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ABSTRACT  

Thelasttenyears，autOmaticoutdoorvehicleguidancebycom－  
putervisionhasraisedupagreatinterestffomtheroboticcom－  
munauty・Thispaperproposesthe analys18and8ynthesisof  
closedloopcontroIschemebaBedonvisiondatawhichhaBbeen  
successfullylmPlementedonavehicle・Thisschemefbc11SeSOntWO  
main85peCtS：Visionaspect：TheuseofefBcientimagepro－  
cesslngalgorithmsallowsusarobustdetectionoftheroadlines  
evenincaBeOfbadatmosphericconditions（cloudyTeather，Shad－  
ows…）．IthaBbeemimplementedonarealtimevis10nhardware・  
Vehicleaspect：Aroadvehicleisacomplexdynamicsystem・  
恥rtun8tely，itisnotuseh11tot濾eintoaccountthewbolecom－  
plexityofthemodelforcomputingrobustandefhcientcontro1  
1aws．Westudiedthebehaviourofvakiouscontro11aws（continu－  
ousanddisc－ete）basedondi鮎rentdegreesofcomplexityofthe  
model．Result8Whichhavebeenobtainedinsimulation，havebeen  
con負rmedinourrealexperiment．  

zontalroadcurvature．Inthesecondpart，Wediscussthevehicle  
a＄peCt・Weestablishthedynamicmodelofthevehicleandofits  
steerlngSyStem・Then，theparameter＄Ofthismodelareidenti一  
鮎dffomtherealvehiclevalues．This8tePa1lowsustoobtainthe  
mathematicalmodelusedinsimulation．Thelastpartpresents  
theexperimentalvehicleandre＄ults・  

VISION ASPECT  

Weusevi8iona8aSenSOrglVlngtherelative3Dpositionofthe  
vehicleontheroad．Thissectionexplain8howthismeaL8urement  
i8pOSSible・Thereadercan鮎dmorepreciseinformationsonthat  
8ubjectin【1】．   
The methodis based on the reconstructionoftwo models‥  
theRr8tOnedeBCribesthe3dattitudeofthevehicle，the8eCOnd  
onei88boutthe8tateOftheworldsurroundingthevehicle・Meab－  
surement8＆remadebythe u8eOfaon－boardcameradirected  
towardtheroad．BothmodelsarewrittenintheBenSOrreftrence  
frame，byapplyingrotations，tranSlationsandperspeCtivepro－  
JeCtion・IdentiGcationandpredictionareglVenbyanExtended  
KalmanFilterlng．  

INTRODUCTION   

Research on automatic vehicle8uSlng CamerBLS haB being con－  
ductediTlmanyCOuntries，inparticularintheUnitedSt8teS【3，6］  
andinGermany【2】．Ane恥rtismadetodemonstratethatmか  
chinevisionsystem8areabletorunwiththeinfra8truCturede－  
Yelopedfbrthehumandrivers・Mainlytwokindsofapplications  
havebeenpointedout：naVlgationinunconstrainedoutdooren－  
vironmentandroadfollowlng・Thefir8tCaSefbcuse＄OmArtiRcial  
Intelligencetechniquesandneed8tOaCqulreandtoreasonona  
3D modelofthe environment．The8eCOnd case aBSumeS a Cer－  

t＆inknowledgeaboutthe3Denvironment（roadgeometry）and  
＆ddres8e8the problemfromthe pointofYiew ofcontrol・Thi8  
paperdealswiththi8SeCOndapproachandpropoee＄aCOmplete  
analysISandsynthesisofaclo8edloopcontroIschemebasedon  
vision datawhich haBbeen8uCCe8Bfullylmplementedon avehi－  
cle・Thep＆PeriBdividedinthreeparts・Thehstonei8devoted  
tothevi8ionaspect・AperceptioT18yStemi8reSpOnSiblefbrthe  
roaddetectionandvehicleloc81ization．Ouralgorithmis＆bleto  
glVee8timationor6veparameters丘ommonochromaticimage8・  
atYideor＆te．The8ep8r＆meterS8re：l8teralofTktofthevehicleI  
headingo餉et（diRbrencebetweenthedirectionortheroad，＆nd  
thedirectionofthevehicle），Camer8height，Camerapitch，horiT  

