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Abstract

Thispaperdescribeshowtecnical illustrationscontainingopaqueand non-opaquebjectscanbe automatically
geneated. Traditional methodgo showtranspaencyin manualdrawingsare evaluatedto extract a small and
effectivesetof rules for computerbasedrenderingof technical illustrations,leadingto a novel view-dependent
transpaencymodel.We proposea hardware-acceleated depthsorting algorithm in image-spacewhich specif-
ically meetsthe requirrmentsof our transpaency model.In this way, real-timerenderingof semi-tanspaent
technicalillustrationsis achieved.Finally, it is describechowour approac canbecombinedwith othermethods
in the eld of non-photoealisticrenderingin order to enhancehevisualperceptionof technicalillustrations.

CatgyoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.7[ComputerGraphics]:Color, shadingshadaving

andtexture

1. Intr oduction

Although a lot of researchin computergraphicshasbeen
conductedon photorealisticrendering,manuals,adwertise-
ments,text and sciencebooksstill make greatuseof non-
photorealistidllustrations.A major adwantageof technical
illustrations is that they provide a selectve view on im-
portant details while extraneousdetails can be omittec?.
Technicalillustration are bettersuitedto communicatethe
shape and structure of complex objects and they pro-
vide an improved feeling for depth,occlusion,and spatial
relationship33 4.

This paperis focusedon one speci ¢ problemin color
shadedtechnical illustrations: transparenc Neither has
transpareng yet beenaddressedn automatictechnicalil-
lustrations,nor hasit beenaddresseaxtensvely in other
elds of non-photorealisticendering NPR).To theauthors'
knowledge, the paperby Hamel et al.1? is the only work
speci cally dealingwith transparencin NPR.They concen-
trateontransparengin line drawings,whereaghis paperis
focusedonillustrationsconsistingof smoothlyshadedcol-
oredsurfaces.

It is quite remarkablethat transpareng is widely ne-
glectedin computetbasedillustrations becausebooks on
traditional manualillustrations do provide effective tech-
nigues and rules for handling transpareng“ 2° in order
to communicatethe location of occluding and occluded
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Figure 1: An example of traditional technical drawing
showingtranspaencyeffectsaccoding to Hodges' rulest4.
(takenfrom Maier2?).

objects.In this paper someof theserules are presented
andadaptedo allow for computergeneratedmagesHere,
we introducethe conceptof view-dependentranspareng
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which is widely usedin traditional technicalillustrations,
into the eld of computergraphics.Furthermorewe pro-
posetwo differenthardware-acceleratedepthsortingalgo-
rithmsin image-spacevhich meetthe requirementf our
transparenc model. This modelcanbe appliedto existing
approachesor non-transparertechnicalillustrationsin or-
derto furtherenhancehevisual perception.

The paperis organizedasfollows. The subsequensec-
tion focuseson relatedand previous work. Section3 dis-
cussedraditional techniquedor color-shadedtechnicalil-
lustrationsIn thefollowing section,a shortoverview of our
renderingapproachs presentedSections describeshecon-
ceptof view-dependentransparencandhow it canbeim-
plementedin Section6, hardware-acceleratedepthsorting
algorithmsin image-spacarepresentedSection7 shavsre-
sultsandperformanceneasurement3.he papercloseswith
abrief conclusionandanoutlookon possiblefuturework.

2. Relatedand Previous Work

Althoughtransparencin NPRhasnotbeenconsiderediery
widely yet, thereare still somepapersrelatedto our work.
Hamelet al.13 describehow transparenccanbe handledin
line dravings andthey presenta semi-automatisystemto
do this. Also in the contet of NPR, Meier?> employs sev-
eralblendedayersof differentlyshapedndorientedstrokes
to achieve diffuse objectboundariesThis painterlyrender
ing approachyeneratestrolke-basedransparenappearance
betweenthe boundaryof foregroundobjectsandthe back-
ground.In anearlyfundamentalvork, Kay andGreenbeg!®
introducetranspareng into computergraphicsboth in its
popularlinear form andin a more complex non-linearap-
proachto simulatethefalling off of transparencattheedges
of thin curvedsurfaces.

