TetSplat: Real-time Rendering and Volume Clipping
of Large Unstructured Tetrahedral Meshes

Ken Museth
Linkeping Institute of Technology

SantiagoLombeydd

California Institute of Technology

Figure 1: Screenshots from interactive visualization of an unstructured 275Mb mesh with more than 5 million tetrahedra and 13 eld values.
Our method is the rst to guarantee real-time performance regardless of rendering hardware (here a P4 1.7GHz, Radeon 8700) and size of the
unstructured tetrahedral mesh. Images show real-time volumetric clipping by CSG intersection with a sphere probe (left), cutting plane (two

center) and a box probe (right).

ABSTRACT

We presentnovel approacho interactve visualizationandexplo-
ration of large unstructuredetrahedrameshesThesemassie 3D
meshesreusedin mission-criticalCFD andstructuralmechanics
simulations,andtypically samplemultiple eld valueson several
millions of unstructuredyrid points. Our methodrelieson the pre-
processingf the tetrahedralmeshto partition it into non-cowex
boundariesand internal fragmentsthat are subsequentlyencoded
into compressedulti-resolutiondatarepresentationsThesecom-
pacthierarchicaldatastructuresare then adaptvely renderedand
probedin real-timeonacommodityPC.Our point-basedendering
algorithm,whichis inspiredby QSplat,emplo/sasimplebut highly
ef cient splattingtechniquethatguaranteemteractive frame-rates
regardlessof the size of the input meshandthe available render
ing hardware. It furthermoreallows for real-time probing of the
volumetricdata-sethroughconstructve solid geometryoperations
aswell asinteractve editing of color transferfunctionsfor anar
bitrary numberof eld values. Thus, the presentediisualization
technigueallows end-usergor the rst time to interactively render
andexploreverylargeunstructuredetrahedraineshe®nrelatively
inexpensve hardware.
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1 INTRODUCTION

A well studiedandyet prevailing problemin scienti ¢ visualization
is theinteractive renderingandexplorationof large-scalevolumet-
ric datasetsMost of this work hasbeendevotedto volumerender
ing of large structured(i.e. regular) and often uniformly sampled
3D data-setsvith trivial cornvex boundariesThisis asimpleconse-
quenceof thefactthatstructuredvolumetricdata-set@rethe ones
mosttypically encountereéh scienti ¢ visualization.However, the
adwancesof computationaimulti-resolutiontechniquescombined
with the ever increasingspeedf computinghardware have cre-
ateda growing needfor new interactve visualizationtechniques
for unstructuredi.e. irregular)volumetricdata-sets.

In this papemwe focusonanew real-timevisualizationtechnique
for large unstructuredetrahedraimesheswith multi-dimensional
eld valuesandnon-cowex boundariesThe proposednethodren-
dersthemassie volumetricdataasopaquesurfaceswith CSGceuts.
This work shouldnot beviewed asan alternatve to the large body
of work ontranslucentenderingtechniquedor regulargrids.

Our visualizationframework, dubbedTetSplat to acknavledge
it's sourceof inspiration(QSplat),wasdevelopedasaninvaluable
tool for scientistsat Caltechs “ASCI/ASAP Centerfor Simulation
of the DynamicRespons®f Material”. The focusof theresearch
at this centeris the study of propa@ting shock-vaves acrosstar
getmaterialsnsideanexplodingvirtual cannisterusinglarge-scale
coupledcomputationaluid dynamics(CFD) andsolid mechanics
computations.The resultof thesesimulatedexplosionsare often
very large unstructuredetrahedramesheavith multiple eld val-
ues(like density pressuretemperaturestc) which simply cannot
be directly renderedn real-timefor fastinspectionandvalidation.
As suchthe work presentedn this papergrew out of a real need
for a e xible visualizationtool thatcanrun atinteractve speed®n
inexpensve PCs.Few commerciabr opensourc@roductsxist to-
day for renderingof large tetrahedrameshege.g. EnSighfMand
ParaMew), but they requirevery expensve visualizationhardware
(like sharednemorysupercomputersd achiese interactve speeds.

Our approachis to use a combinationof pre-processingvith
lossycompressiorio build up compacthierarchicaldatastructures
andfastpoint-basedenderingwith adaptve resolutionto guaran-
teereal-timeperformanceegardlessof the size of the input mesh



andthe availablerenderinghardware. This approachallows usto

make maximumuseof our limited hardware resources.The pre-

processinganeitherbeperformedn parallelonthe computational
CPUnodeghateachstorea fragmentof thelargetetrahedramesh,
or alternatvely on asinglehigh-endworkstation. Thevisualization
on the otherhandcanbe performedon a desktop,or even laptop,
with or without dedicatedyraphicshardvare.

1.1 Previouswork

To the bestof our knowledgethereis no previous work that can
claimreal-timeperformancdor multi-resolutionrenderingandvol-
umetricclipping of large unstructuredetrahedrameshes.Hence,
relevant previous work is limited to publicationson very different
approachedgo visualizing tetrahedralmeshesas well as selected
work on real-timetechniquedor renderinglarge surface meshes.
In fact,the previouswork mostrelatedto ours(seebelow) hasvery
little, if anything, to do with visualizationof tetrahedraimeshes
sincethey describereal-timetechniqueslevelopedfor 2D meshes.

