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Abstract – On January 24, 2004, the Mars Exploration
Rover namedOpportunitysuccessfullylandedin the region
of MarsknownasMeridianiPlanum,a vastplain dottedwith
craterswhereorbitingspacecraft haddetectedthesignatures
of minerals believedto haveformedin liquid water.

The�r st picturesback fromOpportunityrevealedthat the
rover had landedin a crater roughly 20 meters in diame-
ter – the only sizeablecrater within hundredsof meters –
which becameknownas Eagle Crater. And in the walls of
this crater just meters awaywasthebedrock MERscientists
had beenhopingto �nd, which would ultimatelyprove that
this regionof Mars did indeedhavea waterypast.

OpportunityexploredEagleCraterfor almosttwomonths,
thendrovemorethan700metersin onemonthto its next des-
tination, themuch larger EnduranceCrater. After surveying
theoutsideof EnduranceCrater, Opportunitydroveinto the
crater and meticulouslystudiedit for six months. Thenit
wentto examinetheheatshieldthat hadprotectedOpportu-
nity during its descentthroughtheMartian atmosphere.

More thana yearsincelanding, Opportunityis still going
strong and is currently en route to Victoria Crater – more
thansixkilometers fromEnduranceCrater. Opportunityhas
drivenmorethanfour kilometers,examinedmorethaneighty
patchesof rock andsoil with instrumentsontheroboticarm,
excavatedfour trenchesfor subsurfacesampling, and sent
back well over thirty thousandimages of Mars – ranging
fromgrandpanoramasto upclosemicroscopicviews.

Thispaperwill detail theexperienceof driving Opportu-
nity throughthisalienlandscapefromthepointof view of the
RoverPlanners, thepeoplewhotell theroverwhere to drive
andhowto useits roboticarm.

1 Intr oduction
Opportunityis the secondof two identicalroverssentto

MarsundertheMarsExplorationRover (MER) project,and
landedin theregion of Marsknown asMeridiani Planumin
January2004. The �rst rover Spirit [1] landedthreeweeks
earlierontheoppositesideof theplanetin Gusev Crater. The
primarymissionfor bothroversis to searchfor evidenceof
pastwateronMars.

To enablea studyof rocksandsoil at many diversetar-

gets,theroverswererequiredto beableto survive 90 Mar-
tian days(called“sols”), drive safelyasfar as100metersin
a singlesol in Viking Lander1 (VL1) terrain,andachieve a
total distanceof at least600metersover the90 sol mission.
Furthermore,theroverswererequiredto approachrock and
soil targetsof interestasfaras2 metersaway in asinglesol,
with suf�cient accuracy to enableimmediatescienceinstru-
mentplacementonthenext solwithoutfurtherrepositioning.

To meettheseobjectives,theroverswereout�tted with a
roboticarm(theInstrumentDeploymentDevice, or IDD) for
placingthe scienceinstrumentson rocksandsoil [5], a six
wheeledrocker-bogiemobility system,andseveral pairsof
stereocamerasfor engineeringuse.

The mobility system has six 25 centimeter diameter
wheels,of which thefour cornerwheelsmaybesteered– a
mechanicalcon�guration derived from the Mars Path�nder
rover Sojourner[8]. The rover body has 30 centimeter
groundclearance,and large solar panelson the top of the
rover requireadditionalclearanceto tall rocks(60 centime-
tersfrom groundto solarpanel).Wheelbaselineis roughly1
meterside-to-sideand1.25metersfront-to-back.TheMER
roverscanturn-in-placeabouta point betweenthetwo mid-
dle wheels,drive straightforwardor backward,andhave at
besta onemeterturn radiusfor driving alongcircular arcs.
Straightline driving speedis setto 3.75centimeters/second,
andthe rovers turn in placeat roughly 2.1 degrees/second.
The roversarestaticallystableat a tilt of 45 degrees,how-
ever, driving on more than30 degreeslopesis not recom-
mendeddueto thepossibilityof uncontrolledsliding. Rocks
largerthanawheelareconsideredmobility hazards.