Interrante and co-workers® 17 18 render several semi-
transparentlepthlayerswith a stroke-basedpproachThey
visualizethe 3D shapeof smoothlycurvingtransparensur
facesby utilizing the principal curvature directionsof sur
faces.In a subsequentvork!®, they extend this approach
to 3D line integral corvolution in orderto illustrate surface
shapein volumedata.

Goochandco-workers! 12 introducethe concepf tone-
basedcool/warm shadingcombinedwith silhouetteren-
dering for interactve technicalillustrations. Their shading
modelis thebasisfor shadingin ourimplementationSelig-
man and Feinef#” describea rule-basedllustration system
(Intent-Basedllustration SystemIBIS) for renderingpho-
torealisticillustrationsand Markosianet al. 22 introducea
real-timenon-photorealisticenderingsystem.

Another eld of researctrelatedto this paperdealswith
issuesof spatialsortingandvisibility, which arecrucial for
correctlyrenderingransparensurfacesFor asurey onthis
well-establishedopic we refer, for example,to Foley etal.®

Figure 2: Phantomlinesshowingtranspaentobjects.

or Durand. Ghalit® especiallydealswith object-spaceis-
ibility. Recently Sryder and Lengyef® proposedvisibility
sortingfor imagelayerdecompositiorwhich could be used
for transparentendering.One of the depth-sortingalgo-
rithms of this paperis relatedto the depth-peelingapproach
by Everitté, facilitating the ideasof virtual pixel mapsby
Mammen2 andof dualdepthbuffersby Diefenbach.

3. Traditional Visualization of Transparencyin
Technicallllustrations

Books describing techniquesfor technical and scienti ¢
illustrationg# 24 29 provide variousrulesfor how to visualize
transpareng artistically A simple methodis to drav only
the outlinesof transparenbbjects.Theseoutlinesare ren-
deredin a linestyle differentto the otheroutlinesto male
themdistinct from the opaqueobjects.This linestyleis of-
tendescribedasphantomines® andis demonstrateth Fig-
ure 2. Althoughthis techniquecanbe appliedto a wide va-
riety of drawing styles,rangingfrom color illustrationsto
simpleline or sketchdrawvings, therearecertaindravbacks:

Detailsof thetransparentbjectsarelostasonly theirout-
linesaredravn.

Materialandsurfaceinformationof transparenvbjectsis
ignored.

Thereare only two transpareng states:fully opaqueor
fully non-opaque;semi-transparegccannotbe visual-
ized.

A differentapproachcanbe foundin “The Guild Hand-
bookof Scienti c lllustration” by Hodge$*. For color illus-
trations,Hodgesrecommendso lighten the color of object
regionswhich areoccludedby transparentbjects Figure 1
demonstratethis approachHodgesproposeghe following
basicrules:
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(@)

(b)

Figure 3: Differencebetweerstandad transpaencyblendingin (a) andview-dependentranspaencyblendingin (b).

Strengthetheshadevhereanopaqueobjectentersanon-
opaqueobject.

Settheintensity of the opaqueobjectto zeroat the edge
of thesurroundingobjectandslowly increasets intensity
with increasinglistancerom theedge.

To put it anotherway, transparengfalls off closeto the
edgesof transparenbbjectsandincreasesvith the distance
to edges.Besidesthesefundamentalrules in visualizing
transparenbbjects,thereare otherswhich are not directly
describedy Hodgesandwhich focusonthe correlationbe-
tweenobjects. Thesepreceptoftenareobviousfor anillus-
trator, but cannotdirectly be transformednto rulesthatare
appropriatdor acomputetbhasedmplementationHowever,
by analyzingreal color-shadedechnicaldravings, suchas
Figurel, thefollowing simpli ed rulescanbeidenti ed:

Back facesor front facesfrom the samenon-opaqueb-
jectnever shinethrough.

Opagqueobjectswhich are occludedby two transparent
objectsdo not shinethroughto the closertransparenbb-
ject.

Two transparentbjectsareonly blendedwith eachother
if they do not distractthe viewer or if they arevery close
to eachotherandbelongto the samesemantigroup.

