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Abstract. We developeda directvolumerenderingtechnique,thatsupportslow
latency realtimevisualfeedbackin parallelwith physicalsimulationoncommod-
ity graphicsplatforms.In ourapproach,a fastapproximationof thediffuseshad-
ing equationis computedon the �y by the graphicspipe-linedirectly from the
scalardata.We do this by exploiting thepossibilitiesofferedby multi-texturing
with theregistercombinerOpenGLextension,thatprovidesacon�gurablemeans
to determineper-pixel fragmentcoloring.Theeffectivenessof ourapproach,that
supportsafull decouplingof simulationandrendering,is demonstratedin atrain-
ing systemfor temporalbonesurgery.

1 Intr oduction

Thediffusionof minimally invasive proceduresis bringingmajor improvementsin the
quality of the careprovided to the patients.This is done,however, at the costof the
increasein thecomplexity of thesurgical proceduresperformed,thusrequiringan in-
creasein the trainingneededby eachspeci�c interventionfor bothplanningandpro-
ceduralissues.At the sametime, the shortageof cadavers for medical training and
public concernwith the inhumantreatmentof animalsis drasticallylimiting thetradi-
tionalapproachesto surgical training.Virtual realitysimulatorsrealisticallymimicking
a patient-speci�coperatingenvironmentwould thereforesigni�cantly contributeto the
improvementof surgical training.Developinghigh quality simulatorsis, however, ex-
tremelydif�cult, sincetheneedto providereal-timefeedbackto users,while simulating
physicaleffects,imposesstringentconstraintson thesimulationandvisualizationsys-
tem.This paperfocuseson thedynamicvisualizationproblem,describingthevolume
renderingtechniquethatwehave developedfor a temporalbonedissectionsimulator.

Directvolumerenderingwith shading,thatworksby integratingalongselectedpro-
jectorsthevalueof acontinuousemission/re�ection/absorptionvolumefunctionrecon-
structedfrom discretesamplingpoints[1], is thede-factostandardin thepre-operative
analysisof medicaldata.By manipulatingthe mappingfrom valuesof the original
volumedatato emission,re�ection, andabsorptioncoef�cients, variouseffectscanbe
achieved,includingisosurfacesandopaqueobjects.Usingthisdataintensive technique
ondynamicvolumesunderreal-timeconstraintsis,however, anopenresearchproblem.



Thisfacthaslimited simulatorsto employ surfacebasedtechniques,thathaveproblems
with semitransparentmaterialsandrely oncomplex meshstructuresthatimposeimpor-
tantsynchronizationoverheads.A numberof authorshave proposedto exploit texture
mappingandrasterizationhardwareto renderscalarvolumesat interactive speeds[2–
5]. Thesetechniquesarebasedonuploadingthescalarvolumeto texturememoryprior
to renderingobject-alignedor view-direction-alignedtexturedvolumeslices.Oneof the
majorlimitationsof thesemethodsis theirinability to ef�ciently implementsurfaceillu-
minationmodels,sincetexturelookupis basedonly ondatavaluesandnotongradient
information.Thequalityof theimagesis thereforeinsuf�cient for accuratelyperceiving
surfaceshape.Variousauthorshave thusproposedalternative techniquesfor support-
ing hardware-accelerateddirectvolumerenderingwith shading[4,6–8]. While image
quality is closeto thatof thebestsoftwaresolution,thiscomesat theexpenseof perfor-
manceandtexturememoryoverheads,sincetheproposedtechniquesrequiremultiple
passesthroughtherasterizationhardwareand/orprecomputationof gradientvolumes.
This is unacceptablein surgical simulation,sincethevolumeis continuouslyvarying,
andthuswecannotef�ciently computeandreloadgradientmapswithoutstronglycou-
pling thesimulationandrenderingtasks.

In thispaper, weproposea texture-basedvolumerenderingapproach,thatsupports
low latency real time visual feedbackto occurr in parallel with physical simulation,
without requiringany synchronizationamongthe threads.In our approach,a fastap-
proximationof the diffuse shadingequationis computedon the �y by the graphics
pipe-linedirectly from the scalardata.We do this by exploiting the possibilitiesof-
feredby multi-texturing with the registercombinerOpenGLextension,that provides
a con�gurablemeansto determineper-pixel fragmentcoloring.The restof the paper
describesour techniqueandillustratesits effectivenessin a virtual trainingsystemfor
temporalbonesurgery[9].

