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Abstiact—This paperdescribesereral JetPropulsionLabo-
ratoryresearclefforts beingconductedo supportMars sam-
plereturnin thecomingdecadeAfter describinghe2003/05
missionscenariowe provide an overvien of new technolo-
gies emeging from three complementaryresearchefforts:
Long RangeScienceRover, SampleReturnRover, andFIDO
Rover. Theresultsshav improvementsn planning,naviga-
tion, estimationsensingandoperationgor smallroversop-
eratingin Mars-like ervironments.
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1. INTRODUCTION

EvenbeforeSojournemadeits first wheeltrackson Marsin

1997.,it wasanticipatedhatthis roverwould beonly thefirst
in a seriesof surfaceexplorationspacecraftargetedfor the
planet. While it will be Sojourners flight sparethat drives
on Marsin 2002,the next leapin technicalcapabilityexhib-

ited by roverswill bein the2003/05missionset,wheremuch
largerroverswill performrock andsoil samplecollectionfor

returnto Earth. Theseroverswill have greaterinnatecapa-
bilities, openingthe door for the insertionof new robotics
technologieghat have beenin developmentsincethe incep-
tion of the Pathfindermissionfive yearsago. Among these
are on-boardstereovision processingautonomoudander

lessoperationsmanipulationandinstrumentpositioningby

arms, precisionnavigation for rover/landemrendezwous,and
distributedgroundoperations.

Of fundamentaimportanceto the incorporationof the new
capabilitieson next-generatiorroversis the use of a more
capableelectronics sensingandinstrumentatiorinfrastruc-
ture locatedon-boardthe rover. For instance,as Sojourner
was being preparedfor flight, JPL was constructinga new
prototype,Rocky 7 [16]. Sereralkey featuresvereaddedto
supportongtrips away from thelander:a deplgyablemastto
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raisecameragandtake panoramidmagesof the surrounding
terrain,a shorterarm for sampleacquisitionandinstrument
placementanda sunsensotto accuratelydetermineheading
while driving. Thesefeaturesveredemonstrateduringfield

testsin the Mojave Desertin 1997,which led directly to the
acceptancef the03/05missiong15].

Theselected3/05missionconcepthowever, requiresanen-
largedroverthathastheaddedunctionalityof carryingadrill
for rock sampling,larger wheelsfor enhanceanobility, and
asignificantlyupgradedciencdanstrumentsuite(asopposed
the Sojournerrover). Therefore,to supportcontinuedfield
testswith the selectedscienceteamfor the 03/05 mission,
a new Field IntegratedDesignand OperationgFIDO) rover
was conceved, designedjntegratedduring a 12-monthpe-
riod, anddemonstrateth desertestsin April 1999[14]. The
FIDO rover reflectsthe currentengineeringsensorsand sci-
enceinstrumentsuitethatareplannedfor the 03/05mission.
While this roverwill continueto actasanoperationgestbed
for missionscientistsjt hasa secondunctionasanintegra-
tion testbedfor new technologieghat continueto be devel-
opedby ongoingresearctefforts.

The JPL core robotics technologyprogram has been sup-
porting theseresearchefforts, which include the Rocky 7

rover aswell asanotherplatform, the SampleReturnRover

(SRR)[13]. Eachrover hasbeendedicatedto increasing
autonomyin two respectie halvesof the exploration prob-

lem: autonomousnotion away from andbackto the lander

New techniquesusedincludeestimationandvisuallocaliza-
tion, on-boardpathandsequencee-planningandnaturaland
man-madeargetrecognitionandtracking.

This paperdescribeghesetechniquesaswell asthe details
of the mission scenarioin which they will be used. Sec-
tion 2 describeshe Mars SampleReturns Athenarover mis-
sion. Thetechnologydevelopmentassociateavith the Long
RangeSciencerover task are discussedn Section3, while
the SampleReturnRover andthedevelopmenbf rendezous
techniquesredescribedn Sectiond4. The Athenaterrestrial
prototyperover, FIDO, is discussedn Section5, and sum-
maryremarksareprovidedin Section6.



