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Abstract

The StanfordRacingTeam(SRT) hassuccessfullydevelopedan autonomous

robotic vehiclecapableof driving throughdesertterrainwithout humaninter-

vention.TheSRT vehicleStanley is basedonareinforcedVolkswagenTouareg,

equippedwith a customdrive-by-wiresystem,a sensorrack,anda computing

system.Thevehicleis controlledthroughadistributedsoftwaresystemthatuses

inertialsensingfor poseestimation,andlasers,vision,andRADAR for environ-

mentalperception.Sensordatais mappedinto a drivability map,which is used

to setthedirectionandvelocityof thevehicle.A majoremphasisof theSRT has

beenearly developmentof a prototypeend-to-endsystem,to enableextensive

testingin authenticdesertterrain.

1 Project Overview

The StanfordRacingTeam(SRT) is Stanford's entry in the 2005DARPA GrandChallenge.

The SRT bringstogetherleadingautomotive engineers,arti�cial intelligenceresearchers,and
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experiencedprogrammanagers,to develop the next generationof self-driving vehicles. The

SRT hasdevelopa roboticvehicledubbed“Stanley,” which hasbeenselectedasa semi�nalist

by DARPA.

The SRT leveragesproven commercialoff-the-shelfvehicleswith advancedperceptionand

driving systemsdevelopedby theStanfordAI Lab(SAIL) andaf�liated researchers.Thestrong

emphasisonsoftwareandvehicleintelligenceindicatestheSRT'sbelief thattheDARPA Grand

Challengeis largelyasoftwarecompetition.As longasthevehiclestaysontheroadandavoids

obstacles,commercialSUVsarefully capableof negotiatingthe terrain. Thechallenge,thus,

hasbeento build a robust softwaresystemthatguidesthevehiclein the right directionat the

appropriatespeed.

TheSRT softwaresystememploys a numberof advancedtechniquesfrom the�eld of arti�cial

intelligence,suchasprobabilisticgraphicalmodelsandmachinelearning.Following method-

ologiesdescribedin [3], The SRT hasalsodevelopednovel estimationandcontrol methods

speci�cally suitedto driving at moderatespeeds(35mph)throughunrehearsedterrain. The

software is housedin a state-of-the-artcommercialoff-road vehicle,appropriatemodi�ed to

provideprecisionnavigationundercomputercontrol.

Fromthebeginningof this project,theSRT hasplaceda strongemphasison in-�eld develop-

mentandtesting.Initial testsof apreliminaryend-to-endsystemtookplacein December2004.

Sincethis time,Stanley hasloggedmany hundredsof autonomousmiles.

Thisarticleprovidesahigh-level overview of thevarioussystemcomponents,ata level suitable

for broadpublicdissemination.Furthermaterialcanbefoundon theteam's Website,at

www.stanfordracing.org

Thegoalof theStanfordRacingTeamis to to developavehiclethatcan�nish the2005DARPA

GrandChallengewithin theallottedtime. Throughthis research,theSRT alsohopesto make

driving safer, by advancingthestate-of-the-artin vehiclenavigationanddriver assistancesys-

tems.TheSRT believesthatthetechnologiesdevelopedin this projectcanenhancetheaware-

nessof driversandtheir vehicles,andenhancethesafetyof vehiculartraf�c.



2 TeamCompositionand Sponsorship

TheSRT formedin July2004,but continuedto grow for thesix monthsthatfollowed.Theteam

consistsof approximately50individualsthatincludeStanfordstudents,faculty, andalumni,and

employeesof theSRT primarysupportersandothernearbyresearchlabs. The team's overall

leadis a facultymemberin theStanfordArti�cial IntelligenceLab,a unit of Stanford's School

of Engineering.

Theteamis comprisedof four majorgroups:TheVehicleGroupoverseesall modi�cationsand

componentdevelopmentsrelatedto thecorevehicle. This includesthedrive-by-wiresystems,

the sensorandcomputermounts,andthe computersystems.The groupis led by researchers

from Volkswagenof America's ElectronicResearchLab. The Software Group developsall

software,includingthenavigationsoftwareandthevarioushealthmonitorandsafetysystems.

Thesoftwaregroupis ledby researchersaf�liated with StanfordUniversity. TheTestingGroup

is responsiblefor testingall systemcomponents,and the systemasa whole, accordingto a

speci�edtestingschedule.Themembersof thisgroupareseparatefrom any of theothergroups.

Thetestinggroupis ledby researchersaf�liated with StanfordUniversity. TheCommunications

Groupmanagesall mediarelationsandfund raisingactivitiesof theSRT. Thecommunications

groupis ledby employeesof Mohr Davidow Ventures.

