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Abstract

We introducea novel volumeillustration techniquefor regularly sampledvolumedatasetsThefundamentatlif-
ferencebetweenprevious volumeillustration algorithmsand ours is that our resultsare shape-awag, as they
depenchotonly ontherenderingstyles but alsothe shapestyles We proposea new datastructue thatis derived
fromtheinput volumeand consistf a distancevolumeand a sggmentatiornvolume Thedistancevolumeis used
to reconstructa continuouseld aroundthe objectboundary facilitating smoothillustrationsof boundariesand
silhouettes The segmentationvolumeallows us to abstiact or remave distracting details and noise and apply
different renderingstylesto different objectsand components\We also demonstate how to modify the shapeof
illustrated objectsusing a new 2D curve analagy technique This providesan interactive methodfor learning
shapevariationsfrom2D hand-paintedllustrationsby drawingseveral lines.Our experimenton several volume
datasetdemonstate that the proposedappmoacd can achieve visually appealingand shape-awag illustrations.
Thefeedbak frommedicalillustrators is quite encourging.
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1. Motivation

lllustration is a visual representatiorthat is usedto cre-
ate expressie and easy-to-understanidnages.Throughout
history, artistic and scienti ¢ illustrators have developed
mary methodsthat are perceptuallyeffective. In the past
decade,mary techniquesusedin art have beenadopted
in computergraphicsand visualization, denotedas illus-
trative or non-photorealisticendering(NPR) [GGO1]. In
contrastto traditional photorealisticrendering,thesetech-
niguesattemptto exploit artistic abstractiondor express-
ing the prominenceof the objects. Many of them con-
centrateon simulating the appearancesf certain artistic
styles or concepts,including the use of colors, textures,
mediumsand styles. Various approache$ave beenintro-
ducedfor point,line andsurfacedravings[GGO01], cut-avay
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views [CSCO0§, importance-dsien rendering [VKGO04],
ghostedview andexplodedview [BG06 BGKGO06 andin-
ternaltexture synthesiONOI04. By combiningmultiple
techniquesresearchersiave also developedpowerful sys-
temsto achieze complicatedsrolumeillustrationeffects,such
asVolumeShogBGO05.

Fromtheviewpointof computewision, shapéds of funda-
mentalimportancdor thehumanvision systento recognize
anobject. The expressvenesf anillustrationis greatlyin-

uencedby theshapeandshapevariationof theinputmodel.
Traditionalhand-dravn illustrationsmalke full useof shape
andshapevariationfor producingcoherenimagesthat are
capableof enhancindhumanperceptionreducingocclusion,
and expressingdynamicprocedure§ST9(. However, in a
computergeneratediolumeillustration systemwe usually
putemphasi®ntheappearancandpaylittle attentionto the
shapeof theinput volumeitself. Figure 1 (a) shovs a hand-
drawn illustration and Figure 1 (b) and (c) are generated
by existing volumerenderingandillustrationapproachege-
spectvely basedon a CT-acquiredvolumedatasetlt is not
dif cult to nd thatthey presenguitedifferentshapestyles.
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In Figure 1 (b) and (c), mary details,noisy artifacts, dis-
continuitiesand even zipperedartifactsare clearly visible.
Onereasoris thatthevolumedatahasa discreterepresenta-
tion, and holdsnon-smoothshapeinformation.In addition,
acquireddatasetsypically containdistractingnoiseevenaf-
ter careful ltering. Anotherimportantfactis thatthe hand-
drawn illustration is a perception-dsien re-creationof ex-
isting contentsand generallyinvolves a setof shapemod-
i cations andshapestylizations.Allowing shapevariations
is akey componento createexaggeratec@ndexpressie il-
lustrationsThismeanghatfaithfully preservingheoriginal
shapeof themeasurediatasetasmostvolumevisualization
algorithmsdo, is not alwayseffective in termsof volumeil-
lustration.

© (d)

Figure 1: Resultscomparisorfor illustrating a foot. (a) A hand-
drawn illustration; (b) Theresultby a standad volumerendering
algorithm; (c) Theresultby a standad volumeillustration algo-

rithm [SDSO0%; (d) Our resultnot only showssmoothboundaries
andremawesdistracting noises but also mimicsshapestylesof (a)

by performing curve-analgy basedshapedeformationto a foot

datasetPleasenotethe contourdifferencesetweer(c) and (d).

