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Abstract

Differenttechniquesave beenproposedor renderingvolumetric
scalardatasets. Usually theseapproachegarefocusingon orthog-
onal cartesiargrids, but in the lastyearsresearchdid alsoconcen-
trateonarbitrarystructuredr evenunstructuredopologies.In par

ticular, directvolumerenderingof thesedatatypesis numerically
complex and mostly requiressorting the whole database. In this

papemwe presentanew approacho directrenderingof corvex, vo-

luminouspolyhedraon arbitrarygrid topologieswhich efficiently

usehardvare assisteolygondrawing to supportthe sortingpro-

cedure.Thekey ideaof thistechniqudiesin atwo-passendering
approach First, the volumeprimitivesaredravn in polygonmode
to obtaintheir cross-sections the VSBUFFER orthogonalto the
viewing plane. Secondthis buffer is traversedn front-to-backor-

derandthevolumeintegrationis performed.Thus,the compleity

of the sortingprocedureis reduced. Furthermoreary connecti-

ity informationcanbe completelyneglected,which allows for the
renderingof arbitraryscatteredgonvex polyhedra.

1 Introduction

Scalarvolume datacan be visualizedby mary differentmethods
whichstronglydependntheintendedapplicatiorandonthetopol-
ogy of thegrid on which the datasamplesaregiven. In directvol-
umerenderingtechniqueghe objectis supposedo be filled with
a semi-transparergel which is renderedaccordingto the physics
of light transpor{{12, 5, 6]. A variety of techniqueshave beende-
velopedfor thedirectrenderingof 3D scalardatafields on regular
cartesiargrids[9, 10]. Apparentlytheunderlyingtheoryis well un-
derstoodandseveralapproachesfferingcombination®f rendering
speedandimagequality have beenestablished20, 2, 8, 16,21, 7].

Recently hardvwareassistedlirectrenderingmethodshenefiting
from real-time3D textureinterpolation1, 19] produceremarkable
framerates. However, theseapproachesre restrictedto rectilin-
eargrids,andit seemgjuestionablevhetherthey canbe adaptedo
othergrid topologies.Ontheotherhand,in orderto directly render
volumedatageneratedby numericalsimulationsor adaptve refine-
mentstratgies the visualizationof irregular or even unstructured
grids becomesa major challenge. Sincethe emeging grid types
and cell primitives can be of arbitrary topology the development
of renderingalgorithmswhich are not restrictedto a certainclass
of applicationis animportantgoal. Simultaneouslythe overhead
spentn suchauniversalframevork shouldnotdominatetheoverall
renderingimes.

In this paperwe presenta new approactto the visualizationof
scalardatafields which are available on unstructuredyrid topolo-
gies.Our methodhasthefollowing basicadwantages:
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e Arbitrary Topologies: All kindsof convex polyhedraarepos-
sible candidateso berendered.This evenholdsif the primi-
tivesareavailableon disconnectedr non-comwex grids.

e Efficient Visibility Ordering: The ordering of primitives
with respecto thepresentiewing definitionis acceleratedy
hardware assistecpolygondrawing, thus reducingthe com-
plexity of theentirerenderingprocess.

e Memory Optimization: An intermediateepresentatiorthe
VSBUFFER, is generatedluringrendering.This datastruc-
tureallowsdirectinspectiorof primitivesalongaline of sight.
Connectiity information, often neededby traditionalmeth-
ods,canbe completelyngglected.On the otherhand,if con-
nectvity informationis availableit canbeeasilyintegratedin
orderto optimizetherenderingalgorithm.

This is achieved by a two-passrenderingapproachwhich takes
adwantageof hardwareassistegolygondrawing availableon ava-
riety of differentplatforms.First, the databaseis successiely ren-
deredinto a buffer orthogonalto the viewing planeandparallelto
theactive scanline.Secondthis buffer, which now holdsthecross-
sectionshetweernthe primitivesandthe plane,is traversed. Since
the cross-sectionarealreadyin correctorder the sortingof prim-
itiveswithin eachscanlinecan be completelyavoided. The final
renderingpasss performedoy castingraysalongeachline of sight
throughthe detectedlatacells. Consequentlyarbitraryintegration
rulescanbe applied,andtheserulescanalsobe adaptedo the un-
derlyingcell structure.

We shouldnoteherethatonly thesortingof primitivesaccording
to the actualviewing definition andthe determinatiorof intersec-
tion pointsbetweerraysandcellsis acceleratedy this approach.
No optimizationof theintegrationprocesstself will beachieved.

Ourmethodis very similarto the onesproposedy Giertser4],
Silva [14], Wilhelms [22], and Yagel[24]. All threeapproaches
utilize the coherencavithin cutting planesin objectspaceandthus
reducethe 3D problemto a 2D problemwithin eachplane. Fur
thermore the sortingprocedurewithin eachplanecanbe reduced
to the sortingof primitivesalongeachline of sight. However, the
fundamentadifferenceto our methodlies in theway in which we
obtaintherelevantinformationwithin eachplane.

