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Abstract

Real-timefree-formdeformationtools are primarily basedon surfaceor particle representationgo allow for in-
teractivemodificationandfastrenderingof complex models Theeficienthandlingof volumetricrepresentations,
however is still a challeng and hasnot yetbeenaddressedsuficiently Volumetricmodels,on the other hand,
form animportantclassof representationin manyapplications.In this paperwe presenta novel appioad to the
real-timedeformatiorof scalarvolumedatasetstakingadvantage of hardware supportedD texture mapping In
a prototypeimplementatiora modelingenvironmenthasbeendesignedhat allows for interactive manipulation
of arbitrary parts of volumetricobjects.In this way, any desied shapecan be modeledand usedsubsequently
in variousapplications.Theunderlyingalgorithmshavewide applicability and can be exploited effectivelyfor

volumemorphingandmedicaldataprocessing

1. Introduction and related work

Over the last coupleof yearsa numberof algorithmshave
beendevelopedto allow for interactve free-formdeforma-
tionsof complex models'2 4 1. 8.3, Onthebasisof thesealgo-
rithms mary tools have beendesignedhat male free-form
deformationgasyto applyandthusenableefficientandflex-

ible manipulationof the available models.The integration
of thesetools into commercialsoftware productshaslead
to powerful modelingsystemshat allow the non-epert to

efficiently designandmodify ary desiredshape.

The vastmajority of theseapproacheshowever, arere-
strictedto thehandlingof polygonalmodels but they do not
considervolumetric objectsalthoughthe underlyingdefor
mationdeformsaregion of threedimensionaspaceObjects
in realworld, on the otherhand,areoften solid andthe in-
terior hasto be consideredswell. Prominentexamplesare
gaseousolumetricobjectsor fluidslike clouds fire andwa-
ter, semi-transparemnpolygonalobjectsthat are filled with
voluminousmaterial,or scalarvolumedatasetsasthey arise
from measurement®.g.,CT, MRI imaging),computations
(e.g.,CFD, ervironmentalscience)andin industrialmodel-
ing or arts.

Despitethe fact that todaysmodelingtools exclusively
supportpolygonalrepresentationse expectthe samefunc-
tionality to be availablefor volumetricrepresentationis the
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nearfuture. With the rapid progresghatis currentlymade
in the developmentof hardware acceleratedolumerender

ing algorithms? 14 11 the emphasiwill be shifting towards
adwancedalgorithmsfor volumeeditingandmanipulatioras
they have beendevelopedin surfacegraphicdn thepast.Our
vision is thatinteractve deformation®f volumetricmodels
will becomea key featurein modernmodelingtoolsexhibit-

ing thesamefunctionalityasit is alreadyavailablefor polyg-
onalmodels.

In this paperwe addresghe problemof enablinginter-
active, i.e., high speedyolumedeformationssincestandard
approacheso volumetricmodelingusing deformationsare
generallytoo slow to provide the modelingenvironmentre-
quired for productve work. Targeteduser groupsinclude
modelersartists,computationakcientistsaswell asindus-
trial designersamongmary others.By meansof the pre-
sentedmethodarbitrarylocal and global deformationscan
be appliedto volumetric objectsof reasonablesize as de-
pictedin Figurel. Availablemodelscanbe manipulatecand
modified but alsocompletelynew objectsmight be created
in anartisticmanner

The natureof the proposedsolutionandtheir benefitsare
the following: we proposeto use3D texture mappinghard-
ware coupledwith backward distortionof 3D texture coor
dinatego achiere thedesireddeformation/modelingffects.
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The primary benefitis speed assuminggraphicshardware
that supports3D texture mapping,suchasthatavailableon
SGIIR/OctaneHP VisualWorkstationthe ATl Radeorand
Intense3DWildcat graphicsacceleratorsA key benefitof
our approachis that the volumeitself is not deformed but
ratherthe mappinginto the volume. As we will shawv in
theremaindenof this paper this allows usto selectarbitrary
deformationdyy simply changingthe mappingsduringren-
deringwithout thatwe have to explicitly deformthe object
itself. Consequentlyno spacevarying re-sampling,which
may compromisahe original data,is required.

