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Abstract

Thisreportdescribestheimplementationof theSpinalTapvirtual spinalsurgery
simulationsystem.The goal of the systemis to simulatedrilling into vertebrae.
Two methodsfor reconstructingavertebraefrom CT scandataarepresented.Sev-
eral modelsof an L3 vertebraeare reconstructed,with varying results. An ar-
chitecturefor real-timehigh speeddecimationof point volumesis explainedand
implemented.Simulationsperformedwith testdatashow collision testingratesof
over 400Hzon currentPChardware.
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1 Intr oduction

Traditionally, training surgeonshasbeena dif�cult task. Before a surgeoncan be
trustedto performprocedureson a live human,he or shemust show pro�ciency in
trainingsituations.Currentlyseveralmethodsof surgical trainingexist. Observation
of anactualsurgerywill teachanew surgeonthestepsinvolvedin theprocedure.This
methoddoesnot provide the 'hands-on'experiencecritical to successfuloperations-
practiceis required.Working on humancadaversis effective,but is ratherexpensive.
Arti�cial bodypartsareoftenusedfor trainingarenot very realistic.Finally, training
onsedatedliveanimalsraisesanimalrightsconcerns.

Thegoalof thisprojectis to simulatespinalsurgeryproceduresthatinvolvedrilling
into the L3 vertebrae. During the operationa surgeondrills several holes into the
vertebrae.Pediclescrews areinsertedinto theseholesandusedto stabilizethespine.
Many novice surgeonsareunfamiliar with theuseof toolsaspowerful asa motorized
spinal drill. The effects of errors in this procedureare immediateand irreparable,
makingtheoperationverydangerous.In addition,osteoperoticbonecanbeverybrittle
in someplacesandit is veryeasyto drill too far. A surgeonmustbepreparedfor this,
unfortunatelyexperienceis dif�cult to obtainwithout risk to thepatient. This makes
spinaldrilling a goodcandidatefor trainingin a virtual environment.

A virtual modelof thespinalvertebraewill beconstructedfrom CT data.Surface
pointsareextractedfrom the CT images.A RadialBasisFunctionis �t to the these
points,providing a smoothpolygonizablesurfacewith anaccurateinside-outsidetest.
Cylindrical point volumesaregeneratedalongpre-planneddrill paths,thendecimated
duringsimulationto providedensityfeedback.

A critical pieceof the simulationenvironmentis the haptic-feedbackdrill. This
drill givesthesurgeonphysicalfeedbacksimilar to whatheor shewould feel in a real
procedure.Thedesignof this hapticdrill is beingundertakenby Marilyn Powersand
is beyondthescopeof thisproject.

A key problemis decimationof thevertebraemodelat interactiverates.Thephysi-
calfeedbacksystemrequiresanupdatefrequency of 300-1000Hzto beconvey realistic
informationabouttherigid vertebraesurface.Thevisualizationsystemmustupdateat
least10 timesa secondfor the userto considerthe simulationinteractive. Thesere-
quirementslimit theaccuracy of thecollisiondetectionsystem.

Theproblemsfocusedon have beenreconstructinga virtual vertebraemodelfrom
CT dataandreal-timedecimationof thepointvolume.An interactivesurgerysimulator
hasnot beendeveloped,insteadsimulationsof drill movementhave beencreatedto
validatetheperformanceof thecollisiondetectionalgorithm.

2 Previous Work

Real-timeSurgerysimulationsystemshavebeenpresentedby [26] and[14]. However,
thesesystemsarenot amenableto beingmodi�ed for bonesurgery simulation. [26]
simulatedeye surgery aspart of a larger tele-operatedmicrosurgery robotic system.
The systemrelied on non-linear�nite elementmethods(FEM) to simulatedeforma-
tion andcutting of cornealtissue. A force-feedbackphysicalinterfacewasusedfor
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manipulatingsurgical tools. This systemincludedmotiondamping,allowing thesur-
geonto operatewith increasedprecision.Visualizationwasdoneusingimplicit prim-
itivesunderfree-form deformation,wherethe deformationwas basedon a reduced
representationof the �nite elementmesh.Resultswererenderedon anHMD or large
back-projecteddisplayatanupdatefrequency of 10Hzusinghigh-endSiliconGraphics
workstations.

[14] implementedasystemfor arthroscopickneesurgerysimulation.However, the
systemlackedcollisionresponsemechanismsanddid notallow for any modi�cation of
thebonestructure.Visualizationwasaccomplishedusingreal-timevolumerendering
techniqueson high-endgraphicsworkstations.A SensAbleTechnologiesPHANToM
wasusedto provideuserinputandhapticfeedback.A systemthatsimulatedtheeffects
of cranialsurgeryon facialappearancewaspresentedin [20]. Unfortunatelythis was
not a real-timesystem.Thesystemreliedon springFEM to attacha skin meshto the
skull structure.

Severalotherresearchershave exploredmethodsof simulatinghumanphysiology.
Muscledeformationswereexploredin [7] and[17]. Thesesystemssimulateddefor-
mationeffectsbasedon FEM. [9] achievedFEM-baseddeformationof soft tissuein
real-timeusinga linearelasticmodelwith quasi-nonlinearelasticity. A force-feedback
systemwas included,and renderingwas donebasedon a deformedpolygon mesh.
However, the real-timeperformanceof the systemrelied heavily on precomputation,
which ruled out the ability to dynamicallymodify the structureof the �nite element
mesh.[11] alsopresenteda systemfor real-timedeformationwhich reliedon prepro-
cessinganddid notallow modi�cation of theelementstructure.

The systemspresentedso far have mainly beenconcernedwith simulatingdefor-
mationof non-rigid bodies. To this end, they have all relied on sometype of �nite
elementanalysisto determinedeformation. To achieve real-timeperformancethey
have relied on heavy preprocessingor supercomputer-classhardwareresources.The
systemsthat rely on precomputationhave beenunableto simulateany of the fracture
scenariospresentedin [16]. Thesesimulationsareunworkablefor bonesurgery, which
requiresmodi�cation of theunderlyingstructure.However, FEM-basednon-rigidbody
deformationis notnecessaryasboneis arelatively rigid structure.In addition,theonly
systempresentedsofarwhich includedanimmersivesimulationenvironmentis [26].

3 A Virtual VertebraeModel

A critical componentof SpinalTapis thevirtual vertebraemodel.Theef�ciency of the
collision detectionsystemreliesheavily on the vertebraedatastructures.The model
mustmeetthese4 primaryrequirements:

1. Supportanaccurateinside-outsidetest.

2. Supportanaccuratepolygonizationmethod.

3. Allow for fastrenderingof decimatedareas.

4. BebasedonCT scandata.
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Themodelmustsupportanaccurateinside-outsidetestin orderto generatepoints
inside the surface. Thesepointsare critical to the collision detectionalgorithmde-
scribedin section7. Achieving real-timeanimationframeratesimplies that theverte-
braesurfacemustberenderedasa polygonalmesh.To guaranteespatialconsistency,
it is essentialthatthismeshbegeneratedfrom thesamedatausedto determinedensity
valuesandcollision points. Hence,themodelmustsupporta fastandaccuratepoly-
gonizationalgorithm. Techniquesmustalsobe devisedto permit fastviewing of the
modelduringdrilling.