The method   

LetuBfir8tde負nethevariou8refbrence8u8ed・The6rstRJis8n  
＆b801uterefbrenceinwhichthe8CenemOdelisglYen・Thesecond  
Rmis83Drefbrencetiedtothecamer＆・AtlaBt R・isa2D  
refbreneWhichbthesen80rreftrence（wesuppo8etheoptical  
cente＝88tthecenteroftheccdm＆trix）．Apoint Pin RJ＝  
（X，Y，Z）ti8nOtedp＝（L，y，Z）tin凡れandit8prOjectioninRiis  
p。＝（ェe，ye）－・   
TheRrsttaBkistode餌ethegeometricmodelorthe8Cenein  
RJ・Itisde餌edasasetofNelementsEL：  

（1）  〃＝goUβ1‥・Ug〃   

AndthemodelmaybewrittenaB：  

β＝（P∈軒仲∈1‥〃dndf’（P，些）＝0）  （2）   
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Each part ofthe modelis described by a parameter vector  
也．Wenote必（t）＝（盟i（t），．．．，め（t））‘thecompletedynamic  
parametervectortobeestimated．   
Themodelde＄Criptionin Riisproduced丘omitsdescription  
inRJ（2）byapplying：tranSlations，rOtation8＆ndperspective  
proJeCtion．  
1Venoteit：  

βp＝（P∈〃2／ち（P，旦，工）＝0）  （3）  

WhereF；dependson：TYeCtOrincludingtranslationsandrota－  
tion8，and上姓vectorwhichisthestatemodel．   
Them we have to takeinto account a modelofthe system  
dynamicsbeingestimated：Tfo1lowBthevehicleevolution，∠吐i8  
dependingontheevolutionofthescene．  
These evolutions are often non＿1ine8r function8．Let k be a  

discrete variable：t．hestatevectoriB：  

Figurel：Ab＄Oluteandsensorreftrences．   

Where：（c．，y．）8rethecoordin＆te色Of＆pOintintheim＆ge，＆nd  
（eu，eV）are＄enSOrSCalingfaJ＝tOr8，aSSuming（b＝0）fbrthemiddle  
band，（b＝Tl）fbrtheleftb8nd，（b＝l）fortherightb＆nd．   
Weproposein【1］zLnalgorithmfordetectingb8nd8intheirr＞  

ageS・   

Then  we  

pose：旦（た）＝ぽ，些t）－＝（才0（り，C（た），榊），α（鳥），Z。（瑚tthe  
State VeCtOr tO be e号timated．   

ThepredictableevolutionoftheYehiclei8includedin4・（k））．It  
allowB，brexampletotakeintoaccounttherelation8hipbetween  
（co），（¢）andthespeed（V）by：  

左（鳥）＝旺t（た），互●（り）f  

ThentheOfunctioni＄includingtheevolutionof左（鳥）：  

左（鳥＋1）＝○（左（鳥），逆（た））  

（4）  

（5）   

ThenoisecovariancematrixQis：E匹（k）要（k）】＝Q．   
Theupdatingofthemodelisbasedontheinnot，aLionwhichis  
thedifrtrencebetweenimageprlmitivespredictedandactualmea－  
surements．ThemeasurementsaJepredictedbyuslngCaraCteriB－  

ticshJ，i∈【0‥N］ofthemeasurementprocessandthepredicated  
State：  

研＝れ（左（毎），Ⅴ（鳥））  （6）  

with V（k）themeaL＄urementnoiBe．Thenoi8eCOVa，ianCematrix  
y（鳥）is‥g虹（鳥）里‘（鳥）】＝凡   

Weal80nOte，forallobserv8tions／measurements：  

と（り＝ん（星（鳥），ヱ（と））  （7）   

Thentheproblemcanbewritteninthe8tatefbrmalism：  

星（鳥＋1）＝¢（左（鳥）ル（鳥））  （8）  

王坦＝封星（りル（瑚  （9）  

With：E匹（k）匹t（k）］＝Qthepredictionn。isec。Va，iancematrix  
andg虹（た）匹－（り】＝0．   
ThenanextendedKalman61teringi88bletop－Oduce＆nOp－  
timale8timation星（K）of左（k）．  

