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Abstract

In this paperwe discusddifferent appmoacdesto geneate cutawayillustrations. The purposeof suc a drawing

is to allow the viewer to havea look into an otherwisesolid opaqueobject. Traditional methodgo draw these
kindsof illustrations are evaluatedto extract a small and effectivesetof rules for a computetbasedrendering
of cutawayillustrations. We showthat our approachesare not limited to a speci ¢ renderingstyle but can be

successfullgombinedwith a greatvariety of well-knownartistic or technicalillustration techniques All methods
of this papermale useof moderngraphicshardware functionalityto achieveinteractiveframerates.

1. Intr oduction

Researchin the areaof non-photorealisticendering(NPR)
hasgrown a lot over the pastfew years,especiallyin the
eld of illustrationsand artistic rendering.Technicalillus-
trationsare of particularinterestin NPR researchas they
cover a quitelarge eld of applicationsTodaytechnicalil-
lustrationstylescan be found in manualstext andscience
books,adwertisementpr evencomputergamedss. Oneof the
majoradwantage®f technicaillustrationsin contrasto pho-
torealisticrenderingsor actualphotographss thatthey can
provide a selectve view on importantdetailswhile extrane-
ous detailsare omitted®. For example,NPR stylesmay be
usedto improve therecognitionof theshapeandstructureof
objects their orientation,or spatialrelationships.

Researcton automaticallygeneratingtechnicalillustra-
tions hasbeenfocusedon imitating the differentrendering
stylestraditionally usedby illustrators.Unfortunately these
computerbasedechnique®nly provide someimportantde-
tailslike shapestructure pr depthinformation,but oftenne-
glectcomple spatialrelationshipsand especiallyissuesof
occlusion.In photorealisticrendering,spatialrelationships
betweenobjectscan be shavn by usingtranspareng This
is alsopossiblewith technicalillustrationsand,in fact, this
solutionis sometimesisedby illustrators.

However, illustrators often prefer to use cutawvay tech-
nigues Cutavay drawingsin technicalllustrationsallow the
userto view theinterior of a solid opagqueobject.In theseil-
lustrations entitieslying insideor goingthroughanopaque
objectare of moreinterestthanthe surroundingoneitself.
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Insteadof letting theinnerobjectshinethroughthe girdling

surface,partsof the exterior objectare removed. This pro-

ducesavisual appearancasif someonéhadcutouta piece
of the objector slicedit into parts. Cutavay illustrations
avoid ambiguitieswith respecto spatialordering,provide a
sharpcontrastbetweerforegroundandbackgroundbjects,
andfacilitatea goodunderstandin@f spatialordering.An-

otherreasorfor thepopularityof cutavayillustrationsmight

bethefactthatthe appearancef semi-transparergurfaces
is hard to simulatewith most classicaldraving stylesfor

hand-maddlustrations.

The purposeof this paperis to provide methodsto gen-
eratecutavay dravings on a computer Thesemethodsare
basedon a smallandeffective setof rulesthatareextracted
from traditional techniquesEven thoughour rulesleadto
a completelyautomaticgeneratiorof quite reasonabléni-
tial cutaway illustrations,interactvity is still very usefulfor
a ne adjustmentof the initial parametersTherefore,we
presentvaysto mapthecutavay renderingglirectlyto mod-
erngraphicshardwarein orderto achieve interactve frame
rates.Anotheraspectof this work is to shav that cutavay
is de-coupledrom the renderingstyle usedin the nal im-
age.For this reasonthe cutavay techniquesanreadily be
includedin agreatvariety of alreadyexisting renderingsys-
tems.

2. Previous and Related Work

To our knowledge,the SIGGRAPH99 adwancedOpenGL
renderingcoursé is the only work in the eld of computer
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graphicsresearchthat explicitly mentionscutawvay illustra-
tion. In thiscourseasimplemethodusinga blendingis dis-
cussedo achieve anappearancef cutavay drawings.How-
ever, a blendingcausesathera smearingout thana cutting
out or slicing. Otherwork dealswith usingtransparengin
the context of NPRto shav innerspacerelationships 14 5.

Most researchon technical illustrations has been fo-
cusedonsimulatingdifferentrenderingstyles.Goochetal 11
presentone-basedhadingandvarioussilhouetterendering
methodsDooley andCoher§, Winkenbachetal 27, andSal-
ishury et al.23 investigate pen-and-inkillustrations. Recent
work by Raska#2, Praunet al.20, and Freudenbey et al.10
is basedon hardware capabilitiesto renderdifferentrender
ing stylesin realtime. We demonstrat¢hattheserendering
approacheareindependenof our cutavay techniquesand
that cutavay canbe readily combinedwith theserendering
styles.

Anotherrelated eld of researclontechnicalillustrations
dealswith renderingon a higherlevel of abstractionwhere
semanticsand user interaction have to be taken into ac-
count.An importantaspecis labelingandannotatingllus-
trations,cf., for example,the recentwork by Bourguignon
etal3. SeligmanandFeinerintroducea rule-basedllustra-
tion system4 for renderingphotorealistidllustrations,with
anextensionfor supportingnteractvity2s.

