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Abstract

NASA's MarsExplorationRovers(MER) have collecteda great
diversity of geologicalscienceresults,thanksin large part to their
surfacemobility capabilities.Thesix wheelrocker/bogiesuspension
providesdriving capabilitiesin many distinct terrain types,the on-
boardIMU measuresactualrover attitudechanges(roll, pitch and
yaw, but notposition)quickly andaccurately, andstereocamerapairs
provide accuratepositionknowledgeand/orterrainassessment.So-
lar panelsgenerallyprovideenoughpower to drive thevehiclefor at
mostfour hourseachday, but drive time is often restrictedby other
plannedactivities. Driving alongslopesin nonhomogeneousterrain
injectsunpredictableamountsof slip into eachdrive. Theserestric-
tionsledusto createdriving strategiesthatmaximizedrivespeedand
distance,at thecostof increasedcomplexity in thesequencesof com-
mandsbuilt by humanRoverPlannerseachday.

TheMER rovershavedrivenmorethanacombined10kilometers
over Martian terrainduring their �rst 21 monthsof operationusing
thesebasicmodes.In this paperwe describethe strategiesadopted
for selectingbetweenhuman-planneddirecteddrivesversusrover-
adaptiveAutonomousNavigationandVisualOdometrydrives.

1 Background

NASA successfullylandedtwo mobile robot geologistson the surfaceof
Marsin January2004:theSpirit andOpportunityMarsExplorationRovers
(MER). Their primary goal was to �nd evidenceof pastwater at Gusev
Craterand Meridiani Planum,two geologicallydistinct siteson opposite
sidesof the planet. Eachrover wasinstrumentedwith a suiteof tools for
remotesensing(multi-�lter andstereocamerapairsanda thermalemission
spectrometer)andin situ measurement(5 DOF armfor deploying a grind-
ing RockAbrasionTool, MicroscopicImager, Alpha ParticleX-ray Spec-
trometer, andMössbauerSpectrometer).Althoughtheachievementof their
successfullandingsstandsout asa technologicaltour deforce,it wastheir
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ability to traversewhile on thesurfaceof Mars thatenabledbothroversto
succeedin theirprimarygoals.

TheMER roversaretypically commandedonceperMartiansolarday
(or sol). A sequenceof commandssentin the morningspeci�es the sol's
activities: whatimagesanddatato collect,how to positiontheroboticarm,
andwhereto drive. At theendof eachsol, theroverssendbacktheimages
anddatahumanoperatorswill useto planthenext sol's activities. Thenext
sol'smobility commandsareselectedbasedonwhatis known – andwhatis
unknown – abouttheterrainahead.

1.1 Rover Mobility Commands

Theroversaredrivenusingthreeprimarymodes:low-level commandsthat
specifyexactlyhow muchto turneachwheelandsteeringactuator, directed
driving primitivesfor driving alongcirculararcs(of whichstraightline driv-
ing andturn-in-placearespecialcases),andautonomouspathselection.

Severaltypesof potentialvehicleshazardsarecheckedreactively, most
of themduring RealTime Interrupts(RTIs) which occur8 timesper sec-
ond.AvailablechecksincludeTilt/Pitch/Roll, NortherlyTilt, Rocker/Bogie
SuspensionAngles,Motor Stalls,Limit Cycle (no forward progress),and
ResourceContention.

The roversmaintainan estimateof their local positionandorientation
updatedat 8 Hz while driving. Positionis �rst estimatedbasedon wheel
odometry, andorientationis estimatedusinganInertial MeasurementUnit
thathas3-axisaccelerometersand3-axisangularratesensors.In between
driving primitives, the rover canusecamera-basedVisual Odometry(Vi-
sOdom)to correcttheerrorsin the initial wheelodometry-basedestimate.
VisOdomtracks terrain featuresin NavCam stereoimagesand usesthe
trackinginformationto estimatetruevehiclemotionduringsmallsteps;the
rover canonly move roughly 60cm,or turn 15 degrees,beforesuccessive
NavCamimageslack enoughoverlapto reliablyestimatemotion[2].

