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Abstract

Volume visualization using isosurfaceextraction is a
well-researched topic. Recentresearch demonstrated that
evenfor unstructuredgrids peakperformancesof millions
of tetrahedra per secondcanbeachievedby exploiting the
parallel processingcapabilitiesof modernGPUs. In this
paper we presenta novel hardware-accelerated solution
that further improvesthe extraction performance. In con-
trary to existing approaches,our techniqueexplicitly ex-
tracts the isosurfacegeometryin a fragmentprogram by
renderingonly a singlescreen-sizedquadrilateral. Theex-
tractedgeometryis directlywritten to an on-board graph-
icsmemoryobjectallowingfor directrenderingwithoutfur-
therbustransfers.Additionally, thegeometrycanbemanip-
ulatedby shaderprogramsor readback to theapplication
for furtherprocessing. Examplesandapplicationscenarios
aregiventhat canbene�t fromour approach.

1. Intr oduction

Isosurfacesare amongthe most prominenttechniques
for visualizing volumetric data and are widely used in
medicine,engineering(e.g. CFD), computationalphysics,
and various other researchareas.The classicalapproach
for visualizingisosurfacesis to extracta polygonalapprox-
imation to the surface by marching through all cells of
thedataset,classifyingall verticesof thecell accordingto
their scalarvalueanddeterminingthecorrespondingtrian-
gulationby linear interpolationalongthe edges.The well-
knownMarchingCubes[3] approachis themostpopularal-
gorithmof this classfor extractingisosurfacesfrom Carte-
siangrids.Similartechniqueshavebeendevisedto alsoef�-
cientlyextractisosurfacesfrom tetrahedralmeshes[1]. Nu-
merousoptimizationshavebeendevelopedin thelastyears
andarestill anactiveareaof research.As aresult,thisclass
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of algorithmsis widely acceptedandis foundin many com-
mercialvisualizationsuites.However, despitethealgorith-
mic advancesandtheincreasein CPUperformance,extract-
ing isosurfacesfrom largedatasetsis still dif�cult to do in
interactiverates.

Therefore,anothertechniquefor isosurface visualiza-
tion, which was able to bene�t from the recentadvances
in graphicshardware,hasmoved into the focusof the vi-
sualizationcommunity. Volumerenderingallows to render
isosurfacesby adjustingtransferfunctionsappropriately. A
major step forward in isosurface renderingwas achieved
by WestermannandErtl [12] who usedtexture-basedvol-
umerenderingfor displayingshadedisosurfacesonuniform
grids.This work wasfurther improvedby Röttgeret al. [9]
who proposeda cell-projectionalgorithm which directly
generatesthe fragmentsof a shadedisosurfacein a tetra-
hedralmeshandis linearin thenumberof tetrahedra.In ad-
dition, their approachallows several isosurfacesto be ren-
deredsimultaneouslywithoutharmingtherenderingperfor-
mance.

Recently, also volume renderingtechniqueswhich are
not basedon texture slicing have beenmappedto graph-
ics hardware.However, theperformanceof the ray-casting
systempresentedby Weiler et al. [10] is not very competi-
tiveoncurrentgraphicshardware.

Most of the work dedicatedto GPU-basedisosurface
renderingin the last yearsfocusedon improving perfor-
mance.However, in striving to achievethisgoal,oneimpor-
tantpropertyof the isosurfacehasbeenlost: the isosurface
geometryor simply the surface. All the volume-rendering
approachesvisualizetheisosurfacewithout actuallyrecon-
structingit. Thus,theseapproachesareratherisosurfacevi-
sualizationthan isosurfaceextraction techniques.If more
advancedfeaturesthanadjustingisovaluesor shadingpa-
rametersarerequired,a softwaresolutionmustbereverted
to.

However, therearemany attractive applicationsfor iso-
surfacesthatareavailablein apolygonalrepresentationlike,
e.g.,post-processingthesurfaceor thecalculationof shad-
ows.Accordingly, thereis a high interestin algorithmsand



implementationsthatexhibit a performancecomparableto
that of the aforementionedGPU-basedisosurfacevisual-
ization techniquesandstill provide the isosurfacegeome-
try for furtherprocessing.Ideally, suchanalgorithmshould
be capableof processingarbitraryunstructuredgrids or—
sinceeveryunstructuredgridcanbeeasilydecomposedinto
tetrahedra—atleasttetrahedralgrids.

In this paper, we presentsucha system.Our systemis
completelyGPU-basedand,by taking advantageof ATI' s
recently introducedSuperBuffers functionality [8], never-
thelessproducesapolygonalrepresentationof theextracted
isosurface.The geometrydatais directly written to an on-
boardgraphicsmemoryobject;thus,bothvisualizationand
post-processingcanbeaccomplishedwithouthaving to read
backthegeometrydatato theapplication.

The remainderof this paperis organizedasfollows: In
Sec.2 we discusswork of other researchersthat is simi-
lar to ours.In Sec.3 we give a brief overview of recentde-
velopmentsin graphicsprocessors,developmentsthateven-
tually madethe developmentof our systempossible.The
actualsystemarchitectureis presentedin Sec.4, followed
by Sec.5 describingtherenderingof thereconstructediso-
surface.We presentsomeresultsof our implementationin
Sec.6 andconcludein Sec.7.