The �nal restrictionis the most problematic. The virtual vertebraesurfaceand
density�eld are to be basedon ComputedTomography(CT) data. A stackof CT
slicesof theL3 vertebraewill bethebasisfor thevertebraemodel.Building thevirtual
vertebraefrom this standardmedicaldatasourceallows thesystemto work with any
particularvertebraeandbetailoredto individualpatients.

3.1 ComputedTomography Data

3.1.1 ComputedTomography

Figure1: CT scanaxis(Sagittal,Coronal,Transaxial).

ComputedTomographyimaging,commonlyknown asCT or CAT (ComputedAx-
ial Tomography)scanning,createsgreyscaleimagessimilar to x-rays.An x-ray beam
anddetectorareswept360degreesaroundtheobjectin question,creatinga slice im-
agethat representsa thin planarsectionof theobject. A setof theseslicesis calleda
stack or volume. Thisstackof imagesrepresentsavolumein spaceandcanbedirectly
visualizedwith volumerenderingtools[12] [10].

CT volumesaredistributedasstacksof imagesalongoneof threeprimary axis.
Theseaxisareform a right-handedcoordinatesystemandhave a standardorientation
in relationto patientpositionduringscanning(see�gure 1). TheTransaxialaxisruns
from headto toe,with thepositive directionbeingtowardsthehead.TheSagittal axis
is positive towardsthepatient's left hand.Finally, theCoronal axisis positive towards
thepatient's posterior. This projectconsidersthesagittal,coronal,andtransaxialaxis
to betheX, Y, andZ axis,respectively
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A standardstack�le formatis de�ned aspartof theDigital ImagingandCommu-
nicationsin Medicine(DICOM) speci�cation.Many DICOM toolsallow for re-slicing
of aCT volumealongany of theprimaryaxis.This re-slicinggeneratesanew stackof
images.

3.1.2 L3 VertebraeCT Stack

Figure2: L3 vertebraeCT scanstack,slices20-22.

A transaxialDICOM stackof 95512x512pixel imagesof theL3 vertebraehasbeen
providedby theLaboratoryof HumanAnatomyandEmbryologyat theUniversityof
Brussels,Belgium. Theseimagesrepresent180x180mmslices. The actualvertebrae
volumecoversat most224x212pixels on any slice, correspondingto approximately
79x75mmsegmentsof the vertebrae.The excessimageareahasbeenremoved and
a few slicescanbe seenin �gure 2. This implies that the maximumvolumeof the
vertebraeis approximately560,000mm3. The maximumdiagonaldistanceacrossa
slice is about109mm,implying that a drill bit will never intersectthevertebraeover
morethan109mmof it' s surface.

Actual vertebraevolumetakesup a relatively small portion of the stackvolume.
Evenafter theexcessimageareahasbeencut down from 512x512pixelsto 224x212
pixels,over80%of thevolumeis empty.

Severalattributesareneededto mapCT slicepixelsinto actualworld coordinates.
Theseare the X and Y pixel spacings,and slice spacing. X and Y pixel spacings
aremeasuredbetweenthe centresof two adjacentpixels. Slice spacingis measured
betweentheparallelcentrelinesof two adjacentslicesandrepresentsthedistancethe
CT scanneris movedbetweenslices(see�gure 3). Any point in theCT volumecanbe
mappedto andfrom world coordinatesbasedon thesespacings.

TheL3 stackin useis a transaxialstack.TheX andY pixel spacingsfor thestack
(correspondingto thesagittalandcoronalaxis)areboth0.352mm.Theslicespacingin
thetransaxialaxis is 0.5mm.Hence,pixel resolutionin theZ directionis signi�cantly
lower thanin the XY plane. This is apparentwhentexture-mapping3D planeswith
sagittalandcoronalslicesgeneratedfrom re-slicingof the transaxialvolume. These
imagesappearto bestretchedin theZ axisdueto thelowerZ resolution.

Oneotherattribute availablefor the CT volumeis the slice thickness.The slice
thicknessfor the L3 transaxialstackis 1.1mm. This measureimplies that eachCT
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Figure3: CT slicecoordinatesystem,pixel spacing,andslicespacing.

slicerepresentsa1.1mmthick sliceof matter. Theslicethicknessfor theL3 volumeis
largerthantwice theslicespacing.Hence,eachsliceslightly overlapsthesliceabove
andbelow it. Thesenoisedueto theseoverlapscomplicatesthesegmentationprocess
describedin section3.2.3.

3.2 SurfaceReconstruction

3.2.1 PreviousWork

Many techniqueshave beenappliedto the surfacereconstructionproblem. Perhaps
thesimplestmethodis to applya polygnizationalgorithmto thevolumetricdata[23].
The surfacesproducedusing this methodaregenerallynot smooth. Anotheroption
is to createa stackof 3D contoursandstitch themtogether(REFS).This technique
canproducerelatively smoothsurfaces.Unfortunately, stitchingcontoursto produce
a surfaceof arbitrarytopologyis very dif�cult. Severalresearchershave attemptedto
�t surfacesdirectly to a setof surfacepoints.Early methodsinvolvedorientingplanes
to createsigneddistancefunctions,with reasonableresults[18]. An enhancementto
thistechniqueinvovled�tting Bernstein-B́ezierpatchesto thesigneddistancefunction,
achieving C1 continuity[1].

While effective at constructinga polygonalsurface,eachof thesetechniquesfails
to meetoneof the requirementsof thevertebraemodel. Namely, noneprovide a fast
inside/outsidepoint test. Thesemethodsall �t polygonsor parametricsurfacesto the
CT data. However, recentresearchin radial basisfunctions[5] [6] [28] [3] [4] has
providedapowerful methodfor reconstructing3D modelsfrom asetof surfacepoints.
Fitting a radialbasisfunction(RBF) to this setof surfacepointsresultsin an implicit
function - the simplestsort of inside/outsidetest. Any implicit surfacepolygonizer
[29] canbeappliedtotheRBFto produceapolygonalmesh.Theprocessof �tting and
evaluatinga radialbasisfunctionis describedin detail in [5].

3.2.2 FastRBF

FastRBFis a commercialsurface�tting tool thatemploys radialbasisfunctions.The
softwareis distributedby FarFieldTechnologyanda30,000point time-limitedlicense
is availablefor trial use.FastRBFincludesanimplicit polygonizerthatproducesopti-
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Figure4: A problematicCT slice. On the left is theoriginal CT image.Contrastand
brightnesshavebeenincreasedto highlightambiguouspixels.Theresultingsegmented
sliceis shown on theright.

mizedtrianglemeshes.FarFieldTechnologyhasimplementedfastmultipolemethods,
aswell asthecentrereductionandsmoothingalgorithmsdescribedin [5].

