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Feature Aligned Volume Manipulation for Illustration and
Visualization
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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 technique for volume graphics.

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

In science,medicineandengineering,hand-drawn illustrationsoften
includemanipulatingpartof anobjecttodepictthestagesandoutcome
of a procedure,uncover hiddenfeatures,or revealthespatialrelation-
shipbetweendifferentcomponentsof theobjects.Suchmanipulation
typically includesthefollowing characteristics:

� It often containscutsand dissections, which, for example,are
commonlyfoundin illustrationsof surgicalproceduresasexem-
pli�ed by Figure1(b).

� It mayallow feature-sensitiveoperations, which canbeapplied
to asemanticcomponentof theobject,suchastheskin in Figure
1(b),withoutaffectingotherpartsof theobject.

� It mayenableubiquitousoperations, whichcanbeappliedtovar-
iouspartsof theobjectwith differentgeometrictransformations,
asshown in Figure1(d).

� It canfacilitatevirtual operations, whichdonotnecessarilycon-
form to the reality, suchas the unreal �aps usedto illustrate
anatomicalstructurein Figure1(d).

In the context of illustrative visualization, we refer to suchmanipu-
lation asillustrativemanipulation, which providesa meansfor spec-
ifying andrealizingvisualizationthat containscuts,dissections,dis-
tortion,andvariousotherformsof deformationthatarenot presentin
the original data. For example,in Figure1(a), the skin layer (asthe
context) of thehandis manipulatedusingthemetaphorof “retractors”
to revealthebonesor vessels(asthefocus),facilitatinganillustrative
visualizationwith focus+context. In Figure1(c), a numberof virtual
manipulationoperationsare appliedto the visible humandatasetto
achieve an illustrative visualizationin a mannersimilar to a classical
anatomicillustration,without resortingto thecomplex andsometimes
contentiousprocessesemployedby somecontemporaryexhibitions.

It is, however, not intendedto provide a physically-basedsimulation
of the internalandexternalforcesinvolved in thedeformationor the
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physicalinteractionbetweenthetoolsanddifferentpartsof theobject.
Althoughphysically-basedmodelingis critical to applicationssuchas
surgical simulation,andcould ultimately be desirablefor illustrative
manipulation,a hugecomputationalcost is necessaryfor any realis-
tic modelingandsimulationof a combinationof physical behaviors
suchaselasticandplasticdeformation,fractures,stress-straincurves
of complex materials,including skins, soft tissues,body �uids, etc.
Hence,for illustrative manipulation,onemustgive thepriority to the
interactivity and operatability in the processof realizing illustrative
visualization.

In this paper, we proposea feature-basedtechniquefor manipulating
volumetricobjectsfor illustrative visualization,anddescribea GPU-
basedimplementationthat enablesinteractive speci�cation and ren-
deringsuchvisualization. Inspiredby medicalillustrationsthat fre-
quently depict the resultsof manipulationwith tools suchas peel-
ers,retractorsandpliers, we allow the speci�cationof manipulation
througha collectionof procedurally-de�nedmanipulationoperators.
Becausewe placea signi�cant emphasison the interactivity andop-
eratability, we needto addressa numberof con�ict technicalrequire-
ments,for example,(i) betweentheaxis-alignedvolumetexturestor-
ageandthe arbitrarygeometryof features,and(ii) betweenthe nor-
malsonacutsurfaceandthegradient-basednormalswithin theorigi-
nal volume.

Whenspecifyinga cut or peel,oneimportantconsiderationis “align-
ment”. Here,alignedmanipulationrefersto thosecutsor peelsthat
areappliedto certainlayerswhile other featuresof interestarepre-
served. The simplestis axis-aligned, which alignsthe operatorwith
the axis-planes.It is feature-insensitive and is appliedto all points
within thevolumebounds.This however is not alwayssatisfactoryas
the“object” within thevolumeis not necessarilycubic. We introduce
two feature-basedmethods,namelysurfacealignmentand segment
alignmentfor modelingandrenderingillustrative manipulation,and
comparethemwith thetraditionalaxisalignmentmethod.We devise
a methodfor estimatingaccuratenormalsalong the surfaceof cuts
anddissectionswhile maintainingcontinuousnormals,which allows
us to obtaincorrectshadingof theobjectbeingmanipulated,opaque
or translucent.

We built our approachon the generalconceptof spacewarping[1],
which wastraditionally realizedusingray castingwithout interactiv-
ity. Weprovideanef�cient GPUimplementationfor allowing illustra-
tivemanipulationto bespeci�edandrenderedat interactive rates,and
we demonstratethetechnicalfeasibility andusabilityof our approach
by applyingvariousillustrative manipulationto a numberof volume
datasetsinteractively onaPentiumXEON 2.8GHzPCwith aQuadro
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(a) (b) Illustration (c) (d) Illustration

Fig. 1: Feature-alignedvolumemanipulation(a)A feature-alignedretractionappliedto ahumanhanddataset,showing bones(left) andvessels
(right) (b) Surgical illustration of a hand(Copyright c
 2006 NucleusMedical Art. All rights reserved. www.nucleusinc.com) (c) Multiple peel and cutting
away operatorsappliedto thevisible humandataset(d) Illustrationof humananatomywith dissected“�aps”, by Antonio ScrantoniandPaolo
Mascagni,1833(U.S.NationalLibrary of Medicine),similar to exhibitionssuchasBodyWorlds[22], andBodies,theExhibition [9].