The modi cation of shapds particularlydif cult andin-
volves issuesincluding shaperepresentationshapemod-
elling and shapeprocessing.We may notice that mary
artists [ST9(Q createillustrations with the assistance®f
commercialsoftware, suchas Adobe lllustrator The draw-
ing primitives are representedvith vector graphicstech-
niquesthatareamenable¢o compressin@bjectshapespro-
ducing smoothboundariesand supportingcontinuousde-
formations.In additionto designingand modifying object
shapecommercialillustration softwarealsoallows usersto
changecolor, tone, texture, and even shapestyle in a per
objectway. This is quite differentfrom mostvolumeillus-
tration approachesAlthough currentsolutionsfor volume
illustration can simulate various renderingstyles,a e xi-
ble way for handlingthe shapesf the underlyingdatasets
is not available. Not surprisingly modifying or exaggerat-
ing the objectshapewould be highly expectedfor moreex-
pressve effects and betterunderstandingThis goal, how-
ever, canhardly be achieved by solely emplgying a multi-

dimensionaltransfer function design, which is basically
location-independenand applied in a pervoxel manner
Thoughothervisibility-guided algorithmssuchascut-avay,
ghostedview andexplodedview provide insightful obsera-
tionsto thevolumedata,mostof themstill neglecttheshape
factorof theillustratedobjects.

In this paperwe proposedo improve theexpressienesof
volumeillustration by focusingmoreon shapej.e., we ex-
pecttheillustrationto be createdn a shape-ware manner
Our approachcombinesmary well-establishedechniques
of shaperepresentationshapedeformationand volumeil-
lustration.Our primary contritution is a new shape-aare
volumerepresentationyhichis composeaf adistancevol-
umeanda seggmentationvolume.Basically thesetwo parts
accounfor theillustrative shapesmoothnesandconteniab-
straction respectrely. This representationequiresusto di-
vide the input volumeinto multiple segmentsandillustrate
eachsggmentasa singleunit. Here,a sgmentmay be se-
lected, scaled,deformedor even removed, facilitating the
creationof a senseof 2D designsuchas assigninga con-
stantcolor to a particularsegment.To ef ciently mimic the
shapestylesand shapemodi cations from 2D hand-dran
illustrations,we introducea curve analogybasedshapede-
formation technique.The nal expressve illustration with
enhancedhapesenseis createdby applying an integrated
illustration equationthat supportsselectve incorporationof
several visual enhancementand illustrative style pro les.
Figurel (d) shavs oneof our resultsby deformingtheinput
modelto simulatethe shapeof Figurel (a).

The restof this paperis organizedasfollows. Section2
givesabriefreview of relatedwork. We outlinetheapproach
in Section3. We thenpresentanexample-baseghapemod-

i cation techniquein Section4. The shape-ware volume
representatiotis describedn Section5. Section6 explains
how to illustrate the new datain a hardware-accelerated
framavork. Experimentafesultsaregivenin Section?. Fi-
nally, we draw conclusionsandhighlight futuredirections.

2. RelatedWork

Volume illustration. The basicgoal of volumeillustration
is to enhancehe structuralperceptionof acquireddatasets
through the ampli cation of featuresand the addition of
artistic effects. By concentratingon generalillustrationsof
volumedatasetd:bertetal. [ER0Z incorporatedNPRtech-
niquesinto volumerenderingfor enhancingmportantfea-
tures and regions. Owada et al. [ONOI04] introduceda
novel techniqueto illustrate the internal structuresby syn-
thesizinga 2D texture on the cutting planesof polygonal
models.Recently researcherproposedseveral hardware-
acceleratedolumeillustration approachegHBHO03, BGO5
SDS05BG0€ which canrendermoderate-sizedatasetsit
interactive frameratesandachieve high-qualityresults.

Shape Representation and Processing Representing

¢ TheEurographicfssociationandBlackwell Publishing2007.
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shapewith aboundaryform includesfree-formsurface,im-
plicit surface, point-basedsurface and polygonal models.
Dueto the e xibility andGPU-compatibility modelingand
processingriangularmeshedave attractedthe mostatten-
tion, suchasmeshediting[SLCo 05, Itering [JDDO3, re-
pairing [Ju04 andsimpli cation [ZGO02Z. In termsof mesh
deformation,several sketch-basedneshdeformationtech-
nigueshave beenproposed,ncluding [KG05, NSACO05
ZHS 05]. Our curve analogy baseddeformationaproach
follows the techniqueintroducedin [ZHS 05]. The main
researchissuesbasedon volumetric representatioinclude
segmentatiorandregistration[ Yoo04, Itering [Whi0Q], vi-
sualizatiorandillustration[ER0Z, anddeformatiorandma-
nipulation[CCI 05]. Our shape-warerepresentatioseeks
to utilize the advantagesof both representationshetween
which the iso-surfice extraction [LC87] and distance eld
computatiorfJBS0§ build atransformingbridge.

