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Abstract

Cell-basedfirst-hit ray casting a new techniquefor fast perspectivevolumevisualization,is presentedn this
paper Thistedhnique basedon thewell knownray castingalgorithm, performsiso-surfacingand supportsinter-
activethresholdadjustmentlt is acceleatedby the reductionof avelage ray pathlengthsto only a few stepsper
pixel. Thevolumeis dividedinto cubic subvolumesEad subvolumethat s intersectedoy aniso-surfaces pro-
jectedto theimage plane A local ray castingstepwithin thesubvolumeis performedor ead pixel coveredbythe
projection.Cell-basedirst-hit ray castingis perfectlysuitedwhener fast perspectiveiso-surfacingis required.
This paperdescribeghe basicalgorithm, presentgpossibleoptimizationsand evaluatesthe performanceof the
algorithmfor onespecificapplication,the post-implantatiorassessmertf endwascularstentplacementlt will

be shownthat the algorithm, thoughexecutedon a single processomadine withoutany hardware acceleation,
performswell for view pointsinsideaswell asoutsidethe stentethloodvessebandoutperformsan optimizedyet

more corventionalray castingtechniquesignificantly

1. Introduction and Related Work

Stentimplantationis apowerful instrumenfor thetreatment
of heartfunctiondeficienciesA stentis asmalltubularpros-
thesisthatis insertednto anarteryviaanendo-ascularpro-
cedureandused,for instanceto enlage a stenosisa local
narraving of the arteriallumen.In the pastyears,the task
of efficiently visualizing an insertedstentwithin the blood
vesselfor exact assessmentf the quality of insertionbe-
camea new field of applicationof three-dimensionained-
ical computervisualization.This taskincludesthe needfor
interactive virtual angioscop (virtual endoscop 18 inside
blood vessels)combinedwith the visualizationof the stent
(seefigure 1) aswell asfastvisualizationwith view points
outsidethevesseto assesthepositionof thestentrelative to
certainlandmarksof thebody (e.g.,heart,lung, bonesgtc.).
Two exampleimagesfor this secondsubtaskare displayed
in figure 2.

A feasibleway of providing theprerequisite$or cleanvi-
sualizationsn thevirtual endoscop applicationis to define
two iso-surbicesby statingtwo thresholdspnerepresenting
the stentboundariesand one representinghe vesselwalls.
During virtual angioscop investigationsthe densityvalue
at the view point inside a blood-filled vesselis, dueto an
injected contrastagent,usually on a higherlevel thanthe

surrounding®f the vesselandlower thanthe densityof the
metalstent.Therefore pothiso-surhcescanberendered.
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Figure 1: virtual angioscopy(a virtual flight through a
stentedbloodvessel
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Figure 2: Left: stentandbonesyight: stentandinner organs

For views from outsidethevesselwhenthe densityvalue
attheview pointis belon the densitylevel of thevisualized
ernvironment,only onethresholds neededyhich visualizes
the stentand/orthe ervironment.It is importantto provide
meansof interactve thresholdadjustmento allow the user
to selecthevisualizedervironmentonthefly. Only thencan
the userobtaina reasonabl@inderstandin@f the surround-
ingsof theimplantedstent.

A decisionhasthusto be madebetweenriso-surficingvia
direct volume rendering(DVR) and a methodwhich does
dynamicsurfacefitting (SF), executinga surfaceextraction
procedureduring each frame and renderingthe resulting
meshusingpolygonrenderinghardware.

Many DVR techniqueshave beenproposed?2. As image
fidelity andperspectie areof paramounimportancein the
applicationdescribedabove, the mostsuitableDVR method
seemgo be the volumeray castingalgorithm8. This tech-
niguewhich caneasilybe adaptedo visualizeiso-surfces
(first-hit ray casting, suffers from the problemthatit can-
not achieve interactve frame rateswithout multi-processor
hardware.Thereforenuchwork hasbeendoneto accelerate
thetechniqueto allow for moreinteractize rendering.Most
of theproposedptimizationsrely on oneor moreof thefol-
lowing principles:

fast empty spacetraversal Raysoftenhave to travel mary
stepsthrough the volume until they either hit an iso-
surfaceor exit thevolume.This cantake a significantpor-
tion of renderingtime. Therefore sometechniqueshave
beendeveloped thataim at acceleratindraversalthrough
emptyregions.ProminenexamplesareSpacd_eaping® 4
andthe Lipscitz method?®.

