CONTROLLING BIPEDAL LOCOMOTIONFORCOMPUTER ANIMATIONbyJoseph LaszloA thesis submitted in conformity with the requirementsfor the degree of Master of Applied Science in theGraduate Department of Electrical and Computer EngineeringUniversity of Toronto' Copyright Joseph Laszlo, 1996 iiControlling Bipedal Locomotion for Computer AnimationMaster of Applied Science, 1996Joseph LaszloDepartment of Electrical and Computer EngineeringUniversity of TorontoABSTRACTSome seemingly simple behaviours such as human walking are difficult to model because of theirinherent instability. This thesis proposes an approach to generating balanced 3D walking motionsfor physically-based computer animations by viewing the motions as a sequence of discrete cyclesin state space. First, a mechanism to stabilize open loop walking motions is presented. Once thisbasic �balance� mechanism is in place, the underlying open loop motion can then be modified togenerate variations on the basic walking gait. In addition to other interesting variations, the speed,stride rate and direction of a walk can each be controlled. These variations can be parameterizedand potentially used to provide the animated character with the ability to perform autonomousmotions such as following a path specified by the animator. While this work is somewhat specificto physically-based animation, some of the underlying ideas may prove useful in other disciplinessuch as robotics and biomechanics.

iiiACKNOWLEDGEMENTSI would like to express my thanks to all the people who have helped me and supported me in mywork. My supervisors, Dr. Michiel van de Panne and Dr. Eugene Fiume, have always beenwonderfully approachable and ever helpful in their efforts to guide me. In particular, Michiel�sboundless enthusiasm never failed to motivate me in tough times (or in good times) and Eugene�sability to step back and view the greater context of a problem has always impressed and inspiredme — I hope that one day I�ll develop similar skills. To my better half, Anastasia Cheetham, whospent many a late night in the lab, keeping me company and helping me to maintain my sanitywhen pressured by deadlines, thank you a thousand fold for everything! You�ll never know howmuch your support and patience has meant. Finally, I�d like to thank the members of my defensecommittee, Dr. Bruce Francis, Dr. James Stewart and Dr. Jonathan Rose for their careful readingof my thesis on such short notice and for their constructive questions and comments.I would also like to thank the ITRC and NSERC. Without their funding, this work (and the DGPlab in which it was done) might not exist.

