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Abstract. We developeda directvolumerenderingtechniquethatsupportdow

lateng realtimevisualfeedbackn parallelwith physicalsimulationoncommod-
ity graphicsplatforms.In our approacha fastapproximatiorof the diffuseshad-
ing equationis computedon the y by the graphicspipe-linedirectly from the
scalardata.We do this by exploiting the possibilitiesoffered by multi-texturing

with theregistercombinerOpenGLextensionthatprovidesacon gurablemeans
to determingoerpixel fragmentcoloring. The effectivenesf our approachthat
supportafull decouplingof simulationandrenderingjs demonstrateth atrain-

ing systemfor temporalbonesumgery.

1 Intr oduction

Thediffusionof minimally invasive proceduress bringingmajorimprovementsn the
quality of the careprovided to the patients.This is done,however, at the costof the
increasen the compleity of the suigical procedureperformed thusrequiringanin-
creasdn thetraining neededy eachspeci c interventionfor both planningand pro-
ceduralissues.At the sametime, the shortageof cadaers for medicaltraining and
public concernwith the inhumantreatmenbf animalsis drasticallylimiting the tradi-
tional approacheso sumgicaltraining. Virtual reality simulatorsrealisticallymimicking
apatient-speci coperatingenvironmentwould thereforesigni cantly contrituteto the
improvementof sumical training. Developinghigh quality simulatorsis, however, ex-
tremelydif cult, sincetheneedto providereal-timefeedbacko userswhile simulating
physical effects,imposesstringentconstrainton the simulationandvisualizationsys-
tem. This paperfocuseson the dynamicvisualizationproblem,describingthe volume
renderinglechniquethatwe have developedfor atemporalbonedissectiorsimulator
Directvolumerenderingwith shadingthatworksby integratingalongselectegro-
jectorsthevalueof acontinuousmission/re ection/absorptiomlumefunctionrecon-
structedfrom discretesamplingpoints[1], is the de-factostandardn the pre-operatie
analysisof medicaldata.By manipulatingthe mappingfrom valuesof the original
volumedatato emissionye ection, andabsorptioncoefcients, variouseffectscanbe
achieved,includingisosurbicesandopaqueobjects.Usingthis dataintensve technique
ondynamicvolumesunderreal-timeconstraintss, however, anopenresearctproblem.



Thisfacthaslimited simulatorg¢o employ surfacebasedechniquesthathave problems
with semitransparemhaterialsandrely on complex meshstructureghatimposeimpor-
tantsynchronizatioroverheadsA numberof authorshave proposedo exploit texture
mappingandrasterizatiorhardwareto renderscalarvolumesat interactve speed§2—
5]. Thesetechniquesrebasedn uploadingthe scalarvolumeto texture memoryprior
to renderingobject-alignedr view-direction-alignedexturedvolumeslices.Oneof the
majorlimitationsof thesemethodss theirinability to ef ciently implementsurfaceillu-
minationmodels sincetexturelookupis basednly on datavaluesandnot on gradient
information.Thequality of theimagesds thereforensufcient for accuratelyperceving
surfaceshape Variousauthorshave thus proposedalternatve techniquedor support-
ing hardware-acceleratedirect volumerenderingwith shading[4, 6—-8]. While image
qualityis closeto thatof thebestsoftwaresolution,this comesatthe expenseof perfor
manceandtexture memoryoverheadssincethe proposedechniquesequiremultiple
passeshroughthe rasterizatiorhardware and/orprecomputatiorof gradientvolumes.
This is unacceptabl@ sumgical simulation,sincethe volumeis continuouslyvarying,
andthuswe cannotef ciently computeandreloadgradientmapswithout stronglycou-
pling thesimulationandrenderingtasks.

In this paperwe proposeatexture-basedolumerenderingapproachthatsupports
low lateny real time visual feedbackto occurrin parallelwith physical simulation,
without requiringary synchronizatioramongthe threadsIn our approacha fastap-
proximationof the diffuse shadingequationis computedon the y by the graphics
pipe-line directly from the scalardata.We do this by exploiting the possibilitiesof-
fered by multi-texturing with the register combinerOpenGL extension,that provides
a con gurable meansto determineperpixel fragmentcoloring. The restof the paper
describeur techniqueandillustratesits effectivenessn a virtual training systemfor
temporalbonesugery[9].