3. Overview of Cutaway lllustrations

In this sectionwe brie y review how cutawayillustrations
are traditionally createdby illustratorsin order to extract
somerequirementdor an automaticgenerationprocesson
thecomputerFor detailedoackgroundnformationon hand-
madetechnicalllustrationsin generabndcutavay drawvings
in particularwe referto classicalartbookgé 17.

The purposeof a cutavay drawing is to allow the viewer
to have alook into anotherwisesolid opaquenbject.Instead
of letting theinnerobjectshinethroughthe surroundingsur
face,partsof outsideobjectare simply removed. From an
algorithmic point of view, the mostinterestingquestionis
whereto cut the outsideobject. The answerto this funda-
mentalquestiondependsn mary differentfactors,for ex-
ample,the sizesand shapesof the inside and outsideob-
jects,the semantic®f the objects personataste etc. Many
of thesefactorscannotbe formalizedin the form of a sim-
ple algorithmandneedsomeuserinteraction Nevertheless,
we found someinterestingcommonpropertiesn mary ex-
amplesof traditional cutavay drawings which allow us to
automaticallygeneratejuite reasonableutavays.

In this paperwe distinguishbetweentwo differentsub-
classeof the generalnotion of a cutawaydrawing: cutout
andbreakaway Figuresl (a) and1 (b) shav the difference
betweerthetwo subclasses.

Artists andillustratorstendto restrictthemselesto very

simpleandregularly shapedtutoutgeometriesOftenonly a
smallnumberof planarslicesis cutinto the outsideobject;
in mary casegusttwo planesaresufcient. Thelocationand
orientationof thecuttingplanesaredeterminedy thespatial
distribution of theinterior objectsand,moreimportantly by
thegeometryof the outsidebody Justenoughis takenaway
from the outlying objectto allow the obserer to view the
internal details. We have analyzedmary cutawvay illustra-
tionsandhave cometo the conclusionthattwo planesinter
sectingat ananglebetweerf0to 140 degreesaresufcient
for awide classof applications Anothercommonproperty
concernghe locationof the slicing planes.The cut through
the objectof interestoftentakesplaceat or aroundits main
axis. The mainaxis of anobjectis the axiswith the greatest
spread.

A cutoutin a technicalillustration hasnot alwaysto be
smooth.For example,a sawtooth-like or jittering cuttingis
often appliedto betterdistinguishbetweenouterandinner
objectsandproduceahigherlevel of abstractionFigurel (a)
shawvs sucha jittering cutoutfor a simple example scene.
Theimagewasgeneratetby thecomputerbasednethodde-
scribedin Sectiond4.

Thecutoutapproachs particularlyusefulwhenmary ob-
jectsor large objectsareinsideandcover a large portion of
the interior of the girdling object.In contrast;f only a few
small inside objectslie denselyto eachothet anotherap-
proachis moreappropriateHere,anillustratorratherbreaks
avirtual holeinto the boundaryto shaw theinterior objects.
This boundaryhole shouldbe just wide enoughto seethese
objects.We call this methodbreakawayFigurel (b) shavs
a simple example of a breakavay illustration. The image
was generatedy the computerbasedtechniquedescribed
in Section5.

It hasalreadybeenstatedthathand-maddlustrationsare
in uenced by variousaspectsnary of which arehardto be
formalizedfor a computetbasedprocessingNevertheless,
we have beenableto extract a small numberof rulesthat
leadto quite corvincing, fully automaticcutavay drawings.
The useris still ableto changeparametersfter the initial
automaticconstruction.

Let us startwith the rulesfor the cutoutapproachThe
rst, very basicquestionis: Which objectsare potentially
subjectto cutting?We have obsenredthatinteriorobjectsare
notslicedby the cutoutgeometryCuttingis only appliedto
outsideobjects.Thereforethe rst requirements:

(R1) Insideandoutsideobjectshave to be distinguished
from eachother

Pleasenotethatthisrequiremennotonly coversscenesvith
a single outsideobject, but hasto allow for scenarioswith
severaldisjointoutsideobjectsandevennestedayersof out-
sideobjects.Anotherissueis the shapeof the cutoutgeom-
etry. We restrictourselhesto a speci c classof shapes:

¢ TheEurographic#ssociatiorandBlackwell Publisher2003.



Diepstiatenetal. / Interactive Cutawaylllustrations

(@)

(b)

Figure 1: Comparisonof computergenerated cutout and breakawayillustrations. The left image demonstatesthe cutout
techniquewith a jittering boundary In theright picture, the breakawaymethods appliedto the samescene

(R2) Thecutoutgeometryis representethy theintersec-
tion of (afew) half spaces.

By constructionthis cutoutgeometryis corvex. Very often
goodresultsareachiezedby:

(R2") A cutoutgeometnyis representedy theintersection
of two half spaces.

Thenext rule determineghe positionandorientationof the
above cutoutgeometry:

(R3) The cutoutis locatedat or aroundthe main axis of
the outsideobject.

