ILLUSTRA TIVE DEFORMATION OF VOLUMETRIC
OBJECTS AND OTHER GRAPHICAL MODELS

BY CARLOS D. CORREA

A dissertation submitted to the
Graduate School—NewBrunswick
Rutgers, The State University of New Jersey
in partial ful Iment of the requirements
for the degreeof
Doctor of Philosophy

Graduate Program in Electrical and Computer Engineering

Written under the dir ection of
Prof. Deborah Silver

and approved by

New Brunswick, New Jersey

May, 2007



c 2007
Carlos D. Correa

ALL RIGHTS RESERVED
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Graphical Models

by Carlos D. Correa

Dissertation Dir ector: Prof. Deborah Silver

The purposeof visualizationis to gain understandingf 3D structureshroughimages. Al-
thoughmary renderingtechniqueshave beenproposedor this purpose the effective visual-
izationremainsa challengingtask,dueto occlusionclutter, noisein the data,andacquisition
pose. Recentsolutionsto this problemdealwith transferfunctionsandotherrenderingtech-
niquesto enhancehe visibility of certainpartsof interest. At the coreof thesetechniquess
theassumptiorthatthe usersrole is passie andthatthe dataremainsunchanged.

In this thesis,we explore a more active approachto visualization,wherea scientistcan
manipulateadatasetsif deformingarealmodel.We call thistypeof manipulationllustrative
Deformation Our approachdravs the namefrom the typesof deformationsthat are often
depictedn scienti ¢ illustration,which areusedto enhancevisibility of certainfeatureswhile
providing context, or to abstracthe structureof an objector procedure.lnspiredby medical
andsugicalillustration,our approactwasdesignedo reproducesomeof their key properties:
illustrationsoften containscutsanddissectionsthey allow feature-sensitie operationsyhich
canbeappliedto asemanticomponenbf theobjectwithout affectingotherpartsof theobject,
andthey enablevirtual operationswhich do not necessarilyconformto reality, but areuseful
for understandinghe structureof complex objects.

Our approachis basedon a generalizechotion of 3D displacementnaps,which uni es



the speci cationof continuousanddiscontinuousieformationson both volumesandsurface-
basedobjects. We shav how displacementgan describea wide rangeof transformations,
including cuts and peels,how they canbe extendedto include feature-sensiie operations,
andhow canthey beimplementedo obtainhigh quality interactive renderingon commodity
hardware.We alsoshav how ourapproacttanbeextendedo thedeformatiorof surface-based
modelswithouttheneedfor remeshingThroughanumberof examplesandquantitatve results,
we demonstratéhe generality e xibility andscalability of our approachandwe explore its
applicationsn medicalillustration, sumgical planningandsimulation,andasa generatool for

visualizationandcomputergraphics.
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Chapter 1
Intr oduction

The purposeof visualizationis to gain understandingf 3D structureshroughimages. Al-
thoughmary renderingtechniqueshave beenproposedor this purpose the effective visual-
izationremainsa challengingtask,dueto occlusion,clutter, noisein the data,andacquisition
pose. Mary recentsolutionsto this problemdealwith transferfunctionsandotherrendering
techniqueso enhancehevisibility of certainpartsof interest.At thecoreof theseechniquess
theassumptiorthatthe usersrole is passie andthatthe datamustremainunchangedOneof
thewaysin which peopleinteractwith complec objectsin “real life” is by directmanipulation.
In this thesis we exploreamoreactive approacho visualization wherea scientistcandeform
adatasetsif deformingarealmodel. We call this type of manipulationillustrative Deforma-
tion. Our approachdraws the namefrom the typesof deformationghat are often depictedin
scienti c illustration, which areusedto enhancevisibility of certainfeatureswhile providing

contet, or to abstracthe structureof anobjector procedure.

1.1 Motivation

Thework in thisthesisdravsinspirationfrom two obsenationsaboutthevisualizationprocess.
First, propervisualizationof complex objectsis sometimedlif cult dueto occlusion,clutter,
noiseor acquisitionpose.3D objectsareobtainedvia a variety of methods.Surfacemodelsare
oftenobtainedarti cially througha3D modelingandsculptingsoftwareor scannedrom areal
object. Thesemodelsrepresenonly the exterior of the object. Volumetricmodels,onthe other
hand,represenalsotheinterior of the object. Theseareacquiredusingcomputedomograply
(CT) or magneticresonancémaging (MRI), or obtainedasthe resultof a simulationor pro-
ceduralde nition. Volumetricobjectsarevery commonin biomedicineandengineeringince

it is importantthat one canvisualizethe externalandinternalstructureof objects. Figure 1.1



(a) Occlusion (b) Clutter (c) Noise (d) Pose

Figurel.1: Commonproblemsn thevisualizationof 3D datasets

shavs examplesof volumetricobjectsobtainedvia CT or MRI andsomeof the visualization
problems. In the enginedataset(a), we canseethat the propervisualizationof the internal
structureis complicateddueto occlusionby a metallicplate. The neckdatasetb) is anMRI of

apatients neck. Visualizationof theinternalstructurese.g.,thethyroid gland,is complicated
notonly dueto occlusionby the skinandmusclelayers,but alsodueto clutter, asmary organs
andglandsarepresenin theregion. Thevismanheaddatasetc) is partof the Visible Human
Project,acomplete3D representationf a maledonatedo the studyof humananatomyfrom

the NationalLibrary of Medicine. In this case nhoisepreventspropervisualizationof the ob-

jectof interest.In Figurel.1(d),we have the mousefetusdataset Note thatacquisitionpose,
preventssomepartsof interestnamelythe head from beingvisible.

The secondobsenationis dravn from medicalillustration. Medical andbiologicalillus-
tratorsaretrainedto depictcertainproceduresindanatomicaktructuresn sucha manneithat
they have the mostvaluein termsof communicatinga certainidea,for educationjegal or for
sumical planning. In mary of theseillustrations,the illustratoris facedwith the problemof
makingvisible featuresghat otherwisemay not be visible, while still maintaininga contectual
view of thesurroundingpbject.

For this purpose hand-dravn illustrations often include manipulatingparts of an object
to depictthe stagesandoutcomeof a procedurepncover hiddenfeaturesor revealthe spatial
relationshippetweerdifferentcomponentsf theobjects.Suchmanipulationtypically includes

thefollowing characteristics:

It oftencontainscutsanddissectionswhich, for example,arecommonlyfoundin illus-

trationsof sugical proceduressexempli ed by Figuresl.2(a)and1.2(b).



(d)

Figure 1.2: Examplemedicalandanatomicalllustrations. (a) Abdominal suigical operation
(courtesyof Nucleusinc.) (b) Craniotomy(courtesyof Nucelusinc.) (c) Anatomicalillus-

trationwith dissected aps”, by Antonio ScrantoniandPaolo Mascagni,1833(U.S.National
Library of Medicine) (d) The FlayedAngel, JacquesGautierD'Agoty, 1746 (U.S. National
Library of Medicine)

It mayallow featule-sensitivepemtions which canbeappliedto asemanticcomponent
of theobject,suchastheskinin Figurel.2(b),withoutaffectingotherpartsof the object,

suchastheskull.

It may enableubiquitousopemations which canbe appliedto variouspartsof the object

with differentgeometridransformationsasshown in Figurel.2(c).

It canfacilitatevirtual opefations which do not necessarilyconformto thereality, such

astheunreal aps usedto illustrateanatomicaktructurein Figuresl.2(c)and1.2(d).

Anothermotivation of our work is the increasingrequirementor deformationtechniques
for specialeffects and computergraphicsin general. Renderingof specialeffectsis often
performedas an of ine processwherea high resolutionsurface model of an objectis pro-
gressiely transformedo obtainthe desiredeffect. A numberof interactive techniqueshave
beenproposedo speedup the processor to work asa pre-visualizatiortool, wherethe artist
canrapidly prototypea draft versionof the specialeffect without incurring in long hoursof
renderingtime. Oneof the problemsin standarccomputergraphicsis the requiremenfor re-
meshingwhenlarge deformationor cutsneedto be simulatedon polygonalobjects. One of
the motivationsfor our approachwasthe possibility to treatpolygonalobjectsas volumetric

representationandallow the simulationof complex deformationswithout re-meshing.



1.2 Volume Rendering and lllustration

Volumedatasetgareobjectrepresentationsommonlyobtainedoy samplingavolumetricobject
in aregulargrid. Datasetsareoftenacquiredirom CT or MRI scannersge ned procedurally
or asa productof a simulation. Renderingof volumetric datasetsanbe doneindirectly by
obtaining rst anisosurficeof interestandthenrenderingt with atraditionalpolygonrenderer
[68] or directly. With the increasingpower of graphic processomnits (GPU), it hasbeen
possibleto implementdirect volumerendering(DVR) on commodity hardware. One of the
mostcommonmechanism$or interactve volumerenderings via 3D textures,whereavolume
is slicedinto view-alignedpolygonsandeachsliceis texturedandcompositecalongthe view
direction[125]. Explorationof the differentfeaturesof the dataseis commonlydonevia the
manipulationof transferfunctions.With theadwentof programmabl&PUsiit is alsopossible
to performinteractve raycastingwhereeachpixel generates ray thatis usedto traversethe
volumeandperformthe compositingof color andopacityvalues[96, 62]. Althoughslicingis
equialentto tracinguniform raysalongavolume,GPU-basedaycastingoppenghepossibility
for techniquego improve the speedand quality of the rendering,suchasadaptve sampling,
antialiasing pre-integratedvolumerendering36] andempty-spacskipping[70].

The explorationof volumedatasetwia transferfunctionsis prevalent. A numberof tech-
niqueshave beenproposedo improve its use[60], but it hasbeenshavn to bea comple task.
Oneof the main challengess the problemof visibility, wherethe userwantsto have a clear
view of a featureof interestanda clearview of contextual informationat the sametime. A

numberof solutionshave beenproposedmotivatedby illustrationtechniques:

Non photorealistidechniquesllow therenderingof differentpartsusingnontraditional

methodsresemblincghanddravn illustrations[34,116,111,12,115 107].

Cutavay andghostedviews allow occludedobjectsto berenderedby fading[117], re-

moving [30, 124,14] or distorting[123] occludingparts.

Selectve renderingallows the renderingof semanticparts of the objectin multiple
modalitiesto improve theunderstandingf the structureof complex objectsandenhance

visibility of occludedparts. This canbe obtainedvia two-level renderingof segmented



volumes[45], or throughvolumedecompositiorj104, 24]

The abovre-mentionedocus+contgt techniquegely on the manipulationof viewing at-
tributesof the renderingengineandoptical attributesof the dataobjects.Somesolutionscan-
not effectively resole the occlusionproblem. Otherscan, but at the costof decreasinghe
usefulcontextual information. Oftenthe contextual informationis completelysuppressed-or
example:(a) techniquedbasedn distortedviewing oftenhave dif culties to remove occlusve
‘contet' to revealtheintendedfocus' of theinterior structures(b) techniquedasednreduc-
ing opacityof the occlusve objectscansometimesn factremove theimportant context' that
is relevantto the “focus' to be revealed.Many of thesetechniqueglo not have a clearbound-
ary betweenfocusand contet, it is often dif cult for usersto determinein a focus+contgt
visualizationwhethera speci ¢ partof an objecthasthe original geometry(or opacity)or the
magicallychangedjeometry(or opacity).

Anotherway of providing visibility is throughinteractve deformationjncludingtheability
to cutandpeelpartsof anobject. Deformationcanbede ned asthechangen time of theshape
of an object,andhasbeenwidely exploredfor surfacemeshesbut relatively unexploredfor

volumes.In this thesiswe exploretheinteractive deformationof volumetricobjects.

1.3 Object Deformation

Deformationtechniqueshare beencommonlycateyorizedasnon-physics-baseds. physics-
based In theformer, we nd techniqueghatallow “free” deformationof anobject's primitive
elementswith little or no regard to the physical realismof suchdeformation. In the latter,
we nd techniquesvheredeformationis driven asthe resultof applyinga numberof forces
andsolvingfor a subsebf the physicalequationgjoverningthe dynamicsof the object. How-
ever, theline betweerthe two categyoriesis becomingblurred. This comesastheresultof the
introductionof constraintgo otherwisenon-plysics-basedeformationto accountfor desired
propertiefoundin “real-life” situations,suchasvolumeconseration andpreventionof self-
intersectionln thisthesiswe referto non-ptysics-basedeformationasthosemethodsvhere
deformationis not obtainedexplicitly asthe productof applyingforcesto a mesh,volumeor

setof points. Furthermoredynamicdeformationeffects,suchasinertiaandsecondaryorces,



areof little importancelnsteaddeformationsarede ned empiricallyasalocal or globaltrans-

formationof an object,de ned by the userthroughdirect manipulation procedurallyor asa

combinationof simplerdeformationsFinally, herewe furthercateyorizelllustrative Deforma-

tion asa subsebf non-plysics-basedleformationwhereconstraintsuchasself-intersection
andvolumeconserationarelooselyenforcedandemphasiss givento high quality rendering
andinteractiity. Thetermis analogoudo theideaof illustrativerendering wherethe appear

anceof renderedbjectsdoesnot adherenecessarilyo the physicsof light transportput it has
anenhanced@¢ommunicatie value.

Anotherdichotomyin deformationis its de nition asa modelingor renderingstage.De-
formation as a modelingstageis aimedtowardsthe creationof a new objectwhich canbe
subsequentlyransformedandrenderedndependently Most surface-basedeformationtech-
niguesfall into this catgyory. Volumedeformationasa modelingprocesss problematicsince
thedeformedvolumeneeddo be sampledat a suitableresolution.Re-samplingrolumetricob-
jectsis morespacedemandinghanfor surfaceobjects.In mary casesthesizeof thedeformed
volume exceedghe texture memoryavailablefor interactve rendering.As a renderingstage,
deformationis obtainedon-the- y, without the needfor anintermediateobjectrepresentation.
For volumetricobjects,this becomegritical, asit doesnot requireextra memoryfor interme-
diateframes,andthe samplingresolutionis obtainedon-the- y by the pixel resolutionof the
resultingimage.In thisthesiswe addressheproblemof interactve deformatiorasarendering
process.

Interactve deformationof volumetric objectsis a dif cult problemdue to their limited
geometricandtopologicalinformation. Volumetricobjectscanbe de ned asa sampledepre-
sentationof a continuousregion in 3D space.In surfacemodels,deformationcanbe reduced
to the transformatiorof its vertices,sincecontinuity is de ned explicitly througha mesh.In
contrast,volumetric objectsdo not have a explicit connectvity and deformationtechniques
cannotbe simply reducedto the transformatiorof voxels. Becauseof the assumecdontinu-
ity of volumetricobjects,the simulationof cutsandbreaksis alsochallenging.Dealingwith
cutsintroducesadditionalchallengesn deformation,namely determiningthe shapeandsize
of the cut, renderingsmoothsurfacesthat appearasthe cut or breakis applied,andallowing

theincorporationof semanticgor meaningfuldeformation.



1.4 Contributions

In this thesis,we presenta methodfor interactve deformationof volumetric objects,which
uni es continuousanddiscontinuousdeformationgn a singleframavork. Our renderingap-
proachenableghe simulationof high quality renderingof volume deformationat interactve

rates.Thefollowing contritutionsaremade:

A generalizednethodfor modelingcontinuousdeformationsas3D displacementsand
amethodfor encodingdiscontinuitiesnto 3D displacementsuitablefor volumedefor
mation. This encodingpreseresC! continuityin the regionsnearthe cutsandbreaks,

requiredfor high quality renderingof shaded/olumes.

A methodfor introducingvolumetricconstraintsnto deformationfor ef cient rendering
of illustration-inspiredimages. Theseconstraintsenabledeformationghat are feature
aligned so that partsof interestare presered and madevisible to the useror feature
andhored, sothatcertainpartsaredeformedsmoothlybetweera deformableregion and

arigid region, suchasfatty tissuebetweerskin andbonetissues.

A fastmethodfor the estimationof normalsfor volumeregionsundegoingdeformation

andfor regionsin thevicinity of cuts.

A novel methodfor surface-basedeformationwithout re-meshingwhich extendsthe
notion of volume deformationto sampledayeredrepresentationsf polygonalobjects,

suchasdepthmaps layereddepthimagesandsigneddistanceelds.

1.5 Organization of the Thesis

This thesisis organizedas follows: Chapter2 provides a comprehensie descriptionof the
state-of-the-arin the deformationof sampledobjectrepresentationsincluding volumesand
implicit surfaces.

Chapter3 describesnoverview of ourapproach.

Chapter4 describeghe basic deformationmechanismwhich we dubbeddiscontinuous
displacemenimapping We describethe generalnotion of deformationaswell asa GPU-

basedmplementation. A numberof examplesareusedto demonstrateéhe capabilitiesof our



approach.

Oneof the challengeof this approachs to represenfeaturesensitve operationswhich
arerequiredfor illustrationandvisualization.Chapters describes methodfor realizingsuch
featuresensitve operationsthroughalignmentof the deformation.We describea methodthat
allows adeformatiorto align with a particularline or curve. We alsodescribea moreeffective
methodfor aligningthe deformatiorwith a particularfeature of interest.

Chapter6 providesan evaluationof volumetricdeformation. This evaluationis two-fold.
Ononehand,we evaluatethe renderingquality of our deformationssia a quantitatve analysis
of thepropertieof thedisplacementandtherenderingorocessOntheotherhand we evaluate
the performancecost of our system. This evaluationhelpsus validatethe interactvity and
applicabilityof our approachFurther it senesasabenchmarkor future volumedeformation
methods.

Chapter7 marksthe beginningof PartIl, wherewe extendour mechanisnio the deforma-
tion of surface-basedbjects.We describea methodfor deformingsurfacemeshesvithoutthe
needfor remeshing.Thisis obtainedby representinghe regionsundegoing deformationasa
sampledayeredrepresentationsuchasdepthmap®r distanceelds. We extendourrendering
methodto nd accuratentersectionswith the surfacemesh,andto integrateseamlesslyvith
the meshrepresentatioof the partsthatarenotdeformed.

Chapter8 providesan evaluationof our approachasappliedto surfacedeformation. We
compareour approachto meshdeformationand measurehe performanceacrossseveral di-
mensions.

Chapter9 describeghe applicationsof our approachand validatesour methodthrough
a numberof examples. Our methodhasapplicationsin medicaland biological illustration,
sumical planning,volumeclipping andasa focus+contet visualizationtool.

Chapterl0 presentsomeconclusionsnddirectionsfor futurework.



Chapter 2
Related Work

2.1 Intr oduction

Deformationrefersto thechangen time of the positionandorientationpropertieof graphical
elements. Therehasbeena considerablemountof researcHor the deformationof surface
meshes.Deformationis obtainedby directly transformingthe position of the verticesof the
mesh. In somecasesye-meshings neededo accountfor large deformationsor cuts,which
may changethe explicit connectiity of the mesh. Volumetric datasetsin contrast,are rep-
resentedusing voxels, three-dimensionapoints that include appearanc@roperties,suchas
opacity and color. Unlike surfacemeshesgonnecwity informationis not explicit. One of
the mostcommonway of representinghemis by de ning aregulargrid in three-dimensional
space.Renderingof sucha grid is performedby integratingthe color or attenuatiorof a ray
traversingthevolume. Theuseof aregulargrid hasbeenexploitedby contemporanGPUs,as
their 3D texture capabilitiesarebettersuitedfor regularly placedsamplesHowever, this condi-
tion alsocomplicateghe ef cient deformationof volumetricdatasetsUnlike surfacemeshes,
simply transforminghevoxelsmakesit impracticalfor currentray-castingor texture-baseal-
gorithms,astheregulargrid is deformednto anirregulargrid. This chapterescribeprevious
work in the eld of volumeandmeshdeformation.The useof volumetricmodelsalsoenables
a numberof techniqueghat have not beenpossiblewith surfacemeshessuchascuts. Since
thevolumetricmodelcontainsinformationof theinsideof the object,it directly bene tsfrom
discontinuousieformations Surfacemeshespn the otherhand,do not containinformationof
theinterior, soit mustbesynthesizedrti cially . Thischapteralsodiscussethestate-of-the-art
in cuttingandotherdiscontinuousleformations.

Volumetricobjectscanbe consideredsampledObject Representation§SOR), which de-

ne graphicalmodelsusing dataobtainedby a samplingprocesswhich takes a collection
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of samplesat discretepositionsin spacein orderto capturecertaingeometricaland physical
propertiesof one or more objectsof interest. In our review of the state-of-the-artwe begin
introducingthe notion of SampleObject Representationghenwe describethe methodsfor
deformingSORs,placing particularemphasion thosetechniqueghatintroducedeformation
asa stagein therenderingprocessThen,we describeechniquedor volumecuttingandother
discontinuougdeformationsand nally , we concludewith a review of the state-of-the-arin

meshdeformation.

2.2 SampledObject Representations

Thegenerahotionof asampledbjectrepresentatiofSOR)is asetof sampled/ = f (p;i;v))ji =
1;2;:::;ng, wherey; is avalueof a speci c datatype (e.g.,Boolean,scalar vectoror tensor),
which representsomepropertyat eachsamplelocationp; in k-D EuclideanspaceEK. Typi-
cally thesesamplesareassociatedavith a spatialdomainD¥, which is normally continuousor
consistof severaldisjoint sub-domainsAn objectspeci ed by anSORis thusafunction f(p)
thatde nesthevalueateveryp 2 DX [19].

Digitization is the primarytechnologyfor acquiringSORSsof real-life objectsandphenom-
ena. This technology which is basedon measuringvariousphysical properties,is available
in a wide rangeof modalitiesaslistedin Table2.1. In mostof thesemodalities,a sampling
processmnay involve the processingdf multi-channelor multi-dimensionalksignals,including
convolution anddecowolution, quantizationandsignalspacecorversion.

In somemodalities,samplingpositionsare de ned by a regular grid in the objectspace.
For example,computedtomograply (CT) scanningnormally utilizes a 3D anisotropicgrid,
wherethe samplingintenal in the z-directiondiffers from thatin the x andy directions. In
mary othermodalities,samplingpositionsarede ned by aregulargrid in theimagespace A
primary exampleof suchmodalitiesis photograpl, wheresamplingresultsarerecordedon a
2D isotropicgrid thoughindividual samplesnay not correlateuniformly to signalsourcesn

the objectspace.

Lpart of this sectionwaspublishedin our paper:DeformingandAnimating DiscretelySampledObjectRepre-
sentationsM. Chen,C. Correa,S.Islam,M.W. JonesP-Y. ShenD. Silver, S.J. Watson,PJ. Willis, Eurographics
2005, Stateof the Art Reportspp. 113-140
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Data Number of Representation
Example Sampling Modality (physicalproperty) Dimension  Channels Scheme
Black-whitephotograplg (light re ection) 2 1 2D regulargrid
Color photograpk (light re ection) 2 3 2D regulargrid
Raw laserscangdistanceto a plane 25 1 2D regulargrid
Circularfull-body scangdistanceto an axis) 2.5 1 2D curvilineargrid
Computedomograply (X-ray attenuation 3 1 3D regulargrid
Magneticresonancémaging(relaxationof magnetizechucle) 3 1 3D regulargrid
Raw 3D Ultrasonograpy (sonicre ection) 25 1 unstructure®D images
Processe@D Ultrasonograph (sonicre ection) 3 1 3D regulargrid
Electronmicroscopy (election diffraction) 3 1 3D regulargrid
Spatialdistanceelds (distanceto a surfacg 3 1 3D regulargrid
Spatialvector elds (e.g., velocity) 3 3 3D regulargrid
3D photographiémaging(light re ection) 3 3 3D regulargrid
Moviesandvideos(time-varyinglight re ection) 3 3 3D regulargrid
Particle simulationresults(space-timgoosition,etc) 4 1 time-series3D pointset
Motion capturedata(space-timegosition) 4 1 time-series3D point set
Seismicmeasurementspace-timalensity tempeature, etc) 4 n time-series2D pointset

Table2.1: Exampledatacapturemodalities andtheir typical characteristicandrepresentation
schemes.

SORscanalsobe obtainedoy samplingcontinuousobjectrepresentationg-or example,a
continuoussurfacerepresentatiosanbe approximatedy anunstructuregoint dataseusing
a randomizediscretizationprocessor by a volume datasetusing a voxelizationprocess.In
mary scienceandengineeringdisciplines,suchas nite elementanalysisand computational

uid dynamics SORsarecommonlyusedto approximateontinuousspatialandtemporaldata
representationderivedfrom theoreticstudies scienti ¢ modelingandcomputersimulation.

SORscommonlyexhibit asubsebf thefollowing characteristicsivhich collectively signify

thedifferencedetweerSORsandotherschemesor representingraphicalobjectsandscenes.

Limited geometricalinformation— Most SORsdo not containary explicit geometrical
descriptionof the objectsrepresentedwhile somecontainpartial geometricinforma-
tion (e.g.,in a point set). It is commonto translatesampledohysical information(e.g.,
X-ray attenuationo geometricainformation(e.g.,anisosurficeof a tumor). In addi-
tion, SORsareparticularlysuitedfor modelingamorphou®bjects,suchas re, dustand

smole, for which a precisegeometricablescriptionis dif cult to obtain.

Limitedtopolagical information— Theonly topologicalinformationavailablein a SOR
is the spatialor temporalorderin which samplesverecaptured.Suchinformationdoes
not imply a de nite topologicalrelationshipbetweenary two datapointsin the object
space althoughit is often usedto derive, analytically or statistically more meaningful

topologicalinformation,suchasthe possibleconnectvity betweenwo samplingpoints
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in the context of 3D modelacquisitionandthe associatiorof a setof voxelsto thesame

objectin the context of segmentation.

Little semanticinformation— Although a SOR, suchas a photographidmageanda
computedomograply scan,may capturea collectionof objectsin a scenejt doesnot
normally containary semantidnformation,aboutthe objectsof interest,suchasobject

identi cation andobjecthierarcly.

Multiple datachannels— Many SORscapturedatafrom a comple signalsource(e.g.,
re ectance)or multiple signalsourcege.g.,acombinationof density sonic,temperature

andimageryloggingin seismicmeasurements).

Multi-valueddatachannels— Many SORscontaindatasampledn anintegeror oating-
point realdomain. In somesituations this facilitatesa high level of accurag (e.g.,the
texture of a pieceof textile in animage),but in others,this brings abouta degree of

uncertainty(e.g.,theboundaryof a pieceof textile in animage).

2.2.1 SampledLayered RepresentationSLR)

Many objectrepresentationarespeci ed in ananalyticalmanneyfor instance usinga math-
ematicalfunctionto de ne the shapeof an object. Sucha representatiois referredto asan
analyticalobjectrepresentatiofAOR). Oneof themostpopularanalyticalobjectsareparamet-
ric cunes. In generalwe canconsidersurfacemeshesaspiecavise AORs,wherethe surface
is usuallyapproximatedy atriangularpatch. SORsareoften usedto represenanalyticalob-
jectrepresentationfAORs)aswell. Theuseof SORsto representriangularmeshesasbeen
proposedn severaloccasionsysuallyby de ning a grid andsamplingthe shortestdistanceto
the surfacealongone,two or threedimensions.Sucha representatiois saidto be animplicit
representatioof the surface.Becausehe samplingis usuallydonealonglayers, we call them
LayeredRepesentationsThis nameis alsoconsistentvith oneof the rst applicationsof this
ideafor therepresentationf image-basedbjects calledLayeredDepthimagesLDI) [102].
In the simplestcase,an SLR canbe a depthmapor relief map[87], whereeachsampled
positionstoresheclosestistanceo the surfacealonga givendirection. Oneof themostcom-

mon usesof depthmapsis displacementapping, rst introducedby Cook[22], whereeach
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depthvaluerefersto a displacemenaddedo the meso-structuref anobjectto createrealistic
details. The useof displacemeniappingasan objectrepresentatiomasbeensuggestedby
Xu etal. [131] andKautz [57]. Anothertype of layeredrepresentatiois a multi-layer depth
map,which overcomeghelimitations of depthmapsfor representing@bjectswith concaities,
by combininganumberof depthmapsinto a singlestructure.PolicarpoandOliveirausedfour
depthmapsto represenhon-height- eldsurfacedetailson objects[90]. Thisideawasfurther
developedby Wangetal. [122, 121]in theirgeneralizedlisplacementnaps.Insteadof 4 depth
maps,Wanget al. allow ary numberof layers,describedasa 3D texture. Unlike the depth
maps this structurestoresthe distanceo the closesipointin the meso-structursurface.

A generalizatiorstructureis signeddistance elds, a 3D grid whereeachpoint storesthe
distanceo theclosespointto thesurface,or, in somecasesit alsostoreshecoordinate®f the
closestpointandthedirectionof thegradient.A numberof methodsor computingthe signed
distanceeld of polygonalobjectshave beenproposede.g.,[103, 110]. Distance elds may
requireconsiderablenemory As analternatie, we canusea collectionof arbitrarily oriented
depthmaps.Oneexampleis adepthmapcube which usesdepthmapsalongthefacesof acube
to represenacomplec object,suchasin [57]. Notethatfor objectswith concaitiesandhidden
featuresa simple cubemay not be sufcient. It is possibleto improve the representatiof
theobjectby subdviding the cubeinto amorecomplex geometrycloselyboundto the desired
surface. This leadsto the displacedsubdvision surfacesproposedby Lee et al. [66], and

displacemenvolumes[10].

2.3 Deforming SampledObject Representations

In this thesis,the term deformationrefersto intendedchangeof geometricshapeof anobject
underthe control of someexternalin uence suchasa force. To facilitatethe computationof
geometricchangesa deformablemodelnormally hastwo primary componentsa datarepre-
sentatiorandanalgorithmbaseddnaphysicalor mathematicatoncept Applicationsof defor
mationtechniquesnclude computeranimation,objectmodeling,computeraidedillustration,
sumgical simulation,andscienti ¢ visualization.Here,we distinguishtwo typesof methodgor

deforming SORs,empirical deformablemodelsand physically-basednodels. However, the
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line betweenthe two typesof deformationds becomingblurred. This comesasthe resultof
theintroductionof constraintdo otherwisenon-plysics-basedeformationto accountfor de-
siredpropertiefoundin “real-life” situations,suchasvolumeconserationandpreventionof
self-intersectionln thisthesis we referto non-ptysically-basedleformatiornto thosemethods
wheredeformationis not obtainedexplicitly asthe productof applyingforcesto a mesh vol-
umeor setof points. Furthermoredynamicdeformationeffects,suchasinertiaandsecondary

forces,areof little importance.

2.3.1 Empirical Deformable Models

Empiricaldeformablenodelsarenon-plysically-basedleformablemodelswhich aredesigned
to imitate physical behaiors of deformableobjectswith little or very limited physicsin their
computatioralgorithms.

Someof themethodghatfall into this cateyory are:

Global and local deformation[6, 5] to volume datasetshroughray de ectors[64] or

spatialtransferfunctions[20].
Free-formdeformation100] to volumedatasetshroughvolumeboundingboxes[18]
Skeleton-basedolumedeformatiorsuchasvolumewires[120] or theapproachn [105].

Pre-de nedproceduraldeformationspeci cationsto sggmentedvolume datasetsn in-

teractize dataexploration[76];
Implicit modelsasa parametriccontrolfor deformingthe volumedatasef52];

Splitting operationgo volumedatasetandhypertexturein acombinationamanneiusing

spatialtransferfunctions[54].

Chain-mailalgorithms which usesthe grid topologyin a volume dataseto propagte

displacement{2].
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2.3.2 Physically-BasedModels

Although empiricalmodelscanbe implementedn real-timefor very large datasetsaccurate
deformationsannotalwaysberealized especiallyin emulatingphysicalresponset aninput
force. For this reasontherehave beenmary physically-basednodelsproposedor deforma-
tion.

Almost all physically-basednodelsare associatedvith a meshdatarepresentationtypi-
cally with triangularor rectangulaelementdor surfacesandtetrahedrabr hexahedraklements
for solidsor volumes.In mostapplicationsnvolving SORs suchdatarepresentationanbe ex-
tractedor reconstructedisinga numberof techniquessuchasmarchingcubeq74], Delaunay
tetrahedralizatiormmongmary others.

Typical physically-basednodelsincludecontinuummedanics mass-springystemspar-
ticle systemssmoothedparticle hydrodynamicsand uid dynamics In thesemodels,a de-
formableobjectis essentiallya function of the forcesactingon the materialpropertiesof the
object. Deformationis computedis by nding a solutionto the equilibrium stateof enegy
functionals. Finite difference nite elementand nite volumemethodsare commonlyused
to obtainapproximatesolutionsof mesh-baseg@artial differentialequationsoundin the La-

grangianformulationof motionin continuummechanic$82].

Mass-springModels— In thesemodels,an objectis approximatedasa nite meshof
points. The mechanicof deformationis de ned ascoupledordinarydifferentialequa-
tions,which speci esequilibriumat the meshpoints. Verticesareadoptedasnodesn a
mass-springnodel,which areconnectedia springsto their neighbors An initial condi-
tion canbeassignedo eachvertex andtheinternalforceactingon a vertex is calculated
baseduponits local neighbors.This forceis thenusedto calculatevertex motion using

Newton's law of motion.

Finite ElementMethods(FEM) — Unlike mass-springnodels,wherethe equilibrium
equationis discretizedandsolvedat nite masspoints,the FEM systemis discretizecby
representinghedesiredunctionwithin eachelementie.qg. line, triangular quadrilateral,
tetrahedralhnd hexahedralelements)asa nite sumof element-speci cinterpolation

functions. FEM is usedextensiely in computergraphicsfor deformation(e.qg.,[98,
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11]). In computationakcience FEM is normally usedin conjunctionwith a non-linear
elasticity model, while it is commonin computergraphicsto employ a reducedinear

modelasdiscussedbelow.

Low Degree-of-feedomModels— For mary applications suchassumical simulations
and interactve modeling, real-time solutionsare necessaty This classof modelsare
designedo reducethecomputationatostsof above mentionedphysically-basednodels.
For example,onemay usea systemof equationghatarelinearly independenf98], have
a restrictedclassof deformationfunctions[128], useiterative solutionsfor the rst-

orderdifferentialequationof deformation[7], preprocessingon-linearityin high-order

differentialmodels[25], andlinearelasticitytheory[79, 58].

Point-basedlatarepresentationare becominga popularalternatve to mesh-basedepre-
sentationsn computergraphics.As SORs they lackin thetopologicalconnectvity necessary
for the applicationof mostphysically-basedieformationrmodels.Onecaneithersuperimpose
a meshstructureover a point set, or de ne neighborhoodusing an approximation,suchas

moving leastsquare$81, 80]. Thelatteris referredto asmeshles®r mesh-freedeformation.

Deformable Modelsin Surgical Simulation

The role of deformablemodelsin suigery simulationandtraining is diverse,sincethey are
requiredfor collision detection,renderingand hapticssimulation. Whenthe userinteracts
througha virtual tool, forcesappliedto the modelproducea deformation,describedasa set
of displacementsf the underlyinggeometryandthey generaténternalforcesandvibrations
which arefed backto the userashapticstimuli.

