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Abstract — On January 24, 2004, the Mars Exploration
Rover namedOpportunitysuccessfullyandedin the region
of MarsknownasMeridiani Planum,a vastplain dottedwith
craterswhere orbiting spacecaft haddetectedhesignatues
of minerals believedto haveformedin liquid water
The r stpicturesbadk from Opportunityrevealedthat the
rover had landedin a crater roughly 20 metes in diame-
ter — the only sizeablecrater within hundeds of metes —
which becameknownas Eagle Crater. Andin the walls of
this crater just metes awaywasthe bediodk MER scientists
had beenhopingto nd, which would ultimately prove that
thisregion of Mars did indeedhavea waterypast.
OpportunityexploredEagle Craterfor almosttwo months,
thendrovemorethan700metesin onemonthto its next des-
tination, the mud larger EnduranceCrater. After surveying
the outsideof EnduranceCrater, Opportunitydroveinto the
crater and meticulouslystudiedit for six months. Thenit
wentto examinethe heatshieldthat had protectedOpportu-
nity during its descenthroughthe Martian atmosphes:.
More thana yearsincelanding Opportunityis still going
strong and is currently en route to Victoria Crater — more
thansix kilometes from EnduranceCrater. Opportunityhas
drivenmorethanfour kilometes, examinedmore thaneighty
patchesof rodk andsoil with instrumentn theroboticarm,
excavatedfour trenchesfor subsurfacesampling and sent
bad well over thirty thousandimages of Mars — ranging
fromgrandpanoramasto up closemicroscopicviews.
Thispaperwill detail the experienceof driving Opportu-
nity throughthisalienlandscapdromthepointof view of the
Rover Planness, the peoplewhotell therover wheee to drive
andhowto useits roboticarm.

1 Intr oduction

Opportunityis the secondof two identical rovers sentto
Marsunderthe Mars ExplorationRover (MER) project,and
landedin the region of Marsknown asMeridiani Planumin
January2004. The rst rover Spirit [1] landedthreeweeks
earlierontheoppositesideof theplanetin Guse Crater The
primary missionfor bothroversis to searchfor evidenceof
pastwateron Mars.

To enablea study of rocks and soil at mary diversetar

gets,theroverswererequiredto be ableto survive 90 Mar-
tian days(called“sols”), drive safelyasfar as100 metersin
asinglesolin Viking Landerl (VL1) terrain,andachieve a
total distanceof at least600 metersover the 90 sol mission.
Furthermorethe roverswererequiredto approachrock and
soil tagetsof interestasfaras2 metersaway in asinglesol,
with sufcient accurag to enablemmediatesciencenstru-
mentplacemenbnthenext solwithoutfurtherrepositioning.

To meettheseobjectives,theroverswereout tted with a
roboticarm(the InstrumentDeploymenDevice, or IDD) for
placingthe scienceinstrumentson rocks and soil [5], a six
wheeledrocker-bogie mobility system,andseveral pairs of
stereacameragor engineeringise.

The mobility system has six 25 centimeter diameter
wheels,of which thefour cornerwheelsmay be steered- a
mechanicakon guration derived from the Mars Path nder
rover Sojourner[8]. The rover body has 30 centimeter
groundclearanceand large solar panelson the top of the
rover requireadditionalclearanceo tall rocks (60 centime-
tersfrom groundto solarpanel).Wheelbaselinds roughly 1
meterside-to-sideand 1.25metersfront-to-back. The MER
roverscanturn-in-placeabouta point betweerthe two mid-
dle wheels,drive straightforward or backward, andhave at
besta onemeterturn radiusfor driving alongcircular arcs.
Straightline driving speeds setto 3.75centimeters/second,
andthe roversturnin placeat roughly 2.1 degrees/second.
Theroversarestatically stableat a tilt of 45 degrees,how-
ever, driving on more than 30 degreeslopesis not recom-
mendediueto the possibilityof uncontrolledsliding. Rocks
largerthanawheelareconsiderednobility hazards.

The ight computerselectedvasthe RAD6K, alsoused
on Mars Path nder lander a 20 MHz radiation-hardcom-
puter that can function at cold temperaturegand with low
power. While reliable andfastenoughto meetmissionre-
guirementsit is none-the-lesa slow computerandmachine
vision processin@andimagecompressiotiake alongtime.

