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Abstract
Thispaperdescribeshowtechnical illustrationscontainingopaqueandnon-opaqueobjectscanbeautomatically
generated.Traditional methodsto showtransparencyin manualdrawingsare evaluatedto extract a small and
effectivesetof rules for computer-basedrenderingof technical illustrations,leadingto a novel view-dependent
transparencymodel.We proposea hardware-accelerateddepthsorting algorithm in image-spacewhich specif-
ically meetsthe requirementsof our transparencymodel.In this way, real-timerenderingof semi-transparent
technical illustrationsis achieved.Finally, it is describedhowour approach canbecombinedwith othermethods
in the�eld of non-photorealistic renderingin order to enhancethevisualperceptionof technical illustrations.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.7[ComputerGraphics]:Color, shading,shadowing
andtexture

1. Intr oduction

Although a lot of researchin computergraphicshasbeen
conductedon photorealisticrendering,manuals,advertise-
ments,text andsciencebooksstill make greatuseof non-
photorealisticillustrations.A major advantageof technical
illustrations is that they provide a selective view on im-
portant details while extraneousdetails can be omitted6.
Technicalillustration arebettersuitedto communicatethe
shape and structure of complex objects and they pro-
vide an improved feeling for depth,occlusion,and spatial
relationships2 � 3� 4.

This paperis focusedon onespeci�c problemin color-
shadedtechnical illustrations: transparency. Neither has
transparency yet beenaddressedin automatictechnicalil-
lustrations,nor has it beenaddressedextensively in other
�elds of non-photorealisticrendering(NPR).To theauthors'
knowledge, the paperby Hamel et al.13 is the only work
speci�cally dealingwith transparency in NPR.They concen-
trateon transparency in line drawings,whereasthis paperis
focusedon illustrationsconsistingof smoothlyshaded,col-
oredsurfaces.

It is quite remarkablethat transparency is widely ne-
glectedin computer-basedillustrations becausebooks on
traditional manual illustrations do provide effective tech-
niques and rules for handling transparency14� 29 in order
to communicatethe location of occluding and occluded

Figure 1: An example of traditional technical drawing,
showingtransparencyeffectsaccording to Hodges' rules14.
(takenfromMaier21).

objects. In this paper, someof theserules are presented
andadaptedto allow for computer-generatedimages.Here,
we introducethe conceptof view-dependenttransparency,
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which is widely usedin traditional technicalillustrations,
into the �eld of computergraphics.Furthermore,we pro-
posetwo differenthardware-accelerateddepthsortingalgo-
rithms in image-spacewhich meetthe requirementsof our
transparency model.This modelcanbe appliedto existing
approachesfor non-transparenttechnicalillustrationsin or-
derto furtherenhancethevisualperception.

The paperis organizedas follows. The subsequentsec-
tion focuseson relatedand previous work. Section3 dis-
cussestraditional techniquesfor color-shadedtechnicalil-
lustrations.In thefollowing section,a shortoverview of our
renderingapproachispresented.Section5 describesthecon-
ceptof view-dependenttransparency andhow it canbe im-
plemented.In Section6, hardware-accelerateddepthsorting
algorithmsin image-spacearepresented.Section7 showsre-
sultsandperformancemeasurements.Thepapercloseswith
a brief conclusionandanoutlookonpossiblefuturework.

2. Relatedand PreviousWork

Althoughtransparency in NPRhasnotbeenconsideredvery
widely yet, therearestill somepapersrelatedto our work.
Hamelet al.13 describehow transparency canbehandledin
line drawings andthey presenta semi-automaticsystemto
do this. Also in the context of NPR, Meier25 employs sev-
eralblendedlayersof differentlyshapedandorientedstrokes
to achieve diffuseobjectboundaries.This painterlyrender-
ing approachgeneratesstroke-basedtransparentappearance
betweenthe boundaryof foregroundobjectsandthe back-
ground.In anearlyfundamentalwork,Kay andGreenberg19

introducetransparency into computergraphicsboth in its
popularlinear form and in a morecomplex non-linearap-
proachto simulatethefalling off of transparency attheedges
of thin curvedsurfaces.