Although non-plysical models,suchas 3D ChainMail [42] and free form deformation
[100], are computationallyinexpensve, physically basedmodelsare the dominantparadigm
becaus®f theiraccurag. Theseincludemass-springnodels[21, 77] and nite elementmeth-
ods(FEM). Of thesetwo, the latteris the mostcommon,becausét is moreaccurateandcan
accommodatalifferent material propertiesthrougha small numberof parameters.Further
more,thefocusof mostsumgical simulationsystemss asimulationon localizedregions,which

FEM canhandleproperly(i.e.,no needto simulatelarge displacements).
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FEM, however, is computationallyexpensve for real-timesimulation sinceit requiressolv-
ing large partial differential equationgPDES). Techniquedor achiesing real-time nite ele-
mentsimulationcanbe classi edinto two catejories:thosethatsimplify the mathematicsand
thosethat speed-upghe solutionalgorithms. In the former category we nd approacheshat
simplify the modelingof elastictissueusinglinearmodels[133, 11]. Linearelasticityis often
preferredbecauseét reducegthe problemto a linear equationthat can be solved quickly by
pre-computinghe inverseof the stiffnessmatrix. However, linear elasticity only is accurate
for small deformations.Large deformationssuchasglobal rotations,usuallyresultin anun-
realisticvolumegrowth of themodel. For this reasondifferenttechniquesiave beenproposed
to handlelarge deformationssuchaswarpingof the stiffnessmatrix [78] andquasinon-linear
deformation[25]. ZhuangandCanry proposeeal-timedeformatiorusingnon-linearelasticity
[134]. In sugery simulation,the problemis often describedasa dynamicproblem. Alterna-
tively, the problemcanbereducedo a staticproblem,whichignoresbodyforces,inertiaand
enepy dissipation.BroNielsenproposedhis simpli cation for suigery simulationfor obtain-
ing real-timerespons¢l1]. However, lossof dynamicanayaffecttherealismof thesimulation
andstaticsystemsaremostlyusedin sumgery planning,wherethe desiredsolutionis the equi-
librium stateof the deformablemodelafter being subjectedo forces,with no interestin the
intermediatestates.

The secondcateyory for real-time deformationincludestechniquedor speedingup the
solutionof the resultingequations BroNielsenand Cotin proposecda techniquebasedon con-
densatio11], which reduceghe size of the PDE to be solved by ignoringtheinternal nite
elementdn the computation.They alsoproposedxplicit integrationover implicit integration
for its reducedccomputatiortime andmemoryrequirementsHowever, explicit integrationleads
to instability for largetime steps.Anotherpossibilityfor speed-ups the useof multiresolution
techniquesas suggestedy Debunneet al. [28] andWu [129]. Wu and Tendick proposea
multigrid integration schemg130] to solve non-lineardeformationsn real-time. Real-time
deformationhasalsobeenpossiblewith increasedccomputationcapabilities,suchas parallel
processin@ndspecializechardware[112, 39].

A challengdn suigical simulationthatpreventsextensive useof precomputedjuantitiesn

FEM is real-timecutting. Pre-computatiorof the stiffnessmatrix and appliedforcesforbids
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topologychangesn themesh requiredfor simulatingcutting. Cotinetal. [25] proposeahybrid
approacHor real-timecutting that usesa staticmodelin regionsthat do not requiretopology
changesanda dynamicmodelfor alimited region wherecuttingandtearingis needed For a
completesurwey in deformatiorfor sumgical simulation,referto [72].

Becausef thehigh computationatostsof physically-baseanethodsthey arenot suitable
for illustration andvisualization.In this thesis,we consideran empiricaldeformationmethod

instead.

2.4 Rendering Deformation

Traditionally, deformationis performedat the modelingstage which resultsin anexplicit de-
formedobjectto beforwardedo therenderingstage Earlierapproachet volumedeformation
followedthis paradigm suchas[53, 48, 67, 37], aimedtowardsmorphingof volumes,or the
methodsn [40], aimedto volumeanimation.lt is often desirableto couplethe modelingand
renderingof deformationtogetherto facilitateinteractve deformationor reducethe needsor
generatingexplicit deformedobjectsat eachtime step. This approachs particularlyeffective
whendeformatiorrenderings acceleratethy usingmoderngraphicscards.Anotherreasorfor
couplingthemodelingandrenderingof deformationis thatthe generatiorof deformedobjects
is limited by thesamplingfrequeng of thedeformedobject.In the caseof largedeformations,
suchasa large pull or atwist, this samplingmay be muchlargerthanthe samplingfrequeng
of theoriginal undeformedbject.

In orderto describethe spaceof volumedeformationapproachedet usde ne adeforma-
tion asa mappingfunction T : R® 7! R3, suchthat,for a givenpointp , we canobtaina new

positionp®, asdepictedn Figure2.1.

p°= Te(p) (2.1)

Tr is acontinuougdeformationif T 2 CO. Here,C? denoteghe setof all continuoudunctions
in 3D spaceA useful,but not necessarypropertyis that T is differentiableat every pointp.
We denoteTr asaforward transformation Let R, bethe setof all pointsp in thevolume

representatioN’ of anobject. Hence we obtainanew setP? = fp38p 2 R/;p°= Tr(p)g. Let
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Figure2.1: Directtransformation

VObethe new axis-alignedboundingvolumefor all the pointsin RY. We call this new volume
VOthe deformed/olume

Renderingof the deformedvolumeis obtainedby samplingthe pointsin VO Let f°bethe
scalarfunction de ned for the deformedvolume. Sincewe assumecontinuity of the scalar

values,

9 = f(p) . for p°= Te(p) (2.2)

wheref(p is the scalarfunctionthatrepresentshe SORde ned by volumeV. Forwardtrans-
formationis of limited usein the deformationof volumetricobjects. This approachwasused
by McGufn etal.[76], whererenderingand deformationare coupledby treatingeachvoxel
asarenderingprimitive. This approachhowever, suffersfrom undersamplingproblemsasthe
spacebetweervoxels are not renderecor deformedin ary way. Thatis, it treatsthe volume
asadisconnectedetof points. However, mostvolumetricobjectsareobtainedby samplinga
continuousobject.

For this reason volume deformationtechniquesare commonlyin the category of space
warpingtechniguesWe distinguishtwo differenttypesof methodsthosethatperformindirect
spacewarping, alsoreferredto asproxy-basedspacewarping andthosethat performdirect
spacewarping At the core of thesetwo is the ideathat volume renderingis obtainedby

samplingthe deformedvolumeV°.

2.4.1 Indir ect SpaceWarping

Indirector proxy-basedspacewarpingis obtainedby de ning a setof control pointsQ which

aredeformedusinga forward transformation.Let us de ne Q° asthe deformedsetof control
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Figure2.2: Indirectspacewarping

points,i.e.,

Q°= 199892 Q;q°= Te(g)g: (2.3)

In orderto renderthis deformedvolume,it sufces to samplethe spaceatregularintervals Dp,

alongaraydirection!v . Thesamplingpointsare:
0— i
p= iDp'v (2.4)

andthe sampledvalueof thescalar eld fis obtainedthroughinterpolation.Thisis depicted
in Figure2.2.

A numberof approachesave beenproposedwhich differ in the type of proxy geometry
andinterpolationfunction. WestermanmndRezk-Salam§l26] de ne Q asafree-formlattice.
Deformationis obtainedby directly transformingthe pointsin Q andsamplingis obtainedby
slicing the deformedlattice into view-alignedslices. Sincethe verticesare parameterizedh
the undeformedspace also known asthe texture spaceof the volume, the sampledvalueis

computedusingthe Bernsteinpolynomialasdescribedy Sederbay andParry [100]:

3
P9 = fAst;u) = & fiikBi(9B;(t)Bk(U) (2.5)
ik
whereB; = B;;3 arethe Bernsteinpolynomialsof degree3, fjjx = f(qijk) arethescalarvalues
evaluatedat the control points,and(s; t; u) is the parametrizatiomf the samplepoint p°
A simplerinterpolationmechanisnwasproposedy Rezk-Salamat al., usingtrilinearly

interpolatedpatchesnsteadof a free-formdeformationlattice. In theirwork, Q de nesagrid
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of linear patchesusually of a size muchsmallerthanthe original grid R,;. The interpolation
is obtainedwith Eq.(2.5),exceptthatB; = B;.; arethe Bernsteinpolynomialsof degreel [56].
This approachprovesto be very effective sincetrilinear interpolationis readily available in
mostcontemporangraphicsprocessors One of the disadwantagesof this implementationis
thatautomatigparameterizatioof the samplepositionsinto texture spacds ambiguousdueto
irregulardeformatiorof thelinearpatchesDependingontheviewpoint, theslicingmechanism
and(automaticyasterizatiorof the proxy slicesgenerateslifferentparametergs; t; u). Thisis
obseredalsowhenrenderingatexturedirregularquadrilateral Dependingonthetriangulation
of the quadrilaterala differentparameterizatiors obtained.This problemcanbe solvedwith
a tessellatiorof the proxy slices,eitheron a ner grid or by introducinga new vertex in the
barycentepf the slice polygon. This works sincethe parameterizatioof atriangleis unique.

Anothergroup of methodsthat canbe consideredn this category as skeleton-basedle-
formationtechniquessuchasthe approachby Gagwni et al.[40] by Singhet al. [105] and
VolumeWires[120]. Insteadof having a grid of axis-orientedpatchesthe proxy pointsQ are
de ned alonga curve-sleleton,centeredwithin certainfeaturesof interest. Eachsegmentin
this skeletonis usedto de ne acuboid whichis anelongatedcubealongtheprincipaldirection
of thefeature.Thecornersof all thecuboidsde ne thecontrolsetof pointsQ. By transforming
the pointsvia rotationsandtranslationsijt is possibleto animateand manipulatedarticulated
volumetricobjects. Similar problemsappeaiin the joints of two segmentsdueto ambiguous
trilinear interpolation. This was solved by addingadditionalpointsin the barycenternof the
slicesthatresultedirom samplinganirregularcuboid.

Physics-basedolumedeformationapproachefall alsointo this category, andQ is usually
de nedasamass-springnodelor a nite elemenmesh.In theformer, controlpointsarepoints
with massconnectedvith elasticlinks. Examplesof both mass-springnodelsand FEM are
foundin [21, 133].

Recentapproacheto modeldeformationsonsidertheactualvoxelsascontrolpoints.Un-
liketheabore, wherea meshis explicitly de ned betweerthe controlpoints,theseapproaches
do not requirean explicit meshtopology Thesemethoddall in the generalcateyory of mesh-
lessdeformation.Althoughthe literatureis abundantfor its applicationin surfacemeshesand

imagewarping,a few methodshave beenproposedor volumedeformation[44]. In general,
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the setof controlpointsis a subsebf the setof samplepointsof theundeformedrolume,i.e.,

Q R (2.6)

Sinceno connectity is required,the interpolationfunction mustoperateover scatteredlata
[97]. Sereralmethodsare proposedor this, of which the mostrepresentatiesarethe Shep-
ard'sinterpolantradial basisfunctionsandmoving leastsquaresShepards interpolationis in

general weightedaverageof the scalarvalueof the controlpoints,i.e.

fAp) = f_’i wi(p9 f(a1) (2.7)

i=1

wheren is the numberof controlpoints,w; : R3 7! R aweightingfunctionsuchthatsatisfythe

following conditions:
n

wi(g) = 1, _élwi(p) =1,w(p) O
i=

wi(pY is oftende ned asafunctionof the distancebetweerp®andcontrol point g;.

Radialbasisfunctionsconstructheinterpolationasalinearcombinatiorof basisfunctions.
Oneof the propertiess thatit canbe de ned to bein nitely differentiable which providesa
smoothandcontinuousdeformation.However, aswe shall seein the next sectionsthis poses
a problemwhencreatingdiscontinuousieformation that may arisewhensimulatingcutsand
breaks.Solutionscanbefoundto obtainsuchdiscontinuousleformatiorthroughmodi cations
of theradialbasisfunction, or by emplgying moving leastsquares.

Indirectspacewarpinghasbecomevery popularbecausef its implementatiorfeasibility
in the vastmajority of contemporaryGPUs,by exploiting hardware acceleratedri-linear in-
terpolation. However, the relianceon this capabilityrequiresa properhandlingof the proxy

geometrywhich needdo be properlytessellated.

2.4.2 DirectSpaceWarping

To avoid dealingwith complex meshesgdeformationcanbe de ned asa point-wisewarpingof

thevolume. For eachpointp®2 R?,

p= T (P9 (2.8)
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Figure2.3: Direct SpaceNarping

whereT: ! is the correspondingnversetransformationof Tr. The scalarvalue f{p9 canbe
foundby samplingtheoriginal scalar eld, i.e., f(p), asseenin Figure2.3

Thisapproachwas rst introducedn raytracingsystemsWith theadwentof programmable
shadersijt hasbeenrecentlyextendedto 3D texture basedvolumerenderingand GPU-based
ray casting.In ray casting,spacewarpingcanbe implementedoy deformingor de ecting the
raysinto curves, giving the illusion of renderinga deformedobject. This approacthasbeen
proposedoy KurzionandYagel[64]. In their work, a proceduralde nition of a de ector is
usedto modeldifferentkindsof deformationsA de ector changeshesamplingpositionsbeen
traversedby a ray duringthe renderingprocesspy assigninga displacementtowardsa user
de nedsinkposition.Althoughthis canbeextendedo modelanumberof deformationsit is in
generaknon-intuitive approacto deformation KurzionandYagelalsoproposednextension
for hardwarerendering.Sincede ecting raysweredif cult toimplementwith theexistingGPU
capabilitiesthey proposedo tessellatehe slicesandthenapplyingthe deformationon the 3D
vertices[64]. Unlike their original ray de ection work, their hardware extensionis really an
indirectspacewvarpingmethod.

Anotherapproachthat usesray-castingis the conceptof spatialtransferfunctions(STF)
[20]. Unlike the above, ratherthandeformingthe ray, the positionof eachsampledpoint is
transformedvia a procedurale nition, representedsa spatialtransferfunction. The spatial
transferfunctionis thena realizationof the inversewarpingfunction T *. Oneof the adwvan-
tagesof STFsis theability to createcomplex deformationgy combiningalgebraicallysimpler
ones.

Anotherrecentapproacthasbeenproposedy Chenetal. [18], usingthe GPUto perform
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interactie ray casting. Unlike the ray de ectorsor spatialtransferfunctions,they embedthe
raysinto a free-formdeformationlattice, providing the usera rangeof deformationdrom the
manipulationof a few control points. It is similar to the approachby Westermanrand Rezk-
Salama[126], wherea FFD latticesis also used,exceptthat Chenet al. do not requirea
deformablgoroxy geometryto renderthe volumetricobject.

With the programmabilityof currentGPUs,andin particular of fragmentshadersit has
beenpossibleto performdirectspacewarpingin texture-basedenderingandGPU-baseday-
castingof volumes. Ratherthanapplyinga deformationto control verticesin a proxy mesh,
it is applieddirectly on the 3D points obtainedthroughslicing or ray casting,eachof them
correspondindo a singlepixel in the nal image. The inversedeformationT, ! is evaluated
for eachfragment(intermediatepixel) in theimage. This hascertainadwantagesver the pre-
vious approachesThe mostnotableoneis thattessellatioris not neededandthereforemore
compl deformationscanbe obtainedwithout extra computation.In addition, this approach
achieres smoothrenderingof non-lineardeformation. With indirect spacewarping,they are
approximatedy tri-linear interpolation. However, indirect spacewarpingis in generalmuch
faster sincethe numberof control points (3D vertices)arefar lessthanthosein directspace
warping(pixelsfor eachslice).

The approachproposedn this thesisfalls into this cateyory. A recentapproachyy Brunet
etal. [15] alsousesGPU capabilitiesto performinversewarping. They exploit the fragment
shaderto samplean inversedeformationfunction, which canbe representegrocedurallyon

thefragmentshadelor pre-compute@dndstoredasa 3D texture.

2.4.3 DiscontinuousDeformation

The majority of previous work on volume deformationconsiderghe transformatiorfunction
as continuous. Particularly for suigery and medicalillustration, deformationsoften contain
discontinuities ThereforeTr and T 1 arenot necessarilyontinuous.

Therearea numberof waysto de ne discontinuougieformation.The mostintuitive is by
usingforward deformation.This approactwasusedby McGufn etal [76]. By usingpoints
asprimitives, it was possibleto de ne discontinuitiessinceno intermediatespaceis needed

betweerthe points. However, aspointedout before this methodprovesinsufcient for volume
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Figure2.4: IntroducingCutsfor IndirectSpaceNarping

rendering.

Introducingdiscontinuitiesn spacewarpingapproachess morechallenging.In the case
of indirectspacewarping,this challengearisesbecause¢heinterpolatingfunctionsrequiredfor
the samplingof the proxy meshare inherentlycontinuous. Therefore discontinuous/olume
deformatiorrequires similarly to surface-basedeformationare-tessellatioof the proxy ge-
ometry A discontinuousieformationcanbede ned asacollectionof disconnectedontinuous
deformations.Therefore the proxy geometryis split andre-meshedlongthe cuts. Sampling
occursat thosepointsinsidethe proxy meshandnot in the emptyspacegeneratedy the cut.
This procesds shavn in Figure2.4. Note how the discontinuityappearsasno samplingrays
are castinto the empty space. This approachwas usedby Kurzion and Yagelin their hard-
wareimplementatiorof ray de ectors[64]. In a recentwork, Brucknerand Groller [13] use
re-tessellatiorto split volumetricobjectsand generateaxplodedviews of volumedataon the

y . In their systemavolumeobjectcanbe split with planarcutsde ned by theuser andeach
generatedub-wlumeis transformedinearly via rigid transformations.

Oneof the shortcomingf this approachs the requiremenbf re-tessellatioron the vy,
which may be computationallyexpensve for complex non-linearcutsanddeformationsand
theinability to represenarbitrarily smoothcutsdueto thelinearinterpolationimposedby the
proxy mesh.

A mechanismo overcomethe needfor re-meshings to usepoint-basedieformation.In
this case,Q is a subsetf the original samplepointsR,. Deformationis obtainedby forward
transformation.Unlike cuberillerendering the samplingof the spaces doneby interpolating
the scalarvaluein alocal neighborhoodenteredat eachdeformedpoint p® Becausao mesh
is requiredfor Q, introducingcutsis easier For moreinformationon point-base@&ndmeshless

deformationyeferto [82].
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Anothermechanisms to modeldiscontinuitiesvia direct spacewarping. Unlike the pre-
viousapproachegjirectspacewnarpingrequiresthe samplingof all the pointsin thedeformed
spacejncluding the emptyspaceintroducedby a discontinuity The deformationequationin
2.8is nolongervalid, sincethe transformatioris unde nedfor the pointsin the emptyspace.
Ideally, for ary forward transformationTz from R, to R?, we shouldalways have its corre-
spondingT: %, suchthat, for eachpoint p°2 RY, thereexistsp 2 R, andp®= Tg(p). With a
discontinuousleformationthis conditionis no longermet. This canbe solved by allowing the
de nition of amodi ed inversetransformationg, asfollows.

Let R% bea collectionof all pointsin V. SinceR? is asetof all pointslocatedin Vwith a
pre-imagein V, theemptyspacein VCis thusde ned by a setof pointsP9,,, = R% R}. We

therebyreplacethe T in Eq.(2.8)with amodi ed badkward transformationTg as:

8
g T- (P9 p°2 RY

p= Te(p9 = 5 (2.9)
- ? P°2 Porpry

where? denotesa null position, indicating a point that doesnot have an origin prior to the
manipulation. In general,suchpoints are considerecempty or completelytransparent.We

therebyassumehat,for purpose®f rendering:

f?)=10 (2.10)

This methodis depictedin Figure2.5. Note how the raysarealso castinto the emptyspace.
Pointsin thatregion aredepictedaswhite dotsandthey areinverselymappedo thenull space
?.

This methodhasbeenimplementedas Spatial TransferFunctionsin [20] and Spatialand
TemporalSplitting [54], usingraycastingwherediscontinuitiesarehandledby maintaininga
specialvaluefor a null position. Although this hasproducedyoodresultswith ray-castingjt
requiresa goodsamplingof the surfaceof the cut to obtainanti-aliasedmages.Further this
approachdoesnot extend easilyto interactive volumerendering. Discontinuousdeformation
canalsoberealizedwith ray de ectors, in [64]. One problemwith ray de ectorsis that, in

orderto de ne adiscontinuity rayswould have to be deformedaway from eachotherat some
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Figure2.5: IntroducingCutsfor Direct Spacé/Narping

point, andthey would never “hit” the surfaceof the cut. As analternatve, KurzionandYagel
de ne discontinuousle ectorsby allowing intersectingays. Sincea samplepoint cannotbe
mappedo two differentpositionsin the original volumeV, they only allow pointson oneside
of theintersectiorto samplehevolumein thatsideof theintersection As the samplingis done
smoothlyalongthede ectedray, thisapproactproducesenderingof cutswith little aliasingin
comparisorwith SpatialTransferFunctions.However the speci cationof suchray de ectors

is not straightforward,andmaybe dif cult for complex discontinuousleformations.

2.5 Other Volume Manipulation

Thereareothermethoddor transformingvolumetricobjectsthatdiffer slightly from deforma-
tion. In thesemethodsa manipulationof the volumeis achiezed by eithercarving clipping or
ghostingpartsof thevolume. Volumeclipping is a populartool to remove partsof anobjectin
orderto gain visibility of occludedparts. Clipping is usually performedby applyinga differ-
encebooleanoperationof the volumewith anotherclip volume,usuallyde ned procedurally
Planarcutsarethe mostcommon,andmethoddor renderingclippedsurfaceshave beenpro-
posed47]. Weiskopf etal. proposedhe useof generalshapeclipping volumesfor effective
visualization[124]. A similar ideais the processof volume carving[30], wherepartsof the

volumeareinteractvely remoredasa modelingprocess.
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2.6 MeshDeformation and Cuts

Triangularmeshesasopposedo volumes,arenot sampledobjectrepresentations-However,
mary deformatiortechniquesirav similaritiesfrom theseapproachesDeformationof meshes
is essentiallya directmappingproblem,asdescribedabove. In empiricalmodels this mapping

is obtainedvia a numberof methodspamely:

Directtransformatiorof theverticesof themesh asit is commonin consumeBD editing

software,suchas3D Studio[31] andMaya[4].

Global or local deformationg6]. Deformationssuchastwists and bendsare usually
de ned as procedures.As an alternatve to meshdeformation,Barr proposesnverse

transformatiorfor theray tracingof deformedsurfaced5].

Transformationof an embeddindattice, of which the mostcommononeis free-form
deformation[100, 75], wherethe lattice is a tri-cubic grid. Other examplesinclude
skeleton-drven deformationd16]. Pose-spacdeformationtechniqueg69], which are
at the core of currentcharactermnimationtechniquesalsoachie/e deformationby the

transformatiorof anembeddingstructure alsoknown aservelopes

Sketching[59, 83], wherethe deformationis obtainedby a mappingfrom a 2D curwe,

usuallysketchedby theuser into a 3D transformation.

Recentefforts have beenmadeto enforcecertainconstraintdn meshdeformation,in the
hopesof obtainingrealistic resultsat interactve rateswithout the needfor complex physics.

Someof the propertieoftenenforcedn meshdeformationare:

Smoothnes®f the deformation[135, 132. This propertyleadsto the prevention of

folding artifactsor breaksin themesh.

Volume conseration [50, 92, 10, 118], wherea volumetricfunctionalis minimizedin

orderto achieve realisticdeformationsf non-compressibleolids.
Preventionof self-intersectioj41, 118,38].

Preserationof surfacedetails[83, 10].
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Anotheraspecof deformationis the modelingof cutsandbreaks.Simulationof fractures
wasintroducedby Terzopoulosand Fleischer[113]. Several modelshave beenproposedor
discontinuousleformation:cutting,asthesurfaceinteractswith acuttingtool, e.g.,for sumgical
simulation[11, 29,8, 101], orillustration[88], fracturingof brittle [85] or ductilemateriald84]
andsplitting of objectg[109].

Oneof the problemswith meshdeformationis therequirementor anexplicit mesh.In the
caseof large continuousdeformationssuchasa twist, the resultingmeshmay containlarge
degeneratdriangles which mayintersect.Most mesh-basedeformationhandlethe problem
by anadaptve re-meshingf the problematicregion. In the caseof cutsandbreaksa meshis
requiredto propagtethe breakor cutin thedesireddirection.In addition,the modelingof the
interior requiresa solid meshrepresentatiorysuallya tetrahedramesh.A re-meshings also
requiredin this caseasthecutis seldomintroducedalongtheactualedgesof themesh.Unlike

there-meshindor continuousdeformationcutsimply topologychangesn the mesh.

2.7 Summary

This chapterhasdescribedhe state-of-the-arin deformationof volumetricandsurface-based
objects. Volumetric objectscanbe describedas sampledobjectrepresentationgbtainedby
samplinga continuousobjectin a regular grid. Becauseof this sampling,deformationof
sampledobjectrepresentationsequiresan inversewarping mechanism.This spacewarping
handleghe samplingproblemshatoccurwhenattemptingo producedeformatiorvia forward
pointtransformationThemostcommonmethodhasbeenindirectspacewvarping,whereacon-
trol proxy meshis deformedrst andthevolumedeformations obtainedhroughinterpolation.
CurrentGPUsenableinteractve volume deformationthroughdirect spacewarping,wherean
inversetransformations usedo directlywarpthesamplepointsin thedeformedvolume.How-
ever, the modelingof cutsandbreaksandhigh quality renderinghasbeenmore problematic,
dueto thetopologicalchangeghat may occur Sincevolumetricobjectsdo not have explicit
topology theintroductionof cutsseemsstraightforward. However, accurateenderingof vol-
umetriccutshasbeendif cult, dueto samplingproblemsandthelack of aunifying mechanism

for encodingdiscontinuousieformations.
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Thefollowing chaptedescribesa methodfor deformingvolumesatinteractve rates based
on a generalizatiorof displacementnaps,which alsoallows the modelingand high quality

renderingof large deformationsanddiscontinuities.
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Chapter 3
lllustrati ve Deformation

We de ne lllustrative Deformationas a non-plysics-basedieformationmethod, wherethe
shapeof an objectis modi ed via global andlocal deformationsto mimic the type of de-
formationscommonlyfound in scienti c illustrations. Unlike physics-base@pproacheshe
deformationis appliedasthe resultof userinterventionvia a setof transformatiortemplates,
ratherthanasthe resultof a setof virtual forcesbeingappliedto certaincontrol pointson the
object. Thereareseveral propertiesof scienti c illustrationswhich artistsandscientistauseto
provide a betterunderstandin@f objectsandphenomenakirst, deformationoften depictcuts
andbreaks sothatimportantpartsthatarebeingoccludedare madevisible, while preserving
contectual informationof the object. Secondthesecutsanddeformationsare ubiquitous,in
thesensdhatthey canbeappliedanywherein theobject,andat severalscalesFinally, they do
notadherenecessarilyo reality, asshaovn in certainanatomicalllustrations,e.g.,1.2(c),where
the placemenanddeformationof certainlayerssuchasmusclemay not describea physically
feasibledeformationbut it providesthe mostcomprehensk view of the differentanatomical
layers.

We describethis methodas a top-davn approach. Traditional deformationapproaches
modelreality in a bottom-upapproach: rst, a seriesof equationsare speci ed, which are
designedo modelcertainphysical propertiesof the movementof bodies. The equationsare
integratedin time to obtaindisplacementsor the graphicalelementswhich in turn produce
a 3D image. This processs re ned by modifying the equationssettingparametersr adding
constraintsn orderto obtainthe desiredresult.

In ourapproachye begin with anabstracdescriptionof thedeformation.This description
de nes a global deformationof an object, suchasa peel,a twist, a bend,etc. We represent

thesegenericdeformationsastemplatesyhich aredescribedn thefollowing section.We then
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Figure3.1: Iconicrepresentationsf deformatiorntemplates

apply the templateto the object,in a similar fashionto the way texturesand displacements
areappliedto surfacemeshes.Our renderingprocesghenproduceghe resultingimage. We
thencanre ne our resultsby eitheraddingnew deformationtemplatespr combiningsimple

deformationgo form acomple one.

3.1 Deformation Templates

At the core of our approachis the idea of deformationtemplates Unlike physically-based
methodswheredeformationis obtainedvia a physical simulation,herewe de ne globaland
local deformationsasdisplacemeninaps.Thesein turn arede ned procedurallyasin [6], via
interpolationof point-wisetransformationsasthetool describedn [54], or asacombinatiorof
simplerdeformationsDisplacementapsaresampledstructuresvhereeachpositioncontains
adisplacementector whichis usedto transformthe positionof apointin 3D space.Thisidea
wasintroducedasa meango addgeometricdetailsto a basesurface[22], in a similar fashion
to theway texturesareusedto changethe appearancef anobject. During the reminderof the
thesiswe usethetermsdisplacementapsanddeformationtemplates/metaphonsterchange-
ably. Deformationtemplatescan be continuousor discontinuous. Examplesof continuous
deformationsaretwists, bends pulls and pokes. Examplesof discontinuousieformationsare
cuts, peelsandslices. Whenthesedeformationsare appliedto a volumetric cube,we obtain
iconic representationsf our deformationtemplatesasshovn in Figure3.1.

An importantaspecof deformationtemplatess thatthey aregenericandthereforecanbe
appliedto ary dataset.This meanghatdeformationis decoupledrom the objectrepresenta-

tion.
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3.2 ProcesDverview

In our approachdeformationis part of the renderingprocess. The deformationis speci ed
asa displacementnap, availablefrom a pool of deformations.Sincevolumetric objectsare
sampledrepresentationgjeformationcannotbe obtainedby directly transformingthe sam-
ple points. Instead,inversewarpingis required. Thatis, renderingof a deformedvolumeis
obtainedby samplingthe deformedspaceand warping eachpoint into the original sampled
representatioim orderto nd the necessargolor andopacityvalues.Becausef this inverse
warping,deformationtemplatesstoreinversedisplacementsThe overall renderingprocesss

thenasfollows:

1. Theuserselectsa deformationandappliesit to themodel. This applicationis de nedin
a similar fashionto traditionaltexture mapping. We call this the mappingstageof our

algorithm.

2. Thedeformatiormappingspeci edby theuserde nesavolumein 3D spacewherepart
of thedeformedvolumeneedgo berenderedThisdeformedspaces traversedatregular

intervalsalongtheview direction(slicing stage)

3. Eachsampledyeneratedby the slicing processds inverselywarpedaccordingto the de-

formationtemplate We call thisthewarping stage.

4. Eachwarpedcoordinates usedto retrieve opacityandcolor informationfrom the orig-
inal volumetric objectvia sampling. This is the samplingstage. In addition,for each

samplewe obtainnormalestimationfor lighting models.Thisis thelighting stage.

5. Inthe nal stagethecompositingstagecolorandopacityvaluesarecompositedogether

to producethe nal image.

In this thesis,we explore the different aspectsof this renderingprocessin order to obtain
meaningfuldeformationghat canbe usedfor medicalillustration, suigical simulationor asa
visualizationtool in general.Onedif culty with inversewarpingis the simulationof cutsand
breaks,sincethey imply thatthe warpingfunctionis not invertible. We solve this by encod-

ing discontinuityinformationalongwith the displacemenin suchaway thatC? continuityis



34

Sampled, 1™~~~ 7
T e I

Object | /
view direction Repres. | | )
| A

-
R v oo
A . A . . rAA
/_\% % 3 / \_inversely / \\\ TJ] / \\\ / \\\\\\\\\
c L ! > | “warped / \ / \ / O\
' [ - S / point N \ \i\\:
| @ / \ /\\ / NN\
~_ / A v @ Y, /v/<] % / QZ\ ///
| { {
i \/ \/ 9
. Ay )/ )/ ///
{ point / / / //
N y S { §
> ! - )—vy AN N / \\\ / \\\ /) //
i N N
( (ZERVEN L (0 \Y h VY N
~ : v slices
DEFORMATION MAPPING SLICING WARPING SAMPLING —— LIGHTING ———— COMPOSITING
TEMPLATES
Per Sample Point
Figure3.2: Overview of lllustrative Deformationof volumes
Layered ,1” "~ i
Object \r/p N
view direction Repres., | ) | w {:}
% ST
inversely
warped
point .
3
< - Y
A
~__ sample/ (X,
point AV \ N
|
o !
- \/ slices
DEFORMATION MAPPING —> RAYCASTING ————>  WARPING ———> SAMPLING —> FIND — LIGHTING

TEMPLATES

INTERSECTION

Figure3.3: Overview of surface-basedeformation

presered. This methodis describedn Chapter4. Anotherchallengeis the introductionof

feature-sensite operations.For instance somedeformationgequirethe preseration of fea-
tureof interestsuchasinternalstructuresr rigid parts.In ourapproachthis canbedonein the
mappingstage asatransformatiorof thedisplacemeninapping,or in the samplingstage asa
modi cation of opacityinformation. This methodis describedn Chapter5. The nal stage,
compositingmakessensdor volumetricobjectswhereeachvoxel contriktutesto the nal im-

age. However, asdescribedn the previous chaptey surfacemeshesanalsobe de ned using
sampledayeredrepresentationgkatherthandoingslicing alongthe view, we traceraysin the
view directionalongeachpixel. As we inverselywarpthe pointsalongtheray andsamplethe
layeredrepresentationf the object,we testfor intersectionsOncewe nd anintersectionwe

renderthepointaccordingo thelighting parametersTheoverall processs depictedn Figures

3.2and3.3,anddescribedn detailin Chapter7.
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Chapter 4
DiscontinuousDisplacementMapping *

4.1 Intr oduction

In Chapter2, we describedvolume deformationasa point-wisemappingthat transformsthe
positionof all pointswithin a volumeto new positions.We alsodescribedhatthis point-wise
mappingcanbe thoughtof aseithera forward mapping,suchasin traditionalmeshdeforma-
tion, or inversemappingor spacewarping, moreappropriator discretelysampledvolumes,
whereaninversetransformatioris appliedto the pointsin the deformedspaceto nd the cor
respondingpoint in the undeformedobject. However, this methodimplies challengesvhen
incorporatingcutsanddiscontinuities sincethe mappingmay not be de ned for somepoints
in thedeformedspace.