The MER roversaretypically commandeanceper Mar-
tian day, sothey needto have substantiahutonomyto meet
their requirements. A sequenceof commandssentin the
morningspeci estheday's activities: whatimagesanddata
to collect, how to position the robotic arm, and whereto
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Figurel: Opportunitys estimatecpositionasof Sol410;redfor blind driving, greenautohazardavoidance bluevisodom.

drive. Thenatthe endof eachday, the roverssendbackthe
imagesand datahumanoperatorswill useto plan the next
day's actvities. The next day's mobility commandsare se-
lectedby the Rover PlannergRPs)basedon whatis known
—andwhatis unknavn —abouttheterrainahead.

The rovers are driven using three primary modes: low-
level commandghat specifyexactly how muchto turn each
wheelandpositionsteeringactuatorsdirecteddriving prim-
itivesfor driving alongcircular arcs(of which straightline
driving andturn-in-placearespecialcases)andautonomous
pathselection(called“autonar”). Low-level commandsn-
able non-standardactvities such as using the wheelsto
dig holesin Martian soil, scuf 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 orderto reacha goal location
suppliedby humanoperators.

Both directedand path selectionmodesof driving can
malke useof on-boardstereovision processingand terrain
analysissoftware[6, 7] to determinavhethertheroverwould
encounterary geometrichazardsasit drivesalongits cho-
senpath. In directeddriving, the rover can preemptiely
“veto” a speci ¢ mobility commandfrom the groundif it
appeargoo risky. In autonomougpath selectionmode,the
rover selectddriving primitivesto steeraroundobstaclesnd
malke progresgoward its goal. This software provided the
uniquecapabilityof enablingthevehicleto drive safelyeven
throughareasnever beforeseenon Earth: morethan 1100
metersof the 4260 metersdriven on Opportunityas of sol
410 were driven using autonomoushazardavoidance( g-
uresl and?2).

Theroversmaintainanestimateof theirorientatiorandlo-
cal position,updatecdat 8 Hz while driving. First, orientation
is estimatedusingan Inertial Measuremenbtnit thathas3-
axisaccelerometerand3-axisangularatesensor$3]. Then
positionestimatds updatecbasedon hov muchthe wheels

have turned(wheelodometry). Betweendriving primitives,
the rover can make useof camera-basetisual Odometry
(“visodom”) to correcterrorsin the initial wheelodometry-
basedestimatehatoccurwhenwheelslosetractiononlarge
rocksandsteepslopes.Visodomsoftware[2] hasgenerated
over 800successfupositionupdateson Opportunity

Typical traverseratesare: 120 meters/hourblind driv-
ing, 30 meters/houhazardavoidancein benignterrain,and
roughlyl0meters/houvisodom(withouthazardavoidance).

2 Sols1-60: EagleCrater

The rst imagessentby Opportunity after landing re-
vealedits 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 the lander( gure 3). The crateritself wasroughly
20 metersacrossand 2 metersdeep. The bottom of the
craterwas lled with loose, ne sandandthenorthwestvall
hadthe exposedbedrock. Although at the time the bedrock
looked imposingand slopesof 15 or more degreesseemed
excessve, really therewereno mobility hazardsn thecrater
otherthanthe landeritself, to which we alwayshadto give
wide berth.

The rst seven solswere spentreadyingthe rover for its
primarymission.It hadto deplgy its mast,deploy its mobil-
ity systemwhich was carefully foldedup to t in thetight
con nes of the Mars Path nder-sizedlandershell (“standup
deployments”), and take “mission success'PANCAM and
MTES panoramagrior to driving off of thelander

After the rover stoodup, we got a betterview of the sur
roundinglandscape- andfoundit at andfeatureless.So
featurelessit wasdif cult to do machinestereocorrelation
onimagestakenwith the left andright eyesof our cameras.
This was a particularproblemwith the 120 degree eld of
view HAZCAMSs. Usinglargersizedimagesanddecreasing
the amountof compressionrmadeautomatedanalysisof the
IDD work volume possible but we would have to comeup
with adifferentapproactior autona oncewe eventuallyleft
thecrater
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Figure2: Opportunityodometryasof sol 410;redfor blind driving, greenautohazardavoidance pluevisodom.

