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Abstract

NASA's Mars ExplorationRavers(MER) have collecteda great
diversity of geologicalscienceresults,thanksin large partto their
surfacemobility capabilities.The six wheelrocker/bogiesuspension
providesdriving capabilitiesin mary distinct terraintypes,the on-
boardIMU measuresctualrover attitude changegroll, pitch and
yaw, but notposition)quickly andaccuratelyandstereacameraairs
provide accuratepositionknowledgeand/orterrainassessmentSo-
lar panelsgenerallyprovide enoughpower to drive the vehiclefor at
mostfour hourseachday; but drive time is oftenrestrictedby other
plannedactvities. Driving alongslopesin nonhomogeneougrrain
injectsunpredictableamountsof slip into eachdrive. Theserestric-
tionsled usto createdriving stratgiesthatmaximizedrive speedand
distanceatthecostof increasedompleity in thesequencesf com-
mandsbuilt by humanRover Plannersachday.

TheMER rovershave drivenmorethanacombinedLOkilometers
over Martian terrainduring their rst 21 monthsof operationusing

thesebasicmodes. In this paperwe describethe stratgiesadopted
for selectingbetweenhuman-plannediirecteddrives versusrover
adaptve AutonomousNavigationandVisual Odometrydrives.

1 Background

NASA successfulljandedtwo mobile robot geologistson the surface of
Marsin January2004:the Spirit andOpportunityMars ExplorationRovers
(MER). Their primary goal wasto nd evidenceof pastwater at Guse
Craterand Meridiani Planum,two geologicallydistinct siteson opposite
sidesof the planet. Eachrover wasinstrumentedvith a suite of tools for
remotesensingmulti- lter andstereccamergpairsandathermalemission
spectrometerandin situ measuremen® DOF armfor deplo/ing a grind-
ing Rock AbrasionTool, Microscopiclmager Alpha Particle X-ray Spec-
trometer andMossbaueBpectrometer)Althoughthe achiezementof their
successfulandingsstandsout asa technologicatour deforce, it wastheir
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ability to traversewhile on the surfaceof Marsthatenabledbothroversto
succeedn their primarygoals.

The MER roversaretypically commandeanceper Martian solarday
(or sol). A sequencef commandssentin the morningspeci esthe sol's
actvities: whatimagesanddatato collect,how to positiontheroboticarm,
andwhereto drive. At theendof eachsol, theroverssendbacktheimages
anddatahumanoperatorswill useto planthenext sol's actwities. The next
sol's mobility commandsareselectedbasednwhatis knovn —andwhatis
unknavn — abouttheterrainahead.

1.1 Rover Mobility Commands

Theroversaredrivenusingthreeprimary modes:low-level commandshat
specifyexactly how muchto turn eachwheelandsteeringactuatordirected
driving primitivesfor driving alongcirculararcs(of whichstraightline driv-
ing andturn-in-placearespecialcases)andautonomougathselection.

Severaltypesof potentialvehicleshazardsarechecledreactively most
of themduring Real Time Interrupts(RTIs) which occur 8 times per sec-
ond. AvailablechecksncludeTilt/Pitch/Roll, Northerly Tilt, Rocker/Bogie
SuspensiorAngles, 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 estimatecusingan Inertial Measurementnit
thathas3-axisaccelerometerand 3-axisangularrate sensors.in between
driving primitives, the rover can use camera-base¥isual Odometry(Vi-
sOdom)to correctthe errorsin theinitial wheelodometry-basedstimate.
VisOdomtracksterrain featuresin NavCam stereoimagesand usesthe
trackinginformationto estimatetrue vehiclemotionduringsmallstepsthe
rover canonly move roughly 60cm, or turn 15 degrees,beforesuccessie
NavCamimagedack enoughoverlapto reliably estimatanotion[2].

Both directedandpathselectionmodesof driving canmake useof on-
boardstereovision processingand terrain analysissoftware to determine
whethertheroverwould encountegeometrichazardsalongits choserpath.

