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Abstract: We presentseveral techniquesfor user-centric
viewing of thevirtual objectsor datasetsunderhapticexplo-
rationandmanipulation.Dependingonthetypeof tasksper-
formedby theuser, ouralgorithmscomputeautomaticplace-
mentof theuserviewpoint to navigatethroughthescene,to
displaythe near-optimal views, andto repositionthe view-
point for hapticvisualization.This is accomplishedby con-
jecturing the user’s intent basedon the user’s actions,the
objectgeometry, andintra- and inter-objectocclusionrela-
tionships.Thesealgorithmshave beenimplementedandin-
terfacedwith botha 3-DOFanda 6-DOFPHANToM arms.
We demonstratetheir applicationon hapticexplorationand
visualizationof a complex structure,aswell asmultiresolu-
tion modelingand3D paintingwith ahapticinterface.
CR Categories: I.3.6 [ComputerGraphics]:Methodology
andTechniques- InteractionTechniques,Visualization

1 Introduction
Three-dimensional(3D) interactionhas beenexplored

in computergraphics,virtual reality (VR), user interface
and scientific visualization. A numberof techniquesfor
3D interactionhave beendeveloped,includingobjectselec-
tion [PFC� 97a], flying, grabbingandmanipulating[RH92],
worlds in miniature [PBBW95], combinationof different
modesof speech,gestureandgazeat the interfaceto allow
real-timeinteractionwith agraphicsdisplay, two-handedin-
teraction[ABF � 97, CFH97],andexploiting proprioception
[MBS97]. Among them, haptic visualization,as an aug-
mentationto visual display, hasthe potentialto further in-
creasethe understandingof complex datasetsby enabling
anothermodality of communication[AS96, Bur96, Che99,
DMW � 98, Gib95, IN93, LLPN00, MPT99].

3D manipulationof virtual objectsor massive datasets
canbe simplified if the viewing of interactionis presented
usingmultiple 2D views. This techniqueis commonlyused
in many commercialCAD/CAM anddatavisualizationsoft-
waresystems.Typically the mousecursoris free to move
amongthethreeor moreviewsandconstrainedto actin only
the two dimensionsshown in eachview. This requiresthe
userto synthesizemultiple 2D views to visualizethe ma-

nipulatedobjectsor datasets.For mostof the work in VR,
3D interactiontechniquesandhapticvisualization,theuser’s
viewpoint remainsfixedat thesamelocation,unlesstheuser
is head-or eye- trackedor hasa dedicatedinput device (e.g.
joystickor spaceball)to specificallyindicatethedirectionof
travel.

Viewpoint locationshave a direct impacton the quality
of the resultinggraphicaldisplayaccompanying the haptic
visualization. However, to the bestof our knowledge,the
issuesrelatedto determiningappropriateviewpoints in the
graphicaldisplay that will be most suitablefor haptic ex-
plorationandmanipulationtaskshave not beenaddressed.
The disconnectionbetweenthe graphicaldisplay andhap-
tic visualizationcanresultin pooror inconsistentpresenta-
tion of information.For example,asthehapticprobemoves
betweentime stepswhile the viewpoint remainsfixed, the
probemay be occludedby otherobjectsandnot be visible
from theviewpoint (asshown in Fig. 1). A new camerapo-
sition needsto be computed,in order to properlyview the
neighborhoodunderhapticexploration.

Figure 1: As the haptic probemoves from its location at�����
to thenew locationat

�	��

, it becomesoccludedby

the ellipsoidalobject,viewing from the camerapositionat���
�
. In order to properlyview the probeandits nearby

neighborhood,thecameramustberepositionedat
����


.

1.1 Main Contribution
In this paper, we presentalgorithms for user-centric

viewing of 3D virtual objectsor datasetsfor hapticexplo-
ration and manipulation,by taking into accountthe user’s
intentionin determiningtheviewpoint locations.In addition
to usingthe force feedbackdevice for hapticrendering,we
alsouseit implicitly asamechanismfor theusersto express



their� intent for the viewpoint location in graphicaldisplay,
while simultaneouslyperformingforce display. Our algo-
rithms generateautomaticplacementof the userviewpoint
to navigate throughthe scene,to display the near-optimal
views,andto repositiontheviewpoint. This is accomplished
by conjecturingtheuser’s intentbasedon theuser’sactions,
theobjectgeometry, aswell asinter-objectandintra-object
occlusionrelationships. Our viewpoint computationtech-
niquesoffer thefollowing advantages:

� Simple3D interfaceto resettheview locationfor haptic
visualization;

� Properviewing of the interestingevents (e.g. inter-
objectinteraction)in thesceneor exploredsalientfea-
turesof thedatasetsat all time;

� Automaticadjustmentof theviewpoint locationswith-
out having theuserto switchbetweenhapticmanipula-
tion andcamerarepositioning.