During these rst sols, it was determinedthat a heater
usedto warm IDD actuatordor usein the cold Martianen-
vironmentwas stuck“on”. Attemptsto turn this heateroff
failed. Fortunately a separatehermostatvould eventually
cutpower to the heatemwhensufciently warm,but thiswas
still not underoperatorcontrol. Typically the heaterwould
turnon andstartdraving power at 7:30p.m. Marstime, and
not turn off again until roughly 8:00a.m.,drawing substan-
tial power all night [4].

This setconstraintghat affectedwhenandwhat typesof
actiities could be performed. IDD actiities would not be
allowed to startuntil the actuatorshad cooleddown (!) to
nominaloperatingemperatures 11:30a.m. Marstime.

The rst order of businessafter egresswas an immedi-
ateseriesof IDD obsenationsof the soil next to thelander
Thenon sol 12, we performedcheclout of basic mobility
commandsiuring a shortdrive towardsthe outcrop. Sol 13
hadusdriving to our rst tagetonthewall of thecrater For
this andthe next forty sols,we hadto pay closeattentionto
theslopeson the craterwalls. Therover's primary meansof
estimatingts positionis basedn countinghow mary times
it turnsits wheels.This methodworkswell whenthewheels
have good traction, but the rover slid considerablyon the
slopedcraterwalls.

Becausave landedin suchascienti cally interestingsite,
almostevery solwewerein Eaglecratersav IDD usageBut
this impactedmobility, becausehe 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 than Spirit wasableto operate. Combinedwith
theexcessie powverdrawv from the|DD heatefatnight,there
wastypically very little time andpower for driving.

Minimizing drive time meantthat mostdrives hadto be
donein “blind” mode,without bene ts of the visualodome-
tery capability and autonomousavigation. The time re-
quiredto procesimageson-boardfor thesetechniquesvas
generallytoo prohibitive duringtheinitial sols.

With considerablslip andtime constraintpreventinguse
of visodom,we knew the rover's internal position estimate
would not be very accurate.Not makinguseof theinternal
position estimateprecludedthe use of GO_TO_WAYPOINT
and TURN_To commandsgonditionalsequencindpasedon
estimatedistanceto a Cartesiarlocation,andeven remote
sensingcommandslesignedo imagespeci ¢ X,Y,Z coordi-
nates.Insteadpurmobility sequencewerealmostall geared
to usingcombinationf TURN_ABSOLUTE and ARC com-
mandsbasedn predictionsof whatour slip would likely be.
Similarly, RPsworked closelywith thosedesigningmaging
sequencedp point camerasat speci ¢ azimuths/eleations
insteadof 3D coordinates.

The targetsof interestlined the craterwall. The IDD is
mountedon the front of the rover, so we generallyended
driveswith theroverpointinguphill. Thenext sciencdargets
of interestwereinvariably lateralon the craterwall. If the
rover hadsix wheelsteering repositioningwould have been
asnap- mary drivescould have simply beensidevays.

However, dueto massandvolume constraintsthe MER
rovers do not have the ability to steertheir centerwheels,
meaningthey cannotdrive sidavays. Repositioningo sub-
sequentamgetswasdonewith “V”-shapedand“U”-shaped
maneuers.The“V” maneuerstartedwvith 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 forward drive towardsthe target. The downhill
driveswereundecommandetb accounfor slip, andtheup-
hill drivesweresimilarly overcommanded

In general,when targets required cross slope drives of
morethanacouplemeterswe modi ed the“V” maneuerto
insteadbe “U” shaped:two mostly straightuphill/downhill
bumpswith alongercross-slop@rive atthelower elevations
in the craterwhereslip would notbe asextreme.

Motivating the “U” and“V” shapeddrives wasthe fact
that slip was reasonablypredictablewhen the rover was
pointedpredominantlyuphill, andonly the commandedrc
lengthneededadjustingto accountfor longitudinalslip. For
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Figure3: EagleCraterroughly 20 metersin diameteyasseenon sols58 and60— “Lion King” panorama.

cross-slopdariving, small amountsof trans\erseslip were
accountedor by pointingtherover uphill of its intendedar-
get. Not surprisingly the amountof slip was dramatically
lesswhenwe hadwheelson outcroprock itself, asopposed
to pureloosesand.Predictingthe amountof slip really was
a black art, combiningresultsof testingon a sand-cwered
tilt platform on Earth,the numberof wheelsexpectedto be
driving onrock, terrainslope andactualslip seenonary re-
centdrivesover similar terrain. We alwaysstrove to nail our
approachedyut slip predictiontook on awhole new level of
importancefor drives nearthe lander- which would cause
seriousproblemsif we raked a solar panelalongit or got
caughtupin the e xible rampsthathadhelpedusegress.