The �nal RBF de�ning the vertebraesurfacehasapproximately14,000centres.
However, the the largestinitial setof centreshadover 130,000points,well over the
30,000point limit allowedby theFastRBFtrial license.This prompteda new method
of �tting to beapplied. The list of surfacepointswaschoppedinto groups,basedon
z height.A separateRBF was�t to eachof thesegroupswith reductionapplied.This
reducedthetotal centrecountto well under30,000.A �nal RBF wasthen�t to these
centreswith smoothingapplied.

Thereis somequestionasto how muchaccuracy is lost by �tting portionsof the
�nal surfaceseparately. Therealareaof concernliesneartheedgesof thesub-surfaces.
Thereis a possibilitythat thecentrereductionalgorithmwould discardpointsthatare
unnecessaryfor thesub-surface,but wouldnotbediscardedif theentireRBFcouldbe
�t directly.

Oneoptionconsideredto decreasethe likelihoodof unwantedreductionwasto �t
anRBF to eachslice,alongwith a rangeof adjacentslicesoneitherside.Thereduced
setof centresfor theslicewould thenbeextracted.Reducedcentresat theedgeof any
sub-surfaceareignored,minimizing lossof importantcentres.However, in practice
this techniquewasunnecessary. Reductiondid notdiscardenoughcentresto seriously
affect surfacetopology. However, RBF smoothingdid affect surfacetopology, see
section3.3.5.

3.2.3 SegmentingCT Slices

Radialbasisfunctions�t a smoothsurfaceto a setof surfacepointsandoff-surface
points.To �t anRBFto CT slicesthesurfacepointsmustbegeneratedfrom greyscale
imagepixels. Determiningsurfacepointsis anedge-�ndingproblem.Thesetof sur-
facepixels(andoff surfacepointsgeneratedfrom surfacepixels)de�nesthesurfacein
3D space.

Existingmethodshave beendevisedto automaticallyextractsurfacecontoursout
of CT andMRI data[13] [19]. Surfacepointsarethengeneratedalongthesesmooth
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contours.Thesetechniquesaregenerallyusedasaninitial stepandrequireveri�cation
by a trainedprofessional.For the purposesof this project,only oneCT stackneeds
to be segmented. The segmentationwas doneby hand,using the magic wand tool
in the GNU ImageManipulationProgram(GIMP). Manual segmentationis a time-
consumingprocess.

TheGIMP magicwandtool is asimplethreshold-selectiontool thatcanbeusedto
�nd edgesbasedonpixel intensity. This tool workedmoderatelywell for many slices.
Unfortunately, signi�cant noiseis presentin mostslices.Thesenoisypixelsarevisible
in middlepicturein �gure 4. ThedarkU-shapedareain this slice is at thebottomof
anindentationin thevertebraesurface,wherehigh curvatureexistsin theplaneof the
slice.

Many pixels thatareobviously outsideof thesurfacehave a higherintensitythan
pixels insidethevisible boundary. The intensity-basedmagicwandtool selectsthese
noisy pixels beforeselectingthe inner pixels. To avoid selectingexterior pixels the
usermustmanuallymanipulatethemagicwandthreshold.Thedangerhereis thaton
adjacentslicesslightly different thresholdsmay be necessaryto avoid picking noisy
pixels. This reducestheamountof coherencebetweenthe surfacepixelsof adjacent
slices.Thesurfacecan'wiggle' backandforth a pixel or two. To avoid this situation
pixelsdeemedexterior to thesurfaceneededto bemanuallydeselected.

3.3 Pixel-BasedSurfaceReconstructionMethod

3.3.1 Point Generation

Surfaceandoff-surfacepoints(OSPs)mustbe extractedfrom theCT slice imagesin
orderto �t an RBF surface. Surfacepointscanbe generatedby isolatingthesurface
pixels as describedin section3.2.3 and placing a point at the centerof eachpixel.
Thepointscanthenbetransformedinto world spaceusingthealgorithmdescribedin
section3.1.2.Theresultingsetof surfacepointsis shown in �gure 5.

Generationof OSPsis a moredauntingtask. As describedin [5], the placement
off OSPsis an importantdeterminantof �nal surfacesmoothness.The �rst attempt
at OSPgenerationwasa pixel-basedmethod.For eachsurfacepixel, adjacentNorth,
East,South,andWestpixelswereexamined. If thesurroundingpixel wasinsidethe
surface(in thesolid grey areasof �gure 4) an 'inside' OSPwasproduced.'Outside'
OSPsweregeneratedfor pixelsdeterminedto beoutsidethesurface.An RBF was�t
to the�nal setof pointsusingtheFastRBFsoftwareandmethodsdescribedin section
3.2.2.

3.3.2 Initial Results

The initial manualsegmentationof the CT slice imagesresultedin 44,327surface
pointsand88,123off-surfacepoints.RBF'swereiteratively �t to these132,450points.
After reduction,the �nal point setnumberedjust over 28,000.The inital surfacewas
�t with no smoothing(left imageof �gure 6). This surfaceis far too roughto beused
in thesimulationenvironment.
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Figure5: A RadialBasisFunctionis �t to this setof surfacepointsto createa virtual
vertebraesurface.TheRBFautomaticallyinterpolatesthroughtheareaswith low point
density.

Figure6: Resultsof pixel-basedOSPgeneration.The left imagehasno smoothing.
Themiddleimagehassmoothingfactor0.5,andtheright imagehassmoothingfactor
30.
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Figure7: Irregularsegmentationprovidedby theGIMP magicwandtool. On theleft
is thesegmentedsurface.Off-surfacepixelsareshown on theright.

Figure8: Thesamesliceasshown in �gure 7 aftermanualsmoothing.

3.3.3 SegmentationEdgeSmoothing

Analysisof the segmentedCT slicesprovided a possibleexplanationas to why the
initial surfacewaswassorough.Thecontoursproducedby theGIMP magicwandtool
werevery irregular, ascanbe seenin �gure 7. The two arrows point out particularly
noisyareas.RememberthatanRBF is �t suchthat it will interpolatethevaluesgiven
for all surfaceandoff-surfacepoints. The line thatpassesthroughthecenterof each
white pixel hasvery high curvature. The problemis multiplied when �tting a 3D
surfacedueto registrationerrorsbetweensuccessive slices. This irregularity causes
the'bumpy' surfaceshown in �gure 6.

Theirregularity in surfacepixelsis mostlydueto undersampling.Themagicwand
tool hasvery few pixels to work with and noisy edgesare the result. To increase
the smoothnessof the RBF surface, the individual segmentededgesneededto be
smoothed.This smoothingwasdoneby handon eachindividual slice. The results
of manualsmoothingcanbeseenin �gure 8.
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Figure9: Resultsof RBFsmoothing.Left imagehasnosmoothing.Middle imagehas
smoothingfactor0.5,andright imagehassmoothingfactor30.