1.2 Organization
The rest of the paperis organizedas follows. Section

2 givesa brief survey of relatedwork. Section3 presents
an overview of our approach.Our algorithmfor view nav-
igation of large, complex scenesfor hapticexplorationand
visualizationis explainedin section4. Section5 discusses
techniquesto resolve the object-objectocclusionproblems
andvisibility issuesin choosingnear-optimal views. Sec-
tion 6 presentsa mechanismto automaticallyrepositionthe
viewpoint for betterviewing of manipulationresults. Sec-
tion 7 describesour prototypeimplementationanddemon-
stratestheirapplicationon6-DOFhapticinteractionof com-
plex structures,aswell ashapticmodelingand3D painting.

2 Related Work
Cameracontrol is a fundamentalproblemfor 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, PFC� 97b], anddirectcameramanipulation
usinga 6DOF input device [WO90]. Our approachdiffers
from many of theexisting techniqueson using2D input de-
vices to directly manipulatethe viewpoint. It sharessome
similarity with [MCR90] on moving theviewpoint towarda
pointof interest.However, ourmainfocushereis to achieve
automaticplacementof viewpoint via implicit controlbased
on user’s manipulationof the hapticdevice. We alsocon-
sider issuesrelatedto visibility andocclusionbetweenob-
jects.

Viewpoint computationis relatedto theproblemof cam-
eraplacementin computervision, includingsensorplanning
[TAT95], view planning [Pit99], and purposive viewpoint
[KD95]. Theseproblemshave different task requirements
(e.g. placementof multiple sensorsandcameras)andper-
formanceconstraints(e.g. the executioncanbe carriedout
offline). This problemis alsoimportantto image-basedren-
dering[CL96, MB95], wherethe viewpoint computationis
crucialto modelacquisitionandscenemodeling.

Our viewpoint computationproblemcan be considered
asan inverseof the sensorplanningproblemsin computer
vision. Given the user’s actionsin exploring the complex

environmentor datasets,i.e. sequencesof the input posi-
tions andorientationsof the hapticdevice (robot arm used
in reverse),we attemptto computethe near-optimal view-
point for viewing themanipulatedobjectsand/orfeatureson
thedatasets.In contrast,cameraplacementfor sensorplan-
ning takesa constraint baseddescriptionof the vision task
to beperformedandsynthesizesa “generalizedviewpoint”,
which incorporatessensorlocation,orientationandlenspa-
rameters.Usingthegeometricdescriptionof theworkspace,
it is sometimespossibleto constructocclusion-freevisibil-
ity regionsfor viewing aparticularfeatureof agivenmodel.
This region canthenbe usedto find the bestviewpoint for
planningandaccomplishingacertainvision task[Tar91].

Furthermore,the optimization processto computethe
best viewpoint for performing certain taskscan often be
highly non-linearand take at leastseveral secondsupto a
few minutesto perform the computation. In addition, it
sometimesrequireshumanassistanceto provide goodstart-
ing points.This is acceptablefor one-shotoff-line planning,
but not suitablefor interactive applications,suchashaptic
visualizationandmanipulationof complex datasetsandob-
jectsatKHz rates.

The viewpoint computationproblemwe addressin this
paperis also somewhat relatedto the art gallery problem
[O’R87] in computationalgeometrywherethe numberand
positionsof watchmenin a 2D polygonalenvironmentneed
to bedetermined.But, herewe areconcernedwith a 3D en-
vironmentandthe placementof a singleviewpoint. These
requirementsintroducea much highercombinatorialcom-
plexity thantheclassicartgalleryproblem.

3 Preliminaries
3.1 Terminology

The position and directionsare expressedusing vector
notationin bold facesymbols.We usethequaternionalge-
bra [Sho87] to specifythe relative orientationandtransfor-
mationfrom onecoordinatesystemto another.