Both directedandpathselectionmodesof driving canmake useof on-
boardstereovision processingand terrainanalysissoftware to determine
whethertheroverwouldencountergeometrichazardsalongits chosenpath.

The computingresourcesrequiredby thesedifferent commandsvary
greatly. Directeddriving commandsexecutethe mostquickly (achieving
speedsup to 124 m/hour), but also have greaterrisk sincethe rover can
only countwheel rotationsto estimateposition,andnever looks aheadto
evaluatethe terrainbeforedriving onto it. AutoNav commandsdetectand
avoid geometrichazards,but only achieve driving speedsfrom 10 m/hour
in obstacle-ladenterrainup to 36 m/hour in safeterrain,andalsorely on
the accuracy of thewheelodometryto trackobstaclesoncethey leave the
�eld of view of thecameras.VisOdomcommandsprovideaccurateposition
estimates(but not obstacledetection),and requireclosespacingbetween
imageswhich limits thetopspeedto 10 m/hour.

1.1.1 AutonomousTerrain Analysis

Wheninformationaboutnearbyterrainis unavailableor uncertain,therover
canbe commandedto evaluateterrainsafetyby performingstereovision
andterrainassessmentautonomously. This allows therover to predictively
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locatetraversehazardsandavoid them. The procedureis not summarized
here;see[4, 1] for detailsand[9] for theapproachthatinspiredit.

The rock-strewn terrain encounteredby Spirit at Gusev Cratercorre-
spondedwell to the exponentialrock distribution modelspredictedusing
datafrom Viking I, II andPath�nder missions[5]. Thebody-mounted120-
degreeFieldof View (FOV) HazCamsweredesignedwith thisterrainmodel
in mind, andSpirit hasperformedall of its autonomousterrainassessment
usingthesecameras.However, the terrainencounteredby Opportunityat
Meridiani Planumis vastlydifferent. Insteadof a wide varietyof rocksat
many scales,much of the terrain consistsof very �ne-grained materials;
so �ne, in fact, that no large scalefeaturescanbe found in thewide FOV
HazCamimagesat 256x256resolution.Fortunately, thelack of largescale
featuresimplies a lack of large “step” obstacles.So, Opportunitywasre-
con�gured to performterrainassessmentwith morenarrow FOV NavCam
images.Rockand�ssureobstaclescanstill bedetected,but thelimited FOV
meanslessof theterrainaroundtheobstaclewill beunderstood,which re-
ducesits ability to steeraroundthemautonomously.

All MER surfacesoftwarerunsona20MHz RAD6000computerunder
theVxWorksoperatingsystem.Theslow processorspeed,andthesharing
of a singleaddressspaceandcacheby dozensof tasks,meanAutonomous
Navigation(AutoNav) andVisOdomsoftwarerunslowly.

1.2 Ground-basedTerrain Analysis

Ground-basedterrainassessmentis generallyperformedusingstereoimage
pairstakenby any of thethreetypesof stereocamerapairsfoundon MER
vehicles.Therearetwo pairsof wide�eld-of-view (120degree,10cmbase-
line) HazardCameras(HazCams)rigidly mounted53cmabove theground
planeon the front and back sides,one pair of medium�eld-of-view (45
degree,20cm baseline)Navigation Cameras(NavCams)mounted152cm
above the groundplaneon a pan/tilt head,and one pair of narrow �eld-
of-view (18 degree,28cm baseline)PanoramicCameras(PanCams)also
mounted152cmabovethegroundplaneonthepan/tilthead.[8] Thesecam-
erastakeupto 1024x102412-bit imagesthatprovide informationaboutter-
rain texturethroughouttheir images,andstereorange-derivedterrainshape
at different scales:around0.5m - 5m in the HazCams,2m - 20m in the
NavCams,and4m- 70min thePanCams.

