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ABSTRACT

Reverse engineeringof mechanicalsystemsoften begins
with largedatasetproducedrom laserscanningof physicalarti-
facts.Commonlyit is necessaryo remove noiseand lter them;
however, selectingnoisy regionsandpreservingsharpedgeson
desiredfeaturesis dif cult using standardGUI interfaces. We
demonstrate hapticinterfacefor marking and preservingfea-
turesin noisy dataandfor performinglocal smoothingopera-
tions. The force-feedbaclprovidesa naturalinterfacefor these
operations.

INTRODUCTION

ReverseengineerindRE) createcomputemodelsfrom ex-
emplarphysical parts,usuallysothatnewn partscanbe manufc-
tured, or modi cations canbe madeto existing systems. This
is anincreasinglyimportantproblemasexpensve, complex me-
chanicakystemaremaintainecpasttheirexpectedifetimes,yet
theoriginal plans,or eventhe companieshatproducedhem,no
longerexist.

Often,theexisting physicalpartis scannedvith alaserscan-
nerto createa large setof point samples. This datasetcanbe
representedsa depthimageor height eld, re ecting the regu-
lar natureof the samples.Somescanningechnologiegproduce
fairly noisydata;however, goodquality surfacescanbeextracted
using ltering methodsFeaturesnayneedto beselectedo pre-
sene sharpedgeshut usersof standardsUI interfaceshave dif-
culty marking-uptheselarge,noisydatasets.

Figure 1. A SCREEN SHOT OF THE SYSTEM IN USE. THE RED
POINT IS THE HAPTIC ENDPOINT.

This paperintroducesa hapticinterface and surface lter -
ing algorithm for large height eld datasetghat allows hapti-
cally guidedmark-upof featureedgedor surfacesmoothingand
performslocal, haptic-basedgmoothingof high noiseregions.
Thesetwo operationgpreparenoisy datafor later stagesn the
RE pipeline,suchassurface tting or featurerecognition.

We demonstratehe hapticinterfaceand Itering on some
sampledepth eld images.Our systemcaneffectively dealwith



datasetsvith millions of samplesat haptic updateratesgreater
thanonekilohertz.

BACKGROUND

Our applicationrelies on haptic rendering,haptic draving
on models,and ltering for reverseengineering.Previouswork
in thesetopicsis presentedere.

Haptic Rendering

Haptic renderingsystemssimulatethe contactforces be-
tweenvirtual modelsandre ect thoseforcesto a userwith a
hapticdevice suchasthe SensAbleéPhantom.This interactionis
dependentn thegeometricrepresentatioof the dataseaindthe
hapticcontactmodel.

Often, the geometricrepresentationf the modelusedin a
hapticrenderingsystemis a triangulatedmesh. This represen-
tation may lead to problemsif inconsistencie$n topology are
presenteffecting the forcesthat are haptically displayedto the
user Solutionsto theseissuestreatthe trianglescontactedoy
the hapticendpointasconstraintplanes[1, 2] which controlthe
movementof the hapticendpointacrosshe model. Large mod-
els, however, may allow the userto crossmary trianglesin a
single haptic updateand the numberof constraintplanesmay
becomeoverwhelmingto the algorithm. Hierarchicalbounding
volumesmaybeusedfor highresolutionmodelq3] allowing for
local hapticcalculationsandachieving updateratesnearly con-
stantin time, however connectvity informationis required.

The grid structureof height eld datasetsllows fasthaptic
renderingof massve modelsby localizingall hapticcalculations
tolocalpatchesnthegrid, whichcanberepresentedstriangles
[4] or bilinearpatcheg5].

The interactionbetweenthe hapticendpointandthe model
canbesimulatedasamasslespointmoving alongtheobject[2],
a sphereproxy contactingthe model[1], two polygonalmodels
comingin contactwith eachother[6], or aray thatsimulateghe
contactof thetip andsideof thehapticendpointo themodel[7].
The latter two approachesimulatemore complicatedinterac-
tions betweenthe haptic device andthe model. The massless
point or god-objectandthe sphereproxy techniquesimulatea
singlepositionconstrainedo the surfaceof themodelrepresent-
ing thevirtual positionof thehapticendpointonthemodel. This
constrainedpositionis not allowed to penetratehe surfaceand
enablesthe systemsto haptically renderin nitely thin objects
suchasplanesandpolygons.Theforcesreturnedo the userare
directly proportionatlto the distancebetweerthe hapticendpoint
andthevirtual surfaceposition.