The computingresourcesequiredby thesedifferent commandsvary
greatly Directeddriving commandsxecutethe mostquickly (achiering
speedsup to 124 m/hour), but also have greaterrisk sincethe rover can
only countwheelrotationsto estimateposition, and never looks aheadto
evaluatethe terrainbeforedriving ontoit. AutoNav commandsletectand
avoid geometrichazardsput only achieve driving speeddrom 10 m/hour
in obstacle-ladeterrainup to 36 m/hourin safeterrain,andalsorely on
the accurag of the wheelodometryto track obstacleoncethey leave the
eld of view of thecamerasYisOdomcommand®rovide accuratgosition
estimategqbut not obstacledetection),and require close spacingbetween
imageswhich limits thetop speedo 10 m/hour

1.1.1 AutonomousTerrain Analysis

Wheninformationaboutnearbyterrainis unavailableor uncertaintherover
canbe commandedo evaluateterrainsafetyby performingstereovision
andterralnassessmeraatutonomouslﬁlThls allows therover to predictively



locatetraversehazardsand avoid them. The procedurdas not summarized
here;see[4, 1] for detailsand[9] for theapproachhatinspiredit.

The rock-strevn terrain encounteredy Spirit at Guser Cratercorre-
spondedwell to the exponentialrock distribution modelspredictedusing
datafrom Viking I, Il andPath nder missiong5]. The body-mounted 20-
daggreeField of View (FOV) HazCamsveredesignedvith thisterrainmodel
in mind, and Spirit hasperformedall of its autonomougerrainassessment
usingthesecameras.However, the terrainencounteredby Opportunityat
Meridiani Planumis vastly different. Insteadof a wide variety of rocksat
mary scales,much of the terrain consistsof very ne-grained materials;
S0 ne, in fact, thatno large scalefeaturescanbe foundin the wide FOV
HazCamimagesat 256x256resolution.Fortunately the lack of large scale
featuresmplies a lack of large “step” obstacles.So, Opportunitywasre-
con gured to performterrainassessmentith morenarrav FOV NavCam
images.Rockand ssure obstacleganstill bedetectedbut thelimited FOV
meandessof the terrainaroundthe obstaclewill be understoodyhich re-
ducesdts ability to steeraroundthemautonomously

All MER surfacesoftwarerunsona20MHz RAD6000computetunder
the VxWorks operatingsystem.The slow processospeedandthe sharing
of asingleaddresspaceandcacheby dozensof tasks,meanAutonomous
Navigation (AutoNav) andVisOdomsoftwarerun slowly.

1.2 Ground-basedTerrain Analysis

Ground-basetkrrainassessmeiis generallyperformedusingsteredmage
pairstaken by ary of thethreetypesof stereocamergpairsfoundon MER
vehicles.Therearetwo pairsof wide eld-of-view (120degree,10cmbase-
line) HazardCameragHazCamsyigidly mounteds3cmabore the ground
planeon the front and back sides,one pair of medium eld-of-view (45
degree, 20cm baseline)Navigation CameragNavCams)mounted152cm
above the groundplaneon a pan/tilt head,and one pair of narrav eld-
of-view (18 degree, 28cm baseline)PanoramicCameragPanCams)also
mountedl52cmabove thegroundplaneonthepant/tilthead.[8] Thesecam-
erastake upto 1024x102412-bitimageshatprovide informationaboutter
rain texturethroughoutheirimagesandsterearange-dexied terrainshape
at differentscales:around0.5m - 5m in the HazCams2m - 20min the
NavCams.and4m- 70min the PanCams.

Theamountof directeddriving thatcanbecommandediepend®nboth

theterrainitself andon how muchinformationabouttheterrainis available.
Orbital imagery while crucial for long-rangeplanning,cannotresohe ve-

hicle hazarddike 20cmrocks. So after eachlong drive, imagesfrom each
appropriatecamergpair arerequested.

