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Abstract
In this paperwe discussdifferent approachesto generate cutawayillustrations.Thepurposeof such a drawing
is to allow the viewer to havea look into an otherwisesolid opaqueobject.Traditional methodsto draw these
kindsof illustrationsare evaluatedto extract a small and effectivesetof rules for a computer-basedrendering
of cutawayillustrations.We showthat our approachesare not limited to a speci�c renderingstylebut can be
successfullycombinedwith a greatvarietyof well-knownartistic or technical illustration techniques.All methods
of thispapermakeuseof moderngraphicshardware functionalityto achieveinteractiveframerates.

1. Intr oduction

Researchin theareaof non-photorealisticrendering(NPR)
hasgrown a lot over the past few years,especiallyin the
�eld of illustrationsandartistic rendering.Technicalillus-
trationsare of particular interestin NPR researchas they
cover a quite large �eld of applications.Todaytechnicalil-
lustrationstylescanbe found in manuals,text andscience
books,advertisement,or evencomputergames18. Oneof the
majoradvantagesof technicalillustrationsin contrasttopho-
torealisticrenderingsor actualphotographsis that they can
provide a selective view on importantdetailswhile extrane-
ousdetailsareomitted6. For example,NPR stylesmay be
usedto improvetherecognitionof theshapeandstructureof
objects,their orientation,or spatialrelationships.

Researchon automaticallygeneratingtechnicalillustra-
tions hasbeenfocusedon imitating the differentrendering
stylestraditionallyusedby illustrators.Unfortunately, these
computer-basedtechniquesonly providesomeimportantde-
tails likeshape,structure,or depthinformation,but oftenne-
glect complex spatialrelationshipsandespeciallyissuesof
occlusion.In photorealisticrendering,spatialrelationships
betweenobjectscanbe shown by usingtransparency. This
is alsopossiblewith technicalillustrationsand,in fact, this
solutionis sometimesusedby illustrators.

However, illustrators often prefer to use cutaway tech-
niques.Cutawaydrawingsin technicalillustrationsallow the
userto view theinteriorof asolidopaqueobject.In theseil-
lustrations,entitieslying insideor goingthroughanopaque
objectareof more interestthanthe surroundingoneitself.

Insteadof letting theinnerobjectshinethroughthegirdling
surface,partsof the exterior objectareremoved.This pro-
ducesa visualappearanceasif someonehadcutouta piece
of the object or sliced it into parts.Cutaway illustrations
avoid ambiguitieswith respectto spatialordering,providea
sharpcontrastbetweenforegroundandbackgroundobjects,
andfacilitatea goodunderstandingof spatialordering.An-
otherreasonfor thepopularityof cutawayillustrationsmight
be the fact that theappearanceof semi-transparentsurfaces
is hard to simulatewith most classicaldrawing styles for
hand-madeillustrations.

The purposeof this paperis to provide methodsto gen-
eratecutaway drawings on a computer. Thesemethodsare
basedon a smallandeffective setof rulesthatareextracted
from traditional techniques.Even thoughour rules lead to
a completelyautomaticgenerationof quite reasonableini-
tial cutaway illustrations,interactivity is still very usefulfor
a �ne adjustmentof the initial parameters.Therefore,we
presentwaysto mapthecutawayrenderingsdirectlyto mod-
erngraphicshardwarein orderto achieve interactive frame
rates.Anotheraspectof this work is to show that cutaway
is de-coupledfrom the renderingstyleusedin the �nal im-
age.For this reasonthe cutaway techniquescanreadily be
includedin agreatvarietyof alreadyexisting renderingsys-
tems.

2. Previousand RelatedWork

To our knowledge,the SIGGRAPH99 advancedOpenGL
renderingcourse2 is theonly work in the �eld of computer
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graphicsresearchthat explicitly mentionscutaway illustra-
tion. In thiscourse,asimplemethodusinga blendingis dis-
cussedto achieveanappearanceof cutawaydrawings.How-
ever, a blendingcausesrathera smearingout thana cutting
out or slicing. Otherwork dealswith usingtransparency in
thecontext of NPRto show inner-spacerelationships7; 14; 5.

Most researchon technical illustrations has been fo-
cusedonsimulatingdifferentrenderingstyles.Goochetal.11

presenttone-basedshadingandvarioussilhouetterendering
methods.Dooley andCohen6, Winkenbachetal.27, andSal-
isbury et al.23 investigate pen-and-inkillustrations.Recent
work by Raskar22, Praunet al.20, and Freudenberg et al.10

is basedon hardwarecapabilitiesto renderdifferentrender-
ing stylesin real time. We demonstratethat theserendering
approachesareindependentof our cutaway techniquesand
that cutaway canbe readily combinedwith theserendering
styles.

Anotherrelated�eld of researchon technicalillustrations
dealswith renderingon a higherlevel of abstraction,where
semanticsand user interactionhave to be taken into ac-
count.An importantaspectis labelingandannotatingillus-
trations,cf., for example,the recentwork by Bourguignon
et al.3. SeligmanandFeinerintroducea rule-basedillustra-
tion system24 for renderingphotorealisticillustrations,with
anextensionfor supportinginteractivity25.

