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Feature Aligned Volume Manipulation for lllustration and
Visualization

Carlos D. Correa, Student Member, |IEEE, Deborah Silver, Member, IEEE, and Min Chen

Abstract —In this paper we describe a GPU-based technique for creating illustrative visualization through interactive manipulation
of volumetric models. It is partly inspired by medical illustrations, where it is common to depict cuts and deformation in order to
provide a better understanding of anatomical and biological structures or surgical processes, and partly motivated by the need for
a real-time solution that supports the speci cation and visualization of such illustrative manipulation. We propose two new feature-
aligned techniques, namely surface alignment and segment alignment, and compare them with the axis-aligned techniques which
was reported in previous work on volume manipulation. We also present a mechanism for de ning features using texture volumes,
and methods for computing correct normals for the deformed volume in respect to different alignments. We describe a GPU-based
implementation to achieve real-time performance of the techniques and a collection of manipulation operators including peelers,
retractors, pliers and dilators which are adaptations of the metaphors and tools used in surgical procedures and medical illustrations.
Our approach is directly applicable in medical and biological illustration, and we demonstrate how it works as an interactive tool for
focus+context visualization, as well as a generic technigue for volume graphics.

Index Terms —lllustrative visualization, lllustrative manipulation, GPU computing, volume rendering, volume deformation, computer-
assisted medical illustration

1 INTRODUCTION

In sciencemedicineand engineeringhand-dravn illustrationsoften
includemanipulatingpartof anobjectto depictthestagesndoutcome
of aprocedureuncorer hiddenfeaturespr revealthe spatialrelation-
ship betweerdifferentcomponentsf the objects.Suchmanipulation
typically includesthefollowing characteristics:

It often containscuts and dissectionswhich, for example,are
commonlyfoundin illustrationsof suigical proceduresisexem-
plied by Figurel(b).

It may allow featue-sensitiveopeiations which canbe applied
to asemanticomponenbf the object,suchastheskinin Figure
1(b), without affectingotherpartsof the object.

It mayenableubiquitousopemtions whichcanbeappliedto var
iouspartsof theobjectwith differentgeometridransformations,
asshown in Figurel(d).

It canfacilitatevirtual opertions which donotnecessarilgon-
form to the reality, suchasthe unreal aps usedto illustrate
anatomicaktructuren Figurel1(d).

In the contet of illustrative visualization we refer to suchmanipu-
lation asillustrative manipulation which providesa meansfor spec-
ifying andrealizingvisualizationthat containscuts, dissectionsdis-
tortion, andvariousotherforms of deformationthatarenot presenin
the original data. For example,in Figure 1(a), the skin layer (asthe
contet) of thehandis manipulatedisingthe metaphowof “retractors”
to revealthe bonesor vesselqasthefocus),facilitatinganillustrative
visualizationwith focus+contgt. In Figure1(c), a numberof virtual
manipulationoperationsare appliedto the visible humandataseto
achieve anillustrative visualizationin a mannersimilar to a classical
anatomidllustration,withoutresortingto thecomplex andsometimes
contentiougprocessesmployed by somecontemporaryexhibitions.

It is, however, not intendedto provide a physically-basedsimulation
of the internalandexternalforcesinvolved in the deformationor the
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physicalinteractionbetweerthetoolsanddifferentpartsof theobject.
Althoughphysically-basednodelingis critical to applicationsuchas
sugical simulation,and could ultimately be desirablefor illustrative
manipulation,a hugecomputationakostis necessaryor ary realis-
tic modelingand simulationof a combinationof physical behaiors
suchaselasticandplasticdeformation fractures stress-straicurves
of complex materials,including skins, soft tissues,body uids, etc.
Hence for illustrative manipulation,one mustgive the priority to the
interactivity and opefatability in the processof realizingillustrative
visualization.

In this paper we proposea feature-basetechniquefor manipulating
volumetricobjectsfor illustrative visualization,and describea GPU-
basedimplementationthat enablesinteractive speci cation and ren-
dering suchvisualization. Inspiredby medicalillustrationsthat fre-

guently depict the resultsof manipulationwith tools such as peel-
ers, retractorsand pliers, we allow the speci cation of manipulation
througha collectionof procedurally-de nedmanipulationoperators.

Becausewve placea signi cant emphasion the interactvity andop-

eratability we needto address numberof con ict technicalrequire-
ments,for example, (i) betweerthe axis-alignedvolumetexture stor

ageandthe arbitrarygeometryof features,and (ii) betweenthe nor

malson a cut surfaceandthe gradient-basedormalswithin the origi-

nalvolume.

Whenspecifyinga cut or peel,oneimportantconsiderations “align-

ment”. Here,aligned manipulationrefersto thosecutsor peelsthat
are appliedto certainlayerswhile otherfeaturesof interestare pre-
sened. The simplestis axis-aligned which alignsthe operatorwith

the axis-planes.lt is feature-insensite andis appliedto all points
within the volumebounds.This however is not alwayssatishctoryas
the“object” within thevolumeis not necessarilcubic. We introduce
two feature-basednethods,namely surfacealignmentand segment
alignmentfor modelingand renderingillustrative manipulation,and
comparethemwith the traditionalaxis alignmentmethod.We devise
a methodfor estimatingaccuratenormalsalong the surface of cuts
anddissectionsvhile maintainingcontinuousnormals,which allows

usto obtaincorrectshadingof the objectbeingmanipulatedppaque
or translucent.