The �ight computerselectedwasthe RAD6K, alsoused
on Mars Path�nder lander, a 20 MHz radiation-hardcom-
puter that can function at cold temperaturesand with low
power. While reliableandfastenoughto meetmissionre-
quirements,it is none-the-lessaslow computerandmachine
visionprocessingandimagecompressiontakea long time.

TheMER roversaretypically commandedonceperMar-
tian day, so they needto have substantialautonomyto meet
their requirements. A sequenceof commandssent in the
morningspeci�estheday's activities: what imagesanddata
to collect, how to position the robotic arm, and where to



Figure1: Opportunity's estimatedpositionasof Sol410;redfor blind driving, greenautohazardavoidance,bluevisodom.

drive. Thenat theendof eachday, theroverssendbackthe
imagesanddatahumanoperatorswill useto plan the next
day's activities. The next day's mobility commandsarese-
lectedby theRover Planners(RPs)basedon what is known
– andwhatis unknown – abouttheterrainahead.

The rovers are driven using threeprimary modes: low-
level commandsthatspecifyexactly how muchto turn each
wheelandpositionsteeringactuators,directeddriving prim-
itivesfor driving alongcircular arcs(of which straightline
driving andturn-in-placearespecialcases),andautonomous
pathselection(called“autonav”). Low-level commandsen-
able non-standardactivities such as using the wheels to
dig holesin Martian soil, scuff rocks, and perform mech-
anism health diagnostictests. Directed drives allow hu-
man operatorsto specify exactly which driving primitives
(ARC, TURN ABSOLUTE, TURN RELATIVE, TURN TO)
the rover will perform. Autonomouspath selectionmode
(GO TO WAYPOINT) allows the rover to selectwhich driv-
ing primitives to executein order to reacha goal location
suppliedby humanoperators.

Both directedand path selectionmodesof driving can
make useof on-boardstereovision processingand terrain
analysissoftware[6, 7] to determinewhethertheroverwould
encounterany geometrichazardsasit drivesalongits cho-
senpath. In directeddriving, the rover can preemptively
“veto” a speci�c mobility commandfrom the groundif it
appearstoo risky. In autonomouspathselectionmode,the
roverselectsdriving primitivesto steeraroundobstaclesand
make progresstoward its goal. This softwareprovided the
uniquecapabilityof enablingthevehicleto drivesafelyeven
throughareasnever beforeseenon Earth: morethan1100
metersof the 4260metersdriven on Opportunityasof sol
410 were driven using autonomoushazardavoidance(�g-
ures1 and2).

Theroversmaintainanestimateof theirorientationandlo-
calposition,updatedat8 Hz while driving. First,orientation
is estimatedusingan Inertial MeasurementUnit thathas3-
axisaccelerometersand3-axisangularratesensors[3]. Then
positionestimateis updatedbasedon how muchthewheels

have turned(wheelodometry).Betweendriving primitives,
the rover can make useof camera-basedVisual Odometry
(“visodom”) to correcterrorsin the initial wheelodometry-
basedestimatethatoccurwhenwheelslosetractionon large
rocksandsteepslopes.Visodomsoftware[2] hasgenerated
over 800successfulpositionupdatesonOpportunity.

Typical traverseratesare: 120 meters/hourblind driv-
ing, 30 meters/hourhazardavoidancein benignterrain,and
roughly10meters/hourvisodom(withouthazardavoidance).

2 Sols1–60:EagleCrater
The �rst imagessent by Opportunity after landing re-

vealed its landing site to be inside a small crater, which
would be called Eagle Crater. Excitingly, an outcrop of
bedrockcould be seenon the craterwalls just a few me-
tersfrom thelander(�gure 3). Thecrateritself wasroughly
20 metersacrossand 2 metersdeep. The bottom of the
craterwas�lled with loose,�ne sand,andthenorthwestwall
hadtheexposedbedrock.Althoughat the time thebedrock
looked imposingandslopesof 15 or moredegreesseemed
excessive,really therewerenomobility hazardsin thecrater
otherthanthe landeritself, to which we alwayshadto give
wideberth.