2. RelatedWork

To our knowledge,mappinganisosurfaceextractional-
gorithm to graphicshardwarehasonly beendoneby Pas-
cucci [7] for the Marching Tetrahedra algorithm.The ba-
sic ideaof his solutionis bothsimpleandelegant:For each
tetrahedrona singlequadrilateralis rendered.The vertices
of the quadrilateralare provided with additionalinforma-
tion that is requiredfor calculatingthe intersectionof the
tetrahedronwith the isosurfacein a vertex program.Once
the intersectionhasbeenfound, the quadrilateralvertices
aremovedto thecornersof theintersectionpolygon.Since
thereareat most four edgeintersections,the four vertices
of thequadrilateralaresuf�cient for handlingall cases.

The bene�t of this approachare its independenceof
the input grid sizeandits high performanceof morethan
two million tetrahedraper secondeven on non-top-of-the-
line graphicshardware.At the moment,this seemsto be
the highest isosurface extraction performancefor single-
processormachines.

On the otherhand,althoughthe geometryis beingex-
tracted,theresultingquadrilateralsarenotaccessibleby the
userunlessthe vertex positionsare codedas imagedata
and the rendertarget contentis transferredback to main
memory. Therefore,thereis actuallylittle gainedfrom this
approachwith respectto post-processingof isosurfacege-
ometry. In addition, the vertex processingunits of mod-
ern GPUsarenot asredundantlydimensionedasthe frag-

mentprocessingunits (NVIDIA 's NV40, e.g.,provides16
fragmentprocessorsbut only six vertex processingunits)
which meansthat a fragment-programbasedimplemen-
tation will be inherently faster. Pascucci's approachhas,
therefore,both limitations regarding�e xibility andperfor-
mance.

3. BraveNewWorld: RecentDevelopmentsin
Graphics Hardware

Until recently, therewereno�oating pointrendertargets
available.Thus,even if isosurfacegeometrycould be ex-
tractedon fragmentprogramlevel, providing theuserwith
a geometrydescriptionof acceptableaccuracy would have
madeit necessaryto encodethe coordinatesin a setof 8-
bit values.Practically, this is prohibitively costlydueto the
lack of bit shifting operations.In addition, the visualiza-
tion of theisosurfacewould requirea two-fold bustransfer;
theoverheadinvolvedwith this would probablymorethan
outweighthe performancegain obtainedby the hardware-
acceleratedimplementation.As a result,resortingto vertex
programs—despitetheir super�cial inferiority comparedto
fragmentprograms—wasprobablytheonly reasonablede-
cisionfor Pascucci's implementation.

Fortunately, �oating point rendertargetsarenow avail-
able for both ATI (starting from the Radeon9700) and
NVIDIA (GeForceFXseries)graphicsadapters.The read-
back problemneverthelessremainsthe same;thus, while
hardware-acceleratedisosurfaceextractionwould bepossi-
blewith �oating pointrendertargets,acombinedextraction
andvisualizationsystemwouldstill beoutof reach.

ATI' sSuperBuffersfunctionalityhaschangedthis.With
theproposedATI_super_buffers extension[4, 8], the
rendertarget contentcan now be bound to textures and
vertex arraysand other on-boardmemoryobjectsand re-
injectedinto the graphicspipeline without ever having to
readbackany datato theapplication.Many limitationsPas-
cucci had to copewith are, therefore,obsoletenow. This
new functionalityhasalreadybeensucessfullyemployedin
acompletelyGPU-basedparticleengine[2].

For our implementationweusedboth�oating point ren-
dertargetsandthenew SuperBuffersfunctionality. Thefol-
lowing sectiondescribesthesystemarchitecturethatresults
from this approach.

4. SystemAr chitecture

In this sectionwe show how themarchingtetrahedraal-
gorithm can be mappedto the GPU and implementedin
a fragmentprogram.Basically, we rendera singlequadri-
lateral into a SuperBuffersobject(on-boardmemory)per-
forming the extraction of the isosurfacewithin the tetra-
hedrain a fragmentprogram.This buffer object is subse-
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Figure 1. System overview.

quentlyboundasa vertex arraybuffer to renderthegener-
atedgeometricaldata.Thefollowing sectionsdescribehow
weencodetheinputdata,i.e. tetrahedralgrid andscalarval-
ues,into textures,how westoretheresultingpolygonalrep-
resentationin the SuperBuffers memoryobject, and how
the actualisosurfaceextraction is performed.Fig. 1 gives
a coarseoverview of thebasicalgorithmto extract the iso-
surfacewithin a singletetrahedron.