ivTABLE OF CONTENTS1. INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.1 Kinematic Approaches.............................................................................11.2 Dynamics............................................................................................21.3 Goals.................................................................................................31.4 Thesis Organization................................................................................42. BACKGROUND. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52.1 Definitions...........................................................................................52.2 Previous Work......................................................................................52.2.1 Kinematic Animation.......................................................................52.2.2 Dynamics-based Animation...............................................................72.2.3 Bipedal Locomotion........................................................................92.2.4 Limit Cycle Control......................................................................122.3 Pose Control......................................................................................122.3.1 Linear Parametric PCG Perturbations..................................................162.4 The Animation System...........................................................................172.4.1 Ground Model............................................................................192.5 Biped Models.....................................................................................203. DISCRETE LIMIT CYCLE CONTROL. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 3 3.1 Limit Cycles.......................................................................................233.2 Control Formulation.............................................................................253.3 Application to Bipedal Locomotion............................................................313.4 Nominal Open-loop Control, Unom...........................................................323.5 Choice of Regulation Variables, Q.............................................................373.6 Choice of Perturbation Parameters, DU.......................................................40 v3.7 Linear, Sampled "Balance" Control............................................................463.7.1 Desired RV Values.......................................................................473.7.2 Constructing and Applying the Discrete System Model..............................483.8 Torso Servoing...................................................................................533.9 Conclusions.......................................................................................564. BALANCED WALKING RESULTS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 7 4.1 Up Vector Regulation Variables................................................................584.1.1 Other Observations.......................................................................634.2 Swing-COM Regulation Variables.............................................................644.3 Stance-COM Regulation Variables.............................................................704.4 Torso Servoing...................................................................................724.5 Robo-bird Running..............................................................................734.6 Conclusions.......................................................................................745. WALKING VARIATIONS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 6 5.1 Speed Control.....................................................................................765.2 Base PCG Parameterization.....................................................................815.3 Turning Perturbations............................................................................825.3.1 Point and Path Following................................................................875.4 Stride Rate Perturbation.........................................................................895.5 Other Interesting Variations.....................................................................915.5.1 Bent-Knee Walking......................................................................915.5.2 Bent-Over Walking.......................................................................925.5.3 Ducking....................................................................................935.6 Conclusions.......................................................................................956. CONCLUSIONS AND FUTURE WORK. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 6 6.1 Future Work......................................................................................976.1.1 Better Discrete System Models..........................................................97 vi6.1.2 Additional Forms of Locomotion.......................................................986.1.3 Natural Motion............................................................................986.1.4 Extension to Aperiodic Motions and Further Generalization........................986.1.5 Automatic Synthesis......................................................................99REFERENCES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 0 0 APPENDIX A — TERMS AND DEFINITIONS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 0 8 APPENDIX B — MODEL PARAMETER SCRIPTS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1 3 APPENDIX C — SAMPLE ANIMATION SCRIPT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2 0 viiLIST OF FIGURESFigure 2.1 - Animator control vs autonomy...............................................................9Figure 2.2 - A periodic PCG for a simple, planar 4 DOF biped model..............................13Figure 2.3 - Typical articulated creature model used with pose control graphs.....................14Figure 2.4 - Rotational PD controller for pose control.................................................14Figure 2.5 - Pose control graph structures..............................................................15Figure 2.6 - Overview of the simulation process.......................................................17Figure 2.7 - Spring and damper ground force model (2D example)..................................19Figure 2.8 - Friction cone ground slip model...........................................................20Figure 2.9 - Complex human model.....................................................................21Figure 2.10 - Robo-bird creature.........................................................................22Figure 3.1 - Passive Limit Cycle Stability...............................................................24Figure 3.2 - An Active Limit Cycle.......................................................................25Figure 3.3 - Discrete System..............................................................................27Figure 3.4 - Linear parameters of a 1D discrete system in state space...............................29Figure 3.5 - Three cycles of a typical 1-dimensional system..........................................30Figure 3.6 - Overall discrete limit cycle control structure for a walking biped......................32Figure 3.7 - Forward walking base PCG................................................................34Figure 3.8 - Unbalanced motion of human model......................................................35Figure 3.9 - Possible walking and running steps.......................................................36Figure 3.10 - Initial configuration for simple human model...........................................37Figure 3.11 - End-of-step sampling times for Qi.......................................................38Figure 3.12 - Balance RV vectors........................................................................39Figure 3.13 - Decomposition of up vector projection into RVs.......................................40 viiiFigure 3.14 - Right hip pitch and roll perturbations....................................................42Figure 3.15 - Typical effect of stance hip perturbations...............................................43Figure 3.16 - Balance RV components vs linearly scaled hip pitch perturbation...................44Figure 3.17 - Balance RV components vs linearly scaled hip roll perturbation.....................45Figure 3.18 - Direction of change of forward RV components with hip pitch......................46Figure 3.19 - Estimate of desired lateral RV components.............................................48Figure 3.20- Balancing process for each step...........................................................48Figure 3.21 - Unobserved state problem................................................................49Figure 3.22 - Model construction and extrapolation....................................................49Figure 3.23 - 2D sampling strategies.....................................................................51Figure 3.24 - Sampling point pitfalls in discrete model construction.................................53Figure 3.25 - Torso servo parameters....................................................................54Figure 3.26 - Pelvis-based up vector balance indicator................................................55Figure 3.27 - Falling with torso servoing enabled......................................................55Figure 4.1 - A sequence of steps from a walking limit cycle..........................................57Figure 4.2 - Continuous-time up-vector RV component phase diagrams............................58Figure 4.3 - Nominal up-vector RV target range and plan-views.....................................60Figure 4.4 - Discrete RV values for L-F sampling, Qd = [.2,0]......................................62Figure 4.5 - Discrete RV values for SP sampling, Qd = [.3,0].......................................62Figure 4.6 - Discrete RV values for L-F sampling, Qd = [.35,0]....................................62Figure 4.7 - Step length vs step number.................................................................64Figure 4.8 - Continuous-time swing-COM RV phase diagrams......................................65Figure 4.9 - Swing-COM RV target range and hip plots..............................................67Figure 4.10 - Discrete RV values for L-F sampling, Qd = [0.05,0].................................68Figure 4.11 - Discrete RV values for SP sampling, Qd = [0.0,0]....................................68Figure 4.12 - Step length vs step number, SP sampling...............................................69Figure 4.13 - Discrete RV values for SP sampling, Qd = [0.0,–0.03]..............................69 ixFigure 4.14 - Variation of stance-COM RV with stance hip pitch....................................70Figure 4.15 - Up vector RV range and hip plots with torso servoing enabled.....................72Figure 4.16 - Continuous-time up vector component phase diagram with torso servoing.........73Figure 4.17 - Robo-bird base PCG for running........................................................74Figure 4.18 - A running robo-bird.......................................................................74Figure 5.1 - Speed control using composite RV........................................................79Figure 5.2 - Forward velocity (m/s) versus time for velocity feedback..............................80Figure 5.3 - Steady-state velocity vs

Qbiasd

..............................................................80Figure 5.4 - Acceleration and deceleration...............................................................80Figure 5.5 - Turning perturbations for human model with ball-and-socket hips....................83Figure 5.6 - Typical operation of a right turn perturbation............................................84Figure 5.7 - Hip plots for the most successful turning perturbation trials...........................85Figure 5.8 - Hip plots for less successful turning perturbation trials.................................86Figure 5.9 - Turning perturbation with torso servoing applied.......................................86Figure 5.10 - Point-following.............................................................................88Figure 5.11 - Path following..............................................................................88Figure 5.12 - Stride rate perturbation for human model with ball-and-socket hips.................89Figure 5.13 - Results of applying different stride rate perturbation scalings........................90Figure 5.14 - Average speed for varying stride rates...................................................91Figure 5.15 - Bent-knee perturbation for a human model.............................................92Figure 5.16 - Bent-knee walking with a parameter scaling of 1.0....................................92Figure 5.17 - Bent-over walking perturbation..........................................................92Figure 5.18 - Bent-over walking.........................................................................93Figure 5.19 - Composite bent-knee, bent-over and bent-neck perturbation.........................94Figure 5.20 - Ducking.....................................................................................94Figure A—1 - States of a 1 degree-of-freedom swinging pendulum plotted vs time...............109Figure A—2 - State-space trajectory of a simple swinging pendulum................................109 xFigure A—3 - Reference planes of the human body....................................................110Figure A—4 - Phases of bipedal walking and running.................................................111 xiLIST OF TABLESTable 4.1 - Results of first controlled step using stance-COM RVs..................................71Table 5.2 - Speed control parameters....................................................................78