TheSRT is sponsoredthroughfour Primary Supporters: Volkswagenof America's Electronic

ResearchLab, Mohr Davidow Ventures,Android, andRedBull. The PrimarySupportersto-

getherwith the Stanfordteamleadersform the SRTSteeringCommittee, which overseesthe

SRT operations.The SRT hasalso received supportfrom Intel Research,Honeywell, Tyzx,

Inc., andCoverty, Inc. Generous�nancial contributionsweremadeby theDavid Cheriton,the

JohnsonFamily, andVint Cerf.

3 VehicleDescription

TheStanley vehicleis basedonastockVolkswagenTouareg R5with variable-heightair suspen-

sion.TheDiesel-poweredvehiclewasselectedfor its fuel ef�ciency andits ability to negotiate



Figure 1: Stanley is basedon a 2004VolkswagenTouareg R5 Diesel. Thevehicleis equippedwith a numberof

sensorsfor environmentperceptionandlocalization.

off-roadterrain.To protectthevehiclefrom environmentalimpact,thevehicleis out�tted with

customskidplatesanda front bumper. Fig. 1 providesimagesof thevehicle.

The VolkswagenTouareg R5 is natively throttle and brake-by-wire. A custominterface to

the throttleandbrakingsystemenablesStanley's computersto actuatebothof thesesystems.

An additionalDC motorattachedto thesteeringcolumnprovidesthevehiclewith a steer-by-

wire capability. Vehicledatasuchastheindividual wheelspeedsaresensedautomaticallyand

communicatedto the computersystemthrougha customCAN bus interface. The Touareg's

alternatorprovidesall power for thevariouscomputingandsensingsystems.

Thevehicle'scustom-maderoof rackholdsmostof Stanley'ssensors.For environmentpercep-

tion, theroof rackholds� veSICK laserrange�nders pointedforwardinto thedriving direction

of the vehicle,a color camerawhich is alsopointedforward andangledslightly downwards,

andtwo antennaeof a forward-pointedRADAR system.A numberof antennaarealsoattached

to theroof rack,speci�cally oneantennafor theGPSpositioningsystem,two additionalGPS

antennaefor theGPScompass,thecommunicationantennafor theDARPA emergency E-Stop,

anda hornanda signallight, asrequiredby theDARPA GrandChallengerules. Threeaddi-

tionalGPSantennafor theDARPA E-Stoparedirectlyattachedto theroof.

The computingsystemis locatedin the vehicle's trunk, asshown in Fig. 2. Specialair ducts

direct air �o w from the vehicle's AC systeminto the trunk for cooling. The trunk featuresa

shock-mountedrackthatcarriesanarrayof six PentiumM Bladecomputers,aGigabitEthernet



Figure 2: Left: The computingsystemin the trunk of the vehicle. Right: The drive-by-wire systemand the

interfacefor manualvehicleoperation.

switch,andvariousdevicesthatinterfaceto thephysicalsensorsandtheTouareg'sactuators.It

alsofeaturesa custom-madepowersystemwith backupbatteriesanda switchbox thatenables

Stanley to power cycle individual systemcomponents.The DARPA-provided E-Stopis also

locatedon this rack,on additionalshockcompensation.A 6 degreeof freedom(DOF) inertial

measurementunit (IMU) is rigidly attachedto thevehicleframeunderneaththecomputingrack

in thetrunk.

4 AutonomousOperations

Autonomousnavigation is achieved througha processingpipelinethat mapsraw sensordata

into aninternalstateestimate.Theinternalstateis comprisedof anumberof variables,relating

to thevehicle's location,theworkingsof thevarioushardwarecomponents,andthelocationof

obstaclesin theenvironment.

4.1 Localization

At any point in time, thevehicleis localizedwith respectto a globalUTM coordinateframe.

Localizationalsoinvolvesthe estimationof the vehicle's roll, pitch, andyaw angles.Stanley

achievesits localizationthroughan unscentedKalman�lter (UKF) [1], which is a non-linear

versionof theKalman�lter . TheUKF asynchronouslyintegratesdatafrom theGPSsystems,

theIMU, andtheCAN bus,at a maximumupdaterateof 100Hz. It utilizesa “bicycle model”



Figure 3: Laserdata;seetext.

for accuratepositionestimationduringGPSoutages.Theoutputof theUKF are6-D estimates

of thevehiclepositionandEuleranglesalongwith uncertaintycovariances.