FX4400graphicscard.

2 RELATED WORK

Illustrative visualizationsareoftenassociatedwith cutaway visualef-
fects[7] andnonphotorealisticrendering[8]. Thispaperis concerned
with the former aspectof illustrative visualization,and in particu-
lar, we areinterestedin creatingfeature-basedcutaway visualeffects
throughinteractivemanipulationof volumedatasets.

McGuf�n et al. [15] proposeda setof interactive manipulationwid-
getsto browse volume datausing forward mapping. They usedin-
dividual voxels asrenderingprimitives,which canbe directly trans-
formed,allowing the modelingof effectssuchascutsandopenings.
Whilevoxelsweregroupedintosegmentsasfeaturesfor manipulation,
therenderingdid not involve connectivity information.It wasthereby
dif�cult to achieve good quality visualization,and aliasingwas no-
ticeableespeciallyin close-upviews or with large deformationsuch
asstretch.

An alternative approachis to implementmanipulationoperationsus-
ing backward mapping. Thebasicidea,spacewarping,was�rst out-
lined by Barr [1], andwasrealizedfor volumemanipulationthrough
thenotionof 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 dissectedobjects,andneitherconsideredfeature-sensitive
manipulation.Furthermore,dueto thecomputationalcostsinvolved,
this ray-castingapproachfor volumemanipulationis not yet ableto
supportinteractivemanipulationoncurrentdesktopcomputers.

Therehasbeenaseriesof efforts for achieving interactivevolumeren-
deringby exploiting GPUcapacities(e.g.,[24, 18, 21]). Westermann
andSalama[25] utilized 3D texturemappinghardwareto achieve in-
teractive deformationof volume datasets.Rezk-Salamaet al. [19]
usedgeneralpurposerenderinghardware,coupledwith edgeandface
constraints,to facilitatetheadaptive subdivision of piecewisepatches
of avolumeobject.SinghandSilver [20] usedmid-planegeometryto
specifyandrenderdeformationaboutjoints of visible human,in con-
junction with texture mappinghardware. In orderto obtainnormals
thatcorrespondto thedeformedvolume,WestermannandSalama[25]
employedanapproximatesolutionbasedon a two-passrenderingap-
proach[17]. Rezk-Salamaet al. [19] obtainnormalsvia a linearap-
proximationof thegradient.Chenetal. [3] useraycastingandemploy
inversemappingto achieve deformation. Weiskopf et al. [23] pre-
sentedatechniquefor estimatingthenormalsof clippedvolumeswith
a weightingfunctionfor blendingthenormalsneartheboundariesof
the clipping plane. Correaet al. [6] employed generalizeddisplace-
mentmappingasmeansto achieve real-timemanipulationof volume

data. Nevertheless,[25], [19] and [3] implementedmainly continu-
ousdeformationwithout cuts,while [23] and[6] consideredmainly
axis-alignedoperators.

The work presentedin this paperbrings togetherthe desirableele-
mentsof the above-mentionedprevious work. We draw the feature-
basedapproachfrom [15] in order to createmore meaningfulillus-
trative visualization.We draw thebackwardmappingapproachfrom
[13, 5] in orderto facilitatecomplex manipulationoperatorsandmax-
imize the renderingquality at interactive speeds. We extendedthe
useof segmentbasedfeaturesin [15] by introducingmanipulation
basedonsurfacefeatures.We furtherextendedthenormalcalculation
methodin [23] by allowing normaladjustmentalongfeaturesof inter-
est.For the�rst time, we have deliveredcomplex visualeffects,such
as feature-basedpeelingandopening,interactively with a rendering
quality comparableto non-interactive 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 manipulationoperator is a metaphorfor a transformationmapping
from theoriginalvolumetricspaceto adissectedor deformedvolumet-
ric space.Fromtheperspective of a user, suchanoperatorfunctions
like a surgical tool, suchasa pair of retractors,andcanbe usedto
performan illustrative manipulationon a volumetricmodel. In this
work, we designedandimplementedfour typesof operators,namely

Peeler Retractors Pliers Dilator

Fig. 2: Iconic representationsof four manipulationoperators,and
examplemedicalillustrationsshowing similar metaphors.Drawings
courtesyof theU.S.NationalLibrary of Medicine.Dilator illustration
is copyright c
 medmovie.com.
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peeler, retractors,pliers anddilator. Figure2 shows the iconic rep-
resentationof theseoperatorsasappliedto a simplevolumeobject,
andeachis accompaniedby amedicalillustrationthatexempli�es the
operator. All four operatorsareprocedurallyde�ned, andeachis as-
sociatedwith a setof parameters,suchasoperatablesize,distortion
scale,etc.,which canbe changedinteractively. Theseoperatorscan
be placedanywhereon or within the volumetric model. The trans-
formation of the operatorsover the volume model or its featuresis
determineddynamicallyduring rendering(see3.2). Thedetectionof
self-collisionbetweendifferentpartsof thevolumemodelis not fea-
turedin thecurrentimplementation,becauseof thecomputationalcost
for providing ameaningfulfeedbackratherthanthecostfor detection.
Nevertheless,self-collision can be preventedby interactively modi-
fying the parametersof a manipulationoperator. Below we describe
brie�y thefunctionalityof thefour operators,andfurtherexamplesof
their usecanbefoundin Section6.

