
Towards Autonomous Vehicles for FutureIntelligent Transportation SystemsChristian LAUGIERINRIA Rhône-Alpes & GRAVIRZirst. 655 av. de l'Europe. 38330 Montbonnot Saint Martin. FranceE-mail: Christian.Laugier@inrialpes.frAbstractDeveloping new Intelligent Transportation Systemswhich take into consideration the socio-economical, en-vironmental, and safety factors of the modern soci-ety, is one of the grand challenges of the next cen-tury. Recent progress in the �elds of Mobile Robots,Control Architectures, and Computer Vision allows usto now envisage the integration of new autonomousand driving-assistance capabilities within future vehi-cles. This paper presents the concept of \AutomatedUrban Vehicle" which is currently developed within thescope of the French \Praxit�ele" and \Automated Road"programmes. It focuses onto the novel Control and De-cisional Architecture which has been developed for pro-viding each vehicule with the required autonomous ca-pabilities. Experimental results obtained with our au-tomatic electric vehicles are presented for three typesof manoeuvres: lane following/changing, parallel park-ing, and platooning.1 IntroductionDeveloping new Intelligent Transportation Systemswhich take into consideration the socio-economical,environmental, and safety factors of the modern so-ciety, is one of the grand challenges of the next cen-tury. Recent progress in the �elds of Mobile Robots,Control Architectures, and Computer Vision allows usto now envisage the integration of new autonomousand driving-assistance capabilities within future vehi-cles. Several national and international projects havebeen launched for that purpose during the last 10 years(e.g. the European Eurêka Project Prometheus, theFrench national programmePraxit�ele, the Path projectin USA ...).The goal of this paper is to present the concept ofAutomated Urban Vehicle which is currently developedwithin the scope of the French Praxit�ele and Auto-mated Road programmes (these programmes are aimed

at the development of a new urban transportation sys-tem based on a eet of electric and computer-drivenvehicles [8]). A special attention will be given to theControl and Decisional Architecture which has beendeveloped for providing each vehicle with the requiredautonomous capabilities.Motion autonomy for various types of vehicles hasalready been widely studied in the literature. Thestate of the art on this topic shows approaches of vari-ous complexity, combining in di�erent ways purely re-active methods with more traditional hierarchical deci-sional schemes. A quite classical way to solve the mo-tion autonomy problem for a car-like vehicle movingin a partially known environment is to combine an o�-line global path/trajectory planner (usually using theDubins' curves [1] or the Reed & Shepp curves [11]),with a reactive execution controller capable to trackthe nominal trajectory while avoiding collisions withunexpected obstacles. Unfortunately, such an ap-proach usually generates oscillatory movements andinconsistent behaviours resulting from the combina-tion of two contradictory functions: trajectory track-ing and obstacle avoidance [3]. In order to generatesmooth and safe motions for an autonomous car-likevehicle while satisfying both the task constraints (i.e.the nominal trajectory and the sensed obstacles) andthe kinematic and dynamic constraints of the vehicle,we have designed and implemented a novel control ar-chitecture. This architecture includes an o�-line globaltrajectory planner1, a decisional kernel that selects ap-propriate sensor-based manoeuvres in real-time, and areactive motion controller that makes use of a set ofcontrol experts2 to execute the required sensor-basedmanoeuvres. The same basic idea has also been usedat Laas for providing the AMR robot with some au-1A trajectory represents both a geometricpath (i.e. a smoothcurve) and its associated velocity pro�le.2A control expert is a parameterizedcontrol programadaptedto the execution of a particular type of sensor-based motion.1