Theamountof directeddriving thatcanbecommandeddependsonboth
theterrainitself andonhow muchinformationabouttheterrainis available.
Orbital imagery, while crucial for long-rangeplanning,cannotresolve ve-
hicle hazardslike 20cmrocks. Soaftereachlong drive, imagesfrom each
appropriatecamerapairarerequested.

Downlinkedstereoimagepairsareprocessedby anautomatedpipeline
that generatesderived productsincluding 3D rangemaps,texture-mapped
terrainmeshes,andcoloroverlaysindicatingterrainpropertiessuchasslope
andelevation[6]. Rover operatorsuseimage-basedqueryingtoolsto mea-
surerangesto terrainfeaturesandestimatedistancesandrocksizes[3]. For
example,a “ruler” tool allows theoperatorto measurethedistancebetween
the3D pointscorrespondingto two pixelsin animageor imagemosaic,use-
ful for identifying discreteobstaclessuchasrocksor steps.Terrainmeshes
give the operatora geometricunderstandingof the terrain and of spatial
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relationshipsbetweenterrainfeaturesandtheplannedpath,andallow sim-
ulationof drivesequencesto predictdrivesafetyandperformance[10]. The
raw imagesarealsoextremelyusefulin assessingtraversability: operators
can readily identify very sandyor very rocky areasthat presenthazards,
thoughnew terraintypesalwayscarryanelementof uncertaintyregarding
vehicleperformance.In somecases,no imagecuesenablerover operators
to predict the performanceof a drive; patchesof terrain only a few me-
tersapart,with similarsurfacetextureandgeometry, canleadto drastically
different tractionor sinkage. For example,while driving uphill toward a
topographichighpointnamed“Larry's Lookout” on sol399,Spirit reached
100%slip (i.e. no forwardprogress)on a 16 degreeslope,but only a few
metersfurtherhadonly 20%slip on a 19 degreeslopewith no discernible
differencein appearance.

Humansarevery goodat terrainanalysisfor motion planning. In ad-
dition to geometrichazardssuchasrocksor drop-offs, humanscanreadily
identify andclassifynew terraintypes(e.g.,sandyversusrocky slopes)on
thebasisof appearancealone.In contrast,theMER softwaredoesnothave
any appearance-basedterrainanalysiscapabilities,it only detectsgeometric
obstacles.Nevertheless,themostseriousandfrequenthazards(rocks,steps,
andhigh-centerhazards)canbe detectedby geometricanalysis–assuming
suf�cient rangedatais available. At longerranges(over 15m in NavCam
images,andover50min PanCamimages),rangedatabecomessparse,mak-
ing it impossibleto rely solely on geometricanalysis.The rover is better
able to assessnearbyhazards,but its lack of a global planner(which the
humanstandsin for duringmanualdrives)cancausetherover to getstuck
in cul desacs.

2 Dri veTechniquesand Templates

Most drive sequencescanbe classi�ed aseithertraverses(covering maxi-
mumdistance)or approaches(driving to a speci�c positionfor subsequent
in situ armoperations).Thetechniquesusedfor eachdrive typearedeter-
minedbasedon thetime allocatedfor driving, theamountof terrainvisible
in imagery, known hazards,andlevel of uncertaintyin rover positiongiven
theterraintype. Generally, driving on level groundrequiresa mix of blind
andAutoNav driving, anddriving on slopesrequiresusingVisOdomto al-
low therover to compensatefor unpredictableslip.

2.1 Traversing the Plains

We learnedduring our initial drives in eachterrain that driving on level
groundtypically leadsto accurateand predictablemobility performance;
e.g.,Spirit only accumulated3% positionerror over 2 kilometersof driv-
ing [7]. Becauseof the rover's limited processingpower, drivesusingau-
tonomoushazardavoidanceareseveraltimesslowerthan“blind” (manually-
directed)drives. Thesetwo factsfavor long initial blind drivesto achieve
thelongestdrivesin theleastamountof roverexecutiontime. Humanoper-
atorscaneasilyidentify rocksthatarelargeenoughto behazardousto the
rover, andcanplancomplex pathsthatavoid them.The�rm surfacesfound
on theplainsof Gusev crateroftenallowedfor blind drivesof up to 70m.
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Figure1: Left: On Sol 446,Opportunityfound its wheelsmorethanhalf
buried in sand. Although not a geometrichazard,the ripple of sandon
which it stoppedkept the humanplannersbusy for weeks.Right: On Sol
454,Spirit terminatedits drive early afterdetecting90% slip. This image
shows rocksthathadcollectednext to theleft front wheel.