Theviewpoint (or thecamerasetting)is characterizedby
the following parameters:(a) e: the location of the view-
point; (b) c: the locationwheretheviewpoint is looking at;
(c) u: the up vectorthat determinesthe panandtilt angles
alongtheviewing vectordeterminedby e andc.

We usetheterm“probeobject” for describingtheobject
whichtheprobepicksup,and“targetobject(s)”for referring
to theobject(s)thattheprobeobjector theprobeis 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
wish to determinetheviewpoint locationthatprovidesnear-
optimal viewing of the “region of interest”. The region of
interestis changingdynamicallyandnormally refersto the
areaswherethehapticmanipulationis takingplaceor where
thesalientfeaturesof thedatasetsareunderexploration.Op-
timality in thisproblemis measuredin termsof object-object
andself occlusion,given the usercontrolledfocusdistance
andfield-of-view of thecamera.

We have designedseveralviewing algorithmsthatauto-
maticallycomputethenew viewpoint locationbasedon the
typeof haptictasksperformedon thesceneor thedatasets.
Our viewpoint computationtechniquestake into considera-



tion the
�

followings:

� user’s intention basedon his/hermanipulationof the
hapticprobe;� theobjectgeometryandthescenedescription;� intra- andinter- objectocclusion;� camera’sfield-of-view;� camera’s focusdistance.

Given the haptic task, the viewpoint computationtech-
niqueswehavedevelopedinclude:

1. View navigationwhich provides the capability to re-
computethe viewpoint basedon user’s explorationof
massivedatasets(section4);

2. Near-optimalviewsof theregionsthattheuseris inter-
actingwith (section5). This is applicableto all types
of hapticexplorationandmanipulation;

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

Next, we will describeeachapproachin detail.

4 View Navigation
In this sectionwe presenta view navigation technique

for hapticexplorationof massivedatasets.Unliketraditional
viewing systemsfor haptic visualization, the goal of this
viewing functionality is to focuson theregionsof potential
interestin the virtual scene,asthe userhapticallyexplores
differentpartsof themassivedatasetsin theenvironment.

In the typical viewing systemfor force displaywithout
head-tracking,astheusermovesthehapticprobe,theview-
point normally staysfixed in the samelocation. The user
often doesnot have the bestviewing of the neighborhood
wherethe hapticprobeis exploring. We proposeto adap-
tively changethe viewpoint basedon user’s haptic explo-
rationof theobject(s)or datasetsin a large,complex scene.
The motion of the hapticprobeprovidesexcellenthints of
the user’s intentions.As the positionandorientationof the
hapticprobearechangedbasedon user’s gestures,viewing
of thescenecanbeadaptedto displaytheneighborhoodthat
the virtual probeis interactingwith, while preservingview
coherencewith theprobemotionin theworkspace.

The basicideafor our view navigation techniquesis to
apply appropriatetransformations,taking into accountthe
position of the haptic probe relative to a given reference
point. Then, we attachthe cameraat the pre-definedoff-
setdistance(characterizedby thecameraparametersasex-
plainedin section3) from thehapticprobeto ensureproper
viewing of the regionsunderhapticexploration. The posi-
tion andorientationof thehapticdeviceateachtimeinstance
areusedas“velocity commands”for thevirtual probe.The
transformationbetweenthe local referencesystemandthe
global referencesystemis modifiedtaking into accountthe
velocitycommands.

In astaticsituation,themotionof thevirtual probeis con-
finedto a virtual workspace.We useuser’sgesturesto mod-
ify thepositionandorientationof that virtual workspacein
the entirevirtual world, thusallowing completevisual and
haptic accessibility. Three invariantsmust be maintained

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

in orderto preserve coherencebetweenthe operationsper-
formedin therealworkspaceandthevisualandhapticfeed-
back:

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

2. Thecameramustbeanchoredin 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, ��� , and orientation, ��� (expressed
asa quaternion),of the hapticdevice in its workspace(see
Figure2), wecomputetheposition, ��� , andorientation,��� ,
of the virtual probein the global coordinatesof the virtual
world. Thefirst stepis to align theposition, ��� , andorienta-
tion, � � , of thevirtual probein its local referenceframewith
thestateof thehapticdevice in theworkspace.Thatis,

� � � � ���
� � � � ���

Next, the stateof the haptic probe in the global refer-
encesystemof thevirtual world is computed.Wedenotethe
transformationfrom thelocalcoordinatesto theglobalcoor-
dinateswith � for thetranslationand � for therotation.The
conjugateof � is expressedas ��� .