tonomous behaviours [6].In the sequel, we present an overview of this controlarchitecture along with a description of the three maintypes of sensor-based manoeuvres which have been im-plemented and experimentally validated using our au-tonomous vehicles: lane following/changing, parallelparking, and platooning.2 Control and Decisional Archi-tectureThe Control and Decisional Architecture has been de-signed to generate smooth and safe motions that sat-isfy both the task constraints and the kinematic anddynamic constraints of the car-like vehicle. This archi-tecture includes an o�-line global trajectory planner3,a decisional Kernel which generates on-line appropri-ate sensor-based manoeuvres, and a motion controllerwhich makes use of a set of control experts to executethe required sensor-based motions.The key idea of our approach is to plan and carry outsensor-based manoeuvres where the following schemeis applied: �rst, a parameterized motion plan is pro-duced by combining a nominal trajectory4 with a set ofgeneric sensor-based manoeuvres selected on-line fromthe library according to the current motion context;then, the involved motion controls are using appropri-ate control experts having the ability to react in real-time to unforeseen events. In the case of a failure dueto an unforeseen event, the decisional kernel of the sys-tem decides either to replan the motion or to insert inreal-time a more appropriate sensor-based manoeuvre(which in turn is expanded into a sequence of exe-cutable local trajectories and sensing operations)5.Obviously, the reactivity of the system to unforeseenevents along with the quality of the executed motionsmainly relies on the paradigm of sensor-based manoeu-vre (SBM ). A SBM is basically a safe and smoothmotion of the vehicle, which is executed using someprede�ned sensor modalities and controls; it allows thevehicle to perform in a reactive way a particular typeof manoeuvre, while adapting the control parametersto the current execution context. In the sequel, we willshow how this approach has been used for implement-ing several types of sensor-based manoeuvres.3The reader is referred to [2] and [12] for a complete presen-tation of the global trajectory planner.4A nominal trajectory is generated o�-line by the global tra-jectory planner using a reconstructedmodel of the environmentand a prediction of the most likely behaviours of the movingobstacles.5The reader is referred to [5] for a more completepresentationof the Control and Decisional Architecture.

3 Lane Following/ChangingThe purpose of this SBM is to allow the vehicle to fol-low a nominal trajectory as closely as possible, whilereacting appropriately to any unforeseen obstacle ob-structing the way of the vehicle. Whenever such anobstacle is detected, the nominal trajectory is locallymodi�ed in real time, in order to avoid the collision.This local modi�cation of the trajectory is done, inorder to satisfy a set of di�erent constraints: colli-sion avoidance, time constraints, kinematic and dy-namic constraints. In our previous approach, we haveused a fuzzy behaviour merging process for combininga trajectory tracking behaviour with a collision avoid-ance behaviour. However, this approach has exhibitednon consistent behaviours: it generates oscillations,and it does not guaranty that all the previous con-straints are always satis�ed [3]. The current SBMapproach makes use of smooth local trajectories foravoiding the detected obstacles. These local trajecto-ries allow the vehicle to move away from the obstructednominal trajectory, and to catch up this nominal tra-jectory when the (stationary or moving) obstacle hasbeen overtaken. All these local trajectories verify themotion constraints and enable the vehicle to follow asmooth path. This type of manoeuvre is executed us-ing two Control Experts: \trajectory tracking" and\lane changing".Trajectory Tracking. Any trajectory trackingmethod working for non-holonomic vehicles can beused for implementing this type of control expert.We apply an approach [4] which guarantees the sta-ble tracking of a feasible trajectory when the vehicle'scontrol commands are of the following form:_� = _�ref + vR;ref (kyye + k� sin �e ); (1)vR = vR;ref cos �e + kxxe ; (2)where qe = (xe ; ye ; �e)T represents the error betweenthe reference con�guration qref and the current con-�guration q of the vehicle (qe = qref � q), _�ref andvR;ref are the reference velocities, vR = v cos� is thecontrol command for the locomotion velocity of themidpoint of the rear wheel axle, kx , ky , k� are posi-tive constants, and � = arctan� _� LvR;ref �.Lane Changing. This type of control expert is ap-plied for executing a smooth lane change manoeuvre.This manoeuvre is carried out by generating and track-ing an appropriate smooth local trajectory. Let T bethe nominal trajectory to track, dT be the distance be-tween T and the middle line of the free lane to reach,sT be the curvilinear distance along T between the2



