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ABSTRACT
Reverseengineeringof mechanicalsystemsoften begins

with largedatasetsproducedfrom laserscanningof physicalarti-
facts.Commonlyit is necessaryto removenoiseand�lter them;
however, selectingnoisy regionsandpreservingsharpedgeson
desiredfeaturesis dif�cult usingstandardGUI interfaces. We
demonstratea haptic interfacefor markingandpreservingfea-
turesin noisy dataand for performinglocal smoothingopera-
tions. The force-feedbackprovidesa naturalinterfacefor these
operations.

INTRODUCTION
Reverseengineering(RE)createscomputermodelsfrom ex-

emplarphysicalparts,usuallysothatnew partscanbemanufac-
tured,or modi�cations canbe madeto existing systems.This
is anincreasinglyimportantproblemasexpensive,complex me-
chanicalsystemsaremaintainedpasttheirexpectedlifetimes,yet
theoriginalplans,or eventhecompaniesthatproducedthem,no
longerexist.

Often,theexistingphysicalpartis scannedwith alaserscan-
ner to createa large setof point samples.This datasetcanbe
representedasa depthimageor height�eld, re�ecting theregu-
lar natureof thesamples.Somescanningtechnologiesproduce
fairly noisydata;however, goodqualitysurfacescanbeextracted
using�ltering methods.Featuresmayneedto beselectedto pre-
servesharpedges,but usersof standardGUI interfaceshavedif-
�culty marking-uptheselarge,noisydatasets.

Figure 1. A SCREEN SHOT OF THE SYSTEM IN USE. THE RED

POINT IS THE HAPTIC ENDPOINT.

This paperintroducesa haptic interfaceandsurface�lter -
ing algorithm for large height �eld datasetsthat allows hapti-
cally guidedmark-upof featureedgesfor surfacesmoothing,and
performslocal, haptic-basedsmoothingof high noiseregions.
Thesetwo operationspreparenoisy datafor later stagesin the
REpipeline,suchassurface�tting or featurerecognition.

We demonstratethe haptic interfaceand �ltering on some
sampledepth�eld images.Our systemcaneffectively dealwith
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datasetswith millions of samplesat hapticupdateratesgreater
thanonekilohertz.

BACKGROUND
Our applicationrelieson haptic rendering,hapticdrawing

on models,and�ltering for reverseengineering.Previouswork
in thesetopicsis presentedhere.

Haptic Rendering
Haptic renderingsystemssimulatethe contactforces be-

tweenvirtual modelsand re�ect thoseforcesto a userwith a
hapticdevice suchastheSensAblePhantom.This interactionis
dependenton thegeometricrepresentationof thedatasetandthe
hapticcontactmodel.

Often, the geometricrepresentationof the modelusedin a
haptic renderingsystemis a triangulatedmesh. This represen-
tation may lead to problemsif inconsistenciesin topology are
present,effecting the forcesthat arehapticallydisplayedto the
user. Solutionsto theseissuestreat the trianglescontactedby
thehapticendpointasconstraintplanes[1,2] which control the
movementof thehapticendpointacrossthemodel. Largemod-
els, however, may allow the userto crossmany trianglesin a
single haptic updateand the numberof constraintplanesmay
becomeoverwhelmingto thealgorithm. Hierarchicalbounding
volumesmaybeusedfor highresolutionmodels[3] allowing for
local hapticcalculationsandachieving updateratesnearlycon-
stantin time,however connectivity informationis required.

Thegrid structureof height�eld datasetsallows fasthaptic
renderingof massivemodelsby localizingall hapticcalculations
to localpatchesonthegrid,whichcanberepresentedastriangles
[4] or bilinearpatches[5].