The �rst seven solswerespentreadyingthe rover for its
primarymission.It hadto deploy its mast,deploy its mobil-
ity systemwhich wascarefully folded up to �t in the tight
con�nesof theMarsPath�nder-sizedlandershell (“standup
deployments”), and take “mission success”PANCAM and
MTESpanoramasprior to driving off of thelander.

After the rover stoodup, we got a betterview of thesur-
roundinglandscape– and found it �at and featureless.So
featureless,it wasdif�cult to do machinestereocorrelation
on imagestakenwith theleft andright eyesof our cameras.
This wasa particularproblemwith the 120 degree�eld of
view HAZCAMs. Usinglargersizedimagesanddecreasing
theamountof compressionmadeautomatedanalysisof the
IDD work volumepossible,but we would have to comeup
with adifferentapproachfor autonav onceweeventuallyleft
thecrater.



Figure2: Opportunityodometryasof sol 410;redfor blind driving, greenautohazardavoidance,bluevisodom.

During these�rst sols, it was determinedthat a heater
usedto warmIDD actuatorsfor usein thecold Martianen-
vironmentwasstuck“on”. Attemptsto turn this heateroff
failed. Fortunately, a separatethermostatwould eventually
cut power to theheaterwhensuf�ciently warm,but this was
still not underoperatorcontrol. Typically the heaterwould
turnonandstartdrawing powerat7:30p.m. Marstime,and
not turn off again until roughly8:00a.m.,drawing substan-
tial powerall night [4].

This setconstraintsthataffectedwhenandwhat typesof
activities could be performed. IDD activities would not be
allowed to startuntil the actuatorshadcooleddown (!) to
nominaloperatingtemperatures– 11:30a.m.Marstime.

The �rst order of businessafter egresswas an immedi-
ateseriesof IDD observationsof thesoil next to the lander.
Then on sol 12, we performedcheckout of basicmobility
commandsduringa shortdrive towardstheoutcrop.Sol 13
hadusdriving to our �rst targeton thewall of thecrater. For
this andthenext forty sols,we hadto paycloseattentionto
theslopeson thecraterwalls. Therover's primarymeansof
estimatingits positionis basedon countinghow many times
it turnsits wheels.Thismethodworkswell whenthewheels
have good traction, but the rover slid considerablyon the
slopedcraterwalls.

Becausewe landedin suchascienti�cally interestingsite,
almosteverysolwewerein Eaglecratersaw IDD usage.But
this impactedmobility, becausethe rover cannotdrive until
the IDD is put in its stowed con�guration - safely tucked
above the groundto protectit from rocks. Thuswe could
not startdriving until after stowing the IDD at 11:30a.m.,
hourslater thanSpirit wasableto operate.Combinedwith
theexcessivepowerdraw from theIDD heateratnight,there
wastypically very little timeandpower for driving.

Minimizing drive time meantthat mostdriveshad to be
donein “blind” mode,without bene�tsof thevisualodome-
tery capability and autonomousnavigation. The time re-
quiredto processimageson-boardfor thesetechniqueswas
generallytooprohibitive duringtheinitial sols.

With considerableslip andtimeconstraintspreventinguse
of visodom,we knew the rover's internalpositionestimate
would not bevery accurate.Not makinguseof the internal
positionestimateprecludedthe useof GO TO WAYPOINT

andTURN TO commands,conditionalsequencingbasedon
estimateddistanceto a Cartesianlocation,andeven remote
sensingcommandsdesignedto imagespeci�c X,Y,Z coordi-
nates.Instead,ourmobility sequenceswerealmostall geared
to usingcombinationsof TURN ABSOLUTE andARC com-
mandsbasedonpredictionsof whatourslip would likely be.
Similarly, RPsworkedcloselywith thosedesigningimaging
sequences,to point camerasat speci�c azimuths/elevations
insteadof 3D coordinates.

