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Abstract

Thiswork showsthatinterceptingalow-level graphicslibrary com-
mandstreamandreconstructingadeclarativerepresentationisprac-
tical anduseful,especiallyfor exploring new renderingstyles.We
show notonly how thebasicmechanicsof interceptinganOpenGL
commandstreamleadto a non-invasive extensionmechanismfor
graphicsapplications,but alsohow simplymanipulatingthestream
severely limits the kinds of effectswe canconsider. We describe
how oursystemef�ciently reconstructsadeclarative representation
of the geometryimplicit in the graphicslibrary commandstream.
We presenta set of applicationextensionsbuilt with this frame-
work, including several stylizedrenderers.Extensionsbuilt using
our systemarecapableof changingtherenderingstyleof applica-
tionson the�y at interactive rates.
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1 Intr oduction

Over thepastseveralyears,computergraphicstechniquesfor pro-
ducing intentionally stylized imageshave emerged. This non-
photorealisticrendering(NPR)hasproven interestingnot only for
purelyaestheticreasons,but alsoto enhancecomprehensionof au-
tomatically generatedimages. Becauseof this, NPR techniques
are useful acrossa wide variety of applications. Unfortunately,
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mostNPR techniquescreatetheir imagesin mannersvery differ-
ent from traditionalrenderingmethods,andeven from otherNPR
techniques. Typically, applicationsmust be retro�t or even re-
architectedto supportnew visual styles. This hasprecludedex-
tensiveexperimentationwith matchingnew stylesto existingappli-
cations.

Non-invasivemethodsfor alteringthebehavior of graphicsapplica-
tionscanbeappliedto extendgraphicsapplicationswithout mod-
i�cation. Thesemethodsoperateby interceptingthecallsapplica-
tionsmake to theunderlyinggraphicslibrary, andhave allowedfor
avarietyof usefulchangesincludingchangingthevisualstyleof in-
teractive graphicsprograms.Thebene�t of thesetechniquesis that
they allow new functionality to be addedto existing applications
without modifying theapplications.Theproblemwith thesetech-
niquesis that they obtainonly limited informationaboutwhat the
applicationis doing—merelytheinformationinherentin thestream
of library callsfrom theapplication.

In this paper, we explore the potentialfor creatingnew andinter-
estingvisual stylesfor interactive 3D applicationsusingonly this
limited informationin thegraphicslibrary commandstream.First,
we examinetheinformationobtainedby interceptingthestreamof
calls to the low level graphicslibrary OpenGL.Manipulatingthis
streamcanleadto somesimplestylisticchanges.Unfortunately, we
�nd thatthis informationis toolimited to supportmany of desirable
stylizedrenderingtechniques.

More sophisticatedNPRtechniquesrequirea declarative represen-
tationof thegeometryin thesceneasopposedto theinherentlyim-
perative representationcontainedin theOpenGLcommandstream.
We will show how sucha representationcanbe constructedfrom
the streamof graphicslibrary calls, andprovide several examples
of NPRstylesimplementedusingthis representation.Theinforma-
tion providedby sucha reconstructionis still limited: we examine
theselimitations,andtheir impactonthetypesof rendererspossible
usingour techniques.

Anotherbene�t of our interception-basedstylization is that it al-
lows stylizedrenderingalgorithmsto beusedwith vastlydifferent
programmingstyles. Even in caseswherewe do have the ability
to modify the sourcecodeof an applicationprogram,it is some-
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timessimplerto useour interceptionandreconstructiontechniques
to provide stylizedrendering.This freestheapplicationprogram-
mer from having to worry aboutproviding datain a form compat-
ible with renderers,asis commonin a scenegraphlibrary. There
is a tradeoff, however. Interceptiondoeshave a performancecost,
andcanonly provide limited informationto a renderer. While our
interceptionsystemmay not be able to competewith a carefully
hand-craftedapplication,it canprovide interactive performanceon
a widevarietyof renderersacrossa widevarietyof applications.

In apreviouspaper[12], weintroducedtheconceptof non-invasive
stylizationof interactive applications.In thispaper, wemake a fur-
ther contribution to the topic by introducing the more generally
useful techniqueof reconstructinga declarative representationof
the geometryfrom the OpenGLcommandstream,andprovide a
numberof new renderersthatcanwork with this limited data.We
presentaprototypesystemcalledHijackGLthatis moregeneraland
ef�cient thanour previous system,anda setof new renderersthat
aremoreef�cient andattractive thanthosepresentedpreviously.

The rest of this paperis organizedas follows: We begin by ex-
amining the mechanismof interceptingapplications'calls to the
graphicslibrary, including reviewing the previous work that uses
this technique.Webrie�y review thestylizationcapabilitiesof sys-
temsthatareableto manipulatetheOpenGLcommandstream,and
show how they are unableto directly supportan importantclass
of NPRtechniques.We thenconsidertheproblemof reconstruct-
ing adeclarative representationof thegeometryfrom thecommand
stream,and the issuesin computingthe information requiredfor
NPRalgorithms.We describethereconstructionmechanismsused
by HijackGL, andthesoftwarearchitecturethis reconstructionen-
ables.Giventhisrepresentation,wethenconsiderhow severalNPR
algorithmscanberealizedwithin this framework. We concludeby
assessingtheapparentlimitationsof thenon-invasive approach.