3. Overview of Cutaway Illustrations

In this sectionwe brie�y review how cutawayillustrations
are traditionally createdby illustrators in order to extract
somerequirementsfor an automaticgenerationprocesson
thecomputer. For detailedbackgroundinformationonhand-
madetechnicalillustrationsin generalandcutawaydrawings
in particularwe referto classicalartbooks26; 17.

Thepurposeof a cutaway drawing is to allow theviewer
to havea look into anotherwisesolidopaqueobject.Instead
of letting theinnerobjectshinethroughthesurroundingsur-
face,partsof outsideobjectaresimply removed. From an
algorithmic point of view, the most interestingquestionis
whereto cut the outsideobject.The answerto this funda-
mentalquestiondependson many differentfactors,for ex-
ample,the sizesand shapesof the inside and outsideob-
jects,thesemanticsof theobjects,personaltaste,etc.Many
of thesefactorscannotbe formalizedin the form of a sim-
ple algorithmandneedsomeuserinteraction.Nevertheless,
we foundsomeinterestingcommonpropertiesin many ex-
amplesof traditional cutaway drawings which allow us to
automaticallygeneratequitereasonablecutaways.

In this paperwe distinguishbetweentwo different sub-
classesof the generalnotion of a cutawaydrawing: cutout
andbreakaway. Figures1 (a) and1 (b) show thedifference
betweenthetwo subclasses.

Artists andillustratorstendto restrictthemselvesto very

simpleandregularlyshapedcutoutgeometries.Oftenonly a
smallnumberof planarslicesis cut into theoutsideobject;
in many casesjusttwo planesaresuf�cient. Thelocationand
orientationof thecuttingplanesaredeterminedby thespatial
distributionof theinteriorobjectsand,moreimportantly, by
thegeometryof theoutsidebody. Justenoughis takenaway
from the outlying object to allow the observer to view the
internal details.We have analyzedmany cutaway illustra-
tionsandhave cometo theconclusionthattwo planesinter-
sectingat ananglebetween90 to 140degreesaresuf�cient
for a wide classof applications.Anothercommonproperty
concernsthe locationof theslicing planes.Thecut through
theobjectof interestoftentakesplaceat or aroundits main
axis.Themainaxisof anobjectis theaxiswith thegreatest
spread.

A cutout in a technicalillustration hasnot always to be
smooth.For example,a sawtooth-like or jittering cutting is
often appliedto betterdistinguishbetweenouterandinner
objectsandproduceahigherlevelof abstraction.Figure1 (a)
shows sucha jittering cutout for a simple examplescene.
Theimagewasgeneratedby thecomputer-basedmethodde-
scribedin Section4.

Thecutoutapproachis particularlyusefulwhenmany ob-
jectsor largeobjectsareinsideandcover a largeportionof
the interior of thegirdling object.In contrast,if only a few
small inside objectslie denselyto eachother, anotherap-
proachis moreappropriate.Here,anillustratorratherbreaks
a virtual holeinto theboundaryto show theinterior objects.
This boundaryholeshouldbejust wide enoughto seethese
objects.We call this methodbreakaway. Figure1 (b) shows
a simple exampleof a breakaway illustration. The image
was generatedby the computer-basedtechniquedescribed
in Section5.

It hasalreadybeenstatedthathand-madeillustrationsare
in�uencedby variousaspectsmany of which arehardto be
formalizedfor a computer-basedprocessing.Nevertheless,
we have beenable to extract a small numberof rules that
leadto quiteconvincing, fully automaticcutaway drawings.
The useris still able to changeparametersafter the initial
automaticconstruction.

Let us start with the rules for the cutout approach.The
�rst, very basicquestionis: Which objectsare potentially
subjectto cutting?Wehaveobservedthatinteriorobjectsare
not slicedby thecutoutgeometry. Cuttingis only appliedto
outsideobjects.Therefore,the�rst requirementis:

(R1) Insideandoutsideobjectshave to be distinguished
from eachother.

Pleasenotethatthisrequirementnotonly coverssceneswith
a singleoutsideobject,but hasto allow for scenarioswith
severaldisjointoutsideobjectsandevennestedlayersof out-
sideobjects.Anotherissueis theshapeof thecutoutgeom-
etry. Werestrictourselvesto aspeci�c classof shapes:
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(a) (b)

Figure 1: Comparisonof computer-generated cutout and breakawayillustrations. The left image demonstrates the cutout
techniquewith a jittering boundary. In theright picture, thebreakawaymethodis appliedto thesamescene.

(R2) Thecutoutgeometryis representedby theintersec-
tion of (a few) half spaces†.

By construction,this cutoutgeometryis convex. Very often
goodresultsareachievedby:

(R2') A cutoutgeometryis representedby theintersection
of two half spaces.

Thenext rule determinesthepositionandorientationof the
abovecutoutgeometry:

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

For a cutoutwith two planes,the intersectionline between
the two planeslies on the main axis.The angleof rotation
aroundthis axis is a freeparameterthat canbeadjustedby
theuser.