Figure 1. Preliminarydrawing of the Mars SampleReturn
Athena-Reer.

2. MARS SAMPLE RETURN MISSION
SCENARIO

Launchingin 2003andagainin 2005,NASA's Mars Sample
Return(MSR) spacecrafwill placetwo sciencaoversonthe
surfaceof the planet. Theseroverswill be carriedto the sur

faceon the top deckof a three-lgggedlanderthatis roughly
1 mtall and3 m in diameter This size, substantiallylarger
thanpreviouslandersof the 1996,1998,and2001 missions,
malkesit possibleto carry a sample-returrMars AscentVe-
hicle (MAV) aspart of the landerpayload. The landersize
alsoenablegheuseof aroverthatis approximatelytwice the
size of the Pathfindermissionrover, Sojourneyin every di-

mension. (Sojournerwas 60 x 40 x 35 cm.) A preliminary
drawing of this “Athena-classtoveris shavn in Figurel.

The larger size of this MSR rover is neededo supportrock
samplingoperationsand to carry the seven scienceinstru-
mentsthat make up its payload. Rock samplingis accom-
plishedusinga coringdrill, whichreliesontherover masso
provide the force behindit in its vertical operatingconfigu-
ration. The scienceinstrumentsare usedto selectthe target
rocksfor sampling to determinghe compositionof therock
samplebtained andto studyrocksin the surroundingarea.
Four of theinstrumentslocatedon a five degrees-of-freedom
arm, requireclose proximity to the sampleto be measured.
Two others locatedon a 1 m mast,requireonly line of sight
to thetarget. Thedrill, itself, is the seventhinstrument.

The rover will begin its missionon the landertop deck by
obtaininga panoramaf the surroundingerrainfor science,
engineeringand public outreachpurposes.From theseim-
agesarampdeploymentdirectionwill beselectedaswell as
initial travel routesandgoalsfor thefirst rover traverse. Af-
ter rampdeployment,the rover will drive to the surfaceand
begin navigating the terrain. The maximumdistancedriven
eachdaywill be100m, andoftenmuchless,especiallywhen
theroveris positioningitself for scienceoperations.

During themission,communicatiorwith theroverwill nom-
inally take placetwice perday, relayedby the lander Each
communicatiorwindow will allow a limited setof images
anddatato be transmittecto operatorson earth,while new
instructionsare provided to the rover basedon the previous
communicationcycle. Typically the rover will receve in-
structiondor thedayin themorning,andtransmittheresults
andstatusattheendof theday.

After obtainingits first setof rock samplestheroverwill re-
turnto thelanderanddeposithemin the MAV. This mustbe
accomplishedby successfullyaligning with the baseof the
ramp,driving up its two narraw rails, andaccuratelydetect-
ing the properpositionfor sampletransfer At this location,
theMAYV payloaddoorwill beopenedandthesampleransfer
will be completedrobustly andautonomouslythermalcon-
siderationsrequirethat the payloaddoor be openlessthan
thatof thetypical communicationgycle.

Sincemissionconstraintdimit surfaceoperationgo lessthan
90 days,thesampleacquisitionandreturnto MAV cycle can
be performedonly threetimesat most. It is likely, however,
thateachcycle will seethe rover venturingfartherfrom the
lander

After thelastsamplereturnoperationtheroverwill move off

thelanderdeckandfar enoughaway from the landerto pre-
ventits beingdamagediuringthe MAV lift-of f. Thislaunch
is expectedo damagehe landercommunicatiorsystemand
preventit from acting as a relay for the rover. Therefore,
the rover will useauxiliary communicatiorto an orbiter, to

enableit to performthe extendedmissionof exploring the
surface.