Interrante and co-workers16� 17� 18 render several semi-
transparentdepthlayerswith a stroke-basedapproach.They
visualizethe3D shapeof smoothlycurvingtransparentsur-
facesby utilizing the principal curvaturedirectionsof sur-
faces.In a subsequentwork15, they extend this approach
to 3D line integral convolution in orderto illustratesurface
shapein volumedata.

Goochandco-workers11� 12 introducetheconceptof tone-
basedcool/warm shadingcombinedwith silhouette ren-
dering for interactive technicalillustrations.Their shading
modelis thebasisfor shadingin our implementation.Selig-
manandFeiner27 describea rule-basedillustration system
(Intent-BasedIllustration SystemIBIS) for renderingpho-
torealistic illustrationsand Markosianet al. 23 introducea
real-timenon-photorealisticrenderingsystem.

Another�eld of researchrelatedto this paperdealswith
issuesof spatialsortingandvisibility, which arecrucial for
correctlyrenderingtransparentsurfaces.For asurvey onthis
well-establishedtopic we refer, for example,to Foley et al.9

Figure2: Phantomlinesshowingtransparentobjects.

or Durand7. Ghali10 especiallydealswith object-spacevis-
ibility . Recently, Snyder andLengyel28 proposedvisibility
sortingfor imagelayerdecompositionwhich couldbeused
for transparentrendering.One of the depth-sortingalgo-
rithmsof this paperis relatedto thedepth-peelingapproach
by Everitt8, facilitating the ideasof virtual pixel mapsby
Mammen22 andof dualdepthbuffersby Diefenbach5.

3. Traditional Visualization of Transparencyin
TechnicalIllustrations

Books describing techniquesfor technical and scienti�c
illustrations14� 24� 29 providevariousrulesfor how to visualize
transparency artistically. A simplemethodis to draw only
the outlinesof transparentobjects.Theseoutlinesare ren-
deredin a linestyledifferent to the otheroutlinesto make
themdistinct from the opaqueobjects.This linestyle is of-
tendescribedasphantomlines29 andis demonstratedin Fig-
ure2. Althoughthis techniquecanbeappliedto a wide va-
riety of drawing styles,rangingfrom color illustrationsto
simpleline or sketchdrawings,therearecertaindrawbacks:

� Detailsof thetransparentobjectsarelostasonly theirout-
linesaredrawn.

� Materialandsurfaceinformationof transparentobjectsis
ignored.

� Thereare only two transparency states:fully opaqueor
fully non-opaque;semi-transparency cannot be visual-
ized.

A differentapproachcanbe found in “The Guild Hand-
bookof Scienti�c Illustration” by Hodges14. For color illus-
trations,Hodgesrecommendsto lighten thecolor of object
regionswhich areoccludedby transparentobjects.Figure1
demonstratesthis approach.Hodgesproposesthefollowing
basicrules:
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(a) (b)

Figure3: Differencebetweenstandard transparencyblendingin (a) andview-dependenttransparencyblendingin (b).

� Strengthentheshadewhereanopaqueobjectentersanon-
opaqueobject.

� Setthe intensityof theopaqueobjectto zeroat theedge
of thesurroundingobjectandslowly increaseits intensity
with increasingdistancefrom theedge.

To put it anotherway, transparency falls off closeto the
edgesof transparentobjectsandincreaseswith thedistance
to edges.Besidesthesefundamentalrules in visualizing
transparentobjects,thereareotherswhich arenot directly
describedby Hodgesandwhich focuson thecorrelationbe-
tweenobjects.Thesepreceptsoftenareobviousfor anillus-
trator, but cannotdirectly betransformedinto rulesthatare
appropriatefor acomputer-basedimplementation.However,
by analyzingreal color-shadedtechnicaldrawings, suchas
Figure1, thefollowing simpli�ed rulescanbeidenti�ed:

� Back facesor front facesfrom thesamenon-opaqueob-
jectnever shinethrough.

� Opaqueobjectswhich are occludedby two transparent
objectsdo not shinethroughto theclosertransparentob-
ject.

� Two transparentobjectsareonly blendedwith eachother
if they do not distracttheviewer or if they arevery close
to eachotherandbelongto thesamesemanticgroup.

Thissetof rulesis basedonthefactthatin technicaldraw-
ings transparency is usedto look into objectsand to show
objectswhich lie insideor go throughnon-opaqueones.Of-
tentheseobjectareopaquein reality.