On theplainsof Meridiani, theterrainhazardswerequitedifferentand
initially allowedfor blind drivesover 100m.Unlike theGusev plains,there
wasa near-total absenceof rocksat Meridiani, anduntil sol 446 (seeFig-
ure 1) noneof the innumerablesandyripplesposeda threatto the rover.
Craters,visible in orbital imagery, and small linear depressionswere the
mostsigni�cant hazardsfor Opportunity. While driving over �at terrain,the
rover's suspensiondoesnot articulatesigni�cantly, which suggestedthata
measuredsuspensionarticulationchangecouldbeusedto haltdriving if the
rover wereto encountera depression.In April 2004,the rover's software
wasupgradedto allow therover's suspensionanglesto bechecked against
presetlimits at 8Hz, thusenablingtherover to stopat negative terrainfea-
tures(i.e.,holes)thatwerenot visible a priori. Becausethereasonfor halt-
ing a drive (e.g., timeout,suspensioncheck,slip amount,or tilt check)is
accessibleto therover sequencinglanguage,a recovery maneuver couldbe
performedwhenever the suspensionchecktripped. The recovery consists
of backingup severalmetersandcontinuingthedrive with AutoNav, since
AutoNav is ableto detectandavoid negative hazards.

Bothroversuseacommonstrategy attheendof longtraversestoacquire
necessaryimagesfor manipulatoroperationsandturn to a presetheading
thatminimizesthemulti-pathinterferencecausedby therover'smastduring
communicationwith Earthor anorbiter. However, this presentsa problem
for thenext sol's IDD operations:sinceno cameracanseethe partof the
IDD deploymentvolumeundertherover, a front HazCamimagepairof the
�nal terrainmustbe safelyacquired0.5-3mbeforedriving to the rover's
�nal locationin orderto determineif theIDD canbesafelydeployed.

Theobvioussolutionis to turnto thedesiredheading,acquiretheimage
pair, thendriveashortdistanceto the�nal location.The“guardedarc” drive
primitive solvesthisproblemby only executingthepost-turndrivesegment
if theonboardterrainanalysisshows thatit is safeto do so.
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2.2 Dri ving on Slopes:Mountains and Craters

While most of the distancecovered by the rovers was on level ground,
mostof the solsandmostof theapproachdrivesoccurredon slopes.The
roversinvariablyslip whendriving onslopes,makingVisOdomessentialfor
safeandaccuratedriving. But usingAutoNav alongwith VisOdomtakes
roughly twice as much time as VisOdomalone,making the combination
impracticalfor normaluse.

This presentsa challenge:therover hastheability to know whereit is,
but in thatmodecannotdetectobstacles.Additionally, in steepterrainthe
rover cannotidentify all obstacleclasses,sincethe rover hasno meansof
detectingsandy, high-slip areasin advance. Even otherwisesafeareasof
moderateslopemay representhazardsif therearesteeperslopesor rocks
downhill, sinceslippagein moderateslopescould take the rover into dan-
gerousareas.In thesecases,the rover operatorsspecify“keepout zones”
which will causethe rover to halt driving beforea hazardis encountered
(e.g.,seeFigure3). The rover keepstrack of its positionusingVisOdom
(andcanprecludedriving if VisOdomfails) andcanclosethe loop to cor-
rect for slippage.On sol 454,Spirit promptlyhalteddriving afterdetecting
slippageover90%,andpost-driveHazCamimagesshowedseveralrockson
thevergeof falling into thewheels,sincethewheelshadduginto theterrain
by nearlyonewheelradius(seeFigure1). The recurrenceof high slopes,
sandyterrainwith intermixedsmallrocks,andfrequentobstacle-sizedrocks
causedusto retreatand�nd anew routeto thesummitof HusbandHill.