The localizationmoduleenablesthe vehicle to map the global RDDF �le into local vehicle

coordinates.To accommodatethe residualuncertaintyin the locationestimates,the width of

the RDDF corridor is dynamicallyadjustedin proportionto this uncertainty. As a result,the

vehiclecanaccommodatemomentsof highpositionuncertainty.

4.2 SensorProcessing

Environmentalsensingis achievedthroughthethreedifferentsensingmodalities:laser, vision,

andRADAR. Eachof thesesystemsis characterizedby adifferenttrade-off betweenrangeand

accuracy.

The lasersystemprovidesaccurateshort-rangeperception,up to a rangeof approximately25

meters. This rangeis suf�cient for slow motion, but insuf�cient for the speedsrequiredto



win the Challenge.To enablefastermotion,Stanley relieson two complementarysystems,a

cameraandaRADAR system.Thecameraprovidesanenhancedrangerelativeto thelaser, and

it capturesdenserdatathaneachindividual laser. However, thecameradoesnot provide range

data.TheRADAR systemprovidesrangedatafor a rangeof up to 200meters,but at a level of

coarsenessfar inferior to thelasermeasurements.

Thesoftwaresystemgeo-referencesall raw sensordataby theUKF positionestimatesin global

UTM coordinates.Thelaserdatais continuallyanalyzedfor possibleobstacles,de�nedasrapid

elevationchangesexceedinga heightof 15cm.A temporalMarkov chainis usedto modelthe

temporalinformation loss in the dataacquisitionprocess;and the Markov chainerror terms

areconsideredin theassessmentof surfaceahead.Thespeci�c functionsinvolvedin detecting

obstaclesaredeterminedthroughamachinelearningalgorithm,which reliesonhumandriving

to acquire“training examples”of drivableterrain.SeeFig.3 for typical laserdata.Thecoloring

in this �gure correspondsto differentphysicallasersensors.

Thevision processingmodulerelieson anadaptive �lter to discriminatethe roadaheadfrom

obstaclesneartheroad.The�lter classi�estheterrainbasedontextureandcolorappearanceof

thedesertterrainwithin thecameraimage.Usingonlinemachinelearning,thevision module

continuallyadaptsto different terrain types,usingnear-rangedataclassi�ed by the lasersto

determinethe currentbestmodelof the roadsurface. This adaptationtakesplaceat a rateof

8Hz. Recti�cation into UTM coordinatesis achievedthrougha projective formula thatmakes

animplicit planarworld assumption.

The RADAR datais processedthrougha proprietaryalgorithmthat identi�es large obstacles

in theenvironment.A temporal�lter tracksindividual singularobstaclesover time, to reduce

the falsepositive rate. RADAR datais mappedinto the drivability mapundera �at ground

assumption.

4.3 Envir onmentalMapping

Thedataof all thesethreesensorsis integratedinto a singlemodelof theenvironment,called

thedrivability map.Eachcell in this2-D mapassumesoneof threevalues:unknown, drivable,



Figure 4: A typicaldrivability map.

or not drivable.Theexactvalueis a functionof thesensordatareceivedfor this cell. Themap

is referencedin global coordinates,thoughfor computationalreasonsonly a smallwindow is

retainedat any point in time. Thedrivability mapis updatedasynchronouslyfor thedifferent

sensortypes,at ratesthatvary from 8Hz to 75Hz. As thevehiclemoves,themapis shiftedso

asto alwayscontainall cellswithin a �x edmargin aroundthevehicle.

Fig 4 illustratesthe drivability map. Shown thereis the vehiclewithin its local environment.

Whitegrid cell correspondto drivableterrain;redcellsto obstacles;andgrey cellsto unknown

terrain.A rolling grid focusesthemapon therelevantareaaroundthevehicle.

To ensureconsistency of this map,the sensorsareperiodicallycalibratedusingdataof dedi-

catedobstaclesof known dimensions.Calibrationis anof�ine processwhich involveshuman

labelingof sensordata.Thecalibrationprocessadjuststheexactpointingdirectionsof theindi-

vidual sensorsby minimizing a quadraticerror, de�ned throughmultiple sightingsof thesame

calibrationobstacle.



4.4 RoadCondition Estimates

In additionto the drivability map,the systemalsoestimatesa numberof othervariablesper-

tainingto thegeneralconditionandstructureof theenvironment.In particular, Stanley utilizes

estimatorsof theterrainruggedness,theterrainslope,andtheleft andright roadboundaries.All

of thoseestimatesareimplementedaslow-pass�lters on datadirectly derivedfrom thesensor

measurements.They areusedto setthedriving directionandthevelocityof thevehicle.