As semanticgrouping is somethingwhich can not be
achieved without additionaluserinteractionin pre or post
processingsteps,we proposeto changethelastrule to:

� Two transparentobjectsnever shinethrougheachother.

4. BasicRenderingApproach

Fromtheabove traditionalmethodsto show transparency in
manualdrawings,we extract the following smallandeffec-
tivesetof rulesfor computer-basedrendering:

� Facesof transparentobjectsnever shinethrough.
� Opaqueobjectswhich are occludedby two transparent

objectsdonotshinethrough.
� Transparency falls off closeto the edgesof transparent

objectsandincreaseswith thedistanceto edges.

Basedontheserules,ourrenderingapproachisasfollows.
First, theobjectswhich areblendedhave to bedetermined,
following theguidelinesof the �rst two rules.This taskes-
sentiallycorrespondsto aview-dependentspatialsorting.An
ef�cient andadaptedsolutionto thisproblemis describedin
Section6.

Secondly, transparency valueshave to be computedfor
a correctblendingbetweentransparentandopaqueobjects
accordingto thethird rule. In thesubsequentsection,a cor-
respondingalgorithmis proposed.In what follows, we fre-
quentlyuseana valueinsteadof a transparency value.Note
thattransparency is 1 � a.

5. View-DependentTransparency

To simulateourthird rule,weintroducetheconceptof view-
dependenttransparency: Thea valuefor blendingbetween
transparentandopaqueobjectsdependson the distanceto
theoutlineof thetransparentobject;theoutlinesof anobject
projectedonto a 2D screenconsistof silhouetteslines and
thusdependon thepositionof theviewer.

Silhouetteedgescaneitherbe determinedin 2D image-
spaceor in 3D world/object-space.Hamel et al.13 recom-
mendto usean image-spacemethodby establishinganob-
ject ID buffer and an edgeextraction �lter . 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
theseedgesto 2D lines,and—withthehelpof theselines—
calculatethedistanceof eachpixel to theoutline.

In this paper, we ratherpursuea 3D object/world-space
approach.Here,all silhouettesaredeterminedbeforetheras-
terizationstage.With this approachmostof the previously
mentionedstepscanbeavoided.In 3D space,a silhouetteis
anedgeconnectingtwo faces,whereonefaceof theedgeis
backfacingandtheotheroneis front facing.Thisclassi�ca-
tion canbeformulatedas

���
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���

p �

�

o���
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���
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o����� 0 	 (1)

where
�

p is anarbitary, yet �x edpointon theedge,
�

ni arethe
outwardfacingsurfacenormalvectorsof thetwo facesshar-
ing theedge,and

�

o is thepositionof thecamera.In our im-
plementation,all edgesarechecked for the above criterion
and the detectedsilhouetteedgesare storedin a list. This
is basedon Appel's original algorithm1. The performance
of silhouettedetectioncould be improved by moresophis-
ticatedtechniques,suchasfastbackfaceculling described
by Zhanget al.30, theGaussmapmethod12, or by exploiting
frame–to–framecoherence.

Then,thedistanceof eachvertex to theclosestsilhouette
edgeis computed.First, the distancesd of thevertex to all
silhouetteedgesis determinedaccordingto
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where
�

v is the positionof 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 therespectivevertex
of thetransparentobject.In our implementationthefollow-
ing approachis used:

a 
 1 �
�

dmin

dobject,max
�

k

	 (2)

wheredobject,maxdenotesthemaximumdistancebetweenthe
centerof theobjectandall surfacepoints;k ��� 0 	 1� is auser-
speci�edfalling off term.

As weightsfor blendingbetweentransparentandopaque
objects,weusetheabove a valuefor thetransparentsurface
andanother, �x edvaluefor theopaqueobject.Therefore,the
a valueof theopaqueobjectdeterminesthisobject's weight
in the�nal image.Notethatthebackgroundcolor itself may
be blendedwith transparentsurfacesaswell. In our imple-
mentation,differenta valuesfor opaqueobjectsandfor the
backgroundcanbespeci�edby theuser.