2 Interactive volumerenderingapproach

Althoughvolumetricdatais de ned over a continuoughree-dimensionalomain(R?3),

measurementand simulationsprovide volume dataas 3D arrays,that can be easily
usedasscalartextureimageswithout pre-processingiVe renderthis volumesampling
thevolumethroughtexturing hardwareusingfront-to-backslice compositionFor each
stepandfor all pixels, graphicshardware accesseghe texture and extractsthe scalar
value.This sampledsalueis converted throughatransferfunction,to a colortriple and
anopacityvaluethataresavedinsidecombinerinputregisters. Combinersarethenpro-

grammedo computegradientsandshadingon-the- y, andreturnthe color usedduring
theblendingprocessin thefollowing, we provide moredetailsaboutthis process.

Sampling thr ough texture mapping. Currentconsumergraphicshardwareis based
on an object-orderrasterizatiorapproachj.e. primitives (polygons,lines, points) are
scan-cowertedandwritten pixel-perpixel into the framebuffer. Sincevolumedatado
not consistof suchprimitives, a proxy geometryis de ned for eachindividual slice
throughvolumedata.Eachsliceis texturedwith correspondinglatafrom tvolume.The



volumeis reconstructediuring rasterizationon slice polygonsby applying a convo-
lution of volumedatawith a lter kernel. The entirevolume canbe representedy a
stackof suchslices,if the numberof slicessatis esrestrictionsimposedby Nyquist
theoremOur approacHollows thetechniqueproposedy Rezk-Salamandothers[7],
extendingit with on-the- y gradientand shadingcomputationln our case sincein a
sugical settingviewpoint motionis constrainedlimited to maximum30 degrees)we
areallowedto useobject-alignedslices.At eachframe,we traversethe arrayof slices,
andwe reloadthemastexturestwo atatime. After textureloadingandreconstruction,
the rasterizationprocessderies, for eachprojectedpixel, texture samplingposition,
andtexturing hardwareextractsthe correspondentdensity by bi-linear or tri-linear in-
terpolationof closesttexels; the resultantvalueis thenmappedo an RGBA vectorby
the transferfunction. In orderto computethe surfacegradient,four texture units are
neededthat are usedto samplethe volume with offset dx, dy, dz, relatively to the
centralpoint.

This procedureis extremely ef cient, sinceall the computationis performedin
parallelin the graphicshardwareandno particularsynchronizationis needecetween
therendereandthe processhatis modifying the datasetOnly a singlesweepthrough
the volumeis neededandvolumeslicesare sequentiallyloadedinto texture memory
on currentstandardPC graphicsplatform using AGP 8X transferswhich providesa
peakbandwidthof 2108MB/s.

Transfer function. Thetransferfunctionmapping,in our directvolumerenderingap-
proach,is obtainedby exploiting the glColorTable primitive, thatis commonlyimple-
mentedn commoditygraphicshardware.This functionis usedby compilingalook-up
table, with transferfunction values,and by installing it inside graphicsmemory At
the sametime of sampling texturing hardware performstransferconversionof density
valuesto RGBA colorscontainednsidethe table. The color table containsassociated
colorsinsteadof purecolors[10], in orderto controlthe color interpolationerror The
associatedoloremploymenthasalsobene cial effectsto coloraccumulatiorprocesss.
Thecolorlook-uptableletsuserschooseandcalibratethetransferfunctionin realtime;
it canbe computedandreloadedeachtime theuserchangesomefunctionparameters.