After spendingenoughtime agonizing over predicting
slip, we were given time to checlout the onboardvisual
odometrycapability On Sol 19, we performedan initial
ight checlout testwherethe computationsvould be made
onboard,but notappliedto the positionestimateatself. That
testpassedsowe usedvisualodometryagain onsols36, 40
and45, wherewe pausednid-drive to take someimagesof
atamgetspeci ed in X,Y,Z Cartesiancoordinates- andthe
pointing was perfect. Visodomhad accuratelytracked the
rover's true positiondespitethe slip encountered.

After almosttwo monthsin a relatively small crater it
was startingto seema bit too muchlike home. Rover life-
time wasstill unknavn, andthe plainsoutsideof the crater
looked completelybarren. The next nearbylarge craterwas
Enduranceput that was morethan 700 metersaway — fur-
therthantherequiredmissionsuccesslistance After debate
amongsthe scientistswe nally decidedto wrap up explo-
rationof EagleCrater andmove on towardsEndurance.

Thelastobserationsweresoils, andwerewherewe saw
the highestslips. Using a seriesof turn-in-placemaneuers
andspinninga single wheel,we dug a trenchon the crater

oor. Thetilts werelessthan5 degreesyet 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,and sav
considerablalip evenon slopesof lessthan15degrees And

onthefollowing day, therovergotboggeddown andactually
hit 100%slip duringonel2.5metersegmentto drive straight
uphill and out of the crater That egresssequencenished
with a cross-sloparive that wasintendedto be performed
outsidethe crater It woundup beingroughly 45 degreesoff
of straightuphill, duringwhich therover did not experience
dramaticslip. The next day, sol 57, we continuedthe drive
in the samedirectionwith liberal overcommanding andwe
wereout of EagleCrater!

Ourexperienceat EagleCraterwasjustawarmupfor En-
durance,where again we would spendmonthsdriving on
high slopes,constantlyreferringto imagestaken mary sols
previously, andgettingintimatelyfamiliarwith thesurround-
ingsto thepointwhereagninit felt like home.

3 Sols61-94:Plainsto Endurance

Justeastof the craterwasarock we hadseenrearlyon, out
ontheplainsall by itself. Amazingly enoughwe 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 not alwaysprovide positionupdates.

The featurelesgerrain not only causedproblemsfor vi-
sodom(which atleastwe would notactuallyneedheresince
the terrainwas so at), but alsofor the hazardavoidance
camerasAfter having spenttwo monthsdoingconstantDD
work and shortdrives and tamget approachesthe Opportu-
nity RPswerereadyto y acrosgheplainsasthe Spirit RPs
hadbeendoingfor sometime. As on Spirit, the plainsdrives
all startedwith a long blind drive. We alsowantedto then
kick into hazardavoidancemode but steredamagesrom the
HAZCAMs would not correlateconsistentlyin this terrain.

After studyingimagesfrom EagleCraterwe realizedthat
NAVCAMs could be usedeffectively for auton& driving,
and updatedthe onboard ight softwareto betterintegrate
NAVCAMs into autona& processing.Additionally, to miti-
gatethe stuckIDD heaterthe updatealsoaddedthe ability
to “deepsleep”,which meanttaking the batteriesoff of the
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power bus at night [4]. Therover would thenwake up only
whenthe sungotbrightenoughin themorning- it would not
beableto wake up onatimerwhendoingdeepsleep.

The plainsturnedout to have interestinggeologicalfea-
tures. We cameacrossseverallarge ssures,thelargestone
calledAnatolia. And a smallcraterperhap® metersacross,
which we called Fram Crater with fresh ejectanearby It
was questionableasto whetheror not the rover would get
stuckin these ssuresandsmall craters— the rst egressat-
temptat EagleCraterwasa reminderto be cautious.Sowe
assiduouslhavoideddriving throughlargerditches.