Definitely the most critical part when renderingunstructured
gridsis to determinghevisible orderingof theavailableprimitives.
In general,for eachmodificationof the viewersline of sightthe
wholedatabasehasto be sortedto obtainthesequencef elements
which have to be inspectedn correctorder Sincethe underlying
sortingprocedurémmenselyeffectsthecompleity of thecomplete
renderingprocessijt is not astonishinghat muchwork hasbeen
spenton efficiently integratingor extendingavailablesortingalgo-
rithms[11, 23, 3]. Additionally, specializedyraphicshardwarehas
beenusedto improvedtherenderingprocesg13, 15,24]. Drawing
eachprimitive astransparenpolygonstructureresultsin averyfast
but lessaccurateapproximatiorof realisticvolumeeffects.

In the following sectionswe first discusshe new sortingproce-
dureandtheway in which we take advantageof hardwareassisted



polygondrawing. The basicconceptof the VSBUFFER andthe
resultingrenderingstratgy aredescribed.Then,resultsaregiven
andtherun timesareanalyzed.We concludewith someideasfor
futurework.

2 The VSBUFFER

Basically thereare two possiblestratgies which canbe usedto

optimize the complity of renderingalgorithmsfor unstructured
grids. First, one cantry to optimize known sortingalgorithmsor

the emeping datastructuresn orderto accelerateéhe sortingpro-

cedurg[11, 23]. Secondgexplicitly sortingthewhole databasecan

beavoidedatthe expenseof lesscostlyandpossiblyhardwaresup-

portedoperationg13, 15, 18]. We decidedto choosethe second
strat@y whichwill be outlinedin thefollowing.

Sweep-Planes

A well knowvn approactfor the visualizationof unstructuredyrids
is the use of sweep-planes. A sweep-plandelongsto a certain
scanlineof the screen.lt is a planein objectspacethatis perpen-
dicularto theviewing planeandparallelto thatscanling(seeFigure
1). Accordingto thisdefinitionasweep-plané uniquelydescribed
for eachscanline.
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Figurel: Overview of sweep-planapproach.

Probablythefirst approacho the applicationof sweep-planem
direct volumerenderingcamefrom Upsonetal. [17]. They in-
troducedthe V-Buffer to efficiently rendervolumecells. Although
this approactwasnot specificallydesignedor the renderingof ar-
bitrary grid types,cuttingplanesin objectspacevereintroducedo
improve scanlinebasectell projections.In thisrespectheV-Buffer
might be seenas a forerunnerto a whole numberof sweep-plane
basedapproachefor thevisualizationof arbitrarygrid topologies.

Thekey ideain renderingunstructuredyridswith sweep-planes
is to reducethe complity of the sortingprocedureby restricting
the numberof primitiveswhich have to be sortedfor eachscanline
[4, 14]. Thisis achieredby first determininghoseprimitiveswhich
are potentialcandidatedor an intersectionwith the actualplane.
Thereuportheseprimitives are sortedwith respectto the chosen
viewing transformation.Thus, the 3D problemis reducedo a 2D
problemwithin onesweep-plane.

Now the critical partis to find the right order of objectswith
respecto their intersectionwith theseplanes.Computingthe se-
quenceof primitiveswhich are hit consecutiely by arbitraryrays
emanatingrom a scanlineis anon-trivial task.

Note, thatthe intrinsic problemis to find the cross-sectionbe-
tweentheprimitivesandthesweep-planei correctorder Assum-
ing thatthe coverageof a sweep-planavith all cross-sectionbas
beendeterminedthenthe problemcollapsedo thetraversalof the
2D planefor eachray of sightemanatingrom the corresponding

scanline[4]. Thisis outlinedin Figure2 wherethe coverageof a
sweep-planaccordingto a numberof primitivesis shavn. In the
following we will call thebuffer thatholdsall thecross-sectionfor
acertainscanlinethe VSBUFFER.

Figure2: Coverageof sweep-planevith cross-sections.

Butit is notyetclearhow to obtainthisinformationwithoutsort-
ing andprojectingthe whole database.This will bedemonstrated
in the next sectionwherewe introducean elegantmethodto com-
putethecoverageof a sweep-plan&vith the cross-sectionsf prim-
itives. Oncethe coverageis computedand storedin a buffer the
shootingandtraversalof raysin objectspacecollapsego a simple
walk throughtheregulardomainof thatbuffer.

Buffered Polygon Drawing

In the following we will make two assumptions.First, the poly-

hedraare build up of several trianglesand storedin a linear list.