Obviously, the compleity andaccurag of the autonomous
operationgdescribedabove directly influencethe amountof
scienceoperationghat will be performed. For this reason,
JPLresearclprojectsaimto introducenew functionalityand
featuresinto Mars roversto enablegreatersciencereturn
from all upcomingMarsrovermissions.Techniquegor more
autonomousnd robust explorationand returnto the lander
have beendevelopedandimplementedn field tests.Eachof
theseefforts is describedhext.

3. LONG RANGE SCIENCE ROVER
TECHNOLOGIES

To improve rover navigation, exploration,andautonomythe
Long RangeScienceRaover (LRSR) researchtask hasbeen
improving therover’s ability to navigatethroughthe erviron-
ments,while maintainingan accuratesenseof its position.
This sectiondescribesadvancesn four pertinentareas:dy-
namic sequencegenerationautonomougath planning, vi-
suallocalization,andstateestimation.All researclwascon-
ductedwith the prototyperover, Rocky 7, shavnin Figure2.

DynamicSequenc®lanning

On-boardplanningwith dynamicsequencegeneratiorallows
groundcontrollersto provide muchhigherlevel commands,
while increasingheoptimalityandrobustnes®f roveropera-



Figure2. TheRocky 7 researciprototype.

tionsonthe surface.For instanceduringthe PathfinderMis-
sion, the Sojournerrover [10] was provided with extremely
detailedsequencesdaily, fatiguingoperatorswhile alsodis-
allowing contingenyg operationsvhenthe flow of execution
wasnon-nominal Contraryto this, we have beenexperiment-
ing with on-boardreplanningthat can changethe execution
of daily actvities basednunanticipated/ariationsin quanti-
tiessuchasposition,terrain,power, andtime. To accomplish
this, we have useda dynamicon-boardplaningsystemcalled
CASPER(ContinuoudActivity SchedulingPlanning Execu-
tion, andReplanning) 5], [6].

Figure3 shavs anexamplescenaridn mapform, wheredark
orangeshapesepresenbbstacleknown a priori (e.g. from
landerdescenimagery). In this case theinitial planfor the
traversewill bring the rover to an unexpectedobstaclenear
thefirst goal,representedsalight orangeshadedhape Cir-
cumnaigationaroundhisobstaclevill movetherovercloser
to othergoals,triggering CASPERto recognizethe situation
andre-planto visit the closestgoal first. We are currently
evaluatingthis andsimilar scenariogxperimentally

AutonomoudPath Planning

For the longertraversesrequiredof upcomingmissions,au-
tonomougpathplanningis desirablesinceoperatorswill not
be ableto seethree-dimensionalerrain featuresout to the
moredistantgoallocations.WhereasSojournerdrove a total
of 84 m duringits entiremission,the MSR Athenarover will

be capableof driving this distancen a singleday. However,

stereoimageryof theterrainprovidedto operatorswill only
have an ernvelopeof 20 m at bestresolution. Therefore the
pathplanningadvanceglescribederewill allow theroverto

beits own operator It canimagetheterrainfrom periscopic

Original planned path —»

Re-planned path

Figure3. After encountering@previouslyunknovnobstacle
shavn in light orange,CASPERreplansthe sequence
of targets.Blue crossesrethegoallocations,anddark
orangeshapesreobstacleknown a priori.

camerasselecta paththroughthe terrainto the edgeof the
effective stereorange,andrepeatthe processuntil the goal
is achieved. A representatie exampleof a partial panorama
andthe resultingelevation map of the terrainare shavn in
Figure4.

Rocky 7 usesalocal sensotbasedpathplannercalledRover

Bug[8], [9]. This algorithmwasdevelopedfor vehiclesthat
have limits on sensorrange,field of view, and processing.
The two main modesof operationare motion-to-goaland
boundary-following which are usedto provide global con-

vergence.

Rover-Bug works by usingthe local elevation mapto con-
structa mapof corvex hulls aroundall obstaclesn thesens-
ing range.Thesehulls arethenmergedandgrown to provide
a configurationspacerepresentationf the sensederrain. A
tangentgraphis constructedo determineif thereis anun-
obstructedpath to the ernvelopeof the sensedegion in the
directionof thegoal. If oneexists, it is followed,andthe pro-
cesss repeatedt the endof the pathsegmentto the sensory
ervelope.

