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Abstract
We introducea novel volumeillustration techniquefor regularly sampledvolumedatasets.Thefundamentaldif-
ferencebetweenpreviousvolumeillustration algorithmsand ours is that our resultsare shape-aware, as they
dependnotonlyon therenderingstyles,but alsotheshapestyles.Weproposea new datastructure that is derived
fromtheinput volumeandconsistsof a distancevolumeanda segmentationvolume. Thedistancevolumeis used
to reconstructa continuous�eld aroundtheobjectboundary, facilitating smoothillustrationsof boundariesand
silhouettes.Thesegmentationvolumeallows us to abstract or remove distracting detailsand noise, and apply
different renderingstylesto different objectsand components.We also demonstrate how to modifythe shapeof
illustrated objectsusing a new 2D curve analogy technique. This providesan interactive methodfor learning
shapevariationsfrom2D hand-paintedillustrationsbydrawingseveral lines.Our experimentsonseveral volume
datasetsdemonstrate that theproposedapproach canachievevisuallyappealingandshape-aware illustrations.
Thefeedback frommedicalillustrators is quiteencouraging.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.7[ComputerGraphics]:Three-Dimensionalgraph-
icsandrealismI.3.5 [ComputerGraphics]:Curve,surface,solid,andobjectrepresentations

1. Moti vation

Illustration is a visual representationthat is usedto cre-
ateexpressive andeasy-to-understandimages.Throughout
history, artistic and scienti�c illustrators have developed
many methodsthat are perceptuallyeffective. In the past
decade,many techniquesused in art have been adopted
in computergraphicsand visualization,denotedas illus-
trative or non-photorealisticrendering(NPR) [GG01]. In
contrastto traditional photorealisticrendering,thesetech-
niquesattemptto exploit artistic abstractionsfor express-
ing the prominenceof the objects. Many of them con-
centrateon simulating the appearancesof certain artistic
styles or concepts,including the use of colors, textures,
mediumsand styles.Variousapproacheshave beenintro-
ducedfor point,line andsurfacedrawings[GG01],cut-away
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views [CSC06], importance-driven rendering [VKG04],
ghostedview andexplodedview [BG06,BGKG06] andin-
ternal texture synthesis[ONOI04]. By combiningmultiple
techniques,researchershave also developedpowerful sys-
temsto achievecomplicatedvolumeillustrationeffects,such
asVolumeShop[BG05].

Fromtheviewpointof computervision,shapeis of funda-
mentalimportancefor thehumanvisionsystemto recognize
anobject.Theexpressivenessof anillustrationis greatlyin-
�uencedby theshapeandshapevariationof theinputmodel.
Traditionalhand-drawn illustrationsmake full useof shape
andshapevariationfor producingcoherentimagesthat are
capableof enhancinghumanperception,reducingocclusion,
andexpressingdynamicprocedures[ST90]. However, in a
computer-generatedvolumeillustration system,we usually
putemphasisontheappearanceandpaylittle attentionto the
shapeof theinput volumeitself. Figure1 (a) shows a hand-
drawn illustration and Figure 1 (b) and (c) are generated
by existingvolumerenderingandillustrationapproachesre-
spectively basedon a CT-acquiredvolumedataset.It is not
dif�cult to �nd thatthey presentquitedifferentshapestyles.
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In Figure 1 (b) and (c), many details,noisy artifacts,dis-
continuitiesandeven zipperedartifactsareclearly visible.
Onereasonis thatthevolumedatahasadiscreterepresenta-
tion, andholdsnon-smoothshapeinformation.In addition,
acquireddatasetstypically containdistractingnoiseevenaf-
ter careful�ltering. Anotherimportantfact is thatthehand-
drawn illustration is a perception-driven re-creationof ex-
isting contentsandgenerallyinvolvesa setof shapemod-
i�cations andshapestylizations.Allowing shapevariations
is a key componentto createexaggeratedandexpressive il-
lustrations.Thismeansthatfaithfully preservingtheoriginal
shapeof themeasureddataset,asmostvolumevisualization
algorithmsdo, is not alwayseffective in termsof volumeil-
lustration.

(c) (d)

(a) (b)

Figure 1: Resultscomparisonfor illustrating a foot. (a) A hand-
drawn illustration; (b) Theresultby a standard volumerendering
algorithm; (c) The result by a standard volumeillustration algo-
rithm [SDS05]; (d) Our resultnot only showssmoothboundaries
andremovesdistractingnoises,but alsomimicsshapestylesof (a)
by performing curve-analogy basedshapedeformationto a foot
dataset.Pleasenotethecontourdifferencesbetween(c) and(d).

