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Abstract

The StanfordRacing Team (SRT) hassuccessfullydevelopedan autonomous
robotic vehicle capableof driving throughdesertterrain without humaninter-
vention. The SRT vehicleStanleg is basedn areinforcedVolkswagenTouarey,
equippedwith a customdrive-by-wire system,a sensomrack, anda computing
system.Thevehicleis controlledthroughadistributedsoftwaresystenthatuses
inertial sensingor poseestimationandlasersyision,andRADAR for erviron-
mentalperception.Sensomdatais mappednto a drivability map,whichis used
to setthedirectionandvelocity of thevehicle. A majoremphasi®f the SRT has
beenearly developmentof a prototypeend-to-endsystem,to enableextensve

testingin authenticdeserterrain.

1 Project Overview

The StanfordRacing Team(SRT) is Stanfords entry in the 2005 DARPA GrandChallenge.

The SRT bringstogetherleadingautomotve engineersarti cial intelligenceresearchersand
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experiencedprogrammanagersto develop the next generatiornof self-driving vehicles. The
SRT hasdeveloparoboticvehicledubbed'Stanley,” which hasbeenselectedasa semi nalist
by DARPA.

The SRT leveragesproven commercialoff-the-shelfvehicleswith advancedperceptionand
driving systemslevelopedby the StanfordAl Lab (SAIL) andafliated researcherslhestrong
emphasi®nsoftwareandvehicleintelligenceindicateshe SRT' s beliefthatthe DARPA Grand
Challengas largely a softwarecompetition.As long asthevehiclestayson theroadandavoids
obstaclescommercialSUVs arefully capableof negotiatingthe terrain. The challengethus,
hasbeento build a robust software systemthat guidesthe vehiclein the right directionat the

appropriatespeed.

The SRT softwaresystememplg/s a numberof advancedtechniquegrom the eld of arti cial

intelligence,suchasprobabilisticgraphicalmodelsandmachinelearning. Following method-
ologiesdescribedn [3], The SRT hasalsodevelopednovel estimationand control methods
speci cally suitedto driving at moderatespeedq35mph)throughunrehearsederrain. The
softwareis housedin a state-of-the-artommercialoff-road vehicle, appropriatemodi ed to

provide precisionnavigationundercomputercontrol.

Fromthe beginning of this project,the SRT hasplaceda strongemphasionin- eld develop-
mentandtesting.Initial testsof a preliminaryend-to-endsystemook placein Decembef004.

Sincethistime, Stanlg/ hasloggedmary hundredf autonomousniles.

Thisarticleprovidesahigh-level overview of thevarioussystemcomponentsatalevel suitable

for broadpublic disseminationFurthermaterialcanbefoundon theteams Web site, at

www.stanfordracing.org

Thegoalof the StanfordRacingTeamis to to developavehiclethatcan nish the2005DARPA
GrandChallengewithin the allottedtime. Throughthis researchthe SRT alsohopesto make
driving safer by adwancingthe state-of-the-arin vehiclenavigationanddriver assistancesys-
tems.The SRT believesthatthetechnologieslevelopedin this projectcanenhancehe aware-

nessof driversandtheir vehicles,andenhancehe safetyof vehiculartraf c.



2 TeamCompositionand Sponsorship

TheSRT formedin July 2004,but continuedo grow for thesix monthsthatfollowed. Theteam
consistof approximatelyp0individualsthatincludeStanfordstudentsfaculty, andalumni,and
emplo/eesof the SRT primary supportersaandothernearbyresearchabs. The teams overall
leadis afacultymemberin the StanfordArti cial Intelligencelab, a unit of Stanfords School

of Engineering.

Theteamis comprisedf four majorgroups:The VehicleGroupoverseesll modi cationsand
componentevelopmentgelatedto the corevehicle. This includesthe drive-by-wiresystems,
the sensorand computermounts,andthe computersystems.The groupis led by researchers
from Volkswagenof Americas ElectronicResearch.ab. The Softwae Group developsall
software,includingthe navigation softwareandthe varioushealthmonitorandsafetysystems.
Thesoftwaregroupis led by researcheraf liated with StanfordUniversity The TestingGroup
is responsibldor testingall systemcomponentsand the systemas a whole, accordingto a
speci edtestingscheduleThememberof thisgroupareseparatéom ary of theothergroups.
Thetestinggroupis led by researcheraf liated with StanfordUniversity TheCommunications
Groupmanagesill mediarelationsandfund raisingactuwities of the SRT. Thecommunications

groupis led by employeesof Mohr Davidow Ventures.