datareduction Portionsof the datasetthat do not con-
tribute to the final imageare identified and removed be-
fore the start of the renderingprocess.So the rendering
processcanbe speededip, becauseaysdo not have to
travel throughnon-interestingegionsof thedataset? 1.

improvement of caching behavior Data sets for volume
visualizationare often large, for instance,between200
and1000slicesof 512 voxels. In thetraditionalray cast-
ing algorithm,raystravel, oneby one,throughthe whole
datasetTherefore,cachecohereng is hardto maintain.
By maximally utilizing cacheddatabeforethey arere-
placed thrashingcanbe minimized? 15.

Other principles of accelerationof ray castinglike, for
instance,simulation of perspectie projection 2, usageof
frame-to-framecohereng 17 or pixel-spacecohereng 9,
usuallyoffer only reducedutputimagequality.

During the past few years, some surface fitting tech-
niguesthat executea surface extraction procedureduring
eachframe have beenintroduced.They useelaboratevisi-
bility determinatioralgorithmswhich detectthosecellsin-
side the datavolume at which surfaceextraction hasto be
performed.Sincethe numberof thosecellsis usually quite
smallcomparedo the sizeof thewholevolume,surfaceex-
tractionis not prohibitively expensie 6. However, those
methodseitherdo notyet performcorvincingly well or pro-
vide functionality that is limited in one way or the other
Thefasttechniqueproposedy Hietalaetal. ¢, for example,
doesnotallow for interactize thresholdadjustmentFurther
more,thesetechniquesgely on dedicatedacceleratiorhard-
ware.Thus,first-hit ray castingseemso be moreapplicable
for the purposeglescribechbore.
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Cell-basedirst-hit ray casting,a new optimizedray cast-
ing techniquewhichis introducedn section2 combinedast
empty spacetraversal,datareductionand improvementof
cachingbehaior to maximizerenderingperformancevhile
keepingrenderingguality ata high level.

2. Cell-Based First-Hit Ray Casting

Cell-basedfirst-hit ray castingis a new and fastray cast-
ing algorithmwhich is usablefor interactize visualization,
for example,for the post-implantatiorassessmertuf stent
placementThis sectiongives a detaileddescriptionof the
algorithmandcoverssomepossibleoptimizations.

2.1. Algorithm Overview

Cell-basedirst-hit ray castingperformsiso-surficing. The
datavolume is divided into cubic sub volumes,so called
macno-cells Eachmacro-cellconsistsof n® cells,wheren

is usuallya numberbetweenfour andten. Eachmacro-cell
containinga partof oneof theiso-surficeds projectedo the
imageplane.A rasterizatioralgorithmdetectsall pixelsthat
arecoveredby the projection.Fromeachof thosepixelsthat
have notyet beenassigneda color, aray is castthroughthe
macro-cell.Samplingstartsat the point wheretheray inter-

sectsthe closestfaceof the macro-cellandstops,whenthe
ray eitherhits aniso-surficeor leavesthe macro-cell.If the
ray hits aboundarycell, i.e.,a cell thatcontainsdatavalues
above aswell asbelov one of the specifiedthresholdsan
intersectionalgorithmis appliedto see,if andat which po-
sition theray intersectghe correspondingso-surfce.If the
iso-surfceis hit, thegradientvectorattheintersectiorpoint
is calculatedusing trilinear interpolation.A color value is

thencalculatedrom the gradientandassignedo the corre-
spondingpixel.

2.2. TheData Structure

In orderto quickly find thosemacro-cellswhich containa
partof at leastoneof theiso-surfices,a min-maxoctreeis
used?l, A leaf nodeof the octreerepresenta macro-cell.
For eachnode of a min-max octreethe minimum and the
maximumdatavalue of the sub-spacehatit representare
stored.Traversalstartsat the root of the octree.Only if one
of thethresholdss betweertheminimumandthemaximum
value of the currentnode,the 8 child nodesare processed.
As soonasa leaf nodeis reachedhat passeghe min-max
check,the correspondingnacro-cellis projectedandlocal
raysarecastfrom the coveredpixels.

