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Abstract

Thiswork shavs thatinterceptingalow-level graphicdibrary com-
mandstreamandreconstructing declaratve representatiois prac-
tical anduseful,especiallyfor exploring new renderingstyles. We
shav notonly how thebasicmechanic®f interceptinganOpenGL
commandstreamleadto a non-irvasive extensionmechanisnfor
graphicsapplicationshut alsohow simply manipulatinghe stream
severely limits the kinds of effectswe canconsider We describe
how our systemef ciently reconstructadeclaratve representation
of the geometryimplicit in the graphicslibrary commandstream.
We presenta setof applicationextensionsbuilt with this frame-
work, including several stylized renderers.Extensionsbuilt using
our systemare capableof changingthe renderingstyle of applica-
tionsonthe y atinteractverates.

Keywords: non-invasive, non-photorealisticreal-time,stylized,interactve, 3D

1 Introduction

Over the pastseveral years,computergraphicstechniquedor pro-
ducing intentionally stylized imageshave emeged. This non-
photorealisticendering(NPR) hasproven interestingnot only for
purelyaestheticeasonsbut alsoto enhanceomprehensioof au-
tomatically generatedmages. Becauseof this, NPR techniques
are useful acrossa wide variety of applications. Unfortunately
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mostNPR techniquescreatetheir imagesin mannersvery differ-
entfrom traditionalrenderingmethods and even from otherNPR
techniques. Typically, applicationsmust be retrot or even re-
architectedio supportnew visual styles. This hasprecludedex-
tensve experimentatiorwith matchingnew stylesto existing appli-
cations.

Non-invasive methoddor alteringthebehaior of graphicsapplica-
tions canbe appliedto extendgraphicsapplicationswithout mod-
i cation. Thesemethodsoperateby interceptingthe callsapplica-
tionsmale to the underlyinggraphicdibrary, andhave allowedfor

avarietyof usefulchangesncludingchanginghevisualstyleof in-

teractize graphicgprograms Thebene t of thesetechniquess that
they allow new functionality to be addedto existing applications
without modifying the applications.The problemwith thesetech-
niquesis thatthey obtainonly limited informationaboutwhatthe

applicationis doing—merelytheinformationinherentin the stream
of library callsfrom theapplication.

In this paper we explore the potentialfor creatingnen andinter
estingvisual stylesfor interactive 3D applicationsusingonly this
limited informationin the graphicdibrary commandstream.First,
we examinethe informationobtainedby interceptingthe streamof
callsto the low level graphicslibrary OpenGL.Manipulatingthis
streancanleadto somesimplestylisticchangesUnfortunatelywe
nd thatthisinformationis toolimited to supportmary of desirable
stylizedrenderingtechniques.

More sophisticatedNPRtechniquesequirea declaratve represen-
tationof thegeometryin the sceneasopposedo theinherentlyim-
peratve representationontainedn the OpenGLcommandstream.
We will shav how sucha representatiorcan be constructedrom
the streamof graphicslibrary calls, and provide several examples
of NPRstylesimplementedisingthis representationTheinforma-
tion provided by sucha reconstructions still limited: we examine
thesdimitations,andtheirimpactonthetypesof rendererpossible
usingourtechniques.

Anotherbene t of our interception-basedtylizationis thatit al-
lows stylizedrenderingalgorithmsto be usedwith vastly different
programmingstyles. Evenin caseswherewe do have the ability
to modify the sourcecodeof an applicationprogram,it is some-
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timessimplerto useour interceptionandreconstructioriechniques
to provide stylizedrendering. This freesthe applicationprogram-
merfrom having to worry aboutproviding datain a form compat-
ible with renderersasis commonin a scenegraphlibrary. There
is atradeoff, however. Interceptiondoeshave a performancesost,
andcanonly provide limited informationto a renderer While our
interceptionsystemmay not be able to competewith a carefully
hand-craftedpplication,it canprovide interactve performancesn
awide variety of renderersacrossa wide variety of applications.

In apreviouspaper[12], we introducedhe concepbf non-irvasive

stylizationof interactve applicationsn this paper we make afur-

ther contribution to the topic by introducingthe more generally
usefultechniqueof reconstructinga declaratve representatiorof

the geometryfrom the OpenGLcommandstream,and provide a
numberof new rendererghat canwork with this limited data. We
presenaprototypesystencalledHijackGL thatis moregeneratind
efcient thanour previous system,anda setof new rendererghat
aremoreefcient andattractive thanthosepresentegbreviously.

The restof this paperis organizedas follows: We begin by ex-
amining the mechanisnof interceptingapplications'calls to the
graphicslibrary, including reviewing the previous work that uses
thistechniqueWebrie y review thestylizationcapabilitiesof sys-
temsthatareableto manipulatehe OpenGLcommandstreamand
shav how they are unableto directly supportan importantclass
of NPR techniquesWe thenconsiderthe problemof reconstruct-
ing adeclaratve representationf the geometryfrom thecommand
stream,andthe issuesin computingthe information requiredfor
NPRalgorithms.We describethe reconstructionmechanismsised
by HijackGL, andthe softwarearchitecturehis reconstructioren-
ables.Giventhisrepresentationye thenconsidehow severalNPR
algorithmscanberealizedwithin this framewvork. We concludeby
assessintgheapparentimitations of the non-invasive approach.