Voxel color computation. Lighting andshadingprocesdollows the standardighting
equation10]:
|
€[n]= [n]Ca[nlla+ [n]Cq4[n] lg max m l—d' 0 Q)
aliifla aiid d kr fnlk 1g '

where€[n] is the associatedolor, C5[n], C4[n] and [n] arethe non-directional
ambientre ective factor the diffusedirectionalre ective factorandthe voxel opacity
while I; andly arethe ambientlight intensityandthe light intensitycomingfrom the
directionalsourceln orderto highlight surfacedetails, we emplgy theartifactproposed
by [11] of weightingthe opacity [n] with a surfacestrength evaluatedasa function
of volumeandhis gradient:S = h(f (s);r f (s)) [12]. If we usethegradientmodulus
asstrength we have:



€[n] = lakr f[n]k [n]Ca[n]+ lg [n]Cq[n]max r f[n] :L;O : (2)
d

Sucha strengthfunction, enablesthe visualizationof boundarysurface between
tissuesanddisableghevisualizationof partswith null gradient(like theinternalparts
of anobject).Speci cally, in our case the shadingcomponentsre supposedo bethe
combinatiorof anambienttomponenandadirectionalcomponenemittedby asource
orientedalongthevolumez axis(slicesnormal).This way, thedot productbetweerthe
light direction and the opacity gradientis the component ,f [n], and equationl is
simpli ed asfollows:

€[n] = lakr fn]k [n]Ca[n]+ lq [n]Cq[n]max (r .f [n]; 0): 3

Fig. 1. Internalandexternalopticalmodels.

But visual resultof equation3 is not fully satisfying:in fact only surfacevoxels
contrikute to pixel color, becausestrengthbecomeseroin tissueinternal parts. This
fact would be irrelevant if surfaceswere consistentenoughto completelymaskthe
color of internalvoxels. Anyway, low strengthsurfacesand small width walls let see
the hollows producedby equation3 (see g. 1a).Hence,the optical modelemplosed
for internalvolumesis differentfrom that usedexclusively for partshaving non null
gradient.The overallmodelis thende ned by:

g lakr f[nlk [n]Ca[n]+ Ig [N]Cq4[n]max (r .f[n];0)if kr f[n]lk> O

€ln]= . :

' (la + lq) [n]Ca[n] if kr f[nlk=0
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With this artifact, the imagequality is greatly improved during renderingof low
densitytissuesor in thesecaseof tissuesubtlelayerswith high density(for example
bone),asshavnin gure 1hb.

Opacity gradient computation. In lighting equation2, the surfacenormalis related
to gradientr f [n], andthe modulusis regardedassurfacestrength If f [n] is usedas
opacity insteadof density we can arbitrarily modify the surfaceappearanc@roper
ties(opacity width andconsistencey modifying thetransferfunction.SinceOpenGL
register combinersreceve from texture hardware 4 opacityvalues (p), (p+ dx),
(p+ dy), (p+ dz),they areableto approximatehe opacitygradientwith forward
differencesSincecombinersareSIMD arithmeticmodulesableto performlinearoper
ations,it is relatively simpleto derive forward differencesandvectormodules put it is
impossibleto performratiosandroot extractions.Now the gradientnorm computation
involvesa squareroot computationthat needsto be approximatedvith a polynomial
function. Sincethe numberof available combinersis limited and mary of themare
usedto computethe gradientcomponentaswell asthe lighting equationwe canonly
approximatethe squareroot function with a quadraticfunction. The 2nd order poly-
nomial is derived from a Taylor seriesevaluatedin the neighborhoodf an arbitrary
pointxg of intenval ]O, 1]. Thevalueof x hasto be chooserin orderto minimize the
approximatiorerrorin theinterval. Accordingto equation2, the gradientnormis used
to weightvoxel opacityandassociatedolor contritution, sothe bestapproximatioris
BbtainethenTaylorseriesis evaluatedin xo = 1. Theinterpolationfunctionis then
X

3, 3 12
S+ X Xt

Performance enhancement. Pixel ll-rate is the majorlimiting factorwhenusinga
texturing approactio volumevisualizationIn zoomrenderinganappropriatelydown-

scaledimageis renderedn the backbuffer andthenenlagedandcopiedto the front

buffer [13,14]. In this way, delaysassociatedvith buffer swap synchronizatiorare
avoided, andthe numberof pixels lled during volume renderingis reduced.In our

implementationthecopy andzoomoperationsreimplementedy copying thereduced
sizeimagein texturememoryandthenrenderingatexturedpolygonin thefront buffer.