Themodi�cation of shapeis particularlydif�cult andin-
volves issuesincluding shaperepresentation,shapemod-
elling and shapeprocessing.We may notice that many
artists [ST90] createillustrations with the assistancesof
commercialsoftware,suchasAdobeIllustrator. The draw-
ing primitives are representedwith vector graphicstech-
niquesthatareamenableto compressingobjectshapes,pro-
ducing smoothboundaries,and supportingcontinuousde-
formations.In addition to designingand modifying object
shape,commercialillustrationsoftwarealsoallows usersto
changecolor, tone, texture, and even shapestyle in a per-
objectway. This is quite differentfrom mostvolumeillus-
tration approaches.Although currentsolutionsfor volume
illustration can simulatevarious renderingstyles,a �e xi-
ble way for handlingthe shapesof the underlyingdatasets
is not available.Not surprisingly, modifying or exaggerat-
ing theobjectshapewould behighly expectedfor moreex-
pressive effects and betterunderstanding.This goal, how-
ever, canhardly be achieved by solely employing a multi-

dimensionaltransfer function design, which is basically
location-independentand applied in a per-voxel manner.
Thoughothervisibility-guidedalgorithmssuchascut-away,
ghostedview andexplodedview provide insightfulobserva-
tionsto thevolumedata,mostof themstill neglecttheshape
factorof theillustratedobjects.

In thispaper, weproposeto improvetheexpressivenessof
volumeillustrationby focusingmoreon shape,i.e., we ex-
pectthe illustration to be createdin a shape-awaremanner.
Our approachcombinesmany well-establishedtechniques
of shaperepresentation,shapedeformationandvolume il-
lustration.Our primary contribution is a new shape-aware
volumerepresentation,which is composedof adistancevol-
umeanda segmentationvolume.Basically, thesetwo parts
accountfor theillustrativeshapesmoothnessandcontentab-
straction,respectively. This representationrequiresusto di-
vide the input volumeinto multiple segmentsandillustrate
eachsegmentasa singleunit. Here,a segmentmay 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
shapestylesandshapemodi�cations from 2D hand-drawn
illustrations,we introducea curve analogybasedshapede-
formation technique.The �nal expressive illustration with
enhancedshapesenseis createdby applyingan integrated
illustrationequationthatsupportsselective incorporationof
several visual enhancementsand illustrative style pro�les.
Figure1 (d) showsoneof our resultsby deformingtheinput
modelto simulatetheshapeof Figure1 (a).

The restof this paperis organizedasfollows. Section2
givesabrief review of relatedwork.Weoutlinetheapproach
in Section3. We thenpresentanexample-basedshapemod-
i�cation techniquein Section4. The shape-aware volume
representationis describedin Section5. Section6 explains
how to illustrate the new data in a hardware-accelerated
framework. Experimentalresultsaregiven in Section7. Fi-
nally, wedraw conclusionsandhighlight futuredirections.

2. RelatedWork

Volume illustration. The basicgoal of volumeillustration
is to enhancethe structuralperceptionof acquireddatasets
through the ampli�cation of featuresand the addition of
artistic effects.By concentratingon generalillustrationsof
volumedatasets,Ebertetal. [ER02] incorporatedNPRtech-
niquesinto volumerenderingfor enhancingimportantfea-
tures and regions. Owada et al. [ONOI04] introduceda
novel techniqueto illustrate the internalstructuresby syn-
thesizinga 2D texture on the cutting planesof polygonal
models.Recently, researchersproposedseveral hardware-
acceleratedvolumeillustrationapproaches[HBH03,BG05,
SDS05,BG06] which canrendermoderate-sizeddatasetsat
interactive frameratesandachievehigh-qualityresults.

Shape Representation and Processing. Representing
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shapewith a boundaryform includesfree-formsurface,im-
plicit surface,point-basedsurface and polygonal models.
Dueto the�e xibility andGPU-compatibility, modelingand
processingtriangularmesheshave attractedthemostatten-
tion, suchasmeshediting[SLCo� 05], �ltering [JDD03],re-
pairing [Ju04]andsimpli�cation [ZG02]. In termsof mesh
deformation,several sketch-basedmeshdeformationtech-
niqueshave beenproposed,including [KG05, NSACO05,
ZHS� 05]. Our curve analogybaseddeformationaproach
follows the techniqueintroducedin [ZHS� 05]. The main
researchissuesbasedon volumetric representationinclude
segmentationandregistration[Yoo04],�ltering [Whi00], vi-
sualizationandillustration[ER02],anddeformationandma-
nipulation[CCI� 05]. Our shape-awarerepresentationseeks
to utilize the advantagesof both representations,between
which the iso-surfaceextraction [LC87] anddistance�eld
computation[JBS06]build a transformingbridge.