This chapterdescribes novel andgeneramethodfor performingvolumedeformation As
describedn Chapter3, we de ne deformationin a top-davn approachstartingfrom a rough
speci cationof the deformationand,by meansof combinationof re nement,reachingto the
desireddeformationstate.The procesf addingdeformatiorto the volumecanbethoughtof
asaproces®f “adding” details,andthereforearesimilar to theideaof displacemenmaps

Displacemenmapsarediscretelysampledobjects,typically de ned as1D, 2D or 3D tex-
tures,whereeachelemente nesaspatialdisplacementatherthana color attribute. Displace-
mentmapsarecommonlyusedto addvisual detailsto a basesurfaceby perturbingpointson
thesurfacefor a smalldistancealongthecorrespondingurfacenormals.For thisreasontradi-
tional displacemenmapsaregenerally(i) appliedalongthesurfacenormaland(ii) assumedo
be continuous.Theseconditionsmale it dif cult to simulatelarge andcomplex deformations

suchascutsand ips.

Iportionsof this chaptemerepublishedn our paper:DiscontinuoudisplacemenMappingfor VolumeGraph-
ics,by C. CorreaD. SilverandM.Chen,EurographicandVGTC Workshopon VolumeGraphics 2006,pp.9-16
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It is our objective to extendtheideaof displacementmapsto modellargedeformationsand
discontinuitiesn volumetricobjectsby relaxingthesetwo conditions.The rst conditionhas
beenrelaxedin somerecentwork. Wangetal. [122] emplo/ed volumetricdisplacementunc-
tionsin orderto simulatenon-orthogonatlisplacementsn surfaceobjects. Similar ideasare
foundin [121] and[91]. Theseapproachesyonetheless;onsideronly displacementsvithin
smallvolumetricregionsalongthe surface. The removal of the secondconditionis critical to
renderinglarge cutsandbreaks.Surfacemeshegio not containadequaterolumetricinforma-
tion, suchassurfacethicknessandinterior structure to allow the creationof correctvisual ef-
fects. Althoughthis canbehandledusingatetrahedratiescriptiorof theinterior, re-tessellation
of suchmeshess atime-consumingask,which limits the quality, smoothnesandthickness
of cutsandbreaks.

Here ,weintroduceageneralizedhotionof adisplacementap,whichallowsfor uncorven-
tionalfeaturessuchasunorthogonahnddiscontinuouslisplacementdrigure4. lillustratesthe
differencebetweerthetraditionalandgeneralizedlisplacemenimapping.We discusghe ma-
jor technicaldif culties associatedvith this generalizationandoutline our solutionsto these
problems.In particular we considera GPU-basedolumetricapproactwithout involving ary
meshstructureandthe intensie computatiorassociatedBy employing inversedisplacement
mapsin 3D vectorspacewe areableto apply complex displacements$o volumes. Our ren-
deringapproachnvolvesthe useof a proxy geometryfor samplingof theinversedisplacement
map,which is thenmappednto the original objectspace.Correctcalculationof surfacenor-
malsbecomes particularissuesincecorventionalnormalestimationwould leadto noticeable
lighting artifactson surfacesdisplacedn varyingdirections andatbreakingpointsin adiscon-

tinuousdisplacemeninap.

4.2 RelatedWork

Displacement Mapping. Displacementappingwasintroducedby Cook[22] asatype of
texture mappingtechniquefor modifying the geometryof a surface,resultingin correctshad-
ows andsilhouettegin contrasto bumpmapping[9]). Typical approacheto therealizationof

displacemenmappingincludeexplicit surfacesubdivision(e.g.,[23]), directray tracing(e.g.,
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[73,89]), andimage spacewarping(e.g.,[99]).

In surfacesubdvision [23], geometricprimitivesare subdivided into micro-polygonsye-
sultingin anexplicit representationf the displacedsurface. The methodhasbeenmadeavail-
able through commercialsoftware suchas RenderMafi™and Maya™. Hardware solutions
werealsodeveloped[43, 32]. Discontinuitiesareintroducedwith costly re-meshingf the ob-
ject. This approactcannotbe extendedeasilyfor volumegraphics,sinceno surfacemodelis
available.

In ray tracing, the corventionalapproachs to pre-computen inversedisplacemenmap,
and performthe intersectioncalculationin the displacedspaceof a surface[73, 89], similar
to Barr's suggestiorfor renderingdeformedobjects[5]. To alleviate the costof ray-tracing
an entiresceneyecentapproacheso displacemenmappingproposeto traverseraysthrough
extrudedtrianglesin thetexturespacg122,121, 91]. In imagespacewarping,thevisualeffect
of adisplacemenis achiezedin theimagespaceatherthanthe objectspace The methodwas
rst introducedby Schau erandPriglinger[99], focusingon warpingthe imageof the base
surfaceaccordingo the projecteddisplacementandlaterextendedby Oliveiraetal. [87]. The
extensionof ray tracingto the modelingof cutsis dif cult, sinceit requiresdeterminingaray
intersectiorwith thenew surfaceproducedy thecut. Further currentapproachefor displace-
mentmappingbasedn extrudedtrianglescannotmodellarge or discontinuouslisplacements.
In our approachwe exploit the GPU capabilitiesof contemporarygraphicsboardsto solve
the limitations of the inversedisplacemenmapsandimage-spaceavarping approachesvhen
appliedto discontinuouglisplacemenbn volumetricobjects.

Displacement as a means of deformation. Mostdeformationtechniqueshave considered
deformationas a mappingproblem. For surfacemeshdeformation,this mappingis usually
explicit by nding thedisplacementf eachelement.in arecentdevelopmentVon Funcketal.
usedavector eld representatiom orderto modeldeformatioronsurfacemeshe$118]. Their
structures actuallyavelocity map,which canbede ned asanin nitesimal displacementap.
Theactualdisplacemenis foundfor eachpointthroughtime integration.

In volumedeformationthe useof adiscretelysampledstructureto storethe displacements
was hinted at by Westermanrand Rezk-Salaman [126] and later in [94]. However, these

approacheslid not handlethe caseof discontinuitiesandmary detailsnecessaryor a GPU
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Figure4.1: A crosssectionillustration of the traditionaldisplacementnapping(left) andthe
generalizedlisplacemenmappingallowing for unorthogonabhnddiscontinuouslisplacement

(right).

implementationwere not explored. Brunetet al. [15] recentlyexploredthe useof GPU pro-
grammabilityto pre-computaleformationsn a 3D texture. Unlike a displacemenmap, their
approactstoregheresultof thetransformation Althoughtheendresultis, in principle,equv-
alentfor both approacheglisplacemenmapshave the advantageof beingalgebraicallyoper
atable,which providesmeansfor combinationand compositionof deformationsn a e xible

way.

4.3 DisplacementMapping

Displacementnappingis traditionally consideredas a variation of 2D texture mapping,and
it is usedto alter the basesurfacegeometrically A volumetricdisplacemenimappingcanbe
consideredasa variationof 3D texture mapping,where3D displacementareusedto perturb
the volume, enablingthe simulationof large deformationsandcuts. Sincetexture mappingin
2D or 3D ofteninvolvestexturesde nedin ahigherdimensionaparametricspaceywe consider
a generalnotion of spacel. without explicitly distinguishingbetweengeometryand texture
spaces.

A Generalized Notation. LetL beareferencecoordinatesystemusedby anobjectposition
functionP andL p areferencecoordinatesystemusedby anobjectdisplacementfunction !D B,
LetW :Lp 7! L beacoordinatearansformatiorbetweerthetwo systemsandwW 1 its inverse.

We considetthefollowing generalizednappingfrom apointontheobjectP(/ ) to anew point

PY1):

PYI) = W((W P)(I)+(!DB w1l P)I) (4.1)
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wherel 2 L andF G isthecompositionof transformation$ andG. P de nesacoordinate
mappingfrom L to a pointin R3. DB is a vectorfunction that canbe speci ed procedurally
or by usinga discretizedrepresentatiosuchasa texture. In Eq.(4.1),it is no longera must
thatthesurfacenormaldetermineshedirectionof displacementandfunction !D B isnolonger
assumedb becontinuous Asillustratedin Figure4.1,in comparisomwith thetraditionalnotion
ontheleft, this generalizedhotionallows for unorthogonahnddiscontinuouslisplacement.

L canbea 2D parametricspaceasin thetraditionalnotion, the 3D Euclideanspaceasin
[61], or ary referencesystemappropriateo anapplication.In thiswork, weuseL = Lp = R3
asthereferencecoordinatesystems.In the following discussionswe usemainly the inverse

form of Eq. (1), thatis,
P(I)=W(W * PY(1)+ (D w * PY(/) 4.2)

| |
whereD € is theinverseof DB. SincelL = R3, wecanmalke P(/ ) = p andPY{/ ) = p°where
!
p;p°2 R3. By decomposindd € asD(PY/ )) = D(pY, andfollowing our notationfor volume

deformationEqQ. 4.2 canthusberewritten as:
p=W(W *p° DW *p) (4.3)

In thefollowing discussionswe shallassumehatthe displacementunction andthe posi-
tion functionarede ned in a commonreferencecoordinatesystemL andthatthe coordinate
systenmmappingW is theidentity transformationWewill revisit thislateronin Sectiord.7.1to
de ne af ne transformation®n displacemenmapsandin Chapter5 to de ne feature-aligned
deformations.Basedon this assumptionthe displacemenmappingfunctionis thena direct

inversewarpingtransformationgde ned as:

p= Tz (p9 = p°+ D(p9 (4.4)

For simplicity, we considerthe backward displacemenmappingfunctionin theform of D
in the following discussions.Thereis no constraintasto the displacementvaluesof D. The

displacementanbe of ary directionandmagnitude.
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4.4 Modeling discontinuities via Displacements

As describedn Chapter?, previousapproachesuchasSpatialTransfer-unctionsconsidetthe

discontinuityby introducinga null position? , andthe deformationbecomes:

8
2 T P9 p°2 RY

p= Te(p9 = 5 (4.5)
o2 p°2 Pgmy

whereR? is thesetof pointsin the deformedvolumethathave a pre-imagen theoriginal setof
pointsRy, andPgmoty thesetof pointswith no pre-image Renderingf thevolumeis performed

by samplinga scalarfunction f° de ned as:

8
2 t(p) pe 2

f4p9Y = 5 (4.6)
-0 otherwise

The problemwith this methodis the dif culty of expressinga null valuein the displacement
map. A zerovectorwould indicatea zerodisplacementywhich is notthe sameas? . A vector
of oneswould indeedmapa samplepoint to a positionoutsidethe original volume,which, in
principle,couldbe assumedo bede ned as?, sinceno valid displacementanbethatlarge.
However, thisintroducegproblemsfor hardwareimplementatior(andevenfor traditionalray-
casting),dueto tri-linear interpolationusedto samplethe displacemeninap. We referto such
methodof encodingdiscontinuitiesasout-of-boundencoding.With anarbitrarily large value
for the de nition of ?, pointsnearcutswould have a displacemeninterpolatedbetweerthis
value andthe displacemenbf the closestnon-cutpoint. This value,however, may be a valid
displacementbut in a directionandwith a magnitudeunintendedby the deformation. This
causesaggededgesandaliasingartifactsin cutsasshavn in Figure4.2(a).

For this reasonwe considerthe displacemenasa pseudo-imerseD* of the original for-
ward displacemenilDC, which is de ned asthe inversedisplacemenfor thosepointsin the
co-domainof !D B, andaninterpolatedvalueD for thosepointsin theregion of discontinuity
suchthatD* maintaingC® continuity. In otherwords,D* is valid for all pointsin thedisplace-

mentmap,including thosewherethereshouldbe a discontinuity For therestof this chapter
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Figure 4.2: Modeling of discontinuitiesusing discretelysampleddisplacements.Top Row:
peelingof atomatodatasetBottomRow: Zoomedview. (a) Usingout-of-boundslisplacement
resultsin jaggedinesandunintentionallisplacementb) Binary alphamasksesultsin aliasing
(c) Smoothalphamasks.

we referto suchcompletedisplacemensimply asD.

In orderto modelthe actualdiscontinuity we usean alphamaskwith the samesizeand
resolutionof thedisplacementnap. This alphamaskis usedto tag certainpointsaspartsof the
cut. Onealternatve is to de ne the alphamaskasa binary map,wherea valueof 1 indicates
avalid displacemenanda valueof 0 de nesaregion of discontinuity The problemwith this
binarymapis the presencef aliasingin the surfaceof the cut,asshavn in Figure4.2(b).

A betterapproachs to de ne the alphamaskasa smoothscalar eld, suchthata value
greaterthanor equalto 0O is consideredas a valid displacementand a value lessthan0 as
a region of discontinuity This smoothscalar eld canbe obtainedby smoothingthe binary
de nition of the cut, or by computingits signeddistanceeld. In fact, the alphamaskis an
implicit representationf the cut surface wherethe actualsurfaceis the zero-sef xjA(x) = Og
This approachresultsin a betterandsmoothersurfacein cutsandbreaks.asshavn in Figure

4.2(c).
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ThereforeTr becomesnvertibleandits inversetransformationg = T Lis:

p= T *(p9 = p% D(p9 4.7)

And the samplingof the scalarfunctioncanbede ned as:

8
2t(p) A(p) O

wﬁzg (4.8)
-0 otherwise

whereA(p) is ascalareld de ning thecontinuitymaskof D(p).

4.5 RenderingPipeline

Our approachusestexture-based/olume renderingwith view-alignedslices. We useslicing
asarenderingmechanisnfor discretesamplingof the displacedobjectspace ratherthanfor
storinga view-dependentepresentationf the displacedobject. Sincethis spaceis unknavn
we de ne aboundingbox objectasa proxy sceneggeometry

Let O be the function of an objectand O° that of the displacedobject. The proxy scene
geometnyjin effectde nesaboundedspatialdomainof OC. If theproxy scenegeometrycontains
avolumedataset,we canusethe texture-based/olumerenderingmethodwhich sampleghe
proxy scenegeometrywith slicesparallelto theview plane.Eachpixelin asliceis thenmapped
backto theoriginal objectspacevhereO is de ned, via aninversedisplacemenmap. Function
O canbeary objectrepresentatiosuchthatgivena positionp in the original objectspaceijt
returnsappropriatduminanceattributesat p. O(p) caneasilybeanimplicit surfacefunction,a
level setsurface,adistanceeld or acolorvolumetexture.In our casewe useascalarvolume

datasetyhich we denoteas f, andstoreit asa 3D texturein GPUmemory

4.5.1 DisplacementSetup

[

To createa displacementexture, D, of sizew h d, we rst specify DB procedurallyand
|

thensampléits inversetransformatiorD = D€ atdiscretepositionsf x;y; zjx= 0;1;:::;w;y =

0;1;:::;h;z= 0;1;:::;dg. As describedabore, theinversemaynotbe de ned for all pointsin
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Figure4.3: Systendiagranmfor discontinuouslisplacementapping.As we samplehebound-
ing box of the scene gachfragmentpPis displacedby a distanced obtainedby samplingthe
displacementexture D. Theresultingpositionp = p%+ d is usedto samplethe objecttexture f

andgradienttexture N( ) , to obtaincolor andnormalinformation. Color, normalandopacity
(obtainedrom alphamaskA) areusedto computethe nal color of thefragment.

the domainof the deformation,so D is extendedsuchthat at leastC® continuity is obtained.
C! continuity is desired,asit will imply that the discontinuityis differentiableat all points.
Thedisplacemenvaluesmustbe normalizedin theintenal [ 1;1], thenscaledandbiasedto
t in the rangeof valid valuesof GPU textures([0; 1]). The alphamaskcanbe createdasa
binary mask,so thatit is 1 if p® hasa pre-imagein the co-domainof !DB and 0 otherwise,
anddiscretizeit in a 3D texture. As describedabove, aliasing-freerenderingis possibleas
long asthe alphamaskis smooth. Therefore we de ne the nal alphamaskA asanimplicit
representationf suchbinary map, obtainedthroughsmoothingor via a distanceeld of the
binarymap. Similarly to D, alphamaskvaluesmustbe biasedandscaleto t into therangeof
3D textures.D andA areillustratedin Figure4.3,wherethestripedpatternin thedisplacement
mapis usedto shav thestretchingthatoccursatthediscontinuity Theactualbreakis depicted

asadarkregionin thealphatexture.

4.5.2 DisplacedObject Points

In orderto determinethe displacedvolume, we slice the proxy scenegeometryinto view-
orientedslices,asshown in Figure4.3. The boundingbox of O° caneasilybe found by com-
bining the boundingboxesof the object(s)andtheir displacementsThe slicesarerenderedn

back-to-frontorderand nally compositedisingalphablending.For eachpointp®ontheslice,
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wemust nd theappropriatalisplacementsincetherecanbe morethanonedisplacemenéct-
ing ontheobject(SeeSectiond.7 on compositemaps).We usea fragmentprogramto nd the
opacityandcolor valuesof a given pixel with texture coordinate® This programcomputes
p = p°+ D(pY, wherep is the positionin the original objectO thatcorrespondso the texture
coordinatep®. It thensamplegshe 3D texture f atthe positionp andretrieve the color compo-
nents.Finally, in orderto handlediscontinuitiesjt sampleghe alphamaskA atthe positionp®
andmodulatethe pixel's color componentsvith the mask,accordingto Eq.(4.8). The process

of thefragmentshadelis depictedn Figure4.3.

4.5.3 DisplacedSurface Normal

In orderto properlyshadehe object,we needthe normalinformationat eachpoint. Sincewe
storeobjectsasvolumes,normalscanbe obtainedusing nite differencesor Iters suchasthe
Sobeloperator For interactve rendering the gradientcanbe pre-computecéndstoredin a 3D
texture. Whenprocessindgragmentsatexturefetchof thegradienttextureyieldsthe normalof
the voxel andits magnitudg(This is shovn asN( f) in Figure4.3). Therearethreecaseso be
consideredthe pointsthatarenotdisplacedthedisplacepoints,andthosein theboundaryof
adiscontinuity For pointsnot displacedthe pre-computechormalscanbe useddirectly. The

othertwo casesarehandledasfollows.

Normals at DisplacedPoints

For a point undegoing displacementwe mustobtaina nev normal. Figure4.4(b) shovs the
casewherethe pre-computechormalis used,which resultsin incorrectshading. In Figure
4.4(b),we peelthe top of a piggy bankobject(thelight is above the piggy bank). We seethe
incorrectshadingof the peeledsurface. Sincethe surfacewasoriginally facingaway from the
light, it remainsdark even thoughit is now facingthe light after peeling. A more accurate
shadingof the surfacecan be seenin Figures4.4(c) and 4.4(d) wherethe peeledsurfaceis
correctlyshadedandtowardthelight.

Normalscanbe computedon-the- y by samplingthe neighboringvoxels (after displace-
ment)andapplying nite differences.However, this methodrequiresup to 6 (for centraldif-

ferencespdditionaldisplacementomputationsyhich is computationallyexpensve. Whatis
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neededs a way to transformthe undeformechormalsonthe y without additionalsampling.
This wasproposedy Barr for forward deformationof surfacemeshesThe new normalat p°

canbeobtainedby transformingthe original oneat p usingthe Jacobiarof the deformation:
!n(p% — detJF(JFl)>!n(p) (49)

where'n ( is the normalvectorthroughthe point p, Jg isthe3 3 Jacobiarof the forward
transformationls anddetJg its determinant

Our approach however, de nes an inversespacewarping, so it is necessaryo obtaina
similar expressiorbasedon the inversetransformation.GivenTg = T 1 astheinversetrans-

formation,andsincep = Tg(p9, Eq.(4.9)leadsto:

!n (p) — detJB(JBl)> !n (»
or equivalently:
detlg '

whereJg is the Jacobiarof theinversetransformatiorig = T *.
SinceTg(pY = T- 1(pY = p°+ D(pY, we cande ned it asa multi-variatemappingin 3D:
0 1 O 1
Tex(XY; 2) X+ Dy(XY; 2)
p=Te(xy2 = % TeY(XY;2) E = %) y+ Dy(XY:2) E

TeZ(X;Y; 2) z+ DX y;2)
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andthe Jacobianlg is thederiative of Tg with respecto the spatialcoordinatesTherefore:

2 3
TMex  flex  flex

x Ty 1z
ey  fley  fley

Js(xy:2) I

ez flez sz
x Ty 1z

2 3
= I+Jp

wherel is theidentity matrixandJp is the Jacobiarof thedisplacementap. Then,Eq. (4.10)

becomes
1

= -
det(1+ Jp)

(1+ 3p)>n @

Sincenormalvectorsmustbenormalizedthe WLD) factorcanbeomitted. This leadsto

our normaltransformatiorequation:
(09 = (M)y> ! (p)
N =(+Jy57)" 'n (4.11)

This last stepavoidsthe division for zerothat might occurwhenthe Jacobiaris singular
However, the Jacobians only singularat regionsof breaks.In our approachthedisplacement
mapis well de ned and continuousfor all points, andthe breaksare handledby a different
mechanismin the pipeline (seeFigure4.3). In practice the Jacobiarof the displacemeninap
is approximatedisthe gradientof the displacementexture,i.e.,Jo  Np,;Np,;Np, ”, using

nite differencing.For speedup, onecanpre-computehe matrix
B= (1+ %) (4.12)

for eachvoxel in the displacemeninap,andstoreit as3D textures.
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(© (d)

Figure4.4: Lighting computatiorfor the piggy bankobject. Thelight is above the piggy bank.
(a) No lighting. (b) Usingthe pre-computedyradientresultsin incorrectlighting, noticehow
the undersideof the cut surfaceis dark eventhoughit is facingthelight. (c) Correctlighting,
but artifactsoccur at discontinuities— rim of the cut area. (d) Correctlighting with proper
handlingof normalsatdiscontinuitiesNow therim, whichis facingthelight, is lit properly

Normals at Discontinuities

Unfortunately evenwith correctnormaltransformationwe still seeartifactson the resulting
objectsat theboundarie®f cuts. In this case thenormalsof anobjectmay changesvenwhen

thatpartof the objectdoesnotundego displacementAn exampleof thisis depictedn Figure
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4.4(c).Notethattherim of thepiggy bankatthecutis dark. Thisis becaus¢hosenormalshave
not undegonetransformationglik e in the undersideof the peeledsurface)andaretherefore
incorrectlypointing away from the light source.This is especiallynoticeableon solid objects
with a uniform interior. Evenfor the caseof objectswith a heterogeneouisiterior, aslong as
their normalsarenot directedorthogonato the cut, the cut surfacewill belit incorrectly

To properly computethe normalsat the discontinuities we needa way to determinethe
new surfacethathasbeencreated.Luckily, this informationis storedin the alphamapA. We
can computethe gradientof the alphamaskN,, and usethis value only at the boundaryof
a cut. However, applyingonly this gradientin the boundary may generateartifactsnearthe
boundary To solve this, we graduallycorrectthe normalin thevicinity of thecutto thedesired
normal,via blending:

= Wi+ 3o P+ @ wRE (4.13)

wherew 2 [0; 1] is ablendingfactor Figure4.4(d)shavstheresultof applyingthis methodfor
the piggy bankobject. Notethatthe pixelsat therim of the cutarenow properlyshadedThis
blendingmechanisnis similar to the solutionproposedy Weiskopf etal. [124] for volumetric
cutavays. Althoughthe alphagradientcanbe computedon the y using nite differencingiit

canalsobe precomputedndstoredin a 3D texturefor speedup.

4.5.4 Compositing

Becauseour displacemenmethodis integratedwith renderingthe nal imageis obtainedoy

compositingthe samplebtainedby slicing the deformedspace.An importantconsideration
is that the samplingfrequeny of the deformedspaceaffects the result of the composition.
To picturethis problem let us considera deformatiorwherea large compressioris simulated.
Becausall thevisible voxelsarebeingcompressethto anarrav part,it mighthapperthatonly

afew samplesreassignedo thatcompressegart,resultingin aliasingor undersampledpace.
For this reason,it is necessaryo adjustthe samplingfrequengy when renderingdeformed
volumes. However, this is not alwaysfeasiblein texture-basedendering. Therefore we can

alternatvely adjustthe transpaencyor emissiorpropertieof thetraversedvoxels.

For the analysisof this aspects|et us review the volumeintegral equation. For a ray v
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—— Ds

Figure4.5: Cylindrical slabof areak andlengthDs. Light attenuatioris dueto theinteraction
of light with anumberof particlesin this slab

parameterizethy t, we wantto obtaintheintensityat the eye positionpe. Thisis obtainedas

follows:
Z

te R
I(t) = c(t)e © 1(9dsgq (4.14)
0
wherec(t) is the emissioncoefcient of thepointp = pg + t!v, for pg a point at the backof
thevolume(t = 0), andt = t. attheeye (pe). The exponentialis the absorptionor extinction

partof theintegral. Whendiscretizedthe extinction partbecomes:

R
e St(9ds al,t(iDs)Ds

e
_ ('U)et(iDs)Ds
1

1
Ol:s

ti

1

wheret; is alsoreferredto asthetransparengof thevoxel.

It is debatableasto whatshouldbe the behaior of light in a deformedvolume. For most
physical objects,deformationmplies a compressiomr expansionof particles which alterthe
way light is absorbedsit traverseshevolume. Thosecasesapplywhenmassconservations
assumedOn the otherhand,a volumemay represenain abstrac3D object,wherethe notion
of particlesdoesnotapply. In thosecasesit is moreimportantto maintainthe intensityvalues

constantacrosghedeformationfor all thelight rays.Herewe considerthetwo cases.
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Mass Consemwation

The attenuatiorfunction t (s) is derived as the effective areaoccludedby the particlesin a
cylinder slab of areaE andlength Ds, asseenin Figure4.5. Let r be the local density of
particlesin thatcylinder slab The numberof particlesin theslabis N = r EDs, andthe atten-
uationcoefcient ist = Apr, whereAp is the crosssectionalareaof eachparticle. Now, for a
deformedvolume,which is the onebeingrendered|et usde ne t °= A2r Oasthe attenuation
coefcient, whereAl = Ap. Theslabin the deformedvolume,with volumeV %= ED%, maps
backto avolumetric gure of volumeV = jdetJgjV® whereJg is the Jacobiarof thebackward

transformationSincethe numberof particlesremainsconstant:

N=r%%=rv (4.15)
or equivalently:
ras0 ro
TV jdetl (4.16)

Becausdhe crosssectionalareaof particlesremainconstantthe attenuatiorcoefcient in the

undeformedrolumeis then:

ro 1
t(s) = Apr = ApjdeTBj = 1.‘0(s)jdewBj (4.17)
andtherefore:
tYs) = jdetIgjt(s) (4.18)

Now let usconsideronly the extinction partof avoxel. In thedeformedspacewhichis the

oneto berenderedthisis de ned as:

T(t) e ti9ds (4.19)

e R(t,jdetJBjt(s)ds (420)
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Discretizingthe attenuatiorcoefcient alongtheview directionDs:

() ! (iD9)idetlgjDs (4.21)

O

T
=

/detel (4.22)

O

wheret; is thetransparengof theoriginal voxel i alongtheray.
In mostrenderersit is the opacitya; = 1 tj, ratherthanthe transpareng the quantity
usedto represenextinction. Let a’bethe opacityof avoxel i alongaview ray whensampling

thedeformedvolume. The opacityadjustmentanbefoundasfollows:
al=1 (1 a;)idevsl (4.23)
Thisis theapproachakenby Chenetal. in [18].

Intensity Constancy

Now let usconsideraray v traversingthe deformedspace parameterizegduchthata sample
point is de ned asp®= pel+ t'v. In the undeformedspace this ray mapsinto a curve u,
parameterizedy s.

If weassumeéntensityconstany, theattenuatiordueto particlesalongtherayandalongthe
cunve u shouldbe the same.This canbe achieved by consideringheintegrationalongthe ray
in the deformedspaceasal line integral alonga curvilinearcoordinatetransformationde ned
by the inversetransformationTg. Let T(X) be the extinction coefcient in the undeformed

spacealongacurve u, andT{X) theextinction coefcient in the deformedspace.

R
T(X) = e ot9ds (4.24)
R St
= e olEWq (4.25)
_ e Sttt (4.26)

TIX) (4.27)
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Becauses= §(p) = §(Tz(pY), then g—f is amultivariatederivative andis de ned as:

ds .. .
i 9BV ] (4.28)

whereJg = |+ Jp is the Jacobianof the inversedisplacements describedn the previous

sectionandj !vj is thelengthof vector'v . And thenwe have:
tqt) = jJ'vjt () (4.29)

Following a similar analysisto the onederived for the massconseration assumptionye
determinghattheopacityadjustmentor a particularsamplein thedeformedspacds obtained
as:

a%=1 (1 a)%Vi (4.30)
= | .

The main differencewith theresultfor the massconseration assumptioris thatthis method
neglectsthechangan theextinction parameters thedirectionsorthogonato thedeformation.
Therefore,the intensity valuesat the eye points remain constantacrossdeformations from

ary viewpoint. This resultis usefulfor the renderingof abstractor non-plysical volumetric
objects.However, it is alsousefulfor the depictionof deformedisosurfices.Maintainingthe
intensityconstanfor anisosurbceprovidesacuefor continuity Theresultsof thecomposition

mechanisnior a deformedvolumeareexploredin Chapter6.

4.6 Construction of DisplacementMaps

An importantpartof the procesof realizingillustrative deformationis the constructiorof dis-
placementnaps.Here,we describeéhreemethodsThe rst two allow thecreationof primitive
displacemenmaps,while the third, describedn the following section,usesalgebraicopera-
tionson primitive mapsto createmorecomple displacementsThetwo methoddor primitive
displacementapcreationarethroughproceduradescriptionandthroughinterpolatednodal

displacementssingRadialBasisFunctions.More informationis givenin AppendixC.
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4.6.1 Procedural Description

The rst mechanisnfor creatingdisplacementnapsis througha proceduraldescription. As
anexample,considerthe poke operatorasshovn in Figure4.10. This displacementisesa 3D
Gaussiarfunctionto simulatea pull in the Z direction. The displacementanbe constructed
as:

(x 05)2+(y 0:5)2

D(xy;2= 0, 0, ze 22 (4.31)

for (x;y;2) in aunit cube,ands chosersothatdisplacemenbecome® atthe XY boundaries
of the unit cube. This displacements discretizedand storedin a 3D texture of size 64
64 64. Notethatthe z valueis usedto modulatethe amplitudeof the Gaussiarpull, and
thatthe Z componenbf the displacemenis negative, sinceD storesthe inversedisplacement.
For instance the point (32,32, 32) in the 3D texture, correspondindo the normalizedpoint
(0:5;0:5;0:5) in the unit cube,containghedisplacementector(0;0; 0:5).

Whenconsideringcuts, we follow a similar process.First, we computethe alphachannel
of the cut procedurally so that A(X;y; 2) is 0 wheneer thereis a cut, and 1 elsevhere,and
discretizeit in a texture volume. In addition, we apply a smoothingoperatorover the alpha
maskin orderto obtaina smoothregion aroundthe boundariesneededfor the blending of
the normals,asdescribedn Section4.5.3. Theresultis storedin the alphacomponenof the
displacementexture.

It is importantto notethat proceduraldisplacementsustbe derivedin theinversespace,
ratherthanasa direct transformation.For twists, bendsandtapering,we usethe derivations
by Barr [6]. For all others,we derived a seriesof mathematicakxpressionssummarizedn

AppendixC.

4.6.2 InverseWeightedInter polation

Somedisplacementapsmightbedif cult to deriveanalytically In addition,manualdisplace-
mentof all grid points may becomedif cult to manage.For this reasonmary deformation
techniquesusenodaldisplacements$o drive the deformationof a setof given control points
and scattereddatainterpolationto determinethe displacementst grid points. Becausewe

have inversedisplacementsheinterpolationmethodsareoftenreferredto asinversedistance
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weightedinterpolation methods,wherea given function is interpolatedwithin a 3D region,
basedon the distanceto userspeci ed control points[97]. The mostcommoninterpolation
methodsareShepards interpolantbasedn RadialBasisFunctiong RBFs)andMoving Least
Squares.n this work, we useRadialBasisFunctionsfor the interpolationof nodaldisplace-
ments. In this method,the interpolationfunction is constructedas a linear combinationof

radially symmetrichasisfunctions,centeredatthe controlpoints. A functiong atapointp can

9(p) = & aigi(d(p;pi)) + Pm(P) (4.32)

i=1

whered(p; p;) is the distancefrom point p to control point p;, g;i is a basisfunction, py, is a
polynomialof degreem, and a; are coefcients. Thesecoefcients arefound by putting the
datapointsinto the RBF equationand solving the systemof linear equations.A numberof

radial basisfunctionshave beenproposedpf which we useHardy's inversemultiquadrics:
gi(d) = (d®+ )™ (4.33)

Dependingonthevalueof m theradialbasisfunctioncanbedifferentiableto a certaindegree.
For m= 0:5, theinterpolationif C¥. Becauseof the ability to predictthe differentiability
of radial basisfunctions,we have usedthis methodfor the creationof displacementaps.In

addition,we usea polynomialof degreel:
p1(p) = 1+ x+y+z (4.34)

for apointp= (xy;2)”.

We built a 2D warpingeditorthatallows usto deforma 2D imageusingradial basisfunc-
tions. In this casetheinterpolatedfunctiong is a 2D displacementA 3D displacementan
be createdby extendingthe 2D displacemenalongthe Z axis. The useof 2D insteadof 3D
enablesasiercontrol of the deformationandcanbeusedto nd deformationsalonga partic-
ular axis. For instance Figure4.6 shawvs the procesof creating3D displacementfrom a 2D

deformation. In Figure4.6(a),we shav the deformationof a 2D grid using8 control points
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(a) Deformationon a grid (b) Deformationon dataseslice

(c) Resulting3D Deformation (d) Resulting3D Deformation

Figure4.6: Displacemenmap creationusing RadialBasisFunctions.(a),(b) Nodal deforma-
tion on 2D slices(c),(d) Resultingdeformationon a 3D volumetricdataset.

(markedin red). Figure4.6(c)shavs theresultof applyingthe generatedlisplacemento a bar
datasetCertaindisplacementsanbegeneratedavith a particulardatasetisatamget,asthecase
depictedn Figure4.6(b)and(d), wherea 2D deformationof 9 control pointsis usedto derive
abendingiransformatioron abardatasetTheuseof asliceof thetargetdatasetllows abetter
manipulationof the controlpointsto achiese the desiredresult.

Oneof the advantagesof RBFsis the ability to obtain displacementshat are at leastC*
continuous. However, this posesa problemfor de ning discontinuousdeformation. In the
caseof cuts,C! continuity is desiredin the sub-rejions that appearafter the cut. For this
reasonwe devisedwhat we call DecoupledRadial BasisFunctions(DRBF). For simplicity,
let us considera DRBF in 2D with two continuity regions (i.e., thereis a single cut). The
two continuity regions divide the image (or volume for 3D) into the regionsVp andVg. In

addition,we assigncontrol pointsto a particularregion, i.e., control pointsaredividedinto the

givenby:

(4.35)

8
2 a0, a0(d(Pip) + po(P)  PinVe
D(p) = 3

T & 1bjhi(d(p; ) + Pm(p) Pin Vo
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(c) Original Dataset (d) Applied Deformation (e) SmootheDeformation

Figure4.7: DiscontinuouglisplacementapcreationusingDecoupleRadialBasisFunctions.

whereg; and h; areradial basisfunctions,and a; = (ai1;ai2)” andbj = (bj1; bj2) arethe
2D coefcients, which arefound by putting the control pointsandtheir inversedisplacements
into the equationandsolvingthe systemof linear equations.The discontinuitymap,A is then

obtainedasfollows:
8

2 1 (pinVpandp+ D(p) inVp) or (pinVg andp+ D(p) in V)
A(p) = (4.36)

-B 0 otherwise

An exampleis showvn in Figure4.7, wherea cut (shavn asa yellow line) dividesthe grid
guidein two regions. Whenapplyinga deformationthegrid is split asit crossesheboundary
de ned by the cut, effectively forming a discontinuougleformation.Figure4.7(d)alsoshavs
theresultof applyingthe displacemento the bar dataset.Note alsothata complex deforma-
tion canbe found by interpolatingthe displacemenvaluesdown to zero,in orderto createa
smoothercut (Figure4.7(e)). Othermethoddfor creatingdisplacemenimapsaredescribedn

thefollowing section,astheresultof algebraicoperations.