We built our approachon the generalconceptof spacewarping[1],
which wastraditionally realizedusingray castingwithout interacti/-
ity. We provide anef cient GPUimplementatiorfor allowing illustra-
tive manipulationto be speci edandrenderedatinteractve rates,and
we demonstrat¢he technicalfeasibility andusability of our approach
by applyingvariousillustrative manipulationto a numberof volume
datasetinteractvely onaPentiumXEON 2.8 GHz PCwith a Quadro
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Fig. 1. Feature-aligneglolumemanipulationa) A feature-alignedetractionappliedto a humanhanddataset,shaving boneg(left) andvessels
(right) (b) Sumgical illustration of a hand (Copyright ¢ 2006 NucleusMedical Art. All rights resered. www.nucleusinc.coth (C) Multiple peeland cutting

away operatorappliedto the visible humandataset(d) lllustrationof humananatomywith dissected aps”, by Antonio ScrantoniandPaolo

Mascagni1833(U.S. NationalLibrary of Medicine),similar to exhibitionssuchasBodyWorlds [22], andBodies,the Exhibition [9].

FX4400graphicscard.

2 RELATED WORK

lllustrative visualizationsareoften associatedvith cutavay visual ef-
fects[7] andnonphotorealistiacendering8]. This paperis concerned
with the former aspectof illustrative visualization,and in particu-
lar, we areinterestedn creatingfeature-basedutavay visual effects
throughinteractive manipulationof volumedatasets.

McGufn etal. [15] proposedh setof interactve manipulationwid-

getsto browse volume datausing forward mapping They usedin-

dividual voxels as renderingprimitives, which canbe directly trans-
formed, allowing the modelingof effectssuchascutsandopenings.
While voxelsweregroupednto segmentsasfeaturegor manipulation,
therenderingdid notinvolve connectity information. It wasthereby
dif cult to achieze good quality visualization,and aliasingwas no-

ticeableespeciallyin close-upviews or with large deformationsuch
asstretch.

An alternatie approachs to implementmanipulationoperationus-
ing badkward mapping The basicidea,spacewarping,was rst out-

lined by Barr [1], andwasrealizedfor volume manipulationthrough
the notion of ray de ectors[13] andspatialtransferfunctions|[5, 12].

Both [13] and [5] employed ray castingfor samplingthe deformed
space,hencehigh quality renderingwas attainable. However, both
providedonly abrute-forcesolutionto computethenormalsof thede-
formedor dissectedbjects,and neitherconsideredeature-sensitie
manipulation. Furthermoredueto the computationatostsinvolved,
this ray-castingapproachfor volume manipulationis not yet ableto

supportinteractize manipulationon currentdesktopcomputers.

Therehasbeena seriesf effortsfor achieving interactve volumeren-
deringby exploiting GPU capacitieqe.g.,[24, 18, 21]). Westermann
andSalamg25] utilized 3D texture mappinghardwareto achiese in-
teractve deformationof volume datasets.Rezk-Salamat al. [19]
usedgenerapurposerenderinghardware,coupledwith edgeandface
constraintsto facilitatethe adaptve subdvision of piecavise patches
of avolumeobiject. SinghandSilver[20] usedmid-planegeometryto
specifyandrenderdeformationaboutjoints of visible human,in con-
junction with texture mappinghardware. In orderto obtainnormals
thatcorrespondo thedeformedvolume,WestermanmandSalamg25]
employed anapproximatesolutionbasedon a two-passenderingap-
proach[17]. Rezk-Salamatal. [19] obtainnormalsvia a linear ap-
proximationof thegradient.Chenetal. [3] useraycastingandemploy
inversemappingto achieve deformation. Weiskopf et al. [23] pre-
sentedatechniquéor estimatinghe normalsof clippedvolumeswith
aweightingfunctionfor blendingthe normalsnearthe boundarieof
the clipping plane. Correaet al. [6] employed generalizeddisplace-
mentmappingasmeango achieve real-timemanipulationof volume

data. Nevertheless[25], [19] and [3] implementedmainly continu-
ous deformationwithout cuts, while [23] and[6] considerednainly
axis-alignedperators.

The work presentedn this paperbrings togetherthe desirableele-
mentsof the abose-mentionedorevious work. We draw the feature-
basedapproachfrom [15] in orderto createmore meaningfulillus-

trative visualization. We draw the backward mappingapproachrom

[13, 5] in orderto facilitatecomplex manipulationoperatorandmax-
imize the renderingquality at interactive speeds. We extendedthe
use of sggmentbasedfeaturesin [15] by introducingmanipulation
basedn surfacefeatures We furtherextendedthe normalcalculation
methodin [23] by allowing normaladjustmentlongfeaturesof inter

est. For the rst time, we have deliveredcomplex visual effects,such
asfeature-basegeelingand opening,interactvely with a rendering
quality comparableo non-interactre solutionssuchas[5]. As men-
tionedin Section, this work is not intendedto provide a physically-
basedsimulationof variousmanipulation,for which thereis a rich

collectionof literature([11, 4, 16]).