Volumetric Manipulation. Many GPU-basedvolume
deformation techniquescan be seen from [RSSSG01],
[WRS01]. To createillustrative visualizationsthrough in-
teractive manipulation of volumetric models, Correa et
al. [CSC06] describeda feature-alignedvolume deforma-
tion technique.Its main limitation lies in that only a set
of pre-determinedandregular deformationsaresupported.
TheVolumeShopsystem[BG05] introducesa directmulti-
object volume visualizationmethodthat allows control of
the appearanceof inter-penetratingobjects through two-
dimensionaltransferfunctions.It also incorporatesseveral
illustrativetechniquessuchascutaways,ghosting,andselec-
tive deformation.For moredetailson volumemanipulation,
pleaserefer to [CCI� 05]. Notethat,all thesemethodscon-
centrateon the interactionandrenderingaspectsof volume
deformation,andlack a way to produceeffective visualiza-
tion by analyzingandlearningshapeinformation.

Example-basedModeling and Rendering. Example-
basedmodelingandrenderinglearnusefulinformationfrom
examplesthatis dif�cult to representandmodel.Within this
�eld, two categoriesareespeciallyof interestto us:example-
basedrenderingandtexturesynthesis.Theformergenerates
new renderingsby simulatingtheappearancestylesof spec-
i�ed examples.For instance,Hertzmannet al. [HJO� 01]
built an interestingimage analogy framework. Hamel et
al. [HS99] and Drori et al. [DCOY03] proposedto gen-
eratenew imagesby extrapolatingmultiple examplestyle
fragments.By transferringthe colors and texture patterns
from 2D pictures or illustrations, Lu et al. [LE05] suc-
cessfullylearnedappearancestylesfor volumeillustration.
As example-basedmodelingis concerned,the curve anal-
ogy [HOCS02]by Hertzmannet al. generalizesthework of
imageanalogy[HJO� 01] by transferringthepositionoffset
from one curve to anothercurve. Ratherthan directly ex-
tendingthis techniqueto a 3D mesh,Zelinkaet al. [ZG04]
smartlymodi�ed theoutlineof asurfaceby changingits sil-
houettes.

3. Overview

Our approachcombinesmany well-establishedtechniques
andinvolvesthreemainstages,asshown in Figure2.

Volume Segmentation

Volume Binarization

Volume Filtering

Surface Extraction

Geometric Processing

Shape Deformation

Shape-aware Reformulation

Shape-aware Illustration

Distance Volume Generation

Figure2: Theblock diagramof our approach.

We begin with an existing segmentation of the in-
put volume. The segmentationcan be either done with
semi-automaticmethodssuchas snakes or level-setalgo-
rithms [Yoo04], or simply approximatedwith threshold-
basedclassi�cation.Eachsegmentis transferredinto a bi-
naryvolumewhoseboundaryformsthe initial shape.Typi-
cally thesesegmentsareill-shaped,with zipperedartifacts,
smallholesandcomplex topologies(seeFigure3 (a)).

Our next stepis to �lter thesegmentedvolumesto obtain
smoothyet feature-preservingshapes.In practice,we em-
ploy a level-setbasedvolumedenoisingalgorithm[Whi00]
whichworksonbinaryvolumesdirectly. Wethenextractthe
boundaryof eachbinaryvolumewith theMarchingCubeal-
gorithm[LC87], yieldingasetof polygonalmodels.Further,
weperformasetof feature-preservinggeometricprocessing
onthesemodels,includingmeshsmoothing[JDD03],mesh
repairing[Ju04] andmeshsimpli�cation [ZG02] (seeFig-
ure3 (b)). With thehelpof polygonalmodels,we cancon-
venientlydeformeachsegmentseparately, andsimulatethe
shapevariationsfrom 2D artistic illustrations,asdescribed
in Section7.

(a) (b)

Figure3: Line-basedillustrationfor twosurfacemodelsof thefoot
dataset.(a) Thesurfaceextractedfrom the initial segmentationis
ill-shaped,with zipperedartifactsandsmallholes;(b) Aftervolume
denoising, meshsmoothingandmeshrepairing, thesurfaceexhibits
more representativeandcanonicalshapeswith appropriatelevel of
detail.

Now wehaveonepolygonalmodelcorrespondingto each
segment.We thenconstructa shape-awarerepresentationto
encodeall shapeinformationneededfor illustration.A num-
berof volumeillustrationenhancementscanbeimplemented
in anintegratedmannerbasedon thesegmentationanddis-
tanceinformation containedin the representation.Further,
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we proposea uniquevolumeillustrationequationthat is ca-
pableof mixing differentrenderingeffectsfor onesegment,
includingillustration,constantcoloringandsolid texturing.

