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Abstract: We presentan algorithm for haptic display of

moderatelycomplex polygonal modelswith a six degree
of freedom(DOF) force feedbackdevice. We make useof

incrementalalgorithmsfor contactdeterminationbetween
corvex primitives. The resulting contactinformation is

usedfor calculatingthe restoringforces and torquesand
therebyusedto generatea senseof virtual touch. To speed
up the computation,our approachexploits a combination
of geometriclocality, temporalcoherence and predictive
methodsto compute object-objectcontactsat kHz rates.
The algorithm has beenimplementedand interfacedwith

a 6-DOF PHANTOM Premium1.5. We demonstratéts

performanceon force displayof the mechanicalnteraction
betweenmoderatelycomplex geometricstructureshat can
bedecomposeéhto corvex primitives.

CR Categories: 1.3.6 [ComputerGraphics]: Methodology
andTechniques InteractionTechniques

Additional Keywords: haptics, virtual reality, force-
feedbaclkdevices,interactve computergraphics

1 Introduction

Extendingthe frontier of visual computing, haptic inter-
faces,or force feedbackdevices, have the potentialto in-
creasehequality of human-computeinteractionby accom-
modatingthe senseof touch. They also provide an attrac-
tive augmentatiorto visual display and enhancethe level
of immersionin avirtual world. They have beeneffectively
usedfor anumberof applicationsncludingmoleculardock-
ing, manipulationof nano-materialssumical training, vir-
tual prototyping and digital sculpting. Given their poten-
tial, a numberof researchprototypesand commercialde-
vicesthatcanaccommodatep to sevendegreesof freedom
(DOF) [Bur96] have beendesigned.

Comparedwith visual and auditory display hapticren-

dering has extremely demandingcomputationalrequire-
ments.In orderto maintaina stablesystemwhile displaying
smoothandrealisticforcesandtorques hapticupdaterates
mustbe ashigh as1000 Hz. This involvesaccuratelycom-
puting all the contactsbetweenthe object attachedto the
probeandthe simulatedernvironment,aswell asthe restor
ing forcesandtorques- all in lessthanonemillisecond.

Someof the commonlyusedhaptic devicesinclude the
3-DOFPHAMToM arm [MS94] andthe SARCOSDexter-
ousArm [NNHJ9§ thatcomputepoint-objectcontactsand
provide only force feedback. However, mary applications
like scientificexploration,virtual prototyping(e.g.assembly
planning and maintainability studies), medical simulation
and tele-operatiomeedto simulatearbitrary object-object
interactions. A 6-DOF haptic device, that providestorque
feedbackin additionto force displaywithin a large transla-
tion androtationalrangeof motion, is very usefulfor such
applications. It givesa userthe much neededdexterity to
feel, explore andmaneuer aroundotherobjectsin the vir-
tual ervironment.

Although a numberof commercialandresearct6-DOF
haptic devices are becomingavailable, their applications
have beenlimited. Thisis mainly dueto the compleity of
accuratecalculationof all the contactsandrestoringforces
thatmustbe computedn lessthanonemillisecond,asout-
lined by McNeeley etal. [MPT99]. Theexisting fasthaptic
renderingalgorithmsdevelopedfor 3-DOF haptic devices
primarily dealwith singlepointcontactwith thevirtual mod-
els[ST97, JCI8,GLGTI9 RKK97] andarenotdirectly ap-
plicable to accuratelycomputeobject-objectcontacts. Up
to date, only approximate haptic renderingtechniquefor
mostly staticervironments suchasthe onebasedon point-
voxel sampling hasbeenproposedor hapticdisplayusinga
6-DOFhapticdevice[MPT99]. Currentalgorithmsfor exact
contactdeterminatiorandresponse&omputatiorfor general
polygonalmodelsare unableto meetthe real-timerequire-
mentsof 6-DOF hapticrendering.