ForemostTetSplatis basedon the excellentwork by [18] which
describearelatively simplebut extremelyef cient point-baseden-
deringtechnigudor real-timevisualizationof largesurfacemeshes.
Their method(QSplat) pre-computes compacthierarchicaldata
structurefrom the input meshwhich cansubsequentlperendered
in real-timeby adaptve point splatting. Speci cally they usea hi-
erarcly of boundingsphere$17, 2] andnormalconedq20] to allow
for fastvisibility culling and level-of-detail control whentravers-
ing anunbalancedjuad-treghatsenesasthemulti-resolutiondata
representatioof thesurfacemesh.However it shouldbenotedthat
the ideaof usingpointsfor surfacerendering[16, 13] andvolume
renderingby splatting[15]predate€Splat.

TetSplatis alsoinspiredby therecentwork of [1] oninteractize
booleanoperationsbetweenclosedsurfacesrepresentedvith sur
fels (i.e. orientedpoints). They usebalancedi.e. regular) octrees
of the surfelsto performfastconstructve solid geometry[7](CSG)
operationsThey alsoemplay asimplebut cleverre-samplingech-
nique to improve the renderingof surfels along the intersection
cune.

In the past few yearsthere have been several graphicsre-
lated publicationsusingtetrahedrameshesput mostof this work
dealswith incrementalmeshsimpli cation[12, 21, 4] and multi-
resolutionmodeling[22 10] usingregular tetrahedraimeshes.In
fact, [5] statesthattheredoesnot seemto be any work on multi-
resolutionvisualization of unstructuredtetrahedralmeshespub-
lishedprior to their recentpublication. As they pointoutit is dif -
cult, if notimpossible to generalizeechniquesievelopedspeci -
cally for structuredmeshedo unstructuredetrahedrameshesiue
to non-cowvex boundariesndvaryingsizesof gridscellsin thelat-
ter. [5] describesso-suracemeshextractionfrom acompacmulti-
resolutiondatastructureof moderatelysizedunstructuredetrahe-
dralmeshesuilt throughedgecollapses[4].

1.2 Contributions

We presenta novel techniquefor interactve visualizationof large
unstructuredetrahedrameshes.The featuresand bene ts of our
visualizationframework (dubbedTetSplat) canbe summarizeds:

Real-timerenderingof unstructued tetrahedralmeshesre-
gardlesof sizeandtheavailablecomputingresources.

Pre-processingf tetrahedrameshto partitionit into compact
hierarchicadatastructuref non-cowex boundariesandin-
ternalfragments.

Real-timevolumetricclipping by meansof CSGculling dur-
ing traversalandrenderingof compachierarchicabatastruc-
tures.

Interactive editing of color transferfunctionsfor anarbitrary
numberof eld values.

This work standsapartfrom previouswork in severalways. None
of themethoddliscussedh theprevioussectionarecapableof real-
time renderingof large unstructuredetrahedrameshes .However
we would like to stressthat the approachpresentedn this paper
is notintendedasa replacemenof all visualizationtechniquesle-
velopedfor moderatelysizedand/orstructuredetrahedrameshes.
Theinteractve techniquesnentionedn the previous sectionwere
explicitly developedfor real-timerenderingandclipping of 2D sur
face.As suchourwork canbeviewedasa 3D extensionof someof
theideaspresentedn [18] and[1]. Speci cally thesetechnicalex-
tensionsncludedifferentdatastructureptimizedfor the3D mesh
andreal-timerenderingwith new featuressuchasCSGculling with
adaptve resolutionof intersectionsand interactize color-mapping
of multiple eld values.

2 PRE-PROCESSING OF THE TETRAHEDRAL MESH

The rst stageof our visualization pipeline is the off-line pre-
processingof the large tetrahedralmeshto constructa compact
multi-resolutiondatastructurethat canef ciently berenderedcand
clippedin real-time. This pre-processingn turn consistsof three
logical steps Firstwe partitiontheinputtetrahedrameshinto non-
cornvex boundariegndinterior parts. Throughoutthe remainingof
this paperwe shall refer to thesepartsrespectiely asthe Shell
andthe Solid . Next we usethis Shell andSolid to derive corre-
spondingleaf nodesthatare nally combinedin two distincthier
archicaltree structurego form the multi-resolutiondatarepresen-
tations. The subsequergectionsdescribethe detailsof thesethree
stepsof the pre-processing.

2.1 Partitioning the Input Meshinto the Shell and the Solid

Sincewe plan to use an adaptve renderingtechniquebasedon
splattingof opaquehierarchicaboundingspheresve arefacedwith
two fundamentaissues. The rst oneis how to derive bounding
spheresaand normalinformationfrom the tetrahedramesh,which
is the topic of the next section. The secondssue,andequallyim-
portant,is how to ef ciently constructompactatastructuregrom
theseboundingsphereghat canbe interactively renderedat a de-
centquality, while alsoallowing for clipping usinga virtual CSG
probe. Part of the key to resolvingthis problemcomesfrom the
basicbut crucial premisethatwe arerenderingopaquesurfacesas
derived from topologicallydistinctive partsof theinput mesh.The
non-cowvex boundaryof the tetrahedraimeshcan be treatedas a
simple triangulatedsurfacemeshwith normalsand multiple eld
valuesde ned attheassociatedertices.However, theinterior parts
of theinputmeshwill only bevisible onthesurfaceof theintersect-
ing CSGprobe. Consequentlynormalinformationneededor the
shadingof theinterior shouldbe derivedfrom the CSGprobeitself
andnot from the tetrahedramesh. The correspondinglatastruc-
ture for the 3D interior meshshouldalsore ect the fact that the
topology s very differentfrom the 2D boundarymesh. This all
suggestghatwe rst partition the tetrahedraimeshinto a Shell
anda Solid , asis describedn Algorithm 1. Note thatin order
to facilitatea betterrenderingof the CSGintersectiorbetweerthe
Shell andthe Solid we alsoderive extra informationindicating
whethera particulartetrahedroror trianglein the Solid is located
in theimmediateproximity of the Shell boundary