2 Intercepting OpenGL

Modernoperatingsystemgprovide applicationswith accesso com-
mon functionality through sharedlibraries. Sharedlibraries are
similar to traditionallibraries, exceptthey aredynamicallyloaded
andlinked at run time ratherthanstaticallylinked at compiletime.
Sharedibrarieshave the advantagethatalibrary maybeeasilyup-
datedor replacedby just replacingthe library le. Sincelinking

happengdynamically whena sharedlibrary is replacedthe next

invocationof a programthat usesthe library will operatewith the
updatedversion.

Sharedibraries provide a mechanisnfor modifying the behaior
of applicationswithout alteringthem. Changingthe sharedibrary
canchangethe behaior of an applicationthatusesit. Providing
thatthenew library providesexactly the samenterfaceastheorig-
inal, applicationsshouldbe unavare of the change.This provides
a mechanisnfor temporarilymodifying the behaior of an appli-
cation. By causingthe linker to dynamicallylink the application
to an alternatelibrary, differentbehaior canbe effected. Under
Windows andUNIX, this interceptioncanbe easilyaccomplished
by placingthealternatdibrary beforethe systemlibrary in the sys-
tem's library searchpath(for example,in the samedirectoryasthe
applicationon Windows).

Theinterceptindibrary canmale useof the originallibrary by ex-
plicitly loadingit. Thisallows interceptindibrariesto actas lters,

optionally“passingthrough”ary callsto theoriginallibrary, or us-
ing the original library to implementtheir own algorithms.

Creatingsuchaninterceptionlibrary requiresengineeringhe nev
library to faithfully reproducehe interfaceof the original. It also

requiresthe library to be createdn a way thatreproduce€nough
of the functionality of the original library so thatapplicationghat
useit canfunction. While this is may require a large amountof
engineeringit is nottoo dif cult if thelibrary is well documented.

Theinterceptinglibrary hasno accesgo the internalsof an appli-
cationthatcallsit. Theonly informationof the applicationthatthe
library hasaccesgo is the sequencef callstheapplicationmales
to thelibrary, andary globalvariablessharedbetweertheapplica-
tion andthelibrary. We referto the sequencef callsmadeby the
applicationto the library, including the parameter®f thosecalls,
thecommandstream

For extendingexisting graphicsapplications.a low-level graphics
API seemgo be the mostlogical choice. We could chooseto in-
tercepta higherlevel scenggraphAPI, suchasOpenlventor how-
ever, this would severely limit the numberof applicationsour pro-
gramwould be usefulfor. We could chooseto interceptat a much
lower level, suchasthe pixels going to the frame buffer, but this
providesdatain too unstructureda form, requiringexpensve com-
putervisionanalysigo createary structurerequiredfor processing.
Examplesof this approachare the painterly renderingsystemsof
Litwinowicz [11] andHertzmanrandPerlin[3].

Most low-level graphicsAPIs, including OpenGL,do not explic-

itly representhegeometryfor full scenestatime. Thecommand
streamrepresents programmaticor impenmtive representatiomf

the geometry:it providesa sequenc®f commandshat, whenex-

ecutedin order drav a picture of the geometry In contrastmost
descriptionsof geometryfor geometrigprocessinglgorithms,and
high-level APIs (suchas Rendermar{20] or Openliventor [19])

represengeometrydeclamtively.

Our systemfor graphicsapplicationextension HijackGL, operates
by interceptingcallsto the OpenGLgraphicdibrary underthe Win-
dows operatingsystem. The systemcould have beenequialently
implementedisinganothetow-level graphicsAPI suchasDirectX,
or undera differentoperatingsystemsuchasUNIX. OpenGLhas
the adwantageof beinga very common,stable,popular andwell
documented\PI thatwe aremostfamiliar with.

2.1 Related Work: Intercepting OpenGL

Mary existing systemsnterceptcalls to the OpenGLgraphicsli-

brary for variouspurposes. The mostcommoncateyory of tools
assistprogrammersn performanceanalysisanddehugging. SGl's
glTrace[18] recordsthe sequencef library callsasthey aremade
in to assistin dehuggingandto allow performancemonitoringand
hardwaretiming simulation. IBM's ZAPdb OpenGLdehugger[7]

usesthis interceptiontechniqueto aid in delhugging OpenGLpro-
grams. Intel's GraphicsPerformanceToolkit [8] usesa similar
methodto instrumentgraphicsapplicationperformance.None of
thesetools provide ary facility for changingthe behaior of thein-

terceptedapplication.

In 1996,SGl developeda streamcodecfor OpenGL[17]. Thisfea-
ture allowed OpenGLcommandstreamsandassociatediatato be
capturedandrecordedto disk or elsavhere. This streamcapture
ability makesit easyto examineandprocesstreamsf ine; how-

ever, it doesnot allow for addingnew functionality to interactve
applications.

WireGL [5] andits successo€hromium[6] alsointerceptOpenGL
in this mannetto generatalifferentoutputlik e distributeddisplays.
Chromiumprovides a mechanisnfor implementingplug-in mod-
ulesthat alter the streamof GL commandsallowing the simple
transformation®f [12] or Section2.2to beimplemented.
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All of theseprevious systemseitherview the OpenGLcommand
streamexecutedby the application,recordit, or transmitit. While
Chromiumallows for somesimple streamtransformationsit still
considerghe “data” of the applicationto be the streamitself. All
processingand manipulationof the datais donedirectly on the
streanrepresentation.