� � � � �!�#"$���%"&� � �
� � � �#"&��� �

Computing the transformation between local and global
reference systems

Thevelocitycommandis computedin termsof thediffer-
encebetweenthecurrentstateof thehapticprobein its local
referenceframe(or the local state) anda virtual basestate



( ��' and( ��' ). Emulatingthe operationmodesof a joystick,
we distinguishtwo possiblemodesthat the usercanselect
to manipulatethehapticprobeandview thescene:)+*-,/. � .0*21
modeand 354267*98:. �0; mode. In thepositionmode,the virtual
basestateis updatedevery frame andmatchesthe current
local state,sothevelocitycommandis zero.

� ' � �<� �
� ' � ��� �

In the velocity mode,the virtual basestateremainsstatic.
Thesub-indices. and .>= 
 indicatevaluesof thevariables
at thecurrenttimestepandat theprevioustimestep.

� '@? A � � '%? ACB�D �
� '@? A � � '%? AEB�D �

This implies that the basestate“travels” alongwith the
local stateuntil we switchfrom thepositionmodeto theve-
locity mode.At thatmomentthebasewill beanchoredin the
local referencesystem,andthedifferencebetweenthelocal
stateand the virtual basestatewill set the velocity. This
velocity is integratedat thecurrenttime stepto yield an in-
crementaltransformation,F�� and FG� . First, the rotation
transformationis computed. Basedon empirical observa-
tion, we concludethatthemotionis moreintuitive if thean-
gularvelocity is only allowedalongthe H and

;
axes(using

the right-handrule,
; � beingthe positive vertical direction

and IJ� comingout from the2D workspace).
The incrementalrotationis setas KML Euleranglesand

is appliedin local coordinates.Let NPO and NRQ beadjustable
gainvalues,we have:

F�� � �TSG"&��U �
� S �WV * �YX K � N5O>" X K X ���7Z<=[K X � ' Z\Z]Z �
��U �^V * �YX L � N Q " X L X � � Z�=_L X ��'+Z]Z\Z �

��A � ��ACB�D�"`F�� �
whereL X ��Z , K X ��Z and a X ��Z is the LbK�a Euleranglerepre-
sentationof thequaternion� and

V * �YXdc �]e Z denotesrotatione aboutthevector
c

.
Theincrementaltranslationis transformedfrom thelocal

to theglobalcoordinates,to make it coherentwith theuser’s
view of thescene.Let NRf beanadjustablegainvalue.

FG� � NRf&"&�#" X ���T=g� ' Zh"&� � �
� A � � ACB�D �!FG� �

In practice,the incrementaltransformationis only ap-
plied if thedifferencebetweenthelocal stateandthevirtual
basestateis largerthanapre-definedthreshold,andit is also
clampedto amaximumvalue.

INVARIANT 2: setting the camera
After transformingthepositionandorientationof thevir-

tual probe,we transformthesettingsof the cameraandthe
output forces(andtorque)so that coherenceis maintained
betweenthe operationsperformedin the workspaceof the
device andtheir imagein the local referencesystemof the
virtual scenario. As describedin section3, the camerais

characterizedby meansof its location, i , whereit is looking
at, j , andanup vector, k , to definethepanor tilt angle.Ev-
ery framethey aredefinedwith the initial settings( jRl , i5l ,k l ):

j � � �!�m"&j l "&� � �
i � � �!�m"&i l "&� � �
k � �#"&k l "&� � �

Giventhis mathematicalformulation,theviewpoint is natu-
rally controlledby thehapticprobeto ensureproperviewing
of theregionsunderhapticexploration.

INVARIANT 3: transforming the forces
Theforcesandthetorquearecomputedin theglobalco-

ordinates,andthey haveto bedisplayedin localcoordinates:

n � � � � " n �o"&� �
p � � � � " p � "&� �

5 Near-Optimal Views
As theviewpointmoveswith thehapticprobeusingview

navigationdescribedin section4, it is possiblethatoneob-
jectmayoccludetheview of anotherin thescene,or thevisi-
bility of theregionof interestdegradesdueto self-occlusion.
In this section,we describea techniqueto computenear-
optimal views for hapticinteractionandautomaticallypro-
vide the userwith a properview of the region of interestat
every moment. This enablesthe userto manipulatetarget
objectseasily, without explicitly resettingthe viewpoint lo-
cation.