Figure 1. Localandglobal deformationsre appliedto vol-
umetricobjectsin real-time A prototypemodelingerviron-
mentallowsfor theeficientdesigrandmanipulationof sud
objectsonthecomputer

The novelty of the approachis twofold: We leverage3D
texture mappinghardvare to do non-linearusercontrolled
deformationsof volumes,going significantly beyond pre-
vious approachesvhich didn't take adwantageof hardvare
acceleratior or only allowed affine deformationof theen-
tire volume cube or sometesselatiorinto a small number
of primitives as proposedn > 13, We do sowith a particu-
lar usageparadigmin mind, which greatly facilitatessim-
ple and intuitive control over the more intricate deforma-
tions we provide an algorithmic basisfor. In this context,
we developeda prototypedeformationtool thatcanbe eas-
ily extendedto more sophisticatednteractionparadigms,
e.g.mechanismshatallow for free-handmanipulationdike
sculptingor carvingin virtual reality ervironments.

Theremaindewof this paperis organizedasfollows. First,
weintroducethebasicideaof separatinghaperom appear
ancenecessaryo provide basisfor the efficient handlingof
volumetricobjects.We thenproposea renderingalgorithm
for volumetricmodelstaking advantageof hardware accel-
erated3D texture mapping.Finally, we demonstratéow to
performarbitraryreal-timedeformationf volumetricrep-
resentationsisingbackward distortionsof 3D texture coor
dinates.We concludethe paperwith ananalysisof the dif-
ferentmoduleghathave beendevelopedin this work.

2. Object representation

We aim to constructa volumetricrepresentatiothatallows
the userto separatelpecifythe shapeof the objectandits
appearanceThereforewe proceedin the samemanneras
in surfacegraphicswhereshapeis usuallydefinedby a ge-
ometricrepresentationyhile appearancehesidesotherat-
tributes,is determineddy the 2D texture thatis assignedo
theobject.Throughoutheremaindenf this papemwewill be
following this paradigm put appearancwill now be speci-
fiedin termsof a spacsdilling 3D texture.

2.1. Shape modeling

The adwvantagef a strict separatiorof shapefrom appear
ancehave alreadybeenexploitedin the designof the Volu-

mizer volume renderingAPI 13, Here, the underlyingcon-
ceptis to geometricallyrepresenthe objectby an unstruc-
turedgrid, causingatesselatiomusingvolumetricprimitives,
i.e. tetrahedraprismsetc. A 3D texture mapdefinesthe ap-
pearancef the object,andby assigninga 3D texture coor

dinateto eachgrid point elementscannow bedisplayedoy
meanof hardwareaccelerate@D texture mapping.

In general,however, this concepthasturnedout to be
ratherimpractibledue to the following reason:as soonas
mary primitives are neededio accuratelymodelthe shape
of theobjecttherenderingperformanceslows down consid-
erably In particularthis is dueto the overheadthat hasto
be spentin orderto computefor eachelementhe sectional
polygonsneededo renderthe elementon a slice-by-slice
basis.Ontheotherhand,wheneer theshapeof theobjectis
going to be modifiedthe 3D tesselatiorhasto be modified
aswell. Particularlyif non-lineadeformationsreappliedio
theobjectprimitiveshave to besplit andnew primitiveshave
to beinsertedFor ary objectthatexhibitsareasonableom-
plexity grid generatioranddisplaycannotbe performedn-
teractvely thusmakingtheapproacHesssuitedfor thekind
of problemaddresseith this work.

Insteadwe follow a differentpath:the shapeof the vol-
umetricobjectis solely definedby the surfaceenclosinghe
object. Without loss of generalitywe assumethat the sur
faceis representetby a trianglemesh.As a matterof fact,
during the modelingphasethe interior of the objectis ex-
clusively definedin termsof appearancale will shav that
a geometricalepresentationf the interior is not necessary
in generalandthatdeformationcanbeappliedmuchmore
efficiently duringtherenderingphase.

2.2. Appearance modeling

In the currentapproachthe appearancef ary volumetric
objectis modeledby meanf a 3D texture mapthatentirely
definesheinterior of thespecifiedshapeA simpleinterface
allows for the assignmenbf appearance shapeOncethe
geometryhasbeenmodeledvertex positionsare automati-
cally scalecto therangeof [0, 1] andthe objectis displayed
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within thetexturedunit cubeasillustratedon the left image

in Figure?2. Sincevertex positionsnow directly correspond
to therelative positionof verticesin the unit cubethey are

issuedas3D texturecoordinatesThusthepartof thetexture

thatis coveredby the objectis uniquelydetermined.

