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Abstract: We presentseveral techniquesfor usercentric
viewing of thevirtual objectsor datasetsinderhapticexplo-

rationandmanipulation.Dependingpnthetypeof tasksper

formedby theuser ouralgorithmscomputeautomatigplace-
mentof the userviewpointto navigatethroughthe sceneto

displaythe nearoptimal views, andto repositionthe view-

point for hapticvisualization.This is accomplishedy con-
jecturing the users intent basedon the users actions, the
objectgeometry andintra- and inter-objectocclusionrela-
tionships.Thesealgorithmshave beenimplementedandin-

terfacedwith botha 3-DOFanda 6-DOFPHANTOM arms.
We demonstrateéheir applicationon hapticexplorationand
visualizationof a comple structure aswell asmultiresolu-
tion modelingand3D paintingwith a hapticinterface.

CR Categories: 1.3.6 [ComputerGraphics]: Methodology
andTechniques InteractionTechniquesYisualization

1 Introduction

Three-dimensiona(3D) interaction has beenexplored
in computergraphics, virtual reality (VR), userinterface
and scientific visualization. A numberof techniquesfor
3D interactionhave beendeveloped,ncluding objectselec-
tion [PFCF974, flying, grabbingandmanipulatingRH92],
worlds in miniature [PBBW95], combinationof different
modesof speechgestureandgazeat theinterfaceto allow
real-timeinteractionwith agraphicsdisplay two-handedn-
teractionABF+97, CFH97], andexploiting proprioception
[MBS97]. Among them, haptic visualization, as an aug-
mentationto visual display hasthe potentialto furtherin-
creasethe understandingf complex datasetdy enabling
anothermodality of communicatiofAS96, Bur96, Che99
DMW™98, Gib95, IN93, LLPNOO, MPT99.

3D manipulationof virtual objectsor massve datasets
canbe simplified if the viewing of interactionis presented
usingmultiple 2D views. This techniqueis commonlyused
in mary commercialCAD/CAM anddatavisualizationsoft-
ware systems. Typically the mousecursoris free to move
amongthethreeor moreviewsandconstrainedo actin only
the two dimensionsshavn in eachview. This requiresthe
userto synthesizemultiple 2D views to visualizethe ma-

nipulatedobjectsor datasets.For mostof the work in VR,

3D interactiontechniquesndhapticvisualizationtheusers
viewpointremaindixedatthesamedocation,unlessheuser
is head-or eye-tracked or hasa dedicatednputdevice (e.g.
joystick or spaceballjo specificallyindicatethe directionof

travel.

Viewpoint locationshave a directimpacton the quality
of the resultinggraphicaldisplay accompaying the haptic
visualization. However, to the bestof our knowledge,the
issuesrelatedto determiningappropriateviewpointsin the
graphicaldisplay that will be most suitablefor haptic ex-
ploration and manipulationtaskshave not beenaddressed.
The disconnectiorbetweenthe graphicaldisplay and hap-
tic visualizationcanresultin pooror inconsistenpresenta-
tion of information. For example,asthe hapticprobemoves
betweentime stepswhile the viewpoint remainsfixed, the
probemay be occludedby otherobjectsand not be visible
from the viewpoint (asshown in Fig. 1). A new camergo-
sition needsto be computed,in orderto properlyview the
neighborhoodinderhapticexploration.
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Figure 1: As the haptic probe moves from its location at
t = 0 tothenew locationatt = 1, it becomesccludedby
the ellipsoidal object, viewing from the cameraposition at
t = 0. In orderto properlyview the probeandits nearby
neighborhoodthe cameranustberepositionedatt = 1.

1.1 Main Contribution

In this paper we presentalgorithms for usercentric
viewing of 3D virtual objectsor datasetdor haptic explo-
ration and manipulation,by taking into accountthe users
intentionin determiningheviewpointlocations.In addition
to usingthe force feedbackdevice for hapticrenderingwe
alsouseit implicitly asamechanisnfor theusergo express



their intent for the viewpoint locationin graphicaldisplay
while simultaneouslyperformingforce display Our algo-
rithms generateautomaticplacemenbf the userviewpoint
to navigate throughthe scene,to display the nearoptimal
views, andto repositiontheviewpoint. Thisis accomplished
by conjecturingthe users intentbasedon the users actions,
the objectgeometryaswell asinter-objectandintra-object
occlusionrelationships. Our viewpoint computationtech-
niquesoffer thefollowing advantages:

e Simple3D interfaceto resettheview locationfor haptic
visualization;

e Properviewing of the interestingevents(e.g. inter
objectinteraction)in the sceneor exploredsalientfea-
turesof the datasetsitall time;

e Automaticadjustmenbf the viewpoint locationswith-
out having theuserto switchbetweerhapticmanipula-
tion andcameraepositioning.