A cutoutin a technicalillustration doesnot alwayshave
to be assmoothasthe geometryde�ned by a collectionof
half spaces.For example,asawtooth-likeor jittering cutting
is oftenappliedto suchasimplecutoutgeometryto produce
ahigherlevel of abstraction.

(R4) An optional jittering mechanismis useful to allow
for roughcutouts.

Finally, the cutout producesnew partsof the objects' sur-
facesat theslicedwalls.This leadsto:

(R5) A possibilityto make thewall visible is needed.

This requirementis important in the context of boundary
representations(BReps)of sceneobjects,which doesnot
explicity representthesolid interiorof walls.Therefore,spe-
cial carehasto betakento makepossibleacorrectillumina-
tion of cutoutwalls.

The othercutaway approachin the form of a breakaway

† A half spacecanbe representedby the planethat separatesthe
spacefrom its complement.

is basedona slightly differentsetof rules.The�rst require-
ment(R1) for a distinctionbetweeninsideandoutsideob-
jectsis thesameasin cutoutdrawings.However, theshape
andpositionof thebreakawaygeometryis notbasedonrules
(R2)and(R3), but on:

(R6) The breakaway shouldbe realizedby a singlehole
in theoutsideobject.

If several small openingswerecut into the outsidesurface,
a ratherdisturbingandcomplex visualappearancewouldbe
generated.Nevertheless:

(R7) All interiorobjectsshouldbevisible from any given
viewing angle.

Theabove rule for makingthewalls visible (R5)canbeap-
plied to breakaway illustrationsaswell. Jitteringbreakaway
illustrationsareseldomandtherefore(R4) is not a hardre-
quirementfor theseillustrations.

In the following two sections,we presenttwo different
renderingalgorithmswhich meetthe above characteristics
for cutoutandbreakaway illustrations,respectively.

4. Cutout Drawings

In this sectiona classof renderingalgorithmsfor cutout
drawingsis presented.We show how a computer-basedpro-
cesscan ful�ll the aforementionedrules (R1)–(R5) for the
cutoutapproach.

Classi�cation. We assumethat theclassi�cationof objects
asinterior or exterior (R1) is providedby anoutsidemech-
anism.Theproblemis thata genericclassi�cationcriterion
solely basedon the spatialstructureof the sceneobjectsis
not available.For specialcases,objectscanbe recognized
asbeinginsideor outsideby observingtheir geometry. For
example,the importantclassof nestedsurfacescanbehan-
dled by an algorithm by Nooruddinand Turk19. However,
this methoddoesnot supportexterior objectsthat already
haveopeningsbeforethecuttingprocessis performed.
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In our implementation,a differentapproachis taken.The
objectsarestoredin a scenegraphstructure;the classi�ca-
tion is basedon an additionalBooleanattribute that is at-
tachedto eachgeometrynodeof thescenegraph.For practi-
cal purposes,geometricmodelingof scenesis performedin
an outside,commercialmodelingandanimationtool (such
as3D StudioMax or Maya) andthe scenesareafterwards
importedinto our software via a 3D data�le. Sincethese
modelingtools do not directly supportthe additionalclas-
si�cation attribute, other information storedin the 3D �le
format hasto be exploited. For example,the transparency
value can be (mis-) used,or the classi�cation is codedin
theform of a stringpatternin thenameof 3D objects.This
approachallows the userto explicitly specify interior and
exterior objectsandto introducesomeexternalknowledge
into thesystem.

Main Axis. Another issueis the computationof the main
axesof theoutsideobjects.Eachobjectis assumedto berep-
resentedby a triangulatedsurface.Informationon the con-
nectivity betweentrianglesis not required,i.e., a “triangle
soup”canbeused.

Thealgorithmmakesuseof �rst andsecondorderstatis-
tics that summarizethe vertex coordinates.Theseare the
meanvalue and the covariancematrix8. The algorithm is
identicalto Gottschalket al.'s13 methodfor creatingobject-
orientedboundingboxes (OBB). If the verticesof the i' th
trianglearethe points~pi , ~qi and~r i , thenthe meanvalue~µ
andthecovariancematrixC canbeexpressedin vectorarith-
meticsas

~µ =
1
3n

n

å
i= 0

(~pi + ~qi + ~r i) ;

Cjk =
1
3n

n

å
i= 0

( ~p0i
j
~p0i

k + ~q0i
j
~q0i

k + ~r0i
j
~r0i
k ) ;

wheren is thenumberof triangles,~p0i = ~pi � ~µ, ~q0i = ~qi � ~µ,
~r0i = ~r i � µ, andCjk are the elementsof the 3 � 3 covari-
ancematrix. Acutally, not the verticesof the original mesh
are used,but the verticesof the convex hull. Moreover, a
uniform samplingof theconvex hull is appliedto avoid po-
tentialartifactscausedby unevenlydistributedsizesof trian-
gles.Theseimprovementsarealsodescribedby Gottschalk
etal.13 Theeigenvectorsof asymmetricmatrixwith different
eigenvaluesaremutuallyorthogonal.Theeigenvectorsof the
symmetriccovariancematrix canbe usedasan orthogonal
basis.Of specialinterestis theeigenvectorcorrespondingto
the largesteigenvaluebecauseit servesasthe main axis of
theobject.