The targetsof interestlined the craterwall. The IDD is
mountedon the front of the rover, so we generallyended
driveswith theroverpointinguphill. Thenext sciencetargets
of interestwereinvariably lateralon the craterwall. If the
rover hadsix wheelsteering,repositioningwould have been
asnap– many drivescouldhave simplybeensideways.

However, dueto massandvolumeconstraints,the MER
rovers do not have the ability to steertheir centerwheels,
meaningthey cannotdrive sideways. Repositioningto sub-
sequenttargetswasdonewith “V”-shapedand“U”-shaped
maneuvers.The“V” maneuverstartedwith abackwarddrive
downhill to wherethe slopes�attened out a bit, a turn-in-
placeto point the front of the rover at the next target of in-
terest,anda forwarddrive towardsthetarget. Thedownhill
driveswereundercommandedto accountfor slip,andtheup-
hill drivesweresimilarly overcommanded.

In general,when targets requiredcrossslope drives of
morethanacouplemeters,wemodi�ed the“V” maneuverto
insteadbe “U” shaped:two mostly straightuphill/downhill
bumpswith alongercross-slopedriveat thelowerelevations
in thecraterwhereslip wouldnotbeasextreme.

Motivating the “U” and “V” shapeddrives was the fact
that slip was reasonablypredictablewhen the rover was
pointedpredominantlyuphill, andonly thecommandedarc
lengthneededadjustingto accountfor longitudinalslip. For



Figure3: EagleCraterroughly20metersin diameter, asseenonsols58and60– “Lion King” panorama.

cross-slopedriving, small amountsof transverseslip were
accountedfor by pointingtheroveruphill of its intendedtar-
get. Not surprisingly, the amountof slip wasdramatically
lesswhenwe hadwheelson outcroprock itself, asopposed
to pureloosesand.Predictingtheamountof slip really was
a black art, combiningresultsof testingon a sand-covered
tilt platformon Earth,thenumberof wheelsexpectedto be
driving onrock, terrainslope,andactualslip seenonany re-
centdrivesover similar terrain.We alwaysstrove to nail our
approaches,but slip predictiontook on a wholenew level of
importancefor drivesnearthe lander- which would cause
seriousproblemsif we raked a solar panelalong it or got
caughtup in the�e xible rampsthathadhelpedusegress.

After spendingenoughtime agonizing over predicting
slip, we were given time to checkout the onboardvisual
odometrycapability. On Sol 19, we performedan initial
�ight checkout testwherethecomputationswould bemade
onboard,but notappliedto thepositionestimateitself. That
testpassed,soweusedvisualodometryagainonsols36,40
and45, wherewe pausedmid-drive to take someimagesof
a target speci�ed in X,Y,Z Cartesiancoordinates– andthe
pointing was perfect. Visodomhad accuratelytracked the
rover's truepositiondespitetheslip encountered.

After almost two monthsin a relatively small crater, it
wasstartingto seema bit too muchlike home. Rover life-
time wasstill unknown, andtheplainsoutsideof thecrater
lookedcompletelybarren.Thenext nearbylargecraterwas
Endurance,but that wasmorethan700 metersaway – fur-
therthantherequiredmissionsuccessdistance.After debate
amongstthescientists,we �nally decidedto wrapup explo-
rationof EagleCrater, andmove on towardsEndurance.

The lastobservationsweresoils,andwerewherewe saw
thehighestslips. Usinga seriesof turn-in-placemaneuvers
andspinninga singlewheel,we dug a trenchon the crater
�oor . The tilts werelessthan5 degrees,yet we still slid 25
centimetersduring the digging – troubling becauseof our
proximity to the lander. Following the trenching,we drove
to a stagingpoint for the upcomingcrateregress,andsaw
considerableslip evenonslopesof lessthan15degrees.And

onthefollowing day, therovergotboggeddown andactually
hit 100%slip duringone12.5metersegmentto drivestraight
uphill andout of the crater. That egresssequence�nished
with a cross-slopedrive that wasintendedto be performed
outsidethecrater. It woundup beingroughly45 degreesoff
of straightuphill, duringwhich therover did not experience
dramaticslip. Thenext day, sol 57, we continuedthedrive
in thesamedirectionwith liberal overcommanding- andwe
wereoutof EagleCrater!