1.2 Organization

The rest of the paperis organizedas follows. Section
2 givesa brief surwey of relatedwork. Section3 presents
an overview of our approach.Our algorithmfor view nav-
igation of large, complex scenedor hapticexplorationand
visualizationis explainedin section4. Section5 discusses
techniquedo resolhe the object-objectocclusionproblems
and visibility issuesin choosingnearoptimal views. Sec-
tion 6 presents mechanisno automaticallyrepositionthe
viewpoint for betterviewing of manipulationresults. Sec-
tion 7 describesour prototypeimplementatiorand demon-
strategheirapplicationon 6-DOFhapticinteractionof com-
plex structuresaswell ashapticmodelingand3D painting.

2 Reated Work

Cameracontrolis a fundamentaproblemfor 3D graph-
ics applications. Several techniqueson user interfaces
for cameracontrol have been proposed,including orbit-
ing techniquesmapping 2D motion into 3D interaction
[CMS88 PBG92,Wer94 ZF99, useof imageplanecon-
straints§ GW92, PFCF97l, anddirectcameramanipulation
usinga 6DOF input device [WO9(. Our approachdiffers
from mary of the existing technique®n using2D input de-
vicesto directly manipulatethe viewpoint. It sharessome
similarity with [MCR90] on moving the viewpointtowarda
point of interest.However, our mainfocushereis to achieve
automatigplacemenbf viewpointvia implicit controlbased
on users manipulationof the haptic device. We also con-
siderissuesrelatedto visibility and occlusionbetweenob-
jects.

Viewpoint computationis relatedto the problemof cam-
eraplacementn computevision, includingsensoplanning
[TAT95], view planning[Pit99], and purposve viewpoint
[KD95]. Theseproblemshave differenttask requirements
(e.g. placemenbf multiple sensorsand camerasjind per
formanceconstraintqe.g. the executioncanbe carriedout
offline). This problemis alsoimportantto image-baseden-
dering[CL96, MB95], wherethe viewpoint computationis
crucialto modelacquisitionandscenemodeling.

Our viewpoint computationproblemcan be considered
asan inverseof the sensormlanningproblemsin computer
vision. Given the users actionsin exploring the complec

ervironmentor datasetsj.e. sequencesf the input posi-
tions and orientationsof the haptic device (robot arm used
in reverse),we attemptto computethe nearoptimal view-
pointfor viewing themanipulatedbjectsand/orfeatureson
thedatasetsIn contrastcamergplacemenfor sensoiplan-
ning takesa constaint baseddescriptionof the vision task
to be performedandsynthesizes “generalizedviewpoint”,
whichincorporatesensorfocation,orientationandlenspa-
rametersUsingthe geometriadescriptionof theworkspace,
it is sometimegpossibleto constructocclusion-freevisibil-
ity regionsfor viewing a particularfeatureof a givenmodel.
This region canthenbe usedto find the bestviewpoint for
planningandaccomplishinga certainvision task[Tar91]].

Furthermore,the optimization processto computethe
best viewpoint for performing certain tasks can often be
highly non-linearand take at leastsereral secondsupto a
few minutesto perform the computation. In addition, it
sometimesequireshumanassistancéo provide goodstart-
ing points. Thisis acceptabldor one-shooff-line planning,
but not suitablefor interactve applications,suchas haptic
visualizationandmanipulationof complex datasetandob-
jectsatKHz rates.

The viewpoint computationproblemwe addressn this
paperis also somavhat relatedto the art gallery problem
[O’'R87] in computationageometrywherethe numberand
positionsof watchmenin a 2D polygonalenvironmentneed
to be determinedBut, herewe areconcernedvith a 3D en-
vironmentandthe placemenbf a singleviewpoint. These
requirementsntroducea much higher combinatorialcom-
plexity thanthe classicartgalleryproblem.

3 Preéiminaries

3.1 Terminology

The position and directionsare expressedusing vector
notationin bold facesymbols. We usethe quaternioralge-
bra[Sho87 to specifythe relative orientationandtransfor
mationfrom onecoordinatesystenmto another

Theviewpoint (or the camerasetting)is characterizethy
the following parameters:(a) e: the location of the view-
point; (b) c: the locationwherethe viewpointis looking at;
(c) u: the up vectorthat determineshe panandtilt angles
alongtheviewing vectordeterminedy e andc.

We usetheterm“probe object” for describingthe object
whichtheprobepicksup,and“targetobject(s)"for referring
to theobject(s)thatthe probeobjector the probeis interact-
ing with.

3.2 Overview of Our Approach

Given the haptic inputs (i.e. positions& orientations
of the probe)from the userand the scenedescription,we
wishto determinethe viewpointlocationthatprovidesnear
optimal viewing of the “region of interest”. The region of
interestis changingdynamicallyand normally refersto the
areasvherethehapticmanipulations takingplaceor where
thesalientfeaturesof thedatasetareunderexploration. Op-
timality in this problemis measuredh termsof object-object
andself occlusion,given the usercontrolledfocusdistance
andfield-of-view of thecamera.