3.3.4 ResultsAfter Smoothing

43,834surfacepointsremainedaftermanualsmoothing,from which87,558off-surface
pointsweregenerated.The�tted RBFwasmarginallysmootherthantheinitial surface,
but still very rough.Oneobviousproblemwasthat,while smoothinghadbeenapplied
to eachslice, no smoothingwasdonebetweenconsecutive slices. However, it was
surprisingthatthepixel smoothinghadsolittle effect. A likely culprit wastheinherent
smoothingappliedby theresolutionof thepolygonizationalgorithm. Polygonization
'chops off ' small areasof very high curvature. The high-curvaturesurfacesections
�t to thenoisypixelsin �gure 7 werelikely removedby thepolygonizationalgorithm.
This impliesthatasmoothsurfacecannotbe�t directly to thepointsetgeneratedfrom
pixels.

3.3.5 RBF Smoothing

One last avenuefor smoothingthe RBF surfacewas available. A relaxationfactor
canbeintroducedwhich allows theRBF �tting processto generatea surfacewith less
curvature. This processwasappliedwith varyingsmoothingfactors.As canbeseen
in �gures 9 and6, thesmoothingfactoris very effective. Theright vertebraein these
imagesis arguablysmoothenoughto usein simulation.

RBF smoothingdoescomeat a price. Thesmoothingfactorreducestheaccuracy
of the�nal RBF. The�tted RBFis lessconstrainedto passthroughthesurfaceandoff-
surfacepointsgivento the�tting algorithm.With a largesmoothingfactor, noticeable
volumechangecantakeplace,shown in �gure 10. Thevisiblewhitepixelsin theright
imageshow a largedeviation from theactualsurface.

This deviation is importantbecausedensitypointswill be generatedin this area,
however the CT slicescontainno bonemasshere. The densityof pointsgenerated
in theseareaswill be zero. This implies that the userwill be able to drill several
millimetres into the surfacebeforeexperiencingany drill resistance.Obviously this
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Figure 10: Comparisonof �tting accuracy. The silhouetteof two smoothedRBFs
(white) are shown with the unsmoothedRBF (red) overlayed. The left imagehas
smoothingfactor0.5,theright hasa factorof 30.

surfacecannotbeused.

3.3.6 Conclusions

Thepixel-basedmethodof generatingOSPsis unworkable.An accuratesurfaceis too
noisy, but a smoothsurfaceexhibits too muchvolume change. A bettermethodof
generatingoff-surfacepointsmustbeapplied.

3.4 Normal Estimation SurfaceReconstructionMethod

3.4.1 FastRBFNormal Estimation

A strongdeterminantof �nal surfacesmoothnessis the off-surfacepoint (OSP)dis-
tance. In section3.3, the distanceto OSPswasratherlow, relative to the sizeof the
vertebrae.Thisproducesa veryconstrainedsurface.UnfortunatelymoredistantOSPs
cannotbedeterminedfrom slice images.GeneratingOSPsbasedon anestimated2D
normalis innefective for sliceswhereevenminor curvatureexists in theslice(on the
axiscomingoutof thesliceimage).

Thetypical methodof generatingOSPsis to projectthemout alongthenormalto
thesurfacepoint [5]. Point normalsaregenerallynot availablefor an arbitrarypoint
�eld. However, techniqueshave beendevisedto approximatea normalbasedon the
local point �eld [5]. Thesemethodsrely on anoutward-pointingvectorto determine
normalorientation.Giventheseoutward-pointingvectors,FastRBFcangenerateOSPs
at user-speci�eddistancesfrom thesurfacepoint. A new RBF is then�t to this setof
surfaceandoff-surfacepoints.

Theseoutward-pointingvectorscaneasilybegeneratedfrom theCT imageslices.
The4-neighborhoodof eachsurfacepoint is examined.Startwith an initial vectorof
(0,0).Add oneto thex coordinateif theleft pixel is an'outside' pixel,andsubtractone
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(a) f ront

(b) side

Figure 11: Comparisonof normal and pixel-basedOSPgeneration. Left and right
imagesarepixel-based,with no smoothingandsmoothingfactor30. Middle imageis
normalbasedwith smoothingfactor0.5.

if theright pixel is outside.Similarly, addoneto y for anoutsidetoppixel,andsubtract
onefor anoutsidebottompixel. Theresultingvectoris a 2D outward-pointingvector,
which is suf�cient for thenormalgenerationtechniques.Notethat this algorithmcan
produceambiguous(0,0) vectors.Surfacepointswith theseambiguitiesweresimply
discarded,asonly 6 of the43,834wereproblematic.

3.4.2 Results

A surfacepointsetwasgeneratedfrom aninitial setof 43,828surfacepixels.FastRBF
generatedalmostasmany off-surfacepoints,resultingin 87,485�nal points.An RBF
was�t to thissetwith smoothingandpointreductionenabled.Thesetof outputcenters
wasreduced84%to 14,344centers.A smoothersurfacewas�t to only 6775centers,
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Figure12: Comparisonof �tting accuracy betweennormalandpixel OSPgeneration
methods. Left and right imagesarepixel-basedwith smoothingfactors0.5 and30.
Middle imageis normalbasedwith smoothinfactor0.5.

however thelevel of volumechangewasdeemedto betoohigh.
Thesurfaceis visuallymuchsmoother, ascanbeseenin �gure 11. In addition,the

vertebraevolumeis preservedquitewell. Theinitial imagesin �gure 12wererendered
atapproximatelydoubletheresolutionof theactualCT images.Thisimpliesthataone-
pixel discrepancy betweenthe smoothedred silhouetteand underlyingunsmoothed
whitesilhouetteis within thepixel accuracy limit allowedby theCT image.

The normal-basedRBF is as arguably as smootha surfaceas is possiblewhen
�tting directly to pixel values.To increasesurfacesmoothnessamethodsuchas�tting
2D piecewise splinesto the surfacepixels would be necessary. In addition, expert
judgementis recommendedto determinewhetherthesetof surfacepixelspickedout
from a sliceis accurate.

4 The Virtual Drill

Thevirtual drill modelis separatedinto two components- thedrill handleandthedrill
bit. Thedrill handlewouldonly berepresentedgraphicallyandhasbeenleft outof the
currentimplementation.It hasno effect on thevertebraedrilling process.Thedrill bit
is theonly partof thesystemthatcanaffect thevertebrae.

4.1 Drill Bit Geometry

The drill bit is composedof a cylinder with a conical end cap, as shown in �gure
13(a).Unlessthesurgeonplanson drilling throughthevertebraeinto internalorgans,
the sectionof drill bit that needsto be testedfor collisions will be no longer than
approximately50mm.Theconicalend-capto thedrill bit cylinder is expectedto make
upabout5mmof this length.Thediameterof thedrill bit is typically in the2.5-3.5mm
range.
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(a)geometry (b) point test

Figure13: virtual drill bit

4.2 Drill Bit Point Inside/OutsideTest

Testingwhethera point is insideour outsideof the drill volume is a critical part of
the collision detectionprocess.Implicit de�nitions of a cylinder andconeexist and
canbeusedto determinepoint inclusion.Thecanonicalde�nitions of theseprimitives,
orientedalonganaxisandbasedat theorigin, provideasimpletest.However, thedrill
bit may be arbitrarily orientedin space.This implies usingthe generalequationsof
a cylinder or cone. Theseequationsarerathercomplicatedto produceandevaluate.
Anotheroption is to transformthe testpoint backinto the canonicalprimitive space.
This requiresanexpensivematrixmultiplication.Neitherof theseareveryef�cient.