We startwith a brief review of thebasicmarchingtetra-
hedraalgorithmintroducedby Doi andKoide[1]. Basically,
it follows the sameprinciple as the marchingcubestech-
nique.For eachcell �rst a classi�cationis determinedthat
de�neswhichedgesof thetetrahedronareintersectedby the
isosurface.This is doneby comparingthe scalarvaluesof
thetetrahedronverticeswith thegivenisovalue.A bit mask
is de�ned whereanelementis setto zeroif thecorrespond-
ing scalarvalueis greateror equalto theisovalue;otherwise
it is setto one(Fig. 2). This maskcannow beusedto look
up in a tabletheup to four vertex pairsbetweenwhich the
verticesof the isosurfacepolygonhave to be computedby

1/0

3/1

2/21/3

Isovalue = 1.5
1 < 1.5 ? ® 1 R
3 < 1.5 ? ® 0 G
2 < 1.5 ? ® 0 B
1 < 1.5 ? ® 1 A

Bitmask

Figure 2. Tetrahedr on classi�cation. Sk de-
notes the scalar value at the ver tex with lo-
cal inde x k.

linearinterpolation.Comparedto themarchingcubesalgo-
rithm therearevery few cases—basicallyonly three—that
have to beconsideredandthereis no problemwith poten-
tial ambiguitiesdue to the linear interpolationwithin the
cell.

4.1. Data Encoding

Theunstructuredtetrahedralgrid hasto bestoredin tex-
tures in order to give accessto the tetrahedraldatafrom
within a fragmentprogram.Obviously, several encoding
schemescanbeused.Two commonlyusedaredirectencod-
ing andindexedencoding. Directencodingspeci�esatetra-
hedronby its four vertices.Indexed encodingstoresonly
indicesof the four verticesandthenusesthesein turn for
lookingupvertex coordinates.Sincethetexturememoryof
today's graphicsadaptersis still a limited resource,select-
ing asuitableencodingschemeis of paramountimportance.

Let V denotethe numberof verticesandT denotethe
numberof tetrahedraof the unstructuredgrid. Assuming
further that both coordinatesandindicesarestoredas32-
bit values,thenumberNd of 32-bitvaluesrequiredfor stor-
ing thegrid with directencodingis

Nd = 3 � 4T = 12T

sincethereare four verticeswith threecomponentseach.
For indexedencoding,thenumberof �oats N i dependson
boththenumberof tetrahedraandthenumberof vertices:

N i = 3V + 4T :

For mostof the datasetsthat wereusedfor evaluatingour
systemwe foundthetetrahedrato verticesratio to beabout



Texture Format # Bits Dim. Notes

Vertices RGBA 32 3D 1 texel/vertex
Indices RGB 8 2D 4 texel/tetrahedron
Scalars RGBA 32 2D 1 texel/tetrahedron

Table 1. Proper ties of textures used for stor -
ing the unstructured grid and its scalar prop-
erties.

T=V � 5 � 6—independentof whetherthegrid is unstruc-
turedor originally structuredor even Cartesian.Substitut-
ing T = 5V in theaboveequationswe get:

Nd = 3 � 4T = 12T = 60V

and

N i = 3V + 4T = 23V :

Thus,for our datasetsthememoryrequirementsfor storing
the grid canbe reducedby about60 percentusingan in-
dexedencodingscheme.Taking into accountthatnot only
thegrid but alsoscalarvalueshaveto bestoredfor eachver-
tex, Nd becomesNd = 4 � 4T = 80V andN i becomes
N i = (3 + 1)V + 4T = 24V. Thememorygainof indexed
encodingis, thus,almost70 percentcomparedto directen-
coding.Accordingly, ef�cient encodingof theunstructured
grid is only possibleusinganindexedscheme.

We usedthreetexturesfor our implementationto store
the unstructuredgrid andthe accompanying scalarvalues.
The propertiesof thesetexturesare compiledin Table 1.
The reasonsfor choosingthesepropertiesandstoragefor-
matswill begivenin thefollowing sections.

4.2. Output Encoding

As we renderonly a single,largequadrilateralto extract
the isosurfacepolygonsandto write theminto a graphics
memorybuffer, buffer sizeandorganizationhaveto becho-
senappropriately. Therearethreepossibilitiesfor the iso-
surfacepolygoninsidea tetrahedron.Either thereis no in-
tersectionof thesurfaceandthetetrahedron,i.e. thereis no
polygon at all, or thereare threeor four intersectionsre-
sulting in a triangularor a quadrilateralpolygon.Thus,up
to four three-dimensional�oating pointvectorspertetrahe-
dron areneededto storetheverticesof the resultingpoly-
gons.As thetypeof the intersectiondependson theactual
isovalueandasthereis no possibility to modify the loca-
tion a fragmentis written to from within a fragmentpro-
gram,weareboundby theworstcase.Thismeans,for each
tetrahedronfour pixels of a �oating point RGB buffer are
neededto hold the outputdata.Using the outputbuffer as

an input (vertex array)buffer for the renderingof the ex-
tractedsurfaceweexploit thefactthat1) aGL_QUADprim-
itivewith four identicalverticesis discardedduringrasteri-
zationand2) thata replicatedvertex resultsin a triangleto
be rasterized.Thus,all threecasescanbe handledconsis-
tently.

In principle,a �oating pointpixel buffer (pBuffer) could
be usedastheoutputbuffer but this would requirea read-
back of the data to systemmemory in order to use it as
vertex array input. Instead,we renderinto a 32-bit �oat-
ing pointRGBA SuperBuffersobjectandbind thismemory
objectasa vertex arrayin a subsequentrenderingpass.Us-
ing abuffer of size20482—themaximumsizewehavesuc-
cessfullyused—theextractionof theisosurfacepolygonsof
morethanonemillion tetrahedracanbecarriedout in asin-
gle renderingpass.