We have designedsereral viewing algorithmsthat auto-
matically computethe new viewpoint locationbasedon the
type of haptictasksperformedon the sceneor the datasets.
Our viewpoint computationtechniquegake into considera-



tion thefollowings:

e users intention basedon his/her manipulationof the
hapticprobe;

¢ theobjectgeometryandthe scenedescription;

e intra- andinter- objectocclusion;

o camerasfield-of-view;

e camerasfocusdistance.

Given the haptic task, the viewpoint computationtech-
nigueswe have developedinclude:

1. View navigationwhich provides the capability to re-
computethe viewpoint basedon users exploration of
massie datasetgsectiond);

2. Nearoptimalviewsof theregionsthatthe useris inter-
actingwith (section5). This is applicableto all types
of hapticexplorationandmanipulation;

3. Automaticrepositioningof the viewpoint for ary type
of hapticinteraction(section6).

Next, we will describeeachapproachn detail.

4 View Navigation

In this sectionwe presenta view navigation technique
for hapticexplorationof massie datasetsUnliketraditional
viewing systemsfor haptic visualization, the goal of this
viewing functionality is to focuson the regionsof potential
interestin the virtual sceneasthe userhaptically explores
differentpartsof the massie datasetsn the ervironment.

In the typical viewing systemfor force display without
head-trackingasthe usermovesthe hapticprobe,the view-
point normally staysfixed in the samelocation. The user
often doesnot have the bestviewing of the neighborhood
wherethe haptic probeis exploring. We proposeto adap-
tively changethe viewpoint basedon users haptic explo-
ration of the object(s)or datasetsn alarge,complec scene.
The motion of the haptic probe provides excellenthints of
the users intentions. As the positionandorientationof the
hapticprobeare changedasedon users gesturesyiewing
of thescenecanbeadaptedo displaythe neighborhoodhat
the virtual probeis interactingwith, while preservingview
coherencevith the probemotionin theworkspace.

The basicideafor our view navigation techniquess to
apply appropriatetransformationstaking into accountthe
position of the haptic probe relative to a given reference
point. Then,we attachthe cameraat the pre-definedoff-
setdistance(characterizedby the cameraparameteraisex-
plainedin section3) from the hapticprobeto ensureproper
viewing of the regionsunderhaptic exploration. The posi-
tion andorientationof thehapticdevice ateachtimeinstance
areusedas"velocity commands’for the virtual probe. The
transformationbetweenthe local referencesystemand the
global referencesystemis modifiedtaking into accountthe
velocity commands.

In astaticsituation themotionof thevirtual probeis con-
finedto a virtual workspaceWe useusers gestureso mod-
ify the positionandorientationof that virtual workspacean
the entire virtual world, thus allowing completevisual and
haptic accessibility Threeinvariantsmust be maintained

WORKSPACE

VIRTUAL WORLD

Figure2: 2D workspacgLEFT), globalandlocal reference
framesin thevirtual world (RIGHT).

in orderto presere coherencébetweenthe operationger
formedin therealworkspaceandthevisualandhapticfeed-
back:

1. Thepositionandorientationof the virtual probein the
local referencesystemof the virtual workspacemust
mimic the position and orientationof the real haptic
probe;

2. Thecameramustbeanchoredn thelocalreferencesys-
tem;

3. Force and torque must be displayedin local coordi-
nates.

INVARIANT 1: aligning the local reference system with
the real workspace

Given the position, pn, and orientation,qy, (expressed
asa quaternion)of the hapticdevice in its workspacesee
Figure2), we computethe position,pg, andorientation qg,
of the virtual probein the global coordinatesof the virtual
world. Thefirst stepis to alignthe position,p;, andorienta-
tion, q, of thevirtual probein its local referencdramewith
the stateof the hapticdevice in theworkspaceThatis,

P1 = Pn,

q1 = gh-

Next, the stateof the haptic probein the global refer
encesystenof thevirtual world is computed We denotethe
transformatiorfrom thelocal coordinatesgo theglobalcoor
dinateswith p for thetranslationandq for therotation. The
conjugateof q is expressedisq'.

Pe=P+qxp1*q,

qg = q *qi.

Computing the transfor mation between local and global
reference systems

Thevelocitycommands computedn termsof thediffer-
encebetweerthecurrentstateof the hapticprobein its local
referencerame (or the local statg anda virtual basestate



(pp andqp). Emulatingthe operationmodesof a joystick,

we distinguishtwo possiblemodesthat the usercan select
to manipulatethe hapticprobeandview the sceneposition

modeandvelocity mode. In the positionmode,the virtual

basestateis updatedevery frame and matchesthe current
local state,sothevelocity commands zero.