Peeler . The peelersimulatespeelingor cutting of the outer layers
of a volumetric model. In Figure 3, a peelerwith cylindrical fold-
back is shown appliedto the CT headdataset.Differentparameters
of thepeeler, suchasthicknessof thecut andtheangleof bendingof
the peeledlayer, canbe manipulatedinteractively to obtaindifferent
illustrative effects. For example,the differentvirtual �aps in Figure
1(c)areobtainedby placingmultiplepeeleroperatorsaroundthebody
andvaryingtheir parameters.

Retractor s. In thecontext of surgical illustration,retractorsaretools
usedto spreadorgansor bones,or to hold backsoft tissuessuchas
skin. In thecontext of illustration, they areusefulfor illustrating the
accessto theinternalorgans.

Plier s. Pliersaretoolsusedto grasptissueandpull it or poke it into
the volumetricobject. The operatorparametersincludethe shapeof
thedisplacementandthe radiusof in�uence which speci�eshow the
displacementpropagatesthroughthe volume. In Figure2, the pliers
areshown pulling abloodvessel.

Dilator . Dilators are usedto gain accessinto narrow regions, cuts
or vessels.They essentiallyscaletheregion from theinsidetypically
by blowing air, to increasethevisibility or accessibilityof theregion.
Whenappliedto volumetricmanipulation,dilatorshave a similar ef-
fect to thatof volumetricmagiclenses[14].

3.1 Manipulation Alignment

When using the manipulationoperators,we de�ne two properties:
alignmentandplacement. Alignment hererefersto the preservation
of interestingfeatureswhile operating,giving the impressionthat it
is alignedwith features.Placement,on the otherhand,refersto the
movementin 3D spaceof the operator. For example,in Figure3(c),
theoperatoris saidto bealignedwith thebraintissue,sincethepeeler
appearsto follow its contour. Placementof theoperatorde�nes how
deepis thecut, or in which direction. This paperaddressestheprob-
lem of alignment. Manipulationoperatorscanbealignedwith oneof
the threemainaxes,which areintuitive to placein threedimensional
space,andeasyto implementin conjunctionwith a texture-basedvol-
umerenderer. Axis alignmentis usuallylimited, sincevery rarelyfea-
turesof interestareplanar. This limitation canbeseenin Figure3(a).
In this paper, we proposetwo feature alignedtechniquesfor allowing
manipulationoperatorsthataresensitive to thespeci�c featureson a
volumemodel. We considersurfacefeaturesthat arede�ned by an
iso-surface,andvolumefeaturesthatarede�ne by a segment,result-
ing in the notionsof surface-alignedandsegment-alignedmanipula-
tion operatorsrespectively. Themeritsof suchalignmentscanbeseen
Figures3(b)and3(c).

Considertheskinof theheadasthecontext, andthebrainasthefocus
of thesevisualizations.FromFigure3(a)whereapeelis performedus-
ing axis-alignment,wecanobservethatthepartbeingpeeledis wedge
shapedandtheoperatorcutsthroughthebrain.Thevisualizationcon-
veys limited informationaboutthe part in focus. Featurealignment

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

Fig. 3: An exampleof differenttypesof alignment.(a) Axis aligned
peel.Notehow thepeeledlayeris thick and�at, sinceit is alignedwith
anorthogonalaxis. (b) Surfacealignedpeel,alignedwith a computed
distance�eld. Notice how it approximatesa surface. (c) Segment
alignedpeel,basedon segmentation,which is moreaccurate.Note
that in the featurebasedalignment(b) and (c) the peel is thin and
rounded.

correctsthis problem.Virtual surfacesarecreatedwithout segmenta-
tion (exceptfor background),usinga distance�eld computation.The
distance�eld is computedbasedon a boundary, from which virtual
shellsof differentthicknessescanbede�ned. For example,in 3(b), a
surface-alignedpeel is appliedto the top of the headwith a uniform
depthfrom thesurfaceof theskin. Suchalignmentcanbeusedto in-
vestigateandillustrate layeredstructureswithout the pre-knowledge
of segmentation.However, while this is a goodapproximation, the
operatorstill cuts throughthe brain. If we have the speci�cation of
volumefeatures,typically obtainedfrom segmentationor de�ned by
a rangeof iso-values,we cancreatea moreeffective focus+context
visualization. In 3(c), with the segmentationknowledgeof external
layersincluding the skin andskull, we apply a segment-alignedpeel
to the head.The brain, that is, the focus,is not only highlightedbut
alsovisualizedwith correctgeometry. In addition,the correctshad-
ing at thebackof thepeelprovidesfurthermeaningfulcontext to the
visualization.