Figure 3 (a) and 3 (b) compareview-dependenttrans-
parency to standardview-independenttransparency.

camera camera

semi-transparent

opaque

(b)(a)

blocking back face

Figure 4: Scenariowith opaqueobjectsembeddedinto the
volumeof a transparentobject.Theleft image showsa con-
vex transparent object, the right image showsa concave
transparentobject.

6. Depth Sorting

Now thatweknow how to blendtransparentandopaqueob-
jects,weneedto determinewhichobjectshaveto beblended
andwhich objectsarehiddenanddo not contribute to the
�nal image. In full generality, renderingsemi-transparent
sceneswould requireview-dependentdepthsorting.A large
bodyof researchhasbeenconductedon theseissuesof spa-
tial sorting and visibility 7� 9. The two main approachesto
depthsortingareeitherbasedon screen-spaceor on object-
space.

In this section,we focuson screen-spacealgorithms.A
majoradvantageof thisapproachis thatwecanexploit dedi-
catedgraphicshardwareto ef�ciently solvethisproblemand
canthusavoid operationson theslower CPU.Screen-space
algorithmsalso bene�t from the fact that our speci�c ap-
plicationdoesnot requirecompletedepthsorting—weonly
needto determinethe closesttransparentobjectsand the
opaqueobjectsdirectlybehindthesetransparentsurfaces.In
all of ourdepth-sortingapproaches,weassumethatvolumet-
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
transparentobject.Theseopaqueobjectsshouldbe visual-
ized by transparentrendering.Figure4 illustratesthis sce-
nario.Here,theinterior boundaryof thetransparentvolume
is given implicitly by thesurfaceof thesurroundedopaque
object.

First, let us consideronly convex transparentobjectsas
shown in Figure 4 (a). Opaqueobjects,however, may be
of arbitraryshape.Following our rules from section4, the
front-facingsurfaceof the transparentobjectclosestto the
camerahas to be blendedwith opaqueobjectscontained
within the volumeof this transparentobject.All objects—
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of opaque objects to

depth buffer

render front faces/silhouettes

depth/frame buffer

clear depth/frame buffer

render back faces of
transparent objects to

blend front faces/silhouettes

depth/frame buffer
of transparent objects to

Figure 5: Renderingpipelinefor opaqueobjectsembedded
into thevolumesof transparentobjects.

both opaqueand transparent—whichare located further
away shouldbe hiddenby this nearesttransparentobject.
Note that theseinvisible objectsare not included in Fig-
ure4 (a).Finally, opaqueobjectsin theforegroundaredrawn
on top of all otherobjectsfurtherbehind.

In aslightly morecomplicatedscenario,concavetranspar-
entobjectsarepermitted,asillustratedin Figure4 (b). Sur-
roundedopaqueobjectsshouldbevisibleonly up to the�rst
back-facingpart of the transparentobject in orderto blend
outunnecessaryanddistractingvisualinformation.To put it
anotherway, only thoseopaqueobjectsarevisiblewhichare
closerthanthenearestbackfaceof thesurroundingtranspar-
entobject.In theexampleof Figure4 (b), theopaquecircular
objectis visible, whereasthe squaredobjectis hiddenby a
back-facingsurfaceof thesurroundingobject.

Figure 5 shows the renderingpipeline for this �rst sce-
nario.Thedepthbuffer is usedto selectthe correctobjects
for blendingand to hide the unwantedobjects.In the �rst
part,backfacesof all transparentobjectsarerenderedinto
thedepthbuffer only. In this way, thedepthbuffer contains
thedistanceof theclosestback-facingtransparentsurfaces.
In thesecondpart, the front facesandthesilhouettesof all
opaqueobjectsarerenderedto bothframeanddepthbuffers.
The depthtest rejectsall opaqueobjectslying behindany
“transparent”back-facing surface.Finally, the front faces
andsilhouettesof the transparentobjectsarerenderedand
blendedinto thedepthandframebuffers,respectively. Here,
thedepthtestrejectsall partsof thetransparentobjectshid-
den by an opaqueforegroundobject. Blending is applied
only at thosepartsof the framebuffer wherea transparent
surfaceis directly visible to theuser.