2 Interacti vevolumerenderingapproach

Althoughvolumetricdatais de�ned overacontinuousthree-dimensionaldomain(R3),
measurementsandsimulationsprovide volumedataas3D arrays,that canbe easily
usedasscalartextureimages,withoutpre-processing.Werenderthisvolumesampling
thevolumethroughtexturinghardwareusingfront-to-backslicecomposition.For each
stepandfor all pixels,graphicshardwareaccessesthe texture andextractsthe scalar
value.Thissampledvalueis converted,throughatransferfunction,to acolor triple and
anopacityvaluethataresavedinsidecombinerinputregisters.Combinersarethenpro-
grammedto computegradientsandshadingon-the-�y, andreturnthecolorusedduring
theblendingprocess.In thefollowing, weprovidemoredetailsaboutthisprocess.

Sampling thr ough texture mapping. Currentconsumergraphicshardwareis based
on an object-orderrasterizationapproach,i.e. primitives(polygons,lines, points)are
scan-convertedandwritten pixel-per-pixel into theframebuffer. Sincevolumedatado
not consistof suchprimitives,a proxy geometryis de�ned for eachindividual slice
throughvolumedata.Eachsliceis texturedwith correspondingdatafrom tvolume.The



volume is reconstructedduring rasterizationon slice polygonsby applyinga convo-
lution of volumedatawith a �lter kernel.The entirevolumecanbe representedby a
stackof suchslices,if the numberof slicessatis�es restrictionsimposedby Nyquist
theorem.Ourapproachfollowsthetechniqueproposedby Rezk-Salamaandothers[7],
extendingit with on-the-�y gradientandshadingcomputation.In our case,sincein a
surgical settingviewpoint motionis constrained(limited to maximum30 degrees),we
areallowedto useobject-alignedslices.At eachframe,we traversethearrayof slices,
andwe reloadthemastexturestwo at a time.After textureloadingandreconstruction,
the rasterizationprocessderives, for eachprojectedpixel, texture samplingposition,
andtexturing hardwareextractsthecorrespondentdensity, by bi-linearor tri-linear in-
terpolationof closesttexels; theresultantvalueis thenmappedto anRGBA vectorby
the transferfunction. In order to computethe surfacegradient,four texture units are
needed,that are usedto samplethe volume with offset dx, dy, dz, relatively to the
centralpoint.

This procedureis extremely ef�cient, sinceall the computationis performedin
parallelin thegraphicshardwareandno particularsynchronizationis neededbetween
therendererandtheprocessthatis modifying thedataset.Only asinglesweepthrough
the volumeis needed,andvolumeslicesaresequentiallyloadedinto texture memory
on currentstandardPC graphicsplatform usingAGP 8X transfers,which providesa
peakbandwidthof 2108MB/s.

Transfer function. Thetransferfunctionmapping,in our directvolumerenderingap-
proach,is obtainedby exploiting theglColorTableprimitive, that is commonlyimple-
mentedin commoditygraphicshardware.This functionis usedby compilinga look-up
table,with transferfunction values,and by installing it inside graphicsmemory. At
thesametime of sampling,texturing hardwareperformstransferconversionof density
valuesto RGBA colorscontainedinsidethe table.Thecolor tablecontainsassociated
colorsinsteadof purecolors[10], in orderto control thecolor interpolationerror. The
associatedcoloremploymenthasalsobene�cialeffectsto coloraccumulationprocesss.
Thecolor look-uptableletsuserschooseandcalibratethetransferfunctionin realtime;
it canbecomputedandreloadedeachtime theuserchangesomefunctionparameters.