The SRT robot alsousesa detectorfor deadends.While deadendsaregenerallyunlikely to

occurin thecontext of the2005DARPA GrandChallenge,they still mayoccurwhendisabled

vehiclesblock partsof the road. The deadenddetectoris a high-pass�lter on the drivability

map;its mainfunctionis to initiateback-ups.

5 VehicleControl

Thestateestimateareusedtodeterminethethreeprimaryvehiclecontrols:thesteering,throttle,

andbrake. It alsocontrolsthegearshifter.

Thevehiclecontrolsystemis implementedthroughthreeprimarycontrolsystems,operatingat

differentlevelsof temporalandspatialabstraction:aPID controller, apathplanningalgorithm,

anda �nite stateautomaton.

5.1 PID Motion Control

The PID controlleracceptsas input a referencetrajectoryprovided by the pathplanningal-

gorithm,andthevehiclestateasprovidedby theKalman�lter . ThePID controllergenerates

steeringandvelocity controlsthatareexecutedby thevehicle. It is updatedat a frequency of

20Hz.

Thesteeringcontrolleroperatesby minimizingthelateraloffsetto adesiredtrajectoryprovided

by thepathplaner, with additionaltermsaddressingsteeringwheellag andvehicledrift. The

velocity controlleradjuststhebrake pressureandthethrottlepositionsoasto attaina velocity

commandedby thepathplanningmodule.Thecontrolmodulesupportsforwardandbackward



motion.

5.2 Path Planning

The pathplanningmoduleacceptsasinput the drivability mapandthe estimatedrobot pose,

alongwith the corridor boundaryfrom the RDDF �le. The pathplanningmoduleproduces

asoutputa referencetrajectorysuitablefor vehiclecontrol. This trajectoryis determinedby

tradingoff � ve primarycontrolobjectives: Thenumberof non-drivablecellsalonga path,the

clearanceto nearbyobstacles,the nearnessto the roadcenter, the proximity to the adjusted

RDDF corridor boundary, and the amountof lateralaccelerationnecessaryto attaina given

trajectory. By tradingoff these� ve differentmeasures,thevehicletendsto identify pathsthat

aresafeto drive, within theRDDF corridor, andthatmaximizeprogress.Pathplanningtakes

placeata frequency of 10Hz.

The pathplanningmodulealsosetsthe target velocity of the vehicle. The velocity controller

runsat 10Hz. During every iteration,it generatesa target trajectorythat is communicatedto

thecontroller. Thetargetvelocity is obtainedasa functionof anumberof criteria.Speci�cally,

Stanley alwaysassumesan allowablevelocity accordingto pre-processedRDDF �le, and it

slows down in curvessoasto retaintheability to avoid unexpectedobstacles.Thevehiclealso

adaptsits velocity to the roughnessof terrain,andto the nearnessof obstacles.The speci�c

transferfunction emulateshumandriving characteristics,and is learnedfrom datagathered

throughhumandriving.

To attainasuitabletrajectoryandassociatedmaximumvelocity, theRDDF �le is processedby

a smoother. The smootheraddsadditionalvia pointsandensuresthat the resultingtrajectory

possessesrelatively smoothcurvature.Thepreprocessingthenalsogeneratesvelocitiessothat

while executinga turn, the robot never exceedsa velocity that might jeopardizethe vehicle's

ability to avoid suddenobstacles.This calculationis basedon a physical modelof the actual

vehicle.



5.3 StateAutomaton

Thehighestlevel of control is implementedthrougha �nite stateautomaton(FSA). TheFSA

monitorsthevariousstateandroadconditionestimatesto determinetheprincipaldriving mode

of the vehicle. Driving modesincludemodesof forward motion,stopping,gearshifting, and

backingup. The backup modeis usedwhenthe vehicleplannerdeterminesthat all forward

vehiclepathswould resultin acollision.

The FSA provides the highestlevel of vehicle control. It also implementthe varioussteps

necessaryto reactto apausecommandby theDARPA team.

6 SoftwareSystem

Thevariouselementsof theStanley softwaresystemareall embeddedinto a largedistributed

architecture.The software is broken down into modules,eachof which establishesan indi-

vidual processon oneof Stanley's computers.Theseprocessesareranasynchronouslyon an

distributedarrayof six PentiumM Bladecomputers.Theclocksof thesecomputersarecon-

stantlysynchronizedto ensureconsistenttime stamping.All inter-modulecommunicationis

providedthroughthepublicly availableopensourceInter ProcessCommunication(IPC)pack-

age[2]. The IPC enablesdifferent modulesto communicatevia TCP/IP messagesover the

local Ethernet.1 All softwareis written in C/C++. The operatingsystemis Linux. Software

veri�cation is achievedwith thehelpof codeanalysistoolsdevelopedby Coverty, Inc.