2.3 Target Approach

Whereastraversesequencesfocuson coveringmaximumdistanceover ter-
rain, target approachsequencesaim to placethe rover at a speci�c target
positionandorientationfor in situ examinationof rocksandsoil with the
rover's manipulator, or lessfrequently, high-resolutionimageryof a dis-
tributedor inaccessibletarget region. Theaccuracy requirementsfor posi-
tioning therover for in situwork arerelatively tight, oftenwithin 10cm.

On level ground,directeddrive primitivesareusuallysuf�cient for ac-
curatetargetapproachesfrom 2-10maway. On slopedterrain,VisOdomis
requiredto closethe loop on the rover's position. After eachmotion, Vi-
sOdomupdatesthe rover's positionknowledge,allowing it to correctfor
slip-inducederrors. Conditionalsequencingthat con�rms the currentdis-
tanceto multiple targetsis oftenusedin conjunctionwith visualodometry
to accuratelyapproachtargets5-10maway while driving on slopesin the
10 to 20 degreerange(e.g.,seeFigure2), with thecaveatthaton surfaces
with suf�ciently low bearingstrength,the rover is mechanicallyincapable
of makingdirectuphill progress.

3 RelativeMerits of Dir ected/AutonomousDri ving

Therearesigni�cant differencesin resourceusagebetweenmanualandau-
tonomousdriving, with executiontime and generateddatavolume being
themostobvious. Power is alsoimpactedby executiontime, for although
the power usedby the mobility systemis the samewhethera trajectory
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Figure 2: Opportunity's planned8.7 meterdrive along a 20-24 degree
slopeon BurnsCliff on Sol 304,andthe front HazCamview con�rming a
successfulsinglesol approach.The shadedareashows thosepartsof the
surfacereachableby the instrumentarm,which includesthe light bedrock
thatwasthetargetof thedrive. A combinationof VisOdomandconditional
sequencingwasusedto accomplishthisdrive.

wasgeneratedmanuallyor autonomously, therover's CPU,IMU, andother
electronicsdraw powerfor thedurationof thedriveandthusanautonomous
drive will requiremorepower thanamanualdrive of thesamedistance.

Lessobviousdifferencesin resourcerequirementsbetweenmanualand
autonomousdriving also exist. The most signi�cant is planningtime: it
takesa rover operatormoretime to identify obstaclesandchooseappropri-
atewaypointswhensequencinga blind drive thanwhensequencinga drive
usingAutoNav (e.g.,seeFigure3). During the�rst few monthsof themis-
sion,it oftentookup to 10 hoursto build adrive sequenceto travel 20-40m
acrossthe plainsof Gusev. This decreaseddramaticallylater in the mis-
sion,oftenrequiringonly 2-4hoursto sequencedrivesover100min length
on either rover. Still, a directeddrive placesfull responsibilityfor vehi-
cle safetyon therover operatorratherthanallowing therover to safeguard
itself, thus requiringmore time for manualterrainanalysisandwaypoint
selection.This suggestsanobvioustrade-off betweensequencingtime and
executiontime for directedandautonomousdrives.

Thereis anadditionallong-termresourcetrade-off: humanscanrapidly
adapttheir sequencesto dealwith new terraintypesor drive requirements,
but changingthe onboardsoftware involves a lengthy software develop-
ment,testing,anduplink process.Insteadof a day-to-weekturnaroundin
sequencedevelopment,softwareupdatesto copewith new terrainanddrive
techniquesoccuron amonths-to-yearcycle.