OurexperienceatEagleCraterwasjustawarmupfor En-
durance,whereagain we would spendmonthsdriving on
high slopes,constantlyreferringto imagestakenmany sols
previously, andgettingintimatelyfamiliarwith thesurround-
ingsto thepointwhereagain it felt likehome.

3 Sols61–94:Plains to Endurance
Justeastof thecraterwasarockwehadseenearlyon,out

on theplainsall by itself. Amazinglyenough,we happened
to bounceright on this lonerock duringlanding– hencethe
rockwasnamed“BounceRock”. Duringthedriveto Bounce
Rock, we did experimentwith visual odometry, and found
that the plains just did not have enoughvisual featuresto
track,andvisodomdid notalwaysprovidepositionupdates.

The featurelessterrainnot only causedproblemsfor vi-
sodom(whichat leastwewouldnotactuallyneedheresince
the terrain was so �at), but also for the hazardavoidance
cameras.After having spenttwo monthsdoingconstantIDD
work andshortdrivesand target approaches,the Opportu-
nity RPswerereadyto �y acrosstheplainsastheSpirit RPs
hadbeendoingfor sometime. As onSpirit, theplainsdrives
all startedwith a long blind drive. We alsowantedto then
kick into hazardavoidancemode,but stereoimagesfrom the
HAZCAMs wouldnot correlateconsistentlyin this terrain.

After studyingimagesfrom EagleCraterwe realizedthat
NAVCAMs could be usedeffectively for autonav driving,
and updatedthe onboard�ight software to betterintegrate
NAVCAMs into autonav processing.Additionally, to miti-
gatethestuckIDD heater, theupdatealsoaddedtheability
to “deepsleep”,which meanttaking thebatteriesoff of the



Figure4: EnduranceCraterroughly150metersin diameter, BurnsCliff to Lion Stone,asseenonsols97and98.

power busat night [4]. Therover would thenwake up only
whenthesungotbrightenoughin themorning- it wouldnot
beableto wakeupona timerwhendoingdeepsleep.

The plains turnedout to have interestinggeologicalfea-
tures.We cameacrossseveral large�ssures,the largestone
calledAnatolia.And a smallcraterperhaps9 metersacross,
which we called Fram Crater, with fresh ejectanearby. It
wasquestionableas to whetheror not the rover would get
stuckin these�ssuresandsmallcraters– the�rst egressat-
temptat EagleCraterwasa reminderto becautious.Sowe
assiduouslyavoideddriving throughlargerditches.

We trackedour progressby �nding thosefeaturesvisible
from therover in mapsmadefrom orbital imagery, but over-
all, navigating to Endurancewas not dif�cult becausewe
couldseetherim of Endurancefrom faraway. As therim of
thecraterloomedlargereachday, andaswe beganto make
out what looked like clif fs on the southeastrim, the excite-
mentsteadilybuilt up. BetweenBounceRock,theAnatolia
�ssures,trenching,FramCrater, andseveral drivesof more
than100meterseach,thesolspassedquickly andwearrived
at therim of EnduranceCrateronsol95.

4 Sols95–131:EnduranceRim
Our�rst peekinsideEndurance(�gure 4) showedmagnif-

icentrocky outcropsalongtherim, beautifulsandripplesand
tendrilson the crater�oor , treacherousclif fs anddrop-offs,
anda coupleof largeboulders.Orbital imageryshowedthe
craterto beabout150metersin diameter;we now alsosaw
thatit wasmorethan20metersdeep.

And it appearedtherewereplacesthe rover could safely
enterthecraterwithout tippingover. However, slopeswould
behigherthaneitherrover hadbeenon, andour �rst egress
attemptat Eaglecratersuggestedthatgettingbackout again
might bedif�cult. But examiningtheoutcropsup closewas
extremelyimportantscienti�cally; they wouldrevealamuch
longerview of Marshistorythanwhatwesaw atEaglecrater.