2 Inter cepting OpenGL

Modernoperatingsystemsprovideapplicationswith accessto com-
mon functionality through sharedlibraries. Sharedlibraries are
similar to traditionallibraries,exceptthey aredynamicallyloaded
andlinkedat run time ratherthanstaticallylinkedat compiletime.
Sharedlibrarieshave theadvantagethata library maybeeasilyup-
datedor replaced,by just replacingthe library �le. Sincelinking
happensdynamically, whena sharedlibrary is replaced,the next
invocationof a programthatusesthe library will operatewith the
updatedversion.

Sharedlibrariesprovide a mechanismfor modifying the behavior
of applicationswithout alteringthem. Changingthesharedlibrary
canchangethe behavior of an applicationthat usesit. Providing
thatthenew library providesexactly thesameinterfaceastheorig-
inal, applicationsshouldbeunawareof thechange.This provides
a mechanismfor temporarilymodifying the behavior of an appli-
cation. By causingthe linker to dynamicallylink the application
to an alternatelibrary, differentbehavior can be effected. Under
Windows andUNIX, this interceptioncanbe easilyaccomplished
by placingthealternatelibrary beforethesystemlibrary in thesys-
tem's library searchpath(for example,in thesamedirectoryasthe
applicationonWindows).

Theinterceptinglibrary canmake useof theoriginal library by ex-
plicitly loadingit. Thisallows interceptinglibrariesto actas�lters,
optionally“passingthrough”any callsto theoriginal library, or us-
ing theoriginal library to implementtheir own algorithms.

Creatingsuchan interceptionlibrary requiresengineeringthenew
library to faithfully reproducethe interfaceof the original. It also

requiresthe library to becreatedin a way that reproducesenough
of the functionalityof theoriginal library so thatapplicationsthat
useit can function. While this is may requirea large amountof
engineering,it is not toodif�cult if thelibrary is well documented.

The interceptinglibrary hasno accessto the internalsof anappli-
cationthatcallsit. Theonly informationof theapplicationthatthe
library hasaccessto is thesequenceof calls theapplicationmakes
to thelibrary, andany globalvariablessharedbetweentheapplica-
tion andthelibrary. We refer to thesequenceof callsmadeby the
applicationto the library, including the parametersof thosecalls,
thecommandstream.

For extendingexisting graphicsapplications,a low-level graphics
API seemsto be the most logical choice. We could chooseto in-
terceptahigherlevel scenegraphAPI, suchasOpenInventor, how-
ever, this would severely limit thenumberof applicationsour pro-
gramwould beusefulfor. We couldchooseto interceptat a much
lower level, suchas the pixels going to the framebuffer, but this
providesdatain too unstructureda form, requiringexpensive com-
putervisionanalysisto createany structurerequiredfor processing.
Examplesof this approacharethe painterly renderingsystemsof
Litwinowicz [11] andHertzmannandPerlin[3].

Most low-level graphicsAPIs, including OpenGL,do not explic-
itly representthegeometryfor full scenesat a time. Thecommand
streamrepresentsa programmaticor imperative representationof
thegeometry:it providesa sequenceof commandsthat,whenex-
ecutedin order, draw a pictureof thegeometry. In contrast,most
descriptionsof geometryfor geometricprocessingalgorithms,and
high-level APIs (suchas Renderman[20] or OpenInventor [19])
representgeometrydeclaratively.

Oursystemfor graphicsapplicationextension,HijackGL, operates
by interceptingcallsto theOpenGLgraphicslibrary undertheWin-
dows operatingsystem.The systemcouldhave beenequivalently
implementedusinganotherlow-level graphicsAPI suchasDirectX,
or undera differentoperatingsystemsuchasUNIX. OpenGLhas
the advantageof beinga very common,stable,popular, andwell
documentedAPI thatwe aremostfamiliar with.

2.1 Related Work: Inter cepting OpenGL

Many existing systemsinterceptcalls to the OpenGLgraphicsli-
brary for variouspurposes.The mostcommoncategory of tools
assistprogrammersin performanceanalysisanddebugging. SGI's
glTrace[18] recordsthesequenceof library callsasthey aremade
in to assistin debuggingandto allow performancemonitoringand
hardwaretiming simulation. IBM' s ZAPdbOpenGLdebugger[7]
usesthis interceptiontechniqueto aid in debuggingOpenGLpro-
grams. Intel's GraphicsPerformanceToolkit [8] usesa similar
methodto instrumentgraphicsapplicationperformance.Noneof
thesetoolsprovide any facility for changingthebehavior of thein-
terceptedapplication.

In 1996,SGIdevelopedastreamcodecfor OpenGL[17]. This fea-
tureallowedOpenGLcommandstreamsandassociateddatato be
capturedandrecordedto disk or elsewhere. This streamcapture
ability makesit easyto examineandprocessstreamsof�ine; how-
ever, it doesnot allow for addingnew functionality to interactive
applications.

WireGL [5] andits successorChromium[6] alsointerceptOpenGL
in thismannerto generatedifferentoutputlike distributeddisplays.
Chromiumprovidesa mechanismfor implementingplug-in mod-
ules that alter the streamof GL commands,allowing the simple
transformationsof [12] or Section2.2to beimplemented.
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All of theseprevious systemseitherview the OpenGLcommand
streamexecutedby theapplication,recordit, or transmitit. While
Chromiumallows for somesimplestreamtransformations,it still
considersthe “data” of theapplicationto be thestreamitself. All
processingand manipulationof the data is done directly on the
streamrepresentation.