Downlinked sterecmagepairsareprocessethy anautomategipeline
that generateslerived productsincluding 3D rangemaps,texture-mapped
terrainmeshesandcoloroverlaysindicatingterrainpropertiesuchasslope
andelevation[6]. Rover operatoraiseimage-basedueryingtoolsto mea-
surerangedo terrainfeaturesandestimatalistancesandrock sizes[3]. For
example,a“ruler” tool allows the operatoito measurehe distancebetween
the3D pointscorrespondingo two pixelsin animageor imagemosaicuse-
ful for identifying discreteobstaclesuchasrocksor steps.Terrainmeshes
give the operatora geometricunderstandingf the terrain and of spatial
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relationshipsetweenterrainfeaturesandthe plannedpath,andallow sim-
ulationof drive sequencew® predictdrive safetyandperformancgl0]. The
raw imagesarealsoextremelyusefulin assessingraversability: operators
canreadily identify very sandyor very rocky areasthat presenthazards,
thoughnew terraintypesalwayscarry an elementof uncertaintyregarding
vehicleperformanceln somecasesno imagecuesenablerover operators
to predictthe performanceof a drive; patchesof terrainonly a few me-
tersapart,with similar surfacetexture andgeometrycanleadto drastically
differenttraction or sinkage. For example,while driving uphill toward a
topographidigh pointnamed‘Larry's Lookout” on sol 399, Spirit reached
100%slip (i.e. no forward progresspn a 16 degreeslope,but only a few
metersfurther hadonly 20%slip on a 19 degreeslopewith no discernible
differencein appearance.

Humansare very good at terrainanalysisfor motion planning. In ad-
dition to geometrichazardssuchasrocksor drop-ofs, humanscanreadily
identify andclassifynew terraintypes(e.g.,sandyversusrocky slopes)on
thebasisof appearancalone.In contrastthe MER softwaredoesnot have
ary appearance-basggtrainanalysiscapabilitiesjt only detectggeometric
obstaclesNeverthelessthemostseriousandfrequenthazardgrocks,steps,
and high-centethazardsanbe detectedby geometricanalysis—assuming
sufcient rangedatais available. At longerranges(over 15min NavCam
imagesandover50min PanCammages)rangedatabecomesparsemak-
ing it impossibleto rely solely on geometricanalysis. The rover is better
ableto assessiearbyhazardshut its lack of a global planner(which the
humanstandsn for during manualdrives)cancausehe rover to getstuck
in cul desacs.

2 Drive Techniquesand Templates

Most drive sequencesanbe classi ed aseithertraverses(covering maxi-
mum distance)r approachegdriving to a speci ¢ positionfor subsequent
in situ arm operations).The techniquesisedfor eachdrive type aredeter
minedbasedon thetime allocatedfor driving, theamountof terrainvisible
in imagery knovn hazardsandlevel of uncertaintyin rover positiongiven
theterraintype. Generally driving on level groundrequiresa mix of blind
andAutoNav driving, anddriving on slopesrequiresusingVisOdomto al-
low theroverto compensatéor unpredictableslip.

2.1 Traversingthe Plains

We learnedduring our initial drivesin eachterrainthat driving on level

groundtypically leadsto accurateand predictablemobility performance;
e.g., Spirit only accumulated8% positionerror over 2 kilometersof driv-

ing [7]. Becausef therover's limited processingpower, drivesusingau-

tonomousazardavoidanceareseveraltimessloverthan“blind” (manually-
directed)drives. Thesetwo factsfavor long initial blind drivesto achiere

thelongestdrivesin theleastamountof rover executiontime. Humanoper

atorscaneasilyidentify rocksthatarelarge enoughto be hazardougo the

rover, andcanplancomple pathsthatavoid them.The rm surfacesfound

ontheplainsof Guse crateroften alll?wedfor blind drivesof upto 70m.