Thissetof rulesis basednthefactthatin technicaldraw-
ings transparencis usedto look into objectsandto show
objectswhich lie insideor go throughnon-opagqu®nes.Of-
tentheseobjectareopaquen reality.

As semanticgrouping is somethingwhich can not be
achieved without additionaluserinteractionin pre or post
processingtepswe proposeto changethelastruleto:

Two transparenbbjectsnever shinethrougheachother

¢ TheEurographic#ssociationandBlackwell Publisher2002.

4. BasicRendering Approach

Fromtheabove traditionalmethodgo shav transparengin
manualdravings, we extractthe following small and effec-
tive setof rulesfor computetbasedendering:

Facesof transparenbbjectsnever shinethrough.
Opaqueobjectswhich are occludedby two transparent
objectsdo not shinethrough.

Transpareng falls off closeto the edgesof transparent
objectsandincreasesvith thedistanceto edges.

Basedntheseules,ourrenderingapproachs asfollows.
First, the objectswhich areblendedhave to be determined,
following the guidelinesof the rst two rules.This taskes-
sentiallycorrespondto aview-dependenspatialsorting.An
ef cient andadaptedsolutionto this problemis describedn
Section6.

Secondly transpareng valueshave to be computedfor
a correctblendingbetweentransparenand opaqueobjects
accordingto thethird rule. In the subsequergection,a cor
respondingalgorithmis proposedIn what follows, we fre-
guentlyuseana valueinsteadof atransparencvalue.Note
thattransparencis1 a.

5. View-DependentTransparency

To simulateour third rule, we introducethe concepbf view-
dependentransparenc The a valuefor blendingbetween
transparentind opaqueobjectsdependsn the distanceto
theoutlineof thetransparentbject;theoutlinesof anobject
projectedonto a 2D screenconsistof silhouettedines and
thusdependn the positionof the viewer.

Silhouetteedgescan either be determinedn 2D image-
spaceor in 3D world/object-spaceHamel et al.13 recom-
mendto useanimage-spacenethodby establishingan ob-
ject ID buffer and an edgeextraction Iter . However, this
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methodis very time-consumingas you rst have to ren-
der the objectswith an ID tag, nd the edges,vectorize
theseedgedo 2D lines,and—uwiththe help of thesdines—
calculatethedistanceof eachpixel to theoutline.

In this paper we ratherpursuea 3D object/world-space
approachHere all silhouettesaredeterminedeforetheras-
terizationstage.With this approachmostof the previously
mentionedstepscanbe avoided.In 3D spaceasilhouetteis
anedgeconnectingwo faceswhereonefaceof the edgeis
backfacingandthe otheroneis front facing.This classi ca-
tion canbe formulatedas

nn p o nmnopo O Q)

wherep is anarbitary yet x edpointontheedge n; arethe
outwardfacingsurfacenormalvectorsof thetwo facesshar
ing theedge,ando is the positionof the cameraln ourim-
plementationall edgesare checled for the above criterion
and the detectedsilhouetteedgesare storedin a list. This
is basedon Appel's original algorithnt. The performance
of silhouettedetectioncould be improved by more sophis-
ticatedtechniquessuchasfastbackfaceculling described
by Zhangetal 3%, the Gaussmapmethod?, or by exploiting
frame—to—frameoherence.

Then,the distanceof eachvertex to the closestsilhouette
edgeis computed First, the distanced of the vertex to all
silhouetteedgesds determinedaccordingto

Vv p e
d v p Te
wherev is the position of the vertex, p is an arbitrary yet
x ed point on the silhouetteedge,and e is the silhouette
edge.The minimum distanceof a vertex to the silhouettes,
dmin, is usedto calculatethea valuefor therespectre vertex
of thetransparenbbject.In ourimplementatiorthe follow-
ing approachis used:

a 1 ﬁ )

dobject,max

wheredgpject, maxdenoteshemaximumdistancebetweerthe
centerof theobjectandall surfacepoints;k 0 1 isauser
speci edfalling off term.

