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Abstract

Thisreportdescribesheimplementatiorof the SpinalTapvirtual spinalsuigery
simulationsystem. The goal of the systemis to simulatedrilling into vertebrae.
Two methoddor reconstructin@ vertebradrom CT scandataarepresentedSes-
eral modelsof an L3 vertebraeare reconstructedwith varying results. An ar-
chitecturefor real-timehigh speeddecimationof point volumesis explainedand
implemented Simulationsperformedwith testdatashawv collision testingratesof
over 400Hzon currentPChardwvare.



1 Intr oduction

Traditionally, training sugeonshasbeena dif cult task. Before a suigeoncan be
trustedto perform procedureson a live human,he or shemustshaw pro ciency in
training situations. Currently several methodsof sumgical training exist. Obsenation
of anactualsumgerywill teachanew suigeonthe stepsinvolvedin the procedureThis
methoddoesnot provide the 'hands-on'experiencecritical to successfubperations
practiceis required. Working on humancadaersis effective, but is ratherexpensve.
Arti cial body partsareoften usedfor trainingarenot very realistic. Finally, training
on sedatedive animalsraisesanimalrightsconcerns.

Thegoalof this projectis to simulatespinalsuigeryprocedureshatinvolvedrilling
into the L3 vertebrae. During the operationa sugeondrills several holesinto the
vertebrae Pediclescravs areinsertedinto theseholesandusedto stabilizethe spine.
Marny novice surgeonsareunfamiliar with the useof toolsaspowerful asa motorized
spinal drill. The effects of errorsin this procedureare immediateand irreparable,
makingtheoperationverydangerousln addition,osteoperotibonecanbevery brittle
in someplacesandit is very easyto drill toofar. A sugeonmustbe preparedor this,
unfortunatelyexperienceis dif cult to obtainwithout risk to the patient. This makes
spinaldrilling agoodcandidatdor trainingin avirtual environment.

A virtual modelof the spinalvertebraewill beconstructedrom CT data. Surface
pointsare extractedfrom the CT images. A Radial BasisFunctionis t to thethese
points,providing a smoothpolygonizablesurfacewith anaccuratenside-outsiddest.
Cylindrical point volumesaregenerate@longpre-plannedirill paths thendecimated
duringsimulationto provide densityfeedback.

A critical pieceof the simulationervironmentis the haptic-feedbackirill. This
drill givesthe surgeonphysicalfeedbacksimilarto whathe or shewould feelin areal
procedure.The designof this hapticdrill is beingundertalenby Marilyn Poversand
is beyondthe scopeof this project.

A key problemis decimatiorof thevertebraanodelatinteractive rates.The physi-
calfeedbaclsystenrequiresanupdatefrequeng of 300-1000Hz0 becorvey realistic
informationabouttherigid vertebraesurface.Thevisualizationsystemmustupdateat
least10 timesa secondfor the userto considerthe simulationinteractive. Thesere-
quirementdimit theaccurag of the collision detectionsystem.

The problemsfocusedon have beenreconstructing virtual vertebraemodelfrom
CT dataandreal-timedecimatiorof thepointvolume.An interactve suigerysimulator
hasnot beendeveloped,insteadsimulationsof drill movementhave beencreatedto
validatethe performancef the collision detectionalgorithm.

2 PreviousWork

Real-timeSumgerysimulationsystemdave beenpresentedby [26] and[14]. However,
thesesystemsare not amenableo beingmodi ed for bonesuigery simulation. [26]
simulatedeye suigery as part of a larger tele-operatednicrosugery robotic system.
The systemrelied on non-linear nite elementmethods(FEM) to simulatedeforma-
tion and cutting of cornealtissue. A force-feedbaclphysicalinterfacewas usedfor



manipulatingsumgical tools. This systemincludedmotion damping,allowing the sur
geonto operatewith increasedrecision.Visualizationwasdoneusingimplicit prim-
itives underfree-form deformation,where the deformationwas basedon a reduced
representationf the nite elementmesh.Resultswererenderecdbn anHMD or large
back-projectedisplayatanupdaterequeny of 10Hzusinghigh-endSilicon Graphics
workstations.

[14] implementeda systentor arthroscopikneesumgerysimulation.However, the
systemackedcollisionresponsenechanismanddid notallow for any modi cation of
the bonestructure.Visualizationwasaccomplishedisingreal-timevolumerendering
techniquesn high-endgraphicsworkstations.A SensAbleTechnologies?HANToM
wasusedto provide userinputandhapticfeedback A systenthatsimulatedheeffects
of cranialsugery on facialappearancevaspresentedn [20]. Unfortunatelythis was
not a real-timesystem.The systenmrelied on springFEM to attacha skin meshto the
skull structure.

Severalotherresearcherbhave exploredmethodsof simulatinghumanphysiology
Muscledeformationswvere exploredin [7] and[17]. Thesesystemssimulateddefor
mationeffectsbasedon FEM. [9] achiered FEM-baseddeformationof soft tissuein
real-timeusingalinearelasticmodelwith quasi-nonlineaelasticity A force-feedback
systemwas included, and renderingwas done basedon 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] alsopresented systemfor real-timedeformatiorwhich relied on prepro-
cessinganddid not allow modi cation of the elementstructure.

The systemgresentedo far have mainly beenconcernedvith simulatingdefor
mation of non-rigid bodies. To this end, they have all relied on sometype of nite
elementanalysisto determinedeformation. To achiese real-time performancehey
have relied on heavy preprocessingr supercomputeclasshardwareresources.The
systemghatrely on precomputatiorhave beenunableto simulateary of the fracture
scenariopresentedh [16]. Thesesimulationsareunworkablefor bonesurgery, which
requireamodi cation of theunderlyingstructure However, FEM-basedon-rigidbody
deformatioris notnecessargsboneis arelatively rigid structure In addition,theonly
systempresentedofar which includedanimmersie simulationervironmentis [26].

3 A Virtual Vertebrae Model

A critical componenbf SpinalTapis thevirtual vertebraamodel. The ef ciency of the
collision detectionsystemreliesheavily on the vertebraedatastructures.The model
mustmeetthesed primaryrequirements:

1. Supportanaccuratanside-outsideest.
2. Supportanaccurateolygonizatiormethod.
3. Allow for fastrenderingof decimatechreas.

4. Be basedn CT scandata.



The modelmustsupportanaccuratenside-outsiddgestin orderto generatgoints
inside the surface. Thesepointsare critical to the collision detectionalgorithm de-
scribedin section7. Achieving real-timeanimationframeratesmpliesthatthe verte-
braesurfacemustbe renderedasa polygonalmesh. To guaranteespatialconsisteny,
it is essentiathatthis meshbe generatedrom the samedatausedto determinedensity
valuesandcollision points. Hence,the modelmustsupporta fastandaccuratepoly-
gonizationalgorithm. Techniquesnustalsobe devisedto permitfastviewing of the
modelduringdrilling.