Figure 2: A simpleinterfaceallows oneto arbitrarily posi-
tion the geometrythat definesthe objectsshapewithin the
texture cube Ontheright, the volumetricobjectis rendeed
usingour appmoad asoutlinedbelow

Theusercanarbitrarily scale translateor rotatethe object
within the texture cubein orderto determinethe partof the

texturethatshouldbeusedto definethe objectsappearance.

Texture coordinatesreupdatecdcorrespondinglandfinally
determinethat part of the texture that should be enclosed
by the object. In a differentwindow the volumetric object
is renderecsimultaneouslyhusallowing the userto inspect
thechangesssoonasthey areissued.

2.3. Rendering volumetric objectsvia 3D textures

Volumerenderingvia 3D texture mapshasbhecomea powver
ful tool to interactvely displayandthusanalyzescalardata
fields2. Interpretingvolumerenderingasthere-samplingof
adiscrete3D texturemaponappropriatelyorientedsocalled
cutting geometriedike planesor spheresllows oneto ex-
ploit hardware supportedexture interpolationand perpixel
blendingto simulatethe appearancef semi-transparemhe-
dia.

Most commonlythetexture is re-sampledn planespar
allel to the viewing planein back-to-frontorder The data
to be storedin the texture mapis assumedo be definedon
a Cartesiargrid, and consequentlpnly the sectionalpoly-
gonsbetweeneachplaneandthe boundingbox of the grid
have to be computedasillustratedin Figure3. Thetextured
polygonsarethenrenderednto theframebuffer andblended
with the previousresults.

We proceedby recognizingthatthe algorithmalreadyre-
liesonthestrict separatiorof shapefrom appearancaspro-
posed.The shapeof the objectsis determinedy the polyg-
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Figure 3: Volumerenderingby 3D texture slicing

onal representatiomf the boundingbox while its appear
anceis given by the texture map.Now the advantageof the
proposednodelrepresentatioimmediatelybecomeglear:
thebasicvolumerenderingalgorithmvia 3D texturescanbe
performedusingary desiredshapeby clipping every plane
with the polygonalrepresentatiorNo matterwhetherthis is
asimpleboundingbox or amorecomplex geometryoncea
uniquedatastructurehasbeendefinedthatstoresthe geom-
etry thealgorithmproceedsn exactly the sameway.

2.4, Clipping and Tesselation

In orderto efficiently computethe sectionalpolygonsbe-
tweeneachcuttingplaneandthetrianglemeshourapproach
proceedssimilarly to the oneproposedn 15. We exploit an
active edgelist datastructurethat consistsof a vertex list, a
trianglelist, anedgelist andanactive edgélist. In thevertex
list eachvertex positionis storedasa 3D coordinateaccom-
paniedby a 3D texture coordinateIn the trianglelist each
elemenis representebly threereferenceito thevertex list
andinto the edgelist, respectiely. Elementdn the edgelist
storelinks to the verticesdefiningthat edgeaswell astwo
additionalreferenceto thetrianglelist thatspecifythetwo
facesadjacento thatedge.

Once an arbitrary intersectionpoint betweena cutting
planeandanedgeof thetrianglemeshhasbeendetermined,
the edgebaseddata structureallows one to quickly find
the next elementandthe edgesthat have to be checled for
further intersectionawith the currentplane.A simplewalk
acrosghe meshis performedby successiely following the
referenceaintil anelements hit that hasalreadybeenvis-
ited. As theobjectis consideredo be closedwe endup with
aclosedbut maybeconcae polygonthathasto berendered
(seeFigure 4). It is worth sayingthat at eachintersection
pointthe appropriateexture coordinatehasto be computed
by linearinterpolationaswell.