Pb = P1,

ab = q1-

In the velocity mode, the virtual basestateremainsstatic.
The sub-indiceg andi — 1 indicatevaluesof the variables
atthecurrenttime stepandat the previoustime step.

Pb,i = Pb,i—1,

gb,i = gb,i—1-

This implies that the basestate“travels” alongwith the
local stateuntil we switchfrom the positionmodeto theve-
locity mode.At thatmomenthebasewill beanchoredn the
local referencesystemandthe differencebetweerthelocal
stateand the virtual basestatewill setthe velocity. This
velocity is integratedat the currenttime stepto yield anin-
crementalttransformation, Aq and Ap. First, the rotation
transformationis computed. Basedon empirical obsena-
tion, we concludethatthe motionis moreintuitive if thean-
gularvelocityis only allowed alongthe z andy axes(using
the right-handrule, y+ beingthe positive vertical direction
andz* comingoutfrom the 2D workspace).

The incrementakotationis setasY X Euleranglesand
is appliedin local coordinatesLet k; andks be adjustable
gainvalueswe have:

Aq = qy * Qx,
qy = Rot(Y, k1 x (Y(a1) — Y(aw))),
ax = Rot(X, ky * (X(q1) — X(qp))),
a4 = gi—1 * Aq.

whereX (q), Y(q) andZ(q) isthe XY Z Euleranglerepre-
sentatiorof thequaterniong and Rot(V, §) denotesotation
6 aboutthevectorV'.

Theincrementatranslations transformedrom thelocal
to theglobalcoordinatesto make it coherentvith theusers
view of thescenelet k3 beanadjustablegainvalue.

Ap = ks xq* (p1—Pb) *d',

pi = Pi—1 + Ap.

In practice,the incrementaltransformationis only ap-
pliedif thedifferencebetweerthe local stateandthe virtual
basestateis largerthanapre-definedhresholdandit is also
clampedo amaximumvalue.

INVARIANT 2: setting the camera

After transforminghepositionandorientationof thevir-
tual probe,we transformthe settingsof the cameraandthe
outputforces(andtorque)so that coherencas maintained
betweenthe operationgperformedin the workspaceof the
device andtheirimagein the local referencesystemof the
virtual scenario. As describedin section3, the camerais

characterizethy meansof its location,e, whereit is looking
at, ¢, andanup vector, u, to definethe panor tilt angle.Ev-
ery framethey aredefinedwith the initial settings(co, eo,
110):

c=p+qxcoxq,

e=p+q*egxq,
u=q=xugx*q.

Giventhis mathematicaformulation,the viewpointis natu-
rally controlledby the hapticprobeto ensurgproperviewing
of theregionsunderhapticexploration.

INVARIANT 3: transforming the forces
Theforcesandthe torquearecomputedn theglobalco-
ordinatesandthey haveto bedisplayedn local coordinates:

Fi=q *Fgxq,
Ty =q *Tg*q.

5 Near-Optimal Views

As theviewpointmoveswith thehapticprobeusingview
navigation describedn sectiond, it is possiblethatone ob-
jectmayoccludetheview of anotheiin thescenepr thevisi-
bility of theregion of interestdegradegueto self-occlusion.
In this section,we describea techniqueto computenear
optimal views for hapticinteractionand automaticallypro-
vide the userwith a properview of the region of interestat
every moment. This enableshe userto manipulatetarget
objectseasily without explicitly resettingthe viewpoint lo-
cation.

To presentnearoptimal views, we usetwo camerago
view the scenethe maincameraandthe detailcamera.The
main camerais typically positionedusingthe view naviga-
tiontechniquedescribedn section3; while thedetailcamera
attemptgo provide nearoptimalviews of theregionsonthe
targetobject(s)thatthe probeis interactingwith. An exam-
pleis shovn in Color Platelll andthe correspondingiews
areshawvnin Color PlatelV.

Figure3: Placemenof thecamerador nearoptimalview.



We characteriz¢hedetailcamerdor projectingthenear
optimalviews in termsof arotationq, andatranslationp,
from the maincameraseeFigure3).

Thefirst stepin placingthe detail camerais the compu-
tation of theview centercq. Givenanobjecttouchedby the
haptic probe,we characterizehe region of interestwith a
contactpoint, s, and a contactoutward normal,n. We use
penalty methodsfor the haptic rendering,and the contact
normalis definedasthedirectionbetweerthe closestpoints
in thevirtual probeandthetargetobject. Thecontactpointis
choserto bethecentroidof the contactareawhentheprobe
is in contactwith the object. Whenthe hapticprobeis free
to move around,we setthe contactpoint asthe pointon the
target objectthatis closestto the probe. The contactpoint
is selectedasthe view center Thenthe translationalvector
from the maincamerao thedetailcamerds expresseds:

Pv=s—c¢

Next, we needto computethe centerof projectionor the
viewpoint, eq. This is a problemwith 3 degreesof free-
dom. A viewpoint locationwill be optimal if the contact
region is visible from the users view, at a userdefineddis-
tanceand at someoffset angle from the normal direction.
Figure4 showvs schematicallythe locationfor the viewpoint
of the nearoptimal view in a scenariowvherethe probeis a
cylindrical object.