As weightsfor blendingbetweertransparenandopaque
objectswe usetheabove a valuefor thetransparensurface
andanother x edvaluefor theopaqueobject.Thereforethe
a valueof the opaqueobjectdetermineshis objects weight
in the nal image.Notethatthebackgroundoloritself may
be blendedwith transparensurfacesaswell. In our imple-
mentationdifferenta valuesfor opaqueobjectsandfor the
backgrounctanbe speci ed by theuser

Figure 3 (a) and 3 (b) compareview-dependentrans-
pareng to standardsziew-independentransparenc

camera camera

AN AN

@ o

semi-transparent

Qled |

(a) (b)

Figure 4: Scenariowith opaqueobjectsembeddednto the
volumeof a transpaentobject. Theleft image showsa con-
vex transpaent object, the right image showsa concave
transpaentobject.

6. Depth Sorting

Now thatwe know how to blendtransparenandopaqueob-
jects,we needto determinavhich objectshave to beblended
andwhich objectsare hiddenand do not contritute to the
nal image.In full generality renderingsemi-transparent
sceneswvould requireview-dependentlepthsorting.A large
body of researcthasbeenconductecn theseissuesof spa-
tial sorting and visibility” °. The two main approachego
depthsortingareeitherbasedon screen-spacer on object-
space.

In this section,we focus on screen-spacalgorithms.A
majoradantageof this approachs thatwe canexploit dedi-
catedgraphicshardvareto ef ciently solvethis problemand
canthusavoid operationson the slover CPU. Screen-space
algorithmsalso bene t from the fact that our speci c ap-
plication doesnot requirecompletedepthsorting—weonly
needto determinethe closesttransparenbbjectsand the
opaquenbjectsdirectly behindthesetransparensurfacesin
all of ourdepth-sortingapproachesye assumehatvolumet-
ric objectsarede ned by boundarysurfacerepresentations.

6.1. Implicit Interior Boundaries

Let us start with a rst, quite common scenario.Here,
opaqueobjectsmay be containedinside the volume of a
transparenbbject. Theseopaqueobjectsshouldbe visual-
ized by transparentendering.Figure 4 illustratesthis sce-
nario.Here,theinterior boundaryof thetransparentolume
is givenimplicitly by the surfaceof the surroundedpaque
object.

First, let us consideronly convex transparenbbjectsas
shavn in Figure 4 (a). Opaqueobjects,however, may be
of arbitrary shape Following our rulesfrom section4, the
front-facing surfaceof the transparentbject closestto the
camerahasto be blendedwith opaqueobjectscontained
within the volume of this transparenbbject. All objects—
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clear depth/frame buffer

!

render back faces of
transparent objects to
depth buffer

!

render front faces/silhouettes
of opaque objects to
depth/frame buffer

!

blend front faces/silhouettes
of transparent objects to
depth/frame buffer

Figure 5: Renderingpipelinefor opagueobjectsembedded
into thevolumeof transpaentobjects.

both opaqueand transparent—whichare located further
away should be hiddenby this nearestransparenbbject.
Note that theseinvisible objectsare not includedin Fig-
ure4 (a).Finally, opaquenbjectsin theforegroundaredravn
ontop of all otherobjectsfurtherbehind.

In aslightly morecomplicatedscenarioconcaetranspar
entobjectsarepermitted asillustratedin Figure4 (b). Sur
roundedopaquenbjectsshouldbevisible only up to the rst
back-fcing part of the transparenbbjectin orderto blend
outunnecessargnddistractingvisualinformation.To putit
anothemwvay, only thoseopaquenbjectsarevisible whichare
closerthanthenearesbackfaceof thesurroundingranspar
entobject.ln theexampleof Figure4 (b), theopaqueircular
objectis visible, whereaghe squaredobjectis hiddenby a
back-fcingsurfaceof the surroundingobject.