Volumetric Manipulation. Many GPU-basedvolume
deformation techniquescan be seen from [RSSSGO],
[WRSO0]. To createillustrative visualizationsthroughin-
teractve manipulation of volumetric models, Correa et
al. [CSCO0§ describeda feature-alignedsolume deforma-
tion technique.lts main limitation lies in that only a set
of pre-determinednd regular deformationsare supported.
The VolumeShopsystem[BGO05 introducesa direct multi-
object volume visualizationmethodthat allows control of
the appearanceof interpenetratingobjects through two-
dimensionaltransferfunctions.It alsoincorporateseveral
illustrative techniquesuchascutavays,ghostingandselec-
tive deformation For moredetailson volumemanipulation,
pleasereferto [CCI 05]. Notethat,all thesemethodscon-
centrateon the interactionandrenderingaspectof volume
deformationandlack a way to produceeffective visualiza-
tion by analyzingandlearningshapenformation.

Example-based Modeling and Rendering. Example-
basednodelingandrenderingearnusefulinformationfrom
exampleghatis dif cult to represenandmodel.Within this
eld, two catgoriesareespeciallyof interesto us:example-
basedenderingandtexture synthesisTheformergenerates
new renderingsy simulatingthe appearancstylesof spec-
ied examples.For instance,Hertzmannet al. [HJO 01]
built an interestingimage analogy framewvork. Hamel et
al. [HS99 and Drori et al. [DCOYO03] proposedto gen-
eratenew imagesby extrapolatingmultiple example style
fragments.By transferringthe colors and texture patterns
from 2D picturesor illustrations, Lu et al. [LEOS suc-
cessfullylearnedappearancstylesfor volumeillustration.
As example-basednodelingis concernedthe curve anal-
ogy [HOCSO032 by Hertzmanret al. generalizeshework of
imageanalogy[HJO 01] by transferringthe positionoffset
from one curve to anothercune. Ratherthan directly ex-
tendingthis techniqueto a 3D mesh,Zelinkaetal. [ZG04]
smartlymodi ed theoutline of a surfaceby changingts sil-
houettes.

¢ TheEurographic#ssociationandBlackwell Publishing2007.

3. Overview

Our approachcombinesmary well-establishedechniques
andinvolvesthreemainstagesasshowvn in Figure2.

’Vol ume Segnentalon‘ ’ Surface Extragbn ‘ ’Distanoe Volume Gereration‘

’VolumeBinaization‘ > ’Geome(ric Procss'ng‘ —| ’Shape-aware Revfmulation‘

’ VolumeFiltering ‘ ’Shape Defl:mation‘ ’ Shape-aware llistation ‘

Figure 2: Theblock diagramof our appoad.

We begin with an existing segmentation of the in-
put volume. The sggmentationcan be either done with
semi-automatianethodssuch as snales or level-setalgo-
rithms [Yoo04, or simply approximatedwith threshold-
basedclassi cation. Eachsggmentis transferrednto a bi-
nary volumewhoseboundaryforms the initial shape Typi-
cally thesesegmentsareill-shaped,with zipperedartifacts,
smallholesandcomple topologies(seeFigure3 (a)).

Our next stepis to lter the segmentedvolumesto obtain
smoothyet feature-preservinghapesin practice,we em-
ploy alevel-setbasedvolumedenoisingalgorithm[Whi0Q]
whichworksonbinaryvolumesdirectly. We thenextractthe
boundaryof eachbinaryvolumewith theMarchingCubeal-
gorithm[LC87], yieldingasetof polygonalmodels Furthery
we performa setof feature-preservingeometrigprocessing
onthesemodels,jncludingmeshsmoothing[JDD03, mesh
repairing[Ju04 and meshsimpli cation [ZG0Z (seeFig-
ure 3 (b)). With the help of polygonalmodels,we cancon-
venientlydeformeachsegmentseparatelyandsimulatethe
shapevariationsfrom 2D artisticillustrations,as described
in Section?.

o N
~ \/f/"ﬂ \\\\)
(@ (b)

Figure 3: Line-basedllustrationfor two surfacemodelsof thefoot
dataset.(a) The surfaceextractedfrom the initial segmentationis
ill-shaped with zippeedartifactsandsmallholes;(b) Aftervolume
denoisingmeshsmoothingand mestrepairing the surfaceexhibits
more representativeand canonicalshapeswith appropriate level of
detail.

Now we have onepolygonalmodelcorrespondingo each
segment.We thenconstructa shape-earerepresentatioto
encodeall shapanformationneededor illustration.A num-
berof volumeillustrationenhancementsanbeimplemented
in anintegratedmannerbasedon the sggmentatioranddis-
tanceinformation containedin the representationFurther
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we proposea uniquevolumeillustrationequationthatis ca-
pableof mixing differentrenderingeffectsfor onesegment,
includingillustration, constantoloringandsolid texturing.