CSG Cutout. Finally, the cut geometryhasto be de�ned
andthenappliedat the previously determinedlocation.An
object-spaceapproachworking directly on the geometry
could be realizedby techniquesknown from constructive
solidgeometry(CSG).

The intersectionof half spaces(R2)canbe realizedby a
CSGintersectionoperationworking on half spaces.An in-
tersectionoperationis equivalentto a logical “and” applied
to thecorrespondingelementsof thespaces.A half spacecan
berepresentedby theplanethatseparatesthespacefrom its
complement.Therefore,this planeservesasa slicing plane
in the cutoutapproach.Note that we de�ne the half space
in a way thatoutsideobjectsareremovedat all locationsof
thishalf space;outsideobjectsareleft untouchedin thecom-
plementaryspace.Theactualcuttingprocessis modeledby
a CSGdifferenceoperationappliedto the cutoutgeometry
andthegeometryof theexteriorobjects.Intrinsic to all CSG
operationsis thecreationof new boundarysurfacesat cuts.
Therefore,cutoutwalls areautomaticallymodeledandcan
bedisplayedafterwards,asrequiredby (R5).

In the generalapproachof rule (R2), the number, loca-
tions, andorientationsof the cutting planeshave to be de-
�ned by theuser. Themorerestrictedrule (R2') prescribesa
�x ednumberof two planes.Moreover, the intersectionline
betweenthe planesis �x ed by the main axis of the outside
object.The only free parametersare the relative anglebe-
tweentheplanesandtheangleof rotationof thecutoutge-
ometrywith respectto themainaxis.Therelative anglecan
besetto adefaultvaluein between90and140degrees(e.g.,
to 110 degrees);the default orientationwith respectto the
main axis canbe set to any �x ed angle.With theseinitial
values,quitegoodresultsareachievedwithout any userin-
teraction.

For an optionalsawtooth-like or jittered cutout (R4) the
cutoutgeometryhasto beperturbed,for example,by a dis-
placementmappingtechnique4. Appropriatekinds of dis-
placementmapsarepresentedshortly in the descriptionof
texture-basedcutouts.

Although all the requirements(R1)–(R5) canbe directly
mappedto a CSG-basedimplementation,we have not pur-
sued this approachin more detail. The main problem is
that CSGBooleanoperationscanbe very time-consuming.
Therefore,parameterchangesare unlikely to work in real
time and interactive work is not possible.This is a major
drawbackbecausecutoutdrawings—even if they work al-
most automatically—needsomeuser interactionto adjust
parametersfor improved�nal results.If highly detailedand
jittered cutout geometriesor complex exterior objectsare
used,CSGoperationsbecomeparticularlytime-consuming.
Another issueis renderingtime itself. Often a high num-
ber of new primitives is introducedby the re-tesselating
stepsrequiredfor preciseintersectionsbetweenobjects.The
high amountof new primitivescouldhinderinteractive ren-
dering timesandmight requirefurther objectoptimization
steps.All theseaspectslimit the applicability of the CSG
approachfor aninteractiveapplication.Therefore,weinves-
tigateotherapproachesthatmake useof graphicshardware
accelerationandarebasedon image-spacecalculations.
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Planar Cutout. A simpleimage-spaceapproachis basedon
theconceptof clipping planesandallows for piecewisepla-
nar, convex cutoutsaccordingto (R2). Eachplanarelement
of thecutoutgeometryis identi�ed by a clippingplane.The
exterior objectis renderedn timeswheren is thenumberof
differentplanes.In eachrenderingpass,therespective clip-
ping planeis activated.Afterwardsthe interior objectsare
renderedin a singlepass,with clipping planesbeingdeacti-
vated.

The advantagesof the clipping-planebasedmethodare
its rathersimple implementationand its supportby virtu-
ally any graphicshardware.For example,client-de�nedclip-
ping planesarealreadyavailable in standardOpenGL1.0.
A drawback is the increasein renderingcostsfor multiple
renderingpasses—especiallyfor morecomplex cutoutswith
severalcuttingplanes.Anotherissueis therestrictiontoslick
cutouts.Jitteringboundariesaccordingto (R4) arenot pos-
sible.Sincenoexplicit modelingof thecutoutsurfaceis im-
plemented,thewall cannotbemadevisible (R5).

Cutout via Stencil Test. The following screen-spacetech-
niqueexploits thestencilbuffer andstenciltestto represent
thecutoutgeometry. Theadvantageof thismethodis thefact
that jittering boundariesaresupported.On the otherhand,
we restrictourselvesto convex exterior objects.Rappoport
andSpitz21 demonstratethatarelatedstencil-basedapproach
canbeusedto make possibleinteractive Booleanoperators
for CSG.

Ouralgorithmis similarto implementationof shadow vol-
umesby meansof thestencilbuffer15. Thefollowing exten-
sionsare neededfor stencil-basedcutouts.First, the algo-
rithm hasto affect the visibility of objectsandthustheir z
values.Therefore,a mechanismto adjustdepthvalueshas
to be incorporated.Second,the algorithmhasto allow for
front andbackfacesof the exterior convex objectbecause
the line-of-sight (from the camera)may have intersections
with onefront andonebackfaceof theexterior object.The
corealgorithmis appliedtwice: oncefor front andoncefor
backfaces.