1.1 Main Results

In this paper we presenta novel algorithmfor haptic dis-
play of moderatelycomplex polygonalervironmentsusing
a six degree-of-freedonforce feedbackdevice at kHz up-
daterates. We assumehateachobjectcanbe decomposed
into corvex primitives. Sincethe probes position changes
little betweensuccessie frames,our algorithmkeepstrack
of the pairs of closestfeaturesbetweencorvex primitives
[LC91]. By exploiting the temporalcoherenceand spatial
locality of closestfeatureswe cantake advantageof incre-
mentalcomputatiorby cachingthe last closestfeaturepair
andperforminga“greedywalk” to thecurrentpair of closest
features We exploit motioncoherencdrom extremelyhigh
hapticupdateratesto predictcontaciocationsandminimize
penetratiorbetweenthe probeandthe virtual ervironment.
Therestoringforcesare computedbasedon a conceptsim-
ilar to “virtual proxy” [RKK97] extendedto 6-DOF force
feedbaclkdevices. Thealgorithmhasbeenappliedto haptic
displayof mechanicainteractionbetweermoderatelycom-
plex structurecomposeaf tensof corvex primitives.

As comparedo earlierapproachesyur algorithmoffers
thefollowing advantages:

e Applicability to Dynamic Environments. We donot
assumehe ervironmentis static. Objectsin the scene
are free to move simultaneously Our currentimple-
mentationcanonly handlea few moving objectsat the
sametime.

e Accurate Contact Determination: Wedonotneedto
tradeoff accurag for performancewhile maintaining
requiredforce updaterates.

e Smooth Collision Response: By an extensionof the
virtual proxy concept,our systemgenerates natural
hapticresponse¢hatdoesnotresultin forcediscontinu-
ities.

1.2 Organization

The rest of the paperis organizedas follows. Section2

briefly surweysrelatedwork. Section3 presentanoverview
of our approach Section4 describeghe algorithmfor con-
tactdeterminatiorandpenetratiordepthestimation.Section
5 describesontactforce andtorquecomputation. Finally,

we describethe implementatiorin Section6 and highlight
its performancen differentervironments.

2 PreviousWork

In this section,we suney previous work relatedto haptic
renderingcontactdeterminatiorandcollision response.

2.1 Haptic Display

Severaltechniquediave beenproposedor integratingforce
feedbackwith a completereal-time virtual ervironment
to enhancethe users ability to perform interactiontasks
[CB94, MS94, SBM195]. Iwatadescribesa 6-DOF haptic
masterandthe conceptof time-criticalrenderingat a lower
updaterateof hundreddHz [lIwa9(. Ruspinietal. [RKK97]

presented hapticinterfacelibrary “HL” thatusesa virtual

proxy and a multi-level control systemto effectively dis-
play forcesusing 3-DOF haptic devices. Thompsonet al.

[TICI7 have presentec systemfor directhapticrendering
of sculpturednodels.

2.2 Contact Determination

The problemof fast collision detectionand contactdeter
minationhasbeenwell studiedin computationageometry
roboticsandgraphicditerature.
Convex Polytopes. A numberof specializedalgorithms
have beendevelopedfor contactdeterminatioranddistance
computation betweencorvex polytopes[GJK88 Bar9Q
LC91, DHKS93 GHZ99, ELOQ].
Hierar chical Approaches. Someof thecommonlyusedal-
gorithmsfor generalpolygonalmodelsarebasedon hierar
chical datastructures. Theseinclude boundingvolume hi-
erarchiesvherethe boundingvolume may correspondo a
sphergHub99, axis-alignedoundingbox, orientecbound-
ing box [GLM96], a k-DOP [KHM *98] or a sweptsphere
volume[LGLM99]. Thesealgorithmscanonly computeall
pairs of overlappingtrianglesand not the intersectionre-
gion. Algorithmsfor separatioristancecomputatiorbased
on bounding volume hierarchieshave been proposedby
[Qui94, JC98,LGLM99].
Intersection Region and Penetration Depth: Giventwo
polyhedralmodels,algorithmsfor intersectionrcomputation
and boundaryevaluation have beenextensiely studiedin
solid modeling. Boumaand Vanecek{BV93] usedspatial
partitioningapproaches computethe contactregion. Pon-
amgietal. [PML97] combinedhierarchicalrepresentations
with incrementalcomputationto detectcontactsbetween
polygonalmodels.Sryder[Sny95] usedtemporalkcoherence
to track penetratiordepthon splinemodels.

All thesealgorithmsrely on a surface-basedepresenta-
tion of themodel. Their performancevariesasa function of
the sizeandrelative configurationof two models.