For a cutoutwith two planes the intersectionline between
the two planeslies on the main axis. The angleof rotation
aroundthis axisis a free parametethat canbe adjustedby

theuser

A cutoutin atechnicalillustration doesnot always have
to be assmoothasthe geometryde ned by a collection of
half spacesFor example,a savtooth-like or jittering cutting
is oftenappliedto suchasimplecutoutgeometryto produce
ahigherlevel of abstraction.

(R4) An optionaljittering mechanisnis usefulto allow
for roughcutouts.

Finally, the cutout producesnew partsof the objects' sur
facesattheslicedwalls. This leadsto:

(R5) A possibilityto make thewall visible is needed.

This requirementis importantin the context of boundary
representation§BReps)of sceneobjects,which doesnot

explicity representhesolidinterior of walls. Therefore spe-
cial carehasto betakento make possiblea correctillumina-

tion of cutoutwalls.

The othercutavay approachin the form of a breakavay

T A half spacecan be representedby the planethat separateshe
spacefrom its complement.
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is basedn aslightly differentsetof rules.The rst require-
ment(R1) for a distinction betweeninside and outsideob-
jectsis the sameasin cutoutdravings. However, the shape
andpositionof thebreakavay geometryis notbasednrules
(R2)and(R3), buton:

(R6) The breakavay shouldbe realizedby a singlehole
in the outsideobject.

If several small openingswerecut into the outsidesurface,
aratherdisturbingandcomple visualappearancerould be
generatedNevertheless:

(R7) All interiorobjectsshouldbevisible from ary given
viewing angle.

Theabove rule for makingthewalls visible (R5) canbe ap-
pliedto breakavay illustrationsaswell. Jitteringbreakavay
illustrationsare seldomandtherefore(R4) is not a hardre-
quirementfor theseillustrations.

In the following two sectionswe presenttwo different
renderingalgorithmswhich meetthe above characteristics
for cutoutandbreakavay illustrations,respectely.

4. Cutout Drawings

In this sectiona classof renderingalgorithmsfor cutout
drawingsis presentedWe shov how a computerbasedpro-
cesscanful ll the aforementionedules (R1){R5) for the
cutoutapproach.

Classi cation. We assumehatthe classi cationof objects
asinterior or exterior (R1)is provided by an outsidemech-
anism.The problemis thata genericclassi cationcriterion
solely basedon the spatialstructureof the sceneobjectsis
not available. For specialcasespbjectscan be recognized
asbeinginside or outsideby observingtheir geometry For
example,theimportantclassof nestedsurfacescanbe han-
dled by an algorithm by Nooruddinand Turk!9. However,
this methoddoesnot supportexterior objectsthat already
have openingdeforethe cuttingprocesss performed.
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In ourimplementationa differentapproachs taken. The
objectsare storedin a scengraphstructure;the classi ca-
tion is basedon an additional Booleanattribute that is at-
tachedto eachgeometrynodeof the scengraph.For practi-
cal purposesgeometricmodelingof sceness performedn
an outside,commercialmodelingand animationtool (such
as 3D StudioMax or Maya) andthe scenesare afterwards
importedinto our software via a 3D data le. Sincethese
modelingtools do not directly supportthe additionalclas-
si cation attribute, otherinformation storedin the 3D le
format hasto be exploited. For example,the transparenc
value can be (mis-) used,or the classi cationis codedin
the form of a string patternin the nameof 3D objects.This
approachallows the userto explicitly specify interior and
exterior objectsandto introducesomeexternalknowledge
into the system.

Main Axis. Anotherissueis the computationof the main
axesof theoutsideobjects Eachobjectis assumedo berep-
resentedy a triangulatedsurface.Informationon the con-
nectvity betweentrianglesis not required,i.e., a “triangle
soup”canbeused.

Thealgorithmmalesuseof rst andsecondorderstatis-
tics that summarizethe vertex coordinatesTheseare the
meanvalue and the covariancematrix®. The algorithm is
identicalto Gottschalket al.!s'3 methodfor creatingobject-
orientedboundingboxes (OBB). If the verticesof thei'th
triangle arethe points ', § andTi, thenthe meanvaluet
andthecovariancematrixC canbeexpressedn vectorarith-
meticsas

18 -
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wherenisthenumberof triangles,p® = p #, 67 =§

=7 p andek arethe elementsof the 3 3 covari-

ancematrix. Acutally, not the verticesof the original mesh
are used,but the verticesof the corvex hull. Moreover, a
uniform samplingof the corvex hull is appliedto avoid po-

tentialartifactscausedy unevenly distributedsizesof trian-

gles.Theseimprovementsarealsodescribedoy Gottschalk
etal 13 Theeigervectorsof asymmetriomatrixwith different
eigevaluesaremutuallyorthogonal Theeigervectorsof the
symmetriccovariancematrix can be usedasan orthogonal
basis.Of specialinterestis the eigervectorcorrespondingo

the largesteigervaluebecauset senesasthe main axis of

theobject.