In additionto the aforementionediatastructuresve uti-
lize anactive edgedatastructurein orderto avoid processing
theentireedgelist to find ary edgethatintersectshecurrent
plane.Thereforefor eachnew view 3D spacds partitioned
into slabsof constantwidth thatare orientedparallelto the
view plane.For eachedgethefirst andthelastslabit over
laps are determinedandfor both of thema pointerto this
edgeis stored Precedindgrom backto front we dynamically
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updatethe active edgelist thatkeepsreferenceso all edges
thatmayhave anintersectiorwith the currentplane.When-
everanew slabis enteredheactive edgelist is updatedwith
respecto thereferenceshatarestoredfor this slab

Dependingon the objects’geometricepresentatiomul-
tiple sectionalcontoursmay arise in each cutting plane.
In orderto avoid processingelementsrepeatediythey are
taggedonce they have beenintersectedwith the current
plane.Thenthe entire setof contoursis retrieved by suc-
cessvely checkingthoseentriesin the active edgelist that
have not yet beentagged.In addition,every contourhasto
be classifiedn termsof whetherit is enclosedy ary other
one.In this casewe have to take carethatonly theregion be-
tweenthe outercontourandtheinnercontourss rendered.

We proceedby recognizingthat the generatedsectional
contoursare mostlikely to be concae andthus cannotbe
renderedusing the core OpenGLrenderingprimitives. We
attack this problem by appropriatelytesselatingthosere-
gionsin thecurrentslicing planethatcover theobjects’inte-
rior. Thereforewe exploit the OpenGLutility library which
providesadditionalfunctionalityfor theautomaticcomputa-
tion of trapezoidadecompositionsf concae polygonsin-
cludingmultiple holes.

Figure 4: Differentsectionalcontous andthe correspond-
ing tesselationsare shown.On the left a sphee wasglob-

ally squeezednd locally stretdhed.On theright the object
waslocally squeezedt threedifferentlocationsyieldingone
outerandthreeinner contous thathavebeentesselateayp-

propriately

Eachtime a contourandarbitrarily mary inner contours
have beencomputedhey arehandledo thetesselatowhich
constructa setof trianglesthatcanbedirectly retrievedand
renderedthroughOpenGL.In Figure 4 the computedtes-
selationsfor two differentcontoursare shavn. In casethat
multiple contourshave to be rendereda simple in-out test
yieldsthe appropriatesetsto betessellated.

3. Object deformation

The difficulties that arisewhendeformationsare appliedto
volumetricobjectsthatarerenderedsia 3D texturesaretwo-
fold. First, free-formdeformatiortoolsusuallydon't support
the possibility to easily retrieve the changein the position
of an arbitrary point in the interior of the object. Second,

it is not obvious how to renderthe deformedobjectvia 3D
textures. At first glancethis involves updatingthe texture
mapwith respecto theapplieddeformationsThis,however,
canhardlybedonein real-time.

In orderto accountfor both problemswe methodically
andalgorithmicallysplit thedeformatiorprocedurento two
distinctparts:the modificationof shapeandthe deformation
of theobjects’interior.

3.1. Shape deformation

In our prototypeimplementationshapemanipulationsare
issuedby deformingthe triangle meshusing ary available
free-form deformationmethod.Vertex positionsare trans-
formed in 3D space,but texture coordinatesremain un-
changedhus propagatinghe deformationinto the interior
of theobject.

Unfortunatelythis approacheadsto inconsistentesults
becausehe tesselatiorof the sectionalpolygonsand thus
thegeneratiorof texturecoordinatedn theinteriorof theob-
jectby linearinterpolationis view dependenasillustratedin
Figure5. As a matterof fact, distortionsof theinterior that
result from object deformationscannotbe dealtwith cor
rectly. However, aswill bedescribedn thenext section,our
proposeddeformationschemeallows for the integration of
this particularkind of deformationsstraightforvardly.

i

il

Figure 5: Thesamedeformedshapes rendeedfromdiffer-
entviews. Dueto the chosentesselatiordeformationsnight
notbeappliedconsistently

|

i

3.2. Appearance deformation

In orderto simulatedeformationf the objectsinterior we
developedanapproactthatis well suitedfor volumetricob-
jectsdisplayedby meansof 3D texture maps.In particular
the usersuppliestwo parametersn orderto specify a de-
formation:a point € (0, 1)3 texture spacein the interior of
the objectanda displacementectorthatindicateghedirec-
tion andthe distancethis point shouldbe moved into this
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direction. A third parametetthat is hard-codedn the de-
formationtool determineghe extent of the deformationas
outlinedin Figure6. Thedisplacementectorandthe extent
of thedisplacemengntirelydefinea so-calleddisplacement
volumewith an underlyingcoordinatesystem.Every point
containedn this volumewill bedisplacednto the specified
direction.ThedisplacemenvalueV (u,v,w) for ary pointis
computecasatensomproductof 1D displacementunctions,
B, asfollows:

V (U, %w) = By(u) - By(v) - Bu(w)

Bu and By are quadraticB-Splinescenteredat the dis-
placedpositionwith a supportthat coversthe extent of the
deformation.In the lower third of the deformationvolume
Bw is definedsimilarly. In the upperpart, however, it is de-
finedasa quadratidB-Splinewith twice the support By this
particularchoicewe mimic elasticmaterialthatis squeezed
due to the deformationinto a certaindirection. Functions
Bu(u) - By(v) andBw(w) arepre-compute@ndstoredin an
appropriatedatastructurein orderto minimize the compu-
tationaloverheachecessaryo retrieve thedisplacemenval-
ues.Sinceat eachboundaryfaceof the deformatiorvolume
the displacemenvaluesare zeroa continuousrangein the
interior is guaranteedvenif deformationsareapplied.Fig-
ure 6 shavs a sectionaldraving of the deformatiorvolume
andexemplifiesthedistribution of displacementalues.

111

vector

D
>
v

.

deformed
E point

A
w v M "
(000) extent
=u
displacement coordinate system

Figure 6: Theleftimage showshedisplacementolumeand
the underlyingcoordinate systemIn the next image a slice
out of the displacementolumeis drawn. Displacemenval-
uesare linearly mappedo intensity

Fromthepositionandorientationof thedisplacementol-
umethe (0,1)* texture coordinateof ary point in the dis-
placementolume canbe directly computed The deforma-
tion is then applied by shifting the coordinateabout the
negyative displacementalue along the deformationdirec-
tion thus performinga backward distortionof texture coor
dinates.This approachs quite similar to the oneproposed
in 7, whereso calledray deflectorsvhereusedto distortthe
directionof rayspassinghroughthe supportof thesedeflec-
tors.
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Figure 7: Ontheleft, thelocally deformedsolumeis shown.
Ontheright, thewireframerepresentatiorof tesselationgn
ead deformatiorvolumeis rendeed.

3.2.1. Rendering

Prior to processinghe currentslicing planewe first check
for ary possibleintersectionof this planewith ary of the

active deformationvolumeslf sotheslicing planeis clipped
againsthe boundingbox of the deformatiorvolume.Local

(u,v,w) coordinatesirecomputedat eachintersectiorpoint

by linearinterpolationof coordinatesssuecdatthe cornersof

the boundingbox. Basedon the positionof the intersection
points,on the otherhand,we candirectly computetexture

coordinatesvith respecto the 3D texture mapto which the
deformationis applied.

We proceedby cornverting the corvex sectionalpolygon
into anumberof triangleswhicharerefinedfurtheron. Each
triangleis subdvidedinto four new trianglesby connecting
theedgemidpoints.Eachnew vertex getsassignedheinter
polatedcoordinatesvith respecto thelocal deformatiorco-
ordinatesystemandtheunderlyingtexturespaceTheproce-
dureis stoppedf auserdefinedsubdvision depthhasbeen
reachedor if the sizeof the generatedrianglesfalls belov
athresholdthatis specifiedwith respecto pixel size.Local
deformatiorcoordinatesreusedio index into thearraystor
ing the pre-computedieformationvalues.Thesevaluesare
thenusedto displacetexture coordinatesnto the direction
of the deformationIn this way non-lineardeformationsan
bemodeledby anadaptve piece-wisdinearapproximation.

One of the nice featuresof this approachs thatthe ac-
curay of the approximatiorcanbeinteractvely controlled.
During movements for instancetrianglesare not goingto
besubdvided,butin astill pictureamoreaccurateepresen-
tation shouldbe preferred Note however, thateven without
the adaptve tesselatiorthe deformationwill alreadybedis-
playeddueto thegeneratiorof clip contourswith theregion
in whichthedeformatiortakesplace.

Now that the generalmethodfor simulatingappearance
deformationshasbeensetup, we have to considerthe ren-
deringof suchdeformationsLet usshiftemphasiso thefact
thatfor eachcutting planemultiple sectionalcontoursmay
be generatedSomeof themarisefrom clipping the slicing
planewith the triangle meshthat definesthe object, others
resultfrom clippingtheplanewith thedeformationvolumes.
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Finally, howvever, all tesselatedontourshave to berendered
in theright order

Figure 8: Ontheleft eath contouris tesselatedepantely
Ontheright tesselatioris performedagainstthe outer con-
tours andtheinnercontous.

