Copyright 1997 IEEE, Published in the Proceedings of the International Conference on Intelligent Robots and Systems,IROS�97, September 1997, Grenoble, FrancePersonal use of this material is permitted. However, permission to reprint/republish this material for advertising or promotional purposesor for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted component of this work inother works, must be obtained from the IEEE. Contact: Manager, Copyrights and Permissions / IEEE Service Center / 445 Hoes Lane /P.O.Box 1331 / Piscataway, NJ 08855-1331, USA. Telephone: + Intl. 908-562-3966.Haptic Interaction in Virtual Environments Diego C. Ruspini1, Krasimir Kolarov2 and Oussama Khatib1Robotics Laboratory1Computer Science DepartmentStanford University, Stanford, CA 94305Interval Research Corporation21801 Page Mill Road, Building C, Palo Alto, CA 94304AbstractWe present a haptic rendering framework that allows thetactile display of complex virtual environments. Thisframework allows surface constraints, surface shading,friction, texture and other effects to be modeled solely byupdating the position of a representative object, the�virtual proxy.� This abstraction reduces the task of thehaptic servo control loop to the minimization of the errorbetween user�s position and that of the proxy. Thisframework has been implemented in a system that is ableto haptically render virtual environments of a complexitythat is near and often in excess of the capabilities ofcurrent interactive graphic systems.1 IntroductionHaptic rendering systems simulate the forcesgenerated by objects, allowing a person to sense andinteract with a virtual environment through touch.Coupled with visual feedback these systems canenhance a users ability to perform tasks [6,14,18] aswell as add physical realism to interactive graphicsystems.Traditional systems apply forces proportional to theamount of penetration into a virtual volume. For simplegeometries, like spheres and planes, the direction andamount of penetration is easy to determine and thesimplicity of this approach has allowed it to be used tostudy many interesting simple environments. Thesepenalty-based methods, however, have a number ofdrawbacks. When contact exists with multiple surfacesit is often difficult to determine the nearest exteriorposition. In the worst case, a global search of all theprimitives may be required to find the nearest exteriorsurface. If the forces from multiple objects are addedthe resultant force can create unstable motions thatcould cause device damage or user injury. In addition,graphics models, which most often consist of infinitelythin polygons, lines and points, do not contain sufficientinternal volume to generate the repulsion forces neededto prevent the probe form passing through the object. To address the limitations of penalty-basedapproaches we have developed a new constraint-basedcontrol framework built around the notion of the �virtualproxy.� The virtual proxy is a representative object thatsubstitutes for the physical finger or probe in the virtualenvironment. The movement of the proxy towards thegoal (user�s finger location) bares a strong similarity toreactive path planning in robotics applications. Whenunobstructed, the proxy moves directly towards thegoal. When the proxy encounters an obstacle, directmotion is not possible, but the proxy may still be ableto reduce the distance to the goal by moving along oneor more of the constraint surfaces. The motion is chosento locally minimize the distance to the goal. When theproxy is unable to decrease its distance to the goal, itstops at the local minimum configuration.Constraint-based methods were first proposed forhaptic applications by Zilles and Salisbury [25]. A point(god-point) was constrained by the objects in theenvironment. A topology of the rendered object wasrequired to prevent the god-point from falling throughsmall gaps commonly found in graphical models. Thiscomputationally expensive preprocessing step limitedthe interactivity of the system.Our exploration has focused on creating a systemthat is capable of rendering virtual environmentscommon in graphic applications. These environmentsare typically represented by a large number (20,000 orgreater) of unordered polygonal surfaces, lines andpoints (polygon soups). In our implementation notopological information is assumed and intersectingpolygons are permitted. In addition, surface normals forshading and image mapped textures, which are oftenavailable in graphic applications, are used in oursystem to enhance the richness and complexity to thehaptic scene.2 Virtual Proxy UpdateFor simplicity we represent the virtual proxy as amassless sphere that moves among the objects in theenvironment. Because of small numerical errors,

Copyright 1997 IEEE, Published in the Proceedings of the International Conference on Intelligent Robots and Systems,IROS�97, September 1997, Grenoble, Francepolygons that are intended to share a common edgeoften contain gaps. The radius of the proxy is madelarge enough to avoid falling through the holes in theunderlying model. We will also assume that all theobstacles in the environment can be divided into afinite set of convex components.Haptic devices require high controller servo rates —typically over 1000Hz— to achieve stability and highdisturbance rejection. During each servo tick, a goalconfiguration for the proxy is found and an attempt ismade to move the proxy to this configuration by directlinear motion. The goal configuration is initially takento be at the end point of the haptic device. Thisposition, however, will change as the proxy encountersobstacles in the environment.The volume swept by the virtual proxy, as it movesduring a given time period, is checked to see if itpenetrates any primitive in the environment. Becausethe path of the proxy is linear, this test involvesdetermining whether a line-segment, specified by theproxy�s current and goal configurations, falls within oneproxy radius of any object in the environment.If the proxy�s path does not collide with anyobstacles, the proxy is allowed to move directlytowards the goal. If one or more interfering primitivesare found, the proxy�s position is advanced until itmakes contact with the first obstacle in its path. Tomodel this interaction efficiently, we consider theconfiguration space of the proxy, where theconfiguration-space obstacles (C-obstacles)[12], consistof all points within one proxy radius of originalobstacles. In this space, the position of the proxy isidentified by a point while all C-obstacles havecontinuously defined surfaces and non-zero thickness. Aunique constraint plane can be found where the linesegment representing the proxy�s path intersects the C-obstacle. An example of configuration space, C-obstacles and proxy constraint planes is shown inFigure 1.

minimize subject to x p n xn xn xTmT - ‡^ , ^ ,

^ .

1 2 0M ^ n i m

i , 0 £ £-£ ^ n i m

i , 0p̂Om ( )

f k p v p = -( )

k p^f_n^f t^m s f f t s n £ m m

f f m x b x

d n

- = + m

˙ ˙˙

,

b

m d^{˙ .x} f f

b

d n

=

- m

b = 0