Thelastoptionfor a point inside/outsidetestis to usea geometricalmethod.This
algorithmis basedon a vectorprojectionandmagnitudes.The point in questionis
projectedontoa line throughthecenterof thedrill bit, asshown in �gure 13(b). The
distancefrom point P to point Pnear is usedto determinewhetheror not the point is
insidethedrill bit volume.Thealgorithmis shown below.

Algorithm 1
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Figure 14: The Path Plannerinterface. The CT slice imagesdisplayedon the left
correspondto thepositionsof the transparentguideplanesintersectingthemodelon
theright.

5 Path Planning Tools

5.1 Vertebrae Inspection

The interfaceusedto plan drill pathsis shown in �gure 14. The main view window
displaysthe vertebraemodelandcanbe manipulatedby the user. The threesmaller
views allow theuserto stepthroughtheCT slice stackalongthe transaxial,coronal,
andsagittalaxes.

Thepositionsof thetransparentguideplanesshown in the�gure aredependenton
thecurrentlyvisible CT slice image(in eachaxes). Theseguideplanesaremeantto
helptheplannerrelatetheCT imageto the3D model.They canbedisabledfor aclear
view of themodelsurface.

5.2 Path Planning

Pathplanningis doneby manipulatingtheendpointsof thepathline. Thedrill surface
is renderedalongthe path to aid the userin correctplacement.Model transparency
allows for manipulationof theendof thepathinsidethevolume,shown in �gure 15.
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Figure15: A samplepathsimilar to thoseusedfor pediclescrew placement.

6 An Ef�cient Drilling Path Data Structure

6.1 Moti vation

SpinalTap simulatesthe 'feel' of drilling into a rigid structureby providing collision
feedbackatratesof severalhundredcyclespersecond.Thisfeedbackhasto correspond
with whattheuserseesonthescreenandexpectsto feel. Two opposingproblemsexist
- how to detectdrill/volumecollisionsaccuratelyandhow to do soquickly. Generally
oneof thosemustbesacri�cedto enhancetheother.

Most collision detectionsystemsaremeantto beappliedto large-scaleinteraction
betweenvolumeswherefew assumptionscanbemadeaboutpropertiesof thevolume
[24] [2][15]. SpinalTap, however, is a very speci�c application. The projectgoal is
to decimatea sectionof a small rigid objectwith high accuracy. To achieve the col-
lision ratesrequired,a very simple,highly optimizedcollision detectionalgorithmis
necessary. Arguablythesimplestvolumeprimitive is a singlepoint. A setof pointsin
spacethat�t insidethevertebraesurfacecanbegenerated,essentiallycreatinga 'point
volume'. Decimationis thenaccomplishedby discardingpointsasthey arefound to
beinsidethedrill volume.

Pointvolumedensityis a critical determinantof simulationrealism.Too sparsea
point volumeandthe feedbackwill be irregular or 'jumpy'. On the otherhand,too
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Figure16: Thecylindrical pointvolumedatastructureusedfor collisiondetection.

densea volumeresultsin unacceptablylow collision cycle rates.SpinalTapcurrently
usesa point densityof 0.1mm. This providesadequatesimulationspeed.Thehaptic
drill is not avaible for testing,so it is uncertainwhetherthis resolutionis suf�cient.
It hasbeensuggested[25] thatextrapolationcouldincreasethefrequency of feedback
withoutrequiringanincreasein dataresolution.Thesemethodsmaybetheonly option
if point resolutionis too low, asit will be shown that lowering theresolutionto even
0.5mmpushesthelimits of currenthardware.

6.2 A Cylindrical Point Volume

The obvious methodof generatinga point volumeis to �ll the entirevertebraewith
points. This methodresultsin ludicrousmemoryrequirementsandwould be utterly
impossibleto processquickly. Herea basicfact aboutspinalsurgery becomesvery
useful- spinalsurgeonsdo extensive planningandknow well beforehandwherethey
intendto drill. Using this pre-planneddrill path,a smaller(but equallydense)point
volumecanbeconstructedby only generatingpointsin thevoxelsalongthedrill path.
Unfortunatelyinitial analysisof this revisedsystemshowed that the time neededto
processall voxelswasstill toohigh [27].

An alternatemethodinvolving non-staticpointsthatmigratewith thedrill bit sur-
facewasconsidered.This techniquestill providesthehighestcollisionaccuracy but it
is unclearhow to guaranteethat migratingpointscover the entiredrill volume. This
methodalsorequiresevaluationof thevertebraeRBF at run-time,whichmaybecom-
putationallyinfeasibleevenwith fastmultipolemethods.

Again, the restrictedproblemdomaincomesto therescue.SpinalTap is a system
for simulationof spinaldrilling surgery. Drills bits arecylindrical in shape,with a
conicalendcap. The surgeoncanonly drill alongthepre-plannedpathin onedirec-
tion - into thevertebrae.Finally, becauseof the conicalendcap,volumedecimation
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occurs'outward', meaningthatalongany planarsliceperpendicularto thedrill path,
theconicalendcapwill passthroughtheslicebeforetherestof thedrill bit.

The obvious choicefor the point volumeis a cylinder of radiussomewhat larger
thanthe drill bit, orientedalongthe planneddrill path. The cylinder canbe split up
into discsperpendicularto thedrill pathvector. Dueto the'drilling outward' property,
thesediscscanbesplit into concentricringsof points. Thedatastructurewe areleft
with is a cylinderof discsof ringsof points,shown in �gure 16.

6.3 Filling The Point Volume

The point generationschemebegins with a pathconstructedusingthe pathplanning
tool describedin section5. A canonicaldisc of point rings is generatedandcopied
down theZ axisat 0.1mmintervals.Thiscylindrical point volumeis thentransformed
to alignwith thepathvector.

PointsoutsidethevertebraevolumeareculledusingthesameRBF usedto create
the vertebraesurface. The FastRBFsoftwarecould be usedfor this, however in the
interestsof avoidingcommercialtoolstheRBFwasevaluatedusingthestandardbrute-
force method. With an RBF of approximately16,000centers,this is an expensive
operation.Culling thepoint volumeis by far themostcompute-intensivepartof point
volume generation.The processtakes upwardsof an hour for a large volume with
0.1mmpointspacing.Indeed,thisevaluationexpenseis oneof thereasonswhy testing
was limited to 0.1mmspacing. Generatinga volume at 0.05mmspacingproduced
a point set �le several hundredmegabytesin size and took approximately8 hours.
ApplyingFastMultipoleMethodsto thisprocesswouldincreaseoutputspeed,however
thevolumesizeis unaffected.