From Figure 8 we obsere that by separatelytesselating
every contourwe end up with mary overlappingtriangles.
Renderingthesetrianglesleadsto wrongresultsandin ad-
dition mary fragmentsare going to be rasterizedwice. In
orderto overcomethis problemwe emplg thetesselatoto
construcksetof triangleshatcoverstheregionin eachslice
thatis not affectedby the deformation.The sectionalpoly-
gonsbhetweenthecuttingplaneandthedeformationvolumes
areissuedasinnercontoursandwe tesselatéhesecontours
againstthe crosssectionof the triangle meshasillustrated.
Now the setof trianglesexactly covers the interior of the
objectandcanbedirectly renderedn ary order

Let us concludethis sectionby mentioningthat the pre-
sentedapproactcanbe usedto accountfor shapedeforma-
tionsaswell. All we needto know is theregionin 3D space
thatis affectedby thedeformatiorof thetrianglemesh Each
trianglethatis suppliedby thetesselatois recursvely sub-
dividedif it hasacrosssectionwith thedeformatiorvolume.
The deformationof the meshis propagatednto the objects
interior by meansof the displacemenof texture coordinates
with respecto the displacementalues.

3.3. Deformed iso-surfaces

The 3D texture basedvolume renderingtechniqueas de-
scribedin Section2 canalsobe usedto displaylightediso-
surfaces!. This is doneby re-sampling3D gradientmaps
that storethe pre-scaledyradientsandthe scalardatasam-
plesin aRGB anda texture,respeciiely.

The commonprocedureemplged in ray tracingfor iso-
surfacerenderingwherethe ray is traceduntil thefirst in-
tersectionwith the surfaceis found, can be simulatedeffi-
cientlyby meanof OpenGLperfragmentoperationsCom-
bining alpha-anddepth-testuring re-samplingguarantees
thatonly thosetexture sample<slosesto the viewpoint and
above/belav a userdefinedthresholdare drawvn into the
frame buffer. Perpixel diffuselighting is accomplishedy
multiplying the RGBa componentswhich now store the
gradientvector with a color matrix ® asavailableon SGI IR

andOctanesystemsThis matrix hasto beinitialized prop-
erly to performscaling,modelviev rotationandthe scalar
productcalculationwith thelight sourcedirectionvector

input registers general final output register
RGB A P o

combiner 0 combiner

slice (i +1)
gradient
intensity

dot
product

AeB L
A
direction _J||
et .
lor of I
difuse light 3 Lprimary color] c
D

color of | >
ambicain 4 >

AB+

@a-Ac 'I

+D
RGB A

Figure 9: The register combinersetupfor non-polygonal
shadedso-surfacesvith 3D texturesis illustrated.

As proposedn 11 this approactcanbeimproved consid-
erably by exploiting the functionality of currentPC graph-
ics hardwvare, i.e. the Nvidia GeForce family GPUs. On
thesechipsprogrammablg@erfragmentarithmeticis avail-
able during rasterizatiof, that allows to computecomple
combinationdetweerthe color of incomingfragmentsand
texture samplesin a single renderingpass.The hardware
is capableof simultaneouslyperforming component-wise
products and dot-product calculationsbetweenthe frag-
ment color, multiple texture samplesor userdefinedcon-
stantRGB values.Since3D texturesare not yet supported
by NVidia's GeForce architecturetrilinear interpolationis
performedby meansof multi-textures.However, with hard-
ware supportfor 3D textures,which will becomeavailable
on the next generationGPUs, non-polygonalshadediso-
surfacesxcanberenderedn asinglepassasoutlinedin figure
9. The materialgradientis storedin the RGB portionof the
3D texture andin one of the generalcombinerstagesthe
dotproductbetweerthe gradientandthedirectionof light is
computedIn thefinal combinertheresultis multiplied with
the color of the diffuselight sourceandan ambientlight is
added.