Secondan orthographigprojectionis chosernto generatehe final

images.Thusall scanlinesanbe processedisingthe sameview-

ing direction, and consequenthall sweep-planefiave the same
orientation. In caseof perspectie projectionsthe orientationof

sweep-planeshangeswith eachscanline. Although perspectie

projectionscanbe handledby our approachwe will focuson or-

thographicviews to simplify thediscussion.

In order to processone scanlineafter anotherwe temporar
ily changethe viewing parameterstherebyperformingan ortho-
graphicprojectionperpendiculato the sweep-planeThe position
of the obsener movesabove the scenethuslooking dowvn ontothe
sweep-planavith a viewing directionparallelto the formerscreen
y-axis. Of course,this canalso be managedy rotating the ob-
jectsin the oppositedirection. Sincewe arein globalorthographic
mode,theintermediateprojectionwith respecto the sweep-plane
orientationdoesnot changewhile processin@rbitraryscanlines.

Our goalis to determinethe coverageof the VSBUFFER with
all cross-sectionsf primitiveswhich intersectthe buffer. This is
similarto renderinghewhole scendnto the buffer with a viewing
directionorthogonatlo it, andwith afront andbackclipping plane
setto the actualsweep-planeThis procescanbe repeatedimul-
taneouslyfor eachscanline. What shouldremainvisible in each
buffer arethe cross-sectionwith the renderedbbjects. However,
becausef two reasonghis cannot be achieved in general.First,
standardgraphicsibrariesasOpenGLwould produceincorrector
probablyemptyresultsdueto roundingerrors. Secondgvenif it
would be possibleto choosehesamefront andbackclipping plane
only the surroundingpolygonsof eachcross-sectionemainvisible
in thebuffer. Thusadifferentmethodneedgo be developedwhich
solvesthis problem.

The key ideais to renderthe primitives twice into different
buffers. Both timesonly oneclipping planeis enabledvhichis set
to the orientationof theactualsweep-planeéWe arealwayslooking



clipping

Figure3: Firstrenderingpass:We arelooking from above. Objects
above thesweep-planareclipped.Backfacesaredravn.

from above down to the sweep-planeandwe classifyeachfaceof

apolyhedrawhetherit is a front or a backfacewith respecto this

intermediateviewing direction. In the first passonly back facing

polygonsof theconvex polyhedraaredravn andwe clip everything
away thatis in front of the clipping plane. Depthtestis setto less.

This meanghatthoseobjectsbehindthe clipping planewhich are
nearesto the planearevisible. In the secondpassthe normal of

the clipping planeis reversed.Now everythingbehindthe planeis

clipped. Additionally, only front facing polygonsaredravn and
depthtestis setto greater. Again, only thoseobjectsin front of the
planearedravn which areclosesto it. Both passesreperformed
with disabledlighting, flat shading,and no anti-aliasingto avoid

averagingpixel values.Both stepsareoutlinedin Figures3 and4.

Sincethe polyhedraare storedin a linear list eachof themcan
beassignedn|D which uniquelydefineghatcell within theentire
database.ThisID is usedasthecolor of thefacesof eachprimitive
whichis drawvn. For example,if we have a RGB-visualwith 8 Bits
per color channelwe can code22* primitivesin the RGB color
values. Codingthe IDs of objectsin this way allows their direct
identificationfrom the pixel valuesalreadydrawn.

After bothrenderingpasseshefootprintsof thedravn facesare
uniquely codedby the color valuesavailablein the usedbuffers.
Unfortunatelyit isimpossibleto obtainthecorrectcross-sectiongy
consideringonly onebuffer. Dependingon the orientationof prim-
itivesthe cross-sectioni eitherof both buffers will cover more
areathanis really occupied. In orderto find correspondingixel
valueswhich have the samecolor, i.e. wherethe sameobjectwas
drawn to thatlocation, both buffers have to be comparedo each
other Theresultof the comparisoris storedin the VSBUFFER.
In Figure5 theintermediatéuffersafterbothrenderingpassesind
alsotheresultingVSBUFFERareshavn.

At thistimethereademightwonderwhetherall primitiveshave
to bedrawn in bothrenderingpasseglthoughthey possiblydo not
have anintersectiorwith acertainsweep-planelt will bedescribed

cli pping

Figure4: Secondenderingoass:We arelooking from above. Ob-
jectsbelow the sweep-planareclipped. Frontfacesaredrawvn.

below how this canbeavoided.

Figure5: Resultof buffer comparison.

Thebasicideais oncemoredemonstrate¢th Figure6 alongone
line of sight. A 2D slice throughthe 3D sceneis simulatedthat
shaws the generatedntenals on a ray passingthroughthe primi-
tives.As aresulttherayis brokendown into distinctsggmentseach
of whichindicatethata certaincell washit.