4.7 Algebraic Operationson DisplacementMaps

One of the advantagesf displacementnapsis the ability to operateon them algebraically

This enableghe creationof complex deformationsrom the combinationof simple primitive
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(c) Scalings

Figure4.8: Af ne transformatiorof displacemenon thetomatodataset.

displacementsThis sectiondescribeseveral mechanismgor operatingdisplacementnaps,

suchasafne transformationsadditionandcomposition.

4.7.1 Afne Transformations

Oneof the operationgde ned on the displacemenimapis the translationof the displacement

mapby a constantectoru, i.e., the displacemenequationrbecomes:

p=p°+ D(p° u) (4.37)

Similarly, scalingof thedisplacemeninapcanbede ned:

p=p% sD(s 'p9 (4.38)

wheres 6 Ois arealvalue.
We cangeneralizehis notionby unifying this operationfogethemwith rotationsandshears,

asanaf ne transformatiorof thedisplacementAn af ne transformatioron avectorp canbe
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de nedasMp+ u,whereM isa3 3afne matrixandu is aglobaltranslation Alternatively,
we canusehomogeneousoordinate®of a pointp. Let usede ne p astherepresentatioof p

in homogeneousoordinatesi.e. 8
<

Il ©

(4.39)

fel)
1

p
1

Using homogeneousoordinateswe can generalizethe displacemenby de ning an afne
coordinategransformatiorbetweerthedisplacementpaceandtheobjectspace Thatis, related
to Eq.(4.1),W(p) = Mp, whereM isa4 4 afne transformation.Then, the displacement

equatiorbecomes:

p+ M DM *p)

o))
|

M M % DM 1p9 (4.40)

The last expressionis useful, sinceit explainsthe way the afne transformationis applied.
First, coordinateframelL is transformedvia the inversetransformatiorinto the displacement
coordinatéramel p. Sincethedisplacementaregivenwith respecto L p, theresultis nally
transformedn thecoordinatéframede ned by M.

Thenormaltransformatiorwhenundegoingthistype of coordinatdransformations given
by the concatenatiomf the transposef the Jacobian®f the coordinatetransformation.This
canbe derived asfollows. The inversetransformatioris de ned as Tg(p% = p°+ (W D
W 1)(p9. ThenormaltransformatiorJy is:

Ja (I+ Iwdpdh)”

I+ 3y JDIw

o1+ R X

whereldy is the Jacobiarof thetransformationThereforethe normaltransformatiorequation
becomes:

h i
M= 3> (1+3p) &y n® (4.41)

For anafne matrix, Jw isthe3 3 uppersub-matrixof M. In this work, transformationsre
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representedsarotationfollowedby ascalingandatranslationj.e.,M=T S R. Therefore,

Jw= (S R)andEg.(4.41)becomes:
| h i |
n®M=(s! RU+I) (R S n® (4.42)

This transformatiorvia af ne matrix is an ef cient mechanisnfor controlling the shape po-
sition andorientationof a displacemeninap. Examplesareshowvn in Figure4.8, wheretrans-
lation, rotation and scalingof a slicing displacemenproduceinterestingdeformationson a
tomatodataset.Sincethis methodonly involvesmultiplication of constanimatricesthisis an

ef cient alternatve for controllingthedisplacemenin aninteractve application.

4.7.2 Addition

Displacemenitnapsoffer the e xibility of creatingnew displacementsia addition.Let D1 and
D, betwo displacemenimaps. Then,a new displacemenmapDs= D; + D, canbede ned,

suchthat:

p = p% D1(p% + Do(pY (4.43)

Further sincethe displacementsontaindiscontinuitiesthe new alphamaskis de ned as:

Az = min(Ad;iAg) (4.44)

E 1 Ai<O0MA<O

ro= (4.45)

-B 1 otherwise

Addition canbe performedon a pre-processingtageto createa new displacemenandthen
apply it to a volumetricobject. Alternatively, they canbe addedon the y . In thatcase the

normaltransformatiorcanbe obtainedby simply addingthe Jacobian®f thedisplacements:

@ = 1+ 30+ 3Dy @ (4.46)



61

(@) p= p% D1(p%+ D2(pY) (b) p= p°+ D2(p% D1(p%)

Figure4.9: Compositionof two displacementmapsD1 (wave) andD2 (peel)in differentorder

whereJp; is the Jacobianof D; and Jp» is the Jacobianof D,. Sincewe pre-computehe

matricesB; = (I1+ Jp1)” andBy = (I+ Jp2)” . Eq.(4.47)canbere-writtenasfollows:

W)= (Bi+B, 1) ® (4.47)

4.7.3 Composition

In generaliwo transformationganbe combinedasfollows:

p = Gi(GaA(pY) (4.48)

whereGs(u) = u+ D1(u) andGy(v) = v+ Dy(v) aredisplacemenmappings.

For computingthe normal,we mustsimply concatenatéhe Jacobianef thetwo mappings:
M = (B, By)n® (4.49)

whereB; = (1+ Jp,)” andB; = (I+ Jp,)” arethepre-computeghormaltransformatiormatri-
cesof thedisplacemeniappingsasde nedin Eq.(4.11).An exampleis shovn in Figure4.9,
wheretwo differentdisplacementare combinedin differentorderandappliedto the tomato
datasetSinceeachdisplacementhangeghe frameof referencecompositionis, unlike addi-
tion, notcommutate in general.

Pre-computedombinationof displacementmapsresultsin anotherdisplacementmapand
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doesnotrequireary changesn the GPUrenderingprocesslt is ausefulmechanisnio create
compl« displacementfrom simpleones. On the otherhand,on-the- y combinationenables
theinteractve creationandmanipulatiorof independendisplacementnaps thoughit requires
a modi ed GPU implementation.Compositemapscanbe realizedin the GPU programin a
singlepasdy iteratingthedisplacemenprocedurenthevoxel positionsfor eachdisplacement
map,beforesamplingtheoriginal object. Thisapproachhowever, cannotbegeneralizeaasily

to mary compositionsResearclonageneramulti-passenderingprocesss beingundertalen.

4.8 Results

We haveimplementedhedisplacementappingapproactwithin aninteractve progranmwhich
allowstheuserto rotateandscalethe objectandto move or changehedisplacementnap. The
displacementnap can be changednteractively via linear transformationgseeSection4.7).
Figure4.4shavs apeelingof the sideof a piggy bankdatasetrevealingthecoinsin theinside.
In orderto validateour approachwe createda numberof displacementexturesandapplied
themto variousdatasetsFigure4.10shaws four displacementappliedto the box, bar, engine
andtomatodatasetsThe rst two aresyntheticobjectscreatedorocedurally The stripsin the
box datasehelp ustrack the continuity andsmoothnessf the displacementA similar effect
is obtainedby trackingthe innerbar (in yellow) of the bar dataset.More informationon the
datasetganbefoundin AppendixA.

Oneof thedif culties of the useof displacementnapsis the de nition of large or global
deformationsincetheregion of in uence is bounded.Scalingandaf ne transformation$elp
realizearbitrarily large deformationdn a scalablemanner For global deformationssuchas
kinematicmovement,a displacementvould requirea size comparableo that of the dataset.
Further out-of-boundsdeformationsaredif cult to model. For instance considerthe slicing
deformatiorshavnin Figure4.11. Theslicedportionsof thetomatoarepartof thedeformation
de nition, but soonfall out of the boundsof the displacementnap,andwe requirea explicit
de nition of how the displacements extendedbeyond the texture boundaries. This canbe
modeledusingtexture clampingcapabilities.For instanceijt is possibleto specifythat defor

mationvaluesareclampedo 0 outsidethe mapboundsthatthey areclampedo thevalueson
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Original

Figure4.10: Exampledeformationson volumetricobjects

theedge or thatthedeformatiorrepeatsHowever, this methodhaslimited expressienessand
cannotcaptureall possibilities. For this reasonwe hadto explicitly de ne the out-of-bounds
interpolationof displacementaluesfor theslicing deformationaspartof thewarpingprocess.
A moregeneralandscalablesolutionis yet to befound. In Figure4.11,severaltime stepsare
renderedvhich shaov a progressie slicing asthe usermovesthe displacementertically. This
displacementanbe obtainedirom a simpleslicing displacemenandrepeatingt periodically

alongthe maindiagonalof thedisplacemeninap.

4.9 Chapter Summary

In thischapterwe have demonstratedow discontinuouslisplacementapscansimulatemary

differenttypesof volumeeffectssuchasfracturing,slicing, deformingandcutting of graphical
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Figure4.11: Slicing of thetomato

objects.We have emplgyedinversedisplacementnapsin 3D vectorspacedo solvefor largeand
discontinuouslisplacementsWe have alsodeviseda collectionof techniquesincludingcom-
putingsurfacenormalschangediueto unorthogonatlisplacement;orrectinglighting artifacts
at fractures,and creatingcompositemapsfrom primitive mapson the y . The displacement
map caneasilybe representedsa 3D texture andthe entirerenderingprocessanbe coded
into a fragmentprogramyielding interactve results. We have shavn their effect on a num-
ber of differentmodels,andtheir ability to be combinedin multiple ways,demonstratinghe

generalityinteractvity, andusability of this approach.
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Chapter 5
Feature Aligned Deformation?

5.1 Intr oduction

In the previous chapterswe describeda methodfor modelingcutsanddeformationsn volu-
metric objects.Oneof the applicationsof this methodis in scienti c illustration, wheredefor
mationsareusedto depictthe stagesandoutcomeof a procedureto uncover hiddenfeatures,
or to revealthe spatialrelationshiphbetweerdifferentcomponentsf anobject. However, scien-
ti ¢ illustrationsoftenrecurseo featue-sensitiveoperationsto be effective. Feature-sensite
operationsareonly appliedto a semanticcomponenbf an object,suchasthe skin in Figure

5.1(b)andthemusclesn Figure5.1(d),without affecting otherpartsof the object.

Iportionsof this chaptemerepublishedn ourpaper:FeatureAligned VolumeManipulationfor Illustrationand
Visualization,by C. Correa,D. Silver andM. Chen,IEEE Transaction®n Visualizationand ComputerGraphics,
2006,pp. 1069-1076

(d) lustration

@)

Figure5.1: Feature-alignedolume manipulation(a) A feature-alignedetractionappliedto

a humanhanddataset, shaving bones(left) andvesselqright) (b) Sumical illustration of a
hand(Copyright ¢ 2006 NucleusMedical Art. All rights resened. www.nucleusinc.com(c) Mul-

tiple peeland cutting away operatorsappliedto the visible humandataset(d) Illustration of

humananatomywith dissected aps”, by Antonio ScrantoniandPaoloMascagni,1833(U.S.
NationalLibrary of Medicine),similar to exhibitions suchasBodyWorlds[119], andBodies,
the Exhibition[1].
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We canseefrom theselllustrationsthat, whenspecifyinga cut or peel,oneimportantcon-
siderationis “alignment”. Here, aligned manipulationrefersto thosecuts or peelsthat are
appliedto certainlayerswhile otherfeaturesof interestare presered. The simplestis axis-
aligned which aligns the operatorwith the axis-planes. It is feature-insensie andis ap-
plied to all pointswithin the volumebounds.Deformationsandcutsdepictedin the previous
chaptercanbe all consideredas axis-aligned. This however is not always satishctoryasthe
“object” within the volume is not necessarilycubic. In this chapter we introducea num-
berof approachefor obtainingfeature-alignedleformationwhich canbe classi ed aseither
transformation-basedr mask-basedethods.Transformation-basedethodsiseacoordinate
frametransformationo align anaxis-aligneddeformatiorto anarbitraryline, curve or surface.
Mask-basednethodausea volumetricmaskalonga surfaceor sgmentof interest.We extend
our renderingalgorithmto accuratelyestimatethe normalsalongthe surfaceof cutsanddis-
sectionswhile maintainingcontinuousnormals,which allows usto obtaincorrectshadingof

the objectbeingmanipulatedppaqueor translucent.

5.2 RelatedWork

As describedn Chapter2, mostvolumedeformationtechniquedreatthe volumeasanhomo-
geneousollectionof voxels. Thenotionof featuresensitvity hasbeenexploredin the context
of multi-dimensionatransferfunctions[60, 45] andillustrative techniqueg117, 14] , where
thedistinctionof featureof interestis madein therenderingprocess.

In the context of volumedeformationfeaturesensitvity hasbeenlargely unexplored.One
of the rst to suggesthe useof featureswhendeformingvolumeswasMcGufn etal. [76],
who proposedo de ne semantidayersof thedatawhereprimitive pointsareextractedfor ren-
dering. Becausef therenderingprocesswhich treatsvoxels astheir own disjoint primitives,
meaningfuldeformationcould be obtainedby transformingthe voxels associatedvith a par
ticular layer In this way, they wereableto achieve deformationsvherea layer suchasskinis
moved or peeledaway to gain visibility of the muscleandbonelayers.However, asdescribed
before this methoddoesnot yield smoothsurfacesor volumes.

Othervolumerenderingtechniquessuchas[125, 93, 108, 18] do notincludeary type of
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featuresensitvity andconsiderthe volumeasan homogeneousollectionof points. Most of
these however, wereintendedfor continuousleformationwherethe featurepreserationmay
be of limited use,sincethereis no naturalway to exploretheinterior of the object.In contrast,
discontinuousieformationof volumesexploit the ideaof featurealignmentto be moreeffec-
tive. Sincethereis a mechanisno gain visibility of internalstructuresoy cutting, splitting or
exploding,it becomesecessaryo specifyaway of keepingfeaturef interestuntransformed.
Approacheghat enablesuchoperationsare SpatialTransferFunctions[20], volume splitting
[54] andexplodedviews of volumetricobjects[13]. In all thesecasesthe featureand“back-
ground” volume (i.e., the differencevolume betweenthe original volume and the featureof
interest),areobtainedthrougha pre-processingtagewheretwo volumesareutilized. There-
fore, the problemof featurealignmentis reducedo the renderingof a multi-objectscene:one
object,correspondingo the featureof interest,is renderediusingtraditionalvolumerendering
techniqueswhile theother theremainingvolume,is deformedaccordingo eachmethodology
Oneof theproblemswith thesemethodss thatexplicit ssgmentatiorof volumesmayintroduce
aliasingatthe boundariesandpre-processingf the datasetss required.It alsodecoupleshe
renderingof the objects,sothereis no guaranteen the smoothnesandcontinuity of the de-
formationin theregionswherethefeatureof interestandthe backgroundsolumemeet.In this
chapterwe describeamethodwherefeaturealignments partof thedeformatiorandrendering
processsothatit canbeachieredin asinglerenderingpass.

Anotherimportantaspecbf feature-sensitie deformationis the correctlighting of the sur
facesof the cut. Becausecutsarefeature-alignedthe “underside”mustrepresenthe surface
left by theremoval of thefeatureof interest.Correctrepresentatioof this surfacevia shading
is essentiafor providing cuesaboutthe shapeof the object. In previous approacheghis has
beenrelatively unexplored,andsurfacesof cutsoften presentartifactsor usea simplershad-
ing modelto hide them. A mechanisnfor adjustingthe normalsnearthe surfaceof cutsfor
volumetricclipping was proposediy Weiskopf et al. [124], which allow correctrenderingof
cut surfaces.We extendthis ideafor the renderingof deformedfeature-alignedrolumes,in a

similarway aswe de ne thenormalsin Chapter4.
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5.3 Transformation-BasedAlignment

In mary casesgeformatioroperatorsieedto bealignedwith a particularine, curve or surface.
For instancea peelon the craniumneeddo be alignedwith the surfaceof the skull, which in
turn canbe approximatedy a curve in the surfaceof a sphere.In suchcasesthe alignment
canberepresentedia a transformation.In Chapter4, we de ned generalizedlisplacements
as:

p=WW *(p%+DW *(p% (5.1)

whereW is a mappingfunction from the displacemenspaceto the objectspaceandW 1 its

/ . to displacement T
space w (p').
R ——

displace poini

/QI M b
A

Figure5.2: Transformation-basealignment.

inverse.This processs depictedn Figure5.2. ThemappingfunctionW de nesanembedding
of thedisplacemenspacento objectspace.The simplestone,asdescribedn chapterd is via
lineartransformationsThis procesembedghe cubic spaceof the displacemeninto a cuboid
of arbitraryorientationandscale.This is achiezedby de ning W asanaf ne matrix A:

A A p% DA 1p9 (5.2)

p

p+ A D(A P9
whereAisa4 4 afne matrix and|5O is the samplingpoint expressedn homogeneousoor
dinates.

Another possibility is to align the deformationwith an arbitrary curve in space. This is
achieved by rst parameterizinghe spacealong the length of the curve and then de ning

an interpolationfunction in the enclosedvolume. One of the simplestmethodsis piecavise
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bilinear interpolation. Here, we de ne two parameterss andt alonga connectedsequence
of line sgmentsandthe mappingfunctionW : (s;t) 7! (xiy) asa coordinatetransformation
function. Thethird spatialparameter is assumedo coincidewith the objectspatialcoordinate
z

Sincewe cansafelyignorethethird coordinatethe mappingfunctionW canbede ned at
eachline sggmentasa quadrilateralnterpolationfunction. Givenps, p2, p3 andp,4 thecorners

of aquadrilateralands;t 2 [0; 1] two parameters:

Pxy) = W(p(st) = (1 (1 t)pa+ (L t)pa+ (1 9tps+ stps (5.3)

0,1) 1,2)
(0.0) (1,0)
Object Space Displacement Space

Figure5.3: Piecavise linear alignmentwith a curve of threesegments. Eachline segmentis
usedto de ne a quadrilateraby extendingits normals. Bilinear interpolationis usedasthe
displacement-objeapacemapping

Other nite elementsanbeusedio accommodatdifferenttypesof alignmentshapegsuch
astetrahedrar hexahedrajandvarioustypesof interpolation(tri-linear, tri-cubic, etc.). In this
work, we usebi-linear hexahedraas shovn above. A similar analysiscan be performedfor

othershapé&unctions,to align thedeformatiorto a surface.
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5.3.1 Normal Estimation

Following the analysisintroducedin the previous chapterit is alsonecessaryo estimatethe
normalsof deformedpointsin orderto obtainproperlighting of deformedvolumes.In Chapter
4 we derivedanexpressiorfor normalestimatiornof inverselydisplacedoints,usingthetrans-
poseof the Jacobiarof the inversetransformation.Accordingto vector calculus,given two
differentiabletransformationd= and G, the Jacobianof the compositetransformationF G

evaluatedatapointp is:

Jr &(p) = Jr(G(p)) Ia(P) (5.4)

Also, asa corollary of this equationthe Jacobiarof theinversefunctionF 1 is:
1
I 1p) = I (F Y(p)

For atransformation-basedeformationthenew normalcanbeestimatedy concatenating

(5.5)

thetransposdacobian®f eachtransformatiormapping,asfollows:
| > |
n® = (W % DW Y1+ oW ')y 1(p) T n P (5.6)

= Jw(W p% DW 1p9)(1+ oW p))d W Xp) Tn®  (5.7)

5.3.2 Implementation details

Theimplementatiorof thisinto ourrenderingpipelinerequiresamechanisnfor computingthe
mappingtransformatio’W andits inverse. W canbe computecnthe y usingtheexpression
in Eq.(5.3).TheinversetransformatiotW 1, however, is morecomplicatedo compute As an
alternatve, we usetheslicing mechanisnto generatéhesandt parameterdirectly. In thecase
of three-dimensionatlementsanadditionalparameter canbealsocomputedria slicing. Tri-
linearinterpolationon hardwareof theseparametergield the correctparameterizatioof each
pointin objectspace For eachsamplepoint, now we have two texture coordinatespnecorre-
spondingio thecoordinatesn objectspacex;y; z2) andtheotherin displacemenspaces;t;r).
In addition,higherordertransformationge.g.,quadraticor cubic) canalsobe accommodated,
by addingadditionalshapeunctionsto the computatiorof W. However, to avoid extracompu-
tation, a genericmechanisntanbe devisedbasedon texture lookups.W canbe precomputed

in a2D textureor a 3D texture,indexed by the parametergs;t) and(s;t;r) respectiely.
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(a) Axis Alignment (b) Surface Align- (c) Segment Align-
ment ment

Figure5.4: An exampleof differenttypesof alignment.(a) Axis alignedpeel. Note how the
peeledayeris thick and at, sinceit is alignedwith an orthogonalaxis. (b) Surfacealigned
peel,alignedwith acomputedlistanceeld. Noticehow it approximatessurface.(c) Segment
alignedpeel,basedon segmentationwhich is moreaccurate.Note thatin the featurebased
alignment(b) and(c) the peelis thin androunded.

5.4 Mask-basedAlignment

The secondcategory of alignmentdeformationss mask-basealignment.In this case rather
thanmatchingthe“shape”of thedeformationwith thefeatureof interestwe “mask-out’those
points that shouldnot be deformedwith a volumetric mask. This hasprovento be a better
andfasteralternatve to transformation-basealignment.An exampleof this type of alignment
canbe seenin Figure 5.4(c), wherethe operatoris saidto be alignedwith the brain tissue,
sincethe peelerappeardo follow its contour In this chapter we proposetwo mask-based
techniquedor allowing deformationghat are sensitve to the speci ¢ featureson a volume
model. We considersurfacefeaturesthat are de ned by aniso-surtice,andvolumefeatures
thatarede ned by a sggment,resultingin the notionsof surface-alignedandsegment-aligned
deformatiorrespectrely. Themeritsof suchalignmentscanbe seenFigures5.4(b)and5.4(c).
Considertheskin of theheads thecontext, andthebrainis thefocusof thesevisualizations.
From Figure5.4(a)wherea peelis performedusing axis-alignmentwe canobsene that the
partbeingpeeledis wedgeshapedandthe operatorcutsthroughthe brain. The visualization

corveyslimited informationaboutthe partsupposingo bein focus. Featurealignmentcorrects
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this problem.Virtual surfacesarecreatedvithout segmentationexceptfor background)using
adistanceeld computation.Thedistanceeld is computedasedon aboundaryfrom which
virtual shellsof differentthicknessesanbede ned. For example,in 5.4(b),a surface-aligned
peelis appliedto thetop of the headwith a uniform depthfrom the surfaceof the skin. Such
alignmentcanbeusedto investicateandillustratelayeredstructuresvithoutthe pre-knavledge
of sggmentation.However, while thisis a goodapproximation, the operatorstill cutsthrough
thebrain. If we havethespeci cationof volumefeaturestypically obtainedrom segmentation
or de ned by arangeof iso-values we cancreatea moreeffective focus+contgt visualization.
In 5.4(c),with the segmentatiorknowledgeof externallayersincludingthe skin andskull, we
apply a sggment-alignegeelto the head.The brain, thatis, thefocus,is not only highlighted
but alsovisualizedwith correctgeometry In addition,the correctshadingat the back of the

peelprovidesfurthermeaningfulcontext to thevisualization.

5.4.1 Mask-basedVolume Deformation

In orderto de ne a mask-basedleformationfunction, we introducea maskingfunction M,
which de nesthefeature-sensitity of pointsin the original volumeV, andis typically repre-
sentedby a volumedataset. WhenM(p) 0.5, p is part of the featureto be presered, and
cannotbetransformed An exampleof thisis shavn in Figure5.4(c)wherethe peelis applied
to the skin andnot to the brains(which is maslkedasa featureof interest).

Usingthenotationintroducedn Chapte#, let R, bethesetof pointsof theoriginal volume
andr? thedeformedsetof points.Let Py bethesubsebf R, suchthatRy = f pjp 2 R,; M(p)
0:5g, andVy is anaxis-alignedooundingvolumeof By. Any pointnotin Py is operatableln
addition,thebackwardtransformatiorfunctionTg, is alsoaccompanietty a boundingvolume
Vr, suchthatthe manipulatioris only performedover thosepointsresidingin V.

Unlike our original de nition of deformationjn feature-alignedleformationaninversely
transformedpoint, p°, may have beenmasled asnon-operatabl®y M, which resultsin empty

space.To handlethe compleity of this inversemapping,we introducean initial “probe” p°,
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Figure5.5: Inversewarpingcasesor mask-basefeature-alignedieformation

for eachpoint p°2 R asfollows: g

o ETB(p() pPresidesn Vr
p° = (5.8)

2 p° otherwise

We thenobtainp by takingthe featuremaskinto accountas:
200 p02 R (MY < 05 M(p) < 05)
p= % p° pP2 RAM(PY 05 (5.9)
~ ? otherwise
Thesethreecasesareshown in Figure5.5,namely:(1) thepointis transformed(2) the pointis
masledandthereforeuntransformedand(3) the pointis emptydueto thefeature-alignedut.
Following the sameanalysisas other deformationfunctions, the normal at a point p°is
de nedas:

nt=

8
?m p= T %P9
% " p=po (5.10)

-0 p=7?

[ . : o
where 'n + denotesthe resultingnormal at the inversely transformedpoint, 'n denotesthe
- ! . . .
original normal, 'n ; denoteshe transformednormal at samplingpoint p% and0 is the zero
| . . . . . .
vector 'n j is obtainedusingthe transposef the Jacobiarof the inversetransformationas

derivedin the previouschapterandthereforedenotecherewith a subscript).
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(c) Normalsafterfeature-aligneaut adjustment

Figure5.6: Normal blendingfor surfacealignment. Black arravs indicatethe normal of the
axis-alignedpartof thecut, greenarrows indicatetheinverselytransformedhormal,redarrons
arethenormalsorthogonato the surfaceof the cut, andthe blue arravs indicatethe corrected
normalafterblending.

5.4.2 SurfaceAlignment

As statedpreviously, for certaindeformationsaxis alignmentis not sufcient. Peelingis one
suchdeformation,sincegenerallythe peelingoperationis appliedto a speci ¢ surfacelayer
of anobject. In this case feature-basedlignmentis desired.As anapproximationa surface-
alignedfeaturecanbe obtainedby de ning a maskbasedon distancefrom the surface. This
canbeobtainedwith thedistanceeld of thevolume,afterabackgroundsegmentationLet us

de ne DT asthedistanceeld storedasavolume.Then,themaskM canbede ned suchthat
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M(p) O5forDT(p) t,andM(p)< 0:5,for DT(p) < t. Onesuchfunctionis:
DT(p) t
d
whered 6 0 is athicknesgarametethatdescribesiow largeis thefalloff region atbothsides

M(p) = 0:5 + 05 (5.11)
of thecut, i.e., thethicknes=f a slabalignedwith theisosurbiceM(p) = 0:5.

Heret > 0 is aparametethatspeci esthe desireddistancefrom surface. For instance t
canbethoughtof asthe “depth” of the peeledsurface,whichis to betransformedn orderto
revealthefeatureunderneath.

The normalat a point is de ned by the in uence of differentnormalinformation. For a
pointin theinterior of the volume,the normalis de ned by the transformechormal !n 3. For
apointin thevicinity of thecut, it is de ned by eitherthe gradientof the distanceeld Npr,
which de nesthesurfaceof thefeatureof interest,or the gradientof thealphamapRN ;, which
de nesthesurfaceof thecut.

To blendthesethreenormals,we rst requirespecialhandlingof the boundaryaroundthe
cut surfacede ned by DT(p) = t. For afeaturepoint (i.e., M(p) 0:5), the gradientof the
distanceeld Npt pointsoutwardsfrom theinterior to the surface.However, for anon-feature
point on the boundary(i.e., M(p) < 0:5), thegradientNpt pointsincorrectlyfrom the surface
to theinterior. We solve this by usinga signedweightingfunction b, which takesvaluesfrom

1to 1. First, the normal,asobtainedusing Eq.(5.10)is adjustedfor the axis-alignedcut, as
describedn chapter4:

!nT = (1 wnt+wi, (5.12)

wherew 2 [0;1] is a weightingfunction that decreasewith the distanceto the discontinuity
i.e., for a pointin the boundary w = 1, andfor a point at a pre-de neddistanceD from the
boundaryw = 0. This parametemw controlsthe gradientsmoothnessf the cut surface,and
it is similar to the “impregnation”region describedy Weiskopf et al. in [124] for performing
volumetricclipping.

Then,the nal normalata pointis a combinatiorof this adjustechormalandthenormalof
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the surfaceof interestNpt.

n® = @ jbj)n.+ blor
%f OB 1 t d<DT(p<t
b = %t P +1 ¢t DT(p)<t+d (5.13)
-0 otherwise

b is usedto graduallyblendthe normalof thedistanceeld with thetransformedormal.Note
thatit is asymmetricwith respectto t. Thatis, for a point with DT in the interval [t;t +

d), b rangesfrom 1 down to O, but for a point with DT in theintenal (t d;t), b takes
valuesfrom 0 down to 1. This neggative weighting blendsthe transformedhormal " j and
the normal betweenthe normalof the distanceeld in the oppositedirection. This resultsin
correctnormalsat both sidesof the break. This is illustratedin Figure5.6, andan exampleof

surface-alignegeelingis shavn in 5.4(b).

5.4.3 SegmentAlignment

Sgymentalignmentis obtainedby de ning M(p) basedon a volume feature,that typically
is determinedhroughsegmentation.It canbe seenquite easilythat the above techniquefor
surfacealignmentcanbe extendedto handleanarbitraryvolumetricmaskby replacingDT (p)
directly with M(p). Normaladjustments handledasfollows:

First, we assumehat the gradientof the original volumeis computedwith the aid of the
segmentatiorinformation,storedasa volumetexture. This correctlyestimateshe surfacegra-
dientof the featuresof interest. Further for the boundarybetweenwo featuresthe normals
on eitherside point to the oppositedirection of thoseof the otherside. This leadsto a prob-
lemin texture-basedolumerendering sincetrilinear interpolationof theseoppositenormals
wouldyield anincorrectzerogradientat the surfaceof the cut. To overcomethis problem,we
estimatethe gradientdor sggmenteddataso thatthey alwayspoint outwardsfrom the feature
of intereston both sidesof the boundary Whencomputingthe gradientvolumetexture using

nite differencesye considetthevaluesof the neighborsof avoxel as, if they correspondo
adifferentsegmentor anemptyvoxel, or aslif they correspondo thesegmentof interest.This

is equivalentto computingthe gradientof the distanceeld of the sggmentedfeaturesrather
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(c) Normalsafterfeature-aligneaut adjustment

Figure 5.7: Normal blendingfor sggmentalignment. Black arravs indicate the normal of
the axis-alignedpart of the cut, greenarrows indicatethe transformechormal,red arrons are
the normalsorthogonalto the outer surfaceof the segment,andthe blue arrows indicatethe
correctechormalafterblending.

thanon thebinaryvolume.

Finally, we invert the normalsin the non-featureside of the cut following the blending
mechanismn the previoussection.To de ne athick areawherethis blendingcanbe possible,
we assumehat the maskM(p) de nes a smoothscalar eld. The region wherewe needto
invertthe directionsof the normalsis de ned by theisosuraicesM(p) = 0:5andM(p) = 0, as

shawvn in Figure5.7. After adjustmentor the axis-alignedpartof the cutusingEq.(5.12), we
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canobtainthenormalas:
n® = g gh,
E2M(p)+ 1 0<M(p)< 05
g = (5.14)

-S 0 otherwise

Previousapproachefor achiezing thesameresultsof sggmentalignmenbftenusepre-sgmented
datasetandtwo-pasgenderingwherethe segmentof interestto be preseredis renderedrst,
andthenthe non-featurepartof the volumeis manipulatedandrenderedafterwards.However,
this approactresultsin aliasedboundariesbecausef pre-sgmentation. Although this can
be addressedvith pre-smoothingand pre-processingf colormapsour approachworkson a

singlepassandrequiresno pre-processingf the datasebr thetransferfunction.

5.5 GPU Implementation

In orderto implementthis, we extendedtheimplementatiordescribedn the previous chapter
to include queriesaboutthe featuremask. The maskis storedasa 3D texture. To properly
modelfeaturealignmentthefragmentshademustsamplethe volumeat boththe originaland
warpedpositions,which decreasethe performance.In addition, determiningwhich caseto
apply whencomputingthe nal warpedposition,asde ned in Eq.(5.9),requiresconditional
statementsvhich areknown for beingslow in currentGPUarchitectureswith theintroduction
of new GPU architectureswith dynamicbranching,our approactcanbe greatlyaccelerated.
To obtainthecorrectcolorattributes thenormalsmustbedeterminedby evaluatingEq. (4.11).
The normalof eachfragmentrequiresat mostthreegradienttexture samples:the normalob-
tainedfrom the transformation(Nt), asdiscussedn Section4.1, the normalof the cut (N5),
andthenormalof thefeaturemask,dependingnthealignment.Theseareblendedogetheras
shavnin Eqgs.(5.13)and(5.14).

The GPU memoryrequirementgor this processarepredominantlydeterminedy theres-
olution neededo storethevolumetricdatasefe.g.,theheaddatasetequires256° bytesandits
gradientrequires3  256° bytes).An additionalrequirements imposedy thepre-computation

of the manipulationoperators.However, thesearein generalvery small comparedo the 3D
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volumedata. Whenresourcesrescarcenormalscanbe computedonthe y using nite dif-
ferencesnot only for the original datasetbut alsofor the alignmentmaskandthe operator

itself.

5.6 Results

Oneof the applicationsof feature-alignedsolume manipulationis medicalandbiologicaliil-
lustrations.In Figure5.1(b),anillustrationfrom handsumgeryis shavn. Figure5.1(a)demon-
stratesa retractionoperatoron a CT handmimicking the sametype of cut. Figure5.1(d)is
animagefrom theillustration of humananatomyby Antonio Scrantoniand Paolo Mascagni,
dated1833(NLM). Interestinglythisimageis very similarto contemporargxhibitionssuchas
BodyWorlds[119] andBodies, The Exhibition [1] which portraydissectionsf actualbodies.
Figure5.1(c)shawvs a similar type of operationappliedto the Visible Man datasetThe dataset
was rst posedusing[40] to positionthearmupright. Five peeloperatoraverethenappliedto
botharms.