Our own work on non-invasive, interactive, stylizedrendering[12]
alsointerceptsthe OpenGLstream.This permittedmakinglocal-
izedchangesto thestream,asdescribedin Section2.2. To combat
the limitations of theselocalizedchanges,someof the renderers
bufferedanentireframeof dataandprocessedit to renderthe im-
age. In a sense,theserendererswereperforminga special-caseof
the scenereconstructiondescribedin Section3. In this paper, we
formalize,generalizeandencapsulatethis reconstruction,andpro-
videnew andimprovedrenderingalgorithmsthatuseit.

2.2 Stream Transf ormations

Oncethe OpenGLinterceptionmechanismis in place,somevery
simplebut usefulstreamtransformationscanbe made. Onesim-
ple methodis to causeeverythingto bedrawn in wireframe. This
is usefulfor observinghow thegeometrychangesin programsthat
uselevel-of-detailmethods.Othersimilarchangesincludeperturb-
ing normalsandcolors,quantizingcolor values,or makingobjects
translucent.All the performanceevaluationand debugging tools
citedearliercanbe implementedby processinga streamof graph-
ics commands.

Changingthestreamdirectly likethiscansupportinterestingexten-
sions,but thismethodis limited. Theextensionsthatcanbecreated
in this mannerare “local” in the sensethat they cannotconsider
information containedin other partsof the streamwhen making
changes.This meansthatthingslike connectivity informationcan-
not beobtained.Also, sincethestreamis processedserially, there
is no easyway to reorderoperations;for example,to draw all the
polygonsin a scenein a sortedorder.

In a previous paper[12], we explored someof the potential for
stylistic alterationspossiblewith theselocal streamtransforma-
tions. Someof theseincludeda simpledepth-cuedwireframeren-
derer, a very simplepencil-sketch rendererthat drew the outlines
of every trianglein thescene,anda colored-pencilstyle thatdrew
sketchyapproximationsof eachtrianglewith quantizedcolors.

Thereis a greatpotentialfor evenmoreeffectsto be implemented
by local transformations.For example,wemightconsiderperform-
ing non-linearcolor shifts (to bettermeettheusabilityconcernsof
partially color blind users),non-linearspatialdistortions(for ex-
ample,to zoomin on regionsof interestyet retaincontext of the
whole scene),or even selective omissionof variousgeometricel-
ements.However, any suchlocal transformationof the streamis
fundamentallylimited.

2.3 Styliz ed Rendering Techniques

Stylized renderingis a rapidly growing areaof computergraph-
ics. See[15] for a anexcellentannotatedbibliography. Techniques
for stylized1 renderingfall into threebroadcategories: 3D tech-
niquesthat renderimagesbasedon geometricdescriptions,image

1Wepreferto usethetermstylizedrenderingratherthanthemorecom-
mon non-photorealistic renderingbecauselittle in computergraphicsis
truly photorealistic. Intentionallynon-photorealisticis too cumbersomea
term, andwe arenot arrogantenoughto call the outputof our algorithms
artistic;however, this termis oftenappliedto this classof images.

post-processingmethodsthatalterexisting images,andinteractive
methodsthatenhanceusers'inputs. For stylizationof existing ap-
plications,thethird category is inappropriate.

It is possibleto applyimage-processingtypestylizationalgorithms
to the outputof 3D graphicsapplications.The processingwould
occurin the framebuffer after rasterization.We have not consid-
eredsuchanapproachbecausehemethodsareusuallymorecostly
(sincethey involve per-pixel operations,andreadingimagesfrom
theframebuffer whichis expensive onmoderngraphicshardware),
andoftenneedsto reconstructinformationthatexistedin thegeo-
metricrepresentationsavailablebeforerasterization.

Moststylizedrenderingalgorithmsoperateonadeclarativedescrip-
tion of the geometry. Becausethesealgorithmsrely on non-local
propertiesof the geometry, or simply wish to avoid the artifacts
of theunderlyingrepresentation,they mustconsiderthegeometric
modelsasa whole. For example,many existing stylizedrendering
algorithmsrequiresilhouetteedges[9, 4], front-to-backorderingof
polygons,surfaceparameterizations[14, 4], implicit shaperepre-
sentations[1], operateby processingsubdivisionsurfacemeshes[4]
or multi-resolutionmeshes[9].

To achievestylizedrenderingthatmight truly called“artistic,” even
moreinformationthanjust thegeometryis required.To bettercon-
vey information,arendererneedsto understandthecommunicative
goalsof theimage[16], theintentof theimage,or at leastto know
what andwhy a sceneis beingdrawn. Suchinformation is most
certainlynot in anOpenGLcommandstream,andis unlikely to be
containedin genericgeometricrepresentations.

3 Reconstructing Geometr y

To benon-invasive, we mustlimit oursystemto obtainingonly the
OpenGLcommandstreamfrom applications.Giventhatmany ex-
isting stylizedrenderingalgorithmsrequirea declarative represen-
tation of the geometry, we are facedwith two options. We could
devise new algorithmsthat function on the commandstreams,as
donein [12], or we candevise a schemeto reconstructthe neces-
sarydeclarative representationsfrom theOpenGLstream.Because
we hopeto draw on the wide rangingliteratureof existing algo-
rithms,we choosethe latter approach.An additionalargumentin
favor of reconstructionis that it is unclearthat streamtransforms
cansupportrich enoughvisual styles. Ratherthandebatewhich
representationis better, we choseto constructa systemthat can
produceboth.