Building the buffer

The setof pixels which have the samecolor valuein both buffers
exactly determinesall cross-sectionbetweena sweep-planeand
the polyhedra. The correctresultis obtainedby comparingpixel
valuesatthesameocationin bothbuffers. Thisis completelydone
in softwareby walking throughtheregulardomainof the buffers.



T projection drawing front faces

e viewing direction
generated segments
T projection
)
R

viewing direction

drawing back faces

Figure6: Clipping alongoneray of sight.

All thatremaingo bespecifieds how to accesshebuffer values.
After eachrenderingpassthe frameluffer extentthatwasaffected
by theactualintermediaterthographigrojectionis readinto main
memory Priorto processing nenv sweep-plan¢he comparisorof
pixel valuesstartsandthe resultis storedin the VSBUFFER.An
unsignedntegervalueis allocatedfor eachpixel. Eitherthe pixel
is set,thenthecolorvalueuniquelyidentifiesatetrahedrorthatwas
hit, or the pixel valueis zero.

Sincethe viewing transformatiorthatwasappliedto renderthe
objectstwiceinto distinctbufferswascarefullyadjustedo theorig-
inal coordinatesystemtheIDs of cellswhich arehit alongoneray
of sight emanatingfrom a scanlineis now exactly given by one
pixel columnin the VSBUFFER.In orderto traversea ray andto
determineall intersectiondetweerthatray andthe cell primitives
we just have to walk throughthe discretebuffer therebytestingits
values.

Note the basicideawe propose.Sortingthe databaseis traded
in againstsuccessie renderingof partsof the databaseinto the
VSBUFFER.Sortingis givenup attheexpenseof multiple polygon
drawings andframeluffer readoperations.However, the resultis
thesame:A uniqueorderingof primitiveswithin eachsweep-plane
accordingo theviewing specification.

Due to the fact thatthe sorting of primitivesis completelyne-
glectedthe compleity of our approactis reduced.All thatneeds
to be doneis to successkely renderthe primitives into the used
buffers. Furthermore the algorithm neitherdependson the grid
topology nor on the connectiity betweenthe available objects.
Eachcell is treatedas an separateatom processedndependently
of all others. All we requireis that the objectsare corvex. Ad-
ditionally, the grid structurecanbe disconnectear even concae.
Thiswill notinfluencethealgorithm.

Of course,n orderto minimize the amountof polygonspassed
throughthe graphicspipelinewe have to determinghe setof prim-
itivescontrikuting to a certainscanlinein adwance. Otherwisewe
will draw the whole databasefor every sweep-planeWe address
this problemby building a tree structureover all primitiveswhich
allows usto efficiently determinethosecells which have aninter-
sectionwith the actualscanline. This will be describedn more
detailbelow.

3 Volume Integration

Oncethe VSBUFFERfor a certainscanlineis build the rendering
of volume primitives starts. In orderto integrate volume effects

like emissionandabsorptionwithin the voluminousprimitivesthe
volumerenderingntegral

is evaluatedfor eachray that intersectsthat primitive. Thereby

thevolumesourceterm andthe absorption areobtained
by interpolatingand mappingthe materialvaluesgiven at the ob-

jectsverticesvia a transferfunction. Traditionally the continuous
integral is approximatedy discretization. The intervals a certain
ray passeshroughacell aresplit into equallyspacedsementsfor

whichthematerialpropertiesareassumedo be constant.

Now, for eachray of sightemanatingrom a scanlinethe VS-
BUFFERIs traversedalongthe correspondingixel column. Each
time a color valueis determinedt indicatesthatthe ray hits a cer
tain primitive. The valuesin the buffer directly correspondo the
ID of the objects. Then,the buffer is traverseduntil a differentID
is identified.

Oncewe find a cell thatis hit by a certainray of sightwe start
computingthe entryandthe exit pointsalongthatray. Thisis man-
agedby first determininghefront andbackfacesof thecell andby
testingthe scalarproduct betweerthe normalof eachface
andtheviewing direction. The entrypointis the furthermostinter
sectionpointto theviewpoint of all front faceswhile theexit point
is the closesbneof all backfaces.

Theintersectiorpointsarecomputedn barycentriccoordinates
of eachtriangle that is hit. We assumethat eachpolyhedrais
build from a numberof triangles. Given threevertices
that definea triangle, a point within the triangle canbe expressed
by , with and

The positionsof intersectiorpointsalongtheray arecomputed
by clippingtheray againsteachfaceof a cell thatis hit. Thescalar
product hasto bezero,where is thestartpoint

of theray and anarbitraryvertex of the triangleto be clipped.
Sincewe know thatthe ray hasan intersectiorwith the primitive,

otherwisewe would not have determinedhe ID of the object,no

testingis performedwvhetherthepointis insideor outsidethe prim-

itive. Thus, we obtainthe intersectionpoint  and solve the re-

sultantsystemof equationgo getits representatioin barycentric
coordinates:

In orderto be on the safeside( ) wefirst trans-

late andthetriangleverticesalonga fourth vertex thatdoesnot
lie in thetriangleplane. For example,if the primitivesaretetrahe-
drathis pointis theunusedvertex. Sincethesystemof equationss
over-determinedve replacethe lastrow of the systemmatrix with
the row that contritutesthe leastinformation, deletethe last row
andsolve the system.This row canbefoundby determining
the maximumcomponenbf the normalvectorto the actualface,
i.e. if all triangleverticeslie in the y-z planethenwe replacethe
first (x) row in our system.