CSG Cutout. Finally, the cut geometryhasto be de ned

andthenappliedat the previously determinedocation. An

object-spaceapproachworking directly on the geometry
could be realizedby techniquesknowvn from constructve

solid geometry(CSG).

The intersectionof half spacegR2) canberealizedby a
CSGintersectionoperationworking on half spacesAn in-
tersectionoperationis equivalentto alogical “and” applied
tothecorrespondinglement®f thespacesA half spacecan
berepresentetly the planethatseparatethe spacerom its
complementTherefore this planesenesasa slicing plane
in the cutoutapproachNote that we de ne the half space
in away thatoutsideobjectsareremoved at all locationsof
thishalf spaceputsideobjectsareleft untouchedn thecom-
plementaryspace The actualcutting procesds modeledoy
a CSGdifferenceoperationappliedto the cutoutgeometry
andthegeometryof theexterior objectsIntrinsicto all CSG
operationss the creationof new boundarysurfacesat cuts.
Therefore cutoutwalls are automaticallymodeledand can
bedisplayedafterwards,asrequiredby (R5)

In the generalapproachof rule (R2), the number loca-
tions, and orientationsof the cutting planeshave to be de-
ned by theuser Themorerestrictedrule (R2') prescribes
x ed numberof two planesMoreover, theintersectiorline
betweenthe planesis x ed by the main axis of the outside
object. The only free parametersre the relative anglebe-
tweenthe planesandthe angleof rotationof the cutoutge-
ometrywith respecto the mainaxis. Therelative anglecan
besetto adefaultvaluein betweerf0and140degreeqe.g.,
to 110 degrees);the default orientationwith respecto the
main axis canbe setto ary x ed angle.With theseinitial
values,quite goodresultsareachiezed without ary userin-

teraction.

For an optional sawtooth-like or jittered cutout (R4) the
cutoutgeometryhasto be perturbedfor example,by a dis-
placementmappingtechniqué. Appropriatekinds of dis-
placemenmapsare presentedshortly in the descriptionof
texture-baseautouts.

Although all the requirementgR1){R5) canbe directly
mappedio a CSG-basedmplementationwe have not pur-
suedthis approachin more detail. The main problemis
that CSG Booleanoperationscanbe very time-consuming.
Therefore parameteichangesare unlikely to work in real
time and interactive work is not possible.This is a major
drawback becausecutout drawings—even if they work al-
most automatically—needomeuserinteractionto adjust
parameter$or improved nal results.If highly detailedand
jittered cutout geometriesor complex exterior objectsare
used,CSGoperationdecomeparticularlytime-consuming.
Anotherissueis renderingtime itself. Often a high num-
ber of new primitives is introducedby the re-tesselating
stepgrequiredfor precisentersectiondetweerobjects.The
high amountof new primitivescould hinderinteractve ren-
deringtimes and might requirefurther object optimization
steps.All theseaspectdimit the applicability of the CSG
approacHor aninteractve application.Thereforewe inves-
tigateotherapproacheghat make useof graphicshardware
acceleratiorandarebasednimage-spacealculations.
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Planar Cutout. A simpleimage-spacapproaclis basecn

the concepbf clipping planesandallows for piecavise pla-

nar, convex cutoutsaccordingto (R2). Eachplanarelement
of thecutoutgeometnyis identi ed by a clipping plane.The
exterior objectis renderech timeswheren is the numberof

differentplanesin eachrenderingpassthe respectie clip-

ping planeis activated. Afterwardsthe interior objectsare
renderedn asinglepasswith clipping planesbeingdeacti-
vated.

The adwantagesof the clipping-planebasedmethodare
its rathersimple implementationand its supportby virtu-
ally ary graphicshardware.For example client-de nedclip-
ping planesare alreadyavailablein standardOpenGL1.0.
A drawbackis the increasen renderingcostsfor multiple
renderingpasses—especialfgr morecomple cutoutswith
severalcuttingplanesAnotherissues therestrictionto slick
cutouts.Jitteringboundariesaccordingto (R4) are not pos-
sible.Sinceno explicit modelingof the cutoutsurfaceis im-
plementedthewall cannotbe madevisible (R5).

Cutout via Stencil Test. Thefollowing screen-spacgech-
nigueexploits the stencilbuffer andstenciltestto represent
thecutoutgeometryTheadwantageof thismethods thefact
that jittering boundariesare supported On the otherhand,
we restrictourselesto corvex exterior objects.Rappoport
andSpit2! demonstratéhatarelatedstencil-basedpproach
canbe usedto make possibleinteractive Booleanoperators
for CSG.

Ouralgorithmis similarto implementatiorof shadev vol-
umesby meansof the stencilbuffer!s. Thefollowing exten-
sionsare neededfor stencil-basedutouts.First, the algo-
rithm hasto affect the visibility of objectsandthustheir z
values.Therefore,a mechanisnto adjustdepthvalueshas
to be incorporated Second the algorithm hasto allow for
front and back facesof the exterior corvex objectbecause
the line-of-sight (from the camera)may have intersections
with onefront andonebackfaceof the exterior object.The
corealgorithmis appliedtwice: oncefor front andoncefor
backfaces.