2.2 Deriving leaf nodesfrom the Shell and Solid

In orderto constructhierarchicaltree structuredor real-timeren-
deringandclippingof theShell andSolid , asde nedin theprevi-
oussectionwe haveto derivetheleafnodedromthecorresponding
sub-meshesSincethe treestructureswill be basedon hierarchical
boundingsphereswe clearlyneedo de ne acenterandaradiusfor



foreach(tetrahedia Tety) do
Trik  extractfour trianglesfrom Tety;

Tri[4 k+i]  sortindexesin vertex list of Triik;

end

SortTri accordingto theindexedvertex list of eachtriangle;
foreach(triangle Triik 2 Tri) do

Trik  Tri[n];
if (vertex list ofTri}‘ = verte list of Tri[n+ 1]) then
‘ Trik 2 Solid ;
else
Trik2 Shell ;
Tety is aboundarnytetrahedron;
end
end

—h

oreach(trialngIeTriik 2 Solid ) do
if (Tety is a boundarytetrahedon)then
‘ Tri!‘isaboundarytriangleintheSoIid ;

else
‘ Tri}‘ is aninternaltrianglein the Solid ;

end
end

Algorithm 1: Pseudo-codfor thepartitioningof theinputtetra-
hedralmeshinto atriangularsurfacemeshcalledthe Shell and
triangularsolid meshcalledthe Solid . Tri is an array of all
trianglesderivedfrom thetetrahedramesh.

eachleaf nodein additionto storingall eld valuesof interest.It is

especiallyimportantto assignpropervaluesfor theradiusin order
to avoid holesduring rendering. Additionally, for the Shell leaf

nodeswe needto de ne normalvectors. Below we shall present
differentstratgiesto deriving thisinformationfrom the Shell and
Solid .

Tetrahedra: FortheSolid partof thetetrahedrameshthe rst
obvious choiceof a geometricprimitive from which to derive the
leaf nodesis of coursethe individual tetrahedra. The centerand
radius of the correspondingooundingspherecan then simply be
de ned asthecircum-centeandcircum-radiusof thetetrahedralf
a, b, c andd denotethe coordinatesn A3 of thefour verticesof a
tetrahedrorthe circum-centerelativeto vertex a is givenby [19]

_jd a?A(b;o)+jc aj?A(d;b)+jb aj?A(cd)
o=

mt ' (1)
[b ax [b ay [b a
2[c ax [c ay [c a
[d ax [d ay [d a

wherewe have introducedhefollowing compactvectornotation

Auv)=(u a) (v a) )
andwherefor ary vectoru, [u]x denoteshe k" component.The
circum-radiuss thensimply givenby jm;gj andthe absolutecoor
dinatesof the circum-centermrea+ mya«. SinceEq. (1) is purely
a function of differencesdetweencoordinateghe relative errorin-
curredin the numericalcomputationis not in uenced by the ab-
solute coordinatesof the vertices. This is clearly an advantage
sincethe verticesare usually nearerto eachotherthanto the ori-
gin. Eq. (1) is only unstableif the denominatoris closeto zero
which arisedf thetetrahedrorns nearlydegeneratdi.e. at or nee-
dle shaped).Whereast is temptingto simply usemoreadvanced
andstablealgorithmsto computethe determinan{8], thatdoesnt

1) Needle 2)

(a) Degeneratdetrahedravithoutlargedihedralangles socallednee-
dles- areremovedby collapsingthe shortesedges.

— T

1) Spindle

(b) Degeneratdetrahedravith a singlelarge dihedralangle- socalled
spindles areremovedby splitting the edgeoppositeto thelargeangle
andthencollapsingthe shortesedges.

1) Sliver 2)

(c) Degeneratetetrahedrawith two large dihedralangles- so called
slivers- areremaved by introducinga new vertex thatsubdvidesboth
edgescontainingthe large anglesand then collapsingthe resulting
shortesedge.

I

1) Cap 2)

(d) Degeneratdetrahedrawith threelarge dihedralangles- so called
caps- areremoved by introducinga new vertex in the faceoppositeto
thethreeanglesandthencollapsingtheresultingshortesedge.

Figure 2: Recipesfor collapsing degeneratetetrahedra characterized
by the number of large dihedral angles (circular magenta arrows).
New edgesand vertices are colored green and shat edgesthat are
collapsedare colored red.

really addresghe factthatcircum-spherearegenerallynot a very
meaningfulchoiceof boundingprimitive for long or at degener
atetetrahedra.A betterstratgy in our implementations simply
to remove the degenerateetrahedraall together This is primar
ily motivatedby thefactthatdegenerateetrahedrdave very small
volumescomparedo their neighboringnon-dgjeneratesells. Con-
sequentlyemoving adegenerateetrahedrdy collapsingit into its
neighborwill introducevery smallchangesn the nal point-based
rendering.

The degeneray of the tetrahedras quanti ed by their aspect
ratiowhichis de ned asthe minimumheightdivided by the maxi-
mum edgelength. Degeneratdetrahedracanbe classi ed accord-
ing to their shapeas measuredyy the numbersof large dihedral
anglesit contains. This leadsto four characteristicshapesalled
needlesspindles slivers,andcaps.Our stratgy is to collapsede-
generateéetrahedrdy asimpleseriesof edgesplitsandremovalsas
describedn gure 2(a)to 2(d). To ensureconsisteng it is recom-
mendedo collapsethe degeneratdetrahedrdrom the input mesh
beforeit is partitionedinto the Shell andSolid .