The nal restrictionis the most problematic. The virtual vertebraesurfaceand
density eld areto be basedon ComputedTomography(CT) data. A stackof CT
slicesof theL3 vertebraewill bethebasisfor thevertebraemodel.Building thevirtual
vertebradrom this standardnedicaldatasourceallows the systemto work with arny
particularvertebraeandbetailoredto individual patients.

3.1 Computed Tomography Data
3.1.1 Computed Tomography
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Figurel: CT scanaxis(Sagittal,Coronal, Transaxial).

Computedlomographyimaging,commonlyknown asCT or CAT (ComputedAx-
ial Tomography)scanningcreategyreyscaleimagessimilar to x-rays. An x-ray beam
anddetectorare swept360 degreesaroundthe objectin question creatinga sliceim-
agethatrepresents thin planarsectionof the object. A setof theseslicesis calleda
stadk or volume This stackof imagesrepresenta volumein spaceandcanbedirectly
visualizedwith volumerenderingtools[12] [10].

CT volumesare distributed as stacksof imagesalongone of threeprimary axis.
Theseaxis areform aright-handedtoordinatesystemandhave a standardrientation
in relationto patientpositionduringscanning(see gure 1). The Transaxialaxisruns
from headto toe, with the positive directionbeingtowardsthe head.The Sajittal axis
is positive towardsthe patients left hand.Finally, the Coronal axisis positive towards
the patients posterior This projectconsiderghe sagittal,coronal,andtransaxialaxis
to betheX, Y, andZ axis,respectiely



A standardstack le formatis de ned aspartof the Digital ImagingandCommu-
nicationsin Medicine(DICOM) speci cation. Many DICOM toolsallow for re-slicing
of aCT volumealongary of theprimaryaxis. This re-slicinggeneratea new stackof
images.

3.1.2 L3 VertebraeCT Stack

Figure2: L3 vertebraeCT scanstack,slices20-22.

A transaxiaDICOM stackof 95512x512pixelimagesof theL3 vertebradnasbeen
providedby the Laboratoryof HumanAnatomyand Embryologyat the University of
BrusselsBelgium. Theseimagesrepresenfil80x180mmslices. The actualvertebrae
volume coversat most224x212pixels on ary slice, correspondindo approximately
79x75mmsegmentsof the vertebrae. The excessimageareahasbeenremoved and
a few slicescanbe seenin gure 2. This implies that the maximumvolume of the
vertebrads approximately560,000mm. The maximumdiagonaldistanceacrossa
sliceis about109mm,implying thata drill bit will never intersectthe vertebraeover
morethan109mmof it's surface.

Actual vertebraevolumetakes up a relatively small portion of the stackvolume.
Evenafterthe excessimageareahasbeencut down from 512x512pixelsto 224x212
pixels,over 80% of the volumeis empty

Severalattributesareneededo mapCT slice pixelsinto actualworld coordinates.
Thesearethe X andY pixel spacings,and slice spacing. X andY pixel spacings
are measuredetweenthe centresof two adjacentpixels. Slice spacingis measured
betweerthe parallelcentrelines of two adjacenslicesandrepresentshe distancethe
CT scanneis movedbetweerslices(see gure 3). Any pointin theCT volumecanbe
mappedo andfrom world coordinatedasedn thesespacings.

TheL3 stackin useis atransaxialstack. The X andY pixel spacinggor the stack
(correspondingo thesagittalandcoronalaxis)areboth0.352mm.Theslicespacingn
thetransaxiakxisis 0.5mm.Hence pixel resolutionin the Z directionis signi cantly
lower thanin the XY plane. This is apparenwhentexture-mapping3D planeswith
sagittaland coronalslicesgeneratedrom re-slicing of the transaxialvolume. These
imagesappeato bestretchedn the Z axisdueto thelower Z resolution.

One otherattribute available for the CT volumeis the slice thickness. The slice
thicknessfor the L3 transaxialstackis 1.1mm. This measurdmplies thateachCT
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Figure3: CT slicecoordinatesystem pixel spacing andslice spacing.

slicerepresents 1.1mmthick slice of matter Theslicethicknesdor theL3 volumeis
largerthantwice the slice spacing.Hence eachslice slightly overlapsthe slice above
andbelow it. Thesenoisedueto theseoverlapscomplicateghe segmentatiorprocess
describedn section3.2.3.

3.2 SurfaceReconstruction
3.2.1 PreviousWork

Many techniqueshave beenappliedto the surfacereconstructiorproblem. Perhaps
the simplestmethodis to apply a polygnizationalgorithmto the volumetricdata[23].
The surfacesproducedusing this methodare generallynot smooth. Anotheroption
is to createa stackof 3D contoursand stitch themtogether(REFS). This technique
canproducerelatively smoothsurfaces. Unfortunately stitching contoursto produce
a surfaceof arbitrarytopologyis very dif cult. Severalresearcherbave attemptedo
t surfacedirectly to a setof surfacepoints. Early methodsnvolvedorientingplanes
to createsigneddistancefunctions,with reasonableesults[18]. An enhancemertb
thistechniquenvovled tting Bernstein-Ezierpatchego thesigneddistanceunction,
achiering C! continuity[1].

While effective at constructinga polygonalsurface,eachof thesetechniquedails
to meetoneof the requirement®f the vertebraemodel. Namely noneprovide a fast
inside/outsidgpoint test. Thesemethodsall t polygonsor parametricsurfacesto the
CT data. However, recentresearchn radial basisfunctions[5] [6] [28] [3] [4] has
provideda powerful methodfor reconstructin@D modelsfrom a setof surfacepoints.
Fitting a radial basisfunction (RBF) to this setof surfacepointsresultsin animplicit
function - the simplestsort of inside/outsideest. Any implicit surfacepolygonizer
[29] canbeappliedtotheRBFto producea polygonalmesh.The procesf tting and
evaluatinga radial basisfunctionis describedn detailin [5].

3.2.2 FastRBF

FastRBFis a commercialsurface tting tool thatemploys radial basisfunctions. The
softwareis distributedby FarFieldTechnologyanda 30,000point time-limitedlicense
is availablefor trial use.FastRBFincludesanimplicit polygonizerthatproduceopti-



Figure4: A problematicCT slice. Ontheleft is the original CT image. Contrastand
brightnes$have beenincreasedo highlightambiguougixels. Theresultingsegmented
sliceis shavn ontheright.

mizedtrianglemeshesFarFieldTechnologyhasimplementedastmultipole methods,
aswell asthe centrereductionandsmoothingalgorithmsdescribedn [5].