The detailsof the renderingalgorithmare asfollows. In
the rst step,thefront faceof the exterior objectthatshould
be cut is renderedto the depth buffer; the color buffer is
masledout. Afterwardsthefront facesof the cutoutgeome-
try arerenderedvith thedepthtestbeingactivated but with-
out changingthe depthbuffer entries.A stenciloperatorin-
creaseshestencilvalueby oneeachtime afragmentpasses
the depthtest.Similarly, the backfacesof the cutoutgeom-
etry are renderedwithout changingthe depth buffer. This
time the stencilvalueis decreasedvhena fragmentpasses
thedepthtest.This ensureshatpixelsof thefront facelying
insidethe cutoutgeometryhave a stencilvalue of one.All
otherpixels have a stencilvalue of zero.Note thatwe have
assumedhatthe camerais not locatedinsidethe cutoutge-
ometry If thecamerds within the cutoutgeometrythesten-
cil buffer needdo beinitialized to one.
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In the next step,the depthbuffer is clearedandthe back
faceof the exterior objectis renderedo the depthbuffer in
theregionswherethe stencilvalueis greatetthanzero.Like
in thesecondstep thefront facesof thecutoutgeometryand
thenthebackfacesof the cutoutgeometryarerenderedvith
depthtest.Thestencilvalueis increasedor frontfacespass-
ing the depthtestanddecreasedor backfacespassingthe
depthtest.It is now possibleto decidefor eachpixel if only
the backfaceof the exterior object(stencilvalueone),both
the backandfront faceg(stencilvaluezero)or neither(sten-
cil valuetwo) arevisible. For the nal stepthedepthbuffer
is clearedand then the back face of the exterior objectis
bothrenderednto depthandcolor buffersin regionswhere
the stencilvalueis one.Afterwardsthe front faceof the ex-
terior objectis renderedo depthandcolor buffersin those
partsof the screenwherethe stencilvalueis zero.Finally,
theinterior objectsarerenderedvithout stenciltest.

Theadwantageof this approachs thatcomplex cutoutge-
ometriesaresupportedln addition,thenumberof rendering
passesioesnot increasewith the compleity of the cutout
geometryStencilbuffer andstenciltestarealreadyincluded
in standardpenGL1.2. Therefore the algorithmis widely
supportedy graphicshardware.Unfortunatelythestructure
of the exterior objectis subjectto animportantrestriction.
The objecthasto berepresentethy a singlecorvex surface
withoutboundariesTheabove algorithmmalesexplicit use
of thefactthat(atthemost)onefrontandonebackfaceis cut
by a ray originatingfrom the cameraHowever, mary tech-
nical 3D datasetscontainnestedsurfacesor explicitly rep-
resentall boundaries—botinside andoutside.This means
they canhave morethanjust onefront andbackfaceinter
sectingthe sameline of sight. In this casethe above algo-
rithm fails becausét is no longerguaranteedhat all back
facesof the exterior objectlie behindthe cutoutgeometry
Moreover, the cutoutwalls arenot modeledR5)

Texture-BasedCutout. To overcometherestrictionto con-
vex exterior objectswe presenta new renderingalgorithm
that exploits texture mappingto representhe cutoutgeom-
etry. Theimplementatiorrequiresprogrammabldransform
andlighting, perfragmentoperationsandmulti-textures.

First, we illustrate the basicideaof our approachoy re-
stricting oursehesto a singlecutting plane.The scenarids
depictedn Figure2. Let usconsidetherequiredoperations
andteststo allow for a cutinto a singletriangle. The deci-
sionwhetherafragmentof thetriangleliesinsidetheclipped
half spaceor in thecomplemenspacas basednthesigned
Euclideandistanceof the fragmentfrom the plane.We de-

ne that fragmentswith a negative distanced are clipped
andfragmentswith a positive valued pass.The signeddis-

tancesare computedfor eachvertex and then interpolated
acrossthe triangleto obtainvaluesfor eachfragment.The
pervertex distancesaneitherbe computedon the CPU or

by avertex programin thetransformandlighting partof the
renderingpipeline. The necessaryparameterdor the plane
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object

Figure 2: Planar cutoutbasedon a linearly interpolated
signeddistance

object

Figure 3: Jittering cutout.A perturbationfunctiondisplaces
theoriginal distancego the cuttingplane

equatiorof thecutoutcanbeprovidedby passingrertex pro-
gramparameters.

First, thesigneddistances storedin atexture coordinate.
Texture coordinatesrebettersuitedthancolorcomponents
for thefollowing reasonsOnmostGPUstexturecoordinates
areimplementedas oating point numbersthey arenotre-
strictedto therang€[0; 1], andthey have amuchhigheraccu-
rag. Moreover, texture coordinatecanbe interpolatedn a
perspectiely correctmanneyi.e., ahyperbolicinterpolation
in screerspacecorresponds$o a correctlinearinterpolation
in objectspace.