3.2 Volume Manipulation

In this work, volumemanipulationis de�ned aspoint-wisemapping
thattransformspositionsof all pointsin anaxis-alignedboundingvol-
umeV to new positions.Let PV bea setof all pointsin V. For each
point p 2 PV .

p0= TF (p) p = T � 1
F (p0) (1)

whereTF denotesa forward transformationandT � 1
F thecorrespond-

ing inversetransformation. Hence,weobtainanew setP0
V = f p0j8p2

PV ; p0= TF (p)g. Let V0bethenew axis-alignedboundingvolumefor
all thepointsin P0

V . Unlike themajority of previouswork on volume
deformation,TF andT � 1

F arenot necessarilycontinuous.While the
forwardtransformationis intuitive, it hasseveralshortcomings.First,
it is dif�cult to know the boundaryof the new volumeV0 after the
manipulationwithout evaluatingTF analytically. Onesolutionto this
dif�culty is for theuserto specifysucha boundingvolume. Second,
it is dif�cult to rendera manipulationoperatorthat involvescutsand
dissections.Considera retractorand a dilator. The former spreads
thepointsapartandintroducesemptyspacebetweenthetransformed
points, while the latter stretchesthe points but maintainscontinuity
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Fp'=T  (p) BT  (p')=T    (p')F
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case 1:

case 2:

case 3:

Fig. 4: Forward (left) andbackward (middle) transformationof a re-
tractortool, modeledasa displacementin thedirectionof the retrac-
tion. For the backward transformation,points in the cuts are trans-
formedto theemptyvalue? . Right: feature-alignedtransformation.
Theextra testcasesfor backwardmappingareshown.

betweenthediscretelysampledpointsin V0. Regardlesswhetherit is
in the imagespaceor thenew objectspaceV0, it is not possiblefor a
renderingalgorithmto determineif it shouldinterpolatebetweenthe
transformedpoints.Third, asthetransformationis oftennon-linear, it
is dif�cult to estimateaneffectivesamplingresolutionof the�nal vol-
umein relationto theoriginal volumeV. For example,this problem
wasexhibitedin [15] wheresamplingresolutionwassetto onesample
pervoxel, resultingin unintentionaldiscontinuitywhenstretchingany
partof thevolume.Themosteffective way to overcomethis problem
is to employ the inversetransformationT � 1

F , provided that the �rst
issuecanbecorrectlyresolved.

3.3 Modeling Cuts

Modelingcutsanddissectionsis not trivial whenusingameshor sur-
facerepresentation.A commonapproachwouldbeto subdivideasur-
facemeshto accountfor thenew surfaceinformationthatarisesfrom
the breakage.However, most surfacemodelsassumea 0-thickness
boundaryrepresentationwith eitheremptyor homogeneoussolid in-
terior, which arenot suitablefor illustrative manipulation.Complex
multi-layer shell representationsare thereforenecessary, which may
leadto further computationalcostsin determiningcollision between
operatorsandobjects.In addition,themanipulationwouldnotbeeas-
ily reversible,ascombiningmeshesis anothernon-trivial problemin
surfacemodeling.

On theotherhand,thevolumerepresentationdoesnot suffer from the
above shortcomings. In volume manipulation,cuts and dissections
can be modeledas point-wisemappingand do not involve explicit
geometricoperations.As mentionedin Section3.2,theuseof inverse
transformationT � 1

F providesa meansfor high-qualityrendering,but
mayencountertheproblemof unde�nedtransformationin thecutarea.
Ideally, for any forwardtransformation,TF from PV to P0

V , we should
alwayshave its correspondingT � 1

F , suchthat,for eachpoint p02 P0
V ,

thereexistsp 2 PV andp0= TF (p). However, thisconditioncannotbe
easilymet,becauseweactuallysampletheboundingvolumeV0rather
thantheunknown point setP0

V , andV0 is likely to containpoints,for
instance,in acutarea,whichdonothaveapre-imagein V.

Let P0
V0 beacollectionof all pointsin V0. SinceP0

V is asetof all points
locatedin V0 with a pre-imagein V, the empty spacein V0 is thus
de�ned by a setof pointsP0

empty = P0
V0 � P0

V . We therebyreplacethe

T � 1
F in Eq.(1)with amodi�ed backward transformationTB as:

p = TB(p0) =

(
T � 1

F (p0) p02 P0
V

? p02 P0
empty

(2)

where? denotesa null position,indicatinga point thatdoesnot have
an origin prior to the manipulation. In general,suchpointsarecon-
sideredempty, or completelytransparent.We therebyassumethat,
for purposesof rendering,the opacityvalueassociatedwith ? is 0.
An exampleis shown in Figure4, wherethe forward andbackward
transformationof a retractortool is illustrated.Notethatfor sampling

pointsin the interior of thecut, the inversetransformis de�ned asan
emptyvalue. In feature-alignedmanipulation,TB needsto beusedin
conjunctionwith Eqs.(3)and(4).

4 FEATURE-ALIGNED MANIPULATION

Onerequirementfor illustrativemanipulationis theability toaligncuts
with featuresof interest.Thereforeit is necessaryto have a meansfor
specifyingsuchregion. We introducea maskingfunctionM, which
de�nes the feature-sensitivity of pointsin theoriginal volumeV, and
is typically representedby a volumedataset.WhenM(p) � 0:5, p is
part of the featureto be preserved, andcannotbe transformed.An
exampleof this is shown in Figure3(c)wherethepeelis appliedto the
skin andnot to the brains(which is masked asa featureof interest).
Let PM bethesubsetof PV , suchthatPM = f pjp 2 PV ;M(p) � 0:5g,
andVM is anaxis-alignedboundingvolumeof PM . Any point not in
PM is operatable.In addition, the backward transformationfunction
of eachmanipulation,TB, is alsoaccompaniedby a boundingvolume,
VT , suchthat the manipulationis only performedover thosepoints
residingin VT .