Volumetric Approaches. Gibson[Gib95], Avila and So-
bierajski[AS96] have proposedalgorithmsfor object ma-
nipulationincluding hapticinteractionwith volumetric ob-
jects and physically-realisticmodeling of object interac-
tions. More recently McNeely et al. [MPT99] have pro-
poseda voxel samplingtechniquefor 6-DOF hapticrender
ing, wherepointsamplesrom onesurfacearetestedagainst



thevoxel representationsf the staticervironment. This ap-
proximationapproachachieses constantquery time at the
expenseof accuray andcorrectnessf hapticforce display

2.3 Coallison Response

Thereis considerablavork on dynamicsimulationandre-
sponseomputatior{Bar90, Bar94 MC95]. However, these
algorithmsdo not guaranteaeal-time performance.Other
algorithmsproposeanartificial couplingbetweerthe haptic
displayandthevirtual ervironment{Cea94 or thenotionof
a‘“god object” [2S95 RKK97].

3 Overview

In this section,we give an overvien of our approach.We
highlightourrenderingalgorithmfor 6-DOFhapticdevices.
Thesamemethodsareapplicableto otherdevicesaswell.

3.1 Preliminaries

In generalthecomputatiorfor hapticrenderingateachtime
frameinvolvesthefollowing steps:

1. Callision Detection - The algorithm first detectsif
an intersectionhas occurredbetweenan object (or a
probe)heldby theuserandthe virtual ervironment.

2. Computing the Contact Manifold - If anintersection
hasoccurredthenthe algorithmneedso computethe
intersectiorpointsthatform theintersectionregionand
the contactnormaldirection

3. Estimating the Penetration Depth - A measurer an
estimationof penetratiordepthalongthe contactnor-
mal directionis computedrom theintersectiorregion.

4. Computing Restoring Forcesand Torques- A restor
ing or contactforceis oftencalculatechasedn penalty
methodsthat requirethe penetratiordepth. Giventhe
forceandthecontactmanifold,restoringtorquescanbe
easilycomputed.

The contactmanifoldrefersto the setof all pointswhere
the two objectscomeinto contactwith eachotheror may
comeinto contactfor predictve methods. For haptic sim-
ulation, the stability of force computationis extremelyim-
portant.An accuratecomputatiorof the contactmanifold at
eachframe also helpsin smoothingthe transitionof force
displayfrom oneframeto the next. This is crucial for the
stability of the force feedbacksystemwith a human-in-the-
loop, especiallyin a situationwhenthereare multiple con-
tactsbetweerthe objectattachedo the probeandthe simu-
latedervironment.

Noneof the currentalgorithmsandsystemsanperform
forcedisplayof interactionbetweergenerapolygonalmod-
elsin anefficientandaccuratamanner Giventhetime con-
straintof performingall thesecomputationsn lessthana
millisecond,ourapproachusegredictive techniqguesndin-
crementakomputationalongwith spatialandtemporalco-
herenceAs partof pre-computationve initially decompose
eachobjectinto corvex primitives[BD92], if suchadecom-
positionis not given. For therestof the paper we will refer
to themasprimitives By exploiting the corvexity of theob-
jects,we cancomputethe contactsbetweera pair of corvex
primitivesin expectedconstanttime, with somesimplepre-
processingAs long asthe numberof contactsarebounded,
ouralgorithmcanguarante¢heperformancef forceupdate
rates.

3.2 6-DOF Haptic Rendering with A Virtual
Proxy

The computationof our 6-DOF haptic renderinginvolves
threecomponents(1) the useof virtual proxy [RKK97], (2)
contactmanifoldcomputatiorandpenetratiordepthestima-
tion, and(3) hapticresponseomputation.

Extension of the Virtual Proxy: A virtual proxy is arep-
resentatie objectthatsubstitutedor the physicalobjectthat
theprobeis attachedo in thevirtual environment. The mo-
tion of the virtual proxy is greedyin nature. It will move
aslong asit is not obstructed.Onceit runsinto a surface
of someobjectin the environment,its motionis constrained
to the surfacelocation,in sucha way thatthe actualobject
positionwill locally minimizethe penetratiordepth.Thisis
accomplishedy predictingwherethe collision may occur
betweerthetwo objects basedntheproxy positionandve-
locity (alsothe actualprobepositionandvelocity) from the
previous frame and a simple linear interpolationalong the
travel path. At thebeginningof the currentframe,the object
attachedo the probeis constrainedo travel no morethana
safethresholddistancebasednthe predictedschemesoas
to minimizetheamountof penetration.