The original signeddistanced,),. .. canalsobe perturbed
to allow for jittering cutouts.Theideais basedon displace-
mentmappingtechnique& Figure3 illustratesthedisplace-
mentof the signeddistanceo a cuttingplane.The nal dis-
tanceis computecdby fragmentoperationsaccordingo

d= dplane+ dperturb : (1)

The perturbatiordperturb is storedin a 2D textureandis su-
perimposeantotheoriginal distance While experimenting
with differentkind of perturbationtextureswe noticedthat
fractals, syntheticproceduraltextures usedfor cloudsand
virtual terrain height elds, and real terrain data produce
goodvisual effects.In particular a sawvtooth-like boundary
canberealizedby a quite simpleandmemoryfriendly per

turbationtexture. Justa tiny 2 2 texture asillustratedin

Figure4 is neededThanksto texturerepeatandbilineartex-

tureinterpolationa repeatedalloff is generatedvhich leads

Figure 4: Atiny 2 2 exampletexture usedfor sawtooth-
shapedboundaries.

tothedesiredvisualeffect. Figurel (a) shavs anexampleof
acutoutillustrationbasednthis2 2 perturbatiortexture.

In thelaststepafragmentclipping operatiorhasto beex-
ecutedaccordingto the correspondinglistancevalue.If the
valueis belav zerothefragmenthasto beclipped,otherwise
kept. This caneitherbe donethrougha texkill commandor
by settingthe alphavalueandusingthe alphatest.

Sofar only a single perturbedcutoutplaneis supported.
Theabove texture-basedlgorithmcaneasilybeextendedo
several cutoutplanes A separataexture coordinateis used
for eachplaneto storethe respectre signeddistance.The
sameperturbations appliedto eachdistancevalue.An ad-
ditionalfragmentoperatiordeterminesheminimal absolute
distancevalue.

Thefollowing approximatiorcanbeusedto avoid several
texture coordinatesand the additionalfragmentoperation.
The minimal absolutedistancevalue canalsobe computed
pervertex andthe accordingsigneddistancecanbe usedas
the only texture coordinate This approximationyields cor
rect resultsfor mostcaseslf, however, the threedifferent
verticesof atriangledo not have the sameclosestplane,in-
accuraciesreintroducedby interpolatingsigneddistances
thatareattachedo differentplanesThesmallerthetriangle,
thesmalleris the possibleerror.

We showv how the above texture-basedtutoutcanbe im-
plementedn a greatvariety of graphicboards First, a ver
tex programis enabledn orderto computethe signeddis-
tancesto the planesof the cutoutgeometry We follow the
above approximatiorandcomputeheminimal absolutedis-
tancevalue on a pervertex basis. The signeddistanceto
the closestplaneis usedasa texture coordinate.To imple-
mentthejittering cuting boundarydifferentapproachesan
be used.On the Geforce3 a texture shademprogramusing
threestagess utilized. In texturestagezero,theperturbation
valueis obtainedby alookupin the 2D perturbatiortexture.
Stageoneimplementshe shift of distancevaluesaccording
to Eq. 1. Thisshiftis basednacomputatiorof adotproduct
betweertwo 3D vectors.The rst vectororiginatesrom the
RGB valuesfrom above perturbatiortexture. In thistexture,
theredchannelis setto one thegreenchannefepresentthe
valueof the height eld, thebluechannels setto zero.The
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secondvectoris given by the texture coordinatesfor stage
one.Onthe ATI Radeor85000r Radeor@700a jittering is

achieredby addinganoffsetto thetexture coordinateof the

currentfragment.This offsetcanbelooked up in ajittering

texture.

The presentedexture-baseccutout algorithm meetsthe
requirementyR1}{R4). The geometryof the interior and
exterior objectsis not subjectto ary restrictions.Sincethe
algorithmcanbe mappedto graphicshardware,interactve
frameratesare possibleevenfor comple< illustrations.The
only drawbackis the missingmodelingof the cutoutwalls
(R5)

5. Breakawaylllustrations

In this section,arenderingalgorithmthatmeetstherequire-
mentsfor breakavay illustrationsis presentedWe shav how
a computerbasedprocesanful Il the breakavay-speci c
rules(R6)and(R7). Theclassi cationof objectsasinterior
or exterior (R1)is providedby thesamemechanisnasin the
previoussection.

Thebasicideais to clip away thosepartsof the surround-
ing object that would otherwiseocclude the interior ob-
jectsasseenfrom the cameras position. Therefore this ap-
proachis intrinsically view-dependenandallows for (R7).
Theotherrequiremenis thatonly asingleholeis cutinto the
exteriorobject(R6) Thecorvex hull of theinteriorobjectss
usedasabasisfor breakavayillustrations.Justenoughs re-
moved from the outsideobjectto make this corvex hull vis-
ible. The corvex hull hastwo advantagesFirst, it contains
all interior objects.If the corvex hull is visible, all interior
objectsarevisible. Secondthe projectionof the corvex hull
ontotheimageplanealwaysyields a corvex geometryand
cannotcontainary holes.