Hence sophisticatedextureinterpolationalgorithmscanbe usedto reducetheartifacts
causecdy magni cation.

3 Implementation and results

Our techniquefor directvolumerenderinghasbeenintegratedin a prototypetraining
systemfor mastoidectomyT he simulatorsystemprovidesreal—-timevisual andhaptic
feedbacl9, 15] andit is modeledasa collectionof looselycoupledconcurrentompo-
nents[16]. Theoverall systemis dividedin a"f ast” subsystemiesponsibldor thehigh
frequeny tasks(sumical instrumenttracking, force feedbackcomputationponeero-
sion),anda slow” one,essentiallydedicatedo the productionof datafor visualfeed-
back[17]. Thesystenrunsontwo interconnectednultiprocessomachinesThanksto
our volume renderingapproachthe rendereris totally decoupledrom the simulator



andthe tracking system,andrunsat his own frequeng. The currentcon guration is
the following: a single-processoPI1V/1500 MHz with 256 MB PC133RAM for the
high-frequeng tasks(hapticsloop (1KHz) andinterprocessommunicationoop); a
dual-processointel Xeon 2.4 GHz with 2048MB DDR PC400RAM anda NVIDIA
GeForceFX 5800Ultra AGP 8X andrunninga 2.4 linux kernel,for thelow frequeng
taskg(recevingloop, simulatorevolutionandvisualrendering) aPhantonDesktopand
a Phantoml.0 haptic devices, that provide 6DOF trackingand 3DOF force feedback
for the burr/irrigator andthe sucler; a n-vision VB30 binoculardisplayfor presenting
imagedo theuser We arecurrentlyusingavolumeof 256x256x12&ubicalvoxels(0.3
mm side)to representhe region wherethe operationtakesplace.We executedperfor
mancebenchmark®n the systemwhich revealedthat, usingeightregistercombiners
and8 bit/texel volumes peaktexturetransferrateis about400M texel/s, while peak Il
rateis about400M pixel/spersecondAccordingto theseresults therenderingsystem
shouldtheoreticallybe ableto completelyreloadandrenderan entire 256X 256X 128
datasein about40 msperframe.In thesuigical simulatorsystemywith thisvolumesize,
andusingawindow of aboutthe sameresolution(320X 240zoomedo 640X 480), we
obtainrefreshtimings of about50 msecper frame, correspondingo a framerate of
20fps, whichis closeto thetheoreticalpeak.The CPU overheads negligible, andthe
simulationcanrunandupdatethevolumein parallelin atotally decouplednannerThe
performancef the prototypeis thussufcient to meettiming constraintseventhough
thecomputationaandvisualizationplatformis constructedrom affordableandwidely
accessibleomponentsThevisualquality of themethodis illustratedin gure 2, which
shaws snapshotsapturedduringa virtual sessiorof the sumgical simulator The princi-
pal stepsof abasicmastoidectomyperformedby anEar, NoseandThroatsugeon,are
represented.

4 Conclusionand discussion

We presenteé dynamicvolumerenderingechniquewhichis well suitedfor theincor

porationin suigical simulators Thetechniquesupportdow-lateng andhigh frequeng

renderingof shadedemi-transparemhaterialsThemethods extremelyef cient, since
all thecomputatiorin performedn parallelin the graphicshardwareandno particular
synchronizatioris neededetweenthe rendererandthe procesghatis modifying the
datasetOnly a single sweepthroughthe volumeis neededandvolumeslicesare se-
quentiallyloadedinto texture memoryon currentstandard®C graphicsplatformusing
AGPtransfersThe effectivenessof our approachis demonstrate¢h a training system
for temporalbonesumgery.
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Fig. 2. Comparison betweenreal and virtual intervention: the principal stepsof a basicmas-
toidectomy performedby a surgeon,are representedPhotoscourtesyof Prof. Stefano Sellari
FranceschiniUniversity of Pisa.