Our own work on non-irvasie, interactve, stylizedrendering12]
alsointerceptsthe OpenGLstream. This permittedmakinglocal-
ized changedo the streamasdescribedn Section2.2. To combat
the limitations of theselocalized changessomeof the renderers
bufferedan entireframeof dataandprocessedt to rendertheim-
age. In asensetheserenderersvere performinga special-casef
the scenereconstructiordescribedn Section3. In this paper we
formalize,generalizeandencapsulatéhis reconstructionandpro-
vide new andimprovedrenderingalgorithmsthatuseit.

2.2 Stream Transformations

Oncethe OpenGLinterceptionmechanisnis in place,somevery
simple but useful streamtransformationsanbe made. One sim-
ple methodis to causeeverythingto be dravn in wireframe. This
is usefulfor observinghow the geometrychangesn programshat
uselevel-of-detailmethods Othersimilar changesncludeperturb-
ing normalsandcolors,quantizingcolor values,or makingobjects
translucent. All the performanceevaluationand delhuggingtools
cited earliercanbe implementedy processing streamof graph-
icscommands.

Changinghestreamdirectly lik e this cansupportinterestingexten-
sions,but this methodis limited. Theextensionghatcanbecreated
in this mannerare“local” in the sensethat they cannotconsider
information containedin other partsof the streamwhen making
changesThis meanghatthingslike connectity informationcan-
not be obtained.Also, sincethe streamis processederially, there
is no easyway to reorderoperationsfor example,to drav all the
polygonsin ascenen asortedorder

In a previous paper[12], we explored someof the potential for

stylistic alterationspossiblewith theselocal streamtransforma-
tions. Someof theseincludeda simple depth-cuedvireframeren-

derer a very simple pencil-sletch rendererthat drew the outlines
of every trianglein the sceneanda colored-penciktyle thatdrew

sketchyapproximation®f eachtrianglewith quantizeccolors.

Thereis a greatpotentialfor even more effectsto be implemented
by local transformationskFor example we might considemperform-
ing non-linearcolor shifts (to bettermeetthe usability concernsof

partially color blind users),non-linearspatialdistortions(for ex-

ample,to zoomin on regions of interestyet retain contet of the

whole scene) or even selectve omissionof variousgeometricel-

ements. However, ary suchlocal transformationof the streamis

fundamentallylimited.

2.3 Styliz ed Rendering Techniques

Stylized renderingis a rapidly growing areaof computergraph-
ics. Seg[15] for aanexcellentannotatedibliography Techniques
for stylized renderingfall into three broad cateyories: 3D tech-
niguesthatrenderimagesbasedon geometricdescriptionsjmage

1We preferto usethe term stylizedrenderingratherthanthe morecom-
mon non-photoealistic renderingbecausdittle in computergraphicsis
truly photorealistic. Intentionally non-photorealistidés too cumbersomex
term, andwe are not arrogantenoughto call the outputof our algorithms
artistic; however, thistermis oftenappliedto this classof images.

post-processingnethodgthatalter existing images,andinteractve
methodghatenhanceusers'inputs. For stylizationof existing ap-
plications thethird cateyory is inappropriate.

It is possibleto applyimage-processintype stylizationalgorithms
to the outputof 3D graphicsapplications. The processingvould
occurin the frame buffer after rasterization.We have not consid-
eredsuchanapproactbecauséne methodsareusuallymorecostly
(sincethey involve perpixel operationsandreadingimagesfrom
theframebuffer whichis expensve onmoderngraphicshardware),
andoften needsto reconstrucinformationthat existedin the geo-
metricrepresentationavailablebeforerasterization.

Moststylizedrenderingalgorithmsoperateon adeclaratve descrip-
tion of the geometry Becausehesealgorithmsrely on non-local
propertiesof the geometry or simply wish to avoid the artifacts
of theunderlyingrepresentatiorthey mustconsiderthe geometric
modelsasa whole. For example,mary existing stylizedrendering
algorithmsrequiresilhouetteedged?9, 4], front-to-backorderingof
polygons,surface parameterizationfl4, 4], implicit shaperepre-
sentation$l], operateby processingubdvisionsuriacemeshe$4]
or multi-resolutionmesheg9].

To achieve stylizedrenderinghatmighttruly called“artistic,” even
moreinformationthanjustthe geometryis required.To bettercon-
vey information,arendereneedgo understandhecommunicatie
goalsof theimage[16], theintentof theimage,or atleastto know
what andwhy a sceneis beingdravn. Suchinformationis most
certainlynotin anOpenGLcommandstreamandis unlikely to be
containedn genericgeometricrepresentations.

3 Reconstructing Geometry

To benon-invasive, we mustlimit our systemto obtainingonly the
OpenGLcommandstreamfrom applications.Giventhatmary ex-
isting stylizedrenderingalgorithmsrequirea declaratve represen-
tation of the geometry we are facedwith two options. We could
devise new algorithmsthat function on the commandstreamsas
donein [12], or we candevise a schemeo reconstructhe neces-
sarydeclaratve representationsom the OpenGLstream Because
we hopeto drav on the wide rangingliterature of existing algo-
rithms, we choosethe latter approach.An additionalargumentin
favor of reconstructioris thatit is unclearthat streamtransforms
cansupportrich enoughvisual styles. Ratherthan debatewhich
representatioris better we choseto constructa systemthat can
produceboth.