Contact Determination and Penetration Depth Estima-
tion: The contactdeterminatioralgorithminitially narravs
down pairsof primitiveson differentobjectsthatarein close
proximity using a combinationof an N-body “sweepand
prune” test and “real-time scheduling”. Then, it checks
thosepairsin closeproximity for contactsFor apair of con-
vex primitives,we usean expectedconstantime algorithm
to track the pair of closestfeatures therebycomputingthe
contactmanifold, the contactnormalandthe estimateden-
etrationdepth. Moreover, a predictive approachis usedto
minimize penetrationcomputationsetweenthe probeand
thevirtual ervironment.Thisis describedn Section5.
Collision Response: Thealgorithmusespenaltymethodgo
computeaforcethatis proportionalto thepenetratiordepth.



It is thenappliedto the contactmanifoldin the directionof
the contactnormal.

4 Contact Manifold & Depth Estima-
tion

In this section,we presenbur algorithmfor computingthe
contactmanifold andestimatingthe penetratiordepth. Our
algorithmusescornvex decompositiorio subdvide eachob-
ject into corvex primitives. The algorithmfor contactde-
terminationusesa two phaseapproachin thefirst phasejt

narravs down pairsof primitivesthatarein closeproximity.

The algorithm computesa tight fitting axis-alignedbound-
ing box for eachprimitive usingincrementalmethods. It

checkgheseboundingboxesfor overlapby projectingthem
onto the coordinateaxes and sorting them using insertion
sort[CLMP95]. In thesecondhasethealgorithmperforms
exactcontactdeterminatiortestson all pairswhosebound-
ing boxesoverlap.

4.1 Contact Determination between Convex
Parts

We use a closest-featuretracking algorithm based on
Voronoiregionsfor convex primitives,first proposedy Lin
andCanry [LC91]. It isanincrementablgorithmthatkeeps
trackof closesffeaturesbetweerconvex primitivesfrom the
previousframe. A featue correspondso a vertex, edgeor
faceof the primitive. Using the external Voronoi regions
of the corvex primitives,thealgorithmmarchedowardsthe
new setof closestfeaturesin a greedymanner The proof
of correctnesaindthe analysisof this algorithmis givenin
[Lin93].

Expected Constant Time Performance: Therunningtime
of this algorithmis O(c), wherec is the numberof features
it traversesandis typically muchsmallerthanthetotal num-
berof featureson a givenpolytope. The numberof features

thatis traverseds expectedo beconstantiueto coherence.

When the boundingboxes of a pair of cornvex primitives
overlapfor thefirst time, coherencaloesnot exist. In that
casewe usea directionallookuptable[ELOQ] thathasbeen
precomputedor eachcorvex primitive. It consistsof near
estverticesto certainsampleson a boundingsphere. The
directionallookup table providesthe meango quickly find
out which vertex of a primitive is neara givendirectionby
asimplelookup. Thesizeof thistableis determineddy the
resolutionof directionson a unit sphereandis generallyset
to a constant.Givena constansizetable,the tablelook up
timeis alsoconstantGiventhe centersof two corvex prim-
itivesandthevectorconnectinghem,eachprimitive’s table
is usedto look up a vertex in orderto initialize the closest
featuretrackingalgorithm. This methodcanbe usedto help
restorecoherenc@ndtheclosesfeaturecanbedetermined

in expectedconstantime (afew microsecondsELOQ]. The
directionallookuptablewe usedtakesup lessthanakilobyte
for eachcorvex primitive.

Contact Manifold Computation: The trackingalgorithm
alwaysreturnsa pair of closestfeaturedor initializing con-
tact manifold computation. Thereare six differentfeature
combinationspossible. If one of the featuresis a vertex,
thenthevertex andtheclosestpointto it ontheotherfeature
areused.If boththefeaturesareedgesthe closestpointson
theedgesareusedassumindghey arenotparallel.If thetwo
edgesareparallel,the algorithmcomputeghe projectionof
oneedgeto theother For theedge-hceandface-hcecases,
thealgorithmusesa combinationof edge-clippingandface-
clipping routines.

