(appears as invited paper in IEEE Intl Conf on Fuzzy Systems, Orlando, FL, June 26-July 2, 1994)Fuzzy Logic and Behavior Control Strategy for Autonomous Mobile Robot MappingEdward Tunstel1 and Mo JamshidiCAD Laboratory for Intelligent and Robotic SystemsDepartment of Electrical and Computer EngineeringUniversity of New MexicoAlbuquerque, NM 87131 USAAbstract -- In support of research efforts to developreactive mobile robots capable of autonomousnavigation, we are concentrating on providing humanreasoning capabilities as a resource for intelligenceand integrating the world mapping and navigationtasks. The underlying philosophy is that anautonomous mobile robot should be able to make amap of its environment as it navigates through thatenvironment. Fuzzy logic control and behavior-basednavigation are proposed as means to implement thisphilosophy. Fuzzy logic provides the approximatereasoning necessary for handling the uncertaintyinherent in mobile robot navigation. Bydecomposing the problem into simpler tasks we candevelop mobile robots that exhibit a sufficient levelof intelligence for performing navigation andmapping. In this paper, we discuss a strategy forincorporating fuzzy reasoning into the framework ofreactive behavior control systems for autonomousmapping. 1 . IntroductionAn aim of intelligent robotics research is todevelop mobile robots capable of navigatingautonomously in unstructured and/or unexploredenvironments. The practicality of such a robot is afunction of its ability to utilize a map to locate itselfand its goals as it navigates throughout. In somesituations a map may be available a priori in whichcase goal locations on the map are specified and pathplanning algorithms are employed to direct the robot’smotion while avoiding known (mapped) obstacles. Amore desirable, and more challenging situation is forthe robot to be able to generate and maintain its mapautonomously.The development of mobile robots capable ofautonomous mapping and navigation requiresintelligent control strategies that can handle theuncertainties presented by the real world. At the same