The nal RBF de ning the vertebraesurface hasapproximatelyl4,000centres.
However, the the largestinitial setof centreshadover 130,000points, well over the
30,000pointlimit allowedby the FastRBFtrial license.This prompteda nev method
of tting to beapplied. Thelist of surfacepointswaschoppednto groups,basedon
Z height. A separatd&RBF was t to eachof thesegroupswith reductionapplied. This
reducedhetotal centrecountto well under30,000.A nal RBFwasthen t to these
centreswith smoothingapplied.

Thereis somequestionasto how muchaccurag is lostby tting portionsof the
nal surfaceseparatelyTherealareaof concerriiesneartheedgef thesub-suréces.
Thereis a possibility thatthe centrereductionalgorithmwould discardpointsthatare
unnecessarior the sub-suréce but would notbediscardedf theentireRBF couldbe
t directly.

Oneoptionconsideredo decreas¢he likelihoodof unwantedreductionwasto t
anRBFto eachslice,alongwith arangeof adjacensliceson eitherside. Thereduced
setof centredor the slicewould thenbe extracted. Reducedentresat the edgeof any
sub-surhceareignored,minimizing loss of importantcentres. However, in practice
thistechniquewvasunnecessarnReductiondid not discardenoughcentrego seriously
affect surfacetopology However, RBF smoothingdid affect surfacetopology see
section3.3.5.

3.2.3 SegmentingCT Slices

Radialbasisfunctions t a smoothsurfaceto a setof surfacepoints and off-surface
points.To t anRBFto CT slicesthesurfacepointsmustbe generatedrom greyscale
imagepixels. Determiningsurfacepointsis an edge- ndingproblem. The setof sur
facepixels (andoff surfacepointsgeneratedrom surfacepixels)de nesthe surfacein
3D space.

Existing methodshave beendevisedto automaticallyextract surfacecontoursout
of CT andMRI data[13] [19]. Surfacepointsarethengeneratedilongthesesmooth



contours.Thesetechniquesregenerallyusedasaninitial stepandrequireveri cation

by a trainedprofessional.For the purposef this project,only one CT stackneeds
to be sggmented. The sggmentationwas done by hand, using the magic wand tool

in the GNU Image Manipulation Program(GIMP). Manual sggmentationis a time-

consumingprocess.

The GIMP magicwandtool is a simplethreshold-selectiotool thatcanbeusedto

nd edgeshasedon pixel intensity This tool workedmoderatelywell for mary slices.

Unfortunatelysigni cant noiseis presenin mostslices. Thesenoisypixelsarevisible
in middle picturein gure 4. Thedark U-shapedareain this sliceis at the bottom of
anindentationin the vertebraesurface,wherehigh curvatureexistsin the planeof the
slice.

Many pixelsthatare obviously outsideof the surfacehave a higherintensitythan
pixelsinsidethe visible boundary The intensity-basednagicwandtool selectshese
noisy pixels beforeselectingthe inner pixels. To avoid selectingexterior pixels the
usermustmanuallymanipulatehe magicwandthreshold.The dangerhereis thaton
adjacentslicesslightly differentthresholdsmay be necessaryo avoid picking noisy
pixels. This reduceshe amountof coherencébetweenthe surfacepixels of adjacent
slices. The surfacecan'wiggle' backandforth a pixel or two. To avoid this situation
pixelsdeemedexterior to the surfaceneededo be manuallydeselected.

3.3 Pixel-BasedSurface Reconstruction Method
3.3.1 Point Generation

Surfaceandoff-surfacepoints (OSPs)mustbe extractedfrom the CT slice imagesin
orderto t anRBF surface. Surfacepointscanbe generatedy isolatingthe surface
pixels as describedn section3.2.3 and placing a point at the centerof eachpixel.
The pointscanthenbetransformednto world spaceusingthe algorithmdescribedn
section3.1.2. Theresultingsetof surfacepointsis shavnin gure 5.

Generatiorof OSPsis a moredauntingtask. As describedn [5], the placement
off OSPsis animportantdeterminanf nal surfacesmoothnessThe rst attempt
at OSPgenerationwasa pixel-basednethod. For eachsurfacepixel, adjacentNorth,
East,South,and Westpixels were examined. If the surroundingpixel wasinsidethe
surface(in the solid grey areasof gure 4) an'inside’ OSPwasproduced.'Outside’
OSPsweregeneratedor pixelsdeterminedo be outsidethe surface. An RBF was t
tothe nal setof pointsusingthe FastRBFsoftwareandmethodsdescribedn section
3.2.2.

3.3.2 Initial Results

The initial manualseggmentationof the CT slice imagesresultedin 44,327 surface
pointsand88,123off-surfacepoints.RBF'swereiteratively t tothesel32,450points.
After reduction,the nal point setnumberedust over 28,000. Theinital surfacewas
t with no smoothing(left imageof gure 6). This surfaceis fartoo roughto beused
in the simulationervironment.



Figure5: A RadialBasisFunctionis t to this setof surfacepointsto createa virtual
vertebraesurface. TheRBF automaticallyinterpolateshroughtheareaswith low point
density

Figure 6: Resultsof pixel-basedOSPgeneration.The left imagehasno smoothing.
The middleimagehassmoothingfactor0.5, andthe right imagehassmoothingfactor
30.



Figure7: Irregularseggmentatiorprovided by the GIMP magicwandtool. On theleft
is thesggmentedsurface.Off-surfacepixelsareshavn ontheright.

Figure8: Thesamesliceasshovnin gure 7 aftermanualsmoothing.

3.3.3 SegmentationEdge Smoothing

Analysis of the segmentedCT slicesprovided a possibleexplanationasto why the

initial surfacewaswassorough. The contoursproducedy the GIMP magicwandtool

werevery irregular, ascanbe seenin gure 7. Thetwo arrowns point out particularly
noisyareas.RemembethatanRBFis t suchthatit will interpolatethe valuesgiven

for all surfaceandoff-surfacepoints. Theline that passeshroughthe centerof each
white pixel hasvery high curvature. The problemis multiplied when tting a 3D

surfacedueto registrationerrorsbetweensuccessie slices. This irregularity causes
the'bumpy' surfaceshovnin gure 6.

Theirregularityin surfacepixelsis mostlydueto undersamplingThe magicwand
tool hasvery few pixels to work with and noisy edgesare the result. To increase
the smoothnes®f the RBF surface, the individual sgmentededgesneededto be
smoothed. This smoothingwas doneby handon eachindividual slice. The results
of manualsmoothingcanbeseenin gure 8.
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Figure9: Resultsof RBF smoothing.Left imagehasno smoothing.Middle imagehas
smoothingfactor0.5, andrightimagehassmoothingfactor30.