Estimating Penetration Depth: The penetrationdepthis
computedby extendingthe closest-featuralgorithm. It is
definedasthesmallestistancehatoneof the primitiveshas
to move sothatthe two primitivesarejust touchingandnot
penetratingalongthe contactnormaldirection. This canbe
computedusingthe pseudanternal Voronoiregion of each
primitive [PML97]. For a corvex polytope,the boundaries
of the pseudointernal Voronoi region correspondo lines
andplanesasopposedo quadricsurfacesfor generalpoly-
hedra. The pseudadnternal Voronoi regionscanbe usedto
trackandfind all featureghatform theintersectiorvolume.
Giventhe intersectionvolume,we computethe penetration
depthalongthedirectionof themotion.

4.2 Real-Time Scheduling

At eachframe, the algorithminitially usesthe sweep-and-
prunetechnique[CLMP95] to computepairs of primitives
in closeproximity. The compleity of the sweep-and-prune
algorithmis expectedineartime (with a smallconstantt,)
in termsof the numberof primitivesthat the objectshave
beendecomposeihto. Let thetotal numberof primitivesbe
N andthetotal numberof potentialcontactde K. Theto-
tal computatiortime for eachupdate T}, for 6-DOF haptic
renderings boundedy:

Th:NXt3+KXtC+Mth

wheret; is the time requiredfor computingthe restoring
forceandtorquefor eachof M resultingcontactpairs,andt,
is anupperboundontheruntimeperformancef theclosest
featuredrackingbetweercorvex primitives. For large ervi-
ronmentsijt is possiblethatthe algorithm cannotcheckall
possiblepairsfor exactcontactsn lessthanamillisecond.
As aresult,we usea schedulingschemeo prioritize the
pairswhich will be checledfor contactbasedon their im-
portance.The pairsareassigned priority basedn:

e Pairs of objectsthatwerein contactin the lastframe,
aregiventhehighestpriority.



e Thealgorithmprioritizesthe remainingpairsbasedon
the amountof time sincethey werelast checledfor a
contact(the greaterthetime, the higherthe priority).

Given thesecriteria, the algorithm usesa simple greedy
stratgyy. It sortsall the pairs basedon increasingpriority

valuesinto an array of fixed length. The length of the ar

ray is someconstantderivedfrom the maximumnumberof

contactsthe systemcanhandleandstill maintainthe force
updaterate. The time of the pairsin this arrayis thenup-

datedto be that of the currentframe,andthey arechecled
for contacts.

5 Contact Forcesand Torques

Giventhe contactmanifoldandestimatedbenetratiordepth
betweerthe probeandthevirtual ervironment,we cancom-
pute the contactforcesandtorquesfor 6-DOF hapticren-
dering. In this section,we describethe basicformulationof
6-DOFforcedisplayandthe useof predictive techniquego
avoid penetratiorasmuchaspossible.

5.1 Restoring Forcesand Torques

We computethe restoringor contactforcesbasedon the
penaltymethods.Using Hooke's law, we generatea spring
force F,. thatis proportionalto the penetratiordepth:

F, = k,D,,

wherek;, is the springstiffnessconstan&aind.D,, is thedepth
of penetration.We use0.6 N/mm asthe valueof k, in our
implementation.The computedestoringforce vectorF,. is
appliedto thecontactmanifoldsalongthecontacthormaldi-
rectionto resohethepenetrationtherebygenerating sense
of touch.

Restoringtorquesaregeneratedy

T, = ZRZ X Fori,
4

whereF,.; is the contactforce vectorappliedat the point p;
andR; is theradiusvectorfrom the centerof massto p;.

5.2 Predictive Collision Response

The computationof penetrationdepthis expensie in gen-
eral. Furthermoreourdepthestimatioralgorithmonly com-
putesalocal approximatiorto the penetratiordepth.In con-
junctionwith the useof virtual proxy, we minimizethefre-
gueng of computingthe penetratiordepthby conceptually
“growing” the actualsurfacealongits surfacenormaldirec-
tion by somesmall amounts. Wheneer the distancebe-
tweentwo objectsis lessthand, sayd < §, we declarea
collision. Then,we applyarestoringforce

F, = ky(6 — d).