Rays are cut into segmentsby macro-cellboundaries.
During onelocal ray castingsteponly onesegmentof aray
is processedSincethefirst intersectiorof aray with aniso-
surface thatis found,determineghefinal color of the pixel,
it is of utmostimportancethat ray segmentsare processed
in the correctviewing order Becauseperspectie projection

is used eachpixel is associateavith a uniqueray direction.
However, sinceall raysthatintersectary two subvolumes,
intersectthemin the sameorder the direction vector of a
representagie ray which intersectsall sub volumescanbe
usedto quickly establisha correctorderof child nodetraver-
sal.

2.3. Local Rays

A localray is castfor eachpixel thatis coveredby the pro-
jectionof thecurrentlyprocessedhacro-cell Voxel traversal
insidethe macro-celis startecby calculatingtheentrypoint
of therayinto themacro-cell.Then,accordingo themethod
presentedy AmanatidesandWoo 1, all cellsthatareinter-

sectedby therayinsidethemacro-cellaredetectedFor each
of thosecellsit hasto be determinedywhetherit is a bound-
ary cell. If thisis the case,a ray-surficeintersectiontestis

executed.

2.4. Ray-Surface I ntersection

Therearesometechniquegor performingray-surficeinter
sectionsthatdiffer in quality and,especiallyin compleity.
A veryaccurateapproactwasintroducedby Lin etal. ! and
by Parker et al. 16. This intersectioralgorithminvertstrilin-
earinterpolationlt finds,for agivendensityvalue,all points
of a givenray that areassignedhis densityvalueby trilin-
earinterpolation.If oneor more of thosepointsareinside
theinvestigatectell, thefirst of themalongtheray is thein-
tersectiorpoint. This techniqueperformsexactintersection,
but is computationallyvery expensve.

A fasteralgorithmwhichalsoyieldsgoodresultsworksas
follows: Thecompletepaththataray takesthroughasurface
cellis dividedinto two partsof equallength.Thedensityval-
uesatthe endpointsof eachpartof the patharecalculated.
They indicate,whetherary of theiso-surficess intersected
by the correspondingart of theray, or not. If anintersec-
tion exists, an approximationof the intersectionpoint can
be found by linear interpolation,thena color valueis com-
putedandassignedo the pixel. Otherwiseyoxel traversalis
continued.

A resultimagefor eachof the two techniquegexactin-
tersectiorandfastintersection)s displayedn figure 3. The
rightmostimagein thisfigureis adifferencemapdisplaying,
atwhichpixelstherearesignificantdifferenceslt shavsthat
therearesomedifferencesput they arenotvisible in thevi-
sualizationresults.Thus, it is a gooddecisionto tradeun-
needediccuray for speedandperformfastintersections.

2.5. Reduction of the Number of Local Rays

Castingawholerayfrom theeye pointuntil it eitherexits the
volumeor intersectsaniso-surficeis in generalfasterthan
castingmary of its segmentsas local rays, sincefor each
local ray aratherexpensve additionalinitialization process,
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Figure 3: comparisonof two ray-surfaceintersectiontechniques.Left: exact intersection,middle: fast intersection, right:

difference

consistingof the determinatiorof the ray direction,the en-
try point calculationandthe initialization of variablesused
for cell traversal hasto beperformed Timeis only saved, if

only few local raysare castper pixel. Macro-cell trimming
and early scanlineterminationare two optimizationtech-
niguesthatreducethe numberof local rays.

2.5.1. Macro-Cdl Trimming

Very often, only a small part of a macro-cellis intersected
by aniso-surfice.Therefore to preventunnecessargalcu-
lations, eachmacro-cellis trimmed to the smallestcuboid
containingthemacro-cells portionsof theiso-suracesThis
canbedonequite efficiently by iteratingthroughall cells of
themacro-cell. The cuboidis initialized to sizezero.When-
ever asurfacecell is encounteredthe cuboidis extendedto
the smallestnecessargizesothatit containsthis cell. The
resultingcuboidis thenprojectedinsteadof the macro-cell.
Sincethe projectionof this cuboid coversfewer pixelsthan
the projectionof the whole macro-cell,the numberof local
raysis reducedMacro-celltrimming savesabout28 percent
of overall renderingtime on average.The time gain, how-
ever, is very muchdependentnthedatasetandtheposition
of theview point.