Roundingerrors are avoided by accountingfor the condition

. Weonly try to find anintersectiorpointif thelD

of a primitive wasfoundin the VSBUFFER.Consequentlywe can
be surethattherereally is anintersection.In the caseof barycen-
tric coordinateoutside we slightly shift the pointinsidethe
triangleby adjustingthewrongcoordinate.



If the datasetconsistsof tetrahedrave canefficiently usethis
representatioto performthevolumetraversal.Sinceit is alsopos-
sible to expressa certainpoint within a tetrahedrorin barycentric
coordinate®f its four vertices andit alsoholdsthat

and , where is thefourth vertex,
we caneasilyinterpolatebetweertheentryandtheexit point. Since
for eachpointon oneof thetetrahedroriacesonecoordinateequals
zeroandthe othershave beencomputeda linearinterpolationbe-
tweenbothrepresentationwith arbitrarystepsizecanbe applied.
For othertypesof polyhedrathe sameintersectionroutine canbe
usedbut theintegrationhasto be adaptedaccordingly

Particularly, for tetrahedronve follow theideasin [11] assuming
alinearrangeof materialvalueswithin eachcell. A trapezoidatule
wherewe alsoaccounfor attenuatioreffectsin theobjectsdelivers
goodresults. Of course higherorderintegrationmethodscanbe
applied.

4 Implementation Details

Weimplementedhe proposedechniquaisingthe OpenGLgraph-
icslibrary. Thebasicalgorithmis suppliedin pseudacodenotation
in Figure7. Thebasiccodeis very shortandcanbeimplemented

/I rotatingthe objects

glRotatef(-90.0xview[ 0] xview] 1] xview[ 2]);

/I setthe orthographigrojectionwith adjustecharameters

glOrtho(eft,right,top,bottom,front,back);

for (each scanLine)
glCullFace(GLFRONT);
glDepthFunc(GLLESS);
updateClipPlane(ipPlaneEquation);
glClipPlane(GLCLIP_PLANEO, clipPlaneEquation);
dravObjectsfacesList);
glReadPiels(,0,x,y,RGBA,BYTE,frontMem);
glCullFace(GLBACK);
glDepthFunc(GLGREATER);
clipPlaneEquation[0,1,2] = -clipPlaneEquation[0,1,2];
glClipPlane(GLCLIP_PLANEO, clipPlaneEquation);
dravObjectsfacesList);
glReadPiels,0,x,y,RGBA,BYTE,backMem);
VSBUFFER = compareffontMem,backMem);
traverse{Y SBUFFER facesList);

Figure7: OpenGLpseudacodefor VSBUFFERgeneration.

quite easily Only the traversalroutine hasto be adaptedto the
availablegrid cells. It canbe clearlyrealizedthatthe kernelof the
algorithmneitherdepend®n thegrid topologynor on thestructure
of the underlyingcells. As long asthe volume primitives canbe
split into distincttrianglesthe samealgorithmcan be appliedand
only thetraversalroutineneedgo bechanged.

In thefollowing wewill have acloserook ondifferentoptimiza-
tion stratgiesandsomeof theemepging difficultiesandlimitations.

Performance tuning

Sofar, amajorlimitation of the proposedmethodis the enormous
numberof trianglespassedhroughthe graphicspipeline during

generationof the VSBUFFER. For eachscanlinethe whole data
baseis dravn twice into the frameluffer. This requiresa huge
amounton hardwareresourcesandit is indeedthe bottleneckfor

large scaledatasets.

Theproblemcanbeattacledin two principleways. First, adata
structurds generatedh which all facesarestoredwhich contritute
to theactive scanlinethatis processedEachtime theviewing coor
dinatesystems changedheentirelist of verticesis corvertedfrom
objectspaceto screenspaceandsortedwith respecto the actual
view y-direction. From the sortedlist thosecells can be obtained
which contrikute to the actualscanlineby successiely updatinga
y-active list which holdsall active verticesfor thescanline A very
completedescriptionof this procedurecanbefoundin [4, 14, 22].
The secondapproachasproposedn [22], usesa k-d treethatis
build over all primitives. At every nodeof the treethe bounding
box structurefor all primitivesinsidethe nodeis stored.Polygons
areinsertedat the nodedeepesin thetreethatcompletelycontains
thepolygon.Eachtime anotheiscanlines processethetreeis tra-
versedandthe cellsat eachnodethathave anintersectiorwith the
scanlinearedravn.