Figure 5 shavs the renderingpipeline for this rst sce-
nario. The depthbuffer is usedto selectthe correctobjects
for blendingandto hide the unwantedobjects.In the rst
part, backfacesof all transparenbbjectsarerenderednto
the depthbuffer only. In this way, the depthbuffer contains
the distanceof the closestback-ficingtransparensurfaces.
In the secondpart, the front facesandthe silhouetteof all
opaqueobjectsarerenderedo bothframeanddepthbuffers.
The depthtestrejectsall opaqueobjectslying behindary
“transparent”’back-ficing surface. Finally, the front faces
and silhouettesof the transparenbbjectsare renderedand
blendednto the depthandframebuffers,respectiely. Here,
thedepthtestrejectsall partsof thetransparentbjectshid-
den by an opaqueforeground object. Blending is applied
only at thosepartsof the frame buffer wherea transparent
surfaceis directly visible to the user

The algorithm can be implementedby only using stan-
dard OpenGL 1.2%6. Writing to the depthor frame buffers
canbeenabledanddisabledby glDepthMask orglCol-
orMask , respectiely. This renderingapproachcomprises
only “one anda half renderingpasses’becausdront faces
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Figure 6: Scenariowith an opaqueparallelepipedinsidea
transpaentmug-like object,whoseinterior boundaryis ex-
plicitty modeled.The left image showsa side view with a
horizontal cutting plane the right image showsa top view
ontothecuttingplane

of the opaqueobjectsand both front and backfacesof the
transparentbjectshave to berendered.

6.2. Explicit Interior Boundaries

Now let us considera more complex scenario.Volumetric
objectsarestill representetdly boundarysurfaces However,
objectsmaynolongerbecontainednsidethevolumeof an-
otherobject.In fact,surroundingransparentbjectshave to
be modeledwith respectto both the outsideandthe inside
boundaryFigure6 illustratesthis scenaridfor the example
of an opaqueparallelepipednside a transparentcylindri-
cal, mug-shapeabject; seecolor section(ahavs a color
shadedenderingof a similar sceneThis scenaridbetterre-
ects the propertiesof mary technical3D datasets,which
explicitly represenall boundaries—botmsideandoutside.

The algorithmfrom Section6.1 fails for this scenarioas
all surroundedpaqueobjectsare hiddenby a back-fcing
transparensurface.To overcomethis problem,anotherclas-
si cation of the visibility of opaqueobjectsis necessary:
Only thoseopaqueobjectslocatedbetweerthe closestand
second-closedtont-facingtransparensurfacesarevisible.
Obijects(transparenor opaqueXurtherbehindarehidden.

Two depthbuffersarenecessaryo performthis depthse-
lection.However, only onedepthbuffer is directly supported
onavailablegraphicshardware.Fortunatelytherequiredoe-
havior can be emulatedby meansof texture mappingand
perfragmentdepthoperationson modernhardware,suchas
NVidia's GeForce3.

The basic algorithm is as follows. In the rst step,all
front-facing transparensurfacesare renderedo the depth
buffer; afterwards,the depthbuffer containsthe depthval-
uesof the closesttransparensurfaces.As secondstep,the
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depthbuffer is storedin a high-resolutiontexture andthen
thedepthbuffer is clearedlin thethird step,thefront-facing
transparensurfacesarerenderedo the depthbuffer except
theforemostones virtually peelingoff the closestsurfaces.
After this step thesecond-closestansparentront facesare
storedin the depthbuffer. In the fourth step,opaqueobjects
arerendered.The depthtestrejectsall surfaces,but those
lying in front of the second-closedtansparenfront faces.
Finally, just the foremosttransparensurfacesare blended
into the framebuffer.

Theprincipalideabehindstepthreeis relatedto Everitt's
depth-peelingapproach, makinguseof dual depthbuffers®
and virtual pixel map$2. Everitt's and our implementa-
tions, however, differ signi cantly, which will be explained
shortly

Figure7 shavsthedetailsof theactualrenderingpipeline.
The left part containsthe renderingsteps,the right part
corveys the intendedbehaior. For the following descrip-
tion, terminology from standardOpenGL speci cationg®
and NVidia-speci ¢ extension& is emplg/ed. Only front-
facingpolygonsaredrawnn in all renderingsteps.

The rst four boxesimplementpartsone andtwo of the
basicalgorithm. The depthbuffer is readto main memory
after having renderecthe transparenbbjectsto the depth
buffer. The depthvaluesare transferredas 32 bit unsigned
integers.Subsequentlyaso-calledHILO textureobjectcon-
taining thesedepthvaluesis de ned. A HILO textureis a
high-resolutior2D texture,consistingof two 16 bit unsigned
integerspertexel. The original 32 bit depthcomponentan
be regardedasa HILO pair of two 16 bit shortintegers.In
this way, a time-consumingemappingof depthvaluescan
be avoided—thecontentof the depthbuffer is transferred
from mainmemoryto texturememoryasis.