2.5.2. Early Scanline Termination

After a macro-cellhasbeenprojected,the setof pixels at
which local raysareto be castis detecteddy identifying all
scanlineghat intersectthe projectionanditerating through
the pixels of a scanlinefrom one boundaryof the projec-
tion to the other Dependingon the topologiesof the iso-
surfacesinside the macro-cell,scanlinescanbe eitherrows
or columnsof pixelsandcanbeprocesseth eitherdirection.
Thereasorfor thisis that,againdependingnthetopologies
of theiso-surfices very often, processingf a scanlinecan
bestoppedassoonasalocal raythrougha pixel of thisscan-
line doesnotintersectry of theiso-suracesThistechnique

will bereferredto asearly scanlinetermination Here,with-
outlimitation of generalitymacro-cellprojectionsor which
scanlinesare processedrom left to right will be discussed
asan example.Let theimage of a macro-cellbe the collec-
tion of all pixelsin thefinal image thatobtainectheir colors
throughlocal rayswithin that macro-cell.Analogously the
image of a partof aniso-surfceis thecollectionof all pixels
thatobtainedtheir colorsthroughray intersectionsvith that
part of aniso-surfice.Early scanlineterminationwill lead
to errorsandshouldthereforenot be applied,if thedropped
partof thescanlingntersectsheimageof thecurrentmacro-
cell. Themacro-celwhoseimageis renderedlarkin theleft
imageof figure 4 allows early terminationof all scanlines.
The highlightedscanlinein the image on the right should
not be terminatedearly while the macro-cellcorresponding
to thedarkrenderedmageis processedTherearetwo pos-
siblecausedor earlyscanlineterminationbeingdisalloved:

Thefirst causeareleft-facingsurfacenormals Partsof the
iso-surfices,which have surface normalsthat point, when
projectedto the imageplane,towardsthe left handside of
the screenconfinethe applicability of early scanlinetermi-
nation. For all scanlinesthat intersectthe imagesof those
surfaceparts,early scanlineterminationcanbe appliedonly
afterall suchintersectionsEarly scanlineterminationis dis-
allowedfor thescanlinen theimageontherighthandsidein
figure 4, becaus¢hepotentiallydroppedpartof thescanline
intersectghe imageof a surfacepartwhich hasleft facing
surfacenormals.

The secondpossiblecauseis relatedto the notion of so-
calleddangerous macio-cell faces A macro-cellfaceis re-
ferredto asdangerous if it containsthe macro-cellvertex
which hasbeenprojectedfarthestleft andthe neighboring
macro-cellsharingthis facewill be processeafterthe cur
rent macro-cell.If the distancebetweenthe two leftmost
vertex imagesin X directionis very small (thereis a dif-
ferenceof only a few pixels), only the hiddenface shared
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Figure 4: 2 maco-cells: left: early termination(e.s.t.)is possiblefor all scanlines;right: an examplefor a scanlinewhich

shouldnot beterminatedearly dueto left facingsurfacenormals

. P
dangerous faces

Figure5: dangerousmacio-cell faces

betweenthe verticesbelongingto the two leftmostprojec-
tion points,is considereddangerousSo, if the macro-cell
projectionlooksliketheoneontheleft handsidein figure5,
only the onehiddenmacro-cellfaceon the left handsideis
dangerouslf, however, the projectionhasa shapesimilar
to the one on the right handside, therearetwo dangerous
macro-celifaces.

The consequencef a dangerousmacro-cellface being
intersectedby aniso-surficeis thatthepossibilityariseshat
betweerthe left boundaryof the macro-cellprojectionand
the first intersectionof the scanlinewith the image of the
macro-cell,somepixels remainblank also if thereare no
left-facing surface normals.Raysthroughthosepixels exit
themacro-celtthroughthedangerous$acebeforethey could
possiblyintersectan iso-surfice. The applicability of early
scanlineterminationis, in this case confinedto the part of
the scanlinefollowing the first intersectionof the scanline
with themacro-cellimage.