3.3.4 ResultsAfter Smoothing

43,834surfacepointsremainedaftermanuakmoothingfrom which 87,5580ff-surface
pointsweregeneratedThe tted RBFwasmaminally smoothethantheinitial surface,
but still veryrough.Oneobviousproblemwasthat,while smoothinghadbeenapplied
to eachslice, no smoothingwas done betweenconsecutie slices. However, it was
surprisingthatthe pixel smoothinghadsolittle effect. A likely culpritwastheinherent
smoothingappliedby the resolutionof the polygonizationalgorithm. Polygonization
‘chops off' small areasof very high curvature. The high-cunaturesurfacesections
t tothenoisypixelsin gure 7 werelikely removedby the polygonizatioralgorithm.
Thisimpliesthata smoothsurfacecannotbe t directlyto thepointsetgeneratedrom

pixels.

3.3.5 RBF Smoothing

Onelast avenuefor smoothingthe RBF surfacewas available. A relaxationfactor
canbeintroducedwhich allowsthe RBF tting procesdo generate surfacewith less
curvature. This processvasappliedwith varying smoothingfactors. As canbe seen
in gures 9 and6, the smoothingfactoris very effective. Theright vertebradan these
imagess arguablysmoothenoughto usein simulation.

RBF smoothingdoescomeat a price. The smoothingfactorreduceghe accurag
of the nal RBFE. The tted RBFis lessconstrainedo passhroughthe surfaceandoff-
surfacepointsgivento the tting algorithm.With alarge smoothingfactor, noticeable
volumechangecantake place,shovnin gure 10. Thevisible white pixelsin theright
imageshaw alargedeviation from theactualsurface.

This deviation is importantbecausealensitypointswill be generatedn this area,
however the CT slicescontainno bonemasshere. The densityof points generated
in theseareaswill be zero. This implies that the userwill be ableto drill several
millimetresinto the surfacebefore experiencingary drill resistance.Obviously this
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Figure 10: Comparisonof tting accurag. The silhouetteof two smoothedRBFs
(white) are shavn with the unsmoothedRBF (red) overlayed. The left image has
smoothingfactor0.5, theright hasa factorof 30.

surfacecannotbe used.

3.3.6 Conclusions

The pixel-basednethodof generatingdSPss unworkable.An accuratesurfaceis too
noisy, but a smoothsurface exhibits too muchvolume change. A bettermethodof
generatingff-surfacepointsmustbe applied.

3.4 Normal Estimation Surface ReconstructionMethod
3.4.1 FastRBFNormal Estimation

A strongdeterminanbf nal surfacesmoothnesss the off-surfacepoint (OSP)dis-
tance. In section3.3, the distanceto OSPswasratherlow, relative to the size of the
vertebraeThis producesa very constrainegurface.UnfortunatelymoredistantOSPs
cannotbe determinedrom sliceimages.GeneratingDSPshasedon an estimated2D
normalis innefectve for sliceswhereeven minor curvatureexists in the slice (on the
axiscomingout of thesliceimage).

Thetypical methodof generatingDSPsis to projectthemout alongthe normalto
the surfacepoint [5]. Pointnormalsaregenerallynot availablefor an arbitrarypoint
eld. However, techniqueshave beendevisedto approximatea normalbasedon the
local point eld [5]. Thesemethodsrely on anoutward-pointingvectorto determine
normalorientation.Giventheseoutward-pointingvectors FastRBFcangenerat®©SPs
atuserspeci ed distancegrom the surfacepoint. A new RBFis then t to this setof

surfaceandoff-surfacepoints.

Theseoutward-pointingvectorscaneasilybe generatedrom the CT imageslices.
The 4-neighborhoodf eachsurfacepointis examined. Startwith aninitial vectorof
(0,0). Add oneto thex coordinatef theleft pixelis an'outside’ pixel, andsubtracbne
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(a) front

(b) side

Figure 11: Comparisonof normal and pixel-basedOSP generation. Left and right
imagesarepixel-basedwith no smoothingandsmoothingfactor30. Middle imageis
normalbasedvith smoothingfactor0.5.

if theright pixelis outside.Similarly, addoneto y for anoutsidetop pixel, andsubtract
onefor anoutsidebottompixel. Theresultingvectoris a 2D outward-pointingvector,

whichis sufcient for the normalgeneratiortechniquesNote thatthis algorithmcan
produceambiguouq0,0) vectors. Surfacepointswith theseambiguitieswere simply

discardedasonly 6 of the43,834wereproblematic.

3.4.2 Results

A surfacepointsetwasgeneratedrom aninitial setof 43,828surfacepixels. FastRBF
generate@lmostasmary off-surfacepoints,resultingin 87,485 nal points.An RBF

wast tothissetwith smoothingandpointreductionenabled Thesetof outputcenters
wasreducedd4%to 14,344centers.A smoothersurfacewas t to only 6775centers,
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Figure12: Comparisorof tting accuray betweemormalandpixel OSPgeneration
methods. Left and right imagesare pixel-basedwith smoothingfactors0.5 and 30.
Middle imageis normalbasedwith smoothinfactor0.5.

howeverthelevel of volumechangevasdeemedo betoo high.

Thesurfaceis visually muchsmootherascanbeseenn gure 11. In addition,the
vertebraevolumeis preseredquitewell. Theinitial imagesn gure 12wererendered
atapproximatehdoubletheresolutionof theactualCT images.Thisimpliesthataone-
pixel discrepang betweenthe smoothedred silhouetteand underlyingunsmoothed
white silhouetteis within the pixel accurag limit allowedby the CT image.

The normal-based?BF is as arguably as smootha surfaceasis possiblewhen
tting directlyto pixel values.To increasesurfacesmoothnesa methodsuchas tting
2D piecawise splinesto the surface pixels would be necessary In addition, expert
judgements recommendedo determinewhetherthe setof surfacepixels picked out
from asliceis accurate.

4 The Virtual Drill

Thevirtual drill modelis separateéhto two components thedrill handleandthedrill

bit. Thedrill handlewould only berepresentedraphicallyandhasbeenleft out of the
currentimplementationIt hasno effect onthe vertebraddrilling processThedrill bit
is theonly partof the systenmthatcanaffectthevertebrae.

4.1 Drill Bit Geometry

The drill bit is composedof a cylinder with a conical end cap, as shovn in gure
13(a). Unlessthe surgeonplanson drilling throughthe vertebraénto internalorgans,
the sectionof drill bit that needsto be testedfor collisions will be no longerthan
approximately60Omm. Theconicalend-capo thedrill bit cylinderis expectedo make
up aboutsmmof thislength. Thediameterof thedrill bit is typically in the2.5-3.5mm
range.
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(a) geometry (b) pointtest

Figure13: virtual drill bit

4.2 Dirill Bit Point Inside/Outside Test

Testingwhethera point is inside our outsideof the drill volumeis a critical part of
the collision detectionprocess.Implicit de nitions of a cylinder and coneexist and
canbeusedto determingpointinclusion. Thecanonicale nitions of theseprimitives,
orientedalonganaxisandbasedat theorigin, provide a simpletest. However, thedrill
bit may be arbitrarily orientedin space. This implies usingthe generalequationsof
a cylinder or cone. Theseequationsarerathercomplicatedto produceand evaluate.
Anotheroptionis to transformthe testpoint backinto the canonicalprimitive space.
Thisrequiresanexpensve matrix multiplication. Neitherof thesearevery ef cient.