The detailsof the renderingalgorithmareasfollows. In
the�rst step,thefront faceof theexteriorobjectthatshould
be cut is renderedto the depthbuffer; the color buffer is
maskedout.Afterwardsthefront facesof thecutoutgeome-
try arerenderedwith thedepthtestbeingactivated,but with-
out changingthedepthbuffer entries.A stenciloperatorin-
creasesthestencilvalueby oneeachtimea fragmentpasses
thedepthtest.Similarly, thebackfacesof thecutoutgeom-
etry are renderedwithout changingthe depthbuffer. This
time the stencilvalueis decreasedwhena fragmentpasses
thedepthtest.Thisensuresthatpixelsof thefront facelying
insidethe cutoutgeometryhave a stencilvalueof one.All
otherpixelshave a stencilvalueof zero.Note thatwe have
assumedthat thecamerais not locatedinsidethecutoutge-
ometry. If thecamerais within thecutoutgeometry, thesten-
cil buffer needsto beinitialized to one.

In the next step,the depthbuffer is clearedandthe back
faceof theexterior objectis renderedto thedepthbuffer in
theregionswherethestencilvalueis greaterthanzero.Like
in thesecondstep,thefront facesof thecutoutgeometryand
thenthebackfacesof thecutoutgeometryarerenderedwith
depthtest.Thestencilvalueis increasedfor front facespass-
ing the depthtestanddecreasedfor backfacespassingthe
depthtest.It is now possibleto decidefor eachpixel if only
thebackfaceof theexterior object(stencilvalueone),both
thebackandfront faces(stencilvaluezero)or neither(sten-
cil valuetwo) arevisible.For the�nal stepthedepthbuffer
is clearedand then the back faceof the exterior object is
bothrenderedinto depthandcolor buffers in regionswhere
thestencilvalueis one.Afterwardsthefront faceof theex-
terior objectis renderedto depthandcolor buffers in those
partsof the screenwherethe stencilvalue is zero.Finally,
theinteriorobjectsarerenderedwithoutstenciltest.

Theadvantageof thisapproachis thatcomplex cutoutge-
ometriesaresupported.In addition,thenumberof rendering
passesdoesnot increasewith the complexity of the cutout
geometry. Stencilbuffer andstenciltestarealreadyincluded
in standardOpenGL1.2.Therefore,thealgorithmis widely
supportedby graphicshardware.Unfortunately, thestructure
of the exterior object is subjectto an importantrestriction.
Theobjecthasto berepresentedby a singleconvex surface
withoutboundaries.Theabovealgorithmmakesexplicit use
of thefactthat(atthemost)onefrontandonebackfaceiscut
by a ray originatingfrom thecamera.However, many tech-
nical 3D datasetscontainnestedsurfacesor explicitly rep-
resentall boundaries—bothinsideandoutside.This means
they canhave morethanjust onefront andbackfaceinter-
sectingthe sameline of sight. In this casethe above algo-
rithm fails becauseit is no longerguaranteedthat all back
facesof the exterior object lie behindthe cutoutgeometry.
Moreover, thecutoutwallsarenotmodeled(R5).

Texture-BasedCutout. To overcometherestrictionto con-
vex exterior objectswe presenta new renderingalgorithm
thatexploits texturemappingto representthecutoutgeom-
etry. The implementationrequiresprogrammabletransform
andlighting, per-fragmentoperations,andmulti-textures.

First, we illustratethe basicideaof our approachby re-
strictingourselvesto a singlecuttingplane.Thescenariois
depictedin Figure2. Let usconsidertherequiredoperations
andteststo allow for a cut into a singletriangle.The deci-
sionwhetherafragmentof thetriangleliesinsidetheclipped
half spaceor in thecomplementspaceis basedonthesigned
Euclideandistanceof the fragmentfrom the plane.We de-
�ne that fragmentswith a negative distanced are clipped
andfragmentswith a positive valued pass.Thesigneddis-
tancesare computedfor eachvertex and then interpolated
acrossthe triangleto obtainvaluesfor eachfragment.The
per-vertex distancescaneitherbecomputedon theCPUor
by avertex programin thetransformandlighting partof the
renderingpipeline.The necessaryparametersfor the plane
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Figure 2: Planar cutout basedon a linearly interpolated
signeddistance.
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Figure3: Jitteringcutout.A perturbationfunctiondisplaces
theoriginal distancesto thecuttingplane.

equationof thecutoutcanbeprovidedby passingvertex pro-
gramparameters.

First, thesigneddistanceis storedin a texturecoordinate.
Texturecoordinatesarebettersuitedthancolor-components
for thefollowing reasons:OnmostGPUstexturecoordinates
areimplementedas�oating point numbers,they arenot re-
strictedto therange[0;1], andthey haveamuchhigheraccu-
racy. Moreover, texturecoordinatescanbeinterpolatedin a
perspectively correctmanner, i.e.,ahyperbolicinterpolation
in screenspacecorrespondsto a correctlinear interpolation
in objectspace.

