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IEEE Conference on Robotics and Automation, Minneapolis, MN, April 1996, Vol. 4, pp. 2988-2993. c 1996 IEEEA Control Basis for Multilegged Walking�Manfred Huber, Willard S. MacDonald, Roderic A. GrupenLaboratory for Perceptual RoboticsyDepartment of Computer ScienceUniversity of Massachusetts, Amherst MA 01003AbstractThis paper presents a distributed control approachto legged locomotion that constructs behavior on-lineby activating combinations of reusable feedback controllaws drawn from a control basis. Sequences of suchcontroller activations result in exible aperiodic stepsequences based on local sensory information. Dif-ferent tasks are achieved by varying the compositionfunctions over the same basis controllers, rather thanby geometric planning of leg placements or the designof new task-speci�c behaviors. In addition, the device-independent nature of the control basis allows its gen-eralization not only over task domains, but also overdi�erent hardware platforms. To show the applicabil-ity of this approach, a control basis and two genericcontrol gaits for four-legged walking are introduced andtested on an even terrain walking task in an unknownenvironment.1 IntroductionIn order to render a mobile robotic system au-tonomous it is important to make it capable of travers-ing various kinds of, possibly unknown, terrain. Forthis task, legged locomotion o�ers advantages overwheeled systems due to greater robustness and ex-ibility with respect to the terrain. It poses, however,additional control challenges through a higher numberof degrees of freedom, explicit stability considerations,and an only indirect relationship between leg motionsand the overall motion of the robot. Control, and es-pecially gait planning for legged robots, has thereforereceived a lot of attention over the last 10 years. Asmost of the work in legged locomotion, this paper willfocus on quasistatic walking, i.e. situations in which�This work was supported in part by NSF IRI-9116297,CDA-8922572 and IRI-9208920yhttp://piglet.cs.umass.edu:4321

dynamic e�ects are negligible. A large body of work inthis area has focused on geometric, periodic gaits foreach aspect of walking [5, 13]. Search methods havebeen used to re�ne the actual footplacements, thuscreating aperiodic gaits, in order to conform to con-tingencies posed by the terrain [7, 8, 10]. Typically,these gaits are computed o�-line and can thus be quitesensitive to incomplete or imprecise terrain maps.To confront uncertainties and model imprecisionwith increased exibility and robustness, behavior-based architectures [1, 11] were introduced. In thisbottom-up paradigm, global behavior is constructedon-line from combinations of reactive elemental be-haviors. These systems are used to react to uncer-tainties in the execution of preplanned geometric legsequences [7, 14], or to generate the actual foot place-ments on-line [1]. The procedural nature of the be-haviors, however, can lead to extremely complex or-ganizations of ad hoc behavioral elements which donot scale well and can not generalize across tasks anddi�erent robotic platforms.In the approach presented here, a basis set ofreusable, device independent feedback controllerswhich can be dynamically bound to speci�c systemresources is used to construct reactive control gaits.Throughout execution, no geometric foot placementsare generated, but rather control actions are derivedon-line from a sequence of concurrent activations ofa subset of the control basis. This results in the si-multaneous control of foot placements and body sta-bilization. The arising step patterns are aperiodic anddepend on local sensory information and the task ob-jectives.2 The Control Basis ApproachIn the control scheme presented in this paper, be-havior is constructed from a set of base controllerswhich represent generic control objectives. Careful



design of this control basis leads to a small set of con-trol laws that span a broad class of tasks and are ro-bust with respect to perturbations. As shown in Fig-ure 1, control is derived on-line by associating input re-sources (sensors or sensor abstractions) and output re-sources (actuators) with elements of the control basis.These controllers are thereby activated concurrentlyaccording to a task-dependent composition policy ineither an asynchronous fashion or under the \subjectto" (\�") constraint. The latter, similar to pseudoin-verse control [15] where lower level controllers can onlyoperate within the nullspace of the higher level con-trollers, restricts control actions of \subordinate" con-trollers to areas which do not counteract the controlobjectives of \dominant" controllers. Thus, the set ofbasis controllers need not be orthogonal with respectto the control objectives, but rather can be orthogo-nalized using the \�" composition.