Figure 5.8 shavs a comparatre table of applying mask-basedleformationsto various
datasets.In the rst row, we seea peelerdeformationappliedto the CT headdatasetsim-
ulating the kind of illustrationsusedfor craniotomies.Axis-alignedmanipulationinevitably
deformsboneandbraintissueandresultsin a at cut. Surfacealignmentis agoodapproxima-
tion of the shapeof the skull, and nally , segmentalignmentprovidesthe bestillustration of
bonetissue.In thesecondow, we seea cut on aforefootCT datasetA similar cutis applied
to a handdatasein the third row. Featurealignmentis usedto reveal bonetissue. Surface
alignmentasseenin thefoot deformation providesafastmechanismo exploreandvisualize
tissuedif cult to sggment,suchassmallveinsandvascularstructures Finally, the fourth row
shawvs a simulationof dissectiorof a frog dataset Axis alignmentdoesnot allow to visualize
theinternalorgansof thefrog. While surfacealignmentgivesa hint of theinternalorgans,the
bestresultsareobtainedwith sggment-alignment.

In additionto illustration-like effects,the manipulationoperatorsalsoimprove on clipping
andslicing andgeneratdocus+contgt visualizations Now slicescanbe arbitrarygeometries,

andthereis a focus+contgt mechanisnpeeling)for keepingthe sliced portionin view. In
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Axis Surface Segyment

CTHead

Figure5.8: Comparatie Results
Figure5.4(c)onegetsto seethe undersideof the peelor skin.

5.7 Constrained Deformation

Anotherimportantpartof featurepreserationis theability to constrairthedeformatiorsmoothly

Sofar, our solutionto featurepreserationis to “mask” out the pointsthatarenot deformable.
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2D Slice

v

Original Axis-Aligned Feature-Aligned Constrained
Figure5.9: Deformationof a kneeCT Scan

This methodhasprovento be very usefulandfast. However, thereare someshortcomings.
Oneis the possibility of self-intersectingdleformationdue to the maskingoperation. To see
this problem, let us considera simple deformationappliedto a CT scanof a knee (Figure
5.9). Axis-aligneddeformationprovidesa continuoustransformationput doesnot presere
therigidity of the bonestructure.Feature-alignedyhich canbe usedto modelthe bonetissue
asrigid, doesnot solve the problemeither asthe othernon-bonetissueis deformedthrough
the bone,giving an unrealistictransformation.A more plausibledeformationconstaints the
movementof pointsso that self-intersections prevented. Here, we further exploit the mask
volumeto modulatethe displacementascanbe seenin Figure5.9. In our method,we guar
anteecertainconstraintsdy modulatingthe magnitude(andthe direction)of the displacement
with a certainscalarvalue. Sincepreventionof self-intersectioris desired this scalarvalueis
usuallyde ned asadistanceransformto thefeatureof interest.

Dependingon how we performthe modulation,we derive two differentmethods as ex-

plainedin thefollowing sections.
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Figure5.10: Constrainedeformationof CT HeadDataset

5.7.1 Modulated Displacement

This methodrepresents constraintvia ascalareld C: R3! R. Thisscalareld is usedto
con ne the displacemenbf a given point p within a sphereof radiusC(p), andwe usethis
radiusto modulatethe displacemenasfollows:

p= p% C(pID(pY (5.15)
In mary occasionswe wantto preventself-intersectionvith afeatureof interestandtherefore,
C(pY is de nedasafunctionof thedistanceransform:C(p9 = Wé(p%_) DT(pY, whereDT(p)
is ascalar eld representinghe distanceeld to afeatureof interest. This de nition hastwo

properties:

1. Elementswithin thefeatureof interestarenotdeformed.This occurssincetheone-sided

distanceeld hasvalueC(p) = 0, andthereforethe displacemenis the zerovector

2. Elementoutsidethefeatureof interestcannotedeformedhroughtheregion of interest.
This happendecause point p®in thesampledspacecanonly be movedwithin asphere
of radiusr, de ned as:

p p

C(P)D(P)

_‘
I

1
WDT@%D(D%

DT(p9

We usedthis methodto representollision-freedeformationon the knee(Figure5.9). Fig-
ure5.10shavsthis approachappliedto thedeformationof the CT head.We de ne a constraint
sothatthe bonetissue de ned by the skull andjaw bonesjs undeformedNote how thebone

remainsstill while theskin, cartilageandmuscletissuedeforms.



83

For a constrainedleformationnormalscanbe obtainedby evaluatingthe Jacobiarof the
constrainedlisplacementAccordingto vectorcalculus[27], for a vector eld G, de ned as
the productof vector eld F andascalareld f, G= fF, we cande ne thejacobianJs of G
usingthe productof derivativesasfollows:

Jo= fIr+ FN¢” (5.16)
whereJ is theJacobiarof thevector eld F andN; is thegradientof scalareld f. Therefore,
thenormalestimationfor constrainedleformationcanbe de ned as:

W = 1+clp+DRE X G (5.17)

(p
This canberewritten as:

NG

(I+ C3 + NeD”)'n P

(1 C)l+Cl+CJ+ ReD™)'n®

(1 C)l+CB+D)n® (5.18)

whereB = (1+ Jp)” is theprecomputednatrixin Eqn.(4.12)andD = N.D”>.

Oneof thelimitationswith this approachs theassumptiorf linearity of thedisplacements
implied by the modulationprocess. This may causeunrealisticdeformationsfor nonlinear
displacementssuchastwisting, wheredecreasinghe magnitudeof a large twist angledoes
not represent lesspronouncedwisting. For this reasonwe proposea differentmodulation

mechanismwhich modulateghe samplecoordinates.

5.7.2 Coordinate Modulation

Somedeformationssuchastwisting andpoking,have aninterestingoroperty:thedeformation
of agivenregionis equvalentto the deformationof anotheregion with a differentmagnitude.
For example,a twisting of 120 is equialentto perform 12 timesa twisting of 10 . In the
twisting displacementbhoth twists are presentput in differentregionsof the 3D volume. Ex-
amplesof thesetypesof displacementaretwists, bends,pokes, peelsandretractorsamong
others.Oneof theadvantage®f this approachs thatit overcomeghe problemsof linearcon-
straintson non-lineardeformationsasshown in the previous section.Here,the magnitudeof
a constrainedlisplacemenis not necessarilya scalingof the unconstrainedisplacementand

thedirectionmaybedifferent.
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Theconstrainedlisplacemenis thende ned as:

p= p’+ D(T(p)) (5.19)

for T(p) acoordinatgransformation.
To understandhe natureof T, let usconsiderthetwist displacementA twist aroundthe Z

axiscanbede ned asfollgws: 1

E@ (x 0:5)cosa(2)+ (y 05)sina(z (x 05) E

D(xY;2) (x O5)sina(2+ (y 05)cosa(z) (y 0:5)

0
2pz (5.20)

a2
A twisting of sa radiansis equivalentto samplingthe displacemenmap at (x;y; s 2).
Thereforewe cande ne theconstraintransformatioras:
T(xY,2 = (%Y, DT(xy;22) (5.21)
whereDT(x;y; 2) is the samescalarfunctionasbefore ,which representshedistanceeld to a
featureof interest.
Normal estimationis alsosimpler asit canbe doneby concatenatinghe transposef the
Jacobians:

J= 1+ Jp(T(p))Ir(p) (5.22)

For the caseof thetwisting copstraintn Eq.(5.21) the Jacobians dg ned as:

1 0 0
Jr= § 0 1 0 % (5.23)
I3tz 12Tz DT(xy,2+ 12Tz

One of the advantageof this approachis that it works for cuts aswell, asthereis no
needfor specifyingadditionalmodulationfor the alphamask. It alsoenableghe introduction
of morecomple constraintsuchasrigid movementof features.Let us considerthe twisting
example wheretheconstrainis de ned alongthez-axis. Let usde ne themodulationfunction
DT asfollows: for z 0.5, it shouldbe de ned asthe distancealongthe z-axis. For z> 0.5 it

shouldbehae asarigid componentsothatthe displacemenshouldbe the samefor all points
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Figure5.11: Constrainedeformationof Bar Dataset

in thatregion. For apointp in thatregion,we wantD(T(x;y; 2) = D(T(X;y;0:5)). Therefore:

D(xy;DT(Xy;22 = D(xy,DT(x;y;0:5)0:5)
DT(xy;2z = O05°
=2
DT(xy) =

Figure5.11shavs a numberof twisting operatorsaappliedto the bar dataset.For the rst
row, the modulationis de ned asthe distancealongthe z direction, which is equvalentto
de ning anandor at oneend of the bar For the secondrow, we de ne an entireregion as
rigid, asdescribedaborve.

By consideringnorecomple« modulationfunctions,it is possibleo expresscomple rigid-
ity constraintssuchaskinematicchainsof bones. This canbe doneby modulatingseveral
distancetransformsfor the differentrigid structuresjn a similar way asit was proposedoy

Little etal. for 2D imageg71].

5.8 Chapter Summary

Oneof the characteristic®f illustrative deformationis the preseration of certainfeaturesof
interest. In thosecasesthe deformationis alignedwith a certainfeatureso thatboththe de-
formedpartandtheundeformedartprovide usefulinformationof theconcepir objectbeing
representedin this chapterwe presented numberof mechanisméor achierzing deformation
alignment,classi edinto two cateyories. The rst one,calledtransformation-basethethods,

achieve alignmentby transformingthe displacemengspacento objectspacesothatit follows



86

a particularline, curve or surface. Examplesof thesemethodsareaf ne transformationsbi-
linear quadrilateralmappingand, in general,ary otheralignmentvia nite elementinterpo-
lation. We presenteda genericmechanisnfor specifyingthe transformatiorandits inverse
basedon therenderingpipelinepresentedn the previous chapter Oneof the shortcomingof
theseapproachess thatfeaturealignmentis obtainedthroughanapproximatiorof thefeature
by aline, curve or surface. In mostcasesperfectalignmentwould requirea large numberof
elements.As an alternatve, we devisedanothergroupof methodscollectively referredto as
mask-baseanethods.Thesemethodsusea volumetricmaskto specifythe featureto be pre-
sened. Thedeformationappliedto the volumeis thenmodi ed sothatpointsin the maskare
nottransformedDependingon how themaskis de ned, we derivedtwo mask-basedethods.
One,calledsurfacealignment,s obtainedby specifyingthe maskasa function of distanceto
asurface. This hasprovento be a goodapproximatiorof certainfeaturesvhenno seggmenta-
tion informationis available. The secondcalledsegmentalignmentis obtainedby specifying
the maskas a featureobtainedthroughsegmentation. We presentedserseral methodsfor es-
timating accuratelythe normalsin the deformedvolume spaceandfor adjustingthe normals
in thevicinity of cuts. We provideda GPU-basedmplementatiorthatrenderdeature-aligned
deformationin real-timewith a quality comparablewith that obtainedusing non-interactre
raycastingmethods. We also shaved how featurealignmentmay not be applicablefor cer
tain typesof deformationwhereit is moreimportantthattissuedransformin a plausibleway,
without collisionsor self-intersectionWe de ned a methodfor constraininghe displacement
usingmodulation wherebythe magnitudeof the displacemenis controlledin sucha way that
pointsareguaranteedo never crossthe boundaryof featuresof interest.Througha numberof

exampleswe have shavn theinteractvity andoperatabilityof thesemethods.
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Chapter 6
Evaluation

6.1 Intr oduction

The previous chaptergpresentec methodfor implementingvolumedeformationvia a gener

alizedconcepif 3D displacemeninaps.We shovedhow it canbe usedto representomplex

deformationsndcuts. This chapterevaluategherenderingquality andperformancef discon-
tinuousdisplacemeninapsin volumetricobjects.Althoughrenderingguality mightbethought
of asa subjectve measureit is possibleto characterizét in termsof desiredpropertiessuch
assmoothnesdocal continuityandcorrectshapecuesprovided by lighting. In turn, this can
bereducedo theanalysisof severalpropertiesf thedisplacementap,suchasresolutionand
precision,andof the renderingmethod,suchaslighting andcompositing.In orderto provide
high-qualityrenderingof imageswe mustincreasehe resolutionof the displacemenandJa-
cobianmapsfor properlighting, whichin turn carriesa performanceverhead Thesecondart
of this chapterealswith the studyof therenderingtime for thedifferentfactorsthatin uence

quality andperformance.

6.2 Quantitati ve Evaluation of Rendering Quality

This sectiondescribes quantitatve evaluationof the renderingquality of deformedvolumes.
Quality canbe describedn termsof the smoothnessf the deformationandthe smoothness
of cuts. Sincethe deformationis sampledasdisplacementsa numberof factorsin uence the
smoothnessf the renderedmage,namely: (1) The displacementesolution i.e., the spatial
discretizatiorof the displacementolume; (2) the displacemenprecision i.e., the numberof
bits usedfor representing displacemenvalue; and(3) the precisionof the Jacobiammatrix,

whichis alsostoredasa 3D texture.
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Figure6.1: Twisting operatorsat differentdisplacementesolutions

6.2.1 DisplacementResolution

Sincedisplacementarepre-computedndstoredin 3D textures,thereis a discretizatiorerror
that mustbe takeninto account.In the rst case,numericalerrorsmay be dueto the spatial
discretizatiorof thedisplacementolume.Wereferto thisastheresolutionof thedisplacement
map,andis usuallyexpressedn termsof thesizein voxelsof thedisplacementap. Thelarger
thedisplacemenmap,the betterthe renderingquality of the deformation.

Figure6.1shaws theresultof applyinga twisting operatorat differentresolutionsfrom 83
to 643, with azoomed-irversionfor easycomparisonNotethedramatiadifferencebetweerthe
rst resolutionandthelasttwo. At resolutionsof 643 or higher thedifferencds notnoticeable.

Figure6.2 shavs the resultof varying the resolutionfor a discontinuousgpeeloperator In
this case resolutionshigherthan256* 4 arerequiredto obtaina smoothsurfaceof the peel.
Note thatthe issueof resolutionis more problematicin the caseof cutsandbreaks sincethe
discontinuityinformation,i.e.,thealphamap,is sampledaswell. Dependingon this sampling,
thethicknesgegion necessarjor properlighting, asdescribedn Section3, changestesulting

in differentluminancepropertiesn the surfaceof the cut.

6.2.2 DisplacementPrecision

Errors canalso be due to the roundof error of GPU texture storage. ContemporaryGPUs
have a certainamountof bits for the representatioof 3D textures. We refer to this asthe

precisionof the displacemenimap. For instance currentGPUsusuallystoretexture valuesas



89

32 4 64> 4 128 4 256 4

Figure6.2: Peeloperatorat differentdisplacementesolutions

32bit quantities If we storeeachcomponenof thedisplacementapin anRGBA component,
theresultingprecisionis of 8 bits percomponentAlternatively, the displacemenimapcanbe
storedin two separateéextures,onefor the XY componentandanotherfor theZA components
of thedisplacementior a precisionof 16 bits. A higherprecisionof 32 bits canbeachiezed by
storingeachcomponentn its own texture.

Figure6.3 shavs the resultof applyinga twisting operatomwith 8-bit precisionvs. 16-bit
precision. Note that 8-bit precisionresultsin a jaggeddeformation.In general artifactssuch
asthesearemoredistractingthanthoseproducedy low resolutionbut with higherprecision,
astheonesshavn in Figure6.1. Figure6.3alsoshows theresultof applyinga peeloperatorat

8-bit and16-bit precision.

6.2.3 Precisionof the JacobianMatrix

As describedn the previous chaptersnormalinformationneededor lighting of volumesis
obtainedusingthetransposef the Jacobiarof thedeformation.TheJacobiansa3 3 matrix,
which canbestoredin 3 separateexturesin the RGB channelsThe maximumprecisionhere
is 10 bits per componentwhich canbe realizedusingthe R10G10B10A2texture encoding.

However, very smallvaluesandvery large valuesin the Jacobiarmatrix are problematic.For
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Figure6.3: Continuousanddiscontinuou®peratorsvith differentdisplacemenprecision

largevaluesthey maynotberepresentegroperlywithin theencodingprecisionandthey must
benormalized.Giventhe Jacobiammatrix B ata givenpointin thedisplacemenspacethenew
normalizedmatrixB is:

1

max;; | Bij) (61)

For smallvalues this normalizationmay alsoimprove the ability to properlyencodethe Jaco-
bian. In orderto evaluatetheimpactof the Jacobiarprecisionwe applieda seriesof deforma-
tionsto ourtestbardataseandcomparedhenormalsestimatedy this methodvs. thenormals
estimatedising32-bit precisionJacobiansThis 32-bit precisionJacobiarwasobtainedon the
y with themaximumprecisionavailablein the GPU, insteadof beingencodedn a 3D texture.
Thedeformationsve appliedwherechoserasto representhespectrunof Jacobiarvaluesthat
we mightencountein realapplicationsIn generalthe determinantf the Jacobiaratasingle
pointin the objectrepresentshe local volume changeat that point. For inversewarping,the

following conditionshold for the Jacobiarmatrix B:

if detB = 1, thereis nolocal volumechange To representhis deformatiorwe createch

seriesof twist deformationswith total twisting angleincreasingrom 90to 720degrees.

if detB > 1, thereis local contraction(Notethatin traditionalforward deformationthis
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Figure6.4: TestVolumesfor analysisof the JacobiarPrecision

casecorrespond$o local expansionasthe determinantf theinverseJacobiaris there-
ciprocalof thedeterminanbf theforward Jacobian)For this case we selectedasqueeze
deformationwith increasingcontractionstrength We alsoselecteda combinatiorof the

lasttwo, a seriesof twistandsqueezeeformationswith increasingontractionstrength.
if detB < 1, thereis local expansion We selectedh seriesof dilate deformations.

Thesdestdeformationsareshavnin Figure6.4. Figure6.4alsocomparesheresultingim-
agesobtainedbeforeandafter normalization.Figure 6.5 shavs the histogramof the Jacobian
determinantisa reference IncorrectJacobiarencoding(prior to normalization)resultsin in-
correctnormals.This canbeappreciateih thechangesn theshadingof theobjects especially
in the speculare ections. To measurehe precisionerror, we comparedhe differencebe-

tweentheanglesof thenormalsestimatedvith Jacobianstoredas3D texturesandthenormals
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Figure6.5: JacobiarDeterminanHistogramfor TestVolumes

estimatedvith Jacobiangomputednthe y (32-bitprecision).We obtaineda singlemeasure
asthe meanof the difference.To understandhe effect on the differenttypesof deformations,
we plottedthe normalangleerror againstthe averageof the determinant®f the Jacobiarfor
thatdeformation. This is depictedin Figure6.6. For example,squeezeleformationsappear
spanningvaluesin thedeterminantrom 1 to approximatelyé. In contrastdilate deformations
appeamwith determinanvalueslessthanl. As we canseefrom Figure6.6,deformationswith
local contractionarethe mostproneto errorsdueto the presencef large numbersn the Ja-
cobian. After normalizationtheseerrorsdrop considerably For deformationsuchastwists,
however, we also nd largevaluesin the Jacobianalthoughthe averagedeterminants approx-
imately 1. For expandingdeformationshowever, normalizationdoesnot seemto improve the
error. Note, however, thattheinitial erroris notlarge, dueto the absencef large numbersn
theJacobianTo understandhis effect, notetheplotin Figure6.7,wherethenormalangleerror
is plottedagpinsttherangeof the Jacobiardeterminan{max;j detB;;j min;jdetB;;j), instead
of theaverage Notehow theerrorincreasesvith therangefor a particulardeformation.Inter-
estingly the effectin twist-squeezdeformationsncreaseslower thanthosefor deformations

with contractions.
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6.2.4 TransparencyAdjustment

As describedn Chapter4, deformedvolumesrequirea differentsamplingrate dueto possi-
ble expansionor contractionof the volume. For slice-basedolumerendererswhereadaptie
samplingis not possibleor may be computationallyexpensve, an alternatve is to adjustthe
transpareng of the traversedvoxels. Figure 6.8 shav the effect of this adjustmenin for a
squeezaleformation. Note how the unadjustedenderemresultsin overly transparentoxels
dueto areducedsampling. For the intensity constang assumptionthe volumeis deformed
sothatthe intensityremainsessentiallythe samefor all pixels. Compareto the original vol-
ume. For the massconseration assumptionthe region in the middle appearsnore opaque,
sinceparticlesareassumedo be contractecandthereforethereis a largerattenuatiorof light.
In contrast,Figure 6.9 shavs the effect for an expandingdeformation. The oppositeeffects
occur No adjustmentresultsin overly opaqueregions, whereasa more physically-accurate

deformationwould make themmoretransparentasparticlesarefurtheraway from eachothet
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Original No adjustment IntensityConstanyg MassConseration
Figure6.8: Transparenc Adjustmentfor Squeeza@eformation

PR

Original No adjustment IntensityConstang MassConseration
Figure6.9: Transparenc Adjustmentfor Dilate deformation

6.2.5 Gradient Modulated Rendering Images

In volume rendering,it is commonto modulatethe opacity of a voxel by the magnitudeof
its gradient. Whendeforminga volumetricobject,the magnitudeof the gradientmay change.

Thereforethe magnitudeof the gradientg®at a samplepoint pis givenby:
¢°= Bh® g (6.2)

whereg is thegradientmagnituden theoriginal dataseprior to normalizationand!n (P isthe
undeformedormalandit is assumedo beof norm1. Figure6.10shavstheresultof rendering
thetwistedbarusinggradientmodulation.Comparewith theimageobtainedoy computingthe
gradientonthe y .

Further whenintroducingcuts,a new surfaceappearsyhich changeghe gradientmagni-
tudeof thepointsin theproximity of cuts. Similarly to thenormalblendingequationwe blend

thegradientmagnitudesiearcuts:

g = wg’ (1 w)f(p9 (6.3)
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(a) Jacobian (b) Sobelonthe y (SotF)
Figure6.10: Renderinga twistedbarusinggradientmodulation

(a) Correctweighting (b) No weighting (c) Incorrectweighting (d) SotF

Figure6.11: Renderinga peeledbarusinggradientmodulation

wherew 2 [0; 1] is ablendingfactorand f (p9 is thedensityvalueat pointp® If noblending
is performed,the resultingimage may not appearto have a surface cut, sincethe gradient
magnitudemight be very smallor zero. Figure6.11 shows a gradient-modulatedenderingof
apeeledvolumetricbarwith andwithout blending.Notethatno surfaceappear®n the caseof
no blending.Comparethis to the caseof obtainingthe gradientmagnitudeonthe y . In order
to modelholesor regionsof low density the blendingequationrequiresthe densityvalue at
the samplepoint p® Figure6.11alsoshows the casewherethe gradientis performedwithout
regardsof the densityvalue,which treatsthe cut surfaceasa surfaceof homogeneouspacity

This mayintroduceoccludingsurfaceswherethereshouldbeahole.

6.3 Normal Estimation Validation

An importantaspectintroducedin this thesisis a methodfor estimatingthe normalin a de-
formedvolume. One problemfor validationis thatno groundtruth is available,as obtaining
volumetricdatasetss still acostlyoperation.Thereforewe lack areferencanodelfor the de-
formedstateof volumetricmodels.Our validationprocedurds thenobtainedoy two properties

of accuratenormalestimation First, if thesurfaceis smooth(asis thecasefor thetestdataset),
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andthedeformationis smooththerenderingof the deformeddataseshouldbe smoothaswell.
Secondnhormalinformation,andlighting in general,s a renderingmechanisnfor providing
hints of the shapeof an object. Therefore if the normalsareestimateccorrectly it shouldbe
possibleto estimatethe shapeof the object.

For the rst procedurewe comparedur methodwith others.Themethodsare:
Jacobian. Thisis our method,andfollows Barr'sideaof transformingthe original normalvia
theinversetranspos@f the Jacobiarof the deformation.In the previous chapterwe extended
thisideato obtainsimilar transformationgor inversemapping,asshovnin Eq.(4.11).
Central Dierences/Sob el on the y . Thisis the prevalentmethodin previous volume
deformatiomapproachesThis methodcomputeshe normalonthe y , by samplingthe neigh-
borsof apointandapproximatinghegradientvia centraldifferencesThis methodis known to
producestaircasingeffectsdueto sampling.In addition,to reducenoise,it is commonto apply
asmoothingoperatorprior to differentiation.Sincethis may be prohibitive for computatioron
the y, this canbe doneby applying centraldifferenceson a pre-smoothedlataset.The rst
methodwithout smoothingis herereferredto ascentmal differencesonthe y (CotF), andthe
secondnethodasSobelonthe y (SotF) Althoughbeingprevalent,it is very costlyfor volume
deformationasthereis needto performup to 6 extrawarpings.

For adeformedvolume,this methodperforms nite differencingonthedeformedsamples:
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whereTg is theinversedisplacement.

DotPro duct. A third methodis to approximatedirectly the diffuseandspeculacomponents
of a pointby approximatinghe directionalderivative in the directionof thelight andthe view
vectot respectiely. Thisis theapproachusedby Westermanmtal. [126], which computeghe

diffuseintensityof a pointas:

IR (6.4)

df
= % (6.5)

wheres is a parameterizationf raysin thelight direction!l , Suchthata pointp is de ned as
p= pet s!l . Thedirectionaldervative of f canbeapproximatedisingcentraldifferenceson
thedeformedvolume,which requiresup to 2 extrawarpings.
Figure6.12compareshesemethoddor a twisting deformationon our test. It canbe seen
from the gure thatour methodprovidesthesmoothestesults.Thisis especiallynoticeabldn
the rst two rows, which shavs anisosurficeof interest(asopposedo transparentenderingn
thethird andfourthrows). Notethehighlightdueto speculare ection. For centraldifferences,

it presentstaircasingeffects.

6.3.1 ShapeEstimation

Oneof the dif culties of validatingour approachs the lack of groundtruth models. Ideally,
we would have a volumetric object, say a physical bar as depictedthroughoutthis Chapter
madeof anelasticor plasticmaterial,andhave it deformedn severalwaysandscannedn into
a volumetricrepresentationBecauseof the dif culty , costandtime constraintsof MRI and
CT scanningthis is not a viable solution. As an alternatve, we focusinto one aspectf the
renderingof volumetricobject,which is properlighting. Whenlighting is properlysimulated,
shadinggivesshapecuesthatmaynot be availableotherwise.

For this reasonwe validatethe normalestimationthroughshapeestimation.Normalscan
be usedto estimatethe shapeof anobject. Therefore,accurag in the normalestimationcan
be obtainedby measuringhe accurag of the shapeestimation.Estimationof depthfrom nor-

mal informationhasbeenusedfor shape-from-shadingn shape-from-shadingroblemsthe
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Jacobian CDiff onthe y Sobelonthe y DotProduct
Figure6.12: Comparisorof lighting techniquedor a continuousdeformation

Jacobian CDiff onthe y Sobelonthe y DotProduct
Figure6.13: Comparisorof lighting techniquegor discontinuousieformation

normalinformationis obtained rst usingimagesof the sameobjectunderdifferentlighting
conditions. The shapeof the object,expressedasdepthvalues,is obtainedby integratingthe
normalinformation. In our case sincewe alreadyhave the normalinformation, it sufces to
useHorn's gradientintegrationto obtainthe estimateddepthvalues[51]. Although gradient
estimationhasbeenrecognizedasanill-posedproblem,this methodis suitablefor our exper
imentationsincewe dealwith syntheticallyestimatechormalsratherthannoisy data,andthe
smoothnessf the displacemenbperatords known. For our validation,we useda volumetric

cubeandall our displacementareassumedo beC? continuous.
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Figure6.14: NormalvalidationusingGradientintegrationfor Poke andWave displacements

Thevalidationproceduras thenasfollows:
1. Onceadeformedvolumeis renderedye storethe estimatechormalsin animagel .

2. At the sametime, we storethe depthvaluesof the deformedvolumein imagelp. This

imagecanbe obtainedby readingthe depthbuffer.

3. We performgradientintegrationonimagely. Theresultof this processs adepthimage

A~

Ip.

4. Theerrorof thenormalestimationis quanti ed astheerrorin the depthestimationj.e.,

thedifferenceip Ip .

Figure6.14 shavs the estimateddepthfrom our computechormalsfor a poke anda wave
deformation Notethatthedepthcorvergesto theactualdepthof thedeformedobject,although
therateis fasterfor the poke operator This occursasthe wave operatorhasa higherspatial
frequeng which demanddor alargerresolutionimage.

Figure6.15shavstheaccurag errorof our normalestimatiormethod relative to thenum-
ber of integrationsteps for anumberof displacementsAs expected the error decreasewith
numberof integrationsteps,asthe shapeobtainedfrom gradientintegrationcorvergesto the

actualshapeof thedeformedobject.
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Figure6.15: Error of shapeestimatiorrelative to the actualshapeobtainedfrom a depthmap
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Figure6.16: Estimatedshapeor two differentnormalestimationmethodgor a poke operator

This methodalsolets uscomparethe smoothnessf therenderedmagesfor differentnor-
mal estimationalgorithms,independentlyf the lighting and compositingconditions. For in-
stance estimatingthe normalsvia centraldifferencegesultsin staircasingeffects, which are
clearly visible from the estimatedshapedepictedin Figure6.16. This comparisorevoidsthe
needfor re-computinga deformedvolumewith densityandnormalinformationvia sampling,
which canbe very large dependingon the samplingrequirementsHowever, it mustbe noted
thattheestimatedshapevia gradientintegrationis anapproximatiorof therealshapeanderror
is expected.Further staircasingeffectsfrom centraldifferencesare expectedto be smoothed
outasmoreintegrationstepsareperformed.This conditionalsocanbe usedfor validation,as
our methodandcentraldifferencesare expectedto corverge to the samesurface. Experimen-
tationshavedthatnormalestimationvia the Jacobiarprovidessmootheisurfacesthancentral

differencesandit providesaccuratenormalsfor shapeestimation.
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Displacement  Resolution| Sizein KB
Peel 128 128 1 320
Slicing 128 128 1 320
Extrusion 32 32 32 640
Split 64 64 64 5120

Table6.1: Sizein voxels of thedisplacementexturesandtexture memoryrequirementn total

6.4 PerformanceEvaluation

6.4.1 Memory Requirements

Oneaspecthataffectsthe performancaes the texture memorysizeandbandwidth.Volumetric
displacemenmappingrequiresthe storageof the x;y; z component®f the displacementAl-
thoughthey canbe storedin a singletexture using8 bits for eachcomponentthis precision
is usuallylow for a smoothdeformation,andresultsin visible jaggedlines. In thesecasesa
16-bit displacementanbe usedwhich would requireat leasttwo 3D textures. The rst tex-
ture DISPXYstoresthe x andy component®f the displacemengsthe luminanceand alpha
componentswhile the secondtexture DISPZAstoresthe z componentandthe a value (for
discontinuities). This requirementdoesnot posea scalability problemin practice,sincethe
useof generaldisplacementapsallows the creationof complex cutsanddeformationswith
relatively small 3D textures. Table 6.1 shaws the size of the displacementexturesusedin
this thesis,and the total amountof texture memoryrequired,which includesthe storageof

pre-computedacobiansNotethatthey arewell within thelimits of currentGPUtechnology

6.4.2 Rendering Speed

A numberof factorsaffect the renderingspeedof our approach.Our renderingspeedcanbe

guanti ed dependingn the numberof texturelookupsthatmustbe performedandtherelative

compl«ity of the procedureghat mustbe performedper pixel during the volume rendering
stage We obtainedheresultson a PentiumXEON 2.8 GhzPCwith 4096MB RAM, equipped
with a QuadroFX 4400 (512MB), with a viewport of size512 512. We useda sampling
distanceof 1 for therenderingof thevolumes meaningthatat leastonesamplepervoxel was
usedfor rendering.

Relative Size of Image.  Volume renderingperformances primarily pixel-bound,the
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relative size of the effective imagewith respectto the screenimageis a considerabldgactor
of performance Althoughthis is applicablefor all renderingsystemsit givesinsighton how
performanceés degradedfor a comple pixel shaderasours,wheredeformationis computed.
We usethebar datasedf size128® voxels. To obtainedtheresultswe disabledthe lighting of
the volume. Figure6.17 plotsthe zoomlevel of theimagevs. renderingtime in milliseconds
for two differentdisplacementsNote how the performanceémproves exponentiallywith the

zoomlevel.

200

Rendering Time (msec)

L
100 1000

Figure6.17: Plotof renderingoerformancémsec.)for relative sizeof image,in termsof zoom
level (thelargerthezoomlevel, thesmallertheimage)

Resolution of the displacement map. Sincetheresolutiondoesnotchangehe numberof
texturelookups thisusuallydoesnotaffecttherenderingspeed However, asthesizeincreases,
texturememorybeginsto Il quickly anda penaltydueto texture memoryswap mayoccurin
somecasesA displacemenmapneeddo be storedusingtwo 32-bit textureswhenusing16-
precision,asdescribecearlier This requiresa total memoryof MEMygispiacemen = 8n Bytes,
wheren is the sizeof the displacemeninapin voxels. In addition,storingthe jacobianof the
displacementequiresa total size of MEMjaconian= 16n Bytes. In total, the requirestexture
memoryis MEM;qta1 = 24n. This canbe appreciatedn Figure6.18. Note how therendering
timeis constanfor mostof thecasesexceptfor thecaseof a256° displacementyhichrequires
atotal memoryof 384MB.

Precision of the displacement map. For 8-bitdisplacementgjeformatiorcanbeachieved
with a singletexturelookup, while 16-bitdisplacementsequiretwo. This introducesa perfor
mancepenalty ascanbeseenn Figure6.19. Dueto texture capabilitiesof new graphicscards,

the overheadime is becomingsmaller Thisis essentialas8-bit displacementsereshovn to
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Figure 6.18: Resolutionvs. RenderingTime for two displacements Resolutionis givenin
termsof sizeof displacementmapsin voxels

beunacceptabléor renderingof volumedeformationsWe canalsoseethe effect of increased
texture memoryfor the caseof a twist of size256°. Becauses-bit renderingrequireshalf the

texture memory the penaltyof increasinghe precisionto 16-bitis noticeable.
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Figure6.19: Precisionvs. Renderinglime for two displacements.

Lighting Computation.  Lighting computationis an essentiapart of our framewvork. As
describedbefore,several methodshave beenproposedearlier mostof which requirethe on-
the- y computationof normalsusing nite differences.Sincethis computationrequiresthe
deformationof eachpoint's neighbors this canbe computationallyexpensve, asit requires
moretexturelookups.Thenumberof texturelookupscanbereducedy approximatinglirectly
thediffusecomponentasproposedy WestermanmandRezk-Salam§l26]. In addition,it may
be bene cial to computethe Jacobiarof the displacemenbn the y. The numberof texture

lookupsrequiredfor eachcasearedescribedn table6.2, assumingdl6-bit displacementsThe
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relative penaltyfor the extra texture lookupsis basicallycon rmed by the resultsshavn in

Figure6.20.1t canbeseenfrom table6.2thatapproximatinghediffusecomponents aviable

Method Texture Lookups Num. Texture Lookups | Overheadractor
Unlit (basecase) | 1 (value)+ 2 (deformation) 3 1
Jacobian 3 (base)+ 4 (jacobian)+ 1 (gradient) 8 2.67
Jacobiaronthe y 3 (base)+ 6 (neighbors) 1 (gradient) 10 3.34
CentralDifferences| 3 (base}+ 6 3 (neighborsegachvalueanddisplacement) 21 7
DiffuseComponent| 3 (base)}+2 3 (neighborsgachvalueanddisplacement) 9 3

Table6.2: Numberof texturelookupsfor differentlighting methods

alternatve for lighting, in termsof performance.However, this approachdoesnot yield the

sameresultsin termsof quality, ascanbe appreciatedn Figure6.12.
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Figure6.20: Lighting Methodvs. Renderinglime for threedisplacements.