4. CurveAnalogy BasedShapeDeformation

In thecontext of volumeillustration,two typesof shapevari-
ationsmay be considered.The �rst one is subjective, i.e.,
different artistsmay have different respective understand-
ingsof oneobservedobject,andthusmaycreate2D images
with variousshapestyles.For instance,somesharpfeatures
are regardedas importantandarepreserved for oneartist.
Whereas,thesefeaturesmaybesuppressedor evenremoved
by anotherartist.Thesecondoneregardsshapevariationas
an expressive way to depicta changingstatusarisingfrom
deformationor animation.Thoughtherearemany attempts
to achieve automaticor semi-automaticlearningof theren-
deringstyles,it is still dif�cult todirectlytransfershapefrom
2D illustrations.Meantime,existing surfacemodelingsoft-
waretypically requiresskill andexperienceto createspeci�c
shapestyles.Evenfor skilled artists,directly editingthe3D
modelsis nontrivial.

Our approach is based on the recent work on
mesh deformationusing the volumetric graph Laplacian
(VGL) [ZHS� 05]. VGL representsvolumetricdetailsasthe
differencebetweeneachpoint andtheaverageof its neigh-
boringpointsin a graph,andinheritsthepower of gradient
domainbasedmesheditingtechniques[SLCo� 05,YZX � 04].
Oneof its interestingfeaturesis thatit allowsusersto create
visually pleasingsurfacedeformationby manipulatinga 2D
curve projectedfrom a selectedcurve on thesurface.How-
ever, this methodposesseveral limitationson the input sur-
face.First, it demandsa parameterizationon the input sur-
face.Meanwhile,theinputsurfaceshouldbenon-degenerate
and have simple topology. Further, solving a sparselinear
systemfor gradient-domainbasedshapedeformationlimits
thefacenumberof theinput surface.Our solutionis to �rst
generatea well-shapedproxy surfaceby performingmesh
repairingandsimpli�cation on theinput surface.Theproxy
surfaceis thendeformedwith a curve-analogybasedtech-
nique(Section4.2and4.3).Thereafter, shapedeformationof
theproxy geometryis transferredto theinput surfacebased
onmeanvaluecoordinates,asdescribedbelow.

4.1. Mean ValueCoordinates

For a closedtriangularmesh,meanvalue coordinatesare
continuouseverywhereandreproducelinearfunctionon the
interior of the mesh.This linear precisionpropertycanbe
usedto interactively deforma modelwith a control mesh.
For moredetails,pleaserefer to [JSW05].In our case,we
�rst simplify the model M0 of a segment,yielding a con-
trol triangularmeshM1. We computethemeanvaluecoor-
dinatesof eachvertex of M0 associatedwith M1. After M1 is
deformedasdescribedlater, M0 is changedby applyingthe
computedmeanvaluecoordinatesto thedeformedM1.

Thisschemecanbeappliedto themodelof eachsegment
individually. Wecanalsoperformdeformationononemodel
andtransferits deformationto othermodels.The deforma-
tion transferis alsoful�lled with thehelpof meanvalueco-
ordinates.For instance,for thefoot dataset,we only modify
theskin modelwith thecurve-analogytechnique,andtrans-
fer its deformationto thebonemodel.

4.2. Curve-basedShapeDeformation

The basic pipeline follows the method proposed
in [ZHS� 05]. Supposewe have a 3D mesh M1 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 C1 on M1 andprojectsit onto one
plane which is mostly coincided to the 2D illustration.
The userthendraws anotherpiece-wiselinear curve C0 on
the 2D illustration. After deformingC1 by meansof curve
analogyto C0, C1 is projectedbackto 3D spaceandis used
to drive the deformationof M1 with the gradient-domain
basedmeshdeformationtechnique[ZHS� 05].

4.3. Differ ential CurveDeformation

ForC0 andC1, we�rst build theirLaplacianrepresentations.
TheLaplaciancoordinatesL(vi) of eachvertex vi arede�ned
asthedifferencebetweenvi andtheaverageof its neighbor-
ing verticeson thecurve:

L(vi) = vi � (vi� 1 + vi+ 1)=2 (1)

TheLaplaciancoordinatesrepresentlocalshapedescriptions
andencodelocal shapedetails.Similar to Laplacianmesh
editing[SLCo� 05], weformulatetheshapetransferfromC0
to C1 asthe transferof theLaplaciancoordinates.Thenew
verticesvi (i = 0;1;2:::) of C1 aresolved by optimizing a
globalvariationalproblem:

min( å
ui2 C0;v�

j 2 C�
1 � C1

jL (vi) � L(ui)j
2 + l jv j � v�

j j
2) (2)

Here,C�
1 is a subsetof C1 andconsistsof verticesthat are

to be�x edduringcurve deformation.v�
j is the jth vertex of

C�
1 . l is an adjustableparameterto balancethe strengthof

two itemsof Equation2.