The interactionbetweenthehapticendpointandthemodel
canbesimulatedasamasslesspointmoving alongtheobject[2],
a sphereproxy contactingthemodel[1], two polygonalmodels
comingin contactwith eachother[6], or a ray thatsimulatesthe
contactof thetip andsideof thehapticendpointto themodel[7].
The latter two approachessimulatemore complicatedinterac-
tions betweenthe haptic device and the model. The massless
point or god-objectandthe sphereproxy techniquessimulatea
singlepositionconstrainedto thesurfaceof themodelrepresent-
ing thevirtual positionof thehapticendpointon themodel.This
constrainedpositionis not allowed to penetratethe surfaceand
enablesthe systemsto haptically renderin�nitely thin objects
suchasplanesandpolygons.Theforcesreturnedto theuserare
directlyproportionalto thedistancebetweenthehapticendpoint
andthevirtual surfaceposition.

The hapticrenderingmodelusedin this work is presented
in [5] andis closelyrelatedto work by [4]. Both approachesuse
two modesof operation,a collision detectionmode,for when
thehapticendpointis above theheight�eld, anda modewhich

tracksthehapticendpointwhile it is in contactwith themodel.
Thistrackingstage�nds alocalminimumdistancefrom thehap-
tic endpointto thetrackedproxypointandappliesforces.

Haptic Drawing
Our applicationallows theuserto selectregionsof interest

by drawing onthemodelusingthehapticinterface.Hapticpaint-
ing wasintroducedfor sculpturedmodelsin [8], andextendedto
polygonalmodelsin [9]. The haptic interfacein eachsystem
providednaturalcontactcueswith themodelsandintuitiveposi-
tioningof thebrush.Thesecharacteristicsareusefulfor ourtask,
trying to selectfeatureedgesin thepresenceof noisydata.

Filtering for Reverse Engineering
Filtering of imagesand surfacesis a heavily researched

topic. A relatedtopic is surfacereconstructionfrom scattered
points[10].The�ltering methodsusedhereinarerelatively sim-
ple to provide fastfeedbackwith thehapticdevice.

Maintainingsharpedgesis an importantproblemin model
reconstructionandsurface�ltering. Automaticmethodsexiststo
infer featureedgesgiven a threshold[11]; however, very noisy
datacausesproblemsfor them.Anotherautomatictechniquefor
sharpcornerdetectionwasusedin thecontext of geometrycom-
pression[12]. Marking edgesfor desiredsharpnesswas done
in [13], but hasmostlybeendonein thecontext of �tting subdi-
visionsurfaces,wheretheinitial meshis small.

Filtering in the presenceof sharp features is called
anisotropic�ltering. Local principal componentanalysisof the
surfacedetectedthefeaturesin [14], andanisotropicbasisfunc-
tions preserved thosefeatures.Anisotropic �ltering on surface
normalshasyieldedgoodresultsin the presenceof noisy data,
aswell asfeaturepreservation,see[15].

APPROACH
Themaincomponentsof a hapticallyassisted�ltering sys-

tem arethe hapticcontactandforce feedbackmodels,the edge
marking and global �ltering algorithm, and local, haptically-
guidedsmoothing.

The haptic model usesbilinear patchesto representthe
height �eld dataand performsat haptic updaterates(at least
onekilohertz)independentof thesizeof thedataset.Algorithms
areusedfor for fastcollision detectionbetweenthehapticend-
point andthe model,closestpoint trackingto follow the haptic
endpointwhile in collision, andpenetrationcalculationsto de-
terminefeedbackforces.Thesepenetrationcalculationsaresen-
sitive to variationsin thedata,andthushigh frequency noiseis
echoedto theuserthroughthehapticendpointwhich is distract-
ing andlimiting to theuser.

Noisepresentin the scanneddatamustbe removed in or-
der to gain a goodquality surfacefor further RE applications.
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The reductionor removal of noisecanbe donethroughglobal
�ltering of thedataset.However, applyingauniformblurring �l-
ter acrossthewholedatasetwill smoothsharpedges,thusresult
in a modelwith deterioratedquality. To maintainsharpedges,
the userhapticallymarksedgesandany otherregion not to be
�ltered. The selectedout regionsmay thenbe �ltered indepen-
dentlyif desired.