Thelastoptionfor a pointinside/outsiddestis to usea geometricamethod.This
algorithmis basedon a vector projectionand magnitudes.The point in questionis
projectedontoa line throughthe centerof thedrill bit, asshovnin gure 13(b). The
distancefrom point P to point Pheqr is usedto determinewhetheror not the point is
insidethedrill bit volume.Thealgorithmis shovn below.

Algorithm 1

Vit D2 D1 d Vi

Vpoir P D1 if d radius?® then

a Vid;;; _\lllp(’zi" outside

if a 0 a 1 then if a Ielr;%;% then

: otal lengh,

outside r 1 a th":

if a O then if d r2 radius® then
Vit~ Vpoint outside

else inside
Vit aVarill Vpoirt
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Figure 14: The Path Plannerinterface. The CT slice imagesdisplayedon the left
correspondo the positionsof the transparenguide planesintersectingthe modelon
theright.

5 Path Planning Tools

5.1 Vertebraelnspection

The interfaceusedto plandrill pathsis shavn in gure 14. The main view window
displaysthe vertebraemodel and canbe manipulatedby the user The threesmaller
views allow the userto stepthroughthe CT slice stackalongthe transaxial,coronal,
andsagittalaxes.

The positionsof thetransparenguideplanesshavn in the gure aredependentn
the currentlyvisible CT slice image(in eachaxes). Theseguide planesare meantto
helptheplannerelatethe CT imageto the3D model. They canbedisabledfor aclear
view of themodelsurface.

5.2 Path Planning

Pathplanningis doneby manipulatinghe endpointsof the pathline. Thedrill surface
is renderedalongthe pathto aid the userin correctplacement.Model transpareng
allows for manipulationof theendof the pathinsidethevolume,shovnin gure 15.
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Figure15: A samplepathsimilarto thoseusedfor pediclescrav placement.

6 An Efcient Drilling Path Data Structure

6.1 Motivation

SpinalTap simulatesthe 'feel' of drilling into arigid structureby providing collision
feedbaclatratesof severalhundrectyclespersecondThisfeedbackasto correspond
with whattheuserseesonthe screerandexpectsto feel. Two opposingproblemsexist
- how to detectdrill/volumecollisionsaccuratelyandhow to do soquickly. Generally
oneof thosemustbe sacri cedto enhancehe other

Most collision detectionsystemsaremeantto be appliedto large-scalénteraction
betweernvolumeswherefew assumptionsanbe madeaboutpropertiesof the volume
[24] [2][15]. SpinalTap, however, is a very speci ¢ application. The projectgoal is
to decimatea sectionof a smallrigid objectwith high accurag. To achieve the col-
lision ratesrequired,a very simple, highly optimizedcollision detectionalgorithmis
necessaryArguablythe simplestvolumeprimitive is a singlepoint. A setof pointsin
spacdhat t insidethevertebraesurfacecanbegeneratedessentiallycreatinga 'point
volume'. Decimationis thenaccomplishedy discardingpointsasthey arefoundto
beinsidethedrill volume.

Pointvolumedensityis a critical determinanbf simulationrealism. Too sparsea
point volume andthe feedbackwill beirregularor 'jumpy'. On the otherhand,too
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Figurel16: Thecylindrical pointvolumedatastructureusedfor collision detection.

densea volumeresultsin unacceptablyow collision cycle rates. SpinalTap currently
usesa point densityof 0.1mm. This providesadequatesimulationspeed.The haptic
drill is not avaible for testing,so it is uncertainwhetherthis resolutionis sufcient.
It hasbeensuggestedl5] thatextrapolationcouldincreaseahefrequeny of feedback
withoutrequiringanincreasen dataresolution.Thesemethodsnaybetheonly option
if pointresolutionis too low, asit will be shavn thatlowering the resolutionto even
0.5mmpusheghelimits of currenthardware.

6.2 A Cylindrical Point Volume

The obvious methodof generatinga point volumeis to Il the entire vertebraewith
points. This methodresultsin ludicrousmemoryrequirementandwould be utterly
impossibleto processquickly. Here a basicfact aboutspinal suigery becomesvery
useful- spinalsuigeonsdo extensie planningandknow well beforehandwherethey
intendto drill. Using this pre-plannedirill path,a smaller(but equally dense)point
volumecanbe constructedy only generatingpointsin thevoxelsalongthedrill path.
Unfortunatelyinitial analysisof this revised systemshawved that the time neededo
procesall voxelswasstill too high[27].

An alternatemethodinvolving non-staticpointsthat migratewith the drill bit sur
facewasconsideredThis techniquestill providesthe highestcollision accuray but it
is unclearhow to guaranteghat migrating points cover the entiredrill volume. This
methodalsorequiresevaluationof the vertebraeRBF at run-time,which maybe com-
putationallyinfeasibleevenwith fastmultipole methods.

Again, the restrictedproblemdomaincomesto the rescue.SpinalTapis a system
for simulationof spinaldrilling sumgery. Drills bits are cylindrical in shapewith a
conicalendcap. The sugeoncanonly drill alongthe pre-plannedcathin onedirec-
tion - into the vertebrae.Finally, becausef the conicalend cap,volumedecimation
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occurs'outward', meaningthatalongary planarslice perpendiculato thedrill path,
theconicalendcapwill passthroughtheslice beforetherestof thedrill bit.

The obvious choicefor the point volumeis a cylinder of radiussomavhatlarger
thanthe drill bit, orientedalongthe planneddrill path. The cylinder canbe split up
into discsperpendiculato thedrill pathvector Dueto the'drilling outward' property
thesediscscanbe split into concentricrings of points. The datastructurewe areleft
with is a cylinder of discsof ringsof points,shavnin gure 16.

6.3 Filling The Point Volume

The point generationrschemebegins with a path constructedusingthe pathplanning
tool describedn section5. A canonicaldisc of point ringsis generatedand copied
down the Z axisat 0. 1mmintervals. This cylindrical point volumeis thentransformed
to alignwith the pathvector

Pointsoutsidethe vertebraesolumeareculled usingthe sameRBF usedto create
the vertebraesurface. The FastRBFsoftware could be usedfor this, however in the
interestf avoiding commerciatoolsthe RBF wasevaluatedusingthe standardrute-
force method. With an RBF of approximately16,000centers.this is an expensve
operation.Culling the point volumeis by far the mostcompute-intensie partof point
volume generation. The processtakes upwardsof an hour for a large volume with
0.1mmpointspacing.Indeed this evaluationexpensds oneof thereasonsvhy testing
was limited to 0.1mm spacing. Generatinga volume at 0.05mmspacingproduced
a point set le several hundredmegabytesin size and took approximately8 hours.
Applying FastMultipole Methodsto this processvouldincreaseutputspeedhowever
thevolumesizeis unafected.