Theoriginal signeddistancedplane canalsobeperturbed
to allow for jittering cutouts.Theideais basedon displace-
mentmappingtechniques4. Figure3 illustratesthedisplace-
mentof thesigneddistanceto a cuttingplane.The�nal dis-
tanceis computedby fragmentoperationsaccordingto

d = dplane+ dperturb : (1)

Theperturbationdperturb is storedin a 2D textureandis su-
perimposedontotheoriginaldistance.While experimenting
with differentkind of perturbationtextureswe noticedthat
fractals,syntheticproceduraltexturesusedfor cloudsand
virtual terrain height �elds, and real terrain data produce
goodvisual effects.In particular, a sawtooth-like boundary
canberealizedby a quitesimpleandmemoryfriendly per-
turbationtexture. Justa tiny 2 � 2 texture as illustratedin
Figure4 is needed.Thanksto texturerepeatandbilineartex-
tureinterpolationa repeatedfalloff is generatedwhich leads

texel 0 texel 1

texel 2 texel 3

Figure 4: A tiny 2 � 2 exampletexture usedfor sawtooth-
shapedboundaries.

to thedesiredvisualeffect.Figure1 (a)showsanexampleof
acutoutillustrationbasedon this2� 2 perturbationtexture.

In thelaststepafragmentclippingoperationhasto beex-
ecutedaccordingto thecorrespondingdistancevalue.If the
valueis below zerothefragmenthasto beclipped,otherwise
kept.This caneitherbedonethrougha texkill commandor
by settingthealphavalueandusingthealphatest.

So far only a singleperturbedcutoutplaneis supported.
Theabovetexture-basedalgorithmcaneasilybeextendedto
several cutoutplanes.A separatetexturecoordinateis used
for eachplaneto storethe respective signeddistance.The
sameperturbationis appliedto eachdistancevalue.An ad-
ditional fragmentoperationdeterminestheminimalabsolute
distancevalue.

Thefollowing approximationcanbeusedto avoid several
texture coordinatesand the additional fragmentoperation.
The minimal absolutedistancevaluecanalsobe computed
pervertex andtheaccordingsigneddistancecanbeusedas
the only texture coordinate.This approximationyields cor-
rect resultsfor most cases.If, however, the threedifferent
verticesof a triangledo not have thesameclosestplane,in-
accuraciesareintroducedby interpolatingsigneddistances
thatareattachedto differentplanes.Thesmallerthetriangle,
thesmalleris thepossibleerror.

We show how theabove texture-basedcutoutcanbe im-
plementedon a greatvarietyof graphicboards.First, a ver-
tex programis enabledin orderto computethe signeddis-
tancesto the planesof the cutoutgeometry. We follow the
aboveapproximationandcomputetheminimalabsolutedis-
tancevalue on a per-vertex basis.The signeddistanceto
the closestplaneis usedasa texture coordinate.To imple-
mentthe jittering cutingboundarydifferentapproachescan
be used.On the Geforce3 a texture shaderprogramusing
threestagesis utilized.In texturestagezero,theperturbation
valueis obtainedby a lookupin the2D perturbationtexture.
Stageoneimplementstheshift of distancevaluesaccording
to Eq.1.Thisshift is basedonacomputationof adotproduct
betweentwo 3D vectors.The�rst vectororiginatesfrom the
RGBvaluesfrom aboveperturbationtexture.In this texture,
theredchannelis setto one,thegreenchannelrepresentsthe
valueof theheight�eld, thebluechannelis setto zero.The
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secondvector is given by the texture coordinatesfor stage
one.On theATI Radeon8500or Radeon9700a jittering is
achievedby addinganoffsetto thetexturecoordinateof the
currentfragment.This offsetcanbelookedup in a jittering
texture.

The presentedtexture-basedcutout algorithm meetsthe
requirements(R1)–(R4). The geometryof the interior and
exterior objectsis not subjectto any restrictions.Sincethe
algorithmcanbe mappedto graphicshardware,interactive
frameratesarepossibleevenfor complex illustrations.The
only drawbackis the missingmodelingof the cutoutwalls
(R5).

5. BreakawayIllustrations

In this section,a renderingalgorithmthatmeetstherequire-
mentsfor breakawayillustrationsis presented.Weshow how
a computer-basedprocesscanful�ll thebreakaway-speci�c
rules(R6)and(R7). Theclassi�cationof objectsasinterior
or exterior(R1)is providedby thesamemechanismasin the
previoussection.

Thebasicideais to clip away thosepartsof thesurround-
ing object that would otherwiseocclude the interior ob-
jectsasseenfrom thecamera's position.Therefore,this ap-
proachis intrinsically view-dependentandallows for (R7).
Theotherrequirementis thatonly asingleholeis cutinto the
exteriorobject(R6). Theconvex hull of theinteriorobjectsis
usedasabasisfor breakawayillustrations.Justenoughis re-
movedfrom theoutsideobjectto make this convex hull vis-
ible. The convex hull hastwo advantages.First, it contains
all interior objects.If the convex hull is visible, all interior
objectsarevisible.Second,theprojectionof theconvex hull
onto the imageplanealwaysyieldsa convex geometryand
cannotcontainany holes.