The SRT is sponsoredhroughfour Primary Supportes. Volkswagenof America's Electronic
Research.ab, Mohr Davidow Ventures Android, andRedBull. The Primary Supportergo-
getherwith the Stanfordteamleadersform the SRTSteeringCommittee which overseeghe
SRI operations. The SRT hasalsoreceved supportfrom Intel ResearchHoneywell, Tyzx,
Inc., andCoverty, Inc. Generousnancial contritutionsweremadeby the David Cheriton,the

Johnsorframily, andVint Cerf.

3 VehicleDescription

TheStanlegy vehicleis basednastockVolkswagenTouarg R5with variable-heighair suspen-

sion. The Diesel-paveredvehiclewasselectedor its fuel ef ciency andits ability to negotiate



Figure 1: Stanlg is basedon a 2004 VolkswagenTouargy R5 Diesel. The vehicleis equippedwith a numberof

sensorgor ervironmentperceptiorandlocalization.

off-roadterrain. To protectthe vehiclefrom ervironmentalimpact,the vehicleis out tted with

customskid platesanda front bumper Fig. 1 providesimagesof thevehicle.

The VolkswagenTouarg R5 is natively throttle and brake-by-wire. A custominterfaceto
the throttle and braking systemenablesStanlg's computergo actuateboth of thesesystems.
An additionalDC motor attachedo the steeringcolumnprovidesthe vehiclewith a steerby-
wire capability Vehicledatasuchastheindividual wheelspeedsresensedutomaticallyand
communicatedo the computersystemthrougha customCAN bus interface. The Touareg's

alternatorprovidesall power for the variouscomputingandsensingsystems.

Thevehicle's custom-madeoof rackholdsmostof Stanlg's sensorsFor ervironmentpercep-
tion, theroof rackholds ve SICK laserrange nders pointedforwardinto thedriving direction

of the vehicle,a color camerawhich is also pointedforward and angledslightly downwards,
andtwo antenna®f aforward-pointedRADAR system A numberof antennarealsoattached
to theroof rack, speci cally oneantenngor the GPSpositioningsystem two additionalGPS
antennador the GPScompassthe communicatiorantenndor the DARPA emepgeng E-Stop,
anda hornanda signallight, asrequiredby the DARPA GrandChallengerules. Threeaddi-

tional GPSantenndor the DARPA E-Stoparedirectly attachedo theroof.

The computingsystemis locatedin the vehicle's trunk, asshavn in Fig. 2. Specialair ducts
directair ow from the vehicle's AC systeminto the trunk for cooling. The trunk featuresa

shock-mountedackthatcarriesanarrayof six PentiumM Bladecomputersa Gigabit Ethernet



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

interfacefor manualvehicleoperation.

switch,andvariousdevicesthatinterfaceto the physicalsensorandthe Touare's actuatorsit
alsofeaturesa custom-mad@ower systemwith backupbatteriesanda switchbox thatenables
Stanley to power cycle individual systemcomponents.The DARPA-provided E-Stopis also
locatedon this rack, on additionalshockcompensationA 6 degreeof freedom(DOF) inertial
measurementnit (IMU) is rigidly attachedo thevehicleframeunderneatthecomputingrack

in thetrunk.

4 AutonomousOperations

Autonomousnavigation is achiezed througha processingipelinethat mapsraw sensordata
into aninternalstateestimate.Theinternalstateis comprisedf a numberof variablesrelating
to thevehicle's location,theworkingsof the varioushardwarecomponentsandthelocationof

obstaclesn theenvironment.

4.1 Localization

At ary pointin time, the vehicleis localizedwith respecto a globalUTM coordinateframe.
Localizationalsoinvolvesthe estimationof the vehicles roll, pitch, andyaw angles. Stanle

achievesits localizationthroughan unscentealman Iter (UKF) [1], whichis a non-linear
versionof the Kalman Iter. The UKF asynchronouslyntegratesdatafrom the GPSsystems,

theIMU, andthe CAN bus,ata maximumupdaterateof 100Hz. It utilizesa “bicycle model”



Figure 3: Laserdata;seetext.

for accuratepositionestimationduring GPSoutages The outputof the UKF are6-D estimates

of thevehiclepositionandEuleranglesalongwith uncertaintycovariances.