Jo（鳥）＝△！y¢（り＋エ0（鳥一1）  

GiYen△ithe timebetweeniteration8．  

ValuesofQareestimatedbyexperiment8．  
Theequationofob＄erYatiomi5  

と＝叫左（鳥），Ⅴ（鳥））  

（11）  

（12）  

ThefunctionhiBObtainedfromtheequation（10）．   
Then we wouldlike to get an e8tim8tion o一旦（り ＝  

（∬0（た），C（鳥），¢（鳥），α（鳥），Zo（り）†．Theme88urement88re88etOr  
pixelspe＝（ce，ye）onthe3bands（b∈（0，1，－1））intheim8ge，  
andtheslopeofthebandsintheimage8foreachpixel（SeJ）．We  
notem‘＝（ズe‘・ye‘・b‘，5e‘）theてeCtOr80払rmed・   
A8peCializedimageprocessglVeSane8timation金（k）ofthi8  
VeCtOr．Wethensupp（過e：  

金（鳥）＝n（鳥）＋ヱ（た）  

Whereヱ（k）is8Whitenoi9eOfknowncov8riance．   
Mea月ure8arelinkedbyrelation8：  

／（左（鳥），塑（た））＝0  

ダ（よ（鳥），辺（上））＝O  

from（10），Whichyield8：  

（13）  

The＆pplication  

Now，1etusdescribeourapplicationwithinthepreviou8formal－  
isnl：   

・The8CenemOdeli83b＆nd8betweencirculatiomlanes．The  
OnlyparameteristhelocalcurYatureCoftheroad（the  
roadissuppo8edtobelocallyflat，andthel8ne88uPpOSed  
toh8YeaCOn8tant Width．   

●4parametersglYeStheattitudeorthecarontheroad．Tw。  

translation8‥Co（l8ter＆lpo8ition）＆ndzo（c8mer＆height）．  
Thethirdtr＆n8］ationi8takenaBnull．WealBOtakeint。aC＿   

COuntthe2rot8tions：α（came！＆inclin8tion）and4・（1ateral  
deviation）．Thethirdrotation15takeTlaSnull．   

Therehrence5a－etakena88howninFigurel・  

TheequationF；（pe，坐，2：）＝Owhichistheprojectionofthe  
threebandsroadmodel（Cfrelation（3））isaftermanysimpli貝car  
tions：  

ち ＝（pe＝（∬e，y。）リー∬。  

euevzo（り  
／（左（鳥），塑（鳥））＝  C（鳥）  

2（ye（鳥）－euα（鳥））   

e“（ye（た）－ev（鳥））  
（ヱ0（た）＋申）×e）  

（16）  

evヱ0（鳥）  

－eu¢（鳥）－ズe（鳥）  

生岬  
ダ（左（た），望（鳥））＝  

ev  zo（り  

e“eり  C（鳥）zo（鳥）  

2（ye（鳥）－evα（鳥））2  

－ge（た）  
（17）   

Iti5neCeSSary tOline8rize the previou8equ8tion8arOund  
（皇（ト1），金（た））towritethemeaβurementequation＝  

ヱ（鳥）＝〝（り左（鳥）＋ヱ（た）  （18）   

Wepre9entre8tJltsissuesfrom8SequenCe．Figure28how8＆n  

imagefromthe8equenCeWithanoverlayoftheroadmodel，While  
Figure38howsthereconstruction．   