3 MANIPULATION OPERATORS

A manipulationopemtor is a metaphoifor a transformatiormapping
fromtheoriginalvolumetricspaceo adissectedr deformedvolumet-
ric space.Fromthe perspectie of a user suchan operatorfunctions
like a sumical tool, suchasa pair of retractors,and can be usedto
perform an illustrative manipulationon a volumetric model. In this
work, we designedandimplementedour typesof operatorsnamely

Peeler Retractors Pliers Dilator

Fig. 2: Iconic representationsf four manipulationoperators,and
examplemedicalillustrationsshawving similar metaphors.Drawings
courtesyof theU.S. NationalLibrary of Medicine. Dilator illustration

is copyright ¢ medmaie.com.
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peeler retractors pliers and dilator. Figure 2 shaws the iconic rep-

resentatiorof theseoperatorsas appliedto a simple volume object,
andeachis accompaniethy a medicalillustrationthatexempli es the

operator All four operatorsare procedurallyde ned, andeachis as-
sociatedwith a setof parameterssuchasoperatablesize, distortion
scale,etc., which canbe changednteractvely. Theseoperatorscan
be placedanywhereon or within the volumetric model. The trans-
formation of the operatorsover the volume model or its featuresis

determineddynamicallyduring rendering(see3.2). The detectionof

self-collisionbetweendifferentpartsof the volumemodelis not fea-

turedin thecurrentimplementationbecaus®f thecomputationatost
for providing ameaningfufeedbackatherthanthe costfor detection.
Nevertheless self-collision can be preventedby interactizely modi-

fying the parameter®f a manipulationoperator Below we describe
brie y thefunctionality of the four operatorsandfurtherexamplesof

theirusecanbefoundin Section6.

Peeler. The peelersimulatespeelingor cutting of the outerlayers
of a volumetric model. In Figure 3, a peelerwith cylindrical fold-
backis shovn appliedto the CT headdataset.Differentparameters
of the peeler suchasthicknesof the cut andthe angleof bendingof
the peeledlayer, canbe manipulatednteractvely to obtaindifferent
illustrative effects. For example,the differentvirtual aps in Figure
1(c)areobtainedby placingmultiple peeleroperatoraroundthebody
andvaryingtheir parameters.

Retractor s. In thecontet of sugicalillustration,retractorsaretools
usedto spreadorgansor bones,or to hold back soft tissuessuchas
skin. In the context of illustration, they areusefulfor illustrating the
accesdo theinternalorgans.

Pliers. Pliersaretools usedto grasptissueandpull it or poke it into
the volumetricobject. The operatorparametersnclude the shapeof
the displacemenandthe radiusof in uence which speci eshow the
displacemenpropagtesthroughthe volume. In Figure 2, the pliers
areshavn pulling abloodvessel.

Dilator . Dilators are usedto gain accessnto narrav regions, cuts
or vessels.They essentiallyscalethe region from theinsidetypically
by blowing air, to increasehevisibility or accessibilityof theregion.
Whenappliedto volumetricmanipulation dilatorshave a similar ef-
fectto thatof volumetricmagiclenseq14].

3.1 Manipulation Alignment

When using the manipulationoperators,we de ne two properties:
alignmentand placement Alignment hererefersto the preseration
of interestingfeatureswhile operating,giving the impressionthat it

is alignedwith features.Placementpn the otherhand,refersto the
movementin 3D spaceof the operator For example,in Figure 3(c),

theoperatoris saidto bealignedwith thebraintissue sincethe peeler
appeargo follow its contour Placemenbf the operatorde nes how

deepis the cut, or in which direction. This paperaddressethe prob-
lem of alignment Manipulationoperatorscanbe alignedwith oneof

the threemain axes,which areintuitive to placein threedimensional
spaceandeasyto implementin conjunctionwith atexture-basedol-

umerendererAxis alignmentis usuallylimited, sincevery rarelyfea-
turesof interestareplanar This limitation canbe seenin Figure3(a).
In this paper we proposewo feature alignedtechniquedor allowing

manipulationoperatorghat are sensitve to the speci ¢ featureson a
volume model. We considersurfacefeaturesthat are de ned by an
iso-surfice,andvolumefeatureghatarede ne by a sggment,result-
ing in the notionsof surface-alignecand sggment-alignednanipula-
tion operatorsespectiely. Themeritsof suchalignmentanbeseen
Figures3(b) and3(c).

Considerthe skin of the headasthe context, andthe brainasthefocus
of thesevisualizations FromFigure3(a)whereapeelis performedus-
ing axis-alignmentye canobsenre thatthepartbeingpeeleds wedge
shapedndthe operatorcutsthroughthebrain. Thevisualizationcon-
veys limited information aboutthe partin focus. Featurealignment

(a) Axis Alignment (b) SurfaceAlignment (c) SegmentAlignment

Fig. 3: An exampleof differenttypesof alignment.(a) Axis aligned
peel.Notehow thepeeledayeris thick and at, sinceit is alignedwith

anorthogonalkxis. (b) Surfacealignedpeel,alignedwith acomputed
distance eld. Notice how it approximatesa surface. (c) Segment
alignedpeel, basedon segmentation which is more accurate. Note
that in the featurebasedalignment(b) and (c) the peelis thin and
rounded.

correctsthis problem. Virtual surfacesare createdwithout segmenta-
tion (exceptfor background)usinga distanceeld computation.The
distanceeld is computedbasedon a boundary from which virtual

shellsof differentthicknessesanbe de ned. For example,in 3(b),a
surface-alignedeelis appliedto the top of the headwith a uniform

depthfrom the surfaceof the skin. Suchalignmentcanbe usedto in-

vesticqate andillustrate layeredstructureswithout the pre-knavledge
of segmentation. However, while this is a good approximation, the
operatorstill cutsthroughthe brain. If we have the speci cation of

volumefeaturestypically obtainedfrom segmentationor de ned by

a rangeof iso-values,we can createa more effective focus+contet

visualization. In 3(c), with the sggmentationknowledgeof external
layersincluding the skin andskull, we apply a segment-alignecpeel
to the head. The brain, thatis, the focus, is not only highlightedbut

alsovisualizedwith correctgeometry In addition,the correctshad-
ing at the backof the peelprovidesfurthermeaningfulcontext to the
visualization.