The localizationmodule enablesthe vehicle to map the global RDDF le into local vehicle
coordinates.To accommodaté¢he residualuncertaintyin the location estimatesthe width of
the RDDF corridoris dynamicallyadjustedin proportionto this uncertainty As aresult,the

vehiclecanaccommodatenomentsof high positionuncertainty

4.2 SensorProcessing

Environmentalsensings achievedthroughthethreedifferentsensingnodalities:laser vision,
andRADAR. Eachof thesesystemss characterizetyy a differenttrade-of betweerrangeand

accurag.

Thelasersystemprovidesaccurateshort-rangegperceptionup to a rangeof approximately25

meters. This rangeis sufcient for slow motion, but insufcient for the speedsequiredto



win the Challenge.To enablefastermotion, Stanle relieson two complementargystemsa
cameraanda RADAR system.Thecamergrovidesanenhancedangerelative to thelaserand
it capturesienseratathaneachindividual laser However, the cameradoesnot provide range
data.The RADAR systemprovidesrangedatafor a rangeof up to 200 metersput at a level of

coarseneskrinferior to thelasermeasurements.

Thesoftwaresystengeo-referenceall raw sensodataby the UKF positionestimatesn global
UTM coordinatesThelaserdatais continuallyanalyzedor possibleobstaclesge ned asrapid
elevation change®xceedinga heightof 15cm. A temporalMarkov chainis usedto modelthe
temporalinformationlossin the dataacquisitionprocess;andthe Markov chainerror terms
areconsideredn theassessmermf surfaceahead.The speci c functionsinvolvedin detecting
obstaclesredeterminedhrougha machindearningalgorithm,which relieson humandriving

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

in this gure correspondso differentphysicallasersensors.

The vision processingnodulerelieson an adaptve Iter to discriminatethe roadaheadrom
obstacleseartheroad.The lter classi estheterrainbasedntextureandcolorappearancef
the desertterrainwithin the cameramage. Using online machinelearning,the vision module
continually adaptsto differentterraintypes,using nearrangedataclassi ed by the lasersto
determinethe currentbestmodelof the road surface. This adaptatiortakes placeat a rate of
8Hz. Recti cation into UTM coordinatess achiezed througha projective formulathat makes

animplicit planarworld assumption.

The RADAR datais processedhrougha proprietaryalgorithmthatidenti es large obstacles
in the ervironment. A temporal lter tracksindividual singularobstaclesver time, to reduce
the falsepositive rate. RADAR datais mappedinto the drivability mapundera at ground

assumption.

4.3 Environmental Mapping

The dataof all thesethreesensorss integratedinto a singlemodelof the environment,called

thedrivability map.Eachcell in this 2-D mapassumesneof threevalues:unknawvn, drivable,



Figure 4: A typical drivability map.

or notdrivable. The exactvalueis afunction of the sensodatarecevedfor this cell. Themap
is referencedn global coordinatesthoughfor computationateasonnly a smallwindow is
retainedat ary pointin time. The drivability mapis updatedasynchronouslyor the different
sensottypes,at ratesthatvary from 8Hz to 75Hz. As the vehiclemoves,the mapis shiftedso

asto alwayscontainall cellswithin a x edmagin aroundthe vehicle.

Fig 4 illustratesthe drivability map. Shavn thereis the vehicle within its local ervironment.
White grid cell correspondo drivableterrain;redcellsto obstaclesandgrey cellsto unknavn

terrain.A rolling grid focuseghe mapontherelevantareaaroundthevehicle.

To ensureconsisteng of this map, the sensorsare periodically calibratedusing dataof dedi-
catedobstaclesf known dimensions.Calibrationis an of ine processwhich involveshuman
labelingof sensodata.Thecalibrationprocessadjustsheexactpointingdirectionsof theindi-

vidual sensordy minimizing a quadraticerror, de ned throughmultiple sightingsof the same

calibrationobstacle.



4.4 RoadCondition Estimates

In additionto the drivability map, the systemalso estimatesa numberof othervariablesper
tainingto the generakonditionandstructureof the ervironment.In particular Stanle utilizes
estimator®of theterrainruggednesgheterrainslope,andtheleft andright roadboundariesAll
of thoseestimatesareimplementedaslow-passiters on datadirectly derived from the sensor

measurementd.hey areusedto setthedriving directionandthe velocity of thevehicle.