We proposethefollowing algorithmfor breakaway illus-
trations.In a preprocessingstep,the convex hull of the in-
terior objectsis computed,for example,by the Quick Hull
algorithm1. The convex hull is extendedinto all directions
by someadditionalspatialoffset.In thisway, all interiorob-
jectsareenclosedwith a non-zerominimumdistanceto the
hull. During theactualrenderingprocesstheextendedcon-
vex hull servesasa virtual clipping object.Only thoseparts
of surroundingobjectsthatarenot in front of theconvex hull
arerendered.This is achievedby usingtheforemostpartof
theconvex hull asa clipping object.Finally, theinterior ob-
jectsaredisplayed.

The crucial point of the algorithm is the clipping at the
foremostsurfaceof the convex hull. A mechanismto clip
away objectsin front of an arbitrarily shapedobjecthasto
beemployed.We usea clipping algorithmthat is very sim-
ilar to oneof Diepstratenet al.'s5 techniquesfor rendering
transparentsurfaces.Alternatively, Everitt's depth-peeling9

could also be used.Both algorithmscan be realizedon a
GeForce3.

while rendering test

against clipping area

clear depth/frame buffer

to depth buffer

read depth buffer

clear depth buffer

define clip texture

generate clip texture

containing depth values

    render convex hull

of the extended convex

hull of the clipping object

render exterior objects
 to frame/depth buffer

render interior objects
 to frame/depth buffer

enable clipping

disable clipping

Figure5: Renderingpipelinefor thebreakawaytechnique.

Figure 5 shows the details of the renderingpipeline.
In this case we use the terminology from the standard
OpenGL speci�cation and NVidia-speci�c extensionsfor
theGeForce3.

In the �rst four boxes,the clipping areain screenspace
is determined.First, the depthbuffer is initialized with a
depthof zero(which correspondsto thenearclipping plane
of theview frustum).Then,theextendedconvex hull is ren-
deredtwice into the depthbuffer. The �rst renderingpass
uses“greater”aslogicaloperationfor thedepthtest,thesec-
ondrenderingpassusesthestandard“less” depthtest.In this
way, thedepthbuffer containsthedepthvaluesof the fore-
mostpartsof theconvex hull. Furthermore,thedepthbuffer
is still initialized with zeroin theareasthatarenot covered
by the convex hull. In the third box, the depthvaluesare
transferredinto a high-resolution2D texture (a HILO tex-
ture)thatwill serveastheclip texture.Thenthedepthbuffer
is cleared.

In the �fth box, a texture shaderprogramis enabledto
virtually clip away all fragmentsthathave equalor smaller
depthvaluesthanthosegivenby theabove clip texture.Es-
sentially, this textureshaderprogramreplacesthez valueof
afragmentby z� zclip, wherezclip representsthedepthvalue
storedin theclip texture.Thistextureshaderprogramcauses
all fragmentswith z< zclip to beclippedaway. For detailsof
thetextureprogramwereferto 5. Thentheexteriorobjectis
renderedinto the frameanddepthbuffers;all partsin front
of theconvex hull areclippedaway. Finally, theinterior ob-
jectsaredisplayedandthetextureshaderprogramis resetto
thestandardcon�guration.
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Thisalgorithmcantakeinto accountmorethanone“clus-
ter” of interior objectsby computingseveral corresponding
convex hullsandrenderingtheminto thedepthbuffer in step
2 of the renderingpipeline.It is alsopossibleto allow for
surroundingobjectswith boundarysurfacesof �nite thick-
ness.Here,separateclipping objectshave to bede�ned for
the front andfor the backfaceof the boundary. By choos-
ing a smallerclipping geometryfor the back face,we can
imitate theeffect of cutting throughanobjectof �nite wall
thickness.In thisway, requirement(R5)for visiblewallscan
bemetin parts.

6. Implementation and Results

Our implementation of cutaway illustrations is based
on OpenGL and on NVidia-speci�c extensions for the
GeForce3. User-interactionandthemanagementof render-
ing contexts in ourC++ applicationarehandledby GLUT.

We have implementedseveral different NPR styles to
demonstratethat our cutaway processesareindependentof
therenderingstyle.Figures6 (a)–(c)show a cutoutillustra-
tion of thesameengineblock with threedifferentrendering
styles.Additionallya512� 512shadow mapisusedtosimu-
lateshadow castinginsidetheinterior parts.In Figure6 (a),
we employ silhouetterenderingwith a toon-shadingtech-
niquedescribedby Lakeetal.16 Specularlighting is addedto
theoriginaldiffusetoon-likelighting.Thediffuseandspecu-
lar termsareusedto accessa2D texturecontainingthe�nal
color. The silhouettesare generatedby using a hardware-
basedmethodaccordingto Goochet al.12 The silhouettes
at cutting boundariescannotbe createdby the original ap-
proachbecausetheboundariesarenotexplicitly modeledas
a triangularmesh.Therefore,thecriterionfor asilhouette—
anedgeconnectinga front with a backface—isnot valid at
aboundary. Thisproblemcanbeovercomeby usinganidea
alsodescribedby Goochetal.12 Figure6 (b) usescool/warm
tone shadingas describedby Goochet al.11 The shading
model is implementedas a vertex programand provides
per-vertex lighting. Finally, Figure 6 (c) usesa real-time
layered-stroketextureapproachdescribedby Freudenberg et
al.10 with per-vertex lighting. Black line silhouettesareren-
deredaccordingto Goochet al.12 All exampleimagesfor
the cutout illustrationsarebasedon a syntheticheight�eld
textureto visualizea jittering boundary.