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Figure 1: Control CompositionA complete control policy is then a sequence of con-current control activations of the form described abovewith transitions caused by convergence events. Com-position functions can thus be represented as �nitestate supervisors in a discrete event dynamic system(DEDS) framework [12]. Due to the predictable per-formance of the control basis, the supervisor can bemodeled on a logical level with all sensory patternsinterpreted within the elemental controllers. To ac-complish complex tasks, the composition policy leadsthe system through a set of favorable equilibria tothe goal. Di�erent tasks are achieved by di�erentcomposition functions over the same basis controllers,rather than by the design of new task-speci�c behav-iors as in behavior-based approaches. In addition, thekinematics-independent nature of the underlying con-trol basis allows the same set of controllers to be usedon di�erent robot platforms.

2.1 A Control Basis for Walking TasksTo demonstrate the applicability of the approachdescribed in the previous section to walking tasks, acontrol system was designed and applied to exampletasks. The control basis used for walking consists ofsolutions to three generic robot control tasks, namelycon�guration space motion control, contact con�gura-tion control, and kinematic conditioning. Although adetailed description of the controllers is beyond thescope of this paper, this section will give a shortoverview of each along with a discussion of the com-position mechanism.�0: Con�guration space motion control.Harmonic function path controllers [4] are used togenerate robust, reactive, and collision-free mo-tion through the con�guration space of the robot.Formally, this approach minimizes collision prob-abilities for the robot system [3] by following thegradient of a harmonic potential computed overthe con�guration space of the robot.�1: Contact con�guration control.A contact con�guration controller [2] is employedto move contacts based on the local geometryof the environment in order to minimize residualforces and moments acting on the center of massof the platform and thus to stabilize the robot.�2: Kinematic conditioning.The kinematic conditioning controller optimizesthe posture of the articulated structure while it isengaged in an interaction with the world. This al-lows the robot to maintain favorable leg posturesand thus to passively adjust to changes caused byother controllers.Each instance of these controllers takes the form �i �� ,where �i is an element of the control basis, and su-perscript � and subscript � denote the sets of inputand output resources, respectively, which are boundto this controller. In the most general terms, � and �are sensors and actuators associated with the legs orabstractions derived from the stream of sensor datasuch as the estimated location of the center of massof the platform. Resolving individual degrees of free-dom within a series kinematic chain is not necessary.Figure 2 shows the set of controllers (�0;�1;�2) andpossible robot resources (legs 0; 1; 2; 3 and center ofmass x; y; ') used for the quadruped walking gaits andexperiments presented in the next sections.Task level control is then achieved by composingthese control elements in a context-dependent way.
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yϕFigure 2: Control Gait NotationFigures 3 and 4 present examples of the type of �nitestate supervisors employed by this work. The con-trol policy at each point in time is shown inside eachstate as a set of asynchronous (\;") and/or hierarchi-cal (\�") activations of controllers bound to speci�csystem resources. Tasks are therefore not de�ned interms of geometric foot placements but rather as sta-bility, kinematic conditioning, and navigational objec-tives. Body stability and forward progress are estab-lished explicitly through the activation of correspond-ing controllers. Throughout execution, the safety ofthe composite system can thus be guaranteed withinthe controller capabilities and the sensory and motorlimitations of the robot.2.2 Control Gaits for QuadrupedWalkingIn order to allow the system to perform generalwalking, two major tasks were implemented in theform of control gaits, namely pure rotation and for-ward translation. The �nite state control policy forthe rotation task is shown in Figure 3.Starting from an initial four-legged stance, this gait�rst shifts the center of mass (x; y) of the robot suchas to form a stable stance on legs 0, 1, and 2, while theposture controller asynchronously adjusts the orienta-tion ' of the body to condition all 4 legs. After this ini-tial control state the control policy lets the robot sys-tem cycle through a succession of stable, three-leggedstances, moving one leg at a time, while achieving therotation through kinematic conditioning around thez-axis.In order to allow spatial progress of the system,a second gait for general forward walking was imple-mented. Exhibiting a similar periodic structure as therotation gait, the control policy for this gait is shownin Figure 4. In this gait the robot maintains its sta-bility by cycling through a sequence of three and four-legged stances, moving the individual legs in the se-quence 3; 2; 0; 1. At the same time the control statesattempt to optimize the kinematic con�guration of the