The algorithm can be implementedby only using stan-
dardOpenGL1.226. Writing to the depthor framebuffers
canbeenabledanddisabledby glDepthMask or glCol-
orMask , respectively. This renderingapproachcomprises
only “one anda half renderingpasses”becausefront faces

(b)(a)
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interior boundary
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Figure 6: Scenariowith an opaqueparallelepipedinsidea
transparentmug-like object,whoseinterior boundaryis ex-
plicitly modeled.The left image showsa side view with a
horizontalcutting plane, the right image showsa top view
ontothecuttingplane.

of the opaqueobjectsandboth front andbackfacesof the
transparentobjectshave to berendered.

6.2. Explicit Interior Boundaries

Now let us considera more complex scenario.Volumetric
objectsarestill representedby boundarysurfaces.However,
objectsmayno longerbecontainedinsidethevolumeof an-
otherobject.In fact,surroundingtransparentobjectshave to
be modeledwith respectto both the outsideandthe inside
boundary. Figure6 illustratesthis scenariofor the example
of an opaqueparallelepipedinside a transparentcylindri-
cal, mug-shapedobject;seecolor section(a)shows a color-
shadedrenderingof a similar scene.This scenariobetterre-
�ects the propertiesof many technical3D datasets,which
explicitly representall boundaries—bothinsideandoutside.

Thealgorithmfrom Section6.1 fails for this scenario,as
all surroundedopaqueobjectsarehiddenby a back-facing
transparentsurface.To overcomethisproblem,anotherclas-
si�cation of the visibility of opaqueobjectsis necessary:
Only thoseopaqueobjectslocatedbetweenthe closestand
second-closestfront-facingtransparentsurfacesarevisible.
Objects(transparentor opaque)furtherbehindarehidden.

Two depthbuffersarenecessaryto performthis depthse-
lection.However, only onedepthbuffer is directlysupported
onavailablegraphicshardware.Fortunately, therequiredbe-
havior can be emulatedby meansof texture mappingand
per-fragmentdepthoperationsonmodernhardware,suchas
NVidia'sGeForce3.

The basic algorithm is as follows. In the �rst step,all
front-facing transparentsurfacesare renderedto the depth
buffer; afterwards,the depthbuffer containsthe depthval-
uesof the closesttransparentsurfaces.As secondstep,the
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depthbuffer is storedin a high-resolutiontexture andthen
thedepthbuffer is cleared.In thethird step,thefront-facing
transparentsurfacesarerenderedto thedepthbuffer except
theforemostones,virtually peelingoff theclosestsurfaces.
After thisstep,thesecond-closesttransparentfront facesare
storedin thedepthbuffer. In thefourth step,opaqueobjects
are rendered.The depthtest rejectsall surfaces,but those
lying in front of the second-closesttransparentfront faces.
Finally, just the foremosttransparentsurfacesare blended
into theframebuffer.

Theprincipal ideabehindstepthreeis relatedto Everitt's
depth-peelingapproach8, makinguseof dualdepthbuffers5

and virtual pixel maps22. Everitt's and our implementa-
tions,however, differ signi�cantly, which will beexplained
shortly.

Figure7 showsthedetailsof theactualrenderingpipeline.
The left part containsthe renderingsteps,the right part
conveys the intendedbehavior. For the following descrip-
tion, terminology from standardOpenGL speci�cations26

and NVidia-speci�c extensions20 is employed. Only front-
facingpolygonsaredrawn in all renderingsteps.

The �rst four boxesimplementpartsoneandtwo of the
basicalgorithm.The depthbuffer is readto main memory,
after having renderedthe transparentobjectsto the depth
buffer. The depthvaluesare transferredas32 bit unsigned
integers.Subsequently, aso-calledHILO textureobjectcon-
taining thesedepthvaluesis de�ned. A HILO texture is a
high-resolution2D texture,consistingof two 16bit unsigned
integersper texel. Theoriginal 32 bit depthcomponentcan
be regardedasa HILO pair of two 16 bit short integers.In
this way, a time-consumingremappingof depthvaluescan
be avoided—thecontentof the depthbuffer is transferred
from mainmemoryto texturememoryasis.