The nal sizeof a point volume given the inital pathlengthandradiusis easily
calculatedusingthefollowing formulas:

i radiu
pointsgisc 3 N n 1 whee n sp%ﬁ']“gm

. . lengh
pointSyolume ~ POINt Syisc Spacﬁ%h

To geta feel for thesenumberstake animaginarypoint volume of radius4 and
length10. At 0.1mmspacingeachdisc has4,681pointsandthe entirecylinder con-
tains468,100points. At 0.05mmspacingeachdischas18,961pointsandthecylinder
contains3,792,200points. Halving the point spacingresultsin roughly an 8-fold in-
creasan pointcount.

6.4 DiscPoint Distrib ution

Sincethe point volumewill ultimately be usedto determinetotal feedbackstrength
appliedto the user the distribution of pointsshouldbe uniform. Thereis a possiblity
thatacompletelyuniformdistributionwould producehephysicalanaloguef aliasing.
In this casejittering couldbeappliedto theuniformdistribution - but aninitial uniform
distributionis still necessary
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Generatinga uniform distribution on a regular grid is very simple,however doing
soon circular discsis lessintuitive. Obviously a uniform distribution alongthe axis
of thecylinder canbe achiezedby simply spacingthe discsat regularintervals. Inside
thediscs,however, eachpoint shouldbe equidistanfrom it' s neighboursOnemethod
of guaranteeinghis involvescircumscribingthe discinsideaninitial regularhexagon,
thensubdviding the equilaterakrianglesthatmale up thehexagon[21]). A geometric
propertyof this subdvision is that all resultingtriangle are equilateralhencesubdi-
vision is repeatedintil the edgelengthof ary triangleis lessthanthe requiredpoint
spacing. Unfortunately anothergeometricproperty of this methodis that whenthe
subdvidedpointsareconnectedvith ringseachring containsonly 6 points(the points
of ahexagon).Thehigh ring countprovidesincreaseatollision resolutionbut incursa
large costin thecollision detectionalgorithm.

A somavhatlessuniform methodfor populatingthe point disc hasbeendevised
that is optimal for collision detection. The innermostring is createdwith 6 points
spacedit 60 degreeintervals (theverticesof ahexagon).Thearclengthbetweerthese
pointsis computedandall successie rings are constructedsuchthattheir arclength
is equivalent. It canbe shavn that the limit of the distancebetweenthe pointsis
equalto the arclengthasthe radiusgoesto in nity . For 0.1mmspacingthis results
in point spacingbetween0.103mmand0.104mmfor ary particularring. The radius
is determinedsimply by multiplying the ring numberby the spacingvalue. Hence
discsandrings areequally spacedand pointsarounda ring are nearequallyspaced.
Onepossibleproblemhereis thatthe spacingbetweerpointson differentringsis not
uniform. Visually they appeato be,howeverfurtheranalysishasnot beenattempted.

7 FastCollision Detection

7.1 BasicAlgorithm

Thebasiccollision detectionalgorithmis simply a pointinside-outsideeston thedrill
bit cylinder andconicalendcap. First the line connectinghetip andbaseof the drill
is projectedon to theline down the centerof thecylindrical point volumeto 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 pointerto the outermostcompletelydestrged ring, which reduces
the numberof pointsthat needto be considered.Testingout to the lastring is also
unnecessaryBy determingwherethe drill line intersectghe disc plane, nding the
distancebetweerthis point andthe centerof the disc, thenaddingthedrill bit radius,
theoutermostiscthatcanpossiblyhave apointintersectionis determined.

7.2 Correcting For On Path Bias

Thecollisiontestingalgorithmperformsbestwhenthedrill exactlyfollowstheplanned
path.In this case¢heminimumpossiblenumberof ringsmustbetested andtheserings
move from undestrgedto fully destreyedvery quickly. However, asthedrill diverges
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Figurel7: Degradatiorof thecollision detectioralgorithmdueto off-pathdrilling. All
ringsthatoverlapthedrill (darkgrey circle) mustbetested.

from the plannedpath, morerings mustbe tested andmary pointsin theserings will
notintersectthedrill. Thiscanbeseenin gure 17. Onthepathonly 3 ringsneedto
betestedwhile in the off pathcaseall rings mustbetested.

Testingall theseextra pointsresultsin a signi cant slovdown. However, dueto
the cylindrical natureof the drill bit, theseextra testscan be avoided. The elliptical
projectionof thedrill bit ontothediscplaneis corvex. Only two intersectionsvith ary
givenring arepossible.Collision testingmuststartat a point on the ring thatis inside
thedrill bit cylinder. Testingproceedsaroundthe ring away from this pointin each
directionuntil a non-intersectingpointsarefound. At this pointit is guaranteedhat
no additionalpointsintersectthedrill bit. The vectorfrom the disc centerto the drill
line / discplaneintersectiorpoint (calculatedo determinethe outermosting) canbe
usedto nd a point that mustbeinsidethe volumeif ary collisionswill occur This
algorithmis currentlynotimplementedn the SpinalTapsystem.

8 Rendering

8.1 Vertebrae Surface

The vertebraesurfaceis renderedusing the polygonalmeshgeneratedrom the ver-

tebraeRBFE During the point volume generationstage,trianglesentirely inside the
volume cylinder are removed, creatinga hole aroundthe drilling area. This method
occasionallyleaves small holesaroundthe edgeof the drilling volume,asa triangle
mayintersecthe volumecylinder but it' s verticesmay all be outside.This casecould
be avoidedby castingraysalongthe edgef trianglesnearthe volumeandtestingfor

cylinderintersection.
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Figure 18: The point renderingmethodbreaksdown asthe surfacegetscloserto the
viewer. Theupperleft imageis correct,however artifactsbegin to appeain the lower
left imageandgrow progressiely worse,until the surfacebreaksapart.

8.2 Point Volume Rendering

Renderingof the point volume surfacesis done using an extremely basic splatting
zwicker[22 [30] algorithm.Pointsin thevolumearesimply renderedisingthe
GL_POINTSOpenGLprimitive. As canbeseenn gure 18,this methodis of limited
effectivenessin anactualvirtual sulgery ervironmentthe vertebraevould be smaller
thanthe picture on the left, soin this caserenderingthe pointsdirectly works well.
However, asthe vertebrads enlagedthe distancebetweerpointsin relationto pixel
sizegrows, andthe surfacebreaksapart. Switchingto a differentsplattingprimitive at
closerange(suchasspherespndusingadaptve splatsizingwould resultin a closed
but roundedsurface.