Transparency Adjustment. As describedn the previous Chapteyrdeformationof volumes
impliesa changein the samplingrate,which canbe appreciatedn the transpareng of voxels
whenusing semi-transparentolumes. In orderto accountfor homogeneityin the sampling
rate,we mustadjustthe transpareng of voxels. This in turn, implies a changeusingthe Ja-
cobianmatrix. Figure6.21shaws the performancecostof addingtransparencadjustment.t
canbe seenthatperformances not considerablydegraded which canbe explaineddueto the
natureof this processwhich doesnotrequireextratexturelookups,but merelya matrix-vector
multiplication and a reciprocalsquareroot computation. In orderto measurehis factor we
enabledlighting of the volume, using the Jacobiamrmethod,sincethis requiresthe Jacobian
matrix.

Feature Alignment. Wesimulatedanumberof deformationsppliedto differentdatasetor
the differenttypesof alignmentsdescribedn Chapters. Table8.1 shavs the resultsobtained

with our testdatasetgor the differentalignmentcases.
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Figure6.21: TransparencAdjustmentvs. Renderinglime for two displacements.

Alignment | Dataset Resolution fps
Axis foot 143 256 183 | 20.44
stagbeetle 208 208 123 | 9.24
visible human2mm | 256 189 436 | 6.27
cthead 256 256 256 | 5.06
Surface foot 143 256 183 | 18.31
stagbeetle 208 208 123 | 7.32
orange 256 256 256 | 6.11
cthead 256 256 256 | 3.93
Sgyment | foot 143 256 183 | 17.95
hand 255 250 155| 5.54
frog 250 235 68 | 8.08

Table 6.3: Performanceaesultsfor differentvolume datasetswith d = 1:0 for the distance
betweerview alignedslicesof thevolume

6.5 Chapter Summary

In this chaptey we have evaluatedour deformationapproachrom a quantitatve perspectie.

Theevaluationis two-fold. On onehand,we studiedtherenderingquality in termsof different
propertiesof the displacemenand Jacobiammaps,suchasencodingprecisionandresolution,
andof the renderingprocessdtself, suchastranspareng adjustmentgradientmodulationand
thedifferentlighting estimationrmethods.Thesepropertiesn turn, re ect higherlevel proper

tiesof thedeformationsuchassmoothnesandlocal continuity Ontheotherhand,we studied
the performancecostof interactve deformation,in termsof the differentfactors. Oneof the
conclusionsve have obtainedrom this studyis thattheuseof the Jacobiamprovidesthehighest
renderingguality of the othermethodsIn orderto avoid resolutionproblemsthe Jacobiarcan

be computedonthe y without a considerablalegradationof performanceat leastcompared
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to the prevalentalternatve, which uses nite differencedor estimatingthe normals.Displace-
mentmapsneedat leasta precisionof 16-bitto provide smoothdeformations Although 8-bit
precisionis inaccuratecontemporarycardsinclude certaintexture modesthat emulate32-bit
precisionfrom lower resolutiontextures. This, in effect, removesthe ragged edgesthat ap-
pearwhenusing8-bit. It doesnot improve resolution,though. The useof deformationalso
implies certainadjustmentsvhendealingwith semi-transparentolumes. One of themis the
transparencadjustmentlueto theirregularsamplingimposedoy deformation. Anotheris the
incorporationof gradientmodulation. For the caseof cutsandbreaks gradientmodulationis
intendedo highlightthemostsalientisosurbicesof avolume.Becausef the presencef cuts,
new isosurbcesappearmandthereforemustbe adjusted.This chaptemprovidesa benchmarkor

futurevolumedeformationrmethods.
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Chapter 7

Complex Deformations and Cuts without Re-
meshing

7.1 Intr oduction

In the previous chapterswe shaved how complex deformationsand cutscanbe achieved for
volumetric objects. Volumetric objectsare commonlyobtainedfrom computedtomograply
(CT) or magneticresonancémaging (MRI). In othercasesyolumetricobjectsarethe result
of staticor time-variantsimulations.In all thesecasesthe objectrepresentatioiis a sampled
volume. For the purposef illustration, however, it hasbeenvery commonto usepolygonal
surfacegatherthanvolumesto obtainhigh-qualityrenderingsin somecasessurfacesarepre-
ferredbecausef low memoryconsumptiorandeaseof implementationSurfacerenderingare
not proneto aliasingeffectsinherentin the renderingof sampledrepresentationsOne of the
shortcoming®f surfacerepresentationis thata meshtopologyneedgo be de ned explicitly.
Whenaddinglargedeformationr cuts,thisrequiresare-tessellatiomr re-meshindo createa
ner resolutionmesh[3]. Re-tessellatiowanbe anexpensve processandasthe meshegrow,
interactvity may be affected. Furthermoregutsandothertypesof discontinuougleformation
(wherethe meshmustbe “broken”) mustalways be re-tessellateds the cut is rarely along
existing edgesin the mesh. In this chaptey we extend our approachor illustrative deforma-
tion of volumetricobjectsto polygonalsurfaceswhich will enableusto producehigh-quality
deformationsncludingcutsandtwistswithouttheneedto re-tessellata mesh.Exampledefor
mationsareshavn in Figure7.10. The methodologyworks evenfor low resolutionpolygonal
models. It canalsoproducecomplex deformationsn real-timeso that deformationscanbe
interactvely explored.
Thekey to our approactis to treatthe areasof the objectundegoing deformationasvol-

umetric objects. Several representationhave beenproposedor the samplingof polygonal
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surfacesinto sampledstructureswhich we collectively calledlayered representations Lay-
eredrepresentationsf objectshave beenusedin the graphicscommunityfor various pur-
posessuchasimage-basedenderingdisplacemeninapping,andmulti-resolutionrendering.
e.g.,]10257,10,131]. A layeredrepresentationf an objectis animplicit representatiothat
describes geometryasa setof numericvaluesalongoneor severallayers,which areusually
axis-orientedsuchasdepthmaps,displacemenimapsand3D signeddistanceelds. Herewe
make the tacit assumptiorthattheseare sampledrepresentationgsopposedo the so-called
multi-layerrepresentationsyhich referto the useof multiple nestedsurfacesto representog-
ical layersof anobject,suchasskin, muscleandbone. Complex deformationshave not been
fully exploredwith theserepresentationssomeof theissueghatariseincludememoryrequire-
ments,remeshingaliasingandinteractvity. Becausesurfacemodelsare explicit, ratherthan
sampledrepresentationgur approachimeedgo seamlesslyntegrateboth representationdiVe
achieredthis with a hybrid renderingalgorithm. At the coreof this algorithmis a ray-casting
renderingprocesghat nds intersection®f view rayswith anobject. Thisis differentfrom the
renderingalgorithmusedin the previous chapterdor volumerendering,wherea 3D dataset
is sampledand compositedat regular internvals. Deformationis appliedin a similar manner
throughan inverserenderingprocess.As describedn the previous chaptersjnteractiity is
obtainedby decouplingdeformationfrom thelayeredrepresentation.

This chapteffurtherextendstheideaof Illustrative Deformation with (1) auni ed method
for handlingcontinuousanddiscontinuousleformationsincludingcomplex deformationsvith-
out the needfor re-meshing(2) a novel methodfor representingn objectusinga compaosite
layeredrepresentatiomnda hybrid renderingalgorithmwhich seamlesslyntegratesthe var
ious representationgnd(3) a novel methodfor encodingcutsin a displacemenvector eld
which preseresC?! continuity of the deformation eld andwhich allows renderingof sharp

cutsfreeof aliasingartifacts.

7.2 RelatedWork

SampleLayeredRepresentation§SLR) wereintroducedin Chapter2 asimplicit representa-

tions of surfaces,obtainedby samplingthe closestdistanceto the objectin a 2D or 3D grid.
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-
(a) DepthMap (b) DepthMap Cube (c) 3D DistanceField (d)SurfaceMesh
Figure7.1: Comparisorof Sampled_ayeredRepresentationsf the Armadillo model.

2D SLRscanbe depthor heightmaps,which samplethe closestdistanceto the objectalong
a particulardirection. Oneof thelimitations of this representatiois the inability to represent
portionsof asurfacethatarenotvisible from apointof view, asseenn Figure7.1(a).A combi-
nationof depthmapslongthefacesof acubecanbeusedtio modelthe othermainorientations
of asurfacemodel,asshavn in Figure7.1(b). However, concaities which arenotvisible from
ary of thefacesof thecubecannotberepresentedl he mostcompleterepresentatiomwould be
a 3D distanceeld, which sampleghedistancealonga 3D grid. An exampleis shavn in Fig-
ure7.1(c). Comparewith the renderingobtainedwith anexplicit representatioof the surface
model,in Figure7.1(d).

Deformation of layered structures. Traditionaldisplacementnappingcanbethoughtof as
alocal deformationof a basesurface,whichis usuallyde ned asaninversemappingproblem
from an objectspaceor “shell” spaceg91] to the displacemenspace. This mappingis done
by samplingthe spaceobtainedby extruding prismsfrom eachsurfacetriangle. Rendering
of comple large deformationsposesadditional challenges. Traditional displacementmaps
de ne displacemenasanindependengeometrybut, for generaddeformationsdisplacements
are usedto represent changein the surface. Extrusionof trianglesmay not be sufcient,
asa given surfaceprimitive may undego large deformationsbeyond the spacede ned by an

extrudedprism. Instead.,it is easierto de ne arbitraryregionsin 3D spacewherea layered
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representatiois sampled Deformationof layeredstructurefiasbeensuggestetiefore.Botsch
andKobbelt[10] suggesthe useof “displacement/olumes”to deformcomple surfacesby
rst deformingasmoothversionandthenaddingthedetailasanormaldisplacementf thebase
surface.Smithetal. proposethe useof displacementor animationof 3D models[106]. Elber
[35] extendsthe idea of depthmapsto modelgeometricdeformations.Chenet al. propose
an inverseapproachfor deforminglight elds [17], in a similar way to the deformationof
displacement-basedpresentations.

Theabove, however, aredesignedo handlesmall continuousdeformations Our approach
handlesboth large continuousand discontinuousdeformation. We achieve this by encoding
deformationasa displacementector eld andusingan extra dimensionfor encodingconti-
nuity information. The ideaof usingvector elds for displacemenivasusedby von Funcket
al. [118] for the modelingof continuousdeformation.One of the strengthsof vector elds as
deformationmetaphorsasopposedo procedurallyde ned modelsor sketchbaseddeforma-
tion, is the ability to storethemasgenerictemplatesvhich canbe combinedalgebraicallyto
obtainmorecomplex deformationsandappliedto differentmodels. Furthermorethis canbe
ef ciently implementedn currentGPUsastextures. To the bestof our knowvledge,thisis the
rst interactve methodthatcombinesutsandbreakswith othercontinuougdeformationsuch

astwistsandbendsusinga singlemethodologyandwithout remeshing.

7.3 Overview

Our approactworks by integratingdeformationinto therenderingpipeline. First,a composite
representationf anobjectis created.Let usde ne a 2D manifold S asthe surfaceof a model
and Sy a subseof this manifold wheredeformationis to take place. Sy is representedising
alayeredrepresentationLet 3 be the desireddeformedsurfaceand B(S2) be the bounding
box of this new surface. A pictureof a compositerepresentationf anapplemodelis shavn
in Figure7.2. A rst stageof therenderingorocesss to renderthesurfaceS Sp. Thisis done
by discardingpointsof Sthatarewithin B(S3), which canbeimplementedn fragmentshaders
usingdepthinterval culling.

After renderingS &, we needto renderthe surfaceS%. For a continuousdeformation
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viewing ray:

Bounding Box B(§ ")

Figure 7.2: CompositeRepresentationf an applemodel. S, the original surfaceis rendered
asa mesh. The boundingbox B(S3) is renderedas a layeredrepresentation.The resulting
renderingappeargo theright.

(without cuts),we do not explicitly computethe deformedsurface,but we modelit asa dis-
placementector eld of theundeformedurfaceSy. Renderingof this new surfaceis doneby
propagting raysthroughB(S3) anddeformingthemby thevector eld. Thedeformedray is
usedto nd theintersectionpointin the undeformedsurface(Figure7.3). Thisis aninverse
problemsimilar to imagewarping,deformationof light elds [17] andray de ectors[63, 20].

This processs summarizedsfollows:

1. A deformationeld D(p) is de ned onthe y or re-usedrom a collectionof deforma-

tions.

2. A compositerepresentationf a portion Sy of thesurfaceis createdL(Sp)). It couldbe

asingledepthmap,a collectionof orienteddepthmapsor a signeddistanceeld.
3. ThemeshS & isrenderedqusingatraditionalrenderer).

4. Thedeformationregion is renderedyia ray castingon the geometryB(S3). Eachray is

“warped”into thelayeredrepresentatioto nd surfaceintersection@ndtheir normals.

Sectiond describedn detailtheproces®of renderingof adeformedayeredrepresentatiorthat
is, nding theintersectiorwith a deformedsurfaceandestimatinghe normals.Oneimportant
contribution of ourwork is amethodfor therenderingof cutsandbreaksof layeredstructures.
Unlike previousdisplacemenéapproachesyhereholesarepre-computednto the de nition of
ameso-structureye apply the cutsinteractvely to an otherwisecontinuousrepresentationf

theobject.
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7.4 Renderingand Deformation of Layered Representations

A layeredrepresentatiois animplicit representationf anobject. Renderingof sucharepre-
sentations performedby tracingraysalongthe layeredregion and nding its zero-crossings.
Sincethe 3D texturerepresentationf asigneddistanceeld is theonewith themostcomplete
informationaboutanobjectfrom our spectrunof representationsye will assumehatwe have
sucharepresentatioandoperationsandqueries,suchasray traversalandestimationof nor-
mals,arebasedon sucha de nition. Section7.6.2will describehow theseoperationsanbe
appliedto smallerrepresentations.

Let L be alayeredrepresentationle ned asa signeddistanceeld of a surface,Sp, in R®
sampledn a 3D grid. Eachpointin this grid containsthe distanceto the closestpoint on Sp.
In addition,the sign of L(p) is usedto denotewhethera pointis in theinterior or the exterior
of theobject. As a corvention,we de ne L(p) < 0 for a point outsidethe objectandL(p) > O
for apointinside. L canbe createdn real-timefor smallsizedregionsusingthe algorithmby
[103], wherea bandeddistanceeld is used.Oncethe representatioiis obtained, nding the
surfaceis equivalentto nding thezero-set.(p) = 0.

Let us de ne a continuousdeformationas a bijective transformationTs : R® 7! RS, such
thata point p is deformedinto p°= T¢(p), andits inversetransformatiorT, ! suchthatp =
Te Y(p9. Here,we assumehatthe inversetransformatioris de ned asa displacementp =
p%+ D(pY. Therelationbetweerp andp®is shavn in Figure7.3. The useof displacements
hasbeenexploredwidely andhasa numberof advantagesvhich areexploitedin ourapproach,
namely: (1) are simplerto understancand operatethan other deformations(2) the inverse
transformatiorcanbe obtainedfrom forward transformationgsa negative displacementand
(3) mostphysically-basednethodshave displacementasoutputs.

Letusde ne L%asthesigneddistanceeld of thedeformedsurfaceS3 in R®. Thedeformed
surfacecorrespondso thosepointsp®in the zero-set.qp% = 0, which canbe de ned asthe
zero-sebf the undeformedsurfacein a transformeccoordinatesystemde ned by T 1 That

is, thedeformedsurfaceis thezero-set:

L%p9 =L T *(pY = L(p® D(p9) =0 (7.1)
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Figure7.3: Findinganintersectiorof adeformedayeredrepresentationA rayin thedeformed
spaceS} is transformedy a displacementeld D(p). Thetransformeday mapsinto a curve
in theundeformedspaceS; andyieldsanintersection.

For clarity, in thereminderof this chapterwe usep in placeof p°

7.4.1 Finding the Deformed Surface

The deformedsurfaceis found by traversingraysalongthe region beingdeformed. Given a
raydirection!v andaninitial positionp, agivenpointalongtheray is touchingthe surfaceif:

L(t)=L(p+ thy + D(p+ tlv )) = Ofor agivenparametet alongtheray. Thegeneraimecha-
nismis depictedin Figure7.3. Thesimplestway of nding anintersections by samplingthe
parametet linearly, and nding the pointwherea signchangein L{t) occurs.However, this
hasbeenshavn to be proneto aliasingeffects. As analternatve, mostdisplacemenmethods
usea combinationof linearandbinary searchto narrov down to the correctintersection.Al-

thoughthis doesnot solve the problemin thegenerakasetherearealternatveswhich produce
closeto exactsolutionsbasedon distanceelds [33] or imagepyramids[86]. Thesesolutions
may not sufce for extremedeformations.We presenta generalsolutionto this problemin

Section7.5.2.

7.4.2 Estimation of Normals

After nding theintersectiompoint,it is necessaryo nd thenormalto thesurfaceatthatpoint.
Sinceit is a layeredrepresentatiorthe normalto the surfaceis determinecdby the gradientof
L. For speedup, this canbe obtainedoeforedeformatiorandstoredasatexture. This hasbeen
widely usedfor depthmaps,andcanbe extendedo ary of therepresentationis our spectrum.

For adeformedsurface thenew normalcanbefoundby multiplying theoriginal normalby the
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inversetransposef the Jacobiarof the forward transformatiorfunction Tg [6]. From vector
calculus,we have thatfor aninversetransformationJ; (p) = J$ (T(p)) [27]. Therefore,
thenew normalcanbefoundusingthetransposef the Jacobiarof theinversetransformation.
For aninversedisplacementhe Jacobians de nedasJ; 1(p) = | + Jp(p), whereJp(p) is the
Jacobiarof the displacemenandl is the identity matrix. Therefore hormalscanbe obtained

as:

'nYp) = normalize((1 + Jp(p))” 'n (p+ D(p))) (7.2)

where'n Ap) is the normalto the deformedsurfaceat point p and "n (p) is the normalto the
undeformedsurfaceat point p. This appliesonly for continuousdeformation.For a discontin-
uousdeformation,suchasa cut, a newv surfacemay be createdandnormalsare not a simple

transformatiorof the surfacebeforethe cut (Section4.4.2).

7.4.3 De nition of Cuts

Deformationis performedn theinversespacetherefore cutsmaybedif cult to model,since
they imply thatthe transformationT is notinvertible. Modelingdiscontinuitiesasspecialdis-
placementaluesis problematic. The cut would have to be de ned asa displacementalue
which mapsto nothing,but it would leadto singularitiesin the displacementeld. Thesesin-
gularitieswould be seenas artifactsnearthe edgesof cuts (dueto tri-linear interpolationof
displacemenvalues). Dif culties arisewhencomputingthe normals,sincethe displacement
eld would not be differentiable.As an alternatve, we adda new dimensionto the displace-
ment eld. We de ne a cut implicitly asa signeddistancefunction, in a similar fashionto
the de nition of the layeredstructureof the surface. Becausehis signeddistancefunctionis
de ned for all pointsin a givensamplespacewe mustde ne thedisplacemenin thosepoints
aswell, sothatthe displacementunctionD hasatleastC; continuity.

Let usde ne A astheimplicit representationf thecut. A givenpointp in spaces saidto
be“cut” if A(p) > 0. Theborderof theemptyspacds asetof surfacesde ned asf pjA(p) = Og.
Dependingon whetherthe objectis modeledasa solid or a thin surface thesesurfacesmay or
maybenotvisible. In practice this eld A canberepresentedlongwith thedisplacemeninto

asinglestructure For acontinuousdeformation A is notnecessary
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7.4.4 Rendering of Cuts

Cutson a polygonalobjectgenerallyimply thattheinterior of the objectwill bevisible. The
interior couldbe partof S or partof S S. S S will berenderedn step?2 of the process
(Section3). Notethatwith B(S2) remaved, thebackfacesof the objectarerenderedThen,the
layeredrepresentatiofis rendereccreatingthe front cut surface. If the layeredrepresentation
doesnot extendto the back of the object, the objectwould be seenas hollow, asshawvn in
Figure7.5(a). In this caseno intersectionwith the ray is found, andan emptyregion results.
Thereis anothercasewherethelayeredrepresentatioencompassesportionof theinterior of
theobject(thatis visible). For ahollow object,this canbe obtainedy ray intersectiorwith the
layeredrepresentatiomras describedn Section4.4.1. However, we may wantto modelother
typesof objects,suchassolidsor partial solidswhich containathick shell. In thesecasegarts
of thecutbecomeheinterior surface.Below we explain how to handlethesedifferenttypesof

surfaces.

Rendering of Hollow Surfaces

For hollow surfacesraysalongthe deformedregion only intersectthe original object,aslong
asthey areoutsideof theregion de ned by the cut, i.e., the deformedsurfacesarede ned by
the setof pointsfpjL(p+ D(p)) = 0" A(p) < 0g. A naie approachto obtainingthe inter-
sectionsgn the presencef a cut would beto computethe combinedimplicit representatioof
thedeformedspaceasLYp) A(p) = L(p+ D(p)) A(p), and nd the zero-crossingsf this
new representatiortlowever, cutsaregenerallysharp andchance®f skippingtheintersection
increaseconsiderablywhichresultsin jaggedooundariesAs analternatve, we exploit thefact
thatboth surfacesarerepresenteth disjoint structuresandwe computeintersection®n each
of themseparately The ray castingalgorithmtraversesthe spacelooking for zerocrossings
of the continuousrepresentatioh{p). Onceanintersectiorp is found, it is checled whether
it belongsto the interior of the cut. If A(p) > 0 thenthe point is discardedasa surfacein-
tersectionandthe searchproceeds.This is shavn in Figure7.4(a). The intersectionsl and3
arediscardedandonly 2 and4 areusedfor rendering.Note thattheseintersectionsareon the

interior or undersideof the model. We canusethe normalsto rendertheinterior in a different
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(a) Thin object (b) Solid object

Figure7.4: Diagramfor Rayintersectiorof cut surface. (a) For a hollow object,we compute
intersectionsvith the objectrepresentatioh(p), discardinghoseinsidethe cutregion (points
1 and 3), andstoppingwheneer it is outsidethe cut region (points2 and4). (b) For a solid

object,we keeptrack of intersectionswith the cut region andthe object. In this case points2

and>5 areselectecandrendered.

color.

Rendering of solid objects

For renderingsolid objects,we must computethe intersectionwith both the objectand the
cut geometry This is equvalentto nding theintersectionwith the combinedrepresentation
LYp) A(p). As describedabore, directly evaluatingthis expressiormay leadto artifacts. A
similaralgorithmis used exceptthatwhenanintersectiorwith theobjectis discardedbecause
it is within thevolumeof the cut), it maybe possiblethatit still intersectdhe cutgeometryin
which casethis needsto be computed.For this, we classifythe intersectionasINOUT if the
ray wentfrom the interior of anobjectto the exterior, andasOUTIN otherwise.This classi -
cationis obtaineddependingon the slopein the changeof L(p) or A(p). Theray traversalis
modi ed to computewo intersectionsp,, theintersectiorwith L(p) = 0 andpa, theintersec-
tion with A(p) = 0. If only oneof theseis an OUTIN intersectionthe algorithmreturnsthe
correspondingpoint. If bothintersectionsare OUTIN, the algorithmreturnsthe closestof the
two. If noneof themare,thealgorithmcontinuesn the searchof intersection.Thisis depicted
in Figure7.4(b). Only intersection® and5 arerendered.Intersectionswith the cut surface

have adifferentnormal,whichis obtaineddirectly from thegradientof A(p).
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Rendering of thick objects

A combinationof the above is the casewherewe have hollow objectswith a “thick skin”. In

this case thereareregionswhereintersectionswith the cut areneededthe thick part of the
outershell of the object),andotherregionswheretheseareignored. Remarkablythis canbe
obtainedby modifyingthe surfacerepresentatioandfollowing thealgorithmfor solid objects.

Letusde net > 1 asthethicknessf thehollow object. Then,thenew surfacerepresentation

is: 8
O up) up> s
~ L(p) otherwise

Thedifferentrenderingof cutscanbe seenin Figure7.5.

(a) Hollow (b) Thick Hollow (c) Solid
Figure7.5: Hollow, Thick andSolid Apple

7.4.5 Seamlesdntegration

The nal stepin our renderingprocesss to blendthe compositerepresentationism a seamless
manner In orderto do this, we allow someoverlappingin the boundarieof S Sy, andthe
resultfrom bothrenderingstagesrealphablended As acondition,thedeformationeld D(p)

shouldalsobeblendedo zeroin this overlappingregion to createa smoothborder

7.5 De ning DisplacementFields

Displacementelds canbede ned procedurally or they canbe pre-de nedas?2D or 3D dis-

placemenmaps.Displacementiereareobtainedoy samplinganinverseproceduratlie nition
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of adeformation.For example twisting andbendingcanbe computedby samplingtheinverse
transformationasde nedin [6]. Displacementsanbecollectedandstoredastextures.Oneof
theadwantage®f thede ning displacementthis way is thatthe same‘deformationmetaphor”
(i.e.,texture)canbeusedfor mary differentobjects.Theaccompaying videoshovs anumber
of deformationsappliedto a numberof objects. It alsoenablesus to createcomple defor
mationsby combiningsimplerones. Minimization canbe usedto obtainvolume conserving
deformations.By designingthesegenerictemplates|ocal self-intersectiorcanbe guaranteed
aswell, in asimilarway asde ned by BotschandKobbelt[10]. Globalself-intersectionhow-
ever, dependsn the placemenbf the displacementelds within the object. Here,we do not
addresgsheseproblems,but ratherdescribea methodfor adaptingthe deformationto certain

geometry

7.5.1 Complex Cut Geometry

Whencomputingcuts,the eld Ais usuallyspeci edalongwith thedisplacementeld D. This
is usefulfor creatingsimplegenericcuttoolswhich canbede ned by a procedurepr sampled
with very low resolutions. They canbe de ned procedurally asthe ripple patternshavn in
Figure 7.6, wherea patternis addedto the cut, asin Figure7.6(a)or to the cut surfaceasin
(b). Oneof the strengthf this methodis thattheimplicit de nition of cutsanddeformations
allows us to useothersurfacesasthe outline for the cut. They canbe obtainedin turn asa
layeredrepresentationf anothersurface. Theresultwould beadeformatioror cutthatfollows
the contourof a surfaceof arbitrarycompleity. As anexample,Figure7.7 shavs a Turbine
Blademodelusedasa cuttingtool appliedto the Bunry model. To modela deformationwhile
cutting, for instance we candisplacepointsalongthe gradientof the implicit representation
of the cutobject. Thisis doneby rst de ning a displacemenivhich mapspointsin the outer
layersof anobject,in anintenal [0; wy] to anothelinterval [wy; wa]. Thatis, thedisplacement
is obtainedby applying:

Lc(p)
Wy

D(p)= wo+ (w1 wy) Nc(p) (7.4)
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whereL¢(p) is thelayeredrepresentationf the cut geometryandNc(p) its gradient. The cut
informationis de ned asA(p) = Dc(p). Crackscanbe simulatedin the model,ascanbe
seenin Figure7.7,by allowing discontinuitiesn thegradienteld. Othermaterialscanalsobe

simulatedby modifying the behaior of thegradient eld.

(a) Cutwith acomplex geometry (b) Deformedsurfacewith acomple« geometry

Figure7.6: Complex Cut Geometries(a-b) Ripple cutson the bunny model

(a) TransparenturbineBlade (b) Zoomof thecut (c) Zoom of the view without Tur-
bineBlade

Figure 7.7: Turbine Model (10,778 polygons)usedas a cutting tool on the Bunry model
(72,027polygons)

7.5.2 Adaptive Sampling

One of the challengeswith the renderingof implicit surfacesis accurately nding the rst

intersectionwith the surface. With linear searchregions of high spatialfrequeng might be
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skipped,resultingin artifactsnearedges.A numberof solutionshave beenproposed.Previ-
ousapproacheaimingtowardraytracingrequire“guaranteedintersection- ndingalgorithms,
basedn LipschitzconstantsHadwigeretal. useadaptve samplingbasedn ausercontrolled
threshold46]. In our paper we areinterestedn the casesvhereadaptve samplingis needed
in the caseof deformation. For this purpose andwithout loss of generality we assumehat
the original undeformedsurfacecanbe renderedobustly using one of the above techniques.
With deformationadditionalconditionsmustbe metsothatthe deformedsurfaceis rendered
properly Forinstancealong narrav pull or a large twisting, may increasethe requiredsam-
pling of the deformedsurface. Let usde ne aray in deformedspacepg + tv, wherev is the
view directionandpg is the ray entry point. This ray corresponds$o a 3D curve R(S) in un-
deformedspace. We canconsiders= T 1(t), for aninversetransformationT !, suchthat
R(s) = T %(po+ tv). To avoid missingintersectionsn the caseof a sharpor large deforma-
tions, we ensurghatsamplesn the deformedspacecorrespondo uniform samplesalongthe

curve in theundeformedspace.Takingthe derivative of swith respectot yields:

ds . .

a 191 1)
whereJ; 1 is the Jacobiarof the transformationT 1. SinceT: ! is a displacement); 1 =
| + Jp, wherel is theidentity matrix and Jp is the Jacobiarof the displacementeld. Then,
assuminga constansamplingdistanceds, anadaptve sampling(which we call Jacobiarsam-

pling) is obtainedas:
1

N g0

(7.5)

andpointsalongtheray directioncanbefoundasp;.1 = pj+ dtv. Fig.(7.8)shavsanexample
of a narrov pull on the golf ball model, with differentsamplingmethods. Becauseadaptve
samplingcanbe costly, we allow the programmeto de ne whetherto usea threshold-based

samplingasin [46], Jacobiareamplingor no adaptve samplingatall.
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(c) (d)
Figure 7.8: (a) Narrow Pull over golf ball model (245K triangles). (b) Linear searchwith
binary re nement resultsin missedintersectiongc) Adaptive samplingbasedon threshold
(thresh=004) cannotresole all misseqd) Jacobiarsampling nds theintersectiongproperly

7.6 Implementation Details

In our GPU-basedmplementationwe store layeredrepresentationsas displacemenmaps,
which canbe 1D, 2D or 3D maps. Similarly, we de ne displacementelds astextures. We
exploit the programmabilityof fragmentshaderdgor our hybrid renderingpipeline.First,com-
putingthesurfaceS Sp canbedoneefciently usingrenderto-texturecapabilities.Theentry
andexit depthvaluesof the geometryB(S3) areobtainedfrom the depthbuffer, andusedon
thetrianglemeshrendereto cull avay fragmentdn thatinterval. Rayintersections obtained
by renderingB(S3), assigningray entry pointsastexture coordinates Eachfragmentis used
to traceraysalongthe boundinggeometryand performingthe necessargomputationsasde-
scribedin the previous sections.For ray intersectionalinearsearchis rst usedto narrav the

interval andfollowedby binarysearchFor cuts,this procedureneeddo berepeatedt possible
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intersectionglongtheinterior. Becausef currentGPUiterationlimitation (in termsof speed),

A canbeencodedxplicitly, to skip theiterationsin theinterior of the cut.

7.6.1 Interactive Exploration of Deformation

We can explore the deformationinteractizely usingtwo mechanisms.One mechanisnis to
translateor scalethedisplacementeld within agivendeformableegion B(S2). Thishasbeen
usedto interactively peelthefacein Figure7.9. For thesedeformationsit is notnecessaryo re-
computethedisplacementeld, butinsteadwe applyaglobaltransformatiorio it. This global
transformatioractsasa mappingfrom the objectspaceto a translatedyotatedor scaleddis-
placemenspace GivenaspacdransformatiorM : R® 7! R® from thedisplacemenspaceo the
layeredrepresentatiospaceFq.(7.1)canbegeneralizedo LYp) = L(p+ M(D(M 1(p))) = 0.
An exampleis shovn in Figure7.9. Anothermechanisnis to interactvely move the deforma-
tion aroundthe object. This methodeffectively transformsthe boundinggeometryalongthe
deformation.Notethatfor this case, Sy changesandwe mustobtaina new layeredrepresen-

tationof L(Sp).

Figure 7.9: Interactve Explorationof a peel deformation. By translatingthe displacement
spacgbluebox) in relationto the layeredrepresentatiofwireframebox), an effect of peeling
is obtained.

7.6.2 Memory Ef ciency

As describedabove, thereare certainrepresentations/hich are more memoryef cient than
others. Furthermoresomerepresentationare easierno obtain. For instance depthmapscan
be obtainedin real-timeexploiting the ability of contemporaryGPUsto renderdepthimages
into textures.In our case pnly asmallpartof theobjectneeddo beconverted.It alsohasbeen

shawvn thatsigneddistanceelds of complex objectscanbe obtainedat interactve rates[103,
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110]. Dependingonthetype of deformatiorandtheregion of anobjectwhereit is applied,one
may choosdlifferenttypesof representationdderewe shav how differentrepresentationsan
bede nedin relationto a completesigneddistanceeld.

A depthor heightmap,is a 2D mappingfunctionH : R? 7! R, which containsdepthvalues
to theclosestpointin thesurfacealongagivenvector!n , hormalto the planewherethe depth
mapis de ned. Thatplaneis assumedo passthrougha given pointin spacepg. Theimplicit

representatioh canbede ned asthe depthof the projectionof the pointinto the plane:

L(p) = H(p) d(p) (7.6)

whered(p) = j!n p!opj = p!opj is theclosesdistanceof p to theplane,andpy is the projectionof
the pointinto the plane,de ned in 2D coordinatedocal to thatplane.It is usuallyrepresented
asa2 3projectionmatrix,i.e., px = Pp.