Sincetetrahedrare only presentn the Solid the normalvec-



tors of the correspondingplatswill be derived directly from the
CSGintersections.The dataattributeson the otherhandareread-
ily de ned asaveragesof the valuesde ned at the corresponding
verticesof thetetrahedra.

Triangles: For the Shell andSolid , we canalternatvely use
the trianglesasthe geometricprimitivesfrom which to derive leaf
nodes.If a, b andc denotethe coordinatesn A3 of the threever
ticesof atrianglethe circum-centerelativeto vertex a canconve-
niently be expresseas[19]

_jc @PA(bio) (b a+jb a*(c a) A(b;o).

2jA(b; 0)j?

®)

me

wherewe have usedthe compactvector notationin Eg. (2). The
circum-radiusis simply given by jmyj and the absolutecoordi-
natesfor the circum-centearea+ myj. NotethatEg. (3) hasthe
samenumericalcharacteristicasEq. (1). It is alsoexpressedn
differencesof coordinatesratherthan the absolutevalueswhich
can potentially be very small, and the denominatoralso vanishes
whenthe trianglesareneardegeneratdi.e. verticesare co-linear).
Whereaghereexist severalmethoddor eliminatingdegenerateri-
angledrom surfacemeshe$3], asimplerandmoreconsistenstrat-
egy in our caseis rst to collapseall degeneratdetrahedrapsing
theproceduredescribedabore, andthenextractnon-degyenerateri-
anglesfrom that. For ary remainingobtusetriangleswe found
it sufcient to approximatethe circum-centerby the midpoint of
the longestedgeand the correspondingircum-radiusas half the
length.

Theorientationof splatsderivedfrom trianglesis obviously triv-
ial if we usethe normalvector of the triangle face, and dataat-
tributescansimply be de ned asaveragesf the valuesat the ver
tices.

Vertices: As a lastalternatve we canderive the leaf nodesdi-
rectly from the verticesof the meshwhich is the stratgy used
in QSplat[18]. The centerand eld valuesof the corresponding
boundingspheresare simply given by the coordinateand dataat-
tributesof the vertices. However, unlike for tetrahedraandtrian-
glesthereis no intuitive and uniqueway to de ne the radiusdi-
rectlyfrom theverticessincethey containnotopologyinformation.
Clearly, to avoid holesduring renderingthe radiusmustbe large
enoughthat boundingspheredouchwhenthe correspondinger-
ticesare connectedoy an edge. This suggestghat we may sim-
ply usethetopologyinformationfrom the surroundingrianglesor
tetrahedrao ensureoverlappingsplats. Consequentlyve canfor
examplede ne theradiusto be the maximumof the circum-radius
of the trianglesor tetrahedraouchingthe vertex, wherethe latter
is much more conserative thanthe former. Likewise the normal
vectorsfor the Shell canbeexpressedisa normalizedaverageto
thefacenormalsfor theadjacentriangles.

2.3 Data-structuresfor the Shell and Solid

Having derivedleaf nodesfrom the Shell andSolid thelaststep
in thepre-processingvolve theactualconstructiorof compacthi-
erarchicakreestructuregshatcanbe mappedo a lesystemfor ef-
cient andadaptve traversalduringthereal-timerendering.Since
we plan to employ compressiorbasedon both hierarchicaldelta
encodingand quantizationwe will rst needto build up the tree
structuresfrom the “raw uncompressedleaf nodes. In the orig-
inal implementationof QSplatthis tree structurewas actually an
unbalancedquadtred, i.e. a hierarchicaltree of boundingspheres
with branchingfactorsequalto 2,3 or 4. This seemsjusti able

1Encodingbasedn relative valuesratherthenabsoluteones.

2Throughoutthis paperwe use the (nonstandardyerms unbalanced
quadtreandunbalanceactreeto denotereeswherethedegreesof internal
nodescanvary from two to respectiely four or eight.

whendealingwith triangulated2-manifoldmesheslikethe Shell .
Howeverthe Solid is in factatriangulated3-manifoldwhich sug-
gestthatanunbalancedctreeis a muchbetterchoice. As will be
demonstratethterthis leadsto bothmorecompactdatastructures
aswell asfastertree-traersaltimeswhencomparedo an unbal-
ancedquadtreefor the Solid . The reasonis obviously that the
averagebranchingfactor increasesvhich reducesthe numberof
interior nodesandhencethe correspondingnemoryfootprint.

SolidNode  SolidTree::BuildTree(int i1, int i2)
f
if (2 - i1<=8) return Merge(i1,i2); // merge leafs
int N=0, I[]= fi1,-1,-1,-1,Split(i1,i2),-1,-1,-1,i2 g;
Branch : if (I[4+N]-I[N]>8) f/l left:  N=O, right: N=4
I[2+N] = Split(I[N],I[4+N]);
if  (I[2+N]-I[ N]>8) I[1+N]=Split(I[ N1I[2+N]);
if (I[4+N]-I[2+N]>8) I[3+N]=Split(1I[2+N],1[4+N]);
9
if ((N+=4)==4) goto Branch;
list<SolidNode > new nodes;
for (int =1, first=I[0]; i<=8; ++i) f
it (I[i]==-1) continue;
new nodes.push _back(BuildTree(first,I[i])); /I recursive
first=I[i];
9
return Merge(new nodes); // merge new nodes

g

Algorithm 2: Actual C++ codethatimplementsthe bottom-up
recursve constructionof the unbalancedctreeof the Solid .