In orderto solveEquation2, weneedto �rst alignC0 and
C1 with a setof scaling,translationandrotationtransforma-
tions.Bothcurvesarethenre-sampledwith anarc-lengthpa-
rameterizationmethodto matchtheir verticeswith identical
vertex numbers.We solve Equation2 with a standardcon-
jugategradientalgorithm.The deformedC1 captureslocal
shapefeaturesandglobalshapeinformationof C0, asshown
in Figure4.

4.4. The Whole Pipeline

In summary, thewholealgorithmis thefollowing:
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(a) (b) (c)

(d) (e) (f)

Figure 4: Illustration of curveanalogy basedshapedeformation
for the bunnydataset.(a) TheprojectedcurveC1; (b) Aligning C1

with the2D curveC0; (c) DeformingC1 by Laplacianbasedcurve
analogy algorithm; (d) Theinput modelM1; (e) The2D image and
thespeci�ed2D curveC0; (f) DeformingM1 with thedeformedC1.

1: For amodelM0, generateasimpli�ed modelM1.
2: Generatethemeanvaluecoordinatesfor eachvertex of

M0 associatedwith M1.
3: SpecifyacurveC1 in M1 andprojectit to the2D plane.
4: Draw acurveC0 in the2D illustration.
5: DeformC1 asdescribedin Section4.3.
6: DeformM1 with thedeformedC1 by themeshdeforma-

tion algorithm.
7: DeformM0 by applyingthe mean-valuecoordinatesto

thedeformedM1.

5. Shape-awareVolumeRepresentation

Our new representationis a combinationof a distancevol-
umeanda segmentationvolume:eachvoxel recordsa dis-
tancevalueanda segmentationidenti�cation. Thesegmen-
tationvolumegivesusersdirectcontrolover theshape,size,
andvisibility.Thedistancevolumeplaysthesameroleasthat
of thedensityvolumein standardvolumerendering.For the
sake of illumination,a gradientvolumecanbecomputedby
applyingthe gradientoperatorto the distancevolume.Fig-
ure5 (a)and(b) respectively depictonesliceof thedistance
andsegmentationvolumesfor the foot dataset.Their com-
positionis illustratedin Figure5 (c).

5.1. GeneratingThe DistanceVolume

For a polygonal model G, its signed distance func-
tion [JBS06]is de�ned asa function thatcomputesthedis-
tancefrom apointp to theclosestpoint in G:

dist(p) = sgn(p) inf
x2 G

(jx � pj) (3)

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

(a) (b) (c)

Figure5: (a) Onesliceof thedistancevolume;(b) Onesliceof the
segmentationvolume;(c) Thecompositionof (a) and(b).

sgn(p) =
�

� 1; if p 2 S;
1; otherwise.

(4)

Thesigneddistancefunctionof a givensurfaceis contin-
uouseverywhere.A brute-forcemethodfor computingthe
distancevolumeatagivenresolutionis to loopthrougheach
voxel andcomputeits minimumdistanceto G.

To generateanorientation-consistentdistancevolume,we
needto obtainthesignof eachvoxel. Similar to themethod
proposedin [Ju04],we�rst constructanauxiliaryoctreegrid
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.Wethencomputeacorrectsignfor eachoctreegrid,
sothateachintersectionedgeexhibitsasignchange.Subse-
quently, wecomputethedistancevaluefor eachoctreegrid.
Thedensesamplingof theoctreegrid aroundtheboundaries
ensuresthecorrectnessof thecomputedvalues.Finally, we
converttheoctreegrid into auniformly sampledvolume.For
thesakeof hardware-accelerationin therenderingstage,the
distancevalueis encodedasanunsignedinteger.

We integrateall polygonalmodelsinto a single model,
for which the neededdistancevolume is constructed.For
thepurposeof generatingthesegmentationvolume,we ad-
ditionally constructa distancevolume for eachindividual
model.

5.2. GeneratingThe SegmentationVolume

The intendedsegmentationvolume assignseachvoxel an
identi�cation, whichconsecutively enumeratesstartingfrom
one.Theunclassi�edregion is denotedby thenumberzero.
Becausethe shapesof the initial segmentshave beenmod-
i�ed, we needto derive a new segmentationto conformto
theirnew shapes.In practice,weconstructthesegmentation
volumeby usingthedistancevolumesof all segmentedmod-
els.Eachvoxel of thesegmentationvolumeis �rst initilized
aszero.For eachdistancevolumeof theith model,wecheck
thesignof eachvoxel. If it is negative,we assignthecorre-
spondingvoxel in thesegmentationvolumeanidenti�cation
i.