The next two boxesrealize part three of the basicalgo-
rithm. A texture shademprogramis enabledo virtually clip
away all surfacesthat have equalor smaller depthvalues
thanthosegivenby theabore HILO texture.Essentiallythis
texture shaderprogramreplacesthe z value of a fragment
by z  zghi, Wherezghiy representshe z value storedin the
HILO texture.Thegrayboxesin Figure7 indicatethescope
of thedepthtransformationThedetailsof thetextureshader
programwill be explainedshortly By shifting z valuesby

Zshif, ONly thefragmentswith z -z Stayin avalid range
of depthvalues—allotherfragmentsareclippedaway. As a
consequencehe foremosttransparensurfacesare “peeled
off” andonly thedepthvaluesof the second-closesturfaces
arerenderednto the depthbuffer.

The last two gray boxes implementpart four of the ba-
sic algorithm. With the texture shaderprogramstill being
enabled the opaquesurfacesand correspondingsilhouette
lines are renderedinto both frame and depth buffer. Only
the fragmentdying in front of the second-closedtanspar
entsurfacespasshedepthtest,i.e., only thosepartsthatare
supposedo beblendedwith thetransparensurrounding.

clear depth/frame buffer

i

render transparent objects
generate HILO texture
to depth buffer

* containing depth values
of nearest transparent
objects

read depth buffer
define HILO texture

i

clear depth buffer

i

enable transformation of
depth values
1
render transparent objects
to depth buffer render opaque objects
; which will be blended
with transparent objects

render opaque objects to
frame/depth buffer
disable transformation of
depth values

{

clear depth buffer

i

render transparent objects

to depth buffer
p$ blend nearest surfaces

of transparent objects

blend transparent objects
into frame buffer

render opaque objects to
frame/depth buffer

render opaque
foreground objects

Figure 7: Renderingpipeline for explicitly modeledinside
boundarieof surroundingobjects.

Finally, the last four boxesrealizepart ve of the basic
algorithm.The rst two stepsonceagaininitialize thedepth
buffer with the original z valuesof the closesttransparent
surfaces Basedon a depthtestfor equalz values justthese
closestsurfacesand silhouettesare blendedinto the frame
buffer. Ultimately, the missing opaqueforeground objects
arerendered.

The texture shadermprogramis basedon NVidia's Dot-
ProductDepthReplace . Figure 8 illustratesthe struc-
ture of the depthreplaceprogram,which alwayscomprises
threetexture stagesStagezeroperformsa standardD tex-
ture lookup in a HILO texture. Stageone and two com-
putetwo dot productsZ andW, betweertherespectie tex-
ture coordinatesaindthe previously fetchedvaluesfrom the
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stage tex coords operation

So 1o
0 (So’ ty T qo) 2D tex lookup cTo’ To =0

y /
1 Gptyn) Z=(sptyn) L D) / HILO tex

P/
2 (s,1,1) /W =(s,ty 1) (H L 1)
=Z replaces current fragment's depth

Zy = W

Figure 8: Texture shaderfor dot productdepthreplace

HILO texture.Still in stagewo, thecurrentfragmentsdepth
isreplacecby Z W.

Thetexture coordinatedor eachtexture stagehave to be
setproperlyin orderto achieve the requiredshift of depth
valuesby Zgifi. In ourimplementationtexture coordinates
are issuedon a pervertex basiswithin a vertex program.
For thefollowing discussionthreedifferentcoordinatesys-
temshave to be consideredhomogeneouslip coordinates

Xc Yo Zc W , hormalizeddevice coordinates xn Yn zn

Xc We Yo We Z We , andwindow coordinatesxw Yw Zw -
Valid normalizeddevice coordinatesarefrom 1 13 and,
hereévalid window coordinatesare assumedto be from
01~

Thestandardransformandlighting partof thevertex pro-
gramcomputesiomogeneouslip coordinatesrom theorig-
inal object coordinated(i.e., after modeling, viewing, and
perspectie transformations)Clip coordinatesare linearly
interpolatedbetweenverticesduring the scan-cowersionof
triangles,yielding a hyperbolicinterpolationin normalized
device coordinatesndin window coordinatesThedivision
by wc is performedon a perfragmentbasis.For perspec-
tively correcttexture mapping,texture coordinatesanalo-
gousto the above clip coordinateshave to be used.Conse-
quently thevertex programmayonly assigrclip coordinates
pervertex, but notdevice or window coordinates.