We proposethe following algorithmfor breakavay illus-
trations.In a preprocessingtep,the corvex hull of thein-
terior objectsis computed for example,by the Quick Hull
algorithit. The corvex hull is extendedinto all directions
by someadditionalspatialoffset.In thisway;, all interior ob-
jectsareenclosedvith a non-zerominimumdistanceto the
hull. During the actualrenderingprocesghe extendedcon-
vex hull senesasavirtual clipping object.Only thoseparts
of surroundingobjectsthatarenotin front of thecornvex hull
arerenderedThis is achieved by usingthe foremostpart of
the corvex hull asa clipping object.Finally, theinterior ob-
jectsaredisplayed.

The crucial point of the algorithmis the clipping at the
foremostsurface of the corvex hull. A mechanisnto clip
away objectsin front of an arbitrarily shapedobjecthasto
be employed. We usea clipping algorithmthatis very sim-
ilar to one of Diepstrateret al!s5 techniquedor rendering
transparensurfaces.Alternatively, Everitt's depth-peeling
could also be used.Both algorithmscan be realizedon a
Geforce3.
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clear depth/frame buffer

!

render convex hull
to depth buffer generate clip texture
* containing depth values
of the extended convex
hull of the clipping object

read depth buffer
define clip texture

!

clear depth buffer

!

enable clipping

i

render exterior objects
to frame/depth buffer

while rendering test
+ against clipping area

render interior objects
to frame/depth buffer

!

disable clipping

Figure 5: Renderingpipelinefor the breakawaytecnique

Figure 5 shavs the details of the rendering pipeline.
In this casewe use the terminology from the standard
OpenGL speci cation and NVidia-speci ¢ extensionsfor
theGeForce3.

In the rst four boxes,the clipping areain screenspace
is determined.First, the depth buffer is initialized with a
depthof zero(which correspondso the nearclipping plane
of theview frustum).Then,the extendedcorvex hull is ren-
deredtwice into the depthbuffer. The rst renderingpass
uses‘greater’aslogical operatiorfor thedepthtest,thesec-
ondrenderingpasauseshestandardless” depthtest.In this
way, the depthbuffer containsthe depthvaluesof the fore-
mostpartsof the corvex hull. Furthermorethe depthbuffer
is still initialized with zeroin the areaghatarenot covered
by the corvex hull. In the third box, the depthvaluesare
transferrednto a high-resolution2D texture (a HILO tex-
ture)thatwill seneastheclip texture. Thenthedepthbuffer
is cleared.

In the fth box, a texture shaderprogramis enabledto
virtually clip away all fragmentgthat have equalor smaller
depthvaluesthanthosegiven by the abore clip texture.Es-
sentially this texture shadeprogramreplaceghe z value of
afragmentby z Zijip» WherezClip representthedepthvalue
storedin theclip texture. Thistextureshadeprogramcauses
all fragmentswith z< Zyjip 1O beclippedaway. For detailsof
thetexture programwe referto 5. Thentheexterior objectis
renderednto the frameanddepthbuffers; all partsin front
of the corvex hull areclippedaway. Finally, theinterior ob-
jectsaredisplayedandthetextureshadeiprogramis resetto
thestandardton guration.
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Thisalgorithmcantake into accounmorethanone“clus-
ter” of interior objectsby computingseveral corresponding
corvex hullsandrenderingheminto thedepthbuffer in step
2 of the renderingpipeline.lt is also possibleto allow for
surroundingobjectswith boundarysurfacesof nite thick-
ness.Here,separatelipping objectshave to be de ned for
the front andfor the backfaceof the boundary By choos-
ing a smallerclipping geometryfor the backface,we can
imitate the effect of cutting throughan objectof nite wall
thicknesslin thisway, requirementR5)for visible walls can
bemetin parts.

6. Implementation and Results

Our implementation of cutavay illustrations is based
on OpenGL and on NVidia-speci ¢ extensionsfor the
Geborce3. Userinteractionandthe managemenf render
ing contets in our C++ applicationarehandledoy GLUT.

We have implementedseveral different NPR styles to
demonstrateéhat our cutawvay processesareindependenof
therenderingstyle. Figures6 (a)—(c)shawv a cutoutillustra-
tion of the sameengineblock with threedifferentrendering
styles. Additionallya512 512shadev mapis usedo simu-
late shadev castinginsidetheinterior parts.In Figure6 (a),
we emplo silhouetterenderingwith a toon-shadingech-
niguedescribedy Lake etal 16 Speculatighting is addedo
theoriginaldiffusetoon-likelighting. Thediffuseandspecu-
lar termsareusedto access 2D texture containingthe nal
color. The silhouettesare generatedy using a hardware-
basedmethodaccordingto Goochet al.t2 The silhouettes
at cutting boundariesannotbe createdby the original ap-
proachbecauseheboundariesrenot explicitly modeledas
atriangularmesh.Thereforethe criterionfor a silhouette—
anedgeconnectinga front with a backface—isnot valid at
aboundaryThis problemcanbe overcomeby usinganidea
alsodescribedy Goochetal.12 Figure6 (b) usescool/warm
tone shadingas describedby Goochet al.l! The shading
model is implementedas a vertex programand provides
pervertex lighting. Finally, Figure 6 (c) usesa real-time
layered-stroktextureapproactdescribedy Freudenbeyet
al.10 with pervertex lighting. Black line silhouettesareren-
deredaccordingto Goochet al.12 All exampleimagesfor
the cutoutillustrationsare basedon a syntheticheight eld
textureto visualizeajittering boundary

