The USC AFV-I1The USC AFV-I: A Behavior-Based Entry in the1994 International Aerial Robotics CompetitionJames F. Montgomerymonty@robotics.usc.eduAndrew H. Faggahfagg@robotics.usc.eduGeorge A. Bekeybekey@pollux.usc.eduRobotics Research LaboratoryInstitute for Robotics and Intelligent SystemsUniversity of Southern CaliforniaLos Angeles, CA 90089-0781The International Aerial Robotics Competition is an annualevent sponsored by the Association for Unmanned VehicleSystems (AUVS). The competition requires flying robots tolocate, manipulate, and transport objects from one locationto another. These tasks are carried out under extremeconditions. A robot must operate without human guidance,ensuring system survival, while completing the goals of thecompetition within a fixed time limit.Creating a flying robot with these capabilities presentsmany challenges. The robot has to make control decisionsthat achieve its goals based upon imperfect sensory datawhile adapting to unexpected situations such as gusts of windor sensor failure. Additionally, these decisions need to bemade in real-time to maintain the safety of the craft.Teams of university students from around the world enterthe competition, using a variety of approaches. TheUniversity of Southern California Robotics ResearchLaboratory�s Autonomous Flying Vehicle-I (AFV-I)1 finished

The USC AFV-I2first out of over twenty schools entered in this year�scompetition held on May 19. The robot uses a behavior-basedapproach as its control architecture. A set of behaviors,each responsible for achieving a specific task, interact toachieve the overall goals of the robot. A behavior-based approach has many advantages overtraditional methods of creating autonomous mobile robots2.Previous methods attacked the problem of robot control in asequential manner, where a robot first senses, thenperceives, models, plans, and acts in its environment. Sincethe world is information rich, the traditional method isprone to information overload, rendering it incapable offunctioning in real-time, with possibly dire consequences.In addition, this method assumes that accurate global worldmodels can be constructed from the incoming sensoryinformation. A number of factors conspire to make thisdifficult, such as a rapidly changing world, limited computerprocessing power, and inaccurate, incomplete sensor models.Conversely, a behavior-based approach solves the problemin a parallel fashion. Each behavior, acting concurrently,extracts from the environment only the information requiredto complete a given task at a given time. This, coupled withthe elimination of a need for construction and maintenance ofa global world model, greatly reduces the computational loadon the robot.Another advantage of the behavior-based approach is theability to create layers of increasingly complex behaviors on

The USC AFV-I3top of simpler behaviors. If need be, the lower levelbehaviors are inhibited or modulated by higher levelbehaviors. In this way, a robot control system withincreasing capabilities may be built and testedincrementally, without losing low-level capabilities alreadycreated.However, the behavior-based approach has its ownlimitations. The interaction and possible couplings betweenbehaviors are unknown a priori, but they may be crucial tothe stability of the craft. It may be necessary to determinethe couplings experimentally. Since no models are available(one of the strengths of the approach can also be a problem),this experimentation may be time consuming and potentiallyhazardous to the craft. This coupling problem only worsensas behaviors and layers increase, which creates problems whentrying to expand system complexity.The AUVS International Aerial Robotics CompetitionThe goal of the competition is to create an autonomousflying robot capable of carrying out a set of predefinedtasks in a competition arena set up on a football field. Therobots lift off from a designated starting area within thearena (Figure 1), and locate a black source ring that is 6�in diameter with a 3� high lip. Placed randomly within thering are six 3� diameter, day-glow orange disks. The goalis to transport the disks, one at a time, to an identicaldestination ring at the other end of the arena, 80� away. A