The SRT robotalsousesa detectorfor deadends. While deadendsare generallyunlikely to
occurin the contet of the20056DARPA GrandChallengethey still may occurwhendisabled
vehiclesblock partsof the road. The deadenddetectoris a high-passlter on the drivability

map;its mainfunctionis to initiate back-ups.

5 VehicleControl

Thestateestimateareusedo determinghethreeprimaryvehiclecontrols:thesteeringthrottle,

andbrale. It alsocontrolsthe gearshifter.

Thevehiclecontrolsystemis implementedhroughthreeprimary controlsystemspperatingat
differentlevelsof temporalandspatialabstractiona PID controllet a pathplanningalgorithm,

anda nite stateautomaton.

5.1 PID Motion Control

The PID controlleracceptsasinput a referencetrajectoryprovided by the path planningal-
gorithm, andthe vehicle stateas provided by the Kalman lter. The PID controllergenerates
steeringandvelocity controlsthat are executedby the vehicle. It is updatedat a frequeng of
20Hz.

Thesteeringcontrolleroperatedy minimizing the lateraloffsetto adesiredrajectoryprovided
by the pathplaner with additionaltermsaddressingteeringwheellag andvehicledrift. The
velocity controlleradjuststhe brake pressureandthe throttle positionso asto attaina velocity

commandedby the pathplanningmodule.The controlmodulesupportdorwardandbackward



motion.

5.2 Path Planning

The path planningmoduleacceptsasinput the drivability mapandthe estimatedobot pose,
alongwith the corridor boundaryfrom the RDDF le. The path planningmoduleproduces
asoutputa referencdrajectorysuitablefor vehicle control. This trajectoryis determinedoy
tradingoff ve primary controlobjectves: The numberof non-drvablecellsalonga path,the
clearanceto nearbyobstaclesthe nearnesgo the road centey the proximity to the adjusted
RDDF corridor boundary and the amountof lateral acceleratiomecessaryo attaina given
trajectory By tradingoff these ve differentmeasuresthe vehicletendsto identify pathsthat
aresafeto drive, within the RDDF corridor, andthat maximizeprogress.Path planningtakes

placeatafrequeny of 10Hz.

The pathplanningmodulealsosetsthe target velocity of the vehicle. The velocity controller
runsat 10Hz. During every iteration, it generates tamgettrajectorythatis communicatedo
thecontroller Thetargetvelocityis obtainedasa functionof anumberof criteria. Speci cally,
Stanlg always assumesn allowable velocity accordingto pre-processe®DDF le, andit
slows down in curvessoasto retainthe ability to avoid unexpectedobstaclesThevehiclealso
adaptsits velocity to the roughnesof terrain,andto the nearnes®f obstacles.The specic
transferfunction emulateshumandriving characteristicsandis learnedfrom datagathered

throughhumandriving.

To attaina suitabletrajectoryandassociatednaximumvelocity, the RDDF le is processedby
a smoother The smootheraddsadditionalvia pointsand ensureghat the resultingtrajectory
possesseklatvely smoothcurvature. The preprocessinghenalsogenerateselocitiessothat
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 State Automaton

The highestlevel of controlis implementedhrougha nite stateautomatonFSA). The FSA
monitorsthevariousstateandroadconditionestimateso determinehe principaldriving mode
of the vehicle. Driving modesinclude modesof forward motion, stopping,gearshifting, and
backingup. The backup modeis usedwhenthe vehicle plannerdetermineghatall forward

vehiclepathswould resultin a collision.

The FSA provides the highestlevel of vehicle control. It alsoimplementthe varioussteps

necessaryo reactto a pausecommandy the DARPA team.

6 Software System

Thevariouselementf the Stanlegy softwaresystemareall embeddednto a large distributed
architecture. The software is broken down into modules,eachof which establishesn indi-
vidual processon oneof Stanlg's computers.Theseprocessesreran asynchronouslyn an
distributedarrayof six PentiumM Blade computers.The clocksof thesecomputersare con-
stantly synchronizedo ensureconsistentime stamping. All inte-modulecommunications
providedthroughthe publicly availableopensourcelnter ProcessCommunicatiorfIPC) pack-
age[2]. The IPC enableddifferent modulesto communicatevia TCP/IP messagesver the
local Ethernett All softwareis written in C/C++. The operatingsystemis Linux. Software

veri cation is achiezedwith the helpof codeanalysistoolsdevelopedby Coverty, Inc.