Voxel color computation. Lighting andshadingprocessfollows thestandardlighting
equation[10]:

eC[n] = � [n]Ca [n]la + � [n]Cd[n]
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where eC[n] is the associatedcolor, Ca [n], Cd[n] and� [n] arethe non-directional
ambientre�ective factor, thediffusedirectionalre�ective factorandthevoxel opacity,
while la and�ld aretheambientlight intensityandthe light intensitycomingfrom the
directionalsource.In orderto highlightsurfacedetails,weemploy theartifactproposed
by [11] of weightingtheopacity� [n] with a surfacestrength, evaluatedasa function
of volumeandhis gradient:S = h (f (s); r f (s)) [12]. If we usethegradientmodulus
asstrength, wehave:
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Sucha strengthfunction, enablesthe visualizationof boundarysurfacebetween
tissues,anddisablesthevisualizationof partswith null gradient(like theinternalparts
of anobject).Speci�cally, in our case,theshadingcomponentsaresupposedto bethe
combinationof anambientcomponentandadirectionalcomponentemittedby asource
orientedalongthevolumez axis(slicesnormal).Thisway, thedotproductbetweenthe
light directionand the opacitygradientis the componentr z f [n], and equation1 is
simpli�ed asfollows:

eC[n] = la kr f [n]k � [n]Ca [n] + ld � [n]Cd[n]max (r z f [n]; 0) : (3)

Fig.1. Internalandexternalopticalmodels.

But visual resultof equation3 is not fully satisfying:in fact only surfacevoxels
contribute to pixel color, becausestrengthbecomeszeroin tissueinternalparts.This
fact would be irrelevant if surfaceswere consistentenoughto completelymaskthe
color of internalvoxels.Anyway, low strengthsurfacesandsmall width walls let see
the hollows producedby equation3 (see�g. 1a).Hence,the optical modelemployed
for internalvolumesis different from that usedexclusively for partshaving non null
gradient.Theoverallmodelis thende�ned by:

eC[n] =

8
<

:

la kr f [n]k � [n]Ca [n] + ld � [n]Cd[n]max (r z f [n]; 0) if kr f [n]k > 0

(la + ld) � [n]Ca [n] if kr f [n]k = 0
:

(4)



With this artifact, the imagequality is greatly improved during renderingof low
densitytissuesor in thesecaseof tissuesubtlelayerswith high density(for example
bone),asshown in �gure 1b.

Opacity gradient computation. In lighting equation2, thesurfacenormalis related
to gradientr f [n], andthemodulusis regardedassurfacestrength. If f [n] is usedas
opacity, insteadof density, we canarbitrarily modify the surfaceappearanceproper-
ties(opacity, width andconsistence)by modifyingthetransferfunction.SinceOpenGL
registercombinersreceive from texture hardware4 opacityvalues� (p), � (p + dx),
� (p + dy), � (p + dz), they areableto approximatetheopacitygradientwith forward
differences.SincecombinersareSIMD arithmeticmodulesableto performlinearoper-
ations,it is relatively simpleto derive forwarddifferencesandvectormodules,but it is
impossibleto performratiosandroot extractions.Now thegradientnormcomputation
involvesa squareroot computation,thatneedsto be approximatedwith a polynomial
function. Sincethe numberof available combinersis limited and many of them are
usedto computethegradientcomponentsaswell asthelighting equation,we canonly
approximatethe squareroot function with a quadraticfunction. The 2nd orderpoly-
nomial is derived from a Taylor seriesevaluatedin the neighborhoodof an arbitrary
point x0 of interval ]0, 1]. Thevalueof x0 hasto bechoosenin orderto minimizethe
approximationerrorin theinterval. Accordingto equation2, thegradientnormis used
to weightvoxel opacityandassociatedcolor contribution,sothebestapproximationis
obtainedwhenTaylor seriesis evaluatedin x0 = 1. Theinterpolationfunction is thenp

x � 3
8 + 3

4 x � 1
8 x2 .

Performance enhancement. Pixel �ll-rate is the major limiting factorwhenusinga
texturingapproachto volumevisualization.In zoomrendering,anappropriatelydown-
scaledimageis renderedin the backbuffer andthenenlargedandcopiedto the front
buffer [13,14]. In this way, delaysassociatedwith buffer swap synchronizationare
avoided,and the numberof pixels �lled during volumerenderingis reduced.In our
implementation,thecopy andzoomoperationsareimplementedbycopying thereduced
sizeimagein texturememoryandthenrenderinga texturedpolygonin thefront buffer.
Hence,sophisticatedtextureinterpolationalgorithmscanbeusedto reducetheartifacts
causedby magni�cation.