Thetypesof declarative representationsusedfor stylizedrenderers
aredifferentfrom the internalrepresentationsusedby many inter-
activegraphicsprograms.Many OpenGLprogramshavenoneedto
sortobjectsor primitivesbecauseof z-bufferinghardwareandhave
no usefor silhouetteedgesor connectivity information.Therefore,
they often do not containexplicit representationsof this informa-
tion.

Our goalsin building HijackGL wereto provide a systemthat al-
lowed thegreatestpossiblerangeof renderersto beappliedto the
greatestpossiblerangeof applications,andto maintaininteractive
performance.Theseconcernsdrive the systemdesigndescribed
in this section. In Section5 we assesshow successfulwe areat
achieving thesegoals.

3.1 Declarative and Imperative Representations

ParsingtheOpenGLcommandstreamonthe�y andconstructinga
usefulhigher-level representationposesmany challenges.Because
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OpenGLis an extremely �e xible API and it re�ects an iterative
modelthat mapswell to graphicshardware, the commandstream
doesnot directly correspondto a declarative representationof the
geometry. In contrast,recentwork shows the OpenGLcommand
streamcanbeviewedasanassemblylanguageprogramwith each
commandcorrespondingto a singleinstruction[13].

The hardware-centricdrawing modeldoesprovide a lowestcom-
mon denominatorfor managingthe complexity of the API. Ulti-
mately, OpenGLturnsstreamsof commandsinto hardwarespeci�c
rasterizationcommands.Most OpenGLcommandseitherupdate
the library's internal state(which determineswhereandhow the
primitiveswill ultimatelyberasterized),or draw primitivesthatare
ultimatelybrokendown into linesandtriangles.

Constructingausefuldeclarative representationof thegeometryre-
quiresmorethansimply buffering all of the streamdatafor each
frame. While buffering all of the informationis an importantstep,
wealsomustconstructameaningfulrepresentationthatis suf�cient
for thealgorithmswe wish to employ.

To demonstratesomeof themorebasicissuesin reconstructingge-
ometry from an OpenGLstream,considerinterpretinga program
thatdraws a cubewith its facescoloreddifferently. Ultimately, we
would like to tell the renderer“there is a cube” or even, thereare
8 verticesconnectedinto 6 faces,by 12 edges,with a certainset
of details. While OpenGLgives programmersa wide variety of
waysto specifythecube,thesetwo geometricdescriptionsarenot
amongthem. Instead,an OpenGLprograminstructsthe graphics
hardwareto draw thecubeoneprimitive at a time. For eachprimi-
tive,thegeometricinformationfor eachvertex mustbeprovided.In
thecaseof thecube,eachvertex mustbespeci�edmultiple times,
oncefor eachprimitive 2. OpenGLprovidesa numberof methods
for specifyingtheprimitives:it providesfor all of thenumericdata
typesin thelanguage(integral, �oating point, . . . ) anda varietyof
equivalentmechanismsfor generatingprimitives(individual trian-
gles,quadrilaterals,trianglestrips,. . . ).

3.2 Processing the Command Stream

The�rst stepin processingtheOpenGLcommandstreamis to ho-
mogenizethedata.HijackGL homogenizesdatain differentways.
First,simpledatatypehomogenizationis performed.All incoming
datavaluesaretranslatedto acommonformat.For example,vertex
locationdataand texture coordinatesareconvertedto full double
precision3 four vectors.Next, higher-level primitiveslikequadrilat-
erals,trianglestrips,andtrianglefansareconvertedto collections
of morefundamentalprimitives. That is, quadsarerepresentedby
pairsof triangles,andtrianglestripsandfansby collectionsof tri-
angles.This is doneso that all the surfacegeometryin the scene
may be examinedby walking a list of triangleswithout having to
write codeto supporteachpossiblesurfaceprimitive type.

Thenext stepin processingis to build datastructuresthatrepresent
geometryasentities,ratherthandrawing instructions.In OpenGL,
we mustdistinguishbetweena vertex, which is whatOpenGLuses
to describetheprimitivesthataredrawn, anda locationwhich is a
positionin space.In OpenGL,verticeshave several attributesin-
cludinglocation,color, normal,andtexturecoordinate.A vertex is
instantiatedwith theOpenGLcommandglVertex. Whenthis com-
mandis issued,all of avertex's attributesare�x ed.Thelocationof

2Becauseeachfacehasa differentnormal,theOpenGLmechanismfor
sharingverticesdoesnotapply.

3In hindsight,thiswasapoordecision.Singleprecisionwouldhavepro-
videdbetterperformanceandtherearefew applicationsthatrequiredouble
precisionandevenfewer graphicsdevicesthatsupportit.

Figure 1: The datastructuresof HijackGL's declarative representationof geometry.
This�gure doesnotshow thecompletesetof informationtrackedby HijackGL.Rather,
it is meantto indicatetheoverall structure.

thevertex is setby parametersto theglVertex command,andall the
otherattributesaresetby thecurrentOpenGLstate.OpenGLdoes
not keeptrack of verticesany longer than is necessaryto raster-
ize theprimitivesassociatedwith it. In contrast,HijackGL buffers
verticesfor entireframesat a time.

Becauseverticeshave many attributes,differentverticesmayshare
the samelocation. More generally, any two verticesdiffer if and
only if oneor moreof their attributesdiffer. For example,in the
cubedescribedabove, thereareeightpointsbut twenty-fourdiffer-
entverticesbecausefor thedifferentfaces,theverticeshave differ-
entnormalsandcolors.