Thetypesof declaratve representationgsedfor stylizedrenderers
aredifferentfrom the internalrepresentationasedby mary inter-
active graphicgprogramsMany OpenGLprogramshase noneedo
sortobjectsor primitivesbecausef z-buffering hardwareandhave
no usefor silhouetteedgesor connectity information. Therefore,
they often do not containexplicit representationsf this informa-
tion.

Our goalsin building HijackGL wereto provide a systemthat al-

lowedthe greatespossiblerangeof renderergo be appliedto the

greatespossiblerangeof applicationsandto maintaininteractve

performance. Theseconcernsdrive the systemdesigndescribed
in this section. In Section5 we asses$iov successfulve are at

achieving thesegoals.

3.1 Declarative and Imperative Representations

Parsingthe OpenGLcommandstreamonthe y andconstructinga
usefulhigherlevel representatioposesnary challengesBecause
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OpenGLis an extremely e xible APl andit re ects an iterative

modelthat mapswell to graphicshardware,the commandstream
doesnot directly correspondo a declaratve representationf the

geometry In contrast,recentwork shavs the OpenGLcommand
streamcanbe viewed asan assemblytanguageprogramwith each
commandcorrespondingo a singleinstruction[13].

The hardware-centricdraving model doesprovide a lowestcom-
mon denominatorfor managingthe compleity of the API. Ulti-
mately OpenGLturnsstreamf commandsnto hardwarespeci ¢
rasterizationcommands.Most OpenGLcommand<ither update
the library's internal state (which determineswhereand how the
primitiveswill ultimatelyberasterized)or drav primitivesthatare
ultimatelybrokendown into linesandtriangles.

Constructingausefuldeclaratve representationf thegeometryre-
quiresmorethan simply buffering all of the streamdatafor each
frame. While buffering all of the informationis animportantstep,
we alsomustconstructmeaningfurepresentatiothatis sufcient

for thealgorithmswe wish to employ.

To demonstratsomeof the morebasicissuesn reconstructinge-
ometryfrom an OpenGLstream,considerinterpretinga program
thatdraws a cubewith its facescoloreddifferently Ultimately, we
would like to tell the renderer‘thereis a cube” or even, thereare
8 verticesconnectednto 6 faces,by 12 edges,with a certainset
of details. While OpenGL gives programmers wide variety of
waysto specifythe cube,thesetwo geometricdescriptionsarenot
amongthem. Instead,an OpenGL programinstructsthe graphics
hardwareto draw the cubeoneprimitive atatime. For eachprimi-
tive,thegeometridnformationfor eachvertex mustbeprovided. In
the caseof the cube,eachvertex mustbe speci ed multiple times,
oncefor eachprimitive 2. OpenGLprovidesa numberof methods
for specifyingthe primitives:it providesfor all of thenumericdata
typesin thelanguageintegral, oating point,...) andavariety of
equivalentmechanismgor generatingprimitives (individual trian-
gles,quadrilateralstrianglestrips,.. .).

3.2 Processing the Command Stream

The rst stepin processinghe OpenGLcommandstreamis to ho-
mogenizethe data. HijackGL homogenizeslatain differentways.
First, simpledatatype homogenizatioris performed All incoming
datavaluesaretranslatedo acommonformat. For example vertex
location dataand texture coordinatesare corvertedto full double
precisior four vectors.Next, higherlevel primitiveslik e quadrilat-
erals,trianglestrips,andtrianglefansare corvertedto collections
of morefundamentaprimitives. Thatis, quadsarerepresentethy
pairsof triangles,andtriangle stripsandfansby collectionsof tri-
angles. This is donesothatall the surfacegeometryin the scene
may be examinedby walking a list of triangleswithout having to
write codeto supporteachpossiblesurfaceprimitive type.

Thenext stepin processings to build datastructureghatrepresent
geometryasentities,ratherthandraving instructions.In OpenGL,
we mustdistinguishbetweera vertex, whichis whatOpenGLuses
to describethe primitivesthataredravn, andalocationwhichis a
positionin space.In OpenGL,verticeshave several attributesin-
cludinglocation,color, normal,andtexture coordinate A vertex is
instantiatedvith the OpenGLcommandglVertex. Whenthis com-
mandis issuedall of avertex's attributesare x ed. Thelocationof

2Becauseachfacehasa differentnormal,the OpenGLmechanisnior
sharingverticesdoesnotapply

3In hindsight this wasa poordecision.Singleprecisionwould have pro-
videdbetterperformancendtherearefew applicationghatrequiredouble
precisionandevenfewer graphicsdevicesthatsupportit.
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Figure 1: The datastructuresof HijackGL's declaratve representatioof geometry
This gure doesnotshav thecompletesetof informationtrackedby HijackGL. Rather
it is meantto indicatethe overall structure.

thevertex is setby parameterso theglVertex commandandall the
otherattributesaresetby the currentOpenGLstate.OpenGLdoes
not keeptrack of verticesary longerthanis necessaryo raster
ize the primitivesassociatedvith it. In contrastHijackGL buffers
verticesfor entireframesatatime.