The Merge function returnsa newv SolidNode de ned asthe
bounding-spheref theinputnodes TheSplit functionbi-sects
thearrayof inputleaf nodesalongthelongestedgeof thecorre-
spondingaxis-alignecboundingbox andreturnstheindex of the
middleleafnode.

As outlined in Algorithm 2 the unbalancedoctree is build
bottom-upfrom the Solid leaf nodesderivedin the previous sec-
tion. In shortthealgorithmconstructghetreeby recursvely group-
ing the boundingspheresdn up to eightclusterswho's differentat-
tributesare then combinedto form new larger boundingspheres.
The groupingis implementedas a seriesof simple bi-sectionsof
thelongestedgeof thecorrespondingxis-alignecdoundingboxes.
Thespherecenterand eld valuesassociatewvith eachnew internal
nodearesimpleaveragef it's child nodesvalues.The“boundary
label” introducedn Algorithm 1 is combinedusingabinaryor op-
eratorandthe radiusis just derived from the boundingsphereof
thechild spheresThe Shell treeis similarly constructedxceptit
is anunbalancedjuadtreeof nodeswith additionalnormalvectors,
combinedrom child nodeshy simpleaveragingandno “boundary
label”.

Oncethe treesfor the Shell and Solid are build, they are
compressedising different quantizationschemes.lt is relatively
straightforwardto emplgy a top-davn deltaencoded of the posi-
tion andradiusof eachnodesincethe associateboundingspheres,
by constructionare boundedby the correspondingraluesfor the
parentsphere As in [18] we quantizer to 13 discretevaluesof the
parentradiusandthe valuesof x;y; z are expressedasoffsetsfrom
the parentcenterand quantizedto 13 valuesof the parentdiam-
eter Of all the possiblecombinationsof thesequantumnumbers
only a subsetactually satisfy the condition of hierarchicalbound-
ing spheresvhichleadsto discretesetsof x; y; z r valuesthatcanbe
encodednto a x edtablewith a13bitslookupindex. To minimize
the numberof pointersrequiredto traversethe treesduring sub-
sequentenderingeachnodealsoencodest’'s numberof children

3This simply implies that attributesof childrenare encodedelative to
thevaluesof their parent.
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Figure 3: Example of the bit-layout of a single Solid node with en-
coded with two eld values. This node occupies a total of 48 bits
or 6 bytes. This encodes quantized values of the three spatial coor-
dinates, the radius of the bounding sphere, it's number of children
(max 8), a single bit indicating the presents of grand children, the
two quantized and normalized attributes and nally a bit identifying
whether its a boundary node or regular node. The byte-ordering is
little-endian (i.e. least-signi cant byte is stored at the lowest memory
address) and the bit-ordering is such that the most-signi cant-bit is
stored at the leftmost position within each byte).

using3 bits* aswell asa singlebit to indicatewhetherall children
of this nodeare leaf nodes. Unlike in QSplatwe do not encode
rgb colorsfor the nodeattributes. Insteadwe wish to allow for the
enduserto interactively edittransferfunctionsassociateavith each
of themultiple eld valuesin orderto convenientlyhighlightinter
estingregions of the meshduring visualization. To facilitate this
we rst normalizeeachscalar eld valueto [0; 1] andthenquantize
themusinga lookuptable. For the data-setstudiedin this paper
wefoundthat15 bitswassufcient to represenall therelevant eld
values. Figure3 shavs an exampleof the actualbit-layout of a 6
byteSolid nodewith two eld values.Ourcurrentimplementation
of the pre-processingllows the userto selectan arbitrarynumber
of the eld valueswhich are quantizedand appendedo the bit-
stringillustratedin Figure3 as2 extrabytesper eld value.Finally
we notethat Shell nodeshave an extra 2 byteswhich hierarchi-
cally encodeshe normalvector(14 bits) andwidth of normalcone
(2 bits), see[20, 18].

As the very laststepof the pre-processinghe compressetiier
archicaldatastructuresare ushed outto the lesystemasasingle
binarydatastreamsWe employ thesamestratey for the le layout
asQSplat,meaningthe treesaresavedin breath- rstorderto best
facilitatea fasttop-davn multi-resolutionrenderinghatwill bede-
scribedin detailin the next section.Sincewe useunbalancedrees
for boththe Shell (quadtreeandSolid (octree)pointersneedto
be embeddednto the datastructurego allow for fasttraversalof
thetrees.Thisis implementedy insertinga 4 byteint pointerfor
eachgroup of parentsto the rst nodeof the their group of chil-
dren.Notethattherelatve memoryoverheadrom theinclusionof
theseextra 32 bit pointersis muchlessfor the Solid thenfor the
Shell . Thoughthe Solid is typically several ordersof magnitude
largerthenthe Shell , theaveragebranchingfactorof theformeris
alsoexpectedto be twice ashigh asfor the latter leadingto fewer
internalnodesandhencepointers.

As a nal commentto the pre-processingve emphasizethat
it is readily parallelizedwhen the tetrahedraimeshis partitioned
ontomultiple computationahodes.Eachcpunodesimply runsit's
own pre-processingf the tetrahedrameshfragment,followed by
acleanupprocesgo trim away trianglesfrom the Shell 'sthatare
sharedbetweerthefragmentsandinsteadaddthemto the Solid 's.
Theassignmenof theboundaryjabel(seeAlgorithm 1) to thetetra-
hedraandtrianglesin the Solid subsequentljasto beupdatedo

4Sincewe usean unbalanceactreefor the Solid anda branchis ter-
minatedoncea leaf nodeis reachedhe 3 bits encodethe numbers0, 2, 3,
4,5,6,7and8.

be consistentvith thetrimmedShell . In thevery nal stepall the
sub-treedfrom multiple fragmentsare meiged into single Shell
and Solid treesby combiningthe boundingspheresof the root
nodesof eachfragment.