Thetexturecoordinatesor stagezeroaresetto

Xc We
0 2
to Ye Wc
2
Qo We

In this way, the 2D lookupin the HILO textureis basedon
thecoordinates,

E t_O Xn 1 Yn 1
do Co 2 2

allowing for a mappingto the rangeof texture coordinates,
0 12, afterthedivision by go. Therefore a one-to-onecor
respondencbetweerxy coordinatesn the framebuffer and
texelsin the HILO textureis established.

Xw Yw
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Thetexturecoordinatesor stageoneandtwo aresetto

W Zc W
Sttirn o o6 W =
Stara o 00 we

yielding the intermediatehomogeneousoordinateZ from
thedot productin texture stageone,

We Zc Wc

We  Zyshit 2w

where2 ®H L isthehigh-resolutiordepthz, shii because
the pairsof unsignedshortintegersin the HILO texture are
arrangedn low-high order Similarly, the intermediatenho-
mogeneousoordinatéV is computedby texture stagetwo
as

W 00w HL1 w

Finally, the depthvalue of the fragmentin window coordi-
natess setby thetexture shadeto thevalue

Z
Zy nal W

still in texture stagetwo. In this way, the requiredshift of
depthvaluesby z,shift IS achieved at a very high resolu-
tion. Depthtestsand clipping are sensitve with respectto
the provided accurag andotherwisecould not be realized,
for example,by usinglow resolutionstandardextureswith
only eightor twelvesbits perchannel.

2w Zyshift

Although the basicideasof Everitt's depth-peeling and
our approachare closely related,the two implementations
differ signi cantly. In addition to the three stagesfor dot
productdepthreplaceEveritt needsanothetexture stagefor
alookupin a depthtexture (SGIX_depth_texture and
SGIX_shadow ), i.e., hisimplementatiorrequiresfour tex-
ture stagesnsteadof only threein oursanddoesnot allow
ary otherfurther texture fetch, e.g.,for standardexturing.
(Notethatthe maximumnumberof texture stagess four.)

7. Results

Our implementationof transparengc for technical illus-
trations is basedon OpenGl2% and on NVidia-specic
extension&. Userinteractionand the managemenof ren-
dering contts in our C++ application are handled by
GLUT.

Cool/warmtone-basedhading! is implementedasaver-
tex program.Tone-basedshadingis combinedwith black
line silhouettegto facilitate the recognitionof the outlines
of both transparenand opaqueobjects.The silhouettesare
renderedisinga hardwareapproachasdescribedy Gooch
andGoocH?2.
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Table 1: Performancemeasuements.

scene # polygons lines? FPS

total non-opaque | Il

Fig.o(f) 25,192 192 no 214 9.0
Fig.o(f) 25,192 192 yes 137 57
Fig.9(d) 40,000 835 no 114 56
Fig. 2 70,955 3112 no — 12

Additionally, silhouetteedgesof transparenbbjectsare
computedn 3D object/world spaceaccordingto Section5
to determinethe a values.Thesevaluesare calculatedper
vertex accordingto Eq. (2). As blendingfunction we use
GL_SRC_ALPH#Aor sourceandGL_DST_ALPHAor des-
tination. The sourcea is setto the above value, the desti-
nationa is the x edvaluefor the opaqueobject. Note that
the backgroundcolor itself may be blendedwith transpar
entsurfacesaswell. In ourimplementationgdifferenta val-
uesfor opaqueobjectsandfor the backgroundcanbe spec-
ied bytheuser A valuea 05 for the backgrounds a
good choice, making sure that the backgroundcolor does
not shinecompletelythroughnon-opaquebjects.Theren-
deringpipelinesfor bothimplicitly modelednterior bound-
aries (Section6.1) and explicitly modeledinterior bound-
aries(Section 6.2) have beenimplementedFor the imple-
mentationof the latter, both vertex programsand texture
shadersreused,asdescribedn Section 6.2