4. Curve Analogy BasedShapeDeformation

In thecontext of volumeillustration,two typesof shapevari-
ationsmay be consideredThe rst oneis subjectve, i.e.,
different artists may have different respectie understand-
ingsof oneobseredobject,andthusmaycreate2D images
with variousshapestyles.For instance somesharpfeatures
areregardedasimportantand are presered for one artist.
Whereasthesefeaturesmaybesuppressedr evenremoved
by anotherartist. The secondneregardsshapevariationas
an expressve way to depicta changingstatusarisingfrom
deformationor animation.Thoughtherearemary attempts
to achieve automaticor semi-automatid¢earningof theren-
deringstyles,it is still dif cult to directlytransfershapdrom
2D illustrations.Meantime,existing surfacemodelingsoft-
waretypically requiresskill andexperienceo createspeci ¢
shapestyles.Evenfor skilled artists,directly editingthe 3D
modelsis nontriial.

Our approach is based on the recent work on
mesh deformation using the volumetric graph Laplacian
(VGL) [ZHS 05). VGL representsolumetricdetailsasthe
differencebetweeneachpoint andthe averageof its neigh-
boring pointsin a graph,andinheritsthe power of gradient
domainbasednesheditingtechnique$SLCo 05,YZX 04].
Oneof its interestingfeaturess thatit allows usersto create
visually pleasingsurfacedeformatiorby manipulatinga 2D
cunve projectedfrom a selecteccurve on the surface.How-
ever, this methodposesseveral limitations on the input sur
face.First, it demandsa parameterization the input sur
face Meanwhile theinputsurfaceshouldbenon-degenerate
and have simpletopology Further solving a sparselinear
systemfor gradient-domairbasedshapedeformationlimits
thefacenumberof theinput surface.Our solutionis to rst
generatea well-shapedproxy surfaceby performingmesh
repairingandsimpli cation ontheinputsurface.The proxy
surfaceis thendeformedwith a curve-analogybasedtech-
nigue(Sectiord.2and4.3). Thereaftershapedeformatiorof
the proxy geometryis transferredo the input surfacebased
on meanvaluecoordinatesasdescribecdelow.

4.1. Mean Value Coordinates

For a closedtriangular mesh,meanvalue coordinatesare
continuouseverywhereandreproducdinearfunctiononthe
interior of the mesh.This linear precisionpropertycanbe
usedto interactvely deforma modelwith a control mesh.
For more details, pleasereferto [JSWO0§. In our casewe
rst simplify the model Mg of a segment,yielding a con-
trol triangularmeshM1. We computethe meanvalue coor
dinatesof eachvertex of Mg associategvith M1. After M1 is
deformedasdescribedater, Mg is changedy applyingthe
computedneanvaluecoordinateso the deformedM;.

This schemecanbeappliedto themodelof eachsegment
individually. We canalsoperformdeformatiorononemodel
andtransferits deformationto othermodels.The deforma-
tion transferis alsoful lled with the helpof meanvalueco-
ordinatesFor instancefor the foot datasetywe only modify
the skin modelwith the curve-analogytechniqueandtrans-
fer its deformatiorto thebonemodel.

4.2. Curve-basedShapeDeformation

The basic pipeline follows the method proposed
in [ZHS 05]. Supposewe have a 3D meshM; and a

2D illustration. The goal is to modify the shapeof M1

to achieve a similar look of the 2D illustration. With a

2D curve-baseddeformationsystem,the user speci es a

piece-wiselinear curve C; on M1 and projectsit onto one

plane which is mostly coincided to the 2D illustration.

The userthendraws anotherpiece-wiselinear curve Cy on

the 2D illustration. After deformingC; by meansof curve

analogyto Co, C; is projectedbackto 3D spaceandis used
to drive the deformationof M1 with the gradient-domain
basedneshdeformationtechniqug ZHS 05].

4.3, Differential Curve Deformation

For Cy andCy, we rst build their Laplacianrepresentations.
ThelLaplaciancoordinates (v;) of eachvertex v; arede ned
asthedifferencebetweenv; andthe averageof its neighbor
ing verticeson thecurve:

L(vi)=vi (Vi 1+ Vi+1)=2 (1)

TheLaplaciancoordinatesepreseniocal shapalescriptions
and encodelocal shapedetails. Similar to Laplacianmesh
editing[SLCo 05], we formulatethe shapdransferfrom Cy
to C; asthetransferof the LaplaciancoordinatesThe new
verticesy; (i = 0;1;2:::) of C; are solved by optimizing a
globalvariationalproblem:

mn( & L) LWit+ v v @

uiZCO;vi 2C, C

Here,C, is a subsetof C; andconsistsof verticesthatare
to be x edduring curve deformationy; is the jth vertex of
C;. | is anadjustableparameteto balancethe strengthof
two itemsof Equation2.

In orderto solve Equation2, we needto rst alignCq and
C; with asetof scaling,translationandrotationtransforma-
tions.Both curvesarethenre-sampledvith anarc-lengttpa-
rameterizatioomethodto matchtheir verticeswith identical
vertex numbersWe solve Equation2 with a standardcon-
jugate gradientalgorithm. The deformedC; capturedocal
shapdeaturesandglobalshapednformationof Cy, asshavn
in Figure4.