One attractive featureof the distancevolume is that it
canderive an offset volumealongthe surfaceboundaryby
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choosingall pointssatisfyingdist(p) � t, wheret is a given
offsetthreshold.Thegeneratedoffsetvolumeis usefulto il-
lustratethe objectboundary. Additionally, we may build a
thin offsetvolumefrom eachdistancevolume,doublingthe
numberof thesegmentationvolumes.For example,thefoot
datasetis classi�edinto fourcomponents:skin,muscle,bone
boundaryandbone(respectively shown in red,blue,green
andyellow in Figure5 (c)).

5.3. Bene�ts of The NewRepresentation

Although the proposedvolume representationis formally
simple,it doesenableseveralnew featuresandadvantages.
Comparedto a standardscalarvolumewhich measuresthe
physical propertiesin 3D space,our representationgivesa
novel explanationto thedataandyieldsa directexpression
of theshape.Explicitly separatingdistinctregionswith seg-
mentationcansuppressthestructuresthatoccludethemost
prominentinformationandinduceashape-awaredescription
to thesceneimplied in the resultingillustration.Our repre-
sentationis differentfrom thenormalsegmentationvolume
and can reconstructsmoothboundariesby exploiting the
shapeinformationstoredin the distancevolume.Note that
noise-freeboundariesare of essentialimportancein most
artistic illustrations.On the otherhand,solely usinga dis-
tancevolumewould alsolack a senseof theshapebecause
it doesnot have the capabilityto distinguishindividual ob-
jects.Thesegmentationvolumealleviatesthis limitation. In
otherwords,thedistancevolumeandsegmentationvolume
arecomplementaryhalvesof theproposedrepresentation.

6. Shape-Aware Illustration

The new volume representationand shape deformation
schememakeit possibleto achievetwo goals.First,wehave
an appropriatemechanismfor applying various rendering
stylesto differentregionsof interest.Second,we areableto
mimic artisticstylesfor objectboundaries,asthesilhouettes,
contoursor boundariesplay prominentrolesin hand-drawn
illustrations.

6.1. The RenderingPipeline

Renderinga shape-awarevolumecanbebuilt into any pre-
vious volume renderingor illustration system.Our imple-
mentationis built upon the IVIS volume illustration sys-
tem [SDS05], whosekernel is a 3D texture-slicing algo-
rithm. For the sake of hardware-acceleration,the shape-
awarevolumeis encodedin two volumetextures.Onevol-
umestoresthe distancevalue,the segmentationidenti�ca-
tion and distance-�eld-basedgradientmagnitudein three
color componentsof eachtexel. The distance-�eld-based
gradientvectorsusedfor shadingarepackedin anothergra-
dientvolume.In thisway, theraw valuesof theinputvolume
arereplacedwith thedistancevalues,which conformto the
contouringshapesaroundtheboundaries.

For eachfragmentfrom textureslicing, we queryits dis-
tancevalue,segmentationidenti�cation andgradientinfor-
mation from two volume textures.Basedon thesevalues,
a setof illustrative enhancementsareperformedsimultane-
ously andarecombinedwith onefragmentshader. We de-
signanintegratedillustrationequation(Section6.2)to allow
for interactive adjustmentof the strengthof eachenhance-
ment.For ef�ciency, all neededcoef�cients andlookup ta-
blesarestoredin a 2D texture,which is indexedby theseg-
mentationidenti�cation. Becausethesegmentationinforma-
tion is inherentlydiscreteand non-smooth,direct interpo-
lation of the segmentationidenti�cation would lead to un-
pleasantaliasing.To addressthis problem,we usea simple
yetef�cient interpolationtechnique.

6.2. The Uniform Illustration Equation

We brie�y summarizethe enhancementstylesusedin our
system:

Solid Texturing. An importanttechniquewidely usedin
illustration is to depict the internal structuresand appear-
ancewith texturepatterns.Ratherthansynthesizing2D tex-
turesalongthe cuttingplanes[ONOI04], we applya setof
non-periodicsolidtexturesinto selectedregions.Thesesolid
texturescan be either procedurallysynthesized[EMP� 94]
or constructedby transferringthecolor andtexturepatterns
from 2D illustrations[LE05].

Color Shading. With the segmentationinformation,one
simple way to abstractunnecessarydetails is to illustrate
onechosensegmentwith a constantcolor. To further con-
vey shapeandpositionin anartisticway, weadopttwo tech-
niques.The�rst onegraduallydimsthecolorwhenthedepth
valueof thesampleincreases,by blendingthecolor with a
given backgroundcolor. The secondone is known as tone
shading,which modi�es the color with a warmnesscoef�-
cient. It resultsin a warmcolor whenthesampleorientsto
the light sourcewhile givesa coolercolor for samplesthat
facebackwardto thelight source.