It is possiblethat the inverselytransformedpoint, p0, doesnot have a
pre-imagein PV , or p0 hasbeenmaskedasnon-operatableby M. To
handlethe complexity associatedwith VT andVM , we introducean
initial “probe” p0, for eachpoint p02 P0

V0 asfollows:

p0 =

(
TB(p0) p0residesinVT

p0 otherwise
(3)

We thenobtainp by takingthefeaturemaskinto accountas:

p =

8
><

>:

p0 p0 2 PV ^ (M(p0) < 0:5^ M(p0) < 0:5)
p0 p02 PV ^ M(p0) � 0:5
? otherwise

(4)

Thesethree casesare shown in Figure 4 right, namely: (Case1):
thepoint is transformed,(Case2): thepoint is maskedandtherefore
untransformed,and(Case3): the point is emptydueto the feature-
alignedcut.

Normal estimationis an essentialpart of the renderingof graphical
objects.Following thesamerulesasEq. (4), thenormalat a point p0

is de�ned as:

ÑT (p0) =

8
><

>:

ÑJ(p0) p = T � 1
F (p0)

Ñ(p) p = p0

0 p = ?
(5)

whereÑT denotesthegradientof thetransformedpoint,Ñ(p) denotes
theoriginalgradient,ÑJ denotesthegradientat thesamplingpoint p0,
and0 is the zerovector. ÑJ canbe obtainedusing�nite differences
on the deformedobject. However, this would involve computingthe
inversetransformationof theadjacentneighborsof p0, andwould be
computationallyexpensive for real-timerendering.Instead,ÑJ canbe
estimatedateachpointvia theinversetransposeof theJacobianof the
transformation,asproposedin [1]. The normal transformedvia this
methodis thendenotedherewith asubscriptJ.

4.1 Axis Alignment

For axis-alignedmanipulation,all pointsresidingin V areoperatable,
which is equivalentto PM = fg . Eq. (4) is thussimpli�ed to:

p =

(
p0 p0 2 PV

? otherwise
(6)

Thenormalestimationis alsosimpli�ed for this case,which reduces
to computingÑJ in mostcases.Theonly challengehereis thecom-
putationof thenormalin thepresenceof cuts.Ratherthanderiving a
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Fig. 5: Normalblendingfor thedifferentalignmentsin theboundariesof cuts.Greenarrows indicatetheestimatednormalfrom theJacobian,
redarrowsarethenormalorthogonalto thesurfaceof thecut (propagatedalongtheblendingregion),andthebluearrows indicatethecorrected
normalafterblending.

complex formula for adjustingthe Jacobianin the proximity to cuts,
we computethe Jacobianon a continuousversionof the transforma-
tion, where“holes” are �lled with valid points. We thenestimatea
moreaccuratenormalby adjustingthegradientin thevicinity of cuts,
by blendingfrom the transformednormalÑT , to the “expected”nor-
mal from thesurfaceof thecut,whichwedenoteasÑa . Theblending
functioncanthenbede�ned as:

Ñ�
T (p0) = (1� w) ÑT (p0) + wÑa (p0) (7)

wherew 2 [0;1] is a weightingfunction that decreaseswith the dis-
tanceto thediscontinuity, i.e., for a point in theboundary, w = 1, and
for apointatapre-de�neddistanceD from theboundary, w = 0. This
parameterw controlsthegradientsmoothnessof thecut surface,and
it is similar to the“impregnation”region describedby Weiskopf et al.
in [23] for performingvolumetricclipping. Theblendingmechanism
is depictedin Figure5(a).

Standardmanipulationoperatorscanbe placedanywherewithin the
volume by allowing TB and its boundingvolume VT to align with
an arbitraryaxis plane. The generalmechanismfor performingsuch
alignmentis to transformthecoordinateframeof theoperatorbefore
applyingit to avolume.As aninversewarpingproblem,this is equiv-
alentto applyingtheinversecoordinatetransformationto thesampled
pointsp0, thatis, referringto Eq. (2) wehave:

p = A �
�

TB(A� 1 � p0)
�

(8)

whereA is a 4� 4 af�ne matrix, which is constantfor all the points
in thesampledvolume.Normalscanbeobtainedby concatenatingthe
Jacobiansof theaf�ne transformationswith theJacobianof themanip-
ulationoperator, whichonly requiresa multiplicationby two constant
matrices.Manipulatingoperatorsis supportedby this mechanismfor
arbitraryaxisalignment.

4.2 Surface Alignment

As statedpreviously, for certainmanipulationsaxis alignmentis not
suf�cient. Peelingis onesuchmanipulation,sincegenerallythepeel-
ing operationis appliedto a speci�c surfacelayerof anobject.In this
case,feature-basedalignmentis desired.If featuresarenotsegmented
or preassigned,anapproximationcanbeobtainedby de�ning a mask
basedondistancefrom thesurface.Thiscanbedonewith thedistance
�eld of the volume,after a backgroundsegmentation.Let us de�ne
DT asthe distance�eld storedasa volume. Then,the maskM can
bede�ned suchthatM(p) � 0:5 for DT(p) � t , andM(p) < 0:5, for
DT(p) < t . Heret > 0 is a parameterthat speci�esthedesireddis-
tancefrom surface. For instance,t canbe thoughtof asthe “depth”
of thepeeledsurface,which is to betransformedin orderto revealthe
featureunderneath.