3.1 Dri ving into the Unknown

Thereis one notablecircumstancein which the humanhasno ability to
safelyselectpaths:whendriving into terrainthathasnot beenimaged.On
sol109,Spiritwascommandedto driveoverthelocalhorizon50mdistantas
it descendedfrom therim of MissoulaCrater. In thiscase,AutoNav wasthe

7



Figure3: Spirit's Sol 436 drive useda variety of driving modes.A sim-
ulation of the planneddrive over a 3D terrainmeshis shown on the left,
theactualcoursetakenon theright. Circlesindicatethewaypoints,slashed
circlestheobstaclesandkeep-outzonesdevelopedby humanRoverDrivers
by inspectingstereoimagesandsimulatingdrivesover the3D mesh.Spirit
drovesouth(downward)over26actualmetersbeforereachingits timelimit.
Jaggedlinesin thecourseplot above the-12meterline indicatethediscrete
jumpsresultingfrom VisOdomupdates,thoseat the -12 meterline show
AutoNav backingup to avoid asmallridgeblockingits pathsouthwest.

only optionavailableto drive furtherandusetheavailabletime andpower,
andpost-drive imagesshowedAutoNav correctlyavoidinglargerockswhile
traversingslopesup to 9 degrees(seeFigure4). Obviously, a high degree
of con�dencein thehazardavoidancesoftwareis neededin situationssuch
asthis; AutoNavhaskept both vehiclessafethroughover 2500meters of
traverse as of August2005. Lesssevere,but more frequent,instancesin
which humanscannotguaranteerover safetyoccurwhenthe rover drives
beyondthedistanceat which obstaclescanberesolved,or throughsmaller
occludedregions.In practice,evenwhenusingAutoNav therover operator
typicallychooseswaypointsthatavoid themosthazardousareas,thustaking
advantageof theperceptualstrengthsof bothhumanandrover.

3.2 Execution
Directeddriveshave a limited ability to dealwith errorsor uncertaintyin
execution.WhereasAutoNav canclosetheloopon vehiclesafetyby imag-
ing theterrainthattherover is aboutto drive through,adirecteddrive must
make the assumptionthat the rover doesnot deviate far enoughfrom the
plannedpath to encounterany hazards.For longerdrives or in high-slip
areas,the rover mustbe able to dealwith accumulatedpositionerror, ei-
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Figure4: OnSol109,Spirit avoidedobstaclesin previously-unseenterrain.

therthroughsafeguardingitself or by usingVisOdomto updateits position
knowledge. When using VisOdom,the rover operatoris responsiblefor
specifyingthecriteriafor haltingthedrive,sincemanuallysequencingreli-
ableobstacleavoidanceis toodif�cult. Typically, thehaltingcriteriainclude
proximity to known obstacles,thenumberof timesVisOdomhasfailed to
provide apositionupdate,anda thresholdon slippage.

Figure5 summarizesthedistancecoveredandthetypeof driving modes
usedfor eachrover duringtheir �rst 19 monthsof operation.

3.3 Adaptation

Mobility performanceis uncertainin any novel terrain type andcanvary
substantiallyin known terraintypes,but humanscanquickly learnto steer
the rover clearof newly identi�ed hazardtypes. For example,after Spirit
drove througha loosemixtureof �ne sandandrockson sol 339,a potato-
sizedrock jammedin oneof the wheels,�nally comingout a week later.
Whentherover encounteredsimilar terrainover100solslater, rover opera-
torsknew to directSpirit to checkfor slippagewhile driving andstopif the
roverbecameboggeddown. Post-drive imagesaftertheroverdetectedover
90%slip showedasimilarmixtureof sandandrocks,with two rockshaving
thepotentialto jamin thewheels,andwesubsequentlyretreatedto look for
anotherroute(seeFigure1). This sortof perceptionandadaptationwith a
singletrainingexampleis akey strengthof manualterrainanalysis.