The hapticrenderingmodelusedin this work is presented
in [5] andis closelyrelatedto work by [4]. Both approachesise
two modesof operation,a collision detectionmode,for when
the hapticendpointis above the height eld, anda modewhich

tracksthe hapticendpointwhile it is in contactwith the model.
Thistrackingstage nds alocalminimumdistance€rom thehap-
tic endpointto thetracked proxy pointandappliesforces.

Haptic Drawing

Our applicationallows the userto selectregionsof interest
by drawing onthemodelusingthehapticinterface.Hapticpaint-
ing wasintroducedor sculpturednodelsin [8], andextendedto
polygonalmodelsin [9]. The hapticinterfacein eachsystem
providednaturalcontactcueswith the modelsandintuitive posi-
tioning of thebrush.Thesecharacteristicareusefulfor ourtask,
trying to selectfeatureedgesn the presencef noisydata.

Filtering for Reverse Engineering

Filtering of imagesand surfacesis a heaily researched
topic. A relatedtopic is surfacereconstructiorfrom scattered
points[10].The Itering methodsusedhereinarerelatively sim-
ple to provide fastfeedbackwith the hapticdevice.

Maintaining sharpedgess animportantproblemin model
reconstructiorandsurface Itering. Automaticmethodsexiststo
infer featureedgesgiven a threshold[11]; however, very noisy
datacausegproblemsfor them.Anotherautomaticdechniquefor
sharpcornerdetectiorwasusedin the contect of geometrycom-
pression[12]. Marking edgesfor desiredsharpnessvas done
in [13], but hasmostlybeendonein the contet of tting subdi-
vision surfaceswheretheinitial meshis small.

Filtering in the presenceof sharp featuresis called
anisotropic Itering. Local principal componentanalysisof the
surfacedetectedhe featuresn [14], andanisotropichasisfunc-
tions presered thosefeatures. Anisotropic Itering on surface
normalshasyielded goodresultsin the presencef noisy data,
aswell asfeaturepreseration,see[15].

APPROACH

The main component®f a hapticallyassistedltering sys-
tem arethe haptic contactandforce feedbackmodels,the edge
marking and global Itering algorithm, and local, haptically-
guidedsmoothing.

The haptic model useshbilinear patchesto representthe
height eld dataand performsat haptic updaterates(at least
onekilohertz)independentf the sizeof thedatasetAlgorithms
areusedfor for fastcollision detectionbetweerthe hapticend-
point andthe model, closestpoint trackingto follow the haptic
endpointwhile in collision, and penetrationcalculationsto de-
terminefeedbackorces.Thesepenetratiorcalculationsaresen-
sitive to variationsin the data,andthushigh frequeng noiseis
echoedo the userthroughthe hapticendpointwhich is distract-
ing andlimiting to theuser

Noise presentin the scanneddatamustbe removed in or-
der to gain a good quality surfacefor further RE applications.



The reductionor removal of noisecanbe donethroughglobal
Itering of thedatasetHowever, applyingauniformblurring |-
teracrosgshewhole datasetill smoothsharpedgesthusresult
in a modelwith deterioratedquality. To maintainsharpedges,
the userhaptically marksedgesand ary otherregion not to be
ltered. The selectedut regionsmaythenbe Itered indepen-

dentlyif desired.

Userselectedegionsmaintainssharpedgesvhile removing
globalnoise.However, theregionstendto bevery noisy, making
it hardto preciselyselectthe areasof interest. A local Itering
methodis providedwhichis hapticallydriven, allowing the user
to usethe haptic endpointas a smoothingtool the strengthof
whichis proportionalto the penetratiordepth.

ALGORITHM

Thebiggestchallengdacedn this systems maintainingthe
haptic updaterateswhich are much fasterthan visual updates,
about1000framesperseconccomparedo 30 framespersecond
for visual. The hapticsystemwithout Itering hasupdaterates
fastenoughto allow the addition of local Itering, but global
Itering cannotbe completedwithin haptic rates,and thusthe
hapticinterfaceis suspendethile global Itering takesplace.

Figure 2. THE PROJECTION OF HAPTIC RAY ENDPOINTS ONTO
THE XY PLANE AND TWO POSSIBLE INTERSECTION SCENARIOS.

Haptic Rendering

Themainduty of the hapticrenderingalgorithmis to deter
mine feedbackforcesby maintaininginformationaboutthe in-
teractionof the hapticendpointandthe model. Speci cally, the
hapticendpointis allowedto move freely until it intersectswith
themodel.A local pointonthesurfaceclosesto the hapticend-
pointis found(theproxy point),andtherelationshigbetweerthe
penetratiordirectionandthe surfacenormalat the closestpoint
determinegheforcesto beapplied.