To presentnear-optimal views, we usetwo camerasto
view thescene:themaincameraandthedetailcamera.The
main camerais typically positionedusingthe view naviga-
tion techniquedescribedin section3; while thedetailcamera
attemptsto providenear-optimalviewsof theregionson the
targetobject(s)that theprobeis interactingwith. An exam-
ple is shown in Color PlateIII andthecorrespondingviews
areshown in Color PlateIV.

Figure3: Placementof thecamerasfor near-optimalview.
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echaracterizethedetailcamerafor projectingthenear-
optimalviews in termsof a rotation ��r anda translation��r
from themaincamera(seeFigure3).

Thefirst stepin placingthedetail camerais thecompu-
tationof theview centerj-s . Givenanobjecttouchedby the
hapticprobe,we characterizethe region of interestwith a
contactpoint, t , anda contactoutward normal, u . We use
penaltymethodsfor the haptic rendering,and the contact
normalis definedasthedirectionbetweentheclosestpoints
in thevirtual probeandthetargetobject.Thecontactpoint is
chosento bethecentroidof thecontactarea,whentheprobe
is in contactwith theobject. Whenthehapticprobeis free
to move around,we setthecontactpoint asthepoint on the
target objectthat is closestto the probe. The contactpoint
is selectedastheview center. Thenthe translationalvector
from themaincamerato thedetailcamerais expressedas:

��r � t�=[j
Next, we needto computethecenterof projectionor the

viewpoint, i s . This is a problemwith 3 degreesof free-
dom. A viewpoint location will be optimal if the contact
region is visible from theuser’s view, at a userdefineddis-
tanceand at someoffset anglefrom the normal direction.
Figure4 shows schematicallythelocationfor theviewpoint
of the near-optimalview in a scenariowheretheprobeis a
cylindrical object.

Figure4: Optimalview directionfor scenarioswith cylindri-
cal probesandnoself-occlusionof thetargetobject.

In somescenariosthis problemmaynot have anoptimal
solution,dueto occlusionbetweenthetargetobjectandthe
probeobject(or theprobeitself). In suchcases,wemayneed
to zoomin arbitrarily closeto thecontactpoint to minimize
the amountof occlusion. Furthermore,an optimal solution
mayrequireglobalvisibility information,suchasanaspect
graph. However, its computationhasa runtime complex-
ity of v X 1�wxZ , where 1 is the numberof primitives(suchas
polygons).For mostscenarios,it maynot bepossibleat all
to obtain the optimal solutionsat interactive rates. There-
fore,we do not attemptto computea globally optimalview,
but ratheronethat locally minimizesthe amountof occlu-
sion. We allow the userto interactively selectthe viewing
distancey , thusaddingoneconstraintto the problem. The
cameracan be positionedat any point on the surfaceof a
spherecenteredat the contactpoint with a radiusof y . As-
sumingthat our intention is to mainly visualizethe target

object,the locationof the camerashouldbe constrainedto
a conearoundthe contactnormal. The angleof this cone
is boundedto avoid tangentialviewsof thecontactlocation,
whichwould not providedepthinformation(seeFigure5).

Figure5: Locationof thecamerais constraintedto thesur-
faceof a spherecenteredat thecontactpoint with a radiusy
andto aconearoundthecontactnormal.

Theoperationof placingthecamerais decomposedinto
two steps:(a) an initial transformationwherewe placethe
cameraalongthe contactnormal,and(b) a local optimiza-
tion that searchesfor the appropriatelocation. We call z� r
the “initial rotation”. In local coordinates,the main view-
ing directionis alignedwith the I axis,andtheup vectoris
alignedwith the

;
axis.Therotationfrom themainviewing

directionto thenormaldirectionof thecontactcanbefound
easilyin local coordinates.This rotation ��{ is computedas
the compositionof two rotationsaroundthe H and

;
axes.