If afree pathdoesnot exist, sterecimagesare obtainedto
the mostpromisingside of the currentview, andthe process
is repeated.In somecasesthe free path placesthe rover at
theedgeof the sensoryervelopebut still obstructedrom the
goal by anobstacle.In this case the rover will begin to use
its body-mountedameraso reactively boundaryfollow until
thereis a clearpathto thenext goal.

Figure 5 shavs experimentaldata obtainedfrom Rocky 7
while usingthis algorithmto traverseour MarsYardtestarea.
The startpositionis in the lower left corner 21 m from the
goalin theupperright. Four setsof sensorydataareshavn as
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Figure 4. Stepsof on-boardterrainsensing:panoramiomosaicview from rover maststerecimager compositerangemap
extractedfrom stereoviews, andelevationmapcreatedrom rangedata.

Figure5. Experimentatesultsfrom a multi-steprun using
Rover-Bugin the JPL MarsYard.

orangewedgesalongthe path.Projectecbnto thesedatasets
arethe pink corvex hull representationsf the sensedbsta-
cles. The greenandblue lines passingthroughthe obstacle
field arethe plannedand executedpaths,respectiely. The

gapbetweerdatasetsis dueto alack of memging of datafrom

both the mastand body-mounteccamerasandis currently
beingcorrected.The sudderchangesn the pathdirectionat

thefar sideof eachwedgedoesnotindicatedactualrover mo-

tion; ratherit is anartifactof theestimatedover positionthat

is updatedby localizationat this pointin the traverse. This

localizationis discusseahext.

Visual Localization

Visual localization usesthe sameterrain imagery as path
planning,but for the purposeof monitoringthe apparentno-

tion of three-dimensionajroundfeaturesafterthe rover has
completeda move. In this way, the on-boardposition esti-
mate of the rover can be updatedto compensatdor errors
causedby wheelslippageor rock bumping. On Pathfinder
thislocalizationfunctionalitywasperformedmanuallyby op-

eratorsviewing Sojournerfrom thefixedpositionlandercam-
eras restrictingthe updateto oncea dayandpermittingoper

ationsonly within the stereoervelopeof thelander In con-
trast,the terrain-basedbcalizationdescribecherehasappli-

cationto mary forms of landerlesoperations:incremental
long traverses]ocal operationswithin rangeof a prior stereo
panoramalocalizationin descenimagery andclosedchain
rover moveswith estimatesmoothing.

- - - 3
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Figure 6. Exampleof automatictargetselectionfor local-

ization.

Thetechniqueeliesonobtainingasterecelevationmapfrom

theinitial rover position,asshovnin Figure4. Thisimagery
is automaticallyanalyzedasedntherangedataquality, and
the quality expectedto be seenat the goal point specifiedby
pathplanning[1]]. Typically, therewill bea prominentrock
betweerthe two locations. Fromthe analysisi,it will be se-
lectedasthelocalizationtarget,andviewedby therover after
reachingthe endof the local pathsegment. Figure6 shavs
anexampleof theautomatidargetselectionwith fourimages
concatenatetb provide areasonabl@umberof potentialtar-

gets.

To match the two stereoviews of the terrain, a multi-
resolutionsearchtechniqueis usedto provide the bestesti-
mateof the displacemenbf the original elevation mapfrom
thefinal one[12]. Typical resultsprovide positionerror es-
timatesthat are 1% of the distancetraveled. However, the
searchusesthe on-boardestimateof the rover positionasits
startingpoint, somorereliableresultsareobtainedf theini-
tial estimatds moreaccurateThereforefo obtainbettercon-
tinuousposition estimatesywe have beendevelopinga new
estimationtechniquediscusseadext.
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Figure 7. Simulationresultsshoving true valuesandesti-
matesfor wheelcontactpositions,wherethe left/right
three wheelsanglesare shavn by the left/right side
graphs.