The gures in the color sectionshaw resultsgeneratedby
ourimplementation(a) displaysatransparenmugwith two
boundariesurroundinganopaquebox, similarly to the sce-
nario describedin Section6.2 (b) and(c) shav a similar
scene,including multiple transparentmugswhich areren-
deredaccordingto the rulesin Section4. (d) and(e) shov
differentpartsof a Lanciaengineblock asatypical example
of atechnicalllustration.Finally, (f) displaysacrankwithin
atransparentylinder.

Tablel shawvs performanceneasurementer bothdepth-
sortingapproachesThe methodfor implicitly modeledin-
terior boundariesis denoted“l”, the method for explic-
ity modeledinterior boundariess denoted‘ll”. All tests
werecarriedout on a Windons2000PC with AMD Athlon
900MHz CPUandGeForce3Ti200. Window sizewas512.
The rst columnrefersto the gure in which is respectie
sceneis depicted.The secondand third columnscontain
the numberof eitherall polygonsor transparenpolygons.
Thefourth columnindicatesvhethersilhouettdinesareren-
dered.The fth andsixth columnsre ect the frame rates
for methods'l” and“ll”, respectiely. Notethatmethod‘l”
doesnot renderthe scenein row four correctlyandthusthe
correspondindramerateis omitted.

Theseperformancegures indicatethat mostof the ren-
dering time is spentin the computationof silhouettesas

frame rate dropsrapidly with the compleity of the scene.
We expectthat speedugechniquegpreviously describedn

Section5 will leadto improved framerates.Although the
comple renderingpipelinefor method‘ll” needsalot more
passeghanthe pipelinefor method“l”, the overall perfor

mancedifferences only anapproximateactorof two. This

shaws that althoughthe numberof passess twice thanin

Method“l”, areadbaclof the Z-Buffer is necessarandwe

have threetexture shaderstagesthe performances not as
worsefor thesekind of applicationasonewould probably
think.

8. Conclusions

We have shavn how transpareng is emplgyed in tradi-
tional renderingsof color-shadedtechnicalillustrationsto
greatlyimprove the perceptiorof spatialstructuresWe have
proposedan approachto simulate the sameeffect using
computergraphicstechniqueslin particular a transparengc
modelwhich dependon viewing directionhasbeenintro-
duced.Furthermore two screen-spacenethodshave been
proposedo allow for adaptedandef cient depth-sortingBy

exploiting modernconsumegraphicshardware,we achieve
transparentenderingof technicalillustrationsin real time.
Ourtransparencmodelcanreadilybe combinedwith other
techniquedor technicalillustration,suchascool/warmtone
shadingor silhouetterendering,in orderto enhancehe vi-

sualperceptiorandunderstanding.

In future work, we will apply bettersilhouettedetection
routinesto improve renderingspeed The mach-bandingf-
fectscausedy linearly interpolatinga valuesbetweerver-
tices could be avoided by either perpixel calculationof a
valuesor by adaptve surface subdvision. In addition, the
bene tsof appropriataisercontrolcould be exploitedin or-
derto includesemanticclassi cations.Furthermorea user
speci ed blending color which may differ from the back-
groundcolor could be introducedto completelyavoid shin-
ing throughof the background.
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() (d)

(e) ()

Figure9: thesepicturesshowdifferentresultsfromour implementationlmage (a) showsa transpaentmugwith two boundaries
surrounding an opaquebox, similarly to the scenariodescribedin Section6.2. Images (b) and (c) showa similar scene
including multipletranspaentmugswhich are rendeedaccoding to therulesin Section3. Pictures(d) and (e) showdifferent
partsof a Lanciaengineblock as a typical exampleof a technical illustration. Image (f) displaysa crankwithin a transpaent

cylinder
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Figure 10: thesepicture showmore resultsfromour renderingappmoad. Theleftimage showsthe samescenarioasin Figure
2 of our paper rendeed usingMethodll. Theright picture showsa simpli ed wheelaxis
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