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Figure 3: Control Gait for Rotating in Placelegs subject to the stability constraints imposed by thecontact controller. As an example, ��2 33 � �1 0;1;33 �activates the contact controller, �1, in order to estab-lish a stable three-legged stance on legs 0; 1; and 3 bymoving leg 3. Limited by the \subject to" constraint,the posture controller, �2, then optimizes the postureof leg 3 within the range of stable stances.In addition to stabilizing the body, this gait alsoincludes two states that activate instances of the pathcontroller �0 x;yx;y;' subject to the stability constraintsof the existing three-legged stance. This allows thegait to adjust the body location and orientation toconform with the direction of the current path.In contrast to geometric gait planning where a dif-ferent set of repetitive foot patterns is used to adjustto di�erent walking directions, the control gaits usedhere continuously recompute footplacements based onthe contingencies of the task and local sensory infor-mation. This can lead to signi�cantly more exibleand reactive performance. The walking gait, for ex-ample, is capable of walking not only in a straight linebut also at limited angles without changes in the head-ing. Moreover, it can execute path curvatures with in-stantaneous radii larger than approximately 0:4m. In
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Figure 4: Control Gait for Forward Walkinggeometric terms this strategy encompasses thereforeaperiodic versions of discontinuous walking as well ascrab and turning gaits [5], augmented by a reactivecontrol component. In addition to this reactivity andthe simpli�ed gait switching, this control gait is alsostill largely device independent and thus generalizeswell to other four-legged walking robots.To show the applicability of these gaits and theirperformance, they were used on the four legged robotdescribed in the next section and applied to an exam-ple task of walking in an unknown environment.3 \Thing" - A Four-Legged RobotThe experimental platform shown in Figure 5 is afour-legged, 12 degree-of-freedom walking robot de-

signed for autonomous locomotion over irregular ter-rain [9]. It stands 0:25m tall and weighs approxi-mately 1:5kg. The robot is equipped with �ve 8-bitmicroprocessors connected, in a serial-star con�gura-tion in addition to a serial tether to a workstation.
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Figure 5: Quadruped Walking Robot \Thing" (left)and Leg Design (right)The legs are four-bar linkage mechanisms with fork-and-shaft joints actuated by PWM controlled servosas shown in Figure 5. Servo 0 rotates about the z-axisand provides the swing motion of the leg while Servo1 rotates about the y-axis (into the page), supportingthe weight of the robot. A passive spring is utilizedto counteract a portion of this weight. Servo 2 alsorotates about the y-axis and drives the \knee" motionof the leg. The legs are made of milled aluminum andwere designed for low cost, ease of construction, highe�ciency, and maximum workspace.The sensory apparatus consists of two infrared (IR)proximity sensors which provide a binary signal indi-cating the presence of obstacles within a range of 0:2m.The sensor con�guration allows to determine the exis-tence of obstacles within three sectors in front of therobot. Odometry is maintained by accruing relativetranslations and rotations of the center-of-mass of therobot with respect to a known initial con�guration.4 ExperimentsTo demonstrate the capabilities of the compositecontrollers described above, the two control gaits wereintegrated using the switching policy shown in Fig-ure 6, where �' is the di�erence between the currentand the desired heading given by the path controller.Using this control scheme, the robot was placed inan unknown environment with the task of reaching aspeci�ed goal. Utilizing the IR sensors and odome-try, the robot builds a map of the local environmentas shown in the left column of Figure 7. This map,
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N∆ϕ > 0.4 ?Figure 6: Gait Change Policy for Example Taskwhich models a 9m2 region is internally representedas a 32x32 cell grid and used by the path controller.When an obstacle is detected, the corresponding loca-tion is marked on the grid and dilated appropriately toreect the geometry of the platform. All movements ofthe robot, including foot placements and global nav-igation, are then generated reactively on-line by theactivated controllers in the control gait without theneed for o�-line planning. This allows the system toreact very quickly to the detection of new obstacleswithout the need for frequent gait transitions.Figure 7 shows the robot's state at six points duringexecution. Panels in the left column show the robot'sinternal map, and panels in the right column show thecorresponding actual state of the robot and environ-ment. The markers in the top panel of the robot'smap represent the goal (on the left) and the startingpoint (on the right) and correspond to the two markersshown in the images in the right hand column. Sinceno obstacles other than the boundaries of the internalmap have been mapped for the path controller, therobot initially heads directly from start to goal. Whenit encounters an obstacle, it is included in the map asshown in the second panel and the grid is relaxed tocompute a new harmonic surface, providing a new de-sired heading for the path controller. Grid relaxationis repeated each time a new obstacle is found.The gradient of the harmonic function inuencesthe path of the robot in two ways: indirectly throughthe gait switching policy of Figure 6, and directly bymeans of the activated instances of the path controllerin the forward walking gait. This allows the robot notonly to turn away from newly discovered obstacles butalso to follow the smoothly curved trajectories leadingfrom the current location to the goal. For examplewhen most of the obstacle barrier has been detected,the best path to the goal becomes the long arc aroundthe entire barrier, which is the path �nally taken asshown in the bottom panel.Throughout the total walking time of 20 minutesthe robot activated the rotation gait only 3 times,traveled approximately 5m, and accrued a transla-tional odometry error of approximately 0:2m.