Target Object
S\

\

Probe \

AY
. B .
\ view direction
Ay
AY

normal Y

occlusion free

Figure4: Optimalview directionfor scenariosvith cylindri-
cal probesandno self-occlusiorof thetargetobject.

In somescenarioghis problemmay not have anoptimal
solution,dueto occlusionbetweerthe target objectandthe
probeobject(or theprobeitself). In suchcasesywe mayneed
to zoomin arbitrarily closeto the contactpoint to minimize
the amountof occlusion. Furthermorean optimal solution
may requireglobalvisibility information,suchasanaspect
graph. However, its computationhasa runtime complex-
ity of O(n®), wheren is the numberof primitives (suchas
polygons).For mostscenariosit may not be possibleat all
to obtainthe optimal solutionsat interactie rates. There-
fore, we do not attemptto computea globally optimal view,
but ratheronethat locally minimizesthe amountof occlu-
sion. We allow the userto interactively selectthe viewing
distancer, thusaddingone constraintto the problem. The
cameracan be positionedat ary point on the surfaceof a
spherecenteredat the contactpoint with aradiusof r. As-
sumingthat our intentionis to mainly visualizethe target

object, the location of the camerashouldbe constrainedo
a conearoundthe contactnormal. The angleof this cone
is boundedo avoid tangentialiews of the contactiocation,
whichwould not provide depthinformation(seeFigure5).

sphere of radius 'r’

Figure5: Locationof the camerais constraintedo the sur
faceof a spherecenteredat the contactpoint with aradiusr
andto a conearoundthe contactnormal.

The operationof placingthe cameras decomposeihto
two steps:(a) aninitial transformatiorwherewe placethe
cameraalongthe contactnormal,and (b) a local optimiza-
tion that searchedor the appropriatdocation. We call q
the “initial rotation”. In local coordinatesthe main view-
ing directionis alignedwith the z axis,andthe up vectoris
alignedwith they axis. Therotationfrom the mainviewing
directionto the normaldirectionof the contactcanbe found
easilyin local coordinatesThis rotationq,, is computedas
the compositionof two rotationsaroundthe z andy axes.
The rotationis completedtransformingbackto the global
coordinates:

EleQ*CIn*ql-

The local optimizationis basedon the amountof occlu-
sionfrom a successiely refinedcameraposition. The por-
tions of the target and probeobjectsin front of the contact
point are renderedseparatelyfrom the currentlocation of
the detail camera. We computeamountsof overlapin two
orthogonadirectionsin screen-spadg MHH97]. Thecam-
erais repositionedalong thosetwo directionsfollowing a
bisectionscheme until no further reductionin the amount
of occlusionis obtained. We are consideringdifferentap-
proacheswhich computetheamountof occlusionrendering
the objectsfrom the view centere,y to reducethe numberof
renderingandreadbacloperationsEventuallywe obtainthe
rotation,q., from the maincamerao the detailcamera.

Theregion of interestcanchangesuddenlyaswell asthe
optimal placementf the camerato avoid occlusions. The
translationandrotationto be appliedto the cameraarefil-
teredto smooththesediscontinuities After motion smooth-
ing, we cancomputethe settingsfor the detailcameraby:

€4 = € + Pv,

!
udzqv*u*qv,

e—c ,
€d =Cd +T*xQy * — * (.
lle =<l



wherer is the distancebetweenthe contactpoint and the
viewpoint.

Oncethe cameraplacementis computed,the sceneis
thenrenderedSinceocclusionmightbeimpossibleto avoid,
we usetransparengto make the neighborhoodiboutthere-
gion of interestvisible at every moment.First thetargetob-
jectis renderedclippedwith aview pyramidwith its apex at
theeye andits baseatthe contactpoint. This makesportions
of thetargetobjectin front of thecontactpointvisible within
a “visibility window” to ensurethe contactregionis visible
regardles®f theocclusion.Thesizeof theview pyramidcan
be setin termsof the size of the visibility window andthe
distancefrom the centerof projectionto the contactpoint.
The next operationis to renderthe probeobjectandtherest
of thetargetobjectblended.We finally rendertherestof the
objectsblendedaswell, to avoid possibleocclusionswithin
theregion of interest.

6 Automatic Repositioning

In this sectionwe describea viewing techniquéor auto-
matically repositioningthe viewpoint for ary type of haptic
tasks. During the hapticinteraction,the region of interest
or taskspacemay becomdlifficult to discernfrom the main
view. And, the nearoptimal view is intendedasan aid for
betterviewing during hapticmanipulation.However, dueto
thelack of coherencéetweenthe motionin the detail view
andthemotionin theworkspaceof the hapticdevice, there-
sulting graphicaldisplaymay be misleadingif the usertries
to performthe operationdasedntheview projectedonthe
detailcamera.

