AUTONOMOUS NAVIGATION TROUP FOR COOPERATIVEMODELLING OF UNKNOWN ENVIRONMENTSJosep Amat*, Francesc Esteva** and Ramon L�pez de M�ntaras*** Automatic Control Department. Universitat Polit�cnica de Catalunyac/ Pau Gargallo, 5, 08028 Barcelona (Spain)phone: + 34 3 401 69 74; fax: +34 3 401 70 45; e-mail: amat@esaii.upc.es** IIIA - Artificial Intelligence Research Institute, CSIC.Campus UAB, 08193 Bellaterra (Spain)phone: + 34 3 580 95 70; fax: +34 3 580 96 61; e-mail: {esteva,mantaras@iiia.csic.es}Abstract Based on the information gathered by a set of small autonomous low cost vehicles, thegeneration of unknown environment maps is described, as well as the vehicles themselves. In order toimprove the covering of the explored zone the vehicles show different behaviours. The host that controlsthe troup of vehicles generates the most plausible map of the environment from the information obtainedby the different components of the troup, which at the end of their mission return back. To perform themap generation a two-step algorithm, fusion and completion, based on fuzzy techniques is presented.1. INTRODUCTIONWith the aim to explore an environment that isunknown but easily passable, a system constituted by aset of low cost, small autonomous vehicles has beendeveloped. These vehicles follow the already classicalline of insect robots [1] [2] [3] [4]. The goal of theseautonomous vehicles is to obtain partial informationabout the environment during their exploration runs andafterwards to supply this information to a MasterAutonomous Robot (Host) that in turn will be able tocompute the most plausible map. With thisinformation, the host should be able to perform a givenmission within such structured environment. Using thisMaster-Multislave strategy to generate a model of theenvironment, we expect to achieve a better efficiencythan that which would be obtained based only on theMaster perception capabilities.The behaviour of these small autonomous vehicles hasbeen programmed in an individual basis for obtaining abehaviour similar -to some degree- to that of ants. Here,the similarity lies in the vehicles capacity to cooperatein the process of environment map generation. Thesensing capability of each small vehicle, to build itsown partial map, comes from two kind of sensors: IRproximity sensors for environment data acquisition, anda relatively accurate odometric system for the estimationof the vehicle position during its run.In order to increase the global efficiency, the vehiclesdevelopped have a partially random moving behaviour.They can also transfer each other the perceivedenvironment when they meet. Sharing data in this way,allows the Master to get the information not only fromthe vehicles that successfully return after an exploratoryrun, but also from those that cannot return, providedthat they have encountered vehicles that have safelyreturned.This paper first describes the structure and the behaviourof the vehicles. Then, we describe the fuzzy logic-basedalgorithms that we have developped in order to computethe most plausible map based on the partial maps builtby the succesfully returning vehicles from the dataperceived and received from other vehicles during theirruns. Finally the obtained results are presented.2. VEHICLES STRUCTUREThe vehicles (ANTs) have been conceived with the aimto cooperatively explore an unknown environmentacquiring data from the path run and communicatingwith the other vehicles when they pass one close toanother, in a way that could remind the ants behaviour.In order for the system to be efficient and flexible, thevehicles, which must acquire and integrate theenvironment information and transmit it to a host, havebeen designed to be small and economical. Each vehiclemust have a high autonomy and be endowed with acomputer, with which they can get and memorize theenvironment map with the highest resolution. All theserequirements have lead to a compromise solutionconsisting of several small vehicles with three wheels.Two of them are steering wheels having independentmotors.The vehicles environment perception system and thecommunications with the host or with the othervehicles are based on IR impulse modulated sensors.Since some of them may get lost and fail to return todeliver their map to the Host, the followingcommunication process is established: when two ofthem meet along their exploration run, they back-up from one to the other all the information they haveacquired so far from the environment. In this way, whena vehicle reaches the host, it delivers both, theinformation acquired during its own run as well as theinformation obtained from other vehicles that it hasencountered during its run. This communication processallows to get all the information of a non-returningvehicle provided that it has had the opportunity totransfer it to a returning one.The vehicles are 21 cm. long and 15 cm. wide. Figure 1shows a view of one vehicle. The 5cm. driving wheelsallow the vehicles to save some small obstacles such ascarpets or electrical wires. With the motors utilised, thevehicles can reach a speed of up to 0.6 m/sec., and sincethe battery has an hour autonomy at full functioning,each vehicle can theoretically do a run about 1000 m.long.Figure 1. An ANT autonomous vehicleEach vehicle is equipped with the following sensingelements:- Impulse generators at each wheel for odometry.- Five I.R. proximity sensors for obstaclesdetection.- A proximity sensor for the detection of theterrain horizontal discontinuities.- One omnidirectional IR Emitter/Receiver sensorto detect other vehicles and to transmit its data.- One IR Emitter with a sector scope of 90o togenerate the priority signal (right handpreference).