The sametoon shading cool/warm shadingandlayered-
stroke techniguesrealsousedin breakavay illustrationsof
acurved conduitin Figures6 (d)—(f). It canbe clearly seen
thatthe differentrenderingstylesproduceimagesof differ-
entvisual qualities.For both cutavay techniquesthe toon
andcool/warm shadingproducesimilar, corvincing results.
In contrastto thesetwo renderingstyles,the stippleimages
are—inour opinion—slightlyunsatishctoryasthey do not
engendeagoodcontrastetweeninterior, exterior, andwall
surfaces.

Table 1 shaws performancemeasurementfor both ap-

Table 1: Performancemeasuementsn framesper second.
Thetestmodelis illustratedin Figure 6(a)-(c)and contains
145,153triangles.

renderstyle cutavay viewportsize

technique 512 1024
cool/warm none 6.11 6.10
cool/warm cutout 6.07 5.69
cool/warm breakavay 5.67 3.27
toonshading  none 6.12 6.10
toonshading  cutout 5.75 5.32
toonshading  breakavay 5.52 3.30
stroketextures none 6.07 6.04
stroke textures  cutout 5.74 5.32
stroketextures breakavay 4.73  2.81

proacheswith the differentrenderingstyles.All testswere
carried out on a Windows XP PC with AMD Athlon

1533Mhz CPU and GeForce 4 Ti 4600. The test sceneis

depictedin Figures6 (a)—(c) and contains145,113trian-
gles.Note thatin eachtestsilhouettelines arerenderecdas
well andno specialdatastructuredik e vertex arraysor dis-
playlistswereusedn themeasurement$Ve testecbothcut-
away techniquesvith threedifferentrenderingstylesandon
two differentviewportsizesof 5122 and1024. For compar

ison,we includedtherenderingimesfor eachstyle without
applyingcutavay methodsAs it canbeseenin Tablel, the
cutouttechniquehasnot muchin uence on the nal ren-
dering time of ary renderingstyle. At rst glancethis is

quite suprisingasat leastthreetexture stagesareneededo

achieve ajittering cutoutonthe Geforce3. A possibleexpla-
nationcould bethatonly very smalltextureswhich seemto

t perfectlyinto thetexturecacheareused Probablyrender

ing performancdor thistestscenas limited by otherfactors
suchasthe vertex pipeline.For thelargerviewport size,the
breakavay technigqueloosesnearly half of its original per

formance.This might be dueto the doublereadbackirom

depthbuffer for the corvex hulls of the interior objectsand
the usageof large clipping textureswhich might enforcea
lot of texture cachemissesCachemissesareaprobablerea-
sonfor the overall lower performanceof the layered-strok
texture renderingstyle becausea ratherlarge texture (2562

texels)is usedcomparedo thetoon-shadingexture (82 tex-

els).

7. Conclusion

In this paper we have presentech small and effective set
of rulesfor computetbasedrenderingsof cutavay illustra-
tions.Oneclassof rulesleadsto cutoutdranvings,which are
mostappropriatdor scenesvith ratherargeinteriorobjects.
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The otherclassof rulesis usedfor breakavay illustrations,
which are suitablefor scenesvith smaller denselypacled
interior objects We have presentedhardware-basedhethods
for both cutoutandbreakavay dravingsin orderto achieve
interactive frame rates.Even thoughour rules make possi-
ble a completelyautomaticgenerationof quite reasonable
cutaway illustrations,interactvity is still very usefulfor a
ne adjustmentof the initial parametersAn adwantageof
our rulesis the small numberof parametershat effectively
control the visual appearancef the drawings. Finally, cut-
away techniquesanbereadilycombinedwith existing non-
photorealisticenderingstyles,suchassilhouetterendering,
cool/warm tone shading,or pen-and-inkillustrations.One
problemthatcannotbe addressedvith our techniquess the
visualappearancef thewall itself. Exploiting theincreased
functionalityof future GPUsmight helpto addresshis prob-
lem.
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() (b)
(c) (d)
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Figure 6: Cutoutand breakawayillustrationswith differentrenderingstyles.Image (a) showsa part of an engineblodk with
toonshadingand silhouetterendering (b) showsthe samesceneusingcool/warmtoneshadingwith black silhouettdines, (c)
illustratesthe samesceneusinglayered-stoke textures.Images(d), (e), and (f) showthe breakawaytechniquefor the example
of a curvedconduit; the samerenderingstylesare appliedasin (a)—(c).
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