Userselectedregionsmaintainssharpedgeswhile removing
globalnoise.However, theregionstendto beverynoisy, making
it hardto preciselyselectthe areasof interest.A local �ltering
methodis providedwhich is hapticallydriven,allowing theuser
to usethe haptic endpointas a smoothingtool the strengthof
which is proportionalto thepenetrationdepth.

ALGORITHM
Thebiggestchallengefacedin thissystemis maintainingthe

hapticupdaterateswhich aremuch fasterthanvisual updates,
about1000framespersecondcomparedto 30framespersecond
for visual. The hapticsystemwithout �ltering hasupdaterates
fast enoughto allow the addition of local �ltering, but global
�ltering cannotbe completedwithin haptic rates,and thus the
hapticinterfaceis suspendedwhile global�ltering takesplace.

Figure 2. THE PROJECTION OF HAPTIC RAY ENDPOINTS ONTO

THE XY PLANE AND TWO POSSIBLE INTERSECTION SCENARIOS.

Haptic Rendering
Themainduty of thehapticrenderingalgorithmis to deter-

mine feedbackforcesby maintaininginformationaboutthe in-
teractionof thehapticendpointandthemodel. Speci�cally, the
hapticendpointis allowedto move freely until it intersectswith
themodel.A localpointon thesurfaceclosestto thehapticend-
point is found(theproxypoint),andtherelationshipbetweenthe
penetrationdirectionandthesurfacenormalat theclosestpoint
determinestheforcesto beapplied.

The approachusedto track haptic movementis a histori-
cal approach,meaningthepreviousandcurrenthapticpositions
areusedin the calculations.The two hapticpoints form a ray
known asthehaptic ray. For eachmovementof thehapticend-
point the intersectionbetweenthe haptic ray and the model is

approximated.This approximation�rst projectstheray ontothe
XY planeasshown in Figure2 (weassumethattheZ coordinate
is the heightdata). Startingat the previous hapticposition,the
maximumheightof eachbilinearpatchin thepathof thehaptic
ray is comparedto the minimum height of the ray (that is the
minimumheightof thepreviousor currenthapticpositions). If
theminimumheightof theray is lessthanthemaximumheight
of thepatch,thenan intersectionis possibleasdemonstratedin
Figure2. The�rst patchto passthischeckis usedasthestarting
patchfor thelocalclosestpointsearch.Thisapproachwill detect
falseintersections,with the only consequencebeing that some
raysthatdonot intersectthemodelwill go throughtheconsecu-
tivestepsof thealgorithmbeforetheray is foundnot to intersect
themodel.

Figure 3. THE DOT PRODUCT OF THE PENETRATION VECTOR AND

THE SURFACE NORMAL DETERMINES IF FORCES SHOULD BE AP-

PLIED.

Onceit isdeterminedthatthehapticrayintersectsthemodel,
thesearchbeginsfor thelocal closestpoint. This is thepoint on
the surfaceof the model that minimizes the distancebetween
the surfaceand the hapticendpoint. Newton's methodis used
to solve for thelocal closestpoint andmayreturnpositionsout-
sideof thecurrentpatch. In this case,thesearchmustmove to
the next bilinear patchdeterminedby the parametricvaluesof
the out-of-boundspoint. Concavities in the model may cause
anin�nite loop whenmoving to thenext bilinearpatchandthus
thepoint boundedto theedgesandverticesof thecurrentpatch
andclosestto thehapticendpointis usedto determinea neigh-
borhoodof patchesto search.Thesearchneighborhoodconsists
of thepatchor patchesthatsharetheedgeor vertex locationof
the boundedclosestpoint. Next, for eachpatchin the search
neighborhood,a boundedclosestpoint is found. The distances
from eachof theneighborhoodboundedpointsandthebounded
point of the currentpatchto the hapticendpointarecompared,
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theshortestof which is kept. If thepoint with shortestdistance
is on a neighborhoodpatch,thelocal closestpoint searchmoves
to thatpatch.If it is on thecurrentpatch,thepoint is keptasthe
local closestpoint.