Opacity Modulation. Besides the traditional two-
dimensionaltransferfunction design,our systemsupports
two additionalenhancementstylesto highlight the bound-
ariesandsilhouettes.The�rst onesimplyincreasestheopac-
ity proportionalto thegradientmagnitude.A powerfunction
similar to that of the specularhighlight coef�cient is used
to exaggeratethehigh-gradientregions[ER02].Thesecond
oneis a view-dependenttechniquethatcontrolstheopacity
with the anglebetweenthe viewing direction and the sur-
faceorientationof thesample.It yieldsastrongeffectonthe
silhouettesandhenceprovidesa highlightedcuefor object
orientation.

By consideringthe in�uences from multiple rendering
styles,weproposethefollowing illustrationequation:

I f inal = l 1 � Iil lum+ l 2 � Icoloring + l 3 � Isolidtex (5)
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Here,Iil lum denotesthe computedcolor by meansof tradi-
tional gradient-modulatedvolumeshadingor othervolume
illustrationtechniques.Icoloring denotesthemodulatedresult
by employing toneshadinganddistancecolorblendingwith
constantcolors. Isolidtex is the sampledcolor from a pre-
computedsolid texture.All the threeitemsarerepresented
with an RGBA color. The parametersl i(i = 1;2;3) areset
to be in [0.0,1.0] to balancethe weightsof different items
andareadjustablefor eachindividual segment.

Although samplingthe distancevaluescanreconstructa
continuous�eld asusual,processingthesegmentationiden-
ti�cation needsspecialcares.In our approach,applyingdif-
ferentrenderingstylesis performedin aper-segmentfashion
andrequiresusto determinethesegmentationidenti�cation
for eachindividualfragmenton-the-�y. Becausethesegment
informationis discontinuous,i.e., two neighboringsamples
may have distinctive identi�cations, directly usingnearest,
linearor tri-linear interpolationwill leadto substantialarti-
facts,ashave beennoticedin [TSH98] [HBH03]. Our solu-
tion is to directly interpolatethecomputedcolors(in RGBA
space)on the eight nearestvoxel centers.It yields the best
results,but takesabouteighttimesthecomputationalcost.

7. Experimental Results

We have implementedtheproposedapproachon a PCwith
an Intel 3.2 GHZ CPU,1.5GRAM andnVidia QuadroFX
3400 video card.The shadersare written in the Cg shad-
ing language[NVI07]. Table 1 lists the con�guration and
the running time for � ve volumedatasets.All datasetsare
segmentedmanuallyor with 3D snake algorithms.Thepre-
processof eachdatasetconsistsof threesteps(Figure2).For
thesakeof simplicity, wedenotethemasI,II andIII respec-
tively in Table1. In thesecondstep,theusertime spenton
the curve analogybasedshapedeformationtakesabout10
minutesfor eachmodel.We do not includeit in our statis-
tics.Therenderingperformancein FPSis reportedin thelast
columnof Table1. A non-optimized3D texture-slicingal-
gorithm[SDS05]is employedasthebasicvolumerendering
engineandtheslicing numberfor eachdatasetis 1000.The
resolutionof theframebuffer is setto be480� 480.Because
a set of branchingoperationsare neededin the fragment
shaderto handlesituationsof differentsegmentationiden-
ti�cations, the renderingef�ciency is not only determined
by theslicing number, but alsoproportionalto thesegment
number.

We segment the foot datasetinto four partswith a 3D
snake basedsegmentationalgorithm.Figure1 (d) andFig-
ure 6 (a-d) depict � ve shape-aware illustration resultswith
various renderingpro�les. For instance,a solid texture is
usedfor thebonepartin Figure6 (a).In Figure6 (b) and(c),
the color shadingand opacity-basedmodulationrendering
stylesareadoptedseparately. With thecurve analogyshape
deformationapproach,the result shown in Figure 1 (d) is
moresimilar to Figure1 (a) in termsof shape,thanFigure1

(c), that is generatedwith a standardvolumeillustrational-
gorithm. Anothershapetransferexampleis shown in Fig-
ure 6 (d), which simulatesthe global shapeinformationof
theintended2D illustration.

The handdatasetis manuallyclassi�ed into four parts:
skin,muscle,boneandvessel.By addinganoffsetto thedis-
tancevolumesof theboneandvesselparts,thetotalsegment
numberis 6.Notethat,it is verydif�cult to visualizetheves-
sel region by designinga two-dimensionaltransferfunction
to the initial volumedata,asshown in Figure7 (a). Mean-
while,solelyusingthesegmentationvolumeleadsto discon-
tinuitiesanddistractingnoisearoundthevesselregions(Fig-
ure7 (b)). Our approachovercomesbothproblemswith our
shape-awarerepresentation(Figure7 (c-d)). Speci�cally, to
emphasizethevessel,we slightly enlarge thevesselby off-
settingthecorrespondingsegmentationvolumebasedonthe
distancevolume.