We tracked our progressoy nding thosefeaturesvisible
from theroverin mapsmadefrom orbitalimagery but over
all, navigating to Endurancewas not dif cult becausewe
couldseetherim of Endurancdrom far away. As therim of
the craterloomedlarger eachday, andaswe beganto make
out whatlooked lik e cliffs on the southeastim, the excite-
mentsteadilybuilt up. BetweenBounceRock, the Anatolia

ssures, trenching,Fram Crater and several drivesof more
than100meterseach thesolspassedjuickly andwe arrived
attherim of EnduranceCrateron sol 95.

4 Sols95-131:Endurance Rim

Our rst peekinsideEndurancé gure 4) shavedmagnif-
icentrocky outcropsalongtherim, beautifulsandripplesand
tendrilson the crater oor, treacherougliffs anddrop-ofs,
anda coupleof large boulders.Orbital imageryshaved the
craterto be about150 metersin diameter;we now alsosaw
thatit wasmorethan20 metersdeep.

And it appearedherewere placesthe rover could safely
enterthe craterwithouttipping over. However, slopeswould
be higherthaneitherrover hadbeenon, andour rst egress
attemptat Eaglecratersuggestedhatgettingbackout again
might bedif cult. But examiningthe outcropsup closewas
extremelyimportantscienti cally; they would revealamuch
longerview of Marshistorythanwhatwe sav atEaglecrater

We decidedthatbeforeentering,we would surwey thein-
terior from multiple locationsalongtherim. Thiswould give
usgoodviews into portionsof the craterwe maynot beable
to drive closeto even from inside, andlet us assessnore
potentialingresslocationsfor safetyandlik elihood of sub-

sequentgress.And, it would allow moretime for additional
testinghereon Earth,to seehow our testroversclimbedon
steepebut rockiersurfaces.

Our rst stopwasa rock perchedon the outerrim of the
craterapproximateh50 meterssoutheasfwe drove counter
clockwisearoundthe craterat rst), which we calledLion
Stone.Thisrock provedvery usefulfor localization.

Drives along the rim were all done with ArRc and
TURN_ABSOLUTE commands.We were driving on genef
ally rocky berm,on a slopethatwasaway from the craterin-
terior (soslip would take usaway from the rim itself, which
we liked). The driveswerekeptshortenoughthatwe hada
clearview of our drive pathandcould verify it wasclearof
obstaclesndejecta.We avoideddoingsharp‘dog legs”, be-
causewe weredriving far enoughthat stereorangedatawas
not preciseandwe did not trust the precisionof our local-
izationin the orbital maps.Somostdayswerestraightdrive
segments approximatehd0 meterspersol.

We continuedaboutone third aroundthe craterrim, for
anothempproactandasecondganoramaWe couldseefrom
imagingdoneatour rst approachocationandatLion Stone
that the craterwall at this location was dangerouslysteep.
Theapproactwassplitinto multiple sols,with sol 116 being
only al.5meterbumpright to theedge.

Fromour variousvantagepoints, it appearedhatabout6
meterseastof Lion Stonewasour bestentry location( g-
ure4). It wasrocky, which would be goodfor traction,rel-
atively smooth,and hadan overall slopeof roughly 25 de-
grees.R. Lindemannhadshavn our testrover could climb
rocky slopesof at least30 degrees. The long rocky slope
wouldallow sciencemeasurementsf theoutcropto bemade
at variousdepthswithout requiringlong traversesnsidethe
crater shouldwe decideit wasnot safeto proceedurther.

While we had originally consideredcontinuing around
Endurance counterclockwise for a third evenly-spaced
panoramdrom the rim, it wasdecidedthe time neededor
this amountof driving was not worth it, and sincewe had
found a good entry location, we backtraclked towardsLion
Stoneandreachedur intendedingresslocationin 5 solsof
driving, having drivenatotal of roughly 200 meters.
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5 Sols132—-315:Inside Endurance

After the careful surwey of ingresslocations, crateren-
try itself was also done very cautiously The Mechanical
teamhaddonemuchtestingon a large tilt platformandin-
dicatedthat,onrock, therover would climb beststraightup-
hill. Also, it climbedslightly betterbackward,bogiesuphill.
Sincethe mastis at the front of the rover, we would go in
forward and straightdownslope. On sol 132, we drove so
justthefront wheelswereinside,andthe next solwasa“toe
dip” in which we drove so that all six wheelswerein and
then bacled fully out, to verify our ability to leave before
continuingfurther. This testwas successful- we sav very
little slip goingin or outdueto the goodtractionon rock.