Themacro-cellwhoseimageis renderediarkin figure 6
senesasan example.The dashedine in this figure marks

Figure 6: an examplefor a dangerousmacio-cell facecon-
fining the applicability of early scanlinetermination

a part of the left boundaryof the projectionof the macro-
cell. Thepixelsbetweerthis partof the projectionboundary
andtheboundaryof themacro-celimageobtaintheircolors
throughray-surfceintersectionsn the neighboringmacro-
cell which will be processedafter the currentone. Early

scanlineterminationat thesepixelswould leadto errors,al-

thoughthe displayedmacro-cellhasno left facing surface
normals.
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A macro-cellcanbe checled for both problemcasesby
calculatinga representatie surfacenormalfor eachsurface
cell of themacro-cellandcheckingthe signsof thedot prod-
uctsof theserepresentate surfacenormalswith two refer
encevectorspnefor eachproblemcase Wheneerabound-
ary cellthatprohibitsearlyscanlingerminationis found,the
centerpoint of this cell is projectedto theimageplane.The
collectionof all thoseprojectionsyieldsa critical region for
the currentmacro-cell.A scanlinecan be terminatedearly
only, if a pixel was left empty outsidethe critical region.
Early scanlineterminationusuallysaresanotherl7 percent
of overallrenderingtime on average Thetwo rightmostim-
agesin figure 7 displaythe numbersof local rays per pixel
without, respectiely with, the usageof early scanlineter-
minationduring the computatiorof the frameshawn in the
imageon the left. The lighter the color of a pixel, the more
rayswerecastthroughit. Theimagein themiddlewasgen-
eratedusing2.483raysperpixel, theimageon theright was
generatedising1.285raysperpixel.

Surface normalsof parts of the iso-surfcescontained
within aboundarycell canvary quitesignificantly So,repre-
sentatve normalvectorsmight describethe iso-surficesin-
adequatelyTherefore usingearly scanlineterminationcan
lead to errors. Although theseerrors are very rare (about
0.017percenif all pixelsareerroneou®n anaveragexhey
arepossibleandthey have adisturbingeffectonimagequal-
ity. They resultin holesin thesurface which areclearlyvis-
ible. Therefore theseholeshave to be identified andfilled
with correctcolor valuesaftercompletionof theframe.

A pixel thatis coveredby a hole will be left blank until
the endof the frame,becauseitherno otherpartof aniso-
surfaceis projectedo it until theendof theframe,or theray
thatis castthroughthatpixel intersectdhe sameiso-surfice
onemoretime,butin thewrongdirection(i.e.,onits way out
of the objectwhoseboundarytheiso-surficerepresentsin
which casethe pixel is left blankandmarked erroneous.

Therearetwo sequencélags perpixel indicatingwhether
the pixel hasrecentlybeendroppeddue to horizontal,re-
spectvely vertical, early scanlinetermination.This means
thateverytimethatearlyscanlineterminationis applied,the
appropriatesequencdlag hasto be setfor all empty pix-
els which are dropped.The boundsof eachnen sequence
of droppedpixels mustbe marked by settingthe sequence
flag of the pixel immediatelyprecedingthe sequenceand
the pixel immediatelyfollowing the sequencéo zero.Also,
a pixel throughwhich a regularlocal ray hasbeencastcan,
atthistime, notbe partof anerroneoushdroppedsequence,
thusits sequencdlags mustbe setto zero. It canbe con-
cludedfrom the propertiesof erroneougixels describedn
the previous paragraphthat pixels which are erroneously
droppedwill afterthatnever be partof adroppedsequence
again After theframeis completedasequencef blankpix-
elswith the accordingsequencdlagsset,which is bounded

on both sidesby nonblank pixelswhosesequencélagsare
notset,hasbeendroppederroneously

Tofill theholes rayscanbecastfrom thosepixelsthrough
the completevolume.As only few pixelswill beerroneous,
this will mostly take only a small part of the time thatwas
savedby earlyscanlinetermination.

2.6. Screen Regions

One problemof cell-basedfirst-hit ray castingis that vis-
ibility determinationis doneon a per pixel basis.So, for
instance after the projectionof a macro-cellwhich is com-
pletely hiddenbehindcloserpartsof the iso-surfices,each
pixel coveredby the projectionhasto be tested whethera
localray hasto becastthroughit, or not. Onewayto reduce
this overheadis the so called screenregions method.The
imagespaceis divided into equal-sizedsquaresgachcon-
sistingof n  n pixels. For eachsquarehe numberof pixels
which have alreadybeenassigned color, is knowvn. During
therasterizatiorof the projectionof a macro-cell wheneer
ascreerregion boundaryis crossedthe pixel numberof the
enteredscreerregionis checled. If thescreerregionis full,
rasterizatiortanmove onto thenext screerregionboundary
This approachsaves another3 percentof overall rendering
timeonanaverage.