Figurel: Left: On Sol446,Opportunityfoundits wheelsmorethanhalf
buried in sand. Although not a geometrichazard,the ripple of sandon
which it stoppedkeptthe humanplannersbusy for weeks. Right: On Sol
454, Spirit terminatedts drive early after detecting90% slip. This image
shaws rocksthathadcollectednext to theleft front wheel.

Ontheplainsof Meridiani, the terrainhazardsverequite differentand
initially allowedfor blind drivesover 100m.Unlike the Guse plains,there
wasa neartotal absencef rocksat Meridiani, and until sol 446 (seeFig-
ure 1) noneof the innumerablesandyripples poseda threatto the rover.
Craters,visible in orbital imagery and small linear depressionsvere the
mostsigni cant hazardgor Opportunity While driving over at terrain,the
rover's suspensiomoesnot articulatesigni cantly, which suggestedhata
measureduspensio@rticulationchangecouldbeusedto haltdriving if the
rover wereto encountera depression.In April 2004,the rover's software
wasupgradedo allow the rover's suspensiomnglesto be checled against
presetimits at 8Hz, thusenablingthe rover to stopat negative terrainfea-
tures(i.e., holes)thatwerenotvisible a priori. Becauseéhereasorfor halt-
ing a drive (e.g.,timeout, suspensiorcheck,slip amount,or tilt check)is
accessibl¢o therover sequencindganguagea recosery maneuer couldbe
performedwheneer the suspensiorthecktripped. The recovery consists
of backingup several metersandcontinuingthe drive with AutoNav, since
AutoNav is ableto detectandavoid negative hazards.

Bothroversuseacommonstratgy attheendof longtraversedo acquire
necessarymagesfor manipulatoroperationsandturn to a presetheading
thatminimizesthe multi-pathinterferencecausedy therover's mastduring
communicatiorwith Earthor anorbiter However, this presents problem
for the next sol's IDD operations:sinceno cameracanseethe partof the
IDD deplaymentvolumeundertherover, afront HazCamimagepair of the

nal terrain mustbe safely acquired0.5-3mbeforedriving to the rover's
nal locationin orderto determindf thelDD canbe safelydeplored.

Theobvioussolutionis to turnto thedesirecheadingacquiretheimage
pair, thendrive ashortdistanceo the nal location. The“guardedarc” drive
primitive solvesthis problemby only executingthe post-turndrive segment
if theonboarderrainanalysisshaws thatit is safeto do so.
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2.2 Driving on Slopes:Mountains and Craters

While most of the distancecovered by the rovers was on level ground,
mostof the solsand mostof the approachdrivesoccurredon slopes. The
roversinvariablyslip whendriving onslopesmakingVisOdomessentiafor
safeandaccuratedriving. But using AutoNav alongwith VisOdomtakes
roughly twice as muchtime as VisOdomalone, making the combination
impracticalfor normaluse.

This presents challenge the rover hasthe ability to know whereit is,
but in that modecannotdetectobstacles Additionally, in steepterrainthe
rover cannotidentify all obstacleclassessincethe rover hasno meansof
detectingsandy high-slip areasin adwance. Even otherwisesafeareasof
moderateslopemay representiazardsf thereare steeperslopesor rocks
downhill, sinceslippagein moderateslopescould take the rover into dan-
gerousareas.In thesecasesthe rover operatorsspecify“keepout zones”
which will causethe rover to halt driving beforea hazardis encountered
(e.g.,seeFigure 3). Therover keepstrack of its positionusing VisOdom
(andcanprecludedriving if VisOdomfails) andcanclosethe loop to cor
rectfor slippage.On sol 454, Spirit promptly halteddriving afterdetecting
slippageover 90%,andpost-drve HazCammagesshavedseveralrockson
thevemge of falling into thewheels sincethewheelshadduginto theterrain
by nearlyonewheelradius(seeFigure1l). Therecurrenceof high slopes,
sandyterrainwith intermixed smallrocks,andfrequentobstacle-sizedbcks
causedisto retreatand nd anew routeto thesummitof HusbandHill.