Sowe wentbackin andbegana carefulsurwey of theout-
crop with the IDD ( gure 6). Driveswereshort,lessthan
2 meterspersolwith IDD obsenationsin betweerandperi-
odic backupgo prove we couldstill climb. We carefullypre-
dictedterrainslopeaheadof the rover, andkeptthe rover's
fault protectionlimit for excessie tilt setto a hair trigger—
generallyjust 1 degreeabove predict. If our predictswere
incorrect,we wantedthe rover to stop quickly sowe could
reassesdyut this never happened.

The most exciting part of our descentwas on sol 157,
whenour drive endedwith a smallturn-in-placeto keepus
pointeddownhill onthe 26 degreeslope.WhendoingARC's
andturns,the rover runsall four steeringactuatorsimulta-
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 an unexpectedoccurrenceit did
con rm we wereoperatingattilts wheretractionwasgetting
lesscertain,andslip couldbeerratic. The next solwe gotall
six wheelsbackon thegroundby runningthe middlewheels
alonein the forward direction. Slip inducedwhile steering

would be minimizedby staggeringhe actuationsoonly one
or two of theactuatorsvould move atatime.

After aboutthreeweeksof surneying thesideof thecrater
thereweremary othertargetsof interestto the scienceeam
throughouthecrater In particular they wantedto getcloser
obsenationsof aregion of thecraterknowvn as“Burns Cliff”,
which was betweenLion Stoneand the secondpanorama
position. Vigilant monitoringof slip andterrainassessment
madeduringdescentndicatedit wassafeto continue sowe
proceededurtherinto thecraterto wheretheslopedecreased
to lessthan20 degrees.

In contrastto Eaglecrater our driveswere shortenough
and the slopessteepenoughthat we usedvisual odometry
almostevery stepof theway ( gure 2). This greatlysimpli-

ed localizationandslip assessmentyhich hadto be done
quickly. In additionto keepingthestepsizessmallenoughso
thatwe would have at least60% overlapfrom onevisodom
imageto thenext (roughly50to 60 centimetersteps)it was
importantto point the camerasat terrain as feature—richas
possible,and as perpendiculato the direction of travel as
possible. This minimized scalechangesdn featurestracked
from oneimageto the next, which turnedout to be particu-
larly importanton the planarsurfacewe weredriving. Addi-
tionally, thecamerasieededo bepointedsothatthey donot
seethesolarpanelghighre ectivity cancause¢heimageso
bloom)or therover's shadav (which canconfusevisodomin
smoothterrain). With theseconstraintsthe rover kepttrack
of its positionwithin centimetersvermetersof traverseeven
when slip was high (veri ed by manualco—reyistration of
imagegtaken of thesameterrainfrom differentlocations).

We began closing the loop on-boardwith visodomposi-
tion estimatesby way of conditional ARC commandsand
TURN_T0o commandsBut we madesurethatif visodomdid
not corverge or corvergedto awrong answey the drive was
safeevenif all ARC commandsvereexecuted. TURN_TO
commandsvereconstrainedvith tightertimeouts.



Figure6: Falsecolorimagetakenon sol 173 shaving RAT
holesandrovertracksmadeduringdescentnto Endurance.

On the way to Burns Cliff, we pausedo obsere anin-
triguing boulderseenfrom the craterrim named'Wopmay”.
It wasa bit taller thanthe 60 centimetersolar panelground
clearance,so we hadto be very cautiousaroundit. The
nearbyslopesat roughly 20 degreeswerenot assteepaswe
hadseeratingressput theterrainwasmuchsofter We expe-
riencedhigh slip, but aftera few solsdid getinto agoodpo-
sition to obsene Wopmaywith the IDD. On the drive awvay
from Wopmay however, we encountereda buried slab of
rock ( gure 5). While attemptingto climb over the slab,the
rover slid laterally alongit. The drive sequenceavas con-
structedto abort halfway if the rover did not think it was
sufciently closeto a waypoint(this would happereitherif
visodomwas not corverging or if the slip was larger than
predict). Thistriggered andstoppedexecutionof thesecond
leg of the drive which, if the rover continuedto slide along
theslab,could have causedsolarpanelsto hit Wopmay

For the next several sols, progressuphill wasvery slow.
The rover got boggeddown twice in loose sandyterrain.
Hereasat Eaglecrater driving at roughly 45 degreesto up-

slopevectorwasthe most effective way to make progress.

