tion T aredirectly determinedy minimizingthesummation

in theexponents

TW: ri
ri Wirj

r =

(16)

P RPy T (17)

whereW,; is the inversecovariancematrix of g. The
minimizationof this nonlinearmproblemis doneby lineariza-
tion andaniterative procesg8]. Two nice propertiesof the
maximum-likelihood estimationmalke the algorithmpower-
ful. First,it estimateghe 3 axisrotations g directly sothat
it eliminatesthe error causedby rotation matrix estimation
doneby the least-squaresstimation. Secondly it fully in-
corporateserror models(the shapeof the ellipsoid) into the
estimationwhich greatlyimprovesthe accurag of the nal
motionestimate.

Accumulated Error While Climbing Rocks
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Figure 4: Visual OdometryError measurediuring a 2.45
meterdrive usingHAZCAMs on the MER SurfaceSystem
TestbedLite rover. Therover wasdrivenover severallarge
non-obstacleocks,eachlessthan20cmtall, in 35cm steps.
The vehiclewas held in placeduringthe nal step,sothe
wheelodometryerror for that stepis arti cally large, yet
the VisualOdometryerrorremainssmall.

As of the February2005versionof MER ight software,
optionalconstraintanalsobeplacedonthe nal motiones-
timateto provide additionalsanitychecking.The magnitude
of the3D updatevector its X andY Site Framecomponents,
the magnitudeof the Roll, Pitch and Yaw updatesandthe
angulardeviation from a purely downslopevectorcanall be
restricted.Any updateviolating the active setof constraints
is treatedasa failure to corverge; the numberof acceptable
failuresis anothermptionalconstraint.

3 Ground-basedValidation

This visual odometrysoftware hasbeentestedon numer
ousrover platforms.Thelatesttestswereconductedn JPLs
Rocky 8 rover at the JPL Marsyardandin JohnsornValley,
California[4]. Rocky 8 hastwo pairsof hazardavoidance
stereocameragnountedon the front andrear of the rover
body about50 cm above the ground. The imageresolution
is 640 by 480, horizontalandvertical elds of view are80
degreeshorizontalby 64 degreesverticalandthe baselinds
about8.4 cm. The JohnsonValley site had slopesof loose
granularsandwherethe rover experiencedsubstantiaklip,
tilt, androll duringthetest.

In orderto evaluateVisual Odometryperformancehigh
precisionground-truthdata(positionand attitude)was also
collectedusing a total station (like a sureyor's theodolite
with a laserrangesensor). By trackingfour prismson top
of therover, therover's positionandattitudeweremeasured
with high precision(< 2 mmin positionand< 0.2degreein
attitude). The absoluteposition errorswere lessthan2.5%
over the 24 meterMarsyardcourse andlessthan1.5%over
the 29 meterJohnsorValley course.Therotationerrorwas
lessthan5.0degreesn eachcase.

Testswerealsorun on the MER Surface SystemTestbed
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Figure5: Views of Opportunitys 19 meterdrive from Sol 188 throughSol 191. The inside pathshaws the correct,Visual
Odometryupdatedlocation. The outsidepath shovs how its path would have beenestimatedfrom the IMU and wheel

encoderalone.Eachcell representenesquaremeter

Lite rover in anindoor sandboxestarea. Groundtruth was
acquiredusingatotal stationto measure¢hevehicles6-DOF
motion estimateby tracking 3 points at eachstep. During
thesetestsVisualOdometryprocessingook placeusingim-
agesfrom the 120-dggree FOV HAZCAM sensorgbut on

Marsonly the45-degreeFOV NAVCAMSs arecommanded).

Severaltestswererunin which Visual Odometrywasfound
to be asgood aswheelodometryon simple terrain (within
thedesignspec)andmuchbetterin comple terrain.
Figure4 shows the positionestimationerrorthatresulted
from themostslip-inducingtestrun: a2.45meterrock-laden
coursedrivenin 35cm steps.Thestraightline andlight blue
backgroundepresenthe designgoal of at most10% error
in the positionestimate.The dark curve representshe error
thataccruedvhenthe positionwasestimatedusingonly the
IMU and wheel odometry;after 1.4 metersof driving, the
accumulateerrorhadalreadygonebeyondthedesiredl0%
cune. Finally, the light curve at the bottom representshe
errorremainingafter Visual Odometryprocessinghascom-
pleted. Even after 2.45 metersof driving over roughobsta-
cleswith asmuchas 85% slip, the Visual Odometryerror
remainedsmall,lessthan1% of thetotal traversedistance.