KinematicStateEstimation

In additionto periodic visual localizationof the rover, we
have developedreal-timepositionandheadingestimationus-
ing all othersensor®n the vehicle: angularrate,accelerom-
eter sunsensorwheelanglerates,andmobility systemlink-
age(rocker-bogey) configuration. This techniqguemovesfar
beyondthesimpledeadreckoningof Sojourneandimproves
uponour previous advancesn positionestimationwith sun
sensing[15]. Theresultsaid navigation during path execu-
tion, provide betterinput to localization,andreplacebothin
visually featurelesserrain(e.g.,sanddunes)r in the caseof
visualsensingailure.

The estimatorusesa Kalmanfilter framework, with the pro-
cessmodelchosersothattheinertial sensoidataareusedas
aninputto drive the processquation.The procedureavoids
the difficulty of modelingthe detailedprocesdynamics[1]

by exploiting the ability of the Kalmanfilter to performthe
appropriatéeast-squareaeragingof theactionof eachkine-
maticchainin therover. Theseforwardkinematicchainshave
velocity componentslefinedby thesequencef links joining
the rover frameto eachestimatedwheel contactpoint, and
a componentgiven by the slip betweenthe wheel and the
ground. The deterministiccomponenbf the slip is usedto
capturethe effectsof aknown steeringactionor aknown av-

erageslip rateover differentkindsof terrain.

Both simulationandexperimentatesultswith this estimation
techniquéhavebeenconductedFigures’ shonvstheability of

the estimatorto correctlytrack the wheelcontactangleover
anundulatingterrain. The simulationis particularlyvaluable
sincegroundtruth canbe known exactly. For instanceusing
simpleintegrationof thewheelvelocity resultsin a 2% error
in measuregbosition,while theestimatoreducesheerrorby

anorderof magnitude.

Experimentakesultsfurther supporttheseconclusions.Fig-
ure 8 shaws theresultsfrom Rocky 7 driving over an obsta-
cle on the right side of the vehicleonly. While the left side
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Figure 8. Experimentatesultsfrom Rocky 7 shaving the
estimategor wheelcontactangles.

Figure9. The SampleReturnRover.

wheel contactpoints changeonly slightly, the much larger
changesn theright sideare correctly determined.Note, in

thefinal configurationthebogey wheelswerestill ontheob-
stacle while the steeringwheelhadcompletelytraversedhe
obstacle. The estimatedwheel contactangleswere within

5 degreesof thetrue valuesmeasuredndependentlyFurther
experimentsarein progressaswell asintegrationof visual
positionestimationasdescribedn the next section.

4. SAMPLE RETURN ROVER TECHNOLOGIES

In 1997,JPLbegandevelopmenbf the SampleReturnRover
(SRR), a small, lightweight rover that investigatedfocused
technologyadvancesn theareaf rover-to-roverandrover-

to-landerrendezous. SRR, shavn in Figure9, is a 7 kg

rover with a 4-wheelrocker mobility systemthat is capa-
ble of traversingover obstaclesip to 15 cm in height. The
rover includes4-wheelsteeringand carriesa threedegrees-
of-freedommanipulatoarmwith a1 degree-of-freedongrip-

per This robot arm is usedfor panoramicimaging along
with samplepick-up and transfer The rover alsoincludes
aposablaockerjoint for variablegroundclearancendrover
reconfigurationin difficult terrain. SRR carriesa PC104+
derived electronicssystem,including a 300 MHz AMD K6

processgmotioncontroll/O boardsD/A andencoderead-
erswith closed-loogontrolrealizedn software),A/D board,
PCl colorframegrabbersandawirelessEthernet.