The USC AFV-I43� high central barrier separates the rings. The robot mayonly make contact with the ground in the starting area and inthe rings. There is a six minute time limit in which totransfer the six disks.Although no robot has completed all requirements of thecompetition held annually since 1991, a number of robots haveachieved partial success. Autonomous lift off, hovering,navigation to a desired location, and landing has been shownby a Georgia Tech team. Other teams such as the U.S. NavalAcademy, University of Texas at Arlington and ourselves havedemonstrated a subset of these achievements. A variety ofdisk retrieval devices have shown the ability to locate andacquire disks after being moved to the source ring throughhuman intervention, although not while attached to a flyingrobot. There are many challenges yet to be mastered,indicative of the overall difficulty of the task.120 feet60feetsourcering3 foot barrierdestinationringstarting areayard linesFigure 1. Competition arena layoutAFV-I SYSTEM DESIGN

The USC AFV-I5A guiding design philosophy of the USC Robotics ResearchLaboratory is to create robots with ever expanding limits ofautonomy. Although simulation is useful in examining issuesof robot autonomy, it is not enough. In order to fully studyautonomous agents, it must be done within the environmentthat they will ultimately operate. Therefore, they must beembodied and situated in the real world. These beliefs drivethe design of AFV-I. Attributes that help define a robot�slevel of autonomy are given:(1)The degree of dependence on a human, ranging fromtotal in the case of a teleoperated robot, to nonein the case of a completely independent one.(2)The degree of reliance on external resources (notpart of the robot itself), such as sensory andcomputing devices.(3)The difficulty of missions that are achievable.This can be measured by parameters such as durationof mission, number and variety of tasks to achieve,and degree of decision making capability required toachieve mission.(4)The amount of structure needed in the environment tofunction. This includes natural (rivers) as well asartificial (roads) structure.(5)The level of fault-tolerance of the system. Theability to recognize and overcome failures such assensor or actuator loss.

The USC AFV-I6(6)The degree of adaptability to unexpected situationssuch as getting lost or encountering an unknownobstacle.(7) The learning level of the robot, measured by theability to expand current capabilities with minimalor no human guidance.These attributes are not complete by any means.However, they do ground research in building autonomousrobots by providing measurable benchmarks of autonomy. Theseattributes are partially examined in the context of AFV-I andthe competition requirements. Each attribute is attached arating of the degree to which it has been satisfied of none,low, med, and high.The AUVS rules state that a robot must function withoutaid from a human during its attempt to achieve thecompetition goals (1,high). A robot can make use of anyexternal resources as long as they are outside the boundaryof the arena (2,low). To carry out the competition goals,robots must complete a variety of tasks in a short amount oftime (3,med). The arena has a fair amount of structure, withyard lines and rings in known locations, that the robots canuse for navigation (4,low). No stipulations are maderegarding the fault-tolerance, adaptability, or learningcapabilities of the crafts (5,6,7,none).For AFV-I, we further restrict two of the attributes ofautonomy defined above, beyond the constraints of the

The USC AFV-I7competition. It is felt that the competition allowance ofexternal resources is not restrictive enough. Approachesrelying on external computing and sensing will have adifficult time scaling up to new situations where the fieldof operation is much larger or filled with obstructions.This makes it infeasible to do remote sensing and unless arobot�s radio link is robust, problematic to do remotecomputing for control. Therefore, we allow no externalresources to be used; system power, sensors, and computersare all located on the robot itself. This has implicationsfor the control system design. Weight-lifting limitations ofthe craft constrain the power consumption of the system as awhole, amount of computing power carried, and choice ofsensors used. Also, the sensors are no longer positioned ina global frame of reference, and only supply egocentric-relative information (except for a compass, see Hardwarebelow). These factors conspire to make building a controlsystem much more difficult. We believe (and to some degreedemonstrated) that a behavior-based approach is a feasiblesolution to this problem, and will scale to larger domains ofoperations, unlike the external resource based solutions.They will be unable to scale due to limitations in sensoryinformation and computing power (2,high). The localenvironment AFV-I finds itself in is not further engineeredbeyond what is specified in the competition. For example, anexternal tracking mechanism is not used to help the robotlocate its position. The robot is aware of the location of