2.7. Early End of Computation

Intuitively, computationof a frame is endedas soon as
the completeoctreehasbeentraversedand all macro-cells
whichincludepartsof theiso-surbceshave beenprocessed.
However, sometime canbe saved by terminatingtherender
ing processassoonasall pixelsarecovered,asthis reduces
thenumberof macro-cellshaving to be projectedandtested
for dangerousurfacenormalsaswell asthe numberof pix-
elwisevisibility tests.This approaclsaresanothel5 percent
of overallrenderingtime on average.

3. Results

Thealgorithmdescribedabore wasimplementedandtimed
on an Intel P4 1900 MHz single processormachine.A
512 512 266 datasetof a chestwas usedfor the ex-
periments.To testthe performancea referenceray caster
which createsmagesof the sameqguality ascell-basedirst-
hit ray castingwasimplementedandtimedon thesamema-
chine.Thisreferencgrogramtracksraysfrom the eye point
to thosepoints wherethey first intersectan iso-surfice or
leave the datavolume.It usesthe fastvoxel traversalalgo-
rithm 1 and performsfast ray-surfice intersectiontestsas
describedin section2.4 Additionally, a buffer is usedto
exploit inter ray coherenyg. It storescells that are encoun-
teredalongthelastray, andaflag which indicates|f a por
tion of aniso-surhiceis containedthere.For all rays that
visit the samecells, the intersectionbit indicates,whether
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Figure7: ray numbes without(middle)andwith (right) the usage of early scanlinetermination

anintersectiortestmustbe executed or not. This technique
acceleratesenderingby about60 percent.Distancecoding
was not used,becausét would require recomputatiorfor

eachnew iso-value. Timings were taken for two scenarios,
virtual angioscop inside the stentedaorta and visualiza-
tion of the stentfrom outsidethe chestwith variousthresh-
olds.Tablel containgimingsobtainedduringavirtual flight

throughthe aorta.It stateghe minimum, maximumandav-

erageframetimesof bothtechniquegor animageresolution
of 512 512.1t canbeseerthatcell-basedirst-hit ray cast-
ing is significantlyfasterin the virtual angioscop applica-
tion thanmorecorventional(but still optimized)ray casting.
Two framesof thefly-throughanimationaredepictedn fig-

ure9 (seecolorplate).

The diagramin figure 8 compareshe performanceof
the two techniquesdn the secondscenarioyvisualizationof
the stentfrom a view point outsidethe chest.The threshold
in the experimentvaried between0 HaunsfieldUnits (soft
tissue,e.g.,the lung) and 1100 HU (stent),the imageres-
olutionwas512 512.Corventionalray castingis signifi-
cantly fasterthan cell-basedirst-hit ray castingonly when
softtissuehidesthe stent.In this casedistancedbetweerthe
eye pointandtheray-surficeintersectiorpointsarein gen-
eralvery short,thuscornventionalray castingdoesnot spend
muchtime traversingempty spacesCell-basedirst-hit ray
casting,on the other hand,suffers from the problem, that,
in this case almostall macro-cellsnustbe processedand,
sincethe tissueis very fine-structuredand there are some
"peepholes”into regionsfartheraway, it takesa long time
until all pixels have beenassigned color andrenderingcan
be stopped As the thresholdis raisedand soft tissuefades
out, frametimesfor cell-basedirst-hit ray castingdecrease,
becausdewer macro-cellshave to beprocessedyhile those
for corventionalray castingincreaserapidly, becauseray
lengthsincreaseWith a thresholdof 450 HU, whenbones
andthe stentarevisible, the frametime of cell-basedirst-
hit ray castingis 1.953secondsthe oneof corventionalray
castingis 8.563 secondgspeeduf 4.38). With a thresh-

old of 1100HU, whenonly the stentis visible, the frame
time of cell-basedirst-hit ray castingshrinksto 0.609sec-
onds,while thatof corventionalray castingrisesto 12.781
secondgspeedugdactor20.98).Threeframesfrom this ex-
perimentaredepictedn figure 10 (seecolor plate).