4.4. The Whole Pipeline

In summarythewhole algorithmis thefollowing:

¢ TheEurographicfssociationandBlackwell Publishing2007.
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\

(e)

Figure 4: lllustration of curve analogy basedshapedeformation
for the bunnydataset.(a) TheprojectedcurveCs; (b) Aligning Cy
with the 2D curveCy; (c) DeformingC; by Laplacianbasedcurve
analogy algorithm; (d) TheinputmodelM;; (e) The2D image and
the speci ed2D curveCy; (f) DeformingM; with thedeformedC; .

1: For amodelMg, generate simpli ed modelMj.

2: Generateghe meanvaluecoordinatedor eachvertex of
Mg associatedvith M.

. SpecifyacurveC; in M1 andprojectit to the 2D plane.

. Draw acuneCy in the 2D illustration.

: DeformC; asdescribedn Sectior4.3.

: DeformMq with thedeformedC; by the meshdeforma-
tion algorithm.

7: Deform Mg by applyingthe mean-alue coordinatego

thedeformedM;.

[o2 61 I N OV)

5. Shape-awae Volume Representation

Our new representatioiis a combinationof a distancevol-

umeanda segmentationvolume: eachvoxel recordsa dis-

tancevalueanda segmentatioridenti cation. The segmen-
tationvolumegivesuserddirectcontrolover the shapesize,
andvisibility. Thedistancevolumeplaysthesamerole asthat
of thedensityvolumein standard/olumerendering For the

sale of illumination, a gradientvolumecanbe computedy

applyingthe gradientoperatorto the distancevolume.Fig-

ure5 (a) and(b) respectiely depictoneslice of thedistance
and seggmentationvolumesfor the foot datasetTheir com-

positionis illustratedin Figure5 (c).

5.1. Generating The DistanceVolume

For a polygonal model G, its signed distance func-
tion [JBS0§ is de ned asa functionthatcomputeshe dis-
tancefrom a pointp to theclosestpointin G:

dist(p) = sgr(p) inf (jx pj) ®)

Here, sgn(p) denoteswhetherp is inside or outsidethe
spaceS embeddedy G:

¢ TheEurographic#ssociationandBlackwell Publishing2007.

(b)

Figure5: (a) Onesliceof thedistancevolume;(b) Oneslice of the
segmentationvolume;(c) Thecompositiorof (a) and (b).

_ 1, ifp2s
sgr(p) = 1;  otherwise. )

The signeddistanceunction of a givensurfaceis contin-
uouseverywhere A brute-forcemethodfor computingthe
distancevolumeatagivenresolutionis to loop througheach
voxel andcomputeits minimumdistanceo G.

To generat@norientation-consistemtistancesolume,we
needto obtainthe sign of eachvoxel. Similar to the method
proposedn [Ju04, we rst constructinauxiliary octreegrid
for the input model. The depthof the octreegrid is iden-
tical to the resolutionof the intendeddistancevolume. All
edgesof the octreegrid that intersectthe input model are
marked.We thencomputeacorrectsignfor eachoctreegrid,
sothateachintersectioredgeexhibits a signchange Subse-
guently we computethe distancevaluefor eachoctreegrid.
Thedensesamplingof theoctreegrid aroundtheboundaries
ensureghe correctnessf the computedvalues.Finally, we
corverttheoctreegrid into auniformly sampled/olume.For
the sale of hardware-acceleratioin therenderingstagethe
distancevalueis encodedasanunsignednteger.

We integrateall polygonalmodelsinto a single model,
for which the neededdistancevolume is constructedFor
the purposeof generatinghe sggmentationvolume,we ad-
ditionally constructa distancevolume for eachindividual
model.

5.2. Generating The SegmentationvVolume

The intendedsegmentationvolume assignseachvoxel an
identi cation, which consecutiely enumeratestartingfrom

one.Theunclassi edregion is denotedby the numberzero.
Becausehe shapef the initial sggmentshave beenmod-
i ed, we needto derive a new segmentationto conformto

their new shapesln practice we constructhe sggmentation
volumeby usingthedistancesolumesof all sgmentednod-
els.Eachvoxel of the sggmentatiorvolumeis rst initilized

aszero.For eachdistancevolumeof theith model,we check
the signof eachvoxel. If it is negative, we assignthe corre-
spondingvoxel in thesggmentatiorvolumeanidenti cation

i

One attractve featureof the distancevolume is that it
canderive an offset volumealongthe surfaceboundaryby
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choosingall pointssatisfyingdist(p) t, wheret is agiven
offsetthreshold The generatedffsetvolumeis usefulto il-

lustratethe objectboundary Additionally, we may build a
thin offsetvolumefrom eachdistancevolume,doublingthe
numberof the sgmentationvolumes.For example,the foot
datasets classi edinto four componentsskin,muscle pone
boundaryandbone(respectiely shavn in red, blue, green
andyellow in Figure5 (c)).