The �nal sizeof a point volumegiven the inital path lengthandradiusis easily
calculatedusingthefollowing formulas:

pointsdisc
� 3 � n �

� n � 1� where n �

radiusvolume
spacing

pointsvolume
� pointsdisc

�

lengthpath
spacing �

1

To get a feel for thesenumbers,take an imaginarypoint volumeof radius4 and
length10. At 0.1mmspacing,eachdischas4,681pointsandtheentirecylinder con-
tains468,100points.At 0.05mmspacing,eachdischas18,961pointsandthecylinder
contains3,792,200points. Halving the point spacingresultsin roughlyan 8-fold in-
creasein point count.

6.4 DiscPoint Distrib ution

Sincethe point volumewill ultimately be usedto determinetotal feedbackstrength
appliedto theuser, thedistribution of pointsshouldbeuniform. Thereis a possiblity
thatacompletelyuniformdistributionwouldproducethephysicalanalogueof aliasing.
In thiscase,jittering couldbeappliedto theuniformdistribution- but aninitial uniform
distribution is still necessary.
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Generatinga uniform distribution on a regulargrid is very simple,however doing
so on circular discsis lessintuitive. Obviously a uniform distribution alongthe axis
of thecylindercanbeachievedby simply spacingthediscsat regularintervals. Inside
thediscs,however, eachpointshouldbeequidistantfrom it' sneighbours.Onemethod
of guaranteeingthis involvescircumscribingthediscinsideaninitial regularhexagon,
thensubdividing theequilateraltrianglesthatmakeup thehexagon[21]). A geometric
propertyof this subdivision is that all resultingtriangleareequilateral,hencesubdi-
vision is repeateduntil theedgelengthof any triangleis lessthanthe requiredpoint
spacing. Unfortunately, anothergeometricpropertyof this methodis that when the
subdividedpointsareconnectedwith ringseachring containsonly 6 points(thepoints
of ahexagon).Thehigh ring countprovidesincreasedcollision resolutionbut incursa
largecostin thecollisiondetectionalgorithm.

A somewhat lessuniform methodfor populatingthe point disc hasbeendevised
that is optimal for collision detection. The innermostring is createdwith 6 points
spacedat60degreeintervals(theverticesof ahexagon).Thearclengthbetweenthese
pointsis computedandall successive rings areconstructedsuchthat their arc length
is equivalent. It can be shown that the limit of the distancebetweenthe points is
equalto thearc lengthasthe radiusgoesto in�nity . For 0.1mmspacing,this results
in point spacingbetween0.103mmand0.104mmfor any particularring. The radius
is determinedsimply by multiplying the ring numberby the spacingvalue. Hence
discsandrings areequallyspaced,andpointsarounda ring arenear-equallyspaced.
Onepossibleproblemhereis that thespacingbetweenpointson differentringsis not
uniform. Visually they appearto be,however furtheranalysishasnotbeenattempted.

7 FastCollision Detection

7.1 BasicAlgorithm

Thebasiccollisiondetectionalgorithmis simplyapoint inside-outsideteston thedrill
bit cylinder andconicalendcap. First the line connectingthetip andbaseof thedrill
is projectedon to theline down thecenterof thecylindrical pointvolumeto determine
how far alongthe paththe drill is. Theneachdisc up to this point is testedagainst
the drill volume. Testinga disc is relatively straightforward - points are processed
from theinnerto outerring for inclusionin thedrill volumeusingalgorithm4.2.Each
disc maintainsa pointer to the outermostcompletelydestroyed ring, which reduces
the numberof points that needto be considered.Testingout to the last ring is also
unnecessary. By determingwherethe drill line intersectsthe disc plane,�nding the
distancebetweenthis point andthecenterof thedisc,thenaddingthedrill bit radius,
theoutermostdiscthatcanpossiblyhaveapoint intersectionis determined.

7.2 Corr ecting For On Path Bias

Thecollisiontestingalgorithmperformsbestwhenthedrill exactlyfollowstheplanned
path.In thiscasetheminimumpossiblenumberof ringsmustbetested,andtheserings
movefrom undestroyedto fully destroyedveryquickly. However, asthedrill diverges
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Figure17: Degradationof thecollisiondetectionalgorithmdueto off-pathdrilling. All
ringsthatoverlapthedrill (darkgrey circle)mustbetested.

from theplannedpath,moreringsmustbetested,andmany pointsin theseringswill
not intersectthedrill. This canbeseenin �gure 17. On thepathonly 3 ringsneedto
betested,while in theoff pathcaseall ringsmustbetested.

Testingall theseextra pointsresultsin a signi�cant slowdown. However, dueto
the cylindrical natureof the drill bit, theseextra testscanbe avoided. The elliptical
projectionof thedrill bit ontothediscplaneis convex. Only two intersectionswith any
givenring arepossible.Collision testingmuststartat a point on thering thatis inside
the drill bit cylinder. Testingproceedsaroundthe ring away from this point in each
directionuntil a non-intersectingpointsarefound. At this point it is guaranteedthat
no additionalpointsintersectthedrill bit. Thevectorfrom thedisccenterto thedrill
line / discplaneintersectionpoint (calculatedto determinetheoutermostring) canbe
usedto �nd a point that mustbe insidethe volumeif any collisionswill occur. This
algorithmis currentlynot implementedin theSpinalTapsystem.

8 Rendering

8.1 VertebraeSurface

The vertebraesurfaceis renderedusingthe polygonalmeshgeneratedfrom the ver-
tebraeRBF. During the point volume generationstage,trianglesentirely inside the
volumecylinder areremoved,creatinga hole aroundthe drilling area. This method
occasionallyleavessmall holesaroundthe edgeof the drilling volume,asa triangle
mayintersectthevolumecylinder but it' s verticesmayall beoutside.This casecould
beavoidedby castingraysalongtheedgesof trianglesnearthevolumeandtestingfor
cylinder intersection.

21



Figure18: Thepoint renderingmethodbreaksdown asthesurfacegetscloserto the
viewer. Theupperleft imageis correct,howeverartifactsbegin to appearin thelower
left imageandgrow progressively worse,until thesurfacebreaksapart.

8.2 Point VolumeRendering

Renderingof the point volume surfacesis doneusing an extremely basicsplatting
zwicker[22] [30] algorithm.Pointsin thevolumearesimply renderedusingthe
GL POINTSOpenGLprimitive. As canbeseenin �gure 18, this methodis of limited
effectiveness.In anactualvirtual surgeryenvironmentthevertebraewould besmaller
thanthe pictureon the left, so in this caserenderingthe pointsdirectly works well.
However, asthevertebraeis enlargedthedistancebetweenpointsin relationto pixel
sizegrows,andthesurfacebreaksapart.Switchingto a differentsplattingprimitiveat
closerange(suchasspheres)andusingadaptive splatsizingwould resultin a closed
but roundedsurface.