While in thefirst approactthe completdist of verticeshasto be
transformedindorderedeachtime theviewing systenmchangesthe
k-d treewhichis build in a pre-processingtepremainsunchanged
for arbitraryviews. The disadwantageis the additionalamountof
memoryandcomputation Thewholetreehasto be stored,andfor
eachscanlinethe tree traversaltakes place checkingfor possible
intersectiondetweertheboundingbox of thenodesandthatscan-
lines. Only if the scanlineintersectsa boundingbox all polygons
storedatthatnodearedrawn.

Ontheotherhand,thetreestructureallows usto choosehe op-
timal depthof the tree. Thuswe cantry to find the mosteffective
settingwith respectto the computationaload, the usedmemory
andloadresultingfrom drawing operationsIn particular it turned
outthatevenif wework with aratherflat treetheadditionalnumber
of drawing operationsloesnot effectthefinal renderingimesdra-
matically Consequentlywe implementeda regularoctreeequally
partitioningthe underlyingdomain.

The tree structureallows us to completelyavoid the sorting of
primitives. Instead,eachcell within a nodethatseemgo have an
intersectiorwith theactualscanlines directly renderednto thein-
termediatéouffers. Thecorrectorderis foundimplicitly by walking
throughthegenerated/ SBUFFER.

Thedrawing routinewasfurtherimprovedby computingthefac-
ing of all primitiveswith respecto the actualsweep-planerienta-
tion in advance.Thus,acertaintriangleis never renderedwice for
thesamesweep-planeSinceeachvolumecell commonlyoverlaps
mary scanlineghis phenomenomill probablyoccurquiteoften.

We shouldalso mentionthat the use of clipping planesin the
OpenGLcodecanbe completelyavoided. All we have to dois to
call glOrtho twice for eachscanlinewith the nearandfar values
adaptedo the actualclipping planeequation.Sincewe arealways
looking orthogonalto the sweep-planave just have to restrictthe
visible region in world coordinates Onetime the nearvalueis set
equalto the distanceto the sweep-planendthe othertime this is
donefor the far value. This implies that we generatea new pro-
jection matrix twice for eachscanline,but on the otherhand,our
timingsshavedthatalmosttwice thetime for thedraving passwas
consumedvith enabledclipping planes. Additionally, restricting
the distancebetweerthe nearandthe far valuesto the largestsize
of availableprimitivesalsooptimizesthedrawing passsincefaces
which arecompletelyoutsidethevisible region arenot dravn. Ac-
tually, this methodis usedin ourimplementation.

OpenGL issues

In thepresentpproactpossiblesourceof errorareverticeswhich
belongto multiplecells. If thesamevertex is dravn twicefor differ-
enttriangleswe cannot be surethatthe color valueat this location
really belongsto the objectwe expect. The IDs of objectswe find
in the intermediatebuffers dependon the drawing order This is



sketchedin Figure8 wherethecircle indicatesa possibleincorrect
colorvaluealongaray. However, in caseof wrongdraving order
the VSBUFFERat this pointwill bezerosincethewrongobjectis
only drawn once. Thusthe problemcanbe easily solved be skip-
ping over thatpoint andtraversingthe ray until the next correctiD
is found. Duringray traversala list is updatedvhich storesheDs

view direction

incorrect pixel value
Figure8: Clipping alongoneray of sight.

alreadyfound alongthe actualray. If a sggmentalongtheray is

split into two distinct segmentsdueto incorrectdraving orderwe

will checkwhetherthatprimitive hasalreadybeentraversedby in-

spectingthe list. Therefore multiple integrationsalongthe same
objectwill never occur

Buffer resolution and anti-aliasing

As alreadypointedout in [4, 14, 22] the resolutionof the VS-
BUFFER plays a critical role. Two relevant problemsshouldbe
furtherdiscussedFirst, the resolutionof the buffer with respecto
the sizeof the involved primitives. Secondthe handlingof alias-
ing artifactsdueto point-samplingof trianglesduringthe draving
procedure.

The first problemis indeeddifficult to handle,but two things
shouldbe mentionedhere. In orderto obtainaccurateresultsthe
samplingfrequeny andthustheresolutionof the usedbuffershas
to be adaptedo the coverageof the smallestavailable primitives.
In general this is impossibleeveniif the cell sizesvary in the or-
der of 1:10000. As a consequencemall objectswill be missed.
On the otherhand,we do have the sameproblemin all visualiza-
tion methoddor unstructuredyrids, eitherthey areobject-spacer
image-spacdriven. The accurag of ray-tracingvariantsdepends
onthescreersamplingfrequeng andalsoprojectionmethodswill
definitelyleadto incorrectresultswithout multipoint-sampling.