- Safety microswitches for the detection ofpossible collisions.Figure 2. IR Sensors distributionThe obtained odometric precision produces a 2x20 cm.average uncertainty ellypse after a 10 meters run withoutdirection changes. This uncertainty is added to thatproduced when the vehicle turns and both have beenexperimentally evaluated. The host will compute theuncertainty value relative to the location of walls andobstacles based on the data received from the returningvehicles as well as the information of the trajectories.3. VEHICLE CONTROL SYSTEM ANDBEHAVIOUREach vehicle navigation system is provided with arandom control strategy that determines its behaviour.The vehicles can turn a –45o or –90o angle randomlyduring their run. When they find an obstacle or a wallthey follow it using a "bang bang" control strategyThe random turns are done with significantly differentprobabilities: P1>P2>P3, corresponding to threedifferentiated behaviours:.P1= vehicle with an "anxious" behaviourP2= vehicle with a "normal" behaviourP3= vehicle with a "routine" behaviour.When the vehicles find a frontal obstacle, the turn canbe done to the right or to the left based also on aprobability value P4. The vehicles having a probabilityP4<0.5 will show a tendency to turn right more oftenthan to turn left (right handed), whilst the vehicleshaving a probability P4>0.5 will behave inversely (lefthanded).Consequently, the different vehicles of the explorationtroup will not show an identical behaviour. They canbehave in six different ways corresponding to thedifferent combinations of behaviours and turningtendencies. With this strategy it is expected to obtain abetter covering of an environment than that we would obtain with all the vehicles showing the samebehaviour.Once a vehicle has run a length L(Pi), depending on theprobability P1, P2 or P3, where L(P1)<L(P2)<L(P3),it starts its way back towards the host.The algorithm used to guide the vehicle back towardsthe host consists of returning over its own trajectory,which is stored in the vehicle’s memory, to ensure anobstacle-free path but optimizing the run. Theoptimization consists in eliminating the loops that thevehicle has done during its random navigation.The control unit in each vehicle has been designedhaving in mind that the hardware had to be as simple aspossible but, on the other hand, it had to allowachieving a behaviour sufficiently smart in order tonavigate efficiently. Furthermore, the vehicles had to bebased on a hardware flexible enough to allow theexperimentation of different navigation and controlstrategies. These requirements have resulted in thedesign shown in figure 3 which contains three differentfunctional modules.Figure 3. Control System ArchitectureThe navigation module generates the trajectory to befollowed and the steering module controls the motors inorder to follow the generated trajectory. The perceptionmodule acquires information of the environment bymeans of IR sensors. However it is possible to replacethis module by other modules adapted to different typesof sensors.The computer used to implement the navigation controlunit is a standard PC 80C186 with 1MB RAM to storethe perceived environment map. This map is discretizedwith a resolution of 4 cm which means that each vehiclecan store maps of up to 40x40 m.The steering control module operates with a muchhigher resolution since each encoder impulsecorresponds to a displacement of only 2 mm. and it isimplemented on a 80C5524. MAP GENERATION FROMORTHOGONAL ENVIRONMENTSThe goal of map generation is to obtain the mostplausible position of walls and obstacles based on theIR perception of several vehicles. The information abouttheir position conveyed by the different vehicles isimprecise due to the odometry error. The vehicles detectportions of walls or obstacles with different degrees ofprecision depending on the length of the run and thenumber of turns that the vehicle has done. The mainproblem is to decide whether several detected portions,represented by imprecise segments (see 4.1), belong tothe same wall or obstacle or not. This decision dependson the distance between the segments as well as on theirimprecision. The distance is compared to a threshold todecide whether the segments represent different portionsof the same wall or obstacle or not. If two segmentsrepresent the same wall or obstacle a segment fusionprocedure is applied to produce a single segment. Thisprocess of segment fusion is followed by a completionprocess in which hypothesis are made with respect tonon observed regions. The completion process isachieved by means of hypothetical reasoning based ondeclarative heuristic knowledge about the orthogonalenvironments in which the vehicles evolve. Finally, analignment process also takes place so that two wallsseparated by a doorway are properly aligned.The map generation algorithm consists of two steps.The first one is the fusion of the segments perceived byeach vehicle since the same vehicle can observe morethan one portion of the same wall, and the second stepconsists of an update of the latest fused map (resultingfrom the perception of other vehicles) with the newinformation conveyed by the last arrived vehicle. Thisincremental approach is necessary because not all troupmembers may return home to give the information tothe host and because, on the other hand, we want tohave at any time the most plausible map based on theinformation obtained so far. To summarize, any time avehicle returns home the fusion algorithm is executed toupdate the map and then the completion and alignmentprocesses take place based on the latest fused map.Figure 4 schematically shows the map generation steps.The host gets three maps from each incoming vehicle :the path map, the perceived map and the communicatedmap (i.e. the union of all the maps communicated byvehicles that the incoming vehicle has encounteredduring its exploration). This information carried by theincoming vehicle is used to obtain a fused map. Next asecond step uses the fused map of the incoming vehicleto update the current fused map. Next the completionprocess takes place starting with the segments, thencompleting corners and finally completing doorways.The last step is the alignment of those segments thatbeing at both sides of a doorway are not co-linear. Insection 4.1 we outline the segment fusion procedure (5)and in 4.2 we explain the completion and alignmentprocesses.