The USC AFV-I8certain landmarks (yard lines, rings) in the arena it canmake use of to determine its position (4,med). The remainingattributes have not been given much attention to date.HardwareA Kyosho Concept 60 RC helicopter powered by an Enya 80nitro-methane fueled two-stroke engine serves as the roboticplatform (Figure 2). It has five degrees of control: mainrotor aileron and elevator cyclic pitch, tail rotor pitch,main rotor collective pitch, and throttle. The first threecontrol the roll, pitch, and yaw of the craft, while the lasttwo control its thrust. The aileron and elevator cycliccontrols the roll and pitch of the helicopter by creating alift differential in the main blades. This is accomplishedby decreasing the lift of one blade and increasing the liftof the other, with these control changes occurring once permain rotor revolution at the same position in the revolution,thus the term cyclic. Where and by how much this changeoccurs in the revolution determines to what degree the craftwill roll and/or pitch. The collective controls the thrustof the helicopter by changing the pitch of the main rotorblades by the same amount (collectively) creating either anincrease or decrease in total lift of the craft.A variety of sensors are mounted on the craft; a flux-gate compass for measuring heading, three downward facingultrasonic sensors (two mounted on a crossbar on the front ofthe robot and one mounted on the tail boom at the rear) for

The USC AFV-I9determining the roll, pitch, and height of the craft, an RPMsensor mounted on the main rotor mast for measuring enginespeed, and a gray-scale CCD camera to provide visualinformation. Three solid-state rate gyros are used to dampenthe roll, pitch, and yaw of the robot. The disk retrievaldevice is based upon a ferromagnet that uses a tactile sensorwhich indicates when a disk has been successfully acquired.There are two Motorola 68332 microcontroller-basedcustom-built computer boards on the robot; one to collectdata from the sensors and control the actuators based uponthe data, and the other a dedicated vision board to processthe CCD camera visual information. There is a two-waycommunication link between the two boards. A set of nickel-metal-hydride batteries supplies power to the electronics.Figure 2. AFV-I hovering over the source ring during itswinning flight

The USC AFV-I10Control ArchitectureShown in Figure 3 is the AFV-I behavior-based controlsystem architecture.state-based mapsonarsattitudecontrolrollpitchcameralateralmotionhoverovertargetsearch for targetegocentrictargetpositionimageprocessortarget requestscompassrudderheadingcontrolthrustcontrolthrottlecollectiveCommand InformationSensory InformationModulatory Informationdesiredheadingdesiredheighttransitionto heightexpected targetsSequenceractivationsensoryand behavior stateinformationdiskretrievaltactilesensorretrievaldevicetargetpositioncraftconfigurationSubgoalsTime-varyingbehaviorsReflexestargetpositionRPM sensortargetpositionFigure 3. Behavior architectureAt the lowest level of control, survival is the mainpriority. To this end, the robot has a set of fast actingreflex behaviors that attempt to maintain system stability by

The USC AFV-I11holding the craft in a hover pointed in a desired heading.When the robot detects deviations the appropriate reflexreturns the craft to its stable configuration.The heading control behavior attempts to hold adesired directional heading by using the compass data todrive the tail rotor pitch. The thrust control behavioruses the sonar and RPM sensor data to control the collectivepitch and throttle. This behavior is responsible formaintaining a desired height above the ground. The attitudecontrol behavior tries to hold a stable hover (zero roll andpitch orientation and rate). It uses the sonars to determineattitude and then controls the aileron and elevator cyclicpitch to keep all three sonars the same calibrated distancefrom the ground. Assuming the robot is flying over levelground and all three sonars read the same distance from theground, the robot will be in a zero roll and pitchorientation. A pid controller is used for the t h r u s t control behavior, while a pd controller is used for theheading control and a t t i t u d e c o n t r o l behaviors.Different levels of thrust will induce varying amounts oftorque about the yaw axis of the robot. To counteract this,the thrust control modulates heading control in afeedforward manner. The disk retrieval behavior usestarget information from the egocentric target positionbehavior (see below) and tactile information to control theretrieval device.