To determineif forcesshouldbeapplied,thehapticendpoint
mustbefoundto bein contactwith themodel.This testconsists
of comparingthedot productof thepenetrationvectorandsur-
facenormal to zero. The penetrationvector is the vector from
theprevious to thecurrenthapticendpoint.Thesurfacenormal
is the normalto the surfaceat the local closestpoint. If the lo-
cal closestpoint lies on anedgeor vertex, thenormalsfrom all
sharingpatchesareaveragedasthesurfacenormal.Positive dot
productsproduceforceswhile negative onesdo not asshown in
Figure3.

Forcecalculationsaredependenton the penetrationvector.
Forcesareappliedfrom theproxyposition(thelocalor bounded
closestpoint from thepreviousstep)in thedirectionandpropor-
tionalmagnitudeof thepenetrationvector.

Hapticall y Driven Filtering
Thehapticinterfaceis anaturalthreedimensionalinterface.

Thefreedomof movementallowedby theinterfacedevice is in-
tuitive,enhancinginteractionwith themodel.Theadvantagesof
haptic renderinglend themselvesto the manipulationof height
�eld models.

Figure 4. DATASET BEFORE (LEFT) AND AFTER (RIGHT) HAPTI-

CALLY GUIDED LOCAL SMOOTHING.

Hapticallydrivensmoothingallows theuserto selectthelo-
cationandcontroltheamountof smoothing.Thehapticendpoint
is usedasa smoothingtool, the areasof the modeltouchedby
the hapticendpointaresmoothedbasedon the amountof pres-
suretheuserexertson themodel.Theresultsof usingthehaptic
�ltering tool canbe seenin Figure4. While the steepedgesof
themodelandthenoiseat thevery top of theedgeis smoothed,
the noiseon the �oor of the modelis left becauseit will be �l-
teredout during the global �ltering stage. Only the noisethat
causesthehapticforcesduringedgeselectionto beerraticmust
be�ltered duringthisstep.

The implementationof the hapticallydriven �ltering is an
add-onto the hapticcontactmodel. Whenin the local �ltering
mode,applyingforcesimplies �ltering. Thecalculatedstrength
of the force feedbackvector is usedto linearly blend between
thecalculatedresultsof two smoothing�lters, a box �lter anda
Gaussian�lter .
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Figure 5. FILTER MASKS OF THE BOX (LEFT) AND GAUSSIAN

(RIGHT).

To �lter the data,the lower left datavalue of the bilinear
patchcontainingtheproxy point is selected.Theeightdataval-
uessurroundingthechosenpoint areuseto �ll the�ltering win-
dow. Weights,determinedby the�lter used,areappliedto each
cell of the�ltering window. The�nal valueof the�lter is calcu-
latedby summingtheweighteddatavaluesanddividing by the
sumof theweightsof the�ltering mask.

Three�lters areusedin this system,a box �lter , a median
�lter , anda Gaussian�lter . Themasksof theGaussianandbox
�lters canbeseenin Figure5. These�lters arebothaveragingor
low pass�lters which replacethevalueof thecenterdatapoint
with theaveragevalueof theneighborhood[16]. Thebox �lter
is a uniform averaging�lter in which all valuesin theneighbor-
hoodreceive the sameweight. The Gaussian�lter givesmore
weight to thecenterdatavalue,andthe leastweight to thedata
valuesdiagonalfrom the centercell sincethesecells have the
greatestdistancefrom thecenterdatavalue.Bothof these�lters
performsimilarly, however theGaussian�lter tendsto maintain
somenoisesincethecenterpixel is weightedmostheavily. The
median�lter is a �ltering strategy thatchoosesthemedianvalue
of the �lter window as the resultingvalue. This �lter is more
likely to preserveedgesthantheaveraging�lters. Figure6 shows
the original datasetanda single,global iterationof eachof the
�lters.

Edge Selection
Oncethehighfrequency noiseis locally smoothedusingthe

hapticsmoothingtool, theusercanusethehapticdevice to mark

4



Figure 6. THE ORIGINAL DATASET (TOP LEFT) AND A SINGLE,

GLOBAL ITERATION OF THE MEDIAN (TOP RIGHT), AVERAGE (BOT-

TOM LEFT) AND GAUSSIAN (BOTTOM RIGHT) FILTERS.