Figure 7: Walking Task in an Unknown Environment.Start and goal on the internal map (left) and actualrobot (right) are indicated by initially shaded grid cellsand crosses on the oor, respectively. The path of therobot is marked by black dots corresponding to thelocation of the center of mass.



5 Conclusions and Future WorkMost of the walking literature focuses on o�-linegait planning, �xed periodic gaits, or traditionalbehavior-based control as a means of accomplishingwalking tasks. All of these schemes require either longplanning times for each step, large numbers of �xedgeometric gaits, or complex organizations of carefullytailored task speci�c behavior rules in order to respondto changing walking objectives. In addition, most non-behavior based schemes do not take into account un-certainties in the execution or modeling of the terrain,and none of these approaches generalize easily to otherrobot kinematics.The approach presented here avoids these limita-tions by constructing behavior on-line from a set ofreactive and task-independent controllers, resulting inexible and robust walking performance. Using twocontrol gaits for rotating in place and walking with for-ward progress, the system is able to perform the taskof walking from one point to another in an unknownenvironment while modeling obstacles and reacting totheir presence. The underlying controllers are reusableand device independent and can thus be used to con-trol not only quasistatic walking on robot platformswith arbitrary numbers of legs, but also to performgrasping and manipulation tasks on hand/arm plat-forms [6]. Moreover, not only individual basis con-trollers but also complete control gaits are largely plat-form independent. The control policies presented herecould thus be transferred directly to other four-leggedrobot geometries.To further investigate the potential of this controlapproach in the walking domain, the robot will beequipped with additional sensors including inclinome-ters, and torque and tactile sensors on the legs to pro-vide the environmental information necessary for thetraversal of irregular terrain. In addition, the possi-bilities of automatic generation of the required controlgaits will be investigated.References[1] R. A. Brooks. A robot that walks; emergent be-haviors from a carefully evolved network. NeuralComputation, 1(2):355{363, 1989.[2] J. A. Coelho Jr.. and R. A. Grupen. E�ec-tive multi�ngered grasp synthesis. Technical Re-port 94-12, CMPSCI Dept., University of Mas-sachusetts, Amherst, February 1994.

[3] C. I. Connolly. Harmonic functions and collisionprobabilities. In Proc. Int. Conf. Robotics Au-tomat., San Diego, CA, May 1994. IEEE.[4] C. I. Connolly and R. A. Grupen. The applica-tions of harmonic functions to robotics. J. RoboticSys., 10(7):931{946, October 1993.[5] P. de Santos and M. Jimenez. Generation of dis-continuous gaits for quadruped walking vehicles.J. Robotic Sys., 12(9):599{611, 1995.[6] R. A. Grupen, M. Huber, J. A. Coelho Jr., andK. Souccar. Distributed control representationfor manipulation tasks. IEEE Expert, 10(2):9{14,April 1995.[7] S. Hirose. A study of design and control of aquadruped walking vehicle. Int. J. Robotics Res.,3(2):113{133, 1984.[8] K. Jeong, T. Yang, and J. Oh. A study on thesupport pattern of a quadruped walking robot foraperiodic motion. In Proc. IROS, pages 308{313,Pittsburgh, PA, August 1995. IEEE.[9] W. MacDonald. Design and implementation ofa four-legged walking robot. Senior honors the-sis, ECE Dept., University of Massachusetts,Amherst, 1994.[10] D. Pack and H. Kang. An omnidirectionalgait control using a graph search method for aquadruped walking robot. In Proc. Int. Conf.Robotics Automat., volume 1, pages 988{993,Nagoya, Japan, May 1995. IEEE.[11] M. Raibert. Legged Robots that Balance. MITPress, Cambridge, MA, 1986.[12] P. J. Ramadge and W. M. Wonham. The con-trol of discrete event systems. Proceedings of theIEEE, 77(1):81{97, January 1989.[13] S.-M. Song and K. J. Waldron. Machines ThatWalk: The Adaptive Suspension Vehicle. MITPress, Cambridge, MA, 1989.[14] D. Wettergreen, H. Pangels, and J. Bares.Behavior-based gait execution for the Dante IIwalking robot. In Proc. IROS, pages 274{279,Pittsburgh, PA, August 1995. IEEE.[15] T. Yoshikawa. Foundations of Robotics : Analysisand Control. MIT Press, Cambridge, MA, 1990.
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