The USC AFV-I12The two time-varying behaviors inject inputs into thereflex behaviors to alter their desired low-level goal ofmaintaining system survival. These inputs change dependentupon the current high-level goals of the robot. Thisdemonstrates a key advantage of the behavior-based approach.Greater capabilities are created for the robot by layeringmore complex behaviors on top of previously constructedbehaviors. This addition is transparent to the lower levelbehaviors, modulating, but not destroying, their underlyingfunctionality.The transition to height behavior inputs a desiredheight to thrust control to move the robot to a new goalheight. The lateral motion behavior generates a sinusoidalmodulatory signal input to attitude control causing therobot to roll and pitch out of its hover orientation in aspecified direction for a given length of time.The next layer of behaviors is responsible for achievingthe subgoals of the robot. The search for target behaviormoves the robot in the direction of the desired target to beacquired. This direction parameter is instantiated by thesequencer (see below). The hover over target behavior isactivated once a target has been visually located and itcommands the craft to maintain a position over the target.Both of these behaviors get target input from the informationproviding egocentric target position behavior. Thisbehavior reports whether a target has been found and at whatlocation. Search for target is active when a target is not

The USC AFV-I13found, while hover over target is active after a target isfound by image processor.The image processor behavior is another informationprovider, responsible for locating targets in the CCD cameraimagery. This behavior receives target requests from theegocentric target position behavior depending upon whichpart of the mission goals are next to be achieved and returnspositions of located targets back to it. Targets arelocations of vertical and horizontal lines and centroids ofblobs (disks or lines).The s e q u e n c e r at the highest level of controldetermines which behaviors to activate and what parameters toinstantiate to achieve a desired subgoal. It makes thesedecisions using the state-based map which contains theinformation necessary to carry out the competition mission:what targets to look for, the order in which to look forthem, the behaviors to activate and the parameters toinstantiate. After the sequencer determines the subgoal isreached based upon sensory and behavior state information, itrepeats the activation and instantiation process for the nextsubgoal. This continues until the overall mission goals arecompleted.COMPETITION STRATEGYThe sequencer determines how the underlying behaviorsare activated to achieve a particular mission. If thecurrent suite of behaviors is insufficient to carry out a

The USC AFV-I14desired task, a new behavior can be formulated to fill thehole in the robot�s abilities. The current set of behaviorsas shown in Figure 3 should be sufficient to fulfill thecompetition goals.The sensors other than the CCD camera are used toachieve attitude, height, and directional control but areuseless for driving lateral movement of the robot or findingtargets. Thus, AFV-I depends heavily upon vision to interactwithin its environment. Since the competition takes place ona football field, there are some very convenient landmarks(yard lines) in the competition arena that the robot knowsabout and can use.Vision driven behavior sequencingThe vision system serves two purposes. It augmentsattitude control indirectly through lateral motion whenhover over target is active. It is also used by thesequencer to determine when a particular subgoal has beenmet and it is time to work toward the next subgoal byactivating the appropriate set of behaviors.The vision processor utilizes an image subsamplingstrategy to reduce the camera information from 250K pixels to2K pixels. The processor has three modes of operation:¥Track a horizontal and a vertical line¥Track a blob

The USC AFV-I15¥Track a blob while looking for another blob in thecenter of the camera�s field-of-view (FOV).The robot is commanded to headings either perpendicular orparallel to yard lines simplifying the image processing taskof finding vertical and horizontal lines. With the limitedamount of information for each image and the simple features,we are able to process 8-10 frames/second.Figure 4 illustrates the strategy for carrying out theentire competition sequence. Each square annotated by aletter represents the camera’s FOV at a given time. Thesquares are used for discussion purposes only and are not toscale.abcdefFigure 4. Visual targets in the arenaThe three reflex behaviors are activated by thesequencer and stay active throughout the mission. Theremaining behaviors are activated by the sequencer asrequired. Before lift off from the starting area (a), therobot will see nothing but green field. The first landmarkto locate is the �T� created by the intersection of a yard