4 UsingVisual Odometry on Mars

VisualOdometryprocessingvasperformedon bothMER
roversusingmast-mountedNAVCAM imagery NAVCAMs
have a 45-degree eld of view andsit 1.5 metersabove the
groundplane[6], so all Visual Odometrydriveswere split
into smallstepso ensureatleast60% overlapbetweeradja-
centimages.During eachstepthe rover wastypically com-
mandedto drive no morethan 75 cm in a straightline or
curved arc, andwhenturning in placewas commandedo
changeheadingby no morethan 18 degreesper step. Mo-
tionsoutsidetheseboundsforcedthe procesgo re-initialize.

Although Visual Odometryprocessingcould have been
bene cial during all rover motion, eachsteprequiredtwo
to three minutesof computationtime on MER's 20 MHz
RADG6000 CPU, and thus it was only commandedduring
relatively short drives (typically lessthan 15 meters)that
occurredeitheron steepslopes(typically morethan 10 de-

grees),or in situationswhere a wheel was being dragged
(digging a trench, or conservingdrive motor lifetime on

Spirit's right front wheel). The onboardIMU exhibited a
very smalldrift rate (usuallylessthan3 degreesperhour of

operationjandthereforemaintainedattitudeknowledgevery
well: soduringthe rst yearof operationgrom Januar2004
throughJanuary2005, Visual Odometrywastypically used
to updaterover positiononly.

Thereweresomeinstancesn which VisualOdometrydid
not corverge to a solution. Theseare mostly attributableto
eithertoo largea motion(e.g. commandinga 40 degreeturn
in place,resultingin too little imageoverlap)or to alack of
featuresin the imagedterrain; but seeSection4.3 on False
Positvestoo. It hassuccessfullyneasuredlips ashigh as
125%on Sol 206 when Spirit tried to drive up a morethan
25 degreeslope.

Severalbene tswererealizedfrom VisualOdometry Ve-
hicle safetywas maintainedby having the rover terminate
a planneddrive early, if it realizedvia Visual Odometry
thatit was makinginsufcient progressoward its goal, or
was nearingthe prespeci edlocation of an obstacle. The
improved drive accurag in nev or mixed-soilterrainsalso
yieldeda greatemumberof scienceobsenations,by reduc-
ing the numberof solsneededo make tamgetsreachabldy
theinstrumeniarm (IDD). And PANCAM (PanoramicCam-
era)and MiniTES scienceobsenationsrequiring precision
pointing of the mastwere often scheduledn the middle of
adrive, usingVisual Odometryto eliminatethe needfor hu-
mancon rmation of the pointingangle.

4.1 Meridiani Planum: Opportunity Rover

The terrainat Meridiani Planumis a challengingonefor
Visual Odometry It is often dif cult or impossibleto nd
a patchof nearbyterrainthat hasenoughtexture for Visual
Odometryprocessingo successfullynd andtrackfeatures,
becausenuchterrainis coveredby athick layerof extremely

ne particles. Fortunately areasthat have this smooth fea-
turelessappearanctendto bevery at, andin thoseareaghe
IMU and encodetbasedposition estimationhas performed
well enoughthat Visual Odometrywasnot needed.Terrain



Figure6: Wopmay an obstacleinside EnduranceCrater60
cmtall, 90 cmwide,and150cmlong.

that exhibits higher slope (and consequentlynore position
uncertainty)almostalwayshasadistinctive appearancée.g.,
bedrockoutcrop),or is nearenoughto interestingfeatures
thatVisualOdometrycanbe emplo/edsuccessfully

The pathpredictedby wheelodometryalonecanbe quite
differentfrom the actualpath. Figure5 shavs two views
of the trajectorytaken by Opportunityduring Sols188-191.
Theroverwasdrivenuphill andacrossslopeover arealdis-
tanceof 19 metersput wheelodometryunderestimated by
1.6 metersandfailed to measurehe slip-inducedelevation
change. The outsidepathindicatesthe courseas estimated
solelyby wheelodometry andthe insidepathshows the Vi-
sualOdometry-correctedourseplot that was actually gen-
eratedonboard.The nal positionsdiffer by nearly5 meters.