The softwaresystempossessesa numberof datalogging anddisplaymodules. Most of the

sensorandcontroldatais loggedduringmajorsystemtests.Thevisualizationroutinesoperate

equallyon liveandloggeddata.Thesoftwarealsoutilizesacentralizedparameterserverwhich

ensuresglobalconsistency.

The softwarearchitecturealsoprovidesa numberof safetyandrecovery mechanismsto ac-

commodatecomponentfailure. A dedicatedwatchdogmodulemonitorsall primaryhardware

1Written permissionto usethis publicly available software packagewas obtainedfrom DARPA within the

applicabledeadline.



andsoftwarecomponentsfor possiblemalfunctioning. It power-cycleshardwarecomponents

andrestartssoftwaremoduleswhennecessary. As a result,thesystemcansurvive failuresof

individualmodulesandsystemcomponents.

7 VehicleSafety

Safetyhasbeenof utmostimportancein thedesignof thevehiclesystem.

E-stoppausingis handledthroughStanley'ssoftwaresystem.Whenapausecommandis issued,

theFSAdirectsthevehicleto cometo apromptstopandshiftsthevehicleinto parkuntil a run

commandis issued.

Thedisablecommandisconnectedto thevehicleenginecontrol,bypassingStanley'scomputing

pipeline. A disablecommandresultsin brake actuationanda promptshutdown of theengine.

By directlyconnectingthedisablemechanismto theTouareg enginesystem,malfunctioningof

thecomputerpipelinecannotaffect thefunctioningof thisessentialsafetyfeature.

Thevehicleis equippedwith a sirenanda strobethat fully complywith theregulationsstated

in the2005DARPA GrandChallengeRuledocument.Thevehicleis alsoequippedwith two

latchingE-stopbuttons.

Despitethesemodi�cations, Stanley remainsfully streetlegal andcanbe operatedmanually.

Switchesmountednearthe driver consoleenablea humanoperatorto seamlesslytransition

betweenmanualandcomputer-controlledoperation,evenwhile thevehicleis in motion.While

thisfeatureis notnecessaryfor theactualGrandChallengeevent,it ensuresthesafetyof vehicle

occupantsduringtesting.

8 SystemTests

Testinghasplayedamajorrole in thedevelopmentof theStanfordRacingTeamrobotStanley.

Primarytestingareasincludeterrainin theMojave desert,includingpartsof the2004DARPA

GrandChallengeCourse,avehicletestingfacility in Arizonaandnearbypublic lands,andlocal



terrainatandnearStanfordUniversity.

In theinitial monthsfrom December1, 2004,to July28,2005,testingtookplacewithin month-

long developmentcycles that combinedthreeweeksof core developmentwith a week-long

testingevent in the Mojave desert.Sincethe beginning of August2005,the systemis being

testedfull time in Arizona.

From the very beginning of this project,the teampursueda sequenceof milestones,mostof

whichweremet.Themajormilestoneswereasfollows:

� December1, 2004: First fully autonomousdesertmile (achieved: December1, 2004;

the vehicle traversedthe �rst 8.5 miles of the original 2004 DGC coursebeforethe

autonomousrunhadto beterminated).

� February1, 2005: Waypointnavigation at 35mph(achieved: February13, 2005; the

vehiclereacheda topspeedof 42mph).

� April 1, 2005:Five autonomousmilesat anaveragespeedof 25mphwith full collision

avoidance(achievedApril 11,2005,alonganeasysectionof the2004DGCcourse).

� May 10,2005:DARPA Sitevisit, which ledto theselectionof theteamasoneof the40

semi-�nalists.

� July1,2005:Autonomoustraversalof theentire2004DARPA GrandChallengeCourse,

with theexceptionof public roads(partially achievedJuly 16, 2005;the teamencoun-

tereda totalof six failures,eachata level thatwouldhavebeenfatalin aactualrace).

� August 15, 2005: 140 uninterruptedautonomousmiles through unpaved terrain

(achievedAugust20,2005,atanaveragevelocityof justover22mph).

Someof thetestingis performedthroughadedicatedvehicletestinggroup.SinceAugust20the

emphasishasbeenon endurancetestingof the integratedend-to-endsystemin realisticdesert

terrain.



9 Contact

Pleasedirectall inquiriesto thefollowing address:

StanfordRacingTeam,c/oMichaelMontemerlo

StanfordArti�cial IntelligenceLaboratory

Stanford,CA 94305-9010

Email: srt@cs.stanford.edu

Web: www.stanfordracing.org
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