Usingtheseapproache$or the displayof deformednon-
polygonaliso-surfices,however, the resultsbecomeincor
rect as long as the original gradientscomputedfrom the
non-deformed/olumeareusedfor illumination. In orderto
circum\ent this problemwe borronv an ideathat was first
proposedn 0 for renderingoump-mappedurfacesandex-
ploited further on for the gradient-lessenderingof shaded
iso-surficesvia 3D texturesin 1413, The diffuse lighting
componenCyjss canbesimulatedoy thedirectionalderiva-
tive of the scalarmaterialX with respecto the directionof
light L. Thisis doneby computingforward differencego-
wardsthelight sourcein the scalarfield:

Caiiff ~ 3—f = X(Bo) = X(Bo+A-L)
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The procedurecan be accomplishedy a two-passren-
dering approach Eachslice is renderedtwice into an in-
termediatebuffer, but the lattertime texture coordinatesare
slightly shiftedtowardthelight sourceandthefragmentval-
uesare subtractedrom the previous results. The forward
differencesarethencopiedinto the color buffer (seeFigure
14).

The samealgorithm can be performedmuch more effi-
cientlyusing3D multi-texturesandperfragmentarithmetics
asproposedAt eachvertex two texture coordinatesreis-
suedthat mapinto the samescalar3D texture. The second
coordinatehowever, is shiftedtowardthe light sourceposi-
tion. Figure 9 gives an outline of animplementatiorusing
registercombinersln the generakombinertexture samples
are subtractedrom eachotherandthe resultis multiplied
with the color of the light source Ambientlight canalsobe
addedat thefinal combinerstage Sinceforwarddifferences
arenow computedbasedon the deformeddata,thelighting
calculationnow accountgor thedeformatiorof gradientsas
well.

input registers general

RGI combiner 0 output register

final
combiner
slice (i +1)

HE
L

]
A
(rwerr}>) © | SumL

slice (i +1)
(shifted) 3D texture

i

A+B

direction _J||
recton |

0 ! iy coor] | o
dlﬂusellghl* primary color

color of _||
ambient light q
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@a-Ac 'I

+D
RGB A

olo|m|>

i

Figure 10: Theregister combinersetupfor non-polygonal
shadediso-surfacesappmoximating directional derivatives
towardsthelight source

4. Analysis

In this sectionwe analyzethe mainmodulesandfeaturesof

our systemAll testswererun on a SGI OctaneV8 system
equippedwith one R12000,400 MHz processqr128 MB

texture memoryand256 MB mainmemory

In generaltheperformancetronglydepend®nthecom-
plexity of the geometryusedto definethe shapeof the ob-
ject and on the numberof issueddeformationsas well as
their support.In practicalapplicationshowever, we noticed
thatit suficesto useonly coarsegeometriesandto apply
the deformationgo the interior of the objectratherthanto
its shape Our experimentshave shavn that objects- with-
out deformations consistingof approximately4-6K trian-
glescanbeclippedagains200cutting planesandtesselated
while still achieving frameratesof 10-15fps. Thistime also
includesthetime neededo updateheedgebasediatastruc-
tureandto computeheintersectiorpointsandtheappropri-
atetexture coordinatesAlthoughthis numberis far beyond
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the numberof trianglesonewould typically selectit shavs
that even very comple shapescan be chosenwithout de-
gradingthe performancesignificantly

In casethatdeformationsareappliedthe overheadhatis
introducedmight be considerablyEven thoughonly anin-
significantamountof time is neededo computethe cross
sectionsof thedeformationvolumesandthe appropriatele-
compositioninto triangles,the tesselatiorof the outercon-
touragainsmultiple innercontoursandtherecursve subdi-
visioneventuallyslow dowvn theperformancéo someextent.

The differencecanbe obsered very preciselyin Figure
14wherethesamedatasetwasrenderedisingdifferentsub-
divisiondepthsTheenclosingrianglemeshconsistof 112
triangles.The imageon the left was generatedvith 8 fps,
while ontheright we couldonly achiere 3 fps. Thisis dueto
theincreasingamountof trianglesto be generateéndren-
dered(from 6K to 96K) andthe simultaneouslyncreasing
amountof numericaloperationgo be performedn orderto
interpolatevertex andtexturecoordinatesNotehoweverthat
therenderingime doesnotdependinearlyonthenumberof
renderedriangles.In this particularexampleapproximately
90%of thetime neededo rendertheleft imagewasusedoy
thetesselatorSincewe only performthe subdvision within
eachdeformationvolumethis amountremainsconstantfor
therenderingof therightimage.