The rotation is completedtransformingback to the global
coordinates: z��r � �#"&� { "&� � �

The local optimizationis basedon theamountof occlu-
sion from a successively refinedcameraposition. The por-
tions of the target andprobeobjectsin front of the contact
point are renderedseparatelyfrom the current location of
the detail camera.We computeamountsof overlapin two
orthogonaldirectionsin screen-space[ZMHH97]. Thecam-
era is repositionedalong thosetwo directionsfollowing a
bisectionscheme,until no further reductionin the amount
of occlusionis obtained. We areconsideringdifferentap-
proaches,whichcomputetheamountof occlusionrendering
theobjectsfrom theview center8}| to reducethenumberof
renderingandreadbackoperations.Eventuallyweobtainthe
rotation, � r , from themaincamerato thedetailcamera.

Theregionof interestcanchangesuddenly, aswell asthe
optimal placementof the camerato avoid occlusions.The
translationandrotationto be appliedto the cameraarefil-
teredto smooththesediscontinuities.After motionsmooth-
ing, we cancomputethesettingsfor thedetailcameraby:

j s � j~��� r��
khs � ��r�"&k�"&� �r �

iPs � jRsG��y	"&��rM" i�=[j� i�=[j � "&� �r �



where� y is the distancebetweenthe contactpoint and the
viewpoint.

Once the cameraplacementis computed,the sceneis
thenrendered.Sinceocclusionmightbeimpossibleto avoid,
weusetransparency to maketheneighborhoodaboutthere-
gion of interestvisible at every moment.First thetargetob-
ject is rendered,clippedwith aview pyramidwith its apex at
theeyeandits baseat thecontactpoint. Thismakesportions
of thetargetobjectin front of thecontactpointvisiblewithin
a “visibility window” to ensurethecontactregion is visible
regardlessof theocclusion.Thesizeof theview pyramidcan
be set in termsof the sizeof the visibility window andthe
distancefrom the centerof projectionto the contactpoint.
Thenext operationis to rendertheprobeobjectandtherest
of thetargetobjectblended.Wefinally rendertherestof the
objectsblendedaswell, to avoid possibleocclusionswithin
theregionof interest.

6 Automatic Repositioning
In thissection,wedescribeaviewing techniquefor auto-

matically repositioningtheviewpoint for any typeof haptic
tasks. During the haptic interaction,the region of interest
or taskspacemaybecomedifficult to discernfrom themain
view. And, the near-optimal view is intendedasan aid for
betterviewing duringhapticmanipulation.However, dueto
thelack of coherencebetweenthemotionin thedetailview
andthemotionin theworkspaceof thehapticdevice,there-
sultinggraphicaldisplaymaybemisleadingif theusertries
to performtheoperationsbasedontheview projectedonthe
detailcamera.

Figure6: Automaticrepositioningof theviewpoint andthe
virtual probe.

To solve theseproblems, we have designeda view-
ing functionality, where the main camerais progressively
adaptedto the locationandorientationof thedetailcamera,
allowing the userto automaticallyhave a near-optimal and
coherentvision of thetaskspace(seeFigure6). In practice,
this is carriedout by composingthetransformationfrom lo-
cal to global coordinateswith the transformationfrom the
main camerato the detail camera.For the rotation,we use
theinitial rotation, z��r , insteadof theactualrotation,because

it is independentof thepositionandorientationof thevirtual
probe.

Undertheuser’scommandto carryoutautomaticreposi-
tioning(e.g.pressingabutton),thecurrenttransformationis
storedas � l and � l . Thetargetis setto bethedesiredtrans-
formation,andlinearinterpolationis computed,updatingat
everysteptheweightof eachterm.

� ��X\
 = � Z�"&� l � � "�z� r "&� l%�
� ��X\
 = � Zh"$�<l�� � " X ��rM����lPZ �

7 Implementation and Results

In this sectionwe describethe platformsand test sce-
narioswherewe have appliedour algorithms,aswell asthe
resultsthatwehavebeento ableto achieve.Weusedtwo dif-
ferenthapticdevices: the6-DOFPHANTOM Premium1.5
andthe 3-DOFPHANTOM Desktopdevice, bothdesigned
by SensAbleTechnologies,Inc.