HijackGL storesa hashtable for eachvertex attribute. Hashing
is usedto recognizeandremoveduplicatevalues.Removing dupli-
catevaluesfor locationsis necessaryto computeconnectivity infor-
mationdescribedlater. Hashingis alsousedwith otherattributesto
reducetheamountof memoryrequiredto run HijackGL. Because
we mustcacheassociateddatafor every value, the memoryfoot-
print of eachvertex attribute can be large enoughthat sharingis
necessaryto avoid excessive memoryusage.The sizeof datafor
a singleframecanbe very large, dependingon the complexity of
the frame. Storing every attribute with every vertex directly can
consumea lot of space.Usinghashtablesto only storetheunique
valuesreducesthis numbergreatly. BecauseHijackGL hashesall
thevertex attributesthat anapplicationspeci�es, thehashingrou-
tinemustbevery fast.

To determinewhetherverticessharethe samelocationor normal,
we mustplacetheminto a commoncoordinatesystemsothattheir
positionscan be compared. It is important to note that there is
no notion of a “world” coordinatesystemin OpenGL.Because
OpenGLgives the programmer�e xibility in how coordinatesys-
temsarede�ned, we chooseto convert all positionsandnormals
to eye coordinates(i.e. usingOpenGL's MODELVIEW matrix, or
in the caseof normals,the inversetransposeMODELVIEW ma-
trix). Oncewe have transformedlocationsto eye space,thevalues
aretruncatedslightly becausethe leastsigni�cant bits may differ
slightly due to numericalprecisionlimits. Oncein this format, a
hashvalueis computed.

After theattributesarehashed,thevertex is storedin a hashtable.
Eachvertex referencesa slot in theattributehashtablesfor eachof
its attributesasshown in Figure1. Similarly, otherOpenGLprim-
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itives are storedas referencesto more fundamentaltypes. Point
primitivesreferencesinglevertices.Line primitivesreferencepairs
of vertices.Trianglesreferencetripletsof points,quadrilateralsref-
erencepairsof triangles,andsoon.

3.3 Computing Additional Information

While processingthe streamof commandsandbuilding our data
structures,HijackGL computesconnectivity information. Edges
are recordedas line and triangleprimitivesareaddedto the data
structure.Figure1 shows a hashtableof edgeskeptby HijackGL.
Edgesreferencetwo locations(asopposedto vertices).In addition,
lines referencea singleedge,andtrianglesreferencethreeedges.
As edgesareaddedto thehashtable,if they comefrom triangles,
two trianglesarerememberedfrom eachedgeas“neighbors”.This
resultingwinged-edgedatastructureencodesthe connectivity of
thegeometry. Also, silhouetteedges(de�ned asthoseedgeswhose
neighborsoverlapwhenprojectedto thescreen)are�agged,andthe
sharpnessof edges(de�ned by theanglebetweenanedge's neigh-
bors)is recorded.

While amorecleveralgorithmfor computingconnectivity informa-
tion andsilhouetteedgesmight befaster, our simpletechnique�ts
well insideHijackGL, andit is fastenoughto maintaininteractivity
with many applications.

Severalapplications,includingpopulargames,do their own light-
ing. In this case,theapplicationnever sendsnormalsto OpenGL.
To handlethis,HijackGL computesthefacenormalsof trianglesas
anapproximation.

Many NPR stylesbene�t from knowing geometryinformation in
screen-space.Therefore,HijackGL computesthescreen-spacelo-
cationsof verticeswhenit storesthem.

3.4 Assumptions and Inferences

The reconstructionmechanismjust describedcomputesuseful
information given the command stream. However, there is
much more information that we might like for constructingnon-
photorealisticrenderersand other extensions. For example, we
might like to know whatgeometrycompriseslogically distinctob-
jects. This would allow usto treatdifferentobjectsseparately. We
might also like to know what objectsshouldbe consideredfore-
groundobjectsandwhatmight beconsideredbackgroundobjects.
More practically, we might like to know which objectsshouldbe
changedandwhichshouldn't. For example,stylizinguser-interface
elementscanmake a programdif�cult to use.

Unfortunately, thiskind of informationis notexplicitly represented
in the stream. In orderto reconstructany of this information,we
musteithermake guessesandassumptionsabouthow theprogram
we're interceptingoperatesor we musthavesomeprior knowledge
of the program's operation. We choosenot to examinethe latter
case,becausethis solutionis not general. However, we notethat
if this kind of information is desired,it canbe obtainedby using
HijackGL to monitor thecommandstheapplicationin questionis
executing.

Therearesomesimpleassumptionsandguessesto make thatoper-
atereasonablywell in a numberof cases.For example,many pro-
gramsuseOpenGL's transformationmatrixstackto positiondiffer-
entobjects.We canmake theassumptionthatwhenever thetrans-
formationmatrixchanges,alogicallydistinctobjectisbeingdrawn.
While this certainlydoesnot work all the time, it works well for
someapplications.

Ultimately, the lack of high-level information of an application's
intent in drawing placesa fundamentallimitation on the capabili-
tiesof theinterceptionapproach.We will explorethis limitation in
Section5 .

3.5 Software Architecture

The buffering and reconstructionperformedby HijackGL to en-
capsulatethe geometryinformationcreatesa goodabstractionfor
renderersto process.HijackGL thenprovidestheinfrastructurefor
renderersandextensionmodulesto useourreconstructedgeometry.