1On leave from NASA Jet Propulsion Laboratory,Pasadena, CA.time, real-time performance and relatively lowcomputation must be maintained. Traditionalapproaches to mobile robot navigation have dealtwith these requirements with the use ofcomputationally intensive planning algorithms andexplicit pre-determined world models [1]. Theresulting systems exhibited robust behavior but at thegreat expense of real-time performance. In addition,the need for significant amounts of memory andprocessing power to store and maintain world modelsprecluded the use of smaller (lightweight) computingsystems. As pointed out in [2], this is notnecessarily a drawback for fixed-base manipulators butit can be a problem for mobile robots for whichcomputational resources must be carried onboard.These issues are of particular importance for mobilerobots intended for use in space [3, 4].We contend that the theory of fuzzy logic can beapplied to alleviate some of the difficulties alluded toabove. A fuzzy logic based system has the advantagethat it allows the intuitive nature of collision-freenavigation to be easily modeled using linguisticterminology. The computational demand of fuzzyinference systems is considerably lighter than that oftraditional methods. The use of reactive fuzzy controlsystems permits intelligent decisions to be made inreal-time, thus allowing for uninterrupted robotmotion. In intelligent systems, the reactive controlstrategy dictates faster control cycles than moreconventional systems since sensors are sampled at ahigher rate. Moreover, accurate (expensive) sensorsand detailed models of the environment are notabsolutely necessary [5]. The successful managementof uncertain and/or unmodeled data is a provenattribute of fuzzy logic based inference engines.Furthermore, it has been suggested [6] that areactive, behavior-based control system can reduce thecomputational requirements of traditional systems andstill produce robust autonomous performance. Recentmicro-rover rough terrain navigation work [7] is anexcellent example of this. Behavior control, whichmakes reactive control possible, involvesdecomposing the motion control system into a set ofspecial-purpose routines (behaviors) that achieve simple but distinct tasks when subject to particularstimuli. Clever combinations of these simplebehaviors results in the emergence of more intelligentbehavior suitable for dealing with more complexsituations. Fuzzy logic control and behavior controlshare common advantages for designing intelligentsystems. Namely, they both require shortdevelopment times and incorporate flexibility in theirdesign. Individual fuzzy rules (and behaviors) can beformulated independently, and additional rules (andbehaviors) can easily be added to the control system ifnecessary. Recent research [8,9] has recognized thepracticality of integrating fuzzy reasoning withreactive behavior control of mobile robots for thepurpose of task-directed navigation. A logical nextstep is toward autonomous mapping.2 . Mapping IssuesIn order to facilitate later navigation and planning, amap generated by an autonomous mobile robotsystem should be in a form that is useful for local, aswell as global, navigation. While previous work hasshown [5] that fuzzy controlled robots are fairlyrobust at avoiding obstacles during local navigation,the behaviors they possess may be inadequate fordeciding which way the robot should proceed aroundobstacles. Indeed, a given direction may lead to adead-end, thus requiring significant backtracking.Such knowledge may be very useful for efficientexploration and subsequent planning. A useful robotmap must be space efficient and easy to retrieve andmaintain [10]. This suggests a preference forrepresentations other than topographical maps whichcan be quite memory intensive. Processes thatinterpret or modify such maps also tend to becomputationally intensive. For successful integrationof fuzzy reasoning with low-level behavior control,stored information should be maintained at a highlevel of abstraction. That is, stored state shouldrepresent approximate descriptions of the actual worldstate. A suitable form of representation is thetopological map which specifies distinct objects orplaces and connections among them.Another mapping issue to be reckoned with, froman algorithmic standpoint, is sensor error andinaccuracy. Mobile systems with modestcomputational resources are typically equipped withinexpensive range sensors such as infrared and/orsonar. The problems encountered with these sensorsare well known. The reliability of sensory datacollected from infrared sensors is affected by thereflective properties of obstacles in the environment.As a result, the quality of range data operated on by afuzzy controller is suspect. When using sonarranging to reason about the state of the world wemust be prepared to handle the inaccurate sensoryinformation which is inherent in sonar-based systems.Ideally, when sonar pulses are emitted against asurface they are reflected from that surface to areceiver, thus allowing for range calculation based onthe speed of sound and time of flight of the pulse. Inpractice, however, it is quite common for the sonarpulse to be reflected from the initial surface, to othersurfaces and finally back to the receiver, yieldingincorrect range calculations. Such specular reflectionsmake obstacles appear to be closer to, or farther awayfrom, the robot. Specular reflection is a predominantsource of error, particularly outdoors where surfacesare generally rough. The specular reflection probleminherent in sonar range finders is similar to theproblem humans face when inside of a house ofmirrors. In such environments, the human visionsystem is quite susceptible to false positive readingsdespite its complexity and otherwise robustperformance. As such, the potential for false positivereadings in the world directly impacts the algorithmsused to navigate throughout. Reactive fuzzycontrolled mobile robots are particularly good atsafely wandering throughout unknown territory.Behavior control robots exhibit comparableperformance when faced with more complexnavigation tasks. A combination of these attributesshould be adequate for addressing most of theimportant issues involved in autonomous mapping.3 . Fuzzy ControlFuzzy logic based controllers are expert controlsystems that smoothly interpolate between rules.Rules fire to continuous degrees and the multipleresultant actions are combined into an interpolatedresult. Processing of uncertain information andsaving of energy using common-sense rules andnatural language statements are the basis for fuzzylogic control. A fuzzy controller typically takes the form of a setof IF-THEN rules whose antecedents and consequentsare membership functions. Consequents fromdifferent rules are numerically combined (typicallyunion via MAX) and are then collapsed to yield asingle real number output. Fuzzy sets may berepresented by a mathematical formulation oftenknown as the membership function. This functiongives a degree or grade of membership within theset. The membership function of a fuzzy set A ,denoted by mA(X) maps the elements of the universeX into a numerical value within the range [0,1], i.e. mA(X): X ------> [0,1] .Note that a membership function is a so-calledpossibility function and not a probability function.In control system applications membership values areactually measures of degree of causality in an input-output mapping. Fuzzy logic gave a new definition to the causality in dynamic systems. Within thisframework, a membership value of zero correspondsto an element which is definitely not a member of thefuzzy set, while a value of one corresponds to the casewhere the element is definitely a member of the set[11]. Implementation of a fuzzy controller requiresassigning membership functions for both inputs andoutputs. For example, our collision avoidancecontroller [5] has a set of three inputs and twooutputs. The inputs are frontal obstacle range, andleft and right obstacle proximities; the outputs are thesteering direction and vehicle speed. The fuzzy rulebase would then consist of a set of IF-THEN rulesthat map fuzzy range variables into fuzzy heading andspeed commands. Typical IF-THEN rules in ourcollision avoidance system are:IF range is NEAR and left-prox is CLEAR and right-prox is NOTCLEARTHEN heading is LEFT and speed is SLOWIF range is FAR and left-prox is NOTCLEAR and right-prox is NOTCLEARTHEN heading is SAME and speed is FASTThe uppercase terms are fuzzy sets defined onappropriate universes of discourse (see [5] for details).Using a set of rules such as these, a finite number ofrules can be derived in the form of natural languagestatements to implement collision avoidance fornavigation and mapping.4 . Behavior ControlThe robot behaviors used in applying the behaviorcontrol paradigm employ transfer functionals (ratherthan the transfer functions of classical control theory)from sensor inputs to actuator outputs [7]. Transferfunctionals are fairly simple computationalmechanisms whose output can contain stored internalstate. In principal, behavior control can be applied insituations where classical control theory is notfeasible, usually due to tremendous modellingdifficulties. The collection of mobile robot behaviorsuseful for mapping is comprised of primitivebehaviors and composite behaviors. These behaviorscan easily be designed using the theory of fuzzy setsas demonstrated by Pin and Watanabe [8]. Primitive behaviors are, generally, open-looptransfer functionals such as simple movement, servo-to-heading, turn-until-clear, wander/explore, andobstacle-avoidance. These can function as stand-alonebehaviors or as building blocks for the more complexcomposite behaviors. Composite behaviors, on theother hand, are closed-loop functionals thatcontinuously sense and react to local changes in therobot’s world. Examples of composite behaviors arefollow-wall, follow-boundary, and circumnavigate-obstacle.Additional task-directed behaviors can be employedin the mapping system. These are simply constructedfrom the primitive and/or composite behaviorsdescribed above. For example, a task-directedbehavior called circumnavigate-and-map-obstacle, ismerely an aggregation of the obstacle-avoidance, turn-until-clear, and follow-boundary behaviors (thefunction of this behavior should be obvious from itsname). The incorporation of new behaviors into thesystem is trivial; and as system developmentcontinues, this is an inevitability. 5 . Mapping StrategyThe task of mapping unknown environments callsfor the capability to look around the environment,determine the locations and occupancies of allobstacles and place them in a map (typically twodimensional). This is usually done for the purpose ofsubsequently using the map to safely and successfullyperform useful tasks within. We assume that no mapis available a priori, and consequently, there is noimmediate "goal" directive. Thus, the initialnavigation activity of a reactive mapping robot isgoverned by a general explore and wander schemealong with a mapping activity [12]. A generalexploration and mapping strategy for bounded regionscould consist of the following steps:1. Specify a short travel distance after which sensorreadings will be periodically taken, delta-d2. Move along the robot’s current heading untileither delta-d OR some time, delta-t expires3. Check whether sensors indicate an obstacle indetectable range4. If an obstacle is encountered store reading andcheck sensors again- if consistent (something still in detectable range,or reading decreasing), approach the obstacle towithin mapping range- if the obstacle has been mapped before, avoid it otherwise, map it (Go to step 6)5. Turn the robot to a random heading between +/-90 degrees from its current heading (Go to step 2)6. Map the obstacle and insert a representation of itinto the map7. Turn the robot to a new explore heading that isoriented away from the obstacle just mapped andtoward free space (Go to step 2).This strategy would begin at a designated "home"location and terminate when the region is sufficientlymapped. Eventually, the information collected can berepresented in a two dimensional topological map thatreveals an approximate distribution of obstacles in theregion of interest. Furthermore, the uncertainty of this distribution can be represented in a "fuzzyCartesian system" where coordinates are approximatelocations of objects mapped by the robot. Figure 1illustrates the idea of a 2-D fuzzy Cartesian space.