3 INTERACTIVE VISUALIZATION ALGORITHMS

After the pre-processingpasdumpedthe compressedhierarchical
datastructuredor respectiely the Shell andSolid , thetime has
nally comefor the actualinteractize visualization. To avoid rst
having to loadin thesedatastructuresnto the (oftenlimited) physi-
calmemoryof thevisualizationCPUnode we usethe OS-prwvided
mmagunctionto mapthe les to virtual memory The adwantage
to this stratgy is thatwe make moreef cient useof the available
physicalmemoryby only loadingthe partsof thedatastructurethat
areactuallyrenderedduringthetreetraversals.Additionally, since
both treesare storedbreath- rst this progressie loading gives us

fastrecursve re nements.

TraverseTree( inputnode ;

Global: g is theminimumregularsplatsizein pixels;
Global: d, is theminimumboundarysplatsizein pixels;
if currentframe-ateis too low then

increased; andd, smoothly;

TraverseTree( rootnodse ;

end
oreachchildrenof theinputnodedo
if child doesnt passculling teststhen ignorethis child;
S screersizeof boundingsphereof child;
if child is aleafnodethen
| renderchild asa splatof sizeSpixels;

—h

elseif child is aregular nodeand S< d; then
| renderchild asasplatof sized; pixels;

elseif child is a boundarynodeand S< d, then
| renderchild asa splatof sized, pixels;

else
| TraverseTree( child)

end

end

Algorithm 3: Pseudo-codéor therelatively simpletraversalal-
gorithm of the bounding-spheréree structures.This codealso
illustrateshow frame-ratecontrol is obtainedby adjustingthe
minimum pixel splatsizes,d. andd,. Notethatin the current
implementationd, andd, areonly allowedto decreasedftera
fully completedreetraversalhasleadto too high frame-rates.

Theoverallalgorithmusedto traversethehierarchicatreestruc-
turesof the Shell andSolid is outlinedin Algorithm 3. Thetwo
key componentsarethe culling tests, thatarethe topic of the next
two sections,andthe framerate control by meansof adaptve re-

nements. As shavn in the pseudo-codethe algorithmemplgys

a simple feedbackmechanismfor the frame rate to dynamically
adjustthe minimum allowed pixel sizesof a splatas measuredn
screerspaceAs will beexplainedin Section3.2,it is usefulto de-
ned two suchminimum pixel splatsizesin orderto obtainbetter
delity of intersectiondbetweertheShell andSolid .

3.1 Visibility Culling Tests

During the procesof actuallytraversingthe hierarchicakrees see
Algorithm 3, we performfaston-the- y tablelookupsto effectively
decompresshe attributesof the boundingspheres.Subsequently



theseattributesareusedin asetof importantculling teststhatallow
usto very effectively skip branche®f thetreesthatarenot visible
during rendering. As we shall seein the next sectionvolumetric
clipping canalsobe implementedasa so-calledCSG culling test.
For now we focusonthevisibility culling tests.

View-frustum culling: If aboundingsphereis completelyout-
sidetheviewing frustum,de ned from the currentcamergposition,
thatnodeandall it's childrenareignored. If the boundingsphere
intersectsary of the planesof the view-frustumwe subdvide it by
traversingto it's children. If ontheotherhandthe boundingsphere
in completelyinsidethe view-frustumthis type of culling testwill
bedisabledfor all it's children.

Back-face culling: For the Shell , we hierarchicallyencoded
normalvectorsandboundingnormalcones,which allows for fast
eliminationof branche®f theShell treewhereall nodesarepoint-
ing entirely away from the currentcameraposition. However, the
Solid nodeshave no normalinformationsinceit dependwon the
currentshapeand position of the CSG probeusedfor volumetric
culling (seenext section).Consequentlyve cannotperformhierar
chicalback-faceculling duringtraversalof the Solid tree.Instead
we simply performback-ficeculling beforewe rendertheindivid-
ual Solid splatsusingthe normalsderivedfrom the CSGprobe.

Occlusion culling:  Since our renderingprimitives are point
basedt is unfortunatelyvery hardto ef ciently performhierarchi-
cal occlusionculling during tree traversal. Insteadwe leave the
occlusionculling to the graphicshardware by simply enablingthe
z-huffer algorithm.

3.2 Adaptive Volumetric Clipping by CSG Culling

Sinceall splatsarerenderedaiscompletelyopaqueit is importantto

allowstheenduserto dynamicallyclip theShell andSolid in or-

derto exploretheinterior partsof thevolumetricdataset. Elseonly

the Shell would be visible during rendering. It is alsoimportant
that this volumetric clipping canbe integratedef ciently into the
renderingalgorithmsuchthatreal-timeperformancaes still guaran-
teed. The solutionis surprisinglysimple; usea virtual CSG probe
to introducehierarchicainside-outsideulling testsduringthetree
traversals. The virtual probecanin principle be ary userde ned

solid geometryonwhichfastinside-outsideestscanbe performed.
Clearly probesde ned from implicit signeddistancefunctionsare
particularly corvenientsincethey also give us information about
the shortestistanceto the probeaswell asnormalvectorsde ned

asthe gradient. As we shall soonseethis featureturn out to be
very usefulfor improving therenderingof theresultingCSGinter-

sections. The actualimplementation®f theseideasdiffer for the
Solid andShell datastructuresaswill be explainedbelow.