Figure 7. THE HEIGHTS OF THE DATA POINTS CAN BE INVERTED

TO EASE IN CONVEX EDGE SELECTION.

edgesandotherareasthatshouldremainuntouchedby theglobal
�ltering step.Thelocal �ltering enablestheuserto easilyselect
edgeswithout thedisturbanceof high frequency noise. In addi-
tion, an option to invert the height is includedto help the user
selectconvex edges.Theinvertedheightoptionis a simpleway
to constrainthehapticendpointto a concave corner, makingthe
selectionof convex edgeseasier. Figure7 shows the resultsof
theheightinversionoption.

Global Filtering
The �nal stepin noiseremoval is theglobal �ltering of the

dataset.The box, Gaussianand median�lters are usedin the
samemannerasdescribedabove, however the entiredatasetis
modi�ed rather than only user selectedregions. To preserve

edges,areasmarked by the userin the edgeselectionstageare
not �ltered. Figure8 demonstratesthe resultsof markingand
edgepathandglobally�ltering usingeachof the�lters described
above. While the edgesarenot assmoothasthe edges�ltered
globally, they keeptheirsharpedge.Interestingly, theedgeselec-
tion andlocal �ltering removed thestepartifactsresultingfrom
themedian�lter .

Figure 8. THE DATASET AFTER LOCAL FILTERING AND EDGE SE-

LECTION WITHOUT GLOBAL FILTERING (TOP LEFT), WITH MEDIAN

FILTERING (TOP RIGHT), AVERAGE FILTERING (BOTTOM LEFT) AND

GAUSSIAN FILTERING (BOTTOM RIGHT).

RESULTS
Theresultsof hapticlocal�ltering, edgeselectionandglobal

�ltering or HEGprocess,canbeseenin Figure8. In comparison
to global�ltering without edgeselectionasseenin Figure6, the
HEG datasetsarelesssmooth.However, theHEG modelshave
sharperedgesandwill recover a betterquality surface.Theme-
dian �lter performedthe bestedgepreservation in comparison
to theother�lters, however thestepartifactsreveal that thebest
useof themedian�lter is in areasof highdiscontinuity. Overall,
the additionof the HEG �ltering processquickly improvesthe
qualityof thedatasetby maintainingsharpedges.

Theoriginal hapticsystemperformsat updateratesgreater
thanneededfor hapticrendering.Theadditionof thehaptically
driven �ltering slows the updateslightly, however the ratesre-
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Method UpdateRate

WithoutFiltering 1002kHz

With Filtering 983kHz

Table 1. HAPTIC UPDATE RATES WITH AND WITHOUT LOCAL FIL-

TERING.

main at above hapticspeed.A comparisonof the updaterates
with and without local �ltering can be seenin Table 1. The
largestcostof thehapticallydrivenlocal�ltering is thevisualup-
dateof themodi�ed data.Thevisualandhapticdisplaysaresep-
aratedinto two distinctthreads.Hapticmodi�cationsof thedata
trigger the regenerationof openGLdisplaylists which areused
to visually display large scalemodelsat interactive rates. This
causesa pauseeachtime thedisplaylist is regenerated,however
thedisplayratesimmediatelyreturnto interactive. Theglobal�l-
teringhowever is notaninteractivestep,andthusbothvisualand
hapticupdatesarepausedwhile theglobal�ltering takesplace.

CONCLUSION
The hapticallyassisted�ltering systempresentedherepro-

videsthe userwith a tool to modify andextract a goodquality
surfacefrom a scanneddataset.In additionto hapticallyexplor-
ing the height �eld dataset,multiple �ltering modesallow the
manipulationof thedatasetto �t theuser's needs.

The currentimplementationis structuredaroundhigh fre-
quency noise removal while maintainingthe edgefeaturesof
scanneddata. Dependingon the characteristicsof the dataset
andnoise,other�ltering techniquesmaybeuseful. Also, addi-
tional tools for moreadvancedsurfacemanipulationcaneasily
beembedded.
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