4.3. Extraction Algorithm

In this sectionwe describehow theextractionalgorithm
outlinedpreviously canberealizedin a fragmentprogram.
Consideringthevertex buffer layout introducedin thepre-
vious section,always four consecutive pixels belongto a
tetrahedron.Therefore,we have to de�ne a mappingfrom
the pixel position,i.e. window coordinates(x; y), to tetra-
hedra.The tetrahedronindex � of the currenttetrahedron
canbecomputedas

� =
�

bx
4 c
y

�
:

Let k be the local index of the verticeswithin the tetrahe-
dron.Thenthetetrahedronindex � is in turnusedto lookup
thescalarvaluesS = (Sk )T of thetetrahedronin theprevi-
ouslydescribedtwo-dimensionalscalartexture.Depending
on the provided isovaluec the verticesof the tetrahedron
can then be classi�ed accordingto their respective scalar
values.Hencethe bit mask� with � k := (Sk < c) can
becomputedthatdeterminestheedgesthatareactuallyin-
tersectedby the isosurface.Fig. 3 shows the seven basic
casesthat have to be considered.Note that the two spe-
cial cases� = (0; 0; 0; 0)T and� = (1; 1; 1; 1)T , i.e. the
caseswherethereis no intersectionof the isosurfaceand
thetetrahedron,arenot shown in Fig. 3. Eachcasein prin-
ciple consistsof two symmetricsub-cases.Thesesymmet-
ric casescanbetreatedasoneif theorientationof theresult-
ing polygons,i.e. clock-wiseor counter-clock-wise,canbe
neglected.Theorientationof thepolygonsis mostlyimpor-
tantfor backfaceculling. However, backfaceculling makes
only sensefor closedobjectswhich seldomappliesto iso-
surfaces.Therefore,we canreducethesymmetriccasesto
a singleone,the upperonesin Fig. 3, by inverting the bit
maskif the dot product� � (9; 5; 3; 2)T > 9. Particularly,
this meansthatnobit is setin themaskfor thecaseswhere
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Figure 3. Marching tetrahedra cases. The
cases where the isosurface does not inter -
sect the tetrahedr on are not sho wn.

thereis no intersection,exactly onebit is set for all cases
that leadto a triangularintersectionpolygon,andtwo bits
aresetin thequadrilateralcase.This will beespeciallyim-
portantin Sec.4.4.

As for eachof the four resultingpixels per tetrahedron
the intersectionwith one of the intersectededgesof the
tetrahedronhasto be computed,we introducetheedgein-
dex � = x mod 4. Using � and � it is possibleto look
up thecorrectlocal vertex indicesk1 andk2 of the respec-
tiveedgeendpointsfor eachfragmentin theedgetable(Ta-
ble 2). Theselocal vertex indicescombinedwith the tetra-
hedronindex � in turn areusedto look up theactualvertex
indicesI 1 andI 2 in theindex texture.Using� asbasead-
dressyields

r i =
�

4� 1 + ki

� 2

�
; i = 1; 2

asthe texturecoordinatesfor this look-up.Thenthesetwo
indicesare usedin anotherlook-up to determinethe two
verticesV 1 andV 2 thatde�ne theedgewe areinterested
in. For this the RGB valuesI 1 and I 2 are directly inter-
pretedas 3D texture coordinatesfor accessingthe vertex
coordinatestexture.After that, thepositionof thevertex is
computedby linearly interpolatingbetweenthosevertices:

V = tV 1 + (1 � t)V 2

with

t =
c � Sk1

Sk2 � Sk1

:

Now it becomesclearwhyaRGBA textureinsteadof asim-
ple RGB texture is usedfor storingthevertex coordinates:
As fragmentprogramscurrently do not supportthe con-
cept of indirect addressing,it would be very complicated
in termsof fragmentprograminstructionsto selecttheright
scalarvaluesSk1 andSk2 from S. Therefore,we addition-
ally storethe scalarvaluesin the alphacomponentof the
vertex coordinatestexture. The interpolationweight t can
thenbe directly computedfrom the fourth componentsof
thetwo vertices.

Of course,all of theaforementionedindicesusedfor tex-
ture look-upshave to belinearly mappedto thetextureco-
ordinaterange[0::1]. It is alsoclearthatall look-upsareper-
formedwith nearest-neighborsamplingsinceinterpolation
doesnotmakeany sensefor indicesor tetrahedrondata.

Unfortunately, the algorithmdescribedso far cannotbe
implementedoncurrentlyavailablegraphicshardware.This
is dueto thelimited numberof textureindirections,i.e. the
lengthof thetexturedependency chaincurrentlysupported
by ATI GPUs.Currenthardwarelike the Radeon9800se-
rieshasa limit of four texture indirections.As it turnsout
thebasicalgorithmpresentedhereexceedsthis limit by two
indirections.