5.3. Bene ts of The New Representation

Although the proposedvolume representations formally
simple,it doesenableseveral new featuresandadwantages.
Comparedo a standardscalarvolumewhich measureshe
physical propertiesin 3D space,our representatioigives a
novel explanationto the dataandyields a direct expression
of theshapeExplicitly separatinglistinctregionswith seg-
mentationcansuppresshe structureshatoccludethe most
prominentinformationandinduceashape-aaredescription
to the sceneimplied in the resultingillustration. Our repre-
sentationis differentfrom the normalsegmentatiorvolume
and can reconstructsmooth boundariesby exploiting the
shapeinformation storedin the distancevolume.Note that
noise-freeboundariesare of essentialimportancein most
artistic illustrations.On the other hand,solely using a dis-
tancevolumewould alsolack a senseof the shapebecause
it doesnot have the capabilityto distinguishindividual ob-
jects.The sgmentationvolumealleviatesthis limitation. In
otherwords,the distancevolumeandsegmentatiorvolume
arecomplementarhalvesof the proposedepresentation.

6. Shape-Avare lllustration

The nenv volume representationand shape deformation
schemeamale it possibleto achiere two goals.First,we have
an appropriatemechanismfor applying various rendering
stylesto differentregionsof interest.Secondwe areableto
mimic artisticstylesfor objectboundariesasthesilhouettes,
contoursor boundariegplay prominentrolesin hand-dravn
illustrations.

6.1. The Rendering Pipeline

Renderinga shape-aare volume canbe built into ary pre-
vious volume renderingor illustration system.Our imple-
mentationis built upon the IVIS volume illustration sys-
tem [SDS03, whosekernelis a 3D texture-slicing algo-
rithm. For the sale of hardware-accelerationthe shape-
awarevolumeis encodedn two volumetextures.Onevol-
ume storesthe distancevalue, the sggmentationidenti ca-
tion and distance- eld-basedyradientmagnitudein three
color componentf eachtexel. The distance- eld-based
gradientvectorsusedfor shadingarepacledin anothemgra-
dientvolume.In thisway, theraw valuesof theinputvolume
arereplacedwith the distancevalues,which conformto the
contouringshapesaroundtheboundaries.

For eachfragmentfrom texture slicing, we queryits dis-
tancevalue,sggmentationidenti cation and gradientinfor-
mation from two volume textures.Basedon thesevalues,
a setof illustrative enhancementare performedsimultane-
ously andare combinedwith one fragmentshaderWe de-
signanintegratedillustrationequationSection6.2)to allow
for interactive adjustmenbf the strengthof eachenhance-
ment. For ef ciency, all neededcoefcients andlookupta-
blesarestoredin a 2D texture,which is indexed by the seg-
mentatioridenti cation. Becausehesegmentatiorinforma-
tion is inherently discreteand non-smoothdirect interpo-
lation of the sggmentationidenti cation would leadto un-
pleasantliasing.To addresghis problem,we usea simple
yetef cient interpolationtechnique.

6.2. The Uniform lllustration Equation

We brie y summarizethe enhancemengtylesusedin our
system:

Solid Texturing. An importanttechniquewidely usedin
illustration is to depictthe internal structuresand appear
ancewith texture patternsRatherthansynthesizing?D tex-
turesalongthe cutting planesONOI04], we apply a setof
non-periodicsolidtexturesinto selectedegions.Thesesolid
textures can be either procedurallysynthesized EMP 94]
or constructedy transferringthe color andtexture patterns
from 2D illustrations[LEO5].

Color Shading With the sggmentationinformation,one
simple way to abstractunnecessaryletailsis to illustrate
one chosensegmentwith a constantcolor. To further con-
vey shapeandpositionin anartisticway, we adopttwo tech-
niquesThe rst onegraduallydimsthecolorwhenthedepth
value of the sampleincreasesby blendingthe color with a
given backgroundcolor. The secondoneis known astone
shading,which modi es the color with a warmnessoef-
cient. It resultsin a warm color whenthe sampleorientsto
the light sourcewhile givesa coolercolor for sampleghat
facebackwardto thelight source.

Opacity Modulation. Besides the traditional two-
dimensionaltransferfunction design,our systemsupports
two additionalenhancemenstylesto highlight the bound-
ariesandsilhouettesThe rst onesimplyincreasesheopac-
ity proportionako thegradientmagnitudeA powerfunction
similar to that of the specularhighlight coefcient is used
to exaggerateahe high-gradientegions[ER0J. Thesecond
oneis a view-dependentechniquethat controlsthe opacity
with the angle betweenthe viewing direction and the sur
faceorientationof thesamplelt yieldsastrongeffectonthe
silhouettesand henceprovidesa highlightedcuefor object
orientation.