Figure6: Automaticrepositioningof the viewpoint andthe
virtual probe.

To solve theseproblems, we have designeda view-
ing functionality, where the main camerais progressiely
adaptedo the locationandorientationof the detail camera,
allowing the userto automaticallyhave a nearoptimal and
coherentision of thetaskspaceseeFigure6). In practice,
thisis carriedout by composinghe transformatiorfrom lo-
cal to global coordinateswith the transformationfrom the
main camerato the detail camera.For the rotation,we use
theinitial rotation,q., insteadf theactualrotation,because

it isindependentf thepositionandorientationof thevirtual
probe.

Undertheusers commando carryout automatiaeposi-
tioning (e.g. pressinga button),thecurrenttransformations
storedaspg andqg. Thetargetis setto bethedesiredrans-
formation,andlinearinterpolationis computedupdatingat
every steptheweightof eachterm.

q=(1-1t)*xqgo+1t*qy *qo,

p=(1—1)*po+t*(pv+Po).

7 Implementation and Results

In this sectionwe describethe platformsand test sce-
narioswherewe have appliedour algorithms,aswell asthe
resultshatwe have beento ableto achieve. We usedtwo dif-
ferenthapticdevices: the 6-DOFPHANTOM Premiuml.5
andthe 3-DOF PHANTOM Desktopdevice, both designed
by SensAbleTechnologiesinc.

We have integratedour algorithmswith two applications:
six degree-of-freedonmapticrenderingof polygonalmodels
[GME*00] andaninteractive multiresolutionmodelingand
3D paintingwith hapticinterface[GELOQ]. The latter was
particularlyvaluableto testtheperformancef theautomatic
repositioningduringa 3D paintingor modelingoperationas
opposedo the traditional techniqueof grabbingand repo-
sitioning the manipulatedobject. Using the framework for
6-DOF haptic renderingof arbitrary polygonalmodelswe
wereableto testourview navigationalgorithmandthenear
optimal view computation.The algorithmfor view naviga-
tion wastestedonthehapticexplorationof amassve model,
the Auxiliary MachineRoom(AMR) of asubmarineln or-
derto testthe algorithmfor nearoptimalview computation,
we usedthe modelof a digestie tract, which hasa notably
irregularsurface,anda CAD model,which shaws clearex-
amplesof self-occlusion.

Please see the accompanied MPEGs that demon-
strate the application of our algorithms on some test
scenarios. The video clips are also available at
http://www.cs.unc.edu/~geom/HView.

7.1 View Navigation

The AMR modelconsistsof nearly half a million poly-
gonsand3,000parts.For the hapticexplorationof the AMR
we scaledthe position of the haptic device in sucha way
thatwith the workspaceof the haptic device we could only
cover 1/200 of thelengthof the AMR. Thisis areasonable
ratio for properlytestinghapticexplorationof the objectsin
the scenariousingour view navigation algorithm. In Color
Platel we shav aview of the hapticprobenavigatingalong
theAMR. In Color Platell, we shav thebird’s eye view and
the correspondingameraandprobepositionsfor the situa-
tionin ColorPlatel. View navigationis necessarif wewant
to beableto visualizeall the objectsin the scenario.

In this testscenariothe hapticdevice is efficiently used
asaninput device for trackingthe intentionsof the user in
additionto being a force feedbackdevice. Both the haptic
probeandtheviewerfollow the motion of theusers handin
anaturalway.



7.2 Near Optimal View

The modelof thedigestivetract(Color Platelll) is com-
posedof approximatelyp3,000triangles.lts surfaceis irreg-
ular at someplaces. This implies that the optimal viewing
direction for perceving surfacedetails can changenotice-
ably asthe hapticprobetraverseghesurface.

Color Plate V shaws the detail views when touching
a point at the duodenumwith different orientationsof the
probe. A changein the orientationof the probemovesthe
detail camerato a new location, in searchof a lateraland
occlusion-freeview of theregion of interest(i.e. the contact
point).

Therearesituationswhenobject-objecor self occlusion
cannotbe avoided. Also, in thetransitionbetweertwo loca-
tions for the nearoptimalviews, occlusionmay occur, such
asin the situationwherethe hapticprobeexplorestheinner
side of the CAD model (SeeFigure 7). The viewpoint lo-
cationfor the nearoptimal views suddenlyjumpstrying to
avoid self-occludingparts. Therefore,during the transition
thereis a lapseof time during which the contactpoint and
the probeareoccluded.In Figure7 we shon how this prob-
lemis handledby renderingthe objectswith differentlevels
of opacity The region of interestbecomesrisible, yet we
still have sufficient informationaboutthe part of the object
thatoccludeghe contactneighborhood.

occluder

occluder

target part

Figure7: Renderingwith differentlevelsof opacityto avoid
occlusionin the transitionbetweerntwo nearoptimal views.
Main view (left) andDetail view (right)

7.3 Automatic Repositioning

From the test scenariosusing our interactve 3D mul-
tiresolutionmodelingand painting system the usersfound
that automaticrepositioningis much easierto usethanthe
tedioustechniqueof grabbingthe manipulatedobject and
repositioningit whenever they wantto modify partsof the
objectthatarenotvisible.