The main problemin our approactis that the resolutionof the
VSBUFFER possiblynot suficesto detectall cells which are hit
by a certainsweep-planeWe try to solve the problemby choosing
differentbuffer resolutionsn the x- andy-direction. Of coursejn
the x-directionit is fixed by the actualviewport definition. How-
ever, we adjusttheresolutionin y with respecto theboundingbox
of theunderlyinggrid andthe sizeof detailswe wantto be ableto
detect.If theresolutionexceedgheavailableframeluffer extentwe
splittheVSBUFFERIn severaldistinctpartsandperformtheentire
procedurdor eachof thesepartsseparately

Sincewe rendermultiple sweep-planesrthogonalo the active
viewport, we needa separateenderareain which the cell prim-
itivescanbe dravn. Choosingthe backbuffer hasseveral disad-
vantages.First, objectsalreadydrawn into the backbuffer would
be destrged. Secondthe actualrenderareacould be too small
or could be overlay-edby otherwindows, which resultsin wrong
color valuesreadfrom the buffer. Therefore we decidedo usethe
SA X_pbuf f er extensionwhich providesa part of the physical
framehuffer which canbe directly accessedby the graphicshard-
ware, but which is not displayedon the screen. Furthermore p-
buffers canbe locked exclusively by a certainapplicationagainst

otheraccess.
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Figure9: Possibladiscretizatiorartifact.

Discretizatiorerrorsasshavn in Figure9, wherethe darktrian-
gle overlapsa certainpixel columnbutis notdravn in thatcolumn,
canbe solved efficiently. Thesekinds of errorscanonly occurat
theborderbetweertwo objects.Eachtime we leave a primitive we
checkits direct neighborsin the VSBUFFER for an intersection.
Errorsasoutlinedcanbecompletelyavoidedin this way.

Implicit use of connectivity

Oneimportantissueof our approachs the capabilityto handleun-

structuredyridsevenif noconnectiity informationis given. At first

glancewelooseperformancasincewe docomputeheentryandthe
exit intersectionpoint for eachprimitive. In orderto improve the
procedurewe always storethe last exit point andit’s barycentric
coordinateswith respectto the facethatis hit alongthe ray. For

thenext cell alongtheray we first checkthefacesbelongingto that
cell. If it hasa facein commonwith the last cell andtheray left

thelastobjecton thatface,thenwe canusethe previousexit point

asthe naw entry point. The numericalcompleity is thusreduced
by a factorof two. Of course,f explicit connectiity information
comeswith the geometricrepresentatiof the usedgrid, further
acceleratiorof thefinal renderingcanbeachieved.

Perspective projection

Our approacteasilyextendsto perspectie projections.All which
hasto be doneis to modify thefinal projectionmatrix beforeprim-
itivesaredrawn to the intermediatebuffers. An additionalrotation
of 90 degreesaroundthe screerx-axisis appliedafterthe perspec-
tive distortion. If all verticesarein normalizeddevice coordinates
andwe multiply the projectionmatrix with the rotationmatrix we
have all primitivesin theright orientation.Also, the sweep-planes
mustbeinclinedaccordingo thechoserperspectie for eachscan-
line. Theangleof rotationchangeéncrementallyfrom onescanline
to another

5 Results

All resultwerecomputedon a Silicon Graphicsindigo® IMPACT

with 250Mhz R4400processorTheexperimentsvererunonthree
tetrahedradatasets: An artificial dataset (ell64) that shouldaid

comprehensiora finite-elementataset (fedata),andthe tetrahe-
dralisedNASA bluntfin dataset (bluntfin). The imagesize was
450x450pixels. The resolutionof the VSBUFFER was chosen
equalto the imageresolution;the long main diagonalof the data
setsis mappedo 450pixel.



Two partsof the algorithmwere investigatedseparately First,
we measuredhe elapsedtime that was consumedn the graph-
ics pipeline (GrOps) including polygondrawing andreadingthe
framehuffer into localmemory Secondye analyzedhe CPUtime
spentfor the calculationof intersectiorpointsandthefinal volume
integration(I nt). Thecorrespondingmagesareshavn onthecolor
pagebelon. For eachdatasetwe also give the total numberof
primitivesandthetotal numberof dravn primitives. Of coursethe
numberof dravn primitivesincreaseshe original amountto some
extent. Thisis dueto thefactthat,in generalpnecell overlapsmul-
tiple scanlinesAdditionally, ateachnodeof the usedtreestructure
someprimitiveswhich arestoredmight bedravn althoughthey do
notcontrituteto a certainscanline.