Estimationof the normalsrequiresspecialhandlingof the boundary
aroundthecutsurfacede�ned by DT(p) = t . For a featurepoint (i.e.,
M(p) � 0:5) the gradientof the distance�eld ÑDT , pointsoutwards

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

Ñ�
T (p0) = (1� jb j)ÑT (p0) + bÑDT (p0)

b =

8
><

>:

t � DT(p)
d � 1 t � d < DT(p) < t

t � DT(p)
d + 1 t � DT(p) < t + d

0 otherwise

(9)

b is usedto graduallyblendthenormalof thedistance�eld with the
transformednormal.Notethatit is asymmetricwith respectto t . That
is, for apointwith DT in theinterval [t ; t + d), b rangesfrom 1 down
to 0, but for a point with DT in theinterval (t � d; t ), b takesvalues
from 0 down to � 1. This negative weightingblendsthe transformed
normalÑT andthenormalbetweenthenormalof thedistance�eld in
theoppositedirection.This resultsin correctnormalsat bothsidesof
thebreak.This is illustratedin Figure5(b),andanexampleof surface-
alignedpeelingis shown in 3(b).

4.3 Segment Alignment

Segmentalignmentis obtainedby de�ning M(p) basedon a volume
feature,that typically is determinedthroughsegmentation.It canbe
seenquiteeasilythattheabovetechniquefor surfacealignmentcanbe
extendedto handleanarbitraryvolumetricmaskby replacingDT(p)
directlywith M(p). Normaladjustmentis handledasfollows:

First,we assumethatthegradientof theoriginal volumeis computed
with theaid of thesegmentationinformation,storedasa volumetex-
ture. This correctlyestimatesthe surfacegradientof the featuresof
interest.Further, for theboundarybetweentwo features,thenormals
oneithersidepoint to theoppositedirectionof thoseof theotherside.
This leadsto a problemin texture-basedvolumerendering,sincetri-
linearinterpolationof theseoppositenormalswouldyield anincorrect
zerogradient.To overcomethisproblem,weestimatethegradientsfor
segmenteddatasothatthey alwayspointoutwardsfrom thefeatureof
intereston bothsidesof theboundary. Whencomputingthegradient
volumetextureusing�nite differences,we considerthevaluesof the
neighborsof a voxel as0, if they correspondto a differentsegmentor
anemptyvoxel, or as1 if they correspondto thesegmentof interest.

Finally, we invert the normalsin the non-featuresideof the cut fol-
lowing theblendingmechanismin Section4.2. To de�ne a thick area
wherethis blendingcanbe possible,we assumethat the maskM(p)
de�nesa smoothscalar�eld. Theregion wherewe needto invert the
directionsof thenormalsis de�ned by theisosurfacesM(p) = 0:5 and
M(p) = 0, asshown in Figure5(c). This resultsin thefollowing equa-
tion:

Ñ�
T (p0) = (1� 2g)ÑT (p0)

g =

(
2M(p) 0 < M(p) < 0:5
0 otherwise

(10)
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Fig. 6: Segmentalignment(left) vs. Two-passrenderingon two pre-
segmenteddatasets(middle). Notehow thebonesegmentis properly
classi�ed on the left. The insetson the right highlight the aliasing
effectof thetwo-passrendering(bottom),while thereis nonoticeable
aliasingwith thesegmentalignment(top).

Previousapproachesfor achieving thesameresultsof segmentalign-
mentoftenusepre-segmenteddatasetsandtwo-passrendering,where
thesegmentof interestto bepreserved is rendered�rst, andthenthe
non-featurepartof thevolumeismanipulatedandrenderedafterwards.
However, this approachresultsin aliasedboundaries,becauseof pre-
segmentation,andin incorrectpost-classi�cationof boundaryvoxels.
Figure6 comparesour methodwith this alternative. Note thaton the
left, segmentalignmentproperlyclassi�esthebonevoxels,while the
two-passrendering(middle)givesatint similarto thecolorof theskin.
Ontheright, thetwo insetshighlight thedifferentlevelsof aliasingon
the bonesegment. Although theseproblemscan be addressedwith
pre-smoothingandpre-processingof colormaps,our approachworks
on a singlepassandrequiresno pre-processingof the datasetor the
colormap.