The only solutionto circumvent this limitation is to re-
move oneof the texture look-ups.By all meansnecessary
arethe look-upsof the scalarvaluesandvertices.As long
asindexedencodingof the tetrahedralgrid is usedanddi-
rectencodingis no option dueto theenormousamountof
additionaltexture memorythat would be required,the in-
dex texturelook-upcannotbeavoidedeither. Thus,theonly
possibility is to replacethe edgetable look-up by arith-

�
� T 0 1 2 3

(0,0,0,0) 0 0 0 0 0 0 0 0
(0,0,0,1) 3 0 3 1 3 2 3 2
(0,0,1,0) 2 3 2 0 2 1 2 1
(0,1,0,0) 1 2 1 3 1 0 1 0
(1,0,0,0) 0 1 0 2 0 3 0 3
(0,0,1,1) 0 2 0 3 1 3 1 2
(0,1,0,1) 0 1 0 3 2 3 2 1
(0,1,1,0) 1 0 1 3 2 3 2 0

Table 2. Edge table for the look-up of lo-
cal ver tex indices k1 and k2 depending on
the tetrahedr on classi�cation mask � and the
edge inde x � .



metic instructions.Thealgorithmis outlinedin thefollow-
ing section.Fortunately, this suf�ces to reducethenumber
of native texture indirectionsto four, the maximumpossi-
blenumberfor ourhardware.

4.4. Computing the EdgeTable

As mentionedbefore,thesevencasespresentedin Fig. 3
canbedividedinto threemajorcategories:Thespecialcase
wherethereis nointersectionof theisosurfaceandthetetra-
hedron,a quadrilateralintersectionpolygonor a triangular
isosurfacepolygon.Wewill discussall threecaseshereand
show thatthelocalvertex indicesof theverticesde�ning the
respective edgescanbe computedwithout any tablelook-
ups.We startour discussionwith thelast—thetriangular—
case.

As describedin theprevioussectionwe �rst reducethe
symmetriccases.Therefore,in thetriangularcase,only one
bit remainssetin theclassi�cationmask� . If we consider
theintersectiontriangleasthebaseof apyramid,thisbit in-
dicatesthelocalvertex index of theapex. In otherwords,�
indicatesthevertex that is commonto all intersectededges
(Fig. 3). Thus,thelocal index of thecommonvertex canbe
computedby

k1 = � �
�

0
1
2
3

�
:

Now, for all edgesthe index of the secondendpoint has
to be determined.Therefore,we have to de�ne a function
thatfor agivenvalueof k1 returnsthecorrespondingk2 ac-
cording to Table2 dependingon the edgeindex � . Espe-
cially, the replicationof thethird vertex shouldbehandled
correctlyby this function.Onepossiblesolutionwith rela-
tively few fragmentprograminstructionsis

k2 = (k1 + 2max(0; min(1;
�
2

)) + 1) mod 4 ;

wherethe max-min combinationcorrespondsto a simple
andinstruction-count–neutralclampingoperation.

Thequadrilateralcaseis morecomplex, sincethereis no
singlevertex commonto all intersectededges.Instead,there
aretwo pairsof edges,eachpair sharinga commonvertex.
Additionally, thosetwo pairsof edgesde�ne two tetrahe-
dronfacesthatsharea commonedge.Fig. 4 illustratesthis
factfor the� = (0; 1; 0; 1)T case.For a givencase,i.e. bit
mask� , let � 1 and� 2 bethe local indicesof thetwo com-
monvertices.Analogously, let 
 1 and
 2 be the indicesof
verticesthat constitutethe commonedge.Thosefour val-
uescanbecomputedfrom � by

� 1 = � �

 
0

1=2
1=2

� 1=2

!

; � 2 = � �

 
0

3=2
1=2
1=2

!

;


 1 = � �

 
0

� 1=2
1=2
3=2

!

; 
 2 = 3 :

0

1

23

Intersected Edges
0 Š 1
0 Š 3
2 Š 3
2 Š 1

Figure 4. The quadrilateral case illustrated.
Always two inter sected edges share a com-
mon ver tex and the faces de�ned by this
edges share a common edge.

We will not go into detail heresincethe derivation of the
above formulasinvolvessometediousmath including the
solutionof systemsof linearequations.

As canbe seenfrom Table2, for all threequadrilateral
cases,the index pairsde�ning the intersectededgesfollow
the samescheme:k1 is given by oneof the two common
verticesandk2 in turn by oneof theendpointsof thecom-
monedge.Thus,the index pairsfor theedgesaregivenby
thetwo vectors

� =

 
� 1
� 1
� 2
� 2

!

and � =
� 
 1


 2

 2

 1

�
;

with k1 = � � andk2 = � � for theedge,i.e. pixel, with in-
dex � . In a laststep,wehaveto selecttheright edge,i.e. the
indicesof its endpoints,from thetwo vectorsdependingon
theindex of thecurrentpixel. Againwe cannotuseanindi-
rectaddressingschemesinceit is not yet supportedin frag-
mentprograms.Therefore,we de�ne thefunction

� (� ) =

0

B
B
@

1
6 � ( � � 1)( � � 2)

� 1
2 � ( � � 2)( � � 3)

1
2 � ( � � 2)( � � 3)

� 1
6 ( � � 1)( � � 2)( � � 3)

1

C
C
A

that returnsa bit maskaccomplishingthis task.Then,the
two dotproducts

k1 = � � � and k2 = � � �

yield thecorrectlocal indicesfor theverticesof therespec-
tiveedges.