Becauseverticeshave mary attributes,differentverticesmayshare
the samelocation More generally ary two verticesdiffer if and
only if oneor more of their attributesdiffer. For example,in the
cubedescribedabore, thereareeight pointsbut twenty-fourdiffer-

entverticesbecausdor the differentfacestheverticeshave differ-

entnormalsandcolors.

HijackGL storesa hashtable for eachvertex attribute. Hashing
is usedto recognizeandremove duplicatevalues.Remwing dupli-
catevaluesfor locationsis necessaryo computeconnecwity infor-
mationdescribedater. Hashingis alsousedwith otherattributesto
reducethe amountof memoryrequiredto run HijackGL. Because
we mustcacheassociatediatafor every value, the memoryfoot-
print of eachvertex attribute can be large enoughthat sharingis
necessaryo avoid excessie memoryusage. The size of datafor
a singleframecanbe very large, dependingon the compleity of
the frame. Storing every attribute with every vertex directly can
consumena lot of space.Usinghashtablesto only storethe unique
valuesreducesghis numbergreatly BecauseHijackGL hashesll
the vertex attributesthat an applicationspeci es, the hashingrou-
tine mustbevery fast.

To determinewhetherverticessharethe samelocationor normal,

we mustplacetheminto acommoncoordinatesystemsothattheir

positionscan be compared. It is importantto note that thereis

no notion of a “world” coordinatesystemin OpenGL.Because
OpenGLgivesthe programmere xibility in hon coordinatesys-

temsare de ned, we chooseto corvert all positionsand normals
to eye coordinatedi.e. usingOpenGLs MODELVIEW matrix, or

in the caseof normals,the inversetransposeMODELVIEW ma-

trix). Oncewe have transformedocationsto eye spacethevalues
aretruncatedslightly becausehe leastsigni cant bits may differ

slightly dueto numericalprecisionlimits. Oncein this format, a

hashvalueis computed.

After the attributesarehashedthe vertex is storedin a hashtable.
Eachvertex references slotin the attribute hashtablesfor eachof
its attributesasshawn in Figurel. Similarly, otherOpenGLprim-
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itives are storedas referencedo more fundamentalypes. Point
primitivesreferencesinglevertices.Line primitivesreferencepairs
of vertices.Trianglesreferencedripletsof points,quadrilateralsef-
erencepairsof triangles,andsoon.

3.3 Computing Additional Information

While processinghe streamof commandsand building our data
structures,HijackGL computesconnectiity information. Edges
arerecordedas line andtriangle primitives are addedto the data
structure.Figurel shavs a hashtableof edgeskept by HijackGL.

Edgegeferencdwo locations(asopposedo vertices).In addition,
lines referencea single edge,andtrianglesreferencethreeedges.
As edgesareaddedto the hashtable,if they comefrom triangles,
two trianglesarerememberedrom eachedgeas“neighbors”. This

resultingwinged-edgedata structureencodeshe connectiity of

thegeometry Also, silhouetteedgeqde ned asthoseedgesvhose
neighboroverlapwhenprojectedo thescreenpre agged, andthe
sharpnessf edged(de ned by the anglebetweeran edges neigh-
bors)is recorded.

While amorecleveralgorithmfor computingconnectiity informa-
tion andsilhouetteedgesmight be faster our simpletechniquets
well insideHijackGL, andit is fastenoughto maintaininteractvity
with mary applications.

Several applicationsjncluding populargamesgdo their own light-
ing. In this casethe applicationnever sendsnormalsto OpenGL.
To handlethis, HijackGL computeghefacenormalsof trianglesas
anapproximation.

Mary NPR stylesbene t from knowing geometryinformationin
screen-spaceT herefore HijackGL computeghe screen-spacke-
cationsof verticeswhenit storeshem.

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
mightlike to know whatgeometrycomprisedogically distinctob-
jects. Thiswould allow usto treatdifferentobjectsseparatelyWe
might alsolike to know what objectsshouldbe consideredore-
groundobjectsandwhat might be consideredackgroundbjects.
More practically we might like to know which objectsshouldbe
changedandwhich shouldnt. For example,stylizing userinterface
elementcanmalke a programdif cult to use.

Unfortunatelythis kind of informationis not explicitly represented
in the stream. In orderto reconstructry of this information,we
musteithermake guessesndassumptionsibouthow the program
we're interceptingoperate®r we musthave someprior knowledge
of the programs operation. We choosenot to examinethe latter
case,becausehis solutionis not general. However, we notethat
if this kind of informationis desired,it canbe obtainedby using
HijackGL to monitorthe commandghe applicationin questionis
executing.

Therearesomesimpleassumptionandguesseso make thatoper
atereasonablyvell in a numberof casesFor example,mary pro-
gramsuseOpenGLs transformatiommatrix stackto positiondiffer-
entobjects.We canmale the assumptiorthatwheneer the trans-
formationmatrixchangesalogically distinctobjectis beingdrawvn.
While this certainly doesnot work all the time, it works well for
someapplications.

Ultimately, the lack of high-level information of an applications
intentin drawing placesa fundamentalimitation on the capabili-
tiesof theinterceptiomapproachWe will explorethis limitation in
Section5 .