2.3 TargetApproach

Whereagdraversesequencefocuson covering maximumdistanceover ter
rain, target approachsequencesaim to placethe rover at a speci c target
positionand orientationfor in situ examinationof rocks and soil with the
rover's manipulator or lessfrequently high-resolutionimageryof a dis-
tributed or inaccessibléarget region. The accurag requirementgor posi-
tioning theroverfor in situwork arerelatively tight, oftenwithin 10cm.

On level ground,directeddrive primitivesareusuallysufcient for ac-
curatetamgetapproachefrom 2-10maway. On slopedterrain,VisOdomis
requiredto closethe loop on the rover's position. After eachmotion, Vi-
sOdomupdatesthe rover's position knowledge, allowing it to correctfor
slip-inducederrors. Conditionalsequencinghat con rms the currentdis-
tanceto multiple tamgetsis often usedin conjunctionwith visualodometry
to accuratelyapproachtargets5-10maway while driving on slopesin the
10to 20 degreerange(e.g.,seeFigure 2), with the caveatthaton surfaces
with sufciently low bearingstrength the rover is mechanicallyincapable
of makingdirectuphill progress.

3 Relative Merits of Dir ected/AutonomousDriving

Therearesigni cant differencesn resourcaisagebetweermanualandau-
tonomousdriving, with executiontime and generateddatavolume being
the mostobvious. Pawer is alsoimpactedby executiontime, for although
the power usedby the mobility systemis the samewhethera trajectory
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Figure2:  Opportunitys planned8.7 meterdrive along a 20-24 degree
slopeon BurnsCliff on Sol 304, andthe front HazCamview con rming a
successfukingle sol approach.The shadedareashavs thosepartsof the
surfacereachabléy the instrumentarm, which includesthe light bedrock
thatwasthetamgetof thedrive. A combinationof VisOdomandconditional
sequencingvasusedto accomplishthis drive.

wasgenerateananuallyor autonomousltherover's CPU,IMU, andother
electronicgdrav power for thedurationof thedrive andthusanautonomous
drive will requiremorepowerthanamanualdrive of thesamedistance.

Lessohviousdifferencesn resourceequirementdetweermanualand
autonomoudriving also exist. The mostsigni cant is planningtime: it
takesarover operatormoretime to identify obstacleandchooseappropri-
atewaypointswhensequencing blind drive thanwhensequencingdrive
usingAutoNav (e.g.,seeFigure3). Duringthe rst few monthsof the mis-
sion,it oftentook up to 10 hoursto build a drive sequencéo travel 20-40m
acrossthe plains of Guse. This decreasediramaticallylaterin the mis-
sion,oftenrequiringonly 2-4 hoursto sequencelrivesover 100min length
on eitherrover. Still, a directeddrive placesfull responsibilityfor vehi-
cle safetyon therover operatorratherthanallowing therover to safgyuard
itself, thusrequiring more time for manualterrain analysisand waypoint
selection.This suggestan obvioustrade-of betweersequencingime and
executiontime for directedandautonomouslrives.

Thereis anadditionallong-termresourcdrade-of. humanscanrapidly
adapttheir sequenceto dealwith new terraintypesor drive requirements,
but changingthe onboardsoftware involves a lengthy software develop-
ment, testing,and uplink process.Insteadof a day-to-weekiurnaroundn
sequenceéevelopmentsoftwareupdatego copewith new terrainanddrive
technique®ccuron amonths-to-yeacycle.