While theGL_POINTSprimitiveis veryfast,thepointvolumeusedfor testingcon-
tainedapproximatelyl million points. During drilling processotime is ata premium
andthe useris unableto seeinsidethedrilling volumebecausehedrill bit blocksthe
hole. Only surfacepointsneedto be rendered.Surfacepointsare determinedoy ex-
aminingthe RBF valuefor thepoint. If thevalueis within apre-de nedthresholdhen
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Figure19: A transparenview of the modelduringa drilling simulation. The surface
discscanbeseenhalf way down thedrill bit.

it is marked asa surfacepoint. The currentimplementatiormarksandrendersentire
discsassurfacediscsinsteadof individual points,shavnin gure 19. This costssome
renderingtime but avoids increasingthe size of the point datastructure. In practice,
very few discsaresurfacediscsandtherenderingoverheads minimal.

A nal issuewith pointrenderings normalcalculation.Normalsfor surfacepoints
aretakenfrom the vertebraeRBF. At inner pointsnormalsonly needto be calculated
oncethey arevisible. Whentheuserstopsdrilling, the nal drill bit orientationis used
to calculatenormalsfor non-surficepointsnearthedrill bit surface.

Frameratesof 10to 15 framespersecondvereachieredusingthistechniqueThe
largestcomputationatostis the conditionaltestthatmustbe performedor eachpoint
to determinavhetheror notit hasbeendestrged. If acolorwasstoredfor eachpoint,
the alphacomponentould be setto zerofor destrged points. This would allow for
batchrenderingof all pointsandprovide a signi cat speedup.However, storinga 4-
componentolorfor eachpointincreaseshe memoryfootprint of the point volumeby
onehalf.
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9 Resultsand Analysis
9.1 A Realistic SamplePath

Oneof themainreasonsuigeondrill in to vertebrads to insertpediclescravs. These
scravs are attachedo metal platesthat stabilizethe vertebraewhen a ruptureddisc
is removed. Pediclescravs areinsertedin roughly the sameorientationasshawn in
gure 19. This pathprovidesa goodtestfor the performaneof the collision system.
Besidesheingrelevantto intendeduse,it is nearlyaslong a pathasis possiblethrough
avertebraeTheculled point setcontained86,958pointsin 378discs.

9.2 Initial Simulation Attempts

A realhapticdrill wasnotavailableto testthecollision algorithms sosimulationof the
positionalinputfrom animaginaryhapticdrill wasattemptedn software.In hardware,
thedrill positionalinput would be receved asynchronouslypy the operatingsystem.
The renderingand collision enginesshould also be running asynchronouslyas the
renderercannotkeeppacewith the collision engine. This architecturevas simulated
using threethreadson dual-processointel 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 run oneprocessowhile thedrill andvisualupdatesanontheothet

SpinalTaprunsin the Linux operatingsystem,which is not a real-timeoperating
system(RTOS). An RTOS provideshardlimits on thingslike process/threagriority
andwait times. Linux doesnot. The rst techniquetried wasto have the drill thread
continuouslymove the drill a shortdistance(lessthat0.001mm),sleepingfor several
hundredmicrosecondbetweenmoves. Initial resultswerevery promising- the col-
lision algorithmran at several thousanctyclesper secondon a 1400 Mhz Pentium4
dual-processamachine.However, thedrill movementthreadonly woke up 100times
persecondLinux cannotprovide analarmsignalat ary higherfrequeng, sofor most
collision cyclesthe drill positionhadnot changed.Whenthe drill doesnt move, no
new collisionsoccur, andthe collision enginehasto do very little work.

An attemptto enhancehis systemwasmadeby removing the sleepcall altogether
The drill movementthreadthenran at 30,000to 60,000updatesper second. At this
rate,themovementdistancehadto bereducedrom 0.001mmito 0.000001mmbUnfor-
tunately becausef thelimited accurag of singleprecision oating point,largeerrors
accumulatedvhen moving sucha small distance. The drill often diverged so badly
from the paththat it startedmoving backwards. In addition, because_inux cannot
guarantegorocessomllocationto a particularthread,it wasimpossibleto determine
whetheror notthe collision enginehada processoto itself.

9.3 Collision Engine Timing

Attemptsto simulaterealisticdrill input hadto be abandonediueto de cienciesin
Linux threadscheduling.However, somesortof measuref the collision engineef -
ciengy wasstill needed A simpli ed architecturevasdesignedvhereinthe collision
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Figure20: Comparisorof collision detectiorratesbetweera 733Mhz Pentium3 dual
processomachineanda 1400Mhz Pentium4 dualprocessomachine.

engineworks in lock-stepwith the drill updatethread. First the drill updatethread
movesthedrill a smalldistancethenthe collision engineruns,andthe cycle repeats.
Therenderingthreadwasleft unchangedin this modelit wassafeto assumehatthe
collision engine/ drill movementcycle would be allocatedoneprocessarandthe drill
renderingthreadthe other The numberof collision cyclesper secondvasoutputand
agraphof oneof thedatasetsis shavnin gure 20.

On a dual-processot400Mhz Pentium4 machine collision cycle frequence®f
over400Hzwereachieved. Initial collision cycle frequenciesremuchhigherbecause
the numberof point testsrequiredincreasessthe drill penetrateshe point volume.
Pointtestcountis highestnearthe endof the path,sothe nal numbersn the graph
mustbeusedwhenanalyzingef ciency. Theprobabilityof increasinghis ratebeyond
the 1000Hzbarrieris discussedh section9.5.

9.4 Problems
9.4.1 Off Path Slowdown

The graphshowvn in gure 20 was generatedoy a drill moving directly along the
plannedpath - the optimal situation. An additionalrun of the simulationwas made
with the drill placednearthe edgeof the point volume. This resultsin lessef cient

collisionpointculling, describedn section7.2. Thetiming resultsof this off-pathsim-
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Figure21: Comparisorof on-pathandoff-pathcollision detectiorrateshetweera 733
Mhz Pentium3 dual processomachineand a 1400 Mhz Pentium4 dual processor
machine.

ulationareplottedwith theon-pathvaluesin gure 21. A slow down of approximately
20%is apparenbn boththe 1400Mhzand733Mhzprocessors.

9.4.2 Hardware Bottlenecks

Correctlyinterpretingtheresultsshavn in gures 20 and21 requiressomeknowledge
of the underlyingcomputerhardware. The rst obviousdiscrepang is the relatively

smoothdecreasén speeddf the Pentium3 chip versughe'jumpy' irregularitiesin the

Pentiumd graphs.Thiscanbetracedbackto peculiaritef thePentiumd architecture,
particularlythedual-channeRDRAM memorybus. Dual-channeRDRAM hasapeak
throughputateof 3.2 GB/s,howeverit hasaratherhigh readlateng. In addition,the

Pentium4 hasamuchdeepeiexecutionpipelinethanthe Pentium3. Unlessgreatcare
is takento schedulénstructiongproperly readlatengy cancausepipelinestalls,which

essentiallyforcethe processoto slow down until the memorycan'catchup'.