3.5 Software Architecture

The buffering and reconstructiorperformedby HijackGL to en-
capsulatehe geometryinformation createsa good abstractiorfor
renderergo processHijackGL thenprovidestheinfrastructurefor
rendereraindextensiormodulesto useourreconstructegeometry

Rendererdgor HijackGL aredynamicallyloadedplug-in modules.
Oneof thesemodulesis loadedfor usewhenan applicationstarts.
HijackGL theninterceptsall theOpenGLcallsandbuilds adeclara-
tiverepresentationf thegeometrydata.Whenanimageis required
(for example, at the end of a frame, or when a read-framebffer

commands encounteredHlijackGL callsthe plug-inmodule.The
plug-in modulemay then processthe reconstructediataand call

into the systems OpenGLimplementatiorto drav imageson the
screenHijackGL alsosupportsamodewhereplug-inmodulesmay
executeoncein responseo a keypress.This is usefulfor creating
extensiondik e screen-captumnodulesasdescribedn Sectior4.5.

Becauseof our declaratve datarepresentationit is very easyto
implementsimple renderersn HijackGL. For example,a simple
wireframerenderemwould essentiallyconsistof a for-loop to walk
overevery edgein thesceneanddraw it. Adding asinglecondition
to checkthe silhouette ag on eachedgewould male a silhouette
edgerendererTo drav solid geometryanotherfor-loop thatwalks
all the trianglesand rendersthemis all that mustbe added. Our
mostcomple rendererto date,the pencil sketch rendererof Sec-
tion 4.2,is about500linesof code.

4 Example Renderers

In this section, we examine several plug-in renderersthat we
have constructedfor HijackGL. Ideally, theserendererswould
be straightforvard implementation®f standardstylizedrendering
techniquesHowever, becaus®f thefundamentalimitations of the
typesof informationinterceptioncanprovide (Section3.4andSec-
tion 5), the pragmaticlimitations of our currentimplementation,
andour ef ciency concernswe have hadto develop modi ed ver
sionsof existing algorithmsto meetour needs.

Therenderershoserherewereselectecbecausehey demonstrate
the utility of geometricreconstructionandthe potentialandprob-
lemsof interception-basedpproachesWe do not claim thatthese
rendererprovide thevisualquality thatstateof theart, hand-coded
stylizedrenderingapplicationgprovide. However, they are of suf-
cient quality to beinteresting,andfurther, we areableto provide
our renderersacrossa wide variety of existing applications.Much
of the visual appealthat resultsfrom our demonstrationgomes
from choosingwell-designedapplications.

4.1 Wireframe Rendering

In Figure2 we shav awireframerendererunningon HijackGL. A
wireframerendereiis easyto producewith our system As statedn
section3.5, this rendereiis essentiallya singlefor-loop thatwalks
thelist of edgesn thesceneanddrawvs them.

Wireframerenderersare not very artistic styles, but they are use-
ful. For example,to seehow a level-of-detail algorithmoperates,
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Figure 2: Examplesof wireframerenderers.The left shavs the original application. The centershawvs a simple wireframerenderetthat displaysall edges.Theright accentghe

silhouetteedges.

it is oftenineffective to examinethe runningapplicationitself. In
fact, mary level-of-detailalgorithmsaredesignedo minimize the
overall visualchangessthe underlyinggeometrychangesWith a
simpleplug-in wireframerendererit is easyto seewhatis happen-
ing with theunderlyinggeometry

While this rendererdoesnot explicitly needa declaratve repre-
sentationto operatejts implementatiorbecomesrery simpleand
straightforvard with this representation.

An improved wireframerendererdraws just the silhouetteedges
andsharpedges.This givesenoughinformationto make the shape
apparenbut doesnot cluttertheview with all theinternalstructure.
This simple style is dif cult or impossiblewithout reconstructing
thegeometrysothatsilhouetteedgescanbe computed.

4.2 Pencil-Sketc h Rendering

In previouswork [12] we presentea very simplepencilsketchren-
dererthat simply drew trianglesin white, andthen outlinedthem
with jittered, sketchylines. This rendereroperatecby makinglo-
cal streamtransformations.It wasnot corvincing becauset was
effectively awireframerenderershaving the structureof thetrian-
gle mesh.A moresophisticatedendereiin thatpaperdravs pencil
strokesthatcover multiple triangles but this renderemwastooinef-
cient for interactive use.

Figure 3 shavs an improved, interactive pencil-sletch style ren-
dererrunningon ademoof thepopulargameQuale lll Arenaby id
Software. Thisrendereis implementedasa plug-in modulefor Hi-
jackGL. This moduletakes adwantageof connectiity information
to rendersilhouetteand sharpedgeswith thick dark lines. These
edgeshelp corvey the shapeof geometry Pencil-sletch textures
are appliedto eachtriangle in the scenewith an orientationthat
variessmoothlywith surfaces'orientations.This is accomplished
by choosinga “stroke direction” thatis perpendiculato the projec-
tion of the triangle’s normal onto the view plane. Thena pencil-
sketchtexture with strokesall going in onedirectionis appliedto
the triangle by choosingtexture coordinatessuchthat the pencil
stroke directionis perpendiculato the projectednormal. Due to
this, edgeswvheretrianglescometogetherarenot distracting.Also,
sincewe have computedhe positionsof verticesafter perspectie
projection,we candraw the trianglesand apply the pencil-sletch
texturein screerspace.Thus,the pencil strokesremainat constant
densityacrosimages.

Thispencilsketchrendereis inspiredby thework of Lake etal. [9],
however, not only doesit placeno restrictionson the geometry it
alsoorientsthe stroke texturesin a consistentvay to better t the
surfaces.