The next two boxes realizepart threeof the basicalgo-
rithm. A textureshaderprogramis enabledto virtually clip
away all surfacesthat have equalor smallerdepthvalues
thanthosegivenby theaboveHILO texture.Essentially, this
texture shaderprogramreplacesthe z value of a fragment
by z � zshift, wherezshift representsthez valuestoredin the
HILO texture.Thegrayboxesin Figure7 indicatethescope
of thedepthtransformation.Thedetailsof thetextureshader
programwill be explainedshortly. By shifting z valuesby

� zshift, only thefragmentswith z � zshift stayin avalid range
of depthvalues—allotherfragmentsareclippedaway. As a
consequence,the foremosttransparentsurfacesare“peeled
off ” andonly thedepthvaluesof thesecond-closestsurfaces
arerenderedinto thedepthbuffer.

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 depthbuffer. Only
the fragmentslying in front of the second-closesttranspar-
entsurfacespassthedepthtest,i.e.,only thosepartsthatare
supposedto beblendedwith thetransparentsurrounding.

generate HILO texture

containing depth values

of nearest transparent

objects

render opaque objects

which will be blended

with transparent objects

blend nearest surfaces

of transparent objects

enable transformation of

depth values

clear depth/frame buffer

to depth buffer

read depth buffer

define HILO texture

render transparent objects

render transparent objects

to depth buffer

render opaque objects to

frame/depth buffer

disable transformation of

depth values

clear depth buffer

render transparent objects

to depth buffer

into frame buffer

blend transparent objects

render opaque objects to
frame/depth buffer

render opaque

foreground objects

clear depth buffer

Figure 7: Renderingpipeline for explicitly modeledinside
boundariesof surroundingobjects.

Finally, the last four boxes realizepart � ve of the basic
algorithm.The�rst two stepsonceagaininitialize thedepth
buffer with the original z valuesof the closesttransparent
surfaces.Basedon a depthtestfor equalz values,just these
closestsurfacesandsilhouettesareblendedinto the frame
buffer. Ultimately, the missingopaqueforegroundobjects
arerendered.

The texture shaderprogramis basedon NVidia's Dot-
ProductDepthReplace . Figure 8 illustratesthe struc-
tureof thedepthreplaceprogram,which alwayscomprises
threetexturestages.Stagezeroperformsa standard2D tex-
ture lookup in a HILO texture. Stageone and two com-
putetwo dotproducts,Z andW, betweentherespective tex-
turecoordinatesandthepreviously fetchedvaluesfrom the
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t 0
q

0
,( )

wz   =

stage tex coords operation

0

1

2

2D tex lookup

W = (H, L, 1)(s , t , r )
2 2 2

HILO tex

Z
W

replaces current fragment's depth

Figure8: Texture shaderfor dotproductdepthreplace.

HILO texture.Still in stagetwo, thecurrentfragment'sdepth
is replacedby Z

�

W.

Thetexturecoordinatesfor eachtexturestagehave to be
setproperly in order to achieve the requiredshift of depth
valuesby � zshift. In our implementation,texturecoordinates
are issuedon a per-vertex basiswithin a vertex program.
For thefollowing discussion,threedifferentcoordinatesys-
temshave to be considered:homogeneousclip coordinates

�

xc 	 yc 	 zc 	 wc � , normalizeddevice coordinates
�

xn 	 yn 	 zn � 


�

xc
�

wc 	 yc
�

wc 	 zc
�

wc � , andwindow coordinates
�

xw 	 yw 	 zw � .
Valid normalizeddevice coordinatesarefrom �

� 1 	 1�

3 and,
here, valid window coordinatesare assumedto be from

� 0 	 1�

3.

Thestandardtransformandlightingpartof thevertex pro-
gramcomputeshomogeneousclip coordinatesfromtheorig-
inal object coordinates(i.e., after modeling,viewing, and
perspective transformations).Clip coordinatesare linearly
interpolatedbetweenverticesduringthescan-conversionof
triangles,yielding a hyperbolicinterpolationin normalized
device coordinatesandin window coordinates.Thedivision
by wc is performedon a per-fragmentbasis.For perspec-
tively correct texture mapping,texture coordinatesanalo-
gousto the above clip coordinateshave to be used.Conse-
quently, thevertex programmayonly assignclip coordinates
pervertex, but notdevice or window coordinates.