Thenext relevantstatisticis thatthe1400Mhz Pentiumd providesabouta2.8times
speedupn theon-pathcaseyettheclockfrequeng is only twice ashigh. Thespeedup
risesto 2.9 timesin the off-path case.Again, examiningthe memorybus architecture
providessomeanswers. The Pentium3 hasthe samedual-channeRDRAM asthe
Pentiumd, howeverit only hasa 133Mhzmemorybus. This meanst canonly support
apeakmemorythroughputateof 1.06GB/s[8]. ThePentiumd4 hasa400Mhzmemory
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busandsupportghefull 3.2 GB/sthroughputrate. This is wherethe additionalspeed
increaseomedrom. Thespeedujncreasei theoff-pathcasebecausenorememory
mustberead(moreof the volumemustbe processed).

The effectsof memorylateng andpipelinestallson the Pentium4 areespecially
apparentwhen comparingthe on-pathand off-path graphsfor that architecture. In
somecaseshe off-path drill actually beatsthe on-pathdrill, while in othersit does
muchworsethanthe average20% slowdown.

9.4.3 Limits on Curr ent PC Hardware

Severalfundamentalimits canbeextrapolatedrom thetestdataandinformationabout
availablehardware.Eachpoint uses32 bytesof memory sothe 986,958point dataset
requires30.1 MB of RAM. In the on-pathcasethe entire datasetis 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
collision detectionalgorithmdescribedn section?.2is implementedoff-pathdrilling
requiresno morememoryreadsthanon-pathdrilling, so20% percentis areasonable
estimateor the actualnumberof pointsreadin the mostexpensve collision cycles.

The questionnow arisesof how muchthe point densitycan be increasedefore
the simulationspeeddropsbelon acceptabldevels, say 100 Hz. The assumptioris
madethata processoexiststhatcanprocesdataasfastasit is read(this assumption
is not so unrealistic). At 32 bytesper point, this limits point readsto aboutl million
per collision cycle, implying that the full datasetis approximatelys million points.
In section6.3 it was notedthat halving the point spacingcausesan 8-fold increase
in point count. Reducingthe resolutionof the samplepediclescrav pathto 0.05mm
wouldincreasdhe point countto over 8 million.

Notethatthis estimatds greatlyoversimpli ed - in particulat requiring20%of the
point volumefor a collision testseemgatherhigh. However, the memorybus limits
do exist, andwill beproblematiovhentrying to increaseherealismof the simulation.

9.4.4 Numerical Accuracy

Thememorybandwidthlimits discussedh theprevioussectionareonly onedif culty
with increasingsimulationrealism.Anotheris oating pointnumericalaccurag. The
currentsystemrelieson single precision oating point values. Point coordinatesare
storedn world spaceandthecoordinatesittheextentsof thevertebraazolumerequire
3 digits on theleft sideof the decimal. It is commonlyacceptedhat singleprecision
oating point providesabout7 decimaldigits of nhumericalaccurag. With 0.1mm
spacingon pointsthat require 3 digits for the integer world coordinate,only a few
digits remainfor spacingandcalculationaccurag.

As the point spacingis reduced,more error will accumulateuntil point coordi-
natesbecomendistiguishable The solutionto this problemis to usedoubleprecision
oating point numbersfor point coordinatesand collision testing. However, double
precisionmathis much slower than single precisionmath. In addition, doublepre-
cision point coordinatesncreasethe size of the point datastructureby 40%. This
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increasesnemorybusrequirementdy 40%,implying thatthe spacingwill haveto be
reducedo meetmemoryrequirements.

9.5 Parallel Collision Detection

Assumingthat a 0.1mm point densityis viable, it may be necessaryo increasethe
collisioncyclerate.Severaloptimizationscanbemadeto theexisting codeusingSIMD
vectoroperationsand optimizedcachepre-fetching. Thesetechniqueswill provide a
reasonablepeedupbut arevery processoispeci c. Thereal questionis whetherthe
algorithmcanberunin parallelon multiple processors

Sinceeachdisc is processedndependentlythe collision algorithm shouldscale
directly to multiple processorsThe rangeof discsto testcanbeinitially determined,
anda subsetf discsassignedo eachprocessarNo concurreng problemscanarise
aseachsetof discsis independentaind no processomneedsto know arything about
the otherprocessorsThe numberof pointsto processon eachdiscis relatively even,
sowork distribution betweenprocessorsvould be fairly uniform. It is likely thatthe
scalingfactorfor parallelexecutionwill be nearlylinear

10 Conclusionsand Future Work

A modelof an L3 vertebraevas successfullyreconstructedrom CT scandata. The
accurag of themodelis restrictedby themanuaimethodsusedto segmentthe CT slice
images.While a moderatelysmoothsurfacewasreconstructednanualsegmentation
is clearly not the bestway to determinesurfacepointsandsmoothout edges.Fitting
smoothcontourgo theindividual sliceswould createa muchsmootheiRBFE Develop-
mentof a methodfor increasingconsisteng betweenthe edgeson consecutie slices
is alsocritical. Expertjudgemenis neededo determinef theresultingRBF surfaces
areacceptable.

The SpinalTap Path Planneruserinterfaceis very minimal. Many additionswould
be usefulin arealisticsumgery planningervironment. Oneratherimportantomission
wasdisplayingthe drill pathonthe CT sliceimages- withoutthisit is dif cult to tell
exactly wherethedrill is going. If the Path Planneris to be usefulin arealsimulation
system FastMultipole Methodsmustbeimplementedsothat point generatiorcanbe
donein areasonablamountof time.

Volumedecimationusinga cylindrical point volumeappeargo be a very effective
techniquefor drilling in to solid surfaces. However, the limitations on point density
requireinvestigation It maybe possibleto apply moreelegantsortingtechniquesThe
methodimplementedn the SpinalTap systemis essentiallya bruteforcetechnique A
multiresolutionalgorithmin which a higher densitypoint setis only testednearthe
drill tip (wherecollision countis high) may allow for increasesn point densitythat
avoid hardwarelimits. Extendingthe collision engineto a parallelimplementatiorwill
increaseghe numberof collision cyclesthatcanbe processedlf updatefrequencieof
severalhundrechertzaresufcient, aparallelalgorithmwill allow pointdensityto rise
andincreaseherealismof the simulation.
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SpinalTap,in it's currentstate,providesa solid architecturefor arealisticdrilling

simulationsystem. Lacking a hapticdrill, it is dif cult to determinewhetheror not
the currentpoint densityandcollision testrateareadequate Evenwith a hapticdrill
in place,a real-timeoperatingsystemseemanecessaryo provide the feedbackrates
required.Thesecomponentsay the foundationfor a powerful drilling simulationsys-
temthatwill beapplicableto any sortof materialfor which densityinformationcanbe
obtained.
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