We decidedthatbeforeentering,we would survey thein-
terior from multiple locationsalongtherim. Thiswouldgive
usgoodviews into portionsof thecraterwemaynotbeable
to drive closeto even from inside, and let us assessmore
potentialingresslocationsfor safetyandlikelihoodof sub-

sequentegress.And, it wouldallow moretimefor additional
testinghereon Earth,to seehow our testroversclimbedon
steeperbut rockiersurfaces.

Our �rst stopwasa rock perchedon theouterrim of the
craterapproximately50meterssoutheast(wedrovecounter-
clockwisearoundthe craterat �rst), which we calledLion
Stone.This rockprovedveryusefulfor localization.

Drives along the rim were all done with ARC and
TURN ABSOLUTE commands.We weredriving on gener-
ally rocky berm,onaslopethatwasawayfrom thecraterin-
terior (soslip would take usaway from therim itself, which
we liked). Thedriveswerekeptshortenoughthatwe hada
clearview of our drive pathandcouldverify it wasclearof
obstaclesandejecta.Weavoideddoingsharp“dog legs”, be-
causewe weredriving far enoughthatstereorangedatawas
not preciseandwe did not trust the precisionof our local-
izationin theorbital maps.Somostdayswerestraightdrive
segments,approximately40meterspersol.

We continuedaboutone third aroundthe craterrim, for
anotherapproachandasecondpanorama.Wecouldseefrom
imagingdoneatour�rst approachlocationandatLion Stone
that the craterwall at this locationwas dangerouslysteep.
Theapproachwassplit into multiplesols,with sol116being
only a1.5meterbumpright to theedge.

Fromour variousvantagepoints,it appearedthatabout6
meterseastof Lion Stonewasour bestentry location(�g-
ure4). It wasrocky, which would begoodfor traction,rel-
atively smooth,andhadan overall slopeof roughly 25 de-
grees.R. Lindemannhadshown our testrover could climb
rocky slopesof at least30 degrees. The long rocky slope
wouldallow sciencemeasurementsof theoutcropto bemade
at variousdepthswithout requiringlong traversesinsidethe
crater, shouldwedecideit wasnot safeto proceedfurther.

While we had originally consideredcontinuing around
Endurancecounter-clockwise for a third evenly-spaced
panoramafrom the rim, it wasdecidedthe time neededfor
this amountof driving wasnot worth it, andsincewe had
found a goodentry location,we backtracked towardsLion
Stoneandreachedour intendedingresslocationin 5 solsof
driving, having drivena total of roughly200meters.



Figure5: Wopmayandtracksshowing softsurroundingterrain,takensol268,insetshowsfreshlyexposedslabtakensol264

5 Sols132–315:Inside Endurance
After the careful survey of ingresslocations,crateren-

try itself was also donevery cautiously. The Mechanical
teamhaddonemuchtestingon a large tilt platformandin-
dicatedthat,on rock, theroverwouldclimb beststraightup-
hill. Also, it climbedslightly betterbackward,bogiesuphill.
Sincethe mastis at the front of the rover, we would go in
forward andstraightdownslope. On sol 132, we drove so
just thefront wheelswereinside,andthenext solwasa “toe
dip” in which we drove so that all six wheelswere in and
then backed fully out, to verify our ability to leave before
continuingfurther. This testwassuccessful– we saw very
little slip goingin or outdueto thegoodtractionon rock.

Sowewentbackin andbeganacarefulsurvey of theout-
crop with the IDD (�gure 6). Driveswereshort, lessthan
2 meterspersolwith IDD observationsin betweenandperi-
odicbackupsto provewecouldstill climb. Wecarefullypre-
dictedterrainslopeaheadof the rover, andkept the rover's
fault protectionlimit for excessive tilt setto a hair trigger–
generallyjust 1 degreeabove predict. If our predictswere
incorrect,we wantedthe rover to stopquickly so we could
reassess,but thisnever happened.