While theGL POINTSprimitiveis veryfast,thepointvolumeusedfor testingcon-
tainedapproximately1 million points.During drilling processortime is at a premium
andtheuseris unableto seeinsidethedrilling volumebecausethedrill bit blocksthe
hole. Only surfacepointsneedto be rendered.Surfacepointsaredeterminedby ex-
aminingtheRBFvaluefor thepoint. If thevalueis within apre-de�nedthresholdthen
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Figure19: A transparentview of themodelduringa drilling simulation.Thesurface
discscanbeseenhalf waydown thedrill bit.

it is markedasa surfacepoint. Thecurrentimplementationmarksandrendersentire
discsassurfacediscsinsteadof individualpoints,shown in �gure 19. Thiscostssome
renderingtime but avoids increasingthe sizeof the point datastructure. In practice,
very few discsaresurfacediscsandtherenderingoverheadis minimal.

A �nal issuewith point renderingis normalcalculation.Normalsfor surfacepoints
aretakenfrom thevertebraeRBF. At innerpointsnormalsonly needto becalculated
oncethey arevisible. Whentheuserstopsdrilling, the�nal drill bit orientationis used
to calculatenormalsfor non-surfacepointsnearthedrill bit surface.

Frameratesof 10 to 15 framespersecondwereachievedusingthis technique.The
largestcomputationalcostis theconditionaltestthatmustbeperformedfor eachpoint
to determinewhetheror not it hasbeendestroyed. If acolorwasstoredfor eachpoint,
thealphacomponentcouldbe setto zerofor destroyedpoints. This would allow for
batchrenderingof all pointsandprovide a signi�cat speedup.However, storinga 4-
componentcolor for eachpoint increasesthememoryfootprintof thepointvolumeby
onehalf.
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9 Resultsand Analysis

9.1 A RealisticSamplePath

Oneof themainreasonssurgeonsdrill in to vertebraeis to insertpediclescrews. These
screws areattachedto metalplatesthat stabilizethe vertebraewhena ruptureddisc
is removed. Pediclescrews areinsertedin roughly the sameorientationasshown in
�gure 19. This pathprovidesa goodtestfor the performaneof thecollision system.
Besidesbeingrelevantto intendeduse,it is nearlyaslongapathasis possiblethrough
avertebrae.Theculledpointsetcontained986,958pointsin 378discs.

9.2 Initial Simulation Attempts

A realhapticdrill wasnotavailableto testthecollisionalgorithms,sosimulationof the
positionalinput from animaginaryhapticdrill wasattemptedin software.In hardware,
the drill positionalinput would be receivedasynchronouslyby the operatingsystem.
The renderingand collision enginesshouldalso be running asynchronously, as the
renderercannotkeeppacewith thecollision engine.This architecturewassimulated
using threethreadson dual-processorIntel Pentium3 and 4 machines.One thread
moved the drill forward alongthe path. A secondthreadran the collision algorithm
continuously, and a third renderedthe scenewhen necessary. Ideally, the collision
algorithmwould runoneprocessorwhile thedrill andvisualupdatesranon theother.

SpinalTap runsin the Linux operatingsystem,which is not a real-timeoperating
system(RTOS).An RTOS provideshardlimits on thingslike process/threadpriority
andwait times. Linux doesnot. The �rst techniquetried wasto have thedrill thread
continuouslymove thedrill a shortdistance(lessthat0.001mm),sleepingfor several
hundredmicrosecondsbetweenmoves. Initial resultswerevery promising- the col-
lision algorithmranat several thousandcyclesper secondon a 1400Mhz Pentium4
dual-processormachine.However, thedrill movementthreadonly woke up 100times
persecond.Linux cannotprovideanalarmsignalat any higherfrequency, sofor most
collision cyclesthe drill positionhadnot changed.Whenthe drill doesn't move, no
new collisionsoccur, andthecollisionenginehasto dovery little work.

An attemptto enhancethissystemwasmadeby removing thesleepcall altogether.
The drill movementthreadthenran at 30,000to 60,000updatesper second.At this
rate,themovementdistancehadto bereducedfrom 0.001mmto 0.000001mm.Unfor-
tunately, becauseof thelimited accuracy of singleprecision�oating point, largeerrors
accumulatedwhenmoving sucha small distance.The drill often divergedso badly
from the path that it startedmoving backwards. In addition, becauseLinux cannot
guaranteeprocessorallocationto a particularthread,it was impossibleto determine
whetheror not thecollisionenginehada processorto itself.

9.3 Collision EngineTiming

Attemptsto simulaterealisticdrill input had to be abandoneddueto de�cienciesin
Linux threadscheduling.However, somesortof measureof thecollision engineef�-
ciency wasstill needed.A simpli�ed architecturewasdesignedwhereinthecollision
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Figure20: Comparisonof collisiondetectionratesbetweena733Mhz Pentium3 dual
processormachineanda 1400Mhz Pentium4 dualprocessormachine.

engineworks in lock-stepwith the drill updatethread. First the drill updatethread
movesthedrill a smalldistance,thenthecollision engineruns,andthecycle repeats.
Therenderingthreadwasleft unchanged.In this modelit wassafeto assumethat the
collisionengine/ drill movementcyclewouldbeallocatedoneprocessor, andthedrill
renderingthreadtheother. Thenumberof collision cyclespersecondwasoutputand
agraphof oneof thedatasetsis shown in �gure 20.

On a dual-processor1400Mhz Pentium4 machine,collision cycle frequencesof
over400Hzwereachieved.Initial collisioncycle frequenciesaremuchhigherbecause
the numberof point testsrequiredincreasesasthe drill penetratesthe point volume.
Point testcountis highestneartheendof thepath,so the �nal numbersin thegraph
mustbeusedwhenanalyzingef�ciency. Theprobabilityof increasingthis ratebeyond
the1000Hzbarrieris discussedin section9.5.

9.4 Problems

9.4.1 Off Path Slowdown

The graphshown in �gure 20 was generatedby a drill moving directly along the
plannedpath - the optimal situation. An additionalrun of the simulationwasmade
with the drill placednearthe edgeof the point volume. This resultsin lessef�cient
collisionpointculling,describedin section7.2.Thetiming resultsof thisoff-pathsim-
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Figure21: Comparisonof on-pathandoff-pathcollisiondetectionratesbetweena733
Mhz Pentium3 dual processormachineanda 1400Mhz Pentium4 dual processor
machine.

ulationareplottedwith theon-pathvaluesin �gure 21. A slow down of approximately
20%is apparentonboththe1400Mhzand733Mhzprocessors.

9.4.2 HardwareBottlenecks

Correctlyinterpretingtheresultsshown in �gures 20and21 requiressomeknowledge
of the underlyingcomputerhardware. The �rst obviousdiscrepancy is the relatively
smoothdecreasein speedof thePentium3 chipversusthe'jumpy' irregularitiesin the
Pentium4 graphs.Thiscanbetracedbackto peculiaritesof thePentium4 architecture,
particularlythedual-channelRDRAM memorybus.Dual-channelRDRAM hasapeak
throughputrateof 3.2GB/s,however it hasa ratherhigh readlatency. In addition,the
Pentium4 hasamuchdeeperexecutionpipelinethanthePentium3. Unlessgreatcare
is takento scheduleinstructionsproperly, readlatency cancausepipelinestalls,which
essentiallyforcetheprocessorto slow down until thememorycan'catchup'.