If anactualpenetratiorof D,, occurs thenwe modify the
contactforce usingthe sameprinciple by setting

F, =ks(d + D).

Thisformulationreducesheneedfor computingpoenetration
depth,which is relatively more expensve than computing
theseparatiordistance.

Thevalue/ is afunctionof theupperboundon themag-
nitude of the currentvelocity v., which takesinto consid-
erationboth the linear and angularvelocity of the moving
objects.d is setto be:

0 = v, X At
whereAt is 1 msfor typical hapticforceupdate.

5.3 Forceand Torque Interpolation

The displayedforce is computedasa function of: penetra-
tion depth,contactmanifold and contactnormal direction.
It is possiblethatthe magnitudeof contactforcescanvary,
therebycreatingsuddenjumpsandintroducesharpdiscon-
tinuities betweensuccessie frames. We use a notion of
force and torque interpolation that adoptthe interpolated
normalsfor “force shading”, similar to that presentedn
[RKK97]. We interpolatebetweentwo differentforce nor-
malsto achieve smoothforce shadingeffects. In addition,
we usea simplelinear smoothingschemeto minimize dis-
continuity in force and torque display betweensuccessie
frames.

Let Fy bethe force displayedat the previous frame and
F1 betheforcegeneratedliuringthe currentframe. Without
lossof generalitylet usassumehat F; > Fy. Let F,,,,, be
the maximumamountof force differenceallowed between
successie updatesWe usethefollowing formulationto dis-
play therestoringforce F7 :

if (Fy — Fo) > 2Fomas
thenF| = Fy + Fraz
elseif F1 — Fy > Fraz
thenF; = (F() + Fl)/2
DISPLAY F

We have consideredtherhigherordersmoothingfunc-
tions. However, this formulationseemso work reasonably
well andis simpleto compute. Due to the very fastforce
updaterate,a more complex smoothingfunction may take
unnecessariljongto computeandis likely to only resultin
very minute and subtledifferencesn the force andtorque
feedbacko theuser
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Figure 1. Overall architecture of the 6-DOF hap-
tic display system

6 System Implementation and Perfor-
mance

In this sectionwe describeour systemandits applicationto
forcedisplayof mechanicainteractionbetweermoderately
comple structures. We usedthe 6-DOF PHANTOM Pre-
mium 1.5 device [Che99 designedby SensAbleTechnolo-
gies. It providesintuitive forceaswell astorquefeedback.

6.1 Implementation

The systemconsistsf routinesfor hierarchicakransforma-
tions, predictive methods,collision detectionand contact
manifold computationandcomputingcontactforce/torque.
It is interfacedwith the provided GHOST ™™ library as
well asgraphicaldisplayroutines. The overall architecture
of thesystemis shawvn in Figurel.

Themainloop of the systemconsistof threebasicparts:

e ContactDetermination The probeproxy is typically
attachedto someobjectin the scene. The linear and
angularvelocitiesfor this objectarecomputedrom the
differencen thetransformatiorbetweertheproxy and
the probe. Giventhe time slice for the currentframe
andthe velocitiesof the moving objects,a consera-
tive estimates computedasa tolerancefor collisions.
Contactdeterminatiorinitially consistsof applyingan
N-bodyalgorithmbasedn sweepandprune.If theen-
vironmenthastoo mary potentialpairs, it makesuse
of the schedulingschemeto prioritize the pairsasde-
scribedin Section4.2. For eachpair in closeproxim-
ity, it checksthemfor contactand computesthe con-

Table 1. Timings for the different system compo-
nents. The average timing is further broken down
into its various components. The collision de-
tection calls normally include an N-body test and
typically a few exact collision tests plus the time
to determine the closest features and to compute
the contact normal for each contact feature pair.

tactmanifoldbetweereachpair. For corvex objectsthe
contactmanifoldcanbe usedto computea contactnor
mal anda pair of contactpointsto apply the response
forces.