・ （…b・e）－¢）＝0）  （10）  
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VEHICLE ASPECT  

Modellingthevehicle）sbehaviour   

Aroadvehicleisacomplexdynamic8yStem（themathematical  
representationofavehiclemodelcurrentlyusedbythecarsman－  
ufacturer5invoIYeS30負rst－Order nonlinear di鮎rentialequations  
andapproximatively250algebraicequations）・Fbrtunately，itis  
notusefultotakeintoaccountthewholecomplexityofthemodel  
forcomputingrobustandefncientcontrollaws・Tnou＝Oadfo1－  
lowlngapplication，WehaveJuSttOdealwiththecontrolofthe  
lateraldynamicsofthevehicleandaplanar汁bicycle叩approxima－  
tionmodelhasbeensufhcient（Figure4）・Themodellingstage  
canbesplittedintwodifrerentpart＄・The鮎stpartconcernsthe  
automobilelateraldynamicswhich8reStatedasatwodegreeTOf－  
freedomlinearmathematicalmodel．Thesecondpartadressesthe  
problemofthebehaviourofthesteerlngSyStem・  

Figure2：RDadIm8geandModel丘omtheon－boardcamer  

Figure4：Vehiclemodel  

Latemldynamic＄OftheYehicle：Vehiclesinmotiongener－  
＆11yh8Ve88ma11lateralvelocitycomponentvinste8dofmovlng  
exactlyforwBLrd［5］．Theside8tipangteαistheresultingBmallan－  
glebetweenavehicle，slongitudinalaxisanditsYelocityvectorin  
thephLneOftheroad．Likewise，eaChtirehasaslipaJlgle（αJand  
α，）betweeni＄fteerollingdirectionanditsvelocityvector・aSSO－  
ci8tedwithalateralforcefromtheroadsurface．Theslipangles  
αJandαrmaybecompletelydeterminedfromthelongitudinal  
YelocitytL（whichisaL8Sumedtobeconstant），thelateralvelocity  
v（me8Suredinthevehicle，sownframeatthecenterofgravity），  
theyawrater．thesteerangle∂wandthegeometryofthevehicle  
【5）．U8inglineartrigonometricapproximations，Weget：  

t，   

u  

ヱ二塵 ＋＿ん  
u tl  

l・ r⊥l  

tl u   

Figure3：Reconstruction  

A8SumlngthatweconsiderlowleYelsoflateralacceleration，  
the18teralmotionofthetiresi80nlyduetotheirdefbrmationand  
nottoarelativeslidingatthetire－rOadinterface・Inasuchcondi－  
tion，18teralbrcescanbeaccuratelydescribedbylinearfunctions  
orthe81ipangles：  
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凡吋 ＝－〃qαJ  （22）  

凡腑 ＝－〃Gα，  （23）   

Whereq8ndC，8re，reSpeCtiYely，thetirecorneringsti爪IeS8  
払r both丘ont tire＄and bothrear tire8．   

Finally，WeaBSumethat the8uTnOfthelateralforce8equ＆1s  
m8BSMtime8lateralacceleration，WhichcomprlSeSthetimederiva－  
tiveorl8ter＆lvelocity＆ndcentripet＆1＆CCeler＆tion and thatthe  

angularacceleration＆boutthey＆Wa元8depen80ntheyawmo・  
mentofinerti＆，）．aLnd theyawlngmOment8duetol8ter＆ltire  
forces・Weobtainthetwofundamentalequation80fthedynamic：   

〟（心＋叫）＝  －（q＋q）芝＋（GJ－－qエ。）篭＋qん（24）  

ム¢＝ －（qエ。－Gエ8）芝－（qエ三＋G現）書＋qエ。昭5）   

withr＝¢andt｝＝iowhere¢zLndcoarere8PeCtivelythe  
lateraldevi＆tionandthe18teralpositionofthecarwithre＄PeCt  
tothero＆dzLXiB（whichareprcwidedbythevision8yStem）．   