The original conceptfor SRRderivedfrom the previousver-
sion of the MSR missionwherean Athena-classover tra-



versedongdistancesstoppedatinterestingsciencesites,and
acquiredandstoredrock andsoil samples.During a second
mission,asmall,lightweightroverwould landontheMartian

surfaceandrendezwuswith the scienceroverto retrieve the

samplecollectedduring the primary sciencemission. Such
a rover-to-rover rendezwous was demonstratedy the SRR
technologyteamduring the summerof 1998[13]. Thisren-

dezwuswas accomplishedising an RF beacontransmitter
and recever pair for non-line-of-sitenavigation to the sci-

encerover, visual trackingof the staticsciencerover during

line-of-sightnavigation,determinatiorof roverto-roverpose
using man-maddeatureslocatedon the sciencerover, and,

terminalguidanceto the samplecachecontainerandpickup

of this containemsingthe on-boardmanipulatorarm.

In 1999, the SRR task turnedits attentionto the rover-to-

landerrendezwus problemin supportof the MSR mission
andthe requirementhat the Athenarover returnits cached
samplesto the landerand the awaiting MAV, as described
in Section2. Someof the technologydevelopmentsestab-
lishedduringthe rover-to-roverrendezwousapplicationwere
transferredo the roverto-landerrendezous problem. The

requirement®f the Athenarover mission,however, necessi-
tatedthe developmentof new techniquedor the robustand

accuratenavigation of SRR with respectto the landersuch
that autonomoudanderacquisition,landerrendezwous, and

rampclimbing arepossiblewith minimal, if any, groundsup-
port. Figurel0depictsthescenariassociatedith therover-

to-landerendezwousproblemin termsof the multi-phaseop-

erationsandtechnologiesisedduringthereturnto thelander

The roverto-landerrendezwus problemis divided into the

following phases:

e Longdistancevisualtrackingusinglandertexturefeatures
derivedin thewaveletspace

e Multi-point tracking of lander featuresfor headingand
rangeestimationof theroverrelative to thelander

¢ Ramplocationdeterminatiorusinglanderfeatures

e Ramp recognition using cooperatie ramp featuresfor
headingand rangeestimationof the rover relative to the
bottomof theramps

Thelong-distancenavigationof SRRrelative to the landeris
accomplisheavith anovel wavelet-basedetectioralgorithm
for thelong-rangevisualacquisitionof a landerfrom greater
than 100 m using a single, black-and-whiterover imaging
system(20 degreefield of view) [4]. This informationen-
ablesautonomougorrectionthe rover headingwith respect
to thelander andto guidanceof SRRto within 25 m of the
lander Sucha navigation sequenceés shavn in Figure 11.
Within 25 metersof the lander a visualtechniquethattakes
adwantageof the known geometryof the landerstructureis
usedto track multiple featureq(e.g.,landerleg struts,lander
deck,etc.) to determinethe poseof the rover relative to the
lander Preliminaryresultandicatethatprecisionontheorder
of 50cmin rangeandl to 2 degreedn orientationis possible
usingthisapproach.

Lik ewise,theknown rampgeometryallows for thevisualac-
quisition of the landerrampsandthe relative positioningof
theroverrelative to theramps.Thesetechniquesombineto
producea navigation stratgy for the autonomouguidance

of the rover from 25 m from the landerto 5 m in front of
theramps. Finally, visual acquisitionof the landerrampsis
accomplishedisingcooperatie markingsfrom which rover
to-rampposition and headinginformationis obtained. The
successie visual acquisitionof the landerrampsbringsthe
rover from 5 metersto within 5 cm of the bottomof the lan-
derramps. Many successfuexperimentshave beenaccom-
plishedin bothlaboratoryandoutdoorsettings.Theseresults
indicatethattherovercanreliableandrobustly navigateto the
bottomof therampswith anabsoluterecisionof 1 cmin lat-
eralandlongitudinaloffsetandlessthanl degreeorientation
errorwith respecto theramps.As such,the combinationof
theserover navigationtechniquedeadsto a single-command
autonomousequencassociateavith thereturnto thelander
andtheregressof theroverupthelanderrampsto deposithe
samplecachein the MAV.