3.2 Volume Manipulation

In this work, volumemanipulationis de ned as point-wisemapping
thattransformgositionsof all pointsin anaxis-alignedoundingvol-
umeV to new positions.Let R, bea setof all pointsin V. For each
pointp2 Ry.

P°=Te(p)  p=Te H(P) 6

whereTe denotesa forward transformatiorand T * the correspond-
ing inversetransformation Hence we obtainanewv setP\(,) =fpj8p2
R/; p°= Te(p)g. LetVObethenew axis-alignedboundingvolumefor
all the pointsin P\(,). Unlike the majority of previouswork on volume

deformation, T and T ! are not necessarilycontinuous. While the
forwardtransformatioris intuitive, it hasseveral shortcomingsFirst,
it is dif cult to know the boundaryof the new volumeV? after the
manipulationwithout evaluatingTg analytically Onesolutionto this
dif culty is for the userto specifysucha boundingvolume. Second,
it is dif cult to rendera manipulationoperatorthatinvolvescutsand
dissections.Considera retractorand a dilator. The former spreads
the pointsapartandintroducesempty spacebetweerthe transformed
points, while the latter stretcheghe points but maintainscontinuity
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Te(®)=T5" (0)

p'=Te(p)
S T

Tg =

Fig. 4: Forward (left) andbackward (middle) transformatiorof are-

tractortool, modeledasa displacemenin the directionof the retrac-
tion. For the backward transformationpointsin the cutsaretrans-
formedto the emptyvalue? . Right: feature-alignedransformation.
Theextratestcasedor backward mappingareshavn.

betweerthe discretelysampledpointsin V@ Regardlesswvhetherit is
in theimagespaceor the new objectspacev? it is not possiblefor a
renderingalgorithmto determineif it shouldinterpolatebetweerthe
transformecpoints. Third, asthetransformatioris oftennon-linearit
is dif cult to estimateaneffective samplingresolutionof the nal vol-
umein relationto the original volumeV. For example,this problem
wasexhibitedin [15] wheresamplingresolutionwassetto onesample
pervoxel, resultingin unintentionadiscontinuitywhenstretchingary
partof the volume. The mosteffective way to overcomethis problem
is to employ the inversetransformationT 1 provided that the rst
issuecanbecorrectlyresohed.

3.3 Modeling Cuts

Modeling cutsanddissectionss nottrivial whenusinga meshor sur
facerepresentationA commonapproactwould beto subdvide a sur
facemeshto accountfor the new surfaceinformationthatarisesfrom
the breakage. However, most surface modelsassumea 0-thickness
boundaryrepresentatiomvith eitheremptyor homogeneousolid in-
terior, which are not suitablefor illustrative manipulation. Comple
multi-layer shell representationare thereforenecessarywhich may
leadto further computationaktostsin determiningcollision between
operatorsaandobjects.In addition,the manipulationwould notbe eas-
ily reversible,ascombiningmeshess anothemon-trivial problemin
surfacemodeling.

Ontheotherhand,thevolumerepresentatiodoesnot suffer from the
above shortcomings. In volume manipulation,cuts and dissections
can be modeledas point-wise mappingand do not involve explicit
geometricoperationsAs mentionedn Section3.2,the useof inverse
transformation 1 providesa meansfor high-qualityrendering,but
mayencountetheproblemof unde nedtransformatiorin thecutarea.
Ideally, for ary forwardtransformationJg from R, to P\9, we should
alwayshave its corresponding ! suchthat, for eachpoint p°2 RY,
thereexistsp2 R, andp®= Tr(p). However, this conditioncannotbe
easilymet,becauseve actuallysampletheboundingvolumeV Orather
thanthe unknawn point setR?, andVis likely to containpoints, for
instancejn a cutareawhich do nothave a pre-imagen V.

Let R beacollectionof all pointsin VC SinceR? is asetof all points
locatedin VO with a pre-imagein V, the empty spacein V%is thus
de ned by a setof pointsP9yyy, = R% R0. We therebyreplacethe

Te Lin Eq.(1)with amodi ed badward transformationTg as:

=19 P2 R?

p=Te(P)= 202 PO @

where? denotesa null position,indicatinga point thatdoesnot have
an origin prior to the manipulation. In general,suchpointsare con-
sideredempty or completelytransparent.We therebyassumethat,
for purposesf rendering,the opacity value associatedvith ? is O.
An exampleis shavn in Figure 4, wherethe forward and backward
transformatiorof aretractortool is illustrated.Note thatfor sampling

pointsin theinterior of the cut, the inversetransformis de ned asan
emptyvalue. In feature-alignednanipulation,Tg needsto be usedin
conjunctionwith Egs.(3)and(4).