The8teeringsystem The8teerlng8yStemOfo11reXperimental  
Vehiclei8COnStituted by8nStepper8eTVOmOtOrin丘ont ofthe  
hydraulicsteeringsystemofthevehicle．ThetrzLn8ftrtfunctionof  
thewhole8y8temi8mOdelledaBaniJltegratOr（duetothestepper  
motor）in8eriewithapuredelay（duetothehydraulicp＆rt）．The  
COntrOlinputγisadesiredvelocity8teeringwheelanglewhichi8  
S＆mpled＆ttheYideor＆te・Iti”elatedtothe8teer＆ngle6tvby  
thefbllowlngequation：  

ん（f）＝γ（抽一丁）w嗣＝ほ≦t＜（た＋1）九  （26）   

We haveexperimentlyidenti鮎d thedelay TOn Ourte8tbed  
Yehicleas負vetime8the8amplingr＆te（T竺5．h＝200m8，8ee  
Figure5）．   

State modelofthe completeJly＄tem：Fromthe dynamic  
equation80fthecar・WeでOnSidertht（CIL8－CjL4）巴Oandwe  
introducethenewfo1lowlngparametrization：  

Computing the controller 

Thecontro11awswhich havebeenimplementedu8e＆teChnique  
Ofpolea郎IgnmentuSlng8t＆tefbedb＆Ck．Thedyn＆micmodelof  

thec＆risde負ned＆rOund8nequi11ibriumpointcorreBpOndingto＆  
¢OnSt8ntVelocitytl．Inordertoget8dyn8micr倒pOn紀Orthec8r  

independantwithregardtothevalueoftheYelocitytl，it8eem8u8  
fruitnlltoimplement＆daptativepole81ine＆rlyYarylngwiththe  
VelocityvaluetJ・Moreover，thecontrollerh8Bbeende8ignedby  
uslngdi8Crete－time8pprOaChtakinginto＆CCOuntthede18y8inthe  
SteeringBy8temandthe柏mplingofthecontrolinput．   
LetuBCOnSidertheabovecontinuou88y8temk＝＾X＋B7（i－  
T）whereX＝［zl，Z2，Z3】T，it8equiYalentdi8Cretefbrmwi11be：  

（ Jh  ズ（（た＋1）ん）＝eAhズ（抽）＋   e力dき）βγ（抽一丁）（31）   

Letu8denoteA′＝e■ん弧dβ′＝（ガe力叫且The町WeC8n  
usea8COntrOlinput7（kh）＝－KX（kh＋T）8uChthat：  

ズ（（鳥＋1）九）＝（A′－β′∬）ズ（抽）  （32）   

WherethegainmatrixKwillbecho8en8uChth8tthepole80f  
（＾′－B’K）bringtothede8ireddynzLmicrespon8e．Unfortun＆tely，  
the contro11er currently de8igni8nOt C8u8＆l．1boverp880thi8  

di餓culty，Weu8ethefactthat，indi8Cretetime，Whenthecontrol  
inputispiecewiseconstant，then，thefo1lowlngrehtioni8Veri6ed：  

d＿1   

ズ（抽＋叫＝e川ズ（叫＋∑e小β′頼ん－（け1）人）（33）  
メ＝O   

Finally，WeObtainthefo1lowlngCOntrOlinput：   

d－1   

T（叫＝－∬e川榊hト∑∬e小叫仲人－（メ＋1）ん）p4）  
メ＝O   

witheAA＝J＋A△＋学   
Fromthe8e＄equation8andbyu81ng8C18舶ic山methodofpole  
asslgnment，We Can COmpute theg＆ln m＆trix K8uCh th＆t the  
Closedloop8yStemhavearealpoleandtwocoqugatedcritica11y  
dampedpole8・AfterBOmetediouBCalculu8，WeObtain：   