Wehaveintegratedouralgorithmswith two applications:
six degree-of-freedomhapticrenderingof polygonalmodels
[GME � 00] andaninteractivemultiresolutionmodelingand
3D paintingwith haptic interface[GEL00]. The latter was
particularlyvaluableto testtheperformanceof theautomatic
repositioningduringa3D paintingor modelingoperation,as
opposedto the traditional techniqueof grabbingandrepo-
sitioning the manipulatedobject. Using the framework for
6-DOF haptic renderingof arbitrary polygonalmodelswe
wereableto testourview navigationalgorithmandthenear-
optimal view computation.Thealgorithmfor view naviga-
tion wastestedonthehapticexplorationof amassivemodel,
theAuxiliary MachineRoom(AMR) of a submarine.In or-
derto testthealgorithmfor near-optimalview computation,
we usedthemodelof a digestive tract,which hasa notably
irregularsurface,anda CAD model,which shows clearex-
amplesof self-occlusion.

Please see the accompaniedMPEGs 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 nearlyhalf a million poly-
gonsand3,000parts.For thehapticexplorationof theAMR
we scaledthe position of the haptic device in sucha way
thatwith theworkspaceof thehapticdevice we couldonly
cover


2�-�R�R�
of thelengthof theAMR. This is a reasonable

ratio for properlytestinghapticexplorationof theobjectsin
thescenariousingour view navigationalgorithm. In Color
PlateI we show a view of thehapticprobenavigatingalong
theAMR. In ColorPlateII, weshow thebird’seyeview and
thecorrespondingcameraandprobepositionsfor thesitua-
tion in ColorPlateI. View navigationis necessaryif wewant
to beableto visualizeall theobjectsin thescenario.

In this testscenario,thehapticdevice is efficiently used
asan input device for trackingthe intentionsof the user, in
additionto beinga force feedbackdevice. Both the haptic
probeandtheviewer follow themotionof theuser’shandin
anaturalway.



7.2 Near Optimal View
Themodelof thedigestive tract(Color PlateIII) is com-

posedof approximately53,000triangles.Its surfaceis irreg-
ular at someplaces.This implies that the optimal viewing
direction for perceiving surfacedetailscan changenotice-
ably asthehapticprobetraversesthesurface.

Color Plate V shows 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 theregionof interest(i.e. thecontact
point).

Therearesituationswhenobject-objector self occlusion
cannotbeavoided.Also, in thetransitionbetweentwo loca-
tions for thenear-optimalviews,occlusionmayoccur, such
asin thesituationwherethehapticprobeexplorestheinner
sideof the CAD model (SeeFigure7). The viewpoint lo-
cationfor the near-optimal views suddenlyjumpstrying to
avoid self-occludingparts. Therefore,during the transition
thereis a lapseof time during which the contactpoint and
theprobeareoccluded.In Figure7 we show how this prob-
lem is handledby renderingtheobjectswith differentlevels
of opacity. The region of interestbecomesvisible, yet we
still have sufficient informationaboutthe part of theobject
thatoccludesthecontactneighborhood.

Figure7: Renderingwith differentlevelsof opacityto avoid
occlusionin thetransitionbetweentwo near-optimalviews.
Main view (left) andDetail view (right)

7.3 Automatic Repositioning
From the test scenariosusing our interactive 3D mul-

tiresolutionmodelingandpaintingsystem,the usersfound
that automaticrepositioningis mucheasierto usethanthe
tedioustechniqueof grabbingthe manipulatedobject and
repositioningit whenever they want to modify partsof the
objectthatarenot visible.

During themanipulationtask,theusercanselecta loca-
tion onthetargetobjectatany time,makeit thecenterof the
workspace,andtheviewpoint is automaticallyrepositioned.
As anexample,weshow two differentviewsof anobjectaf-
ter having repositionedthemainview to move a point � in
ColorPlateVI andapoint � in ColorPlateVII to thecenter
of the workspace.As it canbe inferred from the effect of
the lighting, in bothcasesthe normalof the objectat those
pointshasbecometheviewing direction.

8 Summary and Conclusions
We have presentedseveral simple yet effective tech-

niquesfor adaptively recomputinguser-centricviewpoint lo-
cationsbasedon theuser’s intentions,for hapticexploration
andmanipulation.Theseviewing techniquesalsotake into
considerationthe objectgeometry, occlusionandvisibility
issuesand cameraparameters. They enablethe usersto
betterview the manipulatedsubjectsduring haptic interac-
tion with complex structuresor datasets,without head-or
eye-trackingandadditional3D input devices.For futurere-
search,we plan to apply our techniquesto higher dimen-
sionalvolumetricdatasets.
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