traffic lane

nominal trajectory

st

d(st) n

dT n

sT

obstacle

traffic lane
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traffic directionFigure 2: start location for parallel parking.obstacle, slow down or stop. In this approach, an ob-stacle avoidance or overtaking manoeuvre consists ofthe smoothly motion towards a collision-free \paral-lel" trajectory, and further catching up T as soon asit becomes possible (see Fig. 1).4 Parallel ParkingThe purpose of the parallel parking SBM is to auto-matically park the vehicle within an unknown parkingarea. This SBM involves three main phases: (1) local-izing a su�cient space (parking place)in the parkingarea, (2) obtaining an appropriate starting locationfor the vehicle relatively to the parking place, and (3)performing the parallel parking manoeuvre.Finding a parking place. During this phase, thevehicle moves slowly along the tra�c lane, and it usesits range sensors for constructing a local map of theenvironment and for detecting obstacles. The map isused for selecting an appropriate free space for park-ing the vehicle (see below) ; the obstacles are avoidedusing an other SBM (e.g. the lane following/changingSBM ).Selecting a starting location. Drivers know fromexperience that before the parking manoeuvre starts,the vehicle must be oriented near parallel to the park-ing place and it must also reach a convenient startposition in front of the place. A start location for par-allel parking is shown in Fig. 2 where an automaticvehicle A1 is in a tra�c lane. The parking lane withparked vehicles B1, B2 and a parking place betweenthem is on the right-hand side of the vehicle A1. L1and L2 are respectively the length and width of A1,and D1 and D2 are the distances available for lon-gitudinal and lateral displacements of A1 within theplace. D3 and D4 are the longitudinal and lateral dis-placements of the corner A13 of A1 relative to thecorner B24 of B2.The distances D1, D2, D3 and D4 are computedby the control unit from data obtained by the sen-sor and servo units. The control unit compares thelength (D1-D3) and width (D2-D4) of the parking3



place with the length L1 and width L2 of A1, whereL1 and L2 include su�cient clearance for the vehicleto move around. If (D1-D3) > L1 and (D2-D4) > L2,the parking place is su�cient for parallel parking.Performing the parking manoeuvres. Duringparallel parking, iterative low-speed backward and for-ward motions with coordinated control of the steeringangle and locomotion velocity are performed to pro-duce a lateral displacement of the vehicle into the park-ing place. The number of such motions depends on thedistances D1, D2, D3, D4 and the necessary parking\depth" which depends on the width L2 of the vehi-cle A1. The start and end orientations of the vehicleare the same for each iterative motion i = 1; : : : ; N .For the i-th iterative motion (but omitting the in-dex \i"), let the start coordinates of the vehicle bex0 = x(0), y0 = y(0), �0 = �(0) and the end coordi-nates be xT = x(T ), yT = y(T ), �T = �(T ), where Tis duration of the motion. The \parallel parking" con-dition means that�0 � �� < �T < �0 + �� ; (5)where �� > 0 is a small admissible error in orientationof the vehicle.The following control commands of the steering an-gle � and locomotion velocity v provide the parallelparking manoeuvre [10]:�(t) = �max k� A(t); 0 � t � T; (6)v(t) = vmax kv B(t); 0 � t � T; (7)where �max > 0 and vmax > 0 are the admissiblemagnitudes of the steering angle and locomotion veloc-ity respectively, k� = �1 corresponds to a right side(+1) or left side ({1) parking place relative to the traf-�c lane, kv = �1 corresponds to forward (+1) or back-ward ({1) motion,A(t) = 8<: 1; 0 � t < t0;cos �(t�t0)T� ; t0 � t � T � t0;�1; T � t0 < t � T; (8)B(t) = 0:5 �1� cos 4�tT � ; 0 � t � T; (9)where t0 = T�T�2 , T � < T .The commands (6) and (7) are open-loop in the(x; y; �)-coordinates. The steering wheel servo-systemand locomotion servo-system must execute the com-mands (6) and (7), in order to provide the desired(x; y)-path and orientation � of the vehicle. The