3 Implementation and results

Our techniquefor direct volumerenderinghasbeenintegratedin a prototypetraining
systemfor mastoidectomy. Thesimulatorsystemprovidesreal–timevisualandhaptic
feedback[9,15] andit is modeledasacollectionof looselycoupledconcurrentcompo-
nents[16]. Theoverall systemis dividedin a”f ast”subsystem,responsiblefor thehigh
frequency tasks(surgical instrumenttracking,force feedbackcomputation,boneero-
sion),anda ”slow” one,essentiallydedicatedto theproductionof datafor visualfeed-
back[17]. Thesystemrunson two interconnectedmultiprocessormachines.Thanksto
our volumerenderingapproach,the rendereris totally decoupledfrom the simulator



andthe trackingsystem,andrunsat his own frequency. The currentcon�guration is
the following: a single-processorPIV/1500MHz with 256 MB PC133RAM for the
high-frequency tasks(hapticsloop (1KHz) and interprocesscommunicationloop); a
dual-processorIntel Xeon2.4 GHz with 2048MB DDR PC400RAM anda NVIDIA
GeForceFX 5800Ultra AGP8X andrunninga 2.4 linux kernel,for thelow frequency
tasks(receiving loop,simulatorevolutionandvisualrendering);aPhantomDesktopand
a Phantom1.0 hapticdevices,that provide 6DOF trackingand3DOF force feedback
for theburr/irrigatorandthesucker; a n-visionVB30 binoculardisplayfor presenting
imagesto theuser. Wearecurrentlyusingavolumeof 256x256x128cubicalvoxels(0.3
mm side)to representtheregion wheretheoperationtakesplace.We executedperfor-
mancebenchmarkson thesystem,which revealedthat,usingeight registercombiners
and8 bit/texel volumes,peaktexturetransferrateis about400Mtexel/s,while peak�ll
rateis about400Mpixel/spersecond.Accordingto theseresults,therenderingsystem
shouldtheoreticallybeableto completelyreloadandrenderanentire256X 256X 128
datasetin about40msperframe.In thesurgicalsimulatorsystem,with thisvolumesize,
andusinga window of aboutthesameresolution(320X 240zoomedto 640X 480), we
obtain refreshtimings of about50 msecper frame,correspondingto a framerateof
20 fps,which is closeto thetheoreticalpeak.TheCPUoverheadis negligible, andthe
simulationcanrunandupdatethevolumein parallelin atotally decoupledmanner. The
performanceof theprototypeis thussuf�cient to meettiming constraints,eventhough
thecomputationalandvisualizationplatformis constructedfrom affordableandwidely
accessiblecomponents.Thevisualqualityof themethodis illustratedin �gure 2,which
showssnapshotscapturedduringavirtual sessionof thesurgical simulator. Theprinci-
palstepsof abasicmastoidectomy, performedby anEar, NoseandThroatsurgeon,are
represented.

4 Conclusionand discussion

Wepresentedadynamicvolumerenderingtechniquewhich is well suitedfor theincor-
porationin surgicalsimulators.Thetechniquesupportslow-latency andhighfrequency
renderingof shadedsemi-transparentmaterials.Themethodisextremelyef�cient, since
all thecomputationin performedin parallelin thegraphicshardwareandno particular
synchronizationis neededbetweenthe rendererandthe processthat is modifying the
dataset.Only a singlesweepthroughthevolumeis needed,andvolumeslicesarese-
quentiallyloadedinto texturememoryon currentstandardPCgraphicsplatformusing
AGPtransfers.Theeffectivenessof our approachis demonstratedin a trainingsystem
for temporalbonesurgery.
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Fig.2. Comparison betweenreal and virtual intervention: theprincipalstepsof a basicmas-
toidectomy, performedby a surgeon,are represented.Photoscourtesyof Prof. StefanoSellari
Franceschini,Universityof Pisa.