5 GPU IMPLEMENTATION

For real-timemanipulation,a GPU implementationhasbeendevel-
oped. It is basedon texture-basedview-alignedslicevolumerender-
ing [24]. We assumethat the original volumetricobject is storedas
a 3D texture. In traditionalvolumerendering,theview-alignedslices
areusedto samplethe3D textureat regularintervals. In ourapproach,
we samplethe deformedspace,i.e., we will be performinginverse
mapping. The featuremaskM is alsostoredasa 3D texture. There
areanumberof waysof de�ning thetransformationTB of anoperator:
explicitly in thefragmentshader, whichis usuallycomputationallyex-
pensive,or sampledin avolumetricdomainandstoredin a3D texture.
Thelatterinvolvesthepre-computationof thetransformationa priori ,
andstorageon a textureof theresultof theoperation,asdescribedin
[2] or a 3D displacement,asdescribedin [6]. We chose3D displace-
mentsbecauseof its �e xibility andgenerality. The union of all the
operatorsandtheoriginalvolumecreatesV0. This is thenslicedalong
theview direction.As eachslice is rendered,a fragmentis generated
for eachpixel in the image. Thus,eachfragmentgeneratedby ren-
deringa singleslice correspondsto a point in the deformedvolume.
First, thecorrespondingpoint in theundeformedvolumeis foundby
evaluatingEq. (4). Then,the original volumeis sampledto �nd the
voxel densityvalues.In Eq. (4), voxel positionsde�ned as? should
not contribute to compositing,so they arede�ned ashaving opacity
zero.To obtainthecorrectcolorattributes,thenormalsmustbedeter-
mined,by evaluatingEq. (5). Thenormalof eachfragmentrequires
at mostthreegradienttexturesamples:thenormalobtainedfrom the
transformation(ÑT ), as discussedin Section4.1, the normal of the
cut (Ña ), andthenormalof thefeaturemask,dependingon thealign-
ment. Theseareblendedtogetherasshown in Eqs. (7), (9) and(10).
Thegradientscanalsobestoredastexturesto speedupcomputation.

TheGPUmemoryrequirementsfor thisprocessarepredominantlyde-
terminedby theresolutionneededto storethevolumetricdataset(e.g.,
theheaddatasetrequires2563 bytesandits gradientrequires3� 2563

bytes).An additionalrequirementis imposedby thepre-computation
of the manipulationoperators. However, theseare in generalvery
small comparedto the 3D volumedata. Whenresourcesarescarce,
normalscanbecomputedon the �y using�nite differences,not only
for theoriginal dataset,but alsofor thealignmentmaskandtheoper-
atoritself.

5.1 Multiple Manipulations

We have consideredthe caseof a single manipulationappliedto a
volumetricmodel. However, asseenin Figure1(c), it is possibleto
apply several operatorssimultaneouslyto a singledataset.We con-
siderheretwo distinct casesfor introducingmultiple manipulations.
In the�rst case,eachoperatorrepresentsanindependentmanipulation
on thedataset,andtheresultof onedoesnotaffect theother. We treat
eachoperatorasits own proxy geometry, andtheoriginal datasetasa
“background”proxygeometry. Whenrenderingthescene,thebound-
ing box for eachoperatoris sampledindependentlywith theappropri-
atemanipulationparameters.Finally, thesceneis composedwith the
slicesresultingfrom all the interveningoperators.However, overlap-
pingwith thebackgroundvolumemayoccur. A stencilis usedto mask
out theoperatorregionssothey arenot renderedtwice. An exampleis
shown in Figure1(c).

Whenmanipulationsoverlap,this caseis morecomplicated,sinceit
requiresusto de�ne analgebraicoperationfor thecombinationof two
operators.Therearea numberof waysto dealwith this situation.For
example,if thedatasetis segmented,each“segment”(i.e.,skinvs. or-
gans)is slicedindependently, andthe resultingslicesarecomposited
into asingleimage.Thiscanbeseenin Figure10(d)wheretheretrac-
tor operatoris usedto opentheskin of thefrog, while a plier operator
is usedto pokeandpull theinternalorgans.Anotherwayis to savethe
intermediatevolumeinto a new datasetandusedthesavedvolumeto
applyotheroperations.Theseapproachesareunderinvestigation.

6 APPLICATIONS

One of the applicationsof feature-alignedvolume manipulationis
medicaland biological illustrations. In Figure 1(b), an illustration
from handsurgery is shown. Figure 1(a) demonstratesa retraction
operatoronaCT handmimicking thesametypeof cut. Figure1(d) is
an imagefrom the illustration of humananatomyby Antonio Scran-
toni andPaoloMascagni,dated1833(NLM). Interestingly, this image
is very similar to contemporaryexhibitionssuchasBodyWorlds [22]
and Bodies,The Exhibition [9] which portray dissectionsof actual
bodies. Figure1(c) shows a similar type of operationappliedto the
VisibleMandataset.Thedatasetwas�rst posedusing[10] to position
thearmupright.Fivepeeloperatorswerethenappliedto botharms.

Figure7 shows a volumemanipulationsimilar to illustrationsof fore-
foot surgery using the retractoroperator. Figures7(a) and(b) show
theresultof surface-alignedmanipulation,for adistanceparameterof
t = 0:08andt = 0:026,respectively (t = 0 correspondsto thesurface
of thedataset).Figure7(c)showstheresultof segment-alignedmanip-
ulation to obtaina bettervisualizationof thebonetissue.7(d) shows
a close-upview of anothercut, whereit is possibleto seedifferent
featuresby applyingdifferent layer levels. In the upperimage,only
bonesarevisible,whereasin thelowerportion,wecanseethevessels
andmuscletissuebelow theskin. Figure8 showsthedilationoperator
appliedto a colon dataset.This is an af�ne alignmentalonga por-
tion of thecolon. Theboundingbox of theoperator, is shown, sotoo
partof theboundingbox of theoriginal volumeV. Figure9(a)shows
a retractionaroundthe torsowhich movestissueandrevealsinternal
organs. In Figure9(b) the plier operatorpushesan occludingartery
to reveal thespine.Figure10 shows anapplicationof feature-aligned
manipulation,wherea retractoroperatoris appliedto the segmented
frog dataset.In orderto do this, we de�ne themanipulationmaskas
the skin and muscles,so the internal organsremainuntransformed.
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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: Performanceresultsfor differentvolumedatasets,with d =
1:0 for thedistancebetweenview alignedslicesof thevolume

