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Abstract

Planning control commandf the steeringangle and
velocityfor autonomougarking maneuves is addressed.
Our approach malesuseof conformitybetweerthe con-
trol commandsand resultingshapeof the path. Thepath
shaperequired for a parking maneuveis evaluatedfrom
theenvironmentaimodel. Thecorrespondingontrol com-
mandsare selectedand parameterizedo provide motion
within the available space The commandsre executed
by the car servo-systemghich drive the vehicleinto the
parkingplace Theapproadisimplemente@ndtestedon
a CyCabautomatedsehicle Theresultson a perpendicu-
lar parking maneuveiare describedandthe experiments
illustratedby video.

1 Introduction

Steeringa car in a constrainecervironmentsuchasa
parkinglot requiresmuchattentionanddriving experience.
An assistancesystemfor parallel parking was proposed
in [1, 2, 3]. This systemlocalizesa suitableplacealong
aroadsidedrivesthevehicleto a corvenientstartposition
andorientationbesidethe parkingplace,monitorsthe en-
vironmentandperformsiterative sensotbasedmotionsin
orderto move into the place. The presentpaperextends
our previous work andfocuseson obtainingthe steering
andvelocity commandgo attainthe desiredpositionand
orientationof thevehiclerelative to its ervironment.

The kinematicmodel of a car with front-wheelsteer
ing (non-holonomicsystem)is describeddy the following
equation:

T
X =uv (cos@, sin 6, %) , Q)

whereX = dX/dt , X = (z,y, )7, = andy arethe

Cartesiancoordinatesof the midpoint of the rear wheel

axle, 4 is the orientationangle of the vehicle,v denotes
the velocity of the midpoint of the rearwheel axle, ¢ is

the steeringangle,and L is thewheelbas€[4]. The steer

ing angle¢(t) andvelocity v(t) arethe controlcommands
which drive the vehiclealonga pathX(¢). Thevelocity at

therearwheelaxleis: v = vy cos ¢, wherevy denoteghe

velocity of the midpointof thefront axle.

The model (1) is valid for a vehicle moving on flat
groundwith a pure rolling contactwithout slippagebe-
tweenthe wheelsandthe ground. This purely kinematic
modelis adequatéo describdow-speednotion. Thecon-
straintsof velocity andacceleratioraretakeninto account,
in orderto ensurethat the plannedmotion is feasiblefor
the seno-system®f thevehicle.

The conformity betweerthe controlcommandsndre-
sulting pathis expressedsa function

X =T (¢, v), )

that allows us to compile a referencetable where each
genericpathshapeis associateavith genericcontrol pro-
files. For a given maneuer, the numberof path shapes
andcorrespondingontrol profilesis limited, e.g. a paral-
lel parkingmaneuer canbe composeaf S-shapegbaths.
The genericcontrol profilesare specifiedby suchparam-
etersas magnitudeand durationwhich are computedac-
cording to the actualsituationin the ervironmentto en-
surecollision-freemotion within the available space.In-
steadof computinga feasiblepath X leadingthe vehicle
to the desiredlocation, the feasiblecontrols (¢, v) which
approximatelycorrespondo sucha pathareselectedand
parameterizedo drive the vehicleto the desiredposition
andorientation.

The advantagesf this approachare: similarity to the
actionsof a humandriver; capabilityto assisthe driverin
performingmaneuers; absenceof a comprehensie path
planner; and respectingthe dynamic constraintsof the
steeringandvelocity seno-systemsTheapproachcanbe
integratedasanoptioninto existing systems.

This paperis organizedasfollows. The relatedworks
arediscussedn section2. Our approacto planningcon-
trol commandss presentedn section3. Theimplementa-
tion andexperimentalresultson autonomougarkingma-
neuwersare describedn section4. The conclusionsare
givenin sectionb.

2 Redated Works

A parkingmaneuerrepresents particularcasewithin
a generalproblemof stabilizationof a non-holonomicve-
hicle to a desiredposition [5], or within a problem of
pathtracking[6]. By Brockett’'s necessargtability con-
ditions [7], the non-holonomicsystemis open-loopcon-



trollable, but it cannotbe stabilizedto a point by means
of smoothtime-invariantstatefeedback Variousfeedback
laws were proposed:itime-varying [8], piece-wisecontin-
uous[9] anddiscontinuoug10Q]. Planninga feasiblepath
andits trackingwasconsideredn [4, 11, 12]. Steeringthe
vehicleby mean=f sinusoidafunctionswasusedin [13].