e Collision ResponseFor eachpairin contact,thealgo-
rithm usegherelative velocity atthecontactpoints,the
contactnormalandthe distancebetweerthemto esti-
matethetime of impact. If therearemultiple contacts
duringthegiventime frame,thealgorithmusesheone
with the smallesttime of impact. Eachobjectis then
adwancedusingits currentvelocitiesto the time of im-
pact, andthe contactforcesare applied. Finally it is
adwancedwith its new velocitiesfor the remainderof
thetimein theframe.

e ComputingProxy Forces The actualforce andtorque
beingappliedto the probeare computedusinga sim-
ple springmodelbasedon the transformatiorfrom the
actualprobeto its proxy at the end of the frame. Af-
ter thata simple smoothingis appliedto the force and
torquevectorsto make surethatthefirst derivativesof
both the magnitudeand the direction of thesevectors
have not changedirasticallybetweerframes.

¢ Real-Tme Constrints: An important componentof
a high-fidelity haptic renderingsystemis that all the
computationgncluding contactdeterminationrand re-
sponsecomputatiorhave to be performedin lessthan
a millisecond. In practice,this is a ratherhard con-
straintandmary portionsof our systemneedto be op-
timized to achieve suchperformance. Currently our
systemonly works well on geometricmodelsthat can
be decomposeihto a few corvex primitives(10 — 30



corvex primitives). The algorithmfor collision detec-
tion betweera pairof convex primitivestakesjustafew
microseconds.

Averagerunningtimesfor eachphaseof theforce/torque
displayduringahapticsessiorareshovnin Tablel.

6.2 System Demonstration

We have appliedthis systemfor force andtorquedisplayto
severalapplications:gearturning,insertinga peg in a hole,
andinteractionwith multiple moving objects.

e Mechanical Interaction Between Gears:

The gearsaremodeledand positionedin sucha manner
thatthe usercanturn one gearwith the otherin eitherdi-
rection. The teetharenot so tightly interlockingthat there
is alwaysa collision. In thedemonstratiorshovn, thegears
containa few hundredpolygonsandabout20 convex prim-
itives,asshavn in Color Platel (Left).

In orderto aid theuserin turningonegearwith theother,
constraintsare appliedto the gearsso their positioncannot
be altered,andtheir rotationis constrainedo be aboutan
axis. In orderto generatecorrectrespons¢heseconstraints
are appliedto the velocitiesat the beginning of the haptic
frame,andto the new transformationgomputedor the ob-
jectstowardstheend. As aresulttheusercanfeel thegears
rotatingagainsteachotherjust asthey would in a real me-
chanicalpart,asshowvn in Color Platel (Right).

Theusercanattachthe hapticprobeto eithergearin two
differentmodes.Clicking the buttontowardstherim of the
gearis like insertingarodinto abicycle wheel. The probes
positionremainsatafixedradiusfrom the centerof thegear
andits orientationis fixed so asto rotatewith the gearat
thatradius. If the userclicks aroundthe centerof a gear
the probeeffectively becomeghegear Its positionis fixed,
andit is only allowedto rotateaboutoneaxis. In this mode,
the userturnsthe gearsandfeelstheir interactionsentirely
throughthe torqueof the probehandle. We encouragehe
readerto view the systemdemonstratioron our website:

http://www.cs.unc.edu/"geom/6 DH#ps.

e InsertingaPeginaHole

In this scenariothe userattacheghe probeto a rectan-
gular peg and attemptsto insertit into a rectangulahole.
Often oneor two pairs of the parallel facesare the pair(s)
of the closestfeaturesand may be in contact. If any type
of samplingtechniquds used the numberof contactpoints
would be very high, sincenearlyall facesof the peg arein
closeproximity with the walls of the hole. Collision detec-
tion andcontactdeterminatiorfor sucha seeminglysimple
sceneareactuallyratherdifficult, dueto its contactconfig-
urationand geometricrobustnesgproblem. A sequencef

shapshotaregivenin Color Platell to demonstrate suc-
cessfulattemptof a userinsertingthe peg into the hole with
6-DOF hapticdisplay

e A Dynamic Scene of Multiple M oving Objects:

In this scenario,all objectsare moving simultaneously
underthe influenceof gravity andimpactdueto collision
with otherobjects. The usercanpick up ary of the objects
with the probeandmoveit to hit otherobjectsor feel other
objectshitting it.