resulting accuracy of the motion in the (x; y; �)-coordinates depends on the accuracy of these servo-systems. Possible errors are compensated by subse-quent iterative motions.For each pair of successive motions (i; i+ 1), thecoe�cient kv in (7) has to satisfy the equationkv;i+1 = �kv;i that alternates between forward andbackward directions. Between successive motions,when the velocity is null, the steering wheels turn tothe opposite side in order to obtain a suitable steer-ing angle �max or ��max to start the next iterativemotion.In this way, the form of the commands (6) and (7)is de�ned by (8) and (9) respectively. In order to eval-uate (6)-(9) for the parallel parking manoeuvre, thedurations T � and T , the magnitudes �max and vmaxmust be known. The way these values are computedby the system is described in [10]. This computationis carried out using the kinematic model of the vehi-cle and the commands (6) and (7), and the solutionsare chosen in order to minimize the number of back-ward/forward manoeuvres.5 PlatooningThe purpose of this SBM is to allow the vehicle to fol-low automatically an other vehicle (this other vehiclecan either been moved autonomously, or been drivenby a human driver). Such a SBM takes as input thecurrent (velocity, position, orientation) parameters ofthe vehicle to control6, and it generates in real-timethe required lateral and longitudinal controls. ThisSBM operates in two phases [8]: (1) determining therelative velocity and position/orientation parameters,and (2) generating the required longitudinal and lat-eral controls.Determining the state parameters. The assess-ment of the velocity and of the position/orientationparameters of the leading vehicle has to be performedat a rate consistent with the servo-loop frequency (50Hz in practice). This information is computed fromthe sensory data provided by an appropriate sensor,i.e. a sensor having the capability to measure at highrate and with a high resolution the relative velocity,position, and orientation of the two vehicles. In ourimplementation, this is performed using a linear cam-era (equipped with appropriate optical lenses) locatedin the automatic vehicle, and an infrared target locatedat the rear side of the leading vehicle. This approach6The (velocity, position, orientation) parameters of the fol-lowing vehicle are computed in real-time from the sensory data; they are expressed relatively to the leading vehicle referenceframe.4



allows us to obtain at the servo-loop frequency, theposition/orientation parameters, i.e. the longitudinaland lateral distances DX and DY between the twovehicles, and the angle D between the main axes ofthe two vehicles; the velocity parameter is obtained byderivating the position parameters (see [8]).Generating the required controls. Following theleading vehicle is performed by controlling, at theservo-loop frequency, the acceleration/deceleration ofthe automated vehicle along with the angular velocityof its steering wheel.As for the longitudinal control, the basic idea is toset a linear relation between the distance and the speedof the two vehicles :Xl �Xf = dmin + h Vf (10)where Xl, Xf , and Vf are respectively the positionof the leading vehicle, the position of the followingvehicle, and the velocity of the following vehicle ; dminis the minimun distance between the two vehicles, andh is a time constant (dmin = 1m and h = 0:35s in thereported experiments). This approach has led us tomake use of the following controller (see [8] for moredetails):Af = Cv �V +Cp(�X � h Vf � dmin) (11)where Af is the acceleration of the following vehicle,�V = Vl � Vf , and �X = Xl �Xf ; the control gainsCp and Cv have been chosen as follows : Cv = 1=h, andCp = min(1=h; Amax=Vf ). The fact that the positiongain factor is variable, allows the controller to take intoaccount the acceleration saturation and to deal withlarge initial errors (since Cp decreases when the speedincreases).As for the lateral control, we have applied a sim-ple approach based onto the classical \tractor model".This approach leads the controller to always set theorientation of the steering wheel in a direction parallelto the orientation of the leading vehicle. This approachgenerate stable behaviours, but it leads the followingvehicle to weakly cut the turns (this might be a prob-lem for controlling a platoon of several vehicles in aconstrained area).6 ExperimentsThe approach described in the paper has been imple-mented and tested on our experimental automatic ve-hicles (modi�ed Ligier electric cars). Each of thesevehicles is equipped with the following capabilities:

Figure 3: a platoon of three ligier vehicles.a bFigure 4: experimental setup for platooning: (a) thelinear camera, (b) the �rst experimental infrared tar-get.(1) - a sensor unit to measure relative distances be-tween the vehicle and environmental objects or vehi-cles, (2) - a servo unit to control the steering angleand the locomotion velocity, and (3) - a control unitthat processes data from the sensor and servo unitsin order to \drive" the vehicle by issuing appropriateservo commands. Each vehicle can either be manuallydriven, or it can move autonomously using the controlunit based on a Motorola VME162-CPU board and atransputer net. The sensor unit makes use of a belt ofultrasonic range sensors (Polaroid 9000) and of a linearCCD-camera (the camera has 2048 pixels, it operatesat a frequency of 1000 Hz, and it is equipped with acylindrical lens and an infrared and polarized �lter) ;this unit also makes use of an infrared target made ofthree sets of LED organized along vertical lines, �g-ure 4 illustrates . The steering wheel servo-system isequipped with a direct current motor and an opticalencoder to measure the steering angle. The locomotionservo-system of the vehicle is equipped with a 12 kWasynchronous motor and two optical encoders locatedonto the rear wheel axles (for odometry data). The ve-hicle also has an hydraulic braking servo-system. TheMotion Controller has been implemented using the Or-ccad software [13] running on a SUN Workstation ; therelated compiled code is transmitted via Ethernet tothe VME162-CPU board.5



a b c dFigure 5: sequence of motions for lane following/changing on a circular road: (a) following the nominal trajec-tory,(b) lane changing (to the right) and overtaking, (c) lane changing to the left, (d ) continuing with the nominaltrajectory.
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time [s]Figure 6: lane following/changing on a circular road: (a) related motion, (b) steering angle and (c) locomotionvelocity controls applied.An example of our experimental setup for lane fol-lowing/changing on a circular road is shown in Fig. 5.In this experiment, the Ligier vehicle follows a nomi-nal trajectory along the curved tra�c lane, and it �ndson its way another vehicle moving at a lower velocity(see Fig. 5a). When the moving obstacle is detected,a local trajectory for a right lane change is generatedby the system, and Ligier performs the lane chang-ing manoeuvre, as illustrated in Fig.5b. Afterwards,Ligier moves along a trajectory parallel to its nominaltrajectory, and a left lane change is performed as soonas the obstacle has been overtaken (see Fig. 5c). Fi-nally, Ligier continues to follow its nominal trajectory,as illustrated in Fig. 5d. The related motion of the ve-hicle is depicted in Fig. 6a. The steering and velocitycontrols applied during this manoeuvre are shown inFig. 6b and Fig. 6c.An example of our experimental setup for parallelparking in a street is shown in Fig. 7. This manoeuvrecan be carried out in an environment including mov-ing obstacles, e.g. a pedestrian or some other vehicles.In this experiment, Ligier was manually driven to aposition near the parking place, the driver started theautomatic parking and left the vehicle. Then Ligiermoves forward autonomously in order to localize theparking place, obtains a convenient start location, andperforms a parallel parking manoeuvre. When duringthis motion a pedestrian crosses the street in a dan-

gerous proximity to the vehicle, as shown in Fig. 7a,this moving obstacle is detected, Ligier slows downand stops to avoid the collision. When the way is free,Ligier continues its forward motion. Range data isused to detect the parking place. A decision to carryout the parking manoeuvre is made and a convenientstart position for the initial backward movement isobtained, as shown in Fig. 7b. Then, Ligier movesbackwards into the parking place, as shown in Fig. 7c.During this backward motion, the front human-drivenvehicle starts to move backwards, reducing the lengthof the parking place. The change in the environmentis detected and taken into account. The range datashows that the necessary \depth" in the parking placehas not been reached, so further iterative motions arecarried out until it has been reached. The motion ofthe vehicle for a parallel parking manoeuvre is depictedin Fig. 8a. The control commands (6) and (7) gener-ated are shown in Fig. 8b and Fig. 8c respectively. Asshown in Fig. 8, the durations T of the iterative mo-tions, magnitudes of the steering angle �max and loco-motion velocity vmax correspond to the available dis-placements D1 and D2 within the parking place (e.g.the values of T , �max and vmax di�er for the �rst andlast iterative motion).An example of our experimental setup for platoon-ing in a street is shown in Fig. 3. The linear cameraand the infrared target is shown in Fig. 4. During the6



a b c dFigure 7: sequence of motions for parallel parking: (a) motion to localize a parking place; (b) selecting an appro-priate start location; (c) backward motion into the place; (d) the parallel parking is completed.a -4
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