A combinatiorof alinearfeedbaclandnon-linearfeed-
forward control with artificial neuralnetwork technology
wasstudiedin [14]. Theauthorsproposedh controlarchi-
tecturewherethe motionplanningwasperformedoff-line.
The feasibleparkingtrajectoriesarestoredin a computer
asparking programs. The necessaryprogramis selected
accordingto the situationby meansof on-line approxima-
tion of the precomputegbrograms.

The smoothfunctionsconstructedrom sinusoidswvere
proposedn [1, 2] to providethesteeringandvelocity com-
mandsfor a parallelparkingmaneuer. Thesecommands
areexecutedoy the steeringandvelocity seno-system®f
the vehicle. The approachwastestedon an electric car,
andtheresultsareshovn onvideo|3].

An optimal control law derived from the Pontryagins
principlewasstudiedin [15]. The shortesparkingtrajec-
tory consistingof two consecutie circular arcswas ob-
tained. A collision-free parallel parking maneuer was
evaluatedwith a 'bang-bang’steeringcommandwithin a
spaceof minimal length. The collision avoidancecondi-
tion was derived from the geometryof the motion. The
vehicledynamicsandtire slippageonthe groundwerene-
glecteddueto thelow speed.

The fuzzy rules for parallel parking of a model car
equippedwith sensoranda microprocessowerederived
in [16]. An approacho acquiretheskills of ahumandriver
by meansof anartificial neuralnetwork andits furtheruse
in afuzzy-hybridcontrolarchitecturavasproposedn [17]
wherethecontrolleroperatesvith avideodata. Theexper
imentshave shavn thatthe velocity canvary substantially
during a human-drven parking maneuer, i.e. it is easier
for adriverto follow a consistensteeringstrateyy thanto
keepataconstanspeed17].

An extensionof sensoibasednavigation for a paral-
lel parkingmaneuer was proposedn [18] wherea nav-
igation systemGANESHA and its implementationon a
Navlab vehicleweredescribed.A combinationof a neu-
ral network andprocessingf visualinformationwasdis-
cussedn [19]. Trainingexperimentsvereperformedwith
3D parkingprofilesextractedfrom a sequencef images.
When a vacantparking place was detected the learning
wasperformedduringthe parkingmaneuer.

Variousassistingdevices for parkinga car have been
developedandthecapabilityof autonomougarallelpark-
ing wasfirst reportedfor a VolkswagenFuturaexperimen-
tal vehicle[20]. A device mountedon the carto helpthe
driver perform a parallel parking or perpendiculampark-
ing is describedn [21]. This device comprisessensorso
measurdhe distancethata car movesand monitor obsta-
clesaroundthe car, aswell asa microcomputerthat can

generatevarioussignals(in accordancevith the driver’'s
instructionsand the datareceved from the sensorskand
inform thedriver how to drive the car (forward, stop, turn
left or right, or reverse). The microcomputemay gen-
eratean outputsignalto control the steeringmechanism,
thetransmissionthe acceleratqrandthe brake systemfor
backingthe carinto a parkingspaceautomatically

While autonomousparallel parking is addressedn
mary publicationsautonomouperpendiculaparking(or
parkingin a garage)hasreceved lessattention. Our ap-
proachextendsour parallelparkingalgorithm([1, 2, 3] to
perpendiculaparking.

3 Planning Control Commands

This sectiondescribeghe genericprofilesof the steer
ing andvelocity commandgor parkingmaneuers. While
parallelparkingcanbe performedwith a symmetricsteer
ing commandanasymmetricsteeringprofile providesar-
bitrary desiredorientation. For example,a setof steering
andvelocity commandss shovn in Fig. 1, andtheresult-
ing pathsare depictedin Fig. 2 wherethe vehicle starts
from the origin of the coordinatesystem. The symmet-
ric steeringcommandn Fig. 1a (bold line) resultsin the
parallel parking maneuersin Fig. 2 for the forward and
backwardmotion;seethevelocity profilesin Fig. 1b. Per
pendiculamparkingcanbe achievzedby meansof anasym-
metricsteeringcommand.
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Figure 1. An exampleof the steeringand velocity com-
mands:a — steeringangle b — velocity

From driving experienceit is known, that before the
parking maneuer starts, the vehicle's position and ori-
entationmust be adjustedto the location of the parking



y [m]

Figure 2: A setof resultingpaths

place. A setupfor perpendicularparking is shovn in
Fig. 3, wherethedistancedy, D,, D,,, d¢, d, andd,, are
computedrom thesensoreadingsabouttheervironment.
In this scenariothe vehicleis almostpeprendiculato the
parkingplace,andthe startpositionrelative to the placeis
specifiedby the distanceD; = D%, wherethe adequate
distanceD* is evaluatedaccordingto the experimentally
obtainedfunction D; (dy, duw)-
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Figure 3: Startlocationfor perpendiculamparking

The perpendiculaparking maneuer involvesthe fol-
lowing steps:

1. Forward motion aside and away from the parking
placein orderto reorientthe vehicle (this placesthe
vehicleacrosghetraffic lane).