During the manipulationtask,the usercanselectaloca-
tion onthetargetobjectatary time, makeit thecenterof the

workspaceandthe viewpointis automaticallyrepositioned.

As anexample,we shav two differentviews of anobjectaf-
ter having repositionedhe main view to move a point A4 in
Color PlateVI andapoint B in Color PlateVII to thecenter
of the workspace.As it canbe inferred from the effect of
thelighting, in both caseghe normalof the objectat those
pointshasbecomethe viewing direction.

8 Summary and Conclusions

We have presentedseveral simple yet effective tech-
niguesfor adaptvely recomputingisercentricviewpointlo-
cationsbasedn theusersintentions for hapticexploration
and manipulation. Theseviewing techniqueslsotake into
consideratiorthe object geometry occlusionand visibility
issuesand cameraparameters. They enablethe usersto
betterview the manipulatedsubjectsduring hapticinterac-
tion with complex structuresor datasetswithout head-or
eye-trackingandadditional3D input devices. For futurere-
search,we plan to apply our techniqueso higher dimen-
sionalvolumetricdatasets.

Acknowledgement

This researchs supportedn partby afellowship of the
Governmentof the BasqueCountry NSF DMI-9900157,
NSF 11S-9821067,0NR N00014-01-1-008 and Intel. We
would like to thank StephenEhmannfor his help on inte-
gratingcollision detectionlibraries, SWIFT and SWIFT++,
with our 6-DOF haptic renderingalgorithm. We are also
gratefulto DineshManochaandthe anorymousreviewers
for theirfeedbaclontheearlierdraftsof this paperandVin-
centScheibfor assistingwith videoediting.

References

[ABFT97] ManeeshAgrawala, Andren C. Beers,Bernd
Frohlich, Pat Hanrahan,lan McDowall, and
Mark Bolas. The two-userresponsie work-
bench:Supportfor collaboratiorthroughinde-
pendentviews of a sharedspace.SIGGRAPH
97 Confeence Proceedings pages327-332.
1997.

[AS96] R. S. Avila and L. M. Sobierajski. A haptic
interaction method for volume visualization.
Proceedingsof Visualization’96 pages197—
204,1996.

G. Burdea.Force and Touch Feedbak for Vir-
tual Reality. JohnWiley andSons,1996.

[Bur96]

[CFH97] L. Cutler, B. Frolich, and P. Hanrahan. Two-
handeddirect manipulationon the responsie
workbench. Proc. of 1997 Symposiunon In-
teractive3D Graphics pagesl07-1141997.

[Che99] E. Chen.Six degree-of-freedontapticsystem
for desktopvirtual prototypingapplicationsin

Proceedingsof the First International Work-

shoponVirtual RealityandPrototyping pages
97-106,1999.

[CL96] Brian Curlessand Marc Levoy. A volumet-
ric methodfor building complex modelsfrom
rangeimages.SIGGRAPH6 ConfeencePro-
ceedingspages303—-3121996.

[CMS88] MichaelChen,S. Joy Mountford, and Abigail
Sellen. A studyin interactive 3-D rotationus-
ing 2-D control devices. ComputerGraph-
ics (SIGGRAPHS88 Proceedings)volume?22,
pagesl21-1291988.



[DMW 98] L. Durbeck,N. Macias,D. Weinstein,C. John-

[GELOO]

[Gib95]

[GME+00]

[GW92]

[IN93]

[KD95]

[LLPNOO]

[MBO5]

[MBS97]

[MCR90]

[MPT99]

[O'R87]

son,andJ. Hollerbach. Scirunhapticdisplay
for scientific visualization. PhantomUsers
GroupMeetings 1998.

A. Greggory, S. Ehmann,and M. C. Lin. in-
Toudh: Interactive multiresolution modeling
and 3d paintingwith a hapticinterface. Proc.
of IEEE VR Confeence pp.45-52,2000.

S. Gibson. Beyond volumerendering:Visual-
ization, hapticexploration,and physicalmod-
eling of element-basedbjects.In Proc. Euro-
graphicsworkshopon Visualizationin Scien-
tific Computing pagesl0-24,1995.

A. Greggory, A. Mascarenhas,S. Ehmann,
M. C. Lin, andD. Manocha.6-dof hapticdis-
play of polygonalmodels.Proc. of IEEE Visu-
alization Confeence pp.139-146,2000.