Renderersfor HijackGL aredynamicallyloadedplug-in modules.
Oneof thesemodulesis loadedfor usewhenanapplicationstarts.
HijackGL theninterceptsall theOpenGLcallsandbuildsadeclara-
tiverepresentationof thegeometrydata.Whenanimageis required
(for example,at the end of a frame, or when a read-framebuffer
commandis encountered),HijackGL callstheplug-inmodule.The
plug-in modulemay then processthe reconstructeddataandcall
into the system's OpenGLimplementationto draw imageson the
screen.HijackGLalsosupportsamodewhereplug-inmodulesmay
executeoncein responseto a keypress.This is usefulfor creating
extensionslikescreen-capturemodules,asdescribedin Section4.5.

Becauseof our declarative datarepresentation,it is very easyto
implementsimple renderersin HijackGL. For example,a simple
wireframerendererwould essentiallyconsistof a for-loop to walk
overeveryedgein thesceneanddraw it. Addingasinglecondition
to checkthesilhouette�ag on eachedgewould make a silhouette
edgerenderer. To draw solidgeometry, anotherfor-loop thatwalks
all the trianglesandrendersthemis all that mustbe added. Our
mostcomplex rendererto date,the pencil sketchrendererof Sec-
tion 4.2,is about500linesof code.

4 Example Renderer s

In this section, we examine several plug-in renderersthat we
have constructedfor HijackGL. Ideally, theserendererswould
bestraightforward implementationsof standardstylizedrendering
techniques.However, becauseof thefundamentallimitationsof the
typesof informationinterceptioncanprovide (Section3.4andSec-
tion 5), the pragmaticlimitations of our current implementation,
andour ef�ciency concerns,we have hadto developmodi�ed ver-
sionsof existingalgorithmsto meetourneeds.

Therendererschosenherewereselectedbecausethey demonstrate
theutility of geometricreconstruction,andthepotentialandprob-
lemsof interception-basedapproaches.We do not claim thatthese
renderersprovide thevisualquality thatstateof theart,hand-coded
stylizedrenderingapplicationsprovide. However, they areof suf-
�cient quality to beinteresting,andfurther, we areableto provide
our renderersacrossa wide varietyof existing applications.Much
of the visual appealthat resultsfrom our demonstrationscomes
from choosingwell-designedapplications.

4.1 Wireframe Rendering

In Figure2 weshow awireframerendererrunningonHijackGL. A
wireframerendereris easyto producewith oursystem.As statedin
section3.5, this rendereris essentiallya singlefor-loop thatwalks
thelist of edgesin thesceneanddraws them.

Wireframerenderersarenot very artistic styles,but they areuse-
ful. For example,to seehow a level-of-detailalgorithmoperates,
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Figure 2: Examplesof wireframerenderers.The left shows the original application.Thecentershows a simplewireframerendererthatdisplaysall edges.The right accentsthe
silhouetteedges.

it is often ineffective to examinethe runningapplicationitself. In
fact,many level-of-detailalgorithmsaredesignedto minimize the
overall visualchangesastheunderlyinggeometrychanges.With a
simpleplug-in wireframerenderer, it is easyto seewhatis happen-
ing with theunderlyinggeometry.

While this rendererdoesnot explicitly needa declarative repre-
sentationto operate,its implementationbecomesvery simpleand
straightforwardwith this representation.

An improved wireframerendererdraws just the silhouetteedges
andsharpedges.This givesenoughinformationto make theshape
apparentbut doesnotcluttertheview with all theinternalstructure.
This simplestyle is dif�cult or impossiblewithout reconstructing
thegeometrysothatsilhouetteedgescanbecomputed.

4.2 Pencil-Sketc h Rendering

In previouswork [12] wepresentedaverysimplepencilsketchren-
dererthat simply drew trianglesin white, andthenoutlinedthem
with jittered,sketchylines. This rendereroperatedby makinglo-
cal streamtransformations.It wasnot convincing becauseit was
effectively awireframerenderer, showing thestructureof thetrian-
glemesh.A moresophisticatedrendererin thatpaperdraws pencil
strokesthatcover multiple triangles,but this rendererwastoo inef-
�cient for interactive use.

Figure 3 shows an improved, interactive pencil-sketch style ren-
dererrunningonademoof thepopulargameQuakeIII Arenaby id
Software.Thisrendereris implementedasaplug-inmodulefor Hi-
jackGL. This moduletakesadvantageof connectivity information
to rendersilhouetteandsharpedgeswith thick dark lines. These
edgeshelp convey the shapeof geometry. Pencil-sketch textures
are appliedto eachtriangle in the scenewith an orientationthat
variessmoothlywith surfaces'orientations.This is accomplished
by choosinga“stroke direction” thatis perpendicularto theprojec-
tion of the triangle's normalonto the view plane. Thena pencil-
sketchtexture with strokesall going in onedirectionis appliedto
the triangle by choosingtexture coordinatessuchthat the pencil
stroke direction is perpendicularto the projectednormal. Due to
this,edgeswheretrianglescometogetherarenotdistracting.Also,
sincewe have computedthepositionsof verticesafterperspective
projection,we candraw the trianglesandapply the pencil-sketch
texturein screenspace.Thus,thepencilstrokesremainat constant
densityacrossimages.

Thispencilsketchrendereris inspiredby thework of Lakeetal. [9],
however, not only doesit placeno restrictionson thegeometry, it
alsoorientsthestroke texturesin a consistentway to better�t the
surfaces.