Thesametoonshading,cool/warmshading,andlayered-
stroke techniquesarealsousedin breakaway illustrationsof
a curvedconduitin Figures6 (d)–(f). It canbeclearlyseen
that thedifferentrenderingstylesproduceimagesof differ-
ent visual qualities.For both cutaway techniques,the toon
andcool/warmshadingproducesimilar, convincing results.
In contrastto thesetwo renderingstyles,thestippleimages
are—inour opinion—slightlyunsatisfactoryasthey do not
engenderagoodcontrastbetweeninterior, exterior, andwall
surfaces.

Table 1 shows performancemeasurementsfor both ap-

Table 1: Performancemeasurementsin framesper second.
Thetestmodelis illustratedin Figure 6(a)-(c)andcontains
145,153triangles.

renderstyle cutaway viewport size
technique 5122 10242

cool/warm none 6.11 6.10
cool/warm cutout 6.07 5.69
cool/warm breakaway 5.67 3.27

toonshading none 6.12 6.10
toonshading cutout 5.75 5.32
toonshading breakaway 5.52 3.30

stroke textures none 6.07 6.04
stroke textures cutout 5.74 5.32
stroke textures breakaway 4.73 2.81

proacheswith the differentrenderingstyles.All testswere
carried out on a Windows XP PC with AMD Athlon
1533MhzCPU and GeForce 4 Ti 4600.The test sceneis
depictedin Figures6 (a)–(c) and contains145,113trian-
gles.Note that in eachtestsilhouettelines arerenderedas
well andno specialdatastructureslike vertex arraysor dis-
playlistswereusedin themeasurements.Wetestedbothcut-
away techniqueswith threedifferentrenderingstylesandon
two differentviewportsizesof 5122 and10242. For compar-
ison,we includedtherenderingtimesfor eachstylewithout
applyingcutaway methods.As it canbeseenin Table1, the
cutout techniquehasnot much in�uence on the �nal ren-
dering time of any renderingstyle. At �rst glancethis is
quitesuprisingasat leastthreetexturestagesareneededto
achieveajittering cutoutontheGeforce3.A possibleexpla-
nationcouldbethatonly very small textureswhich seemto
�t perfectlyinto thetexturecacheareused.Probably, render-
ing performancefor this testsceneis limited by otherfactors
suchasthevertex pipeline.For thelargerviewport size,the
breakaway techniqueloosesnearlyhalf of its original per-
formance.This might be due to the doublereadbackfrom
depthbuffer for theconvex hulls of the interior objectsand
the usageof large clipping textureswhich might enforcea
lot of texturecachemisses.Cachemissesareaprobablerea-
sonfor theoverall lower performanceof the layered-stroke
texture renderingstyle becausea ratherlarge texture (2562

texels)is usedcomparedto thetoon-shadingtexture(82 tex-
els).

7. Conclusion

In this paper, we have presenteda small and effective set
of rulesfor computer-basedrenderingsof cutaway illustra-
tions.Oneclassof rulesleadsto cutoutdrawings,whichare
mostappropriatefor sceneswith ratherlargeinteriorobjects.
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Theotherclassof rulesis usedfor breakaway illustrations,
which aresuitablefor sceneswith smaller, denselypacked
interiorobjects.Wehavepresentedhardware-basedmethods
for bothcutoutandbreakaway drawingsin orderto achieve
interactive framerates.Even thoughour rulesmake possi-
ble a completelyautomaticgenerationof quite reasonable
cutaway illustrations,interactivity is still very useful for a
�ne adjustmentof the initial parameters.An advantageof
our rulesis thesmallnumberof parametersthateffectively
control the visual appearanceof the drawings.Finally, cut-
awaytechniquescanbereadilycombinedwith existingnon-
photorealisticrenderingstyles,suchassilhouetterendering,
cool/warm tone shading,or pen-and-inkillustrations.One
problemthatcannotbeaddressedwith our techniquesis the
visualappearanceof thewall itself. Exploiting theincreased
functionalityof futureGPUsmighthelpto addressthisprob-
lem.
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(a) (b)

(c) (d)

(e) (f)

Figure 6: Cutoutandbreakawayillustrationswith different renderingstyles.Image (a) showsa part of an engineblock with
toonshadingandsilhouetterendering, (b) showsthesamesceneusingcool/warmtoneshadingwith black silhouettelines,(c)
illustratesthesamesceneusinglayered-stroke textures.Images(d), (e),and(f) showthebreakawaytechniquefor theexample
of a curvedconduit;thesamerenderingstylesareappliedasin (a)–(c).
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