The earliestbene t from Visual Odometrycameinside
20 meterdiameterEagle Crater Opportunitys landingsite.
Most driving inside Eagle Craterwas meticulouslyplanned
by humandrivers, predictingslip usingtablesgeneratedy
the mechanicateamfrom Earth-basedestsof a rover driv-
ing in sand.But while thosetablesworked well for predict-
ing purely upslopeand cross-slopeslips on pure sand,no
model was available for driving on pure bedrockoutcrop,
mixturesof bedrockandloosesand,or at anglesotherthan
0, 45 and 90 degreesfrom the gradient. In thosecircum-
stanced/isualOdometrywassometimesisedto drive to the
propertarget, or ensurethat high resolutionPANCAM im-
agesof sciencetaigetstaken after a drive would be pointed
right ontarget(seetheleft-handsideof Figure2).

But the mostextensve useof VisualOdometrywasmade
by Opportunityinside130 meterdiameterEnduranceCrater
from Sol 133to Sol312(seetheright-handsideof Figure2).
Exceptfor al2 meterapproackandreturnatthelowestpoint
(with lowestrover tilt) on Sols201 and203 anda 17 me-
ter drive on Sol 249, Visual Odometrywas usedvirtually
continuouslythroughout.Hadit not beenavailableonboard,
mary more sols would have beenneededio approachtar
gets,andfewer targetswould have beenachiered. But Vi-
sualOdometrynotonly improvedtargetapproactef ciency,
it alsoprovedcrucialto maintainingvehiclesafety

FromSols249to 265 Opportunitykept nding itself near
a 1.5meterlong rock calledWopmay(seeFigures6 and7).

Figure7: Opportunitys 15 sol trajectorynearWopmay(ap-
proximatelyindicatedby the grey ellipse), rst driving to-

ward andthentrying to getaroundor away from it. Downs-
lopeis upto theright. In theleft plot, the“jumps” thatpoint
up to theright are the resultof Visual Odometryadjusting
thevehicle's positiondownslope.VisualOdometryonly cor

rectstherover's positionattheendof eachstepof lessthanl

meter Theright plot shavs the samecoursewith the Visual
Odometryjumpsremorved.

Although Wopmaywas originally considerecdh sciencetar
get,it alsoprovedto bea mostdif cult obstacleto avoid. It
was locateddownhill from a 17-20 degreedownslopearea
comprisedof loosesandandburied rocks. Several attempts
to drive aroundit werethwartednot only by very high slip,
but alsoby the unseerrockshuriedjust beneattthe surface.
Fortunately the human-commandestequencetokinto ac-
countthepossibilitythattherover might slip, andso Oppor
tunity haltedits planneddrives prematurely(and correctly)
whenit realizedthatit wasmoving too closeto Wopmay
VisualOdometryalsoenablednorepreciseapproachet
dif cult targets. On Sol 304, a drive of over 8 meterswas
plannedon an outcrop whoseslope varied from 20 to 24
degrees. Becausehe drive plantook a wide rangeof po-
tential slipsinto accountOpportunitywasableto drive just
far enoughacrossslope,thenturn anddrive just far enough
upslope,to perfectly position the desiredtarget within the
IDD work volumein a single sol. Figure 8 illustratesthe
planneddrive, andFigure9 shaws the nal imagefrom the
body-mountedront HazardcameragHAZCAMSs) shaving
thetarmgetareaperfectlylocatedbetweerthefront wheels.
Visual Odometryresultsare summarizedn Tablel. As
of March 2005,0Opportunityhasthrivedfor 394 sols. Visual
Odometrywas usedmore herethanon Spirit, becauseDp-
portunity spentmoreof its rst yearon slipperysurfaces.It
hascorvergedto a solution95% (828/875)of thetime.