4.3 Blueprint Rendering

We createda simple blueprint renderingstyle using HijackGL
shown in Figure4. This rendererdraws translucentwhite linesona
bluebackgroundto givetheimpressionof ablueprintdrawing. The
lines areonly drawn on silhouetteandsharpedges,and the lines
areextendedbeyondtheir endpointsto furthersuggesta blueprint
or draft-drawing style. Dimensionlines aredrawn for (somewhat
randomly)selectededgesgreaterthan a certain length to further
suggestablueprintstyle.Wewould like theedgesthathavedimen-
sion lines drawn for themto changewith low frequency because
randomlyswitchingevery framecanbedistracting.However, Hi-
jackGL doesnot getany inter-framecoherency information,sowe
cannotdo this reliably. However, sincemany applicationsdraw
their scenesthe sameway from frameto frame,we make the as-
sumptionthat edgesthat appearin the sameplacein the edgelist
are in fact the samefrom frameto frame. This works extremely
well for someapplicationsandthedimensionlineschangewith low
frequency. However, this fails with otherapplications,causingdis-
tracting�ick er.

This rendereris reallysimpleandnotparticularlyinteresting,but it
wasveryeasyto implementin oursystem,andexploringthegeom-
etryof gameslike Quake III Arenawith a blueprintstyleis fun.

4.4 Cartoon Rendering

Figure5 shows a cartoon-stylerendererrunningon a researchani-
mationsystem.Thismoduleis adirectimplementationof thealgo-
rithm presentedin [9]. We implementedthis algorithmto demon-
stratethat implementingan existing popularstyle in HijackGL is
possible.

The fundamentalalgorithm is straightforward. Very simply, tra-
ditional diffuse lighting is computedper-vertex by taking the dot
productof the unit surfacenormalwith a unit vectorin the direc-
tion of the light. Then the materialcolor of the surfaceis scaled
by this resultingvalueto obtainthe �nal color. Cartoonrendering
is characterizedby a harshquantizationof lighting values.Often,
objectsarerenderedin a two-tonefashion:thepartsof objectsillu-
minateddirectly appearbright,while thosethatarenot illuminated
directlyappearasdarker versionsof thematerialcolor.

To simulatethis,we take thedot productof thesurfacenormaland
thedirectionto thelight likenormal,but insteadof scalingmaterial
color valuesdirectly, we insteadquantizethe dot productvalue,
but usingit to index into a one-dimensionaltexturemap. This one
dimensionaltexturemapis madeup of two or threeconstantcolor
segments,rangingfrom nearblackto nearwhite. By usingthedot
productasa texturecoordinatein this onedimensionaltexture,we
effectively quantizethe dot productvalue. We apply this texture
mapto theobjectsin thesceneandcon�gure OpenGLto multiply
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Figure3: HijackGL'spencilsketchrendererrunningon id Software's Quake III Arenademo.

Figure4: A blueprintrendererappliedto Quake III Arena.

Figure5: A cartoonrenderershown ona characterin a researchanimationsystem.
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the objects' materialcolors by the texture map, therebyproperly
two-toneshadingthe objects. The result is ratherconvincing, as
seenin Figure5.

While this rendereris a commonstyle, by implementingit in Hi-
jackGL,we canautomaticallyapply it acrossmany applications—
evento thosewhosesourcecodewe donothave.

4.5 Other Applications

While our focus in this paperis the useof HijackGL for stylized
rendering,we brie�y considersomeother relevant useshere. In
eachcase,aplug-in renderermakesuseof thereconstructedgeom-
etry to extendapplicationsnon-invasively.

Generatingdifferent output from graphicsprogramsis useful for
many tasks.Often,generatinghigh-qualityoutputfor print media
from a graphicsprogramrequiresprogramminginvestment.Typ-
ically, extra codemustbeaddedto renderto a high-resolutionoff
screenbuffer, and then write that buffer to disk. This is reason-
ablystraightforwardto do;however, if scalablevectorart is desired
or requiredfor print media,complex codeto do projectionsand
generateproperlysortedprimitivesmustoftenbeadded.With our
techniques,anextensionsimilar to thegl2pslibrary [2] caneasily
be implementedandthenusedwith any OpenGLapplication.We
have built a modulefor HijackGL thatgeneratesAdobeIllustrator
vectorart �les from 3D applications.This moduletakesadvantage
of thereconstructedsceneinformationto sorttrianglesfrom backto
front. Wealsonotethatthis modulecouldbechainedwith a visual
stylechangemoduleto produceAdobeIllustratoroutputof oneof
ourstylizedrenderers.

Chromiumandits predecessor, WireGL [5] exist primarily to gen-
eratedifferentoutput. Their system,like ours,useslibrary inter-
ceptiontechniquesandsendsOpenGLcommandsto a clusterof
machines,which thenrenderto a tiled displayfor largeformatout-
put. We notethatour systemcouldbeimplementedin Chromium,
andin fact, becauseour reconstructionstepremovesmany of the
redundantvaluesin anOpenGLstream,it maybepossibleto send
lessinformationacrossthewire to theclusterof renderers.

Figure 6 demonstratesthe resultsof our geometrycapturemod-
ule. This extensionworks by processingthe reconstructedscene
data and writing a common3D �le format of everything in the
scene.Without the reconstructedscenedata,the modelswe gen-
eratewould effectively bebagsof disjoint triangles.After we have
taken a 3D scenecapture,we can then view andmanipulatethis
datain any commonmodelingor animationpackage,suchasMaya
or 3D StudioMAX. This moduleallows us to extract 3D models
from any programthatdisplaysthemusingOpenGL.