Thetexturecoordinatesfor stagezeroaresetto

s0 


xc � wc

2
	

t0 


yc � wc

2
	

q0 
 wc �

In this way, the2D lookup in theHILO texture is basedon
thecoordinates,

�

s0

q0
	

t0
q0

� 


�

xn � 1
2

	

yn � 1
2

� 


�

xw 	 yw � 	

allowing for a mappingto the rangeof texturecoordinates,
� 0 	 1�

2, afterthedivision by q0. Therefore,a one-to-onecor-
respondencebetweenxycoordinatesin theframebuffer and
texelsin theHILO textureis established.

Thetexturecoordinatesfor stageoneandtwo aresetto
�

s1 	 t1 	 r1 	 q1 � 
��

� wc

216 	

� wc 	

zc � wc

2 �

	

�

s2 	 t2 	 r2 	 q2 � 


�

0 	 0 	 wc � 	

yielding the intermediatehomogeneouscoordinateZ from
thedotproductin texturestageone,

Z 
��

� wc

216 	

� wc 	

zc � wc

2 �

�

�

H 	 L 	 1�


 wc �

� zw� shift �

zn � 1
2 �


 wc �

� zw� shift � zw 	

	

where2 


16H � L is thehigh-resolutiondepthzw� shift because
thepairsof unsignedshortintegersin theHILO textureare
arrangedin low–high order. Similarly, the intermediateho-
mogeneouscoordinateW is computedby texturestagetwo
as

W 


�

0 	 0 	 wc �

�

�

H 	 L 	 1� 
 wc �

Finally, the depthvalueof the fragmentin window coordi-
natesis setby thetextureshaderto thevalue

zw� �nal 


Z
W


 zw � zw� shift 	

still in texture stagetwo. In this way, the requiredshift of
depthvaluesby � zw� shift is achieved at a very high resolu-
tion. Depth testsandclipping aresensitive with respectto
theprovided accuracy andotherwisecould not be realized,
for example,by usinglow resolutionstandardtextureswith
only eightor twelvesbits perchannel.

Although the basicideasof Everitt's depth-peeling8 and
our approachare closely related,the two implementations
differ signi�cantly. In addition to the threestagesfor dot
productdepthreplace,Everitt needsanothertexturestagefor
a lookup in a depthtexture(SGIX_depth_texture and
SGIX_shadow ), i.e.,his implementationrequiresfour tex-
turestagesinsteadof only threein oursanddoesnot allow
any other further texture fetch,e.g.,for standardtexturing.
(Notethatthemaximumnumberof texturestagesis four.)

7. Results

Our implementationof transparency for technical illus-
trations is based on OpenGL26 and on NVidia-speci�c
extensions20. User-interactionand the managementof ren-
dering contexts in our C++ application are handled by
GLUT.

Cool/warmtone-basedshading11 is implementedasaver-
tex program.Tone-basedshadingis combinedwith black
line silhouettesto facilitate the recognitionof the outlines
of both transparentandopaqueobjects.The silhouettesare
renderedusingahardwareapproach,asdescribedby Gooch
andGooch12.
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Table1: Performancemeasurements.

scene # polygons lines? FPS

total non-opaque I II

Fig. 9(f) 25,192 192 no 21.4 9.0
Fig. 9(f) 25,192 192 yes 13.7 5.7
Fig. 9(d) 40,000 835 no 11.4 5.6
Fig. 2 70,955 3,112 no — 1.2

Additionally, silhouetteedgesof transparentobjectsare
computedin 3D object/world spaceaccordingto Section5
to determinethe a values.Thesevaluesarecalculatedper
vertex accordingto Eq. (2). As blendingfunction we use
GL_SRC_ALPHAfor sourceandGL_DST_ALPHAfor des-
tination. The sourcea is set to the above value, the desti-
nationa is the �x edvaluefor the opaqueobject.Note that
the backgroundcolor itself may be blendedwith transpar-
entsurfacesaswell. In our implementation,differenta val-
uesfor opaqueobjectsandfor thebackgroundcanbespec-
i�ed by the user. A valuea 
 0

�

5 for the backgroundis a
good choice,making surethat the backgroundcolor does
not shinecompletelythroughnon-opaqueobjects.Theren-
deringpipelinesfor bothimplicitly modeledinterior bound-
aries(Section6.1) and explicitly modeledinterior bound-
aries(Section 6.2) have beenimplemented.For the imple-
mentationof the latter, both vertex programsand texture
shadersareused,asdescribedin Section 6.2.