Renderingthe enginedatasetshavn in Figure 1, on the
other hand,was performedwith 2 fps in contrastto 8 fps
without deformationsThe polygoncountraisedfrom 16K
to 156K. In this examplean insignificantamountof time
wasnheededor tesselatiolecausenly oneglobaldeforma-
tion wasapplied .But againwe recognizehatahugeportion
of the overall time is neededor othertasks,i.e. 3D texture

mapping.

Finally let us notethatin all our examplesperformance
could beimproved further on by consideringhe pixel-area
basedstoppingcriterionfor recursve subdvision. This has
notyetbeenintegratedinto this approach.

5. Conclusion and futurework

In this paperwe have emphasizeda novel approachto
achieve real-timevolume deformationsvia forward distor
tion of 3D texture coordinateghrough standardAPlIs like
OpenGL.One contrilution hereis that we strictly separate
the deformationof shapefrom the deformationof appear
ance.We do this in a more rigorous manneras proposed
in the OpenGLVolumizerAPI. In particularwe reducethe
problemof modelingand renderingthe adaptvely refined
interior of a volumetricobjectto a 2D problemwithin each
slicing plane.Althoughwe expectthe overall numberof tri-
angleggenerateé@ndrenderedy ourapproacho besimilar
to the numberthatis generateasedon a tetrahedraliza-
tion we believe thatour approactsimplifiesthecomputation
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and allows for arbitrary on-the-fly refinementsand coarsi-
fications.In particularthis allows usto adaptvely consider
deformationgluringtherenderingohasehusdecouplinghe
compleity of therenderingalgorithmfrom objectcomplex-
ity.

Ourresultshave shavn thatthe presentednethodis sig-
nificantly fasterthan other methodspreviously proposed
without introducingary imagedegradationsThe usercan
flexibly selectthe desiredaccurag with which non-linear
deformationsshouldbe approximatedn the interior of the
object. Sincethe deformedvolumetricobjectis re-sampled
duringrenderingt canbereadslice-by-slicefrom the color
buffer andrestoredn a 3D texture map.In this way there-
sult canbe usedfurther on in ary otherapplication.How-
ever, someaspecbf ourapproacthave to beevaluatedmore
carefully:

¢ Multiple overlappingdeformationsave notyet beenad-
dressedln this context we arethinking aboutstratgiesto
efficiently meige multiple deformationvolumes.

e So far, non-polygonalshadediso-suracescan only be
renderedisingthe proposedwo-passapproactthatsim-
ulatesdiffuseillumination. This is dueto the reasornthat
hardware supported3D texturesare not yet availableon
theNvidia GeForce?2 chipset.

e Our approachasto be accompaniethy a moresophisti-
catedfree-formdeformatiortool allowing for theintuitive
designof arbitraryshapesWe arecurrentlytrying to inte-
grateour algorithminto a virtual reality environmentthat
enabledgree-handnodelingof volumetricobjects.

Neverthelessye arecorvincedthattheideaswe presented
will beinfluentialfor futuredevelopments:

e We have proven that real-timevolume deformationsare
nolongeradreamandcanbeperformedoncurrentgraph-
icsarchitectures.

¢ We have demonstratethatobjectmodelingasit wasex-
clusively existing in surfacesgraphicsuntil now canalso
beappliedto volumetricobjects.

¢ We arecorvincedthatthe outlinedalgorithmwill bein-
fluential for medical applicationslike volume registra-
tion. Oncea matchingfunction betweentwo objectshas
beencomputedt canbe expressedn termsof displace-
mentvolumes Theiterative procesghatconsecutiely re-
sampleghe deformedvolume,re-computeshe matching
function andthe resultingdeformationvolumesyields a
powerful tool for volumeregistrationandclassification.
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Figure 11: A differentapplicationof our proposedalgorithmis demonstated: a coarse geometryis usedto extract the brain
structue froma 3D MRI dataset.Arbitrary clipping geometriexanbe exploitedto interactivelysggmentmedicaldatasets.

Figure 12: In this CT dataset,thejaw wascontinuouslypulledoutsidethe head.

Figure 13: Squeezingndstretching theengine
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Figure 14: Ontheleft, trianglesusedto renderthe deformationsvere subdividedonly once On theright, 4 subdivisionsteps
were performed.

Figure 15: Bothimagesshowthedeformecheaddataset.Ontheleftit is directlyrendeedandontheright diffuseillumination
is simulatedby forward differencing
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