2. Backward motion toward the parking placein order
to further reorientthe vehicle (i.e. aligning with the
parkingplaceandenteringthe place).

3. Additional iterative motionsare performedforwards
andbackwardsasnecessarjn orderto obtainthere-
quiredorientationfor moving into the parkingplace.

4. Straightmotion backwardscompleteghe perpendic-
ular parkingmaneuer.

The genericvelocity commanduv(t) is similar for per
pendicularandparallelparkingmeneuers:

Vm ko Au(t), 0 < t < T,
/U(t) = Um k’(H T’U S t < Tm_T’U; (3)

wherev,, > 0 is themaximaladmissiblevelocity, T, > 0
denotesthe durationneededto acceleratehe vehicle to
avelocity v,,, a coeficient k, = +1 specifiesthe direc-
tion — forwards(+1) or backwards(-1), T}, denoteshe
estimateddurationof motionduringonestep,and

Ay (t) = % (1 —cos;—;) , @)
B = (1 — cos W) 5)

The command(3) is appliedduring eachstepof the park-
ing maneuer, seethe examplein Fig. 1b. For eachpair
of successie motions(i, ¢ + 1), the coeficient k,, in (3)
mustsatisfy the equationk, ;+1 = —ky; thatalternates
betweerforwardandbackwarddirections.

Step 1. Thegenericsteeringcommandp(t) is

dm ke Ar1(t), 0 <t < Ty,
_ ¢mk¢, T¢ <t < T',
0= gk, Bit) T <t <1, ©
—bmky, T" <t < T,

where ¢,,, > 0 is the maximaladmissiblesteeringangle,
ks = £1 isacoeficientthatspecifieghesideof thepark-
ing placerelative to the directionof thevehicle(-1 for the
right side and +1 for the left side),7, > 0 denotesthe
durationneededo turnthe steeringwheelsfrom a straight
directionto ¢,,, T' = k; Ty, — Ty, T" = ki Ty + Ty,
0 < k; < 1 isavariablecoeficient,and

Aq(t) :% (l—cos ;—;), @)
w(t—T")

B = _, 8

() = o T ®

The valuesof ¢,,, k¢, ki, vy andT,, arecomputed
accordingo sensoinformationabouttheervironmentand
the estimatedpositionof the vehicle. The durationof the
motionT;,, mustsatisfytheconditionT,,, > T}%, where

T, 2T,
Lo op L.
e, 2, } (©)

T;;:ma,x{

Step 2. Thegenericsteeringcommandp(t) is

_¢mk¢a 0<t< Tla
—pm ke Aa(t), T' < t < T",
o(t) = qﬁ: k‘¢ ? T?'E )< t <_Tm —Ty (10)

¢m kqﬁBZ(t); Tm_Tqﬁ S t S Tm;



where

_ !
As(t) = cos ﬂ;iff)’ (112)
1 (T — t)
By(t) = = (1 — cos 7> . (12)
2 Ty
Step 3. Thegenericsteeringcommandp(t) is
—Pm k¢A3(t), 0<t< T¢,
_¢m k¢7 Td) <t< TI:

o(t) =9 —dmksBs(t), T' <t <T", (13)
Om ke, T" <t < Ty — Ty,
¢mk¢03(t): Tm_T¢ S t S Tma

where

1 7t
As(t) = = (1 — cos —) , (14)
2 Ty
_ T’
Bs(t) = cos 7T(t27T¢), (15)
1 (T — 1)
Cs(t) = = (1 — cos 7) . (16)
2 Ty

The genericprofilesof the steeringangleandvelocity
are parameterized,e. a searchfor valuesof ¢,,, ki, v,
andT,, is performedat eachstepby meansof evaluating
themodel(1) while takinginto accounthegeometriacon-
straintsof the ervironmentandthe actualpositionandori-
entationof thevehicle. Thesearchresultsin suchvaluesof
Gm, ki, v, @ndT,, which provide the desiredpositionand
orientation,while the maximal possible¢,, andwv,, still
ensurehatthe vehiclemoveswithin theavailablespace.