The�gures in thecolorsectionshow resultsgeneratedby
our implementation.(a)displaysatransparentmugwith two
boundariessurroundinganopaquebox,similarly to thesce-
nario describedin Section6.2. (b) and (c) show a similar
scene,including multiple transparentmugswhich are ren-
deredaccordingto the rulesin Section4. (d) and(e) show
differentpartsof aLanciaengineblockasa typicalexample
of atechnicalillustration.Finally, (f) displaysacrankwithin
a transparentcylinder.

Table1 showsperformancemeasurementsfor bothdepth-
sortingapproaches.The methodfor implicitly modeledin-
terior boundariesis denoted“I”, the method for explic-
itly modeledinterior boundariesis denoted“II”. All tests
werecarriedout on a Windows2000PCwith AMD Athlon
900MHzCPUandGeForce3Ti200.Window sizewas5122.
The �rst columnrefersto the �gure in which is respective
sceneis depicted.The secondand third columnscontain
the numberof eitherall polygonsor transparentpolygons.
Thefourthcolumnindicateswhethersilhouettelinesareren-
dered.The �fth and sixth columnsre�ect the frame rates
for methods“I” and“II”, respectively. Notethatmethod“I”
doesnot renderthescenein row four correctlyandthusthe
correspondingframerateis omitted.

Theseperformance�gures indicatethat mostof the ren-
dering time is spentin the computationof silhouettes,as

frameratedropsrapidly with the complexity of the scene.
We expectthat speeduptechniquespreviously describedin
Section5 will lead to improved framerates.Although the
complex renderingpipelinefor method“II” needsalot more
passesthanthe pipelinefor method“I”, the overall perfor-
mancedifferenceis only anapproximatefactorof two. This
shows that althoughthe numberof passesis twice than in
Method“I”, a readbackof theZ-Buffer is necessaryandwe
have threetexture shaderstages,the performanceis not as
worsefor thesekind of applicationasonewould probably
think.

8. Conclusions

We have shown how transparency is employed in tradi-
tional renderingsof color-shadedtechnicalillustrations to
greatlyimprovetheperceptionof spatialstructures.Wehave
proposedan approachto simulate the sameeffect using
computergraphicstechniques.In particular, a transparency
modelwhich dependson viewing directionhasbeenintro-
duced.Furthermore,two screen-spacemethodshave been
proposedto allow for adaptedandef�cient depth-sorting.By
exploiting modernconsumergraphicshardware,we achieve
transparentrenderingof technicalillustrationsin real time.
Our transparency modelcanreadilybecombinedwith other
techniquesfor technicalillustration,suchascool/warmtone
shadingor silhouetterendering,in orderto enhancethe vi-
sualperceptionandunderstanding.

In future work, we will apply bettersilhouettedetection
routinesto improve renderingspeed.Themach-bandingef-
fectscausedby linearly interpolatinga valuesbetweenver-
ticescould be avoidedby eitherper-pixel calculationof a
valuesor by adaptive surfacesubdivision. In addition, the
bene�tsof appropriateusercontrolcouldbeexploitedin or-
derto includesemanticclassi�cations.Furthermore,a user-
speci�ed blendingcolor which may differ from the back-
groundcolor couldbe introducedto completelyavoid shin-
ing throughof thebackground.
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(a) (b)

(c) (d)

(e) (f)

Figure9: thesepicturesshowdifferentresultsfromour implementation.Image(a)showsa transparentmugwith twoboundaries
surroundingan opaquebox, similarly to the scenariodescribedin Section6.2. Images (b) and (c) showa similar scene,
includingmultipletransparentmugswhich are renderedaccording to therulesin Section3. Pictures(d) and(e)showdifferent
partsof a Lanciaengineblock asa typical exampleof a technical illustration. Image (f) displaysa crankwithin a transparent
cylinder.
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Figure10: thesepicture showmore resultsfromour renderingapproach. Theleft image showsthesamescenarioasin Figure
2 of our paper, renderedusingMethodII. Theright picture showsa simpli�ed wheelaxis
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