Thelastimageshows a plier operatordeformingoneof theorgansin-
sidethefrog. Figure11showsanillustrationof thepeelingof thestag
beetledataset,wherea surfacealignedpeelingis usedto remove only
theouterlayers.Figure12showsapeeledorange.Thepeelis de�ned
usingsurfacealignment.

In additionto illustration-like effects,themanipulationoperatorsalso
improve on clipping and slicing and generatefocus+context visual-
izations. Now slicescanbe arbitrarygeometries,and thereis a fo-
cus+context mechanism(peeling) for keepingthe sliced portion in
view. In Figure3(c) onegetsto seetheundersideof thepeelor skin.
Otherexamplescanbe seenon the accompanying video, andonline
at: http://www.caip.rutgers.edu/˜cdcorrea/feature .

7 PERFORMANCE EVALUATION

Sincewe follow a slicing approachto renderour scenes,rendering
performanceis mainly in�uencedby thefragmentshadercapabilities
of the graphicsboard. The renderingspeedis affectedby a number
of factors,including: samplingdistanceof theslices,resolutionof the
object,viewport size,andthenumberandthe relative sizeof theop-
eratorswith respectto thevolume.We implementedthemanipulation
operatorswithin aninteractiveprogramwhichallowstheuserto rotate
andscaletheobject,to moveor changetheoperator, andto changethe
colormapor lighting parameters.

Our testcon�guration consistsof a PentiumXEON 2.8 GhzPCwith
4096 MB RAM, equippedwith a QuadroFX 4400 (512MB). We
testedourapproachonanumberof datasets,rangingin sizefrom 1283

to 2563, in a 512� 512viewport. Table1 shows theresultsobtained
with our testdatasetsfor the differentalignmentcasesanda slicing
distanceof 1:0. For higherqualityrendering,adistanceof d = 0:5 can
beused. In this case,the renderingratewasfound to beexactly one
half of theratewith d = 1:0.

8 CONCLUSIONS

Wepresentedageneralmechanismfor interactivemanipulationof vol-
umetricmodels,whichenablesthecreationof illustrativevisualization
with complex deformationinvolving cuts,dissectionsandotherforms
of manipulations.We describeda new approachthat allows the ma-
nipulation operatorsto be alignedto the featuresof interest. With
both surfaceand segment-basedfeatures,more complex manipula-
tion effects can be realized,representinga further generalizationof
thetraditionalaxis-orientedvolumemanipulationtechnique.We pre-
sentedseveral mechanismsfor estimatingaccuratelythe normalsin
the deformedvolumespaceanddescribeda feature-sensitive mech-
anismfor adjustingnormalsin the vicinity of cuts. We provided a
GPU-basedimplementationthat rendersillustrative manipulationin
real time with a quality that is comparablewith that obtainedusing
the non-interactive raycastingmethod. Futureresearchinvolves ef-
�ciently implementingoverlappingmanipulations,investigating user
interfaceandusabilityissues,usingthesetechniquesfor virtual reality

applications,andthe inclusionof otheroperators.Througha number
of examples,inspiredby medicalandbiologicalillustrations,wehave
shown thatthis techniqueprovidesthenecessaryinteractivity andop-
eratability in the processof creatingvariousmanipulationeffects in
illustrativevisualization.
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(a) (b) (c) (d)
Fig. 7: Retractoroperatorappliedto a CT foot dataset.(a-b)Surfacealignmentwith two differentlayerdepths,onerevealingbone,andthe
otherrevealssuper�cial veins.(c) Segmentalignmentshowing bonetissue.(d) Zoomed-insurfacealignedcut.

Fig. 8: Dilation operatorappliedto acolondataset.(a)Withoutdila-
tion (b) With dilation. Boundingareaof dilation is shown. Dilation
worksasa typeof volumetriclens.

Fig. 9: Manipulationoperatorsusedto improve visibility on a CT
dataset.The spreader(a type of retractor)movestissueandreveals
internalorgans.(b) Theplierspushanoccludingarteryto reveal the
spine.Thisworksasa focus+context visualization.

(a) (b) (c) (d)
Fig. 10: (a-c)Retractoroperatorusedto simulatedissectionof a segmentedfrog dataset.(d) A plier operatoris appliedto theinternalorgans,
while simultaneouslyretractingtheskin. Geometricmodelsareembeddedin thesceneto show theplacementof theoperators.

Fig. 11: Surface-alignedpeelingof thestagbeetledataset.Notehow
theinternalfeaturescanbeseenby lifting thewing shells.

Fig. 12: Surface-alignedpeelingof an orange. The internalstruc-
tureof theorangeis clearlyvisiblewithout theneedof segmentation.
Differentplacementof the operatorshows two stagesof an orange
peel