3.1 Driving into the Unknown

Thereis one notablecircumstancan which the humanhasno ability to
safelyselectpaths:whendriving into terrainthathasnot beenimaged.On
501109, Spiritwascommandedb drive overthelocalhorizon50mdistantas
it descendeérom therim of MissoulaCrater In thiscase AutoNav wasthe
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Figure3: Spirit's Sol 436 drive useda variety of driving modes.A sim-
ulation of the planneddrive over a 3D terrainmeshis shavn on the left,
theactualcoursetakenontheright. Circlesindicatethe waypoints slashed
circlestheobstacleandkeep-outzonesdevelopedby humanRover Drivers
by inspectingsteredmagesandsimulatingdrivesover the 3D mesh.Spirit
drove south(downward)over 26 actualmetersbeforereachingts timelimit.
Jaggedinesin thecourseplot above the-12 meterline indicatethe discrete
jumpsresultingfrom VisOdomupdatesthoseat the -12 meterline shav
AutoNav backingupto avoid a smallridge blockingits pathsouthwest.

only optionavailableto drive furtherandusethe availabletime andpower,
andpost-drve imagesshaved AutoNav correctlyavoidinglargerockswhile
traversingslopesup to 9 degrees(seeFigure4). Obviously, a high degree

of con dencein the hazardavoidancesoftwareis neededn situationssuch
asthis; AutoNavhas kept both vehiclessafethrough over 2500 metes of

traverse as of August2005. Lesssevere, but more frequent,instancesn
which humanscannotguaranteeover safetyoccurwhenthe rover drives
beyondthedistanceat which obstaclexanberesohed, or throughsmaller
occludedregions. In practice gvenwhenusingAutoNav therover operator
typically choosesvaypointghatavoid themosthazardousreasthustaking
adwantageof the perceptuastrengthof bothhumanandrover.

3.2 Execution

Directeddrives have a limited ability to dealwith errorsor uncertaintyin
execution.WhereasAutoNav canclosetheloop onvehiclesafetyby imag-
ing theterrainthattheroveris aboutto drive through,a directeddrive must
make the assumptiorthat the rover doesnot deviate far enoughfrom the
plannedpathto encounterary hazards. For longerdrivesor in high-slip
areasthe rover mustbe ableto dealwith accumulategposition error, ei-
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Figure4: OnSol109,Spirit avoidedobstaclesn previously-unseeterrain.

therthroughsafeguardingitself or by usingVisOdomto updateits position
knowledge. When using VisOdom, the rover operatoris responsiblefor
specifyingthe criteriafor haltingthedrive, sincemanuallysequencingeli-
ableobstacleavoidancdstoodif cult. Typically, thehaltingcriteriainclude
proximity to knowvn obstaclesthe numberof timesVisOdomhasfailed to
provide a positionupdate anda thresholdon slippage.

Figure5 summarizeshedistancecoveredandthetypeof driving modes
usedfor eachrover duringtheir rst 19 monthsof operation.

3.3 Adaptation

Mobility performanceas uncertainin ary novel terraintype and canvary
substantiallyin known terraintypes,but humanscanquickly learnto steer
the rover clearof newly identi ed hazardtypes. For example,after Spirit

drove througha loosemixture of ne sandandrockson sol 339, a potato-
sizedrock jammedin oneof the wheels, nally comingout a week later.

Whentherover encounteredimilar terrainover 100solslater, rover opera-
torsknew to direct Spirit to checkfor slippagewhile driving andstopif the
rover becameéboggeddown. Post-drve imagesaftertherover detectedver
90%slip shavedasimilar mixtureof sandandrocks,with two rockshaving

thepotentialto jamin thewheels,andwe subsequentlyetreatedo look for

anotherroute (seeFigurel1). This sortof perceptiorandadaptatiorwith a
singletrainingexampleis a key strengthof manualterrainanalysis.