The approachusedto track haptic movementis a histori-
cal approachmeaningthe previous andcurrenthapticpositions
areusedin the calculations. The two haptic points form a ray
known asthe hapticray. For eachmovementof the hapticend-
point the intersectionbetweenthe haptic ray and the modelis

approximatedThis approximationrst projectstheray ontothe
XY planeasshavn in Figure2 (we assumehattheZ coordinate
is the heightdata). Startingat the previous haptic position, the
maximumheightof eachbilinear patchin the pathof the haptic
ray is comparedo the minimum height of the ray (thatis the
minimum heightof the previous or currenthapticpositions). If
the minimum heightof the ray is lessthanthe maximumheight
of the patch,thenanintersectionis possibleasdemonstrateih
Figure2. The rst patchto passhis checkis usedasthe starting
patchfor thelocal closesipointsearch Thisapproachwill detect
falseintersectionswith the only consequenceeingthat some
raysthatdo notintersecthe modelwill gothroughthe consecu-
tive stepsof thealgorithmbeforetheray is foundnotto intersect
themodel.

Figure 3. THE DOT PRODUCT OF THE PENETRATION VECTOR AND
THE SURFACE NORMAL DETERMINES IF FORCES SHOULD BE AP-
PLIED.

Onceit is determinedhatthehapticrayintersect¢hemodel,
the searchbgginsfor thelocal closestpoint. Thisis the pointon
the surface of the model that minimizesthe distancebetween
the surfaceandthe haptic endpoint. Newton's methodis used
to solwve for thelocal closestpoint andmay returnpositionsout-
side of the currentpatch. In this case the searchmustmove to
the next bilinear patchdeterminedby the parametricvaluesof
the out-of-boundspoint. Concaities in the model may cause
anin nite loop whenmoving to the next bilinear patchandthus
the point boundedo the edgesandverticesof the currentpatch
andclosestto the hapticendpointis usedto determinea neigh-
borhoodof patchedo search.The searcmeighborhoodonsists
of the patchor patcheshat sharethe edgeor vertex location of
the boundedclosestpoint. Next, for eachpatchin the search
neighborhooda boundedclosestpoint is found. The distances
from eachof the neighborhoodoundedbointsandthe bounded
point of the currentpatchto the hapticendpointare compared,



the shortesiof which is kept. If the point with shortestdistance
is onaneighborhoogatch,thelocal closestpoint searchmoves
to thatpatch.If it is onthe currentpatch,the pointis keptasthe
local closestpoint.

To determinef forcesshouldbeapplied,thehapticendpoint
mustbefoundto bein contactwith the model. This testconsists
of comparingthe dot productof the penetratiornvectorand sur
facenormalto zero. The penetrationvectoris the vectorfrom
the previousto the currenthapticendpoint. The surfacenormal
is the normalto the surfaceat the local closestpoint. If thelo-
cal closestpoint lies on an edgeor vertex, the normalsfrom all
sharingpatchesareaveragedasthe surfacenormal. Positive dot
productsproduceforceswhile negative onesdo notasshavn in
Figure3.

Forcecalculationsaredependenbn the penetratiornvector
Forcesareappliedfrom the proxy position(thelocal or bounded
closestpointfrom the previousstep)in thedirectionandpropor
tional magnitudeof the penetratiorvector

Hapticall y Driven Filtering

Thehapticinterfaceis a naturalthreedimensionalnterface.
The freedomof movementallowedby theinterfacedevice is in-
tuitive, enhancingnteractionwith the model. Theadwantageof
hapticrenderinglend themselesto the manipulationof height
eld models.

Figure 4. DATASET BEFORE (LEFT) AND AFTER (RIGHT) HAPTI-
CALLY GUIDED LOCAL SMOOTHING.

Hapticallydrivensmoothingallows the userto selectthelo-
cationandcontroltheamountof smoothing.Thehapticendpoint
is usedasa smoothingtool, the areasof the modeltouchedby
the hapticendpointare smoothedasedon the amountof pres-
suretheuserexertsonthe model. Theresultsof usingthe haptic

Itering tool canbe seenin Figure4. While the steepedgesof
themodelandthe noiseat the very top of the edgeis smoothed,
the noiseon the oor of the modelis left becausaét will be I-
teredout during the global Itering stage. Only the noisethat
causeghe hapticforcesduring edgeselectionto be erraticmust
be ltered duringthis step.

The implementationof the haptically driven ltering is an
add-onto the hapticcontactmodel. Whenin thelocal Itering
mode,applyingforcesimplies Itering. The calculatedstrength
of the force feedbackvectoris usedto linearly blend between
the calculatedresultsof two smoothinglters, abox Iter anda
Gaussianilter .

Figure 5. FILTER MASKS OF THE BOX (LEFT) AND GAUSSIAN
(RIGHT).