The USC AFV-I16line and the border of the 15�x15� starting area. Therobot�s yaw axis is oriented parallel to the yard lines, as aresult they will appear as vertical lines in the FOV, whilethe starting area border perpendicular to the yard lines willappear as a horizontal line. The sequencer instantiates both vertical and horizontallines as targets, giving that information to egocentrictarget position. The image processor is given thesetarget requests, while search for target is activated andhover over target is primed in preparation for when thetargets come into view. Only one of these two behaviors isactive for each target, depending upon whether a particulartarget is visible. In this case there are two targets, avertical and a horizontal line. It is possible to see thevertical line and have hover over target be active for it,while still in active search for target mode for thehorizontal line. At the start, neither target is visible, sosearch for target causes lateral motion to modulateattitude control to move the robot toward the ’T�, whilegiving heading control a desired heading and commandingtransition to height to input a desired height to thrustcontrol.The remaining steps are examined in less detail, but thesame flow of control occurs, with behaviors acting inparallel and the higher level behaviors affecting the lowerlevel ones. When the �T� is located, the visual targetinformation is used to center the �T� in the FOV as shown in

The USC AFV-I17(b). Once (b) is reached, the robot will stay until a stablehover, height, and heading is demonstrated. The sequencerinstantiates a vertical line as the next target and the robotbegins lateral translation in the appropriate direction until(c) is achieved, with the vertical line centered in thecamera image.The next goal is to move toward the source ring. Thisis accomplished by shifting the desired location of the�center of mass� of the visible part of the vertical linedown in the FOV. This is a perceptual trick, causing alateral movement of the robot forward and toward the ring.The vertical line is tracked while blobs (disks) are searchedfor. When (d) is reached, and a disk located, d i s k retrieval is activated to drive the lateral motion of therobot to center the retrieval device over the disk (e).Retrieval attempts are made until a tactile sensor on thedevice indicates that a disk is acquired. The vertical lineagain becomes the target and, if necessary, height isincreased, until (f) comes into view. The robot uses theline to traverse toward the destination ring, looking for the3’ high barrier along the way. When crossing over thebarrier, the expected shorter distance indicated by thesonars will be ignored until the robot has reached the otherside. Lateral movement forward continues until thedestination ring is located using the same approach as whenlocating the source ring. The disk is released into the ring,and the robot returns to the source ring for another disk

The USC AFV-I18following the yard line as before. This procedure continuesuntil all six disks are retrieved at which point thes e q u e n c e r commands the robot to land and terminateoperation.PROJECT STATUSAt this year�s competition, the University of SouthernCalifornia, University of Texas at Arlington, and SouthernCollege of Technology finished in first, second, and thirdplace, respectively.During the competition, AFV-I completed a number ofautonomous flights, with the longest duration being 29seconds. The craft demonstrated the implementation of theheading control, thrust control, attitude control,transition to height, a n d lateral motion behaviors.These behaviors performed well, maintaining robot stabilityeven in the presence of substantial winds that shifteddirection and speed constantly.A number of accomplishments have been achieved. We havebuilt an autonomous flying robot, dependent upon only itsinternal resources, capable of sustained and safe flight. Wehave demonstrated the ability of the behavior-based approachto fly a model helicopter autonomously for short missions.This was accomplished using imperfect sensory information,making effective control decisions in real-time, and flying acraft with complex flight dynamics without crashing.