Figure 8 (a) and Figure 8 (b) show two resultsfor the
bunny dataset.Eachof thememploys a respective solid tex-
turegeneratedwith theapproachof [LE05], to illustratethe
interior of thebunny. Figure8 (b) is generatedby meansof
our shapedeformationtechnique,with the silhouettecurve
shown in Figure 4. In Figure 8 (c) and (d), we compare
our resultto thatof a standardvolumeillustrationalgorithm
for thekidney dataset.It is apparentthatour resultexhibits
smoothandclearboundaries,withoutnoiseandartifacts.

In our lastexperiment,we illustrateanMRI braindataset
which containseight objects.Due to the nosiy property
of MRI datasets,we canhardly visualizethe structuresof
the individual objectsusing traditional volume rendering
algorithm (Figure 8 (f)). With the shape-aware illustration
approach,the internal structuresof eachobject and their
boundariesaresmoothlyandclearlydepicted(Figure8 (e)).

We have sentour resultsto a medicalillustrator andhis
feedbackis quite encouraging.The transfersof illustrative
shapestylespresentedin thebunny andfoot examplesareof
greatintereststo him. It is worthy mentioningthatmany of
our resultscannot be achieved with a genericskeletonized
polygonalrepresentation,suchasthebunny andfoot exam-
ples.

8. Conclusionsand Futur eWork

Theshape-awareillustrationtechniquesproposedin thispa-
per createa new approachto dataunderstandingand pro-
videsan opportunityto freely designvisually pleasingand
meaningful illustrations. Overall, our approachimproves
uponprevious methodsin threeaspects.First, we derive a
new volumerepresentationthatallows for applyingvarious
renderingandshapestyleson distinct segments,while pre-
servingsmoothtransitionsalongtheboundariesof theseg-
ments.Wealsointroduceaninteractive line-basedshapede-
formationtechniquethatenablesshapetransferfrom 2D il-
lustrations.This facilitatesbetterdeformationeffectsby ex-
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Data #input Bits #Output #Segments I II III 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
Bunny 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

Table1: Thecon�gurationandrunningtimesfor �ve examples.

ploiting thepolygonalrepresentationasanintermediatetran-
sition. Finally, we proposea new mixing illustration equa-
tion thatsupportsef�cient selective incorporationof several
visualenhancementsandillustrative stylepro�les. Thepro-
posedtechniquescould be integratedinto a volume illus-
tration systemto enhancethe creationcapabilityof artists.
Comparedwith polygonalrepresentation,our shape-aware
representationallowsmoreef�cient illustrationof thedefor-
mationof solid space,which is intractableby solely using
polygonalmodelsor volumedatasets.

Currently, our curve-basedshapeanalogytechniquecan
only performlimited global shapetransferandshapevari-
ation. We plan to explore how to ef�ciently representand
learn intrinsic artistic shapestyles from hand-drawn im-
ages.Becausecomputingthe distancevolume contributes
themosttime consumptionin our approach,we planto op-
timize the current solution. We also plan to integrate in-
teractive 3D volume segmentationand manipulationalgo-
rithms into the shape-aware scheme.This systemwill of-
fer moreinteractivity and�e xibility . We arealsointerested
in deformation-drivenvolumeillustrationof dynamicscenes
in image-spaceandmodel-basedvolumeillustrationfor spe-
cial objects.We believe that we have only begunexploring
thepotentialof shape-awareillustration.
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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 thecolor shadingstyle;(c) Theresultwith theopacitymodulationstyle;(d) Theresultwith thecurveanalogybasedshapedeformationto
mimictheshapeof a 2D illustration.

(a) (b) (c) (d)
Figure 7: Resultscomparisonsfor thehanddataset.(a) Theresultfor the initial input volumewith a standard volumerenderingalgorithm.
Becausethesegmentationinformationis not available, it is dif�cult to illustratethevesselby meansof transferfunctiondesign;(b) Theresult
basedon the unsmoothedsegmentationvolume. Many distracting details for the vesselare clearly visible. (c-d) Our resultsbasedon the
shape-aware representation.To emphasizethevessel,weenlarge thevesselbyaddinganoffsetbasedon thedistancevolume.

(a)

(c) (d)

(b) (e) (f)
Figure 8: (a) Our resultfor thebunnydataset;(b) Our resultwith thecurveanalogy basedshapedeformationfor thebunnydataset;(c) Our
result for the kidney dataset;(d) Theresultwith a standard volumeillustration algorithm for the kidney dataset;(e) Our result for the MRI
brain dataset;(f) Theresultfor theMRI brain datasetwith a directvolumerenderingalgorithm.
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