4.3 Blueprint Rendering

We createda simple blueprint renderingstyle using HijackGL
shavn in Figure4. Thisrenderedravs translucentvhitelinesona
bluebackgroundo give theimpressiorof ablueprintdraving. The
lines areonly drawvn on silhouetteand sharpedges,andthe lines
areextendedbeyondtheir endpointsto further suggest blueprint
or draft-draving style. Dimensionlines aredravn for (somevhat
randomly) selectededgesgreaterthan a certainlength to further
suggestblueprintstyle. We would like theedgeghathave dimen-
sion lines drawvn for themto changewith low frequeng because
randomlyswitchingevery framecanbe distracting. However, Hi-
jackGL doesnot getary inter-framecohereng information,sowe
cannotdo this reliably. However, sincemary applicationsdrav
their sceneghe sameway from frameto frame, we male the as-
sumptionthat edgesthat appeaiin the sameplacein the edgelist
arein factthe samefrom frameto frame. This works extremely
well for someapplicationsaandthedimensiorlineschangewith low
frequeng. However, this fails with otherapplicationscausingdis-
tracting ick er.

Thisrendereis really simpleandnot particularlyinteresting put it
wasvery easyto implementin our systemandexploring thegeom-
etry of gamedike Quale lll Arenawith a blueprintstyleis fun.

4.4 Cartoon Rendering

Figure5 shavs a cartoon-styleendererunningon aresearctani-
mationsystem.This moduleis a directimplementatiorof thealgo-
rithm presentedn [9]. We implementedhis algorithmto demon-
stratethatimplementingan existing popularstyle in HijackGL is
possible.

The fundamentalklgorithm is straightforvard. Very simply, tra-
ditional diffuse lighting is computedpervertex by taking the dot
productof the unit surfacenormalwith a unit vectorin the direc-
tion of the light. Thenthe materialcolor of the surfaceis scaled
by this resultingvalueto obtainthe nal color. Cartoonrendering
is characterizedyy a harshquantizationof lighting values. Often,
objectsarerenderedn atwo-tonefashion:the partsof objectsillu-
minateddirectly appeaibright, while thosethatarenotilluminated
directly appeamlsdarker versionsof the materialcolor.

To simulatethis, we take the dot productof the surfacenormaland
thedirectionto thelight like normal,but insteadof scalingmaterial
color valuesdirectly, we insteadquantizethe dot productvalue,
but usingit to index into a one-dimensionatexture map. This one
dimensionatexture mapis madeup of two or threeconstantolor
segmentsrangingfrom nearblackto nearwhite. By usingthe dot
productasa texture coordinaten this onedimensionatexture,we
effectively quantizethe dot productvalue. We apply this texture
mapto the objectsin the sceneandcon gure OpenGLto multiply
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Figure 3: HijackGL's pencilsketchrendererunningonid Software's Quale Il Arenademo.

Figure4: A blueprintrenderemppliedto Quale lll Arena.

Figure5: A cartoonrendereishovn onacharactein aresearctanimationsystem.
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the objects' materialcolors by the texture map, therebyproperly
two-toneshadingthe objects. The resultis rathercorvincing, as
seenin Figure5.

While this rendereris a commonstyle, by implementingit in Hi-
jackGL, we canautomaticallyapplyit acrossmary applications—
evento thosewhosesourcecodewe do not have.

4.5 Other Applications

While our focusin this paperis the useof HijackGL for stylized
rendering,we brie y considersomeotherrelevant useshere. In
eachcaseaplug-inrenderemakesuseof thereconstructegeom-
etry to extendapplicationson-irvasiely.

Generatingdifferent output from graphicsprogramsis useful for

mary tasks. Often, generatinghigh-quality outputfor print media
from a graphicsprogramrequiresprogramminginvestment. Typ-

ically, extra codemustbe addedto renderto a high-resolutionoff

screenbuffer, and thenwrite that buffer to disk. This is reason-
ably straightforvardto do; however, if scalablevectorartis desired
or requiredfor print media, comple codeto do projectionsand
generatgroperlysortedprimitivesmustoften be added.With our

techniguesan extensionsimilar to the gl2pslibrary [2] caneasily
be implementedandthenusedwith ary OpenGLapplication. We
have built a modulefor HijackGL thatgenerate®\dobelllustrator
vectorart les from 3D applications.This moduletakesadwantage
of thereconstructedcenanformationto sorttrianglesfrom backto

front. We alsonotethatthis modulecould be chainedwith avisual
style changemoduleto produceAdobelllustrator outputof oneof

our stylizedrenderers.

Chromiumandits predecesspWireGL [5] exist primarily to gen-
eratedifferentoutput. Their systemlike ours, useslibrary inter-
ceptiontechniquesand sendsOpenGL commandgo a cluster of
machineswhich thenrenderto atiled displayfor largeformatout-
put. We notethatour systemcould be implementedn Chromium,
andin fact, becauseour reconstructiorstepremaves mary of the
redundantaluesin an OpenGLstream jt maybe possibleto send
lessinformationacrosghewire to the clusterof renderers.