The commands¢(t) and v(t) are open-loopin the
(z, y, 8)-coordinates.They are executedby the steering
and velocity seno-systemauntil the parked positionand
orientationareattained.Theresultingaccurag of themo-
tion depend®ntheaccurag of theseseno-systemsPos-
sibleerrorsarecompensatelly subsequernnotions.

4 Experiments

ThemethoddevelopechasheentestedonaCyCabelec-
tric vehicle[22] showvn in Fig. 4. The dimensionsof the
vehicleare: 1.90m (length),1.20m (width) and1.65m
(height). The weight of the CyCabis 350 kg, its maxi-
mal velocity is 25 km/h, andthe maximalloadis 250 kg
(two peopleandluggage). The motion autonomyis two
hours (provided by four lead sealbatteries). The SICK
laserscanneis mountedonthefront partof thevehicle,as
seenin Fig. 4. The CyCabvehiclecaneitherbe manually
drivenby ajoystick, or it canmove autonomouslylts on-
boardcontrollerwith a Motorola555processorunsunder
Linux. Themethodwasimplementedn C++language.

Our experimentalsetupin a parkinglot ervironmentis
shavnin Fig. 5. Theparkingmaneueris performedwhile
monitoring the ernvironmentand avoiding collisionswith
obstaclese.g.a pedestrianin the way of the vehicle. The

Figure4: A CyCabvehicle

CyCabmovesalongthe traffic laneuntil it attainsa suit-
ablestartinglocationbesidethe parkingplace(theplaceis
betweertwo otherCyCabvehiclesshovnin Fig.5). Then,
the controlcommandsy(t) andv(t) areplannedandexe-
cutedto performa perpendiculaparkingmaneuer.

Figure5: Environmentaketupfor perpendiculamparking

An example of the control commandsis shavn in
Fig. 6, andthe correspondingnotion of the vehicleis de-
pictedin Fig. 7 wherethe displacemenbdf the vehicles
cornersis shovn by dottedlines. The width of the traffic
laneis sufficient for the vehicleto attainthe orientationof
45° relative to the traffic lanein the first stepof the ma-
neuer. In the secondstepthe vehiclereachesa position
andorientationsuitablefor moving into the parkingplace,
i.e.thethird stepin this cases notnecessary

The motion accurag dependson the accurag of the
seno-systemswvhich executethe plannedcommandsas
shawvn in Fig. 6. Thetrackingerrorsof the seno-systems
resultin adiscrepang betweertheplannedandactualmo-
tion, asseenin Fig. 7. At theendof eachstep theresulting
errorof positionandorientationis estimatedrom thesen-
sorinformation,andthesubsequerntontrolcommandsre
plannedaccordingo theactualpositionandorientationof
thevehicle.
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Figure 6: An exampleof the steeringand velocity com-

mandgsolidline) andtheir executionbytheservo-systems

(dashedine): a — steeringangle b —velocity

y[m]

Figure 7.  An example of a perpendicular parking
maneuver estimatedpath (solid line) and actual path
(dashedine)

Perpendiculaparkingin the caseof alateralconstraint
(e.g.in anarrow street)is shavn in Fig. 8 andFig. 9. The
searchor valuesof ¢,,,, k¢, v, andT;, takesinto account
the actualgeometricconstraintsof the ervironment. The
displacemenof the carframeis simulatedin orderto en-
surethatthe subsequentotionis performedwithout col-
lisions. Comparingthis with Fig. 6 andFig. 7, thelateral
constraintesultsin theadditionaliterations(the third step
is neededfor the vehicleto attainthe properorientation
andpositionfor moving into the parkingplace).
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Figure8: Steeringandvelocitycommandsgsolidline) and
their executionby the servo-system@ashedline) in the
caseof lateral constrint: a— steeringangle b — velocity
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Figure 9: Anexampleof a perpendiculamparking maneu-
verin the caseof lateral constaint: estimatedpath (solid
line) andactual path (dashedine)

5 Conclusion

Theapproacho autonomouslyerformlow-speedna-
neu\ersin aconstrainedraffic environmentwaspresented.
The approachwasdescribedusingan exampleof perpen-
dicularparking(or garaggparking)maneuer. Themethod
wasimplementedn a CyCabautomated/ehicle,andthe
experimentalresultsobtainedwere discussed. They are
alsoillustratedon a video which may be downloadedat
http://celultra.rilen.go.jp/paromt/de.html.
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