The software systempossessea numberof datalogging and display modules. Most of the
sensorndcontroldatais loggedduring major systemtests. The visualizationroutinesoperate
equallyonlive andloggeddata.The softwarealsoutilizesa centralizecpbarametesenerwhich

ensureglobal consisteng.

The software architecturealso provides a numberof safetyandrecosery mechanismgo ac-

commodatecomponentailure. A dedicatedvatchdogmodulemonitorsall primary hardware

Lwritten permissionto usethis publicly available software packagewas obtainedfrom DARPA within the

applicabledeadline.



andsoftware componentdgor possiblemalfunctioning. It power-cycleshardware components
andrestartssoftware moduleswhennecessatyAs a result,the systemcansurvive failuresof

individual modulesandsystemcomponents.

7 Vehicle Safety

Safetyhasbeenof utmostimportancan the designof the vehiclesystem.

E-stoppausings handledhroughStanle's softwaresystem Whenapausecommands issued,
the FSA directsthevehicleto cometo a promptstopandshiftsthe vehicleinto parkuntil arun

commands issued.

Thedisablecommands connectedo thevehicleenginecontrol,bypassingstanlg’scomputing
pipeline. A disablecommandresultsin brake actuationanda promptshutdavn of the engine.
By directly connectinghe disablemechanisnio the Touare enginesystemmalfunctioningof

the computermipelinecannotaffect the functioningof this essentiakafetyfeature.

Thevehicleis equippedwith asirenanda strobethatfully complywith the regulationsstated
in the 2005DARPA GrandChallengeRule document.The vehicleis alsoequippedwith two
latchingE-stopbuttons.

Despitethesemodi cations, Stanlg/ remainsfully streetlegal and canbe operatednanually
Switchesmountednearthe driver consoleenablea humanoperatorto seamlesslytransition
betweemmanualandcomputercontrolledoperation gvenwhile thevehicleis in motion. While
thisfeaturels notnecessarjor theactualGrandChallengesvent,it ensureshesafetyof vehicle

occupantsluringtesting.

8 SystemTests

Testinghasplayeda majorrole in the developmentof the StanfordRacingTeamrobot Stanlgy.
Primarytestingareasncludeterrainin the Mojave desertjncluding partsof the 2004 DARPA

GrandChallengeCourseavehicletestingfacility in Arizonaandnearbypubliclands,andlocal



terrainatandnearStanfordUniversity.

In theinitial monthsfrom Decembed., 2004,to July 28, 2005,testingtook placewithin month-
long developmentcycles that combinedthreeweeksof core developmentwith a week-long
testingeventin the Mojave desert. Sincethe beginning of August2005, the systemis being

testedfull timein Arizona.

From the very beginning of this project,the teampursueda sequencef milestonesmostof

whichweremet. Themajormilestonesvereasfollows:

Decemberl, 2004: First fully autonomouslesertmile (achieved: Decemberl, 2004;
the vehicle traversedthe rst 8.5 miles of the original 2004 DGC coursebeforethe

autonomousun hadto beterminated).

Februaryl, 2005: Waypoint navigation at 35mph(achiesed: Februaryl3, 2005; the
vehiclereachedatop speedf 42mph).

April 1, 2005: Five autonomousniles at anaveragespeedof 25mphwith full collision

avoidance(achieved April 11,2005,alonganeasysectionof the2004DGC course).

May 10,2005: DARPA Sitevisit, whichledto theselectionof theteamasoneof the40

semi- nalists.

July1,2005: Autonomoudraversalof theentire2004DARPA GrandChallengeCourse,
with the exceptionof public roads(partially achieved July 16, 2005;the teamencoun-

teredatotal of six failures,eachat alevel thatwould have beenfatalin a actualrace).

August 15, 2005: 140 uninterruptedautonomousmiles through unpaved terrain

(achieved August20, 2005,at anaveragevelocity of justover 22mph).

Someof thetestingis performedhroughadedicated/ehicletestinggroup. SinceAugust20the
emphasisasbeenon enduranceestingof the integratedend-to-endsystemin realisticdesert

terrain.



9 Contact

Pleasdalirectall inquiriesto thefollowing address:

StanfordRacingTeam,c/o MichaelMontemerlo
StanfordArti cial IntelligencelLaboratory
Stanford,CA 94305-9010

Email: srt@cs.stanford.edu

Web: www.stanfordracing.or
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