The most exciting part of our descentwas on sol 157,
whenour drive endedwith a small turn-in-placeto keepus
pointeddownhill onthe26degreeslope.WhendoingARC's
andturns,the rover runsall four steeringactuatorssimulta-
neously– andduring this turn, the front wheelsbrie�y lost
tractionandslippeddownhill a few centimeters.The mid-
dle wheelsheld traction,causingthe rearwheelsto lift off
thegroundandtherover bodyto tilt forwardslightly. While
this “wheelie'ing” wasnot anunexpectedoccurrence,it did
con�rm wewereoperatingat tilts wheretractionwasgetting
lesscertain,andslip couldbeerratic.Thenext solwegotall
six wheelsbackonthegroundby runningthemiddlewheels
alonein the forward direction. Slip inducedwhile steering

wouldbeminimizedby staggeringtheactuationsoonly one
or two of theactuatorswouldmove ata time.

After aboutthreeweeksof surveying thesideof thecrater,
thereweremany othertargetsof interestto thescienceteam
throughoutthecrater. In particular, they wantedto getcloser
observationsof aregionof thecraterknown as“BurnsCliff ”,
which was betweenLion Stoneand the secondpanorama
position. Vigilant monitoringof slip andterrainassessment
madeduringdescentindicatedit wassafeto continue,sowe
proceededfurtherinto thecratertowheretheslopedecreased
to lessthan20degrees.

In contrastto Eaglecrater, our driveswereshortenough
and the slopessteepenoughthat we usedvisual odometry
almostevery stepof theway (�gure 2). This greatlysimpli-
�ed localizationandslip assessment,which hadto be done
quickly. In additionto keepingthestepsizessmallenoughso
thatwe would have at least60%overlapfrom onevisodom
imageto thenext (roughly50 to 60 centimetersteps),it was
importantto point the camerasat terrainas feature–richas
possible,and as perpendicularto the direction of travel as
possible.This minimizedscalechangesin featurestracked
from oneimageto thenext, which turnedout to beparticu-
larly importanton theplanarsurfaceweweredriving. Addi-
tionally, thecamerasneededto bepointedsothatthey donot
seethesolarpanels(highre�ectivity cancausetheimagesto
bloom)or therover'sshadow (whichcanconfusevisodomin
smoothterrain). With theseconstraints,therover kept track
of itspositionwithin centimetersovermetersof traverseeven
when slip was high (veri�ed by manualco–registrationof
imagestakenof thesameterrainfrom differentlocations).

We began closingthe loop on-boardwith visodomposi-
tion estimatesby way of conditionalARC commandsand
TURN TO commands.But wemadesurethatif visodomdid
not convergeor convergedto a wronganswer, thedrive was
safeeven if all ARC commandswereexecuted. TURN TO

commandswereconstrainedwith tightertimeouts.



Figure6: Falsecolor imagetakenon sol 173showing RAT
holesandrover tracksmadeduringdescentinto Endurance.

On the way to BurnsCliff, we pausedto observe an in-
triguingboulderseenfrom thecraterrim named“Wopmay”.
It wasa bit taller thanthe60 centimetersolarpanelground
clearance,so we had to be very cautiousaroundit. The
nearbyslopesat roughly20 degreeswerenot assteepaswe
hadseenatingress,but theterrainwasmuchsofter. Weexpe-
riencedhigh slip, but aftera few solsdid getinto a goodpo-
sition to observe Wopmaywith the IDD. On thedrive away
from Wopmay, however, we encountereda buried slab of
rock (�gure 5). While attemptingto climb over theslab,the
rover slid laterally along it. The drive sequencewas con-
structedto abort halfway if the rover did not think it was
suf�ciently closeto a waypoint(this would happeneitherif
visodomwas not converging or if the slip was larger than
predict).This triggered,andstoppedexecutionof thesecond
leg of thedrive which, if the rover continuedto slide along
theslab,couldhave causedsolarpanelsto hit Wopmay.