By consideringthe in uences from multiple rendering
styles,we proposethefollowing illustrationequation:

lfinat = 11 lilum* 12 lcoloring* 13 Isolidtex  (5)

¢ TheEurographicfssociationandBlackwell Publishing2007.
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Here, l;jjum denoteghe computedcolor by meansof tradi-
tional gradient-modulatedolume shadingor othervolume
illustrationtechniqueslcoioring denoteshemodulatedesult
by emplgying toneshadinganddistancecolor blendingwith
constantcolors. lggjigtex IS the sampledcolor from a pre-
computedsolid texture. All the threeitemsarerepresented
with an RGBA color. The parameters (i = 1;2;3) areset
to bein [0.0,1.0]to balancethe weightsof differentitems
andareadjustabldor eachindividual sggment.

Although samplingthe distancevaluescanreconstructa
continuouseld asusual,processinghe sggmentatioriden-
ti cation needsspecialcaresIn ourapproachapplyingdif-
ferentrenderingstylesis performedn apersegmentfashion
andrequiresusto determineghe segmentatioridenti cation
for eachindividualfragmenton-the- y. Becaus¢hesggment
informationis discontinuousi.e., two neighboringsamples
may have distinctive identi cations, directly using nearest,
linearor tri-linear interpolationwill leadto substantiabrti-
facts,ashave beennoticedin [TSH9g [HBHO03]. Our solu-
tion is to directly interpolatethe computeccolors(in RGBA
space)on the eight nearestvoxel centerslt yields the best
results but takesabouteighttimesthe computationatost.

7. Experimental Results

We have implementedhe proposedapproacton a PC with
anintel 3.2 GHZ CPU, 1.5G RAM andnVidia QuadroFX
3400 video card. The shadersare written in the Cg shad-
ing language[NVI107]. Table 1 lists the con guration and
the runningtime for ve volume datasetsAll datasetsare
segmentedmanuallyor with 3D snale algorithms.The pre-
proces®f eachdatasetonsistof threestepgFigure?2). For
the sale of simplicity, we denotethemasl, Il andlll respec-
tively in Table 1. In the secondstep,the usertime spenton
the curve analogybasedshapedeformationtakes about10
minutesfor eachmodel.We do not includeit in our statis-
tics. Therenderingperformancén FPSis reportedn thelast
columnof Table1. A non-optimized3D texture-slicingal-
gorithm[SDSO0§ is emplo/edasthebasicvolumerendering
engineandtheslicing numberfor eachdatasets 1000.The
resolutionof theframebuffer is setto be480 480.Because
a set of branchingoperationsare neededin the fragment
shaderto handlesituationsof differentseggmentationiden-
ti cations, the renderingefciency is not only determined
by the slicing number but alsoproportionalto the segment
number

We sggmentthe foot datasetinto four partswith a 3D
shale basedsegmentationalgorithm.Figure 1 (d) and Fig-
ure 6 (a-d) depict ve shape-wareillustration resultswith
variousrenderingpro les. For instance,a solid texture is
usedfor thebonepartin Figure6 (a).In Figure6 (b) and(c),
the color shadingand opacity-basednodulationrendering
stylesareadoptedseparatelyWith the curve analogyshape
deformationapproachthe resultshavn in Figure 1 (d) is
moresimilar to Figurel (a) in termsof shapethanFigurel

¢ TheEurographicfssociationandBlackwell Publishing2007.

(c), thatis generatedvith a standardsolumeillustrational-
gorithm. Another shapetransferexampleis shavn in Fig-
ure 6 (d), which simulatesthe global shapeinformation of
theintended2D illustration.

The handdatasetis manually classi ed into four parts:
skin,muscle poneandvesselBy addinganoffsetto thedis-
tancevolumesof theboneandvessebarts thetotal segment
numbelis 6. Notethat,it is very dif cult to visualizetheves-
selregion by designinga two-dimensionatransferfunction
to theinitial volumedata,asshovn in Figure7 (a). Mean-
while, solelyusingthesegmentationvolumeleadsto discon-
tinuitiesanddistractingnoisearoundthevessetegions(Fig-
ure7 (b)). Our approactovercomesoth problemswith our
shape-aarerepresentatioFigure 7 (c-d)). Speci cally, to
emphasizehe vesselwe slightly enlage the vesselby off-
settingthe correspondingegmentation/olumebasednthe
distancevolume.

Figure 8 (a) and Figure 8 (b) shav two resultsfor the
bunry datasetEachof thememplgys arespectre solid tex-
ture generatedvith the approactof [LEQS), toillustratethe
interior of the bunry. Figure8 (b) is generatedy meansof
our shapedeformationtechniquewith the silhouettecurve
shavn in Figure 4. In Figure 8 (c) and (d), we compare
our resultto thatof a standardzolumeillustrationalgorithm
for thekidney datasetlt is apparenthatour resultexhibits
smoothandclearboundarieswithout noiseandartifacts.