Finally, the SRRtaskhas,overthe pasttwo years,developed
an alternatve form of rover stateestimationfor the accurate
andreliable determinatiorof rover positionand orientation
relativeto afixedreferencdrame. Thistechniquaisesanex-
tendedKalmanfilter framework basecn thework described
in [3]. Within the SRRdevelopmentthe registrationof suc-
cessie rangemapsgeneratedby therover’s forward-looking
hazardaoidancecamerasreutilizedto determingheframe-
to-frametranslationandrotationof the rover. This informa-
tion is combinedwith deadreckonedestimate®f therover's
translationandrotationto producean optimizeddetermina-
tion of the rover pose. This work is describedn [7] and[2]
andillustratedin Figure12for a 6+ m traversewithin a soft-
soil, rock-filledindoorsandpit.

5. FIDO ROVER TECHNOLOGIES

As describedn Section2, the 2003/05MSR’s Athenarover
missionrepresents significantincreasan compleity over
therecentSojournerrover mission.The Athenarover carries
seven sciencepayloadelements,ncluding a multi-spectral
imagingsystemamicroimageyasampleacquisitionsystem,
andfour differentspectrometerascomparedo Sojourners
singlesciencanstrumentthe Alpha ProtonX-ray spectrom-
eter In addition,the Athenarover hasover eighttimesthe
volume and six timesthe massof the Sojournerrover. As
such,the Athenarover representa true sciencecrafandful-
fills the needfor aroboticfield geologiston Mars.

To facilitatethe successfubperatiorof the Athenaroverdur-
ing the 2003/05Mars SampleReturnmissions,a terrestrial
prototypeof the Athenaroveris beingusedby the Athenasci-
enceteamfor scienceandengineeringestingassociatedvith
flight missionoperations. The developmentof this robotic
vehicle, known as FIDO (for Field Integrated,Design,and
Operationsyover beganin early 1998 with the conceptual
designof the vehicleand culminatednine monthslater with
thefull-scaleintegrationof the rover andits sciencepayload
[14]. In April 1999(lessthan14 monthssincetheinitial paper
designs)theFIDO roverwassuccessfullypperateditthe Sil-
ver Lake field testsite outsideBaker in California’s Mojave
desert. Figure 13 shavs FIDO operatingduring this desert
field test.

FIDO’s mobility subsystemconsistsof a 6-wheel rocker-
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Figurel3. TheFIDO roverduringtheSilverLakefieldtrial.

bogie suspensiomsystemthat hasbeenscaledup by a factor
of 20/13 from the Sojournerdesign. This suspensiorsys-
temallows for the safetraverseover obstaclesipto 30cmin
height. Eachwheelis independenthdriven and steeredus-
ing a Sojournerderived actuationand encodersystem. The
top groundspeedof the vehicleis 9 cm/sec. Approximate
roverdimensionsarel min length,0.8 m in width, 0.5min
height,and0.23m groundclearanceTherovercarriesafour
degrees-of-freedondeployable mastthat stands1.94 m off
thegroundsurfaceatfull extent. This mastprovidesthe nec-
essarypan-and-tiltcontrol for panoramidmagingand point
spectroscop FIDO also carriesa four degrees-of-freedom
instrumentarmthatis usedto placethein situ suiteof instru-
mentson rock andsoil targets.

The FIDO electronicsaresimilar in natureto the SRRelec-
tronicswith the CPUbeinga 80586AMD processorunning
at a 133 MHz clock speed. The rover usesa PC104-based
platform for all I/O functions, including a motion control
system(D/A and encoderreaderswith closed-loopcontrol
in software) that can control up to 30 actuatorssimultane-
ously, two monochromati@andonecolor framegrabbersdig-
ital 1/0 boards,A/D boards low-passfilter andanalogmul-
tiplexer boardsandawirelessEthernet Engineeringsensors
include front andrear stereohazardavoidancecamerasys-
tems,aninertialnavigationsystemandasunsensofor abso-
lute headingdeterminationA differentialGPSunitis alsoin-
tegratedwithin the rover electronicsfor ground-truthingour
posesonly.