The USC AFV-I19There are many issues remaining to be resolved. Due toatmospheric conditions in Atlanta on the day of thecompetition that reduced the lift capability of the craft, wehad to remove the vision system (CCD camera and vision board)to allow the robot to rise out of ground effect. This meantit was flying blind; able to control its height, heading, andattitude, but not its lateral position. We are investigatingthe use of a new helicopter capable of lifting all robotsubsystems. Integration of the vision system into the robotcontrol system is of high priority since it is necessary tocarry out the rest of the competition requirements.More research into the attributes of autonomy definedearlier need to be addressed. We have primarily concentratedon the first four with limited attention to the last three.Using the numbering scheme defined earlier, the state of ourexploration is summarized. The robot is operates totallyindependent of human intervention and external resources(1,2,high). Mission difficulty is defined by the competitionrequirements (3,med). We reject further modification of thestructure of the competition environment (4,low). Faulttolerance issues remain, with many single point failures thatneed to be addressed. The craft has to detect faults andrecover, if possible. Failures range from the benign such asthe robot becoming lost, expecting to find a yard line butdoes not, to the catastrophic such as a sonar failureDetecting and handling failures fits well with the behavior-based approach. Behaviors can be created that will monitor

The USC AFV-I20the system for specific failures and take the appropriateaction when recognized (5,none). It has limited ability toadapt to uncertain situations such as gusts of wind orimprecise knowledge of the exact location of the disks insidethe source ring. However, shifting the source-ring over oneyard line or increasing the height of the barrier to 10 feetwould be beyond the adaptability of the robot (6,low). Avariety of control parameters, such as the actuator centervalues necessary for a stable hover, are currently adjustedthrough human trial and error. Instead, a rapid, on-linelearning of these parameters is desirable (7,none).FUTURE RESEARCHOur research to date has been driven by the needs of thecompetition and our own desire to exceed these needs. Wehave examined the behavior-based approach to autonomous robotcontrol, experimented with a variety of sensors, exploredvision based navigation, and probed various dimensions ofautonomy. In order to create robots capable of even morecomplex applications, additional research is required. Applications for autonomous flying robots include thosethat are too dangerous or monotonous for humans; such asperforming surveillance behind enemy lines during wartime,cleaning up toxic waste, fighting forest fires, deliveringfood to refugees in areas of civil unrest, inspecting milesof remote pipe and power lines, or crop-dusting agriculturalfields. Robots capable of these applications will require

The USC AFV-I21additional abilities such as highly maneuverable, long-rangeflight and increased manipulatory power. This drives theneed for more accurate and varied sensory information withincreasingly sophisticated control architectures capable ofinterpreting and acting upon this information.To date, our current control architecture has been handdesigned. As was described earlier, it can be difficultincreasing the complexity of a behavior-based system due tothe possible coupling between behaviors. Therefore, it isdesirable that methods be developed to overcome thisweakness. Due to a variety of previous research describedbelow, it is believed that integration of a fuzzy rule basedsystem with the behavior-based controller is a promisingapproach. The strengths of the behavior-based approach canbe maintained while the weaknesses reduced or eliminated.Fuzzy systems have demonstrated the capability ofdealing with the uncertainty in unstructured, real-worldenvironments for a variety of applications, autonomous robotsincluded. For a number of systems, the fuzzy based approachhas been shown superior to other conventional approaches whencomparing performance results, the Sendai subway in Japanbeing an example3. Although research has been limited in thearea of fuzzy logic controlled autonomous flying vehicles,promising findings do exist4 . For these reasons,implementing an AFV using a fuzzy/behavior-based systemcapable of achieving the goals of the AUVS IARC is a specificgoal.