FWEST W MID E FEAST

FNORTH N MID S FSOUTH

Figure 1. Fuzzy Cartesian coordinate system The ordinate and abscissa are partitioned using fuzzysets with labels designating varying degrees of north,south, east, and west (the F indicates Far). The robotis represented by the circle with the arrow indicatingits direction. In this representation the darkenedobject, for example, is located at a fuzzy coordinate ofsouth-west. Any other location can be similarlyrepresented using any desired fuzzy set resolution onthe ordinate and abscissa.6 . SummaryWe have discussed a possible strategy forautonomous mobile robot mapping using acombination of the attributes of fuzzy and behaviorcontrol. The motivation stems from the desire torelax the requirement for explicit world maps andreduce the associated computational burden. Thedevelopment of the necessary algorithms wouldenable real-time map-based navigation for mobilerobots in previously unknown environments.Progress is being made towards development of asuitable simulation environment and plans for actualimplementation of the strategy on a behavior-controlled mobile robot are underway.7 . References[1]Meystel, A.,

Autonomous

Mobile

Robots:

Vehicles with

Cognitive

Control

, World Scientific Publishing Co., New Jersey, 1991.[2]Jones, J.L. and Flynn, A.M.,

Inspiration toImplementation

, A K Peters, Wellesley, MA, 1993.[3]Wilcox, B. et al, "Robotic Vehicles for PlanetaryExploration", Proceedings of 1992 IEEE International Conference on Robotics and Automation, Nice, France, May 1992, pp 175-180.[4]Miller, D.P., "Mini-Rovers for Mars Exploration", Proceedings of the Vision-21 Workshop, NASA Lewis Research Center, Cleveland, Ohio, April 1990.[5]Martinez, A., Tunstel, E., and Jamshidi, M., "Fuzzy Logic Based Collision Avoidance for a Mobile Robot", to appear in Robotica, 1994.[6]Brooks, R.A. and Flynn, A.M., "Fast, Cheap, and Out of Control: A Robot Invasion of the Solar System", Journal of British Interplanetary Society, Vol. 42, No. 10, October 1989, pp. 478-485.[7]Miller, D.P., Desai, R.S., Gat, E., Ivlev, R., and Loch, J.L., "Reactive Navigation Through Rough Terrain: Experimental Results", AAAI-92Proceedings of the Tenth National Conference onArtificial Intelligence, July 1992, pp. 823-828.[8]Pin, F.G, Watanabe, H., Symon, J. and Pattay, R.S., "Using Custom-Designed VLSI Fuzzy Inferencing Chips for the Autonomous Navigation of a Mobile Robot ", 1992 IEEE/RSJ International Conference on IntelligentRobots and Systems, Raleigh, NC, July 1992, pp 790-795.[9]Goodridge, S. and Luo, R.C., "Fuzzy Behavior Fusion for Autonomous Mobile Robot Control",to appear in The Second Fuzzy Theory and Technology Conference, Durham, NC, October,1993.[10] Miller, D.P. and Slack, M.G., Global Symbolic Maps From Local Navigation, AAAI-91 Proceedings of the Ninth National Conference onArtificial Intelligence, July 1991, pp. 750-755.[11] Jamshidi M., Vadiee N. and Ross T. (Eds)

Fuzzy

Logic andControl

--Software andHardware

Applications

, Prentice-Hall, Englewood Cliffs,NJ (1993).[12] Tunstel, E., "Autonomous Robot Mapping WithBehavior-based Navigation", JPL Internal Document , JPL D-10458, December 1992.