Currently, fragmentprogramsdo not supportbranches
and loops.Therefore,the computationsfor both casesal-
wayshaveto becarriedout.Then,theright setof local ver-
tex indiceshasto bechosenaccordingto theactualcasede-
�ned by theclassi�cationmask.Wehave foundaverysim-
ple criterion basedon the dot product� � (1; 1; 1; 1)T that
accomplishesthis task. If this productequalstwo, the re-
sult is a quadrilateral.Otherwise,therewasat mostonebit
setin � which indicatesthetrianglecaseor no intersection.



Last,thespecialcasewhenthereis no intersectionof the
isosurfaceandthetetrahedronhasto betakeninto account.
Accordingto Sec.4.2,in this casethesamevertex datahas
to bewritten to all four outputpixels.This canbealsoac-
complishedvery easily by multiplying the vertex V with
max(0; min(1; � � (1; 1; 1; 1)T ))—which is onefor thetri-
angleandquadrilateralcasesandzerofor thespecialcase.
Again, thiscanbeimplementedby a clampingoperation.

4.5. Implementation Details

We have testedour ideasin a prototypical implemen-
tation. The system has been implementedusing C++
and OpenGL on the MS Windows platform. The graph-
ics adapter we used for our tests is an ATI Radeon
9800 Pro since ATI' s top-of-the-line graphics proces-
sors are currently the only cards that provide Super-
Buffers functionality. A similar effect could be achieved
with texture lookups in a vertex programwhich is pro-
vided by the NV_vertex_program3 extension sup-
portedby NVIDIA 's new Geforce6800 series.However,
this would require an additional set of vertices as in-
put to thegeometrypipeline.

The fragment program was written for the
ARB_fragment_program extensionanda specialver-
sion of ATI' s graphicsdrivers was usedthat provides a
preliminary ATI_super_buffers extension imple-
mentation.Sincethis is still underdevelopmentand,thus,
subjectto change,wehavenotspendtoomucheffort in op-
timizations. Nevertheless,the results we have achieved
with ourprototypeareverypromising.

It turnsout thatan actualimplementationof the isosur-
faceextractiontechniquedescribedabove is far from triv-
ial. While thenumberof fragmentprograminstructionsthe
Radeonprovidesis comparativelyhigh,theinstructionlimit
is easilysurpassedsince,whenloadingthe programcode,
eachprograminstructionis mappedto native instructions
theGPU doessupport.Unfortunately, we experiencedthat
the resultof this mappingheavily dependson the version
of thegraphicsdriverused.Therefore,it is usuallynot suf-
�cient to countthe numberof instructionsonehaswritten
into thefragmentprogram.TheRadeon9800supportsupto
96 ALU instructionsbut only 64 native ALU instructions.
Similar limitationsapplyto texturelook-ups.

We startedwith a hand-codedassemblylanguageimple-
mentation.Unfortunately, this implementationmapsto 76
native ALU instructionsand, thus, is not loadedonto the
GPU. Compilersfor high-level languagesareusuallybet-
ter at optimizing code than humansfor non-trivial prob-
lems.Accordingly, our next try wasto useNVIDIA 's Cg-
Compiler hoping that its optimization would provide us
with a ARB_fragment_program codewith lower na-

tive instructionscount.Unfortunatelythecodeproducedby
thecompileralsoexceedstheinstructionlimit.

Our lastresortwasto useMicrosoft's High Level Shad-
ingLanguage(HLSL) compiler[5] sinceweknew thiscom-
piler to producevery ef�cient pixel shadercode.There-
fore, we convertedour Cg-programto HLSL andadvised
the stand-aloneMS D3DX9 shadercompiler fxc to gen-
eratePixel Shader2.0 code.The resultingassemblycode
wastranslatedto ARB_fragment_program instructions
by anAWK script.This fragmentprogramhasonly 61 na-
tive ALU instructionsand—with threeinstructionsbelow
thelimit—just �ts into theavailableinstructionslots.

However, even this approachhas its caveats since
the fxc compiler is not as mature as, e.g, general
C-compilers.Especially, we found that under some cir-
cumstanceselse -branchesare not correctly translated
into shadercode. Therefore,not every semanticallycor-
rect HLSL programwill producethe expectedresults.We
providetheentireHLSL codein theappendixto preventre-
searcherswilling to re-implementoursolutionfrom getting
caughtinto thesametraps.

5. SurfaceGeometryRendering

TheSuperBuffersobjectstoringtheextractedisosurface
is boundas a vertex array that can be renderedvery fast
sincethe dataalreadyresidesin graphicsmemory. How-
ever, thefragmentprogramdescribedabovedoesnotcalcu-
latesurfacenormals;thus,thevisualizationwill notbevery
pleasing.

Unfortunately, calculatingnormalsby lookingupandin-
terpolatinggradientsin the fragmentprogramagain sur-
passesthe instruction limit. On the other hand,returning
a tetrahedronidenti�er is a very cheapoperation.This in-
formationcanthenbe usedin a secondfragmentprogram
to look up the gradientof the tetrahedronwhich coincides
with thesurfacenormal.We followedthis approachto add
�at-shading to the extractedisosurfaces.While the results
are acceptablefor smoothscalar�elds like the heatsink
dataset(Fig. 6, left), the visual appearanceobtainedfor
highly curvedor coarselyresolvedregionsareundoubtedly
suboptimal(Fig. 5).