5 Capabilities and Limitations

InterceptingOpenGLand reconstructinga declarative scenedata
representationhasobviousadvantagesover hand-craftingnew ren-
dererswithin eachapplication.Theinterceptionmechanismallows
us to implementnew renderingstylesthat canbeappliedacrossa
wide rangeof applications.By constructinga declarative represen-
tationof the scenegeometryfrom theOpenGLstream,we enable
abroadclassof renderingalgorithmsthateitherrequiredatain this
form, or aresimpli�ed by its availability.

The non-invasivenessof the interceptionapproachdoeshave its
cost over hand-tunedrenderersbuilt right into applications. The
mostobvious is performance.HijackGL requiresan application's
data to passthroughthe OpenGLinterfaceand be reconstructed

into geometrybeforebeing sentto the renderer. A rendererthat
candirectlyaccesstheapplication's datastructuresclearlyhasless
overhead. Despitethis performancecost,HijackGL is still capa-
bleof providing interactiveperformanceoncomplex geometry. For
example,our non-optimizedHijackGL prototypeis ableto achieve
more than 20 framesper secondon a standardQuake III Arena
benchmark.

The interceptionapproachhaslimitations in its generalityandre-
sultingqualityaswell. Theinformationavailablefrom theOpenGL
streamis limited. As discussedin Section3.4,we have no knowl-
edgeof why an applicationis drawing what it is drawing. For
example,if an applicationchoosesto display its menuor control
panelby paintinga textureonto a polygon(a commonpracticein
many games),we have no way to distinguishthis from scenesthat
we would like to stylistically render. Similarly, we have no way
to differentiatesemanticallydifferentobjectsthatshouldbetreated
differently, or to apply internalapplicationdatain makingrender-
ing decisions.For example,in a shootergamesuchasthat shown
in Figure3, we cannottreattheenemycharactersdifferently from
thescenery, nor canwe changethe characters'color basedon the
stateof theirAI, effectsthatwouldbeeasyif wewereto changethe
applicationssourcecode.

Anotherclassof limitationsof ourtechniqueis thatwemustdecode
the OpenGLstream,which is a sequenceof instructionsdesigned
to createa particularimage,not just to relay the scenegeometry.
Clever programmersusea wide varietyof tricks to createtheir vi-
sualeffects. In essence,the interceptormustde-stylizethe appli-
cation beforere-stylizing it. At worst, a programmermight use
theOpenGLmachineryto performcomputationscompletelyunre-
latedto rendering,suchasthe hardwareassistedpathplanningof
Lengyelet al [10].

Onepotentialrouteto resolvingtheseissuesis to adopta“mildly in-
vasive” strategy. Wewouldstill useanOpenGLinterceptionmech-
anism,but provide OpenGLextensionsto allow an applicationto
give hintsaboutits intentaswell asto provide a fasterpathto pro-
viding thescenegeometry.

A �nal category of limitations stemsfrom the incompletenessof
our prototype.While HijackGL implementsenoughof OpenGLto
allow for many interestingapplicationsandrenderersto becreated,
it doesnot trackall of theOpenGLstateor recreateall of its func-
tionality. In principle the entire OpenGLstatecould be tracked,
althoughgiven the complexity of the OpenGLstatemachinethis
wouldbedif�cult to implementandef�ciently storeover timesuch
thatthecurrentstatefor eachprimitivecouldberecovered.

While the interceptionapproachcertainly has its limitations, re-
engineeringall existing applicationswith all desirablerenderersis
alsoan impracticalapproach.Using our interceptionmechanisms
andgeometricreconstructiontechniqueswe have createda system
calledHijackGL thatcanconnectawidevarietyof stylizedrender-
ing algorithmsto a varietyof existingapplications.

Even within the limitations of interception,thereis still much to
bedone. Our prototypemustbe mademorerobust, completeand
ef�cient. Many additionalrenderingstyles,suchaspen-and-ink,
arepossiblegivenonly thegeometricinformationwe have. Other
outputmechanisms,suchaswriting geometricdatafor high-quality
renderingis possible,asaredebuggingaidsandanalysistools.Pro-
viding moreinformationthanjust geometry, eitherthroughheuris-
ticsor mildly invasivehinting,will openupevenmoreopportunities
for extensions.

Visual style changesareuseful for many applications.For exam-
ple, a visualizationapplicationmay renderin a fashionthat is in-
adequateto make the datacomprehensibleto the scientist. With
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Figure 6: On theleft is a scenefrom theQuake III Arenademo.Ontheright is thegeometryof thisscenecapturedasamodelandloadedinto Maya.

our system,the renderercould effectively be replacedwith one
explicitly designedto help visualizesomespeci�c data. A differ-
ent examplecomesfrom accessibilitysoftware. Many visual pro-
gramsare not written with visually impairedpeoplein mind. A
non-invasive extensionbuilt using our techniquesmight increase
contrastor emphasizeshapesin sucha way that enablesvisually
impairedpeopleto useprogramsthey couldn't earlier. Otheruses
of visualstylechangeincludeprototypingnew rendererswith exist-
ing applications,examininglevel-of-detailor culling algorithmsin
action,or simply puttingnew twistson old computergames.With
our interception-basedapproach,changingthevisualstyleof anex-
isting applicationis possibleandpractical.
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