Thenext relevantstatisticis thatthe1400MhzPentium4 providesabouta2.8times
speedupin theon-pathcase,yettheclockfrequency is only twiceashigh. Thespeedup
risesto 2.9 timesin theoff-pathcase.Again,examiningthememorybusarchitecture
providessomeanswers.The Pentium3 hasthe samedual-channelRDRAM as the
Pentium4, howeverit only hasa133Mhzmemorybus.Thismeansit canonly support
apeakmemorythroughputrateof 1.06GB/s[8]. ThePentium4 hasa400Mhzmemory
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busandsupportsthefull 3.2GB/sthroughputrate.This is wheretheadditionalspeed
increasecomesfrom. Thespeedupincreasesin theoff-pathcasebecausemorememory
mustberead(moreof thevolumemustbeprocessed).

Theeffectsof memorylatency andpipelinestallson thePentium4 areespecially
apparentwhen comparingthe on-pathand off-path graphsfor that architecture. In
somecasesthe off-path drill actuallybeatsthe on-pathdrill, while in othersit does
muchworsethantheaverage20%slowdown.

9.4.3 Limits on Curr ent PC Hardware

Severalfundamentallimits canbeextrapolatedfrom thetestdataandinformationabout
availablehardware.Eachpoint uses32bytesof memory, sothe986,958point dataset
requires30.1 MB of RAM. In the on-pathcasethe entire dataset is never needed
for a singlecollision cycle, somebasicanalysisshows thatapproximately20%of the
volume is neededin the worst case(at the end of the path). If the smartoff-path
collisiondetectionalgorithmdescribedin section7.2 is implemented,off-pathdrilling
requiresno morememoryreadsthanon-pathdrilling, so20%percentis a reasonable
estimatefor theactualnumberof pointsreadin themostexpensivecollisioncycles.

The questionnow arisesof how muchthe point densitycanbe increasedbefore
the simulationspeeddropsbelow acceptablelevels, say100 Hz. The assumptionis
madethata processorexiststhatcanprocessdataasfastasit is read(this assumption
is not sounrealistic).At 32 bytesperpoint, this limits point readsto about1 million
per collision cycle, implying that the full dataset is approximately5 million points.
In section6.3 it was notedthat halving the point spacingcausesan 8-fold increase
in point count. Reducingthe resolutionof the samplepediclescrew pathto 0.05mm
would increasethepoint countto over8 million.

Notethatthisestimateis greatlyoversimpli�ed - in particular, requiring20%of the
point volumefor a collision testseemsratherhigh. However, thememorybus limits
doexist, andwill beproblematicwhentrying to increasetherealismof thesimulation.

9.4.4 Numerical Accuracy

Thememorybandwidthlimits discussedin theprevioussectionareonly onedif�culty
with increasingsimulationrealism.Anotheris �oating point numericalaccuracy. The
currentsystemrelieson singleprecision�oating point values. Point coordinatesare
storedin world space,andthecoordinatesattheextentsof thevertebraevolumerequire
3 digits on the left sideof thedecimal. It is commonlyacceptedthatsingleprecision
�oating point providesabout7 decimaldigits of numericalaccuracy. With 0.1mm
spacingon points that require3 digits for the integer world coordinate,only a few
digits remainfor spacingandcalculationaccuracy.

As the point spacingis reduced,more error will accumulate,until point coordi-
natesbecomeindistiguishable.Thesolutionto this problemis to usedoubleprecision
�oating point numbersfor point coordinatesandcollision testing. However, double
precisionmath is much slower thansingleprecisionmath. In addition,doublepre-
cision point coordinatesincreasethe size of the point datastructureby 40%. This
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increasesmemorybusrequirementsby 40%,implying thatthespacingwill have to be
reducedto meetmemoryrequirements.

9.5 Parallel Collision Detection

Assumingthat a 0.1mmpoint densityis viable, it may be necessaryto increasethe
collisioncyclerate.Severaloptimizationscanbemadeto theexistingcodeusingSIMD
vectoroperationsandoptimizedcachepre-fetching.Thesetechniqueswill provide a
reasonablespeedupbut arevery processor-speci�c. The real questionis whetherthe
algorithmcanberun in parallelonmultipleprocessors

Sinceeachdisc is processedindependently, the collision algorithmshouldscale
directly to multiple processors.Therangeof discsto testcanbeinitially determined,
anda subsetof discsassignedto eachprocessor. No concurrency problemscanarise
aseachset of discsis independentandno processorneedsto know anything about
theotherprocessors.Thenumberof pointsto processon eachdisc is relatively even,
sowork distribution betweenprocessorswould be fairly uniform. It is likely that the
scalingfactorfor parallelexecutionwill benearlylinear.

10 Conclusionsand Futur e Work

A modelof an L3 vertebraewassuccessfullyreconstructedfrom CT scandata. The
accuracy of themodelis restrictedby themanualmethodsusedto segmenttheCT slice
images.While a moderatelysmoothsurfacewasreconstructed,manualsegmentation
is clearlynot thebestway to determinesurfacepointsandsmoothout edges.Fitting
smoothcontoursto theindividualsliceswouldcreateamuchsmootherRBF. Develop-
mentof a methodfor increasingconsistency betweentheedgeson consecutive slices
is alsocritical. Expertjudgementis neededto determineif theresultingRBF surfaces
areacceptable.

TheSpinalTapPathPlanneruserinterfaceis veryminimal. Many additionswould
beusefulin a realisticsurgeryplanningenvironment.Oneratherimportantomission
wasdisplayingthedrill pathon theCT slice images- without this it is dif�cult to tell
exactlywherethedrill is going. If thePathPlanneris to beusefulin a realsimulation
system,FastMultipole Methodsmustbeimplementedsothatpoint generationcanbe
donein a reasonableamountof time.

Volumedecimationusinga cylindrical point volumeappearsto bea veryeffective
techniquefor drilling in to solid surfaces.However, the limitations on point density
requireinvestigation.It maybepossibleto applymoreelegantsortingtechniques.The
methodimplementedin theSpinalTapsystemis essentiallya bruteforcetechnique.A
multiresolutionalgorithmin which a higherdensitypoint set is only testednearthe
drill tip (wherecollision count is high) may allow for increasesin point densitythat
avoid hardwarelimits. Extendingthecollisionengineto aparallelimplementationwill
increasethenumberof collisioncyclesthatcanbeprocessed.If updatefrequenciesof
severalhundredhertzaresuf�cient, aparallelalgorithmwill allow pointdensityto rise
andincreasetherealismof thesimulation.
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SpinalTap, in it' s currentstate,providesa solid architecturefor a realisticdrilling
simulationsystem. Lacking a hapticdrill, it is dif�cult to determinewhetheror not
thecurrentpoint densityandcollision testrateareadequate.Evenwith a hapticdrill
in place,a real-timeoperatingsystemseemsnecessaryto provide the feedbackrates
required.Thesecomponentslay thefoundationfor a powerful drilling simulationsys-
temthatwill beapplicableto any sortof materialfor whichdensityinformationcanbe
obtained.
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