Samplesnapshotsre shavn in Color Platelll. In this
particularsetup therearefour cubesfour sphere¢320faces
each)four ellipsoids(320faceseach)andastick-like block.
Therearetwo typesof simulatedforce. Thereis continu-
ous force/torquesuch as gravity. Thereis alsoimpulsive
force/torquedueto impactbetweenthe usercontrolledob-
jectandothermoving objects.Themotionof all moving ob-
jectsis simulatedusingimpulse-basedgid bodydynamics.
The continuousforce canbe felt quite well but the impul-
sive onescurrentlyfeellike smallblips. Thisis exactly what
we expectsincetheimpulsive contactdurationis very short.
We are consideringthe possibility of force expansionover
time or force amplificationto exaggeratehe feel of impul-
sive force/torque.

6.3 Discussion

Forcedisplay of mechanicainteractionis usefulin virtual

assembly maintenancestudiesand other electronicproto-
typing applications.In casesvherethe userhasto interact
with the virtual environmentthrougha senseof touch(e.g.
amechanidrying to remove avirtual partfrom avirtual en-
gine),hapticdisplayappearso betheonly meansof human-
computerinteraction. In mary othercasegqe.g. molecular
graphicdBOYBK?90]), force displaycanprovide additional
meando visualizecomple systemsor ervironments.

As overall scenesbecomemore comple, the type of
contactscenariosio not necessariljpecomenorecomple,
sincethe contactconfigurationin mostcasess only local
to theregion of impact. In fact,in our gearturningdemon-
stration, the polygon countis much higher than the visu-
ally simplepeg-in-the-holescenario However, the collision
detectionand contactdeterminatiorproblembecomesub-
stantially harderfor peg-in-the-holeinsertion, sincenearly
theentirepeg is in contactwith thehole. Althoughthereare
alreadymary contactpairsbetweenthe interlocking gears,
there are significantly mary more contacts(in theory in-
finitely mary point contacts)in the peg-in-the-holecase.
Haptic display becomesnuchmoredifficult to control due
to multiple contactforcesgeneratedn opposingdirections.
This is an extremely challengingscenario. Our approach
canprovide amoreaccurateandsmootheresponsehanan
approximatenethod. However, if the userexertstoo much
force which causesa large amountof penetrationthe con-



trol loop canbecomeunstableor the device canshutdown
dueto the force limit beingexceeded.Furthermorejf we
incorporatea more complex and accuratedynamicsmodel
for simulatingsliding/rolling friction, it would becomeaven
moredifficult to maintainthe requiredforce updaterateon
hardsurfaces.This is aresearchareadeservingseriousin-
vestigation.

7 Conclusions and Future Work

In this paperwe have presenteéhapticrenderingalgorithm
using6-DOFforcefeedbacldevices. It makesuseof acom-
binationof incrementatechniquesspatialandtemporalco-
herenceand predictive methodsto computeall the contacts
accuratelyandforce responsén lessthana millisecond. It
hasbeenusedfor force display of mechanicainteraction.
In termsof compleity, our currentsystemworks well on
geometricmodelsthat canbe decomposedhto few tensof
corvex pieces.

Therearemary directionsfor futurework. We planto use
6-DOF hapticrenderingfor display of more complex geo-
metricmodelsaswell aslargevectorfield datasetsln terms
of hapticdisplayof complex polygonalmodels,a majoris-
sueis to accurately}computeall the contactsandthe penetra-
tion depthbetweengeneralpolygonalmodelsin lessthan1
millisecond. Algorithms basedon hierarchicalapproaches,
e.g. OBBTree[GLM96], cannotguarantedgo computeall
the contactdn lessthana millisecondfor complex models.
Extensionsbasedon the approachpresentedn this paper
hold somepromise. In addition,we would alsolike to in-
terfaceour systemwith scientific visualizationsystemsfor
betterunderstandingind analysisof complex datasets We
have developeda genericsystemframawork for haptic vi-
sualizationof force fields (representecs volumetric data)
usinga 6-DOFforcefeedbackdevice andhave successfully
appliedit to somecomplex volumetric dataset§MLMOO].
Finally, we would like to performsomeuserstudieson the
benefitsof multi-modaldisplaysystemaising6-DOF force
displayovertraditionalvisualizationtechniques.
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