CSG culling of Solid : If a boundingsphereis not intersect-
ing the surfaceof the probe,it andit's subtreeare discardedand
not processedurther Else,we continuetraversingthat branchof
the Solid tree until a splatsize is reachedcorrespondingo the
minimum allowed pixel splatsizefor the currenttype of node. As
emphasizeih Algorithm 3 we de ne separateninimumpixel splat
sizesfor boundarynodes(d,) andregularinternalnodes(d;). This
distinctionis very importantsinceit enableausto adjustthe reso-
lution of Solid splatsalongtheintersectiorcurve with the Shell .
By enforcingd: > o, 1 we cansigni cantly reduceshe appear
anceof silhouettesalongtheintersectiorcurve dueto crossingand
overlappingsplatsfrom the Shell andSolid . Furthermoresince
theboundanybit of aparentSolid nodeis de ned asthelogical or
of theboundanybits of it's child nodeshis simpletechniqueauto-
maticallyleadsto a smoothadaptve resolutionof the Solid splats
asthey getcloserto the intersectioncurve, seeFigure4. Finally,
asvery few Solid spheresarelocatedalongthe Shell /probein-
tersectioncurve, this improved adaptve renderingtypically hasan
insigni cant computationabverhead.

)

Figure 4: lllustration of adaptive splatting to improve volumetric clip-
ping by CSG intersection of a virtual probe (center dotted line) with
the bounding spheres. Note how the radii of the spheresdecreaseas
they get closer to the edge of the probe. The CSG culling can be
summearized as: Shell spheresinside (white) are discaded whereas
Shell spheresoutside (yellow) are rendered. Solid spheresthat are
not intersecting the probe are all discaded. Intersecting spheresof
both types (blue) are o set as describe in the text and rendered.

To furtherimprove ontherenderingof the Solid we projectthe
boundingsphere®ntothe surfaceof the probe. This projectionis
implementedas an offset of the center ¢, of the boundingsphere
alongthelocal normalvectot n, derived from the probe. The dis-
tanceof this offsetis givenby the signedshortestistanced, from
c to the probe,wherethe sign corventionof d is positive distances
insidetheprobei.e. n pointsinwardsof theprobe.Thisall amounts
to thefollowing simpleexpressiorfor the new centerof thebound-
ing spherex dn. Thistrick effectively preventsvisually anng-
ing poppingeffects of the Solid splatswhen the resolution(i.e.
splatsizes)changesigni cantly to maintaininteractve frame-rates.

CSG culling of Shell : If aboundingsphereis completelyin-
side the probe, the nodeandit's children are not rendered. For
bounding spheresthat are completely outside the probe, CSG
culling is disabledfor this branchof the treeandit's childrenare
renderednly if they areleaf nodesor have asplatsize d;. If on
the otherhanda boundingspheres intersectinghe surfaceof the
probeit will berenderedf it is aleaf nodeor the splatsize d,
- elsewe traversewith CSG culling enabled. As for the Solid
discussedabore, this techniqueallows us to renderthe CSGin-
tersectioncurve at a higherresolution(de ned througha), but at
thesametime achieze a smoothtransitionto the remainingpartsof
the Shell renderedht a lower resolution(de ned throughd;), see
Figure4. To furtherimprove the outline of the CSGintersection
andreducethe appearancef silhouettesve alsooffsetthe sphere
centerof the boundarynodesbeforethey arerendered.Using the
samesymbolsasabore this projectionreadsasc  (r + d) n where
r is theradiusof theboundingsphere.

Figure 5: Interactive renderingsof respectively the Shell , Solid and
the composit of both. Note the missingbottom part inside the Shell
due to back-face culling. The CSG probe is simply a cutting plane.
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Figure 6: The left and right part of each image show respectively
the interactive and idle (i.e. nest) resolution of the model. In the
top row of the matrix the Shell is derived from vertices and in the
bottom row the Shell is derived from faces. In the left column the
Solid is derived from cells, in the center column the Solid is derived
from verticesand in the right column the Solid is derived from faces.

4 RESULTS

We presentresultsfrom interactie visualizationof two unstruc-
turedmeshesxceedingrespectiely 5 million and2 million tetra-
hedrabothwith 13 eld values.We wereableto demonstrateeal-
time dataexplorationof bothfull data-setsallowing for interactve
renderingcolor manipulation andprobeclipping while sustaining
ary frameratedesired.

Tablel lists differentperformancelatafrom the pre-processing
of the larger data-setthe“cannister”.Note thatthe combinedpre-
processingo constructthe compactdatastructuresof the Shell
and Solid alwaystook lessthan5 minuteson a mediumssized
PC. All theimagesshavn are renderedusing fastbut un-aliased
OpenGLpoints(i.e. squaresasthe splattingkernelfor the bound-
ing spheres Figure5 shavs separateenderingf the Shell and
Solid . Notethemissingbottompartinsidethe Shell dueto back-
faceculling. Figure9 shaws renderingswith different x ed mini-
mumpixel splatsizesandFigure7 shavs differentCSGprobesand
color transferfunctionsappliedinteractvely to the cannistedata-
set. Figure6 shavs the samemodelrenderedwith splatsderived
from differentgeometricprimitives. Clearly the trianglesproduce
the highestresolutionmodels,but verticesandthe tetrahedraalso
leadto relatively goodrenderingswith signi cantly smallermem-
ory footprints(seeTable1). Figure8 illustratesthe importanceof
theadaptve CSGculling discusseth theprevioussection.Without
our proposecadaptve renderingalongthe edgeof the CSGprobe,
disturbingsilhouettegrom intersectingsplatswill popupduringin-
teractionswith thedata-setFinally Figure10 shavs differentCSG
cutsof asmallerdata-sefrom a so-called‘Taylorimpact” simula-
tion.