3.1. Discussion

Themostimportantadwantageof cell-basedirst-hitray cast-
ing arethe shortpathsthatrays have to traverse.Raysare
tracked only through macro-cellscontaininga part of the
iso-surfice.Local raysthroughpartsof macro-cellswhich
do not containary boundarycells, are avoided by macro-
cell trimming (seesection2.5.1).Early scanlinetermination
eliminateslocal rays,which are not guaranteedbut highly
probablenot to find ary intersectionswith an iso-surbice
(seesection2.5.2). Thosetechniquegesultin a very short
averageray pathlength per pixel. Table2 shavs, how cell
projectionreducesthe effort for ray tracking comparedto
corventionalray castingaswell asthe effects of the opti-
mizationsmentionedabove. The valuesin this table stem
from atypicalframeof thefly-throughanimation A ray step
is oneiterationof thevoxel traversalalgorithm.Thetermmt
standdor macro-celtrimming andestfor earlyscanlingter-
mination.

Cell-basedfirst-hit ray castingalso managego exploit
cache-coherepcto improve performanceAs eachmacro-
cell is processe@ndaccessednly onceduringthe calcula-
tion of aframe,the phenomenowof thrashingcannot occur
This significantlyspeedsip renderingof large datasets.

The disadantageof cell-basedirst-hit ray castingis that
octreetraversal,macro-cellprojectionand macro-celltrim-
ming entail somecoststhat are constanwith respecto the
imageresolution.Thesecostsmustbe compensatetly ex-
ploiting theshortaverageray pathsto yield smallerperpixel
overheadThereforecell-basedirst-hitray castingperforms
poorly comparedto more conventional ray casting,when
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algorithmused minimumframetime maximumframetime averageframetime
cell-basedirst-hit ray casting 1.103 1.358 1.291
corventionalray casting 1.783 2.271 2.119

Table 1: frametimesin seconddor virtual angioscopy

Figure 8: frametimesin seconddor variousthresholds

renderinglow-resolutionpreviews. To renderlower-quality
previews, either somecorventionalray castingschemeor
a differentpreview stratayy, like the progressiverendering
methodthatwasusedin the AlVis 14 project,shouldbe em-
ployed.

Frametimes can dependvery much on the macro-cell
size.ldeal macro-cellsizesdiffer from datasetto dataset
andeven from frameto frame.Both big and small macro-
cells have their adwantagesand disadwantages.A small
macro-cellsizeresultsin alarge numberof macro-cellsand
thereforeanincreasen thetime neededor octreetraversal
and projectionof macro-cells.Raysare,asthereare more
macro-celboundariessplit upinto moreray segmentsThis
resultsin anincreaseof the numberof local raysandthus
in anincreaseof expensve ray initialization stepsfor rays
whichtravel alonganiso-surficewithoutintersectingt for a
longtime.Ontheotherhand,smallmacro-celkizescanlead
to moresignificantreductionsof local ray numberghrough
early scanlinetermination,assmall critical regionsbecome
more likely. Also, smaller macro-cellsyield shorterlocal
rays,boostingrenderingor especialljthosepixels,atwhich
only onelocalrayis cast.

3.2. Conclusion

Cell-basedfirst-hit ray casting, a nev techniquewhich
provedto be a feasibleandfastvisualizationtechniquefor

perspectie volumevisualization hasbeenpresentedn this
paper It was successfullytestedin the applicationof post-
implantation assessmenbf stent placement.lt has been
shavn thatcell-basedirst-hit ray castingmanageso outper

form corventionalbut still optimizedray castingquite sig-
nificantly, for view pointsbothinsideandoutsidethestented
bloodvessel.

More result images and animations are available
on http:/mww VRVis.at/vis/resources®ANeubauer/. A
more detaileddescriptionof the algorithm canbe found in
the masters thesisCell-Basedrir st-Hit RayCasting?s.
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algorithmused noof rays noof raysperpixel no of ray stepsperpixel
corventionalray casting 262,144 1 35.494
cell-basedirst-hit ray casting 1,147,347 4.376 15.626
cell-basedirst-hit ray castingwith mt,est 396,808 1.513 3.932

Table 2: contribution of optimizationtechniquesto ray pathreduction

in Vienna, Austria (http://www, VRVis.at). Thanksalso to
Tiani Medgraph(http://www.tiani.com)for providing medi-
cal datasets.
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Figure9: twoframesfroma virtual flight throughthe stentedaorta

Figure 10: framesfor thresholdsO HU (left, softtissueis visible), 450 HU (middle someribs andthe stentare visible) and
1100HU(right, only the stentis visible)