For the next several sols,progressuphill wasvery slow.
The rover got boggeddown twice in loose sandyterrain.
Hereasat Eaglecrater, driving at roughly45 degreesto up-
slopevectorwas the mosteffective way to make progress.
Oncethe rover got higher in the crater, we were back on
solid rock – andstayedon this “rock highway” high on the
craterrim for therestof our time in Endurance.

Figure7: Sol304drivepathandIDD goal(greenarrow).

Figure8: Sol304result,overlayshows IDD reachability.

We stoppeda few metersshort of Burns Cliff; close
enoughto getstunningPANCAM of theregionbut notclose
enoughto observe with IDD. The terrainaheadwassimply
gettingtoo steep,andterraindownhill wastoo treacherous.
So on sol 295, we began a threeweek drive to the egress
location10meterseastof whereweentered.

A �nal IDD observationwasrequestedjust prior to leav-
ing the crater. As a piecede resistance,we nailed an 8.7
meterapproach(�gure 8) ona24degreeslopein asinglesol
– positionestimationerrorwaslessthan5 centimetersover
thatdrive. This combinedall thetechniqueswe hadlearned
thusfar. Thedrive wasdonewith visodom,andthe�rst half
was pure crossslopeto get us downhill of the target, fol-
lowedby a purelyuphill drive to thetargetwith conditional
ARC's to make useof visodomestimates(�gure 7). Manual
slip estimation(basedon resultsof recentdriveson similar
terrainandslopes)wasstill doneto determinea reasonable
numberof conditionalARC's to sequence,andto setbounds
for amid-drivewaypointcheck.



Figure9: Opportunityheatshield,impactdivot, andnearbysmallmeteorite,imagedonsol324.

6 Sols316–410+:Back to Plains
Our �rst stopafter egressfrom Endurancewas to pause

and image the tracks we had laid down six monthsear-
lier, driving to andfrom thesecondpanoramaposition. We
crossedold trackswith new tracksand imagedwith both
PANCAM and the microscopicimager, and saw a de�nite
dustbuild-up,consistentwith dustbuild-upseenontherover
deck. We thenstoppedto examinethe heatshieldapproxi-
mately200meterssouth. It hadsplit into two majorpieces
upon impact, and scattereda few large springsin the area
thatwe did not want to drive over. We circumnavigatedthe
site, andexaminedboth major pieceswith the microscopic
imagerandPANCAM. Amazingly, lessthan10metersaway
from the heatshield,we found an iron meteoriteabout15
centimetersacross,the�rst ever foundonanotherplanet.

After examinationof tracks,heatshieldandmeteorite,it
wastime to continuedriving south. The currentterrainhas
long shallow ripples,andperiodically �at rocksin the bot-
tom of the troughsbetweenripples. We arevisiting small
cratersonthewaysouththroughterrainthatappearsrougher
andmottledfrom orbital imagery. Thesmallcratersareuse-
ful landmarksfor localizingtherover positionin our orbital
maps,andwe try to hop from onesmall craterto the next
everycoupleof sols.

In this terrain,we have beenableto drive morethan150
metersonasinglesolmany times,with ourcurrentrecordof
220meterssetonsol410.Wearemakinguseof thesuspen-
sionarticulationfault protection,whichstopsdriving should
eitherthebogiesor differentialanglesexceedprogrammable
limits. Wehavealsodonemulti-soldrives,wherethe�rst sol
startswith a standardlong blind drive, followedby autonav.
Subsequentsolspick up with continuedautonav drives.Us-
ing this techniquewehavedriven400metersover3 solsin a
singleplanningcycle.

7 Conclusion
Exploring Meridiani Planumwith Opportunityhasbeen

a constantsourceof challengeandexcitement,from study-
ing theoutcropsat EagleCrater, traversingboththerim and
insideof EnduranceCrater, examiningthe heatshield,and
imagingthetroughsandsmallcratersthatdot theplains.

As of sol 410,Opportunityis aboutonethird of the way
from EnduranceCraterto themuchlarger750meterdiame-
terVictoriaCrater4 morekilometersto thesouth.Wecannot
wait to seewhattheplains,intermediatecratersand�ssures,
andVictoriaCraterhave in storefor us.
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