4 FEATURE-ALIGNED MANIPULATION

Onerequirementor illustrative manipulatioris theability to aligncuts
with featuresof interest.Thereforeit is necessaryo have ameandor
specifyingsuchregion. We introducea maskingfunction M, which
de nesthefeature-sensiiity of pointsin the original volumeV, and
is typically representetby a volumedatasetWhenM(p) 0:5, pis
part of the featureto be presered, and cannotbe transformed. An
exampleof thisis shavn in Figure3(c) wherethe peelis appliedto the
skin andnot to the brains(which is masled asa featureof interest).
Let Ry bethesubsebf Ry, suchthatRy = fpjp2 R/;M(p) 0:5g,
andVy is anaxis-alignedboundingvolumeof Ry. Any pointnotin
Rwv is operatable.In addition, the backward transformatiorfunction
of eachmanipulation,Tg, is alsoaccompaniedby a boundingvolume
Vr, suchthat the manipulationis only performedover thosepoints
residingin V.

It is possiblethattheinverselytransformedpoint, p® doesnot have a
pre-imagein R/, or p” hasbeenmasled asnon-operatabléy M. To
handlethe complity associatedvith Vr and Vi, we introducean
initial “probe” p°, for eachpoint p°2 RY, asfollows:

(
o_ Ta(P® pYesidesnvy
P= p° otherwise

®)

We thenobtain p by takingthe featuremaskinto accountas:
8

2p% pP2 RN (M(PY < 0:57 M(pP) < 0:5)
p=_p" pP2R"M(p) 05
* ?  otherwise

4

Thesethree casesare shavn in Figure 4 right, namely: (Casel):
the pointis transformed(Case2): the pointis masled andtherefore
untransformedand (Case3): the pointis emptydueto the feature-
alignedcut.

Normal estimationis an essentialpart of the renderingof graphical
objects.Following the samerulesasEg. (4), the normalat a point p°
isde nedas:

8
2N;(p) p= T (PO

Rr(p)=_Np)  p=p°
-0 p=7?

()

whereNt denoteghegradientof thetransformedoint, N(p) denotes
theoriginal gradientN; denoteghegradientatthe samplingpoint p°

andO is the zerovector Nj canbe obtainedusing nite differences
on the deformedobject. However, this would involve computingthe

inversetransformatiorof the adjacenneighborsof p® andwould be

computationallyexpensve for real-timerendering Instead N j canbe

estimatedat eachpointvia theinversetransposef the Jacobiarof the

transformationas proposedn [1]. The normaltransformedvia this

methodis thendenotecherewith a subscript].

4.1 Axis Alignment

For axis-alignednanipulationall pointsresidingin VV areoperatable,
whichis equivalentto By = fg. Eq. (4) is thussimpli ed to:

b= P opP2R
?  otherwise

(6)

The normalestimationis alsosimpli ed for this casewhich reduces
to computingNj in mostcases.The only challengehereis the com-
putationof the normalin the presencef cuts. Ratherthanderving a
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(a) Axis Alignment

(b) SurfaceAlignment(basedn distanceeld)

(c) SegmentAlignment

Fig. 5: Normalblendingfor the differentalignmentdn the boundarie®f cuts. Greenarrows indicatethe estimatechormalfrom the Jacobian,
redarrowns arethenormalorthogonato the surfaceof the cut (propagtedalongtheblendingregion), andthebluearrovsindicatethe corrected

normalafterblending.

comple formulafor adjustingthe Jacobiarin the proximity to cuts,
we computethe Jacobiaron a continuousversionof the transforma-
tion, where“holes” are lled with valid points. We then estimatea

moreaccuratenormalby adjustingthe gradientin thevicinity of cuts,
by blendingfrom the transformechormal N+, to the “expected’nor

mal from the surfaceof the cut, whichwe denoteasN, . Theblending
functioncanthenbede ned as:

Nr(p) = (1 w)Rr(p9+ wa(pd @)

wherew 2 [0; 1] is a weightingfunction that decreasesvith the dis-
tanceto thediscontinuity i.e., for apointin theboundaryw = 1, and
for apointatapre-de neddistanceD from theboundaryw = 0. This
parametew controlsthe gradientsmoothnessf the cut surface,and
it is similar to the “impregnation” region describedy Weislopf et al.
in [23] for performingvolumetricclipping. The blendingmechanism
is depictedn Figure5(a).

Standardmanipulationoperatorscan be placedarnywherewithin the
volume by allowing Tg and its boundingvolume V1 to align with
an arbitraryaxis plane. The generalmechanisnfor performingsuch
alignmentis to transformthe coordinateframe of the operatorbefore
applyingit to avolume.As aninversewarpingproblem thisis equi-
alentto applyingtheinversecoordinateransformatiorto the sampled
points p°, thatis, referringto Eq. (2) we have:

Y]

whereA isa4 4 afne matrix, which is constantfor all the points
in thesampledrolume.Normalscanbeobtainedby concatenatinghe
Jacobiansftheaf ne transformationsvith theJacobiarof themanip-
ulationoperatorwhich only requiresa multiplicationby two constant
matrices.Manipulatingoperatords supportedy this mechanisnfor
arbitraryaxisalignment.

p=A TgA ! (®)

4.2 Surface Alignment

As statedpreviously, for certainmanipulationsaxis alignmentis not

sufcient. Peelingis onesuchmanipulationsincegenerallythe peel-
ing operationis appliedto aspeci c surfacelayerof anobject.In this

casefeature-basedlignments desired.If featuresarenotsegmented
or preassignedanapproximatiorcanbe obtainedby de ning a mask
basedn distanceérom thesurface. This canbedonewith thedistance
eld of the volume, after a backgroundsegmentation.Let us de ne

DT asthedistanceeld storedasavolume. Then,the maskM can
bede ned suchthatM(p) 0:5for DT(p) t,andM(p) < 0:5, for

DT(p) < t. Heret > 0is a parametethatspeci esthe desireddis-

tancefrom surface. For instancet canbe thoughtof asthe “depth”

of thepeeledsurface whichis to betransformedn orderto revealthe

featureunderneath.