Figure 4. Map generation steps4.1 Segment fusionAn imprecise segment s is defined as a pair ofcoordinates representing its extremes and an error. Giventhe orthogonality of the structured environment, wehave only two possible orientations for any segment :vertical or horizontal. That is s = ((x y1), (x y2), e) ors = ((x1 y), (x2 y), e,). Where e is the error due toodometry. Furthermore, for each segment we keep thelist of coordinates of the singular points (i.e. corners andgaps in the real world) that have been either detected bythe vehicles or generated by the completion process.For any imprecise segment s we define a possibilitydistribution ms such that for any cartesian coordinates(x, y) gives the degree of possibility of the coordinatesas being part of the portion of wall represented by thesegment. That is ms : R x R fi [0, 1]. This functioncan be seen as a possibility distribution (6) in the senseof fuzzy logic (7) and is determined by the two extremecoordinates and the error of the segment. For example,figure 5 shows an example of the possibilitydistribution associated to an imprecise horizontalsegment s = ((x1 y), (x2 y), e) and means that for anycoordinates ((a b) (c b)), such that y - e < b < y + e andx1+e > a > x1 - e and x2-e < c < x2 + e, the possibilitydistribution gives the degree of possibility of thecordinates as being part of the portion of a wallrepresented by the segment.a

DDsegmentmergeand2

12

(B) for two vertical segments (A)

identified. These rules are divided into the following four- extending single segments- completing corners (L and T shape)- completing doorwaysand are considered in this order.Ifsegments s1 and s2 are parallel andthere are no singular points in theclosest extremes of s1 and s2 andDx (s1,s2) < ka andDy (s1,s2) < kb andthere is no path through the gapbetween s1 and sThen Do (Vert_Merging (s1, s2))ab(5).corners is:I f segments s1 and s2 areperpendicular andthere are no singular points in theclosest extremes of s1 and s2 andDx (s1,s2) < ka andDy (s1,s2) < kb andthere are no paths through the gapbetween s1 and s2 ands1 and s2 do not meet at thecorner point (x,y)Thenmake s1 and s2 to meet at (x,y) andmark (x,y) as singular pointdoorways.segments.be seen that the results are satisfactoryaligned.

behaviournormalbehaviourbehaviourFigure 9. Fused map experimentation of the vehicles prototype.AutomationMassachussets 1993