To Iter the data,the lower left datavalue of the bilinear
patchcontainingthe proxy pointis selected.The eightdataval-
uessurroundinghe choserpointareuseto Il the ltering win-
dow. Weights,determinedby the Iter used,areappliedto each
cell of the Itering window. The nal valueof the lter is calcu-
lated by summingthe weighteddatavaluesanddividing by the
sumof theweightsof the Itering mask.

Three lters areusedin this system,a box lter, a median
Iter , anda Gaussianlter . The masksof the Gaussiarandbox
Iters canbeseenn Figure5. Theselters arebothaveragingor
low pass Iters which replacethe value of the centerdatapoint
with the averagevalueof the neighborhood16]. Thebox Iter
is auniform averaging lter in which all valuesin the neighbor
hood receve the sameweight. The Gaussianlter givesmore
weightto the centerdatavalue,andthe leastweightto the data
valuesdiagonalfrom the centercell sincethesecells have the
greatestlistancdrom the centerdatavalue. Both of theselters
performsimilarly, however the Gaussianlter tendsto maintain
somenoisesincethe centerpixel is weightedmostheavily. The
median lter is a ltering stratgy thatchooseshe medianvalue
of the Iter window asthe resultingvalue. This Iter is more
likely to presere edgeshantheaveraginglters. Figure6 shons
the original datasetanda single, globaliteration of eachof the
lters.

Edge Selection
Oncethehighfrequeng noiseis locally smoothedisingthe
hapticsmoothingool, the usercanusethe hapticdevice to mark



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.

edgesandotherareaghatshouldremainuntouchedy theglobal
Itering step.Thelocal ltering enablegshe userto easilyselect
edgeswithout the disturbanceof high frequeng noise. In addi-
tion, an option to invert the heightis includedto help the user
selectconvex edges.Theinvertedheightoptionis a simpleway
to constrainthe hapticendpointto a concae corner makingthe
selectionof corvex edgeseasier Figure7 shaws the resultsof
theheightinversionoption.

Global Filtering

The nal stepin noiseremoval is the global Itering of the
dataset. The box, Gaussiarand median lters are usedin the
samemanneras describedabore, however the entire datasetis
modi ed ratherthan only user selectedregions. To presere

edgesareasmarked by the userin the edgeselectionstageare
not ltered. Figure 8 demonstrate¢he resultsof markingand
edgepathandglobally Itering usingeachof the Iters described
above. While the edgesare not assmoothasthe edgesltered
globally, they keeptheirsharpedge.Interestinglytheedgeselec-
tion andlocal ltering removed the stepartifactsresultingfrom
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 Itering, edgeselectiorandglobal
Itering or HEG processganbeseenin Figure8. In comparison
to global Iltering without edgeselectionasseenin Figure6, the
HEG datasetsrelesssmooth. However, the HEG modelshave
sharperedgesandwill recover a betterquality surface. The me-
dian Iter performedthe bestedgepreserationin comparison
to theother lters, however the stepartifactsreveal thatthe best
useof themedian Iter is in areasf high discontinuity Overall,
the addition of the HEG ltering processquickly improvesthe
quality of thedataseby maintainingsharpedges.

The original hapticsystemperformsat updateratesgreater
thanneededor hapticrendering.The additionof the haptically
driven ltering slows the updateslightly, however the ratesre-



Method UpdateRate ‘
WithoutFiltering | 1002kHz ‘
With Filtering | 983kHz |

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

main at above hapticspeed. A comparisorof the updaterates
with and without local ltering can be seenin Table1. The
largestcostof thehapticallydrivenlocal ltering isthevisualup-
dateof themodi ed data.Thevisualandhapticdisplaysaresep-
aratednto two distinctthreads Hapticmodi cations of thedata
triggerthe regeneratiorof openGLdisplaylists which areused
to visually display large scalemodelsat interactve rates. This
causes pausesachtime thedisplaylist is regeneratedhowever
thedisplayratesmmediatelyreturnto interactive. Theglobal I-

teringhaweveris notaninteractve step,andthusbothvisualand
hapticupdatesarepausedvhile theglobal ltering takesplace.

CONCLUSION

The hapticallyassistedltering systempresentedherepro-
videsthe userwith a tool to modify and extracta good quality
surfacefrom a scannedlatasetin additionto hapticallyexplor-
ing the height eld datasetmultiple Itering modesallow the
manipulationof thedataseto t theusersneeds.

The currentimplementationis structuredaroundhigh fre-
gueng noiseremoval while maintainingthe edgefeaturesof
scanneddata. Dependingon the characteristicof the dataset
andnoise,other ltering techniquesnay be useful. Also, addi-
tional tools for more advancedsurfacemanipulationcan easily
beembedded.
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