4.2 Guser Crater: Spirit Rover

Theterrainat Guse crateris well suitedfor VisualOdom-
etry processing. The rock ahundancedhere matchedpre-
dicteddistributions[3], resultingin a generallyfeature-rich



Figure8: Opportunitys planned8.7 meterdrive alonga 20-
24 deggreeslopeon Sol 304.

landscapewith detailedtexturescomprisedof rocks of dif-
ferentsizesandbrightnessesWhenplanningfor drivesus-
ing VisualOdometryrover driverstypically only hadto bear
in mind the restrictionthat adjacentframesshouldhave at
least60%imageoverlap,thoughthey sometimeslsohadto
avoid pointingthe camerast (therelatively infrequentlyoc-
curring) sanddunes. As a result, Spirit's Visual Odometry
softwarehasperformedadmirably

Oneuniquedriving modethatbene teda greatdealfrom
Visual Odometryon Spirit was wheel-dragging. The right
front wheelwas found to drav more currentwhile driving
thanary of the otherwheelsstartingon Sol 125. This con-
cernledto thedevelopmenibf a driving stratgy to consere
motor lifetime, during which that wheelwould be dragged
while all the othersweredriven. Although this was found
to enablereasonablgrogresson relatively at terrain, er
ror in the positionestimategren substantiallyin this mode.
The Visual Odometrycapability meantthat not only could
progressbe made,but alsothe error addedto the onboard
positionestimatecould be boundedaswell.

Relatively little slip wasseenduringthe rst six months
of Spirit's mission. But oncethe baseof the ColumbiaHills
was reacheddrives up into the hills were found to exhibit
much more unpredictableslip. Thus Visual Odometryhas
beenusedduring mostof the drivesin the ColumbiaHills,
especiallyto ensurethat Spirit staysfar enoughaway from
nearbyrock obstacles.The averagetilt of the rover during
thosetimesthatVisual Odometrywascommandedavas14.4
degrees+/- 4.4 degrees,counting625 samplesspanningan
absoluteangefrom 2 - 30 degrees.

VisualOdometryresultsaresummarizedn Tablel. As of
March2005,Spirit hasthrivedfor 414sols.VisualOdometry
wasonly usedon Spirit after it had reachedthe Columbia
Hills, nearly six monthsinto its mission. But sincethenit
hasconvergedto a solution97% (590/609)of thetime.

4.3 FalsePositives

Althoughwe hadnever seenVisualOdometrycorvergeto
an inaccuratesolution during testing, on Opportunity Sols
137 and 141 several unreasonablgosition updateswere

Figure9: After Opportunitys 8.7 meterslopedrive on Sol
304,thegoalareais perfectlyreachablénsidethe DD work
volume,indicatedin green.

computedonboard. Theseare attributableto an improper
parametesetting;at thattime, the minimum separatiorbe-

tweenfeaturesvastoo small. As aresult,the setof detected
featureswvasallowedto clustertightly arounda smallplanar
but feature-richarea. Increasinghat parametewasall that

wasneededo allow the softwareto nd additionalout-of-

planefeaturesandcorvergeto areasonablsolution.

The only otherinstanceof a false positive solution was
on Sol 235. During that sol the NAVCAMs were pointed
attwo smallandwidely separatedocks. Althoughfeatures
werefound on thoserocks, mary morefeatureswverefound
on the largestshapein the image; the rover's shadev. So
eventhoughforward drive progressvas made,the onboard
estimatormssumethattheshadev (having moredistinctfea-
tures spreadthroughoutthe image) betterre ected actual
motion, andthereforeproducedan incorrectestimate.This
problemwould not have arisenhad therebeenmore inter-
estingtexture aroundandunderthe shadav, andsincethen
humandrivershave hadto taketherovershadev into account
wheneer planningVisualOdometrydrives.

5 Conclusion

VisualOdometryhasbeena highly effective tool for main-
tainingvehiclesafetywhile driving nearobstacle®n slopes,
achieving dif cult drive approachesn fewer sols, and en-
suringaccuratesciencamaging. Althoughit requiresactive
pointing by humandriversin feature-pootrterrain, the im-
proved positionknowvledgeenableanoreautonomougapa-
bility andbettersciencereturnduringplanetaryoperations.
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DaysSpentDriving 184 sols 172 sols
DaysUsing VisualOdometry 52 sols 75 sols
Nominal EvaluationSteps 609 pairs 875 pairs
Nominallnitialization Steps 57 pairs 75 pairs
Forcedinit by Large Turn 10 pairs 11 pairs
ForcedInit by PlannedRepointing 5 pairs 9 pairs
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