The USC AFV-I22For a system as complex as an autonomous flyinghelicopter, determining and organizing the rules is nottrivial. Automatically generating these rules is a desirableapproach. With the current AFV-I control system, varioustime-varying inputs and outputs can be gathered. Using thistraining data with techniques such as those described in5,6,patterns can be recognized and rules generated. It isthought, based upon this previous research, that the rulesgenerated will be sufficient to assure the survival of therobot. Then these rules can be automatically tuned throughtechniques such as reinforcement-learning to optimize systemperformance.Additional fuzzy research could be in the augmentationof a traditional controller, where rules are specified forregions of the state space where the conventional controlsystem did not work well. This can be implemented bycreating a hybrid control system, where a mixture of thefuzzy and traditional outputs are merged to varying degrees.Proportions are varied dependent upon which controller workedbetter for a specific region of the state space. This couldbe useful in overcoming the traditional controller�sdifficulty in dealing with the difference in thrust requiredfor altitude control in and out of ground-effect.Another direction of research being pursued is that ofnavigation. The current system makes use of a state-basedmap. At each state, the control system stores theappropriate action to take and the sensory input that will

The USC AFV-I23signal the next state transition. When the environmentchanges, however, this will require a completereconfiguration of the state-based map. A more generalapproach being pursued stores the environmental informationin a spatial map, from which the action/state-transitionpairs are automatically derived given a general specificationof the path to be taken by the craft. This approach can bemade more robust by tracking multiple landmarks at any giventime, allowing for cases where some landmarks are not visibleor are in different positions than predicted by the map.Navigation for larger-scaled missions is also of primaryinterest. Here, sensory systems such as GPS (GlobalPositioning System) can give the control system generalpositioning information within a large map. However, thecontrol system will continue to make use of existing sensorysources to maintain the general safety of the craft and tolocalize the craft’s position on a finer scale using visuallandmarks. This level of research opens up a whole host ofother problems, including representation of the maps, how tocombine the coarse map information with the locally availableinformation to make control decisions, and how to update mapsbased upon local information.ACKNOWLEDGMENTSWe thank the rest of the current and past USC AFV-I teammembers; Joel Hoff, Scott Cozy, Scott Souter, JohnGullickson, Steve Goldberg, Tony Lewis, Gerry Kim, Gaurav

The USC AFV-I24Sukhatme, Parag Batavia, Mike McHenry, and Dave Lotspeich.We are grateful to our sponsors; MTA Hobbies of Torrance, CA,GP Batteries of Carlsbad, CA, Sundance Model Products ofNewbury Park, CA, and the Gordon Marshall Fund at USC. Thankyou to Olaf Kubitz for the picture of AFV-I hovering over thesource ring.REFERENCES1.A. H. Fagg, M. A. Lewis, J. F. Montgomery, G. A. Bekey,�The USC Autonomous Flying Vehicle: An Experiment inReal-Time Behavior-Based Control�, Proceedings of the1993 IEEE/RSJ International Conference on IntelligentRobots and Systems, IEEE, Piscataway, NJ, 1993,pp. 1,173-1,180.2.R. A. Brooks, �A robust layered control system for amobile robot.�, IEEE Journal Robotics and Automation,1986. RA-2(RA-2): pp. 14-23.3.S. Yasunobu and S. Miyamoto, �Automatic train operationby predictive fuzzy control,� In I n d u s t r i a l Applications of Fuzzy Control, M. Sugeno, editor, pages1-18. North-Holland, Amsterdam, 1985.4.M. Sugeno, M.F. Griffin, A. Bastian, �Fuzzy hierarchicalcontrol of an unmanned helicopter,�, presented at IEEEI n t e r n a t i o n a l C o n f e r e n c e o n F u z z y S y s t e m s ,

The USC AFV-I25(FUZZ-IEEE �93). The paper did not make the proceedingsbut it is available via anonymous ftp from hostcs.arizona.edu in the directory /japan/kahaner.reportswith filename copt-fuz.93.5.J. A. Dickerson, B. Kosko, �Fuzzy function approximationwith supervised ellipsoidal learning,� Proceedings ofthe 1993 World Congress on Neural Networks. Volume II,pp. 9-17.6.Y. Nakamori, M. Ryoke, �Identification of fuzzyprediction models through hyperellipsoidal clustering,�IEEE Transactions on Systems, Man, and Cybernetics, Vol.24, No. 8, August 1994.