By trading speedfor quality, this problem can be re-
solved. The fragmentprogramfor eachintersectionpoint
calculatesa weight to be usedfor interpolatingthe vertex
from thevaluesat thetetrahedroncorners.Of course,thein-
dicesof theverticesde�ning thesecornersareknown in the
fragmentprogram.Therefore,if the weight is returnedin-
steadof the tetrahedronindex that is currently processed
and thetwo 3� 8 bit indicesof theverticesde�ning thein-
tersectededgearereturnedin two additionalrendertargets,
a combinationof vertex and fragmentprogramscould be
usedto interpolatenew per-vertex normalsin anadditional



renderpassandeventuallyto obtainsmoothlyshadedsur-
faces.We have not yet implementedthis optimizationand
considerit futurework.

6. Results

We have evaluatedour systemwith a varietyof datasets
someof which aredepictedin Fig. 5 andFig. 6. Theevalu-
ationincludesbothtypical benchmarkdatasetsfor unstruc-
turedgrids visualizationandexamplesfrom CFD simula-
tionsin automotiveengineeringandCartesiandatasetsthat
weredecomposedinto tetrahedrain a pre-processingstep.
Table3 summarizestheresults.It shouldbenotedthatthese
resultsarealmostindependentof the viewport sizeof the
outputwindow andthat theresultsre�ect theframeratesat
which theisovaluecanbeadjustedby theuser.

We observed a peakperformanceof about7.3 million
tetrahedrapersecondfor theextractionandrenderingof the
isosurfacesandtherenderingspeedis approximatelylinear
in thenumberof processedtetrahedra.

However, for largedatasets,our currentsolutionsuffers
from thelimited memoryavailableon our graphicsadapter
(256 MB). As can be observed by comparingthe results
for the tornadodatasetwith the result for the neghip. Al-
thoughtheformerhasonly four timesthesizeof thelatter,
theperformancedropssharplyfrom 7.2to about2.9million
tetrahedraper second.The reasonfor this arehigh perfor-
mancepenaltiesthat are involved in texture transfersdur-
ing runtime.But for next-generationgraphicsboardswith
PCI Expressinterfacesandprobablyfurther increasedtex-
turememory, this will belesscritical.

To our knowledge, Pascucci's work is currently the
fastest GPU-based isosurface extraction implementa-

Figure 5. Isosurface sho wing the velocity
magnitude of a �o w around a car bod y.
Dataset cour tesy BMW AG.

Dataset # Vertices # Tetrahedra # Passes fps

Tornado 1,000,000 4,851,459 5 0.59
Neghip 262,144 1,250,235 2 5.8
Silicon 113,288 528,165 1 13.9
Car� 85,843 448,450 1 16.2
Blunt�n � 40,960 224,874 1 31.9
Orbital 32,768 148,955 1 43.9
Heatsink� 23,576 121,668 1 56.1

Table 3. Proper ties of various evalua-
tion datasets and corresponding framerates.
Datasets marked with an asterisk are gen-
uine cur vilinear or unstructured grids.

tion. He reportsabout 2.2 million tetrahedraper second
extractionperformancewithout normalsandabout1.7mil-
lion tetrahedraper secondswhen calculating normals
on a NVIDIA GeForce4 graphicscard. This board can-
notbecomparedwith state-of-the-artgraphicsadapterslike
theATI Radeon9800or NVIDIA 'sGeforeFX;thus,acom-
parisonof ourimplementationwith theimplementationpre-
sentedby Pascucciis currentlynot possible.On the other
hand,it is questionableif a graphicscardupdatecould be
able to boost the performanceof Pascucci's implementa-
tion by a factorof aboutthree—whichwould be required
to achieve comparableperformanceto what we found in
our measurements.This is especiallytrue as in the fu-
turethespeedof fragmentprocessinghardwareis expected
to grow signi�cantly fasterthanthatof thevertex process-
ing units.

Comparedto otherhardware-basedtechniquesthat can
handleunstructuredgridsweseetwo issuesthataccountfor
thehigherperformance.First, thereis no cell-sortingasis
requiredby cell projection,andsecond,thereis no needto
recomputelook-uptableswhenchangingtheisovalue(ray-
castingandcell projection).

7. Conclusionand Future Work

Commonapproachesfor isosurface renderingsuch as
volume rendering,cell projection,and ray-castingdo not
generatepolygonal geometry and, accordingly, are re-
strictedto differentkinds of shading.We have presenteda
hardware-acceleratedisosurface extraction approachthat
is capableof extractingisosurfacesfrom arbitraryunstruc-
tured (also non-convex) grids and, therefore,opensnew
possibilitiesfor post-processing.Our solutiondoesnot re-
quire sortedcell-lists like cell projection and, compared
to other isosurface extraction and renderingapproaches,
seemsto be the fastestimplementationcurrently avail-
able.