T（叫＝－glZl（叫一夕2ヱ2（叫一駒（叫－∑メ＝18恒（抽一州  

with：  
（35）  

〟  

ヱ1＝和＋雨音丙廟＋  ）  

（28）  

（29）   

（q上・2＋G現  

Z2 ＝ ¢＋   

Z3 ＝ ん  

叫 
（qム三＋qエ冨）   

gl＝等辞【1＋伸一∫＋タ】  （36）  

♂2＝駕辞【7－6打5打入（6一説㌻＋4P）トム仰）  

1rll－2g一夕＋入（2＋∫＋2fり  
gl＝ 嘉【  （38）   

・5（2一打入（トーア）・筈（1＋入）（トーゴ・タ）】（39）  

鳥メ＝吐詳【（J・1）9川）一桁1）打（卜1）（州（40）  

一入【（メ＋1）－メざ＋（ノー1）P】  

g ＝ 2e‾f仙1九co8仙1九、√二手  
P ＝ e－2モーulん  

入 ＝ ＿e仙。h  

）
 
）
 
）
 
）
 
 

1
 
2
 
3
 
4
 
 

4
 
．
4
－
 
4
 
4
 
 
 

Finally，bydi鮎rentiatingthe8eequationsandbyintroducing  

there8．1controlinputT，WeObtainthefo1lowlng8t8teSyStem：  

［狙※串亜廿ム］  
（30）  

Such8COnt－Ol8Chemeallow8u8tOen8ure8C－itic81re8pOn8e  
tothe8tate8yStem丈＝Aズ＋伊再一丁）血ithズ＝【ヱ1，ヱ2，g。】T．  
Inpractice7丘omtheimageproce881ng，WeOnly＆CCe88tOthere81   
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RESUIノrS  n？ea5urementVeCtOrY＝tro，io，¢，¢，6w］Tbutbyusingthepr？－  
VlOuS 
． 

This controIscheme haB been validatedin＄imulation．The  
result8Whicharepre＄entedcorrespond8tOtheresponseatastep  
in＝0・In the Figure6，Wehaveneglected thedynamicterms  
inthedesignofthecontroIwhichisequivalenttoconsiderthe  
8tifrnessofthetiresasin且nitive（CJ＝C；＝∞）・Wecanseethat  
whenthevelocitytLisincreaslngthesystemcanhaveimportant  
overshoot（50cm）．Inthesecondexperiment，Figure7，thecontroI  
schemeabovedescribed，isfullylmplemented，andweobtaingood  
resultsinalargerateofvelocity（unti150meterspersecond）・  
Theseresultsshowthatthedynamicpartofthemodelcannotbe  
neglectedwhenthevelocityisincreaLSing・Ontheotherhand，We  
havete＄tedthee熊ctsofthedelayandwehaveshownthatitis  
necessarytotakeintoaccountthedelayinthecontroIschemefbr  
insuringthestabilityofthevehicle・  

Experimentalsystemconstitutedbythevehicle，itssteerlngSyS－  
temandtheimageproce∬lngSyStemhasbeentested．   
Figure8showsexperimentalresults．Thevehiclegoesatvar－  
iou8SPeedsfrom O km／h to60km／h．At6rst and duringlOO  
iterations the driver moves the vehicle at2m from the middle  
band，thensetitintheautomaticdrivingmode．Therightlat－  
eralpositionisthemidd）eorthelane（1・5m）・Precisionisabout  
lO cm．  
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〇
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く
 
ト
 
 

La旭raIIX汚itjon（meb－eS）  

Headingo楠et（rad）  

O 」0．000  0．0■ユ  0．0■■  0．一之S O・1●T O・王○■  ○・王さ○  
× ▲xIt（10●3）   

Figure6：Discretecontrolleruslngkinematicmodel  

S画（h／h）  

Figure8：Results   

P，e，entlya8peedrangeuptO80km／hhasbeenreachedona  
circ11it．   
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Figure7‥Discretecontro11eruslngdynamicmodel  
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