The useof an unbalancedctree,as opposeto an unbalanced
quadtredor the Solid , reducedhe memoryconsumptiorby more
than25% for the cannisterdataset. In factthis numberincreases
with thenumberof eld valuesencodednto thedatastructure.The
frame-ratedor a x ed resolutionimproved by approximatelythe
sameamountdependingon the resolutionand extend of volumet-
ric clipping. The averagebranchingfactorsof the corresponding
Solid treeswererespectrely 2.9and5.3.

5 CONCLUSIONS AND FUTURE WORK

We have presentedetSplat,a framework for interactve visualiza-
tion of verylargetetrahedraineshesvith multiple eld values.The
approachs basedn point-splattingand CSGculling with guaran-
teedreal-timeperformanceegardlessof the sizeof theinputmesh
andthe availablerenderinghardware. Thoughour methodwasex-

clusively demonstratedn unstructuredetrahedramesheshe ap-
proacheasily generalizego ary unstructuredsolid meshtype as

Figure 7: Interactive volume clipping and editing of color transfer
functions for dierent eld values. The three dierent types of vol-
umetric clipping probes are: (left to right) plane, sphereand box.

Figure 8: Left: regular (i.e. uniform) rendering of CSG edge with
d = dy = 10 pixels. Note the silhouettes form intersecting splats.
Right: our improved adaptive renderingwith d. = 10 pixelsand d, = 1
pixel. SeeAlgorithm 3 and Section 3.2 for de nitions of dr and d.

long asit's possibleto consistentlyde ne attributeslike position,
radiusandnormalvectorsfor the splatsthatsenesasleaf nodesin
thebounding-spherbierarchicakreestructures.

As mentionedbefore the tetrahedralmesheswe have studied
werepartitionedon multiple computenodesdueto thetremendous
numericalchallengesnvolved in solving the CFD simulationson
themesh.We have alreadymadeuseof this for the pre-processing,
but we arecurrentlyworking on parallelizingtherenderingaswell.
This will remove the bottleneckinvolvedin condensingrery large
fragmentsonto a singlerenderingnodeandallow for muchhigher
resolutiondor ary givenframe-rate.

We would alsolik e to explore alternatve compressiorschemes
for the hierarchicalencodingof nodeattributesin our tree struc-
tures. Currently we use simple bit- x ed quantizationwhich is
simpleto implementandallows for very faston-the- y decoding.
Howevervariablelengthencodindik e Haufman-coding14] could
potentiallyleadto muchmorecompaciatastructures.

As a nal remarkwe wouldlike to stresghatwe do notclaimto
have inventedthe “silver bullet” for visualizingunstructuredetra-
hedralmeshesin factthe work presentedn this paperis noteven
intendedas a replacemento existing visualizationtechniquesof
mediumsizedtetrahedraimeshes. Ratherit shouldbe seenasa

Figure 10: Di erent CSGecuts of data-set from a\T aylor impact test"
consisting of a metallic cylinder impacting a rigid wall. The data has
2,175,488 tetrahedra with 13 attributes on 385,165 vertices. Solid

has 4,395,648 leaf nodes and Shell has 89,344 leaf nodes.



Table 1: Table of data from the pre-processingof the cannister data set with 5,378,048 tetrahedra, 974,127 vertices and 3 scala values pr
vertex. Original size of this unstructured tetrahedral meshis 204Mb. Times are reported in minutes (on a single 1.7GHz PC) and combine
derivation of Shell and Solid . \branching" denotesthe averagebranching factor for the corresponding Shell and Solid trees. With 3 eld
valuesthe sizesof the individual Shell and Solid nodes are respectively 10 and 8 bytes.

Shell

Primitives ‘ time

leafnodes totalnodes branching size(Mb)

Solid

Tetrahedra] 3.1 — - -
229,319 3.0

Vertices 2.8 | 154,310
Triangles 4.1 | 308,608 462,807 2.8
29 pixels 16 pixels
24.9 fps 10.5 fps
19355 splats 41038 splats

leafnodes totalnodes branching size(Mb)
— 5,378,048 6,628,594 5.3 55.2
24 819,817 1,003,607 5.5 9.7
4.8 10,601,792 13,253,693 51 109.2
11 pixels 7 pixels 1 pixels
7.1 fps 3.51ps 2.51ps
66798 splats 134620 splats 252112 splats

Figure 9: Renderingswith di erent xed splat pixel sizes. Top row shows the full model and bottom row is a closeup. Frame rates are listed in

units per secondon a P4 1.7GHz, Radeon 8700.

point-basedhlternatve in situationswherereal-timerenderingfor
fastinspectionof large meshesds of outmostimportance.We ac-
knowledgedthattheremaybesituationswvherethetradeofs related
to using point-basedenderingas opposeto polygonrenderingis
justnotacceptableOneof thebiggestdisadwantage®f ourmethod
is actuallythatit doesnotwork verywell for smallmeshesincethe
individual splatswill often be visible. This problemcould be ad-
dressedwith a hybrid methodwherewe switchto polygonrender
ing whenthe splat-sizds large enoughto causealiasing. However
it will obviously notbetrivial to integratethis ideainto our current
real-timerenderewith CSGclipping.
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