4 Future Work

While Spirit andOpportunitycontinueto performwell beyondour original
expectationspur experienceoperatingthe rovers suggestsomeareasfor
improvement. Perhapghe mostobvious areafor improvementis compu-
tationalef ciency: driving with eitherVisOdomor AutoNar canslow the
rovers' progresdy up to anorderof magnitudecomparedo directeddrives.
Somespeeduganlikely be obtainedby acceptingdecreasedccurag: one
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Figure5: Summaryof distanceddriven by eachrover (Spirit above Op-
portunity) per Sol. AutoNav drives (in green)includeany modein which
terrainassessmentasdoneonboard(i.e., bothAutoNav andGuardedno-
tion), VisOdomdrives(in blue)includeboth directedandadaptve driving
modesbut not AutoNav, andBlind drives(in red)includebothdirectedarcs
androveradaptedrivesthatcompensatetbr yaw changesneasurediur
ing the drive. The changingquality of the drive typessuggestfiow human
androver driving stratgies alike hadto adaptto new terrainsmary times
over thecourseof eachmission.

useof VisOdomis to simply detectwhentherover is slippingsubstantially
in which casea precisemotionestimatds notrequired.

Anotherpromisingavenuefor futurework is terrainclassi cation. Our
currenthazardavoidancesoftwaredetectonly geometrichazardsbut areas
with weaksoil-particularlywind-driven drifts—hae proventreacherousgor
both rovers. The ability to learnwhat high-slip terrain looks like so that
it can be autonomousheavoided (even dynamicallyupdatingthe onboard
interpretatiorof theterrain)would beagreatbene t. Onepotentiallyuseful
obsenration is that slippageis almostalways correlatedwith sinkage,and
sinkagecanbe measuredy observingeitherthewheelsor their tracks.

In termsof mobility systemdevelopmentponeareathatseemso be un-
deremphasizets precisionmobility in naturalterrain. For the typesof in-
vestigationundertakn by Spirit andOpportunity meremobility—theability
to traversea certain-sizesbstacletravel atacertainrate,or climb acertain
slope—isnot sufcient. The ability to reliably navigatethe rover to within
centimeter®f adesiredocation,on slopesnearobstaclesandwith exter
nal constrainton nal vehicleheadinghasbeenof the utmostimportance
in uncoreringthewaterhistoryof Mars.

Flexibility in therovers' commandanguageandonboardsoftwarehas
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beencritical in allowing us to encodeour ever-changingunderstandingf
theterrainandvehicleperformance While not a traditionalroboticsprob-
lem, it would be bene cial to introducemethoddor easilyformalizingand
re-usingnew sequencedioms to reducehumanerrorsand speedthe se-
guencedesign,simulationandvalidationprocessesWriting a sequences
writing a program,and perhapgechniquesould be appliedfrom extreme
programmingandothersoftwaredevelopmentparadigms.

MER software developmentcontinuestoday Severaltechnologiesare
beingevaluatedor possibleuplink in mid-2006.Thesdancludeautonomous
in situinstrumenplacementollowing asuccessfulirive (akaGoandTouch),
globalpathplanningto enablantelligentbacktrackingyisualserwing, and
autonomousletectionof dustdevils andcloudsin onboardmagery

Futurevehicleswill have fasterprocessorsallowing moreadvanceder
rain analysisand path selectionto be performed. But path planningcan
only be asgoodasthe underlyingobstacleavoidancemethodologyandif
roversareto becomesubstantiallyautonomoushenappearance-basadap-
tive terrainanalysiswill alsoberequired.

5 Conclusion

Successfubperationof the MER vehicleshasdependean bothmanually-
directedandautonomouslriving. Thetwo methodsarecomplementaryand
carefulselectionof theright techniquedeadsto betteroverall performance
in thefaceof limited time, power, imagery andonboardcomputation.

While most of the distancecoveredby both rovers hasbeenon level
groundwith varying degreesof geometrichazardsmostof the time has
beenspentin more challengingervironmentscoupling steepslopeswith
loosematerialsand positive obstacles.Carefulterrainanalysisis required
in thesecasesandVisOdomhasalsobeenabsolutelyessentiafor safeand
accuratedriving.
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