Car negie Mellon

PHYSICALL Y REALISTIC HAPTIC INTERACTION WITH DYNAMIC VIRTU AL WORLDS

Sundar V edula and David Baraff The Robotics Institute Carnegie Mellon University

Car negie Mellon

Virtual Environment Example

Car negie Mellon

Goal

To be ab le to create an interactive d ynamic virtual environment, whose entities ha ve definite ph ysical properties, and ha ve them beha ve in a ph ysically correct manner under the action of e xternal forces.

Allow a user to manipulate this en vironment with a probe, and feel the corresponding f orces bac k.

Car negie Mellon

Physically Based Modeling

•Model objects as pol yhedral, rigid bodies •State = position and velocity f or all degrees of freedom •Given:

Object geometries, initial state , External Forces Solve for:

New state Subject to:

kinematic constraints

Car negie Mellon

Physically Based Modeling(cont.)

•In shor t, solve (1) •Constraints can be equalities or inequalities •Permanent and T ransient Constraints enf orced by additional constraint f orces (not penalty) •Coulomb friction model used •Step thr ough time , backtrack on collisions •Display updated w orld model •Key requirement: Displa y at real-time , i.e. 30Hz •Plenty of pub lished work

d dt ---- x t( ) θ t( ) mv t( ) Iω t( ) v t( ) ω t( ) F t( ) τ t( ) =

Car negie Mellon

Distributed Pr ocessing

Why? •Generalized physical sim ulation, with displa y can onl y go at ar ound 30Hz •Better modularity •Force ser ver doesn’t need to kno w about model away from the pr obe location •Servo rate independent of model comple xity (easier real-time contr ol)

How? •Use one pr ocessor f or dynamic sim ulation and graphics, and one f or low-level force control of each haptic interface •Have simulator comm unicate with eac h force ser ver separatel y

Car negie Mellon

Multi-processor model

Build Model

Communicate

Add Phantom force to list

Step F orward

Graphic Displa y

Read Encoders

Client Ready?

Chec k for data

No Yes Communicate

Revise Local Model

Update Local

Model

Compute F orce

Displa y Force

CLIENT(s) SERVER

When ready

Data

Data

(slow) (fast)

Car negie Mellon

Simulation algorithm

•Simulation pr ocessor acts as haptic client •Query each force ser ver for position and f orce information (what object, where , and ho w hard the user pushed on during the last c ycle) •From position, determine appr opriate local model for eac h probe, and comm unicate to ser ver force(object->probe) = - force(probe->user) = - force(probe->object) •Add haptic forces to list of e xternal forces for simulation •Step forward in simulation and displa y new state •Display constrained probe position

Car negie Mellon

Force Ser ver Algorithm

•Check to see if sim ulator has ne w local model •If yes,

•send current pr obe position, amount and location of force applied during pre vious cycle •Receive ne w local model (position, velocity , and orientation of rele vant plane , if any) •If not,

•Update local model appr opriately (more later)

•Compute normal f orce from penetration using a simple penalty method •Compute frictional f orce using Coulomb model •Display force to user

Car negie Mellon

Local Model Schemes

1. Closest Plane

•Use closest plane f or force computation •Position Discontin uities at c lient update rate (nasty c licking at 30 Hz)

2. Plane with velocities of end-points •Approximate velocity of contact point b y linear interpolation between edg es •In 2-D, edge length c hang es •In 3-D, nasty things happen to plane dimensions •Works for objects with high moments of inertia, i.e., ones that don’t r otate easil y

Car negie Mellon

Local Model Schemes (cont.)

3. Full Kinematic Interpolation

•Position, Velocity, Orientation, and Angular Velocity of c.o.m. •Local co-ordinates of plane boundaries

ω Phantom v1

v2 p1

p2 c.o.m.

Position v θ

Car negie Mellon

Comparison of Local Models

Plane Interpolation Velocity Interpolation

Kinematic motion model

Car negie Mellon

Coulomb friction model

•Static friction is a function of x, x_{stopped} , and k •Dynamic friction is a function of v , v_l, and v_h •Switching between friction modes a voided b y a hysteresis tec hnique •Switching from dynamic to static friction should not involve force discontin uity, so x_{stopped} and k are set appr opriately

f_n f_f f_a

f_a f_f

μ_s f_a

μ_d f_a static dynamic

Car negie Mellon

Why is Coulomb friction har d?

•Firstly, we have no force sensor s to measure force, to determine impending direction of motion •Secondl y, no tac hometer s to measure velocity , to decide between static and d ynamic friction •Workarounds:

Exponential differentiating filter on position to approximate velocity Threshold velocity to determine if one has stopped •Reasonab le results with right threshold and spring constant f or static friction •Strongly dependent on good velocity estimate near zero

Car negie Mellon

Results

•Dynamic simulation - 40Hz on 250MHz R4400 SGI Indigo Extreme

•Phantom^{TM} haptic interface contr olled at 10kHz on 200MHz Pentium Pr o •3-D haptic displa y with 2-D dynamic sim ulation, i.e. objects can be pushed in the plane , but their top and bottom surfaces can be f elt but not pushed •Preliminary manipulation e xperiments with tw o probes demands e xperience , and finite siz ed fingers •Can assign ph ysical pr operties to pr obe and make it a par t of the sim ulation - stability issues become significant

Car negie Mellon

Conclusions

•Framework for effective haptic interaction using multiple force feedbac k devices with single physically based sim ulation system •Ability to work around measurement of f orce and velocity •Local model update strategy f or good d ynamic performance at lo w communication rates •Coulomb friction model f or surface pr operties •Suppor t for multiple, distributed user s manipulating one vir tual environment

Car negie Mellon

Resear ch Issues

•How much knowledge on the f orce ser ver? •Choices f or conca ve surfaces •Better contr ol strategies •Is second-or der dynamics reall y good with a point tool? (especiall y in 3-D) •Ways of constraining motion •Interfaces in 3-D for better interaction •Manipulation and HCI issues - what can y ou really do with a point? •Ergonomic considerations