Figure 6. Isosurfaces extracted on the GPU. Datasets from left to right: Simulation of a heat sink;
orbital of a hydr ogen atom; synthetic tornado; sim ulation of the spatial probability distrib ution of
the electr on in an high-potential protein molecule; crystal structure of silicon.

The explicit polygonal representationof the extracted
isosurfacegivesriseto severalnew applications.For model-
ing complex geometries,bump-mappingcanbeusedto ob-
taingreaterrealism.E.g.,in medicalapplicationswherevol-
umedatasetsof innerorgansareavailable,bump-mapping
canbe usedto mimic the appearanceandstructureof real
tissue[6]. This appliesto all datasetsof organicmaterial.
Anotherapplicationwearecurrentlyworkingon is to com-
bine isosurfacesanddenserepresentationsof vector�elds
to enhancethe informationcontentof �o w visualizations.
Textureadvection[11] canbeappliedto visualizethe�o w
directlyonanisosurfaceof velocitymagnitudeor pressure.
Sinceboth,textureadvectionandour isosurfaceextraction,
runathighframerates,thisevencouldbedoneinteractively.
If moreelaboratepost-processingis desired,oftenneighbor
informationis necessary. In ourcurrentimplementationthis
informationis not yet available;however, addingthis fea-
ture is possible(albeit it involvesconsiderableefforts) and
will beavailablein futureversionsof oursystem.

However, we think the isosurface extractor even as a
stand-aloneapplication is a valuableprototyping tool in
environmentswherefast,interactive previews of large un-
structureddatasetsare indispensableand no high-quality
renderingsarerequired.
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Appendix

Whatfollows is thecompleteHLSL sourcecodeof thehardware-acceleratedisosurfaceextractionalgorithm:

float mod(float x, float y)
{

return x - floor(x/y) * y;
}

pixel renderTetrahedraShader(RenderTetrahedraSha derIn IN)
{

pixel OUT;
float weight, criterion;
float3 indicesTexCoords, index1, index2;
float2 fragmentPosition, tetraIndex, lambda, gamma, scalarsTexCoords, k;
float4 bitmask, epsilon, scalars, vertex, vertex1, vertex2, edgeIndex, temp;

// --- Compute edge index
fragmentPosition.xy = floor(IN.texCoords.xy);
edgeIndex = mod(fragmentPosition.x, 4);
// --- Compute the tetrahedron selector
tetraIndex.x = floor(fragmentPosition.x * .25);
tetraIndex.y = fragmentPosition.y;
// --- Compute texture coordinate for scalar texture and determine the scalar values
scalarsTexCoords = tetraIndex * ipbSize.yz;
scalars = tex2D(scalarsSampler_2, scalarsTexCoords);
// --- Compute bitmask for looking up the edges
bitmask = step(isovalue, scalars);
// --- Handle symmetries; invert bitmask iff bitmask interpreted as a binary
// --- value plus the number of ones in the bitmask greater than 9
criterion = dot(bitmask, float4(9, 5, 3, 2));
if (criterion > 9) bitmask = float4(1, 1, 1, 1) - bitmask;
// --- Triangle case
k.x = dot(bitmask, float4(0, 1, 2, 3));
k.y = mod(k.x + 2. * saturate(.5 * edgeIndex.x) + 1, 4);
// --- Quadrilateral case
lambda.x = dot(bitmask, float4(0, .5, .5, -.5));
lambda.y = dot(bitmask, float4(0, 1.5, .5, .5));
gamma.x = dot(bitmask, float4(0, -.5, .5, 1.5));
gamma.y = 3;
temp = edgeIndex.xxxx - float4(0, 1, 2, 3);
epsilon = float4(.1666666666, -.5, .5, -.1666666666);
epsilon.xyzw = epsilon.xyzw * temp.xxxy;
epsilon.xyzw = epsilon.xyzw * temp.yyzz;
epsilon.xyzw = epsilon.xyzw * temp.zwww;
temp.x = dot(epsilon, lambda.xxyy);
temp.y = dot(epsilon, gamma.xyyx);
criterion = dot(bitmask, float4(1, 1, 1, 1));
if (criterion == 2) k.xy = temp.xy;
// --- Compute texture coordinates for looking up vertex indices
indicesTexCoords.xy = (4 * tetraIndex.xx + k.xy);
indicesTexCoords.z = fragmentPosition.y;
indicesTexCoords = indicesTexCoords * ipbSize.xxz;
// --- Look up vertex indices
index1 = tex2D(indicesSampler_0, indicesTexCoords.xz);
index2 = tex2D(indicesSampler_0, indicesTexCoords.yz);
// --- Look up the vertices and interpolate (1.9921875 = 255/128)
index1.xyz = 1.99609375 * index1.xyz;
vertex1 = tex3D(verticesSampler_1, index1.xyz);
index2.xyz = 1.99609375 * index2.xyz;
vertex2 = tex3D(verticesSampler_1, index2.xyz);
weight = (vertex1.w - isovalue.x)/(vertex1.w - vertex2.w);
vertex.xyz = lerp(vertex1, vertex2, weight);
vertex.w = tetraIndex.y*numTetsPerLine.x + tetraIndex.x;
vertex = vertex * saturate(criterion);

OUT.position.xyzw = vertex.zyxw;
return OUT;

}