In our lastexperimentwe illustratean MRI braindataset
which containseight objects. Due to the nosiy property
of MRI datasetsyve can hardly visualizethe structuresof
the individual objects using traditional volume rendering
algorithm (Figure 8 (f)). With the shape-ware illustration
approach the internal structuresof eachobject and their
boundariearesmoothlyandclearly depictedFigure8 (e)).

We have sentour resultsto a medicalillustrator and his
feedbackis quite encouragingThe transfersof illustrative
shapestylespresentedh the bunny andfoot examplesareof
greatinterestgo him. It is worthy mentioningthatmary of
our resultscannot be achiezed with a genericskeletonized
polygonalrepresentatiorsuchasthe bunrny andfoot exam-
ples.

8. Conclusionsand Futur e Work

Theshape-wareillustrationtechniqueproposedn this pa-
per createa new approachto dataunderstandingnd pro-
videsan opportunityto freely designvisually pleasingand
meaningful illustrations. Overall, our approachimproves
upon previous methodsin threeaspectsFirst, we derive a
new volumerepresentatiothatallows for applyingvarious
renderingand shapestyleson distinct sgmentswhile pre-
servingsmoothtransitionsalongthe boundarieof the seg-
ments We alsointroduceaninteractive line-basedshapede-
formationtechniquethatenableshaperansferfrom 2D il-

lustrations This facilitatesbetterdeformationeffectsby ex-
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Data #input Bits #Output #S@ments | Il 1 FPS
MRI Brain 78 110 64 16 | 128 128 128 8 2.0seconds| 5.0seconds| 480seconds| 2.5
Kidney 256 256 64 8 | 256 256 64 2 1.2seconds| 2.0seconds| 110seconds| 12.0
Bunry 512 512 361 16 | 256 256 256 2 1.2seconds| 2.0seconds| 620seconds| 2.0
Foot 256 256 256 8 | 256 256 256 4 2.0seconds| 3.0seconds| 750seconds| 3.0
Hand 256 128 256 16 | 256 128 256 6 2.0seconds| 5.0seconds| 680seconds| 6.0

Table 1: Thecon gurationandrunningtimesfor ve examples.

ploiting thepolygonalrepresentatioasanintermediateran-
sition. Finally, we proposea nenv mixing illustration equa-
tion thatsupportsef cient selectve incorporationof several
visualenhancementndillustrative style pro les. The pro-
posedtechniquescould be integratedinto a volume illus-
tration systemto enhancehe creationcapability of artists.
Comparedwith polygonalrepresentationour shape-ware
representatioallows moreef cient illustrationof thedefor
mation of solid spacewhich is intractableby solely using
polygonalmodelsor volumedatasets.

Currently our curve-basedshapeanalogytechniquecan
only performlimited global shapetransferand shapevari-
ation. We plan to explore how to efciently represenaand
learn intrinsic artistic shapestyles from hand-dravn im-
ages.Becausecomputingthe distancevolume contritutes
the mosttime consumptiorin our approachye planto op-
timize the currentsolution. We also plan to integrate in-
teractve 3D volume segmentationand manipulationalgo-
rithms into the shape-aare scheme.This systemwill of-
fer moreinteractvity and e xibility. We arealsointerested
in deformation-dsrenvolumeillustrationof dynamicscenes
in image-spacandmodel-basedolumeillustrationfor spe-
cial objects.We believe thatwe have only begun exploring
the potentialof shape-aareillustration.
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(a) (b) (c) (d)
Figure 6: Resultsfor the foot datasetwith different renderingand shapestyles.(a) Theresultwith the solid texturing style; (b) Theresult
with the color shadingstyle; (c) Theresultwith the opacitymodulationstyle; (d) Theresultwith the curveanalogy basedshapedeformationto
mimictheshapeof a 2D illustration.

() (b) (c) (d)

Figure 7: Resultscomparisongor the handdataset(a) Theresultfor theinitial input volumewith a standad volumerenderingalgorithm.
Becausehe segmentatiorinformationis not available it is dif cult to illustratethe vesseby meanf transferfunctiondesign;(b) Theresult
basedon the unsmoothedementationvolume Many distracting details for the vesselare clearly visible (c-d) Our resultsbasedon the
shape-awag representationTo emphasiz¢hevesselwe enlamge the vesseby addingan offsetbasedon the distancevolume

@) I

(b) | (e) ®
Figure 8: (a) Our resultfor the bunnydataset;(b) Our resultwith the curveanalogy basedshapedeformationfor the bunnydataset;(c) Our
resultfor the kidney dataset;(d) Theresultwith a standad volumeillustration algorithm for the kidney dataset;(e) Our resultfor the MRI
brain dataset;(f) Theresultfor the MRI brain datasetwith a directvolumerenderingalgorithm.
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