Oncethe rover got higherin the crater we were backon
solid rock — and stayedon this “rock highway” high on the
craterrim for therestof ourtimein Endurance.

Figure7: Sol 304 drive pathandIDD goal(greenarrow).

Figure8: Sol 304result,overlayshavs IDD reachability

We stoppeda few metersshort of Burns Cliff; close
enoughto getstunningPANCAM of theregion but not close
enoughto obsere with IDD. Theterrainaheadwvassimply
gettingtoo steep,andterraindownhill wastoo treacherous.
So on sol 295, we began a threeweek drive to the egress
location10 meterseastof wherewe entered.

A nal IDD obsenrationwasrequestedust prior to leav-
ing the crater As a piecede resistancewe nailed an 8.7
meterapproach gure 8) ona24degreeslopein asinglesol
— positionestimationerror waslessthan5 centimetersover
thatdrive. This combinedall thetechniquesve hadlearned
thusfar. Thedrive wasdonewith visodom,andthe rst half
was pure crossslopeto get us downhill of the tamget, fol-
lowed by a purely uphill drive to the target with conditional
ARC'sto make useof visodomestimateg gure 7). Manual
slip estimation(basedon resultsof recentdriveson similar
terrainandslopes)wasstill doneto determinea reasonable
numberof conditionalARC'sto sequenceandto setbounds
for amid-drive waypointcheck.



Figure9: Opportunityheatshield,impactdivot, andnearbysmallmeteoritejmagedon sol 324.

6 Sols316-410+:Back to Plains

Our rst stopafter egressfrom Endurancevasto pause
and image the tracks we had laid down six months ear
lier, driving to andfrom the secondpanoramaosition. We
crossedold trackswith new tracksand imagedwith both
PANCAM andthe microscopicimager andsav a de nite
dustbuild-up, consistentvith dustbuild-up seerontherover
deck. We thenstoppedio examinethe heatshield approxi-
mately 200 meterssouth. It hadsplit into two major pieces
uponimpact, and scattereda few large springsin the area
thatwe did not wantto drive over. We circumnaigatedthe
site, and examinedboth major pieceswith the microscopic
imagerandPANCAM. Amazingly, lessthan10 metersaway
from the heatshield, we found an iron meteoriteabout15
centimeterscrossthe rst ever foundon anothemplanet.

After examinationof tracks,heatshieldand meteorite it
wastime to continuedriving south. The currentterrainhas
long shallow ripples, and periodically at rocksin the bot-
tom of the troughsbetweenripples. We are visiting small
cratersontheway souththroughterrainthatappearsougher
andmottledfrom orbitalimagery Thesmallcratersareuse-
ful landmarkdor localizingthe rover positionin our orbital
maps,andwe try to hop from one small craterto the next
every coupleof sols.

In this terrain,we have beenableto drive morethan150
meterson asinglesol mary times,with our currentrecordof
220metersseton sol 410. We aremakinguseof the suspen-
sionarticulationfault protectionwhich stopsdriving should
eitherthebogiesor differentialanglessxceedprogrammable
limits. We have alsodonemulti-sol drives,wherethe rst sol
startswith a standardong blind drive, followed by autona.
Subsequerdolspick up with continuedautona drives. Us-
ing thistechniquewve have driven400metersover 3 solsin a
singleplanningcycle.

7 Conclusion

Exploring Meridiani Planumwith Opportunityhasbeen
a constantsourceof challengeand excitement,from study-
ing the outcropsat EagleCrater traversingboththerim and
inside of EnduranceCrater examiningthe heatshield, and
imagingthetroughsandsmallcratersthatdot the plains.

As of sol 410, Opportunityis aboutonethird of the way
from EnduranceCraterto the muchlarger 750 meterdiame-
terVictoria Crater4 morekilometersto thesouth.We cannot
wait to seewhatthe plains,intermediatecratersand ssures,
andVictoria Craterhave in storefor us.
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