Estimationof the normalsrequiresspecialhandlingof the boundary
aroundthecutsurfacede nedby DT(p) = t. For afeaturepoint(i.e.,
M(p) 0:5) the gradientof the distanceeld Npt, pointsoutwards

from theinterior to the surface. However, for a non-featurepoint on
the boundary(i.e., M(p) < 0:5), the gradientNpt pointsincorrectly
fromthesurfaceto theinterior. We solve thisby usingasignedweight-
ing functionb. We thushave:

Re(p) = (1 ibpRr(p9+ bRor(pd
2LOT® 3 ¢ g<DT(p<t
b = _ LBy ¢ DT(p<t+d 9)
0] otherwise

b is usedto graduallyblendthe normalof the distanceeld with the

transformechormal. Notethatit is asymmetriavith respecto t. That
is, for apointwith DT in theintenal [t ;t + d), b rangefrom 1 down

to 0, but for apointwith DT in theinternval (t  d;t), b takesvalues
from0downto 1. This negative weightingblendsthe transformed
normalNt andthe normalbetweerthe normalof thedistanceeld in

the oppositedirection. This resultsin correctnormalsat both sidesof

thebreak.Thisis illustratedin Figure5(b),andanexampleof surface-
alignedpeelingis shavnin 3(b).

4.3 Segment Alignment

Sgymentalignmentis obtainedby de ning M(p) basedon a volume
feature,thattypically is determinedhroughsegmentation.It canbe
seemuiteeasilythattheabove techniquéor surfacealignmentcanbe
extendedto handlean arbitraryvolumetricmaskby replacingDT (p)
directly with M(p). Normaladjustments handledasfollows:

First, we assumehatthe gradientof the original volumeis computed
with the aid of the sggmentationinformation, storedasa volumetex-
ture. This correctly estimateghe surfacegradientof the featuresof
interest. Further for the boundarybetweentwo featuresthe normals
on eithersidepointto the oppositedirectionof thoseof the otherside.
This leadsto a problemin texture-basedolumerendering,sincetri-
linearinterpolationof theseoppositenormalswouldyield anincorrect
zerogradient.To overcomethis problem we estimatehegradientdor
sggmenteddatasothatthey alwayspoint outwardsfrom the featureof
intereston both sidesof the boundary Whencomputingthe gradient
volumetexture using nite differenceswe considerthe valuesof the
neighborsof avoxel asO, if they correspondo a differentsegmentor
anemptyvoxel, or asl if they correspondo the sggmentof interest.

Finally, we invert the normalsin the non-featureside of the cut fol-
lowing the blendingmechanisnin Section4.2. To de ne athick area
wherethis blendingcanbe possible we assumehat the maskM(p)
de nesasmoothscalar eld. Theregionwherewe needto invertthe
directionsof thenormalsis de ned by theisosuracesM(p) = 0:5 and
M(p) = 0, asshawvn in Figure5(c). Thisresultsin thefollowing equa-
tion:

Nr(p) = (1 29N (p9
2M(p) 0< M(p)< 05
g 0 otherwise (10)
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Fig. 6: Sggmentalignment(left) vs. Two-passenderingon two pre-
sggmenteddatasetgmiddle). Note how the bonesegmentis properly
classi ed on the left. The insetson the right highlight the aliasing
effect of thetwo-passendering(bottom),while thereis no noticeable
aliasingwith the sggmentalignment(top).

Previous approache$or achieving the sameresultsof segmentalign-
mentoftenusepre-sgmenteddatasetandtwo-pasgenderingwhere
the segmentof interestto be preseredis renderedrst, andthenthe
non-featurgartof thevolumeis manipulatechindrenderedfterwards.
However, this approactresultsin aliasedboundariesbecausef pre-
segmentationandin incorrectpost-classi cationof boundaryvoxels.
Figure6 compareour methodwith this alternatve. Note thaton the
left, sgmentalignmentproperlyclassi esthe bonevoxels, while the
two-pasgenderingmiddle)givesatint similarto thecolorof theskin.
Ontheright, thetwo insetshighlightthe differentlevels of aliasingon
the bonesegment. Although theseproblemscan be addressedvith
pre-smoothingand pre-processingf colormapsour approachworks
on a single passandrequiresno pre-processin®@f the datasebr the
colormap.