Figure 6 demonstrateshe resultsof our geometrycapturemod-
ule. This extensionworks by processinghe reconstructedcene
dataand writing a common3D le format of everythingin the
scene. Without the reconstructegcenedata,the modelswe gen-
eratewould effectively be bagsof disjoint triangles.After we have
taken a 3D scenecapture,we canthenview and manipulatethis
datain ary commonmodelingor animationpackagesuchasMaya
or 3D Studio MAX. This moduleallows usto extract 3D models
from ary programthatdisplaysthemusingOpenGL.

5 Capabilities and Limitations

InterceptingOpenGLand reconstructinga declaratve scenedata
representatiohasobvious adwantage®ver hand-craftinghew ren-
dererswithin eachapplication.Theinterceptiormechanisnallows
usto implementnew renderingstylesthatcanbe appliedacrossa
wide rangeof applications By constructingadeclaratie represen-
tation of the scenegeometryfrom the OpenGLstream,we enable
abroadclassof renderingalgorithmsthateitherrequiredatain this
form, or aresimpli ed by its availability.

The non-invasvenessof the interceptionapproachdoeshave its
costover hand-tunedenderersouilt right into applications. The
mostobviousis performance. HijackGL requiresan applications
datato passthroughthe OpenGLinterface and be reconstructed

into geometrybefore being sentto the renderer A rendererthat
candirectly accesghe applications datastructureslearly hasless
overhead. Despitethis performancecost, HijackGL is still capa-
ble of providing interactve performancen complex geometry For
example,our non-optimizecHijackGL prototypeis ableto achieve
more than 20 framesper secondon a standardQuale Il Arena
benchmark.

The interceptionapproacthaslimitationsin its generalityandre-
sultingqualityaswell. Theinformationavailablefrom the OpenGL
streamis limited. As discussedn Section3.4, we have no knowl-
edgeof why an applicationis draving what it is drawving. For
example,if an applicationchoosedo displayits menuor control
panelby paintinga texture onto a polygon (a commonpracticein
mary games)we have noway to distinguishthis from sceneghat
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 shavn
in Figure 3, we cannottreatthe enemycharacterslifferently from
the scenerynor canwe changethe characterstolor basedon the
stateof their Al, effectsthatwould beeasyif we wereto changehe
applicationssourcecode.

Anotherclassof limitationsof ourtechniques thatwe mustdecode
the OpenGLstream,which is a sequencef instructionsdesigned
to createa particularimage, not just to relay the scenegeometry
Clever programmersisea wide variety of tricks to createtheir vi-
sualeffects. In essencethe interceptormustde-stylizethe appli-
cation beforere-stylizingit. At worst, a programmemight use
the OpenGLmachineryto performcomputationcompletelyunre-
latedto rendering,suchasthe hardware assistecpath planningof
Lengyeletal [10].

Onepotentialrouteto resolvingthesessueds to adopta“mildly in-
vasie” stratgy. We would still useanOpenGLinterceptiormech-
anism,but provide OpenGLextensionsto allow an applicationto
give hintsaboutits intentaswell asto provide a fasterpathto pro-
viding thescenegeometry

A nal catgory of limitations stemsfrom the incompletenessf

our prototype.While HijackGL implementsnoughof OpenGLto

allow for mary interestingapplicationsandrenderergo be created,
it doesnottrackall of the OpenGLstateor recreateall of its func-

tionality. In principle the entire OpenGL statecould be tracked,

althoughgiven the compleity of the OpenGLstatemachinethis

would bedif cult toimplementandef ciently storeovertimesuch
thatthe currentstatefor eachprimitive could berecovered.

While the interceptionapproachcertainly hasits limitations, re-
engineeringall existing applicationswith all desirablerendererss
alsoanimpracticalapproach.Using our interceptionmechanisms
andgeometricreconstructiortechniquesve have createda system
calledHijackGL thatcanconnectawide variety of stylizedrender
ing algorithmsto a variety of existing applications.

Even within the limitations of interception,thereis still muchto

be done. Our prototypemustbe mademorerobust, completeand

efcient. Mary additionalrenderingstyles, suchas pen-and-ink,
arepossiblegiven only the geometricinformationwe have. Other
outputmechanismssuchaswriting geometriadatafor high-quality
renderings possible asaredeluggingaidsandanalysigools. Pro-

viding moreinformationthanjust geometryeitherthroughheuris-
ticsor mildly invasie hinting, will openupevenmoreopportunities
for extensions.

Visual style changesare usefulfor mary applications.For exam-
ple, a visualizationapplicationmay renderin a fashionthatis in-
adequatdo malke the datacomprehensiblé¢o the scientist. With
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Figure 6: Ontheleft is ascendrom theQuale Il Arenademo.Ontheright is the geometryof this scenecapturedasa modelandloadedinto Maya.

our system,the renderercould effectively be replacedwith one
explicitly designedo helpvisualizesomespeci ¢ data. A differ-
entexamplecomesfrom accessibilitysoftware. Mary visual pro-
gramsare not written with visually impaired peoplein mind. A
non-invasive extensionbuilt using our techniquesmight increase
contrastor emphasizeshapesn sucha way that enablesvisually
impairedpeopleto useprogramshey couldnt earlier Otheruses
of visualstylechangeancludeprototypingnew renderersvith exist-
ing applicationsgxamininglevel-of-detailor culling algorithmsin
action,or simply putting new twists on old computergames.With
ourinterception-basedpproachchanginghevisualstyleof anex-
isting applicationis possibleandpractical.
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