4 Futur e Work

While Spirit andOpportunitycontinueto performwell beyondour original
expectations,our experienceoperatingthe roverssuggestssomeareasfor
improvement. Perhapsthe mostobvious areafor improvementis compu-
tationalef�ciency: driving with eitherVisOdomor AutoNav canslow the
rovers'progressby upto anorderof magnitudecomparedto directeddrives.
Somespeedupcanlikely beobtainedby acceptingdecreasedaccuracy: one
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Figure5: Summaryof distancesdriven by eachrover (Spirit above Op-
portunity) per Sol. AutoNav drives(in green)includeany modein which
terrainassessmentwasdoneonboard(i.e.,bothAutoNav andGuardedmo-
tion), VisOdomdrives(in blue) includebothdirectedandadaptive driving
modesbut notAutoNav, andBlind drives(in red)includebothdirectedarcs
androver-adapteddrivesthatcompensatedfor yaw changesmeasureddur-
ing thedrive. Thechangingquality of thedrive typessuggestshow human
androver driving strategiesalike hadto adaptto new terrainsmany times
over thecourseof eachmission.

useof VisOdomis to simplydetectwhentherover is slippingsubstantially,
in whichcaseaprecisemotionestimateis not required.

Anotherpromisingavenuefor futurework is terrainclassi�cation. Our
currenthazardavoidancesoftwaredetectsonly geometrichazards,but areas
with weaksoil–particularlywind-drivendrifts–have proventreacherousfor
both rovers. The ability to learnwhat high-slip terrain looks like so that
it can be autonomouslyavoided (even dynamicallyupdatingthe onboard
interpretationof theterrain)wouldbeagreatbene�t. Onepotentiallyuseful
observation is that slippageis almostalwayscorrelatedwith sinkage,and
sinkagecanbemeasuredby observingeitherthewheelsor their tracks.

In termsof mobility systemdevelopment,oneareathatseemsto beun-
deremphasizedis precisionmobility in naturalterrain. For the typesof in-
vestigationundertakenby Spirit andOpportunity, meremobility–theability
to traverseacertain-sizedobstacle,travel atacertainrate,or climb acertain
slope–isnot suf�cient. The ability to reliably navigatethe rover to within
centimetersof a desiredlocation,on slopes,nearobstacles,andwith exter-
nal constraintson �nal vehicleheading,hasbeenof theutmostimportance
in uncoveringthewaterhistoryof Mars.

Flexibility in therovers' commandlanguageandonboardsoftwarehas
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beencritical in allowing us to encodeour ever-changingunderstandingof
theterrainandvehicleperformance.While not a traditionalroboticsprob-
lem, it would bebene�cial to introducemethodsfor easilyformalizingand
re-usingnew sequenceidioms to reducehumanerrorsand speedthe se-
quencedesign,simulationandvalidationprocesses.Writing a sequenceis
writing a program,andperhapstechniquescouldbe appliedfrom extreme
programmingandothersoftwaredevelopmentparadigms.

MER softwaredevelopmentcontinuestoday. Several technologiesare
beingevaluatedfor possibleuplink in mid-2006.Theseincludeautonomous
in situinstrumentplacementfollowing asuccessfuldrive(akaGoandTouch),
globalpathplanningto enableintelligentbacktracking,visualservoing,and
autonomousdetectionof dustdevils andcloudsin onboardimagery.

Futurevehicleswill have fasterprocessors,allowing moreadvancedter-
rain analysisand path selectionto be performed. But path planningcan
only be asgoodastheunderlyingobstacleavoidancemethodology, andif
roversaretobecomesubstantiallyautonomousthenappearance-basedadap-
tive terrainanalysiswill alsoberequired.

5 Conclusion

Successfuloperationof theMER vehicleshasdependedon bothmanually-
directedandautonomousdriving. Thetwo methodsarecomplementary, and
carefulselectionof theright techniquesleadsto betteroverall performance
in thefaceof limited time,power, imagery, andonboardcomputation.

While mostof the distancecoveredby both rovers hasbeenon level
groundwith varying degreesof geometrichazards,most of the time has
beenspentin more challengingenvironmentscoupling steepslopeswith
loosematerialsandpositive obstacles.Carefulterrainanalysisis required
in thesecases,andVisOdomhasalsobeenabsolutelyessentialfor safeand
accuratedriving.
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