For adepthmapcube the surfacerepresentatioosanbe obtainedasa combinationof each
of the representationgbtainedfrom eachdepthmap,accordingto equationEq.(7.6). Curless
andLevoy [26] shaved a mechanisnfor combiningdepthmapsinto a singlerepresentation.
For the purposeof rendering,a simplerfunctionwould sufce. Giventwo representationk;

andL;, anew representatioh canbefoundas:

L(p) = r min(jL1(p)j;jL2(p)j) (7.7)

wherethe sign r is 1 only for the caseswhereL;(p) andL»(p) arepositive, i.e., whenthe
pointis in the inside of both representationsand 1, otherwise. For a depthmap cube,the
3D representatiofis obtainedby combiningthe depthmapsfrom eachface. A moregeneral
representatiois displacedsubdvision surfaces,wherea numberof depthmapsare usedto

describea comple object. The ability to composdayeredrepresentationfor a singleobject
enablesisto overcomememorylimitationsimposedoy thegraphicshardware. As anexample,
a 3D layeredrepresentatiomf an objectmay need8 MB of texture memorywhile a depth
mapcubeof the sameresolutionrequiresonly 384 KB. However, thereis a visibility tradeof,

and the depthmap cube can only be usedfor geometrieswhich do not contain signi cant

concaities. Using a subdvision criteria, this ideacanbe further extendedto de ne the entire
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objectimplicitly andallow complex globaldeformations.

7.6.3 Depth Estimation

Becausehe deformationregion B(S3) andthe remaininggeometryS S aredisjoint, depth
informationwithin the deformatiornregion doesnot needto be computed.This occursbecause
ray traversalis stoppedwheneer an intersectionis found. This condition, however, cannot
be metwhenrenderinganothemon-deformablesurfaceS,, asdepictedin Figures7.10(a)and
7.7. In this case the other surfacemay intersectthe volumede ned by B(S3), andtherefore
depthinformationmustbeaccuratelyestimatedo provide correctinter-surfaceocclusion.One
alternatve is to include S, into the computatiorof the SLR of S. In this case theremaining
geometryis S S SZT B(S) andthe layeredrepresentatiof the deformationregion is
L(Sp+ SZT B(SP)). However, sinceS; is not beingdeformed this is usuallyunnecessargr
may introduceadditionalsamplingrequirements.Instead,S, canbe renderedndependently
In suchcase pur renderingalgorithmmustbe adaptedo provide depthinformationof theray
intersections.The processs asfollows: WhenrenderingB(S2), the entry andexit points,ro
andr, in displacemengpacearepassea@stexturecoordinatesAt thesametime, we obtainthe
z-buffer valuesfrom thosepointsdirectly from the Z-buffer asdp andd;. Thepixel shadethen
computeghetotaltraversaldistanceof arayasdr = jd;  doj. AstheraytraversegsheSLR,the
traverseddistancen displacemenspaces accumulatedto yield: d; = § Dt; for thetraversal

iterationsbeforeintersection.Then,the depthof theintersectiorpoint canbe computedas:

(7.8)

_ 1
1 g+ &d
7.7 Results

Figure 7.10 shavs a numberof examplesof our approach.In Figure 7.10(a)a deformation
cut is appliedto the faceof the torso model, revealing the maskinterior object, which was
placedinside. Note how the undersideof the cut canbe seen. Figures7.10(b)and (c) shav

atwisting transformatiorappliedat differentscalesfor the handmodel (18,905triangles)and

to the elephant(39,290triangles). In orderto testthe e xibility of our approachwe applied
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Figure7.10: Examplecutsanddeformation®on geometrianodels.Fromleft to right: (a) Torso
(25,528triangles)with peeledskin andinterior Mask model(10,213triangles)(b) Handwith
twisted nger (18,905triangles)(c) Elephantwith twistedlegs (39,290triangles)(d) Bunry
(72,027triangles)cut by TurbineBlade(10,778triangles).

Figure7.11: Twist deformationtemplateappliedto variouspolygonalmodels

the samedeformationtemplateto a numberof polygonalmodels,of varyingsize. Figure7.11
shavstheresultof atwist deformatiorfor 6 objects.Similarly, Figure7.12shaws theresultof
apeelerdeformationfor 6 differentobjects.

Oneof the possibilitiesof our approachs the inclusionof multiple deformations.Defor-

mationswhich overlap(suchasacutin anareathatis undegoingatwist) canalsobe handled
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Figure7.12: Peelercuttemplateappliedto variouspolygonalmodels

by the frameawork. In this case a secondpassthroughthe algorithmis performed sothatthe
layeredrepresentatiors obtainedprogressiely, onebeforedeformationandthe next afterone
of the deformationshave beenapplied. Becausehis can be donedirectly while raycasting,
thereis no needfor re-samplingof the space.Our approactcanbe also extendedto models
representedspoints. In thesecasesthe deformationis handledfor the layeredrenderemwith
our mechanismandtherestof the objectwith anappropriataenderingmethod. With our ap-
proach,it would be possibleto createalibrary of deformationsin a similar way of librariesof

modelsandtextures.

7.8 Chapter Summary

This chaptempresented novel way of performingdeformationson surface-basedbjects.We

extendedour volumetric methodto accomodatesamplediayeredrepresentationsyhich are



128

implicit representationsf objectsthat canbe de ned in a 3D grid similar to volumes. Be-
causewe are deforminga volumetric representatiomo remeshings needed.Remeshings
oftencoupledwith deformationto avoid collapsingof verticesandintersectiorof edgeswvhen
performinglarge displacementsr rotations,suchasatwist, or to changethe topology of the
meshin the caseof cuts. In our approachwe usea layeredrepresentatiomf the region of
anobjectundegoing deformationto obtainhigh quality deformationsvithout remeshing We
de ned a spectrunof layeredrepresentationsll of which aresupportedy our methodology
We shaved how our approactcanbe ef ciently implementedn the GPU, allowing comple
deformationgo be realizedat interactive rates. We also describeda hybrid renderingalgo-
rithn which seamlesslyntegrateshedifferentrepresentationsl his makesit possibleto create
comple renderingmemging surface-basedndvolumetricobjects.Someof the applicationds
medicalillustration. Becausen medicalillustration a depictionof internalorgansandtissues
is important,a volumetricobjectis desired.However, sincethe skin canbe simulatedwith a
surface,it may be bene cial to apply our methodto the tissuesof interest,which providesa

smootherenderingof the deformedsurface.
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Chapter 8
Evaluation of Surface-basedeformation

8.1 Intr oduction

In this chapter we evaluateour approachof surface-basedieformation. Similar to volume
deformationwe performedaseriesof quantitatve experimentdo validatetherenderingyuality
of ourapproachin regardsto the smoothnessf deformatiorwithout the needfor remeshing.
We alsoperformeda seriesof experimentsto measurehe renderingperformanceand detect
bottlenecksn our approach. We also proposemechanismgor improving the performance,

suchasemptyspaceskipping

8.2 Rendering Quality

Similar to our volumedeformationalgorithm,quality of therenderingdepend®n the smooth-
nessandcontinuityof theresultingsurface.Ratherthanreplicatingthe experimentgor volume
deformationwhichalsoapplyfor surface-basedeformationwe focuson oneof theproblems
of traditional surface-basedeformation,which is the needfor remeshingn orderto obtain
smoothresults.We shav thatusingour approachsmoothdeformationis obtainedfor low and
high resolutionmodelswithout remeshing.

For thedeformationof surfacestraditionalmethodauseexplicit mesheswhich mayresult
in collapseof verticesandself-intersectionyiolating the smoothnesgprinciple of deformation.
Figure8.1shavs acomparisorof ourdeformatiorapproactwith traditionalmeshdeformation
using explicit twisting [6] on a model at differentresolution. Sincelayeredrepresentations
do not have explicit topology artifactsdueto the resolutionof the meshdo not appear We
deformeda handmodel of 18,905trianglesusing a twisting motion. Note how this results

in collapseof verticesandself-intersectiorof the surface,andis particularlyproblematidfor a
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low resolutionmodel(2,874triangles).Obtainingsmoothresultswith atraditionaldeformation
requiresa re-meshingof the objectinto 52,463triangles. In contrast,our approachprovides

smoothdeformatiorresultsfor boththelow andhighresolutions.

8.3 Rendering Performance

We performeda seriesof quantitatve experimentson a PentiumXEON 2.8 Ghz PCwith 4096
MB RAM, equippedvith aQuadroFX 4400with 512MB of videomemory We comparedur
renderingtime for a continuousdeformationanda discontinuousieformation. Sincediscon-
tinuousdeformationsieedio nd moreintersectionsit is generallyslower, sinceit requireshe
useof branchingoperationswhich areknown to be slow.

Our rst experimentwasdesignedo determingheimpactof usingdifferentobjectsfor de-
formation.Becausealeformations appliedonly onaregionof theobject,performancalepends
bothonthenumberof trianglesaswell asonthesizeof thesampldayeredrepresentationsed
for thepartundegoingdeformation However, sincemostcomple operationgareimplemented
in thedeformedregion, the performances mostly determinedy therenderingof the SLR. To
testthis, we rendereda deformationon objectsof varying size and measuredhe rendering
time. Becausgherenderingof the SLR depend®n the numberof pixelsgeneratedatherthan
the numberof vertices,we measuredhe effective size of the deformation,asa percentag®f
thescreemarea(512 512). Thisis depictedin Figure8.2. To summarizehe renderingtime
for the two methodsin a comparablevay, we computeda weightedaverageon thoseresults.

Theweightedaverageis computedas
2 8.1)
a a

whereay 2 [0;1] is therelative renderareaof the deformedspaceandty is the renderingtime
for ameasure. Table8.1showvstheresultsof this averagingwhererenderingimeis givenin
milliseconds.

A one-wvay ANOVA shaved no signi cant differencebetweenthe differentobjects(F =
1:672 p > 0:05) at a con dencelevel of 95%. This con rms that increasingthe numberof
verticesdoesnot affect signi catively ourapproach.

For this reasonwe areableto performperformanceestswith little regardson the actual
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2,874triangles(Explicit) 2,874triangles(Our approach)

18,905triangles(Explicit) 18,905(Our approach)

52,463triangles(Explicit) 52,463triangles(Our approach)
Figure8.1: Comparisorof explicit meshdeformatiorvs. ourimplicit approachA handmodel
(original: 18,905triangles)is twistedalonga nger. Our deformationapproach(right) pro-
videssmoothtwisting acrosamultiple resolutionsof the object. Explicit deformatiornresultsin
collapseof nodesandcrossingof edgedor the original model(middlerow) andfor lower reso-
lutions(toprow) (2,874triangles).To obtainequivalentresults the meshmustbere-tessellated
(52,463triangles)asseenin the bottomrow.



132

Dragon (871,414 triangles) Armadillo (172,974 triangles)

500

500

400 - 400

300 |

300 | T

200 |

x’/l "X/,.«
1 100 |- X
M

. . . . . . . . .
100 0 10 20 30 40 50 60 70 80 9
Render area (%)

200 |

Render Time (msec.)
X
Render Time (msec.)

100

. . . . . . . . .
0 10 20 30 40 50 60 70 80 )
Render area (%)

Bunny (72,027 triangles) Hand (18,905 triangles)

500 T T 500 T T
Continuous —+— Continuous —+—
Cuts ——x-—- Cuts ——x-—-

400 | 400 |

300 | 300 |

Render Time (msec.)
Render Time (msec.)

200 | 200 |

100 |

0 . . . . . . . . .
100 4 10 20 30 40 50 60 70 80 90
Render area (%)

0

. . . . . . . . .
[ 10 20 30 40 50 60 70 80 90 100
Render area (%)

Figure 8.2: Renderingtime for continuousdeformationandsolid discontinuousieformation,
in relationto therelative size of the deformationboundingbox, asa percentag®f the screen
area(512 512)

Model Triangles | Continuous| Cuts
hand 18,905 89.79 | 225.46
bunry 72,027 87.32| 249.92
armadillo | 172,974 83.89| 260.18
dragon | 871,414 119.24| 323.20
buddha | 1,087,716 106.9 | 387.89

Table8.1: Weightedaverageof renderingtime for continuousanddiscontinuousieformation
in milliseconds

meshcompleity of the surface,but ratheron the compleity in termsof the propertiesof the

sampledayeredrepresentatiorandtherenderingorocesstself.

8.3.1 Size

Here, we areinterestedn sizein termsof numberof voxels requiredto representan SLR,
or to representa displacement.Both affect the amountof texture memoryavailablein the
GPU.Figure8.3shavstherenderingime for an SLR of varyingsize,usinga viewport of size

512 512 andan effective renderareaof approximately0:9. Similarly, we also plotted the
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Figure8.3: Effect of sizein renderingperformance

effect of varyingthesizeof the displacemenivhile maintainingthe sizeof the datasetonstant
at 643 voxels. Sinceboth the datasetandthe displacemenare storedas 3D textures,andthe
pixel shaderdoesnot make ary differencebetweenthe rolesof the textures,the performance
is essentiallythe same.Note, however, that renderingtime seemdo grow for the caseof the

displacementomparedo the sizeof the dataset.

RepresentationSize

Anotherfactorrelatedto sizeis thetypeof representationAs describedn thepreviouschapter
somesampledlayeredrepresentationare more memoryef cient than others. For instance,
depthmapsonly require2D textureswhile distance elds requirea 3D texture. Althoughthe
renderingalgorithmis essentialljthe samethedistanceo the surfaceis determinedlifferently
dependingntherepresentatiorasdescribedn Section7.6.2. Figure8.4 shaovs therendering
time vs. thetype of SLR. On the left, we seea comparisorof representinghe surfaceasa
depthmapvs. a3D distanceeld. Notehow theperformanceés essentiallithesamegiventhat
bothrequirethesamenumberof texture samplegtheonly differences thetypeof texture). On
theright, we comparetherenderingtime for a depthmapcubevs. a 3D distanceeld. In this
casewe seehow a depthmapcubeis muchslower, asa resultof requiringat most6 texture
lookups. This cost, however, is balancedoy the bene t in texture requirement.For an SLR

whosedistanceeld is storedin atextureof sizen® , adepthmapcuberequiresonly 6n? bytes.
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Figure8.4: Effect of type of sampledepresentatiom renderingtime
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Figure8.5: Performanceverheadf depthestimation

8.3.2 Depth Estimation

In the previous chapter we describechow depthestimationis requiredwheneer a surfaceS
differentfrom the onebeingdeformedntersectghe deformedregion B(S2). Depthestimation
requiresextra normalizationfactorsand accumulationof traverseddistanceswhich addsa
computationalcost to the renderingprocess. Figure 8.5 showvs the performancepenalty of
addingdepthestimationto the renderingalgorithm,againstthe renderarea.for a deformation

of size64°.
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8.3.3 Empty SpaceSkipping

Oneof theimportantaspect®f ourapproachs theaccuratending of intersectiongor smooth
surfacerendering.For a discontinuousleformationwe shavedthatsmoothrenderingrequires
the computationof more than one intersection. The renderingalgorithm must computein-
tersectionswith the deformedsurfaceand may discardthemif they arein the region of cut.
Dependingon the complity of the cut surfaces,the numberof “false” intersectionamay
increaseandthe algorithmmustthenperformseveraliterationsof theintersectionnding pro-
cess. Unfortunately pixel shadersn currentGPUsoftenlimit the way loopsare coded. For
instancethe onesavailableto the momentof our experimentatiordo not allow variablesized
loops. Although dynamicbranchingis enabledj.e., the programcontrol canbe forced out of
aloop by a breakstatementthereis a considerablgenaltyin performancelueto branching.
This canbe appreciatedn Figure8.2, which shaved a signi cant drop of performancevhen
simulatingdiscontinuousiscomparedo continuousdeformation.

In anotherexperiment,we measuredhe renderingtime for a discontinuousdeformation
while varying the numberof iterationsof the intersectionnding algorithm. The resultsare
shawvn in Figure8.6. We plottedthe renderingtime for two differentcaseswhenthe effective
renderareais 0:35and0:7. Notehow therendertime increaseslmostlinearly with thenumber
of iterations.Whatis worseis thatin mostof the testcasesthe extra numberof iterationsare
not neededas the correctintersectionis the rst intersectionto be hit by aray. In orderto
improve the renderingtime, we use Empty SpaceSkipping which usesinformationfrom the
de nition of the displacemento skip throughthe regionswherethereis no possibility of an
intersection As describedn the previous chapteraregionwithin a cut, wherethereis nothing
but emptyspacejs de ned by A(xX) > 0. Therefore thereis only needto traversethe space
de nedbyA(x) Oinorderto nd thetrueintersectionsThis canbeachie/edby representing
thecutsurfaceA asadistanceeld, andusingthedistanceo theclosespointin thecutsurface
to determinethe samplingdistanceof the next object. Whenever the surfaceis reacheda
constansamplingdistanceis used.

Anothermechanisnis to represenfA explicitly. In suchcase,A is de ned by a surface.

Insteadof usingB(S3) asa proxy geometryto renderthe deformedregion, we usethe explicit
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Figure8.6: Numberof iterationsof theintersectionnding processss. renderingtime (msec.)

false intersections true intersection

Figure8.7: Empty SpaceSkipping. Left: With no emptyspaceskipping,anumberof unneces-
sarysampleseedto be taken andfalseintersectionsnustbe discarded Right: Empty Space
Skippingavoidsthetestfor falseintersections

representatiod+ B(S3). Eachgeneratedayis usedto nd the r stintersectionwith thelay-
eredrepresentatio.(x), without an the needfor testingfor falseor true intersections.The
explicit representatiof A canbe found as part of the procesf the displacementreation,
or by extractingthe isosuraice A(X) = 0 in the sampledrepresentatiof A. This processs
depictedn Figure8.7 Figure8.8 shawvs the resultof usingemptyspaceskipping,comparedo
thecasedescribeckarlierin our resultswhereno optimizationis performed .Notehow the per
formanceimprovementis dramatic,andthat, sinceno extra testsareneedfor the intersection
processthe performancas essentiallythe sameasthe onefor continuousdeformation(com-

parewith Figure8.2) A t-testshaved a signi cant differencebetweenenablinganddisabling
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Figure 8.8: Speedup of empty spaceskippingfor intersectionnding algorithmvs. relative
sizeof deformatiorboundingbox (512 512)

Model Triangles | Cuts(no ESK) | Cuts(with ESK)
hand 18,905 225.46 75.77
bunry 72,027 249.92 114.95
armadillo| 172,974 260.18 126.00
dragon 871,414 323.20 126.5
buddha | 1,087,716 387.89 120.8

Table8.2: Weightedaverageof renderingtime for continuousanddiscontinuousieformation
in milliseconds

Empty SpaceSkipping(t = 5:09, p< 0:0001).Theseresultsaresummarizedn table8.2,using
theweightedaveragein Eq.(8.1).

8.4 Discussion

One of the resultsof our experimentsis the validation of our approachas a mechanisnfor
smoothdeformationwithout the needfor remeshing.Further we alsoconcludedhatthereis
nosigni cant impactof the numberof verticesin theoriginalmeshmodelandthe renderingof

adeformation.Thisis importantfor providing aconstantenderingime for datasetsf varying
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size.However, thisalsoimpliesthatreducingthenumberof verticesdoesnothave asigni cant
impacton performance We alsodetecteda bottleneckin the renderingof cutsandotherdis-
continuougdeformationsasaresultof the needfor estimatingaccuratelymultiple intersections
alongagivenray. Dependingon the complexity of the cut geometrythe numberof iterations
of theintersectiorprocessaries.However, becaus®f thelack of dynamicbranchingon con-
temporaryGPUs,this is computationallyexpensve. As analternatve, the maximumnumber
of iterationsmustbehardcodednto thedeformatiorprogram.For cutswith concae geometry
for instance thereareat mosttwo intersectionscorrespondindo the intersectiorwith either
thefront or the backfaceof a surface.In orderto improve performancewe devisedanempty
spaceskippingmechanismyhich useshedistanceo the surfaceof the cutto skip theregions
whereno intersectionis valid. Further performancés maximizedwhenthe cutis represented
explicitly, andthe deformationalgorithmis simpli ed considerablyto the point whereren-
deringperformances comparabldo thatof continuousdeformation.Finally, our deformation
algorithmprovesto be a feasiblemechanisnfor renderingcomplex cutsanddeformationsat

interactve rates.
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Chapter 9
Applications

9.1 Intr oduction

This chapterdescribesghe applicationsof our approachn medicalandbiologicalillustration,
asarenderingstagein sugical planningandsimulation,andasa generalool for clippingand

focus+contet renderingn visualization.

9.2 Scienti c lllustration

lllustrative deformationhasbeeninspiredby scienti c illustration, in particularmedicaland
sumgicalillustration. In turn, our framevork canbe usedto generaten the y illustrationsof
realscienti ¢ datasetsThehigh-qualityrenderingenabletheillustratorto usetheresultasthe
nal product,or asan intermediatestage ,wherethe illustrator usesthe deformeddatasetas
inspirationfor a nished illustration.

Scienti c illustrationhasbeenusedfor centuriefor communicatingdeas abstractingeom-
plex structuresandnaturalprocessesRecently hand-dravn illustrationshave beenthe inspi-
ration of mary modernscienti ¢ visualization. For instance the study of waterby Leonardo
hasinspiredmary o w visualizationsoftware[55]. Hand-dravn illustration of internalorgans
hasinspiredmoderncutavay and explodedviews [30, 13]. In our work, the illustration of
deformationandcutshasinspiredour framework.

Oneof themostimportantmilestoness AndreasVesalius'De HumanisCorporis Fabrica,
publishedin 1543,a compendiunof humananatomy of which standsout the detaileddraw-
ingsof humandissectionsThedraving “Vigesimagvintayvinti libri gvra” shavstheinternal
organsof femaleanatomythrougha detaileddissectiorof theabdomenlt wascommonof him

and other contemporaryllustratorsto representhe retractedskin asit would resultfrom an
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actualdissection.The aspecbf illustrationwe wantto emphasizés the depictionof deforma-
tion, eitherto representherangeof movementof limbs andorgans,or to represent sugical
procedure.

Contemporanyillustrations are createdthrough a variety of techniquesfrom traditional
hand-dravingsandairbrushedaintings,to computerassistedmagery For thelatter, however,
theillustratoroftenusesasurfacebasednodelof anidealizedanatomy Within our framework,
real patientdatacanbe usedto generaténteracte illustrations. Throughoutthis chapteywe
shav a numberof contemporansumgical illustrationsthatinspiredsomeof our work andthat

we usedto validateour approach.

9.2.1 CaseStudy lllustrations

In orderto validatethe applicability of our approachyve have selecteca numberof contempo-
rary illustrationsfrom anonlinerepository(courtesyof Nucleusinc. c), andre-createsimilar
illustrationson realmedicaldatasetsWe attemptedo re-creatéhelighting andmaterialchar
acteristicddepictedn thereferencallustration.

Figure 9.1 shavs anapplicationof a continuousdeformation.In this case we simulatean
illustration of a whiplashaction. We applieda bendingdeformationon the CTHeaddataset.
The bendingdeformationis obtainedfrom the inversesamplingof a forward bending,asde-

ned by Barrin [6]. In orderto gain visibility of the skull, we usedgradientmodulation.The
braintissueis notrepresentedasthe CT datasetloesnot containsufciently distinctsamples
to reconstrucproperlythesurfaceof thebrain(MRI scansaremoreappropriatdor suchgoal).
Oneimportantaspecto noticefrom our illustrative deformationis that lighting is computed
properlyastheheaddeforms whereaghereferencellustration seemdo have beencreatedby
re-tageting a baseillustration in threedifferentposes,andlighting doesnot changeaccord-
ingly.

Figure9.2 shavs anillustration of onestageof a craniotomy Oneof the requirementgor
thisillustrationis the preseration of bonetissue.We appliedthis to the CTHeaddatasetafter
anapproximatesggmentatiorof the skull. Note thatfor illustrationspurposesa completeand
accuratesggmentationis not required,asthe systemallows the userto explore interactively

theregion nearcutsin orderto adaptthe resultingimageto the desiredstate. This makesour
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(@) Reference lllustration (Courtesy
Nucleuslnc. ¢)

(b) Hlustrative Deformation

Figure9.1: lllustration of whiplashinjury

approacthveryattractve notonly for illustration,but alsoasavisualizationtool. To validateour
surfacedeformatiorapproachye alsoappliedthedeformatiorto theisosurbicescorresponding
totheskinandtheskull. Thesurfacesvereobtainedusingthemarchingcubesnethod74], and
decimatedo about50% the numberof triangles. In addition,the resultingmeshwas ltered
for noisereduction. Deformationis appliedto a layeredrepresentationf the isosurfices,as

describedn Chapter7.

Referencédllustration VolumeDeformation IsosurbiceDeformation
(CourtesyNucleusinc. c)
Figure9.2: lllustrationof a craniotomy

Anotherimportantaspectof our approachis the e xibility offered by using genericde-

formationtemplates.For instance we caneasilytransferthe deformationto anotherdataset.
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Figure9.3 showvs the samedeformationasappliedto the headof the Visible Humandataset.

Figure9.3: Transferof deformationillustrationto the Visible humandataset

Another exampleof a sugical procedureis shavn in Figure 9.4, wherea carpaltunnel
procedurds simulatedon a CT handdatasetFirst, an approximatesegmentatiorof the veins
andbonesis obtained.Note thatveinsaredif cult to sggmentfrom the CT dataset.For this
reasonthe two deformationson theright only shawv the bonetissue. Similar to the previous

example,we appliedsurfacedeformationon the isosurficescorrespondingo skin andbone

tissue.
Referencellustration Volume Volume Isosurfice
(CourtesyNucleuslinc. ¢) (veins) (bones) (bones)

Figure9.4: lllustration of carpaltunnelsuigery

Figure9.5shavs anillustrationof anabdominakurgical procedure For this casewe usea
portionof the Visible HumandatasetSimilarly to the previousillustrations,we useda feature
maskto presere the internal organs so that they do not undego deformation. Volumetric
deformatiorallowsthevisualizationof theintermediateissueetweerskinandorgans,which
givesdepthandthicknessto the deformedlayer This effect cannotbe usually obtainedwith

meshdeformationof the sgmentedsosuraces.
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Referencéllustration Volumedeformation
(CourtesyNucleusinc. ¢)
Figure9.5: lllustrationof abdominalprocedure

(a) Referencdllustration (b) Visible Humandataset
Figure9.6: Anatomicallllustrationwith dissectedaps Dissectedaps

Anothertypeof illustrationsareof anatomicabtructureswhere“unrealistic” aps areused
to separatenusclelayersandallow the visibility of internaltissuesandbone. Thesetypesof
illustrationswhereprevalentduringtheearlydaysof medicalillustration,whereit wascommon
to representhe entire humanbeing [95, 49], also similar to contemporaryexhibits suchas

Bodies[1] andBodyworlds[119].

9.2.2 Mor phology lllustrations

Anotherusefor deformationis the analyticalexplorationof morphologyandthe studyof evo-
lution, aspioneeredoy D'Arcy Thompsonin his book“On Growth andForm” [114]. In his
work, heuseghedeformatiorof a2D Cartesiargrid to explainandillustratethemorphological
differencedetweendifferentanimalspecies.In Figure9.7, an exampleof his illustrationsis

depictedwherea rectangulagrid is usedto inscribeanillustration of the Polyprion species.
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(a) Referencdllustration (b) 2D DisplacementsisingRBF
(From*“On Growth andForm” [114])
Figure9.7: Applicationof our approactto Morphologylllustrations

Figure9.8: lllustrative Deformationof CarpDataset

AnotherspeciesAntagoniacarposcanbeinscribedin a non-lineargrid, obtainedby deform-
ing therectangulagrid. This methodof deformationis essentiallyaninterpolationmechanism
giventhe displacementsf control points,carefully placedin matchingfeaturepoints. In our
case,this canbe accomplishedvith our displacemengeneratiormethodusing Radial Basis
Functions,asdescribedn Chapter4. We useda projectionimageof the carpdatasetusing
maximumintensity projection,and inscribedit into a 2D grid. After deformingthe image,
we generatedh 3D displacementhat smoothlyinterpolateghis 2D displacemenalongthe Z
direction. The resultsasappliedto the 3D datasefreseenin Figure9.8. Our approachcan
be extendedo evolutionarymorphingsimulationdirectly on volumetricobjects extendingthe

surfacemorphingapproachn [127].

9.3 Surgery Planning and Simulation

Althoughthisthesisis aimedtowardsillustrative deformation pur renderingalgorithmcanac-
commodatephysically-basedleformations.As describedn Chapter8, displacementsanbe
obtainedfrom layeredrepresentationsf surfaceobjects. This is usefulfor representingut-

ting anddeformingtools requiredfor sugical simulations,suchaspliers, knifesandneedles.
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FEM Nodal Interpolation Regularly Sampled .
- — — — 1 Rendering

Simulation Displacements Sampling Displacements

MESH
(a) Sumgery Simulationwith Nodal Displacements

Volumetric Regularly Sampled .
FEM — —— — Rendering
Simulation Displacements

Layered Representation

(b) SumgerySimulationProcessvith Displacement a Grid

Figure 9.9: Sumery simulationprocessfor incorporationof our illustrative deformationap-
proach

In addition, physical accuratedisplacementsanbe used. Insteadof using genericdeforma-
tion templatesdisplacemenimapscanbe obtainedfrom a physical simulation,eitherfrom a
mass-sprin@r nite elementsimulation. However, our approachassumeshatdisplacements
arestoredin aregular grid. In contrast,FEM or mass-springnethodshave a explicit mesh
usuallycomposedf eithertrianglesor tetrahedraln this case displacementare obtainedat
eachnodein the mesh. Recentalternatves, suchas meshlessieformation,de ne displace-
mentsat scatteregoints. In orderto have a suitabledisplacementformat” for our approach,
nodaldisplacementmustbetransformednto regularly sampleddisplacementsThis requires
a regularizationand samplingprocesswhich may be computationallycostly. This procesds
depictedin Figure9.9(a). Anotheralternatve is to useregularly sampleddisplacementsor
the physical simulationitself. This is the approachusedfor physically-basedleformationof
volumes.Oneof thedif culties with this approachs the accuratesimulationof boundarycon-
ditions,assampledepresentatiodoesnot have explicit geometry A possiblesolutionfor this
problemis usethe sampledlayeredrepresentatioras a mechanisnfor specifyingboundary
conditions. This processs depictedin Figure9.9(b). Figure9.10shavs an exampleof using
generictemplatedisplacement$or surgery simulation. In this case,we simulatean incision
into an MRI neckdatasetanda subsequenpull operationon onethe carotidarteries.Figure
9.11shavs anexampleof our approachappliedto the simulationof a frog dissection We used
a sggmentedrog dataseindcombinedwo deformationsa retractordeformationasdepicted

in Figures9.11 (a) through(d), anda poke operatoysimulatingthe deformationdueto contact
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Figure9.10: Necksumgerysimulation

(a) (b) (c) (d)
Figure9.11: (a-c) Retractoroperatorusedto simulatedissectionof a segmentedrog dataset.
(d) A plier operatoris appliedto the internalorgans,while simultaneouslyetractingthe skin.
Geometriomodelsareembeddedh the scengo shav the placemenbdf the operators.

with a sumgical tool, asshown in Figure9.11(d). Note alsothat surfacemeshesanbe added
wheredeformationoccursto representhevirtual tools. Many currentsuigical simulationsare
designedo work with a triangularor tetrahedratepresentationf an object,usuallyobtained
via sggmentationfrom a volumetricmodel. In our approachwe are ableto deformsurface
objectrepresentationgy transformingheminto sampledayeredrepresentationgzigure9.12
shaws our approachappliedto a layeredrepresentationf theliver. We cansimulateincisions

withoutthe needfor re-meshingasdescribedn the previous Chapter

9.4 Volume Clipping and Focus+ContextVisualization

Anotherof theapplicationsof our approachs asa visualizationtool in general.Deformations

have beenusedbefore as focus+contgt techniqgueswhere a featureof interestis distorted

Figure9.12:Liversumgerysimulation
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(a) PlaneCut (b) SphericalCut
Figure9.13: Clipping usingdiscontinuouslisplacemeninapping

sothatit becomesighlighted,while still maintaininga view of the surroundingregionsfor
contet. Exampleof thesearemagicvolumelenseq123] andmagni cationlenseq65].

In our approachfocus+contet visualizationscan be obtainedwith both continuousand
discontinuougdeformations.In the caseof a continuousdeformationsa dilate deformation
actsasa 3D distortionlens,which enhanceshe renderingof internalobjects,while reducing
therenderingegionsof surroundingpbjects.In thecaseof discontinuousleformationcutsand
peelscanbe thoughtof asfocus+contgt clipping mechanism.n the simplestcase whenno
deformationis speci ed, our approachworks asa clipping mechanisnwith arbitraryclipping
geometry Examplesare shovn in Figure 9.13. Whenthe clipped portion of the volume is
retainedalongwith the original volume,anda featureis presered, it enablesa focus+contsgt
visualization.Examplesareshavn in Figure9.14. The rst illustrationshows a cutavay of the
CT Headskin andskull to provide visibility of the brain. In the seconda peeldeformationis

usedto visualizeboththebrain(regionin focus)andtheundersideof the skull (asthecontext).

9.5 Chapter Summary

In this chapterwe have shavn a seriesof examplego illustratethe rangeof applicationsof our
approachlnspiredby biomedicalillustration, our approactcanbe usedfor depictingsumgical
proceduresanatomicaktructuresor naturalphenomenavith “real” volumetricdatasetsmuch
in theway illustrationsareused.However, we cannow rotatearoundour illustration. Further

oursurface-basedeformatiorapproactenablegheillustrationof moreabstractmodelswhich
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(a) Cutavay (b) Peel
Figure9.14: Cutavay andFocus+Contet Visualizationof the brainin the CT Headdataset

maybemodeledoy anartistor extractedfrom MRI or CT data,which, althoughdo notinclude
informationaboutthe internalstructureof anobject,it providessmoothelimages.Oneof the
advantage®f our approachs the ability to explore the deformationspacenteractvely, which
is anaid for anillustratorin thetaskof depictingor visualizingcomplex proceduresAnother
applicationis in sumgical planningandsimulation.In this casejnteractvity is crucial. We have
shavn two methodsn whichillustrative deformationcanbeincorporatednto sumgical simula-
tion systemskFirst, asarenderingorocesswherenodaldisplacementsjsuallyobtainedrom a
Finite Elementsimulation,areinterpolatednto grid displacementsSecondasamodelingpro-
cesswherethegrid structurds incorporatednto thesimulationof forcesin orderto bypasshe
costlyinterpolationstage Finally, we have shawn how our approacttanbeusedasa powerful
visualizationtechniquethatgoesheyondclipping andtransferfunctions by enablingdeforma-
tion of occludingpartsto achieve visibility of hiddenobjectsin a naturalway. Moviesdemon-
stratingour approactareavailableat http://www.caip.rutgers.edu/"cdcorrea/feature/tiéml

andhttp://www.caip.rutgers.edu/"cdcorrea/displacementéirtaen.
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Chapter 10
Conclusions

In this thesis,we have presenteda uni ed framework for specifyingand renderingcomple
continuousand discontinuousdeformationsof volumetric objects. We call this Illustrative
Deformation We have generalizedhe notion of 3D displacemenmmaps,which have been
previously usedin computergraphicsto addsurfacedetailto meshobjects. Not only did we
applythis notionto volumegraphics but we alsoextendedit to allow large deformationsand
discontinuitiessuchascutsandbreaks.