5 GPU IMPLEMENTATION

For real-time manipulation,a GPU implementatiorhasbeendevel-
oped. It is basedon texture-basediiew-alignedslice volumerender
ing [24]. We assumehat the original volumetric objectis storedas
a 3D texture. In traditionalvolumerendering the view-alignedslices
areusedto samplethe 3D textureatregularintenvals. In ourapproach,
we samplethe deformedspace,i.e., we will be performinginverse
mapping. The featuremaskM is alsostoredasa 3D texture. There
areanumberof waysof de ning thetransformatioriTg of anoperator:
explicitly in thefragmentshaderwhichis usuallycomputationallyex-
pensve, or sampledn avolumetricdomainandstoredin a3D texture.
Thelatterinvolvesthe pre-computatiomf thetransformatiora priori,
andstorageon a texture of theresultof the operationasdescribedn
[2] or a 3D displacementasdescribedn [6]. We chose3D displace-
mentsbecauseof its e xibility andgenerality The union of all the
operatorsandtheoriginal volumecreated/. Thisis thenslicedalong
theview direction. As eachsliceis rendereda fragmentis generated
for eachpixel in the image. Thus, eachfragmentgeneratedy ren-
deringa singleslice correspondso a pointin the deformedvolume.
First, the correspondingpoint in the undeformedsolumeis found by
evaluatingEq. (4). Then,the original volumeis sampledto nd the
voxel densityvalues.In Eq. (4), voxel positionsde ned as? should
not contritute to compositing,so they arede ned ashaving opacity
zero.To obtainthecorrectcolor attributes,the normalsmustbe deter
mined, by evaluatingEq. (5). The normalof eachfragmentrequires
at mostthreegradienttexture samplesthe normalobtainedfrom the
transformation(Nt), asdiscussedn Section4.1, the normal of the
cut(Ny), andthe normalof the featuremask,dependingn the align-
ment. Theseareblendedtogetherasshawvn in Egs. (7), (9) and(10).
Thegradientscanalsobe storedastexturesto speedup computation.

TheGPUmemoryrequirementsor this procesarepredominantlyde-
terminedby theresolutionneededo storethevolumetricdatasete.g.,
theheaddatasetequires256° bytesandits gradientrequires3  256°

bytes).An additionalrequirements imposedby the pre-computation
of the manipulationoperators. However, theseare in generalvery
small comparedo the 3D volumedata. Whenresourcesre scarce,
normalscanbe computedonthe y using nite differencesnotonly
for the original datasetput alsofor the alignmentmaskandthe oper
atoritself.

5.1 Multiple Manipulations

We have consideredhe caseof a single manipulationappliedto a

volumetricmodel. However, asseenin Figure 1(c), it is possibleto

apply several operatorssimultaneouslyto a single dataset. We con-

siderheretwo distinct casedfor introducingmultiple manipulations.
In the rst casegeachoperatorepresentanindependentanipulation
onthedatasetandtheresultof onedoesnot affectthe other We treat
eachoperatorasits own proxy geometryandthe original datasetisa

“background’proxy geometry Whenrenderinghe scenethe bound-
ing box for eachoperatotis sampledndependentlyvith theappropri-
atemanipulationparametersFinally, the sceneis composedvith the

slicesresultingfrom all the interveningoperators.However, overlap-
pingwith thebackgroundrolumemayoccur A stencilis usedto mask
outtheoperatorregionssothey arenotrenderedwice. An exampleis

shavn in Figurel1(c).

Whenmanipulationsoverlap, this caseis more complicated sinceit
requiresusto de ne analgebraicoperatiorfor thecombinatiorof two
operatorsTherearea numberof waysto dealwith this situation.For
example,if thedatasets sggmentedeach‘segment”(i.e., skinvs. or-
gans)is slicedindependentlyandthe resultingslicesare composited
into asingleimage.This canbeseenn Figure10(d)wheretheretrac-
tor operatoiis usedto openthe skin of thefrog, while a plier operator
is usedto poke andpull theinternalorgans.Anotherway is to save the
intermediatesolumeinto a new dataseandusedthe saved volumeto
applyotheroperationsTheseapproacheareunderinvestigation.

6 APPLICATIONS

One of the applicationsof feature-alignedvolume manipulationis

medical and biological illustrations. In Figure 1(b), an illustration
from handsumgery is shovn. Figure 1(a) demonstrates retraction
operatoron a CT handmimicking the sametype of cut. Figure1(d)is

animagefrom theillustration of humananatomyby Antonio Scran-
toni andPaoloMascagnidated1833(NLM). Interestinglythisimage
is very similar to contemporaryexhibitions suchas BodyWorlds [22]

and Bodies, The Exhibition [9] which portray dissectionsof actual
bodies. Figure 1(c) shavs a similar type of operationappliedto the
Visible Man datasetThedatasetvas rst posedusing[10] to position
thearmupright. Five peeloperatorsverethenappliedto botharms.

Figure7 shavs avolumemanipulationsimilar to illustrationsof fore-
foot suigery usingthe retractoroperator Figures7(a)and (b) shav
theresultof surface-alignednanipulationfor a distancegparametenf
t = 0:08andt = 0:026,respectiely (t = 0 correspondso thesurface
of thedataset) Figure7(c) shavstheresultof sggment-aligneananip-
ulationto obtaina bettervisualizationof the bonetissue.7(d) shavs
a close-upview of anothercut, whereit is possibleto seedifferent
featuresby applyingdifferentlayer levels. In the upperimage,only
bonesarevisible, whereasn thelower portion,we canseethevessels
andmuscletissuebelow theskin. Figure8 shavsthedilation operator
appliedto a colon dataset. This is an af ne alignmentalonga por
tion of the colon. The boundingbox of the operatoris shovn, sotoo
partof theboundingbox of the original volumeV. Figure9(a)shavs
aretractionaroundthe torsowhich movestissueandrevealsinternal
organs. In Figure 9(b) the plier operatorpushesan occludingartery
to revealthe spine.Figure10 shavs anapplicationof feature-aligned
manipulation,wherea retractoroperatoris appliedto the sgmented
frog dataset.In orderto do this, we de ne the manipulationmaskas
the skin and muscles,so the internal organsremain untransformed.
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Alignment | Dataset Resolution fps
Axis foot 143 256 183 | 20.44
stagbeetle 208 208 123 9.24
visiblehuman2mm | 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
Segment foot 143 256 183 | 17.95
hand 255 250 155 5.54
frog 250 235 68 8.08