Figure 14. Theminiaturecoredrill acquiringacoresample
from a carbonateock at Silver Lake

Thesciencegayloadon FIDO is analogouso the Athenapay-
load. In particular the remotesensingsuite locatedon the
FIDO mastincludesa multi-spectral,narrov field-of-view
Pancam stereoimaging system; a monochromatic,wider
field-of-view Navcamstereoimagingsystem;andthe optics
for anearlR point spectrometethatoperatesn the 1200to
2500 nm wavelengthregion. The multi-spectralcapability
associatedvith the Pancamsystemis realizedusinga Lig-
uid Crystal TunableFilter (LCTF) thatis tunedto the three
nearlR wavelengthsof 650, 750 and 850 nm. The in situ
instrumentsuiteattachedo the end-efectorof the FIDO in-
strumentarm consistsof a color microimageranda Moess-
bauerspectrometethatareusedto determingheiron content
of targetrocks.A miniaturecoredrill systempody-mounted
to therover, providesthe capabilityto acquireandcacherock
andsoil samplesAll of theseinstrumentswith theexception
of the nearIR point spectrometefthe flight missionusesa
miniaturethermalemissiorspectrometein themid-IR wave-
lengthregion), are breadboardsf the Athenaflight instru-
ments.

In total,thesciencenstrumentindengineeringensinguites
and the resulting FIDO rover systemrepresent terrestrial
analogof the Athenarover that canbe usedto testandvali-
datethe Athenamissionscenaricandassociate@ngineering
functions.As such,the Athenasciencaeamled by Professor
Steven Squyres AthenaPl, and ProfessoRaymondArvid-
son, Athena Co-Il, hasworked with the FIDO engineering
teamsinceMarch1999to performrover operationgestingin
supportof the Athenarover mission.In particular the desert
field trial atthe Silver Lake testsiterepresentethefirst ever
demonstratiomndvalidationof the sampleacquisitionphase
of the Athenarover missionthroughthe identificationof tar
getrocks,approacho thetargetrock, placemenbf theminia-
ture coredrill over the targetrock, successfuacquisitionof
a core sampleusing the miniature core drill, and return of
thesesampledo a simulatedlandingsite. Figure 14 shawvs
the FIDO rover andassociatedoredrill duringthe success-
ful acquisitionof acoresamplefrom acarbonateock. Future
field trialsin 2000and2001will focusonflight-likeroverop-
erationswith therover andscienceteamsbeingsequestered
at JPLwhile theroveris locatedat a remotetestsite. During
such"blind” field trials, thefull Athenamissionscenariowill
bethefurthervalidated jncludingsampleacquisitionandre-
turn to the landeraswell aslong-rangescienceexploration
anddiscovery.



6. SUMMARY

This paperhasreviewed several recentresearctefforts that
supportupcomingMSR missionscenarios. Threeresearch
tasks LRSR,SRR,andFIDO, have beendevelopingandtest-
ing new capabilitiesin prototyperover platforms. LRSRre-
searchwith Rocky 7 hasdevelopedour new techniqueso en-
hancethefunctionalityof autonomouong-rangeMarsrover
navigation: intelligent sequencingsensorconstrainedpath
planning,naturalterrainvisuallocalization,andKalmanFil-
ter stateestimation. SRR hasdevelopeda return-to-lander
capabilitywith visualtrackingat variousrangesusingtech-
niguessuitableto thoseranges.It hasalsodisplayedvisual
odometrytechniquesFinally, FIDO representshe culmina-
tion of thetwo corerobotictechnologyprogramssinceits de-
velopmentis basedon the experiencegainedwithin LRSR
andSRR.As aresult,it hasbecomeastandardntegrationand
testsystemfor the validationof rover navigationandcontrol
stratgies.
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