Chapter4 describedhis notion, underwhatwe have dubbed‘discontinuousdisplacement
mapping”. We proposeda hovel methodfor encodingdiscontinuityinformationon displace-
mentmapswhich guarantee€! continuityin the displacementThis continuityis essentiafor
therenderingof sharpcutsandbreakdreeof aliasingartifacts,andalso,sincethedisplacement
canbe differentiatedat every point, it allows correctlighting of the volumetricobject. Oneof
the limitations of this generalnotion of displacemenis the dif culty for specifyingsemantic
constraintswhich are necessaryor sugical simulationand medicalillustrations. Onesuch
constraintis the preseration of featuresof interest,which shouldnot undego a deformation.
For example, simulatingthe illustration of a sugical procedurerequiresthe deformationof
skinandmuscletissuesput the preserationof bonestructure Chaptels describedanef cient
methodfor specifyingfeaturesensitve operations.This methodintroducedeaturemasksnto
thedisplacementyhich areusedto modify thetransformatiorsothatelementsithin themask
arepresered. We alsopresentec novel methodfor adjustingthe shadingin theregionsnear
cuts,which enableghe accurateenderingof deformedsurfacesn thevicinity of thecut.

In Chaptei6, we validatedour approactthrougha seriesof quantitatve testswhich arere-
latedto the propertiesof renderingguality, suchassmoothnesg;ontinuity andpreseration of

detail. Someimportantoutcomef this evaluationis the validationof our approaclastheone
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with the bestimagequality comparedo previous attemptsfor volumedeformation.Not only
doesit provide thebestquality, it wasalsoshaown thatit is themostef cient in termsof perfor
mance dueto the ability of pre-computingjuantitiesin 3D textures. This speedup, however,
comeswith a pricein extra texture memoryrequirementsHowever, we have alsoshavn that
our alternatve for reducingtexture memoryis asef cient asotherpreviousalternatves,with a
muchhigherrenderingguality. Anotheradwantageof our approachs theability to modelcom-
plex deformationswith guaranteedost. As shavn in our evaluationchapteyperformanceost
dependn theresolutionandprecisionof the displacementandnot to the compleity of the
deformation.Thatis, two deformationssampledat the samefrequeny yield almostidentical
results.However, it isimportantto notethatthe optimalsamplingfrequeng for adisplacement
mapmightdiffer andrequiredifferentresolutions.

We also shaved that our approachcan be extendedto the deformationof surface-based
objects. Traditionalapproacheso meshdeformationtransformshe verticesof the mesh.For
large deformationsor cuts,this usuallyimpliesaremeshingtagewhich maybe computation-
ally costly andcanlimit the compleity of the deformation. In this thesis,we were able to
simulatecomplex deformationson surfacemodelswithout remeshing.This waspossiblewith
the samplingof the surfaceinto a layeredrepresentatioranimplicit representatioof the sur
facewhich sampleghe closestdistanceto the surfaceat regularly spacedooints. The layered
representatiorcan be 2D, asit is the caseof depthor heightmaps,or 3D, suchasdistance

elds. We validatedour approachwith differentlayeredrepresentatiomethodsin orderto
explorethetradeoff betweertexture memoryrequirementspeedandimagequality.

Ourapproachasapplicabilityin anumberof elds. In medicalandbiologicalillustration,
ourapproactallowstheillustrationof anatomicaktructureandsumgical proceduresnreal 3D
datasetspbtainedvia computedomograply or magnetiacesonancénaging. We shavedthat,
dueto the generalityof displacemeninaps,deformationsanbe easilytransferredo different
datasets.We also showved that surface-basedieformationcan be appliedby rst obtaining
anisosurticedescriptionof the featuresof interest. One future directionfor our work is the
combinatiorof surfaceandvolumerenderingo obtainbetterillustrations.Surfacedeformation
renderingwould be critical for the simulationof smoothsurfacessuchasthe skin, whereas

volumerenderings necessarjor the depictionof internallayersandfeatures.
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Anotherapplicationof ourwork is suigical simulationandplanning.Our approactcanbe
introducedn simulationenginesasarenderingorocessHowever, mostsimulationapproaches,
suchasmass-springnd nite elementsrequirenodaldisplacementsbtainedrom anexplicit
mesh,insteadof sampleddisplacements a grid. Onemechanisnis to introduceaninterme-
diateinterpolationstagewhich corvertsnodaldisplacementsto grid-sampledlisplacements,
but this canbe computationallyexpensve. Alternatively, it shouldbe possibleto modify the
physical simulationengineto solve the equationof motion directly on the grid. Finally, our
approachworksasa generalool for visualizationandgraphics wheredeformationis usedas

afocus+contgt mechanismanddiscontinuousieformationcanbe usedasa clipping tool.

10.1 Directionsfor futur e work

In this thesis,we have describeda uni ed framework for deformationof volumetric objects.
We have shavn thatsurface-basedhodelscanalsobe accommodatedithin our approachby
describinghemasalayeredrepresentationSurface-basechodelshave anadwantageovervol-
umetricobjectsin thatthey aregenerallysmootherandrequirelessinformationto be stored.
Volumes,on the otherhand,containmaterialinformation or both the exterior andinterior of
objects.A morecomprehensie methodfor illustrative deformationvouldtreatcertainsurfaces
of interestsuchastheskin, assurfaceswhereaotherpartscanbetreatedasvolumes.Furthey
our deformationframewvork canalsobe complementedvith illustrative or non-photoealistic
rendering(NPR).As opposedo the so-called‘photorealistic’renderingjllustrative rendering
simpli es the lighting modelandusesillustration-inspireddraving techniquedo enhanceor
abstractcertainpartsof the object,for a betterunderstandingf shapeor function. Common
NPR techniquesisesimpli ed shading,hatchingand stippling to accentuatehe shapeof an
object. Whenthe shapes undegoing deformation thesehatchor stipple patternscanalsobe
usedto accentuat¢he deformation.Sincedeformationsaredisplacementelds, alot of infor-
mationcanbe extractedby analyzingits properties.For instance the renderingof eld lines
yields the direction of the deformation,while the Jacobiardeterminantanusedto illustrate
the“strength”of the deformation.Thesecuescanbe addedo therenderingprocesgo provide

theuserwith a betterunderstandingf the manipulationprocessTheideaof usingillustrative
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cuesfor visualizingmaovementhasbeenexploredby JoshiandRheingns[55] andwe believe
it canbefurtherexploredfor interactive deformation.

As graphicprocessorsinits becomemore powerful, andwith the introductionof physics
processounits (PPUs),it now becomegossibleto acceleratehysics-based-deformatiowf
comple datasetsOur approachratherthanbecomingobsoletewill greatlybene t from the
increasegbrocessingower of upcominghardware. Featuresuchashardwareacceleratedol-
lision detectioncouldbe usedto generateéhe displacementaeededo simulatetheinteraction
of volumetricobjectswith avirtual suigical tool. However, recentresearchefforts of usingthe
GPUsasgeneralpurposeprocessor$§GPGPUs)juestionsvhetherthe PPUswould be of ary
usebeyondtheir utility asyetanotheiGPGPU[2].

Theideaof usingdeformatiorto manipulatedatacanbefurtherextendedasavisualization
tool for othertypesof objects suchas o w volumes generalector elds, videodataor discrete
spatialdata,suchasgraphs.For volumetricobjects our methodextendseasily but specialcare
mustbe taken dependingon the domain. For instance lighting computationdoesnot apply
for the visualizationof video, asthey areformedby imagesof an alreadylit scene.A better
ideawould beto focuson thetrackingandpreseration of featuresof interest,asdescribedn
Chapters. We believe thattheuseof deformationto manipulatedatacanbecomeakey enabler

for explorationtechniquedeyondslicing, rotationsandtransferfunctions.
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Index of Datasets
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The following table shows the index of the datasetsusedthroughoutthis thesis. For each

datasetwede ne its sizein numberof voxels, its sourcewhichmaybeComputedfomograply

(CT), MagneticResonancénaging(MRI) or procedurallyde ned andthecredits.Any special

pre-processing notedwhereit applies.

Name Size Source | Credits Notes
Cube 128 Procedural| VIZLAB Rutgers

Bar 128 Procedural| VIZLAB Rutgers

Engine 256 256 128 CT GeneraElectric

Tomato 256 256 64 MRI LawrenceBerkeley Laboratory

PiggyBank 256 256 179 CT Siemens

Hand 255 240 155 CT University of lowa

Visible Man 255 189 436 MRI NationalLibrary of Medicine Sgymented
CT Head 256 256 256 CT StanfordUniversity

Foot 143 256 183 CT University of lowa

Frog 250 235 68 MRI Whole FrogProject Sgymented
Knee 256 256 256 CT University of lowa

VismanHead 256 256 256 MRI NationalLibrary of Medicine Seggmented
VismanAbdomen| 256 170 256 MRI NationalLibrary of Medicine Segymented
Neck 256 256 256 MRI RobertWoodJohnsorHospital

Carp 200 100 512 CT University of ErlangenGermary
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Appendix B
Index of lllustrati ve Deformations

B.1 Tomato lllustrations

This illustration (Figure 4.8) is obtainedusingthe tomatodatase{CT) andthe peeldisplace-
ment. An ambientintensity of 0:5 is usedto simulatethe translucennatureof the material
(asopposedo opaque).Figure4.9 combinesthe peeldisplacementith a waving displace-
ment. The orderof compositioraltersthe order Figure4.11is produceddy applyingtheslicer
displacemenandrepeatingt periodically Therepetitionis obtainedby wrappingaroundthe

texture coordinatessfollows:

int iy = (int)((texcoord.y-1)/0.125)+1;

texcoord.x texcoord.x + iy*0.25;

texcoord.y - iy*0.125;

texcoord.y

B.2 DiscontinuousDisplacementShowncase

This collectionof illustrationsareobtainedoy applyingthe poke, peel,split andslice displace-

mentsontothe cube,bar, engine andtomatodatasets.

B.3 CT Head Peel

Figure5.4 shovs a peelof the CT headdataset Surfacealignmentis obtainedwith a distance
eld of the datasetafter backgroundsegmentation.Segmentalignmentis obtainedafter seg-
mentationof the brain tissue. Segmentationis producedby an intensity-guidedspace lling
approachafterperformingedgedetection.Figure5.8 shavs a similar peel,with alignmenton
theskull. Theskullis segmentedusingthresholdingof the bonetissuedensityandspacelling

ontheinterior of the skull with randomlypositionedseeds.
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B.4 Hand Dissection

Theillustration of handdissection(Figure5.1) wasobtainedusingthe retractordisplacement
over the handdatase{(CT). Featurealignmentwasobtainedby an approximatesggmentation
of bonetissue. Intermediatetissueis approximatedas well to provide visibility of vessels.
Theillustrationin Figure5.8 appliesthe retractor2displacemento the samedataset.Surface
alignmentis obtainedusingadistanceeld of the handdatasetfterbackgroundgsegmentation.
Seggmentalignmentis obtainedafter ssgmentatiorof the bonetissueandnoise Itering. It can

beseernthatothertissuebetweerthe proximalphalangesrepreseredin thefeaturemask.

B.5 Foot Surgery

Thisillustration (Figure5.8) wasobtainedusingtheretractordisplacementn thefoot dataset
(CT). Surfacealignmentwasobtainedwith thedistanceeld of thefoot afterbackgroundsey-
mentationand settingthe desiredlayerat t = 0:74. Segmentalignmentis obtainedwith a
segmentationof the bonetissue,by densitythresholding. The featuremaskis smoothedout

with a Gaussianlter .

B.6 FrogDissection

Thisillustration(Figure5.8)wasobtainedusingtheretractorslisplacemenvnthefrog dataset.
The datasetwvas obtainedfrom the sggmentedfrog datasetafter smoothingand memging the
different segments. Surface alignmentis obtainedwith the distance eld after background
sggmentation.Segmentalignmentis obtainedusingthe original sggmentatiormasksof bones
andorgans.To producea smoothmask,a Gaussianlter is applied.

Theillustrationin Figure 9.11is obtainedin the samemanner with a differenttransfer
function. A poke operatoris addedto the featureof interestto shav the useof multiple dis-

placementsin addition,geometricnodelsareaddedo depictthe sugical tools.
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B.7 Whiplash

The whiplashillustration (Figure 9.1 is obtainedwith the CT headdatasetusing the bend
displacementDependingon the orientationof the displacementa forward or backward bend
is obtained.In orderto shav the skull, we appliedgradientmodulationswith an exponentof

g = 0:5andsliceopacitya = 1.

B.8 Craniotomy

Figure 9.2 shavs a craniotomyof the CT headdataset. Featurealignmentis obtainedvia
sgmentatiorof the bonetissue,usingdensitythresholding.The maskwassmoothedut with

a Gaussianlter . Thesurface-basedeformationis obtainedby deformingthe skinisosurfce.
The isosurficesof skin tissueand the skull are obtainedusing the marchingcubesmethod.
To obtaina smoothresult,the isosurficesare decimatedat about30% of the original triangle
cut andsmoothedut usinga Laplacianoperator The backsideof the cut is renderedwith a

proceduratexture,to resemblehelinesdepictedn thereferencellustration.

B.9 Carpal Tunnel Surgery

Thisillustration(Figure9.4) wasobtainedusingthecutquad displacemenbnthehanddataset
(CT). Featurealignmentis obtainedwith a segmentatiorof the bonetissue.The surface-based
illustrationis obtainedusingthe isosurficesfrom bonetissueandskin. Both isosurbceswere

decimatecandsmoothedisinga Laplacianoperator Prior to isosurficeextraction,the dataset

is thresholdednto theappropriatedensityrangeandanantialiasing Iter is applied.

B.10 Abdominal Surgery

This illustration (Figure 9.5) is obtainedusing the retractordataseion a portion of the sey-
mentedVisible HumandatasetThe sggmentediataseis smoothedisinga Gaussianlter . The
featureis obtainedfrom the segmentsof the colon, organsandbonetissuewhich are meiged

togetherandsmoothedisinga Gaussianlter .
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B.11 Anatomical lllustration

This illustration (Figure 9.6) is obtainedusingthe sggmentedVisible Humanand a seriesof
ap displacementsThedatasetisedcontainsonly theboneandmuscletissues.Theplacement
of displacementss obtainedvia af ne transformationgor properalignment. A cut displace-
ment(usingonly the discontinuitymask)is usedto “carve” out portionsof theabdomenThe

renderingwasobtainedusinganambientintensityof 0.7 andanopacityof a = 0:5.

B.12 Carp lllustration

This illustration (Figure 9.8) was obtainedusing the carp dataset. The 3D displacementvas
obtainedfrom a 2D displacementisingradial basisfunctionsover a numberof control points.
The 2D displacementvasextrudedalongthe z-direction(orthogonalo the 2D displacement)
suchthatit graduallyfadesinto zero. Thiswasnecessarasto provide a plausibledeformation

of the sh, wherethemid-partsaremoredeformedthanthe surfaceof the sides.

B.13 NeckSurgery

This illustration (Figure 9.10) was obtainedusing the neck dataset{MRI) with the retractor
displacement.A transferfunction is appliedto hide the skin tissueand provide visibility of

the muscles. A featuremaskis applied, containingvesselsand bones. This was obtained
using thresholdingof the correspondinglensityvalues. Given that a contrastdye was used
in the original scan,the vesselsandthe bonesare obtainedfrom the samerangeof densities.
A secondoperatoris appliedto the featuresggment,to simulatea suigical procedureon the

carotidartery

B.14 Liver Surgery

Thisillustration(Figure9.12)wereobtainedrom a surfaceextractedfrom the sgmentedVis-

ible HumandatasetThe surfacewasdecimatedandpost-processefibr smoothing.
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Appendix C
DisplacementTemplates

Thisappendixshavstheprocedurate nition of thedisplacementasedin thisthesisasfunc-

tionsof thex,y, andz coordinate®f anormalizedvolumetriccube,i.e.,x;y;z2 (0;1).

C.1 Poke
0 1
0
D(xy,2 = % 0 E
(x 0:5)2+(y 0:5)2
ze 22
Alxy,2 = 1
C.2 Twist
0 1
(x 0:5)cosq(2)+ (y 0:5)sing(z2) (x 05)
D(xy;2 = % (x O:5)sing(2)+ (y 05)cosq(z) (y o:5)§
0
Alxy,2 = 1

whereq(2) is atwisting angle,asafunctionof the z coordinatgusuallylinear).
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C.3 Wave
0 1
0
D(xy,2 = %asin(wID (x 0:5)2+ (z 0:5)2)§
0
AKXy = 1
wherea is theamplitudeof thewave andw its frequeng.
C.4 Bend
o~ 1Y Yo
g = tan —
q = Clamp(a;qmin;qmax)
- q
= —+
y 2p Yo
. 2(y yocosg (2 2)SING*Y Grin< G< Gnax
.Sy otherwise
8
o - 2(y yo)sing+ (z 2)cosq+ 2 Grin< G< Gnax
-Bzo+p(y Yo)2+ (z 720)? otherwise
0 1
0
D(xy.) = %yo yg
2 z
Axy2 = 1

wheregmin and gmax de ne the minimumandmaximumbendinganglesand(0; yo; Zp)” is the

centerof thebend.
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C.5 Squeeze

1
s = S&— ———
Ol+es ZOJOSf
s(x 0:5)
D(xy,2 = s(y 05)§
Alxy,2 = 1

wheres 2 (0; 1) is the strengthof the squeezeleformation

C.6 Dilate

D(x;y;2)

A(X Y, 2)

DsqueezbX; ; 2)

1
=
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C.7 Peel
g = tanlZ
ro= 8x2+y2
% y p<gq p=2
y = %y p=2<q 0
r otherwise
8
%1 X p<qg p=2
X = % p=2<q O
otherwise
O 1
D(xy,29 = %yo y%
8
E0 y< 2Rorr> 2R
AXY 2 = >
1 otherwise
C.8 Split
s = {0
%s X< 05 s
Dx = § s x> 0:5+ s
T 05 x otherwise
D, = Q
51 X< 05 s _x>05b+s
AXY,2) =

-B 0 otherwise
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wheres = f(2) is afunctiondescribingthe sizeof the split. For alinearsplit, f(2z) = 0:25z

C.9 Retractor

Theretractoris obtainedby combiningtwo mirrored one-sidedetractors.The one-sidede-

tractoris de ned asfollow:

cc = 05

Cs = Cs*s(2p(¥

Ce = C.+04
Dy = g
%Cc y Cc<Yy<Gs
Dy = JetZ2(ce &) y s<y<ce
-go otherwise
D, = g
20 cey<c
AXy.2) = 5

~ 1 otherwise

wherec, is the centerof the cut, ¢s is the start andce the endof theretractedayer, p(x) is the
shapeands (2) is the strengthof the retractor For our illustrations,s (2) = kz, and p(x) is a
Gaussiariunction:

p(x) = (T’ (C.1)

whereL 2 (0;1:0) is thelengthof thecut.



C.10 CutQuad
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Similarto theretractorthisis obtainedasa combinationof two mirroredone-sideauts,which

in turn area combinationof theretractoranda sinusoidakippling effect.

Cx

s(Y)

t(x)

Dx

Dy
D,

A(XY:2)

0:5
0:5

05+ (1 S(y)Z

0:9 "

y et

L 0
X Cs
g GCs
Ecx+t(><)(ce Cx) X X<Ce
-30 otherwise
0
(1 t())(1 s(y)Zsirf2pt(x)
0:5+ (X cy)

wherecs andc, arethestartandendof theretractedayers,s(y) is thestrengthof theretraction

andL is thelengthof thecut, and[x]é is aclampingoperator
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C.11 Peeler

Zo = 4(x 05)2
dly) = 825y2+Zo 1
0
D(xy;2 = % 0 E
g M) il Zolo)
%ZO z Z< Zp
AXY,2) = éz d(y) z>d

“maxz d;zy 2 otherwise
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Appendix D
Pixel Shaders

Thisappendixshovsthepixel shadergor implementingllustrative deformatioron commodity
hardware. OurimplementatiorusesCg (nVidia) languagdor the descriptionof pixel shaders,

compatiblewith fragmentpro les fp20 throughfp40.

D.1 Simple Deformation Renderer

This rendereris the basicalgorithm,which implementsour framework of discontinuouddis-
placementmapping.Two implementationgreshaovn. One,a simplevolumerenderemwithout
ary lighting, usefulfor fastdeformationor previewing tool. The seconda volumerenderer
with lighting, wherethe normalsmustbe computedandtransformed.

D.1.1 Unlit volumes

float4 main(
float3 texCoord : TEXCOORDO,
uniform sampler3D dataTexture,
uniform samplerlD transferFunction,
uniform float sliceAlpha
):COLOR({
Il warp
float4 warpedCoord = warp(texCoord);
I/l sample
float density = tex3D(dataTexture, warpedCoord.xyz);
Il classify
float4 color = tex1D(transferFunction, density);
/I modulate discontinuity
float opacity = (warpedCoord.w<0.5)? 0:1;
colorw = colorw * opacity * sliceAlpha;
return color;

D.1.2 Warp Procedure

uniform sampler3D disp_xy;

uniform sampler3D disp_za;

float4 warp(float3 texCoord) {
float4 di, d2;

dl = tex3D(disp_xy, texCoord);
d2 = tex3D(disp_za, texCoord);

float3 disp = 2*float3(dl.x, diw, d2.x) - 1,



float4 warpedCoord;

warpedCoord.xyz = vector.xyz + disp;
warpedCoord.w = (2*d2.w-1);

return warpedCoord;

D.1.3 ShadedVolumes

float4 main(
float3 texCoord : TEXCOORDO,
uniform sampler3D dataTexture,
uniform samplerlD transferFunction,
uniform float sliceAlpha
):COLOR({
Il warp
float4 warpedCoord = warp(texCoord);
/I sample
float density = tex3D(dataTexture, warpedCoord.xyz);
/I get normal
float3 normal0 = 2*tex3d(gradTexture, warpedCoord.xyz).xyz - 1;
float3 normal = deformNormal(normalO, texCoord, warpedCoord.w);
Il classify
float4 color = getLighting(density, normal);
/I modulate discontinuity
float opacity = (warpedCoord.w<0.5)? 0:1;
colorw = color.w * opacity * sliceAlpha;
return color;

D.1.4 Normal Estimation Procedure

float3 deformNormal(float3 normalO, float3 texCoord, float opacity)
/I 1. Estimate Jacobian

float3 texCoordX = texCoord + float3(dx,0,0);

float3 texCoordY = texCoord + float3(0,dx,0);

float3 texCoordZ = texCoord + float3(0,0,dx);

float3 texCoordX0 = texCoord - float3(dx,0,0);

float3 texCoordYO = texCoord - float3(0,dx,0);

float3 texCoordZ0 = texCoord - float3(0,0,dx);

float3 dispx;
float3 dispy;
float3 dispz;

float3  dispx0;
float3 dispyO;
float3 dispz0;

IIX+

dispx.xy = 2*tex3D(dispTex_, texCoordX).xw-1;
dispx.z = 2*tex3D(dispTex2_, texCoordX).x-1;
Y+

dispy.xy = 2*tex3D(dispTex_, texCoordY).xw-1;
dispy.z = 2*tex3D(dispTex2_, texCoordY).x-1;
1Z+

dispz.xy = 2*tex3D(dispTex_, texCoordZ).xw-1;
dispz.z = 2*tex3D(dispTex2_, texCoordZ).x-1;
1IX-

dispx0.xy = 2*tex3D(dispTex , texCoordX0).xw-1;
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dispx0.z = 2*tex3D(dispTex2_, texCoordX0).x-1;
Y-

dispyO.xy = 2*tex3D(dispTex , texCoordY0).xw-1;
dispy0.z = 2*tex3D(dispTex2_, texCoordY0).x-1;
1z-

dispz0.xy = 2*ex3D(dispTex_, texCoordZ0).xw-1;
dispz0.z = 2*tex3D(dispTex2_, texCoordZ0).x-1;

/[Central  diff

float s = sizeDisp/2;

float3 dPdx = s*(dispx - dispx0);
float3 dPdy = s*(dispy - dispy0);
float3 dPdz = s*(dispz - dispz0);

float3x3  J;
JI0].xyz = float3(1+dPdx.x, dPdx.y, dPdx.z);
J[1].xyz = float3( dPdy.x, 1+dPdy.y, dPdy.z);

J[2].xyz = float3( dPdz.x, dPdz.y, 1+dPdz.z);
/[ 2. Multiply Jacobian
float3 normal = mul(J, normalize(preNormal));
/l 3. Estimate Alpha Normal
float3 alphaNormal;
alphaNormal.x
alphaNormal.y
alphaNormal.z

float w= 1 - saturate((opacity-0.5)/thickness);

return normalize(lerp(normal, alphaNormal,w));

D.2 Feature-Aligned Renderer

s*2*(tex3D(dispTex2_, texCoordX)-tex3D(dispTex2_,
s*2*(tex3D(dispTex2_, texCoordY)-tex3D(dispTex2_,
s*2*(tex3D(dispTex2_, texCoordZ)-tex3D(dispTex2_,
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texCoordX0));
texCoordYO0));
texCoordz0));

This sectionshavs the codefor implementingfeature-alignedieformation. This is obtained
by queryingthe maskvolumebeforeobtainingdensityandnormalsamplesrom the volume.
Similarly to our previous code,we shaw the renderingprocesgor both unlit andshadedvol-

umes.

D.2.1 Unlit Volumes

float4 main(
float3 texCoord : TEXCOORDO,
uniform sampler3D dataTexture,
uniform sampler3D maxTex,
uniform samplerlD transferFunction,
uniform float sliceAlpha,
uniform float layer
):COLOR({
/I warp
float4 warpedCoord = warp(texCoord);

/I query feature mask
float mask = tex3D(maskTex, texCoord.xyz).w;
if(lmask>=layer) {
mask0 = tex3D(maskTex, warpedCoord.xyz).w;
warpedCoord.w = (maskO<layer)? 0: warpedCoord.w;
} else {
warpedCoord.xyz = texCoord.xyz;



warpedCoord.w = 1;

}

/Il sample

float density = tex3D(dataTexture, warpedCoord.xyz);
Il classify

float4 color = tex1D(transferFunction, density);

/' modulate discontinuity

float opacity = (warpedCoord.w<0.5)? 0:1;

colorw = colorw * opacity * sliceAlpha;

return color;

D.2.2 ShadedVolumes

float4 main(

float3 texCoord : TEXCOORDO,
uniform sampler3D dataTexture,
uniform sampler3D maxTex,
uniform samplerlD transferFunction,
uniform float sliceAlpha,

uniform float layer

):COLOR{

/Il warp
float4 warpedCoord = warp(texCoord);
/I query feature mask

float4 maskVector = tex3D(maskTex, texCoord.xyz);
float3 normalMask = normalize(2*maskVector.xyz-1);
float mask = maskVector.w;

if(lmask>=layer) {
float4 maskOVec= tex3D(maskTex, warpedCoord.xyz).w;
normalMask = normalize(2*maskOVec.xyz-1);
mask = maskOVec.w;
warpedCoord.w = (maskO<layer)? 0: warpedCoord.w;
} else {
warpedCoord.xyz = texCoord.xyz;
warpedCoord.w = 1;

}

/I sample

float density = tex3D(dataTexture, warpedCoord.xyz);

/I get normal

float3 normal0 = 2*tex3d(gradTexture, warpedCoord.xyz).xyz

float3 normalDefo = deformNormal(normal0, texCoord, warpedCoord.w);

/I adjust normal

float3 normal = adjustNormal(normalDefo, normalMask, mask);

/I classify

float4 color = getLighting(density, normal);
/' modulate discontinuity

float opacity = (warpedCoord.w<0.5)? 0:1;
colorw = colorw * opacity * sliceAlpha;
return color;
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D.2.3 Adjust Normal Procedure

float3 adjustNormal(float3  normalO, float3 normalMask, float mask) {
float delta = mask- layer;

float beta;
if(delta<0)  {
beta = saturate(delta/featureThickness + 1);
} else {
beta = -saturate(-delta/featureThickness + 1);
float3 adjustedNormal = (1-abs(beta))*normal0 - beta*normalMask;

return normalize(adjustedNormal);

D.3 SurfaceDeformation using Ray Casting

This sectionpresentshe codefor surfacedeformatiorusingray casting.Thecoreof theimple-
mentations findIntersection whichimplementsa combinatiorof linearandbinarysearch
for nding zerocrossing®of thelayeredrepresentationWe shav thedifferentimplementations
for continuoudeformationhollow andsolid cuts.

D.3.1 Continuous Deformation

float4 main(v2f IN,
uniform float3 viewDefo,
uniform float3 lightVecDefo,
uniform float delta,
sampler2D image4,
sampler3D dataTex,
sampler3D disp_xy,
sampler3D disp_za
):COLOR({
float3 coord = IN.texcoord.xyz;
float3 intersection;
float3 warpedintersection;
bool intersect = findintersection(coord, viewDefo, delta,
intersection, warpedintersection);
if(lintersect) discard;

/I Get normal (the sameway as obtained for volumes,
/I using the Jacobian of the displacement)
float3 normal = normalize(getNormal(warpedintersection));

float3 halfVec = normalize(lightVec - viewDefo);
float4 color = getLighting(normalVec, viewDefo, lightVec, halfVec);

return color;

D.3.2 Hollow Cuts

float4 main(v2f IN,
uniform float3 viewDefo,
uniform float3 lightVecDefo,
uniform float delta,
sampler2D image4,
sampler3D dataTex,



sampler3D disp_xy,

sampler3D disp_za

):COLOR({

float3 coord = IN.texcoord.xyz;
float3 intersection;

float3 warpedintersection;
bool intersect;

for(int  i=0;i<num_iterations;i++) {
intersect = findIintersection(coord, viewDefo, delta,
intersection, warpedIntersection);
if(intersect) break;

coord = intersection + viewDefo*delta;
if(lintersect) discard;

/I Get normal (the sameway as obtained for volumes,
/I using the Jacobian of the displacement)
float3 normal = normalize(getNormal(warpedIntersection));

float3 halfVec = normalize(lightVvec - viewDefo);
float4 color = getLighting(normalVec, viewDefo, lightVec, halfVec);

return color;

D.3.3 Solid Cuts

float4 main(v2f IN,
uniform float3 viewDefo,
uniform float3 lightVecDefo,
uniform float delta,
sampler2D image4,
sampler3D dataTex,
sampler3D disp_xy,
sampler3D disp_za
):COLOR({
float3 coord = IN.texcoord.xyz;
float3 intersection;
float3 warpedintersection;
bool intersect;

for(int  i=0;i<num_iterations;i++) {
intersectAlpha = findintersectionAlpha(coord, viewDefo, delta,
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intersectionA, warpedintersectionA);

normal = getNormalAlpha(warpedintersectionA);

if(intersectAlpha) break;

intersect = findIintersection(intersectionA, viewDefo, delta,
intersection, warpedintersection);

normal = getNormal(warpedintersection);

if(intersect) break;

coord = intersection + viewDefo*delta;

if(lintersect) discard;
/I Get normal (the sameway as obtained for volumes,

/Il using the Jacobian of the displacement)
float3 halfVec = normalize(lightVvec - viewDefo);
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float4 color = getLighting(normalVec, viewDefo, lightVec, halfVec);

return color;

D.3.4 Find Intersection

bool findintersection(float3 startCoord,
float3 ray,
float delta,

out float3 intersection,

out float3 warpedintersection)  {
bool intersect;
float3 coord = startCoord;
float4 warpedCoord = warp(coord);

float distance;
float prevDistance = samplelmplicit(warpedCoord.xyz);

/I Linear search

for(int  i=0;i<num_linear_steps;i++) {
warpedCoord = warp(coord);
if(lcoord.x<0 || coord.y<O || coord.z<O || coord.x>1 || coord.y>1 || coord.z>1)
intersect = false;
intersection = startCoord;
break;
}
distance = samplelmplicit(warpedCoord);
if(distance*prevDistance<0) {
intersect = true;
break;
}
intersection = coord;

coord = coord + ray*delta0;
prevDistance = distance;

}

/[ Binary Search

float3 coord2;

for(int  i=0;i<num_binary_steps;i++) {
delta = delta*0.5;
coord2 = coordO+ray*delta;
warpedCoord = warp(coord?2);
distance = samplelmplicit(warpedCoord);
if (distance*prevDistance>0) {

coord0 = coord2;

}

}

/l find alpha component of deformation
float alpha = (warpedCoord.w<0.5)? -1:1;

if(alpha<0) {
/I intersection within  volume of cut
intersect = false;

}

intersection = coordO;



warpedintersection = warpedCoord;

return

}

intersect;

D.3.5 Samplelmplicit Representation
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This methoddiffers dependingon the type of layeredrepresentationFor a 3D distanceeld
representedsa 3D texturedataTex is:

float samplelmplicitO(float3 texCoord) {

return

}

(2*tex3D(tex_, texCoord).w-1);

For adepthmaprepresentedsa 2D texture depthmap

float samplelmplicit(float3 texCoord) {

return

}

tex2D(depthmap_,texCoord.xy).x-texCoord.z;

Finally, for adepthmapcube representeds6 texturestexZ1, texZ0, texX1, textX0 , texY1
andtexYO:

float samplelmplicit(float3 texCoord) {
/I samples are obtained at the center of voxels

/I therefore we need to apply an offset of ‘'deltasample’

float
float
float

float2
float
float

float2
float
float

float2
float
float

float2
float
float

float2
float
float

float

depth
depth
depth
depth
return

deltasample = 0.5f/sizevol;

vZ1 = tex2D(texZ1_, texCoord.xy).x -deltasample;

dZ1 = vZ1-texCoord.z;

coordZ0 = float2(1-texCoord.x, texCoord.y);
vZ0 = tex2D(texZ0_, coordZ0.xy).x-deltasample;
dz0 = texCoord.z -(1-vZO0);

coordX0 = float2(1-texCoord.z,texCoord.y);
vX0 = tex2D(texX0_,coordX0).x - deltasample;
dX0 = vXO0-texCoord.x;

coordX1 = texCoord.zy;
vX1 = tex2D(texX1_,coordX1).x - deltasample;
dX1 = texCoord.x -(1-vX1);

coordY0Q = float2(texCoord.x,1-texCoord.z);
vYO0 = tex2D(texY0_,coordY0).x - deltasample;
dY0 = vYO - texCoord.y;

coordY1l = texCoord.xz;
vY1l = tex2D(texY1_,coordY1l).x - deltasample;
dY1l = texCoord.y - (1-vY1);

depth = combine(dz1,dz0);
combine(depth, dX1);
combine(depth, dXO0);
combine(depth, dYO0);
combine(depth, dY1);
depth;
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Here,the procedurecombine is usedto combinetwo depth elds, andit canbeimplemented
asfollows:

float combine(float depthl, float depth2) {
float deltasamplel = O0; //strength_ * 0.5f/sizevol;
float u = min(abs(depthl), abs(depth2));
float signu = (depthl<0 && depth2<0)? -1:1;
return signu*u;

}
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