Michael Gleicher and Andrew Witkin.
Through-the-lencameracontrol. Computer
Graphics (SIGGRAPH '92 Proceedings)
volume26, pages331-340,1992.

H. lwataand N. Noma. Volume haptization.
Proc. of IEEE VRAIS pp. 16-23,1993.

K. N. KutulakosandC. R. Dyer. Global sur

facereconstructiorby purposve controlof ob-

sener motion. Artificial Intelligence 78:147—
177,1995.

D. A. LawrenceC.D. Lee,L. Y. Pao,andR.Y.
Novoselor. Shockandvortex visualizationus-
ing a combinedvisual/hapticinterface. Proc.
of IEEE Visualization pp.131-137,2000.

LeonardMcMillan andGary Bishop. Plenop-
tic modeling: An image-basedenderingsys-
tem. SIGGRAPHI5 ConfeenceProceedings
pages39-46.ACM SIGGRAPH,1995.

Mark R. Mine, FrederickP. Brooks, Jr., and
CarloH. Séquin.Moving objectsin space Ex-
ploiting proprioceptionin virtual-ervironment
interaction. SIGGRAPH97 ConfeencePro-
ceedingspagesl9-26.1997.

Jock D. Mackinlay, Stuart K. Card, and
GeogeG. Robertson Rapidcontrolledmove-
mentthrougha virtual 3D workspace. Com-
puterGraphics(SIGGRAPH90 Proceedings)
volume24,pagesl71-176,1990.

W. McNeely, K. Puterbaugh,and J. Troy.
Six degree-of-freedonhapticrenderingusing
voxel sampling. Proc. of ACM SIGGRAPH
pages401-408,1999.

J. O'Rourke. Art Gallery Theoemsand Al-
gorithms The InternationalSeriesof Mono-
graphson ComputerScience Oxford Univer
sity PressNew York, NY, 1987.

[PBBWO5]

[PBG92]

[PFC+97a]

[PFCF97b]

[Pit99]

[RH92]

[Sho87]

[Tar91]

[TAT95]

[Wer94]

[WO90]

[ZF99]

[ZMHH97]

RandyPausch,Tommy Burnette,Dan Brock-
way, and Michael E. Weiblen. Navigation
andlocomaotionin virtual worldsvia flight into
Hand-Heldminiatures. SIGGRAPH95 Con-
ferenceProceedingspages399-4001995.

C. Phillips, N. Badlet andJ. Granieri. Auto-
matic viewing control for 3d directmanipula-
tion. Proc. of ACM Symposiunon Interactive
3D Graphics pages’1-74,1992.

J. Pierce,A. Forsbeg, M. Conway, S. Hong,
R. Zeleznik,and M. Mine. Imageplanein-
teractiontechniquesn 3d immersie environ-
ments.Proc.of 1997Symposiurn Interactive
3D Graphics pages39-44,1997.

J. Pierce,A. Forsbeg, M. Conway, S. Hong,
R. Zeleznik,and M. Mine. Imageplanein-
teractiontechniquesn 3d immersve environ-
ments. Proc. of ACM Symposiunon Interac-
tive 3D Graphics pages39-44,1997.

R. Pito. A solutionto the next bestview prob-
lem for automatedsurfaceacquisition. IEEE
Trans. Pattern Analysisand Machine Intelli-
gence 21:1016-10301999.

WarrenRobinettand Richard Holloway. Im-
plementationof flying, scaling,and grabbing
in virtual worlds. ComputerGraphics (1992
Symposiunon Interactive 3D Graphics) vol-
ume25, pagesl89-1921992.

Ken Shoemak. Quaternioncalculusandfast
animation,computeranimation: 3-D motion
specificationand control. SIGGRAPH1987
Tutorial, pp.101-121,1987.

KonstantinosTarabanis.SensorPlanningand
Modelingfor Machine Vision Tasks PhD the-
sis,ColumbiaUniversity; 1991. Departmenbf
ComputerScience.

K. A. TarabanisP. K. Allen, andR. Y. Tsai. A
suney of sensomlanningin computetrvision.
IEEE Trans.Roboticsand Automation 11:86—
104,1995.

Josie Wernecle. The Inventor Mentor.
Addison-Wesley, 1994.

C. WareandS. Osborne.Explorationandvir-
tualcameraontrolin virtual threedimensional
ernvironmentsProc.of ACM Symposiunonin-
teractive3D Graphics pagesl 75-1831990.

RobertZeleznikandA. Forsbeg. Unicam2d
gesturalcameracontrolsfor 3d ervironments.
Proc. of ACM Symposiunon Interactive 3D
Graphics pagesl69-173,1999.

H. Zhang, D. Manocha, T. Hudson, and
K. Hoff. Visibility culling using hierarchical
occlusionmaps. Proc. of ACM SIGGRAPH
pp.77-88,1997.