Table 1: Performanceesultsfor differentvolumedatasetswith d =
1:0 for thedistancebetweerview alignedslicesof thevolume

Thelastimageshaws a plier operatordeformingoneof the organsin-
sidethefrog. Figurell shavs anillustrationof the peelingof the stag
beetledatasetywherea surfacealignedpeelingis usedto remove only
theouterlayers.Figurel2 shovs apeeledorange.The peelis de ned
usingsurfacealignment.

In additionto illustration-like effects,the manipulationoperatorsalso
improve on clipping and slicing and generatefocus+contgt visual-
izations. Now slicescan be arbitrary geometriesand thereis a fo-
cus+contgt mechanism(peeling) for keepingthe sliced portion in
view. In Figure3(c) onegetsto seethe undersideof the peelor skin.
Otherexamplescanbe seenon the accompaying video, andonline
at: http://www.caip.rutgers.edu/ cdcorrea/feature .

7 PERFORMANCE EVALUATION

Sincewe follow a slicing approachto renderour scenesyendering
performances mainly in uenced by the fragmentshadercapabilities
of the graphicsboard. The renderingspeedis affectedby a number
of factors,including: samplingdistanceof the slices,resolutionof the
object,viewport size,andthe numberandthe relative size of the op-
eratorswith respecto thevolume. We implementedhe manipulation
operatorsithin aninteractve programwhich allows theuserto rotate
andscaletheobject,to move or changeheoperatorandto changehe
colormapor lighting parameters.

Our testcon guration consistsof a PentiumXEON 2.8 Ghz PCwith

4096 MB RAM, equippedwith a QuadroFX 4400 (512MB). We

testedourapproacton anumberof datasetsiangingin sizefrom 1283

to 2563, in a512 512viewport. Table1 shaws the resultsobtained
with our testdatasetdor the differentalignmentcasesanda slicing

distanceof 1:0. For higherquality renderingadistanceof d = 0:5 can
be used. In this case the renderingratewasfound to be exactly one
half of theratewith d = 1:0.

8 CONCLUSIONS

We presente@generamechanisnfor interactive manipulatiorof vol-
umetricmodels which enableghecreationof illustrative visualization
with complex deformationinvolving cuts,dissectionsandotherforms
of manipulations.We describedca new approactthat allows the ma-
nipulation operatorsto be alignedto the featuresof interest. With
both surface and segment-basedeatures,more complex manipula-
tion effects can be realized,representing further generalizatiorof
thetraditionalaxis-oriented/olumemanipulationtechnique We pre-
sentedseveral mechanismgor estimatingaccuratelythe normalsin
the deformedvolume spaceand describeda feature-sensitie mech-
anismfor adjustingnormalsin the vicinity of cuts. We provided a
GPU-basedmplementationthat rendersillustrative manipulationin
real time with a quality thatis comparablewith that obtainedusing
the non-interactre raycastingmethod. Futureresearchnvolves ef-
ciently implementingoverlappingmanipulationsjnvestigating user
interfaceandusabilityissuespsingthesetechniquegor virtual reality

applicationsandthe inclusionof otheroperators.Througha number
of examplesjnspiredby medicalandbiologicalillustrations,we have
shavn thatthis techniqueprovidesthe necessarynteractvity andop-
eratability in the processof creatingvarious manipulationeffectsin

illustrative visualization.
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@ (b) (c) (d)
Fig. 7: Retractoroperatorappliedto a CT foot dataset.(a-b) Surfacealignmentwith two differentlayer depths,onerevealingbone,andthe
otherrevealssuper cial veins.(c) Segmentalignmentshaving bonetissue.(d) Zoomed-insurfacealignedcut.

Fig. 8: Dilation operatorappliedto a colondataset(a) Withoutdila- Fig. 9: Manipulationoperatorsusedto improve visibility ona CT

tion (b) With dilation. Boundingareaof dilation is shavn. Dilation dataset.The spreade(a type of retractor)movestissueandreveals

worksasatype of volumetriclens. internalorgans. (b) The pliers pushanoccludingarteryto revealthe
spine.Thisworksasa focus+contgt visualization.

@) (b) (c) (d)
Fig. 10: (a-c) Retractoroperatorusedto simulatedissectiorof a sgmentedrog dataset(d) A plier operatotis appliedto theinternalorgans,
while simultaneouslyetractingthe skin. Geometriaonodelsareembeddedn the sceneto shav the placementf theoperators.

Fig. 11: Surface-alignegeelingof the stagbeetledatasetNotehow Fig. 12: Surface-alignedbeelingof an orange. The internal struc-

theinternalfeaturescanbe seenby lifting thewing shells. tureof theorangds clearlyvisible withoutthe needof segmentation.
Differentplacemenif the operatorshavs two stagesof an orange

peel