To demonstratéhe compleity of the basicalgorithmwe pro-
cessedheentire450 scanlinedor eachdataset,not dependingpn
whetherthe objectreally hada cross-sectionvith the correspond-
ing sweep-planer not. All timesweremeasuredvithout explicit
useof connectiity information.Tablel shavs explicit timingsand
the numberof involved primitivesfor all datasets.

Table 1. Processed primitives and timings (seconds) for the
used data sets.

| || Tetra] DrawnTetra]| GrOps| Int | Total |
elie4 44689 954317 9.2 [36.6] 46.9
fedata || 99306 1498032 124 | 42.1] 56.0
bluntfin || 224874 2102153 16.3 | 42.3| 61.6

Note that Gr Ops exactly specifiesthe time thatwas neededo
completelydeterminethevisibility orderingof all primitives. This
is amajorimprovementover othertechniquesFor example,in [14]
it wasreportedhatit took approximatelyd8 second$o completely
order the bluntfin dataset containing190000primitives with re-
spectto 200scanlines.

A detailedcomparisorconcerninghetime usedfor theintegra-
tion processseemdo be difficult becauset strongly dependson
theappliedintersectiorroutine, the samplingfrequeng, andfinally
thekind of volumecompositinghatwasperformed.In [24] it took
roughly40secondso rendetthesmallerbluntfindatasetwith hard-
ware supportedcompositingof volume cells. Slicing the dataset
with 350 slicesparallelto the view planewould yield almostthe
sameresultaswith the actualresolutionof the VSBUFFERIn our
configuration.

However, we shouldmentionthatthetimesusedfor theintegra-
tion within volume cells canbe improved considerably Actually,
for eachprimitive within a certainscanlineall calculationsareper
formedfrom thescratchjncludingnormalcalculationsandsolving
thesystenof equationdo obtaintheintersectiorpointsin barycen-
tric coordinates By computingimplicit descriptiongor the avail-
abletetrahedran adwancethe overall timescanbe acceleratedo
someextent.

In thetotal timesthetime neededo traversethetreedatastruc-
ture scanlineby scanlineis included. Prior to eachnew rendering
passwefirst transformthe coordinate®f theboundingboxesatthe
nodesto screerspace.In this way we caneasilycheckwhethera
nodehasanintersectiorwith the actualscanlineor not.

Sincethe finite elementdatasetandthe artificial datasethave
much moreintersectionswith scanlineshanthe bluntfin dataset
this reflectsin the measuredntegrationtimes. On the otherhand,
the time spentin the graphicspipeline grows almostlinearly with
the numberof primitives,if we take into accounta constanbffset
of 5.6 secondshatis consumedor readingandclearingtheframe-
buffer andthe depthbuffer.

For thebluntfindatasetwe build atreestructureof depth5. The

additionalmemoryusagewnas2.6 MB. Building thetreein adwance
took 1.4 minutes.

6 Conclusion

We have presentec novel techniquefor hardware assistedorting
andrenderingof corvex non-overlappingpolyhedravhicharecells
of arbitraryunstructuredyrid topologies.No connectyity informa-
tion betweenprimitivesis neededput if primitivesare connected
this canbe usedefficiently to acceleratéheintersectiorprocedure.
The underlyinggrid typescanbe convex, non-cowex or evendis-
connected.

Thetiming resultshave shavn thatthis methodsignificantlyac-
celerateshe renderingprocessy completelyavoiding the sorting
of thedatabase.ln contrasto othermethodghe compleity of the
actualapproachs thusboundby the numericalintersectiorcalcu-
lationsandthe volumeintegration.

Sincethe kernelof the programis a volumeray-castingvariant
it offers highestflexibility in the chosernvisualizationoptionsand
theimagequality. Thecodeis quiteeasyto implementandrunson
standardarchitecturesupportingOpenGL.

Differentvisualizationmodesand new typesof volume primi-
tiveswill beintegratedin thefuture. As long asthe cell primitives
aredisjunctandcanbesplit into trianglelists we canusethe same
sortingprocedureOnly theintegrationrule hasto beadaptedo the
underlyingtopology

Furthermorewe think abouta parallelizationof the algorithm
in the style of the SGI Performertoolkit. The whole drawing of
primitivesis doneby a specificprocessagrbut whenthe intermedi-
atebuffers aregeneratednultiple processorsre usedto build the
VSBUFFERSfor differentscanlines.Of course this implies that
the processingrderof thescanlineds chosenn apredefinedvay,
avoiding multiple acces®f differentprocessorso the sameprimi-
tives.However, sincewe do nottake advantageof spatialcoherence
betweersweep-planethe processingrdercanbe choserarbitrar

ily.
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Figure10: Theconcaefinite-elementiataset. Figure12: TheNASA bluntfindataset.

Figure11: Theconcae anddisconnecteartificial dataset. Figure13: A detailedview of thebluntfin dataset.



